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JAMES FREDERICK KING, JOHN HENRY HILLHOUSE, and KISHAN CHAND KHEMANI. Can. J. Chem. 63, 1 (1985). 
Reaction of thiirane 1,l-dioxide ( I )  with aqueous barium hydroxide gives chiefly barium ethanesulfonate ( 3 )  together with 

some ethylene and barium sulfite, and only a small amount (<5%) of barium 2-hydroxyethanesulfinate (2 ) ,  the material 
previously described by Hesse et al. as the major product of this reaction. Reaction of 1 with potassium hydroxide proceeds 
analogously except for the formation of barium 2-sulfinatoethanesulfonate ( 6 )  from reaction of potassium sulfite with unreacted 
1. This revision, when taken with what is already known of the final step of the Ramberg-Backlund reaction, provides a 
consistent picture of the reaction of thiirane I ,  I-dioxides with hydroxide. For this reaction we suggest a common intermediate 
with a pentacoordinated sulfur for formation of both the sulfonate anion and the olefin, though an attempt to confirm the 
existence of such a species using ~ ~ ' ' 0  was unsuccessful. 

JAMES FREDERICK KING, JOHN HENRY HILLHOUSE e t  KISHAN CHAND KHEMANI. Can. J. Chem. 63, 1 (1985). 
La riaction du dioxyde-1, l de thiiranne ( I )  avec I'hydroxyde de baryum aqueux donne principalement I'Cthanesulfonate de  

baryum (3) avec un peu d'ithylkne et de sulfite de baryum et une faible quantitC (<5%) d'hydroxy-2 Cthanesulfinate de baryum 
(2) ,  le produit dCcrit anterieurement par Hesse et al . ,  comme produit principal de cette riaction. La rCaction du composC 1 
avec I'hydroxyde de potassium se produit d 'une . fa~on analogue, a ['exception du fait qu'il se forme du sulfinato-2 Cthane- 
sulfonate de baryum ( 6 )  qui provient de la rCaction du sulfite de potassium avec le composi 1 qui n'aurait pas rCagi. Cette 
nouvelle Ctude, entreprise a la lumikre de ce qui est connu de la dernikre Ctape de la rCaction de Ramberg-Blcklund, permet 
de divelopper une image cohCrente de la reaction des dioxydes- I ,  l de thiirannes avec I'hydroxyde. Nous suggirons donc que 
cette riaction implique un soufre pentacoordonnC comrne intermkdiaire cornmun tant pour la formation de I'anion sulfonate 
que pour celle de  I'olCfine et ce en dCpit du fait qu'on n'a pas rCussi a confirmer I'existence d'un tel intermidiaire en utilisant 
~ ~ ' ~ 0 .  

[Traduit par le journal] 

In 1957 Hesse et al. (2) reported that thiirane I ,  I-dioxide 
(ethylene sulfone) ( I ) ,  on reaction with aqueous barium hy- 
droxide, gave barium 2-hydroxyethanesulfinate (2) plus a 
small amount of ethylene and barium sulfite; the sulfinate (2) 
was described as being thermally unstable, decomposing rapid- 
ly to ethylene and barium sulfite above 50°C. Recently, while 
exploring possible routes to 2-hydroxyethanesulfonyl chloride 
(3), we had occasion to repeat some of these experiments and 
found them to be seriously in error; in particular, we found that 
2 constitutes only a small part of product from 1 and, in addi- 
tion, is thermally quite stable. We now describe our investi- 
gation and discuss its relevance to the mechanism of the final 
step of the Ramberg-Backlund reaction. 

Results and discussion 
Reaction products 

Repetition of the reaction of 1 with aqueous barium hy- 
droxide in our hands gave, as shown in Scheme 1 and Table 1, 
barium ethanesulfonate (3) as the major product, along with 
some ethylene and barium sulfite, plus a small quantity of the 
2-hydroxyethanesulfinate (2). Similar reaction with potassium 
hydroxide gave potassium ethanesulfonate (5) ,  ethylene, a 
small amount of the 2-hydroxyethanesulfinate (4), and a 
further product shown to be potassium 2-sulfinatoethanesul- 
fonate (6). 

Ethylene and barium sulfite were identified by comparison 
of ir spectra of the isolated products with those of authentic 

specimen prepared by a standard method. The presence of a 
small amount of the 2-hydroxyethanesulfinate salts ( 2  and 4) 
was indicated by a pair of triplets, at 2.60 and 3.92 ppm in the 
'Hmr spectrum, and by peaks at 65.9 and 59.1 ppm in the 
"Cmr spectrum of the crude product, the same signals having 
been observed already with authentic 2-hydroxyethanesulfinate 
(see experimental section and ref. 3). 

An early indication that the crude potassium hydroxide prod- 
uct contained 6 was obtained by aqueous chlorination, which 
converted it into potassium 1,2-ethanedisulfonate, as shown by 
the replacement of the peaks ascribed to 6 by characteristic 
singlets in the "Cmr and 'Hmr spectra, at 49.3 and 3.26 ppm, 
respectively. The 2-sulfinatoethanesulfonate anion was then 
characterized in the form of its potassium (6)  and sodium salts. 
The latter was made simply by treating 1 with aqueous sodium 
sulfite; the recrystallized material showed appropriate 'H and 
I3Cmr and ir spectra and good elemental analyses. Conversion 
of this salt to the acid by ion exchange followed by neutrali- 
zation with KOH gave 6,  which also gave correct elemental 

(1) Hf ion exchange 

(2) KOH 
I materials. The formation of barium ethanesulfonate (3) was 

Na2S03 proved by (a) the presence of the characteristic 'Hmr and "Cmr Na+-02SCH2cH2SOiNa+ 4 H20 signals of authentic 3 in the spectra of the reaction product, and 
(b) conversion of the crude reaction product via ethanesulfonyl 1 
chloride into crystalline ethanesulfon-p-toluidide, identical to a 

analyses and the same ir and I3cmr and ' ~ m r  spectra as the 
'For part 26 see ref. I. sodium salt. This preparation also, of course, provides the 
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aqueous Ba(OH), 
25°C ( H O C H ~ C H ~ S O ~ ) ~ B ~ ~ +  + ( C H 3 C ~ 2 ~ O ~ ) B a 2 f  + CH2=CH2 + BaS03 

4 (S5%) 5 (-35%) 6 (-25%) (-25%) 
See  Table 1 for conversions and yields in individual runs 

SCHEME I 

TABLE I .  'The reaction of thiirane I ,  l -dioxide (1) with aqueous barium and potassium hydroxides 

Percentage yields of products (% conversionsh) 
Reactants and conditions" 
- CH,CH2S0,-M' HOCH2CH2SOz-M' 

M [OH-] [ I ]  Time (h) (3 or  5) CHI----CH<' (2  or  4) Recovered 1 

"At room temperature in 5 mL of H20,  except as noted. 
'That is, yield after correcting for recovered 1, and, for the KOH reactions, the formation of potassium 2-sulfinatoethane- 

sulfonate (6). Recovery of 1 is probably not quantitative and the conversions given are therefore likely somewhat under- 
estimated. 

"Ethylene production was not determined directly; the numbers given are the yields of the co-product, i.e. BaSO, from the 
Ba(OH), reactions, and 6 from KOH. 

"Ten millilitres of H20.  
'At the end of the reaction the mixture was extracted with CHIC12 and the aqueous layer brought to pH 7.00 with I M HCI 

and worked up; the weight of the product (148 mg after drying) was corrected for the KC1 present (estimated from the volume 
of HCI added) to give an estimated product weight (105 mg) which was used (with the 'Hmr spectrum) in calculating these 
yields. 

explanation for the difference in products found with the reac- 
tion of 1 with potassium and barium hydroxides. The reaction 
with hydroxide anion gives ethylene and sulfite anion in both 
cases, but whereas SO3'- simply precipitates as barium sulfite 
in the one case, it remains in solution and reacts with 1 in the 
other. Analogous ring opening of 1 by such nucleophiles as 
bromide or thiophenoxide ions has been reported by Vilsmaier 
and co-workers (43). The small amount of 2 and 4, noted in 
the reactions of 1 with hydroxide presumably also arises simi- 
larly though, in accord with the pattern expected from hard- 
soft acid-base theory, this is only a very minor pathway with 
this nucleophile. 

The numbers in Table I given as "percentage conversion" 
give the percentages of products after correction for unreacted 
1 and, in the reaction with KOH, diversion of 1 to form 6. Note 
that each molecule of BaSO, or 6 must be accompanied by a 
molecule of ethylene, and, as indicated in Table 1, it is on this 
basis that the (minimum) yields of ethylene are assigned. If in 
fact these reactions simply involve hydroxide anion without the 
countercations, we would expect the numbers under the above 
heading to be the same for both the barium and potassium 
hydroxides. The values in Table 1 indicate that the products 
from the two reagents are the same within the uncertainty of the 
rather complex and imprecise procedures used, and there is 
clearly no basis for suspecting any counterion effect. 

Our experiments on the cleavage of 1 with hydroxide were 
carried out a number of times and found to be reproducible 
within the limits of the analytical method. Since we regard the 

identity of the products as established beyond reasonable 
doubt, it is pertinent to consider why Hesse et al. report such 
different results. Their elemental analyses, of course, fit 3 as 
well as 2, but their assertion that their product above 50°C is 
rapidly decomposed into ethylene and barium sulfite is more 
difficult to explain. We have found that authentic 2 is not 
readily decomposed below 350°C (3) and is stable at 98°C for 
at least 5 h; 3 is also completely unaffected by temperatures 
much higher than 50°C. We note, however, that in our hands 
work-up of the reaction of 1 with Ba(OH)2 after 1 h (the reac- 
tion time used by these authors) showed only partial reaction; 
specifically 3 was formed in <20% yield and a good deal of 
unreacted 1 was recovered. Noting also that their experiments 
were camed out before 'Hmr or even ir spectra were generally 
used to examine crude reaction products, we are inclined to 
suspect that unreacted thiirane 1,l-dioxide ( I ) ,  perhaps with 
residual base, is the source of the ethylene produced on heating 
above 50°C as reported by Hesse et al. (2). 

The mechanism of the final step of the Ramberg-Backlund 
reaction 

Cleavage of a thiirane I ,  1-dioxide (episulfone) is, of course, 
the final step in the well-known Bordwell mechanism (6,7) of 
the Ramberg-Backlund reaction (6-9). 'This process com- 
monly gives an olefin (and presumably sulfite anion), though 
(saturated) sulfonate anions have been observed when (a) the 
original substrate has two or three a-halogen atoms (10,l l ) ,  
and (b) as a minor product in the reaction of chloromethyl ethyl 
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sulfone (12). Whereas the report of Hesse et 01. (2) describes 
behavior of the parent thiirane 1,l-dioxide entirely different 
from that of its alkylated derivatives, our findings fit well with 
the picture of episulfone cleavage adduced from study of the 
Ramberg-Backlund reaction. It would appear that up to one 
alkyl group (or else one or more halogen atoms) on the thiirane 
1,l-dioxide permits a measure of cleavage to the sulfonate salt, 
whereas more alkyl groups lead more or less entirely to olefin 
formation. 

Bordwell et al. have suggested that a species analogous to 7 
is an intermediate in the methoxide-promoted desulfonylation' 
of cis-2,3-diphenylthiirane 1,l -dioxide (1 3), and Paquette (8) 
has proposed that formation of P-chloroalkanesulfonate anions 
arises by "attack of hydroxide at the sulfur atom with C-S 
bond cleavage to give more stable carbanion". We find it par- 
ticularly attractive to combine these two pictures and to view 
the two sets of products as proceeding from a common species, 
e.g. 7 and (or) possibly 8; a species such as 7 ,  by having two 
reaction pathways (other than reversal to starting material) 

must therefore have a finite lifetime, and thus be a genuine 
intermediate. Although such hypervalent sulfur species have 
been subjects of discussion for many years and well-charac- 
terized oxygenated 10-S-5 anions have in fact been prepared 
(19,20), the existence of such species as actual intermediates in 
the reactions of ordinary sulfones or sulfonic or sulfuric esters 
has not been established. A good case for such intermediates 
has been presented by Kice (21), but, on the other hand, the 
conclusion in one recent examination of the reaction of aryl 
arenesulfonates is that the reaction probably does not proceed 
by way of an intermediate of finite lifetime (22). 

The formation of such a hypervalent species (7  or 8 )  is 
expected (13) to be easy, relative to one from an unstrained 
precursor, owing to the release of considerable ring strain, 
provided that the form of 7 with one carbon apical and the other 
equatorial is f ~ r m e d . ~  It should be noted that this version of 7 

' ~ l t h o u ~ h  the thermal decomposition of episulfones has been exten- 
sively studied (see ref. 14 for a summary), it is evident that the 
relatively neglected base-promoted process is the important pathway 
under the usual conditions of the Ramberg-Backlund reaction. For 
example, although the conversion of cis-2,3-diphenylthiirane I, l-di- 
oxide to cis-stilbene is known to take place readily under mild condi- 
tions (e.g. in I h in CS, at 46OC) (13,15- 17), for the reaction in 
methanol at 25OC Bordwell et al. note that "a [methoxide] concen- 
tration of M is sufficient to make the half-lives of the first-order 
and second-order decompositions equal" (13). In agreement with 
Mock's activation data (la), which show the desulfonylation of neat 
1 to be very slow at room temperature (k = 2.1 X lo-' sC1 at 25OC), 
we find that the 'Hmr signal of 1 in D 2 0  is undiminished after I week 
at room temperature; our base-promoted reactions were 90% complete 
within 5 min to 48 h depending on the hydroxide concentration. 

 h he C-S-C angle in 1 is reported to be 54.6" (23) in contrast to 
the "unstrained" angle in dimethyl sulfone of about 103" (24); con- 
version to this form of 7 would therefore effect a considerable reduc- 
tion in ring strain since the C-S-C anglc in the corresponding 
unstrained system would be expected to be around 90" or perhaps 
slightly less (cf. ref. 20). 

is less symmetrical than 1 and that cleavage to the eth- 
anesulfonate (3  or 5 )  might be expected to arise by cleavage of 
the relatively weak sulfur - apical carbon bond, probably in a 
general acid-promoted process akin to that suggested by Thi- 
bblin and Jencks (25) for the opening of cyclopropanols and 
related species. For the synthetically important extrusion to 
form the olefin, Bordwell et a/ .  have suggested that the hyper- 
valent intermediate cleaves by way of a short-lived biradical 
species. This proposal was made after the enunciation of orbital 
symmetry rules for cheletropic reactions but before the possi- 
bility of nonlinear cheletropic cleavage of three-membered 
rings had been put forward; in the light of Dewar's very recent 
pronouncement that "multibond reactions cannot normally be 
synchronous" (26), however, we would not presume to exam- 
ine the mechanism of the cheletropic extrusion further at this 
stage. 

In the hope of obtaining experimental verification of the 
existence of 7 as a species of finite lifetime, we tried carrying 
out the cleavage of 1 in 180-water. As with the others before us 
who have carried out related experiments (27,28), however, we 
found no incorporation of 180 in the recovered starting sulfonyl 
compound. As has already been clearly noted by Kaiser (29), 
failure to observe 180-exchange does not rule out the inter- 
mediacy of the pentacoordinated species, but merely that if 
such a species (e.g. 7 )  is formed, either equilibration of the 
oxygens or return to 1 must be slow relative to its further 
reaction. 

Experimental 
Reagent grade chemicals and solvents were used without additional 

purification unless otherwise noted. Melting points were determined 
on a Kofler Hot Stage and are uncorrected. Infrared spectra were 
obtained with a Beckman 4250 spectrophotometer and, unless other- 
wise stated, refer to KBr discs. The 'Hmr spectra were obtained using 
Varian T60 and XLlOO spectrometers, with all reported chemical 
shifts from the latter instrument; "Cmr spectra were determined on a 
Varian XL200 instrument using a sweep width of 5 K with 32 K 
transforms. Mass spectra were run on a Varian MAT-3 11A spec- 
trometer. Solvent evaporation on work-up was carried out using a 
Biichi rotary evaporator connected to a water aspirator. Thiirane 
I,  I-dioxide ( I )  was prepared by the method of Hesse et al. (2) and 
purified by distillation (78"C/1 .5 Torr; I Torr = 1.33 Pa). The color- 
less liquid so obtained gave, on cooling, white crystals. mp 18- 19"C, 
and the following spectra: ir (CHC13) v,,,;,,: 3100 (m), 3020 (m), 1390 
(m), 1375 (m), 1325 (vs), 1210 (w). 1 175 (vs). 1005 (m), 750 (m, br) 
cm-I; 'Hmr (CDC13) 6: 3.15 (s); I3Cmr (CDCI?) 6: 31.6. The 'Hmr 
spectra of a solution of 1 in D,O (with TSP as the chemical shift and 
integration standard), before and after standing I week at room tem- 
perature, were identical. Sodium 2-hydroxyethanesulfinate, prepared 
as described previously (3), showed "Cmr signals at 6(D20) 65.8 and 
59.0. 

Reaction of thiirane I ,  1 -dioxide (1) with base 
(a) Potassium hydroxide 
A 10-mL round bottom flask containing thiirane I, I-dioxide ( I )  

(205 mg, 2.2 mmol) and KOH (1 25 mg, 2.2 mmol) dissolved in water 
(5 mL) was .evacuated (2 Tom) and connected to an evacuated ir gas 
cell (NaCI plates, 10-cm path length) via an adaptor fitted with a 
stopcock which was opened from time to time over a 2-h period to 
collect the evolved gas in the cell. The ir spectrum showed peaks at 
v ,,,,, 3120 (w), 3020 (vw), 1920 (w), 1440 (s), 945 (s) cm..', as 
observed also in the spectrum of authentic ethylene (Linde). The 
reaction mixture was allowed to react a further 40 h, after which it was 
extracted with CH2C12 (4 X 50 mL). The organic extracts were com- 
bined, dried with anhydrous MgSO,, and the solvent evaporated to 
give unreacted 1 (20 mg, 0.22 mmol, 10%). The aqueous layer was 
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evaporated and the last traces of water removed by azeotropic dis- 
tillation with benzene and then by keeping under vacuum (5 Torr) for 
24 h. The white powder (263 mg) thus obtained gave the following 
' ~ m r  spectrum (D,O) 6: 1.27 (t), 2.92 (q), 2.59-3.22 (symmetrical 
AzBz multiplet), 2.60 (t), 3.92 (t). The peaks were assigned from 
comparison with authentic spectra to potassium ethanesulfonate (5)  
(1.27 and 2.92 pprn), potassium 2-sulfinatoethanesulfonate (6)  
(2.59-3.22 pprn), and potassium 2-hydroxyethanesulfinate (4)  (2.60 
and 3.92 pprn), with the ratio of the peak areas coresponding to 
relative amounts of 50, 44, and 6% of 5, 6 ,  and 4, respectively. The 
" ~ m r  spectrum of this mixture confirmed the presence of these com- 
pounds with peaks at 57.7 and 46.8 assigned to 6 ,  at 48.2 and 11.2 
due to 5, and 65.9 and 59.1 pprn due to 4. This material showed the 
presence of water (presumably of crystallization) in the ir spectrum; 
v,,,: 3400 (s, br), 2920 (w), 1620 (w), 1 170 (vs, br). 1030 (s), 970 
(w, br), 740 (m), 690 (w), 580 (w), 5 10 (w, br), 420 (w) cm-'  . Upon 
drying at 145"C/5 Torr for 36 h, the peak at 3400 cm- '  was largely 
removed, and the product mixture weighed 237 mg, which, when 
taken with the relative proportions deduced from the 'Hrnr spectrum, 
corresponds to yields of 24% of 6 ,  28% of 5, and 3% of 4. 

The presence of 6 in the reaction mixture was further demonstrated 
as follows. Chlorine gas was bubbled for 2 min into a solution of 50 
mg of the reaction product in water (1 mL) at room temperature. The 
yellow solution so obtained was washed with CH,CIz, the aqueous 
layer then evaporated, and the residual solid dried as before; the white 
powder (55 mg) thus obtained showed peaks at 3.3 in the 'Hrnr and 
49.3 ppm in the "Cmr spectra characteristic of potassium 1.2-ethane- 
disulfonate (42%), in addition to those at 2.9 and 1.26 pprn ('Hmr) 
and at 48.3 and 11.3 ("Cmr) due to unchanged potassium ethane- 
sulfonate (5)  (58%). In a separate experiment, authentic 6 (27 mg, 
0.12 mmol) was oxidized as above by bubbling chlorine (2 min) into 
a DzO solution (0.5 mL) at room temperature. The 'Hmr spectrum of 
the resulting solution showed peaks at 3.3(s) and 3.4-4.5 ppm (ap- 
parent AZB2). On standing ( I  h), the complex set of peaks at 3.4-4.5 
pprn almost completely disappeared, with corresponding growth of the 
singlet at 3.3 pprn (assigned, from comparison with authent~c mater- 
ial, to potassium 1,2-ethanedisulfonate); the complex set of peaks at 
3.4-4.5 is tentativsly assigned to potassium 2-(chlorosulfonyl) 
ethanesulfonate, K+03SCH2CH2S02CI, which hydrolyses on stand- 
ing. 

(b) Barium hydroxide 
Thiirane I ,  I-dioxide ( l , 7 5  mg, 0.8 15 mmol), Ba(OH)2.8HZ0 (257 

mg, 0.815 mmol), and water (5 mL) were combined and the gas 
evolved collected over a 2-h interval and identified (as ethylene) as 
described above. The reaction mixture was allowed to react a further 
22 h, after which the precipitated white solid was collected by fil- 
tration and dried (25 mg, 0.115 rnmol, 14%); the ir spectum, with 
peaks at v ,,,, 1880 (w), 1630 (w), I I00 (w), 940 (vs, br), 640 (m), 500 
(m) cm-' ,  was identical to that of an authentic specimen of BaSO, 
(prepared by mixing solutions of Na2S03 and BaClz and collecting and 
drying the precipitate). The filtrate was extracted with CHzClz (4 x 50  
mL); the organic extracts were combined, dried with anhydrous 
MgS04, and the solvent evaporated to yield unreacted 1 (5 mg, 0.054 
mmol, 7%). C 0 2  was bubbled into the water layer and the precipitated 
BaC03 filtered off (and, after drying, identified by ir). The aqueous 
filtrate was then evaporated and the last traces of water removed as 
before. The white powder (95 mg) so obtained showed (a) ' ~ m r  peaks 
at 6 (DZO) 1.29 (t, 3H), 2.95 (q, 2H), 2.60 (t, 2H), and 3.90 (t, 2H), 
indicating (by comparison with authentic spectra) the presence of 3 
and 2 in relative proportions of 94% and 6% respectively. (b) the 
following ir spectrum, v,,,,,: 3400 (m, br), 2980 (w), 2940 (w), 1650 
(w),  1450 (w), 1425 (w), 1200 (vs, br), 1050 (s), 780 (w), 750 (m), 
520 (s) cm-' ,  and (c) "Cmr peaks at 6 (DzO) 65.9 and 59.1 ppm 
assigned to 2, and 48.2 and 11.2 pprn due to 3. Upon drying at 
145"C/5 Torr for 36 h, the peak at 3400 cm-'  was largely removed 
and the product mixture weighed 92 mg, which, when taken with the 
relative proportions deduced from the 'Hmr spectrurn and corrected 
for BaCO? present (see below), corresponds to 49% and 3% yields of 
3 and 2 respectively. The BaC03 above apparently arose because of 

the solubility of Ba(HC03)?; the quantity was estimated at 16 mg (of 
the 92 rng above) on the basis of a control experiment in which a 
known comparable amount of Ba(OH)? was treated with COz as above 
and the weight of the precipitate (78%) and the material remaining in 
solution (22%) determined; the ir spectra of both (after drying) were 
identical to that of authentic BaCO,. 

In another experiment, 1 (1.2 g, 13 mmol) and Ba(OH)z.8Hz0 
(2.4 g, 7.6 mmol) in water (37 mL) were allowed to react for I h. 
Excess COz was then bubbled into the mixture and the precipitate of 
BaCO, and BaS03 (as shown by ir) collected by filtration, and the 
filtrate evaporated (below 35°C) to yield a cream-coloured solid (0.92 
g), the ' ~ m r  spectrum (DzO, T60) of which showed two singlets, a 
quartet, and a triplet (ratios roughly 12: 6:  2: 3) corresponding to 
water, 1 ,  and 3 in the molar ratio 6 .3 :  I ,  or about 400 rng (17% yield) 
of 3 .  Attempts to remove the water completely considerably increased 
the ratio of 3 to 1 ,  presumably by volatilizing the latter; the 'Hrnr 
spectrurn (XLIOO, DZO), in addition to the peaks at 4.65 (s, HOD), 
3.38 (s, l ) ,  2.92 (q, 3),  and 1.27 (t, 3 ) ,  also showed peaks at 2.58 
and 3.90 pprn corresponding to 2 (about 8 mol% of the amount of 3 
or -1% yield). ~ n - a q u e o u s  solution of this material was passed 
through a column of Rexyn 101 (H) and evaporated to yield a brown 
syrup. Thionyl chloride (50 mL) and a few drops of N,N-dimethyl- 
formamide were added and the mixture refluxed for 3 h, whereupon 
the excess SOClz was removed by evaporation to give a brown liquid 
(0.4 g). To this liquid a solution of p-toluidine (0.5 g, 4.7 mmol) and 
triethylamine (1.0 mL, 7.2 mmol) in benzene (15 mL) was added. 
After standing overnight the solution was extracted with 1.0 M HCI 
(2 x 10 mL) and water (10 mL). The benzene layer was dried, 
filtered, and the solvent evaporated to yield a brown oil (0.16 g) which 
was recrystallized from benzene - petroleum ether (60-80°C) to 
yield off-white crystals (10 mg), mp 79-80°C; mixture mp with 
authentic etl,:nesulfon-p-toluidide gave no depression; 'Hmr and ir 
were identical to those of an authentic specimen, mp 79-80°C (30). 

(c) KIXOH in H2'"0 
A solution of KIXOH was made by dissolving small pieces of potas- 

sium (39 mg, I mmol) in 0.32 mL of H ~ " O  (97.5 at.% "0). supplied 
by MSD Isotopes division of Merck Frosst Canada Inc., Montreal, 
Canada, under a slow stream of nitrogen at 0°C. Thiirane I ,  I-dioxide 
(1) (92 mg, 1 mmol) was then added to the above solution with stirring 
at room temperature. Gas evolution started immediately. After 30 s,  
the reaction mixture was extracted with CH2C12 (4 X 20 mL). The 
organic extracts were combined, dried with anhydrous MgSO,, and 
the solvent evaporated to yield unreacted 1 (30 mg), which upon 
analysis by mass spectrometry showed SOz peaks at m/e 64 and 66 in 
the ratio 100 to 5.6; natural abundance thiirane 1, l -dioxide showed the 
same peaks in the ratio 100 to 5.2.  

Preparation of sodium and potassium 2-su@natoethanesulfonates 
Thiirane I,l-dioxide ( 1 )  (191 mg, 2.08 mmol) and sodium sulfite 

(anhydrous, 225 mg, 1.79 mmol) dissolved in DZO (0.5 mL) were 
allowed to react for 1.5 h,  the reaction being monitored by 'Hmr. The 
unchanged 1 was removed by extraction with chloroform, and the DzO 
solution then evaporated and the white solid so obtained dried as 
before, to yield sodium 2-sulfinatoethanesulfonate (385 mg, 99% 
based on Na2S03). The analytical specimen was recrystallized from 
ethanol-water and dried at 125OC/ I Torrfor 24 h; mp >360°C (dec.); 
ir v ,,,,,: 29 10 (m), 2820 (w), 1 190 (s), 1040 (s), 980 (w), 962 (w), 932 
(w), 755 (m), 690 (w), 590 (w), 540 (w) cm-'; 'Hrnr (DzO) 6: 
2.6 1 -3.22 (m, A,B2); '"mr (DZO) 6: 57.6, 46.8. Anal. calcd. for 
C2H405SZNaZ: C 11.01, H 1.83, S 29.36; found: C 11.02, H 1.82, S 
29.31. 

A portion of the above salt was converted to the potassium salt ( 6 )  
by passing the aqueous solution through Rexyn IOI(H) (Fisher) cation 
exchange resin and neutralizing to pH 7.0 with I M KOH solution. 
Evaporation of the water gave a white solid which was recrystallized 
from ethanol-water and dried as before; mp 319-320°C (dec.); ir 
identical to that of the sodium salt. Anal. calcd. for CzH405S~Kz: C 
9.59, H 1.60, S 25.56; found: C 9.63, H 1.57, S 25.43. 
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KING ET AL. 5 

Preparation qf'porcr.s.siutn 1,2-ett1at1edis11~ot1~1te 
This was rnadc by the rcaction of aqueous K2S01 with I ,2-dibromo- 

ethane (3 1). The compound so obtained gavc thc following spectra: ir, 
v ,,,,,: 3400 (rn, br), 3020 (rn), 2960 (w), 2940 (w), 1210 (vs. br). 1040 
(s), 770 (s), 560 (s) cm- I ;  'Hmr (D20)  6: 3.3 (s); "Crnr ( ~ ~ 0 )  6: 49. I. 

Preparation of barium ethotzesulfotirrte (3) 
Ethanesulfonyl chloride (1.0 g, 7.8 rnrnol) was stirred with 

Ba(OH)?.8H20 (2.3 g, 7.3 rnrnol) in water (100 mL) for 3 h at room 
temperature. The water was removed by evaporation and the off-white 
residue (2.0 g) so obtaincd rccrystallizcd from 95% alcohol to givc 3 
as colorless necdles, rnp >395"C; ir (Nujol) v, , , , , :  1255 (m), 1220 (w), 
I 187 (s), 1 162 (s), 1052 (s), 784 (m), 575 (rn) c m  I; 'Hmr (D,O) 6: 
I .29 (t, 3H), 2.94 (q, 2H); "Crnr (D20) 6: 48.2, 11.2 pprn. 

Stability of bariittn 2-hydroxyethane.sulfi~~ate (2)  
Barium 2-hydroxyethanesulfinate (2)  (49 rng, 0.28 rnrnol) prepared 

as described elsewhere (3) was kept at 98°C for 5 h, at the end of which 
time the 'Hmr spectrum of the material (48 rng, 98%) was that of 
unchanged 2; 2 shows no rnp but decomposes above 350°C (3). 
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MAURICE BERGER, JEAN CADET, and JACQUES ULRICH. Can. J. Chem. 62, 6 (1984). 
Steady-state y-radiolysis of deaerated aqueous solutions of thymidine has been carried out in the presence of 

2,2,6,6-tetramethyl-1,4-piperidone-N-oxyl (TAN), a well-known radiosensitizing agent. The eight main radiation-induced 
TAN addition products to thymidine have been isolated and characterized by 'H and "C nmr, cd, and fast-atom bombardment 
mass spectrometry measurements. 

MAURICE BERGER, JEAN CADET et JACQUES ULRICH. Can. J. Chem. 62, 6 (1984). 
La radiolyse y en rCgime stationnaire de solutions aqueuses dCsaCrCes de thymidine a CtC effectuCe en presence de 

tCtramCthy1-2,2.6,6-piHridone-4-N-oxyl (TAN) qui est un agent de radiosensibilisation. Les huit produits d'addition radio- 
induite de la molCcule de TAN avec la thyrnidine ont CtC isolCs et identifies par diverses mCthodes spectroscopiques: rmn 'H 
et "C, dc et spectrometric de masse par bombardement avec des atomes rapides. 

Introduction 
Various nitroxyl free radicals including nor-pseudopelletier- 

ine-N-oxyl (NPPN) and 2,2,6,6-tetramethyl- 1,4-piperidone- 
N-oxyl (TAN) have been shown to sensitize hypoxic living 
cells to the lethal action of ionizing radiations (1, 2). The 
radiosensitizing ability of TAN appears to be higher in bacterial 
cells than in mammalian cells (3, 4). Two mechanisms which 
involve DNA as the major cellular target have been proposed 
for the biological action of several classes of radiosensitizers 
(5). The first postulates the oxidation of DNA anionic radicals 
(generated as anion-cation radical pairs by the direct action of 
ionizing radiation in purine and pyrimidine bases) through elec- 
tron transfer reactions with TAN or NPPN. This would prevent 
the recombination of anion and cation radicals, resulting in 
permanent damage to the biopolymer. A second reaction is the 
covalent binding with radiation-induced DNA radicals (6). The 
formation of covalent TAN-DNA adducts has been reported 
upon irradiation either in aqueous solutions of DNA (7) or 
within living cells (8). Such lesions, the structures of which 
remain unknown, have been detected in Chinese hamster cells 
as M. luteus sensitive sites (9). Pulse radiolysis experiments 
have shown that the second-order reaction rate of TAN with the 
radicals resulting from the addition of OH radicals across the 
5,6 bond of pyrimidine DNA components is an efficient 
process (10). The two main addition products of TAN to 
radiation-induced 5-hydroxy-5,6-dihydrothymin-6-y1 and 6- 
hydroxy-5,6-dihydrothymin-5-yl radicals have been isolated 
and characterized (11). In the present study, thymidine has 
been used as a DNA model compound for a further in- 
vestigation of the binding of TAN with the various nucleoside 
radicals induced by the water radiolysis species. We show that 
the bulk of the adducts result from the binding reaction of TAN 
with the radicals derived from addition of OH radicals at either 
carbon C(5) or carbon C(6). 

Results 
Steady-state y-radiolysis of oxygen-free aqueous solutions 

'Author to whom all correspondence should be addressed. 

of 1 mM thymidine containing 2 mM 2,2,6,6-tetramethyl-1,4- 
piperidone-N-oxyl (TAN) led to the formation of a complex 
mixture of nucleosides and thymine derivatives. These 
compounds were separated by two-dimensional thin-layer 
chromatography on silica gel plates (12). Eight nucleosides 
which exhibit high chromatographic mobility gave a coloration 
characteristic of carbonyl-containing compounds by spraying 
the chromatoplates with the 2,4-dinitrophenylhydrazine re- 
agent (13). This is consistent with the presence of the piper- 
idone moiety in the above nucleosides. These TAN-thymidine 
adducts were further purified and separated from the radiation- 
induced diastereoisomers of 5,6-dihydrothymidine and 5,6-di- 
hydroxy-5,6-dihydrothymidine by preparative thin-layer chro- 
matography on silica gel, followed by reversed-phase high 
performance liquid chromatography. These TAN-thymidine 
adducts, which represent about 50% of the overall radiation- 
induced degradation products (Table l ) ,  were further charac- 
terized on the basis of various spectroscopic measurements. 
Further confirmation was provided by comparison with the 
adducts generated in alternate chemical routes. 

The eight thymidine derivatives 2-9 showed no absorption 
around 260 nm, in line with the saturation of the 5,6-pyri- 
midine bond of these nucleosides (14). The six more stable 
thymidine-TAN adducts 2-7 were analyzed by fast-atom 
bombardment (FAB) mass spectrometry. This soft ionization 
technique is particularly suitable for the mass spectrometry 
measurement of polar and fragile molecules, such as the TAN 
adducts (Fig. 1). A prominent pseudo-molecular ion (M + 
N'a)' at m/z = 452 was observed in the positive mass spectrum 
of each of the six nucleosides 2-7. The pseudo-molecular ion 
(M - H)- exhibited in the negative ionization mode at m/z = 
428 is of relatively low intensity. These spectroscopic data 
strongly suggest that these compounds result from the addition 
of a hydroxyl radical and of a TAN molecule to the starting 
thymidine. The same conclusions can be deduced from the 
observation of a pseudo-molecular ion in the field desorption 
(FD) and the desorption by chemical ionization (DCI) spectra 
of compounds 2 and 3 respectively. In addition, the fragmen- 
tation patterns of these adducts, particularly those obtained in 
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TABLE I. Yield of the radiation-induced TAN addition products 2-9 
to thymidine in oxygen free aqueous solution" 

Nucleosides 

trans-(5S,6S)-5-hydroxy-6-(2,2,6,6,-tetramethyl-4-0~0- 
I-piperidinoxy)-5,6-dihydrothyrnidine (2) 

trans-(5R,6R)-5-hydroxy-6-(2,2,6,6,-tetramethyl-4-0~0- 
I -piperidinoxy)-5,6-dihydrothymidine (3) 

cis-(5S,6R)-5-hydroxy-6-(2,2,6,6,-tetramethyl-4-0~0- 
I-piperidinoxy)-5,6-dihydrothyrnidine (4) 

cis-(5R,6S)-5-hydroxy-6-(2,2,6,6,-tetramethyl-4-0~0- 
I-piperidinoxy)-5,6-dihydrothyrnidine (5) 

trans-(5S,6S)-6-hydroxy-5-(2,2,6,6,-tetramethyl-4-0~0- 
I-piperidiny I-N-oxide)-5.6-dihydrothymidine (6) 

trans-(5R,6R)-6-hydroxy-5-(2,2,6,6,-tetrarnethyl-4-0~0- 
I-piperidinyl-N-oxide)-5,6-dihydrothyrnidine (7) 

(5R*) and (5S*)-5-(2,2,6,6,-tetramethyl-4-0x0-I- 
piperidinyl-N-oxide)-5,6-dihydrothyrnidine (8, 9) 

Thyrnidine (1) 

"Absorbed dose: 1.5 kGy; I mM thymidine and 2 mM TAN aqueous 
solutions. 

"Number of molecules formed or destroyed per an absorbed dose of 1 Gy. 
The G values are the average of four independent measurements (accuracy to 
25%) .  

FD-ms, provide significant structural information. Thus the 
base peak at m/z = 259 corresponds to the loss of the TAN 
radical, whereas major fragments can be assigned to the TAN 
residue (m/z = 170) and the deoxyribose residue (m/z = 1 17) 
respectively. Mass spectrometric analyses of the two other 
nucleosides 8 and 9 were not so conclusive due to extensive 
thermal decomposition of the samples. 

The 250-MHz 'H nmr spectra of the thymidine-TAN 
adducts 2-7 in D,O confirm the presence of the piperidine 
moiety. In particular, they exhibit four singlets in the range 
1.04- 1.44 ppm which correspond to the resonance signals of 
the methyl substituents of the piperidone ring. We also note the 
presence at a slightly higher field (1.55-1.70 ppm) of an 
additional singlet which was assigned as the pyrimidine methyl 
group. The chemical shift of this signal and those of the H(6) 
pyrimidine proton (5.23-5.40 ppm) are characteristic of 
5,6-dihydrothymine derivatives. Similar 'H nmr features are 
observed for the nucleosides 6 and 7, suggesting an isomeric 
relationship for the adducts 2-7. On the other hand, the two 
last products 8 and 9 have a different structure with a methylene 
group (J,,,, = - 14 Hz) at the C(6) carbon and the TAN residue 
attached to the C(5) carbon. 

Site of attachment of the TAN moiety 
Considerations of the 'H nmr chemical shift values of the 

H(6) proton and of the thymine methyl group are not of interest 
for determining the site of attachment of the piperidone ring, 
either at the C(5) or the C(6) positions (Fig. 2). The comparison 
of the chemical shift values of H(6) for the adducts 2-7 does 
not show any significant differences which could be related to 
the a or p position of the TAN substituent. The lack of any 
selective downfield shift effect associated with other electro- 
negative a substituents such as a hydroperoxide group has been 
previously noted for 5,6-dihydrothymidine derivatives (15). It 
must also be mentioned that the chemical shift of the pyrim- 
idine H(6) proton is sensitive to the orientation of the aglycone 
about the N-glycosidic bond (16). On the other hand, '" nmr 
has been shown to be a suitable spectroscopic method for 
investigating the effects of substituents at carbons C(5) and 

;T AL. 7 

C(6) in various 5,6-dihydrothymine derivatives (17). The rele- 
vant "C chemical shift values of the six thymidine-TAN 
adducts 2-7 and of various 5,6-dihydrothymidine derivatives 
are listed in Table 2. The comparison of the C(5) and C(6) 
chemical shifts of the compounds 2-7 with the corresponding 
carbons of the cis and trans diastereoisomers of 5,6-dihydroxy- 
5,6-dihydrothymidine shows that the C(6) resonance signal of 
compounds 2-5 is shifted downfield by about 9 or about 
13 ppm. A similar deshielding effect is observed for the C(5) 
of the thymidine-TAN adducts 6 and 7. This strongly suggests 
that the TAN substituent is at position 5 in nucleosides 6 and 
7 and at position 6 in adducts 2-5. The magnitude of the a 
effect of the TAN substituents (as determined by using 
5-hydroxy-5,6-dihydrothymidine and 6-hydroxy-5,6-dihydro- 
thymidine as the reference compounds) is 41 -45 ppm for the 
C(6) carbon and about 38 ppm for the C(5) carbon. The lower 
value for the latter carbon may be due to the more severe 
crowding of this carbon which is suggested by the molecular 
model. The variation in the magnitude of the a effect at the 
C(6) carbon could be the result of changes in the syn-anti 
conformation of the nucleobase with respect to the sugar 
moiety, as discussed in more detail in the second paper (18). 
Polarization effects resulting from the close vicinity of the 
O(1') atom with the C(6) carbon in compounds 2 and 5 would 
be at the origin of this shielding effect. 

Further confirmation of the assignment of the position of the 
TAN substituent was provided by the radiation-induced syn- 
thesis of the various thymidine-TAN adducts 2-9 from 
5,6-saturated thymidine derivatives. In the first series of re- 
actions, the y-radiolysis of oxygen-free aqueous solutions of 
( - ) -trans-(5S,6S)-5-bromo-6-hydroxy-5,6-dihydrothymidine 
(12) (18) in the presence of 4.7 mM TAN and 0.1 M tert- 
butanol gives rise to the adduct 6 ,  whereas irradiation of the 
(+)-trans-5-bromo-6-hydroxy-5,6-dihydrothymidine (13) gen- 
erates the adduct 7 (Fig. 3). A reasonable mechanism for their 
formation would involve, in the initial step of the reaction, the 
departure of the Br atom through an electron capture dis- 
sociation process (20). A recombination reaction between the 
resulting 6-hydroxy-5,6-dihydrothymid-5-y1 radical and the 
TAN molecule would generate, with retention of configuration 
at the C(6) carbon (21), the adducts 6 and 7 respectively. 

In the second series of reactions, evidence is provided for the 
adducts 2-5. The two pairs of cis and trans diasteroisomers of 
C(6) addition products, 5,3 and 4,2 respectively, can be pre- 
pared in a selective way by using a radiation-induced pro- 
cedure. y-Irradiation of deaerated aqueous solutions of the 5R 
diasteroisomer of 5-hydroxy-5,6-dihydrothymidine (11) con- 
taining 2 mM TAN generates adducts 3 3 ,  whereas the two 
other adducts 2,4 are obtained from (5s)-5-hydroxy-5,6-di- 
hydrothymidine (10). In addition, a mixture of both the 5R* 
and 5S* adducts, 8 and 9, the absolute configuration of which 
has not been determined, is produced in both irradiated solu- 
tions. Under the experimental conditions used, the hydroxyl 
radical is the main radiolysis-reactive species which may ab- 
stract a hydrogen at carbon C(6) or lead to the loss of a hy- 
droxyl group at carbon C(5). Similar abstraction of a hydroxyl 
group has been observed in X-irradiated 5-hydroxy-5-methyl- 
barbituric acid (22). A recombination reaction of the resulting 
oxyl radical with TAN (23) gives rise to a pair of cis and trans 
diastereoisomers of C(6) adducts 5,3 or 4,2 with retention of 
the C(5) configuration (Fig. 4). It should be noted that the 
addition of the TAN molecule to the carbon C(6) is less stereo- 
selective than to carbon C(5). This loss of stereospecificity is 
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FIG. I .  FAB-ms spectra of the TAN-thymidine adduct 5: (a) positive mode; (b) negative mode. 

probably due to the presence of the two bulky substituents on radicals may generate either hydroxylamine derivatives (25) or 
the carbon C(5) preventing the preferential trans radical N-oxide type compounds (26). Chemical transformations of the 
addition which is usually observed with respect to the 5- or adducts 2-9 provided the most convincing evidence that the 
6-monosubstituted carbon within the pyrimidine ring (24). TAN moiety is linked via the nitroxyl oxygen to carbon C(6) 

in nucleosides 2-5 (hydroxylamine) and via the nitroxyl nitro- 
Nature of the linkage to the TAN substituent gen to carbon C(5) in nucleosides 6-9 (N-oxide). Catalytic 

The covalent addition of nitroxyl radicals to carbon-centered hydrogenation is expected to convert the substituted hydroxyl- 
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TABLE 2. "C Chemical shifts (6, ppm) of relevant pyrimidine carbons of TAN- 
thymidine adducts and various diastereoisomers of 5,6-dihydrothymidine derivativcs in 

D?O" 

Nucleosides CH, C(5) C(6) 

"All chemical shifts were referenced to external TMS. 

FIG. 2. Structure of three possible TAN-thymidine adducts with a 
5R stereoconfiguration. 

FIG. 3. Specific synthesis of the thymidine-TAN adduct 6 by 
y-radiolysis of deaerated aqueous solution of (-)-trans-5-bromo-6- 
hydroxy-5,6-dihydrothymidine 12. 

amine derivative to an alcohol and an amine through heterolysis 
of the N-0 bond according to an SN2 mechanism (27). 
Hydrogenolysis of the four adducts 2-5, in the presence of 
Pd/C, generated in a quantitative way the thymidine glycols 
and the 2,2,4,4-tetramethylpiperidone. However, the two C(5) 
thymidine-TAN addition products 6 and 7 remain unchanged 
under these hydrogenolysis conditions. 

The latter compounds 6 and 7 are unstable in solutions and 
undergo various transformations which can be rationalized on 
the basis of the postulated N-oxide structure. In particular, they 
show extensive decomposition after standing for 48 h in neutral 

Frc. 4. Preparation of the thymidine-TAN adducts 2, 4, 8, and 9 
by y-irradiation of oxygen-free aqueous solutions of (5s)-5-hydroxy- 
5,6-dihydrothymidine (10). 

aqueous solution at 20°C. The major degradation product was 
characterized as 5-hydroxymethyl-2'-deoxyuridine (14) by 
comparison of some of its spectroscopic features (uv, EI-ms, 
'H and I3C nrnr) with those of the authentic sample synthesized 
according to Baker et al. (28). A likely mechanism for its 
formation would involve a Cope rearrangement, which is char- 
acteristic of N-oxide type compounds (29). Hydrogen abstrac- 
tion from the methyl by the N-0 function through a planar 
pentagonal transient state and subsequent departure of the 
piperidone substituent would generate a nucleoside with a 
methylene group (Fig. 5). Elimination of the hydroxyl at 
carbon C(6) would give rise to a reactive carbonium ion, which 
by reaction with water is converted to 5-hydroxymethyl- 
2'-deoxyuridine (14). In H202 the corresponding hydroper- 
oxide 15 is obtained as the result of the nucleophilic attack by 
the perhydroxyl ion on the carbonium ion intermediate (30). It 
is interesting to note that similar reaction mechanisms have 
been proposed in the biosynthetic pathway of 5-hydroxy- 
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FIG. 5 .  Cope rearrangement of the thymidine-TAN adduct 6 or 7 
to hydroxymethyl-2'-deoxyuridine (14) or hydroperoxymethyl-2'- 
deoxyuridine (15). 

FIG. 6. Rearrangement of the thymidine-TAN adduct 6 or 7 to 
5R* and 5S*-1(2-deoxy-~-~-erythro-pentofuranosyl)-5-hydroxy-5- 
methyl hydantoin (16, 17) and N-(2-deoxy-P-D-erythro-pentofuran- 
osyl) formamide (18). 

methyl-2'-deoxyuridine-5'-monophosphate which is catalyzed 
by dUMP hydroxymethylase (31). We may note that N-1-(2- 
deoxy-P-D-erythro-pentofuranosyl) barbituric acid (32), which 
would result from initial hydrogen abstraction reaction at 
carbon C(6), is produced, but in very low yield. This lower 
yield could be explained by the lack of planarity for the penta- 
gonal transient state, due to the half-chair conformation of the 
5,6-saturated pyrimidine ring. The formation of thymidine (1) 
from the other C(5) thymidine-TAN adducts 8 and 9 in 
aqueous solution would also strongly suggest a N-oxide type 
structure for these compounds. A Cope rearrangement appears 
as a likely mechanism for the generation of 1. 

Radical reactions, as the result of homolytic scission of the 
C-N bond of adduct 6 or 7 (vide itlfra) are predominant in 
aerated aqueous pyridine solutions. The major decomposition 
products were characterized as thymidine (1) (lo%), the four 
cis and trans diastereoisorners of 5,6-dihydroxy-5,6-dihydro- 
thymidine (20%), the N-(2-deoxy-P-D-erythro-pentofuranosyl) 
formamide (18) (33), and the 5R* and 5S* diastereoisomers of 
N-(2-deoxy-~-~-erythro-pentofuranosyl)-5-hydroxy-5-methyl- 
hydantoin (16, 17) (34). The formation of the two latter classes 
of products may involve a Meisheimer mechanism (35) which 
would generate the 6-hydroxy-5,6-dihydrothymid-5-y1 radical 
from homolytic scission of the C(5)-N bond. Subsequent fast 
reaction of this pyrimidine radical with molecular oxygen 
would give rise to the corresponding hydroxyhydroperoxyl 
thymidine radical (36). Disproportionation reactions between 
these peroxyl radicals are expected to produce oxyl radicals 
(37), which through subsequent P scission reactions would lead 
to the opening of the pyrimidine ring (Fig. 6). N1-(2-deoxy- 
P-D-erythro-pentofuranosy1)-Ni-formyl-N* is the 
expected product of this reaction. Hydrolysis of this unstable 
intermediate gives rise to the formamide compound 18 in 
40% yield, whereas recyclization generates the hydantoin 
nucleosides 16, 17 in about 20% yield. 

The loss of oxygen from the molecular ion in electron impact 

mass spectrometric analysis may be diagnostic for the N-oxide 
structure (38). This particular ion (M - 16) has not been 
observed in the FAB mass spectrometry measurements of 
adducts 2-7, which show little fragmentation. 

Determination of the absolute conjiguratiorz of adducts 2- 7 
As mentioned above, the radiation-induced degradation of 

the 5R diastereoisomer of 5-hydroxy-5,6-dihydrothymidine 
(11) in the presence of TAN gives rise to the trans and cis C(6) 
adducts 3 and 5 with retention of the initial 5R configuration. 
In the same way, the two 5 s  diastereoisomers 2 and 4 have 
been prepared from the (5s)-diastereoisomer of 5-hydroxy- 
5,6-dihydrothymidine (10) (39). The cis and trans config- 
uration of the two nucleosides of each pair of 5R and 5 s  
diastereoisomers could be deduced by considering the y-effect 
of the C(6) TAN substituent on the 13C nmr chemical shift value 
of the pyrimidine methyl group. An upfield shift effect of about 
3 ppm is observed for the trans thymine glycol (1 1) and the 
corresponding 2'-deoxyribonucleoside derivatives (Table 2) 
when the C(6) hydroxyl group is in a gauche relationship with 
the C(5) methyl substituent. A similar upfield shift effect is 
noted for the adducts 2 and 3 by comparison with the second 
5 s  and 5R diastereoisorners 4 and 5 respectively. The mag- 
nitude of this y-effect is higher than for the 5,6-dihydroxy- 
5,6-thymidine, as expected for a bulky C(6) substituent. As a 
result, a 6R configuration and 6 s  configuration can be deduced 
for 3,4 and 2,s  respectively. 

The assignment of the C(6) configuration of the TAN- 
thymidine adducts 6 and 7 is also based on their selective 
preparation in 90% yield from the corresponding (5S,6S) and 
(5R,6R) 5-bromo-6-hydroxy-5,6-dihydrothymidine (12 and 
13). As discussed above, a trans addition of the TAN molecule 
to the 6-hydroxy-5,6-dihydrothymid-5-y1 radical is expected to 
take place preferentially, giving rise to the (5S,6S) and 
(5R,6R) TAN-thymidine adducts 6 and 7,  respectively. 

Mechanisms of the radiation-induced formation of the adducts 
2-9 

lnteraction of the y-rays with dilute aqueous solutions of 
thymidine and TAN leads to the formation of three reactive 
species (40): OH radicals (G = 2.72), solvated electrons (G = 
2.63), and hydrogen atoms (G = 0.55). Under the experi- 
mental conditions used, about 40% of the OH radicals will 
react with thymidine (41): koHtdnd = 3.9 X 1OYM-' S-I. The 
remaining 60% are scavenged by the TAN molecules (42): 
(kOHtTAN = 6.3 X 10' M-' s-I). The pyrimidine ring of the 
nucleoside is the preferential site of reaction of the OH' radicals 
through addition at the carbons C(5) and C(6) as shown by esr 
flow experiments (43). Recombination reactions of these radi- 
cals with the TAN molecule give rise to the C(5) adducts and 
the four cis and trans diastereoisorners of the C(6) addition 
products. The reaction of the solvated electrons with thymidine 
takes place mostly on the pyrimidine moiety (4 1). The resulting 
anionic radical is exposed to be quantitatively oxidized to the 
starting thymidine, since pulse radiolysis experiments have 
shown that electron transfer reaction from electron pyrimidine 
adduct to TAN is an efficient process (6, 8). The formation of 
the two adducts 8 and 9 may also be accounted for by the 
recombination reaction of 2,2,6,6-piperidone-N-oxyl with the 
radiation-induced 5,6-dihydrothymid-5-yl radical (42). This 
radical arises from the preferential addition of the hydrogen 
atom to the carbon C(6) within the thymine moiety (44). It 
should be noted that, in the present work, adducts with TAN 
covalently bound to the sugar moiety of thymidine were not 
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BERGER ET AL. 11 

detected. O n  the other hand, this latter class of  adducts has 
been shown to  be  relatively important when purine 2'-deoxy- 
ribonucleosides are exposed to  y-rays in deaerated aqueous 
solution containing N-oxyl radicals (45). 

Conclusion 
T h e  main radiation-induced T A N  adducts to  thymidine have 

been isolated and characterized a s  recombination products be- 
tween T A N  and transient 5-hydroxy-5,6-dihydrothymid-6-y1 
o r  6-hydroxy-5,6-dihydrothymid-5-yI radicals. This  constitutes 
a first s tep  to  further studies deal ing with the radiation-induced 
binding of  T A N  to the thymine moiety within isolated D N A .  In 
particular, the knowledge of  the structure and chemical prop- 
erties of  these various thymidine-TAN adducts will facilitate 
their detection in enzymatic hydrolysates of D N A  which has 
been irradiated in the presence of  T A N .  

Experimental 
Marerials 

Thymidine was purchased from Sigma (St. Louis, Missouri) and 
used without further purification. 2,2,6,6-Tetramethylpiperidone was 
obtained from Aldrich (Beerse, Belgium). 2,2,6,6-Tetramethylpiper- 
idone N-oxyl was synthesized according to Briere et al .  (46). The two 
trans diastereoisomers of 5-bromo-6-hydroxy-5,6-dihydrothymidine 
(12, 13) were prepared by addition of Brz to an aqueous solution of 
thymidine (19) and separated by preparative reversed-phase high 
performance liquid chromatography. 

The four cis and trans diastereoisomers of 5,6-dihydroxy-5,6-di- 
hydrothymidine (47), the two cis (5S,6R) and (5R,6S) diastereo- 
isomers of 6-hydroxy-5,6-dihydrothymidine (48), and the 5R and 5 S  
diastereoisomers of 5-hydroxy-5,6-dihydrothymidine (11, 10) (49) 
were prepared according to literature procedures. The (-)-(5s)- 
dihydrothymidine has been obtained according to Kondo and Witkop 
(14), whereas the (+)-(5R)-diastereoisomer has been prepared by 
hydrogenation of an aqueous solution of thymidine in the presence of 
Pd/C as the catalyst (50). 5-Hydroxymethyl-2'-deoxyuridine has been 
synthesized according to Baker er 01. (28). ['"H3]thymidine has been 
obtained from the Service des Molecules Marquees du Commissariat 
i I'Energie Atomique (Saclay, France). The radioactive nucleoside 
was purified prior to use on a Nucleosil octadecylsilyl silica gel 
column to remove self-radiolysis decomposition products. 

aqueous solutions of thymidine were deaerated by bubbling nitrogen 
for 15 min prior to irradiation. 

Chromatographic analyses 
Analytical two-dimensional separations of radiation-induced de- 

composition products of thymidine were carried out on precoated 
silica gel 60 FZ54 plates (Merck, Darmstadt, G.F.R.) with the two 
following solvent systems (12): 1. lower phase of chloroform- 
methanol-water (4:2: 1 )  to which was added 5% of methanol; 11. 
ethyl acetate - 2-propanol - water (75: 16:9). Preparative thin-layer 
chromatography was performed on thick precoated silica gel plates 
(Merck). Detection of far-uv absorbing compounds was made by 
fluorescence quenching with a 254-nm emitting Desaga mineral 
lamp. The 2'-deoxyribonucleosides were visualized as pink spots 
after spraying the plates with the cysteine - sulfuric acid reagent and 
subsequent heating for 3 min at 100°C. The carbonyl-containing 
compounds were detected on the chromatogram by using the 2,4-di- 
nitrophenylhydrazine spray reagent ( 13). 

Quantitative analysis 
'The [I4C] radio-labelled compounds were detected on the thin-layer 

silica gel plates by autoradiography using Kodak NS-2T X-ray sensi- 
tive films. Detection of radioactivity as low as 0.01 p,Ci/cm2 was 
made after overnight exposure. The detected radioactive compounds 
were further scraped off the silica gel and suspended in 1 mL water for 
2 h. Under these conditions, the radioactive recovery was nearly 
quantitative. The P scintillation counting was accomplished on a 
Packard model 2425 Tricarb spectrometer. 

Isolation and characterizntiorz of the radiation-induced TAN- 
thymidine adducts 

A solution of I mM thymidine (484 mg) and 2 mM TAN (680 mg) 
in 2 L of deaerated water was irradiated for 45 min with '"Co y-rays 
(absorbed dose: 4950 Gy). The solution was evaporated to dryness 
under reduced pressure. The resulting residue was dissolved in 2 mL 
of aqueous methanol (1 : I) and applied to 5 preparative thick-layer 
chromatoplates. The developing solvent was a mixture of chloroform 
and methanol (9: 1). The faster-moving broad uv-absorbing zone 
(R,- 0.35). which gives rise to a yellow coloration with the 2,4-dinitro- 
phenylhydrazine spray reagent, was extracted with 50% aqueous 
methanol (3 X 10 mL). Evaporation of the solution to dryness gave 
a syrup (129 mg) which was deposited on 5 thin-layer precoated silica 
gel plates. Two uv absorbing zones were resolved (Rr  0.53 and 0.43 
res@ectively) by using chloroform-methanol (9: 1) as the developer. 
The fastest eluting uv absorbing zone (R,- 0.53) was shown to contain 

Specrroscopic measurements a mixture of three thymi dine-?'^^ adducts 4, 8, and 9 (46 mg) after 
The uv absorption spectra were registered on a Beckman spec- being extracted with 50% aqueous methanol (3 x 6 mL). The slower 

trophotometer Model 5230. The ir spectra using the KBr micropellet eluting uv absorbing zone (R,- 0.43) was scraped off and the silica gel 
method were obtained on a Perkin-Elmer spectrophotometer Model was further extracted with 50% aqueous methanol (3 x 6 mL). Evap- 
177. Field desorption mass spectra were obtained on a Varian-Mat 31 I oration to dryness of the resulting solution yielded 67 mg of a colorless 
spectrometer. (The intensity of the current of desorption was 10 mA.) syrup which contains the four thymidine-TAN adducts 2,  3 ,  5, 
Fast-atom bombardment (FAB) mass soectrometn, was carried out in and 7. . . 
a Model MS 50 spectrometer, equipped with a commercially available 
FAB gun. Desorption of the molecules was obtained by exposure to 
a beam of 8-keV xenon atoms in a glycerol mull. chemical ionization 
mass spectra using NH3 as the reactant gas were performed on a 
Nermag R 10-10 C apparatus. The 'H nmr and I3C nmr spectra 
operating at 250 MHz and 62.83 MHz respectively were obtained on 
a CAMECA TSN 250 apparatus in the Fourier transform mode. 
Deuterium oxide was used as the solvent with 3-(trimethy1silyl)- 
propionate-2,2,3,3-d, as the internal reference. Circular dichro'ism 
spectra (cd) were registered on a Roussel Jouan 111 dichrograph using 
methanol as the solvent. 

lrradiarion procedure 
The y-radiolysis experiments were carried out with three M ' ~ o  

sources located in a pool. The dose rate, which was determined ac- 
cording to Fricke's method, was 110 Gy/min. The flasks which were 
used for the irradiation experiments were previously filled with bi- 
distilled water (pH 6.5) and exposed to high doses of y-rays (lOSGy) 
in order to destroy the organic impurities within the glass. The 

cis-(5S,6 R)-5-hydroxy-6-(2,2,6,6-terrameth~~l-4-oxo-l -piperidin- 
oxy)-5,6-dihydrothymidine (4)  

The oily residue (46 mg) which is a mixture of adducts 4, 8, and 9 
was extracted from the faster uv-absorbing zone and applied to 3 
precoated silica gel plates. The tlc plates were developed with ethyl 
acetate as the solvent. Two main zones which give a positive col- 
oration with the cysteine-H2S0, or the 2.4-dinitrophenylhydrazine 
spray reagents were detected by fluorescence quenching at 254 nm. 
The fastest eluting zone (R,- 0.62) was scraped off and the resulting 
silica gel was extracted with 3 X 5 mL of water-methanol (1: I). 
Evaporation to dryness of the filtrates yields 14 mg (1.7%) of an oily 
compound which was shown to be homogeneous by reversed-phase 
high-performance liquid chromatography analysis on a C-I 8 Nucleosil 
column using a mixture of water-methanol (7 :  3) as the solvent (k '  = 
1.50); uv (A ,,,, H20): 206 nm; 'H nmr (D1O, TSP) 6: 1.14 (s, 3,  CH3), 
1.2 1 (s, 3,  CH,), 1.32 (s, 3, CH3), 1.44 (s, 3 ,  CH3), 1.59 (s, 3,  CH, 
thymine), 2.42 (ddd, I ,  H-2"), 2.94 (m, I, H-27, 3.74 (dd, I ,  H-5"), 
3.82 (dd, 1, H-5'), 4.0 (m, 1, H-4'), 4.47 (m, I ,  H-3'), 5.41 (s, I ,  
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H-6), 5.78 (dd, I ,  H-1'); "C nmr (D20, TMS) 6: 19.8 (q, CH, 
thymine), 23.7, 24.3, 32.3, 33.8 (q, 4 x CH, pipcridonc), 38.7 (t, 
C-2'1, 53.6 (t, CHI piperidone), 53.7 (t, CH2 piperidone), 63.0 (t, 
C-5'). 66.1 (s, C-2, C-6 piperidone), 70.7 (s, C-5 thymine), 72.3 (d, 
C-3'),87.0 (d, C-4'), 92.8 (d, C-l '), 93.7 (d, C-6 thymine); cd (c  1.4, 
methanol): [0lzxo k 0 ,  10127tr - 140, [0lzho - 1720, [13]~~., -4650, [0]24,1 
- 1720, [OI2xx 2 0 ,  [0lz,[, +3500; FAB-ms, m/e (relative intcnsity), 
positive mode: 452 (30, M+ + Na), 430 (8, M' + H), 265 (20), 172 
(15, TAN + 2H), 1 17 (58, 2-dcoxyribose); negativc mode: 428 (12, 
M- - H), 283 (17), 257 (41, M - TAN), 241 (6, thymidinc-H), 
142 (1 5,5-hydroxy-5,6-dihydrothyminc), 125 ( 18, thyminc-H), 1 16 
( 14, 2-deoxyribose-H). 

(5 R*) nrld (5S*)-5-(2,2.6.6-tetrc1rr1ethyl-4-0,ro-/-piperitir1yl-N- 
o,rilIe)-5.6-dihydrothyrr1idir1e (8. 9) 

Extraction of the slowcst uv-absorbing zonc (RI- 0.31) yicldcd 23 
mg of a mixture of thymidine-TAN adducts 8 and 9 which were 
further separated on the C-I8 Nucleosil octadecylsilyl silica gel col- 
umn under the above conditions. Two main fractions corresponding to 
nucleosides 8 (k' = 4.36) and 9 (k' = 4.85) were collected. Evapo- 
ration to dryness of the aqueous methanol solutions gave respectively 
9 mg of 8 (1.1 %) and 8 mg of 9 ( I  %) as oily compounds. 
Compound 8: 'H nmr (DzO, TSP) 6: 1.18 (s, 3, CH,), 1.21 (s, 3, 

CH,), 1.22 (s, 3, CH,), 1.27 (s, 3, CH,), 1.57 (s, 3, CH2 thymine), 
2. I8 (ddd, I ,  H-2"), 2.35 (ddd, I, H-2'), 3.57 (d, I, H-6a), 3.70 (dd, 
1, H-5"). 3.76 (dd, I ,  H-5'), 3.92 (m, I,  H-47, 4.17 (d, I ,  H-6b), 
4.41 (m, I, H-37, 6.31 (dd, I ,  H-1'). 
Compourzd 9: 'H nmr (D,O, TSP) 6: 1.16 (s, 3, CH,), 1.22 (s, 3, 

CHd, 1.23 (s, 6, 2 x CH,), 1.56 (s, 3, CH3 thymine), 2.16 (ddd, 1, 
H-2"). 2.28 (ddd, I, H-2'),3.48 (d, I ,  H-6a), 3.73 (dd, I ,  H-5'). 3.76 
(dd, I, H-5"), 3.92 (m, I, H-4'). 4.12 (d, I, H-6b), 4.4 1 (m, I, H-4'), 
6.29 (dd, 1, H-1'). 

cis-(5 R,6S)-5-l1ydroxy-6-(2,2,6,6-tetrar11etl1~~i-4-0,ro-l-piperi~Iir1- 
o.ry)-5,6-dil1y~lrotI1yrnidir1e (5)  

The mixture (67 mg) of the four thymidine-TAN adducts 2, 3, 5, 
and 7 was extracted from the second 2'-dcoxyribonuclcoside-con- 
taining band (Rr 0.42), applied to 5 silica gel precoated plates, and 
eluted with ethyl acetate as the solvcnt. Extraction of the fastest 
eluting band (Rr 0.61) provided a mixture (25 mg) of the TAN- 
addition products 5 and 7, which were furthcr scparated by rcversed- 
phase hplc on the C- 18 Nucleosil column as reported above. Evapo- 
ration to dryness of the methanolic aqueous solution containing the 
fastest eluting compound (k' = 1.14) yielded 12 mg of 5 (1.4%) as an 
oily compound; uv (A,,,,, HZO): 216 nm; 'H nmr (D,0, TSP) 6: 1.09 
(s, 3, CH,), 1.24 (s, 3, CH,), 1.29 (s, 3, CH,), 1.42 (s, 3, CH,), 1.54 
(s, 3, CH, thymine), 2.35 (ddd, I, H-2"), 3.15 (ddd, I ,  H-27, 3.76 
(m, 2, H-5' and H-5"), 3.93 (m, 1, H-3'), 4.48 (m, I,  H-4'), 5.36 (dd, 
I, H-1'); "C nmr (D20, TMS) 6: 24.0 (q, CH3 thymine), 24.2 (q, 2, 
x CH, piperidone), 32.4 (q, 2 x CH, piperidone), 38.6 (t, C-2'). 
53.5 (t, 2 x CH2 piperidone), 63.0 (t, C-5'), 66.0 (s, C-2 and C-6 
piperidone), 72.5 (d, C-3'), 73.6 (s, C-5 thymine), 85.5 (d, C-l'), 
86.3 (d, C-4'), 89. I (d, C-6thymine); cd (c 1.2, methanol): [O],,,, 2 0 ,  
[o]?xo +310, [e]zh0+2480, 18]rso +6470, [O]246 +7100. [8]?-10 +4920, 
[0],34 2 0 ;  FAB-ms m/e (relative intensity), positive mode: 452 (10, 
M+ + Na), 430 (3, M' + H), 265 (7). 172 (46 TAN + 2H), 117 (67, 
2-deoxyribose); negative mode: 428 (20, M - H), 275 (16), 257 (73, 
M- - TAN), 241 (4, thymidine-H), 142 (31.5-hydroxy-5,6-dihydro- 
thymine), 125 (22, thymine-H), 1 16 (37, 2-deoxyribose-H). 

trans-(5 R,6 R)-6-11ydr0x)~-5-(2,2,6,6-tetra1net11~~1-4-0~0-~-piperi~1i~1- 
yi-N-o,ride)-5,6-dihydrotl1ymi~Iine (7) 

The slowest eluting fractions (k' = 3.50) were collected and evap- 
orated to dryness, yielding I I mg of 7 (1.3%) as an oily compound; 
uv (A ,,,,, HzO): 215 nm; 'H nmr (D20, TSP) 6: 1.08 (s, 6,  2 x CH2), 
1.17 (s, 3, CH,), 1.29 (s, 3, CH2), 1.64 (s, 3, CH, thymine), 2.27 
(ddd, 1, H-2"), 2.36 (ddd, I, H-2'), 3.74 (dd, I ,  H-5"), 3.79 (dd, I ,  
H-57, 3.95 (m, I, H-4'), 4.44 (m, I, H-3'), 5.32 (d, I, H-6), 6.25 
(dd, 1, H-1'); "C nmr (D20, TMS) 6: 15.0 (q, CH, thymine), 23.6 
(4, CH,), 23.7 (q, CH,), 33.9 (q, CH,), 34.0 (q, CH2), 39.1 (t, C-2'), 

53.9 (t, CHI piperidone), 54.3 (t, CH2 piperidonc). 62.6 (t, C-5'), 
67.3 (s, C-2 or C-6 piperidone), 68.0 (s, C-6 or C-2 piperidone), 72.0 
(d, C-3'1, 80.1 (d, C-6), 80.8 (s, C-5). 86.2 (d, C- l '), 86.7 (d, C-4'); 
cd ( c  1.6, methanol): [O],2tl 2 0 ,  [0],11,1 -200, [0]294 -220, [O]2x1) 2 0 ,  
[O]TO +2900, [O]X, +6230, [0]24,1 4450; FAB-ms rn/e (relative in- 
tensity), positivc mode: 452 (15, M+ + Na), 430 (6, M ' + H), 172 
(48, TAN + 2H), 154 (18). 130 (48), 1 17 (2-dcoxyribose); negativc 
mode: 428 (22, M- - H), 275 (IS),  257 (76, M - TAN), 142 (32), 
125 (22, thymine - H), I 16 (36, 2-dcoxyribose - H).  

trans-(5 S.6S)-5-11ydro,r~-6-(2,2.6.6-tetrc1rr1etl1~~i-4-0,~0-/-~1i~1eri~iir1- 
o.ry)-5,6-dil1)~drotI1ymi~Iir1e ( 2 )  

The silica gel containing the slowest eluting thymidine-TAN ad- 
ducts 2 and 3 (Rr 0.30) was cxtracted with 50% aqucous methanol (3 
x 6 mL). The evaporation of thc resulting solution to dryness gavc 26 
mg of the two nucleosides 2 and 3 which wcrc applicd to the C-18 
Nucleosil column and eluted with methanol-water (7:3) as the sol- 
vent. The fractions containing the fastest cluting nucleoside (k' = 
3.43), as monitored by its uv absorption at 230 nm, were collected. 
Evaporation to dryness of the aqucous methanol solution yiclded 15 
mg of 2 ( 1.8%) as an oily compound; uv (A,,,;,, H20): 206 nm; 'H nmr 
(DzO, TSP) 6: 1.04 (s, 3, CH,), 1.07 (s, 3, CH2), 1.23 (s, 3, CH,), 
1.43 (s, 3, CH2), 1.69 (s, 3, CH, thyminc), 2.34 (ddd, I ,  H-2"), 3.14 
(ddd, I ,  H-2'), 3.72 (dd, I, H-5"), 3.80 (dd, I ,  H-5'). 3.88 (m, I ,  
H-4'), 4.47 (m, I ,  H-3'), 5.24 (d, I, H-6), 6.29 (dd, I, H- 1'); "C nmr 
(D20,  TMS) 6: 20.1 (q, CH, thymine), 23.6 (q, 2 x CH,), 32.8 (q, 
CH,), 33.0 (q, CH,), 53.8 (t, CH2 piperidone), 53.9.(t, CHz piper- 
idone), 62.5 (t, C-5'), 64.4 (s, C-2 or C-4 piperidone), 65.8 (s, C-4 
or C-2 piperidone), 70.7 (s, C-5 thymine), 7 1.7 (d, C-3'), 85.5 (d, 
C- 1 '), 86.0 (d, C-4), 89.1 (d, C-6 thymine); cd ( c  1.2, methanol): 
[OI~IO LO, (012x0 + 190, LOllho +2840, [Olrs, +3800, +2830, 
[O]I.,O 2 0 ,  [el,,,, -8400; FAB-ms, m/e (relative intensity), positive 
mode: 452 (35, M+ + Na), 430 (12, M' + H), 354 (6). 265 (20). 172 
(22, TAN + 2H), 117 (40, 2-deoxyribose); negative mode: 428 (22, 
M- - H), 283 (15), 257 (42, M- - TAN), 241 (8, thymidine - H), 
142 (16, 5-hydroxy-5,6-dihydrothymine - H), 125 (16, thymine - 
H), 1 15 (15, 2-deoxyribose - H); FD-ms, m/e (relative intensity): 
430 (40, M+ + H), 259 (100, M+ - TAN), 170 (75, TAN), 1 17 
( 15, 2-deoxyribose). 

trans-(5 R.6 R)-5-l1y~lro.ry-6-(2.2,6.6-tetrar11et/1yi-4-o,ro-/ -piperilIir~- 
oq~)-5,6-dihydrotl1yr11i~Iir1e (3) 

The fractions containing the slowest eluting thymidine-TAN ad- 
duct 3 (k'  = 4.57) were collected and evaporated to dryness, yielding 
14 mg (1.7%) of an oily compound; uv (A,,,.,, H,0): 214 nm; 'H nmr 
(DZO, TSP) 6: 1.07 (s, 3, CH,), 1.17 (s, 3, CH2), 1.26 (s, 3, CH,), 
1.44 (s, 3, CH,), 1.66 (s, 3, CH, thymine), 2.42 (ddd, I ,  H-2"), 2.96 
(ddd, 1, H-2'), 3.73 (dd, I, H-5"), 3.79 (dd, I ,  H-5'). 3.99 (m, I ,  
H-4'),4.45 (m, I, H-3'), 5.34 (s, I ,  H-6), 5.75 (dd, I ,  H- 1'); "C nmr 
(DzO, TMS) 6: 19.8 (q, CH, thymine), 23.7 (q, CH,), 24.3 (q, CH,), 
32.3 (q, CH,), 33.8 (q, CH,), 53.6 (t, CHz piperidone), 53.7 (t, CH, 
piperidone), 63.0 (t, C-5'), 66.1 (s, C-2 and C-6 piperidone), 70.7 (s, 
C-5 thymine), 72.3 (d, C-3'). 87.0 (d, C-4'). 92.8 (d, C- l '), 93.7 (d, 
C-6 thymine); cd ( c  1.8, methanol): [O],ql, 2 0 ,  [o],70 -300, 
- 1480, [O]~SS - 1780, [OI~~CI - 1290, [O]U.I 2 0 ,  [O]z,o +8200; FAB- 
ms, m/e (relative intensity), positive modc: 452 (28, M+ + Na), 430 
(11, M+ + H), 265 ( l a ) ,  172 (51, TAN + 2H), 117 (82, 2-deoxy- 
ribose); negative mode: 428 (29, M- - H), 257 (58, M- - TAN), 
241 (8, thymidine - H), 142 (26, 5-hydroxy-5,6-dihydrothymine - 
H), 125 (37, thymine - H), 1 15 (25, 2-dcoxyribose - H); DCI-ms 
(NH,) m/e (relative intensity), positive mode: 430 (40, M+ + H), 
276 (10, M+ - TAN + NH,), 243 (1 1, thymidine + H), 172 (42, 
TAN + 2H). 

trans-(5 S,6S)-6-hyl1roOry-5-(2 ,2,6,6-tetra111et11~~1-4-ox0-/-piperi~1iny1- 
N-o.rille)-5,6-dihydrothymidine ( 6 )  

The main uv absorption band (RI- 0.22). which contained the 
starting thymidine (I)  and the thymidine-TAN addition product 6, 
was scraped off and the two nucleosides were extracted with 50% 
aqueous methanol (3 x 6 mL). The resulting solution was evaporated 
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to dryness and applied to the C-18 Nucleosil reversed-phase column. 
The eluent was a mixture of water and methanol (7:3) and the de- 
tection of the nucleosides was monitored at 230 nm. The latcst eluting 
nucleoside consisted of thymidine (k' = 1.05). The fractions contain- 
ing the thymidine-TAN adduct ( k '  = 4.58) were collected and evap- 
orated to dryness, giving 12 mg of a colorless oily compound (1.4%); 
uv (A ,,,,, H20):  214; 'H nmr (D20, TSP) 6: I .  I0 (s, 6 ,  2 x CH4,  1.21 
(s, 3,  CH4,  1.31 (s, 3, CHd,  1.65 (s, 3, CHs thymine), 2.20 (ddq, 
I ,  H-2"), 2.44 (ddd, 1, H-2'), 3.74 (dd, I ,  H-5"), 3.79 (dd, I ,  H-5'); 
3.96 (m, I ,  H-4'), 4.46 (m, I ,  H-37, 5.39 (s, I, H-6), 6.26 (dd, 1 ,  
H-1'); "C nmr (D20 ,  TMS) 6: 14.6(q ,  CH3 thymine), 23 .6 (q ,  2 x 
CH,), 33.8 (q, 2 x CH,), 37.8 (t, C-2'), 53.8 (t, CH2 piperidone), 
54.3 (CH2 piperidone), 63.1 (t, C-5'). 63.8 (s, C-2 or C-4 piperidone), 
64.2 (C-4 or C-2 piperidone), 72.5 (d, C-37, 79.5 (d, C-6 thymine), 
80.9 (s, C-5 thymine), 85.1 (d, C-49, 86.6 (d, C- 1'); cd ( c  1.3, 
methanol): [0]319 *0, 1 0 1 ~ ~ ~  +80, [0Izx, +600, (01276 2 0 ,  [0]26') 
- 1500, [0],,,, -3870, [0],,, -3760; FAB-ms m/e (relative intensity), 
positive mode: 452 ( 18, M+ + Na), 430 (10, M+ + H), 172 (40. TAN 
+ 2H); negative modc: 428 (20, M- - H), 257 (70, M -  - TAN), 116 
(40, 2-deoxyribose - H). 

Decotnposiriot~ studies of the nddncts 2-7  in aqueous .solutiotls 
The TAN-thymidine adduct 6 (45 mg) was dissolved in I00 mL of 

water (pH 6.5) and thc resulting aerated solution was stirred for 48 h 
at 30°C. Two-dimensional thin-layer chromatographic analysis of an 
aliquot of the solution shows, besides the starting compound, the 
presence of a far-uv absorbing nucleoside. Preparative separation of 
this nucleoside was made on two thick silica gel tlc plates by using 
solvent system 11. Extraction of the silica gel ( ~ ~ 0 . h )  with methanol 
(3 x 6 mL) provided 1 1.5 mg of a nucleoside which was characterized 
as 5-hydroxymethyl-2'-deoxyuridine (14) by comparison of its uv, 
'H nmr, and FAB mass spectrometric features with those of the 
authentic sample (28). 

Under the same experimental conditions. the partial decomposition 
of 7 (-60%) generated 5-hydroxymethyl-2-deoxyuridine (14) in 45% 
yield as the major product. 

It has to be pointed out that the other TAN-thymidine adducts 2-5 
did not undergo any detectable degradation in the above conditions, 
even at a higher temperature (60°C). 

Cotlversion of the adducrs 6 ntld 7 to 5-hydroperoxymerhyl-2'- 
deoxyuriditze (15) 

The solution of the adduct 6 (35 mg) in 80 mL of 30% aqucous 
hydrogen peroxide was stirred for 15 h at 30°C. The solution was 
evaporated to dryness under reduced pressure (lo-' Torr; I Torr = 
133.3 Pa) to remove H,02. The resulting residue was deposited on 
three thin-layer precoated silica gel plates which were further eluted 
with the solvent system 11. The silica gel containing the,main uv 
absorbing band (R, 0.50), which gave a positive test for a peroxidic 
compound by spraying the chromatogram with a methanolic solution 
of KI, was scraped off and extracted with 3 x 6 mL of methanol. 
Evaporation of ;he methanolic solution yielded 8.8 mg of 5-hydro- 
peroxymethyl-2'-deoxyuridine(39%), which showed uv and 'H nmr 
spectroscopic properties identical to those of the authentic sample 
(30). Work-up in a similar way of the minor uv absorbing band gave 
1.2 mg of 5-hydroxymethyl-2'-deoxyuridine (14) (5%). 

Treatment of the adduct 7 under the above conditions yielded 
5-hydroperoxy-2'-deoxyuridine (15) and 5-hydroxymethyl-2'-deoxy- 
uridine (14) in 35% and 6% yields, respectively. 

S t a b i l i ~  studies of the rhytnidine ndducrs 2-7  in pyridine-water 
soluriot~.s 

The TAN addition product to thymidine, 6 (85 mg), was dissolved 
in 100 mL of 50% aqueous pyridine. The resulting solution was 
stirred, open to the air, for 3 h at 60°C. The solution was evaporated 
to dryness and the resulting residue was applied on two precoated 
silica gel plates. Solvent system I1 was used as the developer. Six main 
bands, which gave a pink coloration after spraying the chromatoplates 
with the cysteine - sulfuric acid reagent, were extracted with 3 X 5 
mL of methanol. Evaporation to dryness of the resulting solutions 

yielded six homogeneous nucleosides which were characterized by 
comparison of their uv, 'H nmr, cd, and mass spectrometric features 
with those of the corresponding authentic samples: N-(2-dcoxy-P- 
D-eryd~ro-pentofuranosyl) formamide (18) (R, 0.22; 22.7- mg, 40%); 
(+)-ci.s-(5S,6R)-5,6-dihydroxy-5,6-dihydrothymidine (R, 0.30; 9.8 
mg, 10%); (-)-cis-(5R,6S)-5,6-dihydroxy-5,6-dihydrothymidine (R' 
0.33; 9 .4  mg, 10%); thymidine ( I )  (Ri 0.52; 7 .9  mg, 9%); (+)- 
(5R")- 1 -(2-deoxy-P-~-erythro-pentofuranosyl)-5-hydroxy-5-methyl- 
hydantoin (16) (RI  0.57; 7.9 mg. 9%); (-)-(5s:"-I-(2-deoxy-P-D- 
ey!hro-pentofuranosyl)-5-hydroxy-5-methylhydantoin (17) (R, 0.61; 
8.5 mg, 10%). 

Under similar experimental conditions, the degradation of the 
adduct 7 gave rise to the following compounds, which were separated 
by thin-layer chromatography on precoatcd silica gel plates as reported 
above: N-(2-deoxy-P-D-erythro-pentofuranosyl) formamide (18) ( R j  
0.22; 29.3 mg, 41%); (+)-cis-(SS,6R)-5,6-dihydroxy-5,6-dihydro- 
thymidine (R, 0.30; 8.4 mg, 9%); (-)-cis-(SR,6S)-5,6-dihydroxy- 
5,6-dihydrothymidine (Ri0.33; 8.6 mg, 9%); (+)-(5R'')-I-(2-deoxy- 
P-~-erythro-pentofuranosyl)-5-hydroxy-5-methylhydantoin (16) (R,- 
0.57; 7.7 mg, 9%); (-)-(5s")-I-(2-deoxy-P-D-eryrhro-pentofuran- 
osyl)-5-hydroxy-5-methylhydantoin (17) (Rl 0.61; 8.4 mg, 10%). 

The other adducts 2-5 are stable in pyridine-water at 60°C. In 
particular, no detectable decomposition of these adducts was observed 
after storage under the above conditions over a period of 24 h. 

y-Radiolysis of rlenerrlred aqueous solrr~ior~.~ of5-brotno-6-hydroxy- 
5,6-dihydrothymidirle (12) o r  (13) it1 !he presence of TAN 

A 0.  I M rert-butanol solution of 200 mg of (+)-rrnt~s-5-bromo- 
6-hydroxy-5,6-dihydrothymidine (13) and 200 mg of TAN in 250 mL 
of bi-distilled water (pH 6.5) was deaerated by bubbling with a stream 
of nitrogen for 15 min and subsequently exposed to y-rays from the 
M'Co source of 2.5 h (absorbed does 16.5 kGy). The solution was 
evaporated to dryness and the resulting residue was applied on a 
preparative high performance silica gel column SI 500 (Waters, 
Milford). Elution was carried out with solvent system I1 at a flow-rate 
of 50 mL per minute. The separation of the major adduct 7 from 
the starting bromohydrin and TAN was achieved after one recycle. 
Evaporation of the corresponding fraction (k' = 2.24) as detected by 
refractive index yielded 154 mg of 7 (61%) which was shown to be 
homogeneous by analytical reversed-phase high performance liquid 
chromatography and two-dimensional silica gel thin-layer chroma- 
tography (eluents I and 11). Its 'H nmr and FAB mass spectrometric 
data were identical to those obtained for the adduct 7 (vide supra). 

y-Irradiation of the aqueous solution of the (-)-trans diaitereo- 
isomers of 5-bromo-6-hydroxy-5,6-dihydrothymidine (12) in the 
presence of 4.7 mM TAN and 0.1 M !err-butanol gave rise to the 
TAN-thymidine adduct 6 in a 64% yield. 

y -1rradintiot1 of on aqueous solrrtion of5-hydrox>>-5.6-dihydro- 
rhytnidine cotlmit~itlg TAN 

Two hundred milliliters of a degassed aqueous solution of 52 mg of 
(5s)-5-hydroxy-5,6-dihydrothymidine (10) and of 70 mg of TAN was 
irradiated with the y-rays of '"Co for 1 h (absorbed dose 6600 kGy). 
The solution was evaporated to dryness and the resulting syrup was 
deposited on a preparative silica gel thin-layer plate. The developing 
solvent was a mixture of chloroform and methanol (9 :  1). The broad 
band (Ri 0.42) which gave a positive coloration with both the - 
2,4-dinitrophenylhydrazine and cysteine - sulfuric acid sprays, 
which are characteristic of carbonvl containing comoounds and 2'-de- 

u .  

oxyribosides respectively, was extracted with 3 X 4 mL of methanol. 
Evaporation to dryness of the resulting solution yielded I I mg of a 
yellow syrup. This residue was dissolved in I rnL of 70% aqueous 
methanol and 0.2 mL of this solution was applied per analysis on the 
ODs-3 reversed-phase hplc column. Elution was carried out with a 
mixture of water and methanol (7:3) as the solvent. Four main frac- 
tions were detected by their uv absorption at 220 nm and collected. 
Evaporation to dryness yielded the four homogeneous TAN- 
thymidine adducts, which were characterized by comparison of their 
'H nmr and FAB mass spectroscopic features ;ith thdse obtained for 
the authentic samples (vide supra): fraction I (k' = 1.50), 3.2 mg of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



14 CAN.  J .  CHEM. 

4; fraction 2 (k' = 3.42), 3.5 mg of 2; fraction 3 (k' = 4.34), 1.2 mg 
of 8; and fraction 4 (k' = 4.84), 1.4 mg of 9. 

Under similar experimental conditions, the y-irradiation of 52 mg 
of the 5R diastcrcoisomcr of 5-hydroxy-5.6-dihydrothymidinc (11) in 
the presence of TAN generated four thymidine-TAN adducts. Initial 
thin-layer analysis, followed by reversed-phasc high performance liq- 
uid chromatography, provided four main fractions: fraction I (k' = 
1.15), 3.4 mg of 5; fraction 2 (k' = 4.57), 3.7 mg of 3; fraction 3 (k' 
= 4 . 3 3 ,  1.5 mg of 8; and fraction 4 (k' = 4.85). 1.4 mg of 9. 

Hjvlrogeno1y.si.s o]' thytnidit~e - TAN cl~l~1~rc.t.s 
The nuclcosidc ( I0  mg) to bc hydrogenolysed was dissolved in 10 

mL of methanol; 300 mg of previously hydrogenated Pd/C (Merck, 
Darmstad, GFR) wcrc added to this solution. Hydrogenolyscs wcrc 
carried out under 50 bars ( I  bar = 100 kPa) for 5 h, while stirring the 
solution. The mcthanolic solution was then filtered through a Ceiitc 
pad and evaporated to dryness. The oily residue was analyzed by tlc 
on silica gel and (or) hplc on the C-18 reversed phase column. 
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A conformational study of the adducts of 2'-deoxythymidine and 
2,2,6,6-tetramethyl-1,4-piperidone-N-oxyl by 'H and 13C nuclear magnetic resonance 
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FRANK E. HRUSKA, MAURICE BERGER, JEAN CADET, and MIECZY~LAW REMIN. Can. J. Chem. 63, 15 (1985). 
y-Irradiation of oxygen-free, aqueous solutions of 2'-deoxythymidine in the presence of the organic nitroxide free radical, 

2,2,6,6-tetramethyl-1,4-piperidone-N-oxyl (TAN), leads to a complex mixture of products in which the TAN moiety is linked 
to the C5 or C6 position of a 5,6-saturated thymine ring. Extensive 'H and '?c nmr data are provided for the eight TAN-dT 
adducts which are produced in the largest amounts. The results show that the conformational properties of the sugar moiety 
are dependent on the point of attachment of the TAN group and the configuration of the saturated thymine ring. 

FRANK E. HRUSKA, MAURICE BERGER, JEAN CADET et MIECZY~LAW REMIN. Can. J. Chem. 63, 15 (1985). 
La radiolyse y de solutions aqueuses de dCsoxy-2'-thymidine et d'un radical libre nitroxyde, la tetramethyl-2,2,6,6 

pip6ridone-4 oxyle-1 (TAN), engendre un melange complexe de produits qui rksultent de I'addition de la molCcule de TAN 
sur les carbones 5 ou 6 pyrimidiniques. Une etude detaillie de rmn 'H et a Cte effectuk par les huit derives d'addition 
radio-induite du TAN avec la thymidine. Les propriCtCs conformationnelles du fragment osidique de ces produits dependent 
du site d'attachement de la molicule de TAN et de la configuration du carbone (6) du cycle pyrimidinique. 

Introduction 
The free radical reactions in y-irradiated aqueous solutions 

of 2'-deoxythymidine (dT) in the presence of the organic nitro- 
xide free radical, 2,2,6,6-tetramethyl-4-piperidone-N-oxyl 
(triacetoneamine-N-oxide, or TAN), lead to a complex array of 
products with the TAN moiety linked to a 5,6-saturated thy- 
mine base. In the previous, companion paper extensive chemi- 
cal, mass spectrometric, and 'H and 13C nmr data were used for 

structural and configurational assignments of several series of 
adducts with a TAN group at the C5 or C6 position of the 
pyrimidine ring (1). In vitro evidence (2,3) indicates that TAN, 
and other organic nitroxides, can react with hydroxyl radical- 
induced transients in DNA, but the nature of the products has 
not been determined. The adducts of the type described (1) are 
likely candidates, though addition of TAN to other bases, or to 
the sugar, cannot be discounted (4). The addition of the TAN 
group to the thymine base, with the concomitant 5,6-saturation 
of the ring, would have profound effects on its hydrogen 
bonding and stacking properties, and on the stereochemistry of 
the sugar phosphate backbone of a polynucleotide, but no infor- 
mation on its effects is available. Similarly, no structural data 
for any TAN adduct has been provided by X-ray crystal- 
lography.. In this study we discuss 'H and "C nmr data which 
provide information about the conformation of the TAN-dT 
adducts in aqueous solution and should contribute to our 
growing knowledge of modified nucleosides. Furthermore, our 
data should be useful for identifying any TAN adduct isolated 
from DNA. 

'Permanent address: Chemistry Department, The University of 
Manitoba, Winnipeg, Manitoba, Canada. 

In Fig. 1 are shown the four diastereoisomeric forms of 
5-TAN-6-hydroxy-5,6-dihydro-2'-deoxythymidine (ST series) 
and the four diastereoisomeric forms of 5-hydroxy-6-TAN-5,6- 
dihydro-2'-deoxythymidine(6T series). Structures are shown 
for the adduct in each series, ST1 and 6T1, which has the R 
configuration at C5 and C6. For the six remaining molecules 
only the C 5 4 6  fragment is given to show their configurations 
at C5 and C6: 5S,6R in ST2 and 6T2; 5R,6S in 5T3 and 6T3; 
5S, 6S in ST4 and 6T4. It is important to note that evidence (1) 
points to linkage at C5 via the nitroxyl N-atom in the ST series 
and at C6 via the nitroxyl 0-atom in the 6T series. Note also 
that in each series (ST, 6T) the T1 and T4 bases constitute, in 
isolation, an enantiomeric pair with a trans relationship be- 
tween the TAN and hydroxyl groups, whereas the T2 and T3 
bases constitute a cis enantiomeric pair. As pointed out (1),  the 
four 6T isomers, but only two of the ST isomers, could be 
isolated in quantities sufficient for study; arguments were 
presented that the two are the trans isomers, ST1 and 5T4. 
Space-filling models reveal more severe crowding of substitu- 
ents on the pyrimidine ring in the ST series. Thus, the absence 
of significant amounts of the cis isomers, ST2 and 5T3, may be 
a reflection of the more critical stereochemical requirements for 
the formation of the ST molecules. The cis isomers may, how- 
ever, be present in the additional fraction of as yet unidentified 
products of y-irradiation. 

Figure 2 shows the structure of two additional adducts iso- 
lated in sufficient quantity, the diastereoisomers of 5-TAN- 
5,6-dihydro-2'-deoxythymidine with a TAN group linked to 
C5 via the nitroxyl N-atom and with a C6-methylene function. 
The molecules are denoted 5TR and 5TS according to their R 
or S configuration at C5, but we could make no absolute 
configurational assignment with the available spectroscopic 
data (1). 

Essential for our discussion of the data for the ST and 6T 
series are the four diastereoisomers of 5,6-dihydroxy-5,6- 
dihydro-2'-deoxythymidine which are major products of 
y-irradiation of aerated, aqueous solutions of dT (5). They are 
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FIG. 1. Structures of the 5T and 6T series of 2'-deoxythymidine - 
TAN adducts. 'The linkage is to the nitroxyl N- and 0-atoms in 5T and 
6T, respectively. In each series the T1 and T4 bases are, in isolation, 
enantiomers with trans-oriented TAN and hydroxyl groups; the T2 
and T3 bases are enantiomers with cis-oriented TAN and hydroxyl 
groups. The bases are represented in the anti conformer range about 
the N-glycosyl link; rotation by 180" makes them syn. M is CH3. 
Absolute configurations of C5 and C6: T1 (R,R); T2 (S.R); T3 (R,S); 
T4 (S,S). 

denoted Dl ,  D2, D3, and D4, which have respectively the 
5R,6R, 5S,6R, 5R,6S, and 5S,6S configurations at C5 and 
C6. Replace TAN by a hydroxyl group in the 5T (or 6T) series 
to obtain the correspondingly numbered D isomer (Fig. 1). 
Thus, 5T1, 6T1, and Dl all have the 5R,6R configuration, and 
so on. Note that the Dl -D4 and D2-D3 base pairs in isolation 
are enantiomers with trans and cis oriented hydroxyl groups, 
respectively. 'H nuclear magnetic resonance data have been 
reported for the D molecules (6). Similarly useful for 
comparison with the data of 5TR and 5TS are the two 
diastereoisomers of 5-hydroxy-5,6-dihydro-2'-deoxythymi- 
dine, generated also in y-irradiated, aerated aqueous solutions 
and labelled 5HR and 5HS according to their configuration at 
C5 (Fig. 2). A detailed 'H and "C nmr study of this 5H series 
has not been presented. In conjunction with the crystal- 
lographic structure available for the 5HS isomer (7), our solu- 
tion spectroscopic data could be used to assign the config- 
urations of the two 5H diastereoisomers (1). 

Experimental 
Materials 

The 5T, 6T, and 5T (RS) series of TAN adducts (Figs. 1, 2) were 
prepared by y-radiolysis of oxygen-free solutions of dT (1 mM) 
containing 2 mM TAN, and purified as described (l,8). The 5HR and 
5HS isomers (Fig. 2) were prepared by y-radiolysis of deaerated, 
aqueous solutions of dT (10 mM) containing 20 mM cysteine as 
described (9). 

Nuclear magnetic resonance experiments 
The nucleoside samples were lyophilized three times from 99.9% 

D20 (Commissariat Energie Atomique, Saclay) and dissolved in 
99.9% D20 to a concentration of 0.1 M. (3-Trimethy1silyl)pro- 
pionate-2,2,3,3-d4 (TSP) was used as internal reference. Metal ions 
were removed using Chelex 100 resin columns (Bio-Rad, Richmond, 
CA). For the 'H TI and nOe measurements the nmr tubes (5-mm od) 

VOL. 63. 1985 

FIG. 2. Structures of (a) the 5T(RS) series of TAN adducts, 5TR 
and 5TS (linked via the nitroxyl N-atom), and (b) the 5H series of 
derivatives, 5HR and 5HS. M is CH3. R and S refer to the C5 
configuration. The bases are drawn in the anti conformer range about 
the N-glycosyl link. The absolute configurations have been deter- 
mined for the 5H series but not for the 5T(R,S) series. 

were sealed under nitrogen. The 'H nmr spectra were obtained at 
250 MHz (Cameca TSN 250, lT mode, 20°C). Homonuclear de- 
coupling experiments facilitated the spectral assignment. H2' and H2" 
were assigned following coupling constant arguments (10); H5' and 
H5" were assigned from chemical shift trends (1 1) and selective deu- 
teration experiments (12). Spectral analysis (LAOCOON 111) and 
computer-simulated spectra were the final test of the chemical shift (6) 
and coupling constant ( J )  data, and are listed in Tables I and 2. The 
uncertainties in 6 and J are estimated to be about 0.1 Hz at 250 MHz. 

The proton TI data (30°C) were obtained by the inversion recovery 
pulse sequence (180"-t-90"-T,) with a pulse delay of at least 5Tl 
between sequences (13). Ten spectra with delay times t in the range 
0. I s to 15 s were collected; peak heights as a function of t served as 
input for a least-squares computer program (probable uncertainty 
-5%). The homonuclear ' H  nOe experiments were carried out as 
described elsewhere (14). The nOe enhancements were expressed as 
the percentage change in peak height of the H6 (or Hl') resonances 
upon saturation of the HI ' (or H6) resonances. The enhancements are 
averages of twenty measurements, reproducible to +3%. The TI and 
nOe data are given in relevant sections below. Unfortunately, due to 
the rapid decomposition of the 5-TAN derivatives and the difficulties 
encountered in their synthesis and isolation, only their conventional 
'H (and I3C) nmr spectra, but no TI or nOe data, were obtainable. 

'H-Decoupled I3C nmr spectra were obtained at 25.1 MHz (Varian 
XL-100-15; 21°C) on aqueous solutions (-0.1 M in nucleoside con- 
taining about 1 % dioxane as internal reference). The assignment of the 
spectra was made by comparison with published data (15, 16), off- 
resonance 'H-decoupling, and, for Cl ' ,  C4', and C6, selective 'H- 
decoupling experiments. The 6(I3C) data in Table 3 are reported in 
ppm downfield from external TMS with internal dioxane measured at 
67.86 ppm. With the available material, the weak carbonyl resonances 
could not be detected in reasonable times. 

Results and discussion 
Geornetry of the pyrimidine and  TAN rings 

Evidence points to a distorted half-chair conformation for 
5,6-saturated pyrimidines in which C5 and C6 lie on opposite 
sides of the mean plane defined by Nl--C2-N3--C4 (7, 
17- 19). Of the molecules considered here, crystallographic 
data are available only for 5HS, which shows a half-chair with 
the 5-hydroxyl and 5-methyl groups in pseudo-axial and 
pseudo-equatorial positions, respectively (7). Conventional 
methods for determining solution conformations (vicinal 
J(HH)) are not applicable to the ring systems of the molecules 
under study (Figs. 1, 2). Space-filling models of the 6T mole- 
cules suggest a ring pucker with the bulky TAN group in an 
axial position. The models also suggest that, to accomodate the 
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HRUSKA ET AL. 

TABLE 1. Proton chemical shifts for radiation-induced TAN-thymidine addition products" 

CH3 CH, 
Nucleosideh (base) (piperidine) H6 HI' H2' H2" H3' H4' H5' H5" 

~~~~~ - 

"Chemical shifts in ppm from TSP as internal reference to an accuracy of k0.1 Hz 
hO.10 M in D20 at 20 t 1°C. 
'The C6 protons are isochronous. 

TABLE 2. Proton coupling constants (Hz) for the sugar moiety of 2'-deoxyribonucleosides in 
aqueous solution (20°C) 

Nucleoside 2 1',2" 2',2" 2',3' 2",3' 3',4' 4 '3 '  4',5" 5',5" 

6T I 7.1 6.5 -13.6 6.5 3.4 3.3 4.0 5.9 -12.1 
6T2 7.2 6.5 -13.6 6.6 3.2 3.5 4.1 5.6 -12.1 
6T3 8.4 6.4 -14.5 6.8 3.1 2.7 315 315" -12.5" 
6T4 8.1 6.5 -14.8 7.0 3.0 3.0 3.0 4.2 -12.5 
5T I 7.9 6.0 -13.6 6.2 3.3 3.0 3.4 4.0 -12.3 
5T4 9.2 5.6 -14.0 5.9 2.2 2.4 4.4 4.6 -12.3 
5TR 7.9 6.5 -14.0 6.2 3.6 3.1 4.1 4.6 -12.4 
5TS 7.7 6.4 -14.1 6.3 3.8 2.9 3.9 4.9 -12.3 
5HR 7.8 6.5 -14.0 6.8 3.4 3.4 4.1 5.2 -12.3 
5HS 7.7 6.6 -14.2 6.8 3.5 3.6 4.0 5.5 -12.3 

- - - -- 

"Only the sum of connected coupling constants J(4'5') and J(4'5") (I) is significant when S(5') = S(5"). 
"Estimated; not measurable when S(5') .= S(5"). 

6-TAN group in this orientation, the torsion angle about the 
C 6 - 0  bond in the C X 6 0 - - N  fragment (which defines 
the relative orientation of the pyrimidine and TAN groups) 
must be in the antiperiplanar range (180" 2 30"). Rotation out 
of this range leads to severe crowding of the TAN methyl 
groups and the substituents on the base and sugar moieties. 
Crowding of groups is even more severe in the 5-TAN adducts 
since the TAN group is accompanied on C5 by the bulky 

5-methyl group. (The absence of the cis adducts, 5T2 and 5T3, 
in the products of y-radiolysis is probably a reflection of this 
more serious crowding.) Molecular models suggest that consid- 
erable distortion of the pyrimidine ring would be required to 
accommodate the 5-TAN group in the trans isomers, 5T1 and 
5T4, as well as in 5TR and 5TS. 

In the absence of vicinal H-H coupling interactions, only 
limited structural information about the TAN moiety can be 
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TABLE 3. "C chemical shifts (6,ppm) of radiation-induced TAN-thymidine adducts in aqueous solution" 

Thy TAN 
- 

Nucleosides" 1 ' 2' 3' 4' 5' 5 6 CH3 CH3 <HZ 4- 

"These spectra were obtained using the Varian XL-100-15 (25.15 MHz) and the Cameca TSN 250 (62.87 MHz) spectrometers. 
All chemical shifts were referenced to external TMS. 

*20% w/v in D20. Ambient probe temperature 21°C. 

FIG. 3. View of the 6T molecules which shows the position of the 
6-TAN group and 2-keto oxygen of the base relative to the sugar 
moiety in the anti and syn conformations. TAN is represented by 
0-N. The view of syn 6T3 and 6T4 (not shown) resembles anti 6T1 
and 6T2 in the position of the TAN group. To obtain views of the 
correspondingly numbered 5T or D molecule, replace TAN by OH. 
The diagram on the left shows a projection along C 4 ' 4 5 '  with the 
g' conformation. t and g- give the location of 05 '  in the t and g- 
conformations. 

that, with an antiperiplanar C-6-0-N fragment, rotation 
about the N-glycosyl link is highly hindered and that relatively 
narrow ranges of x angles are accessible to the 6T molecules. 
Thus for the 6R pair, 6T1 and 6T2, relatively few contacts are 
made in a conformation represented in Fig. 3(a) (X = - 130"; 
anti domain) which places the TAN group off the sugar ring to 
its 0 4 '  side. (See Davies and Dixon (23) for definitions of 
torsion angles.) A second conformation (Fig. 3(b); x = 50"; syn 
domain) places the TAN group off the sugar and near to the C2' 
protons. For the 6 s  pair, 6T3 and 6T4, an acceptable con- 
formation is found in the anti domain (Fig. 3(c); x .= - 130") 
which places the TAN group near to the C2' protons in a region 
similar to that in Fig. 3(b). A syn conformation for the 6 s  pair 
(X = 50") also seems possible; a perspective is not given but it 
places the TAN group in a region near 04 ' ,  similar to that in 
Fig. 3(a). Other conformations, which place the 6-TAN group 
over the sugar ring, seem unlikely. 

A variety of data lead us to conclude, in a qualitative way, 
that the 6R adducts, 6T1 and 6T2,  refer the syn domain of x 

gleaned from our 'H nmr data. It is interesting that, in the angles whereas the 6 s  pair, 6T3 -and 6T4, brefer the an; 
domain. Thus, in nOe experiments in aqueous solution (30°C), 

-CH2-C-H2- of the spectrum (an ABXY pat- saturation of H 1 ' of 6T1 or 6T2 led to an 1 1 % enhancement of tern with geminal coupling constants of 13.5 Hz), a four-bond 
coupling of 2.2 Hz is noted between one pair of protons, with the integrated intensity of the corresponding H6 singlet; similar 

enhancements in H 1 ' intensity were noted when the H6 proton a smaller coupling of about 0.7 Hz between the other pair. was saturated. This suggests proximity of the H6 and This suggests that one of the four-bond H - C - C - C - H  
fragments approaches an all-trans conformation favorable for protons, which is achieved in the syn conformation (Fig. 3(b)) 

coupling (20), whereas the second fragment assumes a less (24,25). On the other hand, in the same experiments on the 6 S  
pair, 6T3 and 6T4, no significant intensity changes ( ~ 1 % )  

favorable conformation. It is noteworthy that just this situation were noted for either or H6, consistent with the separation obtains in the twist-boat conformation found for the TAN 
molecule in organic solvents (21, 22). of these atoms in the anti conformation (Fig. 3(c)). 

Following the structural studies by 'H spin-lattice relaxation 
Conformation about the N-glycosyl bond (x) time measuFements of Preston and Hall (i6) and Chachaty and 

Steric interactions involving the sugar ring with H6, the Langlet (27), we find further evidence in Table 4 for the prox- 
2-keto oxygen, and the TAN methyl groups should have the imity of H1' and H6. In d ~ ,  the parent, unsaturated nucleoside, 
largest direct role in determining the preferred conformations a relatively long T I  (H 1 ') is observed (=3 s); saturation of the 
about the x bond in the 6T series. Space-filling models suggest pyrimidine ring to form the D2 glycol leads to a small decrease 
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TABLE 4. ' H  longitudinal relaxation times (T,,s) of nucleosides" 

"In D,O at 30°C. 
hIsochronous protons. 

(17%) in T I  (HI'). But formation of the 6T adducts.leads to a 
sharp drop in T I  (Hl ' )  to 0.49 s - 1.15 s. This trend to shorter 
T ,  values for H1' (and for the other protons on the nucleoside 
fragment, in general) is presumably a reflection, in part, of the 
longer correlation times for the heavier TAN adducts. How- 
ever, much shorter T I  (Hl ' )  values are noted for 6T1 (0.67 s) 
and 6T2 (0.49 s) than for 6T3 (1.02 s) and 6T4 (1.15 s). This 
additional relaxation process in the syn 6R pair can be assigned 
to interactions with H6 which are not possible in the anti 6S 
pair. The striking difference between the 6R and 6S pairs is 
not, however, seen in the T I  (H6) data. We think that, for two 
reasons, T I  (H6) might be less sensitive to a syn, anti con- 
version. First, H6 should be most strongly relaxed by dipolar 
interactions with the TAN methyl and 5-methyl protons, which 
are independent of the x angle. (Note that T I  (H6) is always 
shorter than T I  (Hl') (Table 4).) Second, the contribution to the 
H6 relaxation from H 1 ' in the syn conformation is replaced by 
a comparable contribution from H2' in the anti conformation. 
(Table 4 also contains T I  data for the remaining protons which 
serve to further characterize the molecules and may be of inter- 
est to readers). 

With normal, unsaturated pyrimidine bases qualitative infor- 
mation about the x angle has been obtained from chemical shift 
comparisons, particularly for the H2' sugar proton, which ex- 
periences a large deshielding in the syn conformation due to the 
juxtaposition of the 2-keto oxygen (28-32). To show more 
clearly the effects of the TAN modification, correlation dia- 
grams (Fig. 4) were constructed with the 6 data for the methyl 
(M), H6, Hl ' ,  H2', and H2" protons of the 6T, ST, and D 
molecules (Table 1 and ref. 6). Data for H3', H4', H5', and 
H5" are not given since they show smaller variations. Data are 
also shown for Hl ' ,  H2', and H2" of dT and m6du (6-methyl- 
2'-deoxyuridine), which prefer the anti and syn conformations, 
respectively, in the crystal and aqueous solution states (10, 29, 
32, 33). 

A striking feature of the diagram is the similarity, for 6T1 
and 6T2 on the one hand and for 6T3 and 6T4 on the other 
hand, in the data for Hl ' ,  H2', and H2", the sugar protons of 
which are expected to sense most strongly the shielding effects 
of the TAN and base moieties. Within each pair the differences 
in 6 are on average only 0.02 ppm, whereas differences in 6 
between the pairs is large (ca. 0.5, 0.2, and 0.08 pprn for Hl ' ,  
H2', and H2", respectively). Particularly noteworthy are the 

large deshielding effects of H2' relative to the data for the dT, 
D, and 5T molecules (ca. 0.5 pprn for the 6R pair and 0.7 pprn 
for the 6S pair) and the large shielding effects of H 1 ' for the 6R 
pair (ca. 0.5 pprn). In line with the T I  and nOe measurements, 
these trends suggest a similarity in x for 6T1 and 6T2, and for 
6T3 and 6T4; that is, in the 6T series the conformation about 
the N-glycosyl bond depends strongly on the configuration at 
C6 but not at C5. Furthermore, in line with the proposal that 
6T1 and 6T2 are syn, their H2' protons resonate downfield by 
0.55 pprn from dT and, in fact, only 0.01 pprn from H2' of 
rn6dU. It is also interesting that the upfield shift of H1' in the 
6R pair relative to the 6S pair parallels the change in H1' in 
m6dU ( s yn )  relative to dT (anti) ,  though the effect is much 
larger in the TAN series (0.55 pprn versus 0.1 pprn). The 
relatively smaller variations in 6(H2") are less useful as con- 
formational probes. 

The similarity in 6(H11) for dT, 6T3, and 6T4 is in line with 
the proposed anti conformation for the 6S pair (Fig. 4). Of 
considerable concern, however, is the large deshielding (ca. 
0.75 ppm) of their H2' protons relative to dT. The effect is 
larger than that for the 6R pair and in isolation would have led 
us to assign a syn type conformation to the 6S  pair as well. We 
attempt to reconcile this effect with the anti conformation in the 
following way. Space-filling models reveal that, with an anti- 
periplanar CS--C-N fragment, H6 and the TAN methyl 
protons form a shallow cavity in which is located the nitroxyl 
nitrogen. In the anti conformation of the 6S pair, with the TAN 
group at the C2' side of the sugar, H2' can comfortably enter 
the cavity and approach the N-atom, which we propose is the 
origin of its strong deshielding. We are not aware of dis- 
cussions of the shielding properties of N-atoms singly-bonded 
to three substituents, one of which is oxygen. However, evi- 
dence that N-atoms can strongly deshield a nearby proton is 
provided by the 2.1 pprn deshielding of the chloroform proton 
in its association with N-methylpyrrolidine (34). Of course, we 
do not suggest hydrogen bonding interactions for H2', no more 
here than to the 2-keto oxygen in the syn conformation of the 
6R pair. 

Unfortunately, only conventional nmr spectra (but no nOe or 
T I  data) could be obtained for the 5-TAN adducts since they are 
relatively unstable in solution. However, little variation (0.14 
pprn or less) is seen in the shielding of any sugar proton for the 
entire collection of ST, ST(R,S), 5H, and D molecules (Table 
1 and Fig. 4). Furthermore, the values for H1' and H2' are 
identical to the corresponding value in dT to within about 0.1 
ppm, whereas the 6(H2") values are typically only 0.1 -0.2 
pprn upfield from that of dT. Thus a predominantly anti con- 
formation is assigned to this group of 5,6-saturated nucleo- 
sides. This conclusion is supported by the observation that 5HS 
is anti in the crystal state (7). It seems, then, that whereas the 
6S to 6R configurational change in the 6T series effects a 
rotation from the anti to the syn conformation, no such effect 
is apparent for the ST and D molecules. Thus, it seems that the 
6-TAN can only be accommodated on the C2' side of the sugar 
(Figs. 3(b), (c)), whereas the steric requirements of the smaller 
6-hydroxyl group of the 5T and D molecules are much less 
critical. 

Pucker of the sugar ring 
The data in Table 2 show that the values of the cis coupling 

constant J(1'2") are remarkably similar for the majority of the 
5,6-saturated systems (6.4-6.6 Hz) with slightly smaller 
values for ST1 (6.0 Hz) and 5T4 (5.6 Hz). In the D series (6) 
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FIG. 4. Chemical shifts of the methyl (M), H6, HI',  H2', and H2" 
protons of the 6T, D, and 5T series. 6 in ppm from TSP (Table I). For 
each series: isomer I (open rectangle); isomer 2 (open triangle); 
isomer 3 (solid triangle); isomer 4 (solid rectangle). See also legend 
in lower left comer. 6 for HI',  H2', and H2" for dT(+) and rn"u(*) 
shown at the 6T levels. 

J(1'2') lies in the range 6.1-6.7 Hz with Dl and D2 at the 
upper end of the range, and D3 and D4 at the lower end. The 
values of the cis coupling J(2'3') are in the ranges 6.5-7.0 Hz 
for the 6T and 5H molecules and 5.9-6.3 Hz for the 5T and 
5T(R,S) molecules. In the D series (6) J(2'3') is in the range 
6.4-7.0 Hz. Overall, only small changes in the cis couplings 
are seen relative to those of dU (2'-deoxyuridine) (J(1'2") = 
6.7 Hz; J(2'3') = 6.8 Hz (35)), suggesting that the formation 
of the 5,6-saturated derivatives does not lead to large changes 
in the pseudorotational parameters (P, T,,) (36, 37). That the cis 
couplings of dU are similar to those of 6TI and 6T2 for which 
a syn conformation is proposed is interesting, since in the syrl 
nucleoside m6dU increases are observed in J( 1'2") (8.6 Hz) and 
J(2'3') (8.2 Hz) (29). Such increases can be rationalized by 
shifts in the values of P(N) and P(S) towards to 04'-endo 
conformation (38). It may be that these changes in pucker, 
which do not accompany the syn 6TI and 6T2 bases, are 
characteristic of 5,6-unsaturated pyrimidine nucleosides. A 
study of the 5,6-saturated derivatives of m6dU could provide 
useful information about this possibility. 

The trans coupling constants for the molecules in Table 2 
(as well as for the D series (6)) show the overall trend J(1'2') 
> J(2"3') = J(3'4'), which indicates a preference for the 
S(2'-endo) pucker over N(3'-endo) (Table 5) which is noted for 
normal 2'-deoxyribosides (39, 40). In less pronounced trends, 
the J(1'2') couplings are similar in the 6T1, 6T2 pair (7.1 Hz, 
7.2 Hz) and are similar in the 6T3, 6T4 pair (8.4 Hz, 8.1 Hz). 
A parallel trend is noticed for J(1'2') in the D l ,  D2 pair 
(7.5 Hz, 7.2 Hz) and in the D3, D4 pair (8.5 Hz). For 
the remaining molecules J(1'2') falls in the narrow range 
7.8 5 0.1 Hz, except for 5T4 (9.2 Hz). J(2"3') and J(3'4') fall 
into the narrow range 2.2-3.8 Hz and show the inverse cor- 
relation with J(1'2') observed for normal 2'-deoxyribosides. 

The calculated %S values in Table 5 show that, relative to 
dU, all of the 5,6-saturated systems show a greater bias for 
2'-endo, the largest being 82% for 5T4. A similar trend toward 
higher %S in the 5,6-saturated system is also noted for the 
ribosides, uridine (U) and 5,6-dihydrouridine (h2U) (19). In the 
syn nucleoside, m6dU, a destabilization of 2'-endo occurs, and 
a bias now exists for 3'-endo. This shift towards 3'-endo is not 
seen for 6TI and 6T2, suggesting again that in the syn con- 

TABLE 5. Calculated populations of the 
2'-endo (S) pucker" and of the g+,  t, g- 

rotamers about the C4'--C5' bondb 

Nucleoside S g' t g- 

6T 1 70 37 45 18 
6T2 67 39 41 19 
6T3 73 67 - - 
6T4 74 64 30 6 
5T I 74 62 26 1 1  
5T4 82 47 29 23 
5TR 73 50 30 20 
5TS 75 48 34 17 
5HR 68 43 37 19 
5HS 66 41 41 18 
dU 60 51 37 12 
m6dU 44 35 51 14 

"%S = (8.4 - J(3'4')/7.3 as in ref. 41, 
which follows ref. 42, and lOJ(3'4') for 
modU. 

hFollowing ref. 43. 

formation, 5,6-unsaturated and 5,6-saturated pyrimidine bases 
may, in general, have different effects on sugar pucker. 

C4'<5' conformation 
Interesting trends in the C4'<5' conformation (Fig. 3(a)) 

are apparent in the sum J(4'5') + J(4'5") (X) (Table 2). In one 
group of molecules X varies from 8.7 Hz to 9.9 Hz and is larger 
than the value for dU (8.5 Hz) (35) and dT (8.6 Hz) (10). At 
the upper extreme are the X values for 6T1 and 6T2, which are 
similar to that of m6dU ( lo .  1 Hz) (29, 30). In the second group, 
which comprises 5T1 and the 6 s  pair, 6T3 and 6T4, X is in the 
narrow range 7.2 k 0.2 Hz and resembles the value for the 
riboside U (7.4 Hz) (44). Relative to dU, the molecules in the 
first group show a diminished contribution from the g t  con- 
former (Table 5). The largest decrease is seen for 6T1 and 6T2 
whose conformer distribution approaches that of m6dU, where 
a bias for t over g+ is noted. The destabilization of g+ in syn, 
5,6-unsaturated pyrimidine nucleosides has been attributed to 
repulsion of the 5'-hydroxyl and 2-keto groups (28-30). How- 
ever, it is clear from, in particular, the data for 5HS that 
5,6-saturation of an anti base can lead to comparable decreases 
in %g+. The nmr studies also point to a destabilization of g+ 
upon 5,6-saturation of pyrimidine ribosides (19). 

In contrast, the second group of 5,6-saturated derivatives 
(5TI, 6T3, 6T4) show an enhanced %g+ relative to dU. A bias 
towards g+ is apparent with an overall conformer distribution 
resembling that of U (g+: 62%; t: 32%; g-: 5%; calculated from 
data in ref. 44). No interactions which should enhance %g+ are 
apparent to us in molecular models and thus we can only state 
the obvious: the overall conformation of these molecules is the 
result of complex steric and electronic factors. However, it is 
interesting to note that in the anti conformation of the 6S pair, 
6T3 and 6T4, van der Waals contact is made between the 
5'-hydroxyl group of the sugar and the protons of a TAN 
methyl group; in the syn conformation of the 6R pair, 6T1 and 
6T2, this contact is prevented by the intervening 2-keto oxygen 
of the base. Also, with 5T4 aside, there is the prevailing trend 
in the TAN molecules for %g+ to increase with increasing %S, 
the converse of a previously noted correlation (45). 

The calculated values of %g- (Table 5) are interesting in the 
light of data for ribosides and other 2'-deoxyribosides (41, 46, 
47). In both the ribose and deoxyribose series, the g- con- 
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FIG. 5. Plot of %g- versus %S for a series of pyrimidine nucleo- 
sides. Solid circles: 5,6-saturated TAN adducts. Open circles: 5,6- 
unsaturated 2'-deoxyribosides (data from refs. 41, 47). Solid squares: 
5,6-unsaturated ribosides, cytidine (C), uridine (U),  uridine methyl- 
ated on the base (m2U, m", m4u ,  m5U), and at the 2'-position of the 
sugar (Um). 

formation is the least likely, but g- is more completely 
suppressed in the ribosides. Figure 5 shows that, with the 
exception of the data for m6dU, 5T1, and 6T4, a reasonable 
correlation is obtained between %g- and %S. The plot suggests 
that g- is highly unlikely in a 3'-endo sugar. Extrapolation 
indicates that a maximum of about 40% can be obtained for g- 
in a sugar which is 100% S. These solution studies agree with 
observations on crystalline nucleosides and tRNA which 
demonstrate that g- is likely only for 2'-endo sugars (48, 49). 
The exclusion of g- in 3'-endo sugars probably stems from 
crowding of the 3'- and 5'-hydroxyl groups, which is analo- 
gous to the unfavorable parallel 1,3-interactions between oxy- 
gens in acyclic sugar derivatives (50), the alleviation of which 
is an important conformational factor in these systems. (Pre- 
sumably for similar reasons, the g- conformation of the hy- 
droxymethyl group of glucopyranosides is also unimportant 
(5 1 -53).) The crowding of the hydroxyl groups in 3'-endo, g- 
is removed by a change in the pucker, or by rotation into g+ or 
t. A thorough analyses of the C4'<5' rotamer populations 
has been presented (41). .. 

"C chemical shifts 
The effects of TAN modification and of configurational 

changes at C5 and C6 on the "C chemical shifts (Table 3) are 
more clearly seen in Fig. 6, which shows the data for the 
methyl (M), C5, C6, and C1' carbons. Data for the remaining 
carbon atoms are not reproduced since they show smaller vari- 
ations. Using the glycols (D series) as the reference points, one 
can note a number of interesting trends. 

I .  In the 6T series, TAN substitution has a small effect on 
6(M) and 6(C5) (<1.5 ppm) relative to the corresponding D 
isomer. M is more shielded in the trans isomers (Tl ,  T4) than 
in the cis isomers (T2, T3), by about 4 ppm in the 6T series and 
in the D series as well. Viewed differently, this means that, in 
the 6T and D series, the 5R to 5S configurational change causes 
a 4-ppm deshielding of M when C6 is R but a 4-ppm shielding 

PPM 91 88 85 82 79/: 91 88 85 

FIG. 6. Chemical shifts of the methyl (M), C5, C6, and Cl '  
carbons of the 6T, D, and 5T series in ppm from external TMS 
(Table 3). For each series: isomer 1 (open rectangle); isomer 2 (open 
triangle); isomer 3 (solid triangle); isomer 4 (solid rectangle). See also 
legend in lower left corner. 

when C6 is S. Thus, 6(M) reflects significantly the config- 
uration at C5 and C6, but less so the nature of the C6 substit- 
uent (OH or TAN). Similar but attenuated trends also develop 
in S(C5). 

2. In the D series, 6(C6) is essentially independent of the 
configuration at C5 and C6, with an overall spread of only 
1 ppm for the four isomers. 6-TAN substitution effects a large 
deshielding of C6, the extent of which depends on the config- 
uration of C6, i.e. 13 ppm for the 6R pair and 9 ppm for the 
6S pair. Furthermore, the 6R to 6S change causes an upfield 
shift of about 4.5 ppm in C6, whereas a configurational change 
at C5 has little effect (compare 6T1 with 6T2, and 6T3 with 
6T4). Thus, in contrast with 6(M) and 6(C5), 6(C6) in the 6T 
series reflects most strongly the nature of the 6-substituent (OH 
or TAN) and to a lesser extent the configuration at C6, with the 
configuration at C5 being unimportant. 

3. In the D series, 6(Ci1) is essentially independent of con- 
figuration at C5 or C6 with an overall spread of about 1 ppm 
for the four isomers. 6-TAN substitution in the 6R config- 
uration deshields C1' by about 7 ppm, but 6-TAN substitution 
in the 6S configuration has no effect on 6(C11) (< 1 ppm). Thus 
the change in configuration 6R to 6S causes an upfield shift of 
about 7 ppm in C i ' ,  but configurational changes at C5 have 
minimal effect (<0.3 ppm). Though these "C shifts are not 
easily related to conformation, it is interesting to note that the 
anti conformation was assigned to the D isomers and the 6S 
pair of 6T isomers, but the syn conformation was assigned to 
the 6R pair. 

4. A remarkable feature of Fig. 6 is that in the 6T series the 
M and C5 chemical shifts are "paired" according to the cis or 
trans geometry of the pyrimidine ring. That is, we see a simi- 
larity in 6(C5) for the cis isomers (6T2: 73.2 ppm; 6T3: 
73.6 ppm) and for the trans isomers (6T1: 70.7 ppm; 6T4: 
70.7 pprn), and a parallel behavior for 6(M). In striking con- 
trast, S(C6) and S(C1') are paired according to the config- 
uration C6 rather than to the cis or trans nature of the ring. That 
is, we see a similarity in S(C6) for the 6R pair (6Ti: 93.7 ppm; 
6T2: 93.4 ppm) and for the 6S pair (6T3: 89.1 ppm; 6T4: 
89.1 ppm), with parallel behavior for 6(C11). In a qualitative 
way, one can rationalize the presence of these two pairing 
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schemes by noting that in isolation the TI and T4 bases are 
trans enantiomers, whereas the T2 and T3 bases are cis en- 
antiomers (Fig. 1). In the absence of differential shielding 
effects from the sugar, corresponding base carbons in an 
"enantiomeric pair" will be identically shielded. The pairing of 
6(M) and S(C5) according to cis and trans geometries suggests 
the absence of significant shielding of C5 and M by the sugar, 
in line with the separation of the groups. The pairing of 6(C6) 
according to the R and S configurations at C6 indicates that, 
unlike C5 and M carbons, C6 experiences important shielding 
effects of the sugar. Furthermore, we are inclined to suggest 
that the pairing of 6(C6) is a reflection of the differences in 
conformation about the N-glycosyl link for the 6R pair (syn) 
and 6S pair (anti). This view is supported by the observation 
that the atoms of the sugar moiety, which are expected to sense 
configurational changes at C6 and conformational changes in 
the N-glycosyl link (Cl '  (Fig. 6) as well as Hl ' ,  H2', and H2" 
(Fig. 4)), have chemical shifts paired in the same way as C6. 

5. Comparing that data for 5T1 and 5T4 with the D isomers, 
we see that 5-TAN substitution causes a 9-ppm deshielding of 
the C5 carbon which is comparable to the effect of the 6-TAN 
group on C6 for 6T1 and 6T2 (-9 ppm) but less than the effect 
on C6 for 6T3 and 6T4 (-13 ppm). Comparison of these 
effects is complicated, however, because of the differences in 
conformation for 6R (syn) and 6S (anti) pairs of 6T isomers. 
5-TAN substitution has a large shielding effect on the 5-methyl 
group (4-5 ppm), in contrast with the minor deshielding effect 
of a 6-TAN group (<1 ppm). C6 and C1' (and the other 
carbons) experience only small changes upon 5-TAN substi- 
tution (>I  ppm). The similarity in the chemical shifts for 
corresponding carbons of 5T1 and 5T4 demonstrates that the 
sugar has no important configuration-dependent shielding 
effects on the base carbons. 
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6 F.C The conformational dependence of J ,  in some 4-fluorophenyl derivatives 
of methane, ethene, and cyclohexane 

TED SCHAEFER, JAMES PEELING,' GLENN H. PENNER, ALBERTA LEMIRE, A N D  RUDY SEBASTIAN 
Depnrtrnent of Chemistty, University of Manitoba, Winnipeg, Man., Canada R3T 2N2 
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TED SCHAEFER, JAMES PEELING, GLENN H. PENNER, ALBERTA LEMIRE, and RUDY SEBASTIAN. Can. J. Chem. 63,24 (1985). 
(1985). 

The spin-spin coupling over six bonds between '"F and "C nuclei on the sidechain in thirteen 4-fluorophenyl derivatives 
appears to be mediated by a a-.rr mechanism. Its magnitude depends somewhat on the hybridization state of the carbon atom 
canying the coupled nucleus, as well as on the electronegativity of substituents attached to this carbon atom. A consistent 
behaviour of this coupling is observed if its value is assumed to be proportional to sin2 0,  where 0 is the angle by which the 
bond canying the coupled carbon nucleus twists out of the ring plane. However, in 4-fluorostyrene 'J%" is a -rr electron coupling 
in the planar form, so that its magnitude decreases as the vinyl group twists out of the benzene plane. The a--rr contribution 
to this coupling is smaller than the -rr component. ' J l Y  is used to assess the conformational preferences of a number of 
compounds, including 4-fluoro-a-methylstyrene, 4.4'-difluorodiphenylmethane, I ,  I -dichloro-2,2-bis(4-fluoropheny I)ethane, 
and I-(4-fluoropheny1)-N-methylcyclohexylamine. 

TED SCHAEFER, JAMES PEELING, GLENN H. PENNER, ALBERTA LEMIRE et RUDY SEBASTIAN. Can. J. Chem. 63, 24 (1985). 
Le couplage de spin B travers six liaisons entre les noyaux du '9 et du "C des chaines laterales de 13 dtrivts fluoro-4 

phCnyles semble Ctre contrBlC par un mkcanisme de type a--rr. Son amplitude dCpend en partie de I'Ctat d'hybridation de 
I'atome de carbone portant le noyau couplk et aussi de I'ClectronCgativitC des substituants fixes sur ce carbone. On observe 
un comportement ~ ~ n s i s t a n t  de ce couplage si on admet que sa valeur est proportionnelle B sin' 0,  o" 0 est I'angle de torsion 
hors plan de la liaison portant le noyau de carbone couplt. Cependant, dans le cas du fluoro-4 styrkne, le couplage 6~ly.' est 
un couplage d'Clectrons -rr dans une forme planaire; il en rCsulte que son amplitude diminue lorsque le groupe vinyle subit une 
torsion hors du plan du benzkne. La contribution a-.rr 21 ce couplage est plus faible que celle de la composante T. On a utilist 
la valeur de 'J,~" pour determiner les prkfkrences conformationnelles de plusieurs composts comprenant les fluoro-4 
a-mkthylstyrkne, difluoro-4,4' diphCnylmCthane, dichloro-l ,I bis(fluor0-4 phCny1)-2,2 Cthane et (fluoro-4 phtny1)-l N-mt- 
thylcyclohexylamine. 

[Traduit par le journal] 

Introduction 
In the study of long-range spin-spin coupling constants, 

their mechanisms, and their application to conformational 
problems (1- 16), it has been shown ( 5 )  that 6~:.CH varies as 
sin2 0 in toluene derivatives. Here 0 is the angle by which the 
a C-H bond twists out of the benzene plane. The coupling 
proceeds via a u-.rr mechanism and involves the sidechain 
proton and the para ring proton. Similarly, S~;,CH, the coupling 
between the sidechain proton and the para carbon-13 nucleus 
also varies as sin2 0 (17, 18), implying that this parameter 
allows an extension (8) of the J method (I)  as a conformational 
tool. In this method, a hindered rotor model provides a re- 
Iationship between the expectation value of sin' 0 and the 
barrier to rotation about the Csp2-Csp3 bond. The expectation 
value and the observed couplin are simply related by eq. [l], 
in which '7 can be 6 ~ ~ ~ C " - o r  ' J~LH and "J9" is the value of 7 

when 0 is 90" in 1. The J method can also discriminate among 

preferred ground-state conformations. For example, 3 and 4 
can be established as the low-energy forms of ethylbenzene 
(19) and cumene (20), respectively. 

' On sabbatical leave from the University of Petroleum and Miner- 
als, Dhahran, Saudi Arabia, in 1982- 1983. 

6 F.CH 
J, has also been investigated as a conformational indi- 

cator for p-fluorotoluene derivatives (21). The conformational 
barriers obtained for identical sidechains differed somewhat 
from those found by the use of 6~F.C",  although identical pre- 
ferred conformations were identified. Part of the discrepancy 
possibly may be attributed to a non u-.rr component of 6 ~ $ . C H ,  
but this could not be proved. Perhaps a para fluorine substitu- 
ent alters the barriers by altering hyperconjugative interactions 
of the sidechain C-H and C-C bonds with the benzene 
system. Another possibility is that the a-.rr component of 
6 F.CH 
J, varies somewhat between compounds, 6~$.CH3 bein more 

sensitive to ring substituent perturbations than is 6J:.c'(22). 
It seems sensible, therefore, to extend the investigations to 

6 F.C = 6 J, - J(C-P,F) in compounds of type 2. The mechanism of 
this coupling might emerge and a comparison with 6~F 'CH,  
6~L,qH, and, indeed, 5~:'CH may establish its viability in con- 
formational work. Because the coupling is measurable in the 
I3C nmr spectrum under conditions where 'H is decoupled, the 
experimental work is relatively simple and can be relatively 
easily done with low-field FT nmr spectrometers. 

Experimental 
Most of the compounds were obtained from Aldrich Chem. Co. The 

4-fluoro-n-propylbenzene, and 4-fluoro-tert-butylbenzene were pre- 
pared from the p-amino derivatives via the diazonium salts. The 
4-fluoroethylbenzene was synthesized from the 2-(4-fluoropheny1)- 
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SCHAEFER ET AL. 

TABLE I. "C, IyF spin-spin coupling constants in Hz in some 4-fluorophenyl 
compounds 

Sidechain 'J 2J 'J 'J 'J 6Jd 

CH3" 241.4 21.16 7.74 3.22 0.73 - 

CH2CH3" 241.3' 21.13 7.78 3.17 0.67 1.023(19) 
CH(CH3)z" 241.7 21.04 7.76 3.12 0.64 0.804(11) 
C(CH,)< 242.1 20.79 7.70 3.17 0.58 0.602(3) 
CH~CH~CH: - 21.1 1 7.72 - - 1.108(10) 
CHZCH~OH" 242.0 21.09 7.81 3.13 0.59 1.262(9) 
CH~COOH" 242.9 21.40 8.07 3.30 0.71 1.179(8) 
C H ~ C O C H , ~  242.9 21.40 8.00 3.22 0.61 1.201(8) 
I-NHCH~-C-C~H~$ 242.7 20.76 7.67 3.15 0.47 0.47 
CH2-C6H4Fh 242.6 21.30 7.91 3.21 0.66 0.942(2) 
C(CH,)=CH2" - 21.41 8.00 3.29 0.39 0.27" 
C(c-C,HS)=CH2 244.8 21.40 7.99 3.27 - 0.369(1)/ 
CH=CHz" - 21.71 8.08 3.31 0.59 2.245(30) 
CH(4-F-C6H4) 244.8 21.52 8.10 3.31 ".801(2)' 
(CHC12)b.h 

"50 v/v % in acetone-da. 
'30 v/v % in acetone-da. 
' 40 v/v % in acetone-da. 
"Numbers in parentheses are averages of deviations from the mean. 
''6J to the methylene carbon is 1.57(2) Hz. 
"J to the methylene carbon is 1.42 Hz. 
"The aliphatic "C nmr peaks are broad. 
"This is I ,  I-dichloro-2,2-bis(p-fluoropheny1)ethane (DFDD). 
'Coupling to phenyl carbon of the second ring. 

ethanol via the bromide and its Grignard reagent. The ''C nmr spectra 
were acquired at 305 K on a Bruker WH 90 FFT nmr spectrometer. 
A typical run involved 64 acquisitions into 16K and a spectral window 
of 400 Hz. The sample concentrations and solvents employed are 
noted in Table 1 .  The 'H transitions were strongly irradiated in all 
these experiments, so that spectral analytical complexities did not 
arise. 

However, the 'H nrnr spectrum of 4-fluoroethylbenzene had not 
been previously analyzed and yielded to a LAME analysis (23, 24). 

The "C nrnr spectrum of 4-fluorobenzyl cyanide was too broad to 
extract 6~:'C, no doubt as a consequence of partially relaxed coupling 
to 14N, whose spin-lattice relaxation time must fall into a range in 
which the T2 of C-P becomes inconveniently short. 

INDO MO FPT computations (25, 26) were done on an Amdahl 
V/8 system. 

Results and discussion 
(a) Coupling parameters 

In Table 1 the observed "JF,' (n = 1-6) values are given for 
fourteen 4-fluorophenyl derivatives. In fluorobenzene the "JF.' 
values are -245.1, 21,02, 7.79, and 3.20 Hz for n = 1-4, 
respectively (28), and are no doubt of the same sign for the 
compounds in Table 1; the magnitudes vary only slightly from 
compound to compound. Coupling constants of this kind have 
been discussed previously in some detail (29). 'JF.' in ' 

4-fluorotoluene is of unknown sign and, in view of previous 
discussions for ' J ; , ~  in fluorobenzene (22, 30), may well con- 
tain u and n components of opposite sign.' 6 ~ F . C  values are 
discussed in detail below. 

Table 2 gives the 'H nmr spectral parameters for 4-fluoro- 
ethylbenzene, not previously reported. 

(b) The coupling mechanism of 6 J F , C  
Because 6 ~ F ' C H  and 5 ~ : ' C H  in toluene and its derivatives 

'The sign of 'J~.' in 4-fluorotoluene, as well as for analogous 
couplings in other 4-fluorophenyl derivatives, is under study here. 

TABLE 2. The 'H nrnr spectral parameters for a solution of 
4-fluoroethylbenzene in acetone-d6 at 90.020 MHz and 305 K 

Parameter Value Parameter Value 

50.569(4) VCHZ '525 0.393(3) 
464.187(8) 5 H CHZ 

v2 J,,,' 0.302(3) 
446.575(6) (, F C H ,  

v3 Jl,' - 0.812(3) 
'J(CH2,CH2) 7.597(2)' Peaks 162 
'J23 8.474(8) Transitions 255 

assigned 
'53~ 9.010(4) 
'J2(, 2.398(7) Largest 0.052 

difference 

2.866(4) RMS deviation 0.020 
5.462(4) 

"In Hz at 90.020 MHz to low field of the 'H nmr peak of acetone-d,. 
"In order to estimate shifts relative to tetramethylsilane, add 183.64 Hz 

to these u values. 
' Numbers in parentheses are standard deviations in the last significant 

figure. 

(5-8), 6 ~ F . C c - P  in an ethylbenzene derivative (8), and 6 ~ : C H  in 
4-fluorotoluene and its derivatives (21) are most likely domi- 
nated by a u-n mechanism, it appears likely that 6 ~ : C  will 
behave similarly. 

Certainly, INDO MO FPT calculations of the above u-IT 
couplings confirm their sin2 0 dependence (5, 8). Such cal- 
culations on 4-fluoroethylbenzene yield eq. [2] for standard 
geometries (27) 

[2] 6 ~ ; ' C  HZ = 0.055 + 0.862 sin' 0 

As argued for other couplings previously (5, 8), the number 
0.055 is an artifact of the computation, so that eq. [2] should 
become eq. [3], where 0.055 Hz is subtracted from 0.862 Hz. 
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TABLE 3. Values of 6 ~ z  estimated from 6~:'CH' and 6~I'CH' in toluene derivatives 

6 H c H  (sin2 0); (sin2 0); 6 F.C 6 F C  6 F c H  Sidechain J~ ' J~ Jd J ~ '  (sin2 0); (sin2 0); 6 ~ S . C  J 4 6 F c  

"In toluene (6) in Hz. 
'In 3,5-dibromoethylbenzene (19). 
'In ethylbenzene (33). 
"~ssuming  'jZH2 = - 1.24 Hz. 
'(sinz 0); = 1.5 - 2 (sin2 0);. 
*1n 4-fluorotoluene (21), 1.12 in CSZ, 1.15 Hz in acetone-do. 
" In the 4-fluorotoluene derivatives. 
" ~ssuming 6~y' = 2.28 Hz. 
'In 3,5-dibromoisopropylbenzene (20). 
'(sinz 0); = 0.75 - 0.5 (sin2 0);. 

In other words, INDO MO FPT computations imply a a-IT 
mechanism for 6 ~ : ' C ,  where 0 is the angle by which the C-C 
bond of the sidechain twists out of the benzene plane. As 
expected on the basis of the known positive signs of 6 ~ ; ' C H  and 
5 CCH 
J ,  (17, 22), 6~i.C is computed as positive. 

However, 6 ~ F  is no doubt computed as too small in mag- 
nitude, just as is 6 ~ y  in 4-fluorotoluene (5). This discrepancy 
has to do with the INDO parameterization, which should not 
perturb the functional form of eq. [3]. An artificial way of 
reproducing a correct 6 ~ z  would be to alter the C-F bond 
length, because such a coupling will depend on the overlap of 
the IT orbitals at C-4 with the fluorine orbitals. In fact, 6 ~ y  
depends exponentially on the C-F bond length, a situation 
previously noted for other a-IT couplings, for example, 6 ~ ; . B H  

in a pyridine-borane complex (31). The discussion below sug- 
gests that eq. [4] agrees with experiment. 

A second question concerns the dependence of 6 ~ z  on a 
substituent attached to the coupled carbon. INDO MO FPT 
computations yield eq. [5] for 2-(4-fluorophenyl)ethanol, in 
which the electronegative hydroxyl group is attached to the 
coupled carbon atom. 

Relative to 4-fluoroethylbenzene the 6 ~ z  value has increased 
by 26%. As before, write eq. [6] in which the angle indepen- 
dent term is deleted on the basis of previous experience. The 

calculated increase in the presence of an electronegative sub- 
stituent has its experimental counterpart in the increase of 'JH,' 
in methane derivatives, interpreted as originating in an en- 
hanced s-electron density at the carbon-13 nucleus caused by 
the polar substituent (32). 

The experimental deduction of 6 ~ F  now proceeds as fol- 
lows. Table 3 contains 6 ~ z ' C H  and 6 ~ L ' C H  values and the (sin' 0 )  
values for a series of toluene derivatives in which the sidechain 
is CH3, CH2CH3, CH(CH3),, or C(CH3),. The (sin2 0 )  values 

are given on the assumption that 6 ~ : . C H  and 6 ~ : . C H  are cr-IT 
couplings and are obtained from 6J(observed) = 6J(10 (sin' 0 ) ,  
where (sin2 0 )  is the expectation value of sin2 0 .  The (sin2 0): 
numbers follow from (sin' 0);; 1.5 - 2 (sin' 0 )  for ethyl 
substituents and from (sin' 0 ) F  = 0.75 - 0.5 (sin2 0 )  for 
isopropyl substituents if 3 and 4 are considered to be the pre- 
ferred conformations of the two sidechains. The observed 6 ~ i , C  

parameters then yield 6 ~ F  in the last column of Table 3. 
The 6~: .C  magnitudes range from 1.20 to 1.40 Hz, the eight 

values yielding an average of 1.29 k 0.06 Hz, where 0.06 Hz 
is the standard deviation. In view of measurement errors in all 
the couplings involved and of the fact that 4-fluorophenyl are 
treated on the same footing as 3,s-dibromophenyl groups, a 
smaller uncertainty in 6 ~ F  is not expected. It might be argued, 
for example, that 6 ~ F  appears to decrease monotonically with 
an increase in the number of methyl substituents and that this 
implies an intrinsic dependence of 6 ~ F  on the substituent P to 
the coupled carbon, in constrast to the calculated increase 
above in 6 ~ F . F  caused by an a substituent on the coupled car- 
bon. This dependence may exist but, in our opinion, is un- 
proven and is difficult to establish from the present data set. 

An example of the errors in the twofold barriers caused by 
the uncertainty in 6 ~ F  comes from ethylbenzene. A 6 ~ F  of 
1.29 Hz implies a V2 of 1.8 kcal/mol (1 cal = 4.184 J) ,  
whereas 1.40 Hz leads to 1.2, kcal mol. This last number, of 
course, is that deduced from 41$"" in 3,s-dibromoethyl- 
benzene (19). 1f 6 ~ ; . C H  is 0.45 Hz, as reported for ethylbenzene 
(33), then V, follows as 1.6 kcal/mol. 

A conservative conclusion is that 6 ~ F  is predominantly a 
a-IT coupling, and that it yields the preferred conformation of 
the sidechain and also a rough estimate of the barrier to internal 
rotation about the exocyclic carbon-carbon bond for these 
alkyl substituents. 

(c) Conformational applications of 6~:C 

(i) 4,4'-Difluorodiphenylmethane 
Here 6 ~ i , C  involves an sp2 carbon atom in the second benzene 

ring, in contrast to the sp3 carbon atoms discussed in the pre- 
vious section. However, 6 ~ : ' C H  and 6 ~ : C H  have been used to 
study the preferred conformations of diphenylmethane deriva- 
tives (34), so that the following comparisons may be made. The 
latter couplings implied that the gable conformation, 5, having 
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SCHAEFER ET AL. 27 

C?,, symmetry, obtained from a heavy-atom coplanar con- 
formation by rotation of each benzene ring by 90" about the 
sp2-sp3 carbon-carbon bond, was preferred. In other words, 
C-1 of the second benzene ring lies preferably in a plane per- 
pendicular to the plane of the first benzene ring. As far as 6~:C 

is concerned, the preferred conformation is therefore analogous 
to 3 for ethylbenzene. 6 ~ z  for 4,4'-difluorodiphenylmethane is 0.942(2) Hz. 
Therefore (sin' 0); is 0.94211.29 or 0.730 '- 0.035, assuming 6 ~ z  as unaltered from its value for an sp3 carbon and its error 
as 0.06 Hz. The V2 is implied as 1.2, + 0.2, kcal/mol for 
rotation about the s p ~ s p 3  bond. The temperature dependence 
of 6~;.CH yielded V? as 1.5, + 0.25 kcal/mol, whereas 6 ~ F . C H  in 
3,5-dibromodiphenylmethane gave V2 as 1.1 + 0.3 kcal/mol 
(34). These results imply that 6 ~ F  is not very sensitive to the 
hybridization state of the carbon atom carrying the coupled 
nucleus. 6 ~ r  confirms that the preferred conformation of diphenyl- 
methane has the Cl-C-CI' plane perpendicular to the ben- 
zene planes. If the preferred conformation were one in which 
this plane lay in a benzene plane, then 'J:' would most likely 
have a magnitude of less than 0.5 (1.29) or 0.65 Hz instead of 
the observed 0.94 Hz. See refs. 34 and 35 for a fuller dis- 
cussion of other suggested conformations. The use of 6~:C as 
an indicator of preferred conformations in ortho-substituted 
diphenylmethanes appears sensible, as it does for diphenyl- 
ethanes . 

(iii 1 , l  -Dichloro-2,2-bis(4-J711orophenyl)ethane (DFDD) 
6 ~ , . C  in DFDD is 0.801(2) Hz and again involves a carbon 

atom of the second benzene ring, suggesting a conformation 
closely related to that of diphenylmethane. In the crystal, the 
benzene rings do indeed lie in face-to-face positions (36) and 
corresponding atoms in these rings are related by reflection 
across a mirror plane containing the HCCH atoms of the ali- 
phatic fragment. The latter has very nearly tetrahedral bond 
angles. If 5 corresponded to the preferred conformation in 
solution, that is, if emin were 90°, and if the rotation about the 
sp2-sp3 carbon-carbon bond were naively treated as twofold, 
then the internal barrier would be deduced as about 0.6 
kcal/mol ((sin2 0); = 0.801/1.29), about 1 kcal/mol lower 
than in the difluorodiphenylmethane above. That this inter- 
pretation would be erroneous can be seen as follows. 

First, in solution the C-H bonds of the aliphatic fragment 
can also take on gauche confoimations with respect to each 
other. Thus, in a 5 mol% solution in CCl, at 305 K ,  3J",H is only 
7.76(8) Hz. The usual approach to the estimation of the mag- 
nitudes of the trans and gauche couplings (37-39), together 
with a 3~:.H of 10.5 HZ in sym-tetrachloroethane (40) and 11.3 
Hz in sym-tetraphenylethane (41a), and a 'J:.~ of 2.2 Hz in the 
former, implies a 'J;.~ of about 10.9 Hz and a 'J:.~ of 2.3 Hz 
in DFDD. A 2-site treatment then yields the trans population 
as 63%. In an acetone-d6 solution the trans population in- 
creases to 82%, 3JH.H having increased to 9.35(3) Hz. 

Furthermore, 4 ~ y . C H ,  'J,:.~~, and 6 ~ y H  are -0.451(5), 
0.233(3), and 0.25(2) Hz, respectively, in the acetone solution. 

These numbers imply (1, 7, 21) that not 5, but a conformation 
with 0 nearer 60°, is that of lowest energy. For a twofold barrier 
one may write (7) 5~:.CH = 0.336 (sin' 0); -t 0.188, so that 
(sin2 0); becomes 0.134. Also (21), 6~:.CH = 2.27 (sin2 e)!, 
yielding (sin2 0); as 0.1 10. The mean value is 0.122, implying 
a barrier of 2.9 kcal/mol. An empirical plot (416) of 4 ~ y ' C H  
versus V2 values suggests a twofold barrier of 3.0 kcal/mol. An 
estimate of (sin2 0); then follows as 0.75 - 0.5 (0.122), or 
0.69, and 6~:C becomes 0.69(1.29), or 0.89 Hz. The observed 
value is 0.80 Hz. 

Of course, better agreement is not expected because the 
barrier can hardly be purely twofold, the gauche and trans 
conformations are treated as having the same conformation 
about sp2-sp3 bonds, and because the barriers in the two forms 
need not be the same. However, the argument does demon- 
strate DFDD as more rigid than 4,4'-difluorodiphenylmethane 
and that emin is much nearer 60" than 90". A detailed in- 
vestigation in which additional long-range couplings, such as 
,I C H J . (8), are measured in solutions of varying polarity, may 
well lead to a sensible description of the internal dynamics of 
DFDD. 

(iii) 2-(4-Fluoropheny1)ethanol and I -(4-fluoropheny1)- 
propane 

In these compounds an electronegative substituent, hydroxy 
or methyl, is attached to the coupled carbon. The INDO MO 
FPT computations above imply a 26% increase in 6 ~ F  in the 
presence of the hydroxyl substituent. Assuming a linear de- 
pendence of 6 ~ F  on Ex, the electronegativity of the substituent, 
where EH = 2.1, EcH = 2.5, EOH = 3.5, and assuming that 6 ~ z  
is 1.29 Hz when X = H and 1.63 Hz when X = OH, leads to 
a 6 ~ F  of 1.39 Hz for X = CH,. 

In the propane derivative, 6~L.C is 1.1 l(1) HZ, implying (sin2 
0); as 0.799 and V2 as 1 .8, + 0.3 kcal/mol, based on a 0.06-Hz 
uncertainty in 6 ~ F .  In the 33-dibromo derivative (42) of 
1-phenylpropane, 6 ~ F . C H  is -0.428(2) Hz, leading to a barrier 
of 1.9 k 0.2 kcal/mol. Of course, the existence of gauche and 
trans conformers about the sp3-sp3 carbon-carbon bond has 
been ignored in this comparison, which is meant only to sug- 
gest 6 ~ z  as a feasible conformational marker. The detailed 
discussion (42) of the barriers about the sp2-sp3 
carbon-carbon bonds in the trans and auche forms, given for 
6 H.CH 
J, measurements, applies to 'J;'also and need not be 
repeated here, except to note that the gauche is much larger 
than the trans barrier. 

Turning to the ethanol derivative, one has (sin2 0); as 
I .26/ 1.63 or 0.773 and therefore a V2 of 1.6 + 0.3 kcal/mol. 
In CS2 solution, 6~:.CH in 2-(3,5-dibromopheny1)ethanol is 
-0.380(4) Hz (42) and leads to an average V2 for the trans and 
gauche conformers of 3.1 -t 0.3 kcal/mol. Of course, in the 
CS2 solution the proportion of trans and gauche forms varies 
with concentration (42), intermolecular self-association of 
2-phenylethanol favoring the trans form. 

For the fluorophenylethanol derivative, 6 ~ y  is here quoted 
for a 30 v/v % solution in acetone-d6 (Table I), in which the 
trans conformer will be favored strongly by intermolecular 
hydrogen bonding to solvent and other solute molecules. The 
trans form, of course, has a smaller barrier than does the 
gauche form, the latter having considerable steric hindrance to 
rotation due to the proximity of the phenyl and hydroxyl sub- 
stituents. Consequently the average V2 of 1.6 kcal/mol found 
from 6 ~ F  in acetone-d6 solution is reasonable, implying, in 
fact (42), that 2-(4-fluoropheny1)ethanol exists predominantly 
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in the trans conformation in acetone solution.' The trans form 
has a barrier of near 1.2 kcal/mol, while that in the gauche 
form must be greater than 4 kcal/mol (42) in CSZ solution. 

(iv) 4-Fluoro-a-methylstyrene and a-cyclopropyl-4- 
fluorostyrene 

These compounds do not have a proton necessary for the 
measurement of 6 ~ : ' C C '  or 6 ~ L ' C H ,  SO that 6 ~ F . C  remains as a 
conformational indicator. Now, although styrene is probably 
planar in the ground state (43,44), the present compounds most 
likely are not, the a substituents entailing destabilization of a 
coplanar arrangement of the benzene and olefinic moieties. 
Furthermore, the internal rotational potential may not be two- 
fold. Nevertheless, some conformational information is avail- 
able from 6 ~ y .  

6  I.'.c . In the a-methyl styrene, J, ,  is 0.27 Hz. A naive approach, 
in which 6 ~ F . C  is taken to indicate a conformation, goes as 
follows. Assume 6 ~ F . C  is a u-.rr coupling as suggested by INDO 
MO FPT calculations, also indicating that 6 ~ F ' C  for this bonding 
situation is somewhat smaller than 6 ~ y  for an ethyl substituent, 
and that 6 ~ i E  is therefore 1.13 Hz. It follows that sin' 0 is 0.235 
and that 0 is 29", the angle by which the CH, group twists out 
of plane. This number happens to agree with the 30" (45a) 
deduced from ultraviolet spectral extinction coefficients and 
from transition frequencies of the conjugation bands. Photo- 
electron spectral data imply a 0 of 29 ? 6" in a-methylstyrene 
(45b). The same approach for the a-cyclopropylstyrene yields 
0 as 35", employing a 6 ~ F . C  of O.369(1) HZ (a-tert-butylstyrene 
(45a) apparently has 0 = 64"). 

If 0 = 0" were to represent the preferred conformation and 
the internal barrier to rotation about the spZ-spZ 
carbon-carbon bond were twofold, then the 6 ~ y  values would 
yield barriers of 1.4 and 0.8 kcal/mol for the methyl and 
cyclopropyl derivatives, respectively. That 0 = 90" is not the 
preferred conformation is evident from the 6 ~ y  numbers, 
which are less than 0.5 J:  for both compounds, the latter 
being the value in the limit of a vanishing barrier for a potential 
minimum at 0 = 90"; this conclusion is independent of the 
barrier symmetry. 

If a twofold steric barrier exists in the a-methylstyrene anal- 
ogous to that in ethylbenzene of stable perpendicular form 3, it 
opposes the twofold conjugational barrier favoring planarity. It 
may therefore be that the net barrier is lower than in styrene 
itself, estimated as twofold and ranging from 1.0 to 2.2 
kcal/mol (43, 46), with an outlier at 0.5 kcal/mol. 

No reliable value of Vz is available for 4-fluorostyrene. 6 ~ ; ' C  

is 2.24, (30) Hz. INDO MO FPT computations have it that 6 ~ 7 C  
is of maximum magnitude when 0 is 0" and decreases as 0 
increases, no doubt because the coupling is dominated by a 
pure .rr mechanism involving the electrons of the olefinic dou- 
ble bond. The decrease goes as sin2 0 and is calculated as 

Of course, it may well be that a u-.rr mechanism comes into 
play as 0 increases from zero, so that this 'JY would not go to 
zero at 0 = 90". It is interesting, therefore, that 6 ~ F H ( ~ ~ , )  in 
4-fluoro-a-methylstyrene is com uted as 0.71 Hz at 0 = 90" 

6  I.',? (u-.rr mechanism) whereas J ,  (=CH2) is 0.69 Hz for eq. 

"iven sufficient sensitivity of the spectrometer, 6 ~ : ' C  may there- 
fore be the most convenient indicator of translgauche ratios in mole- 
cules of this kind, its measurement being straightforward compared to 
the analyses of spectra from complex spin systems. 

[7]. In other words, the INDO MO FPT computations imply 
that the coupling to the olefinic carbon nucleus consists of two 
positive contributions, both dependent on sinZ 0.  The con- 
tributions differ by 90" in their maxima, the .rr component being 
the larger. 

The important conclusion is that 6 ~ L ' C  for the p-olefinic car- 
bon nucleus decreases as 0 increases, as observed for the 
a-methyl and a-cyclopropyl derivatives, being 1.57 and 1.42 
Hz, respectively; this is smaller than the 2.24 Hz in 
4-fluorostyrene, whose ground state conformation is pre- 
sumably planar. These observations are in qualitative agree- 
ment with the indication above that the .rr is larger than the u-71. 
component of 6 ~ , F . C .  

The assumption of a twofold internal barrier, together with 
the harmonic approximation for the torsion about the exocyclic 
bond, leads to a Vz of 0.5 or 1.0 kcal/mol from the microwave 
spectrum (44) of 4-fluorostyrene, and 1.0 kcal/mol from vi- 
brational assignments in the 288-nm absorption spectrum (43). 
Heat capacity data (47) give Vz as 2.87 kcal/mol. An MO 
calculation suggests 3.9 kcal/mol (48). The latter barrier 
would imply that the obsewed 6 ~ F ' C  is within a few percent of 
its maximum value, that is, at 0 = 0. Further work is needed, 
possibly involving long-range couplings from sidechain 'H, I3C 
nuclei and IyF, 'H, "C nuclei in the benzene ring.j 

(v) I -(4-Fluoropheny1)-N-methylcycloheqlamine 
In phenylcyclohexane the low-energy conformer contains 

the a C-H bond in the plane of the benzene ring, analogous 
to 4 for 2-phenylpropane, and 6 ~ : . C H  entails a twofold barrier to 
rotation about the exocyclic carbon-carbon bond of 2.1 2 0.3 
kcal/mol (49). In the presence of an N-methyl substituent on 
the a carbon atom, the phenyl group attached to this atom will 
most likely prefer a conformation obtained by a rotation of 90" 
from the bisected conformer in phenylcyclohexane, namely 6. 
'The angle 0 will be 30" for a conformation in which the phenyl 
group is axial or  equatorial. 

carbon 

is 0.46, Hz and therefore (sin2 0); is 0.364 + 0.017 if 
taken as 1.29 + 0.06 Hz, as used above for tetrahedral 
linkages. This value of (sin2 0):, being less than 0.5, 

confirms 5 as the preferred conformer and VZ follows as 1.6 + 
0.3 kcal/mol. Whether the internal barrier is indeed twofold is 
not certain, so that this number must be treated with circum- 
spection. The identification of 6 as the ground state seems 
certain, however. 

(vi) 4-Fluorophetzylacetic acid and 4-fluorophenylacetone 
In these compounds, 6 ~ y  involves a trigonal carbon atom 

41t is amusing that 1.5712.24, the ratio of the couplings to the P 
olefinic carbon in the a-methyl derivative and the 4-fluorostyrene 
itself, yields 33" as the angle of twist in the former, as also deduced 
from the coupling to the methyl carbon (30"). For the a-cyclopropyl 
compound, 0 is then 37", compared to the 35" deduced from the ' J : ' ~  
for the coupling to the carbon nucleus in the 3-membered ring. These 
results may well indicate that the coupling to the P olefinic carbon 
nucleus is near zero at 0 = 90'. However, a proper dynamical model 
is needed, together with a reliable potential energy profile for the 
internal rotation. 
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attached to electronegative substituents. Whatever the value of 
6 ~ F . C  at 8 = 90°, from the values of 1.20 and 1.18 Hz for the 
ketone and acid, respectively, it is clear that the perpendicular 
form, of type 3, is very stable. 6 ~ F  is expected to be larger than 
the 1.13 Hz assessed above for an olefinic carbon, by analogy 
with the 26% increase in 6 ~ F  for an aliphatic carbon caused by 
an attached electronegative substituent. If a similar increase 
applied to the carbonyl bond, 6JW would be 1.42 Hz. In that 
event, the barrier to rotation about the sp'-sp3 carbon-carbon 
bond, assumed twofold, would be about 2.3 kcal/mol for both 
the ketone and the acid. Obviously, this is a very rough esti- 
mate of V2. 

Therefore, 6 ~ ; ' C H  was measured for these two compounds in 
acetone-d,, yielding 0.67(2) and 0.70(2) Hz for the ketone and 
acid, respectively. The electronegativity of the COOH group is 
2.8 (50), and 6 ~ & c H  is therefore estimated as 2.12 Hz by the 
procedure described for 6 ~ z H  (1). Then (sin2 8); is 0.323 f 
0.018 Hz and Vz becomes 2.5 f 0.5 kcal/mol, where 6 ~ F , C H  for 
the two compounds is averaged to 0.6g5 t 0.03 Hz. It appears 
that 6JFsC and 6JF.CH yield similar conclusions about the con- 
formational dynamics of these two compounds, agreeing that 
the low-energy conformer is analogous to 3. 
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MANOHAR LAL and DAVID A. ARMSTRONG.' Can. J .  Chem. 63, 30 ( 1  985). 
Hydrogen, hydrogen sulphide, mercaptoethanol disulphide, and ethanol yields from the radiolysis of 2-mercaptoethanol are 

consistent with the same mechanism postulated for other sulphydryl-containing molecules. In all cases studied g,, in neutral 
solution appears to be enhanced ( g H  = 0.7-0.9 molecule per 100 eV). However, there is no basis for attributing this to reaction 
[lo] which was postulated in earlier work: 

H+ 
[lo] e, + RSH -+ RS- + H, 

but is not supported by independent data from H atom studies. 

MANOHAR LAL et DAVID A. ARMSTRONG. Can. J.  Chem. 63, 30 (1985). 
Les rendements en hydrogkne, en sulfure d'hydrogkne, en disulfure de mercaptoCthanol et en Cthanol, obtenus lors de la 

radiolyse du mercapto-2 Cthanol, sont en accord avec le mecanisme postulC pour d'autres moltcules contenant des groupes 
sulfhydryles. Dans tous les cas CtudiCs, il semble que la valeur de gH en solution neutre soit augmentCe (gH = 0,7-0,9 molCcule 
par 100 eV). Toutefois, il n'y a aucune donnCe experimentale qui puisse permettre d'attribuer ce rksultat a la reaction [lo] qui 
avait CtC postulCe dans un travail antCrieur 

H+ 
[lo] e.yq + RSH -+ RS. + H, 

mais ces rCsultats n'ont pas C t t  confirmCs par des donnees indkpendantes obtenues a partir d'Ctudes sur des atomes 
d'hydrogknes. 

[Traduit par le journal] 

Introduction 
Sulphydryl groups play an important role in many cellular 

processes (1). At the same time they are known to be highly 
susceptible to ionising radiation, and low molecular weight 
sulphydryl-containing molecules have been shown to act as 
sacrificial protectors (2). Their reactions with the free radicals 
formed in irradiated aqueous solutions are therefore of consid- 
erable interest. The following reaction mechanism, with RSH 
as the sulphydryl molecule, has been shown to adequately 
describe the products observed for cysteine (3, 4), penicil- 
lamine (S), and glutathione (6) in I to 10 mM aqueous solutions 
subjected to 60Co or fast electron radiolysis. These are also the 
main primary reactions in 

H,O -- 2.7 -OH + 2.6 e,, + 0.6 .H + 0.7 HZOZ + 0.5 HZ 

e, + H + + . H  . ... 

RSH + -OH + RS. + HzO 

RSH + .H + RS. + HZ 

RSH + .H + Re + H,S 

RSH + e , + R .  + SH- 

RSH + Re+ RS. + RH 

RS. + RS- + RSSR 

2RSH + HzOZ + RSSR + 2HZOZ 

dithiothreitol, but in that case there are some additional second- 
ary reactions (7, 8). Reaction [9] is slow except at high pH and 
can usually be neglected in acid solutions (3, 9). 

At pH 4-7 reaction [2] can be neglected and, since the 
contribution of reaction [S] is small in this pH range, the mech- 

anism then predicts G(H2S) = G(RH) = g,;, (3-6). While this 
was observed with the sulphydryl molecules noted above, the 
values of G(H2S) and G(RH) from 2-mercaptoethanol, al- 
though equal, were reported to be only half of g,iq (10). Jayson, 
Stirling, and Swallow attributed that observation to the occur- 
rence of reaction [lo]: 

H+ 
[lo] e ,  + RSH -+ HZ + RS. 

Intuitively this seems to require the existence of a relatively 
long-lived RSH- ion: 

and no evidence for that has been reported for aqueous systems. 
The apparent difference between 2-mercaptoethanol and the 

other sulphydryl-containing molecules was obviously of funda- 
mental interest. Also. since the former com~ound is often used 
as a model sulphydryl species, it is important that its mech- 
anism of radiolysis be well understood. We have therefore 
reinvestigated the radiation chemistry of aqueous mer- 
captoethanol. A detailed study of the pH dependence of the 
hydrogen yields was made, since reaction [lo] (or [I 11-[12]) 
would significantly augment G(H2) in the pH range 4-7. 
Hydrogen sulphide, RSSR, and RH (i.e. ethanol) yields were 
also determined. Experiments were performed at both the 
Bhabha Atomic Research Centre (BARC) and at the University 
of Calgary. 

Experimental 
Materials 

Mercaptoethanol (Sigma Chemical Co. pure grade) was subjected 
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FIG. 1. Product yields as a function of pH for Hz 0, EtOH 0, HIS 
A in lo-' M RSH and EtOH 0 and H2S V in 2 X lo-' M RSH, this 
study; filled symbols - as above from ref. 10. 

to distillation under vacuum before use in the earlier experiments, but 
later it was found to be satisfactory to use it  directly. Nitrogen used 
for preliminary deaeration of solutions at BARC, Bombay, was 
IOLAR-2 from the Indian Oxygen Co. Ltd. Water was triply distilled 
by standard methods. Fresh solutions were made for each experimcnt 
and final degassing was carried out by freeze, pump, thaw cycles (3). 

Irradiations 
These were performed in ""Co sources, which gavc dose rates of 40 

or 9 X 101''ev min- '  dm-' (BARC, Bombay) and 7 X I O I X  e v  min- '  
dm-' (Calgary). Analyses were carried out immediately after irra- 
diations. 

Analyses 
Hydrogen: Aliquots of degassed solution in cclls fitted with break 

seals were connected to a vacuum system, which was used to extract 
the gases volatile at liquid nitrogen temperature (3) and collect them 
in a standard volumc. Hydrogen was then analysed by gas chro- 
matography with a 2 m X 0.66 cm diameter stainless steel column 
filled with 30-60 mesh SA molecular sieve at room temperature and 
with N, as carrier gas (BARC) or by following the drop in pressure 
when the hydrogen was allowed to diffuse through a heated palladium 
thimble (Calgary (3)). 

Ethanol: This analysis was carried out by gas chromatography with 
N2 carrier gas on a Carbowax number 6 column (10% chromosorb 
WAW) in a I .6 m 0.66 cm diameter copper tube at 85OC. 

Hydrogen sulphide: This was determined by both the ammonium 
molybdate and methylene blue methods (3). 

Disulphide: Concentrations of RSSR in the irradiated solutions 
were obtained from the absorbances at 248 nm using an extinction 
coefficient of 324 M '  cm-I. Ln this case the '"Co y dose rate was 4 
x 10" eV min-I dm-'. 

Results 
As in the case of cysteine, product concentration versus dose 

plots were linear in the region below 10" eV dm-'. Yields of 

TABLE I. Yields of HZ and ethanol as a function of pH 

Concentration of 
2-mercaptoethanol 

(M) PH G(H2) G (ethanol) 

products in molecules per 100 eV of radiation energy absorbed 
were obtained from their slopes. Hydrogen, H,S, and ethanol 
yields for 2 x lo-' and lo-' M 2-mercaptoethanol solutions 
are presented as a function of pH in Fig. I. Yields for more 
concentrated solutions are contained in Table I. 

Discussion 
The effects of pH exhibited by the yields for high and low 

concentrations in Table I and Fig. I are similar, and the trends 
seen are in agreement with those observed with cysteine (3, 4). 
The yields of hydrogen sulphide and ethanol reported by Jay- 
son, Stirling, and Swallow for 2-mercaptoethanol at pH 5.5 and 
0.0 have been included in Fig. I. Their results at the lower pH's 
are in good agreement with the present data. On the other hand, 
at pH 5.5 their values of G(H,S) and G(ethano1) are much less 
than the ones reported here for pH 4 to 6 in Fig. I and Table 
I .  The reason for this is not clear. However, if the lower yields 
of G(H,S) and G(ethano1) at pH -5 were correct and reaction 
[lo] had occurred to the extent postulated in ref. 10, the hydro- 
gen yields would have been higher than gl l  + GI, (see below) 
by one molecule per 100 eV and close to 2 molecules per 100 
eV. Clearly this is not the case. If g,, is taken as 3.6( at pH 5 

1.3 (I I )  and G:? as 0.3,) in lo-' M 2-mercaptoethanol solu- 
tions, then the mechanism given in the Introduction predicts 
G(H,S) or G(ethano1) + G(H,) = 3.6, + 0.3, = 3.9, (I 1). The 
sum of the yields from the smoothed curves in Fig. 1 at pH 0.5 
is 3.&, in reasonable agreement. Likewise k,/k, is given by 
(G(H2) - 0.30,,) (G(H,S))-' (3). The value of 5 thus estimated 
from the lo-' M solution yields at pH 0.5 is typical of primary 
sulphydryl compounds such as cysteine and methyl mercaptan 
(3, 12). The mechanism also predicts G(RSSR) = (1 12) [gci 
+ g,, + gOH], which is 3.1 molecules per 100 eV for lo-' M 
RSH, taking into account the solute reactivity (5). The result 
obtained here at pH 6 was 3.4 molecules per 100 eV, which is 
in agreement, and is the same as the experimental yield report- 
ed in ref. 10. It was also similar to the disulphide yields from 
other sulphydryl molecules (3, 6). 

The similarity to these other thiol compounds may be further 
demonstrated. At pH 6 the mechanism predicts that (G(H,S) or 
G(ethano1) + G(H,)) should be equal to (g, + g, + 13:) which 
is 3.2 + 0.30 = 3.6 (5). The sum of the experimental yields 
is 2.2, + 1 .0, = 3.3, which is also in satisfactory agreement. 
The yield of hydrogen should be equal to G t 2  + g,, x k4/(k, + 
k,). If G;, is taken as 0.3 and k4/(k4 + k5) is assumed to be pH 
independent, then g, must be - 0.9 molecule per 100 eV. This 
is significantly larger than the normally accepted value of 0.6 
(1 1). However, a similar discrepancy has been observed for 
cysteine and methyl mercaptan, for which the hydrogen yields 
in lo-* M solutions are also - 1.0 molecule per 100 eV (3). 

The origin of this extra hydrogen is not clear. Wilkening et 
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32 CAN. J .  CHEM. VOL. 63, 1985 

al. (3) have argued against the occurrence of reaction [I31 on 
the basis of Littman, Carr, and Brady's report (13) that reaction 
[14] is relatively efficient, 

[I31 e, + RSH + RS- + H. 

[I41 -H + R S  + R. + SH- 

an observation which demonstrates that the exit channel to R-  
+ SH- is more favourable than that to He + RS-. Alternative 
explanations of the excess hydrogen are the absorption of ener- 
gy from subexcitation electrons (14) and the scavenging of dry 
electrons in reaction [15], 

[15] e- + RSH + RS- + H- 

for which the energetics would be different from [lo]. Further 
experiments will be required to resolve this problem. 
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A nuclear magnetic resonance study of the formation and conformational equilibria 
of symmetrical and mixed disulfides of captopril 
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DALLAS L. RABENSTEIN and YVON THERIAULT. Can. J .  Chem. 63, 33 (1985). 
The oxidation of captopril (CpSH, I-(D-3-mercapto-2-methylpropanoy1)-I-proline) by glutathione disulfide (GSSG) via 

thiol/disulfide exchange to form, in the first step, CpSSG and GSH and, in the second step, CpSSCp and GSH, has been 
studied in aqueous solution by 'H nmr. Due to slow rotation around the amide bond(s) of CpSH and CpSSCp and of the 
captopril part of CpSSG, separate resonances are observed for the cis and trans conformations across these bonds. Con- 
formational equilibrium constants were estimated as a function of pH for CpSH, CpSSCp, and CpSSG from the intensities of 
resonances for the cis and trans isomers. These equilibrium constants were used in the determination of equilibrium constants 
for the two steps in the oxidation of CpSH by GSSG. The results suggest that CpSH has a greater tendency to reduce disulfide 
bonds by thiol/disulfide exchange at physiological pH, and thus form mixed disulfides, than do the thiol groups in amino acids. 
Also, the conformational equilibrium constants indicate that, at physiological pH, approximately two thirds of the captopril, 
either free or in a disulfide form, has the trans conformation. 

DALLAS L. RABENSTEIN et YVON THERIAULT. Can. J. Chem. 63, 33 ( 1985). 
Faisant appel a la rmn du ' H  et opCrant en solutions aqueuses, on a CtudiC I'oxydation du captoprile (CpSH, (D-mercapto-3 

methyl-2 propanoy1)-l proline-I) par le disulfure de glutathion (GSSG) via un Cchange thio/disulfure qui permet de former 
le CpSSG et le GSH dans une premikre Ctape et le CpSSCp et le GSH dans une deuximeme Ctape. A cause de la rotation lente 
autour des liaisons amide(s) du CpSH, du CpSSCp et de la partie captoprile du CpSSG, on a pu observer des resonances 
distinctes pour les conformations cis et trans par rapport a ces liaisons. Utilisant les intensitCs des rtsonances des isomkres 
cis et trans, on a CvaluC les constantes d'equilibres conformationnels du CpSH, du CpSSCp et du CpSSG en fonction du pH. 
On a utilisC ces constantes d'Cquilibre pour determiner les constantes d'iquilibre des deux Ctapes de I'oxydation du CpSH par 
le GSSG. Les rCsultats suggkrent que, par comparaison avec les thiols des acides aminks, le CpSH a une plus grande tendance 

reduire les liaisons disulfures, par un Cchange thiol/disulfure a pH physiologique, et ainsi a former des disulfures mixtes. 
Les constantes d'Cquilibres conformationnels indiquent Cgalement, a pH physiologique, qu'approximativement les deux tiers 
du captoprile, tant sous la forme libre que sous la forme de disulfure, existe sous une conformation trans. 

[Traduit par le journal] 

Introduction 0 0 

Captopril, 1 -(D-3-mercapto-2-methylpropanoy1)- 1 -proline, 
is used clinically for the treatment of hypertension (1 -3). Anti- 
hypertensive activity is thought to result from inhibition of 
angiotensin I-converting enzyme, with the thiol group of cap- 
topril binding to the active site of the enzyme (1 -3). The thiol 
group is also the key functional group in the metabolism of 
captopril, with major metabolites being captopril disulfide and 
mixed disulfides with thiol-containing amino acids, peptides, 
and proteins (4-7). 

Captopril exists in solution as an equilibrium mixture of 
trans (1) and cis (2) isomers with respect to the conformation 

,CH2 
CH2 \ .. 3 

oxidation by glutathione disulfide (3) via thiol/disulfide ex- 
change as described by eqs. [ l ]  and [2]. 

0 [ l ]  CpSH + GSSG + CpSSG + GSH 

1 2 [2] CpSH + CpSSG i2 CpSSCp + GSH 

across the peptide bond (8). Although the conformational equi- 
librium of captopril has been characterized in detail (8), the 
chemistry of formation of disulfides from captopril and their 
conformational equilibria have not. This is of interest since it 
has been suggested that disulfide metabolites may play a role 
in determining the nature and time course of adverse reactions 
to captopril(9). In this paper, we report the results of an 'H nmr 
study of the formation of symmetrical and mixed disulfides by 

' Author to whom correspondence should be addressed. 

where CpSH, CpSSCp, GSH, GSSG, and CpSSG are cap- 
topril, captopril disulfide, glutathione, glutathione disulfide, 
and captopril-glutathione mixed disulfide, respectively. As 
part of this study, the cis-trans conformational equilibrium 
across the amide bond(s) of CpSH and CpSSCp and the cap- 
topril part of CpSSG have also been characterized by 'H nmr. 

Glutathione disulfide was chosen for this study because it 
occurs naturally (lo), captopril-glutathione mixed disulfide 
(CpSSG) has been detected as a metabolite of captopril (4, 5 ) ,  
and, with the cystine between two amino acid residues, GSSG 
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serves to a first approximation as a model for disulfide bonds 
in proteins. 

Experimental 
The captopril and captopril disulfide used in this study were gifts 

from The Squibb Institute for Medical Research, Princeton, N.J. 
Glutathione disulfide was obtained from Sigma Chemical Co. The 
99.7% D,O, 40% NaOD in DzO, and 35% DCI in DzO were obtained 
from Merck Sharp and Dohme, Ltd. 

The 'H nmr spectra were measured at 360 MHz on a Bruker WM- 
360 spectrometer operating in the pulse/Fourier transform mode. The 
probe temperature was 25 ? 1°C. Chemical shifts were measured 
relative to internal tert-butyl alcohol and are reported relative to the 
methyl resonance of sodium 2,2-dimethyl-2-silapentane-5-sulfonate 
(DSS). The resolution was increased in some spectra with the Gaus- 
sian resolution enhancement routine in the Aspect 2000 software. 

The pH measurements were made at 25'C with a Fisher Accumet 
pH meter equipped with a standard glass electrode and a fiber-tipped, 
saturated calomel reference electrode, or a microcombination elec- 
trode. Fisher certified standard solutions having nominal pH values of 
4.00, 7.00, and 10.00 were used for calibrating the pH meter. The 
exact pH of each standard solution was determined by comparison 
with freshly prepared N.B.S. pH standard solutions (I I). pH values 
reported are the meter readings; to indicate that pH readings for DzO 
solutions were not corrected for the deuterium isotope effect (I 2). they 
are reported as pH*. 

Solutions were prepared in 99.7% DzO containing I M KC1 and 
approximately 0.0001 M tert-butyl alcohol. NazHzEDTA (0.003 M )  
was also added to solutions containing thiols, e.g. the equilibrium 
mixture resulting from the reaction of CpSH with GSSG, to complex 
traces of heavy metals which would catalyze the oxidation of the thiols 
(13). The solvent mixture was deoxygenated by bubbling with argon 
or nitrogen before addition of thiol to minimize oxidation by dissolved 
oxygen. Inert gas was also blown over the solution during adjustment 
of pH, and nmr tubes were flushed out with the gas before transfer of 
an aliquot of solution to the tube. To ensure that no air oxidation of 
thiol occurred in the measurement of equilibrium constants for 
thiol/disulfide exchange reactions of CpSH with GSSG, the sample 
solutions were degassed further by taking them, in an nmr tube, 
through at least three freeze-pump-thaw cycles on a vacuum line. 

Results 
In aqueous solution, captopril and its disulfides exist in a 

conformational equilibrium due to cisltrans isomerization 
across the captopril amide bond. To quantitatively characterize 
the oxidation of CpSH by GSSG, it was necessary to first 
characterize these conformational equilibria for CpSH, 
CpSSCp, and CpSSG. 

Conformational equilibria 
The 360-MHz 'H nmr spectra of captopril and captopril 

disulfide are shown in Fig. 1. Each spectrum consists of two 
highly coupled spin systems: the -CH2CHCH3 spin system 
from the 3-mercapto-2-methylpropanoyl part and the 
-CH2CH2CH2CH- spin system from the proline residue. 
The spectra are further complicated by the presence of cis and 
trans isomers with Tespect to the conformation across the amide 
bond. This results in a doubling of the resonances in the spec- 
trum of captopril, as is clearly evident in the multiplet patterns 
at 3.4-3.9 and 4.26-4.39 pprn for the hydrogens on C8 and C, 
respectively of the proline residue and the methyl resonances at 
1.12- 1.17 pprn (Fig. 2). In the 3.4-3.9 pprn region, the reso- 
nances at 3.4-3.66 and 3.66-3.9 pprn are from the cis and 
trans isomers respectively (8). In the 4.26-4.39 and 
1.12- 1.17 pprn regions, the more intense multiplets are from 
the trans isomer. The assignment of the other resonances for 

TABLE I .  Identification of captopril-containing 
species 

Conformation of the Species 
Species captopril amide bond(s) number 

CpSH(,, trans I 
CpSH(,, cis 2 
CpSSCp,,,, trans, trans 3 
CpSSCp,,,., trans, cis 4 
CpSSCpi,.,.I cis, cis 5 
CpSSG,,, trans 6 
CpSSGi,., cis 7 

TABLE 2. cis-trans Conformational equilibrium constants for 
proline-containing molecules" 

Compound Low pHh Neutral pHc High pHd 

Glycyl-L-proline" 0.19 0.54 0.72 
Glycyl-L-hydroxyproline" 0.14 0.52 0.59 
L-Alany 1-L-proline" 0.12 0.54 0.89 
Captopril 0.15 0.59 0.41 
Captopril disulfide 0.20f 0.39f 0.39' 
Captopril-glutathione 

mixed disulfide 0.16 0.49 0.35 

"Defined as Kcl, = [cis]/[rrans] where cis and trans refer to the con- 
formation across the proline amide bond. 

bCarboxyl, thiol, and amino groups, if present, are protonated. 
'Carboxyl groups deprotonated; thiol and amino groups, if present, pro- 

tonated. 
"Carboxyl, thiol, and amino groups, if present, deprotonated. 
'Reference 13. 
'Kc / ,  = [cisl,,,,,/[transl,~. 

captopril are: 1.8-2.4 ppm, the hydrogens on Cp and C, of the 
proline residue; 2.48-3.06 ppm, the two hydrogens on C3 and 
the one hydrogen on C2 of the 3-mercapto-2-methylpropanoyl 
part. The spectrum of captopril disulfide is composed of the 
spectrum for the captopril unit in four different environments 
due to the cis-trans isomerism: CpSSCp,,,, in which both am- 
ide bonds are trans, CpSSCp(,,, in which one amide bond is cis 
and the other is trans, and CpSSCp,,,, in which both amide 
bonds are cis. This results in an apparent lower resolution over 
the 1.9-2.4 and 3.2-3.8 pprn regions due to the overlap of 
resonances for the two trans environments (CpSSCp(,,, and 
CpSSCp,,,) and overlap of resonances for the two cis environ- 
ments (CpSSCp,,,, and CpSSCp,,,,). Four doublets from the 
four different environments are observed in the methyl region 
(Fig. 2). The assignments are given in Table 1; the basis of 
these assignments is discussed below. 

Fractional concentrations of the two isomers of captopril 
were determined as a function of pH* from the relative in- 
tensities of the two methyl doublets and from the relative in- 
tensities of the resonances for the hydrogens on C, of the 
proline residue in the cis and trans isomers. The fractional 
concentrations of the trans isomer are 0.87 * 0.01, 0.63 2 
0.01, and 0.71 2 0.01 for the fully-protonated, mono- 
protonated, and deprotonated forms of captopril, which corre- 
spond to the equilibrium constants, K,,,, = [cis]/[trans], listed 
in Table 2. 

The fractional concentrations of the three isomers of cap- 
topril disulfide were determined from the relative intensities of 
the methyl resonances (Fig. 2). Equations [3]-[6] describe the 
equilibria between the three forms of captopril disulfide. 
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RABENSTEIN AND THERlAULT 

Captopril 

Captopril Disulfide 

RG. 1. The 360-MHz 'H nmr spectra of 0.062 M captopril (pH* 6.0) and 0.042 M captopril disulfide (pH* 6.0). The gain was reduced by 
2 in the I - 1.5-ppm region. 

I cpsscp, , , ,  

, PI & + 
cpsscp , , ,  , = cpsscp , , ,  I 

I Equilibrium constants were determined at pH* 5.90, 5.99, and 
6.10 and the results are: K,.,.lf, = 0.144 + 0.005, K,,.lff = 0.84 
+ 0.01, and K,,.,,,. = 0.171 + 0.006. Total fractional concen- 
trations of the cis and trans environments2 were also deter- 

' Fractional concentration of trans = ( ~ [ c ~ S S C ~ , , , , ]  + 
[CpssCp,,,.I1)/2[CpSSCpl,,>,~,l. 
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Captopril 

Captopril Disulfide 

FIG. 2. The methyl resonances for the solutions described in the legend to Fig. 1. Resolution was enhanced by doing a Gaussian multiplication 
with the Bruker Aspect 2000 software. Resonance assignments are given in Table 1.  

mined as a function of pH* directly from relative intensities of 
the cis and trans Cs-H resonances. The fractional concen- 
tration of the trans conformation is 0.72 * 0.03, independenf 
of pH oyer the pH* range 3.75- 11.02, corresponding to an 
equilibrium constant, Kcl, = [ ~ i s ] , ~ , , ~ / [ t r a n s ] , ~ , ~ , ,  of 0.39 + 
0.05. This is in excellent agreement with the value predicted by 
the above values for K,.,.l,,, K,,l,,, and K,.,.l,,..3 As the pH is 
decreased and the carboxylate groups are protonated, the frac- 
tional concentration of the trans isomer increases to 0.83 at 
pH* 0.75, corresponding to Kcl, = 0.20. 

To obtain a solution containing CpSSG for the study of its 
conformational equilibrium (eq. [7]) 0.009 M CpSH was 
reacted with 0.18 M GSSG at pH* 7.1 in 1 M KC1 solution. 
CpSSG, GSH, and CpSSCp were formed by thiol/disulfide 
exchange, as described by eqs. [l] and [2]. After reaction for 
15 min, the solution was stirred in air for 18 days to oxidize 
CpSH to CpSSCp and GSH to GSSG to simplify the nmr 
spectrum. The methyl region of the 'H nmr spectrum is shown 
in Fig. 3 and the assignments are given in Table 1. As indicated 
in Fig. 3, the dominant resonances are from CpSSG. Using the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



RABENSTEIN 

FIG. 3. The methyl region of the 'H nmr spectrum of a pH* 7.0 
solution contaning captopril-glutathione mixed disulfide and cap- 
topril disulfide. Details of the preparation of the mixed disulfide are 
given in the text. Resolution was enhanced by doing a Gaussian 
multiplication with the Bruker Aspect 2000 software. 

FIG. 4. The fractional concentrations of captopril-glutathione 
mixed disulfide in which the amide bond of the captopril part has the 
trans and cis conformations. 

relative intensities of the methyl doublets for CpSSG, the frac- 
tional concentrations of the trans and cis forms of CpSSG were 
determined as a function of pH* over the pH* range 
0.92- 10.98 (Fig. 4). The equilibrium constants listed in Table 
2 were obtained from these fractional concentrations. 

Oxidation of CpSH by GSSG 
To characterize the oxidation of CpSH by GSSG, equi- 

librium constants were determined for the reactions described 
by eqs. [I] and [2]. CpSH was reacted with GSSG in sealed 
nmr tubes, which had been degassed by the freeze- 
pump-thaw technique to minimize air oxidation, and then 
concentrations at equilibrium were determined by 'H nmr. Fig- 
ure 5 shows the methyl region of the nmr spectrum for a pH* 

AND THERIAULT 

7 

FIG. 5. The methyl region of the 'H nmr spectrum of a solution 
prepared by reacting 0.045 M CpSH with 0.041 M GSSG at pH* 6.0 
for 341 h in a degassed, sealed nmr tube. Resolution was enhanced by 
doing a Gaussian multiplication. Resonance assignments are given in 
Table 1. 

6.0 solution at equilibrium; the spectrum was obtained 341 h 
after mixing the reactants to ensure that equilibrium had been 
achieved. As indicated in Fig. 5, the spectrum contains reso- 
nances for the cis and trans forms of CpSH, CpSSCp, and 
CpSSG. The concentrations of the various species were deter- 
mined from the relative intensities of the resonances in Fig. 5 
and the initial reactant concentrations. Using the determined 
concentrations, the conditional equilibrium constants, Kl,. and 
Kz,, as defined by eqs. [8] and [9] and the equilibrium reactions 
in Fig. 6, were calculated. 

where [CpSH],o,,I, [CpSSCp]lo,,l, and [CpSSG],o,,l are the total 
concentration (cis + trans) of CpSH, CpSSCp, and CpSSG. 
The procedure involved determining the fractions of the total 
area of the methyl resonances due to CpSH, CpSSCp, and 
CpSSG. The total area of the resonances for CpSH was 
obtained by doubling the sum of the areas of its resonances at 
1.13 and 1.14 ppm. That due to CpSSCp was calculated from 
the area of its resonances at 1.17 and 1.19 ppm and the values 
determined above for KIcl,,, KcClll, and KCCll,, and that for CpSSG 
was calculated as the difference between the total methyl reso- 
nance area and the areas for the CpSH and CpSSCp resonances. 
Using these fractions of the total methyl resonance area and the 
initial concentration of CpSH, the concentrations of CpSH, 
CpSSCp, and CpSSG were obtained. From these concen- 
trations and the initial GSSG concentration, the concentrations 
of GSH and GSSG were calculated. The values calculated for 
KI, and K2, from three separate experiments in the pH* range 
5.9-6.1 are 2.1 + 0.1 and 1.5 2 0.6 respectively. The rather 
large uncertainties reflect the accumulation of errors that results 
from obtaining concentrations by difference. 
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FIG. 6 .  The thiol/disulfide exchange equilibria and CpSH, 
CpSSCp, and CpSSG conformational equilibria occurring in a solu- 
tion prepared by reacting CpSH and GSSG. 'The subscripts t and c 
indicate trans and cis conformations across the amide bond(s) of 
captopril in CpSH and CpSSCp or the captopril part of CpSSG. 

Discussion 
Conformational equilibria 

Assignment of the trans conformation to the more abundant 
isomer(s) of CpSSCp and CpSSG is based on previous findings 
that the trans conformation is the more abundant for proline- 
containing dipeptides and related molecules, e.g. tert-butyl- 
oxycarbonyl-glycyl-L-proline-benzylester (14), glycyl-L-pro- 
line, glycyl-L-hydroxyproline, L-alanyl-L-proline, N-acetyl- 
sarcosine, glycylsarcosine (15), and captopril (8), and that the 
fractional concentration of the trans conformation increases 
when the carboxylate group is protonated (15). For example, 
the fractional concentration of the trans conformation of 
glycyl-L-proline increases from 0.65 to 0.84 when the carbox- 
ylate group is protonated (15), which is very similar to the 
increases found in this study for the more abundant isomers of 
CpSSCp and CpSSG. 

The cis/trans equilibrium constants for the carboxyl- 
protonated (low pH) forms of CpSH, CpSSCp, and CpSSG are 
quite similar to each other and to those for dipeptides in which 
proline is the C-terminal residue, as indicated by the results in 
Table 2. The enhanced stability of the trans isomer at low pH 
probably results from intramolecular hydrogen bonding be- 
tween the carboxylic acid hydrogen and the captopril amide 
carbonyl oxygen, which is not possible in the cis isomer. Evi- 
dence has been presented previously which indicates this to be 
the origin of the enhanced stability of the trans isomer of 
peptides in which protonated proline or sarcosine is the C- 
terminal residue (15-17). It is interesting to note that KCl, is 
approximately the same for the high pH forms of CpSH, 
CpSSCp, and CpSSC but i s  somewhat less than for the high pH 
forms of the proline-containing dipeptides. The origin of the 
enhanced stability of the trans conformation in the captopril 
unit at high pH is not obvious. 

The magnitude of the cis/trans equilibrium constants for the 
neutral pH forms of CpSH, CpSSCp, and CpSSG suggests that, 
at physiological pH, approximately two thirds of the captopril 
has the trans conformation, regardless of whether it is free or 
in a disulfide form. 

Oxidation of CpSH by GSSG 
The reactive species in the oxidation of CpSH by GSSG via 

thiol/disulfide exchange (eqs. [ l]  and [2]) is presumably 
CpS-, since it is well established that thiol/disulfide exchange 
proceeds via the thiolate anion (18-27). At pH 6,  only a small 
fraction of CpSH is in the form of CpS-, and thus the constants 
obtained in this work for eqs. [ l]  and [2] are conditional equi- 

librium constants. Conditional equilibrium constants for 
thiol/disulfide exchange in related systems are essentially pH 
independent up to pH values at which deprotonation of the thiol 
groups begins to occur (18), suggesting that the conditional 
equilibrium constants obtained in this work describe the reac- 
tion of CpSH with GSSG up to at least pH -8. 

The conditional equilibrium constant for the overall reaction 
(eq. [lo]) 

[lo] 2CpSH + GSSG 2 CPSSCp + 2GSH 

K3,, is calculated to be 3.2 t 1.2 using the relation K3, = 
KICK2, .  If the equilibrium position were governed by random 
distribution, K l ,  and K2, would be 2 and 0.5 respectively and 
K3, would be 1. For comparison with the values for the reaction 
of CpSH with GSSG, K I  = 1.27, K2 = 0.27, and K3 = 0.34 
for the reaction of cysteine (CSH) with GSSG at pH 6.6 and 
25°C (27) and K , ,  = 1.36, K,, = 0.039, and K,,. = 0.053 for 
the reaction of penicillamine (PSH) with GSSG at pH 7.4 and 
25°C (18). The values for K3 for the reactions involving CpSH 
and CSH are within a factor of 3 of the random distribution 
value, whereas that for PSH is somewhat smaller. PSH differs 
from CpSH and CSH in that it has two bulky methyl groups 
next to its thiol group, which hinders its reaction with 
penicillamine-glutathione mixed disulfide in the second step 
(18). 

'The overall equilibrium constant K3, is related to the differ- 
ence between the formal electrode potentials, EO', of the 
GSSG/GSH and CpSSCp/CpSH couples according to eq. 
[I 11. 

With the value of 3.2 for K3c, AE:' is calculated to be 0.015 V. 
For comparison, E O , ' ~ ~ ~ ~ ~ ~ ~  - E ~ ~ ~ ~ ~ ~ ~ ,  where CSSC is cys- 
tine, is reported to be in the range -0.013 to -0.018 V at pH 
6.6-7.0 (21, 23, 27) and E ~ ~ ~ ~ ~ ~ ~ , ,  - E ~ ~ ~ ~ ~ ~ ~ ~ ,  where PSSP is 
penicillamine disulfide, is -0.0378 V at pH 7.4 (18). Values 
reported for E~~~~~~~~ are -0.205 V vs. the standard hydrogen 
electrode at 30°C and pH 7 (19) and -0.24 V at 40°C and pH 
7 (28). These results indicate that CpSH has a greater tendency 
to reduce disulfide bonds by thiol/disulfide exchange than do 
the thiol groups in amino acids and that, if the disulfide bond 
in GSSG is similar to those in proteins, CpSH is capable of 
reducing protein disulfide bonds. These conclusions are sup- 
ported by the finding that CpSH can activate papain by reduc- 
tion of a disulfide bond at the active site and that CpSH is a 
more efficient activator of papain than is cysteine (29). 
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LUCIE WILSON, R. BICCA DE ALENCASTRO, and C.  SANDORFY. Can. J. Chem. 63, 40 (1985). 
The anesthetic potency of n-alcohols exhibits a somewhat irregular dependence on the length of the hydrocarbon chain. An 

attempt has therefore been made to ascertain if this is related to the relative tendency for hydrogen bond formation by these 
alcohols. No such relationship was found. The result was rather that the degree of association by hydrogen bond formation 
of dissolved alcohols appears to be independent of the chain length, that is of the extent of other interactions that exist in these 
solutions. 

LUCIE WILSON, R. BICCA DE ALENCASTRO et C.  SANDORFY. Can. J. Chem. 63, 40 (1985) 
Le pouvoir anesthksique des alcools normaux dkpend d'une manikre quelque peu irrkgulikre de la longueur de la chaine 

paraffinique. Nous avons par conskquent examink la possibilitk que cela soit lik la tendance relative des alcools de former 
des liaisons hydrogkne. Les rtsultats montrent que tel n'est pas le cas. Par contre il a pu Ctre dkmontrt que le degrk d'association 
par liaisons hydrogkne est indkpendant de la longueur de leur chaine paraffinique, c'est-8-dire des autres interactions 
intermolkculaires qui s'exercent dans ces solutions. 

Introduction 
'The anesthetic potency of n-alcohols has been recognized by 

Posternak and Arnold in 1954 (1). This potency varies with the 
length of the paraffin chains of the n-alcohols, increasing stead- 
ily from methanol (C,) to dodecanol (C12). Then a surprising 
observation is made: tetradecanol (C,J has no anesthetic poten- 
cy at all. Tridecanol (C13) has been reported to be intermediate 
between C12 and C,, or having no potency at all (2-5). 

General anesthesia is known to be a matter of molecular 
associations. The current "hydrophobic theory" coupled with 
the "unitary hypothesis" stems from the Meyer-Overton rule 
which is based on the smooth relationship between anesthetic 
potency and solubility in lipids. According to this theory anes- 
thetics exert their action in the hydrophobic part of the lipids in 
the neuron membranes. (For reviews see refs. 6-8.) We have 
challenged this view and proposed instead a pluralistic theory 
(9-12). According to it hydrophobic interactions can induce 
only weak anesthetic action while strong anesthetic action im- 
plies changes in polar interactions (hydrogen bonds) at ion- 
channels. Strong experimental indication for this on model 
gramicidin ion-channels has been provided by Uny and co- 
workers (13) (ion-channels are formed in proteins crossing the 
lipid membrane). 

Whatever the case might be, it is of interest to examine the 
effects of alcohols on the neuron membrane. According to 
Richards and co-workers (2-4), n-alcohols with less than ten 
carbon atoms (CI -C9) decrease the gel to liquid crystal transi- 
tion temperature (T,) of the membrane and increase its fluidity. 
Alcohols with more than ten carbon atoms act in the opposite 
way: they increase the transition temperature and decrease the 
fluidity of the membrane. Decanol has no appreciable effect on 
either. These observations do not parallel anesthetic potency 
and cast doubt on the validity of the lipid solubility theories of 
anesthesia. 

Miller and co-workers (5) took a different view. According 
to these authors, as well as Lawrence and Gill (14), the disor- 

dering effect of n-alcohols on the membrane decreases steadily 
with increasing chain length. They explain the cutoff by a rapid 
decrease, to below anesthetic levels, of the attainable concen- 
tration in the bilayer. 

Now, alcohols can associate hydrophobically wih their hy- 
drocarbon chains and by H-bonding using their OH groups. 
Since the possible role of H-bonding in the anesthetic proper- 
ties of alcohols has not been considered by previous authors, 
we have undertaken a comparative study o f  H-bonding in n- 
alcohols from C, to CIS.  While this work has not provided an 
explanation for the "cutoff" an intriguing result has been ob- 
tained which may have a bearing on our understanding of the 
anesthetic potency as well as of certain physicochemical prop- 
erties of n-alcohols. 

Outline of the work 
'The method used was infrared and near-infrared spec- 

troscopy. The part of the spectrum due to the OH stretching 
vibrations was recorded for the n-alcohols from C I  to CIS  in 
carbon tetrachloride solutions. This was done at 23°C and then 
at 37"C, to approach physiological conditions and at 5°C where 
a larger proportion of the alcohol molecules is self-associated. 

Subsequently we recorded the spectra of the alcohols using 
saturated hydrocarbons of different chain lengths as the sol- 
vent. This was done in order to explore the effect of 
solute-solvent interactions on the extent of self-association by 
H-bonding. 

At the next stage binary mixtures of alcohols were studied. 
The alcohols were chosen in such a way that one of them had 
less than 10 and the other more than 10 carbons. As mentioned 
above (2-4), these should be antagonistic as to membrane 
disordering (fluidization) and the raising or lowering of the 
temperature of the membrane phase transition. 

  in all^ spectra of mixtures of alcohols and carboxylic esters 
of different chain lengths were recorded. Esters contain a car- 
bony1 group which, as a proton acceptor, is similar to those that 
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alcohols might encounter if they enter the cell membrane. 
Analogous measurements have been carried out in the near- 

infrared on v(0H) overtones. 

Experimental 
Alcohols were purchased from the Aldrich Chemical Company or 

the Sigma Chemical Company and were 99% pure or better. They 
were further purified by distillation. The alkanes, from the Sigma 
Chemical Co. were passed through a silica gel column dried over 
magnesium sulfate and distilled under dry nitrogen atmosphere. The 
esters and N,N-diethylpalmitamide were Eastman products and were 
used without further purification. 

Spectrograde carbon tetrachloride was supplied by A & C American 
Chemicals. Tetrachloroethylene (Eastman) was distilled under vacu- 
um in order to eliminate traces of phosgene, and was protected from 
light. 

The purity of the compounds was checked by recording their uv 
spectra or by gas phase chromatography. All samples were kept in a 
dry box under nitrogen atmosphere. Solutions were prepared gravi- 
metrically and the spectra were recorded immediately afterwards. 

The infrared spectra were recorded with a Perkin-Elmer model 621 
instrument, using cells of 0.320 and 0.577 mm with silver chloride 
windows. The overtones were recorded on a Cary- 17 instrument using 
silica cells of 1.07 and 3.00 cm. Resolution was about 2 cm-I for both 
instruments. 

Temperature was made constant by using a MGW Lauda- 
Thermostat. For maintaining 5°C a mechanical pump immersed in 
melting ice was used. Temperatures were measured by a copper- 
constantan thermocouple. 

The spectrum of the solvent was recorded in the same cell and at the 
same temperature as the spectrum of the solution and was subtracted 
from the latter. The apparent molar absorption coefficients were com- 
puted by using the total alcohol concentration since the concentrations 
of the various monomer, dimer, . . . species cannot be determined with 
precision. 

The calibration of the cells was regularly checked against benzene 
bands: 1960 cm-'  for cells whose optical path was less than 0.1 mm; 
for thicker cells the 845 cm-I band was used. 

Results and discussion 
The v(0H) bands in the solution spectra of alcohols have 

been the object of numerous investigations (refs. 15, 16, see 
ref. 17 for an early review). The "free" (non-hydrogen bonded) 
OH group has its band at about 3640 cm-', in methanol about 
5-10 cm-' higher. At higher concentration a band at about 
3485 cm-' belongs to the (linear) dimer. When the concen- 
tration is further increased the broad and intense "polymer" 
band appears, centered at about 3350 cm-', due to the internal 
OH groups which are both proton donors and proton acceptors. 
The end OH groups of dimers and polymers contribute to the 
apparent intensity of the free band. The dimer is well defined 
in a narrow concentration range only, since at higher concen- 
tration it is overlapped and covered by the broad and intense 
polymer band. 

The relative intensities of the related overtones are very 
different. While in the fundamental region the polymer band is 
much more intense than the free band, in the overtone region 
the opposite usually holds (18-20). The reasons for this were 
the object of previous studies (21). (In H-bonded species me- 
chanic and electric anharmonicities can make contributions of 
opposite sign to the intensity of the overtones.) In addition to 
the weakness of the overtones of H-bonded OH groups, we 
encounter another difficulty: this is the presence of strong 
v(0H) + v(CH) combination tones (22). Both CH and OH 
deuteration and low temperature measurements were needed in 

G (cm- ' )  
FIG. 1. The OH stretching region of the infrared spectra of meth- 

anol (dashed line) and rz-hexanol (solid line) in 0.2 M carbon tetra- 
chloride solutions. 

order to assign the overtones for the H-bonded OH groups (20). 
For all these reasons only the free band was used in the work 
reported here. This free band is located near 7 100 cm-'. As the 
fundamental, it might receive contributions from the end OH 
groups of dimers and polymers. 

Self-association of n-alcohols (C, -C,,?) 
Figure 1 shows the OH stretching region of the ir spectrum 

of a 0.20 M solution of n-hexanol in carbon tetrachloride. The 
monomer, dimer, and polymer bands are easily recognized at 
3640, 3480, and 3345 cm-', respectively. The spectrum of 
methanol also given in Fig. 1 is slightly different. All the other 
n-alcohols from C3 to Cis taken at 0.20 M concentration give 
spectra which are practically superimposable to that of n- 
hexanol. Thus, since both the free and polymer bands have 
evidently the same half-width from C3 to C lx ,  the molar absorp- 
tion coefficients may be considered proportional to the in- 
tensities. Table 1 lists the E values for both bands for all the 
alcohols which were studied. Obviously, they are all equal 
within the limits of experimental error. 

This result quite certainly does not constitute a basis for an 
explanation for the anesthetic "cutoff" observed. Nor does it 
make the changes in gel to liquid crystal transition temperature 
or the degree of fluidization that alcohols induce in the neuron 
membrane understandable. 

This seems to indicate that the extent of H-bonding is not the 
fact underlying the variations of the anesthetic potency with 
chain length or of the membrane deforming effect of n- 
alcohols. The astonishing observation is that the extent of asso- 
ciation by H-bond formation is independent of the number of 
carbon atoms in n-alcohols. 

The spectra were also recorded at 37°C and at 5°C. The 
results are shown in Tables 2 and 3. While the values of the 
apparent molar absorption coefficients are, of course, different, 
from the point of view of the present discussion the result is the 
same: E,, is independent of the number of carbons. 

Only methanol and to a lesser extent, ethanol exhibits some 
slight differences; E,, values of the free band are lower and those 
of the polymer band are higher than that of the alcohols C3 to 
C l x  indicating a somewhat higher degree of association 
(Table 1). 
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TABLE 1.  Absorbances and apparent molar absorption coefficient (E,,) of free (3640 
cm-I) and associated (3345 cm-I) OH stretching vibrations of n-alcohols (0.2 M in 

CCI, at 23°C) 

Absorbance of Absorbance of EA of the E,, of the 
the free band the polymer band free band polymer band 

n- Alcohols ('0.01) (20.01) (22.7)  (*2.7) 

c 1 

c 2 

c3 

C, 
cs 
c h  

C7 
CH 
CY 
Cl0 
Cll 
Cl? 
c13 

c14 

C I ~  
C I H  

Mean value of E,, for n-alcohols C3 to C I H  

TABLE 2. Apparent molar absorption coefficients (E,,) of 
the free (3640 cm-') and associated (3485 and 3370 cm-I) 
OH stretching vibrations of n-alcohols (0.2 M in CCI4 at 

37°C) 

EA of the E,, of the EA of the 
free band dimer band polymer band 

n-Alcohols (22.7) (?2.6) ('2.7) 

C4 44.9 
c h  44.6 
C7 44.5 
CH 44.6 
Clo 44.4 
Cll 44.7 
Cl2 44.5 
c14 45.0 
Clh 44.5 

Mean value 
of e,, 44.6 

n-Alcohols in n-alkanes of different chain length 
The question to which..we sought an answer is as follows: is 

the extent of H-bond association of alcohols influenced by van 
der Waals interactions between the alkane solvent and the 
alcohols? For providing an answer the OH stretching region has 
been recorded for 0.2 M solutions of the alcohols C4, C6, C8, 
Clo,  Cl2,  and C,, in n-hexanol, n-dodecane, and n-tetradecane. 
Table 4 shows the results. 

It is of interest to note that the mean molar absorption coef- 
ficient of the free band is 17.8 in n-heptane while it is 40.5 in 
CC4.  As to the polymer band the corresponding values are E, 

= 68.7 for n-heptane and 37.8 for CCL. This demonstrates the 
known fact (23-26) that in C1-containing solvents the degree 
of H-bond self-association of alcohols is less than in hydro- 
carbon solvents. 

A glance at Table 4 shows that the degree of H-bond self- 
association is independent of both the length of the chain of the 
n-alkane used as a solvent and the length of the chain in the 

TABLE 3. Apparent molar absorption coefficients (E,,) of the 
free (3635 cm-I) and associated (3325 cm-I) OH stretching 

vibrations of n-alcohols (0.2 M in CCI4 at 5OC) 

E,, of the free band E,, of the polymer band 
n-Alcohols ('2.0) ('2.0) 

c I 31.6 
cz 28.9 
c3 33.8 
c4 33.9 
c s  34.0 
c6 34.0 
c7 33.7 
CH 33.6 
C, 33.9 
c~o 34.1 
CI  I 33.8 
Cl? 33.9 
c13 33.9 
c14 33.7 
Clh 33.9 
C I H  34.0 

Mean value of EA 

for n-alcohols 
C3 to Cl, 33.9 

alcohol. 
Thus while halogenated solvents do interfere with H-bond 

formation, the latter appears to be independent of the length of 
the hydrocarbon chain. 

Mixtures of "antagonistic" alcohols 
If short chain alcohols (C, to C,) on the one hand and alco- 

hols having longer chains (C,, to C14) on the other exert op- 
posite influence on the physicochemical properties of lipid 
bilayers, it is logical to expect that binary mixtures of alcohols, 
one chosen from C,-C9 and the other from C, ,-CI4 will behave 
as antagonists as to their anesthetic action. Richards et al. 
found, however, that the effect in any of the pairs studied is 
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TABLE 4. Apparent molar absorption coefficients (EA) of the free 
(3640 cm-I) and associated (3330 c m - ' )  OH stretching 
vibrations of n-alcohols dissolved in different n-alkanes (0.2 M 

at 23°C) 

n-Alcohols/ E,, of the free band E,, of the polymer band 
n-alcanes ( r 3 . 2 )  ( t 3 . 1 )  

TABLE 5. Apparent absorption coefficients (EA) of the free (3640 
cm-I) and associated (3345 cm-I) OH stretching vibrations of binary 
mixtures of "antagonistic" 11-alcohols (0.1 M for each component in 

CCI, at 23°C) 

Binary mixtures E,, of the free band E,, of the polymer band 
of 11-alcohols ( t 2 . 6 )  ( r 2 . 5 )  

Mean value of E,, 17.8 

additive, not antagonistic (2-4). In an attempt to ascertain 
whether or not there exists a parallel trend in the 
free/associated intensity ratio in the ir spectra we recorded (at 
23°C) the OH stretching region for a number of such pairs in 
CCl, solutions, each of the components having a concentration 
of 0.1 M. The result obtained is that the intensities are perfectly 
additive. No indication has been found for antagonism. The 
results shown in Table 5 are practically the same as found for 
solutions containing a single alcohol at 0.2 M concentration 
(Table 1). 

Mixtures of alcohols and esters or  atnides 
Alcohols entering the lipid bilayer might form H-bonds of 

the 0-H.. . : C=O type with the carbonyl groups of the 
lipids. In order to study this possibility (ref. 27 and references 
therein), we have examined the spectra of the ethyl esters of 
myristic, lauric, capric, and caprylic acids. The solutions con- 
tained 1.0 M of one of these esters and 0.2 M of an n-alcohol 
in CCl,. Under these conditions the self-association of the 
alcohols diminishes considerably. Figure 2 gives as an example 
the spectrum of a solution., containing n-heptanol and ethyl 
myristate. The polymer band at 3345 cm-' has almost entirely 
disappeared. The free OH band has lost nearly half of its 
intensity. Instead, a new band appears at 3545 cm-' which has 
been previously assigned to the OH stretching motion in the 
0-H . . . : O=C hydrogen bond (27). Its relatively high fre- 
quency indicates a weak H-bond. (The band at 3455 cm-' is the 
first overtone of the carbonyl band whose fundamental is at 
1735 cm-I.) 

All alcohols from C3 to C,, behave in the same way, the 
spectra which we obtained are superimposable. This shows that 
at the same concentration the length of the chain has no appre- 
ciable influence on the degree of alcohol-ester H-bond for- 
mation. This is the same result as what has been obtained for 
alcohol-alcohol association. 

Similar results have been obtained for am~de-alcohol 
association. Only one example is given: that of N,N-diethyl- 

Mean value of EA 40.6 

. . . . 
- heptanol 

...... methanol 

. -.. 

FIG. 2. The OH stretching region of the infrared spectra of a mix- 
ture of methanol (0.2 M) or n-heptanol (0.2 M )  and ethyl myristate 
( I  .O M )  in CCI4 solution at 23OC. 

palmitamide. Certain lipids, like sphingomyelin contain an am- 
ide group instead of an ester group. The H-bond is of the same 
type: 0-H . . . : O=C. The length of the chain in the alcohols 
had no apparent influence on the OH stretching bands. Only 
methanol and ethanol exhibited slight differences with respect 
to the others (cf. Lesikar (28)). 

In order to increase the chances of association the series of 
alcohol-ester spectra were also recorded at 5°C. Since at this 
temperature the free OH band disappears completely for 1.0 M 
solutions, the concentration of the esters was decreased to 
0.5 M while that of the alcohols was kept at 0.2 M. Under the 
circumstances the 0-H.. . : O=C band is found at 3520 in- 
stead of 3545 cm-'. (The carbonyl overtone is at 3445 cm-'.) 
The free OH band shifts from 3640 to 3635 cm-', the polymer 
band from 3345 to 3325 cm-'. Typical examples are shown in 
Tables 6, 7,  and 8 for esters at 23°C and at 5°C and for amides 
at 23"C, respectively. They exhibit no dependence on the 
length of the chain in the alcohols. The same applies to the 
chain length in the esters. Again methanol and ethanol exhibit 
slight differences with respect to the other alcohols. 

Overtone studies 
The first overtone of the free OH stretching vibration ( v  = 

0 + v = 2) of n-alcohols gives a well-defined band near 7100 
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E,, for n-alcohols FIG. 3. The first overtone of the free OH stretching vibration of 
11-octanol and 11-tetradecanol (0.2 M in tetrachloroethylene at 23'C). C3 to CIX  23.5 52.2 44.2 

44 CAN. J .  CHEM. VOL. 63, 1985 

TABLE 8. Apparent molar absorption coefficients (E,,) of the 
TABLE 6. Apparent molar absorption coefficients ( E ~ )  of the free (3640 cm-I) OH stretching vibration and of the 
free OH stretching vibration (3640 cm-I) and the OH . . . O=C association band for mixtures of n-alcohols 
OH.. . O=C association band for mixtures of 12-alcohols (0.2 M) and N,N-diethylpalmitamide (I .O M) in CC14 at 23OC 

(0.2 M) and ethyl laurate (I .O M) in CCI, at 23°C 
E,, of the 

E,, of the E,, of the free band 0-H . . . O=C band 
E,, of the free band 0-H . . . O=C band n-Alcohols (22.0) (22.1) 

11-Alcohols (22.0) (22.1) 

0.6 - 

W 
0 
z 
4 
,$ 0.4 - 
o 
m 
m 
4 

0.2 - 

CI 23.7 
Cr 23.0 
cz 24.4 
CJ 24.0 
cs 24.6 
Ch 24.3 
c7 24.2 
cx 24.4 
(29 24.5 
CIO  24.1 
C I I  24.4 
C I ~  24.7 
c13 24.4 
CI J  24.4 
c16 24.3 
CIX  24.5 

Mean value of E,, 

for n-alcohols 
C-1 to CI" 24.4 

c I 23.7 
Cr 23.1 
cs 24.4 
c4 24.6 
cs 24.2 
c6 24.2 
c7 24.5 
CK 24.4 
c9 24.4 
c 10 24.2 
C I I  24.8 
C I Z  24.6 
CI,  24.3 
c14 24.5 
c 16 24.5 
CIS 24.4 

Mean value of E,, 

for n-alcohols 
C3 to Clx 24.4 

7500  7 1 0 0  67 00 6 3 0 0  C I ~  23.4 52.1 44.1 

CIX  23.6 52.1 44.0 - 
u ( ern-' ) Mean value of 

-0ctanol 

- . - .  t e t  radecanoI 

8 1 I I I I 

cm-'. An example is given in Fig. 3. The first overtone of the 
associated OH stretching vibration is very weak, broad, and 
ill-defined. In the present work only the first overtone of the 
free OH band has been used. 

First, the OH overtones of 0.2 M solutions in tetrachloro- 
ethylene were recorded for the whole series. Unfortunately, the 
coincidence of the free OH overtone band with a CHZ combina- 
tion band introduces an additional source of error. (This band 
contains two quanta of a CH, stretching vibration and one 
quantum of the CH, scissoring vibration.) In the related n- 
alkanes the intensity of this CH, combination increases linearly 
with the number of CH, groups. Actually, when we subtracted 

TABLE 7. Apparent molar absorption coefficients (E,,) of the free 
(3635 cm-I) and associated (3325 cm-I) OH stretching vibration and 
of the OH. ..O=C association band for mixtures of n-alcohols 

(0.2 M) and ethyl laurate (0.5 M) in CCI4 at 5°C 

E,, of the E,, of the E A  of the 
free band 0-H .. .O=C band polymer band 

n-Alcohols (52.0) (22.0) (22.0) 

CI 21.4 57.2 41.2 
c2 19.8 52.1 44.1 
c3 23.5 52.1 44.2 
cs 23.6 52.4 44.5 
c7 23.3 52.0 44.1 
c9 23.5 52.1 44.0 
C I I  23.5 52.5 44.3 
Clr 23.7 52.6 44.1 
CI?  23.5 52.0 44.4 
c14 23.5 52.0 44.0 

from the alcohol spectrum that of the respective alkane we 
found again that the intensity of the OH band is independent of 
the number of CH, groups in the alcohols. While this corrobo- 
rates the results yielded by the fundamentals at the same con- 
centration, this procedure is, for the above mentioned reason, 
less accurate. Therefore we renounce giving the numerical 
data. 

The intrinsic intensity of the free band 
The following objection could be made to the above inter- 

pretation of our results: it is conceivable that the intrinsic in- 
tensity of the free band decreases gradually with increasing 
chain length while that of the polymer band increases propor- 
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WILSON ET AL. 45 

TABLE 9. Lntegrated band areas for the free OH band of 
0.04 M solutions of n-alcohols in carbon tetrachloride 

Alcohol 
Band areas 

(cm-% mol- 

7 12+35 
720255 
795 +45 
813255 
885?55 
859240 
835&35 
763k20 
755 235 

Relative band areas 
with respect to 

tionately and that these trends are compensated for by a parallel 
decrease in the H-bondedlfree ratio as the chain length in- 
creases. (The opposite situation would also be conceivable.) In 
order to test this possibility, the integrated intensities of very 
dilute (0.04 M) solutions of ten of our alcohols were deter- 
mined. 

The solvent, carbon tetrachloride, was dried on anhydrous 
magnesium sulfate until complete disappearance of the infrared 
water bands. Two solutions were prepared for each alcohol and 
the spectrum was recorded several times between 3700 and 
3200 cm-'.  The band areas, between 3660 and 3612 cm- ' ,  
were determined with a polar compensation planimeter (model 
KP-27, Koizumi, Japan) calibrated with a rectangle of known 
surface area, close to that of the bands. The integration was 
carried out six times for each curve and the average of the 
results was taken. In view of the great similarity of all the 
bands, slit or wing corrections were not applied; the integration 
was extended from 3660 and 3612 cm-' in all cases. 

The results are given in Table 9. Clearly, the differences that 
are observed are within the limits of experimental error. If 
experimental error is disregarded, a trend appears whereby the 
intensity of the free band increases gradually until C l o ,  then it 
decreases until CI7 We cannot attach to this any significance 
at this stage although many years ago Mullins (29) found a 
similar trend in the activity coefficients. The cutoff at C,, 
certainly cannot be explained by these results. 

Conclusions 
We now have to answer the question: can the degree of 

H-bonding of alcohols be related to their anesthetic potency? 
The answer is clearly no in as much as self-association is 
concerned in either carbon tetrachloride or in paraffins of dif- 
ferent lengths; the same applies to H-bonds between alcohols 
and esters or amides. An important observation can be made, 
however, the degree of association by H-bond formation in 
dissolved alcohols appears to be independent of the extent of 
other van der Waals or hydrophobic interactions that might 
exist in these solutions. The OH group does not seem to be the 
active factor in the anesthetic action of alcohols and one can 
speculate that their strong tendency for H-bond formation 
probably makes it difficult for them to reach the ion channels. 

Neither hydrophilic, nor hydrophobic interactions seem to 
explain the curious dependence of the anesthetic potency of 
alcohols on their chain length. They are not so  favorable a test 

case for the theories of anesthesia as they might appear to be at 
first sight. 
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Complexation du cuivre(I1) par les phenylserines threo et erythro: 
etude thermodynamique 

PATRICK SHARROCK 
Dtpc~rrerner~r de chirnie, Foculrt des .scier~ce.s. Urliversirk rle Sherbrooke, Sherbrooke (Qut . ) .  Cnrltrcln JIK 2Rl  

R e p  le 24 avril 1984 

PATRICK SHARROCK. Can. J. Chem. 63, 46 (1985). 
Les complexes cuivriques de la phCnylsdrinc rhrto et Cryrlzro ont CtC ttudits en solution par conductimdtric ct potcntiomitrie. 

Les constantes de formation dc complcxcs ont kt6 obtenues en fonction de la tcmpdraturc. La dtprotonation en milieu basique 
du groupement OH des acidcs aminCs P-hydroxylds est favorisCe par la prtsence de I'ion mCtallique. La phCnylsCrine rhrto 
a donnt a 298 K les constantes de formation suivantcs: Cu(L), Kl = 7.99; Cu(L)?, K2 = 6.71; Cu(L,H .,), K, = -931 ;  
Cu(L2H -?), K, = - 10,83. Les constantes correspondantes pour I'isomcre Prythro sont: Kt = 7,70; K2 = 6.70; K3 = -9,82 
et K, = - 11.20. Les parametres thermodynamiques pour la formation des complexes successifs Cu(L) et Cu(L)? sont: - A H  
= 21,3 et 44,7 kJ m o l l ;  AS = 82 et I32 J K - '  mol-', respectivement, pour la forme rhrbo ainsi que - A H  = 20.7 et 44.1; 
AS = 79 et 129 pour la formc iryrhro. Une enthalpie additionnelle de -21 kJ m o l  ' correspond a la deprotonation des 
complexes. Ces rksultats et les structures des complexes sont commentes. 

PATRICK SHARROCK. Can. J. Chem. 63, 46 (1985). 

Conductimetric and potentiometric measurements in aqueous solution as a function of tcmpcraturc show that cupric ions 
promote the deprotonation of the hydroxy side chain of threo and eryrhr-o P-phenylserines. The rhreo ligand yields at 298 K 
the formation constants: Cu(L), Kl = 7.99; Cu(L)?. Kz = 6.71; Cu(L2H- I ) ,  K3 = -9.51; C U ( L ~ H - - ~ ) ,  K, = - 10.83. The 
eryrhro isomer yields the corresponding constants: K, = 7.70, Kz = 6.70. K, = -9.82, and K, = - 11.20. Thermodynamic 
parameters for the first two complexation steps are - A H  = 21.3 and 44.7 kJ m o l  I; AS = 82 and 132 J K- '  mol -~ ' ,  
respectively, for the rlzreo form and - A H  = 20.7 and 44. I ,  AS = 79 and 129 for the eryrhro form. Deprotonation of the 
complexes corresponds to an additional enthalpy of -21 kJ m o l l .  Thesc results and the structures of the complexes are 
discussed. 

Introduction 
La premikre synthkse de la phCnylsCrine fut dCcrite par Er- 

lenmeyer en 1892 (I) .  La phCnylsCrine reste un acide arnink 
rare et a kt& peu Ctudiee en presence d'ions rnCtalliques rnis a 
part quelques travaux sur ses bases de Schiff utilis~es cornrne 
rnodkles enzyrnatiques (2). Une Ctude rapporte la formation de 
complexes cuivriques avec la phCnylsCrine (3) rnais cornrne il 
existe deux isomeres de la phCnylsCrine, a savoir les forrnes 
rhre'o et bythro, il nous a paru utile de clarifier 1'Ctude des 
complexes des phenylsCrines pures, ce qui n'a encore jarnais 
etC fait. Shaw et Fox reussirent a sCparer les deux isorneres dks 
1953 (4) et la thrko phCnylsCrine (L) fut relike via une dCcar- 
boxylation enzymatique a la (-) artereno1 (5). Le chlo- 
ramphCnico1 est un bactericide dont la structure est reliee a celle 
de la phCnylsCrine, ce qui laisse presager des propriktes biolo- 
giques intkressantes pour cet acide arninC. Nous avons dkja 
dCcrit une synthkse de la thrko phCnyls6rine via une conden- 
sation catalyske par les ions cuivriques (6), synthese qui passe 
par I'interrnediaire d'une isoxazolidine cornplexee aux ions 
cuivriques. Nous rapportons rnaintenant I'etude physicochi- 
mique en solution aqueuse de l'interaction des phenylserines 
thre'o et krythro avec les ions cuivriques. 

Partie experimentale 
SynrhPse 

L'acide 2-amino, 3-hydroxy, 3-phtnylpropano~que, soit la phCnyl- 
sCrine, a CtC synthCtisCe par la mithode de Shaw et Fox (4) avec un 
rendement de 70%. La forme trythro a CtC obtenue avec une modi- 
fication du protocole comme suit. Dans 150 rnL d'eau on dissout 30 
g de glycine et 24 g de NaOH. On ajoute 82 mL de benzaldehyde et 
on refroidit la solution i 8°C. Un precipitt se forme aprks 4 min et 
aprhs I0 min, on laisse la tempkrature monter jusqu'i 20°C juste assez 
longtemps pour que tout le mClange se liqutfie. On refroidit de nou- 
veau entre 8 et 10°C tout en agitant pendant 4 h. On acidifie lentement 
avec HCI glacC en mClangeant rCgulitrement. Les grosses boules de 
produit coagulC sont IavCes avec 250 mL EtOH 95% froLd, suivi 
d'Cthanol absolu bouillant. A ce stade on a de la phknylserine brute 

dont le rapport r h r t o l t r ~ ~ r h r o  (dCterminC par rmn ct chromatographie) 
est d'environ 1. L'isomere rhrto recristallise dans 400 mL d'eau 
bouillante alors qu'apres concentration et addition de 400 mL de 
dioxane-eau 50% on obtient l'isomere tryrhro avec un rendement de 
47%. 

Nous avons Cgalement obtenu les hydrochlorurcs des esters tthy- 
liques des isomeres rhrto et Pryrhro avec des rendements respectifs de 
98 et 83% en partant des acides aminks hydratCs, par la methode de 
Fisher. Ces hydrochlorures d'ester sont intkressants car ils ne sont pas 
hydroscopiques ct redonnent les acides aminks de dCpart par simple 
hydrolyse. L'hydrochlorure d'ester thrto est tres soluble dans 1'Ctha- 
nol, tandis que celui de la forme trythro ne l'est pratiquement pas, ce 
qui permet de confirmer la separation des deux isomeres. Nous 
n'avons pas rCussi a &parer les deux isomeres de cette fason car la 
forme trythro devient soluble en presence de la forme rhrto. 

Mesures physiques 
Les mesures de conductivitC ont CtC effectuCes avec une Clectrodc 

CMO5g de Tacussel et un conductimetre de type CD6N de Solea 
(Lyon). Les surfaces dc 5 mm' et distantes de 5 mm Ctaient 
fraichement rCactivCes et calibrtes avec du KC1 0.10 M .  

Pour les mesures potentiomCtriques, nous avons prCparC une solu- 
tion NaOH = 0,  I M dans de I'eau fraichement distillie que nous avons 
conserve sous azote et standardise avec KHP. L'acide nitrique utilisC 
pour abaisser le pH entre 2.2 et 2,5 avant les titrages a CtC titrCe par 
la solution de NaOH. Les solutions d'acides aminks et de nitrate de 
cuivre ont CtC prCparCes immkdiatement avant les titrages qui ont Cte 
effectuCs avec K N O  0,10 M comme Clectrolyte de support. Des 
rapports de ligand a mCtal de I : I a 2.5: 1 ont CtC utilisis avec une 
concentration d'ions cuivriques de l'ordre de 0,01 M .  La cellule de 
titrage thermostatic Ctait munie d'un capuchon Metrohm par lequel 
passait des Clectrodes au calomel et de verre (Sargent Welch 150 M a )  
et une arrivCe d'azote. Les lectures de pH effectuCes avec un 
"lonalyser Orion Research Model 801 Digital pH meter" Ctaient pre- 
cises a 20,002. 

Nous avons dClivrC le titrant par I'intermCdiaire d'un tube special en 
Teflon rigide provenant d'une seringue d'autoburette ABU 12 de 
Radiometer (Copenhagen). L'autoburette se lit au centihme de milli- 
litre et les rCsultats, enregistrks sur papier graphique avec un Fisher 
Recordall series 100, ont CtC accumulCs entre 17 et 45'C par intewalle 
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de 5°C en calibrant le pH-mktre i chaque temperature a pH 4 et pH 10. 
Les donnCes en vue de I'affinement des constantes de formation ont 
t te  obtenus i partir des courbes de titrage avec un "Bendix datagrid 
digitizer" relie a un miniordinateur. Sur le coordinatographe, I'axe de 
pH Ctait pris pour l'axe y et I'axe .r Ctait ajustC pour correspondre avec 
l'axe de volume. Les donntes x en fonction de y ont CtC prClevCes par 
le coordinatographe avec des increments mesurts le long des deux 
axes (mode A* + by) .  Prks des points Cquivalents, le mode A,r a CtC 
utilisC, ce qui diminue le nombre de points prelevCs lors de grandes 
variations de pH. L'effet d'eventuelles errcurs analytiques cst ainsi 
minimist. Le programme SC0GS a CtC modifiC afin que les matrices 
puissent accommoder jusqu'a 200 lectures par expkrience. Nous avons 
utilist un coefficient d'activitk pour I'ion hydrogene de 0,78 et avons 
tenu compte de la variation avec la temperature de la valeur du produit 
ionique de l'eau. 

Dans un premier temps les constantes KI et Kz ont CtC affinCes pour 
les ligands. Un graphique a Ctt construit des logarithmes des cons- 
tantes de dissociation en fonction de la temperature et les valeurs 
retenues comprenaient trois dCcimales et une erreur estimCe a t 0 , 0 0 5 .  
Dans un deuxikme temps, ces constantes ont CtC utilisCes en con- 
jonction avec les estimCs provenant de la mCthode graphique de la 
fonction de formation (i a log A-) ,  pour affiner les valeurs des 
constantes de formation de complexes. Les deux premieres constantes 
deformation ont CtC obtenues en Climinant les donnCes 2 pH 2 10. Les 
donntes i pH basique ont CtC rkintroduites en mZme temps que deux 
estimCs pour les constantes de dCprotonation des complexes. Ccs deux 
dernieres constantes ont CtC affinCes indipendemment des quatre au- 
tres impliquCes. 

Les valeurs de AH et AS, ajustCes par moindres carrks, ont CtC 
obtenues d'aprks la pente et I'intercept des graphiques de log K vs. 
1/T. Les courbes de distribution des espkces ont kt6 dessinCes d'aprks 
les rksultats du programme SC0GS.  

Resultats 
Les courbes de titrages conductim6triques permettent gene- 

ralement de mettre en evidence la formation successive de 
complexes 1 : 1 et 2: 1. Cependant des titrages d'ions cuivriques 
par des solutions d'acide amink de divers pH n'ont pas donne 
de bons resultats. Nous avons donc proctde au titrage conduc- 
timetrique de solutions contenant des rapports stoichiomttri- 
ques ligandlmetal de 2:  1 par de la soude de titre connu. Ainsi, 
apres correction pour les conductivites equivalentes des ions 
sodium ajoutes et correction pour les conductivites des ions Hi 
et O H  effectutes apres rnesure du pH, nous avons observe une 
augmentation de la resistance avec augmentation du pH, suivi 
d'une diminution en milieu basique. Les courbes de titrage 
presenttes dans la fig. 1 montrent des brisures dans la pente des 
droites pour des rapports stoichiometriques des ions Na' /Cu2' 
de 1, 2 et 4. 

Les courbes de titrages potentiometriques sont typiques des 
courbes observees lors de titrages de complexes cuivriques. 
Nous remarquons cependant que dans le cas d'un rapport 
ligand/mttal de 1 ,  on observe la formation d'un precipiti 
d'hydroxyde cuivrique qui provoque un plateau vers pH neutre 
correspondant la disproportionation en complexe 2: 1 et en 
Cu(OH), insoluble. I1 est interessant de noter la dissolution du 
precipiti, ce qui conduit progressivement a une solution lirn- 
pide en milieu fortement basique. M&me s'il est impossible de 
calculer une constante de formation de complexe dans ces 
conditions, les donnies indiquent la formation d'une espece 
distincte en milieu basique. Nous avons retenu la formation des 
complexes CuA', CuA2, CuH-,A2- et CUH-~A,'- ou H2A 
reprksente le ligand protone aux fonctions carboxyliques et 
amintes. Quelques titrages en fonction de la dilution n'ont pas 
permis de dttecter la formation de dimeres du genre M2A4. 

FIG. I .  Courbes de titrages conductimktriques pour les complexes 
cuivriques de la phCnylsCrine thre'o (a) ct tnlthro (b). La courbe (c) 
correspond au complexe de la serine. Les concentrations de complexes 
sont -0.01 M. 

Les constantes de formation sont regroupees dans le tableau 
1. On constate que les valeurs dirninuent progressivement lors- 
que la temperature augrnente et qu'elles sont Iegerernent plus 
petites pour la phknylserine e'rythro que pour la forme thrto. 11 
est a noter que les constantes cumulatives log P3 et log P4 
diminuent par rapport a log pz. Ceci provient de la nature de log 
K, et log K, qui sont negatives car elles correspondent a des 
constantes de deprotonation des complexes. 

Les courbes de distribution des especes sont representees a 
la fig. 2. La difference principale entre la cornplexation par 
I'isomere thrto et celle par I'isornbre trythro reside dans le pH 
de formation des especes deprotonees, celles-ci se formant plus 
facilement avec la thre'o phenyldrine. 

Les valeurs des parametres thermodynamiques AGO, AH' et 
AS' obtenues d'apres la variation en fonction de la tempkrature 
des constantes d'equilibre paraissent dans le tableau 2. Dans ce 
tableau nous presentons aussi les enthalpies de formation des 
complexes CuA' et CuAz dtcomposees en terrnes Clectros- 
tatiques et covalents d'apres les equations [ l ]  a [3]: 

[I] AH, = AH - AH, 

[2] AH, = ( T  - v) (AS + An R In 55.5) 

[3] AG, = - v (AS + An R In 55.5) 

v est une constante obtenue a partir de la variation de la cons- 
tante dielectrique du solvant en fonction de la temperature (v 
= 219 K pour H?O), A n  represente le changement dans le 
nombre de particules de solute au cours de la rkacti~n. De 
rnCme AG,, la contribution Clectrostatique a l'energie libre qui 

[4] AG = An RT In 55.5 + AG, + AG, 

depend de la temperature et AG,, la contribution covalente 
invariable en fonction de la temperature sont donnees d 'aprb  
[4]. Dans notre cas, la formule [5] permet de trouver la 
temperature To r 100°C et puisque nos riactions de formation 
de complexes sont exothermiques, log K dirninue avec aug- 
mentation de la temperature et on s'attend ii une importante 

contribution des forces covalentes. Nous remarquons dans le 
tableau 2 que les AH, ne varient pas entre la formation du 
monochelate et du dichelate et sont caracttristiques des acides 
aminis utilises. La variation observte dans AH pour les com- 
plexes successifs est donc attribuable a la variation dans AH,. 
Pour prtciser les rbultats, nous avons corrige la difference AG, 
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TABLEAU 1. Constantes de formation des complexes cuivriques de la phtnylsCrine 

Temperature ("C) 
Isomtre 
fhrto 45 40 35 30,7 25 21,7 17,4 

PKI 
pK2 
log KI 
log Kz 
log p2 

-log K3 
log p3 

-log K4 
-1% p4 

Isomkre 
trythro 

PKI 
pK2 
log KI 
log KZ 
log pz 
-log K3 
log p, 
-log K4 
-log p4 

TABLEAU 2. Paramktres thermodynamiques pour la formation des complexes cui- 
vriques d'acides aminCs P-hydroxylCs 

RCaction" - A G ( ' ~  -AH() AS() A H  -AH: 

Cu" + TPS + (CuTPS)+ 45,8 21,2 82 9,1 30,4 
(CUTPSI+ + TPS + CUTPS, 38,5 2 3 3  50 6,6 30,l 
CuZ+ + 2TPS + CuTPSz 84,2 44,7 132 15,7 60.5 
Cu" + EPS + (CuEPS)+ 44.4 20.7 79 8,9 29,6 
(CUEPS)' + EPS + CuEPSr 38.3 23,4 50 6,6 30,O 
Cu" + 2EPS + CuEPS? 82,7 44,1 29 15,5 59,6 
Cu" + SER + (CuSER)+ 44.8 23 ,O 73 8,4 31,4 
(CuSER)' + SER + CuSERz 37.9 25.6 41 5,9 31,5 
Cu" + 2SER + CuSERz 82.6 48,6 114 14.3 62,9 
Cu" + PS + (CUPS)+ 4 4 2  20,9 78 8 8  29.7 
(CUPS)' + PS + CUPS, 36,l 22,9 45 6,1 29.1 
Cu" + 2PS + Cupsz 80.4 43,9 122 14,9 58,8 

"TPS = thrCophCnylsCrine, EPS = trythrophtnylsirine. SER et PS sont serine et phtnylstrine 
de la ref. 15. 

"Les unites sont: AG et AH en kJ rnol-' et AS en J K - '  rnol-I. Les erreurs sont estirnkes 1 20.2 
kJ rnol-' et + I  J K - '  rnol-'. 

= AG, - AGz pour tenir compte de l'effet statistique pour la tivites equivalentes faibles, ce qui indique qu'ils sont faible- 
reaction [6] ment dissocies, en accord avec les constantes de formation 

K, trouvCes assez grandes. Les phtnylserines agissent comme la 
[6] Cu2+ + CuLl 2 Cu L+ sCrine (7) et differemment de la glycine qui ne montre aucune 

discontinuit6 dans la valeur de la conductivitC en fonction de la 
K,,,, serait la valeur de K, si la rCaction procedait suivant une quantitC de base ajoutke apres le rapport molaire Na+/cu'+ 

loi purement statistique. Les equations utiliskes sont [7] a [lo] 2: Ceci indique que dans le cas des acides aminks 
et les rCsultats sont consign& au tableau 3, avec K,,,, = 4. P-hydroxyles, il s'opere un changement particulier quand deux 
[7] AG, = - RT In KsIal + AG,,, + AG,, moles de base ont CtC aioutCes par mole d'acide aminC. Ceci 

[8I AH,, = (T - v) (AS, - R In K,,aO 
peut s'expliquer par un changement dans la dimension ou la 
mobilitC des complexes, ou par la formation de complexes 

[9] AH,, = AG,,, = AH, - AH,, dCprotonCs ou hydroxylCs. Dans la mesure ou la formation de 
complexes hydroxyles n'est pas dCtectCe dans le cas de la 

[lo] AS,,, = AS, - AS ,,,, glycine et qu'elle devrait dependre du pH et non de la quantite 
stoechiomCtrique de base ajoutCe, on peut affirmer qu'il y a 

Discussion dtprotonation des fonctions P-hydroxylCes et formation de 
Les complexes cuivriques des phknylserines ont des conduc- complexes cuivriques anioniques. 
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SHARROCK 

TABLEAU 3. Cornparaison des complexes successifs 

Ligand logK, A AH, AS, AG,., AS,,, AGr.< AHr,c AGr,c AHr,< 

Strine" 1,20 -6,8 2,4 31 -3,4 20 -4,4 1,6 1,o 0,8 
serineb 1,23 -7,2 2,5 32 -3,8 21 -4.6 1,6 0,8 0,8 
PS" 1,42 -8,l 2,O 34 -4,6 22 -4.9 1.7 0,3 0,2 
TPS 1,27 -7,3 2,3 32 -3,8 20 -4.5 1,6 0,7 0,7 
EPS 1,04 -6,l 2,7 29 -2,6 18 -3,9 1,4 1,3 1,3 
~ l ~ c i n e "  1,42 -8,l 2,5 33 -4,6 24 -5,3 1,9 0,7 0,6 

"Valeurs calculCes d'apres les donntes de la rCf. 15. 
"Valeurs provenant de la rCf. 19. 
"Ces unitts sont: AG et AH en kJ mol-' et AS en J K '  mol-' 

FIG. 2. Courbes de rtpartition des esptces en fonction du pH pour 
les complexes cuivriques de la phenylserine thre'o (I) et trythro (11). 
Les complexes sont 1: [Cul,]'; 2: CuLZ; 3: [CuL2H-,]- et 4: 
[CUL~H-~]*-; 5: reprtsente la concentration totale de cuivre et d, la 
concentration d'ions CuZ' libres. a, bet c sont respectivement I'acide 
amint proton&, le zwitterion et I'acide amine dCproton6 non 
complexCs. 

L'ttude potentiomktrique confirme la formation de plusieurs 
espkces. Les differences entre les titres calculCs et observts 
sont minimistes avec le programme S0CGS en tenant compte 
des complexes CuAt , CuAz et CuH-I A'- et CuH-2 A,'-. La 
detection de complexes deprotonks ou hydroxylks n'est pas 
nouvelle (7- lo), ce phenomene ayant dkja kt6 dCcrit pour la 
sCrine et la thrtonine. On ne s'attend pas 5 ce que des com- 

plexes hydroxylks soient solubles, ce qui favorise la conclusion 
qu'il s'agisse d'une deprotonation du ligand coordid. Les ions 
cuivriques peuvent aussi dkprotoner le carbone a dans des 
complexes analogues ( 1 1). 

Pour les acides amints, nous observons que les pK, et pK2 
sont plus petits pour la forme Prythro (8,70 et 10,35) que pour 
la forme thrPo (8,87 et 10,57) de la phCnylsCrine. Ceci est en 
accord avec les tendances generales observtes et en particulier 
le cas de la thrkonine et la allo-thrkonine. L'ordre dkcroissant 
de pK, et pK2 est serine > thrkonine > allo-threonine > thre'o- 
phenylskrine > Prythro-phtnylstrine. L'ordre de stabilite des 
complexes est Cu(thr6onine)' > Cu(thre'o-phenylserine)' > 
Cu(strine)' > Cu(al1o-thrkonine)' > Cu(trythro-phenyl- 
serine)'; et aussi Cu(thrtonine), > Cu(thrio-phenylserine), 
> C ~ ( s t r i n e ) ~  > Cu(Prythro-phtnyl~krine)~ > Cu(al10- 
threonine)'. Cet ordre n'est pas le m&me que I'ordre de basicitt 
des ligands et on peut en deduire que les effets structuraux sont 
importants. En effet, par rapport aux complexes de la strine 
(qui ne peut exister que sous une seule forme), les complexes 
avec les acides aminks substituks en position a sont plus stables 
lorsque la substitution donne une forme thre'o et ils sont moins 
stables dans le cas d'une forme Prythro. Ceci implique que la 
stabilitt des complexes dtpend non seulement de l'influence 
des groupes fonctionnels des ligands mais aussi de la geometric 
globale des complexes resultants. 

Des rtsultats thermodynamiques montrent que les para- 
mktres AH et AS obtenus pour les complexes d'acides aminks 
hydroxylts sont semblables a ceux obtenus pour les acides 
amints ordinaires. Raju et Mathur ont CtudiC les complexes de 
la sCrine et de la thrtonine avec une sCrie de mCtaux de transi- 
tion (12). 11s trouvkrent que les valeurs de AG et de AS Ctaient 
beaucoup plus grandes pour le cuivre qui formait des com- 
plexes plus stables. Par ailleurs, ils trouverent que c'etait dans 
le cas du cuivre qu'il y avait la plus petite difference entre les 
valeurs observees pour la serine et la a-alanine d'une part, et 
la thrkonine et l'acide a-aminobutyrique d'autre part. 11s con- 
cluerent de ces observations que les complexes du cuivre 
Ctaient stabilisks par le champ cristallin et que le groupement 
OH n'entrait pas dans la premiere sphere de coordination. La 
comparaison de leurs rksultats avec ceux de Stack et Skinner 
(1 3) rCvCla une difference anormalement large dans les valeurs 
de AH et AS pour la formation de C~(sCrine)~.  11s trouvaient 
40,l  kJ mol-' et 142 J K- '  mol-' alors que Stack et Skinner 
donnaient 58,9 kJ mol-' et 79 J K-' mol-I, respectivement. 11s 
expliquerent alors la difference comme etant attribuable aux 
conditions expkrimentales. En effet, Stack et Skinner avaient 
utilise un assez considerable exces d'acide amink et avaient 
suppose la formation d'un complexe du cuivre avec plus de 
deux acides amines. 11s avaient par consequent applique une 
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correction pour obtenir une valeur de AH correspondant exclu- 
sivement B la formation de CuA2. 

Thornton et Skinner etudikrent de nouveau les mCmes com- 
plexes (14) dans une sCrie de mesures plus detaillies et se 
rendirent compte alors qu'il y avait un changement brusque 
dans AH des que le pH depassait 10. -AH etait de I'ordre de 
54 kJ mol-I pour la formation de C ~ ( s e r i n e ) ~  et de 
Cu(threonine)? B pH 5 10, ce qui se compare bien avec les 
valeurs pour Cu(glycine)? (- 56 kJ mol-I) et pour Cu(alanine)? 
(= 48 kJ mol-I). Ces valeurs montaient a 96 et 102 kJ mol-' 
a pH = 12 pour la sCrine et la thrkonine respectivement. Donc, 
en milieu basique, les reactions Ctaient presque deux fois plus 
exothermiques. Ceci n'arrivait pas dans le cas des complexes 
de Ni ou du Zn, ou des prtcipitks apparaissaient en milieu 
basique. Les auteurs conclurent que leurs donnCes demon- 
traient la formation d'autres especes en plus de C~(sCrine)~ en 
milieu alcalin et proposerent des complexes polyhydroxylCs et 
polynuclCaires. Cependant ils remarqubent que le complexe 
Cu(glycine), donnait un precipitk en milieu basique et aucun 
changement de AH en fonction du pH et ne purent expliquer 
ces faits. 

Letter et Bauman Ctudikrent les complexes du Cu et du Ni 
avec une sCrie d'acides aminks relies a la serine (15) et a la 
tyrosine (16). Les enthalpies de formation des complexes suc- 
cessifs Ctaient toutes com~rises entre 20 et 26 k~ mol-I. la 
formation du deuxikme cdmplexe itant toujours un peu plus 
exothermique que la formation du premier (d'environ 2 kJ 
mol-I). Les entropies variaient de 58 a 75 J K-' mol-' pour la 
formation du premier complexe et de 42 a 50 J K-' mol-' pour 
le deuxikme. 11s expliqukrent leurs resultats comme suit: 

1 .  L'enthalpie negative est attribuke principalement a la for- 
mation des liens cuivre-azote (la moitiC des enthalpies de 
complexation du cuivre avec I'hhylknediamine Ctant de 27 kJ 
mol-' pour CuL et de 26 kJ mol-I pour CuL2). 

2. L'entropie positive est relit5 a u  depart des molCcules 
d'eau coordonnees lors de la neutralisation des charges du 
cuivre par les groupements carboxyliques (la moitiC de l'en- 
tropie de complexation de Cu2+ avec l'ion oxalate Ctant de 59 
J K-I mol-I). 11s concluerent que leurs donnkes ne leur permet- 
taient pas de retenir l'hypothkse de la formation de liens cuivre 
hydroxyles car les interactions cuivre-azote et cuivre - acide 
carboxylique semblaient adequates et suffisantes. 

Gergely et al. Ctudikrent de nouveau une sCrie de complexes 
en partant du principe qu'il fallait considirer la possibilitk des 
liaisons metal - groupement hydroxyle (17). Ils obsewhent 
que tous les metaux CtudiCs (Co, Ni, Cu et Zn) et en particulier 
le cuivre, avaient une enthalpie de formation de complexe plus 
exothermique dans le cas de la sCrine et de la thrkonine que 
dans le cas de I'alanine et de I'acide a-aminobutyrique. 11s 
objectkrent a la comparaison de Letter et Bauman entre I'iso- 
serine et les autres acides amin6 hydroxylks, preferant baser 
leurs conclusions sur des comparaisons entre les acides amines 
ou -CH20H Ctait remplacC par -CH,. 

L'inspection des differences pH - log K montra que les 
complexes des acides aminis hydroxylis ktaient relativement 
plus stables que ceux des acides aminks non hydroxylts. De 
plus, les complexes de la thrkonine paraissaient encore plus 
stables que ceux de la sCrine. Cette stabilitk accrue se rtfletait 
par des reactions plus exothermiques pour les acides aminks 
hydroxylb. Pourtant, I'effet inductif du groupement OH etait 
naturellement d'affaiblir les liens Cu +- N. Gergely et al. 
conclukrent donc: "The greater enthalpy change resulting in 
spite of this can be explained only by the formation of a further 

bond". 11s proposkrent par consequent que les groupements OH 
non ionisCs des acides aminks en question participaient B la 
formation de liens faibles a I'interieur de la premikre sphkre de 
coordination du metal. 

D'autres auteurs ont Ctudit les complexes cuivriques de la 
sCrine sans detecter les complexes deprotonks a pH basique ( I8 
19). Nos resultats sur la phtnylserine thrto et trythro (voir 
tableau 2) sont semblables a ceux de Letter et Bauman sur la 
sCrine et la phenylstrine. Nous remarquons que les AH, sont 
caractCristiques des acides aminks et ne varient pas entre la 
formation du monochtlate et du dichelate. Ces observations 
concordent avec les resultats de 1 et Nancollas (19). La vari- 
ation obsewee dans AH pour les complexes successifs est donc 
attribuable a la variation dans AH,. 

Nous obsewons que AG,, est nkgatif, ce qui s'explique 
comme suit: les rCpulsions Clectrostatistiques entre ligands re- 
duisent la stabilite des complexes dichelates et favorisent la 
formation des monochClates. Par contre, les valeurs de AG,,, 
(OU AH,,,) sont positives et reflktent les interactions covalentes 
et I'influence mutuelle des ligands. 1 et Nancollas (19) ont 
expliquk cet effet comme probablement relie a la plus grande 
facilitk d'enlever l'eau de coordination du monocomplexe que 
de I'ion Cu2'. Letter et Bauman ont montrC que pour tous les 
complexes d'acides aminis, AH2 est plus exothermique que 
AH,. Ceci montre que la coordination du premier acide amin6 
facilite le depart des molCcules d'eau restantes. Les change- 
ments d'entropie corroborent ces conclusions car ASI est beau- 
coup plus grand que AS2. La formation du monocomplexe, 
compare a la deuxikme Ctape, correspond donc a la liberation 
d'une plus grande quantitC d'eau, avec un accroissement cor- 
respondant du dCsordre resultant. Les changements d'entropie 
positifs sont essentiellement relies aux differences dans la 
solvatation des especes participant aux reactions d'association. 

Nancollas a considCrC que la serine Ctait un acide amin6 
ordinaire (bidentate) mais i l  a remarque que toutes les valeurs 
de AS,,, Ctaient semblables a I'exception de celles pour les 
complexes de la drine.  Nos resultats montrent que la phCnyl- 
sCrine thrto et trythro resemble a la sCrine, c'est-a-dire qu'ils 
different eux aussi des valeurs obsewtes pour les acides aminis 
ordinaires. Voici I'explication de Nancollas: "The lower value 
of AS,,, for serine can be attributed to the electron-withdrawing 
property of the hydroxyl group in the P-position which renders 
the net positive charge on Cu(ser)+ higher than for the other 
mono (amino acid) complexes. Interaction with the solvent wilI 
therefore be stronger in the case of Cu(ser)+ resulting in a lower 
AS,,,". Cet argument est tendancieux, car si I'effet inductif est 
important dans le cas du monocomplexe, il doit Ctre important 
aussi dans le cas de Cu(serine),. Autrement dit, on ne peut 
observer dans la difference qu'est AS,,,, aucune particulariti5 
attribuable B I'effet inductif, a moins que cet effet disparaisse 
dans le dichelate, ce qui semble douteux. A notre avis, les 
rtsultats thermodynamiques peuvent Ctre expliquks rai- 
sonnablement si on postule que les acides aminks P-hydroxylks 
sont tridentates, avec le groupe OH en position axiale. Les 
structures proposees par 'les complexes sont presentees dans la 
fig. 3.  On ne s'attend pas a une grande difference entre I'en- 
thalpie d'un lien Cu-H20 et d'un lien Cu-ROH ou R repre- 
sente le reste de l'acide a m i d .  Par consequent, on peut mCme 
s'attendre 5 un Cquilibre, en solution aqueuse, entre des com- 
plexes avec soit H20,  soit ROH coordonnes. 

La question des changements d'entropie est plus delicate. En 
effet, la formation d'un chelate entraine normalement un AS 
plus grand resultant en une plus grande stabilite d'un complexe 
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SHARROCK 5 1 

conclusions thermodynamiques et feront le sujet d'une autre 
publication. 

Nos exptriences sur la phtnylstrine representent la troisikme 
occurrence de la dttection d e  complexes dtprotonts et  tend a 

Ph confirmer la gtneralite d e  ce phenomene pour les acides amints  
I y - - - - - o  

P h 
P-hydroxyles. 

FIG. 3. Structures propostes pour les complexes cuivriques de la 
phtnylskrine. A a un pH neutre, B a un pH basique. 

chelate par rapport a un complexe analogue non cyclique. 
L'effet chelate est justement un effet d'entropie. Pourtant on 
observe encore une fois des valeurs de AS typiques de ligands 
bidentates seulement. Cependant, les acides amints  
P-hydroxylts existent deja sous forme cyclique en solution, 
(20-22), cycle form6 par une liaison hydrogkne entre les 
groupements O H  et NH3. I1 est donc difficile d'interprtter les 
changements d'entropie lors de la formation du chtlate mttalli- 
que. 

Conclusion 
En conclusion, l'hypothkse que la strine et la phtnylstrine 

sont des acides amints  tridentates offre une rneilleure expli- 
cation des rtsultats thermodynamiques. Cette hypothese expli- 
que pourquoi les acides amints  P-hydroxylts ont des A G  (et 
des constantes de formation de complexes) proches des AG 
obsewts  pour les acides amints ordinaires. De plus elle sug- 
gkre une bonne possibilitt pour la formation des complexes 
dtprotones: la dtprotonation du groupement O H  coordonne et 
la formation d'un lien Cu-alcoxyde en milieu basique expli- 
querait l'augmentation de l'exothermicitt de la rtaction cuivre 
+ acide amint  au dessus de pH 10. D'apres la variation de log 
p3 et  log pq en fonction d e  la temperature, nous obtenons une 
valeur voisine d e  21 kJ mol-' pour chaque dtprotonation (-23 
et - 19 + 2  kJ mol-' pour la phtnylstrine thre'o et e'rythro, 
respectivement). On retrouve donc l'augmentation totale de 
-42 kJ mol-' dtcouverte par Thornton et Skinner pour le cas 
des complexes d e  la strine (14). Des etudes compltmentaires 
par spectroscopie visible montrent un acroissement d e  la force 
du champ cristallin a pH basique. De plus des rtsultats rpe 
montrent l'apparition d'une structure hyperfine a 5 raies pour 
le complexe dtprotonnt, en accord avec la transformation de 
l'acide amint  en un ligand tridentate moins labile a pH basique. 
Les temps de relaxation en rmn concordent aussi avec les 
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PATRICK SHARROCK and MILAN MELNIK. Can. J .  Chem. 63, 52 (1985). 
The epr spectra at various frequencies of copper(l1) acetate anhydrous, monohydrate, monoacetic acid, and water - acetic 

acid adduct are presented and analysed. The presence of copper hyperfine splittings in the solid state epr spectra of this series 
of compounds is discussed. The frozen solution spectrum of copper(l1) acetate in acetic acid solution containing -2% water 
shows an exceptional resolution of A ,  hyperfine of 24 G. This is attributed to a key intermediate which explains the 
monomer-dimer dissociation mechanism. The influence of distortions on the structures of these compounds is presented. 

PATRICK SHARROCK et MILAN MELNIK. Can. J. Chem. 63, 52 (1985). 
Les spectres rpe a diverses frtquences de ]'acetate cuivrique anhydre, monohydrate et des composes d'addition avec l'acide 

acttique et I'eau et I'acide acetique sont prtsentts et analysts. La presence de couplages hyperfins avec les noyaux " 3 C ~  et 
"CU sont discutes. Le spectre rpe d'une solution gelee d'acetate cuivrique dans I'acide acttique contenant -2% d'eau ont une 
resolution inhabituelle de A L  de 24 G. Ceci est attribuk i un intermtdiaire clef qui explique bien le mtcanisme de dissociation 
dimkre-monomkre. Nous prtsentons I'importance des distortions sur les structures de ces composes. 

Introduction 
Binuclear metal centers are known to be present in copper(l1) 

carboxylates (1). The bridged binuclear structure, first docu- 
mented by Van Niekerk and Schoening (2) for copper(l1) ace- 
tate monohydrate, is now an ubiquitous feature in coordination 
chemistry. The magnetic properties of exchanged-coupled 
paramagnetic centers is of considerable interest (3). Bleaney 
and Bowers first recognized the triplet state epr spectrum of 
copper(I1) acetate monohydrate (4) and solved the S = 1 spin 
Hamiltonian parameters. 'There is strong antiferromagnetic 
coupling in such dimers and a -25 value of 298 + 4 cm-' was 
determined recently by direct spectroscopic measurements by 
neutron scattering (5). 

A thermodynamic study (6) of solvation (in waterlacetic 
acid) of copper(I1) acetate shows that the dimer prefers coordi- 
nation of water to that of acetic acid in the axial position. Also, 
water is reported to stabilize the dimer in solution despite the 
fact that water shifts the monomer-dimer equilibrium towards 
the monomer. Conflicting reports exist in the literature dealing 
with the presence or absence of epr signals for solutions of 
copper(I1) acetate (7, 8), and even on the composition of the 
adducts present in water - acetic acid mixtures (6, 9). 

We now wish to report the synthesis and characterization of 
copper(l1) acetate adducts with acetic acid and water. We 
present the first epr spectrum for CU(OAC)~.H,O-HOAC as 
well as a frozen solution spectrum with resolved hyperfine 
along g,. We compare the spectroscopic parameters for the 
series of adducts. 

Experimental 
Preparation of compounds 

Copper(l1) acetate monohydrate was purchased from J.T. Baker 
Co. and used without further purification. The anhydrous compound 
was prepared by monitoring the weight loss on the rnonohydrate by 
gentle heating until constant weight. The sample was then sealed in the 
quartz epr tube. 

I Present address: Dkpartement de chimie, Universitt de Sher- 
brooke, Sherbrooke (QuC.), Canada J I K 2R I .  

Copper(l1) acetate acetic acid was prepared by adding acetic anhy- 
dride to a glacial acetic acid solution of copper(l1) acetate. The solu- 
tion was heated to dissolve the solids and put aside for crystallisation. 

Copper(l1) acetate. hydrate. acetic acid was prepared by equi- 
librating a suspension of copper(l1) acetate monohydrate in acetic acid 
containing I% water as measured by nmr. Following a one week 
period the solid product was filtered off and stored without drying in 
tightly sealed containers. 

Physical tneasuretnents 
Copper contents were checked by atomic absorption analyses. Ther- 

mal analyses were performed with a Setaram electrobalance and fully 
programmable oven. The samples weighed 100 mg and were under a 
nitrogen flow of 50 mL/min; the average heating rate was 2"/min. 

Electron parameter resonance spectra were recorded on Varian E-9 
spectrometers operating at X-band and Q-band and Jeol spectrometer 
at K-band. Standard cryostats and Varian temperature control units 
were used for the low temperatures. 

Results 
We found that careful dehydration of the monohydrate yields 

an anhydrous copper(l1) acetate with only a small amount of 
mononuclear species. The acetic acid adduct also contains 
small amounts of mononuclear species and must be prepared in 
the rigorous absence of water and protected from atmospheric 
humidity. The water - acetic acid adduct cannot be dried in air 
without decomposition leading to formation of the mono- 
hydrate. This mixed-ligand adduct can only be obtained by a 
slow heterogeneous reaction as described in the Experimental 
section. 

Atomic absorption and thermogravimetric analyses confirm 
the compositions of the compounds. Anal. calcd. for 
CU(CH,COO)~-CH,COOH: Cu 26.29; found: Cu 26.17. Anal. 
calcd. for CU(CH,COO)~.H,O.CH,COOH: Cu 24.46; found: 
Cu 24.32. All compounds begin to decompose at 250°C and 
yield copper metal mixed with small amounts of copper oxide. 
The acetic acid adduct loses its axial ligand readily beginning 
at temperatures as low as 40°C. Between 40 and 60°C the 
observed weight loss is 25.0%, which corresponds closely to 
the theoretical value of 24.85%. The monohydrate loses water 
near 100°C (observed weight loss of 9.1 %, theoretical value 
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m m  m m 7 m m  m1OrmLlm 

Magnet ic  f i e l d  i n  G 

FIG. 1.  K-band spectrum (24.725 GHz) of [CU(CH,COO)~. 
CH,COOH]2 at room temperature. 

Magnet ic  f i e l d  i n  G 

FIG. 2. Q-band spectrum (37.25 GHz) of [CU(CH,COO)~. 
HzO .CH,COOH], at I 10 K. 

9.02%). Two steps were observed in the water - acetic acid 
adduct derivative of the decomposition curve between 40 and 
100°C. The overall weight loss observed (29.4%) corresponds 
well with the calculated values for water and acetic acid 
(30.06%). Acetic acid is eliminated in the first step, followed 
by water in the second step. Reproducible results were obtained 
only by drying the compound to constant weight under a stream 
of dry nitrogen directly in the electrobalance sample holder 
immediately prior to the experiment. 

At X-band frequencies and room temperature, powdered 
Cu(OAc).- HOAc shows three broad absorption bands similar 
to those found in Cu(OAc),-H,O. However, the anhydrous 
copper(l1) acetate only shows one broad epr absorption near g 
= 2, and of peak-to-peak width of about 1 000 G. 
Cu(0Ac). H.0. HOAc shows the three typical well-resolved 
absorption bands due to the triplet state transitions observable 
when hv = 0.3 cm-I. These spectra are governed by the usual 
S = 1 spin Hamiltonian 

where D and E are the zero-field splitting parameters which 
determine the energy levels along the three principal axes. The 

Magnet ic  f i e l d  in G 

FIG. 3. X-band spectra (9.130 GHz) of [ C U ( C H ~ C O O ) ~ ] ~  
( A ) ,  [CU(CH~COO)~.CH,COOH]~ ( B ) ,  [Cu(CH,C00)2.HzO.CH3- 
COOHI2 ( C ) ,  and [Cu(CH3C00)?.H20], (D) at 110 K. 

experimental D values are related to the interaction between the 
two coupled electrons by both the direct magnetic 
dipole-dipole interaction inversely dependant on the sepa- 
ration distance and by the pseudo dipolar interaction occuring 
via the bridging ligand's molecular orbitals. The E values re- 
flect the rhombic component of the crystalline field. Of the six 
principal resonance field positions expected for A M ,  = 5 1, the 
three corresponding to H Z I ,  HL2, and Hz, are detected at X- 
band. Increasing the quantum of energy allows a more com- 
plete observation of the spectrum as illustrated in Fig. 1. 

At K-band and room temperature (Fig. l), CU(OAC)~.HOAC 
shows a A M ,  = 2 2  transition at 3 600 G in addition to the Hll  
and H,, transitions at 6 450 and 10 100 G, respectively. The 
absorption at 7 870 G is a S = 4 monomer signal near g = 2. 
Lowering the temperature results in resolution of the rhombic 
field components. Figure 2 shows the low temperature Q-band 
epr spectrum of CU(OAC)~.H~O-HOAC. It also shows a A M ,  
= 4 2  transition with a seven-line dicopper nuclear hyperfine 
splitting in addition to the H r I ,  H,., , H r 2 ,  and H,,. transitions. In 
this case, the weaker H, absorptions were not detected because 
of the small sample size imposed at high frequency. 

The epr spectra at 110 K obtained at X-band for the four 
copper(I1) acetates studied are compared in Fig. 3. The four 
transitions observed are assigned to H I , ,  H.,,, H,.,, and Hz, 
absorptions occurring from low to high field. The anhydrous 
compound which showed a featureless broad signal at room 
temperature shows a sharp peak for H Z I .  CU(OAC)~-HOAC has 
a H,, absorption broadened by unresolved nuclear hyperfine 
structure, which was partly resolved, however, around 150 K. 
Both Cu(OAc),. H.0 - HOAc and Cu(OAc), . H,O show re- 
solved seven-line splitting patterns on H,,. The various spin 
Hamiltonian parameters derived from these spectra are listed in 
Table 1. 
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TABLE I. Triplet epr parameters for dimer copper(I1) acetates 

Compound 
ID1 E 

g l  gll guvc (cm-') (cm- I) Reference 

Cu(CH>C00)2 2.084 
2.080 

CU(CH,COO)~ HzO 2.073 
2.076 
2.073 
2.077 

Cu(CH,C00)2. CH,COOH 2.063 

Cu(CH,COO)z. Hz0 .CH,COOH 2.070 
g, 2.060" 
g,. 2.085 

12 
0.006 This work 

0.007 13 
14 

0.01 15 
0.007 This work 

0.005 This work 

0.006 This work 
0.007 This work 

"By p-irradiation of the parent compound. 
" v  = 37.25 GHz. 

TABLE 2. Doublet epr data for monomer copper(l1) acetates 

Cu(CH,COO), . HrO AII A L  
(in) R I g11 g,,," (G) (G) Reference 

HzO 2.069 2.361 2.166 150 This work 
Ethy leneglycol 2.077 2.375 2.176 135 This work 
1.88% HzO + HAc 2.069 2.350 2.163 150 24 This work 
15% H,O + 85% HAc" 2.087 2.372 2.182 135 0 16 
20% Hz0 + HAc 2.178 16 
20% HzO + HAc 2.167 17 
25% Hz0 + HAc 2.185 17 

"g. .. = (2gL + g11)/3. 
"At - 186°C. 

resolved along g and one strong absorption corresponding to 
g,. In glacial acetic acid solutions, analogous features are 
found, but when small quantities of water (near 2% by volume) 
are present an exceptionally well-resolved spectrum yields All, 
A,, and partially separated 6 ' C ~  and 6 5 C ~  absorptions at low 
field (Fig. 4). The epr parameters calculated for the mono- 
nuclear copper(I1) acetates are listed in Table 2. In glacial 
acetic acid solutions from 273 K to 77 K a triplet state spectrum 
similar to that obtained for the solid complex is observed with 
spin Hamiltonian parameters which show no variation with 
temperature and yield: gll = 2.350, g, = 2.066, g ;,,, = 2.165, 
[Dl = 0.326 cm-', E = 0.005 cm-I. 

M a g n e t i c  f i e l d  i n  G 

FIG. 4. Glassy state epr spectrum of CU(CH,COO)~ in CH,COOH 
with 1.88% Hz0 at 110 K. 

Solution spectra of copper(l1) acetate at room temperature 
show no absorption in pure glacial acetic acid or very weak 
absorptions in DMSO, or ethyleneglycol. However, an ill- 
resolved four-line pattern appears when small amounts of water 
(or pyridine) are present in these solvents. Saturated copper(I1) 
acetate in pure water shows an isotropic spectrum of 140 G 
peak-to-peak width, and a 0.01 M aqueous solution shows 
partly resolved hyperfine and go = 2.182. 

Frozen solution spectra of copper(I1) acetate in water or 
ethyleneglycol only show S = transitions typical of mono- 
nuclear copper(I1) complexes with metal hyperfine structure 

Discussion 
Copper(I1) monohydrate (2) and acetic acid adduct (10) are 

both well-characterized. However, the water - acetic acid 
adduct has been previously formulated as Cu?(OAc),- 
H20-HOAc ( 1  1) or as CU(OAC)~- H20.HOAc (6,9). It is clear 
from both our thermogravimetric and atomic absorption anal- 
yses that the correct formula is the latter one. This compound 
has not been previously studied in the-solid state because of 
difficulties in drying the compound without loss of acetic acid. 

The epr spectra for the four compounds shown in Fig. 3 and 
the parameters listed in Table 1 are in good agreement with 
previous results (18). The broad single absorption observed for 
anhydrous copper(I1) acetate is a common feature found in 
other anhydrous copper(l1) carboxylates (19, 20). This broad- 
ening is attributed to interdimer magnetic interaction. It is 
known from the structure of copper(I1) butyrate (21) that the 
axiaI sites are occupied by oxygen atoms of neighboring dimer 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



molecules, providing a polymeric network and pathway for 
exchange. The [Dl value of about 0.3 cm-' is large compared 
to magnetic quantities (-3 000 G) but is small compared to 
vibrational frequencies. At room temperature nearly 50% of the 
dimers are in the thermally populated triplet state. Therefore 
interdimer dipolar couplings may also be expected to be signifi- 
cant at room temperature. 

Figure 3 shows that all the compounds presented have axial 
symmetry with rhombic distortion. The anhydrous and acetic 
acid adduct do not show the seven-line hyperfine splitting on 
H z , .  This is also observed in a variety of other carboxylates 
with axial or rhombic symmetry, with or without axial ligands 
(22). From the observed narrow linewidth of 13 G (peak-to- 
peak of derivative) we conclude the absence of copper hyper- 
fine is not due to inhomogeneous broadening but can be 
assigned to exchange interactions which, at low temperature 
are stronger than the hyperfine interaction but weaker than the 
g-anisotropy. The water and water - acetic acid adducts show 
resolved hyperfine splitting of about 60 G. As expected for 
exchange-coupled dimer systems this coupling is about half 
the value observed in monomer species. The resolution is 
attributed to isolation of the dimers by axial water ligands. In 
addition, a seven-line pattern is resolved in the low temperature 
Q-band spectrum (Fig. 2) on the AM, = +2  transition which 
is observed only at higher frequencies. 

The liquid solutions yield no epr absorption in solvents 
where copper(I1) acetate retains the dinuclear structure. The S 
= 1 spectra obtained in the presence of water are due to dis- 
sociation of the dimers. This is in agreement with excessive 
broadening of the triplet signal because of the large value of the 
anisotropic zero field splitting. 

Frozen solution spectra reveal no significant variations in 
either the g values or appearance of the All hyperfine. The 
spectrum in Fig. 4 is unusual in showing resolved A, copper 
hyperfine. Well-resolved A, is often seen for other 0-donor 
systems (23), but hyperfine structure along g, is absent in 
previous reports on copper carboxylates. This can be attributed 
to inhomogeneous broadening due to unresolved hyperfine and 
some sort of chemical exchange process leading to multiplicity 
of the complexes present. CU(H~O)~OAC, has been proposed 
previously (9). Scheme 1 presents the various compounds 
present in solution. Compound 4, with two coordinated water 
molecules exists in pure water or in other solvents containing 
water in the absence of other Lewis bases stronger than water. 
Compound 1 exists in glacial acetic acid solution and acetic 
acid axially coordinates to the dimer structure, leading to ap- 
preciable distortions as found in the solid state (10, 21). When 
the solvent is acetic acid containing -2% water, compound 3 
is found in equilibrium with compound 2. Compound 2 is not 
expected to yield a visible triplet state spectrum and insufficient 
water is available to obtain 4. This explains why 3 yields a 
well-resolved spectrum pertaining to one well-defined species. 
Furthermore, a compound of same composition as 2 can be 
isolated in the solid state and this is a key intermediate in 
explaining monomer-dimer equilibria. From Nyberg's data 
(17), the greatest line-width variation of the hyperfine lines is 
found precisely in acetic acid solutions containing 2% water, 
indicating a longer correlation time in a solvent of this com- 
position. This was attributed to acetic acid replacing water as 
axial ligand in monomers, leading to large hydrodynamic radii 
(16), but should in fact be related to aggregation of 3 to form 
2. We propose for 2 similar distortions as known in compound 
1. The bridging acetate has one short Cu*-0* bond (darkline) 

and one long Cu-0 (dotted line). This long Cu-0 bond can 
easily be broken with formation of a CU:~-O bond yielding 
chelating acetate ligands as shown by the thin lines (Scheme 1, 
compounds 2 and 3). 

Conclusion 
Despite intensive study of copper(1I) carboxylates, no com- 

prehensive mechanism of formation or of dissociation of the 
dimer species had been presented yet. We believe our results 
point to distortions as the main factor governing the trans- 
formation. Our isolation of a complete series of copper(I1) 
acetates clarifies the characterization of the species present 
both in solution and in the solid state and highlights the struc- 
tural features which influence the epr spectra. 
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MILAN MELNIK and PATRICK SHARROCK. Can. J. Chem. 63, 57 (1985). 
Niobium(1V) methoxide was synthesized by prolonged electroreduction of niobium pentachloride in methanol. Electron 

paramagnetic resonance spectra at room temperature and 77 K show the expected 10-line patterns of " ~ b  at g = 1.95 and AM, 
= 2 absorptions indicating the presence of dimer species. The spectroscopic parameters obtained in the presence of a series 
of phosphorus donor ligands are presented and discussed in terms of mononuclear and dinuclear structures. 

MILAN MELNiK et PATRICK SHARROCK. Can. J .  Chem. 63, 57 ( 1  985). 
Nous avons prepark le tCtramCthoxide de niobium(1V) par ClectrorCduction lente du pentachlorure de niobium en solution 

mCthanolique. Les spectres rpe a 298 K et 77 K montrent la structure hyperfine a 10 raies typique du '?Nb a j = 1.95 et aussi 
l'absorption AM,, = 2 2 g = 4 correspondant a des espbces dimeres. Les parametres rpe observ6s en prtsence d'une sCrie de 
ligands phosphorylts sont prCsentCs et discutes en termes de structures monomeres et dimeres pour les complexes du 
niobium(1V). 

Introduction 
Niobium(V) alkoxides are known to form dimeric, or poly- 

meric compounds (1). Early transition metal alkoxides auto- 
associate in preference to complex formation with other ligands 
to reach coordination number six (2). Diamagnetic niobium(V) 
alkoxides were investigated by nmr (3) and factors controlling 
the coordination chemistry were discussed (4). Niobium(1V) 
alkoxides have been rarely investigated (5) and we now wish to 
report the first characterization of niobium alkoxide dimer- 
isation observed by epr (6). We also present data demonstrating 
weak coordination of a variety of phosphine and phosphite 
ligands to the tetraalkoxoniobium species. 

Experimental 
Niobium pentachloride was purchased from Ventron, and kept un- 

der an atmosphere of dry nitrogen. All the phosphines used were of 
commercial origin (Organometallics, Inc. New Hampshire) and stored 
in Schlenk tubes. 

Niobium tetramethoxide was prepared by dissolving niobium pen- 
tachloride in dry methanol and reducing the solution under a nitrogen 
atmosphere by electrolysis with graphite electrodes. Initially the deep 
wine-red to purple niobium(1V) chloro-methoxo species are formed, 
but after prolonged electroreduction in a cell equipped with a large 
porous-glass membrane separating the two electrode compartments, 
chloride ions migrate and are oxidized to chlorine gas as evidence by 
the appearance of the pale yellow-green solution in the other compart- 
ment. Following a three-day period with a large overpotential (5 to 8 
V), the brown solution was filtered and concentrated under vacuum. 
A dark brown to black solid could be isolated with the characteristic 
infrared absorptions (v(M-0) 870 cm-I; v(OCHI) 985 and 1025 
cm-I) (7). Chloride ion determinations by silver nitrate titrations 
showed only 0.6% chloride by weight was present in the methoxide. 
Niobium content was determined as Nb2o5 after ignition in oxygen 
and confirmed isolation of Nb(OCH,),. Anal. calcd.: Nb 42.8; found: 
Nb 42.2). Anal. calcd. for Nb(OCH,),: C 22.14, H 5.57; found: C 
21.86, H 5.61. 

Samples for epr analysis were prepared and sealed under nitrogen 
in 3 mm quartz tubes. A varian E-9 spectrometer operating at X-band 
was used to obtain the epr spectra. Low temperatures were obtained 

' Present address: Departement de chimie, UniversitC de Sher- 
brooke, Sherbrooke (QuC.). Canada J IK 2RI. 

using a cryostat technique previously reported (8). Thc frequency was 
measured with a digital frequency meter and the magnetic field cali- 
brated with a Systron-Doner NMR gaussmeter. 

Results 
We observed that magnesium metal rapidly reduces nio- 

bium(V) in methanol, but the resulting products contain com- 
plex alkoxides. 'The formula MgNb(OMe),, analogous to the 
reported double alkoxide of niobium(V) (9), can be proposed 
for these compounds which were not further investigated. Elec- 
troreduction yields the desired tetramethoxoniobium(IV) which 
can be isolated as  a dark brown solid insoluble in common 
organic solvents. It is relatively stable towards oxygen but 
hydrolyses readily in solution. It is insoluble in pure liquid 
phosphines but dissolves in liquid phosphites or toluene solu- 
tions of phosphites. A small amount of methanol is needed to 
dissolved niobium(1V) methoxide in toluene. The products of 
the reaction of niobium(1V) methoxide with phosphites are 
yellow to brown oils. With phosphines, brown to green viscous 
products are obtained which slowly separate out of the toluene 
solvent. 

The room temperature epr spectrum of niobium(1V) meth- 
oxide is presented in Fig. 1. High gains and power and a strong 
modulation amplitude are needed to obtain spectrum ( a )  which 
shows a clearly resolved absorption near 1700 G in addition to 
the ten-line pattern centered near 3450 G.  The spectrum (b) in 
Fig. 1 results when a small amount of dry HC1 is bubbled into 
the same methanol solution used to obtain spectrum ( a )  (Fig. 
1) .  This concentrated niobium(1V) solution does not show a 
half-field resonance but shows an intense absorption centered 
near g = 2. This somewhat distorted spectrum changes to the 
classical 10-line spectrum (c) as shown in Fig. 1, when diluted 
with toluene. 

Oxygen-containing solvents tend to decompose niobium(1V) 
methoxide slowly but an epr spectrum could be obtained in 
THF,  which consisted of a single broad resonance centered at 
g = 2.0. The spectroscopic parameters for the room- 
temperature spectra are listed in Table I together with data 
derived from the phosphine and phosphite ligands. Most of the 
phosphine adducts gave weak room-temperature signals and 
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M a g n e t i c  f i e l d  i n  kG 

Magnet ic  f i e l d  i n  k G  

FIG. I. Electron proton resonance spectra of niobium(lV) meth- 
oxide at room temperature (a) in methanol solution; (b) same as (a)  
with a small amount of dry HCI; (c)  same as (b)  diluted in toluene. 

showed half-field signals. In some cases no signal at all could 
be detected. For example triphenylphosphine, tri-n-butyl- 
phosphine, triethylphosphine in THF, or trimethylphosphine in 
DMF. 

Trimethylphosphine, pure or diluted in toluene, yielded trip- 
let ligand hyperfine splitting on each one of the ten niobium 
hyperfine lines. The dimethylphenylphosphine yielded phos- 
phorus hyperfine partly resolved on the strongest niobium lines 
in the center of the spectrum, as shown in Fig. 2. Tri- 
ethylphosphine gave a very broad and distorted 500 G peak-to- 
peak width absorption near g = 1.90. 

Triphenylphosphine oxide gave a room-temperature spec- 
trum identical to the ligand-free case. The phosphites used did 
not reveal ligand hyperfine structure in the epr of their nio- 
bium(1V) adducts. Dry HC1 gas usually increased the intensity 
of the g = 2 spectra to the expense of the g = 4 absorptions, 
but with little improvement in the resolution. 

The low temperature spectra of niobium(1V) methoxide 
showed features typical of anisotropic hyperfine with axial 
symmetry. Figure 3 showed the frozen-solution spectrum of 
niobium(1V) methoxide in methanol. The g = 4 feature at low 
field present in spectrum a disappears in spectrum b (Fig. 3), 
after HCI is introduced into the solution. Also the decrease in 
intensity in the central sharp peak is significant and is related 
to an absorption occuring together with the half-field line, as 

FIG. 2. Room temperature epr spectrum of niobium(1V) methoxide 
with dimethylphenylphosphine. 

TABLE I. Electron spin resonance data for niobium(lV) methoxide 
complexes at 298 K 

Compound" 
All 

gi (gauss) AM, = 2 

Nb(OCH,), 1.950 182 4.0 
+ HCI 1.930 177 - 

+ THF 2.0 - - 

Nb(OCH2), + PMe3 1.989 139" 4.0 
+ MeOH(DMF) - - - 

Nb(OCH,), + PEt3 1.90 - - 

+ THF - - - 

Nb(OCH,), + PBu, 1.90 - - 

+ PMelPh 1.99 144' 4.0 
+ PMePh? - 1 44 4.0 

+ HCI 1.95 174 I 

Nb(OCH3)A + PHPhz - - 4.0 
+ HCI 1.95 174 - 

Nb(OCH,), + PPh, - - - 

Nb(OCH,), + PhzP(CH2)PPhZ 1.95 187 4.0 
+ HCI 1.952 185 - 

Nb(OCH,), + PhzPPPhz 1.96 175 4.0 
+ HCI 1.951 175 I 

Nb(OCH3)q + OPPh, 1.950 182 4.0 
+ P(OMe), 1.936 182 - 

+ (EtO)ZP(O)P(OEt)2 1.95 1 190 4.0 
+ HCI 1.95 182 4.0 

Nb(OCH,), + P(OCHz),CCH, - - 4.0 
+ HCI 1.956 177 - 

"THF = tetrahydrofuran; PMe, = trimethylphosphine; DMF = dirneth- 
ylforrnarnide; PEtl = triethylphosphine; PMeZPh = dimethylphenylphosphine; 
PMePh, = diphenylmethylphosphine; PHPh, = diphenylphospine; PPh, = 
triphenylphosphine; Ph,P(CH2)PPhZ = bis(dipheny1phosphine) methane; 
Ph,PPPh2 = tetraphenyldiphosphine; OPPh, = triphenylphosphine oxide; 
P(OMe), = trimethylphosphite; PBu3 = tributylphosphine; (EtO),P(0)P(OEt)l 
= tetraethylpyrophosphite; P(OCH,),CCH, = trirnethylolpropane phosphite. 

Phosphorous hyperfine of 25 C. 
'Phosphorous hyperfine of 23 C. 
"Weak signal. 

will be shown later. The frozen THF spectrum comprised a 
sharp peak at g = 2.0, the usual g =4 absorption and a strong 
and broad absorption centered at g = 2.7. 

Difficulties were encountered in obtaining low-temperature 
epr signal for the phosphine adducts. For example, triethyl- 
phosphine produced a broad line with ill-resolved A,. All was 
resolved and allowed the calculation of gll, but g, could not be 
obtained. When THF, acetone, methanol, or DMF was added 
to the phosphine adduct, the spectrum changed entirely to give 
a g = 4 absorption paired with a sharp axial-type absorption at 
g = 2.0. Figure 4 illustrates this pair of signals obtained in the 
case of tri-n-butyl phosphine. This spectrum could in turn be 
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M a g n e t i c  f i e l d  i n  k G  

FIG. 3. The  frozen-solution epr spectra of niobium(1V) methoxide; 
( a )  in methanol solution, (b) same as ( a )  with a small amount of dry 
HCI. 

eliminated by the addition of a small amount of HCI gas, but 
the spectra then reverted to those of the phosphine-free case. 

Triphenylphosphine oxide showed a 77 K spectrum almost 
identical to the pure niobium methoxide, but a clearly resolved 
doublet on the lowest field All absorption demonstrated that two 
compounds are present with nearly identical epr parameters. 
The phosphite gave interesting results with tetraethyl pyro- 
phosphite yielding two superimposed spectra. Figure 5 shows 
the epr spectrum obtained in the case of trimethylphosphite. 
The observed linewidths are significantly smaller than for the 
parent compound, illustrated in Fig. 3. 

Discussion 
Vanadium(1V) or vanadyl halide species form phosphine 

complexes which have been studied by epr (10). Few epr 
studies were conducted on niobium(1V) or tantalum complexes 
(1 1, 12), one problem being the loss of resolution observed for 
the heavier metals, attributed in part to the greater quadrupolar 
moment of their nuclei (13). . , 

Electrolytically reduced niobium solutions have been 
reported in the literature (14-I6), and niobium(1V) has also 
been produced by reduction with zinc (17) or aluminium foil 
(13). Discrepancies exist in the literature regarding the various 
species present in aqueous HC1 or alcoholic HCI solutions. 
NbCI6'- anion does not give an epr spectrum, indicating a pure 
octahedral configuration and a degenerate ground state (17). In 
tetrahedral organometallic niobium(1V) complexes the free 
electron lies in the 4d,r2-,2 orbital and the epr spectrum is 
well-resolved (18). According to the Jahn-Teller Theorem and 
when the epr spectrum is observable at room and moderately 
low temperature, the free electron must lie in the d., non- 

M a g n e t i c  f i e l d  i n  kG 

FIG. 4. The  frozen-solution epr spectrum of niobium(1V) meth- 
oxide with tri-11-butylphosphine. 

degenerate orbital in octahedral niobium(1V) complexes of D4,, 
molecular symmetry (19). 

The ten-line room-temperature patterns observed for the 
complexes is consistent with the expected 100% '3Nb metal 
hyperfine arising from nuclear spin I = 912. The coupling 
constant of about 180 G is in agreement with previous obser- 
vations (13, 17). The low solubility of the parent complex and 
addition compounds points to the polymeric nature of the meth- 
oxide. The g = 4 signal can be attributed to a forbidden AM,  
= 2 absorption resulting from the presence of dimers held 
together by methoxo bridges. Many diamagnetic niobium(1V) 
complexes are known in the solid state (20) indicating poly- 
meric compounds with strong magnetic interactions. This 
could also account for the absence of epr spectra or the weak 
signals observed in some of our solutions, despite the visible 
absorptions which demonstrate niobium(1V) complexation. 
The small value of the superhyperfine coupling constants 
shows weak niobium-phosphorus interactions. In analogy to 
the structure proposed for niobium(V) alkoxides, we propose 
the structures of Scheme 1. The triplet superhyperfine patterns 
are in agreement with two equivalent phosphine ligands coordi- 
nated in a trans axial geometry, but a cis geometry cannot be 
ruled out because of the absence of phosphorus splittings in the 
anisotropic spectra. In any case, the equilibrium is strongly in 
favor of the dimer, and only the smaller phosphines showed 
evidence for two coordinated ligands. Symmetry consid- 
erations rule out direct interaction of "a" phosphorus orbitals 
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TABLE 2. Electron paramagnetic resonance data for niobium(IV) methoxide compounds at 77 K 

Compound g 1 ~ I I  gave A 1  All A AM,  = 2 

Nb(OCH3)d 
+ THF 

Nb(OCH3)4 + PMe, 
Nb(OCH3)4 + PEt, 

+ THF 
Nb(OCH,), + PRu, 

+ THF 
Nb(OCH& + PMezPh 

+ THF 
Nb(OCH3)d + PhzP(CH2)PPh2 

+ HCI 
Nb(OCH,)d + PhzPPPhz + HCI 
Nb(OCH3)j + OPPh3 
Nb(OCH,)d + PHPh, 

+ HCI 
Nb(OCHd4 + P(OMe)? 
Nb(OCH3)4 + (EtO)zP(O)P(OEt)? 

"Unresolved signal. 
"Weak signal. 
Major component. 

"Minor component. 

L Me OMe L 
MeO\ I /0\ I /OMe MeO\ I /OMe 

Nb 7 

M ~ O /  \o/ I  OM^ 
Me L MeOAP;b\OMe L 

OMe 
SCHEME 1 

Magnet ic  f i e l d  i n  k G  

FIG. 5 .  Electron spin resonance spectrum of niobium(1V) meth- 
oxide with trimethylphosphite. 

with the niobium d,, orbital and spin-polarization may account 
for much of the coupling mechanism. Polar solvents shift the 
equilibrium towards dimer formation whereas HCI gas tends to 
destroy the dimers by formation of monomeric mixed chloro- 
methoxo complexes. HCI also has the effect of eliminating 
excess phosphine used as solvent by producing phosphinium 
chlorides, and changing the dielectric constant. In agreement 

with previous work on niobium(V) alkoxides (3), this has a 
pronounced effect on complex formation. However, nio- 
bium(1V) has a stronger tendency to form addition compounds 
than does niobium(V). The di-octahedral edge-shared dimer 
structure found for niobium(V) methoxide is coordinatively 
saturated whereas the same structure has room for one ligand 
(L in Scheme I) in the case of niobium(1V). The bulkier phos- 
phines fail to yield bis-adducts of monomer structure, and so do 
the bidentate phosphines used despite the expected chelate ef- 
fect stabilization. We feel niobium(1V) methoxide is a polymer 
in the solid state, with each octahedral unit sharing two edges 
with neighboring molecules. Methanol may break up this in- 
soluble structure and produce dimer or oligomer structures 
responsible for the AM, = 2 signals observed in solution. The 
axial peaks at g = 2.0 are so sharp they must be attributed to 
exchange-narrowed signals. 

The low-temperature spectra can be explained assuming the 
same structures as presented in Scheme 1 .  The dimer or poly- 
mer signals at g = 4 and g = 2 are very strong, but super- 
imposed on a broad absorption centered near 3300 G, as shown 
for example in Fig. 4. The sharp lines found for the tri- 
methylphosphite adduct presented in Fig. 5 are attributed to 
slower methoxo group exchange in this species compared to the 
parent compound which shows broader features. Niobium(V) 
methoxide shows significant variations in its low-temperature 
nmr chemical shifts corresponding to various non-equivalent 
methoxide groups in exchange (21). The low temperature spec- 
trum obtained for niobium(1V) methoxide in the presence of 
triphenylphosphine oxide shows spectroscopic parameters 
identical to the ligand free system, as listed in Table 2. How- 
ever, the small but clearly visible splitting of the lowest field 
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All component indicates two similar compounds are present. 
Triphenylphosphine oxide is reported to react with niobium(V) 
alkoxide (1) to make an addition compound, but with niobium 
pentachloride, a niobium oxytrichloride adduct is formed by 
oxygen abstraction ( 5 ) .  Because triphenylphospine oxide is the 
only phosphorus-containing donor which we found to cause 
such a splitting, we may tentatively conclude it produces also 
a niobium oxymethoxocomplex. Tetraethylpyrophosphite 
yields two species which are attributed to the presence of ex- 
cess phosphite which can thus form a bis complex and a mono 
adduct containing bidentate ligand. 

In general, the phosphites produce larger All splitting con- 
stants than the phosphines. Inspection of the data listed in Table 
2 also shows that the large hyperfines coincide with the smaller 
g values. This trend should follow variations in the strength of 
metal-ligand bonding but most of the spectra observed show 
great similarities in the spectroscopic parameters related to 
monomers. No differences are detected in spectra attributed to 
dimer species. 

Conclusion 
Niobium(1V) methoxide shows features analogous to nio- 

bium(V) alkoxides. The results point to a polymeric network 
for the structure of this compound, and a dimer structure in 
equilibrium with some monomer in solution. Weak interactions 
with phosphorus containing donors also result in the predom- 
inance of dimer adducts. Electron paramagnetic resonance 
spectra are useful in confirming that early transition metal 
alkoxides prefer to self-associate rather than form complexes 
with donor ligands. Further work showing stronger bonding in 
mixed niobium(1V) chloro-methoxo complexes will be report- 
ed elsewhere. 
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HELENE DESLAURIERS and GUY J .  COLLINS. Can. J .  Chem. 63, 62 (1985). 
The photofragmentation of 2,3-dimethylbutene and 3.3-dimethylbutene has been studied at 147 and 184.9 nm in the gas 

phase. The main primary decomposition process at both wavelengths involves the rupture of a P(C-C) bond. The quantum 
yield for this process is higher than 0.7 at 147 nm and is probably even higher at 184.9 nm. All dimethallyl radicals formed 
at 147 nm in this process decompose at low pressure, but some of them isomerize from the a , P -  to the a,a- structure (and 
vice versa) - via a 1.4-H transfer - before decomposition. At 184.9 nm, the same primary process is used to get a rough 
value for the lifetime of the photoexcited molecule, compared with the one made with RRKM calculations by assuming that 
all the photon energy resides in the vibrational framework of the fundamental electronic state. These lifetimes are about one 
nanosecond or less. 

HELENE DESLAURIERS et GUY J .  COLLINS. Can. J .  Chem. 63, 62 (1985). 
On a CtudiC la photolyse des dimkthyl-2.3- et -3,3-butene-l a 147 et a 184,9 nm. Le principal mode de fragmentation de 

la molCcule photoexcitCe implique la rupture d'un lien C-C situC en position P.. Le rendement quantique de ce processus 
primaire est supCrieur a 0,7 a 147 nm et peut-Ctre plus ClevC encore a 184,9 nm. A 147 nm, tous les radicaux dimCthallyles 
se dkcomposent ii basse pression, mais certains le font aprks isomkrisation par transfert interne 1,4 d'un atome d'hydrogkne. 
A 184,9 nm le mCme processus primaire est utilisC pour determiner le temps de vie de la molCcule photoexcitke. Ce temps 
de vie, de I'ordre ou moins de la nanoseconde, est cornpark avec celui que I'on peut obtenir 21 I'aide de calculs RRKM en 
supposant que toute I'Cnergie du photon est distribuCe dans le tissu vibrationnel de la molCcule. 

Introduction 
We have recently studied the gaseous photolysis of tetra- 

methylethylene and I-hexene at 184.9 nm. At low pressures 
(1 Tom = 1330 N m-2), both photoexcited molecules decom- 
pose. The photoexcited I-hexene molecule gives rise to the 
rupture of the P(C-C) bond (1) and that of the tetra- 
methylethylene - a molecule without the P(C-C) bond - 
gives rise to the rupture of either a P(C-H) or a a(C-C) 
bond (2) with similar probability. Moreover, at high pressure 
(above 100 Torr), isomers are formed with rather high quantum 
yields in the tetramethylethylene case: @(isomers) = 0.34 in 
the presence of high propane pressure (3). Conversely, the 
isomerization processes are very low or not even observed in 
the I-hexene case: @(isomers) 5 0.01 (1). 

This work has two main purposes. First, we shall examine in 
other C6 terminal olefins the validity of the rupture of the 
P(C-C) bond at low pressure, and, if possible, we shall 
estimate the lifetime of the photoexcited molecule. Second, we 
shall try to reconcile the apparent conflict observed above at 
high pressure: does the photoexcited molecule isomerize? We 
have chosen 2,3-dimethylbutene (23DMB) and 3,3-dimethyl- 
butene (33DMB) for this study. It is hoped that any structural 
effect inside the C6 family of terminal olefins will be exem- 
plified. 

Experimental section 
Experimental details were essentially the same as those reported in 

previous papers from this laboratory ( I  -3). This include the Hg-lamp 
and actinometry ( I ) .  23DMB and 33DMB are API products: 99.93 ? 
0.03% and 99.98 ? 0.02%, respectively. All the irradiations were 
performed at room temperature (T - 20°C). The analyses of the 
starting materials reveal only traces of lighter compounds ( 5 5 0  ppm). 
However, some C(, hydrocarbons are present. They are 3- and 
4-methyl- l -pentene (0.0 1 %), I -hexene (0.035%), and 2-methy l-2- 
pentene (0.055%) in 23DMB; 2,2-dimethylbutane (17.5 ppm) and 
2.3-dimethyl-l,3-butadiene (?) (19.5 ppm) in 33DMB. The relatively 
large amount of impurity in 23DMB may be the result of an artifact: 

' To whom all correspondence should be addressed. 

we observed an increase in impurity content (ca. 1%) when the gas 
chromatograph was used at T = 50°C. All these analyses were rou- 
tinely made on two gas-chromatographs (dual flame ionization de- 
tector) one equipped with a squalane column (4) and the other one with 
a UCON column maintained at room temperature (23DMB case) or at 
50°C (33DMB case) (5). 

The RRKM calculations were made as reported in a previous paper 
from this laboratory (6). The vibrational models for 33DMB were 
taken from the literature (complex 2) (7). 

Results 
The photolyses of 23DMB and 33DMB yield a number of 

hydrocarbon products which are reported in the tables along 
with their quantum yields. Within experimental conditions the 
percentage of conversion is kept well below 1%. Oxygen or 
nitric oxide at a sufficient concentration level ( ~ 1 0 % )  remove 
free radicals from the reaction zone and does not significantly 
absorb the incident photon beam. Deuterium iodide was also 
used to scavenge free radicals. 'This technique was only possi- 
ble with 33DMB. In the presence of 23DMB, the addition of 
Dl results in an orange liquid formation. 

At 147 nm 
In both systems and in the presence of 10% oxygen, the main 

product is isoprene (Fig. 1) with pressure-dependant quantum 
yields between 0.35 and 0.8. A few other products, having 
lower quantum yield, are sensitive to an increase in the pres- 
sure. They are 1,2-butadiene (Fig. 2) and 2-methyl-2-butene 
formed in the 23DMB case: its quantum yield decreases from 
0.03 at 5 Torr to 0.015 at 150 Torr. Several products formed 
with low yields are rather insensitive to an increase in pressure 
(Table 1). In the pure systems, the products are more numerous 
(Table 2). Ethane and 2,2,3-trimethylbutane are among the 
major ones. The addition of Dl has substantially increased the 
methane yield (Table 3). Finally, isomers were not observed in 
either system in the presence of 10% oxygen. 

At 184.9 nm 
Except for isoprene (Fig. 3), all the quantum yields mea- 

sured in the presence of oxygen are lower than 0.01. Table 4 
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1 I I I I 
0 5 0 100 158 

Pressure (Torr ) 

FIG. 1. Photolyses of 23DMB ( 0 , @ )  and 33DMB (A,A) at 147 
nm either pure ( 0 , A )  or in the presence of 10% oxygen (@,A). The 
straight lines are calculated from linear regressions: 0 :  y = 1.358 + 
0.0067~.  r2 = 0.983; A: y = 1.262 + 0.005 Ix, r2  = 0.978. 

7.5 1 I I 
0 5 0  100 150 

Pressure (Torr) 

FIG. 2. Photolyses of 23DMB ( 0 , @ )  and 33DMB (&A) at 147 
nm either pure ( 0 , A )  or in the presence of 10% oxygen (@,A). The 
straight lines are calculated from linear regressions: 0 :  y = 8.6 + 
0.021x, r2 = 0.942; A:y = 27.6 + 0.41x, r 2 =  0.981. 

gives the main products formed in the pure systems. Again, 
isomers were not observed in the presence of 10% added oxy- 
gen even in the cases where 2-6 atm of propane were added to 
50 Torr of monomer. Absorption coefficients of the 184.9 nm 
line were measured (base 10): e(23DMB) = 7 200 (?5%) and 
e(33DMB) = 5 900 (?5%) d m h o l - '  cm-I, in agreement 
with values taken from the literature (8). 

Discussion 
(a )  Fragmentation of the photoexcited molecules and excited 

intermediates 
At 147.0 nm 
The energy of the incident photon at this wavelength is about 

810 kJ Einstein-'. Thus, the photoexcited molecules have 
much more internal energy than what it is needed for a C-C 
bond rupture. For example, 

[ I ]  23DMB or 33DMB + hv + 23DMB** or 33DMB** 

TABLE 1 .  Quantum yields of the photolyses of 
23DMB and 33DMB in the presence of 10% oxygen 

at 147 nm" 

Quantum yield 

Products 23DMB 33DMB 

Methane 0.03 2 0.01 0.04 5 0.01 
Acetylene 0.01,*0.002 0.13 *0.015 
Ethylene 0.04 5 0.01 0.04 * 0.01, 
Propene 0.10 * 0.01 0.06 5 0.01 
Propyne 0.10 5 0.02 0.00 
Allene 0.05, * 0.01 0.00 
lsobutane 0.00 0.02, * 0.00, 
I ,3-Butadiene 0 . 0 1 ~  2 0.00, 0.05 5 0.01 

"Pressure of the monomer is between 10 and 100 Tom; 
all quantum yields are the same in the pure systems except 
those of methane, propene, and isobutane (see Table 2). 

The excess energy is about 520 kJ mol-' and must be shared 
between the fragments. Part of the C,H,* radicals (A* or B*) 
cany away sufficient energy to overcome the energy barrier of 
the following process: 

This simple mechanism is known as a Stern-Volmer one (pro- 
cesses []]-[S]) and the reverse of the isoprene quantum yield 
is a linear function of the pressure (10) (Fig. 1). At zero pres- 
sure, the @(isoprene) values, measured in the presence of 10% 
oxygen, are 0.74 and 0.79 in the 23DMB and 33DMB systems, 
respectively. Since the $(process [2] or [3]) value is less than 
unity, the majority of A* or B* decomposes at zero pressure. 
Another compound observed in the presence of oxygen and 
having a Stern-Volmer behavior is 1,2-butadiene (Fig. 2). Its 
quantum yield is smaller than that of isoprene and smaller in the 
33DMB than in the 23DMB system. Since allene is formed in 
the decomposition process of the excited P-methallyl radicals 
( 1  1, 12), it may be proposed that the a,P-dimethallyl radicals 
also decompose only partially in 1,2-butadiene. 

[6] CH2C(CH,)CHCH,* + CH2=C=CHCH, + CH, 

[7] CH2C(CH,)CHCH3* + M + M + CH2C(CH3)CHCH3 

Conversely, excited a-methallyl radicals are not known to 
decompose in allene, Thus, a,a-dimethallyl radicals are not 
expected to produce 1,2-butadiene. Moreover, a structural 
isomerization process must take place somewhere in order for 
this to happen. An easy way to explain such 1,2-butadiene 
formation is to assume an isomerization process involving A* 
and B*. 

Since these allylic radicals are far from cold, they have an 
internal energy probably sufficient to allow the occurrence of 
a 1,4-hydrogen atom transfer: 
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TABLE 2. Quantum yields of the photolyses of pure 23DMB and 33DMB at 147 nm" 

23DMB 33DMB 

Pressure (Torr) 10 50 100 10 50 100 

Methane 0.14 0.14 0.14 0.09 0.04 0.04 
Ethane 0.29 0.32 0.33 0.31 0.365 0.31 
Propene 0.12 0.12 0.115 0.06 0.065 0.055 
Propane 0.02 0.03 0.03 0.00 0.00 0.00 
lsobutane 0.04 0.05 0 . 0 5 ~  0.035 0 . 0 3 ~  0.03 
Neopentane 0.00 0.00 0.00 0.02 0.02 0.02 
C4H2 0.00 0.01 0.00, 0.03 0.035 0.06 
2,3-Dimethylbutane 0.18 0.17 0.14, 0.00 0.00 0.00 
3,3-Dimethylbutane 0.00 0.00 0.00 0.07 0.06 0.03 
2-Methyl-2-pentene 0 .00~  0.01 0.0z3 0.04 0.10 0.13 
33DMB 0.01 0.03 0.005 - - - 
23DMB - - - 0 . 0 1 ~  0.013 0.01 
3-Methyl-2-pentene 0.02 O.1z4 0.115 0.02 0.0z7 0.038 
2,2,3-Trimethylbutane 0.19 0.15 0 . 1 3 ~  0.357 0.21 0.22 
2-Ethyl-3-methyl- I-butene 0.017 0.03 0.03 0.00 0.00 0.00 

"All quantum yields vanish in the presence of 10% oxygen except in the cases of methane, 
propene, and isobutane; see Table I .  

" Isobutene + I -butene. 

Other minor primary fragmentation processes must be pro- 
posed to take account of the results. For example, the occur- 
rence of the rupture'of"a a(C-C) bond results in various 
compounds. 

[9] 23DMB** -;, C H ~ C H C H ~ *  + C H ~ = C C H ~ *  

[lo] 33DMB'"* -;, t-C4HpX + CH=CH,*' 

l o 4  N ~ - ~  
1 2 

Again the major excess energy of the incident photon must be 
distributed among the fragments and the majority of them may 
decompose at low pressure. Thus, propylene (13), propyne, 
and allene (14), and acetylene (15) are expected even in the 
presence of oxygen (Table I). At higher pressure and in the 
pure systems, propane and isobutene must be formed in the 
23DMB system, as well as neopentane and propene in the 
33DMB (Table 2). 1,3-Butadiene must be formed jointly with 
two methyl radicals since no ethane is formed in the presence 
of Dl (Table 3). Finally, an unusual primary process seems to 
occur in the 33DMB system. In the presence of 10% oxygen, 

400 

- 
n h 

a ; 200 

a V) 0 .- 
V 

2, 

TABLE 3. Quantum yields of the photolysis of 33DMB in the presence 
of Dl 

- /* 

: o/x: 
//A A 1 = 184.9 nm 

%a- 

147 nm 184.9 nm 

33DMB (Tom) 10 20 10 25 50 
Dl (Tom) 2 4 I 2.5 5 

0 5 0 10 0 150 

Alkene Pressure  ( ~ o r r ) '  

FIG. 3. Photolyses of 23DMB ( 0 , @ )  and 33DMB (A,A) at 184.9 
nm either pure ( 0 , A )  or in the presence of 10% oxygen (@,A). The 
straight lines are calculated from linear regressions: 0 :  y = 16.19 + 
4.03x, r' = 0.956; A: y = 7.0 + 2.0x, r' = 0.997. 

Methane 0.86 0.96 0.89 0.54 0.48 
Ethylene 0.07 0.07 0.03 0.06 0. I0 
lsobutane 0.10 0.10 0.02 0.06 0.09 
3-Methyl-I-butene 0.01 0.02 0.04 0.06 0.07 
2-Methyl-I-butene 0.025 0.045 0.01' 0.017 0.016 
2-Methyl-2-butene n.m." n.m. 0.16 0.28 n.m. 
2,2-Dimethylbutane 0.23 0.16 n.m. 0.26 n.m. 

"Not measured. 

tiny amounts of isobutane are formed. 

At this wavelength products are formed in lesser quantities 
than reported at 147 nm (Table 4). Figure 3 shows the variation 
of the reverse of the isoprene quantum yield versus the pres- 
sure. The Stern-Volmer behavior of these plots is similar to 
the observation made at 147 nm. However, the quantum yields 
measured at zero pressure are lower: @(isoprene) = O.O6* and 
0.27, in the 23DMB and 33DMB, respectively. In addition, the 
dependence of the pressure of these quantum yields is much 
stronger. Much more significant is the decrease of the methyl 
quantum yield with an increment of pressure. Compare for 
example @(ethane) in Tables 2 and 4 and aD,(methane) in 
Table 3. By adding up the quantum yields of the products 
formed from methyl-methyl and methyl-A or -B radicals 
reactions, the @(CH3) values may be estimated at each pres- 
sure. These values are reported in a Stern-Volmer way in Fig. 
4. Again the @,(CH3) values measured at zero pressure are 
close to unity. In a first approximation, all the formation of 
methyl radicals may be ascribed to the primary processes. Thus 
Fig. 4 may be used to estimate the rate constant of the mono- 
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TABLE 4. Quantum yields of the photolysis of pure 23DMB and 33DMB at 184.9 nm 

23DMB 33DMB 

Pressure (Tom) 10 50 100 10 50 100 

Methane 0.02 0.03 0.04 0.027 0.01, 0.00, 
Ethane 0.24 0.135 0.10 0.30 0.22 0.16 
lsobutane 0.00, 0.00' 0.001 0.00' 0.00, 0.00, 
2-Methyl-2-pentene 0.0lS n.m. n.m. 0.17 0.21 0.17 
3-Methy I-2-pentene 0.24 0.14 0.105 O.0l6 0.007 O.OOs 

(cis + trans) 
2,2,3-Trimethylbutane 0.01 0.01 0.01, 0.008 0.00, 0.00, 
2-Ethyl-3-methyl-1-butene 0.007 O.OOH 0.00, 0.00 0.00 0.00 

- 5 0  0  5 0  100 

Alkene Pressure (~orr)  

FIG. 4. Photolyses of pure 23DMB ( 0 )  and 33DMB (A) at 184.9 
nm. The straight lines are calculated from linear regressions: 0 :  y = 
0.96 + 0.014x, r' = 0.95; A: y = 1.1 l + 0.0065x, r' = 0.92. 

molecular fragmentation process of the photoexcited molecule. 
In fact, the intercept of the Stern-Volmer plot with the pres- 
sure axis is a measure of the k2/kl, and k3/kl, ratios2 (negative 
value: see Fig. 4).j 

The intercepts are -60 and - 170 Torr in the 23DMB and 
33DMB systems, respectively. A similar value determined for 
the stabilization of photoexcited 1-hexene molecules was found 
about -30 Torr (1). The experimental k,, values are 
k12(l-hexene) = 0.5 lo9, k12(23DMB) = 1 lo', and 
k12(33DMB) = 2.75 lo9 s-I. Thus in the C, I-alkene group, it 
appears that the lifetime of the photoexcited molecule de- 
creases with an increase in the degree of ramification of the 
monomer. Figure 5 shows the results of RRKM calculations 
applied to process [9] of 33DMB (7). When a stepladder model 
is used for the stabilization of the photoexcited molecule where 
all the energy of the photon may be found in the vibrational 
framework of the ground state, it turns out that half of the 

'The rate constant subscripts refer to the reaction numbers. 
' A  referee made a valuable comment at that point. In the 23DMB 

case, the Stern-Volmer equation is 

where $, is the quantum yield of the primary process [2]. Since this 
$' value is close or equal to I, the slope, klz/k2, is the inverse of the 
negative intercept. Of course, the same comment applies in the 
33DMB system. 

10' l o 2  l o 3  l o 4  
Pressure ( ~ o r r )  

F a .  5. Effect of the pressure on the fragmentation of 33DMB 
photoilluminated at 184.9 nm as determined through RRKM calcu- 
lations. Stepladder models: (10) . . . are energies in kcal mol-' trans- 
ferred on each collision: see ref. 6. 

excited molecules are stabilized at a pressure of 155 Tom, 
provided an energy step of 10 kcal mol-' is chosen. The less- 
ening of the lifetime of the vibrationally excited molecule is 
probably a direct consequence of the number of available reac- 
tion channels (1 in 1-hexene, 2 in 23DMB, and 3 in 33DMB) 
and also the slight decrease of activation energy with an in- 
crease of the ramification of the parent molecule (see footnote 
3 and ref. 17).j The agreement with the experimental value is 
good, although it may be fortuitous. This constitutes an indi- 
cation that the lifetime of the electronic excited states formed 
upon photoexcitation is much shorter. 

(6) Radical reactions 
At 147 nm 
The effect of the addition of molecular oxygen has a drastic 

effect on the formation of various products (footnote a ,  Table 
2). Thus it may be proposed that several products are formed 
in radical-radical reactions. The ethane quantum yield of 0.3 
suggests a rather high yield for the methyl radical formation. 
Other radicals are also present. As seen in Table 2 as well as 
the D1 experiments in Table 3 ,  hydrogen atoms and allylic C5H9 
radicals are formed. In fact, the H atom adds itself very effi- 
ciently to the double bond of the monomers and gives rise to the 
formation of a methyl-substituted C6H,, radical (18). The com- 
bination of the latter with the methyl is responsible for the 
2,2,3-trimethylbutane formation in both systems, 2,3- and 
3,3-dimethylbutane are partly formed in disproportionation 
processes involving a C6H,, and another radical. 
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In experiments where DI is added, methyl radicals as well as 
D, abstract D atoms from DI: methane and 2,2-dimethylbutane 
are formed, respectively (19, 20). Obviously, allylic C5Hy rad- 
icals are also present: 3-methyl-2-pentene (cis + trans) and 
2-methyl-2-pentene are the results of the combination of 
methyl and either a , P -  or a,a-dimethallyl radicals in 23DMB 
and 33DMB, respectively. 

[16a] CHzC(CH3)CHCH3 + CH3 + CH~CH=C(CH~)CZH~ 

[I661 A + 23DMB 

[I81 A or B + CH3 + CH4 + CHz=C(CH,)CH=CHz 

The kl,,/k16,, kI7,/kl7,, and A(CH3,B) values were reported 
(16). They are 1.81 ? 0.04, 6.1 5 0.6, and 0.1, respectively. 
Other radicals are formed in smaller amounts. For example, Dl 
reveals the presence of methylsubstituted C,Hy radicals (19, 
20) in the 33DMB system (Table 3) and their structure may be 
inferred from the neopentane formation (Table 2). In the 
23DMB system, the presence of isopropyl radicals may be 
shown from the isobutane formation. Finally, P-isopropylallyl 
radicals probably appear in the 23DMB system. By combina- 
tion reaction with methyl radicals they are responsible for the 
2-ethyl-3-methyl-1-butene formation. They are probably 
formed through the abstraction reaction of an allylic hydrogen 
atom by a radical, although definitive proof is lacking. This 
reaction would explain part of the methane formation observed 
in the presence of oxygen (Table 1). 

At this point it must be said that the above mechanism 
explains neither the formation of 2-methyl-2-pentene and 
33DMB in the 23DMB system nor the formation of 
3-methyl-2-pentene and 23DMB in the 33DMB system. An 
easy way to reconcile the observations with the above mech- 
anism consists of calling upon the isomerization process in- 
volving the C5H9 radicals, and reported above (process [8]). 
One may add that this isomerization process is probably not at 
equilibrium, since a.pressure effect is evident (Table 2). The 
amount of the isomerization decreases with an increase in the 
pressure. 

At 184.9 nm 
'The main difference observed between experiments done at 

147 and 184.9 nm is the relatively less yields of products at the 
longer wavelength: see for example, in Tables 2 and 4, the 
methane, ethane, . . . , 2,2,3-trimethylbutane quantum yields. 
However methyl as well as allylic C5H9 radicals are still 
present. One should add the absence of dimethylbutanes, 
23DMB, and 33DMB. Thus it can be said either that hydrogen 
atoms are not formed or that their quantum yields are too low 
to measure. If the previously indicated mechanism for the frag- 
mentation of the photoexcited molecules is still acceptable, 
hydrogen atoms are mainly formed in secondary processes. 
The excess energy of the photon is now reduced to ca. 350 kl 
mol-I. Then, excited C5Hy* radicals bear away less internal 

TABLE 5. Quantum yields of the primary processes of the photo- 
lyses of 23DMB and 33DMB at 147 nm 

C6H12** + 23DMB 33DMB 

CH3 + CsHg* 
L H + isoprene 0.74 0.79 

L CH, + CH2==C=CHCH3 0.1 16 0.036 

i-C3H7 + CH -CCH,* c i  + CHX=CH 0.10 

L H + CH2=C=CH? 0.055 - 

"All the quantum yields are indicated at zero pressure. 

energy at 184.9 nm compared to the situation described in the 
vacuum uv region. Their lifetime must be longer, so that sta- 
bilizing processes are more efficient. In the pure systems, at 
147 nm, the isomeric 33DMB and 23DMB were assumed to be 
formed in radical processes following isomerization of the 
a,P-dimethallyl radicals towards the a , a -  structure and vice 
versa. Again, the lower energy content of the C5Hy* precludes 
this isomerization process, and these isomers are not observed 
at 184.9 nm. 

Conclusion 
From the discussion given above, and the results shown in 

the tables, a fragmentation pattern may be proposed (Table 5). 
The total is close to unity, but uncertainties on values make the 
C value no more accurate than 5 10%. A theoretical methyl 
radical quantum yield may be calculated: Q(CH,) = 1.1 and 
0.96 in 23DMB and 33DMB systems, respectively. As seen in 
Table 2, more precisely from the products formed in the methyl 
radical reactions, Q(CH3) values may be calculated and are 
close to unity at low pressure. Unfortunately, not all the perti- 
nent disproportionation/combination ratios are available. 
However, a rough estimate leads to Q,,,,(CH3) values such as 
1 .1  + 0.2 and 1.0 2 0.2 in each system. The agreement is 
particularly good. For the other radicals, similar calculations 
are much more difficult, and indeed impossible, since not all 
the pertinent products have been measured. For example, the 
measurements of the hydrogen atom quantum yield requires the 
measurements of all products coming from the C6H13 radical 
reactions, and among them are the C12H26 molecules. 
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A calorimetric study of trimethylene oxide and its structure I and structure I1 
clathrate hydrates in the temperature range 85 to 270 K' 
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Y .  P. HANDA. Can. J .  Chem. 63, 68 (1985). 
Heat capacities and dissociation properties of trimethylene oxide and its structure 1 and structure I 1  clathrate hydrates in the 

temperature range 85 to 270 K were determined using a Tian-Calvet heat flow calorimeter. The hydrates dissociate incongru- 
ently. The heat capacities of the hydrates are similar in magnitude to those observed for other structure I and structure 11 
hydrates. For the structure I hydrate two thermal anomalies were observed. The one centered at 107 K can be identified as 
due to ordering of the trimethylene oxide dipoles along the 4 axes of the cages as suggested by the previous dielectric and nmr 
relaxation studies. The second centered at 168 K is interpreted as due to trimethylene oxide rich eutectic rather than due to 
some restructuring of the host lattice as has recently been suggested. 

Y.  P. HANDA. Can. J .  Chem. 63, 68 (1985) 
Utilisant un calorimktre a Ccoulement de chaleur du type Tian-Calvet et opCrant a des ternpkratures allant de 85 a 270 K ,  

on a dtterminC les capacitCs calorifiques et les propriCtCs de dissociation de I'oxyde de trimethylene et de ses hydrates de 
clathrates de structures 1 et 11. Les modes de dissociation des hydrates ne sont pas congruents. Les capacitts calorifiques des 
hydrates sont du mCme ordre de grandeur que celles observes pour d'autres hydrates de structures I ou 11. On observe deux 
anomalies thermiques dans le cas de I'hydrate ayant la structure 1. L'une d'elle est centrke a 107 K et on peut l'attribuer au 
fait que les dipoles de I'oxyde de trimCthylkne se rkorientent le long des axes 5 de la cage, comme il  a CtC suggCrC par des 
Ctudes dielectriques et de relaxation en rmn qui ont CtC effectuCes antkrieurement. Contrairement a ce qui a CtC suggtrC 
rCcemment, on croit que la deuxikme anomalie, qui est centrCe a 168 K,  serait due a un eutectique riche en oxyde de 
trimethylene plutBt qu'a une certaine restructuration du rCseau hBte. 

[Traduit par le journal] 

Introduction 
Trimethylene oxide (TMO) is one of the few guest species 

known to form both structure 1 and 11 clathrate hydrates. This 
has been confirmed by X-ray diffraction studies (1 -3). The 
compositions of the structures 1 and 11 are reported to be 
TMO - 7 .67H20 and TMO - 1 7H20 respectively (2). 'The phase 
diagrams (4, 5), dielectric (2, 6, 7), continuous-wave nmr (2), 
and far infrared absorption (3, 8) studies for both structures and 
heat capacities (9) for structure 1 have also been reported. 

'The structure 1 TMO hydrate is the only clathrate hydrate for 
which two unique transitions, one relating to the guest and the 
other to the. host lattice, have been reported. From their di- 
electric and nmr study, Gough et al.  (2) suggested that at about 
105 K, the TMO guest molecules undergo an ordering transi- 
tion whereby below 105 K the nearest neighbour TMO dipoles 
acquire a predominantly parallel alignment along the 4 axes of 
the 14-hedral cages. This transition was not detected in any of 
the other studies. From their heat capacity measurements, 
Comper et al. (9) found a thermal anomaly at 169 K and 
attributed it to some resfiucturing of the host lattice. No such 
transition was detected in any of the studies on TMO hydrates. 
However, a metastable eutectic at 165 K corresponding to 
conversion of structure 11 hydrate and solid TMO into TMO- 
rich (8 1 % by mass) liquid and a stable eutectic at 172 K corre- 
sponding to conversion of structure 1 hydrate and solid TMO 
into TMO-rich (93% by mass) liquid (4) has been reported. The 
absence of an independent evidence for any restructuring of the 
structure 1 host lattice leaves open the possibility that the tran- 
sition observed by Comper et al. (9) may simply be due to 
eutectic melting. Iri the light of these reports, it  was decided to 
re-examine the TMO hydrates. 

In this paper the results of heat capacity and dissociation runs 
on pure TMO and on solid samples of composition TMO- 

'NRCC No. 23665. 

7.30H20, TMO . 7.65H20, TMO . 8.06H20, and TMO - 17H20 
are presented and discussed in terms of the two transitions 
noted above. In view of the compositions of structures 1 and 11 
hydrates (2) and the phase diagram of TMO-water mixture 
(4), sample TMO-7.30H20 should consist of solid TMO and 
structure 1 hydrate and sample TM0.8.06H20 should consist 
of a mixture of structures 1 and 11 hydrates. 

Experimental 
TMO was obtained from Fluka Chemical Corp. A gas chro- 

matographic analysis showed it to contain methanol, ethanol, and 
I-hexene as impurities. It was purified using a preparative gas chro- 
matograph (F & M Model 775). The gas chromatographic analysis of 
the final- sample did not show any detectable impurities. Water used 
was distilled and deionized. Solutions of composition TMO- 
7.30H20, TM0.7.65H20, TM0.8.06Hz0, and TMO. 17Hz0 were 
prepared from degassed components directly in the calorimeter cells. 
The sample size in each case was about 5 g. Hydrates were prepared 
by keeping a sample about I K below its dissociation temperature (4, 
5) for 2 days and then at a temperature about 10 K below it for another 
2 days. This procedure was continued for 10 days after which the 
sample was kept at 235 K for another 50 days. 

The calorimeter and its operating technique has been described 
elsewhere (10). It is aTian-Calvet heat flow calorimeter (SETARAM, 
Model BT), the operation of which has been automated by connecting 
it to a computer and a data acquisition system. Before loading a 
sample, the calorimeter was cooled to 10 K below the dissociation 
temperature of the sample. It was subsequently cooled to 78 K over 
a period of 8 h and maintained at this temperature for 12 to 48 h before 
initiating a run. All measurements were made in the temperature 
scanning mode using scan rates of 9 K h- '  for the heat capacity and 
3 K h- '  for the dissociation runs. The thermopile output was collected 
every 60 s for the heat capacity and every 15 s for the dissociation 
runs. 

Results and discussion 
TMO 

For melting temperature, we obtained a value of (173.2 & 
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HANDA 69 

TABLE I .  Experimental values of dissociation 
temperatures for various samples of TMO 

hydrates 

Compound 1st peak 2nd peak 

TMO .7.30HrO 250.2 257.0 
TMO -7.65H20 250.9 256.3 
TMO - 8.06Hz0 251.5 259.6 
TMO. 17H10 251.1 262.4 

0. I) K which is identical with the value reported in the litera- 
ture ( 1  l). For enthalpy of melting, we obtained a value of 
(6.273 + 0.050) kJ mol-I. In the temperature range 85 to 
160 K, the heat capacity, C,,, results were fitted by the method 
of least-squares to give the equation 

with a standard deviation of 0.50 J K- '  mol-I. The heat capac- 
ity of the liquid in the range 185 to 195 K was virtually constant 
with a value of 98.6 J K-' mol-'. We are not aware of any 
literature data on enthalpy of melting and C ,  of TMO to com- 
pare our results with. 

TMO hydrates 
The dissociation temperature, Tdco, observed for various 

samples are summarised in Table 1. For each hydrate sample 
two dissociation peaks were obtained. For the samples 
TMO .7.30H20, TMO 7.65H20, and TMO- 8.06H20 the 
temperature for the first peak corresponds to the peritectic point 
at which the structure 1 hydrate is converted into structure 11 
hydrate and TMO-rich liquid. The temperature for the second 
peak corresponds to conversion of structure 11 hydrate into ice 
and TMO-rich liquid. For the sample TMO. 17H20, the first 
peak is due to the presence of a small amount of structure I 
hydrate as reflected by its Tdso value. The temperature for the 
second peak corresponds to the peritectic point at which the 
structure 11 hydrate is converted into ice and TMO-rich liquid. 
The present results are in good agreement with the literature 
values of 252.3 K (4) and 253 K (9) and of 264 K (4) for the 
incongruent dissociation of structures I and 11 hydrates, re- 
spectively. 

The experimental results of heat capacity measurements are 
shown in Fig. 1 along with the heat capacities for TMO. 
7.67H20 reported by Comper et al .  (9). Since the C ,  values 
were determined 0.15 K apart, the present results appear as 
continuous curves. The C,, values of the hydrates studied in this 
work are very close to each other and for the sake of clarity the 
curves for TMO -7.65H20, TMO 8.06H20, and TMO . 17H20 
have been shifted downwards by 6 , 8 ,  and 8 J K- '  (mol H20)-I, 
respectively. For the structure 11 hydrate, the C ,  values are very 
similar to those for the structure 11 tetrahydrofuran hydrate 
(10). For the structure I hydrate, the C,, values are slightly 
higher than the structure 1 ethylene oxide hydrate (12). Such a 
result is to be expected in the light of the recent finding (13) that 
the C,, of the clathrate hydrates increases slightly with an in- 
crease in the unit cell size. Thc cubic cell parameter for struc- 
ture I TMO hydrate is 12.02 A at 143 K (2) and for ethylene 
oxide hydrate is 1 1.89 P\ at 173 K (14). However, the C ,  values 
of Comper et al .  for TMO-7.67H2O are, on the average, 35% 
higher than the present results for TM0.7.65H20 at tem- 

FIG. I. Experimental heat capacities vs. temperature for trimethyl- 
ene oxide hydrates. Curve I:  TMO-7.67H20 from ref. 9; curve 2: 
TM0.7.30Hz0; curve 3: TMO .7.65HZO; curve 4 :  TMO. 8.06H20; 
curve 5: TMO. 17Hz0. Curves 3, 4 ,  and 5 have been shifted down- 
wards by 6, 8, and 8 J K - '  (mol HzO)-', respectively. 

peratures outside the transition regions. 
As seen in Fig. 1, all the structure 1 samples show a transition 

at 162.6 K with the peak maximum temperature of 168.1 K. 
The corresponding values from the work of Comper et al .  are 
162 K and 169 K. The transition is very close to the solid 
TMO-structure 1 hydrate-TMO rich liquid eutectic observed at 
172 K (4). The magnitude of the enthalpy of transition is 
maximum for TMO 7. 30H20 and corresponds to fusion of 
0.042 rnol of TMO whereas excess TMO present in the sample 
was 0.043 mol. The magnitude of the transition is smallest for 
TMO. 8.06H'O which contains a mixture of hydrates of struc- 
tures I and 11. No transition is observed for TMO- 17H'O. The 
transition observed for TMO -7.65H'O corresponds to the pres- 
ence of about 2% unclathrated TMO. This suggests the pres- 
ence of unreacted ice in the sample. However, the presence of 
ice can not be detected as according to the phase diagram (4), 
the melting of ice occurs in the same temperature range as the 
second dissociation peak observed in our work and thus any 
information related to melting of a small amount of ice will be 
buried in the main dissociation peak. 

TMO occupies only the larger cages in both structure 1 and 
11 hydrates. The mean free diameters of the 14-hedral cages 
which occur in structurt 1 and the i6-hedral cages which occur 
in structure 11 are 5.8 A and 6.6 A, respectively (15) and the 
largest van der Waals diameter for TMO is about 6.2 A (8). 
Thus whereas enclathration of TMO in the 16-hedral cages 
should be easy, the relatively large size of TMO makes it 
difficult to be incorporated in the 14-hedral cages of structure 
I. The difficulty of enclathration of TMO in the 14-hedral cages 
is further reflected by the slightly larger unit cell size of 
TMO . 7  .67H20 as compared with other structure I hydrates 
(2). Thus even when one starts with a solution of proper com- 
position, TMO + 7.67H20, complete enclathration of TMO is 
not always guaranteed. This, in fact, is a general problem with 
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clathrate hydrates and can occur even in cases where hydrate 
formation is supposed to take place rather easily, e.g., ethylene 
oxide and tetrahydrofuran hydrates (12). Since structure 11 hy- 
drate is stable at a higher temperature than structure 1 hydrate, 
the formation of structure 1 hydrate may proceeed through 
formation of structure 11 hydrate first. Gough et al. (2) found 
that samples of structure 1 hydrate prepared from solution of 
composition TMO + 7.67H20 always contained a small 
amount of structure 11 hydrate. This will lead to the presence of 
a small excess of unclathrated TMO. From these considerations 
and from the results presented above, we conclude that the 
transition observed at 168 K is due to TMO eutectic rather than 
due to any restructuring of the host lattice as suggested by 
Comper et al. (9). 

For structure I hydrate, an order-disorder transition at about 
105 K has been reported by Gough et al. (2) according to whom 
at temperatures below 105 K, the TMO dipoles in the 14-hedral 
cages align themselves parallel to the 4 axes of the cages. No 
such transition was observed in the structure 11 hydrate. As seen 
in Fig. 1, a transition is observed in the present C, results at 
107 K. A small transition peak seen in the structure 11 hydrate 
is due to the presence of a small amount of structure 1 hydrate 
in the sample as noted above. Similarly a slightly smaller 
magnitude of the transition observed in TMO-8.06H20 is due 
to the required presence of a small amount of structure 11 in the 
sample. The dielectric measurements (2) showed that the 
order-disorder transition process is quite slow and complete 
equilibrium was not attained even after a period of 12 days. In 
this work, the samples were conditioned at 78 K for 12 to 
48 h and thus only qualitative results can be obtained from the 
transition peak. The enthalpy change associated with the transi- 
tion at 107 K is calculated to be 140 J (mol TM0)- '  for 
TMO. 7.65H20. The entropy change for the transition is 1.3 J 

K-' (mol TM0)-' which suggests that there are about 20% 
more orientations available to the TMO molecule in the cage 
above 107 K than below it. 
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N. COLIN BAIRD. Can. J .  Chem. 63, 71 (1985). 
Ab initio MO calculations for Si2H2 are reviewed and discussed in qualitative terms. New calculations are reported, by 

MNDO for Si2H2 and Si,H,, and using both MNDO and ah initio methods (including electron correlation at the MP2 level) 
for various possible structures for AI2H2 (3). AS with the analogous silicon dihydride, a dibridged structure 3 a  is found to be 
superior to classical structures 36, 3c,  and 3d. MNDO calculations for derivatives of A12H2 are reported. Finally, some 
implications of the calculations for the surface structures of partially-hydrogenated elemental aluminum and silicon are 
discussed. 

N. COLIN BAIRD. Can. J .  Chem. 63, 7 1 (1 985). 
On a rCCvaluC les calculs ob initio d'OM effectues sur le Si2H2 et on en discute sur une base qualitative. On rapporte de 

nouveaux calculs MNDO effectues sur le Si2H2 et sur le Si2H, ainsi que d'autres, basts tant sur les mCthodes MNDO qu'nb 
inifio (incluant une corrClation Clectronique au niveau MP2), effectuCs sur diverses structures possibles du AI2H2 (3). Comme 
avec le dihydrure de silicium analogue, on a trouvk que la structure doublement pontee 30 est superieure aux structures 
classiques 36, 3 c  et 3d. On rapporte les resultats des calculs MNDO effectuCs sur des derivCs du AIZH2. On discute finalement 
des quelques implications des calculs pour les structures de surface de I'aluminium et du silicium Clementaire partiellement 
hydrogenes. 

[Traduit par le journal] 

Introduction 
Second-row analogs to the "saturated" first row hydrides 

A,H,,, are well-known. Thus for example H3SiSiH3, H,PPH,, 
and HSSH have long been known, and are analogs to ethane, 
hydrazine, and hydrogen peroxide. The situation with respect 
to "unsaturated" hydrides is much less well-developed. A few 
compounds are known which have silicon-silicon or phos- 
phorus-phosphorus double bonds, but all are derivatives in 
which all hydrogen atoms are substituted by large organic 
groups (1). 

Although the R2Si=SiR2 and RP=PR molecules synthe- 
sized to date have structures which resemble the corresponding 
R2C=CR2 and RN=NR systems, there are indications from 
recent theoretical calculations that the silicon analog of acetyl- 
ene and perhaps other second row hydrides have unusual struc- 
tures (2). These results have provoked our interest in the field, 
and we wish to report here some MO calculations (both ab 
initio and semiempirical) for the "double bonded" hydride of 
aluminum, AI2H2, as well as semiempirical explorations (to 
complement existing ab initio results) for Si,H, and Si2H,. 
Finally, the results are used as a basis for some speculations 
concerning possible structures near the surface of partially- 
hydrogenated elemental aluminum and silicon. 

All a6 initio calculations were performed using the methods 
and GAUSSIAN 82 computer program of Pople and co- 
workers. Geometry searches were performed using the 3-21G* 
basis for the aluminum atoms (3a) and the 31-G basis for 
hydrogen (3b); thus a set of Gaussian d orbitals is present on 
each Al atom, its other valence orbitals (3s and 3p) are each 
expanded by three GTOs (split into two sets) and the valence 
orbital of hydrogen is represented by four GTOs. Final energies 
were recomputed using the more sophisticated 6-31G* basis 
(3c). The major differential effects of electron correlation were 
incorporated by performing second-order perturbation calcu- 
lations using the Moller-Plesset theory ("MP2") for the 
6-31G* wavefunction (3d) obtained using the Hartree-Fock 
theory (unrestricted in the case of triplet states). 

The MNDO calculations (4) were performed using Thiel's 

MNDOC computer program. (MNDO rather than the older but 
sometimes more reliable MIND013 method was employed 
since parameters for aluminum apparently are unavailable for 
the latter technique.) Our hope was that MNDO results would 
sufficiently parallel the ab initio results and experiment so that 
systems with three or more second-row atoms could be studied 
by the much less computationally-expensive semiempirical 
technique. 

We have attempted to understand all the results by recourse 
to simple theoretical concepts such as bond strength, atomic 
promotion energy, and delocalization energies in the hope that 
non-theoreticians can usefully employ and generalize these 
computations. 

Discussion and results 
Recently a number of very sophisticated a6 initio MO calcu- 

lations, which include treatment of correlation energy, have 
been reported for Si,H2 (2). The global minimum is found to be 
the dibridged structure l a ,  which contains a silicon-silicon 
single bond: 

This isomer is preferred energetically to the acetylene analog 
16, as well as to l c .  This preference can usefully be analyzed 
in simple terms. Structure l a  possesses two divalent, formally 
s2p2 silicon atoms, a single SiSi a bond and two Si-H single 
bonds, each of which have been strengthened by delocalization 
of the bonding electron pair into an empty orbital of the other 
silicon. Structure l b  contains two tetravalent Si atoms (i.e. 
ones in which an s electron has formally been promoted to a p 
orbital to give the s 'p3 configuration), one a and two IT SiSi 
bonds, and two localized SiH single bonds. Thus the strength 
of two IT bonds here must be less than two times the sum of the 
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TABLE I. MNDO calculations for Si and Al hydrides" 

Structure A H ,  Geometry 

1  6 ,  H-Si=Si-H Collapses to l a  

l c ,  H\ +90.7 

H - 
3a ,  :A1 AI: - 

H 

AI+AI 
36 (triplet) / 

H \H 

SiH = 1.631 
SiSi = 2.086 

LSiHSi = 79.5" 
LHSiH = 76.0" 

LSiH-SiH = 49.5" 

SiH = 1.432 
SiSi = 1.990 

LHSiSi = 128.0" 
Planar molecule 

SiH = 1.613 
SiHb = 1.426 

LSiSiH = 102.4" 
LSiHhSi = 102.0" 

LSiHh-SiHb = -10.5° 
LHhSi-SiH = 81.8" 

SiH = 1.426 
SiSi = 2.330 

LHSiSi = 118.5" 
LH2Si plane to SiSi vector 

= 44.3" 
LHSi-SiH = 64. l o ,  

180.0" 

SiHh = 1.649 
HhSil = 1.588 
Si'H = 1.421 
HSi = 1.431 

LSiHhSi1 = 91 .OO 
LH,,SifH = 94.0" 
LHSiHh = 100. lo, 99.3' 

LSiHh-Si'H = -96.8" 
LSilHh-SiH = + 130.9". -129.4" 

HSi = 1.437" 
Si'H = 1.413 
SiSi' = 2.262 

LHSi'Si = 96.6" 
LSi'SiH = 1 16.8"" 

LHSil-SiH = 180.0°, +59.7", -59.1" 

AIH = 1.638 
LAIHAI = 103.4" 

LAIH-AIH = 0.0 

AIH = 1.410 
AlAl = 2.283 

LHAIAI = 130.5" 
LHAI-AIH = 28. lo 

AIH = 1.421 
AlAl = 2.366 

LHAIAI = 125.9" 
Planar molecule 

3d ,  see Table 3 
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TABLE I. (Concluded) 

Structure AHc Geometry 

H 

46. 
\ /H 

A I-A I 
\H 

AlzHs 
H H 

'H\-/ 
5 ,  A1 Al, 

H"\*Y ""H 

+47.3 AlHh = 1.562 
HhAI = 1.712 
AIH = 1.410 

LAIHhAI = 99.9' 
LHAIAI = 119.0" 

LAIHh-AIHh = O0 
LHhAI-AIH = +9O0 

+60.9 AIH = 1.408 
AlAl = 2.299 

LHAIAI = 121.9" 
LHAI-AIH = 90.0" 

AIHh* = 1.622 
AIH = 1.403 

"Distances are in A. Average results indicated by *. Bridged hydrogen indicated as Hh. 

silicon promotion energy and the delocalization energy (of the 
SiH bond). Of course the opposite must be true for carbon, 
since only structures of type 16 are found in neutral hydro- 
carbons. The difference in behavior between the two elements 
is due primarily to the (expected) weakness of n bonds in- 
volving silicon and other atoms in its row of the Periodic Table. 
Structure Ic involves promotion for only one silicon, but com- 
pared to l a  only one .rr bond is gained and delocalization for 
both SiH bonds is lost. Nevertheless, the energy for Ic is only 
about I I kcal mol-' above that for l a ,  whereas 16 lies about 
40 kcal mol-' above l a  (2b). 

MNDO calculations (4) for Si,H, which we have performed 
agree with the ab initio results in that l a  is predicted to be the 
minimum on the surface; type Ib  structures collapse to l a  
spontaneously. Structure Ic is calculated to be 33.1 kcal mol-' 
less stable than l a  (see Table I). 

The optimum structure calculated by ab initio methods 
(which include correlation corrections) for Si2H4 is the ethylene 
analog 26 ,  although the SiH, groups are slightly flapped (5). 
The MNDO structure for 26 has a much greater angle of flap 
for the SiHz groups than does that from the ab irzitio calcu- 
lations; the SiH, planes make a 44" angle with the SiSi vector 
according to MNDO. In the experimental structure for tetra- 
mesityldisilene, the corresponding angle is 18" (6). 

Structures for Si,H, which do not involve s to p electron 
promotion at both silicons include 2a (neither Si promoted) and 
2c and 2d (one Si promoted). 
The contrast of 26 to 2a is formally identical to that of 16 to 
l a ,  except that it is one u and one n SiSi bond, rather than two 
.rr bonds, which are absent in the dibridged structure. Ap- 
parently the energetic superiority of o over .rr SiSi bonds is 
sufficient to tip the balance here in favour of the classical 
structure. The ab initio calculations indicate that the classical 
structure 2d is in fact almost isoenergetic with 26 (3a); thus the 
n bond energy in 26 is not much greater than is the s + p 
promotion energy. 

MNDO calculations we have performed predict that 2a is the 
global minimum on the SizH4 surface. In contrast to l a ,  the 

H 
\ .- Si-Si 

four-membered ring in 2a is predicted to be almost planar; the 
non-bridged hydrogens are located cis to each other. The pre- 
ferred cis conformation in 2a is I .O kcal mol-' more stable than 
the trans. The geometry at divalent, three-coordinate Si, and at 
univalent, two-coordinate Al, can be reconstructed qual- 
itatively by requiring that one p orbital of the metal point 
toward each of the coordinated atoms. The predicted heat of 
formation for 2a is 33.1 kcal mol-' superior to that for 26 and 
18.1 kcal mol-' superior to 2c - see Table 1. The 2a structure 
is predicted to be 50.2 kcal mol-' more stable than two SiH, 
units, and 29.3 more stable than the classical structure 2d. 
(Apparently structures of type 2a were not considered in the 
previous MNDO calculations reported for Si2H,, since only 26 
was discussed (7).) 

Structure 2c is obtained from 2d by conversion of one of the 
three localized SiH bonds formed by the tetravalent silicon into 
a three-center Si--H--Si unit by delocalizing it into the empty 
3 p  orbital of the divalent silicon. Although 2c is a minimum on 
the MNDO energy surface, it presumably represents the transi- 
tion state between 26 and 2d on ab initio surfaces. Relative to 
ab initio results, MNDO appears to overestimate the energetic 
advantage of SiH bond delocalization and s + p promotion 
energies, and to underestimate the energy of SiSi bonds - 
compare results for 2a versus 26 ,  and 2c versus 26 and 2d.  

Based upon the calculations and comparisons given above, 
we expect that the choice between structures having promoted 
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TABLE 2. Ab initio results for AI hydrides 

Molecule 
Energy (au) by 6-3 IG* Geometryh 
smaller basis" (MP2) (smaller basis") 

AIH 

A12 H2 

-241.1691 -242.4380 AIH = 1.65 
(-242.4799) 

H - 
3 0 ,  :AI AI: -482.3726 -484.9074 AIH = 1.817 

w 
H (-485.0047) LAIHAI = 108.2" 

.- LAIH-AIH = 0" 

3 6  (triplet), 
/H 

H/*"' 
-482.3632 -484.8946 AIH = 1.569 

(484.9762) AlAl = 2.38 
LHAIAI = 148.0 

H LHAI-AIH = 180" 

3c.  \A!-AI: - -484.8759 AIH = 1.57" 
H/ (-484.9675) AlAl = 2.44' 

LHAIAI = 108"" 
Planar molecule' 

3d.  
H\ 

AI=AI -482.35 15 -484.8858 AIH = 1.61 
\H (-484.9824) AlAl = 2.67 

LHAIAI = 121" 
Planar, trans molecule' 

"See ref. 6 for details. 
"Distances are in A. 
'Assumed. 

atoms which can form IT bonds, and unpromoted, low-valent 
atoms which then form multicenter bonds using vacant p or- 
bitals, will be determined by subtle electronic factors since 
apparently there is little difference energetically between them. 

Given the above considerations, some rather intriguing 
chemistry is expected for compounds of silicon and aluminum, 
and perhaps even of magnesium, which have relatively low 
hydrogen-to-metal ratios. Thus, we have performed a b  initio 
MO calculations (initially without any inclusion of config- 
uration interaction or other correction for electron correlation) 
for AI2H2 in three possible structures 3a ,  3b,  and 3 c  and semi- 
empirical MNDO calculations for Al,H, and also for other 
derivatives AI2X2. 

Both the a b  initio calculations (Table 2) and the MNDO (8) 
calculations (Table 1 )  predict that a planar dibridged structure 
3 a  is the most stable structure for 3. It is predicted to be 
21.6 kcal mol-' more stable than 2AIH monomers using the 
smaller basis set, 19.7 kcal mol-' superior by the 6-31G* 
basis (using the same geometry), 28.2 superior by MP2 calcu- 
lations with this basis, and 22.8 superior by MNDO. The 
optimum energy calculated for 3 c  is 13.5 kcal mol-' less stable 
than for 3 a  according to MNDO. Using an assumed geometry 
(see Table 2), the estimated energy preference for 3 a  compared 
to 3 c  according to a b  initio 6-31G* and MP2/6-3 lG* calcula- 
tions is 19.8 and 23.4 kcal mole-', respectivtly. The calculated 
AlH distances in 3 a  are 1.8 17 A and 1.638 A respectively, and 
the AlHAl angles are 108.2" and 103.4", respectively, ac- 
cording to ab  initio and MNDO methods. (MNDO under- 
estimates by 0.22 A the bond distance in diatomic AIH, 

wherea: using the present basis set ab initio predictions give 
1.649 A, which is in excellent agreement with the experimental 
value of 1.648 A (8). Thus we expect the a b  initio value for 
AlzH2 to be realistic, but the MNDO value to be rather too 
short.) 

Although the linear double bond structure 3 b  appears favour- 
able since the two singly-occupied .rr MOs produce a triplet 
state, it is predicted to be 10.6 (ab  initio) or 49.5 (MNDO) kcal 
mol-' less stable than is the dibridged singlet. MNDO calcu- 
lations indicate that the optimum structure for the triplet in fact 
is not linear, but almost cis bent with HAlAl angles of 130.5" 
and a dihedral angle between the HA1 vectors of 28". One of the 
unpaired electrons occupies an MO which is best described as 
a combination of bonding IT and antibonding u; it contains 
substantial contributions from the 3s  orbitals from the Al at- 
oms. By the distortion from linearity, the 3s  orbitals gain extra 
electron density (to yield a total of 1.45e) even at the expense 
of destruction of some of AlAl bonding, both u and IT. The 
energy improvement due to distortion from linearity is 8.1 kcal 
mol-I. The ab  initio results for the AI,H? triplet are stable to 
these geometric distortions, but are unstable with respect to 
distortion to a planar trans structure with an HAlAl angle of 
148". As in the MNDO calculations, the incentive for non- 
linearity is the increase in aluminum 3s  orbital population 
which results. Clearly, though, both types of theory predict that 
AlAl .rr bonds are rather weak. The final energy for the non- 
linear triplet at the optimum geometry is inferior to that for the 
dibridged singlet by 5.9 kcal mol-' with the smaller basis, by 
8.0 with 6-31G* and by 17.9 at the MP2/6-3 lG* level. The 
optimum AlAl distance in the linear triplet is 2.288 A and in the 
trans is 2.38 A; by comparison the s i n g l ~  bond value obtained 
using the 3-21G* basis for Al? is 2.10 A. 

We have performed MNDO calculations for the dibridged 
and the classical X-AI=AI-X structures (closed shell sin- 
glet only) for A12F2 and A12C12 as well as A12H2; the results are 
summarized in Table 3. In all three cases, the optimum classi- 
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TABLE 3. MNDO calculations for singlet AIZXZ systems 

Planar, dibridged Planar, rrnris 
Molecule AH, geometry AH, geometry 

AllHl 69.2 AIH 1.638 87.7 AIH 
( 3 4  LAlHAl 103.4" Al Al 

LHAlAl 

AlaFz - 198.3 AIF 1.751 -167.9 AIF 
LAlFAl 104.2" AlAl 

LFAIAI* 

A12CIZ -69.5 AlCl 2.314 -56.2 AlCl 
LAlClAl 93.4" AlAl 

LCIAIAI* 
LCIAI-AICI 

"Distances are in A. Average result indicated by .':. 

cal structure is the trans planar molecule, but this is less stable 
(by 30.4, 13.3 and 18.5 kcal mol-', respectively) than the 
dibridged structure. The dibridged dimers are more stable than 
two monomers by 31.0, 13.5, and 22.8 kcal mol-', respec- 
tively. Thus the classical structures are only slightly bound 
relative to the monomers; this is consistent with the long AlAl 
distances predicted for them by MNDO (Table 3). An ab initio 
structure for (singlet) 2d in the trans planar geometry gave a 
long AlAl bond, 2.67 A, and an AlH distance and HAlAl angle 
of 1.61 A and 121.0°, respectively: This classical double bond 
structure is 13.2 kcal mol-' less stable than 3a ,  and by 13.5 and 
14.0 at the 6-3lG* and MP2/6-31G* levels, respectively. 

The calculations for the disilicon and dialuminum hydrides 
have interesting implications regarding the surface structure for 
samples of elemental silicon and aluminum which have chem- 
isorbed small amounts of hydrogen (though the possible dan- 
gers of extrapolation from results for two atoms to a multiatom 
surface are clear). For example, any univalent surface Al atoms 
can add H2 to yield a dibridged structure 4a  or a classical 
structure 46: 

MNDO results for AI,H4 (i.e. 4 with X = H) predict the 
dibridged to be superior by 13.6 kcal mol-'; however, this 
result could be spurious if MNDO's overestimate of the 
strength of delocalized Si-H bonds relative to Si-Si bonds 
(see S2H4 results above) extends also to aluminum. If two 
trivalent Al atoms at the surface are singly-bonded, an added Hz 
could bridge the atoms ( 5 a )  or add one hydrogen to each to 
give the classical structure 5b.  MNDO calculations for AI,H, 
and its monomers indicate that the dimer is preferred by 
13.5 kcal mol-' to two monomers. Thus from MNDO calcu- 
lations we predict that hydrogen atoms will be always shared 
between aluminum atoms in a dibridged sense, whether or not 
this occurs between two Al atoms of the surface layer or be- 
tween one of the first and one of the second layer. 

With respect to the surface of silicon, it is clear that it could 
well consist of divalent silicon atoms, since the tendency of Si 
toward tetravalence is not nearly as acute as is that for carbon. 
If two Si atoms at the surface are singly-bonded to each other, 
and singly-bonded to (tetravalent) atoms in the next layer, one 
can conceive of hydrogen addition yielding classical structures 
in two ways; either one H to each of the Si atoms, to yield an 
ethylenic structure 6 b  with a formal double bond and the 
HSiSiH plane perpendicular to the surface plane, or both H 
atoms adding to the same Si atoms, to yield an analog 6c  of the 
2d structure. Ab initio calculations for Si2H, indicate that these 

two structures will be preferred to bridged systems, and that the 
two will be almost equal in stability. On the other hand, 
MNDO calculations would presumably predict that the H at- 
oms form a dibridged structure 6a with two surface silicon 
atoms, i.e., structure 2a with the classical, terminal cis SiH 
bonds replaced by SiSi bonds to two Si atoms in the second 
layer. High-quality ab initio calculations, including allowance 
for electron correlations effects, clearly are desirable for the 
cis, symmetrical dibridged structure 2a of Si,H, in order to 
ascertain the real energy difference between it and the classical 
ethylene analog, since only such results can provide a realistic 
idea of the likelihood of finding dibridged hydrogen structures 
on the surface. 

Conclusions 
Both the semiempirical and ab initio calculations indicate 

that AI,H2, like Si2H2, has a dibridged singlet ground state 
rather than a classical multiply-bonded structure, and is bound 
relative to two AIH monomers. The driving forces which fa- 
vour the nonclassical structures for these molecules include the 
weakness of IT bonding between second row elements, and the 
energetic cost of s -+ p electron promotion. Unfortunately, 
MNDO calculations appear to overemphasize the strength of 
delocalized SiH bonds and to underemphasize the strength of 
SiSi bonds, and thus yield a nonclassical structure even for 
Si2H4. Further investigations concerning the structure of un- 
saturated aluminum or silicon hydrides should therefore use 
high quality ab initio calculations. 
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Intramolecular fluorescence energy transfer in nitrobenzoxadiazole derivatives of 
polyene antibiotics 

Department of Chemisrry. Univer.sirv of Western Onmrio, London. Ot~t . ,  Cannrln N6A 5B7 

Received April l I ,  1984 

NILS 0 .  PETERSEN. Can. J .  Chem. 63, 77 (1985). 
Spectroscopic properties of the polyene antibiotic Nystatin and its nitrobenzoxadiazole derivative have been characterized 

by lifetime and quantum yield measurements. The data suggest that Nystatin and other polyene antibiotics exhibit spectral 
features common to other linear polyenes such as diphenylhcxatriene and parinaric acid, and support the conclusion that the 
strong absorption (E,,,,, -70000 M - '  cm- ' ;  A = 306 nm) is due to a symmetry-allowed transition to a higher excited state while 
the red-shifted emission occurs from a lower lying excited state through a weak. symmetry-forbidden transition. 

Nitrobenzoxadiazole derivatives also exhibit efficient intramolecular fluorescence energy transfer from the polyene chromo- 
phore to the nitrobenzoxadiazole chromophore (A,,,, = 535 nm). The lifetime and quantum yield measurements suggest that 
the predominant mechanism of energy transfer is via a Dexter type transfer in a fraction of molecules with appropriate 
conformations. 

NILS 0. PETERSEN. Can. J .  Chem. 63, 77 (1985). 
Faisant appel i des mesures de rendements quantiques et de temps de demi-vie, on a caracttrist Ies proprittts spec- 

troscopiques de I'antibiotique de nature polytnique, la Nystatine, ainsi que celles de son derive nitrobenzoxadiazole. Les 
donnts suggerent que la Nystatine ainsi que les autres antibiotiques de nature polyCniques prtsentent des caractdristiques 
spectrales communes i celles des autres polyknes lineaires, comme le diphenylhexatriene et I'acide parinarique, et elles sont 
en accord avec la conclusion selon laquelle la forte absorption (E,,,,, d'environ 70000 M -  ' c m ' ;  A = 306 nm) est due i une 
transition, permise par la symttrie, vers un ttat plus excitt tandis que I'dmission dipolaire vers le rouge se produit i partir d'un 
Ctat faiblement excitt et par le biais d'une transition faible qui est prohibte en raison de symttrie. 

Les dtrivts nitrobenzoxadiazoles permettent tgalement de transftrer d'une f a ~ o n  efficace et intramoldculaire de I'Cnergie 
du chromophore du polykne vers le chromophore nitrobenzoxadiazole (A,,,, = 535 nm). Les mesures de temps de demi-vie et 
de rendements quantiques suggkrent que le mtcanisme predominant du transfert d'tnergie implique un transfert de type Dexter 
dans une fraction des moltcules ayant des conformations approprites. 

[Traduit par le journal] 

Introduction Experimental 
Polyene antibiotics (Fig. 1 )  are naturally-occurring com- 

pounds which can associate with sterols in membranes causing 
enhanced ion permeabilities (1). Some polyene antibiotics 
cause several physiological effects distinguishable by their 
dose response (2). In vitro, low doses stimulate DNA and RNA 
synthesis and are mitogenic, intermediate doses cause ion leak- 
age, and high doses are cytotoxic (2-4). In vivo, many polyene 
antibiotics potentiate the effects of antitumor agents ( 5 )  and 
exhibit immunoadjuvant properties (6 )  in mice. It is possible 
that the multitude of effects originate from a single mechanism 
such as formation of specific pores (7, 8) through association 
with sterols, but it is likely that there are several sites in cell 
membranes where the pplyene antibiotics can act. We are 
studying the membrane distribution and dynamics of a few 
polyene antibiotics, specifically Amphotericin B, Nystatin, 
and Pimaricin, in order to shed further light on their mechanism 
of action in culture cells. We are particularly interested in 
fluorescence photobleaching measurements of the dose de- 
pendence of the diffusion of these polyene antibiotics in cell 
membranes and have recently reported on the synthesis of a 
nitrobenzoxadiazole derivative of Amphotericin B (AmB) and 
its diffusion in L-cells at low doses (9). We also presented 
evidence suggesting that intramolecular fluorescence energy 
transfer could occur in this derivative. We have since prepared 
similar derivatives of Nystatin and Pimaricin and report here on 
quantum yield and lifetime measurements which provide evi- 
dence that intramolecular energy transfer in these three com- 
pounds occur principally by an electron exchange mechanism 
(Dexter transfer). 

Sytlrheses 
N-Methyl-N-(7-nitrobenz-2-oxa- I .3-diazol-4-yl)-6-aminohexanoyl 

(NBD-6-MAHA) derivatives of Amphotericin B (NBD-AmB), Nys- 
tatin (NBD-Nys), and Pimaricin (NBD-Pim) were prepared, purified, 
and characterized as previously reported (9) with only minor mod- 
ifications. The condensations with Nystatin and Pimaricin were 
carried out in dimethyl formamide (DMF) rather than dimethyl sul- 
foxide (DMSO) and their purification by high performance liquid 
chromatography were effected with slightly different proportions of 
the elution buffer. 

Instrutnentntioti 
Fluorescence spectra were recorded as corrected spectra on either an 

MPF-4 or a model 650 fluorescence spectrophotometer (Perkin 
Elmer). Quantum yield measurements were made relative to 1.28 X 

lo-" M quinine sulphate (recrystallized from water) in 0. I N H,S04 
using the quantum yield of 0.52 (10). The quantum yields were cor- 
rected for refractive index differences between this solution and the 
particular solvent employed (10, 11). The quantum yields were calcu- 
lated from areas of fluorescence emission curves by an integration 
program available in the Perkin Elmer 650 data station accessory. 
Absorbance spectra were measured on a Cary 219 UV-Visible spec- 
trophotometer using more concentrated solutions (subsequently di- 
luted accurately). No changes in extinction coefficient are observed 
upon dilution except for the case of AmB in water where changes in 
aggregation affect the spectrum above 10 -' M. Fluorescence lifetime 
measurements were made using single photon counting equipment in 
Professor W. R. Ware's laboratory. A picosecond laser system with 
frequency doublers were used for excitation in the 300 nm region 
while a Photochemical Research Associates Model 3000 nanosecond 
system was used for excitation in the 470 nm region. 'These systems 
have been described elsewhere (12). The laser system provides a cw 
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HO 
4 

COOH 

0 

FIG. I .  Chemical structure of Nystatin (I) ,  Amphotericin B (3) and 
their nitrobenzoxadiazole derivatives: NBD-Nys (2) and NBD-AmB 
(4). Note the polyene chromophore in the macrolide ring and the 
amphiphilic character of these molecules. Amphotericin B is a hep- 
taene while Nystatin is spectroscopically a tetraene. The six carbon 
spacer and the mycosamine ring provide sufficient flexibility to permit 
close contact between the polyene chromophore and the nitro- 
benzoxadiazole ring in certain conformations. 

power on the sample of less than about lo3 W m-' with pulse sepa- 
rations of I I ns. Thus two-photon processes are unlikely in this sys- 
tem. The lifetimes were estimated from fitting by standard procedures 
of the fluorescence decay data to single or double exponential decays 
and the fits with reduced X' values closest to unity were retained. 
De-oxygenating the samples by bubbling argon gas through the 
sample for 10-20 min had no measurable effects on either quantum 
yields or lifetimes. 

Results 
The optical spectra of the three polyene antibiotics prior to 

chemical modification are shown in Fig. 2, which also illus- 
trates the solvent effect on the optical spectrum of NBD-Nys. 
Similar solvent shifts are found for all of the polyene anti- 
biotics. The corresponding extinction coefficients are sum- 
marized in Table 1 which also shows the extinction coefficient 
of the NBD-6-MAHA intermediate used for preparing the 
fluorescent derivatives. 

I I I I I 

500 400 300 
WAVELENGTH 1 nm 

FIG. 2. ( A )  Absorbance spectra of 16 p,M Nystatin (---); 15 p,M 
Pimaricin (.....); 9 p,M Amphotericin B( - - - - - )  and 25 p,M NBD-6- 
MAHA (-) all in DMF. ( B )  Absorbance spectra of 16 p,M NBD-Nys 
in THF (-); 14 p,M NBD-Nys in H'O (---) and 14 p,M NBD-Nys 
in benzene (...) . Note the characteristic red-shifted absorbance at 
505 nm in H20 .  

Representative fluorescence emission and excitation spectra 
of NBD-6-MAHA, Nystatin, NBD-Nys, and NBD-AmB are 
shown in Fig. 3. The emission corresponding to the NBD- 
chromophore is similar for all the derivatives. This emission is 
solvent sensitive and is red-shifted in more polar solvents (com- 
pare Fig. 3c and d). The excitation spectra (for emission at 
-535 nm) are superpositions of the absorption spectra of the 
NBD-chromophore and the polyene chromophore but at differ- 
ent intensity ratios than observed in the absorption spectra of 
the derivatives. This suggests that absorption by the polyene 
chromophore results in emission from the NBD-chromophore, 
but this process occurs with less than unity efficiency. 

The emission and excitation spectra are obtained from solu- 
tions of the derivative at very low concentrations M and 
less) where intermolecular associations are unlikely. More- 
over, the shape of the spectra, and therefore the relative in- 
tensities of the peaks in the excitation spectra, are insensitive 
to the concentration over a range from 4 X M to 8 x 
lo-' M except for small changes due to self-absorption at the 
higher concentrations. These latter effects are minimal for con- 
centrations less than M. These data suggest very strongly 
that the energy transfer process is intramolecular. In support of 
this conclusion, we can add that we have so far failed to 
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TABLE I. Extinction coefficients of the polyene antibiotics and the nitrobenzoxadiazole precursor: NBD-6-MAHA, as 
a function of solvent 

Compound/solvent HZO EtOH DMF DMSO THF Benzene 

Nystatin 
molar mass: 924 g mol-' 

Pimaricin 
molar mass: 666 g mol-' 

Amphotericin B 
molar mass: 922 g mol-' 

NBD-6-MAHA 
molar mass: 308 g mol-' 

"This spectrum reflects changes in extinction due to aggregation of Amphotericin B in H,O. 

WAVELENGTH Inm 

FIG. 3. Corrected fluorescence emission and excitation spectra of ( A )  1.6 pM NBD-6-MAHA in THF; (B)  1 .I pM Nystatin in THF; 
(C) 1.3 pM NBD-AmB in DMSO, and (D) 0.82 pM NBD-Nys in THF. A-I, emission spectrum for excitation at 470 nrn; A-2, excitation 
spectrum for emission at 530 nm; B-I, emission spectrum for excitation at 306 nm; B-2, excitation spectrum for emission at 405 nm; C-I, 
emission spectrum for excitation at 490 nm; C-2, excitation spectrum for emission at 550 nm; C-3, emission spectrum for excitation at 416 nm; 
D-I, emission spectrum for excitation at 470 nm; D-2, excitation spectrum for emission at 530 nm; D-3, emission spectrum for excitation at 
306 nm. The peaks marked by. ('9 are due to scattering. The fine structure at 470 nm in the excitation spectra (A-2, C-2, and D-2) arises from 
imperfect corrections for the spectrophotometer. 

observe intermolecular energy transfer from the parent polyene 
antibiotic to either NBD-6-MAHA or NBD-MANC, the latter 
being a cholesterol derivative which should complex with the 
polyenes even at M concentrations ( K  -lo5 M-' 
(13)). 

Figure 3 illustrates that in pure Nystatin there is an emission 
which peaks at A = 405 nm. A similar fluorescence can be 
observed for Pimaricin but, as we have shown previously (14), 
pure Amphotericin B exhibits no detectable emission. One can, 
however, show (15) (data not presented) that the fluorescence 
and absorbance are both due to the Nystatin molecule since 
both are observed in the same peaks upon reverse-phase high 
performance liquid chromatography in several solvent systems. 
This is in contrast to Amphotericin B where a fluorescent 

species is clearly separated from the absorbance attributed to 
AmB ( 14). The quantum yield data presented below also indi- 
cate that the fluorescence emission at 405 nm for Nystatin 
arises from its polyene chromophore. 

More careful analysis of emission spectra from purified Am- 
photericin B and the instrumental sensitivity show that the 
quantum yield is less than 0.002. In contrast, the quantum yield 
for Nystatin in THF is about 0.046. For these reasons, we have 
chosen to concentrate on characterizing the energy transfer 
process for NBD-Nys rather than NBD-AmB. It should be 
noted that even though the quantum yield for fluorescence of 
Amphotericin B is low, the energy transfer is still possible with 
reasonable efficiency as the spectra demonstrate (Fig. 3c). 

Table 2 shows the fluorescence quantum yield and lifetimes 
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TABLE 2. Measured quantum yield and lifetime values and calculated rate constants for emission in 
THF at ambient temperature for Nystatin, NBD-6-MAHA, and NBD-Nys 

Compound h,,/nm h,,/nm cb ~ / n s  kF/lOXs-I kNK/lOX S - I  

Nystatin 306 320-600 0.046 
295 405 - 2.60 0.175 3.62 

"Corrected for contribution from Nystatin emission in the region from 480-600 nm which overlaps the NBD 
emission. 

"The best fit includes a very fast (0.1 ns) decay accounting for 10% of the intensity. 

for Nystatin, NBD-6-MAHA, and NBD-Nys in THF at various 
combinations of excitation and emission wavelengths. The 
quantum yield measurements are relative to quinine sulphate in 
0. I N H2S0, (+ = 0.52 (10)) and are corrected for the refrac- 
tive index difference between 0. I N H2S04 and THF (10, I I ) .  
The emission spectra of Nystatin and of NBD-6-MAHA over- 
lap in the region from about 480 nm to about 600 nm. The 
quantum yield of NBD-Nys emission for excitation at 306 nm 
was calculated allowing for this overlap correction. The life- 
time measurements with excitation at 295 nm were done using 
a picosecond fluorescence lifetime apparatus by frequency 
doubling the emission at 590 nm from a Rhodamine dye laser 
pumped with a niode-locked argon ion laser tuned to 5 15 nm. 
The excitation at 295 nm minimizes overlap with the uv absorp- 
tion of the NBD-chromophore which peaks at 340 nm. All tests 
show that the quantum yield for Nystatin is independent of the 
excitation wavelength between 290 nm and 323 nm. The 
306 nm excitation used in the quantum yield measurements was 
the optimum choice based on three considerations: ( I )  it is the 
strongest absorption band thus giving the best signal-to-noise 
ratio, (2)  it does not overlap severely with the 340 nm NBD 
absorption, and (3)  the scattered light in these dilute solutions 
is sufficiently intense that it is detected at twice the wavelength 
(Fig. 3). For 306 nm excitation the light scattering peak is at 
612 nm which is at the tail of the emission and therefore does 
not interfere seriously with the quantum yield measurements. 
For 295 nni excitation the light scattering peak is closer to the 
emission peak, increasing the uncertainty in the area mea- 
surement. (The light scattering peak was subtracted in all 
area measurements but this nevertheless introduces a small 
uncertainty .) 

Several points can be made about the quantum yield data in 
Table 2. First, the quantum yields of emission for Nystatin and 
NBD-6-MAHA are similar. Second, the quantum yield of flu- 
orescence from the NBD-chromophore arising from direct ex- 
citation at 470 nm is not affected by the chemical linkage to 
Nystatin (or to AmB). Third, in the NBD-Nystatin derivative 
the quantum yield for emission at 405 nm is decreased relative 
to that in pure Nystatin, while the quantum yield of new emis- 
sion at 530 nm for excitation at 306 nm is approaching that of 
the NBD-chromophore when excited at 470 nm. 

From these emission data we can calculate the quantum 
efficiency of energy transfer in two independent ways (16) as 
illustrated below for NBD-Nys in THF. First the transfer effi- 

ciency +ET may be calculated from the donor quantum yields in 
the absence (+) and presence ( + I )  of the acceptor as 

Alternatively it may be calculated from the acceptor quantum 
yields in the absence (+,) and presence ( + I , )  of the donor as 

These are independent measures of the same quantity and the 
mutual agreement increases our confidence that the +,, mea- 
surement is accurate and therefore representative. These quan- 
tum yield measurements are determined from the areas of the 
fluorescence emission spectra. It is also possible to get an 
approximate estimate of the efficiency of energy transfer by 
measuring the ratio of the peak amplitudes in the corrected 
fluorescence excitation spectra and normalizing them to the 
appropriate extinction coefficients, i.e., 

This measurement is a third independent measurement of +, 
and agrees well with the more correct area measurements. u 

Utilizing the excitation spectra is particularly convenient for 
dilute solutions or highly scattering solutions if one can assume 
the absorption spectra are invariant. Obviously the mea- 
surement is extremely sensitive to self-absorption effects and 
requires good corrections for the spectrophotometer. 

Table 2 also provides the lifetime measurements. These are 
from fits to single exponential decays in all cases but one, 
namely the emission from NBD-Nys at 405 nm when excited 
at 295 nm. In this case a small (-10%) but very rapid 
(-0. I ns) component appeared. The major component decayed 
at 2.4 ns which is comparable to the lifetime of pure Nystatin 
at 2.6 ns. The lifetimes for emission at 530-535 nm are be- 
tween 0.5 1 and 0.73 ns with the longest lifetime observed for 
the process involving the energy transfer process. Although the 
decay times have statistical uncertainties of less than 0. I ns, it 
is likely that these processes have fundamentally the same 
decay rate. 

  he energy transfer efficiencies were measured in several 
solvents and are listed in Table 3. For the pure solvents there 
is a very large variation from 0.73 in THF to 0.04 in benzene. 
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TABLE 3. Fluorescence energy transfer 
efficiency for NBD-Nys in various 

solvents at ambient temperature 

Solvent 

THF 
EtOH 
DMF 
Hz0 

Benzene 
100:o EtOH: Hz0 
60:40 Et0H:HZO 
40 : 60 EtOH : Hz0 
20 : 80 EtOH : HZ0 
2:98 EtOH : Hz0 
0: 10Cl EtOH:H20 

The solvent-dependent changes in the optical spectra are 
smaller and cannot account for the variation in energy transfer 
efficiency through changes in the overlap integral. Interestingly 
enough, the energy transfer efficiency is lowest in benzene 
(0.04) where the quantum yield for emission by NBD-6- 
MAHA is the greatest. Table 3 also includes the variation in 
energy transfer efficiency with the composition of the solvent 
in mixtures of ethanol and water. It is evident that the effi- 
ciency is very sensitive to ethanol at low concentrations 
(2-20%) and fairly insensitive at higher concentrations of eth- 
anol. We believe the solvent sensitivity arises from differences 
in conformation and state of aggregation of the NBD-Nys in 
each of the solvents. It should be noted that there appears to be 
no correlation between the efficiency of energy transfer and any 
of the standard solvatochromisrn scales (e.g. Z or ET (17)). 

The energy transfer efficiencies for NBD-AmB were mea- 
sured by the ratio of emission areas at 535 nm by excitation at 
either 410 nm or 470 nm or by the ratio of the fluorescence 
intensities at 4 I0 and 470 nm in the corrected excitation spectra 
(methods 2 and 3 above) in both cases correcting for the ex- 
tinction ratio. In DMSO +ET = 0.05 while in ethanol +ET = 
0.07. These are much smaller than the corresponding energy 
transfer efficiencies for NBD-Nystatin (in DMF and ethanol) 
which probably reflects a difference in the overlap integral in 
the two sets of chromophores. The energy transfer efficiency 
for NBD-Pim in ethanol is 0.49 which is slightly smaller than 
that for NBD-Nys (0.57). Since the spectral parameters are 
very similar, this difference likely represents a different con- 
formational arrangement in the two molecules rather than a 
different overlap integral. .. 

We have initiated studies of the energy transfer process in 
model membrane systems. Although these are incomplete, we 
have found that the energy transfer efficiency is greatest in 
dimyristoylphosphatidyl choline bilayers below the gel-to- 
liquid crystal transition (+ET = 0.90) and lowest in dipalmitoyl 
phosphatidyl choline bilayers above the phase transition (4, = 
0.06). It is difficult to get accurate measurements of the absorb- 
ance spectra in these samples because of the large amount of 
scattering from them due to the membrane suspension. Never- 
theless, it is clear that the efficiency of energy transfer is 
greatest below the phase transition and greater in the less rig- 
idly packed DMPC bilayer. Moreover, there is a shift in the 
excitation spectrum of the NBD-chromophore at higher tem- 
peratures which suggest a greater exposure to an aqueous envi- 
ronment. Thus the decrease in energy transfer efficiency is a 
combination of a change in bilayer structure and an increase in 

water content in the bilayer, both known to occur at the phase 
transition. At this point we cannot be certain which is the 
dominant effect. 

Discussion 
Nystatirz spectroscopy 

The photophysics of polyene antibiotics has not been studied 
in detail although their fluorescence properties have been 
utilized in several studies (18-20). Other polyenes, notably 
diphenylpolyenes such as diphenylhexatriene and diphenyl- 
octatetraene and polyenic fatty acids such as cis- and tratzs- 
parinaric acid, have been studied intensively in part because of 
their utility in fluorescence depolarization measurements 
(21-24). Our results with Nystatin and other polyene anti- 
biotics indicate that they share many of the characteristic spec- 
troscopic features of other polyenes. 

Diphenylpolyenes exhibit large Stoke's shifts and poor sym- 
metry relations between the absorption and emission spectra 
(21, 22). The lifetimes measured by fluorescence decay are 
short (<5 ns) while the corresponding quantum yields are low 
(<0. I). The intrinsic or natural lifetimes are typically signifi- 
cantly longer than those estimated from the oscillator strength 
of the absorbance, i .e. from the integrated absorbance (2 1,22). 
These observations have been interpreted in the past by consid- 
ering two singlet excited states of different symmetry ('B, and 
"A, in the 2 / m  (C?,,) group) where the 'A, state is at lower 
energy than the 'B, state. The ground state has 'A, symmetry, 
so the strong absorbance spectra (E -80- I00000 M- '  cm-'; 
f - I) are associated with the 'B, t 'A, transition to the upper 
excited state. A rapid internal conversion causes relaxation to 
the excited 'A, state which is relatively long-lived because the 
'A, t 'A, transition is symmetry forbidden. This ordering of 
the first two excited states accounts for the apparent discrep- 
ancy between the large oscillator strength and the long lifetime; 
for the large Stoke's shift (because the energy gap between the 
two excited states contributes to the red-shift of the emission) 
and for the loss of mirror symmetry between the absorption and 
emission spectra. The model has been confirmed in the case of 
diphenyloctatetraene in a glass at low temperatures by direct 
excitation of the 'A, + 'A, transition (22). 

Parinaric acid (octadecatetranoic acid), specifically the 
isomers 4 9 ,  I 1 ,I 3,15-cis, trans, tratzs, cis) and P(9, I 1 ,13,15- 
all-tratzs) exhibit many of the spectroscopic features outlined 
above for the diphenylpolyenes (24). Although indirect, the 
evidence strongly supports an excited state ordering in the 
parinaric acids similar to that in the diphenylpolyenes. The data 
presented in this report for Nystatin are very similar to those of 
the parinaric acids. Specifically, their absorbance wavelength 
is solvent-sensitive while the emission wavelength is not; the 
emission is about 90 nm red-shifted (compared to 100 nm for 
parinaric acid); the intrinsic lifetime is about 57 ns (compared 
to 100 ns for parinaric acid) which is longer than the 8 ns 
estimated from the strong absorbance spectrum. The measured 
lifetime of 2.6 ns in THF is comparable to that of parinaric acid 
of 3.2 ns in dioxane; the quantum yield is 0.046 compared to 
0.051 for parinaric acid. Considering these comparisons and 
accepting the conclusions about the excited state ordering 
for diphenylpolyenes and polyenic fatty acids, we conclude 
that the tetraene antibiotic Nystatin has similar excited state 
ordering and symmetry relationships between the states. Nys- 
tatin is a more complex molecule than either the diphenylpoly- 
enes or the parinaric acids, so we are reluctant to attach the 
symmetry descriptions of 'A, and 'B, to the states. For the 
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/ s, , \ INTERNAL CONVERSION 

POLYEN E DON0 R NBD-ACCEPTOR 

s2 B 
INTERNAL CONVERSION 

ENERGY TRANSFER 

FIG. 4. A ,  Schematic representation of the transitions in the poly- 
ene chromophore of Nystatin. The emission from SZ is not detected 
because of the rapid internal conversion to S , .  The direct absorption 
into S ,  is too weak to be detected. B, Schematic representation of the 
transitions in NBD-Nys. The polyene chrornophore of Nystatin acts as 
a donor in the energy transfer from S ,  to the s," state of the NBD 
chrornophore. The double arrows indicate the direct absorption and 
emission processes for the NBD chromophore. The energy transfer 
occurs rapidly in 70% of the molecules while the other 30% emit as 
in the parent Nystatin molecule. 

I 
I I 

purpose of the remainder of this discussion we will refer to the 
excited states as SI  and S2 with the understanding that S1 is at 
higher energy than S,  and that the Sz + So transition is a 
symmetry-allowed transition observed in the absorption spec- 
trum while the S, + S,  transition corresponds to a symmetry- 
forbidden transition observed in the emission spectrum. We 
will further presume that the internal conversion SI + S2 is 
rapid (klc > 10" s- '  (24)), so that energy transfer is most likely 
to occur from S,. Figure 4A illustrates graphically the possible 
transitions in the Nystatin chromophore. 

All the polyene antibiotics we have so far looked at (repre- 
senting tetraenes (Nystatin, Etruscomycin, Pimaricin) and pen- 
taenes (Chainin, Fungichromin ( lagosin = cogomycin) (25)) 
and heptaenes (Amphotericin B)) exhibit the characteristically 
large Stoke's shifts and have very solvent-sensitive absorption 
spectra. Based on this limited evidence it is tempting to suggest 
that all the polyene antibiotics will follow the pattern of other 
polyenes including Nystatin. Of course, with the heptaenes the 
emission is so weak that any conclusions about the excited state 
ordering is dangerous. 

I1 

II  

region from 350 nm to 480 nm for excitation at 306 nm is the 
same as that of Nystatin except for a four-fold reduced quantum 
yield. Correspondingly, the excitation spectrum for emission at 
405 nm is the same as that of Nystatin but with a four-fold 
lower intensity. These observations suggest that the state 
ordering of the Nystatin polyene chromophore is not affected 
by the conjugation of the NBD-chromophore. The reduction in 
quantum yield is due to energy transfer as discussed below. 
Moreover, the excitation spectrum in the region from 250 nm 
to 325 nm for emission at 535 nm is the same as that of Nystatin 
but with different intensities. This confirms that the emission 
from the NBD-chromophore is coupled to an energy transfer 
from the same excited states involved in the polyene spec- 
troscopy. We suspect that the energy transfer occurs from SI  in 
NBD-Nystatin. 

sf  

The energy transfer process 
The quantum yield and lifetime of acceptor (NBD) emission 

in NBD-Nys are similar to those in NBD-6-MAHA (Table 2) 
suggesting that there is no back-transfer from the NBD- 
chromophore to the polyene and that the radiative and non- 
radiative rate constants of the acceptor are essentially un- 
affected by the intramolecular interactions in NBD-Nys. 

The emission at 535 nm arising from excitation at 306 nm is 
dependent on the kinetics of three consecutive processes, 
namely, internal conversion from Sz to S, in the donor, energy 
transfer, and acceptor emission (Fig. 4B). Internal conversion 
is rapid and not rate-limiting. Standard kinetic arguments (26) 
predict an emission decay comparable to the slower and there- 
fore rate-limiting of the two other processes. The measured 

I1 m 

lifetime for the total energy transfer and emission is only 
slightly larger than the lifetime of acceptor emission due to 
direct excitation (Table 2), suggesting that the emission step 
rather than the energy transfer step is rate-limiting. A con- 
secutive reaction scheme also predicts an initial increase in the 
concentration of the intermediate which would be observed as 
an initial growth in the emission decay curve, unless the first 
step (energy transfer) is very rapid relative to the timescale of 
the measurement. The measured decay curve (Fig. 5) shows no 
evidence of an initial growth supporting the conclusion that 

) EMISSION I 

energy transfer is rapid. From the data we estimate that the rate 
constant for energy transfer would have to exceed about 
1ol0 s-I. 

The donor emission quantum yield is about four times 
smaller in NBD-Nys than in Nystatin whereas the lifetime is 
about 10% smaller (Table 2). These data are mutually inconsis- 
tent or in conflict with the rapid energy transfer predicted by the 
acceptor emission data in any model which assumes that all 
molecules behave equivalently. Specifically, the measured 
quantum yield, 4 ,  and lifetime, T, of donor emission must 
change in proportion (16) since 4 = kF.7 = kF/(kF + kNR) in 
the absence of energy transfer and 4' = ~ ' F - T '  = ktF/  
(k tF  + ktNR + ktET) with energy transfer. Here kF, kNR, and kET 
are the radiative, non-radiative, and energy transfer rate con- 
stants, respectively, and the primes indicate the values in the 
presence of energy transfer. If the donor radiative rate constant 
is not affected by the donor-acceptor interactions in NBD-Nys 
(klF = kF), a four-fold decrease in quantum yield requires a 
four-fold decrease in lifetime. This is not observed. Con- 
versely, the radiative rate constant would have to decrease 
about four-fold to accommodate the small change in lifetime 

I 

I 
I 

NBD-Nystatin spectroscopy actually observed. The resulting energy transfeirate constant 
The fluorescence emission spectrum of NBD-Nys in the of 3 x 10' s-' is smaller than the rate of decay of the acceptor 

I EMISSION,, 
I I 
I 1 
I I 
I I 

so 

I1 

6! 
II 
I1 
11 

I I 1 1  I 
I I " s t  
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V) 2 5.16 
3 
0 0 
V) 

-5.16. 

CHANNEL NUMBER 

TIME (ns) 

FIG. 5. Decay of emission from NBD-Nystatin measured at 
530 nm while exciting at 295 nm. The dashed curve represents the 
laser pulse profile. Note the absence of a slow build-up as predicted 
for the Forster transfer process. The deconvolution yields a good fit to 
a single exponential decay with a time constant of 0.71. The residuals 
are shown above the curve. 

emission (k = 1.4 X IOy s-I) and much smaller than the energy 
transfer rate constant estimated from the acceptor emission 
data. Hence a decrease in radiative rate constant of donor 
emission would make the energy transfer process, rather than 
the acceptor emission, the rate-limiting step. This is contrary to 
the data for the acceptor emission (Fig. 5 ,  Table 2). Further- 
more, a large change in the radiative rate constant of the donor 
should be observable in its absorption spectrum since the inte- 
grated absorbance is related to the radiative lifetime (16).' 
Since there are no differences in extinction coefficients or 
wavelengths of maximum absorption of the polyene chromo- 
phore between Nystatin and NBD-Nys (Fig. 2) it is unlikely 
that the radiative rate constant is decreased significantly. 
Clearly, there are inconsistencies in the data whether or not we 
assume an invariant radiative rate constant. Models for the 
energy transfer process which assume that all molecules are 
affected equivalently must, therefore, be rejected for the NBD- 
Nys system. 

The simplest alternative is the case where one population of 

 h his argument is complicated by the fact that the absorbing and 
emitting electronic states are different (Fig. 4) but some effects should 
be observed. 

molecules exhibits energy transfer exclusively and another 
population exhibits no energy transfer. The former do not con- 
tribute to the donor emission and are "dark-complexes" which 
still absorb and contribute to the observed acceptor emission. 
The latter are the only source of donor emission and since they 
are not affected by the energy transfer process, the measured 
lifetime of donor emission is unchanged. However, the mea- 
sured quantum yield of donor emission must decrease to reflect 
the mole fraction, X, of unaffected molecules remaining. Spe- 
cifically, the measured quantum yield will be 

In the limit where ktET 9 k tF  + k tNR,  i.e., when energy 
transfer is rapid this reduces to 4' = X-kF/(kF + kNR) = X-4. 
The energy transfer efficiency becomes 

and is now a direct measure of the mole fraction of the popu- 
lation of molecules which exhibit rapid energy transfer. The 
four-fold decrease in quantum yield then indicates approxi- 
mately a 1 : 3 distribution of the two populations. The acceptor 
emission due to energy transfer arises from the population 
where energy transfer must be rapid so the acceptor emission 
step is rate-limiting and no growth in the decay curve is ex- 
pected, in accord with the acceptor emission data (Table 2, 
Fig. 5). All the data are, therefore, wholly consistent with a 
system of two populations which are spectroscopically distinct 
and which interconvert slowly on the nanosecond time scale. 

The conformational model 
Examination of the structure of NBD-Nys (Fig. 1 )  suggests 

that two conformations could exist: a fullv extended conformer 
in which the polyene and NBD-chromophore are separated by 
between 23 and 28 A and a folded conformer in which the 
NBD-chromophore is positioned along the hydrophobic 
polyene-section of the macrolide ring. We propose that in THF 
these are the predominant conformers of NBD-Nys and that in 
the extended conformer energy transfer is inefficient because of 
the separation and relative orientation of the chromophores 
while in the folded conformer energy transfer occurs rapidly 
because of the proximity of the chromophores. The energy 
transfer efficiencv then measures the mole fraction of the 
folded conformer'and the large variation in energy transfer in 
different solvents (Table 3) reflects a different equilibrium be- 
tween the conformers in each solvent. 

Although this model will account for the quantum yield and 
lifetime data, three observations indicate that there likely is a 
small contribution to energy transfer from the extended con- 
former also. First, we have found no solvents in which the 
energy transfer could be completely suppressed. This could 
indicate that there is always at least some of the folded con- 
former present in solvents as different as HzO or benzene, but 
it is also possible that the extended conformer is contributing to 
this emission. Second, the lifetime of donor emission decreases 
in THF by about 10%. This would be expected if energy trans- 
fer is a slow competing process in the extended conformer. 
Third, the separation of the chromophore in the extended con- 
former is small enough that some energy transfer by a Forster- 
type mechanism is expected. 

It is possible to estimate the characteristic separation, Ro, at 
which 50% energy transfer would occur by a Forster mech- 
anism since (27) 
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where C is a constant ( C  = 9.786 x lo-'), K' is a factor 
dependent on the time-averaged relative orientation of the chro- 
mophores, $ is the quantum yield of donor emission, q is the 
refractive index of the medium, and J is the overlap integral 
given by (27, 28) 

In this expression €(A) is the molar extinction coefficient of the 
acceptor, F(A) is the donor emission intensity, and A is the 
wavelength. For the NBD-tetraene chromophore pair in THF 
we calculate 

using a summation over I nm intervals. Assuming an orien- 
tation factor for an isotropic relative orientation (K' = 213 (27, 
28)) the characteristic separation is 

It is likely that the intramolecular linkage would restrict the 
chromophore reorientations and the R0 value could be an upper 
limit. Nevertheless, the extended conformer could in principle 
exhibit up to 50% energy transfer. 

Given the likelihood that the extended conformer exhibits 
some energy transfer, we can use the observed decrease in 
lifetime to estimate the energy transfer rate constant, kET, and 

efficiency, $ET, in this conformer. Assuming no changes in 
radiative and non-radiative rate constants T = I/(kF + kNR + 
kET) SO kET = I / T  - kF - kNR = (4.25 - 0.175 - 3.62) X lo8 
s-' = 4.6 x lo7 s-' and $ET = kET.7 = 4.6 X lo7 s-'  2.35 X 

lo-' s = 0. I I .  Thus in THF the extended conformer may 
exhibit a slow energy transfer with an efficiency up to about 
11%. 

The folded conformer we postulate as one in which the 
NBD-chromophore has folded back over the mycosamine so 
that its T-ring system is parallel to the polyene chromophore. 
This will provide the close contact necessary for energy transfer 
by an electron-exchange mechanism. Because of the proximity 
we assume that energy transfer is occurring at unit efficiency by 
the Dexter-type mechanism. The total observed energy transfer 
is then given by the sum of the contribution from each con- 
former weighted by the respective mole fractions, i.e., 

&T (total) = X. $ET (extended) + ( I  - X)$ET (folded) 

= X. $ET (extended) + ( I - X) 

For NBD-Nys in THF this yields (using $ET (extended) = 
0. I I), X = 0.32 and (I - X) = 0.68. In other words, 32% of 
the NBD-Nys are in an extended conformation while 68% are 
folded. 

The proposed conformational model for energy transfer in 
NBD-Nys is summarized in the following kinetic scheme 
where D represents the donor (Nystatin) and A the acceptor 
(NBD): 

I k 
k ; ~  

("1 + 
(DA) + hv, --t (D*A) - (DA*) 

(DA) 

Here the internal conversion step (S2 + S I )  in the donor has 
been omitted for clarity. The extended conformer is repre- 
sented by D - A. Upon excitation at hv, ,  the donor can decay 
by emission of light (at hv?), by non-radiative processes or by 
energy transfer to give D - A* which in turn can decay by 
acceptor emission (at hv,). The folded conformer is represented 
by (DA). Upon excitation at hv , ,  the donor transfers energy 
with unit efficiency to the acceptor which then decays by emis- 
sion at hv,. The conformers exist in equilibrium in the ground 
state, but the rate of interconversion is slower than the photo- 
physical decay paths and therefore the conformers are observed 
as spectroscopically distinct species. We propose that the equi- 
librium constant is solvent dependent, which accounts for the 
variation in energy transfer efficiency (Table 3). We then inter- 
pret the variation in energy transfer efficiency in the mixed 
ethano1:water system and in the lipid membrane system as a 
reflection of changes in the equilibrium constant for the two 
predominant conformers. We hope to exploit this in studies of 

binding of steroids to NBD-Nys, since binding is likely to shift 
the equilibrium and thus alter the observed energy transfer 
efficiency. 

Conclusions 
Polyene antibiotics have intrinsic chromophores whose spec- 

troscopic properties when properly understood may be ex- 
ploited in studies of their mechanism of action in cell mem- 
branes. The photophysical behaviour of the tetraene Nystatin 
can be shown to resemble closely that of other polyenes, partic- 
ularly the parinaric acids. On the basis of this comparison we 
suggest that the pattern of excited state ordering observed in 
other polyenes extends to the polyene antibiotics. 

Nitrobenzoxadiazole derivatives of the polyene antibiotics 
exhibit efficient intramolecular energy transfer from the poly- 
ene chromophore to the nitrobenzoxadiazole chromophore. 
Lifetime and quantum efficiency measurements are consistent 
with a model in which there is an equilibrium between a fully 
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extended conformer (D - A) and a folded conformer (DA). 
The former exhibit energy transfer by a Forster type energy 
transfer mechanism through Coulombic interactions of the tran- 
sition dipoles. The latter exhibit energy transfer by a Dexter 
type energy transfer mechanism at a very fast rate. The total 
transfer efficiency depends on the relative proportion of the 
conformers which is sensitive to the solvent. For NBD-Nys in 
tetrahydrofuran the folded conformer represents about two- 
thirds of the molecules and accounts for more than 90% of the 
observed transfer. In other solvents the fraction of folded con- 
former is less. 

The dependence of the energy transfer efficiency on the 
proportion of each conformer may provide a sensitive spec- 
troscopic tool for studies of polyene-sterol interactions, since 
these are expected to affect the equilibrium distribution of 
extended and folded conformers (7, 8). Moreover, the spec- 
troscopic properties of the chromophores suggest that it might 
be possible to observe intermolecular energy transfer between 
NBD-chromophores and polyene antibiotics if the complexes 
formed bring the chromophores within about 15-20 A. 
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Reactivite du nucleophile azoture vis a vis de cations heterocycliques aromatiques. VI. 
Cas des triaryl-2,4,6 oxaziniums-1,3 
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JEAN-CLAUDE CHERTON, PAUL-LOUIS DESBENE, MARC BAZINET, MARC LANSON, ODILE CONVERT et JEAN-JACQUES 
BASSELIER. Can. J. Chem. 63, 86 (1985). 

La reaction du nuclCophile azoture avec les triaryl-2,4,6 oxazinium-1,3 conduit en haut rendement aux p tCtrazolo-trans- 
benzalacCtophCnones. La formation de ces tktrazoles implique I'intervention des azido-2 2H-oxazines- 1,3 correspondantes. Un 
mCcanisme de rearrangement de ces azides mettant en jeu deux tautomkries cycle-chaine autour des intermediaires iminoazides 
est proposC. Sous reserve que les azido-2 2H-oxazines-1,3 sont bien les produits cinktiques de l'attaque de N3-, les resultats 
prCsentCs constituent un rare exemple de rCgiosClectivitC de I'attaque d'un nuclCophile sur le pBle C2 d'oxazinium-1,3. 

Le problkme de la r6activitC du systkme oxazinium-l,3/azoture est discutt en reference au couple triphenyl-2,4,6 
pyrylium/N,-. 

JEAN-CLAUDE CHERTON, PAUL-LOUIS DESBENE, MARC BAZINET, MARC LANSON, ODILE CONVERT, and JEAN-JACQUES 
BASSELIER. Can. J .  Chem. 63, 86 (1985). 

Nucleophilic attack of sodium azide on 2,4,6-triaryl-1,3-oxazinium species gives high yields of p-tetrazolo-trans- 
benzalacetophenones from the corresponding 2-azido-l,3-oxazines. The rearrangement of the azido oxazines likely proceeds 
via tautomerism of the intermediate iminoazides. If the formation of the 2-azido-I ,3-oxazines is under kinetic control, these 
results are a rare example of high regioselectivity in nucleophilic attack at the C2 carbon of 1,3-oxazinium species. 

The reaction behaviour of the 1 ,3-oxazinium/N3- system is discussed, together with results obtained from the 2,4,6- 
triphenylpyrilium/N3-. 

Nous nous intkressons depuis quelques annees a la reaction 
du nucleophile azoture avec divers cations hetCrocycliques aro- 
matiques de type pyrylium. Les recherches ont ainsi CtC menees 
tant en raison de I'inttrCt theorique de la reaction (1, 2) que des 
possibilitCs qu'elle offre sur le plan de la synthkse de composCs 
hCtCrocycliques a sept chainons (1, 3 a 9). (cf. schema I). 

Les cations oxazinium- 1,3 I ou azapyrylium- 1,3 sont com- 
me les cations pyrylium deficients en Clectrons, et comme tels 
reagissent avec de nombreux nucleophiles (10 a 13). A l'issue 
de ces reactions des oxaziniums- 1,3, trois types d'oxazines: les 
6H-oxazines 2 ,  les 4H-oxazines 3 ,  les 2H-oxazines 4 sont 
envisageables a priori en raison de la differenciation des p6les 
2 et 6 en a de I'oxygkne (cf. schema 2). 

Cependant, il ressort des travaux de R. R. Schmidt et coll. 
d'une part (10 et ref. citkes) et de 1. Shibuya et coll. d'autre part 
( I  I a 13) que I'attaque d'une grande vari6tC de nucltophiles sur 
le cation triphknyl-2,4,6 oxazinium-1,3 l a  conduit exclu- 
sivement ou en preponderance a des composts de type 
6H-oxazine-1,3, c'est a dire de type 2 ou a des produits re- 
sultant de leur rkarrangement (cf. schema 2). 

Le comportement du couple cation l/azoture n'avait pas 
encore CtC abordC. Compte tenu des rksultats obtenus prt- 
ckdemment par nous mCmes en sCrie pjlrylium (1, 3 et 8) et par 
Schmidt et coll. (10) avec d'autres nucltophiles en sCrie 
oxazinium-1,3, on pouvait attendre: soit une "non attaque" au 
sens covalent du terme avec formation d'un complexe de type 
donneur-accepteur comme observe dans le cas du couple 
triphinyl-2,4,6 pyrylium/N,- ( I ,  3, 8); soit une attaque de N,- 
sur le p61e C6 du cation 1. Au quel cas, I'evolution de I'azide 

Cation cx Azidopyranne Azidodiknone 
pyrylium 

Oxazepine- 1,3 
SCH~MA 1 

Resultats et discussion 
L'action de I'azoture de sodium sur une solution de 

perchlorate de triphknyl-2,4,6 oxazinium-1,3 l a  ( 10) dans 
I'acCtonitrile anhydre se manifeste tout d'abord par une exal- 
tation de coloration malheureusement trop br6ve pour &tre 
analysCe par exemple par spectroscopie uv-visible, suivie 
d'une dCcoloration progressive du melange reactionnel. II 
s'agit donc d'une reaction d'attaque de N,-, mais la possibilitk 
de formation transitoire ou simultanCe d'un complexe 
donneur-accepteur, comme le laisse supposer I'exaltation de 
coloration n'est pas exclue. Au bout de quelques heures on 
isole un composC unique: le [diphknyl- 1,3 0x0-3 prophe- 1 -yl 
(E)]-l phCnyl-5 tCtrazole que I'on dknommera dtsormais 
tCtrazole 5a (Rdt 92%) (cf. schema 2). 

covalent 2a (Nu = N,) permettrait ~ventuellement I'accession I. Structure du te'trazole 5a 
a des homologues "aza" d'oxazepines- 1,3, (cf. schCma I )  en Ce compost C?2H,6N,0 resulte de I'incorporation de trois 
I'occurence des oxadiazipines (14). atomes d'azote au squellette du cation l a .  Toutefois les struc- 

Nous prksentons ici les premiers rksultats concernant le com- tures des produits primaires envisageables: 2a, 3a ou 4a (Nu = 
portement de triaryl-2,4,6 oxaziniums-1,3 1 vis a vis du nu- N,, cf. schema 2) sont a Ccarter en raison de I'absence de la 
cleophile azoture. bande d'absorption azido vers 2 100 cm-' dans le spectre infra- 
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CHERTON ET AL 

2 3 4 
Composes de type 

6H-oxazine- 1,3 4H-oxazine- 1,3 2H-oxazine- 1,3 

Cvolutions ulterieures eventuelles 

Dans le cas ou N u  = NT et Ri = $, R5 = H 
hettrocycle 

[2a et/ou 3a et/ou 4al ++ heptaatomique 

/ 
oxadiazepine 

I Q"0 
69 : motif phtnyl-5 

7a 5a tktrazole 
iminoazide tetrazole 

rouge ( I  5 ) .  Aprks examen de ses proprietes chimiques' et spec- 
troscopiques, nous avons attribue a ce compose la structure 5a 
associant les deux motifs: phCnyl-5 tetrazole et trans chalcone 
(cf. schkma 2). 

Les arguments d'ordre spectroscopique sont les suivants: la 
prtsence du motif trans chalcone est Ctablie par les analogies 
obsewees entre les spectres d'absorption uv-visible, infra- 
rouge, de rmn 'H et de rmn I3C du compose 5a et ceux de la 
trans benzalacetophCnone 6 (cf. partie experimentale); le motif 
te'trazole est dkcelC en spectroscopie infra-rouge par I'ob- 
sewation d'un ensemble de bandes caractCristiques dans la 
@ion des empreintes ( 1  7, 18). En spectroscopie de masse, 
I'observation des ions molCculaires n'est pas possible par la 
technique de I'impact Clectronique 1.E. a 70 eV ni mCme a plus 
basse Cnergie. L'ion de masse la plus Clevee est alors celui 
resultant de la perte de Nz. Dans le cas du tktrazole 5a, une 
fragmentation M t  - N,' est Cgalement notee, elle conduit au 
cation oxazinium (M * 310, Masse Exacte). Pour les autres 
tCtrazoles, les mCme hypotheses de fragmentations semblent 

' L'Ctude dCtaillCe du comportement thermique et photochimique 
des tktrazoles fait I'objet d'un article a part soumis pour publication au 
Can. J. Chem. (16). 

raisonnables, d'autant que des observations similaires ont Ctk 
faites dans le cas d'aryl et d'alkyl tktrazoles (19, 20). Le re- 
cours a l'ionisation chimique (IC) permet d'obsewer les ions 
quasi molCculaires (cf. partie experimentale). 

11. Mtcanisme d'obtention du te'trazole 5a 
La formation de ce tktrazole pose deux questions: celle du 

mkcanisme d'isomkrisation de I'azido-2 2H-oxazine-1,3 4a 
dont il  derive manifestement - et celle de savoir si cette oxazine 
4a est bien le produit cinktique de I'attaque de N,- sur 
I'oxazinium- 1,3 l a .  

1. Filiation oxazine 4a + te'trazole 5a 
Nous proposons, pour rationaliser I'obtention du tktrazole 

5a, deux tautomeries cycle-chaine impliquant I'imino-azide 
7a (1, 3, 8, 21, 22) (cf. schema 2) jusqu'ici rencontrkes sCpa- 
rCment pour des systemes voisins. (i) La tautomkrie 4a = 7a 
s'apparente aux classiques Cquilibres dienone = a pyranne (cf. 
schema 1 )  qui ont pu Ctre notes lors de 1'Ctude de I'action de 
nuclkophiles (23) et en particulier de I'ion azoture (1, 3, 8) sur 
les cations pyrylium. (cf. schema 1). (ii) La tautomkrie 7a S 
5a est un Cquilibre du type iminoazide-tetrazole dont on 
connalt de nombreux exemples (21, 22). 

L'obtention des tktrazoles 5a constitue une derivation au 
schCma rkactionnel initialement envisage: 
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4 
Cvolution 
"normale" 

l a  7 5a 

N3 

A (interception) 

adduit 9a 
forme fermCe forrne ouverte 

phosphoirnine 10a 
forrne ferrnCe forrne ouverte 

12a 1 l a  

cornposC phosphor6 instable C.P. 

TABLEAU I. RCsonance rnagnCtique nucl6aire du "C des p8les 
d'attaque des oxaziniurns-1,3 1. RCactivitC vis i vis de N3- 

Attaque de N3- 
6 "C, TMS, (CFFOOH) 

CornposC 1 C2 C4 C6 RCactivit6 %5 

b R2 = 0CH3 177,s 170.1 175,2 Ib 90 
a R 2 = H  178,l 170.5 176,2 croit 92 
c R 2 = N 0 2  178,4 168.2 178,O l c  75 

TABLEAU 2. Spectres de rnasse des oxazines-1,3 3 et 14 (I.E.; 70 eV) 

H\ /R4 

CornposC Spectre de masse 

Cation N3- A hCtCrocycle 
arornatique - azide - azotC sont les formes intkressantes du schema rkactionnel general. A 

h6tCrocyclique h6t6rocyclique -N2 heptaatornique ce titre, a kt6 entreprise une etude des diffkrents facteurs inter- 
puisqu'elle inhibe la formation des hCtCrocycles hep- venant sur les deux tautomeries impliqukes dans la formation 
taatomiques. Toutefois le mecanisme que nous proposons (cf. des tktrazoles (16). 

schema 2) pour leur obtention laisse entrevoir des possiblilites 2. Mode d'action de N.?- sur les oxaziniums-1,3 1 
de retour vers l'iminoazide ou I'azido-2 2H-oxazine-1,3 qui Afin de savoir si l'azido-2 2H-oxazine-1,3 4a est ou non le 
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CHERTON JT AL. 

TABLEAU 3. Spectres de  resonance magnetique nucleaire du '.'C des 2.4.6 polyaryloxazines-1.3 
3" 

3 

z = 14" 15" 
Z = H  Z = C H 3  

Carbones R' = H b R' = 0 C H 3 '  (. R' = NO2 R' = H R' = H 

C2 152,2 

Carbones C6 146.2 

quaternaires C I '  132.8' 

CI" 144.4 
CI"' 132,4' 

Carbones" C4r 131.0 
tertiaires 

C4 56.6 
C5 100.8 
C4" 127.2 
C4"' 128.3 

' Peuvent Ctre inversks. 
' Nos attributions. 

- 

"Deplacements chimiques en ppm/TMS interne, solutions dans CDC13. 
"En raison de la complexite des spectres. les carbones tertiaires des groupes aryles n'ont pas 6tC attribues, 

except6 les carbones para (identifiables par leur intensite et pour 4' par la substitution). 
Diplacements calculCs par incr6mentation (30) B partir des 6 "C de 3a. 

"Diphenyl-2.6 oxazine-1.3 14 (29) facilitant I'attribution du carbone Cl" des oxazines 3.  
"Diphenyl-2.6 methyl-4 oxazine-1.3 15: spectre de I3C publie sans attribution (31). 
' 6  "C OCH, = 55.3 ppm. 
'Carbone secondaire. 

produit cinttique de I'attaque de N,- sur I'oxazinium l a ,  nous 
avons tent6 de rtpondre en procedant a diverses dtmarches. 

(a) Action de NaN.< sur l a  a basse tempe'rature 
On ne deckle dans ces conditions aucune modification de la 

reaction: ni diminution notable du rendement en Sa, ni for- 
mation de nouveaux composts. Ce resultat signifie que 
l'oxazine 4a est probablement le produit cinttique de I'attaque. 

(b) Action de NaN3 a basse temperature et en pre'sence de 
triphenyl phosphine 

Nous avons tent6 d'intercepter a froid le prtcurseur du tt- 
trazole 5a en procedant a I'attaque de I'oxazinium l a  par N,- 
en prtsence de P(+),. La triphtnylphosphine est en effet con- 
nue pour capter les azides organiques en conduisant 2 des 
adduits I : I ou bien encore aux phosphoimines correspondantes 
par perte d'azote molCculaire (24). 

Dans ces conditions, le cours "normal" de la reaction est 
modifie, une interception se produit effectivement puisqu'on 
observe: une diminution du rendement en tktrazole 5a de 92 a 
47% (I'interception n'est que partielle), et la formation d'un 
compose phosphor6 note C.P. correspondant d'apres l'analyse 
centesimale a la perte d'une moltcule d'azote et a la fixation de 
P(+)3 en partant d'une azidooxazine 2,3 ,  ou 4 ou de tout autre 
azide isombre (cf. schema 3). 

L'analyse centesimale n'a pu etre rkalisee que sur le com- 
post C.P. brut car les essais de purification (recristallisation, 
chromatographie sur couche mince) conduisent immanquable- 
ment a une dCcomposition plus ou moins prononcee en melange 

de (+)3P0 et de triphtnyl 2,4,6-pyrimidine 8 (25) (cf. schema 
3). La fragilitt de ce compose C.P. n'a pas facilite la deter- 
mination de sa structure. Cependant, aussi bien sa decom- 
position que diverses donntes spectroscopiques (cornme: ab- 
sence de carbonyle en infra-rouge, certaines fragmentations en 
spectromCtrie de masse, presence dans le spectre de rmn "P 
d'un signal compatible avec un phosphore engagt dans un 
cycle (26)) nous conduisent a admettre pour ce compost C.P. 
une structure d'htttrocycle phosphort. Dans le schema 3 est 
reprtsentte I'hypothese la plus vraisemblable selon laquelle le 
precurseur intercept6 2 froid serait effectivement I'azido-2 
2H-oxazine-1,3 4a. Le produit de I'interception serait alors 
I'adduit RN,P(+), 9a sous forme ouverte ou cyclique dont le 
rearrangement direct ou par l'intermtdiaire de la phosphoimine 
10a (forme ouverte ou cyclique) conduirait au compose C.P. de 
structure l l a  ou 12a. 

Ces rtsultats confirment l'intervention d'un azide inter- 
mediaire dans la formation du tktrazole 5a (cf. schema 2) et 
s'accordent avec l'hypothkse de I'azido-2 2H-oxazine- 1,3 4 
comme produit cinttique de I'attaque de N,-. 11s permettent 
d'tcarter I'hypothkse d'un mecanisme concert6 de I'attaque de 
N,- sur le p61e C2 de I'httCrocycle avec simultantitt de I'ou- 
verture de cet hCttrocycle et de la formation du cycle tC- 
trazolique. 

(c) Effets de la substitution du pble C2 sur la re'activite de N.,- 
vis a vis des oxaziniums-l,3 I 

Nous avons synthetist de nouveaux oxaziniums- 1,3 
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TABLEAU 4. Spectres de resonance magnetique nuclkaire ''C des triaryl-2,4,6 oxaziniums- 1.3 1" 

A" 

C2 178,l 
C4 1705 

Carbones C6 176.1 
quatemaires CI' 128,8 

CI" 133.9 
CI"' 128.8 

Carbones C4" 140.8" 1 
tertiaires" C4"' 139,8 

C5 109,4 
' Peuvent &tre inverses. 

"DCplacements chimiques en ppm/TMS interne, solutions dans CF'COOH. 
"En raison de la complixite des spectres, les carbones tertiaires des groupes aryles n'ont pas ete attribues, 

exceptis les carbones para (identitiables par leur intensite et pour 4' par la substitution). 
' DCplacements calcules par incrementation (30) B partir des 6 "C du compost l a .  
"TriphCnyl-2.4.6 pyrylium utilise comme modele ( I ,  8). 

presentant en C2 un groupement aryle C6H4p-R' - soit Clectro- effets electroniques doit Ctre pris en compte. 
donneur et desactivant (16, R' = 0CH3) - soit Clectroattracteur Dans un premier temps, nous avons fait appel au dC- 
( l c ,  R2 = NO'), (cf. tableau I). placement chimique "C pour situer, de fagon approchee, la 

De fagon tout a fait qualitative, on constate que I'oxazinium densite Clectronique des differents p6les des cations oxazinium, 
anisyle l b  est moins reactif vis a vis de N,- que les sels l a  et sous reserve de la validit6 d'une telle relation pour ces cations 
l c .  (27). Neanmoins, nous avons montre que pour des cations 

Le recours a le spectroscopie uv-visible comme moyen de 
comparaison des vitesses d'attaque des trois sels l a  i l c  n'a pas 
permis un classement plus precis de leurs reactivites. En effet, 
2 de telles concentrations, intervient de fagon non negligeable 
la reaction concurrente d'hydrolyse des sels, en particulier dans 
le cas de I'oxaziniurn nitre l c ,  qui conduit aux "pseudo-bases" 
correspondantes: les P benzamido-trans-benzalacCtophCnones 
13 (cf. partie experimentale). 

En revanche, le recours i des reactions competitives d'atta- 
que de N3- sur des melanges de sels d'oxazinium 1 fournit le 
classement indicatif suivant (base sur une analyse des melanges 
reactionnels par rmn 'H, cf. partie experimentale): l c  (R' = 
NO'), l a  (R' = H) > 1 6  (R' = 0CH3). 

Cette sequence suggkre l'hypothkse selon laquelle la reac- 
tivite de I'ion azoture vis i vis des oxaziniums serait tributaire 
dans une mesure restant 2 determiner, de la charge du p61e Cz. 
En effet, l'examen a priori de la substitution R' sur les carbones 
heterocycliques montre que I'effet mesomkre du groupe nitro 
n'affecte pratiquement pas les pales d'attaque, cependant que 
celui du groupe methoxyle est desactivant. I1 est evident que 
cette constatation ne constitue qu'une indication grossikre de 

hCtCrocycliques voisins: pyryliums et thiopyryliums, existait 
une relation lintaire 6 I3C et charge n .H.M.0 (1, 8). 

En ce qui concerne les oxaziniums-1,3 1 ,  les donnees de la 
rmn "C (cf. tableau I) semblent confirmer I'hypothese d'une 
influence importante du facteur densite de charge des pales 
eventuels d'attaque sur la reactivite de I'ion N3-. On observe en 
effet que le p61e C2 est le plus deblinde (voire le plus charge) 
et qu'un certain parallClisme existe entre le 6 du p61e C2 et 
la riactiviti du cation correspondant vis a vis de N3- (cette 
derniere croissant du sel 1 6  au sel l c ) .  

Cette hypothese amkne a considerer comme moins favorable 
une attaque sur le p61e C4 qui s'avere Ctre le moins deblinde 
voire le moins charge des p6les d'attaque. En revanche, dans 
le cas de l'oxazinium nitre l c ,  elle conduit a envisager la 
simultaneite d'une attaque de N3- sur les p6les C2 et C6 qui 
porteraient selon la rmn "C des charges voisines. Un compose 
supplementaire a d'ailleurs CtC isole en procedant a l'attaque du 
sel l c  a basse temperature. Son trop faible rendement n'a 
toutefois pas permis d'en preciser la structure ni, bien s i r ,  
l'origine (attaque en C2 ou C6). 

Un traitement theorique de la reactivite du systkme 
I'influence de la substitution e t  que bien sQr l'ensemble des oxazinium- 1 ,3/N3- analogue i celui deja effectue dans le cas 
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CHERTON ET AL. 

TABLEAU 5. Spectres de rksonance rnagnktique nucleaire du "C des pseudobases 
triarylies 13" 

f l  b C' 

Carbones R' = H R' = OCH, R" NO2 
- 

C2 165,2 164.7 
C4 157,l 157,5 

Carbones C6 192.0 191.9 
quaternaires C I '  133.5 125.6 

( 124,6)" 
CI" 136.4 136.5 

CI"' 138,6 138.6 

C4' 132,8* 163,2 150.3 132.2 
( 163,O)" ( 152.4)" 

Carbones C4" 129.8 129.7 130.1 130,4 128,l 
tertiaires" C 4 '  132.8 132.6 133.1 132,7 

C5 105.4 104.9 106.2 122.0 120.5 
' Peuvent etre inversks. 

- - - 

"D6placements chimiques en ppm/TMS interne, solutions dans CDCI,. 
"En raison de la complexit6 des spectres. les carbones tertiaires des groupes aryles n'ont pas 

ete attribuis, exceptts les carbones puru (identifiables par leur intensite et pour 4' par la 
substitution). 

'Diplacements calcules par incrementation (30) i partir des dkplacements du  compose 13u. 
' l r runs-Benzalacetoph~ne 6 utilisie comme modSle du systSme Snonique. 
" 16 (31) modile de benzamide secondaire. 

de systkrne pyrylium/N3- ( 1, 2) est actuellernent entrepris. 
Tout d'abord il devrait perrnettre de vCrifier la validit6 des 
hypothkses Crnises, comrne celle d'une relation IinCaire 6 
"CldensitC de charges des p6les Cventuels d'attaque des oxa- 
ziniurns et  celle d'une rCactivitC des cations 1 forternent tribu- 
taire des charges, selon laquelle les azido-2 oxazines-1,3 
seraient les produits cin6tique d e  I'attaque. Enfin, il devrait 
renseigner sur I'CventualitC d'un complexe donneur-accepteur 
du type d e  ceux observCs ( t ,  8) dans le cas d e  pyryliums peu 
encornbrks, que nous avions envisagCe pour interprkter 
I'exaltation d e  coloration observCe au debut d e  la rkaction entre 
N3- et I'oxazinium la.  

Partie experimentale 
Les spectres d'absorption ultraviolet-visible et infrarouge ont CtC 

respectivement enregistris sur des appareils Hewlett Packard 8450 ou 
Philips SP8-250 et Philips SP3-200. Les spectres de rrnn 'H et rrnn "C 
ont CtC enregistrks sur appareils Varian EM360 ou Bruker WP80 et sur 
appareils Bruker SY80 et WM250. Quant aux spectres de rnasse, ils 
ont ttt effectuCs par Mesdemoiselles J .  Mercier et C. Lange que nous 
rernercions, respectivernent - au Centre de Mesures Physiques de 
Paris sur un spectrornktre AEI MS50 - au laboratoire sur un spec- 
trographe quadrupolaire NERMAG R 10- IOC. Les analyses CICrnen- 
taires ont CtC effectukes par le Centre de Microanalyse du C.N.R.S. 
ou au Laboratoire de Microanalyse de I'UniversitC Pierre et Ma-rie 

Curie. Les points de fusion non corrigCs ont CtC determines de f a ~ o n  
instantanke au banc de Kofler. 

I. Synth2se et structure des trioryl-2,4.6 o.~azinium.s-l,3 1 
La structure des oxaziniurns-1.3 1 repose tant sur leurs propriCtes 

spectroscopiques que sur celles de leurs prkcurseurs, les 
4H-oxazines-1.3 3 (Nu = H), et celles de leurs produits d'hydrolyse, 
les P-benzarnido-trans-benzalacCtophenones 13. Une Ctude spec- 
troscopique de ces trois classes de composes a donc CtC rnenCe en 
recourant notarnrnent i la rrnn "C. 

(a) PropriPtCs des 4 H-oxazines-1.3 3 (Nu = H) 
Les oxazines 30 et 36 Ctaient dCji connues (10. 28) ainsi que 

I'oxazine 14 (29) qui a servi de modkle pour les attributions de dC- 
placements en rmn ITC. L'oxozine nitrie 3c nouvelle a CtC prCparCe 
selon Schmidt (10): (60%); Fi 134°C (Cther); ir crn-' (KBr): 1690, 
1640, 1605, 1580, 1520, 1500, 1455 et 1350; UV A ,,,;,, nrn (E ,,,,, ), 
(Cther): 214 (4,32), 272 (4,32); rrnn ' H  (CDC13) 8 pprn/TMS: 5.75 
(syst. AB, 2H, J = 3 Hz). Anol. calc. pour C,2HIhNZO,?: C 74.14, H 
4 3 3 ,  N 7,86; tr.: C 74,04, H 4.70, N 8.01. Spectre de rnasse: cf. 
tableau 2; rrnn "C des oxazines: cf. tableau 3. 

(b) Obtenrion et propriitPs des trioryl-2.4,6 oxnziniurn.s-l,3 1 
Seul I'oxaziniurn l o  Ctait connu (10). Les oxaziniurns l b  et l c  ont 

CtC obtenus selon la rnerne rnkthode (10) par oxydation des 
4H-oxazines- 1.3 3 correspondantes. 

Perchlorate de diphinyl-4.6 poramithoxyphPnyl-2 o.razini~m-l,3 
l b :  (60%); Fi 265-267°C (CH'CN, Cther); ir cm-' (KBr): 2850, 
1615, 1590, 1530, 1095; uv-visible (CH3CN) A ,,,,, nrn (log E ,,,,, ): 375 
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TABLEAU 6. PropriCtCs spectroscopiques des tCtrazoles 5 

Infra-rouge" 
(KBr) cm-' 

Spectre 

Ultraviolet-visible (Cther) 
A,,. nm (log emax) 

RCsonance magnktique nucltaire du 'H 7,85-7,65 (m, 4H) 7,9-6,8 (m, 15H) 8,5-8,l (m, 4H) 
6 ppm/TMS interne 7,6 (s, H5)" 3,75 (s, 3H) 8,l-7,3 (m, 11H) 
Solution CDC13 7.55-7,25 (m, I IH) 

Masse (M) (352) (382) (397) 

D.I.C. (NH,; 0 , l  Torr) 
ions quasi molCculaires 

I.E. 70 eV 

C H N C H N C H N 

Analyse %calc. 74,98 4,58 15,90 72,23 4,74 14,65 66,49 3,80 17,63 
% tr. 74,62 4,49 15,68 72,42 4,81 14,76 66,38 3,88 17,88 

"On note entre 1340 et 690 cm-' la prisence d'un ensemble de bandes caractiristiques du noyau titrazolique (17, 18). 
"Position confimCe par la m n  h haut champ (250 MHz), par I'emploi de Eu(fod), et par effet de solvant ASIS (34), (C6D6): 7.9-7,4 (m, 4H), 

7.15 (s, 'H5), 7 , l -6,8 (m, IIH). 
'Masse Exacte calc. pour C2?HI6NO: 310, 1231; tr.: 310, 1236. 

l a  + l b  l c  + l b  
5 x I o - h o l  5 X lo-.' mol 5 X lo-'' rnol 5 x lo-' mol 

1 Action i I'abri de la lumikre de 20 mg NaN, - 3 x rnol 1 
5 cm"e CHKN pendant 5 rnin i -5°C 

Melange rtactionnel Melange reactionnel 
5a + 5b + l a  + l b  5c + 5b + l c  + l b  

1 Hydrolyse 1 

Pseudobases 13a + 136 Pseudobases 13c + 13b 
TCtrazoles 5a + 56 TCtrazoles 5c + 5b 

Silice separation ccm tetrazoles/pseudobases 1 

+ TCtrazole 5a 
TCtrazole 5b 

+ TCtrazole 5b 
TCtrazole 5c 

Dosage rmn 'H CDCI, Dosage rrnn 'H DMSO-d6 1 

Rtsultat: 5b/5a = 0,80 RCsultat: 5b/5c = 0,78 
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CHERTON ET AL. 

TABLEAU 7. Spectres de rCsonancc rnagnetiquc nuclCairc du "C dcs tCtrazolcs 5" 

5 6" 17" 
(I b c (I c 

Carbones R' = H R' = OCH, R' = NO' R' = H R' = NO1 

C6 189,l 188.9 189.9 190,O 
Carbones 
quatcrnaires Cl ' 124,8 116.6 1 20.9 123,2 129,9 

( I  l5,9)<. ( 130.8)' (129.2)' 
CI" 134.5 134,4 134.1 134.6 
CI"' 138.2 138.0 137.7 137.9 

Carbones C4" 132,2 1 132.4 132.6 130,3 
tcrtiaires" C4"' 134.3 134,4 134,7 132,7 

C5 123,9 124,3 124.6 122,O 
Peuvent ktre inversts. 

"Ddplaccments chimiqucs cn ppm/TMS intcrnc, solutions dans CD,COCD,. 
"En raison dc la complCxitC dcs spcctrcs. Ics carbones tcrtiaircs dcs groupcs arylcs n'ont pas 6115 attribuds 

cxccptes Ics carboncs purn (idcntifiablcs par lcur intcnsitd ct pour 4' par la substitution). 
Ddplaccments calculds par incrdmcntation (30) B partir dcs ddplaccmcnts du composd 50 .  

"tra~is-BenzalacdtophCn~)nc 6 utiliscc commc ~nodkle du systi.nic dnoniquc. 
" 17 (35): modCle dc tdtrazolcs. 

(5,38), 436 (5.03); rrnn I2C: cf. tablcau 4. Atlnl. calc. pour 
Cz2HlxNI0 ,  CI: C 62,80. H 4,13, N 3.18. CI 8.06; tr.: C 62.49, H 
4.23. N 3.30. CI 7 3 3 .  

Perchlorate de diphktzyl-4,6 pc1rot1itrop/~L:t1~/-2 o,rl1zit7i~1nz-l,3 l c :  
(85%): Fi 275-280°C (CH2CN, Cther); ir c r n '  (KBr): 1625, 1590, 
1520, 1350, 1100; uv-visible (CH,CN) X ,,,;,, nrn (log E ,,,,, ): 274 
(4.36). 352 (4.41). 404 (4.44); rmn "C: cf. tableau 4. Atlnlyie: com- 
post ne pouvant Ctre isold pur, cf. analysc ccntesirnale de son produit 
d'hydrolyse la pscudobasc 13c. 

Pour les attributions dcs signaux 6 "C des oxaziniums-1,3 1 nous 
nous sornrnes basCs sur la cornparaison de I'oxaziniurn triphCnylC l a  
avec le pyrylium correspondant pour lequel 6C4 < 6C2 ct 6C6 ( I ,  8). 
Nous avons supposC que pour les oxaziniums- 1.3 Ic rnkme ordre ttait 
conserve et que Ic carbone C2 Ctait le plus dCblindC en raison de sa 
situation entre deux hCtCroatomes. Ccci a CtC confirm6 en procCdant 
a I'enregistrernent du spectre de I n  sans decouplage des protons. On 
observe alors que le carbone le plus ddblindC cst Ic rnoins coup16 ( i l  
s'agit dc C2 qui apparait sous forme dc triplct), cepcndant que le 
signal suivant apparait sous forrne d'un quadruplet (C6 subit un cou- 
plage avec H2"' et H 6  et un couplage supplemcntaire voisin avec H5). 
Pour les oxaziniums-2.4.6 triarylCs la sequence des pBles Cventuels 
d'attaque apparait donc cornme 6C2 > 6C6 > 6C4. On constate que 
ces positions sont plus ddblindtes que cclles des pyryliums (8. 32). 

(c) P-Bet~znmirlo trans-bet7zalncktopI1~tzotzc~.s 13: pseurlo hn.ses rles 
oxnzitziums 1 

L'hydrolyse en milieu acktonitrile aqucux des oxaziniurns I n  a l c  
conduit aux pseudo bases 13n a 13c (33). Ces cornposds sont de 
configuration Z et prCsentent une liaison hydrogene intrarnolCculaire 

entre le carbonyle et le groupc arnidique. Ceci sc rnanifeste - en 
infra-rouge: bande de NH associC vcrs 3200 tin-' et bande de C=O 
conjugud ct associC vcrs 1620- 1625 crn- ' - ct cn rrnn 'H: presence 
d'un signal trks dCblindC vers 13 ppm. 

~-p-Mkt lzo . rybe t~z~~tn i~ Io - t rans- l~e t~~r~ IncPtophPt~oe 13b (70%); Fi 
90-92°C (CH2CN, Cther); ir crn-' (KBr): 3200, 2840, 1690, 1620, 
1590. 1575; uv-visible (Cthcr) X ,,,;,, nm (log E ,,,;,, ): 213 (4.43). 283 
(4,46) 344 (4.48): rrnn ' H  (CDC12) 6 pprn/TMS: 13.4 (s. IH, Cch. 
DzO), 6.5 (s, I H ) ,  3.9 (s. I H); rmn IZC: cf. tableau 5).  A,lal. calc. 
pour C2.,H19NI02: C 77.29, H 5,36, N 3,92; tr.: C 77.04. H 5.51, N 
4,02; rnasse m l e :  Mi 357 (3), 252 ( 7 3 ,  207 (5). 135 (40). 92 (20), 
77 (100). 

P-p-Ni~robet~zr~tnitlo-trans-betz~nIc~~k~ophL:t~ote 13c: (80%); Fi 
192- 194°C (CH,CN, Cther); ir c m '  (KBr): 3200, 1690, 1625, 1590, 
1350: rrnn 'H (CDCI,) 6 pprn/TMS: 13.4 (s. l H, dch. D'O), 6,5 (s, 
I H): rrnn "C: cf. tablcau 5. Atznl. calc. pour C,2Hl,N,0,: C 77,29, 
H 5.36. N 3,92; tr.: C 77,04, H 5.51. N 4.02; masse m/e :  M+ 372 
( I ) ,  261 (21). 267 (100). 237 (20). 105 (40), 77 (60). 

11. Rkllcriotz rle NrlN., nvec les rrirrryl-2,4,6 o.rrrzitli~ons-1.3 1 
A. Obretztiot~ rles tttrnzole.s 5 
I. Actiotz de NnN.< ci tetnpiralure rrtnbintrre 
A une mmol de perchlorate de triaryl-2,4,6 oxazinium-1.3 l a  a l c  

en solution dans 10 cm2 d'acdtonitrile sec est ajoutC un excts de NaN, 
(2 3 fois la quantitt stoechiomttrique). Le mdlange rdactionnel est 
agiti h la tempirature arnbiante sous atrnosphkre inerte ct l'obscuritt 
pendant 2 h. I1 cst repris a I'eau, extrait i I'dther. La phase CthCrCc est 
sechee sur MgSO, puis dvaporee a tcrnpkrature arnbiante sous vide. 
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Les tttrazoles 50 B 5c sont obtenus avcc Ics rcndcmcnts respectifs de I. P-L. DESBENE. These d'Etat, Paris. 1979. 
92%, 90% et 75%. Dans le cas de I'oxazinium I(. ,  on isole Cgalemcnt 2. P-L. DESBENE, D. RICHARD, .I-C. CHERTON et P. CHAQUIN. 
5% de pseudobase 13c ainsi qu'un compose suppltmentaire non iden- Tetrahedron. Sous presse. 
tifiC lorsqu'on opere B froid (environ 5 rng). 3. J-P. LE ROUX, J-C. CHERTON et P-L. DESBENE. C. R. Acad. Sci. 

2. Ac~iorl cle NnN, ri bnsse ~ernptrnture 280, 37 (1975). 
A une solution de 100 mg (0.22 mmol) dc scl In dans 5 c m q e  4. J-P. LE ROUX. J-C. CHERTON et P-L. DESBENE. C. R. Acad. Sci. 

CHICN sec sont ajoutCs a froid (environ -40°C) 35 rng de NaN,. Au 278, 1389 (1974). 
bout de 48 h I'analyse par chromatographic sur couche mince de silice 5. J-P. LE ROUX, P-L. DESBENE et M. SEGUIN. Tetrahedron Lett. 
(ccm) n'indique qu'un scul produit. Le traitement habitue1 conduit a 36, 3141 (1976). 
84 mg (97%) de tktrazole 50. 6. J-P. LE ROUX, P-L. DESBENE et J-C. CHERTON. J. Hcterocycl. 

3. Acrior~ de NnN, ri bnsse tempkrc~rure er e t ~  pri.smce de P(Ph)., Chem. 18. 847 (1981). 

A une solution di mg (0,24 mmol) de sel dans c m .  de 7. P. L. DESBENE et J-C. CHERTON. Tetrahedron. Sous presse. 

CH3CN sec sont ajoutts B froid (0  = -40°C) 100 mg de P(Ph), et 45 8. P. L. DESBENE, J-P. LE ROUX, J-C. CHERTON et J-J. BASSELIER. 

mg de NaN,. Au bout de48 h, le solvant est chassC et le rCsidu analyst Tetrahedron. Sous presse. 

par chromatographie pr&parative sur  couche de silice, on isole 9. P. L. DESBENE et J-C. CHERTON. Tetrahedron. Sous presse. 

dans d 'Clu t ion  (cyclohexanelacCtate d3Cthyle g I2) :  P(4)3 en 10. R. R. SCHMIDT. Synthesis. 333 (1972) ct rCf. cittes. 

exces, le compos~  C,P, mg) 1tgerement contamink par P(+),, la I I .  I. SHIBUYA et M. KURABAYASHI. Bull. Chem. Soc. Jpn. 46,'3903 

triphtnyl-2.4.6 pyrimidine 8 (2.5 mg. 3,5%) identifiCe B un (1973). 
Cchantillon authentique (10). le tCtrazole 50 (40 mg, 48%), la pseudo- 12. 1. SHIBUYA et M. KURABAYASHI. Bull. Chem. Soc. Jpn. 48, 73 

base 130 (22 mg, 28%) et P(+).lO (3 mg. 3%) isolC par lavage B I'tther (1975). 

des 60 mg constituant le dtpBt de ccm. 13. 1. SHIBUYA. Bull. Chem. Soc. Jpn. 54, 2387 (1981). 

Cornpo.skphospho~.e'C.P.: l l a  ou 12a: Fi - 190°C; ir (KBr) pas de 14. D. TKACZYNSKA. Wiad .  26, 757 

carbonyle; rmn I H  pas de signal caracttr ist ique cn dehors des arom, 15. L. J .  BELLAMY. The infrared spectra of complex molecules. 1'" 

Anal. calc. pour Cn,H,,OPN? (P(+),O + 8): C 8 1,73, H 5.45, N 4.60; id .  John Wiley and Sons Inc., New York. 1954. p. 223. 

tr.: C 8 1.89, H 5.32, N 4,77. Spectro.scopie de tnnssr: impact Clectro- 16. J. C. CHERTON, M. BAZINET, M. M. BOLZE, M. LANSON et P. L. 

nique: on n'obsewe pas I'ion mo~6culaire M t  586 mais on retrouve DESBENE. Can. J. Chem. Soumis. 

I'inttgralitC des spectres de P(Ph).>O et de la pyrimidine 8; rt7111 -"P 17. A. WENTRUP. 59, 262 

(101.25 MHz) 6 ppm/H,PO,: 28,3 (P+,O); -6.4 (C.P.). 18. E. LIEDER, D. LEVERING et L. P A ~ E R S O N .  Anal. Chem. 23, 1954 

4. C1n.s.setnet11 de In ric~crivirk des o,~nzi11i~ons-l.3 l a  ri c 
(1951). 

19. R. R. FRASER et K. E. HAQUE. Can. J. Chem. 46. 2855 (1968). 
Nous avons rCalisC deux mtlanges dans I'acttonitrile dc sels ayant 20. D, M,  FORKEY et W. R ,  CARPENTER, Org. Mass. Spectrosc, 433 

I'oxazinium anisylk It) en commun (cf. schema 4). (1969). 
Sur chacun dc ces mklanges i l  est procCdC B I'action de NaN, 2 1 ,  W ,  LwowsKI, The chemistry of the azidogroup, Er/jrkpnr 

pendant un court laps de temps (temps infkrieur au temps ntcessaire S. Patai. Interscience, New York. 1971. p. 503. 
B la rCaction totale du plus rkactif). On procede alors B I'hydrolyse des 22. R.  N ,  BUTLER, Adv. HCtCrocycl, Chem, 21, 402 (1977). 
sels n'ayant pas rtagi. Les pseudobases 13 sent sCparCes (ccm) des 23, J-p, LE R ~ ~ ~ ,  G. LETERTRE, p-L, et J.J. B ~ ~ ~ ~ ~ ~ ~ ~ ,  
tCtrazoles 5 qui sont alors dosCs par rmn ' H  en prcnant comme rtfC- Bull. Soc. Chim. Fr. 4059 (1971). 
rence les inttgrations du signal mCthoxyle du tCtrazole 5b  formC. 24. ( a )  J. E. LEFFLER, U .  HONSBERG, Y. TSUNO et I. FORSBLAD. 

I I  apparait donc que le tttrazole 5b est obtenu en plus faible rcn- J. Org. Chem. 26, 4810 (1961); (b)  L. F. KASUKHIN, M. P. 
dement que les tktrazoles 50 et 5c, ce qui signific que le sel l b  rtagit PONOMARCHUK, T. I. KLEPA, V. PLYSENKO et YU GOLOBOY. 
plus lentement avec N ,  quc les sels In et 1c qui ne peuvent toutefois Zh. Obshch. Khim. 47, 2188 (1977). 
pas &tre diffCrenciCs. 25. R. R. SCHMIDT. Chem. Ber. 98, 334 (1965). 

(B) Proprie're's specrroscopique.~ des rtrrclzo1e.s 26. (n) F. RAMIREZ et N. B. DESAI. J. Am. Chem. Soc. 85, 3254 
Les donnCes spectroscopiques: uv-visible, infra-rouge et masse (1963); (b)  E. L. CLENNAN ct POH CHOO HEAH. J. Org. Chem. 

sont consignkes dans le tableau 6; rtnn '.'c cf. tableau 7. L'inter- 4107 (1981). 
pretation des spectres des tktrazoles est facilitke par leur comparaison 27, G ,  A, OLAH, p. W.  WESTERMAN et D. A. FORSYTH. J ,  Am. 
B ceux de deux composCs modtles: la rrntzs-benzalacttophCnone 6 et Chem. Soc. 97, 3419 (1975). 
les mCthyl-l aryl-5 tttrazoles 17 (35). 28. R. R. SCHMIDT. Justus Liebigs Ann. Chem. 12, 2010 (1973). 

L'attribution des signaux voisins de 190 et 155 ppm se fait sans 29, S, GABRIEL. justus Liebigs Ann, Chem, 409, 305 (1915). 
ambigui'tC aux carbones not& C6 et C2. L'ordre des 6 I3C des carbo- 30. J .  B. STOTHERS. Carbon-13 nmr. Academic Press, New York. 
nes quaternaires notes C 1 ' .  C I" et C I "' pour Ic composC 50 dCcoule de 1972. 
la comparaison avec les molCcules modklcs 6 et 170. Les carboncs C4' 31. S. AURICCHIO, 0 .  VAJNADEPAVA et E. VERA. Synthesis, 1 16 
et C4" du composC 50 prCsentent des dtplaccments voisins de ceux des (1979). 
carbones correspondants des modeles 6 ct 17n. 32. A. T. BALABAN et V. WRAY. Org. Magn. Reson. 9, 16 (1977). 

L'attribution du carbone C4 (6 = 142,7 ppm pour 50) a con- 33. R.  R. SCHMIDT, D. SCHWILLE ct U .  SOMMER. Justus Liebigs 
firmCe par I'enregistrement d'un spectre sans dCcouplage des protons. Ann. Chem. 723, l l l (1969). 
C4 apparait alors Comme le plus couplt des carbones quaternaires: 34, p. BAAS et H,  CERFONTAIN. Tetrahedron, 33, 1509 (1977). 
couplages avec H2", H 6  et H5 et klargissement dii au voisinage de 35, R ,  N ,  BUTLER et T. M,  MACEVOY. J .  Chem, ~ o c .  Perkin Trans. 
I'azote. 2, 1087 (1978). 

En conclusion, on est amen6 B considCrer le motif tCtrazole cornme 
un groupement azotC trks particulier: contrairement au motif benza- 
mido, son introduction cn position p sur la rrnt~s-benzalacttophCnone 
n'a pratiquement pas d'influence sur le systeme enonique. 
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A laser diffraction and nuclear magnetic resonance investigation of the cholesteric 
potassium N-dodecanoylalaninate mesophase system 
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KEITH RADLEY and ALAN S. TRACEY. Can. J .  Chem. 63, 95 (1985). 
Nematic and twisted nematic mesophases have been prepared from various mixtures of potassium N-dodecanoyl-I-alaninate 

and its racemate. The induced pitch was determined as a function of optical purity as werc nmr spectra from a variety of 
additives including several inorganic salts and d,l-alanine. Dipolar couplings from the CHCHl moiety of the alaninate 
headgroup were studied, as were quadrupole splittings from the N-D of the amido group and the DZO of the water. It was 
proposed that with development of cholesteric behaviour on proceeding in a stepwise fashion from the d,l  to I amphiphile, the 
individual disk-like micelles twisted into a chiral shape, then aggregated to form domain-like structures. The major axis of these 
aggregates is the axis along which the helix propagates and this local axis serves as the director axis for the aggregates. The 
individual aggregates reorient as a unit when placed in the magnetic field of an nmr spectrometer. As a consequence of this, 
the diamagnetic anisotropy of the mesophase prepared from the I amphiphile is positive in sign while that of the d,l  analogue 
is negative. Despite this observed change in diamagnetic anisotropy, the alignment of the individual micelles is not different 
for the chiral and racemic materials. 

KEITH RADLEY et ALAN S. TRACEY. Can. J .  Chem. 63, 95 (1985). 
On a prCpart des mCsophases nCmatiques et nematiques croistes a partir de divers mtlanges de N-dodtcanoyl I-alaninate 

de potassium et de son rackmate. On a dktermint le pas induit en fonction de la purett optique ainsi que les spectres rmn obtenus 
par I'addition de divers produits incluant plusieurs sels inorganiques et la d.1-alanine. On a ktudiC les couplages dipolaires de 
la portion CHCH3 de I'alaninate de t&te ainsi que les couplages quadrupolaires N-D du groupe amido et du D1O de I'eau. 
II a ttt propost que, si on dkveloppe le caractkre cholestCrique lorsqu'on procede par Ctape de I'amphiphile d.1 vcrs le I, les 
micelles individuelles en forme de disques se croisent pour prendre unc forme chirale et elles s'agglutinent ensuite pour former 
des structures en forme de domaines. L'axe principal de ces aggrtgats est I'axe le long duquel I'htlice se propage et cet axe 
local sert d'axe directeur pour ces aggrtgats. Les aggrtgats individuels se rtorientent sous forme d'unite lorsqu'ils sont placts 
dans le champ magnCtique d'un spectromktre rmn. A cause de cette reorientation, I'anisotropie diamagnitique de la mksophase 
prCparte a partir du I-amphiphile est de signe positif alors que celle de I'analogue d,l est nkgative. En dipit de ce changement 
observt dans I'anisotropie diamagnktique, il n'y a pas de diffirence dans I'alignement des micelles individuelles des substances 
chirales et ractmiques. 

[Traduit par le journal] 

Introduction 
The twisted nematic or  cholesteric liquid crystalline ma- 

L 

terials were the first class of liquid crystals to be recognized axis respectively. 
( I ) .  The term "cholesteric" designates the fact that early ex- The pitch of the helix can also be readily measured by mi- 
amples of this case of mesomorphic materials were prepared croscopy (2); however, it is sometimes more convenient to use 
from derivatives of cholesterol. The most striking characteristic diffraction of laser light where the twist (I / P )  is given by 
of these compounds is their selective reflection of incident Bragg's Law for diffraction 
light, thereby providing an intense irridescence. This behaviour 

,21 = sin cTIAu 
derives from a helical arrangement of the constituent molecules 
induced by the specific interactions between chiral centres of 
adjacent molecules. 

In the lyotropic mesophases employed in this study, choles- 
teric behaviour arises by a much more complex behaviour. The 
nematic state is characterized by rnicellar aggregates dispersed 
through an aqueous medium. In twisted nematics, the individ- 
ual micelles are organized into a helical arrangement via inter- 
actions with other micelles. This implies that there must be a 
high degree of molecular order within each micelle, similar to 
that for the thermotropic twisted nematic mesophases, and that 
information concerning this molecular order is transferred from 
one micelle to another. The mechanism of transfer of this 
information is of interest. The interactions between micelles 
generate a helical axis giving rise to reflectance bands in the 
infrared rather than in the visible light region. The wavelength 
of reflected light, A", is directly proportional to the pitch, P ,  of 
the helical axis and is dependent on the average of the refractive 
indices, r (  and q, so that eq. [ I ]  is obtained. In this expression 
)I and I refer to an axis parallel or  perpendicular to the helix 

where A,, is the frequency of the incident light and u is the angle 
of light diffraction. Laser diffraction allows samples prepared 
for nuclear magnetic resonance (nmr) spectroscopy to be in- 
vestigated without disturbing them. 'This is particularly con- 
venient when samples have been homogeneously aligned by 
the magnetic field of the nmr spectrometer through their dia- 
magnetic anisotropy, since the aligned samples give sharp 
diffraction bands. 

Both twisted nematic and nematic lyotropic mesophases 
have been studied by microscopy using polarized light (2-6) 
and by nmr spectroscopy (6-9). The texture observed under 
the microscope is dependent on aggregate shape and thus 
microscopy can differentiate between nematic mesophases 
formed from the disk-like lamellar aggregates or  the rod- 
shaped cylindrical aggregates (3). This information is nec- 
essary for the interpretation of the results from the nmr 
experiments. 

The sign of the diamagnetic anisotropy of the individual 
micelles is important when studying twisted nematics. If this 
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quantity is negative, the micellar aggregates align with their 
major axis perpendicular to the magnetic induction, Bo ,  which 
defines the : axis. Because B,, is cylindrically symmetric, the 
helical arrangement is free to propagate along this axis. The 
symmetry in B,,, of course, may effectively be destroyed in the 
conventional iron-core magnet spectrometers by spinning the 
sample, thus providing a unique axis perpendicular to Bo. Such 
sample spinning will, in general, destroy the helical arrange- 
ment provided, of course, that aligning forces are stronger than 
twisting forces; if not, two-dimensional order of the micelles 
will then be obtained. If the diamagnetic anistropy of the 
micelles is of positive sign, they align with their major axis, the 
director, parallel to B,,. In this case, the cholesteric behaviour 
may be destroyed when the helical axis propagates per- 
pendicular to the director. 

Nuclear magnetic resonance spectroscopy is a powerful tool 
for investigating the details of interactions in liquid crystalline 
systems. Such information may be inferred from dipolar cou- 
plings and quadrupole splittings which provide information 
concerning molecular alignment (10, 11). This alignment, 
being determined by specific interactions, can be used to inves- 
tigate those interactions. Of interest in this regard is the 
specificity of interactions between centres of optical activity, in 
particular the interactions between cl,l isomers of simple mole- 
cules and an optically pure centre ( d  or I) of a micellar constit- 
uent. Work with d and 1 alanine in a mesophase prepared from 
optically resolved sodium decyl-2-sulphate has demonstrated 
the feasibility of this approach (7). 

Recently, twisted nematic mesophases prepared from potas- 
sium N-dodecanoylalaninate have been described (4) and these 
materials provide suitable systems to work with. They are 
easily prepared in optically pure form and are readily obtained 
chemically pure by recrystallization. 

Experimental 
'The N-dodecanoylalanine used in this study was prepared from 

commercially provided I and d.1-alanine by reaction with dodecanoyl 
chloride, as has been described (12), and that procedure differs little 
from the procedure utilized here. The purity of the amidc was mon- 
itored by "C magnetic resonance, which indicated that several re- 
crystallizations from petroleum ether (60-80) were required in order 
to remove dodecanoic acid. The product was made alkaline with KOH 
to provide the potassium N-dodecanoylalaninate, which was re- 
crystallized three times from ethyl acetate/ethanol. It was necessary 
to take care that solutions were not made excessively basic since 
hydrolysis occurred to give potassium dodecanoate. which was not 
readily separated from the desired product by recrystallization. The 
purity of the product was'checked by '.'C nmr and, if potassium 
dodecanoate was detected. the free amidc was regenerated by acidi- 
fication and purification carried out before recycling to the salt. 

'The liquid crystalline samples wcrc prepared by weighing the vari- 
ous components into test tubes with a constriction in the centre. The 
tubes were then scaled and a homogeneous material formed by repet- 
itively warming and centrifuging through the constriction. The liquid 
crystalline materials so prepared were transferred to nmr tubes, which 
wcrc then sealed. 

Table I provides the compositions of the various samples used in 
this study. For preparation B of this table, samples were prepared so 
that they proceeded from the racemic amphiphile to optically pure 
amphiphile in a stepwise manner. Two mesophases of composition C 
were prepared, C I  from the racemic amphiphile and C2 from the 
optically pure amphiphile. 

The nmr measurements were made at 303 K. This slight warming 
of the samples allowed alignment in the nmr spectrometer to proceed 
at a relatively much more rapid pace, thus considerably shortening the 

TABLE I. Compositions used to form the various mesophasc~ utilized 
in this study. Compositions are given in percentages by weight 

Sample KDDA" Decanol DIO Salt 

A 22.70 6.38 70.92" 
B 27.81 5.94 66.25" 
C 26.85 6.04 60.40' 6.04 CsCI, 

2.67 NaOAc 

"KDDA refers to potassium N-dodecanoylalaninate which was changed in a 
stepwise manner from the racemate to the I-detergent. 

"D1O contains NaCI. 1%; LiCI. 0.67%; CsCI, 1.6%; RbCI. I%; d.1-alanine, 
0.5%; and I-alanine, 0.5% by weight. 

"D?O contains d,l-alanine. 0.67% and I-alanine. 0.17% by weight. 

spectrometer time required for this study. Variable temperature studies 
were performed on several samples and no unexpected behaviour was 
observed. For this study, ' H ,  'H, alkali metal ion, and halide ion nmr 
spectra were obtained using a 400-MHz nmr spectrometer. 

Various samples used in this study were investigated by microscopy 
using polarized light. All observations were made at ambient tem- 
perature =294 K and samples were contained in unsealed CAMLAB 
microslides or between a microscope slide and a cover slip. Conccn- 
tration gradients were obtained when water evaporated at the exposed 
edge of the samples. This allowed mesophases that are adjacent, in the 
phase diagram, to the nematic (or twisted nematic) to be identified. 

The pitches of the helical axis in the cholesteric materials were 
measured by laser diffraction. The wavelength of the light from the 
laser used was 6.328 X lo-' cm. The samples used in the diffraction 
measurement were generally the same as those used for obtaining nmr 
spectra. Such highly aligned samples gave very sharp diffraction 
bands. The temperature of the samples was controlled by placing them 
in a brass block suitably drilled for water flow, sample placement, and 
an optical path. The temperature was then controlled with circulating 
water from a thermostated water bath. The temperature of the brass 
block was determined to within 0. I" using a calibrated thermocouple 
thermometer. 

Results and discussion 
Micelle structure 

Two samples were prepared according to composition C of 
Table 1 .  One sample was prepared from potassium N-dodec- 
anoyl-d,l-alaninate, the second from the corresponding 1 de- 
tergent. The samples were placed individually on microslides, 
covered with a coverslip, and investigated with a microscope. 
The first sample initially showed a schlieren texture which, 
following spontaneous alignment of the nematogen, became 
pseudo isotropic, characteristic of the nematic disk-like la- 
mellar mesophase. 'The second sample provided the fingerprint 
texture associated with a twisted nematic mesophase. Both 
samples dried from the edges of the coverslip to give pseudo 
isotropic textures and oily: streak mosaic textures which are 
characteristic of lamellar layers. This indicates the nematic and 
twisted nematic mesophases are closely related to the lamellar 
phase, in accord with disk-like micelles (3). The pseudo iso- 
tropic textures of the nematic phases were investigated using a 
Bertrand lens and a full-wave retardation plate. The inter- 
ference figures observed were consistent with positive bi- 
refringence, which is characteristic of disk-like rather than the 
cylindrical micelles (13). Similarly, investigation of the twisted 
nematic mesophase provided interference figures consistant 
with negative birefringence. This change in sign of bire- 
fringence with introduction of twist is characteristic of thermo- 
tropic materials ( 14). 

The  sign of the diamagnetic anisotropy of mesophases pre- 
pared from the resolved detergent was established by obtaining 
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RADLEY AND TRACEY 

TABLE 2. Quadrupole splittings and dipolar couplings observed from various components of 
the mesophase 

Detergent"." Water".' 

17.8 0.245 -0.535 0.49 5.30 0.25 2.17 0.27 0.056 

"All splittings are in kHz. ?he maximum deviation from the average was 2 5 %  for any component. 
Splittings are independent of the proportion of optical resolution of the chiral detergent. 

"Detergent splittings were obtained for the headgroup only: signs of splittings are relative. 
''The CH, dipolar coupling is from the alanine methyl group. 

FIG. 1.  Deuterium nrnr spectra showing the change in deuterium 
signal as the twisted nematic mesophase progressively aligns in the 
magnetic field of the nrnr spectrometer. 

2H nrnr spectra from the D 2 0  immediately after placing a sam- 
ple in the nrnr spectrometer and at later time intervals. The first 
spectrum in a series typically showed a slight distortion from a 
true powder spectrum because a spectrum could not be obtained 
rapidly enough to eliminate all contributions from partially 
aligned material. Except for this, the first spectrum is charac- 
teristic of a random orientation of microcrystallites, while the 
others showed the development of signal intensity corres- 
ponding to alignment parallel to the magnetic field axis. The 
diamagnetic anistropy is therefore positive. Figure I shows the 
progressive effects of increasing alignment on the nrnr powder 
spectrum. Signal intensity develops at the extremes of the 
spectrum, a result caused by the spontaneous alignment of the 
director along the magnetic field axis. 

The above experiment could not be repeated for the racemate 
since it was found to align too quickly in the nmr spectrometer 
to provide a powder spectrum. However, when the sample was 
placed in an iron-core spectrometer and allowed to orient while 

spinning, a sharp D 2 0  doublet was obtained, as was a well- 
resolved alanine spectrum. This can only occur if the dia- 
magnetic anistropy is negative, a result in accordance with that 
previously reported for this mesophase (4). The twisted ne- 
matic and nematic mesophase clearly are of opposite diamag- 
netic anisotropies. The mesophase prepared from the racemate 
consists of disk-like lamellar micelles of negative diamagnetic 
anisotropy, is nematic in character, and is designated as N;. 

An interesting aspect of these materials is the behaviour as 
a range of samples were prepared for which the amphiphile 
varied from pure potassium N-dodecanoyl-1-alaninate to the 
racemic compound. It was found that the samples prepared 
from the racemic detergent were highly fluid and aligned 
rapidly in the nrnr spectrometer, while those prepared from the 
1 material were significantly more viscous and aligned slowly 
in the spectrometer. Samples of intermediate compositions 
showed a gradual change in viscosity on proceeding stepwise 
from the racemic to the 1 detergent. It seems clear that this 
behaviour is related directly to the induced twist since mea- 
surements of the headgroup alignment, both at the amido pos- 
ition (given by the deuterium quadrupole splitting) and at the 
methyl group (given by the HH dipolar splitting), were constant 
throughout the range of d , l  to 1 amphiphiles. Such constancy in 
alignment was also observed for the alkali metal and halide ions 
incorporated into the mesophase and for the D 2 0  solvent. The 
d and l-alanine also contained in the mesophase showed a 
constant average alignment although, in this case, d and 1- 
alanine gave independent spectra that coalesced into one for the 
racemic detergent mesophase. The averages obtained for the 
various measured parameters are given in Table 2. Deviations 
from the average are less than 5%, dependent on the sample. 

Figure 2 shows the change in twist ( I  / P )  as a function of the 
proportion of 1 detergent and also the % change in alignment of 
the methyl group of the d and l-alanine from the averaged 
alignment for the two isomers, As%. The behaviour of the twist 
with proportion of I detergent is similar to that previously 
reported (4). The change in pitch induced by change in tem- 
perature (Fig. 3) is quite surprising since the pitch increases 
with increase in temperature. This is in direct contrast with 
thermotropic cholesteric liquid crystals where, except in certain 
mixtures, the pitch always decreases with increase in tem- 
perature (14). It is also seen from Fig. 3 that the difference in 
the alignment of the d and 1-alanines increases with increase in 
temperature. 

For cholesteric thermotropic mesophases, two mechanisms 
have been proposed for the variation of twist with temperature 
(14). Both are based on the increase in thermal motion which 
leads to an increase in molar volume. This increase in molar 
volume affects the structure of the helix by either increasing ( i )  
the intermolecular distance along the helix axis, thus increasing 
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FIG. 2. The magnitude of the twist ( I /P )  induced in the mesophase 
as the amphiphile is changed in a stepwise manner from the racemate 
to the 1 derivative (0). The corresponding percentage change from the 
average alignment of the d and 1 isomers of alanine incorporated into 
the mesophase is also shown (0). 

the pitch, or ( i i)  by increasing the average displacement 
angle of the director of one nematogen with respect to the 
next, therefore decreasing the pitch. Although in principle the 
first mechanism could account for the observations obtained 
here, the explanation does not seem likely, at least on a 
molecular basis, because of the structure of a nematic lyotropic 
mesophase itself. 

This mesophase consists of disk-like fragmented lamellae 
dispersed into an aqueous medium and interacting strongly 
with that medium via the polar headgroups of the individual 
detergent molecules. The individual micelles are separated by 
the interstitial water and will tend to stay separated since the 
micelles carry an electrostatic charge. If the effect of the asym- 
metry within one micelle is transmitted through the intervening 
aqueous solution to a second micelle by way of pairwise inter- 
actions (2) then a mechanism similar to the first, proposed for 
thermotropic mesophases, might be operative. 

There is evidence to suggest that the micellar surface on the 
molecular level does not appear asymmetric from a distance. 
For instance, the individual components of racemic serine, 
tartaric acid, and other chiral molecules that are very hydro- 
philic in nature do not provide well-separated nmr spectra cor- 
responding to the individual isomers.' On the other hand, 
slightly more hydrophobic species such as alanine do provide 
individual spectra. This indicates that the mechanism giving 
rise to the individual spectra is one of direct contact; a d to 1 
interaction is different from an 1 to 1 interaction and this is 
reflected in the nmr spectrum where the dipolar coupling 
provides a direct measure of this difference. 

On the basis of the argument advanced here, an increase in 
temperature of the mesophase should lead to a greater differ- 
ence between the two spectra from d and 1-alanine. As the 
temperature is increased, alanine will have an increased ten- 
dency to partition into the micelle and thus spend more time in 
contact with the optical centre of the individual amphiphiles. 
The increasing difference between the two spectra is clearly 
observed as shown,by Fig. 3. 

These results from solute molecules demonstrate that infor- 
mation concerning chirality within the micellar surface is not 
efficiently transmitted into the interstitial water of the meso- 

'A.  S. Tracey and K. Radley, unpublished results. 

1 I I I I 

295 305 31 5 
TEMPERATURE 

FIG. 3. The effect of temperature on twist (0) and on the 
difference in alignment of d and l-alanine is depicted (0). 

phase. This conclusion provides little support for the pairwise 
interaction model, which suggests that specific interactions 
between molecules within different micelles generates the twist 
(2). The possibility of distorting a micelle into a chiral shape 
was also suggested by those authors but rejected tentatively on 
the basis of cholesteric behaviour versus distribution of chiral 
molecules within the micelle. However, a distortion model has 
been advanced by other workers (4) and distortion is supported 
by the work here. 

The distortion model proposed here has the following salient 
features. The individual micelles are distorted into a chiral 
shape. Chiral micelles aggregate to form domains. The helical 
axis propagates along the major axis of the micellar aggregates. 
The twist characteristic of each domain is the same as that 
obtained by the twist measurements on the macroscopic 
sample. 

The above characteristics are supported by several lines of 
evidence. The mesophase becomes progressively more viscous 
and requires longer periods of time in the nmr spectrometer 
before sharp nmr transitions are obtained as one proceeds in a 
stepwise fashion from the d,l to 1 amphiphile. This implies that 
increase in viscosity is caused by a progressive stabilization of 
a domain structure, although it could be a consequence of the 
different symmetry in the two materials. There is no evidence 
to suggest a significant change in micelle size. Indeed the 
constancy of the measured parameters in Table 2 seems to 
preclude such changes. The diamagnetic anisotropy deter- 
mined for the mesophase prepared from the 1-alaninate is op- 
posite in sign to that determined for the racemate. Since the 
helical axis generated by the chiral amphiphile is parallel to the 
magnetic induction, it follows that the principle axis of the 
diamagnetic anisotropy tensor is parallel to the helical axis. 
This axis is the local alignment axis and as such is the director 
axis for the mesophase, rather than an axis attached to the 
individual micelles, as in the racemic material. This situation 
arises because the intermicellar forces generating the twist are 
strong enough that the micelles do not act as individuals when 
a magnetic field is applied; instead, the aggregates of micelles 
rearrange as the structural unit. The behaviour of the nematic 
and cholesteric materials is best pictured by considering two 
powder spectra, the first, derived from the racemic materials 
(nematic) having some specified width, the second, corre- 
sponding to the chiral material (cholesteric) having a width 
one-half that for the racemate. As alignment is allowed to 
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proceed, the first powder spectrum grows at the maxima of the 
powder spectrum, 90" orientation, while the second spectrum 
grows at the extrema of the powder spectrum, corresponding to 
0" orientation. When alignment is complete the two spectra are 
indistinguishable. This description is in accordance with all 
observations. 

The decreasing pitch with decrease in temperature reflects 
the operation of a process similar to that of mechanism ( i )  
described for the thermotropic mesophases. The individual 
twisted miceles within each domain pack closer together as 
temperature decreases. This shortens the pitch because the 
distance along the helix axis corresponding to one complete 
rotation of micelle directors is decreased as the micelles 
become closer together. 

The decrease in mesophase viscosity with rise in temperature 
and the corresponding faster rates of alignment could reflect a 
smaller domain size as temperature is raised, but more probably 
it just reflects the fact that there is more thermal motion. 'This 
is supported by the fact that there is a memory associated with 
these materials. If a sample is aligned at 30°C in the nmr 
spectrometer, then removed, and laser diffraction. used to 
measure its pitch (also measured at 30°C), a sharp diffraction 
pattern is obtained. With change in temperature, by say 
-+ 10°C, the diffraction bands are significantly broadened. 
When the sample is returned to 30°C, sharp diffraction bands 
are again obtained. 

It is suggested that these liquid crystals be designated ~ h ;  
to specify that they are cholesteric mesophases of positive 

, diamagnetic anisotropy originating from disk-like fragmented 
1 lamellae. 
I 

Conclusions 

Lyotropic mesophases prepared from aqueous solutions of 
potassium N-dodecanoyl-1-alaninate and its racemate have 
been studied. A model for cholesteric behaviour in these 
systems has been proposed. 

Microscope studies shows that the nematic mesophase pre- 
pared from the racemic amphiphile is composed of disk-like 
lamellae. With increasing optical purity of amphiphile, indi- 
vidual disk-like fragments develop a chiral shape which, 
through interactions with adjacent micelles, induces the for- 
mation of aggregates of micelles. In conjunction with this 

aggregation, the diamagnetic anisotropy changes from negative 
to positive. This change reflected the fact that the director for 
the mesophase has become the axis of the domain along which 
the helix propagates rather than the directors of the micelles 
themselves. 

The alignment of the individual micelles is insensitive to the 
development of domains, a conclusion in accordance with the 
observation that quadrupole splittings and dipolar couplings 
from components incorporated into the aqueous region and 
from the amphiphiles of the micelles remain constant, in- 
dependent of whether the amphiphile is racemic or optically 
resolved. 
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PETER JAMES SMITH, KANCHUGARAKOPPAL S. RANGAPPA, and KENNETH CHARLES WESTAWAY. Can. J. Chem. 63, 100 
(1985). 

Secondary a-deuterium kinetic isotope effects have been determined for the elimination reactions of 2-phenylethyl halides 
with tert-butoxide in tert-butyl alcohol at 40°C in the presence and absence of the crown ether 18C6. The second-order rate 
constant k, and the normal (kt'/kD), effect remained constant when the tert-butoxide concentration was varied for reaction of 
the iodo and bromo compounds. However, both the magnitude of k, and the secondary a-deuterium isotope effect were 
significantly dependent on [t-BuO-] when chlorine and fluorine are the leaving groups. It is noteworthy that (kH/k"),, is inverse 
for the reaction of both the chloro and fluoro compounds at "low" base concentrations and normal at "high" base concentrations. 
These results are discussed in terms of both syn- and anti-elimination pathways promoted by various associated and dissociated 
base species. I t  is suggested that the (kH/k"),, effect may be useful as a criterion for determining the stereochemistry of E2 
elimination reactions. 

PETER JAMES SMITH, KANCHUGARAKOPPAL S. RANGAPPA et KENNETH CHARLES WESTAWAY. Can. J .  Chem. 63, 100 (1985). 
Operant 3 40°C et en prtsence ou en I'absence de I'tther couronne 18C6, on a dttermink les effets isotopiques cinttiques 

secondaires des deuterium en a sur les reactions d'klimination des halogtnures de phenyl-2 Cthyles par la tert-butylate dans 
I'alcool tert-butylique. Dans les cas des compos6s iodCs ou bromCs, la constante de vitesse du deuxikme ordre (kZ) ainsi que 
I'effet normal (kH/k"),, demeurent constants lorsqu'on fait varier la concentration du tert-butylate. Toutefois, lorsque les 
groupes nucltofuges sont soit Ie fluor ou le chlore, ['amplitude de k2 ainsi que I'effet isotopique secondaire des deuterium en 
a varient d'une f a ~ o n  importante avec la concentration de I'ion tert-butylate. I1 est notable que, pour les rkactions des composts 
fluorCs ou chlorCs 3 de "basses" concentrations de base, la valeur (kl'/k"),, est inverse; toutefois, h des concentrations "ClevCes" 
de base, cette valeur est normale. On discute de ces resultats en fonction de voies d'eliminations syn et anti qui sont PavorisCes 
par diverses cspkces basiques associCcs et dissocites. On suggkre que I'effet (kk'/k"),, pourrait etre un critkrc utile pour 
dCterminer la sttrtochimie des rCactions dlCliminations E2. 

[Traduit par le journal] 

The elimination reaction of the 2-arylethyl derivatives with 
different leaving groups Y, ArCH,CH,Y, has been extensively 
studied (1 -6) under a variety of solvent/base conditions. It has 
been established that the majority of the reactions proceed by 
way of the E2 mechanism following the anti pathway (5,7). 
Experimental studies (8- 14) have demonstrated that the struc- 
tures of the respective E2 transition states vary significantly in 
accord with theoretical   re dictions (15-20). 

The reaction of the 2-arylethyl quaternary ammonium ions 
with base has been-shown to have considerable carbanionic 
character at the E2 transition state ( 1  , I  1,21), while the corre- 
sponding reaction of the 2-phenylethyl halides has been consid- 
ered (1 1,16) to involve a more central E2  transition state where 
the extent of the carbon-hydrogen and carbon - leaving group 
bond rupture processes has progressed in a more synchronous 
fashion. 

In order to gain a direct measure of the relative amount of 
hybridization change at the a carbon at the E2 transition state 
(double-bond character), we have determined the secondary 
a-deuterium kinetic isotope effects for the reaction of the 
2-phenylethyl halides with tert-butoxide in tert-butyl alcohol 
at 40°C, eq. [I]. 

t-BuOH [I] PHCHZCHzX + t-BuO -PHCH=CH: 

X = F, CI, Br, I 

'Author to whom correspondence should bc addressed 

The reactions, which were shown to give the styrene product 
in 100 2 1 %  yield, were studied under pseudo-first-order 
conditions where the rert-butoxide concentration was at least 
in twenty-fold excess. 'The progress of the reactions was 
determined by monitoring the product spectrophotometrically 
(X,,,.,, = 248 nm). The analysis was done after the reaction 
solutions had been quenched at appropriate times with a dilute 
solution of sulfuric acid in 95% ethanol. 'This was done to 
eliminate the appreciable absorption of rerr-butoxide ion at 
this wavelength. For reactions involving the crown ether 18C6, 
the reference cell in the spectrophotometer contained a solution 
of potassium tert-butoxide and the crown ether 18C6 in tert- 
butyl alcohol, both at the same concentrations as used in the 
kinetic experiments in order to compensate for the absorption 
of the complexed t-BuOK at 248 nm. 

The second-order rate constants for the reaction of the 
2-phenylethyl halides with different tert-butoxide concentra- 
tions in rerr-butyl alcohol, both in the absence and presence of 
the crown ether l8C6,  are given in Table I along with the 
observed values of the secondary a-deuterium kinetic isotope 
effects, (k"/kD),. The theoretical maximum values (22-25) of 
the isotope effect corresponding to complete hybridization 
change from sp3 to .up' at the transition state for the different 
leaving groups are also included. 

It is-ienerilly considered that the reaction of the 2-phenyl- 
ethyl halides with ethoxide in ethanol proceeds by way of the 
E2  mechanism (I3,26-29) .  Since a plot of log k2 (rate con- 
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TABLE I. Secondary a-deuterium isotope effects for reaction of the 2-phcnylcthyl halides with 
t - B u O  in t-BuOH in thc abscncc and prcscncc of 18C6 at 40°C 

Leaving (X1'/k"),, 
group [t-BuO-1. M [18C6], M x:, M ' s '  (~"lk"), ,  (theoretical maximum) 

:':For two deuteriums. 
tThc crror in the isotope effect is calculated using the formul;~: 

where A!iH and Ak" arc the standard deviations for the rate constants for the undeuteratcd and deuterated reactants. 
respectively. 

stants found at "high" base concentration) for reaction with 
tert-butoxide in the present study against log kz (EtO-) (30) is 
linear,' it is reasonable to conclude that reaction with tert- 
butoxide ion also proceeds via the concerted mechanism. 

It is seen (Table 1 )  that the second-order rate constants for 
both the iodo and bromo' substrates do not change significantly 
when the [t-BuO-] is doubled. However, there is a significant 
increase in kz in the reactions of the chloro and fluoro com- 
pounds when the tert-butoxide concentration is increased 
within certain limits; i.e., for the bromo compound, k2 = 
1.92 x lo-' and 1.99 x lo-' M - '  s-'  when [t-BuO-] = 

0.01688 and 0.03376 M, respectively, while for the fluoro 
compound k, = 8.1 1 x lo-' and 9.80 x lo-%-' s f '  when 
[t-BuO-] = 0.1767 and 0.4066 M, respectively. 

Addition of the crown ether 18C6 to the reaction of the 
chloro compound leads to the expected large increase in the 
magnitude of the second-order rate constant; i.e. k, = 5.43 x 
lo-"-' s - l  when [t-BuO-] = 0.01320 M while k2 = 0.413 
M-'  s-' when [t-BuO-] = 0.01296 M in the presence of 
0.01377 M 18C6. It is known (3 1 )  that 18C6 complexes the 
potassium of t-BuOK converting the ion pair or larger 
aggregates to non-associated ions which are more effective 
(stronger) bases. 

It is seen that the secondary a-deuterium isotope effects, 
like the k, values, do not vary with base concentration for the 
reactions of both the iodo and bromo compounds. On the 
other hand, both the a-deuterium isotope effects and the k, 
values, for the reactions of both the chloro and fluoro com- 
pounds with t-BuO- in the absence of 18C6, vary over a par- 
ticular range of tert-butoxide concentrations. Of particular 

significance, however, is the observation that the secondary 
a-deuterium i so to~e  effects are inverse at low base concen- 
trations. To our knowledge, this is the first example of an 
inverse secondary a-deuterium isotope effect in an elimination 
reaction proceeding via the one-step concerted E2 pathway. 

The reactions of both the chloro and fluoro substrates with 
tert-butoxide ion at the "higher" base concentrations, Table 1, 
have normal secondary a-deuterium isotope effects. As well, 
when the crown ether is added to the reaction solutions con- 
taining "low" concentrations of tert-butoxide, where inverse 
a-d, effects are found, the observed isotope effects are normal 
and are similar in magnitude to those found at "high" base 
concentrations. 

An approximate measure of the degree of double bond for- 
mation (extent of C-X bond rupture) at the transition state for 
reaction of the four substrates can be determined by comparing 
the observed a-deuterium isotope effects, found for reaction 
carried out at "high" base concentrations, with the calculated 
theoretical maximum values for each leaving group, Table I. 
The percent of the theoretical maxima for the leaving groups 
are 7 ,  5 1, 62, and 25 for F, CI, Br, and 1, respectively. 'This 
variation in the extent of double-bond formation with a change 
in leaving group can be rationalized in terms of the More 
O'Ferrall ( 1  7) - Jencks (19) energy surface diagrams if it  is 
considered that the reaction of the fluoro compound proceeds 
via an Elcb-like E2 transition state while the iodo substrate 
reacts via a more central E2 activated c ~ m p l e x . ~  

A reasonable explanation for the observed experimental 
results is that the reaction involving the best two leaving 
groups (1 and Br) proceeds via the usual anti pathway at all 
base concentrations even though the extent of base associa- 
tion varies. 'The reactions involving the more electronegative 

'The irreversible Elcb mechanism is also consistent with a linear (poorer) ~1 and leaving groups proceed via  two distinct 
plot. However, since it has been established (14, 39) that both the F 
and Br substrates react with t-BuO- in t-BuOH via the concerted E2 stereochemical pathways, the anti and syn, with the relative 

pathway, it is reasonable to conclude that all four substrates react via proportions of each pathway depending On the tert-butoxide 
the same mechanism under these experimental conditions. concentration (32-34). 

'Other workers (9, 39) also concluded that there was no significant 
drift in the second-order rate constants for reaction of the bromo 'A more detailed discussion can be found in a full paper to follow 
compound in the t-BuO- in t-BuOH. in this journal. 
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When the tert-butoxide concentration is "low" and t-BuOK 
exists to a significant degree as an associated base (ion pair), 
reaction of both the C1 and F substrates proceeds via a syn- 
elimination pathway where the loss of the leaving group and the 
P-hydrogen are assisted by the t-BuOK ion pair. For such a 
transition state 1 ,  which is expected to have considerable car- 
banionic character (3.3, sufficient negative charge could devel- 
o p  on the P-carbon so that inversion occurs at both Cp and C,. 
Such a pathway is consistent with the observed inverse isotope 
effects which arise from an increase in the C,-H out-of-plane 
bending frequencies at the transition state (22-25, 36, 37,  and 
footnote 4). 

Inversion 
\OQ , 
/ C C  ; a  a;\ 

The effect of tert-butoxide concentration on the magnitude 
of both k, and (k"/kD), is shown by the data in Table I for the 
reaction of the chloro substrate. It is seen that both the rate 
constant k, and the magnitude of (k"/kD), initially increase 
from their values at "low" base concentration, when tert- 
butoxide concentration is increased, and level off at "high" 
base concentration. A possible rationalization of these results is 
that an increase in tert-butoxide concentration leads to a de- 
crease in the amount of associated base species (which favours 
syn-elimination) and an increase in the concentration of multi- 
ple ions such as  negatively charged ion triplets, (RO-),Mt, 
which may be considered as a free base (38). The bulky triple 
ion would presumably favour anti-elimination, for steric rea- 
sons, and a normal isotope effect and an increased rate of 
reaction would be observed because the triple ion is a stronger 
base than the associated species. 

The effect of the addition of 18C6 to the reaction medium is 
consistent with the above explanation. The crown ether will 
complex the potassium ion and liberate a free tert-butoxide ion, 
an effective base, which removes the P-hydrogen via the anti- 
pathway. It is interesting to note that the magnitude of the 
secondary a-deuterium isotope effect is essentially the same for 
reaction of the chloro compound at "high" base concentration 
(triple ion as abstracting base) and under conditions of "low" 
base concentration in the presence of the crown ether where 
free t-BuO- acts as  the base. This suggests that the transition 
state structure is similar for reaction under the above condi- 
tions, in agreement with studies on the reaction of 2-phenyl- 
ethyl bromide with dissociated and associated tert-butoxide 
ions (39). Finally, it appears that an inverse secondary 
a-deuterium kinetic isotope effect may be useful as  a criterion 
for determining the stereochemistry of E2 elimination reac- 
tions; i.e., an inverse isotope effect is consistent with a syn- 
elimination and a normal kinetic isotope effect is diagnostic of 
a normal anti-coplanar E2 mechanism. 
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P. R. SUNDARARAJAN. Can. J. Chem. 63. 103 (1985). 
Conformational cncrgics have bccn estimated for thc segmcnts of thc bisphcnol polycarbonatc chain, using thc 

Lcnnard-Jones and Hill's empirical forcc ficld type of functions. I t  is found that thc conformation of thc carbonatc group, 
dcfincd by thc torsion angle 5 .  is restricted to thc rangc of 45" to 65'. Thc rotations x and X '  of thc mcthyl groups also show 
similar limitcd flcxibility. Howcvcr, acccssiblc conformations of thc diphcnyl propanc (DPP) scgmcnt. dcfincd by torsion 
anglcs 4 and $, span a widc area of thc (+,$) surfacc. with thc rcstriction that thc rotations 4 and $ bc synchronizcd such 
that 4 + $ = 90" or 270". Thcsc fcatures cxplain the slow thcrmal crystallization bchaviour of thc polycarbonatc chains. Thc 
variability of thc conformations of thc rcpcat unit is illustrated with a series of figurcs. 

P. R. SUNDARARAJAN. Can. J. Chem. 63, 103 (1985) 
Faisant appcl aux fonctions cmpiriqucs dc Lcnnard-Jones ct Hill .  dc type champ dc forcc. on a cvaluit Ics Cncrgics 

conformationncllcs dc scgmcnts de la chaine de polycarbonatc de bisphenol. On a trouvc quc la conformation du groupc 
carbonatc, dcfinic par I'anglc dc torsion 5 ,  cst rcstreintc a I'intcrvallc dc 45 65". Les rotations x ct X '  dcs groupcs mkthylcs 
prkscntcnt unc flcxibilitc limitkc analogue. Ccpcndant, Ics conformations acccsiblcs du scgmcnt diphenylpropanc (DPP), tcllcs 
quc dcfinies par Ics anglcs de torsion 4 et $ couvrcnt unc plus grandc proportion dc la surfacc (+.$); on doit toutcfois imposcr 
la restriction b I'cffct quc Ics rotations 4 et $ doivent ttre synchronisees dc tcllc sortc quc 4 + $ = 90" ou 270". Ccs 
caractcristiqucs expliqucnt Ic comportcmcnt dcs chaincs dc polycarbonatc lors dc lcur cristallisation thcrmiquc Icntc. On illustre 
la variabilitk dcs conformations dc I'un~tC de basc b I'a~dc d'unc sCrie dc figurcs. 

[Traduit par Ic journal] 

Introduction 
The bisphenol-A polycarbonate (BPAPC), represented sche- 

matically in Fig. I, possesses a high T,  (-150°C) and T,,, 
(-280°C). Its transparency in the film form and its dimensional 
stability contribute to its utility as a commercial material. Crys- 
tallization of BPAPC by thermal methods is difficult. Often, 
annealing for over 200 h at 190°C is required in order to 
crystallize it ( 1 ,  2). This inability to readily crystallize, com- 
bined with the dimensional stability, makes i t  a suitable mate- 
rial for various commercial applications. 

The slow crystallizing tendency of BPAPC has been inter- 
preted (3) as due to the fact that the thermal crystallization has 
to be preceded by certain morphological changes in the poly- 
mer matrix: preliminary ordering of the chains or a change in 
the polymer conformation. This characteristic of BPAPC 
makes it  an ideal candidate for studies on the polymer glassy 
state. Several investigations on thermal transitions, molecular 
motion, etc., have been reported in the literature (4-6). 
Although thermal crystallization of BPAPC is a slow process, 
it crystallizes readily upon..exposure to vapours of organic 
solvents such as acetone, carbon tetrachloride, methanol, etc. 
(7-9), or in the presence of plasticizers ( 10, 1 I ) .  

Bonart (12) reported the crysta! structure ofaBPAPC, with a 
unit cell>f dimensions ( I  = 12.3 A, b = 10.1 A, (. (chain axis) 
= 20.8 A, and y = 84". Two monomer units comprise the fiber 
identity period and four chains are contained in the unit cell, in 
the space group C,'. 

Conformational energy calculations on segments of the 
BPAPC chain are re~orted here. These were undertaken in 
order to determine the extent of freedom of rotation enjoyed by 
the segments of the molecule and to verify if the concept of 
unhindered rotation for the phenyl and methyl groups is valid. 
Similar calculations have been reported by Tonelli (13). An 
appreciation of the accessible conformations and flexibility via 
the conformational energy calculations would lead to the 
understanding of not only the crystallization behavior, mechan- 

FIG. 1. Schematic rcprcscntation of a segmcnt of the BPAPC poly- 
carbonatc chain. Thc planar conformation is shown hcrc. Thc rclcvant 
torsion anglcs arc markcd. 

ical properties, etc., but also the type of interactions, at the 
short range level, which precipitate when the chain is associ- 
ated with small molecule plasticizers. For example, Dulrnage 
et al. (14) have studied the structure of the complex of aryl- 
substituted thiapyrylium salt with 4,4'-isopropylidenediphen- 
yl-bis-phenyl carbonate, a model compound for BPAPC. 

While this work was in progress, a paper on the optical 
anisotropy of polycarbonate analogs was published by Flory 
and co-workers (15). The calculations of optical anisotropy 
were based on the conformations of the carbonate and the 
diphenyl segments. 

Energy calculations 
I . Geometrical parameters 

A portion of the polycarbonate chain is shown in Fig. I ,  with 
the trans-trans conformation of the carbonate group. Calcu- 
lations of Williams and Flory (16) indicate that the cis-trans 
or trans-cis forms are of low incidence. Hence, calculations 
described here were carried out with the trans-trans form 
exclusively. The bond lengths and bond angles used in this 
study are given in Table 1 .  These (Set I) were taken from 
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TABLE 1. Bond lengths and bond angles used in this study*? 

Length (A) Angle (deg) 

Bond Set I Set I1 Atoms in bond Set I Set I1 

0-C* 1.34 1.32 0-C*-0* 114 108 
C*-0* 1.34 1.32 0-C*-0' 123 126 
C*-0" 1.22 1.21 C*-0*-Cl 113 121 
0*-C1 1.36 1.42 C"-C"-C"' 120 120 
C"-Ca 1.52 1.51 CZ-Ca-C"' (a) 112 109.5 

(b) 109.5 
C-H 1.10 1.10 

C'-Ca-C ) a :ORp:: 109.5 
Ca-C 1.52 1.53 C-Ca-C 
C"-C" 1.39 
Cl-C2 
Cl-C6 
C3-C4 

] 1.37 

C5-C4 

*See Fig. 1 for designation of atoms. 
t Set I from refs. 16 and 17. Set I1 from ref. 15 and footnote 1. 

Bowen and Sutton (17), and Williams and Flory (16). Also 
included (Set 11) are the values used by Erman et al. (15) based 
on a crystal structure analysis of diphenyl carbonate. ' Both sets 
of parameters have been used in the present calculations. The 
bond lengths and bond angles differ between Set I and Set 11. 
The partial double bond character of the 0-C* and C*-O:': 
bonds leads to a bond length of 1.3f on the average (Set I). 
'This distance was found to be 1.32 A in the crystal structure of 
diphenyl carbonate.' The average of th: 0"-CI bond length, 
taken from various structures, is 1.36 A, whereas it is 1.42 A 
in the above crystal structure. Quite significant are the differ- 
ences in the bond angles of the carbonate group. Such large 
differences affect the results of the calculations, as discussed 
below. The geometrical parameters derived by Dulmage et al. 
(14) are not used here. Comparing them with the parameters 
reported by Erman et al. (15), it is found that there are appre- 
ciable differences in the bond angles of the carbonate group as 
well as the 2,2-diphenyl propane segment. The bond angles in 
the phenyl group, for example, vary from 120" to as small as 
1 1  1.8", and a pronounced nonplanarity of the phenyl is indi- 
cated. 

The conformation of the carbonate group with respect to the 
phenyl was determined by varying the torsion angle 5 around 
the 0*-C I bonds (cf. Fig. I). The planar trans conformation 
of the C*-O'bnd the CI-C2 bonds defines 5 = 0". The 
trans planarity about the C'"0:': bond was maintained. The 
relative conformations of the contiguous phenyl groups were 
determined as a function of the rotations + and $ about the 
C4-C" and C"-C4' bonds. The eclipsed conformation of the 
C4-C3 and the C"-C4' bonds corresponds to + = 0". Like- 
wise, for $ = 0°, the C4-C" bond eclipses the C4'-C3'. In 
these calculations, the minimum energy conformations of 5 and 
(+,$) were determined independently. 

Considering the appendage of the C"-Cn' bonds, when the 
angle 0 = C4-C"-C4' is enlarged to 112", if Cn'-Cu-C4 
and Cm-CU-C4' are kept at tetrahedral values, the angle 
Cm-CU-Cn" would decrease to 106.7". In order to distribute 

' D. Y. Yoon and P. J .  Flory, cited in ref. 15. 

TABLE 2 .  Parameters used for the potential energy functions 

W function Hill's function 

Atom ct(A3) N R (A) ~ ( k c a l  mol-') d * / 2  (A) 

C 0.93 5 1.70 0.116 1 .SO 
C" 1.23 5 1.85 0.060 1.95 
C'* 1.23 5 1.70 0.033 1.85 
H 0.42 0.9 1.20 0.060 1 .SO 
0 0.70 7 1 .SO 0.070 1.54 
0"& 0.84 7 1 .SO 0.070 1.54 

the strain equally between all the bond angles involving C", we 
impose the condition that Cnl and C"" be attached to C" such that 
the bond angles Cnl-CU-C"', Cn'-CU--C4, Cn'-C"- 
C4', Cnl'-CU-C4, Cn"-CU-C4' are equal, and denoted by 
0'. Incorporating this condition in eq. 2 of Suter and Flory (18) 
leads to: 

1 +%'I + 4 x  
[ I ]  cos 0' = 2x 

where: 

[2] x = 
4 

( I  + cos 0) 

With this formula, if 0 = 112", 0' will be 108.96". The methyl 
hydrogens were kept at mutually tetrahedral angles. One of the 
methyl hydrogens eclipsing the Cu-C4 bond defines x = 0". 
For each value of (+,I)), the torsion angles x and X '  defining 
the positions of the methyl hydrogens were varied at intervals 
of 10" each and the positions corresponding to minimum energy 
were included in subsequent calculations. 

2. Energy functions 
The nonbonded interactions were estimated using the 

Lennard-Jones (L-J) 6- 12 potential function and the Hill's 
empirical force-field function. The L-J function of the form: 

has been extensively used in the conformational analysis of 
various types of polymers (19-21). The parameters AV and Bii 
were evaluated in the usual manner (19-21), using the polar- 
izability (a) ,  effective number of electrons (N), and the van der 
Waals radius (R,). The values of a ,  N, and R, used in the 
present calculations are given in Table 2. 

The Hill's function is similar to the Buckingham 6-exp func- 
tion and is given by (22): 

[4] E,,,, = E, [8.3 x I@ exp 

Here eii is an "energy" parameter which is taken to be the 
geometric mean of parameters E, and ej for the interacting 
atoms, and di,* is the characteristic distance derived as an 
arithmetic mean of the diameters di* and dl* assigned to the 
atoms. 

The Hill's function was modified into a one-parameter func- 
tion by Kitaigorodsky (23). The Hill's function has been widely 
used in the molecular mechanics calculations on organic small 
molecules (24) and has been incorporated in standard rnin- 
imization computer programs. The parameters E, and di* used 
in the present calculations are given in Table 2 and were taken 
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S U N D A R A R A J A N  

FIG. 2. The variation of energy with 6 is shown. for select values 
of B. The Lennard-Jones function was used here. The angle 
C*-0"-CI is 113" (Set I parameters, see text). 

from Allinger et al. (24), Hummel and Flory (25), and Andose 
and Mislow (26). 

Another contribution to be considered for the estimation of 
the energies is that due to electron delocalization. The non- 
bonded interaction between 0 and the ortho hydrogen (H6 in 
Fig. I) would oppose coplanarity of the carbonate group with 
the phenyl and would lead to a preferred value of 5 = 90". On 
the other hand, the electron delocalization would favour the 
planar conformation. Hence, the combined contribution due to 
both of these effects has to be included. The electron de- 
localization energy was estimated according to (25): 

where B is a parameter, in kcal mol-'. An inherent threefold 
torsional potential with a barrier of 3 kcal mol-' was assigned 
to the C-CH3 bonds. The torsional potential was not included 
for rotations + and JI due to the negligible barrier for such a 
rotation in toluene. 

Results and discussion 
The calculations showed that the energies corresponding to 

+ and JI in the accessible region are unaffected by the preferred 
ranges of 5. Although the rotation of the phenyl via, for exam- 
ple, the + would affect the carbonate group to the extent that 
its preferred relative disposition with respect to the phenyl has 
to be maintained, the interactions which arise between the two 
phenyl groups are determined by only the rotations + and JI. 
Hence the rotations (+,+) and 5 can be treated independently, 
for the present discussion. 

1. The carbonate group 
The carbonate group is planar and predominantly trans. 

While the electronic delocalization would favour the co- 
planarity of the carbonate group with the plane of the phenyl, 
the steric repulsion between the carbonyl oxygen and the ortho 

0 20 40 60 80 100 120 140 160 180 - l (dog) 

FIG. 3. The variation of energy with 6 is shown for select values 
of B. The Lennard-Jones function was used. The angle C'C-O'LCI 
is 12 l o  (Set 11 parameters, see text). 

CH group would oppose the coplanarity. In the crystal structure 
(27) of p-phenylenediacrylic acid diphenyl ester, 5 = 6S0, and 
in the structure of diphenyl carbonate,' 5 = 45". 

'The variation of energy with 5 ,  calculated with Set I geom- 
etry and L-J function, is shown in Fig. 2. The angle 
C*-O*-C I is 1 13" here. While, as expected, the minimum 
in energy occurs at 5 = 90" with B = 0, it shifts to 80" and 70" 
with B = 4 and 6 kcal mol-' respectively. Due to the predom- 
inant interaction between 0 and H6, a value of B = 18 is 
required in order to obtain the minimum at 5 = 50'. The 
calculations of Hummel and Flory (25) on model compounds of 
p-phenylene polyesters and polyamides show that values of B 
in the range of 3 to 7 kcal mol-' are required to reproduce the 
crystallographically observed torsion angles. A similar range of 
B can be expected to be valid for the carbonate group. The high 
value of 18 kcal mol-' required to obtain a minimum at 5 = 50" 
is a consequence of the small value of 113" assigned to the 
angle C'h-O'k-CI. 

The variations of energy with 5, calculated with Set 11 geom- 
etry (Flory parameters) using the L-J and Hill's functions, are 
shown in Figs. 3 and 4 respectively. The variations of some of 
the nonbonded distances with 5 are shown in Fig. 5. Note that 
with Set I1 geometry, the angle C'LO's--CI is 121". Com- 
parison of Figs. 3 and 4 shows that with B = 6 kcal mol-', 
minima occur at 5 = 50" and 45" using the Hill's function and 
the L-J function, respectively. Figure 5 shows that the dis- 
tances 0 - - - H6, C:b- - - H6, and 0"- - - C6 increase reasonably 
close to the sum of the van der Waals radii or the characteristic 
distance d* in the range of 5 = 45 to 55". Comparison of the 
results obtained with Set I and Set 11 geometries shows that an 
enlargement of the angle C*-O'*-C1 to nearly 12 I" is neces- 
sary to obtain the minimum in energy at 5 = SO0, with values 
of B in the range of 4-6 kcal mol-'. In the crystal structure' of 
diphenyl carbonate, the angle C*-O:$- C1 is 121". whereas 
it is 117.6" in the structure of p-phenylenediacrylic acid diph- 
enyl ester (27). In any event, a value greater than 113" (which 
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FIG. 4. Same as Fiy. 3. but with Hill's functions for evaluating 
nonbondcd interactions. 1.5 

1 1 I I I I I I 

0 10 20 30 40  50 60  70 80  9 0  

was used by Williams and Flory (16)) is indicated. 'The present - (deg) 
calculations as well as the crystal structure studies cited above 
show that the preferred value of [ is limited to 45-65". FIG. 5 .  Thc variations of significant nonbondcd distances with 5 

With B = 6 kcal mol-', and the Hill's function, the energy arc shown here. 
-< 

values at [ = 0, 50, and 90" are 14, -1.5, and -0. l kcal 
mol-I, respectively, leading to a barrier of 15.5 kcal mol-' at 
[ = 0" and 1.4 kcal mol-' at [ = 90". Similarly, with the L-J 
function and B = 6 kcal mol-I, the energies at [ = 0,45, and 
90" are 20.2, -2.7, and -0.8 kcal mol-', respectively, re- 
sulting in a barrier of 22.9 kcal mol-' at [ = 0" and 1.9 kcal 
m o l l  at [ = 90". Adjustments of geometrical parameters could 
lower these energies somewhat. Pochan et 01. (28), on the basis 
of dielectric relaxation measurements, deduced an activation 
energy of 17.7 kcal mol-' for combined (sub T,) P and y 
relaxations of BPAPC and 8.1 kcal mol-' for y relaxation of 
bisphenol-A - diphenyl carbonate. The latter was associated 
with the carbonate group. Massa and Rusanowsky (29) report- 
ed a value of 9.8 kcal mol-' for the y relaxation. Although Yee 
and Smith (30) obtained 13 kcal mol-' for they relaxation, they 
have shown that this relaxation is not attributable to the carboi- 
ate group exclusively, but rather to the monomer unit as a 
whole. Hence, it would seem that unambiguous conlparison of 
the theoretical and experimental values of the barrier corre- 
sponding to the carbonate group is not possible at this time. 
However, the above' experimental values for the activation 
energy can perhaps be accounted for by combining the energy 
barrier of -2 kcal mol-' mentioned above for the carbonate 
group at [ = 90" and the barrier for the phenyl rotation dis- 
cussed in the next section. 

The results reported by Flory and co-workers (15) show that 
with the same geometrical parameters (Set II), and the Hill's 
function, the minimum occurs at [ = 45" with B = 2 kcal 
mol-I. However, according to our calculations shown in Fig. 
4, when using a value of B = 2 kcal mol-', the minimum 
occurs at [ = 65" and a value of B > 6 is needed to derive a 
minimum at [ = 45". It seems that these differences are due to 
the allowance made for bond angle variations for each [, in the 
work of Flory et al. (P. J. Flory, private communication). 

torsion angles + and $ (Fig. 1) .  The coplanar conformation of 
the phenyls incurs severe overlap of the ortho hydrogens. 
When + = $ = 0", the distances H3 - - - H3', C3 - - - H?' (or 
C3'---H3) and C3 - - -C3 '  are 0.22, 1.3, and 2.2 A re- 
spectively. 

Energies calculated for the DPP segment in terms of + and 
$ are shown in Figs. 6 and 7,  for the L-J and the Hill's 
functions respectively. The exact Flory geometry (Set 11) was 
used. The torsion angles x and X' were varied for each (+,$) 
and the methyl hydrogens were kept in their minimum energy 
conformation. It is seen from Figs. 6 and 7 that the minimum 
in energy occurs at (+,$) = (45",75") and (75",45") with the 
L-J function and at (+,$) = (25",75") and (75",25") with the 
Hill's function. Further, it  is seen from Fig. 7 that all the 
conformations for which + + $ = 90" or 270" are within 1 kcal 
mol-' from the minimum. The calculations with the L-J func- 
tion (Fig. 6) also show a similar feature, with + + $ = 120" 
or 240". The small variations in energy over a large domain are 
responsible for slight shifts in minima and the allowed range 
when different potential functions are compared. At the inter- 
vals of 5" in + and $ chosen for these maps, 35% of the 
conformational space is within I kcal mol-' in Fig. 6 and 25% 
in Fig. 7. In the crystal structure (31) of diglycidyl ether of 
bisphenol-A, the values of (+,$) are (64.3",49"). This con- 
formation occurs within the contour of 0.5 kcal mol-' in Fig. 
6. The energy corresponding to (+,$) = (90",90") is 7.5 kcaI 
mol-' in Fig. 6 using the L-J function and 30.9 kcal mol-' in 
Fig. 7,  with Hill's function, relative to the respective minima. 
The value obtained with Hill's function is perhaps too high due 
to the higher emphasis that the parameters for this function 
place for the H - - - H interaction (see below). Combining the 
7.5 kcal mol-' for the barrier at (+,$) = (90°,900) and the -2 
kcal mol-' derived for the barrier at [ = 90°, the total energy 
is close to the value of -9.0 kcal mol-' deduced ex~er i -  

2. Conforrntrtiorz of the 2,2-diphenylpropm ( D P P )  segment mentally for y relaxation. This theoretical energy is the max- 
The conformation of the DPP segment is defined by the imum value of the barrier, as obtained by the present calcu- 
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FIG.  6. The iso-energy contours are shown for the DPP segment, in 
terms of rotations 4 and +, with respect to the minimum marked by 
x .  The L-J function was used. The symmetrically related part of the 
map can be seen as in Fig. 8. The conformation corresponding to the 
crystal structure of diglycidyl ether of bisphenol-A is marked by O. 

lations. A least-energy path for the conformational transition is 
possible, as discussed later. 

Although intuitively one would expect the minimum to occur 
at (+,$) = (60°,600), the shifts of the minima from such a 
position in Figs. 6 and 7 need clarification. In Fig. 6 ,  the 
difference in energy between (+,$) = (45",75") and (60°,600) 
is only 0.2 kcal mol-I, and cannot be attributed to any unique 
predominant interaction. However, in Fig. 7,  the energy differ- 
ence between (+,$) = (25",75") and (60°,600) is 4.7 kcal 
mol-I. The higher energy of the latter is not due to unfavorable 
interactions between the skeletal atoms but is due to those 
involving the methyl hydrogens. For purposes of discussion, 
let us denote the hydrogens attached to Cnl by Ha, Hhr and H,, 
and those appended to Cnl by Hi, Hi, and HL. For (+,$) = 
(25",75"), with the hydrogens kept at positions corresponding 
to the minimum energy, the distances Hj- - - H;, Hi - - - Hs, and 
H, - - - H3 are 2.13, 2.1 1, and 3.05 A, respectively. These 
distances reduce to 2.01, 2.01, and 2.21 A, respectively, at 
(+,$) = (60°,600), contributing to the energy difference of -4 
kcal mol-I. Such a large contribution to the energy was traced 
to the nature of the Hill's function. The parameters chosen 
(24-26) (Table 2) for this function accentuate the interactions 
involving the hydrogen atoms, c9mpared to the L-! function. 
For H - - - H interaction, R = I .; A and d*/2 = 1.5 A are used. 
For a H - - - H distance of 2.4 A, energies of -0.12 and 0.42 
kcal mol-' are obtained with L-J andoHill's functions re- 
spectively. However, at a distance of 2 A, the energy is 0.36 
kcal mol-' with the L-J function and 4.2 kcal mol-' with Hill's 
function. Thus, for the contact pairs listed above for (+,$) = 
(25",75") and (60°,600), the emphatic contribution to the ener- 
gy of the latter is due to the nature of the Hill's function and the 
parameters chosen for the hydrogen atom. Adjustment of the 
parameters to establish correspondence between the two func- 
tions is not attempted here. 

'The (+,$) map corresponding to a value of 112" for the 

- 4  
FIG. 7. Same as Fig. 6 .  but with Hill's function 

FIG. 8. Same as Fig. 6. but with a value of 1 12" for the 
C4-C"-C4' bond angle. 

skeletal bond angle C4-CU--C4', constructed using the L-J 
function, is shown in Fig. 8. It is seen here that the minimum 
has shifted to (+,$) = (10°,800) and (80°, 10"). The energy at 
(+,$) = (90°,900) is 7 kcal mol-I. The large accessible area 
remains similar to those in Figs. 6 and 7. In fact, 49% of the 
conformations on the (+,$) space are within 1 kcal mol-' from 
the minimum. The small variation in energy (within I kcal 
mol-') over a large domain of the (+,$) surface is responsible 
for the shift of the position of the minimum when either the 
potential functions or the geometrical parameters are changed. 

'The large accessible area on the (+,$) surface qualifies the 
DPP segment to be classified as a fairly flexible portion of the 
polycarbonate chain. However, the rotations are not un- 
hindered. 'The accessible conformations are such that the rota- 
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FIG. 9. The iso-energy contours are shown, for the methyl group 
rotation, in terms of x and x'. The ($.+) values are (60°,400) for the 
bottom figure and (0°,900) for the top. The L-J function was used 
here. 

tions 4 and + have to be synchronized to meet the condition 
that 4 + + = 90- 120" or 240-270". In considering the molec- 
ular motion of the phenyls and their reorientation in BPAPC, 
the .rr flip or reorientation through small diffusive steps have 
been suggested as possibilities (32, 33). Figures 6-8 show that 
the reorientation of the phenyls can occur with coordinated 
rotations, along the path defined by 4 + + - 90°, without 
having to overcome a high energy barrier. 

The energies associated with the rotations x and X '  of the 
methyl groups are shown in Fig. 9, for two select values of 
(+,+), using the L-J function. It is seen that with (+,+) = 
(60",40°), the minimum occurs at ( x , ~ ' )  = (70°,600), which 
corresponds to the staggered disposition of the C- H bonds 
with respect to the contiguous skeletal bonds. With (+,+) = 
(0",90°), the minimum occurs at ( x , ~ ' )  = (50",70°). 'The ener- 
gy contours in Fig. 9 also show that within an energy of 2 kcal 
mol-I, only a range of about 20" is accessible for x and x ' ,  for 
each (+,+) conformation. The various values of ( x , ~ ' )  obtain- 
ed with L-J and Hill's functions for conformations with 4 + 
+ = 90" are given in Table 3. This table shows that with the L-J 
function, x and X '  vary from (50",70°) to (70°,500) as the 
values of (+,+) change from (0",90°) to (90°,00). A larger range 
of (40",80°) to (80",40°) is obtained with the Hill's functon. In 
the above ranges, the energy of interaction of the methyl groups 
with the rest of the molecule varies very little with the L-J 
function, whereas a change in energy of 4.1 kcal mol-' is noted 
with the Hill's function. These results show that while a certain 
range of conformations is accessible to the methyl hydrogens, 
the variations in x and X' depend on the values of 4 and +. 

TABLE 3. Values of x and X' derived for 
minimum energy positions of methyl hydro- 
gens, for a few select values of $ and + 

W function Hill's function 

$,+(O) x.xl E* x 9 x 1  E* 

0,90 50,70 0.2 40,80 0 
10,80 50,70 0 50,80 1.1 
20,70 50,70 0.2 50,80 2.0 
30,60 60,70 0 60,80 2.8 
40,50 70,70 0.3 70,80 4.1 
50,40 70,70 0.3 80,70 4.1 
60,30 70,60 0 80,60 2.8 
70,20 70,50 0.2 80,50 2.0 
80,lO 70,50 0 80,50 1.1 
90,O 70,50 0.2 80,40 0 

*The energies, in kcal mol-', are given relative 
to the lowest energy ( x , ~ ' )  conformation in each 
case. 

Garfield (34) suggested, based on the results of wide-line nmr 
studies, that the motions of the methyl groups and phenyls are 
cooperative. Jones and Bisceglia (5) arrived at the same conclu- 
sion. 

The energy map for the DPP segment, reported by Flory et 
al. (Fig. 6 of ref. 15), shows that the minimum occurs at (+,+) 
= (46",46") (+A,+g in the notation of ref. 15). The contours 
therein also imply that the rotations 4,+ are highly restricted. 
This is in contrast to Figs. 6-8 presented here, which show that 
a wide range of +,+ is accessible. This difference has been 
traced to the fact that Flory et a/ .  used a constant value of x = 
X '  = 6" for constructing the energy map (P. J. Flory, private 
communication), whereas, in the present calculations, x and X '  
were minimized for each +,+ conformation. Since Flory et al. 
were concerned with the averages (cos' 4 )  and (cos' +), this 
difference is not of significant consequence in their results on 
the optical anisotropy. 

The inability of polycarbonate to crystallize readily is ratio- 
nalized by the large accessible conformational domain derived 
from the present calculations. Further, the suggestion (3) that 
the chain has to adopt several intermediate conformations prior 
to crystallization is also supported by our work. 

3. Molecular shapes 
Robertson and co-workers (35) have discussed the nomen- 

clature for the description of the conformations usually adopted 
by bridged diphenyls in crystal structures. These are generally 
described in terms of planar, butterfly, twist, and skew con- 
formations as shown schematically in Fig. 10. None of the 
compounds studied so far by X-ray crystallography adopts the 
planar conformation, whatever the nature of the bridge atom: 
C, 0, or S. 'This is mainly due to the repulsion between the 
ortho hydrogens as described earlier. Most diphenyls with 
ether linkage and sulfides adopt the skew and twist con- 
formations; the ketones show only the twist conformation; the 
sulfoxides only the butterfly, sulfones the twist and butterfly, 
and methanes, the skew and twist. The reader is referred to the 
paper by Robertson and co-workers (35) for the identity of 
these compounds. These results show that the bridged diph- 
enyls are found in a variety of conformations, depending upon 
both intra and intermolecular packing effects. The accessible 
conformations of the DPP segment of the BPAPC chain, dis- 
cussed above, show that twist and skew conformations are 
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S U N D A R A R A J A N  

NONE 

SULFONES 
SULFOXIDES 

SULFIDES 
SULFONES 
SULFOXIDES 
ETHERS 
METHANES 
KETONES 

( C  1 

ETHERS 
SULFIDES 
METHANES 

FIG. 10. Schematic representation of the nomenclature used for the 
description of the conformations of bridged diphenyls: (a) planar, (b) 
butterly, (c) twist, and (d) skew. The ideal (+,+) values are marked 
(adapted from ref. 35). 

possible. It is noteworthy that most of the compounds surveyed 
in ref. 35, with the C-C-C type linkage, occur along the 
zone defined by 4 + $ = 90". 

The shapes of the segment of the BPAPC chain were drawn, 
in orthogonal projection, using a computer program developed 
for the Diablo Multiwriter. The shapes of one repeat unit of the 
BPAPC, for conformations with 4 + $ = 90°, are shown in 
Fig. I I (A-I). The (4,$) corresponding to each shape is 
marked. These are only a few select conformations among 
those accessible to the repeat unit. Comparing with Fig. 10, the 
twist and skew shapes are obvious. Figure I I clearly shows the 
variety of conformations which is accessible to the repeat unit 
in solution or in the amorphous state. With such a diversity of 
conformations, the long annealing time required for crys- 
tallization is understandable. The technique of molecular 
graphics is being used increasingly in conformational analysis 
of biopolymers, enzyme-substrate interactions, drug design, 
and organic synthetic chemistry. The variability in the shapes 
of the polycarbonate and similar chains can be best understood 
by such means. 

Conclusions 

The conformational calculations show that although the ac- 
cessible area of the (+,$) surface for the DPP segment is large, 
the rotations 4 and $ should be synchronized. Uninhibited free 
rotation is not possible. The carbonate group has a restricted 
freedom of rotation, to within 20". The methyl group also has 
only a limited freedom of rotation. Free rotation is not indicated 
for these portions of the molecule. The slow crystallization 
upon annealing can be attributed to the conformational flex- 
ibility of the DPP segment, and the cooperativity needed for 
conformational rearrangement. The synchronized rotations of 

FIG. I I. (A-I): The variability of the conformation of the DPP 
segment is illustrated in terms of a series of shapes. The values of 
(+,+) are marked. The molecule is shown in projection. The (x.~') 
conformations correspond to those derived using Hill's function (see 
Table 3). 

the phenyls can lead to diffusive reorientation. The general 
conformational features are discussed here and not the specific 
one pertaining to the crystal structure. The shapes of the repeat 
unit shown in Fig. 1 1 give pictorial representation to the stereo- 
chemical jargon. 
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Mechanisms and models for homogeneous copper mediated ligand exchange reactions 
of the type: CuNu + ArX - ArNu + CuX' 
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CHRI~TIANE COUTURE and ANTHONY JAMES PAINE. Can. J. Chem. 63, 1 I 1 (1985). 
The title reactions arc an important class of copper mediated nucleophilic aromatic substitution processes, which constitute 

a useful tool in the molecular design and synthesis of small molecules. We report the results of extensive investigation of these 
processes, primarily focussing on cyanodeiodination (Arl + CuCN + Cul + ArCN). Among the interesting features of these 
processes are: (a) an unusual rate equation involving autocatalysis by Cul product; (b) retardation by both excess nucleophile 
(as KCN) and excess leaving group (as KI), which compete with ArX to complex with CuNu; (c) only cuprous nucleophiles 
are active (ligand exchanged products from cupric salts arise from prior redox equilibria which form CuNu); (d) the halogen 
effect is large (kl - 40- 100 kBr - 300-5000 kc,) but the Hammett p value is zero; (c) ortho-alkyl groups do not hinder the 
reaction (and actually cause mild acceleration by relief of steric strain). Finally, the introduction of an ortho-COO group 
accelerates the reaction by a factor of 10"- lo5, but the general features of the accelerated reactions are also the same, again 
indicating a common mechanism, with entropic acceleration by ortllo-carboxylatc. Both kinetic and thermodynamic factors 
were considered in detail, the latter apparently for the first time. Applications to practical syntheses are considered, and novel 
mechanistic models for these interesting processes are discussed. 

C H R I ~ T I A N E  COUTURE et ANTHONY JAMES PAINE. Can. J. Chern. 63, 1 l l (1985). 
Les rCactions rnentionnies dans Ic titre constituent une classe irnportante de rkactions de substitutions nuclCophiles aro- 

rnatiques catalysCes par le cuivre qui sont un outil utile pour la conception molCculaire ct la synthkse des petites molCcules. 
Nous rapportons les rCsultats d'une Ctude poussCe de ces rkactions au cours de laquelle on a mis I'accent. en premier lieu. sur 
la cyanodCiodation: (Arl + CuCN + Cul + ArCN). Parrni les caractCristiques interessantes dc ces reactions on peut noter, 
entre autre, le fait que: (a) ces rkactions prismtent une equation de vitesse inhabituelle qui impliquc une autocatalyse par le 
Cul qui est produit; (b) la vitcsse de la rkaction est retardte i la fois par un exces de nuclkophile (cornme le KCN) ou de 
nuclCofuge (comme le KI) qui entre en competition avec le composC ArX pour cornplexer le CuNu; (c) le fait que seuls lcs 
nuclCophiles cuivreux soient actifs (les produits provenant d'un Cchange de ligands se forrnent au cours d'un Cquilibre rCdox 
antCrieur qui forrne du CuNu; (d) I'effet des halogenes soit grand (kl = 40 i I00 ku, = 300 i 5000 ko) alors que la valeur p 
de Harnmett est Cgale i zCro; (e) les groupes alkyles en position ortlzo n'encornbrent pas la reaction (et qu'ils provoquent en 
fait une legere accelCration grice i une diminution de la contrainte stiriquc). Finalernent l'introduction d'un groupe C O O  en 
position ortho accClere la rCaction par un facteur de 10' i lo5; toutefois les caracttristiques ginCrales des rCactions accClCrCes 
sont les rn&mes que les autres et ce fait indique I'existence d'un mecanisme cornrnun qui subit une accClCration entropique due 
i la prCsence du groupe carboxylate en ortlzo. On a considire en detail les facteurs cinktiques et therrnodynamiques; il sernble 
que ces derniers ont CtC exarnints pour la premiere fois. On considere les applications de ces rkactions dans des syntheses 
pratiques et on discute de nouveaux modkles rnkcanistiques pour ces reactions intkressantes. 

[Traduit par Ic journal] 

Introduction [2]. There is evidence that cuprous nucleophile species are 
Aromatic substitution reactions are important tools in the intermediates in the catalytic reactions, and therefore. these 

molecular design and svnthesis of  small molecules. Substi- Processes likely share the same mechanism (3-5) .  - 
tution methodologies may be of  electrophilic, nucleophilic, or 
radical character, the last of  which is relatively rarely applied 
to synthetic problems. Electrophilic aromatic substitution 
(EAS) is the most common, and is supported by a wide litera- 
ture. Nucleophilic aromatic substitution (NAS) usually re- 
quires a suitable leaving group, X ,  plus activation by electron- 
withdrawing substituents, which stabilize the intermediate 
negative charge in the classic addition-elimination mechanism 
(1).  Nucleophilic aromatic substitution on unactivated rings is 
relatively rare, but may be effected in the presence of copper. 
There are two major classes of  copper mediated reactions 
which are formal nucleophilic aromatic substitutions: copper 
catalysed reactions (known as Ullmann condensations), where 
copper is present as the metal, a salt, or  an oxide; and copper 
ligand exchange reactions ( 1 ,  2). These reactions are fairly 
general, and some of  the possibilities are shown in eqs. [ I ]  and 

[I] CuNu + ArX --t CuX + ArNu (ligand exchange) 

[2] NuH + ArX % ArNu t HX (catalysis) 

Nu = X, CN, SCN, OAc, OH. ArO. ArS, ArSe, 
ArNH, Ar2N, Ar. . . . 

X = 1, Br, CI. 

Although these reactions have been known for many de- 
cades, there has been little systematic investigation of the reac- 
tion mechanism (2, 6, 7). The literature is characterized by 
questionable conclusions drawn with only a minimum of data, 
using relative yield measurements, or  final product analyses 
(e.g. ref. 8) -techniques which cannot distinguish between rate 
and equilibrium effects (which, as will be shown, are quite 
important). In order to broaden mechanistic understanding of 
copper mediated NAS in general, and to improve its scope as 
a synthetic tool, we have begun by investigating the kinetically 

I Presented, in part at the 66th canadian chemical conference, simpler ligand exchange reaction. ln  this Case. CUNU is a mea- 
Calgary, Alberta as paper OR 14-9 (June, 1983). surable reactant, rather than a hypothetical transient inter- 

'Author to whom correspondence should be addressed. mediate. In particular we focussed on copper mediated cy- 
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anodeiodination (replacement of iodide with cyanide using 
cuprous cyanide) in detail, although we also examined a variety 
of other nucleophiles and leaving groups to ensure the gener- 
ality of the work. 

Experimental 
Most substrates and products were commercially available and were 

purified by distillation or recrystallization to >99% purity by ana- 
lytical hplc. 2.4.6-Tri-tert-butylbromobenzene was prepared by the 
method of Pearson et 01. (9). Sodium salts of aromatic carboxylic 
acids were prepared by standard methods, and recrystallized from 
water. 

Syt~thesis of2.4.6-tritnethyliodobenzene 
Following the general procedure of Martin et nl. (10). 2,4,6-tri- 

methylbenzene (12.1 g; 0.10 mol), iodine (6.4 g; 0.025 mol), and 
ammonium persulfate (6.9 g; 0.031 mol) were added to a solvent 
consisting of acetic acid (135 mL), water (25 mL), and sulfuric acid 
(6 mL) in a 250-mL round bottom blask. The reaction mixture was 
stirred and heated at 80°C for 4 h, poured on ice (300 g), and worked 
up into methylene chloride. The coloured impurities were removed by 
elution through a short column of silica gel in hexane. The product 
was isolated from excess starting material by fractional distillation (bp 
128"C/13 Tom) ( I  Tom = 133.3 Pa) to give a low-melting white 
crystalline solid (7.1 g; 0.029 mol; 58% yield; mp 29.5-31°C (lit. 
( I I ) mp 29-30°C)). 2.4.6-Tri-tert-buty liodobenzene could not be 
prepared by this method. 

Synthesis of 2,4,6-tri-tert-b~ctylbenzonitrile 
CuCN (0.48 g; 50 mmol) and 2,4,6-tri-tert-butylbromobenzene 

(0.20 g; 0.6 1 mmol) were heated in 50 mL DMA at 137°C for 44 days, 
then cooled and worked up into methylene chloride. The solvent was 
dried and evaporated to give a green oil which was chromatographed 
on silica gel, with hexane as eluent, to give impure white crystals 
(crude yield 0. I0 g; 0.37 mmol; 60% yield). Pure product obtained by 
crystallization from MeOH (mp 150-151.5"C (lit. (12) mp 
15 1 - 152°C)) had ir, 'Hmr, Cmr, and ms consistent with the structure 
and the literature. 

General kinetic method 
Dimethylacetamide (DMA; Burdick and Jackson Company, Dis- 

tilled in Glass grade) was the solvent selected. DMA from alternative 
suppliers gave the same results. Analytical hplc correction factors 
(KFs) were determined with reference to internal standard biphenyl (or 
N,N-diphenylformamide for the carboxylic substrate series), which 
gave the concentrations of substrate and product directly. 

[Compound] = 

Area counts compound X KF compound X [Internal STD] 

Area counts internal STD 

Unfortunately, there was a relatively narrow operating window of 
reagent concentrations determined by the balance between the limited 
solubility of the cuprous nucleophiles and the requirement for mod- 
erately high iodobenzene concentrations to achieve a reasonable con- 
version rate. These windows were [CUCN]~, = 50- 160 mM and [Phllr, 
= 15-45 mM. Product cuprous iodide was less soluble and often 
precipitated from solution. For kinetic analysis, the following re- 
lationship was assumed: [CuNu], = [CUNU]~, - [ArNu],. 

Five or six reactions were usually conducted simultaneously in a 
temperature controlled oil bath fitted with independent magnetic stir- 
rers. In a typical reaction CuCN (350 mg; 3.55 mmol) and biphenyl 
(internal standard; 3 mg; 0.02 mmol) were brought to temperature 
(usually 137°C) in 20 mL DMA. lodobenzene (100 mg; 0.50 mmol in 
l .OO mL DMA) was added and 10-20 aliquots (-50 p.L) were taken 
from the reaction flask over 5- 100% conversion. The aliquots were 
quenched in 68% CH3CN/H,0, filtered, and analysed by analytical 
hplc using a Varian 5020 liquid chromatograph. CDS 401 Vista data 
station, and 8055 auto-sampler (Column: Applied Science 3p. Excal- 
ibar adsorbosphere C l x  or Spherisorb ODs rcverse phase; 150 x 4.6 
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FIG. 1. Typical reaction profile for cyanodeiodination. 
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FIG. 2. Second-order kinetic plots for cyanodeiodination. 

mm. Mobile phase: typically 68% CH3CN/H,0 (+2% HOAc for 
carboxylate substrates); 1.5 mL/min. Detection: 254 nm and variable 
wavelength). 

Ana1y.si.s of kinetic results 
The hplc data were corrected for thermal volume expansion of 

DMA (measured to be 1.2 X lo-' K-I) and used to prepare reaction 
profiles for over 170 runs (example in Fig. I). These profiles were not 
well fit by the expected second-order kinetic expressions (see Fig. 2), 
so initial rates were determined over the first 10-30% of reaction from 
the slope, kt,.,, of plots of -In [ArX] vs. time as follows. 

[3] Initial rate = (d[ArCN]/dt),, = kt,.,, + I [ArX],, [CuCN],," 

[4] Initial pseudo first-order rate constant = 
(d[ArCNlldt 

= -d(ln [ArX])/dt = - - k11. ,, + 1 [CuCN It," 
[ArXIO 

The order in CuCN, n, was determined from a log-log plot (Fig. 
3) to be 0.64 5 0.04. We have elected to represent the initial rate 
equation as 312 order (n = 1/2), so the initial 312-order rate constant 
is given by: 
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COUTURE A 

Slope =0.64 t 0.04 
Intercept = -3.43 t0.04 
cc = 0.990 

FIG. 3. Determination of the kinetic order in CuCN. 

FIG. 4. Activation parameter plots for copper mediatcd cy- 
anodehalogenations. (Labels A, B, and C correspond to the columns 
in Table I .) 

Unless otherwise noted, all rate constants presented in this work are 
the initial 312-order rate constants, kl,..llz, in units of L'" mol-'I' s-- ' ,  
and are designated simply as k ,  without subscripts. 

Deterrninntiotz of nctivcltion pnrnrneters 
Transition state theory gives the relation k = ~(kT/ i i )  [exp 

(-Ac"/RT)], where k is the rate constant. K the transmission cocffi- 
cient, k the Boltzmann constant, and the other symbols have their 
usual meaning (13). Substitution of AG': by AH.' - TAs', and reor- 
ganization of this equation leads to the linear relation in eq. [6], where 
the slope and intercept give the enthalpy and entropy of activation, 
respectively. 

Activation parameter plots are shown in Fig. 4 and the results sum- 
marized in Table I. 

Competitive renctions 
Some competitive reactions were performed in which the relative 

reactivity of A vs. B was obtained by extrapolating the measured 

TABLE]. Summary of activation parameters for cyano- 
dehalogenation 

AH* (kcal mol-I) 20 * 1 21 * 3 19 2 1 
AS* (cal mol-' K-') -26 ? 2 - 19 ? 5 -12 ? 4 

product ratio [P,]/[P,] back to time = 0. and correcting for the initial 
concentration of A and B as follows: kA/kl, = ([P,:I/[P,]),, x 
([B]lr/[A]J", where tn = 1 if A and B were aromatic halides, and tn 
= 112 if A and B were cuprous nucleophiles. 

Results 
The rote equation 

Second-order kinetic plots for cyanodeiodination exhibited 
upward curvature (see Fig. 2). This curvature is greater in 
reactions performed with nearly stoichiometric amounts of re- 
agents (R = [CuCN],,/[Phl],, - I) than in cases where a large 
excess of CuCN was employed (e.g. R = 8), which become 
almost pseudo-first order. Interestingly, the R = 1.5 (Run 98) 
and R = 8 (Run 5 1 )  lines in Fig. 2 appear to have the same 
initial slope, but the R = 1.5 line diverges upwards with time, 
indicating significant acceleration. 

More than a dozen kinetic models were examined in an 
attempt to quantitatively describe the kinetics. Of these mod- 
els, only two could rationalize upward curvature of this type: 

[7] Model I : v = k,/? [CuCN]'/'[Phl]; 312 order 

RMS error - 1.5% 

and (or) 

[S] Model 2: v = kl [CuCN] [Phl] + k3 [CUCNII [ ~ h l ]  [Cull 

RMS error - 0.3% 

The 312-order model appears to best describe the initial rate, 
but the 3rd-order autocatalytic term in [Cull in the second 
model (eq. [8]) is the only explanation for the slight acceler- 
ating effect of added Cul (vide irlfra and Table 2), as shown in 
Run 99 of Fig. 2. Run 99, saturated with added Cul, had an 
excellent 2nd-order plot (v = k,,h,[CuCN] [Phl], where koh, = kl 
+ k, [Cul],,,). lntegrating the Model 2 rate equation led to the 
result that -35% of the R = 1.5 reaction proceeded via the 
3rd-order term while less than - 12% of the R = 8 reaction 
went that way. The phenomenon of autocatalysis appears to be 
general: added CuBr also accelerates cyanodebromination of 
2-bromobenzoic acid (for example, when [CuBr] - 16 X [2 
BrPhCOOH], cyanodebromination is about twice as fast as in 
the absence of CuBr). 

Other results 
Reaction rates were compared in the presence and absence of 

various added substances, as shown in Table 2. Within experi- 
mental error, common electron or radical traps I, l-diphenyl- 
ethylene, 1,4-dinitrobenzene, and I ,6-di-tert-butyl-4-methyl- 
phenol had no effect on the rate of reaction between 
iodobenzene and CuCN, even when added in very large excess. 
Similar results were obtained for reaction of o-bromobenzoic 
acid with CuCN at 137OC in DMA (7.1 equiv. DNB gave a 
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CAN. J .  CHEM. VOL. 63, 1985 

TABLE 2. Effect of added substances on cyanodeiodination at 137'C in DMA 

[ P h x ] ~  Ratio Ratio kr,l 
Added Substance (mM) [CUCN],~/[P~X],, [addlO/[PhXI~) (k.,dc~/krcl) 

None" 
PhZC=CH2 
B HT' 
DNB" 
H zO 
Cu 1 

PhCOOH 

PhCN 

KCN 

- 

13 
10 
5.9 

5% in DMA 
c8.1 '  

< 1 0  
17 
17 
17 
17 
12 
13 
13 
10 

< 1 0  
<2.6" 

"Average o f  I I runs. 
"k,,, = 2.75 X 10.' L"' mol I f ' s ' .  Error limits refer to standard deviation o f  the sample. 
I ,6-Di-tert-butyl-4-methylphenol (butylated hydroxy[oluene). 

" I ,4-Dinitrobenzene. 
' Not all the added substance dissolved, so these were saturated solutions. 

Me0 Me H COOH NOz 
-4 CFa 

FIG. 5.  Hammett plot for cyanodeiodination at 137°C in DMA. 

relative rate of 1.2 -+ 0.25 (4 experiments)). 
An equilibrium was observed for the reaction between iodo- 

benzene and cuprous bromide (CuBr + Phl % CuI + PhBr) at 
137°C in DMA. Equilibrium was initially observed for a reac- 
tion, involving stoichiometric amounts of reagents, which 
stopped at only 85% conversion, and then confirmed by ap- 
proach to equilibrium from the other direction. Unfortunately, 
the limited range of accessible compositions made it  difficult to 
determine whether the equilibrium was bimolecular (K, = 
([CuI~I[PhBr])/([CuBr:l[PhI])) or 312-order (K3/? = ([Cul]'" x 
[Ph~r])/([CuBr]"~[Ph1])). Equilibrium constants calculated 
for 5 runs performed at different compositions averaged 14 & 

3 for K?, and 6.5 -+ 1.4 for K3/2 A single run of the same 1/Br 
exchange in sodium ortho-halobenzoates was performed at 
53"C, giving K? - 6.3 and K,/? - 3.1. Cyanodeiodination, in 
contrast, goes to 3 9 . 9 9 %  conversion. 

The effect ofpara-substituent on reactions of the type ArI + 
CuCN + ArCN + Cul was negligible (the Hammett plot in 
Fig. 5 has a p value of -0.02 * 0.08), and ortho-methyl or 
even -tert-butyl groups have very little effect, causing a mild 

SCHEME I. ortho-Substituent effects on cyanodehalogenation at 
137°C in DMA. 

acceleration, as reflected in the data in Scheme 1 .  The relative- 
ly large error in the reaction rate for 2,4,6-tri-tert-butylbromo- 
benzene is due to side reactions, apparently dealkylation, 
which destroy the mass balance. 

Ortho- and para-diiodobenzene react sequentially, first form- 
ing the monosubstituted iodobenzonitrile, which builds up to 
40-60% yield before conversion into the disubstituted product. 
Rate data for fits of these reaction profiles (not shown) are as 
follows: for p-diiodobenzene, k, (first substitution) = 1.24 x 
lo-' and k2 (second substitution) = 5.26 X for o- 
diiodobenzene, k, = 5.48 x and k, = 5.99 x L'/' 
m o ~ - l / ?  s- '  at 137°C in DMA. These rate constants were deter- 

mined by Runge-Kutta fits of the reaction profiles (RMS error 
-2-3%), and are not initial rate constants. 

In contrast to the relatively minor impact of all para- 
substituents and ortho-methyl, -tert-butyl, -iodo, and -cyan0 
groups, there is an enormous ortho-carboxylate effect, and a 
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TABLE 3. Rclativc reactivity of somc cupsous nuclco- &..- philcs in dciodinations 

[Phl]~ Ratio 
COOH CuNu" ( r n M )  [CUNU]II/[P~I]~, kral * 10% 

1.0 1.0 2400 ( l o 4  - lo5  3 )  
( ~ . ~ s x I o - ~ L ' ~  rno~-'~s-') CuSPh" 13.3 7.5 7.5 

CUB? 18-53 0.4-7 6.2 
CUCN' 18-46 2-8 I .O 
CuCl 12.0 8.1 0.78 
CuOAc" 15.3 8.5 <0.0 13" 

"All  CuNu species, except CuSPh and CuOAc, seemed 
completely soluble in DMA.  The relative reactivity shown in 
the table assumes complete solubility. 

" Average of 5 runs. 
' Average of I I runs. k,,, = 2.75 x 10 ' Lti2  m o l t / '  s ~ ~ '  
"Yield of - 15% after 6 days. 

TABLE 4. Comparison of bromodeiodination yields with 
CuBr and CuBrzn 

[Br2I0 24-Hour yield 
Reagent (M) Ratio [Cu],/[PhI], of PhBr (%) 

SCHEME 2. Relativc ratcs of cyanodchalogcnation at 137°C in DMA.  CuBr - 0.53 91 
CuBrz - 0.49 3 1 
CuBr 0.16 0.54 9.5 
CuBrz 0.13 0.48 7 

large halogen leaving group effect, as summarized in Scheme 
2. The  data in the scheme has been rendered to a common 
temperature, and the bracketted value for sodium 
2-iodobenzoate has been estimated from the trend in the bromo 
series. 

"All runs with [PhIIo = 0.045 M; at T = 135°C. 

nals at the beginning of a cyanodeiodination reaction, they 
were due to -2% Cu" initially present in the CuCN (a com- 
mon impurity in cuprous salts). The fact that cyanodeiodination 
of o- and p-diiodobenzene clearly occurs with the detectable 
buildup and decay of substantial amounts of the monocyano 
intermediate species also rules out the SRN1 chain mechanism 
(14a, c). 

The reactivity of several cuprous salts was compared to 
CuCN to explore the effect of the nucleophile on the rate, and 
the results for nucleodeiodination are summarized in Table 3. 
Both CuBr and CuBr2 react with Phl to form PhBr (Table 4). 
'The addition of excess Br2 to either reaction effectively inhibits 
the exchange, indicating an equilibrium of the type CuBrz cj 
CuBr + 112 Brz, where only CuBr is active in the ligand 
exchange reaction. The rate equatiorz 

Second-order kinetics normally prevail for exchange reac- 
tions run under homogeneous  condition^,^ but Fig. 2 shows that 
second-order plots had upward curvature, consistent with the 
observed mild catalysis by cuprous iodide. Because n ,  the order 
in CuCN, at 0.64, was closer to 112 than to 1, and because the 
mechanistically significant relative rates were insensitive to 
variations in tz ,  all results have been reported in terms of a 
simpler 312-order rate equation ( n  = 112) for the irzitial rate. 

More than a dozen kinetic models were tested on individual 
runs, with the best fits obtained by two-term equations of the 
form v = k, [PhI][CuCN]" + k2 [Phll[Cul][CuCN]" for rz = 1 /2 
or 1 (RMS error -0.3%). One possible interpretation of n = 
112 could be reversible dissociation of inactive, largely dimeric 
Cu,CN,: 

Discussion 
Full reaction profiles, similar to the example in Fig. I ,  were 

determined by analytical hplc, using an internal standard to test 
for the maintenance of a mass balance. Except where noted, the 
reactions were clean, and went to >99.99% conversion, with 
no side reactions detectable (hydrodehalogenation to form ben- 
zene: <0.5%; Ullmann coupling to form biphenyl: <0.02%). 
Mass balance failure occurred with some ortho-carboxylate 
systems and with 1,3,5-tr.1-tert-butylbromobenzene. These 
~roblems were attenuated somewhat bv the use of initial rates. 

Among the major identifiable classes of proposed mech- 
anisms for copper mediated NAS reactions are the concerted 
mechanism, the benzyne mechanism, the SRN1 radical chain - - 

K Phl 
[g] Cu2CN2 = 2 CuCN + PhCN + CUX 

inactive active 

mechanism (14), other non-chain electron transfer or radical 
mechanisms, and other forms of catalysed addition-elimi- 
nation mechanisms. The concerted mechanism has frequently 
been proposed in the face of lack of evidence for any inter- 
mediates (particularly benzyne or radical ions (6, 7)). For ex- 
ample, the benzyne mechanism has been clearly ruled out by 
thewell-known retention of position of substitution on the ring. 
Our unoriginal observation that copper mediated NAS is not 
inhibited by normal radical or electron traps rules out the SRN 1 
mechanism (14) and any non-chain electron transfer or radical 

'Bacon and Hill found second-order kinetics to prevail in most 
copper mediated ligand exchange processes (using R - 2- lo), except 
for cyanodeiodination, where their second-order rate constant also 
increased with timc (6). They did not attempt to explain the obser- 
vation. 

mechanism involving "free" radicals or radical ion inter- 
mediates. Furthermore, although we did observe weak esr sig- 
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TABLE 5. Results of competitive reactions performed in DMA at 137OC. The ratio of absolute rate constants 
(determined from ordinary experiments) is shown in the last column for comparative purposes 

Reaction k,~ k,~ 
competitors Ratio [ArI],,, Ratio ~ A I ~ B  k ~ l k ~  

A B Co-reagent [A]o/[B]~ (mM) R = [CUNU]~/[A~I]~ Competition Absolute 

CuBr CuCN PhI 0.86 40.0 1.1 
0.85 42.3 1.1 
0.90 16.5 8.0 
1.02 17.4 7.4 

if the extent of dissociation is small. CuCN may dimerize at 
low temperatures, or in the solid state (15); however, at 137°C 
in DMA solution, dissociation should be extensive for entropy 
reasons. Detailed curve fitting of reaction profiles to general 
kinetic models allowing this dissociation, with K as a second 
adjustable parameter, gave worse results than the two-term 
models above. Furthermore, if CuCN actually dimerizes in 
solution, some consideration of potential Cu,lCN species 
would be required, further complicating the quantitative anal- 
ysis. For all these reasons, the rate equation was not pursued 
further, and the following discussion relies on the initial rate 
measurements using the empirical 312-order rate equation. 
Fortunately, the broad conclusions drawn from these results 
are independent of the precise form of the initial rate equation. 
Furthermore, the impact of the third-order term describing Cul 
autocatalysis could be attenuated significantly by comparing 
initial rates for reactions run with excess cuprous cyanide 
([CuCN\lIo/[Phl],, - 8, which approaches pseudo-first-order ki- 
netics). 

One of the interesting features of the SRN1 mechanism in 
particular, and chain reactions in general, is the observation 
that relative rates measured in competitive reactions are very 
much different than relative rates determined by the ratio of 
absolute rate constants (14b). We applied this test of mech- 
anism to these reactions (Table 5). In competition of p-nitro 
and p-methyliodobenzenes for cuprous cyanide, the com- 
petitive rate ratio was about the same as the ratio of absolute 
rate constants (2.05 vs. 1.65; both 2 15%). However, when 
CuBr and CuCN competed for iodobenzene, the competitive 
rate ratio was smaller than the absolute rate ratio (1-2 vs. 
6-7). Since Cul catalyses CuCN reactions, the combination of 
two cuprous nucleophile species in the same solution may give 
rise to complex interaction effects, making it doubtful that this 
rate ratio discrepancy indicates a chain component to the reac- 
tion mechanism. The role of cuprous iodide autocatalysis may 
be assistance for removal of halide ion in the rate-limiting step, 
forming Cu1,- as a superior leaving group. 

Effect of other added substances 
Basic mechanistic information may often be garnered from 

the effect various substances have on reaction rates. There is a 
rather strong solvent effect on copper mediated ligand ex- 
change reactions which has been attributed to the ability to 
dissolve and solvate the cuprous species (6). For example, the 
rate in DMA was one-half that in DMF. The cuprous nucleo- 
philes are insoluble in solvents like hydrocarbons, chloro- 

carbons, ethers, etc., so there is no reaction in those solvents. 
Table 2 lists the impact of various substances added at 10 to 20 
times the initial iodobenzene concentration. 5% Water in DMA 
accelerates the reaction about 60%, probably a solvent effect. 
Benzoic acid, methyl benzoate, and benzonitrile have essen- 
tially no effect on cyanodeiodination. The absence of any effect 
with PhCOOH appears to contradict results of Cohen on reac- 
tion of o-iodo-N,N-dimethylbenzamide with CuCl and CuCN, 
where benzoic acid diverts the reaction to hydrodehalogenation 
(8). Unfortunately, Cohen gives no details on which to base a 
discussion of this difference. Interestingly, the addition of 
either excess nucleophile, in the form of KCN, or excess leav- 
ing group, as KI, retards the rate significantly. This observation 
effectively rules out any dissociative mechanisms, which 
should show common ion effects. 

Other features 
Scheme 2 summarizes the impact of halogen on cy- 

anodehalogenation reactions. For both ordinary and o-COOH 
substituted systems, aryl iodides are about 40- 100 times more 
reactive than aryl bromides, which, in turn, are more reactive 
than aryl chlorides. This series parallels leaving group ability 
of the halide ions (I- > B r  > C1-), and has been interpreted 
as indicative of rate limiting CX rupture (5,6). I t  is noteworthy 
that the opposite order of reactivity is observed for unmediated 
nucleophilic aromatic substitution, proceeding via the well 
known addition-elimination mechanism with rate limiting at- 
tack by the nucleophile on the activated aromatic ring (16). In 
contrast to the relatively large aromatic halide leaving group 
effect, the cuprous nucleophile effect is quite small for soluble 
cuprous salts (Table 3), again consistent with rate limiting 
breakdown of an intermediate. 

There is mounting evidence that only cuprous ion is active in 
copper mediated reactions, although cupric reagents may 
sometimes give product (5, 17)."n the case of ligand exchange 
obierved with cupric bromide, the formation of bromobenzene 
from iodobenzene was traced to a redox equilibrium (eq. [ I  2]), 
followed by subsequent reaction of cuprous bromide (eq. [13]). 
Crude thermodynamic estimates indicate that eq. [I21 is proba- 
bly thermoneutral at 140°C (AHu -9 kcal mol-' (18) but ASo 
-20 cal mol-' K-' gives AGO -0). 

[I21 CuBrz = CuBr + 112 Brz 

[I31 CuBr + Phl --, PhBr + CuI 

Also A. J .  Paine, unpublished data. 
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The Hammett p value for cyanodeiodination was found to be 
zero, within experimental error, for 7 parcl-substituents (Fig. 
5). Copper mediated reactions typically have p values in the 
range 0- 1 (6, 7 ,  19). This is also in marked contrast to un- 
mediated nucleophilic aromatic substitution, where electron 
withdrawing groups like nitro are required to stabilize the incip- 
ient negative charge as it develops on the ring during attack by 
the nucleophile, leading to p values of 3-5 (7, 20). Clearly the 
copper mediation results in a mechanism which completely 
avoids the build-up of negative charge. 

The effect of ortho-alkyl groups on the reaction was probed 
with the idea that steric retardation might indicate a concerted 
mechanism, because the transition state would be very 
crowded. Interestingly, both o-methyl and o-tert-butyl groups 
demonstrate a mild steric acceleration, perhaps indicative of 
relief of steric strain in the transition state. Thus. the overall 
absence of steric retardation appears to speak against a fully 
concerted mechanism. 

ortho-Carboxylate effect 
In spite of the fact that electronic substituent effects and 

ortho-alkyl steric effects are small, there is a widely recognized 
ortho-carboxylate effect (1, 2, 6): sodium ortho-iodobenzoate 
reacts -lo4- lo5 times faster than iodobenzene (Scheme 2). 
p-Carboxylate has no effect, and the ortho salt is about 40- 100 
times more reactive than the free acid. The trend is the same in 
the bromo and chloro series as well. Of particular interest here 
is whether the ortho-carboxylate acceleration occurs via the 
same basic mechanism or by a completely new mechanism. 
This problem was considered in detail, and the general features 
of the ortho-acid series were found to parallel those in the 
simple haloaromatic series in all aspects: the rate equation, the 
halogen effect, the effect of added substances, cuprous iodide 
autocata~~sis,  etc. Thus we conclude that the accelerated reac- 
tions must have essentially the same mechanism. What then 
accounts for the huge rate difference? 

It appears that the difference is primarily in the activation 
entropy. The plot of activation parameters in Fig. 4 shows that 
iodobenzene, ortho-bromobenzoic acid, and sodium ortho- 
bromobenzoate reactions with cuprous cyanide give three es- 
sentially parallel lines (same AH') with different intercepts, 
AS* (see Table 1). The ASt obtained for the reaction of io- 
dobenzene with CuCN is --26 entropy units, typical of 
second-order reactions, and is associated with the need for the 
reagents to diffuse together. On the other hand, a much more 
entropically neutral AS' - - 12 eu for reaction of bromo- 
carb6xylate with CuCN suggests that the two reagents are 
already substantially associated in the ground state (perhaps by 
complexation of cuprous ion in the vicinity of the halide leav- 
ing group). On the other hand, the enthalpy of activation, 
corresponding to the bond breaking and forming steps, is the 
same as for the normal copper mediated reaction (19-2 1 kcal). 

Thermodynamics and reversibility 
Thus far. the discussion has considered the results of kinetic 

measurements and presented some pseudo-thermodynamic pa- 
rameters. It is also useful to examine the thermodynamic pa- 
rameters, particularly with regard to potential reversibility of 
these processes. Table 6 shows the reaction enthalpies, AH0, 
calculated for generalized bimolecular copper ligand exchange 
equilibria of the type shown, using the relatively rare literature 
data on these compounds (18). Although they are quite crude, 
these appear to be the first such thermodynamic estimates, 
presently limited to the cases X, Y = F, C1, Br, 1, CN, N,, and 

TABLE 6. Estimated reaction enthalpies for assumed bimolecular li- 
gand exchange reactions. (The standard states are the solid and liquid 
phases for the cuprous and aromatic species, respectively. The units 

are kcal mol ' .) 

A H' 
CUX + PhY - PhX + CUY 

NUCLEOPHILES 

0 Feasible (AH' 5 0) 

Possible (0 5 AH' 5 7) 

to solid or liquid standard states. 'The resulting table of 21 
possible ligand exchange reactions is useful for correlation and 
prediction. For example, equilibrium constants, Kc,, may be 
estimated using the relation AH0 - -RT in Kc, (assuming AS0 
- 0). If AH is too large (>5 kcal mol-I) then the reaction is 
predicted to be too endothermic to be feasible. If AH is nega- 
tive, then the reaction becomes thermodynamically possible 
(but may still be kinetically slow). Synthetically useful reac- 
tions must be thermodynamically downhill, and, indeed, 
cyanodehalogenation is found to be so. In cases where AH - 
0 ,  reversible equilibria may result, lowering the synthetic 
yield. For example, Table 6 predicts possible equilibria for 
CI/Br or Br/I exchange, which was tested in the latter case, 
measuring AH0 = -2.15 kcal mol-' (vs. prediction of -4 +- 
2 in Table 6). This appears to be the first fully established case 
of reversibility in these reactions and it reinforces the notion 
that the proposed mechanism must have a symmetrical, high 
energy intermediate or transition state, which does not dis- 
tinguish between the nucleophile and the leaving group. 

The thermodynamic data in Table 6 show the following 
leaving group order: 1 > Br > C1(> N, > CN > F); where the 
last 3 are usually endothermic. This series agrees with the 
kinetic leaving group ability. The thermodynamic nucleophilic 
reactivity is in the reverse order (obviously), but the kinetic 
nucleophile effects (SPh r Br > CN - C1, Table 3) are much 
smaller than the kinetic leaving group effects. This series dif- 
fers from the kinetic nucleodebromination results of Bacon (6): 
C1 > Br > I > CN - SPh > SCN. Thus, it is evident that both 
thermodynamic considerations (AH < 0) and kinetic consid- 
erations (k,,, > kArBr) are required to design practical syntheses 
using copper mediated NAS. 

Reaction mechanism 
Any proposed mechanism must account for the following: 
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PhNu + CUX 

$ or intermediate 

SCHEME 3 .  lntimate electron transfcr mechanism for copper mediated 
NAS. 

the halogen effect; the lack of para-substituent effect; the neg- 
ligible ortlio steric effect; entropic acceleration by ortho- 
carboxylate (but not by para-carboxylate); absence of radical 
chains or free radicals; cuprous iodide autocatalysis; and the 
retarding effect of potassium cyanide and postassium iodide. 
Finally, any proposed mechanism must obey the Principle of 
Microscopic Reversibility, and because of the symmetry of the 
ligand exchange, must involve a symmetrical transition state or 
intermediate which does not distinguish between the incoming 
nucleophile and the leaving group. It is in fact quite difficult to 
propose a chemically reasonable mechanism consistent with all 
these requirements, and this may explain why the literature 
abounds with concerted mechanisms. However, at this stage, 
we propose two fairly reasonable working hypotheses which 
are offered to stimulate further research. 

Intimate electron transfer mechanism 
The first alternative to a fully concerted mechanism is a 

special kind of electron transfer mechanism. More and more 
nucleophilic reactions arc found to involve electron transfer 
instead of nucleophilic attack. In this system, however, the 
absence of any effect of electron traps means that electron 
transfers which do occur must be very rapidly reversible, or 
rapidly product generating, sc  that no "free" radical ions escape 
the solvent cage. Thus, a mechanism also capable of account- 
ing for many of the results is shown in Scheme 3: cuprous 
nucleophile and aromatic halide drift around in solution until 
they come together in an encounter complex in a solvent cage. 
Such complexes have lifetimes of 500- I000 vibrations, during 
which time the action inside the large dotted area in the scheme 
must occur. 

Suppose there were an electron transfer from the cuprous 
nucleophile to the aromatic halide. Such a transfer should be to 
the IS* orbital, as opposed to a n *  orbital, because diiodo 
substrates first give monosubstituted products (a classical test 
to rule out the SRN I electron transfer mechanism (14a, c)). This 

radical ion then gives up a halide ion to form a cupric odd- 
electron species and a phenyl radical, still trapped in the same 
solvent cage. Presumably the interaction between these prox- 
imate unpaired electrons stabilizes the complex, and perhaps 
leads to bonding, giving rise to the possibility of the tri- 
substituted organocopper intermediate shown in the top centre 
of the scheme.' Whatever the form of the symmetrical inter- 
mediate shown in the central box, it merely reverses the for- 
mation process to give the ligand exchanged material. 

This associative mechanism for ligand exchange has the 
advantage that leakage of phenyl radical can explain the ben- 
zene which is sometimes observed as a hydrodehalogenation 
side product (2). Also, cupric copper might further oxidize the 
phenyl radical to a cation, perhaps accounting for dealkyation 
in tert-butylated substrates. An electron transfer mechanism of 
this type might have less rigid stereochemical requirements 
than a concerted mechanism. Both K1 and KCN retard the 
reaction by competing with ArX as ligands for the cuprous ion. 
Finally, the entropic role of the ortho-carboxylate substituent 
in this mechanism would be to complex the cuprous and cupric 
ions in the vicinity of the halide, thereby extending the lifetime 
of the encounter complex in the solvent cage, and increasing 
the probability of reaction. (The etzthalpic role of ortho- 
carboxylate, if any, would be to stabilize the transition state by 
complexation with the copper.) On the other hand, the prob- 
lems with this mechanism are: (a) the need for intimacy of 
electron transfer; and (b) the need for electron transfer to the a:': 
vs. nl: orbital. 

~i-Complexed organocuprate intermediates 
Another mechanism capable of rationalizing many of the 

experimental results is a refined version of Weingarten's pro- 
posal (5) involving n-complexed organocuprate intermediates 
(eq. [14]). The key intermediate in this process is the h6, 
18-electron complex between the cuprous nucleophile and the 
6 n-electrons of the aryl halide (cuprous ion is cl,,). From this 
complex, intramolecular attack of the nucleophile gives the 
tetrahedral intermediate, where the negative charge that would 
otherwise be borne in the ring, is neutralized by the 16-electron 
n-complexed copper atom, which sucks all of the excess elec- 
tron density out of the ring (hence no substituent effect). The 
rate determining step would be loss of halide, followed by rapid 
collapse to final products. 

This mechanism offers a ready explanation for the retarding 
effect of KCN and KI, which are known to form higher coordi- 
nate anions (Cu(CN),- or CuCNI- (21)) which would be inac- 
tive in this model because they already have 14 electrons, and 
therefore cannot form the necessary h6 18-electron complex. 

This mechanism appears to be supported by parallels to 
nucleophilic aromatic substitution reactions in stable iron, 
chromium, molybdenum, and manganese arene carbonyl com- 
plexes known in the literature (5, 22). In fact, the tetrahedral 

' A  referee has noted that thermodynamic E" values for electron 
transfer from cuprous species to iodobenzenes arc -2 eV (i.e. at least 
twice as great as the enthalpy of activation of the ligand exchange 
process). However, the E" values refer to separated ions in solution, 
and stabilization within the cage (particularly if bonding is involved) 
could lower the activation energy from the E" value. 
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intermediate in eq. [I51 has been isolated and characterized by 
X-ray crystallography (22c). Cuprous h%omplexes are rare 
(23), but not unknown (24). Unfortunately, the arene carbonyl 
complexes undergo NAS with the following leaving group 
order: F > C1 > Br, opposite to that observed here (22). To 
account for this apparently conflicting order of reactivity, com- 
plexation of CuNu and ArX would have to be favoured in the 
order 1 .> Br 9 CI, in order to overcome the reactivity prefer- 
ence of the complex. If that were so, one would expect a larger 
substituent effect in general, because h" complexation should 
see the halide as just another substituent. Thus, this inconsis- 
tency diminishes the value of the parallel to other transition 
metal arene complexes. 

There are some minor problems with microscopic revers- 
ibility in the simple picture in eq. [14], but they can be over- 
come if the stereochemical integrity at the ips0 carbon is 
allowed to scramble by reversible halide loss. 

There are two possible explanations for the ortho- 
carboxylate effect in this reaction, both based on anchimeric 
assistance (25). The ortho-carboxylate may displace halide 
first, facilitating attack by cyanide (eq. [16]), or the carbox- 
ylate might assist removal of iodide, without ips0 scrambling, 
through formation of a transient carboxyl hypoiodite (eq. [17]). 

CuCN 
t 

[I6] e1 COO- - & q C  0 - *CN coo- 

+ Cul 

Neither of these possibilities is well supported at present: the 
first because of the strained 4-membered ring p-lactone inter- 
mediate (-25 kcal uphill (26)); and the second because of the 
extra electron density pushed into the rlng upon formation of 
the hypoiodite. Furthermore, any anchimeric assistance mech- 
anism is inconsistent with the increaser1 (less negative) entropy 
of activation observed for ord~o-carboxylate systems. AS' 
should decrerlse for anchimeric assistance because of the loss 
of entropy on forming the 4- or 5-membered ring transition 
state or intermediate (AS: y,,,,,,,,,, - -( 10- 15) eu (26)). so the 
primary neighbouring group effect in this kind of reaction 
should be on AH'. Attractive though these anchimeric assis- 
tance explanations are for the ortho-carboxylate effect, they 
seem to be inconsistent with the observed activation parameter 
data.6 

Thus, the problems with the n-complexed organocuprate 

'I t  may be that this inconsistency arises from the comparison of 
iodo and bromo aromatics in Fig. 4. A more accurate comparison 
would employ the same halogen. 

intermediate mechanism are: (a) questionable parallels to NAS 
in other transition metal arene complexes; and (b) the inability 
to rationalize the ortho-carboxylate effect. 

Fitzal cotnmetzts 
Both of these mechanisms implicitly assume that CuNu is 

monomeric in solution. This is a crucial requirement for the 
uc.tive species in the n-complexed organocuprate proposal, but 
may be relaxed for the intimate electron transfer mechanism. 
Although the assumption is both reasonable and common, the 
problems with defining the rate equation serve as a reminder 
that this was an assumption, and may not be true. 

A key mechanistic question is the nature of the initial inter- 
action of ArX with CuNu: is it halogen complexation or n-type 
complexation'? An obvious way to attempt to measure the reia- 
tive affinity of cuprous ion for X or Ar in ArX would be 
through a systematic study of the solubility of cuprous salts in 
various ArX (e.g. PhH, PhI, PhBr, PhCI, 2,4,6-tri-tert-butyl- 
bromobenzene, etc.). If solubility were assumed a direct con- 
sequence of complexation, then trends in the solubilities would 
indicate the site of complexation. Attractive as this idea might 
seem, cuprous iodide was found to be insoluble in io- 
dobenzene, for example, with a probable solubility of <lo-" 
M, indicating an enthalpy barrier to dissolution and complex- 
ation of > -RT In ([Cul]/[PhI]) = 9.6 kcal mol-' at 25°C. 
(Compare to A H "  - 2.9 kcal for Cul in acetonitrile (35 g/kg 
solution (2 I))). These enthalpy numbers are c~ott~po~site figures, 
accounting for overcoming lattice energy ontl forming the com- 
plex, but the lattice energy term is the same for dissolution in 
either solvent, so complexation of CuI with PhI is >6.7 kcal 
more endothermic than complexation with CH,CN. Thus it is 
not surprising that there is no reported spectroscopic evidence 
for complexed intermediates in these exchange reactions. 

Although the 170 runs reported here probably constitute the 
most thorough investigation of copper mediated ligand ex- 
change reactions to date, they are not adequate to completely 
specify the operable mechanism. Two working hypothesis 
mechanisms have emerged which should be further tested and 
refined. Further progress on this complex issue requires: a 
clarified rate equation from a clearer definition of the copper 
species in solution (monomer/dimer/oligomer and solvation 
siate); more accurate thermodynamic estimates (particularly 
experimental data on other CuNu species); a better ~~nravelling 
of entropy and enthalpy rate effects (via more accurate activa- 
tion parameters); and measurement of association equilibria of 
CuNu with ArCOO-. Furthermore, theoretical calculations 
may have some relevant input. The n-complexation mech- 
anism may be tested by intramolecular reactions (systems 
which are sufficiently inflexible that CuNu cannot lie over the 
aromatic ring of ArX).' 

Neither of the proposed mechanisms is completely satis- 
factory. Perhaps there is a combination process where initial 
halogen-copper complexation evolves into h%omplexation. 
Given the plethora of mechanisms for unmediated NAS (28), 
it is possible that more than one mechanism operates in medi- 
ated reactions as well. These very interesting and useful pro- 
cesses pose an extremely complex and difficult problem, but 
new light has been shed on the issue and promising research 
directions identified. 

In fact, some intramolecular reactions arc known (23. 27), but to 
interpret the results requires good models for intcrmolccular rates. 
Some of the known examples involve substrates which appear to be 
sufficiently flexible to position CuNu over the aromatic ring anyway. 
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ROBERT A. MCCLELLAND, N. ESTHER SEAMAN, JAMES M. DUFF, and R. E. BRANSTON. Can. J. Chem. 63, 121 (I 985). 
Kinetic studies are reported for the base hydrolysis to phthalamic acid anions (H) and ammonolysis to phthalamides (A) for 

seven phthalimides (P): 1. unsubstituted; 2, 4-NOZ; 3, 4-CI; 4, 4-tBu; 5, 3-NO2; 6, 3-Me; 7, 3-Me3Si. The hydrolysis kinetics 
require two mechanisms, one which is first order in neutral imide and first ordcr in hydroxide ion, and a second, which is 
important only in quite concentrated NaOH, which is first ordcr in neutral phthalimide and second order in hydroxide ion. 
Ammonolysis kinetics for 1-5 revealed the rate law: Rate = k, [Unionized phthalimide] [NH3][OH-1. A mechanism is 
proposed with rate-determining breakdown of the anionic form of the tetrahedral intermcdiatc derived by addition of NH, to 
the phthalimide. The ammonolysis is reversible. The phthalamide hydrolyzes to the phthalamic acid via cyclization to an 
intermediate phthalimide, which is detected in concentrated base where its formation from phthalamide is more rapid than its 
subsequent hydrolysis. Rate constants for the cyclization follow the rate law: Rate = kc,, [Phthalamide:I[OH-1. This reaction 
is the microscopic reverse of the ammonolysis, and the ratio kN/k,,, provides the equilibrium constant Kc,  for the reaction P + 
N H  = A. Values for 1-5 lie in the range 2 X 10'- 4 x lo'. With 3-methylphthalimide, kinetics in aqueous ammonia do 
not obey a first-order relationship. but they could be analyzed by a scheme whereby the phthalimide is converted reversibly 
to the phthalamide and simultaneously undergoes an irreversible hydrolysis. Thc value of K,,  in the system is 1.8. With 
3-trimethylsilylphthalimide the value of Kc,  is further reduced to 0.01. The ammonolysis reaction does occur more quickly than 
hydrolysis but the equilibrium is so unfavorable that evcn in concentrated ammonia only a small amount of the phthalamide 
is ever formed. 

ROBERT A. MCCLELLAND, N. ESTHER SEAMAN, JAMES M. DUFF et R. E. BRANSTON. Can. J .  Chem. 63, 121 (1985). 
On rapporte des ttudes cinttiques relatives I'hydrolyse basiquc conduisant aux anions de I'acide phtalamiquc (H) ainsi qu'a 

I'ammonolyse conduisant aux phtalamides (A) de sept phtalimides (P) soit non substitute 1 ou substitudes par des groupements 
NO2-4 2. CI-4 3, r-Bu-4 4, NOZ-3 5. Me-3 6, Me,Si-3 7. Les cinttiques d'hydrolyse nCcessitent dcux mdcanismes dont I'un 
est d'ordre un en imide neutre et d'ordre un en ions hydroxydes alors que le deuxikmc mtcanisme. qui n'cst important qu'en 
milieu trks concentrt en NaOH, est d'ordre un en phtalimide neutre et d'ordrc deux en ion hydroxyde. La loi de vitesse des 
cinttiques d'ammonolyse des composts 1-5 pcut Ctre reprtsentte par I'tquation suivante: Vitesse = k, [Phtalimidc non 
ionis&e:I[NH,~I[OH-1. On propose un mtcanisme dont I'ttape dtterminante est la rupture de la forme anionique de I'inter- 
mtdiaire tttratdrique provenant de I'addition du NH3 sur la phtalimide. L'ammonolyse est rtversible. La phtalamide 
s'hydrolyse en acide phtalamique par le biais d'une cyclisation conduisant a une phtalimide intermtdiaire que I'on peut dtceler 
lorsque la reaction est rtalistc en presence de base concentrte; dans ces conditions la formation de cet intermtdiaire cst plus 
rapide quc son hydrolyse substquente. Les constantes de vitesse pour la cyclisation pcuvent Ctre reprCscnttes par I'tquation 
suivante: Vitesse = kc,, [PhtalamidcIl[OH-1. Sur une base microscopiquc, cette rtaction constituc I'inverse dc I'ammonolyse 
et le rapport kN/k,,, fournit la constante d'tquilibre Kc, de la rtaction P + NH3 = A. Les valeurs de Kc,, pour les composts 
1 a 5 s'ttalent de 2 X 10' a 4 X 10.'. Dans le cas de la methyl-3 phtalimide en milieu ammoniacal aqueux, la cinttique n'obtit 
pas a la relation d'ordre un; on peut toutefois rationaliser ses donntes cinttiques en faisant appel un mdcanisme impliquant 
une transformation rtversible de la phtalimide en phtalamide accompagnte d'une hydrolyse irreversible simultante. La valeur 
de Kc, dans ce systkme est Cgale a 1.8. Dans le cas de la trimtthylsilyl-3 phtalimide, la valeur dc Kc,, est rtduitc h 0.01. La 
rtaction d'ammonolyse est plus rapide que celle d'hydrolyse mais I'tquilibre est tellement dtfavorist quc, mCmc en milieu 
ammoniacal concentrt, i l  ne sc forme que de trks faibles quantitts de phtalamidc. 

. .., 

Introduction 
As well as being one of the most commonly used types of 

blue-green organic colourants, the phthalocyanine class of 
compounds are used in a number of electronic applications as 
a result of their well-known semiconductive properties (1). As 
part of a systematic investigation of the effect of substituents on 
the optical and electronic properties of phthalocyanines we 
have synthesized and characterized a variety of substituted 
phthalocyanines (J. M. Duff and R.  E. Branston, unpublished 
results). The general route chosen involved as many as 6 steps 
(0-xylene + phthalic acid + phthalic anhydride + phthali- 
mide -+ phthalamide + phthalonitrile + phthalocyanine), de- 
pending on the availability of starting materials. While most of 

[Traduit par le journal] 

these reactions proceeded as expected and we were able to 
devise optimized syntheses for most intermediates, a pro- 
nounced substituent effect, particularly at the 3-position, was 
found in the aqueous ammonolysis of phthalimide to phthala- 
mide. Thus the unsubstituted phthalimide, all 6substituted 
compounds studied, and the 3-nitro compound gave excellent 
yields of the corresponding diamide. The 3-methylphthalamide 
was finally synthesized in reasonable yield in a pressure reactor 
using liquid ammonia at 90°C. On the other hand, numerous 
attempts to convert the 3-trimethylsilylphthalimide to the am- 
ide in ammonia at a variety of pressures and temperatures 
afforded, at best, a few percent of amide (spectroscopically 
identified), which spontaneously formed the imide at room 
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temperature. ' 
We report here a kinetic study of the aqueous ammonolysis 

(eq. [I]) undertaken in order to evaluate the effect of substitu- 
ents on the course of the reaction, particularly substituents at 
the 3-position. 

Seven phthalimides have been subjected to investigations: X = 
H (1); 4-NO, (2); 4-C1 (3); 4-t-Bu (4); 3-NO, (5); 3-Me (6); 
3-Me,Si (7). 

Results and discussion 
Kinetic studies were conducted using uv spectroscopy, mon- 

itoring the disappearance (or appearance) of the phthalimide at 
its A,,, near 300 nm. As illustrated in Fig. 1, neither the 
phthalamide product of ammonolysis nor the phthalamic acid 
anion product of hydrolysis have significant absorbance at this 
wavelength (with the exception of the two nitro compounds). 
Imide concentrations were lo-' molar or less, ensuring pseudo- 
first-order conditions of constant pH and ammonia concen- 
tration. Conditions in general were aqueous solutions at 25.0°C 
and 1 M ionic strength. The exception is the 3-Me3Si deriva- 
tive, which for solubility reasons was studied in 25% ace- 
tonitrile. The parent phthalimide was also studied in this solu- 
tion for comparison purposes. 

Hydrolysis kinetics 
Hydrolysis of the phthalimides to phthalamic acids competes 

with ammonolysis under aqueous conditions, and its im- 
portance obviously needs to be evaluated. A number of studies 
of imide hydrolysis have appeared (4-7), although a detailed 
investigation involving a series of substituted phthalimides has 
not been carried out. The hydrolysis was investigated in sodium 
hydroxide solutions (pH > l l ) ,  carbonate buffers (pH 
8.5- 1 1 ,  and phosphate buffers (pH 7.8-8.5). Excellent 
pseudo-first-order kinetic plots were obtained in all cases. 
Weak catalysis by the carbonate and phosphate buffers was 
observed. In these cases observed rate constants were extrapo- 
lated to zero buffer concentration or obtained in dilute buffers 
(0.005-0.01 M) where catalysis is unimportant. (Even in 
0.5 M buffer solutions the contributions to the overall rate from 
the buffer catalysis is only of the order of 10-20%.) Typical 
plots showing the variation of the first-order rate constant with 
pH are shown in Fig. 2. Three separate regions can be observed 
in these profiles, a region A at low pH with a first-order de- 
pendence in hydroxide ion, which gives way in more concen- 
trated base to a pH-independent region B, followed then in very 
concentrated base by a region C,  again with a first-order depen- 
dence on hydroxide ion. The last region is most pronounced 
with electron-withdrawing substituents, and is not observed 
with the 3-Me,Si substituent. 

'The general behaviour exhibited in weakly basic solutions, 

"These results are in conflict with those of Hopff and Gallegra (3), 
who describe the synthesis of both 3- and 4-trimethylsilylphthalamide 
in high yield using aqueous ammonia. Our results suggest that the 
3-substituted amide was not formed as claimed and that the nitrile and 
phthalocyanine subsequently prepared from this material are of ques- 
tionable existence. 

FIG. 1. Ultraviolet spectra of phthalimide and its products of am- 
monolysis and hydrolysis. 

regions A and B, has been observed previously (4), and is 
explained by the reaction of hydroxide ion and the neutral 
phthalirnide, with deprotonation of the irnide occurring around 
pH 9- 10, so that the rate constant levels, once the unreactive 
phthalirnide ion is formed. 

X 0 

ki[OH-I 
[2] Product 

The additional dependency on hydroxide ion observed in 
more concentrated base solution has been reported for the par- 
ent phthalirnide on two occasions (5, 7). Butler (5) suggested 
that this was associated with the reaction of hydroxide ion with 
the phthalimide anion (k; process of eq. [2]), while Khan and 
Khan (6) favoured a kinetically equivalent reaction which is 
first order in unionized phthalimide and second order in hy- 
droxide ion (k? process of eq. [2]). The latter interpretation 
seems more likely in light of the large number of studies of 
arnide and anilide hydrolysis which have shown second-order 
terms in hydroxide ion (8). We have removed the ambiguity in 
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TABLE 1. Rate constants for the hydrolysis of substituted 
phthalimides and kinetically determined dissociation con- 

stants (T = 25"C, ionic strength = 1 .O) 

Substituent k2, M- '  S- '  k3, M-? S - I  pK, 

4-C1 
H 
4-t BU 
3-NO2 
3-Me 
3-Me,Si 

(25% MeCN) 
H (25% MeCN) 

have been determined that provide the best fit to the experi- 
mental data. These are listed in Table I .  Hammett p values 
based on the data for the 4-substituted phthalimides' are I .S  
( k 0 . 2 )  for k2 and 3 .4  ( k 0 . 2 )  fork,. These reflect the different 
charge nature of the transition states for these two processes, a 
monoanionic transition state being involved with the k, process 
and the dianionic transition state of eq. [4] for k3. 

Atnmonolysis kinetics - normcll behciviour 
In these experiments the disappearance of the phthalimide 

was monitored as a function of time in N H J i / N H  buffers. 
With the exception of the 3-Me and 3-MeiSi phthalimides, 
excellent pseudo-first-order kinetic plots are observed, and in 
concentraied (1 M )  buffers, the rate is significantly faster (by 

FIG. 2. Rate-pH profiles for phthalimide hydrolysis. Points are factors of about 10) than the hydrolysis rate at the same p ~ .  experimental. Curves are drawn according to eq. [4] using constants 
defined in Table 1. This increase in rate can be attributed to the ammonolysis 

reaction of eq. [I]. The possibility does exist that some fraction 

the present case by studying N-methylphthalimide, an imide 
which cannot ionize. First- and second-order terms in hydrox- 
ide ion are required in the rate law for this imide, eq. [3], 

[3] Rate =  OH-] +  OH-] OH-]') (N-methylphthalimide) 

with ki t ,  = 22.8 M - '  s - '  and k;,, = 8 . 0  M - '  s-I. Mech- 
anistically the overall third-order process is explained (7, 8) by 
a rate-determining decomposition of the dianionic form of the 
tetrahedral intermediate. 

go0 NR - Slow (go- N R 

0 

The following rate expression accounts for the overall rate 
profiles in terms of constants defined in eq. [2]. 

k? [OH-] + k3 [OH-]' 
[Sl koh* = 

I + (K.,/K,)[OH-I 
Using an iterative computer program, values of kl, k,, and K, 

of this rate increase is due to an ammonia-catalyzed hydrolysis, 
that is, ammonia acting as a general base, not a nucleophile. 
We feel, however, that this contribution cannot be very 
important. Excellent yields of phthalamides are obtained in 
aqueous ammonolysis. Moreover. general base catalysis by 
carbonate buffers is very small. 

Serial buffer dilutions at constant pH were carried out for 
ammonia buffers with NHdt/NH3 concentration ratios varying 
from 4: 1 to  1 :4. At  constant pH the pseudo-first-order rate 
constant for phthalimide disappearance increases in a linear 
fashion with increasing NH3 concentration (see Fig. 3). 

KO,, = k:A3[NH3] + kO 
The  intercept rate constants k, obviously refer to  hydrolysis, 
and these values do fit well into the hydrolysis rate profiles. 
The term in NH3 represents the ammonolysis, and the feature 
of this is that the apparent second-order rate constants kkE3 y e  
not constant, but increase with increasing pH (see insert to Fig. 
3). This occurs in spite of a decreasing concentration of the 
neutral phthalimide, since the pH values of the ammonia buff- 
ers lie in the range 9- 10 where the phthalimides are becoming 
ionized. The  kinetics are, however, satisfied by a third-order 
ammonolysis, first order in neutral phthalimide, first order in 
ammonia, and first order in hydroxide ion. Taking into account 
the phthalimide ionization, the overall rate expression for am- 
monolysis becomes 

'The a values employed in determining this paramctcr are 0.76 
(4-NOz), 0.30 (4-Cl), 0 (H), and -0.14 (4-t Bu). Thcsc are thc avcr- 
age of the mefa and pLIr(I values of the particular substitucnts. In the 
unsymmetrical phthalimides it was not determined to which carbonyl 
group the hydroxide anion or ammonia bccomcs attached. 
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FIG. 3. Pseudo-first-order rate constants (s-', 25"C, ionic strength 
= 1.0) for disappearance of phthalimide in ammonia buffers. The 
insert plots the slopes k",",, versus pH. 

kN [Imide] [NH,] [OH-] 
[6] Rate = 

1 + (KaIKw) [OH-] 
and the apparent second-order rate constant is 

The third-order requirement for ammonolysis is reminiscent of 
the third-order hydrolysis and it signifies that the formation of 
a tetrahedral intermediate by addition of ammonia to the imide 
carbonyl cannot be rate limiting. We propose a scheme with 
rate-determining breakdown of the tetrahedral intermediate, 
involving ring opening of the anionic intermediate T-. 

TIME (rnin) 

FIG. 4.  Absorbance at 300 nm showing the formation and decay of 
phthalimide to acid on addition of phthalamide to 0.06 M NaOH. 

The term in hydroxide ion appears in the kinetic expression 
because of the requirement for deprotonation of the initially 
formed zwitterionic intermediate T' prior to the rate- 
determining step. An alternative interpretation involves a rate- 
determining formation of the anionic intermediate T-, either in 
a concerted mechanism where hydroxide ion assists the addi- 
tion of amonia by removing a proton as the carbon-nitrogen 
bond is formed, or in a "trapping" mechanism (9) where con- 
version of T' to T- is rate-determining. These mechanisms 
have a proton transfer in the rate-determing step, so that hy- 
droxide ion is acting as a general base. The argument against 
them is that general base catalysis by a second ammonia mole- 
cule is not observed. This requires a second-order term in 
ammonia,, and would appear as an upward curvature on plots 

'The formation of an arnide from an amine and ester occurs at high pH with the rate-determining formation of a tetrahedral intermediate, and 
does show general base catalysis by a second molecule of amine (ref. 2). 
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TABLE 2. Rate constants and equilibrium constants for the ammo- 
nolysis of substituted phthalimides (T = 25"C, ionic strength = 

1 .O) 

Substituent k N ,  s-' k c  M s K,,, M - '  

4-NO2 
4-Cl 
H 
4-tBu 
3-NO2 
3-Me 
3-Me3Si 

(25% MeCN) 
H (25% MeCN) 

of kabs versus NH3 concentration. A mechanism involving the 
addition of NH2- to the phthalimide is also excluded bcause of 
the extremely low concentration of this anion. It can also be 
noted that the conversion of trihaloacetones into acetamide and 
the halohydrin also exhibts third-order kinetics, with a term in 
hydroxide ion appearing in the rate law (10). 

Values of kN have been determined from eq. [7], using K, 
values determined in the fit to the hydrolysis  kinetic^,^ and are 
listed in Table 2. A substantial substituent effect (p = 2.3) is 
observed, consistent with the proposed anionic transition state. 
A comment can also be made about the competing hydrolysis. 
The ratio of the rate of ammonolysis of a phthalimide to the rate 
of its hydrolysis is simply kN[NH3]/k2. This ratio is indepen- 
dent of pH, since both species require hydroxide ion, and 
proceed on unionized phthalimide. The relationship obviously 
breaks down at very high pH where hydrolysis is second-order 
in hydroxide ion. Using values determined here for kN and k2, 
one calculates for the parent phthalimide that reaction in a 1 M 
NH3 solution will give 94% phthalamide and 6% hydrolysis 
product. In 10 M NH3 the phthalamide yield goes to 99%. 

Reversibility of phthalamide formation 
As reported with the parent system by Crooy and Bruylants 

(11), phthalamides when placed in NaOH solutions show the 
rapid formation and subsequent decay of the phthalimide uv 
peak at 300 nm (Fig. 4). The decay rates are identical to those 
measured under the same conditions for the hydrolysis of the 
phthalimide. The formation process must therefore represent 
cyclization. The net result is the hydrolysis of one of the amide 
groups. 

The cyclization of the phthalamide corresponds to the re- 
verse of the phthalimide ammonolysis. Cyclization rate con- 
stants have been measured in concentrated NaOH solutions 
where the cyclization is much faster than the subsequent phtha- 
limide hydrolysis. As noted by Crooy and Bruylants (1 I), the 
following rate law is observed. 

[9] Rate = kcyc[Phthalamide] [OH-] 

This is consistent with a mechanism which is the microscopic 
reverse of that proposed for phthalimide ammonolysis (eq. [8]) 
- pre-equilibrium deprotonation of one of the amide groups, 
followed by rate-limiting nucleophilic addition of the anion 
so-formed to the neighbouring amide. We were unable to detect 

Values of kN were also determined by fitting the experimental k;;",, 
data to eq. [7] with kN and K, as unknowns, and show good agreement. 
We preferred, however, to use the K, determined in the hydrolysis 
kinetics, since a much greater pH range was covered in this study, so 
that the value of K, should be more accurate. 

TABLE 3. Equilibrium concentrations of phthala- 
mide and total phthalirnide in 1 M NH3 solutions 

Phthalamide 

PH [Phthalimide] + [Phthalimide anion] 

any deviation from the rate law of eq. [9] even in 0.5 M NaOH 
solutions, and conclude therefore that the concentration of the 
deprotonated phthalamide remains small througho~t .~  

Values of kc,, are listed in Table 2. The availability of the rate 
constants in both directions now means that the equilibrium 
constant for the system 

can be determined as the ratio of forward and reverse rate 
constants 

[Phthalamide] - kN Kcq = - -  
[PhthalimideII [NH',] kc,, 

Values of Kc, are also listed in Table 2. The equilibrium con- 
stants are large for the bsubstituted and 3-nitrophthalimides 
1-5, consistent with the ease of ammonolysis of these com- 
pounds. 

A significant substituent effect is observed, electron-with- 
drawing substituents increasing the equilibrium concentration 
of phthalamide (p = +0.9 on Kc,). Electron-withdrawing 
groups should interact unfavourably with the carbonyl groups 
in both the phthalimide and phthalamide, and the indication 
therefore is that this interaction is less important in the amide 
form. A possible explanation is that the carbonyl groups in the 
amide are twisted with respect to the plane of the benzene ring, 
whereas the imide is constrained to be planar. This would mean 
that the phthalamide would have a diminished resonance inter- 
action of the carbonyls and the 4-substituents. Another feature 
is the similarity of the 3-NO2 and 4-NO2 systems, this being 
particularly interesting in light of the results to be discussed 
with the two other 3-substituted imides. The implication is that 
the steric effect of the 3-NO2 group is minimal. This may arise 
from a twisting of this group out of coplanarity with the ben- 
zene ring, so that the two oxygen atoms are directed away from 
the carbonyl groups. There also appears to be a significant 
solvent effect, the value of Kc, for the parent system being eight 
times smaller in 25% acetonitrile. There is no obvious expla- 
nation for this, but it seems to indicate that the phthalamide is 
a more polar molecule. It should also be noted that Kc, as 
defined in eq. [ I l l  refers to neutral imide, and in base the 
equilibrium will shift significantly to the imide side because of 
its deprotonation. This is illustrated for the parent system in 
Table 3. 

'pK, values for amide dissociation typically lie in this region. See 
ref. 19. 
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Ammonolysis kinetics - 3-methylphthalimide 
When the ammonolysis of 3-methylphthalimide was in- 

vestigated, decidely nonlinear first-order kinetic plots invari- 
ably resulted (see insert to Fig. 5). Imide disappearance occurs 
in two stages, an initial decrease followed by a somewhat 
slower decrease. This is explained by the following kinetic 
scheme, 

3-methylphthalamide (A) 

[I21 3-Methylphthalimides 
(1) 

3-methylphthalamic 
acid anion (H) 

with the imide being converted reversibly to the amide and 
irreversibly to the hydrolysis product. In simple terms, the 
initial rapid decrease represents the ammonolysis equilibration, 
where imide does not totally disappear since the equilibrium 
does not lie completely to the phthalamide side. The sub- 
sequent slower decrease corresponds to the hydrolysis of the 
imide in the imide-amide mixture, until only hydrolysis prod- 
uct remains. It can be noted that in any aqueous ammonolysis 
the latter product is the product of thermodynamic control. 

In rigorous terms the analysis is more complex since the 
kinetic stages are not at all separated, signifying that the rate 
constants of eq. [12] are of the same order of magnitude so that 
all processes are occurring simultaneously. The differential 
equations for the kinetic system of eq. [12] can be solved (12). 
We have fitted the experimental curves of absorbance versus 
time to the appropriate equation6 to obtain values of the con- 
stants k l ,  k- , ,  and k2 which best satisfy the data. The constant 
k2 refers to imide hydrolysis, and indeed the values obtained on 
the curve fitting were in excellent agreement with those directly 
measured for hydrolysis. The constants k,  and k-l also take the 
appropriate form,' and provide values of kN, kcyc, and Kc, for the 
system (Table 2). 

The value of Kc, is significantly decreased, being over 
100-fold smaller than the value in the unsubstituted system. 
The decrease arises because of a 5-fold slower ammonolysis 
rate and a 40-fold faster cyclization rate. The effect arises 
because of greater steric congestion in the amide than in the 
imide, caused by the introduction of the 3-methyl group. This 
stabilization of a cyclic form relative to an acyclic one through 
the introduction of bulky substituents is fairly common (see, for 
example, ref. 13). In the present case, the phthalamide has 
three nonbonded groups on adjacent carbon atoms of the ben- 
zene ring. Cyclization to the imide releases some of the steric 
ocngestion caused by this arrangement. 

Concentration- time profiles for the three species involved in 
the system are depicted in Fig. 6 for two aqueous ammonia 
solutions. The data shown in Fig. 6A represent the situation in 
the kinetics experiment. This shows that a maximum of only 
35% 3-methylphthalamide is formed after 0.5 h, falling to only 
12% after 3 h. As shown in Fig. 6B, however, quite high yields 
can be obtained in concentrated ammonia solutions. 

wi th  the boundary conditions that at zero time [I] = [[I,, [A] = 
0 = [HI; then [I]/[I]o = (A l  - k-l)  exp (-A,  XI - XZ) + (k-l + 
XZ) exp (-AZ t)/(Al - XZ); [AIJ/[IIo = k, exp (-A, t)/(XI - Xz) - kl 
exp (XI t)l(X1 - XZ); [HII/[I], = 1 - (XI - kl - k-I)  exp (-A, t)/(XI 
- XZ) + (kl + k-l - A?) exp (-hZt)/(Xl - A,). 
' k~ = kl [NH,] [OH-]/(I + (k, [OH-Ilk,)); k -  1 = kcr, [OH-]. 

2500 5000 7500 
TIME (s)  

FIG. 5. 3-Methylphthalimide disappearance (X = 305 nm) in a 
solution with [NH3] = 0.75, [NH4+] - 0.25, pH = 9.88. Final 
absorbance is 0.00. 

Reversibility is not as great a problem with the more reactive 
4-substituted and 3-nitrophthalimides, 1-5. The very favour- 
able ammonolysis equilibrium drives the equilibrium to the 
phthalamide side and, particularly in concentrated aqueous am- 
monia, maintains it there so that the formation of hydrolysis 
product from the phthalimide is relatively unimportant. 

Ammonolysis kinetics - 3-trimethylsilylphthalimide 
With 3-trimethylsilylphthaIimide, kinetic studies in the am- 

monia solutions used with the other compounds showed no 
acceleration in the rate beyond that of the hydrolysis reaction. 
This implies that ammonolysis is not occurring in these solu- 
tions and no phthalamide is forming. In more concentrated 
ammonia solutions, however, reproducible traces were 
obtained in which a more rapid initial decrease in absorbance 
is observed, accounting for about 5- 10% of the total phthali- 
mide, followed then by a slower absorbance decrease occurring 
at essentially the hydrolysis rate (Fig. 7). These curves are 
similar to those associated with the 3-methylphthalimide (Fig. 
5), and they can be analyzed in the same way to provide rate 
and equilibrium constants for the ammonolysis (Table 2). The 
equilibrium constant is found to be very small here, being 
100-fold smaller than the value for 3-methyl, and 3500 times 
smaller than the constant for the parent phthalimide in the same 
solvent. This effect is obviously associated with the increased 
steric bulk of the trimethylsilyl group, and is not unexpected on 
the basis of the results obtained with the smaller 3-methyl 
group. In kinetic terms, the 3500 factor is made up of a 50-fold 
slower ammonolysis rate coupled with a 65-fold faster cy- 
clization. In terms of the ammonia solution in Fig. 6, the 
maximum yield of 3-trimethylphthalamide is only 6.5%, ob- 
tained after about 1000 s. Over 90% imide remains at this 
point, hydrolysis product accounting for only 2.4% of the mix- 
ture. Thus ammonolysis is more efficient than hydrolysis, but 
the equilibrium position is unfavourable. 
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2500 5000 7500 2500 5000 7500 

TlME (s) 

FIG. 6. Concentration of species as a function of time for 3-methylphthalimide in aqueous ammonia (A = dilute, B = concentrated). 

I I I I 

2000 4000 6000 

TlME (5) 

FIG. 7. Disappearance of 3-trimethylsilylphthalimide in concen- 
trated aqueous ammonia [NH,] = 7.5, [NH4+] = 0.25, pH = 10.6, 
25% MeCN, 25°C). 

Experimental 
Synthesis of starting materials 

Reagent grade phthalimide, 4-nitrophthalimide, 3-nitrophthali- 
mide, and phthalamide were purchased from Fisher Scientific and 
were used without further purification. All products were character- 
ized by ir (in Nujol) and 'H or I3C nrnr spectroscopy using a Bruker 
250 MHz instrument. Elemental analyses were performed by Gal- 
braith Laboratoires, Knoxville, Tennessee. 

4-Chlorophthalimide 3 
A. 4-Chlorophthalic acid monosodium salt (100.01 g, 0.449 mol) 

was added to thionyl chloride (250 mL). The resultant solution was 
heated at reflux for 2 h, then the excess thionyl chloride was removed 
under reduced pressure. The remaining orange-yellow solid was heat- 
ed with 2 L of boiling hexane and the hot suspension was filtered. 
The cooled filtrate afforded 57.4 g (70%) of 4-chlorophthalic 
acid anhydride, mp 67-68°C; ir cm-I: 1860, 1790, 1760 
(O=C-0-C=O). 

B. The 4-chlorophthalic anhydride (55.9 g, 0.339 mol) was mixed 

with urea (17.8 g, 0.296 mol) and the mixture was gently heated with 
a Meker burner for 40 min. The liquid cooled to form a yellow solid, 
which was crushed and dissolved in 400 mL of DMF. Dropwise 
addition of water (800 mL in total) to the stirring DMF solution, 
followed by filtration and drying, gave 54.8 g (98%) of pale yellow 
crystals; mp 209-210°C (lit (14), mp 210°C); ir cm-': 3195 (N-H) 
1787, 1705 (C=O). 

3-Merhylphrhnlimide 6 
Urea (7.8 g, 0.130 mol) was rnixcd with 3-mcthylphthalic acid 

anhydr~dc (24 g, 0.146 mol) and thc mixture was gcntly heatcd with 
a Mcker burner for 40 rnin. Thc rnclt was coolcd, crushcd. and 
suspended in water (200 rnL) for I h. The brown solid was filtcrcd off 
and dissolvcd in 100 mL of DMF to which dccolorizing carbon (0.5 
g) was added. Thc suspcnsion was stirrcd for 1 h.  thcn filtcrcd. 
Dropwise addition of watcr (400 rnL) to thc DMF solution yicldcd 
16.5 g (70%) of a bcigc solid; rnp 186-188°C ( l i t  (15) rnp 
188- 189°C); lr crn ' :  3220 (N-H). 1780. 1730 (C=O). 

4-tcrt-brt~lphrhc1Ii1~1ide, 4 
4-rerr-Butylphthalic acid anhydridc (61.4 g, 0.30 rnol), prcparcd in 

three steps from o-xylenc, was rnixcd with urca ( 18.0 g, 0.30 rnol) and 
gcntly hcatcd with a Mckcr burner for 30 niin. Thc rnclt was coolcd, 
and dissolvcd in 125 rnL of DMF. Dropwisc addition of watcr (375 
rnL) produced 57.8 g (94.5%) of a bcigc solid; rnp 136- 138°C (lit. 
(16) mp 131 - 132°C); ir crn I: 3220 (N-H). 1782, 1720 (C=O). 

3-Trirnerh~l.sil~~lphrh~1Iimide, 7 
3-Trimethylsilylphthalic acid anhydridc (87.4 g, 0.397 rnol), prc- 

parcd in six steps from o-xylcnc (3) was rnixcd with urca (23.8 g, 
0.397 mol). 'Thc reagents wcre kcpt in a nitrogcn atmosphcrc, whilc 
being hcatcd to produce a rnclt. for 30 rnin. Thc liquid melt was 
coolcd, crushed. and stirrcd in watcr (600 rnL) for 19 h. Thc crudc 
product was filtered off, washcd with watcr (500 rnL), and dricd in a 
vacuum oven for 4 h. Thc solid was dissolvcd in acctonc (400 rnL) and 
decolorizing carbon (2 g) was addcd to thc solution. Thc suspension 
was filtered aftcr 30 rnin. Dropwise addition of watcr (1.2 L) to the 
acctone solution. followed by filtration and watcr washing (3 x 500 
rnL). yieldcd 74 g (85%) of a whitc crystalline solid; rnp 
148.5-150.5"C; ir crn-I: 3190 (N-H), 1769, 1722 (C=O). Ancrl. 
calcd. for CIIHIZN03Si: C 60.24. H 5.97. N 6.39. Si 12.81; found: 
C 60.44, H 5.93, N 6.48, Si 12.59. 

4-Nitrophrh~lamide 
4-Nitrophthalimidc ( 100.5 g, 0.520 rnol) was addcd to conccntratcd 

ammonium hydroxide (530 rnL) and thc suspcnsion was stirrcd for 6 
h, then coolcd to O°C for 19 h. The suspcnsion was filtcrcd and the 
product was washed with ethcr. then dricd, yiclding 107 g (99%) of 
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a white powder; mp 196- 198°C; ir cm I: 3440, 3440 ( N H , ) ,  1668, 
1587 (C=O). 

4-Clilorophrholntnide 
4-Chlorophthalimide (53.2 g, 0.293 mol) was added to concen- 

trated ammonium hydroxide and thc suspension was stirred for 5 h, 
filtered, and dricd, producing 41.6 g (72%) of a pale yellow powder; 
mp 196- 198°C (lit. (17) mp 194- 196°C); ir c m  ': 3420,3320,3160 
(NH,), 1660, 1592 (C=O). 

4-tert-Burylpl~rl~nlnmide 
4-rerr-Butylphthalimidc (56. I g, 0.274 mol) was suspended in con- 

centrated ammonium hydroxide (825 mL). The stirred beige sus- 
pension quickly formed a dirty yellow solution which immediately 
became a milky suspension. At this point, more concentrated ammo- 
nium hydroxide (200 mL) was added since the mixture was too thick 
to stir, and stirring was continued for 3 h. The product was filtered off, 
washed with water (3 x 300 mL), and dried, giving 60.7 g (79.7%) 
of a white solid; mp 177- 178°C (lit. (16) mp 180- 181°C); ir cm I :  
3300, 3190 (NH,), 1670, 1595 (C=O). 

3-Nirrophrhnlornide 
3-Nitrophthalimide (256 g. 1.33 mol) was added to concentrated 

ammonium hydroxide (3225 mL). Thc yellow suspension gradually 
became white in color as the mixture was stirred, for 21 h. The 
reaction mixture was cooled to 0°C for 19 h ,  then filtered, washed with 
watcr (2 x 500 mL), and dried, giving 82.7 g (93%) of a white 
powder; mp 200-201°C ( l i t  (18) mp 204-205°C); ir cm I: 3430, 
3340, 3210 (NH?), 1671 (C=O). Anal. calcd. for CxH7N3O2: C 
45.94, H 3.38, N 20.08; found: C 45.69, H 3.48, N 19.94. 

3-Merhylphrhnlntnide 
3-Methylphthalimide (15 g, 0.084 mol) was added to liquid ammo- 

nia (100 mL) which had been condensed into a 300-mL Parr pressure 
reactor. 'The reactor was sealed and the temperature was raised to 90°C 
(840 psi; 1 psi = 6.89 kPa) in I h. The reaction mixture was stirred 
for 20 h, then cooled to less than -50°C. When the pressure in the 
reactor was close to I atm ( 10 1.3 kPa) the vessel was opened and the 
ammonia was allowed to evaporate off, producing a beige solid (I5 g). 
An ir spectrum indicated the product was a mixture of 3-methyl- 
phthalimide and 3-methylphthalamide. A Soxhlet extraction of the 
crude product was carried out, with methylene chloride, for 23 h. The 
ir spectrum of the solid remaining in the thimble indicated there was 
only 9.17 g (56%) 3-methylphthalamide remaining. A sample (1.2 g) 
of the product was recrystallized from methanol; mp 182- 184°C. 
Annl. calcd. for CC,HleN20,: C 60.66, H 5.66. N 15.72; found: C 
60.79, H 5.78, N 15.54. 

Attempt to synthesize 3-trimethylsilylphthalamide 
3-Trimethylsilylphthalimide (15 g, 0.068 mol) was added to ammo- 

nia (150 mL) which had been condensed into a 300-mL Parr pressure 
reactor. The reactor was sealed, and heated to 90°C (860 psi) for 20 
h. The vessel was then cooled to less than -50°C and the ammonia 
was allowed to evaporate away. A I3C nmr spectra of the remaining 
beige solid (14.26 g) indicated that the product was -90% starting 
material. 

Kinetic methods 
Kinetic measurements were made on a Unicam SP 1800 spectro- 
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photometer, equipped with a jacketed multiple cell block maintained 
at 25.0 k O.Ol°C by an external water bath. A 3-p,L solution of the 
phthalimide or phthalamide substrate was injected into 30 mL of the 
appropriate solution pre-thennostatted at 25'C, and the change in 
absorbance at 305 nm (330 nm for nitro compounds) monitored as a 
function of time. For phthalimide hydrolysis and ammonolyses, first- 
order rate constants were evaluated as slopes of plots of In (A - Ao) 
versus time. First-order rate constants for phthalimide appearance 
from phthalamide were determined using the Guggenheim method. 
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Phosphorescence of naphthalene-labelled colloidal polymer particles. The a-methyl 
relaxation of one microphase in a multicomponent material' 
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MITCHELL A. WINNIK, ONDER PEKCAN, and M. D. CROUCHER. Can. J .  Chem. 63, 129 (1985). 
Nonaqueous dispersions of poly(methy1 methacrylatc) (PMMA) particles, stcrically stabilized with polyisobutylenc (PIS), 

were prepared with naphthalene (N) groups covalently incorporated into the PMMA chains. These materials have a complcx 
morphology of phase-separated PMMA and PIS microdomains, with the N groups in the PMMA microphases. The phos- 
phorescence intensity and decay times of the N groups were measured as a function of temperature ovcr the rangc 77-295 K 
for dispersions in methylcyclohexanc and for freeze-dried powder samples. An Arrhenius treatment of the radiationlcss decay 
rate showed a changc in slope at -35°C. The activation energy for the radiationlcss decay process is 3.8 kcal/mol in the -35 
- +22"C temperature region, identical to that found for pure PMMA by nmr for chain motion associated with the a-methyl 
relaxation process. We believe that the phosphorcsccnce experiment is sensitive to the diffusion of oxygen and other impurities 
in the sample. These rates increase as the tempcrature is raised, enhancing the rate of phosphoresccnce quenching. These 
experiments indicate that phosphorescence measurements on labellcd samples are suitablc for studying relaxation proccsscs 
within individual microphases of a polyphasic composite material. 

MITCHELL A. WINNIK, ONDER PEKCAN et M. D. CROUCHER. Can. J. Chem. 63, 129 (1985). 
On a prCparC des dispersions non aqueuses de particules de poly(mCthacrylate de mtthyle) (PMAM) stabilistes stkriquement 

par du polyisobutylttne (PIS) et dans lesquelles des groupes naphtalttnes (N) ont ttt incorpores d'une faqon covalente dans les 
chaines de PMAM. Ces composCs ont une morphologie complexe comportant des microdomaines separts de phases de PMAM 
et de PIS avec les groupes N situes dans les microphases de PMAM. Optrant i d e s  temptratures allant de 77-295 K et pour 
des dispersions dans le mtthylcyclohexane et des tchantillons de poudres lyophilistes, on a mesurk I'intensitt de la phos- 
phorescence et le temps de dtcroissance de 1'Cmission des groupes N en fonction dc la temptrature. Si on traite les vitesses 
de dCcroissance non radiative par le mtthode d'Arrhtnius, on observe un changement de pentc a -35°C. L'tnergie d'activation 
pour le processus de dCcroissance non radiativc est de 3,8 kcal/mol dans I'intervalle allant de -35°C - +22"C; cette valeur 
est identique i celle trouvte par rmn, dans le cas du PMAM a I'ttat pur, pour le mouvement de chaine associt au processus 
de relaxation du mtthyle en a .  Nous croyons que I'exptrience dc phosphorescence est sensible B la diffusion de I'oxygene et 
d'autres impuretCs presentes dans I'Cchantillon. Ces vitesses augmentent avec la tempkrature, augmentant ainsi la vitesse avec 
laquelle la phosphorcscence est pitgte. Ces expCriences indiquent que les mesures de phosphorescence sur des echantillons 
marquis conviennent bien a I'ttude des processus de relaxation B I'intCrieur dc microphases individuelles d'un materiel 
composite 3 phases multiples. 

[Traduit par Ic journal] 

Phosphorescence measurements on polymer samples doped 
or labelled with appropriate dye molecules provide powerful 
means for studying properties of polymers in the solid state. 
Over the past 20 years various research groups have used these 
techniques to study the dynamics of gas permeability ( I -3) ,  
and to detect various relaxation processes (4-7) in polymer 
films. A careful reading of these papers suggests that both the 
phosphorescence intensity of a dye and its phosphorescence 
decay time are sensitive to many of the processes which occur 
in the glassy state of polymers. One can observe the glass 
transition (at temperature T,) ,  the p transition (T&,  and in some 
instances the a' transition due to local mode relaxation of the 
main polymer chain. Examples of sensitivity to sample history 
including hysteresis effects are known. Activation energies for 
polymer relaxation pathways can be determined, and these are 
comparable to those obtained by solid state nmr techniques. 

o n e  of the curious featuresof  these experiments is that 

' Luminescence of Polymer Colloids 6. 
'Author to whom correspondence should be dirccted. 
'Current address. Department of Physics. Haccttepc University, 

Ankara, Turkey. 

nearly all of them have been reported by research groups spe- 
cializing in luminescence spectroscopy or photochemistry. Ei- 
ther the usefulness of these methods is not appreciated by the 
polymer community in general or they consider the techniques 
to be difficult, complex, or arcane. Perhaps it is felt that one 
needs optically transparent samples and sophisticated equip- 
ment. Our results reported here may serve as an incentive to 
others contemplating such experiments. We report phos- 
phorescence intensity and decay measurements, obtained with 
rather primitive equipment, and with samples which are pow- 
ders, suspensions, and dispersions, placed in cylindrical quartz 
tubes. 

The system we are investigating is a particle ca. 2 p,m in 
diameter, composed of two incompatible polymers, poly- 
(methyl methacrylate) (PMMA) and polyisobutylene (PlB) 
(8- 1 I ) .  Nonaqueous dispersions of these particles have im- 
portant industrial applications, particularly in electrostatic 
imaging technology (12). Although this material is commonly 
considered to have a "core-shell" structure, we have shown that 
its real morphology is more complex and more interesting. We 
have proposed a "microphase model" for its structure ( lo),  with 
threads of PIB forming a connected interpenetrating network 
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remove prompt fluorescence. Phosphorescence decay measurements 
were made in a rather primitive fashion by blocking the cxcitation 
source of the spectrometer and recording the time profile of the in- 
tensity decay at 500 nm on a strip chart recorder (9, 13). These traces 
were digitized with a digitizing s.y-plotter and fitted to an exponential 
function by a nonlinear least-squares method. While reproducibility 
was excellent for decays on the order of 1-3 s, the method gives only 
the first decade of the intensity decay. Small departures from ex- 
ponentiality would not have been detected (13). 

Samples were prepared in quartz tubes fitted with a graded seal. 
Those samples in which oxygen was rigorously removed. by evacu- 
ating 3 - 5 h at 35°C on a vacuum line at I X 10 ' Torr (I Torr = 
133.3 Pa), were sealed under vacuum. Dispersions of N2 were pre- 
pared by weighing 6-mg samples of N2 into the sample tubes and 
adding I mL of methylcyclohexane. These were sonieated for ca. 1 
min using a low-power ultrasonic cleaning bath. 

NIO - N 2 -  I 

Results and discussion 
Spectroscopic cotzsiderations 

Triplet states of organic molecules are extremely sensitive to 
quenching by oxygen and other impurities. As a consequence, 

FIG. I. The fluorescence and phosphorescence spectra of N2 and 
NIO dispersions in methylcyclohexane at 77 K.  

phosphorescence is normally observed only in very viscous 
media - in crystalline hosts and glassy polymer films at ordi- 
nary temperatures, and in glassy matrices formed from organic 

throughout the interior of the particle. 
This model was proposed to explain apparently contradictory 

results of fluorescence quenching expiriments carried out on 
particles labelled in the PMMA chains with naphthalene (N) 
groups or anthracene (A) groups. The particles were dispersed 

sol;ents at low tem~eratures. Earlv sudies ( 14) focussed on two 
viscosity regimes in simple organic media: a low viscosity 
domain where the triplet lifetime '7 was determined largely by 
diffusion processes involving quenchers, and a high viscosity in hydrocarbon solvents and small molecule quenchers were 

added to the liquid. When the quencher was very soluble in PIB 
and could communicate with the excited N'9roups  over sub- 

region where '7 depended upon the unimolecular rate constants 
for radiative (k,) and non-radiative (k,,) decay. 

This view is somewhat oversimplified (15). If the impurity 
- .  

stantial distances (e.g. 20-40 A by a Forster energy transfer 
mechanism), we observed that quenching occurred within 
minutes of sample preparation, even for N groups deep within 
the core of the particle (8, 10). Quite different behavior was 

concentration is significant, static quenching can contribute to 
the radiationless decay rate. Similarly at high enough chromo- 
phore concentration, self-quenching becomes important (9), 

seen for quenchers that were soluble in PMMA and poorly 
soluble in PIB, particularly yhen quenching involved short 
range interactions (e.g. 4-5 A, by exciplex formation) ( 1  1 ) .  

even in the absence of mass diffusion. When these bimolecular 
processes become dominant, one observes decreases in the 
phosphorescence quantum efficiency (+,) without concomitant 
changes in '7: Some excited states, adjacent to a quencher, are 
quenched essentially instantaneously, and thus do not con- 
tribute to the signal.used to determine '7. 

Extensive studies have shown that the unimolecular decay 

Here i t  took days or weeks for the sorption process to come to 
equilibrium. 

Because the N groups were introduced into the particle as an 
N-substituted methacrylate during a step in particle synthesis 
involving PMMA polymerization, the N groups must be cova- 
lently linked to the PMMA chains. Phosphorescence at room 

rates of aromatic triplet states are sensitive to temperature ( I ) .  
Lifetimes decrease by about a factor of two between room 
temperature and 150 K .  Below 150 K,  both '7 and +, remain 
constant. For many molecules, +: (the superscript ' implying 

temperature from the particles indicates that the N groups are 
located in glassy PMMA phases. The N groups thus serve as 
molecular spies for events transpiring within the PMMA micro- the low temperature value) is quite small. For naphthalene, +; 

= +:T k,/(k, + k:,) = 0.05, where +:,, the triplet formation 
efficiency, is significantly larger than 0.05. Since k, is indepen- 
dent of temperature (1, IS), this indicates that k,, has both 
temperature-dependent and temperature-independent com- 

domains. ~uminescence spectra of these labelled materials are 
shown in Fig. I. - 

In this report we describe the phosphorescence intensity and 
phosphorescence decay times of these N-labelled PMMA par- 
ticles as they are affected by changes in temperature and by the 
presence of hydrocarbon solvents. These experiments permit 
the a-methyl transition within the PMMA microphases to be 
identified. 

The theory of radiationless triplet decay has been examined 
by a number of authors including Lin and Bersohn (16), Jortner 
and Berry ( 1  7),  and Dexter and Powder (1 8). These groups 
give an expression for k,, of the form 

Experimental 
The synthesis and characterization of the particles have been 

reported previously (8- 11). The particles, 2 pm in diameter, have 
compositions containing monomer units in mole ratios of isobutylene/ 
methyl methacrylate/naphthylmethyl methacrylate of 13: 100:2 and 
13: 100: 10. We have referred to these materials as N 2  and NIO, 
respectively. 

Phosphorescence measurements were carried out on a Hitaehi- 
Perkin-Elmer MPF2 spectrofluorimeter. Intensity measurements 
were made in conjunction with a rotating mechanical chopper to 

[I]  k,, = kf, ( 1 + ~ ~ - ~ ; l l ~ ~ )  

which, in conjunction with the expression '7-' = k, + k,,, leads 
to the expression 

The parameters A, a ,  and E, are constants related to the vi- 
brational levels of the matrix into which the excitation energy 
is dissipated. 
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N 2 powder 

0 MCH dispersion 

100 150 200 250 300 
Temperature ( K )  

FIG. 2. Phosphoresccnce lifetimes of N2 as a function of tem- 
perature for (0) dispersions in mcthylcyclohcxanc and for (0) solid 
powder samples. 

The case of naphthalene in PMMA has been investigated 
extensively by Jones and Siegel ( I ) .  'They examined thin films 
(10 km) which were carefully degassed and extensively an- 
nealed under vacuum. Exponential decays and simple Ar- 
rhenius behavior over the temperature range 77-300 K was 
observed only if these precautions were taken. 

Oxygen was not the only quencher initially present in the 
sample. Residual monomer was also implicated. These authors 
treated their data according to eq. [2], taking the 77 K lifetime 
as the 'T" value. They found an E;, value of 500 cm-' (1.4 
kcal/mol). 'The temperature-dependent component of the radi- 
ationless decay was attributed to coupling of the decay to low- 
frequency bending vibrations in the PMMA matrix. 

Through their care in removing quenching impurities, Jones 
and Siegel ( 1 )  simplified their experiments and data inter- 
pretation. 'Their '7 values were insensitive to mechanical relax- 
ation processes within the polymer film. If one takes less care 
in sample preparation, other factors, including diffusive 
quenching, contribute to the value of 'T. The magnitudes of 
these factors are sensitive to mechanical relaxation processes 
within the polymer. As we discuss below, impurities act to 
reveal, via phosphorescence quenching, various relaxation 
phenomena characteristic of the polymer matrix. 

Triplet lifetime measurements in N2 
Triplet lifetimes of freeze-dried N2 part~cles, in the powder 

form, were measured at temperatures between 77 K and room 
temperature. The samples were chilled rapidly in liquid nitro- 
gen and measurements were taken from time to time as the 
sample warmed. Dispersions of N2 in methylcyclohexane were 
treated similarly. As Fig. 2 indicates, at temperatures below 
150 K ,  the phosphorescence lifetimes are essentially indepen- 
dent of temperature. 

One of the interesting features of the data is that the phos- 
phorescence lifetimes depend upon the local concentration of N 

FIG. 3. Plot of log (T"/T - I )  VS. 1/7'for the data from Fig. 2. 

groups in the PMMA phase. This aspect has been examined in 
detail previously (9). 'Thus 'T (NIO) is shorter than .'T (N2), 
which in turn is somewhat shorter than '7 for a model com- 
pound, I-naphthylmethyl pivalate ( I ) ,  at lo-' M in methyl- 
cyclohexane, or in a PMMA film at 77 K .  The process of self- 

[3] N + N* -+ 2N 

quenching, eq. [3], provides an additional radiationless path- 
way, presumably via triplet excimer formation, to shorten the 
triplet lifetime. 

The fact that 'T in N2 is longer at 77 K in the rnethyl- 
cyclohexane dispersion than in the dry powder implies that the 
solvent acts to increase the mean separation between N groups 
in the particle. Curiously, the lifetime differences are ex- 
acerbated at low temperatures and disappear as the respective 
samples are allowed to warm. This result is in accord with 
separate observations on the fluoroescence of N groups in N2 
and N10. One finds that the fluorescence lifetimes at room 
temperature are also sensitive to the local N concentration, but 
are nearly unchanged when N2 or N I0 powders are dispersed 
in methylcyclohexane.' 

Our intirpretation of the triplet lifetime results is that the 
alkane solvent does not swell the PMMA microphases at room 
temperature. Rather it penetrates into various sites of free 
volume5 and acts to retard the contraction of the PMMA phases 
as they are cooled. 

The a-methyl relaxatiotz process 
The triplet lifetime data from N2 as a function of temperature 

are replotted in an Arrhenius fashion according to eq. [2] in 
Fig. 3. While the plots are curved, both are fit quite reasonably 
to two intersecting straight lines. The intersection temperature 
for both curves is approximately -35°C. This temperature 
corresponds to a relaxation process in PMMA as determined by 
wide-line 'H nmr (20). This relaxation process corresponds to 
commencement of backbone methyl (a-methyl) group rotation 
in the polymer. 

' 0 .  Pekcan, unpublished observations. 
For an important discussion of non-solvent penetration into glassy 

polymers and its consequence on chain motion see ref. 19. 
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The activation energies E; of the high temperature portion 
of Fig. 3 are 1320 cm-' (3.8 kcal/mol) for the N2 powder and 
1460 cm-' (4.2 kcal/mol) for the dispersion of N2 in methyl- 
cyclohexane. The former is very close to the value of 1260 
cm-I determined by Kawai (20a) from the temperature de- 
pendence of ' H  nmr correlation time for the a-methyl group 
relaxation process in solid PMMA. 

In our opinion, the agreement of the phosphorescence ex- 
- - 

periments with the nmr data is not entirely coincidence. Rather, 
we believe that the '7 values between -35°C and 25°C are 
sensitive to the conformational mobility of the backbone 
methyl groups in PMMA. The origin of this sensitivity is most 
likely related to the onset of diffusive quenching of N*' by 
oxygen and other impurities in the matrix (22). Diffusion is 
enhanced by free volume fluctuations coupled to the increasing 
rotational mobility of the a-methyl groups at temperatures 
above -35°C. 

These results pose a singular dilemma. Although the appar- 
ent onset temperature of -35°C from the phosphorescence 
lifetime measurements corresponds to Tu.Mu determined by 'H 
nmr for the a-methyl group rotation, the two experiments refer 
to very different time scales. The nmr experimknt is sensitive 
to methyl group rotations in the megahertz frequency range 
(20, 21). The phosphorescence lifetimes are sensitive to im- 
purity diffusion on the time scale of seconds. The lo6 differ- 
ence in experimental frequency should lead to a large (ca. 40") 
difference in the value of Tu.Mc. The apparent E, values for both 
measurements. however. should be the same. 

This dilemma can be resolved by recognizing that the break 
in the Arrhenius plot in Fig. 3 does not necessarily represent a 
critical temperature of the system. Rather, it represents the 
temperature at which the rate of process with E;, = 1320 cm-' 
overtakes the rate of a lower temperature process with E, = 830 
cm-'. While impurity diffusion in a polymer matrix below T, 
can lead to enhanced phosphorescence quenching, impurity 
diffusion itself is slow. Free volume increases which enhance 
the rate of a-methyl group rotation also enhance diffusion 
rates. Our experiments indicate that long range diffusion of 
impurities becomes efficient at reaching excited chromophores 
on a time scale of seconds when the free volume of the system 
is sufficient to permit a-methyl group rotation rates in the MHz 
range. The coincidence is that the break in the Arrhenius plot 
in Fig. 3 occurs at the same temperature as the T,.,, found by 
'H nmr TI measurements. 

Below -35"C, important differences appear in the phos- 
phorescence decay times of N2 in the presence or absence of 
rnethylcyclohexane. The 3~ values decrease less with tem- 
perature in the alkane dispersion than in the dry powder. Acti- 
vation energies are presented in Table 1. We have previously 
suggested that rnethylcyclohexane retards the volume con- 
traction of the PMMA phase as the temperature is lowered. 
This implies some solvent penetration into the PMMA, al- 

I though the details of the process are unclear. 
I If the preceding explanation is correct, bimolecular self- 

quenching (N*3 + N + 2N) makes an important contribution 
to 3~ under these conditions, since contraction of the PMMA 
phases decreases the mean separation between N groups. This 
is a testable hypothesis, since self-quenching will no longer be 
important in particles containing less than 0.1% N groups. 
Particles of that composition are currently being prepared. 

Phosphorescence intensity measurements 
While it is difficult to make quantitative luminescence in- 

TABLE 1. Activation energies for radiationless decay 
rates for naphthalene groups in N2 

E, (cm-') 

Temperature Methylcyclohexane 
range ("C) Solid powder dispersion 

tensity measurements on powder sampIes or turbid solutions, 
reasonable measurements of intensity versus temperature can 
be made on individual samples. We have carried out five sets 
of measurements on N phosphorescence as a function of tem- 
perature. These measurements involved N10 powder samples 
and N 10 dispersions in rnethylcyclohexane, some samples de- 
gassed and sealed under vacuum, and other identical samples 
stoppered in the presence of air at room temperature. In addi- 
tion we examined a dilute solution (lop4 M) of l-naphthyl- 
methyl pivalate (1) in rnethylcyclohexane. These samples were 
chilled rapidly to liquid nitrogen temperature. The phos- 
phorescence intensity at 500 nm was monitored as the samples 
were allowed to warm. 

These results are presented in Fig. 4. The top part (a) shows 
the intensity vs. temperature plots for the degassed N10 sam- 
ples; (b), the same samples in the presence of air; and (c), the 
model compound 1 in aerated rnethylcyclohexane. There are 
numerous interesting and peculiar features present, not all of 
which can be interpreted at the present time. 

The most straightforward to understand is that of 1 in 
rnethylcyclohexane. When chilled to 77 K, the solvent forms a 
transparent glass (T,  = 87 K) (23), where impurity diffusion is 
slow. As the sample warms, it begins to crystallize (24). The 
microcrystals formed serve to protect the chromophores from 
quenching, either by trapping them or by increasing the effec- 
tive microscopic viscosity of the medium. At higher tem- 
peratures, (i.e. above -145°C) solvent mobility is such that 
larger crystals form, excluding both impurities and 1. Quench- 
ing becomes more effective. Above the melting point of the 
solvent (- 126"C), there is very little phosphorescence. 

In the N10 powder samples, the intensity vs. temperature 
plots are rather featureless. The small dip at ca. - 150°C seems 
to be reproducible. Whether or not it originates in some molec- 
ular relaxation process (25) in the PMMA is a matter of spec- 
ulation. Phosphorescence persists to higher temperature in the 
degassed rather than the aerated samples. 

The N10 dispersions show a number of peaks and valleys. 
These features are consistently reproducible. Their inter- 
pretation is difficult, and it is important to keep in mind that one 
cannot compare absolute intensities among different samples. 
The powder and dispersion samples, in Figs. 4(a) and (b), for 
example, have been normalized to equal intensity at 77 K. In 
our opinion, these features reflect aspects of quencher diffusion 
in the PMMA microdomains and interphase regions. Since 
these features do not appear in the phosphorescence lifetime 
experiments, quencher diffusion must be localized. It must 
occur on time scales much faster (less than 0.1 s) than our 
decay measurements permit us to detect. 

Perhaps the most important aspect of these results is that the 
presence of a non-solvent for PMMA has such an influence on 
diffusive processes within the PMMA phases. The nature of 
this influence is still unclear and perhaps will become more 
apparent as our work progresses. 
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80t (a 1 N10 degassed 1 

Temperature ("C) 

5 0 t l l l 1  , , ,  , , ; -  

FIG. 4. Plot of phosphorescence intensity at 500 nm vs. tem- 
perature. (a) degassed samples of N I0 (- - - - powder, - dispersion 
in methylcyclohexane); (b) aerated samples of N 10 (- - - - powder. 
-dispersion); (c) aerated solution of I-naphthylmethyl pivalate ( I )  
in methylcyclohexane. 

e 80- 
0 - 

Conclusions 
Phosphorescence decay times in PMMA phases labelled co- 

valently with naphthalene groups are sensitive to mechanical 
relaxation processes in the glassy polymer. This sensitivity 
arises from impurity diffusion, which is coupled to the molec- 
ular motion of the polymer chains. The activation energy for 
diffusive quenching which we obtain corresponds to that pre- 
viously determined by nrnr methods for chain motion in 
PMMA (20). What is remarkable about our experiments is that 
the N groups were incorporated into the PMMA chains of a 
heterogeneous material composed of PMMA, polyisobutylene 
(PIB), and a graft of PMMA branches onto PIB. These results 
indicate that the PMMA chains demix into microphases. While 
the apparent T, of this material has decreased to ca. 75OC 
compared to 105OC for pure PMMA, the activation energy for 
the a-methyl group relaxation within the PMMA microphase is 
unchanged from its value in the pure homopolymer. 

- 
- ( b )  N 10 in air - 

These results offer encouragement that fluorescence and 
phosphorescence methods will provide means for studying re- 
laxation processes within the individual microphases of blends 
and other composite polymer systems. 
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ZORAN D. POPOVIC, RAFIK 0 .  LOUTFY, and AH-MEE HOR. Can. J .  Chem. 63, 134 (1985). 
Photoconductivity of a series of perylene tetracarboxyl-dimides has been studied by delayed-collection-field and electric field 

induced fluorescence quenching techniques. I t  has been shown that these materials exhibit both extrinsic (impurity controlled) 
and intrinsic carrier generation originating from the first excited singlet state. Perylene tetracarboxyl-diimides are photoactive 
in the visible spectral range and their carrier generation efficiencies compare well with generation efficiencies in the best known 
organic photoconductors. This makes them suitable for xerographic applications using visible light. 

ZORAN D. POPOVIC, RAFIK 0 .  LOUTFY et AH-MEE HOR. Can. J .  Chem. 63, 134 (1985). 
Faisant appel ii des techniques de piegeage de la fluorescence induite par un champ Clectrique et par un champ ii collection 

retardee, on a CtudiC la photoconductivitt d'une sCrie de perylenes tetracarboxyl-diimidcs. On montre que ces materiaux 
peuvent gCnCrer des transporteurs, h la fois d'une facon extrinseque (controlke par les impuretCs) et d'une facon intrinseque; 
ces propriCtCs auraient leur origine dans le premier Ctat singulet excite. Les pCryl6ncs tktracarboxyl-diimides sont photoactifs 
dans la region du visible et leurs efficacitks pour gCnCrcr des transporteurs se compare bien avec les efficacitts de generation 
des photoconducteurs organiques Ics mieux connus. On peut donc les considercr pour des applications xkrographiques utilisant 
de la lumikre visible. 

[Traduit par le journal] 

Introduction 

In recent years the interest in photoconductivity in organic 
materials has ceased to be purely academic. This was mainly 
due to successful applications of organic photoconductors in 
xerography. After the pioneering work on the PVK-TNF sys- 
tem ( I ) ,  many classes of photoconductive organic compounds 
have been found which can be used in xerographicmphoto- 
receptors. These include phthalocyanines (2), squaraines (3),  
thiopyrilium dyes (4), etc. Recently it has been shown that 
N,N1-bis-substituted perylene 3,4,9,1O-tetracarboxyl-diimides 
exhibit high photoconductivity in both photovoltaic and xero- 
graphic applications (5). In the present study we have chosen 
to investigate in some depth the photoconductive behaviour of 
this class of compounds. 

In a recent series of papers on X and P polyrnorphs of 
metal-free phthalocyanine, delayed-collection-field and elec- 
tric field induced fluorescence quenching experiments were 
used to elucidate the mechanism of carrier generation (6-9). In 
the present work we will apply these techniques to study the 
carrier generation mechanism and also the influence of molec- 
ular structure and impurities on carrier generation in perylene 
derivatives. 

Experimental  

Mnterit11.s 
The chemical structures of the four compounds we investigated are 

given in Fig. 1. These materials were synthesized via thc reaction of 
perylene 3,4,9,1O-tetracarboxylic dianhydride with the desired amine. 
Products were purified by temperature gradient sublimation ( 10). The 
last compound (IV) is obtained as a mixture of two isomers shown in 
Fig. 1. The sublimed crystals therefore probably contained both isom- 
ers. The polymer binder used for fabrication of sandwich cells was 
polycarbonate (GE/Merlon) and the solvent used to prepare casting 
solutions was spectral grade methylene chloride. 

Cell fnbricnrior~ 
Samples consisted of about 5 wt.% dispersion of the pigment in the 

polymer matrix draw-bar coated onto NESA glass slides. The coating 
solution was prepared by ball-milling the polymer. pigment, and sol- 
vent for 24 h. On top of the organic film Al was evaporated as the 
second electrode. Film thickness, which was between 1.5 pm and 2 

H-N 

FIG. 1. Structural formulas of perylene diimides investigated in 
this work. In the text they are referred to as perylene I, 11, 111, and IV. 

ym, was determined from capacitance measurements assuming the 
composite relative dielectric constant of 2.9 ( 1  I ) .  Optical micrographs 
of the cells showed that most of pigment particles were about I pm 
in size, with a few larger particles also present. The schematic repre- 
sentation of the sandwich cell is shown in Fig. 2. 

Mea.surements 
Relative photoresponse, R ,  was determined by the delayed- 

collection-field technique (12). It was obtained as: 

where A V  is light induced voltage drop on the sample and I,,,,, is the 
incident light intensity. 

In the delayed-collection-field experiment the sample is illuminated 
witti a short laser pulse (5 ns) under specified external voltage bias, 
which determines the electric field, E;,,,,, applied to the sample at the 
moment of illumination. After a short delay (typically 0. I ys  for our 
experimental set-up) a strong collection field, E,,,II, is applied, which 
separates the photogenerated carriers. In order for the delayed- 
collection-field measurement to be meaningful, the relative photo- 
response should saturate as the collection field is increased. 

Electric field induced fluorescence quenching, @(E) ,  is determined 
by the equation: 
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FIG. 2. Schematic diagram of the sandwich cell used in the mea- 
surements. 

where I l(E) is the fluorescence signal normalized to the incident laser 
pulse intensity at the electric field E applied to the samplc. Both R and 
@ were measured simultaneously using a computerized signal aver- 
aging system described previously (8). 

Fluorescence spectra were measured by exciting the sample by 5-11s 
light pulses from a Molectron nitrogen laser - dye laser system. The 
detection system consisted of a JY-20 monochromator, RCA C31034 
GaAs photomultiplier tube, and PAR Model 162 boxcar integrator. 
For action spectra measurements (wavclcngth dependencc of the pho- 
toresponse) Photochemical Research Associates Model 610C pulsed 
Xenon lamp and JY-20 monochromators were used providing 2.5-ps 
light pulses. All different instruments were controlled by a Cromemco 
System 111 microcomputer and every experimental point is typically an 
average of 100 measurements. 

Results and discussion 
In Figs. 3 and 4 action spectra and fluorescence spectra of 

compounds I-1V (Fig. 1) are presented. Action spectra were 
measured under the following electric field conditions: E,,,, = 

E,,,,, = E. The apparent quantum efficiency, q ' ,  was obtained 
using the equation (1 3). 

CAV l 
[3] q 1  = -- 

t.N,lI .f, 
where C is the total capacitance of the measuring circuit, AV 
is the voltage drop induced in the sample by pulsed illu- 
mination, e is the electron charge, N,], the number of light 
quanta falling on the sample, and f, the relative volume of the 
sample occupied by photoconductive particles. As discussed in 
detail in ref. 13, the apparent quantum efficiency given by eq. 
[3] is approximately equal to the true carrier generation effi- 
ciency for illumination wavelengths which are strongly ab- 
sorbed in photoconductive particles. It is interesting to note that 
there is a small but systematic discrepancy between sample 
photoresponse obtained for positive and negative bias of the 
semitransparent NESA electrode, with the negative bias giving 
consistently smaller photoresponse. This may be caused b; 
either the existence of surface sensitized photoconductivity for 
holes or by slight differences in charge trapping and surface 
recombination parameters .for electrons and holes. In general, 
action spectra (Figs. 3 and 4) resemble the absorption spectra 
(not shown) and the fluorescence appears as a mirror image of 
the absorption sDectra. 

In Fig. 5 ,  the dependence of the relative photoresponse as a 
function of the collection field is given for samples 1-111. 
These measurements were performed with no field applied to 
the sample at the moment of illumination E;,,,] = O).'AS seen 
from Fig. 5 ,  as the collection field is increased, the photo- 
response saturates. In all subsequent experiments collection 
fields were chosen corresponding to the onset of saturation. 

In Fig. 6 the dependence of the relative photoresponse on the 
collection field is given for sample no. 1V for different fields, 
E,,,,,, applied at the time of illumination. In contrast to samples 
1-111, no clear saturation of the photoresponse is observed 
when E,,,, = 0 (Fig. 6 ,  curve (a)). However, there is a 
"distinct" shoulder around E,,,II = 10 V/pm, after which photo- 

FIG. 3. Action spectra (- NESA positive, -. - - - NESA nega- 
tive) and fluorescence (--) of perylenes I and 11. 

response increases relatively slowly. At higher EaPpI, however, 
a clear saturation is observed for E,,,], > I0 V/pm (Fig. 6 ,  
curves (b) and (c)). In subsequent measurements on this sample 
we have chosen E,,I, = 20 V/pm, which is in the saturation 
range for higher fields. 

At present we do not understand why sample no. 1V behaves 
differently than samples 1-111. It is interesting that only this 
compound has two structural isomers, which may be leading to 
increased trap density and to the observed anomalous behav- 
iour in the photoresponse dependence on the collection field. 

Before proceeding with discussion of further experimental 
data we will briefly discuss the correlation expected between 
fluorescence quenching and carrier generation in materials 
where the photoconductivity process occurs from the first ex- 
cited singlet state. The fluorescence quenching efficiency (eq. 
[2]) is connected to the efficiency of the charge transfer state 
(geminate electron-hole pair) formation, qcr, through the re- 
lation (7, 9) 

The carrier generation efficiency is given by 

[51 q ( E )  = qcr (E) .  a ( E )  

where a ( E )  is the probability that the CT dissociates into free 
carriers. At high fields a ( E )  = I and linear correlation is 
expected between fluorescence quenching and carrier gener- 
ation. As carrier generation is proportional to the relative 
photoresponse 

[61 q ( E )  = C.R(E) 

at high field we can write 
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FIG. 4. Action spectra (- NESA positive, -. -. - NESA nega- 
tive) and fluorescence (--) of perylenes 111 and IV. 

If we now plot @ as a function of R ,  from the intercept, i ,  

and slope, one can obtain both the proportionality constant C 
and q,(O) and using [6] determine the true quantum efficiency 
q ( E ) .  It is important to note that, alternatively, carrier gener- 
ation efficiency can be calculated using eq. [3]. 

In Figs. 7a- 10a the dependence of carrier generation effi- 
ciency and electric field induced fluorescence quenching on the 
applied field is given. For samples 1 and 11, two material 
batches (before and after purification) have been studied. In 
Figs. 7b- IOb correlation curves between fluorescence quench- 
ing efficiency and carrier generation are presented. Good cor- 
relation is observed in all cases, with some small discrepancies 
occuring at low fields. In Figs. 7- 10 the scaling factor between 
R and q has been obtained as described in the preceding dis- 
cussion. 

It is interesting to compare carrier generation efficiencies 
obtained using combined fluorescence quenching and relative 
photoresponse measurements with the values obtained directly 
(as an absolute measurement) using eq. [3]. The comparison 
for purified materials is given in Table I .  The agreement be- 
tween values obtained by the two methods is very good for 
samples 11-IV, with only significant difference (a factor of 
two) observed in the case of sample 1. For this sample optical 
microscopy reveals a relatively large proportion of large par- 
ticles (B1 pm) which will not contribute significantly to the 
photoresponse, as they are larger than film thickness. There- 

- ; I!' 
% 

perylene I 

perylene II 
A ~ervlene II 

FIG. 5.  Relative photoresponse obtained for zero field applied to 
the sample at the moment of illumination as a function of the col- 
lection field for perylenes I, 11, and 111. 

FIG. 6. The dependence of the relative photoresponse (at selected 
applied fields) on the collection field for perylene IV. 

fore f, in eq. [3] is overestimated, leading to the observed 
discrepancy. 

A general feature of all fluorescence quenching curves is that 
they exhibit quadratic dependence at low applied fields. This 
can be easily understood in the framework of singlet decay (and 
concomitant fluorescence decrease) by production of CT states. 
Quadratic dependence is a direct consequence of possible for- 
mation of CT states in two opposite directions. 

Some CT states are formed even at zero applied field. As 
they basically represent geminate electron-hole pairs, they can 
be separated by the application of a strong collection field in the 
delayed-collection-field experiment. Indeed, all our samples 
show non-zero carrier generation efficiency at no external field 
applied to the sample at the moment of illumination. As a rule 
in purified samples, the zero field carrier generation is relative- 
ly small. On the other hand, in non-purified samples it is much 
larger (Figs. 7 and 8). This enhancement of the zero field 
carrier generation must therefore be an impurity effect. It there- 
fore appears that, in perylenes, both intrinsic and extrinsic 
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FIG. 7. Measurements on perylene I, before and after purification. (a) Field dependence of carrier generation efficiency and fluorescence 
quenching. (b) Correlation curves between fluorescence quenching and carrier generation. 

0.6 

0.5 o Nonpurified 
ECOII = 84 Vlpm 

0.4 

@ 
0.3 

0.2 

0.1 

n 

. . . .  . .., , . . , . . . . . . . . . . FIG. 8. Measurements on perylene 11, before and after purification. (a) Field dependence of carrier generation and fluorescence quenching. 
. .  . . .  , . . . . . . . . (b) Correlation curves between fluorescence quenching and carrier generation. . . . . . . . . . . . 

(impurity controlled) carrier generation occurs. This is really 
not surprising, as the existence of sensitized photogeneration 
has been well documented in the literature (14). 

From the point of view of practical applications like xerogra- 
phy, the existence of impurity controlled photogeneration can 
be quite detrimental, depending on the system. It is important 
to note that high fields are needed to separate carriers photo- 
generated at zero applied field. This, combined with the possi- 
bility that the carrier of one sign can be immobile, may lead to 

the increase in dark decay in subsequent xerographic cycles and 
accumulation of the trapped charge which increases back- 
ground potential, and therefore decreases the contrast potential. 

In xerography the shape of PIDC (photoinduced discharge 
curve) is predominantly governed by field dependence of carri- 
er generation of the photoconductive component. This is strict- 
ly true when charge carriers have ranges of the order of photo- 
receptor thickness and, in dual layer structures, injection 
efficiency from the generator layer to the transport layer is 
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0.3 

ECOII = 77 V/pm 

0.2 

I 

0.1 

( a )  (b) 
FIG. 9. Measurements on perylene 111. (a) Field dependence of carrier generation and fluorescence quenching. (b) Correlation 

fluorescence quenching and carrier generation. 

0.5 - 
perylene IP 

curve between 

FIG. 10. Measurements on perylene IV. (a) Field dependence of carrier generation and fluorescence quenching. (b) Correlation curve between 
fluorescence quenching and carrier generation. 

TABLE I. Comparison of carrier gcncration effrciencics ob- 
tarncd as an absolute measurcmcnt from action spectra (q') 
and deduccd from combincd rclat~ve photoresponse and flu- 

orcsccnce quenchrng mcasurcmcnts (q) 

Carricr gencration 

EL,,,, T'  
Compound (V/pm) (-, + NESA bias) 7 

unity. 'Therefore the obtained carrier generation data shown in 
Figs. 7- 10 can be used to predict the performance of these 
materials when incorporated in photoreceptor structures. 

The comparison of generation efficiencies of the perylene 
derivatives with selected organic photoconductors is given in 
Table 2. Thiopyrylium aggregate photoreceptor, hydroxy 
squarylium, and x-metal-free phthalocyanine all exhibit carrier 
generation efficiencies approaching unity at electric fields 
larger than 100 V l P m .  The perylenes studied in the present 
work also exhibit high carrier generation, although it is typi- 
cally about 50% lower than the carrier generation in previously 
discussed compounds. Perylenes are, however, much more 
photoconductive than P-H,Pc, PVK, and PVK-TNF systems. 
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TABLE 2. Comparison of carrier generation efficiencies in perylene diimides with selected organic 
photoconductors, at three different applied fields 

q(%) 

Material E,,,, = 20 V/km Reference 

Perylene I 
I1 
I11 
IV 

Thiopyrylium 
aggregate p/r 

Hydroxy squaryliurn 
x-H,Pc 
P-HZPC 
PVK 
PVK-TNF 

This work 
This work 
This work 
This work 

4 

16 
7 
9 

15 
I 

Conclusions (1974); H. W. ANDERSON and M. T. MOR. U.S. Patcnt No. 

We have applied pulsed photoconductivity and electric field 
induced fluorescence quenching techniques to study photo- 
generation in perylene diimides. Results showed that both ex- 
trinsic (impurity controlled) and intrinsic carrier generation 
exist in these materials. The intrinsic component of photo- 
conductivity is consistent with the model of carrier generation 
in which the first excited singlet state is the direct precursor of 
the photogenerated carriers. This is manifested in excellent 
linear correlation between carrier generation and fluorescence 
quenching measured at different electric fields. 

We have also demonstrated that simultaneous measurements 
of relative photoresponse and fluorescence quenching lead to 
determination of true carrier generation efficiency which is in 
good agreement with the values determined by absolute mea- 
surements on particle dispersions. 

In summary, the data presented in this work show that per- 
ylene diimides are highly photoconductive in the visible spec- 
tral range and therefore represent useful materials for xero- 
graphic applications using visible light. 
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WAYNE L. MATTICE, EOK LEE, and HAROLD A. SCHERAGA. Can. J .  Chem. 63, 140 (1 985). 
A matrix formulation of the conformational partition function is used to assess the influence of irregular structures on the 

formation of intramolecular antiparallel P sheets. An antiparallel sheet is considered to be irregular if any pair of contiguous 
strands has an unequal number of residues. The regular structures in the model consist of antiparallel sheets in which every 
strand contains the same number of residues. Aside from a growth parameter t .  the model contains two parameters that account 
for the influence of edge effects. Each tight turn contributes a factor 6, and each residue in the sheet that does not have a partner 
in a preceding strand contributes a factor T. When T < 6 = I .  preferred sheets consist of an extremely large number of very 
short strands. Such sheets resemble those found in cross-p fibers. lrrcgular structures increase the cooperativity of the formation 
of cross+ fibers. 'They cause the fibers that are formed to be longer (have more strands) and thicker (havc more residues per 
strand) than if all antiparallel sheets were regular. A much different result is obtained if end effects are modified so that the 
antiparallel sheets formed resemble those found in globular proteins. Formation of antiparallel sheets remains cooperative, but 
irregular sheets now markedly reduce the coopcrativity of the transition. At high antiparallel-sheet content, irregular structures 
cause typical antiparallel sheets to be smaller. The behavior of the conformational partition function shows that irregular 
structures make the dominant contribution to both transitions. Therefore, formulations that restrict consideration to regular 
structures may provide a misleading picture of antiparallel-sheet formation. 

WAYNE L. MATTICE, EOK LEE et HAROLD A. SCHERAGA. Can. J .  Chem. 63, 140 (1985). 
On a utilisir une formulation matricielle de la fonction dc partition de conformation pour dirterminer I'influence des structures 

irrCgulit5res sur la formation de couches P intramolirculaires et antiparallt5les. On considere qu'une structure feuilletire anti- 
parallkle cst irrirgulikre si I'une quelconque des paires dc filaments contigucs a un nombre inirgal de rCsidus. Lcs structures 
rCgulitres du modkle sont les couches antiparalleles dans lesquelles chaquc filament contient le mCme nombre dc residus. En 
plus d'un parametre de croissance. t .  le modkle comporte deux parametres qui tienncnt compte dc I'influence des effets d'arCte. 
La contribution de chaque spire hermirtique est un facteur 6 et celle de chaque rirsidu dans la couche qui n'a pas de partenaire 
dans le filament prCcCdent est un faccur T. Lorsque T < 6 = I .  les couches privilCgites correspondent B un trks grand nombre 
dc filaments trts courts. De telles couches ressemblent B cellcs trouvires dans dcs fibres rCticulCes de type P. Les structures 
irregulikres provoquent une augmentation de la coopirrativiti de formation dc chaines rCticulCes P. Lcs fibres qui se formcnt 
dans de telles conditions sont plus longues (il y a plus de filaments) ct plus Cpaisses ( i l  y a plus de rCsidus par filaments) que 
celles qui sc forment lorsque toutcs les couches antiparallkles sont rCgulikres. On obtient un rtsultat trts difftrcnt si les effets 
d'extrtmitts sont modifits de telle sorte que les couches antiparalleles formCcs rcsscmblcnt B celles trouvtes dans les prottines 
globulaires. La formation de couches antiparallelcs reste soumise B I'effct dc forces agissant dans Ic meme sens, toutefois la 
prirsencc de couches irrtgulikrcs rirduit d'une faqon importante la coopirration de transition. Lorsquc la tencur en couches 
antiparalleles est Clcvtc. les structures irrkgulikres conduiscnt la formation dc couches antiparallkles typiques qui sont plus 
petites. Le comportement de la fonction de partition conformationnclle montrc quc les structures irrirgulikres contribuent de 
faqon majoritaire aux deux transitions. En consirquence, les formulations qui sc rcstreignent uniquement B une considirration 
des structures rirgulieres peuvent fournir une fausse image dc la formation des couehcs antiparallelcs. 

[Traduit par le journal] 

1: Introduction 
The intramolecular antiparallel P sheet ( I )  is a structure 

commonly found in fibrous and globular proteins. We recently 
described a tractable matrix treatment for formation of intra- 
molecular antiparallel P sheets with tight bends in homo- 
polymers having a finite degree of polymerization (2). Three 
statistical weights are utilized. One, denoted by t ,  is assigned 
to every residue in the antiparallel sheet. The remaining two 
statistical weights, 6 and T, reflect the consequences of end 
effects. Each bend contributes a factor 6, and each residue that 
does not have a partner in a preceding strand contributes a 
factor 7. Previous illustrative calculations for homopolymers 
defined conditions that give rise to several different types of 
antiparallel sheets (2). Three types of particular interest here 
are (a) "sheets" consisting of isolated extended strands, (b) 
cross-p fibers, which are antiparallel sheets having a high axial 

ratio due to the presence of a large number of very short 
strands, and (c) antiparallel sheets composed of several strands 
in which the average strand contains approximately five resi- 
dues. The third type of antiparallel sheet has a size and shape 
typical of those seen in globular proteins (3, 4). This type of 
sheet is not identical with those found in all globular proteins 
because i t  does not contain parallel strands, and contiguous 
strands cannot be connected by loops larger than tight bends. 
Cross-p fibers occur in several fibrous structures (5-7). 

The general formulation (2) (which is easily extendible to 
specific-sequence heteropolymers) imposes no artificial con- 
straints on the relationship between the numbers of residues in 
adjacent strands of the antiparallel sheet. However, the general 
treatment is easily modified so that every strand in a particular 
antiparallel sheet must have the same number of residues. In 
such antiparallel sheets, the number of residues in all strands is 
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specified by the number of residues in the initial strand. These 
antiparallel sheets are described here as regular. In contrast, an 
antiparallel sheet in which any pair of adjacent strands has 
different numbers of residues will be designated as irregular. 
Several earlier descriptions of intramolecular antiparallel-sheet 
formation considered all antiparallel sheets to be regular 
(8- 10). Two treatments (8, 9) employed antiparallel sheets in 
which all internal strands contained i residues, while the first 
and last strands had i/2 residues. These antiparallel sheets are 
defined here as being regular because the number of residues in 
all strands is specified by the number of residues in the first 
strand. It is of interest to establish the manner in which irregu- 
lar antiparallel sheets contribute to statistical mechanical aver- 
ages of conformational properties. The results presented here 
demonstrate that the presence of irregular antiparallel sheets 
has a profound influence on the formation of cross-p fibers and 
also on antiparallel sheets of the type found in globular pro- 
teins. 

2. Caiculations 
The matrix formulation of the conformational partition func- 

tion has been described in detail (2). The conformational par- 
tition function, Z ,  for a homopolymer comprised of n residues 
is written as 

[I]  Z = row ( I ,  0) U U U c o l  ( I ,  0) 

Here U is the statistical weight matrix, and 0 denotes a rectan- 
gular null submatrix whose dimensions are determined by the 
requirement that all matrices be conformable for multi- 
plication. The terminating column, U col ( I ,  O), is identical 
with the first column in U. All computations described here 
were performed for a homopolymer of 300 residues. A chain of 
300 residues was selected because it is typical of that found in 
several large proteins. This number of residues is not sufficient 
to produce the behavior expected for an infinitely long chain 
when 6 and T are both small ( I  I). 

The statistical weight matrix is square and of dimensions 
l (1  + 3)/2, where I is the maximum number of residues per- 
mitted in a strand. Ultimate interest is in the behavior of statis- 
tical mechanical averages in the limit where I goes to n. For 
most cases of interest here, that limit is attained in excellent 
approximation when I is 20. Special attention will be given in 
Section 6 to one circumstance in which a larger value for I 
would be required in order to produce a good approximation to 
the desired limit. For I = 20, the dimensions of U are 230 x 
230, and the dimensions increase to 350 X 350 when I is 25. 
These large matrices are not constructed and manipulated in the 
computer. Instead a completely equivalent, but much more 
efficient, computation is performed by taking advantage of the 
sparseness of U and of summarizing rules which specify the 
locations of all nonzero elements (2). Conformational averages 
are extracted from Z by means of the usual statistical mechan- 
ical operations ( 12, 13). 

The minimum number of residues per strand is two. Figure 
I(A) depicts a regular antiparallel sheet containing six strands 
with two residues per strand. There are five bends. If one 
residue were to be removed from each strand, the resulting 
structure would be viewed as a single isolated strand of six 
residues and no bends. It is not considered to be an antiparallel 
sheet composed of six strands (each containing one residue) 
and five bends. 

A disordered "c" residue is selected as the reference state and 
assigned a statistical weight of I .  The weighting scheme for 

FIG. I. Four illustrative antiparallel sheets of twelve residues, 
along with their statistical weights. 

antiparallel sheets is illustrated in Fig. I. This figure depicts 
four antiparallel sheets, two of which (A and C)  are regular, 
while two (B and D) are irregular. The statistical weight is 
indicated for each antiparallel sheet. This weight can be written 
as 

& " ~ c n d / ?  ~ " 1 1  f"' t"h + 11 

Here nh , is the number of residues in the antiparallel sheet, n,, 
is the number of residues in the sheet that do not have a partner 
in the preceding strand, tl, is the number of pairs of contiguous 
strands which contain unequal numbers of residues, and n,,,, is 
the number of residues located at bends. Residues which con- 
tribute a factor T are denoted by " b .  The remaining residues in 
the antiparallel sheets are denoted by "B". Those residues situ- 
ated at bends are considered to be part of the antiparallel sheet. 

The value of n, is of no consequence when r = I. This 
assignment allows for the presence of both regular and irregular 
antiparallel sheets. All irregular antiparallel sheets are rejected 
when the assignment is changed from r = I to r = 0. Thus, if 
r = 0, the structures in Figs. I B and ID are rejected. There is 
no effect on the relative weighting of surviving antiparallel 
sheets because all regular antiparallel sheets have n, = 0 (we 
assume xu = I even when x is zero). 

3. Transition from disordered chain to antiparailel sheet 
Sheet formation in chains of 300 residues, arising from 

changes in t, is depicted in Fig. 2 for four combinations of 6 
and T. A maximum of twenty residues is permitted in a strand. 
'The transitions depicted by solid lines were initially described 
by Mattice and Scheraga (2). 

Cooperativity provides a convenient means of classifying the 
transitions. The maximum of d,fh , ,/dt (whereh , , is the frac- 
tion of b + B states) will be taken as a measure of the cooper- 
ativity of a transition. A noncooperative transition is obtained 
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MAITICE ET AL. 143 

FIG. 4.  Average number of rcsiducs per antiparallel shcet for the 
indicated values of 6 and T. Solid and dashed curves oertain to r = I 
and r = 0 ,  respectively. All transitions werc computed usins rr = 300 
and I = 20. 

6 = T = I .  It becomes significantly smaller at large t if irregular 
antiparallel sheets are rejected. There is only a trivial effect on 
the number of residues per strand. At t = 1.5, the average 
number of residues per strand falls from 3.17 to 3.08 when 
irregular antiparallel sheets are eliminated. The change in the 
size of the average antiparallel sheet arises primarily from a 
reduction in the number of strands per antiparallel sheet, as 
shown in Fig. 5 .  At t = 1.5, there is an average of 2.72 strands 
per antiparallel sheet when irregular antiparallel sheets are al- 
lowed, but the average drops to l .39 if irregular antiparallel 
sheets are excluded. The decrease in the number of strands per 
antiparallel sheet occurs because it is unlikely that adjacent 
strands will contain the same number of residues when anti- 
parallel sheets form noncooperatively . 

Differences in the average number of strands per antiparallel 
sheet have a large effect on the fraction of the residues situated 
at bends (Fig. 6). Rejection of irregular antiparallel sheets is 
accompanied by a large reduction in the number of bends 
because most of the surviving "sheets" consist of a single 
extended strand. 

5. Cooperative cross-p fiber formation 
An example of a set of end effects giving rise to cooperative 

formation of cross-p fibers is provided by the transition 
obtained with 6 = I ,  T = 0. I .  Comparison of Figs. 2 and 3 
shows that Z ( r  = O)/Z(r = 1) undergoes a dramatic change as 
t passes through the region where fiber formation occurs. 
Differences in characteristics of the fibers are brought out in 
Figs. 4-7. If irregular antiparallel sheets are retained, the 
fibers are larger (contain more residues, Fig. 4), longer (have 

FIG.  5. Averagc number of strands per antiparallel shect for the 
indicated valucs of 6 and T.  Solid and dashcd curves pcrtain to r = I 
and r = 0 ,  rcspcctively. All transitions wcre cornputcd using I I  = 300 
and I = 20. 

more strands per antiparallel sheet, Fig. 5 ) ,  and thicker (pos- 
sess more residues per strand, Fig. 7). Differences in the aver- 
age number of residues per strand are particularly important. 
There is an average of two residues per strand if irregular 
antiparallel sheets are rejected. Most antiparallel sheets then 
consist of a large number of in-register strands comprised of 
two residues each. Fig. l(A) depicts a prototype of this fiber. 
All internal residues in this antiparallel sheet participate in bend 
formation. Consequently the fraction of residues situated at 
bends approaches 1 at large t (Fig. 6). 

The average number of residues per strand approaches three 
when irregular antiparallel sheets are allowed (Fig. 7). Since 
the middle residue in a three-residue strand cannot participate 
in bend formation, the value off,,,, at large t is considerably 
smaller than that when irregular antiparallel sheets are permit- 
ted (Fig. 6). While the average number of residues per strand 
is three, it would be incorrect to infer that the typical fiber 
consists of a large number of in-register strands containing 
exactly three residues each. If such fibers were truly to domi- 
nate the ensemble having r = I, they would also dominate the 
ensemble with r = 0. Since they do not readily survive this 
change in r ,  the typical cross-p fiber occurs in a chain con- 
formation which contains at least one pair of contiguous strands 
having unequal numbers of residues. 

6. Cooperative sheet formation when 6 = T = 0.3 
Antiparallel sheets resembling those commonly seen in glob- 

ular proteins are formed when 6 and T are both less than one and 
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FIG. 6. Average number of residues located at bends for the indi- 
cated values of 6 and T. Solid and dashed curves pertain to r = I and 
r = 0,  respectively. All transitons were computed using 11 = 300 and 
I = 20. 

FIG. 7. Average number of residues per strand for the indicated 
values of 6 and T. Solid and dashed curves pertain to r = I and r = 
0. respectively. All transitions were computed using n = 300 and I = 
20. 

not too different from one another (2). Comparison of curves 
depicted in Figs. 2 and 3 shows that (Rln)  In [Z(r = O)/Z(r 
= l)] decreases as sheets are formed when 6 = 7 = 0.3. A 
striking feature of the transition obtained with r = 0 is the 
extremely sharp rise inf,. , as t rises above 1.4. No comparable 
jump is seen when irregular antiparallel sheets contribute to the 
transition. 

FIG. 8. Fraction of the strands containing the indicated number of 
residues when 6 = T = 0.3, t = 1.6, 11 = 300. The values of r and 
I are indicated for each curve. 

The contrasting behaviors seen in Fig. 2 have their counter- 
parts in the dimensions of the antiparallel sheets formed. Figure 
4 shows that rejection of irregular antiparallel sheets is accom- 
panied by a substantial reduction in the average number of 
residues per antiparallel sheet when t is in the range 1 .O- 1.4. 
However, the reverse becomes true as t approaches 1.5, due to 
an extremely rapid increase in the average size of the regular 
antiparallel sheets. This dramatic increase in the size of regular 
antiparallel sheets coincides with the rapid rise inf,,,  in Fig. 
2. Inspection of Figs. 5 and 7 shows that the rapid rise in the 
size of regular antiparallel sheets has contributions from in- 
creases in the average number of strands per antiparallel sheet 
and average number of residues per strand. 

In Section 2, it was stated that I = 20 provides a satisfactory 
approximation to the true behavior for all but one of the models 
considered here. The single exception is provided by regular 
antiparallel sheets formed at high t when 6 = 7 = 0.3. The 
basis for this statement is provided by examination of distribu- 
tion functions for the number of residues per strand. Four 
distribution functions are depicted in Fig. 8. All are for 6 = 7 

= 0.3 and a chain of 300 residues. The value o f t  is 1.6, which 
is slightly higher than the t that provides the maximum value of 
dfb + ,/dl in Fig. 2. 

Two distribution functions are for ensembles which retain 
irregular antiparallel sheets. The maximum number of residues 
permitted in a strand is 20 in one computation and 25 in the 
other. These two distribution functions resemble one another so 
closely that they are not distinguishable on the scale used in 
preparation of Fig. 8. Both distribution functions exhibit a 
monotonic decline as the length of the strands increases. They 
decay to very small values for chains containing as many as 
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twenty residues per strand. The average number of residues per 
strand changes slightly (from 5.77 to 5.79) when I increases 
from 20 to 25. 

Figure 8 also depicts a distribution function computed using 
r = 0 and I = 20. T w o  important differences are apparent upon 

TABLE 1. Conformational 
partition functions when n 
= 300, 6 = T = 0.3, t = 

1.6 

comparison of the two distribution functions calculated using a 
maximum of 20 residues per strand. When irregular antiparallel 
sheets are present, the distribution function exhibits a mono- 
tonic decay at small values of i ,  but elimination of irregular 
antiparallel sheets causes the distribution function to become 
biphasic. The biphasic distribution function exhibits maxima 
for strands containing two and fifteen residues. At the begin- 
ning of Section 4 ,  it was noted that the ensemble contains many 
more chain conformations when irregular sheets are allowed. 
Ensembles specified by r = 0 and r = I differ not only in the 
number of chain conformations, but also in the sizes of the 
strands that are present in these conformations. The presence of 
irregular structures causes a greater portion of the con- 
formations to have sheets containing 6-9 residues per strand 
than would have been the case if all sheets were regular. The 
ensemble with r = 1 contains a greater fraction of con- 
formations that are potential stable intermediates if 6 and 7 are 
assigned so that sheets contain more than 9 residues per strand 
as t becomes infinite. The presence of more stable inter- 
mediates causes the transition to have less of an "all or  none" 
character when irregular sheets are present. The second differ- 
ence is seen upon examination of the value of the distribution 
function for the longest (20 residues) allowed strand. The dis- 
tribution function has decayed to a negligible value when irreg- 
ular antiparallel sheets are retained, but it remains quite large 
when irregular antiparallel sheets are rejected. There is an 
implication that the ensemble with r = 0 would take advantage 
of the opportunity to form even longer strands if that oppor- 
tunity were presented. 

That implication is verified by the fourth distribution func- 
tion, computed using r. = 0 and I = 25. 'The increase in I from 
20 to 25 causes the average number of residues per strand to 
rise from 13.87 to 14.27. When r =0 ,  the limiting behavior as 
I approaches n requires a value of I greater than 20. The  
consequences of the use of I = 20, rather than some larger 
value, can be summarized as follows: for 6 = 7 = 0.3, r = 0 ,  

Temperature, O C  

FIG. 9. Illustrative thermal trans~tions for the case where 12 = 300, 
I = 20. 6 = T = 0.3. The only temperature-dependent parameter is 
r .  It is 1.6 at 0°C. with a temperature dependence corresponding to 
AH" = - I  kcal nlol I. 

and large t, the height and cooperativity of the sharp rise in,f, , , 
(Fig. 2),  and the sizes of the resulting regular antiparallel sheets 
(Figs. 4, 5 ,  and 7) are all underestimated. 

Distribution functions were also examined using t = 1.3, 
which lies slightly before the marked rise i n & ,  in Fig. 2. At 
this value o f t ,  all four distribution functions show a maximum 

increases the value of Z by a factor of 10". 'The huge increase 
in the size of Z implies that completely regular antiparallel 
sheets have negligible influence on the properties of the new 
ensemble. Using "C,,,,," to denote the sum of the statistical 
weights for all chain conformations containing irregular sheets, 
we have 

for a strand of two residues, undergo a monotonic decay as one 
proceeds to longer strands, and fall to a negligible value when 
strands contain as many as twenty residues. These distribution 
functions are unaffected by changing I from 20  to 25. 

An examination of the numerical values for Z facilitates an 
understanding of the origin of the effects seen in Fig. 8. 'The 
first two entries in Table 1 are for ensembles in which all 
antiparallel sheets are regular. The increase in I from 20 to 25 
does not eliminate any conformations from the ensemble. In- 

The last term exceeds Z ( r  = 0)  by a factor of 10". This factor 
would have been 10" if all conformations were weighted equal- 
ly (see Section 4) .  Conformations containing irregular anti- 
parallel sheets completely dominate the ensemble due primarily 
to their overwhelming numbers, but in part due to the influence 
of the weighting of chain conformations. The presence of a 
multitude of chains containing irregular antiparallel sheets 
markedly reduces the cooperativity of the transition and the 
sizes of the antiparallel sheets formed. 

stead it adds chain conformations having 21-25 residues per 
strand. The added conformations cause Z to increase by a factor 
of 1.1. 

No chains are eliminated from the ensenible if r is changed 
u 

from 0 to I at constant I. Instead, conforn~ations containing 
irregular antiparallel sheets are introduced into the ensemble. 
At I = 20  or 25, addition of the irregular antiparallel sheets 
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Data depicted in Fig. 2 are replotted in Fig. 9 in a manner 
which emphasizes the potentially important consequences of 
irregular antiparallel sheets in thermally induced transitions. 
For purposes of illustration, all parameters except t are assumed 
to be independent of temperature. The value o f t  is assumed to 
be 1.6 at O°C, with d In t /d(l /T) = -AH0/R and AH" having 
the temperature-independent value of - 1 kcal mol-'. Irregular 
antiparallel sheets cause melting to extend continuously over a 
broader temperature range. If all antiparallel sheets must be 
regular, there is a rather sharp transition at low temperature, 
corresponding to the highly cooperative melting of the large 
regular antiparallel sheets, followed by a much less cooperative 
melting of small regular antiparallel sheets. The two melting 
curves are qualitatively different. 

7. Conclusions 
The number of irregular sheets accessible to a long chain far 

exceeds the number of regular sheets. Irregular structures make 
important contributions to average properties of two important 
classes of antiparallel sheets formed by homopolypeptides. 
They increase slightly the cooperativity of the formation of 
cross-p fibers. They also cause the fibers formed to be wider 
and longer. Irregular structures have a different effect on the 
transition which produces antiparallel sheets containing several 
strands with an average of about five residues per strand. Here, 
irregular structures bring about a dramatic reduction in the 
cooperativity of the transition and the size of the antiparallel 
sheets formed. Theoretical formulations in which all structures 
are regular may provide a misleading picture of antiparallel 
sheet formation in globular proteins. 
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BENC S. ONC, BARKEV KEOSHKERIAN, TREVOR I. MARTIN, and GORDON K.  HAMER. Can. J .  Chem. 63, 147 (1985) 
2-Alkyltrinitrofluorcn-9-ones 2 were conveniently synthesized by controlled nitration of 2-alkylfluorcn-9-ones 5 with a 

mixture of red fuming HNOz and concentrated H2SO4 at 0-25'C. The precursors 5 were derived from the corrcsponding 
2-acylfluorenes by appropriate reduction of the acyl function. followed by base-catalysed 02-oxidation at the C-9 position. The 
regiochemistry of nitration was interesting: with a sterically bulky substitucnt in 5, nitration occurred at C-4, -5, and -7 
positions, affording 2-alkyl-4,5,7-trinitrofluoren-9-one in over 35% yield; on the other hand. 5 with a primary alkyl function 
underwent nitration predominantly at C-3, -5, and -7 positions. By virtue of its alkyl function. 2-alkyltrinitrotluorcn-9-one 2 
displayed better solubility and polymer compatibility characteristics than its non-alkylatcd analog. TNF. However, the charge 
transfer interactions of 2 with electron donors were weaker than those of TNF, despite the fact that they both have the same 
electron affinity. Both 2 and TNF exhibited good electron transport properties in poly(N-vinylcarbazolc) matrices. 

BENC S. ONC, BARKEV KEOSHKERIAN, TREVOR I. MARTIN ct GORDON K .  HAMER. Can. J .  Chcm. 63, 147 (1985). 
On a synthktisk les alkyl-2 trinitrofluorenones-9 (2) en prockdant i unc nitration contrcildc des alkyl-2 fluorknoncs-9 5 B 25°C 

et ii I'aidc de HNO, furnant et de H2SO4 concentre. Les ddrives 5 sont obtenus par une rdduction appropride dc la fonction 
acyle des acyl-2 fluorenes correspondants qui cst suivie d'une oxydation par 01, catalysdc par les bases, dc la position C-9. 
La rkgiochimie de la nitration cst intercssante: si le composk 5 portc un substituant stkriqucment volun~incux, la nitration se 
produit aux positions C-4, C-5 et C-7 et I'on obticnt Ics alkyl-2 trinitro-4.5.7 tluorknones-9 avec un rendcment dipassant 35%; 
par ailleurs, si le composC 5 porte un groupe alkyle primaire, la nitration sc produit principalement dans les positions C-3, C-5 
et C-7. Grice B la prksence de leurs fonctions alkyles, les alkyl-2 trinitrofluorcnones-9 (2) sont plus solublcs et plus compatibles 
avec les polymkres quc leurs analogues qui nc sont pas alkyles. Toutcfois, les interactions de transfcrt de charge des composks 
2 avcc les produits donneurs d'klectrons sont plus faiblcs que celles dc la TNF et ce mCme si ces composes ont tous la mCme 
affinitC Clectronique. Lcs composks 2 ainsi quc la TNF prksentent tous dc bonnes propriktds comme transporteurs d'klectrons 
dans des matrices de poly(N-vinylcarbazole). 

[Traduit par Ic journal] 

Nitrofluoren-9-ones and their derivatives have received 
growing interest as a unique class of electron acceptors. These 
molecules readily form charge-transfer complexes with elec- 
tron donors (1-3) and have been extensively employed 
as photosensitizers and active constituents of photosensitive 
composites (4-7). Of this class of acceptors, 2,4,7-trinitro- 
fluoren-9-one 1 (TNF) appears to be the most investigated 
molecule, presumably because of its relatively strong n-acid 
strength as well as its efficient photosensitization effect and 
electron transport capability (6, 7). Unfortunately, TNF has 
low solubility in organic solvents and exhibits poor com- 
patibility with common matrix polymers; many applications 
requiring high concentrations of TNF cannot therefore be ful- 
filled. Moreover, TNF is mutagenic, and its use in the public 
domain is therefore discouraged. 

In this paper we describe.,the synthesis, and molecular and 
electron transport properties of 2-alkyltrinitrofluoren-9-ones 2 
- a structure which is expected to possess higher solubility 
characteristics than TNF by virtue of its alkyl substituent. The 
presence of a weakly electron-donating alkyl function in 2 and 
the difference in the regiochemistry of the nitro groups of 2 and 
that of TNF are not, however, expected to lead to a distinctive 

I Author to whom correspondence should be addressed. 

difference in their electronic properties, in particular, the ener- 
gy of their LUMO's (i.e., electron affinities (8)). On the other 
hand, it is possible that the presence of an alkyl substituent in 
2 may render the structure non-mutagenic. 

Results and discussion 
Synthesis 

While polynitration conditions are generally drastic, and ox- 
idative degradations are common in these reactions, direct ni- 
tration of 2-alkylfluoren-9-one 5  appears to be the obvious 
route to 2. What is required is a selective nitration reaction 
which is strong enough to trinitrate 5 ,  but mild enough not to 
cause significant degradation of its alkyl function. We felt that 
such a selective trinitration could be achieved by using a shorter 
reaction time and lower temperature conditions. 

2-Alkylfluoren-9-one 5  was synthesized from 2-acylfluorene 
3 by appropriate reduction of its acyl function to 
2-alkylfluorene 4 ,  followed by oxidation at C-9 (Scheme 1). 
Thus, a Wolff-Kishner reduction of 3 with NH2NH2/KOH in 
ethylene glycol at 1 30-200°C afforded the corresponding 
2-alkylfluorene 4c in good yield. On the other hand, the di- 
methylated species 4a or 4b was obtained by reductive methyl- 
ation using the mild reductive methylating agent, AI(CH,)? (9). 
Owing to the relatively high acidity of the C-9 protons (pK, - 
23, (lo)), subsequent oxidation of 4  at C-9 was effectively 
accomplished by base-catalysed O,_-oxidation using Triton B in 
pyridine (1 1). 

Nitration of 2-alkylfluoren-9-one 5  under standard poly- 
nitration conditions (e.g., 90% HN03/concentrated H2S04, 
heat (12, 13)) did not yield the desired trinitro species. Under 
these conditions, 5  with a primary alkyl side chain (i.e., 5c )  
gave an intractable mixture of compounds, while 5 a  and 5b 
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(ii) I (iii) I 
40 R = Me; b R = (CH2)?Me 5c 

Reaction conditions: (i) NH2NH2/KOH, 130-200°C; (ii) A1(Me)3/cat. AcOH, 
0- 140°C; (iii) 02/Triton B, pyridine; (iv) red fuming HNO,, 0-25°C; ( v )  red 

fuming HN03/conc. H2S04, 0-25°C. 

with a-tertiary alkyl s.ub$ituents afforded mainly 2,4,5,7-tetra- 
nitrofluoren-9-one. The latter apparently resulted from deal- 
kylation of 5 and its nitrated intermediates during the course of 
the reaction. Even at room temperature and below, the desired 
product could not be detected in the- reaction mixture. How- 
ever, we found that the desired trinitration could be achieved by 
employing a stronger nitrating agent such as a mixture of red 
fuming HNO, and concentrated HzSO,. Thus, when 5a  or 5b  
was treated with this nitrating agent, first at 0°C and then at 
room temperature, the trinitrated product, 2-alkyl-4,5,7-tri- 
nitrofluoren-9-one (2a or 2b) was obtained in over 35% yield. 
The dinitro species, 2-alkyl-4,7-dinitrofluoren-9-one (6a, b) 
could be isolated by terminating the reaction earlier or simply 
by treating 5 with red fuming HNO, at room temperature. The 
regiochemistry of the nitro functions in these products was 
unambiguously determined by nmr spectroscopy and is consis- 
tent with the reactivity of the fluoren-9-one structure in electro- 

philic substitution reactions (13). With 5c,  the above condi- 
tions did not prove to be satisfactory; a complex mixture con- 
taining even the tetranitrated 2-alkylfluoren-9-one (as detected 
by mass spectrometry) was obtained. Nevertheless, if 5c was 
first treated with red fuming nitric acid at ice-bath temperature 
to generate the dinitro species, followed by addition of con- 
cerftrated H,SO4 at room temperature, the desired trinitrated 
product, 2c, could be obtained in about 20% yield. Two other 
dinitrated compounds, namely 2-ethyl-3,7-dinitrofluoren-9-one 
6c and 2-ethyl-4,7-dinitrofluoren-9-one 6 d  were also isolated 
in over 10% yields. The regiochemistry of nitration in this case 
is interesting; with a less bulky primary alkyl side chain, 
nitration also occurred at the weakly activated C-3 position. 
However, under the above conditions, it was difficult to nitrate 
the sterically congested C-4 and C-5 positions both at the same 
time. Accordingly, only 6c  (and not 6d)  was further nitrated at 
C-5 to give the corresponding trinitro derivative. The moderate 
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ONG ET AL 

TABLE 1 .  'H nuclear magnetic resonance spectral data of 2-alkylnitrofluoren-9-ones 

2-Alkylnitrofluoren-9-one 6, pprn (CDC13) 

1.50 (s, 9H), 8.15 (AB, J I , 3  = 1.9 Hz, 2H), 8.75 (A of AB, 
J6.x  = 2.2 HZ, IH), 8.85 ( B  of AB, 1H) 

0.85 ( t ,  3H), 1.20 (m, 2H), 1.40 (s, 6H), 1.70 (rn, 2H), 8.10 
(AB, JI .3  = 1.9 Hz, 2H), 8.75 (A' of A'B', J,., = 2.2 Hz, IH), 
8.90 (B' of A'B', IH) 

1.35 ( t ,  3H), 2.95 (q, 2H), 7.95 (A of AB, JI , ,  = 0.4 Hz, IH), 
8.55(BofAB, l H ) , 8 . 7 5 ( A ' 0 f A ' B ' , J , . ~ = 2 . 1  Hz, IH),9.05 
(B' of A'B', 1 H)* 

1.45 (s,9H), 8.0(AofAB,Jt .3= 1.9Hz, IH), 8.05 (BofAB, 
IH), 8.12(AofAMX,J.5., = 8.5Hz, J5.X = 0 . 6 H ~ ,  IH), 8.35 
(M of AMX, J,,, = 2.3 Hz, I H), 8.45 (X of AMX, I H) 
0.85 (t, 3H), 1.15 (rn, 2H), 1.40 (s, 6H), 1.70 (rn, 2H), 8.0 
(Aof AB, Jt.3 = 1.9 HZ, IH), 8.05 (B of AB, IH), 8.10 
(A of AMX, Js., = 8.5 HZ, J5.x = 0.6 HZ, IH), 8.35 (M of 
AMX, J6.x = 2.3 HZ, l H), 8.45 (X of AMX, IH) 

1.35 (t, 3H), 2.95 (q, 2H), 7.75 (A of AMX, J5.6 = 8.2 HZ, 
J5.n = 0.6 HZ, IH), 7.80 (A of AX, J1.J = 0.3 HZ, IH), 8.10 
(X of AX, IH), 8.50 (M of AMX, J(,,, = 2.2 HZ, I H) ,  8.55 
(X of AMX, I H)* 

1.30(t, 3H), 2.85(q,2H),7.9(AofAB, J,., = 1.7Hz, IH), 
8.0 (B of AB, l H), 8.20 (A of AMX, J5.o = 8.6 HZ, Js.8 = 0.5 
HZ, IH), 8.40 (M of AMX, J,., = 2.3 HZ, IH), 8.50 
(X of AMX, IH)* 

* Parameters for 2c,  6c,  and 6d from the methylene proton-decoupled 250-MHz spectra. 

yields of these 2-alkylnitrofluoren-9-ones are respectable in 
view of the extensive degradation commonly observed in poly- 
nitration reactions. 

Spectroscopic properties 
All the nitrofluoren-9-ones display ir absorptions at - 1345 

and 1550 cm-' typical of aromatic nitro compounds. The car- 
bonyl absorption appears at approximately 1740 cm-', which is 
30 cm-' higher than that of fluoren-9-one; this is consistent 
with the electron-deficient carbonyl function of these com- 
pounds. Mass spectra of these molecules all exhibit molecular 
ions, together with fragmentations expected of the structures. 

The 'H nmr spectra of these compounds are regiochemically 
informative. The spectra of the trinitro derivatives display, 
besides their alkyl signals, two distinct AB quartets for their 
aromatic protons. Both 2n and 26 exhibit meta-coupling con- 
stants of - 1.9-2.2 Hz. Coupling constants for 2c, on the other 
hand, are 2.1 and 0.4 Hz for the meta and para-couplings 
respectively. The chemical shifts of the aromatic protons of 2 
are extremely sensitive to solvent effects, particularly with 
benzene and dimethylformamide, which are capable of forming 
charge transfer complexes with 2. The 80-MHz 'H nmr spectra 
of the dinotro derivatives 6 are complex. While the disub- 
stituted ring displays an AB (6d) or AX (6c) quartet (long- 
range coupling to the side-chain methylene protons is also 
observed), the proton signals of the monosubstituted ring are 
complex second-order ABC. However, at 250 MHz, the spec- 
tra are reduced to approximately first-order AMX, and the 
chemical shifts and coupling constants can be measured direct- 
ly (Table 1). 

Solubility and polymer compatibility characteristics 
With an alkyl substituent in its structure, 2 was observed to 

display better molar solubility in organic solvents than its cor- 
responding non-alkylated counterpart, TNF. The solubility 

TABLE 2. Solubilities of trinitrofluoren-9-ones in organic solvents at 
22°C (mmol/rnL) 

CH3CN CH2CI2 CHClz Acetone EtOAc THF 
- 

TNF 0.09 0.15 0.14 0.13 0.07 0.50 
2a 0.13 0.34 0.33 0.21 0.13 0.65 
2b 0.23 0.34 0.44 0.24 0.23 0.69 

characteristics of three trinitrofluoren-9-ones are summarized 
in Table 2. 

Although the trinitrofluoren-9-ones are compatible with 
strongly electron-donating polymers such as poly(N-vinyl- 
carbazole), 2 generally displays better polymer compatibility 
characteristics than TNF with other common matrix polymers. 
For instance, while the solvent-cast films of TNF in Lexan 
(polycarbonate) and Flexiclad (polyester) at relatively high 
loadings of -3 mmol/g of polymer exhibit signs of TNF crys- 
tallization on standing for a few days at room temperature, the 
same polymer matrices containing 2a and 2b under similar 
conditions are stable for months. undoubtedly, the presence of 
an alkyl group, particularly one that is sterically bulky, imparts 
not only good solubility but also good polymer compatibility 
characteristics to the trinitrofluoren-9-one structure. 

Electrochemical and charge-transfer properties 
The electrochemical properties of nitrofluoren-9-ones were 

examined by cyclic voltammetric techniques. The cyclic 
voltammetric measurements were carried out in methylene 
chloride at room temperature using a hanging-mercury-drop 
working electrode and a Ag/AgCl reference electrode. Figure 
I depicts typical cyclic voltammograms for 2b and TNF under 
similar conditions. Both 2 and TNF exhibited two reversible 
one-electron reductions separated by -0.3 V .  The first half- 
wave reduction potentials of 2 and TNF are essentially identi- 
cal. Their cyclic voltammograms showed a reversible re- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



150 CAN.  J .  CHEM. 

POTENTIAL ( volts) vs. ~ g / ~ g C l  
FIG. 1. Typical cyclic voltammograms of TNF (1) and 2-( I .  I-di- 

methylbutyl)-4,5,7-trinitrotluoren-9-0ne ( 2 b )  in rnethylene chloride at 
25°C. 

sponse, with a separation of 70 mV between cathodic and 
anodic peak potentials independent of scan rate (10-200 
mV/s). These results indicate a simple, kinetically diffusion- 
controlled reduction of the molecules to the corresponding rad- 
ical anions. which were stable within the time scale of-mea- 
surement. ~ c c o r d i n ~ l ~ ,  it can be concluded that the presence 
of a weakly electron-donating alkyl substituent in 2 does not 
significantly perturb the energy of its LUMO from that of the 
basic trinitrofluoren-9-one structure. This is particularly im- 
portant in that the electron transport capability of the structure 
depends profoundly on its electron affinity (14). From this 
perspective, 2 is therefore expected to be as good an electron 
transport system as TNF. Interestingly, the dinitro derivatives 
(e.g., 6 b )  also displayed two reversible one-electron reduc- 
tions; the first reduction, however, occurred at -0.76 V. 

Although 2 has the same electron affinity as TNF, it displays 
weaker charge-transfer interactions with electron donors than 
the latter. This is esoeciallv true in the case of 2a or 2b where 
a sterically demanding tertiary alkyl substituent is present. Fig- 
ure 2 depicts the Benesi-Hildebrand plots of the charge- 
transfer interactions of 2 and TNF with N-ethylcarbazole. The 
selection of the latter as a donor was to ensure a strong CT 
interaction because of its reasonably high electron donor 
strength, structural planarity, as well as extended IT-network. 
As can be noted, the product K E ~ S  for 2 are significantly lower 
than that for TNF. For effective charge transfer interaction, a 
close spatial relationship of electron donor and acceptor is 
mandatory. The presence of a bulky group in 2a and 2b obvi- 
ously hampers close association with donor molecules, and 
thus a weaker charge-transfer interaction results. 

FIG. 2. Benesi-Hildebrand plots of charge-transfer interactions of 
TNF (1, @), 2-tert-butyl-4.5.7-trinitrotluoren-9-one (2t1, 0). and 
2-(l,l-dimethylbutyl)-4,5,7-trinitrofluoren-9-0ne ( 2 b ,  0) with N -  
ethylcarbazole in THF (A,,,.,, - 435 nm, I-crn cell, 25°C); [A],, = total 
acceptor concentration; [Dl = total donor concentration; A = 
absorbance. 

Electron Transport Properties 
The electron transport properties of 2 and TNF were in- 

vestigated by the xerographic discharge technique under space 
charge limited conditions (14- 16). Figure 3 shows a schematic 
representation of the photoconductive layered device used in 
these studies. The device is comprised of a thin layer (0.5 pm) 
of amorphous selenium (a-Se) photogenerator, a relatively 
thick transport layer (10- 15 pm) of a trinitrofluoren-9-one in 
poly(N-vinylcarbazole) (PVK), and a conductive substrate. 

Figure 4 depicts the typical time-resolved photoinduced dis- 
charge curves (PIDC's) of 2b and, for comparison of TNF. The 
PlDC characteristics of 2a, 2b,  and TNF are very similar, 
although a sharper initial discharge is noted in the case of 2.  
'This was probably the result of a better dispersion of 2 in the 
transport layer. The slight differences in the residual potentials 
for 2 and TNF are primarily due to variations in the thickness 
of the experimental devices. The estimated electron drift mobi- 
lities are tabulated in Table 3. It appears that under equivalent 
molar loading conditions, 2 has a higher electron drift mobility. 
Whether this is an intrinsic property of 2 or is merely due to the 
better dispersibility of 2 in the transport layer cannot be un- 
ambiguously answered. 

Conclusions 
We have shown that the direct nitration of 2-alkyl- 

fluoren-9-ones is a feasible route to the novel 2-alkyltrinitro- 
fluoren-9-ones. The incorporation of an alkyl function into the 
basic trinitrofluoren-9-one structure not only results in an en- 
hancement of its solubility but also its polymer compatibility 
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t 10 -15 prn 
T r a n s p o r t  Layer  

Aluminum S u b s t r a t e  

FIG. 3. Schematic diagram of the layered device for electrical char- 
acterization of trinitrofluoren-9-ones. 

TABLE 3. Electron drift mobilities of trinitrofluoren-9-ones in 
poly(N-vinylcarbazole) matrices at applied electric field of 2 x 

1 O5 V/cm 
- - - 

Matrix loading Electron mobility 
Trinitrofluoren-9-one (mol/g PVK) ( c m ' / ~  s) 

TNF 3.2 x 10 ' 4 x 
20 2.7 X 10 ' 1.4 X lo-' 
2b 3.2 x 10 ' 1 x 1 0 '  

characteristics. Of significance in this structural modification is 
that the electron affinity of the basic TNF structure is preserved 
in the alkylated analogs even though the regiochemistry of their 
nitro functions differs from that of TNF. In line with this, it  is 
observed that both TNF and the alkylated analogs exhibit sim- 
ilar electron transport properties. 

Experimental 
All the solvents used in the reactions were Reagent Grade; unless 

otherwise stated. they were dried by refluxing with appropriate drying 
agents, followed by distillation before usc (chlorinated solvents, 
xylene (P205); THF (LiAIH,); pyridine (CaH?)). Infrared spcctra werc 
recorded on a Beckmann IR-4250 spcctrophotornctcr with polystyrene 
as the calibration standard; solid samples werc taken as KBr pellets, 
liquid samples as thin films (neat). Electronic absorption spcctra werc 
obtained on Hewlett Packard 8 4 5 0 ~  uv/visible spectrophotometer. 
The ' H  nmr spectra were recorded in CDCll on Bruker WP-80 and 
WM-250 spectrometers with tetramcthylsilane as an internal standard. 
Mass spectra werc obtained on a Finnigan 4000 quadrupolc instru- 
ment. All melting points were measured on a 'Thomas-Hoover melt- 
ing point apparatus and are uncorrected. Elemental analyses were 
performed by Galbraith Laboratories. Inc., Knoxville, Tcnnesse, 
U.S.A. 

2-A~;vlfluorc.ne (3) 
2-Acylfluorene was prepared by Fricdel-Crafts acylation of fluo- 

rene according to literature procedures (12). The rcaction was con- 
ducted on a 0.6-mol scale with carboxylic anhydride/AICI, as the 
acylating agent and dichloroethane as the reaction medium. 

2-tert-Bu~lfluoret~e (4a) 
A suspension of 2-acetylfluorene (4.16 g. 0.02 mol) in xylene (60 

mL) and 5 drops of acetic acid was stirred at ice-bath temperature 
under a nitrogen atmosphere. 2 M trimethylaluminum solutioi in tolu- 
ene (40 mL. 0.08 mol) was added slowly over a period of 15-20 min. 
After addition, the mixture was heatcd under retlux for 4 h. Thc 
reaction mixture was cooled, diluted with 50 rnL cther. and hydro- 
lyzed by pouring into a mixture of ether and dilute aqueous HCI 
solution. The aqueous layer was separated and extracted with ether. 
The combined organic solution was dried and evaporated to give the 

- 
0 1 2 3 4 0 1 2 3 4  

TIME (s) 

- 
J -800 - 
P - 4 

5 + -600 
z 
W 

: 
w -400 
0 
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a 
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n 

FIG. 4. Typical time-resolved photoinduced discharge curves for 
TNF (1) and 2-(1.1-dimethylbutyl)-4,5,7-trinitrotluorcn-9-onc (2b)- 
based photoreceptors. 

solid crude product. Column chromatography of the crude product on 
silica gel (hexane) gave the purc 2-tert-butyltluorenc as a white crys- 
talline solid (3.32 g,  75%). mp 115- 116°C: 'H nmr 6: 1.40 (s, 9H), 
3.25 (s, 2H),  7.2-7.9 (m, 7H); ms (tnle): 222 (M'). Atlrrl. calcd. for 
C17Hlx:  C 91.84, H 8.16; found: C 91.58. H 8.22. 

2 4 1 ,  I -D i tnethy lh~r t~ l ) f l~~orer le  (4b) 
The title compound was prepared in a similar manner as 40, in 82% 

yield. It was purified by recrystallization from methanol. mp 
62-63°C: ' H  nmr 6: 0.80 (t ,  3H), l . I 0  (m,  2H), 1.35 (s, 6H), 3.85 
(s. 2H), 7.20-7.80 (m, 7H). Atznl. calcd. for ClqH2?: C 91.14, H 
8.85; found: C 91.04. H 8.84. 

,JGHT 

26 

I I I I 

- LIGHT FLASH 

,,d 

2-Eth\~lf7uoretle (4c) 
A mixture of 2-acetylfluorene (10.4 g. 0.05 mol), 85% NH2NH2 (5  

g ,  0.15 mol), and 8.4 g KOH in ethylene glycol ( I20 mL) was heated 
at 130- 140°C for 2 h. Water generated from the rcaction and excess 
NH2NH2 were removed by d~stillation at this temperature. The reac- 
tion mixture was then gradually brought to reflux over a period of 1 
h and held at this temperature for another 4 h. After cooling and 
diluting with 65 mL of water, the mixture was poured into 100 mL 
dilute aqueous HCI solution. The solld product was collcctcd, washed 
with water. and dried. Recrystallization froni acetone-hexane af- 
forded pure 2-ethylfluorenc in 75% yicld. mp 99-99.5"C; 'H nmr 6: 
1.30 (t, 3H). 2.70 (q, 2H), 3.85 (s,  2H). 7.1-7.8 (m. 7H); ms (ir~/e): 
194 (M'). At~crl. calcd. for C15Hla: C 92.74, H 7.26; found: C 92.68, 
H 7.18. 

- 

- 

- 

2-tert-Butyl/7oorc~11-9-o11e (5a) 
A solution of 2-tert-butylfluorene 40 (2.83 g. 12.7 mmol) in dried 

pyridine (15 mL) was stirred in a 50-mL round-bottom flask under an 
oxygen atmosphere at room temperature. The reaction flask was con- 

1 

I I I 

nected separately to an oxygen source and a gas regulatory apparatus 
by means of rubber tubing such that the oxygen pressure in the system 
could be maintained at near atmospheric prcssurc during the reaction. 
A solution of 40% Triton B in pyridine (0.32 mL) was added to the 
reaction vessel by means of a syringe. An exothermic rcaction was 
observed upon addition; the reaction mixture turned black instanta- 
neously, and a fast consumption of oxygen was noted. The extent of 
reaction was conveniently monitored by tlc. After the reaction (-40 
min), the mixture was pipetted into water with vigorous stirring. The 
yellow precipitate was collected, washed with water. and dried. Re- 
crystallization from petroleum cther afforded purc 50 as a bright 
yellow solid (2.81 g. 94%). mp 99.5- 100.5"C; ir (KBr): 1710 cm -I; 
'H nmr 6: 1.35 (s. 9H),  7.2-7.7 (m, 7H); ms (trrle): 236 (M+). At~nl. 
calcd. for C17Hl, ,0:  C 86.4 1 ,  H 6.82: found: C 86.23. H 6.9 1 .  

2 - ( I ,  l-Dimethylbut~l)/7uore11-9-otie (5b) 
The title compound was prepared from 2-(1. I -dimethylbutyl)- 
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fluorene 4b in thc samc manncr as 50. It was purified by column 
chromatography on silica gel using ethyl acetate - heptane ( 1  : 20) as 
the eluting solvent. Compound 56 was obtained as an oil in 86% yicld; 
ir (neat): 1710 c m  '; 'H nmr 6: 0.80 ( t .  3H). I .  I0 (m, 2H). 1.30 (s, 
6H). 1.60 (m. 2H). 7.2-7.7 (m. 7H). Atlc~l. calcd. for C1,HI,,O: C 
86.32. H 5.8 1 ; found: C 86.25, H 5.69. 

2-Ethv/f/lroret1-9-otle (5c) 
The title compound was obtaincd from 2-cthyltluorcnc 4c. as in the 

casc of 5b. in 92% yicld; ir (neat): 1715 cm I; 'H nmr 6: 1.20 (t, 3H). 
2.60 (q. 2H), 7.0-7.7 (m. 7H); ms (tnle): 208 (M'). Antrl. calcd. for 
CISHl20:  C 86.51. H 5.81; found: C 86.25. H 5.69. 

2-tert-Buyl-4,5,7-tritzitr0fluore1~-9-ot1~~ (2a) 
A mixture of red fuming HNO, (S.G. = 1.6. 40 mL) and conccn- 

trated HIS04 (20 mL) was addcd slowly to 3.7 g (10 mmol) of 
powdcrcd 5a in a 100-mL round-bottom flask at ice-bath tcmpcraturc. 
The flask was constantly swirled during addition to cnsurc propcr 
mixing of thc reagents. Thc initial addition wascarricd out vcry slowly 
because of the highly exothcrmic rcaction. Aftcr 20 mL of thc nitrating 
agent was addcd, the mixturc was rcmovcd from thc icc bath, and th; 
rema~ning nitrating agcnt thcn addcd. The rcsultlng rcaction mixturc 
was further stirred at room tcmperaturc for 25 min bcforc being pi- 
petted into 500 mL of well-stirred icc-cold watcr. Thc solrd yellow 
product was collcctcd. washed with watcr. and air dricd. Purification 
by preparativc hplc on silica gel (mcthylcnc chloridc - hcxane I : I )  
affordcd 1.37 g (37%) of pure 2n as a bright ycllow crystallinc solid, 
mp 212-212.5"C; ir (KBr): 1345. 1550 (C-NO,). 1742 (C=O) 
c m  '; ms (ttzle): 37 1 (M'). Ancll. calcd. for C17H ,3N107: C 54.99. H 
3.53, N 11.32; found: C 55.12, H 3.47, N 11.21. 

241, I-Dimethylbutyl)-4,5,7-trinitrofluoren-9-one (2 b) 
The title compound was prepared from 2-(1, I-dimethylbuty1)- 

fluoren-9-one 46 according to the same procedure as for 2a on a 
40-mmol scale in 43% yield, mp 188- 190°C; ir (KBr): 1345, 1550 
(C-NO?), 1740 (C=O) cm-I; Atzal. calcd. for Cl9Hl7N30,: C 
57.14, H 4.29, N 10.51; found: C 56.88, H 4.34, N 10.31. 

Nitration of 2-ethyUluoret1-9-one (5c) 
Red fuming nitric acid (16 mL) was added to 2-ethylfluoren-9-one 

5c  (0.416 g, 2 mmol) in a 50-mL round-bottom flask at ice-bath 
temperature with constant swirling over a period of 10 min. After 
addition, the mixture was stirred at room temperature for I h before 
8 mL of concentrated H2S04 was addcd. 'The mixture was allowed to 
react for another hour before being worked up as before. Preparative 
thin layer chromatography on silica gel (methylene chloride - hexane 
2: I) yielded 0.15 g (22%) of 2-ethyl-3,5,7-trinitrofluoren-9-one 2c as 
a viscous oil (R, 0.15); ir (neat): 1345, 1540 (C-NO?), 1740 (C=O) 
cm-I; ms (mle): 343 (M'); hplc analysis showed that the purity of 2c 
was about 95%. with some contamination from thc dinitro derivatives. 

Also isolated from the mixture were 0.065 g (I 1%) of 2-ethyl- 
3,7-dinitrofluoren-9-one 6c (RI 0.24) and 0.083 g (14%) of 
2-ethyl-4,7-dinitrofluoren-9-one 6d (RI 0.39). Both of the products 
exhibit ir absomitions at 1345. 1540. and 1740 cm-'. 

2-tert-Butyl4.7-dinitrofluoren-9-otze (6a) 
Red fuming HNOj (20 mL) was added slowly to l .O g (4.2 mmol) 

of powdered 5a in a 50-mL round-bottom flask at icc-bath temperature 
over a period of 15 min with constant stirring. After addition, the 
reaction mixture was further stirred at room temperature for 20 min 
before being pipetted into 50 mL of ice-cold water. The yellow precip- 
itate was collected, washed with water, and air dried. Column chro- 
matography on silica gel (methylene chloride - hcxane 2: 1) gave 0.66 
g (48%) of pure 6a as bright yellow crystals, mp 172- 173°C; ir (KBr): 
1345, 1540 (C-NOZ), 1740 (C=O) cm-'.  Atzal. calcd. for 
CI7Hl4NZO5: C 62.58, H 4.32, N 8.59; found: C 62.65, H 4.1 I,  N 
8.54. 

2-(1, I-DitnethylbutyI)-?, 7-dinitrofluoren-9-otle (6b) 
'The title compound was prepared from 2-(I ,I-dimcthylbuty1)- 

fluoren-9-one Sb, in the same manner as 6a, in 53% yield as a bright 
yellow solid, mp 130.5- 131.5"C; ir (KBr): 1345, 1540 (C-NO2), 

1740 (C=O) cm-I. Anal. calcd. for C19HlxN20s: C 64.40, H 5.12, 
N 7.91; found: C 64.65, H 5.03, N 8.01. 

Charge-transfer interaction 
Thc charge-transfer measurements were performed on freshly pre- 

pared solutions in THF using a Hewlett Packard 8450A uv/visible 
spectrophotometer. The concentrations of the donor, N -  
ethylcarbazole, were varied from 2.0 X lo-' M to 2.5 x lo-'  M, 
while those of trinitrofluoren-9-ones were kept constant at -2.2 x 
lo-' M. The A,,,;,, of the CT band appeared at -435 nm. 

Electrochemical measurements 
Electrochemical measurements were carried out on a PAR 174A 

polarographic analyzer connected to a PAR 175 universal pro- 
grammer. A PAR model 303 static mercury drop electrode assembly 
was used. The system was equippcd with a hanging-mercury-drop 
working electrode, a Ag/AgCI reference elcctrode, and a platimum 
wire auxiliary electrode. Sample concentrations were lo-' M. Tet- 
rabutylammonium perchlorate in methylene chloride was employed as 
the supporting electrolyte. 

Electrical characterization 
The electrical characterization of trinitrofluoren-9-ones as electron 

transport molecules was performed using the xerographic discharge 
technique under space charge limited conditions (14- 16). Thc photo- 
conductive layered device used for measurement was prepared as 
follows: a transport layer ( lo-  15 km) comprising a trinitrofluoren-9- 
one in PVK was solvent cast onto an aluminium substrate using a Bird 
film applicator. A 0.5-km thick layer of amorphous selenium was 
vacuum evaporated on top of the transport layer to serve as the photo- 
generator. The device was corona charged to a negative surface poten- 
tial and ?as discharged by exposing it to a light flash of wavelength 
of 4330 A. The resulting photoinduced discharge of the device was 
monitored by a capacitively coupled probe. Under these conditions, 
one of the parameters controlling the rate of discharge is the electron 
mobility in the transport layer. 
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Phase transfer catalysis in the tert-butyloxycarbonylation of alcohols, phenols, 
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F. HOULIHAN. F. BOUCHARD, J .  M .  J .  FRECHET, and C. G. WILLSON. Can. J .  Chern. 63, 153 (1985). 
It is shown that the tert-butyloxycarbonylation of phenols. alcohols. enols. and thiols can be accomplished by reaction of 

these functionalities with di-tert-butyl dicarbonate under phase transfer conditions. The reactions proceed in high yield and can 
also be used for the introduction of t-BOC groups onto functionalized polymer backbones such as novolac or poly(p- 
hydroxystyrene). In addition. a study is made of the selectivity towards t~rt-butyloxycarbonylation of various polyfunctional 
compounds. 

F. HOULIHAN, F. BOUCHARD, J .  M.  J .  FRECHET et C. G. WILLSON. Can. J .  Chem. 63, 153 (1985). 
On dCmontre que I'on peut effectuer une rCaction de t~~rr-butyloxycarbonylation des phtnols. des alcools, des Cnols et des 

thiols en faisant rCagir ces diverses fonctions avec du bicarbonate de di-tcrt-butyle dans des conditions de transfert de phase. 
Les rCactions se produisent avec des rendements ClevCs et elles peuvent Etre utilisCes pour introduire des groupernents I-BOC 
sur les squelettes de polymtres comme le novolac ou Ie poly(p-hydroxystyrtne). De plus, on a CtudiC la sClectivitC de divers 
cornposCs polyfonctionnels par rapport i la rCaction de tert-butyloxycarbonylation. 

[Traduit par le journal] 

Introduction 
While the tert-butyloxycarbonyl group (t-BOC) is used 

widely as  an amino protecting group, particularly in peptide 
synthesis following the work of Carpino and others ( 1  - 5 ) ,  it 
has not, until recently, found any application as a protecting 
group for hydroxyl o r  thiol functionalities. 

Our recent work on the preparation of poly(p-hydroxy- 
styrene) (6) and poly(p-hydroxy-a-methy lstyrene) (7) through 
the polymerization of the corresponding t-BOC protected vinyl 
phenols has shown the versatility of the t-BOC group for the 
protection of phenolic compounds. For example, the t-BOC 
group is resistant to both the conditions of the Wittig reaction 
and of cationic polymerization in liquid sulfur dioxide where 
other more classical protecting groups such as the acetoxy 
group fail. In addition, the unique ability o f  the t-BOC group 
to be removed by thermolysis o r  by the action of a catalytic 
amount of strong acid has proved critical in the preparation of 
pure poly(p-hydroxystyrene) (6) and is the basis for the use of 
poly(p-t-BOC-hydroxystyrene) in a new photoimaging system 
exhibiting the phenomenon of chemical amplification (8). 

Results and discussion 
Several different pathways have been tested for the tert- 

butyloxycarbonylation of hydroxyls and thiols (9- 13); three of 
the most commonly used are shown in Scheme I .  All three are 
characterized by generally low yields and the use of extremely 
toxic or unstable reagents. In contrast to the paucity of methods 
for the preparation of t-BOC derivatives of alcohols, the prep- 
aration of t-BOC derivatives of amines has been studied exten- 
sively as the t-BOC group has proven extremely useful in 
peptide synthesis. In recent years numerous preparations have 
used di-tert-butyl dicarbonate as an N-tert-butyloxycarbonyl- 

' Author to whom correspondence should be addressed. 

ation reagent due to the ease with which it reacts with amines 
to form the corresponding t-BOC derivatives in essentially 
quantitative yields. The reaction is accompanied by evolution 
of gas, as both carbon dioxide and isobutylene are released as 
the amine attacks the dicarbonate. Di-tert-butyl dicarbonate is 
a readily available crystalline reagent (14) which is safe and is 
easily handled. Our initial experiments were designed to ex- 
plore the utility use of t-BOC groups for the protection of 
hydroxyls and involved the reaction of simple phenolates with 
di-tert-butyl dicarbonate. 

tert-Butylox~cmbon~~Ic~tion of phetlols 
The reaction of phenols with di-tert-butyl dicarbonate 

(Scheme 2) proceeds readily under a variety of conditions and 
requires the presence of an equivalent amount of base. The 
reaction is fastest under phase transfer catalysis using 
liquid- liquid or  liquid-solid reaction conditions. For exam- 
ple, phenol reacts very rapidly and quantitatively with di-tert- 
butyl dicarbonate in THF, ethyl acetate, or dichloromethane, in 
the presence of a catalytic amount of 18-crown-6 and an equiv- 
alent amount of powdered anhydrous potassium carbonate. Un- 
der liquid-liquid phase transfer conditions in dichloromethane 
solution, with aqueous sodium hydroxide or  potassium carbon- 
ate as base and tetrabutyl ammonium hydrogen sulfate as cata- 
lyst, the reaction is also complete in an hour or less. Alternate- 
ly, the phase transfer catalyst can be omitted completely for 
easier processing; the reaction with powdered anhydrous potas- 
sium carbonate and di-tert-butyl dicarbonate gives excellent 
yields of the desired product, albeit at much slower rates than 
the catalyzed reaction (Table 1). Phenolic substrates with func- 
tionalities such as aldehydes or ketones can be modified suc- 
cessfully without side reactions, as shown in the preparation of 
the 0-tert-butyloxycarbonyl derivatives of p-hydroxybenz- 
aldehyde and p-acetylphenol, 2 ~ 1  and 3~1 (Table l ) ,  which are 
two useful precursors in the synthesis of reactive polymers (6, 
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0 0 
II 

0 
base 11 base 11 

R-XH + Cl-C-CI - R-X-C-CI - R-X-C-O+ 
H o t  

0 0 0 
11 base 11 R-XH 11 

+OH + Cl-C-CI - t o - C - C l  base b t o - C - X - R  

R = alkyl or aryl X = O o r S  

R = H, CHO, COCH3 
SCHEME 2 

7). The presence of substituents in the ortho position of the 
phenols causes a noticeable decrease in the reaction rate as the 
size of the substituent increases from methyl to tert-butyl. With 
2,6-di-tert-butyl phenol, the reaction occurs, but at a very slow 
rate, and only a very low conversion (ca. 10%) is achieved, 
even in the presence of IS-crown-6 and after two days of 
stirring. While much of the 2,6-di-tert-butyl phenol remains 
unchanged in this reaction (ca. 70%), a significant amount of 
the diphenoquinone dimerization product is also isolated; such 
diphenoquinones are also obtained as by-products in the oxi- 
dative polymerization of phenols with bulky ortlzo substituents 
(15). 

All of the low molecular weight aryl tert-butyl carbonates 
which were prepared by this method exhibit strong carbonyl 
bands near 1760 cm-' in their infrared spectra. Their mass 
spectra all include a characteristic pattern for the loss of t-BOC 
(mle  100) and a peak at mle  57. Full spectral data are given 
in Table 4. 

The tert-butyloxycarbonylation of phenolic polymers such 
as poly(p-hydroxystyrene) and novolac is also successful using 
the reaction conditions described above, faster reaction rates 
being observed in the presence of phase transfer catalysts. 
However, as the uncatalyzed reactions in the presence of pow- 
dered anhydrous potassium carbonate also give the t-BOC- 
substituted polymer in quantitative yield, i t  is the preferred 
method, as the purification of the final polymer is greatly 
simplified since no removal of the phase transfer catalyst from 
the precipitated polymer is necessary. With 171-cresol novolacs 
containing ortho-ortho linkages, the reaction is slower than 
with the unhindered poly(p-hydroxystyrene) but proceeds nev- 
ertheless to completion even when no excess of dicarbonate 
reagent is present. Partial functionalization of a phenolic poly- 
mer is readily acomplished using less than a stoichiometric 
amount of dicarbonate; the dicarbonate is used quantitatively 
and without side reaction and this method is useful for the 
preparation of phenolic polymers containing varying propor- 
tions of free and t-BOC-protected hydroxyls. 

In addition to analysis by nmr and ir spectroscopies, the 
tert-butyloxycarbonylated phenolic resins can be analyzed by 
thermogravimetry. This analytical technique is particularly 

useful in determining the exact degree of functionalization of 
partly tert-butyloxycarbonylated polymers, as the thermal re- 
version to the phenolic polymer occurs at 200°C with a sharp 
and easily measurable weight loss. For example, a novolac 
resin which had been allowed to react with 20% of the stoichio- 
metric amount of di-tert-butyl dicarbonate lost 15% (100% of 
theory) of its weight upon heating to 200°C, confirming that 
20% of the polymer's hydroxyl groups had been substituted in 
the reaction with the dicarbonate. 

tert-Butylo,~~~r~arbo~zvI~~tiorz of ~a1cohol.s 
The reaction of alcohols with di-tert-butyl dicarbonate is 

much slower than that of phenols and requires the use of a 
~ h a s e  transfer catalyst. ~xcellent  results are obtained with 
liquid-liquid phase transfer catalysis using tetrabutyl ammo- 
nium hydrogen sulfate and aqueous sodium hydroxide; 
solid-liquid phase transfer catalysis is also suitable and affords 
essentially the same results. Allylic, benzylic, or primary alco- 
hols react with the dicarbonate in a matter of hours, while 
secondary alcohols may require a day or more to react fully and 
tertiary alcohols are unreactive (Table I). Reactions with the 
less reactive alcohols are best carried out using a 20% excess 
of the dicarbonate, as some of the reagent is slowly consumed 
in a side reaction with the aqueous sodium hydroxide. The 
infrared spectra of the carbonates show strong carbonyl bands 
near 1740 cm-I, reflecting the lower energy of the carbonate 
bond of these alcohols compared to those of the phenolic 
compounds described above. other spectral data are shown in 
Table 4. 

tert-Bu~loxycarborzylatiorl of thiols 
Both thiophenol and butanethiol react rapidly with di-tert- 

butyl dicarbonate under phase transfer conditions using the 
anhydrous potassium carbonate IS-crown-6 system, and afford 
good yields of the t-BOC derivatives. In contrast, the reaction 
with aqueous sodium hydroxide and tetrabutyl ammonium hy- 
drogen sulfate does not lead to product, as the thiocarbonates 
which are formed are immediately hydrolyzed back to the start- 
ing thiols. Like phenol, thiophenol reacts with di-tert-butyl 
dicarbonate even in the absence of a phase transfer catalyst, 
provided anhydrous potassium carbonate is present. The reac- 
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TABLE I .  tert-Butyloxycarbonylation of phenols, alcohols, and thiols with di-tert-butyl dicarbonate 

Molar Timeb Yield 
Starting material ratio" Solvent Catalyst Base (h) Product (%) 

PhOH 1 1.2 CHzC12 (Bu)~NHSO~ 30% NaOH 
PhOH 1 1.0 THF 18-Crown-6 K2C03 
PhOH 1 1.0 THF None KzCO, 
p-(CH0)PhOH 2 I. I CH2C12 (Bu)~NHSO~ 30% NaOH 
p-(CH,CO)PhOH 3 1.0 CH2C12 (Bu)~NHSO~ 30% NaOH 
2,6-Di-(t-Bu)PhOH 4 1.2 CH2Clz (Bu),NHS04 30% NaOH 
2,6-Di-(t-Bu)PhOH 4 1.2 CH2Clz 18-Crown-6 K2C03 
o-(t-Bu)PhOH 5 1.0 THF 18-Crown-6 K,CO, 
o-(CH3)PhOH 6 1.0 THF 18-Crown-6 KzCO, 
PhCH=CHCH20H (trans) 7 1.2 CHF12 (Bu),NHS04 30% NaOH 
PhCHzCHzOH 8 1.2 CH2C12 (BU)~NHSO~ 30% NaOH 
CH2=CHCH20H 9 1.2 CH2C12 (BU)~NHSO~ 30% NaOH 
PhCH20H 10 1.2 CH2C12 (Bu)~NHSO~ 30% NaOH 
Cyclohexanol 11 1.2 CH2C12 (Bu)~NHSO, 30% NaOH 
CH3(CH2)loCH20H 12 1.6 CH2C12 (Bu),NHS04 30% NaOH 
HOC(CH,)2CH2CH2-C(CH,)zOH 13 2.0 CH2CIz (Bu)~NHSO~ 30% NaOH 
HOC(CH3)2CH2CH2-C(CH3)20H 13 2.0 THF 18-Crown-6 K2C0, 
PhSH 14 1.2 CH2C12 (Bu)~NHSO~ 30% NaOH 
PhSH 14 1.0 THF 18-Crown-6 K2CO3 
PhSH 14 1.0 THF None KzCO, 
CH3CH2CH2CH2SH 15 1.2 CH2C12 (BU)~NHSO~ 30% NaOH 
CH,CH2CH2CH2SH 15 1.0 CH2C12 18-Crown-6 K,CO, 

"Molar ratio di-lert-butyl dicarbonate/ROH or RSH. 
'Reaction mixture cooled to 0°C while mixing reactants, then allowed to come to room temperature. 
"Evolution of gas observed during reaction. 
dProduct lost through hydrolysis. 
'Product not isolated, yield estimated from nmr spectrum. 

I 
< I C  
24 

2 
< I  
48 
48 
20 

2 
< I  

6 
2 

1.5 
24 
6 

No reaction 
No reaction 

2 
< I '  
< I C  
24 

2 

PhO-t-BOC l a  
l a  
1 a 

p-(CH0)PhO-t-BOC 2a 
p-(CH3CO)PhO-t-BOC 3a 

4a 
4a 

o-(t-Bu)PhO-t-BOC 5a  
0-(CH,)PhO-t-BOC 
PhCH=CHCH20-t-BOC (trans) 7a 
PhCH2CH20-t-BOC 8a 
CH2=CHCH20-t-BOC 9a 
PhCH20-t-BOC 10a 
C6Hl 10-t-BOC l l a  
CH,(CH2)loCHzO-t-BOC 12a 

89 
99 
97 
84 
94 

Trace 
7 '  

98 
92 
93 
9 1 
8 1 
80 
30 
52 
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m r - r - m  o 
r n r - m a  2 

rn d c o r n - c o o  
rn d - 2  

tion with thiophenol can also be followed visually as it  is 
accompanied by visible gas evolution. This evolution of carbon 
dioxide and 2-methyl propene is also observed in the reaction 
of di-tert-butyl dicarbonate with amines and in the reaction of 
phenol catalyzed by 18-crown-6, but is was not observed dur- 
ing reactions with alcohols or substituted phenols. 

ten-B~ctyloxyctrrbo~~yltrtiot~ of' e11ols 
The tert-butyloxycarbonylation reaction was carried out with 

some readily enolizable compounds including acetyl acetone, 
ethyl acetoacetate, and acetophenone. Best results in these 
reactions (Table 2) were obtained using the crown ether - 
anhydrous potassium carbonate route. With ethyl acetoacetate, 
attack occurs exclusively at the acyl oxygen with formation of 
the ( E )  t-BOC derivative. Similar reactions of ethyl ace- 
toacetate with acyl chlorides under phase transfer conditions 
are also known to give high percentages of the ( E )  0-acylated 
product (16). In contrast, acetyl acetone affords a 3 :  1 mixture 
of the ( E )  and (Z)  t-BOC derivatives. Structural assignments 
for the two isomers of the t-BOC derivative of acetylacetone 
were made by a combination of spectral methods. Thus, it  is 
known that the olefinic proton of similar compounds ( 1  1, 16) 
is observed at lower fields for the ( E )  isomer than for the (Z)  
isomer. In addition, a detailed FT-ir study shows that one of the 
isomers gives two carbonyl bands at 1704 and 1673 cm-I, 
while the other isomer shows a single carbonyl band at 1702 
cm-I. An examination of molecular models confirms that while 
two possible orientations can occur for the (Z)  isomer (struc- 
tures A and B, Scheme 3), only one is likely for the ( E )  isomer 
(structure C, Scheme 3) as the other (D) is sterically hindered; 
therefore only one carbonyl band is expected for the ( E )  isom- 
er. A similar result is obtained by consideration of the olefinic 
bands of the various isomers. This interpretation is further 
confirmed by the mass spectral data. Although the chemical 
ionization mass spectra of the isomers are nearly identical, that 
of the least abundant isomer shows an additional strong signal 
at m/e 127. This can be explained by a process in which the 
protonated cation resulting from loss of 2-methyl propene loses 
water and undergoes cyclization to rorm an aromatic cation 
(Scheme 4). This process is only possible with the (Z)  isomer. 
Detailed spectral data can be found in Table 4. 

The reaction with acetophenone gives best results when sodi- 
um hydride is used to form the enolate in a stoichiometric 
reaction, since the reaction under phase transfer catalysis, 
though successful, is too slow to be of practical value (Table 
2). 

Reactions with pol~!/io~ctionc~l molec.~tles 
Having succeeded in the tert-butyloxycarbonylation of hy- 

droxyls and thiols and enols, we looked briefly at the selectivity 
of the reaction by using polyfunctional molecules. A series of 
reactions was carried out with tyrosine ethyl ester, tyramine, 
p-aminophenol, and p-hydroxybenzyl alcohol. With p-amino- 
phenol, excellent selectivity is observed as N-tert-butyloxy- 
carbonylation is obtained in the absence of base, while in the 
presence of NaOH the reaction occurs mainly at oxygen (Table 
3). This result is not unexpected since the nucleophilicity of the 
phenolate ion is much higher than that of the amino group of 
this substituted aniline. 

As expected, different results are obtained with a molecule 
such as tyrosine, which has a more nucleophilic amino group 
as well as the reactive phenolic functionality. To simplify the 
reaction, tyrosine ethyl ester was chosen as the substrate. The 
reaction cannot be carried out with aqueous NaOH under phase 
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HOULIHAN ET AL 

TABLE 3. tert-Butyloxycarbonylation of difunctional organic moieties 
- - 

Molar ~ i m e ~  Yield" 
Starting material ratio" Solvent Catalyst Base (h) Product (Mol.%) (700) 

1.2 CHzClz (Bu),NHSO, 30% NaOH 2 

20 1.0 CH2C12 (Bu)~NHSO, 30% NaOH 2 20a 100 99 (50) 
1.0 THF None None 

1.2 CHzC1, (Bu),NHSO, 30% NaOH 2 210 
216 43 ] 84 (64) 57 

- .  

21 1.0 Ethyl None K2CO3 96 21a 
acetate 216 " '  87(51) 73 1 

22 2.0 Ethyl (Bu),NHSO, 60% K2C03 I 22a 100 80 (80) 
acetate 

23 2.0 Ethyl (Bu),NHSO, 60% K2C03 2 23a 100 83 (83) 
acetate 

23 1.0 Ethyl 18-Crown-6 K2C03 17 236 100 85 ( 0) 
acetate 

- - - - -  

"Molar ratio di-~err-butyl dicarbonate/ROH or RSH. 
'Reaction mixture cooled to O°C while mixing reactants, then allowed to come to room temperature. 
"First number indicates %conversion of di-ferf-butyl dicarbonate and number in parenthesis indicates %conversion for phenolic or thiol 

functionalities. 

19a R', t-BOC 20a R1, R2 = t-BOC 
4 R = H  R' = H 206 R' = H, R2 = t-BOC 
4a R = t-BOC 19b R1. R' = t-BOC 

21 R ' , R ' = H  22 R ' , R ~ = H  23 R ' , R ' = H  
21a R' = t-BOC 22a R' ,  R' = t-BOC 23a R', R2 = t-BOC 

R2 = H 236 R1 = H 
216 R',  R' = t-BOC R' = t-BOC 

transfer conditions because the ester group is rapidly hydro- 
lyzed. Reaction with the 18-crown-6 potassium carbonate sys- 
tem resulted in N-tert-butyloxycarbonylation. Selective O-tert- 
butyloxycarbonylation was not achieved. A similar reaction 
with tyramine using aqueous NaOH with tetrabutyl ammonium 
hydrogen sulfate resulted in protection at both the phenolic and 
the amino groups. Direct reaction of the phenolate of tyramine 
with di-tert-butyl dicarbonate afforded the same result, which 
confirms that selective tert-butylcarbonylation of the phenolic 
group cannot be achieved in the presence of strongly nucleo- 
philic amino groups. In fact, the reaction affords a mixture of 
both the mono N-tert-butyloxycarbonyl and the di-tert- 
butyloxycarbonyl derivatives of tyramine even in the absence 
of added base, as  the amino group of the tyramine acts as a base 
to assist in the 0-tert-butyloxycarbonylation reaction. This re- 
sult is not observed with p-aminophenol, which has a less basic 
amino group. Detailed spectral characteristics of the various 
t-BOC derivatives are given in Table 4. 

T o  determine whether selectivity can be achieved in systems 
containing both phenol and aliphatic hydroxyl functionalities, 
the reaction of m-hydroxy-benzyl alcohol with di-tert-butyl 
dicarbonate was attempted under a variety of reaction condi- 
tions (Table 3). Aqueous NaOH in the presence of tetrabutyl 
ammonium hydrogen sulfate led to the formation of much 
disubstituted product. A higher percentage of reaction at the 
phenolic site was observed when the reaction was carried out 
with 18-crown-6 in the presence of powdered potassium car- 
bonate; this limited selectivity was lost when the crown ether 
was omitted in the reaction with powdered potassium carbonate 
(Table 3). Finally, although the bis-tert-butyloxycarbonylation 
of L-cysteine has been accomplished previously ( 13) using tert- 
butyl chlorocarbonate, the reaction is much more convenient 
using di-tert-butyl dicarbonate. 

Experimental 
Infrared spectra were recorded using a Nicolet MX-I Fourier- 
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TABLE 4. Physical and spectral 

Melting point 
Product ("c) Infrared ( ~ r n - ' ) ~  'H nrnr (pprn from TMS)".' 

Liquid 1759 
69-71 1764, 1705 
60-61.5 1756, 1682, 1599 

7.21(rn,5H), 1.56(s,9H) 
9.33(s, I H), 7.25(d,2H), 7.82(d,2H), 1.55(s,9H) 
7.92(d,2H), 7.18(d,2H), 2.55(s,3H), 1.56(s,9H) 

Liquid 1759 

Liquid 1758 

Liquid 1743 

Liquid 1741 

Liquid 1744 

Liquid 1741 

l l a  
12a 

Liquid 1737 
Liquid 1743 

Liquid 1724, 1584 

Liquid 1718, 1702 2.66(t,2H), 1.40(s,9H), 1.05- 1.78(m,4H), 
0.82(t,3H) 
5.73(s, l H), 2.18(s,3H), 2.02(s,3H), 1.55(s,9H) Liquid 1758, 1704, 1673, 

1637 
Liquid 1758, 1702, 1630 

1616 
Liquid 1760, 1724, 1670 5.70(s, IH), 3.12(q,2H), 2.23(s,3H), 1.52(s,9H), 

1.25(t,3H) 
7.13, 7.60(m,5H), 5.35(d, l H), 5.02(d, l H), 
1.50(s,9H) 
6.85(d,2H), 6.50(d,2H), 3.53(s,2H), 1.53(s,9H) 

Liquid 1759, 1645 

7.26(d,2H), 6.97(d,2H), 6.45(s, IH), 1.53(s,9H), 
1.48(s,9H), 
7.1 l(s,4H), 4.52(s, IH), 3.33(q,2H), 2.74(t,2H), 
1.54(s,9H), 1.44(s,9H) 
6.83(q,4H), 6.63(s(broad), l H), 4.53(m(br), l H), 
3.27(q,2H), 2.63(t,2H), 1.43(s,9H) 
6.72-7.82(m,4H), 4.57(s,2H), 2.07(s, l H), 
1.52(s,9H) 
7.18(m,4H), 5.03(s,2H), 1.56(s,9H), 1.53(s,9H) 

Liquid 3400, 1758 

Liquid 1759, 1744 

5.43(d,lH), 4.20-4.63(m, IH), 4.15(q,2H), 
3.22(d,2H), 1.50(s,9H), 1.43(s,9H), 1.27(t ,3H) 
7.03(s,4H), 4.93(d, IH), 4.33-4.67(m,lH), 
4.08(q,2H), 3.03(d,2H), 1.56(s,9H), 
1.40(s,9H), 1.20(t,3H) 
7.03(s, IH), 7.00(d,2H), 6.63(d,2H), 
5.03(d, l H), 4.16-4.63(m, I H), 4.1 O(q,2H), 
3.93(d,2H), 1.20(t,3H) 

"Chemical shift in ppm from TMS, the numbers in parenthesis refer to the multiplicity of the lines and the 
*Liquids done neat on NaCl disks and solids done as a KBr pressed disk. 
"m = multiplet, s = singlet, d = doublet, t = triplet, q = quartet. 
"vs = very strong, s = strong, m = medium, w = weak, vw = very weak. 
'Value obtained from chemical ionization with methanol. 
'Value obtained from chemical ionization with isobutane. 

Elemental analysis for C,H,N,S indicated for new compounds only: "calcd." refers to the calculated values, and 

transform infrared spectrorncter. The nmr spcctra were recorded on formed on a DuPont 1090 instrumcnt under nitrogen atrnopshcre. 
Varian EM-360. CFl-80. and XL-200 instruments using CDCI, as Di-tert-butyl dicarbonate was purchased from Si_ema Chemicals and 
solvent and TMS as reference. Mass spectra were rncasured on a used without further purification. Solvents used in solid-liquid phase 
VG-7070E double-focusing mass spectromcter using chemical ioniz- transfer reactions with anhydrous potassium carbonate were dried 
ation where appropriate. Therrnogravirnetric analyses (tga) were per- prior to use. Poly(p-hydroxystyrene) was obtained from Maruzen Oil 
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H O U L I H A N  ET A L  

properties of products 

Mass spectrumd Elemental analysis" 

(M') absent, 179(w), 94(s), 77(m), 57(vs) 
(M') absent, 207(w), 122(m), 166(w), 57(vs) 
(M' + 1 )  237(vw), 137(w), 136(vw), 
121 (w), 57(vs) 
(M') 250(w), 235(w), 191(m), 150(s), 
135(s), 107(m), 91 (s), 57(vs) 
(M') 193(w), 149(m), 108(s), 107(m), 
9 1 (s), 57(vs) 
(M') 234(w), 178(s), 134(m), 133(m), 
1 17(s), 57(vs) 
(M' + 1)" 223, 122(m), 104(s), 91(s), 57(vs) 

(M') absent, 102(s), 99(s), 58(s), 57(vs), 
4 1 (vs) 
(M') 208, 152(m), 108(m), 107(m), 91(vs), 
57(vs) 
(M' + 1)' 201, 145(w), 99(m), 82(m), 57(s) 
(M' + 1)" 287, 168(w), 57(s) 

(M') 210(w), I lO(vs), 109(vs), 195(w), 
137(m) 
(M' + 1)' 191, 147,' 135' 

(M') absent, 127(vs), 100(s), 101(m), 83(m), 
85(s), 57(vs) 
(M') absent, 100(m), 101 (m), 85(m), 83(m), 
57(vs) 
(M' + 1)'231, 130(w), 113(w), 102(vw), 
85(m), 56(vs) 
(M' + I) 221(vw), (M') 220(w), 120(s), 
103(s), 105(m), 165(vw), 164(vw) 
(M') 209(w), 153(w), 194(w), 109(vs), 57(s) 

(M' + 1)' 310, (M')' 309, 209(m), 
194(w), 153(s), 109(s), 57(vs) 
(M' + 1) 338,' 237(w), 266(w), 222(w), 
18 1 (s), 120(vs), 57(vs) 
(M') 237(w), 18 1 (m), 120(s), 57(vs) 

(M' + 1)' 225, 165(w), 124(s), 209(vw), 
107(w), 57(vs) 
(M' + I)', 325, 224(w), 207(m), 168(m), 
124(m), 107(m), 57(vs) 
(M' + 1)' 350, 237(w), 220(m), 193(m), 
176(m), 132(s), 57(vs) 
(M' + 1)'410, 294(w), 280(w), 253(w), 
252(w), 236(w), 192(s), 13.6(s), 107(s), 
57(vs) 
(M' + 1) 310,' 253(vw), 209(vw), 192(m) 
107(vs), 57(s) 

integration. 

is given to compounds already reported. 

Reference 13 
Reference 6 
Reference 7 

C,H: 72.40, 8.97 
Calcd.: 72.69, 9.15 
C,H: 68.98, 8.02 
Calcd.: 69.20, 7.74 
C,H: 71.62, 7.81 
Calcd.: 71.77, 7.74 
C,H: 70.09, 8.27 
Calcd.: 70.25, 8.16 
Reference 17 

Reference 12 

Reference 18 
C,H: 71.31, 12.16 
Calcd.: 71.28, 11.96 
Reference 13 

Reference 13 

C,H: 60.14, 8.06 
Calcd.: 59.98, 8.05 
C,H: 59.81, 7.89 
Calcd.: 59.98, 8.05 
C,H: 57.11, 7.62 
Calcd.: 57.38, 7.88 
C,H: 66.90, 6.89 
Calcd.: 66.65, 6.88 
C,H,N: 63.09, 7.16, 6.41 
Calcd.: 63.14, 7.23, 6.69 
C,H,N: 61.88, 7.36, 4.55 
Calcd.: 62.12, 7.49, 4.52 
C,H,N: 64.10, 8.25, 3.99 
Calcd.: 64.07, 8.07, 4.15 
C,H,N: 65.64, 8.29, 5.84 
Calcd.: 65.80, 8.07, 5.90 
C,H: 63.97, 7.10 
Calcd.: 64.24, 7.19 
C,H: 63.13, 7.54 
Calcd.: 62.94, 7.46 
C,H,N,S: 51.56, 7.79, 4.01, 9.17 
Calcd.: 51.36, 7.87, 3.98, 9.31 
C,H,N: 61.43, 7.42, 3.30 
Calcd.: 61.16, 7.63, 3.42 

Reference 19 
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0 
I I 

CH3 

/ C \  /O-I-BOC 
I 

dC\ /O-I-BOC 
2 

CH3 H/C=C\CH3 - O /c=C\CH3 
Z-isomer 

H 

'A" "B" 

"C " "D" 

Co. (resin M ) ;  the dark colored material had a broad molecular weight 
distribution with M, approximately 6,000. Several grades of novolac 
obtained from Eastman Kodak were used successfully, most had mo- 
lecular weights (M.) less than 1000. All of the yields which are 
reported are for isolated compounds; in the case of polyfunctional 
molecules, Table 3 reports the %conversion for the dicarbonate as well 
as for the phenolic or thiol functionalities. 

tert-Butylo,~yctrrbot1yItrtio11 I.$ nlt.oho1.s 
In a typical rcaction,'cinnamyl alcohol ( I  g ,  7.45 mmol) was dis- 

solved in 2 mL dichloromethane containing di-tert-butyl dicarbonate 
(1.94 g,  8.89 mmol) and a catalytic amount of tetrabutyl ammonium 
hydrogen sulfate (0.073 g,  0.22 mmol). After cooling to 0°C. ice-cold 
30% aqueous NaOH (3.7 mL) was added with vigorous stirring. After 
90 min stirring, tlc indicated that the reaction was complete. The 
organic phase was diluted with dichloromethane, washed with a satur- 
ated brine solution, then dried over magnesium sulfate. After evapo- 
ration of the solvent, the product was purified by passing over a short 
silica gel column using 5% ethyl acetate in petroleum ether as eluting 
solvent; 1.65 g (93%) of the pure product was obtained as an oil; ir: 
carbonyl at 1741 cm I; 'H nmr: 7.23 (s,  phenyl). 6.66-6.23 (ABX2 
pattern, vinyl), 4.63 (d. CHI), 1.47 (s,  tert-butyl); mass spectrum: M 
+ 234 (weak). 178 (strong, M - CH2=C(CH2)a). 134 (medium, 
additional loss of CO?). 133. 1 17, 57. 

Similar reactions with other alcohols were carried out using a 
10- 15% excess of the dicarbonate reagent. The products which were 
obtained had spcctral propertics which are shown in Table 4. 

tert-Butyloxyc~trrbo~~yIntion of'pherlols 
A suspension of 20.0 g anhydrous potassium carbonate in 20.0 mL 

dry THF containing 10.0 g phenol (0. I mol) was cooled to O°C, then 
treated with 23.2 g di-tert-butyl dicarbonate (0. I mol) containing a 
catalytic amount of 18-crown-6. Chromatographic monitoring of the 
reaction showed that the dicarbonate was consumed in less than I h 
and the mixture was worked up as described above to afford 21 g (99% 
yield) of pure phenyl tert-butyl carbonate. The spectral characteristics 
of the product are given in Table 4.  A parallel reaction done in the 
absence of 18-crown-6 proceeded somewhat more slowly, but af- 
forded an excellent yield of the desired product. 

tert-Butyloxycnrbo~zylntion c.$ novoltrc 
A solution of 5 g novolac in 20 mL ethyl acetate was treated with 

3.5 g powdered anhydrous potassium carbonate and 4.55 g of di-tert- 
butyl dicarbonate. The mixture was stirred for 24 h at room tem- 
perature, then filtered. After evaporation of the solvent under reduced 
pressure, the residue was dissolved in a minimum of THF and the 
polymer was precipitated in water. After redissolution in dichlo- 
romethane, washing with water, and drying over anhydrous mag- 
nesium sulfate, the solvent was evaporated to yield the partly tert- 
butyloxycarbonylated novolac (6.7 g) as a hard foam. The t-BOC 
content of the polymer was 50% measured by nmr as well as by tga, 
as expected from the stoichiometry of the reaction. In other experi- 
ments the t-BOC content of the polymer was varied at will from a low 
of 3% to 100% by simple adjustments in the amount of di-tert-butyl 
dicarbonate available for the reaction. The functionalization reaction 
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was also carricd out using THF as a solvcnt; this rcsultcd in an casicr hydroxybenzyl alcohol, 5 mL dichloromethane, 0.136 g tetrabutyl 
work-up as the polyrncr could be precipitatcd dircctly from thc aftcr- ammonium hydrogen sulfate, 5 mL 30% NaOH. and 2.108 g (9.66 
reaction mixturc. Thc infrarcd spectra of thc products show a carbonyl mmol) di-rert-butyl dicarbonate at P C .  The dicarbonate was con- 
band at 1760 cm ' , accompanied by a hydroxyl band at 3300 cm ' in sumed within 2 h and the mixture was subjected to the usual work-up 
the casc of the partly functionalizcd polymcrs only. to yield 0.96 g of the bis-I-BOC dcrivative 21b and 0.49 g of 21a for . ~ . . 

anbveral~ conversion of 64% of the phenolic groups and-84% of the tert-But~v/o.rycvrr!~o~~y/~rtiotr ~f'/)~/j~(p-/!\'c/t.o.ry~tj~~.~trej 
dicarbonate. A similar reaction carried out on equimolar amounts of Thc rcaction with resin M was carricd out as dcscribcd abovc for m-hydroxy benzyl alcohol ( 1  g, 8.05 mmol) and di-tert-butyl di- 

NOvOlac using 3.25 g P ~ ~ Y ( P - ~ Y ~ ~ ~ ~ Y ~ ~ Y ~ ~ ~ ~ )  in  l 2  acc- (1.76 g) in 4 mL dichloromethane with 3 g anhydrous 
tate with 4 g powdered anhydrous KICOl and 6 g di-tert-butyl di- potassium carbonate and 0.4 mmol 18-crown-6 afforded a larger pro- 
carbonate to yicld 5.5 g (93% yicld) of fully substituted poly(p-rert portion of the mono-t-BOC derivative 21a g) and a smaller 
butyloxycarbonyl styrcnc). The polymcr has spcctral characteristics amount (13 mol% of total or 0,31 g) of th  bis-t-BOC derivative 21b 
similar to thosc of an authentic sarnplc (10). Partial trrr-butyloxy- with a quantitative conversion of the dicarbonate and g9% conversion 
carbonylation of poly(p-hydroxystyrcnc) can bc accomplished rcadily of the phenolic groups. as abovc, using less than a stoichiomctric amount of thc dicarbonatc 

tert-But~~lo,r~vccrr!~ot~~~Icrtio~r q/' tlziophet7ols 
Thc rcaction was carried out cxactly as dcscribcd abovc for thc 

tert-butyloxycarbonylation of phenol. Effcrvcsccncc occurrcd immc- 
diatcly upon addition of thc dicarbonatc and thc rcaction was complctc 
within minutes. Thc desired product, obtaincd in 96% yicld. has thc 
spectral charactcristics givcn in Tablc 4. 

tert-But j~loxyc.rrr l~o~~yIa~io~~ 01' etrols 
Thc reaction was carricd out as abovc for thc prcparation of l o  but . . 

requires a longer rcaction time. In typical cascs most of thc rcaction 
is completed in 5-6 h and a small amount of colorcd tarry material is 
formed. This is rcmovcd by precipitation in pctrolcum cthcr followcd 
bv the usual work-uo. 

Thc spcctral charactcristics of thc various products arc given in 
Table 4. 

tert-Butylo.ryccrrbot~ylcrtiot~ c!f' p-cltt~it~ophc~t~ol 
To a suspension of l .OO g (9.16 rnmol) of p-aminophcnol in 5 mL 

dichloromethanc was addcd 0.16 g (0.60 rnmol) tctrabutyl ammonium 
hydrogen sulfate and 5.0 mL 30% aqucous NaOH. Aftcr stirring thc 
mixturc until a clcar two-phase systcrn is obtaincd and cooling to O°C. 
2.43 g ( 1  1.12 mmol) of di-tert-butyl dicarbonatc was added. Thc 
stirred mixturc turned dark and, aftcr a fcw hours. chromatographic 
monitoring rcvcaled that thc rcaction was ovcr. Aftcr work-up. a 
mixture of two products was obtaincd. This mixturc affordcd 1.54 g 
of 0-tert-butyloxycarbonyl-p-aminophcnol 19cr (80fio yicld) as wcll as 
0.14 g of thc 0.N-bis-tert-butyloxycarbonyl;~tcd dcrivativc 1917. This 
result shows that 85% of the original phcnolic groups havc reactcd. 
whilc conversion of the di-tc~rt-butyl dicarbonatc into thc two isolatcd 
products rcachcd 74%. A similar reaction carricd out on thc phenolatc 
of p-aminophcnol in homogcncous rncdium gavc a slightly lowcr yicld 
of 190 with only a tracc (Icss than I f % )  of 1917. 

tcrt-BictyIo.rj~cnrI~onyIcrtiotr (!/' tyrcrtnitre 
Thc reaction was carried out as above using 0.5 g (3.65 rnmol) 

tyramine in 2 mL dichloromethane containing 0.05 g tctrabutyl ammo- 
nium hydrogcn sulfate. After addition of an cqual volumc of 30% 
aqueous NaOH, the mixture was stirred until a clcar two-phase systcrn 
was obtained, 0.795 g di-tert-butyl dicarbonatc was addcd, and the 
mixture was stirrcd rapidly at 0°C. Thc reaction was ovcr in a few 
hours and thc mixturc was processed as abovc to yicld 0.61 g of 
bis-0,N-tert-butyloxycarbonylatcd tyraminc 200 (quantitative yicld 
with rcspcct to dicarbonatc). A similar reaction using thc preformed 
phenolatc of tyraminc and di-tert-butyl dicarbonatc affordcd thc same 
di-protected product. In the absencc of addcd basc thc rcaction pro- 
ceeded as follows: to 0.5 g tyraminc (3.65 mrnol) suspcndcd in 2 mL 
THF at 0°C is addcd an cquimolar amount (0.795 g) of di-r~rt-butyl 
dicarbonate. Effcrvcscencc occurred with complctc dissolution of the 
solid materials. Work-up aftcr 2 h of standing afforded 0.21 g of thc 
bis-I-BOC dcrivative 20rr (0.62 mmol) and 0.57 g of thc N-t-BOC 
compound 200 (2.4 mmol). Thc overall conversion for this rcaction 
was 100% for thc dicarbonatc and only 17% for thc phcnolic groups. 

tert-Buryloxycarbotzylarion of m-hydroxybenz)~l alcohol 
The reaction was carried out as above with I g (8.05 mmol) m- 

tert-Bu~loxycnrbonyiation of tyrosine ethyl ester 
A suspension of 1.0 g (4.07 mmol) of tyrosine ethyl ester hydro- 

chloride in 15 mL ethyl acetate was stirred with 0.050 g 18-crown-6 
and 2.50 g anhydrous potassium carbonate until the tyrosine derivative 
was fully dissolved. Upon addition of 0.888 g (4.07 mmol) di-tert- 
butyl dicarbonate, effervescence was observed and the reaction mix- 
ture was processed immediately as above to yield N-tert- 
butyloxycarbonyl tyrosine ethyl ester (1.07 g, 85% yield) with mp 
82-84°C. A similar reaction with two equivalents of the dicarbonate 
afforded the results listed in Table 3. 

tert-Buryloxycarbonylation of a cysteitle derivative 
A solution of I g L-cysteine ethyl ester hydrochloride (5.4 mmol) 

in 2 mL water was treated with 4 g potassium carbonate. After addi- 
tion of 2.36 g di-tert-butyl dicarbonate (10.8 mmol) and 0.13 g tet- 
rabutyl ammonium hydroxide, the mixture was stirred. Heat was 
evolved and the reaction proceeded to completion very rapidly. After 
the usual work-up, the bis-protected cysteine cthyl ester was obtained 
as white crystals melting at 76.5-77S°C. 
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Chemistry of spectinomycin: its total synthesis, stereocontrolled rearrangement, 
and analogs1 

STEPHEN HANESSIAN A N D  R E N ~  ROY' 
Depcrt-rtnet~r 01' Chetnisrry, Utliversit6 cle Motlrr6cr1, Mot~tretrl. P . Q . .  Cotrcrdtr H3C 3VI 

Received March 9 ,  1984 

This paper is clediccrred to rtle 10th nt~tliver.strr>~ of tile Xer0.r Resetrt-clr Cet~ire qf' Ctrtrrrcln 

STEPHEN HANESSIAN and RENE ROY. Can. J .  Chem. 63, 163 (1985). 
The total stereocontrolled synthesis of the antibiotic spectinornycin is described, based on the regiospecific functionalization 

and manipulation of appropriate starting materials. The tertiary ketol rearrangement of the antibiotic and its derivatives was 
studied and the stereochemical identity of spectinoic acid was established by chemical correlation. Dihydrospectinomycin 
dcrivatives undergo unusual solvolysis reactions. 

STEPHEN HANESSIAN et RENE ROY. Can. J .  Chem. 63, 163 (1985). 
La synthtse totale et stCrCocontr611Ce de I'antibiotique spectinomycine est dCcrite en se basant sur une stratbgie de fonc- 

tionnalisation et manipulation sptcifique de produits de diparts appropriks. Le rearrangement des a-cbtols tertiaires de la 
spectinomycine et ses dtrivts a CtC Ctudit et I'identitC stCrCochimique de I'acide spectinoi'que a ttt ttablie par des corrClations 
chimiques. Les dtrivCs de la dihydrospectinomycine donnent lieu ii des rtactions de solvolyses int6ressante.s. 

Spectinomycin is a structurally unique antibiotic which is 
formally classified among the aminocyclitol group (1). Isolated 
from several fermentation broths in the early sixties, it was 
originally given the name actinospectacin (2; for a recent re- 
view on the chemistry of spectinomycin, see ref. 3) and is 
presently used in the veterinary area. It is also widely used in 
human medicine because of its potent activity against some 
strains of Neisseria gonorrhoeae. It may be the drug of choice 
against penicillin resistant strains of Neisseria gonorrhoeae (4) 
or for patients allergic to p-lactam antibiotics. Another inter- 
esting feature concerning the biological profile of spec- 
tinomycin is the fact that it exhibits a greater degree of ther- 
apeutic effect in infected animals than might be expected on the 
basis of its in vitro activities. Extensive studies concerned with 
structure modification in order to induce greater antibiotic 
activity were carried out in several laboratories (5, 6). 
Unfortunately, except for the recently announced 4-amino- 
4-(R)-dihydro derivative (7a), and some alkyl spectinomycin 
analogs (7b), efforts to improve the biological profile of spec- 
tinomycin have been somewhat disappointing. 

The constitutional structure (8, 9), stereochemistry, and ab- 
solute configuration (lo), as well as the biosynthesis (1 1) of 
spectinomycin have been the subject of elegant studies over the 
years. Its unique structural, conformational, and functional 
features are depicted in Scheme 1. The tricyclic structure har- 
bors nine chiral carbon atorgs, each of which bears at least one 
hetero atom. Stereoelectronic factors are dominant in view of 
the presence of three contiguous acetal type linkages (12) and 
the fused ring systems provide classical cases of the man- 
ifestation of natural anomeric stereoselection (13). This feature 
may be appreciated by considering the conformational de- 
piction of spectinomycin in Scheme 1 where it can be seen that, 
in the solid state structure (lo), one of the oxygen atoms at C4a 
and ClOa has an axial disposition with respect to the other on 
the same carbon atom (gauche orientation), as dictated by the 
stereoelectronic requirements of the anomeric effect (for a dis- 
cussion of the anomeric effect, see ref. 14). Deslongchamps, 
Descotes and their respective groups (15) have found that bicy- 

'Taken in part from the Ph.D. thesis of RenC Roy, UniversitC de 
MontrCal, 198 1. 

'NSERCC Predoctoral fellow 1978- 1981. 

clic acetals having an axial orientation of alkoxy anomeric 
substituents are stabilized by at least 1.5 kcal/mol compared to 
the alternate anomer. 

Spectinomycin adopts a "bent" shape in the solid state as 
well as in solution, and the resulting topological features in 
terms of functional groups, sidedness, and electronic properties 
may have an important bearing on its mode of action in in- 
hibiting protein biosynthesis at the ribosomal level. 

Surprisingly, little if any effort was reported on the total 
synthesis of spectinomycin prior to 1977. Thus, Suami et al. 
(16) reported on the synthesis of a tetrahydrospectinomycin 
derivative by glycosylation of a suitably protected actinamine. 
Several syntheses of actinamine, the cyclitol portion, were 
already available at the time (17; actinamine is also easily 
accessible from spectinomycin, see ref. 8) although by far the 
quickest access to this compound is by acidic hydrolysis of the 
antibiotic (9). In 1979, two independent and conceptually dif- 
ferent total syntheses of spectinomycin were announced. The 
Upjohn synthesis (18) utilized L-glucose as starting material 
and involved a series of unique transformations. Our own syn- 
thesis, announced in preliminary form (1 3b, 19), was based on 
the systematic chemical manipulation of D-glucose and took 
advantage of some reactions anticipated to occur with a high 
degree of regiocontrol. It also relied in its final stages on a 
biomimetically-related process. Our strategy called for the syn- 
thesis of one of the four possible tetrahydrospectinomycins 
(20), namely, the 4R,4aR isomer (Scheme l ) ,  which, by virtue 
of a predisposed arrangement of hydroxyl groups was expected 
to provide the necessary regio- and stereochemical control in 
subsequent operations leading to a pivotal 4a-keto derivative, 
and eventually to spectinomycin. With such a precursor in 
hand, we further expected the critical intramolecular ke- 
talization to be diastereoselective because of the stereo- 
electronic requirements (12) of the anomeric effect (14). 

In this paper, we give a full account of this synthesis, and we 
report on subsequent work (21) dealing with a unique stereo- 
controlled rearrangement of spectinomycin. The retrosynthetic 
analysis shown in Scheme 1 calls for the availability of a 
derivative of a 4,6-dideoxyhexose, which represents the chiral 
tetrahydropyran portion of the molecule. The fortuitous 
D-nature of the corresponding sugar directed our attention to 
D-glucose as a precursor. An initial objective, therefore, was to 
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find expedient and practical methods to convert this readily 
available sugar into a dideoxy derivative with a predisposed 
orientation of hydroxyl groups at C-2 and C-3, as expressed in 
the structure of the glycoside 3 (Scheme 2). Note that the 
a-orientation of the cis-diol unit commits the synthetic scheme 
to proceed via a specific tetrahydrospectinomycin as dictated 
by our original strategy (Scheme 1). The availability of a two- 
step deoxygenation process (22) at C-4 and C-6 of methyl 
a-D-glucopyranoside via the intermediacy of the corresponding 
4,6-dichloro derivative allowed us to have substantial quan- 
tities of the desired intermediate 1. Attainment of the cis-diol 
orientation necessitated an inversion of configuration at C-3 
and the most practical way was a two-step process involving 
oxidation at C-3 and reduction of the corresponding ketone. 
Thus, we were faced with the task of selective protection of the 
C-2 hydroxyl group, a process which was easily accomplished 
by taking advantage of the nucleophilic enhancement of oxy- 
gen atoms in trialkyltin ethers and their selective reaction with 
electrophiles (23, 24). Upon treatment of 1 with bis(tributy1tin) 
oxide, the intermediate 2-O-tributlytin ether was formed selec- 
tively due to coordination with the anomeric methoxyl group 
(24). Reaction with benzoyl chloride gave the known 
2-benzoate derivative (25) in 94% yield. Oxidation then gave 
the crystalline derivative 2 (25), which was reduced to 3. The 
outcome of the reduction was predictable because of the 
a-orientation to the aglycone. ~ebenzo~ la t ion ,  acetolysis, and 
transformation into the glycosyl chloride were done in high- 
yielding steps to provide the reactive intermediate 5. We were 
now faced with a stereocontrolled glycosidation with a suitably 
protected actinamine derivative, and the first of a series of 
protecting groups that would be compatible with the remainder 
of the synthetic sequence had to be chosen. Moreover, in- 
spection~of the structure of the intended glycoside intermediate 
placed some stringent requirements with regard to regio and 
stereocontrol. Thus, only the central hydroxyl group in the 
symmetrical actinamine molecule must be considered, in a 
condensation that should lead to a 1.2-trans orientation of 
substituents in the resulting glycoside. Such stereoselectivity 
can be expected by anticipating the intermediacy of 1,2-acyl- 
oxonium ions in the glycoside-forming step (for some reviews 
on glycoside synthesis, see ref. 26). The regioselectivity, on 
the other hand, could be achieved by appropriate protection- 
deprotection procedures so as to free the required hydroxyl 
group. clearly this would unduly lengthen the synthesis. It was 

reasoned that by placing reasonably bulky substituents on the 
amino groups, the order of reactivity would greatly favor the 
hydroxyl group in question since it would be the least con- 
gested. Such was the case when N, N'-[(benzy 1oxy)carbony I]- 
actinamine (16) was allowed to react with 5 in the presence of 
silver trifluoromethanesulfonate in dichloromethane at 40°C. 
Selective glycoside formation took place to give the expected 
product 6 in 60-65% yield. The choice of catalyst was evi- 
dently important (27), since a related glycosidation was accom- 
plished in less than 10% yield when silver carbonate was used 
under typical Koenigs-Knorr conditions (16). Deacetylation 
of 6 gave the known N,N'-[(benzyloxy)carbonyl]-4(R),4a(R)- 
tetrahydrospectinomycin 7 (20). 

Having thus secured the stereochemical identity of gly- 
cosidic linkage in our synthetic sample 6, we considered vari- 
ous options for manipulating the hydroxyl groups en route to 
our next target, namely dihydrospectinomycin. To achieve 
this, it was necessary to set the stage for preferential oxidation 
at C-2 of the sugar and for intramolecular ketalization. The 
cis-diol unit in 7,  comprising an axial-equatorial orientation of 
hydroxyl groups, proved to be a judicious choice for the syn- 
thetic operations to be performed. These called for the for- 
mation of a cyclic orthoester 9b which was expected to undergo 
a site-selective solvolysis to give the axial ester - equatorial 
alcohol l a  (28). At the same time the interplay between pro- 
tecting groups and reaction conditions became, once again, an 
important issue. In order to achieve selective protection of the 
actinamine hydroxyl groups, 7 was first transformed into the 
corresponding isopropylidene derivative and a search for 0 -  
protecting groups was initiated, bearing in mind that the re- 
sulting derivative should withstand the rigors of aqueous acid,' 
while being susceptible to mild conditions of deprotection. The 
seldom used trichloroethoxycarbonate group (see, for example, 
ref. 29) was found to be ideal for these transformations. With 
these considerations in mind, we set out to test their outcome 
in the laboratory. The desired derivative 9 was easily prepared 
from the diol 7 by an uneventful sequence involving the iso- 
propylidene derivative 8, which upon acid hydrolysis gave the 
selectively protected diol. The latter was then transformed into 

'In our original publication, we had used acctatcs as protecting 
groups. However, unless carefully controlled. their hydrolysis was 
accompanied by somc intramolecular cyclic carbamatc formation, ref. 
19 
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HANESSIAN AND ROY 

Ho$$y A --%.- $LO- 
A c O  A c O  OAC 

O M e  O M e  O M e  
1 2 3 4 

f - 
A c O  A c O  ~ c O  AcO 

j ,k 

AcO HO 
A c O  0 

AcO H O  
AcO 0 

12 13 

SCHEME 2. a: ( B u , S ~ ) ~ O ,  then BzCI; b: PCC; C: NaBH4; d: NaOMe; e: AGO. BF3; f: HCI, ether; g: Cbz-actinarnine, silver tritlate, THF, -40°C; 
h: Me2C(OMe)2, TsOH; i: CICH2CHZOCOCI, pyr., DMAP; j: aq. TsOH, HZO-MeOH; k: MeC(OMe),, TsOH; I:  aq. AcOH; rn: PCC, benzene, 
retlux; n: Zn dust, AcOH; o: BuzSnO, MeOH retlux; p: ( B U ~ S ~ ) ~ O ,  benzene; q: NBS or Br2; r: Pd/C H2. 

the orthoester 9. Treatment of 9 with dilute acetic acid gave the 
amorphous monoacetate. lo., in which the acetate group was 
axial. Thus, the anticipated regiochemistry in the solvolysis of 
the orthoester ring had been indeed attained. Oxidation of 10 by 
a recent modification (30) of the Corey-Suggs procedure (3 1 )  
gave the unstable keto derivative 11 as a syrup. Treatment of 
11 with zinc dust in tetrahydrofuran cleanly removed the tri- 
chloroethoxycarbonyl groups and regenerated the trio1 system 
in the actinamine portion, with concomitant intramolecular 
ketalization, to give the monoacetyl derivative 12 in high yield. 
Mild base treatment then gave N,N1-[(benzyloxy)carbonyl]- 
4(R)-dihydrospectinomycin 13, identical in all respects with 
authentic material. The corresponding acetonide 14 (1 3a,  32) 
was also easily prepared. Thus, the intermediate keto polyol 
underwent stereoselective ketalization with only one of the two 
possible, symmetrically disposed hydroxyl groups in the acti- 
namine portion. This preference can be logically rationalized 
on stereoelectronic grounds (12, 14), much in the same way as 

for the free antibiotic itself (13, 18), and it is an anticipated 
event in this sequence. 

Having reached this penultimate stage in our synthesis, we 
were in a position to address the next critical step in the 
sequence, namely, the oxidation of 13 to N,N1-[(benzyloxy)- 
carbonyl]spectinomycin 16. The challenge that we faced was 
once more one of selectivity. How could one effect preferential 
oxidation of the 4(R)-hydroxyl group in the presence of a pair 
of axially (C-7) and equatorially (C-9) disposed hydroxyl 
groups, while maintaining the structural integrity of the mole- 
cule? Having explored a number of possible solutions to this 
problem, we turned once again to organotin chemistry where a 
unique opportunity for achieving a selective oxidation became 
evident, particularly in view of the cis-disposition of the vicinal 
diol unit. The oxidation of tributyltin ethers to carbonyl com- 
pounds (33) and of dibutyltin acetals to a-hydroxyketones (34) 
in the presence of bromine were known in the literature (23). 
This reaction appeared to be admirably suited to our needs, 
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CF3503Ag, RO 
AcO 

THF, - 4 0 . ~  * 
AcO 

CI 
OH Cbz OH 

although its adaptation to acetals originating from tertiary and 
secondary hydroxyl groups was yet to be tested. Treatment of 
13 with bis(tri-n-butyltin) oxide, followed by NBS, smoothly 
led to the desired N. N'-[(benzy 1oxy)carbony I]spectinomycin 
16 in high yield, presumably via the intermediacy of an intra- 
molecularly coordinated tributyltin ether such as 1%. Alterna- 
tively, 13 could be transformed into the stannylidene acetal 
156, then treated with bromine to give the desired products. 
The former method was found to give cleaner products and 
could be better controlled, particularly in view of the tendency 
for the product to over-oxidize to give a by-product, which will 
be discussed later. 

Vital to this successful oxidation was the original choice of 
a 4(R)-axial alcohol since, by its very nature the intermediate 
tin ether or acetal could only be oxidized at C-4, which has a 
favorably situated equatorial hydrogen atom." Finally, hydro- 
genation of 16 under carefully monitored conditions led to the 
intended target, isolated as the crystalline dihydrochloride pen- 
tahydrate in high yield. This product was found to be identical 
to the natural product in all respects. 

During the course of our studies, we also prepared the 4-epi 
tetrahydro N,N'-[(benzyloxy)carbony(]tetrahydro-4(S),4a(R)- 
spectinomycin 19 (Scheme 3). Thus, acetolysis of 1 and gly- 
cosy1 halide formation led to 2,3-di-0-acetyl-4,6-dideoxy-a-D- 
xylo-hexopyranosyl chloride 17 which, when condensed with 
N, N'-[(benzyloxy)carbony I]actinamine as previously de- 
scribed, gave, after purification, the crystalline derivative 18 in 
67% yield. Deacetylation at pH 8.5 gave the crystalline tetrol 
19 (16), mp 260-265°C; [a],, -3.2" (CHC13). 

Stereocontrolled rearrangements 
During the course of our oxidation studies of 13 in the 

presence of bis(dibuty1tin) oxide and bromine, we had ob- 
served the formation of a secondary product which migrated 
close to the desired N,N1-[(benzyloxy)carbonyl]spectinomycin 
16 (21). The same product was also formed when samples of 
16 were treated with silica gel, or on prolonged standing in 
ethyl acetate. The spectroscopic properties of this new product 
were sufficiently different from those of 16 to warrant further 
inquiry, and it soon became apparent that a new entity was 
produced. The constitutional identity of this product was se- 
cured from chemical evidence and eventual correlation with a 
known degradation product of spectinomycin itself. Thus, 
treatment with sodium ethoxide in tetrahydrofuran led to a 
methyl ester, while treatment with aqueous sodium hydroxide 
followed by hydrogenolysis gave the known crystalline spec- 
tinoic acid dihydrochloride 20 (Scheme 4) (8). It was therefore 
evident that the new product was the seven-membered lactone 
22, which presumably arose by a process related to an a-ketol 

'Vicinal trans-disposed stannylidene acetals are also subject to 
oxidation with bromine (ref. 34). I t  is also possible that we might be 
dealing with oligomeric ethers or acetals, rather than discrete deriva- 
tives such as 150, b. 

Cbz gH M~ gH 

HO 

NMe 0 
HOEC 

Cbz 
RN 
Me 

20, R=H, spectinoic ac i d  

21, R=Cb2 

rearrangement (for a review, see ref. 35). Such rearrangements 
are well known to occur under acidic, basic, and solvolytic 
conditions and may be reversible processes (see, for example, 
ref. 36). However, many attempts to induce reversibility in our 
case were unsuccessful, possibly because of an unfavorable 
alignment of bonds in the lactone. The forward rearrangement 
process, however, can be nicely visualized to occur by activa- 
tion of the C-4 carbonyl oxygen atom by an electrophile, and 
migration of the antiperiplanar C-4a-C-I0 bond. The rear- 
rangement did not occur with bis(dibuty1tin) oxide or bromine 
alone, or when the substrate was converted to the 
4,4-dimethylacetal derivative. It is therefore possible that the 
reaction is caused by initial formation of Bu,SnOBr (33), 
which can supply a base as well as an electrophile. That a 
tertiary ketol rearrangement was indeed operative was also 
demonstrated when the same lactone was formed from 16 in the 
presence of 10% acetic acid in refluxing ethyl acetate. 

Hydrogenolysis of the lactone 22 led to the corresponding 
amino derivative 23, which was tested and found to be devoid 
of activity as an antibacterial agent. It is of interest to note in 
this regard that 23 is isomeric with spectinomycin and it can be 
considered as a variant in which the central ring has been 
expanded and the original a-ketol functionality transposed. 

When spectinomycin was treated with strong base, there was 
formed an acidic degradation product which was called acti- 
nospectinoic acid (spectinoic acid) (9) and its formation was 
explained based on a tertiary ketol rearrangement. Although 
this substance was crystalline and a new asymmetric center was 
created at the carbon atom bearing the carboxyl group, no effort 
was made over the years to secure its configurational identity. 
The discovery of the acid-catalyzed rearrangement of 16 into 
the lactone 22 and its correlation with spectinoic acid 20 
prompted us to establish the configurational identity of the 
latter. It had already been known (9) that methanolysis of 
spectinoic acid gave a mixture of methyl glycosides 24 and the 
lactone 25 (of unknown absolute configuration at C-2) (Scheme 
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CHO 

* CH - - - 

CH3 

I 
CH3 

MeOH, HCI 
D-oryihro 

1. LAH bc + kc::. 2..+,n20-  lc9;.~ 
EH(OM~), OH gH OH 

MI yield, along with starting material and two unknown by- 

k products. Thus, in this case a net retention of configuration was 
observed. Catalytic hydrogenation of 32 led to 4-amino-4-(S)- 

iH OH dihydrospectinomycin 33, which was found to be devoid of 
26 antibacterial activity," unlike its 4-(R) epimer 34 (7).  Thus, 

what appeared to have been an alternative entry into the biolog- 
ically active series was thwarted by the unexpected. Inspection 
of molecular models clearly indicates a severly restricted back- 
side approach at C-4 in the conformationally rigid tricyclic 
system. T w o  possibilities can be considered for the displace- 
ment reactions. The mesylate could, in fact, react in the 
a-ketomesylate rather than the ketol form in which a much 
higher order of reactivity is expected (41) to give inverted 
products. In the case of the a-azido (Scheme 9)  derivative. a 

5). Thus if either product were successfully correlated with a 
known substance, then the task of assigning an absolute stereo- 
chemistry would be greatly simplified. W e  recognized the 
structural resemblance of a-D-isosaccharino- l,4-lactone to ei- 
ther methanolysis product 24 or 25. In the hope of achieving 
structural and stereochemical convergence, we proceeded with 
a chemical modification program on two fronts. Thus, 24 was 
converted in three steps into the lactone 26 by standard meth- 
odology. The  conversion of lactone 275 derived from lactose 
(37) into our target required a deoxygenation at the terminal 
primary hydroxymethyl group, which was achieved in straight- 
forward manner by a series of reactions shown in Scheme 6. 
Comparison of the physical properties of this crystalline p- 
nitrobenzoate ester 29, derived from both the synthetic and 
degradation-derived lactone, established their complete con- 
vergence. The  tertiary ketol rearrangement of spec~inomycin 
therefore produces a single acid, whose absolute configuration 
at the newly formed asymmetric center is R.  This, in fact, is the 
anticipated stereochemical result, based on a stereocontrolled 
migration of the C-4a-C-I0 bond. With the establishment of 
the stereochemical identity of spectinoic acid some 23  years 
after its isolation, the last remaining structural problem con- 
cerning the parent antibiotic can be considered fully addressed. 

In the course of our synthetic studies, we had become in- 
trigued by the prospects of effecting a number of stereo- 
controlled fragmentation and substitution reactions, particu- 
larly with the unique anti-periplanar arrangement of bonds in 
4-substituted dihydrospectinomycins (Scheme 7) (for exam- 
ples of Grob-type fragmentations, see ref. 38). It was therefore 
of interest to attempt the experiments with the mesylate 31 
derived from the 4-(5')-dihydro isomer 30 (Scheme 8). At first, 
heating the mesylate to its melting point did not result in the 
formation of new products: Consequently solvolytic studies 
were undertaken. Treatment of 31 with silver carbonate (39) in 
aqueous acetone gave the 4-(R)-dihydro isomer 13 in 47% 
yield, accompanied by N,N1-[(benzyloxy)carbonyl]actin- 
amine. Clearly, solvolysis with net inversion has taken place 
under these conditions. When the same mesylate was treated 
with sodium acetate in anhydrous trifluoromethanol (40) at 
reflux temperature, there was formed the inverted acetate de- 
rivative 12 in 38% yield, accompanied by two unidentified 
side-products. Once again, apparent inversion of configuration 
had occurred in this reaction. However, when 31 was treated 
with sodium azide in 1.5% aqueous trifluoromethanol, the cor- 
responding 4-(S)-azido derivative 32 was isolated in 30% 

subsequent base-catalyzed epimerization and subsequent intra- 
molecular ketalization could take place to give the observed 
product. Alternatively, an intermediate epoxide can be envis- 
aged to be transiently formed and attacked by the nucleophile, 
regiospecifically, with net retention of configuration. The re- 
sults in the case of acetate ion and silver carbonate can be 
rationalized, based on attack of the a-keto mesylate followed 
by ketalization (without epimerization, or  by another mech- 
anism via initial attack on the carbonyl group, followed by an 
intramolecular reaction leading to the ejection of the mesylate 
and the formation of an intermediate acetoxonium ion). 

'These reactions were unsuccessful when the corresponding 
4a-methoxy derivative was used, which strongly implies the 
involvement of the carbonyl group in the open form, or the 
tertiary hydroxyl group in a cyclic form. 

Experimental 
Melting points are uncorrected. Optical rotations wcre measured on 

a Perkin-Elmer automatic spectropolarimeter. model 141. The ' H  
nmr spectra were recorded on Varian EM-360 and Bruker WH-90 and 
400-MHz instruments using deuterochloroform as solvent unless 
otherwise stated. Thc "C nmr spectra were rccorded at 22.6 MHz. 
Mass spectra were recordcd on an AE1-902 mass spectromctcr at low 
resolution unless otherwise indicatcd. Column chromatography was 
done using silica gcl (3254 with application of moderate suction or by 
the flash technique. Work-up with usual processing signifies extrac- 
tion with an appropriate organic solvcnt, washing, drying thc organic 
phase with magnesium sulfate, and evaporation. 

Methyl 2-O-bet~zo~l-4.6-dideo.xj~-a-i~-erythro-hetopj~rotzosid- 
3-ulose. 2 

A solution of 1 (22) (3.88 g, 24 mmol) in 100 mL of anhydrous 
toluene containing 9 mL (18 mmol, 0.75 equiv.) of bis(tributy1tin) 
oxide was heated under reflux with a Dean-Stark trap. Aftcr 3 h, the 
solution was cooled to room tempcraturc and benzoyl chloride (3.4 
mL. 28 mmol) was added. After stirring I h. methanol was added and 
the solvent evaporated to give a residue which crystallized upon tritu- 
ration with petroleum ether to give 6 g (94%) of thc known 2-benzoate 
(25). mp 103- 105OC; [a],, + 158.6 (c 1.2 1 .  CHCI,). 

A solution of this product (1.06 g, 4 mmol) was added to a sus- 
pension of pyridiniurn chlorochromate (16 mmol) and sodium acetate 
(656 mg, 8 mmol) in 50 mL of d~chloromethane. After stirring for 15 
h, ether was added to the dark suspension. thc salts were filtered. and 
the filtrate was evaporated to a syrup ( 1  . I8 g; -quantitative); [a],, 
+65.2" ( c  0.15. CHCI,) (lit. (25) [a],, +66"). 

M e t l ~ y l  4,6-di~leo.r~-a-~-ribo-I1exopj~r~1t1o.~i~Ie, 3 
The preceding product (2.9 g, 1 I mmol) in 100 mL of methanol was 

treated with sodium borohydride (492 mg. 13 mmol) and the solution 
was stirred for 10 min. Excess hydride was destroyed by addition of 

'We thank Prof. R. B.  Yeats, Bishop's University, Lennoxville, - 

Quebec for a generous sample of 27. 'Courtesy of Abbott Laboratories, North Chicago, Illinois. 
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L a c t o s e  
I. c ~ ( O H ) ~  S O ~ C I ~  

2. acetone,  H + * " O k  

8 O 
%Me 
Me 

Cbr  gH Cbz PH 
OH 

" N g o D " '  Pdlc, H 2  NdN3, CF3CH20H 

r e f l u x  * - 
HO HO HO 

NMc H0 = N3 NMc 
C bz C b z  H 

NHz 

aqueous acetic acid to pH 6. the solution was evaporated to dryness, 
and the residue was extracted with ether. Usual processing gave a 
syrup which was dissolved in methanol and treated with sodium meth- 
oxide. After 24 h, the solution was treated with Dowex-50 (H'), 
filtered. and the filtrate was evaporated to dryness. Flash column 
chromatography gave the pure product 3 as a colorless syrup in almost 
quantitative yield; [a],, + 112' (c. 0.56. CHCl,); 'H  nmr (60 MHz, 
ppm): 1.19 (d. Me. J5.(, = 6 HZ). 1.37-2.21 (m, H-4'4'. J = 13 Hz), 
3.36 (OH), 3.42 (s, OMe), 3.50-4.30 (m. H2. H3, H5), 4.70 (d, 
H- I ,  J1.a = 1.3 Hz); "C nmr (22.6 MHz. ppm): 101.5. 68.8, 68. I ,  
58.8, 55.9. 39.06. 20.6. 

poured into aqueous saturated sodium bicarbonate. and the solution 
extracted with chloroform and processed as usual to give a syrup 
which crystallized upon trituration with ethanol to give 563 mg (39%) 
of the crystalline p-anomeric acetate. mp 13 1.5- 133°C (EtOH); [a],, 
-53.3" ( c  3.32, CHCI,); 'H nmr (60 MHz, ppm): 1.2 1 (d. C-Me, J,., 
= 6 Hz). 1.77 (m, H-4.4'. J = 13 Hz); 2.00, 2.07 (OAc); 4.14 (m. 
H5). 4.80 (dd, H-2. J1.Z = 8 HZ; J2 ,  = 8 HZ), 5.44 (m. H-3), 6.01 
(d, H-I); ms rnle: 215 (M+ - OAc). The mother liquors were chro- 
matographed on silica (hexanes - 10% ethyl acetate) to give 1.07 g 
(75%) of an anomeric mixture of acetates. Anol. calcd. for CIZHIX07:  
C 52.55, H 6.61; found: C 52.80, H 6.63. 

1,2,3-Tri-O-oc~etyl-4,6-~lideo.r~~-a-~-ribo-hc~,ro~vrot10.se. 4 2,3-Di-O-(~ce~l-4,6-dideoxv-a. P-u-ribo-tie,ropyr(~~~o,syl c.hloritle. 5 
The preceding diol (840 mg. 5.2 mmol), acetic anhydride (5 mL). The mixture of anomeric triacetates 4 (500 mg. 1.82 mmol) was 

and BF3.Et20 (0.3 mL) were stirred at O°C for 24 h. The solution was dried overnight under vacuum (desiccator). I t  was dissolved in 50 mL 
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of ether (freshly distilled, LAH). cooled to 0°C. and a stream of HC I 
gas was bubbled through the solution during 2 h. The solvent was 
evaporated and the rcsidue was rcpcatcdly cocvaporatcd with dry 
toluene. This product was kept undcr argon in THF solutton. An 
aliquot was analyzed by 'H nrnr (60 MHz, pprn): 1.20 and 1.35 (d, 
C-Me, two anomcrs); 2.09. 2.13, 2.15. 2.17 (OAc, 2 anomcrs); 5.53 
(d. H-I. JI :! = 8 Hz. p-anomer), 6.09 (d, H-I. J1 = 4 Hz, 
a-anomcr). 

/~~l?;rlro.vpertinort~ycir~, 6 
The chloride 5 preparcd from I g (3.65 mmol) of triacctatc 4 was 

transferred via a doublc-tip necdlc into a dry separatory funnel in a 
total volume of 40 mL of THF. A solution containing N.N1-[(benzyl- 
oxy)carbonyl]actinaminc (2.6 g, 5.46 mmol. 1.5 cquiv.. prcviously 
dricd from THF via Dean-Stark) and silvcr tritluoromcthancsulfonate 
(1.4 g. 5.46 mmol. 1.5 cquiv. (Fluka)). in 50 mL of dry THF was 
stirred at O°C undcr argon. Thc tcmperaturc was lowcrcd to -40°C. 
and thc chloride addcd dropwisc over a period of I h. The rcaction 
mixture was stirrcd at -40°C for 3 h. thcn I g of sodium bicarbonatc 
followed by 5 mL of aqueous saturated sodium chloride wcrc addcd. 
The mixturc was diluted with 150 mL of chloroform, filtcrcd over 
Celite, and the organic layer was proccssed as usual to give a foam 
which was chromatographed over silica (hcxanes-EtOAc, 3:7). 
Thosc fractions which showcd a positivc uv absorption test and a 
ncgativc benzidine-periodate test were combincd and proccssed to 
give 1.56 g (62%) of the title compound as an amorphous solid; [a],, 
-8.2" (c  0. l I ,  CHC13); ir v ,,,;,, (CHCIJ: 3480 (OH). 1750 (OAc), 
1685 (Cbz) cm '; 'H nrnr (90 MHz, pprn): 1.26 (d. C-Mc. J = 6 Hz), 
1.78 (m, H-3.3'); 1.99, 2.05 (OAc); 3.09 (s, NMc2), 4.81 (dd, H-4a. 
J ,;,. ,,,., = 8 Hz, J,.,., = 3 Hz), 4.91 (d, H-lOa. J,,,.,.,., = 8 Hz). 5. 15 (s, 
CHZPh), 5.52 (m. H-4). 7.35 (s. OH, Ph). etc. Arltrl. calcd. for 
C3,HYOI3: C 59.29, H 6.44, N 4.07; found: C 58.98, H 6.39, N 3.98. 

N,N'-[(berzryloxy)carbonyl]4(R),4a(R)-tetrahydrospectiromycin, 7 
A solution of 6 (700 mg, 1.02 mmol) in 10 mL of methanol was 

cooled to O°C and treated with a small chip of sodium metal to give 
a pH - 8.5. After 15 min at 25OC, Dowex-50 (H') was added, the 
mixture filtered, and the filtrate was evaporated to dryness. Puri- 
fication by chromatography (EtOAc) gave a solid which was re- 
crystallized from acetone to give the title compound, (-quantitative), 
identical in all respects to authentic material (20) (mp, mixture mp, 
X-ray powder diffraction diagram, [a],, ir, nrnr); mp 189-192°C; 
[a], -31.3" (C 0.53, MeOH). Anal. calcd. for C30H40N201 I: C 59.59, 
H 6.67, N 4.63; found: C 59.55, H 6.78, N 4.46. 

7,9-Tri-0-(2,2,2-trichloroethoxycarbony1)-4,4a-0-is0pr0py1idene- 
N,N'-[(benzyloxy)carbonyl]-4(R),4a(R)-tetrahydro- 
spectinomyein, 8 

The preceding compound (600 rng, 1 mrnol) was suspended in 10 
mL of benzene, 1 mL of 2,2-dirnethoxypropane and 10 mg of p-TsOH 
were added, and the homogenous solution was stirred at 25OC for 1 h. 
The acid was neutralized witti Dowex-I (OH-), the suspension fil- 
tered, and the filtrate was evaporated to dryness. Purification by silica 
gel chromatography (hexanes-EtOAc, 4: 1, then I : 1) gave the ex- 
pected acetonide derivative as colorless crystals (526 mg, 78%); mp 
189- 193°C; [a], -46. lo (c 0.94, CHCl,); ir v,,, (KBr): 3450 (OH), 
1680 (Cbz) cm- ' ; 'H nrnr (90 MHz, pprn): 1.26 (d, C-Me); 1.37, 1.5 1 
(s, CMez); 1.79 (dd, H-3,3'), 2.14 (d, H-3 eq.), 3.09 (s, NMe2), 4.5 1 
(d, H-lOa, JlOa.4a = 7 HZ), 5.14 (s, CHzPh), 7.35 (OH, Ph); ms m/e: 
644 (M'), 626 (M' - HZO), etc. Anal. calcd. for C33HaNZOll: C 
61.48, H 6.88, N 4.34; found: C 60.92, H 6.82, N 4.19. 

A solution of the preceding compound (3 15 mg, 0.47 mmol) in 20 
mL of dry pyridine containing 30 mg of N,N-dimethylarninopyridine 
was treated at O°C with trichloromethyl chloroformate (1 mL, 7 
mmol). The solution was left at 25OC overnight, excess reagent was 
destroyed by adding ice-water (30 min), and the mixture was evapo- 
rated in the presence of toluene to eliminate the pyridine. The residue 
was extracted with ether, the latter was washed successively with 
aqueous ammonium chloride, then water, and the organic phase was 

processed as usual. Chromatography over silica (hexanes-EtOAc, 
7: 3) gave the title compound as a glassy semi-crystalline solid (434 
rng, 67%); rnp 100- 105°C; [a], - 16.9" (c 1.16, CHC13); ir v,,, 
(KBr): 1765 (OCOZ), 1700 (Cbz) cm-'; 'H nrnr (90 MHz, pprn): 1.22 
(d, C-Me); 1.34, 1.49 (s, CMeZ); 2.80 (s, NMe2), 4.48 (d, H-lOa, 
J10u,4u = 7 HZ), 4.75 (s, CHzCCl3), 5.13 (s, CHzPh), etc. Anal. calcd. 
for C4ZH43C19NZ017: C 43.23, H 3.71, C1 27.34, N 2.40; found: C 
43.78, H 4.27, C1 27.19, N 2.38. 

4-0-acetyl-7,9-0-(2,2,2-trichloroethoxycarbonyl)-N ,N1-[(benzyl- 
oxy)carborzyl]4(R),4a(R)-ietrahydrospectinomycirz, 10 

Compound 8 (300 mg, 0.22 rnmol) was dissolved in a mixture of 
THF (5 mL) and 9:3 methanol-water (10 mL) containing 40 mg of 
p-TsOH. After stirring for 48 h the acid was neutralized with Dowex- 1 
(OH-), the mixture was filtered, and the filtrate was evaporated to 
dryness to given an amorphous solid (280 mg); [a], -7.9" (c 0.26, 
CHC13); ir v,,, (KBr): 3450 (OH), 1765 (OCOz), 1705 (Cbz) cm-'; 
'H nrnr (90 MHz, pprn): 1.19 (d, C-Me), 2.82 (s, NMez), 5.15 (s, 
CHzPh), 7.34 (s, Ph), etc. 

The preceding compound (280 mg, 0.248 mmol), in 10 mL of 
benzene, was treated with 0.5 mL of trimethylorthoacetate and 10 mg 
of p-TsOH. The solution was stirred at 25OC for 1 h, the acid was 
neutralized with dry Dowex-1 (OH-), and the suspension was filtered. 
Evaporation of the filtrate gave a syrup consisting of 9, which was 
dissolved in 10 mL of 80% aqueous acetic acid, and the solution was 
stirred for 30 min. The solvent was evaporated and the residue treated 
with toluene several times (with evaporation), to give a syrup that was 
chromatographed (hexane-EtOAc, 7: 3). The desired acetate was ob- 
tained as an amorphous solid (hexanes) (270 mg, -quantitative); [a], 
-21.0" (c 0.63, CHC1,); ir v,,, (KBr): 3500 (OH), 1770 (OCOZ), 
1740 (OAc), 1710 (Cbz) cm-'; 'H nrnr (90 MHz, pprn): 1.20 (d, 
C-Me), 2.11 (s, OAc), 2.82 (s, NMe2), 3.41 (dd, H-4a, J,,~,,, = 8 Hz, 
J4,,4 = 4 HZ), 4.75 (s, CHZCCl3), 5.14 (s, CHzPh), 7.34 (s, OH, Ph). 
Anal. calcd. for C41H45C19NZ013: C 41.99, H 3.87, N 2.39; found: C 
41.53, H 3.85, N 2.31. 

(a) Front 10 
The preceding ( 1  60 mg. 0.14 mmol) was oxidized in the presence 

of PCC (90 mg, 6 cquiv.) in rcfluxing bcnzcnc ( I 0  mL) for I h. 
Excess cther was added, thc suspension was filtcred over "Florisil", 
and the filtrates and washing wcrc processed as usual to givc a syrup 
that was chromatographed (hcxanes-EtOAc, 7:5). Thc unstable in- 
termediate 4a-kcto derivative 11 was collcctcd in appropriate frac- 
tions. and immediately used in the next stcp. Thus, the resulting syrup 
was dissolved in 10 mL of glacial acetic acid, 130 mg of zinc dust 
(freshly activated by washing with I N HCI). and the mixture was 
stirred for 30 h. The reaction mixturc was pourcd into aqueous satur- 
ated sodium bicarbonatc - EtOAc, and the organic extracts were 
washcd and proccssed as usual to give thc titlc compound. This was 
purified by preparative thick layer chromatography on silica gcl (Et- 
OAc) (syrup, 60 mg, 64%). and was identical in all rcspccts with 
material prcparcd from thc natural product. 

(b) From N,N'-[(benzylo.ry)~~arhor1~~l]-4(R)-cIi/z~~dro.spec~tirzom~~(~i1t 
The titlc compound (600 mg, 1 mmol), rcadily available from 

spectinomycin (13a. 32). was suspcndcd in 15 mL of benzene. I mL 
of trimethylorthoacctatc and 10 mg of p-TsOH wcrc added, and the 
mixture was stirrcd for I h. The homogeneous solution was thcn 
treated with Dowex- l (OH - )  and filtcred. Processing thc filtrate gave 
a syrup which was dissolved in 20 mL of 80% aqucous acctic acid (30 
min). Evaporation and chromatography as prcviously describcd gave 
the 4-0-acctyl derivative 12 as a syrup (494 mg. 77%); [cell, +27.2" 
(c  1.30, CHCI2); ir v,,,.,, (CHC13): 3600. 3640 (OH); 1730 (OAc), 1690 
(Cbz) cm- ' ;  'H nrnr (90 MHz, pprn): 1.26 (d. C-Mc). 1.69 (m, 
H-3.3'), 2. I4 (s, OAc); 3.04, 3.07 (s, NMc?); 4.82 (s, H-lOa), 4.95 
(t, H-4). 5.15 (s, CH2Ph). 7.34 (s. Ph). 

N,N'-[(her~zylo.ry)c~~rhorz~~l~(R)-~lihydro.s~~e~~iir~orrz~cirz, 13 
The acetate 12 (100 mg, 0.155 mmol) was dissolved in 5 mL of 
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methanol containing 0.05 mLof a I N sodium mcthoxide solution (pH 
-8) and the solution was stirred at 25°C for 15 niin. The base was 
neutralized with Dowcx-50 (H'), the mixture was filtcrcd, and thc 
filtrate was processed as usual to givc an amorphous solid (93 mg. 
-quantitative), mp 157- 160°C; [a],, +27.5" ( ~ 0 . 5 0 .  CHC13); ir v,,,.,, 
(KBr): 3420 (OH), 1680 (Cbz) cm I; 'H nmr (90 MHz. ppm): 1.22 
(d. C-Me), 1.69 (m, H-3.3'); 3.02, 3.07 (s, NMcZ); 4.84 (s. H- lOa), 
5.13 (s, CHZPh). 7.33 (OH. Ph). 

'This product was found to be idcntical with a sample prepared from 
spcctinomycin (130. 32) (tlc, [a],,, ir, nmr. ms). 

Treatment of 13 (30 mg) with 2.2-dimethoxypropanc in benzene 
containing p-TsOH gave the corrcsponding 4.4a-acctonide derivative 
14 in 96% yield. idcntical with material prepared from spcctinomycin; 
glassy amorphous solid. [a],, +29.6" ( c  0.27. CHCI,) ( l i t .  (130. 32) 
[a] +31.17 (CHC13). 

N ,N ' - [ ( b e ~ ~ z y l o . r j ~ ) c ~ ~ r l ~ o t ~ ~ l ] . s p e c ~ i ~ ~ o t t ~ y t i t  (1 6) 
A solution containing 298 mg ( 1  cquiv.) of bis(tri-n-butyltin) oxidc 

and 13 (300 mg, 0.5 mmol) in 20 mL of benzene was stirred at 25'C 
for I h, thcn treated with NBS (134 mg, 1.5 cquiv.). Aftcr stirring for 
10 h. hexancs were added to precipitate the title compound in almost 
pure form as an amorphous solid (240 mg. 80%). Chromatography on 
silica gel (hcxancs-EtOAc, 2:3) gavc purc product, idcntical with a 
sample prcpared from the antibiotic; [a],, -4.6" ( c  0.28, CHCI,); ir 
u,,,.,, (KBr): 3460 (OH). 1685 (Cbz) cm '; 'H nmr (90 MHz, ppm): 
1.41 (d. C-Me), 1.5 1 (m. H-3e). 1.65 (m, H-3a); 2.98, 3.08 (NMe,): 
4.70 (s, H-lOa), 5.14 (s, CHZPh), 7.34 (OH. Ph), ctc; ms m/e: 600 
(M'), 492 (M' - PhCHZOH). 4.65 (M' - PhCH,OCO), ~ t c .  

The oxidation of 13 (200 mg, 0.33 mmol) was also donc in the 
presence of di-n-butyltin oxide (90 mg, I .  I cquiv.). Thc rnixturc was 
refluxcd in methanol ( I0 mL) for I h, evaporatcd. benzene added, and 
the solution evaporated again to givc a syrup. 'The stannylidcne deriv- 
ative was dissolved in 5 mL of dichloromethanc containing 0.12 mL 
( I .  I equiv.) of tri-n-butyltin methoxide (24) and the solution was 
cooled toO°C. This was treated with a solution of brorninc ( I .  I cquiv., 
2% in CH2C12) dropwise. ovcr a period of I h. Residual brominc was 
destroyed with cyclohexcnc and the crude product was isolated by 
precipitation with hcxancs to givc an amorphous solid (184 mg. 92%). 
Chromatography as described above gavc 139 mg (70%) of purc 
product. 

(+)-Spec.tinc~tnycit~ tlitzyrlroc~tzloride 
A solution of the prcvious compound (140 mg. 0.23 mmol) in a 

rnixturc of 2-propanol and water ( - I  : 1 .  5 mL) was hydrogenated in 
the presence of 100 mg of 5% palladium-on-charcod, while mon- 
itoring the effluent gas for cessation of CO, evolution (aqucous 
Ca(OH),). The catalyst was filtered. the filtrate was evaporated. and 
the residue was dissolved in water (3 mL) and acidified with HCI to 
pH 3. Repeated cvaporation with toluene gave a solid which was 
recrystallized from aqueous acetone (-5 mL). Aftcr standing at 0°C 
overnight, beautiful colorless needles of (+)-spectinomycin 
dihydrochloride.5HZ0 were obtaincd ( 104 mg, 908) .  mp 205-207°C 
(dec.); [a],, + 14.8" (c  0.42. HZO). idcntical to the authentic natural 
product (9); ir v,,,.,, (KBr): 3300 (OH), 1740 (C=O. weak) e m ' .  ctc.; 
'H nmr (90 MHz, ppm, DZO): 1.25 (d. C-Me); 2.79. 2.82 (s. NMcZ); 
4.86 (s ,  H-lOa); "C nmr (22.6 MHz, ppm. D,O): 94.4 (C4a, ClOa), 
92.6 (C4). 70.6 (C9a). 69.2 (C2). 66.9 (C9). 66.5 (C5a). 62.3 (C8), 
60.3 (C7), 59.4 (C6). 42.6 (C3). 3 1.5 (N8-Me), 3 1.1 (N6-Me), 20.5 
(C2-Me); see also ref. I I; X-ray Cu-powder diffraction diagram (mm 
distance, m, medium, s. strong): 16.1 m, 24.5 ms, 28 m. 29.2 m, 3 1.8 
s, 42 m, 44.7 m. 51.0 m. 52.9 mm, 54.8 mm, 59.7. 

N , N ' - [ ( b e t ~ z j ~ l o x y ) c ~ ~ ~ r I ~ o t ~ ~ I ] . ~ p ~ ~ ~ ~ t i t ~ o i c  crcitl, 21 
A solution of 16 ( I  g, 1.67 mmol) in 25 mL of THF and 2.5 mL 

of N NaOH was stirred for I h, thcn the solution was ncutral~zcd with 
Dowcx-50 (H'). The resin was filtcrcd. and the filtrate was evapo- 
rated to a syrup which was dissolved in ethyl acetate. Addition of 
hexanes gave the title compound as an amorphous solid (950 mg, 
92%); [a],, -47.3" (c  2.06, CHCIT); ir v ,,,.,, (CHCI,): 3440 (OH. 
COIH), 1730 (COZH), 1685 (Cbz) cm '; 'H nmr (90 MHz. ppm): 

1.36 (d, C-Me), 2.19 (m, H-4.4'); 2.9, 2.04 (s. NMc,); 5.30 (s, H-2), 
5.10 (s. CH2Ph), 7.30 (Ph), ctc.; ms m/e: 600 (M' - H20). 

Esterification of 21 with diazomcthanc in a mixture of ether and 
THF gavc the corrcsponding methyl ester. isolated as an amorphous 
solid; [a],, -48.2 ( c  0.7 1 .  CHCIT); ms tn/e: 632 (M'). 

Alternatively. treatment of 16 ( l g. 1.67 mmol) with a solution of 
sodium methoxide (20 mL, pH 8.5. 30 min). followed by ncutral- 
ization with Dowex-50 (H') and processing. gave the ester (787 mg, 
75%) as an amorphous solid. 

(a) Frorn 16  ut~dc.r trciel r~cltn1y.si.s 
A solution containing 16 (600 mg, I mmol) in 25 mL of EtOAc and 

2 mL of glacial acctic acid was retluxed overnight. A new product was 
formed with a slightly higher tlc mobility (CHC13-McOH, 9: 1). The 
solution was evaporated to dryness in the presence of toluene and the 
residue was chromatographed over silica gel (hexancs-EtOAc. 2 : 3) 
to give 457 mg (76%) of the title lactonc as an amorphous solid; [a],, 
+67" (c  1.45. CHC13); ir v,,,.,, (CHCI3): 3360, 3320 (OH); 1750 
(lactone), 1685 (Cbz) cm - ' ;  ' H  nmr (90 MHz, ppm, DMSO-d,): 1.25 
(d, C-Me). 2.20 (m, H-4.4'); 2.95. 299 (s, NMcZ); 5.35 (s. H-2); 
5.13, 5.16 (s, CH,Ph); 7.37 (s. Ph). etc.: ms mle: 600(M'). 601 (M' 
+ I ) ,  etc. 

(b) Frorn 16 it1 presence qf' (BL,.,SII)~O (1tzd Br. 
A mixture containing bis(tri-n-butyltin) oxide (596 mg. I mmol, I 

cquiv.) and 16 (400 mg, 0.67 mmol) in I0 mLof dichloromethanc was 
stirred for 2-3 min, thcn treated dropwise with 0.05 mL of bromine 
in I mL of dichloromethanc under argon. The desired product was 
formed after 4 h at 25'C. The solution was evaporated to a small 
volumc and the product was precipitated with hexanes. leaving the tin 
by-products in solution. The solid thus obtained was chromatographed 
to givc 330 mg (83%) of lactonc 22. 

(c) From 13 it1 presence of' bi.s(tri-n-butyltit~) o.rirle o t ~ d  bromine 
A solution of 13 (200 mg. 0.33 mmol) and 258 mg (0.43 mmol, 1.3 

cquiv.) of the tin derivative in 10 mL of dichloromethanc was treated 
with bromine (0.02 mL. 1.3 cquiv. in I mL of dichloromcthane) 
dropwise under argon. After similar treatment as dcscribcd above, the 
desired lactonc was obtained (170 mg, 85%). 

Cherniccrl ~rclr~.yfi)rtt~ntiot~,s qf' the Itrctone 22 
(a) Me1tzcrno1y.si.s 
Treatment of 22 (I05 mg. 0.18 mmol) in 15 mL of methanol 

containing 50 mg of potassium carbonate (or sodium methoxide), 
followed by neutralization with Dowcx-50 (H'), after 10 min gavc the 
methyl ester of 21 (see above) ( I  18 mg, -quantitative); [a],, -48.2" 
(c  0.48, CHCIT). 

(b) Base t1j~dro1y.si.s 
A solution of the lactonc 22 (500 mg. 0.67 mmol) in I0 mL of THF 

was cooled to 0°C and treated with N NaOH ( I  mL, 1.5 cquiv.); 
neutralization with Dowcx-50 (H'), followed by processing. gave 21 
(413 mg. -quantitative) as an amorphous solid. 

Speciinoic crcid Inc~tone tlih~drochloritle 23 
A solution of 22 (400 mg. 0.67 mmol) in 10 mL of 2-propanol 

containing I mL of water and 1.6 mL N HCI was hydrogenated in the 
presence of 10% palladium-on-charcod (100 mg). After I h the cata- 
lyst was filtered, and the filtrate was processed as usual by co- 
evaporation of the solvent with toluene to givc an amorphous solid 
(225 mg. 83%); [a],, -64.3" (c  1.12. H20); ir u ,,,.,, (KBr): 1720 
(C=O) cm I ;  "C nmr (22.6 MHz, ppm, D20): 21.8, 31.7. 41.0, 
60.1, 61.9, 68.1, 69.4, 77.8, 81.1, 86.9, 108.8, 174.9. 

Me1hnno1~v.si.s o/'.spectinoic clcid. 1.soltrtiot1 of24 clntl 25 
This experiment was donc essentially according to a literature pro- 

cedure (8). A solution containing 10 g of spectinomycin frec base 
(liberated from the salt with Dowcx-I) and 20 g of barium hydroxide 
in 500 mL of water was stirred at room temperature for 24 h. The 
suspension was filtcrcd, excess barium ions were precipitated with N 
HZSO, until pH - 5.5, and the mixture was filtcrcd ovcr Celitc. The 
filtrate was evaporated in the presence of methanol and the resulting 
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Packing analysis of carbohydrates and polysaccharides. 16. The crystal structures of 
celluloses IV, and IVll 

ERIC S .  GARDINER A N D  ANATOLE SARKO' 
Depclrtment r.fChemistrv trnd t11e Cellrclose Research Institure, Stclte University c?fNertr York, College cfEnvirontnentc11 Scietzce 

and Forestry, Syracuse. NY 1321 0,  U.S.A. 

Reccivcd February 20. 1984 

This paper is dedicated to the IOtll tmniverstrry of the Xeroa Resetrrrh Centre of' Conclda 

ERIC S. GARDINER and ANATOLE SARKO. Can. J .  Chem. 63, 173 (1985). 
The crystal structures of cellulose polymorphs IV, and lV11 have been dctermincd by X-ray fiber diffraction analysis 

combined with stereochemical model refinement. Both structures crystallize in a two-chain unit cell of essentially identical 
parameters. The most probable space group in both cases is P I .  Thc chain conformations, although close to two-fold helical, 
are marked by unequal rotational positions of the O(6) hydroxyl groups in adjacent rcsiducs. Despite identical unit cell 
parameters, the structures differ in chain polarity: in cellulose IVI both chains of thc unit cell are parallel, whcreas in cellulosc 
IV,, they are antiparallel. The difference in polarlty is further substantiated by the results of chemical conversions which show 
that cellulose IV, is converted to cellulosc I ,  and cellulosc IV,, is converted to cellulosc 11. via parallel and antiparallel cellulose 
triacetates, respectively. The reliability of the structure analyses is indicated by the residual R" = 0.1 15 for cellulose IV, and 
0.094 for cellulose IVII, for data sets of 41 and 43 reflections. respectively. 

ERIC S. GARDINER et ANATOLE SARKO. Can. J .  Chem. 63, 173 (1985). 
Faisant appel h unc analysc de la diffraction dcs rayons-X par les fibres combinee avec une affinement du modklc 

stCrCochimique, on a determine les structures cristallines des polymorphcs IVI ct IV,, dc la cellulose. Lcs deux structures 
cristallisent dans une cellule unitaire ii deux chaincs ct Ics parametres dc chacunc de ccs cellules sont cssentiellement idcntiques. 
Dans chacun des cas, le groupe d'espace le plus probablc est P I .  Les conformations des chaines sont pratiquement toutes les 
deux sous formes d'hklices binaires; toutcfois, les groupes hydroxyles en (0)6  des risidus adjacents sont dans dcs positions 
rotationnelles diff6rcntes. MEme si les parametres de la cellule unitaire sont identiques, la polaritt des chaines differc suivant 
les structures: dans la cellulose IV,, les deux chaines dc I'unite cellulaires sont parallklcs alors que dans la cellulose IV,, elks 
sont antiparallkles. La difference de polarit6 est confirm& par les rksultats de conversions chimiques qui montrent quc la 
cellulose IV, pcut &tre transform& en cellulose I et la ccllulosc IV,, est transformkc cn ccllulosc 11 par le biais dc triacitatcs 
dc cellulose qui sont respectivcment parallklcs et antiparallkles. La fiabilitk dcs analyses structurales cst indiquCc par Ics valeurs 
de R" qui sont 0,115 et 0,094 repectivement pour Ics celluloscs IV, ct IVI, ct qui sont baskcs sur des ensembles de donnCcs 
de 41 et 43 rkflexions. 

[Traduit par le journal] 

Introduction 
The existence of cellulose in the form of four polymorphic 

crystalline structures, designated celluloses 1, 11, 111, and IV, 
has been known for some time (1). Of these polymorphs, only 
cellulose I is the native form, and all others are conversion 
products of it. However, only cellulose IV is obtained under 
high temperature conditions. This suggests a measure of sta- 
bility for its structure. not unlike that of cellulose I and cellu- 
lose I1 (the most stable polymorph). Indeed, though celluloses 
1 and I1 appear to be the most stable structures, cellulose IV can 
only be converted back to cellulose I or  I1 by resorting to drastic 
treatments such as niercerization or  boiling in acid (2). In 
contrast, the cellulose I11 polymorphs revert to celluloses I and 
11 by simply warming in water. 

Previous crystallographic analyses of various cellulose poly- 
morphs have shown that their structures fall into two classes: 
one based on parallel chains (celluloses 1 and Ill,), and the other 
on antiparallel chains (celluloses I1 and 11111)' (3). Within each 
category there is reversibility between the polymorphs; how- 
ever, the parallel to antiparallel conversion is irreversible. 

Cellulose 1V can be most easily prepared by heating cellu- 
lose 111, and therefore, two polymorphs of it also exist - 
celluloses IVI and IVll - obtained, respectively, from cellu- 
loses Ill1 and Illll  (4). The diffraction diagrams of both cellulose 
1V polymorphs are very similar (cf. Fig. I). Nonetheless, 
reversible transformations to cellulose triacetate have shown 

' ~ u t h o r  to whom corrcspondcncc should bc addressed. 
' ~ h c  subscript indicates thc polymorph of origin. 

that the two structures are not identical. Cellulose IV,, upon 
heterogeneous acetylation, yields cellulose triacetate 1 (CTA I), 
whereas cellulose lVll yields CTA 11 ( 5 ) .  Crystallographic 
structure analyses have shown that CTA 1 possesses a parallel- 
chain structure (6) while CTA I1 is antiparallel (7). It has 
further been shown that CTA I prepared from cellulose IV, 
deacetylates to cellulose 1 while CTA 11 obtained from cellulose 
IV,, deacetylates to cellulose I1 ( 5 ) .  These observations strongly 
indicate that the two cellulose IV polymorphs differ in chain 
polarity. 

A full crystallographic structure analysis of both polymorphs 
was undertaken in order to delineate their structural differences 
and to gain some understanding of their stability. From an 
industrial point of view, cellulose IV is an important minor 
component in various cellulose products, where it tends to 
modify their properties. 

Experimental 
Fibrous cellulosc IV, was prepared from ramie ccllulosc I by first 

converting the latter to cellulosc 111,. followcd by heating. Thc con- 
version to cellulose Ill1 was accomplished by swelling the fibers in 
75% aqueous cthylcnc diamine for 5 h at 35°C. followcd by washing 
with anhydrous methanol (8). The process was repeated three times. 
The conversion to cellulosc IV, was done by heating in glyccrol, at 
260°C for 20 min (9). Although ccllulosc lVll can be prcparcd from 
ccllulose 111,, using the same mcthod. the samplc used here was a 
commercial one, produced by regenerating ccllulose xanthatc at 
100°C. (This samplc was provided by Dr. R .  H .  Marchcssault of 
Xerox Research Centre of Canada.) 

X-ray diffraction diagrams of both samples wcrc rccordcd in an 
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FIG. 1. X-ray diffraction diagrams of (left) cellulose IV,, (right) cellulose IV, , .  Fiber axis is vertical. 

evacuated Scarlc toroidal focusing camera, using Ni-filtcrcd CuKa TABLE I. Unit ccll paymctcrs and obscrvcd and prcdictcd d-spacings 
radiation and llford Typc G Industrial X-ray Film. Multiplc-film cx- (in A) for ccllulosc IV, and lVll 
posurcs wcrc uscd for intcnsity dctcrniinations and powdcrcd NaF was 
uscd for thc calibration of thc films intcndcd for (1-spacing mca- Ccllulosc IVI Ccllulosc lVll 
surcmcnts. Thc unit ccll paramctcrs wcrc rcfincd against mcasurcd 
(/-spacings using Icast-squarcs proccdurcs. Thc intcnsitics wcrc mca- tr = 8.03 * 0.05 A (1 = 7.99 2 0.05 A 
surcd with a Joycc-Locbl rccording microdcnsitomctcr, using straight- h =  8 . 1 3 + 0 . 0 5 4  b = 8.10 + 0.05 6 
linc scans along the laycr lincs. Ovcrlappi~g intensity cnvclopcs wcrc c = 10.3420.10 A c = 10.34-fO.lO A 
rcsolvcd with a Icast-squarcs curvc rcsolution program. 'Thc individual 
intcnsitics wcrc corrcctcd for Lorcntz and polarization factors. rctlcc- hkl tl (obs) d (calcd.) Ilk1 tl (obs) d (calcd.) 
tion arcing, distancc of diffracted ray to film, tracing dircction othcr 
than radial, and thc Franklin artificial tcmpcraturc factor (10). and 110 5.67 5.71 l I0 5.67 5.69 
wcrc convcrtcd to rclativc structurc factor amplitudcs. A total of 16 020. 200 4.03 4.07. 4.01 020. 200 4.05 4.05, 4.00 
obscrvcd structurc factors wcrc obtaincd for cellulose IV,, which 130. 310 2.58 2.57, 2.54 130, 310 2.6 2.56, 2.53 
includcd thc contributions of 30 plancs. An additional 7 obscrvcd 230. 320 2.22 2.25. 2.24 230, 320 2.25 2.24, 2.23 
structure factors, rcprcscnting 1 I plancs, wcrc obtaincti in the samc 121, 21 1 3.40 3.42, 3.40 121, 21 1 3.35 3.41, 3.39 
manncr from intcnsitics assigncd onc-half of thc minimum obscrvablc 03 1 %  30 1 2.63 2.62. 2.59 031. 301 2.62 2.61, 2.58 
intcnsity. For ccllulosc IVII, thc corresponding nu~ubcrs wcrc: 15 131. 31 1 2.49 2.49, 2.47 131, 31 1 2.48 2.48, 2.46 
obscrvcd, 32 plancs: 7 unobscrvcd. I I plancs. Mcridional rcflcctions 012, 102 4.36 4.36. 4.35 012, 102 4.36 4.36. 4.34 
wcrc not includcd in thc mcasurcmcnts, bccausc of thc wcll-known 112 3.82 3.83 l I2 3.75 3.83 
difficultics in applying thc ncccssary intcnsity corrcctions. During thc 022, 202 3.2 1 3.20, 3.17 022, 202 3.24 3.19, 3.16 
structurc rcfincmcnt, most of thc obscrvcd structure factors wcrc 122, 212 2.98 2.97, 2.95 122, 212 2.99 2.96, 2.95 
cqually wcightcd at 1.0, whilc thc unobscrvctl ant1 somc obscrvcd 013. 103 3.19 3.17, 3.17 013, 103 3.18 3.17. 3.17 
structure factors from wcak and diffusc rctlcctions wcrc wcightcd at 113 2.96 2.95 113 3.00 2.95 
0.5. 023. 203 2.61 2.63. 2.62 023. 203 2.61 2.63, 2.61 

Results and discussion 
D(fr~lc.tiotz trleusL(rernent.s 

The diffraction diagrams of both polymorphs are shown in 
Fig. I .  Based on the d-spacing measurements of 15 reflections 
for cellulose l V l  and 16 reflections for cellulose IV, , ,  the unit 
cell parameters obtaincd by least-squares refinenient are given 
in Table I .  The less than I% difference in the parameters 
indicates the two unit cells to be identical within experimental 
error. Agreement between the measured and calculated d- 
spacings, also shown in Table I,  is good. 

As previously observed with other cellulose structures, the 
space groups of the two cellulose 1V polymorphs could not be 
determined unequivocally and were, therefore, assumed to be 
P  I .  The frequently used space group P2,  with the screw axis 
in the chain direction was not considered because faint odd- 
order meridional reflections 001 and 003 were observable. 
However, as d~scussed later, the space group P2,  with the 
screw axis at right angles to the chain axes was considered. As 
it turned out, after the completion of structure refinenient, the 

space group P  1 appeared to be the correct choice for both 
polymorphs. 

Str~(c.ture .sol~triotl utld r~f i t~e tnen t  
As was done in all other cellulose crystal structure analyses, 

the method was one of model refinenient. The generation of 
starting models was considerably simplified owing to the 
availability of detailed structural data for other cellulose poly- 
morphs. 'The similarity of the unit cells of all cellulose struc- 
tures indicates common conformational and packing features, 
viz., chains conforming exactly or nearly to a two-fold screw 
axis along the chain, and a crystalline packing marked by a 
sheet-like arrangement of chains in the h-c. plane of the unit 
cell. As is true of all other cellulose polymorphs, the calculated 
and observed densities (approx. 1.6 g/cm3) dictate that two 
chains pass through each unit cell. with the most probable 
arrangement of one chain at the corner of the cell and the other 
in the center. With these constraints in place, the choice of 
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GARDINER A N D  S A R K O  

TABLE 2 ,  Characteristics of possible models 

Model 

Parameter l V I  Antiparallel I V ,  Parallel IV , ,  Antiparallel IV , ,  Parallel 

Space group 
R" 
B (temp. factor) 
Chain I rotation" (dcg) 
Chain 2 rotation" (dcg] 
Chain 2 translation" (A) 
O(6) rotations" 

(deg) 
4 (dcg)' 
4J (dcg)' 
T (bridge anglc) (deg) 
V.  B ." (A) 
Hydrogen bonds' 
Short contacts 

"Chain I is the corncr chain, chain 2 is thc ccntcr chain. Thc O" position o f  thc chair1 rotation for space group P I  is when 0 ( 4 ) ,  is on thc -J axis 
for the corncr chain (and in  analogous position for thc ccntcr chain). For P2, .  the corresponding positions arc on the -.r axis. Chain 2 translation 
i s  mcasurcd rclativc to chain I .  

"O(6) rotations rcfcr to thc torsion anglc O(5)-C(5)-C(h)4(6) .  The 0" position is whcn atoms O(5) and O(h) arc cclipscd. Thc first two anglc 
values arc for rcsiducs I and 2 (chain I ) ,  thc sccond two arc for rcsiducs 3 and 4 (chain 2). 

' 4  = 0" whcn the bond scqucncc H(I),-C(I),-0(4),-C(4), is 1.i.v; (J = 0" when the bond scqucncc C( I )I-0(4)2-C(4)~-H(4), is cis. A positive 
anglc is for thc far bond clockwise rclativc to thc near bond. 

'The \irrrrcrl bo,rtl (V.B.) is thc vector connccring succcssivc glycosidic oxygcns (bridge oxygcns. O(4)).  
'The first numbcr counts the intcrmolccular bonds, thc second intramolecular bonds. per unit cell. 

initial models was essentially limited to two: ( I )  both chains 
parallel, and (2) corner and center chains antiparallel. In the 
latter case, a further distinction into two niodels could be made: 
one in which both chains were independent, and another in 
which the chains were related by a two-fold screw axis along 
either the a or  the b axis of the unit cell. In all models, the two 
glucopyranose residues comprising the fiber repeat were con- 
sidered to be independent, i .e. ,  the structures were assumed to 
be based on a cellobiose residue. 

The model refinement procedure was identical with that used 
previously with other cellulose structures (1 1 - 13). Initially, 
all models were refined to acceptable stereochemical parame- 
ters, with all bond lengths, bond angles, torsion angles, and 
hydrogen bond lengths within the observed ranges as seen in 
carbohydrate crystal structures ( 14). The refinement was 
carried out with the molecular mechanics computer program 
PS79 (15), by minimizing the function 

where a, are the bond lengths, bond angles, and torsion angles; 
a , ,  and S.D., are the corresponding standard values and 
standard deviations, respectively; cl,, are the nonbonded dis- 
tances; ~ l ~ , , ,  are the corresponding equilibrium distances; w,, are 
appropriate weights; and W is the weight of the nonbonded 
repulsion term in the function. The standard values a,,, and cl,,,, 
have been previously published (15). 

The stereochemically sound models were subsequently re- 
fined against the set of observed structure factor amplitudes, 
F,,, by minimizing the weighted crystallographic residual 

(In this equation, F, are the calculated structure factor ampli- 
tudes, and w are weights assigned to individual reflections.) 

Because the number of reflections was relatively small, the 
refinable parameters during these refinement cycles included 
only the chain positioning parameters ( i .e . ,  rotation about the 
chain axes and translation along the c axis). all chain and ring 
torsion angles, and selected bond angles (bridge angles at the 
two glycosidic oxygens of the cellobiose residue and bond 
angles in the hydroxymethyl groups). All other bond angles and 
bond lengths remained invariant at values obtained by stereo- 
chemical refinement. During the final cycles of refinenient, the 
function 

was minimized, in order to forestall the development of short 
nonbonded contacts which may arise when refinenient with a 
small number of reflections is attempted. (The fraction f r a n g e d  
from 0.92 to 0.95,  designed to weight both terms in eq.  [3] 
equally.) In addition, during the final cycles of refinement. an 
overall, isotropic temperature factor of the form exp 
(-B sin' 0/X2) was applied to the calculated structure factor 
amplitudes, with the term B included arnong the refinable para- 
meters. 

The results of the refinement of all three models for both 
cellulose IVI and cellulose IVII are shown in Table 2. As ex- 
pected on the basis of virtually identical unit cells and diffrac- 
tion diagrams, almost equal1 y good parallel and antiparallel 
chain models were obtained in both cases. In the absence of any 
additional information, it would have been difficult to decide 
which of the models represented the correct structure solution. 
But, as described above, chemical conversion evidence, ob- 
tained through acetylation and deacetylation of the cellulose IV 
polymorphs, had definitely indicated that cellulose IV, was a 
parallel and cellulose lVll  was an antiparallel structure. There- 
fore, of the three solutions shown in Table 2 for cellulose IVI, 
only the parallel model should be correct, while it remained to 
be decided which of the two antiparallel niodels was the correct 
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FIG. 2. Projections of the crystal structures of cellulose lV l  and lVll. Hydrogen atoms are omitted and hydrogen bonds are shown by dashed 
lines. 

solution for cellulose lVll. Fortunately, in the case of cellulose 
IV,,, the decision could be made on the basis of the X-ray 
refinement which clearly favored the model in space group P I .  
The R" index for the P l structure was 0.094, while the index 
for the P2 ,  structure was 0.120, or 28% higher. (This dif- 
ference in the R"-factor is significant at a 75% confidence level, 
using the Hamilton statistical test as a criterion (16).) 

A similar analysis failed for cellulose IV,, for which both 
parallel and antiparallel models yielded an almost identical R" 
index. As pointed out above, however, the parallel P I structure 
should be the correct salution based on chemical conversion 
results. 

The final structures of both polymorphs are shown in Fig. 2. 
Comparisons of calculated and observed structure factor ampli- 
tudes are given in Table 3, the atom coordinates are listed in 
Table 4,  and the hydrogen bonds are shown in Table 5.  

Structural characteristics 
It is interesting that both cellulose 1V polymorphs appear to 

crystallize in space group P I, i.e., they possess no symmetry. 
The lack of symmetry in the case of cellulose IV, is clearly 
evident: the two chain rotations ("setting angles") differ by 
-7", and the O(6) rotation angles in adjacent residues differ by 
approximately 20" and 40" in the two chains, respectively. For 
cellulose IV,, the lack of symmetry is not as accentuated, but is 
observable in some other features of the structure. 'The chain 
setting angles are within approximately 3" of the position found 

for the model with P 2 ,  symmetry, i.e., with a two-fold screw 
axis parallel to the a axis of the unit cell. (To compare chain 
setting angles of P 2 ,  and P I  models, add 90" to the values of 
the latter.) Similarly, the translational posi!ions of the two 
chains along the c axis differ by only 0;072 A between the P I  
and P 2 ,  models (4.562 to 2 X 2.317 A; cf. Table 2). But the 
chain conformation angles (+, +) and the O(6) rotation angles 
differ considerably more in this case. 

In other respects, the cellulose IV, and IV,, structures resem- 
ble other cellulose polymorphs. As an example, the chain con- 
formations are very close to obeying two-fold screw symmetry 
- in all aspects but the O(6) rotation angles. This is shown by 
the generally similar +, +, and 7 (bridge) angles, and the 
lengths of the virtual botids (V.B.) for the individual residues 
(cf. Table 2). The two-fold screw symmetry is definitely 
eliminated by the differences in the O(6) rotation, which proba- 
bly arise because of a higher degree of hydrogen-bonding that 
this affords. For example, in the cellulose 1 structure where all 
O(6) rotations are nearly identical, eight intramolecular and 
four intermolecular hydrogen bonds, for a total of 12 per unit 
cell, are possible ( I  I ) .  In the cellulose IV, and lVll structures, 
where the unequal O(6) rotational positions allow essentially 
the same number of hydrogen bonds (12 and 13, respectively), 
there are more intermolecular bonds. In cellulose IV,,, there is 
even one intersheet hydrogen bond (cf. Table 5). This in- 
creased level of two- and three-dimensional hydrogen bonding 
must contribute to the stability of both polymorphs. A similar 
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GARDINER A N D  SARKO 

TABLE 3. Comparison of calculated and observed structure factor amplitudes 

hkl F F (calcd)" F (obs) 

010, 100 
110 
020, 200 
120, 210 
220 
030, 300 
130, 310 
Oll, 101 
I l l  
021, 201 
121, 21 1 
22 1 
031, 301 
131, 311 
012, 102 
112 
022, 202 
122,212 
013, 103 
113 
023, 203 
123, 213 
223, 033, 303 
001 
002 
003 
004 

Cellulose IVII: 

010. 100 
l lo 
020, 200 
120, 210 
220 
030, 300 
130, 310 
011, 101 
I l l  
021, 210 
121. 21 1 
22 1 
031, 301, 131, 311 
012, 102 
112 
022, 202 
122,212 
013, 103 
113 
023, 203 
123, 213 
223, 033, 303, 133, 313 
00 1 
002 
003 
004 

Cellulose IVI: 

31.6" 
20.3'' 
61.6 
73.0 
59.2 
11.4 
17.8 
44.6 
46.2 
48.7 
87.6 
68.9 
64.1" 

Very weak 
Medium 

Weak 
Medium 

2.9" 
147.1 
220.4 

37.7" 
9.6'' 

10.5" 
37.7 
16.8" 
18.9'' 
2 1 .oh 
25.2' 
8.4" 

83.8 
50.3 
16.8 
18.4 
33.1 
31.4 
39.4 
40.2 
37.3 
36.9" 

Very weak 
Medium 

Weak 
Medium (? )  

"F (calcd.) = ( 2 ~ ' ) ~ " .  
"Unobserved reflection, weight = 0.5. 
'Weight = 0.5. 

situation exists in the cellulose 11 structure (12). The unequal The general similarity of the 4, $ angles in the two cellulose 
O(6) rotations also account for the weak odd-order meridional 1V polymorphs, as well as their similarity to other cellulose 
reflections (001 and 003) that are visible in the diffraction structures, does not support the proposal by Hayashi et al. that 
diagrams of both polymorphs. the cellulose 1 and 11 families differ principally in measurable 
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TABLE 4. Cartesian atomic coordinates ( in  A) 

Cellulose IV, Cellulose lVl, 

x y z Atom 1 y 

Chain I: 

-0.043 
0.186 

-0.389 
0.129 

-0.073 
0.538 

-0.413 
-0.058 
-0.565 

0.545 
-0.3 19 
- 1.072 

1.219 
- 1.435 

1.153 
-1.102 

0.703 
1.458 
0.052 

-0.181 
0.400 

-0.122 
0.08 1 

-0.531 
0.413 
0.074 
0.574 

-0.539 
0.467 
1.082 

-1.215 
1.445 

-1.146 
1.110 

-0.989 
- 1.258 
Chain 2: 

4.013 
4.379 
3.763 
4.112 
3.782 
4.226 
3.931 
4.213 
3.373 
4.449 
3.354 
2.973 
5.424 
2.197 
5.139 
2.745 
4.23 1 
5.199 
4.022 
3.651 
4.273 
3.920 
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GARDINER AND SARKO 

TABLE 4. (concluded) 

4.251 5.327 4.507 C(5), 3.875 5.345 - 11.493 
3.806 6.726 4.141 C(6)4 4.434 6.701 - 1 I .  134 
4.094 1.349 5.729 0(2)4 3.676 1.369 - 12.708 
3.828 1.954 2.914 O(3)a 3.963 1.954 -9.893 
4.661 4.627 2.258 0(4), 3.447 4.720 -9.239 
3.582 4.973 5.724 0(5), 4.501 4.935 -12.714 
4.935 7.595 3.991 0(6), 3.708 7.281 -10.043 
5.061 3.723 6.373 H(I), 2.928 3.806 -13.355 
2.607 2.583 5.131 H(2)4 5.270 2.463 -12.107 
5.316 2.827 3.977 H(3)4 2.586 2.971 - 10.971 
2.894 4.347 3.208 H(4)4 5.147 4.240 -10.210 
5.287 5.329 4.673 H(5)4 2.842 5.435 - 1  1.655 
3.173 7.100 4.891 H(6a), 4.378 7.336 - 1  1.969 
3.279 6.691 3.234 H(6b)4 5.440 6.593 -10.855 

TABLE 5. Hydrogen bonds of the final structures 

Model Hydrogen bond and length in A 

Cellulose IVI 0(3)1--0(6)1 2.7 1 (Intermolecular) 
0(2),--0(6)2 2.84 (Intermolecular) 
0(3)2--0(6)~ 2.63 (Intermolecular) 
0(3)3--0(6), 2.93 (Intermolecular) 
0(2)4--0(6)4 2.70 (Intermolecular) 
0(3)4--0(6)4 2.93 (Intermolecular) 
0(3)1.3-0(5)2.4 2.72 (Intramolecular) 
0(3)2.4-0(5)1.,  2.72 (Intramolecular) 
0(2),--0(6)1 2.87 (Intramolecular) 
0 ( 2 ) 4 4 ( 6 ) ,  2.75 (Intramolecular) 

Cellulose lVll 0(2)1--0(6)1 2.77 (Intermolecular) 
0(3)1--0(6)1 2.59 (Intermolecular) 
0(3)2--0(6)z 2.70 (Intermolecular) 
0(2),--0(6), 2.50 (Intermolecular) 
0(3)3--0(6)3 2.70 (Intermolecular) 
0(3)4--0(6)~ 2.79 (Intermolecular) 
0(5)1--0(6)3 2.9 1 (Intermolecular) 
O(3) I .  3 4 ( 5 ) 2 . 4  2.69 (Intramolecular) 
0(3)2.4--0(5) I .  2.69 (Intramolecular) 
O ( ~ ) I - - O ( ~ ) Z  2.8 1 (Intramolecular) 
0(2)3--0(6)~ 2.63 (Intramolecular) 

"Subscripts 1 and 2 designate residues of comer chain, 3 and 4 of center 
chain. 

differences in chain conformations (4). 
As noted above, the two chains of the unit cell were placed 

at the corner and the center, respectively, in both structures. 
After completing refinement with this chain placement, the x 
and y parameters of the center chain axis were included as 
refinable parameters. This resulted in no significant movement 
of the chain in the a-b plane and no further lowering of the 
R"-factor. It is concluded, therefore, that the second chain of 
the unit cell is centered in both cellulose 1V polymorphs, as it 
appears to be in all other cellulose structures. 

Stability of cell~tloses IV, and IVll 
The stereochemical molecular mechanics techniques em- 

ployed here had previously been used in an attempt to predict 
the unit cells of all cellulose polymorphs ( 17). The calculations 
were done on the assumption that the polymorphs resided in 
crystalline packing energy minima. The results generally sup- 
ported this assumption, showing the existence of energy mini- 
ma corresponding to celluloses 1, 11, Ill,, 11II1, and lVII .  Further- 
more, cellulose 11 resided in a global minimum, in agreement 
with crystallographic and other experimental observations. 

Cellulose IV,, was predicted to reside in a reasonably deep 
energy minimum, which also agrees with experimental facts. 
Among the latter is the observation that single crystals of cellu- 
lose grow in the cellulose IV,, lattice at high temperatures rather 
than in the cellulose 11 lattice which occurs at low temperatures 
(18). In addition, it has been shown that cellulose lVll  can be 
converted to cellulose 11, but only through a drastic treatment 
of boiling in hydrochloric acid (2). 

A similar energy minimum for a parallel cellulose IV, was 
not predicted; instead, the minimum coincided with the unit 
cell of cellulose 1. The position of  the cellulose lVI  unit cell was 
up-slope relative to  cellulose 1, which agrees with the experi- 
mental observation that cellulose IVI can be converted to  cellu- 
lose I (although, again, only be boiling HCI (2)). The claim that 
cellulose 1V is not a unique crystalline polymorph but is a 
poorly crystalline mixture of two or more crystal lattices (19), 
is clearly not in accord with the results of crystallographic 
analysis and other observations. It is thus curious that even a 
shallow energy well corresponding to cellulose IV, was not 
found. The energy surface in the region surrounding the unit 
cell of cellulose IV, was recalculated on a finer grid, but the 
results were not significantly different. At best, a small "shelf" 
in the energy surface exists in that region. It is concluded that 
the stereochemical calculations used in our method either are 
not sufficiently sensitive o r  that there are contributions to sta- 
bility that are not taken into account in the calculations. The 
latter alternative appears to be the more probable of the two. 

Conclusions 
With the completion of this study, all cellulose polymorphs 

except 111,, have now been crystallographically analyzed. The 
results, which include the analyses of CTA 1 and CTA 11, 
clearly support the conclusion that the cellulose crystal struc- 
tures fall into two families that differ in chain polarity. The 
parallel-chain family, comprised of celluloses 1, Ill,, and IV,, 
owes its existence solely to the mode of biosynthesis of cellu- 
lose 1, as has been demonstrated by Brown and co-workers 
(20). In the biosynthetic mechanism. multiple cellulose chains 
are synthesized simultaneously and extended in parallel, ap- 
parently crystallizing immediately without rearrangement. 

Regardless of the chain polarity, the crystal structures of all 
cellulose polymorphs are similar. The chain conformation is in 
all cases either exactly two-fold helical or is very close to it. 
The deviation from two-fold screw symmetry is principally 
caused by differences in the rotational positions of the O(6) 
hydroxyls. Even then, in all polymorphs including the present 
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two, almost all of the O(6) rotational positions are not far from 
t g , b h i c h  for a long time was thought to be an unfavorable 
position because of its absence in carbohydrate crystal struc- 
tures. 

Other features of the cellulose crystal structures are, like- 
wise, similar. The chains are arranged in sheets, with two- 
dimensional hydrogen-bonding within the sheets accounting 
for their stability. In all polymorphs, most of the hydrogen 
bonds are the intramolecular O(3)--0(5)' and O(6)-0(2)', 
and intermolecular O(3)-O(6). In all polymorphs except cel- 
lulose 11 (and to some extent, cellulose IV,,), intersheet hydro- 
gen bonds are either lacking or are very weak. Consequently, 
the relative stagger of adjacent sheets along the c direction of 
the unit cell shows the most variability of all features among the 
different structures. 

The unit cells of all polymorphs appear to be true two-chain 
cells and not sub-cells in a larger lattice. This is certainly true 
for the polymorphs that can be grown in single crystal form, 
such as cellulose 11 and IVll (18). The possible exception may 
be Valonia cellulose which appears to crystallize in an eight- 
chain unit cell, although an alternative, two-chain, triclinic cell 
has been proposed (21). It is still of interest to determine the 
true unit cell of Valonia cellulose and the differences in its 
crystalline packing relative to other polymorphs. 

The space groups of the crystalline celluloses are more diffi- 
cult to determine with accuracy. For the most part, they appear 
to be P 1, or in some cases, perhaps P 2 , .  Certainly, no more 
symmetry is evident in any of the structures than is afforded by 
the latter space group. Even in cases where P2 ,  appears to be 
applicable, very weak odd-order meridional reflections can be 
detected. 

The crystal structure analysis of celluloses, as well as of 
polymers in general, has made great strides during the past 
10-15 years. To a large extent this is due to exhaustive model 
analysis made possible by computer methods. The next chal- 
lenges in cellulose structure analysis lie in two broad areas. The 
first is in trying to gain a better understanding of the structure 
of the amorphous phase and the morphology of the cellulose 
fiber, and the second is in determining the mechanisms of 
cellulose interconversions, such as mercerization. Some work 
concerning the latter is in progress (22). Likewise, there is a 
challenge in trying to devise more accurate methods for pre- 
dicting polysaccharide conformations and crystal lattices. As 
the case of cellulose IV, illustrates, our methods in this regard 
may be inadequate. However, as a recent report by Pertsin et 
al. (24) points out, the use of more rigorous potential energy 
functions may be helpful, at least for the prediction of probable 

'For a description of this terminology, see ref. 23. 

conformational models. Whether the same holds true for the 
prediction of complete crystal structures remains to be seen. In 
our hands, the results with respect to the latter have been 
inconclusive, regardless of the types of functions employed. 
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Liquid crystal polymers. 17. Thermotropic properties of random copolyesters of 
monotropic and enantiotropic polymers 
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Q.-F. ZHOU, J.-I. J I N ,  and R. W.  LENZ. Can. J .  Chcm. 63, 181 ( 1985). 
A series of random copolycsters containing two different aromatic cstcr triads and a dccamcthylcnc flexible spacer was 

prepared and characterized for the effect of comonomer composition on glass, crystallinc and liquid crystalline state properties. 
The homopolymer of one of the triads was enantiotropic, but the other was not. However. a copolymer containing 90 mol% 
of the latter units and 10 mol% of the former showed thermotropic behaviour, which suggested that the latter homopolymer 
was probably monotropic. The effects of comonomcr content on glass, melting and isotropization temperatures of the 
copolymers were very different for the three transitions. 

Q.-F. ZHOU, J.-I. J IN  et R. W. LENZ. Can. J.  Chem. 63. 181 (1985). 
Dans Ic but dc dCtcrminer I'cffet de la composition du comonomkre sur Ics propriCtCs dcs Ctats vitreux, cristallin et cristal 

liquide des copolyestcrs, on a prCparC ct caractCrisC unc sCric de copolycstcrs dCsordonnCs contenant deux triades diffkrentes 
d'esters aromatiques ct un dCcamCthylkne qui introduit un cspaccment flexible. L'homopolymkre de I'une dcs triades cst 
Cnantiotopc, mais I'autre nc I'est pas. Cependant un copolymkrc contenant 90 mol% de ces dernikres unitCs et 10 mol% des 
premikres montrc un comportement thermotrope qui suggkre que le dernicr homopolymkre cst probablement monotrope. 
L'effct de la tcneur en comonomkre sur I'Ctat vitreux, les tempCratures dc fusion ct d'isotropisation des copolymkres est trks 
diffkrent dans les trois transitions. 

[Traduit par Ic journal] 

Introduction by lannelli, Roviello, and Sirigu (5) on two series of substituted 
In a recent investigation in this laboratory, a series of ther- benzalazine polymers containing flexible spacers, which were 

motropic polyesters was prepared and characterized for the closely related to each other and had the following structures: 
effect of lateral substituents on their liquid crystalline proper- 
ties. The polymers contained an aromatic ester triad with a 0 

central hydroquinone unit, on which was placed a single sub- 
stituent, and a decamethylene flexible spacer, as shown in the 
structure below ( 1 ,  2): R R 

In this series, X was either a 11-alkyl group (1) (C,,H2,, + I ,  

n = 1-6, 8, 10) or a polar group (2), the latter including the 
CN, NO2, Br, and 0CH3 groups. 

Most of the polymers in this series showed nematic beha- 
viour as indicated by their textures on the polarizing micro- 
scope. The exceptions were those polymers with the longer 
alkyl groups (n = 8 or 10r and, surprisingly, that with the 
methoxy group. It was possible, however, that these non- 
enantiotropic polymers were monotropic in their behaviour, but 
attempts to observe this property by controlled cooling experi- 
ments did not show clear evidence of thermotropic behaviour. 

It was decided, therefore, to prepare a series of copolymers 
containing decreasing amounts of the non-enantiotropic meth- 
oxy units with one of the enantiotropic units (the cyano mono- 
mer unit) in order to estimate the possible isotropization 
temperature of the methoxy containing homopolymer if it was 
indeed monotropic. This approach had been taken with success 

'present address: Chemistry Department, Beijing University, 
Beijing, China. 

'present address: Chemistry Department, Korea University, 
1-Anam Dong Seoul 132, South Korea. 

The homopolymers in which R was methyl and n = 8, 10, 
12, or 14 were liquid crystalline, as indicated from their analy- 
sis by DSC and by polarizing microscopy, but none of the 
polymers in the series in which R was ethyl were thermotropic. 
For the latter, it was concluded that the polymers, most likely, 
were monotropic; that is, that their liquid crystalline behaviour 
and anisotropization transitions were masked or prevented by 
crystallization. By examining instead the copolymers con- 
taining units with R = CH3 and with R = C2Hs groups having 
a single flexible spacer, an isotropization temperature could be 
estimated. This temperature was also confirmed by analyzing 
copolymers of R = C2H5 with two different flexible spacers. 
For both series of copolymers, isotropization temperatures 
could be observed in polymers of high ethyl group content 
because of depression of the melting point of the ethyl substi- 
tuted homopolymer. 

The former approach was taken in this study in that co- 
polymers containing both cyano and methoxy substituted units, 
varying in composition from 0.5 to 0.9 mole fraction of the 
non-enantiotropic methoxy units, rn, were prepared and charac- 
terized for their liquid crystalline properties. 

Results and discussion 
Thermal transition data as determined by DSC analysis, and 

confirmed by observations of the samples on the hot stage of a 
polarizing microscope, are collected in Table I for a series of 
copolymers of the following structure: 
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Transition temperatures 
As shown by the data in Table the glass transition tern- TABLE 1. Physical propcrtics of  homopolycsters and copolyesters 

peratures, T,, of the copolymers were all lower than those of containing cyano and mcthoxy hydroquinone units 
either of the two homopolymers, and an apparently non-linear 
variation of T, with composition was observed. The cause of Polymer composition, 

this unusual relationship between copolymer composition and mole fraction Thermal transitions, "C 
T,  is unknown, but the glass phases of these polymers and 
copolymers may well retain at least a partial nematic order, and 
it has been observed that a polymer with a mesophase glass has 
a different T,  value than with an amorphous glass (4). 

The melting points, T,,,, of the copolymers were found to 
vary in a uniform manner with composition, and the co- 
polymers were crystalline over the entire range of compositions 
studied. The value of T,,, of the methoxy unit polymer com- 
ponent decreased with increasing cyano unit content and pro- 
bably passed through a minimum for the copolymer at or near 
the equimolar composition of the two different substituted hy- 
droquinone units. The same type of behaviour was observed for 
the substituted benzalazine copolymers discussed above (3). 

In contrast to the melting points, the isotropization tem- 
peratures (or clearing points), T i ,  of the copolymers increased 
continuously, with increasing content of the mesogenic cyano 
unit throughout the composition range studied, and the thermal 
stability of the mesophase, AT,  showed the same behaviour. In 
contrast, for the benzalazine copolymers discussed above, the 
equimolar copolymer showed that the widest temperature range 
of mesophase stability (3). 

As clearly indicated by the data in Table 1 ,  the effect of 
copolymerizing these two closely related, potentially meso- 
genic monomers on the transition temperatures of their co- 
polymers is much greater on Ti than on T,,, , and the two dif- 

qinh.  

11 (OCH3) rn (CN) (dL/g)" T T,,,' Ti1 AT" 

"Inherent viscosity measured in tetrachloromethane at 40°C and 0.5 g/dL. 
''Glass transition observed in first heating cycle. 
'Melting, T,, , ,  and isotropization, T,, temperatures taken as the peak of the 

endotherm in the first heating cycle. 
"Thermal stability of thc mesophasc: AT = T, - T, , , .  
"Anisotropization temperature peak observed at 148'C with recrystallization 

at 116°C. 
'GPC analysis of this polymer in solution in THF indicatcd a molecular 

weight of approximately 9 000 relative to polystyrene standards. 

ferent transitions apparently follow different thermodynamic 
rules. Indeed, at this stage of our investigation very little is 
known, and no theory has yet been developed, about the ther- 
modynamic behaviour of the liquid crystalline phase of main 
chain copolymers ( 5 ) .  Similar observations to these on dif- 
ferential effects on T,,, and T,  have been made by Blumstein and 
co-workers on a series of main chain copolyesters containing 
azoxybenzene mesogenic units and flexible spacers (6). 

FIG. 1. Photomicrograph of copolymer with 0 .90  mole fraction of methoxy triad units at 160°C; 3 2 0 x  magnification. 
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By extrapolating the relationship between Ti and methoxy 
unit content of the copolymers, a possible value of Ti for the 
homopolynier of that unit can be estimated, and it was found 
to be approximately 151°C. When only 10 mol% of the 
comonomer cyano units were inserted into the polymer, the 
melting point was depressed from 158 to 150°C, and the for- 
mation of a liquid crystalline phase on melting was observed. ' 

A photomicrograph of this phase, as observed on the polarizing 
microscope at 160°C, is shown in Fig. I .  The mesophase ap- 
pears to be poorly organized, but the crude threaded Schlieren 
texture observed suggests the presence of a nematic phase. The 
occurrence of this type of monotropic behaviour was pre- 
viously reported by this laboratory for polyesters containing 
dyad mesogenic units (7) and is well known for low molar ma& 
liquid crystalline compounds (8). 

In the DSC curve, the isotropization transition of the co- 
polymer containing 10 mol% cyano units appeared only as a 
shoulder on the melting peak, but on cooling the sample from 
the isotropic melt state, a clearly separated exothermic deiso- 
tropization temperature, T,,, peak was observed at 148°C be- 
cause of the normal supercooling of the crystallization process. 
That is the exothermic recrystallization peak for this copolymer 
was observed at 1 16'C, which is well below TCI. 

It is also of interest to note that the copolymers containing 20 
to 50 mol% of the cyano units showed little or no crystallization 
in the cooling cycle of the DSC curve. Instead crystallization 
occurred dur~kg the second heating cycle in niost~cases. 

Experimental 
The monomers were prcparcd by procedures previously described 

(2). A typical polymerization reaction was carricd out in thc following 
manner: 

A solution of 1. I43 g (2.25 111) of l -10-bis(p-chloroformylbcnzyl- 
oxy)decane in 15 mL of tetrachloromcthanc, TCE. was added drop- 
wise with vigorous stirring toa solution of 2.25 r11 of thc hydroquinone 
monomcr in 5 mL of TCE and 5 mL of pyridinc. Thc rcaction was 
carried out at room tcmpcraturc for 20-24 h undcr a nitrogcn at- 
mosphcre. after which the mixture was poured Into a largc volumc of 
acetone to precipitate the polymers. Thc sol~d product was washcd 

successivcly with acctonc, watcr, and acctonc and dricd undcr vacuum 
at room tcmpcraturc. 

Polymer ch~nlcterizcrtioti 
Thc solution viscosities of thc copolymers wcrc mcasurcd with a 

Ubbclohdc Viscomctcr at 40°C at a solution concentration of 0.5 g/dL 
in TCE. GPC analysis of onc of thc copolyrncr samples in a THF 
solution was made on a Waters instrumcnt. Thc molecular wciyht and 
polydispcrsity indcx were detcrmincd by comparison with polystyrcnc 
standards. Thcrmal propcrtics of thc copolynlcrs wcrc studicd using a 
Perkin-Elmer DSC 11 instrument undcr a nitrogcn atmosphcrc with 
heating and cooling rates of IO0C/min. Thcrmotropic bchaviour and 
optical texturcs of thc polymcrs were cxamincd on thc hot stage 
(Mcttlcr FP-2) of a polarizing microscope (Lcitz, Orthoux). 
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Heat conduction in thermal transfer printing 
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D. J .  SANDERS. Can. J .  Chcm. 63, 184 (1985). 
The physical properties of thcrmal transfer matcrials arc rcvicwcd. Thcrnmal conductivities and thcrmal contact resistances 

wcrc mcasurcd for commercial Ink Donor Films (IDF's) with basc films ofcontlcnscr papcr or polycthylcnc tcrcphthalatc, and 
for experimental basc matcrials such as rcgcneratcd cellulose, polypropylcnc, and polyimidc. Thcorctical models of heat 
transport in IDF's arc prcscnted to dcmonstratc how the intrinsic thcrmal propcrtics affcct thc IDF's pcrformancc in thermal 
transfcr printing. To a first order approximation, the scnsitivity of an IDF can bc charactcrizcd by thc time taken for heat to 
diffusc across i t .  Thcrmal transfcr test pattcrns for commcrcial and cxpcrimental IDF's wcrc cvaluatcd for scnsitivity. and the 
experimental rcsults wcrc comparcd to the thcorctical predictions. 

- 

D. J .  SANDERS. Can. J .  Chem. 63, 184 (1985). 
On ricxamine les propriCtCs physiques dcs matCriaux dc transfcrt thcrmiquc. On 21 mcsurt Ics conductibilitCs thcrmiqucs et 

Ics resistances dc contact thcrmiquc dc Films Donncurs d'Encrc commcrciaux (IDF) portCs par dcs films dc basc dc papicr de 
condensatcur ou dc tCrtphthalatc dc polyCthyltnc ainsi quc ccllcs dcs matCriaux dc basc cxpcrimcntalc commc la cellulose 
rcgentrtc, Ic polypropylknc ct la polyimidc. On prtscntc des modklcs thCoriqucs dc transport dc chalcur dans Ics IDF pour 
dCmontrer commcnt les propriCtCs thcrmiqucs intrinstqucs affcctcnt la pcrformancc dcs IDF dans I'impression par transfer1 
thcrmiquc. En prcmikrc approximation. on peut caracttriscr la scnsitibilitk d'un IDF par lc tcmps nCccssairc pour quc la chaleur 
puisse diffuser h travcrs du film. On a CvaluC Ics tendanccs obscrvkcs lors dcs cssais de transfcrt thcrmique cffcctuCs sur des 
IDF commcrciaux ct cxptrimcntaux afin de dttcrmincr la scnsibilitk ct on a cornpark Ics rtsultats cxptri~nentaux avcc les 
predictions thtoriques. 

ITraduit par Ic journal] 

I. Introduction 

Thermal transfer printing ( 1  -3) is a thermal printing process 
that uses plain paper rather than a specially coated thermal 
marking paper. Transfer printing employs an Ink Donor Film 
(IDF) consisting of a thin base film coated with a solid waxy 
ink. The ink side of the IDF is placed in contact with a plain 
paper receiver sheet and heat from a thermal printhead is ap- 
plied to the base film. This locally melts the ink layer which 
then wets the receiver sheet and resolidifies. Since the receiver 
is usually much rougher than the smooth base film, the 
resolidified ink adheres preferentially to the receiver sheet. 
Subsequent separation of the sheets leaves transferred ink on 
the imaged areas of the plain paper. 

The printing perfornlance of a particular Ink Donor Film is 
determined by the physical properties of its constituent materi- 
als. The transferable ink is typically composed of Carnauba and 
other waxes with approximately 20% by weight carbon black 
pigment (1, 2). For high printing speeds and long printhead 
life, the temperature to which the printhead elements are cycled 
should be minimized. Therefore, the ink should have a low 
melting point, yet still be environmentally stable. Typically T,, 
is between 60  and 80°C ( 1  -3). At the melting point, the ink 
viscosity should drop sharply to below 100 c P  to promote 
wetting of the receiver sheet ( 1  -3). Below T,,, the ink should 
have a fairly high tensile strength so that it will not transfer 
under pressure to the receiver sheet without heating (2). The 
base material must be available as a film less than 50  p m  thick. 
It should be smooth to promote release of the transferred ink, 
and it must be strong enough to be handled in a thermal printer 
without tearing. It must also be able to withstand high printhead 
temperatures for short periods (up to 300°C for several ms) 
without melting or charring. This requirement eliminates many 
polymeric materials. 

Commercial IDF's use base films of polyethylene tereph- 
thalate (PET) ( 1 -3), or "condenser" paper (3) of the type used 

in electrical capacitors. Typically the base film is 10-20 p m  
thick and the ink layer is 5- 10 p m .  Since the IDF is a one-use 
consumable item, the materials cost is also a factor in choosing 
a base film. Oki Electric Co. has developed a thermal transfer 
printer that uses a recoatable Ink Donor Film (4). The base film 
forms a continuous belt which is repeatedly passed through a 
heated inking system that reforms the ink layer. In this case, a 
heat-resistant 25 p m  polyimide film was used (4). 

This report concentrates on the thermal transport properties 
of the IDF. Since heat must be conducted from the thermal 
printhead to the surface of the ink layer, the total thermal 
resistance of the IDF should be minimized. This rneans it must 
be as thin as possible, it should have a high intrinsic thermal 
conductivity, and it should be smooth so as to minimize its 
thermal contact resistance with the printhead. The relationship 
between the thermal transport properties of the 1DF and its 
printing performance has been examined for several com- 
mercial IDF's with condenser paper and PET base films, and 
various experimental IDF's with base films of regenerated cel- 
lulose, polypropylene, polyimide, and aluminum foil. In 
Section 11, measurements of the thermal conductivites and 
other thermal parameters of the IDF materials are presented. 
Simple theoretical models of heat transport in thermal transfer 
printing are developed in Section 111. The theoretical predic- 
tions are demonstrated experimentally in Section 1V by mea- 
surements of the thermal printing sensitivities of the various 
IDF's. 

11. T h e r m a l  propert ies  of thermal  t ransfer  mater ials  

The principal difficulty in measuring the thermal conduc- 
tivity of a thin film is the problem of distinguishing between its 
bulk thermal conductivity and the thermal contact resistance 
between the film surface and the heating or cooling elements. 
This problem has been solved by using a pressure cell apparatus 
which is described in detail elsewhere (5). Basically, the cell 
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TABLE I. Thermal properties of thermal transfcr materials 

1 P K &' TI,, P c D 
Material ( ~ m )  (g/cm3) (mW/cm°C) (Fm) ("C) (J/cm3"C) (10-'cm2/s) 

Receiver paper 96 0.80 1.67 4.7 240" 1.5 1.1 
Ink 5 1 .O 3.9 0.8 70" 2.5-28.5" 0.25" 
Condenser paper 14 1.34 1.67 1.1 240" 1.67" 1 .O 
PET 10 1.32 1.48 0.6 255",' 1 .49""' I .O 
Cellulose film 19 1.40 2.67 0.8 240" 1.9" 1.4 
Polypropylene 13 0.90 1.25 1 .O 155" 1 .85 "" 0.68 
Polyimide 26 1.46 2.0 0.9 >500 1.65" 1.21 
Aluminum foil 9 2.45 2.0X 10"' - 660" 2.4" 880 
Glass 10 2.5" 10" - - 2.0" 5.0" 

"Reference 7. 
"includes the heat of fusion pAH = 130 J/cm' as a specific heat peak between 60 and 70°C. D is calculated from 

the average pC = 15.5 J/cm' "C. 
'Reference 8. 
"Reference 6. 
'Reference 1 .  

consists of two thermally insulated brass columns placed one 
on top of the other, each fitted with two temperature sensors. 
Heat is supplied at a known rate at the top of one column, and 
removed by water cooling at the bottom of the other, thus 
establishing a steady-state temperature gradient. The thin film 
sample is placed between the optically polished faces of the two 
columns, creating a discontinuity in the temperature gradient 
which represents the total temperature drop across the sample. 
Since the heat flux down the column is known, the apparent 
thermal resistivity of the sample can be calculated. 

The top column is connected to a hydraulic piston so that the 
apparent resistivity R.r can be monitored as a function of the 
pressure P,, applied to the sample up to a maximum pressure of 
1700 psi. It has been shown (5) that this effectively eliminates 
the thermal contact resistance between the sample and brass 
surfaces. Therefore, the resistivity measured at high pressure 
represents the true bulk thermal resistivity R (inverse conduc- 
tivity) of the sample. On the other hand, the total apparent 
resistivity at zero pressure is just 

[ I ]  R., = R + 2r/l 

where r is the coefficient of thermal contact resistance and I is 
the sample thickness. Since the contact resistance is due mainly 
to the roughness of the sample surface, i t  is useful to express 
it as the thickness of an equivalent air gap given by ,g = K,r, 
where K, = 2.6 x 10-"/cm "C is the thermal conductivity 
of air (6). 

Typical results are illustrated by Fig. I. The closed circles 
indicate the thermal resistivity of a commercial IDF with a 14 
pm condenser paper base and a 5 pm ink layer. The open 
circles represent measurements for an uncoated sample of the 
base paper prepared by removing the ink layer with acetone. 
Since the complete IDF has a lower resistivity than the paper 
alone, this indicates that the ink has a higher thermal conduc- 
tivity than condenser paper. The thermal conductivities and 
contact resistances of both the ink and the base paper can be 
calculated from these results (5). Similar measurements were 
performed for a PET based commercial IDF, for a typical 
office-grade bond paper receiver sheet, and for experimental 
base film materials such as cellulose, polypropylene, and 
polyimide. 

These results are summarized in Table 1 along with other 
thermal parameters taken from various sources in the literature 
(6-8). The second column I represents the sample thickness, 

1200 o base paper 

t -14  pm 
paper IDF 

t-19pm 

FIG. 1. Apparcnt thermal resistivity of a condenser paper bascd 
IDF. The closcd circles represent the coatcd film. and thc opcn circles 
reprcsent thc uncoated basc papcr. 

p is the measured density, K is the bulk thermal conductivity, 
g is the effective air gap, T,, is the melting point or temperature 
of thermal decomposition, pC is the heat capacity per unit 
volume, and D = K/pC is the thermal diffusivity. All quan- 
tities listed without a reference were experimentally measured. 
The IDF ink has a heat of fusion pAH = 130 J/cm"ypical of 
paraffin waxes (9). This can be included as a temperature- 
dependent specific heat which rises from its base value of 2.5 
~/cm"C (6) at 60°C to 28.5 ~ / c m '  "C at 70°C. The thermal 
diffusivity was calculated from the average specific heat pC = 
15.5 J/cm3 "C. The pressure cell is not suitable for measuring 
a thin film with a thermal conductivity greater than that of 
brass, so no attempt was made to measure the aluminum foil. 
The glass referred to in the last row of Table I is the protective 
overglaze coating which covers the resistive heating elements 
in a thermal printhead (10). Thus, reading from bottom to top, 
Table I represents the various layers through which heat must 
pass during thermal transfer printing. One can also compare the 
effective air gaps of the IDF materials. All the base films have 
roughnesses of I pm or less, while the receiver sheet is much 
rougher. 

It is interesting to compare the thermal conductivities of the 
three cellulosic materials - receiver paper, condenser paper, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



186 C A N .  J CHEM. VOL, 63. 19x5 

however, the main features of the heat flow can be illustrated 
by a much simpler model that can be solved analytically. Short- 
ly after the application of the heating pulse, all the heat will be 
concentrated in the layers close to the heating element. The 
thermal parameters of the overglaze and the glass underglaze 
are equal so they can be approximated by a single layer. Sim- 
ilarly, the thermal parameters of the 1DF and the receiver paper 
are also nearly equal. Therefore, to a first order approxirnation, 
the system can be described by a two layer model. Since the 
heating element is wider (125 pm) than the thickness of the 
IDF (19 pm) or the underglaze (50 pm),  the heat source is 
approximately planar. The simplified model is shown in 
Fig. 20. Semi-infinite medium 1 (glass) extends below the xy 
plane, and medium 2 (paper) above it. At time t = 0 a heat 

( a )  source of q ~ / c m '  is produced at the plane z = -(I. According 
to Carslaw and Jaeger ( I  1 )  the temperature rise T at any 

z subsequent time t and any point z in either medium is given by 
K2 =0.0015 W/crn-'C I 
P2C2 = 1.5 J/crn3 -"C 121 TI(? ,  I )  = 
02 =O.OOI crn2/s 

I = 19prn 
- - - -  + d-k exp I -  - o) ' /4DIt]  

(1 + k 

I and 

FIG. 2. Geometry of thermal transfer printing. ( ( 1 )  200 spi thin-film 
thcrmal printhead. The layers are ( I )  I mm aluminum substrate. ( 2 )  
800 p m  AI!O, heat sink, (3) 50 p m  glass underglaze, ( 4 )  2 p m  
heating element, ( 5 )  10 p m  overglaze, ( 6 )  1 p m  air gap,  ( 7 )  14 p m  
base film. (8)  5 pni ink layer, (9)  5 p m  air gap. ( 1 0 )  100 p m  receiver 
sheet. (17) Simplified two layer model for thermal transfer printing. 

and cellulose film. Condenser paper is highly compressed so 
that it is almost as dense as the cellulose film, but its thermal 
conductivity is only 60% that of the regenerated film and in 
fact, is the same as the conductivity of the much less dense 
receiver sheet. This is because even a highly compressed paper 
has a structure of matted paper fibers. 'The principal direction 
of heat flow will be along the fibers, most of which are oriented 
in the plane of the sheet.: In a regenerated film, however, the 
cellulose has been dissolved to a niolecular level, so heat can 
flow directly across the thickness of the film. 

111. Heat transport in IDF's 
'The heat flow in thermal transfer printing is more compli- 

cated than the steady-state heat flow used to measure thermal 
conductivity. Figure 20 illustrates the thermal printing geo- 
metry for a 200 spots/inch thin-film thermal printhead (10). 
The heating elements are deposited on top of a 50 pm glass 
underglaze layer which separates them from the ceramic and 
aluminum heat sinks, and are covered with a I0 pni protective 
overglaze layer. We wish to determine the transient response of 
this system to a pulse of heat applied to one of the heating 
elements. 

The nlultilayered problem can only be solved numerically; 

where rl and k are the ratios 

rl = and k = K2/KI 

In a thermal printhead, heat is not created instantaneously, 
but is generated during a pulse of width t,,. For a finite pulse, 
eqs. [2] and [3 ]  rnust be modified to 

141  TI(^, 1) 

- 
ltlexp I-(? + n)'/4DI(t - t ' )  

- 
( t  - t')112 dt ' 

rl - k 111 exp I - ( z  - a) ' /4DI( t  - t ' ) ]  
( t  - t ' ) l / ?  

d t ' ]  
rl + k ++I 

and 

exp [-(z + rlo)'/4D1(t - t i ) ]  
( t  - t ' ) l / 2  

d l '  

where 

and p = q/tp is the power density supplied to the printhead. 
Calculated temperature profiles in the printhead and IDF are 

shown in Fig. 3 for a pulse width of I ms. The thermal param- 
eters for the printhead and IDF are those listed in Fig. 20. The 
power density in the printhead was taken to be p = 1.9 
mW/cm2, as specified for a 200 spi printhead with a I ms 
pulse. With this choice of parameters, the calculation predicts 
a maximum printhead temperature of 300°C, which decays in 
about 10 ms. 

The simple model can illustrate the effects of varying the 
IDF thermal parameters. Figure 4 shows how the temperature 
of the ink - receiver paper interface changes with time. The 
solid line corresponds to the parameters of Fig. 20, i.e., an IDF 
with thickness I = 19 pm and the conductivity of paper K7 = 
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FIG. 3. Temperature profiles in a thermal printhead ( 3  < 0) and ink 
donor film (0 < : < 19 pm) at various times after a 1 ins heating pulse 
at z = -10 p m  

FIG. 4. Time evolution of the temperature at the IDF ink  surface for 
various IDF thicknesses I and thermal conductivities K Z .  

1.5 mW/cm "C. The ink temperature reachcs a maximum of 
86°C after a diffusion timc t , ,  = 3 ms. If the IDF thickness were 
increased by a factor of fi to 27 p m ,  the diffusion time 
increases to 5 ms as shown by the dashed line in Fig. 4 .  
Moreover, since heat has more time to dissipate in the print- 
head, the ink temperature reaches a maximum of only 69°C. If 
the ink melting point is 70°C. this means that the thicker IDF 
would not transfer ink. However. if the IDF conductivity is 
doubled to K?  = 3 mW/cni "C for a thickness of 27 p m .  the 
situation is shown by the dash-dot line in Fig. 4 .  The diffusion 
time again is 3 ms and the maximum temperature is 80°C which 
is almost as high as the original case. 'Therefore, T,,,;,, is deter- 
mined not by the thickness of the IDF, but rather by its effective 
thermal thickness as measured by its diffi~sion time I,,. 

This can be demonstrated by the following approximations. 
Since T,,,;,, occurs after the heating pulse, the finite width of t ,  

can be neglected. From eq. 131. the temperature at the ink 
surface z = I reaches a maximum after a diffusion time given 
by 

and the maximum temperature is 

FIG. 5. Variation in optical density with heating pulse width for a 
thermal transfer test pattern. The IDF consists of a 14 pm condenser 
paper base with a 5 pm ink layer. 

If K l p l C I  B K2p2C2,  and llcr I, this reduces to 

But the diffusion time is just t l ,  = 1'/2D2. Therefore. for a 
given thermal printhead, the maximum ink surface temperature 
depends only on the heat density '1, and the diffusion time tl,, 
i .e.  

IV. IDF sensitivity 
The thermal transfer characteristics of a variety of IDF's 

were measured using a simple thermal imaging test fixture. 
This employs a printhead consisting of I0 elements arranged in 
a column with 6 0  spi spacing. producing a heated area of 0 .4 
X 4 . 0  mm. Under microcomputer control it creates a bar test 
pattern by energizing the printhead with voltage pulses of con- 
stant amplitude but progressively increasing pulse width. Fig- 
ure 5 shows the results of measuring the optical densities of a 
typical test pattern with a scanning n~icrodensitometer consist- 
ing of a Zeiss universal microscope with a photometer head. 
The O.D.  was measured in reflection over a 0.1 x 1.0 mm slit. 
The  test pattern of Fig. 5 was created with the standard IDF 
shown in Fig. I, i .e. ,  a 14 pln condenser paper base and a 
5 p m  ink layer. The power level was 2.6 W per element, and 
the pulse width t,, was increased from 1.25 to 6 ms in 0.25 nis 
steps. After a threshold is passed. the O.D.  increases approxi- 
mately linearly with pulse width until complete transfer-occurs 
and the O.D.  saturates. 

Similar test patterns were created for a variety of commercial 
IDF's. T o  the naked eye, each pattern consists of a series of 
bars ranging from very faint to uniform black, as the amount of 
ink transfer increases. The  sensitivity of each IDF was ranked 
relative to the standard IDF of Fig. 5 by shifting its test pattern 
relative to the standard pattern until bars of equal perceived 
optical density were aligned. The resulting shift in pulse width 
was translated into the difference in energy density Acl required 
to produce an image with each IDF relitive to the standard. 
Results of these measurements are listed in Table 2. The  base 
film thickness is I, and the ink thickness is I,. L is an effective 
thermal thickness for the IDF, defined as follows. From eq. 
191, in order to produce a T,,,;,, equal to the ink melting - tem- 
perature T,,,, the heat density must be 11 --c T , , , I / ~ .  For a 
bilayer IDF this can be generalized to 
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FIG. 6. Relative thermal transfer sensitivity Act vs. effective 
thermal thickness L for 7 commercial IDF's. The open circles are 
condenser paper based IDF's, and the closed circles PET based. 

TABLE 2. Relative sensitivities of commercial IDF's 

Base material 1 ,  (pm) 1 ,  (pm) L (pm) A4 (Jlcm') 

I. Condenser paper 14 5 24 0 
2. PET 10 5' 20 - 1.08 
3. Condenser paper 16 7 30 +0.72 
4. Condenser paper I I 3 17 - 1.08 
5. PET 6 3 12 - 1.80 
6. Condenser paper 18 3 24 -0.36 
7. Condenser paper 32 4 40 + 1.44 

TABLE 3. Relative sensitivities of experimental IDF's 

I ,  1 i L Aq L I ~  
Basc material (pm) (pm)  (pm) (~/cm')  (s"') 

I. Condenser paper 13 13 30 0 0.123 
2. Cellulose 19 12 47.4 +0.36 0.127 
3. Polypropylene 13 9 27.8 +0.36 0.107 
4. Polyimide 26 8 43.6 +2.88 0.125 
5. Aluminum foil 9 10 602 + 1.80 0.064 

where L  = I ,  + (DI /D, )" ' l i  is the effective thermal thickness 
of the IDF. Using the data of Table I, L  = I ,  + 2Ii for both 
condenser paper and PET based IDF's. Because of its heat of 
fusion, the ink layer has a greater thermal thickness than an 
equal layer of base film, in spite of the higher thermal con- 
ductivity of the ink. The results listed in Table 2 are illustrated 
in Fig. 6. As predicted by eq. [ lo ] ,  there is a linear relationship 
between the IDF sensitivity as measured by A y  and the 
effective thermal thickness L.  

Thermal transfer sensitivity was also measured for a series of 

experimental IDF's consisting of various base films coated 
in-house with a pigmented waxy ink. The results are listed in 
Table 3. A y  is a measure of the sensitivity of each IDF relative 
to the condenser paper based IDF. Since these materials have 
quite different thermal diffusivities, A y  does not correlate with 
the effective thickness L .  However, eq. 1101 predicts that A y  
should correlate with the diffusion time given by ~ / d & .  
Comparing the last two columns of Table 3, it can be seen that 
this is true for the first three IDF's. They all have approxi- 
mately equal sensitivities and equal diffusion times. In the case 
of the cellulose based IDF, the higher thermal conductivity of 
cellulose compensates for the greater film thickness. For the 
polypropylene IDF, the thinner ink layer compensates for the 
lower conductivity of the base film. 

This correlation does not hold for the polyimide and alumi- 
num foil based IDF's. In the case of the 26 Fm polyimide film, 
i t  may be that the base film is too thick for a simple 
I-dimensional heat flow analysis to be valid, and a numerical 
3-dimensional analysis is required. This is certainly the case for 
aluminum foil. The transferred bars of the test pattern have a 
rounded appearance. indicating that heat has diffused laterally 
in the aluminum base film because i t  has a higher thermal 
conductivity than the printhead overglaze. This results in a loss 
of resolution and sensitivity. 

In summary it can be stated that, for maximum sensitivity, 
an ink donor film should be as thin as possible, particularly the 
ink layer, and the base film should have a high thermal dif- 
fusivity, provided it  is not higher than that of the printhead. 
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ROBERT H. MARC~IESSAULT. TERRY L. BLUHM. HRIRE M. GHARAPETIAN. and PUDUPAI)I R. SUNDARARAJAN. Can. J .  Chem. 
63, 189 (1985). 

The relationship between the dynamic thermoclastic behavior and molecular morphology of polyphasic polymer systcms was 
studied. A sensitive tensomcter equippcd with a 50W/ 12V heating lamp provided uniform and controlled hcat pulscs to onc 
side of the film. For various extension ratios, the stress change ( A u )  as a function of thc samplc tcmperaturc, was recordcd, 
both for increasing and decrcasincg extension ratios. 

The amount of increase in stress A u  with tcmperaturc was different for Kraton GX-6500 samples cast from cither toluenc, 
cyclohexane, or heptanc. Thc variation of A u  with temperature was dependent on thc cxtension ratio and was always greater 
for increasing extension. The slope of A u  with temperature decreased at 100- 150% clongation in all Kraton GX-6500 samplcs 
during increasing cxtension. However. this slope increased at higher elongations. Small anglc X-ray scattering studics on 
Kraton GX-6500 showed the presence of lamellar. rod shape. and sphcrical structures in samples cast from toluene, cyclo- 
hcxane, and heptanc solvents, respectivcly. The extremc dependence of clastomcric bchavior on polyphasic morphology 
caused Kraton samples to show'a strong declinc in thcrmoclastic response with cycling. 

X-ray studies o n  the films of spandex, cast from dimethyl formahide, at diffcrcnt cxtcnsion ratios showcd thc onsct of 
crystallization at about 150% elongation. Thc thermoclastic studics pcrforrncd on Spandcx films also showed an increasc in 
slope of A u  vs. T at 150- 170% elongations. which was attributed to thc influence of increased crystalline oricntation on 
thermoelastic response. X-ray studies on unstrctched and strctched Hytrcl films showcd the presence of crystallinity. The 
magnitude of A u  and variation with temperature for Hytrcl films was grcatcr than that of cithcr Spandex. Kraton GX-6500, 
or cross-linked natural rubbcr. 

By comparison with thc lattcr, only Hytrcl was superior in the magnitude of ACT variations with tcmpcraturc. This was 
attributcd to intrinsic crystallinity and the orientation which developed on stretching. At extcnsion ratios h = 2, A u  for Hytrel 
was an order of magnitude greater than for cross-linked natural rubber. 

ROBERT H. MARCHESSAULT, TERRY L. BLUHM, HRIRE M. GHARAPETIAN. ct PUDUPADI R. SUNDARARAJAN. Can. J .  Chem. 
63, 189 (1985). 

On a Ctudit la relation qui cxiste entre le comportcment thermoClastiquc dynamiquc et la morphologic molCculairc dc 
systkmes de polymkres a plusieurs phases. Un tensomktrc sensible, CquipC d'unc lampe chauffantc 50W/12V, a pcrmis 
d'appliquer des pulsations contrblCes et uniformes i une facc du film. Pour divcrs rapports d'Clongation, tant pour dcs rapports 
croissants que pour des rapports dCcroissants, on a enregistre le changemcnt de strcss ( A u )  cn fonction dc la tempkrature de 
I'Cchantillon. 

Dans le cas d'tchantillons de Kraton GX-6500, Ic taux d'augmentation du stress A u  avec la tempkraturc varie suivant quc 
Ic solvant utilisC pour prCparer les echantillons est le tolukne, le cyclohexane ou I'hcptane. La variation du A u  avec la 
temptrature dtpend du rapport d'klongation et ccttc valeur est toujours plus elevee lorsque I'Clongation cst croissante. Avec 
tous Ics Cchantillons dc Kraton GX-6500 examinks alors quc I'Clongation Ctait croissante, la pente du A u  en fonction de la 
temperature diminue lorsque I'tlongation cst de 100 i 150%. Toutefois, cette pcntc augmcnte i nouveau lorsque les Clongations 
sont plus ClevCes. Faisant appcl i la diffraction des rayons-X i de petits angles. on a examink divcrs Cchantillons dc Kraton 
GX-6500; suivant que le solvant utilisC pour prCparer les Cchantillons cst Ic toluknc, le cyclohexane ou I'heptane, on observe 
la prCscnce de structures en larnelles, en formc de bitonnets ou sous formes sphCriqucs. La dCpendance cxtreme du com- 
portement Clastomtre sur la morphologie polyphasique fait que la rCponsc thermoClastiquc d'Cchantillons de Kraton subit une 
forte diminution. 

Des films de  Spandex, prCparCs i partir de solutions dans le dimethyl formarnide, ont CtC Ctudits par diffraction dcs rayons-X 
i diffCrents rapports dlClongation; ces Ctudes ont perrnis de rnontrer quc la cristallisation commence i environ 150% d'C- 
longation. Les Ctudes thermoClastiques cffectuCcs sur les films dc Spandcx ont aussi montrC la prCsence d'unc augmentation 
dans la courbe du A u  vs. T i d e s  Clongations de 150 a 170%; on attribue cettc propriCtC a I'influcnce d'une orientation cristalline 
accrue sur la rCponse thermoClastique. Des Ctudes par diffraction dcs rayons-X sur dcs films de Hytrel tendus et non-tendus 
ont perrnis de montrer la prCsencc d'une cristallinitt. Par comparaison avcc les valeurs obtenues avcc le Spandex, le Kraton 
GX-6500 ou le caoutchouc naturel rCticulC, la valeur de I'arnplitude du A u  - et sa variation avec la temperature - obscrvCe 
avec des films de Hytrel est beaucoup plus ClevCe. 

Par comparaison avec les autres, lc Hytrel est le seul a presenter une supCrioritC dans I'amplitude des variations du A u  avec 
la tempkrature. On attribue cette propriCtC i une cristallinitt intrinsequc ct i l'oricntation qui sc dkveloppe par Clongation. A 
des rapports d'klongation h = 2, la valeur du A u  est au moins dix fois plus ClevCe que ccllc du caoutchouc naturel rCticulC. 

[Traduit par Ic journal] 

Introduction as a fundamental characteristic of elastomers. The possibility 
Thermoelasticity is an increase in force with temperature for of using the thermoelastic phenomenon to convert heat into 

strained elastomeric systems. This is opposite to the behavior mechanical work has been explored ( 1 ,  2). The extent of the 
of most solids, especially metals, and has long been recognized thermal contraction of elastomers under tension, is directly 
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related to their molecular structure, chain configurations, and 
the morphology (3. 4). In the thermodynamic treatment of 
thermoelasticity, the tensile force ( f )  required to maintain a 
constant extension is presented as the sum of the internal 
energy and entropy (5). The thermoelastic properties are usual- 
ly studied by following the temperature dependence of the 
tensile force at constant length, for various extensions, and 
under equilibrium conditions. The energetic and entropic com- 
ponents and their variation with extension in relation to the 
structure of the polymer can be derived from these data (5). In 
the present studies, the dynamic thermoelastic behavior of 
three thermoplastic elastomers and natural rubber were studied 
by applying uniform, controlled heat pulses of 10 s duration 
while recording the variation of tensile force with temperature 
at different extensions. 

Usually, thermoplastic elastomers are block copolymers 
containing segregated chain segments of relatively low glass 
transition temperature. These segments, which are responsible 
for the elastomeric behavior of the copolymers, are referred to 
as "soft" segments. The other part of the copolymer chains 
consist of portions, which are capable of undergoing inter- 
molecular association, thereby constraining the polymer chains 
without the need of covalent crosslinks. These parts are re- 
ferred to as "harcl" segments. At least two such hard segments 
per molecule are necessary for development of a three- 
dimensional pseudo-network structure. 

Three thermoplastic elastomers, Kraton-GX6500, DTEX- 
Spandex, Hytrel-4056, and vulcanized natural rubber, as refer- 
ence material, were used in the present studies. The elastomeric 
copolymers differ from one another not only in their molecular 
structure, but also in their morphologies.  rato on is not crys- 
talline and does not crystallize under strain. Spandex is also not 
crystalline but exhibits strain-induced crystallization. Hytrel is 
crystalline in both unstretched and stretched states. 

Kraton-GX6500 (Shell) is a hydrogenated, styrene-buta- 
diene-styrene block copolymer containing 29 mol% of sty- 
rene. From small-angle X-ray scattering studies on solvent-cast 
Kraton films, it is known (6) that, depending on the casting 
solvent, the films possess spherical, cylindrical, or lamellar 
microdomains, which are obtained in the order of increasing 
solvent affinity for polystyrene. Thermo-mechanical studies 
(6) on Kraton, show that, under strain, films with spherical 
domains behave like natural rubber, while films with cylindri- 
cal and lamellar domains exhibit stress softening and yielding, 
respectively. 

DTEX-Spandex fibres consist of polyurethane and inorganic 
fillers. Polyurethane elastomers may be considered block 
copolymers composed of relatively short areas of urethane 
"hard" segments and longer, flexible polyester or polyether 
"soft" blocks. The polarity of the "hard" segments may cause 
formation of hydrogen bonds, resulting in microphase separa- 
tion (7). The "sofi" blocks of some polymers have crystalline 
structure (8, 9), but other soft segments are amorphous and can 
undergo crystallization upon stretching, especially when the 
molecular weight is high. Linear polyether- or polyester- 
urethane elastomers based on aromatic diisocyanates and chain 
extended with low molecular weight diols under different ex- 
tensions exhibit X-ray diffraction patterns corresponding to the 
onset of crystallization at about 150% elongation (10). 

Hytrel (DuPont) is a thermoplastic elastomer. It is produced 
in a range of compositions of poly (tetramethyleneoxy) "soft" 
and tetramethylene terephthalate "hard" segments. Hytrel 
Type 4056 was used in the present studies. Mole fraction of the 

increasing Extension 

f Decreasing Extension 

TIME 

Frc. I. Schematic of the variation of tensile forcc with time, for 
increasing and decreasing cxtensions. The heavy line represents the 
period when the heat lamp is on. 

hard segments of this copolymer (I 1 ) .  determined by "C nmr 
has been reported to be 0.8. Electron microscopy studies have 
shown that Hytrel exhibits a two-phase morphology (12). 'The 
structure of the polymer consists of interpenetrating and con- 
tinuous amorphous and crystalline phases rather than discrete 
domain structures as observed in styrene-butadiene copoly- 
mers (6). Small-angle light scattering and optical microscopy 
studies have shown that the crystalline phase is basically 
spherulitic ( 13). Application of stress to Hytrel produces orien- 
tation of the crystallites with their long axes perpendicular to 
the drawing direction (12). This orientation is most likely the 
effect of destructuring of the crystalline lamellae during draw- 
ing and is not recoverable upon the release of the applied force. 
It has also been observed that irreversible disruption of crys- 
talline regions results in pronounced stress softening (12). 

A sample of cross-linked natural rubber was also used in 
these studies for comparison. It is known that natural rubber is 
capable of undergoing strain-induced crystallization (3). How- 
ever, the network structure of cross-linked nalural rubber is 
affected by strain at much higher extensions than for thermo- 
elastic elastomers. 

Experimental 
Therrnoel.pcisticit), r~~eci.suretr~er~ts 

The thermoelasticity measurements were performed using a com- 
puterized tensometer setup. Each sample was initially subjected to 
stepwise increasing, followed by decreasing, cxtensions. At each cx- 
tension. 4-6 hcat pulses of I0 s duration, with 20 min relaxation time 
between each two consecutive pulses, were applied to the samples. 
The increase in the temperature for each hcat pulse of 10 seconds 
duration was 31-33"C, which was measured by a thermocouple 
placed underneath the sample. The change in the tensile force during 
each thermal stimulation and aftcr relaxation of 20 min was recorded. 

I t  was observed that, for the initial 2-3 hcat pulses applied at each 
extension, the tensile force after relaxation (.f ') was smaller than the 
tensile forcc before applying the previous hcat pulse ( j ) ,  if the pulse 
was applied aftcr an increasing extension, and vice versa if the pulse 
was applied after a decreasing extension. However. the difference 
bctwcentand f' decreased continuously at a given extension, and aftcr 
4-5 heat pulse-relaxation periodsf' became almost equal to,f. This 
is schematically shown in Fig. I. 

Prep.pcircitior1 dze Jiltrls 
The films were cast by evenly coating the smooth surface of a 

Teflon block with a solution of the polymer. The coated block was 
placed horizontally in a chamber saturated with solvent vapour. The 
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60'000 HYTREL prestretched I INCREASING FORCE 

FIG. 2. Variation of strcss (cr) with temperature, for diffcrent 
elongation ratios (A) are shown for Hytrel. 

vapour concentration was gradually lowered allowing the coating to 
dry slowly and form a uniform film. The films were then placed in an 
oven at about 100°C for 4 h. Rectangular samples, 130 mm X 70 mm 
in size; were cut from the films which were 0. I to 0 .2  mm thick. The 
thickness and width of the films were measured, at each extension, 
with a micrometer before applying the heat pulse. 

The Hytrel films were prepared from the solution of the polymer in 
1,2-dichloroethane. at room temperature. Toluene, cyclohexane, and 
heptane were used for Kraton. The Spandcx solution was prepared by 
heating the Spandex fibres in dimethyl formamide at 100°C followed 
by removal of the inorganic fillers by sedimentation. 

Hytrel films were also prepared by heat pressing the polymer gran- 
ules between 2 mm thick Tcflon sheets under a gradually applied 
pressure up to 6 psi at 160°C followed by rapid cooling to room 
temperature. Sincc these samples "necked" on stretching, all samples 
of Hytrel were cold-stretched until necking was completed (about 
300-500%). X-ray examination showed a small degree of uniaxial 
orientation of the crystalline phase after this operation. 

Small-angle X-ray scattering data were collected using a Kratky 
camera, equipped with a proportional counter. pulsc height analyzer, 
and a step scanner. Wide-angle diffraction patterns were recorded 
using a Warhus flat plate ~ a r n e r a ~ l n  both cases, CuK,. (A = 1.541 8 A) 
radiation was used. 

Results and discussion 
In the thermoelasticity measurements, the variation of the 

stress ( u )  with the rise in temperature (T) for the polymer films 
subjected to 10-s heat pulses at different extensions was re- 
corded. At each extension (A), 4-6 heat pulses were applied 
to the samples. However, only the data obtained from the last 
thermal stimulation at each extension were used in the present 
studies. Some typical results on variation of u vs. Tat different 
extensions are presented in Fig. 2. The data on the variation of 
u with T for various values of A was used to construct the 
curves of Au/AT VS. A. Here, Au/AT is the change in the 
stress due to the change in the temperature from 30 to 50°C 
during the last heat pulse at an extension A. The magnitude of 
AulAT and the variation of the slopes of the plots of AulAT 

AULT ET AL.  

120 r KRATON FILM FROM TOLUENE 

FIG. 3. Plots of variation of Acr with cxtcnsion ratios (A).  for 
increasing and decreasing A are shown for Kraton films cast from 
toluene. 

vs. A were correlated with sample micsostructures derived by 
X-ray diffraction and scattering techniques as well as micro- 
scopic examination. 

Small-angle X-ray scattering (SAXS) studies performed on 
solution-cast Kraton samples from toluene, cyclohexane, and 
heptane showed that these polymer films contained lamellar, 
cylindrical, and spherical structures, respectively, in agree- 
ment with previous conclusions (6). 

Plots of AU/AT vs. A for the Kraton samples are presented 
in Figs. 3-5. It is seen that the slopes in these cases-decrease 
between 120- 180% elongations. 

SAXS curves recorded for the films cast from toluene, cyclo- 
hexane, and heptane are shown in Figs. 6, 7, and 8 respective- 
ly. In all cases, the data were collected before and after an 
extension of 125%. Fig.o 6a shows a maximum at s = 
(2 sin 0)/A = 3.1 x A-', which corresponds to a period- 
icity of about 320 A in this film, which is known to possess 
lamellar structure. However, upon stretching 125%, this niaxi- 
mum vanishes. This phenomenon is reversible, i.e., when the 
film is relaxed, the maximum reappears. Accordingly, the phe- 
nomenon has been interpreted as due to the orientation of the 
lamellae in the plane of the film upon stretching. Since the 
plane of the X-ray beam is nornial to the plane of the film, any 
periodicity normal to the plane of the film is not observed. 
Partial alignment of lamellar domains has been observed by 
other investigators (14). Figure 7a, corresponding to the cyLin- 
drical morphology, shows a maxinium at s = 3.4 x A-' 
and this results in an inter-cylinder distance of 290 A. Upon 
stretching, this maximum is lost. Howeve:, another broad 
maximum is rec~rded at s = 6.25 x A-' inter-cylinder 
distance of 150 A. I t  is possible that, compared to the case of 
the unstretched sample,- the alignment of-the cylinders upon 
stretching reduces the inter-cylinder distance, following an af- 
fine deformation mechanism. The orientation is not nearly as 
complete as in the lamellar case , as evidenced by the continued 
presence of a scattering maximum, although it is greatly re- 
duced in intensity. Figure 8 for the case of the spherical mor- 
phology shows that the dimensions increase in the direction of 
stretch, in direct correspondence with film extension. 

Since orientation of the microstructure of the different 
Kraton samples at different extensions is observed by X-ray 
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140 r KRATON FlLM FROM CYCLOHEXANE 

X = LILo 
FIG. 4. Same as Fig. 3, but during the first cycle of measurement 

on Kraton film cast frorn cyclohexane (see also Fig. 9). 

FIG. 5. Same as Fig. 3, but for Kraton film cast frorn heptane 

scattering studies, it is suggested that the decrease in the rate of 
increase of the A u l A T  with X (range of 120- 180% elonga- 
tion) is related to microdestructuring which negatively affects 
the thermoelasticity of these materials. At higher extensions, 
alignment of the stable domains is high and this sharply in- 
creases the slopes of the curves of A u l A T  vs. X. The extent of 
the "low slope" region was greatest for the sample cast from 
toluene and shortest for the one cast from heptane. The latter 
observation may be attributed to the linear extent of the lamel- 
lar and cylindrical microstructure and consequent orientation 
effects compared with the absence of microstructure anisotropy 
for the spherical domains during extension. 

The rapid decrease in the slope of the curves of A u l A T  vs. 
X observed in the measurements performed during decreasing 
extensions were attributed to the orientation of the micro- 
structure and stress softening during increasing extension of the 
samples. The plot of A u l A T  vs. X for the second cycle of 

KRATON FILM FROM TOLUENE 
STRETCHED 

FIG. 6. Small-angle X-ray scattering curves for Kraton film cast 
frorn toluene, before and aftcr stretching. 

measurements, performed on the Kraton film cast from cy- 
clohexane, is presented in Fig. 9. It was observed that the first 
cycle of studies considerably influences the thermoelastic prop- 
erties of the material. The slope in the plot of A u l A T  vs. X, 
compressed to the first cycle, indicates partial destructuring of 
the polymeric microstructure after completion of the first cycle. 

It is known that polyurethane undergoes strain-induced crys- 
tallization ( I  1 ) .  X-ray scattering studies performed on the films 
prepared from Spandex fibres also showed strain-induced crys- 
tallization of the "soft" segments at an elongation of 150%. 
From thermoelastic measurements on the film cast from a solu- 
tion of Spandex in dimethyl formamide, it is observed (Fig. 10) 
that the slope of the curve of A u l A T  vs. X increases rather 
abruptly at elongations of 140- 160%. The generation of a 
crystalline phase in the strained Spandex sample is responsible 
for increasing the thermoelastic response of the sample above 
elongations of 140- 160%. The increase in thermoelastic 
response can be attributed to thermally induced melting in the 
"soft" segments. The rapid drop in slope of A u l A T  with X 
during decreasing extensions is attributed to the reversal of 
strain-induced crystallization. In theory, the slope of the 
reverse curve is a function of rate of decrease of strain but this 
was not investigated in detail. 

For both solution-cast and heat-pressed Hytrel films necking 
occurred during stretching, resulting in unidirectional orienta- 
tion. For this reason the thermoelasticity measurements were 
performed on prestretched films. The extent of thermal con- 
traction manifested by the magnitude of A u l A T  at different 
extensions was greatest for Hytrel, compared with the other 
samples (cf. Fig. I I). The slopes of the curves of A u l A T  vs. 
X, for both Hytrel films, show a sharp increase above elonga- 
tions of 120- 140%. Wide angle X-ray diffraction patterns 
from prestretched (necked) and unstretched samples in the re- 
laxed state show the presence of a crystalline phase in both 
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FIG. 7. Same as Fig. 6, but for Kraton film cast from cyclohexane. 

24 
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KRATON FILM FROM HEPTANE E UNSTRETCHED 

- KRATON FILM FROM 
CYCLOHEXANE 

- UNSTRETCHED 

- 
- 
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I 8 I I I I I 

8  - 
4  - 
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0 - 
H 

20 r STRETCHED, 125% 

FIG. 8. Same as Fig. 6, but for Kraton film cast from heptane. 

~ ~ ~ 0 1 2 3 4 5 6 7 8  
a 
U 

cases, and fibre-type orientation in prestretched samples. 'The 
superior thermoelastic response of Hytrel is attributed to the 
presence of homogeneously distributed, thermally stable, and 
partially oriented crystallites. The increase in the slope of the 
curves of Au/AT vs. A at elongations of 120- 140% could be 
due to the strain-induced crystallization. 

The plot of Au/AT vs. X for natural rubber is presented in 

- 
u 

20 

16 

12 

8  

1 JI CYCLE 
100 

- STRETCHED, 125 46 
- 

- 
- 

- 

x = e/eo 
FIG. 9. Plots of variation of ha with extension ratio (A), for 

increasing and decreasing A, are shown for the second cycle of mea- 
surement on Kraton film cast from cyclohexanc (see also Fig. 4). 

4  - l6or  SPANDEX 

FIG. 10. Plots of variation of ha with extension ratio (A), for 
increasing and decreasing A, for Spandex film cast from dimethyl 
formamide. 

Fig. 12. It is observed that there is a relatively small change in 
the slope of the curve for increasing or decreasing extensions 
at elongations of about 120%. Compared with similar changes 
for films or Kraton, Hytrel, and Spandex, the changes for 
natural rubber are less significant, and this could be attributed 
to the affine behavior of an amorphous, covalently crosslinked 
structure, which undergoes very little textural change during 
extension. Also, it is well known that strain-induced crys- 
tallization does not occur in natural rubber at the low extension 
ratios employed here. 

Conclusions 

A comparison of the thermoelastic behavior of the four elas- 
tomers under investigation shows that increasing strain (with 
consequent orientation of microstructure and/or strain-induced 
crystallization of "soft" segments) has a positive influence on 
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HYTREL FILM FROM 
DICHLOROETHANE 

1 2 3 4 

x = ello 

FIG. I I. Same as Fig. 10, but for heat-pressed and dichloroethane- 
cast films of Hytrel. 

'"0 NATURAL RUBBER 

FIG. 12. Same as Fig. I I, but for natural rubber. 

the extent of thermal contraction. Permanent orientation (e.g. 
prestretched Hytrel) also has a positive influence on thermo- 
elastic properties probably because of removal of a spherulitic 
texture. Strain-induced crystallization of "soft" segments great- 
ly increases the thermal response due to thermal melting of the 
crystallites and the concomitant increase in entropy during the 
application of a heat pulse. 

Of the four materials, Hytrel best demonstrated the benefit to 
be derived from permanent crystallites ("hard" segments), 
preorientation and strain-induced crystallization of "soft" seg- 
ments. Spandex also crystallizes upon stretching, but reversi- 
bly with stress. The "hard" segments in Spandex do not form 
a separate crystalline phase and hence permanent cross-links do 
not exist. Clearly, the permanent cross-links, oriented in the 
stretch direction, as in Hytrel, are the desirable contributors for 
a strong thermoelastic response. 

In the case of natural rubber, the effect of moderate strains 

on thermoelastic behavior is well documented. The results of 
Fig. 12 are surprising only by comparison with the data for 
Hytrel, which at X = 2 show a A u l A T  which is an order of 
magnitude greater. The most obvious explanation is in terms of 
the above referenced cross-links. The near-reversibility of the 
curves in Fig. I 1  suggests that strain encourages the develop- 
ment of intermolecular forces between Hytrel macromolecules 
to provide a pseudo-network with a distribution of crosslink 
strengths. This develops a network with a memory, at least up 
to strains of X = 2-3 and probably well beyond. 

In comparison to Hytrel, Kraton samples show less pro- 
nounced thermoelastic behavior. 'This can be attributed to a 
microtexture which is based on weak segment interaction, 
compared to crystallization forces. Entropy contributions to the 
thermoelasticity are low. Extension disrupts the microtexture 
and recovery is exceedingly time-dependent. Accordingly, the 
thermoelasticity of Kraton is difficult to exploit. 

Again, in comparison to Hytrel. Spandex exhibits a softer 
thermoelastic behavior. I t  is probably optimized for comfort 
factors in garment application. Cross-linked natural rubber is 
similar in behavior and would probably show the rapid rise in 
thermoelastic response of Hytrel with extension but only at 
much higher X where crystallization is known to develop. At 
that point both permanent and pseudo-crosslinks would be 
intermeshed. 

In the case of the ideal rubber, stress-strain behavior is 
predictable if there is affine deformation and no intermolecular 
interaction. The present study suggests that maximum thermo- 
elastic response is dependent on affine deformation with de- 
velopment of reversible intersegment forces as extension takes 
place. The very large difference in thermoelastic response of 
Hytrel compared to crosslinked natural rubber demonstrates the 
remarkable difference between crystallite networks vs. co- 
valent networks in elastomers. Given the imagination of poly- 
mer chemists, the limits of elastomer technology are probabIy 
still far away. 

For non-ideal elastomers there are both entropy and enthalpy 
contributions to the stress. The measurement of A u / A T  pro- 
vides one with a means of separating the entropy and enthalpy 
contributions to the stress at constant X given by 

where T is the absolute temperature, and p ,  s, H, and L repre- 
sent the pressure, entropy, enthalpy, and length, respectiveIy. 
Thus, thermoelastic data gathered using a tensometer as de- 
scribed here can be used to compare elastomers on the basis of 
these entropy contributions to the developed stress. Although 
these equations are only strictIy accurate when constant pres- 
sure is replaced by constant volume, they are very nearly cor- 
rect at small extensions, where affine deformations occur. 
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Particles in polymers: surface chemistry of their nucleation, growth, configuration, 
and interactions with the matrix 
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G. J .  K o v ~ c s  and P. S. VINCETT. Can. J .  Chem. 63, 196 (1985). 
The surface chemistry and thermodynamics of the nucleation, growth, configuration, and host-guest interactions of small 

particles within softenable substrates is investigated. I t  is found that novel subsurface particle monolayers form rather generally 
when inorganic materials are appropriately deposited onto softened (or subsequently softened) organic polymer substrates; 
partially embedded structures are generally formed by organic particulate materials, although these can also be embedded by 
exposure to a solvent vapour. For both rigid preformed particles spread onto the polymer surface, and for flexible growing 
clusters (as occur in vacuum deposition), the tendency for complete immersion is thermodynamically determined by the same 
simple inequality among the surface and interfacial tensions. Modelling of the polymer moleculc configurations in the vicinity 
of subsurface particles predicts a novel entropic force of sufficient magnitude to explain why the particles form a monolayer 
a few tens of nm below the surface, rather than dispersing throughout the polymer, and why this structure is remarkably stable 
on extended heating. With the convenient fabrication technique of vacuum deposition, subsurface formation is further limited 
kinetically, by growth mode and sinking rate considerations, to generally low melting point inorganics and to certain ranges 
of deposition conditions; once subsurface particles are formed, their subsequent growth during the deposition process generally 
occurs at constant (nearly close-packed) surface coverage by a combination of material-capture and coalescence. After these 
nearly monodisperse particles grow beyond -0.4 Fm, they begin to bridge into a continuous subsurface structure. These 
vacuum-deposition phenomena are quantitatively explained by kinetic models of the formation and growth mechanisms. 

G. J .  K o v ~ c s  et P. S. VINCETT. Can. J .  Chem. 63, 196 (1985) 
On a CtudiC la chimie de surface et la thermodynamique de la nucleation, de la croissance, de la configuration et des 

interactions "hate-rtcepteur" de petites particules a I'inttrieur de substrats qui peuvent ktre ramollis. On a trouvt que, si des 
produits inorganiques sont dtposCs d'une f a ~ o n  appropriee sur des polymeres organiques ramollis (ou qui ont substquement 
Ctt ramollis), il se forme d'une f a ~ o n  assez gtntrale de nouvelles monocouches de particules sous la surface; gCnCralement, 
les particules organiques forment des structures qui sont partiellement incrusttes m@me si ces composts peuvent &tre incrust& 
par une simple exposition B des vapeurs de solvant. Tant pour les particules rigides prtformCes ttendues sur la surface du 
polymkre que pour les agglomtrats flexibles croissants (qui se produisent par un depot sous vide), la tendance h obtenir une 
immersion totale cst dCterminte par la mkme inkgalit6 simple entre les tensions de surface ct interfaciales. A I'aide de modeles 
des configurations de la moltcule de polymkre prks des particules sous la surface, on peut prtdire I'existence d'une nouvelle 
force entropique dont I'amplitude est telle qu'elle peut expliquer pourquoi les particules forment une monocouche B quelques 
nm sous la surface plutdt que de se disperser i travers tout le polymere et pourquoi cette structure est si stable lorsqu'on la 
chauffe d'une f a ~ o n  prolongte. Cornpte-tenu de I'existence, d'une part, de la technique commode de fabrication par dCpot sous 
vide et, d'autre part, de considtrations cinttiques relatives h la mtthode de croissance et aux vitesses d'enfoncement, la 
formation sous la surface est gkntralement limitkc B des composts inorganiques de bas point de fusion et B certaines conditions 
de dtpot; lorsqu'il y a eu formation de particules sous la surface, une combinaison de capture de matCriel et de coalescence 
fait que leur croissance subskquente, au cours du processus de dtpot, se produit gtntralement avec une couverture de la surface 
qui est constante (pratiquement tasste). Lorsque ces particules pratiqucment monodisperstes atteignent des dimensions 
d'environ 0 ,4  p n ,  elles commencent B se joindre pour former une structure continue sous la surface. On peut expliquer 
quantitativement ces phtnomknes de dtpot sous vide en faisant appel 3 des modkles cinttiques pour les mCcanismes de 
formation et de croissance. 

[Traduit par le journal] 

1, ,,Introduction which is subsequently heat- or vapour-softened. However, with 
The surface chemistry of thin film formation during vacuum the very convenient technique of vacuum deposition onto 

deposition onto rigid substrates has been studied extensively heated thermoplastics, kinetic factors somewhat limit the for- 
for the past half century ( I ) .  However, structures formed on/in 
softenable substrates have received very little consideration, 
save for one technologically important process involving the 
vacuum deposition of the photoconductive material Se (2). In 
this process, the substrate is a thermoplastic material which is 
heat-softened during Se deposition. Within a rather broad 
"window" of substrate temperature and deposition rate, the Se 
can form into a nearly close-packed monolayer of submicron, 
nearly monodisperse amorphous spheres embedded a few tens 
of nm under the polymer surface. This unique structure, illus- 
trated in Fig. 1 ,  is remarkably stable under extended heating. 
It can also readily be formed from a wide range of materials if 
they are incident as a smoke (3) onto a heated thermoplastic, or 

mation of subsurface particles, usually to low-melting materi- 
als; even then, kinetic factors further limit it to certain ranges 
of substrate temperature and deposition rate. These unique 
vatuum-deposited structures possess other very unusual prop- 
erties. The structure is very nearly independent of substrate 
temperature and deposition rate over very large ranges, within 
the "window" mentioned above. The diameter of the spheres 
can be varied from very low values up to at least -0.4 p,m at 
corlstarzt surface (pi-ojected-area) coverage, merely by varying 
the total quantity Q of material deposited per unit substrate 
area; this of course implies that a continual aggregation/ 
coalescence process is occurring. Very strikingly, the diameter 
of the spheres is simply proportional to Q. 

if appropriate particles are merely spread over the surface structures of this kind-may have major technological appli- 
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KOVACS AND VINCETT 

FIG. 2. TEM of vanadyl phthalocyanine, vacuum deposited onto 
heated thermoplastic, looking parallel to thc substrate surfacc. 

of the subsequent growth of subsurface particles are given in 
section 5. 

FIG. I. TEM of Se, vacuum deposited onto hcated thermoplastic, 
looking ( a )  normal to substrate surface, ( 0 )  parallel to substrate sur- 
face. 

cations. For example, the Se material, shown in Fig. 1, has 
important uses as an electrophotographic film which is usually 
developed by a migration imaging process to form a visible 
image (2, 4-6). The many remarkable properties and demon- 
strated applications of this unique material have recently been 
reviewed (7). . .  ... 

In this paper we analyze the surface chemistry of the novel 
subsurface and related structures, including a detailed analysis 
of the interactions between particles and polymers; we also 
model the kinetics of the formation and growth mechanisms 
during vacuum deposition. The experimental observations are 
summarized in section 2. The roles of the surface and inter- 
facial tensions of the particle and substrate materials in deter- 
mining the thermodynamically most favourable structures are 
investigated in section 3. The configurations (8) of the polymer 
molecules and their interfacial interactions (9) with the particle 
surfaces are modelled in section 4 ,  and are shown to result in 
a novel entropic force of sufficient magnitude to explain why 
particles form a monolayer rather than dispersing throughout 
the polymer, and why this structure is remarkably stable on 
extended heating. Kinetic models of the formation mechanism 
during vacuum deposition onto softenable substrates and also 

2. S u m m a r y  of experimental d a t a  
Apart from vacuum deposition, which we discuss below, 

there are several methods of forming subsurface structures 
from almost any particulate material. For example, we have 
formed such structures from both inorganic and organic materi- 
als (principally phthalocyanines), by a novel spreading tech- 
nique. The phthalocyanine or other particulate is finely dis- 
persed in a liquid (e.g. methanol) which is a non-solvent for the 
polymer substrate. The dispersion is then coated as a thin liquid 
film by a gravure coating technique. After the liquid evapo- 
rates, a thin powder film is left which can easily be wiped off 
and is therefore clearly above the substrate surface. If the 
substrate is now softened by heating, inorganic particles now 
form the subsurface monolayer. Organic particles, however, 
become partially embedded, much as in Fig. 2; in this state, a 
substantial amount of pigment can still be wiped off the film 
surface with a light paper tissue. However, if the polymer 
substrate is instead softened by exposure to a vapour which is 
a solvent for the polymer, complete embedding of the organic 
particles is achieved, generally within a few seconds. Typical 
solvents suitable for the styrene-hexylmethacrylate copolymer 
generally used in the technological applications (7) of the S e  
material are toluene, methylene chloride, and 1 , l  , l-trichloro- 
ethane. After vapour exposure, the polymer surface has a shiny 
glazed finish and since the particles are completely submerged 
the film can no longer be wiped off. Such embedded organic 
particulate structures, like their S e  counterparts, have applica- 
tion as an electrophotographic film, in this case infrared- 
sensitive. In addition to vacuum deposition and the spreading 
technique, embedded particulate structures can also be made 
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from a wide range of inorganic materials by a smoke (3) meth- 
od. Material is evaporated in a high (atnlospheric) background 
pressure of flowing nitrogen. Under these conditions, the mate- 
rial forms into a smoke which is carried by the gas flow onto 
a heated polymer substrate. The particle deposition can also be 
carried out by cascade and electrophoretic techniques. In the 
cascade technique, colloidal-size particles are produced by 
standard methods and are then picked up triboelectrically onto 
xerographic carrier beads. The beads are cascaded over the 
polymer substrate surface to deposit the particles. Particle sink- 
ing is then accomplished by either heat or vapour softening of 
the substrate, as discussed above. In the electrophoretic tech- 
nique, the colloidal-size particles are suspended in an insu- 
lating liquid medium. They are then deposited onto the polymer 
substrate, which is in contact with the liquid, by applying an 
electric field through the liquid and thereby driving the 
naturally-charged particles to the polymer substrate. With ap- 
propriate suspending liquids, the particles may already become 
embedded at this stage. If not, after evaporation of the liquid, 
the polymer substrate may be either heat- or vapour-softened as 
above to effect embedding. 

Turning now to the vacuum deposition technique, we have 
made a rather comprehensive experimental study of the for- 
mation of vacuum-deposited structures on heated thermoplastic 
substrates. The evaporants included a wide range of inorganic 
and organic materials and the experimental details have been 
given elsewhere (10). In general, two types of embedded struc- 
tures have been observed, which appear to represent cases of 
thermodynamic equilibrium. 

The first equilibrium structure, and by far the most im- 
portant, is a monolayer of conlpletely embedded spheres; an 
example is shown in the TEM of Fig. I(b),  for which the 
evaporant was Se and the substrate a heated styrene-hexyl- 
methacrylate copolyn~er. The second equilibrium structure 
consists of partially embedded particles. 'This has been ob- 
served in the evaporation of vanadyl phthalocyanine onto the 
heated copolymer, the embedded lower portion of the particles 
being clearly seen in Fig. 2. The structure of Fig. I(b) is readily 
obtained with low melting inorganic evaporants (10- 12) but, 
at best, only partially submerged structures can be obtained 
with organic evaporants. 

The subsurface monolayer structure was found to possess 
remarkable thermal stability. Continued heating of the polymer 
substrate at 115°C in vacuum for 3 days after formation of a 
subsurface Sn structure (similar to the Se  structure in Fig. I) 
failed to produce even the slightest migratior. of the nearly 
single-crystalline Sn particles into the polymer, as determined 
by electron microscopy of microtomed sections. A simple cal- 
culation (10) shows that this period of time should be more than 
ample for random Brownian motion to scatter the particles 
throughout the 1.5 pm-thick polymer matrix, in the absence of 
a restraining force. 

The kinetics of subsurface particle formation (13- 17) and 
growth (17) have also been determined for vacuum deposition. 
The formation data is summarized in Fig. 3, where the solid 
line gives the transition between surface and subsurface particle 
formation for Se on the well characterized (15) styrene-hexyl- 
methacrylate copolymer substrate. The dashed lines represent 
the same transition for Sn on this copolymer substrate. At low 
deposition rates, the surface/subsurface transition lines for the 
two evaporants are nearly identical, with an activation energy 
of -50 kcal/mol, which is also equal to the polymer's activa- 
tion energy for viscous flow. At high deposition rates, the 

FIG. 3. Subsurface particle formation conditions for Se and Sn on 
our styrene-rich copolymer. Solid line separates region of surface film 
formation (right) and subsurface particle formation (left) for Se on the 
polymer. Dots represent surface Sn deposits and squares represent 
subsurface Sn deposits with the dashed curve dividing these two 
regions for Sn. 

activation energy for the Se transition remains at 50  kcal/rnol, 
but that for Sn drops to -10 kcal/mol. Many other high- 
melting inorganic evaporants were studied, and formed only 
surface deposits under all accessible deposition conditions, as  
illustrated by the V deposit shown in Fig. 4. An interesting 
feature of this V film, common to virtually all above-surface 
deposits of inorganic materials on soft substrates, is that it 
consists of a thin continuous underlayer followed by super- 
posed island structures. (The structure observed between the 
large dark islands is definitely due to a thin continuous film, 
since the underlying polymer has been dissolved away ( lo) . )  
This normally-rare Stranski-Krastanov (S-K) growth mode 
( I )  is thought to be one important factor limiting subsurface 
particle formation with inorganic evaporants (13). 

The growth data for subsurface Se  spheres is given in Fig. 7 
of ref. 17. The projected area coverage Nn(a) '  of the spheres 
remains remarkably constant over a rather large range. The 
average sphere radius, (a), and the number of particles per unit 
area, N,  correlate with deposition time, t (at constant deposition 
rate), according to ( a )  rn t and N rn tC', at least up to a fairly 
large value of ( a )  -0.2 p m .  However, for larger values of ( a ) ,  
bridging of subsurface spheres begins, with eventual formation 
of a continuous subsurface film as shown in Fig. 5 .  The partic- 
ulate structures obtained are almost independent of deposition 
rate and temperature over very large ranges, so long as one  
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FIG. 4. TEM of V surface film depositcd onto our heated styrcnc- 
rich copolymer, looking normal to the polymcr surface. 

remains within the "window" within which subsurface struc- 
tures are formed at all. 

3. Thermodynamic analysis of embedding 
Thermodynamically, the most favourable state for any iso- 

choric, isothermal system is the state with the lowest Helmholtz 
free energy, F (18). This free energy has both a volume and a 
surface contribution. We assume that the former is constant in 
our systems, corresponding to constant internal morphology 
within each material, so that only the surface contribution var- 
ies according to the particle-substrate configuration. To keep 
our analysis simple, we consider only homogeneous materials 
with isotropic surface tensions. For very small particles, grav- 
itational forces are negligible compared with surface tension 
forces. 

The surface free energy per unit area of a material is equiv- 
alent to its surface tension, y ,  which is also equivalent to the 
isothermal work required to create a unit area of surface (19). 
The work of adhesion between two materials, WIT, is defined 
as the work necessary to separate the two materials at their 
interface. W12 is related to the surface tensions of the materials, 
y I ,  y2, by the relationship ( 1  9)  

where y 1 2  is the interfacial tension. It follows that the work of 
cohesion of a material, W, I, is simply 2y l .  It should also be 
noted that y l z  between two incompatible materials is positive. 
A negative y 1 2  implies a tendency for one material to dissolve 
in the other. 

We start by considering subsurface structure formation by 

FIG. 5. TEM's of successive stagcs of thc growth of subsurface Se 
spheres into ii continuous surbsurfacc film. 

vacuum deposition. The case of a flexible cluster on a rigid 
substrate is generally taken as the starting point in treatments of 
thin film nucleation phenomena ( I ) .  'The equilibrium cluster 
configuration is a spherical cap. with the contact angle deter- 
mined by balancing the surface and interfacial tension com- 
ponents parallel to the rigid substrate, resulting in the well 
known Young equation ( I ) .  We restrict our discussion to the 
novel case of a soft substrate. 

If the substrate is softened in the presence of a flexible 
cluster, the equilibrium cluster shape becomes a surface lens 
(20) as shown in Fig. 6. In this case, the surface tension 
components both parallel and normal to the substrate surface 
must be balanced at equilibrium. These two conditions give 
two equations which can be solved for the contact angles O 1  and 
02: 

[2] cos 02 = (y21 + yI7 - Y12?)/2Y2YI 

and 

From Fig. 6,  it is clear that the lens material will remain 
partially exposed above the substrate provided cos 0? < 1 (or 
equivalently cos 81 > - I). However, i f  the rhs of eq. [2] is > I  
(or the rhs of eq. [3] is < - I), the lens material will become 
completely submerged into the substrate material and (for iso- 
tropic surface forces) will assume a spherical shape. From eqs. 
[2] and [3], these conditions for complete immersion reduce to 
the inequality 
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CONDENSATE 

7 2  

SOFTENABLE 
SUBSTRATE 

MATERIAL 

FIG. 6. Equilibrium lens configuration of a soft cluster In a soft 
substrate. The surface tension components both parallel and perpen- 
dicular to the substrate are in balance. 

FIG. 7. Equilibrium position of a rigid sphere embedded in a soft 
substrate as determined by surface and interfacial tensions. related (as 
an example) according to y, = y. = 2yI2 

We now consider the case of a rigid preformed particle (for 
simplicity a sphere) in contact with a soft substrate (applicable 
to the case of structures formed by spreading, smoke, or elec- 
trophoretic techniques). For this case, the system will be in 
equilibrium when the surface tension components parallel to 
the rigid surface, i.e. parallel to the particle surface, are in 
balance. (The components perpendicular to the rigid surface 
remain unbalanced, analogous to the situation, described by the 
Young equation, of a liquid drop on a rigid substrate.) The 
situation is depicted in Fig. 7. The balance condition is given 
by 

where cp is the angle between y2 and y l  on the line of contact 
between substrate and sphere surfaces. Since, for a sphere, the 
embedded depth z and the angle cp are geometrically related 
according to 

[6] z = a ( l  - cos cp) 

where a is the radius of the sphere, the equilibrium embedded 
depth, z,,, is seen to be given by 

From eq. [7] it  is readily seen that the equilibrium configuration 
is again a completely embedded sphere if and only if inequality 
[4] holds. It is a straightforward extension of the above analysis 
to show that inequality [4] is the general condition for complete 
immersion of an arbitrarily shaped rigid particle (21). 

It can therefore be concluded that at equilibrium a particle, 
either rigid or soft, in contact with a soft substrate, will be 
completely embedded provided inequality [4] holds; otherwise, 

partial embedding represents the equilibrium configuration. It 
is interesting to note that inequality [4] can be expressed in 
terms of the relevant works of cohesion and adhesion as defined 
in eq. [I]. Inequality [4] is equivalent to the relationship, WIz 
> W2?. Therefore, a material will tend to completely embed 
itself in a soft substrate provided that the work of adhesion 
between the two materials is greater than the work of cohesion 
of the substrate, an intuitively reasonable result. 

While the surface tensions of many materials are known, the 
interfacial tensions for most material combinations have not 
been determined. The dispersion force interaction theory devel- 
oped by Fowkes (9) was used to calculate the interfacial ten- 
sions for systems of interest. In general, inequality [4] is found 
to hold for virtually any inorganic material on an organic poly- 
mer substrate (12, 21), but the reverse inequality holds in 
general for organic materials on organic polymer substrates 
(21). 

These thermodynamic predictions are in fact confirmed by 
the experimental data. Completely embedded equilibrium 
structures as in Fig. I were formed by low melting inorganic 
evaporants where no kinetic limitations intervened, and by 
virtually any inorganic particulate when the spreading tech- 
nique was used. Partially embedded structures as in Fig. 2 were 
formed by organic evaporants when no kinetic factors inter- 
vened, and by virtually any organic particulate when the 
spreading technique was used with only heat-softening. How- 
ever if, instead, polymer solvent vapour exposure was used, 
then organic particulates as well as inorganic particulates 
would form a completely embedded structure. 

The effect of polymer solvent vapour on particle embedding 
can be understood by noting that on vapour absorption the 
surface tension of the polymer-solvent system becomes that of 
the polymer solution. With sufficient uptake of a low surface 
tension solvent vapour, the surface tension of the 
polymer-solvent system approaches that of the pure solvent 
(21). In our experiments, the surface tension of the polymer 
(similar to polystyrene) is significantly higher than that of the 
solvent (e.g. toluene), so that absorption of a relatively small 
amount of solvent by the polymer can lower the surface tension 
of the substrate, y?, very close to that of the pure solvent (y ,?  
is not expected (21) to change appreciably). Therefore yz + y l Z  
can be lowered significantly by introduction of the solvent 
vapour, inequality [4] can now be satisfied, and complete im- 
mersion results. 

4. Analysis of monolayer stability 

In addition to the large free energy change associated with 
embedding an inorganic particle into the polymer as discussed 
in the previous section, there are at least two smaller con- 
tributions to the free energy; these vary with the depth of the 
sphere below the surface, and for convenience we reference 
them relative to a deeply embedded sphere. The first of these, 
AUvdw, represents the Van der Waals attraction between the 
sphere and polymer half-space, which acts to pull the sphere 
deeper into the polymer. In addition we have attempted to treat 
the difficult problem of the detailed interactions between the 
sphere and polymer; this treatment suggests that there is a 
second (entropic) energy, -TAS, tending to reject the particle. 
The sum of these two energy contributions with opposing gra- 
dients possesses a minimum for the sphere situated a specific 
distance below the polymer surface. 

The Van der Waals (dispersion) interaction between the 
sphere and the polymer is a very long-range force. It the top of 
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a sphere of radius a is located a distance 1 below the polymer 
surface, then by symmetry the net attractive force on the sphere 
by the polymer within the surface slab of thickness 2a + 21 is 
zero. However, all the polymer below this slab will exert an 
uncompensated attraction on the sphere. This interaction 
energy, AUvdLV, between a sphere and a half-space can be 
written down immediately (22): 

[8] AUvdw = AI2/6{(2 + 2x)/(2x + x') + In [x/(2 + x)]} 

where x = //a and A12 is the appropriate Hamaker constant 
describing the interaction between the sphere and polymer ma- 
terial. AUvdw monotonically decreases to zero as the sphere 
moves away from the polymer surface. 

As discussed in the previous section, when complete particle 
submersion is thermodynamically favourable, the work of 
adhesion of the polymer material to the particle is greater than 
the work of cohesion of the polymer (WI1 > WZ2). According 
to Fowkes' view of the interface, this implies that the polymer 
chain elements immediately adjacent to the particle surface 
should be in a state of compression with density slightly higher 
than the rest of the bulk polymer (12). Modern theories of 
polymer conformations (23) involving free volume effects also 
predict a higher polymer density at the particle surface. We 
shall make the simplifying assumption that the relaxation of 
this local high polymer density about the sphere surface can be 
described by random walk statistics (8), and we calculate the 
variation in entropy of the polymer as the sphere approaches the 
polymer-air (or polymer-vacuum) surface. Generally speak- 
ing, a compression of the polymer should reduce its entropy, 
and a long-chain material will not relax this compression for 
some considerable distance from the particle. Thus, we might 
expect the proximity of the air surface to diminish the extent of 
this compression, effectively allowing the compression to relax 
at the surface. In this case, the polymer's entropic contribution 
to the free energy of the system would tend to push the sphere 
toward the surface to maximize the entropy. 

To calculate the internal entropy of the polymer, we use the 
diffusion equation approach (8, 24) with boundary conditions 
appropriate to the above view of the sphere-polymer interface. 
The details of this calculation may be found elsewhere (12). 
We give here only the final result for AS, the change in polymer 
entropy for a sphere at distance 1 from the polymer surface 
relative to the entropy when the sphere is deeply embedded: 

- + 8 @o]/ cosh [(tz + i) 
In eq. [9], k is Boltzmann's constant, Vnl is the monomer 
volume, b is the average length of a link in the polymer chain 
(commonly called the Kuhn statistical length), E is a positive 
dimensionless parameter related to the increased density at the 
sphere interface, and Po is given by sinh-' {[x(x + 2)]11'}. 
Numerical evaluation shows that AS steadily increases as the 
sphere moves toward the surface. 

From eqs. [8], [9], the free energy variation with depth 
below thesurface, AF,, can be calculated according to the 
relation: 

[lo] AF,, = AUvdw - TAS 

Parameters suitable for Se and Sn spheres in polystyrene have 
been determined (12) and the results for AF, are given in Fig. 

FIG. 8. Plots of AF, given by eq. [lo], as a function of the reduced 
depth of the sphere, x = [ / a .  Curves ( ( I )  and ( b )  were computed using 
the parameters given in ref. 12 appropriate for Se-polystyrene and 
Sn-polystyrene systems, respectively. The temperature in eq. [lo] 
was taken as 120°C. 

8 for spheres of radius a = 0.15 pm. The energy minima occur 
at the depths ln,in(Se) = 120 nm and ln,,,(Sn) = 98 nm. The 
order of magnitude and relative size of these distances are in 
qualitative agreement with what is observed experimentally. 
The depths of the wells are 2.5 X lo-'? and 4.5 X lo-'' erg. 
These energies are about ten to twenty times (kT/2) (2.7 X 

lo-'' erg) and should therefore be sufficient to stabilize a given 
sphere against random thermal fluctuations; this explains why 
the monolayer structure forms, and also its remarkable thermal 
stability on extended heating. Long range Van der Waals inter- 
actions of a given sphere with its neighbours should cause an 
additional self-stabilizing effect on the monolayer (12). 

5. Kinetic analysis of formation and growth mechanisms 
during vacuum deposition 

5.1 Formation mechatzism 
The Se transition curve in Fig. 3 is thought to be determined 

by particle sinking rate as controlled by polymer substrate 
viscosity and surface tension forces. If we assume the usual 
Volmer- Weber (V-W) growth mode (i.e. initial nucleation of 
the evaporant into an island structure) ( I )  with complete evap- 
orant condensation into N spherical islands per unit area in a 
time negligible compared with that for island sinking, and also 
assume the viscous drag on a sinking sphere of radius a to be 
given by Stokes' formula (25), then the rate R at which mate- 
rial sinks below the surface is given by (13): 

where -q is the viscosity of the polymer. If the deposition rate 
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R is greater than 62, an above surface film should form (i.e. the 
islands get buried by incoming evaporant before they can sink). 

increases with surface coverage N ~ O ?  and should be a max- 
imum at the largest practical surface coverage which does not 
impose significant additional restraints on sinking time. Using 
known values for 9 (15) and the y's (12), and assuming Nnci? 
- 0.6 (the result for randomly packed spheres (26)), an exact 
fit to the Se transition curve is obtained. using no disposable 
parameters. 

A similar analysis gives a good description of the Sn transi- 
tion curve in Fig. 3 for lower deposition rates; however, at high 
rates the transition from V-W to S-K growth (initial for- 
mation of the evaporant into a two-dimensional monolayer) 
gives initial continuous layers, which prevent subsurface Sn 
formation. (A similar transition is predicted for Se, but only at 
very high R values.) Theoretical considerations predict this 
transition when the saturation cluster density, N, (the highest 
density of evaporant clusters reached on the polymer surface 
before neighbouring clusters begin to merge (27)j, approaches 
the number of available adsorption siteslunit area N,,. That is, 
the transition is predicted when, at saturation, each cluster 
consists of only a few atoms (i.e. a = 0.1-0.5 where a is 
defined as N,/N,I) (28). This transition curve has an activation 
energy equal (28) to the surface diffusion energy E,, of the 
evaporant: 

where V ,  is the atomic volume, v is a typical atomic vibration 
frequency - 10" s-I, C is the number of nearest neighbour 
sites around a given adsorption site, and 6 and q,, are dinien- 
sionless parameters related to the rates at which stable nuclei 
grow into contact and stable clusters capture diffusing atoms, 
respective1 y (27). 

To use eq. [12], we must estimate Ed. Now, if one considers 
the evaporant atoms to be adsorbed into the "tacky" polymer 
surface then one is able to account for an ci~f.~orption energy for 
Se equal to the unusually high value found experimentally (15). 
This tacky adsorption model also suggests a greatly increased 
surface diffusion energy E,,, and gives Ed - 10 kcal/mol for 
Sn. With this value of Ed, eq. [12] correctly predicts the slope 
of the high-R portion of the experimental Sn transition curve 
(Fig. 3). Moreover, using 6qIl - lo-? (appropriate for the 
diffusion-limited cluster growth process (27) thought to be 
applicable to low melting materials like Sn), we obtain agree- 
ment with the absolute values in Fig. 3 for a = 0.2; this is well 
within the predicted range of 0.1-0.5. We thus have exact 
numerical agreement between theory and all parts of Fig. 3, 
essentially without the use of disposable parameters. Using 69,, 
- lo-' (calculated (27) for the incorporation-limited cluster 
growth process, thought to be applicable to high rneltirlg point 
materials like Cr, Fe. V, etc.) we predict transition lines far 
below that of Sn, i.e., only the S-K growth mode is predicted 
to occur within accessible deposition conditions for these mate- 
rials; this is exactly as observed experimentally ( 10). For such 
materials, calculations based on eq. [I21 suggest that T 2 

400°C is necessary to give subsurface structures at R 2 0. I nm 
s-I. Low surface tension polymers usually undergo severe de- 
gradation at such temperatures; in one case, however, we were 
indeed able to produce subsurface structures from a high melt- 
ing material (Ag), by using relatively high values of T and 
special polymers (LO). 

5.2 Growtlz mecharli.srns 
Let us now consider the growth of vacuum-deposited sub- 

surface spheres, once a reasonably close-packed subsurface 
particulate monolayer is formed. In this situation, additional 
material impinging on the polynler surface will be captured by 
existing spheres, leading to their growth. When two adjacent 
spheres touch, a coalescence process will occur to form a new 
sphere in a time T determined by their surface and bulk self- 
diffusivity (17). For Se, for example, at the temperatures used 
for the vacuum deposition process (- 1 IO°C), T can be calcu- 
lated to be generally very small (-ms), i.e. we have essentially 
instantaneous formation of the new sphere. In this case, the 
growth process can be considered as (ci) growth of the station- 
ary spheres (due to evaporant capture), leading to increase in 
the projected-area coverage Nn(a)?  of the monolayer, and (b) 
continual random impaction and instant coalescence of neigh- 
bouring spheres, leading to a reduction in the coverage. Since 
the rate of sphere-sphere impingement will increase as the 
coverage increases, with no other dependence on the deposition 
rate, and since T is negligible, i t  is clear that the situation will 
come to a dynamic equilibrium at a constant projected-area 
coverage, exactly as observed (section 2). That is to say: 

[I31 Nn(a )?  = numerical constant 

The total volume of evaporant material (per unit area of sub- 
strate), Q, is of course given by: 

Dividing eq. [I41 by eq. [I31 yields the extraordinarily simple 
proportionality between (a) and Q mentioned in section I .  
Moreover, i t  is clear that in this regime the final structure will 
depend only on Q, not on the deposition rate or on temperature 
(so long as the subsurface structure is formed at all), also as 
observed. In addition, for constant deposition rate in this re- 
gime we have the relation (a) a t, and (combining this with eq. 
[13]) N a t-?. This is again exactly as observed (17). 

Finally. it can be shown by consideration of the surface free 
energies (surface tensions) that. at high pro-jected-area cov- 
erage, a continuous subsurface film is thernlodynamically fa- 
vourable compared with subsurface spheres (2  1). However, it 
is known from the previous discussion that the spheres grow at 
constant projected-area coverage with nearly instantaneous co- 
alescence, over a rather large range. It therefore follows that a 
continuous film should be formed only after the coalescence 
time T ceases to be negligible. In turn, since T is expected to be 
proportional (17) to ci"' ( m  = 3 or 4), this should only happen 
once the spheres exceed some minimum size. This is indeed 
observed in practice. With Se, for example, no deviation from 
sphericity is observed for sphere diameters up to about 0.4 Km; 
if more Se is deposited however, Fig. 5 shows that the structure 
becomes more and more two-dimensional, a continuous sub- 
surface film eventually being formed. 
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Photogeneration of hydrogen peroxide in aqueous TiOz dispersions 

JOHN R. HARBOUR,  JOHN TROMP, A N D  MICHAEL L. H A I R  
Xero,~  Resecrr~.11 Centre of' Cnr~crclcr, 2660 Specrkmnn Drive. Mis.si.tsnr~ger, O t ~ t . ,  Cnnnclc~ U K  2LI 

Rcccivcd Fcbruary 9 ,  1984 

T11i.s perper is cledicnted to the 10th trr~niver.scrry qf' the Xero.r Re.setrrcJ~ Cerltre of' C n r ~ n r l ~  

JOHN R. HARBOUR, JOHN TROMP, and MICHAEL L. HAIR.  Can. J. Chcm. 63. 204 (1985). 
Evidence is presented which demonstrates that titanium dioxidc docs in fact photogcncratc HzOz in thc prcsence of the donor 

sodium formate. Howevcr. this HzO, has only a transient cxistence in aqucous dispersions. This was confirmed by cxperimcnts 
in which H202  was in.jectcd into the dispersion. The reasons for the lability of H202  are discussed and possible mechanisms 
presented. Electron paramagnctic resonance experiments using spin traps rcvcal that photolysis of T i 0 2  dispersion generates 
-OH radicals in the donor-free case while . C 0 2 -  radicals are observed in the prcscnce of formatc. Thcsc results are also 
consistent with H 2 0 2  generation. 

JOHN R.  HARBOUR, JOHN TROMP et MICHAEL L. HAIR. Can. J .  Chem. 63, 204 (1985). 
On prCscnte dcs donnCes qui indiquent quc lc dioxyde de titane, cn priscnce d'un donncur commc lc formatc de sodium, 

provoque une photoginiration du H202.  Cependant. dans des dispcrsions dans I'cau, ce H202 n'existe que d'unc f a ~ o n  
transitoire. On a confirmi ce fait gricc i d e s  cxpCricnccs au cours desquclles on a in.jcctC du HzOz dans la dispersion. On discutc 
de la causc dc la IabilitC de cc HzO, ct on prksente un mkcanisme possible. Des expkriences de risonance paramagnktique 
Clcctroniquc, utilisant des capteurs de spin, rivklent quc la photolyse d'une dispersion de T i 0 2  gCnkre dcs radicaux .OH dans 
le cas ou i l  n'y a pas de donncur alors qu'on obtient des radicaux .CO, cn prCscnce dc formate. Les risultats sont Cgalement 
cn accord avcc la production de H202 .  

[Traduit par Ic journal] 

Introduction 
In the past decade there has been a resurgence of interest in 

the photochemistry and photoelectrochemistry of semicon- 
ducting materials (1 - 15). Much of this work has been asso- 
ciated with solar energy applications and photochemical energy 
conversion devices. In particular, there has been much work 
done on titanium dioxide. Although this pigment would not be 
useful for solar energy conversion due to its large band gap (-3 
eV), it  is known to be quite stable when i t  is illuminated in 
contact with water. This is to be contrasted with other common 

1 semiconducting pigments such as ZnO, CdS, and GaAs which 
undergo photo-corrosion (4). I t  is well known that when 
aqueous dispersions of such pigments are irradiated with band 
gap radiation that hydrogen peroxide is formed in the external 
solution in measurable quantities. 'This does not appear to be 
the case, however, for unreduced titanium dioxide and, despite 
numerous experiments (2, 16- 19), its photochemical forma- 
tion has yet to be proven. Rao et (11. (20), however, have 
demonstrated H,Oz generation using reduced TiO, while 
Pappas and Fischer (6) have reported H,Oz formation (using a 
surface treated TiO,) detected with o-ansidine and horse radish 
peroxidase. 

When semiconducting oxides are irradiated with light of 
energy greater than the semiconductor band gap then an elec- 
tron from the valance band can be excited to the conduction 
band thus creating an electron-hole pair (2 1 ) .  'These electrons 
and holes can then, if they do not recombine, reduce or oxidise 
species in the external electrolyte solution. The semiconductor 
thus acts as an electron pump driving electrons from a low to 
a higher energy level. The flat band potentials of zinc oxide and 
titanium dioxide are shown in Fig. I together with the redox 
energy levels of reactions potentially occurring in hydrogen 
peroxide synthesis. It is noted that the potentials of titanium 
dioxide and zinc oxide are very similar. As it is well established 
in the case of zinc oxide that hydrogen peroxide is formed as 
a result of the reduction of dissolved molecular oxygen by the 
conduction band electrons it is difficult to explain why hydro- 
gen peroxide is not formed by a similar mechanism at the 

titanium dioxide - water interface 
In order to clarifv some of the reaction mechanisms which 

are occurring, a series of experiments have been carried out 
utilizing the techniques of spin trapping, oxygen uptake from 
solution, and the transient detection of hydrogen peroxide dur- 
ing catalase injection. The results obtained with titanium di- 
oxide are compared with similar data obtained for analogous 
zinc oxide systems. 

Experimental 
No convenient, non-dcstructive in situ mcthod of H202  dctermina- 

tion is known, thus i t  is not possible to monitor a systcm directly for 
H202  formation. However, addition of the enzyme catalase to a systcm 
containing HZ02 causes the dismutation of HZ03  to H 2 0  and oxygcn. 
If the system is closed, thc changcs in oxygen concentration can bc 
monitored and thcn doubled to get the concentration. For this 
purposc a YSI model 533 1 oxygen probe and YSI model 53 clectronic 
unit were used and the oxygen concentration vs. time curves recordcd 
on a strip chart rccordcr as described previously (8, 22). Thc oxygen 
probe used was a Clark typc polarographic clcctrode with a semi- 
permeable membrane which allows the O2  to d~ffusc to the elcctrode. 
The membrane is temperaturc-sensitive (-4% 02/"C) and the whole 
system is enclosed within a constant tcmpcraturc bath. Thc usc of the 
oxygen electrode has thc addcd advantage that changes in the dis- 
solved oxygen concentration under illumination can also be measured. 
For example, i t  has previously been shown (8) that illumination of 
ZnO dispersions can result in a 1 : 1 relationship between oxygen 
consumption and HzOz formation (3) if an electron donor such as 
formate ion is present in the solution. 

Illumination for all systems was provided by a filtered (3.5. Quartz- 
line projection lamp. For the photon efficicncy measurements, a 
380 nm narrow band pass filter was uscd. For all other experiments a 
Corning CS  0-52 filtcr was used. During illumination the temperature 
of thc oxygcn monitor sample cells rose by up to 5OC, as seen by an 
apparent initial increasc in the O3 concentration aftcr the start of 
illumination due to the tempcrature sensitivity of thc probe (Fig. 2). 
This temperature increasc in only temporary and thc temperature falls 
when illumination is stopped. 

All chemicals were used as reccivcd and were reagent quality. The 
anatase polymorph of TiO, was uscd as it is reported to be more 
photoactive than rutile and was obtained from Fisher. Its BET surface 
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Ti02 
Conduction band 

-1.o+ 

Ti02 +2.0+ 
Valence band 

ZnO 4 

25 
0 12 24 36 48 60  

TIME (min) 

FIG. 1 .  Energy level diagram for TiOZ (5). Also included for refer- FIG. 2. Photo-induced oxygen uptake curves for TiO, in H20 and 
ence is the conduction and valence band levels for ZnO (5) and Ti02 in 0.1 M sodium f~rmate solution. 
reduction processes in solution. 

area was determined to be 10.8 m2/g. SEM showed the particle size 
to be between 0.2 and 0.5 Frn. 

Particle dispersions were prepared by adding TiO, and an appro- 
priate amount of other reagents (usually to -0. I M concentration) to 
purified water and irradiating ultrasonically with a Heat System model 
350 sonicator. Final TiO? concentration was I mg per 1 rnL 
(pH = 6.5). 

Spin trapping (23) experiments were carried out as described pre- 
viously (8) using 53-dimethyl- I -pyrrolinyl- l -oxy (DMPO) (24) as 
the spin trap. 

Results and discussion 
(i) 0, uptake 

When an aqueous dispersion of TiO, ( I  mg/l mL) is il- 
luminated such that a band-gap transition occurs (A = 380 nm), 
the oxygen dissolved in the aqueous external solution is con- 
sumed. The rate of oxygen uptake (Fig. 2) in this closed system 
is I .7%/min. (This is reported as the percentage decrease in the 
O2 concentration of 5 mL of dispersion per min and cor- 
responds to a photon efficiency of -0.02.) If catalase is in- 
jected after illumination is stopped, no Oz is liberated and 
therefore no H,Oz is free in solution. This is contrary to results 
with CdS or ZnO in which H20? is detected through catalase 
addition after illumination (7,8). 

Addition of sodium formate at 0.1 M causes the rate of 
photoinduced 0, uptake to increase to 4%/min or to a photon 
efficiency of -0.05 (Fig. 2). Again, catalase addition after 
illumination ceased did not result in 0, evolution. This lack of 
detection of H20z with Ti0, is consistent with previous experi- 
ments (2, 16- 19). 

If H202 is being continuously generated in this system but is 
present only as a transient, then it is argued that injection of 
catalase at a point during illumination should reveal its pres- 
ence. The catalase will cause dismutation of the HzOl releasing 

oxygen and thus causing an apparent reduction in the rate of 
oxygen uptake. When this experiment was carried out in the 
donor-free system, no peak associated with 0, evolution was 
observed. If anything, the rate of O? uptake increased slightly 
(depending on the amount of catalase injected). In any event, 
a reduction in the rate of O? uptake was not observed. 

However, when the electron donor sodium formate was 
present in the system, addition of catalase at a point during 
illumination did provide evidence for H,Oz presence. At the 
point of injection, a small but reproducible peak associated 
with O2 evolution was observed (Fig. 3). As expected, further 
additions of catalase or water as a control did not give this peak. 
After this peak of Oz evolution, the rate of 0, uptake was 
approximately halved (Fig. 3). This is the result one would 
expect if catalase causes the dismutation of transient H2Oz in 
this system. These results suggest that HIOz is being generated 
when formate is present but, in the donor-free case, free H202 
is not observed. (Similar results are obtained with the donor 
EDTA.) 

If HzO, (- M) is added to a Ti02/Hz0 dispersion during 
irradiation, evolution of oxygen is first observed and this grad- 
ually returns to oxygen consumption at the same initial rate. 
Addition of catalase at this point shows no change in the Oz 
concentration demonstrating that all of the H20, had been 
removed from solution. Similar results were obtained in the 
presence of sodium formate (Fig. 4). These results show that 
H202 is not stable to the environment of illuminated TiO, either 
in the presence or absence of donor. Hence, it is not surprising 
that Hz02 is not readily detected in these systems since it is 
rapidly destroyed under these conditions. 

In the formate case, illumination for 72 min of an 0,-satu- 
rated dispersion resulted in 65% of the total Oz being con- 
sumed. For our 5 mL dispersion this amounts to a consumption 
of 1.9 x 10" molecules of 02. The surface area of the TiO, is 
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FIG. 3. The effect of injecting catalase during illumination of a 
TiOz dispersion of 0. I M sodium formate. 

0 12 24 36 48 

TIME (rnin) 

FIG. 4. Effect of adding HzOz (-1 pmol) to a TiOz dispersion ( 5  
mL) containing 0. I M sodium formate. Note that the rate of O2 uptake 
eventually returns to the value of the initial rate. 

10.8 m'/g and thus our 5 mg sample contributes 5.4 x 10'' A' 
of surface. The oxygea uptake is thus equivalent to 35 mole- 
cules of H202 per 100 A'! In addition, the rate of uptake showed 
no sign of saturation which indicates that 35 molecules/ I00 A' 
is certainly only a minimum value. 

A similar experiment with the donor-free system showed that 
after 172 min, 40% of the total O2 was consumed and the rate 
of 0' uptake at this point was about half the initial value. This 
corresponds to 22 molecules H20z per 100 A'. 

(ii) Electron spirz resonatzce results 
When the spin trap DMPO was added to the donor-free 

system and irradiation begun, an esr spectrum of the 
DMPO-OH radical adduct (25) was observed (Fig. 5) providing 
clear evidence that .OH radicals are produced in this photo- 

FIG. 5 .  The esr spectra of the (a)  -OH radical adduct of DMPO and 
(b)  the .COz- radical adduct of DMPO. 

reaction. This production of .OH radicals was a function of 
dissolved O2 concentration. These results are analogous to 
those reported previously for ZnO suspensions. We found no 
evidence for the presence of 0'- radicals in contradistinction to 
the results of Jaeger and Bard (26) who report the presence of 
trapped HO,. and .OH radicals when carrying out a similar 
experiment but using a different spin trap and reduced TiOz. 

In the case where formate was present, the spin trapping 
experiment revealed that excitation to TiO? produced the -CO,- 
radical adduct (27) (Fig. 5) while the hydroxyl radical adduct 
was no longer present. This has been observed (28) in other 
pigment systems (both CdS and ZnO) reflecting the oxidation 
of formate to .C02- and/or the reaction of -OH radicals with 
formate with a concomitant increase in H20z generation. Thus, 
the spin trapping experiments are also consistent with other 
systems in which H202 is being photogenerated. It is noted that 
the intensity of the signal is dependenton oxygen concentration 
and purging with nitrogen reduces both CO?- and .OH signal to 
very small levels. 

Boonstra and Mutsaers (29, 30) suggest that the photo- 
activity of titanium dioxide (in the gas phase) is described by 
the formation of a hydrogen radical rather than by formation of 
the hydroxyl radical which has been postulated in many pre- 
vious studies. We would point out that in our spin trapping 
experiments at no time did we detect He radical adduct. 

It is clear from these results that in the presence of the donor, 
sodium formate, T i02  photocatalytically generates H202. The 
mechanism is summarized in reactions [ I ]  - [lo] (Table I). 
However, in the case of TiO, without added donors, no evi- 
dence for H,02 was found, yet oxygen is being consumed 
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TABLE 1. Reactions that generate or remove H202 
- 

Reduction 
[ 1 I 
[21 
[31 
[41 
or 
[51 
[61 
Oxidation 
[71 

or 
[81 
For formate 
[91 
or 
[I01 
H20z removal 
[I 11 
[ 121 
[I31 
[I41 
[I51 

0 2  + e - (Oz-), 
( 0 2 - ) ,  + H+ = (HOz.), 
(HOz.), + c -+ (HO2-), 
(HOz-), + H' = (HzOz), 

2(HO2.), + (HzO~), + 0 2  

(HzO.?), = Hz02 

OH- + h+ - .OH 
.OH + surface/impurities + oxidised product 

Ti,OH + h' + Ti,' + .OH 

HCO2- + .OH + Hz0 + CO2- 

HCOz- + h+  - H+ + .co.?- 

HzO2 + 2e + 2H' + 2H20 
Hz02 + 2hf + Oz + 2H+ 
Ti,+Ti, + Hz02 - Ti,--OH + Ti,OOH 
e + Hz02 + .OH + OH- 
.co>- + Hz02 - .OH + OH- + CO.? 

during photolysis. Finally TiO,, both with and without donor, 
destroys added H,O, during photolysis. 

There appears to be two plausible mkchanisms for the photo- 
destruction of HzO,. 'The first involves photoinduced redox 
reactions in which H202 can be reduced and/or oxidized by the 
electrons and holes. The second possibility involves an inter- 
action of the TiOz surface with H,O, which effectively con- 
sumes the H202 through a modification of the TiO, surface. 
Both of these mechanisms will be briefly discussed. 

In the case of redox reactions, H20, can be reduced and/or 
oxidized at the Ti02 surface (reactions [ I  I], [12]). For reduc- 
tion, the product would be H,O (reaction [ I  I]) and the 0, 
uptake explained by the reduction of 0, to H2O2 (reactions 
[I]-[6]) which is subsequently reduced to H20. On the other 
hand, oxidation of HzO, would yield 2H ' and 02. The fact that 
oxygen is evolved initially when TiO, is illuminated in the 
presence of added H202 suggests that oxidation of H,0, is 
occurring. However, in order for oxygen uptake to be ob- 
served, the rate of reduction of H,Oz would have to exceed the 
rate of oxidation of HzOz. This is certainly plausible in the 
presence of a strong donor such as formate. It is also interesting 
to note that the measured photon efficiency is only 0.04 for 
TiO, compared to 0.70 previously reported for ZnO under 
similar conditions (8). This suggests that with TiO,, much of 
the photocatalytic activity simply converts the generated prod- 
uct H,O, back to water and oxygen. 

Another redox reaction capable of removing H,O? is given 
by reaction [15]. In this case .CO,- is the reducing agent. 
However, previous work (8) with aqueous ZnO dispersions has 
shown that .COX- formation in no way diminishes the H,O, 
which is photogenerated in that system. In fact, a conversion 
ratio of I is obtained (8). It therefore appears unlikely that 
reaction [I51 plays any significant role in the destruction of 
HzOz. 

The second possibility is the incorporation of H20, into the 
TiO, itself with the formation of a gel-like surface. 'This possi- 
bility appears to be most applicable to the donor-free case of 
TiOz. It is well recognized that ZnO and TiO, have differing 

surface chemistry and, although it is difficult to speculate on 
the species which are formed and the exact surface structure 
that exists at the complex solid/solution interface, some in- 
sights may be obtained from the literature data generated on the 
gas/solid interface in the absence of donor (29-32). In particu- 
lar the work of Boonstra and Mutsaers (30-32) is cited. These 
workers have examined the adsorption and thermal desorption 
of hydrogen peroxide in the presence of oxygen and water 
using both spectroscopic and volumetric techniques. I t  was 
found that hydrogen peroxide could be chemisorbed on a titania 
surface to a concentration of approximately 2 X 10'' 
molecules/cm' (2 H'O? molecules/ 100 A'). H'O, did not ad- 
sorb on zinc oxide. Boonstra and Mutsaers suggest that this 
difference in adsorption behaviour may explain why hydrogen 
peroxide is not detected when TiO, suspensions are irradiated 
and we agree that this behaviour could contribute to the obser- 
vations in our experiments. Thus, it  is suggested that the hydro- 
gen peroxide formed from dissolved oxygen (reactions 
[I]-[4]) is either not able to desorb from the surface after it is 
formed (cf. reaction [6]) or, undergoes a reaction to become 
chemisorbed on adjacent sites. Unfortunately this facile utili- 
sation of ~oonstra-and Mutsaers results cannot be correct in 
detail-the quantitative uptake numbers do not coincide. Thus 
Boonstra and Mutsaers observe an adsorption of 2 molecules of 
HzO,/nm" According to their proposed model the chemisorbed 
species is Tis--0-H and thus 4 sites/nm2 are involved 
(see reaction [ 131). 

In our simplest experiment with irradiation of the TiOl/ 
H,O2/O1 suspension at least 1.2 x 10'' molecules of 0, dis- 
appear from the system. This corresponds to 2 2  molecules of 
H202/nm2, clearly an unlikely situation. It is therefore sug- 
gested that the T~O' surface becomes internally hydroxylated. 

Further experimentation must be undertaken in order to 
determine which of these mechanisms is most important. In 
particular, changes in the chemical nature of the T~O?  would be 
observed if incorporation of H,02 into the surface/bulk is an 
important mechanism. 
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KAR P. LOK and CHRISTOPHER K. OBER. Can. J .  Chem. 63, 209 (1985). 
In a dispersion polymerization process, the reaction mixture starts out as 21 honiogeneous solution and the resultins polymer 

precipitates as spherical particles, stabilized by a steric barrier of dissolved polymer. The final polymer particle size is 
determined by the inherent polymer aggregation behaviour under a given set of conditions. In the present study styreile 
polymerization was studied in various solvents using cellulosic derivatives as the steric stabilizer. Some of these solvents in 
certain combinations allowed the direct preparation of particles in the micron size and thcir size distribution appeared to be 
highly dependent on the monomer-solvent-initiator system. lnvcstigations of these factors have suggested that monodisperse 
particles up to 12 p m  can be prepared in a single step: studies of several systems are delineated. 

KAR P. LOK et CHRISTOPHER K. OBER. Can. J .  Chem. 63, 209 (1985). 
Dans un processus de polymkrisation par dispersion. Ie melange rCactionnel dc depart se prksente sous forme d'une solution 

homogkne et Ie polymcre qui en rCsulte prCcipite sous fornie de particules sphkriques stabilisCes par une barritre stdrique du 
polymtre dissous. Avec un cnscmble donne de conditions de reactions, la grosseur des particulcs du polyrntre final cst 
dktermintc par un comportement inhtrcnt au polymtrc vis-i-vis de I'aggrbgation. Dans cette publication, nous Ctudions la 
polymerisation du styrtne dans divers solvants en utilisant des d6rivCs de la cellulose commc stabilisateurs. Certaines 
combinaisons de ces solvants permettent de prtparer directenient des particules dont la taille est de I'ordre du micron; i l  semble 
que la repartition de leur taille dkpcndc fortement du systcme monomtre-solvant-initiatcur. L'Ctude de ccs factcurs suggcre 
que I'on peut prCparer. cn une seule Ctapc, dcs particules monodispersCes dont la grosscur va jusqu'i I2 pm.  On rapporte les 
rCsultats obtenus avec plusieurs systtmcs. 

[Traduit par le journal] 

Introduction mits the otherwise insoluble compound to diffuse and upon 
There has been substantial interest in monodisperse polymer removal of the aprotic solvent, the small niolecule is locked 

particles ever since J .  W. Vanderhoff and E. B. Bradford into the particle. Owing to the entropic dilution effect, this 
announced their preparation of polystyrene particles with high- small molecule allows further swelling of the particle by mono- 
ly uniform particle size in 1955 (1). Monodisperse particles are mer which, upon subsequent polymerization. gives rise to mi- 
finding a wide variety of applications including instrument cron size particles as large as 50 km. This technique provides 
calibration standards, standards for the determination of pore 
size and the efficiency of filters, column packing material for 
chromatographic separation, support materials for biochem- 
icals, and so on. The level of success in each of these applica- 
tions is ultimately dependent upon the particle size and its 
distribution, the morphology of the particles and the surface 
characteristics among numerous other factors. 

Control of particle size and its uniformity has been a major 
area of interest; it proves to be particularly challenging to 
prepare monodisperse polymer particles in the micron size 
range (2-20 km). Traditionally the attempt to prepare micron 
size particles has been to break up monomer droplets into the 
micron size range by homogenization in the presence of a 
stabilizer, and subsequently, polymerize the monomer by a 
suspension polymerization (2). This proves to be an inefficient 
method of achieving monodispersity because of the inherent 
size distribution in the mechanical homogenization step. 

Monodisperse micron size polynler particles could not be 
prepared in reasonable quantities until Ugelstad er a/ .  devel- 
oped a method of growing sub-micron particles using a two- 
step swelling technique (3). In this method, submicron polymer 
seed particles are made by surfactant-free emulsion poly- 
merization. The seed particles are subsequently suspended in a 
new medium and swelled by the addition of an emulsion of low 
molecular weight compound which diffuses from the emulsion 
droplets into the polymer particles. This small molecule is 
insoluble in water and does not normally diffuse through water, 
so a low boiling point water soluble aprotic solvent is used to 
facilitate the transport. The addition of the aprotic solvent per- 

a very elegant route to micron size particles but it  is very 
tedious and difficult to carry out. There is sufficient interest in 
such particles that Vanderhoff and co-workers have been con- 
templating the growth of polymer particles to the micron size 
range aboard the space shuttle in microgravity (4, 5). 

A second approach to preparing micron size particles is by 
dispersion polymerization. This method has been very thor- 
oughly reviewed by Barrett (6) and it has been shown to pro- 
duce particles with a very narrow size distribution. The process 
involves the polymerization of a monomer dissolved in a me- 
dium in the presence of a graft copolymer dispersant (or its 
precursor) to produce insoluble polymer dispersed in the me- 
dium. The graft copolymer functions as a steric stabilizer which 
can prevent flocculation and aggregation of the particles being 
formed. Since this method depends on incipient aggregation of 
the polymerizing species at the early stages of the poly- 
merization, the number of particles are determined by these 
growing nuclei. The final size and distribution are largely de- 
termined by the amount of monomer introduced and the ability 
of the stabilizer to maintain the colloidal stability of the grow- 
ing particles. Using a variation of this approach, M. Levy c.1 01. 
have successfully prepared monodisperse polymer particles in 
the range of 1-6 kni (7). Their method involves the use of a 
polymeric steric stabilizer in combination with a quaternary 
ammonium salt which the authors claimed acts as an electro- 
static co-stabilizer. 

This paper discusses recent developments in the dispersion 
polymerization of styrene using nonionic cellulosic derivatives 
as steric stabilizers in a variety of solvent systems. Micron size 
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TABLE 1. Comparison of the different types of particulate polymerization 

Emulsion Dispersion Suspension 

Monotner Droplets Particles Droplets 
Micelles/particles Mostly in medium Little in medium 
Little in medium 

initiator Mostly in mcdium Particles and medium Particle/droplet 
Stabilizer May be present Necessary Necessary 
Sutjlncmnt Present None None 
Initiczl Homogeneity Multiple phase Single phase Dual phase 

particles can be prepared without the use of an electrostatic 
costabilizer, resulting in an uncharged dispersion. Such poly- 
mer particles can be made to be very uniform in size or to have 
a wider but defined particle size range, depending upon the 
solvency of the dispersion medium. In addition. the particle 
nucleation and growth mechanism will be delineated. 

Experimental 
The styrene monomer. dimethoxyethane, ccllosolve, and benzoyl 

pcroxidc (BPO) were supplied by Aldrich. Thc mcthyl cellosolve 
came from several suppliers including J .  T. Baker, Aldrich. and BDH. 
BDH 01rzrli.solve ethanol was used, but other alcohols were obtaincd 
from Fisher Scientific. Tetrahydrofuran was stock from Caledon. The 
hydroxypropylcellulose (HPC, mw = 100 000). cellulose propionate 
and ethyl cellulose came from Scicntific Polymcr Products. All mate- 
rials were used without further purification. 

2. I .  Alcohol-etlzer/etlzcit~ul 
In a typical reaction, hydroxypropyl cellulose (HPC, 7.5 g) was 

dissolved in ethanol (EtOH, 175 mL) and methyl cellosolve 
(2-methoxyethanol, Mecell, 250 mL) under nitrogen in a three- 
necked round bottom flask with mechanical stirring over 30 min at 
65°C. At that time, benzoyl peroxide (BPO, 3.0 g) dissolved in sty- 
rene monomcr (75 mL) was added. The homogcncous mixture became 
cloudy after 5 min. After 2 h, the temperature of the rcaction was 
raised to 75°C. The reaction was allowed to procecd for 24 h and then 
cooled. The particles were isolatcd by centrifuging thc reaction mix- 
ture, decanting the supernatant. redispersing thc particles in water, 
and finally freeze-drying thcm on a Labconco FrcczcDry-12 giving a 
final product of monodisperse 10 pm sphcres. 

2.2. Alcohol/wczter 
As an example, HPC (5.0 g) was dissolved in ethanol (500 mL) and 

water (300 mL) at 8O0C using the flask and stirring conditions used 
above. Then solid BPO (1.0 g) was added. Aftcr I h, 50 mL of styrene 
monomer was added all at once, and heating was continued at 78OC 
for 7 h. A stable milky latex dispersion was obtained. 

2.3. Ether/ethotzol . . .. 
In this reaction, HPC (7.5 g) was dissolved in THF (75 mL) and 

ethanol (350 mL) at 65OC. A solution of BPO (3.0 g) dissolved in 
styrene (75 mL) was added. After reacting for 48 h, a volume equal 
to 1.5 times the volume of THF present was distilled off using a rotary 
evaporator. A product with a particle size of approximately 8 p m  
resulted. 

2.4. Chnrnc.terizntiotz 
Particle size measurements were performed on an optical micro- 

scope using calibrated photomicrographs for a given sample. In most 
cases these values were compared with those obtained using the IS1 
Mini-Scanning Electron Microscope. In addition. Coultcr Counter 
measurements were performed on the samples with particle diameters 
3 pm and above, and Nanosizer measurements wcre made on particles 
less than 3 pm.  

Molecular weights were calculated using a Waters GPC (Model 
#M6000A, M440 and R401) operating at room tcmperaturc with 
columns in methyl ethyl ketone or THF solvent. Columns were packed 
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FIG. I. Schematic reprcscntation of nucleation and growth in a 
dispersion polymerization. 

with p-Styragel with pore sizes of 100, 500, lo', lo', and l 0 ' A  in 
diameter. A flow rate of I .O mL per min and both the uv and rcfractive 
index detectors were used. 

Conversion kinetics wcre followcd on a Varian GC Model 2830 
using an FID detector. Helium was used as carricr gas in an isothermal 
experiment where the reaction mixture was injected dircctly into the 
instrument. The quantity of styrene monomer could be mcasured with 
respect to the solvent medium. 

3. Discussion 
All of the different methods of particulate polymerization 

discussed in the introduction have properties that make them 
unique from each other. These differences are especially de- 
pendent on the way in which the reagents are located in the 
reaction medium as outlined in Table I .  The striking feature of 
dispersion polymerization is that there is initially only one 
phase and therefore the monomer is distributed throughout the 
reaction medium. In contrast, the other methods of poly- 
merization start out as multiphase systems and as a result have 
different routes to nucleation and growth. Figure 1 shows a 
schematic for the nucleation and growth of sterically stabilized 
particles by dispersion polymerization. 

Polystyrene particles can be prepared in a wide variety of 
solvent combinations by dispersion polyn~erization. The reac- 
tion requires that the monomer, initiator, and stabilizer are all 
soluble in the starting medium, and that the product polymer 
precipitates during the reaction. This puts certain constraints on 
the types of solvents that can be used in combination with the 
styrene monomer and stabilizer. However, once the polymer 
particles are formed, the initiator and monomer can be expected 
to partition between the solvent and polymer phases and the 
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LOK A N D  O B E R  

TABLE 2. Solubility pararnctcrs of sclcctcd solvcnts 

Dipolc 
Diclcctric Moment 

Solvcnt constant (Dl &:i:t 8 I :,:; &p:i:: s,,:i:; 

Dimcthoxycthanc 
Tctrahydrofuran 
Styrcnc 
Ccllosolvc 
/-Butanol 
Mcthyl Cellosolvc 
Isopropanol 
Ethanol 
Mcthanol 
Watcr 
Polystyrcnc 

:" [n (~al/crn')~' ' .  
.t 8' = S,,' + 6,: + 6,,'. 
$6, = dispcrbion forces, S, = polar forces, S,, = H-honding forces. Valucs from rcf. 14 

-- 

3 p  polystyrene spheres 

7 p  polystyrene spheres 

9 p  polystyrene spheres 

FIG. 2. Scanning clcctron micrograph of particles prcparcd with 
HPC stabilizer. 

relative amount in each phase is determined by the choice of 
reaction conditions. 

Particle size control is therefore a function of several thermo- 
dynamic and kinetic factors, and these include: ( I )  monomer- 
polymer solubility, (2)  reactant composition, (3 )  temperature, 
and (4 )  solvent medium among others. Temperature, of 
course, influences both the thermodynamic factors such as 
solubility as well as the kinetics of initiator decomposition, 
which in turn determines the rate of polymerization and particle 
nucleation. 

Several of these parameters controlling particle size were 

explored while preparing particles composed of a polystyrene 
core and cellulosic stabilizers. The solvent systems studied 
were water miscible, and could be classified as alcohols, 
ethers. and ether-alcohols. These materials possess a wide 
riinge of solubilities and systematic variations in the chemical 
structure, and this permits a better qualitative understanding of 
the effects of medium on the polymerizing mixture. 

The properties of these liquids are listed in Table 2 and 
include their dielectric constant, dipole moment, and solubility 
parameter. Also included in the table is a three component 
parameter based upon covalent, dipolar, and hydrogen bonding 
forces, the presence of which is intended to show that even 
though the solubility parameter can be the same for two sol- 
vents, the contributing factors can be quite different. 'The sol- 
vents are ranked in increasing polarity according to their solu- 
bility parameter. As the table indicates, the least polar solvent 
used, and a solvent for polystyrene, was din~ethoxyethane 
while the most polar liquid was water. 

3.1.  Ether-alcohol/alcohol mixt~rres 
Methyl cellosolve (2-methoxyethanol or MeCell) is a mem- 

ber of the cellosolve or ether-alcohol family of conlmercial 
solvents, and is a solvent for hydroxypropyl cellulose (HPC) 
while being a non-solvent for polystyrene, the polymer pre- 
pared in the polymerization reaction. The solubility parameter, 
6, of MeCell is 1 1.4 ( 14). In the systems studied, when MeCell 
was used alone, solvent-swollen 5 to 50 pm particles were 
obtained that could not be isolated without substantial co- 
alescence, whereas ethanol (6 = 12.7) alone produced 0.5 to 
3 pm particles. 

The addition of ethanol, a stronger non-solvent for poly- 
styrene, to MeCell enabled the preparation of particles in the 
5- 10 pm range. Both the ratio of the monomer to suspending 
medium was varied as well as the proportion of MeCell to 
ethanol. It was found that within a narrow window of relative 
concentrations it was possible to obtain particles with a mono- 
disperse size distribution. By varying the relative amount of 
~ e - C e l l  to ethanol the ultimate  articles size could be controlled. 
Some of these monodisperse particles are illustrated in Fig. 2, 
and their molecular weights and diameters are listed in Table 3. 
The particles shown in Fig. 2 were taken from the unpurified 
reaction mixture which included ungrafted HPC as well as 
MeCell and ethanol. The bridging observed in the figure is due 
to excess HPC which can be easily removed during the washing 
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TABLE 3. Diameters and molecular weights of particles prepared with HPC 
stabilizer 

Diameter (pm) 

Coulter M,, M,,. 
Stabilizer OM SEM counter (GSD) X 10' X 10' M,,./M,, 

H PC 3 4: 3 2.7 1.11 9.33 20.7 2.18 
HPC 7 7 6.2 1.13 5.44 15.3 2.81 
HPC 10 10 9.1 1.07 5.98 14.6 2.44 

:CCoulter Nanosizer diameter was 2.7. PDI = I 

TABLE 4. Particle sizes versus methyl cellosolve concentration 

Concentration (vol. %) 
Particle Solubility 

Methyl sizet parameter 
Styrene Ethanol cellosolve (pm) 6, (cal/cm')"' 

*All reactions at 65°C. HPC:styrene = I : 10. 3.0 g benzoyl peroxide. 
t Panicle sizes by optical and electron microscopy. 
$ Monodisperse samples. 

prior to the freeze-drying process. Once the HPC is removed, 
bridging has been found to be absent. 

Shown in Table 4 are the reaction conditions used to produce 
monodisperse particles as well as those conditions producing 
polydisperse particles in MeCell-ethanol. As the amount of 
methyl cellosolve was increased, corresponding to a decrease 
in the polarity of the reaction medium, the size of the particles 
increased. Changes in styrene monomer concentration also led 
to polydispersity with more or less monomer producing larger 
particles. Interestingly, the amount of stabilizer had only a 
small effect on the final particle size. When the amount of HPC 
was halved, the resulting particles showed monodispersity of 
the large particles, but also the presence of some smaller par- 
ticles. This suggests that stabilization may have been somewhat 
less effective with reduced HPC levels. Doubling the quantity 
of stabilizer produced effectively no change in particle size, 
indicating that the reaction is tolerant of excess stabilizer. In 
contrast, when less initiator was used, the resulting particles 
possessed a very large polydispersity and the rate of poly- 
merization was much slower. 

The molecular weight of both the HPC-stabilized polymer 
particles and the oligomer remaining in solution was deter- 
mined by GPC in THF solvent. A plot of molecular weight 
versus time is shown in Fig. 3,  and there it  can be seen that as 
the reaction proceeds, the molecular weight of the particles 
increases initially and then levels off. This increase is probably 
an artifact of the particle isolation procedure at low con- 
versions, and in fact particle molecular weight is level through- 
out the reaction. The molecular weights of the monodisperse 
particles produced in MeCell-EtOH are lower than those of 
polydisperse particles produced in the EtOH-water system 
discussed later and suggests that there are differences in the 

4 

MOLECULAR WEIGHT /*-• vs. TIME 
,* 

REACTION TlME (rnin) 

FIG. 3. Molecular weight changes as a function of time for poly- 
merization in methylcel!osolve/ethanol. 

polymerization mechanism between the two systems at higher 
conversion. 

The chromatograms of isolated particles, and the suspending 
medium at the end of the polymerization are given in Fig. 4. It 
is evident that the material left in solution (dashed line) was of 
lower molecular weight, except for the second peak appearing 
at lower elution volumes observable only on the R1 detector. 
This material may be grafted HPC with enough styrene to give 
the material detectability by refractive index changes. The HPC 
remaining in solution and making up most of the dissolved 
polymer was otherwise not detected in either curve. The pres- 
ence of the oligomer (peak maximum - 2500 MW) in solution 
shows that a critical molecular weight must be reached before 
nucleation can occur or else the polymer will remain in solu- 
tion. This molecular weight is probably higher than 2 500 due 
to the larger amount of monomer at the beginning of the reac- 
tion causing increased solubility. A separate experiment has 
shown that polystyrene of 9 000 molecular weight is totally 
soluble in the starting reaction mixture while polystyrene of 
35 000 molecular weight or more is insoluble. This observation 
in'dicates that the precipitating component has a molecular 
weight greater than 9 000. Interestingly, runs giving mono- 
disperse and polydisperse particles both gave products with 
similar molecular weight properties. 

Two other cellulosic stabilizers, ethyl cellulose and cellulose 
propionate, were studied in the MeCell-EtOH reaction me- 
dium. These polymeric stabilizers were soluble in the reaction 
medium and could be used to produce monodisperse particles. 
However, when the same conditions employed with HPC were 
used for these stabilizers the resulting particle sizes were quite 
different. The conditions used to generate 3 pm particles with 
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LOK AND OBER 2 13 

--- SUSPENDING TABLE 6. Properties of particles prepared in alcohol media 
MEDIUM 

u.V. DETECTOR Pure alcohol medium 6, (cal/cm3)'/' Diameter (pm).': 

'\ Methanol 14.0 1.11 (2) 
", Ethanol 12.3 1.40 (2) 

'N- lsopropanol 11.3 1.02 (3) 
tert- Butanol 10.5 2.27 (5) 

Number in parentheses is Coulter Nanosizer polydispersity index. 
12% monomer by volume. 

TABLE 7. The effect of solvent changes on particle sizes 

Aqueous ethanol 6; (cal/cm3)'/' Diamcter (pm)" 

100% 12.3 1.40 (2) 
I 1 

35 40 45 50 

ELUTION VOLUME (mL1 

Frc. 4. GPC curves of isolated particles and reaction medium. 

TABLE 5 .  Sizes of particles prepared in ether solvents 

Solvent concentration 6; Particle size 
(vol. 7'0);'; ( ~ a l / c m ~ ) ~ / ~  (km)  

Ethanol 
42.5 
53 
63 

Ethanol 
76.5 
70 

Ethanol 
63 
70 

Cellosolve 
42.5 11.3 1-10 
32 11.6 1-5 
22 11.7 1-4 

THF 
8.5 12.0 1-5 

15 11.8 3-12 

DME 
22 11.4 8- 10 
15 11.7 1-4 

* 15% styrene at 65"C, 7.5 g HPC, 3.0 g BPO 

HPC stabilizer produced much larger particles (6 pm) with 
ethyl cellulose and cellulose propionate. Similarly when the 
conditions for the synthesis of 10 pm monodisperse HPC- 
stabilized particles were used, particles with a wide distribution 
and sizes ranging from 5 to 50 pm were produced with the 
other two stabiliz&s. Such differences between stabilizers may 
be due to changes in the degree of grafting expected to occur 
during the polymerization or in the solubility of the cellulosic 
function in the reaction medium. The ability of the stabilizer to 
inhibit coalescence would be affected in both cases. 

Another ether-alcohol was investigated for its particle for- 
ming properties. Cellosolve (2-ethoxyethanol, 6 = 10.5) is 
chemically similar to methyl cellosolve, but cellosolve replaces 
the methoxy group of methyl cellosolve with an ethoxy group, 
making it somewhat less polar than methyl cellosolve. The size 
distribution of the cellosolve particles was perhaps the widest 
of those produced using the various solvent pairs, and was 
certainly never as narrow as that produced using methyl cel- 
losolve. As shown in Table 5, increased amounts of ethanol 
produced smaller particles, in agreement with the 
MeCell-ethanol results. 

3.2. Ether/alcohol mixtures 
Two ether class solvents, dimethoxyethane (DME, 6 = 8.6) 

and tetrahydrofuran (THF, 6 = 9. I), were used in conjunction 
with ethanol as polymerization media. Of the solvents studied, 

": 12% monomer, number in parentheses is Coulte: Nanosizcr 
polydispersity index. 

these were the most non-polar and were both swelling solvents 
for polystyrene, the particle core. Using THF and ethanol, 
particles of about 10 pm could be prepared as shown in Table 
5. Regardless of the final particle size, the particles were swol- 
len by solvent which could be removed by distillation without 
leading to coalescence. While swollen particles had a smooth 
surface, the deswelled particles possessed a wrinkled surface. 
Small changes in the relative amount of THF to ethanol caused 
a much larger change in size and distribution than in the case 
of MeCell or cellosolve, but in no case was monodispersity 
observed even though a relatively narrow distribution was pro- 
duced. 

The even less polar solvent, DME, was used as a co-solvent 
with ethanol to produce polystyrene particles. Like the other 
solvent pairs, more ethanol led to smaller particles, and like the 
THF medium the particle size distribution was narrow but not 
monodisperse. It is probable that if different monomer levels 
were used, other effects on particle size and size distribution 
could be observed; however, the examples illustrate what can 
be expected when polymerization occurs in the presence of 
solvents for the polymer core. 

3.3. Alcohol/wnter mixtures 
Particles with a polystyrene core and HPC stabilizer could be 

made in methanol, ethanol, isopropanol, tert-butanol, or mix- 
tures of these alcohols and water by dispersion polymerization. 
In pure alcohol, particle size increased from methanol (6 = 
14.5) to ethanol (6 = 12.7) to tert-butanol (6 = 10.6). In 
addition, the tert-butanol particle size distribution was also 
much wider. The smallest particle size was obtained in iso- 
propanol(6 = 1 1 . 3 ,  as noted in Table 6.  Based upon solubility 
alone, the isopropanol would have been expected to produce 
particles in the range between the ethanol and tert-butanol 
systems. 

As one decreased the concentration of alcohol in 
ethanol-water systems, the particle size became smaller with- 
out much change in the polydispersity as shown in Table 7. 
This property was related to the polarity of the solvent system 
as observed in Table 2. By changing the systems shown in 
Table 8 from the most polar methanol-water system to 
ethanol-water to isopropanol- water and finally the least polar 
tert-butanol-water system, a similar trend of particle size in- 
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TABLE 8. The effect of changes of monomer concentration on 
particle size 

Monomer 
Cosolvents concentration 
(3 : 1 ratio) (vol. %) 

MeOH-H20 12% 
EtOH-H20 6% 

12% 
24% 
35% 

iso-PrOH - HzO 12% 
rerr-BuOH -H,O 12% 

Diameter* 
( ~ m )  

0.82 (1) 
0.61 ( 1 )  
1.05 (1) 
2.14 (4) 
2.85 (6) 
1 . 1 1  (2) 
1.64 (1) 

*Number in parentheses is Coulter Nanosizer polydispersity index. 

crease was observed. The size increase from ethanol-water to 
isopropanol-water was relatively small compared with the in- 
crease from isopropanol- water to tert-butanol- water. 

Monomer, since it is part of the initial solvent system, plays 
an important role in the resulting particle size. An increase in 
the initial monomer concentration leads to bigger particles and 
a wider size distribution. These effects, demonstrated with the 
ethanol-water system and shown in Table 8 and Fig. 5 ,  can be 
summarized as follows: ( i)  increased monomer levels can sus- 
tain growth to give larger particles, (ii) solvency is changed 
since the monomer is in this case a solvent for its polymer, and 
(iii) the amount of monomer affects the equilibrium distribu- 
tion of monomer between the polymer phase and the medium 
leading to a modification of the growth mode. 

Another interesting observation is that both the molecular 
weight and the molecular weight distribution increase in the 
ethanol-water system as the polymerization proceeds as illus- 
trated in Fig. 6. These are results that might be expected for a 
suspension polymerization and are quite different from those of 
an emulsion polymerization. The increase in molecular weight 
is also consistent with the Tromsdorf effect. This effect is quite 
strong in this solvent system, but not evident with 
MeCell-EtOH. In the latter case the Tromsdorf effect may be 
undetected due to polymerization in the medium, which masks 
an increase in the rate of polymerization expected to occur 
within the particles. In ethanollwater systems most of the 
monomer is located in the growing particle whereas in the 
ethanol/MeCell case. substantial quantities of monomer re- 
main in the medium and these differences are reflected in the 

MONOMER CONCENTRATION (g  ~ o n o r n e r / 1 0 0 g  Solution) 

FIG.  5. Monomer concentration versus particle size in 
ethanollwater media. 

POLYMERIZATION TIME 

FIG. 6. Particle molecular wcight versus conversion in 
ethanollwater media. 

relative rates of polymerization. solvent property besides that reflected by the solubility param- 
In lest the predictive properties of the eter. The effect of solvent therefore is certainly not limited to 

parameter, a solvent system having the same value as the solubility alone. 
MeCell-ethanol mixture was investigated. The solubility pa- 
rameter value for isopropanol happens to be almost identical to 
that of MeCell, so two runs prepared by substituting iso- 
propanol for MeCell with 15% monomer by volume were 
studied. The runs used a 50:50 isopropanol-ethanol 
(IPA-EtOH) mixture in the first case and a 70: 30 IPA-EtOH 
mixture in the second case. The resulting particles (2.6 pm) 
were indeed found to be monodisperse in the first set of condi- 
tions, but quite a bit smaller than those particles prepared in 
MeCeII-EtOH. In the second case the particles were somewhat 
larger (6 pm), but polydisperse. These observations show the 
importance of solubility to the ultimate particle size. However, 
the precise role of solvent polarity on final particle size is 
clouded somewhat by the observation that smaller particles are 
formed in the presence of isopropanol as compared to MeCell. 
Such inconsistencies demonstrate the existence of a different 

3.4. Particle growth 
'The unique feature of this polymerization technique is that it 

permits the direct polymerization of monodisperse micron-size 
particles when the appropriate conditions are used. The rate and 
mode of growth of these large monodisperse micron size par- 
ticles are therefore of some interest and were studied quan- 
titatively. 

The current literature refers to several researchers who have 
dealt with monodisperse particles, but these particles were gen- 
erally prepared in emulsion systems (8-13). In contrast to 
dispersion polymerization which entails nucleation from a ho- 
mogeneous environment ( I  I), emulsion polymerization begins 
as a multiphase system (8). Other differences are outlined in 
Table 1 and show the way that initiator and monomer is distrib- 
uted differently in the two systems. In addition, it should be 
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o monodisperse 
polydisperse 

A B 
C 

Me Cell 

FIG. 9. Effect of composition of methyl cellosolve-ethanol-styrene 
reaction mixture on particle size and distribution. 

particular reactions gave products with such narrow size distri- 
butions. 

The initial solubility parameter of  the other reported solvent 
systems was also calculated and is listed in Tables 5 to 8. The 
trend of particle size with polarity was consistent with the 
results reported above within a given solvent system. Note that 
a solubility parameter of 1 1.8 gave - 10 p m  particles with 
THF-ethanol while the other systems in Tables 4 and 5 gave 
particles ranging from 1-4 p m  to 7-9 p m  with 8i equal to 
1 1.7. It is difficult therefore to correlate these results among 
substantially different solvent systems. 

The reaction conditions listed in Tables 6, 7,  and 8 also 
showed good consistency within a given system when com- 
paring particle size with solubility. Comparing different sys- 
tems again revealed that while particles of comparable size 

were produced at a given solubility parameter, direct com- 
parison was not possible. 'These differences may be ascribed to 
the interaction that the solvent system has with the propagating 
free radical, and with the steric stabilizer. Differences in the 
chain transfer properties of the solvent, and the effect of solvent 
on the solubility of the stabilizer would both be expected to 
alter the ultimate particle size. This reconfirms the earlier ob- 
servation that the effect of solvent on final particle size was not 
limited to solubility alone. 
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Nature and distribution of radicals in rf and dc silane discharges; effects on deposition 
rate and physical properties of a-Si : H 
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F. JANSEN, J. MORT, and M. MORGAN. Can. J. Chem. 63, 217 (1985). 
Anodic and cathodic processes for rf and dc excited plasmas of silane gas differ in the relative role of charged and neutral 

radical species. By studying the thickness distribution of films deposited on substrates immersed in the plasma, the relative 
importance of these species as contributors to the film thickness is assessed. In addition, the impact of the different deposition 
processes on the spin density in the deposited hydrogenated amorphous silicon films and a key photoelectronic property, the 
hole range. is discussed. 

F. JANSEN. J. MORT et M. MORGAN. Can. J .  Chem. 63. 217 (1985). 
Les processus anodiques et cathodiques des plasmas de silanes gazeux exc~tCs par des f.r. et par du c d. diffkrent par les 

r6les relatifs des especes radicala~res neutres et chargCes. L'Ctude de la repartition des Cpaisseurs des filmes dCposCs sur les 
substances immergCs dans le plasma a permis d'Ctablir I'lmportance relativc de ces espkces en tant que responsables de 
I'Cpaisseur du film. De plus, on discute de l'impact des diffkrents processus de dCp6t sur la densite de spin des films amorphes 
de silicium hydrogCnC dCposCs et sur une propriCtC photoClectronique fondamentale, la grandeur de la cavitC. 

[Traduit par le journal] 

Introduction 
Any physical vapor deposition process for thin films requires 

the generation of radicals which are transported to a substrate 
on which the film condenses. Condensable radicals are com- 
monly generated by the vaporization of precursor solids and 
liquids in vacuum. Examples of such deposition techniques are 

' thermal evaporation and sputtering. If the precursor material is 
already in gaseous form, condensable radicals can be created 
by thermal decomposition (CVD) or by plasma decomposition 
(plasma enhanced CVD) of an appropriate gas. The latter 
deposition method is also known as plasma or glow discharge 
deposition. This method has become increasingly important 
over the last decade because the use of gaseous starting ma- 
terials offers significant and unique advantages over other 
physical vapor deposition methods. The glow discharge pro- 
cess is ideally suited for the uniform deposition of a wide 
variety of materials in single and multi-layers over large areas. 
In addition, materials that can be deposited by the glow dis- 
charge process often have unique properties which may be 
difficult if not impossible to duplicate by other fabrication 
processes. This is especially true for the alloys based on the 
group 1V elements, such as amorphous hydrogenated silicon 
(a-Si:H), plasma silicon nitride (SIN,), silicon oxide (SiO,) 
and others. There is wide spread interest in devices based on 
these materials including solar cells, photoreceptors, and thin 
film transistors and correlations between process/material 
properties are therefore of considerable importance. 

Despite this intense and growing interest in these materials 
and the considerable understanding of the physics of the de- 
vices which can be fabricated by the glow discharge process, 
relatively little is known about the mechanisms active during 
the deposition process itself. Diagnostic measurements such as 
mass spectroscopy and optical emission spectroscopy are com- 
monly used to determine the presence of neutral and ionic 
species in glow discharge plasmas. 'These measurements have, 
in the case of silane, revealed the existence of a wide variety 
of such species in the plasma ( I ,  2) but have not been very 
useful in determining their importance and relative contribution 
to the growing film. It is generally assumed that the contri- 
bution of ions to the growth of a film in a plasma deposition 

process is much smaller than that of neutral radicals. The 
reasoning which leads to this consideration is based on the 
comparison of molecular dissociation and ionization energies 
where the first is generally much smaller than the latter. With 
a near Maxwellian distribution of electron energies, the gen- 
eration rate for neutral radicals can be estimated to exceed the 
ionization rate by more than an order of magnitude for typical 
operating conditions. However, this argument may be mis- 
leading because the mass transport processes for ions and neu- 
trals are fundamentally different. The relative concentrations of 
condensable neutrals and ions in the plasma are not necessarily 
simply related to the relative amounts of neutrals and ions 
which contribute to film growth. 

Of special interest are the regions and plasma conditions 
close to the electrodes where, it is assumed, the film material 
of interest is deposited. These conditions are general1 y different 
at the cathode and the anode. As a consequence, the deposition 
rate and material properties of anodic and cathodic films are 
often different. Charged and neutral radical species arrive at the 
substrate surface with different energies and can impact various 
physical properties of the film due to differences in bonding, 
mechanical damage, or ablation. Differences in anodic and 
cathodic deposition rates can in principle be understood when 
charged condensable species contribute significantly to the de- 
position process. However, even if only neutral radicals con- 
tribute to the growing film, an imbalance in the cathodic and 
anodic deposition rate can result if the neutral species are not 
created uniformly in the gap. 

Significantly different conditions can be externally and con- 
trollably imposed on any deposition system by the excitation 
mode of the plasma. Direct current (dc) and radio frequent (rf) 
plasma excitation are commonly used in capacitively coupled 
reactors. Very little is known about the relative deposition rates 
and the properties of the films deposited under these different 
conditions on the anode and the cathode. 

The object of this paper is to compare and contrast the anodic 
and cathodic processes for rf and dc excited plasmas using 
information derived from the condensed species distribution in 
and across the discharge gap of a deposition reactor. In addi- 
tion, measurements have been made of a key photoelectronic 
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f 2 .  ( a )  

A 

FIG. 1. Schematic of the cxpcrimcntal arrangcmcnt: ( I )  gas inlct 
and dispcrsion filter. ( 2 )  dischargc rcgion with glass slidc. and (3) 
throttle valvc and exhaust. 

FIG. 2. Detail of the clcctrodc arrangcmcnt. A thin glass substratc 
is placed between thc clcctrodcs. ~ara l lc l  to the eas flow (arrow) Thc ~~ .~ ~ , . . ..- 

~in; A'ACC' indicatcs the line o ier  which the Yhickncss distribution 
of the deposit was measured. Ionic and ncutral mass transport proccss 
arc schcmatically indicatcd. 

parameter, viz the carrier range (3) for holes p~,, (p is the 
electronic drift mobility and T~, is the deep trapping lifetime) for 
material produced under different conditions. 

Experimental method 
In a plasma. a variety ol' ncutral and chargcd condcnsablc radicals 

is crcatcd in the dischargc g;lp by clcctron impact fragmentation of the 
precursor gas. To discriminate bctwccn the collcctivc of ncutr;ll and 
the collcctivc of ionic radical spccics, onc can advantageously usc thc 
diffcrcncc in thc mass transfer mode of thcsc spccics. Thc transport of 
chargcd spccics conforms primarily to the clcctric ficld lincs whcrcas 
ncutrals diffusc isotropically from thcir point of origin. A specific 
cxpcrimcntal arrangcmcnt which has bccn used in this work to study 
silanc plasmas is shown in Fig. 1 and a rnorc dctailcd drawing of the 
elcctrodc arca is prcscntcd in Fig. 2. A diclcctric slab, S ,  callcd the 
"gap substratc" is placed in thc dischargc gap pcrpcndicular to thc 
parallcl anode, A, and cathode. C, and parallcl to the direction of gas 
flow. Thc dielectric planc is thin in ordcr to mininiizc the flow dis- 
turbancc. Its placcmcnt parallcl with the clcctric ficld lincs docs not 
disturb the clcctric ficld d.istribution outside thc slab. As convcctivc 
transport is parallcl to any of thc surfaccs under considcration, one 
can, to first ordcr, neglect its cffcct on thc thickncss distribution of the 
condensed films. The line A'ACC' indicatcs the linc over which thc 
thickncss of the dcpositcd film was mcasurcd. 

Characteristic hypothetical thickncss distributions arc shown in 
Fig. 3  for the cxtrcmc cascs of dcposition by cxclusivcly ncutral 
radicals (Fig. 3tr)  and cxclusivcly ions (Fig. 3b) .  In thc first casc, 
ncutral radicals arc asumed to bc uniformly crcatcd in thc dischargc 
gap by clcctron impact dissociation of gas molcculcs. Thcsc ncutral 
radicals arc transportcd to the walls of thc confincmcnt by diffusion. 
Even for the casc of uniform radical generation in the dischargc gap, 
thc film thickncss dccrcascs closc to the intcrscction lincs of the 
clcctrodcs and the gap substratc (points A and C in Fig. 3 ) .  'Thc first 
rcason for this dccrcasc follows from gcomctrical considcrations. Far 
away from thc right angles bctwccn clcctrodcs and the gap substratc. 
each point at the film surfacc rcccivcs vapor isotropically froni thc half 
spacc abovc it. Moving within distanccs rl toward the right anglcs A 

FIG. 3 .  Film thickncss distribution on thc thrcc substratc surfaccs 
for ( ( I )  mass transport of ncutral radicals by diffusion and ( h )  transport 
of ions in thc clcctric ficld. 

and C. the half spacc contribution gratlually diminishes to quarter 
spacc contribution in thc corncr. This gcomctrical cffcct causcs thcrc- 
fore thc film thickncss to bc half of thc valuc which it would have 
without gap substratc. A sccond rcason why the mcasurcd film thick- 
ness on thc clectrodcs and the gap substratc dccrcascs closc to A and 
C is the sink cffcct of thc walls on the condcnsablc radicals. A 
conccntration gradient bctwccn thc ncutral radical conccntration in the 
plasma and thc walls of the confincnicnt is cnuscd by the continuo~is 
disappcarancc of thc condcnsablc radicals closc to the walls. This sink 
cffcct causcs, just as thc gconictrical cffcct. gratlicnts which cxtcnd 
ovcr the ordcr of the ncutral radical diffusion length from A and C. 
Thcsc cffccts confound the intcrprctation of the nicasurcd thickncss 
distributions and have to bc takcn into account. Mathematical mod- 
elling of the diffusion proccss is rcquircd to dcconvolutc the obscrvcd 
gap gap distribution in ordcr to dcrivc the gap distribution of neutrals. 
The mathematical formalisms havc bccn dcvclopcd by Chcn (4) for 
various reactor gcomet~.ics. 

A significant simplification of the considerations results when only 
a sm;lll volunic of spacc closc to the intcrscction lincs through A and 
C is considcrcd. A volumc can always bc found in which thc ncutral 
radical distribution can bc considcrcd to bc constant. In thc case whcrc 
only isotropic diffusion proccsscs arc active. the film thickncsscs at A 
and C will bc the same for thc clcctrodc and thc gap substratc 
(Fig. 3 0 ) .  This situation changcs drastically whcn thc prcdoniinant 
contribution to thc dcposition is by ionic spccics, a casc which is 
schcmatically illustrated in Fig. 3 0 .  Hcrc. chargcd radicals of only one 
polarity arc assumed to bc created somcwhcrc in the tlischargc gap by 
clcctron impact ionization. Thcsc ions arc primarily transportcd along 
the clcctric ficld lincs, thus contributing only to the buildup of matcrial 
on one of the clcctrodcs. Thc resulting thickncss distribution pattcrn 
is quitc diffcrcnt froni the prcvious casc and this diffcrcncc can. at 
least in principle, bc used to dctcrminc the rclativc contribution of 
ncutral and chargcd radicals to thc growing film. 

I t  is crnphasizcd that the prcvious considcrations apply only to thc 
idcalizcd condition whcrc thc cffccts of sclf bias of the diffcrcnt 
surfaccs in contact with the plasma are ncgligiblc with rcspcct to thc 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ANODE (distance in mm, thicknessin 1000 8 )  . 

FIG. 4. ( a )  The film thickness distributions on the cathode ( 0 ) .  the anodc (0). and the gap substrate ( 0 )  for a rf 10 min discharge of 100 
sccm of silane at 250 mTorr and at a power input of 10 W; ( h )  The film thickness distributions on the cathode (O) ,  anode ( 0 ) .  and gap substrate 
( 0 )  for a 10 min dc discharge of 100 sccm of silane at 250 mTorr and at a current density of 0. I m ~ / c m ' .  

effects of the externally applied potentials. In reality, insulating sur- 
faces, such as the gap substrate, assume a local potential which 
equalizes the electron and ion flux to the surface. Ions will then diffuse 
to this surface with an ambipolar diffusion coefficient which mag- 
nitude is of the order of the diffusion coefficicnt for neutral species. 
The contribution of ambipolar ion diffusion to the film thickness on 
the cross gap substrate has been neglected with respect to the com- 
bined effects of ion diffusion and ion drift in the externally applied 
electric field. Figure 3b is only an approximation of the practical 
situation and the deposition of a thin film on the gap substrate has to 
be expected. 

In this paper the specific case of amorphous silicon deposition from 
silane gas has been studied. Knowledge about the condensable radical 
distribution in the discharge gap is essential for the realistic modeling 
of the mass transfer process active during deposition of this tech- 
nologically important material. In addition, the effect of the externally 
applied bias on some of the properties of the deposited film have been 
determined. The spin density, as determined by electron spin reso- 
nance (esr) techniques, is generally taken as a measure for the 
dangling bond density. Furthermore, the range of photogenerated 
holes in the deposited films was measured by standard time of flight 
techniques (5) using samples - 10 pm thick. The hole range depends 
both on the mobility and the lifetime of these charge carriers, both of 
which parameters are related to the density of states in the forbidden 
gap of the material. 

Experimental details and results 
The entire electrode area (40 cm') of the anode and cathode of a 

small plasma deposition reactor was covered with glass with an elec- 
trically conductive film of indium-tin-oxide (ITO). The IT0  film is 
hard enough to allow reliable thickness measurements to be made over 
grooved areas where the film has been removed by scratching of the 
material with a stainless steel pin. The electrical power was supplied 
to the electrodes and the IT0  film. The interelectrode distance was 

kept constant at 2.5 cm. The electrode temperature was maintained at 
room temperature during deposition on substratcs used for thickness 
measurements. Samples which were to be evaluated electrically were 
deposited on aluminum substrates at 230°C. The gap substrate was 
formed by a 100 pm thick glass plate mechanically clamped perpen- 
dicular to the electrodes at the anode. Silanc gas was introduced into 
the reactor through a dispenser at a constant flow rate of 100 sccm. 
The gas was exhausted through a throttle valve arrangement such that 
its pressure was maintained at 250 mTorr. The deposition arrangement 
is schematically shown in Fig. I .  

The rf power and negative dc voltage, supplied between the cathode 
and grounded anode, were adjusted to a level where comparable 
amounts of polysilanes were formed by the discharge. The polysilane 
formation was measured by the rate of weight increase of a down- 
stream filter and was of the order of 0.5 g/h under the present rf and 
dc operating conditions. The rf power was supplicd at 5 W and 
13.56 MHz whereas the dc current density was maintained at a level 
of 0.  I m ~ / c m '  which corresponds to an intergap voltage of about 
750 V. 

Film thickness distributions were measured with a mechanical sty- 
lus instrument on the anodc and cathode IT0  substrates and the gap 
substrate over the line A'ACC' as indicated in Fig. 2. The results are 
shown in Fig. 4. These results do not depend on which of the elec- 
trodes was used as anode or cathode, indicating uniformity of the gas 
flow in the gap area. The detailed shape of the thickness distributions 
and particularly the relative cathodic and anodic deposition rates 
depend somewhat on the reactor gcomctry, the interelectrode gap 
distance, and the pressure. The results obtained for different reactor 
geometries and operating conditions are qualitatrvely the same. The dc 
cathodic deposition rates are about a factor of 3-4 higher than the 
cathodic rf rates at comparable levels of polysilane formation. The 
anodic rates for dc and ti deposition are comparable under those 
circumstances and always smaller than the cathodic rates. 

Table 1 lists the results of electron spin resonance measurements 
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TABLE 1. Hole range values for a-Si: H samples prepared in different 
plasmas 

Electron spin 
resonance Mobility*, p h *  

Plasma type (cm-') p(cm2/V s) (cm2/V) 

dc cathodic 5x  10Ih 5x  9 x  
dc anodic 5x  10Ih 3x lo-4 3~ lo-' 
rf cathodic 4 x  lOIh  - - 
rf anodic 8X 10" 1.9X lo-' 1 . 3 ~  

- 
*These samples were made from SiHl admixed with 10 ppm B2Ha. 

and measurements of the hole range. p,~,,, for samples made in rf and 
dc (anodic and cathodic) glow discharges. 

Discussion 
'The differences between the measured and the hypothetical 

distribution of Fig. 3b, where ionic species were assumed to 
contribute primarily, include a significant film growth on the 
gap substrate and anode. This film growth is in the case of rf 
as well as dc discharges skewed towards the cathode where the 
electric field is expected to be relatively high. This indicates 
that, independent of the excitation mode, neutral radicals, 
rather than ions, are the dominant contributing species to the 
deposition process. Moreover, at A and C the film thickness on 
the gap substrate is the same as on the electrodes in all cases, 
again indicative of the diffusion of neutral species, the concen- 
tration of which is uniform close to A and C. Yet. the measured 
thickness distributions are quite different from the hypothetical 
distribution in Fig. 30. The gap distributions are not symmetric 
with respect to the midgap position. This indicates that the 
neutral radicals are not uniformly created throughout the dis- 
charge gap as assumed for ~ i ~ :  30. The fact that the cathodic 
deposition rates are always higher than the anodic rates is 
consistent with the fact that the generation of the neutral 
radicals takes placed relatively close to the cathode for both rf 
and dc discharges. However, there are significant and con- 
sistent differences in the film thickness distribution on the gap 
substrate between rf and dc excited plasma discharges. The gap 
substrate thickness is more uniformly distributed and the 
maximum is further away from the cathode for the case of an 
rf excited discharge.' In the case of a dc discharge, the gap 
thickness distribution decreases only close to the cathode to 
about one half of the maximum value, which has to be expected 
from geometrical considerations alone. This is indicative of a 
high neutral radical distribution close to the dc cathode, con- 
sistent with the high cathodic deposition rates for that excitation 
mode. 

The observed differences between the rf and dc discharge 
thickness distributions are compatible with the mechanisms 
through which these discharges are sustained. In the case of a 
rf discharge, the high frequency oscillation of electrons in the 
bulk of the plasma causes the molecular dissociation and ion- 

ization processes. This is in contrast to the case of a dc plasma 
which is sustained through secondary electron emission from 
ion impact on the cathode. The impacting ions do not con- 
tribute significantly to the thickness of the growing film. How- 
ever, the electronic properties of the condensed film could 
critically depend on the effects of ion impact during growth. 
Even at ion concentrations which are three orders of magnitude 
smaller than the neutral radical concentration, the gap state 
density of the material would be of the order of 10'' ~ m - ~  if 
each impacting ion could create a localized electronic state. 

The anodic rf material consistently gives higher values of 
k7h compared with anodic or cathodic dc material. The rela- 
tively poor quality of the dc material may be associated with the 
bombardment of the film surface during the deposition process. 
Although damage of the material might be expected from the 
ion bombardment processes at the cathode, it is surprising that 
the anodic material, subject to predominantly electron bom- 
bardment, is of similar poor quality. At this point it can not be 
excluded that radiation damage associated with the dc process 
is responsible for the relatively high density of dangling bonds. 
Independent measurements of the drift mobility k show that the 
mobility values for rf samples are consistently higher than dc 
samples whereas little difference is found between the dc 
cathodic and anodic samples. The primary change in the range, 
K T ~ ,  for anodic and cathodic dc samples therefore appears 
associated with variation of the deep trapping lifetime T ~ ,  and 
hence the density of deep traps. 

Conclusion 
From the study of the film thickness distribution on sub- 

strates immersed in rf and dc silane plamas, it is concluded that 
in both types of discharge the predominant condensing species 
are neutral. These neutral radicals are in the case of dc dis- 
charges created closer to the cathode than for rf discharges. The 
dc cathodic deposition rate is therefore relatively high com- 
pared to an rf discharge at a comparable power level. This 
difference in the spatial distribution of condensable species in 
the discharge gap is compatible with the fact that rf discharges 
are predominantly sustained by electrons created in the bulk of 
the plasma whereas dc discharges are sustained by secondary 
electron emission from ion impact on the cathode. Although 
the impacting electrons do not contribute significantly to the 
thickness of the growing film, they do affect the electronic 
properties of the film by causing a relatively large concen- 
tration of deep gap states in dc cathodic films. 

1. G. TURBAN, Y. CATHERINE, and B. GROLLEAU. Thin Solid 
Films, 67, 309 (1980). 

2. R. W. GRIFFITH, F. J .  KAMPAS, P. E. VANIER, and H. D. 
HIRSCH. J .  Non-cryst. Solids, 35/36. 391 (1980). 

3. J .  MORT. S. GRAMMATICA, J .  C. KNIGHTS, and R. LUJAN. 
Photogr. Sci. Eng. 24, 24 1 (1980). 

4. 1. CHEN. Thin Solid Films, 101, 41 (1983). 
5. M. D. TABAK and P. J .  WARTER. Phys. Rev. 173, 899 (1968). 
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Molecular weight - viscosity relationships for a broad molecular weight 
distribution polymer 
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H. KH. MAHABADI and L. ALEXANDRU. Can. J .  Chem. 63, 221 (1985). 
A novel and simple method is described for evaluation of molecular weight - viscosity relationships for a polymer whcrc 

only broad molecular weight distribution samples arc available. The method demands measurement of the intrinsic viscosity 
and GPC chromatograms of several samples. Results of applying the procedure to bisphenol A - Diethyleneglycol (50:50) 
copolycarbonate are prcscnted. 

H. KH. MAHABADI et L. ALEXANDRU. Can. J .  Chem. 63, 221 ( 1985). 
On dkcrit unc nouvelle mCthode simple permcttant d'Cvaluer Ies relations poids molCculaire vs viscositk de polymitres pour 

lesquels on ne dispose que des Cchantillons pour lesquels la distribution des poids molCeulaires est large. La mCthode implique 
des mesures de viscositi intrinstque et des ehromatogram~nes en phase gazeuse de plusicurs dchantillons. On rapporte les 

. . 
rksultats obtenus lorsqu'on a appliquC la mCthode i un Cchantillon de polymi-re de bisphCnol - A/didthyltneglyeol (50/50). 

. . [Traduit par Ie journal] 

Introduction 
In order to interpret a gel permeation chromatograph (GPC) 

of any polymer sample in terms of its molecular weight distri- 
bution, it is necessary to establish a quantitative relationship 
between molecular weight M and elution volume v. It is well- 
known that well-characterized narrow distribution polymer 
samples are the most appropriate for GPC calibration purposes. 
Such samples are, however, difficult to prepare with the excep- 
tion of polystyrene, for which good standards are readily avail- ! able. The M-11 relationship for any other polymer can be 

i obtained using the familiar universal calibration procedure 
! 

(1,  2) and a reliable pair of k and a constants for the Mark- 
Houwink- Sakurada equation. 

The evaluation of the Mark-Houwink constants k and a for 
a particular polymer-solvent system normally requires the 
preparation of a series of samples having a wide range of 
molecular weights and their subsequent characterization by 
light scattering and dilute-solution viscosity. However, gel 
permeation chromatography (GPC), i .e. ,  size exclusion chrom- 
atography can provide a convenient alternative route to k and 
a (3- 10). In this case k and a can be estimated using un- 
fractionated polymer samples of known M,, or M,,, and intrinsic 
viscosity. 

In this work a new and simple method which permits the 
facile determination of the Mark-Houwink constants using 
hydrodynamic average molecular weight. M, ( 1  I ) ,  is 
presented. The method described uses a combination of gel 
permeation chromatography and intrinsic viscosity measure- 
ments for several broad molecular weight distribution samples. 

As an example of the use of this method, molecular weight 
- viscosity relationships for bisphenol A - diethyleneglycol 
copolycarbonate were found. 

Theory 
In a recent publication by Rudin et L I ~ .  (1 I) ,  the use of a new 

molecular weight average, M,, to characterize polymer samples 
of heterogeneous composition have been proposed. M,, the 
hydrodynamic volume average, is defined according to 

Cw,[ql,M, - Cw,J, [ I ]  a;r, = -- 

I w ,  [.ll, [TI 

where o; and [q]; are the weight fraction and intrinsic viscosity, 
respectively, of all species which exit the GPC columns with 
elution volume vi. The denominator in eq. [ I ]  is equal to the 
intrinsic viscosity [q], of the whole sample GPC solvent. The 
values in numerator are available from GPC chromatogr;~m and 
universal calibration curve. Jj = [q],Mi can be read ditectly 
from the universal calibration curve and wi is equated to the 
ratio of the area of the GPC detector response at elution volume 
vi to the total area under the GPC chromatogram. 

For a polydisperse polymer, the Mark-Houwink equation 
relates [q] to the viscosity average molecular weight M,. 

If the whole polymer is considered to be con~posed of a 
mixture of monodisperse species each with molecular weight 
Mi, weight fraction o , ,  and intrinsic viscosity [q]; in GPC 
solvent, then 

[3] M,. = (Cwj~:)llU 

and 

[4] J, = [rl], M, = KM," ' 
Equation [2] can be written in terms of M, 

where 6  is given by ( 12) 

If the parameter 6  remains constant through the change of [q] 
and M,, then a log-log plot of [q] vs. M, gives the expected 
straight line relationship. The constants a and K ,  can be 
obtained from the slope and intercept of such lines, re- 
spectively. Then constant k = K , / 6  can be estimated utilizing 
e q  P I .  

As reported earlier (12) 6 ,  for polymer samples having the 
same polydispersity or  having very broad MWD (M,,./M,, 2 4), 
is constant. 

Experimental 
Copolyc.trrbor~nte .syt~the.si.s 

Bisphenol A (BPA) - diethyleneglycol (DEG) copolyearbonates 
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FIG. I. In [TI VS. In M, for cpc in THF at 35°C (M,,/M,, 2 4.5). 

were synthesized by solution polycondensation of BPA and DEG 
bischloroformate using CHZCIZ as solvent and pyridine as the acid 
acceptor. The polymerization was carried out at low temperature and 
atmospheric pressure. The polyn~er molecular weight was changed by 
varying the concentration of DEG bischloroformate. All polymers 
synthesizedare linear and have very broad molecular weight distribu- 
tion (M,,./M,, 2 4.5). 

Gel pertneotion clirornntogrophv 
A Water Associates GPC equipped with a high pressure solvent 

delivery (model 150C) was used. THF solutions of concentration less 
than 2 mg/mL were used. The flow rate, through a set of six p 
styragel packed columns was I mL/min. The nominal size (in A) of 
p styragcl packings were 100, 500. lo', lo4, lo5. 10". A calibration 
curve based on elution volumes of I I polystyrene standards from 
Pressure Chemical Company was constructed. The relation between 
molecular weight of PS and elution volume was obtained using a third 
degree polynomial. The coefficient of this polynomial was adusted for 
axial dispersion effects using an optimization method reported in the 
litcraturc (13). Then, the corrected relationship between molecular 
weight of PS and elution volume was transferred to a universal cali- 
bration curve using the intrinsic viscosity of PS standards. 

Intrinsic vi.sc.osity mea.surernerzt.s 
The intrinsic viscosities were determined using a Canon-Ubbclohde 

viscometer. All viscosities were obtained in THF and at 35OC (GPC 
conditions). 

~ e s u l t s  and discussion 
The hydrodynamic volume average molecular weights of the 

polymer, M, , were estimated using eq. [I]. The right-hand side 
of eq. [I] was evaluated by treating the normalized GPC chro- 
matogram data in a computer program. The calculated values 
of M, along with [q] data were applied to eq. [5]  and using least 
square analysis K, and a were estimated. A log-log plot of [q] 
vs. M,  for BPA-DEG polycarbonate is shown in Fig. I .  Using 
GPC chromatogram and estimated value of a along with eq. 
[6], 6 and therefore K for each sample was estimated. The 
results are summarized in Table 1. It is clear that variation for 
the calculated values of 6 is less than 3%. The fact that 6 is 
independent of MW and MWD of these samples indicate an 
accurate K and a estimation. The calculated values of K and a 
can be used to establish a relationship between [q] and molec- 
ular weight of copolycarbonate. This relationship can be writ- 

TABLE 1. Calculated values of 6 and k 

Copolycarbonate 
samples 6"  l@'kh (dL/g) 

" 6  calculated from eq. [6] using a = 0.68. 
" K  calculated from K = k,/6 using K ,  = 0.00022 dL/g. 

TABLE 2. Viscosity results of copolycarbonate samples 

Copolycarbonate [TI [TI % 
samples measured (dL/g) calculated (dL/g) Difference 

CPC 121 0.740 0.764 +3.2 
CPC 108 0.139 0.130 -6.5 

ten as: 

Using this relationship and universal calibration curve any av- 
erage molecular weight of this copolymer can be calculated. 

The precision of the proposed methods which use M,-[q] 
data to calculate K and a is tested here by comparing measured 
and calculated [q] Two additional copolycarbonate samples 
were used for this purpose. Using the estimated values of K and 
a and GPC chromatogram, M,. and then [q] of these two sam- 
ples were calculated. Good agreement is observed between 
measured and calculated [q] values as shown in Table 2. The 
difference between corresponding [q] values are small consid- 
ering possible experimental uncertainties. 

In summary, the proposed method for determination of mo- 
lecular weight viscosity relationship outlined in this report has 
the advantage of being fast, convenient, and eliminates all 
fractionation problems related to monodisperse sample prepa- 
ration and should be very useful for the characterization of 
highly specialized polymer products. 
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Thermodynamic miscibility of polystyrene-poly(2,6-dimethyl-1,4-phenylene oxide) 
blends 
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GIUSEPPA DIPAOLA-BARANYI, JOCELYN RICHER, and WILLIAM M. PREST, JR.  Can. J .  Chem. 63. 223 (1985). 
Inverse gas chromatography was used to investigate the miscibility behaviour of molten polystyrene-poly(2,6-dimethyl- 

1.4-phenylenc oxide) blends as a function of composition (0. 2 5 ,  50. 75, 85, and 100 wt.% PS). Specific retention volumes 
were measured for various solutes in pure and mixed stationary phases of these polymers at 240°C. Infinite dilution weight 
fraction activity coefficients and Flory-Huggins polymer-solute (x) and polymer-polymer ( x ? ~ ' )  interaction parameters were 
derived from these data. 

Negative polyrner-polymer interaction parameters were obtained for blends containing more than 60 wt.% PS, suggesting 
strong intermolecular interactions in the molten state. This is in accord with the well-known compatibility of PS-PPO blends. 
However. positive xz7' values were observed for blends containing less than 60 wt.% PS. This suggests weak intermolecular 
interactions, and perhaps some rnicroheterogeneity in PS-PPO blends with a low PS content. In view of thc single. 
composition dependent T ,  measured for each of these blends the microheterogeneity or microphase separation must be on a 
finer scale than that measured by the glass transition. 

GIUSEPPA DIPAOLA-BARANYI, JOCELYN RICHER et W I L L I A M  M. PREST, JR.  Can. J .  Chem. 63. 223 ( 1985). 
On a utilist la chromatographic en phase gazeuse inversCe pour ttudier Ic comportcment, du point de vue de la miscibilite, 

de mtlanges fondus de polystyr6ne-poly(dimCthy1-2.6 oxyde de phknylenc-1.4) en fonction de la composition (0, 2 5 ,  50, 75, 
85 et 100% en poids de PS). OpCrant h 240°C, on a mesure, pour chacun des polymkres, les volumes specifiques de retention 
de divers solutes dans des phases stationnaires pures et dans des phases stationnaires mixtes. A partir de ces donndes, on a 
deduit les coefficients d'activites de fraction en poids h dilution infinie ainsi que les parametres d'intcraction polymkre-solutt 
(x) et polymtre-polymtre ( ~ 2 ~ ' )  de Flory -Huggins. 

On a obtenu des paramktrcs d'interactions polymkre-polymerc ndgatifs pour Ies melanges contenant plus de 60% en poids 
de PS; ceci suggtre qu'il existe de fortes interactions moleculaires dans I'Ctat fondu. Ceci est en accord avec la compatibilitk 
bien connue des mtlanges PS-PPO. Cependant, on a obscrvk dcs valeurs positives dc xZ7' pour des mClanges contenant moins 
de 60% en poids de PS. Cette observation suggcrc I'existence d'interactions molCculaircs faiblcs et peut-?tre aussi quclques 
microhCterogCnCitCs dans les melanges de PS-PPO h faible tencur en PS. En se basant sur le fait que, pour chacun de ces 
melanges, on ne mesure qu'une seule valeur dc T,, qui est independante de la composition, on peut croire quc la micro- 
hCtCrogCnCitC ou la separation dc la microphase doit ttre dans unc echelle plus precise que celle qui cst mcsurte par la transition 
du verre. 

[Traduit par Ic journal] 

Introduction Experimental 
The  technique of inverse gas chromatography ( IGC) has 

recently been proven to be a very useful tool for obtaining 
polymer - small molecule and polymer-polymer interaction 
data (1-6). This method provides a fast and convenient 
route to reliable thermodynamic information on concentrated 
polymer systems in the molten state. 

Polystyrene-poly(2,6-dimethyl-l,4-phenylene oxide) blends 
are classic examples of compatible polymer blends. However, 
recent calorimetric work by Prest suggests that there may be 
some microheterogeneity in PS-PPO blends with low PS  
content (7). 

Therefore, a systematic study of PS-PPO blends was 
carried out over the whole composition range using IGC.  The 
focal point of this work was the determination of polymer- 
polymer interaction parameters (x?,') for various blend 
compositions. These data will be useful in evaluating the 
thermodynamic miscibility of these blends. 

'Co-op student, UniversitC de Sherbrooke, Quebec. 

Me~terinls 
All solutes were reagent or chromatoquality grade and were ob- 

tained from standard lab supply sources. Chromosorb G ,  AW-DMCS 
treated (70-80 mesh), was obtained from Johns-Manville. Poly- 
styrene (M,: I 1 0  000; M,,/M, < I .06) came from Polyscience> Inc. 
The PPO sample was obtained from Gcncral Electric Co. ( M ,  = 

69 000; M,"/M, = 2.1). 

Colutrltl prcpclrntion 
Coatings were prepared by coating the polymers onto Chromosorb 

G .  Benzene (150 mL) was slowly evaporated from a solution con- 
taining polymer(s) (-2.7 g) and support (-23 g).  The coated support 
was then dried in a vacuum oven (80°C) for 4 days and resieved before 
use (60180 mesh). The pcrccnt loading of polymer on support (weight 
of polymer/weight of polymer plus support) was determined by cal- 
cination of I - 1.5 g of coating. A correction was made for the loss of 
volatiles from the uncoated support. The relative concentration of 
polymers in thc blends was assumed to be identical with that in the 
original solution prior to deposition on the support. Columns were 
prepared from 114 in. 0.d.  copper tubing plugged at each end by 
silanized glass wool. To provide even packing, the column was con- 
stantly vibrated during filling. Columns were conditioned under N, at 
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TABLE I. Stationary phase and column parameters 

Loading Wt. polymer Column length 
Polymer ( w t . 8 )  (g) (cm) 

PS 7.45 1.1778 152 
PPO 1 1.39 1.7624 140 
PS/PPO blends 

25 wt.C/'o PS 11.19 1 .8076 147 
50 wt.70 PS 10. 19 1.655 1 152 
75 wt.% PS 10.81 1.7726 147 
85 wt.% PS 9.20 1.5229 152 

250°C for 3 h before use. A complete description of the columns is 
given in Table I. 

Ir~strumentcztio~~ 
The IGC measurements werc carr~ed out with a Hcwlctt-Packard 

5830A gas chromatograph equipped with a dual flame ~onization 
detector. The oven temperature was measured with a precision of 
20.0IoC with a Hewlett-Packard platinum resistance thermometer. 
Carrier gas (prepurified nitrogen) flow rates werc measured from the 
end of the column with a water-jacketted soap bubble ilowmetcr. 'The 
net retention time of the probe (20.01 min) was determined from the 
peak maxima retention times for the probe and methane (a marker to 
correct for dead volume in the column). Column inlet and outlet 
pressures were read from a mercury manometer (20.05 mm Hg). 

The solutes and marker were injected manually with a 10-FL 
Hamilton syringe (<0.01 FL). The solutes were characterized by 
symmetrical elution peaks and generally exhibited little sample size 
dependence at low injection volumes, low carrier gas flow rates (5-20 
cm7/min) and moderate column loading (7- 10%). Galin and 
Rupprecht (22) have shown that under these conditions the opposite 
influences of surface adsorption and gas flow rate are nearly 
equivalent, so that the experimental  value is quite close to the bulk 
v," value. 

Dntn reditction 
Specific retention volumes, V," (cm3/g), were computed from the 

familiar expression of Littlewood et (11. (8) 

where t N  is the net retention time for the probe, F is the carrier gas 
flow rate at 0°C and I atm (STP), J is a correction factor for gas 
compressibility, and W L  is the weight of polymer in the column. 

At temperatures above T,, the magnitude of V," is a measure of the 
solubility of the probe in the stationary phase. By applying thermo- 
dynamic theory to gas chromatography, one can relate the measured 
V," to the weight fraction activity coefficient at infinite dilution of 
the probe, (nl /w,)" ,  a fundamental parameter of solution thermo- 
dynamics which indicates deviation from ideal solution behavior (9). 

where V,,  MI, p," refer to the solute molar volume, molecular weight, 
and saturated vapor pressure respectively, R is the gas constant. T is 
the column temperature (K),  and B l  is the second virial coefficient, 
which is used to correct for vapor phase nonideality of the probe. 
Values of B I were estimated from corresponding equations of state 
(10, 11). Solute vapor pressures were obtained from Dreisbach's 
compilation (12). Solute densities were obtained from various 
sources, including the compilations by Orwoll and Flory (13) and 
Timmermans (14) as well as the International critical tables (15). 

From the Flory-Huggins treatment of solution thermodynamics 
(16), one can obtain the x parameter, which is a measure of the 
residual free energy of interaction between solute and polymer (9). x 
is determined from the relationship 

TABLE 2. Specific retention volume, V," (cm3/g). for various solutes 
in PS/PPO blends at 240°C 

Solute 0 25 50 75 85 100:3 

11-Octane 1.60 1.93 2.11 1.89 2.03 2.22 
11-Decanc 3.25 3.79 4.29 3.75 3.96 4.12 
3,4,5-Trimcthylhcptanc 2.36 3.55 5.88 3.58 3.81 3.95 
11-Butylcyclohexanc 5.22 6.48 7.20 6.33 6.73 6.95 
cis-Decalin 10.12 12.71 14.12 12.54 13.50 13.69 
Toluene 3.42 3.96 4.33 3.84 4.06 4.13 
11-Butylbenzcnc 8.42 9.72 10.67 9.43 10.04 10.09 
Chlorobenzene 5.45 6.40 6.93 6.07 6.38 6.61 
Acetophenone 12.84 15.27 17.02 15.34 16.52 16.49 
Cyclohexanol 5.43 6.54 6.99 6.25 6.63 6.53 

*'Extrapolated from 170- 190°C range. 

where v,, Vz, and cp, refer to the specific volume, molar volume, and 
volume fraction of the polymer. All other symbols have their usual 
meanings. For high molecular weight polymer and infinite dilution of 
probe the second term of eq. [3] (i.e., (I  - VI/V2)cp2) approaches I. 

I t  has been shown (17) using Scott's ternary solution treatment (1 8) 
of Flory-Huggins theory that the overall interaction parameter be- 
tween the volatile probe ( I )  and the binary stationary phase (2, 3) is 
given by 

where w z  and w ,  refer to the weight fractions of PS and PPO in the 
blend. 

The volumetric data for the blends were determined by assuming 
that the specific volume of the blend is the weight average of the 
specific volumes of the parent homopolymers (19. 20). 

Results and discussion 
Specific retention volumes V," (cm7/g) were measured for a 

variety of polar and apolar probes in molten PS, PPO, as well 
as four blends of varying ratios of these two homopolymers 
(i.e., 25, 50, 75, and 85 wt.% Ps). In order to ensure the 
attainment of thermodynamic equilibrium for each polymer 
melt, measurements were carried out at 240°C, well above the 
glass transition of each homopolymer. The reliability of the V t  
values is better than 3%, except for 3,4,5-trimethylheptane for 
which the uncertainty is ?5%. Table 2 summarizes the mea- 
sured V," values. The derived infinite dilution weight fraction 
activity coefficients ( a , / w , ) "  are tabulated in Table 3. 

Flory-Huggins x parameters were determined from the 
measured retention data in order to examine the extent of 
polymer - small molecule (eg. probe) and polymer-polymer 
interaction in various PS-PPO mixtures. These values are 
summarized in Tables 4 and 5 at 240°C. 

Polymer-probe miscibility 
The data in Table 2 indicate that V," values for the probes 

investigated are consistently higher for PS than for PPO. These 
results indicate that the interaction between the aliphatic or 
aromatic probes and PS are stronger than with PPO. Figure 1 
illustrates the dependence of V," on blend composition for 
six selected probes. With the exception of the 75% PS 
blend, higher values of V," are observed for these blends than 
would be predicted by addition of the homopolymer values. 
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 TABLE^. lnfinite dilution weight fraction activity coefficient 
(a , /w , ) " ,  for various solutes in PS/PPO blends at 240°C 

wt.% PS 

Solute 0 25 50 75 85 loo* 

n-Octane 
n-Decane 
3,4,5-Trimethylheptane 
n-Butylcyclohexane 
cis-Decalin 
Toluene 
n-Butylbenzene 
Chlorobenzene 
Acetophenone 
Cyclohexanol 

*Extrapolated from 170- 190°C range. 

TABLE 4. Flow-Huggins X I ( ? ? )  interaction parameter for various sol- 
utes in PS/PPO blends at 240°C 

wt.% PS 

Solute 0 25 50 75 85 100 

n-Octane 
n-Decane 
3,4,5-Trimethylheptane 
n-Butylcyclohexane 
cis-Decalin 
Toluene 
n-Butylbenzene 
Chlorobenzene 
Acetophenone 
Cyclohexanol 

TABLE 5. Polymer-polymer interaction parameter x Z Z r  for PS/PPO 
blends at 240°C 

Solute 25 50 75 85 
- 

n-Octane 0.46 0.38 -0.52 -0.55 
n-Decane 0.38 0.53 -0.36 -0.40 
3,4,5-Trimethy lheptane 1.32 0.86 -0.03 0.07 
n-Butylcyclohexane 0.62 0.60 -0.32 -0.31 
cis-Decalin 0.74 0.71 -0.19 -0.06 
Toluene 0.47 0.51 -0.19 -0.06 
n-Butylbenzene 0.54 0.46 -0.34 -0.34 
Chlorobenzene 0.48 0.49 -0.31 -0.21 
Acetophenone 0.40 0.49 -0.23 -0.05 
Cyclohexanol 0.66 0.58 -0.03 0.17 

Positive deviations of V: from linearity have previously been 
observed for some polystyrene-poly(~z-butylmethacrylate) 
blends which are characterized by weak intermolecular inter- 
actions (4). 

Values of ( a  ,/wI)" are the highest for pure PPO irrespective 
of the solute used. This shows that the probes are less soluble 
in PPO than in PS. Measured values range from 4 to 16. The 
probe that shows highest (al/,vl)" in PPO is 3,4,5-trimethyl- 
heptane, 16.43 (i. e . ,  a poor solvent). The lowest value in PPO, 
4.67, is observed for cyclohexanol (i.e., a good solvent). In 
PS, the highest activity coefficient is observed for 11-decane, 
10.26, (i.e., a poor solvent), and the lowest value is 3.7 1, for 

PS -PPO Blends 
I. acetophenone 
2. cis -decalin 
3, n-butylbenzene 

18 4. cyclohexanol 5. n -decane 
16 1 Jeq 6. n-octane 

0 
0 20 40 60 80 100 

WT. O/o PS 

FIG. I. Composition dependence of V," for various solutes in 
PS -PPO blends at 240°C. 

chlorobenzene (i.e., a good solvent). 
Flory-Huggins x in~teraction parameters, which were de- 

rived from measured specific retention volumes, are sum- 
marized in Table 4. For any given solute, x is larger (i.e., more 
positive) for pure PPO than for PS or its blends. This is consis- 
tent with the trend observed in the V," and (a l /wl)"  data and 
indicates that the probe-polymer interaction is stronger for PS 
than for PPO. All measured for these systems are 
greater than 0. Most of the x values in PPO are greater than 0.5 
(critical value) except for toluene, 11-butylbenzene, chloro- 
benzene, and cyclohexanol. The reverse is true for PS. Most of 
the x parameters here are less than 0.5 except for n-octane, 
11-decane, 3,4,5-trimethylheptane, and 11-butylcyclohexane. 
Although the aromatic probes are good solvents for both PPO 
and PS, the interactions are more favorable with PS. 

Polymer -polyme~ tniscibili~y 
Polymer-polymer interaction parameters (x?~ ' )  were calcu- 

lated from the measured polymer-probe interaction (Table 4) 
in corresponding pure and mixed stationary phases (4, 6). 

where x?,' = X ? ~ V ~ / V ? .  
The interaction parameter x??' is thus normalized to the 

size of the probe molecule. A negative interaction parameter 
is required in order to ensure miscibility of two high molecular 
weight polymers. Table 5 summarizes x ? ~ '  values (240°C) 
obtained for the *I0 probes for each of the four blend 
compositions. 

As noted in previous chromatographic investigations of 
polymer-polymer miscibility (4, 6), probe-to-probe variations 
are observed. This is probably due to the assumptions inherent 
in eq. [ 5 ] ,  i.e., random mixing of the two polymers in the 
stationary phase and/or random sensing of the polymer- 
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PS -PPO Blends 
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-0.2 

120 - 
-0.4 

0 20 40 60 80 100 100 - 
WT. O/o PS 

FIG. 2. Composition dependence of ~ 2 ~ '  in PS-PPO blends at 80 - 
240°C. I I I I 

0 0.2 0.4 0.6 0.8 1.0 

WPS 
3.2 - PROBE: n-Clo 

FIG. 4. Composition dependence of T,. 

-0.2). Thus PS-PPO blends with a high polystyrene content 
(>60 wt.% PS) are characterized by a strong specific inter- 
action (x?,' < 0) in the molten state. This is in accord with the 
well-known compatibility of PS-PPO blends. Blends with a 
low polystyrene content (<60 wt.% PS) appear to exhibit weak 

0.8 - intermolecular interactions at 240°C (~23' > 0). 

0.6 

IGC studies show only one T ,  for each blend over the whole 
composition range (Fig. 3 and 4), suggesting that PS and PPO 
are miscible at the seg~llental level. 

However, Prest's DSC data indicate a broadening of the T ,  
transition with decreasing PS content which can be interpreted 
as increasing microheterogeneity in  fhese blends (7). A similar 
conclusion was reached by MacKnight el (11. (21) from 
dielectric relaxation studies. 

The present thermodynamic data are in agreement with the 
postulate of increasing microheterogeneity in PS-PPO blends 
with decreasing PS content. The measured x33' values probably 
reflect interactions on a much finer scale than that reflected by 
the T ,  transition. Electron microscopic studies should shed 
some further light on the level of miscibility in PS-PPO 
blends. 
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Picosecond measurements of geminate charge pair recombination in photoionized 
liquids 
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T. W. SCOTT and C. L. BRAUN. Can. J. Chem. 63, 228 (1985). 
The recombination dynamics of geminate cation-electron pairs in liquid hexane is studied by combining picosecond 

photoionization and infrared-stimulated charge dissociation measurements. The observed yield of free charge is determined by 
the product of the charge pair survival probability and the probability for infrared-stimulated charge dissociation. Experimental 
results are compared with transient solutions of the Smoluchowski equation governing diffusive recombination in a Coulomb 
well. Reasonable agreement with experiment can be reachcd by allowing for a radial distribution of initial pair separations. 
However, the stimulated dissociation yield exhibits a functional dependence on pair separation which complicates the analysis. 
A simple model of geminate charge pair dissociation by infrared stimulation is presented and its implications for these 
experiments are discussed. 

T. W. SCOTT et C. L. BRAUN. Can. J. Chem. 63, 228 (1985). 
Faisant appel a une combinaison de mesures de photoionisations au niveau de la picoseconde et de dissociations de charges 

stirnulies par I'infrarouge, on a CtudiC la dynamique de la recombinaison de paires de cation/Clectron gCminCcs dans I'hexane 
liquide. On a determini le rendement observe de la charge libre en faisant le produit de la probabilitk de survie de la paire 
chargee et de la probabilitk de dissociation de charge stirnulee par I'infrarouge. On compare Ics risultats expkrimentaux avec 
des solutions transitoires de I'Cquation de Smoluchowski decrivant la recombinaison diffusante dans un puit de Coulomb. On 
peut obtenir un bon accord avec les rtsultats experimentaux si I'on fait I'hypothkse qu'il se produit une distribution radiale des 
separations initiales des paires. Toutefois, i l  existc une dependance fonctionnelle du rendement de dissociation stimulie avec 
la~stparation de la paire et ce fait complique I'analyse. On prisente un modkle simple de la dissociation par stimulation 
infrarouge des paires chargkes gCminCes et on discute des implications des ces experiences. 

[Traduit par le journal] 

Introduction 
Photocarrier generation in organic materials frequently in- 

volves a transient charge pair as the immediate precursor of free 
charge carriers (1 -6). Each pair consists of a parent positive 
ion and a localized photoelectron which are strongly correlated 
by their mutual coulombic attraction. The Onsager theory of 
gemiilate recombination gives the probability that a charge pair 
will dissociate into free carriers (7). In non-polar organic mate- 
rials, at least for small values of the applied field, the sepa- 
ration probability is small and most pairs suffer rapid geminate 
annihilation. The influence of temperature and applied electric 
fields on the free carrier yield has been extensively studied in 
a large number of materials. In most cases the escape proba- 
bility is well described by the Onsager model. 

More recently, efforts to probe the time dependence of gem- 
inate recombination have been reported. The recombination 
dynamics of cation-anion pairs, where the anion is formed by 
electron attachment, has been studied using pulsed electron 
beam excitation (8- 10). It has also been shown that the first 
half-life of electron-cation pairs is less than 100 ps in liquid 
hexane (1 1). A number of theoretical treatments of the time- 
dependent recombination process are also available. Following 
a series of approximate solutions (12), an exact treatment of 
geminate pair dynamics within the Onsager model is now avail- 
able (13). This model assumes that the recombination process 
involves mutual diffusion of the geminate electron and cation 

'This work was completed during a post doctoral appointment at 
AT&T, Bell Laboratories, Murray Hill, NJ 07974, U.S. A. 

through a uniform dielectric medium under the influence of 
their coulombic field. The work described here is an attempt to 
directly observe charge pair recombination dynamics in simple 
non-polar liquids and thereby test the validity of applying 
diffusion theory to this problem. 

In a previous communication we reported picosecond re- 
combination of photogenerated cation-electron pairs in liquid 
hexane (14). A new experimental approach was employed 
whereby geminate charge pairs are photodissociated by an in- 
tense infrared light pulse (15). With the improved time res- 
olution attainable using mode locked lasers, we found that the 
first half-life in liquid hexane was no more than 9 ps. We report 
here a more detailed analysis of the geminate pair photo- 
dissociation process as well as a semiempirical fit of the 
observed charge pair annihilation dynamics in terms of tran- 
sient solutions of the Brownian motion of the charge pair. In 
order that this diffusion theory (1 3) adequately fit the observed 
decay kinetics, it is necessary to assume that thermalization of 
the photogenerated electron results in a distribution of initial 
charge pair separations. 

Experimental 
Geminate charge pairs were formed in liquid 11-hexane by resonant 

two-photon ionization of anthraccne at 351 nm. The 351 nm light 
pulse with a 6-8 ps duration delivered 0.05 mJ of uv light over 2 mm' 
cross section of the sample. The uv pulses were obtained from the 
third harmonic of a mode locked ~ d ' + - ~ h o s ~ h a t c  laser. After the 
arrival of the uv pulse, a 0.5 mJ probe pulse at 1053 nrn interrogated 
the ionized sample for a period of 8- 10 ps. We recorded ionic photo- 
current transients lasting several milliseconds after irradiation of the 
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SCOTT AND BRAUN 229 

FIG.  1. A modcl for infrared-assistcd dissociation of gcminatc 
clcctron-cation pairs. Two 351 nrn photons gcncratc a 7.1 eV singlct 
statc of anthraccnc, S,,. which ionizcs to form a gcminatc chargc pair. 
Photocxcitation of thc gcrninnte clcctron initiates a sccond thcrmal- 
ization proccss which on avcragc enhances thc chargc pair scparation 
probability. 

TI  ME DELAY ( P S I  

solution with a scqucncc of uv and ir pulses. The photocurrcnt ampli- FIG. 2. Timc dcpcndcncc of ir-stimulatcd chargc dissociation at 
tudc was dctcrn~ined by the total numbcr of frec charge carriers gcn- 296 K ( ( I )  and 214 K (O). Each curve has bccn scalcd to unity at its 
cratcd by coopcrativc action of thc two light pulscs. Thc ir pulsc maximum. Thc solid curvcs arc Hong and Noolandi's transient sol!- 
cnhanccs photoconduction by laser-assisted dissociation of thc charge tions of thc Onsagcr problem for an initial chargc pair radius of 45 A. 
pairs formed by uv excitation. 'The timc-dependent gcminatc pair Thc diclcctric constant uscd for hcxanc was 1.885 at 296 K and 2.01 
survival probability was identified with the changc in photocurrcnt at 214 K.  Thc clcctron diffusion constant was 1.91 x 10 cm'/s at 
aniplitudc as a function of the optical dclay between thc uv ionization 296 K and 9 .4  x cm2/s at 214 K.  
oulsc and thc ir ohotodissociation oulse. 

Zonc-rcfincd anthraccnc was dissolved in liquid hcxanc at a conccn- 
tration of 7.5 X 10 " ~no l  L ' .  The solvent was dried over silica gel 
and passed through a 0.2 p m  Teflon filter. A tandem photocon- 
ductivity ccll allowcd measurements of thc chargc carrier yield with 
and without ir cxcitation during cach laser firing. The uv light pulsc 
passed betwccn two sets of parallel plate clcctrodcs, cach with an 
intcr-elcctrodc spacing of 3 mm and biased at 1500 V. The ir pulsc 
ovcrlappcd thc uv pulsc in thc..first ionization ccll, but was prevented 
from cntcring the second ccll by an ir blocking color filtcr. The 
rclativc photoionization rcsponsc of the two cells was dctermincd by 
temporarily blocking thc ir beam. 

Discussion 
Geminate charge pair annihilation dynamics were monitored 

by the process of infrared-enhanced photogeneration (14, 15). 
A schematic illustration of this technique is presented in Fig. 

1 .  A uv photoionization pulse at 351 nm creates thermalized 
electron-cation pairs by resonant two-photon ionization of 
anthracene in liquid hexane. When only the uv pulse enters the 
sample, a photocurrent is observed from the fraction of charge 
pairs which surmount the Coulomb barrier and separate. When 
the uv pulse is folowed by an intense infrared pulse at 1053 nm, 
an increased yield of free charge is observed which depends 
strongly on the relative timing of the two optical pulses. It has 

been suggested (14, 15) that the infrared pulse acts by exciting 
the geminate electron which has an absorption cross-section of 
3 x lo-'' cm' at 1053 nni (16). Since the ir photon has an 
energy of 1.2 eV while the Coulonib binding energy only 
amounts to 0.1-0.2 eV, ir excitation proniotes the charge pair 
well above its dissociation limit. With the available infrared 
intensity of I O ' ~ h o t o n s / c n ~ ~  s the probability of exciting each 
geminate electron in the sample is near unity. 

Apparently the subsequent dissociation of the infrared- 
excited geminate pair is an inefficient process. Typical thermal 
dissociation efficiencies of charge pairs in organic liquids are 
on the order of 0.1 % (6). Anthracene in liquid hexane exhibits 
efficiencies of this size (15). Infrared excitation of the geminate 
electron is found to increase the dissociation yield by only a 
factor of 5 to 6. Enhancements on the order of 1000 would 
be expected if each optically excited geminate electron sepa- 
rated with unit probability. The smaller observed efficiencies 
can be rationalized by assuming that the optically excited 
electron re-thermalizes at an electron-cation separation where 
Coulomb driven charge annihilation remains the dominant 
decay niechanisrn (see Fig. 1). 

Figure 2 shows how the cooperative ionization of anthracene 
in liquid hexane depends on the time delay between the uv and 
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TIME DELAY ( PS)  

FIG. 3. Hong-Noolandi solutions of the time dependent charge 
pair survival probabilities for different initial separations at 296 K .  

ir pulses at two temperatures. The vertical axis represents the 
difference in free charge yield when the uv pulse is accom- 
panied by delayed ir excitation and when the uv pulse enters the 
sample a l o n e . ~ h e  steep rise and decay near time zero repre- 
sents the recombination kinetics convoluted with the laser pulse 
width (8 ps at 1053 nm and 6 ps at 35 1 nm FWHM). The solid 
lines represent Hong and ~oolandi ' s  solutions (13) of the time- 
dependent Onsag~r  problem for a single charge pair initially 
separated by 45 A.  Theoretical decay curves for other initial 
separations are shown in Fig. 3. The simulated decay curves in 
Fig. 2 take into account the finite laser pulse widths assuming 
Gaussian time profiles. It can be seen in Fig. 2 that cooling the 
solution from 296 to 214 K dramatically extends the first half- 
life. Each curve in Fig. 2 is normalized to unity at time zero. 
The actual magnitude of the infrared enhancement was seen to 
increase by a factor of five at low temperatures. The tem- 
perature dependence of the enhancement shows that the ir pulse 
generates at least some charge pairs with a larger separation 
than those formed by the uv pulse alone. This is consistent with 
the model presented in Fig. I. The increased half-life seen upon 
cooling is captured by the Hong-Noolandi decay curves. We 
previously pointed out that the slower decay at 214 K results 
from the temperature dependence of the electron mobility in 
liquid hexane (14). 

Although the theoretical decay curves shown in Fig. 2 agree 
qualitatively with experiment, it is apparent that the observed 
decay is faster at early times and slower at longer times than 
predicted for a 45 A. radius pair. This discrepancy can be 
rationalized by assuming that photoionization results in a distri- 
bution of charge pair separations. The radial distribution 
function 

[ I ]  g ( r )  = r'exp (-r/L) 

when convoluted with Hong and Noolandi's theoretical decays 
gives gocd agreement with experiment at both temperatures for 
L = 14 A. (see Fig. 4). The mean charge pair radius occurs at 
3L = 42 A according to eq. [ I ] .  This should be compared with 
the value of 45 A obtained when temperature dependence 
studies are analyzed in terms of a single charge pair radius ( 1  5). 
Prior to convolution with the laser pulse width, the theoretical 
recombination curves give a half-life of approximately 3.5 ps 
at 298 K and 68 ps at 214 K. 

The comparison of the time-dependent photodissociation 

TIME DELAY ( P S I  

FIG. 4. Comparison of theoretical (-) survival probabilities and 
experimental (a) dissociation yields at 296 K ( ( 1 )  and at 214 K ( b ) .  
Each curve has been scaled to unity at its maximum. The theoretical 
decay functions allow for a distribution of initial charge pair sepa- 
rations according to eq. [ I  I of the text. The simulations are shown for 
L = 14 A (mean radius = 42 A) at each temperature. 

curves with transient solutions of the Onsager problem 
(Figs. 2, 4) assumes that the infrared-enhanced photo- 
generation process provides a direct measure of the charge pair 
survival probability. To test this assumption a simple analysis 
of the change in photocurrent due to infrared excitation of the 
geminate electron can be developed based on the model 
presented in Fig. 1 .  In the absence of the infrared photo- 
dissociation pulse, the escape probability (P,,) of a single 
charge pair at zero applied field is given by the well known 
relation ( 13). 

[21 Pdro ,  T) = exp (-r,lro) 

where ro  is the initial charge pair separation and r, = 
e ' l 4 n ~ ~ " k T  is the Onsager radius. Assuming that rether- 
malization after infrared excitation is not significantly per- 
turbed by the Coulomb field of the cation, the probability of 
finding the rethermalized electron at some distance r from its 
initial position will be spherically symmetric about the original 
electron position. The new escape probability is then given by 

[3] P,,,(r,, T) = g ' ( r )  [exp (-r,/d)]r' sin 0 drd0d+ i 
where (r,0,+) describes the position of the rethermalized elec- 
tron in terms of a coordinate system centered at the initial 
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length. Figure 5 shows a series of AP versus rl, curves for 
different values of r .  Tbe enhancement shows a maximum in 
the range r,) = 70-80 A.  AP goes to zero as r O  becomes very 
large because both Pi,,, and Po approach unity. For very small 
values of rO,  A P  is again small unless the rethermalization 
lengths are large enough to substantially increase the charge 
pair separation. 

A secondary thermalization length of -30 A accounts for the 
magnitude of the infrared enhancements seen in this work at 
both 296 K and 214 K .  Figure 6 compares the radial de- 
pendence of A P  with the distribution of initial separations 
described by eq. 1 1  1 .  It is apparent that the measurement tech- 

o 200 300 nique employed in this work does not sample all members of 
roc%) the initial distribution with equal probability and that the fit in 

FIG, 5,  ~ ~ ~ ~ ~ i ~ h ~  of i n  pa i r  proba- Fig. 4 will be somewhat in error, particularly at early times. A 
bility, ~ p ,  i r  as a f u n c t i o n  of i n i t i a l  pair  more critical assessment of the importance of radial selectivity 
r,,. A series of curves arc shown for different values of the secondary in geminate pair photodissociation will require an examination 
thcrmalization length at 296 K.  of the time evolution of the radial distribution of charge pairs 

(13). 

FIG. 6. Plot of the radial dependence of the initial pair distribution 
~ ( r )  for L = 14 A (dashed line) and the change in escape probability 
for a secondary thcrmalization length of 30 A (solid linc). The vertical 
scale givcs thc numcrical value of A P .  while g ( r )  has been scaled for 
case of viewing. 

position of the electron and where g l ( r )  denotes the radial 
distribution of secondary thermalization lengths. The function 
d( r ,0 ,+)  in eq. 131 is the distance between the cation and the 
rethermalized electron. (We note that the treatment of infrared 
photogeneration presented.'here differs from that in ref. 15 in 
that the previous work assumed that rethermalization would be 
symmetric about the parent cation.) In the absence of any 
detailed information on the secondary distribution of thernial- 
ization lengths, g l ( r ) ,  we will evaluate P,,,  for rethermalization 
on a spherical shell of radius r. Making the change of variables 

x = [r' + ri - 2 r r o c o s  01-''' 

in eq.  131 we obtain 

Numerical integration of eq. [ 4 ]  shows how the infrared- 
enhanced escape probability A P  = P,,,, - P,, depends on the 
initial charge pair separation and the secondary thermalization 
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C. A. FYFE and M. S. MCKINNON. Can. J .  Chem. 63, 232 (1985). 
The structural changes occurring in poly(methylvinylketonc) when exposed to high temperatures havc bcen investigated by 

high-resolution I3C solid-state nmr. The degradation proceeds via thc aldol condensation of pendant kctone groups to form a 
cyclic P-hydroxy ketone which is dehydrated to the cyclic a,P-unsaturated ketone. As the degradation continues there is the 
formation of polycyclic structures and aromatization of the sample. 

C. A. FYFE et M. S. MCKINNON. Can. J .  Chem. 63, 232 (1985). 
Faisant appel i la rmn du '.'c a I'ttat solide, on a CtudiC la nature des changemcnts structuraux qui se produiscnt lorsqu'on 

soumet de la poly(mtthylvinyl cCtone) i des tempkratures ClevCcs. La dkgradation se produit par le biais d'une condensation 
aldolique de la fonction cCtonique disponible qui conduit initialemcnt i une P-hydroxycktonc cyclique qui se ddshydrate par 
la suite en une cCtone cyclique a,p-insaturCe. Au fur ct a mesure de la dkgradation. i l  y a formation de structures polycycliques 
et aromatisation de I'Cchantillon. 

[Traduit par Ic journal] 

Introduction 

The coloration which occurs during the thermally initiated 
degradation of poly(methylvinylketone) (PMVK) (I)  was first 
reported by Marvel and co-worker ( I ) .  The chemical process 
was thought to be a cyclization resulting from an aldol condens- 
ation between pendant ketone groups. Previous workers (2-5) 
have employed uv and ir spectroscopy to study structural 
changes during the degradation, giving data in general agree- 
ment with this postulated reaction. 

We wish to  report the application of high resolution solid- 
state '" CP/MAS spectroscopy to study the structural changes 
which occur during the thermal degradation of PMVK. 
Schaefer and Stejskal (6) first demonstrated that by employing 
a combination of cross-polarization (7) and magic angle spin- 
ning (8) with high-power decoupling, spectra of moderate to 
good resolution could be obtained from solid materials (9). 'The 
spectra yield the isotropic average value of the chemical shift 
(for the solid state) and can be used for structural elucidations 
utilizing chemical shift correlations from solution nmr studies. 
This technique is particularly useful for samples which are 
insoluble or for amorphous materials where X-ray diffraction 
techniques are not applicable. It is also possible to separate the 
contributions to the spectra from protonated and non- 
protonated carbons in the sample by using a pulse sequence 
developed by Opella and Frey ( l o ) ,  giving additional structural 
information. 

The purpose of this work is to follow the structural changes 
occurring during the thermal degradation of PMVK by I3C 
CP/MAS nmr to determine the nature of the solid products 
formed and elucidate a degradation mechanism. 

Experimental 
CP/MAS spectra were recorded at 22.6 MHz using a Bruker 

CXP 100 spectrometer equipped with a home-built probe. Samples 
were run as powders in spinners (capacity -460 pL) constructed of 
KEL-F (polychlorotrifluoroethylene) in an Andrew-Beams type spin- 
ning apparatus. Samples were spun at -3 kHz using air as a driving 
gas. 

' T o  whom all correspondence should be addrcssed. 

Poly(mcthylvinylketonc) was a commercially available sample (Al- 
drich). Heat treatments were conducted in air for the times and tem- 
peratures specified in the text. After treatment, "C solid-state spectra 
were recorded using CP/MAS techniques to obtain both the total 
spectra and those of the nonprotonatcd carbons using the non- 
protonated carbon selection procedure (10). All "C CP/MAS spectra 
were recorded using a I ms contact time and a I s delay between pulse 
sequences with a decoupling ficld of 12 G. The spectra are semi- 
quantitative under these conditions. Nonprotonated spectra were 
recorded under similar conditions but with the dccoupler gated off for 
50 ps between the cross-polarization sequence and the acquisition of 
the free induction decay. During thc timc when the decoupler is off the 
magnetizations of those carbons with directly bonded protons decay 
rapidly due to the large dipolar interactions and are not dctectcd during 
the acquisition period. 

Results a n d  discussion 

I3C solid-state chemical shift assignments were based on the 
"C solution chemical shifts of model compounds (cyclo- 
hexanone, cyclohexenone, 3-methylcyclohexenone). In cases 
where suitable model compounds could not be found, assign- 
ments were based on the expected shift for the particular func- 
tional group. 

Figure 1 shows the spectra of poly(methylvinylketone) dur- 
ing the various stages of thermal degradation. In each case, the 
spectrum on the left is that of the simple CP/MAS experiment 
and the corresponding spectrum on the right was recorded 
employing the nonprotonated carbon selection experiment and 
therefore shows signals from only the nonproton bearing car- 
bons in the system. 

Figure I ,  parts A ,  B show spectra of the solid, untreated 
polymer, with the chemical shifts indexed with respect to TMS. 
As indicated in Fig. 1 and in Table 1, the resonance at 6 = 2 1 I 
ppm may be assigned to the ketone functionality and the ab- 
sorption at 6 = 49  ppm to the methine carbons. The resonance 
at 6 = 2 9  ppm consists of two components, one due to the 
methylene carbons and one from the methyl carbons. The use 
of the nonprotonated carbon selection experiment discriminates 
between these two components, yielding the assignment given 
in the figure (methyl resonances still appear after this selection 
although with reduced intensity, due to their particular relax- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FYFE AND MCKINNON 

PMVK 

2 00°C 
30 rnin 

350°C 
25 rnin 

ppm From TMS ppm From TMS 

FIG. I. "C CP/MAS spectra of PMVK during various stages of degradation. All spectra obtained with I ms contact and I s recycle delay: 
( A )  undegraded polymer, 3 600 scans; (B)  same sample as ( A )  only nonprotonated carbon selection, 16 000 scans; ( C )  spectrum of PMVK heated 
at 200°C in air for 30 min, 10 000 scans; ( D )  same sample as ( C )  only nonprotonated carbon selection, 33 000 scans; ( E )  spectrum of PMVK 
heated at 250°C in air for 1 h, 3 600 scans; ( F )  same sample as ( E )  only nonprotonated carbon selection, 6 000 scans; ( G )  spectrum of PMVK 
heated at 250°C in air for 2 h, 3 600 scans; (H) same sample as ( G )  only nonprotonated carbon selection, 13 000 scans; ( I )  spectrum of PMVK 
heated at 250°C in air for 17 h, 3 600 scans; ( J )  same sample as ( I )  only nonprotonated carbon selection, 6 800 scans; ( K )  spectrum of PMVK 
heated at 350°C in air for 25 min, 5 500 scans; (L) same as ( K )  only nonprotonated carbon selection, 6 000 scans. 

ation properties (10)). 
The effect of heating in air at 200°C for 30 min is illustrated 

in Fig. 1 parts C and D. 'The spectra indicate clearly that the 
degradation proceeds via the aldol condensation of adjacent = / / H 3 a  
COCH, groups. The small peak at 6 = 201 ppm is due to a CH3 CH3 CH3 

H3C HO 

cyclic a,P-unsaturated ketone (11). This corresponds to the I I1 111 
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ketone group in 2-cyclohexen-I-one which absorbs at 6 = 
197.1 ( I I ). The absorption at 6 = 76 pprn is due to the hy- 
droxyl bearing carbon of the cyclic P-hydroxy ketone (111). 
The resonance due to the carbonyl in this P-hydroxy ketone 
occurs at 2 1 1 pprn and is obscured by the large absorption due 
to the uncyclized ketone groups. Resonances at 6 = 164 and 
129 pprn are also assigned to the presence of the cyclic 
a,P-unsaturated ketone (TI) as indicated in Fig. I. The corre- 
sponding carbons in 3-methyl-2-cyclohexen- I-one give rise to 
absorptions at 6 = 162 and 6 = 126.5 (1 2). There is also a 
small absorption at 99 pprn thought to be due to the polycyclic 
alcohol (IV). The olefin in this structure is thought to give rise 

VOL. 63. 10x5 

TABLE 1. "C solid-state chemical 
shifts (ppm from TMS) for poly- 

(methylvinylketone) (I) 

Functional group Chemical shift 

TABLE 2. "C solid-state chemical shifts (ppm from TMS) 
for the different functionalities observed in thermally de- 

graded poly(methylvinylketone) samples 

Functional group Chemical shift 
to the resonances at 6 = 144 pprn and contributes to the absorp- 
tion at 6 = 129 ppm. From the nonprotonated spectra three 
types of methyls can be observed. The resonance at 6 = 30 ppm 
is due to undegraded polymer, the absorption at 6 = 22 pprn is 
due to methyl groups adjacent to a hydroxy-bearing carbon and 
the peak at 6 = 19 pprn results from methyl groups adjacent to 
an olefinic group. Table 2 summarizes the chemical shift as- 
signments for the degraded polymer. 

Heating at 250°C (Fig. 1 E, F) results in further degradation 
of the sample. There is a substantial loss in the carbonyl ab- 
sorption at 6 = 21 1 pprn and an increase in the absorption at 
6 = 201 pprn due to the cyclized ketone (11). The major 
component of the resonance at 6 = 21 1 pprn is now due to the 
P-hydroxyketone (111). There is also the appearance of addi- 
tional peaks at 6 = 126 and 132 pprn indicating the formation 
of aromatic rings which must involve loss of hydrogen along 
the backbone of the polymer. A peak at 6 = 154 pprn indicates 
the formation of phenol rings from the cyclic ketone. There is 
a large absorption due to methylene carbons from cyclized 
sections of the polymer as well as between cyclized sections at 
6 = 34 ppm. The intensity of the phenol resonance compared 
with the aliphatic absorption suggests that the terminal ketone 
rings are the first to be aromatized. As degradation continues 
there is an increase in the intensity of the absorptions in the 
aromatic region along with a corresponding loss in-the aliphatic 
resonances (Fig. I, G, H, I ,  and J). yielding a highly aromatic 
structure after 17 h. 

At 350°C degradatio~ is much more rapid. Figure I parts K 
and L show spectra of a sample heated at 350°C for 25 min. The 
sample is now mainly aromatic in nature and contains a number 
of phenol rings. There are also a number of methylene groups 
which form the links between the aromatic sections and methyl 
functionalities from the terminal rings at the opposite end of the 
cyclized sections from the phenol ring. At this stage the spectra 
of the degraded poly(methylvinylketone) resemble the spectra 
obtained from thermally degraded phenol-formaldehyde 
resins (13). This indicates a similarity in the types of func- 
tionalities formed during the degradation process. Thus, from 
the analysis of the ',C solid-state nmr spectra considerable 
information is obtained on the nature of the degradation process 
and the mechanism of degradation summarized in Scheme I .  
The initial step in the degradation appears to be an aldol con- 
densation between pendant COCH, groups to form cyclic 
P-hydroxyketones. This is followed by dehydration to form the 

P-Hydroxyketone 
a,P-Unsaturated ketone 

Ar- H 126 

cyclic a,P-unsaturated ketone. The aldol condensation then 
continues to ultimately form polycyclic structures. This agrees 
in general with the ladder-type structures proposed by other 
workers. 

As degradation continues there appears to be formation of 
phenol rings, followed by a gradual aromatization of the sam- 
ple. After heating at 350°C the sample consists of segments of 
aromatic rings (V). The ring at the ketone end of the segment 
will have a phenolic structure. At the opposite end of the 
segment the terminal ring will have a pendant methyl group. 
The sample also contains a number of methylene groups which 
link the aromatic sections. 

Conclusions 
By employing the techniques of high resolution solid-state 

"C nmr spectroscopy it is possible to follow the reactions 
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occurring during the thermal degradation of poly(methylviny1- 
ketone). The solid state spectra give considerable structural 
information on the nature of the solid products formed during 
the degradation process and on the mechanism of the de- 
gradation reaction itself. 

The  initial step appears to involve an aldol condensation 
between pendant ketone groups to form a cyclic P-hydroxy 
ketone, which is subsequently converted to the a,P-unsaturated 
ketone. The degradation continues to form polycyclic struc- 
tures. At higher temperatures there is formation of phenol rings 
and a gradual aromatization of the sample. At 350°C the sample 
consists mainly of aromatic rings with a few linking methylene 
groups along with methyl groups. 
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CHARLES B. DUKE. Can. J .  Chem. 63, 236 (1985). 
Polymers and molecular solids arc charactcrized by two fundamental features: thc retention of molecular idcntity in the solid 

state and the occurrence of rclatively weak interactions between the individual molecular entities. The weak interactions lead 
to a high degree of disorder caused both by defects and by thermally induced motions of the molecules. A model of charges 
injected into polymcrs and molecular solids is developed. Photoemission and transport measurements are utilized to evaluate 
the parameters in this model. Results for metal free phthalocyanine are presented as an illustrative example. For molecular 
glasses and aromatic pendant-group polymers this analysis predicts that disorder causes injected charges to form a Fermi glass 
of self-trapped polarons, i.e., they occupy localized states characterized by a high degree of local atomic and electronic 
polarization. Successful interpretations of photoemission spectra, contact charge exchange, and injected carrier drift mobilities 
verify this prediction. The boundary of the Fermi-glass region of localized-state molecular-ion behavior is identified by 
consideration of molecular crystals in which injected charges may occupy extended energy-band states at low temperatures. 

CHARLES B. DUKE. Can. J .  Chem. 63. 236 (1985). 
Les polymeres et les solides molCculaires prtsentent deux caractkristiques fondamentales: la retention de leur identit6 

molCculaire a 1'Ctat solide et I'existence d'interactions faibles entre les entitCs molCculaires individuelles. Les interactions 
faibles conduisent i beaucoup de dCsordre qui est causC tant par les dCfauts que par les mouvements induits thermiquement 
des molCcules. On a dCveloppC un modkle des charges injectCes dans les polymtres et les solides moldculaires. On a utilisd 
des mesures de photoCmission et de transport pour Cvaluer les parametres de ce modtle. A titre d'exemple, on rapporte les 
rCsultats obtenus avec des phtalocyanines ne contenant pas de mdtal. Dans le cas des verres molCculaires et des polymtres 
portant un groupe aromatique. cette analyse permet de prCdire que. sous I'influence du dCsordre, les charges injectCes forment 
un verre de Fermi composC de.polarons auto-piCgCs, a savoir qu'ils occupent des Ctats IocalisCs caractCrisCs par un degrt Clevt 
de polarisation Clectronique et atomique locale. Des interprktations satisfaisantcs de spectres de photoCmission, d'dchange de 
charge de contact et de mobilitCs de dCplacement de substances ajouttes permettent de virifier cette pridiction. On peut 
identifier la limite de la region du verre de Fermi du comportement ion-molCculaire de I'Ctat IocalisC en considerant des cristaux 
molCculaires dans lesquels des charges injectCes peuvent occuper. a basse tempirature, des Ctats Ctendus de bande d'knergie. 

[Traduit par le journal] 

Introduction The molecular solid state 
This paper is devoted to the construction and validation of a 
model for the dynamics of charge carriers injected into poly- 
mers and molecular, especially organic, films. Our theme is 
that most organic materials which exhibit semiconducting be- 
havior are not organic semiconductors in the traditional sense 
of energy-band theory. Misunderstandings of this topic have 
persisted for decades ( I  ), thereby greatly delaying progress in 
the design of commercially useful organic semiconductors (2). 
Our results are of particular interest because they establish an 
explicit link between current ideas about the role of disorder in 
solid state physics and.traditional chemical concepts concern- 
ing the molecular origin of the electronic properties of poly- 
mers and molecular solids ( 3 ,  4). Specifically, they establish 
the domain of model parameters called the Fermi-glass limit, 
for which injected charges form molecular ions (rather than 
occupy extended energy-band states) the spectroscopy and dy- 
namics of which are governed by molecular-ion chemistry. 

We proceed by first examining the distinguishing features of 
the molecular solid state and constructing models suitable for 
the description of injected charges therein. Then the validity of 
these models in the limit of strong disorder is verified by 
demonstrating that they provide quantitative descriptions of 
valence electron photoemission, contact charge exchange, and 
carrier drift mobilities in pendant-group polymers and mole- 
cular glasses. Finally, we discuss the boundary of the strong- 
disorder (Fermi-glass) limit by considering electron drift 
mobilities in single-crystal naphthalene. 

Molecular solids are characterized by two fundamental fea- 
tures: the retention of molecular identity in the solid state and 
the occurrence of relatively weak interactions between the indi- 
vidual molecular entities. The weak interactions lead to a high 
degree of disorder caused both by defects and by thermally- 
induced motions of the molecules. In addition, the hopping 
integrals for an excess charge carrier to move from one mole- 
cule to its neighbors are small, typically about 0.01 eV, 
whereas the relaxation energy of these charges due to their 
polarization of both the molecules on which they reside and the 
surrounding dielectric medium is quite large, typically over 
1 eV. The combination of large relaxation energies, small 
hopping integrals, and copious disorder suggests that charge 
carriers in organic solids form a Fermi glass of self-trapped 
polarons, i.e., they occupy localized states characterized by a 
high degree of local atomic and electronic polarization (4, 5). 

Models of injected charges 
One-electrorz models 

The local or extended nature of molecular-ion states in mo- 
lecular solids is determined by a competition between fluctu- 
ations in the local site energies of these states (which tend to 
localize them) and the hopping integrals for inter-site excitation 
transfer (which tend to delocalize them). In order to define this 
fluctuation-induced localization concept more precisely, con- 
sider the one-electron Hamiltonian 
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DUKE 

in which i is a site index; P indicates the molecular orbital; ti,. 
designate the intermolecular hopping integrals; and aie is the 
annihilation operator for an electron occupying orbital P at site 
i .  The important new feature of polymers and molecular 
glasses, not present in periodic crystal lattices, is that the site 
energies {E~} and the hopping integrals {ti,) form distributions. 
For example, the probability of finding an eigenvalue E, with 
value E is typically taken to be (3, 4) 

[2] P(E)  = (~cr')-"' exp (-[E - ~(~)] ' /cr ' )  

in which cr2 is the sum of a number of contributions associated 
with various types of disorder, and E(P) is an average eigen- 
value associated with the molecular-ion state labelled by the 
orbital index P. Because both the {E;) and {ti,) form distribu- 
tions, the Hamiltonian [ I ]  is specified statistically and hence 
can exhibit localized as well as extended eigenstates (2-5). 

The eigenfunctions and eigenvalues of Hamiltonian [ I ]  for 
prescribed (e.g., experimentally measured) distributions of the 
{ E ~ )  and {t!,) cannot be determined analytically at the present 
time. Some qualitative results have, however, been established 
numerically. The features of interest here can be specified in 
terms of a mean site energy, E ,  the rms deviation from this 
mean, A = [((E, - E)')~V]''', and a mean hopping integral, t (5). 
Injected charges are localized, i.e., they form molecular cat- 
ions or anions with the solid, if 

in which W is the one-electron band width and c is a dimen- 
sionless number of the order of unity which depends both on 
the connectivity (i.e., dimensionality) of the system and on the 
distribution of the {t,,}. Typically c - 2.5 for (isotropic) three- 
dimensional systems, 1.5 for two-dimensional systems, and 
zero for one-dimensional systems, although some confusion 
currently exists in the case of two dimensions (6). Inequality 
[3] is believed to be satisfied in molecular glasses and in certain 
aromatic polymers (3-5). In these cases electrons and holes 
injected into the material form local, molecular radical anions 
and cations, respectively, rather than extended states like those 
characteristic of crvstalline covalent semiconductors. Con- 
sequently, under these circumstances the electrons and holes 
are more accurately visualized as molecular ions in solution 
which move by carrier hopping rather than by ionic diffusion. 

The traditional energy-band model describes the opposite 
limit when A -= 0. A schematic diagram of the nature of the 
eigenvalue spectrum associated with eq. [ I ]  in the various 
limiting cases of relative magnitudes of A and W is given in 
Fig. 1 .  Different classes of polymers and molecular solids 
exhibit systematically distinct ranges of values of A and W .  For 
typical pendant-group and molecularly doped polymers, 0. I eV 
5 A 5 I eV, and W << 0. I eV. 'Therefore, A >> cW is clearly 
satisfied for these materials and, as noted above, injected 
charges form intrinsic local molecular ion states in pendant- 
group polymers or analogous extrinsic states in molecularly 
doped polymers. This "Fermi-glass" limit is described in panel 
( e )  of Fig. I. For polymers with larger hopping integrals within 
the individual macromolecular chains, e.g., polyacetylene, 
polyethylene, and polyphenylene, A is less than W for motion 
along the chain. ~finterchain hopping were neglected, injected 
charges still would be localized in these materials because c = 
0 for one-dimensional systems. If strong interchain hopping 

CONDUCTION BAND W __I: 
VALENCE BAND 

P 

(b )  CASE IX: O < A  5 W  

T 

i 

EMPTY STATES 

P 

FIG. I. Schematic indication of the consequences of static diagonal 
disorder (i.e., A # 0, see text above inequality [3] )  on the localization 
of one-electron states in a nominally three-dimensional solid. The 
symbol p designates the one-electron density of states. Panel ((7): Case 
1. A = 0, describes the traditional energy-band model. Panel ( 1 7 ) :  Case 
11. A < W, where W is the one-electron bandwidth, describes the 
localization of electronic states at the edges of the band but not the 
center. E, designates the mobility edge and El; the bulk eleetro- 
chemical potential. States closer to the band centers are extended 
whereas those further removed are localized. The localized states arc 
indicated by shaded areas in the figure. Panel (c): Case 111, A >> W. 
describes the situation in which all electronic states arc localized and 
the concept of energy bands has lost its meaning (the Ferrni glass 
model). 

occurs, the polymer can become two- or three-dimensional, 
depending upon the packing of the macromolecular chains. 
This situation is described in panel ( b )  of Fig. I. Such inter- 
chain interactions are thought to occur in polymers that exhibit 
metallic conductivity, e.g., polythiazyl, [SN],,, and heavily 
doped polyacetylene (2). 

Molecular orbital moclels 
Since the molecular ions of interest in practical xerographic 

materials are "large" (i.e., azepines, benzidines, pendant- 
group polymers like polystyrene and poly(2-vinyl pyridine)) a 
description of their electronic properties requires the use of 
semiempirical molecular orbital methods. A spectroscopic 
CNDO-level model is used both for large molecules (7) and for 
macromolecules, i.e., polymers (8). This model affords a 
quantitative description of the photoemission and uv absorption 
spectra of over 100 polymers and large molecules (7, 8) and 
hence is useful for screening large classes of materials. It pro- 
vides the starting point for constructing quantitative models of 
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the electronic structure of molecular solids (4), triboelectric 
charge transfer (3), and transport in pendant-group and 
molecularly-doped polymers (9). Thus, the model affords a 
practical and reliable vehicle for describing the properties 
which are essential in electrophotographic applications. It also 
provides a useful way to calculate electron-molecular-vibra- 
tion coupling constants (10): a critical ingredient in models of 
photoemission and transport in molecular solids (4, 9). A 
typical example of the application of the model to calculate the 
molecular cation density of states for comparison with photo- 
emission (PES) data is shown in Fig. 2 for metal-free phthalo- 
cyanine, a molecule used as a photogenerator material in 
organic photoconductors (2). 

Electron-vibrrrtiotl coupling: rlynamic rlisorrler nnrl po1arotl.s 
Given the existence of localized molecular ions in molecular 

solids, their small-polaron dynamics is established primarily by 
the interaction of the excess charge with those induced in the 
polymer matrix (4, 9). For such a purpose the Hamiltonian of 
eq. [ I ]  must be extended to become 

In eq. [4], a ; '  designates the creation operator of an electron in 
an orbital of energy E ,  at site i, and 6,;' that of a normal mode 
of vibration of energy hw,, coupled to the electronic state 
labelled by i via the dimensionless coupling constant g,,,. The 
most obvious hw,, are the intramolecular vibrations of the mo- 
lecular ions themselves (10). More important, however, are the 
dielectrically active normal modes of the molecular medium in 
which we envision the sites to be embedded. The hw,, associ- 
ated with these "longitudinal polarization fluctuation" modes 
are obtained from the measured dielectric response of the poly- 
mer and g,,, are specified in terms of a classical electrostatics 
analysis of the interaction of a charge in a prescribed molecular 
orbital with the dielectrically active normal modes (4). This 
model has been applied successfully to interpret valence- 
electron photoemission and uv absorption spectra of poly- 
styrene and poly(2-vinyl pyridine), as well as photoemission 
from a wide variety of molecular glasses (4). Transport data are 
less widely available, but the model is consistent with the 
limited data base currently in the literature (4,9).  We conclude, 
therefore, that in molecular glasses (e.g., condensed ethyl ben- 
zene), pendant-group polymers (e.g., polystyrene), and 
molecularly-doped polymers (e.g., polycarbonate doped with 
trinitrofluorenone) the model defined by eq. [4] with the {g;,,} 
and {hw,,} obtained from measured polymer dielectric response 
is both necessary and sufficient for the description of the small- 
polaron dynamics of charges injected into these materials. 

Valence electron photoemission 
'The main evidence for the validity of the relaxation- 

localization model defined by eq. [4] arises from the analysis 
of valence electron photoemission: a measure of eigenvalue 
spectrum of photogenerated molecular cations. In the Fermi- 
glass limit (Case 111, panel (c), Fig. I )  the model makes three 
observable predictions (4). First, for molecules whose radical 
cation geometries are expected to be the same in the gaseous 
and solid phases, the valence electron photoemission spectrum 

in the solid state is predicted to be shifted rigidly to lower 
binding energies by an intermolecular relaxation energy 1 eV 
5 E, (inter) 2 eV and broadened considerably. Second, in 
contrast to traditional models of solvation energies, E, is pre- 
dicted to be identical for polar and non-polar isoelectronic 
molecules. Third, the broadening of the spectra, although dom- 
inated by static disorder, should exhibit a characteristic tem- 
perature dependence associated with the excitation of low- 
frequency molecular motions upon the photogeneration of the 
radical cation from the neutral molecule. All three predictions 
have been verified, as indicated below. 

Valence electron photoemission spectra from both gas-phase 
(1 I )  and thin-film (12, 13) metal-free phthalocyanine are 
shown in Fig. 3. The fact that to within experimental repro- 
ducibility the thin film spectra are rigidly shifted and broadened 
versions of the gas-phase spectra is evident from the figure. In 
addition, all of these spectra are well described by the 
CNDO/S3 model (7) whose predictions already were shown in 
Fig. 2. Thus, we see for this particular case of a xerographic 
photogenerator the validity of the first prediction of the Fermi- 
glass limit of eq. [4]. This result also has been established for 
other molecular solids comprised of relatively rigid molecules 
( 14, 15). In the case of less rigid molecules, e.g., triphenyl- 
amine and phenylenediamines,the geometry of the molecular 
cations can change between the gaseous and solid states, so that 
more complex differences occur between the valence electron 
photoelectron spectra characteristic of these two phases (16). 
Even in these cases, however, the spectra of condensed molec- 
ular films are essentially those of localized molecular cations. 
'Therefore the task of any model of molecular cation states in 
condensed media (both glassy and crystalline) is the prediction 
of the relaxation energy shifts and large increases in widths of 
the photoionization lines in the condensed relative to the 
gaseous phase. 

It might be anticipated that the intermolecular relaxation 
energies would be simply the static polarization energies of a 
molecular cation in the condensed medium given, for example, 
by the Born model of solvation (17). That such cannot be the 
case is immediately evident upon noting that nonpolar poly- 
styrene and condensed ethyl-benzene exhibit the same 
relaxation-energy shifts, E,(inter) = 1.5 eV, as polar poly(2- 
vinyl pyridine) and condensed 2-ethyl pyridine (4). The static 
dielectric constants of the polar materials are over twice those 
of the non-polar ones, demonstrating that static models of the 
relaxation energy are clearly incompatible with the obser- 
vations. The relaxation-localization model specified by eq. [4] 
correctly predicts this result by revealing that only the high- 
frequency electronic branches of the longitudinal polarization 
spectrum, contribute to E,(inter). 

The analysis of the widths, a, of the condensed phase photo- 
ionization lines is more complex because both static and dy- 
namic disorder contribute to a .  Schematically, we can write 

The instrumental width, a(ins),  is typically less than about 
0.02 eV for a well designed ultraviolet photoemission spec- 
trometer (4). The intramolecular contributions to the widths, 
~ ( i n t r a ) ,  vary from one molecular-ion state to another, lying in 
the range 0.2 eV i ~ ( i n t r a )  i 0.4 eV (4). Usually the predom- 
inant contribution to the width in the condensed state is the 
inhomogeneous width ~ ( i n h o m ) ,  caused by spatial fluctuations 
of the electronic contributions to the relaxation energy. Typi- 
cally 0.4 eV i ~ ( i n h o m )  i 0.6  eV depending upon sample 
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9 

10 

- I I  

FIG. 2. Molecular-ion-state orbitals, eigenvalues, and density of states for metal free phthalocyanine predicted by the CNDOI 
orbital model (7). 

'S3 molecular 
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BINDING ENERGY (eV) 

FIG. 3. Comparison of measured photoemission spectra from con- 
densed thin-film (top two panels (12, 13)) and vapor-phase (third 
panel ( I  I ) )  metal free phthalocyanine with the density of states calcu- 
lated using the CNDO/S3 model (7). All spectra have been shifted to 
align the peak 8.75 eV with the vapor-phase spectrum. 'This procedure 
yields a relaxation energy shift of 5.0 eV for the thin film spectrum of 
Battye et 01. (12) and of 1.3 eV for that of Koch and Grobman (13). 

preparation conditions. Finally, the homogeneous contri- 
butions may be written as 

in which K is Boltzmann's constant and T is the temperature. 
The first term arises from infrared active vibrations on all 
molecules including t h e m e  on which the molecular ion is 
formed. The second is caused by thermally excited longitudinal 
polarization fluctuations. It was predicted by the relaxation- 
localization model a priori ( 18), and subsequently observed for 
condensed isopropyl benzene (19) and violanthrene A (20). 
The model predicts 0.1 eV 5 u(ir) 5 0.3 eV, but the con- 
tributions to u from cr(ir) and ~ ( i n h o m )  have not yet been 
separated experimentally. 

Charge transport 
Drift mobilities itz pendatzt-group polymers arzd molecular 

glasses: the Fermi-glass limit 
The relaxation-localization model has been applied to derive 

explicit expressions for electron (hole) transfer probabilities 
between two molecular sites in pendant-group and molecularly- 
doped polymers (9). These probabilities are the input data used 

in multiple-hopping models of measured transport properties, 
e.g., drift mobilities and photoconductivity. Consequently, 
they constitute the link between observed transport properties 
and the microscopic electronic structure of polymers. In partic- 
ular, the model has proven useful in quantifying the trade-offs 
between the electrical and mechanical properties of polymers 
used in electrophotographic copying machines and in sug- 
gesting improved materials for such applications (9). 

The model's important prediction is that of the intluence of 
each of the different branches of the longitudinal polarization 
fluctuation spectrum on the electron-transfer probability. The 
high-frequency electronic branches, which are responsible for 
the photoemission relaxation energies, exert only a minor 
influence on electron-transfer by virtue of a temperature- 
independent prefactor. The low-frequency branches contribute 
to the activation energy for the electron transfer process as well 
as to the temperature-dependent widths of photoemission lines 
via eq. [6]. The ir branches cause the apparent activation ener- 
gies to increase with increasing temperature. Thus, the model 
has clarified the physical basis of electron-transfer processes in 
condensed media as well as provided a new, more accurate 
mathematical expression for the transfer probabilities them- 
selves. Its predictions are consistent with available experi- 
mental data (9). 

Cotztact charge exchatzge betweetz polymers 
Although over a century of research has been devoted to 

contact charge exchange between insulators, prior to 1978 no 
model had been proposed which successfully predicted the 
quantitative magnitude of this charge exchange. That year a 
phenomenological version of the relaxation-localization model 
was proposed which predicted quantitatively the polymer- 
polymer charge exchange among various copolymers of poly- 
styrene and poly (methy l methacrylate) in terms of effective 
spatially-averaged densities of molecular ion-states per unit 
energy, p(E),  for each polymer determined from metal- 
polymer contact charge exchange experiments (3). This model 
also predicted correctly the difference in contact charge ex- 
change between pigmented and unpigmented polymers, and 
later was extended to encompass copolymers of polystyrene 
and poly(methy1 methacrylate) with poly(2-vinyl pyridine), 
and copolymers of (C2F,CI),,, and (C2H3F),, (i.e., "Kel F-800") 
(21, 22). In addition, new data for polystyrene, poly(methy1 
methacrylate), and polyethylene subsequently were reported 
which purportedly contradicted the relaxation-localization 
average-density-of-states model interpretation (23). The differ- 
ences between the data sets were attributed to the presence of 
extrinsic states and to the absence of a sufficient number of 
contacts to achieve adequate spatial averaging (24), however, 
so the original model thus far has withstood the test of time. 

The relationship between the chemical properties of the 
polymers in question and the steady-state contact charge 
exchange is embedded in the parameters characteristic of the 
average density of states p(E).  Typically p(E) is the form 
( 3 ,  9): 

in which the p,(E) are given by eq. [2], D designates electron 
donors and A electron acceptors. Good donors exhibit small 
radical cation energies, ED, and good acceptors large radical 
anion energies, eA. Polar media lead to u i  which are large and 
which have a temperature dependence as described in eq. [6] 
with large values of c.  The structure of the polymer host enters 
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FIG. 4. Measured electron drift mobilities along the a. 0. and c' 
directions in naphthalene as functions of temperature. The error bars 
are obtained as the averages of repeated runs under nominally identical 
conditions. The solid lines indicating p - T.-~'' are the predictions of 
a Boltzmann equation analysis in which injected electrons occupy 
Bloch energy band states and their motion is limited via scattering by 
acoustical lattice vibrations (i.e., phonons) (after Anderscn, Duke, 
and Kenkre (33), courtesy of the American Physical Society). 

by virtue of more rigid (e.g., crystalline), materials tending to 
reduce EA, to increase EI,, and to reduce u; for a given acceptor 
or donor species, ceteris paribus. The correlation of the re- 
sulting contact charge exchange properties with measures of 
chemical reactivity and molecular structure have been dis- 
cussed elsewhere (25). These correlations are consistent with 
triboelectric charge transfer occurring between relaxed 
molecular-ion states, typically intrinsic states localized on the 
pendant group moieties for polymers like polystyrene, 
poly(methy1 methacrylate), and poly(2-vinyl pyridine). 

Drift mobilities in naphthalene: the localized-extended-state 
boundary 

The theory of the drift mobilities of charge carriers injected 
into semiconducting organic crystals has been a subject of 
debate for many years because of the occurrence in several 
materials of temperature and field independent mobilities 
(26-28) which initially proved inexplicable by either band or 
hopping models (26, 29). lnterest in this subject was greatly 
stimulated when it was discovered that for exceptionally pure 
and perfect crystals of naphthalene the electron mobilities in the 
c' direction began to rise rapidly with decreasing temperature 
below T = 100 K: a phenomenon interpreted as evidence for 
the long-anticipated band-to-hopping transition because in 
these materials A' - KT SO that a transition from the situation 
described by panel (6 )  in Fig. 1 to that described by panel (c)  
is expected with increasing temperature (30). Subsequently, 
additional drift-mobility data were accumulated for naphtha- 

lene, rendering it by far the most comprehensively character- 
ized organic crystal in this regard, but the original inter- 
pretation (30) of the c '  direction mobility data was questioned 
by virtue of the construction of a model in which the behavior 
exhibited by these mobilities was attributed to hopping between 
quasi-one-dimensional chains of naphthalene molecules (3 1). 
Thus, it seemed possible that naphthalene exhibited quasi-one- 
dimensional injected electron motion along the a axis at all 
temperatures rather than exhibiting a band-to-hopping transi- 
tion at T = I00 K for motion in the b and c '  directions (29, 31, 
32). 

Although this saga is not yet over, its latest episode consists 
of a reinterpretation of the original drift mobility data in light 
of the recently expanded data base to reveal that a model 
embodying three-dimensional band motion is uniquely com- 
patible with all the data for T < 100 K (33). These data and 
their description by acoustical-phonon-scattering limited band 
motion, i .e. ,  (J. - T?" , for T < 100 K in all directions are 
shown in Fig. 4. A transition in the character of the electron 
motion at T = 100 K is evident from these data which are 
compatible with the quasi-one-dimensional motion model for T 
k 300 K (32). This transition is thought to constitute the 
boundary between localized and extended states specified by 
inequality [3]. The data for T > 100 K remain incomplete, 
however, so  no quantitative analysis thereof is possible at this 
time (33). 

Synopsis 
Disorder-induced localization constitutes the bridge between 

solid-state physics and molecular-ion chemistry in condensed 
molecular media. Practical organic "semiconductors" typically 
are characterized by the Fermi-glass limit (Fig. I ,  Case 111, 
panel (c)) in which injected charges form localized molecular 
ions rather than occupy extended Bloch energy band states 
characteristic of traditional semiconductors. This fact renders 
local molecular-ion chemistry rather than energy-band models 
the appropriate predictors of the behavior of charges injected 
into xerographic materials. The boundary of the Fermi-glass 
region remains imprecisely defined, however, as revealed by 
the example of electron mobilities in naphthalene. 
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X-ray methods for quantitative determination of inorganic fillers in paper 
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TERRY L. BLUHM, ARTHUR Y. JONES, and YVES DESLANDES. Can. J .  Chem. 63, 243 (1985). 
X-ray diffraction methods have been investigated as means of quantifying filler contents of paper. Both an "internal standard 

method" and an "absorption-diffraction method" were applied. Because of preferential orientation of the filler particles in 
commercial paper samples, the "internal standard method" was modificd to include an empirical evaluation of the propor- 
tionality constant, K .  Values of K specific for each filler material investigated (clay, calcite. talc, and titanium dioxide) were 
obtained by X-ray diffraction intensity measurements on standard papers containing different amounts of each filler. These 
values of K were then used to calculate the filler content of various commercial papers. The filler contents of these same 
commercial papers were also determined using the X-ray "absorption-diffraction method" and ash determination. Com- 
parisons made among results from all these methods indicated that both X-ray methods give acceptable agreement with ash 
determination, but that the "absorption-diffraction method" is preferred due to its ease of application. In addition, the X-ray 
methods are more rapid and versatile than ash determination. 

TERRY L. BLUHM, ARTHUR Y. JONES et YVES DESLANDES. Can. J. Chcm. 63, 243 (1985). 
Deux mCthodes de diffraction des rayons-X, "mCthodc du standard interne" et "absorption-diffraction," ont C t t  utilistes 

pour la quantification des pigments inorganiques dans le papier. A causc dc la presence d'une orientation prtftrentielle des 
particules de pigments dans des feuilles de papier commerciaux, la "mCthode du standard interne" a CtC modifiCe en utilisant 
une tvaluation empirique de la constante dc proportionalitt K .  Pour chaquc pigment ttudit (argile, calcite, talc et dioxide de 
titane) une valeur de K a C t t  obtenue par la mesure des intensitts rayons-X obtcnus dc papicrs exptrimentaux qui contenaient 
difftrentes quantitts dc pigments. Ces valcurs dc K ont ensuite tt6 utilisees pour Cvaluer la quantitt en pigments dans des 
papiers commcrciaux. Les contenus en pigments de ces dernicrs ont Cgalement tte dttcrmints par la mtthode "absorption- 
diffraction" et par dttermination des cendres. Aprks comparaison des rtsultats obtenus par ces trois mtthodes, i l  apparait que 
la mtthode "absorption-diffraction" soit prtftrte h cause de sa facilitt d'application. De plus, les mirthodes utilisant la 
diffraction des rayons->( sont plus rapides et plus versatiles quc la mtthode classique de determination des cendres. 

Introduction 
Paper is composed of a mat of wood fibers bonded together 

by surface hydrogen bonds. It also contains some filler materi- 
als, usually incorporated to improve the optical properties 
(whiteness, opacity, etc.) of the sheet (1, 2). Typical plain 
xerographic paper made in North America consists of about 
80% wood fiber, of which one quarter is softwood and three 
quarters are hardwood. The sheet also contains about 10% clay 
fillers and titanium dioxide, 5% starch, 5% water, and small 
amounts of various chemical additives such as rosin size and 
retention aids. However, the materials used as fillers around the 
world vary according to their availability and economic factors. 
Important considerations for the selection of a filler include 
optical properties, low cost, and compatibility with the paper- 
making process. 

Most xerographic papers made in North America contain 
approximately 10% kaolin (A1203 - 2Si02 - 2Hz0) ,  which is 
commonly known as clay, a naturally occuring, fine grain, well 
crystallized mineral composed of platelet-like particles. This 
hydrated aluminum silicate is extracted from the ground in 
various grades. Small amounts of titanium dioxide particles 
(-I p,m in diameter) are incorporated in paper to increase the 
whiteness of the sheet. The "anatase" crystal form is usually 
used in paper since it is cheaper than the "rutile" form. TiOz is, 
however, more expensive than clay and is therefore usually 
found only in small quantities in paper. 

In Europe, calcite (CaCO?) is extensively used as filler. 
European xerographic papers contain large quantities of calcite 
which is relatively inexpensive and compatible with the alka- 
line sizing treatment widely used in Europe. Particle size may 
vary from I to 10 p,m. Calcium carbonates can be found occur- 
ring naturally o r  precipitated from limestone. 

Most Japanese papers contain significant quantities of talc as 

filler. In Japan, talc costs about 50% less than clay. The desig- 
nation of talc covers a wide range of natural products. The 
theoretical formula corresponds to a weight ratio of MgO to 
S i 0 2  of about 1 : 2 ,  but in actual samples this ratio may reach 
1 : I .  Since the composition of talc is variable, it is under- 
standable that there are many grades offered as commercial 
pigments. 

In view of the large variety of fillers that are found in various 
xerographic as well as non-xerographic papers, we have under- 
taken a study examining the usefulness of X-ray analytical 
techniques for the quantitative determination of inorganic 
fillers in paper. It is clear that other analytical methods have 
been known for many years, but they suffer from various draw- 
backs. For example, ash determination (3), currently used in 
the paper industry, provides only the value of total ash, inde- 
pendent of the chemical composition. For analysis of each 
individual component, a complex "wet" chemistry method 
must be used (3), making the whole process very time con- 
suming unless the laboratory is well equipped for continuous 
analysis. More sophisticated techniques such as energy dis- 
persive X-ray analysis (EDAX) can be extremely accurate, but 
they d o  not provide an overall measure of filler content since 
EDAX is a surface technique (penetration of 3 p,m only). X-ray 
fluorescence is a valuable method for elemental determination 
of fillers in paper, however, quantitative determination of the 
actual individual mineral phases cannot be made. For instance, 
the rutile and anatase forms of T i 0 2  cannot be distinguished 
using this method, and since both clay and talc contain silicon 
atoms, these phases cannot be uniquely determined. The com- 
bination of X-ray diffraction and EDAX methods has been used 
successfully for the identification of both crystalline and amor- 
phous fillers (4). Finally, fillers have also been analyzed by 
microscopic methods. However, these methods only provide 
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qualitative information (5). 
X-ray diffraction methods (6) have been used for a long time 

as a qualitative means of identification of inorganic fillers in 
paper and are extensively used for quantitative determination of 
mixed crystalline powder phases. Therefore, we have sought to 
extend these quantitative methods to the analysis of paper 
sheets. We report here results using two methods of X-ray 
quantitative analysis; (i) an internal standard method and (ii) 
absorption-diffraction method, for determination of inorganic 
fillers in cut paper sheets. 

Methods 
It has been widely observed that the intensity of diffraction 

peaks arising from various crystalline components in a mixture 
are greatly affected by the X-ray absorptivity of the com- 
ponents in the mixture. Peaks of the weakly absorbing 
component appear relatively weak and those of the strongly 
absorbing species are relatively stronger. Alexander and Klug 
(7) first arrived at a mathematical relationship relating the in- 
tensity of diffraction lines to the absorptivity of the sample as 
follows: 

KiJxJ 
[ I ]  I', = - 

PJ P* 
where Id = intensity of peak i of component J of a mixture, xJ 
= weight fraction of component J in a mixture, pJ = density 
of solid component J ,  p:r = mass absorption coefficient of the 
sample, and Kd = a constant depending on the nature of com- 
ponent J and the geometry of the diffractometer. The mass 
absorption coefficient of the sample, p*, can be related to the 
mass absorption coefficient of the Jth component, p:'J and that 
of the matrix surrounding the Jth component, P * ~ ,  as follows: 

For paper where the Jth component is a filler p8J # p2rM. p*J 
can be calculated from a table of mass absorption coefficients 
for the various elements assuming that the elemental com- 
position of the Jth component is known: 

where the xi are the weight fraction of the elements and the p*, 
are the mass absorption coefficients for the elements in the 
compound J. However, pirM can not be calculated as the com- 
position of the matrix is not known. These circumstances ne- 
cessitate the use of indirect methods of analysis by use of an 
internal standard. 

Internal standard method 
In using the internal standard meth.od a known amount of a 

standard component, S, is added to the sample. Without going 
into the mathematics, a detailed discussion of which can be 
found in ref. 7, the following equations are obtained: 

where Id = intensity of the ith peak of component J in the 
matrix, ILs = intensity of the kth peak of the internal standard 
in the mixture, XJ = weight fraction of component J ,  xs = 
weight fraction of the internal standard added, and K = con- 
stant dependent on the mass absorption coefficients of the ma- 
trix and Jth component. 

FIG. I .  Schematic of the arrangement used for the absorption- 
diffraction method. 

where PJ = mass absorption coefficient of component J ,  ps = 
mass absorption coefficient of internal standard, (liJ)o = in- 
tensity of ith peak of pure component J ,  and (I,), = intensity 
of kth peak of pure internal standard. 

Equation [5] presented above is valid only when the particles 
in the sample are small (<3-5 pm) and no preferred orien- 
tation of particles is present in the sample. l n  paper, filler 
particles are often larger than 3-5 pm in size and they can not 
be ground to smaller size without completely destroying the 
paper sheet. Also, in the case of some fillers (i.e., kaolin and 
talc) the particle shape is anisotropic and some preferred orien- 
tation of the particles along the oriented wood fiber network is 
often present (8). Therefore, we chose to use a semi-empirical 
approach to the problem. Instead of calculating the value of K 
by using eq. [5], several sheets of paper were made containing 
various fillers, as described in the Experimental section, and K 
was determined from the slope of plots ofxJ/x, vs. Id/ILs. The 
value of K determined in this manner will henceforth be re- 
ferred to as K'. 

Absorption -diffraction technique 
From eq. 1 I] i t  can be shown that 

In this equation the only unknown quantity is the mass 
absorption coefficient of the mixture. If p* can be measured for 
the mixture using an X-ray powder diffractometer in the same 
geometry as that with which I,J and (I',), are measured, the 
weight fraction, XJ, of a component can be determined. A 
method has been developed (9) using a thin layer of powder 
mounted on the surface of a fine grained metal where diffracted 
X-rays from the metal are attenuated by the powder (Fig. I). 
The ratio of the intensities of a metal diffraction peak with, and 
without, the powder layer in place is given by the following 
equation; 

r" 

where T, = intensity of metal diffraction with powder layer, 
(T;)), = intensity of metal diffraction without powder layer, t = 
thickness of the powder layer, p = bulk density, 0, = Bragg 
angle of the diffraction peak, and p* = mass absorption coef- 
ficient of the powder. 

Combining eqs. [6] and [7] and introducing the parameters, 
A ,  the cross-sectional area of the beam at the sample; B, the 
area of the sample illuminated; and W, the weight of the paper 
sample illuminated, one obtains 
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in which r = sin 0,/sin Oil 
If we define 

then 

[ l o ]  ,YJ = 
-1, sin 0, log [T,I(T,)oI 

X 
WP, 1 - [T,5/(Tj)ulr 

and Pij is constant for a given diffraction peak i of component 
J when A and B are invariant. 

Paper is an ideal sample for the absorption-diffraction tech- 
nique since the thickness is uniform and easily measured. Use 
of this method also eliminates the need to add an internal 
standard to the paper sheets which is often troublesome and 
introduces inaccuracy to the measurement. 

Experimental 
Three sets of standard papers were prepared using the Centrifugal 

Dynamic Vertical Sheet Former (Allimand 38140. Rives, France) 
which allows the preparation of papers having filler distributions sim- 
ilar to commercial papers (10). The basic furnish consisted of a 70: 30 
mixture of hardwood kraft pulp and softwood kraft pulp. Each set of 
papers consisted of five sheets with each sheet containing different 
amounts of fillers. The first set of papers contained varying amounts 
of calcite and clay (kaolin), the second set contained calcite and talc, 
while the third set contained calcite and titanium dioxide (anatase). 
These standard sets were used for the determination of K '  values 
described in the Method section above. In our model papers, calcite 
was always present because we wanted to use the X-ray methods for 
determination of at least two fillers in the prescnce of each other. The 
quantity of filler added to a paper furnish is not totally retained in the 
final paper sheet. Therefore, the filler content actually present in the 
finished paper sheet was determined by ashing. Since calcite liberates 
COz at around 600°C, i t  is possible to determine the percentage of both 
fillers by ashing at 575°C and at 925°C. Also, the four materials 
examined, clay, calcite, talc, and titanium dioxide, are the most com- 
monly found fillers in xerographic papers. 

X-ray diffraction data were collected using a Philips Automated 
X-ray Powder Diffractometer Model PW 1050/80 fitted with a pro- 
portional counter, pulse-height analyzer, and a graphite crystal mono- 
chromator placed in the diffracted beam. The design of the powder 
diffractometer is shown schematically in Fig. 2. The radiation used 
was Ni filtered CuK, (A = 0.1542 nm). 

For the internal standard method, the internal standard chosen was 
finely ground NaCl producing a strong diffraction line at 20 = 31.7", 
not overlapping with lines from any of the filler analytes. The internal 
standard was added to the paper by pressing the finely divided powder 
into the surface of the sheet. The amount of sodium chloride added to 
each sheet was determined by weighing. Sample stacks consisting of 
four sheets each cut into squares 3 cm on a side were used for X-ray 
measurements. These paper squares were placed in a standard X-ray 
powder diffractometer sample holder as provided by Philips 
Electronics. 

In the X-ray absorption-diffraction method of analysis no internal 
standard was required. The standard silicon wafer provided with the 
X-ray powder diffractometer was used for standard intensity mea- 
surement of the 20 = 26.1" diffraction line. Single thickness paper 
sheets cut approximately 2 cm x 2 cm were placed on top of the 
silicon wafer for measurement of diffraction line intensities as de- 
scribed in the Methods section. All intensities were determined by 
scanning across the diffraction peak at a 20 scan rate of I deg per min 
and collecting the total number of counts recorded by the proportional 
counter. Background corrections were made by adding the number of 
counts collected during one-half of the scan time at each side of the 
diffraction peak and, subsequently, subtracting this total from the 
number of counts obtained while scanning across the peak. 

FIG. 2. Optical arrangement of a typical vertical goniometer of the 
powder diffractometer. S , ,  collimating slit; Sz  and S,, rcceiving slits; 
C ,  sample; X,  X-ray source. 

GEORGIA CLAY (11 I1  

FIG. 3. X-ray diffraction traces of common paper fillers. 

Results 
Figure 3 shows the X-ray powder diffractometer traces of the 

four most widely encountered fillers in paper. Each material is 
characterized by a unique trace with peaks observed at specific 
values of 20. It is possible to use these traces to identify the 
components present in the sheet, and then, by measuring the 
intensity of the selected peaks, to estimate the quantity of each 
inorganic material. 

( a )  Internal standard method 
Figures 4 to 6 represent X-ray powder diffractometer traces 

of representative samples for each of the three standard paper 
sets described in the Experimental section. On these traces, it 
is possible to identify the peaks due to cellulose, the major 
component of wood, and the peaks due to the filler materials. 
Only the peaks used for the quantification are identified on the 
figures. 

Table 1 summarizes the data obtained from these control 
sheets. Diffraction peaks for measurement of /;j were chosen so 
as not to overlap severely with the peak of NaCl at 20 = 3 1.7'. 
In these measurements, since a proportional counter was used, 
the errors in the I, values are equal to (I,)"~. 

A plot of the ratio of the intensity of the peak of the filler to 
the peak of the standard versus the ratio of the weight fraction 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. 

ANATASE 

FIG. 4. X-ray diffractometer trace of paper sample containing ti- 
tanium dioxide (anatase) and calcium carbonate. 

CLAY 

1 

FIG. 5. X-ray diffractometer trace of paper sample containing clay 
and calcium carbonate. 

, TALC 

FIG. 6. X-ray diffractometer trace of paper sample containing talc 
and calcium carbonate. 

TABLE I. Experimental data collected from the standard paper 
samples, all intensities reported in counts. 
( a )  Anatase (28 ,  = 25.3"; 201, = 31.7") 

Sample No. I;J II., x., XJ (ash) 

( b )  Calcite (28 ,  = 29.3"; 201, = 31.7") 

Sample No. I,J II., x,, XJ (ash) 

(c) Clay (28,J = 24.8"; 201, = 31.7") 

Sample No. I,J 11, A XJ (ash) 

Sample No. I,J I,., x., XJ (ash) 

of the filler (as determined by ashing) to the weight fraction of 
the internal standard (as determined.by gravimetric analysis) 
are shown in Figs. 7 to 10. Values of K t ,  which are determined 
by calculating the slope of these curves, are tabulated in 
Table 2. These values of K' can now be used in the deter- 
mination of unknown filler content in other paper sheets. 

The measured values of K'  were then used to determine the 
amount of fillers in five selected samples of xerographic papers 
again using NaCl as internal standard. Diffractometer traces of 
these samples, labelled sample A,  B ,  C, D, and E, are shown 
in Fig. 11. The total filler content of these papers was also 
obtained by ash determination. The results of this analysis 
along with results of ash determination are shown in Table 3. 
In the cases where more than one filler component was found 

in the paper, only the total filler content can be determined by 
ash determination. 

(b). Absorption - diffraction method 
The absorption-diffraction method was evaluated by deter- 

mining the filler content of the same xerographic papers listed 
above. Values of P, were calculated from the known geo- 
metrical parameters of the diffractometer and using values of 
(I,), measured under the same conditions as for measurement 
of I, values. The standard anatase, calcite, clay, and talc sam- 
ples used were the same as those commonly used in the paper- 
making process. Equation [lo] was used for calculation of the 
weight fraction of fillers. Values of A,  B, (I,.),, and P, are 
reported in Table 4. The filler content in the five xerographic 
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20 
Anatase 

0 

X J ' X S  

FIG. 7. Plot of I,i/I,.y versus x J / x s  for anatase. 

'0 r Calci te  

X J / ~ S  

FIG. 8. Plot of I , , / l l s  versus xJ/,rs for calcium carbonate in paper. 

x ~ ' x ~  

FIG. 9. Plot of I , , / I , ,  versus ,rJ/.rs for clay. 

Talc 

20 

X J I X S  

FIG. 10. Plot of 1,,/11, versus x J / x s  for talc. 

TABLE 2. Measured values of 
K '  for the different fillers 

investigated 

Filler K '  

Anatase 
Calcite 
Clay 
Talc 

papers determined using this method are reported in Table 5 
along with those from ash determination. 

Conclusions 
Quantitative results of the method using an internal standard 

are very comparable with results obtained from the 
absorption-diffraction technique. Also, in almost all papers 
investigated, the agreement between ash and X-ray results is 
fairly good with the exception of sample B where high values 
of calcite content are found by both the absorption-diffraction 
and internal standard X-ray methods. Since this paper is made 
in Europe, it is possible that differences in crystallinity exist 
between calcite used in Europe and in North America. Since 
the evaluation of K'  for the internal standard method and of 
( I J ) ,  for the absorption-diffraction method were made using 
papers containing North American calcite, it is possible that 
these values cannot be used to analyze papers made with a 
calcite from different sources. This observation points to the 
fact that one should determine the parameters mentioned above 
with the same fillers as are actually used in the analyzed papers. 

The average deviation between results from X-ray diffrac- 
tion analysis and results from ash determination for both meth- 
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50 46 42 38 34 30 26 22 18 14 10 6 

2 8 (degrees) 

FIG. I I. X-ray diffractometer traces of five commercial xero- 
graphic papers. 

TABLE 3. Filler concentration in five commercial xerographic papers 
as determined by X-ray diffraction (internal standard method) and ash 

determination 

Xerographic paper Filler .Y,, (X-ray) .YJ (ash) 

Sample A Clay 
Talc 0'028 ) 0.097 0.069 0.093 

Sample B Calcite 0.269 0.190 

Sample C Clay 0.1 16 0.094 

Sample D Anatasc 0.012 
Clay 0.101 
Talc 0.004 

Sample E Clay 
Talc 

0'098 1 0.100 0.096 
0.002 ] 

ods of X-ray analysis is 15%, which seems acceptable in view 
of the heterogeneity of paper and its fluctuating water content. 
However, in our view the use of an internal standard is more 
difficult in practice since great care must be used in adding the 
internal standard and it is necessary to prepare a set of standard 

TABLE 4. Values of the parameters used in the absorption- 
diffraction method 

Filler A (cm') B (cm') (I,j),, (counts) Pjj ( x  10.') 

Anatase 0.45 2.10 18629 3.99 
Calcite 0.45 1.78 20 104 5.08 
Clay 0.45 2.10 26638 5.71 
Talc 0.45 3.00 10310 1.55 

TABLE 5. Filler concentration in five commercial xerographic papers 
as determined by X-ray diffraction (absorption-diffraction method) 

and ash determination 

Xerographic paper Filler .r, (X-ray) x, (ash) 

Sample A Clay 
Talc 

0'013 1 0.1 15 0.102 0.093 

Sample B Calcite 0.246 0.190 

Sample C Clay 0.102 0.094 

Sample D Anatase 0.01 1 
Clay 0.101 
Talc 0.017 

Sample E Clay 
Talc 0'079 1 0.084 0.005 0.096 

papers. Use of eq. [5 ]  for calculation of K' was not successful, 
presumably because of preferred orientation and micro- 
absorption effects in the paper samples. 

Therefore, we conclude that the absorption-diffraction 
method of quantitative analysis using X-rays provides a rapid 
and moderately accurate method of determination of inorganic 
fillers in paper. This method is preferred over the use of an 
internal standard. 

I. K .  W. BRITT. Handbook of pulp and paper technology. Van 
Nostrand Reinhold Company, New York. 1970. 

2. T. C. PATTON. Pigment handbook. Wiley-Interscience, John 
Wiley and Sons. New York. 1973. 
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New York, NY. 1977. 

4. R. A. PARHAM and J. D. HULTMAN. TAPPI. 59(1), 152 (1976). 
5.  H. C. KoCH, C. E. BRANDON, and K. P. GEOHEGAN. TAPPI, 

34(6), 265 (195 1 ). 
6. C. L. CAREY and J. W. SWANSON. TAPPI, 43(10), 813 (1960). 
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Styrenelbutadiene block copolymer micelles in heptane 
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T. L. BLUHM and M. D. WHITMORE. Can. J .  Chem. 63, 249 (1985). 
The radius of gyration of poly(styrene-b-butadiene) block copolymer micelles in 11-heptane is measured by small angle X-ray 

scattering (SAXS). The results are compared with theoretical predictions. and good agreement is found, particularly for the 
appropriate scaling relations. It is argued that the radius of gyration of the micellcs depends on both the molecular weight and 
the composition of the copolymers. 'The dominant factors which determine the micelle core and corona dimensions are 
identified. 

T. L. BLUHM et M. D. WHITMORE., Can. J. Chem. 63, 249 (1985). 
Faisant appel A la dispersion des rayons-X A petits angles (DXPA), on a mesure les rayons de giration des micelles de 

copolymkres en bloc de poly(styrkne-b-butadikne) dans le n-heptane. On a compare les resultats avec Ics prCvisions thkoriques 
et I'accord est satisfaisant, particulittrement pour les relations d'kchelles appropriees. On pense que Ic rayon de giration des 
micelles depend A la fois du poids molCculaire et de la composition dcs polymcrcs. On a identifie les factcurs principaux qui 
determinent le centre de la micelle et les dimensions dc la couronne. 

[Traduit par le journal] 

Introduction 

In the recent past, much experimental work has been done on 
diblock copolymer micelle formation in both selective solvents 
(1-5), and in a homopolymer corresponding to one of the 
copolymer blocks (6). More recently, a theoretical model has 
been developed for predicting the structural properties of these 
systems from equilibrium statistical mechanics (7, 8). For 
given molecular weights and chemical compositions of the 
copolymers and of the solvent or the homopolymer, the proper- 
ties of interest include the sizes of the insoluble core and solu- 
ble corona, their swelling by the solvent or homopolymer, the 
stretching of each block of the copolymer, and the number of 
copolymer molecules per micelle. In addition to the overall 
magnitudes of the quantities, the ways in which they scale with 
the molecular weights of each block of the copolymer and of 
the homopolymer (if present), and with temperature, are of 
particular interest. 

In this paper, we consider a system consisting of 
poly(styrene-6-butadiene) block copolymers in n-heptane, a 
selective solvent for the butadiene. In earlier work, Plestil and 
Baldrian (2) used small-angle X-ray scattering (SAXS) to de- 
termine the micelle parameters in this system over the tem- 
perature range 18 to 50°C, for copolymers of number average 
molecular weight MN = 64 700 with 24% polystyrene by 
weight. Noolandi and Ho,ng (7) developed a simple model 
involving one fitted Flory interaction parameter; their calcula- 
tions were in good agreement with these results, including the 
temperature dependence. 

A similar system has been studied by small angle neutron 
scattering (SANS), namely poly(styrene-6-butadiene) co- 
polymers in polybutadiene homopolymer (6). In that work, 
four copolymers of different molecular weights and com- 
positions, and three different molecular weight homopolymers 
were used. The measured quantity was the radius of the core, 
I,, which was found to increase with increasing mw of the 
styrene block of the copolymer (or the homopolymer), but 
decreases with increasing mw of the butadiene block. In an 

' Permanent address: Department of Physics. Memorial University 
of Newfoundland, St. John's, Nfld., Canada A1 B 3x7. 

extension and refinement of the model of ref. 7, Whitmore and 
Noolandi (8) obtained theoretical values for I,, which were in 
good overall agreement with these experiments and in particu- 
lar, the scaling of I, with the molecular weights of each block 
of the copolymer and with the homopolymer agreed very well. 
There were no fitted parameters in that case. 

For the present work, we had available block copolymers of 
narrow dispersity and three different molecular weights and 
compositions. We have made room temperature SAXS mea- 
surements of the radius of gyration of the micelles formed in 
tz-heptane, R M ,  and extracted the dependence of R,, on the 
molecular weights of each block. This provides a test of the 
theoretical model which is complementary to the earlier work; 
we have a measure of the overill micelle size through RM (not 
just the core radius I"), and how it  varies with the individual 
block molecular weights (not temperature). In addition, using 
the model we develop additional insight into the experimental 
results. 

Experimental 
The three poly(styrene-b-butadicnc) copolymers used in this study 

were obtained from Professor Dale Meier. Michigan Molecular Insti- 
tute, Midland, MI. They are materials originally supplied by Shell 
Development Company (9). The thrce polymers wcre designated by 
the code number SB(22-55), SB(l2-71). and SB(12.5-93) referring to 
diblock copolymers with block molecular weights in thousands corre- 
sponding to the initials in the code. For example. SB(22-55) is the 
code for a styrene-butadiene block copolymer with a 22 000 molecular 
weight styrene block and a 55 000 molecular weight butadicnc block. 
 he-~heli product numbers corresponding to the; polymers are TR- 
41 -2673, 967-250, and 982-250. respectively. The polydispersitics in 
all cases are narrow (9) (Pd < I .  I )  

Solutions of these copolymers wcre prepared in 11-hcptane (reagent 
grade) at room temperature and allowed to stand overnight before 
SAXS curves were measured. The solutions were turbid and remained 
stable for several weeks. Several solutions of each polymer wcre 
prepared with concentrations varying from 2 to 10 g L- ' .  Radii of 
gyration obtained from the SAXS data were extrapolated to zero 
concentration to remove any concentration effect. All samples were 
run twice in order to ascertain the experimental errors. Small angle 
X-ray scattering curves were obtained using a Kratky camera with a 
40 km eFtrance slit, a 75 krn receiving slit and CuKci radiation ( A  = 
1.5418 A). Scattered intensity was measured by means of a propor- 
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FIG. I .  Guinicr plots of diblock copolymcrs (SB(12.5-93). 
SB(22-5). and SB(12-71) all at a concptration of 10 g & ' in 11- 
hcptanc. Thc radii of gyration arc 182 A. 177 A, and 162 A at 10 g 
L ', rcspcctivcly. 

TABLE I .  Experimental and thcorctical propcrtics of thc miccllcs 

Sample code 
Molecular weight 
zcs 
ZCA 
RM (A) expcrimcntal 
Theuretical properties 
RM (A) 
/B (4) 
/A (A) 
a0 

(PCB1" 
(pcAt2) 

d (A) 

tional counter cquippcd with a pulse hcight analyzer. Thc solutions 
were placed in beryllium glass capillarics (2.0 mm diamctcr) and thc 
data werc collccted at room tcmpcraturc. Thc intcnsity scattcrcd by a 
solvent blank was subtracted in each casc. Sufficicnt counts wcrc 
measurcd at cach point during stcp-scanning so that thc counting error 
was less than 1%. Radii of gyration wcrc thcn dctcrmincd from Guin- 
ier plots constructed using the slit smcarcd intcnsity data directly. 

Guinier's approximation (10) of thc scattering curvc at vcry small 
angles can bc written as: 

[ I ]  I ( h )  = l ( 0 )  cxp (-h'~, ' /3) 

where 

0 equals one-half the scattering anglc and A is thc wavelength of thc 
incident radiation. Thc radius of gyration, R,, is obtained from thc 
slope of a plot of In I (h )  versus h'. It should bc notcd that this 
treatment according to Guinier's Law is valid only for / I 'R ,~  < I and 
that the rad~us of gyration obtained is a z-avcragc radius. Thc radii of 
gyration measured for thc three copolymcr miccllc systcms arc 
reported in Table 1 .  The Guinier plots in all cascs arc linear indicating 

FIG. 2. Cross scction of thc modcl miccllc. consisting of diblock 
copolymcrs in solvcnt. Thc corc rcgion. of radius I t , ,  is assumcd to 
consist of B blocks of thc copolymcr (volumc fraction cpc, " I )  plus 
solvcnt; thc corona, of thickness I,\, consists of A blocks of thc co- 
polymer (volumc fraction cp,.,"') plus solvcnt; thc outcr rcgion is 
calculatcd to consist almost cnircly of solvcnt (illthough thc modcl 
docs allow for a finitc copolymcr volumc fraction cpc"' in this rcgion). 
Each of thc thrcc rcgions is assumcd to bc uniform. 

that thc miccllcs arc most probably sphcrical and monodispcrse (sce 
Fig. I) as onc might cxpcct from ncarly monodispcrsc copolynicrs. 
The prcscnce of thc monodispcrsc miccllcs allows us to makc d~rcct  
comparisons with theory dcvelopcd for monodispcrsc systcms. 

Analysis 
The results reported in Table 1 are now used to test the model 

referred to earlier, which in turn is then used to further analyze 
these results and deduce additional structural properties of the  
micelles. This model is essentially that developed originally by 
Noolandi and Hong (7); i t  incorporates the refinements intro- 
duced by Whitmore and Noolandi (8), but they turn out to be 
unimportant for this case. The model is fully described in refs. 
7 and 8; here we describe i t  only briefly, generally writing out 
equations only when they differ from those in refs. 7 and 8. The 
model micelle is shown schematically in Fig. 2. 

Each micelle is assumed to consist of a uniform core, re- 
ferred to as region I, and a uniform corona, region 2. The core 
consists of polystyrene blocks of the copolymer ( B  blocks) and 
solvent, with volume fractions cpCB1" and cpsl", respectively. 
Similarly, the uniform corona consists of polybutadiene blocks 
of the copolymer (A block) and solvent, with volume fractions 
cPc,,"' and cp,'". Region 3, lying between the micelles, contains 
randomly distributed copolymers and solvent cps'3'. It is 
also assumed that the system is incompressible, so that in each 
region the volume fractions sum to unity. 

In the procedure, the first step consists of obtaining an 
expression for the free energy of this system with micelles 
relative to the random state, 
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Here V is the volume of the system, T the temperature. kn is 
Boltzmann's constant, and pos a reference density taken to be 
that of the pure solvent. The free energy difference depends on 
the degrees of polymerization of each of the two blocks of the 
copolymers, Zc13 (core) and Zc, (corona), the densities of each 
of the corresponding pure systems (pas, pot3, pOA), three Flory 
interaction parameters and the overall copolymer volume frac- 
tion cp,". In addition, Ag depends on four independent param- 
eters which specify the structural properties of the micelles. 
They are the radius of the core, which we call I,,, the corona 
thickness I,,, the unit cell radius R, and the fraction of co- 
polymers which condenses to form the micelles, FMC. (The 
remaining fraction F F  = I - F~~ remains in solution between 
the micelles.) The equilibriuni values of these four parameters 
are the set that minimize Ag; the procedure thus consists of 
minimizing Ag with respect to them. 

We express Ag as a sum of six terms. The first is the change 
in interaction energy. 

In eq. [4],.fK = (ZCK poC)/(ZC pOK) for each component with Zc 
= ZCA + ZCR, and POC is given by (Zc/~oc)  = (ZcA/poA) + 
(Zcn/pon). F? is the fraction of solvent in region i, and G,' is 
the fraction of the total volume occupied by region i. The room 
temperature molar densities were taken to be po, = 0.0 165 
cni-I ( 1  I), poR = 0.0 103 cm-' (12), and pos = 0.00684 cm-' 
(2). Choosing p,,, for the reference density, the Flory x param- 
eters are XAR = 0.24 (8, 131, X,,S = 0.53 (7). and XBS = 1.9 (7). 

The core-corona interface of each micelle contributes an 
interfacial energy, which has the form 

with the interfacial tension given as a simple function of cpc,"l 
and cpC,"' as well as the Flory x parameters. The width of the 
interface, d, is given approximately by 

when b is an average Kuhn statistica; length. For the present 
case, the lengths ( 1  I )  are 0,. = 6.8 A and bn = 7.1 A. 

The third and fourth contributions are clue to the reduction in 
entropy when fractions of each coniponent are restricted to the 
different regions, including the localization of the copolymer 
joints to the interface. The stretching of the copolymer blocks 
is incorporated via the Flory expression for the elastic energy 
and depends on the relative extension of each block a, and a n ,  
defined by a, = (3/ZC,)"' /,/OK in each case. Finally, the 
small term which is due to the translational entropy of the 
micelles constitutes the sixth contribution to Ag. 

The model as described provides theoretical values for the 
micelle parameters. For direct comparison with the experi- 
mental results, the radius of gyration of the micelles was calcu- 
lated (2). 

3 ~lr\~lbl '  - lH')/(lh13 - 113.') + clB(.f;\LfA) 113' 
[7] R h I 2 = -  

5 ll* + ( , f i 3 L t i ) l l l 3  

FIG. 3. Micelle radii of gyration as a function of fi, for thc co- 
polymers studied. The uppcr points are the theoretical valucs. and thc 
lower ones are the cxpcrimcntal. As argued in the text. duc to the 
different compositions of thc blocks the two sets of points are not 
cxpected to lie on straight lines. Howevcr calculating the slopes of the 
straight lines as shown gives an overall power law of Rhl x fiNo-JJ both 
theoretically ant1 experimentally. 

where I,, = I,, + Il3, and a ,  and a, represent the density of 
"excess" electrons of polybutadiene and polystyrene, re- 
spectively. 

These theoretical values of RM are included in Table I. The 
first point to note is the reasonable overall agreement with the 
measurements being consistently about 20% larger. (Recall 
that there are no fitted parameters.) Second, the overall general 
increase in R,, with molec~~lar weight is in agreement. Finally, 
note that for the second saniple, Rh, is predicted to be slightly 
lcss than for the first, even though the niolecular weight is 
somewhat g r e ~ ~ t c r .  This, in fact, is not inconsistent with the 
meajurenients; a decrease of this sniall magnitude is well with- 
in the estimated error. 

This last observation further illustrates a point emphasized in 
ref. 8,  namely, that even the total micelle radius-(or R,,) is 
determined by the degree of polynierization of each block of 
the copolymer, ZcA and ZcL3, not just the total d.p. Zc; i t  is clear 
from Table I that Zc and the total molecular weight are larger 
for sample 2 than for saniple I. 

Although the experimental uncertainty precludes verification 
of the prediction of a slightly smaller Rh, for sample SB(13-71) 
as compared with SB(73-55), we can quantify the cornparison 
of the theory and experiment by least-squares fitting a straight 
line to the two sets of points. Based on the above argument, we 
expect that the points should not lie on a straight line, but this 
procedure does act as a test of the niodel. The result is illus- 
trated in Fig. 3; remarkably (and no doubt fortuitously), both 
theory and experiment give an average overall dependence of 
R,, M,"". This agreement implies the niodel predicts well 
the scaling of the entire micelle size. Furthermore, Whitmore 
and Noolandi found good agreement for the scaling of the core 
of the micelles (in homopolynier). We are thus lead to have 
considerable confidence in the scaling laws predicted by this 
mode I .  

Based on this evidence, we can extract from the model some 
additional features. Table I lists the theoretical values for the 
radii (or thicknesses), stretching parameters and copolymer 
volume fractions in each region of the micelles, and the widths 
of the interfacial regions, d. Due to the somewhat large values 
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of RM obtained theoretically one or both of I ,  and I ,  is pre- 
sumably overestimated, with corresponding effects on a ,  and 
a,. The small values of cp,,"' are largely due to geometry; even 
if the A blocks were unstretched, for the values of I ,  found we 
would have cp,,"' = 0.3. We point out that the copolymer 
volume fraction remaining in solution is always very small, 
CPC '~ '  < 10-"'. 

Next, we examine the scaling of I ,  and I,. Over the range of 
Zc, and Z,, used in these measurements, we find (the- 
oretical ly), 

The picture that emerges is thus very similar to that found when 
a homopolymer was present in place of the solvent. 'The dom- 
inant behaviour is that the core radius scales with Z,,, with a 
power very close to 213, and the corona thickness with Za 
with a power somewhat larger than 112. These two scaling 
laws are perfectly consistent with a decrease in RM with in- 
creasing M N  or ZC, if the composition also changes. As well, 
they - are certainly consistent with the average scaling RM a 
MN0,14, since the composition changes over the range. 

It is also interesting to compare the A block stretching found 
here with the case of the AB copolymer in the A type homo- 
polymer. In that case, there is no increase in interaction energy 
when the homopolymer penetrates-the corona, leading to more 
stretching and hence a larger a ,  than found in the present case. 

One of these copolymers, SB(22-55), has been investigated 
using a new technique involving degradation of the poly- 
butadiene matrix surrounding the polystyrene core (14). The 
degradation is achieved using ozone produced by an ozone 
generator. Thin copolymer films were first cast from octane 
solution, producing spherical structures, placed on stainless 
electron microscope grids, and then exposed to ozone. The 
result was polystyrene cores, separated completely from any 
matrix materials, which could then be shadowed with Pt-C 
and observed in the transmission electron microscope. The 
resulting micrographs obtained from SB(22-55) so treated re- 
vealed polystyrene cores with radii of approximately 1 15 A in 
excellent agreement with the predicted values of lR in Table I .  
However, it should be pointed out that values of 1, from elec- 

tron micrographs of stained copolymer tilms were found in the 
same study to range from 130 to 200 A. 

Conclusion 
We have measured the radius of gyration of polystyrene/ 

polybutadiene block copolymer micelles in tz-heptane, and 
found an average power law dependence RM M , ' . ~ .  We have 
modelled the system theoretically, and found the same power 
law dependence. However, it is argued that the composition of 
the blocks is also important, and that we should not expect all 
data points to obey this relationship because of their varying 
composition, a conclusion which is consistent with the mea- 
surements. Theoretically, we find the scaling of the core radius 
and corona thickness to be approximately zCB'I3 and z,,"~, 
respectively, and that these relations are consistent with the 
average dependence of RM on M N  found experimentally. 
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L. H. GARCIA-RUBIO and N.  Ro. Can. J.  Chem. 63, 253 (1985). 
A method is demonstrated for the interpretation of the ultraviolet spectra of styrene-containing copolymers. This method is 

based on the use of model molecules to approximate the absorption behaviour of the known chromophores and on the statistical 
estimation of the average spectra of the unknown chromophores. 'The analysis yields directly the copolymer composition and 
an estimate of the background spectra which arise from the different arrangements of the styril units along the polymer chains. 
It is shown that reliable composition estimates are obtaincd for styrene - methyl methacrylate and styrene-acrylonitrile 
copolymers. 'The results from the interpretation of the spectra are discussed and compared with results obtained from the 
statistical copolymerization models. 

L. H. GARCIA-RUBIO et N. Ro. Can. J.  Chem. 63, 253 (1985). 
On prCsente une mCthode permettant d'interpreter les spectres ultraviolets de copolymeres contcnant du styrene. Cctte 

mtthode est bas& sur I'utilisation de molCcules modkles qui permettent de determiner approximativement le comportcment, 
vis-i-vis de I'absorption, de chrornophores connus ainsi que sur I'Cvaluation stat~stique du spectre moyen de chromophores 
inconnus. L'analyse permet d'obtenir directement la composition du copolymkre et d'kvalucr Ies spcctrcs de fond qui dCcoulent 
des diffkrents arrangements des unitCs styriles le long des chaines de polymkres. On dernontre que, pour les copolymkres 
styrknelmCthacrylate de mithyle et styrkne/acrylonitrile, on obtient des Cvaluations fiables de la compositions. On discute des 
r6sultats obtenus par I'interprktation des spectres et on les compare avec les resultats obtenus partir de n~odkles statistiques 
de la copolymCrisation. 

[Traduit par le journal] 

Introduction 
The application of ultraviolet spectroscopy to the analysis of 

styrene-containing copolymers has been extensively reported 
in the literature ( I  - 13). Band shifts, solvent effects, and hypo- 
chromic effects have been observed as functions of the co- 
polymer composition and the microstructure of the polymer 
chains (2-8). The band shifts, solvent effects, and other anom- 
alies observed in the absorption behaviour of polymers have 
precluded the development of analytical techniques which can 
yield composition estimates directly from the uv spectra (4). 
Existing techniques have to resort to assumptions regarding the 
copolymerization kinetics or to independent measurements of 
the copolymer microstructure (8- 1 I). In this paper, a method 
is demonstrated which yields directly both the copolymer com- 
position and an estimate of the background spectra which arise 
from the different arrangements of the styril units along the 
polymer chains. The method proposed is based on the use of 
model molecules to approximate the absorption patterns of the 
known chromophores and on the statistical estimation of the 
average spectra of the unknown chrornophores. The technique 
reported is shown to give reliable estimates of the copolymer 
composition for styrene - methyl methacrylate and styrene- 
acrylonitrile copolymers. The preliminary assignment of 
absorption patterns is discussed and compared with previous 
literature reports and with the results of statistical copoly- 
merization models. 

Literature review 
Studies on the absorption behaviour of styrene-containing 

copolymers have shown significant deviations from Beer's 
Law and from the assumption of additivity of the absorption of 

'Current address: College of Engineering, University of South 
Florida, Tampa, Florida 33620. 

'~evis ion received August 3 ,  1984. 

the individual components. These deviations have been attrib- 
uted to the microstructure of the polymer chains (3, 4, 8,  10, 
I I) and in some cases to the conformation of the molecules 
in solution (2, 6, 9). Vala and Rice (2) observed that the 
extinction coefficient of isotactic polystyrene at certain wave- 
lengths is smaller than the corresponding extinction coef- 
ficients for atactic polystyrene. This reduction in extinction 
coefficient (hypochromism) was attributed to the anisotropic 
effect of the phenyl rings. A similar hypochromic effect on the 
steric isomerism has been observed in the case of polymethyl 
rnethacry late ( 14) and poly(2-methylbutyl methacrylate) (15). 
Hypochromic effects on styrene copolymers were first reported 
by O'Driscoll et ul.  (3) from observations made in the analysis 
of styrene - methyl methacrylate copolymers (SMMA). These 
authors suggested that the differences in the extinction coeffi- 
cients were due to differences in the length of the styrene 
sequences present in the polymer chains. Brussau and Stein (4) 
investigated the effect of the sequence length of the uv absorp- 
tion of styrene-butadiene (SB), styrene - maleic anhydride 
(SMA), and styrene-acrylonitrile (SAN) copolymers at 
several wavelengths in chlorofornl and THF. They also con- 
cluded that the response of the uv detector appears to be a 
function of the length of the styrene sequences. Stutzel et al. 
(8) investigated SMMA copolymers in THF and dioxane solu- 
tions. From their analysis using styrene dimers they concluded 
that the hypochromic effects are probably not due to differences 
in conformation. Rather, they suggested that hypochromic 
effects arise from the sequential arrangement of the monomer 
units in the chain, in agreement with O'Driscoll's and 
Brussau's conclusions. 

More recently, the assumption that the extinction coefficient 
is correlated with the sequence length has been used by Gruber 
and Knell ( 10) in the analysis of styrene - butyl acrylate and 
styrene - n-butyl methacrylate copolymers and by Garcia- 
Rubio et ul.  (I I) for the development of the GPC (gel per- 
meation chromatography) technique for the analysis of SAN 
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copolymers. 
Russo and co-workers (6, 7).' concluded, from studies on the 

hypochromism of SMMA copolynlers in ester solutions, that 
the hypochromism in SMMA copolyn~ers seems to be pro- 
duced by inter- and intramolecular interactions between carbo- 
nyl groups and the phenyl rings and, therefore, it is governed 
by the number (sequence length) and intensity (solvent di- 
electric constant) of such interactions. These authors experi- 
mentally demonstrated that the hypochromism in SMMA co- 
polymers can be effectively eliminated at 269.2 nm by using 
ester-type solvents. Recent studies (12, 13) on the estimation of 
copolymer extinction coefficients have also shown that, within 
the limits of experimental error, Beer's Law and the assump- 
tion of additivity of chromophores appear to be valid for a 
variety of styrene homopolymers and copolymers. This sug- 
gests that the hypochromic effects and the deviations from 
Beer's Law are due to unidentified chromophores present in the 
polymer molecules. The general concensus, however, favours 
the hypothesis that recognizes the length of the styrene se- 
quences as the most important factor in explaining the observed 
deviations from Beer's Law. This implies that uv spectrophoto- 
meters cannot be used as concentration detectors for copolymer 
analysis without prior calibrations, which include the necessary 
corrections for the copolymer microstructure (4, 8, 1 1 )  or, 
alternatively, that a suitable solvent system should be found for 
each copolymer system, which will minimize the micro- 
structure effects on the absorption.behavior of the polymer. 
Either approach is unsatisfactory for chromatography experi- 
ments, where i t  would be desirable to interpret the detector 
responses directly, without having to make assumptions re- 
garding the n~icrostructure of the copolymer or without having 
to collect fractions for further analysis. Therefore, there is 
incentive for the development of the necessary methodology 
for the interpretation of the uv spectra. 

Method of analysis 
The estimation of copolymer compositions from uv spec- 

troscopy data can be divided into several aspects: I. the identi- 
fication and quantification of chromophores embedded along 
the polymer chains that may have different absorption patterns. 
depending on their local environment and position in the chain; 
2. the selection of model molecules which can adequately rep- 
resent at least some of the chromophores present; 3. the statis- 
tical estimation of the polynler compositions and an average 
representation of the unidentified chromophores. 

Based on the recent reports which suggest that: (a) Beer's 
Law is valid for chromophores present in the polymer mole- 
cules ( 12) and (b) that model compounds can be used to repre- 
sent equivalent chromophores attached to the polymer mole- 
cules (13), the first problem can be postulated as a statistical 
identification process, where the objective is to obtain an accu- 
rate representation of the spectra of all the species present in the 
polymer molecules. The simplest criterion for the identification 
is to select those model molecules that best predict the spectra 
of the unknown mixture of chromophores, i.e. to eliminate 
statistically those components that. within the limits of the 
experimental error, cannot reduce the residual sum of squares 
between the measured and the calculated spectra. The calcu- 
lated spectra are obtained from Beer's Law applied to all the 
concentrations over all the measured wavelengths, i.e.: 

'M. Ncncioni and S. Russo. Privatc communication. 

The objective function for the minimization process is given 
by: 

+'!I 
[2] Min: Xi  C, 7 

(T-.. 

where 

N 

a';; = var (A,,) + C [ICip,,] '  var (E ,,,,) 

Alternatively, the differences between the measured (E:) and 
calculated extinction coefficients can also be used in the objec- 
tive function. For this case, eq. 121 becomes: 

[3] Min: [(E; - i t,,,p,,)'/var (E;) 
I I 

where the variances of the extinction coefficients are estimated 
from the absorption measurements. The solution of the non- 
linear equations [2] or [31 for the identified number of com- 
ponents yields the composition estimates, as shown for the 
initiator fragments present in polystyrene molecules (13). 

In the case of copolymers and other complex polymers, the 
spectra (E,,,) which correspond to some of the species present 
can be obtained directly from the homopolymers of the mono- 
mers used to synthesize the polymer. If there are no effects on 
the absorption behaviour due to inter- and intramolecular inter- 
actions between the functionalities present in the solvent and in 
the polymer molecule, the direct application of [2] or [3] to- 
gether with the spectra of the homopolymers and the initiator 
fragments should yield the copolymer composition estimates. 
However, if interactions are present, as in the case of styrene 
copolymerized with polar comonomers (4), the spectra of the 
chromophores present may be altered in an, as yet unknown, 
fashion. Ln order to aid the identification of the effects due to 
interactions, it is desirable to estimate the spectrum of the 
distorted or the unknown species. For this purpose the fol- 
lowing assumptions are made. 

(a) 'The distorted spectra of chromophores which result from 
interactions with the comonomer or with the solvent are consid- 
ered to be separate species obeying Beer's Law. 

(b) The spectra of the identified species are assumed to 
be independent of both the microstructure and the copolymer 
composition. 

Given these two assumptions, it  follows that ifN - 1 species 
have been identified, or are known to be present in the poly- 
mer, it is possible, by applying simultaneously eqs. (21 or [3] 
to K different polymer samples, to obtain estimates of the 
composition for the K samples and the extinction coefficients 
for the Nth species (i.e. E,,,: j = I, ..., A).  

In other words, it is possible to obtain the composition esti- 
mates and an estimate of the extinction coefficient for the Nth 
component conditional upon the identification of N - I com- 
ponents, and the availability of K different polymer samples. 
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GARCIA-RUB10 A N D  RO 

TABLE I.  Data on styrene - methyl rncthacrylatc and styrcnc-acrylonitrilc copolyrncrs 

Copolymer composition 
jl0 

Samples (mol%) X ,  % Styrene Mcthod of analysis Refcrcnccs 

SMMAO I 
SMMA02 
SMMA03 
SMMA04 
SMMA05 
SMMA06 
SMMA07 
SMMA08 
SMMA09 
SMMAIO 
SANO l 

' H  nmr:' 
' H  nmr 
' H  nmr 
'H nmr 
'H nmr 
'H nmr 
'H nmr 
'H nmr 
'H nmr 
'H nmr 
Rcportcd by I 

SANO2 70.0 ,Reported by rnanufacturcr 

SAN03 76.8 Rcportcd by manufacturer 

SAN9O 90 94.3 94.37 Gas chromatography/'H nmrt 
SAN80 80 69.9 85.23 Gas chrornatography/'H nmr 
SAN50 50 10.0 72.09 Gas chromatography/'H nmr 

*The standard error for the nmr measurements is 1.75% (refs. 17, 18 and 26). 
?The standard error for the gc measurements is 1 .O% (ref. 18). 

Scicntific Polyrncr 
Products 494 
Scientific Polymcr 
Products 495 
Monsanto Standard 

18 
18 
18 
18 

The total number of parameters to be estimated in this case is 
given by: 

[4] N ,  = A + KN 

The total number of observations available from K samples 
measured at I  concentrations and A wavelengths is given by: 

[5] Nc,h = AKI 

If eq. [3] is applied, then the number of observations becomes: 

[61 Noh = AK 

A necessary condition for the estimation of N ,  parameters is: 

[71 N , ~ N " b  

It follows from eq. [7] that: 

Meas~tretnenfs 
The uv spectra for the polymers and modcl compounds in THF werc 

determined in a H.P. Diode array 8450 uv/vis spectrophotometer at 
room temperature with a I-cm path lcngth ccll. Up to sevcn concen- 
trations plus replicates were used to obtain good cstimatcs of thc 
extinction coefficients as well as the measurement crrors. Spccial carc 
was taken to ensurc that the rneasuremcnts wcrc always within thc 
linear range of the instrument. The raw absorption data wcrc trans- 
fcrred to a Data Gencral S-230 Eclipse computer for furthcr pro- 
cessing. The linear bchaviour of the absorption with respect to concen- 
tration was statistically verified for all thc substances uscd. Estimation 
of the extinction coefficients was donc on a weight basis to minimize 
propagation of the cxperimental error (13). 

Analysis of all thc polymer samples was restricted to the spectral 
region between 250-300 nm. This was donc to rcducc the dimen- 
sionality of the statistical estimation problem when using eq. 121 or 
131. 

A 
[8] K > -  

A  - N Results and discussion 
Ultraviolet spectra of polystyrerze ~zrzd rnodel cornpourzds Therefore, if A S N ,  a minimum of two samples should 

Comparison of the absorption spectra of polystyrene with suffice to estimate the N ,  parameters. The solution to the non- 
two similar chromophores, butylbenzene and its stereoisomer, linear eq. [2] or [3] for N i  parameters can be accomplished 
tert-butylbenzene (Figs. I and 2), indicates the importance of using any of the nonlinear least-squares estimation techniques 
steric effects in modifying the absorption pattern of a single (16). From the estimated background, the appropriate model 
chromophore. It seems that the ability of the phenyl rings, or may be Or al ternativel~ the estimated ab- the molecules containing them, to al ign themselves in the pres- sorption pattern may be used directly for the estimation of 

composition in other samples. ence of the uv light has a definite effect on both the absorption 
  at tern and the magnitude of the extinction coefficient. The fact 
;hat the absorptionvbehavior of butylbenzene and polystyrene is Experimental 
very similar in form and intensity suggests that the phenyl 

Maferials groups in the polystyrene molecules are arranged in an oderly 
The model molecules but~lbenzene, tert-butylbenzene, and ethyl structure that maximizes (he interaction between (he pheny~ benzoate were purchased from Eastman Kodak and Aldrich Chemicals 

respectively. The solvent, spectral grade tetrahydrofuran, was ob- rings. As the steric hindrance for such an arrangement increases 

tained from Burdick and Jackson Laboratories. The polymer samples (tert-but~lbenzene)l the absorption pattern changes and the 
were synthesized via free radical p~lymcriz~t ion using benzoyl per- absorption intensity decreases (Fig. 2). A similar observation 
oxide and 2,2'-azobisisobutyronitrile as initiators in the temperature has been made by Stutzel and Miyamoto from their studies on 
range of 40 to 60°C (17, 18). Table 1 lists the properties of the rneso- and d,l-2,4-diphenylpentanes and isotactic and syn- 
materials investigated. diotactic rich polystyrenes (8). These authors also show that the 
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WAVELENGTH ( n m )  WAVELENGTH (nm) 

FIG. 1. Absorption spectra of butylbenzene and the National Bu- FIG. 2. Comparison of the absorption spectra of butylbenzene and 
reau of Standards polystyrene NBS706. tert-butylbenzene, 

spectra of the polystyrenes and of the isomers decrease in 
intensity with increasing temperatures and converge to a shape 
similar to the tert-butyl benzene absorption pattern. The con- 
clusion from the above observations is that the mutual position 
in space of adjacent phenyl rings seems to control the extinction 
coefficient as well as the shape and the form of the absorption 
spectrum. Therefore, depending on the chemical and steric 
nature of the comonomer, an absorption pattern intermediate 
between polystyrene and tert-butyl benzene could be expected 
as a result of the statistical estimation process. 

Analysis of styrene -.methyl methacrylate copolymers 
The analysis of the SMMA copolymers shown in Table 1 

was conducted in two stages. In the first stage the least-squares 
solution of eq. [3], using the data from samples SMMAOl to 
SMMA06 (Fig. 3) and the model molecules of polystyrene, 
tert-butylbenzene, and ethyl benzoate, gave the corresponding 
copolymer compositions (Table 2) and an average spectrum of 
the unidentified background (Fig. 4). Using the estimated 
background and the same model molecules, the analysis of the 
remaining samples (i.e. SMMA07- 10) was done applying eq. 
[3] directly to each sample. 

The estimation of the background was done conditional upon 
the following assumptions. 

(a) The spectrum of polystyrene adequately represents some 
of the styril units present in polystyrene sequences, particularly 
those present in long styrene sequences. 

(b) The spectrum of tert-butylbenzene can be used as a good 

approximation of the styril units that are either isolated or 
sterically hindered. This assumption was made based on the 
similarity between the spectrum of tert-butylbenzene and the 
spectra of high methyl methacrylate SMMA copolymers (com- 
pare Figs. 2 and 3). 

(c) The spectrum of ethyl benzoate was used to approximate 
the benzoate groups resulting from the decomposition of ben- 
zoyl peroxide (1 3). 

'The initial guesses for the simultaneous solution of eq. [3] in 
the first stage (samples 01 -06) were obtained directly from the 
same equation applied to each individual polymer using only 
three components: polystyrene, tert-butylbenzene, and ethyl 
benzoate. (Methyl methacrylate has negligible absorption in 
the wavelength region of interest, 230-300 nm.) Sub- 
sequently, several combinations of initial guesses were used to 
ensure that a global minimum, and therefore the solution to 
eq. [3], had been found. The estimated absorption pattern for 
the unknown chromophores is shown in Fig. 4. The com- 
positions for samples 07-10 were obtained using the pre- 
viously estimated absorption pattern (S3) and the spectra of 
polystyrene NBS706 (S,) ,  tert-butyl benzene ( S 2 ) ,  and ethyl 
benzoate. The copolymer compositions obtained are reported 
in Table 2. Very good agreement between the measured and the 
calculated spectra was obtained in every case, as shown in 
Figs. 5 and 6. Comparison of the columns labelled total styrene 
and nmr in Table 2 indicates that the estimates of the styrene 
content by uv spectroscopy are within the limits of the experi- 
mental error for nmr measurements. The standard error for the 
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GARCIA-RUB10 AND RO 

TABLE 2. Composition analysis of styrene - methyl methacrylate c~po lymcrs '~  

Copolymer composition (wt. %) 
-- 

Styrene 
fio BPO 

Sample (mol%) X ,  fragment S, SZ Sz Total nmr MMA u , ,~  

SMMAO 1 
SMMA07 
SMMA04 
SMMA08 
SMMA09 
SMMAOS 
SMMA I0 
SMMA02 
SMMA03 
SMMA06 

'Standard error for the uv measurements is 0.4% o n  a weight basis. Standard error for the nmr measurements is 1.75% 
on a weight basis. 

WAVELENGTH (nm) 

FIG. 3. Absorption spectra of styrene - methyl methacrylate 
copolymers. Feed compositions as indicated (styrene/methyl 
methacrylate). 

styrene content obtained from the pooled variance of replicate 
uv measurements is 5 0 . 4  on a wt.% basis, whereas for the nmr 
the standard error was estimated at -1 1.75 on the same basis. 
(Note that the standard error for the nmr measurements is in 
good agreement with previously reported values (19, 26)). 
Clearly, the approach suggested here can yield reliable 
quantitative information on the styrene content for SMMA 
copolymers. 

WAVELENGTH (nm) 

FIG. 4. Estimated background spectra for styrene - methyl meth- 
acrylate copolymers (Sz). 

Interpretation of the results for styrene - methyl methacrylate 
copolymers 

As a first step in the interpretation of the results, the reac- 
tivity ratios from the composition data shown in Table I were 
estimated using the "Error in variables" models applied to the 
integrated form of the Mayo and Lewis equation (18, 20). The 
values obtained, r ,  = 0.4971, rz = 0.4639, were used to 
compute the concentration of monads, diads, triads, etc., from 
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FIG. 5. Comparison between measured and calculated spectra for 
sample SMMA04. The residuals from the estimation and the 95% 
confidence interval on the measurements arc indicated. 

CONVERSION 
FIG. 6. Comparison between the measured and thc calculated spcc- 

tra for sample SMMA02. 

VOL. 63. 1985 

3 0 

- 
E 25 
0 
4- 

3 
s ' 20 
3 
a 
Y 

I- 
z 
W 15 
0 
LL 
LL 
W 
0 
0 10 
z 
0 - 
I- 
0 
z 5 
I- 
X 
w 

WAVELENGTH (nm) 

FIG. 7 .  Weight fraction of styrene containcd in styrene - methyl 
methacrylate links as function of the weight convcrsion. Feed com- 
position: (0) 60:40, (A) 35:65 styrenc/mcthyl methacrylate. Solid 
lines, calculated values with r l  = 0.4971 and r2 = 0.4639. 

the standard probability equations integraied as functions of 
conversion ( 18). 'The calculated concentrations were then com- 
pared with those obtained from the uv analysis: the results 
reported by Stutzel and Miyamoto (8) suggested good agree- 
ment between the calculated styrene centered triads (MSM, 
MSS, and SSS) and the uv measured concentrations. This, 
however, was not the case. Concentration differences beyond 
the limits of the experimental error were observed in all cases. 
Closer inspection of the estimated background spectrum (Fig. 
4) indicates a red shift in the peaks at approximatley 267 and 
272 nm relative to polystyrene's 264 and 269 nm. Since these 
red shifts are normally associated with solvent or substituent 
effects (21), we assume that the estimated background arises 
from styril units close to the carbonyl moiety of the methyl 
methacrylate units. That is, the estimated spectrum (Fig. 4) 
arises from coisotactic styrene - methyl methacrylate link- 
ages. If it is further assumed that the species represented by 
tert-butylbenzene correspond to cosyndiotactic placements, 
then the sum of these two species (columns S2 and S3 in 
Table 2) represents the total concentration of styrene in styrene 
- methyl methacrylate diads, and the ratio u , ,~  = S,/(S, + S,) 
represents the fraction of the Sty-MMA diads which are 
coisotactic. 

The mass fraction of styrene contained in Sty-MMA and 
MMA-Sty diads can be readily calculated from the standard 
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GARCIA-RUB10 A N D  KO 

FIG. 8. Absorption spectra of bulk polynicrization styrcne-acrylo- 
nitrile copolymers. Feed composition as indicated in mol% styrene. 

probability approach (22): 

1 - Paa2  
[91 AAB = 

1 + -  
Pba 

where: 

Pab = 
f~ 

; Paa = 1 - Pba 
rb f~  + f~ 

Pba = 
f A  

; Pbb = 1 - Pba 
TB.~B + f~ 

Equation [9] can be numerically integrated along the con- 
version trajectory to give the cumulative concentration of sty- 
rene contained in Sty-MMA links: 

Figure 7 shows the comparison between the measured frac- 
tions (S2 + S1) and the values calculated from eq. [ lo] .  The 
agreement is satisfactory considering that only the total styrene 
content was used for the estimation of the reactivity ratios (20). 

There is also very good agreement between the values for the 
coisotacticity parameter calculated from the uv measurements 
(Table 2) and the literature value of a,, = 0.47 -+ 0.02 
(23-25) obtained from the ' H  nmr analysis of the methoxy 
resonance bands. This agreement supports the assignment of 

-5 1 I I I I 

220 240 260 280 300 

WAVELENGTH ( n l n )  

FIG. 9. Absorption spectra of commercial samples of styrene- 
acrylonitrile copolymers. 

the S2 to the cosyndiotactic Sty-MMA placements and S3 to 
the coisotactic diads. Note that since the Sequence Length 
Distribution is proportional to the number of Sty -MMA diads, 
these assignments also explain previously reported correlations 
between the moments of the Sequence Length Distribution and 
the hypochromic effects (3, 8, 10, l I). 

Analysis of si'yrerle-acrylonitrile copolymers 
The analysis of styrene-acrylonitrile (SAN) copolymers 

was, as in the case of SMMA copolymers, divided into two 
stages. 

(a) The background spectrum and the compositions were 
estimated simultaneously for samples SAN90, SAN80, and 
SANS0 (Fig. 8) for which the conversion and composition were 
known (18). 

(b) Using the estimated spectrum (Fig. lo), the compositions 
for the commercially available copolymers SAN 01-03 
(Fig. 9) were obtained directly from the application of eq. [3] 
to each individual sample. 

The assumptions made in the analysis were the same ones 
previously made for SMMA copolymers. That is, species S,  
and S?, approximated by the spectrum of NBS-706 polystyrene 
and tert-butylbenzene respectively, are also present in SAN 
copolymers. The compositions obtained from the optimization 
procedure are reported in Table 3. Figure 10 shows the esti- 
mated absorption pattern for the unidentified chromophores, 
and Figs. 1 I and 12 show typical comparisons between mea- 
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TABLE 3. Composition analysis of styrene-acrylonitrile copolymer 

Styrene content (wt.%) A,,, calculated 71% 

lsotactic 
Sample S ,  Sz S4 Total Reported S2 + SJ Terminal Penultimate styrene 

0 1 Residuals 

WAVELENGTH (nm)  

FIG. 10. Comparison between the estimated background spectrum 
of SAN copolymers (S4) and. the National Bureau of Standards poly- 
styrene NBS706. 

sured and calculated spectra for samples SAN90 and SAN02 
(the highest and the lowest in styrene .content). Clearly, the 
total styrene content measured by uv spectroscopy is in good 
agreement with the values reported from other measurement 
techniques (see Tables 1 and 3). In addition, there is very good 
agreement, within the limits of the experimental error, between 
the measured and the calculated uv spectra. 'This indicates that 
the estimated spectrum constitutes a good average represent- 
ation of the unidentified chromophores. 

Interpretation of the results for SAN copolymers 
Close inspection of the estimated background spectrum 

(Fig. 10) shows that it has common features with the spectrum 
of isotactic polystyrene (8). This suggests that the presence of 

+ 2 0  
- Residuals 

WAVELENGTH ( n ~ n )  

FIG. I I. Comparison between the measured and the calculated 
spectra of styrene-acrylonitrile copolymer SAN90. The residuals 
from the estimation and the 95% confidence interval on measurements 
are indicated. 

the acrylonitrile units may induce tacticity in the styrene se- 
quences, or, as in the case of Sty-MMA copolymers, the 
observed absorption pattern may arise from coisotactic 
styrene/acrylonitrile diads. In order to assign the envelopes S,, 
S2, and S4, the analysis done for SMMA copolymers with 
eqs. [9] and [lo] was repeated. The reactivity ratios used were 
those for bulk styrene - acrylonitrile polymerizations (18) 
(i.e., r,  = 0.37 and r~ = 0.0664). As in the case of SMMA, 
no correspondence between a specific sequence length fraction 
and the uv-measured compositions could be obtained. A sig- 
nificant difference between the measured and calculated con- 
centration of styrene in styrene-acrylonitrile diads was also 
observed (see Table 3 under Terminal). Therefore the esti- 
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GARCIA-RUB10 A N D  RO 

TABLE 4. Microstructure parameters for SAN copolymers 

Terminal model Penultimate model 

PIW PIW 
Sample calc. A A B w  DAB A calc. AAB, a,\" UA,\ 

mated background cannot be attributed to coisotactic styrene- 
acrylonitrile diads if the copolymerization kinetics follow the 
terminal copolymerization model. Recent ''C nmr studies on 
the mechanism of styrene-acrylonitrile copolymerization sug- 
gest that the molecular microstructure is better described by the 
Penultimate copolymerization model (22). Using this model, 
the total concentration of styrene in styrene-acrylonitrile diads 
is given by: 

1 + Pbaa 
[ I l l  AAB = p b a a  Pabb 

- + 2 + -  
Paab Pbba 

where: 

Paab = 
. f o  

; Pbba = 
f B  

r ~ f ~  + f~ r s f ~  + f~ 
Pbaa = 'ah ; = 

r LfB 

rafA + f~ r CfB + fA 

Replacing eq. [9] with eq. 11 11, the concentration of styrene 
groups which are next to a nitrile group can be evaluated as a 
function of conversion. The values obtained for samples SAN 
90,  80 ,  and 5 0  are reported in Table 3 under "Penultimate". 
The reactivity ratios were those recently reported by Hill et al. 
(26), rA = 0.229, ra = 0.634, r, = 0.039, and r t B  = 0.091. 
The predicted concentrations based on the penultimate model 
are also smaller than the uv measured values. This indicates 
that the observed concentrations cannot be completely ex- 
plained by either the Terminal or the Penultimate copoly- 
merization model. Therefore another explanation for the 
observed background must be found. Based on the similar 
spectral features of isotactic polystyrene and the estimated 
background, it can be assumed that the estimated spectrum is 
an average representation of the coisotactic styrene/acrylo- 
nitrile and styrene/styrene diads. Under this assumption it is 
possible to calculate both the coisotacticity paramete; (TAB and 
the styrene isotacticity parameter ISAA: 

where Plw is the total weight fraction of styrene in the co- 
polymer, and A,,, is the weight fraction of styrene in Sty-AN 
diads (eqs. [ l o ]  and [ l  I]). The values for (TAD and u,, calcu- 
lated from the copolymerization equations and the uv mea- 
surements are r e ~ o r t e d  in Table 4 for the Terminal and the 

WAVELENGTH ( n m )  

FIG. 12. Comparison between the measured and the calculated 
spectra of the commercial styrene-acrylonitrile sample SANO2. 

approaches 1. Figure 13 shows that the variation of the species 
S, ,  Sz, and S,, is consistent with this assumption. Based on the 
above, the envelope Sq can be tentatively assigned to the sum 
of the coisotactic Sty-AN and the isotactic Sty-Sty diads. 
The validity of the proposed assignments can be tested by 
demonstrating consistency between the uv concentrations and 
the corresponding assignments on the nmr spectrum of SAN 
copolymers. Work in this area is ongoing and it will be reported 
separately. 

Summary and conclusions 
Penultimate copolymerization models. Both the Terminal and A method has been proposed for the analysis of styrene- 
the Penultimate copolymerization models predict that the con- containing copolymers which yields the composition estimates 
centration of the S,  species should drop with the styrene content directly from ultraviolet spectroscopy data. The compositions 
in the copolymer (or the corresponding feed compositions) to obtained from the uv measurements for styrene - methyl meth- 
a value close to zero as the Number Average Sequence length acrylate and styrene-acrylonitrile copolymers have been com- 
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FIG. 13. Variation of the weight fraction of the styrene config- 
urations S,, Sz, and S4 as function of styrene content in styrene- 
acrylonitrile copolymers. 

pared with composition values determined with other mea- 
surement techniques. The agreement found was satisfactory 
within the limits of experimental error for the techniques in- 
volved. As a result of applying the proposed technique, an 
estimate of the spectrum of the unidentified chromophores is 
also obtained. This spectrum can be applied directly to the 
estimation of compositions in unknown samples and to the 
identification of the unknown structures giving rise to the mea- 
sured spectrum. A tentative assignment of the estimated spectra 
has been made based on the well-known copolymerization 
models and published values of the coisotacticity parameter. In 
the case of SMMA, good agreement was found between the 
coisotacticity parameter estimates for uv spectroscopy and pub- 
lished 'H nmr results. In the case of SAN copolymers there are 
no quantitative experimental data reported that allow the con- 
firmation of the assignments. However, the concentrations of 
the species identified follow expected behaviour as a function 
of the copolymer composition. 

The approach proposed here gives results which depend up- 
on the model compounds selected to approximate the absorp- 
tion of the known chromophores. The choice of the model 
molecules can, nevertheless, be verified by the consistency 
between the uv results and other measurement techniques such 
as 'H and I3C nmr. Once the model molecules and the residual 
spectra have been identified they can be used, routinely, for the 
analysis of unknown samples, as demonstrated in the analysis 
of the commercial SAN copolymers. The extension of this 
technique to GPC or SEC (size exclusion chromatography) 
experiments is therefore straightforward. It is clear that the uv 
spectra of polymers contain significant amounts of structural 
information which is yet to be explored. The use of the method 
demonstrated here in conjunction with other spectroscopy tech- 
niques appears to be a very promising tool for the elucidation 
of polymer microstructure and for the study of the con- 
formation of molecules in solution. 
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Appendix 
List 
A 
A A B  

C 
f A  

K 
1 
N 
Noh 
NP 
Pi 

of symbols 
Absorption (au) 
Mole fraction of monomer A present in A.B links 
Concentration (wt.% unless otherwise indicated) 
Mole fraction of monomer A in the monomer mixture 
Number of samples 
Cell path length (cm) 
Number of species present in the solution 
Number of observations or measurements 
Number of parameters 
Weight fraction of the ith species in the solution 
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GARCIA-RUBIO AND RO 

Plw Weight fraction of styrene in the copolymer UAA Isotacticity parameter 
r ~ ,  Reactivity ratio for monomer A or B DAB Coisotacticity parameter 
r;, Reactivity ratios for monomer A or B 
X Molar conversion Subscripts 

i ith concentration 
Greek symbols j jth wavelength 
-q Fraction of styrene contained in isotactic and coisotactic M Molar 

diads n nth component 
X Number of wavelengths o Initial value 
E Extinction coefficient (au/wt.% cm) w On weight basis 
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Cationic polymerization of 1,3-dioxolane and 1,3-dioxepane. 
Application to graft and block copolymer synthesis 
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LEONARD C.  REIBEL, CLAUDE P. DURAND, and EMILE FRANTA. Can. J .  Chem. 63. 264 (1985). 
The cationic polymerization of 1,3-dioxolane and 1.3-dioxepane has been investigated to prepare "living" polymers and then 

to use them for copolymerization. Carbenium hexafluoroantimonate salts that are good initiators for tetrahydrofuran poly- 
merization have been tested but produce unsatisfactory results with these acetals. In contrast, triflic anhydride, another good 
initiator for tetrahydrofuran polymerization, allows molecular weight control. Attempts to prepare block copolymers of two 
acetals by adding the second one to the first one under living conditions were unsuccessful because of randomization through 
transacetalization. Block copolymers containing a central block of polydioxepane and outer blocks of I ,2-dimethoxyethylene 
could be prepared by addition of the latter to living polydioxepane. Active polydioxolane reacts readily with polystyrene and 
leads to the formation of graft copolymers in the absence of gel. 

LEONARD C. REIBEL, CLAUDE P. DURAND et EMILE FRANTA. Can. J .  Chem. 63, 264 (1985). 
Nous avons Ctudit la polymCrisation cationique d'acetals cycliques tels que le dioxolanne-1,3 et le dioxepanne-1.3 en vuc 

de prCparer des systemes vivants et, partant de la, d'obtenir des copolym6res. Les sels (hexafluoroantimoniates) de carbCnium 
qui s'ktaient avCrCs Ctre de bons amorceurs pour la polymCrisation du tktrahydrofuranne donnent des rCsultats dCcevants avee 
les acCtals cycliques. Par contre l'emploi de I'anhydride de I'acide triflique, un autre bon amorceur de la polymCrisation du 
tktrahydrofuranne, permet de contrbler la masse molCculaire des polyacCtals formis. Nous avons tent6 d'obtenir des co- 
polymeres sCquencCs de deux acCtals cycliques en preparant d'abord un poly-acCtal vivant avec I'un des monomkres et en 
ajoutant ensuite le deuxikme acCtal cyclique. Cependant le copolymkre obtenu prCsente une distribution statistique des deux 
monomkres due aux reactions de transacCtalisation. Par contre un copolymkre trisCquenc6 ayant une sequence centrale de 
polydioxepanne a pu Ctre prCparC en faisant rCagir sur du polydioxepanne-a,w vivant du dimCthoxy-l,2 Cthylkne. Des 
copolymeres greffks ont Cgalement t t C  obtenus en faisant rCagir du polydioxolanne, porteur d'un site actif par chaine polymkre, 
sur du polystyrkne. 

Introduction 
Tetrahydrofuran (THF) has been known to polymerize 

through an oxonium active site which remains stable, provided 
that the counter anion is stable (e.g., SbF,, PF,, CF,SO,). We 
have shown that organic halides of various types, when reacted 
with a silver salt such as silver hexafluoroantimonate, induce 
by addition a fast, quantitative initiation of the THF poly- 
merization. This is true for mono- and plurifunctional aliphatic 
and aromatic acyl halides as well as for allyl iodide, 2-iodo- 
propane, chlorodiphenylmethane, etc. ( I ) .  We have also 
studied in detail the mechanism of initiation and shown that, for 
some other halides,initiation is slow either because of the slow 
formation of the initiating carbenium ions or because though 
the formation of the latter is fast, even quantitative (e.g. ter- 
tiobutyl iodide), they undergo immediate proton elimination; 
the protons formed are slow initiators and, besides, not suitable 
for our purpose because if the particular halide studied is 
carried by a polymer they lead to homopolymers instead of the 
desired copolymers. 

These findings obtained from model molecules have been 
applied in the preparation of block and graft copolymers: i t  has 
been shown that acyl halides carried by a backbone are very 
good initiators ( 2 ) ,  just like the model acyl halide studied. But 
when the model molecules exhibit proton elimination i t  has 
been shown that the corresponding polymers exhibit proton 
elimination to an even greater extent, probably because of 
increased steric hindrance (3). 

We have tried to use the same approach for the poly- 
merization of cyclic acetals, which have some common charac- 

'Revision received September 20, 1984 

ter with a cyclic ether such as THF but still differ from i t  in 
many ways which we tried to utilize. First, in order to initiate 
the polymerization of these acetals, we used some carbocations 
that were successful in the case of THF; then we tried triflic 
anhydride. In a second series of experiments we made use of 
the results obtained to prepare block and graft copolymers. 

Cyclic acetal homopolymerization 
It has been shown that THF polymerization proceeds through 

a cyclic tertiary oxonium ion, but for dioxolane2 the structure 
of the growing center has been proposed to exist under two 
different forms in equilibrium, namely, oxonium and alkoxy 
carbenium (4): 

the equilibrium being shifted very strongly to the left so that 
propagation occurs mostly through oxonium-type ions. The 
dual nature of the active sites introduces a new feature as 
compared to THF, since one can expect active poly-DXL to be 
able to induce other reactions because of the higher electro- 
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E LUT I ON VOLUME 

FIG. 1. The GPC curves of poly-DXL initiated by the diphenyl- 
methylium cation; refractometric (RI) and ultraviolet (UV) detection 
at 260 nm (2 Shodex A-80 M columns; THF solvent; 1 mL/min flow 
rate). 

philicity of the alkoxycarbenium ion. But, before such syn- 
thetic application can be envisioned, it is important to find the 
proper conditions to produce living poly-DXL systems where 
initiation is fast and quantitative and propagation is without 
transfer to monomer and without termination. Molecular 
weights can then be controlled and new synthetic routes are 
open. 

1,3-Dioxolane (DXL) or 1,3-dioxepane' are known to pro- 
duce side reactions (4); transfer to polymer is important and 
causes extensive formation of small rings by intramolecular 
and intermolecular transfer. 

We are going to present our results concerning several ini- 
tiators in relation to our search for living poly-DXL and apply 
the results to the preparation of block and graft copolymers 
using different comonomers and various methods. 

Carbocations as initiators for DXL 
Chlorodiphenylmethane has been reacted with silver hexa- 

fluoroantimonate stoichiometrically in the presence of DXL 
(5.2 M )  at -55°C in CHzClz solvent for 1 h. The polymer is 
recovered by precipitation in methanol at -30°C; the precip- 
itated polymer is characterized by gel permeation (GPC) chro- 
matography using the universal calibration; the soluble part is 
recovered after evaporation and characterized by vapor phase 
chromatography coupled to a mass spectrometer. The yield is 
=87%. 

The precipitated fraction exhibits a number average molecu- 
lar weight of 15 000 whereas the theoretical M, is 55 000 and 
UV determinations show that only 7Q% of the initial chromo- 
phore has been incorporated. 

The GPC determinations using both differential refractive 
index, RI, and UV detections (Fig. 1) show that the chromo- 

ELUTION VOLUME 

FIG. 2. Relative incorportion of the initiator moiety per polymer 
chain as a function of the chain length (Rl, UV: normalized refrac- 
tometric and ultraviolet signals; MW: molecular weight as given by 
the GPC universal calibration). 

phore is present in all of the sample except for the lower 
molecular weight fraction: this could be an indication that it  is " 
composed of cycles. The UV peak at very low molecular 
weight corresponds probably to diphenylmethane but this has 
not been checked. After normalization of the curves a plot is 
made of the ratio of the UV absorption to the R1 absorption 
multiplied by the M, determined by GPC; the plot of In I M, x 
(UV/RI) I obtained versus time of elution (Fig. 2) is an efficient 
way to estimate the relative incorporation of the chromophore 
into the polymer; if a particular polymer carries a chromophore 
at the chain end, the polydispersity of the sample will make the 
plot - using this representation - a straight horizontal line. 
This ideal situation is very close to that observed; it means that 
the chromophore is equally present on smaller and longer poly- 
DXL samples. Nevertheless, considering that only 70% of the 
chromophore is incorporated and that the experimental M, is 
way below the theoretical one, we have to admit that some 
chain transfer occurred, probably involving the monomer 
through some unknown reaction, and that this side reaction was 
equally active on smaller and longer poly-DXL chains. 

The soluble fraction analyzed by vp (vapor phase) chro- 
matography and mass spectroscopy shows the-presence of 
diphenylmethane: about 30% of the initially present chloro- 
diphenylmethane is present in this latter (eq. [2]). This suggests 
that initiation through hydride abstraction is quite significant: 

cb cb 
I n I n 

[2] H-Cf SbFc + OvO + H-C-H + 0&0 SbFi 
I I 
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TABLE 1. Polymerization of DXL by reacting organic halides with silvcr hexafluoroantimonatc in CH2CIZ 

Concentration - - 
Organic of the halide Tempcraturc and time Polymcr yicld M,, ..,, M,, ,,, 
halide (mol L ' )  of polymerization (C/o) (GPC) 

Chlorodiphcnylmcthanc 5 X -55°C 87 15 000 55 000 
I h  

2-lodopropane -55°C 76 5 000 140000 
I h  

Bcnzyl bromide 13 X 10 ' - 15°C 70 10000 32000 
I h  

From these observations, one can conclude that diphenyl- 
methylium hexafluoroantimonate initiates the polymerization 
of DXL through two distinct mechanisms: addition and hydride 
abstraction (eq. 141). Besides, extensive side reactions create 
smaller chains, just after initiation, and transfer takes place 
during propagation: an explanation of these findings is to be 
found in the lower nucleophilicity of dioxolane as compared to 
THF; the equilibrium is shifted to the left (as compared to the 
THF case) 

anion omitted I 

hydride abstraction propagation 

and the competition between the two processes - addition or 
hydride abstraction - makes the latter important. This is to be 
compared to the situation with THF where +?CH ' is an excel- 
lent initiator by addition and +,Ct initiates mostly through 
hydride abstraction. This result can be compared to that ob- 
tained when trityl salts react on THF: long ago i t  was estab- 
lished that hydride abstraction occurs in quantitative yield (5) 
and proposed that the tetrahydrofuran-2 ylium formed loses a 
proton (6) that is the true initiator of the THF polymerization. 

The reaction of 2-ioclopropat~e with silver hexafluoroanti- 
monate produced another good initiator of THF; we tried i t  also 
for DXL. 2-lodopropane was reacted with the same silver salt, 
stoichiometrically in the presence of DXL (2.5 M),  in methyl- 
ene chloride at -55°C for I h to induce polymerization; cleac- 
tivation was carried out with an excess of sodium benzylate 

fairly regularly distributed. 
Here again one observes that transfer to monomer prevails 

and that no living contribution can be found. 
Benzylium hexafluoroantimonate was prepared by reaction 

of bet~zylbrotnicle with AgSbFh stoichionietrically in the pres- 
ence of DXL (7 M )  in CH2C12 at - 15"C, and the reaction 
proceeded for I h; termination was carried out with an excess 
of sodium methanolate. The yield was 79% (Table 1); the 
product was precipitated in methanol at -30°C where 74% was 
recovered as a high poymer, the rest (26%) was soluble. 

Molecular weights were determined by GPC and by UV 
spectroscopy making use of the initiating chromophore; we 
found: 

- 
M,l.cxp.~pc = 10000 - 
M,,,cxp.uv - = 56 000 
M,l,l~,e,,r, = 32 000 

Here again the experimental M,, determined by GPC is much 
lower than the theoretical one, assuming complete initiation 
and absence of side reactions; i.e., transfer occurred. The high 
value of M,, determined by UV spectroscopy shows that only a 
small percentage (16%) of the initial chromophore has been 
incorporated into the polymer chains; the rest remains in the 
methanol-soluble fraction under various forms that we did not 
try to identify. 

In conclusion, our attempts to use initiators containing the 
hexafluoroantimonate counter-ion - that had proved success- 
ful for THF polynlerization - for the polymerization of 
dioxolane, ended without finding the proper conditions to ob- 
tain living samples; initiation was incomplete, and transfer 
significant. " 

(Table I). 
The solvent and unreacted monomer were evaporated: yield Tri f l ic  a t z k~dr ide  as itzitintor 

was 76%. 'The sample obtained was precipitated in methanol at Penczek and co-workers (7) used tritlic anhydride as an 
-300c, which separates polymer from low molecular initiator for the polymerization of DXL and DXP; they showed 
weight material in  solution. ~h~ recovered sample represented that the concentration of active sites determined by a trapping 

77% of the starting sample and was characterized by GPC: agent (e.g. Ph,P) corresponds to the initial concentration of 
- initiator used within a few percent error. They also determined 

M,I.CX~.GPC = 5 000 that the experimental M,,'s agree with the theoretical ones so - 

Mw.cnp.~~~ = 88 000 
- 

M,,.,,,c,,. = 140 000 
- 

M,l.cxp.uv = 40 000 after excess benzylate elimination 

M, determined by GPC is much lower than the theoretical value 
of 140 000, equal to the molar ratio of monomer consumed to 
initial - 2-iodopropane; the polydispersity is quite high. The 
M,,x,,,uv which was determined by UV spectrometry is much 
higher than the M,, , ,~, , ,~~,  which is an indication that very few 
active chains reacted with the deactivation agent. Double de- 
tection GPC (RI and UV) shows, as for diphenylmethylium, 
that the chromophore is present in all of the sample and also 

that they concluded that these systems are living; i.e. the total 
concentration of all active species is equal to the initial concen- 
tration of initiator. Since we needed well-defined polyacetals 
for copolymer synthesis we investigated this system and 
present below our findings. 

Our main goal was to define experimental conditions where 
the theoretical and experimental M,,'s would agree and where 
oligomer concentration would be minimal. We changed the 
initial monomer concentration, the temperature, and the reac- 
tion time. The GPC was used to determine the proportion of 
oligomers present and to calculate the M,,'s of the higher molec- 
ular weight fraction, without taking into account the oligomers. 
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TABLE 2. Determination of the number average molecular weight in the polymerization of 1,3-dioxepane using triflic anhy- 
dride as an initiator versus time and temperature of reaction 

Temperature 
("C) 

I  DXP (o  

rnol L-'  

I  Initiator l o  - - 
x 10" Mn.thr.or. M n . e r p .  t 

mol L-'  Time of reaction* X lo-' X 10.' M , / M , ~  Remarks 

4.5 14 13.9 100 2.07 
16.30 62 600 
2.45 36 450 Large quantity of oligomers 

25 36 450 2.0 1 
1.70 2.40 40 50 3.0 Small quantity of oligomers 

25 40 350 2.9 Large quantity of oligomers 
6.0 2 42 55 1.9 Very viscous reaction mixture 
2.0 2 40 48 1.7 Using 2,6-ditertiobutyl-4 methyl 

pyridine ( 10-"01 L- ' )  

*Hours. minutes. 
tDetermined on the higher molecular weight fraction by GPC using the universal calibration. 

The molecular weight determination by GPC is based on the 
universal calibration. The experiments described have been 
carried out with DXP. Table 2 shows our results. 

Reactions carried out around -70°C are far from satisfactory 
since the molecular weights determined by GPC are markedly 
higher than the theoretical ones and large quantities of oli- - .  

gimers, probably rings, are present. 
Reactions at -40°C give better results: molecular weights 

are close to the expected ones. The proportion of oligomers is 
very small (<5%). When monomer concentration is higher 
(e.g. 3 rnol L-') viscosity increases considerably so that, in 
order to be able to stir, a compromise has to be found, and for 
our later experiments we chose initial monomer concentrations 
between I and 1.5 rnol L-'.  

We used also an efficient proton scavenger, 2,6-ditertio- 
butyl-4-methylpyridine, in order to determine whether protons 
were involved in the initiation or propagation. Table 2 shows 
that no significant difference was found, and we can conclude 
that protons do not interfere with the polymerization. 

When the reaction mixture is left standing for longer periods 
of time (e.g. 25 h) the molecular weight distribution changes 
very much; one observes an important increase of the propor- 
tion of oligomers and the M, of the polymer increases dras- 
tically (e.g. from 50000 to 350000, Table 2). The poly- 
dispersity of the poly-DXP formed is quite important in every 
experiment and varies from 1.7 to 3.3. 

In conclusion, we found that triflic anhydride can be used to 
prepare poly-DXP under conditions in which the molecular 
weights are controlled and anly a small percentage of oligomers 
is present. This implies a careful choice of the temperature, of 
the time of reaction, and of the initial monomer concentration. 

Copolymer synthesis 
Penczek and co-workers have shown that the use of triflic 

anhydride leads to the formation of living poly-DXP (7); this 
was demonstrated by nmr, applying the ion trapping technique. 
We have seen above that one can control the molecular weight 
of the polymer formed; we can then try various possibilities to 
prepare block and graft copolymers. 

TABLE 3. Living polyacetals + vinylic monomers 

lo-' x M,, lo-' x M.. 
Monomer I Stage I1 Stage 

Yield* 
I 11 calcd. found calcd. found (%) 

DXP DME 30.2 37.7 73.1 77.5 50 
DXP n.BVE 46.4 34.8 1 1  1.4 30.9 -100 
DXP St. 50.0 47.5 45.5 0 
DXP a-MeSt 91.2 87.0 0 
DXP lndene 73.5 87.7 8 1 .O 0 

*I1 stage. DME: I ,2-dimethoxyethylene; n.BVE: n.butylvinylether; St.: sty- 
rene; a-MeSt: a-methylstyrene. 

removal of the lower molecular weight fraction of the macro- 
cyclics leaves a copolymer which has a M, close to the the- 
oretical one - assuming a living copolymerization - within 
10- 15%. 

The analysis of the microstructure (by 'H and '" nmr) shows 
that, after the second monomer has been added, some block 
formation takes place but that these convert rapidly into random 
copolymer (7, 8). Clearly one cannot expect to prepare block 
copolymers using two acetals under living conditions because 
of the fast transacetalization occurring. 

Copolymers using a vinylic comonomer 
In order to avoid randomization through this side reaction we 

have used a second monomer whose active species are suf- 
ficiently stabilized to be unable to attack the polyacetal already 
formed during the second stage of the polymerization. 

The first stage of the polymerization is always relative to 
poly-1,3-dioxepane initiated with triflic anhydride under the 
jiving conditions described above. After about 20 h the second 
monomer was added and left for 123 h. The polymers were 
then recovered and analyzed. Results are shown in Table 3. 

Living cyclic DXP cannot initiate the polymerization of sty- 
rene, a-methylstyrene, and indene but can initiate the poly- 
merization of n-butylvinyl ether, where a 100% conversion is 
observed. The molecular weights determined, nevertheless, do 
not correspond to the theoretical ones assuming a side reaction 

Copolymers of two cyclic acetals free system; the lower M, observed in stage I1 stems from 
When DXL has been polymerized to prepare a dicationically transfer to monomer so that, besides the copolymer formed, 

living polymer, a small percentage of cycles are present be- extensive transfer leads to homo-n-butylvinyl ether. 
cause of the particular thermodynamic conditions. After addi- I ,2-Dimethoxyethylene is an interesting case: the yield un- 
tion of a second acetal, 1,3-dioxepane, polymerization ensues: der our experimental conditions is usually of the order of 50% 
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TABLE 4. Reaction of active polydioxolane with various polymers 

Nature of Weight fraction 
Polymer the soluble of the insoluble Nature of the 

Experiment polymer M,/M. M. $ = lo+ I / I  PSI part part* (%) insoluble part 

I Polystyrene 

I 1  Polystyrene 

I 1 1  Polystyrene 

IV Poly-a-methyl- 
styrene 

V Polyvinyl- 
rnesity lene 

1.1 160000 63 Some graft 

1 . 1  10000 5.5 Graft copolymer + 
hornopoly-DXL 

1.1 I0 000 15.6 Graft copolymer + 
hornopoly-DXL 

1.2 81 000 70.6 Some graft 
copolymer 

1.4 133000 83 Poly-DXL 

60 Polystyrene + traces 
of poly-DXL 

5 5 Poly-a-methylstyrene + 
traces of poly-DXL 

99 Polyvinylrnesitylene + 
traces of poly-DXL 

*As compared to the initial phenyl-containing polymer introduced. 

and it is not clear whether or not this comes from spontaneous 
deactivation. The samples obtained have been characterized by 
GPC, which shows a-mononodal distribution, and membrane 
osmometry; the a n ' s  determined agree closely with the calcu- 
lated ones (e.g. 77 500 and 73 100 respectively); fractionation 
with methylene chloride as solvent and iso-octane as non- 
solvent has been carried out; each fraction obtained has been 
characterized by 'H nmr to determine its content in both blocks, 
and selective solvent extraction has been carried out. It appears 
that no extractible homopolymer is present and that each frac- 
tion contains both DXP and DME. This demonstrates that 
direct initiation of a vinylic monomer by a living polyacetal is 
possible and that it can lead to a true block copolymer for- 
mation in the absence of homopolymer (9). Nevertheless the 
application of the method remains limited in its scope. 

"Grafting onto" experiments 
We have tried to make use of the dual nature of the active 

sites by reacting living polyacetal samples onto polystyrene, 
expecting to obtain a new way to prepare graft copolymers 
because of the possible Friedel-Crafts type reaction of the 
alkoxycarbenium onto the phenyl rings. Some preliminary 
experiments were carried out using diphenylmethylium hexa- 
fluoroantimonate as the initiator for dioxolane polymerization: 
we observed that a large fraction of the polystyrene was trans- 
formed into an insoluble network and that some poly-DXL was 
grafted on some soluble polystyrene. This finding definitely 
showed that growing poly-DXL has a reactivity much higher 
than that of oxonium ions since these latter are not capable of 
attacking a phenyl ring. .-This corroborated the possibility of 
existence of the proposed alkoxycarbenium. 

The initiator used in the preliminary experiments has been 
shown since then to be poor for DXL polymerization so we 
turned to benzoylium hexafluoroantimonate, which, according 
to Kubisa and Penczek, is a satisfactory initiator (10). 

The reactions were carried out in two steps: first, preparation 
of a growing poly-DXL which was characterized on an aliquot 
sample, then division of the batch into five parts which were 
reacted separately with a polymer containing phenyl rings; each 
experiment was then treated the same way and the products 
analyzed. 

Preparation of an active poly-dioxolane 
Benzoyl chloride (1.9 x lo-' mol L- ' )  was reacted stoichio- 

metrically with silver hexafluoroantimonate in methylene chlo- 
ride at -15°C in the presence of DXL (3.8 M); the reaction 

proceeded for 2 h. A sample aliquot was taken out and the 
reaction terminated with sodium methanolate: silver chloride 
was eliminated by centrifugation, the solvent and monomer left 
evaporated, and the product characterized by GPC. One peak 
plus some (< 10%) oligomers were observed. The molecular 
weight was calculated without taking into account the oli- 
gomers; we found: 

yield in polymer: 56% 
- 

Mn 
- 

: 13500 
M w - : 22 500 

Mlhcor. : 8500 

Reaction of active poly-dioxolane onto various backbones 
The solution of active poly-DXL was divided into five differ- 

ent aliquot samples, each containing the desired quantity of 
active sites for each particular experiment. The poly-DXL was 
then poured into five flasks containing the various polymers to 
be studied as backbones; after addition the concentration in 
DXL was 2.9 mol L-'. 

The reactions were carried out for 24 h at - 15°C. Then 
sodium methanolate was added to terminate the reactions; 
silver chloride was centrifuged out. When some insoluble ma- 
terial was present it was isolated by filtration and treated with 
THF in a Soxhlet-type apparatus to remove the soluble fraction. 
The solvent was evaporated, the polymers dried and character- 
ized by 'H nmr and GPC. 

Polystyrene, poly a-methylstyrene, and polyvinylmesitylene 
samples are used as polymers containing phenyl rings. The 
results are collected in Table 4. Refluxing 2-methoxyethanol, 
a solvent for poly-DXL and a nonsolvent for polystyrene, was 
used to separate homopolystyrene; refluxing ethanol was used 
to separate homopoly-DXL. Experiment I where the number of 
active poly-DXL sites per polystyrene chain is high ($ = 
10' l / l  PS I = 63) yields mostly an insoluble network, but 
experiments I1 and 111 where $ is much smaller show that the 
grafting efficiency for the polystyrene is 100%; only 20% of the 
poly-DXL present has been grafted. 

In experiment IV the soluble fraction shows that it contains 
poly-DXL and some higher molecular weight material corre- 
sponding to ill-defined grafted poly a-methylstyrene. 

Experiment V is relative to polyvinylmesitylene; 99% is 
recovered as an insoluble network and exemplifies the influ- 
ence of a hindered phenyl ring. 

In order to rationalize these results we propose that, when 
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active poly-DXL is reacted on the polymers tested, two reac- 
tions are in competition, namely, a Friedel and Crafts attack of 
the alkoxycarbenium ion on the benzene ring, which leads to 
grafting, as in experiments 1, 11, 111, and 1V; hydride abstrac- 
tion from the benzylic position can also occur and give a 
benzylic ion which can then attack a phenyl ring on another 
macromolecule, leading eventually to a network formation. 
This latter mechanism operates in experiments I and V. 

In the case of poly a-methylstyrene, when there is no ben- 
zylic hydrogen, this process cannot take place and only the first 
one is operative: the existence of some small fraction of in- 
soluble polymer could be explained by the Friedel-Crafts type 
attack of the benzenium onto a phenyl. An alternate expla- 
nation would involve some transfer to polymer involving the 
polyacetal itself, as has been observed in the case of poly THF. 

In experiment I, both mechanisms are operative: grafting is 
observed because of the first one and network formation be- 
cause of the second one, the number of active poly-DXL sites 
per polystyrene chain being high (63): the reason why experi- 
ments 11 and Ill do not exhibit this undesirable side reaction 
resting on the smaller number of active sites per chain. 

In conclusion, the reaction of active poly-DXL on phenyl- 

ET AL. 269 

carrying polymers can lead to graft copolymer formation in 
high yield, provided that experimental conditions are properly 
chosen, especially concerning the concentration of active sites 
per chain, which should remain small. 
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The "C nmr spectra of solids, acquired using the Cross Polarization/Magic Angle Spinning (CP/MAS) technique, are very 
sensitive to the detailed nature of crystalline packing. These effects are illustrated in the CP/MAS spectra of the a and P 
anomers of methyl-D-xylopyranoside. In the spectrum of the a anorner, which crystallizes with two molecules per unit cell, 
individual spectra can be resolved for the two molecules in the asymmetric unit of this crystal. 

MICHAEL G. TAYLOR, ROBERT H. MARCHESSAULT, SERGE PEREZ. PETER J. STEPHENSON et COLIN A. FYFE. Can. J.  Chem. 
63, 270 ( 1985). 

Les spectre rrnn du ''C de solides, obtenus i I'aide de la technique Cross Polarization/Magic Angle Spinning (CP/MAS), 
sont trks sensibles i la nature tlitaillie de I'entassernent des cristaux. On a illustrk ces effets en determinant les spectres 
CP/MAS des anomeres a et P du D-xylopyrannoside de rnkthyle. Dans le spectre de I'anomkre a, qui cristallise avec deux 
molicules par maille unitaire, les spectres individuels peuvent &tre rksolus pour chacune des deux molicules prisentes dans 
I'unitk asymitrique de ce cristal. 

[Traduit par le journal] 

Introduction 
Nuclear magnetic resonance has been widely applied to the 

study of carbohydrates. The solution 'H and I3C nmr spectra 
provide details of the chemical structures and conformational 
features. It is also possible to obtain high resolution "C spectra 
of solid carbohydrates using the Cross Polarization/Magic An- 
gle Spinning (CP/MAS) technique ( I ) .  The CP/MAS spectra 
are similar to the corresponding solution spectra, although the 
resolution achieved in the solid state is generally lower. 'The 
ability to observe spectra of solids promises to be useful in the 
study of insoluble carbohydrate polymers, especially in relation 
to their native, solid states. For many biopolymers, insolubility 
in water must be the result of simultaneous or near- 
simultaneous biosynthesis and crystallization, a phenomenon 
which may well result in a non-minimum energy state in the 
native material. 

The chemical shifts observed in solution are characteristic of 
the time-averaged, isotropic environments of the nuclei. Iso- 
tropic shifts are also observed in the solid state, under magic 
angle spinning. However, in the solid state, the chemical shifts 
can be influenced by features due to the manner in which the 
materials crystallize. For example, crystallization may "lock 
in" conformational features which alter the chemical shifts. In 
addition, interactions with near neighbors depend on the crys- 
talline conformation. Solid state effects on chemical shifts have 
been noted in a number of systems, including carbohydrates (2, 
3). The manifestation can be in terms of simple displacement 
of a given signal as a function of polymorphic form or  it can be 
in terms of multiplicities which are seen for some, but not 
necessarily all, of the signals. In general multiplicities will be 
seen if: ( i )  the site symmetry in the crystal is less than the 

molecular symmetry for the isolated molecule; (ii) the unit cell 
contains more than one chemically equivalent molecule. In 
short, one should see a signal for each atom whose position 
must be specified in order to define the unit cell. 

In the case of simple carbohydrates where a crystal can 
contain more than one isomer, the technique has proven to be 
a valuable supplement for the crystallographer (2, 3). In the 
case of homopolysaccharides where a disaccharide is often the 
crystallographic repeat, the method can provide direct evidence 
of small conformational and (or) crystal field effect differences 
between the two chemically equivalent units. 

To  add to our understanding of the factors which affect 
chemical shift, we have examined the I3C CP/MAS spectra of 
the methyl a -  and P-D-xylopyranosides. The crystal structures 
of these sugars are known (4-6) and are quite different. In 
particular, the P-xyloside crystallizes with one molecule in the 
asymmetric unit, while the a-xyloside has two independent 
molecules in the asymmetric unit. 

Experimental 
Crystals of both compounds were crystallized from alcohol/water 

mixtures. Solution state "C nrnr (7) was used to verify the anorneric 
identity of each sugar. The crystals were then ground into hornoge- 
neous powders. X-ray powder diffractornetry indicated the unit cell 
dimensions previously found (4-6). Solid state "C nrnr spectra were 
obtained at 50.3 MHz using a Bruker CXP-200 spectrometer. The 
spectra were acquired with dipolar decoupling and cross polarization 
with radio frequency field strengths of approximately 65 kHz for 
Hartmann-Hahn matching and proton decoupling. Recycle times of 
20 s were used in the cross-polarization pulse sequence. A rotor of the 
Andrew-Beams design was used for Magic Angle Spinning at ap- 
proximately 4 kHz. The setting of the Magic Angle was monitored by 
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I 1 I 1 1 Solution Peak positions 
3 2 4 5  OCH, 

FIG. 1. Structure and 13C CP/MAS n m  spectrum of methyl P-D-xylopyranoside. The solution chemical shifts (7) are included at the top of 
the figure. 

the " Br nmr spectrum of KBr (8) incorporated in the rotor. A small 
amount of linear polyethylene (6I3C = 33.6 ppm) was also included 
in the sample to provide a chemical shift reference (9). 

Results and discussion 
The "C CP/MAS spectra of solid samples of the methyl P- 

and a-D-xylopyranosides are shown in Figs. 1 and 2 ,  re- 
spectively. In both figures, the solution state chemical shifts (7) 
are included for reference. The observed chemical shifts are 
given in Table 1 .  In the spectrum of the P anomer, a well- 
resolved six-line spectrum is observed. In the spectrum of the 
a anomer, eleven lines are resolved. The resonance multi- 
plicity in the spectrum of the a anomer reflects the inequiv- 
alence of the two molecules in the asymmetric unit of this 
crystal. The magnetic environments of chemically equivalent 
carbon sites in the two molecules are different, so  that individ- 
ual resonances are resolved for each molecule. 

A recent paper on the crystal structure of lactulose (2) con- 
vincingly showed how configurational multiplicity derived 
from solid state nmr was invaluable in arriving at the full 
three-dimensional crystal structure. In the present case, we 

TABLE 1. I3C chemical shifts of methyl a- and P-D-xylopyrano- 
sides* 

a-Methylxylopyranoside P-Methylxylopyranoside 

Solution Solution 
Solid state assignment Solid state assignment 

*Solid state shifts are measured relative to linear polyethylene at 6 = 
33.6 ppm. Solution assignments (7) may not correspond exactly to the 
solid state shifts due to differences in isotropic shifts in the two states. 
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I I I 1 I Solution Peak positions 
3 2 4  5 OCHI 

Methyl-a-Q-X ylopy ranoolde 

FIG. 2. Structure and I3C CP/MAS nmr spectrum of methyl a-D-xylopyranoside The solution chemical shifts (7) are included at the top of 
the figure. 

have examined materials which have been well characterized 
by X-ray and neutron diffraction and the CPLMAS spectra 
serve to confirm the X-ray diffraction data. However, the re- 
markable sensitivity of this spectroscopic tool to the small 
differences in the shapes of the two molecules in the methyl 
a-xyloside is to be noted. The X-ray diffraction data (4) indi- 
cate that the only large conformational difference between the 
two crystalline forms of the a-xyloside is in the C$ dihedral 
angle (0-5-C-1-0-CH,). The small conformational dif- 
ferences, along with variations in intermolecular interactions, 
are sufficient to result in significantly different chemical shifts 
for chemically equivalent carbon sites in the two molecules. 
The methyl group shifts are particularly sensitive to the crys- 
tallographic inequivalence of the two molecules. The exam- 
ination of other well-characterized systems may provide at least 
qualitative trends for the effects of the variation of crystal 
structure on the "C CP/MAS nmr spectra. It has been shown 

that a correlation exists between the C-6 chemical shift and the 
exocyclic C-5-C-6 torsion angle (10) in a number of sugars. 
It may be possible to derive other empirical relationships be- 
tween the CP/MAS spectra and solid state conformational 
properties, Such information would be useful in aiding in the 
interpretation of the solid state spectra of material suck as 
cellulose, where the spectra show characteristic features de- 
pendent on polymorphic form or  the natural source of the 
material ( 1 1). 

1. J. SCHAEFER and E. 0. STEISKAL. In Topics in carbon-13 nmr 
spectroscopy. Edited by G. C. Levy. Wiley-Interscience. New 
York. 1979. pp. 284-324. 

2. G. A. JEFFREY, R. A. WOOD, P. E. PFEFFER, and K. B. HICKS. 
J. Am. Chem. Soc. 105, 2128 (1983). 

3. L. M. WINGERT, J. R. RUBLE, and G. A. JEFFREY. Carbohydrate 
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Oxidation of elemental mercury by hydroperoxides in aqueous solution 

DONALD C. WIGFIELD AND SHERRY L. PERKINS 
The Ottawa-Corleton Institute for Researcll a t ~ d  Graduate Studies it1 Chemisty, Departtnent of Chemistry, 

Carletotl University, Ottawo, Ont., Cotzodo KIS 5B6 

Received February 8, 1984 

DONALD C. WIGFIELD and SHERRY L. PERKINS. Can. J .  Chem. 63, 275 (1985). 
The recent development of techniques in this and other laboratories has allowed the exploration of elemental mercury 

oxidations by compounds bearing the -0-0-H moiety. The peracid group appears to be a far more effective oxidant of 
mercury than the peroxide group, and both peracetic acid and m-chloroperbenzoic acid oxidize mercury at the trace level to 
both mercurous and mercuric forms. 

DONALD C. WIGFIELD et SHERRY L. PERKINS. Can. J .  Chem. 63, 275 (1985). 
La mise au point de nouvelles techniques, tant dans notre laboratoire qu'ailleurs, a permis d'ktudier I'oxydation du mercure 

klkmentaire par des composts portant I'unitt -0-0-H. Par rapport au groupe peroxyde, le groupe peracide semble Ctre 
un oxydant beaucoup plus efficace du mercure: les acides paracttique et tn-chloroperbenzo'ique oxydent tous les deux le 
mercure a l'ttat de trace pour le transformer en composis mercureux et mercuriques. 

[Traduit per lar jounral] 

In recent communications we have shown that mercury sig- 
nals in the cold vapor atomic absorption analysis (c.v.a.a.) 
under non-reducing conditions arise from elemental mercury 
and the mercurous ion, but not from mercuric ion, and further- 
more that the signals from elemental mercury cannot exceed 
those corresponding to the solubility limit of mercury in water 
(63 ppb) ( 1  -3). A signal in the c.v.a.a. under non-reducing 
conditions that exceeds 63 ppb may therefore be assigned as 
being due, at least in part, to the mercurous ion (3), and we 
have recently shown that, although most mercury oxidations do 
not display such a signal, oxidation by peracetic acid does (3). 
This observation, coupled with the development of the signal 
assignment mentioned above, allows the exploration of pre- 
viously inaccessible mercury-peroxide chemistry at the trace 
level. This article reports our findings in this area. 

Results and discussion 
I The combination of cold vapor atomic absorption analysis 

(c.v.a.a.) of mercury, together with the so-called "uptake" 
experiments involving the diffusion of mercury from the side- 
arm of a Thunberg flask, has been a particularly powerful 
methodology for studying metabolic oxidation of elemental 
mercury. This technique, devised by Magos, Clarkson, and 
their collaborators (4) involves having mercury in the side-arm 
of a Thunberg flask, separated from potential oxidants in aque- 
ous solution which are located in the main body of the flask. 
Reaction and oxidation of the mercury is achieved by the mer- 
cury diffusing to the main body of the flask, thus eliminating 
the problem of trying to dissolve elemental mercury in aqueous 
solution. The contents of the flask are subsequently analysed by 
c.v.a.a. This analysis can be done either with the addition of 
stannous chloride, to reduce all forms of mercury to elemental 
mercury and thus give the total mercury content of solution, or 
in the absence of reducing agent, in which case the analysis is 
specifically for volatile mercury. These aspects have pre- 
viously been fully described elsewhere (1, 4-6). 

Although we have reported studies of mercury oxidation 
under fully homogeneous conditions ( 3 ,  these studies are 
clearly limited to having a mercury concentration of less than 
63 ppb (solubility limit of mercury in water). In this regard the 
non-homogeneous side-arm diffusion method offers a distinct 
advantage, and allows not only the possibility of a far greater 
concentration of mercury diffusing from the side-arm and being 

oxidized in solution, but also the opportunity of observing the 
signal, under non-reducing conditions, exceeding 63 ppb, in- 
dicative of the presence of mercurous ion. Using this mercury 
diffusion - c.v.a.a. technique with various peroxides as the 
oxidant in the main body of the flask, we have been able to 
explore mercury-peroxide reactions. The commercially avail- 
able compounds which incorporate the -0-0-H func- 
tionality are hydrogen peroxide, ethyl hydroperoxide, tert- 
butyl hydroperoxide, peracetic acid, and m-chloroperbenzoic 
acid. oxidations of mercury by all of these reagents at various 
concentrations have been studied, and the results are sum- 
marized in Table 1. 

Perusal of these data reveals a number of interesting points. 
Firstly, the reactions with Hz02, C2H500H, and t-C,H,OOH 
show little oxidation and the results of these experiments are 
basically the diffusion-controlled formation of a HgO aqueous 
solution coupled with a small amount of oxidation. In some 
cases (e.g. t-BuOOH, 20.7 X M) the total mercury in 
solution is greater than 63 ppb, but this is mostly in the mercu- 
ric ion form, and there is no suggestion of the non-reducing 
c.v.a.a. signal exceeding, or approaching this value. These 
observations are consistent with our previous chemical and 
enzymic oxidations of mercury (3). Secondly, the oxidations 
by the two peracids, in contrast, give substantial uptake and 
oxidation of mercury, in some cases approaching 2000 ppb. 
Thirdly, although most of this mercury signal appears only on 
the c.v.a.a. analysis under reducing conditions, and is there- 
fore mercury in the Hg" oxidation state ( l ,2 ) ,  oxidations, both 
peracetic acid and by m-chloroperbenzoic acid at several con- 
centrations show c.v.a.a. signals under non-reducing condi- 
tions substantially in excess of 63 ppb. This observation shows 
the presence of the mercurous ion in these oxidations. Finally, 
within the concentration range studied, there appears to be an 
interesting contrast between oxidations by peracetic acid and 
by m-chloroperbenzoic acid. Oxidations by peracetic acid show 
the formation of mercurous ion at [CH3C03H] = 10.5 X 

M and at higher concentrations this mercurous signal 
continues to increase. In contrast, the oxidations with m- 
chloroperbenzoic acid also show the mercurous ion becoming 
evident at approximately [RC03H] = 10 X M, but then 
rising to a maximum value at approximately [RC03H] = 20 X 

M and dropping at higher [RC03H]. At very high 
[RC03H] the signal is once again submerged below the solu- 
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TABLE I .  Cold vapor atomic absorption analysis of mercury oxidized by various 
peroxide reagents 

Signal'" 
non-reducing Rcducing 

conditions conditions 
Concentration X I o5 ( ~ g " ,  ~~f +) Hg(tota1) 

Oxidant ( M I  ( P P ~ )  ( P P ~ )  

None 
Acetic acid 
Benzoic acid 
Peracetic acid 

m-Chlorobenzoic acid 

Hydrogen peroxide 

tert-Butyl hydroperoxide 

Ethyl hydroperoxide 

*The signal under non-reducing conditions can sometimes appear to exceed that under 
reducing conditions due to unavoidable time lag between determinations and resulting loss of 
Hg". This is of consequence only where Hg(total) is very small. 

bility limit of Hg'. k c -  Hg 0 
A number of conclusions appear to follow from these obser- 0 f : H g  0' '0.H 

vations. Firstly, the peracids are evidently far more effective !I (0 ---t I 
oxidants than the peroxides and, since these "acids" are not R' \o' \H R/c\'o 
particularly acidic (pK,, 7.1 - 8.2 (7)), it appears likely that the 
carbonyl group may well be playing a role in the peracid ox- 
idations. Although a cyclic mechanism involving mercury and 

-1 
- 

the carbonyl group, such as shown in Fig. 1 is an attractive 0 Hg2+ 
notion, and one which would be restricted to the peracids, there 1 
are certainly other mechanistic possibilities which would ac- "KO OH 
count for the greater oxidative capability of the peracid group. 
Oxidation to the mercurous ion is also an intriguing mech- FIG. I. Cyclic mechanism for mercury oxidation. 

anistic question. Clearly the technique used in this study, while 
allowing chemistry to be delineated, does not permit any mech- Canada). Reagent solutions were prepared by serial dilutions of this 
anistic insight to be gained. stock solution with distilled water. 

lnc~cbatiorl and ann1y.si.s 
Experimental Distilled water (3.0 mL) was placed in the main body of each 

Solutior~s and reagents Thunberg flask. The test reagent (20 pL) was added and the flasks 
t-Butyl hydrogen proxide: t-butyl hydrogcn peroxide solutions were were stoppered with a side-arm containing metallic mercury (0.1 mL). 

prepared by serial dilution of t-butyl hydroperoxide-70 (Wallace and The flasks were incubated overnight in a metabolic shaker. At the end 
Tiernan Inc., Buffalo. NY). of the incubation period the side-arms were removed, flasks were 

Ethyl \iydrogen peroxide: solutions were prepared by serial dilu- sealed with parafilm, and solutions were analyzed by double Magos 
tions of 10% aqueous ethyl hydrogen peroxide (Polysciences Inc., determination (1). 
Warrington, PA). Control experimerlts 

Peracetic acid: 40% peracetic acid (FMC Corporation, Buffalo, Oxidations with carboxylic acids were tested (see Table 1) in order 
NY) was sequentially diluted to produce reagent solutions. to ensure that oxidations with peracids were not proceeding by initial 

~ ~ d r o g e n  ~eroxide: 30% A.C.S. reagent grade hydrogen peroxide reduction to the carboxylic acid which in turn acted as the main (Anachemia, Montreal, Canada) was serially diluted to produce re- 
oxidant, 

aeent solutions. " 
m-Chloropero.rybenzoic acid: 0.5 g rn-chloroperoxybenzoic acid Errors 

(Aldrich Chemical Company, Milwaukee, WI) was dissolved in Error limits quoted are standard deviations on triplicate 
10.0 mL absolute ethanol (Consolidated Alcohols Ltd., Toronto, determinations. 
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Etude de I'anharmonicite electrique dans 12C1602 
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PHILIPPE MILLIE. Can. J .  Chem. 63, 278 (1985). 
Le dtveloppement du  moment dipolaire dans la moltcule I2C'"O2 en fonction des coordonntes normales est dttermint 

jusqu'au quatrikme ordre par ajustement sur les valeurs exptrimentales des intensitts de transition. La convergence du 
dtveloppement est rapide, mais les termes d'ordre trois jouent un r61e tres important si on veut obtenir une precision de I'ordre 
de 20%. 

PHILIPPE MILLIE. Can. J .  Chem. 63, 278 (1985). 
The dipole moment derivatives up to the fourth order are determined for the "C"OZ molecule by fitting the experimental 

values of several transition intensities. The convergence is fast, but the third order is significant in order to obtain an acceptable 
accuracy (-20%). 

Introduction 
Le moment dipolaire d'une molCcule polyatomique peut Ctre 

dCcrit dans n'importe quel systeme de coordonnCes reprksen- 
tant le dCplacement des atomes par rapport a la configuration 
dlCquilibre. Cependant, en gCnCral, on utilise un developpe- 
ment en puissance en fonction des coordonnCes normales sans 
dimension (q,) 

[ I ]  M U  = M: + z P:q, + f C Pl,sqsq,. + . . . 
s.s' 

avec 

La question essentielle est la rapidit6 de convergence d'un tel 
dCveloppement, c'est-a-dire le r61e de I'anharmonicitt Clec- 
trique dans les intensitts de transition. 

La molCcule de bioxyde de carbone se prCte particulierement 
bien a une telle Ctude, car d'une part, sa fonction potentiel est 
bien connue ( I ) ,  d'autre part, l'intensitk d'un grand nombre de 
ses transitions a CtC dtterminte (2). 

Cette Ctude se distingue des Ctudes prCcCdentes (3, 4) sur le 
mCme sujet sur trois plans: (i) I'utilisation d'une fonction po- 
tentiel plus raffinCe, (ii) le nombre de transitions utilisCes pour 
dkterminer les coefficients P,, P,,, etc. . , beaucoup plus grand 
(7 a 10 fois), et (iii) la fonctionnelle utilisCe: on a cherchC a 
reproduire au mieux les intensites de transition et non les mo- 
ments dipolaires. 

L'emploi de ces derniers pose en effet le probleme du signe 
des valeurs experimentales, et oblige, soit a tester tous les jeux 
de signe possibles, soit a ne garder que les transitions les plus 
intenses pour lesquelles le signe est certain (3), ce qui restreint 
I'ichantillonnage dans les deux cas. 

Considerations theoriques 
I. Principe gknkral 

L'intensitC d'une transition donnee entre deux Ctats vi- 
brationnels $i et $j est proportionnelle a 

(*iJMI*;)2 

Compte tenu de 1'Cq. [ I ] ,  on obtient: 

Si on connait par ailleurs les fonctions d'ondes 4; et $,, on 
peut aisement calculer (+,(q,I$,), (+;(q,q,~I$.,), etc. (9;IM"I$j)2 
devient une fonction des seuls paramhtres PP, P:>, etc. . et ces 
derniers sont alors obtenus a partir d'un Cchantillonnage de 
valeurs expCrimentales de (&I M ~ I  +,)? 

2. Obtention des forlctions d'ondes 
Elle consiste a Ccrire les fonctions d'ondes comme des pro- 

duits des fonctions harmoniques et a diagonaliser I'hamiltonien 
T + V dans cette base. Le potentiel utilisC est celui determine 
par A.  Chedin ( I ) .  La validit6 de ce potentiel, la convergence 
des fonctions d'ondes et des ClCments de matrice de I'opCrateur 
moment dipolaire ont CtC discutCes dans un article prtckdent 
(5 ) .  La dimension de la base utilisCe est de 246 pour chacune 
des symCtries X:, X i ,  n, ,  nu, A,, A, alors que les intensitCs 
des transitions utilisCes ne font intervenir au maximum que les 
vingt premiers niveaux dans chaque symetrie. 

3. DPveloppement du moment dipolaire 
Le diveloppement, au quatrieme ordre, en fonction des co- 

ordonnkes normales sans dimension compte tenu des res- 
trictions dues a la symetrie, s'Ccrit sous la forme (i) pour les 
transitions paralleles (2: - X:, n, - nu, A, - A,) 

(ii) pour les transitions perpendiculaires (n,,, - X:,,, A,, - 
nu,,), si on utilise les coordonnees polaires p et cp, on obtient: 

Conduite du calcul et rQultats 
I. Choix de I'kcharitillonnage 

Bien qu'on ne puisse pas dtfinir un critere absolu de choix, 
cet tchantillonnage doit rCpondre aux qualitis suivantes: 

(a) Le nombre d'echantillons doit Ctre nettement suptrieur au 
nombre de parametres, ici huit. 

(b) Les transitions choisies doivent permettre une dtter- 
mination significative des parametres. Elles doivent donc faire 
intervenir ces derniers avec des poids comparables sur I'ensem- 
ble a determiner. I1 est notamment nCcessaire pour cela de 
choisir aussi bien des transitions intenses que des transitions 
trhs faibles. 
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lioration trks nette de la valeur minimale de la fonctionnelle F 
en fonction du nombre de paramktres et notamment I'im- 
portance du troisieme ordre pour obtenir une erreur relative 
moyenne infirieure a 30%; ( i v )  la bonne fiabilite des resultats 
obtenus en fonction des erreurs expkrimentales: un changement 
aliatoire de  toutes les valeurs experimentales (limitee a 15% au 
maximum) ne modifie que peu les valeurs obtenues, mEme les 
plus faibles (comparer les colonnes 4 et 5 des tableaux 1 et 2). 

I On peut ainsi estimer notre erreur a 1 % sur le ler terme et a 5% 
I sur les autres. ( v )  le bon accord que I'on obtient avec les 

valeurs expirimentales aussi bien pour des transitions trks in- 
tenses que pour des transitions de  trks faible intensite (huit 
ordres de grandeur) (voir tableau 3). 

Conclusion 
Comme il a CtC deja discute ( 3 ,  le potentiel utilise dans ce 

travail semble apte a reproduire thkoriquement les intensitis de  
transition observees. Le large Cchantillonnage utilisk permet 
d'amiliorer la fiabilitk du developpement du moment dipolaire, 
notamment pour les plus petits termes qui jouent un r6le im- 
portant pour les transitions presque interdites. 

Une evaluation a priori, d'intensitis de transitions non en- 
core observees dans COz, semble maintenant possible avec une 
precision de I'ordre de  20%. 

I. A.  CHEDIN. J .  MoI. Spectrosc. 76, 430 (1979). 
2. A.  CHEDIN. N. HUSSON, N .  A. SCOTT, I. COHEN-HALLALEH et 

A. BERROIR. Tables Geisa Laboratoire de Mtttorologie Dyna- 
mique du C.N.R.S. Notes internes nus 108, 1 13 et 1 16 (1982). 

3. 1. SUZUKI. J .  Mol. Spectrosc. 80, 12 (1980). 
4. J .  BORDE. J .  Phys. 39, 369 (1978). 
5 .  PH. MILLIE. Can. J .  Chem. 62, 736 (1984). 
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Thermodynamic control in the reactions of gas phase anions. An ab initio and ion 
cyclotron resonance study of the reactions of anions with diborane 
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M. ROY A N D  T. B. MCMAHON' ' 
Depnrttnerlt (!/ Chernis t~y ,  University of' New Br~itlsrt~ic.k, Fret/errc,tor~, N . B . .  Ctrr~crclt~ E3B 6E2 

Received April 3, 1984 

0 .  EISENSTEIN, M. KAYSER, M. ROY, and T. B. MCMAHON. Can. J .  Chem. 63, 281 (1985). 
The gas phase ion molecule reactions of a number of anions, X , with diborane, BZH,, have been investigated using ion 

cyclotron resonance spectroscopy. Two distinct reaction channels are observcd in addition to simple proton transfer. The first 
of these is production of B H ,  and BHZX while the second is formation of BH,X and BH,. In order to determine the 
importance of thermodynamic factors in thc course of reaction n b  itlitio calculations have been carried out on the spccics 
involved to obtain the relative stabilities of the two possible pairs of products. Thc 4-3 1 +G basis set incorporating additional 
flat s and p functions has been used since this basis set has been demonstrated to give the most accurate description of anions 
to date. The results obtained indicate that the thermochemical factors a x  instrumental in determining the reaction pathway. 

0. EISENSTEIN, M. KAYSER, M. ROY ct T. B. MCMAHON. Can. J .  Chem. 63, 281 (1985). 
Faisant appel a la spcctroscopie dc resonance de I'ion dans un cyclotron, on a CtudiC les reactions ion molCcule cn phase 

gazeuse d'un certain nombre d'anions, X-,  avec le diborane BZH,. On a observe deux voies distinetcs dc reaction en plus du 
simple transfert de proton. La premiitre voie conduit a la formation dc BH, - ct dc BH,X alors quc la seconde fournit du BH3X- 
et du BH3. Dans le but de determiner I'importance des factcurs thcrmodynamiques pendant la reaction, on a cffectuC des calculs 
n b  itlitio sur les espkces impliquCes afin d'obtenir les stabilites relatives dcs dcux paires possiblcs de produits. On a utilisk 
I'ensemble de base 4-31 +G incluant des fonctions additionnelles s ct p planes puisque cet cnscmble de base a donnC jusqu'i 
present la description la plus correcte des anions. Les rCsultats obtenus indiqucnt quc les factcurs thcrmodynamiques con- 
tribuent a diterminer le processus reactionncl. 

[Traduit par Ie journal] 

Introduction of reaction of BH,- with CF,O, in which the carbonyl group is 

Despite the widespread synthetic utility of borohydride re- substantially activated, no hydride transfer was observed, reac- 

ductions the details of the mechanism by which BH,- reacts tion [2]. 

with carbonyl groups is not well understood (1-3). Recent ab [2] BH,- + FZCO + F,CHO + BH, 
initio calculations (4) have shown that the reaction of isolated 
BH4- with formaldehyde to produce methoxide ion and BH,, In the course of our study reactions of BH4- with a wide variety 

reaction [I], of aliphatic aldehydes and ketones were also attempted and, 
while no hydride transfer was observed an extremely inter- 

[ I ]  BHa- + CH,O + C H I 0  + BH, esting new reaction was discovered. 

should be endothermic by 36 kcal mol- ' .  In addition, ex- 
ploration of the potential energy surface for this reaction also 
revealed a substantial activation barrier. This is in considerable 
contrast to the experimental observations which show that in 
solution borohydride reductions of carbonyl groups proceed 
rapidly with little o r  no activation energy and with evolution of 
substantial quantities of heat. 

In order to explore the mechanism of reaction between naked 
BH,- and CH,O we undertook an investigation of the gas phase 
reactions of BH4- with CH?O using ion cyclotron resonance 
spectroscopy (ICR) (5). As predicted by ab initio calculations 
( 4 )  no hydride transfer occurred. Furthermore, even in the case 

' Present address: Laboratoire dc Chim~e Thcorique, Batiment 490, 
C.N.R.S., Centre dlOrsay, 91405, Orsay, France. 

'Present address: Dkpartement de Chimic, Universite dc Quebec a 
Montreal, C.P. Succursale A, Montreal (Que.), Canada H3C 3P0. 

'Present address: The Guelph Waterloo Centre for Graduate Work 
in Chemistry, Waterloo Campus, Department of Chemistry, Univer- 
sity of Waterloo, Waterloo, Ont., Canada N2L 3GI. 

"To whom all correspondence should be addressed. 

Borohydride ion, BH4-, was generated in our system by 
reaction of F- with diborane, B2H6, reaction [3]. 

Under usual experimental conditions proton abstraction by F- 
from the aldehyde or  ketone under investigation was also 
observed in those species possessing an a hydrogen. For exam- 
ple, with acetone the acetone enolate ion was readily formed, 
reaction [4] 

0 4-  
[4] F- + CH~COCHI + CH3-C( + HF 

\.. 
CHI 

This ion was observed to subsequently react with diborane to 
produce a new species of boron enolate, reaction [5]. 

0 
A'- /OLBH3 

[5] CH~-C( + BzHb + CH3-C + BH3 
\.. 

CH, 
\ 

CH: 
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Trialkyl boron enolates are well known synthetic reagents for 
important reactions such as stereoselective aldol condensations 
( 6 ,  7 ) .  

Having observed reaction [5] ,  and to a smaller extent the 
analogous reaction of F- ,  reaction [3b] ,  it was felt that the 
reaction of CH,O- with diborane might then yield CH,0BH3-, 
the postulated intermediate in the borohydride reduction of 
formaldehyde. However, when C H Q  was reacted with BzH6 
the only product observed was BH,-, reaction [6].  

The realization that there are two very different ways in which 
anions can react with diborane, reactions [7] and [8] led us to 
investigate a large number of anion-diborane reactions to 

determine the factors affecting the species produced in these 
two general pathways. In order to determine the importance of 
the relative thermodynamic stabilities of the two sets of prod- 
ucts on the product distribution, ab initio calculations for sever- 
al key reactions representing different extents of pathways [7] 
and [8] were carried out. The results reported in the present 
study show an excellent agreement between theoretical calcu- 
lations and experimental findings and provide strong evidence 
for thermochemical control in gas phase anion-diborane reac- 
tions. 

Experimental 
All experiments were carried out using an ion cyclotron resonance 

spectrometer of basic Varian V-5900 design extensively modified to 
permit routine operation in both convention21 drift and trapped ion 
modes (8). Ion cyclotron resonance spectroscopic techniques have 
been described in detail elsewhere (9, 10). 

Pure gaseous diborane was generated according to a modified meth- 
od described by Dunbar ( 1  I) in which finely powdered KBH, (0.32 g) 
was added to 85% phosphoric acid (6 mL) which was frozen in liquid 
nitrogen. The reaction flask was then attached to a vacuum line, 
evacuated, and allowed to warm to room temperature. The BZHh 
product was collected continuously by pumping through a dry-ice 
acetone trap into a liquid nitrogen trap. Mass spectrometric analysis 
revealed no higher boron hydrides and no other impurities. 

All other chemicals were commercial materials of highest purity 
obtainable and were used without further purification other than &- 
gassing by successive freeze-pump-thaw cycles. 

Although Dunbar ( I  I )  has reported that BH,- is obtained by dis- 
sociative electron impact on diborane, reaction [9], at the pressures 

at which our experiments were carried out the cross section for for- 
mation of BH,- by this mode relative to those for formations of the 
other anions of interest was so low that no direct production of BH,- 
was observed. Fluoride ion, F-, was produced by dissociative electron 
attachment to NF,; alkoxide ions, RO-, were generated by dis- 
sociative attachment to alkyl nitrites, RONO; and CN- by electron 
impact on cyanogen iodide, ICN. All other anions studied were gen- 
erated by proton abstraction from the appropriate conjugate acid, by 
either F- or CHjO-, reaction [lo]. 

Computntionnl rnethod 
Ab initio molecular orbital calculations were carried out using the 

GAUSSIAN 80 program package (12). All calculations on molecules 
and ions were at the SCF level. All structures were fully optimized 
using the 4-3 1 +G basis set described by Schleyer and co-workers (13) 

TABLE 1. Products observed for reactions of anions with 
diborane 

BH,- only BH,- and XBH3- XBHj- only 

CH3O- F- CF3- 

CZHSO- CHjS- CF,O- 

using an analytical gradient technique ( 14). The only geometric con- 
straint imposed was freezing of rotation about the B-0 bond in 
CHjOBHj- such that the ion was constrained to the most stable, 
staggered configuration. 

The 4-3 I +G basis set with additional flat s and p Gaussian func- 
tions on all heavy atoms has been shown by Schleyer and co-workers 
(13, 14) to give a much more accurate description of energetics of 
anions than other split valence basis sets previously used. 

Results and discussion 
The reactions of anions, X-, with diborane can be divided 

into three broad categories: ( i)  those producing only BH4-; ( i i )  
those producing both BH4- and XBH,- in varying proportions; 
(i i i)  those producing only XBH3-. The results obtained for the 
anions investigated in the present work are summarized in 
Table 1 according to these categories. Representative data are 
shown in Fig. 1 for reaction of CH,O- with B2H6, in Fig. 2 for 
reactions of F-  with B2H6, and in Fig. 3  for reaction of CN- 
with BzH6. 

These results suggest that the reactions of anions with B2H6 
may be interpreted as occurring through a common, inter- 
mediate XB2H6- complex from which dissociation to products 
may occur as shown in Scheme 1. The structure of the inter- 

mediate complex with a linear B-H-B bond is chosen by 
analogy to the B,H,- anion which has been shown by X-ray 
crystallographic (15) and ab initio studies (16- 18) to  have a 
symmetrical structure with a single, linear B-H-B bridge 
bond. The decomposition path will then depend upon the pos- 
ition of the central hydrogen atom in the B-H-B linkage, 
which, in turn, is dictated by the electronic properties of the X 
substituent. When X is a strongly electron donating substituent 
the central H will be displaced towards the boron to which X 
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\ 
0.01 1 I I I I I I I I 

0 40 80 120 160 200 

Time (ms) 

001 1 I I I I I I I I I I 
0 40 80 120 160 200 

Time (ms) 

FIG. I .  Variation of relative ionic abundances with reaction time 
for a 2:  1 mixture of CH,ONO and BzHh at total pressure of 1.5 X lo-' 
Torr following a 5 ms, 70 eV electron beam pulse. Products of reac- 
tions of anions with CD,ONO are omitted for clarity. 

/ f 
0.01 

/ I I I I I I I I 

0 40 80 120 160 200 

Time (ms) 

FIG. 2. Variation of relative ionic abundances with reaction time 
for a 3.3: 1 mixture of NF3 and BzH6 at a total pressure of 1.7 X lo-' 
Torr following a 5 ms, 70 eV electron beam pulse. 

is not bound, as in I, thus facilitating a decomposition to pro- 
duce BH4- and BH2X. Conversely, when X is an electron- 
withdrawing group the central hydrogen atom will be displaced 
toward the boron to which X is bonded, as in 11, thus favoring 

FIG. 3. Variation of relative ionic abundances with reaction time 
for a 1.4: 1 mixture of ICN and B,H6 at a total pressure of 1.9 X lo-' 
Torr following a 5 ms, 70 eV electron beam pulse. 

XBH3- + BH, 

BH4- + XBHZ 

I XB2HB I- 

Reaction Coordinate + 

Reaction Coordinate + 

Reaction Coordinate + 

FIG. 4. Hypothetical reaction coordinate diagrams for the three 
possible situations arising from the reactions of anions, X-,  with 
diborane, B2Hh. 

a dissociation to BH3 and BH3X-. Finally, substituents which a mixture of products. It is interesting to note that according to 
are neither intrinsically good electron-withdrawing nor donat- this classification F must be regarded as a more electron donat- 
ing groups will yield intermediates in which the central hydro- ing than withdrawing substituent on boron since 95% of the 
gen atom remains close to the center of the bond, giving rise to products of reaction of F- are BH4- + BH2F. This result is 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN.  J .  CHEM.  VOL. 63. 198.5 

TABLE 2. Optirnizcd geornctrics and total cncrgics using 4-3 I + G  basis sct 

B-H = 1.184 4 
B-H = 1.240 4 
B-F = 1.362 .+ 
B-H = 1.177 A 
LHBF = 117.332" 

B-F= 1.517 4 
B-H = 1.231 A 
LHBF = 108.486" 

B-C = 1.533 A 
C-N = 1.147 4 
B-H = 1.177 A 
LHBC = 118.995" 

B-C = 1.613 4 
C-N = 1.155 4 
B-H = 1.229 A 
LHBC = 108.765" 

B-0 = 1.355 4 
B-HI = 1.192 4 
B-H2= 1.181 4 
C-0 = 1.434 4 
C-H, = 1.075 A 
C-HJ.H.5 = 1.080 A 
LHIBO = 120.156" 
LHIBO = 117.743" 
LCOB = 127.600" 
HlCO = 105.917" 
H,.,CO = 1 10.260" 
wH~COB = 60.657" 

B-0 = 1.522 4 
B-H! = 1.227 4 
B-H, = 1.248 4 
C-0 = 1.401 4 
C-HI = 1.087 4 
C-H, = 1.092 A 
LHIBO = 108.544" 
LHlBO = 110.013" 
LCOB = 117.703" 
LHlCO = 109.095" 
LH,CO = 1 1  1.789" 
wH~BOH = 120.575" 
wH~COB = 60.238" 

consistent with previous 1CR investigations of isoelectronic 
gaseous carbonium ions (1'9, 20) which show F is a strongly 
stabilizing substituent by virtue of donation of F 2p electron 
density into the vacant 2p lobe of a carbonium ion center. The 
borane groups in this work are isoelectronic analogues of sub- 
stituted methyl cations and it is then logical that stabilization of 
intermediates and products by F via p-T donation can occur. 
This situation may be regarded formally as resulting from con- 
tributions from the valence bond structures I11 and IV. 

It is also of interest to note the change in product distribution 
as the degree of charge delocalization is varied in a series of 
similar substituents. For example, the CH,O- ion yields only 

BH,- as a product ion whereas the CF,O-, in which negative 
charge is dispersed by inductive withdrawal through the a 
framework of the molecule, yields only CF,OBH,-. Similarly, 
a comparison of acetaldehyde, acetone, and trifluoroacetone 
enolates and acetate ion reveals that the least delocalized spe- 
cies, HCOCH2-, produces over 90% B H ,  while the more 
delocalized, CH,COCH2-, yields 70% B H ,  and 30% 
CH3COCH2BH,-. As the degree of negative charge de- 
localization increases still further in CF,COCH2- and 
CH3C02-, no BH,- is observed and only XBH,- product is 
formed. 

The factors affecting the stability of the intermediate com- 
plexes also apply to the product species and thus the com- 
petition between the two reactions might be regarded as the 
result of thermodynamic control. The three different situations 
may be represented by the three reaction coordinate diagrams 
shown in Fig. 4. In every case formation of both sets of prod- 
ucts is exothermic; however, when there is a large difference in 
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TABLE 3. Total energies of possible products 
formed in reaction of selected anions with 

diborane 

Neutral (BHZX) Anion (BH3X-) 
X energy (au) energy (au) 

TABLE 4. Energy changes for iso- 
desmic hydridc transfer reactions 
BHlX + BH1+ B H ,  + BHIX 

X AE (kcal mol-') 

exothermicity of formation of the two sets of products the more FIG. 5.  Orbital interact~ons between CHIO and the BHl fragment 
stable products are formed virtually exclusively (Fig, 4a and in CHlOBHl-. Only those orbitals contributing to the destabilization 
40). Conversely, when the exothermicities of both reactions are 

are comparable (Fig. 4c) both pairs of products are produced, 
with the slightly more energetically favored pathway giving the absence of experimental data for the geometry of BHzF it - -  - 

rise to somewhat more product. 
In order to investigate this possibility of thermochemical 

control of the product distribution high quality crb ir~itio calcu- 
lations were carried out for products of reaction of CH,O-, F-, 
and CN-. These anions are representative of each of the three 
possible situations above. The optimized geometries of each of 
the possible ionic and neutral products are summarized in Table 
2. The total energies obtained using the 4-3 I +G basis set and 
optimized geometries are listed in Table 3. The degree to which 
thermodynamic control operates in these reactions is seen most 
easily from an examination of the isodesmic hydride transfer 
reaction, eq. [ I  I]. Energy changes for each of the situations 

examined are shown in Table 4. As expected, when the en- 
thalpy change for reaction [ I  I ]  is large and negative as for 
CH,O-, reaction [7] producing exclusively BH,- is the only 
reaction observed. When the enthalpy change for reaction [ I  11 
is large and positive, as for CN-, reaction [8], producing exclu- 
sively BH,CN-, is the only reaction observed. However, when 
the enthalpy change for reaction [ I  I] is relatively small and 
either positive or negative both possible products might be 
expected. This situation is illustrated by the reaction of F- with 
BzH6 where both BH4- (95%) and BH,F- (5%)  are produced. 
According to the calculations at the 4-3 1 +G level production 
of BH,F- is found to be 2.9 kcal mol-' more energetically 
favorable than BH,- production. Thus from the LID initio results 

is not possible to say which basis set more adequately describes 
BHzF; however, our experimental data clearly show that BH,- 
is the more energetically favorable product. In cases such as 
this where the energetic difference between possible products 
is very small it thus seems likely that a b  initio calculations will 
have difficulty in determining the more stable products. It is 
important to note that in all cases ~zb initio calculation predicts 
that production of both sets of products is exothernlic. These 
results are thus clear evidence of the importance of thermo- 
dynamic control in determination of product distribution in the 
reaction of anions with diborane. 

An alternative method of analysing the above ion molecule 
reactions is to examine the orbital interactions stabilizing or 
destabilizing all possible products. The inspection of the anion- 
ic products listed in Table I shows that we can discriminate 
between the two types of BH,X- anions: those in which BH, 
fragment is linked to a non-stabilized anion with high energy 
orbitals (example, -OCH,) and those in which BH, is at- 
tached to an anion possessing the low-lying empty orbitals. 

An examination of the interactions between BH, and X- 
fragments in the BH,X- anions shows that the BH, group 
contains a degenerate set of nBH1 and n;,,, orbitals (Fig. 5). The 
latter set (T*) is of high energy due to the low electronegative 
character of the boron atom, and consequently may be 
neglected. Thus, the only interactions of importance are those 
between the n~,. , ,  and the occupied and empty orbitals of X- 
fragment. 

a reverse order of product abundances would have been pre- When X- has a high energy HOMO ~lrzd no accessible 
dicted. This is most likely a consequence of slight deficiencies LUMO orbitals as is the case of CH,O-, the interaction of X- 
of the 4-31 +G basis set which lead to a poorer representation with BH, leads to a four electron repulsion between the two 
of fluorine-containing neutrals relative to anions: As can be fragments. Such a limiting case is illustrated by the CH,OBH,- 
seen from the data in the Appendoix the 6-31G:$ basis set pre- anion as shown in Fig. 5.  Here, the methoxy anion has three 
dicts a B-F bond length of 1.29 A in BHzF while our 4-3 1 +G lone pairs, one of which is implicated in the u bonding with 
calculations yield a B-F bond length of 1.36 A.  In order to BH,. The remaining two interact in an antibonding fashion with 
test this possibility the energy change for the isodesmic reaction symmetry compatible n " ~ ~  orbitals (Fig. 5). On the other hand, 
[ l  I] where X = F was also determined at the 6-31G* level and if X- is characterized by low-lying occupied orbitals, as well 
BH4- was found to be slightly favored as the ionic product. In as low-lying empty orbitals, for example CN- or NOz-, the 
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Conclusion 
R* The experimental results presented above show that two 

possible competitive reaction channels exist for reactions of 
anions with diborane. The uniformity of these reaction path- 

R 
ways suggests that both reactions occur via a common XB2H,- 
complex reaction intermediate. The ab initio calculations per- 
formed reveal that the relative stabilities of the two possible 
products controls the reaction channel. This conclusion is fur- 
ther supported by considerations of the electronic donating and 
withdrawing properties of various substituent groups X and 

R considerations of orbital interactions betwen X- and BH,. This, 
and similar studies, reveal the tremendous value to be gained 
from the parallel investigation of gas phase ion molecule reac- 
tions by both experimental and ab initio methods. 
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TABLE 5. Energies of the high- 
est occupied molecular orbitals 
(HOMO) of the calculated 

XBH,- anions 

Anion XBH3- HOMO ~ ( a u )  

HBHJ- -0.19001 
NCBH3- -0.22265 
FBH3- -0.20029 

CH3OBHs- -0.16315 

effect of the four electron repulsion is minimal, while the 
system is stabilized by the two electron interaction between 
T B H ,  and the LUMO of the anionic fragment (Fig. 6). 

The above analysis is confirmed by the relative energy levels 
of the highest occupied molecular orbitals (HOMO) of the 
calculated anions listed in Table 5. The highest HOMO (Fig. 
5 ,  Table 5) is found in the most destabilized species - 
CH30BH,-, while the NCBH,-, the most stabilized anion, 
possesses a low-lying HOMO (Fig. 6, Table 5). The HOMO of 
our reference anion BH,- is situated in-between those two 
extreme cases. This illustrates the absence of the stabilizing or 
destabilizing effects in thehBH4- anion. 

The stability of the neutral species (XBH?) is the result of the 
electronic back donation from the occupied orbital of X frag- 
ment into the empty orbital of BH, fragment. The magnitude of 
this effect is related to the energy level of the occupied orbital 
of the X group and consequently is larger for CH30BH? than for 
NCBH2. 

The above orbital considerations also correspond closely to 
the gas-phase, ion-molecule reaction results shown in Table 1. 
Alkoxides, thiolates, and fluoride ion, characterized by high 
energy lone pair and inaccessible empty orbitals yield predom- 
inantly XBH, and BH4- products. On the other hand, the 
strongly stabilized anions such as CF,O-, cyclopentadienyl, 
and trifluoro acetone enolate which possess low-lying orbitals 
give XBH,- and BH, as products. In between those two ex- 
tremes lie enolates, benzyl, and the slightly less stabilized 
anions such as (CH,)?FSiCH2-. 
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Appendix 
Geometries 

Since these are the first calculations of which we are aware 
employing the 4-3 1 +G basis set on the species described here, 
it is of some interest to compare the geometries obtained with 
results using other basis sets. 

I .  BH,. The B-H bond length is found to vary 1.16 A 
(STO-3G) to 1.22 A in a double zeta quality calculation 
(21-23). At the 6-31G** level the B-H bond length was 
found to be 1.1822 A (2$), in excellent agreement with the 
present value of 1.1836 A. 

2. BH4-. 'The borohydride ion, BH,-, has received a great 
deal of theoretical attentiy. Experimental results show a 
B-H bond length of 1.25 A. Calculations at the 4-31G* level 
give 1.239 A (25) and at the 6-3 1G level a value of 1.247 A 
(26). Our value of 1.200 A is thus in good agreement. 

3. BH2F. At the 6-31G* level the B-F bond length in 
BHzF is found to be 1.293 A (21,23) while the present 4-3 1 +G 
calculations yield 1.362 A. Differences are also noted in the 
H-B-F bond angle 12 1 .OO at the 6-3 IG* level and 1 17.3" at 
the 4-3 1 +G level. 

4. BH3F-. In BH3F-, as expected, the B-F bond length is 

considerably lengthened relative ;o BH?F. At the 4-3 1G level 
the B-F bond length is 1.482 A (25) while at the 4-31 +G 
level 1.517 A is found. B-H bond lengths for BHzF and 
BH,F- are similar for all basis sets. This suggests that the 
B-F bond is very sensitive to the basis set used. In the ab- 
sence of any experimental data for BH,F- it is not possible to 
determine which basis set provides the best description of 
B-F bonding. 

5. BH2CN and BH.ICN-. Recently Marynick and co-workers 
(27) have carried out calculations using the 4-3 1G basis set for 
BH3CN- and its isomer BH3NC-. They found BH,CN- to be 
the more stable species and obtained a partially optimized 
geometry in good agreement with our present fully optimized 
geometry. To our knowledge no calculations on BHzCN have 
been carried out. As expected the B-C bond length in the 
neutral molecule is shorter than that in the anion. 

6. CH.{OBHZ and CH.iOBH.i-. No previous studies of either 
of these species could be found, however, a comparison to the 
corresponding hydroxy derivatives is of interest. Both BHzOH 
(2 1, 23) and the BHzOC- fragment are found to be planar. A 
staggered configuration in the CH3 group was assuyed. The 
B-0 bond length in BH30H was found to be 1.334 A (23) gn 
good agreement with that found here for CH30BHz of 1.355 A. 
The B-H bonds in CH,0BH2 were found to be slightly longer 
than those in BH,OH. Calculations at the !-31G level give a 
B-0 bond length in BH,OH- of 1.522 A, in exact accord 
with that found here for CH30BH3-. 
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The influence of a base on the methylation of aminoalcohols 

CHOJI KASHIMA, '  KAZUO HARADA, A N D  YOSHIMOKI OMOTE 
Depnrtrnerlt (f Cllernistry, Urlive~sity T . S U ~ U ~ L I ,  Snk~irn-rr~~irn, Niillnri-RUII. Ihnr-nki 305, Jnpntl 

Reccivcd May 14, 1984 

T11i.s pclper is dedicnted to Projessor Peter Yntes otr tile occclsion oJ'11i.s 60th birthdny 

CHOJI KASHIMA, KAZUO HARADA, and YOSHIMORI OMOTE. Can. J .  Chem. 63, 288 (1985). 
A selective rnethylation towards N and 0 atoms on arninoalcohols was observed using metal hydride reagents as the base, 

and the predominant factors for the selectivity were investigated in detail. 

CHOJI KASHIMA, KAZUO HARADA et YOSHIMORI OMOTE. Can. J .  Chern. 63, 288 (1985). 
Lorsqu'on utilise des hydrures rnttalliques cornrne bases, on observe une sClectivitd de la riaction de nitthylation pour les 

sites N ct 0 d'amino-alcools. On a ttudit en dttail les facteurs prtpondtrants qui dtterrninent cette silectiviti. 
[Traduit par le journal] 

We reported previously on the selective alkylation towards N 
and 0 atoms of hydroxylamine in the presence of various bases 
( I ) .  Here, in relation to the above, the methylation of amino- 
alcohols, which are the methylene analogues of hydroxyl- 
amine, was carried out using metal hydride reagents such as 
NaH, LiH, and CaH2, and a selectivity in the methylation 
towards N and 0 atoms was observed. 

The methylation of aminoalcohols was carried out as shown 
in Scheme I .  T o  a T H F  solution of the aminoalcohols, a molar 
equivalent amount of NaH, LiH, or CaH, was added and stirred 
at room temperature for an hour. T o  this mixture, a molar 
equivalent amount of dimethyl sulfate was added and stirred for 
another hour. After usual work-up, the yields were determined 
by means of gas chromatography. In the case of methyl iodide 
as the electrophile, the yields were generally lower. 

The methylation of 2-aminoethanol ( 1 ~ 1 )  using NaH led 
mainly to 0-methylated products (40, 5 0 ,  and 6 a ) ,  while the 
use of LiH and CaHz led exclusively to N-methylated products 
( 2 a  and 3 a )  (Scheme I,  Table 1) .  The stirring with supersonic 
vibration, the higher reaction temperature, the use of various 
amounts of the base, the concentration of the substrates, and 
the polarity of the solvent were all ineffective in the selectivity 
of the methylation. 

In order to clarify the predominant factor controlling the 
selectivity, the ability of the lithium cation to form a complex 
with aminoalcohols was measured by 7Li nmr (2). 2-Amino- 
ethanol ( l a ) ,  which possesses an ethyl alcohol moiety and an 
ethylamine moiety intramolecularly, was added to an ethanol 
solution of lithium ethoxide, and the signal of lithium ethoxide 
was shifted downfield. On the other hand, no remarkable shift 
could be observed in a mixture of lithium ethoxide and diethyl- 
amine, where an alcohol moiety and an amine moiety exist 
intermolecularly. These data suggested the formation of com- 
plexes due to the chelation between the aminoalcohol and the 
lithium cation. Similarly, 3-aminopropanol ( 2 a ) ,  5-amino- 
pentanol (7), and the N- and 0-methylated derivatives of  
2-aminoethanol (20-6a)  caused the downfield shifts sum- 
marized in Table 2. From Table 2, the magnitude of the shift 
was largest in 2-aminoethanol and decreased by the intro- 
duction of methyl groups on l a ,  especially on the 0 atom. 
However, I -phenyl- l,3-butanedione (8), where the stability 
constant (log K) of its lithium complex is reported to be 5.95 
(3), showed a very large downfield shift. Therefore, even in the 

'Author to whom correspondence may be addressed. 

TABLE I .  Methylation of 2-aminoethanol ( l a )  
Base 

NH2CH2CH20H + Me2S04 

Conv. (O/o) 

NaH 69 
LiH 53 
CaH2 64 
MeLi 66 
MeMgl 65 
No base 60 

'The ratios of (2a + 3 a ) : 4 a  are shown 

case of 2-aminoethanol, the complexation should be a very 
weak one. 

The ratio of N-methylated products (2b  and 3 b )  to the 0- 
methylated product (46)  in ther methylation reaction of 
3-aminopropanol(1b) by the use of NaH, LiH, and CaH- were 
23 : 77 ,  100: 0 ,  and 100: 0 ,  respectively (Scheme 1, Table 3). 
Next, the methylation of an equimolar mixture of 2-phenyl- 
ethylamine (9) and 2-phenylethanol (10) (Scheme 2), where the 
influence of chelation is excluded, was carried out by the use 
of equimolar amounts of dimethyl sulfate. The ratios of N- 
methylated products (11 and 12) to O-methylated products (13) 
using NaH, LiH, and CaHz were 37:63,  100:0, and 100:0, 
respectively (Table 3). These results are very similar to those 
of the 2-aminoethanol (Ic) (Table I),  indicating that the com- 
plexation does not take part in the selective methylation. 

Furthermore, the amount of hydrogen released in the methyl- 
ation of 2-aminoethanol ( l a )  in the presence of a metal hydride 
was measured, and the results are shown in Fig. I.  When NaH 
was used as the base, on addition of 2-aminoethanol ( l a )  to the 
hydride, a vigorous evolution of hydrogen was observed simul- 
taneously, and n o  hydrogen was released on addition of di- 
methyl sulfate. On the contrary, in the case of LiH and CaH,, 
hydrogen was released only after the addition of dimethyl 
sulfate.' That is, although NaH reacted vigorously with 
2-aminoethanol ( l a )  to form aminoalkoxide anion, the reaction 
of LiH and CaH, with 2-aminoethanol ( l a )  did not seem to 
occur at all. Since alkyllithiums are homogeneous and much 

'The evolution of methane by the reaction of LiH or CaHz with 
dimethyl sulfate can be ruled out from the fact that no gas evolved in 
control experiments. 
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Base (I equiv.) Me2S04 (1 equiv.) , (1) EtOH 
NH2(CH2)n0H THF,r.t.,lh r.t., I h ' (2) 10% aq.NaOH sol. ' 

la,b 

a; n = 2 ,  b ; n = 3  

Base; NaH, LiH, CaH2 

SCHEME I . The rnethylation of arninoalcohols (1a.b) 

Base: NaH, LiH, CaH2 

SCHEME 2. The methylation of an equirnolar mixture of 9 and 10 

TABLE 2. 'Li nuclear magnetic reso- 
nance measurements 

B a s e  M e 7 S 0 4  
NH2CH2CH20H -> 

Substrate AS (Hz) 

TABLE 3. The rnethylation of various arninoalcohols 

N-Me: 0-Me 
(Conv. (%)) 

Arninoalcohol NaH LiH CaHz 

*The ratios of 3a:5u are shown. 
?The ratios of (26 + 36):46 are shown. 
$The ratios of (11 + 12): 13 are shown. 

more active as lithiating reagents, the formation of amino- 
alkoxide was attempted using methyllithium as the base. 
Actually, a drastic reaction occurred by the treatment of 
2-aminoethanol ( l a )  with methyllithium accompanied by tem- 

N a H  

CaH2 

L i  H 

FIG. 1 .  Hydrogen released in the methylation of 2-arninoethanol 
( l a ) .  

perature elevation and gas evolution. However, the ratio for the 
N- and 0-methylated products in this reaction was very similar 
to that of LiH (Table 1). 

The results of the methylation reactions, using hydride re- 
agents alone, may be interpreted simply as the difference in 
basicity of the hydride reagents (4). However, in the methyl- 
ation reactions using MeLi and MeMgl, gas evolution similar 
to the case of NaH was observed, while the product ratio 
resembled that of LiH. Therefore at the present stage no consis- 
tent explanation which stands for all the above results can be 
proposed. However, it is very interesting that NaH and LiH 
showed such a remarkable difference in selectivity in the 
methylation reaction. 

Experimental 
Methylntion of aminoalcohols with metal hydrides 

To a solution of the arninoalcohol (4 rnmol) in 5 rnL of THF, a 
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molar equivalent amount of NaH, LiH, or CaH? was added and stirred 
at room temperature for 1 h. To this mixture a molar equivalent 
amount of dimethyl sulfate or methyl iodide was added and stirred for 
another hour. The reaction was quenched with ethanol, and an aque- 
ous 10% sodium hydroxide solution was added in the case of 
2-aminocthanol. The yields were determined by gas chromatography 
on a Shimadzu GC-4CM gas chromatograph using N,N-dimethyl- 
aniline as an internal standard. 10% PEG 20M and 5% KOH on Celite 
545 was used as the stationary phase, and the column temperature was 
raised from 60 to 150°C at IOO/min. 

Metl~ylnrion r$' ethanolnmir~e with methyl lithiurn and rnethyl rrlng- 
rlesiurn iodide 

. . . . .  . . 
A THF solution of ethanolamine (10 mmol) was added dropwise to 

a molar equivalent amount of MeLi or MeMgl in ether, which was 
accompanied by vigorous gas evolution. After stirring at room tcm- 
perature for 2.5 h, a molar equivalent amount of dimethyl sulfate in 
THF was added and stirred for another 1.5 h. The reaction was 
quenched first with ethanol, and next with a 10% aqueous sodium 
hydroxide solution. The yields were determined by gas chro- 
matography as described above. 

Mens~irernent of the hyclrogew relensed in the methylation of' 
2-nminoethnnol (1 a )  

The metal hydride (4 mmol) was placed in a flask fitted with a gas 
. . .  

. , . . burette. A solution of 2-aminoethanol ( l a )  (4 mmol) in 7 mL of THF 

was added and stirred at room temperature for 30 min. Next. a solution 
of dimethyl sulfate (2 mmol) in 3 mL of THF was added and stirred 
for anothe-r 30 min. As a control experiment, the above procedure was 
carried out in the absence of 2-aminoethanol ( l t r ) .  The amount of 
hydrogen released was measured by a gas burette with time, and the 
values were plotted as shown in Fig. I .  

Measurements of' 'Li rrriclenr. magnetic resorlnrlce 
The ' ~ i  nmr measurements were carried out on a JEOL-I00 spec- 

trometer at 30°C employing a D-lock to avoid any slight magnetic field 
drifts. The chemical shift measurements were made in spinning 
10-mm tubes, and a solution of lithium chloride in DzO was used as 
an external standard. The samples were prepared by addition of a 
molar equivalent of the substrate to an ethanol solution of lithium 
ethoxide (0.25 mmol of lithium hydridc/mL of dry ethanol). The A6 
values shown in Table 2 are the differences in the chemical shifts of 
the samples and those of lithium ethoxide. Since all substrates ex- 
hibited a downfield shift based on the chemical shift of lithium eth- 
oxide, the downfield direction was specified as plus. 

1. C .  KASHIMA, N .  YOSHIHARA, and Y. OMOTE. Tetrahedron Lett. 
23, 2955 (1 982). 

2. J .  W.  AKITT and M.  PAREKH. J .  Chem. Soc. (A), 2195 ( I  968). 
3. W.  C.  FERNELIUS and L. G.  VAN UITERT. Acta Chem. Scand. 8,  

1726 (1954). 
4. C.  A. BROWN. J. Org. Chcm. 39, 39 13 (1974). 
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Brown algal polyphenols: synthesis of "fucophlorethol A" octamethyl ether 
(2,2',4,6,6'-pentamethoxy-4'-(2,4,6-trimethoxyphenoxy)biphenyl) 

MARK A. RAGAN 
Atlantic Research Laboratory, Natiot~al Research Cout~cil of Canada, 1411 0r;ford Street, Halifnx. N.S., Catzada B3H 321 

Received February 27, 1984 

MARK A. RAGAN. Can. J .  Chem. 63, 291 (1985). 
Vanadium tetrachloride-catalyzed dimerization of 3,5-dimethoxyphcnol yields the key intermediate 2,2',6,6'-tetra- 

methoxy-4,4'-dihydroxybiphenyl, from which the octamethyl ethcr of the brown algal metabolite "fucophlorethol A" 
(2,2',4,6,6'-pentamethoxy-4'-(2,4,6-trimeth0xyphen0xy)biphenyl, 6) is synthesized by Ullrnann condensation and Hakomori 
methylation. 

MARK A. RAGAN. Can. J .  Chem. 63, 291 (1985). 
La dimerisation du dimtthoxy-3,5 phtnol, catalyste par la tttrachlorure de vanadium, conduit au tttramdthoxy-2,2',6,6' 

dihydroxy-4,4' biphtnyle, un intermtdiaire clC 3. partir duquel on a synthdtist, par une condensation de Ullmann et une 
mtthylation de Hakomori, I'tther octamCthyliquc du "fucophlortthol A" (pentarntthoxy-2,2',4,6,6' (trimtthoxy-2,4,6 pht- 
noxy)-4' biphtnyle, 6), un metabolite extrait d'algues brunes. 

[Traduit par le journal] 

Introduction 
Marine brown algae (class Phaeophyceae) accumulate large 

quantities of polyphenolic materials which may help protect the 
alga against predators or epiphytes ( I ) .  Most of these materials 
exist as intermediate-molecular weight "oligomers" (mol. wt. - 10% 10') and high-molecular weight "polymers" (mol. wt. 
2 10') based on phloroglucinol (2-6); low-molecular weight 
congeners such as phloroglucinol itself, "din~ers" (e.g. 
2,2',4,4',6,6'-hexahydroxybiphenyl and 2,3',4,5',6-penta- 
hydroxybiphenyl ether), "trimers", etc. (7, 8) are usually 
present in much smaller amounts. In Nova Scotian F~icus vesic- 
ulosus L . ,  the "trimeric" polyphloroglucinol fraction consists 
almost exclusively of 2,2',4,6,6'-pentahydroxy-4'-(2,4,6-tri- 
hydroxyphenoxyl)biphenyl (9),  which has been given the triv- 
ial name "fucophlorethol A" ( 10). 

Until now no synthesis has been reported for fucophlorethol 
A ,  nor for its isomer fucophlorethol B (8, 10) or for higher 
congeners (8, 10) in the fucophlorethol series. The commercial 
availability of bromo-2,4,6-trimethoxybenzene (4) made it ap- 
pealing to~approach the problem as an Ullmann ether synthesis 
(condensing 4 with 2,2',6,6'-tetramethoxy-4,4'-dihydroxybi- 
phenyl (2); see diagram), thereby taking advantage of the rela- 

'NRCC No. 23425. 

tively low yields of the Llllmann ether reaction (I I )  to limit 
4,4'-diphenoxy ether formation. Synthesis of 2 was more prob- 
lematic; the Ullmann biaryl synthesis (by far the best standard 
procedure for forming 2,2',6,6'-tetrasubstituted biphenyls) is 
incompatible with free or lightly protected 4,4'-hydroxyl 
groups, while biaryl syntheses based on Kharasch reactions 
( 12, 13), the Wurtz reaction ( l4) ,  organothallium intermediates 
( 15), organoboranes ( 16), or various transition metal com- 
plexes (reviewed briefly in ref. 17) may have the same 
limitation and (or) fail to produce 2.2',6,6'-tetrasubstituted 
products in significant yield. 

On the other hand, reports of VCI,- or VOC1,-catalyzed 
dehydrodimerization predominantly in the paru position of un- 
protected phenols (18, 19), including the production in one 
instance of 2,2'-dihydroxybinaphthyl (19), suggested that 2 
might be directly synthesized by treating the conimercially 
available 3,5-dimethoxyphenol (1) with VCI, o r  VOC13. The 
three-step synthesis o f  6 reported herein should serve as a 
pattern for eventual synthetic approaches to the "tetrameric" 
fucodiphlorethol A and the higher homologues. 

Experimental 
Electron impact mass spectra were recorded, and accurate mass 

determination made by peak-matching with ions of perfluorokerosene, 
on a Dupont-CEC 2 1 - 1  10B instrument. The ' H  nmr and "C nmr 
spectra were recorded on Varian HA-100 and FT-80 spectrometers 
respectively. Elemental analyses were performed by Mikro- 
analytisches Laboratorium (Bonn, FRG) and Microanalysis Laborato- 
ries Ltd. (Markham, Ont.). 

2,2',6,6'-Tetratnetlz~v-4,4'-dihj~droO~jlbiphet11 (2)  and 2 ,2 ' ,4 ,6 ' -  
tetrat~zetho,ry-4',6-diI1ydroxybipI~etzj~/ (3) 

3,5-Dimethoxyphenol(1) (6.16 g, 40 mmol; Aldrich) was dissolved 
in CClj (50 mL) under N1 in a 500-mL 3-necked flask. VC14 (6.5 mL, 
62 mmol; Alfa/Ventron) was added with stirring during 5 min. and the 
reaction mixture was stirred under N2 at -25'C for I h.' Then 2 N 
aqueous H'SO, (100 mL) was added, and the mixture was stirred 
vigorously under N-, for I0 min (19). Partitioning between the acidic 
aqueous phase and CHCI, (75 mL) gave a yellow-brown organic layer, 

'CAUTION! VC14 is toxic and corrosive. Use an efficient fume 
hood, and wear strong plastic-covered gloves and apron (VC14 attacks 
neoprene). VCIJ is moisture sensitive. Spills may be neutralized with 
water. Physical data: see ref. 20. 
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a turquoise aqueous layer. and a water-insoluble. acetone-soluble 
precipitatc. Thin-layer chromatography (tlc) on silica gel (75 : 20: 5 by 
vol. hcxane-CHZCIZ-isopropanol) revealed two major products. thc 
more abundant (R,- 0.31) occurring in high concentration in the 
acetone-soluble precipitatc, the less abundant (RI 0.43) present in 
similar concentrations in both the precipitatc and the CHCI., extract. 
Silica gel column chromatography (gradicnt 82: 15 : 3 to 75 :20: 5 by 
vol. hexan~-CH~C1~-isopropanol) yic!dcd the R, 0.31 isomcr (2; 
512 mg) and the R, 0.43 isomer (3; 133 mg). 

2.2 '.6,6'-Tetrn1ne1ho~~~-4,4'-(IihycIro~t~~~I~ipI1e11~1 ( 2 )  
Crystallization from acetonc gavc colourless prisms, mp (cap., 

uncorr.) 285.0-291 .O0C (dec.); 'H nmr (acetone-d(,) 6: 6.14 (4H, ring 
H), 3.56 (12H. 2,2',6,6'-OMc) ppm; "C nnir (acetone-d(,) Sc: 160.3 
(m; C-2,2',6,6'), 158.8 ('Jc1.1 =4 Hz, t; C-4.4'). 105.3 (poorly rc- 
laxcd; C-1,11), 93.2 ( ' Je l l  = 157.8 Hz, d: 3Jc.l, = 4.5 Hz, d; C- 
3,3',5,5'), 55.8 ('JcF, = 143.1 Hz, q; 2.2',6,6'-OMc) ppm; ms 
(250°C): 307.1 139 2 0.0009 (18%; required for 1 ' C 1 5 1 3 ~ ~ l x ~ ( , ,  
307.1 136), 306.1096 * 0.0009 (M'; 100%; rcquircd for Cl ,HIHOh.  
306.1 103). 260 (IS%), 167 (38%), 154 (13%), 153 ( I  1%). 107 
( 1  1%). 69 (27%). Atlcll. calcd.: C 62.74. H 5.92, 0 31.34; found: C 
62.63, H 6.34, 0 31.2. 

2,2' ,4.6'-T~~rrrrtnetho~ry-4'.6-dihydro.rybipI1et~yl (3) 
Crystallization from acetone or rncthanol gavc tiny colourless 

prisms, mp (cap., uncorr.) 21 1.0-212.5"C; ' H  nmr (acetone-d(,) 6: 
6.16 (2H; 3 ' 3 - H ) ,  6.09 (2H; 3-5-H), 3.75 (3H. 4-OMe), 3.60 (9H; 
2,2',6'-OMe) ppm; "C nmr (acetone-4,) Sc: 161.4 (m; C-2). 160.7 
(m; C-2',6'), 160.4 ('Jcl, -4? Hz, t; C-4). 159.6 ('J,,, -4.2 Hz, t; 
C-4'). 157.2 (m; C-61, 104.3 (poorly relaxed; C- 1 ' ) .  102.8 (poorly 
relaxed; C-I). 94.3 ('Jctl -160 HZ, d; QoI poorly resolved d; C-3). 
93.3 ( 'JCH = 158.3 HZ, d; llcH = 4.7 Hz, d; C-3',5'), 91.5 ( 'JCH = 
158.4 Hz, d; 'JC.H = 5.2 Hz, d; C-5), 55.8 ('JcH = 143.5 HZ, q; 
2',6'-OMe and 2-OMc). 55.3 ( ' JCIl  = 143.5 Hz, q; 4-OMc) ppm; ms 
(195°C): 307.1 139 0.0009 (21 %: required for ' Z ~ I 1 " C ~ I X O ~ , ,  
307.1136). 306.1102 2 0.0009 (Mi;  100%; reqillrcd for CI(,HIXOh, 
306.1 103). 275 (12%). 260 ( 1  I%), 245 (12%), 167 (14%), 69 (22%). 
Anrrl. calcd.: C 62.74, H 5.92, 0 3 1.34; found: C 6 1.45, H 5.99, 0 
31.35. 

2,2'-6,6'-Te1rnt~1e1l1o.r~~-4-I1ycIr0.ry-4'-(2,4,6-rrir~1e1l1o.r~~pI1e~1o~~~)bi- 
pherqll (5)  

Bromo-2,4,6-trimethoxy benzene (4) (432 mg, 1.75 mmol), 2 
(269 mg, 0.88 mmol), and dry CuzO (800 mg) were addcd to collidine 
(5 mL) in a 10-mL flask. Dry Nz was bubbled through the suspension, 
then the mixture was heated to reflux for 44.5 h undcr NZ (cf. ref. 12). 
The mixture was cooled, acidified (concentrated HCI - ice), and 
organic products were extracted into dicthyl ether (3X) and ethyl 
acetate (3 x ) ,  concentrated undcr NZ, and dricd over Na2S04. Vacuum 
sublimation at increasing temperatures yielded 1,3.5-trimcthoxy- 
benzene (= 10% of recovered organic matter), 4 (555%). 2 (- l5%), 
a major product (-15%) having Rr0.52 on silicagel (75:20:5 by vol. 
hexane-CH2ClZ-isopropanol), and numcrous minor products (C 
~ 5 % )  including brominated (M+ 384, 386) and dibrominated ( M +  
462,464,466) derivatives of 2, a brominated derivative of 5 (M' 550, 
552), a compound with M+ 638 (presumably 2 , 2 ' ,  6 , 6 '  - tetrameth- 
oxy-4,4'-di(2,4,6-trimethoxyphenoxy)biphenyl), and its brominated 
derivative(s) (M+ 716, 718). The Rr 0.52 material (5) was further 
purified by preparative silica gel tlc (Whatman PLKSF), and was 
crystallized from acetone + rncthanol. Yield isolated aftcr three crys- 
tallizations, 15 mg (3.6% based on 2); mp (biref. stage) 256.0- 
258.8"C; 'H nmr (acetone-df,) 6: 6.37 (2H; 3", 5"-H), 6.15 (2H; 
3,5-H), 6.09 (2H; 3',5'-H), 3.83 (3H; 4"-OMc), 3.78 (6H; Y . 6 -  
OMe), 3.57 (6H; 2,6-OMC), 3.51 (6H; 2',6'-OMe) ppm; "C nmr 
(acetone-&) 6,: 160.8 (C-4'). 160.2 (C-2,6), 160.1 (C-2',6'), 159.0 
and 158.8 (C-4 and C-4"), 155.0 (C-2",6), 126.8 (poorly relaxed; 
C-I"), 105.0 (poorly relaxed; C-l and C-l '), 93.2 (C-3,5), 92.8 (C- 
3',5'?), 92.7 (C-3",5"?), 56.4 (2",6"-OMe'?). 56.0 (2.6-OMe?), 55.8 
(2',6'-OMe'? and 4"-OMe) ppm; ms (190°C): 473.1752 ? 0.0015 
(23%; required for "CZ4'3CH2x09, 473.1766), 472.1735 2 0.0015 

(M+;  100%; required for CZSHZ~O~, 472,1733). 303 (54%). 183 
(13%). 155 (10%). 

13,2'. 4.6.6' - Prtlt(trr1etllo.ry-4'-(2 
(firc~ol~hlot~erl~ol A ocrc~tt~erhyl c>rher; 6 )  

Thrice-crystallized 5 (14 mg, ~ 0 . 0 3  mmol) was dissolved in dry, 
redistilled DMSO (0.3 mL) under Ar. Sodium mcthylsulfinyl- 
carbanion (22) was prepared from NaH ( I  .O g of 80% dispersion in oil; 
BDH) and dry, redistilled DMSO (14 mL) undcr Ar by thc method of 
Sjobcrg (23), and 0.04 mL (0.06 mcquiv.) was addcd undcr Ar to the 
solution of 5 .  Aftcr 10 min of stirring, (CH3)?SO4 (ca. 0.01 mL) was 
addcd; thereafter a whitc insoluble material formcd in the reaction 
vessel. Additions of base (0.04 mL) and of (CH3)2S04 (-0.01 mL) 
wcrc repeated at 50 and 60 min, respectively. Aftcr a total of 270 min, 
the product was partitioned between CH2CI2 and H20 and, after 
further washings with H20, thc organic phase was dricd. Crys- 
tallization from absolute ethanol gavc thin. elongated platclcts, mp 
(biref. stagc) 205.0-207.5"C. Yicld isolated aftcr three crystal- 
lizations, 96%; 'H nmr (CDC13) 6: 6.22 (2H) and 6.21 (2H) (3,5-H 
and 3',5'-H). 6.17 (2H: 3",5"-H), 3.83 (3H) and 3.82 (3H) (4- and 
4"-OMc), 3.80 (6H; Y.6-OMc), 3.68 (6H; 2,6-OMe), 3.60 (6H; 
2l.6'-OMe) ppm; I3C nmr (CDCIJ Sc: 160.5 ( ' J ~ . ~ ~  =4 Hz, t; C-4'), 
159.8 ('Jell -5 Hz'?, t; C-4). 159.2 (m: C-2,6), 159.0 (m; C-2',6'), 
157.6 ('Jell =4.5 Hz, t; C-4"). 154.0 (m; C-2",6),  126.3 ('Jell -8 
Hz, t; C-I"), 105.5 and 105.4 (poorly relaxcd; C-l and C- I f ) ,  92.2 
( ' Je l l  = 159.8 Hz, d; Qctl =5 Hz, d; C-3l.5'). 91.9 ('J,,, -1559 Hz, 
d; IlclI -5 Hz, d; C-3",5"), 91.6 ( 'Jet,  = 158.7 Hz, d; Qcrl -5 Hz, 
d; C-3,5), 56.3 ( ' JCkI  = 144.4 Hz, q; 2",6-OMc), 56.2 ( 'JCl1 = 143.3 
Hz, q; 2.6-OMc), 56.0 ( l ~ c l l  = 143.6 Hz, q; 2',6'-OMc), 55.5 q; 
4-OMc) ppm (7); ms (145°C): 487.19 17 * 0.0015 (26%; rcquired for 
"C25 '3C~300 ,~ ,  487.1923), 486.1884 2 0.0015 (M+: 10090; required 
for CZ(,H3,,OC,, 486,1890). 3 17 ( 16%). Atlcrl. calcd. : C 64.19, H 6.2 1 ; 
found: C 64.15, H 6.07. 

Assignments of "C nmr signals wcrc made in the following manner: 
comparison of "C chemical shifts in 1 and I -3.5-trimethoxybcnzcnc 
allowed the cffcct of replacing onc -0Me by -OH in this system 
to be calculated (ipso, +4.1 ppm; orrho, - 1.6 ppm; tr~crcr, +O. 1 ppm; 
pclrcl, -0.4 ppm; trlern-OMc. -0.1 ppm). For 2: these values, to- 
gether with I3C shifts for 2,2',4,4'.6,6'-hcxarnethoxybiphcnyl (cf. 
ref. 9),  wcrc used to calculate cxpcctcd shifts for I3C nuclei. The 
C-4,4' signal was distinguished from that for C-2,2',6,6' by intcgra- 
tion (rccorded undcr a variety of conditions) and by its sharp sym- 
metrical triplet in the nondccouplcd spectrum. For 3: signals for C-1'. 
through C-6' wcre assigned by comparison with 2, C-l through C-6 
by calculation from 2,2',4,4',6,6'-hcxamcthoxybiphcnyl as above, 
and 4-OMe by integration and by comparison with 4.4'-OMe in 
2,2',4,4',6,6'-hcxamcthoxybiphcnyl. C-3',5' was distinguished from 
C-3 and C-5, and C-2',6' from C-4, by integration undcr a varicty of 
conditions; C-4 and C-4' gavc sharp symmetrical triplcts in the non- 
dccouplcd spectrum. Comparison of "C cheniical shifts in 1 and 
1,3,5-trimcthoxy-2-(3,5-dimcthoxyphcnoxy)benzene (7; ref. 4,  p. 83) 
allowed the effcct of replacing -OH by 1.3,5-trimcthoxyphcnoxy to 
be calculated (ipso, +3.3 ppm; orrho, - l .O ppm; ttlern, -0.2 ppm; 
porn, +0.2 ppm; tneln-OMe, -0.2 ppm). For 5: these values. to- 
gether with "C shifts for 2. wcrc used to calculate cxpccted shifts for 
C-I '  through C-6'. Signals corrcsponding to C-l through C-6 were 
assigned by comparison with 2, and signals of the trimethoxyphcnoxy 
group carbons (C- I" through C - 6 )  by comparison with 7 .  C-4, C-4', 
and C-4" were further distinguished from (2-2.6, C-2'.6', and C-2",6" 
by integration. Assignments for signals at 160.2 (C-2,6: expected, 
160.3) and 160.1 (C-2',6': expected, 160.1 ppm) may be intcr- 
changed. For 6: signals for C- l through C-6 and C- I '  through C-6' 
were assigned by comparison with 2,2',4.4',6,6'-hexamethoxybi- 
phenyl, and C-I" through C-6" by comparison with 5 and 7. C-4, C-4', 
and C-4" were further distinguished by integration and by the com- 
paratively sharp triplets seen in the nondccoupled spectrum; assign- 
ments for signals at 56.3, 56.2, and 56.0 ppm may be interchanged. 

Results and discussion 
Vanadium tetrachloride-catalyzed dehydrodimerization of 1 
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under the conditions described above produces both the 
para,parcz- (2) and ortho,pnru- ( 3 )  coupled products, in ap- 

. . proximately 4 :  1 ratio, with a combined isolated yield of 10.5% 
of theoretical. Although this is a modest yield, the major prod- 
uct 2 requires no further modification or deprotection prior to 
use in the Ullmann diaryl ether synthesis. The isolated yield 
(3.6%) of monocondensed product 5 from the diaryl ether 
synthesis compares reasonably well with the yield (9.9%) re- 
ported for the condensation of 4 with 3,4,5-triniethoxyphenol 
(1  1); moreover, the inefficiency of diaryl ether formation rnin- 
irnizes formation of 2,2',6,6'-tetramethoxy-4,4'-di(2,4,6-tri- 
rnethoxyphenoxy)biphenyl. Although the work of Sattler and 
Glornbitza (1 I) suggests that diaryl ether formation could have 
been made more efficient by reacting 2,4,6-trimethoxyphenol 
with 2,2',6,6'-tetramethoxy-4,4'-dibromobipheny the latter 
is not directly available from Ullmann-type condensation, and 
would have to be synthesized indirectly through a tetrameth- 
oxybenzidine. The  essentially quantitative rnethylation of 5 to 
6 once again (see ref. 24) illustrates that the Hakomori pro- 
cedure, normally used with carbohydrates (25), is ideal for 
rnethylation of polyphloroglucinols as well. Under the condi- 
tions described above, ring-methylation (24) was minimal. 

Condensation of 2 with brorno-2,6-dimethoxy-4-(2,4,6- 
trimethoxyphenoxy)benzene would give "fucodiphlorethol A", 
the next higher homologue (8, 10) in this series of natural 
products. 
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MARK A. RAGAN. Can. J .  Chcm. 63, 294 (1985). 
The high-molecular-weight polyphloroglucinol tannin of Fuclts vesic~tlosus has been islated in pure form as judged by 'H 

and "C nmr. Acetate and methyl derivatives were prepared and examined by uv and ir spectroscopy. Calcium - liquid ammonia 
degradation of the methyl ether derivative liberated numerous aryl compounds including fragments arising from ether-linked 
phloroglucinol end groups, internal ortho-, meta-, and para-oriented diethers, vie- and (tentatively identified) sytn-triethers, 
internal phloroglucinol-derived biphenyls (three isomers), probable terminal biphenyls, terphenyl(s), and from qua- 
terphenyl(s). No evidence was found for vie-trihydroxylated end groups. In all, 63 fragments were identified by gc-ms, and 
abundances of the major fragments were estimated by quantitative gc. The data indicate that the F .  ve.siculos~ts tannins - or 
at least the portion represented by these fragments - are highly branched structures consisting entirely of phloroglucinol units, 

MARK A. RAGAN. Can. J.  Chem. 63, 294 (1985). 
Si I'on se base sur les spectres rmn du ' H  et du "C, c'est j. 1'Ctat pur que I'on a isolt du Fuc~ts  vesic~tlo.s~is le tannin 

polyphloroglucinol de haut poids molCculaire. On en a prepare les derives acetate et methylique et on les a CtudiCs par les 
spectroscopies uv et ir. La degradation du derive mkthylique par du calcium dans de l'ammoniac liquid libkre plusieurs 
composts aromatiques dont des phloroglucinols terminaux qui Ctaient lies par dcs fonctions ethers, des diethers internes 
orient& en positions ortho, tnkta et porn, des trikthers vie et syn (attribution preliminaire), des biphtnyles internes dCrivant 
du phloroglucinol (trois isombres), des biphenyles qui sont probablement terminaux, des terphenyles et des quaterphenyles. 
On n'a pas pu mettre en Cvidence I'existence de groupes terminaux vie-trihydroxylts. Au total, on a identifiC 63 fragments 
par cpg/sm et on a CvaluC les abondances relatives des fragments principaux en faisant appel B la cpg. Les donntes indiquent 
que les tannins du F. vesic~~losus - ou du moins la portion rcpresentte par ces fragments - ont des structures fortement ramifiCes 
qui sont entikrement constituCes d'unitCs phloroglucinol. 

[Traduit par le journal] 

Introduction 
Microscopic examination of the cells of brown algae 

(Phaeophyceae) reveals numerous small vesicles which stain 
intensely red with vanillin in strong mineral acid. Early inves- 
tigators correctly concluded that these vesicles or "physodes" 
contain phloroglucinol or related compounds (1, 2). The roles 
(if any) of the physodes and their polyphenolic constituents in 
brown algal physiology remain unclear (3); however, at least 
some of these polyphenols possess antibacterial (4), antilarval 
( 3 ,  and antialgal (6, 7) activities, inhibit feeding by herbivores 
(8), and have properties of tannins (2, 9) and chelate ions of 
heavy metals (10, 1 I). The polyphenols are released into the 
surrounding seawater by living brown algae during stress (12) 
or solar irradiation (13), and by chelating toxic metal ions may 
influence the growth of phytoplankton (14) and other marine 
life. 

Chemical investigation of the brown algal polyphenols has 
revealed a variety of low-, intermediate-, and high-molecular- 
weight compounds composed of phloroglucinol units. The 
low-molecular-weight fraction (operationally defined as those 
polyphenols which can be individually separated by chromato- 
graphic techniques) includes phloroglucinol itself (14, 15); 
"dimers" of phloroglucinol joined by direct carbon-carbon 
(e.g. 2,2',4,4',6,6'-hexahydroxybiphenyl) or ether bonds 
(e.g. 2,3',4,5',6-pentahydroxybiphenyl ether); and related 
"trimers", "tetramers", etc. similarly containing directly bond- 
ed and (or) ether- linked units (17, 18). Elaborations of this 
basic pattern include vicinal trihydroxylation (l8),  chloro sub- 
stitution (19), esterification by sulfate (20, 21), and the pres- 

' Issued as NRCC no. 23430. 
'Part 4 in the series "Physodes and the phenolic compounds of 

brown algae". For part 3,  see ref. 17. 

ence of alkenyl side chains (22, 23). 
Although the low-molecular-weight polyphenols have re- 

ceived much attention, they often constitute only a minor 
(<5%) portion of the total polyphenolic material of brown 
algae. The high-molecular-weight fraction (operationally de- 
fined as those soluble polyphenols remaining inside a dialysis 
tube during extended dialysis against distilled water) is by 
contrast the major fraction which has been isolated, comprising 
approximately 15-25% of the total extractable polyphenols 
(the intermediate-molecular-weight fraction, presumably the 
remaining 75% of the total polyphenols, is lost during dialysis 

- - 

and has never been directly examined). The high-rnolecular- 
weight fraction, although not particularly toxic to bacteria or 
yeasts (vide itgra), is an excellent chelator of several heavy 
metal ions, particularly Cult and Pb' ! (ref. 1 I ; also, Guevre- 
mont and Ragan, unpublished), and is probably present in 
exudates from marine brown algae (24). The isolation, puri- 
fication, preparation of derivatives, and degradative analyses 
of this high-molecular-weight polyphloroglucinol ("polymer") 
fraction are described in this report. The accompanying paper 
(25) describes direct investigations by nuclear magnetic reso- 
nance spectroscopy on the structure of the intact polymer. 

Experimental 
Fucus vesiculu.sus L. (25 kg f.w.), collected near Morris Point, 

Halifax Country on 15 July 1980, was transported on ice to the 
laboratory, where it was cleaned of macroscopic epiphytes and imme- 
diately frozen in liquid N2.  Portions were broken off, covered with 
EtOH (95%) in a large Waring Blcndor (4.5 L). and macerated 
thoroughly. The green suspension was collected in large glass car- 
boys, sparged exhaustively with Nz, and stored with occasional stir- 
ring under NZ at 3°C in the dark for =48 h. Particles were removed 
on glass-wool filters to give 105 L of extract, which was concentrated 
in vacuo to 15 L using a 50-L continuous-flow "cyclone" evaporator. 
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The brownish, mostly aqueous concentrate was filtered (Whatman no. 
I paper), thcn was dialyzed to waste by cycling continuously through 

. .  . 2 m of $-in. diamcter dialysis tubing (130 h, 3"C, Nz atmosphcrc in 
reservoir; the returning, less-dense solution was carefully layered atop 
the liquid in the reservoir, and dense solution from the bottom of the 
reservoir was pumped to the dialysis tubing. to increase efficiency of 
operation). The dialyzcd solution (=23 L) was lyophilized, redis- 
solved in distillcd water (1.5 L). further dialyzcd (48 h) against 
N2-spargcd distilled water, and again lyophilized to yield 84.6 g of 
crude polymer. Approximately 28-g portions were each dissolved in 
50% aqueous MeOH (=80 mL), sorbed onto "Avicel" micro- 
crystalline cellulose, and loaded atop a dry-packed column (10 x 43 
cm) of Avicel (16). Elution with MeOH-acetone (2: 1 v/v) yielded a 
total of 68.2 g of purificd polymer. Unless otherwise specified, all 
experiments reported hcrcin were conductcd on this preparation. Sub- 
sequent elution of the column with pyridine yielded only a further 2.7 
g of highly discolored material which was not extensively analyzed. 

Smaller batches of the polymer were prepared similarly (26, 27) 
from another collection of F. vesic~t1a.s~t.s (Morris Point, Halifax 
County, 3 July 1974), from Nova Scotian A.scoptzyll~~rrz no~lo.s~~rn (L.) 
Le Jol. (Morris Point, 22 July 1975). and from Norwegian A. rlodo.sllrn 
(0stmarkneset, Trondheim, 2 November 1976). 

Purity of high-molecular-weight polyphloroglucinols prcpared in 
. . this manner was indicated by the absence of all 'H nmr signals except 

those in the range ?it, = 6.0-6.5 ppm, and the absence of all I3C nrnr 
signals except thosc in the ranges ?jc = 92- 103, 123- 131, and 
148- 162 ppm ( I  I ,  25). If carbohydrate signals were observed ( 'H  
nmr: ?it, = 3.4-4.1 ppm; 13C nmr: ?jc  = 60-75 ppm), chromato- 
graphy on Avicel columns was repeated to remove the contaminants. 

Acetylation of the "polymer" (600 mg) was performed in excess 
Ac,O ( I  05°C. = I h) with freshly fused NaOAc as catalyst. Remaining 
Ac,O was destroyed with water (room temperature, 2 h), thc 
CHCI3-soluble product was washed by shaking against a saturated 
aqueous solution of NaCI, and residual HOAc was removed in vacuo 
(40°C); yield, 892 mg. Complete acetylation of -OH groups was 
confirmed by infrared spectrometry (Fig. 1). 

Methylation was accomplished by a modification of the Hakomori 
(28) procedure. An aliquot of thc polymer (600 mg) was dissolved in 
dry DMSO (redistillcd from CaH?; 10 mL) under N,, and was cooled 
to 18 ? 1°C. Sodium dimethylsulfinylcarbanion (29) was prepared 
under a N, or Ar atmosphere by thc mcthod of Sjijberg (30). Additions 
(under N2) of base and of (CH&SO, were made at intervals with 
stirring: methylsulfinylcarbanion base ( I  .40 mequiv. m ~ - ' ;  14.0 mL, 
t = 0), (CH3)2SOI (1.8 mL, r = 30 min), base (8.0 mL, t = 4 h), and 
(CH3)2SO4 ( 1 . 1  mL, t = 4.5 h). The temperature was allowed to 

. . incrcasc slowly to 22OC ( r  = 30 min) and 25°C ( r  = 4.5 h), then was 
raised to 44OC for I h beginning at t = 24 h, and finally was rcduced 
to -22°C. Careful attention to tcmperaturc was crucial for succcssful 
methylation. The product was placed into a wet dialysis tube, dialyzed 
against distilled water for 6-8 h, collected on a glass filter disc 
(GF/C, Whatman), and dried irt vncuo (37°C) to constant wcight (712 
mg). Complete methylation of -OH groups was confirmed by in- 
frared spectrometry (Fig. I). 

Esterification with diethyl phosphate groups was achieved by 
adding C H C l  (4.0 mL) to an cfficicntly cooled (-25°C) solution of 
the polymer (210 mg) in diethyl phosphite (Aldrich; 3.0 mL) and Et3N 
(1.1 mL), then stirring overnight at room tcmpcrature. The product 
was dialyzed repeatedly against distilled water (precipitates) and abso- 
lute EtOH (redissolves), and finally was dried irl vncuo (37°C). The 
yellowish-brown, CHC13-soluble powder contained almost no free 
-OH groups (Fig. I ) .  Attempts to reducc the diethyl phosphate ester 
to the corresponding hydrocarbon (cf. ref. 31), and to cleave its ether 
bonds by treatment with alkali metals in NH,, wcrc unsuccessful. 

Cleavage of aryl-aryl ethcr bonds was accomplished by dropwise 
addition of a solution of the mcthylated polymer (25 mg) in dry, 
redistillcd THF (10 mL) to a stirred solution of Ca metal (BDH; 
25- 100 mg) in liquid NH, ( 5 1 5  mL). Additional Ca was added after 
5- I0 min to a total of 50-200 mg. After the blue color had persisted 
for 10-20 min, the solution was poured onto crushcd ice in a sepa- 

ratory funncl, and carcfully acidificd (concentrated HCI - ice) to pH 
=2. Organic material was cxtractcd into EtOAc, CH2CI2, and (or) 
Et20,  concentrated under NZ at reduccd temperature, and analyzcd by 
tlc, gc, and gc-ms. Use of Na instead of Ca gave similar rcsults. An 
alternative work-up procedurc likcwisc gave similar rcsults: the bluc 
solution was transferrcd to a large Erlenmeyer flask. rcdistillcd abso- 
lute EtOH (ref. 32; 30 mL) and solid C 0 2  wcre added, the solution was 
clarified by ccntr~fugation, and the products werc concentrated under 
N2 at reduced tcmperature prior to analysis by gc. 

Products obtaincd from Ca-NH7 cleavagc wcrc in some cascs bu- 
tylated by the Willlamson procedurc: an aliquot (c.g. 90%) of thc 
organic phase from the clcavage rcaction was dried under N2, redis- 
solved in NaOEt (0.32 g Na in 15 mL absolute EtOH). stirred under 
an atmosphere of Nz for - I0 min, thcn rcfluxed with 11-butyl bromide 
(Anachemia; 2.8 mL) for =5 h; additional NaOEt (5 mL) and 11-BuBr 
( I  . O  mL) wcrc addcd at t = 160 min. The product was cooled, filtcrcd 
(GF/C), evaporated irl vclc~ro (no cxtcrnal hcating). thcn partitioned 
bctwcen CH2CIz and aqueous 6 N HCI. Butylation cfficicncy, esti- 
mated from capillary column gc, was ca. 98.5%. An aliquot of the 
product was subscqucntly treated once again with Ca in NH,. 

In other experiments. the fragments from Ca-NHI cleavage wcrc 
trimethylsilylated (27) using "Tri-Sil" (Pierce). 

Synthesis qf refe~.ertc.e c~ornpo~~rr~ls 
The syntheses of 2,2'.6,6'-tctramcthoxy-4,4'-dihydroxybiphenyl 

(33), 2,4',6,6'-tetramcthoxy-2',4-dihydroxybiphenyl (33). 3,3',- 
4,5,5'-pentamethoxybiphenyl ether (26). 2.2'.4.4'.6,6'-hexameth- 
oxybiphenyl (16). and 2,2',4,6,6'-pentamethoxy-4'-(2,4,6-trimeth- 
oxyphenoxy)biphenyl (33) have bccn described elscwhcre. 2.4.6-Tri- 
methoxyphcnol and I .2,3,5-tetramethoxybenzene werc prepared by 
(partial) mcthylation of 2,6-dimethoxy- l,4-dihydroxybenzenc (dis- 
solved in acetonc or DMSO) with CH2N2 (vigorous agitation. room 
temperature, 4 h). and were distinguished from 3,4,5-trimethoxy- 
phenol by comparison with authentic 3,4,5-trimethoxyphenol on cap- 
illary column gc-ms (see below). 

Iodo-2,2',4.4',6,6'-hexamcthoxybiphenyl ( I )  was synthesized 
from 2,2',4,4',6,6'-hcxamethoxybiphcnyl (2) by Suzuki iodination 
(cf. ref. 34). Resublimed l2 (2.06 g. 8.1 mmol), 2 (6.68 g, 20.0 
mmol), and H1O4.2H,O (0.91 g, 4.0 mmol) wcrc combincd well. In 
a second flask, HOAc (67 mL), H 2 0  ( 1  1 mL). and conccntratcd 
H2SOI (0.8 mL) wcrc heated together (45°C). then werc addcd to thc 
solids in the first flask. The vigorously stirrcd solution was hcatcd to 
67°C during 150 min, then the reaction was quenched by pouring into 
ice water (ca. 250 mL), and the products wcrc extracted into CHC13. 
The product 1 ( ~ 6 0 %  of recovered organic mattcr) was separated 
from unreacted 2 (525%).  diiodo-2,2'.4,4',6,6'-hexamethoxybi- 
phenyl(s) (M' 586; =lo%). and more complex products by chro- 
matography on silica gel (hexane-THF-CHZCIZ, gradient 80: 10: 10 
v/v/v to 70: 15: 15 v/v/v). Crystallization from acetone gave tiny 
white crystals. mp (cap., uneorr.) 166- 168°C; isolatcd yield, 22%; ' H  
nrnr (CDCI3) 611: 6.37 ( IH,  H-5). 6.22 (2H, H-3'.5'), 3.90 (3H, 
4-OCH?), 3.84 (3H, 4'-0CH3), 3.72 and 3.70 (9H, 2',6,6'-0CH3), 
3.62 (3H. 2-0CH3) ppm; "C nrnr (CDCI2) 8,: 161.1 (m; C-4'). 160.0 
(m; C-4), 159.7 (m; C-2), 159.0 (m; C-2'.6'), 158.8 (m; C-6). 1 1  1.0 
(poorly relaxed; 3~ l l c t ,  = 5.4 Hz, d; C-I) ,  104.7 (poorly rclaxed; I/clr 
= 5.3 Hz, t; C-If),  92.5 ('J,,, = 158.3 Hz, d; C-5). 90.9 ('J,,, = 
159.0 Hz, d; 3 ~ c , l  = 4.7 Hz. d; C-3',5'), 73.4 ('J,,, = 7.4 Hz. d; C-3), 
60.2 ( ' J ~ , ~  = 144.6, q: 2-OMc), 56.4 ( ' J ~ ~ ,  = 144.5 Hz, q; 4-OMe), 
56.3 = = 143.9 Hz. q; 6-OMe), 55.9 (I./,,, = 143.8 Hz, q; 
2',6'-OMe), 55.2 ('J,,, = 143.8 Hz, q; 4'-OMe) (assignments for 
C-2, C-4, C-4', and C-6 are tcntativc) ppm; ms (190°C): 460 (M+,  
100%). 303 ( 1  I%), 302 (lo%), 181 (9%). 69 (15%). A~lnl. calcd.: C 
46.97, H 4.6C. 0 20.86, 127.57; found: C 46.90, H 4.63. 0 20.7, 1 
27.60. 
2,2'.2",4,4',4",6,6'.6-Nonamethoxyterphenyl(3) and 2,2',2",2"',- 

4,4',4",4"',6,6'.6"6"6-dodecamcthoxy-(1, 1 ':3', 1":3": 1"')quatcrphenyl 
(4) were synthesized by "crossed-Ullmann" reaction of 1 and iodo- 
2,4,6-trimethoxybenzene (16). lodo-2,4,6-trimethoxybcnzene (1.6 g, 
5.5 mmol), 1 (2.0 g. 4.4 mmol). and 3.75 g EDTA-activated Cu 
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FIG. I. Infrared spectra of high-molecular-weight polyphloroglucinols and derivatives 

296 CAN. J .  CHEM. VOL. 63. 1985 

powder (35) were combined thoroughly. The temperature was in- pounds 3 and 4 were further purified by preparative tlc (E. Merck 
creased from I 10°C to 295'C during 4.5 h while the reaction mixture silica gel 60F-254, 45 : 25 : 30 v/v/v hexane-THF-CHZCI2). Isolated 
was stirred vigorously with a heavy copper wire. Thereafter the mix- yields: 0.55 g of 3, 0.34 g of 4. 
ture was cooled, crushed, and extracted with boiling EtOH (2 portions 
of 1 L). Column chromatography on silica gel (hexane-THF- 2,2'2",4,4',4".6,6'.6-Nonatnethoxyterphenyl(3) 
CHZCI2, gradient 80: 10: 10 v/v/v to 62.5: 12.5:25 v/v/v) yielded 3 Crystallization from acetone gave white prisms, mp (birefringence 
( ~ 3 0 %  of recovered organic products) and 4 (=20%), together with stage) 209.5-210.0°C. 'H nmr (CDCI?) Sk1: 6.43 (IH, H-57, 6.22 
2 (=30%), unreacted 1 (= 15%), and minor products ( ~ 5 % ) .  Com- (4H, H-3,3",5,5"), 3.82 (6H, 4,4"-OMe), 3.76 (6H, 4',6'-OMe), 3.72 

I I I I I I 
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TABLE 1. Elemental analysis and apparent molecular weights of high-molecular-weight polyphloroglucinols 

Apparent 
Alga, source, drying temperature (in vctcuo) C% H% N% S % molecular weight 

A. nodosum, Nova Scotia 1975, 105°C 
A. nodosurn, Norway 1976, 105°C 
F. vesiculo.sus, Nova Scotia 1974, 61°C 
F. ve.sicu1o.su.s. Nova Scotia 1980, 61°C 
F. vesiculosus, Nova Scotia 1980, 105°C 
F. vesicnlosns, Nova Scotia 1980, (pyridine eluate). 105°C 

F. vesiculo.sus, Nova Scotia 1980 (mcthylated), 61°C 

"Not determined. 
"See ref. 16. 

(12H, 2,2",6,6-OMC), 3. I4 (3H, 2'-OMe) ppm; ' 'C nmr (CDCI') &: 
160.6 (m; C-4,4"), 159.2 (m; C-2,2",6,6 and C-2'), 158.2 (m; C- 
4',6'), 109.1 (poorly relaxed: '.IcH = 5.8 Hz, d; C-1'-3'), 105.9 
(poorly relaxed; 'Jckl -5.6 Hz, t; C- I, I"), 91.8 ('.Icl, = 156.7 Hz, d; 
C-5'). 91.3 ('Jcl, = 158.6 HZ, d; '~ckl = 4.8 Hz, d; C-3.3",5,5"), 60.1 
('.ICH = 143.6 Hz, q; 2'-OMc), 56.0 ('.Icll = 143.6 HZ, q; 
2,2",6,6-OMe), 55.8 ('.IcH = 143.4 Hz, q; 4',6'-OMe), 55.2 ('.IcH = 
143.6 Hz, q; 4.4"-OMe) ppm; ms (165°C): 500.2052 * 0.0015 (M+; 
100%; required for C?7H3?0<,, 500.2046). 454 (5%), 250 (4%). Anal. 
calcd.: C 64.79, H 6.44, 0 28.77; found: C 64.58, H 6.44, 0 28.45. 

2,2',2",2"',4,4',4",4"',6,6',6,6"'-Dodecametho,r~~- 
( I ,  11:3', I":?, /"')quc~terpherzyl (4) 

Crystallization from acetone or methyl ethyl ketone gave white 
prisms, mp (birefringence stage) 201 .O-202.0°C. 'H nmr (CDC13) 6 ~ :  
6.43 (2H, H-5',5"), 6.22 and 6.20 (4H; H-3,3"',5,5"'), 3.82 (6H; 
4.4"'-OMe), 3.78 (6H; 4 ' , 6 -  or 4",6'-OMe), 3.74 (12H; 
2,2"',6,6-OMe), 3.62 (6H; 4 ' , 6 -  or 4",6'-OMe), 3.24 (6H; 
2',2"-OMe) ppm; "C nmr (CDCI,) &: 160.6 (.Ickl = 3.2 Hz, "q"; 
C-4,4"'), 159.2 (m; C-2',2"), 159.12 and 159.09 (m; C-2,2"',6,6"'), 
158.25 and 158.15 (m; C-4',6" and C-4",6'), 110. I (poorly relaxed; 
'.Iol = 5.3 Hz, d; C-IM,3'), 109.3 (poorly relaxed; '.Ic,, = 5. 1 Hz, d; 
C-11,3"), 106.0 (poorly relaxed; Jckl = 5.0 Hz, t; C-1 ,I"'), 91.7 ('.Ickl 
= 156.3 Hz, d; C-5',5"), 91.15 ('.Ickl = 158.4 Hz, d; '.Ick, = 4.4 Hz, 
d; C-3.3"',5,5"'), 60.0 ('.I,, = 143.8 Hz, q; 2',2"-OMe), 55.9 ('.ICH 
= 143.4 Hz, q; 2,2"',6,6-OMe), 55.8 ('JcH = 143.3 Hz, q; 
6',6-OMe), 55.6 ('Jckl = 143.4 Hz, q; 4',4"-OMc), 55.1 ('.I,:, = 

143.6 Hz, q; 4.4"-OMe) ppm; ms (210°C): 666.2658 ? 0.0020 (M+; 
100%; required for C Z ~ H ~ Z O ~ ? ,  666.2673), 333 (16%). Anal. calcd.: 
C 64.85, H 6.35, 0 28.80; found: C 63.52, H 6.43, 0 29.25. 

Compound 4 was also synthesized directly from 1; 1 (3.0 g, 6.5 
mmol) and EDTA-activated (35) Cu powder (2.6 g) were combined 
thoroughly, and the Ullmann condensation was conducted (heating 
from 125°C to 285'C during 5.5 h) and worked up as above. The 
product was further purified by chromatography on silica gel (as 
above) and was crystallized from acetone. Yield, 10%. The product 
co-chromatographed under a variety of conditions with 4 prepared by 
the crossed-llllmann reaction. 

. . 
A variety of acetylated and n-butylatcd reference compounds were 

. . . . prepared from the corresponding free phenols by the methods outlined 
.. . . above. 

Gas chromatography was carried out on packed columns of 3% 
SE-30 (3.05 m X 3.2 mm id) with temperature programming from 
100°C (held 2 min) to 280°C at 4 or 6'C min-' using Hewlett-Packard 
5731A and 5750 instruments with flame ionization detection. Mass 
spectra were recorded on a Dupont-CEC 21- 1 IOB instrument (70 eV) 
with electron-multiplier detection; high resolution mass measurements 
were made by peak matching, using perfluorokerosene as internal 
standard. Combined gc-ms was carried out (70 eV) on a Finnigan 
model 4000 instrument with an INCOS data system; gc-ms analysis 
of fragments from Ca- (or Na-)NH, degradation of the methylated 
polymer, and of reference compounds, utilized a high-capacity quartz 

capillary column (3% OV- I ,  =25 m, 0.3 mm id; Hewlett-Packard) 
with He carrier gas and a -10: 1 in.jcction splitter. The temperature 
was programmed from 75°C (held I min) to 275°C at 8" min-'. Some 
gc-ms experiments utilized a packed column (3% SE-30, 3.05 m) 
with direct in.jection. Ultraviolet spectra were recorded on a Unicam 
SP8000 spectrophotometer using matched quartz 10-mm cuvettes. 
Infrared spectra were recorded on Perkin-Elmer model 283B and 
model 180 instruments; samples were prepared as films on AgCl discs. 
The 'H and "C nmr spectra of reference compounds were recorded 
on a Varian FT-80 instrument using 5-mm or 10-mm sample tubes, 
internal 'H pulse lock, and tetramethylsilane as internal reference; 
proton-noise-decoupled spectra were recorded using 8K data points, 
and high-resolution ("nondecouplcd") spectra with 16K data points. 
Elemental analyses were done by Microanalytisches Laboratorium 
(Bonn, FRG) and by Microanalysis Laboratories Ltd. (Markham, 
Ontario). Metal analysis by plasma emissron spectroscopy was done 
by Berringer Magenta Ltd. (Rexdale, Ontario). Detcrmrnation of mo- 
lecular weight by equilibrium ultracentrifugation was carried out on a 
Bcckman model E instrument (0.1 M phosphate buffer, pH 7.00, 
15"C, concentration ca. 0.2% w/v. 5.2 X 10'rpm (o' = 2.965 x lo5 
rad' s-')) equipped with Schlicren optics. Antibiotic screening was 
conducted by BioResearch Laboratories (Senncville, P.Q.), and anti- 
tumor testrng by the U.S. National Cancer Institute (Bethcsda, MD). 

Results 
Physical and spectroscopic properties 

'The purified high-molecular-weight polymer was a light- 
brown amorphous solid, extremely soluble (I g mL-') in water, 
also soluble in DMSO, MeOH, and diethyl phosphite, and 
insoluble in other organic solvents or in SO? or NH3. Aqueous 
solutions of the polymer gave reactions typical of tannins, e.g. 
precipitated proteins and alkaloids, tasted astringent, and 
formed insoluble complexes with excess Fe3' ion. Colorimetric 
behaviour has been described elsewhere (36). Elemental anal- 
yses and apparent molecular weights are given in Table I .  
~ e t e r o ~ e n e i t ~  of molecular weights was indicated by the devi- 
ation from linearity of the plot of In ( I l r )  (dcldr) vs. r', 
particularly at values of r' > 50.3 cm'. Metal analysis showed 
Cu (10.7 ppm), Mg (23 1 ppm), and Si (10 ppm), while levels 
of Ag, Al, Ba, Be, Ca, Cd, Co, Cr, Fe, K,  Mn, Mo, Na, Ni, 
P, Pb, Sr, Th, Ti, V ,  Zn, and Zr were below the limits of 
detection. 

The ultraviolet spectrum (in H'O) is dominated by 
"end-absorption", although a small absorption due to aromatic 

I%(w/v) . nuclei is present at X = 268 nm; the El,, ,,, 1s 109 +- 10 units 
in distilled water (24). Infrared spectra of the purified polymers 
from A .  no~losurn and F. vesiculos~ts are virtually identical 
(Fig. I ) ,  showing a strong bonded 0-H stretching band 
(==3400 cm-') which is removed by derivatization, as well as 
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TABLE 2. Fragments recovered after Ca-NH3 degradation of methylated "polymer": identification and capillary column gc-ms behav- 
iour. Asterisk denotes identification using authentic standard (see Supplementary Material) 

Rclativc 11-Butylation product 
retention time Mass spectra 

Fragments recovcrcd (rrt) (ms) rrt ms 

Mo~~o~znclenr ,frrrg~~,e~zt.s 
1 -3.5-Trimethoxybenzene*: = 1 .OOO 168,139,125 - 1.000 168,139,125 

2,4,6-TrimethoxytoI~ene:~ 1.131 182,167.151 1.135 182,167,151 
2,4,6-Trimethoxy-m-xylenc 1.195 196.181 1.198 196,181 

3.5-Dimetho~yphenol:~ 1.090 154,125,11 1 1.425 210,154,125 
Methyl-3.5-dimcthoxyphcnol 1.176 
Methyl-3,5-dimethoxyphenol 1.228 

168'153'137 1 1.524 224,168,137 
168,153,137 

Dimethyl-3.5-dimethoxyphenol 1.247 182,167,151 1.571 238,182,167 
Dimethyl-3.5-dimcthoxyphenol 1.257 182,167 1.600 238,182,167 

p-Methoxyph~nol'~ 0.663 124,109 1.057 180,124,109 
~n-Methoxyphenol'" 0.682 124 
Methy I-methoxyphenol 0.786 138,123,107 

1.179 194.138,123 
Methyl-~n-methoxyphenol" 0.803 138,123 

1.191" 194,138,123 
Methyl-m-methoxyphenol" 0.827 138,123,107 

2.6-Dimethoxy- 1.4-dihydroxybenzene* 1.361 170,155,127 1.937 (282) 
~imethoxy-dihydroxybenzeneh 1.145 170,155,127 ? - 

Methyl-dimethoxy-dihydroxybenzene 1.211 184.169,141 Not sccn" - 

1 -3-Dimethoxy benzene" 0.582 138,109 0.586 138,109 
Methy I-dimethoxybenzene" 0.739 152.137,121 0.742 152,137,121 
Methyl-dimethoxybenzene 0.950 152,137,121 0.956 152,137,121 

2,4,6-Trimetho~yphcnol:~ 1.278 184.169,141 1.544(?)' 240,184,169 
Methyl-trimethoxyphenol(?) Not seen - 1.551 (-, 198) 

Dimethylphcnol" 0.577 122,105 0.849 178,122 
Methoxytoluene 0.59 1 122,107,105 0.595 122,107,105 
Dimethoxyphenol' 0.867 154,139,l 1 1  1.327 210,154,139 

Binicclerrr Jrng~~ze~zrs 
Pentamethoxybiphenyl.' 
Methy I-pentamcthoxybipheny l 
Methy I-pentamethoxybipheny l 
Dimethyl-pentamethoxybiphenyl 
Dimethyl-pentamcthoxybiphenyl 

2,2',4,4',6,6'-hexamethoxybiphcny l(2)* 
3-Methyl-2,2',4,4',6,6'-hexamethoxybipheny I 
Dimethyl-2,2',4,4',6,6'-hexamethoxybiphenyl 
Dimethyl-2,2',4,4',6,6'-hexamethoxybiphenyl('?) 

Hexamethoxybiphenyl(?) 
Methy I-hexamethoxybiphenyl(?) 

~entamethoxy-hydr~xybiphenyl~ 
Methyl-pentamethoxy-hydroxybiphenyl 
Dimethy I-pentamethoxy-hydroxybipheny l 
Methyl-pentamethoxy-hydroxybiphcnyl 
Dimethyl-pentamethoxy-hydroxybiphenyl 
Dimethyl-pcntamethoxy-hydroxybiphenyl 

Tetramethoxy-hydroxybiphenyl 
Methyl-tetramethoxy-hydroxybiphenyl 
Methyl-tetramethoxy-hydroxybiphenyl 
Dimethyl-tetramethoxy-hydroxybiphenyl 

Tetramethoxybiphenyl 
Methyl-tetramethoxybiphenyl 

2,4',6,6'-Tetramethoxy-2',4-dihydroxybiphenyl* 
Methyl-2,4',6,6'-tetramethoxy-2'.4-dihydroxybiphenyl 
Methyl-2,4',6,6'-tetramethoxy-2'.4-dihydroxybiphenyl 
Methyl-2,4',6,6'-tetramethoxy-2',4-dihydroxybiphenyl 
Dimethyl-2,4',6,6'-tetramethoxy-2',4-dihydroxybiphenyl 
Dimethyl-2,4',6,6'-tetramcthoxy-2',4-dihydroxybiphenyl 

Tetramethoxy-dihydroxybiphenyl(?) 
Methyl-tetramethoxy-dihydroxybiphenyl(?) 
Methyl-tetramethoxy-dihydroxybiphenyl(?) 

2,2',6,6'-Tetramethoxy-4,4'-dihydro~ybiphenyI:~ 
Methyl-2,2',6,6'-tctramethoxy-4,4'-dihydroxybiphenyl 

2.057 
2.074 
2.081 
2.102 
2.109 
2.297 
2.309 
2.330 
2.287 
2.373 
2.366 
2.380 
2.394 
2.399 

Not seen 
Not seen 
2.366 
2.140 
2.173 

Not seen 
Not seen 
1.786 
1.819 
2.430 

Not seen 
Not seen 
Not seen 
2.487 

Not seen 
2.461 

Not seen 
Not seen 
2.442 
2.475 
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Fragments recovered 

Relative 
retention time Mass spectra - 

(rrt) (ms) 

11-Butylation product 

Tri- arld tetrczr~llc.leczr Jiagrnent.~ 
2,2',2",4.4',4",6,6',6-Nonamethoxyterphenyl(3) ' 3 .268  500.250 3 .285  500,250 

Methy I-2,2',2",4,4',4",6,6'.6-nonamethoxyterphcny I 3 .325  514  3.341 514 
Octarnethoxyterphenyl 2.941 470  2 .950  470  
Octarnethoxyterpheny I 3 .152 470  3.166 470  
2,2',2",2"',4,4',4",4,6,6',6,6-Dodecamethoxy- 

( I ,  1 ':3', l"3". l"')quaterphenyl(4)* - - 

"Ring-methylated methoxyphcnols at rrt =0.803 and 0.827 were secn in commercial preparations of rn-mcthoxyphenol; after butylation, ring- 
mcthylated methoxyphenyl butyl ethers were seen at rrt 1.185 and 1.192. Then, after subsequent re-treatment with Ca-NH3, a trace of a possible fourth 
(debutylated) methyl-methoxyphcnol was observed ;it rrt = 0.812. 

"Probably I -2-dihydroxy-3,s-dinlcthoxybenzene (see text). 
' A  possible monobutyl ether of methyl-dimcthoxy-dihydroxybcnzcnc was secn at rrt = 1.547. 
"Probably methyl- 1.3-dimcthoxybenzene. 
"Possibly 2.4-dimethylphenol (see tcxt). 
'Probably 2.4-dimethoxyphcnol (scc tcxt). 
'Probably 2,2'.4,6,6'-pentamethoxybiphcnyl (see tcxt). 
"Probably 4-hydroxy-2,2,4',6,6'-pcnramcthoxybiphenyl (see tcxt). 

. . 'Not seen on capillary column but demonstrable (rrt ~ 5 . 8 )  during packed-column pc. 

bands arising from aromatic C-H stretching ( ~ 2 9 2 0 ,  2850 
cm-I, weak), aromatic ring skeletal vibrations (1605 cm-I), 
aryl ether stretching ( ~ 1 4 7 0 ,  1200, 1050 cm-'), and C-H 
out-of-plane bending in 1,3,5-substituted nuclei (815, 705 
cm-I) (37). 

D e r i v a t i v e s  
Acetylation of the high-molecular-weight polymer yielded a 

light-colored product soluble in CHCI', acetone, dioxane, 
THF, and Ac?O/HOAc. No uv absorbance maximum (other 
than "end-absorption") was evident. Infrared spectroscopy 
(Fig. I) demonstrated the absence of hydroxyl groups (loss of 
3400 cm-' band) and the presence of acetoxy groups (2935 
cm-' ,  acetate methyl C-H stretching; 1760 cm-I, acetate 
carbonyl C=O stretching; 1 185- 1 165 cm- I ,  stretching), and 
in addition showed bands arising from aromatic C-H stretch- 
ing (3090, 3025 cm-'), aromatic ring skeletal vibrations (1605 
cm-I), aryl ether stretching (and aromatic nuclear in-plane ben- 
ding?) (1475, 1 140, 1 1 10, 1035, 1020 cm-I), and C-H out- 
of-plane bending in highly substituted (890 cm-') and 
1,3,5-substituted (830, 695 cm-') nuclei. 

Methylation of the purified polymer gave a light tan-colored 
product which was readily soluble in CHC13, CH2C12, and 
DMSO; soluble in THF and,acetone; mostly soluble in dioxane; 
and insoluble in water, Et'N, or NH,. Infrared spectroscopy 
(Fig. 1) demonstrated the absence of hydroxyl groups, indi- 
cated the presence of methyl groups (C-H stretching, 2940 
and (or) 2840 cm-'; C-H bending, 1500 cm-I), and showed 
bands arising from aromatic ring skeletal vibrations (1605 
cm-I), ether stretching (1465, 1440, 1220, 1205, 1 125, 1055 
cm-'), and ring C-H out-of-plane bending (810 cni-I). 

D e g r a d a t i v e  a n a l y s i s  
Treatment of the methylated polymer with Ca in NH3 (cf. 

ref. 38) produced a very complex mixture. Silica gel tlc (using 
a variety of solvent systems) allowed only partial resolution of 
ca. 15 components, but demonstrated the presence of relatively 
immobile (polar and (or) higher-molecular-weight) compounds 
which also absorbed at A = 254 nm. Judging from the behav- 
iour of reference compounds in these tlc systems and on gc, 
most of these relatively immobile fragments would not have 

been sufficiently volatile, even after butylation or tri- 
methylsilylation, to have been seen during gc or gc-ms anal- 
ysis. 

A total of 63 fragments arising from the methylated polymer 
were identified by gc and gc-ms analysis of the Ca-NH' 
degradation product and the subsequent butylation mixture. 
Capillary gc-ms of the initial degradation product resolved at 
least 150 compounds, mostly of very minor abundance. Of the 
123 most abundant in the reconstructed ion current (RIC) under 
these scanning and ionization conditions, 5 1 were identified as 
m e t h ~ x ~ l a t e d a n d  (or) methylated phenolic or aryl fragments 
(Table 2), 63 (mostly minor peaks, totalling 19.1 2 7.2% of 
the total area of the RIC) were identified as column or septum 
bleed compounds, phthalate esters, etc., and 9 relatively small 
peaks could not be identified. The gc-ms of the n-butylated 
reaction mixture under the same conditions resolved at least 
170 compounds; of the 150 most abundant, 59 were identified 
as methoxylated and (or) methylated aryl or phenyl butyl ether 
fragments (Table 2), 84 (almost entirely minor peaks) arose 
from column bleed, phthalate esters, etc., and 7 could not be 
identified. After further treatment of the butylated mixture with 
Ca-NH,, gc-ms revealed an essentially identical pattern, with 
the exception that some debutylation had occurred. In all, 62 
fragments arising from the methylated polymer were identified 
by gc-ms; the 63rd, 4 (Table 2). was insufficiently volatile for 
analysis on the capillary column, but was identified by its 
retention time on the packed SE-30 column. The permethoxy 
ether of a second phloroglucinol-related quaterphenyl reported 
(39) to occur in brown algae, 2,4,6-trimethoxy-l,3,5-tris- 
(2,4,6-trimethoxyphenyl)benzene, was not available for 
reference. 

Identification of the former 62 fragments was made in the 
following manner. Methoxyarenes were initially located by 
scanning for expected molecular ions using the INCOS pro- 
gram "CHROMATOGRAM"; the individual methoxyarenes 
were then identified by comparison with reference compounds 
(when available; Supplementary Material'), examination of the 

 his supplementary material is available, at a nominal charge, 
from thc Depository of Unpublished Data. CISTI, National Research 
Council of Canada, Ottawa, Ont.,  Canada K I A  0S2.  
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mass spectra (with computer enhancement for the least abun- 
dant compounds), inferences drawn from ring-methylation (see 
below), and appearance of the compound at the same relative 
retention time (rrt) in chromatograms of the butylated reaction 
mixtures, both before and after the second Ca-NH, cleavage 
reaction. PhetzolicJi.agmetzts were identified similarly, except 
that the peak in the chromatogram of the initial reaction mixture 
was required to be absent from the butylation products, and 
instead to correspond to a new peak appearing at longer rrt and 
having an appropriate mass spectrum (including the molecular 
ion, major fragments of the parent phenol, and the required 
number of 56-amu fragmentations reflecting loss of butyl 
groups). The gc peak intensities from the butylated reaction 
mixture corresponded very well with intensities for the identi- 
cal or parent compounds in the nonbutylated mixture. Prob- 
lematic identifications are treated below. 

The abundance of ring-methylated fragments, together with 
the total absence of infrared (see above) or nmr (25) evidence 
for any methyl groups in the native "polymer", indicates that 
extensive ring-methylation of the "polymer" had occurred, as 
expected from earlier studies (16). Although the presence of 
ring-methylated fragments greatly complicates the chromato- 
grams, in some instances (abundances permitting) the pattern 
of ring-methylation provides useful corroboration of proposed 
structures as in the following instances. 

(a) The appearance of only two mono- and only two dimethyl 
derivatives of the major fragment at rrt 1.090 (3,5-dimethoxy- 
phenol) helps to rule out four of the six possible dimeth- 
oxyphenols: the 2,3-, 2,4-, 2,5-, and 3,4- dimethoxy isomers 
each should show three mono- and three di(ring-)methylated 
derivatives if all three ring positions were available for methyl- 
ation in the native "polymer". The 2,6- (rrt 0.895) and 3 3 -  (rrt 
1.09 1 )  isomers have only two possible mono- and two dimethyl 
derivatives. 

(b) The presence of only two monomethyl derivatives of the 
abundant pentamethoxybiphenyl at rrt 2.057, together with the 
presence of 2 (rrt 2.297) and 2,2',6,6'-tetramethoxy-4,4'-di- 
hydroxybiphenyl (rrt 2.442), argues strongly that the former 
fragment has 2,2',4,6,6'-methoxylation and was originally 
linked to the rest of the "polymer" by (at least) an ether bond 
at C-4'. If so, the hydroxypentamethoxybiphenyl at rrt 2.380 is 
probably 4-hydroxy-2,2',4',6,6'-pentamethoxybiphenyl. 

(c) 'The obviously congeneric group of three methyl- and two 
dimethyl-tetramethoxydibutoxybiphenyls (rrts 2.770-2.791) 
may be provisionally correlated with 2,4',6,6'-tetrameth- 
oxy-2',4-dihydroxybiphenyl (three possible mono- and four 
di(ring-)methyl derivatives) at rrt 2.430 in the nonbutylated 
mixture, rather than with its 2,2',6,6'-tetramethoxy-4,4'-di- 
hydroxy isomer (one possible mono- and two dimethyl deriva- 
tives) at rrt 2.442. 

Of the 24 parent (without ring-methylation) fragments found 
(Table 2), 2 1 were positively identified by the criteria described 
above. Both m- and p-methoxyphenols were found in the 
Ca-NH, reaction mixture and were positively identified by 
comparison of nts and mass spectra with those of authentic 
compounds (Supplementary Material.'), by computer matching 
with spectra in the 25409-compound National Bureau of Stan- 
dards l i b r a r ~ , ~  and by their absence from the same positions in 
the chromatogram after butylation. The appearance of only one 

'Library as supplied by Finnigan-MAT Corp. (Sunnyvale, Calif.) 
and stated to be identical with the "EPA/NIH Mass Spectral Data 
Base" (see ref. 40). 

peak for butyl methoxyphenyl ether(s) after butylation (rrt 
1.057) presumably results from the lack of resolution of tn and 
p isomeric butyl methoxyphenyl ethers (Supplementary 
Material'). The three tentative identifications among parent 
fragments are a dimethoxydihydroxybenzene at rrt 1.145 (of 
modest abundance; no corresponding dimethoxydibutoxy- 
benzene found), a hexamethoxybiphenyl at rrt 2.373 (of ex- 
tremely minor abundance, incompletely resolved from the pen- 
tamethoxyhydroxybiphenyl at rrt 2.380), and a tetrameth- 
oxydihydroxybiphenyl at rrt 2.461 (of modest abundance and 
occurring in a very congested region of the chromatogram near 
two (other'?) isomeric tetramethoxydihydroxybiphenyls and re- 
lated ring-methylated compounds). One further problem in- 
volved the resolution of only one methyl-dimethoxybutoxy- 
benzene peak despite the prior well-demonstrated presence of 
two ring-methylated 3,5-dimethoxyphenols. 'These and other 
problematic or tentative identifications (indcated by a "?" in 
Table 2) concern fragments of minor abundance, and the 
uncertainty of identification does not affect the subsequent 
discussion. 

Semiquantitative estimation of the recovered fragments was 
made in the following manner: first, the 15 peaks resolved by 
packed column gc and detected by flame ionization were quan- 
tified using standard curves from reference compounds chro- 
matographed under identical conditions. Second, the efficiency 
of recovering each fragment from the Ca-NH, reaction mix- 
ture was estimated, where possible, from the identical work-up 
of sham reactions spiked with known amounts of authentic 
references. Finally, the proportion of the total recovered frag- 
ments represented by these 15 peaks was approximated, by 
analysis of the reconstructed ion current distribution among the 
fragments resolved by capillary column gc-ms (Incos program 
"QUANTITATION"); the major fragments, together with their 
isomers and ring-methylated derivatives which were not sepa- 
rated by gc on packed columns, were responsible for 70.3 -+ 
1.7% of the total RIC under the scanning and ionization condi- 
tions employed. The results, summarized in Table 3, suggest 
that ca. 20% of the methylated "polymer" was released as 
mono-, di-, tri-, and tetranuclear fragments detectable by gc. 
Of these, =7 1 % (by weight) are mononuclear (arising from 
ether-linked phloroglucinol units), ~ 2 7 %  binuclear (arising 
from biphenyls linked to the remainder of the polymer by one 
or more ether bonds). and =2% tri- or tetranuclear. , , 

Exact quantitation of the fragments was not possible. The 
efficiencies of recovery of fragments from the reaction mixture 
were variable (Table 3), with greatest variation seen among the 
most volatile fragments. Quantitative studies involving 
packed-column gc were complicated by incomplete resolution 
of fragments and by poor peak shape of phenolic components, 
while dependable quantitative results from capillary gc(-ms) 
were precluded by the use of an injection splitter. 

Biological activity 
The native, nonderivatized high-molecular-weight polymer 

was not significantly inhibitory at concentrations of 0.05-25 
mg mL-' to the growth of Escherichia coli (ATCC 10536), 
Pseudomotzas aerugirzosa (ATCC 15442), Stphyloc~oc~cus au- 
reus (ATCC 6538), Streptococcus ,fuec.alis (ATCC 1054 I), or 
Snc.charotnyces cerevisiae (ATCC 2601) in suspension cul- 
tures, and showed no activity against mouse P388 lymphocytic 
leukemia (5 daily injections of 12.5-200 mg kg-' injection-'). 

Discussion 
All spectroscopic and degradative data presented in this pa- 
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TABLE 3. Recoveries and quantitation (using packed-column gc) of major fragments from Ca-NHT degradation of methylated 
"polymer" 

Estimate of amount released 
from 25 mg "polymer" 

Compound(s)" rrt" Rel. amt. +s.d.' 11'' 70 Recovery' I mg (wt%) 

Dimethoxybenzenes 
Methoxyphenols 
1.3.5-Trimethoxybenzenc 
3,5-Dimethoxyphenol 
2.4.6-Trimethoxytoluene 
Tetramethoxybiphenyl 
2,2'.4,6,6'-Pentamethoxybiphenyl 
Tetramethoxyhydroxybiphenyl 
2,2'.4,4',6,6'-Hexamethoxybiphenyl 
Pentamethoxyhydroxybiphenyl 
Tetramethoxydihydroxybiphenyls 
Octamethoxyterphenyl, 
Octameth~xyterphenyl~ 
3 
4 

0.09' 1 
0.10 t 0.10' 3 
1.99 2 0.65 6 
2.63 t 0.45 5 
0.21 t 0.08 6 
0.08 2 0.03 5 
1.08 t 0.45 6 
Trace - 

= 1 .OO 6 
Trace' - 

Trace - 
0.04 I 
0.04 I 
0.10 I 
Trace - 

0. I 
0.1 
1.4 
1.4 
0.15 
0.05' 
0.5' 
Trace 
0.45 
Trace 
Trace 
0.02' 
0.02' 
0.05 
Trace 

"Including unresolved isomers and ring-methylated derivatives. 
"On 3% SE-30 on 60-80 mesh GasChrom Q: 3.05 m x 3.2 mrn id columns; He flow 30 mL m i n t :  flame ionization detection: temperature program 

100°C (2 min) to 280°C (hold) at 6"/min. 
' From standard curves of authentic reference compounds. 
"Number of independent experiments from which quantitative data could be obtained. 
"Recovery of internal reference (bromo-2.4.6-trimethoxybenzene) was 79.5 t 3.7%. 
'Occasionally seen in much larger quantities; trretcl isomers used for standardization. 
'meta, 35.1 t 0.2%: or.tho, 33.9 t 1.0%. 
" rneta Isomer. 
'Much more abundant in capillary-column separations (RIC). 
'Efficiency of recovery assumed to be 8 1 %. 
F r o m  capillary-column separations, the minor fragments (not seen on packed-column gc) may be estimated to constitutc a t'urthcr =2.6% of the 

initial "polymer." 

per suggest that the high-nlolecular-weight tannin of F. vesicu- 
losus is based entirely on phloroglucinol. Previous hydrolytic 
experiments (16, 26) had revealed no carbohydrates and only 
traces of amino acids and ammonia; now, gc-ms analyses of 
the alkali metal - liquid ammonia degradations have revealed 
a variety of (C,),,-based fragments, but no C6Cj units which 
might be expected from a brown algal "lignin" (41 -45), nor 
C6CIC6 units characteristic of phloroglucinols in ferns and 
some higher plants (46), nor phenol or o-methoxyphenol as 
reported by Reznikov et al. (45). No evidence has been found 
for carboxy, alkenyl (cf. refs. 22, 23), or halo (cf. ref. 19) 
substitution in the polymer (although the Ca-NH, degradation 
would have caused dehalogenation). The efficient deri- 
vatizations by acetic anhydride and by sodium methyl- 
sulfinylcarbanion imply that all free hydroxyl groups (i.e. not 
involved in diaryl ether bonds) are readily "available" to the 
surrounding medium. 

Both directly bonded and ether-linked units were demon- 
strated. Due to the low overall recovery of material from the 
Ca-NH, cleavage reaction, it  is not possible to estimate the 
ratio of direct C-C to diaryl ether bonds in the parent mole- 
cule (see ref. 25); however, approximately 29% of the recov- 
ered phloroglucinol groups bore one or more direct C-C 
bonds (Table 3), whereas a minimum of 85% (7 1 / 1 + 2712 + 
213%) must have been linked to the rest of the molecule by one 
or more diaryl ether bonds. Oligoaryl regions donated a much 
smaller proportion (-2%) of the recovered fragments. Thus to 
the extent that the results (Tables 2, 3) are characteristic of the 

entire polymer, it appears that the latter is composed of phlo- 
roglucinol units linked predominantly by ether bonds, with a 
smaller (but significant) proportion of direct C-C linkages. 

It is also possible to identify certain fragments as having 
arisen from end groups (linked to the rest of the "polymer" by 
only one diaryl ether bond) and from "in-chain" groups (linked 
by two or more diaryl ether bonds). The only fragment un- 
equivocally coming from end groups is 2,4,6-trimethoxy- 
m-xylene; however, as it is extremely unlikely (given the 
observed degree of ring-methylation) that every terminal 
ph!oroglucinol group would be methylated at both free ring 
positions, it is probable that much of the non- and mono-(ring-)- 
methylated I ,3,5-trimethoxybenzene observed also arose from 
end groups. Consistent with this conclusion is the absence of 
dihydroxytrimethoxybenzene fragments. If so, it beconles like- 
ly that most or all of the 2,4,6-trimethoxyphenol fragments 
have also arisen from terminal phloroglucinol groups. Other 
fragments perhaps arising from end groups include the penta- 
methoxy-, pentamethoxyhydroxy-, and hexamethoxybiphenyls 
(and their ring-methylated derivatives), although the only evi- 
dence bearing on their origin is the absence of dihydroxy deriv- 
atives in the reaction mixture. 

"In-chain" groups include all those fragments bearing two 
hydroxy groups, and may be further categorized on the basis of 
the relative orientations of ether linkages: para (2,6-dimeth- 
oxy-l,4-dihydroxybenzene); meta (tn-methoxyphenol, assum- 
ing its origin from a 1,3,5-trisubstituted group); ortho (the 
dimethoxydihydroxybenzene at rrt 1 ,145, which if possessing 
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1,3,5-substitution is probably 1,2-dihydroxy-3,Sdirneth- 
oxybenzene, as in the diether-linked ring of the 4-(2"-(?"',- 
4,6"'-trihydroxyphenoxy)-4",6"-dihydroxypheno~y)-2,2~,4',- 
6,6'-pentahydroxybiphenyl reported earlier (17), and the 
dimethoxyphenol (presumably 2,4-dimethoxyphenol) at rrt 
0.867, which would arise from the same type of nucleus in the 
polymer); and possible vic- (p-methoxyphenol, assuming its 
origin from a 1,3,5-substituted unit) and sym-triethers (p- 
methoxyphenol; also, the presumed 2,4-dirnethylphenol at rrt 
0.577). The major fragment probably representing internal pos- 
itions, 3,5-dimethoxyphenol, must arise from both ortlzo- and 
par-a-ether linked environments. because both possible mono- 
and both possible di-(ring-)methylated derivatives are present. 
In addition, and in contrast to the report by Glombitza and 
Lentz (47), evidence for internal biphenyl groups was found as 
well: three dihydroxytetramethoxybiphenyls, one tetrameth- 
oxyhydroxybiphenyl, and one tetramethoxybiphenyl (the latter 
two assumed to have arisen from 2,2',4,4',6,6'-hexasub- 
stituted biphenyl nuclei), together with their ring-methylated 
derivatives. 

Glombitza and Lentz (47) have studied a mixture of EtOAc- 
soluble "phlorotannins" (of unspecified medium to high molec- 
ular weights) from F. wsicu1osu.s by Na-NH, cleavage and 
chromatography, finding six of the fragments reported here 
(1,3,5-trimethoxybenzene; 3,5-dimethoxyphenol; 2,4,6-tri- 
methoxyphenol; 2; 4-hydroxy-2,2',4',6,6'-pentamethoxybi- 
phenyl; and 2,2',4,6,6'-pentamethoxybiphenyl) as well as five 
biphenyl ethers and polar fragments relatively immobile during 
tlc. No biphenyl ethers could be demonstrated in the study 
reported herein. In agreement with the results of Glombitza and 
Lentz (47), no evidence was found here for the occurrence of 
vic-trihydroxy phenoxy end groups. 

lnformation on the Ca-NH, cleavage reaction itself can also 
be deduced from the fragmentation observed: (a) cleavage of a 
diary1 ether bond ortlzo to two methoxy groups, and p a r a  to a 
third, liberates much more arene than phenol from that group, 
as  also found by Glombitza and Lentz (47). Examples include 
the large quantity of I ,3,5-trimethoxybenzene (and its ring- 
methylated derivatives) produced, contrasted to the much 
smaller amount of 2,4,6-trimethoxyphenol recovered; and cor- 
respondingly, the large amount of  2 (and its ring-methylated 
derivatives) vis-a-vis the apparent absence of 2,2' ,4,4' ,6,6'- 
hexamethoxy hydroxybipheny l from the fragments recovered. 

(b) During cleavage of a 2,6-dimethoxy-l,4-diphenoxy 
group, the meta (4-) oxygen is retained intact whereas the or-tho 
(I-)  oxygen may or may not be lost. The presence of such units 
in the polymer is indicated by the appearance of 2,6-dimeth- 
oxy-l,4-dihydroxybenzene among the Ca-NH, reaction prod- 
ucts. Some, but not all, of the 3,5-dimethoxyphenol fragments 
could have arisen from such units also (4-methylated and 
2,4-dimethylated 33-dimethoxyphenols were observed); how- 
ever, 2,6-dimethoxyphenol fragments were not seen. The 
1,3-dimethoxybenzene observed could have arisen from loss of 
the 1,4-phenoxy oxygens, but given the absence of 
2,6-dimethoxyphenol is more likely to be derived from 
1,2-diphenoxy-3,Sdirnethoxy groups. 

(c) In contrast to the above, the meta (I-)  oxygen of 1,2-di- 
phenoxy-3,Sdirnethoxy units may be lost during Ca-NH, 
cleavage, producing the presumed 2,4-dimethoxyphenol (rrt 
0.867, see above). Loss of the 2-phenoxy oxygen could pro- 
duce 3,5-dimethoxyphenol, and loss of both phenoxy oxygens, 
1,3-dimethoxybenzene; however, each of the latter two frag- 
ments may have arisen from several different environments in 

the "polymer". 
(d) Cleavage of the ether bond in a 4-phenoxy-2,2',4',6,6'- 

pentamethoxybiphenyl unit yields both 4-hydroxy-2,2',4',- 
6,6'-pentamethoxybipheny l and 2,2',4,6,6'-pentamethoxy- 
biphenyl in approximately equal quantities (estimated from 
capillary column gc-ms experiments; on packed-column gc, 
the former fragment was found only in trace amounts). 

High-molecular-weight polyphloroglucinols have been re- 
- - 

ported to occur in a variety of brown algae (26). The applica- 
tion of the methods described in this paper and similar methods 
independently developed by Glombitza and Lentz (47), togeth- 
er with '.'C nmr (25); may be expected to provide interesting 
structural and comparative data on these n~olecules. 
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A. G A V I N  MCINNES, MARK A. RAGAN, DONALD G.  SMITH, and JOHN A. WALTER. Can. J. Chem. 63, 304 (1985). 
'H and ''C nuclear magnetic resonance spectroscopy of the high-molecular-weight (> lo") polyphenol fraction from F u r w  

vesiculo.sus, before and after acetylation or methylation. demonstrates that it is composed of phloroglucinol units (48.9 * 
3.5%) and 2,2',4,4',6,6'-hexahydroxybiphenyl, 2,2',2",4,4',4",6,6',6-nonahydroxy- 1 , l '  : 3' I"-terphenyl, and related quater- 
and polyphenyl groups (together, 51. I & 3.5%) linked by ether bonds, each bond involving thc carbinol and methine carbons 
of different units and the formal loss of a molecule of hydrogen. The polymer is highly branched, with ca. 20-22% of the 
constituent units being chain termini; there is no evidencc for large rings of units. Approximately 5- 10% of the phloroglucinol 
and 54-82% of the directly bonded units occur on the cxterior of thc molecule, whereas the interior backbone consists 
predominantly of ether-linked phloroglucinol units. 

A.  GAVIN MCINNES, MARK A. RAGAN, DONALD G .  SMITH et JOHN A. WALTER. Can. J. Chem. 63, 304 (1985). 
Sur la base des rksultats obtcnus a I'aide de la rmn du 'H et du "C appliquCe i la fraction polyphCnolique (tant i 1'Ctat nature1 

qu'apres une acCtylation ou une methylation) de poids molCculaire ClevC (> 10") isolCe du Fucus vesiculos~ts, on peut conclure 
que ce produit est form6 d'unitCs phloroglucinols (48.9 t 3,5%), d'hexahydroxy-2,2',4,4',6,6' biphCnyle, de nonahydroxy- 
2,2',2",4,4',4",6,6',6 terphknyles et de groupements quater- ct polyphCnyles qui leurs sont reliCs (formant ensemble 51,l  + 
3.5%); toutes ces unitCs sont relides par des liaisons Cthcrs alors que chaque liaison implique Ic carbinol et les carbones mtthines 
des diffkrentes unites avec la perte formelle d'une moldcule d'hydrogtne. LC polymere est fortement ramifiC et il comporte 
environ 20-22% d'unitCs constituantes qui terminent des chaines; sur la base de nos donntcs, i l  ne semble pas y avoir de grands 
arrangements cycliques des unitts. Environ 5- 10% du phloroglucinol et de 54-82% des unites qui sont directement attachkes 
se retrouvent sur la partie extCrieure de la moldcule, alors que le squelette intCrieur est form6 principalement d'unitCs de 
phloroglucinol qui sont relikes par des liaisons Cthers. 

[Traduit par le journal] 

Introduction 
Polyphenols constitute as much as 15% of the dry matter of 

marine brown algae (Phaeophyceae) (1-3). Phloroglucinol, 
2,2',4,4',6,6'-hexahydroxybiphenyl, and other M W  (molecu- 
lar weight) < 10' phloroglucinol-based polyphenols have been 
identified as cellular constituents of Fltclts vesiculosus (4-7) 
and other brown algae (4). However, as much as 95% of the 
total polyphenols of many brown algae have M W  > 10", and in 
F. vesiculosus approximately 25% have M W  > 104 (3, 5 ,  8). 
The gc-ms analysis of Ca-NH, degradation fragments of this 
highest M W  fraction (9) has indicated that the molecules in this 
fraction contain phloroglucinol, 2,2',4,4',6,6'-hexahydroxy- 
biphenyl, and smaller amounts of the corresponding hydroxy- 
terphenyl and -quaterphenyl groups, linked together through 
oxygen. These observations suggest that the M W  > lo4  poly- 
phenols may be regarded as formally derived from phloro- 
glucinol, although there is at present no supporting biosynthetic 
evidence. In this communication we present evidence from I3C 
and 'H nmr to characterize further the structure of the M W  
> 10' polyphenols ("polymer") of F. vesiculosus. 

Throughout this discussion, the term "unit" refers to hy- 
droxylated benzene rings within the polymer, whereas the term 
"group" refers to two or more such units linked by direct 
carbon-carbon bonds to form hydroxy bi- or polyphenyls. 

Experimental 
Preparation of the polymer fraction, its derivativcs, and reference 

compounds has been described in the previous paper (9). The addi- 

'NRCC No. 2343 1. 
'Part 5 in the series "Physodes and the phenolic compounds of 

brown algae". For Part 4, see ref. 9. 
'Author to whom correspondence should be addressed. 

tional reference compound hexaacetoxybenzene was synthesized from 
tetrahydroxy-p-quinone (Aldrich) by the procedure of Fatiadi and 
Sager (10) and was dissolved in trifluoroacetic acid-" for nmr. Un- 
less otherwise specified, other nmr spectra were recorded in D'O 
containing a small amount of DMSO as internal reference (for thc 
native polymer and the corresponding reference compounds), or in 
CDCI, containing tetramethylsilane (TMS) (for acetoxyl and me- 
thoxyl derivatives). Chemical shifts are reportcd as ppm downfield 
from TSP (sodium 3-trimethylsilylpropionate 2,2,3,3-%,) or TMS, 
respectively. 

The ' H  nmr spectra were recorded at 80 and 100 MHz on Varian 
FT-80 and HA-I00 instruments, respectively. The '" nmr spectra 
with broadband 'H-decoupling were recorded at 20.1 I MHz (Varian 
FT-80), 25.16 MHz (Varian XL-100). and 90.80 MHz (Nicolet Mag- 
netics 360) at ambient tcmperatures, using an internal lock to 'H. 
Conditions varied: flip angles 30"-55", acquisition times 0.8- 1.0 s, 
and delays between acquisitions 0-2.2 s. To ensure that spectral 
integrals were representative of the numbers of I3C nuclei, in some 
experiments the relaxation reagcnts tris(ethylenediamine)chromium- 
(1ll)chloride (CREN, 5 mg mL-' DzO solution) or chromium(lll) 
acetylacetonate ( I 0  mg m L 1  CDCI' solution) were used together with 
nOe suppression by "inverse-gated decoupling" ( I  I) (decoupler off 
during the delay between acquisiitons). Within error, integrals were 
unchanged by these additional precautions, and hence may be taken as 
representative. 

"EDIT" experiments (12) were carried out on Varian XL- 100 (mod- 
ified by addition of a Nicolet 1280 computer and 293B pulse pro- 
grammer) and Nicolet Magnetics 360 instruments. The delay between 
90" and 180" pulses at the "C frequency in the EDIT sequence was 
2.99 ms, corresponding to an average 'JCH of 167 HZ. 

Model structures used in the analysis of I3C and 'H spectra included 
the free hydroxy (suffix "a"), acetoxy (suffix "b"), and methoxy 
(suffix "c") forms of all possible phloroglucinol-based tri- (1-3), 
tetra- (4-9), penla- (11-16), and hexa-0-substituted (18-21) ben- 
zenes, tri- (22-27), tetra- (28-35), and penta-0-substituted (36-41) 
phenyl units, representative simple hydroxy ter- and quaterphenyls 
(42-45), and two other hydroxylated structures (10, 17) reported by 
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Phloroglucinol units 

1 R'  = -0- R' = R' = R6 = H R' = R5 = O H  
2 R '  = R' = -0- R' = R4 = Rb = H R5 = O H  
3 R '  = R3 = RS = -0-, R' = R' = = H 

11 R '  = R' = R5 = O H ,  R' = Rh = -Ow, R4 = H 
12 R 1  = R' = Rh = -0-, R' = RS = O H ,  R 4 =  H 
13 R '  = = O H ,  R2 = R' = Rh = -0-, R' = H 
14 R 1 =  R ' =  R 3 =  R 6 = - 0 - ,  R ~ = O H , R ~ =  H 
15 R '  = O H  R" R' = = Rh = -0- R4 = H 
16 R '  = R2 R' = = Rh = -0-, R' = H 
17 R '  = R' = R' = O H  R5 = Rh = -0- R4 = H 

Hexahydroxybiphenyl units 

22 R'  = - *  R' = R" = Rh = O H ,  R3 = R5 = H 
23 R '  = -, R' = -0-, R3 = R5 = H R4 = R6 = O H  
24 R '  = -, R2 = R" O H ,  R" kR5 = 7H, R' = -0- 
25 R '  = -, R' = Rh = -0- R' = R5 = H,  R' = O H  
26 R' = - R' = R4 = -0- R' = R5 = H R6 = O H  
27 R '  - R' = R' = R% -0- R" RRS = H 

Ter- and quaterphenyl units 

42 R '  = R' = - , R Z =  R 4 =  R 6 = O H , R 5  = H  
43 R '  R 3 = - , R 2  = R% 0 H , R 4 =  -0- ,R'  = H 

Glombitza and co-workers to be units of oligophloroglucinols in cer- 
tain brown algae (although not F. vesicrrlo.sus). For structures whose 
chemical shifts were not available from reference compounds or from 
the literature, expected chemical shifts were calculated as before (7) 
using chemical shift substitutent effects derived from appropriate ref- 
erence compounds. Full details are given in the Supplementary Mate- 
rial.4 In general, no distinctions were made among different aryl (or 
aryloxy) substitutents for purposes of chemical shift calculations or 
symmetry considerations; this assumption was justified by the close 
similarities shown in substituent effects observed from different 
phloroglucinol-based substituents (Table I). 

Results 
13C nuclear magnetic resonance spectra 

The 'H-decoupled broadband 13C nmr spectrum of the native 
polymer from F. vesiculosus (Fig. 1) shows three envelopes of 
signals which will be referred to as the high-frequency (?jc 

15 1.5- 163.5), mid-frequency (126.0- 128.5), and low- 
frequency (96.0- 106.0 ppm) envelopes. Analysis of corre- 
sponding signals in the calculated or experimentally derived 
I3C spectra of model structures la-45a (Supplementary 
Material) demonstrates that the high-frequency envelope is 
composed of resonances from I3C nuclei bearing hydroxy or 
aryloxy substituents and shielded by no more than one ortho 
oxy substituent (generally 149.3 - 163.9), and from oxy- 
substituted carbons shielded by two ortho and no para oxy 
substituents (141.6- 152.4 ppm). Similarly, the mid-frequency 
envelope arises from the oxy-substituted carbons shielded by a 
para and two ortho oxy substituents, and the low-frequency 
envelope arises from directly bonded (as in C-l , 1 '  of biphenyl) 
and methine carbons shielded by a para and two ortho oxy 
substituents. The chemical shift ranges from "C nuclei in these 
environments in 1-45 and in the MW > lo4 polymer, both 
before and after acetylation or methylation (Table 2), are con- 
sistent with the hypothesis that the polymer is composed exclu- 
sively of phloroglucinol-based units. 

This hypothesis also predicts that the combined integrated 
intensities I of the mid- (IM) and low-frequency (IL) envelopes 
should equal that of the high-frequency envelope (IH). Anal- 
yses of I3C spectra of the polymer and its acetoxy derivative 
(Table 3) confirmed these expectations: f,,/(fM + IL) was 0.99 
? 0.01 when averaged over seven experiments designed (see 
Experimental) to minimize problems arising from differences 
in s~in-lattice relaxation times and nOe. 

A further test of the above hypothesis was available from the 
EDIT experiments. Signals in the mid- and high-frequency 
envelopes were all removed under conditions which suppressed 
signali from quaternary and methylene carbons, leaving only 
the methine carbon signals in the low-frequency envelope un- 
affected. Conversely, conditions which suppressed methyl and 
methine carbon resonances removed most of the signals in the 
low-frequency quaternary carbons (Fig. 1) having chemical 
shifts similar to those of the directly-bonded quaternary car- 
bons (C-I) in 22-45 (see below). The completeness of sup- 
pression by the EDIT technique was confirmed by the absence 
of any residual methine carbon resonances in regions where 
they did not overlap quaternary carbon resonances. This tech- 
nique permitted the direct measurement of the integrated in- 

4The tabulated "C and 'H chemical shifts for 1-45, and full details 
*<,-,, represents a direct (carbon-to-carbon) bond between of calculations, are available at a nominal charge from the Depository 

phloroglucinol-based units. O H  is replaced by CH'CO or OCH' for of Unpublished Data, CISTL, National Research Council of Canada, 
the acetoxy or methoxy derivatives. Ottawa, Ont., Canada KIA 0S2. 
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TABLE I. Influence of differently substituted substituent 

R = H  

From To ips0 ortho rneta para 

-H -2.4,6-tri(0R)phenyl +4.4 -1.3 to -1.5 0.0 to +0.2 -0.4 to -0.6 
-H -(2.6-di(0R)-4(2,4,6-tri(0R)- 

phenoxy)pheny l +4.1 to +4.2 - 1.6 to - I  .7 +O. I -0.4 

-H -3.5-di(0R)phenoxy +28.3 -7.7 +0.6 -3.9 
-H -3.5-di(0R)-4-(2,4,6-tri(0R)- 

pheny 1)phenoxy +28.3 -7.6 +0.7 -3.9 

-OR -2.4.6-tri(0R)phenoxy +2.4 -0.8 +0.2 + 1.6 
-OR -4.6-di(0R)-2-(2.4.6-tri(0R)- 

phenoxy)phenoxy +2.4 -0.6 +0.2 + 1.6 

"Data from refs. 5, 6, 14. For further details of calculations, see Supplementary Material. 

TABLE 2. Chemical shift ranges of ''C signals in spectra of model structures 1-45 and in mol. wt. > lo4 polymer from Fuclrs 
ve.sicul~)sus. All data in ppm" 

Native Acetoxy Methoxy 
1-450 polymer 1-45h polymer 1-45c polymer 

High-frequency envelope 
tri- and tetra-0- 149.3-163.9 151.5-163.5 142.0-159.5 142.0-159.5 148.7- 161.5 151.0- 161.5 
penta-0- 141.6- 152.4 N/O 135.9- 148.0 N/O 142.3- 150.1 

- 
N/O 

hexa-0- N/A 122.3- 143.3 N/O N/A - 

Mid-frequency envelope 122.1 - 130.6 126.0- 128.5 123.8- 140.2 129.0- 137.0 122.9- 135.6 124.0- 13 1.0 
Low-frequency envelope 93.8- 101.3 96.0- 106.0 99.1- 117.6 102.5- 119.5 90.1- 102.6 90.0-98.0 

"N/A = shifts not available. N/O = not observed. Chemical shift ranges in polymer rounded to nearest 0.5 ppm. Signals in region from 
104.0- 121.0 ppm in spectrum of methylated polymer arise from C-methylated ring carbons. 

tensity ratios ILQ, IhlQ, and IllQ of quaternary carbons within eliminated under these criteria are expected to exhibit signals in 
each envelope (Table 3). regions of the spectra where very small signals or tails from 

Because the low-frequency quaternary signals arise from larger signals are found; these will be discussed individually 
directly bonded carbons (C-I in 22-45), and because the high- below. With one exception (below), all remaining signals can 
frequency signals arise from exactly half of all ring carbons in be assigned to one or more of the remaining constituent units 
the polymer (above), the proportion p, of directly bonded units as described below. 
in the polymer may be estimated by-p, = 100 x 61LQ/21HQ = 
52.5 -C 3.3%. This estimate is an upper limit which does not 
take into consideration the presence of hydroxy ter-, quater-, 
and polyphenyl units. In order to make this correction, it is 
necessary to assign signals in the spectra of the polymer in 
much more detail. 

Further details of the composition of the polymer were ob- 
tained by comparing chemical shifts (Fig. 1) and integrated 
intensities (Table 3) from the polymer spectra with those of the 
model units 1-45. Chemical shift ranges expected for each 
type of '.'C nucleus in 1-45 already contain, in many cases, 
allowance for prediction error (for details, see Supplementary 
Material). Based on extensive experience, we estimate the ac- 
curacy of chemical shift comparisons between these model 
units and known model compounds to be ca. 5 0 . 5  ppm. Thus, 
in the ensuing discussion, absence of a peak within the ex- 
pected range, extended by 0.5 ppm on either end, is taken to 
indicate the absence of the corresponding unit from the poly- 
mer. 

Using these criteria, 25 units may immediately be ruled out 
as components of the polymer: 3, 9-20, 27, 29-32, and 
35-41 (Table 4). Unit 2 can be also ruled out because its 
characteristic 'H nmr signal (2b expected at 6, 6.46-6.47 
ppm) is absent, and 25 because the signal expected for C-l of 
256 (104.6- 106.0 ppm) is absent from the appropriate EDIT 
spectrum. Seven further units ( l , 6 ,  7, 23, 26, 33, and 34) not 

vic-Trihydroxylated units 
Absence of signals corresponding to C-2 of 10a and 1Oc 

(Table 4) indicates that 10 is not a component of the polymer, 
in agreement with results from Ca-NH, degradation (9). The 
vie-trihydroxylated unit 17 is discussed below with the other 
penta-0-substituted units. 

Penta-0-substituted units 
Absence of signals in the 141.6- 15 1.5 ppm region of the 

polymer, and in the 142.3- 150.1 region of its methoxy deriv- 
ative, rules out the presence of penta-0-substituted units 
11 - 17 and 36-41. Most resonances from C- I ,  C-3, C-5 of 
11-17, and from C-2, C-4, C-6 of 36-41, are expected to 
occur in these regions, and indeed do so in spectra of the 
corresponding MW > 104 polyphloroglucinols from the brown 
algae Chorda filum, Chordaria jlagelliformis, and Dictyo- 
siphon foeniculaceus (13). The absence of these units was also 
indicated by the results from Ca-NH, degradation (9). 

Hexa-0-substituted units 
Absence of characteristic signals rules out the occurrence of 

hexa-0-substituted units 18-20 as constituents of the polymer 
(Table 4). The six identical carbons of 21b are expected at ca. 
130.0- 13 1.4 ppm, although this estimate is perhaps less cer- 
tain than most due to the necessity of a solvent correction (see 
Supplementary Material). Although a small signal is apparent 
at 128- 130.1 ppm, it  is fully assignable to C-2 of 7 6  and (or) 
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groups on substituent effects (all values in ppm)" 

160 140 120 100 PPM 

160 140 120 100 8'0 PPM 
FIG. I. The I3C nmr spectra of the Fucus vesicu1osu.s polymer. (A) Native hydroxy polymer, EDIT: quaternary carbons (above), and full 

spectrum (below). (B) Acetoxy polymer, EDIT: quaternary carbons (above) and full spectrum (below). (C) Methoxy polymer. 

8 b  (below). Better evidence for the absence of 21 comes from low-frequency envelopes. Therefore 21 cannot be a significant 
integration of the three signal envelopes. The results displayed component of the polymer. This conclusion is reinforced by the 
in Table 1 suggest that all six carbons of 21 will have almost absence of penta-0-substituted units (above), the lack of evi- 
identical chemical shifts, yet the results from signal envelope dence from Ca-NH3 degradation for hexa-0-substituted units 
integration require that half the signals from each unit occur in (9), and the absence of precedent among lower-MW oligo- 
the high-frequency envelope, and half in the mid- and (or) phloroglucinols for such units (4-7). 
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TABLE 3. Integrated intensities of ''C spectra of native and acetoxy polymers from F. vesiculosus 

Native polymer Acetoxy pol ymer 

Average integrated intensity" Average integrated intensity" 

Sc range Broadband EDIT' Sc range Broadband EDIT" 
( P P ~ )  decoupledh (quaternary only) ( P P ~ )  decoupled" (quaternary only) 

166.0- 162.0 0.026 0.022 160.0- 157.0 0.023 0.025 
162.0- 158.0 0.147 0.148 157.0-153.0 0.021 0.021 
158.0- 156.5 0.074 0.073 153.0- 148.3 0.210 0.220 

Typical 
errord 20.005 20.006 

No. of spectra 
averaged 4 2 

"Expressed as a fraction of the total integrated intensity from Sc 166.0-94.0 (native polymer) or 160.0-100.0 ppm 
(acetylated polymer). Intensities used in text are from broadband-decoupled spectra, except for low-frequency quaternary 
signals (from EDIT). 

"Effects of spin-lattice relaxation and nOe on relative intensity reduced by relaxation reagent (CREN or Cr(acac),) and use 
of 2-s delay between acquisitions. 

"Results scaled so IHQ + IMQ = I ,  + I ,  for each individual spectrum. 
"Error shown here is from scatter of results for 2-4 spectra. Error of individual integrations ca. 20.010 within each range. 

Tri-0-substituted units 
Units 2 ,  3 ,  and 27 have already been ruled out as possible 

components of the polymer (Table 4 and above). Signals ex- 
pected for C-1 and C-4 of l b ,  and for C-2 of 23a and 23b, 
correspond to small peaks or tails of larger peaks which cannot 
necessarily be attributed to other units. Integration of the 108- 
to 110.2-ppm region of the EDIT spectrum of the acetoxy 
polymer (Table 3) indicates a maximum abundance of about 
1% for 23 + 26 + 33. Some indication of the maximum 
abundance of 1 (plus 2)  may be obtained from the high- 
frequency region of the spectrum of the methoxy polymer: the 
signal near 160.9 pprn could arise from C- 1, C-3, C-5 of 1 c and 
(or) 2c,  and (or) it could represent C-4 of 22c and (or) 24c. The 
signal near 159.0 pprn could arise from twice as many carbons 
(C-2, C-6) of 22c and (or) 24c, as well as from C-2 (and 
perhaps also C-4,6) of the methoxy terphenyl 42c. Broadness 
and confluence of these signals preclude accurate integration, 
but the 160.9-ppm signal accounts for about 9.5- 10% of the 
integral of the high-frequency envelope, and the 159.0-ppm 
signal, 22-23%. Correction for the contribution of 42 to the 
latter (below and Table 5) leaves a minimum of 19-20% 
corresponding to 22c and (or) 24c. Thus 22c and (or) 24c must 
be responsible for virtually all of the 160.9-ppm signal, and l c  
and 2c must be virtually absent. 

With units 1-3,  26, and 27 absent or negligibly minor, the 
signal at 163.1 pprn in the spectrum of the native polymer must 
arise from C-4 of 24a (expected: 162.5 pprn), and the signal 

near 158 pprn in the spectrum of the acetoxy derivative from 
C-4 of 246 (expected: 157.7- 158.1 pprn). Repeated integra- 
tion of these signals indicates an abundance of 14.4 + l .  1% for 
24 (Table 5). 

- 

f-Q- OR' 

HO' 
22a R' = H 
24a R' = R 
(R = phloroglucinol-based unit) 

With units 1, 2 ,  23, 25, 27 (above), and 43 (below) absent 
or negligible, the signal at 160.8 pprn in the spectrum of the 
native polymer must come from C-4 of 22a (expected: 
160.3 pprn) and most of the integral remaining unaccounted for 
so far in the 157.9- 162.0 pprn region of the spectrum of the 
methoxy derivative must come from C-4 of 22c (expected: 
159.8 - 160.6 ppm); repeated integration and computer-aided 
deconvolution (using the Nicolet curve-resolution program 
NMRCAP) of these signals indicate an abundance of 18.6 f 
1.0% for 22 (Table 5). 

Several independent checks on these estimates of 22 and 24 
are available. The integral of the 158- to 162-ppm region of the 
spectrum of the methoxy polymer gives an estimate of 
28.5-30.0% for 22 + 24 (see above). The integral of the 
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TABLE 4. Model units ruled out, or demonstrated to be minor constituents, by 
comparison with polymer spectra. All data in ppm 

Unit No. A. Predicted Sc incompatible with polymer spectra 

2 b: C-2 (101.9- 102.8); 'H nmr 
3 b: C-2,4,6 (99.1- 100.9) 
9 b: C-2 (123.8-124.3) 

10 a: C-1,3 (149.3), C-2 (130.0); c: C-2 (134.6) 
11 a: C-1,5 (148.9- 149.2). C-3 (145.0- 145.3); b: C-1,5 (139.2- 

139.4), C-2,4 (138.5- 139.0); c: C-3 (145.9- 146.3) 
12 0: C-1,5 (148.8- 149.6), C-3 (147.0- 147.7); b: C-1,5 (139.6- 

140.0); c: C-3 (143.9- 145.5) 
13 a: C-3 (144.9- 145.7), C-4 (128.7- 128.9), C-5 (148.8- 149.6); 

b: C-5 (139.6- 140.0); c: C-3 (145.6- 146.2) 
14 a: C-3 (146.9- 148. I), C-5 (148.7- 150.0); b: C-2 (128.1 - 129.0), 

C-4 (13 1.0- 132. I), C-5 (140.0- 140.6); c: C-3 (143.6- 
145.4) 

15 a: C-3 (144.8- 146.1); b: C-2,4 (131.0- 132.1); c: C-3 (145.3- 
146.1) 

16 a: C-3 (146.8- 148.5); b: C-2,4 (125.8-127.1); c: C-3 (143.3- 
145.3) 

17 a: C-l (146.7-146.8), C-2 (125.8), C-3 (141.6), C-4 (130.6), 
C-5 (145.4); b: C-5 (140.0-140.3 or 139.3-139.6); c: C-l 
(144.6- 144.8), C-3 (146.0- 146.2) 

18 b: C-1,3,5 (122.3-123.1) 
19 b: C-2,6 (137.5- 138.3), C-3,5 (122.7- 123.7), C-4 (140.4- 

141.4) 
20 b: C-3 (123.1 - 124.3) 
21 See text 
25 b: C-l (104.6- 106.0) (EDIT spectrum), C-2,6 (155.5- 157.1) 
27 b: C-3,5 (100.7- 102. I), C-2,6 (155.9- 157.7) 
29 b: C-l (1 12.8-1 13.2) 
30 a: C-1 (104.8), C-3 (124.3-126.4); b: C-3 (131.4-131.7), C-5 

(I 10.6- 1 1  1.2) 
31 a:C-3(128.1-128.4);b.C-I (I 12.8-1 13.2),C-3(134.3-134.8); 

c: C-5 (1 10.6- 1 1  1.2) 
32 a: C-3 (122.1-126.6); b: C-l (1 10.5- 1 1  1.3), C-3 (126.2- 

126.7); c: C-2 (149.0- 150.6) 
35 b: C-3 (123.9- 124.8), C-6 (152.7- 153.4); C: C-2 (148.7- 

150.5) 
36 a: C-2,6 (147.4- 147.9), C-4 (144.4-144.9); b: C-l (1 19.9- 

121.0), C-2,6 (137.2- 137.8), C-3,5 (139.5- 140.2); C: C-l 
(102.4-103.0), C-2,6 (147.2-147.6), C-3,5 (122.9-123.6), 
C-4 (144.9-145.3) 

37 a: C-2 (149.4-150.3), C-4 (144.3-145.3), C-6 (147.3-148.3); 
b: C-5 (137.2- 138.3), C-6 (137.6- 138.4); c: C-2 (145.2- 
146.8), C-4 (144.6-145.2), C-6 (146.9-147.5) 

38 a: C-2,6 (147.3-148.3), C-4 (146.4- 147.3); b: C-2,6 (137.6- 
138.4); C: C-2,6 (146.9- 147.5), C-4 (142.9-144.5) 

39 a: C-2,6 (149.3- 150.7), C-4 (144.2- 145.7); c: C-2.6 (144.9- 
146.7), C-4 (144.3- 145.1) 

40 a: C-2 (149.3- 150.7), C-4 (146.3- 147.7), C-6 (147.2- 148.7); 
b: C-6 (138.0-139.0); c: C-2 (144.9-146.7), C-4 (142.6- 
144.4), C-6 (146.6-147.4) 

41 a: C-2,6 (149.2- 151. I), C-4 (146.2- 148.1); b: C-3,5 (126.8- 
128.3); C: C-2,6 (144.6- 146.6), C-4 (142.3- 144.3) 

B. Predicted Sc in regions of very small signals, or of tails from 
larger signals. For individual consideration, see text 
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TABLE 5. Abundances of constituent units as estimated from "C 
nuclear magnetic resonance 

Number of branching 
Unit(s) No. Abundance (%) points 

1" Trace? 
4" + 6 13.5 2 3.8 
5 19.8 k 2.0 51.9 ? 3.6h 
7 + 8  15.0 2 2.1 
22" 18.6 ? 1.0 
24 14.4 ? I .  l 
28 10.5 -+ 0.8 
23 + 26 + 33 <I 

I 
34 Trace? 
42 3.7 '- 1.0 
44 2.5 2 0.5 
43 + 45 < 2 
Unknown' < 2? 

"Terminal units. 
hMean of four estimates (see text); 4, maximum 3.4%. 
'6, 105.5 pprn signal in native polymer spectrum (see text). 

101.5- to 103.0-ppm region of the EDIT spectrum of the native 
polymer (Table 3) suggests an abundance of 18.0 + 4.0% for 
22, although this estimate is complicated by the possible con- 
tribution of hydroxy polyphenyl units near this region. Finally, 
the integral of the 110.2- to 116.2-ppm region of the EDlT 
spectrum of the acetoxy polymer (Table 3) corresponds to an 
abundance of 35.4 C- 3.0% for units 22,24,34,43, and 45, in 
good agreement with the above estimate of 33.0 + 2. 1% for 22 
+ 24 and suggesting that units 34, 43, and 45 are at best minor 
components. 

Directly bonded tetra-0-substituted units 
Only one individual tetra-0-substituted unit can be readily 

identified from the "C nmr spectra: the signal at 118.2- 
1 18.5 pprn in the spectrum of the acetoxy polymer is character- 
istic of 28b (C- l expected: 1 18.0- 1 18.2 ppm), and integrates 
(Table 3) for an abundance of 10.5 + 0.8%. Two other charac- 
teristic signals from this unit, those for C-2 of 28a (151.9, 
expected 15 1.4- 15 1.6 ppm) and C-6 of 28b (145.2, expected 
145 .O- 145.1 pprn), are not well resolved from larger neigh- 
boring signals, but integrals and computer-aided curve resolu- 
tion indicate an abundance of 9.2 + 1.5%. 

All other directly bonded tetra-0-substituted units have al- 
ready been ruled out (29-32 and 35, above), or have been 
shown to be present in only trace amounts (33 and 34, above). 
Further confirmation of the low abundance of 33 and 34 may 
be inferred from the abundances of the corresponding non- 
phenoxylated units 25 and 26 (zero and <I%, respectively), 
from the lack of evidence from Ca-NH, degradation for 
29-35 (9), and from the lack of precedent among known 
lower-MW polyphloroglucinols (4-7) for such structures in 
brown algae. 

Hydroxy polyphenyl units 
The ratio 61LQ/21HQ from EDlTed ',C nmr spectra (above) 

places a maximum (uncorrected) limit of 52.5 ? 3.3% on the 
abundance of directly bonded units in the polymer. Units 22, 
24, and 28 have already accounted for 43.5 ? 2.9%, and 23, 
26, 33, and 34 for perhaps another I %, leaving at most ca. 8.0 
+ 6.2% (uncorrected) for hydroxyl polyphenyl units such as 
42-45. An estimate of 44 can be made from the integral of the 
small signal at 146.2 pprn in the acetoxy polymer spectrum 
(C-2,4,6 expected: 146.4- 146.8 ppm), which indicates an 
abundance of 2.5 k 0.5%, other units with resonances in this 
region having been eliminated or otherwise accounted for. Unit 
42 exhibits only one characteristic "C nmr signal, at ca. 

117 pprn in the acetoxy polymer EDlT spectrum. Integration 
and curve resolution yields 3.7 ? 1.0% for 42 (Table 3), but 
again the poor baseline and small, partially confluent signals in 
this region make this estimate questionable. These levels of 42 
and 44 agree well, however, with the results from Ca-NH3 
degradation (9). Units 43 and 45 therefore probably amount to 
<2%. 

The estimated abundance of directly bonded units can now 
be corrected for the presence of polyphenyl units: (52.5 + 3.3) 
- (4/18)(3.7) - (6/24)(2.5) = 51 .I  + 3.5%. This estimate, 
which is again an upper limit, stands in good agreement with 
the sum of 22,24,28,33,34, and 42-45 = ca. 49.7 f 4.4% 
(Table 5). The difference, if real, may reflect the presence of 
small quantities of polyphenyl units other than 42-45. In this 
regard it is interesting that the small signal at 105.5 pprn in the 
spectrum of the native polymer could not be assigned; it re- 
mained after suppression of I3C-H resonances by the EDIT 
procedure, and presumably arises from C-l of a minor unit 
(<2% abundance) having substituents or experiencing de- 
shielding not considered here. 

Remaining tetra-0-substituted units 
The ca. 48.9 + 3.5% of the units of the polymer which so 

far has not been considered are the tetra-0-substituted, entirely 
ether-linked structures 4, 5, 8, and possibly 6 and 7 (Table 4). 
Four independent estimates of the abundance of these units are 
available: two (a and b) are direct, while two (c and d) require 
the absence of penta- and hexa-0-substituted units and super- 
numerary hydroxylation: (a) the integral of the 156.2- to 
157.9-ppm region of the methoxy polymer spectrum (C-5 of 
4c-8c, corrected for C-2,4,6 of 44c) indicates an abundance 

(R = phloroglucinol-based unit) 
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FIG. 2. The 'H nmr spectrum of acetoxy polymer from Fucus vesiculosus. 

of 53.7 f 6.0% for 4-8; (b) the integral of the 127.5- to 
139.0-ppm region of the broadband-decoupled acetoxy poly- 
mer spectrum (Table 3; C-2 of 4b-8b, possibly including 
small amounts of C-3 from 33b and 34b, and corrected for C-3 
of 286) indicates an abundance of 48.3 f 3.8% for 4-8; 
(c) from the integrals of the acetoxy methyl, acetoxy carbonyl, 
and methoxy "C nuclei in spectra of the acetoxy and methoxy 
polymer, there are 2.40 f 0.07 derivatizable hydroxyls per unit 
in the native polymer, hence (after correction for 28) 52 f 7% 
of entirely ether-linked units; and (d) from the ratio of deri- 
vatizable hydroxyls to aromatic protons as determined by 'H 
nmr, graphical analysis based on model compounds demon- 
strates that 53.5 ? 2.5% (corrected for 28) of all units are 
entirely ether linked. These results (mean, 51.9 + 3.6%) agree 
well with abundances of fragments present in the Ca-NH, 
degradation product of the methoxy polymer (9). Consideration 
of units 4-8 will therefore complete the roster of units allow- 
able as components of the polymer. 

Accurate assignment of the three signals in the mid- 
frequency region of the broadband-decoupled spectrum of the 
acetoxy polymer is crucial to a more detailed quantitative anal- 
ysis of individual units 4-8. The signal at 129.9 ppm clearly 
arises from C-2 of 7 b (expected: 125.8- 128.4 ppm) and 8 b 
(expected: 129.0- 129.3), as these are the only remaining pos- 
sibilities (C-3 of 336 and 346, expected at 129.1 - 129.8 ppm, 
may contribute slightly to this signal). The integral of this 
signal (Table 3) suggests an abundance of 15.0 * 2.1% for 
these units; this may be a slight underestimate due to the pres- 
ence of tails on this signal. The central signal, at 133.3 ppm, 
arises from C-2 of 56 (19.8 f 2.0%; expected: 131.0- 
133.4 ppm), while the signal at 136.1 ppm (corresponding to 
24.0 ? 3.0%) is due to C-2 of 4b (expected: 136.3- 136.8 
ppm) and C-3 of 286 (expected: 136.6- 136.7 ppm). 

Problems arise with C-2 of 66, if present (Table 4). Its 
resonance is expected at 134.2- 134.6 ppm, between the 133.3 
and 136.1 peaks but slightly closer to the former. If it is 

assumed to be absent or to contribute to the 133.3-ppm signal, 
the 136.1 -ppm peak would therefore arise entirely from 46 and 
286, and the abundance of 4 could be calculated by difference 
as 13.5 f 3.8%. This is not possible for the following reason 
(see Discussion): in a large polymer, the proportion of terminal 
units cannot exceed the proportion of branching points. Here, 
the proportion of branching points (7, 8, 43-45, and perhaps 
some minor units: Table 5) is only ca. 22% at most, and the 
terminal unit 22 (18.6 + 1.0%) already accounts for most of 
this. Therefore 4 can constitute at most 3.4% of the polymer, 
requiring that C-2 of 6b contribute to the 136.1-ppm signal in 
the spectrum of the acetoxy polymer and yielding 13.5 + 3.8% 
for 4b + 6b. 

With C-2 of 6b assigned to the 136.1-ppm signal, the inte- 
gral of the 133.3-ppm peak, corresponding to 19.8 + 2.0%, 
can be assigned entirely to 56, a unit already encountered in a 
tetrameric phloroglucinol isolated earlier from F. vesiculosus 
(7). Further attempts to estimate 4 independently of 6, and 7 
independently of 8, are subject to considerable uncertainty. 

'H nuclear magnetic resonance spectra 
The 'H nmr spectrum of the native polymer was recorded in 

H20 (containing a small amount of D20) using selective gated 
saturation to suppress the solvent signal. Aromatic proton res- 
onances appeared as a broad envelope (6" ca. 5.65-6.65 ppm) 
with poorly resolved maxima at ca. 6.11, 6.18-6.21, and 
6.28 ppm. No signals attributable to the polymer were observed 
outside this region. When DMSO-'H6 was employed as sol- 
vent, the signals from the polymer were still very broad, but 
suggested a ratio of hydroxy to aromatic protons of ca. 1.55 : 1. 
After methylation of the polymer, the aromatic protons reso- 
nated in a broad envelope between ca. 5.60-6.75 ppm, with 
poorly resolved maxima at ca. 6.15 and 6.18 ppm; 0-methyl 
protons were seen between ca. 3.00 and 4.20, with poorly 
resolved maxima at 3.63 and 3.74 and with a minor downfield 
tail extending beyond 4.50 ppm, and with the ratio of 0-methyl 
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TABLE 6. Comparison of abundances of constituent units as estimated 
from ' H  and "C nuclear magnetic resonance 

Abundance Abundance 
Unit(s) No." ( 'H  nmr)" ("C nmr)' 

"Units grouped as required by spectra. 
'Values normalized assuming presence of only 4-7, 22, 24, 28, and 42. 

Individual estimates in this column will therefore tend to be overestimates: see 
text. For estimate of error, see text. 

"Values from Table 5. 

groups to aromatic protons ca. 1.4: 1. A small signal probably 
arising from C-methyl protons (introduced during the methyl- 
ation procedure) occurred at 1.26 ppm. Little other information 
could be gleaned from these spectra because the resonances 
were broad and poorly resolved. 

Aromatic protons in the acetoxy polymer, however, yielded 
relatively well-resolved signals (Fig. 2) which could be as- 
signed by comparison with reference compounds (Supple- 
mentary Material). Because some units contain no aromatic 
protons (e.g. 44, 45) and because reference spectra were not 
available for others (most importantly 8b), quantitation of con- 
stituent units based on 'H nmr could be only approximately (to 
within perhaps 2 15% overall) congruent with quantitation 
based on I3C nmr. Nonetheless, a similar quantitative picture 
emerged (Table 6). Tentative assignments are: S,, 6.34 (7b), 
6.56 (H-6 of 5b), 6.69 (66 and 24b), 6.78 (H-4 of 5b), 6.94 
(4b), 6.99 (22b), 7.10 (28b), and 7.20 ppm (426). Unit 26 
(H-2 expected: 6.46-6.47 ppm) was absent. 

Discussion 
Some conclusions about the structure of the polymer can be 

drawn from the proportions of constituent units (Table 5). As 
mentioned earlier, in a sufficiently large polymer the propor- 
tion of terminal units cannot exceed the proportion of branching 
points. The proportion of branching points in the F. vesiculosus 
polymer cannot be determined exactly, but units contributing 
one branch point each (7, 8, 26, 43, 44) constitute about 
17- 18% of the units of the polymer, and units contributing two 
branch points (33, 34; and 45) add an indeterminate but small 
amount (Table 5). Even considering the possibility that the 
unidentified unit having C-l at 105.5 ppm in the native poly- 
mer spectrum could hypothetically contribute a few percent 
more branching it is difficblt to imagine that the total 
proportion of branching points could exceed about 22% on a 
per-unit basis. This is almost certainly completely matched by 
the abundances of the terminal units 22 (18.6 1.0%), 4 
(maximum 3.4%), and 1 if present. Physical properties of the 
polymer in solution make it extremely unlikely that any large 
interlocking or cross-linked rings of units occur, as there is no 
indication that the polymer or its derivatives form gels or vis- 
coelastic solutions at any concentration in a variety of solvents; 
moreover, the native polymer is extremely soluble (> 1 g mL-' 
HzO). 

The 18.6 2 1 .O% abundance of 22 immediately requires that 
most of the directly bonded units in the polymer occur in 

FIG. 3. Three possible average substructures (ignoring minor units) 
of the Fucus vesiculosus polymer. A = 5, 6, 24, 28, or 42; B = 7, 
8, 43, 44, or 45; T = 4 or 22. 

terminal bi- or polyphenyl groups. The minimum proportion of 
such units would occur if all units 43-45 were internal, were 
directly bonded to a maximum number (43 and 44, one; 45, 
two) of unit 22 each, and if no 22 was linked to any 42; the 
maximum proportion would be found if all 22 and 42 con- 
tributed to terminal groups. These estimates, respectively, cor- 
respond to 54% to 82% of all directly bonded units being 
present in terminal bi- or polyphenyl groups, in qualitative 
agreement with results from Ca-NH, degradation (9). The 
corresponding estimate for terminal ether-linked units (4) is ca. 
5- 10%. 

The existence of ca. 22% terminal (T) and ca. 22% 
branching (B) units (neglecting, for the moment, units 33, 34, 
and 45) implies that on average there are (100 - 2(22) = 
56)/22 = ca. 2.5 non-branching, non-terminal units for every 
terminus and every branch point. This situation corresponds to 
the "average" polymer substructures depicted in Fig. 3. If any 
regularity occurs in the structure of the polymer, it is only over 
a large scale, as may be deduced from the relatively low in- 
tensity of some signals and from the large number ( ~ 6 5 )  of 
distinct aromatic "C resonances in the high-field (8.45 T) spec- 
trum. The evidence points to the F. vesiculosus high-MW 
polyphloroglucinol fraction containing topologically linear 
polymers with numerous short branches, many of which termi- 
nate in hydroxy bi- or polyphenyl groups. 

The occurrence, in approximately equivalent amounts, of 
directly bonded and exclusively ether-linked units establishes 
the F. vesiculosus polymer as distinct from the entirely ether- 
linked type found in Chorda fihlm, Chordaria jlagelliformis, 
and Dictyosiphon foeniculaceus, and equally distinct from the 
almost exclusively carbon-carbon bonded type in Pilayella 
littoralis and Spongonema tomentosum ( 13). The absence of 
numerous potential candidate units from all of these polymers, 
the nonrandom distribution of ether-linked and directly bonded 
units within the F. vesiculosus polymer, the existence of differ- 
ent structural types of polymers within the brown algae, and the 
apparent correlation of these structural types with taxonomic 
position (13) strongly suggest that these polymers are produced 
by a nonrandomly directed assembly of smaller moieties. 
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Cyclotetraphosph(III)azanes: donor properties and ylide formation 
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KEITH D. GALLICANO and NORMAN L. PADDOCK. Can. J .  Chem. 63, 3 14 (1 985). 
The ligand (MeNPMe), (L) forms complexes (L.COCI')~COCI~-, (L.CoCI)'BPh,, L.M(C0)' (M = Cr, Mo, W, Mn'), and 

a nickel complex L.Niz(CO)', which is easily oxidised to the phosphonimide [MeNP(O)Me],. Quaternary complexes 
[LM(CO)3R]'I- have been prepared both by quaternisation of the neutral complex (R = Me, CH2CN, CHzC(0)NH2, M = 
Cr, Mo, W) and (R = Me) by reaction of the simple quaternary with the metal carbonyl. The quaternary complexes have been 
deprotonated to ylidic complexes, L.M(CO)3CH2 (M = Mo, W) in which the ylidic group has displaced one phosphine 
function. Chemical and structural features are discussed in terms of d-orbital contraction by acceptor groups. The phosphazane 
(MeNPPh), has been prepared. 

KEITH D. GALLICANO et NORMAN L. PADDOCK. Can. J .  Chem. 63, 314 (1985). 
Le ligand (MeNPMe), (L) forme des complexes (L.COCI')~COCI:, (L.CoCI)'BPh,-, L.M(CO)3 (M = Cr, Mo, W, Mn') 

et un complexe de nickel L.Ni2(CO)?, qui s'oxyde facilement en phosphonimide de [MeNP(O)Me],. On a prCparC des 
complexes quaternaires du type [LM(CO)3R]'I- soit par quaternisation du complexe neutre (R = Me, CH2CN, CH2C(0)NH2, 
M = Cr, Mo, W) et (R = Me) ou par reaction du dCrivC quaternaire simple avec le metal carbonyle. On a dCprotonC les 
complexes quaternaires afin d'obtenir les complexes d'ylides, L.M(CO),CH2 (M = Mo, W) dans lesquels le groupe ylide a 
remplact une fonction phosphine. On discute des caracttristiques chimiques et structurales en fonction d'une contraction des 
orbitales d par les groupes accepteurs. On a Cgalement prepark le phosphazane (MeNPPh),. 

[Traduit par le journal] 

Introduction 
The chemistry of the cyclic phosphazanes (R'NPR),,, recently 
reviewed by Keat ( I ) ,  was significantly extended in 1977 by 
the synthesis of the tetrameric phosphazanes 1 (n = 4, R' = 
Me; a ,  b, R = Me, Et) by Zeiss and co-workers (2). The 
compound l a ,  which has a crown conformation (2) similar to 
that of S,, adds sulphur to give the trisulphide (MeNPMe)$, 
(3), forms new heterocyclic systems with acetylenes (4), and is 
quaternised by methyl iodide (24) ( 5 ) .  All the reactions, like 
that of l a  with Mo(CO)~ (6), have special points of interest. 
This paper extends the study of the reactions of cyclotetraphos- 
phazanes with acceptors, and describes the formation of ylidic 
metal carbonyl derivatives. The principal compounds referred 
to are illustrated in Fig. 1. 

Experimental 
All reactions and manipulations of air-sensitive products were car- 

ried out in an atmosphere of dry nitrogen. Solvents were distilled 
before use: tetrahydrofuran (THF) and toluene from sodium/benzo- 
phenone, acetonitrile from calcium hydride, and dimethylformamide 
(DMF) from potassium hydroxide.' In a typical photolysis experi- 
ment, the reaction mixture, in a silica vessel, was irradiated at a 
distance of 10- 13 cm by a 450 W Hanovia mercury vapour lamp 
placed inside a quartz water-cooled jacket. 

Infrared spectra, calibrated against polystyrene, were obtained from 
Nujol mulls on CsI plates using a Perkin Elmer 457 spectrophoto- 
meter. Mass spectra were recorded at 70 eV on a Varian (Atlas) 
CH4-B mass spectrometer. Nuclear magnetic resonance spectra were 
run on Varian XL-100 ( 'H, 100 MHz; "P, 40.5 MHz) and Bruker 
WH-400 ( 'H, 400 MHz) spectrometers. Positive chemical shifts are to 
low field of reference. Conductance measurements were made with a 
Wayne Kerr bridge Model B221A on solutions in nitromethane or 
water, coqcentrations near lo-". Abbreviations: b, broad; m, me- 
dium; sh, sharp; shl, shoulder; st, strong; v, very; w, weak. 

N-Tetramethyl-P-tetraphenylcyclotetraphoph(ll1)azane ( lc)  
Phenyldichlorophosphine (10.73 g, 0.06 mol), purified by dis- 

tillation over AICI?, was dissolved in 10 mL CH3CN and added to 
heptamethyldisilazane (10.5 g, 0.06 mol). The mixture was heated 
under reflux with stirring for 3 h. Colourless crystals of l c  precipitated 
from the cooled reaction mixture, and were crystallised from chloro- 
form; yield 15%, mp (decom.) 270-275°C. Gp(CDC13, ext. H3P04) 
107.6 ppm; GH(CDC13, int. TMS) 3.18 (12H, NMe, multiplet), 
7.4-7.7 (20 H PPh, multiplet). Major peaks in the mass spectrum: 
m/e 548 (M'), 471 (M - Ph)', 41 1 (M~NPP~) : ,  274 ( M ~ N P P ~ ) ; ,  
197 [PhP(NMe)2P]' (base peak). Anal. calcd. for C2XH32N4P4: C 
61.3, H 5.9, N 10.2; found: C 60.9, H 5.9, N 10.2. 

Quaternisation reactions 
Bromoacetophenone (0.131 g, 0.00066 mol) in 5 mL THF was 

added dropwise to l a  (0.097 g, 0.00032 mol) in 15 mL THF. After 
1-5 min a heavy white precipitate formed, which was filtered off after 
stirring for 2 h at room temp. The hygroscopic solid was washed with 
2 X 4 mL THF to give analytically pure [(MeNPMe),CH2C(0)- 
Ph]'Br- (2b) yield about 50% mp (decom.) 1 1  8- 125°C under N2. 
v(C=O) 1678 cm-I. Anal. calcd. for CloH31BrN40P4: C 38.5, H 6.3, 
N 11.2, Br 16.0; found, C 38.4; H 6.4, N 11.0, Br 15.9. In a similar 
reaction of l a  with iodoacetamide, a 50% yield of [(MeNPMe)4- 
CH2C(0)NH2]'I- (2c) was obtained as a very hygroscopic solid, mp 
(decom.) 140- 146°C under Nz to a yellow liquid. Anal. calcd. for 
CloHzxINSOP4: C 24.8, H 5.8, N 14.4, I 26.2; found: C 24.9, H 5.8, 
N 14.2, 1 26.0. The quaternary tetraphenylborate, from 2a and sodium 
tetraphenylborate in THF, was hydrolysed in damp air to bis(di- 
methylamino)dimethylphosphonium tetraphenylborate [(MeNH),- 
PMe2]'BPh,, Gp((CD3)2C0, ext. H3P04) + 53.7 p ~ m . ~  Anal. calcd. 
for CZxH3,BN2P: C 76.4, H 7.8, N 6.4; found: C 76. I, H 7.8, N 6.4. 

Complex formation with Co(l1) 
If a dilute solution of CoC12 in CH3CN is added slowly to l a  in 

CH'CN, an orange colour develops. If CoCI2: l a  > 1 .O, the green 
complex [ (M~NPM~) ,COCI ' ]~COCI~-  (30) is formed. l a  (0.115 g, 
0.00038 mol) and CoCI, (0. I00 g, 0.00077 mol) were dissolved in 5 
mL hot acetonitrile, a green precipitate being formed immediately. 
The mixture was heated to boiling for 30 min, filtered, and the bright 
green product 3a washed with 2 X 5 mL CH,CN (0.175 g, 93%, mp 
(decom.) > 270°C). v[CoCl(in COCI~-)] (cm-') 31 1 (st), 298 ( n ~ ) . ~  

Cf. +54 ppm for [Me2N(NH2)PMe2]'CI- (7). 
' Nitromethane was purified on an alumina column, dried over 'It is insoluble in organic solvents, but soluble in water, in which 

P205, and stored over molecular sieves. the anion (only) is hydrolysed. 
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GALLICANO P rND PADDOCK 3 15 

FIG. I. 1, n, R = Me; b, Et; c, Ph. 2. R = Me: a,  RI = Me; b, 
PhC(0)CHz; c, NH2C(0)CH2. Anion I -  except 2b, Br-.'. 3, R = Me. 
4, R = Me: a ,  M = Mo; b, W; c, Cr; e ,  Mn' (anion Br-); f; Mn' 
(anion Mo(C0);); d, R = Et, M = Mo. 5, 6 ,  R = Me. 7, anion I-, 
R = Me for all, RI = Me: a,  M = Mo; b, W; c, Cr; d, R, = 
NH,C(O)CH,, M = Cr; e, RI = NCCH,, M = Cr; 8, R = Me: rr,  M 
= Mo; b, W.  9, adapted from ref. 16. 

Anal. calcd. for C16H4nC16Co,NnPn: C 19.4, H 4.9, N 11.3, C1 21.5; 
found: C 19.7, H 4.9, N 1 1.3, CI 21.4. On exposure to air, 3a forms 
a dihydrate. Anal. calcd. for C16Hs,C16Co,Nn02Pn: C 18.7, H 5. I ,  N 
10.9; found: C 18.7, H 5.0, N 10.7. The tetraphenylborate 
[(MeNPMe)4CoC1]'BPh, (36) was precipitated as a lilac-green solid 
from an aqueous solution of 3a by the addition of NaBPh, and crys- 
tallised as needles from CH,CN, mp (decom.) 225-270°C. I t  is solu- 
ble in DMF and MeN02; A,, (MeNO', 25°C) 68.8 ohm-' cm' mol-I. 
Its visible spectrum shows a strong charge transfer band at 386 nm 
(E,,, - 3600) and a broad band centred at -672 nm. v(Co-CI) was 
not observed. Anal. calcd. for C32HuBCICoN4P4: C 53.8, H 6.2, N 
7.9, CI 5.0; found: C 53.6, H 6.3, N 7.8, CI 4.8. 

Reactions of l a .  I b  with metal carbonyls 
The preparation of (MeNPMe),Mo(CO), (4a), already described 

(6), is better done photochemically in either THF or acetonitrile at 
65°C (3 h for 200 mg of l a )  as described below for the tungsten 
complex. l a  (0.13 g, 0.00043 mol) and W(CO)6 (0.154 g, 0.00044 
mol) were dissolved in 15 mL hot, oxygen-free CH,CN and irradiated 
at 60°C for 1 h. After a further 30 min at room temperature, yellow 
crystals appeared. The mixture was cooled to -30°C, and the crystals 
of (MeNPMe)4W(CO)1 (46) filtered off and washed with boiling 
CH,CN; mp (decom.) >250°C, v ( C ~ 0 )  (cm-') 1922, sh; 18 16 (side 
bands at 1775, 1848). The mass spectrum shows the parent ion at m/e 
568 and stepwise loss of three CO groups. Anal. calcd. for 
CIIH~4N401P,W:C23.3,H4.3,N9.9;found:C23.2,H4.3,N 10.0. 

The chromium complex (MeNPMe).,Cr(CO), (4c) was prepared simi- 
larly; mp (decom.) >280°C, v(C=O) (cm-') 1921, sh; 1813, 1824 
b. The mass spectrum shows the parent ion at tn/e 436 and stepwise 
loss of three CO groups. Anal. calcd. for CI I H24CrN403P4: C 30.3, H 
5.6, N 12.8; found: C 30. I, H 5.4, N 12.9. 4c was also prepared in 
low yield by stirring equimolar quantities of l a  and Cr(CO),.THF in 
solution in THF for 3 days at room temperature. The complex (Me- 
NPEt),Mo(CO), ( 4 4  was prepared by heating a solution of l b  (0.092 
g. 0.00026 mol) and Mo(CO),, (0.069 g, 0.00026 mol) in 15 mL 
toluene at 70°C for I h. Upon cooling, pale yellow crystals of 4d 
precipitated (0.084 g, 60%), which were recrystallized twice from 
toluene as tiny pale yellow needles, mp (decom.) 210-260°C; 
Gp(CDC13, ext. H3P04) I I I .O ppm; G,,(CDCI,, int. TMS) 2.89 (NMe, 
5-line multiplet, J p H  3.1 HZ), 1.96 (PCRzC~, ,  quartet not split by P), 
1.2 (PCH2CH3, b); v ( C r 0 )  (cm-') 1921, 1835, 1819; solid state 
bands at 1941, 1787. The mass spectrum shows the parent ion at m/e 
536 and the stepwise loss of three CO groups. Anal. calcd. for 
ClsH32MoN,P,03: C 33.6, H 6.0, N 10.5; found: C 33.5, H 6.0, N 
10.4. The manganese carbonyl complex [(MeNPMe),Mn(CO)3]' Br- 
(4e) was prepared from l a  (0.162 g, 0.00054 mol) and MII(CO)~B~ 
(0.149 g, 0.00054 mol) in I5 mL THF at 60°C. After 2.5 h,  the yellow 
4e was filtered off (0.1 12 g, 40%) and washed with 3 X 5 mL THF: 
mp (decom.) 198-209°C. 4e soluble in H,O, EtOH, CH,CN, and 
slightly soluble in CHC1, in which i t  slowly decomposes. In nitro- 
methane at 25°C. A,, = 79.0 ohm-' cm' mol-', v(C=O) (cm-') 
2030 (st, sh); 1929, (st, b); 1971 (m). Anal. calcd. for 
CllH24BrMnN,0,P4: C 25.5, H 4.7, N 10.8, Br 15.4; found: C 25.3, 
H 4.8, N 10.5, Br 15.2.4e forms a dihydrate, A,,,(MeNO,, 25°C) 72.1 
ohm-' cm' mol-'. Anal. calcd. for CllH,nBrMnN,0sP4: C 23.8, H 
5 . l , N  lO.l,Br 14.4;found:C23.5,H5. l ,N9.9,Br  14.3.Thesame 
complex cation, with a different anion, was prepared by filtering a 
solution of Mn,(CO)I,I (0.130 g, 0.00033 mol) in 5 mL toluene into 
a solution of l a  (0. I00 g, 0.00033 mol) in 12 mL toluene. Evolution 
of CO began within 1 min. The clear yellow solution was stirred at 
room temperature for 18 h. The pale yellow product [(MeNPMe),- 
Mn(CO),]'Mn(CO), (4f) (0.127 g, 60%; 80% if the reaction is 
carried out photolytically) was filtered off and washed with toluene; 
mp (decom.) >250°C. A,(MeNO,, 25°C) = 61.9 ohm-' cm' mol-I; 
v(C=O) (cm-') 2032 (st, sh); 1968, 1952 (st); 1899 (st, b), 185 1 (st, 
vb). 6H(CD3)2C0, int. TMS) 2.18 (PMe, b), 3.25 (NMe, b). Anal. 
calcd. for CI,HZ4Mn2N40xP4: C 30.3, H 3.8, N 8.8, 0 20.2; found: 
C 30.2, H 4.0, N 8.9, 0 19.9. The nickel complex (MeNPMe),- 
Ni2(CO), (5) was prepared by filtering a solution of (Ph,P),Ni(CO), 
(0.499 g, 0.00078 mol) in l l mL THF into a solution of l a  (0.117 g, 
0.00039 mol) in THF. The yellow solution was irradiated at room 
temperature for 2 h (silica filter). After about 1 h the solution became 
orange-brown, and some brownish solid began to precipitate along 
with the yellow 5, which was filtered off after afurther 18 h in the dark 
at room temperature. The brown solid was removed by washing the 
residue with 2 X 15 mL CH,CN. The bright yellow 5 (0.084 g, 43%, 
mp (decom.) >250°C) is slightly soluble in CH,CN and acetone, in 
which it is relatively stable for short periods and moderately soluble 
in DMF. It is insoluble in THF and diethyl ether, and decomposes in 
CHCI,. v(C=O) (cm-') 1972, 1946, 1775 (st, sh); weaker bands 
2076 (w, sh), 1992 (m, sh), 1907 (sh, w), 1922 (shl). Anal. calcd. for 
CllH24N4Ni203P4: C 26.3, H 4.8, N 11.2, P 24.7, Ni 23.4; found: C 
26.6, H 4.9, N 11.3, P 24.8, Ni 23.3. A new compound 
[MeNP(O)Me], (6) was precipitated when a solution of 5 in DMF was 
oxidised in air. Filtration, followed by washing with DMF and pentane 
left analytically pure 6 ,  colourless blocks from acetonitrile, mp (de- 
com.) >265"C. It is soluble in water, hot CH,CN, and hot CH,OH, 
insoluble in CHCI,, CH,C12. Its mass spectrum shows the parent ion 
at m/e 364 and peaks arising from the loss of Me, MeN. v(P=O) 
1228 cm-' (br, st). Gp(CD,OD, ext. H1P04) +30.5. GH(CD,OD, int. 
TMS) 1.86 (PMe, J p H  15 Hz, doublet), 3.06 (NMe, J p H  10.8 Hz, 
triplet). Anal. calcd. for CxH24N,04P4: C 26.4, H 6.6, N 15.4; found: 
C 26.5, H 6.6, N 15.1. A small yield of 6 ,  grossly contaminated with 
hydrolysis products, was obtained by the oxidation of l a  in THF with 
aqueous hydrogen peroxide. 
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Quaternary carbonyl cotnplexes 
The preparation and crystal structure of the complex 

[Me(MeNPMe)4Mo(C0)3]'l (7a) is described elsewhere (7). For the 
tungsten complex, l a  (0.1 15 g, 0.00038 mol) and W(CO)6 (0.134 g, 
0.00038 mol) were dissolved in 20 mL THF, and thc clear colourless 
solution was irradiated at 65°C for 2 h. Thc mixture was cooled to 
room temperature and a large excess of Mel was added (about I mL). 
The mixture was heated under retlux for 18 h, during which time a 
pale yellow solid was precipitated from the red solution. It was 
filtered off and washed with 5 x 2 mL warm MeCN, leaving 
[Me(MeNPMe)4W(CO)1]'~- (7b) as a very pale yellow solid (0.110 
g, 41 %, decomposing near 200°C). I t  is soluble in hot MeOH, DMSO, 
and pyridine, and can be crystallised as a I : I adduct from CHICN, to 
which the following results refer. v(C=O) (cm-') 1940 (st, sh); 
1850, 1832 (st). GH(CD30D. ext. TMS) 1.82 (3H, doublet, JpH 6.5 
Hz), 2.12 (6H, b), 2.42 (3H, doublet, Jpll 12.5 Hz), 2.73 (3H, 
doublet, J P H  13.2 HZ), 2.92 (6H, quintet, JpH 4 .3 ,  3.25 (6H, doublet 
split into virtual triplets, J p ,  10, 2.2 Hz). The 'H  nmr spectrum in 
DMSO was very similar, except that the group at lowest field formed 
a simple doublet. Anal. calcd. for Cl4H,,,lN,O3P,W: C 22.4, H 4.0, 
N 9.3; found: C 22.3, H 4.1, N 9.2. The chromium complex 
[Me(MeNPMe)4Cr(CO)3]'I- was prepared similarly and crystallised 
from CH3CN as its hemi-adduct with CHICN ( 7 ~ ) .  mp (decom.) 
-260°C, v ( C E 0 )  (cm-I) 1935 (st, sh); 1847, 1829 (shl). Anal. 
calcd. for Cz6HS7CrzlzN,O6P,: C 26. I ,  H 4.8, N 10.5, 0 8.0; found: 
C 26.2, H 4.9, N 10.6, 0 8.3. The complexes [NH2C(0)CHI- 
(MeNPMe)aCr(CO)3]'1- ( 7 4  and [NCCH,(MeNPMe),Cr(CO),l'I- 
(7e) were prepared similarly using iodoacetamide and iodoacetonitrile 
as quatemising agents. 7d, yellow-green crystals, mp (decom.) 
>250°C; v ( C ~ 0 )  (cm-I) 1943, 1933; 1868 (shl), 1824 (st, sh); 
1858, 1808 (st, sh). v ( C ~ 0 )  1686 (m). Anal. calcd. for 
Cl1HZXCrlN5O4P4: C 25.1, H 4.5, N 11.3; found: C 25. I, H 4.5, N 
11.3. 7e, pale yellow platelets, dark green -200°C. mp (decamp.) 
>260°C; v(C=O) (cm-I) 1945 (st, b); 1855 (st), 1828 (split, b). No 
v(C=N) observed. Anal. calcd. for C13Hz6CrlN,01P,: C 25.9, H 4.3, 
N 1 1.6; found: C 26. I, H 4.4, N 1 1.5. The carbonyl stretching bands 
are broadened in 7e and split into two sets in 7d, presumably a result 
of conformational or configurational isomerism caused by the bulky 
quatemising groups. 

Ylides 
A molybdenum carbonyl ylide was prepared by the addition of 2.2 

equiv. of nBuLi (1.6 M)  to 7a (0.135 g, 0.00022 mol) in 6 mL THF, 
with an immediate decrease in turbidity. The solution became yellow. 
After stirring for 45 min at room temperature, the mixture was filtered, 
the solid washed with MeCN until the washings were colourless, and 
then again with water until the washings were colourless. The residual 
pale yellow solid product (M~NPM~).,MO(CO)~CH~ (80, 0.015 g, 
14%) was recrystallised from hot DMSO; mp (decom.) >170°C. I t  is 
very soluble in warm DMF (very pale yellow solution) and in MeN02 
(very bright yellow solution). Its mass spectrum (260°C) shows the 
parent ion m/e 494, the (M..- CH,)' ion, and the stepwise loss of 
three CO groups from each ion. v ( C ~ 0 )  (cm-') 1909 (st, sh); 18 10, 
1785 (st, split). CH2 frequencies 975, 936 (m) (26). 6~ (DMSO-d6, 
ext. TMS) -0.15 (2H, b), 1.48 (3H, doublet, JpH 16.5 Hz), 1.74 (6H, 
singlet, b), 2.00 (3H, doublet, J p H  12.5 Hz), 2.87 (12H. multiplet). 
Anal. calcd. for C12H26MoN403P,: C 29.2, H 5.3, N 11.3; found: C 
29.2, H 5.3, N I I. I. The tungsten ylide (MeNPMe)4W(CO)3CHI (8b) 
was prepared similarly as a bright yellow solid, mp (decom.) > 180°C. 
It is soluble in hot DMSO (with slow decomposition), slightly soluble 
in hot MeCN, insoluble in HIO, CHICIZ, CHCI,, acetone. Its mass 
spectrum (270°C) is similar to that of 8a. v(C=O) (cm-') 1900 (st, 
sh); 1800, 1775 (st). CH2 frequencies 980, 934 (m). 6~ (DMSO-d6, 
ext. TMS) 0.14 (2H. broad. with possible fine structure), 1.48 (3H, 
doublet, J p H  16 HZ), 1.85 (6H, singlet, broad), 2.03 (3H, doublet, J p H  

12.8 Hz), 2.80 (12H, muhiplet). Anal. calcd. for CllHZ6N403P4W: C 
24.8, H 4.5, N 9.6, 0 8.3; found: C 24.9, H 4.5, N 9.4, 0 8.5. 

Results and discussion 
The compounds l a ,  b were obtained previously (2). One 

FIG. 2. ' H  chemical shifts of the methyl groups in l a  (2), its 
monomethyl quaternary ion 2a (5) (different assignments), its com- 
plex with Mo(CO)? (4a) (6), the quaternised complex 7a and the ylide 
8a formed from it. 

additional tetraphosphazane, the P-phenyl derivative l c ,  has 
been prepared. Its "P and ' H  nmr spectra show that the phos- 
phorus atoms and N-methyl groups are less shielded than they 
are in l a ,  b (2), and it is possible that l c  was obtained in low 
and irreproducible yield because in MeN(PhPCI),, the main 
product in this and other work (8), the phosphorus atoms are 
weakly nucleophilic. No evidence of larger or  smaller rings 
was obtained in any preparation of l a -c .  The following dis- 
cussion is based mainly on the chemistry of l a .  Some of the 
nmr information is illustrated in Fig. 2. 

The electronic structures of the cyclic phosph(1II)azanes 
(R'NPR),, are different from those of their P(V) isomeric phos- 
phazenes (NPRR'),,; their skeletal structure is singly bonded, at 
least to a first approximation, and the phosphorus and nitrogen 
atoms each carry both a substituent and a formally unshared 
pair of electrons. The crown conformation of l a ,  like that of S, 
(9) and S,(NMe), ( lo ) ,  is qualitatively compatible with the 
interaction of stereochemically active lone pairs (1 l ) ,  and the 
importance of steric interactions in other phosph(II1)azanes has 
been stressed elsewhere (12, 13). Keat, especially, has associ- 
ated conformational stability with the mutual perpendicularity 
of lone-pair directions at adjacent atoms (12). Important though 
these interactions are, the suggestion that they are not the whole 
story (6, 14) is confirmed and made specific by the present 
work. 

The first point, recognised early for aminophosphines ( 1 3 ,  
is that electron release from nitrogen to phosphorus, indicated 
by the near-planarity of the groups attached to nitrogen (2), 
strengthens the donor function, so that the tetraphosphazanes 
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are normally multidentate ligands. As a consequence, they can 
be expected to form cage complexes with a variety of accept- 
ors. As an example of such complex formation by a transition 
metal ion, the complex cation 3, with either COCI;- or BPhl as 
anion, seems likely to have the structure shown (Fig. I), in 
which the phosphazane acts as a tridentate ligand. In the 
carbonyl complexes, too, the ligand is multidentate; attempts to 
prepare a derivative LCI-(CO)~ by the use of THF.CI-(CO)~ were 
unsuccessful, leading to L.Cr(CO), instead. Similar com- 
pounds 4 were obtained with W(CO)6, Mo(CO),. All are flux- 
ional at room temperature on the nmr time scale, but three 
carbonyl stretching frequencies are seen, two corresponding to 
the lifting of the degeneracy of the E band, compatibly with the 
structure shown. 

The nickel carbonyl complex 5 is different. The evidence for 
the structure shown, in which the ligand is tetradentate, rests on 
the infrared spectrum, which shows v(C=O) corresponding to 
two terminal groups (1972, 1946 cm-') and a bridging group 
(1775 cm-I). In an apparently related complex 9 of the stronger 
n-acceptor MeN(PF2), ( 16), the frequencies are higher (2070, 
2055, 1891 cm-I). Possibly as a result of smaller back- 
donation to phosphorus, 5 is sensitive to heat and is hardly 
stable in solution, in which it is easily oxidised to the ox- 
ophosph(V)azane 6 ,  an N-methylimide of methylphosphonic 
acid. The structure shown is to be expected if the oxidation is 
stereospecific, and is consistent with the nmr results, although 
the high symmetry might be attained statistically. 

The ligand is also tetradentate in the complex quaternary 
salts 7 ,  which can be prepared by quaternisation of the neutral 
carbonyl complex; details of the crystal structure of 7a  have 
been published (14) and are discussed further below. 

By contrast, reaction of l a  with alkyl halides goes no further 
than the biquaternary stage. If the quaternising group is methyl, 
the monoquaternary cation is still a donor, and reacts (slowly) 
with metal carbonyls to give the quaternary carbonyls 7.  These, 
in turn, can be deprotonated by butyllithium, thk quaternary 
carbonyl compounds 7a ,  6 ,  leading to the ylides 8a ,  6 ,  in 
which the molecule is stabilised by coordination of the ylide 
group to the metal, at the expense of the weaker phosphine 
d0nor.j 'The qualitative structure 8 is indicated by the 'H nmr 
spectra (Fig. 2). The polar ylidic group, identified un- 
ambiguously in the spectrum by its integral, resonates at the 
highest field. The strong donor properties of the phosphazane 
are again noticeable, both in the need for two equivalents of 
base in the deprotonation reaction, and in the formation by the 
ylide of complexes with lithium salts (presumably through the 
fourth phosphorus atom), which need to be decomposed before 
pure 8a ,  b can be isolated. It is also likely that the (stereo- 
specific) addition of more than three sulphur atoms to l a  (3) is 
restricted sterically rather than electronically; the three sulphur 
atoms are spaced out in the distorted ring, but a fourth sulphur 
atom, on P(4), would be unacceptably close to S(I)  (1.9 A). 

Secondly, the donor properties of the phosphazane are likely 
to be limited by the transmission of electronic effects round the 
ring. The importance of this feature is shown by the pro- 
nounced inequalities in the lengths of the P-N bonds in the 
biquaternary ion [(MeNPMe),Me212' (5) (mean 1.652, 1.749 

4For a review see ref. 17. 
5 ~ s  a comparison, the structural effects, at least, are less pro- 

nounced in C-N heterocyclics; protonation of a piperidine derivative 
(18) causes no2ignificant changes in the lengths of the bonds meeting 
at N (a 0.01 A). 

(a 0.005 A) from the quaternary centres).' It is seen also in the 
easy hydrolysis of the (MeNPMe),Me ' ion, nucleophilic attack 
(giving the [Me2P(NHMe)2]t ion) taking place not at the qua- 
ternary centre, but at the next nearest phosphorus atom. Again, 
if l a  is quaternised with either of the electron-withdrawing 
groups [CH2C(0)NH2] ' or [CH2CN] ' , no reaction takes place 
with metal carbonyls, presumably because the lone pairs have 
been significantly stabilised. In general, we can expect that, as 
a consequence of the transmission effect, a-donation, at least, 
will become weaker as further acceptor molecules are added. If 
direct electrostatic effects are taken into account, it is not sur- 
prising that the quaternisation reaction stops at the second 
stage. 

This view of the reactions is nevertheless incomplete, and 
the third point is the decisive effect of d-orbital occupancy on 
both the structures and chemistry of phosphazane derivatives. 
To some extent, the 'H shifts of Fig. 2 can, indeed, be inter- 
preted without explicit consideration of d-orbitals. Qua- 
ternisation of l a  deshields all the methyl groups, decreasingly 
from the positive centre (mean SH, (P)Me 1.97, (N)Me 3.1 I ) .  
Coordination of l a  to (fluxional) MO(CO)~ has a smaller effect 
(mean Sk,, (P)Me 1.63, (N)Me 2.88); in the quaternary complex 
7a  shielding is least (mean SH, (P)Me 2.19, (N)Me 3.12). The 
influence of the d-orbitals on the metal can be seen, possibly, 
in the smaller effect of Mo(CO), compared with Me', and the 
fact that in the ylide 8a ,  in which the methylene group can 
donate no electrons to phosphorus, the phosphorus atoms are 
deshielded (mean S,,, (P)Me 1.74, (N)Me 2.87) relative to 
those in 4a.  It is seen convincingly in the properties of the 
[L.Mn(C0)3]t ion (4e) in which the positive charge restricts 
back-donation to both neighbouring atoms, raising v(C-0) 
and deshielding the ring atoms (fluxional; mean SF,, (P)Me 
2.18, (N)Me 3.25) compared to the Mo(CO), complex. In the 
ylides 8 ,  the methylene group is unable to accept electrons, and 
v ( C ~ 0 )  is therefore reduced relative to L.M(CO)?; for 8a ,  
mean Sv = -23 cm-'. As a comparison, even lower fre- 
quencies are found in the tri-ylidic complex (Ph,PCH(Me)),- 
Mo(CO)~, for which v ( C ~ 0 )  = 1898, 1799, 1767 cm-' (19). 
The ligand is then more nearly a a-donor, with a small decrease 
in shielding (mean 6,,, (P)Me 1.74, (N)Me 2.87) relative to 4a.  
Back-donation from the metal to the d-orbitals of phosphorus 
is important, but the net donor properties of the ligand are 
confirmed by the decrease in shielding of phosphorus on com- 
plex formation (ap, (MeNPEt)4, 100(2); (MeNPEt)4Mo(CO)3 
( 4 4  1 1  1 .O). 

The importance of d-orbital interactions is seen most directly 
in the transmission of electronic influences within the ligand, 
the energetics of its reactions with acceptors, and the changes 
in bond length which accompany the reactions. Earlier struc- 
tural investigations6 have shown that they are significant for the 
bonding in phosphazanes; the point of particular importance 
here is the sensitivity of d-orbitals to effective nuclear charge 
(20). The crystal structure of 7 a  (14) in comparison with those 
of l a  (2) and 4a (6), shows that the moderate strengthening of 
the CEO bonds on quaternisation (mean Sv(C=O) 22 cm-') 
is accompanied by some strengthening of both the P-Mo y d  
the P-N bonds (mean decrease in length 0.041, 0.012 A). 
The dominant effect of the positive charge on the ring is there- 
fore to make it, by d-orbital contraction, a better n-acceptor, 
though not as good (on similar evidence) as the PF2 groups in 
P[N(Ph)PF2],Mo(CO)3 (21). The additional bond energy so 

"For references, see ref. 14. 
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obtained makes the quaternary cation (thermodynamically 
speaking) a better donor than the neutral phosphazane. 

We can apply these concepts to two reactions of l a  in- 
vestigated earlier, with methyl iodide (5) and with sulphur (3). 
In both cases reaction with an acceptor facilitates further reac- 
tion; in the first, a monoquaternary salt easily disproportionates 
to a diquaternary and the neutral compound, in the second, the 
trisulphide is formed even with a deficit of sulphur. In an effort 
to  reduce the nucleophilicity of a second phosphorus atom, we 
have quaternised l a  with the stronger acceptors phenacyl 
bromide and iodoacetamide. The monoquateriary derivatives 
were indeed obtained, even with an excess of these reagents, 
but their stability may depend on their insolubility, because 
disproportionation occurs in solution in CD,OD. The sta- 
bilisation by the quaternary group of the formal lone pairs on 
phosphorus is more than compensated by the strengthening of 
the ring bonds by d-orbital contraction, and the same argument 
applies to the addition of sulphur atoms to the phosphazane 
ring. The strengthening is illustrated Fy the mean ring bond 
lengths, which decrease from 1.722 A in (MeNPMe), (2) to 
1.700 A in ( M ~ N P M ~ ) , M ~ : +  (5) and 1.701 A in (MeNPMe),S, 
(3), comparable to the changes in the formation of 7 a .  Al- 
though the contraction effect is decisive here, it is likely that 
the energies are finely balanced, and disproportionation may 
not always occur. In carbonyl complexes of the related cy- 
clodiphosph(1ll)azanes (22, 23) the ligand is apparently mono- 
dentate (23),' and all four sulphides P,(NMe),S,, (n  = 1-4) 
have been obtained (25). Nevertheless, the work reported here 
shows clearly that the energy changes induced by d-orbital 
contraction have a significant effect on the properties of phos- 
phazanes, and must be taken into account in discussions of their 
electronic structure. 
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is formed in the tetrarnerisation of a triazaphosphole (24). It is not 
strictly comparable with the compounds discussed here, because its 
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The preparation, characterization, and crystal and 
molecular structure of oxobis(ethan-1,2-dithiolato-S,pSr)technetium(V)oxo(ethan- 

l,2-dithiolato-S,Sr)technetium(V) [(TCO)~(SCH~CH~S)~]. A Tc(V) compound 
containing metal-sulfur-metal bridges 
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A. DAVISON, B. V. DEPAMPHILIS, R. FACCIANI, A. G .  JONES, C. J. L. LOCK, and C. ORVIC. Can. J. Chem. 63, 319 (1985). 
As a result of an investigation undertaken to evaluate the acetamidomethyl group (-CH,NHCOCH,) as a water-solubilizing 

protecting group for thiolate ligands, a new type of oxotechnetium(V) complex was prepared. The compound oxobis(ethan- 
I ,2-dithiolato-S,pS')technetium(V)oxo(ethan- 1 ,2-dithiolato-S,S1)technetium(V), [(TCO)~(SCH,CH,S)~], 1, was synthesized 
by the reaction of [TcOCI4]- with either an excess of bis(acetamidomethyl)ethanedithiol or 1.5 equiv. of ethanedithiol. The 
complex was characterized by field desorption mass spectrometry (m/e = 505(8), 507(2.8)) and its structu~e determined by 
single crystal X-ray diffraction. 1 has a monoclinic space group P2,/c with cell dimensions a = 8.833(2) A, b = 15,034(3) 
A, c = I I .350(2) A, and P = 108.17(1)", and has four formula units in the unit cell. Data were collected with the use of MoKa 
radiation and a Nicolet P3 diffractometer. The crystal structure was determined by standard methods and refined to R, = 0.0366 
and R2 = 0.0455 on the basis of 3312 independent reflections. The compound contains two technetium atoms. Two sulphur 
atoms of one square pyramidal TcOS4 core are bonded to another TcOSz unit forming two square pyramids sharing an edge 
with an angle of 106.0(1) between the basal planes. The Tc-Tc distance is 3.654(1) A. There are four distinct types of Tc-S 
bonds (range 2.256(2)-2.418(2) A) and the Tc-0 distances (1.66 A) are normal. 

A. DAVISON, B. V. DEPAMPHILIS, R. FAGCIANI, A. G .  JONES, C. J. L. LOCK et C. ORVIC. Can. J. Chem. 63, 319 (1985). 
A la suite d'une ttude entreprise dans le but d'tvaluer I'utilitt du groupe acttamidomtthyle (-CH2NHCOCH,) comme 

groupe protecteur, soluble dans I'eau, des ligands thiolates, on a prepare un nouveau type de complexe oxotechnCtium(V). On 
a synthitise le complexe oxobis(ethanedithiolato- I ,2-S,pS')technCtium(V)oxo(Cthanedithiolato- I ,2-S,S')technttium(V), 
[(TcO)~(SCH~CH~S),], 1, par reaction du [TcOCI4]- avec soit un excks de bis(acttamidomtthyl)Cthanedithiol ou 1,5 Cquiv. 
d'kthanedithiol. On a caractkrist le complexe par spectromttrie de masse par desorbtion de champ (mle = 505(8), 507(2,8)) 
et on a determine b structure par diffraction de rayons-X sur un cristal unique. Le compost 1 $st monoclinique, groupe 
d'espace P2,/c, dimensions de la maille unitaire a = 8,833(2), b = 15,034(3) et c = 11,350(2) A et P = 108,17(1)0 et la 
maille unitaire contient quatre unites. On a recueilli les donntes en utilisant la radiation MoKa et un diffractomktre Nicolet, 
modkle P3. La structure cristalline a ett dtterminte par des mtthodes standards et on l'a affinte jusqu'a des valeurs de R, = 
0,0366 et de R2 = 0,0455 sur la base de 3312 reflexions independantes. Le compost contient deux atomes de technttium. Les 
deux atomes de soufre d'une pyramide carrte de TcOS, formant le coeur de la structure sont lies i une autre unitt de TcOS, 
formant deux pyramides carrCes partageant un cBtC avec un angle de 106,0(1)" entre les plans de base. La Cistance Tc-Tc 
est egale 3,654(1) A. I1 y a quatre types distincts de liaisons Tc-S (longueurs allant de 2,256(2) i 2,418(2) A) et les distances 
Tc-0 sont normales (1,66 A). 

[Traduit par le journal] 

Introduction comitantly, a growing number of chemical studies using the 
Widespread use of technetium in the field of nuclear medi- readily available, long-lived isotope "TC (P- = 292 k e ~ ,  tll, 

cine has resulted (1) from the favorable nuclear properties of = 2.12 lo5 Y) are in the Process of outlining the basic 
the metastable isotope ' j ? ) n l ~ ~  ( X  = 140 keV, tll, = 6 h). con- chemistry of the element (2). The pentavalent oxidation state 

(Tc(V), low spin d2) has emerged as an important species in the 
I To whom correspondence should be addressed. reduction chemistry of pertechnetate (Tc04-), and the aqueous 
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TABLE I. Crystal data 

Compound 
fw 
crystal size (mm) 
Systematic absences 
Space group 
Uait cell parameters 
(A and deg) 

Volume (A3) 
z 
pcalc. (g ~ m - ~ )  
pa,,, (g cm-') 
Linear absorption coef. (cm-')  
Absorp. corr. factors, A*, limits 
Max 20, reflctn collected 
Standard reflctn. (esd%) 
No. of independent reflctns. 
No. with I > 3u( l )"  

3 u ( l )  > I > 0 ,  where F, > F,, 
3 a ( l )  > I > 0 ,  where F, < F,, 
I < a ( / ) ,  rejected 

Final R l h ,  R?" 
Final shiftlerror max (ave) 
g (secondary extinction) 
Final difference map 
Highest peak (e A-'); location 
Lowest valley (e A-'); location 
Weighting 
Error in an obs. of unit wt. 

TC~O~(SCH~CH,S) , ,  C , H ~ ~ O ~ S , T C ~  
506.33 
cylinder, r = 0.10, 1 = 0.38 
h01, I = 2n + 1 ,  0k0, k = 2n + I 
P21/c 
o = 8.833(2), P = 108.17(1) 
b = 15.034(3) 
c = 1 1.350(2) 
1432.1(5) 
4 
2.348 
2.35(1) 
17.12 
1.33- 1.34 
55", h,  k, *I 
4 1 -5, 1.02; 3 3 -6, 1.06 
3312 
25 10 

246 
393 
163 

0.0366, 0.0455 
0.037, (0.004) 
1.6(6) X lo-' 

0.98; 0.10. GI. 15, 0.40 
-0.68; 0.75, 0.65, 0.40 
w = (a' + (0.025 F,,)')-' 
1.206 

"The 0 0 2 reflection was too intense to measure. 
"RI = (CIIF,,~ - IF.II)/CIF.,l; R? = {C)Y(IF,,~ - IF,I)'/CII.F,;)'/'. 

chemistry of Tc(V) has been dominated by the Tc0(3+)  core 
and its affinity for sulfur-containing ligands (3). Sulfur can be 
used in combination with other ligating atoms and subsequently 
a series of TcON2S2 complexes was prepared (4), one of which 
undergoes rapid renal excretion ( 5 ) .  The fast renal clearance 
fostered an interest in simplifying the synthesis of this import- 
ant series of compounds because the thiol-protecting benzoyl 
groups employed rendered the amide thiolate ligands water- 
insoluble, necessitating the use of biologically-compatible 
co-solvent, such as ethanol, in the preparation of the ox- 
otechnetium complexes. 

The acetamidomethyl functionality (acm)(-CH2NHCO- 
CH,) is a useful protecting moiety for sulfhydryl groups in 
peptide synthesis (6, 7). The protection is particularly useful 
because acm is stable to acids such as liquid HF and to bases 
such as hydrazine, yet it is readily removed by the electrophilic 
attack of reagents such as Hg(l1). In addition, water-solubility 
is imparted to thiols protected with acm. In order to test its 
effectiveness as a protecting group for thiols in the NzS2 sys- 
tem, bis(acetamidomethyl)ethanedithiol ( ed t (a~m)~)  was pre- 
pared as a model and studied in its reactions with TcO,- and 
[TcOCI,]-. The desired product was the well-characterized (8, 
9) [T~O(edt)~]-  ion, but, in addition, an apparent intermediate 
[(T~O)~(edt),] was isolated in the study. The same intermediate 
was isolated during ligand-exchange studies of oxotechnet- 
ium(V) complexes (10). We report here the full chemical and 
structural characterization of this intermediate. 

Experimental section 
Technetium as N H P T C O ~  was obtained as a gift from New England 

Nuclear, Billerica, MA. All manipulations were carried out following 

precautions which have been detailed elsewhere (9). All reagents were 
used as received unless otherwise specified. Bis(acetamidomethy1)- 
ethanedithiol was prepared from ethanedithiol (Eastman) and N -  
hydroxymethylacetamide (I I) in HCI. Literature procedures were 
followed to prepare [n-Bu4N~l[TcOC14] (9) and [Ph4AsII[TcO(SCH2- 
CH2S),] (9). Elemental analyses were performed by Schwarzkopf 
Microanalytical Laboratories, Woodside, NY. and Spang Micro- 
analytical Laboratory, Eagle Harbor, MI. Melting points were mea- 
sured with a Mel-Temp apparatus and are uncorrected. 

Infrared spectra were recorded with a Perkin-Elmer PE 180 grating 
spectrophotometer from KBr pellets. Optical spectra were obtained in 
solution with a Cary 17 spectrophotometer. The high field proton nmr 
spectrum was recorded with a Bruker 250 MHz instrument. The pos- 
itive ion field desorption mass spectrum was obtained with a Varian 
MAT 73 1 described elsewhere (1 2). Conductivity measurements were 
made with a Yellow Springs Model 3403 conductivity cell and a 
Serfass conductivity bridge. 'The acetonitrile used in this experiment 
was passed down a column of activated alumina immediately before 
use. (Woelm Neutral Activity Grade I supplied by ICN.) 

Preparation of [(TcO)2(edt).g] 
This orange solid was prepared by the reaction of TcOCI ,  with an 

excess of bis(acetamidomethyl)ethanedithiol (Method A) or with 1.5 
equiv. of ethanedithiol (Metho'd B). Both methods provide a ca. 80% 
yield of a microcrystalline orange solid which can be recrystallized in 
high yield from methylenechloride/hexane at -25°C to form orange 
blocks. 

Method A 
To a solution of 0.298 g [n-Bu4N][TcOC14] (0.60 mmol) in 20 mL 

methanol was added a solution of 0.301 g edt(acm)? (1.27 mmol) in 
30 mL methanol with stirring. Within I min after the addition, the 
resulting solution went from pale green to deep orange and became 
cloudy. This suspension deposited fine orange crystals over a period 
of 30 min. These were separated by suction filtration and dried in 
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TABLE 2. Atomic positional parameters ( X  lo") and tcrnperature 
factors (A' x 10') 

Atom r 11 uccl* or U,,(, 

vacuo for 4 h. The yield was 0.124 g. 82% based on Tc. 

Method B 
To a solution of 0.148 g [rz-Bu,N~I[TcOCI,] (0.30 mmol) in 7 mL 

methanol was added 37 p L  ethanedithiol (0.45 mmol). The green 
solution turned orange immediately and deposited fine orange crystals 
within I min. After stirring for 1 h, the orange solid was separated and 
dried as in method A. The yield was 0.060 g, 80% based on Tc. AIILI~. 
calcd. for ChHIIOzShT~~:  C 14.23, H 2.39, S 37.99; found: C 14.76, 
H 2.63, S 36.85. Optical spectrum in CHZCI2: 424 nm (E = 6300 L 
mol-' cm-I), 286 (9600). Ir (KBr): v(Tc=O) = 953,946 c m '  (both 
VS). Conductivity: neutral, l o 3  M, CH,CN. FDMS: ~ n / e  = 505 
(relative intensity 8) ,  507 (2.8). 'H nmr, 250 MHz in CDCI,: 6 
3.22-3.34, 6 3.41-3.53 (total intensity I, AA'BB' multiplet); 6 
3.53-4. I2 (total intensity 2, ABCD multiplet). Mp 205-207°C (dec). 
The compound is soluble in methylene chloride, acetone, and ace- 
tonitrile. It is insoluble in nonpolar organic solvents and alcohols, 
except methanol in which it is slightly soluble. 

Preparatiorz of [TcO(edt)z]- Jionz e d t ( n o t ~ ) ~  
To a green solution of 0 .  I25 g [n-Bu4N~([TcOC1,] (0.25 mmol) in 

10 mL methanol was added a solution of 0.15 g cdt(acm)? (0.63 
mmol) in 10 mL methanol, resulting in an orange suspension. To this 
suspension, 4 mL I M NaOH were added and the suspension rcfluxed 
for 6 h. Traces of TcOz .xH10 were removed by filtration after cooling 
the orange solution to room tcrnperature. To the orange filtrate was 
added 0.5 g Ph4AsCI- Hz0 in 10 mL water. This precipitated an 
orange solid which was redissolved by the addition of 40 mL acetone. 
The solution was placed aside for 24 h during which time orange 
needles of [Ph,A~][TcO(edt)~] precipitated. These werc separated by 
suction filtration, washed with 30 mL ether, and dried irz vc1cuo. The 
yield was 0.145 g, 85% based on Tc. The identity of this product was 
confirmed by comparison of the infrared and optical spectra with those 
of an authentic sample (9). 

Conversion of Tc2O2(edt).? to [TcO(e~lt)~]- 
The compound Tc303(edt)? can be converted to [TcO(edt)?]- by 

dissolution in acetone and addition of excess ethanedithiol. After 
stirring for I h, addition of Ph4AsC1. H 3 0  in water and evaporation of 
the acetone precipitates [Ph4As][TcO(edt)z] quantitatively. 

Collection of the X-ray data 
Precession photographs showed the crystal was monoclinic and unit 

cell parameters were obtained from a least-squares fit of X ,  +, and 20 
for I5 reflections in the range 23.6" <20 C34.4" recorded on a Nicolet 
P3 diffractometer using graphite-monochromated MoKal  radiation ( h  
0.70926 A at 22°C). Crystal data and other numbers related to data 

FIG. I ( a )  The molecule showing the atom numbering. (0) The 
molecule oriented to show the angle between the two square pyramids. 

collection are summarized in Table I. The density was obtained by 
flotation in a carbon tetrachloride - dibromoethanc mixture. In- 
tensities were measured on the P3 diffractometer using a coupled 
O(crysta1)-20 (counter) scan. The methods of selection of scan rates 
and initial data treatment have been described (13, 14). Corrections 
were made for Lorentz polarization effects and absorption. 

Solution of the structure 
The coordinates of the technetium atom were found from a three- 

dimensional Patterson synthesis and a series of full-matrix least- 
squares refinements followed by three-dimensional electron density 
difference syntheses revealed all the atoms. At this stage the tem- 
perature factors of the technetium and sulfur atoms were made aniso- 
tropic. Tests were made to show the use of increased parameters was 
justified (15) except in the case of the hydrogen atoms. Further refine- 
ment, using full-matrix least-squares minimizing Cw(lF,,I - (F,I)', 
was terminated when the maximum shift/error was <0.04. Only x, y. 
z of hydrogen atoms were refined; temperature factors were fixed at 
roughly 50% greater than the atoms to which they were attached. 
Corrections were made for secondary extinction by the method of 
Larson (16). Throughout the refinement, the scattering curves were 
taken from ref. 17 and anomalous dispersion corrections from ref. 18 
were applied to the curves for technetium and sulfur.,The atom param- 
eters for non-hydrogen atoms are listed in Table 2.- 

' Lists of temperature factors, hydrogen atom positional parameters, 
best planes, dihedral and torsional angles and a listing of the moduli 
of the observed and calculated structure factor amplitudes and figure; 
unit cell packing are available from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, Ottawa, Ont., 
Canada KIA 0S2. 
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TABLE 3. Selected interatomic distances (A) and angles (deg) 

Atoms Distance Atoms Distance Atoms Distance 

Tc(l)-S(1) 2.260(1) Tc(l)-S(2) 2.256(2) Tc(l )-S(3) 2.404(1) 
Tc(2)-S(4) 2.277(2) Tc(2)-S(6) 2.283(2) Tc(2)-S(3) 2.365(1) 
Tc(l)-S(5) 2.41 8(2) Tc( 1)-O(l ) 1.665(3) S(3)-C(3) 1.834(7) 
Tc(2)-S(5) 2.370(1) Tc(2)-O(2) I .66 l(5) S(5)-C(5) 1.840(7) 
C(3)-C(4) I .53 l(8) C(4)-S(4) 1.822(7) S(I)-C(I) 1.821 (7) 
C(5)-C(6) I .5 1 O(9) C(6)-S(6) 1.825(7) S(2)-C(2) 1.832(6) 
C(I)-C(2) 1.50(1) Tc(l) . . . Tc(2) 3.654(1) 

Bonds Angle Bonds Angle Bonds Angle 

Results and discussion 
The reaction of [n-Bu,N:I[TcOCI,] with either 1.5 equiv. of 

ethanedithiol or 2 or more equiv. of bis(acetamidomethy1)- 
ethanedithiol at room temperature rapidly yields orange crys- 
tals of [(T~O)~(edt),], I, in high yield. It is possible to syn- 
thesize [TcO(edt)?]- from [TcOCl,]- and excess edt(acm)? by 
the addition of NaOH and heating the reaction mixture after I 
has been formed. The base must be added after the formation 
of I because of the tendency of [TcOCl,]- to disproportionate 
(9) in  aqueous or basic solution. While it is possible to syn- 
thesize [TcO(edt)d- from a preformed suspension of I with 
excess edt(acm)? in basic solution, it proved impossible to 
make either this complex or I via the reduction of pertechnetate 
in the presence of edt(acm)?. Attempts were made with several 
reducing agents upon whose utility we have previously report- 
ed (19) in these types of systems. 

The positive ion field desorption mass spectrum un- 
equivocally identifies I as a 3 : 2 complex because of the pres- 
ence of two peaks m / e  = 505, 507 (from "S and j4S, re- 
spectively) with appropriate intensities for six sulfur atoms in 
the molecular unit. Unfortunately, the complicated nmr spec- 
trum does not yield any structural information, therefore a 
structure determination by single crystal X-ray diffraction was 
undertaken. 

The molecule is shown in Fig. 1 and selected interatomic 
distances and angles are given in Table 3. The molecule con- 
tains two technetium atoms with similar near neighbour envi- 
ronments. Each technetium atom sits in the centre of a square 
pyramid, the base formed by four sulfur atoms, and the apex 
occupied by a tightly bonded (Tc-O(1) 1.665(3), Tc-O(2) 
!.661(3) A) oxygen atom; The technetium atoms are 0.7410(3) 
A (Tc(1)) and 0.8025(4) A (Tc(2)) above the sulfur atom planes 
values similar to those reported for other TcOS, systems (0.791 
A (20), 0.761 A (21)) and for the moly!denum atom in  corre- 
sponding LMoS, systems (0.66-0.83 A) (22, 23). 

When nearest neighbours are considered, the environments 
of the two technetium atoms are quite different. Tc(l) is 

bonded to both the sulfur atoms of one ethan-l,2-dithiolate 
group, S(1) and S(2), and to one sulfur atom of each of the 
other two ethan- l,2-dithiolate groups, S(3) and S(5). S(3) and 
S(5) also bond to Tc(2), acting as bridges. The remaining sulfur 
atoms, S(4) and S(6), are also bonded to Tc(2). This type of 
bridging sulfur has been observed previously for the 
(NH2CH2CH2S)- ligand in the [Ni,(SCH2CH2NH2)4]'t cation 
(24). The structure of I thus has four distinct types of Tc-S 
bonds. The bonds to the unique ethan- l,2-dithiolate group are 
quite short (Tc(1)-S(1) 2.260(1), Tc(1)-S(2) 2.256(2) A), 
whereas the bridging bonds trarzs to the former are 0.15 A 
longer (Tc(1)-S(3) 2.404(1), Tc(1)-S(5) 2.418(1) A). The 
differences in the lengths of the two types of Tc-S bonds to 
the remaining ethan-l,2-dithiolate groups are less, but again 
the bridging bonds are longer (Tc(2)-S(3) 2.365(1), 
Tc(2)-S(5) 2.370(1) vs. Tc(2)-S(4) 2.277(2), Tc(2)-S(6) 
2.283(2) A). The Tc-S bonds are generally shorter than 
Mo-S bonds to the ethan-l,2-dithiolate ligand (edt) in syrz and 
anti-(edt)MoS-(~S)~MoS(edt), I1 and 111, probably reflecting 
the stronger trans influence of the sulfide ligand (22). 

The nearest neighbour S-S distances are in the normal 
range for transition metal complexes, where weak sulfur- 
sulfur interactions have been postulated. There are significant 
differences between these distances, but no consistent pattern 
of intra-ligand distances being shorter than inter-ligand dis- 
tances or vice versa. The observed pattern can be explained if 
it is postulated that thed;trongest interaction (shortest distance, 
S(3)-S(5) 2.956(3) A) between the bridging sulfur atoms 
causes weaker interactions (S(1)-S(5) 3.2 18(3), S(3-S(3) 
3.241(3), S(3)-S(4) 3.133(3), S(5)-S(6) 3.153(3) A) in ad- 
jacent S-S systems, with consequent stronger interactions in 
the next nearest SrS systems (S(1)-S(2) 3.082(3), 
S(4)-S(6) 3.089(3) A), regardless of whether they are intra- 
or inter-ligand. 

The two square pyramidal systems are arranged in the syn 
configuration and, as can be seen in Fig. I b, form the pre- 
viously unknown structure 3 as defined by Bunzey and Ene- 
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mark (22), where the dihedral angle between the sulfur atom 
planes, measured round from plane to plane on the 0x0 side is 
>180°. The actual value of 206.5(1)" agrees well with the 
predicted value of 210". 'There was some doubt whether a 
Mo-Mo bond was present in I1 and 111, but the present 
structure suggests this was the case. The Tc( I)-Tc(2) distance 
of 3.654(1) A is substantially longer than the Mo-Mo dis- 
tances of 2.79-2.92 A. This results in much larger M-S-M 
angles (Tc, 100.03(5), 99.5 l(6)" vs. Mo, 76.2, 76.6, 77.62") 
and consequent smaller S-M-S angles (Tc, 75.61(5), 
77.25(5)" vs. Mo, 99.97, 99.72, 103.38"). We considered the 
possibility that the larger M-S-M angles in our compound 
might be because the bridging S atoms are three-coordinate, 
compared to the two-coordinate sulfide ions in I1 and 111. 
However, Rh-S-Rh angles of 79.2, 80.2" are found in 
Rh,(SC6H5)z(CO)4, where the bridging sulfur atoms are three- 
coordinate and the smaller values seem to be typical of systems 
where a metal-metal bond is present (25). The packing of the 
molecules in the unit cell shows no strong intermolecular inter- 
actions; all intermolecular distances are equal to or greater than 
van der Waals distances. The molecules are oacked in a roueh- " 
ly hexagonal closed packed lattice. 

The 3 : 2 complex was first observed spectrophotometrically 
( lo) ,  was subsequently isolated by both procedures described 
herein, and now has been unequivocally characterized by X-ray 
crystallography. We have isolated and spectrophotometrically 
observed the same type of dimer (10) in the reaction of 

I [TcOCI,]- with excess 1,3-propanedithiol while trying to pre- 
I pare [TCO(SCH,CH,CH~S)~]-, which was originally syn- 
I thesized by Byrne and Smith (8) by NaBH, reduction of eth- 
I anolic Tc0,- in the presence of propanedithiol. The titration of 
I [TcOCI,]- with 3,4-toluenedithiol ( lo),  however, leads direct- 
I ly to the bis(dithiolat0) monomer [TcO(S,C,H,(CH,)),]- which 
I we have previously reported (9). 
I These observations, taken together, raise the possibility of 
1 
I steric factors governing the reaction of [TcOCI,]- with various 
I dithiols. Indeed, molecular model studies suggest that steric 

hindrance prohibits the approach of the protected dithiol at the 
empty sixth coordination site (trans to the 0x0) (10). The same 
rationale applies to the extra methylene group in the 1,3-pro- 
panedithiolato complex and explains the dimer formation in the 
presence of excess dithiol. 

The electrophilicity of the oxotechnetium(V) core is ade- 
quate to remove the acetamidomethyl blocking group from 
edt(acm),. Subsequent experiments with a bis(acetamid0- 
methyl) NzSl amide thiolate (26) showed that the group func- 
tions in a more predictable manner in that system because TcO 
has the same electrophilicity, the ligand is much larger and 
tetradentate, and the final 1igand:Tc ratio is 1 : 1 .  This allowed 
the formation of this important class of TcON2S2 anions in 
aqueous solution with no evidence for any intermediates. 
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IV. Order-disorder transitions: solid state kinetics, thermal analyses, X-ray 
diffraction and electrical conductivity studies in the Ag2S04-K2S04 system 

M. SUNITHA KUMARI  AND ETALO A. SECCO' 
Chemistry Department, St. Frarzcis Xavier University, Antigonish, N.S., Canada B2C ICO 

M. SUNITHA KUMARI and ETALO A. SECCO. Can. J .  Chem. 63, 324 (1 985). 
Order-disorder transitions occurring in the Ag2S04-K2S04 system were investigated by reaction kinetics, thermal anal- 

yses, X-ray diffraction, and electrical conductivity techniques. Solid-liquid and solid-solid phase diagrams are reported. 
The conductivity data in the high temperature phase of the solid resemble superionic conductivity behavior. The higher 

conductivity of AglS04 with K+ presence relative to pure AgzSOJ and A g , , N a , S 0 4  compositions support a lattice expansion 
facilitating higher mobility of ions. 

The reaction kinetics, X-ray diffraction, and electroconductivity results suggest a relatively open periodic SO:  sublattice 
in the high-temperature phase of the sulfate-based systems studied in this series. 

M.  SUNITHA KUMARI et ETALO A. SECCO. Can. J .  Chem. 63, 324 (1985). 
Faisant appel aux cinttiques de rCaction et aux techniques d'analyse thermique, de diffraction de rayons-X et de conductivitC 

Clectrique, on a Ctudit les transitions ordre-dCsordre qui se produisent dans le systeme Ag2S04-KZS04.  On rapporte les 
diagrammes de phase solide-liquide et solide-solide. 

Les donnCs de conductivitC thermique de la phase a haute tempkrature ressemblent i un comportement de conductivitC 
superionique. Le fait que la conductivitk du Ag2S04,  en prCsence de K', soit plus ClevCe que celle du Ag2S04 ii 1'Ctat pur 
ou de celles des compositions AgZ-,Na,S04 milite en faveur d'une expansion du reseau facilitant ainsi une mobilitt plus grande 
des ions. 

Les rtsultats observes avec les cinCtiques de rtaction, avec la diffraction de rayons-X et avec 1'ClectroconductivitC suggerent 
la presence d'un sous-rCseau +riodique d'ions ~ ~ a - ~ u i  est relativement ouvert dans la phase a haute tempirature des systemes 
a base de sulfates CtudiCs dans cette sCrie. 

[Traduit par le journal] 

Introduction 
Binary sulfates containing monovalent cations are members 

of a group of compounds which exhibit fast-ion or "super- 
ionic" conductivity-in the high temperature phase ( I ) .  such 
compounds are referred to as superionic conductors (SIC'S) or 
solid electrolytes and have attracted considerable attention 
because of (i) their promise in applications in high-energy- 
density batteries and (ii) their unusual transport behavior. 

The mechanism of fast-ion conduction is not completely 
understood although proposed models involve basically two 
structural types, viz. (i) layer structure as in p-alumina and (ii) 
channel structure as in a-AgI or in NASICON where an open 
network or skeleton framework of anions facilitates cation 
mobility (1). This paper is part of a continuing effort (2-4) to 
probe the nature of the phase transition, the structure of the 
high temperature phase and the effects of guest ions relating 
to the mechanism of fast-ion conductivity in binary sulfate 
systems. 

Our earlier study on Na' presence in Ag2S0, lattice revealed 
a decrease in conductivity in Ag2-,Na,SO, compositions attrib- 
uted to lattice contraction resulting from r,,+ < r,,+. The 
interpretation suggested that incorporation of a slightly larger 
radius cation in the Ag2S0, lattice would effect a higher con- 
ductivity. To test this hypothesis, the slightly larger radius K' 
was chosen, r ~ +  = 133 pm versus r,,+ = 126 pm. 

The high temperature form of Ag2S04, 11-Ag2S0,(a), 
hexagonal an! space group P$/mmc with unit cell dimensions 
a, = 5.5 19 A, c, = 7.504 A (5) is isomorphic with the high 
temperature formo of K2S04, ?-K2SO4, with unit cell dimen- 
sions a, = 5.90 A, c, = 8.1 1 A, andZ = 2 (6). The structure 
of a-K2S0, is described as disordered where the anions are 
evenly distributed among two oppositely directed orientations. 
Furthermore, the low temperature forms of Ag2S04, I-Ag2S04 

' T o  whom all correspondence should be addressed. 

(p) (7), and of K2S04, P-K2S0, (8), are isostructural ortho- 
rhombic with space groups Fddd and Pnam, respectively. To 
our knowledge, the only literature record of the AglS04 phase 
diagram is the early report by Nacken (9) showing the existence 
of solid solutions and solid-solid phase transitions over the 
complete composition range. 

This paper contains the results of a study on the condensed 
phase transitions in the Ag,SO,-KIS04 system, the kinetics 
of the solid-state reaction between Ag2S0, and K2S04 and the 
conductivity of selected undoped and doped (Cd"), 
Ag2_,K,S04 compositions using thermal analyses, DSC, elec- 
troconductivity, and X-ray diffractometry techniques. 

Experimental 
Anhydrous Ag'SO, and anhydrous KZS04 were Alfa Products 

ultrapure grade; CdS04 was Fisher Certified grade. A11 AgZS04- 
K2S04 samples were prepared by fusing the requisite composition 
mixture, previously well ground manually, of the respective sulfates 
in a Pt crucible. 

DTA traces were recorded on a duPont 990 Thermal Analyzer in a 
flowing N2 (ultrapure) atmosphere using ignited AIZO3 as reference 
material. The precision of a melting temperature was ?5"C whereas 
the transition temperature measurement was within 52°C. The enthal- 
pies of transformation were evaluated with the DSC accessory to the 
990 DTA module using the heats of fusion or transition for In, Sn, Zn, 
AgI, CsCl as references; samples were encapsulated in Al containers 
- identical results within experimental error were obtained using Au 
containers. 

X-ray diffraction patterns were obtained using a Norelco diffrac- 
tometer with CuK, radiation. Diffraction patterns at elevated tem- 
peratures were recorded with a Model X-86-N high temperature acces- 
sory (Materials Research Corp.) attached to the Norelco unit (10). 

Electrical conductivity measurements were made on compressed 
polycrystalline sample in a stainless steel conductivity cell following 
the procedure described earlier (3, 11). The AgZS04-rich samples 
were in the form of a disc, I mm thick and 100 m' in surface area; 
other compositions were I mm thick and -75 mm' in surface area of 
the crack-free portion recovered from the compressed disc. 
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iND SECCO 

MOL "I0 K2S04 

FIG. I. ( a )  Solid-solid phase diagram of the AgZSO,-K2S0, 
system; 0, heat mode, @, cool mode. (b )  Solid-liquid phase dia- 
gram Ag3S04-K2S04 systcm, heat mode. 

In the solid state kinetics measurements each sample of Ag2S04- 
KZS04 mixture, 2: 1 mole ratio, of constant mass was ground manu- 
ally to a uniform consistency; the sample was maintained at the set 
temperature in the DTA cell in the isothermal mode for the required 
time interval. The fraction of reaction of the 2: 1 eutectoid, a, was 
evaluated by comparing the DSC enthalpic areas in the heat mode of 
the individual transitions for the final cutectoid state. The low degree 
of crystallinity of the samples did not permit a cross-check of the DSC 
kinetic data with X-ray diffraction data using thc characteristic X-ray 
peak heights. 

Results and discussion 
Phase diagram 

The transition temperatures recorded on DTA traces are 
plotted versus composition in Fig. 1 -Fig. l ( a )  represents the 
solid-solid phase diagram and Fig. l(b) represents the solid- 
liquid phase diagram. The Fig. 1(b) plot is in agreement with 
Nacken's report (9) but the Fig. l ( a )  plot differs significantly 
from Nacken's - however, the relationship between our Fig. 
l ( a )  cool mode data, filled circles, and Nacken's plot is appar- 
ent. Figure 2 gives the enthalpy change, A H , ,  dependence on 
composition for the solid-solid transition. 

The solid-liquid diagram is of the minimum type solid 
solution normally expected for isostructural binary systems 
with the noteworthy absence of the liquidus curve in the 
80- 100% AgzSOl region. Reisman (12) has done theoretical 
analyses of minimum type solid solutions using computer- 
derived models incorporating A H ; ,  heat of fusion, and T o ,  the 
melting temperature for each component. The minimum 
involves dimer-monomer transformation or dissociation of 
one component on melting which is displaced markedly toward 
the lower melting component when the higher melting com- 
ponent undergoes dissociation and vice versa. The minimum at 
85% Ag2S04 in Fig. 1(b) supports KzSOJ dissociation on 
melting as was found in the Na2S04-K2SOl system (2). 

The solid state phase diagram, Fig. l ( a ) ,  displays solid 
solution behavior with the existence of an eutectoid at 305°C 
and 33 mol% K2S04.  The cool mode data, filled circles, show 

MOL "Io K2 SO, 

FIG. 2. Plot of enthalpy change for solid-solid phasc transitions 
versus composition in AgZSO, -KZSO, system; 0, only 305°C transi- 
tion value and x ,  total sum. 

irregular behavior and appreciable hysteresis effects relative 
to the heat mode data, open circles, for the eutectoid and 
Ag2SOl-rich compositions, i.e. >60%. The eutectoid com- 
position was chosen at 33 mol% instead of 25 or 40% on the 
basis that a single thermal effect was reproducible on both heat 
and cool modes. It can be argued that the maximum AH, value, 
Fig. 2, suggests 40% to be a more justifiable eutectoid com- 
position. On the other hand, the maximum AH, value may 
result from mixing or relative increased disorder - thus sug- 
gesting that 33% is the more ordered state with possible com- 
pound characteristics. The abnormal AH, value for 75% K2S04 
is reproducible but unexplained - the only distinct feature of 
this datum being its broad temperature range, 385-48S°C, for 
the solidus line transition. Thermal hysteresis effect, AT = 
T:  - T r ,  where T:  refers to the peak temperature on heating 
and T i  to the peak temperature on cooling, has been linked (13) 
to the co-existence mechanism of continuous transformations, 
the main factor controlling the hysteresis being the strain 
energy E,, where E, a A T -  AS and AS is the entropy change for 
the transformation. Another basis for the hysteresis effect may 
be the disorder + order direction which imposes a config- 
urational requirement of "long-range" order with the ordered 
migration of ions from one set of sites to another expressed by 
the relation AS = R In Q where Q is the ratio of the numbers 
of disordered states in the two phases (14). 

X-ray diffraction 
X-ray diffraction patterns at room temperature and above the 

transition temperature for Ag2SO4, K2SO4, 33 mol% K?SO4, 
50 mol% K2SO4, and 70 mol% K2SO4 are presented in Fig. 3. 
The patterns confirm the solid phase structural transformation. 
The high temperature patterns of all compositions are simpler 
than their room temperature patterns. The high temperature 
pattern at 33 mol% K2SO4 closely resembles the AglSOj high 
temperature pattern displaced to slightly higher "d" spacing. 
The characteristic high temperature peaks of 50 and 70 mol% 
K,S04 appear at much higher "d" spacing relative to AgzS04. 
These patterns suggest 'that the low temperature structure of the 
Ag2S04-K2S04 solid state system undergoes a transformation 
to a phase resembling the 11-AgzSOl(a) form at high tempera- 
ture. These results parallel the structural transformation behav- 
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CAN. J .  CHEM. VOL. 63. 1985 

FIG. 3. X-ray diffraction line patterns, converted from diffractogram peaks, of rclativc intensity versus angle 28 for AgZSO,, 33, 50, 70 mol% 
KZSO,, and KZS04 at room temperature (RT) and transition temperatures in "C. 

t 4750 Ag2S04 

ior observed for the Na'SO, -Ag2S04 solid solution system (4) 
and Na2S04-K,S04 system (17). 

Solid state kinetics 
The best fit between the experimental results and the known 

kinetic equations, over the temperature range 323-369°C for 
reaction fraction a up to 0.8, was obtained for the second-order 
rate expression by Honig et al. (15) which at sufficiently large 
t takes the form 

I 

where ( I  - a )  represents the unreacted fraction, u is the shape 
factor, G is the lineal growth rate of the new phase, N, is the 
initial density of germ nuclei, and t is the time. Equation [ I ]  is 
also recognized as the integrated form of the second-order rate 
law, where integration of 

da ld t  = k( l  - a),  

I I I R T  

yields 

1 ~ 1 1 1 1 1 ' 1 1 ~ 1 1 1 ~ '  
2 0 24 28 32 36 40  44 4 8 

Degrees 28 

Plots of ( I  - a ) - '  versus time give straight lines for 2: 1 mole 
ratio Ag2S04 :K,SO,, Fig. 4(a),  whose slopes equal the formal 
rate constant k or the composite quantity uGN,, along with 
the intercept of unity. The slope of the standard Arrhenius plot 
of log k versus T (K)-I, Fig. 4(b), yields an activation energy, 
E,, of 96 + 10 kJ/mol. This value is in contrast to the E, 
values of 232 and 165 kJ/mol for KNaSO, and K,Na(SO,),, 
respectively. 

The second-order rate behavior and the relatively high k 
values, i.e. - lo - ' ,  involving two solid reactants in solid state 
reactions is uncommon and the mechanism for such a reaction 
rate must incorporate highly mobile reacting species. 'The reac- 
tion mechanism is envisaged (2) to involve the cations as the 
effective reacting species in a sublattice of SO:- units and the 
fundamental reaction step being the ordering of the cations on 

crystallographically preferential lattice sites which constitute a 
sublattice of superstructures or incommensurate structures 
(16). The model might be classified as involving a type of 
quasi-homogeneous solid state ionic reaction where a simple 
first-order dependence on the two principal reactants results in 
the overall second-order rate. The proposed model requires 
highly mobile cations, implying high ionic conductivity, in 
agreement with data reported in the following section. 

Electrical conductivity 
The temperature dependence of the ionic conductivity, u ,  is 

interpreted in terms of the Arrhenius-type equation 

where u, represents a composite constant (ne2X'v/k), n, the 
number of ions per unit volume, e, the ionic charge, X, the 
distance between the two jump positions, v, the jump fre- 
quency, k, the Boltzmann constant, and Q, is the activation 
energy for ionic motion, assuming the conductivity to be effec- 
tively ionic with negligible electronic or hole conductivity. 

Plots of log (uT) vs. T(K)-' for pure Ag,SO, along with 
doped and undoped 33 mol% K2S04 are presented in Fig. 5. In 
Fig. 6 are given plots of log (uT) VS. T(K)-' for undoped 25 and 
60 mol% K2S04. The reproducibility of T, for the major transi- 
tion effect for the undoped compositions, 302-305"C, is in 
excellent agreement with TI values from heat mode DTA, Fig. 
I(a);  the 2 mol% CdS0,-doped sample (.,O) Fig. 5 ,  shows 
a lower TI of 292°C. A pronounced hysteresis effect occurs in 
all Ag,SO,-K2SO4 compositions plotted. While the 2 mol% 
CdS0,-doped sample possesses a slightly higher conductivity 
prior to the transition than its undoped counterpart, the two 
samples show the same post-transition conductivity values. 
The predicted enhanced conductivity of Ag,S04 containing Kf 
on the basis of lattice expansion due to the larger Kt radius is 
observed. On the other hand, the presence of 2 mol% Cd" with 
its attendant vacancies in the Ag,SO,-K,SO, structure did not 
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K U M A R I  AND SECCO 327 

TIME ( MIN ) 

FIG. 4. ( [ I )  Plot of (1 - a ) - '  versus time, second order rate law; 
0 323°C. X 33g°C, @ 353"C, A 369°C. (17) Plot of log k versus T ' .  

increase the conductivity as expected. However, a counter bal- 
ancing effect of lattice contraction by the smaller Cd2+, rcd2+ = 
100 pm relative to r ~ +  and r,,, - 130 pm, might have militated 
against the anticipated increase as was found for the Ag2S04 - 
Na2S04 system. 

The a-T behavior of 25 'and 60 mol% K2S04 reveals along 
with erratic conductivity behavior in the post-transition region 
above 440°C. Such a decrease in conductivity versus tem- 
perature has been reported for Na2S04 (18) and CsCl (19). The 
striking feature of such behavior is the recovery of the higher 
conductivity values and the regain of stability on the cool 
mode. The conductivity drop is interpreted in terms of collapse 
of the SO4 framework, i.e. SO:- sublattice, and its subsequent 
recovery on cooling implies restructuring of that sublattice. 
Contrast these effects with the "anti-hysteresis" effect observed 
in CD"-doped KNaSO, (3) and undoped 40 mol% Ag2S04- 
Na2S04 ascribed to vacancy-cation cluster formation anal- 
ogous to that proposed for anion conductors (20). 

The activation energy values for the ionic conductivity Q, in 
the temperature region 525-650 K for 25, 33, and 60 mol% 
are tabulated in Table 1. The constant Q, value, 41 + 4 kJ/mol, 
in the two phases for 25 mol% K2S04 and for doped and 

FIG. 5. Plots of log uT versus T I .  AglSO,, A,  A ,  hcat and cool 
modes, respectively; 33 mol% K2SOI, 0, @, heat and cool modcs, 
respectively; 2 mol% ~ d "  in 33 mol% KISO,, O, hcat and cool 
modes, respectively. 

FIG. 6. Plots of log a T  versus T-.', 25 mol% K2S0,. A,  A heat 
and cool modes, respectively; 60 mol% KISOI, 0, @ heat and cool 
modcs, respectively. 

undoped 33 mol% K2S0, suggests a common ionic species, 
viz. Agt and conductivity mechanism. The higher Q, and 
lower relative conductivity values in the two phases of 60 
mol% K2S0, suggest a smaller concentration of mobile ions 
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TABLE I. Ionic conductivity activation energy values, Q,, of various samples 
(% KZSOJ) 

Qc (kJ/mol) 
Temperature 

Composition region" 25 mol% 33 mol% 60 mol% 

Pure A 76.8 ? 10 41.4 t 4 90.2 t 9 
B 1150 t 100 1015 + 100 1200 + 100 
C 45.0 + 4 44.2 + 4 97.5 + 10 

2 mol% CdZ+ A - 36.8 t 4 - 

B - 966 + 100 - 
C - 46.0 +- 4 - 

"A, ordered phase; B, transition; C, disordered phase. 

or a larger ion, viz. K'. These Q, values are within limits of 
experimental error of the Q, values observed in KNaS04 and 
K3Na(S04)2 (3), pure and doped Na2S04 (4) and 40 mol% 
Ag2S04-Na2S04 system (4). The average Q, of 1100 t 100 
kJ/mol for the phase transition of all compositions in Table 1 
are in contrast with the average Q, for Ag2S0, and 40 mol% 
Ag2S04-Na2S04 (4) but compares with the Q, and E,, activa- 
tion energy values reported for phase transitions in KNaS04 
and K~Na(S04)2 (2), K2S04 ZnS (22), and anthranilic 
acid (23). 

The picture that emerges from the sulfate-based systems 
studied in this series is that a closely related structure of a 
relatively open periodic SO:- sublattice exists in the high- 
temperature post-transition region. The open SO:- framework 
facilitates the motion of the mobile cations contributing to the 
fast-ion or superionic conductivity in these systems. The super- 
ionic conductivity can be affected by contraction or expansion 
of the sublattice, within structural limits, effected by guest 
cations of different ionic radii relative to the host cation and/or 
by the presence of vacancies on cation lattice sites. This 
analysis further suggests that the presence of guest anions of 
different ionic radii and charges, e.g. WO:- , ~ e 0 , ' -  , PO:- , 
etc. in the SO:- sublattice would effect similar or parallel 
behavior - this study is being considered in this series. 
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Halogenodephenylation of triphenyltin(1V) pseudohalides 
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P. C. SRIVASTAVA, S. K. SRIVASTAVA, and SUMAN B. SHARMA. Can. J. Chem. 63, 329 (1985). 
The halogenodephenylation of Ph3SnX (X = NCO, NCS, and N3) with 1X' (X' = C1 and/or Br) yielded new PhlSn(X)X1 

and Phl. The diphenyltin mixed halide pseudohalides have been characterised by elemental analyses, molar conductance, 
molecular weight, tlc data, ir, and 'H nmr spectral studies. 

PhzSn(NCS)Br with DMSO forms PhZSn(NCS)Br.2DMS0 complex. 

P. C. SRIVASTAVA, S. K .  SRIVASTAVA et SUMAN B. SHARMA. Can. J. Chem. 63, 329 (1985). 
L'halogCnodCphCnylation du Ph3SnX (X = NCO, NCS et N3) I'aidc de IX' (X' = C1 et/ou Br) conduit du Phl ct aux 

nouveaux composCs Ph2Sn(X)X1. On a caracterise ces nouveaux composts en se basant sur des donnCes d'analyse CICmentaire, 
de conductivitC molaire, dc poids molCculaire et de C.C.M. ainsi que sur dcs ttudes des spectres ir et rmn du 'H.  

Le Ph2Sn(NCS)Br et le DMSO forment le complexe PhlSn(NCS)Br-2DMSO. 
[Traduit par le journal] 

Introduction 
The cleavage reactions of tetraorganotins of the type ArSnR, 

(Ar = aryl, R = alkyl) have been extensively studied (1). 
There seems to be no report on the cleavage reactions of 
Ar,SnX (X = pseudohalide). As a part of our studies on 
Ph3Sn(lV) pseudohalides (2-6), we report the halo- 
genodephenylation of Ph,SnX (X = NCO, NCS, and N,) with 
ICI and/or IBr which yields hitherto unknown diphenyltin(1V) 
mixed halide pseudohalides; Ph,Sn(X)Xt (X = NCS, X' = C1 
and Br; X = NCO, X' = C1; and X = N3, X' = CI) and PhI. 
The Ph2Sn(X)Xr have been characterised through elemental 
analyses, molar conductance, molecular weight, tlc data, ir, 
and 'H nmr spectral studies. 

Ph2Sn(NCS)Br with DMSO in acetone gives the complex 
Ph,Sn(NCS)Br-2DMSO which contains oxygen-bonded 
DMSO (ir evidence) and is non-electrolytic and monomeric in 
nitrobenzene. 

Experimental 
Moterials and tnethods 

Ph3SnNCS (7), Ph,SnNCO (a) ,  Ph3SnN3 (9), and IBr (10) were 
prepared. ICI (Fluka) was procured commercially. The halidcs (CI or 
Br) were estimated volurnetrically ( I  I )  after decomposing the com- 
pounds with alcoholic KOH. All reactions and manipulations were 
carried out under nitrogen and the physicochemicalmeasurements 
were done as before (4). , , , ,, 

Halogenodephenylation reactions 
Ph.tS~~NCS tvith ICl ( I :  I ) :  A solution of IC1 (1.62 g, 0.01 mol) in 

CHC13 (25 mL) was added dropwise with vigorous stirring to a 50 mL 
chloroform solution of Ph3SnNCS (4.08 g, 0.01 mol) at room tem- 
perature. This procedure was followed immediately by decolouri- 
sation. After complete addition, the mixture was refluxed for 2 h and 
concentrated by distilling off the excess of solvents at reduced pressure 
( I0  mm Hg). It was then distilled to give Phl (1.32 g, 64.7%). To the 
residue 5 mL petroleum ether (40-60°C) was added and kept at O°C. 
After 24 h a light yellow solid separated. This solid was washed with 
petroleum ether (40-60°C) and dried at 20"C/10 mm Hg and identi- 
fied as PhlSn(NCS)CI (1.65 g, 45%; mp 162°C). 

PhlSnNCS with IBr ( I :  I):  Under similar experimental conditions 
Ph3SnNCS (4.08 g, 0.01 mol) with IBr (2.07 g, 0.01 mol) yielded Phl 

' To whom all correspondence should be addressed. 
' Revision received June 25, 1984. 

(1.45 g, 71.8%) and a light yellow solid, PhlSn(NCS)Br (2.05 g, 
49.9%; mp 155°C). 

Ph.,SnNCO with ICI ( I :  I):  Reaction of PhSnNCO (3.92 g, 0.01 
mol) with ICI (1.62 g, 0.01 mol) in chloroform yielded Phl (1.73 g, 
85%) and (1.75 g, 50%; mp 180°C) solid Ph'Sn(NC0)CI. 

Ph,SnNt wrth ICI ( I :  I ) :  Reaction of Ph3SnN3 (3.92 g, 0.01 mol) 
with ICI (I .62 g. 0.01 mol) under similar conditions yielded PhI ( I  .63 
g, 80%) and solid PhlSn(N3)CI (1.57 g, 45%; mp 167°C). 

Preparation oj' complex Ph2Sn(NCS)Br 2DMSO: To a solution of 
PhzSn(NCS)Br (4. l l g, 0.01 mol) in anhydrous acetone (20 mL) was 
added DMSO (1.56 g, 0.02 mol) ligand in 10 mL acetone. The 
mixture was refluxcd for 3 h and cxcess solvent was distilled off. 
Petroleum ether (5 mL) (60-80°C) was added and the solution on 
concentration and cooling gave white crystalline solid which was 
washed with petrolcum ether (60-80°C) and dried at 20"C/ I0 mm Hg 
and was identified as Ph2Sn(NCS)Br.2DMS0 (3.97 g, 70%; mp 
165°C). 

Results and discussion 
The phenyl group of Ph,Sn pseudohalides is cleaved in pref- 

erence to pseudohalide group by 1C1 and/or 1Br and these 
reactions provide synthetic routes to hitherto unknown 
Ph,Sn(lV) mixed halide pseudohalides, Ph2Sn(X)X1 (X = 
pseudohalide and X' = CI or Br). 'The recrystallisation of these 
compounds from CCIJ and dichloromethane separately yielded 
the same product of same melting points indicating that these 
were pure compounds. Further, in tlc, the exhibition of a single 
spot by Ph,Sn(NCS)Cl (Rf. 0.47, ethyl acetateln-propanol 
(3:2)), Ph2Sn(NCS)Br (Rf. 0.40, ethyl acetateln-propanol 
(3:2)), Ph,Sn(NCO)CI (Rf. 0.50, ethyl acetateln-propanol 
(3:2)), and Ph2Sn(N3)CI (Rf. 0.80, chloroform/methanol 
(3 : 2)) and their parent compounds Ph,SnNCS, Ph3SnNC0, 
and Ph,SnN, of Rf. 0.44, 0.64, and 0.60, respectively, in the 
stated solvent systems confirmed the purity of these com- 
pounds obtained after the halogenodephenylation reactions. 
The objective of complexing Ph,Sn(NCS)Br with DMSO were 
two-fold: (i) for checking the purity of the compound 
Ph,Sn(NCS)Br through ' H  nmr and (ii) the ease of formation 
of the adduct indicated that Ph2Sn(NCS)Br is as good acceptor 
as Ph,Sn(NCS),, (7, 12). The molar conductance data in nitro- 
benzene indicate that they are non-electrolytes and molecular 
weight data in the same solvent show their monomeric charac- 
ter (Table I ) .  Further cleavage reactions of Ph,Sn(IV) pseudo- 
halides with IN3 and BrCN are in progress. 
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TABLE I. Characterisation data for PhZSn(X)X1 ' 

Compound Molar Molecular 
PhzSn(X)Xf Elemental analysis (%) obsd. (ca~cd.) conductance weight Infrared (cm I )  'H nmr (6) ppm 

(lo-.' M )  obsd. 
X X' Sn C H N X' I ( o h m '  cm' niol-I) (calcd.) v,,, v,,,,, Solvent Phenyl protons Multiplicity 

NCO CI 33.88 44.50 2.87 3.94 10.06 4.92 3 15.04 2240m 1320m CDC13 7.64(7)'1 
(33.95) (44.50) (2.85) (3.99) ( lo.  13) (350.50) + (m) 

DMSO-(I(, 7.04(19.8)-1 
NCS C1 32.43 42.50 2.65 3.75 9.62 4.51 317.25 2085s 840w CDCI., 7.45(3.8)? 

(32.47) (42.56) (2.72) (3.82) (9.68) (366.50) 7.14(9.0)? (m) 
NCS Br 28.88 37.92 2.40 3.36 19.30 6.34 387.52 2090s 820w CDCI3 7.35(9)? 

(28.95) (37.95) (2.43) (3.40) ( 1  9.46) (41 1) 7.23(21 )t (m) 
*N3 C1 33.80 41.05 2.82 11.92 10.10 3.16 320.15 2080s 1330m CDCIJ 7.33(40)t 

(33.95) (41.08) (2.85) (1 1.98) (10.13) (350.50) 7.12(100)t (m) 

U s 0  - VSO 

DMSO complex 2.48(3 1.2)tS (s) 
(1045s - 948s) = 97 

*The 'H nmr  data are at 60 MHz. 
t The peak areas are located in parentheses following the ppm values. 
$The peak areas are consistent with the proposed stoichiometry of thecomplex. 
$ Methyl protons. 
'~stimated volumetrically by Volhard's method ( I  I). 
'Infrared: s = strong, m = medium, w = weak; 'H nmr, (m)  multiplet,(s) = singlet. ( i )  The characteristic peaks in ir ,  indicate N-bonded pseudohalide group (12, 13). (ii) The 'H nmr data 

are at  90 MHz and the position of the multiplet is approximately the centreof the multiplet. 
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RICHARD G. BALL and RICHARD MACLEOD ELOFSON. Can. J .  Chem. 63, 332 (1985). 
p-Diethylaminobenzenediazonium hexafl~orophosphate, Cl,lH14N~'-PF,-,  crystallized in space group Pi with a = 

12.105(4), b = 12.340(5), c = 10.439(4) A, a = 96.53(3), P = 104.1 l(3). y = 64.44(3)", and Z = 4. The structure was 
solved using direct methods and refined with full-matrix least-squares techniques on F ,  to a final R of 0.f54 for 1917 reflections 
with F' > 3a(FZ).  The mean bond lengths for the diazo group are: N-N 1.096(6); C-N 1.357(7) A. The geometry of the 
molecule is discussed in terms of the possible resonance forms and it is shown to be consistent with a form in which the N-N 
triple bond is essentially intact and the aminobenzene moiety has "quinoidal" character. 

RICHARD G. BALL et RICHARD MACLEOD ELOFSON. Can. J .  Chem. 63, 332 (1985). 
L'hexafluorophosphate de p-diCthylaminob~nz~nediazonium, CloHIaN3+.  PF(,-., cristallise dans le groupe d'espace P i  avec 

a = 12,105(4), b = 12,340(5), c = 10,439(4) A, a = 96,53(3), P = 104,l 1 (3), y = 64,44(3)" etZ = 4. On a risolu la structure 
par des mCthodes directes et on I'a affinCe par la mCthode des moindres carrCs (matrice complete) sur F jusqu'h une valeur 
finale de R = 0,054 pour 19 I7 rC!exions avec F' > 3 a ( ~ ' ) .  Les longueurs moyennes des liaisons du groupe diazo sont: N-N 
= 1,096(6); C-N = 1,357(7) A. On discute de la gComCtrie de la molCcule en fonction des formes possibles de risonance 
et on montre qu'elle est en accord avec une forme dans laquelle la triple liaison N-N est essentiellement intacte et I'unite 
aminobenzene a un caractere "quinoi'dal". 

[Traduit par le journal] 

Introduction 
The unusual properties of diazonium salts such as explosive 

decomposition under certain conditions, reaction with retention 
of nitrogen to produce industrially important products such as 
dyes, photochemical decomposition with loss of Nz (the basis 
of the.industrially important Diazolid process), etc., have fasci- 
nated chemists for over one hundred years. 

Until 1960, resonance structures "A", "B", and "C" were 

used routinely to accommodate the various properties of ben- 
zenediazonium salts. Subsequently, X-ray studies have consis- 
tently shown the N-N distance, regardless of subst~tution 
patterns pr the nature of the anion, remains in the range I .O8 
to 1.14 A, which is indicative, when compared to the dinitro- 
gen distance of 1.097 A ( l ) ,  of the N-N triple bond remaining 
largely intact in the ground state. In recent years "C and ''N 

I 
I nmr studies (2, 3) have suggested that resonance form "D" is 

a major contributor to the ground state. An important com- I pound for the purpose of correlating structural parameters and 
the spectroscopic results would be the salts of the p-diethyl- 
aminobenzenediazonium ion. This compound has been in- 
vestigated as the chlorozincate salt (4) but the poor quality of 
the experimental results and the lack of agreement with other 
benzendiazonium compounds led us to undertake a re- 

' Author to whom correspondence should be addressed. 

examination of the crystal structure of p-diethylamino- 
benzenediazonium. Attempts were made to prepare suitable 
crystals first as the tetrafluoroborate and later as the hexa- 
fluorophosphate salts since these anions do not tend to strongly 
coordinate with the cation. However, success was not obtained 
until the p-diethyl derivative was crystallized as the hexa- 
fluorophosphate salt. The results of the structural analysis of 
this compound are presented herein and these, as expected, 
correlate closely with those of the similar compound p- 
morpholinobenzenediazonium tetrafluoroborate (5). 

Experimental 
Yellow crystals of p-N.N-diethylaminobenzenediazonium hexa- 

fluorophosphate were prepared by the method of Rutherford et al. (6) 
with the substitution of H2S0, for HCI. Diffraction quality crystals 
were obtained by recrystallizing from methanol/diethyl ether. 

Cn~stal data: 
CloH1aN3' . IF , -  fw = 221.21 
Triclinic, P 1, a = 12.105(4), b = 12.340(5), c = 10.429(4) A; a = 
96.53(3), P = 104.1 I@), y = 64.44(3)", V = 1364.2 A'. Z = 4, D, 
= 1.56 g cm-I, p(MoKa) = 2.57 cm-'.  

Reflection data were collected at -70°C using an Enraf-Nonius 
CAD4 diffractometer. Reflections in the range 0 < 20 < 50" were 
measured using an w-20 scan with Aw = (0.80 + 0.35 tan 0)" and 
scan speeds varying from 1.7 to 5.0 deg min-I. Two crystals, of 
approximate size 0.02 X 0.06 X 0.12 mm, were needed for data 
collection since the first crystal was lost when ice build-up on the 
goniometer head fractured the crystal from its glass fiber. 3873 reflec- 
tions were measured from crystal I and 2175 from crystal 2. Over the 
course of data collection on both crystals two reflections, chosen as 
standards, were remeasured every 60 min of exposure time to monitor 
crystal and diffractometer stability. These intensities did not change 
by more than I I % for either crystal and no correction was applied to 
the data. 

After correcting each data set separately for Lorentz, polarization, 
and background effects the two data sets were brought to a common 
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TABLE I. Positional ( X  10') and thermal ( x  10') parameters 

Atom r y z U  Atom x Y z U ,  A" 

*Indicates an atom refined anisotropically. The equivalent isotropic thermal parameter is given by: U  = 113 ( U , ,  + U?? + U,, 
+ 2u2.3 COS (I + 2 U , ,  COS p + 2Ull COS y). 

scale and merged to yield 48 13 unique reflections. Of these 19 17 had 
I > 3 a ( l )  and were used in the structure refinement. 

The structure was solved' using the direct methods program 
SHELX 84 and refined using full-matrix least-squares minimizing 
Co(lF,,I - F,I)' where o = I/cr(l). Neutral atom scattering factors 
were calculated from the analytical expression for the scattering factor 
curves (8a) and thef' a n d y  components of anomalous dispersion (8b) 
were included for all non-H atoms. In the final model the two PF6 
groups and the carbons of the four ethyl groups were refined with 
anisotropic thermal parameters, while the remaining non-H atoms 
were refined with isotropic thermal parameters for a total of 271 
variables. The H atom contributions were included as fixed, isotropic 
atoms located at their "idealized" positions (C-H 0.95 A and appro- 
priate sp' or sp7 geometry). No attempt was made to refine the H atom 
parameters because of the already low observations/variables ratio of 
7 .1 : l .  

Refinement converged with R = 0.054 (R, = 0.059); the largest 
shift in any parameter was 0.7 time: its esd. The highest peak in a final 
difference Fourier was 0.60(9) e A-' and was not considered chem- 
ically significant. 

Final positional and thermal parameters are presented in Table 1 .7 

Discussion 
The crystal structure comprises the two independent cations, 

depicted in Fig. I, arranged in approximately parallel planes 
with the associated anions occupying spots near t h ~  cations, 
Fig. 2. Table 2 lists the interionic distances to 3.2 A between 
the N and F atoms. There are six short contacts, <2.9 A, and 
these are indicated in Fig. 2. 

FIG. 1. Perspective view of the two independent cations showing 
the atom numbering scheme. Atoms are represented by thermal ellip- 
soids at the 50% probability level. For clarity the H atoms have been 
omitted. 

'G.M. Sheldrick made available a pre-release version of SHELX 84 Bond distances and angles are listed in Tables 3 and 4 re- 
during a diffraction methods school in July, 1983. Other computer spectively. The geometry of the anions is as expected, with 
programs used in this analysis include the Enraf-Nonius Structure 
Determination Package (7) and several locally written or modified P-F distances ranging from 1.573(4) to 1.601(4) P) for the 

programs. anion based on P(l)  and from 1.522(5) to 1.588(5) A for the 
3 ~ ~ b l ~ ~  of anisotropic thermal derived H atom second anion. Since the second anion is the one involved in 

eters, torsion angles, least-squares planes, and observed and calcu- mOSt of the interionic Contacts, it is not surprising to See a hrger 
lated structure factors are available, at a nominal charge. from the range of P-F distances for this anion. 
Depository of Unpublished Data, CISTI, National ~ e s e a r i h  Council The two cations have essentially identical bond distances and 
of Canada, Ottawa, Ont., Canada KIA 0S2. angles with the only appreciable difference being the 
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FIG. 2. Stereoview $owing the ionic packing. The four cations in the cell are shown with more than one cell of anions. T h e  F..-N interionic 
distances less than 3.0 A have been drawn as dashed lines. The unit cell has been oriented such that c runs left to right and b points toward the 
viewer. 

TABLE 2. Selected interionic distances to 3.2 A TABLE 3. Bond distances in angstroms* 

Atom Atom Symmetry operator Distance Atom 1 Atom 2 Distance Atom I Atom 2 Distance 

C(7)-C(8) bond which is shorter than the other three bonds of 
the same type. In fact it is the orientation of the ethyl groups 
which is the only feature distinguishing between the two cat- 
ions; in one form both methyl groups point to the same side of 
the phenyl ring, while in the other they point to opposite sides. 

The focus of this study is the geometry of the ben- 
zenediazonium moiety and how this geometry relates to the 
contribution of the resonance forms "A"-"D" to the ground 
state structure. For amino derivatives of benzenediazonium the 
resonance forms "C" and "D" can be drawn as 

At the present time I3C and I5N nmr results (2, 3) indicate " F  
should be the favoured structure. Table 5 presents the geome- 
tries of six structures, of roughly similar quality, containing 
benzenediazonium cations. For all the structures the N-N 
bond distance is essentially invariant and the values observed 
in the present study are in close agreement with the average 
value determined from the other structures. This observation is 
in accord with the conclusion of Sorriso (13a) that the N-N 
triple bond, as measured crystallographically, remains essen- 
tially intact in these types of compounds. 

It is likely, by comparison with results of studies on C-N 
bonds (14), that the mean N-N bond lecgth observed in the 
X-ray structures is shorter by about 0.02 A than the true inter- 
nuclear N-N distance. If this is the case, then the bond order 
of the N-N interaction is slightly decreased from the full 

p(l) F(I) 1.601(4) N(6) C(11) 1.339(7) 
p(l) F(2) 1.587(4) N(6) C(17) 1.470(7) 
p(l) F(3) 1.589(4) N(6) C(19) 1.462(7) 
p( 1 )  F(4) 1.591(4) C(I) C(2) 1.422(8) 
p(l)  F(5) 1.573(4) C(1) C(6) 1.423(8) 
p( 1 )  F(6) 1.588(4) C(2) C(3) 1.360(8) 
p(2) F(7) 1.566(4) C(3) C(4) 1.389(8) 
p(2) F(8) 1.549(5) C(4) C(5) 1.394(8) 
p(2) F(9) I .546(4) C(5) C(6) 1.352(8) 
p(2) F(l0) 1.552(5) C(7) C(8) 1.462(9) 
p(2) F(l I )  1.588(5) C(9) C(I0) 1.508(9) 
p(2) F(12) 1.522(5) C(I I )  C(12) 1.401(8) 
N(1) N(2) 1.086(6) C(11) C(16) 1.429(7) 
N(1) C(4) 1.360(7) C(12) C(13) 1.377(7) 
N(3) C(I) 1.329(7) C(13) C(14) 1.392(7) 
N(3) C(7) 1.496(7) C(14) C(15) 1.389(7) 
N(3) C(9) 1.469(7) C(15) C(16) 1.371(7) 
N(4) N(5) 1.105(6) C(17) C(18) 1.514(9) 
N(4) C(14) 1.354(7) C(19) C(20) 1.517(9) 

*Numbers in parentheses are estimated standard deviations in the least 
significant digits. 

triple bond value and this should be reflected in a concomitant 
increase in the bond orders of both C(arene)-N bonds. Indeed 
these two distances (mean distances of 1.334(7) and 1.357(7) 
A, for amino and diazo groups respectively) are both somewhat 
shorter than a. usual C,.-N single bond distance of approxi- 
mately 1.42 A and are in the range expected if there is some 
degree of double bonding between the ring and the diazo and 
amino groups. While the difference between these two dis- 
tances is only just significant, it is interesting that the 
C(arene)-N(amino) distance is consistently shorter than the 
C(arene)-N(diazo) distance, which is what would be ex- 
pected if both forms "E" and " F  contribute to the observed 
structure. These observations are supported by similar results 
observed in the structure of the morpholino derivative (5). 

Observing the effect of a "quinoidal" form on the C-C 
distances in the benzene ring is somewhat more difficult due to 
the small differences involved compared to their associated 
standard deviations. Examination of the geometries presented 
in Table 5 shows that compounds 1 to 5, in which the quinoid 
resonance forms may not be strong contributors, tend to have 
nearly equivalent distances around the ring while compounds 6 
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TABLE 4. Selected bond angles in degrees* 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

N(2) N(I) (34) 178.7(6) C(4) (35) C(6) 120.0(6) 
C( 1) N(3) C(7) 121.5(5) C(1) C(6) C(5) 120.9(6) 
(31) N(3) (39) 12 1 3 . 5 )  N(3) (27) C(8) 1 12.0(5) 
(37) N(3) C(9) 1 17.0(5) N(3) (39) C(I0) 1 14.0(5) 
N(5) N(4) C(14) 177.7(6) N(6) C(11) C(12) 120.6(5) 
C(l I) N(6) C(17) 122.3(5) N(6) C( I I ) C( 16) 120.0(5) 
C ( l l )  N(6) C(19) 122.10) C(12) C(II)  C(16) 119.4(5) 
(217) N(6) C(19) 115.6(4) C ( l I )  C(12) C(13) 120.6(5) 
N(3) (31) c (2)  120.9(5) C(12) C(13) C(14) 118.5(5) 
N(3) (31) (36) 1 2 1.6(5) N(4) C(14) C(13) 118.4(5) 
c(2)  (31) c(6) 1 17.4(5) N(4) C(14) C(15) 118.7(5) 
a l l  '32) (33) 121.4(5) C(13) C(14) C(15) 122.8(5) 
c(2)  c(3)  (34) 119.3(6) C(14) C(15) C(16) 118.8(5) 
N(1) c(4)  (33) 1 19.0(5) C(I 1) C(16) C(15) 1 19.9(5) 
N(1) c(4) '35) 120.0(5) N(6) C(17) C(18) 112.3(5) 
(33) (34) c (5)  12 1.0(6) N(6) C(19) C(20) 1 12.9(5) 

"Numbers in parentheses are estimated standard deviations in the least significant digits. 

TABLE 5. Selected distances in benzenediazonium structures 

Compound -X a b c d e f Reference 

and 7 do display an ordering of distances which is consistent 
with structures "E" and " F .  This is in accord with the obser- 
vation of greater electrophilicity of compounds 1-5 as com- 
pared to 6 and 7, as measured by redox potentials or by the rate 
of coupling with suitable substrates (15, 16). 

Thus, to date, the structural studies tend to support the spec- 
troscopic evidence for resonance form "!?' as an important 
contributor to the ground state structure of amino derivatives of 
benzenediazonium compounds. However, they also indicate at 
least a small contribution from form "E" in order to account for 
the consistently observed shortening of the arene-diazo bond 
distance from the usual single bond distance. 
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Enthalpies of interaction of ketones with organic solvents 

Dep(1rttnetlt o j  Chetnistry, Utziversity c$ Houstot~, Houston, TX 77004. U.S.A 

Received April 17, 1984 

W. KIRK STEPHENSON and RICHARD FUCHS. Can. J .  Chem. 63, 336 (1985) 
Enthalpies of solution (AH,) of a series of ketones (acetone, 2-butanone, 2-heptanone, 2-nonanone, 5-nonanone, 2,2,4,4- 

tetramethyl-3-pentanone, cyclohexanone) and alkane model compounds (tl-heptane, ti-nonane, 2,2,4,4-tetramethylpentane, 
cyclohexane) have been determined in 17 organic solvents (11-heptane, cyclohexane, CCI,, a,a,a,-trifluorotoluene, 
1,2-dichloroethane, triethylamine, butyl ether, ethyl acetate, DMF, DMSO, benzene, toluene, mesitylene, I-octanol, meth- 
anol, r-butyl alcohol, 2,2,2-trifluoroethanol), and combined with heats of vaporization to give enthalpies of transfer from vapor 
to solvent (AH(v -+ S)). These values have been used to evaluate ketone-solvent polar interactions (AAH(v -+ S) = 
AH(v -+ S)(ketone) - AH(v -+ S)(alkane)). The linear relationships between AAH(v -+ S) and solvent dipolarity- 
polarizability (Taft-Kamlet T+ parameters) are derived. Based on the deviations from these correlations, ketone-CFICH20H 
enthalpies of hydrogen bond formation have been evaluated. The other alcohol solvents show no evidence of exothermic 
H-bond formation with ketones. 

W. KIRK STEPHENSON et RICHARD FUCHS. Can. J.  Chem. 63, 336 (1985). 
On a dCterminC Ies enthalpies de solution (AH,) d'une strie de cCtones (acttone, butanone-2 heptanone-2, nonanone-2, 

nonanone-5, tCtramCthyl-2,2,4,4 pentanone-3, cyclohexanone) ainsi que d'alcanes modeles (11-heptane, n-nonane, tttramtthyl- 
2,2,4,4 pentane, cyclohexane) dans 17 solvants organiques (11-heptane, cyclohexane, CCI,, a,a,a,-trifluorotolukne, dichloro- 
1,2 tthane, tritthylamine, Cther butylique, acttate d'tthyle, DMF, DMSO, benzkne, tolukne, mCsitylkne, octanol- I, mtthanol, 
alcool tert-butylique, trifluoro-2,2,2 Cthanol) et on les a cornbints avec les chaleurs de vaporisation pour obtenir les enthalpies 
de transfert de la vapeur au solvant (AH(v -+ S)). On a utilisC ces valeurs pour Cvaluer les interactions polaires cCtone-solvant 
(AAH(v -+ S) = AH(v -+ S)(cttone) - AH(v -+ S)(alcane)). On en a dCduit la relation IinCaire entre AAH(v --t S) et la 
polaritC-polarisabilitt du solvant (paramktres de 7 ~ : ~  de Taft-Kamlet). En se basant sur les dtviations par rapport B ces 
corrClations, on a CvaluC les enthalpies de formation de la liaison hydrogkne cttone-CF,CH,OH. I1 ne semble pas que les 
autres alcools CtudiCs comme solvant forment des liaisons hydrogenes exothermiques avec les cttones. 

[Traduit par le journal] 

Enthalpies of polar interaction of a series of ketones with bond formation will be incorporated into the AAH(v --, S) = 
methanol (MeOH), dimethylformamide (DMF), benzene. and AH, values. 
cyclohexane (c-C6) have been reported (1) using the solvation Ketone-solvent polar interactions fall into two main classes: 
enthalpy, or AAH(v --t S), method. This method utilizes en- dipole-dipole and dipole - induced dipole. Using the Taft- 
thalpies of transfer of a solute from vapor to solvent, Kamlet .rr* solvatochromic parameters (2, 3) as a measure of 

where AH, is the enthalpy of solution of the solute and AH, 
denotes the solute heat of vaporization. AH(v + S) is often 
referred to as the solvation enthalpy, or the heat of solution of 
the gas. The enthalpy of polar interaction is taken as the differ- 
ence in solvation enthalpies of a ketone (K) and an alkane 
model (M) with the same number of carbon atoms and a similar 
carbon skeleton: 

[2] AH, = AAH (v  ++ S) 

The model is used to cancel the ketone dispersion inter- 
actions and enthalpy of cavity formation within the solvent, 
thereby isolating the polar interactions, 

[3] AAH(v + S) = AAH, + AAH, + AHp 

where AAH, = AH,(K) - AH,(M) ("c" denotes cavity) and 
AAH, = AH,(K) - AH,(M) ('Ld" refers to dispersion). It is 
usually assumed that the AAH, and AAH, terms are equal to 
zero, or that the terms are non-zero but of opposite signs such 
that their sum is equal to zero, and eq. [3] simplifies to give eq. 
[2]. Failure of the model to cancel the cavity formation or 
dispersion interactions will be reflected in the AH, values. In 
hydrogen-bond-donating (HBD) solvents, the formation of 
ketone-solvent hydrogen bonds may occur. Enthalpies of H- 

solvent dipolarity-polarizability, one can obtain expressions in 
the form of eq. [4], 

[4] AAH(v + S)(ketone vs. model) = + y 

where s is the .rr'* coefficient and y is the calculated AAH(v + 
S) value in a solvent with .rr;" 00.0 (i.e., y-intercept). 

To investigate ketone-solvent interactions, AAH(v + S) 
values for a series of ketones (acetone, 2-butanone, 2-hep- 
tanone, 4-heptanone, 2-nonanone, Snonanone, 2,2,4,4-tetra- 
methyl-3-pentanone, and cyclohexanone) in 17 organic sol- 
vents of varying polarity will be reported. Dependencies of 
AAH(v + S) on solvent dipolarity-polarizability will be eval- 
uated via solvatochromic equations in .rr* (eq. [4]). Ketone 
hydrogen bonding interactions with alcohol solvents will also 
be examined. 

Experimental 
Solutes and solvents were commercial samples in excess of 99% 

purity, which were dried over 4A molecular sieve, except for meth- 
anol and trifluoroethanol, which were dried over 3A sieve. Purities 
were established by gas chromatography using a Shimadzu Mini 2 gc 
with a glass-lined system, a 30 m X 0.25 mm id SE-30 silica capillary 
column, and a Hewlett-Packard 3390A integrator. 

The calorimetric procedure and apparatus have previously been 
described (4). The vacuum jacketed calorimeter was immersed in a 
water bath at 25.00°C, with regulation to +0.002°C. Liquid samples 
were introduced into 65-80 mL of solvent with lo-, 20-, or 50-FL 
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STEPHENSON P 

syringes with immersed tips. Heats of solution wcre corrected 
(0.01 -0.03 kcal/mol less endothermic) to allow for the heat capacity 
of the samples which were introduced at 21 -23°C. The uncertainty 
intervals in AH, (twice the standard deviation of the mean of three or 
more determinations) are 0.00-0.09 kcal/mol. No effect of concen- 
tration on AH, was observed. 

Results and discussion 
Heats of vaporization, and heats of solution of acetone, 

2-butanone, 2-heptanone, 4-heptanone, 2-nonanone, 5-nona- 
none, 2,2,4,4-tetramethyl-3-pentanone, and cyclohexanone in 
17 solvents are listed in Table I .  Heats of vaporization and 
solution of tl-heptane (11-C,), n-nonane (n-C9), 2,2,4,4-tetra- 
methylpentane (MelCs), and cyclohexane (c-C6) are given in 
Table 2. Derived AAH(v + S)(ketone vs. alkane) values are 
shown in Table 3). 

Methyletle increments 
Correlations of AH(v + S)(ketone) vs. number of carbon 

atoms (n,) for the series of 2-ketones are given in Table 4; 
correlation slopes (m) correspond to methylene increments. In 
all solvents, ketone solvation enthalpies increase exother- 
mically with the addition of a methylene group, but the meth- 
ylene increments are less exothermic for the more polar sol- 
vents. It is usually assumed that the dispersion interactions of 
a methylene (or alkyl) group do not vary significantly from 
solvent to solvent, so differences in AH(v + S)(CHI) result 
from differences in AH,. Since dipolarity-polarizability inter- 
actions between solutes and solvents increase with the n *  value 
of each ( 3 ,  it is reasonable that solvent-solvent interactions 
are dependent on n *  of each solvent molecule, and that AH, is 
primarily a function of (T*)'. The linear relationship of methyl- 
ene group solvation enthalpies to solvent (+:)' is: 

tl = 17, r = 0.912, see = 0.06 

where n is the number of solvents, r refers to the correlation 
coefficient, and see is the standard error of the estimate. How- 
ever, correlation of the methylene increments of a series of 
n-alkanes (5) is considerably better: 

[6] AH(v --, S)(CH2) = 0.399(n*)' - 1.17 kcal/mol 

n = 20, r = 0.956, see = 0.04 

The ketone methylene increment is more dependent on solvent 
(n*)' because addition of a methylene group to a ketone not 
only increases dispersion intkraction and cavity formation con- 
tributions to the solvation process (as is the case for alkanes), 
but also increases steric hindrance to carbonyl group dispersion 
interactions (1). 

Methylene increments determined for the series of sym- 
metrical ketones (acetone, 4-heptanone, 5-nonanone) are less 
exothermic than those of the 2-ketone series by 0.00- 
0. I0 kcal/mol. For the symmetrical ketones: 

n = 17, r = 0.929, see = 0.06 

Ketone polar interactions 
AAH(v --, S)(ketone vs. alkane) values, which provide a 

measure of ketone-solvent dipole-dipole or dipole - induced 
dipole interactions, are listed in Table 3. The values show a 
strong dependence on solvent dipolarity-polarizability, as illus- 

FIG. 1. -AAH(v + S)(acetone vs. n-propane) vs. solvent T* for 
aprotic (0) and alcohol (0) solvents. 

trated by the n:K coefficient of the following correlation (ROH 
solvents omitted) for acetone (vs. n-propane) and Fig. 1 .  

[8] AAH (v + S)(acetone vs. propane) 

n = 13, 1- = 0.971, see = 0.35 

The calculated value for cyclohexane (nfF = 0.00) is - 1.42 
kcal/mol (observed, -0.99 kcal/mol), and corresponds to the 
y-intercept. Because acetone (mv = 73.5 mL) is smaller than 
propane (mv = 88.1 mL), the AAH, term (eq. [3]) should be 
more exothermic for the more polar solvents; however, the 
points corresponding to DMF and DMSO are displaced endo- 
thermically from eq. [8] (Fig. I ) .  This suggests that the y- 
intercept does not result primarily from a solute - model cavity 
formation mismatch. 

AAH(v -+ c-C6)(acetone vs. propane) values have been at- 
tributed to carbonyl dipole - hydrocarbon solvent induced 
dipole interactions (6). This is consistent with the smaller 
AAH(v -+ c-C6)(ketone vs. alkane) values of the larger ke- 
tones. The variation is fairly small and might be the result of 
different ketone - model cavity formation and dispersion inter- 
action mismatches. Contrary to this explanation based on 
ketone-hydrocarbon induction interactions, AAH(v -, S) val- 
ues of 5-nonanone and 2,2,4,4-tetramethyl-3-pentanone in n- 
heptane or in cyclohexane are in good agreement, but agree- 
ment is poor for polar solvents (aromatics, haloaliphatics) in 
which carbonyl dipole - solvent induced dipole interactions 
are operative. Solomonov and co-workers (7, 8) have estimated 
AH(v+ c-C6), usually to within 6% of the experimental value, 
for a wide variety of solutes based on the assumption that all 
compounds interact with alkane solvents through dispersion 
interactions only. It is probable that AAH(v + c-C6)(acetone 
vs. propane) values result from larger dispersion interactions 
by a carbonyl group relative to a methylene group, consistent 
with the agreement between AAH(v + S) for 5-nonanone and 
2,2,4,4-tetramethyl-3-pentanone in the alkane solvents, and 
with Solomonov's findings. However, small contributions 
from induction forces or cavity formation mismatches cannot 
be ruled out. 

Because acetone is a hydrogen-bond-accepting (HBA) com- 
pound, dissolution in an alcohol might be expected to be more 
exothermic than dissolution in a comparably polar but aprotic 
solvent, resulting in an exothermic displacement from eq. [8] 
(Fig. 1). Of the alcohol solvents used in this study, only 
CF3CH,0H is exothermically displaced; t-BuOH, MeOH, and 
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STEPHENSON AND FUCHS: I 

TABLE 2. Alkane heats of solution and heats of vaporization"." 

Solvent n-Heptane 11-Nonanone 2,2,4,4-Tetrarnethylpentane Cyclohexane 

n-C7HI, 
c-C,,H 12 

CCI, 
n-BuC1 
CI,CCH, 
CF3Ph 
ClCHzCHrCl 
Et,N 
11-Bu~O 
CH3COOEt 
DMF 
DMSO 
Mesitylene 
Toluene 
Benzene 
I -0etanol 
t-BuOH 
MeOH 
CFzCHzOH 
AH v 

"Me is methyl, Et is ethyl, Ph is phenyl. 
"Values and uncertainty intervals in kcal/mol 
"Uncertainty interval estimated. 
"Reference 14. 
"Reference 15. 
'Reference I I . 
'Reference 12. 

TABLE 3. AAH(v 4 S) (ketone vs. alkane) values"." 

Solvent" ~ce tone"  2-Butanone" 2-Heptanone 4-Heptanone 2-Nonanone 5-Nonanone 2,2,4,4-Me,-3-pentanone Cyclohexanone 

n-C,Hl(, 
C - C ~ H I ~  
CCI, 
11-BuCI 
CI,CCHz 
CF3Ph 
ClCHzCHzCl 
EtzN 
n-BuzO 
CH3COOEt 
DMF 
DMSO 
Mesitylene 
Toluene 
Benzene 
I -0ctanol 
r-BuOH 
MeOH 
CFzCH20H 

"In kcal/rnol. 
',AAH(v + S)(ketone vs. alkane) = AH(v - S)(ketone) - AH(v -+ S)(alkane) 
'Me is methyl, Bu is butyl, Ph is phenyl. 
"AH(v + S)(rl-C3) was estimated. 
"AH(v + S)(n-C.,) was estimated. 

1-octanol are not. This can be rationalized in terms of the which are better H-bond acceptors (0.62 < P < 1.01) than the 
relative hydrogen-bond-accepting basicities of the alcohols and carbonyl oxygen. Solvent-solvent H-bonds are not broken, 
acetone. The Taft-Kamlet P parameter (2, 3) will be used as and exothermic displacements are not observed. An alternative 
a measure of HBA basicity. The CF,CH20H oxygen (P  = view is that solvent-solvent H-bonds are broken to form a 
0.00) is much less basic than the acetone carbonyl oxygen (P solute cavity, but reassociate after the cavity is filled (9). 
= 0.48), and solute-solvent H-bonds are preferred over Dependencies on T* similar to that of acetone are observed 
solvent-solvent H-bonds. The other alcohols have oxygens for the ketones listed in Table 3. Correlations of ketone AAH(v 
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340 CAN. J .  CHEM. VOL. 63. 1985 

TABLE 4. AH(v-4) (2-ketone) vs. number of carbon atoms (n,) 
correlations and solvent T* values" 

Solvent =* h.C- m" b n" r see 

n-C,H ,6 -0.08 -1.13 -1.77 4 0.9999 
c-C~HIZ 0.00 - 1.12 -1.46 4 0.9999 
eel, 0.28 -1.08 -3.46 4 0.9998 
CF,Ph 0.64 -1.04 -4.37 4 >0.9999 
ClCHzCHzCl 0.81 -0.88 -5.17 4 0.9999 
Et,N 0.14 -1.13 -2.61 4 0.9999 
n-BuzO 0.24 -1.12 -2.81 4 >0.9999 
CH,COOEt 0.55 -0.92 -4.52 4 0.9998 
DMF 0.88 -0.85 -4.86 4 0.9996 
DMSO 1.00 -0.68 -5.02 4 0.9996 
Mesitylene 0.41 - 1.13 -3.37 4 >0.9999 
Toluene 0.54 - 1.08 -3.88 4 >0.9999 
Benzene 0.59 -0.98 -4.22 4 0.9999 
I -0ctanol 0.34' - 1.11 -2.00 4 0.9998 
t-BuOH 0.41 - 1.06 -2.53 4 0.9998 
MeOH 0.60 -0.92 -4.05 4 0.9998 
CF,CHzOH 0.73 -0.76 -7.71 4 0.9996 

"In kcal/mol 
"m* values from ref. 3. 
"~*(n-BuC1) = 0.39, m*(C13CCH3) = 0.49; used in eq. [lo]. 
"Slope (m) represents the methylene increment [AH(v-+S)(CH,)]. 
"Ketones are acetone, 2-butanone, 2-heptanone, and 2-nonanone. 
'P* estimated. 

+ S) with TT* of the aprotic solvents are given by eq. [9] - [15]. 

[9] AAH(v + S)(2-butanone vs. n-C,) 

n = 13, r = 0.971, see = 0.33 

[lo] AAH(v + S)(Z-heptanone vs. n-C,) 

n = 15, r = 0.970, see = 0.31 

[I 11 AAH(v + S)(4-heptanone vs. n-C,) 

n = 13, r = 0.971, see = 0.29 

[12] AAH (v + S)(2-nonanone vs. n-Cy) 

n = 13, r = 0.971, see = 0.33 

[13] AAH(v + S)(5-nonanone vs. n-Cy) 

n = 13, r = 0.964, see = 0.33 

[14] AAH(v + S)(2,2,4,4-tetramethyl-3-pentanone vs. 

n = 13, r = 0.953, see = 0.30 

[15] AAH(v + S)(cyclohexanone vs. c-C~) 

n = 13, r = 0.963, see = 0.37 

shows the strongest dependence on TT*. The symmetrical ke- 
tones exhibit s values smaller than those of the corresponding 
2-ketones. 'The carbonyl of 2,2,4,4-tetramethyl-3-pentanone is 
by far the most sterically hindered, eq. [14] having an s value 
of only -2.69. The most dipolar of the ketones, cyclohexanone 
(k  = 3.1 D) has a TT* dependency weaker than the 2-ketones 
(2.6 D < k < 2.9 D). This is attributed to the larger TT* of the 
model compound cyclohexanone (TT* = 0.00) relative to the 
n-alkane models (TT* = -0.08). It has been found (10) in such 
cases that the s coefficient of TT'~ is dependent on the difSfrence 
in TT* values of the polar compound vs. model. More of the 
polar interaction of cyclohexanone is cancelled by its model 
than is cancelled for 2-ketones by less polar alkane models. 

For a given solvent, AAH(v + S) will be largest for acetone 
or cyclohexanone (Table 3). Acetone values tend to be largest 
for the more polar solvents, a consequence of the large s value 
of eq. [8]. The larger cyclohexanone values in nonpolar or 
slightly polar solvents probably result from solute-model cav- 
ity formation and dispersion interaction mismatches. 2,2,4,4- 
Tetramethyl-3-pentanone AAH(v + S) values represent min- 
ima in all solvents except n-heptane and I-octanol, in which 
cases the values are within 0.01 kcal/mol of the minima. The 
relatively small values reflect the steric requirements of the 
large t-butyl groups, and the resulting hindrance to approach of 
solvent molecules to the carbonyl group. 

2,2,2-Trifluoroethanol solvent - ketone solute enthalpies of 
hydrogen bond formation (AHh), as measured by exothermic 
displacements of CF,CH20H from the AAH(v + S) vs. TT* 
correlations (Fig. l), are: 

The values show an expected small dependence on steric fac- 
tors due to the small size of the solvent hydroxyl group. 
2-Heptanone, 4-heptanone, 2-nonanone, and 5-nonanone val- 
ues are the same within experimental uncertainty (combined 
AAH(v + S) uncertainty intervals), while the values for 
2-butanone and acetone are progressively larger. AHh(2,2,4,4- 
tetramethyl-3-pentanone) is slightly less exothermic than the 
isomer values. Hydrogen bonding is strongest with cyclo- 
hexanone, the ketone with the largest value of P. The AAH(v 
+ S) vs. T T ' ~  correlation see values range from 0.29-0.37 
kcal/mol. If these large uncertainties are also considered in the 
overall uncertainties of the AHh values, one may only conclude 
that acetone and cyclohexanone are stronger hydrogen-bond- 
acceptors than the other ketones, which have values within 
experimental uncertainty of each other. 
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Enthalpies of hydrogen bond formation of 1-octanol with aprotic organic solvents. 
A comparison of the solvation enthalpy, pure base, and non-hydrogen-bonding 

baseline methods 

W. KIRK STEPHENSON AND RICHARD FUCHS' 
Department of Chemistry, University of Houston, Houston, TX 77004, U.S.A. 
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W. KIRK STEPHENSON and RICHARD FUCHS. Can. J .  Chem. 63, 342 (1985). 
Enthalpies of solution (AH,) of I-octanol and five model compounds (di-rz-butyl ether, n-heptyl methyl ether, I-fluoro- 

octane, I-chlorooctane, and n-octane) have been determined in 13 solvents (heptane, cyclohexane, CCI,, I , l  ,I-trichloro- 
ethane, 1,2-dichloroethane, triethylamine, butyl ether, ethyl acetate, DMF, DMSO, benzene, toluene, mesitylene), and 
combined with heats of vaporization to give enthalpies of transfer from vapor to solvent (AH(v - S)). These values have been 
used to calculate the enthalpy of hydrogen bond formation (AH,) of I-octanol with each solvent, using the pure base (PB), 
solvation enthalpy (SE), and non-hydrogen-bonding baseline (NHBB) methods. Evidence is presented suggesting that ( a )  the 
SE method is susceptible to mismatches of the I-octanol vs. model polar and dispersion interactions, (b )  the PB method is 
sensitive to polar interaction mismatches, whereas ( c )  the NHBB method compensates for both polar and dispersion inter- 
actions mismatches. The (apparent) AH, values determined by the SE and PB methods may be as much as several kcal/mol 
(nearly 50%) too large, because of the inclusion of other polar and dispersion interactions. The NHBB method is therefore 
preferred for determining enthalpies of H-bond formation from calorimetric data. However, apparent AHh values from the SE 
and PB methods can be incorporated into total solvatochromic equations using Taft-Kamlet n*, P, and 5 parameters, to 
provide enthalpies of H-bond formation in good agreement with AH, (NHBB). 

W. KIRK STEPHENSON et RICHARD FUCHS. Can. J .  Chem. 63, 342 (1985). 
On a determink les enthalpies de solution (AH,) de I'octanol-l et de cinq composCs modeles (Cther di-rz-butylique, mCthoxy- I 

heptane, fluoro-l octane, chloro-l octane et 11-octane) dans treize solvants organiques (heptane, cyclohexane, CCI,, trichloro- 
I, 1,I Cthane, dichloro-I ,2 tthane, trikthylamine, Cther butylique, acCtate d'ethyle, DMF, DMSO, benzkne, toluene, mCsity- 
lkne) et on a combink ces valeurs avec les chaleurs de vaporisation afin d'obtenir les enthalpies de transfert de la phase vapeur 
au solvant (AH(v + S)). On a utilisC ces valeurs pour calculer I'enthalpie de formation de la liaison hydrogene (AH,) de 
I'octanol-l avec chacun des solvants en utilisant les mCthodes de la base pure (BP), de I'enthalpie de solvatation (ES) et de 
la ligne de base sans liaisons hydrogenes (LBSLH). Les donnCes obtenues suggerent que: (a) la mCthode des ES peut Ctre 
affectCe si les interactions soit polaires ou de dispersion de I'octanol-l sont ma1 assorties par rapport au compost modele, 
(6) la mCthode de la BP est sensible aux mauvais assortiments qui peuvent Ctre dus aux interactions polaires tandis que 
(c) la mCthode de la SLH permet de compenser aussi bien les mauvais assortiments dus aux interactions polaires que ceux dus 
aux interactions de dispersion. Les valeurs (apparentes) du AH,, telles que dCterminCes par les mCthodes des ES et de la BP, 
peuvent Ctre surCvaluCes par plusieurs kcal/mol (presque 50%) i cause de l'inclusion d'autres interactions polaires et de 
dispersion. On prCfkre donc la mCthode de la LBSLH pour determiner les enthalpies de formation des liaisons hydrogenes a 
partir des donnCs calorimCtriques. Cependant, on peut incorporer les valeurs apparentes du AH, obtenues i partir des mCthodes 
des ES et de la BP dans les Cquations solvatochromiques totales en utilisant les paramktres n", P et 5 de Taft-Kamlet pour 
obtenir des enthalpies de formation de la liaison hydrogkne qui sont en bon accord avec les valeurs de AHh (LBSLH). 

[Traduit par le journal] 

Enthalpies of hydrogen bond formation of I-octanol with 
several aromatic solvents have recently been determined by 
both the pure base and solvation enthalpy (AAH(v + S)) 
methods (1). In the pure base method (2, 3) the enthalpy of 
H-bond formation (AHh) is taken as the difference in heats of 
solution of the alcohol .(A) and a similarly polar but non- 
hydrogen-bond-donating model compound (M), in the "pure 
base" (H-bond acceptor) solvent (S), minus the difference of 
the heats of solution of A and M in an "inert" reference solvent 
(an alkane or  CC,): 

[ I ]  AH~(PB) = (AH$ - AH:), - (AH: - AH\M)~~( 

where PB refers to the use of the pure base method. The heats 
of vaporization of A and M need not be known. 

The AAH(v + S)  method utilizes enthalpies of transfer from 
vapor to solvent(AH(v + S)) for each solute, 

[2] AH(v + S)  = AH, - AH, 

where AH, is the enthalpy of solution of a liquid sample in the 

'Author to whom correspondence may be addressed. 

solvent at 25OC giving an "infinitely dilute" (lo-'- lo-' M) 
solution, and AH, is the solute heat of vaporization at 25OC. 
AH(v + S) is often referred to as the solvation enthalpy, or the 
heat of solution of the gas. The enthalpy of H-bond formation 
in a particular solvent is taken as the difference in solvation 
enthalpies of the alcohol (A) and model (M): 

[3] AHh(SE) = AAH (v + S )  

where S E  denotes the use of the AAH(v -+ S )  method (which 
utilizes solvation enthalpies). 

From eqs. [I]-[3] it can be shown that 

[4] AHh(PB) = AHh(SE) - AAH(v + ref) 

The two methods will be equivalent only when AAH(v + ref) 
= 0. Typically, however, AAH(v + ref) values range from 
+ I .O to -0.5 kcal/mol, and the two results differ. 

Both methods utilize a model compound to cancel the non- 
hydrogen-bonding (dispersion and polar) interactions of the 
H-bond donor with the solvent, and the enthalpy of cavity 
formation within the solvent, thereby isolating the H-bonding 
interactions: 
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STEPHENSON AND FUCHS: 2 

TABLE 1. Enthalpies of solution of I-octanol and model compounds in organic solvents" 

Solute 

Solvent CxOH BuZO MeOC7 FCX CICx CX 

Et,N 
B u ~ O  
CHzCOOEt 
DMF 
DMSO 
Benzene 
Toluene 
Mesitylene 

"Values and uncertainty intervals (2 X standard deviation of the mean) in kcal/mol. 
"Uncertainty interval estimated. 
'Estimated by interpolation. 

[5] AHh(SE) = AAH, + AAHd + AAH, + AAHh described (5). The calorimeters were immersed in a water bath at 
25.00"C, with regulation to ?0.002"C. Liquid samples were intro- 

and duced into the calorimeters from lo-, 20-, or 50-pL syringes with 
immersed tips. Heats of solution were corrected (0.01 -0.03 kcal/mol 

[6] AHh(PB) = (hhH,  + AAHd + AAH, + AAHh) less endothermic) to allow for the heat capacity of the samples which 
were introduced at 21 -23'C. The uncertainty intervals in AH, (twice 

- (AAH' + AAH' + AAH6) the standard deviation of the mean of three or more determinations) are 

where the prime refers to the reference solvent, AAH, = AH: 
- AH: (''c7' denotes cavity), AAHd = AH; - AHM ("dl' refers 
to dispersion), and AAH, = AH: - AH; ("p" denotes polar). 
Both methods assume that the AAH,, AAH,, and AAH, terms 
are equal to zero (or that AAH, + AAH, are non-zero but of 
opposite sign such that the sum is equal to zero). 

The choice of model compound is important because a fail- 
ure of the model to cancel the non-hydrogen-bonding inter- 
actions will be reflected in the AHh(PB) and AHh(SE) values. 
In order to investigate the influence of the solute-model match 
and the validity of the usual assumptions, we will determine 
AAHh(v + S) values for I-octanol (CxOH) in various solvents 
using five different model compounds: di-n-butyl ether (BuzO), 
n-heptyl methyl ether (MeOC,), I-fluorooctane (FC,), 
I-chlorooctane (CIC,), and n-octane ((2,). Two common refer- 
ence solvents (cyclohexane (c-C,) and carbon tetrachloride 
(CCI,)) will be included in the study. We hope to gain insights 
into the nature of the AAH.(v + ref) term, the distinguishing 
feature between the pure base and solvation enthalpy methods. 
Finally, we will examine the use of the non-hydrogen-bonding 
baseline (NHBB) method (4), which uses correlations with the 
Taft-Kamlet solvent parameters T:~:, P, and 6 ,  for determining 
the enthalpy of H-bond formation. 

Experimental 
n-Heptyl methyl ether was prepared by heating I-bromoheptane 

with sodium methoxide in methanol solution. The other solutes and 
solvents were commercial samples in excess of 99% purity, which 
were dried over 4A molecular sieve. Heat of vaporization samples 
were I -fluorooctane (99.77%) and n-heptyl methyl ether (99.9%). 
Purities of all solvents and solutes were established by gas chro- 
matography using a Shimadzu Mini 2 gc with a glass lined system, a 
30 m X 0.25 mm id SE-30 silica capillary column, and a Hewlett- 
Packard 3390A integrator. 

0.00-0.12 kcal/mol. No effect of concentration on AH, was ob- 
served. 

Heats of vaporization were determined by evaporating 100 p L  
samples at 6-7 Torr into a slow stream of nitrogen (0.5 mL/min) at 
25°C. using the vaporization calorimeter and technique previously 
reported ( I ) .  Determinations were made on four samples. The uncer- 
tainties (2 x sdm) are 0.01-0.02 kcal/mol. 

Results and discussion 
Enthalpies of solution of CxOH, Bu20, MeOC,, FC,, CIC,, 

and C, in 13 solvents of varying polarity and hydrogen-bond- 
accepting (HBA) basicity are listed in Table I .  Solute heats of 
vaporization, molar volumes, and Hildebrand ZH parameters 
(7) are given in Table 2. In Table 3 are listed the Taft-Kamlet 
T*, p, and 5 parameters (4, 8), and Hildebrand S,, values for 
each solvent (heptane, cyclohexane, CCI,, I, I, I-trichloro- 
ethane, 1,2-dichlorethane, triethylamine, butyl ether, ethyl 
acetate, dimethylformamide, dimethyl sulfoxide, benzene, 
toluene, mesitylene), where n'%s a measure of solvent 
dipolarity-polarizability, P indicates solvent HBA basicity, and 
6 is the solvent coordinate covalency parameter (9). Derived 
AAH(v + S)(C,OH vs. model) values are also in Table 3. 

Dependence of A HI, on C80H-model polar interaction match 
A plot of AAH(v + S)(CxOH vs. Bu?O) vs. n *  (Fig. 1) 

illustrates relationship of AHh(SE) and AHh(PB) to solvent 
dipolarity-polarizability. The baseline for the solvation en- 
thalpy method is the AAH(v + S) = 0.00 kcal/mol line; the 
baseline for the pure base method (c-C6 reference solvent) is 
the AAH(v + S) = AAH(v + c-C,) = -0.96 kcal/mol line, 
as eq. [4] suggests. Both methods assume that exothermic 
displacements from the respective baselines are due entirely to 
H-bonding interactions. For example, in DMF solvent 

The calorimetric hrocedure and apparatus have previously becn and 
[7] AHh(SE) = AAH (v + DMF) = -6.25 kcal/mol 
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TABLE 2. Solute properties 

Solute AH," 8" mv" 

-- - 

"Heat of vaporization, kcal/mol. 
"Hildebrand solubility parameter. 
'Molar volume, mL. 
"Reference 13. 
"Estimated 6, value from extrapolation of 6, values for Cl-C, alcohols in 

ref. 14. This represents in the absence of H-bond association. 
'Reference I .  
T h i s  study. 
"Reference 15. 
'Reference 6. 

Of particular interest are the correlations of AHh(SE) vs. T* 

and AHh(PB) vs. T* for the non-hydrogen-bonding (NHB) 
solvents 

where n (number of solvents) = 5, r (correlation coefficient) = 
0.985, and see (standard error of the estimate) = 0.17 for both 
equations. Equations [9], [ 101, and Fig. I show that AHh(SE) 
and AHh(PB) values reflect not only H-bonding interactions, 
but also polar interactions, which result from the difference in 
solute (C,OH) and model (BuzO) dipolarities. (It is noteworthy 
that monomeric I-octanol solute appears to be more dipolar 
than associated I-octanol solvent). The AAH, terms (eqs. [5], 
[ 6 ] )  are nonzero (negative) and are incorporated into the 
AHh(SE) and AHh(PB) values. Correlations of AHh(SE) and 
AHh(PB) with T* for the other CxOH-model pairs are in Table 
4. All show a strong dependence of AHh(SE) and AHh(PB) 
values on solvent polarity. The slope is largest when octane 
(C,) is used as the model, because the alkane is completely 
nonpolar and does not even partially cancel CxOH polar 
interactions. 

We suggest that more accurate AHh values can be obtained 
by measuring displacements from the AAH(v + S)(solute vs. 
model) vs. T* line for the NHB solvents (4) (Fig. 1). This 
technique of evaluating H-bonding interactions will be referred 
to as the non-hydrogen-bonding baseline (NHBB) method and 
the resulting values denoted AHh(NHBB). Use of this non- 
hydrogen-bonding baseline reduces or eliminates the con- 
tribution of the AAH, term to the AHh(NHBB) value. I t  should 
be noted that the NHBB method is conceptually and formally 
similar to the "stepwise solvatochromic comparison method" 
for determining H-bonding contributions to uv/visible spectral 
shifts (10). For 1-octanol (Bu20 model) in DMF solvent, 
AHh(NHBB) is -3.32 kcal/mol. This value is much less exo- 
thermic than the corresponding AHh(SE) and AHh(PB) values 
(eqs. [7], [8]) which incorporate significant AAH, terms. 

VOL. 63. 1985 

FIG. 1 .  -AAH(v - S)(I-octanol vs. n-Bu20) vs. solvent T* for 
non-hydrogen-bonding (0) hydrogen-bond-accepting (0) solvents. 
Baselines for the non-hydrogen-bonding baseline, pure base, and 
solvation enthalpy methods are denoted NHB, PB, and SE, 
respectively. 

enthalpy methods differ by an amount AAH(v + ref). This 
AAH(v + ref) term is reflected in the y-intercept values of the 
AHh(SE) vs. T* correlations for the NHB solvents in Table 4. 
The y-intercepts of the AHh(PB) vs. T* (NHB solvents) cor- 
relations are within a standard error of the estimate (see) of the 
origin. Determination of the factors which give rise to the 
y-intercept and AAH(v + ref) values is crucial for an evalu- 
ation of the two methods. 

Because the y-intercept corresponds to a hypothetical non- 
polar (T* = 0) solvent, it is logical that the y-intercept and 
AAH(v + ref) are due to a C,OH-model dispersion inter- 
action or cavity formation mismatch rather than a polar inter- 
action mismatch. To investigate this possibility enthalpies of 
dispersion interactions and of cavity formation of CxOH in c-C6 
and CCI, have been estimated using the regular solution theory 
equations of Hildebrand and Scatchard ( 1  1, 12), 

and 

[I21 AH, = (mvA)6i 

where mv, is the solute molar volume; 8,, the solute solubility 
parameter (7) (Table 2); and the solvent solubility parameter 
(Table 3). Calculated AAHd(CxOH vs. model) and 
AAH,(C,OH vs. model) values in c-C, and CCl, are given in 
Table 5. 

The correlation of AAHd(c-C6 solvent) values with the y- 
intercepts of the NHB baselines for the AHh(SE) vs. T* cor- 
relations (Table 4) is 

[13] AAHd(c-C6 solvent) = 1.328(y-int) - 0.24 kcal/mol 

where n = 5, r = 0.996, and see = 0.12. This excellent 
correlation suggests that the displacements of the y-intercepts 
from the origin are due primarily, if not totally, to a CxOH- 
model dispersion interaction mismatch, rather than to H- 
bonding. Correlation of AAH, with AAH(v + c-C6) gives 

Dependence of AH,, on CXOH-model dispersion interaction 
[14] AAHd(c-C6 solvent) = 1.350AAH(v + c-C~) 

match 
As previously stated (eq. [4]), the pure base and solvation - 0.09kcal/mol 
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STEPHENSON AND FUCHS: ? 

TABLE 3. AAH(v + S) values for I-octanol"." and solvent solvatochromic parameters 

Model Parameters 

Solvent BuzO MeOC7 FCx CICx CX W* I3 5 6H" 

n-ClH16 -0.80 -0.35 0.07 0.79 -1.45 -0.08 0.00 0.00'' 7.46 
C-ChH I ?  -0.96 -0.65 -0.28 0.54 -1.79 0.00 0.00 0.00'' 8.22 
CCI, -1.29 -0.70 -0.63 0.12 -2.84 0.28 0.00 0.00'' 8.61 
CI3CCH3 -1.99 -1.39 -0.87 -0.32 -3.54 0.49 0.00 0.00'' 8.49 
CICH2CH,CI -2.88 -2.04 - 1.78 -0.97 -5.23 0.81 0.00 0.00" 9.31 

Et3N -7.43 -7.00 -6.40 -5.62 -8.36 0.14 0.71 1.00 7.47 
B u ~ O  -4.54 -3.87 -3.26 -2.53 -5.23 0.24 0.46 0.20 7.72 
CH3COOEt -4.51 -3.90 -3.11 -2.55 -6.17 0.55 0.45 0.00 8.93 
DMF -6.25 -5.58 -4.77 -4.28 -7.83 0.88 0.69 0.00 11.83 
DMSO -6.75 -6.09 -5.44 -4.89 -8.64 1.00 0.76 0.00'' 13.04 
Benzene -2.53 -1.90 -1.23 -0.57 -4.13 0.59 0.10 0.00'' 9.19 
Toluene -2.37 -1.63 -1.04 -0.30 -3.80 0.54 0.1 l 0.00" 9.19 
Mesitylene -2.25 -1.58 -0.78 -0.04 -3.29 0.41 0.13" 0.00" 8.80 

"In kcal/mol. 
"AAH(v + S) = AHh(SE) = AH(v + S)(CHOH) - AH(" -+ S)(model). 
'Hildebrand solubility parameter. 
"Estimated; ir spectral shifts suggest that 5 = 0.0-0.1 (private communication, Dr. M.  1. Kamlet). 
'Estimated. 

TABLE 4. Correlations of AHh(SE) and AHh(PB) with w*. for NHB solvents 
- - - - - - - 

CxOH see 
model AHh VS. W* correlation n r (kcal/rnol) 

BuIO 
MeOC, 
FCx 
ClCx 
Cx 

BuZO 
MeOC7 
FCx 
ClCx 
Cx 

where n = 5, r = 0.999, and see = 0.07. Equation 1141 
supports the idea that the hhH(v -+ c-C~) terms, the dis- 
tinguishing feature between the pure base (c-C6 reference sol- 
vent) and solvation enthalpy methods, can also be attributed to 
a CxOH-model dispersion interaction mismatch. The AAHd 
term contained in the AHh(SE)(CxOH vs. model) values is 
eliminated or reduced in the pure base and NHBB baseline 
methods. 

Comparison of eqs. [5] and [6] indicates that the AHh(SE) 
value is composed of only one dispersion term, AAHd. while 
the AHh(PB) value is composed of two, AAHd and -AAHA 
(prime refers to reference solvent). The solute-model dis- 
persion interaction mismatch (AAHd) in a given solvent is 
cancelled in the pure base method by the analogous term for 
the reference solvent (-AAHA). All AHh(PB) vs. T* (NHB 
solvents) correlations have y-intercepts within a standard error 
of the estimate of the origins. This requires that the solute- 
model dispersion interaction differences vary little with 
changing solvent. 

The only AHh(SE)(CxOH vs. model) vs. T* (NHB solvents) 
correlation having a y-intercept within a standard error of the 
estimate of the origin utilizes FCx as the model, suggesting that 
FCx is the best model for CsOH with respect to dispersion 

interactions. 
The correlation of calculated AAHd(CC1, solvent) values 

with the y-intercepts (AHh(SE) vs. T* (NHB solvents)) is 

[15] AAH,(CCl, solvent) = 1.389 (y-int) - 0.26 kcal/mol 

where n = 5, r = 0.996, see = 0.12. The correlation with 
AAH(v -+ CCI,) is 

[16] AAHd(CC14 solvent) = 1.056AAH(v -+ CCI,) 

with n = 5 ,  r = 0.965, and see = 0.37. This correlation 
coefficient is appreciably poorer, and the see value is at least 
three times larger than those of eq. [ 131 ( r  = 0.996), [14] ( r  
= 0.999), and [15] ( r  = 0.996). This probably results from the 
difference in polar interaction of CxOH and model (AAH,) with 
CCI, (T* = 0.28). For CCl, reference solvent, the CxOH- 
model polar interaction mismatch will give rise to a -AAH, 
term (eq. [6]), which will cancel part of the AAH, term ob- 
served in solvents more polar than CClj and will over- 
compensate for the AAH, term observed in solvents less polar 
than CC14. 

Correlations of y-intercept (AHh(SE) vs. T* (NHB solvents)) 
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TABLE 5. Calculated AAH,, and A A H ,  values for I-octanol vs. model 
in cyclohexane and carbon tetrachloride solvents" 

c-C, solvent CC14 solvent 
CxOH 
model AAH'," AAHC1' AA H ~ ' '  A A H L C  

B u ~ O  - 1.29 -0.8 1 - 1.35 -0.88 
MeOC, - 1.00 -0.54 - I .04 -0.59 
FCx -0.49 -0.39 -0.52 -0.42 
CICx +0.63 -0.86 +0.66 -0.94 
cx -2.55 -0.35 -2.67 -0.37 

"In kcal/mol. 
"AAH, = AH,(CxOH) - AH,,(model). 
'AAH, = AH,(CnOH) - AH,(model); based on extrapolated valucs of 

S,(CnOH) (Table 2). 

or AAH(v -, ref) values with calculated AAH, values are very 
poor ( r  < 0.58 for all equations), so mismatches in the cavity 
term (AAH,) do not appear to be a problem in any of the 
methods. 

These conclusions are based on AAHd and AAH, values 
calculated from simple regular solution theory equations. 
These values should be regarded as rough estimates when polar 
species are involved. 

AH,, vs. 8 and 5 correlations 
The relations hi^ of calculated AHh values to solvent H-bond 

basicity for the C,OH-Bu,O system are given in eqs. 
[171-[191 

n = 13, r = 0.973, see = 0.56 

n = 13, r = 0.973, see = 0.56 

n = 13, r = 0.996, see = 0.20 

where 8 is a measure of solvent HBA basicity, and 5 is the 
solvent coordinate covalency parameter, which allows for the 
"family dependent" nature of enthalpies of H-bond formation 
(9). 

The correlation coefficient and standard error of the estimate 
for the NHBB method are substantially more favorable than the 
corresponding values for the solvation enthalpy and pure base 
methods. The y-intercepts of eqs. [ 171 and [ 181 are exother- 
mically displaced from the origins by significant amounts while 
the intercept of eq. [I91 is within a standard error of the esti- 
mate of the origin. This leads us to conclude that the NHBB 
method is superior to the solvation enthalpy and pure base 
methods for evaluating enthalpies of H-bond formation of 
I-octanol, and probably of other H-bond donor solutes as well. 

Total solvatochromic equations 
Single expressions for the dependence of AH, on T:*, 8 ,  and 

5 may be determined through multiple parameter least squares 
correlations (4). The total solvatochromic equations for the 
CxOH - Bu20 solute- model pair are given by eqs. [20] - [22]. 

n = 1 3 , r  = 0.997, see = 0.19 

TABLE 6. b p  + e< values for GOH-model pairs in DMF and Et3N 
solvents" 

Solvent Model b p  + e< A ( b p  + et )"  Overall seec 

DMF B u ~ O  
MeOC, 
FCx 
ClCu 
cx 

"In kcal/mol. 
''A(bp + ec) = b p  + ec  (from eq. [22]) - bp + ec  (from eqs. [23]. 

1241. (251, or [261). 
'Overall standard error of the estimate of the parent equations. 

n = 13, r. = 0.997, see = 0.19 

n = 13, r- = 0.997, see = 0.19 

The y-intercepts, which result from the C,OH-Ru,O dis- 
persion interaction mismatch (AAHd), are small for eq. 1211 
and eq. [22] and relatively large for eq. [20]. The large T:" 

coefficients (s) of eqs. [20] and [21] result from incorporation 
of the polar interaction mismatch (AAH,) into the AHh(SE) and 
AHh(PB) values, whereas the small s value of eq. [22] shows 
that the contribution of the AAH, term to the AHh(NHBB) 
values is virtually nil. The P coefficients (6) of eqs. [20]-[22] 
are identical, as are the 5 coefficients (e).  The b (and e)  values 
of eqs. [20]-[22] are in good agreement with the b (and e)  
value of eq. [ 191 and in poor agreement with those of eqs. 1171 
and [18]. 

Analogous total solvatochromic equations for the other 
C,OH-model pairs follow a similar trend. For a given 
solute-model pair ( a )  the y-intercepts of the AHh(SE) equa- 
tions are usually significantly displaced from the origin, while 
the y-intercepts of the AHh(PB) and AHh(NHBB) equations are 
not, (b )  the T* coefficients of the AHh(SE) and AHh(PB) 
equations are identical and much larger than that of the 
AH,(NHBB) equation, and (c )  the 8 and 5 coefficients are the 
same, or nearly so, for the AHh(SE), AHh(PB), AHh(NHBB) 
equations. 

Because the ST* and y-intercept terms reflect C,OH-model 
polar and dispersion interaction mismatches, it is reasonable 
that the "true" enthalpy of H-bond formation is more accurately 
represented by the b p  + ec portion of the total solvatochromic 
equation, rather than by the entire equation. 

Based on eqs. [20] - [22], the b 8  + e5 values for C,OH 
(Bu20 model) in DMF (P = 0.69, 5 = 0.00) are identical 
(-3.55 kcal/mol). Previously determined values for the 
solute-model pair in DMF are AHh(SE) = -6.25, AHh(PB) = 
-5.29, and AHh(NHBB) = -3.32 kcal/mol. The difference 
between the AHh(SE) or AHh(PB) and bp + ec values are 2.70 
and 1.74 kcal/mol, respectively, whereas the difference be- 
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STEPHENSON AND FUCHS: 2 

TABLE 7. Average AHh(SE), AHh(PB). and AHh(NHB) values for the five 
C,OH-model pairs in organic solvents" 

Solvent Mean AH,(SE) Mean AHh(PB) Mean AHI,(NHBB) 

n-C,H 
c-C~H,, 
CCI, 
CI3CCH3 
ClCHzCHrCl 

Et,N 
B u ~ O  
CH,COOEt 
DMF 
DMSO 
Benzene 
Toluene 
Mesitylene 

"Averages and uncertainty intervals in kcal/mol. 

tween the AH,(NHBB) and b p  + e[ values (0.23 kcal/mol) is accompanied by a decrease (or increase) in the 5 coefficient. 
only slightly larger than the standard error of the estimate of Differences between the b p  + e[ value of the C,OH-Bu,O 
eq. [22]. The analogous values in n-C7 solvent (P  = 0.00, 5 = pair (eq. [22]) and those of the other pairs (eqs. [23]-[26]) for 
0.00) are b p  + e[ = 0.00, AHh(SE) = -0.76, AHh(PB) = DMF solvent are shown in Table 6 ,  as are the analogous values 
0.20, and hHh(NHBB) = -0.05 kcal/mol. for Et3N (P = 0.71, 5 = 1.00) solvent. The b p  + e[ differ- 

The other C,OH-model pairs give rise to similar results. ences are usually within the combined uncertainties. 
The agreement between b p  + e[ and AHh(SE) values is poor, 
except for the case of a relatively nonpolar solvent (IT:" 

small) and an unusually good solute-model dispersion inter- 
action match (y-intercept = small). The agreement between b p  
+ e[ and AHh(PB) is poor for highly polar solvents (IT* = 

large) but improves with decreasing solvent polarity. The 
agreement between b p  + e[ and AH,,(NHBB) values is good 
in all cases. 

This demonstrates that CnOH-solvent H-bonding inter- 
actions (i.e., b p  + e[ values) can be extracted from the total 
solvatochromic equations of AHh values calculated with the 
SE, PB, or NHBB methods, and that the difference between the 
AHh(NHBB) and b p  + e< values will be small. 

The P and 5 coefficients vary with changing model. 
AHJNHBB) total solvatochromic eauations for the five 
C,OH-model pairs are given by eqs. i22] - [26]. 

1231 AHh(NHBB)(C80H vs. MeOC,) 

= 0 . 1 8 1 ~ : ~  - 5.328 - 2.555 + 0.03 kcal/mol 

.. n = 13, r = 0.997, see = 0.20 

[24] AHh(NHBB)(CbOH VS. FC,) 

= 0.311~* - 4.828 - 2.715 + 0.08 kcal/mol 

rl = 13, r = 0.991, see = 0.30 

[25] AH,(NHBB)(CgOH VS. CIC,) 

= 0.191~* - 5.008 - 2.575 + 0.12 kcal/mol 

n = 13, 1- = 0.993, see = 0.28 

[26] AH,(NHBB)(C#OH VS. C,) 

= 0.361~* - 4.248 - 3.145 + 0.04 kcal/mol 

n = 13, r- = 0.989, see = 0.33 

Comparison of eqs. [22]-[26] reveals that an increase (or 
decrease) in the 8 coefficient due to a model change is usually 

Average AH,, values 
Average AHh(SE), AHh(PB), and AHh(NHBB) values for 

the five C,OH-model pairs in 13 solvents are listed in Table 
7. The uncertainty intervals of the average AH,,(SE) values for 
the NHB solvents range from 0.76 to 1.46 kcal/mol, while the 
uncertainty interval range for the corresponding AHh(PB) 
averages is 0.00 to 0.77 kcal/mol. This supports the idea that 
the SE and PB methods are sensitive to the C,OH-model 
match. The uncertainty intervals of the AH,,(NHBB) averages 
for the NHB solvents range from 0.04 to 0.12 kcal/mol. The 
same trend is observed for the HBA solvents; the uncertainty 
intervals of the AHh(SE) averages are larger than those of the 
AHh(PB) averages, which are in turn larger than the uncertainty 
intervals of the AH,(NHBB) averages. 

Summary 
The solvation enthalpy method is very susceptible to C,OH- 

model polar and dispersion interaction mismatches. The pure 
base method allows for a solute-model dispersion interaction 
mismatch but not for a polar interaction mismatch. The NHBB 
method compensates for both polar and dispersion interaction 
mismatches and is therefore the preferred method for deter- 
mining enthalpies of hydrogen bond formation of I-octanol. 
The NHBB method is the only method showing (within experi- 
mental uncertainty) no C,OH polar or H-bonding interactions 
with nonpolar (IT* = 0.00) and NHB (P = 0.00) solvents. 
Also, b p  + e< values, which measure C,OH-solvent 
H-bonding interactions and are in good agreement with 
AHh(NHBB) values, can be extracted from the total solvato- 
chromic equations of AH, values calculated with the SE, PB, 
or NHBB methods. 
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Enthalpies of transfer of alkane solutes from the vapor state to organic solvents 
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RICHARD FUCHS and W. KIRK STEPHENSON. Can. J. Chem. 63, 349 (1985). 
Heats of solution of 5-8 Cs-C,, alkane liquids have been determined in each of 19 organic solvents covering the 

Taft-Kamlert T* (dipolarity-polarizability) range -0.08 to 1.00. Enthalpies of alkane transfer from vapor to solvents have 
been calculated (AH(v + S) = AH, - AH,). The methylene increments in AH(v + S) in the 19 solvents and water (- 1.18 
to -0.67 kcal/mol) are not well correlated with the Hildebrand solubility parameter 6, but an empirical correlation exists with 
solvent T* and polarizability: 

AH(v + S)(CH?) = -0.879 + 0.385(~")' - 1.431((n2 - 1)/(2n2 + I ) )  

( n  = 20, r = 0.977, see = 0.032). By this criterion the small methylenc increment in water appears to be associated with the 
high dipolarity and low polarizability of water. 

RICHARD FUCHS et W. KIRK STEPHENSON. Can. J. Chem. 63, 349 (1985). 
On a determine les chaleurs de solution de 5-8 alcanes liquides en C5-Clb dans 19 solvants organiques couvrant des valeurs 

de polaritC/polarisabilite (T* de Taft-Kamlet) allant de -0,08 a 1,OO. On a calculC les enthalpies de transfert (AH(v + S) 
= AH, - AH,). I1 n'y a pas de bonne correlation entre, d'une part, les valeurs des increments par methylhe pour le AH(v 
+ S) dans les 19 solvants et I'eau ( -  1,18 2 -0,67 kcal/mol) et, d'autre part, le paramktre de solubilitb, 6, de Hildebrand; 
toutefois, i l  existe une correlation empirique entre la valeur T* du solvant et la polarisabilitC: 

AH(v + S)(CH2) = -0,879 + 0,385(1~*)' - 1,431((n2 - 1)/(2tz' + I ) )  

(ou n = 20, r = 0,977, erreur st. = 0,032). En se basant sur ce critere, i l  semble que le faible increment par methylhe dans 
I'eau soit associe a la polarit6 6levCe et la faible polarisabiliti de I'eau. 

[Traduit par le journal] 

I The free energy of transfer (AG(v -+ S)) of nonpolar solutes 
from the gas to liquid water is highly unfavorable (endogenic), 
and this is particularly true of alkane solutes (1). However, for 
the rare gases, several inorganic gases (H?, N?, CO, 0 2 ) ,  and 
C,-C, alkanes, the enthalpy contribution (AH(v + S)) is 
actually more favorable for transfers to water than for transfers 
to organic solvents (1). Entropies of transfer (TAS(v + S)) of 

I 
these species to water are particularly unfavorable (negative), 
leading to the observed endogenic values of AG(v + S), and 
low solute solubility. Alkane AG(v + w) values reach a min- 
imum at ethane, and become increasingly endogenic with 
alkane molecular weight (1) (C1-C7 methylene increment, 
0.16 kcal/mol). The corresponding methylene increment in 
AH(v + w) is -0.67 kcal/mol, which Abraham ( I )  regarded 
as the net result of a "normal" solvent effect (-0.97 kcal/mol), 
and an unfavorable hydrophobic effect. He concluded that the 
hydrophobic contribution to the free energy, 0.54 kcal/mol, is 
more an enthalpic effect (0.30-0.44 kcal/mol) than an entro- 
pic effect (0.10-0.24 kcal/mol). The rare gases and inorganic 
gases were regarded as "normal" solutes in water, and this 
behavior was used (1, 2) to predict the "normal" solvent effect 
of alkanes in water. Differences between the "normal" and 
experimental values of AH(v + w) were attributed to a special 
(hydrophobic) effect. Calculations of solvent-solute inter- 
action terms and scaled particle theory solvent cavity formation 
terms (3) also suggested that the enthalpy of rnethylene- water 
interaction is less exothermic than expected. 

In examining the available enthalpy data on gas to solvent 
transfers (I)  one notes that the C2-C5 alkane methylene in- 
crements in a given solvent are often quite inconsistent, and in 
substantial disagreement with increments derived from the 
higher alkanes. Our previous experience with C5-CI6 liquid 
hydrocarbons (4-6) suggests that increments in this range can 
be obtained quite precisely, from measured heats of solution of 

the liquids, and heats of vaporization (AH(v -+ S) = AH, - 
AH,). We have observed appreciable differences in the methyl- 
ene increments among the several solvents we have examined 
previously, with some tendency toward less exothermic in- 
crements for the more "polar" solvents. 

In the present study we will report the enthalpies of solution 
of liquid alkanes in polar and nonpolar aprotic and hydroxylic 
solvents. The objectives are to determine the methylene in- 
crements in a variety of solvents, to look for a relationship 
between the methylene increment and solvent properties, and 
to observe whether the methylene increment in water appears 
anomalous according to this relationship. 

Experimental 
Solutes and solvents were commercial materials in excess of 99% 

purity, which were dried with 4A molecular sieve, except for meth- 
anol and trifluoroethanol for which 3A sieve was used. Purities were 
established by gas chromatography using a Shimadzu Mini 2 gc with 
a glass lined system, a 30 m X 0.25 mm id SE-30 silica capillary 
column, and a Hewlett-Packard 3390A integrator. 

The calorimetric procedure and apparatus have been described pre- 
viously (7). The vacuum jacketed calorimeter was immersed in a 
25.0°C water bath regulated to 0.002"C. Liquid samples were intro- 
duced with lo-, 20-, or 50-pL syringes at 21 -23OC, and corrections 
were made (0.01 -0.03 kcal/mol) for the sample heat capacity. The 
uncertainty interval in AH, (twice the standard deviation of the mean) 
are 0.01 -0.24 kcal/mol, with most falling in the range of 0.02- 
0. I0 kcal/mol. Published heats of vaporization (4) were used to calcu- 
late AH(v + S). 

Results and discussion 
Enthalpies of solution of the C,-CI6 alkane liquids in 19 

solvents are reported in Table 1, together with alkane heats of 
vaporization. These have been used to calculate the enthalpies 
of transfer from vapor to solvents in Table 2. The methylene 
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TABLE I .  Enthalpies of solution of alkane liquids in organic solvents at 2S°C (kcal/mol) 

Solute 

Solvent n-C5HI2 n-ChHI4 n-C7HI6 n-CnHIn w-C,Hz0 n-Clt,H22 I I - C I ~ H ~ ~  II-CI~~H.U 

DMSO 3.33 
DMF" 1.75 2.03 
CF3CHzOH 2.35 2.57 
ClCHzCHzCl 1.85 2.09 
MeOH" 1.01 1.20 
CHzCOOEt 1.27 1.40 
Benzene" 1.07 1.17 
t-BuOH (30°C) 0.91 1.07 
PhCFzh 0.80 
Toluene" 0.61 
CIzCCHz 0.60 
n-BuC1 0.42 0.48 
C - C ~ H , ~ "  0.26 0.27 
I -0ctanol 0.26 0.29 
n-Bu20 0.08 0.10 
Mesitylene" 0.30 
CCI, 0.34 0.43 
Et 3N 0.06 0.08 
n-C7Clh 0.02 0.00 
Solute AH, 6.36 7.54 

"Reference 6. 
"Reference 4. 

TABLE 2. Enthalpies of transfer of alkanes from vapor to solvents at 2S°C (kcal/mol) 

Solute 

Solvent n-CsHlz n-ChH14 n-C7Hl(, 11-CnHln n-C9Hro n-CloH~z n-ClzHz6 II-C,(,HZ~ 

Water 
DMSO 
DMF 
CF3CHzOH 
CICHrCHzCI 
MeOH 
CH3COOEt 
Benzene 
t-BuOH (30°C) 
PhCFz 
Toluene 
ClzCCHz 
n-BuC1 
c-C~H 1 2 

I -0ctanol 
n-BuzO . .. 
Mesitylene 
CCI4 
EtzN 
n-C7Hl(, 

increment in AH(v ;. S), the Taft-Kamlet T ~ :  value (8), and 
the polarizability function (n' - 1)/(2n2 + 1) are listed for 
each solvent in Table 3. 

Abraham, Kamlet, and Taft (9) have correlated AG(v ;. S) 
of nonpolar solutes with S,,, the Hildebrand solubility parame- 
ters (10) of solvents (6, = ((AH, - RT)/molar volume)"'), 
and AG(v ;. S) of polar solutes with combinations of SH and 
the dipolarity-polarizability parameter T : ~  (AG(v ;. S) = g + 
hSH (+ ST*)). 'The rationale is that T* describes the solvent- 
solute dipole-dipole interactions, whereas s,, is an indication 
of solvent-solvent interactions and of the energy of cavity 

formation within the solvent. It was noted that the coefficient 
h increases with cavity size (solute molar volume), and s tends 
to become more negative with solute dipolarity (9, 11). This 
study involved only "select" solvents, which are aliphatic, non- 
hydrogen-bonded, non-halogenated compounds containing no 
more than one dipolar functional group, for which m* is de- 
pendent on the dipole moment. 

For alcohols SH does not properly predict the free energy or 
enthalpy of cavity formation, presumably because AH, and SH 
reflect the loss of all hydrogen bonding, whereas cavity for- 
mation in alcohol solvents does not (12, 13). Correlational 
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FUCHS A N D  STEPHENSON 

TABLE 3. Methylene increrncnts in AH(v -z S) for alkanes in organic solvents 
(kcal/mol) 

Methylene Std. Correlation T I ?  - I 

Solvent R-H increment" error coefficient T* 217' + 1 

Waterb 6 
DMSO 5 
DMF 8 
CF,CH,OH 6 
CICHzCH2CI 8 
MeOH 8 
CHjCOOEt 8 
Benzene 8 
1-BuOH 8 
PhCF3 5 
Toluene 6 
ClzCCHz 5 
n-BuCI 7 
(-C6H I r 8 
I -0ctanol 8 
n-Bu20 7 
Mesitylene 6 
CCIL 7 

"Based on correlations of carbon number vs. AH(v + S) for alkanes. The standard error of the 
estimate and correlation coefficient are also indicated. 

"Data from ref. I .  Values in addition to those in Table 2 used in determining the CH? increment 
are ethane, -4.72; propane, -5.38; and butane, -6.21 kcal/mol. 
'a* estimated by extrapolation of methanol to I-butanol values in ref. 8. 

values of solubility parameters (Ec) have been proposed (13) 
for alcohols, which remove the H-bonding contribution to EH. 

We have previously observed numerous correlations of 
AH(v + S) of polar solutes with solvent a'\ provided that the 
enthalpy term considered is AH(v + S) (polar solute) - AH(v 
+ S) (nonpolar model) (1 1). This largely avoids the need to 
account for cavity formation enthalpies in the various solvents, 
and the nonpolar solute-solvent forces, both of which are 
presumed similar for the polar solute and nonpolar model. In 
considering the methylene increment in AH(v+ S) for alkanes 
the situation is quite different. It has recently been stated (14, 
15) that alkanes show no appreciable free energy or enthalpy of 
polar interactions with dipolar molecules. Unless a solute 
methylene group alters solvent structure in an enthalpically 
significant way, the methylene increment should depend only 
on AH,,, (endothermic) and AHdirp (exothermic). One might 
expect that AH,,, should be related to SH, and that AHdirp should 
depend on a solvent polarizability function such as (n' - 
1)/(2n2 + 1). However, we have found only a fair correlation 

[ I ]  AH(v + S)(CH,) = -1.335 - 2.108((n2 - 1)/ 

(2n' + 1)) + 0.0796" 

n = 15, r = 0.934, see = 0.045 kcal/mol 

and this only by omitting alcohols and water from consid- 
eration. The hydroxylic solvents are poorly correlated whether 
SH or Sc is used. The correlation is still poorer if the polar- 
izability term is omitted. On the other hand, we have found an 
empirical correlation of the methylene increment with solvent 
T* 

[2] AH(v + S)(CHZ) = -0.879 + 0.385(~*) '  

- 1 .431((n2 - 1)/(2n2 + 1)) 

n = 20, r = 0.977, see = 0.032 kcal/mol 

which includes all 19 organic solvents and water. 'This seems 
surprising for a process which presumably does not involve 
polar solute-solvent interactions. However, the (n*)' term 
makes an endothermic contribution to the methylene in- 
crement. This suggests that the dipolarity and polarizability of 
a solvent, which cause it to have polar interactions with a polar 
solute, also tend to lead to enhanced solvent-solvent inter- 
actions and greater AH,,,. For nonpolar media including the 
gaseous state, perfluoroalkanes, n-alkanes, cycloalkanes, aro- 
matic hydrocarbons, and CCI, 6,, depends on polarizability 

n = 12, r = 0.999, see = 0.14 

T* of nonpolar solvents also tends to increase with polar- 
izability. Substantial dipolarity of a solvent leads to dipole- 
dipole association of the solvent, but does not contribute to 
methylene group solvation. 

We acknowledge that eq. [2] predicts a methylene increment 
in perfluorodimethylcyclohexane (- 1.05 kcal/mol) 0.20 kcal/ 
mol larger than the observed (5). Also, the value of a:%t which 
the increment becomes zero is - 1.50, whereas a mean value of 
- 1.06 + 0.10 has been reported for the gaseous state (16). 
The application of eq. [2j is therefore limited to solvents of 
T* > -0. However, such anomalies are far more severe using 
eq. [ l l .  

It is of interest that eq. [2j predicts a methylene increment in 
water of -0.66 kcal/mol, compared with the experimental 
value -0.67 + 0.15 kcal/mol, from which it appears that 
water does not have an anomalous increment. Equation [2] 
suggests that the difference in methylene increments of water 
and DMSO is due equally to the higher T* and lower polar- 
izability of water. 

We are unable at this time to answer the question of why the 
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methylene increment is not better correlated with the solubility 
parameter, or to derive a satisfactory theoretical basis for eq.  
[2]. In view of this we cannot claim that the equation un- 
equivocally refutes Abraham's discussion of the methylene 
group hydrophobic effect (1). 
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MICHEL DROUIN and JOHN F. HARROD. Can. J. Chern. 63, 353 (1985). 
A family of complexes IrH(CO)(Ph3P)2(ol), where ol is a rnonosubstituted ethylene, has been synthesized. Under an inert 

atmosphere the acrylonitrile complex undergoes clean decomposition to produce C2HSCN, half of the necessary hydrogen for 
the ligand reduction apparently being furnished by the phosphine ligand. The first step in the hydrogenation is insertion of the 
unsaturated ligand into the Ir-H bond. The alkyl product is unstable but may be trapped by 02, to give the alkyl dioxygen 
complex, or by excess acrylonitrile to give the a-cyanoethyl acrylonitrile complex. Other ligands, such as CO and phosphines, 
displace the olefinic ligand more rapidly than insertion occurs. When 01 = sytrene, the complex is very unstable with respect 
to styrene dissociation and very little insertion is observed. Under 02, the styrene complex gives the first known-hy- 
dridodioxygen complex IrH(CO)(PPh3)2(02). The methyl acrylate complex exhibits behavior intermediate between that of the 
styrene and acrylonitrile analogues. 

MICHEL DROUIN et JOHN F. HARROD. Can. J. Chern. 63, 353 (1985). 
On a synthitisk une famille de complexes IrH(CO)(Ph,P)2(ol), ou ol est un Cthylkne monosubstituC. Sous atrnosphkre inerte, 

le complexe d'acrylonitrile se dCcompose de fa~on nette pour produire du C2HsCN alors que la moietiC de I'hydrogkne 
nkcessaire pour la reduction du ligand semble Ctre fournie par le ligand phosphine. La premikre Ctape de I'hydrogCnation 
consiste en une insertion du ligand insaturk dans la liaison Ir-H. Le produit alkylC est instable, rnais il peut Ctre piCgC soit 
par 02 ,  pour donner le cornplexe d'alkyle dioxygknC, soit par de l'acrylonitrile en excks, pour donner le colnplexe 
a-cyanokthyle acrylonitrile. Avec d'autres ligands, tels le CO et les phosphines, le dkplacement du ligand olCfinique se produit 
plus rapidement que I'insertion. Lorsque 01 = styrkne, le cornplexe est trks instable par rapport a la dissociation du styrkne 
et on observe trks peu d'insertion. Sous une atmosphkre de 0 2 ,  le cornplexe de styrkne conduit au premier complexe 
hydridodioxygkne connu, soit le IrH(CO)(PPh3)z(02). Le complexe, avec l'acrylate de rnCthyle, prisente un comportement qui 
est intermkdiaire entre celui du styrkne et des analogues de I'acrylonitrile. 

[Traduit par le journal] 

Introduction CN 
The insertion of an olefinic ligand into a metal-hydride bond 

is a key step in a large number of important catalytic reactions 
(see, for example, ref. I). Despite a long history of experi- 
mental (2) and theoretical (3) investigations, and the synthesis 
of a large family of more or less stable hydridoolefin complexes 
(some representative references to hydridoolefin complexes are 
given in ref. 4), surprisingly little is known of the intimate 
mechanism of the hydridoolefin to alkyl transformation. 

In the present paper we describe some reactions of a family 
of complexes: I~H(co)(PP~,),(oI), where ol is a mono-- 
substituted ethylene ligand. The reactions of these complexes, 
both in the presence and absence of reagents designed to trap 
the alkyl products of insertion, illustrate how the relative rates 
of olefin dissociation, olefin insertion, and trapping of alkyl 
products can greatly modify the mode of reaction. 

Results 
Synthesis of lrH(CO)(PPh3)2(ol) complexes 

Complexes of the type IrH(CO)(PPh,),(ol), where 01 is a 
disubstituted ethylene with strongly electron withdrawing sub- 
stituents, were first reported by Baddley and Fraser (5). These 
workers did not prepare any analogues with monosubstituted 
ethylenes, but tentatively concluded that the product of an 
attempted synthesis of the acrylonitrile (AN) complex was the 
compound 2. In the present study the hydridoacrylonitrile com- 
plex was successfully prepared using a slight modification of 
the synthetic method of Baddley and Fraser (5). In fact, the 
reaction of IrH3(CO)(PPh3)2 with pure olefinic ligand, followed 
by a stripping of the volatile olefin at low temperature, or by 
low temperature precipitation of product, proved to be a gener- 
ally useful synthetic method for preparing the title compounds. 
In addition to the acrylonitrile complex, l a ,  the methylacrylate 
(MA), l b ,  and styrene (ST), l c ,  complexes were also pre- 

pared, isolated in a reasonably pure state and characterized by 
the usual physical and chemical methods. Other analogous 
compounds were detected in solution by 'H-nmr, but were too 
unstable to isolate. All vinyl halide complexes were unstable 
with respect to transfer of halide to the metal under ambient 
conditions. However, several were observed at low tem- 
perature by nmr (see Table 1). The vinyl acetate complex, Id ,  
showed similar instability, but methyl vinyl ether did not form 
a complex. 

With the exception of the vinyl chloride complex, l e ,  all of 
the vinylic complexes observable by nmr showed the presence 
of two rotameric isomers, as previously observed by Fraser and 
Baddley for unsymmetrically disubstituted ethylenes (6) (see 
Table 1). The hydride resonances of the two rotamers (ethylene 
substituent in either the hydride or the carbonyl hemisphere) 
each appear as a pair of overlapping doublets due to the inequi- 
valence of the two phosphine ligands. 

Stability of the complexes IrH(CO)(PPh3),(ol) with respect to 
olefin dissociation 

The three complexes l a ,  b ,  c ,  span a range of stability with 
respect to olefin loss. Dissolution of the ST complex at room 
temperature rapidly produces free styrene and the products of 
the disproportionation of IrH(CO)(PPh,)2, 3 (7). On the other 
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TABLE 1. 'H-nmr parameters for lrH(CO)(PPh,),(ol) in the hydride region" 

Chemical shift, (ppm), multiplicity," Jc,- , .  (Hz)" 
Isomer 

01 Less abundant isomer More abundant isomer ratio 

AN -11.14, dd, 17.4 (or 22.4). 17.1 (or 22.1) -12.07, pseudo t ,  19.1 and 19.5 1.6 
MA -11.17,dd,16.8(or22.5) ,17.0(or22.7)  -12.05,pseudot,19.8and19.8 3.3 
ST -11.18,dd,16.3(or26.1),16.7(or26.5) -12.03,pseudot ,19.1and21.5 1 .O 

CH~=CHCI" - - 12.14, pseudo t, 19.1 and 20.5 > I 0  
CH2=C(CN)CI - 10.35, m, 14.8 (or 22.4) and 15.1 (or 22.7) - 10.97, m, 17.3 (or 20.3) and 17.0 (or 20.0) 2.3 
BrCH=CHC6Hs - 11.2, pseudo t, 19.5 -12.1, pseudo t, 19.0 - 

"In ChDh at 20°C unless otherwise indicated. 
"dd = doublet of doublets; pseudo t = dd with central pair fully 
"Due to the closeness of the two doublets in the dd cases, which 

in the dd cases. 
''In toluene-d, at -25°C. 
"Not measured. 

hand, the AN complex can be easily isolated at room tem- 
perature and dissolution of the pure solid at room temperature 
gives a very slow decomposition which does not produce free 
acrylonitrile (see below). The MA complex is intermediate 
between the ST and AN complexes in its behaviour. 

The qualitative order of stability described above is con- 
firmed by 'H-nmr observations, of line widths for free and 
coordinated olefin, and of spin saturation transfer between the 
hydride resonances of one isomer and the other (9). At -20°C, 
the ST complex gives reasonably sharp lines for all resonances, 
but exhibits a strong spin saturation transfer between the hy- 
dride resonances of the two isomers. At O°C, the resonances of 
this complex, and also those of the free styrene produced by 
ligand dissociation, are very broad. Both the MA and AN 
complexes give sharp resonances at room temperature, but spin 
saturation transfer is evident for both complexes. Quantitative 
treatment of the spin saturation transfer, using the methods 
described by Martin et al. (9), yielded average lifetimes of 12.5 
s (- 30°C), 4.3 s (20°C), and 1.5 s (20°C) for the ST, MA, and 
AN complexes, respectively. 

Decomposition of lrH(CO)(PPh3)?(ol) under inert atmosphere 
Solutions of the AN complex in hydrocarbon solvents at 

room temperature decompose slowly (ca. 50% in 24 h) in a 
reaction which transforms all of the AN to propionitrile. Obser- 
vation of the 'H-nmr spectrum of the solution during this trans- 
formation shows that all of the starting hydride complex is 
eventually consumed and about 0.1 equiv. of IrH(CO)(PPh,),, 
4, is produced. The latter product is most likely the result of 
AN ligand dissociation add disproportionation of the resulting 
IrH(CO)(PPh,),. Deliberate addition of 4 at the beginning has 
no observable effect on the decomposition reaction. Addition 
of diphenylpicrylhydrazyl (DPPH) to the reaction led to a very 
slight increase in rate, while a spin trap (phenyl-N-butyl- 
nitrone, PBN) had no discernible effect on the rate. No incor- 
poration of deuterium into the propionitrile occurred when the 
reaction was run in C6D6, but the decomposition of IrD(C0)- 
(PPh,),(AN) gave propionitrile with a broad, poorly resolved 
'H-nmr spectrum, indicative of partial deuteration at both car- 
bon positions. 

The MA complex decomposes more slowly (25 to 30% in 24 
h) under the same conditions, mainly by the loss of the ligand. 
Unlike the case of the AN complex, free olefin builds up in 
solution and only small amounts of the hydrogenation product, 
methyl propionate, are observed. Complete decomposition of 
the ST complex occurs in a few hours, almost entirely by olefin 

overlapped; m = pseudo t with observable additional coupling to =CH2. 
resonances were paired was not resolved, hence the two cited J,,+,. values 

dissociation. Only traces of ethyl benzene are produced and the 
complex 4 appears rapidly, achieving a final concentration of 
ca. 30% of the total iridium. The rate of decomposition is 
reduced by either lowering the temperature, or by inclusion of 
an excess of olefin in the solution, but in neither case is the 
hydrogenation reaction increased relative to ligand dis- 
sociation. However, the presence of hydrogen in solution does 
lead to increased hydrogenation. For example, when the MA or 
ST complexes are prepared in situ by reaction of 
IrH3(CO)(PPh3), with excess olefin in an nmr tube, the hydro- 
gen liberated in the reaction forming the olefin complex is 
reconsumed by hydrogenation of free olefin. 

The deuterio complexes, IrD(CO)(PPh,),(ol), where 01 = 
AN, MA, and ST, were prepared by reaction of olefin with 
IrD3(CO)(PPh3), of 90% isotopic purity. The isotopic purities 
of the products were found to be 85,70, and 50%, respectively. 
The room temperature 'H-nmr spectrum of a freshly prepared 
solution of IrD(CO)(PPh,),(AN) revealed a progressive in- 
crease in the concentration of IrH(CO)(PPh,),(AN). The rate of 
decomposition of the deuterio complex is considerably slower 
than that of the hydrido complex under the same conditions (ca. 
25% conversion in 24 h). 

Decomposition of IrH(CO)(PPh3)2(ol) in the presence of 
dioxygen 

The 'H-nmr spectrum of a solution of the AN complex in 
C6D6 under an atmosphere of 0, showed the disappearance of 
the reactant complex at about the same rate as under an inert 
atmosphere. However, instead of propionitrile, the disap- 
pearance of coordinated AN produces a new species with a 
sharp doublet at 1.40 ppm and a complex multiplet at 3.51 
ppm. These two resonances are coupled and in the ratio of 3 : 1 
(see Fig. 1). The presence of DPPH or PBN had no apparent 
effect on the reaction. 

A reaction of IrD(CO)(PPh,),(AN) under the same condi- 
tions proceeded much more slowly (c.f. reaction under inert 
atmosphere) to give a product superficially similar to that of the 
H-Ir-AN reaction, but with changes in the multiplet at 3.5 1 
ppm indicative of deuterium incorporation. 

The product of the reaction of l a  with O2 was made on a 
preparative scale to determine its structure. Although obtained 
as a crystalline material, the product did not yield to X-ray 
diffraction methods and its structural assignment rests on 
spectroscopic and chemical evidence. The conclusion that this 
compound has the structure 5 is based on the following evi- 
dence: ( I )  The ir spectrum of the compound shows bands due 
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TABLE 2. Infrared and n m r  data for Ir(X)(CO)(PPh3)l(Y)" 

.o 
Y v ( C O )  ( c m - ' )  I '  1 c r n  "P (pprn) 

'0 
Reference 

"Infrared spectra as Nujol mulls, "P-nmr in CD2C12, and 'H-nmr in C,,Do unless otherwise noted. 
"Solvent not reported. 
' In CD,CII. 
''In KBr pellet. 
"Greater line-width and poorer resolution may have been responsible for the observation of only one line in this case. 

to VCN, vco, and v0-,, with frequencies and intensities com- 
parable to those of analogous compounds (see Table 2). (2) The 
'H-nmr spectrum conforms to that of an a-cyanoethyl deriva- 
tive. Decoupling of the methyl resonance simplifies the . - 

methine resonance to a pseudotriplet, due to coupling with two 
near-equivalent phosphorus nuclei. This coupling excludes the 
possibility that the compound is an alkylperoxo- complex and 
supports the direct bonding of the alkyl ligand to the metal. (3) 
The observation of two "P resonances of equal intensity which 
are attributed to the two diastereotopically inequivalent P li- 
gands. (4) The compound reacts rapidly and cleanly with SO, 
to give a product whose ir spectrum shows a remarkable resem- 
blance to the known compound I I - C ~ ( C O ) ( P P ~ ~ ) ~ ( S O ~ )  (see Fig. 
2) (10). The peaks at 1296 and 1 160- 1 170 cm-' (v,), 902 and 
868 cm-' (v,), and 694 cm-' (v,) are highly characteristic of the 
chelating SO4 group (11). Except for changes in chemical 
shifts, the 'H-nmr features of the a-cyanoethyl group are the 
same as for the 0, complex. 

The reaction of the MA complex under oxygen, as under an 
inert atmosphere, proceeds primarily by olefin dissociation. 
However, the proton spectrum of a reaction carried out in an 
nrnr tube showed the formation of a -CH(COOCH3)(CH3) 
derivative in about 14% yield. Although this species (see Table 
2 for ir and nmr data) is almost certainly the dioxygen complex, 
its instability and admixture with large amounts of other reac- 
tion products precluded its isolation as a pure compound. 

The reaction of l c  with oxygen yields no detectable alkyl 
dioxygen compound. Instead, the disappearance of the hydride 
resonances of the reactant is accompanied by the appearance of 
a new hydride resonance (triplet, - 14.5 ppm, C6D6). A prepa- 
rative scale reaction in benzene afforded a yellow crystalline 

product whose analysis and spectroscopic properties (see Table 
2) corresponded to IrH(CO)(PPh,),(O,). In particular, the ratio 
of hydride to phenyl protons (1 :29) and the JpPE, (18.5 Hz) 
confirm the presence of a hydride cis to two phosphine ligands. 
The presence of the dioxygen ligand is strongly suggested by 
the ir band at 823 cm-'. The frequency of this band is very 
close to that observed for the methyl dioxygen analogue 
reported by Mason and Ibers (12) and somewhat lower than that 
of the analogues with more electron withdrawing ligands, such 
as halogen or a-cyanoethyl. Reaction of this compound with 
SO, led to the immediate .disappearance of the hydride, possi- 
bly as a result of the insertion of the sulfate intermediate into 
the Ir-H bond. Resonances due to such an insertion were not 
observed, perhaps because of the strongly acidic character of 
the OH groups produced. A reaction of deuterio-lc (about 50% 
of the hydride replaced by deuterium) with 0,. gave a product 
with an additional v o  at 2015 cm-' due to CO trans to D. 

Trapping of the insertion product by olefin 
By heating the trisphosphine complex 4 with AN, Baddley 

and Fraser obtained an unstable compound to which they as- 
signed the structure 2 on the basis of chemical analysis and ir 
spectrum (5). In view of the results described above, it appears 
more likely that an alkyl ligand, if present, would be the 
a-cyanoalkyl, rather than the P-cyanoalkyl. A second diffi- 
culty with the approach of Baddley and Fraser is that the meth- 
od of synthesis liberates a phosphine ligand which can compete 
very effectively with the AN for a coordination site. 

The problem of the presence of excess phosphine can be 
avoided by trapping the insertion product from l a  in AN as 
solvent. This reaction goes cleanly and to high conversion 
(>80%) in about 48 h. However, the 'H-nmt. spectrum of the 
product is very complicated. The source of this complication is 
evident when the structures of the most likely products 6a  and 
6b  are considered. Since each of the isomers exists as two 
diastereomers, it is possible that there will be four sets of 
resonances for the alkyl and olefin ligands in the nmr spectra. 
In the proton spectrum there are two clearly identifiable 
doublets due to CH, at 0.50 ppm ( J  = 7.1 Hz) and 0.83 ppm 
( J  = 7.3 Hz), and a multiplet resembling a pseudo-triplet at 1.5 
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DROUIN AND HARROD 

FIG. 2. Infrared spectra of the 0? complexes IrX(CO)(PPh.l)2(0,) (X = C1 and CH(CN)CH3) and of their products of reaction with SO2. 

ppm. This latter resonance probably corresponds to two over- 
lapping doublets. In addition there are two broad complex 
massifs at 2.0-2.3 ppm and 2.4-2.7 ppm due to the coordi- 
nated AN. The integrals for the CH, resonances and the AN 
resonances are in a ratio slightly greater than 1 : 1,  most likely 
because the methine resonances are hidden in the multiplet at 
1.5 ppm. Thq 3 ' ~ - n m r  spectra are insensitive to the presence of 
diastereomers and, in the proton decoupled spectrum, four 
doublets at 0.8 and -7.6 ppm (Jp-p = 7.3 Hz) and 0.1 and 
-9.1 ppm ( J P - ~  = 9.8 Hz) were observed, a pattern very 
similar to that observed for la .  

The proton spectrum, as expected, is simplified by replace- 
ment of acrylonitrile by ligands of higher symmetry. Fumar- 
onitrile, which removes the possibility of rotamers, but still 
gives diastereomers, reacts in solution with 6 and simplifies the 

spectrum to two overlapping methyl doublets centred at 0.42 
ppm, coupled to two methine multiplets at 2.0 and 2.4 ppm. 
Tetracyanoethylene, which can give neither rotamers nor di- 
astereomers, gives a product with a doublet and multiplet at 
0.98 and 3.8 ppm, respectively. Bubbling CO through a solu- 
tion of 6 rapidly produces a product with two overlapping 
doublets at 1.93 ppm and a complex multiplet at 2.97 ppm. The 
presence of two different a-cyanoethyl resonances suggests 
that if the product is Ir(C0)2(PPh3)2[CH(CN)CH3], as might be 
expected, it probably exists as two isomers. The ir spectrum of 
this product had no bands in the region typical of a metal acyl, 
excluding the possibility that insertion of CO into the Ir-C 
bond had occurred. Finally, bubbling O2 through a solution of 
6 under ambient conditions transforms it rapidly and com- 
pletely to 5. 

Apart from 0 2 ,  AN proved to be the only neutral ligand with 
which the insertion product of l a  could be successfully 
trapped. Reaction of l a  with CO and phosphorus-containing 
ligands led to rapid substitution of the AN ligand. No evidence 
was obtained for a transformation of l b  or l c  into analogues 
of 6. 

Discussion 
All of the observations in the present study conform to the 
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widely held view that insertion of an olefin ligand will not 
occur if the double bond of the olefin is orthogonal to the 
M-H bond (3). The essentially constant rates of reaction for 
the AN complex, independent of trapping agent, the insen- 
sitivity of the reaction rates to a free radical trap and the appre- 
ciably slower rates of the Ir-D relative to Ir-H compounds, 
all point to the unimolecular insertion reaction as being the rate 
controlling process. The spectroscopic data are in accord with 
a structure in which the olefin ligand double bond is coplanar 
with the two phosphine ligands and perpendicular to the 
H-lr-CO unit. This structure was previously demonstrated 
crystallographically for the fumaronitrile compound (6). It is 
therefore reasonable to suppose that the rate of insertion is 
controlled by the rate of the rotation of the olefinic double bond 
into coplanarity with the Ir-H bond. 

Whether or not insertion can be observed in the present 
systems depends on a delicate balance between the rates of 
olefin rotation and olefin dissociation. Even though the spin 
saturation transfer data and the general stability of compounds 
l a  and 16 suggest only modest differences in the rates at which 
they lose olefin, their abilities to give stable trapped insertion 
products are markedly different. Even without taking the irre- 
versible disproportionation of 3 into account, the kinetic behav- 
ior of a system in which reversible olefin dissociation competes 
with an olefin rotation process, with at least two different 
potential minima, is very complicated and beyond the scope of 
the present results. 

The relative rates of reaction of l a  with such neutral ligands 
as CO and PPh, and with O2 are very different. In the case of 
CO and PPh, the reaction is complete in less than I h and the 
product results from the trapping of 3, the product of olefin 
dissociation. For O,, the reaction under the same conditions has 
a half life of about 24 h and the final product results from 
trapping the insertion product. Thus, in the case of l a  it appears 
that the combined rates of olefin dissociation and the reaction 
of 3 (present in very low concentration) with 0, do not compete 
significantly with insertion. However, for l c ,  the greater rate 
of olefin loss and the resulting higher concentration of 3 fa- 
vours the reaction of 3 with 0? and leads to the formation of the 
remarkable hydridodioxygen complex IrH(CO)(PPh3),(Ol). It 
is likely that this complex has a structure analogous to 1 ,  with 
the 0, occupying the same position as the olefin. The compara- 
tive stability of this compound with respect to the insertion of 
the 0, into the Ir-H bond is probably also due to the orthog- 
onal disposition of the 0-0 and Ir-H bonds. This hydrido- 
dioxygen complex is also produced in small amounts in reac- 
tions of 0, with other I;;ecursors of 3, e.g. IrH(CO)(PPh,),, 
IrH(CO)(PPh,),, and l a  and l b ,  but in these cases the rate of 
production of the dioxygen complex is comparable to its rate of 
decomposition in solution. 

Only two examples of alkyldioxygen complexes have been 
previously reported ( 1  1, 12). Our attempts to use the method 
reported by Zecchin et al. for the synthesis of 
Ir(CH2CN)(CO)(PPh,),, were not successful for the higher 
a-cyanoalkyl derivatives. The presence of a P-hydrogen on the 
alkyl group, as is often the case, renders the product unstable. 
The trapping of the insertion products described above by O2 
thus remains a unique method for the synthesis of the higher 
alkyldioxygen compounds. To our knowledge, the hy- 
dridodioxygen complex reported above is the first of its kind. 
Such species may well participate in many reactions, either 
stoichiometric or catalytic, involving 0, and organometallic 
complexes. The participation of a hydroperoxoiridium com- 

plex in a catalytic oxygenation reaction has recently been pro- 
posed by Atlay et al. (14). 

The observed replacement of D by H in the IrD(C0)- 
(PPh,)2(ol) complexes is explained by H/D exchange within 
the transient square planar intermediate 3. The orthometallation 
shown in [I] is a likely source of such an exchange and could 

also furnish the additional hydrogen needed to effect complete 
hydrogenation of the acrylonitrile ligand, as observed. The 
D/H exchange cannot be attributed to a reversible 
insertion/p-elimination process since deuterated olefin is not 
observed until after much longer times than are required for 
considerable loss of Ir-D. In fact, the rate of H/D exchange 
is comparable to the rate of replacement of olefin by donor 
ligands and much faster than the rate of appearance of trapped 
insertion or hydrogenation products. Since the rate of hydro- 
genation of AN ligand, which occurs when l a  decomposes in 
solution under inert atmosphere, is very similar to the rate of 
production of insertion product trapped with O? or AN, it is 
reasonable to conclude that the rate controlling process in each 
case is the insertion of AN into the Ir-H bond. In the absence 
of trapping agent, the intermediate Ir[CHCN(CH,)](CO)- 
(PPh,), undergoes rapid hydrogenolysis, either by an intra- 
molecular metallation analogous to [I] followed by reductive 
elimination of propionitrile, or by transfer of hydride from 
some other hydride complex in solution. 

Experimental 
All solvents were subjected to standard drying procedures and dis- 

tilled prior to use. Deuterated solvents and LiAID, were purchased 
from Merck, Sharp and Dohme, Canada Limited. Acrylonitrile (Math- 
eson, Coleman and Bell), methyl acrylate (Aldrich Chemical Co.), 
and styrene (Kodak Chemical Co.) were freshly distilled under re- 
duced pressure immediately before use. The iridium complexes lrC1- 
(CO)(PPh3)2 (15), IrH3(CO)(PPh3)? (15). IrD3(CO)(PPh3)? (16), and 
IrH(CO)(PPh3)3 (17) were prepared by standard procedures. 

'H-nmr spectra were measured on a Varian XL-200 instrument 
operating in the FT mode at 200.06 MHz. ."P spectra were recorded 
on a Briiker WH-90 instrument at 36.44 MHz. All proton shifts were 
measured relative to an internal tetramethylsilane standard and "P 
shifts were relative to an external 85% phosphoric acid standard. 
Infrared spectra were recorded on a Nicolet 7000 FT-IR machine at a 
resolution of 2 cm- I. 

Preparation of (rl'-acrylonitrile)carbonylhydridobis(triphenyl- 
phosphine)iridium(l) 

A suspension of IrH,(CO)(PPh3)2 (I .O g; 1.34 mmol) in acryl- 
onitrile (100 mL) was stirred at room temperature, with passage of a 
slow stream of nitrogen through the mixture. After several hours the 
solid had entirely dissolved and the volume of the solution was re- 
duced to 20 mL by vacuum evaporation. Following filtration through 
celite, 45 mL of hexane was added and the solution was cooled to 
-20°C for several hours, filtered, and evaporated to dryness. The pale 
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yellow solid was extracted with 12 mL of acrylonitrile and the white 
insoluble product recovered by centrifugation, washed with a further 
8 mL of acrylonitrile and dried under vacuum. Yield: variable, but 
generally 20-35%. Decomp. 69-70°C. Ir (cm-I): 2233(w), 
2202(m), 2080(vs), 1958(vs). Nmr: see Table I. Anal. calcd. for 
C40H,41rNOP,: C 60.13, H 4.30, N 1.75, P 7.75; found: C 59.78, H 
4.27, N 1.82, P 8.01. 

(TZ-~e~hylacryla~e)cnrbon!,lhyrlridobi.s(tripher~vlpha.~phitze)- 
iridi~m(1) 

Nitrogen was passed through a solution of IrH,(CO)(PPh,), I, 1.33 g; 
1.78 mmol) in I00 mL of methylacrylate for several hours. During this 
time almost all of the solid dissolved and the volume of the solution 
was reduced to ca. 10 mL. Following filtration through celite, the 
solution was evaporated to dryness under vacuum. The pale yellow, 
glassy residue was dissolved in 10 mL of benzene, filtered through 
celite into 6 mL of pentane, and evaporated to give a light yellow 
powder. I t  is essential that these last steps be performed as quickly as 
possible. The yield of product is variable between 80-90%. An anal- 
ytically pure sample was obtained from a further recrystallization from 
methylacrylate at -20°C. Decomp. 72-75°C. Ir (cm-I): 2067(vs), 
1967(s), 1680(vs). Nmr: see Table I. Anal. calcd. for C,lH371r0,P2: 
C 59.19, H 4.49, P 7.45; found: C 59.42, H 4.99, P 7.58. 

(Tz-~tyrene)carbonylhydridobi.s(~riphenylpho.spl~ine)iridi~~rr~(l) (18) 
A stream of nitrogen was passed through a solution of 

IrH3(CO)(PPh2)2 (0.35 g; 0.47 mmol) in 40 mL styrene. maintained 
at 40°C for I h. The solution volume was reduced to ca. 5.0 mL and, 
following filtration through celite, 8.0 mL of hexane was added. The 
solution was refiltered and quickly evaporated to dryness under vacu- 
um. The product was obtained as a pale yellow powder in ca. 90% 
yield. Low temperature (<-20°C) recrystallization from a 
styrenelhexane mixture did not change the purity of the product 
which, from nmr and ir evidence, was greater than 95%. Ir (cm-I): 
2060(vs), 194 1 (vs). Nmr, see Table 1. 

Prepararion of deurerared ailalogues 
The deuterated analogues of the AN. MA, and ST complexes were 

prepared by the same methods as the normal compounds, using 
IrD3(CO)(PPh7), as reactant. Ir (cm-I): AN complex 2197(w), 
1998(sh), 1990(vs), 1513(w); MA complex 1963(vs), 1694(vs). 
1496(w); ST complex 1 9 7 3 ~ s ) .  

Generation of'rhe vinyl chloride cotnplex 
Vinyl chloride was bubbled through a solution of the styrene com- 

plex, l c ,  at -25°C for 10 min. The sample was then left for 2 h at 
-25°C and the 'H-nmr spectrum was recorded at -25°C (see Table 
1). A similar experiment using AN gave the same nmr spectrum as that 
of an authentic sample of l a  prepared at room temperature. 

Carbonyl(a-cyanoethyI)dioxy~enbis(rriphen~~lpl~o.~phit~e)iridiutn 
The synthesis of the AN complex was followed as described above, 

up to the first filtration and thenthe solution was evaporated to dryness 
and the solid residue taken up in 25 mL of benzene. Oxygen was 
bubbled through the solution for 30 min and the mixture was stirred 
under an atmosphere of Oz for a further 24 h. After periods of 5 and 
10 h had elapsed, oxygen was bubbled through the solution for 10 
min. The resulting green solution was evaporated to dryness and the 
product purified by elution as a yellow band from an alumina column 
with 1 : I acetonelhexane. An analytically pure sample was obtained 
as a dichloromethane solvate by recrystallization from dichloro- 
methanelpentane. The presence of one molecule of CHzClz per mole 
of complex was verified by 'H-nmr and chemical analysis. Yields are 
variable between 40 and 50%. Decomp. 159- 160°C. Ir and nmr, see 
Table 2. Anal. calcd. for C,llH,,IrN03P,.CH2CIz: C 53.77, H 3.97, P 
6.76; found: C 54.17, H 3.92, P 7.06. 

for 24 h. During this time a yellow solid precipitated and the solution 
turned dark blue. The yellow product was filtered, washed several 
times with toluene at 0°C and dried under vacuum. A sample for 
analysis was recrystallized from CHzCll/pentane at -20°C. Yield ca. 
30%. Decomp. 118°C. Ir and nmr, see Table 2. Anal. calcd. for 
C,7H311r01P2: C 57.13, H 4.03, P 7.96; found: C 57.23, H 4.07, P 
7.86. 

Trapping experirnetlrs 
The trapping of the insertion products was followed by 'H-nmr. 

Such experiments were performed using a concentration of 2% of 
reactant complex in C,D, and a cavity temperature of 20°C. In the case 
of the O2 trapping experiment the solution was purged with pure 0 2  

for 5 min before thc tube was sealed and put in the spectrometer 
cavity. In the case of AN trapping, the complex solution was treated 
with a ten-fold molar excess of AN before purging with argon and 
introduction into the spectrometer. After the reaction was completed 
the product solution was flash-evaporated to dryness and the solid 
redissolved in C,D, containing either fumaronitrile or tetracyano- 
ethylene in a two-fold molar excess over the original iridium complex. 
Under these conditions, the AN of 6 was completely displaced and the 
more heavily substituted cyanoolefin was fully coordinated. 
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Synthesis of derivatives of isoindole and of pyrazino[2,1-a]isoindole 
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JEAN-MARIE FERLAND, CHRISTOPHER A. DEMERSON, and LESLIE G. HUMBER. Can. J .  Chem. 63, 361 (1985). 
Amines were reacted with lactones 7 or with unsaturated nitro dcrivativcs 8 to give isoindole and pyrazinoC2. I-c~]isoindole 

derivatives. The mechanisms of formation, proofs of structure, and stcrcochcmistry arc prcscntcd. 

JEAN-MARIE FERLAND, CHRISTOPHER A. DEMERSON ct LESLIE G .  HUMBER.  Can. J. Chem. 63, 361 (1985). 
La reaction d'amines avcc Ics lactones et les derives nitro-insaturbs du type 7 ct 8 donnc accks h dcs isoindoles et des 

pyrazino[2, I-a]isoindoles. Nous dkcrivons les mCcanismcs dc formation ainsi que les preuvcs dc structurc ct de sttrbochimie. 

The 1,2,3,4-tetrahydropyrazino[2, I -a]isoindole-6-one 1 
was found to lower blood pressure in spontaneously hyper- 
tensive rats. In order to explore the structure-activity re- 
lationships in this type of compound, several analogs of the 
parent structure were synthesized. We envisioned different 0 0 
routes that would not only allow structural variations within the -3 q 

L J 
series but also give access to other heterocycles such as iso- 
indole derivatives. SCHEME 1 

Some 1,2,3,4-tetrahydropyrazino[2, I -n]isoindole-6-(2H)- 
ones bearing a hydroxyl group at C-lOa have been prepared 
(1,2,4) and the fully reduced ring system has also been de- 
scribed (3). However, none of those approaches (1 -4) was 
general enough to provide access to the desired products. OAc OH 

An interesting approach to isoindoles (3) has been published 
by Whelton and Huitric (6) involving the reaction of the nitro- 
lactone 2 with bases (7). However, only weak bases such as 
aniline can be used (Scheme 1). With other amines the reac- 
tions followed a different pathway, leading to 1,3-dihydro- 
3-methylene-2H-isoindol- 1 -ones (16) (Scheme 3). 

Kemp and Vellacio (8) have also shown that an amine can 
add in a Michael-type fashion to the double bond of the nitro- 
styrene derivative 4 to give 5.  This reaction is then followed by 
an acyl transfer from the phenol to the amine to give 6 (Scheme 

. .  . 
2). 

These two syntheses (Schemes I and 2) have been incorpo- 
rated into a pathway that has led to the synthesis of a series of 
substituted isoindoles (Scheme 3). The nitrolactones 7 were 
transformed into the nitrostyrenes 8 (dimethyl sulfate/KzCO,). 
The latter reacted with bases such as methylamine, ben- 
zylamine, glycine ester, and aminoacetaldehyde diethyl acetal 
to give the nitroisoindole derivatives 9 .  This approach proved 
to be very general (5). 

As shown by nmr spectroscopy (see experimental), the lac- 
tone 76  exists as a mixture of stereoisomers. When transformed 

' Present address: Bio-Mega Inc., I Complcxe Dcsjardins, bureau 
3804, C.P. 158, Montreal, P.Q., Canada H5B I B3. 

'Present address: Ayerst Laboratories Research Inc., 567 Ridge- 
road, Monmouth Junction, NJ 08852, U.S.A. 
' Revision received May l I ,  1984. 

to the nitrostyrene 86, a single isomer was obtained. Because 
of their high electronic densities, the nitro group and the ben- 
zene ring should be as far apart as possible, giving rise to a 
preferred stereochemistry. Only one conformation of the lac- 
tone would therefore be capable of displacing the CH3 group of 
dimethyl sulfate in a trans diaxial or antiperiplanar fashion and 
the nitro group would end up being trans to the aromatic ring. 
This was confirmed through the examination of the nmr spec- 
trum of 80 .  Indeed, in this case the benzylic proton is centered 
at 8 .7  ppm with a coupling constant equal to 12 Hz, a value 
indicative of a trans fusion (9). 

The nitroisoindole derivatives 9 a  and b were then hydro- 
genated under neutral conditions to the corresponding amino 
derivatives 1 0 a  and 6 .  Under similar conditions the isomers 9f 
and g yielded the amine derivatives 10f  and g, which were 
separated by chromatography. Each isomer was then re- 
hydrogenated in the presence of palladium under acidic condi- 
tions. This led to the generation of a free aldehyde group and 
subsequent reduction of the intermediate imine to give the 
1,2,3,4-tetrahydropyrazino[2, I-a]isoindole-6-one derivatives 
11 and 1 2  (Scheme 4). The methyl group of the isoindole 
derivative 11 appears at 1.53 ppm and must be equatorial to lie 
in the negative cone of the aromatic ring. The axial methyl of 
1 2  is centered at 0 .68  ppm. In 11,  the benzilic protons H, and 
H, are located respectively at 4.16 and 4.41 ppm and the 
coupling constant of the doublet for H;, is equal to 10 Hz. It 
agrees with an angle of 130- 1 SO0, indicative of a trans fusion. 
For product 1 2  the same protons are centered at 4.3' and 4.85 
ppm and H, appears as a doublet with J = 4 Hz. This is as 

'On the spin decoupling experiment, irradiation of the CH, causes 
a coalescence of Hb at 4.3 ppm. 
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expected for a cis stereochemistry. 
It is important to notice that a difference of 0.44 ppm is 

found in the location of the H;, of 11 and 12. Such a difference 
arises from the anisotropic effect due to the P-substitution. A 
similar effect has been found in methyl cyclohexane (10). In 
this study, it was determined that an equatorial CH, would 
shield a p-axial proton by a value of 0.25 ppm while an axial 
CH, would deshield a P-equatorial proton by a value of 0.2 
ppm for a total difference of 0.45 ppm. It constitutes an addi- 
tional proof for the structures proposed for 11 and 12. 

The lactams 11 and 12 were reduced with diborane to the 
corresponding diamines 14 and 15. 'These reactions are shown 
in Scheme 4. 

As mentioned previously, when the nitrolactone 7a was 
treated wih a relatively strong amine such as benzylamine the 
novel l,3-dihydro-3-methylene-2-phenylmethyl-2H-isoindol- 
I-one 16 was obtained. This structure was confirmed by nmr 
spectroscopy (the C=CH, appears as two doublets with a 
coupling constant equal to 2.5 Hz at 4.75 and 5.10 ppm), 
elemental analysis, and mass spectroscopy. The formation of 
such a compound can only be explained through the elimination 
of nitrous acid from the lactam 9a. A similar mechanism has 
already been proposed by Kloetzel (1 1). The mechanism and 
structure were further substantiated when 16 was again obtain- 
ed when 9a was heated in the presence of benzylamine at reflux 
in toluene. The hydrogenation of the exo methylene derivative 
yielded the isoindol-I-one derivative 17a. Using another 
strongly basic amine such as N-(aminoethyl) morpholine, we 
observed the formation of the exo methylene derivative 16i. 
However, when a weakly basic amine such as amino- 
thiazolidine was used, the nitrolactone 911 was isolated, as 
observed also by Huitric (6). The exo methylene derivative 14h 
was prepared on treatment with benzylamine. Both 16h and 16i 
were hydrogenated to yield 17h and 17i. These reactions are 

described in Scheme 3.  
Some oxomethylene-isoindol-3-one derivatives have been 

reported in the literature (12). They were, however, obtained 
through a different pathway. 

Experimental 
Melting points are uncorrected. The ir spcctra wcrc takcn on a 

Perkin-Elmer 225 ir spcctrophotometer and nrnr spcctra were record- 
ed on a Varian CFT-20 spectrophotometer operating at 80 MHz; TMS 
was used as an internal standard. The mass spectra were obtained on 
a LKB gc-ms 9000s instrument. Merck silica gel 60 (60-230 mcsh) 
was used. 

Preparntiorl of the rlitro lnctorzes 7 
3-(Nitromethyl)-isobenzofuran-I-(3H)-one (70) or the 3-(nitro- 

ethy1)lactone (76) are known products and were prepared according to 
methods described in literature (6, 7). Compound 70, ms: 193 (M)+, 
132 (M - HNO?)+, and 133'. Compound 76 exists as a mixture (2: 1)  
of two isomers, the major one having its methyl centered at 1.1 ppm; 
nrnr (CDCI,): I. l and 1.63 (CH,, 2d, J = 7 Hz), 5.8 (CH4, 0.66 H, 
d, J = 5 Hz), and 6.1 (CH4.0.33 H, d, J = 3 Hz) ppm; ms: 207 (MI+, 
160 (M - HNO?), and 133'. 

2-[(2-Methyl-2-nitro)ethylene]berzzoic acid nlethyl ester (8b) 
Under anhydrous conditions a mixture of nitrolactone 76 (7) (2.0 

g), dimethyl sulfate (I .6 mL), and KZC03 (2.4 g) in acetone (50 mL) 
was stirred at room temperature for 18 h. The carbonate was removed 
by filtration and the filtrate evaporated. The residue was chromato- 
graphed on silica gel (50 g/g, toluene) to give product 86 (1.67 g) in 
78% yield; ir (CHCI,): 1715 and 1520cm-'; nrnr (CDCI,): 2.25 (CH,, 
3H), 3.9 1 (COZCH,, 3H), 7.40 and 7.60 (Ar H , 3H, m), 8.18 (Ar H, 
IH), and 8.50 (=CH) ppm; ms: 221 (M)', 190 (M - OCH,)', 175 
(M - NOz)', 162 (M - COZCH3)', and 129'. 

In a similar fashion was obtained 8n (from 70 (6)) in 65% yield, mp 
87°C; nmr (CDCI,): 3.8 (OCH,, 3H, s), 7.0 (5H. m), and 8.7 ( I  H, d,  
J = 12 Hz) ppm; ms: 207 (M)', 176 (M - OCH.,)+, 161 (M - NOz)+, 
148 (M - CO?CH,), and 129'. 
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t from 10 f 

from log I 

Formation of the nitro lactams 9 
2,3-Dihydro-3(nitromethyl)-2-(2 -thiazolidiy)-1 H-isoirzdol-1 -one 

(9h) 
A mixture of the nitrolactone 7a (20 g) and freshly crystallized 

2-aminothiazole (20 g) in toluene (100 mL) was heated under reflux 
for 20 h. The dark orange mixture was diluted with more toluene and 
the organic solution washed with 10% HCI (3x) ,  brine (4x) ,  dried, 
and evaporated. The crude product obtained was taken into MeOH 
(200 mL) and the mixture heated under reflux for 112 h. After cooling, 
the solid obtained was filtered (9.4 g). The solid obtained after evap- 
oration of the mother liquors was taken into EtOAc (100 mL) and 
heated at reflux for 112 h. The mixture was cooled and filtered to give 
a solid (5.2 g). The combined solids were crystallized from 
EtOAcIhexane to give the pure title product, in 50% yield, mp 
146-147°C; ir (CHCI,): 1715, 1555, and 1365 cm-'; uv (MeOH) 
A,.,: 395,235 and 228; E: 12 160, 11 725, and 14 470; nmr (CDCI,) 
5.3 (CH2N02, 2H, m), 5.9 (+CHN, 1H, m), and 7.55 (6 ArH, m) 
ppm; ms: 275 (M)', 229 (M - NOZ)' 215 (M - CH2N02)'. Anal. 
calcd. for CI2H9N3O3S: C 52.35, H 3.29, N 15.26; found: C 52.19, 
H 3.15, N 15.25. 
2,3-Dihydro-3-(nitromethyl)-2-phenylmethy-1 H-isoindol-1 -one 

(9a) 
A mixture of the nitroderivative 8a (1.0 g), benzylamine (0.57 g), 

and sodium acetate (0.45 g) was stirred vigorously in acetonitrile (20 
rnL) for 4 h. The salt was removed by filtration and the filtrate 
evaporated (bath temperature < 50°C). The residue was taken into 
EtOAc and th organic solution washed with 1 N HC1, brine, dried, and 
evaporated. The oil obtained (1.2 g) was used as such for the follow- 
ing reaction; nrnr (CDC13): 4.80 (CH2N02, 2H, d, J = 5 Hz), 5.0 
(CH2+, 2H, s), 5.3 (CHCH2N02, lH, t, J = 5 Hz), 7.3 (5 Ar H), and 
7.7 (4 Ar H) ppm. In a similar fashion were obtained the following. 

Compound 9b 
'The reaction was carried out with 8a  and aqueous methyl amine to 

give an oil in 60% yield; nmr (CDCI,): 3.15 (N-CH3, 3H, s), 4.80 
(CH2N02, 2H, d, J = 5 Hz), 5.18 (+CH, t, J = 5 Hz), and 7.7 (4 Ar 
H) ppm; ms: 206 (M)', 160 (M - NOz)', and 159'. 

Compounds 9 f and g 
The reaction was carried out using 8b and aminoacetaldehyde dieth- 

yl acetal to give a mixture of isomers as an oil. It was used as such for 
the following reaction; nmr (DMSO): 4.314.6 (CHN02, 1/2H, m) and 
5.515.8 ppm (CH+, 1/2H, m). 
2,3-Dihydro-3-nitromethyl-l-oxo-IH-isoind01-2-acetic acid ethyl 

ester (9c) 
To a suspension of glycine ethylester HCI (5.56 g) in acetonitrile 

(75 rnL) was added Et,N (4.04 g) and the mixture stirred at room 
temperature for 10 min. 'The unsaturated nitro derivative (80) (3.86 g) 
was added and the mixture stirred at room temperature for 22 h. The 
solvent was evaporated under reduced pressure (bath temperature < 
50°C) and the residue dissolved in EtOAc. The organic solution was 
washed with 1 N HCI (2x) ,  brine, dried, and evaporated. The crude 
product obtained (4.6 g) was chromatographed on silica gel (50 g/g, 
EtOAc/toluene 1:9) to give product 9c (2.4 g) in 44% yield; ir 
(Nujol): 1720, 1690, and 1550 cm-I; nmr (CDCI,): 1.3 (CH,, 3H, t, 
J = 6 HZ), 4.4 (CHZ-CH3, 2H, q, J = 6 HZ), 4.85 (CH2N02, 2H, 
d, J = 5 Hz), 5.48 (CH-CH2-NO2, lH, t, J = 5 Hz), and 7.3, 8.0 
(4 Ar H) ppm; ms: 278 (M)', 232 (M - NO2)', 205 (M - C02Et)', 
158 (+C-N=CH2)'. In a similar fashion were obtained the 

II 
0 

following. 
Compounds 9d and e 
'The reaction was carried out using 86 and the crude product obtain- 
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ed chromatographed on silica gel (75 g/g, EtOAc/toluene, 1 :9) to 
give 9d and e as a mixture of isomers in 2 1 %/ yield; ir (CHC13): 1730, 
1690, and 1550 cm-I; nmr (CDC1,): 1.2 (CH,, 3H, m), 5.25 (+CH, 
1/2H), 5.43 (+CH, 1/2H), and 7.1,7.6 (4 Ar H) ppm; ms: 292 (M)', 
246 (M - NOI)+, and 21 9'. 

3-(At11ir1orr1ethjlI)-2 - ~ - ~ I ~ I I ~ ~ I ~ ~ - ~ - ( ~ I I ~ I I ~ I I I I ~ ~ I I ~ ~ I ) - I  H-isoir~rlol- 1 -one 
(lOa) 

A solution of the nitro lactam 90 (1.2 g) in McOH (75 mL) was 
hydrogenated over 10% Pd/C (0.5 g) at room temperature and atmo- 
spheric pressure. The catalyst was then removed by filtration and the 
filtrate evaporated. The crude product obtained was chromatographed 

. . on silica gel (50 g/g, MeOH/CH2C12, 1 :9) to give ION as an oil ( I  .O 
g); ms: 223' and 30 (CHZNHZ)'. 

The maleate was prepared in MeOH and recrystallized in 
EtOH/ether to give the analytical sample (0.7 g), mp 175- 176°C; ir 
(Nujol): 2800. 1680, 1582, and 1355 cm '; uv (MeOH) A,,,;,,: 277, 
238, 228; E: 1440, 9580, and 14 590; nmr (DMSO): 3.62 (CH2NH2, 
2H. d, J = 3.5 Hz) 4.35 and 5.12 (+CH2, 2H, 2d, J = 15 Hz), 4.72 
(+CH, I H, t, J = 3.5 Hz). 6.07 (=CH, 2H, s), 7.3 (5 Ar H), and 
7.7 (4 Ar H) ppm. Annl. calcd. for CI,IH211N20s: C 65.20, H 5.47, N 
6.7l;found: C65.27, H 5.44, N 7.53. 

In a similar fashion was obtained lob as an oil; nmr (CDC13): I. 15 
(NH2), 3.15 (N-CH3, 3H, s), 3.3 (CHI ,2H,d ,  J = 3.5 Hz) ,4 .5  
(CH, IH, t .  J = 3.5 Hz), and 7.7 (4 Ar H )  ppm; ms: 147 (M - 
CH2NH2)', 146 (M - CH3NH2)', and 30 (CH2NH2)'. 

The maleate was prepared in MeOH and recrystallizcd from 
EtOH/ether to givc thc analytical sample in 40% from 9b; mp 
165- 167°C; i r  (Nujol): 2880, 1660, 1577, and 1362 cm-';  uv (Mc- 
OH) A ,,,.,,: 277, 267, 227; E: 1350, 2340, 14 350. Ancll. calcd. for 
CI4HlhN2o5:  C 57.53, H 5.52, N 9.58; found: C 57.32, H 5.45, N 
9.41. 

la-Methj~l-l.2,3.4.5, IOb-l1e.mhj~rlro1)yrt1zi11o[2, I-a]i.soir1dol-6-o11e 
(11) nnrl its lp-methyl isorner (12) 

A solution of the nitro lactam 9 j ,  9s  (2.5 g) in acetic acid/water 
(4: I ,  50 mL) was hydrogenated over 10% Pd/C, at room tempcraturc 
and 50 psi (1 psi = 6.89 kPa) for 18 h. The catalyst was removed by 
filtration on the filtrate cvaporatcd. The residue was taken into 2% 
HCI and extracted twice with ether. Thc aqueous solut~on was made 
basic (pH 9) with NH40H and extracted (3X) with EtOAc. The 
organic solution was dried and cvaporated. The residue was chromato- 
graphed on silica gel (I00 g/g, acetone/toluenc, 2.3) to give isomer 

10f (1.14 g), ir (CHCI?): 1675, 1120, and 1050 cm-I and isomer 10s 
(0.880 g), ir (CHCI?): as for 10j: 

A solution of the amine 10 j'( I. 13 g) in MeOH (40 mL) and 1 N HCI 
(30 mL) was hydrogenated over 10% Pd/C at room tcmpcraturc and 
atmospheric pressure for 48 h. The catalyst was removed by filtration, 
the fihate niutralized with concentrated NH40H, and thE methanol 
evaporated under reduccd pressurc. Thc water solution at pH 9 was 
salt saturated and extracted with EtOAc (3X). The organic solution 
was dried and evaporated to givc 11 as an oil (0.648 g); ms: 202 (M)', 
159'. and 146+. 

The maleate salt was prepared in mcthanol and recrystallizcd twicc 
from EtOH/ether to give the analytical sample (0.440 g), mp 
181 - 182°C; ir (Nugol): 2800, 1690, 1615, 1575, and 1455 c m ' ;  uv 
(MeOH) A,,,,,: 277,269; E: 1783,2387; nmr (DMSO): 1.58 (CH3, 3H, 
d ,  J = 6 Hz), 3.1 (CHZN, 4H, m), 4. I6 (CH3-CH, m), 4.41 (+CH, 
d, J = 10.5 Hz), 5.9 (=CH), 7.4 (4 Ar H), and 1 I .O (COzH and NH) 
ppm. Anal. calcd. for Cl(,H18NZO(,: C 60.37, H 5.70, N 8.80; found: 
C 60.25, H 5.68, N 8.79. 

In a similar fashion. but hydrogenating the amine derivative log,  
was obtained the IP-methyl isomcr 12 as an oil; ms is identical to 11. 

The maleate salt was prepared in methanol and recrystallized twice 
from EtOH/ether to give the analytical sample in 40% yield from 108, 
mp 190- 191°C; nmr (DMSO): 0.68 (CH3, 3H, d, J = 7 Hz), 3.2 
(CH2N, 3H, m), 4.3 (CH3CH and CHZN, 2H, m), 4.85 (+CH, d, J = 
4 Hz), 5.9 (=CH), and 7.5 (4 Ar H) ppm; ms: as l l h .  Anal. calcd. 
for Cl6HIKN20(,: C 60.37, H 5.70, N 8.80; found: C 60.19, H 5.64, 
N 8.86. 

la-Methyl-1.2,3,4,6, 1Ob-/z~~.rnIzydropyrn:i11o[2, I -a] i .~oi~~doI  (14) 
To a solution of thc indolcnc dcrivativc 11 (0.55 g) in dry THF at 

O°C, under nitrogen, a 1 M solution of diboranc in THF (1 36 mL) was 
added dropwisc ovcr a period of I0 min. Thc mixture was thcn hcatcd 
under reflux for 18 h. Thc cxccss diboranc was thcn dcstroycd with 
10% HCI to pH 2 and thc mixture distilled at atrnosphcric pressurc 
until the distillate tcmperaturc rcachcd 90°C. It was then neutralized 
to pH 12 and extracted (3X) with CHZCIZ. The organic solution was 
dried and evaporated to give 14 as an oil; ms: 188 (M)', 13 1 ', 1 l8', 
and I 17'. 

Thc malcate was prepared from the crude 14 and recrystallized 
twice from EtOH/ether to give the analytical sample (0.26 g), mp 
144- 145°C; ir (Nujol): 2800. 1620. and 1355 cm I; nmr (DMSO): 
1.42 (CH3, 3H, d, J = 6 Hz), 3.2 (CHZN and CHN, 5H, m), 4.0 
(+CHI and +CH, 3H, m), 6.1 (=CH, 2H), and 7.35 (4 Ar H) ppm. 
Anal. calcd. for CI(,H20N204: C 63.14, H 6.62. N 9.21; found: C 
63.60, H 6.54, N 9.30. 

In a similar fashion but starting from thc lactone 12 was obtained 
the IP-methyl-1,2,3,4,6, 10b-l~e.ral~yrlropj~rrrzi11o[2, I-a]-i.soinrlole 15 
as an oil; ms: identical to 14. 

The maleate was prepared in MeOH and recrystallized from 
EtOH/ether to give thc analytical sample in 50% yield from 12, mp 
135- 137°C; nmr (DMSO): 1.2 (CH3, 3H, d, J = 6.5 Hz), 2.7 and 4.4 
(CH2, CH, 8H, m), 6.08 (=CH, 2H), and 7.3 (4 Ar H) ppm. Anal. 
calcd. for Cl(,H211N204: C 63.14, H 6.62, N 9.21; found: C 63.1 I, H 
6.71, N 9.18. 

1,2,3,4. lOb-Tetrtrhydrop)~r(1zi11o[2, I-a]i.soi11dol-3.6(3H,6H)-dione 
( 1 3 ~ )  

A solution of the nitro lactam 9e (1.9 g) in methanol (100 mL) was 
hydrogenated over prehydrogenated PtOI (0.5 g) at room temperature 
and atmospheric pressure. The catalyst was removed by filtration and 
the filtrate evapbratcd. Thc residbe was crystalliz~d twice from 
acetone-water to give the dilactone 13c (0.70 g), mp 267-270°C; ir 
(Nujol): 3220, 31 10, and 1680 cm-';  ms: 202 (M)', 173 (M - 
CH2=NH)', 145 (173 - CO)'. Arlnl. calcd. for C ~ ~ H l , ~ N ~ O ~ :  C 
65.38, H 4.98, N 13.86; found: C 65.47, H 5.16, N 13.76. 

In a similar fashion were hydrogenated thc nitro derivatives 9d, e 
to yield the dilactonc derivatives 13tl and e after chromatography on 
silica gcl (50 g/g, i-propanol/toluene, 3 : 17). Thc two isomers were 
partially separated at a low yield (molecular ion present). Howcver, 
only 13e was partially purified by crystallization from MeOHlether, 
in 10% yield. mp 223-224°C; nmr (DMSO): 0.5 (CH,, 3H, d, J = 
6 Hz), 3.70 and4.25 (NCHZC=O, 2H, 2d, J = 17 Hz), 4.82 (+CHN, 
IH, d, J = 4 Hz), and 7.40 (4 Ar H) ppm; ms: 216 (M)'. 173 (M - 
O=C=NH)'. Atlnl. calcd. for ClzHlzN202:  C 66.65, H 5.60, N 
12.96; found: C 66.30, H 5.56, N 12.99. (This product is unstable.) 

1.3-Di/1ydro-3-111etl1)~le11e-2-phe11~~h11etl1yl-2 H-i.soindo1-1 -one (16a) 
Method A 
A solution of the nitro lactone 7fr (1.3 g) and bcnzylamine (1.3 mL) 

in benzene (50 mL) was heated under reflux for 18 h. The solvent was 
evaporated and the residue was chromatographcd on silica gcl(30 g/g, 
etherlhexane, 1 : I ) .  The residue was crystallized from etherlhexane 
to givc the pure 160 (0.22 g), mp 116- 117°C; uv (MeOH) A,,,,,: 305, 
262, 254, 223, 217; E: 7790, 12 940, 14 350, 37 315, 38 185; nmr 
(CDCI3): 4.75 and 5.10 (=CHI, 2H, 2d, J = 2.5 Hz), 5.0 (CHI+, 
2H, s), 7.22 (5 Ar H), and 7.65 (4 Ar H) ppm. Anal. calcd. for 
CIOH13NO: C 81.68, H5.57, N 5.95; found: C81.58, H 5.48, N5.94. 

Method B 
A solution of the nitro lactam 90 (0.95 g) and benzylamine (I mL) 

in benzene (50 mL) was heated under reflux for 18 h. Thc product was 
isolated and purificd as in Mcthod A to give an identical product, mp 
114- 116°C (mixture mp 114- 116°C). as shown by ir and nmr spec- 
troscopy. 

1,3-Dihyclro-3-metl1yl-2-phet1yltnethyl-2 H-isoir~dole-I-one (1 7a) 
A solution of the exo methylene derivative 140 (1.5 g) in mcthanol 

(200 mL) was hydrogenated over 10% Pd/C (I .0 g) at atmospheric 
pressure and room temperature. The catalyst was removed by filtration 
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and thc filtrate cvaporated. The residue was chromatographed on silica 
. . .  . . .~ 
. . .  . 

gel (30 g/g, etherlhexane, 1 :3) to give 170 as an oil ( I  .O g); nmr 
. . .  . . . . .  ~ (CDCld: 1.42 (CH3. 3H, d, J = 7 Hz). 4.25 and 5.32 (CH,. 2H, 2d, 

J = 1.5 Hz). 4.35 (CH. IH. q, J = 7 Hz). and 7.3 (9 Ar H) ppm; ms: 
237 (MI'. 146 (M - CH,$)', 133 (OCH2-N=CO)'. Anol. calcd. 
for CI,,HISNO: C 80.98. H 6.37. N 5.90; found: C 80.88. H 6.37, N 
5.84. 

The exo methylene derivat~vc 161 was obtalned as in Method A and 
the crude product was hydrogenated as for 170. The HCI salt was 
preparcd directly from the crude mlxture and crystallized 4 times from 
i-propanol/hexane to give the analytical sample In 17% yield, mp 
208-209°C; nmr (DMSO: 1.45 (CH,, 3H. d ,  J = 7 Hz), 3.6 (CH,, 
12H, m), 4.8 (+CHN, 1 H, q, J = 7 Hz), and 7.6 (4 Ar H) ppm; ms. 
260 (M)', loo', and 1 60'. Anal. calcd. for ClsHz,CIN20y C 60.70. 
H 7.13, N 9.44; found: C 60.65, H 7.31, N 9.42. 

3-Methyl-] ,3-dihydt 0-2-(2-thinzolyl)-2H-isoi1ldol-I -one ( I  7h) 
The exo methylene derivative 16h was obtained from 9h (10 g) as 

descnbed in Method B. The benzene solution was washed with 2 N 
HC1, brine ( 3 x ) ,  dried, and evaporated. The residue (3.5 g) in ace- 
tonitrile (300 mL) was hydrogenated over 10% Pd/C (1.75 g) at 
atmospheric pressure and room temperature. The catalyst was re- 
moved by filtration and the filtrate evaporated. The residue was chro- 
matographed on silica gel (100 g/g, etherlhexane, 1 : 1) to give an oil 
(1.6 g). It was crystallized from benzeneli-propyl ether to give the 
pure 17h, mp 127- 129°C; nmr (CDCI,): 1.78 (CH,, 3H, d, J = 7 Hz), 
5.42 (CH, IH, q, J = 7 Hz), 7.02 (=CHS, IH, d,  J = 4 Hz), 7.52 
(4 Ar H), and 7.93 (1 Ar H) ppm; ms: 230 (M)', 21 5 (M - CH,)'. 

Anal. calcd. for CIZHloN20S: C 62.58, H 4.38, N 12.17; found: C 
62.61, H 4.47, N 12.31. 
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Autoxidation in micelles. Synergism of vitamin C with lipid-soluble vitamin E 
and water-soluble Trolox 
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LAWRENCE ROSS COATES BARCLAY, STEVEN JEFFREY LOCKE, and JOSEPH MARK MACNEIL. Can. J. Chem. 63, 366 (1985). 
A study was made of the effect of the inhibitors ascorbic acid (C), a-tocopherol (E), and 6-hydroxy-2,5,7,8-tetramethyl- 

chroman-2-carboxylate (Trolox, T) on the autoxidation of linoleic acid in 0.50 M sodium dodecyl sulfate (SDS) micelles at 
pH 7.0 in phosphate buffer. Reactions were thermally initiated at 30°C in the SDS micelles by a micelle-soluble initiator, 
di-tert-butylhyponitrite (DBHN). Although water-soluble C alone is an inefficient inhibitor, when combined with micelle- 
soluble E, it acts synergistically with the latter to extend the efficient antioxidant action of E beyond the sum of the induction 
periods of C and E acting separately. Similarly C acts synergistically with the water-soluble antioxidant, T .  Quantitative studies 
of these effects under controlled rates of initiation (R,) reveal that C functions to regenerate a mole of E (or T) per mole of 
C used. Kinetic studies show that the rate of autoxidation is first order in micellar linoleic acid and one-half order in micellar 
DBHN concentrations. Therefore, the classical rate law, -d02/dt = k,[R-H] (~,)'/ '/(2k,)l' '  is followed. The higher 
oxidizability (k,/2k,'/' = 4.48 X lo-' M-'" s-I/' ) of linoleate in micelles compared to that in homogeneous solution in 
chlorobenzene (k,/2k,'/' = 2.30 x lo-' M-"%~' / , ' )  is interpreted in terms of the effect of the polar interfacial region of the 
micelles on a dipolar transition state, R-08: H.R,  of the propagation reaction. 

LAWRENCE ROSS COATES BARCLAY, STEVEN JEFFREY LOCKE et JOSEPH MARK MACNEIL. Can. J. Chem. 63, 366 (1985). 
On a CtudiC I'effet de I'acide ascorbique (C), de I'a-tocophCrol (E) et de I'hydroxy-6 tCtramCthyl-2,5,7,8 

chromanecarboxylate-2 (Trolox, T) comme inhibitcurs de I'autoxydation de I'acide linolkique, dans des micelles i 0 , 5 0  M de 
dodtcylsulfate de sodium (DSS) et dans un tampon de phosphate h un pH de 7.0. A 30°C, les rCact~ons sont induites 
thermiquement dans les micelles de DSS en faisant appel h un initiateur soluble dans la micelle, le di-tert-butylhyponitrite 
(DBHN). Bien que C,  qui est soluble dans I'eau, ne soit pas un inhibiteur efficace lorqu'on I'utilise seul, i l  agit d'une faqon 
synergique lorsqu'on le combine h I'inhibiteur E, qui est soluble dans la micelle; i l  en rCsulte que I'action antioxydante efficace 
du compose E est prolongCe au-deli de la somme des ptriodes d'induction des composCs C et E agissant stparement. De la 
mCme manikre, le composC C agit de faqon synergique avec I'antioxydant qui est soluble dans I'eau. Des Ctudes quantitatives 
de ces effets, utilisant des vitesses d'initiation (R,) contr8ICes, rCvklent que C regkre une mole de compose E (ou T) par mole 
de C utilisCe. Les Ctudes cinCtiques montrent que la vitesse d'autoxydation est d'ordre un en acide IinCloique micellaire et 
d'ordre une demie en concentration de DBHN micellaire. Donc, la rkaction obdit h la loi classique de vitesse -dOz/dt = 
k,[R-H] (~,)"'/(2k,)'". On interprkte le fait que le IinolCate dans les micelles est plus oxydable (k,/2k11'" 4,48 x lo-' 
M - l / 2  s - l / '  ) qu'une solution homogkne dans le chlorobenzkne (k,/2kI1" = 2.30 x lo-' MY"' s-I/') en fonction de I'effet 
de la rCgion interfaciale polaire des micelles sur un Ctat de transition dipolaire R-00: He R de la reaction de propagation. 

[Traduit par le journal] 

Introduction 
Important structural and functional properties of bio- 

membranes are disrupted by the peroxidation of unsaturated 
membrane lipids. Autoxidation in biological systems is associ- 
ated with important pathological events including aging (1, 2) 
and heart attack (3), and with the action of foreign toxic sub- 
stances (4).' 

We have shown that quantitative kinetic studies of auto- 
xidation can be made in biologically important micro- 
environments such as bilayers (5) and micelles (6). RecentIy 
we have demonstrated that water-soluble initiators and in- 
hibitors can be used to quantitatively study autoxidations in 
these systems (7). The kinetic data with aqueous initiator/ 
inhibitor combinations were in agreement with those for lipid- 
soluble initiators and inhibitors, and with various lipid-soluble 
and aqueous-soluble initiatorlinhibitor combinations. These 
results led us to extend our preliminary studies of synergism 
between lipid-soluble a-tocopherol and water-soluble ascor- 
bate (6) to the present study of the interaction between 

' Author to whom correspondence may be addressed. For a pre- 
liminary account of this work, see ref. 6. 

'Reviews on this subject (4) include the effect of oxygen toxicity 
(I. Fridovich, Vol. I, Chapt. 6, p. 239), air pollutants (D.B. Menzel, 
Vol. 11, Chapt. 6, p. 181, and J.B. Mudd, Vol. 11, Chapt. 7 ,  p. 203), 
and liver damage (E.S. Reynold and M.T. Moslen, Vol. IV, Chapt. 
2, p. 49). 

ascorbate and both a lipid-soluble inhibitor (a-tocopherol) and 
a water-soluble inhibitor, 6-hydroxy-2,5,7,8-tetramethyl- 
chroman-2-carboxylate (Trolox). 

This study was undertaken to answer two fundamental ques- 
tions concerning autoxidation in microenvironments. 

I. Are combinations of water-soluble antio,ridants (e.g. ascor- 
bate and Trolox) more effective irl irzhibitirlg auto.ridation 
than either alone, as was observed for ascorbate and the 
lipid-soluble a-tocopherol (6 )  and, i f  so, what is the 
quantitative nature of these synergistic effects? 

Recent outstanding publications by Ingold and Burton have 
finally established the key role of a-tocopherol as an anti- 
oxidant (8- 10). While ascorbic acid is also implicated in a 
wide variety of biological phenomena and continues to attract 
a great deal of interest (1 1 ,  12), its role in lipid peroxidation is 
not well understood. In biological tissue, it is reported to act as 
either an inhibitor or as a catalyst of lipid peroxidation (1 3, 14). 
Quantitative data on its antioxidant activity is lacking. We hope 
that the present quantitative study on the interaction of as- 
corbate with other inhibitors will clarify its role as an anti- 
oxidant in micellar autoxidation. These results in turn have 
important implications for autoxidations in biological systems. 

2. Does autoxidation of a substrate solubiiized in micelles 
follow the same classical rate law well known for homo- 
geneous solutions? 

The autoxidation of organic substrates in homogeneous solu- 
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where RH is the organic substrate, Ri the rate of chain initi- 
ation, k, is the propagation rate constant, and k, the termination 
rate constant. The ratio k,/(2k,)'12 is known as the 
"oxidizability" of the substrate. For our quantitative auto- 
xidation studies, the rate of chain initiation (R,) must be known 
and reproducible. This is accomplished by using azo initiators 
of known ki. Because of the solvent "cage effect", the Ri must 
be determined, usually by the inhibitor method (19), using a 
phenolic antioxidant which terminates two chains by reacting 
with two peroxyls. Under these conditions: 

[6] Ri = 2[ArOH]/7 

[7] e = Ri/2ki[R-N=N-R] 

tion at oxygen pressures near 760 Torr ( I  Torr = 133.3 Pa) is 

where 7 is the length of time during which the reaction is 
inhibited and e is the efficiency of chain initiation. 

Micelles (0.50 M SDS) were selected as microenvironments 
for these model quantitative studies for two main reasons: ( 1 )  
such micelles are optically clear and concentrations of solu- 
bilized inhibitor and initiator can be measured directly by ab- 
sorption spectral methods, and (2) a-tocopherol can be solu- 
bilized in micelles and this makes it possible for such micellar 
a-tocopherol to be transported to the site of autoxidation (6). 
Thus it should be possible to directly compare the antioxidant 
activity of lipid-soluble a-tocopherol with water-soluble Trol- 
ox and also to compare the effect of a combination of ascorbate 
with either of these inhibitors. 

known to be a free-radical chain process which proceeds by the 14.0 

Results 
I .  The antioxidant activity of ascorbate (C) ,  and of combina- 

tions of C with a-tocopherol ( E )  and with Trolox (T)  
The system selected for synergism studies was linoleic acid 

ip 0.50 M sodium dodecyl sulphate (SDS) micelles because 
this system gave convenient rates for our studies and the kinet- 
ics followed the classical rate law in the concentration range 
employed (vide infra). Reactions were initiated by using the 
lipid-soluble initiator, di-tert-butylhyponitrite (DBHN). 

A new technique was required for quantitative studies using 
a-tocopherol as an antioxidant to inhibit autoxidation initiated 
in micelles. Previous sattempts to transport this excellent anti- 
oxidant through an aqueous phase were unsuccessful (5). How- 
ever. for the Dresent work we found that stock solutions of 

- A B C  I3 

Time S-'X 

FIG. I. Autoxidation of linoleic acid (6.43 X I 0  mol) in 2.00 mL 

following reaction sequence ( 15- 18). 

[I] Initiation: formation of R. (or ROO.) ratc = R, 

fast 
[2] Propagation: Re + 0 2  - ROO 

P I  k" ROO. + RH ROOH + R. 

2k, 
[4] Termination: ROO. + ROO. - nonradical products + O1 

The classical rate law for a system which follows these reac- I I I I I 

tions is given by eq. [5] :  1.0 2.0 3.0 4.0 - 5.0 

0.50 M SDS -phosphate buffer (pH 7.0). initiated with DBHN (1.81 
x lo-' mol) at 30°C: A, uninhibited reaction; B, inhibited with 
ascorbic acid (4.80 X lo-' rnol); C. inhibited with a-tocopherol (2.34 
X lo-* rnol); D, inhibited with ascorbic acid (4.80 X lo-" mol) and 
a-tocopherol (2.34 x lo-* rnol). 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 
Time S'X 

FIG. 2. Autoxidation of linoleic acid (6.43 x lo-.' mol) in 2.00 mL 
0.50 M SDS - phosphate buffer (pH 7.0), initiated with DBHN (1.53 
X 10-"01) at 30°C: A, uninhibited reaction; B, inhibited with 
ascorbic acid (4.77 x lo-' mol); C,  inhibited with Trolox (2.36 x 
lo-' rnol); D, inhibited with ascorbic acid (4.77 X lo-' mol) and 
Trolox (2.36 X lo-" rnol). 

antioxidant and it proved to be an effective inhibitor when 
introduced this way (see Fig. 1). 

In the initial experiments, we compared the effect of the 
inhibitors C and E, and C and T ,  separately and in combina- 
tions, on the autoxidation of linoleic acid in SDS micelles. The 
results of a typical experiment are illustrated in Fig. I for C and 
E and in Fig. 2 for C and T and the data are summarized in 
Table 1 .  

A series of experiments was then conducted in order to 
quantitatively determine the effect of C on the inhibiting effect 
of E and of T.  For this purpose, the ratio of C to E (or C to T) 
was kept constant in each experiment and the rate of initiation 
(Ri) determined immediately before and again after the deter- 
mination of the extended induction period by the combination 
of these inhibitors. The results of these experiments are given 
in Tables 2 and 3. 

a-tocopherol dould be prepared in 0.50 M SDS (1.2 X lo-' 2. Kinetics of autoxidation in SDS micelles 
molar in the micellar volume) by sonication and the concen- In order to use DBHN in our quantitative kinetic studies, it 
tration determined by ultraviolet spectroscopy. This greatly was necessary to have a convenient analytical procedure to 
improved the precision of insertion of known amounts of this determine its concentration in micellar solutions and also a 
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TABLE I .  Inhibiting effcct of ascorbic acid (C), a-tocopherol (E), Trolox (T), and combinations of E + C and 
T + C on the thermally initiated autoxidation of linoleic acid in 0.50 M SDS at pH 7.0 

~nhibitors" 
initiator" (mol x IOH) 

(rnol x los) 
DBHN' C E' 

Induction periods (s X lo-') 
R," TIE+( . )  - (76 + TC) 

TC TE T [ E + C ,  ( ~ O I  S - I  x 1011) (S x lo-') 

"6.43 x 10.' mol of acid and isomoiar sodium hydroxide were used in each experiment. 
"Amounts are given in moles for ease of comparison, since the DBHN, linoleic acid, and E are concentrated in the micelles 

while the T and C are in the aqueous phase (see text). 
' Amounts of DBHN and E in the micellar solutions were determined by spectral analyses. 

TABLE 2. Effect of inhibitors a-tocopherol (E) and combinations of E with ascorbic acid (C) on the thermally initiated autoxidation of linoleic 
acid" in 0.50 M SDS at pH 7.0 

~nhibitors" 
hitiator" (mol x lo8) Induction Periods (s x 10 ') 

( m ~ ~  x 10') R,". " R,  x R~ x 
Run No. DBHN' E" C 7G1 T [ E + C )  T ( E + C )  - T C  (rnol s- '  X 10") [T[F.+C)  - TE] [ T , E + c )  - T ~ ] / C , ~ , , ~  

"See footnote a,  Table I .  
"Same as footnote b, Table I. 
' Same as footnote c,  Table I. 
 he average of two induction periods, measured immediately before and after the T,,.,,, induction period. The R,  is calculated from the average of the two 

TI. S. 
"Not measured. 

measure of its rate constant (ki) for decomposition at 30°C in in hexane (E = 6910) is much different than that reported (20) 
SDS micelles. The DBHN was dissolved in 0.50 M SDS by but this value has been corrected..' The k, (3.2 x s-' at 
vortex stirring. Analyses for DBHN were made spectrophoto- 30°C) in SDS micelles measured by decay of the 227-nm ab- 
metrically on aliquots taken from DBHN in micelles and 
diluted in methanol-water (I : I). The molar absorptivity for 'Dr. T. G. Traylor has recently advised us that the correct E = 7.13 
DBHN at A,,,;,, = 227 nm in methanol-water (E = 5954) and x lo', measured in isooctane. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BARCLAY ET AL. 369 

TABLE 3. Effect of inhibitors trolox (T) and combinations of T with ascorbic acid (C) on the thermally initiated autoxidation of linoleic acid" 
in 0.50 M SDS at pH 7.0 

Inhibitors" 
Initiator" (mol x loX) Induction Periods (s X lo-.') 

(mol x 10') Ri""' R,  x Ri x 
Run NO. DBHN" T c 7;' TIT+ o T I T + C I  - TT (mot s- '  x 10") [TIT+ 0 - TT] [T,T+ - T~]/c,,,,,, 

"Same as footnote a ,  Table 1. 
"See footnote b, Table I .  
'Same as footnote c .  Table I. 
"See footnote d, Table 2. 

sorption agreed with literature values in homogeneous solution 
(5, 20). 

A series of kinetic runs was carried out to measure the 
dependence of the rate of oxygen absorption on linoleic acid 
concentration [R-H] and on DBHN c~ncentration.~ Typi- 
cally, the micellar substrate concentrations were varied by a 
factor of four (e.g. 0.0643 to 0.257 M)  within a kinetic run by 
injecting linoleic acid into the reaction from a precision sy- 
ringe. The DBHN micellar concentrations were varied six-fold 
(typically 0.86 X lo-' to 5.08 X lo-' M) in separate runs. The 
Ri  and efficiency, e ,  in each experiment were determined by 
injecting a-tocopherol of known concentration in 0.50 M SDS 
into the system. A stoichiometric factor ( n )  of 2 for 
a-tocopherol was used (5, @.for calculating the Ri .  The results 
of these studies are outlined in Table 4. 

Discussion 
1.  Synergistic effects of ascorbate (C)  on a-tocopherol ( E )  and 

on Trolox (T)  
The combination of inhibitors C with E, and C with T,  

exhibited two remarkable effects on the micellar autoxidation 
of linoleate. 

(1) Although C is a relatively poor inhibitor when used alone 

4~ micellar reaction volume of 2.5 X liters for 2.00 mL of 
0.50 M SDS, estimated from density measurements (6, 21), was used 
in concentration calculations. The reaction volume calculated from the 
equation v = 27.4 + 26.9n (n = number of carbons) (22) gives 
a volume of 2.0 x liters but this different volume does not 
change our results significantly. 

(Fig. lB), the combination with E extends the typically efficient 
induction period observed for E alone (Figs. IC and D). 

(2) The induction periods observed by combinations of E + 
C ( T ( ~ +  ,-)) were longer than the sum of the separate induction 
periods ( T ~  + 7,-) for the same amounts of E and C (see Table 
I ) .  The amount of synergism observed in these experiments 
(i.e. as reflected in T ( E + ~ )  - ( T ~  + T ~ ) ,  last column of Table 1) 
was typically in the range of 9- 1 1 %. Very similar behavior 
was exhibited when water-soluble inhibitors C and T were 
added to the aqueous phase. That is, the efficient induction 
period observed by Trolox was extended when used in combi- 
nation with ascorbate. Furthermore, the combination of T + C 
gave induction periods ( T , ~ + ~ ) )  longer than the sum of the 
separate induction periods ( T ~  + T ~ )  (Table 1, last column). 
The amount of synergism observed here (ca. 20%) was signifi- 
cantly greater than that for C and E. 

Two characteristics of the induction period during the com- 
bination of C and E clearly indicate that C functions so as to 
regenerate the E: (1) the extended induction period (T(~+,- ) )  
observed for C and E combined exhibited the same efficient 
inhibition of autoxidation as observed for E (Fig. l) ,  and (2) 
high pressure liquid chromatography (hplc) analyses made dur- 
ing a typical T,,+ ,) induction period showed that the amount of 
E remained unchanged during the first half of the induction 
period. On the other hand, hplc analysis from a comparable run 
without C but the same amount of E indicated that the latter was 
being consumed as expected from the first of the induction 
period. Thus the interaction of E and C (and presumably T and 
C) involves a hydrogen transfer equilibrium of the type 

E + C = E + ~ ( ~ ~ ? + C = T + ~ )  
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TABLE 4. Kinetics of autoxidation of linoleic acid at 30°C in 0.50 M SDS micelles at pH 7.0 

Rib -d[O2]/dtU 
X IOX M s-' 

[RH]" 1 02[DBHN]" ~~~[a- toc]"  lo-' T 2ki[DBH~] -d[02]/dt" [RH]R,"~ 
Run No. M M M s xlOXMs-' Meas. Calcd. e X107Ms-I v X I O ~ M - ' / ~ S - ~ / ~  

"Concentrations are moles per liter of micelles, using a calculated volume of 2.5 x lo-' L for 2.00 mL of 0 .50 M SDS, and the amounts of DBHN and a-toc 
were measured spectrally. 

hThe Ri s were calculated using the e values measured for each run and k; for DBHN = 3.2 X lo-' s-I. 
"Corrected for the evolution of nitrogen from the initiator (DBHN). 

The synergism observed is therefore analogous to the general 
type defined by Mahoney and Da Rouge (23, 24). 

In our case, the magnitude of the synergistic effects will 
depend upon the favourable competition of ascorbate (c) with 
the generated peroxyl radical for the vitamin E radical, E. That 
is, the effect observed will depend upon the rate constant ratio 
for: 

The rate constant for the hydrogen transfer reaction involved in 
E + c has been measured (1.55 + 0.2 X lo6 M-' s-') (25), as 
has the rate constant for the reaction of a-tocopherol with 
peroxyl radicals (ArOH + ROO- --, ROOH + ArO.) (3.24 + 
0.15 X lo6 M-' s-') (8). 4-Peroxycyclohexadienone adducts 
have been identified from the addition of peroxyl radicals to the 
a-tocopheryl radical (i.e. E + ROO. --, adduct) (26). We are 
not aware of a rate constant measurement for this reaction but 
the value is estimated to be approximately.7.3 X lo%-' s-I.' 
The successful competition of for E observed here is 
attributed to the relatively high concentration of C (approxi- 
mately 2.4 X lo-' molar in the aqueous phase) and the proba- 
bility that the polar phenoxyl head group of E is located near 

J. A. Howard, private communication. 

the polar micelle-water interface, allowing for effective 
hydrogen transfer between c and E. 

Niki et al. have reported electron spin resonance results to 
show that vitamin C regenerates vitamin E from the a-chrom- 
anoxyl radical (27) and, while this current work was in 
progress, they published an important paper to show that vita- 
min C and vitamin E are effective antioxidants when used in 
combination during the autoxidation of methyl linoleate (28). 
However, their results differ from ours in two important re- 
spects. Their studies were carried out in homogenous solution, 
and the inhibition period for C + E was lengthened to the sum 
of the inhibition period when either C or E was used alone; that 
is, they did not report a synergistic extension. 

The results of our quantitative studies on the effects of vary- 
ing the ratio of C/E and C/T on the induction periods give 
further insights into the efficiency with which ascorbate in the 
aqueous phase interacts to regenerate a-tocopherol in the mi- 
cellar phase and likewise to regenerate Trolox in the aqueous 
phase. The results in Table 2 illustrate the extension, T(E , CI - 
78, of the efficient induction periods (7,, , 0) due to additions of 
known amounts of E and C in separate experiments where the 
rate of chain initiation ( R i )  was controlled, by using known 
amounts of the lipid-soluble initiator DBHN, and monitored 
throughout each run by the measurement of induction periods 
( T ~ )  with the known amounts of E. The extensions of the 
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1.0 3.0 5.0 
MOLES ASCORBATEx 10 

8 7'0 

FIG. 3. Autoxidation of linoleic acid (6.43 x lo-' mol) inhibited 
with a-tocopherol (E) and with ascorbate (C) in 2.00 mL 0.50 M SDS 
- phosphate buffer (pH 7.0). initiated with DBHN. Plot of the exten- 
sion of the induction period x R i  versus the moles of ascorbate (see 
text and Table 2). The error bars represent standard deviations of 3 or 
4 measurements. 

induction periods can be taken as an indication of the amount 
of vitamin E regenerated for a particular Ri and the product of 
Ri [T(E+C) - T ~ ]  is thus a measure, indirectly obtained, of the 
amount of radicals trapped by C. When calculated per mole of 
C,  one has a measure of the "stoichiometric factor" ( n )  for 
vitamin C under these conditions, in other words, a measure of 
the moles of vitamin E regenerated per mole of C. At lower 
combined induction periods (T(E+Q), as in Runs 48,54,  and 56, 
a maximum stoichiometric factor of approximately one is ob- 
served. We find a near constancy of the value of n (the last 
column of Table 2) as the mole ratio of C to E was varied from 
0.62 to 2. I. This is also illustrated in a near linear variation of 
Ri [ T ( E + ~ )  - TE] with Cmulcs as illustrated in Fig. 3 where the 
computed slope up to 5 x loT8 moles of C is 0.78. At longer 
induction periods, usually corresponding to higher ascorbate, 
there appears to be a drop in n. This may be due to the loss of 
C in oxidation processes. Vitamin C does undergo slow ox- 
idation under these conditions, and it is estimated that up to 
20% of it would be consumed at higher combined induction 
periods (i.e. longer T,E + i)).' 

Remarkably similar quantitative results were obtained for the 
interaction of ascorbate with Trolox (T) as summarized in Ta- 
ble 3 and Fig. 4. That is, the stoichiometric factor, n ,  for the 
regeneration of T by C was approximately constant as the ratio 
C/T was varied from 0.264 to ca. 1.9. The value of n was 
approximately one at low C as in Runs 41,42,  and 43, and the 
slope of the plot (Fig. 4) of Ri [T(T+c) - TT] versus C gives a 
value of n = 0.82 up to C = 5 x lo-' moles. After longer 
extended induction periods (T(T+ C) = 7.3 X 10' s), the value of 

'We have found the self-initiated rate of autoxidation of 5 x lo-.' 
molar ascorbate in the presence of 0.50 M SDS at pH 7.0 to be 1.55 
x M s-' and the rate in the presence of DBHN (1.47 x lo-' 
moles) under these conditions to be 2.01 x M s-'. This is 
somewhat higher than a reported rate of ca. lo-"' M s-' (29) for 5 x 
lo-' M ascorbate, when corrected for the concentration difference. 

8 
MOLES ASCORBATEXIO 

FIG. 4. Autoxidation of linoleic acid (6.43 X lo-' mol) inhibited 
with Trolox (T) and with ascorbate (C) in 2.00 mL 0.50 M SDS - 
phosphate buffer (pH 7.0). initiated with DBHN. Plot of the extension 
of the induction period X R i  versus the moles of ascorbate (see text and 
Table 3). The error bars represent standard deviations of 3 or 4 mea- 
surements. 

n decreases, probably due to oxidation of C.' 

2. The rate law and oxidizability of linoleate in SDS micelles 
In order to determine the oxidizability of linoleate in SDS 

micelles, it is necessary to demonstrate that the rate of oxygen 
uptake follows the classical rate law given in eq. [5]. This 
means that the rate should be first order in substrate concen- 
tration in the micelles and one-half order in the Ri or initiator 
concentration in the micelles. For purposes of the calculations 
shown in Table 4 ,  the assumption is made that the linoleate and 
the initiator, DBHN;are both completely partitioned into the 
micellar phase. This seems reasonable since DBHN is only 
very slightly soluble in water (5). We have not measured the 
partition coefficient of linoleic acid between the water-SDS 
phases, but is reasonable to assume that it is essentially all in 
the SDS phase, since the mole ratio of SDS to linoleate was 
never less than approximately 15 : 1. If the aggregation number 
of SDS is taken as 62 (30), this means there are, on the average, 
four linoleate molecules per SDS micelle for the most concen- 
trated linoleate used (0.257 M in the micellar phase). The data 
in Table 4 indicate that the corrected rates follow very closely 
the classical first-order rate law for order in substrate. The 
actual value found for the order in [R-H] was 0.970 5 0.077, 
averaged over six separate runs where the substrate was varied 
by a factor of four in each run. Figure 5 illustrates the linear 
relationships found for the variation of corrected rates with 
substrate concentration in the micelles for three typical runs 
with different DBHN concentrations. Correlation coefficients 
were better than 0.997 for all such runs. 

The order with respect to initiator (DBHN) concentration in 
the micelle was more difficult to determine precisely. It is not 
possible to vary the DBHN concentration in a single experi- 

Under our conditions, the limiting value of 11 is one for E + C and 
T + C. We recognize that a larger value might be applicable at lower 
Ri and high E/C (TIC) ratios. This condition is under investigation. 
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FIG. 5. Plot for the order in substrate for autoxidation of linoleic 
acid (0.0643 M to 0.257 M) in 2.00 mL 0.50 M SDS - phosphate 
buffer (pH 7.0): A, [DBHN] = 1.17 X lo-' M; 0, [DBHN] = 1.88 
M; 0, [DBHN] = 5.14 x 10-'M (taken from Table 4). 

ment; therefore, measurements of the variation of corrected 
rates with [DBHN] were taken from separate experimental 
runs. Furthermore the [DBHN] was measured spectrally on 
diluted samples from these runs. There.was a scatter of the 
points from plotting corrected rates versus [DBHN] as shown 
in Fig. 6, where the correlation coefficient was as low as 0.95. 
Nevertheless, the average order with respect to [DBHN] was 
0.547 ? 0.050 and from this we conclude that the reaction is 
one-half order in [DBHN]. 

The efficiency, e ,  of chain initiation by DBHN in these 
0.50 M SDS micelles (Table 4), is considerably lower (28.8 t 
2.5%) than that found in homogeneous solution in chloro- 
benzene (66%) (5). The lower e for DBHN in the micelles 
compared to that in chlorobenzene is attributed to the higher 
microviscosity of micelles. A reported microviscosity of 11.5 
cP at 25°C (or 10 cP at 40°C) (31) contrasts with the bulk 
viscosity of 0.73 cP for chlorobenzene (5). Although there is no 
simple relationship between medium viscosity and initiator ef- 
ficiencies (32), it is known that e for DBHN decreases as 
viscosity increases due to a larger proportion of free radical 
recombination within the solvent cage where they are formed 
(32). The e for DBHN in autoxidation initiated in bilayers, 
where the microviscosity is even higher, was further reduced to 
only 9.1% (5). Thus the lowering of e in micelles is expected 
and indeed serves to support the idea that these autoxidations 
are initiated in the micellar phase. 

:The near constancy of the oxidizability values for linoleate 
(last column of Table 4) also indicates that the classical rate law 

1.30 1.50 1.70 1.90 
-Log[D BHN] 

FIG. 6. Plot for the order in initiator (DBHN) for autoxidation of 
linoleic acid in 2.00 mL 0.50 M SDS - phosphate buffer (pH 7.0): 0, 
[R-H] = 0.0643 M; A,  [R-H] = 0.129 M; 0, [R-H] = 0.193 
M (taken from table 4). 

is followed for autoxidation in SDS micelles. The value 
obtained, 4.48 t 0.37 X lo-' M - ' / ~  s-'12, is ap roximately 
double the reported value of 2 10 X lo-' M - ' I  s-'I' (33) 
measured in chlorobenzene.' 

The increased substrate oxidizability of linoleate in SDS is 
attributed to the effect of the polarity of the micelles on the 
rate-determining step (i.e. the k,) of the autoxidation. Solvent 
effects on the autoxidation of hydrocarbons are known to cor- 
relate with the dielectric constant of the medium (34, 3.3, 
apparently due to a general solvent effect on a transition state 
with dipolar character of the type 

The local microenvironment can influence the physical and 
chemical behavior of solubilized species in micelles and even 
nonpolar hydrocarbons can be concentrated primarily near the 
micelle-water interface (36). Peroxyl radicals are known to be 
polar (5, 37) and are expected to reside mainly in or near the 
polar region at the interface. 

The dielectric constant in this region of SDS micelles has 
been estimated from fluorescence studies (38) to be 45. Di- 
electric constant changes from 5.6 for chlorobenzene to 36 or 
38 for solvents like nitromethane and acetonitrile have been 

'We have recently determined the oxidizability of methyl linoleate 
(2.26 x lo-'- 9.04 X 10-'M) in chlorobenzene initiated by azobis- 

s (average of six mea- isobutyronitrile to be 2.30 * 0.30 M- ' /*  - I / '  

surements), which is in excellent agreement with the reported (33) 
result. 
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shown to approximately double the oxidizability of hydro- 
carbon substrates such as tetralin (34) and cyclohexene (35). 
This is in general agreement with the above postulate for an 
increase in linoleate oxidizability due to the location of the 
chain propagating free radicals in such a polar region of the 
m i ~ e l l e . ~  

Conclusions 
1 .  Vitamin C has an important synergistic function in auto- 

xidations and can act from the aqueous phase to regenerate a 
mole of a-tocopherol in the micellar phase per mole of as- 
corbate during the inhibited autoxidation of linoleate in a SDS 
microenvironment at pH 7.0. 

2. Vitamin C also acts synergistically with a water-soluble 
inhibitor (Trolox) to inhibit the autoxidation of linoleate when 
the autoxidation is initiated in the micellar microenvironment. 

3. The autoxidation of linoleate in 0.50 M SDS micelles 
follows the classical rate law for autoxidation since the rate of 
oxygen uptake was first order in substrate concentration and 
one-half order in initiator concentration in the micelles. 

4 .  The higher oxidizability of linoleate in SDS micelles 
(4.48 X lo-' M-'I2 S-'IZ) compared to that in homogeneous 
solution in chlorobenzene (2.30 x lo-' M-'I' s-'I2) is 
attributed to the increased polarity of the micellar micro- 
environment. The polar peroxyl radicals, involved in the rate- 
propagating hydrogen abstraction reaction from the substrate, 
are expected to reside in the polar interface between the 
micellar core and the water. The higher dielectric of this region 
would provide a favourable solvent effect on a dipolar transi- 
tion state for hydrogen abstraction. 

These model experiments in micellar microenvironments 
have important implications for protective mechanisms in bio- 
logical systems, especially from our findings which show that 
a water-soluble inhibitor can interact synergistically with a 
lipid-soluble one. We are currently extending these initial stud- 
ies to other substrates in micellar systems and other inhibitors 
that may interact with vitamin E. 

Experimental 
1. Materials and preparations 

Phosphate buffer 
Solutions were prepared from 0.05 M of each of NaHZP04 and 

Na2HP04 in glass-distilled water containing 1 X lo-' M EDTA. 
Immediately before use. this solution was passed through a Chelex- 
100 column (Bio-Rad 50- 100 mesh) to remove traces of heavy metals 
(291. . , 

Sodium dodecyl sulfate 
The SDS was electrophoresis purity reagent (Bio-Rad). 
Linoleic acid 
The linoleic acid (Nu-Chek-Prep > 99%) was found to be free of 

hydroperoxides by tlc analysis on silica gel and testing with a 
N,N-dimethyl-p-phenylenediamine spray. 

Initiators 
DBHN, prepared by the method of Mendenhall (39), was re- 

crystallized from cold methanol and stored as a solid at -30°C. 

- 

' D. Kong of our laboratory recently found the rate of autoxidation 
of 6.43 x lo-' moles of linoleic acid dispersed in phosphate buffer 
(pH 7.0) and initiated by the water-soluble initiator, azobis(2-amid- 
inopropane- HCI) to be 1.05 X lo-' M s-I. The rate on this same 
sample dissolved in 0.50 M SDS decreased to 2.40 X lO-'M S - I .  This 
decrease in rate is consistent with a change of environment from the 
polar ionic buffer to the micellar phase. 

Azobis(2-amidinopropane.HC1) was obtained from Polysciences, 
Inc. and stored at -30°C. The solutions of DBHN in 0.50 M SDS 
were prepared for each run by vortex stirring the DBHN (ca. 7 mg) 
with 5.00 mL of 0.50 M SDS for 20 min. This solution was gravity 
filtered; l .OO mL was diluted to 50 mL with I :  I methanol-water and 
analyzed for DBHN using the An,;,, at 227 nm. 

Inhibitors 
a-Tocopherol (Eastman-Kodak) was stored in known concen- 

trations in hexane under argon at -30°C. Solutions in SDS were 
prepared as follows. A 2.00-mL sample of the hexane solution (8.77 
x 10-'M in a-tocopherol) was evaporated to a thin film on the rotary 
evaporator under nitrogen. The 0.50 M SDS - phosphate buffer ( 12.00 
mL) was added and this mixture was sonicated under argon in a 
Bransonic 220 bath sonicator at 20°C for 3 h. This stock solution could 
be stored under argon at least 1 week without a decrease in 
a-tocopherol concentration. When used as an inhibitor, the 
a-tocopherol concentration was checked by diluting a I .OO-mL sam- 
ple to 50 mL in I : I methanol-water and measuring the absorbance 
at 292 nm. The Trolox was a gift from Hoffmann-LaRoche, Nutley, 
New Jersey. Freshly prepared standard solutions in phosphate buffer 
(pH 7.0) were used as an inhibitor. The ascorbic acid (L-(+)- from 
Anachemia) used was freshly prepared in phosphate buffer pH 7.0. 

2. Analyses 
Analyses for DBHN and a-tocopherol concentrations were made on 

a Varian-Cary 219 spectrophotometer. The hplc analyses were done 
on a Spectraphysics SP 8000 liquid chromatograph using a 4.6 mm X 

25 cm Li Chrosorb NH, LO-pm column and an ultraviolet detector set 
at 210 nm. For separation of components from an autoxidation sam- 
ple, an aliquot was added to an acetanilide solution (internal standard); 
this was eluted on the column with 45 :55 (v/v) acetonitrile - 2.5 mM 
NaHZP04 buffer (pH 4.75) at 2.0 mL min-' and 20°C for 9 min. The 
mobile phase was then changed over 2 min to 80:20 v/v 
acetonitrile-buffer. Under these conditions good resolution of 
acetanilide (3.4 m), DBHN (6.5 m), ascorbic acid (13 m), and 
a-tocopherol (24 tn) was obtained. For identification, the DBHN and 
a-tocopherol were collected from the column and their ultraviolet 
spectra recorded. 

3. Autoxidotion procedure 
Autoxidations were carried out at 30°C and 760 Torr of OZ using a 

sensitive automatic recording gas absorption apparatus similar to that 
described (5). In a typical run, a 2.00-mL sample of the DBHN - 0.50 
M SDS in phosphate buffer was equilibrated at 30°C. Then known 
amounts of linoleic acid were added from a precision syringe and the 
rates of oxygen uptake recorded after each addition. The per cent 
consumption of linoleic acid was generally less than 10%. Induction 
periods were obtained by adding a-tocopherol - SDS in phosphate 
buffer and the time was measured on the recorder until the uptake of 
oxygen resumed its original rate. For induction periods with both 
a-tocopherol and ascorbate, the solutions were added sequentially 
from separate syringes and the combined induction periods measured 
as before. In these cases, the rate of chain initiation (Ri) was followed 
by measuring the induction period with a-tocopherol alone, immedi- 
ately before and again immediately after the combined induction peri- 
ods found for a-tocopherol and ascorbate together. 

Acknowledgements 
We thank Dr. G. W.  Burton and Dr. K. U. Ingold for their 

continued interested and helpful suggestions. Technical assis- 
tance provided by Mr. R. D. Smith and Mr. A. MacDonald is 
gratefully acknowledged. This research was supported by a 
grant from the Natural Sciences and Engineering Research 
Council of Canada. 

I. A. L. TAPPEL. In Free radicals in biology. Vol. IV. Edited by 
W. A. Pryor. Academic Press, New York. 1980. Chapt. I .  pp. 
1-47. 

2. C. DE DUVE and 0. HAYAKHI (Editors). Tocopherol, oxygen and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



374 CAN. J .  CHEM. VOL. 63. 1985 

biomernbranes. Elsevier, North Holland, Amsterdam. 1978. 
3. N. A. PORTER. In Free radicals in biology. Vol. IV. Edited by 

W. A. Pryor. Academic Press, New York. 1980. Chapt. 8. pp. 
26 1 -294. 

4. W. A. PRYOR (Editor). Free radicals in biology. Academic Press, 
New York. 

5. L. R. C. BARCLAY and K. U. INGOLD. J .  Am. Chern. Soc. 103, 
6478 (1981). 

6. L. R. C. BARCLAY, S. J .  LOCKE, and J .  M. MACNEIL. Can. J .  
Chern. 61, 1288 (1983). 

7. L. R. C. BARCLAY, S. J .  LOCKE, J .  M. MACNEIL, J .  VANKESSEL, 
G. W. BURTON, and K. U.  INGOLD. J .  Am. Chern. Soc. 106, 
2479 (1984). 

8. G. W. BURTON and K. U. INGOLD. J .  Am. Chern. Soc. 103,6472 
(1981). 

9. G. W. BURTON, L. HUGHES, and K. U. INGOLD. J .  Am. Chern. 
SOC. 105, 5950 (1983). 

10. T. DOBA, G. W. BURTON, and K. U.  INGOLD. J .  Am. Chern. Soc. 
105, 6505 ( 1 983). 

I I. P. A. SEIB and B. M. TOLBERT (Editors). Ascorbic acid: chem- 
istry, metabolism, and uses. Advances in Chemistry Series 200, 
A. C. S.,  Washington, D.C. 1982. 

12. H. M. SWARTZ and N. J .  F. DODD. In Oxygen and oxy-radicals 
in chemistry and biology. Edited by M. A. J.  Rodgers and E. L. 
Powers. Academic Press, New York. 198 1. p. 161. 

13. H. H. DRAPER. In Vitamin E. A comprehensive treatise. Basic 
and clinical nutrition. Edited by L. J .  Machlin. Marcel Dekker, 
Inc., New York. 1980. Part 5D. p. 272. 

14. J .  F. MEAD. In Free radicals in biology. Vol. I. Edited by W. A. 
Pryor. Academic Press, New York. 1976. Chapt. 2. p. 51. 

15. W. 0 .  LUNDBERG (Editor). Autoxidation and antioxidants. Vols. 
1 and [I. Interscience, New York. 1961. 

16. F. R. MAYO. Acc. Chem. Res. 1, 193 (1968). 
17. K. U. INGOLD. ACC. Chem. Res. 2, (1969). 
18. ( a )  J .  A. HOWARD. In Free radicals. Vol. 11. Edited by J .  K. 

Kochi. Wiley, New York. 1973. Chapt. 12. pp. 3-62; (b) Adv. 
Free-Radical Chern. 4, 49 (1972). 

19. C. E. BOOZER, G. S. HAMMOND. C. E. HAMILTON, and J .  N. 

SEN. J .  Am. Chem. Soc. 77, 3233 (1953). 
20. H. KIEFER and T. G. TRAYLOR. Tetrahedron Lett. 6163 (1966). 
21. G. M. MUSBALLY, G. PERRON, and J .  E. DESNOYERS. J .  Colloid 

Interface Sci. 48, 494 (1974). 
22. D. FENNELL EVANS and B. W. NINHAM. J .  Phys. Chem. 87,5025 

(1983). 
23. L. R. MAHONEY. Angew. Chern. Int. Ed. Engl. 8,  547 (1969). 
24. L. R. MAHONEY and M. A. DAROOGE. J .  Am. Chern. Soc. 89, 

5619 (1967). 
25. J.  E. PACKER, T. F. SLATER, and R. L. WILLSON. Nature, 278, 

737 (1979). 
26. J .  S. WINTERLE and T. MILL. Oxygen and oxyradicals in chem- 

istry and biology. Edited by M. A. J .  Rodgers and E. L. Powers. 
Academic Press, New York. 1981. p. 779. 

27. E. NIKI, J .  TSUCHIYA, R.  TANIMURA, and Y. KAMIYA. Chern. 
Lett. 789 (1982). 

28. E. NIKI, T. SAITO, and Y. KAMIYA. Chern. Lett. 631 (1983). 
29. M. SCARPA, R. STEVANATO, P. VIGLINO, and A. RIGO. J .  Biol. 

Chern. 258, 6695 (1983). 
30. J .  H. FENDLER and E. J .  FENDLER. Catalysis in micellar and 

macromolecular systems. Academic Press, New York. 1975. 
31. N. J .  TURRO and T. OKUBO. J .  Am. Chern. Soc. 103, 7224 

(1981). 
32. H. KIEFER and T. G. TRAYLOR. J. Am. Chern. Soc. %, 2440 

(1970). 
33. J .  A. HOWARD and K. U.  INGOLD. Can. J .  Chern. 45,793 (1967). 
34. J .  A. HOWARD and K. U.  INGOLD. Can. J .  Chern. 42, 1044 

(1967); 42, 1250 ( I  964). 
35. D. G. HENDRY and G. A. RUSSELL. J .  Am. Chem. Soc. 86,2368 

(1964). 
36. P. MUKERJEE, J .  R. CARDINAL, and N .  R. DESAI. In Micelliza- 

tion, solubilization and microemulsions. Vol. I. Edited by K. L. 
Mittal. Plenum, New York. 1977. pp. 241-261. 

37. R. W. FESSENDEN, A. HITACHI, and V. NAGARAJAN. J .  Phys. 
Chern. 88, 107 (1984). 

38. K. KALYANASUNDARAM and J .  K. THOMAS. J .  Phys. Chern. 81, 
2176 (1977). 

39. G. D. MENDENHALL. Tetrahedron Lett. 24, 241 (1983). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Dihydro-9,14(4H)tripyrazolo(l,5-a:1',5'-d:1",5"-g)triazonine-1,4,7. 
Synthese et etude par resonance magnetique nucleaire 

ALAIN FRUCHIER,' BRIGIITE LUPO ET GEORGES TARRAGO 
ERA au CNRS no 169, Universite' des Sciences et Techniques du Languedoc. Place EugPne Batnillon. 

34060 Montpellier Cedex, France 

R e p  le 8 fevrier 1984 

ALAIN FRUCHIER, BRIGITTE LUPO et GEORGES TARRAGO. Can. J. Chem. 63, 375 (1985). 
Nous avons rCalisC la synthtse selon une voie univoque de la trimCthy1-2,7,12 dihydro-9,14(4H)tripyrazolo(l,5-a: 1 ',5'- 

d;Iv,5"-g)triazonine-1,4,7. Une etude rmn de cette nouvelle molCcule dans divers solvants a pour la premitre fois mis en 
Cvidence ]'existence d'un equilibre conformationnel de type crown 2 saddle dans un dCrivt du triazacyclononatritne. 

ALAIN FRUCHIER, BRIGITTE LUPO, and GEORGES TARRAGO. Can. J.  Chem. 63, 375 (1985). 
We have accomplished an unequivocal synthesis of 2.7,12-trimethyl-9,14-dihydro-1.5-a;1 ',5'-d;lv,5"-g-(4H)tri- 

pyrazolo- 1,4,7-triazonine. An nmr study of this new molecule in different solvents shows, for the first time, the existence of 
a crown = saddle conformation1 equilibrium in a triazacyclononatriene derivative. 

[Journal translation] 

Introduction 
Dans une publication preckdente (I),  nous avons montre que 

le composC obtenu par action du brome sur le sel d'argent du 
trimtthyl-3,4,5 pyrazole ne pouvait avoir la structure 1 qui lui 
avait kt6 attribuke (2). 

Sur la base de la masse moltculaire dCterminCe par spec- 
trometrie de masse et du spectre de rmn dans le DMSO-d, 
indiquant une symttrie ClevCe, nous avions suggtrk une struc- 
ture cyclique tripyrazolique 2. Cependant, ttant donnCe la 
mkthode d'obtention, une structure de type 3 ne pouvait &tre 
absolument exclue. 

Nous presentons dans ce travail la synthbse univoque d'un 
compose analogue 6 2, la trimethyl-2,7,12 dihydro-9,14- 
(4H)tripyrazolo(l ,5-a: 1 ',5'-d: 1",5"-g)triazonine- 1,4,7 4, dont 
l'etude rmn prouve la structure proposke prkcedemment (1). 

Resultats 
La synthbse de 4 est effectuke selon le schtma rkactionnel 

suivant: 

' Auteur auquel la correspondance doit &tre adressee. 

Le compost 5, dont nous avons dCja dCcrit la synthese (I),  
est trait6 par l'hydrazine pour donner 6, qui par condensation 
avec I'acCtylpyruvate dlCthyle conduit aux deux isomeres 7a et 
7b. Ces derniers sont sCparCs par chromatographie et identifies 
par rmn sur la base du couplage entre les groupes mCthyle-3(5) 
et les protons en position 4 des noyaux pyrazoliques (3). L'es- 
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TABLEAU I .  Effet du solvant sur les dCplacements chimiques ( 6 )  

Solvant DMSO-dl, ChDa Acitone" CD,,OH" CD,CNC' CDCI, 

Product 2C 4C 12C 2C 4C 4C 4C 4C 2C 2s  4C 4 s  

Pourcentages 100 100 100 100 100 100 100 100 70 30 80 20 

"Le compost 2 est insoluble dans ce solvant. 
" J  = 16 Hz (rtsolution digitale: 0,2 Hz). 
'Anisochronie non mesurable B 100 MHz. 
"L'attribution des groupes mithvle peut ifre inverstr. 

ter 7 b  est ensuite rCduit puis .. traite par le chlorure de thionyle 
pour donner 8. 

De par la prksence de deux atomes d'azote nucltophiles dans 
le noyau pyrazole non N-substituC, la condensation du groupe 
chloromCthyle de 8 peut s'effectuer de deux faqons et conduire 
a 4 et(ou) 9. Cependant, soumis un milieu basique fort dans 
les conditions de la catalyse par transfert de phase, 8 subit une 
cyclisation intramoleculaire par attaque du groupe chloro- 
mCthyle sur I'azote en P du substituant mCthyle et donne le 
compost 4 avec un rendement de 38%. Si de nombreux autres 
produits sont formCs au cours de la reaction, nous n'avons pu 
les identifier, le rendement de chacun d'eux Ctant infkrieur a 
3%. 

Les spectres en rmn du proton de 2 et 4 dans CDCl, et 
DMSO-d, sont rCunis dans les figures 1 et 2 respectivement, et 
les dkplacements chimiques dans le tableau 1 .  

On notera une grande analogie, d'une part entre les spectres 
des deux composes dans le m&me solvant (fig. l a  et 2a, l b  et 

2b), d'autre part en ce qui concerne l'effet du solvant sur un 
composk donne (fig. la et 1 b, 2a et 2b). Pour chacun d'eux, le 
spectre dans le DMSO-d, est celui d'un composC unique de 
symCtrie Cj dont les protons mkthyltniques sont fortement ani- 
sochrones, tandis que celui dans CDC1, correspond a un mi- 
lange de deux especes en proportions inkgales. La plus abon- 
dante est celle obsewke dans le DMSO, la moins abondante a 
la m&me symCtrie mais ne montre aucune anisochronie des 
protons mCthylCniques a 360 MHz. 

Les produits 2 et 4 Ctant tres peu solubles dans les deux 
solvants (ttude de solutions saturkes), et bien que chro- 
matographiquement purs, la solubilisation sklective de deux 
espkces diffkrentes dans les deux solvants ne pouvait Ctre ex- 
clue. Cependant, cette hypothese a pu &tre rejetke apres Ctude 
de 17Cvolution du spectre d'une solution chloroformique lors de 
l'addition de DMSO-d6 (fig. 3 et 4). Les composes 2 et 4 ont 
exactement le m&me comportement: dans les deux cas, l'ad- 
dition de DMSO provoque la disparition progressive du produit 
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et Its pourcentages de forme C et S des cornposCs 2, 4 et 12 

mineur, ainsi qu'une augmentation d'anisochronie des protons 
des mkthylknes du produit majeur. 

Discussion 
La structure 9 pouvant Etre rejetke a cause de l'absence de 

symktrie qui conduirait a un spectre rmn plus complexe que 
celui de la figure 2a, le  cycle central a neuf elements de 4 
explique son comportement en rmn. 

En effet, il est connu (4) que le cyclononatriene-l,4,7 existe 
sous deux conformkres C (crown) et S (saddle): 

En rmn, seule la forme C est observee a basse temperature, 
tandis qu'a tempCrature ambiante ou elevee, le spectre corres- 
pond a un equilibre plus ou,moins rapide entre les diffkrentes 
formes possibles. 

Dans le cas du cyclotrivCratrylene (CTV) 10, la forme C est 
seule observee ( 3 ,  mCme a 200°C (absence de coalescence du 
systeme AB mCthylCnique). Dans tous les compods analogues 
cites (6), soit la forme C est seule presente, soit la forme S. Les 

OMe OMe 

M e 0  AOMe OMe OMe 

deux conformeres ont Cte cependant signales dans un m&me 
spectre rmn pour le produit 11 OD le cycle benzenique est 
remplace par un cycle a cinq elements (7). 

Le seul triazacyclononatri~ne-1,4,7 symetrique decrit a no- 
tre connaissance est le compose 12 (8) dans lequel les trois 
mtthylknes sont isochrones dans le CDCI,. 

I1 apparait donc que les spectres dans le DMSO-c16 de 2 et 4 
(fig. la et 2a) sont ceux d'une forme C (fig. 5): isochronie des 
protons situCs sur les positions homologues des noyaux pyra- 
zoliques et des groupes mCthylCniques, indiquant la symetrie 
C3, et anisochronie des protons a I'interieur de chaque methy- 
Iene. 

Dans le CDCI,, par contre, si la forme C est encore majori- 
taire, il est raisonnable d'attribuer a la forme S les signaux du 
compost5 minoritaire. Cette structure n'avant aucun elkment de 
symCtrie, conduirait a un spectre rmn complexe si elle n'etait 
en Cquilibre rapide avec deux autres formes S Cquivalentes (4, 
6. 8, 9). . . .  

La preuve que les formes majeure (C) et mineure (S) obser- 
vCes dans le spectre de 4 sont en Cquilibre conformationnel lent 

temperature ambiante est apportee par l'evolution du spectre 
de 4 dans I'hexachloroacCtone avec la temperature, montrant 
une coalescence des signaux des deux formes vers 140°C (fig. 
6). La rkversibilite du processus a CtC verifiee lors du re- 
froidissement. 

En utilisant la mCthode decrite dans la rtfkrence 10 pour les 
Cchanges entre sites inegalement peuples, on peut evaluer le 
AG* de I'equilibre C/S de 4 dans 1'hexachloroacCtone a 20 t 
1 kcal mol-'. Cette barrikre est inferieure a celle du CTV dans 
le mCme solvant: ce dernier se decompose a 200°C sans qu'il 
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FIG. 4. Etude i 80 MHz de I'tvolution du spectre de 2 par addition 
de DMSO-d6 i une solution chloroformique (zone comprise entre 5 et 
6 ppm); pourcentages CDCl,/DMSO-d6: (a) 100:O; (b) 84: 16; (c) 
80 : 20; (d) 0 : 100. 

FIG. 3. Etude a 80 MHz de l'tvolution du spectre de 4 par addition 
de DMSO-d6 h une solution chloroformique (zone comprise entre 5 et 4c 4s 

6,5 ppm); pourcentages C D C I ~ / D M S O - ~ ~ :  (a) 100:0;*(b) 90: 10; (c) 
85: 15: (d) 80.20; (e) 0: 100. FIG. 5. Equilibre conforrnationnel crown E saddle du composC 4. 
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Frc. 6. Etude a 100 MHz de 1'Cvolution avec la temperature du 
spectre de 4 dans I'hexachloroacCtone (zone comprise entre 5.0 et 6.5 
P P ~ ) .  

y ait eu Cvolution du systkme AB mCthylCnique de la forme C 
seule visible (5). Par contre, aucun Clargissement des signaux 
de la forme S n'est observC dans CD2CI2 a -95°C. De toute 
Cvidence, et malgrC que I'Ctude des deux Cquilibres ne soit pas 
possible dans le mCme solvant, la barrikre de I'interconversion 
S/S est donc trks inferieure celle de l'equilibre CIS. En effet, 
le r61e du solvant est important. Par exemple, contrairement a 
ce qui est observe dans l'hexachloroac6tone, le spectre de 4 
dans le DMSO-d, a 140°C est identique a celui observe a 
tempirature ambiante. 

D'autre part, la difference de comportement de 2 et 4 dans 
CDCI3 et DMSO-d, nous a incites a les Ctudier dans plusieurs 
autres solvants. Les dkplacements chimiques sont reunis dans 
le tableau I .  On constate que dans les solvants tels que DMSO, 
benzkne, methanol, acetonitrile, acetone, I'equilibre est totale- 
ment d6placC en faveur de la forme C, mais que I'anisochronie 
des protons mCthyleniques ainsi que le centre du systkme AB 
sont variables. Par contre, les solvants dans lesquels les deux 
conformkres coexistent sont tous halogCnCs: chloroforme, di- 
chloromCthane, bromoforme, hexachloroacCtone. C'est aussi 
dans ces solvants que I'anisochronie des protons mCthylCniques 
est la plus faible. 

Enfin, des experiences r6alisCes a partir de melanges 
CDC1,/DMSO-d6 et benzkne/DMSO-d6 ont mis en Cvidence la 
sensibilite plus grande d'un des deux protons methyleniques 
I'effet de solvant. Par exemple, lors de I'addition progressive 
de DMSO 2 une solution benzCnique de 2 ou de 4, le de- 
placement du systkme AB vers le; frkquences elevkes s'ef- 
fectue avec croisement des signaux des protons mCthylCniques. 

Ces diffkrentes observations sont en faveur d'une solvatation 
specifique du conformkre C ,  solvatation qui a dCja Cti invoquke 
dans le cas du CTV (6, 9) pour expliquer la stabilisation de la 
forme C pourtant plus encombrCe que la forme S.  Ce dernier 
point est illustrC dans notre sCrie par le pourcentage de forme 
S qui passe de 20 (produit 4) 30 (produit 2) puis a 50 (produit 
12) quand on remplace I'hydrogkne de la position 4 des noyaux 
pyrazoliques par un mCthyle (dans 2) ou un brome (dans 12) 
(tableau I). 

Conclusion 
Dans la serie du CTV, i l  a CtC montre (6) qu'au moins un des 

carbones sp3 mCthylCniques doit Ctre remplace par un carbone 
sp2 pour qu'il y ait, dans 1'Cchelle des temps de la rmn, equi- 
libre entre conformkres C et S. Dans tous les autres cas, c'est 
soit la forme C seule, soit la forme S seule qui est observe. 

Nous venons de voir que cette condition n'est pas necessaire 
dans la strie de la tripyrazolotriazonine- 1,4,7 oh les formes C 
et S sont observees en m&me temps dans certains solvants. 

D'autre part, Ctant donnC que la difference observable entre 
formes S et C est l'anisochronie des hydrogknes rnCthylCniques 
de cette dernikre, un spectre a haut-champ au moins sera sou- 
haitable chaque fois que la forme S sera "vue" seule. Nous 
avons en effet montre que, dans certains solvants, I'ani- 
sochronie de la forme C peut Ctre si faible qu'elle n'est pas 
mesurable a 80 ou 100 MHz. 

Partie experimentale 
Les spectres rmn du proton ont kt6 enregistres sur les spectrometres 

suivants: Varian HA-100 et Bruker WP-80-DS du Laboratoire de 
Mesures Physiques de I'U.S.T.L., Bruker WM-250 de la Sadis Bru- 
ker a Wissembourg que nous remercions de son aide, Bruker WM- 
360-WB du Laboratoire de RMN a Haut-Champ de Montpellier. Tous 
les dCplacements chimiques sont donnCs en ppm par rapport au TMS 
pris comme refirence interne. 

Les spectres de masse ont CtC obtenus sur un spectrometre JEOL 
JMS D-100 au Laboratoire de Mesures Physiques de 1'U.S.T.L. 

Les points de fusion infkrieurs a 25OoC, non corrigks, ont CtC deter- 
mines en tubes capillaires avec un appareil Tottoli, et ceux sup6rieurs 
a 250°C avec une platine chauffante Leitz. 

Les analyses ont CtC effectuCes par le Service Central de Micro- 
analyses du C.N.R.S. 

Les rendements indiquCs correspondent A des produits ne presentant 
qu'une seule tache en chromatographie sur couche mince. 
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HydrazinomCttzyl-5 dirne'ttzvl-3,5'(3') dipvrazolj~l-1.3'(5') rne'thane 6 
Ce composC tres instable a CtC prCparC in sit~c pour Cviter toute 

oxydation Cventuelle ( I  I). Un courant d'azote est envoy6 sur une 
solution de 0.10 rnol (26 g) du chlorhydrate de 5 (I)  dans 500 mL 
d'Cthanol puis 0,80 rnol d'hydrate d'hydrazine (40 g) en solution dans 
50 mL d'ethanol sont ajoutCs. Le melange est agitC i temperature 
ambiante pendant 20 min puis refroidi jusqu'h apparition d'un prCcipi- 
tt de chlorhydrate d'hydrazine que I'on filtre. Le filtrat est concentrk 
sous atmosphkre d'azote. L'huile obtenue est chauffke A 90°C sous 0, I 
Torr (I Torr = 133.3 Pa) afin d'Climiner le maximum d'hydrazine et 
est utilisCe aussit6t pour I'Ctape suivante. 

CnrbPthoxy-5 trimtthyl-3.3'.5"(3") [pyrazole mr'thyltne-3"(5")]-yl-I' 
dipyrazolyl-1.5' rnktl~ane 7b 

Un melange de 0,05 rnol de 6 (1 1 g) et 0,06 rnol dlacCtylpyruvate 
dlCthyle (9,s g) est chauffC i reflux 2 h sous atmosphere d'azote dans 
500 mL d'kthanol. Aprks Cvaporation du solvant sous pression rC- 
duite, le rCsidu huileux est chromatographi6 sur alumine (ether/ 
ethanol 98:2). A cBtC de produits non identifies, les deux isomeres 
suivants sont 1so1Cs. 

Compose' 7a. R, = 0.10, avec un rendement de 10%; F = 120°C; 
spectre de masse (pic molCculaire): m/e = 342; rrnn (CDCI?): 6,52 
(IH,  s),5,92(1H, s),5,67(1H, s) ,5 ,32(2H,s) ,5 ,28(2H, s),4,36 
(2H, q), 2,20 (3H, d, J = 0,6 Hz: CH1-5"), 2,16 (3H, d, J = 0.7 Hz: 
CH3-5), 2,15 (3H, s, CH1-3'). 1,34 (3H, t); rrnn (C(,D,): 6.43 (IH, s), 
6,07(2H, s), 5,88(lH.s),5,47(1H,s),5,24(2H, s) ,4 ,14(2H,q) ,  
2,06 (3H, S: CH?-3'). 1.95 (3H, d, J = 0,6 HZ: CH3-5"). 1,62 (3H, 
d, J = 0.7 HZ: CH3-51, 1.03 (3H. t). 

Compost 7b, RI. = 0,25, avec un rendement de 24%; F = 138°C; 
spectre de masse (pic moltculaire): m/e = 342; rrnn (CDC13): 6,59 
(IH, s), 5 3 8  (2H. s), 5,69 (2H. s), 5,42 (2H, s), 4,30 (2H, q), 2.24 
(3H, d, J = 0.3 HZ: CH3-3), 2,19 (3H, d, J = 0,6 Hz: CH3-5"). 2,16 
(3H, d, J = 0,3 Hz: CH3-3'). 1,30 (3H. t); rrnn (ChD6): 6.43 (1 H, s), 
6,03(1H,s),5,84(1H,s),5,65(2H, s),5,42(2H, s), 3,92(2H,q), 
2,06 (3H, d, J = 0,3 HZ: CH3-3). 2,03 (3H, d, J = 0.3 Hz: CH3-3'). 
1,83 (3H, d, J = 0,6 HZ: CH3-S"), 1.02 (3H, t). 

HydroxymPthyl-5 trimPrhy1-3,3',5"(3") [p-vrazole mPttzylPrle-3"(5"j]- 
yl-I' dipyrazolyl-1,5' methane 

Cet alcool est obtenu par reduction de I'ester 7b par AILiH, selon 
un protocole analogue h celui dtcrite dans la IittCrature pour 
I'homologue infCrieur B deux noyaux pyrazole (I) .  Rendement 75%; 
F = 1 18- 120°C; spectre de masse (pic molCculaire): m/e = 300; rrnn 
(CDCI,): 5,87 (IH, s), 5,82 (IH,  s), 5.70 (IH, s), 5.23 (2H, s), 5,12 
(2H, s), 4,42 (2H, s), 2,14 (3H, s: CH,-3). 2,l I (3H, d, J = 0,6 Hz: 
CH3-5"), 2.09 (3H, s: CH3-3'); rmn (ChDh): 5,87 (1 H, s), 5.83 (IH, 
s), 5.82 (IH, s), 5,22 (2H, s), 5,12 (2H, s), 4.38 (2H, s), 2,14 (3H, 
s: CH3-3), 2,08 (3H, S: CH3-3'), 1,81 (3H, d, J = 0,6 HZ: CH3-5"). 

Chloromerhyl-5 trimethyl-3,3'.5"(3"j [pyrazole mithyline-3"(5"j]- 
yl-1' dipyrazolyl-1,5' rnPthnr1e 8 

Ce compose est obtenu par action du chlorure de thionyle sur 
I'alcool prCcCdent selon le m&me mode operatoire dCcrit pour 
I'homologue infirieur A deux noyaux pyrazoles (I) .  Rendement 65%; 
F = 80°C (dCcomposition); spectre de masse (pic molCculaire): m/e 
= 3 18; rmn (CDC13): 6.01 (I H, s), 5,92 (2H. s), 5,42 (2H, s), 5,34 
(2H, s), 4,47 (2H, s), 2,32 (3H, d, J = 0,4 Hz: CH1-5'). 2,19 (3H, 
s: CH3-3). 2,17 (3H, s: CH3-3'); rrnn (C6D,): 5.80 (I H, s), 5,73 (IH, 
s), 5,71 (IH,s) ,  5,37(2H, s), 5,23(2H, s) ,4 ,18(2H, s), 2,10(3H, 
S: CH3-3), 2,09 (3H, S: CH3-3'), 1,88 (3H, d, J = 0,4 HZ: CH3-5"). 

TrimPdlyl-2,7,12 dihydro-9,14 (4 H Jtripyrazolo(1 ,5-a:1',5'-d:1".5"- 
g jtrinzonine- 1,4,7 4 

A 4 mL d'une solution de soude i 50% en poids sont ajoutCs 2 X 

lo-, rnol de bromure de tCtrabutylammonium et 300 mL de benzene 
en agitant vivement. Une solution de 0,005 rnol de 8 dans 300 mL de 
benzkne est alors ajoutCe goutte a goutte au melange precedent et le 
milieu rkactionnel est chauffC au bain-marie i 60°C pendant 2 h. 

Tres rapidement, un precipitt blanc, fin et floconneux apparait. En 
fin de rkaction, ce prCcipitC est filtrC, lave i I'eau puis extrait au 
chloroforme. La phase organique est sCchCe sur sulfate de sodium, 
filtrCe puis le solvant CvaporC. Le rksidu solide est recristallisC dans un 
mClange eau/Cthanol et donne 4 avec un rendement de 38%; F = 
310°C; spectre de masse (pic molCculaire): m/e = 282. Anal. calc. 
pour CIsHlnN(,: C 63,89, H 6,43, N 29,80; trouvCe: C 63,49, H 6,47, 
N 29,5 1; rmn, voir tableau I. 

Tribromo-3,8,13 trime'thyl-2,7,12 dihydro-9,14(4 H )tripyrazolo- 
(1,5-a:11,5'-d :Iv,5"-g)triazonine-1 ,4 ,7 12 

A 0,001 rnol de 4 en solution dans le chloroforme est ajoutC goutte 
B goutte 0,003 rnol de brome en solution chloroformique. L'addition 
terminke, le mClange est port6 5 reflux pendant I h. Le bromohydrate 
de 12, insoluble dans le chloroforme, prCcipite et le milieu est neutra- 
lisC par une solution aqueuse de Na2C03. La phase organique est 
sCparCe, sCchCe et CvaporCe. Le solide blanc obtenu est recristallisk 
dans le chloroforme et conduit a 12 avec un rendement de 67%; F = 
300°C; spectre de masse (pic molCculaire): m/e = 522. Anal. calc. 
pour CISHISBr3Nh: C 34,71, H 2,91, N 16,19; trouvte: C 35,50, H 
3,l  I, N 16,23; rmn, voir tableau I. 

HexamPthyl-2,3,7,8,12,13 dihydro-9,14 (4H)tripyrazolo- 
(1,5-a:11,5'-d:1",5"-g)triazonine-l ,4 ,7  2 

Ce composC a CtC prCparC selon les indications de la IittCrature (2). 
Le produit que nous avons is016 aprts recristallisation et sublimation 
posskde les mCme caractkristiques que celles dCcrites dans la riference 
2: Rendement 3% (litt. (2): 6%); F = 320°C (litt. (2): 325°C). Anal. 
calc. pour CInHZ4Nh: C 66,64, H 7,46, N 25,90; trouvte: C 66,59, H 
7.38. N 25.58: rmn. voir tableau I .  La seule diffkrence avec la , , , , 

IittCrature (2) est le pic rnoltculaire du spectre de masse h rn/e = 324. 

I. B. LUPO, A. RAMDANI et G. TARRAGO. J. Heterocycl. Chem. 21, 
545 ( 1 984). 

2. H. REIMLINGER, A. NOELS et J. JADOT. Chem. Ber. 103, 1949 
( 1970). 

3. J. ELGUERO et R. JACQUIER. J. Chim. Phys. 1242 (1966). 
4. F. A. L. ANET et M. GHIACI. J. Am. Chem. Soc. 102, 2528 

( 1980) et references citCes. 
5. B. MILLER et B. D. GESNER. Tetrahedron Lett. 335 1 (1965). 
6. J. F. MANVILLE et G. E. TROUGHTON. J. Org. Chem. 38, 4278 

(1973) et rCf6rences citCes. 
7. W. ~1 RAVERTY, R. H. THOMSON et T. J. KING. J. Chem. Soc. 

Perkin Trans. 1, 1204 (1977). 
8. W. R. ROTH. Ann. Chem. 671, 10 (1964). 
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(1977). 
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A simple reason for non-linear mixture rules in chemical kinetics. Part 1. 
Vibrational relaxation of diatomic molecules 

CHRIS CARRUTHERS A N D  HESHEL TEITELBAUM 
Ottczwa-Carleron lrlstiture for Research orlcl Grrzduare Studies in Chert~istry. Universi? of Ottrnc~rz Cornpus, 

Ottawa. Onr.. Canada K IN  9B4 

Received January 4, 1984' 

CHRIS CARRUTHERS and HESHEL TEITELBAUM. Can. J .  Chem. 63, 38 1 (1 985). 
The generalized rate law for the vibrational relaxation of diatomic molecules is extended to include inert collision partners. 

V-V energy transfer processes are accounted for explicitly as are thermal effects. The molecules are treated as Morse oscillators 
as far as energetics are concerned; however, the microscopic rate constants are Landau-Teller type. It is found that the 
phenomenon of non-linear mixture rules arises when experimental data are forced to fit a first-order rate law. The persistence 
of V-V processes at times well-advanced into the relaxation zone is responsible for deviations from linearity. The non- 
linearities are most pronounced at high temperatures, and can be avoided only by using extremely dilute mixtures. Several 
sources of ambiguity are pointed out. The type of excitation method influences the initial deviation from a Boltzmann 
distribution and plays a crucial role in determining the importance of V-V processes and hence the degree of non-linearity. 
'Thus, when the initial distribution is Boltzmann as in shock waves, the mixture rule is found to be absolutely linear for the 
vibrational relaxation of diatomic molecules. 

Several examples, heretofore not recognized as such, are pointed out in the literature. 

CHRIS CARRUTHERS et HESHEL TEITELBAUM. Can. J .  Chem. 63, 381 (1985). 
Dans le but d'inclure des partenaires inertes impliquks dans des collisions, on a Ctendu la loi gCnCralisCe de vitesse des 

relaxations vibrationnelles des molCcules diatomiques. On peut interprkter explicitement tant les effets thermiques que les 
processus de transferts d'knergie V-V. En autant que les Cnergies sont concernCes, on traite les molCcules comme des 
oscillateurs de Morse; toutefois, les constantes microscopiques de vitesse sont du type Landau-Teller. Lorsqu'on force les 
donntes expCrimentales a obCir B une loi de vitesse du premier ordre, on observe que le phCnomkne des rkgles de mClanges 
non-IinCaires se dCveloppe. C'est la persistance des processus V-V, B des temps bien avancCs dans la zone de relaxation, qui 
provoque des dCviations de la linCaritC. Les non-IinCaritCs sont plus prononcCes B hautes tempCratures et on peut les Cviter 
uniquement en utilisant des mClanges extrkmement diluCs. On identifie plusieurs sources d'ambiguitk. La mCthode d'excitation 
influence la deviation initiale, par rapport B la distribution de Boltzmann, et elle joue un r81e crucial dans la dCtermination de 
I'importance des proccssus V-V et, par conskquent, dans le degrC de non-IinCaritC. Donc, lorsque la distribution initiale est 
du type Boltzmann, comme dans les ondes de choc, on trouve que la rkgle des mClanges est absolument IinCaire pour la 
relaxation vibrationnelle des molCcules diatomiques. 

On a relevC, dans la IittCrature, plusieurs exemples qui n'avaient pas CtC reconnus comme tels. 
[Traduit par Ic journal] 

A. Introduction - k , [ M l ] [ A ]  - k2[M,II[A] - k , [ ~ ] ' ,  and then it is clear that 

In the last 10 years interest has been aroused among the- non-linearities are inherently built into the kinetics. It is impos- 

oreticians concerning the validity of the linear mixture rule for sible to define a quasi-first order effective rate coefficient. If 

parallel rate processes (1 -9).  hi^ rule states that if k, is the the attempt is made, then a non-linear mixture rule is a neces- 

rate coefficient for A + M~ + B + M ,  and if k, is the rate sary consequence. Unfortunately, the practice is widespread. 

coefficient for A + Mz+ B + M, where MI and Mz are species This study points Out the dangers 

not undergoing any chemical change, then the overall rate ( b )  Non-equilibrium kinetics. Even when mixed-order ki- 

k, for the effective process A + B is k = k , x l  + netics is not in question, the linear mixture rule will hold only 

kzx, where x,  and x, are the mole fractions of species MI and when the reaction is beyond the incubation period and only 

M ~ ,  respectively. ~h~ above processes may represent vi- when local thermodynamic equilibrium can be said to exist (9). 

brational relaxation or diatpmic dissociation or unimolecular Clearly, if the above two processes are not Ones, 

~ e c o m p o s ~ t ~ o n ~ ~ s o m e r ~ z a t ~ o n  at the low pressure limit. Even but rather involve microscopic detail such as molecular energy 

though this study concerns vibrational relaxation, we introduce transfer processes among vibrational levels which are not in- 

the mixture rule in terms of familiar chemical kinetics con- finitely fast, then non-equilibrium kinetics prevail, and much 

cepts, It has been pointed out (I)  that the linear mixture rule depends on the relative Of M~ and M? local 

does not hold strictly except under very limited conditions, equilibrium. The question here is whether the overall rate is a 

~ ~ ~ l ~ ~ ~ i ~ ~  comp~~ca t~ons  due to fall-off behaviour, we can linear combination or a holistic combination of the two partial 

distinguish between two effects: rates. 

(a) Mixed order kinetics. The linear mixture rule will hold There are relatively uninteresting occasions when the rates 

only if the products of, e.g., dissociation do not recombine, are linearly additive: (0) there is only one quantum level in A ,  

thus avoiding processes which are describable in terms of i.e., there is an undissociated A ,  and a product state B; ( b )  

second-order kinetics. Furthermore, the linear mixture rule will there are many levels in A ,  but the microscopic rate constants 

hold only if A is infinitely diluted in a mixture with truly inert describing the energy transfer processes and M? are 

collision partners. Otherwise, A must be included as related by a Constant factor (3). It is clear that in real systems 

one of the collision partners. ~h~ rate law becomes d [ A ] / d t  = neither of these criteria can be met absolutely. In general, then, 
the partial rates add non-linearly. When this happens, two 

' Revision received July 18, 1984. 
significantly different mechanisms compete, one faster than the 
other, or one collider more efficient than the other (9). Each 
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competing route passes via several intermediates (e.g. vib/rot 
states), which may or may not be common to both of the routes. 
When one collision partner chooses one route and the other 
partner a second route we term this a non-cooperative pair. For 
example, during steady dissociation the closer a vibrational 
state is to the dissociation limit, the greater the deviation from 
Boltzmann population. The weaker the collider, the greater is 
the inability to restore thermal equilibrium. The extent of non- 
equilibrium depletion of the states below the dissociation limit 
depends non-linearly on the mixture composition, particularly 
if competing colliders are of different strengths. Therefore the 
rate of reaction (and hence the effective rate coefficient) de- 
pends non-linearly on the mixture composition (4). Thus, for 
non-cooperative routes the nonlinearity arises totally from the 
failure to additively account for the inability of each partner to 
restore thermal equilibrium. However, if the two routes com- 
municate, i.e., if intermediates in each route are connected by 
yet a third process, then the slower of the two routes can be 
partially shunted. The very presence of an efficient route thus 
creates intermediates which obviate the need to move along 
part of the slow route, and thus helps to work around a potential 
bottleneck. We term this a synergistic system. An example of 
such a communicative process would be V-V energy transfer 
connecting two competing T-V routes. 

A theoretical treatment by 'I'roe (4) has given quantitative 
substance to the deviation from linearity of the mixture rule for 
polyatomic dissociation when the non-equilibrium criterion 
fails in a non-cooperative way. However, Troe concludes that 
the effect is barely within the experimentalist's detectability 
limits. Dove and Raynor (8) have also described non- 
cooperative effects for diatoms. In the latter study it was shown 
that non-equilibrium rotational distributions and vibrational 
distributions influence the additivity of vibrational relaxation 
and dissociation rates respectively. However, one could say 
that here cooperative effects are also involved (with V-RT 
processes acting as communicating routes). Both studies (refs. 
4,  8) must be considered as involving A infinitely dilute in a 
mixture of inert M, since V-V processes are ignored. In this 
work we concentrate on mixtures containing finite amounts of 
A, without non-equilibrium phenomena, in which cooperative 
effects of A-A collisions can be demonstrated unambiguously. 

Pritchard has shown that V-V (5) and/ or R-R (6) processes 
are responsible for non-linear rate laws in mixtures of finite 
composition. This was accomplished by direct numerical inte- 
gration of the appropriate master equation. In the present work 
we demonstrate non-linear rate laws by analytical solution of 
the master equation for vibrational relaxation. In this way we 
may investigate the circumstances in which deviations might be 
observable, and we may suggest how to analyze experimental 
data in such cases. 

Some experiments have come to light showing the non-linear 
effect markedly. Kiefer has pointed out (3) that H atoms and N 
atoms (10, 11) do not contribute linearly to the rate of their 
parent diatomic molecule's dissociation. This may not be too 
surprising since the atom-molecule interactions may give rise 
to distinctly different mechanisms than diatom-diatom or rare 
gas atom-diatom interactions. On the other hand, a systematic 
test of the mixture rule by Breshears et al. (12, 13) for the 
dissociation of Hz and O2 revealed no apparent non-linearities. 
The reason behind these apparent discrepancies is not known. 
However, we should note that the two effects (non-equilibrium 
distributions and mixed order kinetics) are not well separated in 
these cases. The situation is clearer for studies of vibrational 

relaxation where there is no complication due to dissociation 
depleting the vibrational level populations. A systematic test of 
the mixture rule for the vibrational relaxation of H2 showed it 
to be linear (14) within experimental error. On the other hand, 
the NO/Ar system (15) showed very strong deviations from 
linearity at very high dilutions. Admittedly, Glanzer's graph is 
of log k vs. mole fraction. Nevertheless, even if Glanzer's 
graph is replotted on a linear scale, one would nevertheless be 
forced to conclude that a linear extrapolation of his data to zero 
mole fraction of NO leads to an overestimate of the argon 
contribution by orders of magnitude. Likewise, the only sys- 
tematic test to date of the linear mixture rule for vibrational 
relaxation of a polyatomic molecule has shown strong devi- 
ations (16). All of these relaxation cases fall into the category 
of mixed-order kinetics in that the relaxing molecules may 
actively participate in their own relaxation. Hence they should 
all display non-linear mixture rules if one attempts to fit first 
order kinetics to the data. That they do not all do so may simply 
mean that measurements are not being made at sufficiently high 
dilutions nor at early enough times nor at high enough tem- 
peratures where the effect is most easily observed. This may 
also apply to the paucity of examples for dissociation (1). 
However, it is still not clear if the experimental technique itself 
plays a role. (Some techniques rely on measuring bulk vi- 
brational energy profiles which are basically insensitive to 
second-order processes involving near-resonant V-V energy 
transfer steps.) It is also not clear whether there is a basic 
difference between diatomic molecules and polyatomic mole- 
cules due to the difference in vibrational state densities and in 
the number of vibrational degrees of freedom. For example, it 
is almost always thought (but not necessarily correctly, in gen- 
eral (17)) that the rate law for the vibrational relaxation of the 
vibrational energy, E,  of a diatomic molecule obeys the rate 
law dE/dt = - (E  - E,)/T, where is an effective quasi- 
first-order rate constant obeying the linear mixture rule. On the 
other hand, if a polyatomic molecule is considered to consist of 
several independent normal oscillating modes, i ,  each obeying 
a similar rate law, then dE/dt = -Z,(E, - E,,,)/T,. Clearly 
there is no unique effective rate "constant". A phenom- 
enological rate coefficient for such a system is time-dependent. 
However, the less dilute the mixture is, the greater the commu- 
nication between parallel channels, i.e., the greater the influ- 
ence of independence-destroying intermode-intermolecular 
V-V energy transfer processes. In the extreme limit of pure 
polyatomic gas it is conceivable that all T, could become iden- 
tical - at which point a unique effective rate coefficient would 
exist. Thus, time- and mole-fraction-dependence become en- 
meshed. 

In order to elucidate some of these points, we have carried 
out a study of the vibrational relaxation of diatomic molecules 
mixed with inert gases, which is valid for any conceivable type 
of excitation, and which solves the detailed master equation 
describing the vibrational level population changes as a func- 
tion of time. Bimolecular V-V energy transfer steps are explic- 
itly considered, and conditions for the validity of the linear 
mixture rule are examined. We follow on the model of our 
previous study which led to a non-exponential rate law for the 
rate of relaxation of vibrational energy of a pure diatomic gas 
(17). Here we generalize the model to include finite mixture 
compositions, and we study the effect of mole fraction on the 
phenomenological rate coefficient. We further show why some 
experiments show strictly linear mixture rules, while others 
must show non-linear mixture rules. 
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CARRUTHERS P 

B. Relaxation model 
For collisions of N,,, diatomic molecules AB(m) in vi- 

brational state m with other molecules in a mixture of AB and 
inert M molecules, the rate of change of the population, 
dN,,,/dt, can be written in terms of T-V and V-V components 

v-v 

For T-V processes AB(m) may collide with any other AB in 
vibrational state m = 0 -+ m,, where m, is the level just below 
the dissociation limit. AB(m) may also collide with the inert 
species M. The master equation describing the rate of change 
of the population of level m with time due to T-V processes is 
then given by 

Here, k:,,,,, is the rate constant for AB(m) -+ AB(n) upon 
collision with species i. In our previous study (17) we did not 
include collisions with the inert species M. The above rate 
equation assumes that (i) AB(m) can be excited or de-excited 
by one quantum, (ii) the various AB states are equally efficient 
at V-T de-excitation of AB(m) (but kf; f k:), and (iii) the 
rotational sublevels are equilibrated on a very short time 
scale, so that the rotational substructure need not be included 
explicitly. 

We furthermore assume that the T-V rate constants can be 
scaled according to symmetrized Landau-Teller rules: 

where + = hv,x,/kT, and v, and X, are the Morse spectroscopic 
constants. These rate constants obey microscopic reversibility, 
and ensure the proper relative equilibrium populations. In [2] 
we gather coefficients of N ,,, N,,,,, and N ,,,-, . We note that 
because the rate constants for different collision partners, i, 
depend in the same way on m, then [2] can be written in terms 
of (k::NAB + k?,NM) and (k?,:NAB + kF0NM). Since kb,,/k;, 
is just the Boltzmann factor, exp [-hvc(l - 2x,)/kT], and is 
independent of the collision partner, i, then the concentration 
dependence in [2] can be written entirely in terms of the factor 
(k?,:NAB + ky,,NM). We follow the same procedure as in our 
previous study (17) and obtain an expression for the con- 
tribution of T-V processes to the rate of change of vibrational 
energy. Wherever Nkl.o appeared in that study involving pure 
AB it is now replaced by (NABk?.: + NMk;). We obtain, for 
Morse oscillators, 

X [ I  - exp {-hv,(l - 3xC)/kT)] 

The effective rate constant, k, clearly is a simple linear combi- 
nation of contributions by AB and M. 'This result is in perfect 
agreement with previous findings (9) that linear mixture rules 
are expected in quasi-first-order kinetic systems whenever the 
microscopic rate constants for different collision partners are 
all related by the same constant factor. In this case it is a 
consequence of the Landau-Teller rules. However, it is by no 

means guaranteed that even with these unique properties, the 
inclusion of V-V processes will not modify this conclusion for 
mixtures of finite mole fraction. 

When V-V processes are included, it is only AB-AB col- 
lisions that affect d ~ , , , / d t l ~ - ~ .  In our previous study we 
included all processes AB(m) + AB(n) AB(m + 1) + 
AB(n - I), and we scaled the individual rate constants accord- 
ing to Landau-Teller-like rules. The contribution of V-V pro- 
cesses to the rate of change of vibrational energy was found to 
be given by ( 17) 

where k::: is the rate coefficient for the process 

X: = xc/( 1 - x,), V'  = vc(l - x,), E/hv' - CmN,,,/N, and 
p / ( h v 1 ) &  Cm2N,,,/N. In the present generalization we must 
explicitly recognize that only the AB-AB collisions can con- 
tribute to V-V processes. Thus N is identified here as NAB. Our 
finalrate law (consisting of two equations, one for E and one 
for E') becomes, on a per molecule basis: 

d E  - - ( E  - E,) - N k2.0 
T AB I .I X: [2E2/hv' 

where 8' = hvl/k and 11-r = (NAB k;,: + N,ky,) [I - e2b-0'1T]. 
Therefore, with the following proviso, it would seem that all 
operations in our previous study (17) can be repeated simply by 
replacing N k , ,  by (NAB k?,: + NM ky,) and Nkf:? by NAB ki::. The 
complication arises from thermal effects: as the vibrational 
energy changes, the translational-rotational energy changes 
correspondingly. E,, which depends on temperature, therefore 
changes during the relaxation, and E appears to approach equi- 
librium more quickly (1 8). In order to account for temperature 
variations we need to relate the vibrational energy to tem- 
perature or to translational energy. In other words, we need an 
expression for the conservation of energy, and then convert our 
differential equation into one involving temperature. From a 
practical point of view this is desirable anyway, since in many 
experiments it is not E but rather refractive index gradients 
which are measured. We consider the energy balance between 
the translational-rotational and the vibrational degrees of free- 
dom. Shock tube experiments can be considered to be at con- 
stant pressure and enthalpy. This is an approximation, and 
indeed one analyzes data more carefully on a routine basis (12, 
13). However, for a first-order determination of the influence 
of thermal effects on the non-linearity of the mixture rule, the 
approximation is good. The gas enthalpy 

is a constant,-where Tc is the true final (equilibrium) tem- 
perature,-and C is the molar constant-pressure heat capacity = 
CjXiCi. Ci is the molar heat capacity of species i present with 
mole fraction Xi. This procedure is also valid for laser- or 
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384 CAN. J. CHEM. VOL. 63. 19x5 

chemically-activated systems if heat loss to the walls of the cell 7 0  i? dE  
dg - - @ (l + NABki::X:) - 4x:N k -  - -- 

is not significant. Then C would be a constant-pressure heat dt' dt T1: hv dt 
capacity only at relatively high pressures, but a constant- 
volume heat capacity at low pressures where the excitation XINAB k?:: a 
energy diffuses over the whole cell. The relaxing molecules, + hv' dt 
AB, can release or take up heat from an inert buffer gas, where 
depending on the type of experiment. In our previous study we - 

I I did not include thermal effects because we considered them not [lo] - = - (- to be a major effect, as far as determining the role of V-V 71: 7 C - CVib 
processes was concerned. However, here we must consider Elimination of d p / d t  leads to 
thermal effects because they depend on mole fraction of the - 

buffering gas. 

C. Conservation of energy 
'The gas enthalpy is comp_osed_of translational and rotational 

contributions denoted by J(C - CVib)dT plus a vibrational term 
E associated only with the diatomic molecule. In our relaxation 
model we do not exclude polyatomic colliders, M. However, 
for the sake of simplicity we give a detailed analysis here only 
for the case M = atom. Thus C, = 5k/2 (on a per molecule 
basis). Then, at constant pressure 

[7] C - Cvlb = k(XAB + 512) where u = hvc(l - 2xC)/kT. Substitution of this expression for 
where XAR is the mole fraction of AB in the mixture = i? into [5] leads to . .- - - 

NAB/(NAB + NM). The conservation equation becomes d~ NABki:(: 2 
[ I l l  -I--+-+- dt 1 - x c  T T* ' 1 = -  

H = J(C - CVib)d7 + XABE = constant = j T C C d ~  
I 

'0 

In differential form this becomes - 

[8] XABdE/dt = - (C - CVib)d~/d t  This is the generalized rate law. It can be simplified by sup- - 
posing a solution of the form 

Phenomerzological rate coeficient 
dE (E - E,) Whenever the rate law is not that for pure first-order kinetics, [ 1 2 ~  - = - 

it becomes important to specify the phenomenology, which is dt T 
+ f (t)  

* - 
otherwise arbiirary. Here, as in ref. i 7  the rate ofr&axation is Differentiating [121 and using d ~ , / d r  = - [cVib/ (~  - s,.)] 
not purely exponential, and any arbitrarily defined rate coeffi- 
cient will be time-dependent. The equivalence in eq. [8] sug- 

dE/dt we obtain 
k'.O 

gests a definition which at least facilitates the comparison be- AB 1.1 704E 
[13] - + = - XJN k-. 7 - tween shock tube and fluorescence experiments. One ought to 1 - XC T dt AB 1.1 hv 

get the same rate "constant" if In (dE/dT) or In (dT/dt) is 
plotted as a function of time. Thus we define T" as Just as in ref. 17 we are justified in neglecting the term 

4EX:/hv' compared with unity. Therefore 

D. The generalized r.ate law for vibrational relaxation 
of diatomic molecules Comparing eq. [12] with [5] we can easily deduce that 

- 
Equations [5] and [6] can be combined by differentiating [5], 

eliminating d E / d t ,  and obtaining an expression for F in 
terms of dE/dt, d2E/dt2, and E. This result can then be re- 
substituted into [5] to obtain the final tractable rate law. Be- 
cause of thermal effects the first stage in this procedure is not 
as straightforward as in ref. 17. We consider neither T nor kt:: and 
to depend strongly on temperature. However, the derivative of dE (E - E,) E, becomes [I61 = - 

dE, - dE, dT dE, 1 - 
dt dT dt 

= - ) (5. - Fr i )  $ - 1" ~ X P  - 

where we have used [8] explicitly. We further note that 
XABdEx/dT is sjmply the contribution of the vibrational degree There are some noteworthy features associated with this rate 
of freedom to C. Thus, dE,/dt = - [CVih/(C - CVih)]dE/dt. law: 

Differentiation of [5] leads to (a) Thermal effects do not enter explicitly into [16], al- 
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CARRUTHERS A .ND TEITELBAUM 385 

though they are implicitly contained in the time-variation of Ex. 
(Of course, both T and kT:(: depend on temperature, the latter 
very weakly so. However, the temperature changes are usually 
only a few degrees K,  and so we ignore this aspect.) 

(b) The rate is not at all the same as supposed by experi- 
mentalists. Although (E - E,) relaxes nearly exponentially 
with a rate coefficient closely related to I / T  (see below), a 
second contribution relaxes somewhat faster. This term repre- 
sents the effect of V-V processes. Whereas a relatively small 
amount of energy is associated with this term (the an- 
harmonicity) compared with the main term, ~p,Bkf:(: is usually 
% 1 /T, and the amplitude of the V-V rate may be comparable 
to or Z e n  exceed the T-V rate, particularly since [2E2/hv' + 
E - E2/hv'Io, the initial deviation from a Boltzmann distribu- 
tion, can be arbitrarily large, depending on the type of ex- 
citation experiment. The V-V rate decays faster than the T-V 
rate; however, the large amplitude of the V-V term may con- 
tribute significantly to observed rates of relaxation. 

(c)  A unique relaxation time cannot be said to exist. It is only 
in the extreme IimLof NAB + 0,  or k::: + 0 or X, + 0, or 
[2E2/hv' + E - E'/hvl], + 0 that the V-V term drops out 
and that a unique relaxationtime results. In ref. 17 it was 
shown that [2E2/hv' + E - E2/hv'], is zero when the initial 
population distribution is Boltzmann, such as in shock tube 
experiments. This predicts that the rate of vibrational relaxation 
of diatomic molecules measured in shock waves is exponential 
with a unique T-V relaxation time which obeys the linear 
mixture rule! 

(d) In the limit that NAB + 0 the V-V term decays according 
to e-'I/'. The factor of 2 seems reasonable, since if in the limit 
of NAB + 0, E decays according to e-'IT, then functions of E' 
ought to additionally decay according to e-"/'. Of course, the 
amplitude of the V-V term + 0 in this limit. Alternatively, the 
~ ~ ~ k f : ( :  term represents the V-V process 2AB(v = 1 )  + AB(v 
= 0) + AB ( v  = 2). This can compete with the T-V process 
AB(v = 1) + AB(v = 0) only if the v = 2 state can also make 
its way back to v = 0. This is efficiently done by the T-V 
process AB ( V  = 2) + AB(v = 1) which is twice as fast as the 
v = I + 0 step in our model (18) at the limit NAB + 0. 
Therefore 217 must appear in conjunction with ~,,k?::/(l - 
x c )  This function has been known in the literature for many 
years. Rankin and Light (19), who used a V-V model very 
similar to ours, showed that the individual vibrational levels 
decay during early relaxation at more than twice the steady 
rate. Even the term [€,(I + 2 ~ ~ )  - (II')~] (essentially part of our 
pre-exponential term) appeared in their functions. Un- 
fortunately, they neglected the molecular anharmonicity, and 
their energy rate law therefore reduced to the Bethe-Teller 
law. 

E. Solution of the rate law 
I .  Shock tubes 

As mentioned above, the rate law reduces simply to 

In order to eliminate the time variation o_f Ex, we differentiate 
eq. [17] and use dE,/dt = [CV,~ / (C  - C,,,)]dE/dt in order to 
obtain 

We reintegrate in order to express the rate law in terms of final 

conditions. At t + m; dE/dt + 0; Ex + Ex,, the true equi- 
librium energy. Therefore 

The solution is a pure exponential, with time constant T:,. The 
phenomenological time constant T" defined by [9] is simply T" 
- 
- T:,. 

2.  Laser excitution or chemical activution 
At this point we should emphasize that, although this kind of 

experiment is amenable to monitoring individual vibrational 
level populations by narrow band fluorescence, in actual prac- 
tice a broad-band fluorescence signal is measured which is 
proportional to CnhvN,,, i.e., to the total vibrational energy of 
an approximately harmonic oscillator mode ( 1  8). This is cer- 
tainly the case for the experiments cited below. 

In this general case we must integrate [16]. The same pro- 
cedure is used as in the shock tube case to eliminate the time- 
dependence of E,. Setting 

and 

and using eq. [9] we obtain 

[20] E - E,,, = (E, - Ex,) e-'/" 

+ b(e-"' - e-'IT')/(a - I/T*) 

and 

In this study, we are interested in the dependence of T" on mole 
fraction, XAn -- N A B / ( N ~ ~  + N M )  T"/T:~ depends on five addi- 
tional parameters: 

= k2.O/(kAB - 
I. I I." kt:) 

S - (E, - E,,,)/{hvcXc[2(E/hv')' + (Elhv')  

- F / ( ~ V ' ) ~ ] ~ }  

A = CAB/k and X, 

One may look upon Figs. I and 2 as correction factors to be 
applied to measured relaxation times. Depending on the regime 
 oft/^:^ studied, one measures T" which is far removed from the 
desired T-V 7,. However, in order to apply these correction 
factors, one must know y (the relative importance of V-V and 
T-V rate constants), $M (the relative T-V efficiencies of M 
and AB), S (the deviation from equilibrium relative to the 
initial first and second moments of the vibrational energy) as 
well as A and x,. It is not likely that y and $M are known in 
advance of the measurements, and it is very difficult to measure 
6. Therefore, it is unlikely that graphs such as Fig. 1 could ever 
be useful in this way. Furthermore, an experimentalist would 
not know unambiguously what his regime of t / ~ : ,  is. If any- 
thing, he would measure T" and hence he would have an idea 
only of t / ~ " .  The dependence of the measured phenom- 
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386 CAN. 1. CHEM. VOL. 63. 1985 

FIG. 1. Phenomenological relaxation times for the vibrational relaxation of diatomic molecules in gas mixtures as a function of reduced time, 
t / ~ * .  ( a )  Effect of A ,  i.e., of how nearly classical the oscillator is, for XAB = 0.5, y = 100, 6 = 10, xC = 0.01, $M = 0.1. For A = 4.5, the 
vibration is classical; ( b )  effect of y, i.e., of the relative importance of V-V and T-V rate coefficients, for XAB = 0.5, 6 = 10, X ,  = 0.01, +, = 0. I ,  A = 4.5; (c) effect of 6, i.e., of the deviation from equilibrium relative to that from a Boltzmann distribution. Here X A B  = 0.5, y 
= 100, X .  = 0.0 1, $M = 0. I .  A = 4.5. The discontinuities correspond to overshoots in energy; (d) effect of $,, i.e., of the relative efficiency 
of M and AB at equilibrating AB via T-V processes. Here X A ,  = 0.5, y = 100, 6 = 10, X ,  = 0.01, A = 4.5. 

enological relaxation time on t / ~ "  is even more complicated, as 
seen in Fig. 26. In view of these difficulties it is advisable that 
workers report their measured values of PT not only at given 
temperatures but also the measured time intervals of t / ~ " .  In 
this way, comparison between the results of different experi- 
mental techniques is facilitated. 

In Fig. 16, we note that the larger the y, the earlier the V-V 
effects are over. However, it is also easy to calculate from [20] 
the percentage of energy change relaxed at a given time. We 
find that despite the rapidity of V-V processes, they are never- 
theless important in some cases for late time measurements. 
For example, by the time 7" = 0.95~,,  20% of the energy has 
already relaxed if y = 100, 6 = 10, X ,  = 0.01, A = 4.5, +, 
= 0,1, and XAB = 0.5. (This might correspond to exciting Naz 
or Li2 in the range v = 2-6 at some suitable temperature.) 

When 6 < 0 the vibrational energy temporarily surpasses its 
equilibrium value. As shown in ref. 20 this manifests itself as 
an apparently negative 7 until the maximum energy is reached. 
Beyond this point in time, the relaxation rate speeds up and 
approaches that controlled by the V-T processes. In terms of 
Treanor pumping, it is during this induction period that mole- 
cules pile up in high vibrational states. Thereafter, they relax 
at a relatively slow rate. The experimental conditions required 
for 6 to be < 0 are difficult to obtain in studies designed to 
measure rate constants; and we therefore ignore this case here. 
Indeed, ref. 20 shows that for most, if not all laser- or 

chemically-activated molecules 6 lies in the range 10- 1000. 
For 6 = 1000, y = 100, 6% of the energy change has relaxed 
by the time 7" = 0 . 9 5 ~ : ~ ;  even for y = lo4, 6 = 10, as much 
as 10% change has occurred already. It seems that V-V pro- 
cesses make themselves felt on time scales that are up to 20 
times greater than what one would have expected from the 
value of y, i.e. the relative V-V/T-V rate constants, de- 
pending on the size of the perturbation, 6. 

For collision partners which are as efficient as AB itself is at 
T-V excitation (+M = I), 25% of the energy has relaxed by the 
time 7'' = 0 . 9 5 ~ ~  The less efficient M is, the more important 
is V-V relative to T-V, and thus the earlier in time is the V-V 
effect over. 

A depends on how classical the oscillating molecule is (i.e. 
on the value of h v / k T ) .  For a classical diatomic oscillator A = 
912; for the extreme case of a quantum oscillator A = 712. 
Nevertheless, the nearness to classical oscillation plays little 
role in the transient behaviour. 

Because the mole fraction, XAB, affects not only the duration 
of V-V processes but also their amplitude, the dependence of 
this effect on XAB is somewhat complicated: for XAB = I, XAB 
= 0.5,XAB = 0.2,XAB =O. l ,XAB = O.OI,XAB =0.001, the 
percentage of the vibrational energy relaxed by the time 7" = 
0.957, is 25%, 20%, 21%, 24%, 48%, and 56%, respectively. 
The mole fraction of AB must be as low as lo-' before less than 
5% of the energy has relaxed during the transient period when 
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CARRUTHERS AND TEITELBAUM 387 

FIG. 2. Phenomenological relaxation times for the vibrational re- 
laxation of diatomic molecules in gas mixtures as a function of re- 
duced time and mole fraction. Here y = 100, 6 = 10, A = 4.5, X, = 
0.01, and +, = 0. I. ( a )  t is normalized by dividing by the effective 
T-V time constant, 7,; (b )  t is normalized by dividing by the experi- 
mentally observed time constant, 7". 

y = 100, 6 = 10. 'The mole fraction at which V-V effects are 
most felt is closely related to that at which the mixture rule 
deviates the most from linearity (see below). Therefore, despite 
the low mole fractions and the anharmonicity (lo-'), 
modest V-V processes (y = 100) can have marked effects on 
measured rate coefficients! Great care is needed in interpreting 
vibrational relaxation data when t < 7,. 

F. Mixture rules 
The aim of this study was to see the effect of mole fraction 

on measured rate constants for relaxation, i.e., on IINT", or 
l lp7". Using [2 11, [ I  01, and the definition for T,  we obtain 

We note that the mole-fraction dependence is due to three 
factors: (a) thermal effects; (6) a linear dependence on relative 
efficiency of M; and (c) a non-linear factor due to the influence 
of V-V processes. We do not wish to confuse the issue by 
including thermal effects as a source of non-linearity, because 
experimentalists tend to account for them before attempting 

mixture rule plots. Therefore in Figs. 3 and 4 we include only 
the second and third factors, and plot the function 

as a function of X,,: 

aZbTte-lr! + [ ( E ,  - E,,) (a - 117,) - b]e-'ITi 

{abr,e-'" + [(& - E,,.) (a - l/r,) - b]e-'1T7 

Not only does g depend on XAB, but it also depends on time! It 
is here that we encounter at once both the crux of the matter and 
the experimentalists' dilemma. There is no unique choice for 
117,. Thus there is no unique mixture rule plot! Three reason- 
able choices are reflected in Figs. 3a,  b, and c: (a)  constant 
t / ~ , ;  (6) constant t / ~ " ,  which is more readily estimable than 
t / ~ : + ;  (c) constant absolute time, i.e. constant Nt(ky, - k?,), 
which is the most likely experimental situation (one is likely to 
measure at the earliest possible time permitted by electronic 
response regardless of X,,). Of course, if Nt is fixed then t / ~ , ,  
chosen in this way, also depends on X,,: e.g., if we choose 
t / ~ : $  = n when XAB = 0, then Nt(kr0 - k!,) = n; and for fixed 
Nt , 

- 

In Fig. 3 we have chosen typical parameters y = 100, 6 = 
10, xe = 0.01, and +, = 0. I. Since g has been normalized to 
give +M when XAB = 0, i.e., the relative T-V efficiency of 
M: AB, then a linear mixture rule corresponds to a straight line 
connecting g = I (at XAB = I) with g = 0. I (at X,, = 0). It 
is only at or close to equilibrium that a linear mixture rule will 
be observed. At long times the relatively rapid V-V rate decays 
leaving only the T-V rates which do obey the linear mixture 
rule, as can be seen from [3]. At other times non-linearities are 
very evident. The danger lies in an experimenter's not mea- 
suring over the entire concentration range. Over any short 
range of mole fractions such plots will always appear to be 
linear - certainly within experimental error. 'The common 
procedure of extrapolating to XAB = 0 and X,, = I in order to 
extract the T-V rate constants for M and AB res~ectivelv is 
apparently wrong, except when measuring at equilibrium. We 
see that ( 1 )  linear extrapolations originating from a limited 
range of X,, can give very large underestimates or over- 
estimates of k:,: and ky,. (2) It is only when measurements are 
made at X,, 5 I /y that linear extrapolations to X,, = 0 can 
give a good estimate of ky,. In many cases, though, the large 
value y (typically as large as lo6) may make it impossible to 
properly estimate k l .  On the other hand, for those cases where 
curvature of the type in Fig. 3a  can be observed experi- 
mentally, one has a good handle on the magnitude of y. (3) 
When measurements are made in mixtures which are rich in 
relaxer, the mixture rule plots may be deceptively linear. How- 
ever, linear extrapolation to X,, = I will give effective rate 
constants which depend strongly on time. ~ t e a r l i e r  and earlier 
times the rate constants reflect more and more V-V character; 
but it is wrong to assume that in general they are V-V coeffi- 
cients. Even at t = 0 they are at best a sum of V-V and T-V 
constants, ky:y/(l - x,) + 2(k;: - k::). At t = m, they are the 
T-V constants, (kt: - kt:). (4) The curvatures are markedly 
variable and depend on how the experimenter perceives his 
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CAN. J .  CHEM. VOL. 63. 1985 

FIG. 3. Effective second order rate constant, g ,  as a function of mole fraction of the diatomic molecule, AB, undergoing vibrational relaxation. 
Typical conditions used here are y = 100, 6 = 10, X, = 0.01, A = 4.5, and 4 ,  = 0.1. The non-linearities are shown for three different choices 
of progress variable: ( a )  time reduced by the effective T-V time-constant; (b) time reduced by an effective relaxation time, as perceived by the 
experimenter; and ( c )  absolute time, or, time reduced by a mole-fraction-independent time-constant. 

time scale. In Fig. 3a  the rate coefficients are measured consis- - 
tently at a fixed t/~:,:. Deviations from linearity are always 
present and are always positive. They must be positive when 6 
> 0 because then V-V processes increase the rate of relaxation 
over that by T-V processes by introducing alternative mech- 
anistic routes. Deviations are of two types: (a)  monotonically 
varying; and (b) exhibiting a maximum. At early times only 
V-V processes are important, and they thus become mono- 
tonically more important as X,, increases. The maximum man- 
ifests itself at later times even close to equilibrium. It exists 
because (as can be seen in Fig. 2 and in [i6]) the smaller the 
mole fraction of AB, the smaller the amplitude of the V-V 
effect but the lotzger it takes relatively for the V-V effect to 
decay. These two properties compete, producing a maximum. 
We estimate the X,, for maximum deviation from linearity, 
below. The XAB at the maximum correlates well with the mole 
fraction at which the % energy change has relaxed the most by 
a fixed time via V-V processes. o n e  should also note that an 
experimenter measuring in the region just beyond the max- 
imum may get the erroneous impression that (since g decreases 
wih increasing XAB here) AB appears to be less efficient than M 
is as a T-V collider even when it really is not (+M = 0. I here). 

As mentioned earlier, if non-linearities are observed then it 
is because 7'' is not a unique quasi-first order time constant. 
Measurements are apparently being made in transient zones. 
Thus, the experimenter does not know the value  oft/^,:, mere- 
ly that of t / ~ " .  Using that time scale the experimenter will 
obtain plots like those in Fig. 3b which are mildly curved, but 
still time-dependent. Note that there are actually three values of 
g possible for a given t / ~ "  (see Fig. 2b). The fixed values of 
t / ~ "  (=[~/T,~I~[T,~/T"])  chosen for Fig. 3b correspond to the 
transient zone where t / ~ "  actually decreases while t / ~ ,  in- 
creases. Since the range  oft/^" is restricted, then the range of 

XAD is also restricted to that which results in transient zones 
falling within that time-scale window. (At times beyond this 
transient zone, when 7'' --. T:]., curves such as those in Fig. 3a 
are obtained.) The mildness of the curvature in Fig. 3b repre- 
sents a very subtle danger to the experimenter, since he is then 
less likely to be aware of ambiguities. 

In Fig. 3c the time scale has been divided by the character- 
istic time constant for T-V collisions of M, i.e., by ~ ( k :  - 
k!), which is independent of X,,. This is essentially the same 
as choosing a fixed absolute time. At different mole fractions 
this fixed time corresponds to different t /~ : , .  For example, 
measurements at t = 1 p s  in mixtures with low mole fractions 
of AB may correspond to relatively early portions of the relax- 
ation zone and hence have significant V-V character. On the 
other hand, in mixtures having large mole fractions, X,,, which 
relax relatively faster, 1 ps may correspond to a relaxation very 
close to equilibrium where the T-V mechanism prevails. This 
choice of time scale is probably common in the literature, and 
could provide the most dramatic non-linear mixture effects. 

Figure 4 shows the effect of the parameters 6, y, X, and 4, 
on the mixture plots, for a fixed t / ~ ,  = 0. I .  The degree of 
closeness to classical oscillation, X, affects only the residual 
thermal effects (the major thermal effect having been factored 
out earlier). However, these effects are weak. We also note 
from [I61 and from Fig. Ib that the smaller the value of y the 
smaller the amplitude of the V-V effects but the longer in time 
they last. This competition causes the deviation from linearity 
to be most pronounced at intermediate values of y. In Fig. 4 c  
when 6 = 10, the value of y leading to worst deviation from 
linearity is for a modest y - 40. Thus it is by no means certain 
that the larger the V-V rate constants are relative to the T-V 
rate constants the greater the non-linearity. In fact, it appears 
that the more important parameter for determining the degree 
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CARRUTHERS AND TEITELBAUM 

FIG. 4. Effective second order relaxation rate constant, g, as a function of mole fraction of the relaxing diatomic, AB, at I /T : ,  = 0. I .  (a) Effect 
of 6, i.e., of the relative deviations from equilibrium and statistical distributions. Here y = 100, X, = 0.01, A = 4.5, +M = 0. I; (b) effect of 
A,  i.e., of how nearly classical the oscillator is. (At A = 4.5 the oscillation is purely classical.) Here y = 100, 6 = 10, X, = 0.01, +M = 0.1; 
(c) effect of y, i.e., of the relative importance of V-V and T-V rate coefficients. Here 6 = 10, X, = 0.01, A = 4.5, +M = 0.1; (d) effect of 
$M, i.e., of the relative efficiency of M and AB at T-V excitation. Here 6 = 10, y = 100, X, = 0.01, A = 4.5. 

of V-V character is 6. Figure 4a  shows the sensitivity of The V-V rate constant empirically is not significantly tem- 
non-linearity to 6. For 6 = 1000, the mixture rule is essentially perature dependent. If anything, i t  decreases with T. On the 
linear. For 6 = 10, it is very non-linear. Reference 20 sum- other hand, k:: increases with T according to exp (-cT-'I3) 
marizes typical values of 6.. For shock tube excitation (the where c is a constant. Thus y decreases with increasing T. We 
initial population distribution is Boltzmann), 6 = m; the energy thus expect that for small 6 < 100 and 7 2 40, increasing the 
relaxes exponentially [19]; g is independent of time; I/T" = temperature decreases y, and hence increases the non-linear 
I/T*, i.e. is a linear combination of T-V rate constants; and effects. ~f the temperature is increased so much that y < 40 
the mixture rule is always linear for this special kind of experi- then the non-linearities become less serious again. However, 
ment. For laser-or-chemical excitation, (61 is in the range such high temperatures are rarely attained. 
4- 100, and we obtain non-linear mixture rules. In some of Finally, we note in Fig. 4d, where y = 100, 6 = 10, that 
those cases, 6 can also be negative (corresponding to energy whereas the deviation from linearity is greatest when there is 
overshoots or undershoots). We have not considered such cases o n l y  4% AB in the mixture i f  +M = 0.1, the deviation is 
in this study: an experimenter noting such overshoots would greatest at 63% AB if 4, = 10. Apparently, non-linearities 
normally fit his data to a model including V-V and T-V manifest themselves in the mole fraction region corresponding 
processes. to the least efficient collider. We also note that Fig. 4d is a way 

It is also interesting to deduce the effect of temperature, T, of expressing the use of a variety of different colliders to relax 
on the non-linear mixture rule for a given experiment. As noted AB. In the mole fraction range XAB - I linear extrapolations to 
in ref. 20, 6 does not seem to depend on temperature signifi- x,, I give a common value regardless of the collider, as is 

: cantly. Therefore for fixed X, 6, and (bM we need only reasonable. However, extrapolating from some intermediate 
I determine the temperature dependence of y = ki:y/(k: - k:). range of X,, (even if beyond the maximum) leads to problems. 
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Mild curvature prevents any two such extrapolations to lead to 
a common intercept. This should prove to be a useful diagnos- 
tic tool for detecting non-linearities when they are mild. The 
study of Miller and Hancock (21) is a good example, showing 
the existence of curvature indirectly. Admittedly their colliders 
were not inert atoms; nevertheless, the same principles are 
involved. It should be pointed out, however, that this is merely 

~ a necessary but insufficient test for linearity. Even if common 
intercepts are obtained they may not be easily interpretable 

I 
unless the intercepts are time-independent as well. 

It is interesting to investigate when the relaxation rate, 
dE/d(Nt) is least well described by a linear mixture rule. The 
first term on the right hand side of [I61 is constructed from a 
linear combination of partial T-V rates with contributions 
from both colliders M and AB. The deviation from this linear- 
ity arises entirely from the second (V-V) rate term on the right 
hand side of [16]. This deviation from ( E  - E,)/NT is a 
maximum when 

reaches a maximum. We constrain ourselves to measurements 
made at fixed t / ~ ,  such as in Figs. 3a and 4. Using the defini- 
tion for T ,  y ,  and +M, the mole fraction of relaxer at the 
maximum, X, is given by 

As seen in Fig. 4,  X does not depend on X nor on 6. As an 
example, we choose the parameters of Fig. 4, where t /~ : ,  = 
0.1. t / ~  = 0. I also, particularly when the mixture is dilute in 
AB. For y = 100 (Fig. 4d)  X varies between 0.012 and 0.404 
in the range +M = 0.1 4 10. For +M = 0.1 (Fig. 4c) X varies 
between 0 and 0.112 in the range y = x: 4 80. These are in 
qualitative agreement with the actual maxima in Fig. 4. How- 
ever, we note that [23] corresponds to the deviations of rates 
from linearity; whereas Fig. 4 correspond to deviations of phe- 
nomenological rate coefficients from linearity. 

Furthermore, in the likely case that y ( t / ~ )  % I, and +M 5 
1, then X .= + M / ( ~ t / ~ ) ,  i.e. 

In other words, the mole fraction at which non-linear deviations 
make themselves most felt is of the order of the relative T-V 
(collider M) rate constant to V-V rate constant. This is a very 
small number. However, more importantly the rate coeficient 
approaches to within 5% of the T-V limiting value only when 
XAB is almost 100 times smaller yet. It puts very stringent 
requirements on an experimenter wishing to extract kyO from 
data taken at finite mixture composition! 

It is also useful to estimate the magnitude of the maximum 
deviation from linearity. We substitute [23] into an expression 
for the deviation from linearity divided by the linearly additive 
rate, i.e. 

~ , , k ~ : ~ h v , ~ ~ [ 2 ( E / h v ' ) '  + (E/hvl) - ~ l ( h v 1 ) ' I o  exp [-(NABkf::~/{l - x,} + 2 ) t / ~ ]  

(E - E,)/T 

Noting that at early times E = Eo and Ex = Ex,,, and using the 
definition for 6 ,  this maximum relative deviation becomes (for 
small X) 

The relative deviation becomes more pronounced at earlier 
times and for smaller 6, i.e., the more non-Boltzmann the 
initial distribution is. For example, when t / ~  = 0.  I and 6 = 5, 
the rate of relaxation is more than 60% greater than i t  would 
have been without the non-linearities. 

If, instead of choosing fixed t / ~ ,  we consider experiments 
measured at fixed ~ ( k y ,  - k&)t, as in Fig. 3c, then X,, at the 
maximum is given by 

Again, for the usual situation where y is large, X is a small 
number, 

and the maximum relative deviation from linearly additive 
rates, 

(I - xc)e-' 
, can be 3 I 

6N(kfl, - k,M,)t 

G. Suggestions for analyzing data 
It appears that the safest experimental procedure (with re- 

spect to ambiguous interpretations) is to work as close as pos- 
sible to equilibrium. In dilute mixtures (XAB 5 117) linear 
extrapolation to XAB = 0 leads to kfl,. At XAB = I ,  one obtains 
k:,. One should then measure NT" as a function of time forXAB 
= I. Having already determined k:, one can normalize 
(~ /NT")  by dividing by (kr: - kt:) to obtain g. Then, as can 
be seen from [22], when XAB = I 

We note that aT, - y .  At times far enough from equilibrium 
that some time-dependence in g is observable, but near enough 
to equilibrium that the variation is no more than a factor of 2 
(i.e. g 5 2), then UT, % g > I .  'Thus, a plot of In (g - I) vs. 
time will give approximately a straight line with (a - 117%) as 
slope, i.e. 

N k',O 
AB 1.1 2 1 - + - - -  

I - x c  7 7* 

Having already determined kjhB and k{ (and therefore also T and 
T , ~ )  as described above, k::: is easily extracted. Alternatively, 
one can use the procedure given in ref. 20 (again for pure 
relaxer, AB) to determine k;,: and kf:;. However, in con- 
tradistinction to the above suggestion, where not even a knowl- 
edge of 6 is required, the method of ref. 20 requires some 
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knowledge of the population distributions. That procedure is 
based on the exponential decay of the function 2(CvN,./N)' + 
CvN,./N - Cv2N,./N, as shown above (eq. [15]). The slope of 
a log plot of this function vs. time gives 

Figure 1 shows that if measured at times sufficiently long (2 
20~, , /y)  then T" is just T:,. Thus can be extracted by this 
method. 

H. Comparison with experiment 
The literature on the vibrational relaxation of molecules, 

pure or in mixtures with inert gases, is vast. We have not 
attempted an exhaustive search. Instead, we concentrate on two 
or three systems. 

It appears that non-linearities are the rule rather than the 
exception for polyatomic molecules. We have observed them 
in our own laboratory for CH4 (16), for N?O and C2H2 (22) at 
mole fractions of the order of 0.01 in shock waves of Ar 
mixtures. In laser-induced experiments Moore and co-workers 
(23) have made measurements of the relaxation of H 2 0  diluted 
in Ar and in N2. Slight curvature is evident for the v, mode at 
mole fractions - 0.01. Wittig also (24) has studied the vi- 
brational relaxation of the v,  and v modes of H 2 0  at mole 
fractions only as low as 0.05. However, extrapolations of his 
data to X = I using two different diluents do not give the same 
intercept. This is evidence for non-linearity, as discussed 
above.Since our model does not apply to polyatomics, we shall 
not discuss them further. 

Diatomic molecules can be divided into two classes: accord- 
ing to whether the initial distributions are Boltzmann (shock 
tube experiments) or not. For the former class, we expect 
relaxation rates to be linearly additive. Indeed we have not 
found a single case contradicting this. Of some relevance is 
Glanzer's study of NO/Ar mixtures (15). In his shock wave 
experiments the v = 0, I, and 2 vibrational level populations 
(in contradistinction to the total vibrational energy) did not 
decay or grow with linearly additive rates. Borrell's studies of 
CO mixtures with Ne (25) and with the hydrogen halides (26) 
seem to us to show the same behaviour. In analogy with the 
present study, the whole effect may be an artifact of the experi- 
menter's imposition of quasi-first order kinetics onto the data, 
when the mechanism involves rapid second-order processes. 
Nevertheless, Glanzer's study showed that V-V effects can be 
eliminated by measuring at extremely low mole fractions 
< It should serve as a warning to experimenters working 
far from equilibrium, particularly with molecules in the latter 
class. Unfortunately, fitting data to pure exponential functions 
is prevalent in the literature. V-T rate coefficients determined 
in this way are not likely to be unique rate constants, nor 
necessarily be interpretable as reported, unless X 5 lo-" or a 
5 10-"27). 

In evaluating the second class of experiments, we concen- 
trate on the hydrogen halides and on CO - molecules which 
have been the most extensivelv studied. It is evident to us that 
in the vast majority of these studies the mole fraction range was 
not sufficiently well covered, if at all. To complicate matters, 
in most studies neither the time regime used, t / ~ ,  nor even the 
absolute time scale is ever cited. It is, moreover, extremely rare 
for the degree of excitation, a, to be mentioned. All of this is 
very important for diatomics where y is expected to be much 

larger than for polyatomics. We expect that non-linearities 
should be most pronounced at X 5 lo-', as in Glanzer's study, 
far below the regime usually studied. Thus, very few studies 
show direct evidence of non-linearities in diatomic mixture 
rules: Hancock and Saunders discovered very strong non- 
linearities in their studies of DF relaxation at mole fractions as 
low as 0.0076. At the low temperatures involved it is probably 
dimerization which is responsible (28). Linear extrapolations 
of HF relaxation data, measured at mole fractions as low as 
0.00 1, to X = I differ very much from the results for pure HF, 
thus indirectly indicating non-linearities (29). Similarly for H, 
(21). By measuring at very early times and at mole fractions as 
low as 0.002, Chen saw very strong non-linearities in the 
relaxation of HBr (30). The non-linearities in all of the above 
examples are consistently in the same direction as predicted by 
the present study. 

Summarizing, we believe that the few experimental studies 
of mole-fraction dependence of relaxation times, as published 
in the literature, confirm the predictions of our study. How- 
ever, it is not clear if experiments (particularly with hydrogen 
halides) confirm the scaling laws used in our basic model. Data 
on scaling relationships for V-V energy transfer in pure gaszs 
is surprisingly meagre (see ref. 3 1 for a thorough review). Only 
HCl and HF and CO have been studied in this respect. The 
consensus of opinion is that as v increases, the V-V channel 
becomes less able to compete with the V-T route. The data ;ire 
considered to be substantially influenced by V-T processes 
(32), and we cannot conclude very much from this. 

The question of the scaling of V-T rate constants is also not 
yet clear. On the one hand, the "V-T" rate constants are found 
to depend more strongly on v than linearly (33). On the other 
hand, our model, which accounts for a stronger variation by 
including an e"IkT term, (and presumably any model with 
"correct" scaling) would predict that the procedures used to 
draw such conclusions (i.e., treating the rates of population 
changes according to pure first order kinetics when a is as large 
as 0.01) are deficient. At the very best, such measurements 
lead to information on the sum of V-T and V-V rate constants; 
however, the possibility exists that they are artifacts, just as is 
the observed non-linear mixture rule. In other words, it is very 
hard for an experimenter to prove that so-called V-T rate 
constants are free of V-V character. 

Notwithstanding these comments, some key experiments in- 
volving CO and DC1 seem to confirm the scaling laws we used. 
Simpson and co-workers have shown that CO and DCI each 
relax via a continuous sequence of Boltzmann distributions 
behind shock waves (34,35). This can only happen when V-T 
rate constants depend linearly on quantum number. The argu- 
ment for this involves a discussion of canonical invariance, to 
which we now turn. 

It has been shown by Shuler and co-workers (36, 37) that if 
the initial distribution of vibrational levels is Boltzmann, as in 
shock wave experiments, then equilibrium is approached via a 
continuous series of Boltzmann distributions, on condition that 
the harmonic oscillator molecules obey the Landau-Teller 
rules. The converse has also been proven (38, 39). As a cor- 
ollary, Pritchard has stated that canonical invariance, linear 
mixture rules, and exponential decay all originate in the 
uniqueness of Landau-Teller sum rules (40). However, proofs 
of these properties have been given only for models where 
T-V are the only processes. There is as yet no satisfactory 
discussion in the literature on the question of canonical invari- 
ance for anharmonic molecules when V-V processes are in- 
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volved: Osipov showed (41) that with V-V processes included 
and scaled according to Landau-Teller rules, then after the 
V-V transient period the distributions approach Boltzmann 
ones. However, he treated the molecules as harmonic oscilla- 
tors and did not discuss the special case of an initial Boltzmann 
distribution. Rankin and Light did find canonical invariance 
even when V-V processes were considered (19). However, 
their model also used harmonic oscillators; we have already 
shown (17) that such a simplification essentially eliminates the 
influence of V-V processes on bulk measurements. The study 
which is closest to being satisfactory is Treanor's (42), who 
showed that, in general, canonical invariance is not valid. 
However, he used non-Landau-Teller scaling, and his result is 
thus expected. Moreover, Treanor did not consider the case 
which interests us here, namely, what happens if the initial 
distribution is Boltzmann? Therefore we still do not know 
whether or not the existence of canonical invariance implies 
Landau-Teller behaviour. Even our own study (20), which 
proved that energy-changes in a set of anharmonic oscillators 
decay exponentially when V-V and T-V rate constants scale 
according to Landau-Teller rules, does not prove canonical 
invariance (although we suspect that our study is a good start- 
ing point for a proof). We do not know whether exponential 
decay, linear mixture rules (and presumably canonical invari- 
ance) are a consequence of the unique sum rules or merely of 
an initial Boltzmann distribution, when V-V processes are 
involved. 

In summary, the indications are that Simpson's experiments 
(made in a time regime where V-V effects have died out) show 
that T-V rate constants scale according to Landau-Teller 
rules. 

I. Conclusion 
We have shown that non-linear mixture rules can arise for 

the vibrational relaxation of diatomic molecules. Although we 
have evaluated the effect in detail for the atomic collision 
partner, M,  the principle is the same for any inert collision 
partner. We have made a few reasonable approximations, such 
as isobaric relaxation, and we have neglected the temperature 
dependence of the microscopic rate constants. Except for ther- 
mal effects, it seems that non-linear mixture rules arise entirely 
as an artefact caused by the insistence of experimentalists on 
fitting measured data to first order kinetics, whereas a double 
exponential is more appropriate. The persistence of V-V ener- 
gy transfer processes to times relatively advanced in the relax- 
ation causes the rate law to be non-exponential and thus injects 
non-linearities into the analysis of data. Ambiguity is intro- 
duced by the experimentalist's conception of the time regime 
being probed. Some inconsistencies in choosing well-defined 
fixed or relative times accentuate the problem of the validity of 
the linear mixture rule. Such inconsistencies may lead to spuri- 
ous results, e.g., in a plot of log p~ vs. T - ' I 3 ,  or at least lead 
to unnecessary scatter in the data. Even if a consistent time 
scale is chosen, linear extrapolations from curved mixture rule 
plots lead to wrong values for kf,:  and k c .  Furthermore, since 
the measured relaxation times are phenomenological in nature, 
different mixture rules may result depending on one's defini- 
tion. For example, defining 7' = -(E - L) / (dE/d t )  leads to 
different results than does use of [9] (20). We believe that, if 
our own suggestions for data analysis are not followed, then 
using definition [9] at least facilitates comparison between dif- 
ferent experimental techniques such as fluorescence and schlie- 
ren methods, assuming that the regimes  oft/^" and the degree 

of pertubation are reported. 
We find that non-linearities are most evident at high tem- 

peratures, at early times, and in mixtures rich in the least 
efficient of the colliders. The larger the anharmonicity and the 
larger the degree of perturbation of the diatomic molecule the 
more pronounced the non-linearity becomes. Elimination of 
these non-linearities requires measurements at times up to 20 
times longer and mole fractions up to 100 times smaller than 
expected on the basis of the magnitude of the V-V rate coo- 
stant, depending on the initial conditions. 

A special case was discovered where linear mixture rules a;e 
always expected - namely, shock tube measurements of the 
rate of vibrational relaxation of diatomic molecules. This re- 
sults from the property that the initial distribution is Boltz- 
mann. The same molecule at the same temperature using a 
different excitation method such as laser excitation would have 
relaxation times which disobey the linear mixture rule. How- 
ever, we do not know if this result is due to the unique proper- 
ties of Landau-Teller rate constants, i.e., if other scaling laws, 
which do not lead to canonical invariance, would also lead to 
the present result, or whether it is merely a consequence of the 
unique initial distribution in shock waves. Contrary to Prit- 
chard's conclusion (40), obedience of Landau-Teller rules is 
now seen not to be sufficient to guarantee linear behaviour. 

It is also instructive to interpret our results in terms of the 
synergism concept mentioned in the Introduction. Here, the 
two competing routes are ( I )  T-V processes by M, and (2) 
T-V processes by AB, each weighted by XM and XAB, re- 
spectively. The relatively slow T-V routes involve the steps v 
= 0 -+ v = 1 -+ v = 2. Even though in the present model the 
step v = 1 --, v = 2 is about twice as fast as v = 0 -+ v = 1, 
the mere presence of AB in the mixture which allows for 
communicating V-V process (v = I) + (v = 1 )  --, (v = 0) + 
( V  = 2) that may be more than 100 times as fast as v = 0 -+ 

v = 1, obviates the need for T-V to accomplish v = 1 --, 2 at 
all. The role of T-V is relegated to restoring newly created v 
= 0 back to v = 1, a role which only T-V can accomplish. 
This symbiosis extends all the way up the vibrational ladder. 
However, the higher the vibrational level, the larger the T-V 
rate constants and the smaller the V-V constants. Thus the 
V-V route becomes relatively less important as a commu- 
nicator. The synergism is most pronounced among the lower 
vibrational states. This idea has two consequences: ( I )  The 
whole effect depends on the initial conditions. The vibrational 
level to which the molecules are excited, the actual fraction 
excited, the closeness to equilibrium and hence need for com- 
munication, as well as the direction of relaxation (low v + high 
V )  all determine the value of the all-important parameter 6. 
What may be an avoided bottleneck from one direction may not 
be so much of a bottleneck from the other direction, which has 
a different "average" vibrational quantum number and hence 
different 6. Indeed, as mentioned earlier, if enough molecules 
are produced in high vibrational states, 6 can become < 0, and 
Treanor pumping will cause molecules to be trapped in high 
vibrational states and thus relax more slowly. (2) We can make 
a further prediction concerning the linear mixture rule. If the 
T-V rate constants depend less strongly on v than in the 
Landau-Teller model, then communication becomes even 
more important, and non-linearities become even more pro- 
nounced than found in this work. Conversely, if T-V constants 
depend more strongly on v than the Landau-Teller model, then 
the linear mixture rule will be better obeyed. 

In our analysis, we implied that rotation of the diatomic 
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molecule plays no role, or at least a passive role. Our analysis 
is valid only when the rotational levels have equilibrated on a 
much shorter time scale than that in question (43). Whereas this 
may be true with respect to the relatively improbable T-V 
processes, it may not be true with respect to the relatively 
probable V-V processes. A more proper treatment would have 
to involve the rotational substructure. As mentioned earlier, 
additional synergism can only lead to even greater non- 
linearities. Work is now in progress in this direction. 

Finally, we hope that this work will spur studies of vi- 
brational relaxation to cover wide ranges of mole fraction. 
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PHILIP A. W.  DEAN, JAGADESE J .  VITTAL, and NICHOLAS C. PAYNE. Can. J .  Chem. 63, 394 (1985). 
Stannous chloride, in solutions containing at least three mole cquivalcnts of NaEC(,H,, E = S and Se, forms triligated anions 

which crystallize readily as the tctraphenylarsonium salts, [(C(,H,),AS;I [Sn(SC,H5)3]. 1, and [(C(,Hr),AsIJ [Sn(SeC6H,).3], 2. Thc 
crystals so formed are isomorphous, and their structures have been determined by single crystal X-ray diffractometry 
techniques. The salts crystallize in the monocl~nic space group P2,/c, with four formula units in unit cells of dimensions a 
= 10.760(1), b = 17.515(2), c = 20.247(3) A, P = 104.71(1)" for 1, and n = 10.885(2), b = 17.587(2), c = 20.612(2) 
A, p = 105.47(1)", for 2. The structures have been refined by full-matrix Icast-squares techniques on F to agreement factors 
R = 0.024 (4780 observations with F,, > 3u(F,,)) for 1. and R = 0.030 (3442 observations with F,, > 3a(F,,)) for 2. The 
discrete [Sn(EChHr)?]-' anions arc isostructural; the three S or Se atoms form the base of a triangular pyramid whose apex is 
occupied by the Sn atom. Two Sn-S distances in 1 are 2.532(1) and the third 2.552(1) A, while in 2 the Sn-Se distances 
are 2.649(1), 2.650(1), and 2.671(1) A. Angles at the Sn atom are 89.91(3). 90.55(3), and 96.73(3)" in 1, and 88.74(3), 
89.72(3), and 97.27(3)" in 2. In both anions all three phcnyl groups adopt a propeller-like conformation and are disposed in 
equatorial positions above the basal plane of chalcogen atoms. Thcse salts represent the first thiolato- and sele- 
nolatostannates(ll) to be characterized structurally. Tin-1 19 nmr spectra confirm that the [Sn(EC6H5),] ions are the same 
anionic Sn(l1) species recently prepared it1 siru in solution. 

PHILIP A. W. DEAN, JAGADESE J .  VITTAL et NICHOLAS C. PAYNE. Can. J .  Chem. 63, 394 (1985) 
Le chlorure stanneux, dans des solutions qui contiennent au moins trois Cquivalents molaires de NaEC(,H5, E = S ct Se, 

forme des anions triplcment liCs qui cristalliscnt facilement sous forme de scls de tCtraphCnylarsonium, [(C(,H,)4As]- 
[Sn(SChH,),] ( I )  et [(C(,H,),As] [Sn(SeChHr)3] (2). Les cristaux qui se formcnt ainsi sont isomorphes et on a determine leurs 
structures par des techniques de diffraction des rayons-X sur des cristaux uniqucs. Les sels cristalliscnt sous forme mono- 
clinique dans le groupe d'cspace P21/c,  avec quatrc unites par unit6 ct les dimensions de la maille sont n = 10,760(1), b = 
17,515(2), c = 20,247(3) A, P = 104.71(1)" pour 1 ct a = 10,885(2), b = 17,587(2). c = 20,612(2) A, P = 105,47(1)"pour 
2. On a affinC les structures par les techniques des moindres carrCs (matrices completes sur F)  jusqu'i des facteurs d'accord 
R = 0,024 (pour 4780 observations avcc F,, > 3u(F,,)) et R = 0.030 (pour 3442 observations avcc F,, > 3a(F,,)) respectivcment 
pour 1 et 2. Les anions individuels [Sn(EC(,H5)3]- sont isostructuraux; les trois atomes de S (ou Se) forment la base d'une 
pyramide triangulaire dont Ic somme! est occupe par un atome de Sn. Deux des distances Sn-S dans 1 sont Cgales i 2,532(1) 
ct la troisieme cst Cgale 2,552(1) A alors que dans 2 les distances Sn-Se sont egalcs i 2,649(1), 2,65O(l) et 2,671(1) A. 
Dans 1, la valeur dcs angles au niveau de I'atome de Sn sont 89,91(3), 90,55(3) et 96,73(3)' alors que dans 2 les valeurs sont 
88,74(3), 89,72(3) et 97,27(3)". Dans chacun des anions, les trois groupes phCnylcs adoptent une conformation htlicoi'dale 
et ils occupent des positions tquatoriales au-dcssus du plan de base dcs atomes chalcog6nes. Ces sels sont Ics premiers thiolato- 
ct s61Cnolato-stannatcs(11) dont la structure a 6tC caracttrisCe. Lcs spectres rmn du ""Sn confirment quc les ions [Sn(EChH,)3]- 
sont les memes espkccs ioniqucs Sn(l1) qui ont rCcemment CtC prCparCcs it1 sit11 en solution. 

[Traduit par le journal] 

Introduction 
The structural chemistry of thiolato complexes of the d-block 

elements has been of intense interest in recent years. Thus, for 
example, complexes of the general type [M(S-Aryl),12- have 
been characterized structurally for M = Mn(l1) ( I ) ,  Fe(II), 
Co(II), Ni(II), Zn(ll), and Cd(1l) (2, 3), and Hg(l1) (4). 
Similarly, the structures. of polynuclear thiolato complexes 
have been described for a wide range of elements including 
Mn(11) ( I ) ,  Fe(I1) (5-81, Co(11) (9, lo), Zn(I1) ( I  I ) ,  Cd(I1) 
(12), V(111) (13, 14), Mn(II1) (15), Cu(1) (16, 17), and Ag(1) 
(18). By comparison, thiolato complexes of the p-block ele- 
ments have received little attention. In particular, phenyl- 
thiolatostannates(II), together with the analogous sele- 
nolatostannates(Il), the subject of the present paper, do not 
seem to have been investigated prior to a recent multinuclear 
solution nmr study from one of our laboratories (19), though 
salts of the [Sn(SC,F,),]- anion have been synthesized (20) and 
organometallic tin(1V) thiolates are well known (2 1 ) .  

In the previous nmr study (19), slow exchange "'Sn and 77Se 
nmr spectra could be obtained at reduced temperature for 
C,HsS-/C6HSSe-/Sn(ll) mixtures in methanol when L,,,,,/M < 

' To whom correspondence should be addressed 

3, allowing characterization in solution of the all of the species 
[Sn(SC,HS),(SeC,HS),-r]-. As no structural data are currently 
available for either [Sn(SR)3]- or [Sn(SeR),]- anions, we 
thought it desirable to isolate the parent complexes of this series 
and determine their structures; further we felt that comparison 
with the corresponding plumbates(l1) for which we have re- 
cently presented structural data (22) would be of interest. Ac- 
cordingly we report here the syntheses and X-ray structure 
analyses of [(C,H,),As][Sn(EC,H,),] (E = S and Se). At the 
outset of our work no X-ray structural data were available for 
neutral stannous thiolates or selenolates. Very recently, how- 
ever, the structures of two substituted benzene thiolates of 
tin(I1) have been reported (23). 

Experimental 
All the chemicals were of reagent grade and used as received. 

Carbon and hydrogen analyses were performed by Guelph Chemical 
Laboratories Ltd. 

Syntheses of the compounds were carried out under an argon atmo- 
sphere in a glove bag, using solvents that had been thoroughly deoxy- 
genated with argon. 

Syrzrhesi.~ qf !f(CoHc).,A.s]!fSn(SCoHr) $1 
Benzenethiol, 1.18 g (10.7 mmol), was added to 0.248 g (10.7 

mmol) of sodium metal dissolved in I0 mL of methanol. The resultant 
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TABLE I. Crystal data and experimental conditions 

Compound SnAsS3CJ2Hj5 S ~ A S S ~ ~ C ~ ~ H . , ~  

Formular weight 
Uait cell dimensions 
(A and deg) 

Cell volume (A3) 
Temperature (C) 
z 
Density (obsd) (g c K 3 )  

(calcd) 
Crystal dimensions (cm) 
Crystal faces 

Space group 
Radiation, wavelength (A) 
Absorption coefficient (cm-') 
Gaussian grid 
Transmission factors max. 

min. 
Detector aperture vertical 

(mm) horizontal 
Crystal-detector 

distance (mm) 
Take-off angle (deg) 
Scan mode 
Scan width (deg) 
Data collected 

(deg) 

829.54 970.23 
a = 10.760(1) a = 10.885(2) 
b = 17.515(2) b = 17.587(2) 
c = 20.247(3) c = 20.612(2) 
p = 104.71(1) p = 105.47(1) 
3690.8 3802.8 

25 
4 

1.505(3) 1.699(6) 
1.493 1.695 
0.032 X 0.034 X 0.033 0.030 X 0.026 x 0.027 
{OOIJ { 1 00) {O I I) {OIO} {loo} {OI I} 
{102) {OlO} (012) 
(0 12) 

P21/c c;,, No. 4 
Mo K a  X = 0.71073 

17.7 44.1 
16 X 12 X 10 10 X 10 X 14 
0.666 0.422 
0.582 0.316 

4.0 
4.0 + l .O tan 0 

205 

2.7 
(0-20 

0.60 + 0.35 tan 0 0.75 + 0.35 tan 0 
+ h ,  -k, * 1 

0.5 < 0 < 25 

solution of NaSC(,Hs was added to a stirred solution of 0.83 g (3.25 
mmol) of SnCI,.2H20 in I0 mL of water. producing a yellow precip- 
itate. A solution containing 1.39 g (3.3 mmol) of tetraphenylarsonium 
chloride hydrate in 5 mL of methanol was added with stirring to the 
yellow precipitate followed by 50 mL of acetonitrile. The mixture was 
warmed to 70°C for 30 min giving a very pale yellow solution, filtered 
hot, and left to crystallize. The pale yellow crystals of diffraction 
quality obtained in a few hours were separated by decantation and 
washed with water, methanol, and carbon tetrachloride, then dried in 
a stream of argon. Concentration of the mother liquor provided a 
second crop of crystals. Yield: 500 mg. (18.5%). Anal. calcd. for 
C ~ ~ H ~ S A S S ~ S J :  C 60.81, H 4.25; found: C 60.63. H 4.36. 

Synthesis of [(CoH.7)J.~][S~~(SeCo~.5)).,] 
The preparation of this yellow compound was very similar to that 

of the sulfur analog but C6HsSeH was used instead of C,HsSH. The 
hot solution was sealed and-refrigerated for a day to get lemon yellow 
crystals of diffraction quality. Yield: 150 mg (10%). Anal. calcd. for 
C42H.1sAsSnSe3: C 5 1.99, H 3.64; found: C 5 1.91, H 3.73. 

Physical tneaslcrements 
119 Sn nuclear magnetic resonance spectrtz 
The 296 K 149.2 MHz ""Sn nmr spectra were measured and 

referenced to neat SnMe, as described previously (19). The samples 
were prepared in CHzClz and were -0.1 M and -0.06 M for 
[(C~H&ASII [Sn(SChH5),l and [(ChH5)~As] [Sn(SeCc,HS),], respec- 
tively. 

Collection and reduction of X-ray dart1 
Well developed. pale yellow crystals of equant habit were chosen 

for each salt. A preliminary photographic examination indicated the 
monoclinic space group P 2 , l c  (24), and a careful examination of the 
films showed that the salts were isomorphous and isostructural. 
Crystal densities were determined by flotation in mixtures of 
1,2-dibromoethane and carbon tetrachloride. 

The analyses were carried out on an Enraf-Nonius CAD4F diffrac- 
tometer ushg an incident beam monochromator and Mo radiation 
(251. The thiolate structure 1 was undertaken first. Cell constants and . , 

an orientation matrix were determined from reflections recorded on a 
rotation photograph, and refined using the angular settings for 25 high 
angle reflections with 40 < 20 < 50'. w-Scans of intense, low-angle 
reflections had an average width at the base of 0.80°, a satisfactory 
value (26). Crystal data for both salts are given in Table I. Intensity 
data were recorded at variable scan speeds ranging from 4 to 0.9 deg 
min-', values chosen to optimize counting statistics within a max- 
imum time per datum of 75 s. Background estimates were made by 
extending the scan by 25% on each side. Standard reflections 4 0 0, 
0 4 0, and 0 0 10 were monitored every 166 min of X-ray exposure 
time, and showed an average 4.1% decay over the total period of 
133.4 h. In all, 7551 observations were recorded, of which 204 were 
standards. Corrections were applied for Lorentz, monochromator and 
crystal polarization, and background radiation effects using the struc- 
ture determination package (27) running on a PDP I 1 /23+ computer. 
Standard deviations were assigned based upon counting statistics, and 
a value chosen for p of 0.05 to avoid overweighting strong reflections 
(28). Fourteen crystal faces were identified by optical goniometry, and 
the crystal dimensions measured on a microscope equipped with a filar 
eyepiece. The data were corrected for absorption by the Gaussian 
method. A linear decay correction was applied, and the equivalent 
forms averaged, leaving 4780 unique data with F,, > 3u(F,,) for 
solution and refinement of the structure. 

The same procedure was followed for the selenolate structure 2. 
w-Scans showed an average width at base of 0.58". Variable scan 
speeds ranged from 4.0 to 0.9 deg min-I. with a maximum time per 
datum of 75 s. A total of 136.7 h was required for recording the 
intensity data. The crystal chosen had eight faces, and an absorption 
correction was applied. A preliminary value of 0.04 was chosen forp. 
No decay correction was applied. In all, 3442 unique data with F,, > 
3u(F,,) were available. Details of experimental procedures are given 
in Table I for both 1 and 2. 
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TABLE ~ ( L I ) .  Bond distances (A) for 1 and 2 

Distance'% Distance:!: Distance" 

Atom I Atom 2 1 2 Atom I Atom 2 1 2 Atom I Atom 2 1 2 

S n El 2.532(1) 2.649(1) C23 C24 1.358(6) 1.352( 1 1 ) C5 3 C54 1.360(5) 1.350(10) 
Sn E2 2.552(1) 2.671(1) C24 C25 1.352(6) 1.340( 1 1 ) C54 C55 I .372(5) 1.374(10) 
Sn E3 2.532(1) 2.650( 1 )  C25 C26 1.373(5) 1.370( 10) C55 C56 1.379(4) 1.374(8) 
El C l l  l.773(3) 1.914(6) C26 C2 1 I .383(4) 1.374(9) C56 C5 l 1.385(4) 1.372(8) 
E2 C21 1.768(3) 1.914(6) C3 I C32 1.384(5) 1.39 1 (9) C6 1 C62 1.389(4) 1.387(8) 
E3 C3 l 1.773(4) 1.9 1 l(7) C32 C33 1.388(6) 1.399(1 1 )  C62 C63 1.379(5) 1.378( 10) 
As C41 1.912(3) 1.908(6) C33 C34 1.350(6) 1.356( 1 1 ) C63 C64 1.379(5) 1.357( 10) 
As C51 1.904(3) 1.91 l(6) C34 C35 1.358(6) 1.344( 12) C64 C65 1.369(5) 1.374( 10) 
As C61 1.903(3) 1.911(6) C35 C36 1.378(5) 1.384( 10) C65 C66 1.379(5) 1.367(9) 
As C71 1.914(3) 1.916(6) C36 C3 I 1 .376(5) 1 .374(9) C66 C61 1.381(4) 1.374(8) 
CI I C 12 1.387(4) 1.364(8) C4 1 C42 1.384(4) 1 .382(8) C7 1 C72 1.379(4) 1.376(8) 
CI2 C13 1.372(5) 1.391(10) C42 C43 1.382(4) 1.381(9) C72 C73 1.379(5) 1.37 l(9) 
C13 C14 1.354(6) 1.334(12) C43 C44 1.360(5) 1.368(9) C73 C74 1.370(5) 1.353( 10) 
C14 CIS 1.371(6) 1.355(13) C44 C45 1.373(5) 1.356(9) C74 C75 1.355(5) 1.366(10) 
C15 C16 1.374(5) 1.356(11) C45 C46 1.382(4) 1.376(8) C75 C76 1.381(4) 1.371(9) 
C 16 C I l I .374(5) 1.385(9) C46 C41 1.385(4) 1.378(8) C76 C71 1.381(4) 1.381(8) 
C2 1 C22 1.395(4) 1.3739) C5 1 C52 1.38 1 (4) 1.375(8) 
C22 C23 1.375(5) 1.375(10) C52 C53 1.381(4) 1.369(9) 

*Numbers in parentheses arc estimated standard deviations in the least significant digits 

FIG. 2. A stereoview of the [Sn(SC(,H5),] anion. 

scattering factor values were taken from Stewart el (11. (30). With all 
non-hydrogen atoms assigned anisotropic thermal parameters, and 
hydrogen atom positions recalculated to maintain ideal geometries, 
refinement of 424 variables converged at R I  = 0.024 and RZ = 0.033 
using 4780 observations with F,, > 3u(F,,). In a total difference 
Fourier synthes5 there were eight peaks with electron density greater 
than 0.21(6) e A-'; of these, two were associated with the Sn atom, 
and the remainder were of no chemical significance. The error on an 
observation of unit weight was 1.022 electrons, and there were no 
parameter shifts in the final cycle. An analysis of RZ in terms of F,,, 
A- '  sin 0 and various combinations of Miller indices showed no 
unusual trends. 

The positions for the thiolate structure wcre used as a starting point 
for refinement of the selenolate structure 2. 'The 47 non-hydrogen 
atoms were refined with anisotropic thermal parameters and the refine- 
ment converged at agreement factors R ,  = 0.040 and RZ = 0.048. 
Thirty four of the 35 hydrogen atoms were found from a difference 
Foyrier synthesis, at peak heights ranging from 0.56(10) to 0.28(10) 
e A-3, so all were included in idealized positions. The refinement 
converged at R ,  = 0.032 and RZ = 0.035. An inspection of F,, and F, 
suggested that an extinction parameter should be refined. Employing 
3442 observations with F,, > 3u(F,,) and a p  factor of 0.05, refinement 
of 425 variables converged at agreement factors R ,  = 0.030 and Rz = 
0.035. Again, an analysis of Rz in terms of F,,, A-' sin 0 and Miller 
indices combinations indicated a satisfactory weighting scheme. The 
error on an observation of uni t  weight is 1.01 1 electrons. The ex- 
tinction parameter refined to l.08(7) X lo-'. In a final difference 

Fourier synthesis there were three peaks with electron density greater 
than 0.42(8) e A-'; these were associated with the tin and selenium 
atoms. 

Positional and U,, thermal parameters are given for the refined 
atoms of both structures in Table 2. Tables of hydrogen atom param- 
eters, anisotropic thermal parameters. root-mean-square amplitudes of 
vibration, supplementary dimensions, weighted least-squares planes, 
torsion angles and structure amplitudes have been deposited.' 

Results and discussion 
General 

The anions [Sn(EC6Hs),]- (E = S or Se) produced by the 
reaction 

were isolated as their [(C6Hs),As]' salts. The "'Sn chern- 
ical shifts for [(C6H5)4A~] [Sn(SC6H5),] and [(C6H,),As]- 
[Sn(SeC6Hs),] in CH2CI2 are 146 and 208 ppm, respectively, at 

'Anisotropic thermal parameters, hydrogen atom parameters, root- 
mean-square amplitudes of vibration, additional bond distances and 
bond angles, weighted least-squares planes, selected torsion angles 
and structure amplitudes are available at a nominal charge from the 
Depository of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Ont., Canada KIA 0S2. 
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TABLE 3(b). Bond angles in degrees for 1 and 2 

Angle* Angle* Angle* 

Atom I Atom 2 Atoni 3 1 2 Atom I Atom 2 Atom 3 1 2 Atom I Atom 2 Atom 3 1 2 

El Sn E2 
El  Sn E3 
E2 S n E3 
Sn El  CI I 
Sn E2 C2 1 
Sn E3 C3 1 
C4 1 As C5 1 
C4 1 As C6 1 
C4 1 As C7 1 
C5 1 As C6 1 
C5 1 As C7 1 
C6 1 As C7 1 
El CI I C12 
El  CI I C16 
C12 CII  C16 
C11 C 12 C 13 
C12 C13 C14 
C13 C14 C15 
C14 C15 C16 
CI I C 16 C15 
E2 C2 1 C22 
E2 C2 1 C26 
C22 C21 C26 

*Numbers in parentheses are estimated standard deviations in the least significant digits. 
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DEAN ET AL. 399 

296 K. These values can be regarded as identical to those 
previously attributed to [Sn(SC6Hs),]- and [Sn(SeC6Hs),]- pre- 
pared in situ in methanol (140.0 and 207.0 ppm, respectively) 
(19), allowing for a small solvent effect on 6s, (31). Hence the 
earlier formulation is confirmed. 

Descriptiorl of' the structures 
The crystal structure of each compound consists of discrete 

cations and anions, the shortest ca~ion . . anion As.  . Sn dis- 
tances being 5.020(3) and 4.972(1) A in 1 and 2, respectively. 
The shortest interionic distances are 2.54 and 2.55 A between 
H44 and H74 in 1 and 2, respectively. We note particularly that 
there are no interanionic interactions, the shortest Sn-Sn dis- 
tances being 9.629(1) and 9.758(1) A in 1 and 2, respectively. 
Figure I gives the atom numbering scheme used and shows a 
perspective view of a [Sn(EC,H,),]- anion. Figure 2 shows a 
stereoview of the anion in 1, with atoms plotted as 50% proba- 
bility thermal ellipsoids. Selected bond distances and bond 
angles in the two compounds are listed in Table 3; those of the 
cations are unexceptional and are not discussed further. 

It can be seen from the figures that the coordination about tin 
is trigonal pyramidal in both anions, as is commonly observed 
for Snl'L, complexes of the VSEPR type AXIE (see below). 
Overall, the four compounds [(C6Hs),As] [M(EC6H,),], (M = 
Sn(l1) or Pb(ll), E = S or Se) are both isomorphous and 
isostructural. In contrast the compounds [M(SAr1),13 (M = 
Sn(l1) or Pb(l1); Ar' = 2,6-diisopropylphenyl) are not iso- 
morphous and are not considered to be isostructural (23). 

The [Sn(SC6H5)j]- arzion 
In the thiolato-complex the three sulfur atoms form the base 

of a trigonal pyramidal with the tin atom at the apex. The 
overall idealized symmetry of the SnS, kernel is C3)., but two 
of the Sn-S distances are equ$l at 2.532(1) and shorter than 
the third distance of 2.552(1) A, while the S-Sn-S angles 
are 89.91(3), 90.55(3), and 96.73(3)". The largest angle, 
S2-Sn-S3, might be a result of repulsive steric interactions 
between the associated phenyl groups. There are short intra- 
molecular non-bonded distances between H36 and C21 and 
C22: 2.862(3) and 2.920(4) A in 1 and 2.9 13(6) and 2.972(7) 
in 2. The Sn-S distances in 1 are intermediate between the 
short (terminal) Sn-S distance of 2.471(5) and the twq longer 
(bridging) Sn-S distances of 2.643(4) and 2.583(4) A found 
for the pyramidally coordinated Sn(l1) centres in trimeric 
[Sn(SAr1)J3 (see above), but longer than the Sn-S distance of 
2.435(1) A found for monomeric Sn(SAr), (Ar = 2,6-diiso- 
butylphenyl) (23). The S--'Sn-s angle of 85.4(1)" reported 
for Sn(SAr), is less than any angle found in 1. 

As can be seen from Fig. I ,  the phenyl groups all occupy 
equatorial positions above the three basal sulfur atoms. The 
dihedral angles Sn-S-CX I-CX6 are 5 1.9, 58.1, and 
41.6" so that the phenyl rings are twisted into a propeller-like 
arrangement. Within the phenyl rings the C-C-C angles are 
in the range found in other phenylthiolates (4, 32, 33) and also 
in triphenylphosphines (34). The S-CXI-CX6 angles of 
123.3(3), 122.2(3), and 122.8(3)" are systematically larger 
than the related S-CXI-CX2 angles of 118.7(2), 120.5(3), 
and 120.0(3)"; similar canting of the phenyl rings relative to the 
corresponding S-C vectors has been found in other aryl- 
thiolate complexes. At sulfur, M-S-CXI angles of 
102. ] ( I ) ,  99.5(1), and 95.5(1)" are comparable to the values 
found for [Pb(SC6HS),]- (22), but are smaller than values found 
for terminal ligands in other arylthiolate complexes (e.g. 

107.2(2) and 107.9(2)" in [(CH3)4N112[Hg(S(4-C(,HJC1)),I (4), 
and 107.8(4), 1 10.2(5), and 1 14.4(4)" in [(CbHS)4P]I- 
[cu(sc6HS)1] (32). 

The [ S ~ Z ( S ~ C ~ H . ~ ) ~ ]  atziorz 
This anion is isostructural with its svlfur analog. Two 

Sn-Se distances are equal at 2.649(1) A,  the third one is 
2.671(1) A and the Se-Sn-Se angles are 88.74(3), 
89.72(3), and 97.3(3)". Little information is available in the 
literature regarding Sn(l1)-Se bond distances. To our knowl- 
edge the only previously reported data for Sn(l1)-Se species 
is for tin(l1) selenide (35). In SnSe, the tin atom is in a distorted 
octahedral environment with the t h r ~ e  nearest selenium atoms 
at distances 2.77, 2.82, and 2.82 A, all longer than the dis- 
tances found here, though the corresponding Se-Sn-Se 
bond angles of 89, 89, and 96" are quite comparable to those 
found for 2. 

Comparison with other pvrarnidal Sn(I1) coinpo~inds 
Discrete triligated tin(l1) species are of the VSEPR type 

AX3E and are thus expected to have trigonal pyramidal coordi- 
nation geometry about Sn(ll), as described here for 1 and 2. In 
earlier work, a trigonal pyramidal arrangement of the nearest 
atoms to tin(l1) has been found in a variety of stannous com- 
pounds including, for example, CsSnCI,, NH,SnF,, SnS, 
SnSe, SnCI,, SnSO,, and K,[Sn(HCO,),] (21, 35, 36). Quite 
commonly in these compounds two of the Sn-X (X = F, C1, 
S ,  or 0 )  bonds of the trigonal pyramid are found to be equal or 
nearly equal in length, while the third one is significantly 
different, just as we find in the thiolato- and selenolatostan- 
nates; also the X-Sn-X angles are irregular as we find here. 
In many cases, as discussed for SnSe (above), in addition to 
three close contacts, Sn(l1) enjoys additional long contacts to 
three atoms to complete a distorted octahedral environment. 
Such longer contacts are not found in either 1 or 2, where the 
closest in!ermolecular Sn-E distances are 8.29 1 ( 1 )  and 
7.952( 1 )  A, respectively. 

Several generalizations can be made regarding the structures 
of the two [Sn(EC6H,),]- anions. Firstly, they are both discrete 
and have the trigonal pyramidal coordination geometry ex- 
pected for species of the VSEPR type AX,E. Secondly, they 
both have all three phenyl groups in equatorial positions, and 
thirdly, they both have one Sn-E bond significantly longer 
than the other two with no apparent correlation with the angles 
at sulfur or selenium atoms. Finally, one Sn-E-CXI angle 
is much larger than the other two. The same comments were 
made about the Pb structures (22), and we are inclined at 
present to attribute the variation in bond angles to packing 
forces, but we still have no explanation for the disparity in bond 
lengths. 
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Nitrooctaethylporphyrins: synthesis, optical and redox properties 
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LIANG-CHU GONG and DAVID DOLPHIN. Can. J .  Chem. 63, 401 ( 1  985). 
The reaction of zinc octaethylporphyrin with N z 0 4  in dichloromethane gives, in a stepwise reaction, the zinc complexes of 

mono-, di-, tri-, and tetra-nitrooctaethylporphyrins. Demetallation, under acidic conditions, gives the corresponding free base 
porphyrins. The meso-nitro groups exert both steric and electronic effects on the porphyrin macrocycle. Thus N-protonation 
of the nitrated species causes a distortion of the ring and gives an optical spectrum similar to that of protonated meso-aryl- 
substituted porphyrins. In addition, the nitro groups make the oxidation of the porphyrin ring more difficult and at the same 
time facilitate the ring reductions. 

LIANG-CHU GONG et DAVID DOLPHIN. Can. J .  Chem. 63, 401 ( I  985). 
La rkaction du sel de zinc de I'octaCthylporphyrine avec le N204 dans le dichloromCthane conduit, par I'intermCdiaire d'une 

sCrie de rCactions, aux complexes de zinc des mono-, di-, tri- et tCtra-nitrooctaCthylporphyrines. La dCmCtalation, en utilisant 
des conditions acides, conduit aux porphyrines correspondantes qui existent sous forme de bases libres. Les groupes nitro en 
positions mPso exercent des effets la fois stCriques et Clectroniques sur le macrocycle de porphyrine. La N-protonation des 
espkces nitrCes provoque donc une distortion du cycle et fournit un spectre optique semblable a celui des porphyrines protontes 
portant des substituants aryles en position meso. De plus, les groupes nitro rendent le cycle porphyrine moins susceptible a 
I'oxydation et ils facilitent les reductions des cycles. 

[Traduit par le journal] 

Porphyrins, like most other aromatic systems, undergo elec- 
trophilic substitution. However, as with all heteroaromatic 
systems, the competition between the basicity of the hetero- 
atom and the nucleophilicity of the aromatic a-system can 
prevent many substitution reactions from occurring. A striking 
example of this is the faster rate of meso-substitution of octa- 
ethylporphyrin (OEP) in CH3COzD compared to CF3C02D 
(I)!  ~, 

Electrophilic substitution at the porphyrin periphery has been 
recently reviewed (2) and, while a wide variety of reactions 
have been described, few high-yield reactions have been 
reported. The usually large effort that must be expended to 
prepare any porphyrin, other than the trivially easy reactions to 
generate tneso-arylporphyrins (3), requires that further manipu- 
lations should be as efficient as possible. We report here on the 
convenient preparation of the nitrooctaethylporphyrins and the 
effect the electron-withdrawing groups have on the redox prop- 
erties of the free bases and some metal complexes. 

The direct nitration of OEP in fuming nitric acidlacetic acid 
gives good yields of 5-nitrooctaethylporphyrin (5-(N02)OEP 
(1)) with considerably diminished yields of the dinitropor- 
phyrins 5,10-(N0)z0EP (2) and 5,15-(NOz)OEP (3). Under 
more forcing conditions (HN03/H2S04), 20% of the 5,10,15- 
trinitrooctaethylporphyrin (4) can be formed but isolable 
amounts of the 5,10,15,20-tetranitroporphyrin (5) are not 
observed (4). 

Compound 

1 
2 
3 
4 
5 
7 
8 
9 

10 

R l  R' ~3 

NO, H H 
NO, NO2 H 
NO, H NO2 
NO, Nor NO? 
NO, NO2 NO2 
NO2 H H 
NO2 H NO2 
NO2 NO, NO, 
NO2 NO2 NO2 

R4 

H 
H 
H 
H 
NO, 
H 
H 
H 
NO? 

Metallation of the porphyrin reduces the nitrogen basicity 
and can allow for preferential attack of an electrophile at the 
porphyrin periphery. Indeed, the nature of the metal can direct 
preferential pyrrolic- or meso-substitution. An example of the 
rate difference that may be observed upon metallation is that in 
neat CF3COzD a half-life of 275 h at 90°C is observed for 
exchange of the meso-protons of OEP while Cu(0EP) under- 
goes almost complete exchange of the meso-protons in 1 : 1 
CF3C02D/CHC13 at room temperature within 20 min (5). 
Watanabe et al. (6) have shown that the nitration of zinc octa- 
ethylporphyrin (ZnOEP) using zinc nitrate in acetic anhydride 
proceeds in 2 min to give low yields of a mixture of 1 ,  3, and 
4,  while after 3 h 57% of 5 is obtained. 

Despite the fact that aromatic electrophilic substitution is 
normally thought to proceed via carbocation intermediates, 
there is growing evidence that such reactions proceed via an 
initial electron transfer followed by coupling of the resultant 
radicals (7). In fact, for the nitration of aromatic compounds, 
more reactive than toluene, by NOz+, electron transfer appears 
to be the principal route (7). If mesitylene with an oxidation 
potential of 1.62 V (vs. Ag/Agt , in CH3CN) is nitrated via 
single electron transfer reactions, then metalloporphyrins with 
their first oxidation potentials of -1.0 V(8) must surely be 
nitrated by mechanisms involving electron transfer. Earlier we 
showed (9), that treatment of MgOEP with Nz04  caused a 
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one-electron oxidation to give the corresponding n-cation rad- 
ical (6) ( lo),  which in the presence of excess NO2 gives 
5-(N02)MgOEP. The simplest rationale is that the radical 6 
couples with NO2, itself a radical, to give the isoporphyrin 
cation yielding a meso-nitroporphyrin upon deprotonation. 

As each successive meso position is nitrated, the rate of 
further oxidation to a n-cation radical is decreased (due to the 
increase in redox potential as successive nitro groups are 
added, see below). Thus the extent of nitration can be con- 
veniently controlled by simply varying the concentration of 
NO2. Reaction of ZnOEP with thallium(lll) nitrate gives nitro- 
porphyrins (I I). These reactions also initially generate the por- 
phyrin n-cation radical, but it was suggested ( I  1) that the 
radicals might not be the source of the nitroporphyrins. Be that 
as it may, the reactions of metalloporphyrins with NOZ pro- 
vides an excellent route to nitroporphyrins, as detailed below, 
providing the reaction conditions in the experimental section 
are carefully followed, since in the presence of dichloro- 
methane (12) nitromethylation may occur. 

In the present study we have chosen to use ZnOEP rather 
than pursue the initial studies (9) with MgOEP since the former 
is more robust, being less readily demetallated and less sus- 
ceptible to photochemical decomposition. Care must be taken 
during demetallation since acid catalyzed tzucleophilic substi- 
tution of the nitro groups can readily occur (24). 

Free base porphyrins give unstable n-cation radicals and are 
thus unsuitable for the nitration studies described here. 

Experimental 
The nmr spectra were measured on a Varian XL-100 instrument, 

uv/vis spectra were recorded on a Cary 17 spectrometer, and the 
cyclic voltammograms were measured using tetra-n-propylam- 
monium tetrafluoroborate in a three-electrode system as previously 
described (13). Oxidations were performed in CHZClz (spectroscopic 
grade, distilled from calcium hydride) and reductions in DMF (reagent 
grade, dried over solid KOH, then distilled). 

Zinc 5-nitrooctclethylporphyrin (7) 
Octaethylporphyrin (2.34 g, 4.38 mmol) in dichloromethane (2340 

mL) was treated with zinc acetate (2.14 g, 11.67 mmol) in methanol 
(1 3 mL). The mixture was stirred at room temperature for I h by which 
time metallation was complete (checked by tlc on silica gel using 
CH2C12/CC14 (1 : 3 v/v). 

Thirty milliliters of a stock solution of 0.32 N NOZ (Matheson Gas 
Products, Canada) in dichloromethane, determined titrimetrically 
(14), were diluted to 150 mL with dichloromethane and this dilute 
solution was added in one portion to the ZnOEP with rapid stirring at 
room temperature. The progress of the reaction was followed by tlc on 
silica gel (CH2ClZ/CCl4 (1 :3 v/v)). When all of the ZnOEP had been 
consumed (additional small aliquots of stock solution of NOZ may 
need to be added to complete the reaction), the principal product was 

TABLE 1 .  'H nuclear magnetic resonance spectra" 

Compound meso-H -<Hz-" X H , "  

1 10.25 (s, 2H) 4.1 l (12H) 1.93 (18H) 
lo. I0 (s, IH) 3.75 (4H) 1.69 (6H) 

2 lo. I0 (s, 2H) 4.01 (8H) 1.87 (6H) 
3.70(4H) 1.85(6H) 
3.64(4H) 1.61(6H) 

3 10.36(s,2H) 4.lO(8H) 1.94(12H) 
4.7 1 (8H) I .70 (1 2H) 

4 10.08 (s, IH) 3.96 (4H) 1.81 (6H) 
3.59 (4H) 1.55 (6H) 
3.56 (8H) 1.49 (6H) 

1.43 (6H) 
5 - 3.38(16H) 1.27(24H) 
7 9.84 (s, 2H) 4.08 (4H) 1.91 (6H) 

9.48 (s, IH) 3.80 (8H) 1.78 (12H) 
3.79 (4H) 1.75 (6H) 

8 10.29 (s, 2H) 4.08 (8H) 1.93 (12H) 
3.74(8H) 1.69(12H) 

9 10.24 (s, IH) 4.05 (4H) 1.91 (6H) 
3.68(12H) 1.65(6H) 

1.61 (6H) 
1.59 (6H) 

10 - 3.54 (16H) 1.43 (24H) 

"Chemical shifts 6 (ppm) measured in dilute solutions of CDCI.,. 
"All ethyl groups appeared as a quartet and a triplet with 8-Hz 

coupling. 

Zinc 5,10,15-trinitrooctaethylporphyrin (9) 
The same procedure as for 8, above, was employed using 140 mL 

of the stock NO2 solution to give 1.59 g (49% yield). Anal. calcd. 
for C,,H4,N70,Zn:2CH,0H: C 57.25, H 6.20, N 12.30; found: 
C 56.60, H 6.05, N 12.71. The polar products 9 and 10 (below) 
crystallize with varying amounts of CHCI, and CH,OH of 
crystallization. 

Zinc 5,1O, 15,2O-tetranitrooct~~ethylporphyrit1 (10) 
The same procedure as for 3, above, was employed using 170 mL 

of the stock NOz solution to give 3.24 g (95% yield). Anal. calcd. for 
C,,H4,NnOxZn:CH,OH: C 54.85, H 5.47, N 13.83; found: C 54.90, 
H 4.91, N 14.03. 

5-Nitrooctraethylporp/zyrin ( I )  
Zinc 5-nitrooctaethylporphyrin (7) (100 mg) in glacial acetic acid 

(50 mL) was treated with concentrated hydrochloric acid (25 mL; 
37%). After stirring at room temperature for half an hour, water 
(50 mL) was added. The organic layer was separated, washed with 
water (25 mL), saturated sodium bicarbonate (25 mL), and again with 
water (25 mL). The solvent was removed on a rotatory evaporator 
at room temperature and the residue was recrystallized from 
chloroform/methanol to give 72 mg (80%) of the product (1) identi- 
cal, by electronic and mass spectra, to that previously reported (4). 

zinc 5-(NOz)OEP (7). The reaction was stopped by-the-addition of 
500 mL of saturated NaHC03. The organic phase was separated, 5,15-Dinitrooctaethylporphyrin (3) 

washed with water (3 x 200 mL), and taken down to dryness on a Zinc 5,15-dinitrooctaethylporphyrin (8) (103 mg) in methylene 

rotary evaporator. The product was crystallized from CHCI,/CH,OH dichloride (100 mL) was treated with perchloric acid (I0 mL, 72%). 

and collected by filtration to give 1.46 g (52% yield). The filtrate After stirring at room temperature for half an hour the solution was 

may be used to make further nitrated products. Anal. calcd. for treated as for 1 above to give 78 mg of the product, 3, identical, by 

C36H43NSOZZn: C 67.23, H 6.74, N 10.89: found: C 66.54, H 6.80. electronic and mass spectra' an authentic sample (4)' 

N 10.55. 5,IO-Dinitrooctaethylporphyrin (2) 
The product was obtained from the filtrates, during the preparation 

Zinc 5,15-dinitrooctclethylporphyrin (8) of 3 reported above, by preparative tlc on silica gel (200 x 200 x I 
The same procedure as for 77 was using 70 mL mm) using CH2Cl2/CCI4 ( 1  : 3 v/v) to give less than 5% of material 

the stock NOZ solution to give 2.08 g (69% yield). The reaction was identical, by and mass spectra, to an authentic sample (4). 
followed on silica gel tlc using CH2CIZ/CC14 (I : I v/v). Anal. calcd. 
for C~&ZN~O~ZII :  C 62.83, H 6.15, N 12.21; found: C 62.87, 5.10.I5-Trinitroo~toethylporph~rin (4) 
H 6.13, N 12.06. The same procedure as for 2 above gave 76 mg of the product (83%) 
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TABLE 2. Electronic spectra" 

Zinc com~lexes 

ZnOEP 331(4.28), 402(5.63), 490(3.51), 532(4.21), 569(4.39) 
7 350(4.36), 401(5.42), 497(3.37sh), 534(4.17), 573(4.30) 
8 352(4.43sh), 404(5.29), 503(3.32sh), 539(4.15), 576(4.29) 
9 264(4.52), 360(4.61sh), 413(5.15), 510(3.35sh), 547(4.16), 571(4.07) 

10 260(4.07), 370(4.69sh), 426(5.09), 520(3.43sh), 56 1(4.15), 580(4.01) 

Free bases 

OEP 397(5.57), 497(4.14), 531(4.04), 566(3.82), 620(3.69) 
1 270(3.79), 396(5.08), 502(4.05), 537(3.88), 57 1 (3.74), 624(3.67) 
2 273(3.85), 380(5.14), 504(4. lo), 538(3.97), 575(3.76), 629(3.82) 
3 273(3.70), 38 1 (4.93), 507(3.92), 537(3.64), 578(3.57), 629(3.32) 
4 272(4.07), 385(4.99), 512(4.01), 540(3.79), 589(3.64), 637(3.33) 
5 268(4.00), 426(4.82), 529(3.97), 572(3.58sh), 61 1(3.57), 666(3.04) 

Protonated derivatives 

OEP 405(5.75), 514(3.23sh), 548(4.19), 591 (3.74) 
1 414(5.26), 520(3.33sh), 559(4.05), 609(3.82) 
2 427(5.27), 535(3.43sh), 57 l(4.03). 621(4.04) 
3 435(5.01), 538(3.23sh), 576(3.89), 622(3.59) 
4 230(4. IS), 444(5.09), 550(3.39sh), 588(3.98), 637(3.72) 
5 299(4.10), 458(5.00), 580(3.35sh), 609(3.93), 660(3.66) 

"h.,,, nm (log E). 

identical, by electronic and mass spectra, to an authentic sample 

5,10,15,20-Tetrarzitrooctaethylporphyrin (5) 
As for 2 above giving 81% of the product identical, by electronic 

and mass spectra, to an authentic sample (6). 

Discussion 
The powerfully electron-withdrawing nitro groups can be 

expected to modify the properties of the substituted porphyrins 
by decreasing the electron density in the aromatic n-system. 
However, the electron-withdrawing properties of the nitro 
group in such a sterically encumbered situation may be less 
than traditionally measured by the electrophilic substituent con- 
stants (IT). Indeed, even though IT,, for the nitro group (0.71) is 
greater than that of the cyano (0.56; ref. 15), the meso-protons 
of 5-cyano-OEP are more deshielded, as indicated by the 'Hmr 
spectrum (6 9.98 and 9.89; ref. 16), than those of 1 (10.25 and 
10.10) which in turn are more deshielded than those of the 
parent OEP. This reflects both electronic and steric effects of 
the nitro group but it is clear from the nmr data (Table I) that 
these effects are small and cannot be readily separated. 

The optical spectra on the other hand (Table 2) show dra- 
matic changes as the meso-positions are progressively substi- 
tuted by nitro groups. In every case each additional nitro group 
causes both a bathochromic shift and weakening in intensity of 
all of the visible bands. While the Soret bands become weaker 
and broader with increasing substitution, an initial hypsochro- 
mic followed by a bathochromic shift was observed for the free 
bases. With the diprotonated species a bathochromic shift and 
decrease in intensity (associated with band broadening) was 
observed in all cases (Table 2). However, in the case of the zinc 
complexes the extent of both the bathochromic shifts and band 
broadening is far less (Table 2). This suggests that the major 
perturbations in all cases are steric rather than electronic. The 
zinc complexes, which are required to remain "essentially 
coplanar", will not allow the n-system of the nitro group 
to become coplanar with the aromatic n-system. However, 

with both the free bases and the diprotonated salts considerably 
more distortion may occur, as reflected by the optical spectra. 
The same effect is shown by the sterically crowded 2,3,7,8,12, 
13,17,18-octamethyl-5,10,15,20-tetraphenylporphyrin (12) 
(17) and the corresponding octaethyl derivative (18). Indeed, 
the optical spectra of 5 and 12 are quite similar (Fig. 1). A 

major difference between meso-tetraarylporphyrins and octa- 
alkyl-like porphyrins is that in the former case the diprotonated 
salts are green and the latter violet in solution. This dramatic 
change in color results from quite different optical spectra 
of the two classes of diprotonated salts. Figure 2 shows the 
spectra of the protonated forms of 5 and meso-tetra-N(methy1- 
4-pyridy1)porphyrin (14). The latter two compounds show sim- 
ilar spectra which are quite different from that of protonated 
OEP (Table 2). There has been much speculation as to the 
source of this difference upon protonation. But it is clear, from 
the above results and from an examination of the optical spectra 
of compounds such as N,N,N,-trimethyl-meso-tetraphenyl- 
porphyrin iodide (19), that the major optical changes that meso- 
aryltetraphenylporphyrins and meso-nitrooctaethylporphyrins 
undergo upon protonations result from the distortion from 
planarity of the porphyrin macrocyle, aided both by the electro- 
static repulsion of the positively charged inner nitrogens and 
the steric interaction between the meso- and P-substituents, a 
conclusion reached by Meot-Ner and Adler (20) and Bonnett 
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TABLE 3. Redox potentials" 

Compound E ( I )  Ey;Z (2) E:;, ( I )  E:;, (2) 

OEP 
1 
3 
4 
5 

ZnOEP 
7 
8 
9 

10 

"Potentials were measured against Ag/AgCI at a scan rate of 
100 mV/s. 

"Oxidation was measured in CH2Cl2 (dried over CaHZ)/tetra 
n-propylammoniurn fluoroborate. 

'Reduction was measured in DMF (distilled from KOH)/ 
tetra n-propylammonium fluoroborate. 

and Stephenson (4). A well-characterized example of this 
phenomenon was shown by the X-ray crystal studies of both 
protonated and distorted meso-tetraphenyl and meso-tetra-4- 
pyridylporphyrins (2 1). 

While the electronic properties of the nitro groups do 
not have a major influence on the electronic spectra, they exert 
a major influence on the redox properties of both the free base 
and zinc complexes. The majority of metalloporphyrins show 
two sequential and reversible one-electron oxidation and 
reduction steps. Fuhihop et al. (22) have noted, for a wide 
range of metallooctaethylporphyrins, that q;,(2) - q;,(1) is 
roughly constant at about 300 mV for ring oxidations and is 
similarly constant for porphyrin ring reduction where E$(2) - 
E~:~(I) = 0.4-0.5 V. Furthermore, when only ring redox 
processes are involved, G;,(I) - EYp2(2) is about 2 V. As can 
be seen from Table 3, all of the redox processes listed are close 
to these values, suggesting in each case that ring redox pro- 
cesses are being observed. However, the reduction waves in 
every case correspond to a two-electron process. All of the 
reductive electrode processes were quasi-reversible as were 
oxidations of the zinc complexes. But, as is often the case, the 
oxidation of the free bases was followed by a chemical 
reaction, making the process irreversible. It is clear that the 
nitro groups are exerting a considerable electronic effect in 
these redox processes, as can be seen from the monotonic 
increase in the oxidation potentials and decrease in the reduc- 

FIG. I .  Optical spectra (CH2CI2) of A, meso-tetranitrooctaethyl- 
porphyrin (5), and B, meso-tetraphenyloctarnethylporphyrin (12). 
Region below 500 nm was recorded at an attenuation of ten. 

FIG. 2. Optical spectra (CH2C12, I %  TFA) of protonated 5 and 
protonated 14. Region below 500 nrn was recorded at an attenuation 
of ten. 

tion potentials with increasing nitro substitution. The redox 
potentials of a large number of free-base porphyrins have 
recently been collected (23). It is interesting to note, for a 
variety of meso- and P-substituents, that the meso-tetra(N- 
methyl-4-pyridy1)porphyrin was the most readily reduced 
(E;'!d,(l) = - 1 .O1 V) and that, like our systems, it showedonly 
a single two-electron reduction wave unlike the majority of 
porphyrins which show two one-electron waves. 

We prepared these variously nitrated porphyrins anticipating 
that ring oxidations would become more difficult and ring 
reduction easier. Since this has proved to be the case we 
expect, for the future, that these systems may be useful for the 
preparation of metalloporphyrins having metals in unusually 
high oxidation states. 
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Nucleophilic substitution of meso-nitrooctaethylporphyrins 

LIANG-CHU GONG AND DAVID DOLPHIN 
Department of Chemistry, The University qf British Columbia, 2036 Main Mnll. Vancouver, B.C.. Cnnada V6T IY6 

Received April 13. 1984 

LIANG-CHU GONG and DAVID DOLPHIN. Can. J .  Chem. 63, 406 (1985). 
Nitrooctaethylporphyrins readily undergo nucleophilic aromatic substitution in the presence of HCI or HBr. In the presence 

of methoxide, nucleophilic addition to give a porphodimethane occurs, followed by autoxidation to the methoxyporphyrin. 
Unlike the nitrated complexes, the chlorosubstituted porphyrins exhibit redox potentials similar to those of unsubstituted 
analogs. Meso-halogenated porphyrins do, however, show steric distortion due to the bulk of the halogen atoms. 

LIANG-CHU GONG et DAVID DOLPHIN. Can. J .  Chem. 63, 406 (1985). 
En presence de HCI ou de HBr, les nitrooctaethylporphyrines subissent facilement des rhctions de substitutions aromatiques 

nucleophiles. En presence d'ions methylates, il se produit une addition nuclCophile conduisant ii un porphodimCthane; cette 
rCaction est suivie d'une auto-oxydation qui conduit i une mkthoxyporphyrine. Contrairement au comportement observe avec 
les complexes nitrts, les potentiels redox des chloroporphyrines sont semblables h ceux de leurs analogues qui ne sont pas 
substituCs. Par contre, les porphyrines portant des halogenes dans les positions mPso presentent une distortion stkrique qui est 
due ii I'encombrement des atomes d'halogenes. 

[Traduit par le journal] 

Introduction 
The chemistry of porphyrins, like that of most aromatic 

systems, is dominated by electrophilic substitution ( I )  and, like 
most other aromatic systems nucleophilic substitution is far less 
frequently observed. Indeed, in porphyrin chemistry only one 
or two authentic examples of nucleophilic substitution are 
known and these occur under special circumstances, as with the 
relief of considerable steric strain (2). We have shown that 
when the porphyrin HOMO is depleted of both electrons, to 
give the T-dication, facile nucleophilic substitution occurs to 
give an intermediate isoporphyrin (3) which will either be sta- 
ble or lose a proton to give a substituted porphyrin (4). Even 
when only one electron is removed from the HOMO, to give a 
porphyrin T-cation radical, nucleophilic substitution occurs but 
by more complex mechanisms (4-6). We report here on the 
nucleophilic substitution of free base porphyrins where, as with 
benzenoid systems, nucleophilic attack is aided by the power- 
fully electron-withdrawing nitro group. 

Experimental 
All chemicals were reagent grade; nitrooctaethylporphyrins were 

prepared as reported earlier (7). The 'H nmr spectra were measured on 
a Varian XL-100 spectrometer with the exception of that of 
5,lO-dichloro- I 5-nitrooctae'thylporphyrin, which was measured on a 
Bruker WH 400 spectrometer. Mass spectra were measured on a 
Varian MAT CH 4B instrument. Electronic spectra were measured on 
a Cary 17 spectrometer and the cyclic voltammograms were measured 
under the conditions previously described (7). Microanalyses were 
performed by Peter Borda (U.B.C.) 

Compound R '  R? R.' R4 

NO, 
Cl 
CI 
CI 
C1 
CI 
NO2 
CI 
C1 
NO? 
Br 
CH30 

NO, NO2 NO, 
NO2 NO2 NO2 
CI NO2 NO2 
C1 CI NO, 
C1 C1 CI 
C1 C1 H 
NO2 NO? H 
CI NO, H 
H NO2 H 
H NO2 H 
Br NO2 NO, 
H NO2 H 

5-Chloro-10,15.20-trinitrooctnethylporphyrin (2) 
5,10,15,20-Tetranitrooctaethylporphyrinato zinc (1) (7) (100 mg, 

0.13 mmol) was placed in glacial acetic acid (100 mL) and dichlo- 
romethane (50 mL). The solution was cooled to 10°C and concentrated 
hydrochloric acid (I0 mL, 37%) was added. The mixture was stirred 
at 10°C for 1 h. Dichloromethane (50 mL) was added and the organic 
layer was washed with water, saturated sodium bicarbonate, and then 
water. The organic phase was reduced in volume and the product 
crystallized by the addition of methanol to give 2 (52 mg, 57%). An 
analytical sample was recrystallized from dichloromethane/methanol; 
uv/vis CHzC12 (log E): 255 sh (3.39), 270 (3.511, 436 (4.69), 538 
(3.74), 568 sh (3.51). 617 (3.41), 682 (2.85); CH,CI?/TFA (log E): 
268 sh (3.63), 293 (3.29), 467 (4.84), 560 sh (3.19). 615 (3.68), 678 
(3.63); 'H  nmr: 1.18 (t, 6H), 1.23 (t, 6H). 1.25 (t, 12H), 3.30 (q, 
12H), 3.69 (q, 4H); ms: 703 (SO), 657 ( 7 3 ,  549 (100). Anal. calcd. 
for C3&ZN70hC1: C 61.40, H 6.01, N 13.91, CI 5.03; found: C 
61.01, H 6.27, N 14.11. C1 5.45. 

Reaction of zinc tetranitroocmethylporphyrin ( I )  with hydrofluoric 
acid 

5,10,15,20-Tetranitrooctaethylporphyrinato zinc (1) (7) (I00 mg, 
0.13 mmol) was placed in a mixture of glacial acetic acid (100 mL), 
hydrofluoric acid ( 1  5 mL, 48.8%), and dichloromethane (500 mL). 
The mixture was stirred for 24 h, after which the organic layer was 
washed with water, saturated sodium bicarbonate, and then water. The 
organic layer was reduced in volume and chromatographed on a silica 
column using dichloromethane. The first fraction was unreacted start- 
ing material. The second fraction was rechromatographed on silica 
(200 x 200 X I mm) using CH2C1,/CCI4 ( 1  :3  v/v) to give 2 (9.3 mg, 
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GONG A N D  DOLPHIN: 2 407 

10%). Finally, elution of the column with methanol gave octa- 
ethylxanthoporphyrinogen (3) (20 mg, 26%). No fluorine-containing 
porphyrins were observed. 

5,10-Dichloro-15.20-dir1itrooctaethylporpt1yrit1 (4)  
5,10,15,20-Tetranitrooctaethylporphyrinato zinc (1) (7) ( 100 mg) 

was placed in a mixture of glacial acetic acid (100 mL) and hydro- 
chloric acid (15 mL, 37%). The mixture was stirred at room tem- 
perature for I h. Dichloromethane (50 mL) was added and the organic 
phase washed with water, saturated sodium bicarbonate, and then 
water. 'The solution was taken to dryness and the residue crystallized 
from chloroform/petroleum ether (30-60°C) to give 55 mg (55%) of 
product; uv/vis CHzClz (log E): 270 (3.39), 305 (3.99). 440 (4.84), 
546 (3.80), 575 (3.73). 612 (3.651, 685 sh (2.98); CH2C12/TFA (log 
E): 275 (3.98), 300 (3.99), 467 (5.06), 570sh (3.40), 61 1 (3.84), 678 
(3.84); 'H nmr: 1.18 ( t ,  6H). 1.2 1 ( t ,  6H), 1.42 ( t ,  6H), 3.22 (q, 8H), 
3.54 (q, 4H), 3.63 (q, 4H); ms: 692 (90). 547 (90). 602 (90), 565 (90). 
564 (90), 549 (100). Anal. calcd. for C3(,N,IN(,0,CI,: C 62.33, H 
6.10, N 12.12, CI 10.22; found: C 62.26, H 6.03, N 11.85, C19.90. 

5.10,15-Trichloro-20-11itrooctaethylporphyrit1 (5)  
5,10,15,20-Tetranitrooctaethylporphyrinato zinc (1) (7) (100 mg) 

was placed in a mixture of glacial acetic acid (100 mL) and hydro- 
chloric acid (30 mL, 37%). The reaction mixture was stirred for 50 h 
at room temperature in the dark. Water (300 mL) was added and the 
mixture filtered. The residue was dissolved in dichloromethane and 
the organic phase washed with saturated sodium bicarbonate and wa- 
ter. The solvent was removed under reduced pressure and the residue 
crystallized from chloroform/methanol. This product was then chro- 
matographed on silica (200 X 200 x I mm) using benzenelhexane 
(2: 1, v/v) .  The main (second) band was extracted and crystallized 
from chloroform/methanol to give 54 mg (62%); uv/vis CH2C12 (log 
E): 274 (4.39), 304 (4.37), 442 (5.29). 548 (4.20), 591 (4.10). 630 sh 
(3.90), 703 (3.09); CH,CI,/TFA (log E): 280 (4.36). 307 (4.33), 462 
(5.48), 573 sh (3.79, 612 (4.09), 684 (4.42); ' H  nmr: 1.17 (t, 6H), 
I .42 ( t ,  12H), 1.46 (t ,  6H), 3.18 (q, 4H), 3.52 (q, 8H), 3.60 (q, 4H); 
ms: 683, 681 (loo), 637, 635 (70). 601 (20). Anal. calcd. for 
C36H42N50zCI?.3Hz0: C 58.66, H 6.56. N 9.50, CI 14.43; found: C 
58.59, H 6.70, N 9.56, CI 16.31. 

5,10,15,10-Tetrachlorooctaethylporpt1yrin (6)  
5,10,15,20-Tetranitrooctaethylporphyrinato zinc (1) (7) (50 mg) 

was placed in a mixture of glacial acetic acid (50 mL) and hydro- 
chloric acid (15 mL, 37%). The mixture was heated in an oil bath at 
100°C for 7 h. After cooling, water (400 mL) was added and the green 
solid collected by filtration. The filtrate was extracted with ether and 
the residue dissolved in ether. The combined ether layers were washed 
with saturated sodium bicarbonate, then water, and dried over 
Na2S04. The ether was removed and the residue chromatographed on 
silica (200 x I00 X I mm) using dichloromethane/carbon tet- 
rachloride ( 1  :2  v/v). 'The major (third) green band was removed and 
crystallized from chloroform/methanol to give 13.7 mg (3 1 %). The 
product was identical to an authentic sample (8); uv/vis CHzC12 (log 
E): 280 (4.12), 306 (4.06), 356 (4.29), 446 (5.18), 550 (3.92), 593 
(3.89), 640 sh (3.441, 714 (3.58); CH?Cl?/TFA (log E): 283 (4. IS), 
312 (4.07). 401 (4.20), 457 (5.32), 582 sh (3.32), 629 (3.80), 684 
(4.36). 

5,10,15-Trichlorooctaethylporphyrir~ (7) 
5,10,15,20-Tetranitrooctaethylporphyrinato zinc (8) (7) (50 mg) 

was placed in glacial acetic acid (50 mL) and treated with concentrated 
hydrochloric acid (I5 mL, 37%). 'The solution was heated at IOO°C for 
6 h. After cooling, the product was isolated. as above, and purified on 
silica (200 X 200 x I mm) using benzene/hexane (2: 1 v/v). The 
major band, after crystallization from methanol/chloroform, gave 
14.8 mg (31%) of the product identical to an authentic sample (8); 
uv/vis CHzClr (log E): 268 (4001, 299 (3.99). 348 sh (4.24). 430 
(5.17), 532 (4.03), 572 (3.83), 61 1 (3.60), 672 (3.21); CH2CI2/TFA 
(log E): 273 (4.051, 395 sh (3.58), 443 (5.33), 554 sh (3.49), 595 
(3.92), 652 (4.09). An additional 12.2 mg of 5.10-dichloro-15-nitro- 
octaethylporphyrin (9) (see below) was recovered from the tlc plate. 

5,10-Dict1loro-15-11i~octaett1ylporph~ (9)  
5,10,15-Trinitrooctaethylporphyrinato zinc (8) (7) (100 mg) was 

stirred for 1 h at room temperature with a mixture of glacial acetic acid 
(80 mL) and hydrochloric acid (30 mL, 37%). Dichloromethane (40 
mL) and water (200 mL) were added. The organic layer was sepa- 
rated, washed with saturated sodium bicarbonate, water, and then 
dried over sodium sulphate. After filtration, the solvent was removed 
and the residue was dissolved in benzene (5 mL); methanol (10 mL) 
was added and the solution stored at 4'C for 12 h. The precipitate was 
collected and chromatographed on silica (200 X 200 X I mm) using 
dichloromethane/carbon tetrachloride ( I  : 3 v/v). The major band was 
recrystallized from chloroform/methanol to give 65 mg (73%) of the 
product (9); uv/vis CH,CI2 (log E): 263 (3.98). 300 sh (3.99). 423 
(5.06), 528 (4.00). 569 (3.76), 604 (3.7 1 ), 607 (3.12); CHICI2/TFA 
(log E): 271 (4.02), 447 (5.22), 550 (3.49), 591 (3.98), 6647 (3.99); 
' H  nmr: 1.25 ( t ,  3H), 1.41 (t ,  3H), 1.46 ( t ,  3H), 1.53 ( t ,  3H), 1.61 
(t, 3H), 1.63 (t, 3H), 1.64 (t, 3H), 1.66 (t, 3H), 3.37 (9, 2H), 3.39 
(q, 2H), 3.66 (q, 2H), 3.7 1 (q, 2H), 3.72 (q, 2H), 3.77 (q, 2H), 3.79 
(q, 2H), 3.92 (q, 2H), 9.44 (s, I H). Anal. calcd. for C3f,H43N502CI,: 
C 66.66, H 6.68, N 10.30, C1 10.93; found: C 66.84, H 6.48, N 
10.92, CI 10.77. 

5-Chloro-15-1~itrooc~taethylporpt~~~rit~ (10) 
5,15-Dinitrooctaethylporphyrinato zinc (11) (7) (50 mg) was placed 

in a mixture of glacial acetic acid (50 mL) and hydrochloric acid (15 
mL, 37%). The mixture was heated at 100°C for 3.5 h. After cooling 
and washing with saturated sodium bicarbonate and water the organic 
phase was taken to dryness and the residue crystallized from 
chloroform/methanol to give 25.1 mg of 10 (51%); uv/vis CHzClz 
(log E): 250 sh (3.95). 274 (3.80), 405 (5.15). 510 (4.13), 544 (3.80). 
581 (3.77), 634 (3.42); CH?CI,/TFA (log E): 268 sh (3.85), 429 
(5.30), 540 (3.42), 574 (4.07). 62 1 (3.8 1); ' H  nmr: 1.68 ( t ,  6H), 1.86 
(t, 6H), 1.89 (t, 6H), 1.93 (t, 6H), 3.70 (q, 4H). 4.08 (q, 4H), 4.10 
(q, 4H), 4.22 (q, 4H), 10.25 (s, 2H). Anal. calcd. for C36H,N502CI: 
C 70.40, H 7.22, N 11.40; found: C 70.17, H 7.34, N 11.20. 

5,10-Dihromo-15,20-dinitr0octaett1ylporptyri11 (12) 
'The reaction was carried out in the same way as for the preparation 

of the corresponding dichloro derivative (4) but using 48% HBr; 10% 
of octaethylxanthoporphyrinogen (3) and 20% of the product (12) 
were isolated; ' H  nmr: 1.14 ( t ,  6H), 1.19 ( t ,  6H), 1.30 ( t ,  6H), 1.44 
(t, 6H), 3.10 (q. 8H), 3.30 ( 1 ,  4H), 3.52 (q, 4H). Anal. calcd. for 
C36H,2N,0,Br2: C 55.25, H 5.41, N 10.74, Br 20.43; found: C 
55.27, H 5.82, N 11.10, Br 21.07. 

5-Methoxy-15-r~itrooctaethylporphyrin~o zinc(l1) (13) 
5-Nitrooctaethylporphyrinato zinc (14) (7) (I00 mg) was dissolved 

in dry THF (50 mL) and 8 M NaOMe in methanol (5 mL) was added. 
Solvent was evaporated by a stream of nitrogen until solid sodium 
methoxide appeared. 'The mixture was then refluxed and stirred. The 
progress of the reaction was monitored by tlc on silica gel 
(CH2CI2/CCI4 1 :3 (v/v)) and the reaction continued until the starting 
material disappeared. After 6 h the mixture was cooled, dry THF (50 
mL) was added, and the mixture was filtered through silica gel. The 
silica was washed with THF and the combined filtrates were taken 
down to dryness. The residue was chromatographed on silica gel (200 
X 200 X I mm) using dichloromethane/carbon tetrachloride 1:3 
(v/v) .  The major band was extracted and crystallized from 
dichloromethane/hexane to give 39 mg (37%) of product; uv/vis 
CH?Clz (log E): 250 sh (4.07), 346 (4.32). 408 (4.46). 502 sh (3.41), 
539 (4.22). 577 (3.92); 'H nmr: I .70 ( t ,  6H), I .86 (t, 6H), 1.90 (t, 
6H), 1.94 ( t ,  6H), 3.73 (q, 4H), 4.10 (q, 12H), 4.4 1 (s, 3H), 10.20 
(s, 2H); ms: 671 (60), 656 (25), 641 (50), 626 (loo), 61 I (60). Anal. 
calcd. for C17H45N503Zn: C 66.02, H 6.74, N 10.48; found: C 66.1 I ,  
H 7.02, N 10.40. 

5-Methoxy-15-nitroocmethylporp~rirl (1.5) 
5-Methoxy-15-nitrooctaethylporphyrin zinc (30 mg) was dissolved 

in methylene chloride (25 mL) and then trifluoroacetic acid ( I  mL) 
was added with stirring. After 10 min the solution was washed with 
water, sodium bicarbonate, and again with water. The organic phase 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 63. 1985 

\ HOAc ~ n l n l  1 24 h/RT 

Tetranitro OEP (1) 

HCl/HOAc HCI/HOAc 
9 ' Trinitro OEP (8) 7 

HCI/HOAc 
Dinitro OEP (11) h/lOOoc 10 

NaOMe/MeOH H+ 
Zn nitro OEP (14) THF16 h/800~ 13 15 

was dried over Na2S04, filtered, and the filtrate taken down to dry- 
ness. The product was crystallized from chloroform/methanol to give 
22.9 mg (84%) of 15; uv/vis CH2C12 (log E): 250 (3.99), 275 (3.83), 
404 (5.15), 508 (4.19). 542 (3.66), 577 (3.79). 631 (3.09); 
CHZCIJTFA (log E): 427 (5.22), 537 (3.47 sh), 573 (4.03). 622 
(3.82); 'H nmr: 1.68 (t, 6H), 1.82 (t ,  6H), 1.87 (t ,  6H), 1.9 1 ( t ,  6H), 
3.70 (q, 4H), 4.08 (q, 12H). 4.48 (s, 3H), 10.18 (s, 2H); ms: 609 
(loo), 594 (251, 579 (35), 564 (60), 548 (20). Anal. calcd. for 
C37H37N502: C 72.87, H 7.77, N 11.49; found: C 73.04, H 7.69, N 
11.21. 

Results and discussion 
Several mechanistic pathways to achieve nucleophilic aro- 

matic substitution are known (9, 10). In general, when the 
aromatic system bears strongly electron-withdrawing groups 
(such as nitro) an addition-elimination (activated) mechanism 
is seen. Formation of Jackson-Meisenheimer complexes is 
now well established, though in many cases the initially formed 
(kinetically controlled) complexes are in equilibrium with the 
thermodynamically more stable complex which leads to prod- 
uct formation. The stability of the delocalized anion of the 
Meisenheimer complex is the driving force for the reaction and 
the collapse of the anion and loss of the leaving group gives the 
net nucleophilic substitution. 

The loss of nitro groups during such reactions is well known, 
and, indeed, the leaving group ability of the nitro group can be 
about 200 times greater than that of chloride (1 I). Scheme 1 

outlines the nucleophilic substitutions observed in this study. In 
the presence of HCI, tetranitrooctaethylporphyrin' can be made 
to undergo stepwise replacement of each nitro by a chloro 
group. As subsequent nitro groups are placed on the porphyrin 
ring more vigorous conditions must be employed for further 
substitution, suggesting that the rate-limiting step is indeed the 
formation of the corresponding Jackson-Meisenheimer com- 
plex. The monochloro-trinitro derivative gives only the 
5,lO-dinitrooctaethylporphyrin and none of the more sym- 
metric "5,15" isomer. Scheme 2 shows some of the canonical 
resonance structures of intermediates for both of these reac- 
tions. Delocalization of the negative charge onto the nitro 
group, which leaves all atoms with an octet of electrons, is 
possible on both nitro groups for both intermediates. However, 
attack at the 10-position generates a symmetric canonical form 
(favoured) where both halves represent stable di- 
pyrromethenium moieties with the charges, resulting from pro- 
tonation, distributed one on each "dipyrromethene". On the 
other hand, attack at the 15-position gives a higher energy 
canonical form (disfavoured) in which there is a "pyrrolic unit" 
and a "tripyrromethene" bearing both charges. Thus, formation 
of the 5,IO-dichloro isomer is favoured thermodynamically as 
well as statistically. 

'The zinc complex 1 was used in these studies as a matter of 
convenience. It is, however, immediately demetallated under the acid 
reaction conditions. 
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Favoured Disfavoured 

The same substitution pattern is observed when HBr is used. 
In this case substitution is slower, due presumably to the larger 
covalent radius of bromine and the considerable steric crowd- 
ing that will ensue in both the transition state and the product 
(see below). The slow rate for substitution by bromide allows 
for competing side-reactions to occur with the formation of 
octaethylxanthoporphyrinogen (3). The xanthoporphyrinogen 

was also observed when tetranitrooctaethylporphyrin (or its 
zinc complex) was reacted with hydrofluoric acid. No fluorine- 
substituted porphyrins were observed, due presumably to the 
low nucleophilicity of fluoride under these conditions. How- 
ever, monochloro trinitrooctaethylporphyrin was produced. 
The chlorine must be derived from the dichloromethane, 
possibly during the radical oxidation of the dihydroxanthopor- 
phyrinogen (a hydroquinone-like material). The xanthopor- 
phyrinogen was obtained in high yield when tetranitroocta- 
ethylporphyrin was treated with acetic acid in the presence of 
sulfuric acid, or with acetic acid and sodium acetate when the 
only reasonable nucleophile is the acetate ion. 

FIG. 1. Optical spectra of 5,10-dichloro- and 5,lO-dibromoocta- 
ethylporphyrin. Free bases in CH2CI2 (- - - - - -), protonated species in 
CH,Cl2/I% TFA ( - - - -  --). In each case the bromo derivatives are 
slightly bathochromically shifted. 

'The 5,lO-dibromo- l5,20-dinitrooctaethylporphyrin ex- 
hibited (Fig. I )  a visible spectrum which was broader and more 
diffuse than the corresponding dichloro complex, attesting to 
the greater distortion from planarity due to the larger bromine 
atoms. However, upon N-protonation, when even more dis- 
tortion occurs due to the repulsion of positive charge on the 
inner nitrogen (7) ,  the dinitro and dichloro show very similar 
electronic spectra (Fig. 1). 

Nucleophilic substitutions under basic conditions gave far 
more intractable by-products than under acidic conditions, due 
presumably to the increased electrophilicity of the porphyrin 
upon N-protonation and the improved leaving-group properties 
of the nitro group (as nitrous acid) upon protonation. Never- 
theless, reaction of mononitrooctaethylporphyrinato zinc with 
sodium methoxide in THF proved of interest. As the reaction 
proceeded, the optical spectrum of the starting material was 
replaced by a spectrum (Scheme 3) in which the porphyrin 
absorptions were replaced by two weaker bands in the visible 
region. After several hours at reflux the optical spectrum again 
resembled a porphyrin and 5-methoxy-15-nitrooctaethylpor- 
phyrinato zinc(I1) could be isolated at this stage. As outlined in 
Scheme 3, nucleophilic attack at the nzeso-position of 14 op- 
posite the nitro group will give, upon protonation, the dihydro- 
porphyrin (porphodimethene) 16. Autoxidation of 16 will give 
the observed product 13. Consistent with this interpretation is 
the observation that a,?-dimethyl-a,?-dihydrooctaethylpor- 
phyrinato zinc(I1) (17) shows a qualitatively similar optical 
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NO2 TABLE 1 .  Redox potentials" 
I 

H OMe 

Half-wave potentials 

Compoundh E ( I  E;;? (2) E:;], (1) E $  (2) 

OEP 1.04 1.54 
2 1.45 (1.57)" - 
4 1.22 (1.45) - 

5 I .  I0 (1.23) - 
6 0.86 (1.04) 1.72 
7 0.96 1.36 
9 1.17 - 

10 1.22 1.42 
ZnOEP 0.87 1.19 
13 0.97" I. 18'' 
15 1.12 1.26 

"Potentials were measured against Ag/AgCI at a scan rate of 100 rnV/s. 
"Oxidations were measured in CHICI, (dried over CaH,)/tetra-11-propyl- 

ammonium fluoroborate (-0.1 M )  and reductions in DMF (distilled from solid 
KOH). 

' Figures in parentheses refer to the derivative where chlorine is replaced by 
hydrogen (7). 

"Reversible or quasi-reversible. 
' A two-electron process. Autoxidation 

(13) would be expected to show a smaller effect than the nitro 
group. Table 1 lists the redox properties of the halogenated 
complexes described above and it is apparent that the chlorine 
atoms have only a minimal effect, with the oxidation potentials 
being dominated by the nitro substituents. In fact, the electro- 
negative chlorine atoms facilitate the oxidation by approxi- 
mately 100-200 mV. The reductions are somewhat more 
affected by chlorine substitution but even the tetrachloro deriv- 
ative (6) is reduced at a potential only 400 mV more negative 
than OEP. 

In the case of the methoxy-nitroporphyrin (IS), the two 
electronically opposed groups tend to neutralize each other and 
only small differences in redox properties are seen compared to 
OEP.  

I 

OMe 

13 
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T. P. FORREST, G. A. DAUPHINEE, and S. A. DERANIYAGALA. Can. J .  Chem. 63, 412 (1985). 
The commonly accepted mechanism for the acid-catalyzed disproportionation of I ,2-dihydroquinolines involves a hydride 

transfer from C-2 of one dihydroquinoline molecule to C-4 of another molecule which has already been protonated at C-3. This 
mechanism is shown to be incorrect. The proposed intermediate is shown to react by solvent addition and not by reduction 
under the conditions of the reaction. Evidence has been obtained which shows that the reaction proceeds by way of a 
3,4-dihydroquinoline intermediate. A possible mechanism for the formation of the intermediate is discussed. 

T. P. FORREST, G. A. DAUPHINEE et S. A. DERANIYAGALA. Can. J .  Chem. 63, 412 (1985) 
Le micanisme communCment accept6 pour la dimCrisation, catalyske par les acides, des dihydro-1.2 quinolCines implique 

un transfert d'hydrure de la position C-2 d'une molCcule de dihydroquinolkine a la position C-4 d'une autre molCcule dkja 
protonCe en C-3. On montre que ce mCcanisme est inexact. On dCmontre que, dans les conditions utilisCes pour la rkaction, 
I'intermCdiaire propost5 rkagit par addition de solvant et non par reduction. On a obtenu des indications qui indiquent que la 
rkaction se produit via un intermkdiaire dihydro-3,4 quinolkine. On discute du mCcanisme possible pour la formation de cet 
intermkdiaire. 

[Traduit par le journal] 

Introduction 
The aromatization of an electron-rich dihydroaromatic sys- 

tem by hydride transfer is a well-known reaction typified by the 
ubiquitous hydride transfer reagents of nature, the reduced 
pyridine nucleotides. These reduced pyridine nucleotides are 
commonly considered (1) to function by transfer of a hydride 
ion directly to the substrate being reduced. Although this mech- 
anism for the reduction step is commonly cited, a controversy 
regarding its validity has arisen during the past decade (2). 
Reduced quinolines are frequently used as models in the in- 
vestigation of these mechanisms because they are more stable 
under the conditions required for reaction than are the corre- 
sponding N-alkyl- l,4-dihydronicotinamides, the other models 
commonly employed in these studies (3). 

The 1,2-dihydroquinoline system is an example of a partially 
reduced heteroaromatic system which in a formal sense could 
act as both hydride donor and hydride acceptor, as do the 
reduced and oxidized pyridine nucleotides respectively. Such a 
redox reaction of 1 ,2-dihydroquinolines results in a dispro- 
portionation reaction yielding a quinoline and a tetrahydro- 
quinoline. The mechanism of acid-catalyzed disproportion- 
ation of 1,2-dihydroquinolines (4), as well as their sulphur (5) 
(thiachromens) and oxygen (6) (A3-chromens) analogues, has 
been commonly accepted as a protonation of the 3,4-double 
bond at C-3, thus creating a carbocation at C-4 which accepts 
a hydride ion from another molecule of the dihydroquinoline 
(Scheme 1). We wish to present results of our investigation of 
the acid-catalyzed disproportionation of 1,2-dihydroquino- 
lines, which revealed that the generally accepted mechanism 
shown in Scheme 1 cannot be correct, and to indicate an alter- 
nate pathway for such a reaction. 

Results and discussion 
The commonly accepted intermediate for the disproportion- 

ation reactions, a carbocation at C-4, has been shown (7) to be 
formed by the acid-catalyzed hydrolysis of 4-phenylamino-2,6- 
dimethyl-l,2,3,4-tetrahydroquinolines. Since this carbocation 
underwent solvent addition during these hydrolysis reactions 
we were suspicious of its intermediacy in the disproportion- 
ation reactions because no solvent addition products were 
formed. To show that the intermediate would also add meth- 

anol, the solvent used in disproportionation reactions, we in- 
vestigated the methanolysis of cis (4) and trans (5) 4-hydroxy- 
2,6-dimethyl-l,2,3,4-tetrahydroquinoline under conditions 
similar to those required by the disproportionation reaction. 
The kinetic product of methanolysis of 4-hydroxy-2,6-dimeth- 
yl-l,2,3,4-tetrahydroquinoline had the same stereochemistry 
(trans), irrespective of whether the starting material was the cis 
or the trans isomer (Scheme 2). When the methanolysis reac- 
tion was conducted in deuterated media no deuterium was 
incorporated at the C-3 position of the methoxy product, which 
indicated the absence of an elimination-addition pathway. 
When the methanolysis reaction was allowed to remain over- 
night, an equilibrium mixture of the cis and trans 4-meth- 
oxy-2,6-dimethyl- l,2,3,4-tetrahydroquinoline was obtained 
with the trans isomer in predominance (translcis = 2.5: 1). 
These results are similar to those obtained (7) from the hydrol- 
ysis reaction, and support the existence of a C-4 carbocation 
intermediate during the methanolysis of 4-hydroxy-2,6-di- 
methyl-1,2,3,4-tetrahydroquinolines. No solvolysis products 
are observed in the disproportionation reactions of 1,2-dihydro- 
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FORREST ET AL 

quinoline ( l c ) ,  2-methyl- 1 ,Zdihydroquinoline ( l a ) ,  2,6-di- 
methyl-l,2-dihydroquinoline ( I d ) ,  or  2-phenyl-l,2-dihydro- 
quinoline ( l b ) ,  although, under the conditions employed, they 
might be expected to be the predominant products. 

The  lack of solvent addition products from the 1,2-dihydro- 
quinolines might not be inconsistent with the intermediacy of 
a carbocation in the disproportionation reactions, as the for- 
mation of the solvolysis product is reversible (vide itzfra) and, 
as such, the carbocation is continuously regenerated and could 
eventually be completely reduced. It was therefore necessary to 
obtain confirmation of the non-participation of the carbocation 
in the disproportionation reaction. This was done by conduct- 
ing a disproportionation reaction in the presence of an indepen- 
dent source of a similar carbocation to determine whether the 
added carbocation would be reduced. The experiment was per- 
formed by conducting the disproportionation of 2-methyl-1,2- 
dihydroquinoline ( l a )  in weakly acidic methanol with trans-4- 
hydroxy-2,6-dimethyl-1,2,3,4-tetrahydroquinoline (5) added 
as the source of the additional carbocation (identical to that 
which would be formed from l a  except for the extra methyl 
group in the 6-position) (Scheme 3). The mixed reaction gave 
n o  2,6-dimethyl-l,2,3,4-tetrahydroquinoline, the reduction 
product which would have been formed from 5 if the carbo- 
nium ion was reduced. The products of the reaction were the 
normal disproportionation products from l a ,  and the normal 
solvolysis product from 5. By following the progress of the 
reaction by ' H  nmr spectroscopy it could be seen that the 
disproportionation reaction was only slightly faster (half-life = 
50 min) than the solvolysis of 5 (half-life = 7 0  min), thus 
indicating that the dihydroquinoline would have been available 
to carry out the reduction while the carbocation from la  was 
present. In a similar experiment no 2,6-dimethyl- 1,2,3,4-tetra- 
hydroquinoline was obtained when a mixture of 2-phenyl-1,2- 
dihydroquinoline (16) and trans-4-hydroxy-2,6-dimethyl- 
1,2,4-tetrahydroquinoline was allowed to react in weakly acid- 
ic methanol. 

In order to determine the origin of the hydrogens added to the 
dihydroquinoline, the disproportionation reactions were con- 
ducted in deuterated media. 2-Methyl- l ,2-dihydroquinoline 

MeOH 

methyl group was about 22% deuterated.' The mass spectrum 
of the product also showed the presence of monodeuterated, 
dideuterated, and trideuterated molecules. 2-Methylquinoline 
(3u), the other product of the disproportionation reaction, also 
had deuterium in the methyl group (about 21%),' but it had no 
deuterium at carbon-3. 

These labelling results may also be used as evidence against 
the mechanism shown in Scheme 1 .  The presence of deuterium 
at C-3 in the tetrahydroquinoline product (20) is compatible 
with the reversible protonation of the dihydroquinoline ( l a ) ,  
but if reversible protonation had taken place, the 2-methyl- 
quinoline (3u), the oxidized product of the reaction, would also 
have been labelled at carbon-3. It would appear that in order to  
explain the difference in the labelling pattern of the two prod- 
ucts at C-3 it is necessary to postulate the irreversible formation 
of an intermediate which can exchange at C-3 and which is 
converted exclusively to the reduced product. This inter- 
mediate could not be the carbocation because it would in the 
exchange process revert to the starting material, and thus also 
label the oxidized product. 

If the reduction does occur by a hydride transfer, it is neces- 
sary to propose the formation of an acceptor species other than 
the proposed carbocation intermediate. 

The 1,2-dihydro species is quite stable to attack by hydride 
(8) (e.g. LiAIHJ, but the 3,4-dihydro species, as the imine 
tautomer, would be susceptible to attack by hydride (9). This 
intermediate could exchange at carbon-3 via the enamine- 
iminium equilibration. 

Evidence in support of the 3,4-dihydro species as an inter- 
mediate was obtained from the deuterium labelling results of 
the disproportionation of differently substituted dihydro- 

( l a )  yielded 2-methyl-l,2,3,4-tetrahydroqinoline (2a), which 'That no deuterium was incorporated into the tetrahydro product had deuterium in position 3 9  as might be from the after it was formed was shown by 2.methyl.1,2,3,4-tetra- 
carbOcatiOn lnechanism (Scheme '1; however, the labelling hydroquinoline (2n) to equilibrate in acidic methanol under identical 
pattern was not simply that of one deuterium having been added conditions, 
at carbon-3. Nuclear magnetic resonance (nmr) spectroscopy 22-Methylquinoline (3a),  when equilibrated in deuterated acidic 
( 'H and 'H) indicated that the cis and trans hydrogens on methanol under similar conditions to that of the disproportionation 
carbon-3 each contained about 76% deuterium and that the reaction, incorporated 26% into the methyl group. 
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quinoline, with the exception that 6-methylquinoline (2.2 g, 15.3 
mmol) was used instead of quinoline; mp 57-59°C ( l i t .  (12) mp 
61°C); nmr (CDCII, 60 MHz) 6: 2.10 (s, CHI), 3.97 (dd, Jz,, = 4.0, 
J2, = 1.0, H-2), 5.53 (dt, J,, = 10.0, J1.2 = 4.0). 6.40-6.70 (m, 
aromatic protons). 

2-Mett1yl-l,2-dit1ydroq~ii11oline (1 a) 
Methyl lithium (Aldrich, 1.3 M in ether, 8.0 mL, 10.4 mmol) was 

added to quinoline (0.6 g, 4.7 mmol) in anhydrous ether under an 
atmosphere of nitrogen. After 2 min, water was added dropwise until 
the yellow solution became colourless. The solution was filtered, 
dried with anhydrous sodium sulphate, and the solvent evaporated 
(colourless oil, 87% yield). The nmr and mass spectra are consistent 
with those reported (13). 

2,6-Dimethyl-l,2-dihydroqui1zoline (Id) 
This was prepared using an analogous procedure to that of 

2-methyl-l,2-dihydroquinoline, with the exception that 6-meth- 
ylquinoline was used instead of quinoline. Yield: 94%, mp 
65.5-67.O0C (lit. (I I )  mp 60-63°C). The nmr and mass spectra are 
consistent with those reported (13). 

2-D-2-Methyl-] .2-dihydroquir~oline (1 e) 
Preparative procedure was identical to that of 2-methyl-1,2-di- 

hydroquinoline with the exception that 2-D-quinoline was used instead 
of quinoline; nmr (CDCI,, 60 MHz) 6: 1.18 (s, CH,), 3.69 (br NH), 
5.43 (d, J3.4 = 10.0, H-3), 6.19-7.00 (m, H-4 and aromatic protons). 

2-Phenyl-l,2-dihydroquinoline (I  b) 
Phenyl lithium (Aldrich, 1.8 M in cyclohexane-ether, 8.0 mL, 

14.4 mmol) was added to quinoline (0.60 g, 4.7 mmol) in anhydrous 
ether under an atomosphere of nitrogen. After 2 min, water was added 
dropwise until the solution became colorless. The solution was fil- 
tered, the filtrate dried with anhydrous sodium sulphate, and the 
solvent evaporated. The compound was purified by column chro- 
matography on silica gel (merck 70-230 mesh) using a 60:40 mixture 
of petroleum ether (30-6O0C)/benzene as eluant. Yield: 83%. mp 
51 -52°C (lit. (14) mp49-50°C); nmr (CDCI?, 360 MHz) 6: 4.05 (br, 
NH), 5.39 (dd, 52.4 = 1.6,J2.3 = 3.9, H-2), 5.57 (dd, 53.4 = 9.8, J3., 

= 3.9, H-3), 6.34 (d, JH.7 = 7.3, H-8), 6.36 (dd, J4.? = 9.8, J4,z = 
1.6, H-4). 6.58 (t, j b . 7  = 7.3, 56.5 = 7.3, H-6), 6.87 (d, 55.6 = 7.3, 
H-5), 6.95 (t, J7.H = 7.3, J7.6  = 7.3, H-7), 7.27-7.42 (m, phenyl 
protons); ms m/e (relative intensity): 207 (M+, 20), 206(35), 205(24), 
204(16), 130(100). 

6-Methyl-2-phenyl-l,2-dihydroquitzoline (Ig) 
The preparative procedure was identical to that of 2-phenyl-1,2-di- 

hydroquinoline with the exception that 6-methylquinoline was used 
instead of quinoline. Yield: 88%, mp 58.0-60.5"C; nmr (CDCI,, 60 
MHz) 6: 2.16 (s, CH1), 3.50 (br, NH), 5.28 (dd, J,., = 4.0, J2.4 = 
2.0, H-2), 5.43 (td, J3.4 = 10.0, J 3 . 2  = 4.0, H-3), 6.0-6.85 (m, H-4 
and aromatic protons); ms m/e (relative intensity): 221 (Mt, 43), 
220(73), 219(57), 218(19), l+I(lOO). 

I ,4-Dihydroquinoline (6) 
This was prepared by lithium in liquid ammonia reduction of quin- 

oline according to the method of Birch and Lehman (15), mp 
45-46°C. The compound was found to polymerize at room tem- 
perature, but was relatively stable in ether solution for 24 h under 
nitrogen at - 15°C. :The compound polymerized in CDCI, but was 
somewhat more stable in deuterobenzene; nmr (ChD6. 60 MHz) 6: 
3.43(dd,J4.3 =3.0,J1.2 = 1.5,H-4),4.36(m,J3.2 =7.0,J3., =3 .0 ,  
J3.1 = l .O, H-3), 4.90 (br, NH), 5.76 (m, J2.4 = 1.5, Jz., = 7.0, J2.1 
= 4.0, H-2). 6.26-7.26 (m, aromatic protons). 

2-Phet~ylquinoline (3b) 
To a solution of 2-phenyl-l,2-dihydroquinoline ( lb)  (I .O g, 4.8 

mmol) in 95% ethanol (15.0 mL) was added dropwise with stirring a 
solution of iodine (15% in ethanol, ca. I2 mL). After ca. 20 min the 
excess of iodine was destroyed by the dropwise addition of sodium 
thiosulphate (20% aqueous). Removal of the ethanol, followed by 
extraction into ether, gave 2-phenylquinoline, which was re- 

crystallized from ethanol/HzO. Yield: 67%, mp 79.5-81.0°C (lit. 
(16) mp 84°C); nmr (CDCI,, 60 MHz) 6: 8.3-7.4 (m, aromatic 
protons); ms m/e (relative intensity): 206(17), 205 (M+, loo), 
204(67). 103(9), 102( 13). 

'This was prepared by an analogous procedure to that of 2-phenyl- 
quinoline, using 2-phenyl-6-methyl- l,2-dihydroquinolinc ( lg)  in- 
stead of 2-phenyl-I,2-dihydroquinoline. The compound was re- 
crystallized from ethanol/H,O. Yield: 70%, mp 64-65.5"C (lit. (17) 
67°C); nmr (CDCI?, 60 MHz) 6: 2.53 (s, 6-CH,), 7.37-8.16 (m, 
aromatic protons); ms m/e (relative intensity): 220(19), 219 (M+, 
IOO), 218(37), 204(16). 

Cis (4) and trans (5) 4-t1ydroxy-2,6-ditnett1yl-1.2,3,4-tetrohydro- 
quinoline 

This was synthesized according to the procedure of Edwards et al. 
(18) from acetaldehyde and p-toluidine; cis isomer, mp 
164.0- 165.0°C (lit. (7) 165°C); trans isomer, mp 1 10.0- 1 1 1 .O°C 
(lit. (7) 110°C). The spectroscopic data were identical to those 
reported by Forrest et al. (7). 

Methar101ysi.s ofcis (4) and trans (5) 4-hydroxy-2,6-dimer12yl-1,2,3,4- 
tetrahydroquinoline 

Trans 4-hydroxy-2,6-dimethyl- 1,2,3,4-tetrahydroquinoline (5) 
(200 mg, I. I mmol) was allowed to remain overnight in methanolic 
HCI (25.0 mL of 0.02 M), after which it was basified with 10% 
sodium hydroxide, and the solvent evaporated. The residue was then 
extracted into ether (2 x 20.0 mL). The ether extracts were washed 
with water (2 X 20.0 mL), dried over anhydrous sodium sulphate, and 
the solvent evaporated. The residue was identified as cis and trans 
4-methoxy-2,6-dimethyl- 1,2,3,4-tetrahydroquinoline, with the trans 
isomer in predominance (translcis = 2.5: 1). 

Cis 4-hydroxy-2,6-dimethyl-I ,2,3,4-tetrahydroquinoline, when 
allowed to remain overnight in acidic methanol under identical condi- 
tions to that of the trans isomer, yielded the cis and trans methanolysis 
products in the same ratio as that observed for the trans isomer; nmr 
(CDCII, 360 MHz) trarzs isomer, 6: 4.12 (unresolved quartet, J,,>, = 
3.2, = 2.5, H-4e), 3.54 (m, J,,.,, = 2.5, JZ~,.,. = 12.2, JI;,.cH-( 

= 6.3, H-2) 3.39 (s, OCH,), 2.22 (s, 6-CH,), 2.06 (dt, J,,.,, = 13.5, 
J3e.4c = 2.5, J3,.2i, = 2.5, H-3e), 1.45 (m, J,,.,, = 3.2, J,,.z, = 13.5, 
J3a.Zn = 12.2, H-3a), 1.20 (d, JCH3.Zo = 6.3, CH,). For thecis isomer, 
as obtained from the product mixture, nmr (CDCI,, 360 MHz) 6: 4.55 
(dd, JJ,.,;, = 10. I ,  JJa.3c = 5.8, H-4), 3.44 (s, OCH,), 2.22 (s, 6-Me), 
1.62 (apparent quartet, J?,,,, = 1 1.8, J,,,,., = 1 1.5, J7,..,, = 10.1, 
H-3a), 1.2 1 (d, Jcb,3.2 = 6.3, CH1). 

The progress of the methanolysis reaction was monitored by scan- 
ning the nmr spectrum of a reaction mixture containing trans 
4-hydroxy-2,6-dimethyl-1,2,3,4-tetrahydroquinoline (30.5 mg, 0.17 
mmol) in methanol-d, (0.50 mL) with DCI/D20 (2.0 pL, 2.0 M) as 
acid catalyst. 

The methanol-d, was evaporated from the reaction mixture, the 
residue basified, extracted into ether, and subjected to mass spec- 
troscopic analysis. Mass spectrum, m/e (relative intensity): 195(5.8), 
194(42), 161(7.0), 160(50), 158(53), 157(100), 144(94), 145(12). 

The formation of the trans 4-methoxy-2,6-dimethyl-1,2,3,4-tetra- 
hydroquinoline as the kinetic product of methanolysis from cis 
4-hydroxy-2,6-dimethyl-1,2,3,4-tetrahydroquinoline (30.0 mg, 0.17 
mmol) was observed by following its reaction in methanol-d4 (0.50 
mL) with DCI/DrO (4.0 pL, 2.0 M) as acid catalyst. 

Disproportionation reactions of l,2-dihydroquinolines 
All disproportionation reaction mixtures were worked up as fol- 

lows: the methanol was evaporated from the reaction mixture, and the 
residue was made basic with 10% sodium hydroxide and extracted into 
ether (2 X 40.0 mL). The ether extracts were washed with water (2 
x 40.0 mL), dried over anhydrous sodium sulphate, and the solvent 
evaporated. 

Disproportionation of 2-methyl-1,2-dihydroquinoline ( la)  
2-Methyl-l ,2-dihydroquinoline (300 mg, 2.1 mmol) was allowed to 
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remain overnight in methanolic HCI (50 mL, 0.02 M) undcr an atmo- 
sphere of nitrogcn. 

The product mixture after work-up was chromatographed on silica 
gel (Merck, 70-230 mesh). The 2-methyl-l,2,3,4-tetrahydroqu~no- 
line was eluted out with benzene, while the 2-methylquinoline was 
eluted out w~th chloroform. 

2-Methyl-1,2,3,4-tetrahydroquinoline (2a): nmr (CDCI?, 60 MHz) 
6: 1. l l (d, JCH, ? = 6.0), 1.30-2.16 (m, H-3). 2.30-2.66 (m, H-4). 
3 13-3.67 (m, H-2). 3.53 (br, NH), 6.33-7. I0 (m, aromatic protons) 
(lit. (19)). Mass spectrum, m/e (relat~vc ~ntensity): 147 (M+, 34). 
132(100), 130(1 I), 117(10). 

2-Methylqurtzolitze (34 .  nmr (CDCI?, 60 MHz) 6: 2.67 (s, CH,), 
7.10-8.18 (m, H-3 - H-8). Mass spectrum, nz/e (relative intensity): 
143 (M', loo), 128(14), 115(12). 

Disproportionatior~ of 1,2-dihydroquinoline (1 c) 
Methanolic HCI (28.0 mL, 0.02 M) was added to 1,2-dihydro- 

quinoline (I50 mg, 1.2 mmol) and allowed to remain overnight under 
an atmosphere of nitrogen. After usual work-up, the product. were 
identified by comparison of the nmr spectrum of the product mixture 
to that of authentic quinoline and I ,2,3,4-tetrahydroquinoline. 

Disproportiotzatiotz of 2-phenyl-I ,2-dil~yclroquinoline (1 b) 
2-Phenyl-l,2-dihydroquinoline (300 mg, 1.4 mmol) was allowed to 

disporportionate in methanolic HCI (35.0 mL, 0.02 M) under an 
atmosphere of nitrogcn. Usual work-up gave a product mixture which 
was chromatographed on silica gel (Merck, 70-230 mesh). The 
2-phenyl-1,2,3,4-tetrahydroquinoline was separated from the 
2-phenylquinoline with a mixture of light petroleum ether/benzene = 
60:40, and the 2-phenylquinoline eluted out with chloroform. 

2-Phenyl-1,2,3,4-tetrnhydroqriitzolitze (2b): nmr (CDCI,, 60 MHz) 
S: 2.37 (m, H-3), 2.73 (m, H-4). 3.70 (bs, NH), 4.29 (dd, JZ.3d = 8.0, 
J?,,, = 5.0, H-2), 6.40-7.30 (m, aromatic protons) (lit. (20)). Mass 
spectrum, m/e (relative intensity): 209 (M+, loo), 208(41), 132(78), 
130(21). 

2-Phenylquinoline (3b): nmr (CDCI?, 60 MHz) 6: 7.40-8.3 1 (m, 
aromatic protons). Mass spectrum, m/e (relative intensity): 206(17), 
205 (M+, loo), 204(68), 103(10), 102(13). 

Disproportro~zatron of 2-metl1yl-1,2-d~/1ydroq~i~11olit1e (1 a) in the 
presence of trans 4-hydroxy-2,6-drmethyl-l,2,3,4-tetrahydro- 
quninolrne (5) 

2-Methyl-l,2-dihydroquinoline (150 mg, 1.0 mmol) and trans 
4-hydroxy-2,6-dimethyl-1,2,3,4-tetrahydroquinoline (160 mg, 0.90 
mmol) were allowed to remain ovcrnight in methanol (6.0 mL, 
0.02 M) with aqueous ammonium chlor~de (0.15 mL, 2.0 M) as acid 
catalyst, under an atmosphere of nitrogen. Following work-up, the 
product mixture was analyzed by mass spectroscopy to determine the 
presence of 2,6-dimethyl-] ,2,3,4-tetrahydroquinoline from its molec- 
ular ion expected at m/e 161. Mass spectrum, m/e (relative intensity): 
191(61), 161(12), 160(84), 158(52), 157(15), 147(20), 145(19), 
144(100), 143(72), 132(50)., 

The progress of the reaction was monitored by repeated scanning of 
the nmr signals of a mixture containing 2-methyl-] ,2-dihydro- 
quinoline ( I0  mg, 0.07 mmol) and trans 4-hydroxy-2,6-dimeth- 
yl- l,2-dihydroquinoline ( 12 mg, 0.07 mmol) in methanol-d, (0.40 
mL), with NH,CI in DZO (0.01 mL, 2.0 M) as acid catalyst. The 
half-life for the methanolysis of trans 4-hydroxy-2,6-dimethyl-1,2-di- 
hydroquinoline was obtained by following the integration for the dis- 
appearance of the upfield triplet of the C-3 equatorial proton relative 
to the integration of dioxane as internal standard. The half-life for the 
disproportionation of 2-methyl-l,2-dihydroquinoline was obtained by 
monitoring the disappearance of its proton at C-3. I,/,  for the meth- 
anolysis of 4-hydroxy-2,6-dimethyl- I ,2,3,4-tetrahydroquinoline = 

70 min; t l l z  for the disproportionation of 2-methyl-l,2-dihydro- 
quinoline = 50 min. 

Disproportionation of 2-phenyl-1,2-dihydroquinoline in the presence 
of 4-hydroxy-2,6-dirnet/zyl-l,2,3,4-tetrahydroquinoline 

2-Phenyl-l,2-dihydroquinoline (150 mg, 0.72 mmol) and 2,6-di- 
methyl-4-hydroxy-l,2,3,4-tetrahydroquinoline (130 mg, 0.73 mmol) 

were allowed to remain overnight in methanolic HCI (18.0 mL, 0.02 
M) under an atmosphere of nitrogen. Following work-up of the reac- 
tion mixture in the usual manner, the mass spectrum of the product 
mixture was recorded to determine the presence of 2,6-dimeth- 
yl- l,2,3,4-tetrahydroquinoline from its molecular ion expected at m/e 
161. By slowly increasing the source temperature, no peak at 161 was 
observed until the molecular ion (191) for the methoxy product ap- 
peared, and then only at the intensity expected for the isotope (M + 
1) of thc 160 ion. Mass spectrum, m/e (relative intensity): 209(4), 
205(20), 191(11), 161(4), 160(28), 158(31), 145(13), 144(100), 
132(10), 130(16). 

Reaction of 2-methyl-1.2-dihydroqui~zoline ( la)  with I,4-dihydro- 
quinoline (6) 

A mixture of 2-methyl-] ,2-dihydroquinoline (220 mg, 1.5 mmol) 
and 1,4-dihydroquinoline (180 mg, 1.4 mmol) as allowed to remain 
overnight in methanolic HCI (25.0 mL, 0.02 M) under an atmosphere 
of nitrogen. Following work-up, the nmr spectrum of the product 
mixture was recorded, from which 1,2,3,4-tetrahydroquinoline and 
2-methylquinoline were identified as the major products of the reac- 
tion. A small amount of 2-methyl-l,2,3,4-tetrahydroquinoline was 
also present but no quinoline was observed. 

Reaction of 6-methyl-l,2-dihydroquinoline (1 f )  with 1,4-dihydro- 
quitzolir~e (6) 

6-Methyl- l,2-dihydroquinoline (200 mg, 1.5 mmol) and 
1,4-dihydroquinoline (165 mg, 1.3 mmol) were left overnight in 
methanolic HCI (25.0 mL, 0.02 M) under an atmosphere of nitrogen. 
Following work-up, the product mixture was analyzed by nmr spectro- 
scopy; the products of the reaction were 1,2,3,4-tctrahydroquinoline, 
6-methylquinoline, and small amounts of 6-methyl-l,2,3,4-tetra- 
hydroquinoline. No quinoline was formed. 

Disproportionation of l,2-dihydroquinoline in deuterated media 
2-Methyl-1,2-dihydroq11itzolitze ( la)  
2-Methyl-l,2-dihydroquinoline (150 mg, 1.0 mmol) was allowed to 

remain overnight in contact with DCl/methanol-0-d (12.0 mL, 
0.04 M), under an atmosphere of nitrogen. Following work-up in the 
usual manner, the product mixture was column chromatographed on 
silica gel (Merck, 70-230 mesh). 2-Methyl- 1,2,3,4-tetrahydroquin- 
oline was eluted with benzene, while chloroform was used to elute the 
2-methylquinoline. 
2-Methyl-1,2,3,4-tetral~ydroquinolit1e (2a): nmr (CDCI,, 250 

MHz) 6: 1.23 (d, JcH, .~  = 6.8, 2.35 H), 1.62 (m, H-3a, 0.24H), 1.95 
(m, H-3e, 0.23H), 2.8 1 (m, H-4, 2H), 3.43 (m, H-2, IH), 3.63 (br, 
NH, IH), 6.48-7.05 (m, aromatic protons, 4H); 'H nmr (CDCI,, 38.4 
MHz) 6: 1.15, 1 SO, and 1.86. Mass spectrum, m/e (relative in- 
tensity): 152(4), 151(9), 150(17), 149(30), 148(33), 147(18), 146(9), 
145(11), 144(13), 143(9), 135(18), 134(100), 133(91), 132(38), 
131(15), 130(9). 

2-Methylquinoline (34 :  mass spectrum, m/e (relative intensity): 
145(5.6), 144(37.0), 143(100.0), 142(9. I), 129(1.7), 128(17.0). 

2-Phenyl-I ,2-dihydroqrlinoline (1 b) 
2-Phenyl-l,2-dihydroquinoline (155 mg, 0.75 mmol) was left over- 

night in DCl/methanol-0-d (9.0 mL, 0.04 M). Following work-up, 
the nmr spectrum of the product mixture was recorded; nmr (CDC13, 
60 MHz) 6: 2.70 (s, (AB quartet at 360 MHz), H-4). 3.60 (br, NH), 
4.30 (s, H-2), 6.40-8.23 (m, aromatic protons). The product mixture 
was then chromatographed on silica gel as for the reaction in protic 
media. Mass spectrum, m/e (relative intensity): 206(17.0), 
205(100.0, M+), 204(68.4), 103(10.5), 102(18.5). The mass spec- 
trum was identical to that of authentic 2-phenylquinoline. 

1.2-Dihydroquinoline (1 c) 
A reaction mixture consisting of 1,2-dihydroquinoline (150 mg, I. I 

mmol) in DCl/methanol-0-d (14.0 mL, 0.04 M) was allowed to 
remain overnight under an atmosphere of nitrogen. Work-up was 
carried out in the usual manner; nmr (CDCI,, 60 MHz) 6: 1.86 (m, 
H-3, IH), 2.73 (m, H-4, 2H), 3.18 (m, H-2), 3.79 (br, NH, I H), 
6.30-8.16 (m, aromatic protons), 9.80 (dd, J = 2.0, 4.5). 
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Blank experirnents 
2-Methyl-l,2,3,4-tetrahydroquinoline (20) isolated from the dis- 

proportionation of 2-methyl-l,2-dihydroquinoline ( l a )  in protic me- 
dia was allowed to equilibrate overnight in DCl/methanol-0-d (20.0 
mL, 0.04 M), and the product was analyzed by nrnr spectroscopy after 
work-up. 

The product mixtures obtained from disproportionation of 1,2-di- 
hydroquinoline ( l c )  and 2-phenyl-I ,2-dihydroquinoline ( l b )  were 
similarly allowed to remain in deuterated media and then analyzed by 
nrnr spectroscopy. The nrnr spectra obtained in each of these three 
cases were identical to that of the compounds before equilibration in 
deuterated media. 

2-Methylquinoline was similarly allowed to remain overnight in 
acidic methanol-0-d, and subjected to mass spectroscopic analysis 
after the usual work-up. Mass spectrum, m/e (relative intensity): 
145(1 I), 144(52), 143(100). 

Disproportionatiorl of I,2-dihydroquinolirles in the presence q/' ridded 
quino1ine.s 

Reactiorl of 2-methyl-1,2-dihydroq~iirrolirre ( l a )  irr dte presence of 
added quirrolines 

2-Methyl-1.2-dihydroquinoline ( l a )  (150 mg, 1.0 mmol) was al- 
lowed to remain overnight in methanolic HCI (26.0 mL, 0.02 M) 
under an atmosphere of nitrogen in the presence of each of 6-methyl- 
quinoline (3 f )  (150 mg, 1.0 mmol), 6-methyl-2-phenylquinoline (3g) 
(225 mg, 1.0 mmol), and 2.6-dimethylquinoline (3d) (165 mg, 1.0 
mmol). Following work-up, the relative percentages of the tctrahydro- 
quinolines were calculated by integration of the singlet at 6 2.18 
(6-methyl of 6-methyl-2-R-substituted-I,2,3,4-tetrahydroquinoline 
(R = CH?, H, Ph)) and the doublet (J = 6.0) at 6 1.12 (2-CH, of 
2-methyl-] ,2,3,4-tetrahydroquinoline) in its nrnr spectrum. Per- 
centage of tetrahydroquinoline formed by the reduction of the added 
quinoline from that of the total tetrahydroquinoline content (relative 
percentages): 6-methylquinoline (49.1 + 4.3%), 6-methyl-2-phenyl- 
quinoline (52.0 * 4.8%), 2,6-dimethylquinoline (77.0 t. 2.5%). 
Errors are the mean deviations obtained from three sets of experi- 
ments. 

Reaction of 2-phenyl-1,2-dil1ydroquirlolir1e (1 b) irz the preserrce of 
added quinolir~es 

2-Phenyl-I ,2-dihydroquinoline ( l b )  (150 mg. 0.7 mmol) was al- 
lowed to remain overnight in methanolic HCI (18.0 mL, 0.02 M) 
under an atmosphere of nitrogen in the presence of each of 6-methyl- 
quinoline ( 3 t )  ( 103 mg, 0.7 mmol), 2-phenyl-6-methylquinoline (3g) 
(160 mg, 0.7 mmol), 2,6-dimethylquinoline (3d) ( 1  10 mg, 0.7 
mmol). Thereafter, product mixtures obtained after usual work-up 
were analyzed for the relative percentages of the tetrahydroquinolines 
by integration of the peak at 6 4.29 (dd, 2-H of the 2-phenyl- 
1,2,3,4-tetrahydroquinoline) and 6 2.18 (s, 6-CH, of 6-methyl-2-R- 
1,2,3,4-tetrahydroquinoline (R = CH,, H, Ph)) in its nrnr spectrum. 
Percentage of tetrahydroquinoline obtained by reduction of the added 
quinoline from that of the total tetrahydroquinoline content (relative 
percentages): 6-methylquirioline (51.3 t 4.2%), 6-methyl-2-phenyl- 
quinoline (72.4 5 3.9%), 2.6-dimethylquinoline (60.0 * 7.1%). 
Errors are the mean deviations obtained from three sets of experi- 
ments. 

Mixed labelled disproportiorlation of 2,6-dirnethyl-I ,2-dihydro- 
quinolirze (1 d) and 2-d-2-methyl-I ,2-dihydroquinolirze (1 e) 

2,6-Dimethyl-l,2-dihydroquinoline (Id)  (1.40 g, 8.8 mmol) and 
2-d-2-methyl-1.2-dihydroquinoline ( l e )  (1.30 g, 8.9 mmol) were dis- 
solved in ethanol and 2 M aqueous ammonium chloride (I .O cc) was 
added, and the solution allowed to remain under an atmosphere of 
nitrogen for 48 h. Following work-up, the product mixture was col- 
umn chromatographed on silica (Merck, 70-230 mesh). Benzene was 
used to separate the tetrahydroquinolines from the quinolines and a 

50:50 mixture of benzene - petroleum ether (30-60°C) was used to 
separate the individual tetrahydroquinolines. The "C nrnr spectra, 
with proton and deuterium decoupling and chromium triacetyl- 
acetonate as relaxation reagent, were recorded for both. The product 
ratio of 2,6-dimethyl-1,2,3,4-tetrahydroquinoline to 2-methyl- 
1,2,3,4-tetrahydroquinoline was approximately 8:2. 
2.6-Dimethyl-1.2,3,4-tetrahydroqriir~olir1e: I3C nrnr (CDC13, 25.2 

MHz) 6: 47.44, 46.97 (C-2), 30.89 (C-3). 26.82, 26.44 (C-4). 
2-Methyl-I,2,3.4-tet1'aI1ydroquir~oline: I3C nrnr (CDC13, 25.2 

MHz) 6: 47.74, 47.27 (C-2), 30.43 (C-3). 27. I?, 26.72 (C-4). 
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The preparation and rearrangements of some 8,8-dimethylhomotropylium cations 
and their iron tricarbonyl complexes 
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RONALD F. CHILDS and ARAVAMUTHAN VARADARAJAN. Can. J. Chem. 63, 4 18 (1 985). 
The circumambulatory rearrangements of some 8,8-dimethylhomotropylium cations and their corresponding iron tricarbonyl 

complexes have been examined. 8,8-Dimethylhomotropylium cation, 4, has been prepared by protonation of 8,8-dimethyl- 
bicyclo[5. I .O]octa-3,5-dien-2-01 in FS03H/S02CIF. Evidence for homoaromatic delocalization in 4 was found in its charac- 
teristic 'H nmr spectrum, particularly when this was compared to that of the non-cyclically delocalized 8.8-dimethyl- 
bicyclo[5. l .O]octadienyliron tricarbonyl complex 7. Cation 4 was found to be stable at low temperatures but to isomerize to 
isopropyltropylium ion, 8, at -50DC, k = (4.6 7 0.2) x s- ' .  The specifically deuterated cation 4D was prepared and 
a slow circumambulation of C8 around the basal 7-membered ring of this cation was found to occur at -90°C. The free energy 
of activation for this circumambulation is 14.5 kcal/mol. Homotropylium cation 4 was also prepared by protonation of 
8,8-dimethylbicyclo[3.2.I]octa-3,6-dien-2-ol, 14, at -120°C. No evidence for the presence of the corresponding 
bicyclo[3.2. Iloctadienyl ion 12 was obtained. The 2,8,8-trimethylhomotropylium cation, 17, was prepared and shown to 
undergo a circumambulatory rearrangement to give the 4,8,8-trimethyl substituted cation 20 as the major product. In this 
trimethyl series it also proved possible to generate the 2,8,8-trimethylbicyclo[3.2. I]octadienyl cation, 18, and observe its 'H 
nmr spectrum at very low temperatures (- I 16°C). The proton chemical shifts of 18 suggest that the charge is predominantly 
located on the 3-carbon bridge. Cation 18 isomerized to 17, 20, and other products at temperatures above - 100°C. The 
2.8.8-trimethylbicyclo[5. I .O]octadienyliron tricarbonyl complex 22 was also shown to undergo a circumambulatory rear- 
rangement in which both C8 and the Fe(CO)3 grouping migrate. 

RONALD F. CHILDS et ARAVAMUTHAN VARADARAJAN. Can. J.  Chem. 63, 418 (1985). 
On a Ctudie les transpositions circambulatoires des quelques cations dimethyl-8,8 homotropylium et des complexes fer- 

tricarbonyles correspondants. On a prepart le cation dimethyl-8,8 homotropylium (4) par protonation du dimethyl-8,8 
bicyclo[5. l .O]octaditne-3,5 01-2 dans un melange FS03H/S02CIF. C'est dans son spectre rmn 'H caractkristique que I'on a 
trouve des indices de l'existence d'une dClocalisation homoaromatique dans 4 et particulitrement lorqu'on I'a compare au 
spectre rmn du complexe 7, le dimethyl-8,8 bicycl0[5.l.O]octadienyl-fer-tricarbonyl qui n'est pas dClocalisC d'une faqon 
cyclique. On a trouvC que le cation 4 est stable a basses temperatures mais qu'il s'isomerise en ion isopropyltropylium (8) a 
-50°C avec une constante k = (4,6 7 0.2) x lo-%-'. On a prepare le cation 4D specifiquement deutCr6 et on a trouve que, 

-90°C, il se produit une circambulation lente de C8 autour du cycle de base a 7 chainons de ce cation. L'tnergie libre 
d'activation de cette circambulation est de 14,5 kcal/mol. On a aussi prepare le cation homotropylium 4 par protonation du 
dimethyl-8,8 bicyclo[3.2. I]octadi6ne-3,6 01-2 (14) a - 120°C. Les resultats obtenus n'ont pas permis de mettre en evidence 
la presence de l'ion bicyclo[3.2. I]octadi&nyle correspondant, 12. On a prepare le cation trimethyl-2,8,8 homotropylium (17) 
et on a observe qu'il subit une transposition circambulatoire conduisant au cation trimethyl-4,8,8 substitue (20) comme produit 
principal. Dans la sCrie des produits trimCthylCs, on a aussi pu gCnCrer le cation trimethyl-2,8,8 bicyclo[3.2. I]octaditnyle (18) 
et observer son spectre de rmn 'H a de trts basses temperatures (- I 16°C). Les deplacements chimiques des protons du compose 
18 suggtrent que la charge est IocalisCe principalement sur le pont a trois chainons. A des temperatures supkrieures a - 100"C, 
le cation 18 s'isomtrise pour donner, entre autres, les cations 17 et 20. On a aussi dCmontrC que le complexe trimethyl-2,8,8 
bicyclo[5. I .O]octadi&nyl-fer-tricarbonyle (22) subit aussi une transposition circambulatoire dans laquelle le C8 ainsi que la 
Fe(CO)3 migrent tous les deux. 

[Traduit par le journal] 

The homotropylium cation can potentially undergo a degen- 
erate circumambulatory rearrangement in which the bridging 
methylene group migrates around the basal carbons that form 
the "seven-membered ring", eq. [ l]  (1). As a suprafacial [1,6] 
sigmatropic shift, this rearrangement would be expected to 
proceed thermally with retention of configuration at C8.  This 
would lead to an overall interconversion of the exo and endo 

I substituents at each step. 

' Author to whom correspondence may be addressed. 

In contrast to the frequent occurrence of comparable circum- 
ambulation rearrangements with the analogous bicyclo[3.1.0]- 
hexenyl cations, there are few reports of such reactions with 
homotropylium cations. The activation energies required for 
circumambulation to occur in homotropylium ions appear to be 
high. For example, the parent cation has been investigated in 
some detail and it has been shown that the barrier to circum- 
ambulation must be at least 26-27 kcal/mol (2). 

The high energy barriers associated with thermally induced 
circumambulation of homotropylium cations would seem to 
stem from two factors, first, the constraints of orbital symmetry 
and, second, the thermodynamic stability of these cations. If 
circumambulation were to occur by a concerted, symmetry- 
allowed process then the transition state for the reaction would 
have an unfavourable geometry. Migration with retention of 
configuration, the thermally allowed process, involves a large 
twisting motion of C8  and this type of migration would be 
expected to be difficult on geometric grounds. In contrast, the 
ground state symmetry-forbidden but photochemically allowed 
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migration involving inversion of configuration at the migrating 
carbon is a least-motion reaction and, indeed, stereoselective 
circumambulatory rearrangements have been detected on irra- 
diation of 2-hydroxyhomotropylium cations (3, 4). 

Compounding these geometrical factors is a thermochemical 
consideration. Homotropylium cations are homoaromatic and 
the cyclic delocalization in these cations results in a measurable 
stabilization (5). For circumambulation to proceed it is neces- 
sary to disrupt this cyclic delocalization and this will be 
refleded in the high activation energies associated with this 
process. As an increased fraction of the positive charge is 
transferred onto C8, the migrating carbon in the transition state, 
the aromatic stabilization of the ground state of these cations 
can be partly offset by placing charge stabilizing groups at C8. 
Thus we have shown that 8,8-dimethyl substituted hydroxy- 
homotropylium cations undergo the series of thermally induced 
circumambulations shown in Scheme 1 (4, 6, 7). 

In this present paper we extend our studies of these peram- 
bulating systems to the parent 8,8-dimethylhomotropylium 
cation. In particular we hoped that circumambulations with this 
ion might be sufficiently facile to permit observation by dy- 
namic nrnr methods and thus enable the stereochemistry of 
these reactions to be probed. Secondly, it was intended to 
further explore the nature of the conversion of the homo- 
tropylium cations to bicyclo[3.2.I]octodienyl shown in 
Scheme 1. This intriguing reaction involves the conversion of 
a homoaromatic cation to what may be considered formally to 
be an "anti-bis-homoaromatic system", a reaction which at first 
glance seems to be going in the wrong direction. 

Results and discussion 
Reduction of homotropone 1 (8) with diisobutylaluminum 

hydride (9) gave the reactive alcohol 2. The 'H nrnr spectra of 
2 were consistent with its assigned structure. In attempting to 
exchange the OH proton of 2 with deuterium in order to sim- 
plify the nmr spectrum using D20  in CDCI, at room tem- 
perature, it was noted that 2 isomerized to cycloheptatriene 3 
(10). The extreme ease of this isomerization precluded storage 
of 2 for any length of time and this alcohol was used directly 
in subsequent reactions. 

Dissolution of 2 in FSO,H/SO?CIF at -78°C led to the 
formation of 4. The 'H nmr spectrum of this cation, obtained 
at -80°C, consisted of four resonances (Table I), the positions 
of which were clearly indicative of the formation of the 
8,8-dimethylhomotropylium cation. The chemical shift differ- 
ence between the two methyl groups was large, as would be 
expected for such a homotropylium cation, and the positions of 
the resonances of the ring protons show a similar pattern to 
those of the parent homotropylium cation ( 1  1). Interestingly, 
the bridgehead protons (H 1 ,  H7) occur about 1 ppm upfield of 
the comparable protons of homotropylium cation itself, sug- 
gesting perhaps more cyclopropyl character for the C1, C7 
bond in 4. Comparable effects of a gem-dimethyl group have 
been observed with the bridged [lo]-annulenes (12). The signal 
corresponding to the exo methyl protons was relatively broad at 
low temperature (-80°C) but sharpened as the temperature was 
raised. Similar broadenings of the exo-methyl resonances were 
observed with corresponding neutral compounds and pre- 
sumably result from restricted rotation of the methyl group at 
low temperatures. 

As a model for the chemical shifts to be expected for a 
nonaromatic counterpart of 4, the corresponding iron complex 
was prepared. Reduction of 5 (8) gave 6, which was again 
found to be unstable. Ionization of 6 in a CF,COOH/S02 
mixture gave 7,  which exhibited an 'H nrnr spectrum (Table I) 
which was completely different from that of 4. The chemical 
shift difference between the resonances of the C8 methyl 
groups was only 0.02 ppm. Apart from the resonance attributed 
to the methyl groups, the nrnr spectrum of 7 was comparable 
to the corresponding iron complex of the parent system (13). 

(CO)3Fe, - 

DIBAL 

( c 0 ) 3 F e w  0 - 
@ H OH 

In order to determine whether circumambulatory rearrange- 
ments occurred with 4, its 'H nrnr spectra were examined at 
higher temperatures. No evidence for the broadening or aver- 
aging of the ring proton resonances in the nrnr spectra of 4 was 
observed at temperatures up to -50°C. Degenerate circum- 
ambulatory rearrangements of this cation must therefore be 
slow on the nmr time scale (AG* >12 kcal/mol). 

At -50°C, 4 was observed to isomerize irreversibly to iso- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 63. 1985 

E Z Z  E ~ Z E  omm l z Z m  E I= t- m 
t *  * t ?  b. 

w m w  \ o m m  vl r- 2 Y E  
'"Y' 

propyltropylium cation, 8 (14). This cation was identified by its 
independent synthesis from 7-isopropylcycloheptatriene. The 
first-order rate constant for the isomerization of 4 to 8 was (4.6 
T 0.2) x s-' at -50°C, corresponding to a AG * = 16.3 
kcal/mol. 

The occurrence of this irreversible isomerization to 8 pre- 
cluded the investigation of possible circumambulations of 4 at 
higher temperatures by dynamic nmr methods. Instead it was 
decided to label the seven-membered ring with a single deu- 
terium atom at C2. A degenerate circumambulatory rearrange- 
ment would distribute the label equally over all the seven car- 
bons. This process will result in an increase in intensity of the 
signals for the vinyl protons H2-H6 and a decrease in the 
intensity of the signal for the methine protons HI and H7, in the 
'H nmr spectrum. Thus, the intensity of the signal for the vinyl 
protons H2-H6 would change from the relative value of 4 in 
the starting cation before the rearrangement, to 4.29 after com- 
plete equilibration, and that of the signal for the methine pro- 
tons HI and H7 would change from the starting relative value 
of 2 to the final value of 1.7 1. In other words, the ratio of the 
relative intensities of these two signals would increase from a 
starting value of 2 to the final value of 2.51 after complete 
equilibration. 

The alcohol 2D was prepared by the lithium aluminium 
deuteride reduction of 1 in ether at -78°C. Protonation of this 

EL alcohol in CFC1,-S0,ClF-FS0,H medium at - 116°C led to 

8 the formation of 4D. On warming from - 120°C to -70°C in 
- 
A steps of 10°C, the ratio of the integrals for the vinyl and the 
-E: 
E methine proton signals in the 'H nmr spectrum of 4D increased 
- from 1.9 to 2.55. At -70°C this value remained constant at 
C 
% 2.45 T 0.09 for several minutes. On the basis of the predictions 
g made earlier, this observation would indicate the occurrence of 
i? 
111 deuterium scrambling in 4D, presumably via circumambu- 
% lation of the C8 group. Continued observation of the same 
-E: 
i? 

sample at -70°C by nmr showed that the intensities of the 
n signals for all the protons decreased slowly with time. This 
c .- could be attributed to the slow formation (k  = (3.7 T 0.06) x 
111 
0 - s-I) of the isopropyltropylium cation 8D. As the reso- 
s nances of the ring protons of 8 occur as a singlet in its 'H nmr 

2 spectrum, it was not possible to locate the positions of the 
2 D deuterium in 8D. 
n 
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In a further attempt, observations were made on the cation 
4D at -90°C. in order to obtain the rate constant for the 
circumambulation. Conversion to the isopropyltropylium cat- 
ion 8D would be expected to slow down considerably at this 
temperature. ~easuremen t  of the increase in the relative in- 
tensity (peak height) of the signal for the vinyl proton with time 
yielded a rate constant of (2.0 ? 1) X lo-' s- '  corresponding 

1 to a free energy of activation of 14.5 kcal/mol. 
No stereochemical information could be obtained here about 

the course of this reaction. Hehre has suggested, on the basis 
of calculations at the STO-3G level. that the barrier to circum- 
ambulation by the symmetry-forbidden inversion process 
should be 13 kcal/mol while the formally allowed retention 
mechanism requires 28 kcal/mol ( 15). The agreement between 
the calculated and measured barrier for this process is grat- 
ifying but it should not be taken as definitely establishing the 
steric course of circumambulation in these ions. 

The conversion of 4 to 8 and analogous isomerization of 2 to 
3, presented earlier, could formally involve a cation such as 10. 
A hydride shift from C7 of 10 to the cationic center would lead 
to 8, whereas attack by water would yield 3. The difficulty with 
such a mechanism is that cycloheptatriene carbinyl cations are 
known to exist primarily as their norcaradiene valence tau- 
tomers, e.g. 11, which readily collapse to benzenoid species 
(16). While nucleophilic attack on 11 could still lead to species 
such as 3, a hydride shift is unlikely to occur. Alternatively it 
may be possible, as suggested by Hehre (15), that 10 is sta- 

independently by an alternative route. 
Reduction of 13 (4) gave 14, which was subsequently pro- 

tonated and ionized by dissolution in FSO,H/SO?CIF at 
- 120°C. The 'H nmr spectrum of the solution was recorded at 
- 120°C and only signals attributable to 4 could be detected. By 
working rapidly and keeping prepared cation samples frozen at 
liquid nitrogen temperatures, it was possible to obtain a spec- 
trum within 3 min of the initial preparation. Even under these 
conditions, no resonance other than those of 4 could be de- 
tected. The half-life of 12 at - 120°C must be less than I min. 
At higher temperatures 4 rearranged to 8 as described before. 

The isomerization of 12 to 4 is the reverse of the reaction 
observed with the hydroxy system, Scheme I, indicating that 
the position of the equilibrium between homotropylium and 
bicyclo[3.2. Iloctadienyl cations is delicately balanced. Clearly 
substituents can alter the position of the equilibrium. Viewing 
the situation in a simplistic way, there is proportionately less 
positive charge on each of the seven basal carbons of 4 than 
there is on C2 or C4 of the allyl portion of 12. Consequently 
charge stabilizing substituents will affect the relative energy of 
12 more than that of 4.  It is interesting that Hart, in his exten- 
sive studies of polymethylated bicyclo[3.2.l]octadienyl cat- 
ions, uncovered a variety of isomerization pathways but never 
detected a rearrangement to a substituted homotropylium cation 
(17). Presumably multiple alkyl substitution pushes the equi- 
librium constant well in favour of the bicyclo[3.2. Iloctadienyl 
form. 

bilized by hydrogen bridging of the proton on C7. For such a 
1 bridging to occur the conformation of 10 must be the same as Trimethyl substituted systems 

1 that involved in the transition state from symmetry-allow cir- Entry into the trimethyl substituted systems was provided by 

I cumambulation. the reaction of ketones 1 and 13 with methyl lithium to give 15 
and 16, respectively. The low temperature protonation of 15 

4 led to the formation of 17, which was characterized by the very 
\ - large chemical shift difference between the C8 methyl reso- a=@ nances and typical positions of the ring protons. This ion was 

2 / stable at -80°C although it underwent a complex series of 
10 11 rearrangements at higher temperatures. 

8,8-Dimethylbicyclo[3.2.l~tadienyl cation 
Unlike the hydroxy substituted analogues referred to in 

Scheme 1, homotropylium ion 4 does not appear to rearrange 
to a bicyclo[3.2. Iloctadienyl cation. In order to check the 
properties of this latter ion, attempts were made to prepare 12 

The protonation of 16 was carried out at - 120°C using a 
mixture of FS03H/S02CIF/S02F?. Observation of the re- 
sulting solution by 'H nmr at - 116°C suggested that the bicy- 
clic cation 18 was formed. 

The 'H nmr of 18 (Table I )  showed the presence of three 
methyl groups with one of them occurring at 6 3.08, a relative- 
ly low field position for a methyl resonance. In addition, there 
were four vinyl protons with one being at a very low field 
position (6 9.55). The low field methyl and vinyl resonances 
are very suggestive of the presence of a methyl substituted ally1 
cation. For example, the I-methylcyclohexenyl cation exhibits 
resonances at 6 9.73, 8.08, and 3.36 (H3, H2, and CH,, re- 
spectively) (18). The positions of the other resonances of the 
cation produced on protonation of 16 are entirely consistent 
with its formulation as 18, with the bulk of the positive charge 
being located on the allyl portion of the molecule. The spec- 
trum of 18 is similar to that of the corresponding protonated 
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TABLE 2. '>C nuclear magnetic resonance chemical shifts for 17 and 2 0  

Chemical shifts (6)" 

8-CH3 8-CH? CH3 
Cation C2 C3 C4 C5 C6 C7 C1 C8 ex0 endo (ring) 

17 183.0 133.9" 158.6 150.7 131.6' 93.1" 89.8" 41.9" 27.0 9.9 26.6' 
20 159.8 135.3 170.3 135.3 159.8 90.5 90.5 43.5' 28.1 9.6 26.1' 

"In FSOaH-S0,CIF medium at -80°C. 
"Relative to CD,CI, internal standard (6 53.6). 
'-'Assignments may be reversed. 

ketone 19 but with all the resonances moved somewhat further 
downfield, as would be expected for an allyl cation lacking the 
stabilizing effect of a hydroxy substituent: 

- 

Both 17 and 18 are thermally labile and undergo a complex 
series of rearrangements. A solution of 17 was heated to -70°C 
for 1 h and an 'H nmr spectrum obtained, Fig. 1 .  A very similar 
spectrum was obtained with a solution of 18 which had been 
heated to -60°C for 10 min. One or more uncharacterized 
intermediary cations were observed during the course of this 
latter isomerization. The major cation present in the final mix- 
tures, in addition to 17, appeared to be a further homotropylium 
cation. It exhibited methyl resonances at 6 -0.27, 2.37, and 
2.87 and ring proton resonances which were very similar to that 
of 17. By obtaining l3C nmr spectra of 17 at low temperatures 
prior to isomerization and of the mixture after the isomer- 
ization, and using a spectral subtraction technique, it was pos- 
sible to obtain the I3C nmr spectra of this additional trimethyl- 
homotropylium cation and show that it had the struture 20. In 
particular, the I3C spectra exhibited a symmetry which is only 
consistent with this structure, Table 2. 

The other cations present in these solutions were not identi- 
fied. At higher temperatures still (-30°C), further isomer- 

FIG. 1. The 'H nmr spectrum of 17 in FS03H/S02CIF (a) at 
-80°C and (b) after I h at -70°C. 

18 (trace) 17 (48%) 20 (29%) (23%) 

izations occurred to give what appeared to be a mixture of 
isopropylmethyltropylium ions. These reactions were not fol- 
lowed in detail. 

While it has not been possible to completely characterize all 
the cations present in these rearrangements, several important 
points emerge from these rather complex rearrangements of the 
trimethyl substituted cations 17, 18, and 20. First, it is clear 
that the bicyclo[3.2.I]octadienyl cation 18 is thermo- 
dynamically less stable than the homotropylium cations 17 and 
20. The fact that 18, in contrast to 10, can be directly observed 
by ' H  nmr at low temperatures suggests that the energy differ- 
ence between these trimethyl substituted bicyclo[3.2. ilocta- 
dienyl, homotropylium cations is more closely balanced. 
Second, the isomerization of 17 to 20 represents a further 
example of a circumambulation in homotropylium cations. 
Third, of the four possible methyl substituted 8,8-dimethyl- 
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homotropylium cations the 2(6)- and 4-substituted isomers 17 
and 20 are the most stable. Bearing in mind entropy factors, the 
symmetrical isomer 20 is marginally more stable than 17 (-80 
cal/mol). The l(7)- and 3(5)-methyl substituted isomers were 
present to less than I%, meaning that they are some 1700 
cal/mol less stable than 20. 'These results suggest that the 
greatest fraction of positive charge in the homotropylium 
cations is at C2, C4, and C6. A similar conclusion was reached 
in the case of the hydroxy-8,8-dirnethylhornotropylium cations 
(4). 

Structure of bicyclo[3.2. I]octadienyl cations 
Diaz et al. (19) and Shin (20) have concluded on the basis 

of solvolytic work and nmr studies, respectively, that the 
bicyclo[3.2. Iloctadienyl cations are antihomoaromatic, a con- 
clusion which is at odds with that of Mayr and co-workers (2 1). 
It is clear from the results described above that the 8,8-di- 
methylbicyclo[3.2. I]octadienyl and homotropylium cations 
are relatively close in energy and this would suggest that there 
is no large destabilization of the former cations. 

'The trimethyl substituted cation 18 is the simplest bicyclo- 
[3.2. I]octadienyl cation which has yet been prepared as a long- 
lived species in solution, and 'H nmr chemical shifts of the 
various protons are informative in terms of the delocalization in 
this ion. As was mentioned earlier, chemical shifts of the allyl 
portion of 18 are similar in position to those of other similarly 
substituted allyl cations. The question, however, is whether 
there is involvement of the electrons of other double bonds. On 
protonation, the H6 and H7 resonances of 16 are shifted down- 
field by 1.13 and 1.37 pprn, respectively (Table 1). The mag- 
nitude of this shift is larger than would be expected on the basis 
of inductive effects alone and is suggestive of a T-type overlap. 
However, it should be noted that the downfield shift of H4 
(2.7 1 ppm) and H3 (3.62 pprn) is three times as great as those 
seen for H6 and H7, indicating that 18 can be viewed primarily 
as an allylic system. 

Circumambulations in bicyclo[j.l .O]octadienyliron 
tricarbonyl complexes 

'The presence of the iron tricarbonyl group on 7 does not 
necessarily preclude circumambulations from taking place in 
this system. While no broadening of the various resonances of 
the 'H nmr spectrum of 7 could be detected on heating the acid 
solutions to - 10°C, a slow circumambulation could be occur- 
ring with this cation. To examine this, the trimethyl cation 22 
was prepared, in which the methyl group can serve as a ring 
label. 

Treatment of 5 with methyl lithium gave 21, which was 
subsequently converted to 22 by adding it to a mixture of 
CF3COOH and SO, at low temperatures. The low temperature 
(-50°C) 'H nmr spectrum of 22 (Table I) was entirely consis- 
tent with the indicated structure, it being very similar, apart 
from the C2-Me signal, to that of 7 and other bicyclo[5.1.0]- 
octadienyliron tricarbonyl complexes ( I  3). As the acid solution 
of 22 was warmed to -40°C, it partially isomerized to two 
additional cations. It was apparent from their 'H nmr spectra 

that these ions were similar in structure to 22 and they have 
been assigned the structures 23 and 24. The resonances of the 
various protons of 22 and 23 were assigned on the basis of 
decoupling experiments and comparison with the shifts of 25 
and 26 reported by Brookhart et al. (13). An equilibrium was 
established between these three cations containing 22 (18%), 
23 (43%), and 24 (39%). 

No comparable interconversions of 25 and 26 have been 
reported. In order to see if a single methyl group at C8 were 
sufficient to permit circumambulations in these iron 
complexes, cation 29 was prepared. This species was un- 
changed when heated at 0°C for 16 h and seemingly no circum- 
ambulatory rearrangements take place in this system (AG* > 
22.9 kcal/mol). 

It is clear from these results that circumambulatory rear- 
rangements in these bicyclic iron complexes require the pres- 
ence of a gem-dimethyl grouping at C8, the migrating carbon, 
indicating that considerable positive charge is localized on this 
carbon during the migration. The iron tricarbonyl moiety has 
also to migrate during this unusual type of circumambulation. 
The timing of the two migrations which are involved in the 
overall circumambulation, stereochemical considerations, and 
the possible occurrence of any intermediates remain specu- 
lative. 

Experimental 
General 

The 'H nmr spectra were obtained on Varian EM-390 and HA-100, 
and Bruker WP-80, WH-90, and WM-250 spectrometers. Probe tem- 
peratures were measured using an iron-constantan thermocouple. 
Chemical shifts of cations are referred to tetramethylammonium tet- 
rafluoroborate taken as 6 3.1 ppm. The ir spectra were obtained on a 
Perkin-Elmer model 283 spectrometer and mass spectra were run on 
a VG-7070-F mass spectrometer operating at an ionization potential of 
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70 eV. cm-': 3600, 3480, 2925, 1365, 1265, 1 105, 1095. 915. 780, 730. 
FS03H was purified before use by distillation from a small quantity 710. High res. ms (rn/e), M' calcd.: 164.1201; M' found: 164.1255. 

of anhydrous N ~ F .  The distilled acid was stored in glass ampoules. 
S0,ClF and S02F2 were used as supplied. 

2-Deutero-8,8-dir~1et/zylbic~clo[5 . I  .O]ocm-3,5-tIien-2-ol, 2 0  
LiAID, (29.1 mg) was added to a solution of 1 (85.3 mg) in 

anhydrous ether (5 mL) kept at -78°C under nitrogen. The resulting 
heterogeneous mixture was stirred at this temperature. under nitrogen 
for I h, after which time the yellow color of the starting material 
disappeared. CH30H (10 mL) was added, and the solution stirred for 
15 min. The solution was warmed to room temperature and filtered 
twice through Celite to remove the coagulated solid. The solvent was 
evaporated to give the crude alcohol 2D as a pale yellow liquid. The 
product was purified by bulb-to-bulb distillation ( I  I0°C/7.5 Torr; 1 
Torr = 133.3 Pa), yield: 67.5 (mg). 

In the 'H nrnr spectrum of 2D, thc signal at 6 4.78 corresponding 
to the resonance for H2 in 2 was absent: ms m/e (rel. abund.%): 15 1 
(M', 81.3). 1 18 (54.3). 93 (49.6). 92 (100). 91 (56.8), 83 (95.7). 82 
(43.5), 80 (64), 79 (7 1.2), 78 (50.7), 77 (55.8). 68 (47. I). 67 (52.2), 
59 (44.6), 51 (42.4). 

8.8-Dimethv/bi(:vclo[5.1 .O]ocm-3,5-die11-2-o/, 2  
Diisobutylaluminum hydride (0.85 mL of a 25% solution in C6H,) 

was slowly added to 1 (74 mg) in CbH, (3 mL) at O°C. The solution 
was sitrred for 2 h at 0°C. CH30H (20 mL) was added and the 
aluminum salts removed by filtration through Celite. The solvent was 
evaporated in vacrro and the residual oil distilled in a short path length 
bulb-to-bulb apparatus ( 1  I0"C/5 Torr) to give a colourless oil; ' H  nrnr 
spectrum, Table I. Alcohol 2 allowed to stand in CDC13 or CS, 
solutions in contact with D1O in nrnr tubes rearranged to give 3 over 
a period of several hours; 'H nrnr (CDCI?) of 3. 6: 7.65 (t, 2H), 6.22 
(bd, 2H), 5.35 (q, 2H), 1.32 (s, 6H). 

8.8-Dirnethy/bicyclo[5.1 .O]ocm-3,6-dieri-2-o1, 14 
A solution of 8.8-dimethylbicyclo[3.2. Ilocta-3.6-dien-2-one, 13, 

(74 mg) in 3 mL dry benzene was kept stirred under nitrogen at 0°C: 
5 mL of a I M solution of diisobutylaluminum hydride in hexane was 
added slowly at this temperature. The solution was stirred at this 
temperature for 2 h. Excess CH3OH (10- 15 mL) was then added and 
the mixture stirred at room temperature for a further 15 min. It was 
then filtered through Celite and the solvent evaporated to give a pale 
yellow oil; ' H  nrnr analysis of this product showed that two isomeric 
compounds were present in an approximate ratio of 2: 1. The crude 
mixture was distilled bulb-to-bulb (IOO°C/7.5 Tom) and a white solid 
sublimed over. Yield: 35 mg; mp 8 1-83°C; ' H  nmr, Table I ; ir (CSI) 
cm-': 3600, 2920, 1020, 780, 735, 700. High res. ms (nz/e), M' 
calcd.: 162.1045; M' found: 162.1029. 

2,8,8-Trin1ett1ylbic~clo[5[5. I .O]ocm-3,5-rlien-2-o/, 15 
A solution of 1 (101 mg) in dry ether (10 mL), kept under nitrogen, 

was cooled to -78'C. To this was added a 1.4 M solution of CH3Li 
in ether (0.7 mL). The reaction mixture was stirred at -78°C for I h. 
After warming at O°C, ice-cold water (5 mL) was added to quench the 
reaction. The ether layer was separated from the aqueous layer and the 
aqueous layer extracted with ether (3 X 10 mL). The combined ether 
extract was washed with water, dried over anhydrous MgSO,, filtered. 
and the solvent removed to give a pale-yellow solid. Bulb-to-bulb 
distillation ( I  I0°C/7.5 Torr) resulted in the sublimation of 15 as a 
colorless solid. Yield: 113.2 mg; mp 61 -64°C; 'H  nrnr, Table I; ir 
(KBr pellet) cm-': 3300,2940, 1380, 1 105,975,970,730,690. High 
res. ms (mle). M' calcd.: 164.1201; M' found: 164.1207. 

2,8.8-TrimethvlbicycIo[3.2.l]ocm-3,6-dien-2-o/, 16 
This compound was prepared from 13 (140.9 mg) and a 1.4 M 

solution of CH3Li in ether ( I  mL) by the same method as that de- 
scribed for 15. The crude product was obtained as a colorless liquid. 
The product was purified by bulb-to-bulb distillation (10O0C/7.5 
Torr). The oil solidified to give colorless crystals upon storage in the 
freezer. Yield: 148.7 mg; mp 38-40°C; 'H  nmr, Table I; ir (CS,) 

Isopropyltropyliurn hexaclzloroa~~tirno~~t~te~ 8 
To a solution of 7-methoxycycloheptatriene (300 mg) in 15 mL dry 

ether, a 2 M solution of isopropylmagnesiumchloride in ether (5 mL) 
was added slowly under nitrogen at 0°C. The solution was stirred at 
this temperature for 3 h. A solution of NH,CI (2 g) in water (15 mL) 
was added and the solution was stirred at O°C for 30 min. The ether 
layer was removed and the aqueous layer was extracted with ether (3 
X 10 mL). The combined organic layer was dried over anhydrous 
MgSO,, filtered, and the solvent cvaporated to give a brown oil. 
Bulb-to-bulb distillation (8OoC/7.5 Torr) of this oil yielded the pure 
7-isopropylcycloheptatriene 9 (133.8 mg). This product was added to 
a solution of triphenylmethyl hcxachloroantimonate (305 mg) in 
CH,CI, (15 mL) at room temperature, under nitrogen. The mixture 
was kept overnight under nitrogen at room tcmperature. when a dark 
solution was obtained. The solvent was evaporated under vacuum and 
the off-white solid product was washed with dry ether several times to 
remove triphenylmethane and the excess 7-isopropylcycloheptatriene. 
The crude product was recrystallized from dry CH,CI, at -20°C to 
give isopro~yltropylium hexachloroantimonate 8 as colorless crystals. 
Yield: 230 mg; 'H nmr, Table I .  

8,8-Dirnethylbicyclo[5. 1 . O ] o c t a - 3 , 5 - d i  tricarbonyl, 6  
Diisobutylaluminum hydride (0.5 mL of a 20% solution in hexane) 

was added to a solution of 5 (70 mg) in C6H, ( I0 mL) kept at O°C. The 
mixture was stirred for I h before CH30H (20 mL) was added. The 
aluminium salts were filtered off through Celite and the salts well 
washed with ether. The combined filtrate and washings were evapo- 
rated to dryness. The oily residue was chromatographed rapidly on 
alumina (activity I!), eluting with benzene. The sccond fraction ob- 
tained was 6, with the first being unreacted 5. The 'H nrnr spectrum 
of 6 is given in Table I. The alcohol 6 was unstable and was used 
directly for protonation studies. 

2 ,8.8-Trimerhylbicyc10[5. I .O]octa-3,5-[lien-2-oliron triccrrbonyl, 21 
A solution of 5 (72 mg; 0.25 mmol) in anhydrous ether (2 mL) was 

cooled to -7S°C under argon and treated dropwise with methyl lith- 
ium solution (0.31 mmol in ether). The solution was stirred at -7S°C 
for 2 h, allowed to warm to O°C, and treated with water (3 mL). The 
organic layer was separatcd from the aqueous phase and the latter 
washed with ether (3 X I mL). The combined organic fractions were 
dried over K,C03 and the ether evaporated in vclcuo to give a brown 
oil. The material was chromatographed very rapidly on a short (2 in.) 
alumina column (activity I!), eluting with benzene. The second frac- 
tion collected was 21; ' H  nrnr spectrum, Table I .  This material was 
used directly in the protonation studies. 

Protonation of the biqclic a1cohol.s 
Each of the alcohols (20 mg) was dissolved in CDIClz (a few drops) 

and cooled to -78°C in a 5.0-mm nrnr tube. SOzCIF (about 0.2 mL) 
was condensed into the nrnr tube at this temperature. The tube was 
transferred to an ether - liquid nitrogen slush bath ( -  I 16°C) and I mL 
of a solution of FS03H in S0,CIF ( 1  :4 v/v) at thc same temperature 
was added to the alcohol solution. The solution was rapidly stirred 
with a thin quartz rod previously cooled in liquid nitrogen, to effect 
complete mixing. The tube was quickly transferred to the probe of the 
nrnr spectrometer, kept at - 120°C. 

Low temperatrcre protonatior~ o f 2 0  crnd kinetics qlf' deuterium 
scrambling in 4 0  

This protonation was carried out exactly in the same way as that 
reported for the other bicyclic alcohols, except for the use of CFC13 
instead of CDzClz as the solvent in this case. Kinetics of deuterium 
scrambling at -90°C was followed by measuring thc increase in the 
intensity (peak height) of the vinyl proton signal or thedecrease in the 
intensity (peak height) of the bridgehead methinc proton signal, with 
time. The error quoted in the value of k is the standard deviation of the 
individual values from the mean. 
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Reactions de Wittig et d'Horner-Emmons en serie trifluoromethylee : synthese de 
nouveaux F-alkyl esters isomhes a ,P  et P,y-insatures 

HEDI TRABELSI, BRIGITTE BERTAINA ET AIME CAMBON 
Laboratoire de Chimie Organique du Fluor, U.E.R. - I.M.S.P.,  Universite'de Nice, Pnrc Vnlrose, 06034 Nice Cedex, France 

Requ le 8 mai 1984 

HEDI TRABELSI. BRIGITTE BERTAINA et AIME CAMBON. Can. J .  Chem. 63, 426 (1985). 
Les reactions de Wittig et Horner-Emmons sont rt5alistes en utilisant la n-butyl trifluoromCthy1 cCtone et la benzyl 

trifluoromCthy1 cCtone. De nouveaux F-alkyl esters a,P et P,y-CthylCniques sont obtenus. Le mode de formation de ces derniers 
est discutC. 

HEDI TRABELSI, BRIGITTE BERTAINA, and AIME CAMBON. Can. J .  Chem. 63,  426 (1985). 
New F-alkyl a$ and P-y-unsaturated esters were obtained by Wittig and Horner-Emmons reactions using n-butyl and 

benzyl trifluoromethyl ketones. A mechanism for formation is discussed. 

Introduction alcknes F-alkyles activCs par des groupements Clectro- 
Les rCactions de Wittig, Wittig-Homer ou Homer- attracteurs (6- 10): la reaction de condensation d'un dtrivt 

Emmons, trks utilisCes en sCrie hydrocarbonke (I -3, se sont carbonylC, d'acces facile (9), sur un ylure de phosphore ou un 
Cgalement revCICes de bonnes mtthodes pour synthCtiser des phosphonate conduit alors, essentiellement a un composC 

a,p-insaturk et F-alkyle. 

Rr = CF3 
R = Me, Ph ... 

Rr =C,F2,+1 ( n = 3 , 5 , 7  ... ) 
R = Me, Ph, Et, nPr ... 
X = COOMe, CN, COCH 3... 

Nous avons souhait6 utiliser ces reactions pour synthktiser Si la methode de Wittig a rCpondu a nos esptrances, celle 
des composCs du type: d'Horner-Emmons a conduit majoritairement a des esters 

B,r-insaturks. . . 
CF'xc=cHcooEt 

R/ Resultats et discussion 
Dans le cas de la reaction de Wittig, la condensation de la 

en vue de I'obtention de polymkres a bas indice de rkfraction n-butyl trifluoromCthyl cetone avec le carboCthoxymCthylkne- 
utilisables dans I'industrie des fibres optiques (I I ) .  triphCnylphosphorane conduit aux rksultats suivants: 

(A) isomkre E (90%) 

Dans le cas de la reaction d'Horner-Emmons, la m&me phosphonate en presence de NaH. Les risultats sont les 
cCtone a CtC condensee avec le carboCthoxymCthyl diCthyl suivants: 
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On voit clairement que la reaction d'Horner-Emmons 
donne un mtlange de trifluoromtthyl oltfines activtes a ,P-  
insaturtes (1) ((A) + (B)  = 10%) et P,y-insaturtes (2) ((C) + 
(D) = 90%). 

La formation de 2 peut Ctre envisagCe par une isomtrisation 
prototropique en milieu basique de 1 comme cela Ctt montrt en 
sCrie hydrocarbonte ( l2- 17). 

En effet, i l  est bien connu qu'il existe un tquilibre entre les 
formes a , P  et p,y-insaturtes des ions carboxylates, des esters 
carboxyliques, des cttones et des nitriles. 

X = COO-, COOEt, COCH,, CN . . . 

Afin de dtmontrer I'existence d'une telle prototropie en strie 
trifluoromCthylte nous avons proctdt aux essais suivants. 

(a) Nous avons fait agir sur le mClange (Z + E) du com- 
post 1 a temptrature ambiante et en milieu THF (conditions de 
la rkaction dlHorner-Emmons). 

(b) Nous avons mis le compost 1 au reflux dl1 THF pendant 
24 h, afin de dtterminer si ce dernier etait responsable de 
I'Cventuelle prototropie. 

(c) NOUS avons fait rtagir Ph,P=CHCOOEt respectivement 
sur les composts 1 et 2 au reflux du THF pour savoir si I'tven- 
tuelle isomtrisation se produisait sous l'influence de I'ylure. 

CF3\ /c=c /H 

nBu \COOE~ 

(A) isomhe E (9%) 

CF3\ /COOEt 
,C=C 

nBu \H 

(9) isomkre Z (1%) 

I CF3\ 
C=C 

/H 

E~OOCCH~/ \ n ~ r  
(C) isomkre E (8 1 %) 

\ (D) isomkre Z (9%) 

du phosphonate), nous constatons qu'environ 95% des compo- 
sCs 1 (isomeres Z et E) sont rtarrangts en composes 2. 

Ceci permet de conclure que les esters P,y-insaturCs obtenus 
au cours de la rtaction d'Horner-Emmons rksultent de la pro- 
totropie catalyste par le milieu basique des esters a,p-insaturts. 
Seuls ces derniers sont obtenus par la reaction de Wittig qui ne 
ntcessite pas I'utilisation d'une base. 

En sCrie hydrocarbonnke, Kon et Linstead (13, 14) ont 
montrt que l'tquilibre entre les formes a , p  et y,p-insaturtes 
dtpend peu de la nature de X,  mais est trks sensible a la nature 
des groupements sur I'atome de C en position y .  

Ainsi, dans le cas ou R '  = Ph, R2 = H, I'equilibre est com- 
plktement dtplact vers la formation de I'ester P,y-ethyltnique. 

Afin de dtmontrer une tventuelle analogie en serie trifluoro- 
mCthylCe, nous avons condenst la benzyl trifluoromtthyl 
cCtone avec le carbotthoxymCthyl ditthyl phosphonate dans les 
conditions d'Horner-Emmons.' Les rCsultats sont les suivants: 

3 isomkre E 

Dans ce cas, seul I'ester P,y-insature est obtenu et la rtaction 
est sttrtosptcifique (100% E). 

Nous avons alors synthttist I'isomkre a,P-Cthyltnique2 par 
une rtaction de Wittig et nous I'avons soumis aux essais (a), 
(b), (c) et (d). Nous avons constat6 que les essais (b) et (c) sont 
nCgatifs comme prkctdemment alors que (a) et (d) donnent 
uniquement le composC 3 (isomere E). Sous I'effet de la base 
NaH ou du carbanion dtrivt du phosphonate, le benzyl-3 

(d) Nous avons effectut la mCme reaction avec le- phos- 
phonate (EtO)zP(0)CH2COOEt. 

'La reaction dlHorner-Emmons avec (CF,)C(O)Ph est sttr6osptci- 
fique et conduit au produit (CF3)C(Ph)=CH--COOEt (isomkre E). 

Les rtsultats suivants ont CtC obtenus: les essais (b) et (c) se 'Dans le cas de la rtaction de Wittig, cette cttone condenste avec 
SOnt ~ ~ V C I C S  ntgatif~ et les produits de dCpart Ont kt6 inttgrale- 1, ~ a ~ b o ~ t h o ~ y m ~ t h y ~ ~ n e t ~ i P h ~ n y ~ p h o s p h o r a n e  conduit au benzyl-3 
ment rtcuptrts. Dans les essais (a) et (d), c'est-a-dire en milieu trifluoro-4,4,4 butkne-2 oate dlCthyle (isomkre E (75%); isomkre Z 
fortement basique (en prtsence de NaH ou du carbanion derivt (25%)). 
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trifluoro-4, 4, 4 butene-2 oate d'tthyle (Z + E), s'isornerise 
inttgralernent en un cornpost unique 3. 

I(1etit~fication des divers composes obtetuu 

(1) fE, Z) 
L'analyse tltrnentaire jointe a la determination de la 

rnasse rnoltculaire par spectrornttrie de rnasse (M-' 224), 
conduit a la forrnule brute CIoHlSF,O2. Le spectre ir rnontre que 
nous avons affaire a des olefines conjuguees avec un groupe- 
rnent ester: v,c=o, = 1709 crn-I, vfc=c, = 1653 crn-I. On note 
tgalernent ~'(c-F) = 1 100- 1250 crn-I. Le spectre' rrnn du ' H  
rnontre: a 6,05 pprn et 6,33 pprn les signaux des H tthylt- 
niques; a 4,21 et 1,3 pprn respectivernent un quadruplet et un 
triplet (OCH2CH,); entre 2,66 et 1,5 pprn un large rnultiplet 
correspondant aux CH? de nBu; et a 0,95 pprn, le CH, du 
groupernent n-butyle. 

La prtsence de 2 signaux attribuables aux H tthyltniques, 
I'un vers 6,33 pprn, I'autre vers 6,05 pprn (rnoins dCblinde et 
environ 3 fois rnoins intense), rnontre I'existence d'un melange 
de 2 stCrtoisorneres. 

La configuration (Z, E) a t t t  dtterrninte grlce au couplage 
allylique du proton tthyltnique et du groupernent CF,. 

En effet, en rrnn du "F, on observe sur le spectre du 
melange, deux groupes de signaux a -63,s pprn et a 
-69,6 pprn correspondant aux CF,. La rtsolution de ces 
signaux a perrnis de dtduire les constantes de couplage 4J 
allylique de H et CF,. Le CF, rCsonant a -69,6 pprn se prt- 
sente sous forrne de doublet 4JH-cF, = 1,6 HZ. La resolution du 
signal de CF, a -63,s pprn ne fait apparaitre aucun couplage 
('JH-CF, = 0 HZ). 

II est cornrnuntrnent adrnis que la constante de couplage 
'J allylique H-CF, est pratiquernent nulle si H est en trans par 
rapport a CF, et peut atteindre 2,l Hz, si H est cis. La confron- 
tation de ces donntes exptrirnentales (18-20) avec celles 
tirtes des spectres nous a perrnis d'attribuer la constante de 
couplage 4J = 1,6 HZ au compost E. L'absence de couplage 

4JH-cF, est donc attribuable au compost Z. L'intensitt relative 
des signaux nous perrnet d'attribuer la configuration E au pro- 
duit rnajoritaire (90%). 

(2) fE, Z) 
La caracttrisation des composts 2 peut s'operer a partir des 

observations suivantes. 
Compose rnajoritaire 
L'analyse tltrnentaire jointe a la rnasse rnolCculaire, dtter- 

rninte par spectrornttrie de rnasse (Mt 224), conduit a la for- 
mule brute CIOHlSF3O2. En ir, v f c = ~ ,  = 1724 crn-' correspond 
a un ester tthylique qui est confirm6 en rrnn du 'H par le 
quadruplet 5 4,16 pprn d'intensitt 2 et un triplet a 1,3 pprn 
d'intensitt 3. La frCquence de celui-ci est augrnentte de 
15 crn-' par rapport a la bande v ,c=~,  du cornpost 1. Ceci 
dtrnontre la non conjugaison du groupernent ester. Cette situa- 
tion suggkre qu'il existe au rnoins un groupernent rntthyltnique 
susceptible de former un Ccran. Le singulet a 3,18 pprn d'inten- 
sit6 2 correspond 5 un CH2 en a d'un C=O. On a le groupe- 

' ~ e  spectre rmn a CtC rCalisC sur une fraction enrichie du melange 
dans la proportion 75% : 25%. 

rnent -CH?-C-0-CH2CHp 
I I 
0 

Cornpte-tenu de la forrnule brute, i l  nous reste: C6H,F, avec 
un centre d'insaturation. L'insaturation peut &tre une double 
liaison ou un cycle. 

La position de la bande ir a 1669 crn-', la presence du triplet 
d'intensitt 1 a 6,33 pprn dans la zone des "tthyltniques" et 
le couplage rnis en evidence par ce triplet (J = 7,5 Hz), tt- 
rnoignent en faveur d'un systkrne du type: 

Le couplage H-H est variable selon le schCrna envisagt: 

La valeur experimentale J = 7,5 Hz dtrnontre que H est 
couplt avec un CH2 gtrnint absorbant a 2,66 pprn. Ceci est 
en accord avec la structure: 

II reste donc a affecter C3HSF,. 
L'infra-rouge suggkre que I'absorption a 1 100- 1250 crn-' 

peut Etre attribute 5 une vibration vfc-~, (confirrnte en rrnn du 
fluor par un signal a -68,5 pprn, caracttristique d'un groupe- 
rnent CF,). 11 reste donc C2Hs. 

Le triplet a 0,9 1 pprn (J = 7,5 Hz), d'intensitt 3 et le rnulti- 
plet a 1,43 pprn, d'intensitt 2 font partie du groupernent 
CH3CH,CH, port6 par la double liaison. 

Ceci nous conduit a la forrnule: 

Ce compost peut exister sous deux forrnes sttrtoisorni?res: 

Avant d'aborder la dtterrnination de la sttrtochirnie de ce 
cornpost, nous allons voir si le cornpost rninoritaire est I'une 
de ces deux forrnes sttrtoisornkres envisagtes. 

ComposP minoritaire 
Un raisonnernent analogue au prtctdent est appliqut. 
L'analyse tltrnentaire associte a la rnasse rnoltculaire dtter- 

rninCe par spectrornttrie de rnasse (Mf 224), conduit la 
forrnule brute CIoHISF3OE Ce cornposC prtsente en ir, les 
bandes suivantes: a 1728 crn-' vfc=o,, a 1667 crn-' U,C=C, et a 
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TRABELSI ET AL. 429 

I 100- 1250 cm-' V(C-F,. En rmn du 'H on observe: un triplet 
a 5,88 ppm, un quadruplet a 4,16 ppm, un singulet a 3,16 ppm, 
un multiplet a 2,28 ppm, un multiplet a 1,46 ppm, un triplet 2 
1,23 ppm, un triplet a 0,93 pprn avec un rapport d'intensites 
relatives 1/2 /2 /2 /2 /3 /3 .  Le spectre rrnn du I9F montre un 
signal a -60,2 pprn caractiristique d'un CF,. 

La seule structure compatible avec les spectres ir, rrnn 'H, 
"F, la masse et I'analyse elementaire (C, H, F, 0 )  est: 

Les deux produits isolks sont donc bien deux stCrCoisom&res. 
La configuration correspondante a chaque isomere a ete 
attribuee par etude des constantes de couplage 'J allylique du 
proton et du fluor (rmn 'H, rrnn "F). 

En rmn du 'H, le signal du proton Cthylenique, pour le 
composC majoritaire, resonant a 6,33 ppm, est constitue 
par un triplet de quadruplet dfi a la multiplicite avec le 
CF3 'JH-,,, = 1,8 HZ. Ce couplage est compatible avec un 
couplage allylique cis 'H-"F. La configuration attribuee a ce 
compose est donc E. 

Ceci est confirm6 par la rrnn du "F. Le signal correspondant 
au CF, parait etre un quadruplet bien resolu. En realite, c'est un 
faux quadruplet. En effet, le CF, est couple d'une part au 
proton Cthylenique et d'autre part au CH? (b): 

Le couplage 4 J C ~ I  (,)-CPl (gdn,in(.) n'est pas observable. 
On devrait s'attendre a un triplet de doublet. Les com- 

posantes des triplets sont separees par 'JCH, (h)-CF, ,,,,,,\ = 2 HZ, 
tandis que le dedoublement correspond a-4JH-CF3 (,.i.vl = 2 HZ 
confirmant une configuration E pour ce compod. 

Quant au compose minoritaire, en rrnn du 'H la resolution 
du triplet a 5,88 pprn du proton Cthylenique fait apparaitre un 
quadruplet ma1 resolu 'JH-CF, = 03-0,7  Hz resultant d'un 
couplage trans du H et du CF3. La configuration attribuee a ce 
compose est Z: 

La rmn du "F est en accord avec cette stereochimie. En effet, 
le signal du CF, est un triplet tres ma1 resolu et resulte d'un 
couplage trans 'JH-cF, = 0 HZ. 

Seul apparait le couplage homoallylique 'JCHl (hl-CF3 = 2 HZ. 

(3) (El 
L'analyse Clementaire jointe a la masse moliculaire determi- 

nCe par spectrometric de masse (Mt 258), conduit a la formule 
brute CI3H13F30?. 

L'infra-rouge montre une bande V,C=O, non conjuguee 
d'ester ethylique 2 1724 cm-'. Cette fonction est confirmee en 

rmn par un quadruplet 2 4,2 pprn d'intensite 2 et un triplet 2 
1,26 pprn d'intensitk 3 .  

En ir, une bande a 162 1 cm-' correspond a vie=,-, conjuguie 
avec un noyau aromatique (bandes fines entre 1450 et 
1600 cm-I). La double liaison ainsi mise en evidence n'est 
pas conjuguee avec la fonction ester Cthylique. Nous envisa- 
geons entre les deux un groupement CHI. Cette hypothese est 
en accord avec un signal unique rencontri en rrnn du 'H a 
3,36 pprn d'intensitt 2. 

Par ailleurs, un signal a 7,4 pprn d'intensiti 6, indique que 
le signal du noyau aromatique se superpose a I'absorption d'un 
H ethylknique. En rrnn du fluor, on observe a -68 pprn un 
signal attribuable a un groupement CF, porte par une double 
liaison. La resolution de ce signal se presente sous forme d'un 
doublet, la constante de couplage 1,6 Hz est compatible avec 
un couplage JJH-CI:, (,.i.vl. 

Deux structures peuvent Ftre proposees: 

La structure (b) doit Ltre rejetee a cause de la multiplicit6 du 
signal du CHI en a du groupement ester qui se prCsente sous 
forme d'un singulet. 

Le produit obtenu est donc le phenyl-4 trifluoromethyl-3 
butene-3 oate d'ethyle, de configuration E.  

Conclusion 
Si nous recapitulons les resultats obtenus, nous observons 

que quelque soit la cetone (CF3)C(0)R avec R = nBu et 
PhCH?, la reaction de Wittig conduit toujours aux tri- 
fluoromethyl olefines activees a,p-insaturies. Par contre, la 
reaction d'Horner-Emmons, rCalisCe sur les phosphonates 
en milieu fortement basique, donne un melange d'esters 
a,P-ethyleniques (I)  (Z + E) et P,y-CthylCniques (2) (Z + E) 
majoritaires quand R = nBu ou exclusivement le compose (3) 
(E) quand R = PhCH,. 

Le produit transpose est dfi a une prototropie de I'olefine 
attendue sous I'influence de la base. 

Donc la reaction d'Horner-Emmons ne permet pas d'obte- 
nir de maniere specifique les trifluoromethyl olefines activees 
a,p-insaturees. 

11 est a noter Cgalement une difference de rkactivite des 
cetones en d r i e  hydrocarbonie et fluoree vis-a-vis du phospho- 
rane Ph,P=CHCOOEt. Les reactions de condensation avec 
les trifluoromCthyl cetones s'effectuent dans des conditions 
douces (7) comparativement a celles requises pour les cetones 
classiques hydrocarbonees. En effet, il est bien connu, en serie 
hydrocarbonee, que les ylures stabilises par un groupement 
carbonyle reagissent avec les aldkhydes, mais pas avec les 
cktones sauf dans des conditions dures, alors que l'utilisation 
d'un carbanion phosphonate permet une reaction beaucoup 
plus aisee (21 -25). 

Partie experimentale 
Les spectres rrnn 'H et '"F ont CtC enregistgs sur Bruker Spectro- 

scope WH-90-DS ('H = 90 MHz; '"F = 84,67 MHz). Les spectres ir 
ont CtC effectuCs sur un spectrornetre Leitz-Wetzlar, rnodele IIIG. 
Les spectres de rnasse ont CtC enregistrks sur un appareil Riberrnag R 
10-10 couplC i la chrornatographie en phase gazeuse. Les analyses 
ClCrnentaires ont CtC effectuCes par les laboratoires d'analyse du 
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CNRS a Lyon. 
La pureti des produits a CtC contr61Ce sur C.P.V. Girdel (sCries 30 

et 3000), colonne 1,3 rn inox SE30 10% Chrornosorb WHMDS 
80/100; colonne 1,5 m inox 5% OV 17 Gas-Chrom Q 80/100, 
colonne capillaire Pyrex SE30 30 m, + = 0,30 mm, ct colonne 
capillaire Carbowax 20M-25 rn. 

' 3 . 3 ,  

Syntht.se de.~ trgluorotntthyl ~6tot1e.s >C=O 

R 
Deux trifluoromCthyl cCtones (R = nBu, Ph-CHZ) ont CtC synthC- 

tisCes par action des organornagnCsiens sur les F-acides (26, 27). 

Preparation du brotnure de n-butyl tnagnksium (ref. 228) 
Dans un ballon rod6 de 500 rnL CquipC d'un agitateur rnagnktique, 

d'une ampoule a brome et rnaintenu sous atmosphere d'azote, on 
place 6,48 g (0.27 at-g) de Mg en tournure et un petit cristal d'iode. 
Quinze millilitres d'une solution de 34 g (0.25 mol) de bromobutane 
dans 100 rnL d'Cther anhydre sont ajoutCs par I'ampoule ii brome. Des 
que la reaction a dCrnarrC, on ajoute le reste de la solution de bromo- 
butane de f a~on  ii rnaintenir un ICger reflux. L'addition terrninCe, le 
rnClange rkactionnel est rnaintenu au reflux de I'Cther pendant 30 min. 

Synthtse de la &tone 
On ajoute 1 1.4 g (0. I rnol) d'acide trifluoroacCtique goutte 3 goutte 

ii la solution de bromure de n-butyl magnesium agitCe et refroidie a 
15°C par un bain d'eau thermostatC. L'addition terrninCe, I'agitation 
est poursuivie pendant 3 h a ternpCrature arnbiante. Le mClange est 
hydrolysC a froid par environ 100 rnL d'une solution de HCI a 15%. 
La phase CthCrCe est sCparCe par decantation, traitCe 3 I'aide d'une 
solution saturCe de bicarbonate de sodium, lavCe a I'eau, sCchCe sur 
MgS04 puis PZOs. L'Cther est CvaporC aux 213 puis le rCsidu est 
purifiC par distillation fractionnCe a pression atrnosphCrique. Nous 
obtenons 8.47 g de produit, Rt 55%, Eb 89°C (lit. (26) Eb 91°C); ir 
(CCI,) v en cm-': 1754 (C=O), 1100- 1250 (C-F); rrnn "F 
(CDCI,, rCfCrence interne CFCI,) 6 en pprn: -79,6 (CF'). 

2. Betlzyl trif1uorornL:thyl cPtonc (phc;tyl-3 trijlrcoro- I , / .  1 
propelnone-2) 

Cette cCtonc cst obtcnuc dc la rnkrnc f apn  que la trifluoro-I, I, l 
hexanone-2. A une solution de chlorurc dc bcnzylrnagnCsiurn, obtcnu 
ii partir de 0,27 at-g de Mg en tournure ct 0.25 rnol dc chlorurc de 
benzyle (refroidie 3 15°C par un bain d'cau therrnostatC), on ajoutc 
lentement 1 1,4 g (0,l rnol) d'acidc trifluoroacCtiquc. LC rnClange est 
ensuite agitC ii ternpirature arnbiante pcndant 3 h. Aprts traitemcnt. 
I'Cther est CvaporC et le rCsidu cst distill6 sous vide. Nous obtenons 
9,4 g de produit, Rt 50%, Eb/160 Torr 120°C (lit. (29) Eb 
661 16 Torr) ( I  Torr = 133.3 Pa); ir (CCI,) v cn crn - ': 1754 (C=O), 
1100- 1250 (C-F); rrnn "F (CDCI,, rCfCrcncc intcrne CFCI?) 6 en 
ppm: -78,7 (CF,). 

Synthtse de 1 (E, Z) 
Nous avons utilise la technique dkcritc dans la IittCraturc (7). A 

partir de 0,015 rnol de carboCthoxyrnCthyltnetriphCnylphosphorane et 
0,O 15 rnol de trifluoro- l , I ,  l hexanone-2 on obticnt un melange de 
deux cornposCs avec un rendernent global de 90%, Eb/280 Torr 80°C. 
La composition du rnClange a CtC dCterminCc par cpv (90110%); ir 
(CCI,) v en crn-': 1709 (C=O), 1653 (C=C), 1 100- 1250 (C-F); 
rrnn 'H (CDCI). refkrence intcrne TMS) 6 en pprn: 6.05 et 6,33 (q et 
s, H, =CH- (1) (E) et (1) (Z), 4Jtl-C.F, I,,rr = 1.6 HZ). 4, 21 (9, 2H, 
-OCHI-. 'JH-H = 7.5 HZ), 1,3 (t, 3H, -CHI, 'JII . H  = 7.5 HZ), 
2.66-1.5 (m, 6H, -(CH,),-), 0.95 (t, 3H, -CH,, 7tl-H = 
7,5 Hz); rrnn '"F (CDCI.,, rCfCrencc interne CFCI,) 6 cn ppm: -69,6 
et -63,s (d et s, CF, ( I )  (E) et ( I )  (Z), 4Jti-C.Fl I. . ,r,  = l ,6 HZ); 
spectromktrie de rnasse: M+ = 224. Ancrl. calc. pour Cll,HI5F7O2: 
C 5337,  H 6,69, F 25.44; trouvC: C 53.42, H 6-82, F 25.28. 

Sy?tht.se du mPlange 1 (E, Z) + 2 (E, Z) 
A 0.96 g de NaH (prkalablernent lavC deux fois 3 I'hexane et deux 

fois au THF) mis en suspension dans 30 rnL de THF anhydre, on 
ajoute goutte h goutte 0.02 rnol de carboCthoxymCthyl diCthyl phos- 
phonate. On laisse I h sous agitation magnCtique et sous courant 

d'azotc, puis on ajoutc lentcmcnt 0.02 rnol dc trifluoro-I, I ,  l 
hexanonc-2. Aprts 3 h dc reaction, Ic rndlangc cst port6 au rcflux du 
THF pendant 112 h. On laisse rcfroidir, puis Ic rnClangc cst trait6 par 
I'cau et extrait 3 I'Cthcr. La phasc CthCrCc cst lavdc 3 I'cau ct sCchCc. 
Aprts Cvaporation du solvant, Ic mClangc cst analysC par un apparcil 
de spcctrornCtric dc rnassc coup16 3 la chromatographic cn phasc 
vapeur. 

Nous avons obtenu un rnClangc cornplcxc dc 2 produits attcndus 
1 = 10%. dCj3 caractCrisCs ct 2 produits inattcndus 2 dans la propor- 
tion 8 119%. Rt 62%; 2 Eb/ 125 Torr 104°C; 1 Eb/380 Torr 80°C. 

Les cornposCs 2 sont sCparCs par chromatographic cn phasc liquidc, 
colonne d'alurninc d'activitC ncutrc, calibrc 0.063-0.200 rnrn. Cluant 
hexane-Cthcr 9: 1 (v/v). 

2 (E, Z) 
lsomtre E: ir (CCI,) v cn crn ': 1724 (C=O), 1669 (C=C), 

1100- 1250 (C-F); rrnn 'H (CDCI', rCfCrcncc intcrnc TMS) 6 cn 
pprn: 6.33 (tq, H, =CH-. 'JtI = 7.5 Hz, 'J1, ,.,., ,,,,, = 1,8 Hz). 
4,16 (q, 2H, -OCH,-. . l ~ t l I l  = 7.5 HZ). 1.23 ( t .  3H, -CH,, 
7JI I - . t l  = 7.5 HZ). 3.18 (s, 2H. -CHICOO-), 2.1 1 - 1.43 (m, 4H. 
-(CHZ)?-), 0.91 (t, 3H. -CH,, 7 ~ 1 1  = 7.5 HZ); rrnn '"F (CDCII, 

- rCfCrence internc CFCI,) 6 cn pprn: -68.5 (q,  CF,, 'JI, ,.,., ,,,,,, - 
5 ~ J C t l ~ - ( . F 1  Irr.,,r,rr = 2 HZ); spcctrornCtric de rnassc: M+ = 224. Anell. 
calc. pour CIIIH15FIOZ: C 53.57, H 6.69, F 25.44; trouvC: C 53,48, 
H 6-72. F 25.31. 

Isotntre Z: ir (CCI,) v cn cm ' :  1728 (C=O). 1667 (C=C). 
1100- 1250 (C-F); rrnn 'H (CDCI,, rCfCrcncc intcrnc TMS) 6 cn 
pprn: 5 3 8  (tq. H, =CH-. 'JH. ti = 6.5 HZ. 'JtI, c.r7, , ,,,,,,, , = 0.8 HZ), 
4.16 (q. 2H, -0CHl-. 'JII 11 = 7.5 HZ) ,  1.23 ( t ,  3H, -CH3, 
'JII-,, = 7.5 HZ), 3.16 (s, 2H. -CHZCOO-), 2.28- 1.46 (rn, 4H, 
-(CHZ)?-), 0.93 ( t ,  3H. -CH3. 3 ~ 1 1  = 7.5 HZ); rrnn '"F (CDCI,, 
reference internc CFCI,) 6 cn ppm: -60.2 (t. CF,. 5 ~ t I  = 2 Hz); 
spectrornCtrie de rnassc: M+ = 224. Atlcrl. calc. pour CII,HISF.,O7: 
C 53.57, H 6.69, F 25.44; trouvC: C 53.62, H 6.82, F 25.35. 

Synthtse cIe 3 (E) 
Les conditions opdratoircs sont idcntiqucs aux prCcCdcntcs 

(Horncr-Emrnons), avec la benzyl trifluorornCthyl cCtonc; Rt 74.5%. 
Eb/30 Torr 12 I "C; ir (CCI,) v en crn ' :  1724 (C=O), 162 1 (C=C), 
1 100- 1250 (C-F); rrnn 'H (CDC13. rCfercncc intcrnc TMS) 6 cn 
pprn: 7.4 (s, 6H. protons arornatiqucs ct proton CthylCniquc), 4.2 (q, 
2H. -OCH2-. 'JIJHII = 7.5 HZ), 1.26 (t. 3H. -CH3, 3 ~ l l - - H  = 
7,5 Hz). 3.36 (s. 2H. -CHZCOO-); rrnn '"F (CDCI,. rCfCrcncc 
interne CFCI') 6 en pprn: -67.6 (d, CF,, 'J~, ,.F, ,,,,, = 1,6 Hz); 
spectromCtrie dc rnasse: M' = 258. Atlcrl. calc. pour CIIH13F30Z: 
C 60.46. H 5,03. F 22.09; trouve: C 60,38. H 5.10, F 22,14. 
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The formation of branched-chain deoxypentofuranosides by ring contraction in the 
reductive desulfonyloxylation of hexopyranoside p-toluenesulfonates' 

HANS H. BAER, DAVID J .  ASTLES, Ho-CHI C H I N ,  A N D  LISA SIEMSEN 
0ttawc1-Carleton Institute for Reseclrch and Graduclte Studies in Ctzetnistry. Depcirttnetlt of Chemistry, 

University of Ottawa. Ottawa. Ont.. Canclda KIN 9B4 

Reccived May 23. 1984 

HANS H. BAER, DAVID J .  ASTLES, Ho-CHI CHIN, and LISA SIEMSEN. Can. J .  Chem. 63, 432 (1985). 
Several methyl 6-deoxy-, 6-deoxy-6-halo-, and 6-0-p-tolylsulfonylhexopyranoside 2- and 4-p-toluenesulfonates reacted 

readily with lithium triethylborohydride in boiling tetrahydrofuran under reductive dcsulfonyloxylation at C-2 and C-4, 
respectively, and with reduction at C-6 whcre applicable. The desulfonyloxylations procceded with ring contraction to furnish, 
in 40-60% isolated yields, new branched-chain pentofuranoside derivatives, namely, methyl 2.5-dideoxy-2-C-(hydroxy- 
methyl)pentofuranosidcs having the a-~-xj~lo,  a-D-xj~lo, and a-D-ribo configurations (from 2-tosylatcs), and methyl 
3.5-dideoxy-3-C-(hydroxymethyl)pentofuranosides having the a-D-arabitzo and a-D-ribo configurations (from 4-tosylatcs). In 
some of the reactions, reductively desulfonyloxylated but unrearranged products were formed in addition. Methyl 4,6-0-ben- 
zylidene-2,3-di-O-p-tolylsulfonyl-a-~-gaactopyranoside reacted by partial de-0-sulfonylation and partial desulfonyl- 
oxylation, with and without ring contraction, to give methyl 3.5-0-benzyIidcne-2-deoxy-2-C-(hydroxymethyl)-a-~-/~~xo- 
pentofuranoside, methyl 4,6-0-benzyIidene-3-deoxy-a-~-/yxo-hexopyranosidc, and the parent 2.3-diol. 

HANS H. BAER, DAVID J .  ASTLES, Ho-CHI CHIN et LISA SIEMSEN. Can. J .  Chem. 63, 432 (1985). 
Plusieurs mtthyl-6-dtsoxy-, 6-dCsoxy-6-halo- et 6-0-p-tolylsulfonylhexopyranosides 2- et 4-p-tolutnesulfonates donnent 

lieu i dtsulfonyloxylation reductive en C-2 et C-4 respectivement, ainsi qu'i rtduction en C-6 s'il y a licu, sous I'action du 
tritthylborohydrure de lithium dans le tttrahydrofuranne i reflux. La dtsulfonyloxylation s'accompagne de contraction de cycle 
et conduit, avec des rendements de 40-60% en produits isolts, i des nouveaux dtrivts pentofuranosides ramifits, les 
m~thyl-2,5-didtsoxy-2-C-(hydroxymCthyl)pentofuranosides de configuration a-L-.ryIo, a-D-.ryIo et a-D-ribo partant du sul- 
fonate en C-2, ou encore m~thyl-3,5-did~soxy-3-C-(hydroxymethyl)pentofuranosides de configuration a-D-arcrbino et 
a-D-rib0 partant du sulfonate en C-4. Dans quelques cas, une dtsulfonyloxylation rtductivc sans rearrangement est Cgalement 
observte. Le m~thyl-4,6-O-benzylidtne-2,3-di-O-p-tolylsulfonyl-a-~-galactopyanoside donne ainsi lieu, i la fois i dC-0- 
sulfonylation et dtsulfonyloxylation avec, et sans contraction de cycle respectivement, pour conduire aux mtthyl-3,5-0- 
benzylidene-2-C-(hydroxymtthyl)-a-~-lyxo-pentofuranoside, mCthyl-4,6-O-benzylid~ne-3-d~soxy-a-~-l~~.r~-hexopyranoside 
ainsi que au diol en C-2, C-3 correspondant. 

Introduction 
Recently we reported on the reductive desulfonyloxylation 

of methyl 4,6-0-benzylidene-a- and -P-D-glucopyranoside p- 
toluenesulfonates by means of lithium triethylborohydride 
(LTBH), which permitted the convenient preparation of certain 
2- and 3-deoxyhexopyranoside derivatives in high yields ( I ) .  
The method has also been applied to various tosylates of the 
analogous bisacetal from the disaccharide a,a-trehalose (2). A 
structural prerequisite for facile desulfonyloxylation appeared 
to be the presence of a free, or potentially free, hydroxyl group 
adjacent and trans to the sulfonate ester, and it was established 
that the reaction proceeds through intermediary epoxides, the 
formation and subsequent reductive ring-opening of which is 
governed by well-known'~tereochemica1 prinicples. One of the 
factors promoting high regioselectivity in the sense of the 
Fiirst-Plattner rule doubtless was the conformational rigidity 
imparted to the intermediates by their trans-fused, cyclic acetal 
structures. It became of interest, therefore, to examine the 
degree to which this structural constraint contributed to the 
stereochemical outcome of the reaction, and it was decided to 
study the action of LTBH upon a number of simple, non- 
acetalated hexopyranoside tosylates, particularly of the 
6-deoxy type. Appropriate derivatives of the latter class of 
sugars are readily available and it was considered that, stereo- 
chemical interest apart, LTBH reduction might offer practical 

'The essential results of this work were included in preliminary 
form in the communication (1-37) presented by H. H. Baer, H. R. 
Hanna, and D. J .  Astles at the XI"' International Carbohydrate Sym- 
posium, Vancouver, B.C., August 22-28, 1982. 

advantages for the preparation of 2,6- and 3,6-dideoxyhexoses. 
Such sugars have great biological importance as they occur 
widespread in nature, in the form of plant glycosides (e.g., 
digitoxose in Digitalis), as components of antibiotics (e.g., 
chromose and oleandrose in chromomycins and oleando- 
mycin), and as bacterial constituents (e.g., abequose, paratose, 
and tyvelose in Salmotzella polysaccharides). 

Results and discussion 
Ring contraction effected by lithium triethylborohydride 

Reaction of methyl 2-0-tosyl-a-L-fucopyranoside ( I )  with 
LTBH was expected to lead to internal displacement of the ester 
group, followed by reductive opening of the resulting 2,3- 
epoxide, to give one or both of the dideoxyhexopyranosides 
which this sequence of events can provide. However, no such 
product was detected upon treatment of 1 with an excess of the 
reductant in boiling oxolane, although all of 1 was consumed 
within 30 min and desulfonyloxylation did take place. Instead, 
ring contraction occurred and the branched-chain glycoside 10,  
methyl 2,5-dideoxy-2-C-(hydroxymethyl)-a-~-xylo-pentofur- 
anoside, was isolated crystalline in ca. 60% yield. Evidently 
the loss of the tosyloxy group was coupled with a skeletaI 
rearrangement by migration of the C-3-C-4 bond. Per- 
formance of the reaction with the D enantiomer 2 provided the 
D enantiomer 11,  likewise in crystalline form. When methyl 
4-O-benzoyl-6-bromo-6-deoxy-2-O-tosyl-a-~-glucopyranoside 
(3) or methyl 6-deoxy-6-iodo-2-0-tosyl-a-D-glucopyranoside 
(4) were used as substrates, the crystalline a-D-ribo isomer of 
the foregoing 2,5-dideoxy-2-C-(hydroxymethyl)pentofurano- 
sides was obtained. 
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QMe TsO Roo OH HO OMe OMe 
I I 

OTs OTs 6~ 6~ 
2 3 X = Br, R = Bz 5 

4 X = I , R = H  

IcOy~e MrO> My0> <070Me 

HOH2C OH CHzOH 
Me OMe OMe Me 

In corresponding hexopyranoside 4-tosylates, ring contrac- 
tion took place in the opposite direction, i.e., by migration of 
the C-2-C-3 bond, furnishing isomeric 3,5-dideoxy-3-C-(hy- 
droxymethyl)pentofuranosides. Thus, methyl 4-0-tosyl-a-L- 
rhamnopyranoside (5) produced the crystalline a-L-arabino 
isomer (13), and methyl 2,3-di-0-benzoyl-4-0-tosyl-a-~- 
quinovoside (6) gave the a-D-rib0 isomer 14, which failed to 
crystallize but was isolated chromatographically in pure condi- 
tion. In all of these experiments, the starting tosylates reacted 
rapidly and completely (provided a sufficient excess of hydride 
reagent, normally 8 mol. equiv., was employed), and no un- 
rearranged dideoxyhexopyranosides were detected, although 
traces of unidentified by-products were usually seen in tlc. The 
crude reaction mixtures apparently contained the product gly- 
cosides as alkali-stable organoboron complexes, and because 
of a high (and not unexpected) acid-sensitivity of the di- 
deoxyfuranosides the products tended to behave somewhat ca- 
priciously in processing and during isolation. Isolated yields of 
chromatographically pure products generally were in the 
40-60% range.' 

In contrast to the 6-deoxy sugar 6 ,  the analogous methyl 
2,3-di-0-benzoyl-4,6-di-O-tosyl-a-~-glucopyranoside (7) gave 
the ring-contracted product (14) and the unrearranged hexo- 
pyranoside 15, in a ratio of -3 :2. Although complete chro- 
matographic separation was difficult to achieve and the reac- 
tion was therefore of limited preparative value, the isomers 
were obtained sufficiently pure for unambiguous spectroscopic 
identification, and 15 was identified as methyl 3,6-dideoxy- 

'The crude reaction products showed in tlc a slow-moving spot that 
corresponded to that given by the isolated, rearranged glycoside, and 
an additional strong spot (fast moving, but slightly slower than the 
starting tosylate) which was invisible under uv light and therefore 
represented tosyl-free material also. Upon chromatographic isolation, 
this fast-moving material showed the same 'H nmr features as the 
rearranged glycoside but additionally gave strong resonances near 6 
0.9, presumably attributable to alkylboron moieties. Treatment of the 
alkaline reaction mixtures with hydrogen peroxide diminished the 
proportion of these products whose more-detailed characterization 
must await further study. So far it seems that the primary hydroxyl 
group present in the glycosides formed must be involved in the occur- 
rence of this complication, which was not encountered in the LTBH 
reductions previously ( I )  studied. 

O O M e  TsO 
I 

OR 

6 X = H , R = B z  
7 X = OTs, R = Bz 
8 X = OTs, R = H 
9 X = C1, R = Bz 

a-D-xylo-hexopyranoside (methyl a-abequoside) by com- 
parison with an independently-prepared (3) sample. The de-0- 
benzoylated 4,6-ditosylate' 8 and the 6-chloro-6-deoxy- 
glycoside 9 on treatment with LTBH gave mixtures of 14 and 
15 in approximately equal proportions. 

The exclusive or predominant occurrence of ring contraction 
here reported stands in sharp contrast to the desulfonyloxy- 
Iations that had been performed (1) in 4,6-0-benzylidenated 
glucopyranoside tosylates. In the latter, an analogous rear- 
rangement would require the formation of a highly strained 
system comprising a six-membered acetal ring trans-fused to a 
five-membered furanose ring, and presumably is disfavored for 
this reason. To test this hypothesis, methyl 4,6-0-benzylidene- 
2,3-di-0-tosyl-a-D-galactopyranoside (16) was subjected to re- 
duction with LTBH, the surmise being that a cis-fused acetal 
might not interdict furanoside formation. Indeed, ring- 
contracted methyl 3,5-0-benzylidene-2-deoxy-2-C-(hydroxy- 
methyl)-a-D-lyxo-pentofuranoside (17) was isolated crystalline 
(38%), although methyl 4,6-0-benzylidene-3-deoxy-a-D-lyxo- 
hexopyranoside (18) was a second, major product (22%), and 
a significant proportion (18%) of the diol 19 was formed by 

OTs 
16 

+ "QOMe 
OMe 

'Obtained from 7 by deacylation with methanolic ammonia. For 
complex results obtained on attempted deacylation with sodium meth- 
oxide, see the experimental section. 
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TABLE I .  'H Magnetic resonance data for methyl dideoxy-C-(hydroxymethyl)pentofuranosides" 

Chemical shifts" (6) 

Compound H-l H-2 H-2'a H-2'b H-3 H-3'a H-3'b H-4 C-CH, 0-CH3 

Coupling constants (Hz) 

Compound J ,  .? 52.3 JZ.~,,,  J2.2.h Jz.., .?,~ J3.4 J Z . Z . ~  J3.3.h J7,.1.1.h 5-13 

"From 200-MHz spectra of solutions in CDCI, containing tetramethylsilane as the standard. Spectra with spin-spin decoupling by double irradiation 
and spectra with D,O exchange were additionally obtained for all compounds. 

"Signal multiplicities are indicated as cm (complex multiplet), d (doublet), nm (narrow multiplet), m (multiplet), q (quartet), qn (quintet), s (singlet). 
and t (triplet). Values refer to signal midpoints. 

Apparent qn; width 20.3 Hz, compatible with dddd having splittings of 4.5, 5.0, 5.2, and 5.6 Hz; collapsing to q ,  width 14.7 Hz, on H-l irradiation. 
"Giving on D20 exchange an apparent t, width 11.2 Hz, by removal of a 3.8-Hz splitting. 
'Width, 23.8 Hz; reduced to td on H-l irradiation, with remaining splittings of 5.8, 6.7, and 6.7 Hz. 
'The signals for H-2'a, -2'b, and -3 were poorly resolved in the regular spectrum. 
'Sharp dd on D 2 0  exchange, and d (with broadened lines because of coupling with OH) on irradiation of H-2. 
"Upon D20  exchange, a clearly visible dd superimposed on the H-3 multiplet; without exchange, but with irradiation of H-2, a dd due to coupling 

with H-2'a and OH was seen. 
'In the presence of D,0, a singlet was observed, probably due to a slight change in overall conformation related to hydrogen bonding. 
'Simplified to d in the presence of DIO, due to coupling with H-3 only; see also i. 
%Simplified to dd on D,0 exchange, and further to d upon subsequent irradiation of H-3. 
'After D,0 exchange, the signal was an AB-q, as part of an ABX system. 
"'Collapsing to q on irradiation of H-3. 
"Spectrum of the di-0-acetyl derivative. The acetyl singlets were at 6 2.05 and 2.1 I. 

TABLE 2. '" Chemical shifts (ppm) for methyl dideoxy-C-(hydroxymethy1)pento- 
furanosides" 

Compound C-l C-2 C-3 C-4 C-5 CHzOH OCH, 2 

"From 20-MHz spectra, obtained with a Varian FT-80 spectrometer, for solutions in CDC13 contain- 
ing TMS as the internal standard. 

twofold S-0 cleavage (desulfonylation) of 16. The last- 
mentioned side reaction was markedly more pronounced than 
in the gluco series 

Structure of the branched glycosides 
The constitutions of the methyl 2,5(or 33)-dideoxy-2(or 

3)-C-(hydroxymethyl)pentofuranosides 10-14 followed from 
elemental analysis (excepting 14) and nuclear magnetic reso- 
nance data. The 200-MHz 'H nmr spectra (Table 1) showed the 
appropriate substituent resonances, and the ring proton signals 
were for the most part well resolved. In particular, there was in 
each case a single proton resonating at high field, indicating a 

4 A  similar difference in sulfonate ester stability between 16 and its 
a-D-gluco epimer had been noted in their reactions with lithium alumi- 
num hydride, in which 16 suffered far-reaching 0-S fission at both 
0-2 and 0-3 (4), whereas the gluco epimer was more stable toward 
this type of cleavage, particularly in position 3 ( I ,  5 ,  6). 

methine, rather than methylene, structure for C-2 or C-3 and, 
therefore, chain branching. The position of the branch was 
confirmed by spin decoupling, which proved the methine pro- 
ton to be vicinal to the anomeric proton in 10-12, and vicinal 
to H-2 and H-4 in 13 and 14. Isomeric 2- and 3-deoxyhexo- 
pyranosides, by contrast, show at high field two proton signals, 
sometimes well resolved as, for example, in 15 (7). The "C 
nmr data (Table 2) clearly supported the constitutions. The 
proton-coupled spectra each contained two quartets (for C- 
methyl and 0-methyl), a triplet (for hydroxymethyl), a doublet 
at relatively high field for the branch-point carbon, and three 
doublets for the remaining ring carbon atoms in the usual shift 
ranges. Spectral data establishing the structures of the ben- 
zylidene acetals 17 and 18 are listed in the experimental 
section. 

The question of configuration at the branch point was some- 
what more difficult to decide. The vicinal 'H-'H coupling 
constants (Table 1) were all in accord with the assigned config- 
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BAER ET AL.: I 

urations, but, for some of the compounds, the alternative 
branch-point configuration could not be excluded with any 
certainty on this basis alone. Such difficulty was not un- 
expected for conformationally flexible, furanoid systems 
where reasonable models accommodating spectral data can of- 
ten be constructed for more than one configuration. Com- 
parisons with known conformational preferences in un- 
branched furanosides (8, 9) were helpful, but the possibility of 
bias associated with the ~ - h ~ d r o x ~ m e t h ~ l  branch had to be 
borne in mind. 'The assignments indicated were arrived at on 
the basis of the discussion that follows. which considers both 
'H and I3C nmr parameters and is predicated on the assumption 
that only the branch-point configuration is at issue, with the 
other chiral centers not having been involved in the reaction 
and having, therefore, retained their original stereochemistry. 
(See also the subsequent section on the mechanism.) 

Beginning with the C-3 branched isomers, the a-L-arabir~o 
configuration of 13 can be regarded as secure. The .'Jt1,,, values 
(Table 1) demand dihedral angles of +,.? > 90" < 120°, and 
+,, 5 180°, corresponding to a conformation in the E,, = To 
S "E segment of the pseudorotational itinerary for this config- 
uration. This is in good agreement with Perlin's (8) and An- 
gyal's (9) deduction of E, as the Pdvored conformation of 
methyl a-L-arabinofuranoside. A shift towards To, as sug- 
gested by the particularly large J,, value (8 Hz) in 13, appears 
reasonable because it permits the hydroxymethyl group to be- 
come quasi-equatorial without sacrificing the quasi-axial orien- 
tation of the anomeric methoxyl group.s The "C chemical 
shifts (Table 2) indicate for 13 the largest overall deshielding 
(2 = 459.6 ppm) among all the isomers, signifying the least 
amount of crowding in harmony with the all-tratzs substituent 
pattern ( 10). In the stereoisomer 14, markedly increased shield- 
ing is experienced by C- I, C-2, and C-3 while C-4 and C-5 are 
affected little, which strongly suggests a cis,cis,tratzs substitu- 
ent pattern, i.e., the a-D-rib0 configuration. The 3Jll.t., data fit 
the 'E 6 'T4 conformation thereof, which has -30°, +?,, 

-0°, and +,, - 160°, and in which the bulky C-3 substituent 
occupies a somewhat more outward position than does OH-3 in 
methyl a-D-ribofuranoside for which the adjacent segment E l  
S "TI e "E has been proposed (8, 9). Although the 'H cou- 
plings are equally consistent with the ~ - D - x ) ~ / o  ('E S 'Ti) 
arrangement, we prefer the a-D-ribo assignment for 14 in view 
of the "C data just mentioned. 

Turning now to the C-2 branched isomers 11 and 12, we note 
their closely similar "C shifts for C- I ,  upfield in comparison 
with 13, and therefore assume an identical, 1,2-cis arrange- 
ment. (The shielding effect of a cis-2-(hydroxymethyl) upon 
C-I appears smaller than that of a cis-2-hydroxyl, cf. 14.) This 
is borne out by the remaining shift data. The C-2 is shielded in 
12, relative to 11, by the cis-vicinal OH-3. Conversely, C-4 in 
11 is shielded, relative to 12, due to the 3,4-cis arrangement 
which, incidentally, has also a marked effect on C-5, moving 
this signal upfield by 5-6 ppm from the resonance position in 
all the other isomers. The C-3 shifts are similar for 11 and 12, 
as either compound possesses one cis and one trans pattern 

'For a discussion of the factors which govern furanoside con- 
formation, see rcf. 9 .  The ' J ~ . , ,  values for 13 would also be compatible 
with the 3-epimeric, a-~-lyxo glycoside, but only for a conformation 
close to 'E. This is a highly unlikely form as i t  has three contiguous, 
cis-oriented substituents severely eclipsed; i t  is avoided by methyl 
a-L-lyxofuranoside (8, 9)  and should be favored even lcss by the C-3 
branched analog. 

surrounding that carbon atom. The assignments resulting from 
these considerations are a-D-xylo for 11 and a-D-ribo for 12. 
The lJH.H values for 12 are in excellent accord therewith, fitting 
the E l  'TI conformation -30°, $1.1 -25O, - 120') 
that has been suggested (8, 9) for methyl a-D-ribofuranoside, 
and they are inconsistent with the 2-epimeric, a - ~ - a r ~ i b i n o  
configuration." The 3JII.ll data for 11 allow no distinction, as 
they agree with both the a-D-xylo and the a-D-lyx0 config- 
uration in the respective conformations 'E -30°, 42.3 
- 150°, +3.3 -30') and 'E - 150°, +',, and 43,4 -30") or 
close pseudorotational variants. Our decision in favor of the 
former therefore rests solely on the foregoing interpretation of 
the "C data. However, it receives support from mechanistic 
considerations (see below). Compound 10, being the en- 
antiomer of 11, requires no extra discussion. 

The acetal 17 shows J,,, = 2.1 Hz as expected for the gauche 
orientation of the protons situated at the ring junctions, and J1,2 
- - = 4.8 Hz. The size of J2.3 requires H-2 and H-3 to be cis 
(+?,, <60°); if they were t r ~ ~ n s  (+?,, -90°), a very small cou- 
pling would result. Clearly, the a-D-lyxo configuration is indi- 
cated. Compound 18 gave a two-proton multiplet at 6 2.13 
attributable to a ring methylene group. The anomeric proton 
signal occurring at 6 4.79 was a slightly broadened singlet as 
is normal, in benzylidenated hexopyranosides, for a 1,2-di- 
equatorial proton arrangement and is indicative of absence of a 
1,2 axial-equatorial proton relationship. Double irradiation at 
6 2.13 caused spin decoupling in the signal (6 3.58) which was 
due to the ring proton at the hydroxylated position, and in the 
H-4 signal (6 4.12). These features, whose interpretation was 
corroborated by comparison with data from several related 
isomers ( I ) ,  established the structure shown. 

Prelimitzary mechanistic considerations 
While this work was in progress, we became aware of a 

precedent for LTBH-induced ring contraction in pyranosides. 
Pozsgay and NeszmClyi (12) obtained from benzyl 2,4-di-0- 
benzyl-3-O-trifluoromethylsulfonyl-a-~-rhamnopyranoside (20) 

in 40% yield the ring-contracted product 21. They interpreted 
the reaction as being initiated by departure of the sulfonyloxy 
group, to generate a pyranosid-3-yl carbocation that would 
rearrange by migration of the C-4,5 bond (which is antiparallel 
to the leaving group), and the rearranged ion would then accept 
hydride ion at the branch carbon atom, giving the 3-C- 
(benzyloxymethyl)-3-deoxypentofuranoside 21. Whereas such 
a mechanism, which is supported by similar rearrangements 
occurring in solvolyses of pyranoside 3-sulfonates and in ni- 
trous acid deamination of 3-amino sugars ( 13), may well apply 
for 20, its operation in the present context could not be con- 
fidently presumed, for two main reasons. First, for the 2- and 

"For a scries of 10 diversely substituted. C-2 branched 
a-L-arabinofuranosides. structurally related to our compounds but ob- 
tained in a different way, Ja j and co-workers ( I  I )  reported J l ,?  values 
in the range of 1.3-3.8 Hz (average, 2.1 Hz), and J3., values in the 
range of 5.1-7.5 Hz  (average, 6.5 Hz). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



436 CAN. J .  CHEM. 

4-sulfonates 1-9, it would imply the developme%t of positive 
charge on C-2 or C-4, respectively. Although examples of 
pyranoside ring contraction involving incipient carbonium ions 
at those sites are in fact known in the domains of solvolysis and 
deamination mentioned (13), the dominant course of rear- 
rangement in these cases is by participation of the ring oxygen 
atom, and alternative migrations of a carbon atom (C-2 to 
'C-4, or C-4 to kC-2) have been encountered as subordinate 
events only (14). In the present study, no evidence for the 
formation of products originating from ring oxygen migration 
was found. Secondly, in contrast to 20 the glycosides 
considered here all contain a free or potentially free (i.e., 
esterified) hydroxyl group positioned trans-vicinal to the sul- 
fonate function, a feature which should play a key role in the 
observed transformations. Alcohols, including sugar hydro- 
xyls, react instantly with alkali metal trialkylborohydrides to 
give hydrogen and alkoxytrialkylboronates ( 15). As we have 
seen earlier (1, 2), such boronates formed from tosylated sugars 
and LTBH can undergo internal displacement to produce ep- 
oxides, provided the proper geometry exists. Although in the 
previous examples (1, 2) the epoxides incurred ring opening 
with excess reductant as expected (16), giving deoxyhexo- 
pyranosides, an intermediacy of epoxides in the ring con- 
tractions now observed could not a priori be ruled out. Epoxide 
+ carbonyl rearrangements, including instances with alkyl 
migration, are known and are, relevantly, catalyzed by lithium 
salts (halides or perchlorate) (17). Lithium salt produced in the 
epoxide-forming step (and by C-6 reduction, where applicable) 
might have induced rearrangement. In fact, when the ditosylate 
7 was treated with an amount of LTBH insufficient for its 
complete conversion into the final products 14 and 15, the 
3,4-anhydrohexopyranoside 22 could be isolated from the reac- 
tion mixture. However, independently-synthesized 22 was rap- 
idly (within 5 min) and almost quantitatively converted into 15 
(isolated yield, 94%) under the same conditions, and no trace 

of 14 was detected (7). Similarly, the 3,4-anhydrohexopyrano- 
side 23, obtainable from 5 by action of base, reacted (7) with 
LTBH in the same way, to give methyl 3,6-dideoxy-a-L-lyxo- 
hexopyranoside (24) in the same yield and without any 13. 
There was no discernible difference between the reductions of 
22 and 23, and lithium tosylate engendered during the reaction 

0 OMe r"' LTBHY Hoq 
O OH 13 OH 

of the former appeared without influence. We therefore con- 
clude that epoxides, where they do arise, are precursors for the 
unrearranged, minor products (15, 18, and possibly others 
which may have escaped detection), but not for the ring- 

contracted furanosides, the formation of which must be due to 
some other mechanism. 

One plausible mechanism would nevertheless be akin to the 
lithium salt-catalyzed epoxide + carbonyl rearrangement (17) 
just considered. It is assumed in the latter that intermediary 
halohydrin salts (A) arise from epoxides and react as shown in 
Scheme 1. Ring contraction as in A could well occur in the 
lithium alkoxytriethylboronates formed from glycoside to- 
sylates; it  would of course be followed by reduction of the 
carbonyl species primarily formed. The configurations 
assigned to our branched products would in every case accord 
with this process, the stereochemistry of which is determined 
by migration of a C-C bond that is antiparallel to the leaving 
group and gives retention of configuration. Support for the idea 
is provided by recent work of Hansske and Robins (18), who 
have deoxygenated ribonucleoside monotosylates with LTBH. 
Understandably there was no carbon migration in their furan- 
osidic substrates, but hydride shifts following the same prin- 
ciple were demonstrated to occur (Scheme 2). 

It appeared puzzling at first sight that the galactoside 16 gave 
a ring-contracted product (17) having the lyxo configuration 
and thus appeared to have incurred inversion at C-2. However, 
this is readily explained (see Scheme 3) by initial, partial de- 
sulfonylation (with little discrimination between 0 - 2  and 0-3)  
to produce monosulfonates. The 3-sulfonate 25 is then seen as 
the precursor for 17, which is formed by migration of the C-1,2 
bond, and retention at the original C-3 (that becomes C-2) is 
seen to hold. The 2-sulfonate 26, on the other hand, reacting in 
this instance not by ring contraction but through the tala ep- 
oxide 27, is the source of the 3-deoxyhexopyranoside deriva- 
tive 18 which was obtained. 
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Although the mechanistic hypothesis outlined in this section 
appears attractive at the present time, it will probably require 
refinement in the light of additional observations which are 
being made in our currently continuing studies, and which are 
not fully understood as yet. One intriguing point is that the use 
of other metal trialkylborohydrides instead of LTBH apparently 
leads to quite different results. It is hoped that the in- 
vestigations in progress will throw more light on the nature and 
scope of these interesting and synthetically useful de- 
sulfonyloxylations. 

Experimental 
Apparatus, trmterial.~, and tnethods 

Lithium triethylborohydride (Super HydrideK, LTBH) was pur- 
chased from Aldrich Chemical Co. as an M solution in oxolane (THF). 
Optical rotations were measured at -25'C with a Perkin-Elmer 241 
polarimeter and refer to chloroform solutions. Melting points were 
determined with a Gallenkamp apparatus and are uncorrected. Thin 
layer chromatography (tlc) was performed on precoated plates of silica 
gel SIL-25UV2~~ (Macherey-Nagel & Co., Germany). Spots were 
made visible by spraying the plates with 5% sulfuric acid in ethanol, 
and heating them briefly on a hot plate. Column chromatography was 
performed on Merck Silica Gel 60, 230-400 mesh, or on basic alumi- 
num oxide suitable for chromatography (Shawinigan), as referred to 
by SiOl and A1203, respectively. Unless otherwise indicated, the 
following solvent mixtures (v/v) were employed for chromatography: 
A, ethyl acetate - hexane, 1 : 2; B, the same solvents, but I : 1; C, the 
same, but 2: 1, and D. ethyl acetate. 

Preparatiotl of the starting g1ycoside.s 
(a) Knowtl compoutlds 
Published procedures were employed, occasionally with minor 

technical modifications, for the preparation of 1 (19), 5 (20). 6 (21), 
7 (221, 9 (22), and 16 (23). Compound 2 (mp 156-157°C. [a],, 
+86.3") was obtained from its known (24) 3,4-0-isopropylidene de- 
rivative as described (19) for 1 (mp 157- 15S°C, [a],, -85"). The ir 
and nmr spectra of 1 and 2 were identical. 

(b) Methyl 4-O-benzoyl-6-bromo-6-deoxy-2-O-p-tol~~ls~~lfot~yl- 
a-D-glucopyrat~o.si~le (3) 

Pure ( I )  methyl 4.6-0-benzylidene-2-0-p-tolylsulfonyl-a-D-gluco- 
pyranoside (9.1 g) was heated for 2.5 h with N-bromosuccinimide 
(4.72 g) and barium carbonate (I0 g) in refluxing carbon tetrachloride 

(350 mL). Processing as for the analogous 2-0-mcsyl compound (25) 
gave 3 (5.1 g, 47.5%) after crystallization from a small volume of 
CCIJ; mp 50-5 1°C. [a],, +48.7'(c 0.25). The 'H nmr data (200 MHz, 
CDCI,) 6: 8.04-7.26 (9H, arom.), 5.05 (dd, J,., = 9, J,,, = 9.9 Hz, 
H-4),4.87(d,J1.1=3.7H~,H-l),4.34(dd,J1.3=9.5H~,H-2),4.19 
(dt, J3.0tl = 13.7 Hz; t upon D20 exchange. Jz., = J,., = 9.3 Hz, 
H-31, 4.06 (ddd, JAs = 10, J,., = 2.8, J5.h. = 7.2 HZ, H-5), 3.44 (m, 
2H, H-6.6'). 3.42 (s, 0-Me), and 2.44 (s, ArMe); tn/z (DCI mode): 
515,517 (M + I), 483,485 (M + I - OCH,), 405 (M + I - OCH, 
- Br). Anal. calcd. for CrlHxBrOxS (515.4): C 48.93, H 4.50, Br 
15.51; found: C 49.01, H 4.60, Br 15.4. 

(c) Methyl 6-deo.ry-6-iodo-2-0-p-toIyI.s~~lfot~yl-a-~-gl~~co- 
pyratloside (4) 

Crystalline (mp 119.5- 121°C. from ethyl acetate - hexane) 
3,4-di-0-acetyl derivative (26) of 4 (5.42 g, 10.6 mmol) was de- 
acetylated by treatment with sodium methoxide (2 mL of a 2 M 
solution) in a mixture of chloroform (50 mL) and methanol (10 mL), 
at room temperature during 1 h. Complete saponification of the di- 
acetate (Rr 0.65) to 4 (Rr 0.5) was indicated by tlc (solvent B), and 
pilot runs had shown that 4 is stable for several hours under these 
conditions, with only minute traces of a faster-moving by-product 
arising. The solvents were removed at low temperature, and 3 portions 
of added THF were evaporated from the residue, which was obtained 
as a slightly yellowish foam and used without purification, after drying 
in a desiccator. 

(d) Methyl 4,6-di-0-p-tolyl.sulfot~y1-a-D-glucopyranoside (8) by 
atnmonolysis of 7 

Methanolic ammonia (160 mL, saturated at O°C) and a solution of 
7 (4.1 l g) in methanol (160 mL) were mixed and stored in a refrig- 
erator for 3 days; tlc with solvent A revealed clean replacement of the 
fast-moving 7 by slow-moving 8. The solvent was removed at low 
temperature and the residue chromatographed on a short column of 
Si02 by means of solvent B. Compound 8 was obtained as a colorless 
syrup (2.37 g, 82%), [a],, + 102" (c 1. I). A 60-MHz nmr spectrum 
indicated complete removal of the benzoate and retention of the tosyl 
groups. 

(e) Attempted Zemple't~ deacylation of 7 
Although 7 is known to give the anhydro sugar 22 on heating with 

sodium methoxide in methanol solution (21), we attempted to prepare 
the presumed intermediate, 8, by employing milder conditions. In 
spite of its failure in this regard, the experiment is recorded because 
of unexpected results concerning relative stabilities of different ester 
functions. 

To a solution of 7 (3.55 g, 5 mmol) in I:  1 chloroform-methanol 
(50 mL) was added at 0°C an M sodium methoxide solution ( 1  mL). 
After standing for 4 h at O°C, the mixture showed a complex pattern 
in tlc (solvent B), which changed little during another hour and after 
addition of another 0.5 mL of methoxide. There were 5 spots, R(0.8, 
0.6, 0.35, 0. I, and 0.0. Work-up included neutralization with Dry 
Ice, evaporation, deionization in methanolic medium with cation and 
anion exchange resins, and evaporation of added toluene from the 
material which was obtained as a syrup. Trituration of the syrup with 
toluene and refrigeration (2 days) caused crystallization of the immo- 
bile component (Rf 0.0), which evidently was the major reaction 
product (1.735 g). Recrystallized from a small amount of ethyl ace- 
tate, i t  had mp 103- 104"C, whereas from chloroform it gave long 
needles of mp 122- 123.5"C. From a small amount of water a hydrate 
(mp 55-56°C) crystallized readily. These data, together with ir and 'H 
nmr data showing absence of benzoyl and presence of only one tosyl 
group besides hydroxyl, identified the product as methyl 6-0-p- 
tolylsulfonyl-a-D-glucopyranoside (lit. (27) mp 124°C (anhydrous) 
and 56-58°C (hydrate)). Addition of a little hexane to the above 
toluene mother liquor gave a gummy deposit containing some of the 
same product together with the component of Rr 0. I .  The latter proba- 
bly was ditosylate 8, but the amount was small and it could not be 
isolated pure. The three faster-moving components, contained in the 
toluene-hexane solution that was decanted from the gum, were sepa- 
rated on a column (16 X l cm) of SiO, (solvent B). There was 
obtained some unchanged 7, R, 0.8, mp 132°C (from methanol); a 
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small amount of crystalline product RI 0.6. mp 145.5"C (from cth- 
anol), whose ir and ' H  nmr spectra suggcstcd that i t  was the 
3-monobenzoate of 8; and mcthyl 3,4-anhydro-6-0-p-tolylsulfonyl- 
a-D-galactopyranoside (22), RI 0.3, needlcs upon trituration with wa- 
ter and a few drops of ethanol on a steam bath, mp 95-96°C (lit. (21) 
mp 94-95°C). The extensive de-0-sulfonylation at thc 4-position, to 
give the major product (R, 0.0) under conditions where even de- 
benzoylation was incomplete, appears rather remarkablc. 

General procedure t o r  reaclions of g1.ycoside ~osj~lales with LTBH 
The starting sugar derivative was dissolved in reagent-grade THF 

that had been dried, immediately before usc, by refluxing it over, and 
distilling it from. potassium metal in the presence of bcnzophenone. 
All operations were carried out under a nitrogen atmosphere. The M 
LTBH solution was introduced by syringe into the magnetically stirred 
and chilled (ice-water bath) solution of the substrate. Cooling was then 
discontinued and the mixture was boiled under reflux. with periodic 
monitoring of the progress of reaction by tlc. Amounts of materials 
and reaction times are given for each individual experiment. For 
processing, the reaction mixture was chilled to O°C, and methanol was 
added dropwise in slight excess to ensure the completc decomposition 
of remnant hydride. The solution was then concentrated on the rotary 
evaporator at 35°C to a small volume (one-quarter to one-fifth) and 
poured into 10 volumes of ice water. The mixture was stirred at 
ambient temperature for several hours (or overnight). An amount of 
30% hydrogen peroxide as specified was diluted with water and added 
cautiously and dropwise to the mixture, preferably with cooling. (Vi- 
olent reaction may occur if this addition is done too rapidly .) After 

I h, the solution was carefully neutralized to pH 7 with aqueous 
sodium hydrogen sulfate solution unless otherwise indicated; any ex- 
cess of acid must be avoided. The solution was thcn evaporated to 
about one-third its volume, and exhaustively extracted with chloro- 
form or ethyl acetate as specified. Finally, the aqucous phase was 
evaporated to dryness, and the residue was checked by tlc. If i t  still 
contained a significant amount of organic material. i t  was extracted 
with ethyl acetate or chloroform. Thc combined extracts were dried 
(MgS04 or Na2S04). and cvaporated to give the crude reaction 
product. 

Melhyl 2,5-dideos~v-2-C-(hydro,ry1~1e1t2j~I)-a-~-xy lo-per~~of'urar~o.side 
(10)  

'The reaction was performed with 1 (4.10 g, 12.35 mmol) in THF 
(100 mL) and LTBH solution (100 mL, 8.1 mol. equiv.) during 30 
min, after which tlc (solvent D) showed absencc of 1 (RI 0.7) and 
presence of a new spot, R, 0.35. The oxidative trcatment was per- 
formed with 33 mL of 30% hydrogen peroxide. Extraction of the 
aqueous phase with ethyl acetate, and of the residue of evaporation 
with chloroform, gave a combined yield of 1.27 g (63.5%) of crude 
10 which crystallized in part from ethyl acetate - hexane; mp 73°C. 
Chromatography of the mother liquor material on Alz03, using solvent 
B followed by solvent D as eluants, furnished additional, crystalline 
10. The combined crops were recrystallized from chloroform, af- 
fording 1.06 g (53%) of analytically pure 10, mp 74-74.5"C, [a],, 
-174.5" (c 2.2). Anal. calcd. for C7HI4O1 (162.2): C 51.84. H 8.70; 
found: C 51.60, H 8.67. 

Methyl 2,5-dideo.ry-2-C-(hydr.oxy~hyl)-a-~)-~yI0-pe111of'~1ra11o.si~le 
(11) 

Compound 11 was obtained from 2 in 61 % crude yield, as described 
for the enantiomer 10. After purification by chromatography and 
crystallization, it showed mp 73-75°C and [a],, + 173" (c 0.9). Its ir, 
'H nmr, and "C nmr spectra were superposable on thosc of 10. 

(a) Frotn [he 6-brorno glycoside 3 
Compound 3 (5.15 g,  I0 mmol) in THF (60 mL) and LTBH solution 

(100 mL) were allowed to react for 2 h. Processing includcd a per- 
oxide treatment with 35 mL of 30% reagent, and was performed as 
described before, except that neutralization with NaHS04 was dis- 

pensed with. Chloroform extraction of thc partially cvaporatcd, aque- 
ous solution afforded crude 12 (868 mg, 53.6%) as a solid after 
solvent evaporation. Recrystallized from 1 : I carbon tctrachloridc - 
hexane. i t  had mp 4 1-42°C and [a],, + 133" (c 2.2). Ar~nl. calcd. for 
C7HIJOJ (162.2): C 51.84. H 8.70; found: C 51.91, H 8.48. 

(b) Frorn [he 6-iodo glvcoside 4 
The crudc 4 obtaincd in the aforcdcscribcd saponification of 5.42 g 

(10.6 mmol) of its diacctate was dissolved in THF (60 mL) and 
allowed to rcact with LTBH solution (80 mL) during 1.75 h. In this 
instance, thc trcatmcnt with 30% hydrogen pcroxide (26 mL) includcd 
in thc work-up was followed by neutralization of the rcaction mixture 
with NaHSOJ. and the partially evaporated solution was cxtracted 
with ethyl acetate. Thcrc was obtained crudc 12 (1.27 g,  62%) as a 
yellow syrup. Column chromatography on AIz0, using solvcnt C as 
the eluant gave, from chromatographically homogeneous fractions, 
compound 12 as a colorless syrup that crystallized on rcfrigcration but 
proved difficult to recrystallize; mp 34-35°C and [a],, + l 18" ( c  4.4). 
Although the physical constants were somcwhat lowcr than in 12 
prepared undcr (a), thc ir, 'H nmr, and "C nmr spcctra of the two 
preparations were identical. 

Methyl 3,5-dideosv-3-C-(hy~/ro.rvrr1e1hj~I)-a-~-arabino-pcr11o- 
fi~ranoside (13) 

Compound 5 (3.40 g, 10.23 mmol) in THF (80 mL) and LTBH 
solution (82 mL) were allowed to react for 30 min, after which all of 
the 5 was consumed (tlc with solvent D). In this and similar, preceding 
experiments with 5 no pcroxide treatment was includcd in the work-up 
procedure as the studies were pcrformcd at an early stagc before the 
beneficial effect of such treatment on yiclds was realized. Thc yield 
of pure 13  (506 mg, 30.5%) obtained upon chloroform extraction and 
column chromatography on AIZO3 with solvent B followed by solvent 
D, and recrystallization from ether - petroleum ether (bp 30-60°C). 
was therefore low, and a considerable proportion of product emerged 
from the column as a fast-moving organoboron conjugate. Crystalline 
13  showed RI 0.35 (solvent D). mp 64"C, [a],, - 112" (c 2.3). Anal. 
calcd. for C7HIJO4 ( 162.2): C 5 1.84, H 8.70; found. C 5 1.67, H 8.47. 

(a) From [he 6-de0x.v glycoside 6 
Compound 6 (4.32 g.  8.0 mmol) in THF (32 mL) was allowed to 

react with LTBH solution (64 mL, 8 mol. equiv.) during 45 min. 
Normal processing, but with addition of potassium carbonatc in the 
trcatment with hydrogen peroxide (22 mL), and prolongation of this 
treatment overnight, furnished 1 .OO g (77%) of 14, R, 0.34 (solvent 
D), by chloroform extraction. Compound 15 (R, 0.40, sce below) was 
not detected. Compound 14 rcsisted all attempts at crystallization. 
After chromatography on SiOZ with solvent A (recovery, 74%) it 
showed [a],, + 162.2" ( c  I .2). To corroboratc the structure, a sample 
of 14 was acetylatcd in the conventional manner (acetic anhydride - 
pyridine), and the 200-Mz nmr data of the diacetate are includcd in 
Table I .  

(b) Frorn [he 4,6-ditosyla~e 7 
Compound 7 (3.70 g, 5.21 mmol) in THF (40 mL) and LTBH 

solution (37 mL) was boilcd for 2 h, after which time another 7 mL 
of LTBH was added (for a total of 8.4 mol. equiv.), and boiling was 
continued for 1 h. Work-up includcd oxidation with 15 mL of 30% 
Hz02,  and chloroform extraction. It gave a syrupy glycoside mixture 
(470 mg, 56%) that showed two partially overlapping spots. R, 0.40 
and 0.35, in tlc with solvent D. The ' H  nmr spectral features of 14 
were superposed on those of methyl a-abequoside (15), as was ascer- 
tained by comparison with the spectra of purc 14 and independently 
prepared (7), purc 15. A ratio of 3 .2  was found by signal integration 
for H-I. 0-CH?, and C-CH3 at 6 4.96, 3.49, and 1.29 (for 14). and 
4.68, 3.45 and 1.21 (for 15). respectively. 

Several similar experiments were carried out using 10 mol. equiv. 
of LTBH and reaction times of 2-6 h, and results wcrc always similar. 
However, In a 30-min reaction. desulfonyloxylation was incomplete, 
and from the mixture of products a small proportion of the 3,4-epoxide 
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22 was chromatographically isolated crystalline (rnp 93°C). I t  was 
identified by comparison with an authentic sample (21). 

Separation of 14 and 15 was difficult to achieve and rcquired rnul- 
tiple chromatography. While i t  was possible to isolate part of 14 in 
spectroscopically hornogcncous form. the abequoside 15 was ncver 
obtained free from small proportions of 14. Nevertheless, its identity 
was established beyond doubt as thc 200-MHz 'H nrnr data matched 
those published (7). 

(c) Frotn the 4.6-ditosyl~te 8 and the 6-chloro glyco,sirl~ 9 
A 40-rnin reaction performed with 8 (2.3 g, 4.58 rnrnol) and 13.5 

rnol. equiv. of LTBH gave, after standard processing, a mixture of 14 
and 15 (yield not recorded), for which the nmr spectrum indicated an 
approximate I :  l ratio. A 60-rnin reaction of 9 (1.49 g, 2.6 rnmol) 
with 10 rnol. equiv. of LTBH gave a similar, I :  l mixture (200 rng, 
47%). 

Methyl 3,5-O-bet1zylidet1e-2-deoxy-2-C-(lzy~lro.ryt~1et/1yI)-a-~-lyxo- 
pentofitranoside (1 7) ntld tnerliyl4.6-O-bet1zylidet~e-3-deoxy- 
a-1)-lyxo-he~opyrano~side (18) 

To a solution of 16 ( 1 .OO g, 1.75 rnrnol) in THF ( I0 rnL) was added 
LTBH solution ( I0 mL), followed alter 30 rnin of refluxing by another 
I0 mL of the same. After 20 h of boiling, the solution showed 3 spots, 
at R,- 0.57, 0.22, and -0. I (tlc with 1 : 4  ethyl acctate - chloroform). 
Processing was unproblernatic and was performed as in the work ( I )  
with benzylidenated glucosides. I t  included addition of methanol to 
the chilled reaction mixture followed by dilution with water, evapo- 
ration to remove most of thc THF, and extraction of the products by 
ethyl acetate. Pcroxide treatment was not required. 'The product mix- 
ture was chrornatographed on a silica gel column by use of 1 : 4  ethyl 
acetate - chloroform. 'The component emerging first (RI-0.57) proved 
to be the pyranoside 18; yield, 100 rng (21.5%); rnp 88.5-89°C; [a],, 
+56.S0 (c 0.9); 'H nrnr (200 MHz, CDC13) 6: 7.52-7.26 (rn, 5H, Ph), 
5.49 (s, Ph-CH), 4.79 (s, slightly broadened, H-I), 4.30 (dd, JS.(, = 
1.6, Jh.h, = 12.5 HZ, H-6). 4.12 (nrn, WH = 3.2 Hz, H-4). 4.075 (dd, 
J = 1.6 and 12.5 Hz, H-6'). 3.70 (d, = I 1.5 HZ, OH-2, strongly 
hydrogen-bonded with 0-4),  3.69 (nrn, J,., - 1.5 Hz, H-5), 3.58 (d 
of nm; on double irradiation at 6 2.13: dd, J2.01( = 1 1.5, JZ.J = 1.6 
Hz, H-2). 3.44 (s, 3H, OMe), and 2.13 (nrn. 2H. H-3.3'); m/z (FAB 
mode): 267 (M + I) and 235 (M - OCH,). Anal. calcd. for CI,HlxO, 
(266.3): C 63.14, H 6.8 1 ; found: C 63.00. H 6.75. 

The second product (Rr 0.22) eluted from the column was the 
furanoside 17; yield, 177 rng (38%); rnp 121 - 122"C, [a],, +51.4" (c 
0.9); 'H nmr (200 MHz, CDC13) 6: 7.49-7.34 (rn, 5H, Ph), 5.47 (s, 
Ph-CH), 5.30 (d, 51.2 = 4.8 HZ, H-I), 4.63 (dd,J2.3 5.0, J3.J  = 2.1 
HZ, H-3), 4.46 (d, Jc.5,  = 13.2 HZ, H-5), 4.16 (dd, J4.s. = 2.2, J,,,. 
= 13.2 Hz, H-5'), 4.00 (m, 3H, H-4 and H-2',2" (hydroxyrnethyl)), 
3.47 (s, 3H, OMe). and 2.46 (ddt, J1.z = 52.7 4.8, J2.z. = 4.5,Ja.?,. 
= 6.2 Hz, H-2); tn/z (FAB mode): 267 (M + 1) and 235 (M - 
OCH3). Atlal. calcd. for C14HlxOS (266.3): C 63.14. H 6.8 1; found: 
C 63.14, H 6.73. 

The third component (Rr -0,l) eluted from the column amounted 
to 90 rng (18%) and was identified as the diol 19 by spectral corn- 
parison with an authentic sample. 
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HANS H. BAER, BRUNO RADATUS, and JACQUES DEFAYE. Can. J. Chem. 63, 440 (1985). 
A practical, four-step synthesis of the title compound starting from 2-0-benzyl-4,6-0-benzylidene-a-D-altropyranosyl 

2-0-benzyl-4.6-0-benzylidene-a-D-altropyaoside is described. Trifluoromethylsulfonylation followed by azide displace- 
ment furnished the corresponding a-D-manno,a-D-mantzo 3.3'-diazido-3,3'-dideoxy derivative, and subsequent hydrolytic 
deacetalation, followed by catalytic transfer hydrogenolysis to simultaneously reduce the azido groups and cleave the benzyl 
ether groups, gave the title disaccharide in 30% overall yield. As preceding work had provided the blocked starting disaccharide 
in a sequence of four facile operations departing from commercial a,a-trehalose (overall yield, 53%). the title compound can 
now be prepared conveniently on a multigram scale. 

HANS H. BAER, BRUNO RADATUS et JACQUES DEFAYE. Can. J. Chem. 63, 440 (1985). 
Le 3-amino-3-d~soxy-a-~-mannopyranosyl-3-amino-3-d~soxy-a-D-mannopyranoside est obtenu commodCment en quatre 

ttapes partant du 2-0-benzyl-4,6-O-benzylidkne-a-~-altropyranosyl-2-0-benzyl-4,6-0-benzylidkne-a-~-altropyranoside. Une 
trifluoromtthylsulfonylation suivie de dkplacement par I'ion azide conduit au dkrivk a-D-tntinno,a-~-mtirzr~o 3.3'-diazido- 
3.3'-didtsoxy qui, par hydrolyse des groupes protecteurs acktaliques, puis hydrogenolyse catalytique simultante par transfert, 
des groupes azide et des groupes protecteurs benzyle. permet d'obtenir le disaccharide amind attendu avec un rendement global 
de 30%. L'altroside de depart Ctant lui-mkme obtenu en quatre etapes commodes et un rendement global de 53% partant de 
1'a.a-trthalose commercial, ce disaccharide amink est donc dtsormais accessible h I'tchelle prdparative. 

Introduction 
Some years ago, we undertook chemical syntheses of several 

new, nitrogenous disaccharides structurally related to the im- 
portant natural sugar a-D-glucopyranosyl a-D-glucopyranoside 
(&,a-trehalose, 1). They included 3-amino-3-deoxy-a,&-tre- 
halose ( I )  as well as 3,3'-diamino-3,3'-dideoxy-a,&-trehalose 
and its stereoisomers having the a-D-gluco,a-D-manno and 
a-D-manno,a-D-manno configurations (2). One point of inter- 
est attaching to these compounds relates to their use as substrate 
analogs for studies of the specificity and mechanism of action 
of the enzyme trehalase (3). Furthermore, the synthetic work 
was prompted by the fact that some naturally occurring amino 
disaccharides related to &,a-trehalose, which are produced as 
metabolites by certain Streptomyces species, had been found to 
show antibiotic activity (4). These were the 2-amino-2-deoxy 
(5) and 4-amino-4-deoxy (6) derivatives of 1 ,  and 2-amino-2- 
deoxy-a-~-g~ucopyranosy~ a-D-mannopyranoside (7). It has 
subsequently been determined that one of the disaccharides 
obtained by us (2), namely 3-amino-3-deoxy-a-D-manno- 
pyranosyl 3-amino-3-deoxy-a-D-mannopyranoside dihydro- 
chloride ( l l ) ,  possesses a remarkable inhibitory activity (at 10 
pg/mL in vitro) against Mycobacterium tuberculosis (human 
strain H37RV) and Mycobacterium avium, whereas the two 
stereoisomers mentioned showed no significant activity.' Un- 
fortunately, the reported synthesis (2), based on the nitro- 
methane cyclization methodology, had furnished chiefly the 
inactive isomers while 11 was formed as a minor product only, 
and was rather tedious to isolate. A more efficient procedure 

' Author to whom inquiries may be directed. 
 h he authors are indebted to Dr. H. L. David, Chef du Service de 

la Tuberculose h I'lnstitut Pasteur, Paris, for performing the assays. 
(Private communication, October 1979). 

was therefore required in order to provide 11 conveniently in 
quantities which would enable detailed, pharmacological eval- 
uation to be undertaken. 

Several possible approaches were devised. One of them in- 
volved osmium tetraoxide-catalyzed cis-oxyamination, with 
chloramine-T, of a 2,2'-bis-enoside related to a,a-trehalose. 
This approach, expected to lead to diaminated disaccharides 
having the D-mLI~l10,D-mannO configuration, did in fact afford 
11 but, once again, in low yield, with the 2,3'- and 
2,2'-diamino regioisomers constituting the major products (8). 
Although these latter disaccharides, which were previously 
unknown and have not thus far been evaluated biologically, 
command interest of their own, the problem of rendering 11 
more readily available remained unsolved until an alternative 
synthesis, to be reported here, could be achieved. 

Results 
The synthesis departs from commercially available &,a,-  

trehalose ( I ) ,  which is readily converted, in three high-yielding 
steps involving known procedures, into the bis-benzylidenated 
diepoxide 2. As already reported (9), the latter reacted with 
sodium benzoxide in benzyl alcohol by predominantly diaxial 
opening of the oxirane ring, in accord with the Fiirst-Plattner 
rule, affording the key intermediate 3, 2-0-benzyl-4,6-0-ben- 
zylidene-a-D-altropyranosyl 2-0-benzyl-4,6-0-benzylidene-a- 
D-altropyranoside. The overall yield of 3 from 1 was 53% (9). 

From 3, the crystalline ditriflate 4 was obtained in 94% 
yield. The next step consisted of nucleophilic displacement 
with azide ion, to give the manno,manno diazide 5. This cru- 
cial reaction was the only somewhat problematical point in the 
sequence of operations. The difficulty arose from a strong 
tendency for elimination to compete with substitution, resulting 
in the formation of the unwanted mono- and di-alkenes 6 and 
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7. In an analogous operation previously executed ( I ) ,  a 
trehalose-derived 3-triflate had been very easily displaced at 
ambient to slightly elevated temperature, giving an 80% yield 
of the desired product and showing no evidence for elimi- 
nation,' and that experience encouraged us in our present en- 
deavor. However, the analogous substrate in question had pos- 

 he reaction was performed with lithium azide in a mixture of 
DMF and DMSO. The corresponding 3-mesylate reacted much more 
sluggishly (12 h at 105'C in DMSO-HMPA), and did suffer partial 
elimination. 

sessed the ~ - a / l o  configuration, with an equatorial benzoate 
ester function at C-2, and it was understandable that, in 4, the 
axial benzyl ether group in that position would be apt to inter- 
fere seriously in the transition state of a parallel approach of 
nucleophile to C-3. We investigated the azide displacement in 
4 under a wide variety of conditions, and invariably obtained 
mixtures of 5, 6, and 7, generally with the desired diazide 5 
present in an unsatisfactory proportion. However, we even- 
tually succeeded in specifying conditions under which 5 was 
the main product. On a multigram scale, the reaction was best 
performed with sodium azide in a refluxing mixture of benzene 
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and water, in the presence of tetrabutylammonium hydrogen 
sulfate as a phase transfer catalyst. The slow process was essen- 
tially complete after five days, and chromatographic separation 
of the products afforded crystalline 5 in 5 1.5% yield, and the 
unsymmetrical azidoalkene 6 and the dialkene 7, both crys- 
talline, in 40 and -2% yield, respectively. 

In order to convert 5 most efficiently into the target com- 
pound, several possibilities for sequential or simultaneous 
operations to reduce the azido functions and remove the protect- 
ing groups were considered, and tested in pilot experiments. 
Catalytic hydrogenation of 5, or reduction with lithium alumi- 
num hydride, gave the blocked diamino sugar 8, but difficulties 
experienced in its complete deprotection caused us not to pur- 
sue this route any further. Instead, 5 was first debenzylidenated 
by hydrolysis with 80% acetic acid, affording the partially 
deprotected diazide 9, crystalline in 91% yield. This product 
was then subjected to catalytic transfer hydrogenolysis (10) 
with cyclohexene in the presence of palladium on charcoal, 
which effected rapid reduction of the azido groups and simulta- 
neously, although more slowly, cleavage of the benzyl ethers 
( I  I). The 3,3'diamino-3,3'-dideoxy disaccharide (10) was ob- 
tained as a crystalline monohydrate in 61% yield after puri- 
fication. The crude 10 contained a small proportion of a by- 
product which was removed by recrystallization, and was 
judged to be a mono-N-ethyl derivative of 10, on the basis of 
its 'H  nmr spectrum.' The free base 10 was converted into its 
dihydrochloride 11 that proved in every respect identical with 
previously synthesized (2, 8) material. 

In summary, the present synthesis allows the convenient 
preparation of the title compound in four steps with -30% 
overall yield from the intermediate (9) disaccharide 3, or in 
eight steps from commercial trehalose with - 16% overall 
yield. The reactions can be performed on a multigram scale and 
require only common reagents and standard operations. 

NOTE ADDED I N  PROOF. The base 10 was submitted for testing 
to Dr. H. L. David, lnstitut Pasteur, Paris, and Dr. A.  Laszlo, 
National Reference Centre of Tuberculosis, Ottawa. Neither 
laboratory was able to observe antimycobacterial activity as 
previously found' for the dihydrochloride 11 prepared by our 
first (2) method. The reason for this apparent discrepancy is 
being investigated. 

Experimental 
In,stri~mer~t,s and general rner1zod.s 

Optical rotations wcrc mcasured at -25°C with a Pcrkin-Elmcr 
24 1 polarimeter. The 'H nmr data rcfcr to 300-MHz spectra rccorded 
on a Varian XL-300 instrument, unlcss othcrwisc indicatcd. Mclting 
points were dctermincd with a Gallcnkamp apparatus, and arc un- 
corrected. Column chromatography was performed on Silica Gel 60, 
230-400 mesh (E. Mcrck AG, Wcst Germany), and thc mcdium- 
pressure technique was usually cmploycd for scparations on a multi- 
gram scale. For tlc, prccoatcd silica gcl plates wcrc used, and com- 
poncnts werc made visible by spraylng thc plates with 5% sulfuric acid 
in ethanol, and hcating them briefly on a hot plate. Frequently used 
solvent combinations were ethyl acctate and hcxane in thc proportions 
(v/v) 1 :9 (solvent A), 1 : 4  (solvent B), and I : I (solvcnt C). 

" I t  may be assumcd that cthanol, which was cmployed as a co- 
solvent, acted to somc cxtent as a hydrogen donor ( lo)  in thc systcm, 
producing acetaldehydc that, with 10, formcd an iminc whose hydro- 
genation gave thc by-product. To optim~zc thc transfcr hydrogenation, 
i t  may be worthwhile to try modified conditions such as, for cxamplc, 
the use of 1.4-cyclohcxadiene. which has been rccommcndcd (12) for 
the efficient debenzylation of protected peptidcs. 

methyl,sulforz~l-a-D-r~Itrop~~rri~~o.sirle (4)  
Trifluoromethanesulfonic anhydride (7.3 mL. 43 mmol) in dry di- 

chloromethane (200 mL) was addcd dropwisc ovcr a period of 30 min 
to a chilled (- 17°C) solution of the diol (9) 3 (7.0 g, 10 mmol) in dry 
dichloromethane (70 mL) and pyridine (6 mL). After thc cnd of thc 
addition, spots of about equal strength wcrc sccn for starting 4 and 
what appcarcd to be its monotriflatcd derivative (tlc with chloroform). 
Thc triflation was thcn allowcd to continuc at room tcmpcrature and 
was complcte after 2.5 h. The mixturc was shakcn with added watcr 
and, aftcr phasc scparation, thc organic laycr was washcd twicc with 
sodium hydrogcn carbonatc solution and oncc with water. Thc com- 
bined aqucous phase and washings werc cxtractcd twicc with dich- 
loromcthanc. Thc combined organic phases wcrc dricd (NaZS04), and 
cvaporatcd (bath tcmpcrature, 35"C), and remnant pyridinc was re- 
moved by two coevaporations with tolucnc. Thc residuc was cvcn- 
tually obtaincd as a syrupy foam. Trituration of thc matcrial with 
cthanol (20 mL) gavc a first crop (8.157 g) of slightly ycllowish 
crystals. which wcre collcctcd and washcd with cold ethanol; mp 
97-98.5"C. with decomposition starting at 91°C. Thc cthanolic moth- 
er liquor was dilutcd with scvcral volumes of bcnzcnc, washcd with 
aqueous NaHCO, solution, dricd (NaZS04), and cvaporatcd, to givc a 
thin syrup from which a sccond crop of 4 (0.644 g) was obtaincd by 
crystallization from cthanol. Thc combincd crops wcrc rccrystallized 
by dissolution in bcnzenc, cvaporation of thc solvcnt. and trituration 
of the residue with ethanol (20 mL). to givc 8.61 g of purc 4. Thc 
mothcr liquor of rccrystallization was combincd with the original 
mother liquor, and thc solutc was chromatopraphcd on a short column 
of silica gel, with solvent A followed by solvcnt B as chants, yiclding 
another crop of crystalline 4 (0.246 g). The mothcr liquor thcrcfrom 
was cvaporatcd, and thc rcsiduc was trcatcd with triflic anhydride as 
describcd beforc (with appropriatc proportions of rcagcnts). Similar 
processing gave a final crop of 4 (0.239 g), for a total of 9.092 g 
(94.4%) of chromatographically homogcncous product. 

An analytical samplc was rccrystallized twice morc as dcscribcd; 
mp 98- 102"C, [a],, +80.0° (c  0.5, chloroform): 6 (CDC13): 7.44 (m, 
Ph), 5.64 (s, Ph-CH), 5.12 (narrow t, H-31, 4.66 (s, H- I), 4.82 and 
4.57 (AB-q, J ,,,,, = 12.0 Hz, PI!-CH,), 4.13 (dd, J5.(,c = 5.0, J( ,.,. (,L. = 
10.0 HZ. H-6~) .  4.08 (dd, J J a  = 2.7, J4 .5  = 9.7 HZ, H-4), 3.91 (d, 
J2.., = 3.0 HZ, H-2). 3.72 ( t ,  J5.(,;, = J( ,;,. (,c = 10.0 HZ, H-6a). 3.58 (dt, 
J4.5 = 9.7. J5.hi, = 10.0, Js.(,, = 5.0 HZ, H-5). Annl. calcd. for 
C4ZH4oF(,OjSSZ (962.8): C 52.39. H 4.19. S 6.66; found: C 52.58, H 
4.25, S 6.81. 

3-Azido-2-O-Der~z~~l-J,6-O-henzylide11e-3-rl~o,vy-a-~-rna1~nop~~rc111o.syI 
3-azido-2-O-bar1zyl-4,6-O-her1zylirle11e-3-deoxy-a-~-1na1~1zo- 
pyrnnosirle (5). 3-azirlo-2-O-he11zy/4,6-O-he11zyli~le1ze-3-rleox~~- 
a-1)-rnnnr~opyrarzo.syl 2-O-her1zyl4,6-O-be11~~~Iirlene-3-deox~~- 
a-~-thrco-hex-3-e11opyra11o.side (6), nnd 2-0-henzyl-4,6-0- 
h e r 1 ~ y l i d e n e - 3 - d e o x ~ ~ - a - ~ - t h r e o - ~ l  2-0-henzyl- 
4,6-O-benzylicler~e-3-deorsy-a-~-thrco-hev-3-eropyrno.sirle (7) 

A solution of 4 (8.158 g) in bcnzene (1.6 L) and a solution of 
sodium azidc (10.0 g) and tctrabutylammonium hydrogcn sulfatc (3.0 
g) in water (200 mL) were mixcd with efficient stirring and hcated 
under rcflux for 2 days. (Smallcr volumcs of solvcnt tended to lead to 
decreased yiclds of 5 . )  Additional sodium azidc (10.0 g) and tet- 
rabutylammonium salt (3.0 g), suspended in 25 mL of water, wcrc 
introduccd and refluxing continued for 3 morc days. Progrcss of the 
reaction was monitorcd by two-dimensional tlc using solvcnt B in thc 
first dircction, and double irrigation with chloroform in the second. 
For processing, solvent was distillcd from thc reaction mixturc until 
1250 mL of distillate (-1075 mL of benzene and 175 mL of watcr) 
had bccn collected. Thc remaining mixturc was coolcd, the phases 
wcre separatcd, and the bcnzcnc phase was washed 4 times with 
water. The aqucous phasc and washings wcrc back-extracted with 
benzene. The combincd benzenc solutions wcrc again washed rcpeat- 
edly with watcr (as nmr spectroscopy had rcvcalcd the presence of 
remnant tetrabutylammonium salt), thcn dricd with Na2S04, and 
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detectable. To promote the reaction, the following was added to the 
boiling mixture: cyclohexenc (10 mL, after 45 mrn). water (2 mL. 
after I h), and Pd catalyst (0.5 g. after 2 h). About 140 min aftcr the 
start of the reaction only a trace of 9 had remained, and after 3 h there 
were intense spots for 10 (R, 0. I )  and a by-product (R, 0.2), accom- 
panied only by weak spots of more-mobile intermediates. Refluxing 
was stopped, the mixture was filtered, and the catalyst was washed 
with hot 95% ethanol followed by hot 90% ethanol (100 mL each). 
Evaporat~on of the filtrate and washings gave - 1.6 g of a material, 
which was dissolved In a methanol-water mixture. The solution was 
evaporated to a thin syrup to which some fresh methanol was added, 
and scratching with a glass rod then initiated crystallization of 10 
(1.045 g) contaminated by a trace of the compound having R, 0.2. 
Twice recrystallized from methanol. the substance (988 mg, 61.3%) 
was chromatographically homogeneous (R, 0. I I ) ,  but faintly yellow- 
ish. The coloration was removed by vacuum filtration of the com- 
pound, in concentrated aqueous solution (3 mL of water). through a 
plug of activated carbon and Celitc. The recovcrcd, colorless com- 
pound (874 mg, plus 95 mg from the mother liquor; see below) had 
mp 177- 180°C; [a],, + 105.7" (c 0.7, water); 6 (D20. acetone lock 
signal): 4.95 (d, J1.? = 2.0 HZ. H- I ) .  3.74 (narrow m, H-2)- 3.72 (dd, 
J5.6 = 2.0, J,.,, = 12.0 HZ, H-6), 3.56(dd,J,.(,. = 7.0, J(,.,. = 12 HZ, 
H-69, 3.47 (m, J = 2.0, 7.0, and 10.0 Hz, H-5), 3.29 (t, J,., = J4., 
= 10 HZ, H-4). 3.15 (dd, J 2 . 1  = 3.0, J1., = 10.0 HZ. H-3). All 
assignments were confirmed by spin decoupling; "C nmr data, 6 
(H1O, with acetone lock signal 29.8 ppm from TMS): 94.5 (C-I), 
73.2, 69.5, and 67.3 (C-2, -4, and -5). 60.6 (C-6), and 5 1.5 (C-3). 
Atznl. calcd. for CIZH24N20~j .HZ0 (358.3): C 40.22, H 7.3 1 .  N 7.82; 
found: C 40.20, H 7.18, N 7.66. 

A sample of 10 was converted into its dihydrochloride 11 by precip- 
itation from methanolic solution with ether containing anhydrous hy- 
drogen chloride (2); mp 199.5"C (dec.). [a],, + 84.2". in excellent 
agreement with the reported (2, 8) values. The '.'C chemical shift data, 
differing slightly from those of the free base, above. completely 
matched those reported (8) for 11. 

The N-ethyl derivative ns by-product 
The mother liquors from the isolation and purification of 10 were 

combined and evaporated. The residue was chromatographed on a 
column of powdered cellulose by means of 85: 13.2 ethanol-water - 
ammonium hydroxide (concentrated, aqueous) as the eluant. 'The frac- 
tions containing the faster-moving (Rl -0.25) by-product were in- 
homogeneous, whereas from subsequent fractions some additional 10 
was obtained in crystalline form (95 mg). The inhomogeneous frac- 
tions were passed through the same column again. with a 90:8:2 
mixture of the previous solvents, and 45 mg of the compound showing 

Rr 0.25 could thereby be isolated pure. The 'H nmr spectrum (DZO, 
acetone lock signal) indicated unequal substitution of the disaccharide 
due to the presence of one N-ethyl group; 6: 5.05 and 5.02 (two d, J 
= 2 Hz, H- I and H- 1 ' ) .  4.12 and 3.98 (two narrow dd, H-2 and H-2'), 
3.8-3.5 (unresolved m, 8H, H-4,4', 5.5'. 6a,6af. 6b,6bf), 3.38 and 
3.32 (two dd, J2.3 and J2,..,' = 3.5 Hz, J1., and J1c.4c = 10.5 Hz, H-3 
and H-3'), 3.04 (complex symm. multiplet, 2H, CH2 of Et), and 1.14 
(t. 3H, CH., of Et). The assignments were verified by spin decoupling. 
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Kinetics and mechanism of oxidation of N,N1-dimethyl-9,9'-biacridanyl by some 
.rr acceptors and a one-electron oxidant 
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ALLAN K.  COLTER, CHARLES C.  LAI, A. GREGG PARSONS. N. BRUCE RAMSAY, and GUNZI SAITO. Can. J.  Chcm. 63, 445 
(1985). 

Oxidation of N,N1-dimethyl-9,9'-biacridanyl (DD) has been investigated as a modcl for single electron transfer 
(SET)-initiated oxidation of NADH coenzyme models such as N-methylacridan (DH). Oxidants investigated cover a 10"'-fold 
range of reactivity in acetonitrile and include the n acceptors 1.4-benzoquinone (BQ), 2.6-dichloro-l,4-benzoquinone 
(DCIBQ), p-chloranil (CA), 2.3-dicyanobenzoquinone (DCBQ), 2,3-dicyano- I .4-naphthoquinone (DCNQ), 2,3-dicyano-5- 
nitro-1,4-naphthoquinone (DCNNQ), 9-dicyanomethylene-2,4,7-trinitrofluorene (DCMTNF), 9-dicyanomethylene-2,4,5,7- 
tetranitrofluorene (DCMTENF), 7,7,8,8-tetracyanoquinygimethane (TCNQ), and tetracyanoethylcne (TCNE), and the one- 
electron oxidant rris(2,2'-bipyridyl)cobalt(lll), Co(bipy); . The oxidation product is, in every case, N-methylacridinium ion 
(D'). A mechanism involving a rate-determining electron transfer with simultaneous fragmentation to D+ and N-methyl-9- 
acridanyl radical (D.) is proposed. This mechanism is supported by the observed dependence of the rate on oxidant reduction 
potential, by spin-trapping experiments, by kinetic isotope effects in oxidation of 9,9'-dideuterio-DD. and by substituent effects 
in oxidation of 2.2'- and 3.3'-dimethoxy-DD. The rate of oxidation of DD relative to that of DH is 3.4 x 10' with co(bipy);+, 
and with the n acceptors varies from ca. 0 .3  (BQ) to 8.1 X 10' (DCMTENF). The results rule out a SET-initiated mechanism 
for oxidation of DH by all of the oxidants studied except TCNQ and DCMTENF. 

ALLAN K.  COLTER, CHARLES C.  LAI, A. GREGG PARSONS, N. BRUCE RAMSAY et GUNZI SAITO. Can. J.  Chem. 63, 445 
(1985). 

On a CtudiC l'oxydation du N,N1-dimCthylbiacridanyl-9,9' (DD), un mod& pour I'oxydation, initike par le transfert d'un 
seul Clectron (TSE), de modeles de la coenzyme NADH, comme le N-methylacridan (DH). Avec les oxydants 6tudiCs dans 
I'acCtonitrile, on couvre dix ordres de grandeur de reactivitk et les oxydants comprennent des accepteurs n comme la 
benzoquinone-1.4 (BQ), la dichloro-2,6 benzoquinone- 1.4 (DCI BQ). le p-chloranil (CA), la dicyano-2,3 benzoquinone 
(DCBQ), la dicyano-2.3 naphtoquinone-1,4 (DCNQ), la dicyano-2.3 nitro-5 naphtoquinone (DCNNQ), le dicyanomCthylene-9 
trinitro-2,4,7 f luorhe  (DCMTNF), le dicyanomCthylkne-9 tktranitro-2,4,5,7 fluorenc (DCMTENF), le tttracyano-7,7,8,8 
quinodimfithane (TCNQ) et le tCtracyanoCthylkne (TCNE) ainsi que I'oxydant 5 un Clectron, tris(bipyridy1-2,2')cobalt(lll), 
Co(bipy), . Dans tous les cas, le produit de I'oxydation est I'ion N-mtthylacridinium (D+) .  On propose un mecanisme 
impliquant, dans I'Ctape qui dCtermine la vitesse de la reaction, un transfert d'un Clectron avec une fragmentation simultante 
conduisant a D+ et au radical N-mCthylacridanyl-9 (D.). Ce mCcanisme est en accord avec le fait que la vitcsse dc la rCaction 
dCpend du potentiel de rkduction de I'oxydant, avec dcs expkriences de trappage de spin. avec les effets isotopiques cinCtiques 
du dideutiro-9,9' DD et avec les effets des substituants sur I'oxydation des dimCthoxy-2.2' (ct 3,3') DD. Les vitesses 
d'oxydation du produit DD par rapport a celles du produit DH sont Cgales ii 3.4 X 10' avec le co(bipy);+ et, avec les accepteurs 
n, elles varient d'environ 0 ,  I (BQ) 5 8 , l  X 10' (DCMTENF). On discute dcs implications dc ces rksultats en relation avec 
les micanismes d'oxydation du composC DH. 

[Traduit par le journa(] 

Introduction CHq 
The mechanisms of hvdride transfer reactions of nico- 

tinamide coenzyme models continue to attract considerable 
attention ( 1 ,  2 and references cited). Much of this interest has 
focused on the experimental distinction between a one-step 
hydride transfer mechanism and stepwise mechanisms in- 
volving an initial single electron transfer (SET). This dis- 
tinction has proven to be very elusive for oxidants, such as 
quinones and carbonyl compounds, that are capable of reacting 
either as hydride or one-electron acceptors. One of the diffi- 
culties lies in the fact that the responses of the rate to changes 
in structure or solvent predicted by the stepwise and one-step 
mechanisms are very similar. For this reason, it would be 
instructive to examine model oxidation reactions that could be 
guaranteed to occur via an initial SET. 

In principle, two approaches to the investigation of oxidation 
of NADH models by SET-initiated pathways are possible. The 
first is to investigate oxidants capable of reaction as one- 
electron acceptors only (3-5). A second approach is to design 
NADH models in which oxidation by hydride transfer either 
cannot occur or is strongly inhibited. We were encouraged to 
examine the oxidation of N,N1-dimethyl-9,9'-biacridanyl (DD) 

as a model for SET-initiated oxidation of N-methylacridan 
(DH) to N-methylacridinium ion ( D ' )  (5, 6) for the following 
reasons. DD is reported to be oxidized by iodine to D i  (7), a 
reaction corresponding to removal of 2 electrons (and no pro- 
tons) from DD, with fragmentation. In contrast, removal of 
hydride from DD would lead to the known (8) conjugate acid 
of N,N1-dimethyl-9,9'-biacridylidene which, after the loss of a 
proton, would be further oxidized to N,N1-dimethyl-9,9'- 
biacridinium ion (luzigenin) (9). The dimeric dihydronicotin- 
amides analogous to DD are similarly oxidized by methyl- 
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TABLE I .  Charge-transfer absorption maxima for coniplcxcs of T acccptors 
with DD. DH, and pyrcnc" 

Acccptor DD DH Pyrcnc 

"Benzene solution. 
"2.2'-Dimethoxy-DD. 
' 3.3'-Dimethoxy-DD. 

viologen and 2,6-dichloroindophenol (10) as well as electro- 
chemically ( 1 1, 12) to the corresponding monomeric nico- 
tinamide salts. The electrochemical oxidations of the dimeric 
dihydronicotinamides occur at lower positive potentials than 
the oxidations of the corresponding monomeric dihydro- 
nicotinamides ( I  I ,  12). 

Results 
The biacridanyls investigated included DD as well as 2,2'- 

and 3,3'-dimethoxy-N,N1-dimethyl-9,9'-biacridy (2,2'-di- 
methoxy-DD and 3,3'-dimethoxy-DD), the last two as diaster- 
eomeric mixtures. DD and 2,2'-dimethoxy-DD were obtained 
by reduction of the corresponding N-methylacridinium salts 
(Dt and 2-methoxy-D', respectively) by phenylhydrazine 
( 13), Raney Nickel ( 14), or various Grignard reagents ( 15), 
while 3,3'-dimethoxy-DD was obtained by the last two meth- 
ods only. The oxidants investigated kinetically included four 
benzoquinones (4-7), two naphthoquinones (8-9), four di- 
cyanomethylene .rr acceptors (10-13), and the one-electron 
oxidant tris(2,2'-bipyridyl)Co(lll) (co(bipy)il). 

4,BQ 5, DClBQ 6, CA 7, DCBQ 

8, X = H, DCNQ NC' 'CN 
9, X = NO2, DCNNQ 10, TCNQ 

12, X = H, DCMTNF 
13, X = NO2, DCMTENF 

The oxidation product in reaction of DD with oxidants 4-13, 
2,3-dicyano-5,6-dichloro-l,4-benzoquinone (DDQ), and tri- 

phenylmethyl fluoborate, all in acetonitrile (AN), was identi- 
fied by uv-visible spectral examination of reaction solutions or 
of product isolated as the perchlorate salt. In every case the 
only detectable oxidation product was N-methylacridinium cat- 
ion (D'). The uv-visible spectrum of D t  (A,,,,, = 356 nm in 
AN) is easily distinguishable from that of N,N1-dimethyl-9,9'- 
biacridinium ion (A,,,,, = 367 nm in AN),  the oxidation product 
expected from initial hydride transfer (above), even though 
they are very similar. Quantitative formation of 2Di from each 
DD was confirmed by absorbance measurements on reaction 
mixtures with the oxidants BQ, CA, TCNE, and co(bipy);' at 
356 nm, and with DClBQ at 420 nm. With DCNQ, DCNNQ, 
TCNQ, DCMTNF, and DCMTENF the spectrum of D '  is 
masked by that of the radical anion reduction product. In ox- 
idations with these five oxidants, plus CA, DCBQ, TCNE, and 
DDQ, the oxidation product was isolated as D 'C104- in yields 
greater than 90%. With DCNQ, DCNNQ, TCNQ, DCMTNF, 
and DCMTENF, formation of 2 mol of acceptor radical anion 
(i.e., DCNQ', etc.) was confirmed by absorbance mea- 
surements on reaction solutions. Finally, the stoichiometry of 
oxidation of DD with CA was investigated by measuring the 
absorbance due to D '  (356 nm) in a series of experiments 
involving reaction of CA with excess DD. All of the product 
and stoichiometry studies are consistent with the stoichiometry 
represented by reaction [ l ] .  

[ I ]  DD + 2A + 2Dt + ?AT 

The complete oxidation of DD by BQ in AN requires a proton 
source such as acetic acid, presumably because of the in- 
stability of BQ'. For example, in one experiment in pure AN, 
oxidation of DD (3.4 X lo-%) by BQ (6.6 x lo-' M) oc- 
curred to the extent of roughly 20%. 

In earlier work (6) transient charge-transfer (CT) absorptions 
were observed in solutions containing DH and any of several .rr 
acceptors. In order to compare the .rr donor properties of DD 
and DH, the positions of their CT maxima with several .rr 
acceptors were measured (Table I). These measurements in 
general require much higher concentrations of both DD and .rr 
acceptor than those used in the kinetic studies (below) and are 
limited to less reactive .rr acceptors because of interference 
from formation and precipitation of product. To conform that 
the measured maxima are due to CT absorption pyrene was also 
included in the comparison. A plot of V,,,,,(DD) vs. V,,,,,(pyrene) 
is reasonably linear ( r  = 0.979) with a slope close to unity 
(1 .O1 + 0.09) as required (16). A similar plot for DH vs. 
pyrene including data for two additional acceptors reported 
earlier (6) has a slope of 0.94 1+_ 0.07, r = 0.982. 
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TABLE 2. Rates of oxidation of D D  

Oxidant EO,  V" [Oxidant], M k ( , + - I  S - l ) u  

BQ" 
DC l BQ" 
DCMTNF 
C A 
DCNQ 
TCNQ 
TCNE 
DCMTENF 
DCBQ 
DCNNQ 
co(bipy);+ 
D+1- 

" A N  solvent, 25'C. [DD] = 1 . 1 1  -5.92 X I 0  M except with D ' I ,  where 
[DD] = 7.52 X 10-'M and 9.27 x M. 

"Standard one-electron reduction potential in AN vs. SCE. 
'Number  of measurements averaged: 2 with Dil- ,  3 with BQ, and 6-15 

with the other oxidants. Estimated uncertainties f 20% for BQ, t 10% for 
D+l- and DCIBQ, and 24% for the other oxidants. 

"0.01 M acetic acid added. 
"Reference 21, 0.1 M tetraethylammonium perchlorate. 
'Reference 22, 0.1 M Li'CI0,-. 
'Reference 23, 0. I M tetrapropylammonium perchlorate. 
"Reference 24, 0. I M tetraethylammonium perchlorate. 
'Reference 25, 0. I M Li+CIO;. 
'Reference 26, 5 X lo-' M tetraethylammonium perchlorate. 

The most important observation is that the CT maximum for 
DD consistently appears at lower energy than that for DH with 
the same acceptor, indicating that DD should undergo one- 
electron oxidation more easily than DH (16, 17). This differ- 
ence, for two compounds having identical .rr electron systems, 
is consistent with the predictions of current theory on orbital 
interactions through u bonds (18). The interaction of .rr orbitals 
througb three u bonds is possibly enhanced by the elongated 
(1.58 A) (19) Cg-Cg. bond (20). Secondly, the results of the 
comparison of DD, 2,2'- and 3,3'-dimethoxy-DD with 1,3,5- 
trinitrobenzene (Table 1) parallel those obtained with the corre- 
sponding N-methylacridans (5) and indicate that the HOMO 
energies lie in the order 2,2'-dimethoxy-DD > 3,3'-dimeth- 
oxy-DD > DD. 

The results of a kinetic investigation of oxidation of DD with 
oxidants 4- 13 are summarized in Table 2. Rate measurements 
were carried out under pseudo first-order conditions using a 
30-fold or greater molar excess of oxidant over DD for all 
oxidants. Pseudo first-order rate constants so obtained are pro- 
portional to acceptor concentration within experimental error. 
Complex formation between DD and n acceptor oxidants 
could, in principle, cause some error in calculated second-order 
rate constants if the association constants are large enough (6). 
However, judging from the intensities of the CT absorptions in 
benzene solution, the equilibrium constants for complexation 
of DD and DH with the same acceptor are of similar mag- 
nitude, and hence too small to produce significant errors at the 
concentrations of the rate measurements (6). With CA, TCNQ, 
and TCNE lower ratios of oxidant to DD were investigated as 
well, and the rate constant obtained by a second-order analysis. 

N-Methylacridinium ion (D ') was also examined as an ox- 
idant by measuring the rate of reaction of D ' with DD (reaction 
[2]) using DD labelled with ITCH3. 

In order to assist in the characterization of the oxidation 

TABLE 3. Kinetic isotope effects and substituent effects in oxidation 
of N,N'-dimethyl-9,9'-biacridanyls" 

Biacridanyl Oxidant k ( M - '  s ' )  Relative rate" 

DD C A 4.77 ( 1  
9.9'-Dideuterio-DD C A 4.25 0.89 ? 0.03' 
2,2'-Dimethoxy-DD CA 5.79 X 1 0 9 . 2  x 10' 
3,3'-Dimethoxy-DD CA 1.05 X 10' 2.2 X 10 

DD co(bipy);+ 8.50 X 10 ( 1  

2.2'-Dimethoxy-DD co(bipy);+ 6.69 X 1 0 v . 9  X 10 
3.3'-Dimethoxy-DD co(bipy);+ 5.57 X 10' 6.8 

" Acetonitrile solvent, 25°C. 
"Relative to rate constant for reaction of DD with the same oxidant. 

Based on four independent determinations of k,,,, + kl,,,.,,,,..,12. 

transition state, rates of oxidation of 9,9'-dideuterio-DD with 
CA, and of DD, 2,2'- and 3,3'-dimethoxy-DD with CA and 
co(bipy);' were measured. These results are summarized in 
Table 3. The dimethoxybiacridanyls were obtained as a mix- 
ture of the meso and dl diastereomers. First-order plots were 
strictly linear through 90% reaction indicating that the two 
diastereomers do not differ significantly in oxidation rate for 
the two oxidants investigated. 

To test for the occurrence of Cg-C,). bond fission in DD 
(reaction [3]) under the conditions of the kinetic measurements, 

[3] DD 2 ~ '  

spin-trapping experiments (27) were carried out using the spin 
trap 2-nitroso-2-methylpropane (NtB). A solution of DD (5.2 
x 10-"01) and NtB (2.0 x 10-"01) in acetonitrile was 
mixed with a solution of DCBQ (2.6 x mol) in ace- 
tonitrile under nitrogen, and the solid D' DCBQT product 
removed by filtration through a cotton plug. The esr spectrum 
of the filtrate showed a clean persistent triplet of doublets 
characteristic of r-butyl 9-acridanyl nitroxide, the spin adduct 
of D' (14) and NtB (28). In contrast, solutions containing 

DD and NtB alone in acetonitrile (in the dark) showed no 
detectable esr signal. 

Because one of the objectives of this work was to compare 
reactivity patterns in oxidations of DH and DD, we have ex- 
tended earlier (5, 6) kinetic measurements of oxidation of DH 
to the acceptors DCNQ, DCNNQ, DCMTNF, and 
DCMTENF. The stoichiometry of oxidation of DH by the four 
new acceptors is identical to that previously determined for 7 ,  
10, and 11 (6). These rates were measured under pseudo first- 
order conditions following the progress of the reaction as with 
the corresponding oxidation of DD. These rates, along with 
earlier rates of oxidation of DH by the oxidants investigated in 
this study, and the relative reactivites of DD and DH toward 
each oxidant. are listed in Table 4. 

Discussion 
Mecha~zism of oxidation of DD 

The possibility of mechanisms in which C,-C,, bond fis- 
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TABLE 4. Relative rates of oxidation of DD and DH" 

oxidant" k (M- I  s-')' k k 1  Reference 

co(bipy).;+ 2.47 x 10- 3.4 x 10' 5 

Betlzoq~ritzotzes 

BQ 5.67 X lo-" 0. I 5 
C A 1.18 X 10 0.40 5 
DCBQ 1 . 1 5 ~ 1 0 '  1 . 0 ~ 1 0  5 

Naphthoqctit1otle.s 
DCNQ 3.09 x 10' 6.6 This work 
DCNNQ 1.23x104 1.3X10'  Thiswork 

Dicytrt1otnethy1e11e.s 
DCMTNF 4.50 X l o - '  7.7 X 10 This work 
DCMTENF 1.86 X 10.' 8.1 X IOJ This work 
TCNQ 2.35 x l o - '  1.7 X 10' 5 
TCNE 1.09 X 10' 5.7 X I 0  5 

"Acetonitrile solvent, 25°C. 
"Concentrations: [DCNQ] = 1.03 X lo-' M,  [DCNNQ] = 

(1.46-7.21) x lo - '  M. [DCMTNF] = (2.76-4.91) x I0 '; 
[DCMTENF] = (4.37-6.04) X 10- 'M.  

Estimated errors + 10% with DCNQ and DCNNQ; *5% with 
DCMTNF and DCMTENF. 

sion occurs prior to oxidation must be considered. A mech- 
anism analogous to [4] with ~?[D',[A] + k-I [D']' is observed 
in oxidations of 3,5,5-trimethyl-2-morpholinon-3-yl radical 
dimer (15) investigated by Koch and co-workers (29). Such a 

mechanism is excluded for the oxidations of DD in this work 
by the strong dependence of the rate on acceptor structure and 
by the first-order dependence of the rate on oxidant concen- 
tration over the full range of oxidant reactivity. Mechanism [4] 
with k- , [~ ' ] '  + k7[D'][AT] is likewise excluded because i t  
would lead to a 0.5-order dependence on DD concentration. All 
mechanisms involving formation of free D' prior to oxidation 
are also inconsistent with the observation that D' can be trapped 
in oxidation of DD with DCBQ but not in the absence of 
oxidant. 

Reversible formation of N-methylacridanyl n-mer (30), 
(D'),, which reforms DD more rapidly than it is oxidized is 
consistent with the rate law. However, for the Di- + DD ex- 
change reaction, the electron-transfer step in such a mechanism 
(*Dt + D'D'+ *D'D' + Di.) would have AGO = 0 and should 
therefore have a very small activation barrier. The electron 
transfer from (D')2 would then be exoergic for all of the other 
oxidants except BQ. It is then impossible to account for the 
13.6 kcal mol-' decrease in AGf (corresponding to a 2.1 x 
10'-fold increase in rate) observed between DClBQ and 
DCNNQ. 

A plot of log k vs. oxidant reduction potential, which is 
essentially a plot of AGP for oxidation vs. AGU for electron 

4.0 

log k 

2.0 

DCNNQ 

7' 

TCNQ 
D CNQ 

SLOPE = 0.83i0.10 

FIG. 1. Plot of log k for oxidation of DD vs. oxidant reduction 
potential. 

transfer from the species oxidized to the oxidant, is shown in 
Fig. 1. To compare co(bipy):+ with the electrically-neutral 
oxidants it is necessary to correct either AGU or EU for differ- 
ences in  coulombic stabilization of the product, i.e., DDkA7 or 
DDt co(bipy)ft (31). For DDtA7 we estimate this sta- 
bilization to be about 0.06 eV ( 1 ,  32). Taking the stabilization 
in DDk co(bipy)ft to be about -2 X 0.06 eV we have sub- 
tracted 0.18 V from the reduction potential of co(bipy):+ in 
plotting Fig. 1. 

Allowing for the considerable variation in  oxidant structure 
as well as some spread in reported EU values for certain accep- 
tors i t  is clear that a reasonable linear relationship exists be- 
tween log k and E'. The slope is strongly influenced by the BQ 
point, for which the rate constant has a substantial uncertainty. 
Expressed as a plot of AGf vs. AG" (i.e., observed slope x 
RTIF) the slope is 0.75 sd 0.07 (r  = 0.960) (all points, 3.2 X 

10"'-fold range of reactivity) or 0.83 sd 0. I0 ( r  = 0.936) (BQ 
excluded, 2.1 x 10'-fold range of reactivity). Omission of the 
co(bipy):+ point does not affect the slope significantly. Some 
regularities in the deviations from the best fit straight line in 
Fig. 1 are evident. The naphthoquinones are 1 to 2 powers of 
10 more reactive than benzoquinones of similar reduction po- 
tential. Similarly, the 9-dicyanomethylenefluorenes are I to 2 
powers of 10 more reactive than expected. These deviations are 
in the direction expected if the transition state resembles a n-n 
complex since complex stabilities typically increase with in- 
creasing area of donor-acceptor contact (33). For the three 
benzoquinones DCIBQ, CA, and DCBQ, the slope (as defined 
above) is 0.87 sd 0.00 ( r  = 1.00). 

A mechanism involving an initial reversible and strongly- 
endothermic electron transfer followed by a slow step in which 
the C-C bond is broken at a rate independent of the oxidant 
should lead to a plot of A c t  vs. AGO that is linear, with a slope 
of 1 .O (31, 34) and with very little scatter. The slope of ca. 
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ET AL. 449 

0.80, together with the kind of regular scatter observed is best 
accommodated by a mechanism such as [5] in which electron- 
transfer within a reversibly-formed charge-transfer complex, 
DDA, occurs with simultaneous C-C bond fission. 

K 
DD + A e DDA 

slow 
[5] DDA - D+ + D' + A' 

fast - D+ + A' 

In principle the extent of C-C bond fission in the transition 
state should be reflected in the secondary deuterium kinetic 
isotope effect (Table 3). However, in the absence of a reliable 
estimate of the isotope effect for complete bond fission, the 
observed value (kll/ko = I. 12 or 1.06 per deuterium) provides 
little quantitative information. By comparison, secondary 
9-deuterium kinetic isotope effects in oxidation of DH are in 
the neighborhood of I. l + 0.05 (6) and &-deuterium isotope 
effects in E2 reactions range from 1.0 to 1.15 (50°C) (35). The 
results in oxidation of DD by CA therefore suggest a transition 
state in which the C-C bond is less than half broken. 

A second measure of the extent of C-C bond fission in the 
transition state is provided by the substituent effects. In ox- 
idation of 2- and 3-methoxy-N-methylacridans (2- and 
3-methoxy-DH) with BQ, CA, and DCBQ, 2-methoxy-DH is 
113.9, 115.4, and 119.2 times as reactive, respectively, as 
3-methoxy-DH (5). The greater rate of oxidation of 
3-methoxy-DH with quinones reflects the greater stability (rel- 
ative to the corresponding acr i f~n)  of 3-methoxy-Dt . In con- 
trast, in oxidation by Co(bipy); , a reaction believed to occur 
by rate-determining SET, 2-methoxy-DH is 56 times as reac- 
tive as 3-methoxy-DH, reflecting the greater relative stability 
of 2-methoxy-DHi . In the present work 2,2'-dimethoxy-DD is 
more reactive than 3,3'-dimethoxy-DD by factors of 5.5 (CA) 
and 12 (co(bipy): '). Consequently, assuming that the substitu- 
ent effects on the stability of D' (relative to DD) are negligible, 
these results indicate that the transition state resembles DDb 
more closely than D '  + D'. 

Implicatiotzs cotzcertzitzg the mechanisms of oxidation of DH 
with IT acceptors 

In earlier papers (1, 6) we have considered the possibility 
that oxidation of N-methylacridan (DH) and related compounds 
occurs via a mechanism in which a reversible SET is followed 
by a slow proton transfer [6]. The agreement between deu- 
terium isotope effects determined kinetically and by isotope 
partitioning ratios 

kz 
[6] DHt A' - D'AH' 

slow 
fast 

D'AH' - D+ + AH 

for IT acceptors covering a 10'-fold range of reactivity (BQ to 
DCBQ) (6) requires that for any such mechanism k-l be much 
larger than kz. We have presented arguments based on the 
estimated standard free energy of formation of DH ! A: to rule 
out this species as an intermediate in oxidation of DH by BQ 
or CA (I). However, it was not possible using these arguments 
to exclude DH? AT as an intermediate in oxidation of DH by 
TCNE, TCNQ, or DCBQ. Indeed, we have shown that the 

N-methyl-9-acridanyl radical, D', can be trapped in oxidation 
of DH with DCBQ (28). 

The results of our studies of the oxidation of DH with 
co(bipy);' are consistent with a mechanism involving an initial 
irreversible SET with concurrent or rapid subsequent loss of H' 
(5). If, in the corresponding oxidation of DD, each electron 
transfer leads to bond fission, the observed rates of oxidation 
of DD and DH by co(bipy):' provide a measure of the relative 
rates of SET from DD and DH (Table 4). The greater ease of 
one-electron oxidation of DD is consistent with the charge- 
transfer maxima (Table I), and parallels the greater ease of 
oxidation of the dimeric reduced nicotinamides than the corre- 
sponding dihydronicotinamides by one-electron oxidants (10) 
and electrochemically (I 1, 12). 

Because oxidation of DH with IT acceptors via a mechanism 
such as [6] necessarily involves a reversible electron transfer 
(above), such a mechanism requires that for the IT acceptors kDD 
i kDH (Table 4) be substantially (perhaps 5 to 10 X) larger than 
3.4 x loz, the ratio for ~ o ( b i ~ ~ ) : ' .  Consequently any value of 
kDD + kDl, less than about 1.5 x 10' would exclude a stepwise 
mechanism involving an initial SET for the DH oxidation. On 
this basis, an electron-proton-electron mechanism can be ex- 
cluded for all of the quinones investigated, as well as for 
DCMTNF and TCNE. For oxidation of DH by these IT accept- 
ors electron and hydrogen transfer must be strongly coupled. 
Only for TCNQ and DCMTENF does mechanism [6] remain a 
possibility. This conclusion would seem to be at odds with the 
successful trapping of D' in oxidation of DH by DCBQ (28). 
We are presently uncertain as to how to interpret this result. 
Possibly the formation of D' in reaction of DH with DCBQ is 
unrelated to the major pathway leading to D' . 

Experimental 
Melting points were measured in open capillary tubes and are un- 

corrected. Proton nmr spectra were measured using a Varian EM-360 
spectrometer. Chemical shifts are rcportcd in 6 units, with tetrameth- 
ylsilane as internal standard. Ultraviolet-visible spectra wcre obtained 
using Beckman 24 or Cary 1 18C spectrophotometers. Electron spin 
resonance spectra were recorded at room temperature on a Varian 
E-104 spectrometer. Radioactivity measurements utilized Beckman 
LS-255 and LS-7000 liquid scintillation counters. Elcmental micro- 
analyses were performed by Guclph Chemical Laboratories, Guelph, 
Ontario. 

Reagerzrs and solverirs 
BQ, CA, TCNE, TCNQ, DCBQ, and Co(bipy)z(C104)i.3Hz0 

were obtained and purified as previously described (5, 6). Eastman 
Kodak White Label DC I BQ was crystallized twicc from 30-60°C 
petroleum ether and sublimed undcr vacuum. DCMTNF, prepared 
following Mukherjee (36) and purified by recrystallizing twice from 
AN, had mp 263-264°C (lit. (36) mp 266-268°C). DCMTENF (37) 
was prepared from 2,4.5,7-tctranitrofluorenone and malononitrile fol- 
lowing thc procedure used to prepare DCMTNF (36) and purified by 
recrystallizing twice from AN, mp ca. 380-382°C (dec.) (lit. (37) mp 
> 400°C (dec.)). DCNQ was prepared from 2,3-dichloro-1,4- 
naphthoquinonc (Aldrich) following the proccdure of Reynolds (38) 
and purified by vacuum sublimation, recrystallization from 
benzene-toluene and from AN, mp 268-272°C (lit. (38) mp 
274-275°C). DCNNQ was prepared from 2,3-dichloro-5-nitro- 1.4- 
naphthoquinonc (6) following Wallenfcls (39) and purified by rc- 
crystallizing thrcc timcs from methylenc chloride - hcptane. Arzal. 
calcd. for C12H3N,05: C 56.93, H I .19, N 16.60; found: C 56.86. H 
1.60, N 16.46. 2-Methyl- l,4-benzoquinonc and I ,3,5-trinitrobenzcne 
were obtained from commercial sources and were purified by sub- 
limation or recrystallization beforc use. N,Nf-Dimethyl-9,9'-bi- 
acridinium nitrate, for spectral comparison with DC salts, was 
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obtained from K & K Laboratories. '4CH,-labelled D'CI0,- was 
prepared by methylation of acridine (6) using I4C-enriched methyl 
iodide. The preparation of N-methylacridan (DH) has been described 
(6). AN was Fisher Certified ACS grade further purified by distillation 
over phosphorus pentoxide followed by distillation over calcium hy- 
dride. 2-Nitroso-2-methylpropane was prepared by the procedure of 
Calder et al. (40). 
N,N-Dimethyl-9,9'-biacridanyl (DD) was synthesized in 82% yield 

from N-methylacridinium iodide (D'I-) (6) and phenylhydrazine fol- 
lowing Chupakhin (13) and recrystallized from dimethylformamide, 
mp 261-263°C (lit. (13) mp 280-28I0C, (41) 270-271°C). 'H nmr 
(CDCI,) 6: 2.97 (s, 6H, N-CH,), 3.88 (s, 2H, 9-H), 6.27-7.21 (m, 
16H, aromatic). Anal. calcd. for CzxH24N,: C 86.56, H 6.23, N 7.21; 
found: C 86.54, H 6.06, N 7.21. This compound was also obtained 
in 41% yield by reduction of D'I- with Raney Nickel (14) and as a 
minor product in addition of several Grignard reagents to D'1- (15) 
as described below for 3.3'-dimethoxy-DD. 9,9'-Dideuterio-DD was 
prepared from 9-deuterio-D'1 (6) by Chupakhin's method ( 1  3). 

2,2'-Dimethoxy-N,N'-ditnethyl-9,9'-bi-I (2,2'-dimethoxy- 
DD) was obtained in 62% yield from 2-methoxy-D't- (5) using 
Chupakhin's procedure (13). Recrystallization from pyridine- 
methanol afforded white crystals, mp 231 -233°C. ' H  nmr (CDCI,) 6: 
3.27 (s, 6H, N-CH,), 3.71 (s, 6H, OCH,), 3.82 (s, 2H, 9-H), 
6.57-7.33 (m, 14H. aromatic). In C6D, solvent the two high-field 
peaks appear as a pair of peaks of relative intensity 48:52, re- 
spectively, at 6 2.58 and 2.62, and at 3.25 and 3.27, showing that the 
tneso and dl diastereomers are produced in almost equal amounts. 
Anal. calcd. for C30HzsNzOz: C 80.33, H 6.29, N 6.25; found: C 
80.78, H 6.50, N 6.38. This compound was also obtained by treat- 
ment of 2-methoxy-D'1- with Raney Nickel (14) and as a byproduct 
in the treatment of 2-methoxy-D'I with various Grignard reagents 
(15) as described below for 3,3'-dimethoxy-DD. 
3,3'-Ditnethoxy-N,N1-ditnethyl-9,9'-bincridanyl (3,3'-dimethoxy- 

DD) was prepared from 3-methoxy-D'I- by a procedure modeled 
after that described by Grigorovskii and Simeonov for DD (14). 
3-Methoxy-D'I (0.28 g (8.0 x lo-" mol)) was added to a slurry of 
I g of Raney Nickel W2 (42) that had been stirred for 15 min. The 
mixture was heated under reflux for 15 rnin during which time the 
solution turned yellow to colorless and a white precipitate appeared. 
'The methanol suspension was separated from the Raney Nickel by 
decantation and the methanol removed under reduced pressure. Re- 
crystallization from dimethylformamide led to 0.82 g (46%) of yellow 
crystalline product, mp 220-224°C. 'H nmr (CDC13) 6: 2.91 (s, 6H, 
N-CH,), 3.74 (s, 6H, OCH,), 3.8 1 (s, 2H, 9-H), 6.0-7.2 (m, 14H, 
aromatic). In C6D6 the two high field peaks were again shifted upfield 
(to S 2.53 and 3.35, respectively) but peaks due to the two di- 
astereomers, if present, were not resolved. Anal. calcd. for 
C30H2,Nz0,: C 80.33, H 6.29, N 6.25; found: C 80.39, H 6.21, N 
6.21. This compound was also obtained as a byproduct in the reaction 
of 3-methoxy-D'1 with several Grignard reagents. The following 
preparation is typical. To a suspension of 0.47 g (1.3 X lo-, mol) of 
3-methoxy-D'I- in 15 mi'of dry ether was added 2 mL of a 2 M 
solution of I-butylmagnesium chloride in ether (4.0 x 1 0 -  mol) 
(Aldrich). After stirring for 4 h the excess Grignard reagent was 
decomposed with water. the ether solution washed with water, dried 
(K,CO,), filtered, and the ether evaporated. The solid was heated with 
10 mL of absolute ethanol, dissolving the 9-t-butyl-3-methoxy-N- 
methylacridan and leaving the biacridanyl as a residue. Filtration and 
recrystallization from pyridine-methanol led to 0.080 g (27%) of 
3,3'-dimethoxy-DD. All attempts to prepare this compound by reduc- 
tion of 3-methoxy-D'I- with phenylhydrazine failed. 

Kinetic measurements 
Kinetics of oxidation were measured spectrophotometrically using 

methods and instrumentation described earlier ( I ,  6). Stopped flow 
methods were used with acceptors more reactive than CA. In reaction 
of DD with six of the oxidants the formation of D' was followed at 
357 nm (BQ, CA, TCNE, DCBQ, co(bipy);') or at 420 nm (DCIBQ, 
CA, DCBQ, co(bipy);'). The formation of the acceptor radical anion 

was followed for DCMTNF (440, 550, or 600 nm) (36, 43), DCNQ 
(520 nm) ( a ) ,  DCMTENF (550 nm) ( 4 3 ,  TCNQ (680 nrn) (46) and 
DCNNQ (520 nm) (47). Oxidation of 2,2'- and 3,3'-dimethoxy-DD 
by CA and co(bipy):') was followed at the 2- and 3-methoxy-D' 
absorption at 367 nm. Measurements were carried out under pseudo 
first-order conditions using a 30-fold or greater excess of oxidant over 
DD, except with some of the CA, TCNE, and TCNQ rates where a 
second-order analysis ( 1  ) was used. Both first-order and second-order 
plots were linear through at least 85% reaction. Final absorbances 
were constant for 10-20 half-lives with all acceptors except 
DCMTNF and DCI BQ. The absorbance due to DCMTNFT reached 
a maximum after 6 to 8 half-lives, thereafter decreasing approximately 
linearly with time. Experimental final absorbance readings were cor- 
rected for this decrease; these corrections led to an increase of 0-2% 
in k. With DClBQ final absorbances continued to increase slowly 
after 10 half-lives due to instability of the acceptor and possibly its 
reduction product. While uncertainties in final absorbances (2 1-3%) 
due to this source contributed to some of the scatter in the rate con- 
stants for DCI BQ, we do not believe this to be the sole source of error. 

Rates of radiochemical exchange of D' with DD were measured 
using DD labeled at the N-CH, position with "C. A 25.0 mL 
volume of solution containing D'1- (ca. 4 X M) and labeled DD 
(ca. 8 X M) in dry AN was maintained at 2S°C. Aliquots ( I  .O 
mL) were withdrawn at measured intervals and quenched by addition 
to a separatory funnel containing 8.0 mL of toluene and 50 mL of 
water. The toluene layer was extracted three times with 50 mL por- 
tions of water to remove D'I- and AN and then dried over K2C03. A 
5.0 mL aliquot of the dried toluene solution was mixed with 10.0 mL 
of PPO/POPOP scintillation cocktail (Fisher ScintiPrep 2 diluted 
24: 1 with toluene) and counted. 'The sample radioactivity decreased 
with time. The reported second-order rate constant is the pseudo 
first-order rate constant obtained in the usual way divided by the D'I- 
concentration. 

Product isolations 
D'CI0,- was isolated in yields of 90% or greater in oxidation of 

DD with CA, DCBQ, DDQ, DCNQ, DCNNQ, TCNE, TCNQ, 
DCMTNF, and DCMTENF as described earlier (1, 6). 
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Enzymes in organic synthesis. 33.' Stereoselective pig liver esterase-catalyzed 
hydrolyses of meso cyclopentyl-, tetrahydrofuranyl-, and 

tetrahydrothiophenyl-1,3-diesters 
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J. BRYAN JONES, R. SCOTT HINKS. and PHILIP G. HULTIN. Can. J. Chem. 63, 452 (1985). 
Preparative-scale pig liver esterase-catalyzed hydrolyses of five-mcmbercd ring meso-I ,3-diestcrs are enantiotopically 

selective. While pro-S enantiotopic selectivity is exhibited in cach case, the absolute configuration sense of the hydrolysis in 
the cyclopentyl series is opposite to that of both the tetrahydrofuranyl and tetrahydrothiophenyl diesters. The enantiomeric 
excess levels induced are in the 34-46% range. 

J. BRYAN JONES, R. SCOTT HINKS et PHILIP G. HULTIN. Can. J. Chem. 63, 452 (1985). 
Les hydrolyses prCparatives, catalysCes par I'esterase du foie de cochon, dc miso-diesters-1.3 incorports dans des cycles 

i cinq chainons sont tnantiostlectives. MCme si on observe une CnantiosClectivitC pro-S dans chaque cas, le sens de la 
configuration absolue de I'hydrolyse obtenu en serie cyclopentanique est ['inverse de celui observC avec des dicsters tant 
tCtrahydrofurannique que tCtrahydrothiophCnique. Les niveaux d'exces CnantionlCriques induits sont de I'ordre de 34 i 46%. 

[Traduit par le journal] 

The asymmetric synthetic opportunities provided by the abil- 
ities of enzymes to discriminate between enantiotopic groups of 
symmetrical substrates such as meso compounds are now wide- 
ly recognized (2). Alcohol dehydrogenases (3) and esterases 
(4) have already proven particularly valuable in this regard. Of 
these two enzyme groups, esterases are the more convenient to 
use because they do not require expensive coenzymes. 

One of the synthetically most useful hydrolytic enzymes 
reported so far is pig liver esterase (PLE). PLE is a commer- 
cially available enzyme that is capable of effecting stereo- 
specific hydrolyses on a broad structural range of ester sub- 
strates (4, 5). Its asymmetric synthetic potential is receiving 
increasing attention and recently several stereospecific PLE- 
mediated transformations of acyclic and cyclic 1,2-diesters to 
useful chiral synthons have been documented (4). We now 
report that PLE-catalyzed hydrolyses of the monocyclic meso- 
1,3-diesters 1-3 also proceed with considerable enantiotopic 
stereoselectivity. 

Results 
The cis diester substrates 1-3 were prepared by Fischer 

esterification of the corresponding anhydrides, obtained by lite- 
rature methods (6, 7a, 8). ln the case of 1 and 2,  a methanol 
esterification procedure was used to give the acid-esters (?)-4 
and (+)-5. These were then transformed into 1 and 2 re- 
spectively by treatment with diazomethane. For 3,  direct Fis- 
cher esterification of the anhydride was performed. 

Each of the cis diesters was a substrate of the enzyme. The 
rates of PLE-catalyzed hydrolyses were assayed using ethyl 
butyrate as the reference substrate (9). Diesters 1 and 3 were 
excellent substrates, with rates of hydrolysis 51% and 35% 
respectively of that of the ethyl butyrate standard. Although 2 
was hydrolyzed more slowly, with a rate of 3% that of the 
standard, it remained an excellent candidate for a preparative- 
scale reaction.' 

' For Part 32, see ref. 1 . 
'We currently consider that any substrate hydrolyzed at a rate 5 

0.02% of that of ethyl butyrate will give good results in preparative- 
scale hydrolyses. 

Preparative-scale hydrolyses of 1-3 were performed in 
aqueous solution at room temperature (20°C) on up to 20 
mmole of substrate using up to 100 units of PLE per mmole of 
substrate. The pH was maintained at 7.0 by pH-stat-controlled 
addition of 0.4 M sodium hydroxide. The reactions were termi- 
nated after the addition of I equivalent of base. The acid-esters 
4-6 were isolated without difficulty. Their reductions to the 
corresponding hydroxyesters 7-9 also proceeded smoothly. 
The results are summarized in Scheme 1 .  On treatment with 
acid, the alcohol esters 7 and 8 lactonized readily to give 10 and 
11 respectively. In contrast, the thiophenyl derivative 9 could 
not be induced to form the corresponding lactone. 

The enantiomeric excesses(ee's) of the chiral products in the 
carbocyclic and tetrahydrofuranyl series were determined on 
the hydroxyesters 7 and 8 .  Treatment of 7 and 8 with 
(+)-(R.R)-2,3-butanediol afforded the orthoesters 12 and 13,  

whose diastereomeric ratios were determined by glc analysis 
(10). The orthoesters obtained from (+)-7 and (+)-8 were used 
as reference standards. For the tetrahydrothiophenyl com- 
pounds, it was found more convenient to establish the en- 
antiomeric excess of the series by 'H nmr spectroscopic exam- 
ination of the methoxyl protons of the acid ester 6 in the 
presence of (-)-(S)-1-methylbenzylamine (4e). For the (+)-6 
sample used as the reference, a AAS value of 0.018 ppm was 
observed at 200 MHz. 'The ee values obtained are recorded in 
Scheme I .  

The absolute configurations of the Scheme 1 compounds 
were established by their conversions to known compounds. In 
the carbocyclic series, the (+)-enantiomer of 10 was available 
for direct comparison (3a). The furanyl hydroxyester (-)-8 and 
the thiophenyl acid ester (+)-6 were converted to the known 
(12) (+)-trans diol 14 and diacid 16 respectively, as sum- 
marized in Scheme 2. The meso diol 15 and meso diacid 17 
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PLE, p H 7  
MeOOC % . M y e  ~ o O C ~ C O O H  

2 (-1-5 (-1 - 8 (+I - 11 

aCOOH?eO€X&h MeOOC 
OH 

(+I - 6 (-1-9 

MeOOC 6 No0CH3p 
OH MeOOC 

OH 
r"' 

HO % + + &  OH HO OH 

K O ~  Bu -0 H 
M e 0 0 C a c 0 0 ~  MeOOC 

' by-products of the correlation reactions do not affect the abso- 

, lute configuration assignments since they are optically inactive. 

Discussion 
The preparations of the substrates 1-3 and of the racemic 

reference compounds (+-)-4-9 were straightforward. While 
use of a pH-stat is convenient for assaying the relative rates of 
hydrolysis of 1-3, pH-stat control of the preparative-scale 
reactions is not essential. The use of a buffer, or of pH control 
via periodic burette-addition of base, is quite satisfactory. The 
reaction has a built-in fail-safe control in that the pH falls as the 
hydrolysis proceeds, thereby automatically switching off the 
reaction if i't is left unattended for too long. 

'The hydrolyses were performed at pH 7. At this pH, the 
concurrent chemical hydrolysis that can reduce the ee levels in 
pH 8 reactions (4 ,  5 )  is avoided. The enzyme also appears to 
be intrinsically more stereospecific at lower pH (5cl) and the ee 
levels of the Scheme 1 reactions could be significantly higher 
for pH <7 reactions. 

Also, since one enantiotopic group is hydrolyzed faster than 
I the other, allowing the reaction to proceed beyond the point at 

which one ester equivalent is hydrolyzed should progressively 
I increase the ee of the acid ester that remains ( 1  3). The fact that 

the pH-stat curves for the hydrolyses of 1-3 show a sharp 
reduction in rate after one ester equivalent has been hydrolyzed 
augurs we11 for this approach. These aspects are being evalu- 

Chiral acid-ester products such as 4-6 are valuable synthetic 
intermediates since they may be converted to either enantiomer 
of hydroxyesters 7-9 or lactones 10 and 11 by appropriate 
choice of reducing agent. In this study, only the borane- 
mediated carboxyl reductions were performed. Preparations of 
the opposite enantiomeric series via the complementary selec- 
tive lithium borohydride reductions of the carbomethoxy func- 
tions of 4-6 should present no problem (4 ,  5 ) .  

The reluctance of the thiophenyl hydroxyester 9 to undergo 
lactonization under a variety of acidic conditions was sur- 
prising, particularly since the corresponding anhydride re- 
quired for the synthesis of 3 was readily f ~ r m e d . ~  The sulfur 
atom is clearly exerting an unusual effect here, since sulfur is 
easily accommodated in other bridged bicyclic structures (14). 

As Scheme 1 shows, the absolute configuration sense of the 
enantiotopically selective PLE-catalyzed hydrolyses of 1-3 
changes, with that of the 1 + (-)-4 reaction being opposite to 
those of the 2- (-)-5 and 3 + (+)-6 hydrolyses.4 A reversal 
of enzymic stereospecificity dictated only by the presence or 

"eduction of the anhydride with sodium borohydride afforded the 
expected acid-alcohol, but this also failed to lactonize under a variety 
of-acidic conditions. 

'Due to the selection rules of the Cahn-lngold-Prelog system, 
while (-)-5 and (+)-6 are of opposite absolute configuration type to 
(+)-4, the hydrolyses of each of 1-3 proceed with a pro3 ester 

ated. preference. 
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cooled solution was then filtered through a silica plug (5 g), and the 
solvent rotoevaporated. Kugelrohr distillation yielded (-)-(1R,5S)- 
3-oxabicyclo[3.2.l]octan-2-one ((-)-lo, 8 1 mg, 66% yield), bp 
80°C/0.25 Torr; [a]: - 1.9" (c 1.3, CHCI,) (lit. (30) (IS,5R)- 
enantiomer [a]:' +4.33" (c 1.5, CHCI,)); ir and 'H nmr spectral data 
identical with literature values (30). 

(b) Of (-)-(2S,5 R)-c i s -5 -carbomethoxy terrahy~n-2-  
carboxylic acid ((-)-5) 

The acid-ester (-)-5 (1.33 g, 7.1 mmol) in dry THF (8 mL) was 
reduced with BH3.Me2S (5.3 mL of 2 M THF solution, 7.1 mmol) 
as described above except that the reaction mixture was worked up 
by the dropwise addition of MeOH (5 mL) in place of KH~PO,.' 
The (-)-(2R,5S)-ci.s-5-hydroxymethyl-2-carbomethoxytetrahydro- 
furan ((-)-8, 1.21 g, 98% yield, 42% ee) isolated had bp 80°C/0.06 
Torr (lit. (7b) (*) bp 50°C/0.2 Torr); [a]:' -9.4" (c 1.8, CHCh); ir 
(film) v: 2463, 1734 cm-'; 'H  nrnr (CDCI,) 6: 1.70-2.50 (4H, m), 
3.79 (3H, s), and 3.3-4.7 (5H, m) ppm; nrnr (CDCI,) 6: 25.24 
(t), 30.36 (t), 51.55 (q), 63.08 (t), 76.15 (d), 81.41 (d), and 174.50 
(s) ppm. Anal. calcd. for C7H1204: C 52.50, H 7.55%; found: C 
52.38, H 7.55%. 

The hydroxyester (-)-8 (219 mg, 1.37 mmol) was lactonized as 
described above for (-)-lo to give (+)-(IR,5S)-3.8-dioxabicyclo- 
[3.2. I loctan-2-one ((?)-11, 124 mg, 70% yield), bp 80°C/0.4 Torr 
(lit. (7b) bp 45"C/0.2 Torr); [a]: + 1.7" (c I. I, CHCI,); ir (film) v: 
1755 cm-'; 'H nrnr (CDCI,) 6: 2.13 (4H, m) and 4.00-4.61 (4H, m) 
ppm; '" nrnr (CDCI,) 6: 26.03 (t), 29.96 (t), 7 1.29 (d), 73.74 (t), 
75.19 (d), and 168.56 (s) ppm. 

(c) Of ( + ) - ( 2 S , 5 R ) - c i ~ - 5 - c n r b o m e t h o x y t e t r a h y ~ h e n e - 2 -  
carboxylic acid ((+)-6) 

The acid-ester (+)-6 (193 mg, l .Ol mmol) in dry THF (5 mL) was 
reduced with BH3.MezS (0.8 mL of 2 M THF solution, 1.62 mmol) 
as for (-)-5 above to give (-)-(2R,5S)-cis-5-hydroxymethyl-2-carbo- 
methoxytetrahydrothiophene ((-)-9, 172 mg, 96% yield), bp 
60°C/0.05 Torr; [a]: - 14.5" (c 1, CHCI,); ir (film) v: 3416, 1733 
cm-'; 'H nmr (CDCI,) 6: 2.0-2.6 (4H, m), 3.63 (3H, m), 3.70 (3H, 
s), and 3.9 (2H, m) ppm; "C nrnr (CDCI,) 6: 32.27, 32.86, 47.81, 
51.95, 52.18, 65.27, and 173.97 ppm. Anal. calcd. for C7HI20,S: C 
47.71, H 6.86; found: C 47.92, H 7.00%. 

Enantiomeric excess determinations 
For the cyclopentyl and tetrahydrofuran series, the ees were estab- 

lished by capillary column glc analysis (10) of the orthoesters 12 and 
13 derived from (+)-7 and (-)-8 respectively, using the orthoesters 
from (?)-7 and (?)-8 as reference standards." 

The hydroxyester (+)-7 (32 mg, 0.21 mmol) in benzene (15 mL) 
containing toluene-p-sulfonic acid (2 mg) and (+)-(2R,3R)-butane- 
2,3-diol (41 mg, 0.45 mmol) was refluxed for 12 h to give. after 
Kugelrohr distillation, orthoester 12 (29 mg, 72% yield), bp 
70°C/0.05 Torr; 'H nrnr (CDCI,) 6: 1.28 (6H, d, J = 6 Hz), 
I .40-2.33 (8H, m), and 3.30-43.0 (4H, m) ppm; glc retention times: 
7.33 min (33%), 7.52 min (67%); 34% ee. 

The hydroxyester (-)-8 (41 mg, 0.26 mmol) was similarly con- 
verted to orthoester 13 (46 mg, 88% yield), bp 70°C/0.05 Torr; 'H 
nmr (CDCI,) 6: 1.26 (3H, d, J = 6 Hz), 1.33 (3H, d, J = Hz), 2.03 
(4H, m), and 3.40-4.40 (6H, m) ppm; glc retention times: 9.56 min 
(71%), 9.85 min (29%); 42% ee. 

Fot the tetrahydrothiophene series, the ee was established by 
200-MHz 'H nrnr examination of the acid-ester (+)-6 (15 mg, 0.077 
mmol) and (-)-(S)-I-methylbenzylamine (12 mg, 0.1 mmol) in 
CDCI, (0.5 mL) (4e). The diastereomeric methyl peaks were cleanly 
resolved with AA6 0.018 ppm. Integration, using the (*)-6 spectrum 
as the reference standard, showed the ee to be 46 * 4%. 

' Work-up of the (+I-4 reduction mixture with methanol afforded a 
mixture of the hydroxyester (+)-7 and the lactone (-)-lo. 
' I3C nrnr analysis (19) of 12 and 13 gave ees within 4% of th glc 

results. 

Absolute configuration determinations 
(a) Of cis-(I R , 3 S ) - 3 - h y d r o x y m e t h y l - I - c a r b o n 1 e t h o x ~ n e  
((*)-7) 

The absolute configuration assignment of this compound was ac- 
complished by its conversion to the known (30) (lR.5S)-3-oxabi- 
cyclo[3.2. Iloctan-2-one ((-)-lo) described above. 

(b) Of cis-(2R,5S)-5-lzydroxymethyl-2-carbomethoxytetra- 
hydrofuran ( ( - ) -8)  

The hydroxyester (-)-8 (0.8 g, 5 mmol) in MeOH (50 mL) contain- 
ing NaOMe (from Na 1.78 g, 77 mmol in MeOH (100 mL)) was 
refluxed for 4 h (20). The cooled mixture was then poured into 1 M 
hydrochloric acid at O°C, and the pH adjusted to 7.0 with 1 M aqueous 
NaOH. The solution was then saturated with NaCl and extracted with 
ether (7 X 50 mL). The dried (MgSOJ ether extracts were roto- 
evaporated and the residual oil Kugelrohr-distilled to give a I : 1 mix- 
ture of the (2R/S,5S)-diastereomers of 8 (0.46 g, 57% yield), bp 
72"C/0.05 Torr; glc retention times: 4.65 min (55%. cis) and 5.10 
min (45%. trans); ir (film) v: 3464 (br) and 1736 cm-I; 'H  nmr 
(CDCI,) 6: 1.8-2.4 (4H, m), 3.76 (3H, narrowly split "singlet"), and 
3.4-4.7 (5H, m) ppm; "C nmr (CDCI,) cis-isomer, 6: 25.23, 30.57, 
5 1.75, 63.16, 76.25, 81.57, and 174.74; trans-isomers, 6: 26.30, 
27.75, 5 1.45, 63.90, 76.75, 80.57, and 173.28 ppm. This cis-trans 
mixture of 8 (207 mg, 1.3 mmol) in dry THF (10 mL) was added 
dropwise during 5 min to a refluxing suspension of LiAIH, (202 mg, 
5.3 mmol) in dry THF (30 mL) under N2. After refluxing for I h, the 
reaction was quenched with saturated aqueous Na-K tartrate (Roch- 
elle salt, ref. 21). The mixture was then refluxed for 30 min, filtered, 
and the residue washed with hot THF (2 X 15 mL). The combined 
THF solutions were dried (MgSO,), rotoevaporated, and Kugelrohr- 
distilled to give a mixture of the trans-((+)-14) and cis-(15)-isomers 
of 2,5-bis(hydroxymethyI)tetrahydrofuran (144 mg, 84% yield), bp 
75"C/0.05 Torr; glc retention times: 3.04 min (45%. t;$ns) and 3.20 
min (55% cis); [a]: + 13.6" (c I,  CHCI,) (lit. ( I  I) [a],. +42" (c I. I, 
CHCI,) for (+)-14); ir (film) v: 3368 (br); 'H  nrnr (CDCI,) 6: 1.6-2.2 
(4H, m) and 3.4-4.4 (8H, m) ppm; "C nrnr (CDC13) cis-isomer, 6: 
26.76, 64.37, and 79.93; trans-isomer, 6: 27.25, 64.37, and 76.92 
PPm. 

(c) Of ci~-(2S,5R)-5-carbomethoxytetrahydrorhiophene-2- 
carboxylic acid ((+)-6) 

To the acid-ester (+)-6 (91 mg, 0.48 mmol) and 18-crown-6 (16 
mg, 0.06 mmol) in THF (5 mL) at O°C under N2 was added potassium 
tert-butoxide (108 mg, 0.96 mmol). The yellow suspension was 
stirred for 15 min at O°C, and then for 24 h at 20°C. The mixture was 
then acidified to pH 2 with I M hydrochloric acid and the solvent 
rotoevaporated. 5% Aqueous NaHCO, (10 mL) was added and the 
mixture washed with CH2C12 (2 X 10 mL). The aqueous layer was 
acidified to pH 2 with 6 M hydrochloric acid and extracted with ethyl 
acetate (5 X 10 mL). Evaporation of the dried (MgSO,) extracts gave 
an oil (85 mg, a mixture of methyl and tert-butyl acid-esters) which 
was refluxed with 15% aqueous NaOH (10 mL) for 30 min. Water (10 
mL) was then added and the cooled solution washed with ethyl acetate 
(2 X 10 mL). The aqueous layer was acidified to pH 2 with 6 M 
hydrochloric acid and extracted with ethyl acetate (4 x 10 mL). 
Evaporation of the dried (MgS0,) ethyl acetate solutions yielded (after 
decolorization with Norite) a mixture of cis-(17) and trans-((+)-16) 
23-dicarboxytetrahydrothiophenez(e5 mg, 53% yield) as a solid, [a]:' 
+2.3" (c 0.9, EtOH) (lit. (12) [a], +258S0 (EtOH) for (+)-16).7 A 
cisltrans ratio of 0.72: 1 in this diacid was estimated by its conversion ' 
to the diester with diazomethane and examination of the 50.3-MHz ',c 
nrnr spectrum in CDCI,; cis-isomer, 6: 32.93, 48.71, 52.46, and 
172.51; trans-isomer, 6: 32.75, 48.28. 52.41, and 173.18 ppm. 
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JOHN S. TSE, EMMANUEL PELLACH, and G .  MICHAEL BANCROFT. Can. J. Chem. 63, 457 (1985). 
We report the observation of satellite structures associated with the core C I s  and F Is levels in thc photoelectron spectra 

of CHzF, CF3H, and CF,. 'rhesc structures are attributed to monopole "shakcup" excitations. Qualitative assignments aided 
by theoretical Xa-SW calculations are presented. We found shakcup intensities in the C I s  spcctrum of CF, are cnhanccd by 
barrier created by the fluorine lone pair electrons. Howcvcr, this cffcct is less apparcnt in the F Is core hole photoelectron 
spectra. 

JOHN S. TSE, EMMANUEL PELLACH et G .  MICHAEL BANCROFT. Can. J. Chem. 63, 457 (1985). 
Dans les spectres phototlectroniques du CH>F, du CFjH et du CF,, on a observe des structures satellites associees avec les 

niveaux I s  tant du C que du F. On attribue ces structures B des excitations de "secoussc". On prtsente des attributions 
qualitatives faites B I'aide de calculs thtoriques Xa-SW. On a trouve que, dans Ics spectres Is du C du CF,, les intensites des 
"secousses" sont augmenttes par la barrikre crtCe par la paire d'electrons libres de fluor. Toutefois, cet effct est moins apparcnt 
dans les spectres photoClectroniques des tlectrons I s  du F. 

[Traduit par le journal] 

I. Introduction 

Apart from the usefulness of X-ray photoelectron spectra in 
providing chemical shift information on the core levels of mol- 
ecules which can be correlated to their ground state electronic 
properties, recent studies on the satellites often associated with 
the core photoionization reveal the possibility of extracting 
information on the excited ionic states and the mode of bonding 
of the molecules (1). To  advance the understanding of this 
interesting phenomenon, considerable effort has been devoted 
to improve experimental instrumentation and theoretical mod- 
els in the last few years (2, 3). The prevailing theory suggests 
that these satellites are the result of many-electron relaxation 
processes accompanying the creation of the core hole during 
photoionization (I) .  In the photoelectron spectra, these struc- 
tures usually appear as satellite bands situated on the higher 
binding energy region of the intense core hole photoelectron 
peak. For molecules with no low lying excited states (e.g. main 
group compounds), the satellite structure can be ascribed as 
simple secondary electron processes such as double ionization 
(shakeoff) and simultaneous monopole excitations (shakeup). 
A detailed description of the theory is given in a recent review 
article (I) .  Our previous experimental and theoretical studies 
on this subject (4- 10) demonstrate that for simple molecules 
such as the ten-electron hydrides (5) CH4, NH,, and H 2 0 ,  when 
the valence and virtual orbitals are dominated by one central 
atom, the core hole spectra can be interpreted on the basis of 
a simple "atomic" model. Our results suggest the effect of the 
bonding hydrogen on the shakeup spectra is minimal. In the 
present work, we  sought to investigate the perturbation of the 
shakeup pattern by systematically substituting hydrogen atoms 
in methane by the heavier fluorine atoms. There are several 

'NRCC No. 237 10. 
'TO whom all correspondence should be addressed. 
"resent address: Solid State Division, Technion, Israel Institute of 

Technology, Haifa, Israel. 
'Received August 15, 1984. 

reasons for selecting the fluoromethanes in our  studies. First, 
for neutral monomeric gas phase molecules, the complication 
due to intermolecular interactions on the shakeup transitions 
can be eliminated (3). Second, the shakeup spectrum of the 
parent molecule methane is well documented and any changes 
in the spectral pattern of fluoromethanes can be correlated with 
it. Third, the electronic structure of the fluoromethanes is rela- 
tively simple and theoretical molecular orbital calculations can 
be used to assist the assignment. Finally, substitution of hydro- 
gen by fluorine in methane will establish a potential barrier ( I  I ,  
12). This "potential wall" helps to localize the lower energy 
Rydberg orbitals and may, therefore, enhance shakeup transi- 
tions of these orbitals. W e  wish to observe this phenomenon 
through the analysis of intensity distributions in the core hole 
spectra within the fluoromethanes. 

In this paper we report the results of a study on shakeup 
satellites on the C 1s and F Is core level spectra of CH,F, 
CHF,, and CF4 in the gaseous phase. In Section 11, we present 
the details of the experimental procedure and the theoretical 
model. The electronic structures of the fluoromethanes are 
examined in Section 111. Finally, in Section IV assignments of 
the core hole spectra are made and discussed. 

11. Experimental  a n d  theoretical model  
(A) E.rperimento1 

Tetrafluoromethane (Freon 14) was purchased from Matheson 
(99.7%) purity, trifluoromethane was purchased frorn PCR (99% pu- 
rity), and methylfluoride frorn Calions Inc., (99% purity). All samples 
have been used directly without further purification. Core level spectra 
of the above mentioned compounds wcre measured in the gas phase 
on a McPherson ESCA-36 spectrometer. Duplicate spectra were ob- 
tained with MgKa and AlKa radiation sources. The observed satellite 
structures were found to be independent of the source of ionization 
used. Owing to the low intensity of the satellite structures, we had to 
accumulate a large number of scans covering the appropriate energy 
region in order to achieve good statistics. Typically 110- 150 scans 
(-10 min per scan) were taken for the C I s  core level spectra and 
50-70 scans were sufficient for F Is core level spectra. The operating 
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TABLE I. Parameters used in Xa-SW calculations" (au) 

Molecule Symmetry a,,,, ' RC R F  R H  R,,,,, 

"Geometry of molecules from ref. 34. 
"Exchange parameters for atoms from ref. 35. 

pressure in the ionization chamber of the spectrometer is ca. 1-5 x 
lo-' Tom. We found that the F Is shakeup was slightly pressure 
dependent indicating inelastic scattering (13). However, this pressure 
dependence is small compared to the reported spectra of HF and 
therefore should not hamper our discussion. 

The photoelectron spectra were fitted with a combination 
Lorentzian-Gaussian function (14). The weak satellite structure was 
analyzed separately so that the intense main photoelectron line would 
not dominate the fitting procedure. For the weaker satellite peaks, in 
particular those at higher binding energy, there exists a significant 
uncertainty on the fitted peak energy and intensity. 

(B) Theoretical model 
To interpret the satellite structures observed in the core level spec- 

tra, it is essential to understand the electronic structure of both the 
ground and excited states of the molecule. We employed the Xa-SW 
(15) method to generate the wavefunctions of the molecules (16). The 
merit and accuracy of this theoretical method have been discussed in 
several publications (4- 10). Within the sudden approximation (17), 
the shakeup excitation energy is given by the difference in total energy 
of the excited hole state with the neutral ground state (ASCF). An 
alternative method is to use Slater's "transition-state" (TS) procedure 
(15). The intensity of a shakeup transition is determined by the matrix 
element ( 1  8). 

N -  I .  where T + 

N .  
IS the (n + 1) shakeup state of the ion and TO IS the 

ground state of the neutral molecule and (11 is the electron annihilation 
operator that creates a core hole in orbital k. This matrix element can 
be easily evaluated within the Xa-SW formalism once the wave- 
functions of the ground and excited state are known (10, 19). 

In the calculations of the F I s  hole states in CF4 and CHF,, a 
localized core hole scheme was adopted. In principle, the calculation 
of the final ionic states of a symmetrical molecule is formally equiv- 
alent within the localized (symmetry unrestricted) or delocalized 
(symmetry restricted) core hole approximation (20-22). The fluc- 
tuation of the core hole between symmetry equivalent atoms through 
scattering processes breaks the symmetry of the final state. This 
symmetry breaking lessens the restrictions governing monopole 
and dipole shakeup transitions. The summation over all possible 
excitations simply represents the response of the system to a hole 
localization on symmetry equivalent nuclei (23-25). However, the 
calculation of the relaxation shift of a delocalized hole requires a larger 
basis set with extensive configuration interaction. Earlier calculations 
on the shakeup spectra of dialkyl metal compounds showed the 
core hole localization scheme gave reasonably good agreement with 
experiments (6). 

We have performed Xa-SW calculations using the touching spheres 
approximation on the ground and hole excited states for CH,, CH3F, 
CHF3, and CF,. Table 1 summarizes the symmetries and sphere pa- 
rameters employed in the calculations. Partial wave expansions are 
truncated at I,,,,, = I(sp), 2(spd), and 3(.spdf) for the hydrogen, 
heavy atoms (carbon and fluorine) and outersphere, respectively. Core 
orbitals were never frozen during the SCF interactions. The con- 
vergence criteria used required the difference in constant potential 
between successive cycles be less than 0.001 Ryd. 

FIG. I. Molecular orbital diagrams for CH,, CH3F, CHF,, and 
CF,; :': indicates occupied orbitals. 

111. Electronic properties of the fluoromethanes 
( A )  Ground state 

T o  facilitate the discussion, we present the molecular-orbital 
(MO) diagram for CH,, CH3F, and CF,H in the ground elec- 
tronic state in Fig. I .  

We  observe from the diagrams that the valence orbital 
energies stabilize gradually with the degree of fluorination. Our  
results agree very well with both the ab ir~itio (27) and an earlier 
X a  calculation (26). The slight discrepancy between the 
present results and the previous calculation is due to the dif- 
ferent parameters employed in the computations. It is grati- 
fying that the sequence of the valence orbitals is consistent with 
the experimental assignments (28). 

In Fig. I we also display the bound unoccupied orbitals 
found from an energy search up to -0.01 Rydberg. In contrast 
to our previous studies on the ten-electron hydrides ( 5 )  (e.g., 
CH,), where the LUMO is mostly 3s Rydberg in character, the 
fluoromethanes showed a significant shift of the electron den- 
sity from the outersphere region into the intersphere. However, 
we  d o  not observe a concerted electron migration into the 
atomic sphere regions. A careful examination of the individual 
wavefunctions reveals the predominantly Rydberg nature of the 
orbitals with only a slight admixture of C-F antibonding 
character. The accumulation of charge inside the intersphere 
region in the fluoromethanes is probably an artifact owing to 
the larger size of the outersphere used in the calculations. W e  
can assign the first symmetry allowed electronic transition 
in the partly fluorinated molecules as  the u(C-H) + 3s 
excitation. In the case of CF,, this transition corresponds to the 
u(C-F) + 3s excitation. The small hypsochromic shift ob- 
served experimentally (29) substantiates this assignment. In 
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J 5al.-' 
- 50 

A B C 

FIG. 2. Molecular orbital diagrams for CF,: ( A )  F 3s hole state, 
(B) ground state, (C)  C Is hole state. 

addition, the predicted order for the transition energies: CF4 
(Itl+4aI)>CHF3(6a,+7aI)>CH,(1t2+3al)>CH,F 
(2e + 6 a I )  complies with the observed sequence. It is note- 
worthy that a HOMO-LUMO separation of ca. 8 eV in the 
fluoromethanes precludes the possibility of any "shakedown" 
processes. Therefore the most intense photoelectron line can be 
regarded as the primary hole state. 

(B) Primary hole states 
The carbon and fluorine core ionized states of the fluo- 

romethanes were generated by removing one electron from the 
core I s  orbital from the res~ective atom in the molecule. Re- 
moval of the core electron from the central carbon atom retains 
the symmetry of the neutral molecule and therefore the carbon 
hole state MO diagram is relatively simple and resembles that 
of the ground state molecule. In the calculations of the F Is 
hole state, we lower the molecular symmetry of CF4 from T,, to 
C,,,, and C,,, to CS in the CHF,. Owing to computation re- 
striction we are not able to perform calculation on the F Is hole 
state of CF3H. Instead, a schematic MO diagram was con- 
structed from information obtained in CF4 and CH,F (for 
details, see Section IV). The energy of the molecular orbitals 
in the hole states are compared with the ground state values in 
Figs. 2-4 for CF,, CHF,, and CH3F, respectively. 

In the case of C Is ionizations, we observe that there is a 
uniform shift (ca. 1 1  eV) to higher binding energies for all the 
valence orbitals. This shift is the result of decreased screening 
when an electron is removed from the core. This observation is 
of practical significance. Since the energy intervals between 
valence orbitals of a molecule do not change appreciably from 
the neutral ground state to the hole state, therefore, within the 

,' l e .  '\ 
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/ Z 

/ // 
I /I 

+$ ' 
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\ -. , 
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FIG. 3. Molecular orbital diagrams for CF3H: ( A )  F Is hole state, 
( B )  ground state, (C) C I s  hole state. 

one-electron approximation, we can correlate the shakeup 
transitions with the optical electron transitions (28, 29). 

The lowering of molecular symmetry in the F Is hole state 
lifts the degeneracy of the generate levels. For illustration, let 
us analyze the 2t2 orbital in CF4 in more detail. The 2t, orbital 
splits into the 5 a l  and 2e representations in the C,, symmetry 
of the hypothetical CF,F* molecule. On symmetry grounds, the 
charge distribution inside the fluoritle spheres of each repre- 
sentation need not be the same anymore. In fact, the charge 
density of the axial fluorine (F:" atom is concentrated in the 5 a ,  
orbital and the other three equatorial fluorines atoms are evenly 
distributed in the 2e orbital (Table 2). Removal of a core 
electron from the axial fluorine atom produces a much larger 
shift of binding energy for the 5 a l  orbital (15.2 eV) than the 
more remote fluorine 2e orbital (7.9 eV). (See Fig. 2.) 

The seemingly complicated F 1 s hole state MO diagrams can 
now be interpreted in a more systematic manner. For each 
fluorine atom in the molecule, there should be three valence 
orbitals associated with the lone pairs and the C-F bond pair. 
These orbitals will be most affected by the creation of a core 
hole. Electrons localized on the other atoms in the molecule 
will be perturbed to a lesser degree. Furthermore, if we assume 
the interaction between the electrons with the ionized fluorine 
atom is entirely electrostatic in nature, we would then expect a 
fairly uniform shift to higher binding energies for these or- 
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lea '+ 8a" = " ,  ' ! 
'I ' T,? 

17a' - 7' -: - 8e  
1 6 a 8 + 7 a "  = !' 

\' - 
Z - 

10a, 
/ I  ? 7e 

15a' - ,.// 14a'- \\' , 
6a" !' \ \ (,- - gal 
12a' L 

' 1  

7a I 
13a' 

601 . ' 8a,  
- 6e  

lla'  

8a'-' I I, , , , \ 4 e  
3 a " 1  / ' , \ 

/ I  / 1 \ 

6 a ' l , ,  \ A /  5a1 
I I "3e 

10a' ' i 

FIG. 4. Molecular orbital diagrams for CH,F: (A)  Is hole state, 
( B )  ground state. ( C )  C I s  hole state. 

TABLE 2. Charge density distribution in the 2t2 
orbital of CF, in the ground state 

orbital Q,,., Q,,, Q, Q,'" Q,, 

"Axial fluorine. 

bitals. This anticipation is in full accord with our theoretical 
calculations. It is quite clear from the MO diagrams, that the 
energy shift of the orbitals with majority F* character, such as 
l e ,  7 a l ,  in CH,F, 5a i ,  7 a 1 ,  10ai in CHF, and the 6e and 7 a l ,  
orbital in CF, are the most significant. 

(C)  The hole state unoccupied orbitals 
Unlike the unoccupied orbitals in the ten electron hydrides, :: -[ it was found that in fluoromethanes there is a tendency of 

1 
electron migration from the outersphere region into the inter- 

$ -3A u4 j sphere and atomic sphere region. Although as we have ex- 
plained earlier this may be an artifact due to the larger size of 
the outersphere, the increase of charge density inside the 

E 
8 ,/ / 

atomic region cannot be overlooked. It is generally understood 312 
that the size of an antibonding orbital is not much larger than 
the molecular core (30). On the contrary, Rydberg type orbitals FIG. 5 .  Contour diagrams for the unoccupied orbitals of CH, in the 
are diffuse and in most cases essentially nonbonding. Unfor- C Is  hole state. 
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FIG. 6. Contour diagrams for the unoccupied orbitals of CF, in the 
C I s  hole state. 

tunately, in some cases, the distinction is not so clear-cut. To 
avoid confusion, we define our terminology according to the 
orbital charge distribution in spheres as determined by the 
Xa-SW calculation. We define a Rydberg orbital if 50% or 
more of the orbital electrons are located outside the outersphere 
region. An orbital is regarded as having mixed Rydberg- 
valence character if the majority of the electrons reside within 
the intersphere region. Concentration of charge density inside 
the atomic sphere regions indicates an antibonding orbital. This 
way of defining orbital character of course is subject to the 
arbitrariness of the sphere sizes used in the calculations. To this 
end we present the contour drawings for some unoccupied 
orbitals of CH4 and CF, in the C I s  hole state in Figs. 5 and 6. 
Several interesting observations emerge from this comparison. 
First, all the unoccupied orbitals of CH, retain their Rydberg 
character even in the core hole state. This is in contrast to the 
9 a ,  and lOa orbitals of CF4, which are obviously C-F anti- 
bonding in character in the hole state. This is also reflected in 
the large charge localization in the atomic spheres as tabulated 
in Table 3. The Rydberg character of the unoccupied orbital is 
more apparent as the term value of the orbital decreases. 

The behaviour of the unoccupied orbitals in the fluo- 
romethanes substantiates the presence of an inner-outer poten- 
tial wall ( 1  1). The positive hole from the central carbon atom 
pulls the unoccupied orbitals to lower energies. 'These orbitals 
become more contracted, thus losing their diffuse character. 
The localization process is reinforced by the effective potential 
created by the peripheral nonbonding fluorine electrons which 
act as a repulsive barrier on the outer rim of the molecule 
enhancing the stability of the inner empty orbitals (12, 31, 32). 
Therefore, as the number of fluorine atoms increases, the or- 
bitals become more tightly bound. The charge densities re- 
ported in Table 3 for the fluoromethanes clearly show this 
trend. Another important point from our calculations is that 
there is a change in the MO sequence of the virtual orbitals in 
the hole states with the exception of the CH, molecule. The 
"p-type" unoccupied orbitals involving strong (C-F) cr anti- 
bonding character are lowered in energy more than the "s-type" 
Rydberg orbital. This is another indication of the existence of 
the effective potential barrier which confines the antibonding 
orbitals. This interchanging of the MO order is reflected in the 
gradual merging of absorption peaks observed in the soft X-ray 
absorption carbon K-edge spectra of the fluoromethanes (33). 

IV. The core-hole spectra of the fluoromethanes 
The redistribution of molecular charges following the re- 

moval of a core electron is related to the core-hole relaxation 
and correlation. We have demonstrated previously (8) for main 
group compounds that the individual orbital contribution to the 
relaxation energy accompanying photoionization is propor- 
tional to the amount of charge reorganization within that molec- 
ular orbital, and intense shakeup transitions are expected to 
originate from these orbitals. In Tables 4 and 5 we tabulate the 
charge transfer within each orbital of the fluorornethanes when 
an electron is removed from the I s  core of the carbon atom and 
the fluorine atom respectively. For the C Is hole states except 
for CF,, the core hole is more than totally screened (total charge 
transfer more than one electron). We find that the 1 t2 orbital in 
CH,, the I e and 2e orbitals in CH3F, the 3e and 5 a l  in CHF,, 
and the 3t2 (7al + 3e) and 60 ,  orbitals in CF, constitute most 
of the screening electrons. The F I s  core holes in the fluo- 
romethanes are slightly less than totally screened. The most 
involved molecular orbitals are the 1 e in CH3F and 6e  in CF4. 
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TABLE 3. Charge distribution in the unoccupied orbitals of the fluoromethanes in the C Is hole 
state (%) 

Orbital 
Molecule Orbital Q,,,, Pi,, Qc Q F  or QH character" Energy (eV) 

CH4 3a l  68(s) 15 15(s) 2 Rydberg 6.87 
21, 45(d) 26 17(p) 12 Ryd. - a.b. 5.59 
312 80(p) 14 4 I Rydberg 4.16 

CF4 2 I5 42(p) 41(p) a.b. 12.74 
2 I5 42(p) 41(p) a.b. 12.74 

9 a l  2 13 32(s) 52(p) a.b. 1 1.04 
l l a l  48(s) 47 0 5 Ryd. - a.b. 7.74 

52(p) 39 1 8 Rydberg 5.79 ( 52(p) 39 1 8 Rydberg 5.79 

Orbital 
Molecule Orbital Q,,,, Pi., Qc Q F  Q H  character Energy(eV) 

CHxF 7 a l  4 26 37(p) 33(p) 0 a.b. 11.98 
6 a l  28(s) 49 15(s) 3 5 Ryd. - a.b. 9.44 
3e 24(p) 44 21(p) 0 I I Ryd. - a.b. 8.09 
4e 40(p) 54 1 3 4 Ryd. - a.b. 5.94 
801 4Xp) 40 9(p) 2 3 Ryd. - a.b. 5.71 
5e 55(d) 39 2 3 2 Rydberg 3.56 
9 a l  79(s) 17 2 1 2 Rydberg 2.91 

CHF, 6 e 2 I8 41(p) 38(p) 0 a.b. 12.38 
8 a l  3 I5 37(p) 45(p) I a.b. 1 1.03 
7 a l  30(s) 43 13(s) 5 8 Ryd. -a.b. 9.03 
9 a l  35(p) 44 8 5 8 Ryd. -a.b. 8.20 
7e 58(p) 35 2 6 0 Rydberg 5.20 

10al 57(s) 35 0 4 4 Rydberg 4.56 
8e 64(d) 31 1 3 0 Rydberg 2.32 

"a.b. = antibonding. 

(A)  The C 1 s satellite spectra 
The satellite structures associated with the C Is core hole 

spectra of the fluoromethanes are enlarged in Fig. 7 .  The 
general spectral features are very similar within this series of 
compounds. The satellite bands started at ca. 12.5 eV on the 
higher binding energy side of the primary photoline. Several 
prominent peaks can be resolved with the aid of computer 
deconvolution. Above ca. 25 eV, the satellite spectra extend 
into a structureless tail. 

Within the independent electron model we have adopted 
here, the intensity of the monopole excitation is determined 
primarily by the overlap integral between the originating and 
terminating orbital. To a first approximation we expect strong 
satellite bands only from those orbitals having similar spatial 
arrangement. Examining the character of the occupied and 
unoccupied orbitals given in Tables 3 and 4 we anticipate the 
following monopole excitations, 3 t ,  + 5 t ,  in CF4; 2e + 3e and 
1 e + 3e in CH3F; and 3e + 6e and 5 a ,  + 8al  in CF3H will 
be mainly responsible for the satellites. These transitions are 
responsible for transferring electrons from the C-F and the 
C-H bonds to the antibonding orbitals which are localized on 
the carbon centre, thus, shielding the core hole. The experi- 
mental and theoretical Xu-SW results for the C 1s hole states 
of the fluoromethanes are summarized in Table 6. 

Because of the low resolution of the satellite spectra it is 
impossible for us to give an unambiguous individual assign- 
ment to each excitation. We simply group the calculated mono- 
pole transitions into bands and identify them with the structure 
observed in the spectra. Our assignments are mainly based on 

the theoretical predicted order. 
'The CF4 hole state spectrum is the simplest among the fluo- 

romethanes. The first band exists as a weak structure situated 
12.26 eV from the higher binding energy side of the primary 
photoline. According to our calculation, this band can be as- 
signed to the non-bonding fluorine to antibonding C-F or- 
bital, 4t ,  + 5t2 transition. Since the lone pair electrons local- 
ized on the fluorine atoms are less mobile, the amount of 
charge transfer will be small. The second band having a signifi- 
cantly larger intensity is assigned to the bonding-antibonding 
3t,  + 5t2 transition which represents the major screening 
mechanism. The calculated intensity of 9.8% is higher than the 
observed value of 4.7% and the predicted energy is off by 3.0 
eV. The third band centered at 23.65 eV is assigned to a 
combination of 5e + 8e and 6a I + 9 a I  transition. The band 
at 26.26 eV probably is the onset of the shake off processes. 
The double ionization of the valence orbitals starts at 23.5 eV, 
and this may explain the unexpected high intensity of the 
bands. It should be emphasized that the calculated intensities 
and energies are only approximate since configuration inter- 
action between shakeup states of the same symmetry has been 
ignored completely (3) .  

The satellite spectra of CH3F and CFIH are assigned in a 
similar fashion. The results are given in Table 6. Once again, 
the calculated transition energies are not in good agreement 
with experiments especially for the higher energy excitations in 
which the theory underestimates the transition energies by 
ca. 3 eV. Despite the complexity of the spectra and the inherent 
deficiency of the independent electron model, the theoretical 
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TABLE 4. Electronic charge distribution in the ground state and changes in the C Is 
hole state of CH,, CH3F, CHF3, and CF, 

( a )  CH4 

Symmetry Q o u t  Q i.1 Q c Q H  

Total 0.427(-0.408) 2.561(-0.398) 3.652(1.096) 1.360(-0.292) 

Symmetry 

Total 0.678 (-0.203) 6.564(-0.336) 2.599 (0.988) 22.158(-0.448) 

Symmetry Qcxun P i n t  Q c QF Q H  

30 I 0.006(-0.00 I )  0.384(-0.008) 0.100 (0.033) 1.508(-0.24) 0.002(-0.001) 
4a I 0.013(-0.012) 0.719(-0,092) 0.824 (0.213) 0.278(-0.091) 0.166(-0.018) 
5a I 0.024(-0,020) 0.5 18(-0.087) 0.572 (0.190) 0.8 12(-0.042) 0.073(-0.042) 
l e 0.038(-0.025) 1.445(-0.014) 1.179 (0.785) 1.018(-0.922) 0.319 (0.147) 
2e 0.042(-0.068) 1.053(-0.473) 0.670(-0.135) 1.972 (1.006) 0.262(-0.331) 

Total 0.123(-0.126) 4.120(-0.645) 3.346 (1.087) 5.588(-0.074) 0.823(-0.242) 

( d )  CHF.7 

Symmetry Q w t  Q bnt Q c  Q F Q H  

3 a l  0.018 (-0.005) 0.433 (0.001) 0.182 (0.068) 1.365 (0.065) 0.002 (0.001) 
4a 0.043 (-0.01 8) 0.529(-0.029) 0.582 (0.168) 0.770(-0.129) 0.075 (0.009) 
5a1  0.039 (-0.023) 0.632(-0.076) 0.615 (0.337) 0.571(-0.263) 0.143 (0.025) 
6 a I  0.039 (-0.040) 0.473(-0.107) 0.205(-0.046) 1.170 (0.342) 0.1 13(-0.150) 
l a z  0.035 (-0.009) 0.373(-0.020) 0.000 (0.00) 1.592 (0.030) 0.00 (0.00) 
2e 0.047 (-0.009) 0.673(-0.016) 0.156 (0.054) 3.124(-0.029) 0.000 (0.000) 
3e . . . .. 0.079 (-0.029) 0.892(-0.084) 0.999 (0.448) 2.028(-0.336) 0.001 (0.000) 
4e 0.068 (-0.023) 0.971(-0.046) 0.028(-0.009) 2.933 (0.077) 0.000 (0.000) 
5 e 0.081 (-0.030) 0.807(-0.022) 0.024(-0.008) 3.088 (0.060) 0.000 (0.000) 

Total 0.499(-0.186) 5.784(-0.399) 2.791 (1.012) 16.641(-0.313) 0.334(-0.115) 

predicted intensity distributions are in qualitative agreement 
with the experiments. Assignments above 25 eV are even more 
difficult and perhaps will not be too useful as the spectra are 
probably dominated by double ionization processes. The onset 
of the ionization limit for the valence electrons is predicted to 
occur at ca. 23 eV. The featureless tail extending from ca. 
25 eV to 50 eV can be attributed to these shakeoff processes. 
Electron shakeoffs are the dominant relaxation processes 
accompanying the photoionization of a core electron ( I ) .  

The satellite spectrum of the CF, molecule possesses several 
features that are distinct from the other fluoromethanes. First, 

the main satellite peaks observed in CF, are more closely 
packed and their line widths are relatively smaller than in the 
other fluoromethanes. Second, the intensity of the extended 
high energy structures shakeoff tail in CF, is much weaker than 
in CH3F and CF,H. These two points suggests that the potential 
barrier concept is important in CF,. The potential wall confines 
the CF, antibonding and low-lying Rydberg orbitals therefore 
reducing the energy separation between orbitals and enhancing 
the intensity of the excitations. By the same token, the re- 
pulsive potential restrains electron transitions to the outer dif- 
fuse Rydberg and continuum orbitals, thereby decreasing the 
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TABLE 5. Elcctron charge distribution in the ground state and changcs in thc F Is hole statc of CH,F 
and CF4 

CHzF 

Symmetry Q ,lLmt Q On( Q c Q: Q H 

Total 0.145(-0.104) 4.029(-0.736) 2.249(-0.010) 6.550 (0.889) 1.026(-0.039) 

Symmetry Q,tc, ,  Q illl Q c Q I- Q: 

Total 

TABLE 6. C I s-shakeup energies (eV) and intensities" for the fluoromethanes 

'I'heorctical-Xa-SW 
Experimental 

Molecule Assignment AE F.W.H.M. Int.% AE(ASCF) AE(TS) Int.% 
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TABLE 6. (Concluded) 
- - 

Theoretical-Xa-SW 
Experimental 

Molecule Assignment A E  F.W.H.M.  Int. % AE(ASCF) AE(TS) Int. % 

"Relative to the main peak after orthogonality correction. 
"Shake off transition. 

probability of double ionizations. Furthermore, the higher effective as for photoionization at the carbon site. In both 
molecular symmetry of the CF, molecule restricts the number cases, the fluorine spheres only gain ca. 0.9 e in the relaxed 
of monopole allowed transitions resulting in a relatively simple hole states. A majority of the screening electrons are derived 
satellite pattern as compared to CH,F and CF,H. from the intersphere region indicating the C-F and C-H 

bonding orbitals are strongly involved in the relaxation mech- 
(B) the F I S  satellite spectra 

The satellite spectra accompanying the F 1 s core ionization 
of the fluoromethanes are displayed in Fig. 8. At first glance, 
the observed features are much simpler than in the correspond- 
ing C 1 s hole spectra. However, this does not necessarily make 
the assignments easier. The lowering of molecular symmetry in 
the F Is hole state relaxes the symmetry selection rules and 
more monopole transitions become allowed. The charge reor- 
ganization accompanying photoionization of a F Is  electron 
calculated in the localized hole approximation for CF4 and 
CH,F is depicted in Table 5. The screening process is not as 

anism. It is quite surprising to note that the net change in 
electron population in the carbon and unionized fluorine 
spheres does not vary appreciably. As explained above, owing 
to computer limitations we are not able to perform calculations 
on the F 1 s hole state of CF,H in C ,  symmetry. The spectrum 
of this molecule was assigned by extrapolating the MO dia- 
grams in Fig. 3 and inferring from the assignments of CF4 and 
CH,F. The theoretical and experimental results with the 
proposed assignments are given in Table 7. 

As one might expect from the arguments presented earlier, 
the excitations originating from the C-H and C-F bonding 
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FIG. 7 .  C Is satellite photoelectron spectra for CH3F, CHF,, and 
CF4. 

orbitals will give the most intense shakeups. In the case of 
CH,F, the transitions from the 4 a I  and 5 a l  orbitals dominate 
the spectrum. The calculated mean excitation energy (5a l  + 
7 a  I and 4 a ,  + 7 a  is 17.50 eV with a total intensity of 10.4% 
relative to the main photoline. These are in good agreement 
with observed band maximum at 17.10 and a relative intensity 
of 13.4%. Excitation out of the 1 e orbital is largely responsible 
for the intensity of the second band located at 25.92 eV. The 
theory predicts a total intensity of 4.8% for this band centered 
at about 25.5 eV. The profile above 30 eV is dominated by 
shakeoff transitions, although the calculation puts the l e  + 5e 
transition at 28.02 eV with relative intensity of 2.4% which is, 
fortuitously, in good agreement with the peak at 30.07 eV. 

The first satellite band in CF, is observed at 14.20 eV. We 
assign this to a combination of the 8 a  I + 1 Oa I and 6 a  + I O U ,  
transitions. By far the most intense shakeup is the 7 a ,  + 10al  
transition. This transition removes electrons from the C-F 
bonding region into the F* sphere. The calculated energy and 
intensity of 22.59 eV and 12.2% are in fair agreement with 
experiment. Once again the band observed at 30.80 eV can be 
attributed to the overlap of discrete shakeup transitions and 
shakeoff. Excitations out of the 6e  orbital fall into this region 
and the calculated intensities seem to justify the assignment. 

The shakeup in CHF, can be estimated from the theoretical 
data obtained for CHF, and CF,. To construct the F Is hole 

FIG. 8. F I s  satellite photoelectron spectra for CH3F, CHF3, and 
CFJ. 

state molecular orbital diagram we shifted the C-H bonding 
orbitals and the unionized fluorine atoms from their ground 
state values by 7.9 eV and the ionized fluorine orbitals by 
15.2 eV (vide supra). The unoccupied 6e and 8 a 1  orbitals are 
shifted down by 6.5 eV. Assuming intense shakeup only occurs 
for transitions to the antibonding orbitals we can then estimate 
the shakeup energies from the energy difference of the termi- 
nating and originating orbitals (Fig. 3). The results are 
presented in Table 7. We made no attempt here to rationalize 
our results any further due to the lack of intensity information. 
However, the assignments seem to be quite reasonable. 

Conclusion 
We have shown that by counting to high statistics, satellite 

structures of relatively low intensities can be observed in the 
core level photoelectron spectra of the fluoromethanes. The 
structures can be reasonably attributed to monopole u + u* 
excitations (shakeup). The intense transitions observed in the C 
Is core hole spectrum of CF, support the prevailing belief of 
the existence of a potential wall created by the fluorine lone 
pair electrons in this molecule. The effect of the potential 
barrier is less apparent in the F Is core hole photoelectron 
spectra. Although the physics of the relaxation mechanism can 
be understood within the simple independent electron model, 
the actual calculations of the spectra should include the effect 
of electron correlation and spin couplings. For molecules of the 
size studied here, the Xa-SW method is still a very useful and 
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TABLE 7. F Is-shakeup energies (eV) and intensities" for the fluoromethanes 

Molecule Assignment AE F.W.H.M. Int.% AE(ASCF) Ae(T S) Int.% 

CH3F 2e + 3e 17.10 5.9 13.4 13.61 13.57 0.9 
5 a l  + 7 a l  14.00 14.01 2.2 
2e + 5e 16.80 16.76 0.8 
5 a l  + 601 16.98 16.96 0.9 

C H F ~  I l a '  + 14n' 
90' + 130' 
9a '  + 120' 
6n' + 130' 
60' + 12a' 

IOU'  + 12n' 
70' + 13a' 

Ion' + 14a' 
7n' + 120' 

IOU' + 16a' 
7n' + 14n' 
7n' -, 16n' 
70' + 17n' 
712' + 180' 

CF4 8 n l  + lool  
6 a l  + Ionl 

"See footnote to Table 6. 
"Energies are estimated using MO diagram (Fig. 3). 

reliable technique to assist our understanding on both ground 
state and hole state electronic structures; even though in most 
cases the calculated shakeup transition energies and relative 
intensities are only in rough agreement with the experiments. 
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Laboratory photochemical studies of aqueous acetonitrile solutions of some polychlorinated phenols (PCPs) such as 
2,3,4,5-tetrachlorophenol (2,3,4,5-C14-Pn) (I), 2,3,4,6-CI1-Pn (2), 2,3,5,6-C1,-Pn (3). and pentachlorophenol (CIS-Pn) (4) at 
A > 285 nm have been carried out for 6 and 24 h exposure times. All the investigated PCPs underwent reductive dechlorination. 
This process was dependent not only upon the position of OH group but also upon the relative positions of the CI substituents 
on the benzene ring. The C14-Pn 2 (and 3) and C15-Pn (4) also yielded photoproducts of molecular formulae CxH4CI,N0 (M" 
= 235) and CxH,C14N0 (M" = 269). respectively. Furthermore, phenol 3 is unique amongst the investigated PCPs; in addition 
to the above mentioned photoproducts, it yielded hexa-, hepta-, and octachlorodihydroxybiphenyl(s) as well as hep- 
tachlorohydroxydiphenyl ether. 

GHULAM GHAUS CHOUDHRY, FRANS W. M. VAN DER WIELEN, G. R. BARRIE WEBSTER et OTTO HUTZINGER. Can. J .  Chem. 
63, 469 (1985). 

OFrant a des A > 285 nm et pour des temps d'exposition de 6 et de 24 h, on a effectuC des Ctudes photochimiques en 
laboratoire de quelques phCnols polychlorCs (PPC), comme le tCtrachloro-2,3,4,5 phCnol (CI,-2,3,4,5 Pn) (I) ,  Cl,-2,3,4,6 Pn 
(2), CI4-2,3,5,6 Pn (3) et le pentachlorophCnol (CIsPn) (4). Tous les PPC CtudiCs subissent des dCchlorations rkductives. Ce 
processus ne dCpend pas seulement de la position du groupement OH mais aussi des positions relatives des substituants CI sur 
le noyau benzCnique. Les composCs C1,-Pn (2 et 3) et CI>-Pn (4) fournissent aussi respectivement des photoproduits de formules 
molCculaires CxH4C13N0 (M+' = 235) et C,H,CI,NO (M" = 269). De plus, le phCnol 3 est unique parmi les PPC CtudiCs: 
en plus des photoproduits mentionnks plus haut, il fournit aussi des hexa-, hepta- et octa-chlorodihydroxybiphCnyles ainsi que 
de I'heptachlorohydroxydiphCnyl Cther. 

[Traduit par le journal] 

Introduction 
Polychlorophenols (PCPs) are ubiquitous environmental 

contaminants which have been found in several aquatic envi- 
ronments around the world. For instance, Wegman and his 
associates have reported the occurrence of 19 individual PCPs 
in surface waters (2) and i n ~ i v e r  sediments (3) located in The 
Netherlands. Likewise PCPs are known to occur in mussels, 
pike, and sediments in the lakes of central Finland (4). Chloro- 
phenolic pollutants originate from pulp bleaching and the disin- 
fection of waters, but are also contaminants and degradation 
products of pesticides (4). Furthermore, pentachlorophenol 
(CIS-Pn) itself has been widely used in agriculture and industry 
as a fungicide, bactericide, herbicide, molluscicide, algicide, 
and insecticide (5, 6). Currently, CIS-Pn is utilized mainly as a 
wood preservative, which has led to its widespread presence in 
the environment (5). A large number of organic compounds 
including PCPs have also been identified in the flue gas and fly 
ash from some municipal and industrial incinerators (7). 

In the past, several publications have reported photocon- 

'For Part V,  see ref. I. 
'To whom all correspondence should be addressed. 

versions and photodegradations of (po1y)chlorinated phenols. 
Photolyses of basic aqueous solutions of all three monochloro- 
phenols at wavelengths of 254 nm and 3290  nm are well 
known (8- 10). Photoreactions (1 1) of 2,5-dichlorophenol 
(2,5-C1'-Pn), 2,6-C1'-Pn, 3,4-C1,-Pn, and 3,5-CI3-Bz in deu- 
teriated methanol at A = 254 nm as well as riboflavin 
photosensitized oxidation (12) of 2,4-C1,-Pn at A 2 280 nm in 
aqueous solution have been described. Furthermore, several 
authors have reported photolyses of pentachlorophenol in or- 
ganic solvents such as hexane, cyclohexane, acetone, and 95% 
ethanol at 254 nm (13) and on wood (14). Photolysis of the 
sodium salt of CIS-Pn in water using natural sunlight and 
sunlamps has also been documented (14). 

Previously, we have observed that, in addition to reductively 
dechlorinated products (major), polychlorobiphenyls (PCBs) 
appear as photoproducts in the case of irradiation of solutions 
of 1,3,5-trichlorobenzene (1,3,5-C13-Bz) ( 1  3, tetrachloro- 
benzenes ( 16), and pentachlorobenzene ( 16) in various 
water-acetonitrile mixtures. Under such photochemical 
circumstances, 1,2,3-C1,-Bz (15), 1,3,5-C1,-Bz ( 1 3 ,  and all 
three isomers of tetrachlorobenzene (1, 16) undergo photo- 
conversions, eventually giving rise to the production of photo- 
isomerized chlorobenzenes. More recently, we have reported 
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that laboratory irradiation (at A 2 285 nm) of tetra-, penta-, and 
hexachlorobenzenes in aqueous acetonitrile containing phenol 
yields polychlorinated dibenzofurans (PCDFs) possessing two 
C1 atoms less than the starting chlorobenzenes (17). It was 
concluded that, during these photochemical reactions, products 
such as PCBs (I 5 ,  16) and PCDFs ( 17) are apparently formed 
through the intermediate involvement of some polychloro- 
phenyl radical species which are circumstantially longer 
surviving. In view of our interest in the photochemical fate of 
pollutants such as halogenated benzene derivatives in the 
environment ( 1  , 15 - IS), we decided to investigate the photo- 
chemistry of polychlorophenols (PCPs). The present paper is 
concerned with the results of our laboratory photochemical 
studies on some PCPs, viz., three tetrachlorophenols and 
pentachlorophenol in different acetonitrile-water mixtures 
using radiation of wavelength 2285 nm with special emphasis 
on reductive dechlorination and formation of dihydroxypoly- 
chlorobiphenyls, hydroxypolychlorodiphenyl ethers, and other 
products. 

Experimental 
Substrates and starzdard.~ 

All chemicals were purchased from Aldrich Chemical Co., Inc. 

Solvents and procedures for dze preparatiorz of .solutions and irra- 
diation experiments 

Solvents and procedures utilized have been described previously 
(16). 

E,rtrocrion procedures 
One millilitre of aqueous solution of 0.589 M NaOH was added to 

a photolyzed sample and shaken well, the pH value of the resulting 
solution being 3 I I .  Subsequently, 2 mL of n-hexane containing pen- 
tachlorobenzene (0.108 X lo-' M )  as an internal standard (IS) were 
added. After shaking well, the n-hexane layer was separated from the 
water-acetonitrile layer. To the n-hexane fraction,-a few drops of 
11-nonane were added; the solution was then reduced in volume to ca. 
0.2 mL under a stream of dry nitrogen. One millilitre of 1.080- 1.400 
M HCI in water was added to the water-acetonitrile fraction to adjust 
the pH to S I .  The n-hexane extract (ca. 0.2 mL) containing the IS was 
prepared by following the method described above. An unphotolyzed 
sample solution was also subjected to the extraction procedure as 
cited. 

Gas chromatography 
Qualitative and quantitative analyses of the n-hexane extracts were 

carried out on a Hewlett-Packard 5830A instrument equipped with a 
flame ionization detector (FID) and an 18850 GC terminal. 

Column A: Glass column (2 m X 0.2  cm) containing 3% SE 52 on 
160- 180 Mesh ChromosorbWAW; temperature I ( T I )  = 60°C, time 
1 ( t l )  = 2 min, rate 8"/min, temperature 2 (Tz) = 240°C, time 2 (rz) 
= 20 min, carrier gas (Nz) flow = 30 mL/min, injector temperature 
= 250°C and FID temperature = 300°C. 

Column B: Glass column (2 m X 0.2 cm) containing 3% FFAPISP 
1000 on 160- 180 mesh Chromosorb WAW; T I  = 60°C, t ,  = 2 min, 
rate 8"/min, Tz = 240°C. t2 = 25 min, carrier gas (N2) flow = 
26 mL/min, injector temperature = 250°C and FID temperature = 
300°C. 

Gas chromatography - mass spectrometry 
A Hewlett-Packard 5894 A gas chromatograph mass spectrometer 

(gc-ms) was used in the electron-impact mode at 70 eV. All photo- 
products (documented in Table I) were identified using a fused silica 
capillary column (25 m x 0.25 mm i.d.) coated with 0.4 pm CP-SIL 
5 (Chrompack). The procedure of Grob and Grob (19) was followed 
for operating the capillary injection system. The gc conditions for this 
capillary system were T I  = 70°C, t l  = 0 min, rate = 32"/min; after 
2 min rate being 8"/min, T, = 300". tz = 30 min. The mass (M) 

retention time (min) - 
FIG. I. Typical gas chromatograms of the n-hexane extracts at pH 

3 I I of the 6 h photolyzates of ( a )  2,3,4,6-tetrachlorophenol (2), 
(b)  2,3,5,6-tetrachlorophenol (3), and ( c )  2,3,4,5,6-pentachloro- 
phenol (4). The peaks labelled with numbers and "IS" indicate the 
photoproducts and internal standard (pentachlorobenzene), respec- 
tively; 4 p L  were injected. (Mass spectra are described in Fig. 2, and 
other conditions are given in Table 1 and Experimental.) 
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CHOUDHRY ET AL. 47 1 

TABLE I .  Photolyses" of polychlorophenols (PCPs) in water-acetonitrile mixtures 

Percentage Photoproducts identified" in the n-hexane 
disappearance extracts; when the pH value of  the 

Irradiation of the starting photolyzed sample was changed to: 
Substrate, H 2 0 :  CH3CN Concentration time 

No. -chlorophenol (.I.) (in lo- '  M )  (h) (%I > 1 I . ~ . r  < l~7.c,,v,~,., 

"Sample solutions in Pyrex tubes which transmit less than I% of the radiation below 287 nm were irradiated in a Rayonet Photoreactor, equipped with RPR 
3000 A uv lamps, having an energy output of 90% between 290 and 310 nm. 

"n-Hexane extracts were treated with diazomethane. 
"Quantifications were carried out by fid-gc utilizing pentachlorobenzene as the internal standard. 
"Percentages in the parentheses represent chemical yields calculated from the amount of photoconverted starting material. 
"Quantitative analyses were performed by gc equipped with Column A (see Experimental). 
'Typical gas chromatograms and mass spectra of the photoproducts 6, 9, and 16 are shown in Figs. 1 and 2, respectively. 
"Quantitative analyses of chlorophenols were conducted by gc equipped with Column B (see Experimental), whilst those of other compounds were performed 

as described in the footnote e .  
"Typical total ion chromatograms (TICS) of 11-hexane extract of photolyzates of the substrate 3 subjected to halogen test computer program (20) are given in 

Fig. 3. 
'Structures: 2,3,5-C1,-Pn = 2,3,5-trichlorophenol; C16-(OH)2-BP = hexachlorodihydroxybiphenyl; C1,-(OH)-DPE = heptachlorohydroxydiphenyl ether; etc. 
'Typical mass spectrum of this product is shown in Fig. 4. 

ranges were: 100 < M  < 500 .  T o  identify chlorine-containing photo- 
products in the photolyzate, the computer programme for specific 
detection of organochlorine and organobromine compounds (20) was 
used. 

The last column of Table I records phenolic products identi- 
fied in the n-hexane extracts of the photolyzates after changing 
their pH value of > 1 1  to < 1 .  Such photoproducts were deri- 
vatized with CH,N2 prior to gc and gc-ms analysis. With the 
exceptional case of 2,3,5,6-tetrachlorophenol (2,3,5,6-CI,-Pn) 
(3), the n-hexane extracts (at pH < 1 )  of all other photolysed 
PCPs contain only reductively dechlorinated photoproducts; 
e.g., on irradiating 1 for 6 and 24 h, 10 and 9% of the disap- 
peared starting compound 1 are photoconverted into 5. But in 
the case of photoreaction of 3 for 24 h, in addition to the usual 
reductively dechlorinated photoproduct 5 (9%), hexachloro- 
dihydroxybiphenyl (12), heptachlorodihydroxybiphenyl ( lo),  
heptachlorohydroxydiphenyl ether (13), another isomer of bi- 
phenyl 10 (14), and octachlorodihydroxybiphenyl(15) at yields 
0.5, 1.5, 0.2, 0.2, and 1.0%, respectively, together with an 
unidentified photoproduct 11 (0.5%) are seen. It is noteworthy 
that the biphenyl 10 (4% yield) is also produced during the 
6 h exposure of 3. Using the Olie and Hutzinger computer 
search technique to locate chlorinated organic compounds (20), 
typical total ion chromatograms (TICS) of the methylated n- 
hexane extracts of the unphotolysed and photolysed aqueous 
acetonitrile solutions of the tetrachlorophenol 3 are given in 

Idenrificoriot of phoroprodrccr.~ 
n-Hexane extracts (at pH G 1)'of the sample solutions were treated 

with diazomethane in ether. Methylated photoproducts such as  PCPs 
were identified by comparing their retention times (Column B) and 
mass spectra with those of authentic chlorophenols treated with 
CHZN,. Identification of all other photoproducts (recorded in Table 1)  
are  tentative pending availability of  standards. Structures of such 
compounds were ascribed from their mass spectra. 

Results 
Table 1 lists the photoproducts of PCPs (1-4) after 6 and 

24 h irradiation. The 6 h photolyses of 2 and 3 yield photo- 
products of molecular formula C,H4Cl3NO; whereas 4 fol- 
lowing 6 and 24 h exposure times provide 1 1  and 3% of 
C,H,CI,NO, respectively. Typical gas chromatograms and 
mass fragmentation pattern of these products yielded from 6 h 
photochemical reactions of PCPs 2 ,3 ,  and 4 are shown in Figs. 
1 and 2, respectively. 
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FIG. 2. Mass spectra of the peaks labelled with numbers 6, 9, and 16 in the gas chromatograms shown in Fig. I .  (See Experimental and 
Table I for further details.) 

Fig. 3. The mass fragmentation pattern of the unidentified 
product 11 is described in Fig. 4. Finally, when penta- 
chlorophenol4 in  water-acetontrile (4: 6 v/v) is exposed to uv 
radiation for 24 h, besides the above mentioned non-phenolic 
product 16, 7% 1 and 8% 2 and/or 3 are formed (Table I). We 
and other researchers (21) did not succeed in separating 
2,3,4,6- and 2,3,5,6-tetrachloroanisole by gc or gc-ms. 

Discussion 
It is evident (Table 1) that the photoreactions of the C1,-Pns 

1-3 in water-acetonitrile (1 : 1 v/v) produce photoproducts 
through reductive dechlorination dependent on the relative pos- 
itions of the hydroxyl (OH) and chlorine substituent groups on 
the benzene ring. In the case of all tetrachlorophenols, the C1 
atom(s) present at the meta position(s) (relative to the OH 
group) do not undergo photoreaction. 2,3,4,5-Tetrachloro- 

phenol (1) yields only 2,3,5-C1,-Pn (5) (for both exposure 
times) via the reduction of the para CI substituent; whilst the 
product of 3 is also 5, formed by reductive dechlorination at the 
ortho position (Table I). So far as photochemical reductive 
dechlorination is concerned, 2 is unique amongst the three 
isomers of tetrachlorophenol giving (7) and (8) through the 
reduction of the ortho and para substituents, respectively. It is 
worth noting that 2,4,5-trichlorophenol (expected from photol- 
ysis at the ortho chlorine) is not detected amongst the reduc- 
tively dechlorinated photoproducts of 2, thereby indicating 
that, in the case of the photolyses of polychlorinated phenols, 
isomeric distribution of the photoreductively dechlorinated 
products is dependent not only upon the position of the OH 
group but also upon the relative positions of the chlorine 
substituents. As cited in the previous section, because of our 
failure to separate 2,3,4,6-tetrachlorophenol (2) from its 
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spectrum number - 
FIG. 3. Plots of the total ion chromatograms (TICS) of the methyl- 

ated n-hexane extracts at pH < 1 of the sample solutions of un- 
irradiated (a), and irradiated 2,3,5,6-tetrachlorophenol (3) for 6 h (b)  
and 24 h ( c )  subjected to the halogen test computer program (20) for 
locating chlorine containing compounds. The peaks with numbers 
exhibit the compounds which have been identified (Table I). (For 
conditions of gc-ms, see Experimental.) 

isomer 3, we are unable to conclude whether meta or para C1 
substituent(s) or both is (are) photolabile in case of photo- 
reductive dechlorination of pentachlorophenol (4). It is inter- 
esting to mention that, under the present circumstances, on 
irradiating CIS-Pn (4) for 6 and 24 h, CI,-Pns namely 1 and 2 
and/or 3 in the ratios of ca. 1 : 1.5 and 1 : I, respectively, 
appear as photoproducts. Our findings differ from those of 
Crosby and Hamadmad (13) who report that irradiation (A = 
254 nm) of 4 for 32 h in organic solvents yields 3 (30%) as the 
major decomposition product accompanied by a minor product, 
ca. 10% assumed to be an isomeric tetrachlorophenol. 

In order to account for the products arising from the irra- 
diation of 3, the following postulated scheme can be con- 
sidered: A molecule of 2,3,5,6-C14-Pn (3) in the ground state 
absorbs a photon, yielding the excited state of 3. Homolytic 
scission of the C-CI bond at position 2 (or position 6) of 3 in 
the excited state gives 2,4,5-trichloro-6-hydroxyphenyl radi- 
cals (17). Radical species 17 abstracts hydrogen atoms from the 
solvent to provide 2,3,5-C1,-Pn (5). Likewise, attack of inter- 
mediate radicals 17 on the ground state molecules of the 
starting substance 3 results in the formation of m-complex 
species 18, which lose hydrogen atoms leading to the eventual 
generation of 2,2' ,3,4',5,5' ,6-heptachloro-4,6'-dihydroxybi- 
phenyl (G). The structure G may be ascribed to the photo- 
product 10 or 14 (Table 1 and Fig. 3b and c ) .  Due to the 
unavailability of an authentic standard, structure G is tentative. 
However, i t  is well known that under the similar photochemical 
circumstances, the intermediate polychlorophenyl radicals 
such as 3,5-dichlorophenyl radicals ( 1  5) and all trichorophenyl 
radicals (16) and tetrachlorophenyl radicals (16), produced via 
the homolytic cleavage of the C-C1 bond on the poly- 
chlorobenzenes (PCBzs), interact with the corresponding start- 
ing PCBz to provide the corresponding polychlorobiphenyl(s) 
(PCB(s)). The alternative structure 2,2',3,4',5,5',6-hepta- 
chloro-3',4-dihydroxybiphenyl (not shown in Scheme I), pos- 
sibly attributable to the product 10 or 14 formed by the 
arylation of 3 by 2,4,5-trichloro-3-hydroxyphenyl radicals can 
be ruled out due to the fact that 2,3,6-trichlorophenol, which is 
likely to be generated by the abstraction of H atoms from 
solvents by these anticipated trichlorohydroxyphenyl radicals, 
has not been identified amongst the photoproducts of 3. Fur- 
thermore, some of the photoexcited molecules of 3 provide 
2,3,5,6-tetrachlorophenoxy radicals (19) generated through the 
photohomolysis of the OH bond on 3. In addition, phenoxy 
radicals 19 may also be yielded by a process involving the 
abstraction of the H atom of the hydroxyl group on 3 by radical 
species like C1, CH,CN and 17. The phenoxy radicals 19 
combine with 2,4,5-trichloro-3-hydroxyphenyl radicals and/or 
isomeric radicals (17), thereby forming heptachlorohydroxy- 
diphenyl ether (C17-(OH)-DPE) (13). The involvement of the 
former trichlorohydroxyphenyl radicals in the production of the 
DPE 13 seems highly unlikely, as discussed above. Moreover, 
the unpaired electron on the oxygen atom of the phenoxy spe- 
cies 19 is delocalized over the benzene nucleus as depicted by 
resonance structures 20 and 21. The radicals 20 dimerize giving 
rise possibly to the generation of intermediate compound 22. 
The substance 22 aromatizes to give 2,2',3,3',5,5',6,6'-octa- 
chloro-4,4'-dihydroxybiphenyl (15). Although this structure 
designated to the photoproduct CI,-(OH),-BP (15) (Table 1 
and Fig. 3c) is again tentative, no other logical structure for 
product 15 can be considered. Furthermore, photodegradation 
of biphenyl 15 may yield heptachlorodihydroxybiphenyl (C17- 
(OH)2-BP) (product 10 or 14) (structure H given in Scheme 1). 
The absence of an expected product, CIS-(OH)-DPE (a likely 
structure being 2,2',3,3',5,5',6,6'-octachloro-4-hydroxydi- 
phenyl ether), in the photolyzate of 3 (Table 1 )  evidently 
reflects that (i)  2,3,5,6-tetrachlorophenoxy radicals (19) do not 
attack at the position 4 of ground state molecules of 3 and (ii) 
radical 19 does not interact with radical 20. It can be inferred 
from this fact that reactions of the sort 20 + 3 -H 15, another 
possible route for the production of the photoproduct 15, do not 
take place in the present solvent system. Likewise, reaction 20 
+ 21 ++ G does not occur. However, 20 + 17 ++ G may 
contribute in the generation of photoproduct G, because tri- 
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chlorohydroxyphenyl radicals 17 are more reactive (less stable) 
compared to the phenoxy radical 19 and its mesomeric 
structures 20 and 21. Finally, the discussion presented above 
leads one to conclude that, in the H20 :  CH,CN solvent system, 
in the context of replacement of a H atom of a (chlorinated) 
benzene nucleus by a phenoxy radical, the intermediate phen- 
oxy species are less reactive and are unable to undergo such 
reaction. Therefore, the scheme showing the mechanism of 
formation of 2,3-dichlorodibenzofuran during the irradiation of 
solution of I,2,4,5-tetrachlorobenzene in H20:CH3CN (4:6 
V/V) containing phenol, previously postulated by Choudhry 
et al. (17), can be modified by including phenoxy radicals 
bearing full (instead of partial) radical character on the oxygen 
atom which interact with photochemically generated 2,4,5- 
trichlorophenyl radicals. 

For instance, the photoproduct 16 of 4 (Figs. 1 and 2) 
has molecular ion (M") m/e 269 and the molecular for- 
mula CxH3Cl4NO has been assigned by interpreting its mass 
spectrum. Structure I, namely hydroxytetrachlorophenylaceto- 
nitrile, can be considered for compound 16, formed pre- 
sumably through the coupling between CH2CN (which may 

/ 
CN-CH2 

I 
have been generated via abstraction of hydrogen atoms from 
the cosolvent acetonitrile by intermediate free radical species) 
and photolytically produced hydroxytetrachlorophenyl radical. 
Because the product 16 has been detected in the n-hexane 
extract at pH 3 I I and because the phenolic compound I at 
such a high pH is expected to remain in the H?O: CH,CN layer 
as is the case of the starting phenol 4, the structure I proposed 
for 16 is ruled out. The rejection of structure I is supported by 
the lower retention time and the shape of the gc peak for 
product 16 (Fig. 1 c). It should be mentioned that Lemaire and 
co-workers (9, lo), during their photochemical investigations 
on 2-chlorophenol (in the anionic form), have suggested the 
intermediary of 1,2-ketocarbene and its contraction to a five 
member ring ketene. With the aid of our present experimental 
data, we are unable to conclude whether such a ring contraction 
also occurs during the photolyses of tetra- and pentachloro- 
phenols. However, it is interesting to note that 1 does not 
provide a photoproduct of molecular formula CnH4C13N0. In 
addition, during the irradiation of 1 3,4,5-C1,-Pn, expected via 
the homolysis of the 2-C1, is not seen. These two facts 
lead to the conclusion that products such as C,H,CI,NO and 
CxH4C13N0 are possibly produced through the intermediate 
involvement of tetrachloro- and trichloro-2-hydroxyphenyl 
radicals, respectively. It is notable that Choudhry and Hut- 
zinger (16) have recently reported the photoformation of 
CxHSCl2NO from 1,2,3,4- and 1,2,3,5-tetrachlorobenzene as 
well as CnH4CI3NO from pentachlorobenzene, water-aceto- 
nitrile being used as the solvent. Similar products (viz. 
C,HSCl2NO) may be formed during the photolysis of appro- 
priate trichlorophenols. The full characterisation of these 
reaction pathways and the compounds so yielded will be the 
subject of another paper. 

Conclusions 
Our laboratory photochemical investigations at A 3 285 nrn 
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CHOUDHRY ET A L  

FIG. 4. Mass spectrum of peak No. I I in the total ion chromatogram (TIC) shown in Fig. 3(c). 

on 4-5 X lo-' M solutions of tetra- and pentachlorophenols in 
water-acetonitrile mixtures lead us to conclude that, in the 
context of reductive dechlorination of tetrachlorophenols 
(C1,-Pns), the 4-CI substituent of 2,3,4,5-CIA-Pn (1); 4-C1 and 
6-C1 substituent of 2,3,4,6-C1,-Pn (2); and 2-C1 (6-CI) substit- 
uent of 2,3,5,6-C1,-Pn are photolabile, whilst 3-Cl (and 5-CI) 
substituent(s) on this substrate(s) is (are) not photochemically 
reactive. In the case of pentachlorophenol 4, it can be con- 
cluded that the C-CI bond at position 2 (and 6) is labile to 
homolytic cleavage, but the question whether the C-C1 bond 
at position 3 (and 5 )  or 4 or at both positions undergoes 
such a photoreaction remains unanswered. Failure to yield 
C,H,CI,NO (M" = 235) from 1 stresses that similar products 
observed in the case of other PCPs 2-4 are formed through the 
intermediacy of hydroxypolychlorophenyl radicals generated 
via the homolytic cleavage of a C-C1 bond ortho to the O H  
group (Scheme I). Likewise, among the CI,-Pns, only the 
irradiation of 2,3,5,6-tetrachlorophenol (3) provides the 
relatively longer surviving trichlorohydroxyphenyl radicals in 
addition to (possibly) tetrachlorophenoxy radicals (and their 
mesomeric form bearing unpaired electron at the para posi- 
tion), which act as sources of photoproducts such as hexa-, 
hepta-, octa-chlorodihydroxybiphenyl(s) and heptachlorohy- 
droxydiphenyl ether. Finally, contrary to our previous ob- 
servations in the case of irradiation of polychlorobenzenes 
(PCBzs), namely, 1,2,3-, 1,3,5-trichlorobenzene (15), all 
three tetrachlorobenzenes (1, 16) and 2,4,5-trichlorodiphenyl 
ether (17), it is very unlikely that photoisomerization occurs 
during the photolyses of tetrachlorophenols in H 2 0 :  CH'CN. 
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An eigenvalue method for determination of multicomponent diffusion coefficients. 
Application to NaOH + NaCl + HzO mixtures 
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DEREK G. LEAIST and ROBERT A. NOULTY. Can. J .  Chem. 63, 476 (1985). 
A general method for the determination of multicomponent diffusion coeff~cients is developed using the algebraic technique 

of matrix diagonalization. When linear combinations of measurements from several multicomponent diffusion experiments 
performed with different initial concentration gradients (but with the same final composition) are analyzed as simple binary 
data, particular combinations may be found that transform the multicomponent diffusion coefficient matrix D to diagonal form 
and thus yield time-invariant. pseudo-binary diffusion coefficients: the eigenvalues of D. Since the matrix that diagonalizes 
D is given by the coefficients used to form the linear combinations, D is easily recovered by the inverse transformation. The 
advantages of the eigenvalue method are briefly discussed. For testing purposes, ternary diffusion coefficients are determined 
from conductance measurements for d~lute aqueous NaOH + NaCl mixtures. Diffusion of NaOH in aqueous NaCl is 
significantly more rapid than in pure water, and large coupled flows of NaCl are observed. The results are in close agreement 
with behavior predicted by Onsager-Fuoss theory. 

DEREK G. LEAIST et ROBERT A. NOULTY. Can. J .  Chem. 63, 476 (1985). 
Faisant appel i une technique algkbrique de diagonalisation des matrices, on a developpe une mCthode gkntrale permettant 

de determiner les coefficients de diffusion i plusieurs composantes. Lorsqu'on analyse, sous forme de donnkes binaires 
simples, des combinaisons linkaires de mesures provenant de plusieurs expCriences de diffusion i plusieurs composantes, 
rkaliskes avec des gradients diffkrents de concentrations initiales (mais avec la meme composition finale), on peut trouver des 
combinaisons particulikres qui permettent de transformer en une forme diagonale la matrice D du coefficient de diffusion i 
plusieurs composantes; on peut ainsi obtenir des coefficients de diffusion peudo-binaires qui ne varient pas avec le temps. 
Puisque la matrice qui diagonalise D est obtenue i partir des combinaisons utilisees pour former Ies combinaisons lineaires. 
on peut facilement rtcupkrer D par la transformation inverse. On discute brikvement des avantages de la mCthode des valeurs 
de eigen. Pour fins de verification, on a determink les coefficients de diffusion ternaires i partir de mesures de conductivitt 
sur des solutions aqueuses diluees de mClanges de NaOH + NaCI. La diffusion du NaOH dans le NaCl aqueux est beaucoup 
plus rapide que dans I'eau pure et on observe d'importantes migrations couplCes de NaCI. Les rksultats obtenus sont en bon 
accord avec le comportement prCdit par la thCorie de Onsager-Fuoss. 

[Traduit par le journal] 

I. Introduction 
Multicomponent diffusion is of theoretical interest and con- 

siderable practical importance ( 1 ,  2). In many cases the dif- 
fusivity of a solute in a multicomponent mixture is significantly 
different from its binary diffusivity, especially if the solutes are 
electrolytes or they react chemically (3-8). Moreover, because 
diffusional flows interact, multicornponent diffusion of a com- 
ponent produces countercurrent or cocurrent flows of other 
components in the mixture. If the interaction is strong, a gra- 
dient in concentration of one component can effectively control 
transport of a second component. 

Multicomponent diffusion is measured by classical gradient 
techniques (8- 16). Typically, a system is prepared with initial 
concentration differences"across a sharp boundary. As the sys- 
tem relaxes toward thermodynamic equilibrium, changes in a 
concentration-dependent property (such as the refractive index) 
are measured along the diffusion path. Diffusion coefficients 
are then obtained by fitting mathematical solutions of the mul- 
ticomponent diffusion equations to the measurements. Because 
these solutions are complicated functions which contain the 
diffusion coefficients as non-linear parameters, determination 
of diffusivities for multicomponent systems by this procedure 
is substantially more difficult than for binary systems (17). 

The purpose of this work is to develop a simpler method for 
the analysis of multicomponent diffusion data. Rather than fit 
solutions of the diffusion equations to measurements from indi- 
vidual experiments, we propose to treat linear combinations of 
measurements from experiments performed with different ini- 

' To whom all correspondence should be addressed. 

tial conditions as simple binary diffusion data. Particular com- 
binations diagonalize (18, 19) the multicomponent diffusion 
equations and yield time-invariant, pseudo-binary diffusion co- 
efficients - the eigenvalues of the multicomponent diffusion 
coefficient matrix D. The eigenvalues provide D in diagonal 
form. We show that the coefficients used to form the linear 
combinations define the matrix that diagonalizes D, and that D 
is easily reconstructed by the inverse transformation using ma- 
trix inversion and multiplication. 

To evaluate the eigenvalue method, ternary diffusion coeffi- 
cients have been determined for NaOH + NaCl + H?O mix- 
tures. This system was chosen in order to test recent predictions 
(21) that aqueous hydroxides diffuse much more rapidly in 
supporting electrolytes than in pure water. Another purpose of 
the study was to determine whether or not pH gradients pro- 
duced by hydroxide gradients, like pH gradients produced by 
acid gradients (6-8), can generate large coupled flows of salts. 
Coupled transport driven by pH gradients has applications to 
separation technology and plays vital roles in biological sys- 
tems (22-24). 

2. Theory 
n + 1 comporzerzts 

Provided the concentration gradients are not too large, iso- 
thermal diffusion in a system containing n + l components 
may be described by rz coupled equations (25) 

n 

[I] ac,/at = C D;~V?C~ i = I ,  2, . . . , n 
P =  l 

where c, is the concentration of component i in moles per unit 
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volume, t is the time, and V' denotes the Laplacian operator. 
Multicomponent diffusion coefficient D, measures the flux of 
component i produced per unit concentration gradient in com- 
ponent k. In matrix notation 

where c denotes the column vector of n component concen- 
trations and D is the n X n matrix of diffusion coefficients. 

Consider linear combinations (18, 19) u; of the component 
concentrations defined by 

n 

[3] c i =  z AiPuP 
P =  l 

Upon substitution of c = Au into eq. [2] and multiplying by 
A-' ,  the diffusion equations may be rewritten as 

[4] du/at  = (A-'DA) V'u 

If coefficients A, are chosen so that the columns of A are 
eigenvectors of D, the transform of D is diagonal (20) 

and the transformed diffusion equations 

are de-coupled. D; are eigenvalues of D and ui are solutions of 
the binary diffusion equations. 

Reduction to diagonal form is a powerful technique (18, 19) 
that is frequently used to solve coupled differential equations. 
Can the same technique be used to measure multicomponent 
diffusion coefficients? Consider n diffusion experiments run at 
the same final composition of the system but with different 
initial concentration gradients. 'The idea is to use measurements 
from these runs as a "basis set" of data from which suitable 
linear combinations may be taken that diagonalize D and thus 
simplify the analysis. 

Let Y represent the refractive index (4-6, 8- 13), conduc- 
tance ( 1  4 , 2  I), density (26), optical absorbance (27), or another 
concentration-dependent property measured along the path of 
diffusion during an experiment. For initial concentration differ- 
ences Aci(0) across a sharp diffusion boundary, the corre- 
sponding difference in Y is " 

n 

[7] AY(0) = 2 SiAci(0) 
,=  1 

where Si are derivatives 

evaluated at the final composition of the system. Xi will be used 
to denote the fraction of AY(0) contributed by component i. 

n 

[9] Xi = S,Ac,(O)/z SI;Ack(0) 
I =  I 

Apparent binary diffusion coefficients D,(t) may be obtained 
from multicomponent experiments by analyzing measured val- 
ues of Y as if they were from a binary experiment (8, 1 1, 2 1, 
28, 29). Apparent diffusion coefficients obtained in this man- 
ner usually vary with time. For example, if an experiment is 

performed with initial concentration gradients in solutes 1 and 
2, and 1 diffuses rapidly compared to 2, values of D,,(t) will be 
large initially but will decrease toward the end of the experi- 
ment as the initial gradient in 1 decays rapidly and diffusion of 
slower solute 2 predominates. 

Although apparent diffusion coefficients are generally time- 
dependent, consider an experiment with particular initial condi- 
tions X,"' such that the column vector of initial concentration 
differences Ac"" (0) is an eigenvector of D 

Under these conditions 

and hence 

Consequently, the experiment behaves as a simple binary dif- 
fusion experiment with time-invariant, pseudo-binary diffusion 
coefficient equal to eigenvalue DL. Once values of Xi'" and Dk 
are established, the multicomponent diffusion coefficients are 
easily determined using 

and the inverse transformation 

Since D is unknown at the start of the experiments, i t  is of 
course virtually impossible to choose the exact initial condi- 
tions that diagonalize D. Nevertheless, by taking linear combi- 
nations of data from experiments with different (specifically, 
linearly independent values of Ac(0)) initial conditions, mea- 
surements corresponding to arbitrary initial conditions may be 
obtained. For instance, if AY;(t)/AY;(O) symbolizes nor- 
malized measurements of property Y for an experiment in 
which the initial concentration gradient is entirely in coni- 
ponent i (Xi = I ) ,  measurements corresponding to arbitrary 
initial conditions Xi may be constructed from 

n 

[Is]  AY(t)/AY (0) = 2 X,AY,(t)/AY;(O) 
i =  l 

A detailed example is given later. 
In order to establish the initial conditions that reduce the 

diffusion equations to diagonal form, the standard deviation of 
measured values of the apparent diffusion coefficient 

may be evaluated as a function of Xi. D, is the mean apparent 
diffusion coefficient 

N 

[I71 B, = N - '  2 &(ti) 
, = I  
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For the particular initial conditions Xi'"', the apparent diffusion 
coefficient is effectively constant over the duration of a run, 
and hence u,-, is minimized. Therefore, values of Xi".' may be 
obtained from the positions of the minima in u,]. Eigenvalue DL 
is obtained from the mean value of the apparent diffusion 
coefficient evaluated at x , '~ ' .  

Tenjury  cllffilsiorl (11 = 2) 
When the standard deviation of the apparent diffusion coef- 

ficient for a ternary system is plotted against XI ,  minima are 
found at XI"' and XIe'. Since XI + X? = 1, we have 

The mean diffusion coefficients evaluated at XI"' and XI"' equal 
eigenvalues D l  and D,, respectively. The ternary diffusion 
coefficients are evaluated from eq. [ 141. 

3. Experimental 
Ternary diffusion coefficients of dilute aqueous NaOH + NaCl 

mixtures were measured at 25°C using a simplified version (14) of 
Harned's conductimetric procedure (30). In this technique, initial 
concentration gradients are formed by introducing a small volume of 
electrolyte into the bottom of a column of solution. The rate of dif- 
fusion is followed by monitoring changes in electrical conductance 
measured near the top and bottom of the column. 

Because Harned's technique employs very small concentration gra- 
dients. changes in the transport coefficients due to compositional 
changes along the diffusion column are negligible, and the measured 
diffusion coefficients correspond to differential values defined by eq. 
[ I ] .  (For diaphragm ccll results (31). and to a lesser extent for optical 
results (32, 33). small but troublesome corrections arc required to 
allow for the concentration-dependence of the diffusion coefficients.) 
Moreover, the conductirnetric technique is reliable at low ionic 
strength where the transport coefficients can be estimated from lim- 
iting ionic conductances (14). Comparison of measured diffusion co- 
efficients with theoretical predictions will provide a check on the 
reliability of the proposed eigcnvaluc method. 

Eq~tiprnerlr arid procedure 
The diffusion cells used in this work had cylindrical diffusion chan- 

nels (height 0.04560 m, diameter 0.0126 m). The cells were con- 
structed from high density polyethylene rather than glass in order to 
resist leaching by hydroxide. Pairs of circular platinum electrodes 
(diameter lo-' m, ccll constant k - 10' m-I) werc positioned at levels 
one-sixth of the distance from the top and bottom.of the channel. At 
the start of each experiment, 0.1-0.3 mL of electrolyte was carefully 
injected with a calibrated syringe into the bottom of each solution- 
filled chamber. Initial concentration differences across the diffusion 
boundary were 0.05-0.2 mol L-I. Conductances were measured six 
times per day for four consecutive days beginning one day aftcr 
injection of electrolyte. Further details of the equipment and procedure 
have been reported (14. 34). Cell constants were obtained by cali- 
bration with 0.01 mol L- '  aqueous KC1 (conductance 0.01413 m' S 
mol-' (35)). Values of S I  and S2 were determined using an auxiliary 
conductance cell. 

Reagents 
Reagent grade NaCl was dried in a vacuum oven at 140°C and used 

without further purification. Stock solutions of NaOH werc prepared 
by diluting saturated solutions that had been filtered to remove in- 
soluble darbonate. The NaOH solutions werc stored in polyethylene 
bottles and protected from the atmosphere. Concentrations of NaOH 
were determined by titration against potassium hydrogen pthalate. 
Winkler analyses (36) before and aftcr the experiments indicated that 

the solutions contained less than 0.05% carbonate based on total 
alkali. Water used to make up the solutions was doubly-distilled and 
deionized (conductivity 0.8 X 10." ohm-' m- I). Corrections for 
solvent conductance were negligible. 

Data arzcr!\~.si.s 
For binary diffusion in a Harncd cell, the difference in electrolyte 

concentration between the top (T) and bottom (B) electrode positions 
is given by (30) 

[20] Ac(r) = c,(r) - c.,.(r) = C exp (-T'D~/N') 

whcre C is a constant, D is the binary diffusion coefficient, r is the 
time elapsed since introduction of electrolyte, and n is the height of the 
diffusion channel. For strong electrolytes. Ac(r) is directly propor- 
tional to the conductance difference defined by (14, 21, 30) 

where kB/kT denotes the ratio of cell constants of the top and bottom 
electrode pairs. Values of D are conveniently determined from the 
difference equation 

by pairing each conductance reading with the corresponding reading 
taken on the following day. 

In order to determine ternary diffusion coefficients, conductance 
differences AKl(r) and AKZ(r) were measured for experiments run 
with the initial concentration gradient entirely in NaOH (XI = I) or 
NaCl (X, = O), respectively. Apparent diffusion coefficients for initial 
condition XI were calculated using the difference equation 

wherein 

4. Results and discussion 
Diffusion coefficients for NaOH(c,) + NaCI(c,) + H,O 

mixtures were measured at a total electrolyte concentration of 
0.020 mol L-I for ratios of c,  : c2 equal to 1 : 3, 1 : 1, and 3 : I .  
Paired experiments with the initial concentration gradient in 
NaOH or NaCl were carried out in triplicate at each of the three 
compositions studied. 

Typical results for a pair of experiments for e l  = 0.0150 and 
c, = 0.0050 mol L-'  are shown in Figs. I and 2. In Fig. I, 
values of the apparent diffusion coefficient computed from eq. 
[23] are plotted against t for various initial conditions. It is 
evident from the figure that the apparent diffusion coefficient 
varies substantially over the duration of a run when the initial 
concentration gradient is entirely in NaOH or NaCl (XI = I and 
X, = 0 ,  respectively). It may be noted, however, that values of 
D,(t) are essentially constant for values of XI near 0 .6  and 1.2. 
The "stationary" values of D;,(t) (the eigenvalues of D) were 
found by plotting the standard deviation of the apparent dif- 
fusion coefficients against X I ,  the fraction of the conductance 
difference across the initial diffusion boundary due to NaOH. 
From the two minima in u,, shown in Fig. 2, initial conditions 
XIo'  = 1.21 and X,"' = 0.64 that diagonalize D were obtained. 
From the mean apparent diffusion coefficients evaluated at 
these two values of X I ,  eigenvalues D l  = 2.58 X 10-5nd  D, 
= 1.71 X lo-' m' s-I were obtained. 

The results of the experiments are summarized in Tables 1 
and 2. As shown in Table 2, values of D , , ,  the ternary dif- 
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LEAIST AND NOULTY 

FIG. 1. Apparent binary diffusion coefficients of aqueous NaOH(1) + NaCl(2) for el  = 0.015 rnol L-' and cz = 0.005 rnol L-' for selected 
initial conditions. For the experiment with the initial concentration gradient entirely in NaCl (XI = 0). 0.32 mL of solution containing 0.015 
rnol L-' NaOH and 0.0712 rnol L-' NaCl was injected into a cell filled with solution containing 0.015 rnol L- '  NaOH and 0.001 rnol L- '  NaCI. 
For the experiment with the initial gradient in NaOH (XI = I ) ,  0.32 mL of solution containing 0.254 mol L-.' NaOH and 0.005 mol L-' NaCl 
was injected into the same cell filled with 0.001 rnol L-' NaOH and 0.005 rnol L-' NaCI. The curves for X I  = 0.4, 0.64, 0.80, 1.15, 1.21, 
and 1.25 were obtained by analysis of linear combinations of data from the two experiments run with X I  = 0.00 and X I  = 1.00. The volume 
of the cell was 5.78 mL. 

FIG. 2. Standard deviation of the apparent diffusion coefficient of aqueous NaOH(1) + NaCl(2) for el  = 0.015 mol L-' and c1 = 0.005 rnol 
L-'. See caption of Fig. I for details. 

fusivity of NaOH in aqueous NaCI, increase steadily as the 
system becomes richer in NaCI. At the same ionic strength, in 
contrast, the binary diffusivity of aqueous NaOH is only 1.99 
x lo-' mm? s-'  (34). In binary solutions of NaOH, however, the 
condition of electroneutralitv reauires that Nat and OH- dif- 

d .  

fuse at the same rate, even though OH- has approximately four 
times the mobility of Naf (35); the electric field produced by 
flow of the electrolyte slows down OH- and speeds up Naf so 
that they travel at the same rate and the electric current is zero. 
In ternary NaOH(1) + NaCl(2) + Hm?O mixtures, on the other 
hand, the electric field along the NaOH gradient which slows 

down OH- also generates counterflow of C1-. Highly mobile 
OH- can thus diffuse down the NaOH gradient more rapidly 
than Naf while still maintaining electroneutrality. This mech- 
anism accounts for the increased diffusivity of the NaOH com- 
ponent in aqueous NaCl as well as the large negative values of 
Dm?, (the cross-diffusion coefficient measuring coupled flow of 
NaCl produced per unit concentration gradient in NaOH). Sim- 
ilar diffusional behavior has been observed for HCI + NaCl + 
H 2 0  and other acid-containing mixed electrolytes (6, 8, 21). In 
those systems, the electric field generated by diffusion of high- 
ly mobile protons produces counterflow of cations. 
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TABLE I. Parameters used to calculate experimental diffusion coefficients for NaOH( I )  + 
NaCl(2) + HZ0 at 25°C 

(.I(( c.2 SI/SZ x,"' XI"' D," D: 

" I n  lo-' mol L-' 
lo-.*J ",? 1. 

TABLE 2. Observcd and predicted ternary diffusion coefficients for NaOH(1) + NaCl(2) + H20 
at 25°C 

5.0 15.0 Obsd. 3.72 (k0.02) -0.30 (20.04) - 1.34 (20.13) 1.76 ("0.03) 
Calcd. 3.70 -0.23 - 1.29 1.7 1 

10.0 10.0 Obsd. 2.95 (k0.19) -0.33 (20.07) -0.71 (20.21) 1.70 (20.10) 
Calcd. 2.93 -0.37 -0.7 1 1.82 

15.0 5.0 Obsd. 2.42 (k0.07) -0.52 (20.01) -0.31 (20.10) 1.90 (k0.01) 
Calcd. 2.39 -0.47 -0.30 1.89 

"In  lo-.' mol L - '  
l ' l n  10-9 ",' 

TABLE 3. Comparison of obscrved and predicted LiL coefficients 

(.;' RTL, ," RTL I z" RTL?," R T L ~ ? ~  

5.0 15.0 0bsd. 1 .69 (20.02) -0.94 (20.04) -0.90 *O 1.94 (50.05) 
Calcd. 1.67 -0.87 -0.87 1.89 

10.0 10.0 Obsd. 2.18 (20.16) -0.94 (k0.09) -0.94 (k0.18) 1.47 (k0.12) 
Calcd. 2.33 -0.97 -0.97 1.55 

15.0 5.0 Obsd. 2.27 (k0.09) -0.65 (k0.05) -0.64 (k0.10) 0.89 (k0.02) 
Calcd. 2.41 -0.625 -0.625 0.89 

" I n  lo-.' mol L-I. 
" I n  10.'' niol m-' s-I 

The difference in mobility between Na'  and C I  is not as 
great as the difference in mobility between Nai and OH-: C1- 
is about 50% more mobile than Na ' (35). The electric field per 
unit concentration gradient in NaCl is therefore weaker than for 
NaOH, and values of D l ,  for aqueous NaOH(1) + NaCl(2) are 
proportionally smaller than for D 2 ]  Also, the increase in the 
diffusivity D,, of NaCl in NaOH-rich mixtures is not as dra- 
matic as for D l ,  in NaC1-rich mixtures. 

Onsager's equations (25) 
n 

[251 J ,  = - 2 L,LVFL 
I =  I 

relate molar fluxes, J i ,  of components to gradients in the chem- 
ical potentials of the components. Conveniently, values for the 
L,, phenomenological coefficients can be estimated (14) for 
dilute mixed electrolytes from limiting ionic conductances and 
Onsager-Fuoss theory (37, 38) of the electrophoretic and re- 
laxation effects. Details of the calculations have been reported 
(14). Given L, values, diffusion coefficients are calculated 
from (25) 

n 

[261 Dik = 2 L,,,, p,,,/a 
111 = I 

The parameters used to predict the transport coefficients of 
aqueous NaOH(1) + NaCI(2) are listed in Table 4. Values of 
dp,,,/dc, were calculated by differentiation of expressions 

TABLE 4. Molar ionic conductances and 
other parameters" used to calculate the- 
oretical valucs for the transport coefficients 

Electrolyte A ,  AO,,,' P" 

NaOH 50.10 198.3 0.08" 
NaCl 50.10 76.35 0.16' 

"Ion size parameter (14) a = 4 X lo-"' ni; 
solvent viscosity (35) q = 8.90 X lo-' kg m-'  
s-I; solvent dielectric constant (35) E = 78.4; 
Debye-Hiickel constant (35) a = 1.17. 

"Reference 34. 
' Reference 39. 
"In lo-' m' s mol' .  
" I n  L mol-I. 

for the chemical potentials of the solutes. Mean ionic activity 
coefficients (on the molar concentration scale) were evaluated 
using Guggenheim's expression (39) 

v e t  + c2 
[29] In y,; = -a 

I +- + p l c l  + pzcz + p,(el  + c*) 

where ci is the Debye-Hiickel constant and are small empir- 
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LEAIST AND NOULTY 

TABLE 5. Experimental diffusion coefficients for NaOH(I) + NaCl(2) + H,O at 25OC 
determined by non-linear least squares 

" I n  lo-' mol L-  ' 
10-0 m' s - l ,  

ical constants which allow for specific ion interactions. 
Experimental transport coefficients are compared with pre- 

dicted values in Tables 2 and 3. Agreement is very good. The 
observed values of the L,, coefficients are consistent with the 
Onsager reciprocal relation (2, 25) L,? = L?, which lends fur- 
ther confidence to the reliability of the eigenvalue method. 

A general procedure for the determination of ternary dif- 
fusion coefficients from conductance measurements using non- 
linear least squares has been reported (40). In practice, we 
found that the eigenvalue method was much easier to use. The 
non-linear least-squares procedure, for instance, requires 
lengthy computations in order to simultaneously optimize val- 
ues of the four diffusion coefficients. Experimental diffusion 
coefficients determined for NaOH + NaCl mixtures by the 
non-linear least-squares method are given in Table 5. Com- 
parison of Tables 2 and 5 indicates that the eigenvalue and 
non-linear least-squares procedures give essentially identical 
results. With the eigenvalue method, however, the problem of 
locating the minimum in the variance in four dimensions is 
replaced by the more manageable problem of locating two 
minima in one dimension (i.e. minima in cr, as a function of 
XI) .  

In effect, the eigenvalue method reduces the analysis of 
coupled, multicomponent transport equations to an analysis 
based on de-coupled, well-understood binary equations. This 
transformation enables the determination of ternary dif- 
fusivities without explicitly solving multicomponent diffusion 
equations or resorting to non-linear curve fitting procedures. 

The eigenvalue method holds especial promise for the mea- 
surement of quaternary diffusion (17). For those systems, the 
non-linear least-squares method requires simultaneous opti- 
mization of nine parameters (a formidable task), while the 
eigenvalue method would involve searching for three minima 
in only two dimensions. 

The present study has employed time invariance of the ap- 
parent diffusion coefficient to locate the eigenvalues of D. This 
criterion is well suited to the Harned technique and other re- 
stricted diffusion experiments ( 1 ,  4 1) in which the concen- 
trations are measured at two positions along the path of dif- 
fusion. On the other hand, optical methods (4-6, 8- 13) such 
as Rayleigh or  Gouy experiments employ free diffusion bound- 
ary conditions. In those experiments the position of inter- 
ference fringes is followed as a function of time. The apparent 
diffusion coefficient obtained by analysis of the position of a 
single fringe will generally vary from fringe to fringe. By 
locating the minimum in c r ~  as a function of fringe number the 
eigenvalue technique can also be used to analyze multi- 
component optical data. 
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An evaluation of high resolution nuclear magnetic resonance experiments and proto- 
cols in the structure elucidation of organic molecules. I. A relatively simple system, 

brucine' 
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MICHAEL A. BERNSTEIN and LAURANCE D. HALL. Can. J.  Chem. 63, 483 (1985). 
Using a combinatiorl of one-dimensional ( ID)  and two-dimensional (2D) high resolution nmr methods, the 'H nmr spectrum 

of brucine was fully assigned. The 2D J-resolved and homonuclear chemical shift correlated (COSY) experiments provided 
assignments without full structural information; this was obtained from nuclear Overhauser effect (nOe) enhancement experi- 
ments ( I D  and 2D). With the proton spectrum fully assigned, proton-bearing carbons in the "C nmr spectrum were easily 
assigned using the 2D heteronuclear chemical shift correlation map (CSCM) experiment. 

MICHAEL A. BERNSTEIN et LAURANCE D. HALL. Can. J .  Chem. 63, 483 (1985). 
Faisant appel B une combinnison de mkthodes rmn B haute rksolution en une dimension ( ID)  et en deux dimensions (2D), 

on a fait une attribution complkte de tout le spectre rmn 'H de la brucine. Grrice B des expkriences en 2D rksolues pour J 
impliquant une corrClation des dkplacements chimiques homonuclCaires (COSY), on a pu obtenir des attributions sans avoir 
d'informations structurales complktes; on a obtenu ceci i I'aide d'expkriences de rehaussement d'effet nuclkaire Overhauser 
tant en ID qu'en 2D. L'ensemble du spectre du proton etant attribuk, on a pu facilement faire une attribution des carbones 
portant des protons dans le spectre rmn du "C en utilisant I'expCrience de la carte de corrklation des dkplacements chimiques 
hktkronuclkaires en 2D (CCDC). 

[Traduit par le journal] 

Introduction 
It is already obvious from the literature that modern nmr 

methods used singly can have very high information content, 
and that synergistic combinations of these can result in a further 
dramatic increase in chemical insight. This laboratory has re- 
ported the combination of 2D J-resolved spectroscopy with 
homonuclear chemical shift correlated spectroscopy as part of 
a sequence for oligosaccharide sequence determination (1, 2), 
and related approaches have been utilized with protein studies 
(3 ,4) .  An exhaustive survey of all such combined experiments 
is not in order, but a report by Kessler and Eierman ( 5 )  on the 
combined use of homo- and heteronuclear correlated 2D nmr 
with cyclic peptides merits mention. The purpose of this study 
is to evaluate the combined use and sequence of high resolution 
2D nmr methods for molecular structure and conformation 
determination in the natural products area. Given the ex- 
ploratory nature of this work, we have chosen the well-known 
alkaloid brucine (2), which is very similar to strychnine (I),  as 
an exemplar. 

We shall not discuss in detail individual experiments since 
all have been adequately reviewed ( l , 6 ) ;  however, some brief 

comments are pertinent. 'The 2D J-resolved experiment has 
been widely applied to organic molecules (see, for example, 
ref. 7) since it efficiently simplifies spectra that have a com- 
plex, overlapping set of resonances. Projection of the tilted data 
matrix onto the F, axis yields one line at the chemical shift of 
each proton; "slices" ( F ,  traces) taken at each chemical shift 
give a "J-spectrum" for that proton - its coupling pattern, with 
high resolution (due to the removal of magnetic inhomogeneity 
contributions to line-width). That information which the 2D 
J-resolved experiment does not provide is the coupling path- 
way. A quick and convenient 2D experiment that does this (8) 
is homonuclear 2D spectroscopy3 (COSY). Normally viewed 
"from above," along the signal intensity axis and represented as 
a contour plot, this experiment shows a series of peaks along 
the "diagonal" where FI  = F2. J-coupling is encoded in "off 
diagonal" correlation peaks whose positions exactly indicate 
the frequencies of the coupled protons (9). 

It is well known that d i~o la r  relaxation effects occur 
"through space" and their observation, either as the nuclear 
Overhauser enhancement effect (nOe) or in relaxation rates, is 
invaluable for molecular structure elucidation and the mea- 
surement of precise interproton distances (10). We have found 
the nOe experiment particularly useful, especially when per- 
formed in the difference mode (SSNOEDS = ~teady  state & 
difference ~ect roscopy) .  A "control" spectrum with the decou- - 
pier placed well out of the spectral region is digitally subtracted 
from an "experiment" where a set of resonances is selectively 
irradiated for a number of T ,  periods prior to an observation 
pulse and signal acquisition ( 1  1 and 12 for a recent review). In 
the difference mode, only protons experiencing an nOe (plus 
the proton irradiated) will appear and all other resonances will 
exactly cancel; this experiment can reproducibly measure 
nOe's of < 1% even for an overlapping multiplet. 

Although the SSNOEDS experiment is extremely powerful 
and relatively auick to perform. it suffers from the sometimes . . 

'Abstracted in part from ref. I .  
'present address: Merck Frosst Canada Inc., P.O. Box 1005, Pointe 'An analogous experiment with identical information content is 

Claire - Dorval, Quebec, Canada H9R 4P8. SECSY -yin-echo correlation yectroscopy. 
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important limitation that it is impossible to perform without 
ambiguity due to the nonselectivity of irradiation which is 
inescapable when the signal of a proton overlaps with that of 
another. Here, the 2D experiment, NOESY (2D nOe spec- 
troscopy) can be useful (13). The output from this experiment 
is identical to that of the COSY experiment, but off-diagonal 
peaks now correlate protons relaxing one another via the 
dipole-dipole mechanism (in the extreme-narrowing limit and 
in the absence of chemical exchange). Correlation peaks are 
relatively small for molecules in the fast-tumbling regime and 
this has probably deterred many experimenters from using this 
experiment with this chemical system. However, in our limited 
experience with the experiment, we have found it to be quite 
tractible. 

Given adequate quantities of a substance and its fully as- 
signed 'H nrnr spectrum, it is now almost a trivial matter to 
assign all proton-bearing carbons in the I3C nrnr spectrum with- 
out recourse to selective irradiation experiments. Initially, it is 
helpful to know the number of protons attached to each carbon. 
Classically, this is achieved by single frequency off-lesonance 
decoupling (SFORD), but this experiment (14) is not without 
difficulties, (a) in a spectrally crowded region and (b) when a 
carbon bears magnetically inequivalent protons. A number of 
multi-pulse methods provide the necessary information very 
efficiently, and we  have found utility for one, dubbed DEPT 
(distortionless enhancement and polarization lransfer) ( 15). 
Now, the proton chemical shift may be correlated with carbons 
in a "single" 2 D  experiment termed CSCM - the heteronuclear 
chemical shift correlation map (16). The experiment is de- - 
signed to show a proton multiplet at the coordinates defined by 
the respective chemical shifts of a carbon nucleus and its at- 
tached proton or protons. The ability to differentiate between 
spectrally close carbons and define proton multiplets is limited 
by the data storage capability of the spectrometer and the 
amount of time available for collection and processing of what 
are invariably very large data matrices. Usually, 'H multiplet 
detail is forsaken in the interest of conserving experimental 
time; this is no great sacrifice since those details are most 
efficiently derived from the 2D J-resolved experiment. 

Experimental 
Our experience with the above experiments suggested that there are 

two levels of structure elucidation, one requiring a modest investment 
of instrument time and the other somewhat more. The statements 
below on the 'H nmr experiments pertain to the user with access to a 
modem high-field nrnr instrument, and ca. 5 rng of organic material 
of mol. wt. <1000. Obviotisly this should be used as a guide, as it 
does not exclude, for example, the protocol being applied to smaller 
amounts of material with appropriate allowances made for additional 
signal-averaging. 

The proton nmr spectrum is readily assigned to the point of identi- 
fying coupling pathways, chemical shifts, and coupling constants by 
a combination of the 2D J-resolved experiment (yielding 6 and J 
information) and the COSY experiment (providing coupling path- 
ways). In fortunate circumstances this information may be sufficient 
to assign the spectrum fully and determine the structure. In some 
instances, however, as is the case with brucine, this level of analysis 
does not necessarily answer all questions since it may fail to dis- 
tinguish axial and equatorial geminal protons,' and may leave un- 
answered questions on conformation. 

These latter points are amply covered with selected nOe experi- 

4 ~ h i s  is especially a problem in distorted ring systems, where cou- 
pling constants may not unambiguously assign a proton's orientation. 

ments, which report on the local environment of the saturated spin(s), 
often with the added bonus of a confirmation of previous assignments 
from the two, 2D nmr experiments mentioned above. I t  should be 
stressed that SSNOEDS experiments are time consuming, and the 
experimenter is advised to construct a molecular model of the com- 
pound, consider the available data, and establish which nOe experi- 
ments will have unambiguous conformational implications. Although 
it is, in principle, possible to calculate accurate ir~ter-proton distances 
with such methods (10). we point out the utility of a qualitative 
inspection of the results, and the possibility for an unambiguous struc- 
tural assignment with this non-mathematical approach. This approach 
has the further advantage that the conditions for data collection are 
relaxed, in that saturation of a multiplet need not be complete,' and 
relaxation delays and saturation times may be trimmed to speed up 
signal acquisition. 

In certain instances a key SSNOEDS experiment may not be acces- 
sible; such is the case when several proton signals overlap and none 
can be selectively irradiated without ambiguity. Here the NOESY 
experiment is useful, since no irradiations are performed, per se. 

Given sufficient sample, it is possible now to proceed with the 
assignment of protonated carbons in the molecule. A spectral editing 
sequence such as DEFT will not only serve to identify the number of 
protons attached to each carbon, but also usefully determine the pulse 
lengths necessary for the execution of the heteronuclear CSCM ex- 
periment. These two experiments, along with the assigned proton 
spectrum, should expedite the assignment of the carbon resonances. 

Results 
The overall strategy chosen was first to fully assign the 

proton nrnr spectrum and then use this to assign the non- 
quaternary signals in the carbon-13 spectrum. The former was 
achieved primarily using COSY, with some assistance from 2 D  
J-resolved spectroscopy, and 1 D and 2 D  nOe experiments and 
chemical shift arguments. With this completed, the "C nrnr 
spectrum was easily assigned using the CSCM experiment, 
with spectral editing performed using DEPT. 

Portions of the 'H nrnr spectrum of brucine are presented in 
Fig. 1. T w o  singlets in the aromatic region are omitted, and the 
multiplet in the vinyl region is shown in an inset. Analysis at 
360 MHz began with the COSY spectrum. The experiment was 
performed with coherence transfer echo selection, on a ca. 0.01 
M solution in CDC1,. A relaxation delay of only 0.2 s and the 
minimum of 4 acquisitions per t ,  interval meant that 20 min 
was required for the collection of a 512 * 1K data set; the 
sweep-width was 10 ppm in both frequency dimensions. Next, 
a 2D J-resolved experiment was set up, and this experiment 
required ca. 54  min for collection of the data; this was some- 
what longer than that for the COSY due to the necessarily 
longer relaxation delay and the need for more scans. Whilst 
these J-resolved data were being collected, the COSY data set 
was processed and plotted. By this time, acquisition of the 2 D  
J-resolved data set was complete, and data processing was 
performed. All the above operations were performed auto- 
matically in a MACRO program on the Nicolet s y ~ t e m . ~  Min- 
imal operator intervention was required, except at the plotting 
stage, where decisions were made to expand certain spectral 
regions for clarification. Details of these "survey-condition" 
parameters are in Table 1. 

The COSY spectrum of brucine is shown in Fig. 2. Only the 

"his point takes on special significance in crowded spectra, 
where frequency selectivity may only be possible under sub-saturating 
conditions. 

"11 experiments at 360 MHz were performed at Nicolet Magnetics 
Corp., Fremont, CA, U.S.A. 
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BERNSTEIN AND HALL 

FIG. I .  400-MHz ' H  nmr spectrum of brucine (ca. 0.02 M in CDCIJ, showing the assignment of non-aromatic protons. 

FIG. 2. 360-MHz COSY spectrum of brucine in the region 6 4.5  he molecule is not planar and hence an upper (P) and lower (a) 
and 1 .O. Connectivities to the vinylic proton are indicated, though they face is not clear. For this reason, geminal protons are defined (see 1 
are not on the diagram. and 2) for the purpose of this study. 

region between 6 4.5 and 1.0 is plotted here, for the sake of 
clarity. The analysis began with the realization that four 
"pockets" of coupled spins exist in the molecule, with little or 
no coupling between them: namely (a) H-20a and H-20P; (b) 
H-17a, H-17P, H-18a, and H-18P; (c) H-22, H-23a, and 
H-23P; and (d) H - l l a ,  H- l lP ,  H-12, H-13, H-8, H-14, 
H-15a, H- 15P, and H-16. COSY succeeded in assigning all 
protons in spin sets (a), (c), and (d). With the H-17 and H-18 
protons it was necessary to invoke a chemical shift argument, 
namely that the protons on C- 18 are relatively deshielded by the 
ring nitrogen atom. Herewith, the protons in spin set (b) were 
assigned in the COSY spectrum. However, it was not possible 
at this stage to differentiate a from P geminal  proton^.^ The 
connectivities are indicated along with the assignments in the 
figure; these were made without ambiguity. The large 
peaks that resonate very close to H-8 and H-16 could have 
hindered the assignment had H-8 and H- 16 been scalar coupled 
to each other, as they might then have obscured a set of cross 
peaks; this was not the case. Special considerations were re- 
quired for the tightly coupled geminal protons, which were 
assigned to the H-23 and H-17 pairs. Distortion of peak in- 
tensities indicated tight coupling, especially in the case of the 
H-17 pair. To assess the reliability of the COSY spectrum, it 
is interesting to consider H-15P (ca. 6 1.4), which shows one 
large splitting and several smaller (51 .5  Hz) ones. In the 
COSY spectrum, the expected three connectivities are clear, 
even though the digitization is less than 7 Hz per point. 
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FIG. 3. SSNOEDS experiments performed on brucine at 400 MHz. At the bottom is the "control" spectrum and, next to each difference 
spectrum, the irradiated proton is indicated. Since the analysis was only qualitative, the sample was not degassed. 

TABLE 1.  Parameters used in automated "survey conditions" collection and processing of 'H  COSY and 2D J-resolved experiments at 360 M H z  

Sweep width" Block size" No. ~~od iza t i on"  
Total time Relax. scans Zerofill 

(min) F  2 F  I F z  F ,  delayc per t ,  t l  f 2 t I Symm." 

- Begin collecting COSY data 16K 
- Calibrate pulse widths 

0 Begin collecting COSY data 3,600 3,600 1,024 512 0.2 4 
20 Begin collecting 2D 

J-resolved data 3,600 29 4,096 64 I .O 16 
- Process and plot COSY MS MS No Yes 
65 Commence processing and EM DM Yes No 

plotting of 2D J-resolved DM MS 
experiment 

120 End 

"Full-sweep width (Hz). 
''Block sizes (words). .. 
"Relaxation delay (s). 
"Apodization function: EM = exponential multiplier; DM = double exponential multiplier; MS = sinebell multiplier. With the J-resolved experiment, the 

strongest resolution enhancement function is chosen for t 2  which the signal-to-noise permits. 
"Symmetrization was not possible with the 2D J-resolved data, but would be recommended where the software is available. 

The 2D J-resolved experiment did not prove very useful and 
these data are not included here. It would have been par- 
ticularly useful in the -OCH, signal region. However, the 
overlapping H- 16 resonance remained obscured by the familiar 
"tailing" in F ,  from the intense --OCH3 singlets. 'The partial 
J-spectrum of the hidden H- 18 resonance was not useful, since 
it suffered from the same virtual coupling effects as the other 
H-18 resonance at 6 2.83, making the extraction of accurate 
coupling constant data impossible without spectral simulation. 
(The geminal H-17 protons, to which they are vicinal, are 
tightly coupled.) The solid-state conformation determined by 
X-ray crystallography (18) was used to build a molecular model 

having the correct configuration. This was found to be a rigid 
structure, suggesting that the solution conformation might be 
very similar to that in the solid state. The experiments required 
to complete these 'H assignments also served to corroborate 
this postulated solution conformation. 

In the determination of conformation, techniques relying on 
"through-space" phenomena (e.g., T I ,  nOe) prove very useful, 
often in conjunction with (through-bond) coupling-constant in- 
formation. Axial protons taken on unusual importance in an 
nOe experiment. The 1,3 diaxial interaction provides important 
information in a six-membered ring and, with a boat con- 
formation, the "flagpole" protons are close to one another in 
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BERNSTEIN 

A 

I3 

FIG. 4. Conformations of rings IV and V (A), V l  (B), VII (C), and 
111 (D) in brucine, indicating some of the results from the SSNOEDS 
experiments. The irradiated proton is indicated with (0) and nOe's 
(---). 

spite of their being 5 bonds removed; an nOe experiment will 
also detect this. 

The SSNOEDS results are presented in Fig. 3. No special 
effort was made to optimize the experiment and the data were 
collected in approximately 3 hours. A single decoupler power 
setting was used (which resulted in 40-80% saturation, de- 
pending on the total multiplet width). In all cases a check was 
made for decoupler power leakage into neighbouring reso- 
nances ("spillover"), and was found to be absent. The irra- 
diation time was set at 0.5 s,' and the experiments "interleaved 

'This is far less than the time usually used for nOe build-up (ca. 3* 
TI), and was chosen to minimize the experimental acquisition time and 
"three spin effects," without jeopardizing the observation of "direct" 
interactions. 

AND HALL 487 

by collecting scans in blocks of 16, repeated 30 times. 
Let us consider ring IV, which is in a chair conformation in 

the solid state (Fig. 4A). Evidence for this also being so in 
solution comes from a consideration of coupling constants, and 
nOe experiments. J (8, 18) = 10.5 Hz, which indicates a trans 
or cis arrangement of the two protons. In keeping with the chair 
conformation, H-14 and H-16 are judged to be roughly co- 
planar since J (14, 15a) -- J (16, 15a), and J (14, 15P) .= J 
( 16, 15P).' Strong confirmatory evidence for the proposed 
conformationy comes from the SSNOEDS experiment where 
H-15 (6 1.46) was irradiated, inducing an nOe in H-13; the two 
protons must assume axial orientations in a ring having a chair 
conformation, and the irradiated proton is accordingly assigned 
to H-15P. lrradiation of the higher field of the two H-18 pro- 
tons induced an nOe in H-8, thereby identifying the proton 
irradiated as H-18P, and H-8 to be axial, as depicted in 
Fig. 4A. Consider now ring V1. Since the H-20 protons have 
no vicinal neighbours, no conformational information can be 
sought from arguments based on vicinal coupling constants. 
The nOe experiment where H-15a was irradiated induced a 
strong nOe in the lower field of the two H-20 resonances. This 
confirms the approximate "boat" conformation of this ring 
(Fig. 4B), which placed the "flagpole" protons, H-15P and 
H-20a, close to one another; this is a "bowsprit-flagpole" 
interaction. Hence, this single experiment confirms the ex- 
pected conformation of ring V1, and identifies H-20a (and 
H-20P, by default). 

The analysis of ring V11 was complicated somewhat by the 
fact that it is a seven-membered ring, with a double bond and 
ring hetero-atom.'' Two nOe experiments were performed to 
support the structure shown in Fig. 4C. lrradiation of the 
vinylic H-22 induces an nOe into the pseudo-equatorial proton 
H-23P, the lower field of the two H-23 protons. Additionally, 
an nOe is induced in H-20P. Although not depicted in this 
diagram, H-22 and H-20P are close to one another and this 
confirms the assignment of the geminal H-20 protons based on 
the irradiation of H- 15a. lrradiation of H- 12 induces an nOe 
into other axial or axial-like protons: H-14 and H-23a.I' The 
assignment of the H-23 protons is now confirmed. 

The conformational analysis of ring 111 is more complex. 
Here the H- 1 1 a and H- I 1 P protons must be assigned. The 
molecular model favours a boat-like conformation. A pure boat 
conformation would make H- 12 and H- I I P trans diaxial, and 
one would anticipate a large vicinal coupling constant here on 
the basis of the Karplus relationship; using this argument, the 
lower field of the two H-11 protons would be assigned to 
H-1 l p .  The geminal coupling constant J (1 l a ,  11P) is, at 17.4 
Hz, unusually large. This suggests that the carbonyl on C-I0 
roughly bisects the angle between the geminal protons and 
C-1 1 (19), and this would not be the case if ring 111 were to be 
in the pure boat conformation considered above. Satisfying the 
condition of the relationship between the carbonyl and geminal 
protons "flattens" one end of the boat, placing N-9, C-10, 
C- 1 1, C- 12, and C- 13 approximately co-planar. In this situ- 
ation H-12 and H-1 l a  have a small dihedral angle (ca. lo0), 
and, hence, a large vicinal coupling constant would be antici- 

'The H- 15 protons are assigned here to allow the reader to check the 
statement with the reported data in Table 2, but the absolute assign- 
ment of the H-15 protons is not necessary at this stage. 

' T h i s  is a tetrahydro-oxepin ring. 
"Here, a negative nOe is induced in H-23P due to the "three-spin 

effect" (12). 
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FIG. 5.  400-MHz NOESY spectrum of brucine. The 256 * lK data 
matrix was collected in ca. 8 h, with relaxation delay 3.0 s, mixing 
time 0.6 s 2 10% and 32 scans per r ,  interval. The data were pro- 
cessed and plotted using a Nicolet 1280 computer and Zeta 8 recorder. 
The final digitization was 5.8 Hz pt-' in both dimensions, after zero- 
fitting in F , ;  the "sinebell" multiplier was used in both dimensions, 
and magnitude spectra calculated. 

pated. This argument assigns the lowerfield of the two H-l l 
protons as H- I 1 p - a reversal of assignment. It is clear that in 
both cases H-8 and H-I IP are close in space, and an nOe 
experiment would not suffer from these ambiguities. The H- 11 
protons could be assigned, and on this basis the ring con- 
formation determined from the coupling-constant arguments. 

The SSNOEDS experiment (vide supra) was not possible 
here, since all three protons - H-8, H-1 l a ,  and H-1 I P - 
overlap with other resonances, precluding decoupler irradiation 
selectivity. A 2D NOESY experiment was performed, and the 
resultant data are given in Figs. 5 and 6. Figure 5 shows the 
NOESY spectrum over the entire spectral width, and Fig. 6 
shows the high-field portion of this data in more detail; we 
concentrate on the latter, for the moment. Before searching for 
the 8-1 1p nOe, it is worth checking the experiment by looking 
for the nOe's determined previously using SSNOEDS. These 
are all clearly discernable and are indicated in the upper half of 
Fig. 6. A number of nOe's with H-16 are clear here that were 
not in the ID experiments, as a result of being obscured by 
subtraction errors with the overlapping sharp 0-CH3 singlets. 

The 8- 1 1 P nOe correlation is discernable, assigning H- 1 1 P 
as the higher field of the H-11 resonances. This is in accord 
with the second argument above using vicinal and geminal 
J-coupling magnitudes and suggests a boat-like conformation, 
flattened at C-11 (see Fig. 4D). This is confirmed by the ob- 
servation of a larger nOe between H- 12 and H- 1 l a  than H- 12 
and H-1lP. 

FIG. 6. The high-field region of the NOESY spectrum in Fig. 5. 

The NOESY spectrum also provides the means for the as- 
signment of the aromatic and 0-methyl signals. The relaxation 
of H-4 would likely be dominated by the 0-CH3 protons on 
C-3, and H-l by those on C-2. H-l has additional relaxation 
contributions from H- 16 and H-17a. Figure 5 shows the nOe 
between the aromatic and the 0-methyl protons. Correlations 
between an aromatic proton and protons on ring V are below 
the contour threshold; slices taken at each aromatic proton's 
chemical shift (not shown) identify the higher field of the two 
aromatic resonances as that of H-1, by the above reasoning. 
The nOe with H-17 is not clear, as its cross peak overlaps with 
the strong corelation to the 0-methyl resonance. Further, the 
0-methyl resonances are easily assigned; the higher field of the 
two singlets corresponds to the 0-methyl on C-2 and the lower 
field to that on C-3. 

The final assignments of the 'H nrnr spectrum of brucine are 
compiled in Table 2. These data are in complete accord with 
recent reports for strychnine (1 7,  20). 

We have seen that the COSY experiment was sufficient 
to perform the bulk of the analysis of the 'H nrnr spectrum 
of brucine. The 1D and 2D nOe experiments assigned indi- 
vidual geminal protons and provided valuable conformational 
information. 

Now, the ''C spectrum was analysed. A ca. 0.3 M solution 
of brucine in CDC13/CD30D (10: 1) was prepared.i2 First, the 
number of protons attached to each carbon was determined 
using DEFT. 'This might have been redundant because a CSCM 
experiment was planned; however, in this case not all methyl- 
ene protons have very different chemical shifts (vide infra). 

"The proton nrnr spectrum was essentially identical to the one for 
the more dilute CDCI, solution, used for the ' H  nmr experiments. 
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TABLE 2. Summarized 'H nuclear magnetic resonance chemical shift 
assignments and coupling constants of brucine in CDC13 (ca. 0.02 M)" 

-OCH3 

1 E, PROJECTION 
C-8 

cA6 C-18 C.11 
C-12 C-23 'I 1 c.20 C-13 '2' C-14 a 

I 
d 

Proton 6 (ppm) J (Hz) 

DEPT -CH CH, CH CH, CH, CH 

8 
- 

(8, 18) = 10.5 
(Ila. I lp) = 17.4 ( I  la, 12) = 8.5 
( I  lp ,  12) = 3.3 
(12, 13) = 3.3 
(13, 14) = 3.2 
(14, 15a) = 4.0 (14, 15P) = 1 .O 
(15a, 15P) = 14.2 (15a. 16) = ca. 4.9 
(15P, 16) = 2.1 

(17a, 17P) = ca. 12.0 

0 5Lq 
I ~ " ' I " ' ' ~ ' " ~ I " " I ' ~ ~ ' l ~ ~  * 
80 70 60 50 40 30 ppm 

"The coupling constant signs were not determined and geminal coupling 
constants would most likely be negative. 

"Strong coupling. 
'Coupling pattern complicated by second order effects. 

FIG. 7. 360-MHz 'H CSCM experiment with brucine (ca. 0.3 M in 
C6D6/CD30D, 10: 1). Sc 22-80 and 6, 1.0-4.5 is plotted in the 
contour mode. F ,  and F z  projections are on the abscissa and ordinate, 
respectively. The results from the DEPT experiments are indicated 
under each peak. 

TABLE 3. Table of assigned I3C chemical shifts for 
brucine, compared with the literature. Chemical 
shifts are referenced to the central transition of CDC13 
(6 77.0). The solution was ca. 0.3 M in CDC13/ 
CD30D (10: I )  and the instrument a Bruker WH-400, 

operating at 100.6 MHz for I3C insufficiently digitized in this case. Hence, C-l l and C-16 
cannot be distinguished. 

No attempt was made to assign quaternary carbons since this 
would not fall withinthe scope of the present design protocol. 
The data from the CSCM is compared with that of Srinivasan 
and Lichter (21) - that referred to whilst the work was in 
progress - and the now accepted assignments of Verpoorte 
(22). Our results are in complete agreement with the latter. 
These data are compiled in Table 3. 

I3C shifts 

Carbon Ref. 2 1 Ref. 22 This study 

Summary 
Several conclusions can be drawn from this study. First, only 

modest amounts of spectrometer time are necessary for the 
partial assignment of the 'H nmr spectrum of a medium sized 
molecule such as brucine; in thiscase a total of ca. 2 h for 
the 2D J-resolved and COSY experiments and an additional 
3-8 h for the complete spectroscopic and conformational 
assignment. ~dditional conformational information plus the 
assignment of individual geminal protons result from nOe ex- 
periments. Where the selective irradiation experiments can be 
performed, the SSNOEDS experiment is probably the most 
expeditious route. In the case of signal overlap, the 2D NOESY 
experiment will provide all the necessary relaxation pathway 
information in a single experiment, but with greater demands 

"."May be interchanged. 

The CSCM experiment required 45-60 min for data col- 
lection. The CSCM spectrum of the interesting regions of 6, 
22-80 and aH 1.0-4.5 is shown in Fig. 7. (All assignments 
outside this region are unambiguous.) The DEPT information 
is included. Knowing the proton assignments, the indicated 
carbon assignments were made. In only two cases was there 
any uncertainty. H-8 and H-16 resonate very close to one 
another, making the assignment of the carbon signals around 6 
59 difficult. The carbon signals around 6 41 are very close and 

on spectrometer time.  his investment of time is offset by the 
fact that all possible nOe experiments are "simultaneously" 
performed, resulting in a high return being realized in terms of 
information yield. 

With the proton spectrum assigned at least to the point before 
nOe experiments are performed, non-quaternary resonances in 
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the I3C nmr spectrum can be routinely assigned providing they 
are not too close (ca. > 0.1 ppm) and the attached proton 
resonances are not badly overlapping. The ability to distinguish 
resonances with small chemical shift differences is limited by 
the intrinsic line width, the spectrometer's data storage capa- 
bility, and the available spectrometer and data processing 
time. Within these restrictions, the data presented in Fig. 7 
were acquired under conditions where the digitization in the 
13C frequency domain was less than optimal and resonances 
<0.7 ppm apart were not resolved. 

W e  believe that the 2 D  J-resolved and COSY experimental 
data can be collected and processed in a highly efficient, inte- 
grated fashion, without the prior knowledge of the chemical 
system. The nOe data might require some educated guesswork 
in the selection of an irradiation time (SSNOEDS experiment) 
o r  the mixing time (NOESY), or a series of exploratory experi- 
ments could be performed. All the experiments described in 
this study provided the required information from the data 
collected the first time it was performed. 

Hurd (23) has independently reported on the utility of the 
combination of COSY with the CSCM experiment. It is advan- 
tageous to use a "C probe to measure both the "C and ' H  
spectra (the latter via the ' H  decoupler coil). In this way the 
COSY assignment (and NOESY, if required) is for the mole- 
cule at the same concentration as for the CSCM experiment and 
no time is expended changing probes. This approach has the 
further merit that with automated changeover of the probe 
circuits, it is possible to automate the acquisition and pro- 
cessing of all ' H  and "C data into a single (overnight) run. 
Given its high efficiency, it seems probable that the mode of 
analysis described in this study will find a place for those 
organic structural investigations that warrant more than a few, 
disrelated nmr measurements. 
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~ t u d e  structurale d'un C-glycoside insature; 
le tri-O-acetyl-3,4,6-desoxy-2-a-~-threo-hexeno-2-pyrannosyle benzene 
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R e p  le 24 fCvrier 1984 

HELENE GILLIER-PANDRAUD, RACHID BRAHMI, VERONIQUE BELLOSTA-DECHAVANNE et STANISLAS CZERNECKI. Can. J. 
Chern. 63, 491 (1985). 

La structure du tri-O-acCtyl-3,4,6-dCsoxy-2-a-~-thrPo-hexCno-2-pyrannosye benzkne 1 a CtC dCterrninCe par diffraction des 
rayons X. Les cristaux de 1 sont orthorhornbiques et appartiennent au groupe d'espace P2,2,2,  avec n = 22,946(10), b = 
10,319(6), c = 7,684(4) A,  V = 18 19,42 A" Z = 4, p, = I ,27 g crn-'. La conformation du cycle glucidique est derni-chaise 
"H, dans laquelle le noyau arornatique est quasi-axial. Le carbone anomere posskde la configuration a .  La cornparaison des 
donnCes de rrnn 'H avec les donnCes cristallographiques a perrnis d7Ctablir que la conformation de 1 en solution-est trks vite 
voisine de celle adoptCe i I'Ctat cristallin. 

HELENE GILLIER-PANDRAUD, RACHID BRAHMI, VERONIQUE BELLOSTA-DECHAVANNE, and STANISLAS CZERNECKI. Can. J. 
Chem. 63, 491 (1985). 

The structure of 3,4,6-tri-0-acetyl-2-deoxy-a-~-t/~reo-hexeno-pyranosyl benzene 1 has been determined by X-ray diffrac- 
tion methods. Crystals of 1 are orthorhornbic, space group P212121 with n = 22.946(10), b = 10.3 19(6), c = 7.684(4) A, 
V = 1819.42 A', Z = 4, p, = 1.27 g cm-! The sugar moiety exhibits a half-chair "H, conformation in which the aromatic 
ring is quasi-axial. The anorneric carbon has the a configuration. The comparison of the 'H nrnr data with the crystallographic 
data established that, in solution, the conformation of 1 is very similar to that in the crystalline state. 

L'arylation des glycals peracCtyles catalysee par les sels de  
palladium constitue une nouvelle methode de synthkse de  C- 
glycosides ( I). Appliqute au tri-0-acetyl-3,4,6-anhydro- 1,5- 
dtsoxy-2-D-lyxo-hexene-I-itol (tri-0-acetyl-D-galactal), elle 
conduit a des C-glycosides insaturb, selon la reaction: 

Pd (OAc) 
+ ArH AcOH, 1200c 

AcO 

La structure de  ces composts a CtC determinee par les me- 
thodes spectroscopiques classiques (1) exceptte la configu- 
ration du carbone anomkre. En effet, i? cause de  la prtsence 
d'une double liaison entre les carbones C-2 et C-3, I'examen du 
spectre de  rmn ' H  ne permet pas de  trancher, car le couplage 
-'J,.? se  fait ii travers un carbone hybride sp2 et la valeur obser- 
v t e  (3,9 Hz) est compatible avec les deux configurations, sans 
prtjuger de la conformation. D'autre part, cornrne la reaction 
est stCrtosptcifique, nous ne possedons qu'un seul des ano- 
meres, e t ,  de  ce fait, I'utilisation du pouvoir rotatoire ne peut 
&tre que sptculative. En effet, si les C-glycosides pyranniques 
suivent, en gtntral ,  les regles de  Hudson (2), des exceptions 
concernant des composts a cycle pyrannique insaturt ont Ctt 
cependant signaltes (3). 

Aussi la structure du tri-0-acetyI-3,4,6-dCsoxy-2-a-~-thrPo- 
hexkno-2-pyrannosyle benzkne, 1 (Ar = Ph), a-t-elle t t t  deter- 
minte  par diffraction des rayons X et corrCl6e avec les donntes  
de  rmn 'H pour Ccarter toute arnbiguitt en c e  qui concerne la 
sttrtochimie de  la reaction. 

Partie experimentale 
Les cristaux, obtenus par recristallisation dans I'Cthanol 95% se 

prCsentent sous I'aspect de petites plaquettes transparentes allongCes. 
Les parametres de la rnaille orthorhornbique ont Ctt dkterrnines sur 
diffractomktre automatique Philips PW l I00 a partir de 24 rCflexions 
telles que 20 < 0 < 50" pour ACU Ka.  

Les donnCes de diffraction, enregistries en premier lieu avec le 
rayonnement MoKa, ont CtC rnesurCes i nouveau avec celui du cuivre 
en raison du pouvoir diffractant limit6 des cristaux, dans les conditions 
suivantes: ACuKa monochromatisCe, 20,,,.,, = l38", -27 < h < 27, 
0 5 k < 12, 0 5 I < 9, balayage 8/28, = 8,36 cm-'. Sur les 3989 
intensites rnesurCes, 1964 Ctaient indkpendantes. Parrni celles-ci 
1786. telles que I > 2u(I). ont CtC dCclarCes observCes. 

La mise en oeuvre de la chaine de programmes MULTAN (4) a 
fourni les positions des atornes de carbone et d'oxygkne qui ont CtC 
affinCes par rnoindres carrCs dans I'hypothkse d'une agitation ther- 
mique isotrope puis anisotrope (X RAY (5)). Les atornes d'hydro- 
genes ont CtC localists sur des sCries de Fourier difference et pris en 
compte dans les derniers cycles d'affinement, leurs paramktres restant 
toutefois bloquCs. Le facteur R final non ponder6 est de 0.08 (valeurs 
maximale et moyenne du rapport dCplacernent/erreur: 0,9 et 0,3), S 
= [CW(F,, - ~, ) ' / (m - n)]":: 10.2. La densite Clectronique 
rCsiduelle est de l'ordre de 0,3 e A-.'. 

Les coordonnCes et le B Cquivalent' des atomes de carbone et 
d'oxygkne sont donnCs dans le tableau I. 

Le spectre de rmn a CtC enregistrC dans CDCI, 250 MHz sur un 
appareil Briicker en utilisant le tCtramCthylsilane cornrne rCfCrence 
interne: 7,3-7,5 (5H, s, H aromatiques), 5.54 (H-I, d, J,-2 = 3,9 

' Les valeurs des six coefficients d'agitation thermique anisotrope 
de chacun de ces atomes et les coordonnCes des atornes d'hydrogene 
ont CtC dCposCes et peuvent Ctre obtenues i un prix nominal, en 
s'adressant au DCpBt de donnCes non publikes, lCIST, Conseil natio- 
nal de recherches du Canada, Ottawa, Ont., Canada KIA 0S2. 
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TABLEAU I .  Coordonnkes rkduitcs des atornes dc carbone et 
d'oxygene. Pararnktre d'agitation therrnique isotrope 

Atorne r .v B,,,, 

HZ), 6,07 (H-2, d), 5.44 (H-4, d, J J - s  = 1,5 HZ), 4.19 (H-6, dd, JS-6 
= 9 Hz), massif centrk B 4,07 (H-5 et H-6'). 1.96-2.14 et 2.18 (3s. 
3 X OCOCH,). 

Resultats et discussion 
La figure 1 donne la representation de la molCcule, dessinee 

a I'aide du programme ORTEP (6), et precise le numerotage 
adopt6 pour les atomes. Les valeurs des distances intera- 
tomiques et Ies angles de valence sont prCsentCes dans les 
tableaux 2 et 3 respectivement. 

Conformation duns le cristal 
Le cycle du cornposC CtudiC, 1, adopte la conformation 

demi-chaise OH5 dans laquelle les atomes C(1), C(2), C(3) et 
C(4) dkterminent un plan (IT) de part et d'autre duquel se situent 
les atomes c(5) et O(5) aux distances respectives de 0,32(1) et 
de 0,44(1) A (fig. 2 et tableau 4). Cette conformation de cycle 
se retrouve dans les compos6s analogues suivants qui peuvent 
Etre compares a 1: le tri-0-acCtyl- 1,4,6-N-acetylacetamido-2- 
didesoxy-2,3-a-D-thrto-hexCno-2-pyrannose 2 (7a), le di-0- 
acetyl-4,6-didesoxy-2,3-a-~-thr&o-hexeno-2-pyrannoside de 
rntthyle 3 (7b), le (methyl N-acetylamino-2-0-acCtyl-6-tri- 
dCsoxy-2,3,4-P-~-thr&o-hexeno-2-pyrannosidyle-4)-7 theo- 
phylline 4 (7c) et le (O-ac6tyl-4-didCsoxy-2,3-P-~-glyctro- 
pentkno-2-pyrannosyI)-2-dichloro-5,6-benzotriazole 5 (7d). 

Pour le compose 1, la configuration de l'atome C(1) est telle 
que le noyau benzenique qui lui est lie se situe de I'autre c6tC 
du plan moyen IT par rapport a C(6): elle correspond donc a 
l'anomkre a qui, du fait de la conformation du cycle Cno- 
pyrannique, impose la position axiale au noyau benzenique. 

Le plan IT et celui du benzkne sont proches de l'orthogonalitk 
(81, 7(7)"). Cette valeur est en bon accord avec celle trouvee 
pour les eno-2-pyrannosides 4 et 5 qui sont lies a un h6tCrocycle 
en a de la double liaison (7c, d). L'orientation du noyau 

VOL. 63. 1985 

kc16 

FIG. 1 .  ReprCsentation en perspective de la rnolCcule. 

TABLEAU 2. Distances interatorniques 

Liaison Distance (A) Liaison Distance (A) 

aromatique autour de la liaison hCt6rocyclique C( 1)-C(7) 
(fig. 3) I'amene a s'engager sous le cycle Cno-pyrannique du 
c6tC oh la coplanCitC de C(l),  C(2), H(2), C(3) et C(4) resultant 
de la pr6sence de la double liaison occasionne une r6pulsion 
moindre. Ce phknomene est encore plus prononce dans le cas 
de 5 (7d), car le cycle triazole est moins volumineux qu'un 
noyau aromatique. 

La conjugaison entre la double liaison cyclique et le groupe 
ac6tyle port6 par I'atome C(3) devrait assurer la coplaneit6 
entre ce groupe et le plan IT. I1 n'en est rien, puisque I'angle 
entre les deux plans est de 74(7)". Une situation analogue se 
prCsente avec le d6rivC 2 dont I'atome C(2) est porteur d'un 
groupe N-acCtyl-acetamide. Dans ce cas, ['absence de co- 
plankit6 (angles dikdres de 79,3 et 74,7") se justifie par un 
encombrement sterique trks important. 

La configuration de l'atome C(4) met en position axiale le 
groupe ac6tyle qui lui  est 1%. L'CpimCrisation qui Ctait a 
craiidre pour un acetate allylique e n  presence he sel de 
palladium ne s'est donc pas produite. Le plan de ce groupe 
acCtyle est quasi-orthogonal au plan IT (85(7)"). L'augmen- 
tation de cette valeur par rapport a celle observ6e pour les 
derives dCsoxy-3,2 et 3 qui posskdent Cgalement un acktoxy en 
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On the structure of rubrifacine' 

GOTTFRIED FEISTNER' A N D  HERBERT BUDZIKIEWICZ 
Insfifuf fur Organische Chettzie, Utliversifiif zu Kiiln. Greitzsfr. 4. 5000 Kiiltl 41 ,  West Gerttzany 
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GOTTFRIED FEISTNER and HERBERT BUDZIKIEWICZ. Can. J .  Chem. 63, 495 (1985). 
Evidence is presented that rubrifacine, the red pigment of Erwinicr rubriJilciens, is 3-(3-carboxymethyl-4.5-dihydro-4,5- 

dioxo-2-pyrrolyl)-4,5,6-trihydroxypyridine-2-acetic acid, based on mass spectrometric and nmr data of rubrifacine, its hydro- 
lysis and reduction products as well as their methyl derivatives. 

GOTTFRIED FEISTNER et HERBERT BUDZIKIEWICZ. Can. J. Chem. 63, 495 (1985). 
En se basant sur des donntes de spectromktrie de masse et de rmn obtenues avec la rubrifacine et ses derives methylts, sur 

la nature de leurs produits d'hydrolyse et de rtduction, on prtsente des donntes qui permettent d'affirmer que la rubrifacine, 
le pigment rouge de la Erwitlia rubrifaciens, est I'acide (carboxymtthyl-3 dihydro-4.5 dioxo-4.5 pyrrolyl-2)-3 trihydroxy-4,5,6 
pyridineacktique-2. 

[Traduit par le journal] 

Recently we reported on the isolation and characterization of 
rubrifacine, a red pigment of Erwinia rubrifaciens (1). Mass 
spectrometric analysis had established a molecular weight of 
338 u and nmr measurements had shown that the compound 
contained thirteen carbon atoms two of which were in isolated 
methylene groups (Table 1). Here we want to present further 
analytical results which led us to assign formula 1 to rubri- 
facine. 

0 

Ho# 

N a O M o  

HO 6 ~ ' 2  13 SOOH Na0 COONa 
1 

COOH COONa 
14 

Results 
Determination of the empirical formula 

Permethylation of rubrifacine with CHzNl yielded two col- 
orless, uv-active compounds which according to high resolu- 
tion mass spectrometry (HMS) possess the elemental com- 
positions CllH16N109 (2) ( m l z  450) and CzoHz4Nz09 (3) (mlz  
436), respectively. Comparison with the molecular weight of 1 
( m l z  338) showed that seven and eight CH1 units, respectively, 
had been introduced. From this it was possible to calculate an 
empirical formula CI,HloNlO9 for the parent compound 1 .  
Taking into account that four hydrogen atoms are contained in 
the two methylene groups (v. supra), only six acidic hydrogens 
can be present in 1. Therefore the seventh methylene unit must 
have been inserted into the chromophore, most likely in the 
pyrrolindione ring which undergoes expansion to a 3-hydroxy- 
2-pyridone and further derivatization to a 3-methoxy-2- 
pyridone. Such reaction sequences have been established for 
isatin 4 and coumarandione 5 (4). 

Determination of functional groups 
By incomplete methylation with CH2N2 a tetramethyl deriv- 

' Part XIX of the series "Bacterial constituents". For Part XVlll see 
ref. I, Part XVll ref. 2, Part XVI ref. 3. 

'TO whom all correspondence should be addressed. Present ad- 
dress: Department of Bacteriology, University of California, Davis, 
CA 95616, USA. 

TABLE 1 .  Tentative assignment of ''C chemical 
shifts of rubrifacine l a  (sodium salt) and its hydro- 
lysis product 7 a  (sodium salt), both in H20 (refer- 

ence CD30D 6 49.0) 

151.3 ( t ,  4.3 Hz) 
112.7 ( t ,  6.1 Hz) 
170.8 (s) 
1 16.0 (s) 
168.6 (s) 
146.9 ( t ,  5.5 Hz) 
102.1 (t, 6.7 Hz) 
182.1 (t, 4.9 Hz) 
167.6 (t, 4.5 Hz) 
32.7" (T, 128.5 Hz) 
31.3" (T, 127.3 Hz) 

1 8 1 . 3 ~  (t, 6.7 Hz) 
181.4" ( t ,  7.3 Hz) 

131.8 
111.5 
174.0 (s) 
1 18.6 (s) 
169.1 (s) 
192.2 
35.9 (T, broad) 

33.11 (T) 
33.05 (T, broad) 

181.8 
182.5 

"."Interchangeable. 
' For numbering see formulas 1 and 7 

ative 6 was obtained with a still intact chromophore. The elec- 
tron impact mass spectrum (El-MS) of 6 showed (besides some 
loss of CH,') twice the loss of CH,O'/CH,OH (31132 u) fol- 
lowed by the loss of C O  (28 u) typical for carbomethoxy 
groups. No other fragmentation of importance was observed, 
especially none which yielded NI-products. This excluded 
structural formulas with a nitrogen atom in a peripheral func- 
tional group. The two nitrogens had to be elements of a conju- 
gated ring system and the methylene groups could only be 
incorporated in side chains probably terminated by the afore- 
mentioned carbomethoxy groups. The existence of 
-CH,-COONa groups in the sodium salt of rubrifacine la 
was supported by the "C chemical shifts of 18 1.3 and 18 1.4 
ppm (Table 1) close to that of tetramethylammonium acetate 
(181.4 ppm (5)). 

Hydrolysis of rubrifacine 
Rubrifacine 1 was easily hydrolyzed with discoloration by 
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I N KOH whereby two carbon atoms were lost. This could 
directly be seen from the "C-nmr spectrum of the product 7 
(Table 3; for 7 a ,  sodium salt of 7 see Table 1). Correspond- 
ingly, HMS of its tetramethyl derivative 8 gave the elemental 
composition CI5Hl9NOX which also indicated the loss of one 
nitrogen. By HMS only one nitrogen-free fragment ion with a 
mass > 100 u could be identified, viz. tn/z 115, which will be 
discussed below. From this we concluded that the remaining 
nitrogen had to be part of an aromatic ring. For the "C signals 
of this heteroaromate, except for that of C-2, one can easily 
find a pendant among those of the intact pigment. Apparently 
this aromatic ring is little effected by hydrolysis. The elemental 
composition as well as the mass spectrometric and chemical 
behavior made the presence of a trihydroxy pyridine ring very 
likely, which has been substantiated (v. infra) by comparison 
with an authentic compound. As a recent "C-nmr investigation 
of nicotine metabolites (6) shows, the difference in the chem- 
ical shifts of C-2 cannot be accounted for by the newly gener- 
ated carbonyl group per se. However, l a  and 7 a  d o  not exist 
necessarily in the same tautomeric form. '" data of various 
isomeric hydroxy and methoxy pyridines have been published 
(7), but too little is known about the influence of two negative 
charges on the "C chemical shifts of such heterocycles to allow 
assignment of definitive tautomeric structures for l a  and 7 a .  

7 ,  R l ~ s  = H 
8, R,., = Me, Rs = H 

13, R,.s = Me 

The side chaitls of 7 
Whereas rubrifacine ( l a )  showed I3C signals for two isolated 

methylene groups, only one was retained as such in its hydro- 
lysis product 7 while the other one had become part of a 
-CHI-CHI- unit. This was concluded from the presence of 
an AA'BBf-system in the 'H-nmr spectrum as well as from the 
"C-nmr spectrum (Tables 1-3). The "C-nmr spectrum also 
showed the generation of an a,P-unsaturated carbonyl function 
(192 ppm). Altogether this led to a partial structure Ar- 
CO-CHI-CH2-COIH which was confirmed by mass spec- 
trometric comparison of 7-dimethylester 9 with two differently 
deuterated derivatives, 1 0  and 11. a-Cleavage of the side chain 
led to CH302C-CHI-CH2-CO' ( m l z  1 1 3 ,  CH3O2C- 
CHI-C2HI-Cot (tn/z 1 17), and C2H302C-CHI-C~I-- 
C o t  (tn/z 1 1  8) ,  respectively. If one assumes that the aromatic 
portion of 7 is a trihydroxy pyridine ring the other 
-CHI-COOH group postulated has to be attached directly to 
the ring. 

TABLE 2. 'H chemical shifts of 8 (tetramethyl deriv- 
ative of 7), 13 (pentamethyl derivative of 7). and 

piericidins 12 ( lo) ,  all in CDCI, 

H" 8 13 12 

"For numbering, see formula 7. 

TABLE 3. Tentative assignment of the "C chemical shifts of ru- 
brifacine hydrolysis product 7 in CD,OD. its tetramethyl deriva- 
tive 8 in CDCl, (6 77.0), piericidins 12 (10) in CDCI?, and 
2.3.4-trihydroxy-6-methylpy~idine 15 in H20  (reference: CD,CN 

s 1.2) 

151.1 
111.8 
124.6 (s) 
120.5 (s) 
164.0 (s) 
192.6 
34.8 (T, broad) 
29.2 (T) 
28.7 (T, broad) 

177.5" 
176.0" 

"."Interchangeable. 
' For numbering, see formula 7. 

Substitution pattern of 7 
Three hydroxy groups can be placed in six different arrange- 

ments around the pyridine ring (two of which are symmetrical) 
which would give ten (4 x 2 and 2 x I) possible isomeric 
structures for the hydrolysis product. Of these only one, viz. 7 ,  
is in accordance with the observed splitting pattern in the ' H  
coupled "C-nmr spectrum which shows three non-coupling 
carbon atoms. Since the 'J(C,,y-CH2) and the 'J(C,,?- 
C,,?-CHd coupling constants are both to be expected in the 
range of 4-7 Hz (8) the -CHI-COOH group cannot be  
located in a P- o r  y-position because in either case only two 
non-coupling carbons should be observed. The four-carbon 
side chain has to be in the P-position neighboring the acetic 
acid group: in any other position 'J(C,,.-CO-CHI) coupling 
would result in the splitting of a further ring carbon. 

Comparison of 7 with piericidins (9, 10) of known structure 
Piericidins (12) and our tetramethyl derivative (8) possess 

the same 2,3-dimethoxy-4-hydroxypyridine partial structure. 
The 'H  chemical shifts for the methoxy groups of 1 2  and 8 are 
in good agreement (Table 2). That indeed the 2,3-dimethoxy 
derivative 8 and not the 2,4- or 3,4-dimethoxy derivative had 
been obtained upon methylation can be seen from the chemical 
shift (4.07 ppm) of the y-methoxy group in the pentamethyl 
derivative 13 caused by the anisotropy of the side chain carbo- 
nyl function. The 13C data (Table 3) exclude any N-methylation 
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as no 6(N-CH,) 5 50  ppm is observed (7). Moreover, the "C 
data of 8 are in good agreement with those for 1 2  except for 
differences for the y-C-atom which must be the result of hydro- 
gen bridging with the exocyclic carbonyl function. In order to 
study the interaction of the underivatized phenolic functions in 
7 and its influence on the "C chemical shifts of the trihydroxy 
pyridine ring, we have synthesized 2,3,4-trihydroxy-6-meth- 
yl-pyridine 1 5  according to the procedure of Lapworth and 
Collie (1 1) which has recently been repeated by Findlay et a l .  
(12). However, we encountered difficulties in converting 
3-amino-2,4-dihydroxy-6-methylpyridine 14 to 2,3,4-trihydro- 
xy-6-methylpyridine 15,  as we obtained mainly the dimer- 
ization product mentioned in the literature (1 1) and only a few 
milligrams of 1 5  which did not allow us to obtain a "C-'H 
coupled 'jC-nmr spectrum needed to unambiguously assign 6 
= 139.1 ppm to C-4 of 15. This will be the subject of further 
investigations. 

12, R = modified 
isoprenyl 
side chains 

The nature of the secorzcl ring 
The exocyclic carbonyl function of the hydrolysis product 7 

probably stems from an imino function in 1. The -CH,-- 
group neighboring the carbonyl function is most likely the one 
which has been generated during hydrolysis. This could result 
from a retro-Claisen cleavage of a P-diketone. Taking into 
account the chemical composition of 1 and the atoms contained 
in the established partial structures, there remains a difference 
of only one carbonyl function which suggests for the second 
ring a pyrrolindione structure. 

The presence of a pyrrolindione ring is strongly supported by 
comparison of 1 with known 2,3-dihydro-2,3-dioxo-5-phenyl- 
pyrroles: ( a )  2,3-dihydro-2,3-dioxo-4,5-diphenyl pyrrole (16) 
has a VIS absorption of 483 nm (13), close to that of rubrifacine 
in the free-acid form (490 nm). (6 )  In strong alkali 2,3-di- 
hydro-2,3-dioxo-5-phenylpyrrole (17) undergoes ring opening 
to 18 and further to acetophenone 19 (14- 17). (c) Both 17 (17) 
and rubrifacine give colorless addition products with NaHSO? 
from which the colored starting compounds can be regenerated 
by acidification and passage of air. ((1) A pyrrolindione ring is 
likely to undergo ring expansion upon derivatization with di- 
azomethane (4). 

Catalytic reduction of rubrifacine 
Rubrifacine has been hydrogenated catalytically. Thereby 

the high field ('H-nmr) methylene signal split up to the same 
AB-system at 3 .5 ppm both on reduction with Hz and Dl. The 
two hydrogens of the methylene group obviously were now 
diastereotopic because C-7 became chiral upon reduction of the 

A'.' double bond (for numbering see formula 1). The additional 
hydrogen at C-7 gave rise to a 'H-nmr signal at about 5.6 ppm 
whereas no signal was observed for the hydrogen at C-8 due to 
en01 formation of the C-9 carbonyl. The pyridine ring was not 
reduced under these conditions (18). On standing in air the 
reduced pigment 20  is reoxidized, as is known for pyr- 
rolindiones ( 19). 

Experimental 
Material 

Cation exchange: Dowex AG 50 WX8, Serva; Reversed phase TLC 
(RP-TLC): KClx, Whatman; Normal phase HPLC: LiChrosorb Si 100, 
I0 k, 25 cm X 9.2 mm, Knauer; Reversed phase HPLC: Zorbax ODs, 
10 k, 25 cm X 4.6 mm, Du Pont; Polyamide (<0.07): Macherey 
Nagel & Co. Diiren, FRG. 

Instr~tmerltnl nr1a1y.si.s 
El-MS: CH7A, Varian MAT; HMS and field desorption mass spec- 

trometry (FD-MS): MAT 73 1, Varian MAT: both connected to a 
Finnigan-MAT SS200 data system; ir: Perkin-Elmer model 720; uv: 
Beckman model 25; nmr: Varian EM 390, Bruker WP-60, WP-80, 
WM-300. 

Microann1ysi.s of rubr;tncine 1 a 
For a microanalysis 30 mg In  have again been produced in a 12 L 

culture and purified according to ref. I .  The 'H-nmr signals of this 
batch showed slightly different chemical shifts for the two methylene 
groups than reported: 6 = 3.48 and 3.20 compared to 6 = 3.32 and 
3.22 according to ref. I thereby indicating a different pH of the 
solution. Acetone was used as reference (2.09 ppm) in both cases. 
Anal. calcd. for C13HbN2(Na3.SH05)09.4H20: C 32.05, H 3.00, N 
5.75, Na 16.5; found: C 32.15, H 3.01, N 5.79. Na 16.4. This 
analysis confirms the result from fast atom bombardment mass spec- 
trometry (I)  which showed that In  exists as a tetrasodium salt. 

Thermolnbility of rubrqncine l a  
The chromophore of In  will be destroyed at about 50°C. l a  was 

therefore stored in a frozen aqueous stock solution at -30°C solvents 
were evaporated i.v. at 35OC, and all reactions were performed at 
room temperature (23°C). 
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Methylation of rubrijacine I 
In a preliminary investigation a few milligrams crude rubrifacine 1 

in dilute hydrochloric acid (pH 2) were treated with excess diazo- 
methane in glyme (20). Derivatives 2 and 3 were separated on Li- 
Chrosorb (hexan: i-PrOH = 9: I ,  flow 4 mL/min, retention time 6.4 
rnin (2) and 8.4 rnin (3)) in microgram quantities for El-MS: 2: m/z 
450.165 1 (loo%, calcd. for CIIH2,N2Oy: 450.1638, M') 419 (10%) 
391.15 17 (30%, calcd. for CI9HZ3N2O7: 391.1505) 375.1188 (63%, 
calcd. for CIxHIyN2O7: 375.1 192); 3: m/z 436.1480 (loo%, calcd. for 
C20H24N20y: 436.1482, M+) 404.12 10 (1 I%, calcd. for ClyHIoN20x: 
404.1220) 377.1342 (13%, calcd. for C1XH?IN207: 377.1348) 
361.1034 (31%. calcd. for CI,HI7N2O7: 361.1036) 329.0775 (239'0, 
calcd. for C ~ ~ H I ~ N Z O ~ :  329.0773) 317.1 140 (23%, calcd. for 
ClhHI7NZOS: 3 17.1137) 299.1032 (18%. calcd. for C16H1sNZ04: 
299.1034). To obtain the tetramethyl-derivative 6 30 mg rubrifacine 
l a  were converted into the free acid form (Dowex, 33 cm high, 3.5 
cm in diameter, H+-form) and dissolved in 3 mL methanol. The 
methylation (6 mL diazomethane in glyme) was controlled by RP- 
TLC (KClx, MeOH:H20 = 3:2) on which 6 had RI = 0.5. The 
reaction was stopped at the maximum yield of 6, which was then 
chromatographed on Zorbax ODs (MeOH : H20 = I : 1, flow 1.75 
mL/min, retention time 13 min) to give 6 mg pure 6. 'H-nmr (CDC13, 
TMS): 4.30 (s, 3H), 3.95 (s, 3H), 3.80 (s, 3H), 3.69 (s, 3H), 3.62 (s, 
2H), 3.57 (s, 2H). El-MS: m/z 394.1008 (100% calcd. for 
CI~HIXNZOCJ: 394.1012) 379.0821 (10%) 363 (13%) 362 (12%) 335 
(15%) 334.0802 ( 1  8%, calcd. for CISHIANZO7: 334.080 I), 3 19.0569 
(2 1 %, calcd. for C14H lN2o7: 3 19.0566) 303 (28%) 302.0557 (70%, 
calcd. for CI4HION2Oh: 302.0539) 287.0310 (32%. calcd. for 
CI3H7N2o6: 287.0304) 275.0656 (48%, calcd. for CI3Hl lN2O5: 
275.0668) 259.0343 (16%. calcd. for C12H7N205: 259.0355) 
23 1.0417 (7%, calcd. for CllH7N204: 23 1.0406). 

Hydrolysis of rubrifncine 
To a solution of 10 mg rubrifacine l a  in 3 mL H20 a few milliliter 

I N KOH were added drop-wise until discoloration occurred (5 rnin). 
The solution was then neutralized with Dowex (22.5 cm high, 2 cm 
in diameter, H'-form) to give 7. 'H-nmr (D20, (CH& CO 2.09 ppm): 
3.69 (s, 2H), 2.5-3.2 (AA'BB', 4H); FD-MS: [M + HI' 286; EI- 
MS: m/z 285 (1.2%. M+) 267 (1.7%) 249 (1.9%) 239 (1.6%) 223 
(5%) 22 1 (6%) 205 (2%) 203 (3%) 193 (4%) 177 (5%) 166 ( 10%) 148 
(9%) 122 (4%) 44 (100%); uv: A,,,, 370, 305 (pH 12), 295, 230 (pH 
2). 7a was obtained by cation exchange (Dowex, Na+-form). When 
the hydrolysis was carried out in DrO HID exchange at C-8 occurred 
and yielded compound 10 after esterification. 

Tetra- 8 and pentamethyl- 13 derivatives of 7 
l a  (30 mg) was converted into 7 as described above and dissolved 

in 25 mL methanol. Gaseous diazomethane (21) was passed through 
this solution until a maximum yield of 8 was obtained (checked by 
mass spectrometry). 8 (4 mg) could be separated on LiChrosorb 
(Hexan, 5% i-PrOH, flow 3 mL/min, retention time4 rnin). Ir (KBr): 
v,,, 3275 (OH), 2962, 2930, 1743, 1723, 1714, 1651, 1315, 1269; 
uv (MeOH): A,,, 295; El-MS: m/z 341.1 114 (41%, calcd. for 
Cl5HI,NOx: 341.1 1 1, M+) 310.0935 (21%. calcd. for CI4Hl,NO7: 
3 10.0927) 282.0972 (22%, calcd. for C13H lhNOh: 282.0978) 28 1 
(16%) 254.0674 (18%, calcd. for CIIHI2NOh: 254.0665) 250.0722 
(287'0, calcd. for CI2Hl2NO5: 250.0715) 222.0752 (32%. calcd. for 
C I  1H12N04: 222.0766) 194.0457 (loo%, calcd. for CI0HxNO4: 
194.0453) 190.0507 (1 8%, calcd. for CI0HXNO3: 190.0505) 1 15.0393 
(lo%, calcd. for C5H703: 1 15.0395). 8 was converted into 13 by 
permethylation and chromatography in the same system like 8 (reten- 
tion time 2.8 min); uv (MeOH): A,,,, 294; El-MS: m/z 355.1263 
(loo%, calcd. for CIDHZINOX: 355.1267, M') 324 (36%) 323 (20%) 
296 (57%) 268 (8 I%) 264 (20%) 24 1 ( 19%) 236 (3 1 %) I94 (46%) I82 
(22%) 180 (23%) 1 15 (31%). 

Dimethylesters of 7 
The carboxyl function could be esterified with methanol under 

acidic catalysis or by autocatalysis on standing in methanolic solution 
for several days. The dimethylester could be separated from the mono- 

esters by chromatography on Zorbax (H20:MeOH = 7:3, flow 1.4 
mL/min, retention time: monoesters 7.5 and 9 min, diester 22 min). 
0.01% acetic acid was added to reduce dissociation but this had the 
disadvantage that the ester was partially saponified on concentrating 
the eluate. Therefore, the following procedure was applied to obtain 
mass spectra of pure dimethylesters: 7 was precipitated on Dowex 
(H'-form) by evaporating to dryness a solution of 7 (5 mg) in 10 mL 
HZO together with I g wet cation exchange resin. This was then 
suspended in 5 mL methanol or methanol-d3, respectively, in which 
only the di- but not the monoester is soluble. After 3 h a few p,L of 
these solutions were directly used for mass spectrometric in- 
vestigations. 

El-MS: 7: m/z 3 13 (54%, M+) 282 (26%) 28 1 (3 1 %) 254 (24%) 
253 (30%) 249 (28%) 226 (20%) 222 (43?40) 22 I (750) 203 ( 2 8 0  194 
(39%) 193 (3 1 %) 180 (22%) 176 (50%) 167 (28%) 166 (40%) 148 
(60%) 1 15 (53%) 55 (100%); 8: m/z 3 15 ( loo%, M+) 284 (44%) 283 
(62%) 256 (32%) 255 (45%) 25 1 (41%) 226 (40%) 223 (95%) 205 
(34%) 204 (36%) 194 (63%) 178 (61%) 166 (63%) 148 (75%) 
1 17.0518 (52%. calcd. for C5H5D203: 117.0520); 9: m/z 319 (50%, 
M') 285 (25%) 284 (31%) 257 (20%) 256 (24%) 249 (30%) 222 
(41 %) 22 1 (70%) 203 (24%) 194 (35%) 193 (23%) 185' (28%) 176 
(33%) 166 (29%) 148 (36%) 1 18 (41%) 55 (100%). 

Reduction of rubrifacine 
l a  (5 mg) in 15 mL dilute hydrochloric acid (pH 2) were cata- 

lytically reduced at atmospheric pressure for 10 rnin using 2 mg Pd/C 
which had been prehydrogenated for 15 min. The catalyst was centri- 
fuged off, the solution evaporated to dryness, and the residue dis- 
solved in D20 for 'H-nmr measurement. In case of reduction with Dr 
in D20/DCI the probe was ready for nmr-measurement after centrifu- 
gation and concentration to I mL. 

2,3,4-Trihydroxy-6-methyl-pyridine 15 
'The final purification of 15 (ca. 10 mg) was achieved by chro- 

matography on polyamide (50 cm long, 1 cm in diameter) in 0.2% 
acetic acid. El-MS: m/z 141.0426 (loo%, calcd. for ChH7N03: 
141.0426, M') 112 (13%) 95 (4%) 84 (7%) 68 (12%) 57 (8%); uv 
(H2O): A,,,, 289 (E 67700); uv (KOH): A,,, 318 (E 19700); 'H-nmr 
(D20, MeOH 6 3.39): 6.10 (s, IH) 2.25 (s, 3H); ir (KBr) v ,,,, 3520 
(sharp), 3700-2400 (broad), 1670 (shoulder), 1660 (shoulder), 1640, 
1590, 1460, 1400. 

Acknowledgments 
We wish to thank Professor Dr. E. Breitmaier (Univ. Bonn), 

Dr. H. Schmickler, Dip1.-Chem. C. Schnieders, and Dip1.- 
Chem. H. Unterberg for the nmr measurements, and G. Briskot 
for the synthesis of 2,3,4-trihydroxy-6-methyl-pyridine. 

I. G. FEISTNER, H. KORTH, H. BUDZIKIEWICZ, and G. PULVERER. 
Curr. Microbiol. 10, 169 (1984). 

2. G. FEISTNER, H. KORTH, H. KO, G. PULVERER, and H. BUD- 
ZIKIEWICZ. Curr. Microbiol. 8, 239 (1983). 

3. H. BUDZIKIEWICZ, U. HILDEBRAND, W. OCKELS, M. REICHE, and 
K. TARAZ. Z. Naturforschg. 38b, 516 (1983). 

4. R. GOMPPER. Adv. Heterocycl. Chem. 2, 245 (1963). 
5. E. BREITMAIER and W. VOELTER. I3C NMR spectroscopy. 1st cd. 

Weinheim: Verlag Chemie. 1978. p. 162. 
6. N .  TOSHIAKI, A. PILOITI, and C. R. ENZELL. Org. Magn. R:s. 

13, 434 (1 980). 
7. U.  VOCELI and W.  ON PHILIPSBORN. Org. Magn. Res. 5, 551 

( 1973). 
8. Y. TAKEUCHI. Org. Magn. Res. 7, 18 1 (1975). 
9. S. YOSHIDA, S. SHIRAISHI, and N. TAKAHASHI. Agric. Biol. 

Chem. 41, 587 (1977). 
10. S. YOSHIDA, K. YONEYAMA, S. SHIRAISHI, A. WATANABE, and 

N. TAKAHASHI. Agric. Biol. Chem. 41, 855 (1977). 
I I .  A. LAPWORTH and J. N. COLLIE. J .  Chem. Soc. 71, 838 (1897). 
12. J.  A. FINDLAY, J .  KREPINSKY, A. SCHUM, C. G. CASINOVI, and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FEISTNER AND BUDZlKlEWlCZ 499 

L. RADICS. Can. J.  Chern. 55, 600 (1977). 18. E. MEDINA and G. SPITELLER. Chern. Ber. 112, 376 (1979). 
13. T. EICHER and G. FRANKE. Liebigs Ann. Chern. 1337 (198 1 ) .  19. 0. MUMM and H. HORNHARDT. Chern. Ber. 70, 1930 (1937). 
14. 0 .  MUMM and C. BERGELL. Chern. Ber. 45, 3040 (1912). 20. M. J .  ROBINS, S. R. NAIK, and A. S. K. LEE. J .  Org. Chern. 39, 
15. 0 .  MUMM and G. MUNCHMEYER. Chern. Ber. 43, 3334 (1910). 1891 (1974). 
16. L. HORWITZ. J .  Am. Chern. Soc. 75, 4060 (1953). 21. T. H. BLACK. Aldrichirn. Acta, 16, 3 (1983). 
17. 0. MUMM and G. MUNCHMEYER. Chern. Ber. 43, 3345 (1910). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Identification, par spectroscopie optique, des dihydrodiols formes lors de la 
metabolisation des hydrocarbures polybenzeniques. Application dans le 

cas de la metabolisation in vitro du dibenzo[a,e]pyrene 
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ODILON CHALVET, JEAN-FRAN~OIS GOURVEST, HELENE STRAPELIAS et MAURICE DUQUESNE. Can. J. Chern. 63,500 (1985). 
La premikre Ctape de la rnCtabolisation d'une molCcule d'hydrocarbure polybenzCnique est la saturation d'une double liaison 

et la formation d'un Cpoxyde puis d'un dihydrodiol. Aprks sCparation par chromatographie, les spectres d'absorption de ces 
dihydrodiols peuvent Ctre Ctablis et cornparks directement aux prCvisions thkoriques qui, pour des molecules planes, sont trks 
aisCes i Ctablir. Une identification du site de la prernikre attaque enzyrnatique est alors possible sans avoir recours a des 
molCcules modkles. 

ODILON CHALVET, JEAN-FRAN~OIS GOURVEST, HELENE STRAPELIAS, and MAURICE DUQUESNE. Can. J. Chem. 63, 500 
(1985). 

The first step in the rnetabolization of a polycyclic hydrocarbon molecule is the saturation of a double bond, the formation 
of an epoxide, then of a dihydrodiol. Once separation has been achieved by chromatography, the absorption spectra of these 
dihydrodiols can be established and directly compared with theoretical predictions which are reasonably easy to elaborate in 
the case of plane molecules. The initial site of enzyme attack can then be identified without using model molecules. 

Introduction 
Dans une precedente publication ( I ) ,  I'un de nous, au moyen sA1 d'une mCthode de "reconnaissance de formes", a montre que 

la forme des molecules d'hydrocarbures polybenzeniques est 
2 .  
/" A2 corr6lCe a leur pouvoir cancerogkne. P y r e n e  

Pour eprouver, sur le plan experimental, la validite de cer- 
tains concepts suggCr6s par cette etude, il Ctait interessant de 
considerer en premier lieu le r61e de la topologie de ce type de 
molCcule au niveau de l'acte de mCtabolisation de la molCcule. 

La mCtabolisation des benzo[a]pyrkne et benzo[e]pyrkne a 
Ctt particulikrement etudiCe ces dernikres annCes (2, 3). 11 

& * 4 
nous a donc pa r -  interessant d'ktudier la metabolisation du B ( a ) P  B ( e ) P  DB(a.e)P 

dibenzo[a,e]pyrkne (DB[a.e]P), molCcule qui prCsente dans sa FIG. I .  Topologie de la rnolCcule de pyrkne et des trois molCcules 
structure a la fois la to~ologie du benzo[al~~rkne (B[alP), qui en dCrivent par adjonction d'un ou deux noyaux benzkniques. 
cancerogkne, et celle du benzo[e]pyrkne (B[e]P), non cancero- . - - - 

gene (Fig. 1). 
Generalement, l'identification d'une espece chimique se fait 

a l'aide de molCcules modkles synthetisees spkcialement 
pour cette identification. Celle-ci se fait soit a partir des para- 
mktres de chromatographie, soit a partir des propriCtCs spec- 
troscopiques (absorption, fluorescence, excitation de fluores- 
cence . . .). Cette mCthode est extremement lourde et coQteuse, 
surtout lorsque l'objectif de la recherche est de comparer la 
mCtabolisation de plusieurs molecules d'une m&me famille 
comme les dibenzopyrknes. 

Compte tenu des propriktes particulihes liees a la structure 
des molCcules d'hydrocarbures polybenzeniques, il nous est 
apparu qu'il Ctait possible de faire cette identification du site de 
la premihe attaque enzymatique, a partir des donnees spectros- 
copiques, c'est-i-dire d'une manikre directe, sans avoir recours 
a la synthkse de molecules modkles. 

comprenant le systeme enzymatique (4). Les metabolites qui 
retiennent notre attention sont les dihydrodiols, e u x - m h e s  
formes a partir des Cpoxydes par I'action de I'Cpoxyde hydro- 
lase. Ces dihydrodiols sont identifies dans l'ensemble des 
pics du profil de chromatographie par le fait que certains pics 
de ce profil disparaissent lorsque l'on ajoute au milieu d'in- 
cubation un oxyde stable (TCPO)' qui inhibe l'action de 
1'Cpoxyde hydrolase. 

L'identification des molecules du type "dihydrodiol" in- 
forme sur la position du site de la premikre attaque enzymatique 
qui sature une double liaison pour former un Cpoxyde. L'utili- 
sation de molecules marquees permet de connaitre en plus 
l'importance de cette attaque. 

La quantite de metabolites extraite par chromatographie hplc 
Ctant souvent inferieure a 10 pg, l'identification par rmn est 
pratiquement impossible. Par contre, la sensibilite de la fluo- 
rescence et le rendement quantique elevC des hydrocarbures Bases experimentales et discussions polybenzeniques rendent souvent possible l'identification de la 

Me'tabolisation double liaison attaquke. 
Dans nos experiences, la miitabolisation in vitro est effec- 

tuee en pla~ant l'hydrocarbure dans un milieu incubateur 'Epoxy-1,2 trichloro-3,3,3 propane. 
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CHALVET ET AL 

LONGUEUR D'ONDE (nm)  

FIG.  2. Spectres d'absorption des 4 molCcules: pyrene, benzo[e]pyr&ne, benzo[cz]pyrkne et dibenzo[cz.e]pyrene. Les positions des bandes a, 
p e t  p, qui sont indiquees sur I'tchelle des longueurs d'ondes exprimCes en nanomktres, resultent de calculs effectues par la methode CNDO/S. 

Spectroscopic 
Les spectres d'absorption et d'excitation d e  fluorescence des 

3 molCcules B[a]P, B[e]P et DB[a,e]P presentent une grande 
analogie avec ceux du pyrene (Fig. 2). 

En effet, en parcourant le spectre d'absorption du rouge vers 
l'ultraviolet, on rencontre, pour ces 4 molecules, suivant la 
nomenclature de E .  Clar (5), une bande d e  tres faible intensite 
(bande a )  et une bande d'intensite moyenne (bande p ) .  Les 
energies relatives attachees a ces bandes permettent d e  separer 
ces 4 moltcules en 2 groupes: le pyrene et le B[e]P d'une part, 
le B[a]P et le DB[a.e]P d'autre part (Fig. 2). 

Pour les deux molecules du premier groupe, les differences 
d'energie entre les bandes a et p sont nettement plus impor- 
tantes que pour celles du second groupe. I1 faut noter en outre 
un deplacement vers les grandes longueurs d'onde d e  la bande 
p  lorsqulon passe du premier au second groupe, alors que la 
position d e  la bande a est sensiblement stable. En raison d e  
la loi d'annelation ( 3 ,  si le diplacement bathochrome d e  la 
bande p  parait normal dans la serie pyrene, B[a]P, DB[a,e]P, 
par contre I'absence d e  dkplacement dans le cas du B[e]P 
apparait comme une exception (Fig. 2). C'est cette exception 
que nous exploiterons pour l'identification des metabolites du 
type "dihydrodiol". 

11 convient toutefois d e  noter que cette loi d'annelation n'est 
valable que pour la serie des hydrocarbures polybenzeniques 
plans, sans substituants ni hCt6roatome.s. 

Cette absence d e  deplacement bathochrome peut Ctre cons- 
tatee pour d'autres polybenzeniques derives du pyrene. Le 
pyrene possede, entre autres elements d e  symetrie, deux axes 
binaires, l'un (A,) passant par les carbones 2 et 7 ,  et I'autre (A2) 
bissecteur des liaisons 4-5 et 9- 10 (Fig. 1 ) .  On verifie aise- 
ment que toute adjonction d e  cycles benzeniques respectant la 
symetrie de la molCcule par rapport a l'axe A2 perturbe peu la 
position d e  la bandep  (5). Au niveau des metabolites, la forma- 
tion d'un dihydrodiol revient, en premiere approximation, a 
rompre le systeme conjugue d e  la molCcule. Ainsi le 7 ,8  dihy- 
drodiol et le 9,10 dihydrodiol du B[a]P peuvent Ctre, dans une 
approximation raisonnable, assimilCs au 8 vinyl pyrene et au 
7 vinyl pyrene supposes plans (Fig. 3).  Les spectres d'absorp- 
tion et d'excitation d e  fluorescence des deux premiers compo- 
sCs montrent une situation relative des bandes-cu et p differente 
(Fig. 3). Pour le 7 ,8  dihydrodiol, la bande p  est deplacee vers 
le rouge et  recouvre en partie les bandes a. Pour le 9 ,10 

7, 8 dihydrodiol 9,10 dihydrodiol 
du B [ ~ ] P  du B [ ~ ] P  

8 vinyl pyr@ne 7 vinyl pyrene 

LONGUEUR D'ONDE 

FIG. 3. Deux des hydrodiols du benzo[a]pyrkne et leurs spectres 
d'absorption. Le deplacement vers les grandes longueurs d'ondes de 
la bande p du 7,8 dihydrodiol du benzo[cz]pyrkne est nettement visible 
(d'aprks la rtf. 6 et nos propres resultats). 

dihydrodiol au contraire, la bande p  n'est pas diplacee, laissant 
visibles les bandes a. 

D'une manibre generale, la conjugaison d'un groupe viny- 
lique, bien que faible, est plus importante lorsque la partie 
vinylique est like a un carbone situe hors de l'axe de symetrie 
(A, )  du pyrene. Dans le 9 , lO dihydrodiol, cette partie vinylique 
du systeme conjugue est liee a un carbone situe sur I'axe d e  
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W I I I I I 
emission a 

w LONGUEUR D'ONDE 

NOMBRE DONDE 

FIG. 4. (a) Spectres d'tmission et d'excitation de fluorescence des 
B[a]P (-) et 9.10 dihydrodiol B[a]P (-.---.-). 

Spectre Spectre 
d'tmission d'excitation 

- - - 

B[alP A ,,,. = 380 nm A,.,l,,, = 400 nm 
9. I0 dihydrodiol B[a]P A ,,,. = 342 nm A ,.., = 405 nm 

(b) Spectres d'tmission et d'excitation de fluorescence du DB[a,e]P 
(-) et du dihydrodiol maj~ritaire de cet hydrocarbure (-.-.-a-). 

Spectre Spectre 
d'tmission d'excitation 

DB[a.e]P A ,,,. = 372,5 nm = 395 nm 
Dihydrodiol majoritaire 

du D B [ ~ , ~ ] P  A,,,. = 342 nm = 405 nm 

(c) Spectres dttaillts d'tmission (A,,,. = 342 nm) et d'excitation de 
fluorescence (h..,~,,, = 405 nm) du mttabolite majoritaire du 
DB[cr.e]P, le 1 1,12 dihydrodiol du DB[a,e]P. 

syrnktrie ( A , )  du pyrkne et le diplacement est beaucoup rnoins 
important que dans le cas du 7,8 dihydrodiol. 

Conclusion 

Pour le rnitabolite rnajoritaire (123%) correspondant a un 
dihydrodiol du DB[a,e]P, son spectre d'excitation rnontre sans 
arnbiguitk une bande p situee dans la zone d'energie de celle 
du 9, lO dihydrodiol du B[a]P (Fig. 4). Forts de  notre rernarque 
sur I'adjonction d'un cycle benzknique en position [el du 
pyrkne, nous pouvons conclure que le dihydrodiol rnajoritaire 
de  la rnCtabolisation du DB[a,e]P correspond 2 une saturation 
de  la liaison I 1 - 12 de  cette rnolCcule. Nous avons par ailleurs 
vCrifiC que le spectre dlCrnission de  fluorescence est bien l'effet 
rniroir d'une bande a netternent separCe de  la bande p cornrne 
c'est le cas pour le B[e]P. 
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Synthesis and characterization of [Me2Ga(3,5-Me2pz)2]Rh(CO)PPh3 and the X-ray 
structure of its toluene solvate 

BRENDA M. LOUIE, STEVEN J. RE-ITIG, ALAN STORR, A N D  JAMES TROTTER 
Department of Chemistry, University of British Columbia, 2036 Main Mall, Vancouver, B.C., Canada V6T 1Y6 

Received May 4, 1984 

BRENDA M. LOUIE, STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 63, 503 (1985). 
Details of the synthesis and physical properties of IMe2Ga(3,5-Me2pz)l]Rh(CO)PPh, are given. Crystals of 

[dimethylbis(3,5-dimethyl-I-pyrazolyl)gallato-N,N'](triphenylphosphine)carbonylrhodium(l) - toluene (I : I) are triclinic, a 
= 10.690(2), b = 12.928(2), c = 13.998(2) A, a = 77.44(1), P = 83.50(1), y = 72.70(1)", Z = 2, space group P I .  The 
structure was solved by conventional heavy-atom methods and was refined by full-matrix least-squares procedures to R = 0.039 
and R,,. = 0.048 for 5987 reflections with 1 2  3u(l). The Rh(1) is in a-distorted square planar environment with Rh-N = 
2.090(3) and 2.097(2), Rh-CO = 1.8 15(4), and Rh-P = 2.2700(8) A. The central six-membered RhGaN, ring has a steep 
boat conformation with a Rh...Ga separation of 3.3819(4) A. 

BRENDA M. LOUIE, STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chem. 63, 503 (1985). 
On rapporte les dCtails relatifs a la synthkse et aux propriCtCs physiques du [MezGa(Me2-3,5 p~)~lRh(C0)PPh,. Les cristaux 

du [dimithyl bis(dimCthy1-3,5 pyrazolyl-I) gallato-N,Nr](triphCnyIphosphine) carbonyl rhodium(1) - tolukne (1 : I )  sont 
tricliniques, a = 10,690(2), b = 12,928(2), c = 13,998(2) A, a = 77,44(1), P = 83,50(1), y = 72,70(1)", Z = 2, groupe 
d'espace P i .  On a rCsolu la structure par des mCthodes conventionnelles avec des atomes lourds et on I'a affinCe par la mCthode 
des moindres carrCs (matrice entikre) jusqu'a des valeurs de R = 0,039 et R,,. = 0,048 pour 5987 rkflexions avec I 2 3u(l). 
Le Rh(1) se trouve dans un environnement plan carrC deform6 avec Rh-N = 2,090(3) et 2,097(2), Rh-CO = 1,s 15(4) et 
Rh-P = 2,2700(8) A. Le cycle central ii six chainons, RhGaN,, existe dans une conformation bateau et la separation entre 
Rh.-.Ga est Cgale a 3,3819 A. 

[Traduit par le journal] 

Introduction 
An earlier paper ( I )  has described the synthesis and char- 

acterization of a number of Rh(1) square planar complexes 
incorporating the chelating gallate ligand Me2Gapz2- (where pz 
= pyrazolyl, NZC3H3). Attempts to synthesize analogous 
complexes containing the ligand Me2Ga(3,5-Me2pz)?- (where 
3,5-MeZpz = 3,5-dimethylpyrazolyl, N2CSH7) were thwarted 
by the ready formation of the Rh(1) dimer species, e.g. 
[Rh(p,-3,5-Me2pz)(CO)21,. Recently our perseverance in this 
area has been rewarded with the isolation and structural charac- 
terization of the complex [Me2Ga(3,5-Me,pz)?]Rh(CO)PPh,, 
the subject of this report. 

Experimental 
Air-sensitive materials were handled in oxygen-free dry nitrogen. 

Tetrahydrofuran (THF) was dried by refluxing over sodium benzo- 
phenone and used immediately following distillation. Methylene chlo- 
ride was dried by refluxing over P20s prior to distillation and n-hexane 
by distillation from CaSOI. [Rh(C0)2C1]2 (Strem Chemicals) was 
sublimed in vacuo before use. PPh, (MCB) was used as supplied and 
the sodium salt of the gallate Iigand [MezGa(3,5-Me2pz)2]- was pre- 
pared as a THF solution as described earlier (2). 

Preparation of [Me2G~(3.5-Me~pz)~]Rh(CO)PPh.{ 
Na+[Me2Ga(3,5-Me2pz)2]- (0.94 1 mmol in 50 mL THF) was added 

dropwise to a stirred solution of [Rh(C0)2C1]2 (0.183 g. 0.47 1 mmol) 
and PPh, (0.247 g, 0.943 mmol) in 100 mL THF at -7S°C. The 
resultant solution was allowed to warm gradually to room tem- 
perature. Approximately 100 mL of n-hexane was then added to the 
mixture and the lemon-yellow solution subsequently filtered. Re- 
moval of the solvents from the filtrate in vacuo left a yellow-orange 
residue. Recrystallization of this residue from CHICll/n-hexane 
yielded lemon-yellow prisms of [MelGa(3,5-Me2pz)2jRh(CO)PPh, 
in approximately 35% yield, together with needles of [Rh(p-3.5- 
Me2pz)(CO)PPh,12. Anal. calcd. for [Me2Ga(3,5-Me2pz)21Rh(CO)- 
PPh3: C 54.50, H 5.16, N 8.20; found: C 54.43, H 5.10, N 8.19. 
'H nmr (C6D6, T values refer to r(C6H6) = 2.84 ppm): 9.28 s, 
9.73 s (GaMe2); 7.35 s, 7.85 s, 7.86 s, 8.14 s (pz-Me); 4.24 s, 
4.71 s (PZ-Ha); 2.42 m, 3.01 m (PPh,). Ir (cyclohexane) v,,, = 

1985 s. The mass spectrum of the compound displayed a weak signal 
due to the parent ion, P' (I%), with major signals arising from the 
P - Mef (93%). P - Me - CO' (34%). and P - Me - CO - 
(3,5-MezpzH)' (100%) ions. 

Spectra 
The ir spectrum was recorded on a Perkin-Elmer 598 spectrometer, 

the 'H nmr spectrum on a Varian XL 100 instrument using FT tech- 
niques, and the mass spectrum on a Varian MAT CH4B spectrometer 
at 70 eV and 200°C. 

X-ray crystallographic analysis of [Me2Ga(3,5-Me2pz)2]Rh(CO)- 
PPh, . CH.{CnH.r 

The crystal used for the X-ray analysis was obtained by re- 
crystallization from benzene (later shown by mass spectrometry to be 
contaminated by toluene) and sealed in a Lindemann glass capillary. 
A crystal ca. 0.40 x 0.45 x 0.55 mm in size was mounted in a general 
orientation. Unit-cell parameters were refined by least-squares on 
2 sin 0/A values for 25 reflections (20 = 35-40") measured on a 
diffractometer with Mo-Ka Radiation (A(Ka,) = 0.70930, A(Ka2) 
= 0.71359 A). Crystal data at 22OC are: 
C,,H,,GaN,OPRh. C,H, fw =-775.38 
Triclinic, a = 10.690(2), b = 12.928(2), c = 13.998(?) A, a = 
77.44(1), P = 83.50(1), y = 72.70(1)", V = 1800.5(6) A', Z = 2, 
p, = 1.430 Mg m-', F(000) = 796, p(Mo-Ka) = 12.74 cm-I. 
Absent reflections: none, space group P i  (c,', No. 2, reduced cell) 
from structure analysis. 

Intensities were measured with graphite-monochromated Mo-Ka 
radiation on an Enraf-Nonius CAD4-F diffractometer. An w-20 scan 
at 1.26- 10.06" min-' over a range of (0.75 + 0.35 tan 0) degrees in 
w (extended by 25% on both sides for background measurement) was 
employed. Data were measured to 20 = 55". 'The intensities of three 
check reflections, measured every 3600 s throughout the data col- 
lection, decreased uniformly by approximately 30%, the data being 
scaled accordingly. After data reduction.' an absorption correction 

'The computer programs used include locally written programs for 
data processing and locally modified versions of the following: 
ORFLS, full-matrix least-squares, and ORFFE, function and errors, 
by W. R. Busing, K. 0 .  Martin and H. A. Levy; FORDAP, Patterson 
and Fourier syntheses, by A. Zalkin; ORTEP 11, illustrations, by 
C. K. Johnson. 
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was applied using the Gaussian integration mcthod (3, 4). Trans- 
mission factors ranged from 0.574 to 0.654 for 148 integration points. 
Of the 8254 independent reflections measured, 5987 (72.5%) had 
intensities greater than 3u(I )  above background where ~ ' ( 1 )  = S + 
2B + (0.04(S - B))' with S = scan count and B = normalized 
background count. 

The centrosymmetric space group was indicated by both the 
Patterson function and the E-statistics. The structure was solved by 
conventional heavy-atom methods; the coordinates of the Rh. Ga. and 
P atoms being determined from the Patterson function and those of the 
remaining non-hydrogen atoms from a subsequent difference map. 
There was no indication of disordering of the toluene methyl carbon 
atom (C(38)). This is substantiated by comparison of the equivalent 
isotropic thermal parameters obtained for the toluene ring atoms 
(C(32-37). mean U = 0.215 A') with the value of 0.298 for the 
methyl carbon, the latter expected to be somewhat larger. In the final 
stages of refinement all non-hydrogen atoms were refined with aniso- 
tropic thermal parameters and hydrogen atoms were included as fixed 
contributors in idealized positions (C(sp3)-H = 0.98. C(sp"-H = 
0.97 A). The scattering factors of ref. 5 were used for non-hydrogen 
atoms and those of ref. 6 for hydrogen atoms. Anomalous scattering 
factors from ref. 7 were used for the Rh, Ga, and P atoms. The 
weighting scheme w = I/u'(F), where U'(F) is derived from the 
previously defined u2(I) ,  gave uniform average values w(lF,,I - IF,()' 
over ranges of both IF,,I and sin 0 / A  and was cmployed in the final 
stages of refinement. Reflections with I < 3 u ( l )  were not included in 
the refinement. Convergence was rcached at R = 0.039 and R,,. = 
0.048 for 5987 reflections with I 2 3u( l ) .  For all 8254 reflections R 
= 0.071. The function minimized was CIV(IF,,I - IF,I)', R = 21  IF,,^ 
-  IF,^ I / ~ I F ~ , I  and R,,. = (C,V(IF,,~ - IF,I)'/C,VIF,,~')"'. 

On the final cycle of refinement the mean and maximum parameter 
shifts corresponded to 0.05 and 1.260, respectively. The maximum 
parameter shift was associated with the U1? parameter of the toluene 
atom C(34), all shifts for the complex molecule were less than 0 . 0 8 ~ .  
The mean error in an observation of unit weight was 1.800. A final 
difference map showed maximum fluctuations of - 1.94 to +0.57 e 
A-3 near Rh and was essentially featureless away from the heavy 
atoms. The final positional and thermal parameters appear in Tables 
1 and 5.' respectively. Measured and calculated structure factors have 
been placed in the Depository of Unpublished ~ a t a . '  

The ellipsoids of thermal motion for the non-hydrogen atoms are 
shown in Fig. I. The thermal motion has been analysed in terms of the 
rigid-body modes of translation, libration, and screw motion (8). The 
rms standard error in the temperapre factors uU, ,  (derived from the 
least-squares analysis) is 0.0065 A'. Analysis of the entire molecule 
indicated significant independent motion of several structural sub- 
units. The following fragments were analysed separately: 3PPh, 
2Melpz, GaC2N2, and RhGaPN4C(1) (rrns AU,, = 21,25,  19, 16, 14, 
16, and 27 x lo-' A'. respectively). The appropriate bond distances 
have been corrected for libration (8, 9), using shape parameters q%f 
0.08 for all atoms involved.,Corrected bond lengths appear in Table 
2 along with the uncorrected values; corrected bond angles do not 
differ by more than I u  from the uncorrected values given in Table 3. 
Intra-annular torsion angles defining the conformation of the central 
RhGaN4 ring are listed in Table 4.  Calculated hydrogen coordinates 
and thermal parameters (Table 6 and 7) are included as supplementary 
material.' 

Results and discussion 
In a recent paper ( I )  we discussed the preparation and char- 

acterization of a number of Rh(1) complexes containing the 
ligand MezGapz2- and compared these new complexes with 

'The structure factor table, Table 5 (anisotropic thermal para- 
meters), and other material mentioned in the text are available, 
at a nominal charge, from the Depository of Unpublished Data, 
CIS1'1, National Research Council of Canada, Ottawa, Ont., Canada 
KIA OS2. 

TABLE 1 .  Final positional (fractional X 10'. Rh, Ga, and P x 105) 
and isotropic thermal parameters ( U  X 10"') with cstimated stan- 

dard deviations in parentheses 

Atom x Y z u,,, 

Rh(1) complexes containing pyrazolyl borate ligands (10- 18). 
At that time we were unable to isolate compounds of the type 
[Me2Ga(3,5-Me2pz)2jRh(L-L) (where L-L = (CO)? or 
COD, COD = I ,5-cyclooctadiene), postulating that facile dis- 
proportionation of the Me2Ga(3,5-Me2pz)2- ligand led to the 
formation of stable Rh(1) dimers of the formulation [Rh- 
(p-3,s-Me2pz)L-L]?. However, the complex [Me2Ga(3,5- 
Me2pz)?]Rh(CO)PPh3, has now been isolated as an air-stable 
lemon-yellow crystalline material, albeit in low yield, 
together with two dimer species, viz. 
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FIG. 2. Room temperature 100 MHz 'H nmr spectrum of 1MezGa(3,5-Me2pz)z]Rh(CO)PPh7 in ChDh. 

zolyl)gallato-N,N'](triphenylphosphine)carbonylrhodium(I) - 
toluene (1 : 1 )  consists of discrete molecules of [Me,Ga- 
(3,5-Me,pz),]Rh(CO)PPh, and toluene, separated by normal 
van der Waals distances. The Rh(1) atom is in a distorted square 
planar environment with Rh-N = 2.090(3) apd 2.097(2), 
Rh-CO = 1.815(4), and Rh-P = 2.2700(8) A. These dis- 
tances are similar to those reported for related molecules (1, 16, 
19, and references therein). The Rh-N distances are slightly 
longer than the corresponding mean values of 2.087(2), 
2.063(6), and 2.084( 1 )  A reported for [Me,Gapz,]Rh(COD), 
[Rh(p-3,5-Me,p~)(CO)~],, and [Rh(p-33-Me,pz)(COD)lz, re- 
spectively (1). The Rh-CO distance is shorter than the mean 
value of 1.852(9) A reported for [Rh(p-3,5-Me,p~)(CO)~]~. 
The N(I)-pyrazolyl and C(26)pphenyl rings are planar 

within experimental error (x' = 1.9 and 2.8) while the 
N(3)-pyrazolyl and the two remaining phenyl rings are slight- 
ly but significantly nonplanar (x' = 15:3 -4 1 .O, maximum 
deviation from the mean plane 0.014(5) A). The geometry of 
the toluene molecule (Tables 2 and 3) is far from ideal, proba- 
bly a result of the relatively large degree of thermal motion 
undergone by the solvate molecule and/or some form of minor 
disordering. 

As a result of steric interaction between the PPh, ligand and 
the cis Me,pz group, the central six-membered RhGaN4 ring 
has a steeper boat conformation than that observed in the less 
strained p-pz, molecule [Me,Gapz,]Rh(COD). This leads to a 
significant shortening of the cross-ring Rh . -. Ga distance, from 
3.5527(5) in [Me,Gapz,lRh(COD) to 3.3819(4) A in the 
present structure. The dependence of ring folding and the asso- 
ciated Me.. M' distance in M-(p-R,pz),-M systems upon 
intramolecular steric requirements has been discussed in ref. I. 
The PPh,-Me,pz interaction manifests itself as a marked tor- 
sional twist about the N(3)-N(4) bond (see Table 4) and may 
also be responsible for the nonplanarity of the N(3)-pz and 
C(20)-phenyl rings. The Rh and Ga atoms are displaced by 
0.1299(3) and -0.4993(4) .&, respectively, from the mean 
plane of the N(3)-pyrazolyl ring, compare! to corresponding 
values of -0.0544(3) and -0.1546(4) A for the N(1)- 
pyrazolyl ring. 
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LOUIE ET AL 

TABLE 3. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle (deg) Bonds Angle (deg) 

TABLE 4. Intra-annular torsion angles (deg) 
standard deviations in parentheses 

Atoms Value (deg) 
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Structural studies of organoboron compounds. XXI.' Crystal and molecular structures 
of 3-(phenylmethylidene)-4-methyl-l-phenyl-2,6,7-trioxa-3-azonia-l-boratabicyclo- 

[2.2.2]octane and N-(4-nitrophenylmethylidene)-5-methyl-2-phenyl-l,3-dioxa-2-bora-5- 
cyclohexaneamine N-oxide 
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W. KLIEGEL, L. PREU, STEVEN J. RET~IG, and JAMES TROT~ER. Can. J .  Chem. 63, 509 (1985). 
Crystals of 3-(pheny1methylidene)-4-methyl- I-phenyl-2,6,7-trioxa-3-azonia- I -boratabicyclo[2.2.2]octane are orthorhombic, 

a = 8.0732(7), b = 11.8499(10), c = 31.679(2) A, Z = 8, space group Pbca, and those of N-(4-nitrophenylmethylidene)- 
5-methyl-2-p~enyl-l,3-dioxa-2-bora-5-cyclohexaneamine N-oxide are monoclinic, a = 6.1873(6), b = 23.206(2), c = 
11.3081(11) A, P = 92.326(5)", Z = 4, space group P2, ln .  Both structures were solved by direct methods and were refined 
by full-matrix least-squares procedures to final R values of 0.041 and 0.036 for 943 and 1679 reflections with I 2 3u(l), 
respectively. Both compounds are condensation products of bis(hydroxyalkyl)nitrones and phenylboronic acid. 3-(Phenyl- 
methylidene)-4-methyl-l-phenyl-2,6,7-trioxa-3-azonia-I-boratabicyclo[2.~.2]octane was found to possess a bicyclic structure 
resulting from intramolecular 0-B coordination (0-B = 1.604(7) A) and is the first such bicyclic boron compound 
to be structurally characterized. In N-(4-nitrophenylmethylidene)-5-methyl-2-phenyl- I ,3-dioxa-2-bora-5-cyclohexaneamine 
N-oxide, which has weakened nitrone basicity, the 0-B interaction does not occur, resulting in a monocyclic system 
incorporating a trigonal planar boron atom. 

W. KLIECEL, L. PREU, STEVEN J. RET~IC et JAMES TROT~ER. Can. J. Chem. 63, 509 (1985). 
Les cristaux du (ph6nylmCthylidene)-3 methyl-4 phinyl-l triox!-2,6,7 azonia-3 borata-l bicyclo 12.2.21 octane sont ortho- 

rhombiques avec a = 8,0732(7), b = 1 1,8499(10), c = 3 1,679(2) A, Z = 8 et groupe d'espace Pbca alors que ceux du N-oxyde 
de la N-(nitro-4 phCnylmCthylidene) methyl-5 phCnyl-2 dioxa-1,3 bora-2 cyclohexylamine-5 sont monocliniques avec a = 
6,1873(6), b = 23,206(2), c = 11,3081(11) A, P = 92,326(5)", Z = 4 et groupe d'espace P2(/n. On a r6solu les deux 
structures par des methodes directes et on les a affinees par la mCthode des moindres canes (matrice entiere) jusqu'a des valeurs 
finales de R de 0,041 et 0,036 respectivement pour 943 et 1679 rkflexions avec I 2 3u(l). Les deux composes sont des produits 
de condensation de bis(hydroxyalkyl)nitrones et de I'acide phenylboronique. On a trouvC que le (phtnylm6thylidene)-3 
methyl-4 phCnyl-l trioxa-2,6,7 azonia-3 borata-l bicyclo 12.2.21 octane possede une structure bicyclique qui resulte d'une 
coordination 0-B intramoltculaire (0-B = 1,604(7) A) et il s'agit du premier composC bicyclique de ce type et contenant 
du bore a &tre caracterise du point de vue de la structure. Dans le N-oxyde de la N-(nitro-4 phCnylmCthylidkne) mkthyl-5 
phknyl-2 dioxa-1,3 cyclohexylamine, pour laquelle la basicit6 de la nitrone est plus faible, I'interaction 0-B ne se produit 
pas et il en resulte que le compose est un systeme monocyclique comportant un atome de bore plan et trigonal. 

[Traduit par le journal] 

Introduction 
The condensation products of bis(hydroxyalkyl)nitrones 

such as 1 and phenylboronic acid can generally have an intra- 
molecularly coordinated bicyclo[2.2.2]octane structure 2 
and/or a simple monocyclic diester structure 3 (1). Sufficient 
electron density at the nitrone oxygen atom should qualify the 
nitrone 1 as a tridentate ligand and should result in the for- 
mation of a bicyclic chelate of the type 2. A comparable "cage" 
structure has been postulated for similar trialkylamine-N-oxide 
chelates (2). On the other hand, weakening of the nitrone 
basicity by para-nitro substitution of the arylaldehyde moiety, 
generally attainable for C-arylnitrones (3), should favor the 
monocyclic ester structure 3 which could be stabilized by 
p p ( r )  back-donation from both oxygens of the boronate ester 
function into the vacant p-orbital of the trigonal planar boron 
atom. 

From a series of various arylboronates, synthesized from 
nitrones of the type 1 ( l ) ,  we chose the phenylboronates of 
benzaldehyde nitrone ( l a )  and of 4-nitrobenzaldehyde nitrone 

'~revious paper in this series: see ref. 25 

( l b )  on the basis of their distinct 'H nmr spectra which sug- 
gested different structures for the boronate ring systems of the 
two compounds. For the benzaldehyde derivative (Ar = C6H5) 
the "cage" structure 2 was postulated, whereas the monocyclic 
boronate structure 3 was ascribed to the 4-nitrobenzaldehyde 
derivative (Ar = 4-N02C6H4) (1). To prove unambiguously the 
intramolecular O+B coordination in 2 and the non- 
coordination in 3, X-ray crystallographic analyses of both 
compounds were undertaken. 

Experimental 
Compounds 2 (Ar = C6Hs) and 3 (Ar = 4-N0,C6H,) were prepared 

by refluxing solutions of I mmol of phenylboronic acid and I mmol 
of N-benzylidene- l,3-dihydroxy-2-methyI-2-propanamine N-oxide 
( l a )  ( I ,  4) or I mmol of I ,3-dihydroxy-2-methyl-N-(4-nitrophenyl- 
methy1idene)-2-propanamine N-oxide ( lb)  (I) ,  respectively, in 60 mL 
ethanol for 15 min. After evaporation of the solution the residue is 
crystallized, if necessary, by addition of ether. 
3-(Phenylmethy1idene)-4-methyl-I -phenyl- 6 7-trioxa-3-azonia-l- 

boratabicyclo[2.2.2]octane (2, Ar = ChHS). Anal. calcd.: C 69.17, H 
6.16, N 4.75; found: C 69.22, H 6.15, N 4.84. Mp 178- 180°C (from 
benzene or ethylene chloride). Crystals suitable for X-ray analysis 
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were obtained by recrystallization from ethylene chloride. 
N-(4-nitrophenylmethy1idene)-5-methyl-2-phenyl-I .3-dioxrz-2-born- 

5-cyclohexaneumine N-oxide (3, Ar = 4-N02C6H,). Atlal. calcd.: C 
60.02, H 5.05, N 8.24; found: C 59.87, H 5.04, N 8.13. Mp 
193- 194°C (from benzene). Crystals suitable for X-ray analysis were 
obtained by recrystallization from benzene. Spectroscopic data for 
both compounds are compiled in ref. I. 

X-ray crys~nllographic unalyses 
3-(Phenyltnethylidene)4-,nethyl-I-phenyl 7-trioxa-3-azonia-l- 

boratabicyclo[2.2.2]octune (2, Ar = C/JI5) 
A crystal bounded by the six faces (followed by their distances 

in mm from a common origin): +(0  0 I), 0.053 +(I 0 0). 0.188, 
*(O I O), 0.265 was mounted in a general orientation. Unit-cell pa- 
rameters were refined by least-squares on 2 sin 0/h values for 25 
reflections (20 = 25-36") measured on a diffractoqeter with Mo-Ka 
Radiation (h(Ka, )  = 0.70930, h(Ka,) = 0.71359 A). Crystal data at 
22°C are: 
C17HIXBNO3 fw = 295. b7 
Orthorhombic, n = 8.0732(7), b = 1 1.8499( lo), c = 31.679(2) A, 
V = 3030.6(4) A', Z = 8, pC = 1.294 g cm-' F(000) = 1248. 
I.L(Mo-Ka) = 0.82 cm-'. Absent reflections: Okl, k odd, $01, I odd, 
and hkO, h odd uniquely indicate the space group Pbca (D,,,, No. 61). 

Intensities were measured with graphite-monochromated Mo-Ka 
radiation on an Enraf-Nonius CAD4-F diffractometer. An w-20 scan 
at 0.67-6.71" min-' over a range of (0.85 + 0.35 tan 0) degrees in 
w (extended by 25% on both sides for background measurement) was 
employed. Data were measured to 20 = 52'. The intensities of three 
check reflections, measured every 3600 s throughout the data col- 
lection, remained constant to within 1.5%. Of the 2959 independent 
reflections measured and processed', 943(32%) had intensities greater 

'The computer programs used include locally written programs for 
data processing and locally modified versions of the following: MUL- 
TAN 80, multisolution program by P. Main, S. J. Fiske, S. E. Hull, 
L. Lessinger, G. Germain, J. P. Declercq, and M. M. Woolfson; 
ORFLS, full-matrix least-squares, and ORFFE, function and errors, 
by W. R. Busing, K. 0 .  Martin and H. A. Levy; FORDAP, Patterson 
and Fourier syntheses, by A. Zalkin; ORTEP 11, illustrations, by 
C. K. Johnson. 

' ~ h  
2 

(Ar = C6HS) 

(Ar = ~-NOIC~H,)  

(Ar = 4-BrC,H4) 

than 3u(1) above background where u2( l )  = S + 2B + (0.04(S - B))' 
with S = scan count and B = normalized background count. The 
crystals were poor scatterers, most of the "observed" data having 0 < 
18". Higher angle data, a few of which had significant intensities, 
were collected in order to maximize the number of observations. 
Using a 20 cutoff would only have increased the total by 35. 

The structure was solved by direct methods, the positions of the 
non-hydrogen atoms being determined from an E-map. After full- 
matrix least-squares refinement of the non-hydrogen atoms with aniso- 
tropic thermal parameters to R = 0.088, a difference map gave the 
positions of the hydrogen atoms. Refinement of the structure with 
fixed hydrogen atoms (idealized geometry) reduced R to 0.058. In the 
final stages of refinement the hydrogen atoms were refined with iso- 
tropic thermal parameters in spite of the small number of observations. 
This action may be justified by the better residuals eventually ob- 
tained, the esd's of derived parameters being essentially the same for 
the refinements with fixed and varied hydrogen parameters (the 
smaller m/n ratio being balanced by the better agreement between 
observed and calculated structure factors). The scattering factors of 
ref. 5 were used for non-hydrogen atoms and those of ref. 6 for 
hydrogen atoms. The weighting scheme, rv = l /u2(F)  where u'(F) 
is derived from the previously defined u2(l),  gave uniform average 
values of w(lF<,I - lF,I)' over ranges of both IF,,I and sin 0/h and was 
employed in the final stages of refinement. Reflections with I < 3u(1) 
were not included in the refinement. Convergence was reached at R = 
0.041 and R,.. = 0.049 for943 reflections with1 -' 3u(1). The function 
minimized was CW(~F, ,~ - IF,I)', R = 21  IF,,^ - IF,I ~/CIF,,I and R,,. 
= (CW(IF,,I - IF~I) ' /CW~F,,I~)~/~. 

On the final cycle of refinement the mean and maximum parameter 
shifts corresponded to 0.03 and 0.19u, respectively. The mean error 
in an observation of unit weight was 1.993. A final difference map 
showed no unusual features, residual densities ranging from -0.22 to 
+0.20 e A-" The final positional and thermal parameters appear in 
Tables I and 5,"espectively. Measured and calculated structure 
factors have been placed in the Depository of Unpublished Data." 

'The structure factor table, Table 5 (anisotropic thermal parameters) 
and other material mentioned in the text are available. at a nominal 
charge, from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA 0S2. 
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TABLE I. Final positional (fractional) and isotropic thermal parameters (U X 10' A') with estimated standard deviations in parentheses 

Atom Atom x Y z ucq/ui,,, 

O(I) 
O(2) 
O(3) 
O(4) 
O(5) 
N( 1 )  
N(2) 
C(1) 
C(2) 
(33) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C( 10) 
C(I 1 )  
C( 12) 
C( 13) 
C(14) 
C( 15) 
C( 16) 
C( 17) 
B 
H(2) 
H(3) 
H(5) 
H(6) 
H(7) 
H(9a) 
H(9b) 
H( l Oa) 
H( l Ob) 
H(l la) 
H(l l b) 
H(l lc) 
H( 13) 
H( 14) 
H( 15) 
H( 16) 
H(17) 

*U,, = ( 1  13) trace U(diag). 

N-(4-nitrophenylmethylidene)-5~methyl-2-phenyl-l,3-dio.m-2-bora-5- 
cyclohexaneamine N-oxide (3, Ar = 4-N02CnH.J 

Experimental details are as above except where noted. The bound- 
ing planes of the crystal used for data collection were ?(O 2 - I), 
0.100, *(O 2 I), 0.148, * ( I  0 O), 0.310 mm. Reflections employed 
in the refinement of the unit-cell constants had 20 = 30-37". Crystal 
data: 

C I ~ H ~ ~ B N Z O S  fw = 240.17 
Monoclinic, a = 6.1873(6), b = 23.206(2), c = 11.3081(11) A, P = 
92.326(5)", V = 1622.3(3) A', Z = 4, p, = 1.393 g cm-', F(000) = 
712, p(Mo-Ka) = 0.96 cm-'. Absent reflections: OkO, k odd, and 
h01, h + 1 odd uniquely indicate the space group P2,/n (non-standard 
setting of P2,/c, c:,,, No. 14 with equivalent positions ( x ,  y, z; 112 
- 1, 112 + y, 112 - z)). 

An w - 20 scan at 1.06- 10.06" min- ' over a range of (0.65 + 0.35 
tan 0)" in w was employed. Of 3698 independent reflections measured 
(to 20 = S o ) ,  1679 had intensities greater than 3u(l) above back- 
ground. The intensities of the standard reflections remained constant 
to within 1.5%. 

The structure was solved by direct methods, all non-hydrogen 
atoms being positioned from an E-map. After refinement of the non- 
hydrogen atoms with anisotropic thermal parameters to R = 0.076, all 
17 hydrogen atoms were located on a difference map and were refined 
with isotropic thermal parameters in subsequent least-squares cycles. 
Convergence was reached at R = 0.036 and R,,. = 0.044 for 1679 
reflections. The mean and maximum parameter shifts on the final 
cycle of refinement were 0.05 and 0 . 6 ~  (H(17), y coordinate) and the 
mean error in an observation of unit weight was 1.950. A final differ- 
ence map showed fluctuations in the range -0.22 to +O. 16 e A-'. 

Analysis of thermal motion 
The thermal motion in the two molecules (Fig. I )  has been analysed 

in terms of the rigid-body modes of translation, libration, and screw- 
motion (TLS model) (7). The rms errors in theoyj,, (derived from the 
least-squares analyses) are 0.0037 and 0.0014 A-, respectively, for 2 
and 3. Analyses of the entire molecules indicated significant indepen- 
dent motion of the phenyl rings in each case. Fragments of each 
molecule were separately analysed. In the case of 2 these were PhB, 
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FIG. 1. Stereoscopic views of 3-(phenylmethy1idene)-4-methyl- I-phenyl-2,6,7-trioxa-3-azonia-I-boratabicyclo[2.2.2]octane (top) and N-(4- 
nitrophenylmethylidene)-5-methyl-2-pheny 1,3-dioxa-2-bora-5-cyclohexaneamine N-oxide bottom) molecules; 50% probability thermal ellip- 
soids are shown. Hydrogen atoms are assigned arbitrarily small thermal parameters for clarity. 

PhC(4). and the bicycjic s+tem plus C(4) and C(5) (rms AUCj = 52, 
33, and 43 X A') and for 3, PhB, 02NArC(7), and the six- 
membered heterocycle plus C(7)N(I)C(I I) (rms AU;, = 23, 3 I ,  and 
36 X A'). The appropriate bond distances have been corrected 
for libration (7, 8). using shape parameters q' of 0.08 for all 
atoms involved. Corrected bond lengths appear in Table 2 along with 
the uncorrected values; corrected bond angles do not differ by more 
than la from the uncorrected values given in Table 3. Intra-annular 
torsion angles defining the conformations of the heterocyclic rings 
are listed in Table 4 .  Bond lengths and angles involving hydrogen and 
a complete listing of torsion angles (Tables 6-8) are included as 
supplementary material.? 

Results and discussion 
Both compounds 2 and 3 show the expected structures which 

are consistent with the predictions made on the basis of the 
electronic influence of the C-aryl moiety of the nitrone group 
(1). In compound 2, with a tetrahedral sp"boron, the 1,3- 

dioxa-2-boracyclohexane ring system is forced into a slightly 
distorted boat conformation by coordinative acceptance of the 
Lewis-base nitrone oxygen atom. This is the first report of the 
structural dimensions of a bicyclic boron complex of this type. 
In compound 3, with a trigonal planar sp2-boron atom, the 
1,3-dioxa-2-boracyclohexane ring has a "semi-planar" (9, 10) 
(envelope) conformation in which C(8) deviates from the ap- 
proximate plane formed by the five remaining ring atoms. Very 
similar conformations have been reported for the 1,3-dioxa-2- 
boracyclohexane rings in the borate of meso-2,4-pentanediol 4 
(1 1) and the 2,4-phenylboronate of N-(4-bromopheny1)-a-D- 
ribopyranosylamine 5 ( 12). 

The mean4 BaO bond length in the boronate ester groupiag 
of 3 (1.367(4) A) is significantly shorter than in 2 (1.453(9) A), 

'Here and elsewhere in this report mean values refer to weighted 
means with rms deviations from the mean in parentheses. 
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TABLE 2. Bond lengths (A) with estimated standard deviations in parenthescs 

Length Length 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

demonstrating the partial T-bond character which results from 
p p ( ~ )  back-donation in the trigonal planar boronate ester group 
of 3. Similar values were found for the mean B(sp2)_O dis- 
tances in 4 ( 1  1) and 5 (12) (1.362(8) and 1.396(2) A, both 
uncorrected), and in f r ~ e  boronic acids such as 
4-BrC,H,B(OH)< ( 13) ( 1.36 A, uncorrected) and C,H5B(OH)2 
(14) (1.371(6) A). The approximate coplanarity of the B- 
phenyl ring and the COBOC plane of the 1,3-dioxa-2- 
boracyclohexane ring in 3 (the dihedral angle between normals 
to the mean planes being 1.8(2)") enables a T-interaction be- 
tween the aromatic systeq and the boronate group. The B-C 
bond length of 1.564(4) A in 3 i: nearly identical to the corre- 
sponding distance of 1.565(3) A in phenylboronic acid (14). 
The B-C distance of 1.591(8) r\ in 2 is longer, indicating 
little or no T-interaction with the sp"boron a t p .  Comparable 
bond distances ranging from 1.582 to 1.6 13 A have been ob- 
served in various tetracoordinated phenylboronates ( 15 - 18). 
The coordinative B-0 bond betw:en the nitrone and boronate 
groups in 2 (B-O(l) = 1.604(7) A) is very long. Even longer 
bonds of this type, however, have been observed in boron 
complexes with weak iqteractions between B and 0 atoms of 
an amide group ( !.621 A, uncorrected) (19) and of a sulphone 
group (1.7 lO(3) A, uncorrected) (20). 

The nitrone group in 3 has a longer C=N bond than in 2, 
and shorter N-0 and C-C(ary1) distances (in the latter case 
this difference, although not statistically significant, is in the 
expected direction). This indicates a lesser degree of double 
bond character for the C=N bond and a cetain T-bond con- 
tribution to the N-0 and C-C(aryl) bonds as demonstrated 
by the following resonance hybrid: 

WR 
o2N*,H=~'" - - ~ , N ~ C H  

'0 
- 

0 
\o 

'!he C=N and N-0 bond lengths in 3 ( 1.3 1 l(3) and 1.29 1(2) 
A, respectively) may be compared to those reported for other 
free nitrones of various structure: 1.309(7) and 1.284(6) (21), 
1.299(6) and 1.298(6) (22), 1.309(8) and 1.284(8) (22), 
1.327(5) and 1.300(5) A (23). The nitrone chelate 2 has shorter 
C=N (1.286(6) A) and longer N-0 (1.355(5) A) distances, 
indicating a more pronounced iminium salt character for the 
B ,N-betaine complex. 

Both crystal structures consist of discrete molecules sepa- 
rated by normal van der Waals distances, the only notable 
intermolecular contact occurring in 2 where H(5b)-..0(2) (112 
+ x ,  312 - y ,  -z)  = 2.50(6) r\. The nitrone 0 atoms and the 
phenyl groups are cis with respect to the C=N double bond in 
both molecules, the phenyl groups being rotated out of the 
nitrone group mean planes by 19.7(5) and 21.4(2)" for 2 and 3, 
respectively. The formation of six-membered NO-..HCCC 
rings via intramolecular C-H ... 0 hydrogen bonds (H a * - 0  
2.22(5) and 2.29(2), C- . .O  = 2.816(7) and 2.819(3) A, 
C-H--SO = 125(3) and 117(2)", respectively, for the two 
compounds) may be responsible for this near coplanarity of 
nitrone and phenyl groups. In 2 the nitrone group is planar 
within experimental error while both phenyl rings are slightly 
but significantly nonplanar (X' = 1 1.7 !nd 15.6. maximum 
deviation from the mean plane 0.019(7) A). In 3 the nitro, the 
B-phenyl, and B-coordination groups are all planar to within 
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Infrared spectra of the ammonium ion in crystals. Part XIII. 
Crystal structure of (NH4)z[A1Fs(Hz0)] and NH3D' probe-ion spectra in 

(NH4)Z[AlFs(H20)], NH4AIF4, and (NH1)3ZnC15, with remarks on 
structural filiation of AMF4  fluoride^"^ 
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OSVALD KNOP, T. STANLEY CAMERON, S. P. DERANIYAGALA, D. ADHIKESAVALU, and MICHAEL FALK. Can. J .  Chem. 63, 
516 (1985). 

The crystal structure of (NH4)ZAIFs-HZ0 = (NH,)Z[A1F5(H20)] (Pbol, n = 10.192(4) A,  b = 8.037(2) A. c = 7.844(1) 
A,  Z = 4) consists of isolated [AIFs(HZO)]'- octahedra and NH,' ions. The octahedra arc linked by Fee- H-0-H - - - F  bonds 
to form zigzag chains parallcl to c and the chains arc cross-linked by normal N-H-.-F hydrogen bonds to the NH,' ions. 
The ir characteristics of the hydrogen bonds in this and the other two title compounds were probed with the NH,D' ion between 
10 and 293 K. The probe-ion spectra confirm the C I  symmetry of the ammonium ion in (NH,)ZIAIFs(HZO)] and point to 
N-H - . - F  bonding of moderate strength. For NH,AIF, the spectra agree with the expectation from the known crystal structure 
of both the ordered and the disordered phase, but the transition at -150 K is not evident in the evolution of the spectra with 
temperature. Detailed assignment of the ND stretching and bending component absorptions of NH,D' is not possible for 
(NH4)3ZnC15 = (NH4)3(ZnC14)CI. However, the unusually low frequencies of two of the components of the ND stretching 
absorptions in this crystal indicate the existence of N-H ...CI- bonds stronger than those in NH,CI. The filiation of the known 
AMF4 structures deriving from TlAlF, is presented in terms of two-colour space groups. 

OSVALD KNOP, T. STANLEY CAMERON, S. P. DERANIYAGALA, D. ADHIKESAVALU ct MICHAEL FALK. Can. J .  Chem. 63, 
516 (1985). 

La structure cristalline du (NH,)2AIFs.HZ0 = (NH,)Z[AIF5(H20)] (Phcrl, a = 10,192(4) A ,  b = 8,037(2) A,  c = 7,844(1) 
A,  Z = 4) est formCe d'ions NH,' ct d'ions [AIFs(HZO)]"- octakdriques isolCs. Les octakdrcs sont relies par des liaisons 
F.-.H-0-H F qui forment des chaines en zigzag le long de I'axe c alors quc les chaines sont rCticulCes par des liaisons 
hydrogknes N-H.-.F normales avec les ions NH,'. OpCrant entrc 10 et 293 K ct utilisant I'ion NH3D' commc sonde, on 
a Ctudit les caractCristiques infrarouges de ces liaisons hydrogenes ainsi quc ccllcs des deux autres composts mentionnCs dans 
le titre. Le spectre de I'ion sonde confirme la symCtrie C,  de I'ion ammonium dans le produit (NH,)ZIAIFs(HZO)] et suggkre 
que la force de la liaison N-H...F est modCrCe. Dans Ic cas du NH,AIF4, Ic spectre correspond h ce que I'on aurait pu 
escompter sur la base dc ce que I'on connait de la structure cristallinc des phascs tant ordonnee que dCsordonnCe; toutefois, 
la transition autour de 150 K n'est pas Cvidente si I'on examine I'tvolution du spectre avec la tempCraturc. Dans le cas du 
(NH,),ZnCI, = (NH,),(ZnCI,)CI, on ne peut pas faire d'attributions dttailltes aux absorptions dues aux composantes 
d'Clonpation et de dCformation angulaire de la liaison ND du NH3D'. Toutcfois, les frCquences anormalement basses de deux 
des cokposantes des absorptions dues aux Clongations de la liaison ND dans ce cristal suggkrent I'existence de liaisons 
N-H..-CI- qui sont plus fortes que celles que I'on observe dans Ic NH,CI. On prCscnte la filiation des structures connues 
de AMF, dtrivant du 'TIAIF, en fonction de groupes d'espacc en deux couleurs. 

[Traduit par le journal] 

In the course of our recent investigation of ammonium cryo- 
l i t e~ ,  (NH,)?MF6, we had occasion to prepare two related com- 
pounds, (NH4)2AIF5-H20 and NH4AIF4. The very good quality 
of exploratory ir spectra of the NH,Dt probe ion in both these 
compounds at 10 K encouraged us to undertake a systematic 
study of the spectra between 10 K and room temperature. 
Although the V ,  (NH,D+) and V ~ ~ ~ ( N H ~ D  ') frequencies in 
NH4AIF4 at liquid-nitrogen temperature had been recorded ear- 
lier (2), the recently reported (3) transition in this compound, 
in the vicinity of 150 K ,  made a more thorough investigation 
desirable. Neither a structural nor a spectroscopic study of 
(NH4)>AlF5 H,O seems to have been published previously. In 
view of the crystallographic diversity of known AzMFS H 2 0  

' For Part XI!, see ref. I. 
'NRCC No. 23854. 

compounds3 it did not seem safe to interpret the spectra of 
(NH4)2AIFS. HzO on a presumed structural analogy with one of 
the other monohydrates, and we have therefore determined the 
crystal structure of this fluoride. In addition, to test the poten- 
tial of the probe-ion method realizable with an FT ir spec- 
trometer, we have obtained NH3Dt spectra, between 10 and 
293 K ,  of (NH4)3ZnCIS = (NH4)3(ZnC14)CI, which has been 

'The A2MF5-HZO fluorides reported to date fall in two classes, 
Az[MFs(HZO)] and A,[MF4Fzl2] HzO. The structures in the first class 
contain isolated [MF5(HZO)] octahedra and have symmetry Cmcm 
(CsFe, ref. 4) or F1n3171 (TIV and RbCr, refs. 5 and 6). The structures 
in the second class are characterized by troris-linked chains of [MF,] 
octahedra. The following symmetries arc represented: P2,/1n - KMn 
(7); C ~ n c ~ n  - KAI (8, 9), RbAl (lo),  TIAI ( lo) ,  RbMn ( 1  I), RbFe 
( 10); Cmmm - CsMn ( 12). 
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KNOP ET AL. 517 

reported (13) to contain two types of ammonium ions at sites 
of low symmetry. 

Experimental 
Preparutiotl 

According to Novoselova (14) the three compounds that exist in the 
system NH'F-AIF3-H,O at 25°C are (NH,)3AIF,, (NH4)?AIF,. H20,  
and NHAAIF'. The hydrate has not been investigated previously. The 
structural aspects of the two anhydrous salts were studied by Brosset 
(8, 9); that of NH4AIF4 also by Thilo (1 5). Brosset prepared NH,AIF, 
by neutralizing a strongly HF-acid solution of AIF, with concentrated 
NH40H, whereas Thilo decomposed (NH,),AIF, thermally at tem- 
peratures below 350°C. Bot) authors reported NH'AIF' to be tetrago- 
nal, n - 3.59 A, c - 6.35 A, with a structure of the same type as that 
proposed for TIAIF, by Brosset ( 16). 

We prepared NH,AIF4 by slowly adding a stoichiometric amount of 
solid NH4F to a hot solution of AIF3 obtained by dissolving Al in 48% 
HF. The precipitate was digested for 1/2 h on a steam bath, filtered, 
washed with weak HF followed by EtOH, and dried over P,O,. Be- 
cause of its slight solubility in weak HF the salt could not be deuterated 
by recrystallization from H,O-D,O; partially deuterated samples 
were obtained by repeating the preparation from aqueous HF contain- 
ing D20 .  

(NHI)IAIF5.HI0 was prepared in a similar manner using an 
NH4F/AIF3 ratio of 2.5/1. The precipitate was filtered and washed 
etc., as under NH4AIFI. I t  was deuterated by repeating the procedure 
with solutions containing D20. 

(NH4),ZnCl4 and (NH4)3ZnCI. are reported to be the only two 
compounds in the system NH,CI-ZnCI2-H,O between 0 and 30°C 
(cf. ref. 13). (NH4)3ZnC15 was prepared by slow evaporation over 
CaCI2, at room temperature, of a 3/1 molar aqueous solution of 
NH4CI and ZnC1' (13, 17). It was deuterated by repeating the prepa- 
ration with H20-D,O solutions. Unlike (NH,)?ZnCI, (18, 19). crys- 
tals of (NH4)3ZnCIS are not deliquescent under ordinary atmospheric 
conditions. 

The identity of NH4AIF4 and (NH4)3ZnC15 was confirmed by inter- 
nal evidence from the ir spectra and for NH,AIF, also by comparison 
with a published spectrum (20). The authenticity of (NH4),AIF5-H,0 
was guaranteed by the crystal-structure determination. However, the 
reported narrowness of the stability range of this phase in the 
NHP-AIF3-H20 system (14) invited caution as to the homogeneity 
of the bulk sample. Of particular concern was the absence of typical 
H20  absorptions in the ir spectra (see below). To prove that the 
products did contain HzO, samples of separately prepared material 
with zero, low and high D contents were heated in a mass spectrometer 
and the low-resolution spectra were recorded at increasing sample 
temperatures. The intensity vs. temperature plots for these dynamic 
thermolysis conditions indicated clearly that water was present and 
that i t  was given off over a temperature range below - IOO°C, the bulk 
of i t  at ca. 70°C and in any case before the liberation and dissociation 
of NH,F. 

lnfrnred spectra 
Finely ground sample powders were mulled in Nujol or fluorolube 

and the mulls were supported between CaF2 plates. The spectra were 
obtained with a Fourier-transform ir spectrometer (Bomem DA3.02) 
fitted with a closed-cycle He refrigerator (Displex model 202, Air 
Products and Chemicals Co.). The variable-temperature spectral runs 
were made in the heating mode. 

(NH,),AlF,. HZO: crystnl dutn 
AIF,H loN,O fw = 176.07 
Orthorhombic, Pbcn (no. 60) (systematic absences: hkO, h + k = 211 
+ I; hO1,al = 211 + I; Ok!. k = 2n + 1); n = 10.192(4) A, b = 
8.037(2) A, c = 7.844(1) A, V o =  642.5(5) A3, Z = 4, p, = 1.820 
g/cm3; Mo K U I ,  A = 0.70926 A (graphite monochromator), p ~ , ,  = 
2.89 cm- ' ,  F(000) = 360 e.  

(NH,)?AlF, - HZO: strrccrure determinntion 
A CAD-4 four-circle diffractometer was used in the determination 

TABLE I. (NH4),[AIF5(H2O)]: positional and ther- 
mal parameters ( X  lo') 

X 1/11 u12 

Atom Y 1/22 1/13 
Z u 3 3  1/23 

" (J ,,,>. 

of the unit cell dimensions and to collect intensities (0  = 2-25'). The 
intensities were reduced by routine procedures (21). Corrections for 
Lorentz and polarization factors were applied but not for absorption or 
extinction. The scattering factors for neutral atoms were taken from 
ref. 22. The structure was solved from 344 unique reflections by 
Patterson and Fourier methods using the SHELX system (23). Full- 
matrix least-squares (WAF' = minimum) refinements were carried 
out with isotropic temperature factors on the heavy atoms until R was 
reduced to a suitably low value. The hydrogen atoms were located 
from a difference map. The N-H, 0-H, and H-H distances were 
appropriately constrained to ensure convergence. The final refine- 
ment, with anisotropic temperature factors on the nonhydrogen atoms 
and isotropic factors on the hydrogens gave R = 4.6%, R,,, = 4.4%. 
Least-squares weights were calculated from the expression 0.5267 w- '  
= u71F,,( + 0 . 0 0 0 5 0 0 ~ , , ~ ,  where u is the weight for an individual 
reflection derived from the diffractometer counting statistics. The 
anisotropic temperature factor is defined as T = exp [-2a2(U1 I h'n:"' 
+ U21k2b*2 + U3312c*:2 + 2U23klb'"cii: + 2U13hln*c* + 
2UI2hkn*b*)]. 

The positional and thermal parameters are listed in Table I ,  struc- 
ture factors in Table 2,' and interatomic distances and bond angles in 
Table 3. 

'This table has been deposited. Complete set of data is available, 
at a nominal charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, Ont., Canada 
KIA 0S2. 
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5 18 CAN. J .  CHEM. VOL. 63. 198.5 

FIG. I .  (NH4)2[AIFr(H20)]: projection of the structure on (100) 
displaying the distorted antifluorite packing of the ions and the 
0-H,...F bonding scheme. In the heavily outlined [AIF5(H20)] 
octahedrax(A1) = f ,  in the lightly outlined ones, x(AI) = 0. Only the 
N atoms of the ammonium ions are shown. 

TABLE 3. (NH4)Z[AIFs(HZ0)]: interatomic distances (A) and bond 
angles (deg) 

Atoms Distance* Atoms Angle 

Symmetry code: 

c f - x  4 + y  z 

D f - x  f - y  z - f  

* Mean d(AI-F) = 1.789(6) A .  

Results and discussion 
(NH,),AIF,. HzO: crystal structure 

The structure consists of isolated [AIFs(H,O)] octahedra (of 
symmetry C2) and NH4+ ions arranged in a distorted antifluorite 
packing (Fig. L ) .  In each layer of [AIF5(H20)] octahedra paral- 
lel to (001) all the AI-0 bonds are oriented in the same 
direction; the directions alternate from plane to plane in an 
"antiferro" manner. In layers parallel to (100) the octahedra are 
linked by F(2)-..H-O-H..-F(2) hydrogen bonds to form 

FIG. 2. (NH4)2[AIFr(H,0)]: projection of the unit cell on (001) 
displaying the N-H F bonding scheme. The H;.. F bonds are not 
shown. For symmetry code, interatomic distances and bond angles see 
Table 3. 

zigzag chains parallel to the c-axis. These chains in turn are 
cross-linked within and between these layers by normal, some- 
what bent N-H...F(I) and N-He.eF(3) hydrogen bonds 
(Figs. 2 and 3). Each ammonium ion is surrounded by four 
[AIF,(H,O)] octahedra, each N-hydrogen being bonded to a 
fluorine in a different octahedron. 

The F(2) atoms are hydrogen-bonded exclusively to the wa- 
ter molecules. Each F(1) atornois symmetrically bonded to two 
H(4) hydrogens (H .-. F, 1.80 A), and each F(3) atom is bonded 
to three H atoms, H(1), H(2), and H(3) (mean H F distance, 
1.85(3) A). The fpur H. . -F distances are quite similar (mean 
H -..F, 1.84(4) A) and would be classified as moderately 
strong. The 0 F(2) and H, .-. F(2) distances, however, are 
quite short, 2.551(3) and 1.59(6) A,  respectively. The 
0 .. . F(2) distance, which compares with the corresponding 
distance in RbVF4.2H20, 2.56 A (24), ZnF2.4H20, 2.57 A 
(25), and Cs2[FeF5(H20)], 2.61 A (4), is at the lower limit of 
the a a a a F  range in metal fluoride hydrates (26), as also is the 
OH,F'(2) angle of 163(5)". 

The filiation of the (NH4)2[AIF5(H,0)] and related structures 
from the Fm3m antifluorite aristotype will be discussed else- 
where. It is, however, interesting to note that Rb2AIFs.Hz0, 
which contains a cation dimensionally similar to NH,', has a 
structure built of chains of [AIF,] octahedra sharing opposite 
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KNOP ET AL. 

FIG. 4. (NH4)2[AIFs(H20)]: the ND stretching and bending regions 
of the NHTD' probe-ion spectrum at different temperatures (-2% D). 

O o @  
O O @ O  
F H N O  

FIG. 3. (NH4)2[AIF~(HZO)]: projection of a portion of the unit cell 
on (010) displaying details of the 0-H;..F and N-H...F 
hydrogen-bonding scheme. For symmetry code, interatomic distances 
and bond angles see Table 3. The following values have been added 
to the coordinates of Table 1 : ammonium ions, B + (0, 0, I ) ,  C + (0, 
- I, 01, D + (0, - I ,  I); anions, B + (0, 0, I), C + (0, - I, 0), D 
+ (0, 0, I). 

corners, Rb2[AIF4F2/,]- H 2 0 ,  and not of isolated [AIF5(H20)12- 
ions (10). It is not clear to what extent this difference is attri- 
butable to the hydrogen bonding of the ammonium ions. The 
volume per formula unit V, of (NH4),[FeC15(H20)] is smaller 
than the VI of Rb2[FeC15(H20)]; this and spectroscopic evi- 
dence (2, 27) indicate that N-H-..Cl bonding is present in 
the ammonium compound. Yet these two compounds, and 
similarly (NH4)z[VC15(H20)] and Rb2[VC15(H20)], form iso- 
structural pairs.5 This lack of structural distinction may of 
course arise from the relative weakness of the N-H...CI 
bonding compared with the N-H...F bonding. On the other 
hand, Cs2FeF5 - H 2 0 ,  though not isostructural with (NH4)?A1F5 - 
H 2 0 ,  contains isolated [FeF5(H20)] ions despite the absence of 
N-HS..F bonding (4); and as  the following list shows, ionic 
size may not be a strong determining factor either (A, 
A?[MFS(H20)]; B, Az[MF4Fz12] . H20): 

(NH4)?AlF.5 - HZO: probe-ion spectra 
'The expectation for a single type of ammonium ion at sites 

of symmetry C, ideally would be a v l  quartet and a V4hc octet, 
each with all the components of equal weight. From v(ND) vs. 
d ( N  ..SF) or  d ( H  . - .F)  and v4hc VS. V I  plots (cf. ref. 2 and 
updated versions to be published) the mean Fl  and V4hc fre- 
quencies at room temperature would be predicted as  -2370 and 
- 1285 cm- '  respectively, and since they correspond to some- 
what bent but normal (i.e. to a single acceptor atom) 
N-H F bonds, the F, frequency would be expected to in- 
crease and the C4hc frequency to decrease with increasing tem- 
perature. 

The I0 K spectrum indeed contained a well-resolved v ,  quar- 
tet, with components at 2313, 2333, 2346, and 2364 cm- '  (Fl 
(10) = 2339 cm- ' ,  total range = 51 cm-I); the v4hc absorption 
consisted of six resolved components, with frequencies be- 
tween 1273 and 1307 cm-' @,, (10) = 1288 cm- ' ,  total range 
= 34 cm-I) (Fig. 4). The  halfwidths were 6-  10 cm- ' .  

With increasing temperature the components of the v l  as  well 
as  the v4k absorption gradually broadened and coalesced, with 
no apparent discontinuities in the evolution with temperature. 
By 220 K the v l  absorptions had collapsed to a single broad 
band centred at 2350 cm-I. The centre of gravity kept moving 
to higher frequencies and went over smoothly into the peak of 
the broad band, ending up at 2356 cm-' at room temperature (a  
total shift of + 16 cm-I). The halfwidth at room temperature 
was about 4 6  cm- ' ,  corresponding roughly to the spread of the 
component frequencies at low temperature. 

The v4hc components also coalesced with increasing tem- 
p- perature but oniy partially: even at room temperature three 

In fact, all the known A2MCl5.HzO chlorides contain isolated components could still be discerned. At the same time the F4b, 
[MC15(H20)] ions (cf. ref. 27). frequency shifted to lower values, about 1280 cm-' at room 
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FIG. 5 .  (NH4)2[AIFs(HzO)]: survey spectrum at room temperature 
(fluorolube mull). 

temperature, which corresponds to a total shift of ca. -8 cm-'. 
The above prediction is thus seen to be quite successful. 

As the observed vl  and v,,, frequencies indicate, the 
N-H--.F bonding in (NH,)2[A1FS(H20)] is moderately 
strong. 

The absence of typical H1O absorptions in the room- 
temperature spectrum of this hydrate (Fig. 5) was puzzling. 
While the small band at - 1641 cm-' may arise from the HOH 
bending fundamental, the spectrum contained no obvious fea- 
tures that could be assigned to the OH stretching fundamental 
-and this in spite of the fact that, in the ir spectra of crystalline 
hydrates, the absorption due to the OH stretching mode is 
generally many times more intense than the bending absorption 
(20, 28). At the same time, however, there are almost no 
hydrate spectra in the literature that could usefully serve as 
precedents for the absorptions of an H20  molecule as strongly 
bonded as that in (NH4)z[A1FS(H20)], with an O- . .F  distance 
of only 2.55 A. The nearest comparison would be with 
(NH4)2[Cr(H20)6]FS, which we have also studied recently (re- 
sults to be published). In thi? fluoride the O...F distances are 
similarly short, 2.53-2.57 A (29), and the OH stretching fun- 
damental is found as an extremely broad absorption extending 
from 2000 to 3800 cm-' and centred at -2900 cm-'. We 
should then expect a similar band in the spectrum of 
(NH4)2[AIFS(H20)] if allowance is made for the difference of 
stoichiometry, which would make the intensity of the band 
about six times weaker relative to the NH stretching bands in 
this region. It is concluded that the OH stretching absorption in 
Fig. 5 underlies the group of peaks at 3223, 3105, and 2915 
cm-' originating in v3(NHdt) and 2vz(NH,') and complicated 
by factor-group splitting and Fermi resonance. 

The corresponding OD stretching absorptions of HDO and 
D20 ,  expected in the 2800- 1500 cm-' region, are probably 
also very broad. In any event they could not be located in our 
spectra of the partially deuterated compound. 

The untypical nature of the H,O molecule in 
(NH,)2[AIF5(H20)] is undoubtedly also reflected in the very 
strong anisotropy of the U,  thermal parameters of the oxygen 
atom(Table L ) :  U2> - U33, 2Ul,/(Uz2 + U31) = 5(1), where U,,  
refers to a direction perpendicular to the A1-0 bond and 
almost perpendicular to the HOH plane (Fig. 3). 

If a low-temperature transition in (NH,),[A1Fs(H20)] exists, 
there was no evidence of it in the probe-ion spectra. 

NHjA lF, 
A recent X-ray powder and single-crystal diffraction study 

by Fourquet et al.  (30) gave a tetragonal cell four times larger 
than that originally proposed (cf. Experimental): a' = a d  = 
5.078(2) A, c' = 2c = 12.715(4) A, Z' = 4. With the H atoms 
not included the space group was 14/mctrz, with N in 4(b)-0$$ 
etc., A1 in 4(c)-0 0 0  etc., F,, in 8(f)-002 etc., and F,, in 
8(h)-x, $ + x, 0 etc. These authors further proposed that inclu- 
sion of the hydrogens wouId yield a noncentrosymmetric space 
group (consistent with the observed generation of the second 
harmonic) and settled on I?c2, with the H atoms in 16(i)-xyz 
etc. Re-investigation by neutron diffraction from a single crys- 
tal (31) and from a powder profile refinement (3) led to a 
revision of the space group to I4/mcm, with the hydrogens 
distributed over the 32(m)-xyz etc. equipoint in a way consis- 
tent with a statistical distribution of the ammonium ions over 
two possible orientations. In this structure the site symmetry at 
N is D,,. No evidence of a transition between room temperature 
and 350°C was observed either by dta or 'H nmr (30). 

An X-ray investigation between 80 and 300 K did not reveal 
any noticeable departure from tetragonal symmetry or from the 
body-centering (3). However, an esr study of NH,AIF,:F~" 
and NH,AIF,:C~'' indicated the existence of a structural phase 
transition in the vicinity of 150 K (31, 32). Neutron powder 
diffraction at 5 K (3) led to P42/mbc as the space group of the 
low-temperature phase (N in 4(b)-00$ etc., A1 in 4(c)-Of0 
etc., F,, in 8(f)-0$z etc., F,, in 8(h)-xyO etc. (x - y),  and H 
in 16(i)-xyz etc.), and to S, as the site symmetry at N. The 
ammonium ions in this structure are orientationally ordered; the 
ordering is described by the authors as "ferro" within the am- 
monium layers 11(001) and "antiferro" between these layers. 
The intra-layer ordering is present already at temperatures more 
than 100" above T,,, whereas the inter-layer ordering sets in 
only at T,, (33). The shortest H - - - F  distances (to Fa,) are 
1.898(4) A at 300 K and 1 .852(3)0W at 5 K; the corfesponding 
N.--Fa,  distances are 2.900(1) A and 2.893(1) A ,  and the 
NHF,, angles are 17 1.2(5)" and 170.8(1)" (N-H = 1.010(4) 
and 1.043(2) A). These distances and angles are uhchanged on 
passage through T,,. 

The expectation for the NH,Dt probe-ion spectrum is a sin- 
gle v, absorption and a v,,, 1 : 1 doublet for both S = D2,, and 
S = S, (Table 1, ref. 34). Consequently there should be no 
change in the number of the v, and v,,, absorptions on passage 
through T,,, though the ordering might affect the linewidths and 
frequencies of these absorptions. 

The I0 K spectrum (Fig. 6) contained a single ND stretching 
absorption v, ,  at 2347 cm-' (AvIlz = 12 cm-I). The ND ben- 
ding v,,, was an approximately 3 : 2 doublet at 1287 and 1303 
cm-I, also with a ca. 12 cm-' component halfwidth. With 
increasing temperature the frequency of the v, band increased, 
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the shift between 10 and 293 K amounting to +9(3) cm-', 
while the v,,,~ doublet partially collapsed and shifted to 1283.5 
and 1294 cm-' at 293 K, i.e. a total shift of -6(1) cm-'. These 
results are in agreement with those reported earlier (2) for 
liquid-nitrogen temperature (probably - 100 K). At room tem- 
perature the halfwidths were about 45 cm-' for v ,  and ca. 36 
cm-' for the v,,,, components. 

The observed number of v,  and v,, bands is consistent with 
a single type of ammonium ion in the structure, of effective 
symmetry D?,,, S,, or D, and at a site of nonpolar tetragonal or 
D2, or D2 symmetry. This confirms the site symmetries 
reported in ref. 3. The signs of the temperature coefficients of 
the v, and v,,, frequencies indicate (35) that the N-H...F 
bonds are normal, i.e. essentially straight. 'This too is consis- 
tent with the reported crystal structures. The observed v,  fre- 
quency points to a hydrogen bonding substantially weaker than 
that in NH,F and even NH,HF2 (2); this would be expected in 
view of the relatively long H . . . F distance (cf. Fig. I of ref. 2). 
The smallness of the v,  frequency shift on cooling from room 
temperature to 10 K indicates that the hydrogen bonding does 
not strengthen appreciably, and this again is consistent with the 
constancy of the N...F,,, distance, although the change in the 
reported H ..- F distance, ca. 0.05 A, might suggest a larger v,  
shift. 

The changes, with temperature, in the probe-ion spectra 
were gradual. There was no evidence of the transition in the 
vicinity of 150 K, nor of changes in the degree of the intra-layer 
ordering above 150 K. This lack of sensitivity to the orientation 
of the ammonium ion is paralleled in the Raman spectrum of 
neat NH,AIF, (36): of the observed features the only ones that 
were found to respond to the ordering below 150 K were those 
due to the E, translatory (-150 cm-I) and rotatory (-250 
cm-') modes of NH,' . 

The nature of the ordering in NH,AIF, is most directly de- 
scribed by the use of two-colour space-group symmetry. In the 
(fully ordered) intermediate phase the [AIF,] octahedra in lay- 
ers 11(001) are rotated about their tetragyres and the rotational 
displacements are "antiferro" ordered; the orientations of these 
"antiferro" nets in adjacent layers alternate., This arrangement 
is derived from the arrangement of the octahedra in the highest- 
symmetry (P4/mmm) aristotype structure7 by the dichrornatic 
Bravais translation (a, '  + a2)/2 of the Shubnikov group 
~h:~~-1,.4/mcm: four unit cells of the aristotype structure (ao, c,, - 

Z = I) combine to generate the intermediate structure ( a o f i ,  
2c,, Z = 4),' and the chromatic component of the translation, 
interpreted as orientation reversal, assures the "antiferro" intra- 
layer ordering of the [AIF,] octahedra and the alternation of the 
orientations of the octahedra in adjacent layers. In this struc- 
ture, describable in terms of 14/m(m, the ammonium ions are 
in a twofold orientational disorder. The ordering process, 
which sets in at T,,,  results in an ordered arrangement of the 
ammonium ions, leaving the rest of the structure essentially 
unchanged. This orientational order of NH,' is derivable from 
the intermediate structure by the dichromatic Bravais 
translation (a , '  + a,' + c1)/2 of the Shubnikov group 

"If the axial fluorines in NH,AIF,(HT) were shared by adjacent 
AIF, layers, the structure would be analogous to KCuF,. 

'The highest-symmetry phase does not appear to be accessible 
because of the thermal instability of NH,AIF, (cf. ref. 30). 

In the following the unit-cell size will be indicated by d / f i / 2  
etc.: a (or a , )  - n o d ,  h (or (12) - a l l f i ,  c - 7co. 

2 9 3  
2 5 0  
2 0 0  

150 

100 

5 0  

I O K  

FIG. 6. NH,AIF,: the ND stretching and bending regions of the 
NH,D' probe-ion spectrum at different temperatures (-5% D). 

~h;;:-~,4?/mbc. This translation, again associated with orien- 
tation reversal, generates a "ferro" ordering of the ammonium 
ions within the NH,' layers 11(001) but an "antiferro" stacking 
arrangement of these layers. The low-temperature structure, 
describable in terms of P42/mbc, can thus be regarded as 
doubly ordered relative to the P4/mmm aristotype (cf. Figs. 4 
and 5 of ref. 33, and Figs. 3 and 5 of ref. 3). 

The presence of the ammonium ion does not appear to lead, 
apart from the orientational effects on the space-group sym- 
metry, to specific types of AMF, structure: NH,AIF,(HT) (3, 
33) and TIAIF,(RT) (33) appear to be isostructural, and so do 
NH,CrF,(HT) (37) and CsFeF,(LT) (38, 39). On the other 
hand, NH,MnF, (21211) is triclinic (40), and the symmetry of 
NH,FeF, has been reported as P2 ,2 ,2  (ref. 41; cf. also refs. 42 
and 43). 

Struc~tural filiation of AMFJ jl~lor.idcs 
In spite of their simple stoichiometry and M coordination the 

A[MF2F,,,] fluorides deriving from the tetragonal TIAIF4 
(1 / 1 / 1) aristotype exhibit a remarkable variety of structural 
detail. Of the many compounds reported in the literature those 
with known crystal structures are included in Fig. 7. The for- 
mal symmetry relationship between a higher- (H) and a lower- 
symmetry (L) space group SG(H)ISG(L) is presented in terms 
of a two-colour (Shubnikov) space group. While ultimately not 
different from considerations of "zellengleiche" and "klassen- 
gleiche" subgroups, this formulation has the advantage that the 
type of ordering of the [MF,] orientations within and between 
MF, layers 11(001) is immediately evident. When a dichromatic 
Bravais translation is present in the Shubnikov group (type IV, 
cf. ref. 44), the [MF6] orientations in the L structure must be 
"antiferro" ordered with respect to the H structure, and the type 
of order follows from the chromatic operations of the group. 
The symmetry elements lost on going from H to L are the 
chromatic symmetry elements of the Shubnikov group, the 
essential of which are identified in the group symbol. Com- 
posite cations are affected in a similar manner, as are also 
[MF,] distortions without "tilt", i.e. without rotational [MF,] 
displacement. 

The relevant Shubnikov groups Shz are the following: 
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P4/mbm (d2/d2/1) I 4 / m c m  (d2/d2/2) 

KAI (RT) (30,491 NH4Al (HT) (3,30,33) 
RbAI(IT) (30,33,50,52) TIAI(1T) (33) 

140/547 135/494 

P4/nbm (2/2/1) P4/mbm (2/2/1) P4/nmm (2/2/1) 

I 
1 NH4Cr (37) 

CsFe (RTI (39) C4/mmb (2/2/1) P 4 2 / m b ~  I 4 / m  
1251366 CsV? (39) 

NH4AI (LT) (3,33) 
CsGa? (39) 

127/390 87/77 

Cmma Pbam P4/mbm (2/2/2) 

I 
K Mn ? (46) 

57/389 
RbMn? (46) 127/391 Cmmm B2 /m 

I 
TIAI (LT) (33) 

55 / 358 CCsMn (38,40,47, 48)lA 59 /4 15 

Pbma Pbam 

RbFe (RT) (39) 
[NH4Fe (42)] P 2 ,  /a Pmmn 

KMn (47) RbAl (LT) (33,50,52) 

571385 P42/ncm 

Pba2 CsFe(LT) (391 

KFe (42IAA (mgtc. str.) 
Pb21a  P 2 , 2 , 2  

RbFe (RT) (42,431 NH,Fe (41) 

FIG. 7. Filiation of AMF, structures deriving from the TIAIF, aristotype. HT high, IT intermediate, LT low-temperature phase. 1231349 stands for ~h::: etc. (see text); heavy 
connecting lines and underlining refer to dichromatic Bravais translations. For the meaning of f i / f i / 2  etc. (shown only when Z changes) see footnotex. A Jahn-Teller structure; 
symmetry actually observed, P4/nmm. pAA According to ref. 51 the structure of KFeF, (and pgbably also KVF,) can be described adequately in terms of a 21112 pseudocell of 
symmetry Amma; the magnetic structure with a 21214 cell (Fig. 5 of ref. 51) appears to be of Sh,, symmetry, P,,bcn-2PmcalPbcn. 
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KNOP ET AL. 

Dichromatic Bravais translation is 
present 

PI9 
571389 P,.btnc~-Cmmc~l Pbma 
5914 15 P(.mrnn-CmmmI Ptnmn 
1231349 PC.4/mmtn-2 P4/mmmI ~4/mmm 
1251373 Pc4/nbtn-2 P4/mmmI P4/nbm 
1271396 P,.4/mbm-2 P4/mhm(~4/mhm 
1271397 Pc4/mbm-2 P4/mtnmI P4/tnbm 
129142 1 PC.4/nmm-2 P4/n~tnn~(~4/t1tntn 
1351494 P,4z/mbc-14/mctnI P4z/tnbc 
1381528 P,.4Z/ncm-2 P4/nmtnl P42/nc.tn 
140/550 1,.4/tncm-4P4/tntntn 114/tnc.m 

absent 

For the sake of brevity, in Fig. 7 the groups are denoted by p / q ,  
with those involving a dichromatic Bravais translation under- 
lined. 

Some doubt seems to exist about the symmetry of the room- 
temperature form of RbFeF,. In ref. 45 it (and RbVF,) is 
reported to be tetragonal, 2/21 1. Tressaud et al. (42,43) con- 
cluded that the space group was Pbrna or Pb2,a C Pbma and 
opted for the latter, while Babel et al. (39), on re-refining the 
structure from the data of ref. 43, favoured the centro- 
symmetric group. Of the TIMF, fluorides investigated by pow- 
der diffraction, those with M = V, Fe, Ga (39), and Mn (46) 
are reported to be orthorhombic, .\/2/.\/2/2, and that with M 
= Cr (39) tetragonal, 21212. No definite conclusion has yet 
been arrived at for CsCrF, (39). 

It is possible that examples of actual structures will be found 
for the intermediate formal symmetries in Fig. 7; additional 
theoretical possibilities exist for generating derivative struc- 
tures from the P4/mmm aristotype. 

fNH4).~ZnC17 
'The structure determination by Klug and Alexander (13) 

shows that this compound should be formulated 
(NH4)1(ZnC14)CI. The orthorhombic Pnma unit cell contains 
four NHdt(I) ions at sites of symmetry C, and eight NHdt(2) 
ions at sites of symmetry C,.  The coordination figures of the 
ammonium ion are irregular and their description depends to 
some extent on what N---CI distance is assumed to represent 
the limit of hydrogen-bonding interaction between the ~ W O  at- 
oms. 

The CI environments of NH,+(I) and NH4'(2) are shown in 
rig. 8. The eight N(I )...Cl distances range from 3.14 to 3.69 
A (Table 4). If we assume (somewhat arbitrarily) N...Cl = 3.4 
A as the limit of effective N-H.--CI bonding, the CI atoms 
within this bound form a distorted octahedron round N(I). 
Although the H positions are not known, it is highly probable 
that one of the hydrogens forms a normal N-H ...Cl- bond to 
the CI- ion involved in the shortest N...CI distance, 3.14 A, 
in which case at least one of the three other bonds would be 

FIG. 8. (NH4),(ZnC14)CI: environments of the N(I) (top) and N(2) 
(bottom) atoms (after ref. 13). The chloride atoms are CI and C4, the 
other Cl atoms belong to ZnC14' ions. The N(I) atom is in the plane 
of reflection at y = $ and the N(2) is at y = 4. For N...CI distances 
see Table 4. 

TABLE 4. N...CI distances (A) in (NH4)3 
(ZnC14)CI* 

"Calculated from the data of ref. 13. See Fig. 8 
for identification of CI atoms. The designating let- 
ters follow Table I of ref. 13. 

t N...CI- distance. 

bifurcated or trifurcated. 
The nine CI neighbours o[ NH4+(2) correspond to N-..CI 

distances from 3.24 to 3.82 A (Table 4). Klug and Alexander 
describe the coordination figure as an augmented trigonal 
prism, but in view of the limited accuracy of the determination 
and of the uncertainty of the N---CI cut-off it is impossible at 
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FIG. 9. (NH,),(ZnCI,)CI: the ND stretching and bending regions of 
the NH3D' probe-ion spectrum at different temperatures (-5% D). 

present to say what the N(2) coordination figure relevant to 
hydrogen bonding really is. 

The spectroscopic expectation from this structure ideally 
would b e a  1 : 1 : 2 v ,  triplet and a 1: [ : I :  1:2:2  sextet for 
NH4'(1), and an equiponderant v, quartet and an equiponderant 
u,,~ octet for NH,'(2). Allowing for the 2: 1 abundance ratio of 
the two ions the expected overall spectrum would be a 
1 : 1 : 2 : 2 : 2 : 2 : 2 v, septet and a 14-line v,~,  absorption consis- 
ting of four components of single and ten components of double 
weight. Furthermore, if the assumption of a norpal 
N(I)-H...CI- bond corresponding to N C1 = 3.14 A is 
correct, at least one of the single-weight v l  components would 
have a significantly lower frequency than the rest. 

The v, spectrum at 10 K consisted of seven components 
arranged in two groups, a quintet at 2397.1, 2384.2, 2373.7, 
2365.1, and 2357.7 cm-', and an approximately l : I doublet, 
of higher intensity, at the much lower frequencies of 2258 and 
2249 cm-' (Fig. 9). The component halfwidths were about 8 
cm-' .  The v,,, absorption at 10 K consisted of seven resolved 
components covering the range from 1264.9 to 1233.7 cm-I, 
with halfwidths of 4-6 cm-I. 

Increasing temperature produced a gradual coalescence of 
the v,  components, maintaining, however, the separation of the 
two groups (Fig. 9). At room temperature only three broad 
bands remained, at 2370, 2332, and 2260 cm-I. The v,,, com- 
ponents gradually coalesced into a single broad band at room 
temperature. 

There was no evidence in either ND absorption of abrupt 
changes pointing to the existence of a transition between 10 and 
293 K. The 10 K spectrum can therefore be regarded as a 
resolved version of the room-temperature spectrum and inter- 
preted from the room temperature crystal structure. 'The seven 
v, components correspond to the expectation in number though 
not in relative intensity. However, the higher intensity of the 
lower-frequency bands (corresponding to stronger hydrogen 

bonding) is not surprising (cf. ref. 53). The appearance of two 
rather than one lower-frequency components points to a second 
N-H -.. C I  bond, almost certainly involving N(2). A more 
detailed interpretation of the NH,D ' probe-ion spectrum in this 
compound cannot be offered at present. 

The relative strength of the N-H CI bonding in 
(NH,),(ZnCI,)CI can be estimated from the v4,, vs. v,  plot of 
Fig. 3 of ref. 2 (or from its updated version, to be published). 
Combining the highest v,  component frequency with the lowest 
V4bc component frequency yields a point falling in the region of 
the plot typical of trifurcated N-H..-3Cl bonds, e.g. in 
(NH,)?PdCl6 and (NH4)?PtCI6. The point corresponding to the 
combination of the lowest vl and highest v,,~ component fre- 
quency falls in an unpopulated region which may be character- 
ized as representing strong normal N-H...Cl- bonds, stron- 
ger than those in NH,CI. The two v, absorptions with the lowest 
frequencies, 2258 and 2249 cm-I, are in fact among the lowest- 
lying ND stretching absorptions encountered with N-H .- .Cl 
bonds, comparable to similar absorptions in alkylammonium 
halides, e.g. in Et3NHC1 and (n-Pr2NH2)3(SnC16)C1 (54, 55), 
but unlike the latter they are unencumbered by the extensive 
Fermi resonance. The probable reason for the much stronger 
N-H..-Cl bonding in these crystals is the possibility of for- 
mation of privileged normal N-H...Cl- bonds to the chloride 
ions, which exists where the C1 coordination figure of the 
cation consists of isolated CI- ions and the weaker CI acceptors 
of MC1:;- anions, but not with homogeneous, more symmetric 
NH,' or R,,NH4.,,' chlorine environments, such as those in 
NH4C1 of (NH4)2MC16. 

NOTES ADDED I N  PROOF. The existence of a transition in 
NH,AIF, has been confirmed in a recent 'H and "F nmr in- 
vestigation (56); the transition is described as continuous in 
nature, with T,, = 147 K. The results of further esr studies of 
NH,AIF,: Fe3', undertaken to elucidate the nature of the order- 
ing process in NH,AlF,, have also been reported (57-59), and 
a rigid-ion model has been proposed (and tested on RbAlF,) to 
describe the lattice dynamics of AAIF, (60). The rede- 
termination of the crystal structure of (NH4),ZnC15 (61) has 
confirmed the essential correctness of Klug and Alexander's 
structure, but it has not provided a direct clarification of the 
hydrogen-bonding scheme. An abstract of ref. 62 has only just 
come to our attention. The crystal data given there (original 
paper not seen at proof time) would suggest that 
(NH,)2[GaF5(H20)] is isostructural with (NH4)2[A1F5(H20)]. 
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Homoenolization of 1,3,3-trimethylbicyclo[2.2.l]heptan-2-one in perdeuterated tert- 
butyl alcohol. Evidence that the medium potassium tert-butoxide - tert-butyl alcohol 

is unstable at elevated temperatures 
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NICK HENRY WERSTIUK and GEORGE TIMMINS. Can. J. Chem. 63, 526 (1985). 
Homoenolization of I ,3,3-trimethylbicyclo[2.2. Ilheptan-2-one (1) (fenchone) in potassium tert-butoxide - tert-butyl 

alcohol-0-d and perdeuterated potassium tert-butoxide - tert-butyl alcohol at 220°C established that there is significant 
deterioration of the medium and dilution of the deuterium pool. We show that the major pathway of deterioration of the medium 
and dilution of the pool involves formation of isobutene by elimination of water from the alcohol. Exchange data already 
accumulated in the literature are used to support our view that the elimination also occurs at 185"C, the temperature commonly 
used to homoenolize ketones. 

NICK HENRY WERSTIUK et GEORGE TIMMINS. Can. J .  Chem. 63, 526 (1985). 
L'homoCnolisation, ti 220"C, de la trimethyl- 1,2,3 bicyclol2.2. Ilheptanone-2 (1) (fenchone) en presence de tert-butylate de 

potassium/tert-butanol 0-d ou de tert-butylate de potassium/tert-butanol perdeutkre montre qu'il se produit une deterioration 
importante du milieu et une dilution de la quantite de deutkrium. Nous dkmontrons que la voie principale de la dkterioration 
du milieu et de la dilution de la quantitC de deutCrium implique une elimination d'eau de I'alcool conduisant a de I'isobutkne. 
On a utilisC les donnkes d'Cchange deja accumulCes dans la IittCrature pour appuyer notre conclusion selon laquelle I'Climina- 
tion se produit Cgalement a 185OC, la tempkrature couramment utilises pour provoquer I'homoenolisation des cetones. 

[Traduit par le journal] 

Introduction 
Potassium tert-butoxide in tert-butyl alcohol-0-d has been 

used routinely to study hydrogen isotope exchange of carbon 
acids at elevated temperatures ( 1 ,  2). In fact, it has been the 
medium of choice for homoenolizing ketones (3-5). Although 
it was suggested by Cram et al. that alkoxide bases react with 
glass (6) during exchange reactions at elevated temperatures, 
and recycling has been used by Nickon, Stothers, and co- 
workers in homoenolization studies (7, 8) to increase deu- 
terium incorporation, no definitive information was available 
as regards the stability of t-BuOK - t-BuOH(D) solutions. In 
this paper we show, through homoenolization of 1,3,3-tri- 
methylbicyclo[2.2. I lheptan-2-one (fenchone) (1) at 220°C, 
that the solution definitely is unstable at elevated temperatures, 
determine the major pathway of its deterioration, and establish 
that perdeuterated rerr-butyl alcohol should be used as a solvent 
to improve the stability of the medium and maximize deuterium 
incorporation. 

Results 
Homoenolizations of fenchone (1) were carried out in Pyrex 

tubes at 220 + 3°C fof300-330 h. To equalize pressure and 
reduce the possibility of tube rupture, the tubes were placed in 
a 600-mL Parr reaction vessel that contained water. Base solu- 
tions were freshly prepared by dissolving clean potassium in 
the appropriate alcohol in a glove bag pressurized with dry 
nitrogen. Recoveries of deuterated 1 ranged between 70 and 
80% and the other minor products reported by Stothers and 
co-workers (8) also were observed. Total deuterium content 
was determined mass spectrometrically at low ionizing voltage 
and the distribution was established by computerized curve 
fitting of 38.4-MHz 'H nrnr spectra to Lorentzian curves. 
Figure 1(A) shows the 250-MHz 'H nrnr spectrum of 1 and the 
assignments that were established by double irradiation ex- 
periments at 400 MHz, consideration of the 'H nrnr spectrum 
(Fig. l(B)) of deuterated l-d3,7, (Table 1, entry 3), comparison 
with the 'H nrnr spectrum of 3,3,6,6-tetramethylbicyclo- 
[2.2. Ilheptan-2-one (9), and the shift of the 'H signals of 1-d,.,' 

in the presence of 0.25 equivalents of Eu(fodh. The signal at 
1.75 ppm assigned to syn-7-D was shifted downfield, essen- 
tially to the same extent (0.34 ppm) as the exo-methyl at C-3 
(0.33 ppm) and the bridgehead methyl (0.43 ppm). If the signal 
at 1.75 ppm was due to deuterium located at the anti-7 position, 
the shift would not be as large as the methyl shifts. 

The results of homoenolizations of 1 at 220 + 3°C in 
C(CH&OD and C(CD3),0D are given in Table 1 .  As is indi- 
cated in entries 1 and 2, heating 1 for 304 h at 220 + 3°C leads 
to the incorporation of 1.5- 1.6 deuterium atoms. Figure 1 (C) 
shows the 38.4-MHz 'H nrnr spectrum of deuterated l-d1,5, 
along with the deuterium distribution. While there is an in- 
crease in incorporation to 2.51 deuterons per molecule after 
recycling once (entry 2), there is no significant increase in the 
amount of deuterium located exo and endo at C-6. Clearly, in 
both cases the ex0 and endo positions are equilibrated with a 
deuterium pool that has been diluted by 150%. That this is the 
case is seen from the data listed in entries 3 and 4. When 1 is 
exchanged in C(CD&OD, twice as much deuterium is incorpo- 
rated and the equilibrated exo and endo positions at C-6 each 
contain nearly one atom of deuterium. The difference between 
the homoenolizations described in entries 3 and 4 results from 
temperature variations and the fact that it is difficult to re- 
produce homoenolization solutions exactly. Figure 1 (D) shows 
the 'H nrnr spectrum of 1-d3.7, (entry 3). The results of this 
study are also in keeping with our recent findings that syn-7 
exchange is preferred over anti-7 exchange (9). Significant 
incorporation occurs at the syn-7 position. Since the exo-6 and 
endo-6 resonances are equal in area within experimental error 
and the anti-7 resonance overlaps with the exo-6 resonance, it 
is clear that anti exchange must be substantially slower than syn 
exchange. 

When 0.3 M r-BuOK - r-BuOH was heated for 300 h at 220 
? 3°C in the absence of ketone and an 'H nrnr spectrum of the 
solution was obtained, resonances at 1.65 (t) and 4.63 (m) ppm 
in addition to the resonances due to C(CH3),0H were observed. 
The relative areas, chemical shifts, and couplings correspond 
to those reported for isobutene ( lo) ,  thereby establishing that 
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FIG. I .  (A) High-field (250-MHz) 'H nrnr spectrum of fenchone 
(1) in CDCI3. (B) High-field (250-MHz) 'H nrnr spectrum of deu- 
terated fenchone (l-d3.75) in CDC1,. (C) High-field (38.4-MHz) 'H 
nrnr spectrum of deuterated fenchone (1-d1.52) in CHC1,. (D) High- 
field (38.4-MHz) 'H nmr spectrum of deuterated fenchone (l-d,.,,) in 
CHCIS. 

H20 is eliminated from t-BuOH at elevated temperatures. Inte- 
gration established that 5-7% of the mixture consisted of iso- 
butene. To work up the reactions the tubes were cooled in 
liquid N2, opened, and allowed to warm to ambient tem- 
perature. When the solid reaction mixture, with or without 
ketone, began to melt, bubbling occurred and an hydrocarbon 
odor was detected. Since isobutene boils at -6.6"C, a substan- 
tial amount is lost during work-up and nmr analysis. 

When 0.3 M t-BuOK - t-BuOD was heated for 300 h at 220 
+ 3°C and an 'H nmr spectrum was obtained of the solution, 
in addition to a resonance at 4.32 ppm that corresponded to the 
deuteroxyl group, signals at 1.65 and 4.63 ppm with relative 
intensities of 3: 1 indicated that the hydrogens of isobutene 
were equilibrated with the deuterium pool. An additional reso- 
nance at 1.21 indicated that deuterium was located in the 
methyls of t-BuOD as well. The relative areas of 0-D and 
methyl resonances established that there was approximately 
3.5% exchange of the methyl groups. Whether the exchange 
occurs by deprotonation-deuteronation or by nucleophilic ad- 
dition of -OD to isobutene presently is unknown. 

Gas chromatographic (gc) analysis of the concentrated pen- 
tane extracts obtained from the homoenolization of 1 showed 
that three minor components (-5%) of shorter retention time 
than 1 were present in a ratio of 6 :  1 : 5. The same compounds 
were formed when t-BuOK was heated in t-BuOH and t-BuOD 
in the absence of ketone. 'The gc-ms analysis of the mixture 
obtained from heating t-BuOK - t-BuOH established molecu- 
lar ions at m l z  136 (CIoHl6) for the major components. Anal- 
ysis of the mixture obtained from an homoenolization in t- 
BuOD (entry 1) established that the components were highly 
deuterated. Comparison of the ms fragmentation patterns with 
standard spectra of a number of unsaturated hydrocarbons of 
molecular formula CIoH,, revealed common features. It is con- 
ceivable that the Clo hydrocarbons are derived from the dehy- 
dration of an alcohol formed by the addition of methide to an 
enone derived from the trimerization of acetone, methide and 
acetone being derived from t-BuO-. However, due to the small 
amount of the products, further studies were not undertaken. 

To establish whether dehydration of t-BuOH occurs in the 
absence of base, t-BuOH was heated for 240 h at 220°C. The 
'H nmr spectrum showed resonances at 1.61 and 4.63 ppm 
characteristic of isobutene. Integration establshed that -5% of 
the mixture consisted of isobutene. 

Discussion and conclusions 
This work clearly establishes the instability of t-BuOK - 

t-BuOH(D) solutions at elevated temperatures and the major 
source of deterioration of the medium. Based on the degree of 
dilution of the deuterium pool observed in the exchange reac- 
tions in C(CH,),OD (entries 1 and 2), if dilution occurs primar- 
ily by exchange of isobutene, then a maximum of 16% elimi- 
nation occurs after 300 h at 220 + 3°C. But the small amount 
of elimination has an enormous impact on the medium; the 
deuterium pool is diluted by 150%, the base concentration is 
reduced, and the water produced by elimination most likely 
significantly reduces the basicity of the medium (1 1, 12). 
While Herndon and Reid (13) established that t-BuOH dehy- 
drates at 300"C,' this study establishes that elimination occurs 
slowly at temperatures around 200°C. 

A number of studies have been reported in which t-BuOK - 

'We thank a referee for bringing this work to our attention. 
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TABLE I. H-D exchange of fenchone at 220 * 3'C 

Distribution of deuterium' 

Excess D Bridge- 
[Ketone] [t-BuOK] Time per head Other 

Entry (wt, g) (vol, mL)" Solvent (h) moleculef' C-6x C-6n C-7s methyl methyls 

"The base solutions were prepared in a glove bag under N,. 
"Determined mass spectrometrically at low voltage. Recoveries of the ketone usually were 70-80%. 
'Determined by 'H nmr at 38.4 MHz. Incorporations were determined by computerized curve-fitting of the spectra to Lorentzian 

line shapes. Multiple fittings established that the average errors for fitting large peaks were <5% and for fitting small peaks 10-20%. 
"The deuterated ketone was isolated and recycled. 
"Not determined. 

t-BuOH(D) was used at temperatures >200°C. Cram et 01. (6) 
studied base-catalyzed exchange and racemization of 2-phenyl- 
butane and I-phenyl methoxyethane in t-BuOK - t-BuOH(D) 
and KO(CH2)20(CH2)20H(D)/((D)HOCH2CH2)20 at tem- 
peratures ranging from 215 to 260°C for periods up to 240 h. 
The authors reported that a tremendous pressure build-up oc- 
curred when potassium diethylene glycolate - diethylene gly- 
col was heated at 260°C and stated that the base was completely 
destroyed by reaction with the glass. It is conceivable that 
elimination occurred to yield volatile divinyl ether and ace- 
taldehyde. In the presence of base, divinyl ether could yield 
acetylene and acetaldehyde which could decarbonylate (13). 

A number of homoenolizations have been carried out in 
t-BuOK - t-BuOH(D) at temperatures above 200°C where 
deterioration of the medium is expected to be significant. 
Nickon et a[. (7) studied the homoenolization of camphenilone 
at 250°C and after two cycles at 216 and 215 h observed 
incorporation of 3.8 deuterium atoms, but the location of the 
deuterium was not established. Coates and Chen (14) have 
documented the partial homoenolate rearrangement of longi- 
camphenilone after 14 h at 275°C. Hunter, Stothers, Nickon 
and co-workers (15) reported on the homoenolate rearrange- 
ment of fenchone and the exo- and endo-isocamphanones at 
220-250°C. Nickon et al. (16) studied the rearrangement and 
exchange of camphor and the exo- and endo-isocamphanones at 
220- 250°C. 

While it is evident that dehydration of t-BuOH is a major 
problem at temperatures above 200°C, it must also lead to 
deterioration of the medium even at 185"C, especially if long 
reaction periods (> 100 h) are used - a common practice in 
homoenolization studies. Data (Table 2) for exchange of fen- 
chone at C-6, accumulated by Stothers and co-workers (8), 
support our view. 

I t  is clear from this study that C(CD,),OD should be used for 
hydrogen isotope exchange studies at elevated temperatures to 
maximize the deuterium incorporation and improve the sta- 
bility of the medium, since we expect that primary and 
secondary KlEs should slow the rate of elimination. It may be 
useful to develop a medium - perhaps adamantanol-O-d and 
its alcoholate in DMSO-rl, - where elimination of water is not 
possible ( 17). 

Finally, we now wonder about the source of carboxylic acids 
- the products of Haller-Bauer cleavage - produced in quan- 
tity in some reactions. Although it has been postulated that 
nucleophilic attack by t -BuO at the carbonyl group leads to 

TABLE 2. H-D exchange of fenchone at C-6 in 
t-BuOK - t-BuOD at 185°C" 

Deuterium incorporation 

Time (h) exo-6 endo-6 

"Taken from ref. 8 

ring opening which is followed by base-promoted elimination 
of the acid from the tert-butyl ester (1 8), it  is conceivable that 
ring opening is initiated by attack of the smaller nucleophile 
hydroxide (deuteroxide). 

Experimental 
General 

The ' H  and 'H nmr spectra were obtained on a Bruker WM-250 
spectrometer. Resonances are reported as ppm downfield form TMS. 
Mass spectral deuterium analyses were carried out at low voltage 
(12- 15 eV) on a Micromass VG 7070 mass spectrometer. A Tracor 
560 gas chromatograph with 6 ft X 4 mm id 3% OV-1 on 100- 120 
mesh Chromosorb W was used for analysis of reaction mixtures, and 
preparative collection of fenchone was carried out with a 5 ft X 114 
in. 15% SE-30 on 80- I00 mesh Chromasorb W in a Varian A-700 
gas chromatograph. Perdeuterated tert-butyl alcohol was obtained 
from Aldrich Chemical Co. and distilled from potassium prior to use 
in the experiments. 

Homoenolizntiot~ reactions 
In a typical reaction, in a glove bag pressurized with dry nitrogen, 

clean potassium (0.207 g) was added to dry (CD3),COD (4 mL) and 
reaction carried out to completion by heating. To the base solution was 
added fenchone (0.176 g) and the tube was sealed under vacuum after 
three freeze/pump/thaw cycles for degassing. The reaction tube was 
heated at 220 2 3°C for 304 h in a 600-mL Parr pressure apparatus that 
contained water to equalize pressure. The reaction mixtures were 
worked up by adding saturated aqueous NaCl ( I  0 mL) and extracting 
with pentane (5 x 10 mL); extracts were washed with saturated 
aqueous NaCl (5 mL), dried over anhydrous Na2S04, and filtered. 
solvent was removed by distillation through a 12-cm glass helices 
column. Analytical gc showed that fenchone was 73.5% of the product 
mixture and collection by preparative gc gave 0.115 g (88.9%). 
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Medium-deterioration reactions 
Reactions to study the deterioration of the basic medium were 

carried out as above with 0.3 M t-BuOK - t-BuOH(D) for 300 h at 
220 ? 3°C. A small amount of the reaction mixture was added to 
benzene-d, (benzene) for 'H ('H) nmr studies. The 'H nmr spectrum 
showed, in addit~on to the resonances for (CH,),COH(D), resonances 
at 1.65(t) and 4.63(m) ppm corresponding to chemical shift, coupling, 
and area with those reported for isobutene (10). 

The 'H nmr spectrum of deuterated reaction medium had reso- 
nances at 4.32 ppm (deuteroxyl group), 1.65 and 4.63 ppm (area ratio 
3: 1 - isobutene equilibrated with the deuterium pool), and an addi- 
tional resonance at 1.21 ppm (deuterium in the methyl of t-BuOD). 
Comparison of the area of this resonance with that for 0-D indicated 
-3.5% exchange of the methyl groups in t-BuOD. 
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Protium-deuterium exchange of cyclic and acyclic alkenes in dilute acid medium at 
elevated temperatures 
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NICK HENRY WERSTIUK and GEORGE TIMMINS. Can. J.  Chem. 63, 530 (1985). 
A modification of the high temperature - dilute acid (HTDA) method for deuterium labelling of aromatic compounds has 

been applied to the H-D exchange of a number of cyclic and acyclic alkenes. Cyclopentene, cyclohexene, cyclododecene, 
and tetramethylethylene have been completely exchanged in excellent yield. 1-Methylcyclopentene and I-methylcyclohexene 
have also been perdeuterated and cycloheptene and cyclooctene partially labelled but require spinning band distillation or 
preparative glpc for separation from rearrangement products. A variety of C5-C8 acyclic alkenes have also been treated under 
HTDA conditions. 

NICK HENRY WERSTIUK et GEORGE TIMMINS. Can. J .  Chem. 63, 530 (1985). 
On a applique une modification de la methode a haute ternpkrature en milieu acide diluk, dkveloppke pour marquer des 

composCs aromatiques avec du deuterium, a I'Cchange H-D d'un certain nombre d'alcknes cycliques et acycliques. Le 
cyclopentkne, le cyclohexkne, le cyclodeckne et le tCtramkthylkthylkne s'kchangent tous completement avec d'excellents 
rendements. Le methyl-l cyclopentkne et le methyl-I cyclohexkne sont aussi perdeutkrks alors que le cycloheptbne et le 
cyclooctkne ne sont que partiellement marquis; toutefois, dans ces cas, il faut faire appel soit a des distillations a l'aide de 
bande tournante soit a la cpg preparative pour sCparer les produits desires des produits de transposition. On a aussi trait6 de 
la m&me manikre un certain nombre d'alcknes acycliques comptant de 5 a 8 C. 

[Traduit par le journal] 

Introduction 
In an attempt to develop high temperature - dilute acid 

exchange (HTDA) (1 -6) into a general technique for preparing 
deuterated (or tritiated) organic compounds we have extended 
our studies from aromatic compounds to alkenes. 

Early attempts to label alkenes using heterogeneous platinum 
catalysis resulted in extensive (up to 100%) disproportionation 
with only low levels of deuterium incorporation (7). Also, 
radiation induced methods such as the Wilzbach technique for 
tritium labelling lead to addition products in preference to sub- 
stitution (8). In attempting to avoid some of these problems, 
Calf et al. (9) carried out exchange reactions in dilute DCI/D20 
at temperatures of 110- 130°C. They were successful in 
achieving incorporations of up to 35 at.% D. 

In this paper we describe deuterium labelling of alkenes 
using a modification of the HTDA method ( 1  -5). Exchange 
reactions were carried out with dilute DCI/DIO in sealed Pyrex 
tubes at elevated temperatures (165-280°C) in the presence 
and absence of decalin as a cosolvent and with or without 
mixing by shaking. In general, reactions were run to near 
equilibration (92-95 at.% D) with the deuterium pool in one 
cycle. For example, cyclopentene was labelled with 7.38 D 
atoms of deuterium per molecule (92.2 at.%; entry 5, Table I) 
in one cycle, whereas, Calf et al. (9) reported the incorporation 
of only 2.39 D atoms at 130°C. 

Results and discussion 
The results of application of the modified high temperature 

- dilute acid (HDTA) protium-deuterium exchange method 
to cyclopentene (I), cyclohexene (2), cycloheptene (3), cyclo- 
octene (4), cyclododecene (5), cyclohexanol (6), E-2-pentene 
(7), I -hexene (8), I -heptene (9), I -octene (lo),  I -pentan01 
( l l ) ,  I-hexanol (l2), I-heptanol (l3), I-octanol ( l4),  and tet- 
ramethylethylene (15) are given in Tables 1 and 2. Reactions 
in deuterated and nondeuterated medium were carried out con- 

mixtures, and using high field (250 and 400 MHz) 'H nmr 
spectroscopy. Spectra were compared with spectra of standards 
or spectra obtained from the Sadtler NMR Index. In the case of 
the acyclic alkenes it was necessary to use a 10-m, SP1700 
(Supelco) column formulated specifically for gc separation of 
low molecular weight alkenes. The relative yields of products 
were determined using gc and 'H nmr data and the E/Z ratio of 
2.8 for the 2-pentenes was used to confirm the assignment of 
the E/Z ratios for the hexenes, heptenes, and octenes. It was 
noted that more rearrangement occurred in DCI/D20 than in 
HCI/H20. 

That alcohols 6 ,  11, 12, 13, and 14 yield the same products 
as alkenes 2, 7 ,  8, 9 ,  and 10, respectively, indicates that any 
substrate which yields a carbocation under HTDA conditions 
and has P-hydrogens, in principle, can undergo exchange. In 
fact alcohols 6 ,  11, 12, 13, and 14 yielded greater than 95% of 
elimination products. ' 

Initial attempts to deuterate by simply heating the alkenes in 
the presence of dilute acid produced large amounts of higher 
molecular weight products (shown by mass spectrometry to be 
dimers and trimers) which were not further examined (for ex- 
ample see Table 1, entry I). In an attempt to reduce the extent 
of addition, decalin was added in order to dilute the substrate 
and, as documented in Table 1 ,  entries 1 and 2, this was 
successful; the proportion of higher molecular weight products 
was greatly reduced. In our initial study of cyclododecene 
using decalin as cosolvent we observed an unusual saddle- 
shaped pattern of deuterium incorporation which ranged from 
17.5% do and 7% d,  species down to 0.9% dl, and then in- 
creased to I 1.7% d,, and 6.5% of d2? species. This distribution 
was attributed to the fact that phase transfer rather than ex- 
change was rate determining for large molecules. The reactions 
were repeated in an apparatus which agitated the reaction mix- 
tures by a rocking motion. This modification allowed the use 
of lower reaction temperatures and (or) shorter reaction times 

currently in a Parr pressure vessel. Products were identified by 
isolating the components from the reactions in nondeuterated 'Calf et al .  (9) reported that up to 80°C, hydrogen halides add to 
medium by preparative glpc or distillation, in some cases as alkenes, but at approximately 110°C elimination of HX occurs. 
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TABLE 1. Protium-deuterium exchange and rearrangement of cyclic alkenes 

% Exchange 
Products" (excess D atoms/ 

Entry Substrate Conditions" (relative % yield) molecule) 

l b  + l c  (5.0), l a  (8.6), 2  (18.4), 
other (68.0)' 

l b  + l c  (3.3), l a  (lO.l), 2  (77.2), 
other (9.4)' 

5 (62.7). other (37.3) 
5 (92.3), other (7.7) 
1  (99. I), other (0.9)" 
l b  + l c  (6.7), other (l.2),' 

l a  (45.4), 2  (36.1), 
other (10.6).' 

Other (4.3);'other (2.9),' 
2 b  + 2c (17.2), Id + l e  (16.1), 
2a  (54.9), other (4.6)' 

Other (5.6);' l j '  + l g  + l h  (15.4), 
2 f +  2g (25.4), 2d + 2e (49.7), 
other (3.9)' 

2 (95.4), l a  (1.6), other (2.8),' 
Rearrangement products (3 1.8), 

3 (60.6), other (7.6)' 
Rearrangement products ( la) ,  

4 (79), other (3)$ 

5, 58.3 (12.8) 
5 ,  92.5 (20.4) 
2 ,  92.2 (7.38) 
l a ,  94.9 (9.49), 
2 ,  94.9 (9.49) 

1  f  + l g  + l h ,  94.6 (13.2), 
2f  + 2 g ,  93.2 (13.1), 
2d + 2e ,  93.6 (13.1) 
2 ,  92.5 (9.3) 
3, 77.3 (9.27) 

"Reactions were carried out in I %  w/v DCI/D,O or for product identification in I% w/v HCI/H20. Temperature control 
was 53°C. Equilibration corresponded to 94-95% deuterium incorporation. 

"Values were obtained from gc analysis using electronic integration. The products are listed in order of increasing retention 
time. 

'Without decalin and without mixing. 
"With decalin, without mixing. 
"With decalin, with mixing. 
'Unidentified minor products. 
Wnidentified higher molecular weight products; total. 

and in general led to cleaner reactions and a normal deuterium 
distribution in cyclododecene (5) (Table 1, entries 3 and 4). 
While decalin is a good inert cosolvent for exchange of low 
molecular weight alkenes, it would be a simple matter to re- 
place decalin with a lower boiling solvent if the substrate had 
a boiling point close to decalin. 

Examination of Table 1 shows that all products were per- 
deuterated and usually equilibrated with the deuterium pool. 
The incorporation of 22 deuterium atoms into cyclododecene in 
a single reaction is remarkable. Calf et al. (9) observed no 
incorporation of deuterium into 5 at 130°C. 

For the cycloalkenes (except cyclopentene and cyclo- 
dodecene) the product mixtures consisted largely or solely of 
ring-contracted isomers of the parent substrate as shown in 
Table 1, entries 5-8. Involvement of corner-protonated cyclo- Cyclopentene (I) ,  cyclohexene (2), cyclododecene (5), 
propanes (Scheme 1) can lead to ring-contracted and rearrange- 
ment products and consecutive protonation-deprotonations 
can produce all products. Ring contraction of the cyclohexyl, 
cycloheptyl, and cyclooctyl cations to tertiary species is exactly 
what is observed for the species in strongly acidic media (10, 
11). Rings smaller than C5 were not observed, presumably 

1-methylcyclopentene ( l a ) ,  1-methylcyclohexene (2a), 
I-ethylcyclohexene (2d) (containing -10% other products), 
and a variety of other alkylated C-5 and C-6 cycloalkenes can 
be perlabellkd. While cycloheptene and cyclooctene undergo 
facile ring contraction even at 200°C, reactions carried out at 
175°C yield partially labelled substrates (entries 10 and 11, 
Table I). These products may be obtained in pure form by because of their lower stability. That the medium-sized rings 

cascade to cyclopentenes and cyclohexenes while cyclo- 
dodecene rearranges only slowly is in keeping with the degree 
of ring strain in the series of cycloalkenes. 

Formation of I-ethylcyclopentene ( l e )  and I -ethylcyclo- 
hexene (2d) from cycloheptene and cyclooctene, respectively, 
is easily rationalized by invoking involvement of methyl- 
substituted protonated cyclopropanes as indicated in Scheme 1. 

spinning band distillation or preparative gas chromatography. 
Acyclic alkenes also undergo exchange and extensive re- 

arrangement. E-2-pentene (7) can be perlabelled (entry 1, 
~ a b l ~  2) with little rearrangement. At higher temperaturessub- 
stantial rearrangement occurs and perdeuterated 2-methyl-2- 
butene and 2-methyl-1-butene are obtained. As expected, 
I-pentanol (entry 5, Table 2) yields a similar mixture of al- 
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TABLE 2. Protium-deuterium exchange and rearrangement of acyclic alkenes 

% Exchange" 
(excess D atoms/ 

Entry Substrate Conditions" Products"." molecule) 

I 7 198"C, 24 h I-Pentene (4.9), 7 (65.6), 89.3 (8.93)' 
Z-2-pentene (23.6), 
2-methyl-2-butene (5.9) 

2 8 200°C. 24 h Other ( 1.3),' 8 (<5), E-3- 78.3 (9.40)j.j 
hexene (23.6), E-2-hexene 
(46.5), Z-3-hexene (8.4), 
Z-2-hexene (19.3) 

3 9 198"C, 24 h Other (2)," E-3-heptene (37). 54.2 (7.59)' 
9 (3), E-2-heptene (33), Z-3- 
heptene ( 1  3), Z-2-heptene (1 3) 

4 10 200°C, 24 h Other (4),' E+Z-4-octenes 35.2 (5.62)' 
(- 18), E+Z-3-octenes (-36). 
10 (<2), E+Z-2-octenes (-42) 

5 11 20OoC, 83 h I-Pentene (-2), 2-pentenes 89.6 (8.96)' 
(-65), 2-methyl-2-butene (-25). 
2-methyl- I-butene ( -5)  
other (-3)"".' 

6 12 210°C, 84 h 8 (-2), 2+3-hexenes (-90), 83.2 (9.96)' 
rearrangement products (-8)h 

7 13 210°C. 84 h 9 (<5), 2+3-heptenes (-85), 87.7 (12.28)' 
rearrangement products (- 10)" 

8 14 2 IVC, 84 h 10 ( -3 ,  2-, 3-, and 4-octenes 65.5 (10.48)' 
(-85), rearrangement products 
(- 10)" 

9 15 165"C, 20 h 16 (20.l), 15 (79.9) 15, 95.7 (1 1.48) 
16, 95.7 (1 1.48) 

"Exchange reactions were carried out in 1% w/v DCI/D,O or for product identification in I % w/v HCI/D,O. 
Temperature control was 23°C. Equilibration corresponded to 94-95% exchange. All reactions were carried 
out with decalin mixing. 

"Values were obtained from gc analysis using electronic integrations and nmr integration. The products are 
listed in order of increasing retention time unless otherwise stated. 

'Unidentified minor shorter-retention-time products. 
''Peaks due to E-2-hexene and Z-3-hexene overlapped. 
'Peaks due to E-2-heptene and Z-3-heptene overlapped. 
'Peaks due to E-4-, 2-4-, and E-3-octenes overlapped. Peaks due to 2 3 -  and E-4-octenes overlapped. 
Runidentified minor longer-retention-time products. 
"Products not listed in order of increasing retention time. 
'Mass spectral analysis was carried out on the mixture of deuterated alkenes isolated by preparative gc. 
'Deuterium analysis at 70 eV using gc-ms established that the components did not exhibit vastly different 

deuterium incorporations. 
"roduct analysis obtained from a run carried out at 203'C for 77 h. Exchange was carried out at 200°C for 

83 h. 

kenes. Similar results are observed for 1-hexene, 1-heptene, Since the yields are quite good (65-85%) and alkenes can 
1-octene, and the corresponding alcohols 12, 13, and Ib (en- easily be converted inti  other classes of compounds, HTDA 
tries 2, 3, 4, 6, 7, and 8,  Table 2). At 205°C 1-hexene, exchange is established as a valuable route to a wide range of 
I-heptene, and 1-octene"are isomerized mainly to the 2- and deuterated cyclic compounds. Certain deuterated acyclic com- 
3-alkenes and the deuterium incorporation decreases as the pounds may also be-prepared, but with the limitations ex- 
chain length increases. When 1-hexene, 1-heptene, and pressed above. Since D 2 0  can be replaced by THO after 
1-octene are heated at 215OC to increase deuterium incorpo- exchange conditions have been determined, the method, in 
ration, extensive rearrangement occurs. The corresponding principle, can be used to tritiate organic compounds with the 
primary alcohols (entries 6, 7, and 8 ,  Table 2) yield similar added advantage that the degree of exchange and the location 
results. Although acyclic alkenes may be perdeuterated by the of the label can be inferred from the studies in deuterated 
HTDA technique, the considerable rearrangement occurring in medium. 
most cases necessitates that reactions be carried out on a fairly 
large scale and spinning band distillation or preparative gas Experimental 
chromatography equipment used to separate the components. 
In some cases, products may only be obtainable as mixtures. General 

Proton and deuteron magnetic resonance spectra were recorded on 
As documented in entry 9 7  2~ tetramethylethylene (I5) Bruker WP-250 and 400 spectrometers with CDC13 as internal stan- 
k perdeuterated in good yield and perlabelled 293-  dard. Samples were dissolved in chloroform or chloroform-d. Chem- 
dimethyl-l-butene also is formed. Perhaps methyl groups ical shifts are expressed in parts per million downfield from tetra- 
can be used generally to anchor double bonds and minimize methylsilane. Deuterium assay analyses were performed on a VG 
rearrangement. Micromass 7070 mass spectrometer at low ionization voltage (12- 
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WERSTIUK A N D  TIMMINS: 2 

15 eV) and are expressed as atoms of deuterium per molecule in excess 
of natural abundance deuterium. Analytical gas-liquid partition chro- 
matography was performed on a Tracor 560 dual column analytical 
gas chromatograph equipped with flame ionization detectors using 
helium as the carrier gas. Flow rate was usually 20-30 mL/min. 
Columns used were 6 ft X 4 mm id 3% OV-l on 100- 120 mesh 
Chromosorb W and 30 ft X 118 in. 23% SP-1700 on 80- 100 mesh 
Chromosorb PAW (Supelco, Inc.). Preparative gas-liquid partition 
chromatography was carried out on a Varian Aerograph Model A-700 
gas chromatograph with a thermal conductivity detector at a helium 
flow rate of 50-60 mL/min with a 5 ft X 114 in. 15% SE-30 on 
60-80 mesh Chromosorb W column. 

Exchange reactions 
In a typical exchange reaction, substrate (0.20 g) was added to I % 

w/v DCI/D20 (5 mL) in a medium-walled glass tube, the mixture was 
degassed via three freeze-pump-thaw cycles and sealed under 
vacuum. The tube was placed in a 600-mL Parr pressure vessel which 
contained water to equalize pressure and heated at the desired tem- 
perature for an appropriate period. 

For later reactions the procedure was slightly modified. Decalin 
(1 mL) was added as a cosolvent and reaction was carried out in a 
600-mL Parr pressure apparatus which was heated in an apparatus 
which agitated the reaction mixture by a rocking motion. After reac- 
tion, the decalin layer was decanted from the frozen aqueous solution 
and analysed by gc and in some cases by gc-ms. The deuterium 
content of samples isolated by preparative gc was determined mass 
spectrometrically at low ionizing voltage (12- 15 eV). 

Structure elucidation of products 
In a typical reaction, substrate (0.20 g) was added to I% w/v 

HCI/H20 (5 mL) and decalin (I mL) in a medium-walled glass tube, 
the mixture was degassed via three freeze-pump-thaw cycles and 
sealed under vacuum. The tube was placed in a 600-mL Parr pressure 
vessel which contained water to equalize pressure and heated with 
agitation at the desired temperature for an appropriate period. The 
decalin layer was decanted from the frozen aqueous layer and analyzed 
by analytical gc. The products were isolated by preparative gc, in 
some cases as mixtures, and analyzed by high-field 'H nmr (250 and 
400 MHz). 

Large scale reactions 
Preparation of derrternted cyclopentene 
Three tubes, each containing cyclopentene (0.32 g), 1% w/v 

DCI/D,O (8 mL), and decalin (1.6 mL), prepared in the usual 
manner, were heated at 200°C for 24 h with agitation. The deuterated 
cyclopentene was isolated from the combined decalin solutions by 
flash distillation through a 9-cm Vigreux column. The yield was 
0.58 g (60%) of cyclopentane with deuterium incorporation of 87.0% 

(6.96 excess D atoms/molecule). 
Preparation of deuterated pentenes 
Three tubes, each containing E-2-pentene (0.30 g), 1% w/v 

DCI/D20 (8 mL), and decalin (1.5 mL) were heated for 24 h at 198OC 
with agitation. The deuterated pentenes (see entry 1, Table 2) were 
isolated from the combined decalin layers by flash distillation through 
a 9-cm Vigreux column. The yield was 0.58 g (64%). See entry I ,  
Table 2 for the approximate product composition. 

Preparation of deuterated hexenes 
Eight tubes, each containing I-hexanol (0.32 g),  decalin (I .6  mL), 

and I% w/v DCI/D20 (8 mL) were rocked for 72 h at 205°C. The 
organic layer was separated from the combined reaction mixtures and 
the deuterated E-2- and E-3-hexenes (2.76 g, 73.7%) were flash 
distilled from the decalin at atmospheric pressure through a 9-cm 
vacuum-jacketed Vigreux column. Mass spectrometric analysis estab- 
lished that exchange was 91.4% complete, corresponding to an incor- 
poration of 10.97 deuterium atoms per molecule. 

Preparation of octenes 
Four tubes each containing I-octene (0.30 g) I% w/v HCI/H20 

(8 mL) and decalin (1.5 mL) were prepared in the usual manner and 
heated for 24 h at 200°C with agitation. The octenes ( 1 .OO g, 83%) 
were isolated from the combined decalin layers by flash distillation 
through a 9-cm Vigreux column; see entry 4,  Table 2 for the approx- 
imate product composition. 
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Towards a complete account of the mechanism of hydrogen isotope exchange of 
diastereotopic protons of carbon acids. 11. Acid- and base-catalyzed enolization of 

bicyclo[2.2.l]heptan-2-ones. Evidence for exchange by inversion 
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NICK HENRY WERSTIUK and SUJIT BANERJEE. Can. J.  Chem. 63, 534 (1985). 
A study of acid- and base-catalyzed hydrogen isotope exchange of bicyclo[2.2. Ilheptan-2-one ( l a )  and its 3-deuteriated 

analogs has been carried out. We find that the k,.,,,/k,.,,,,, ratio (658 ? 66) for deuteroxide-catalyzed H + D exchange of I n  
at C-3 is 7.2 * 1.5 times greater than the k,.,,,/k,.,,,,,, ratio (91 * 9) for hydroxide-catalyzed D + H exchange of lb .  For 
acid-catalyzed exchange in CH,COOD(H)-D(H)Cl the rate ratios are 156 * 20 and 29 2 2 for H + D and D + H exchange, 
respectively. Equations which relate the observed selectivity k,..,,,/k,.,,,,,, (kI;,,,/ksl,,,,) to the intrinsic selectivity and the primary, 
secondary, and solvent KlEs are developed. The differences between the rate ratios for H + D and D + H exchange are 
interpreted on the basis of a significant contribution of an inversion pathway to exchange of the slow proton (deuteron). The 
significance of our study - i t  relates to the mechanism of hydrogen isotope cxchange of diastereotopic protons (deuterons, 
tritons) of any carbon acid - is discussed. 

NICK HENRY WERSTIUK et SUJIT BANERJEE. Can. J. Chem. 63, 534 (1985) 
On a effectuC une Ctude de I'tchange d'isotopes d'hydrogkne, catalysC soit par les acides ou par les bases, de la 

bicyclo[2.2.1]heptanone-2 (In)  et de ses analogues deuttrts en position 3. On trouve que le rapport (658 2 66) des vitesses 
k,.,,,/k,.,,,,,, pour I'Cchange H + D, catalysC par I'ion deuteroxyde, en C-3 de In est 7,2 2 1.5 fois plus grand que le rapport 
(91 * 9) des vitesses k,.,,,/k,.,,,,,, pour I'Cchange D + H, catalysk par I'ion hydroxyde, de Ib. Pour I'tchange catalyst par les 
acides, CH3COOD(H)/D(H)CI. les rapports de vitesse sont respectivement 156 r 20 et 29 & 2 pour les Cchanges H + D et 
D + H. On a dCvelopp6 des Cquations qui permettent de relier la selectivitC observCe k,.,,,/k,.,,,,,, (k,.,,,,,,/kl,.,) avec la stlectivitC 
intrinskque et les EIC primaire, secondaire et du solvant. On interprkte les diffkrences observkes entre les rapports de vitesses 
pour les Cchanges H + D et D+ H en fonction d'une contribution importante d'une voie d'inversion pour llechange du proton 
lent (deutkron). On discute de I'importance de notre travail dans sa relation avec le micanisme d'Cchange isotopique de protons 
diastkrCotopes (deuttrons et tritons) d'acides carboxyliques. 

[Traduit par le journal] 

Introduction 
Acid- and base-catalyzed enolizations of carbonyl com- 

pounds are two of the most important organic reactions, and, 
in keeping with that fact, have been the focus of considerable 
research designed to establish mechanistic details ( 1-3). Hy- 
drogen isotope exchange, in particular, has played an important 
role in many mechanistic studies (2, 3). It was clear to us, 
however, from a review of the literature, that there was a 
paucity of mechanistic information in the area of hydrogen 
isotope exchange (enolization) of polycyclic monoketones and 
diketones. In fact, prior to 1970 there were no accurate rate 
data for base-catalyzed exchange of diastereotopic protons of 
ketones even though there were reports (4-7) of the prepara- 
tion of 80-90% stereochemically pure 3-monodeuterated 
bicyclo[2.2. Ilheptan-Zones. Of particular interest to us was 
the possibility of exchange of diastereotopic protons by an 
inversion mechanism, which had been recognized, but not 
quantified (8). A research program was initiated at that time to 
detail the mechanistic intricacies of hydrogen isotope exchange 
(enolization) of bicyclic ketones and determine the effect of 
groups located remote (P or y) from an a enolizable site. A 
number of papers documenting our work have been published 
(9- 16). We noted, most importantly, from a study of the 
stereoselectivity of H -+ D and D -+ H exchange of l a  and its 
3,3-dideuteriated analog l b ,  that the k ,,,, /k ,.,,, /,, (k,,,,/k ,,,,) ratio 
decreased from 660 for exchange of l a  in deuteriated medium 
to 72 for exchange of l b  in nondeuteriated medium. We pub- 

' Present address: Safety and Environmental Protection Division, 
Brookhaven National Laboratory, Upton, New York 1 1973. 
' Revision received August I ,  1984. 

1 

a , X = Y = H  
b , X = Y = D  
c ,  X = CI; Y = H 
d, X = CI; Y = D 

lished a preliminary account (10) of an analysis that established 
that the difference was due to involvement of an inversion 
pathway for exchange of the endo (slow) proton (deuteron) at 
C-3. In this paper we give a complete account of our work on 
bicycloheptanones l a ,  l b ,  l c ,  and Id, develop equations 
including primary, secondary, and solvent KlEs (kinetic 
isotope effects) which relate the observed selectivity to the 
intrinsic selectivity S, and interpret the difference between 
(ker,,/kn ,(,,, )H-D and (k ,,,,, /k ,.,,, on the basis of a significant 
contribution of an inversion pathway to exchange of the slow 
proton (deuteron) of a diastereotopic pair. The importance of 
our study - it details the mechanism of hydrogen isotope 
exchange of diastereotopic protons, deuterons, or tritons of any 
carbon acid - is discussed. 

Results 
Hydrogen isotope exchange of bicyclot2.2. Ilheptan-2-ones 

The rates of NaOD(H)-catalyzed H -+ D and D -+ H ex- 
change of l a  and l b  were measured at 30°C in 60% dioxane - 
40% D,O or H20 by following the uptake or loss of deuterium 
mass spectrometrically at low voltage (12- 15 eV) (13). 
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WERSTIUK AND BANERJEE 

TABLE 1. Second-order rate constants for hydrogen isotope exchange of bicyclo[2.2. Ilheptan- 
2-ones at 30.00 ? 0.05"C 

k (M-I s - ly  

Entry Substrate Medium [-OH(D)] e.ro x 10' endo x lo5 krlk, 

"The medium was composed of 60% dioxane - 40% D20 (v/v). 
hThe medium was composed of 60% dioxane - 40% H20 (v/v). 
"Errors quoted are the standard deviations. 
"Obtained as a ratio of k,,,, (entry 1) and k,,',,, (average of entries 2 and 3). 
'Obtained as a ratio of k ..,,, (entry 6) and k ,.,,, ,, (entry 9). 

The pseudo-first-order rate constants were obtained by 
computerized analysis of the kinetic data and the second-order 
rate constants, obtained by dividing the first-order rate 
constants by the base concentration, are given in Table I .  A 
correction for dilution of the deuterium pool was not made in 
these studies because a previous study (13) showed that the 
corrected and uncorrected rate constants usually differed by 
less than 10%. A computer generated plot of the kinetic data for 
a typical run on l b  is given in Fig. l(A). 

Since it was not possible to determine the primary KIE for 
endo exchange of l a  directly, l c  and I d  were prepared and the 
rates of exchange were determined by monitoring the rates of 
isomerization in deuteriated and nondeuteriated medium as de- 
scribed previously (13). The second-order rate constants for 
isomerization of l c  and Id  obtained by computer analysis of 
isomerization data are listed in Table 2. A computer generated 
plot of the kinetic data for a typical run is given in Fig. I(B). 

The rates of acid-catalyzed H + D and D + H exchange of 
l a  and l b  were measured at 100°C in 90% CH,COOD - 10% 
2.08 N DCI and 90% CH,COOH - 10% 2.00 N HCI, re- 
spectively. The pseudo-first-order rate constants uncorrected 
for dilution of the deuterium pool and obtained by computer 
analysis of the data are listed in Table 3. A computer generated 
plot of the kinetic data obtained from a typical run is given in 
Fig. 1(C). 

Determination of the secondary KIE for exo proton abstraction 
in deuterated medium 

A competition method was used to determine the secondary 
KIE (v,) for exo exchange of l a  in deuteriated medium. Mix- 
tures (-50:50) of l a  and its endo-3-d analog If of known 
composition were reacted in 60% dioxane - 40% NaOD/D,O 
for periods ranging from 0.9 to 2.8 half-lives, quenched by a 
buffer, and analyzed by mass spectrometry. If the processes 
shown in Scheme I are considered, then eqs. [I]-[5] are ob- 
tained and the secondary KIE for exo deprotonation = l / a .  
Since eq. [ l ]  describes a and [la], = [d,],, [la], = [do],, and 
[If] = [dl],, eqs. [2], [3], [4], and [5] are obtained. 

[l]  a = 
In ([If l,l[lf lo) 
In ([ 1 al1/[lalo) 

TABLE 2. Second-order rate constants for hydrogen isotope exchange 
of exo-3-chlorobicyclo[2.2. Ilheptan-2-ones at 30.00 2 0.05"C 

Entry Substrate Medium [-OH(D)] k(M-I s- ' )  X 10"' 

"The medium was composed of 60% dioxane - 40% H,O (v/v). 
hThe medium was composed of 60% dioxane - 40% DZO (v/v). 
'Errors quoted are the standard deviations. 

The results of our study are given in Table 4 and the secondary 
KIE for exo proton abstraction v, = l/a = 1.12 ? 0.03. It is 
interesting to note that Tidwell and co-workers (8) obtained a 
value of 1.064 + 0.047 for exchange of bicyclo[2.2.2]octan- 
2-one by using a fitting routine. While the competition method 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



536 CAN. J .  CHEM. VOL. 63. 1985 

FIG. 1. (A). Plot of In % bicyclo[2.2. Ilheptan-2-one-exo,endo- 
3,3-d2 versus time (min) for b -+ H exchange in 60% dioxane - 40% 
0.040 M NaOH at 30.00 r O.OS°C (entry 6,  Table I). (B). Plot of In 
% exo-3-chlorobicyclo[2.2.~]heptan-2-one-endo-3-d versus time 
(min) for D -+ H exchange in 60% dioxane - 40% 0.061 M NaOD at 
30.00 + 0.05"C (entry 7,  Table 2). (C). Plot of In % bicyclo[2.2. I]- 
heptan-2-one-exo,endo-3,3-d2 versus time (h) for D -+ H exchange in 
90% HOAc - 10% 2 M HCI at 100.0 t O.S°C. 

described here is useful for determining secondary KlEs, there 
are several sources of error which must be considered. Dilution 
of the deuterium pool must be negligible. In this study, since 
2 mg of a mixture of ketones were used in 1 mL of 60% dioxane 
- 40% NaOD/D20, the dilution was -0.1%. The stereo- 
selectivity of exchange (kr/k,) is important as well - do-ketone 
is converted to dl-ketone by exo and endo  deprotonations and 
endo-3-d ketone can be isomerized to the exo-3-d species. A 
computerized simulation was carried out to probe the effects of 

the magnitude of k,-lk,, the reaction period, and the [do]/[dl] 
ratio on the observed secondary KIE. The results are given in 
Table 5 .  It is clear that for high selectivities the observed KlE 
is a good measure of the intrinsic KIE. This is not the case 
when the selectivity is low, an initial [do]/[dl] ratio > I is used, 
and the reaction is allowed to proceed for more than one half- 
life. 

Discussion and conclusions 
It is seen from the data listed in Table I that (kr/k,)D'H is 

considerably smaller than (kr/k,)H'D for base-catalyzed hydro- 
gen isotope exchange of the diastereotopic protons and deu- 
terons of l a  and 1 b, respectively. The (k,-/k,)"'D/(kr/k,)D'H 
ratio is 7.2 ? 1.5."~ is documented in Table 3 ,  (kJk,)D'H is 
considerably less than (k,./ks)H'D for acid-catalyzed exchange 
as well and the ratio is 5.4 ? I .  I. Since kr >> k,, in our view 
Scheme 2 is an adequate representation of the exchange of 
diastereotopic protons a to a carbonyl group. Since a common 
enolate is undoubtedly involved,' a steady-state treatment in- 
volving E and St leads to eq. [6] as the expression for the rate 
constant for slow H - D exchange.' 

'The ratio of 7.2 is somewhat smaller than the ratio of 9.1 reported 
in our preliminary communication (10). The difference arises from the 
fact that the ratios were obtained in a slightly different manner. As is 
seen in Table I ,  there is a significant medium effect on the fast and 
slow exchanges. In our earlier account, k;'-'H and ky-'H were 
obtained from plots of kl. (obs) and k, (obs) versus [OH-]. In the 
present analysis the (kl/k,)H'D and (k,-/k,)D'H ratios were obtained 
by using second-order rate constants obtained at similar base concen- 
trations since a study of the variation of k:.;," and k:,~," with [OH-] 
was not carried out. 
' Warkentin and Tee (17), through a study of the hydrogen isotope 

exchange of 2-butanone, have supported earlier suggestions that base- 
catalyzed enolization of ketones in aqueous medium involves con- 
certed formation of enols rather than enolates. However, if hydroxide- 
catalyzed enolization occurs to generate enols directly, then it is diffi- 
cult to account for the fact that solvent KIEs for base-catalyzed en- 
olization of ketones ((kD20/kH20) for acetone X 1.47) (18) are very 
similar to the solvent KlEs for H-D exchange of other carbon acids; 
9-fluorenylmethanol 1.49 (19), 1,4-dicyano-2-butene 1.39 (20), and 
phenylacetylene 1.33 (21). In fact, a recent study by Kresge and 
co-workers (22) has established that acetone yields the enolate in 
dilute aqueous NaOH. However, whether enolates or enols are in- 
volved is immaterial to our analysis. 

'We thank a referee for pointing out an alternative, perhaps more 
quantitative, analysis that involves Scheme A (for H -+ D exchange), 
development of differential equations for the change in concentrations 
of various species, and utilization of a steady-state analysis based on 
enolates E and E'. Following a solution of the resulting differential 
equations using the Carson-Laplace transformation, the kl-/k, ratios 
could be obtained by fitting isotopic composition-time data to the- 
oretical curves generated from different k,-/k, values. While this ap- 
proach would probably lead to a "final" general solution, the calcu- 
lations are difficult and the fitting of the experimental data would not 
be a simple matter. I t  is noteworthy that Ohnishi (23) utilized a scheme 
similar to the one referred to above to discuss the kinetics of 
-OD-catalyzed H -+ D exchange of 6.6-dimethylbicyclo[3. I. I]- 
heptan-2-one (nopinone), but used a different analysis of the rate 
equation. In our view, our approach, which uses experimentally deter- 
mined parameters - kr/k,, primary and secondary KlEs and SlEs - 
which have been documented and discussed in the literature, is a 
viable account of the acid- or base-catalyzed exchange of diasterotopic 
protons (deuterons or tritons) in cases where kl- >> k,. 
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WERSTlUK AND BANERJEE 

TABLE 3.  Pseudo-first-order rate constants for acid-catalyzed hydrogen isotope 
exchange of bicyclo[2.2. Ilheptan-2-ones at 100.0 * 0.5"C 

k ( s - ' )  X 10' 

Substrate Medium exo (fast) erldo (slow) kllk, 

1 n D 3.86 2 0.28"." 0.0247 2 0.0013" 156 ? 2 0  
l b  H" 0.362 2 0.018" 0.0124 * 0.0002" 29 * 2 

" D = 90% CH,COOD - 10% 2.08 N DCI. 
"H = 90% CH,COOH - 10% 2.00 N HCI. 
'Errors quoted are the standard deviations obtained from linear least-squares analysis. 
"obtained by multiplying the rate constant (4.48 X lo-' s - '  5 7.4%) determined at 

75.0 5 O.I°C by a factor of 8.61 that was obtained by dividing kl ' - 'H (3.62 X s '  
f 10.1%) obtained at 100.0 f 0.5"C by ki.'-"" (4.20 X loM5 s ' f 5.8%) obtained at 75.0 
? 0.I0C. 

' Average of two determinations; average deviation 5 10%. 

TABLE 4.  Secondary KlEs for e.ro proton exchange of bicyclo[2.2. I]- 
heptan-2-one in 60% dioxane - 40% DzO at 30.00 ? 0.05"C 

Initial" ' ' Gproximate  number 

[dol/[dll [NaODl of half-lives a 

Avg. 0.89 + 0.02  

"Obtained mass spectrometrically as an average of 10 scans at low voltage. 
'Obtaned as an average of 14 determinations of u from 14-111s scans. 
'Obtaned as an average of 14 determinations of a from 14-111s scans. 
"Obtaned as an average of 13 determinations of a from 13-ms scans. 
"Obtaned as an average of 12 determinations of u from 12-111s scans. 

Since ( k ,  + k , )  ( k ,  + k , )  >> k , k ,  in cases where k ,  > k , ,  eq. 
[6] can be approximated by eq. [7]. Although k 2  is greater 

than k , ,  if k ,  > k ,  and k , / ( k ,  + k , )  approaches unity, because 
k ,  >> k 6  the k ,  ( 1  - ( k , / k ,  + k , ) )  term - basically a measure 
of the contribution of inversion to exchange of the slow proton 
- can make a significant contribution to ( k s ) : c D .  If So = 
intrinsic selectivity in deuteriated medium, VD and LD are the 
primary KlEs for fast and slow deprotonation, VD' and L D '  are 
the isotope effects for fast and slow protonation, and v ,  and lD 
are the secondary KIEs for fast and slow proton exchange in 
deuteriated medium, then SD = k l V D l k 6 1 D  -̂ k? V D ' / ~ )  L D ' ,  

k , / k z  = V D ' / S D L D 1 ,  and k 6  = k ,  VD/SDID = k, , , , /SDID.  By mak- 
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TABLE 5 .  Variation of secondary KIEs for base-catalyzed 
enolization 

Actual Initial Number of half-lives 
kf/k, k ~ / k ~  do/dlratio (calcd. kH/kD) 

ing the appropriate substitution into eq [7],'eq. [8] is obtained. 

If SD >> VD or V,', then eq. [9] is obtained 

and the intrinsic selectivity is given by eq [lo]. 

If the assumption is madethat the protonation isotope effects 
are approximately equal to the deprotonation isotope effects, 
then eq. [ I  I ]  is obtained. 

SDLD' ID 
[ I  I I  (kr/k,,tb;eo = 

L,' + I, 
Presently there is little information available on the relative 
magnitudes of the deprotonation and protonation isotope ef- 
fects and it is difficult to make predictions.' From the limited 

'Even though (kl)6,h, is actually equal to k, + k,, the assumption that 
(kl),,,,, = k, VI, is valid because kl -- 650 X k,. 

'If the ZPEs (zero point energies) for C-H and C-D of substrate 
and the transition state are considered and a common intermediate is 
generated, then if AZPE in the transition state is 5 AZPE for substrate, 
kH/kl, for protonation -- kH/ku for deprotonation. 

data available it appears that the protonation KIE is less than 
the deprotonation KIE. Pocker (24) has shown that the pro- 
tonation KIE for acetone enolate (enol) in basic aqueous me- 
dium is -5.5 while the deprotonation KIE, neglecting second- 
ary effects, is 7.5. Long and Watson (25) have established that 
the primary KIE for protonation of methylacetylacetone enolate 
by CH,COOH(D) in aqueous medium is 5.6. 'The acetate- 
catalyzed enolization of the ketone is characterized by a prima- 
ry KIE of 5.8 in H,O. 

If a further assumption is made that VD .= VDt = LD = LD' 
= i and the secondary KlEs v,  and 1, are set equal to 1, then 
eq. [ I  I ]  can be approximated by eq. [12]. That 1, is small, 

1.12 ? 0.03 according to our studies, indicates that the as- 
sumption regarding v, and 1, is reasonable. 

If an analogous mechanism for D -+ H exchange in non- 
deuteriated medium is considered (Scheme 3), then a steady- 
state treatement using E and S '  yields eq. [13]. If SH is the 
intrinsic selectivity in nondeuteriated medium, VH and Ltl are 

k?' 
[I31 (ks):tH=k6' + kll ( 1  --I k?' + k,' 

the primary KlEs in fast and slow exchange, respectively, in 
nondeuteriated medium, and vH and IH are the respective 
a-secondary KIEs, then SH = k2'IH/k3'vtl = kF-tl/ky-H, kl = 

k:-"/vH, k6' 21 k y - t ' / ~ H ,  and kF'H k:-"/vHvH. BY 
making the appropriate substitutions into eq. [I31 and since SH 
>> vtl and 14, eq. [I41 is obtained. If vH and I, are set equal to 
I and VH = Ltl = i then eq. [14] is reduced to eq. [15]. 

That V, = VH = L, = LH = i is reasonable since the protonation 

KIE is expected to be similar in magnitude to the deprotonation 
KIE and primary KlEs measured in nondeuteriated and deu- 
teriated medium are very similar. Pocker (24) studied the 
hydroxide (deuteroxide) bromination of actone and perdeutero- 
acetone and established that (ktl/k~)tIZO = ( ~ H / ~ D ) D ? o  = 7.5. 
Jones (18), in a more recent study of the rates of abstraction of 
hydrogen, deuterium, and tritium from acetone by OH- (OD-), 
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TABLE 6. Kinetic isotope effects for 
hydrogen isotope exchange of exo-3- 
chlorobicyclo[2.2.1]heptan-2-ones 

Entry KIE 

" A  ratio of the averages of entries 1 and 2 
and 3 and 4 of Table 2. 

* A  ratio of entry 5 and the average of 
entries 6 and 7 of Table 2. 

'A ratio of the averages of entries I and 2 
and entry 5 of Table 2. 

" A  ratio of the averages of entries 3 and 4 
and 6 and 7 of Table 2. 

established that (ktl/kD)lllo = 9.8 t 0.5 and (kH/kD)D,o = 11.2 
t 0.4. The secondary KIE for 5 deuterium atoms was shown 
to be 1.067. The reason for the difference between Pocker's 
and Jones' findings is not clear. It is interesting to note that the 
solvent KIEs for acetone and perdeuterated acetone were 1.47 
_t 0.07 and 1.28 t 0.05, respectively. Long and Watson (25) 
studied the acetate-catalyzed bromination of methylacetyl- 
acetone in H,O and D,O and found (kll/k,,)tl,o = 5.8 and 
(kH/kD)D,o = 5.6. As is seen from the data in Table 6, the 
primary KIEs for endo-proton abstraction of l c  and Id ,  per- 
haps a better model for exchange of l a ,  in H,O and DzO are 6.9 
2 0.5 and 6.6 _t 0.3, respectively. The solvent KIEs for 
endo-proton abstraction from l c  and endo-deuteron abstraction 
from l d  are 1.60 2 0.04 and 1.68 t 0.16, respectively. The 
data establish that the primary KIEs are not substantially differ- 
ent in nondeuteriated and deuteriated medium. The same surely 
holds for the secondary KIEs as well. Consequently, we predict 
that if exchange by inversion contributes significantly to ex- 
change of the slow proton of a diastereotopic pair, then 
(kr/k,):cD should differ substantially from (kJk,),yLH. The 
ratio of eqs. [I21 and [IS] yields eq. [I61 

and i should range between 4 -, 8. A number of examples 
where this is the case have now been documented and are listed 
in Table 7. It is interesting to note that Lamaty and co-workers 
'(30) have corroborated our findings for exchange of I n .  It is 
clear that our prediction is supported in every case where the 
intrinsic selectivity is greater than the primary isotope effects. 
If exchange occurred only with retention, then, neglecting sol- 
vent isotopic effects, the ratios of the rate constants for H --, D 
and D --, H exchange yield eq. [I71 

since SH = SD. It can be argued that vastly different primary 
KIEs for D -, H exchange, especially for the cases where k, 
and k, are substantially different, could, coupled with second- 
ary KIEs, account for the observed difference between 
(kr/k,),"cD and (kr/k,)yLH. Since the secondary KIEs are small 
(21 1.1) and the primary KIEs are expected not to be vastly 

different, certainly not by a factor of 4 or more, especially for 
exchange of camphor (3), the experimental results are not in 
accord with exchange by retention only. From Table 6 it is seen 
that kH/kD for endo abstraction in l c  in H,O is 6.9 t 0.5. Bell 
and Grainger (31), by a study of the mutarotation of endo-3- 
bromo-(+)-camphor and its exo-d analog, established that 
kH/kD for exo abstraction was 6.9 in 15% DMSO/H,O at 25°C. 
Since kt, was 0.54 M- '  s- '  and 0.49 M- '  s-' in 15% 
DMSO/H,O and 45% dioxane/H,O, respectively, the primary 
KIE is expected to be similar in dioxane/H,O. Since endo-3- 
bromo-camphor should be a reasonably good model for exo 
exchange of endo-3-chlorobicyc]o[2.2.2]heptan-2-one, the 
data suggest that the exo and endo KIEs for exchange of 
[2.2. I]-ketones should not be vastly different. Tidwell and 
co-workers have shown that the primary KIE for exo abstrac- 
tion of l a  is 5 in 2: 1 dioxane/NaOD/D,O (8). If solvent 
isotope effects (SIEs) are included for H -, D exchange 
(Scheme 2) then with 

appropriate substitution into eq. [7] yields eq. [18]. A ratio of 
eqs. [I81 and [I41 yields eq. [19]. 

If v, and 1, are set equal to I and V,, VD1, VH, LH, and LDr are 
set equal to i, then in the case where exchange of the sIow 
proton occurs by inversion, eq. [20] is obtained. 

For the case where exchange occurs by retention only, inclu- 
sion of SlEs into eq. [I71 yields eq. [21]. 

Thus, if SIEl was substantially greater than SIE, and VH > LH, 
the difference between (kr/ks),"cD and (kr/ks),"cH could be in- 
dicative of a mechanism which involves exchange only by 
retention. Unfortunately there are no data available in the lite- 
rature on the relative magnitudes of the SIEs for exchange of 
diastereotopic protons. However, there is no reason to expect 
the SlEs to be substantially different, especially in the cases, 
i.e. camphor, where kr and k, are not vastly different. It is 
interesting to note that on the basis of our proposal, using eqs. 
[9] and [14], given eq. [22], and assuming that SIEl 21 SIE6 and 
SIE2 - SIE1, 
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TABLE 7. Ratios of rate constants for base-catalyzed hydrogen isotope exchange of ketones 

(krlkSlH' ( k r / k , ~ ~ - ' ~  (krlk,)T' 

658 ? 66 (this work) 91 ? 9 (this work) 81 (ref. 28) 
700 (ref. 30) 100 (ref. 30) 

1 8 (ref. 26) 
21 (ref. 27) 

120 (ref. 27) 

2 (ref. 26) 4 (ref. 28) 

293 ? 20 (ref. 29) 63 4 5 (ref. 29) 

19 (ref. 28) 

eq. [23] is obtained and rearranged into eq. [24]. 

If SD = SH, LD = LD' = LH, VD = VD1, and lD = lH = VH = I 
then eq. [24] is reduced to eq. [25]. 

If exchange of the slow proton occurs by retention only, then 
eq. [2 1 ] is rearranged into eq. [26] 

that yields eq. [27] using eq. [22] and assuming ID = 1 

It is seen from the data in Table 1 (entries 2, 3, and 9) that 
(ky-D/kp-H)c,, = 1.24 k 0.19, in accord with our proposal, 
but not with the latter case, since LH is expected to be r 5. 

While our analysisX is based on hydrogen isotope exchange 
a to a carbonyl group, it must also hold for exchange of di- 
astereotopic protons for all carbon acids such as sulfoxides 
(32-35), sulfones (35), sulfonium salts (36), and N-nitro- 
soamines (37)" where a common intermediate is generated or 
the barrier to inversion of the incipient diastereomeric anions is 
less than the barrier to protonation. Although the barriers to 
inversion of carbanions appear to be quite low (38), we expect 
that in the case where diastereomeric anions are formed and the 
inversion barrier is high, provided the primary, secondary, and 
SIEs are not vastly different for the fast and slow protons, 
(kr/ks)H'D = (kr/kJD' H. 

Presently, we are studying H + D and D + H exchange in 
several sulfoxides and plan to report our findings in the near 
future. 

Experimental 
Bicyclo[2.2. Ilheptan-2-one (I) was obtained from Aldrich Chem- 

ical Co. and was purified by preparative gas chromotagraphy prior to 
use. exo-3-Chlorobicyclo[2.2. Ilheptan-2-one and its deuteriated 
analog were prepared by the chlorination of In and lb ,  respectively, 
according to the method of Tobler er 01. (39) and were separated and 
purified by preparative gas chromatography. 

Kinetic merhods 
Bnse-cntnlyzed exchcrnge 
(a) Ketones 1 a nnd 1 b 
The method described in a previous publication (14) was used to 

determine the rates of H * D and D + H exchange of the di- 
astereotopic protons and deuterons of In  and 10, respectively. 

(b) Chloroketones 1 c nnd 1 d 
The method described previously (13) was used to determine the 

rates of H -z D and D -z H exchange of l c  and Id,  respectively. 

All the derivations of equations have been deposited as Supple- 
mentary Material. Copies may be obtained at a nominal charge, from 
the Depository of Unpublished Data, CISTI, National Research Coun- 
cil of Canada, Ottawa, Ont.. Canada, KIA 0S2. 

"The references listed are only representative of the systems which 
have been studied. Many other examples have been documented. 
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Acid-cotolyzed e-rchrltlge 
Stock solutions of 2.00 N HCI and 2.08 N DCI were prepared by 

diluting concentrated HCI and DCI in H20 and D20,  respectively. In 
a typical run, ketone (0.020-0.030 g) was dissolved in 1-2 mL of 
CH,COOH/2.00 N HCI or CH,COOD/2.08 N DCI and aliquots 
(-0. I mL) were sealed in thick-walled tubes and placed in a fluidized 
sand bath ma~ntained at 100.0 0.5"C. The tubes were withdrawn at 
appropriate intervals, quenched with liquid nitrogen, and stored in a 
freezer. Mass spectrometric analyses were carried out on a Hitachi- 
Perkin-Elmer RMU6A mass spectrometer at low voltage by simply 
subliming the volatile ketone into the spectrometer inlet system. 

Bicyclo[2 .2. l]heptm-2-om-3.3-d2 (1 b) 
Ketone l o  (3 g) was heated in a sealed tube with 20 mL of 0.5 N 

NaOD/D20 for 16 h at 140°C. The aqueous layer was extracted with 
purified pentane (3 X 20 mL), the combined pentane extracts were 
dried over Na2S04, and most of the pentane was distilled off through 
a 30-cm Vigreux column. The final traces of solvent were removed 
under vacuum to yield 2.6 g (87%) of deuterated ketone. Mass spec- 
trometric analysis established that the ketone was composed of 
94.30% d2, 3.9 1 % d , ,  and 1.83% do species. The ketone was purified 
by preparative gas chromatography prior to its use in kinetic runs. 

Bi~clo[2.2.l]heptot1-2-ot1e-endo-3-d (1 f ) 
The 3,3-dideuterated ketone (0.2 g) was heated in 60% dioxane - 

40% aqueous NaOH and was monitored periodically by mass spec- 
trometry until < 1% dideuterated ketone was present. The solution was 
worked up as described above to yield the desired monodeuterio 
substrate. 
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The gas-phase photochemistry and thermal decomposition of glyoxylic acid' 

R. A. BACK AND S. YAMAMOTO' 
Division of Chetnisrry, National Research Council of Canada. 100 Su.sse.r Drive, Orrawa, Onr., Canada KIA  OR6 

Received April 24, 1984 

R. A. BACK and S. YAMAMOTO. Can. J. Chem. 63, 542 (1985). 
The photolysis of glyoxylic acid vapour has been studied at five wavelengths, 382, 366,346,275, and 239 nm, and pressures 

from about I to 6 Torr, at a temperature of 355 K.  Major products were C 0 2  and CHZO, initially formed in almost equal 
amounts, while minor products were CO and Hz. Except at 382 nm, the system was complicated by the rapid secondary 
photolysis of CHzO. Three primary processes are suggested, each involving internal H-atom transfer followed by dissociation. 

The absorption spectrum is reported and shows the three distinct absorption systems. A finely-structured spectrum from 
about 320 to 400 nm is attributed to a transition to the first excited -rr* + n+ singlet state; a more diffuse absorption ranging 
from about 290 nm to a maximum at 239 nm is assigned to the -rr* + n state, while a much stronger absorption beginning 
below 230 nm is attributed to the -rr* + -rr transition. Product ratios vary with wavelength and depend on which excited state 
is involved. 

The thermal decomposition was studied briefly in a static system at temperatures from 470 to 7 10 K and pressures from 0.4 
to 8 Torr. Major products were again COz and CHZO, but the latter was always less than stoichiometric. First-order rate 
constants for the apparently homogeneous formation of COz are described by Arrhenius parameters log A (s-I) = 7.80 and 
E = 30.8 kcal/mol. Carbon monoxide and H2 were minor products, and the CO/COz ratio increased with increasing 
temperature and showed some surface enhancement at lower temperatures. The SF,-sensitized thermal decomposition of 
glyoxylic acid, induced by a pulsed COz laser, was briefly studied, with temperatures estimated to be in the 1100- 1600 K 
range, and the CO/C02 ratio increased with increasing temperature, continuing the trend observed in the static system. 

R. A. BACK et S. YAMAMOTO. Can. J. Chem. 63, 542 (1985). 
Opkrant a des pressions allant de I 6 Torr et une tempCrature de 355 K, on a CtudiC la photolyse de I'acide glyoxylique 

en phase vapeur aux cinq longueurs d'onde suivantes: 382, 366, 346, 275 et 239 nm. Les produits principaux sont le COa et 
le CH20 qui se forment initialement en quantitCs pratiquement Cgales; i l  se forme aussi du CO et du Hz comme produits 
mineurs. Except6 B 382 nm, le systkme est compliquC par la photolyse secondaire rapide du CHzO. On suggkre ['existence 
de trois processus primaires qui impliquent tous un transfert interne d'un atome d'hydrogkne qui serait suivi par une 
dissociation. 

On rapporte le spectre d'absorption qui prtsente trois systkmes distincts d'absorption. On attribue le spectre a structure fine, 
qui s'Ctale de 320 B 400 nm, B une transition vers le premier Ctat singulet excitC -rr+ + n+; on attribue une absorption plus 
diffuse, qui va de 290 nm jusqu'i un maximum a 239 nm, a 1'Ctat -rr* + n.. alors que I'absorption beaucoup plus forte qui 
commence en dessous de 239 nm serait due a la transition -rr* + -rr. Les rapports des quantitCs de produits obtenus varient avec 
la longueur d'onde utilisCe pour provoquer la photolyse et ils dCpendent de I'ttat excitC impliqui. 

Opkrant a des temperatures allant de 470 a 710 K et a des pressions allant de 0,4 a 8 Torr, on a brikvement CtudiC la 
dCcomposition thermique dans un systkme statique. De nouveau, les produits majeurs sont le COz et le CHzO; toutefois, la 
quantitC formCe de ce dernier compost5 est toujours infkrieure a la stoYchiomt5trie. Les constantes de vitesse du premier ordre, 
pour la formation apparement homogkne de COz, est dtcrite par les paramktres d'ArrhCnius suivants: log A (s-') = 7,80 et 
E = 30.8 kcal/mol. Le CO et le Hz sont formts comme produits mineurs; le rapport CO/COr augmente avec une augmentation 
de la tempkrature et, basse temptrature, il est rehaussC par la prCsence de surfaces. On a brikvement CtudiC la dCcomposition 
thermique de I'acide glyoxylique, sensibilisCe par du SF, et induite par un laser pulsC au COr; on a CvaluC que les tempkratures 
se situaient entre 1100 et 1600 K et, comme dans le systkme statique, le rapport CO/COz augmente avec une augmentation 
de la tempkrature. 

[Traduit par le journal] 

Introduction Experimental 
The photolysis and spectroscopy of glyoxal and biacetyl 

have been the subjects of"much investigation and interest, but 
few other a-dicarbonyl compounds have been studied in the gas 
phase. We have recently completed studies of the spectroscopy 
(1) and photochemistry (2) of oxalic acid vapour, and the 
present paper describes the extension of this work to glyoxylic 

0 

acid, H-C-C-0-H. The thermal decomposition and the 
II 
0 

decomposition induced by a pulsed infrared laser were also 
studied for comparison with the photolysis. 

'NRCC 23762. 
'NRCC Research Associate, 1981 - 1983. Present address: Depart- 

ment of Chemistry, Okayama University, Tsushima, Okayama 700, 
Japan. 

The apparatus and techniques were similar to those used with oxalic 
acid (2). Photolyses were done in a cylindrical quartz vessel, 10 cm 
long and 5 cm in diameter, with the vessel and gas-handling manifold 
kept at a temperature of 355 K ,  high enough to permit an adequate 
vapour pressure but low enough so that thermal dark reaction was 
minimal, and no correction was needed. 'The thermal decomposition 
was studied in a static system, a cylindrical quartz vessel 1 I cm long 
and 3 cm in diameter heated in a tube furnace. The laser-induced 
pyrolysis was done in a cylindrical Pyrex vessel, I0 cm long and 4 cm 
in diameter, fitted with NaCl windows, also held at 355 K. 

The light source for the ultraviolet photolysis was a 1000 W Hg-Xe 
high pressure arc lamp with matching monochromator that gave a band 
width of about 20 nm. For the laser-induced decomposition, a Lum- 
onics Model 203 pulsed COr TEA laser was used, as previously 
described (2, 3). 

Glyoxylic acid (98% pure) was obtained from Aldrich as the hy- 
drate, and was dehydrated by judicious heating and pumping until a 
constant vapour pressure was attained; i t  was thoroughly pumped 
to remove any decomposition products before each experiment. 
Propylene was Phillips Research grade. 
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A(nm) 
FIG. I. Low-resolution absorption spectrum of glyoxylic acid vapour. E = molar decadic extinction coefficient. 

TIME (rnin) 

FIG. 2. Time dependence of products in the photolysis of glyoxylic 
acid at 366 nm and a pressure of 4 Torr. 

Results 
Absorption spectrum 

The absorption spectrum of glyoxylic acid vapour, pre- 
viously unreported, was measured in a modified Heath spec- 
trophotometer fitted with a 4 m heated cell, and is shown in 
Fig. 1.  Three absorption systems are evident. The highly 
structured spectrum extending from about 320 to 400 nm 
undoubtedly corresponds to excitation of the T* + n+ first 
excited singlet state. The absorption beginning at about 290 nm 
and extending to a maximum at 239 nm, with broad diffuse 
vibrational features, is probably due to the T* + n- excitation, 
while the much stronger absorption setting in below about 230 
nm is most probably from a T* + T excited state. The photo- 
lysis was studied at the five wavelengths indicated in Fig. 1, 

three in the first absorption system and two in the second. A 
more detailed account and analysis of this spectrum will be 
published elsewhere (4). 

Ultraviolet photolysis 
Major primary products of the photolysis were CO, and 

formaldehyde, with much smaller amounts of Hz and CO. The 
time dependence of products at 366 nm is shown in Fig. 2. 
Production of CO, was linear with time at this and all other 
wavelengths. Yields of H,CO, however, fell with increasing 
time, and those of CO increased, and similar behaviour was 
observed at 346,275, and 239 nm. In the photolysis at 382 nm, 
however, both COz and CO were linear functions of time; 
yields of HICO could not be measured accurately because the 
amounts were quite small at this wavelength. 

Experiments at 366 nm with added air or propylene at pres- 
sures up to 50 Torr showed no difference in the production of 
CO,, indicating that neither free radicals nor triplet states were 
involved in its formation. 

Some light emission was observed on excitation between 
340 and 380 nm, but the excitation spectrum was almost ex- 
actly that of formaldehyde and thus the emission was very 
probably from excitation of formaldehyde product; there may 
have been some weak underlying emission from glyoxylic acid 
itself. 

Thermal decomposition 
The thermal decomposition was studied in a static system at 

pressures from 0.4 to 8 Torr and temperatures from 470 to 7 10 
K. Products observed and measured were those observed in the 
photolysis, COz, H,CO, CO, and Hz, all volatile at dry-ice 
temperature. No systematic search was made for higher prod- 
ucts. Figure 3 shows an Arrhenius plot of the first-order rate- 
constant for the formation of CO,. No trend with pressure was 
observed between 2.5 and 8 Torr, and all the data shown were 
obtained in this range. At lower pressures the rate constant 
decreased substantially (Fig. 4). Formaldehyde was always less 
than COz, with the ratio reaching a constant value of about 0.8 
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acid and variable SF6 pressure. Results are shown in Figs. 7 and 

o E =  2 9 . 6  K C A L  /MOL 

logloA (s-I)= 7 . 6 8  

UNSEASONED 

SEASONED 

PACKED,UNSEASONED 

\ 

FIG. 3. Arrhenius plot for the first-order rate constant for the 
formation of COr in the thermal decomposition of glyoxylic acid. 

PRESSURE OF GLYOXYLIC ACID (Torr) 

FIG. 4. Pressure dependence of the first-order rate constant for the 
formation of COz. 

above 625 K ,  and falling markedly at lower temperatures 
(Fig. 5). Yields of CO and H, were each less than 10% of the 
C 0 2  and decreased with decreasing temperature (Fig. 6). All 
products were linear functions of time at the low conversions 
attained in the experiments. 

Decomposition induced by a pulsed infrared laser 
Glyoxylic acid did not itself absorb infrared radiation at the 

wavelengths of the CO? laser, but its decomposition was easily 
sensitized by a small pressure of SF6, which is a strong absorb- 
er. Two sets of experiments were done, one with a constant 
pressure of 1.2 Torr of SF6 and varying pressures of glyoxylic 
acid, the other with a constant pressure of 2.8 Torr of glyoxylic 

8. Although the extent of decomposition of the reageit in the 
laser beam (1.2 cm diameter) was quite high in some of these 
experiments, product yields were proportional to the number of 
pulses up to about four pulses, with the reagent in the beam 
presumably replenished in the 2 s between pulses by diffusion 
and convection. All the data shown were obtained with two 
pulses per experiment. 

The probability of decomposition, P, and the CO/CO, ratlo, 
behaved in a parallel manner (Figs. 7 and 8), reflecting changes 
in the effective temperature of the system with changing gas 
composition. The major effect is that caused by dilution of the 
absorbing SF6 by non-absorbing glyoxylic acid with con- 
sequent decrease in temperature. The decrease in P in Fig. 7 is 
less than expected, however, and the increase in P in Fig. 8 
more than expected on this basis, as shown more clearly in a 
plot of P vs. mole fraction of SF6 (Fig. 9). The explanation 
probably lies in a pressure dependence of the multiphoton ab- 
sorption by SF6, evident from the dependence of P on total 
pressure (indicated on Fig. 9 beside each experimental point). 
There is also probably an additional increasein P with pressure 
due to an increase in reaction time, as the hot gas cools more 
slowly after the pulse at higher pressure. A reaction time of the 
order of 1 ms can be estimated. and if the decom~osition 
follows the Arrhenius parameters' found in the static ihermal 
decomposition (Fig. 3), reaction temperatures between about 
1100 and 1500 K are indicated for the experiments shown in 
Figs. 7 and 8. 

Figure 10 shows the effect of added air on the laser-induced 
decomposition. The decrease in P and in the CO/C02 ratio are 
again less than expected from simple dilution, and counter- 
vailing effects of total pressure on energy absorption and reac- 
tion time are again probably responsible. Figure 1 1  shows the 
effect of laser fluence (varied by means of a long-focus lens 
(4)) on the CO/C02 ratio. 

Discussion 
The photolysis products, their time dependence, and the lack 

of effect of O2 and propylene, suggests strongly that the major 
primary process at all wavelengths is a simple photo- 
dissociation into C 0 2  and formaldehyde. The increase in CO 
and the decrease in H,CO production with increasing time 
points to a secondary photolysis of formaldehyde, a conclusion 
supported by the absence of this behaviour at 382 nm where 
formaldehyde is almost transparent. The secondary CO was not 
accompanied by Hz in comparable amounts, and it appears that 
disproportionation reactions involving excited HzCO and 
HCO, similar to those invoked in the photolysis of for- 
maldehyde alone (5), are probably involved in CO formation. 
There were also smaller yields of CO and Hz formed as primary 
products, and the following set of reactions accounts for our 
observations. 

131 + CO + HCOOH (or 2C0 + HzO) 
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I o UNSEASONED 

FIG. 5.  Arrhenius plot of the ratio of formaldehyde to COz from the thermal decomposition of glyoxylic acid. 

IOOO/T(K)  

FIG. 6. Arrhenius plot of product ratios CO/COI and H2/C02 from 
the thermal decomposition of glyoxylic acid. 

-I 

0 

161 H2CO* + other products 

- 
0. . . . 

O,o . . O\0 0 KO. 0-0- C0/CO2 0 

'0 

Reaction [ l ]  was the predominant primary process at all wave- 
lengths, while reaction [2], measured by the yield of H,, was 
consistently about 3% of reaction [ l ]  under all conditions. 
Reaction [3] is suggested to"account for the primary production 
of CO unaccompanied by Hz. This process was clearly evident 
at 382 nm and easily measured directly. At 366 and 346 nm it 
was obscured by secondary production of CO via reaction [5] 
(Fig. 2). Reactions [5] and [6] are not elementary reactions, but 
simply represent formally the photochemical loss of for- 
maldehyde with and without formation of CO. A simple math- 
ematical modelling of reactions [ I ]  to [6] to give the best fit to 
the time dependence of the CO/CO, ratio (Fig. 12) led to 
estimates of reaction [3] at these two wavelengths by extrapo- 
lation to zero time. At 275 and 239 nm a simple empirical 
extrapolation was used. Values for the yields of reactions [2] 
and [3], relative to that of 111, are shown in Table 1. Values of 
+3 are based on formation of CO + HCOOH; if 2 C 0  + H,O 
are formed instead, these would be halved. Neither HCOOH 
nor H,O was measured in these systems, as the absolute 
amounts were small and easily lost by adsorption in the vacuum 

- 
- 2 

0 UNPACKED 

PACKED 

GLYOXYLIC ACID PRESSURE (Torr)  

FIG. 7. Probability, P, decomposition of glyoxylic acid in the laser 
beam in a single pulse, and the CO/COI product ratio, for the 
SF6-sensitized thermal decomposition induced by a pulsed COz laser. 
Pressure of SF, = 1.2 Torr. 

line. 
Absolute quantum yields of CO, were estimated at the three 

longest wavelengths using azomethane as an actinometer, and 
values of 0.08, 0.66, and 0.76 were obtained at 382, 366, and 
346 nm, respectively. The trend with wavelength is probably 
real, but absolute values are rather uncertain, especially at 382 
nm, because of the difficulty in estimating the light absorbed by 
the glyoxylic acid. Absorption was too weak to be measured 
directly in the 10-cm photolysis cell (the spectrum in Fig. 1 was 
obtained in a 4-m cell), and the sharp structure of the spectrum, 
especially at the longest wavelengths, made it hard to estimate 
effective extinction coefficients for the photolytic light. There 
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SF6 PRESSURE (Torr 1 
FIG. 8. Dependence of P and CO/C02 product ratio on pressure of 

added SF, in the laser-induced thermal decomposition of 2.8 Tom of 
glyoxylic acid. 

was no evidence for collisional quenching of the photo- 
dissociation by added gas (air or propylene) up to 50 Torr at 
366 nm, and no strong fluorescence was seen, so it seems 
probable that the absolute quantum yield at 366 nm and shorter 
wavelengths may have been close to unity; the lower value at 
382 nm is probably real. 

The photochemistry of glyoxylic acid differs from that of 
oxalic acid (2) in that the ratio @, /a , ,  and thence the CO/C02 
ratio, depends strongly on wavelength (Table 1). At the three 
longest wavelengths, the CO/C02 ratio decreases with in- 
creasing photon energy, although in the thermal decomposition 
the same ratio increases with increasing temperature (see be- 
low). This indicates that the photolysis does not proceed 
through internal conversion and dissociation of the 
vibrationally-excited ground state, but probably occurs directly 
from the T* + n+ singlet state or perhaps a short-lived triplet. 
As in oxalic acid, internal transfer of H to the carbonyl oxygen 
may be involved, with rearrangement of the resulting carbenes 
leading to HzCO and HCOOH. 

MOLE FRACTION SF, 

FIG. 9. Probability, P, of decomposition of glyoxylic acid vs. 
mole fraction of SF,. Numbers show total pressure in Tom for each 
experiment. 

PRESSURE OF AIR (Tor r )  

FIG. 10. Effect of added air on P and on the product ratio CO/C02 
in the laser-induced thermal decomposition of glyoxylic acid. 
Glyoxylic acid = 2.8 Tom, SF, = 1.2 Torr, P,, = probability of 
decomposition in the absence of air. 

The observed minor formation of Hz (reaction [2]) might arise 
from an alternative decomposition of HCOH into Hz and CO. 
At the two shortest wavelengths, the CO/C02 ratio increases 
with increasing photon energy. It is clear from the absorption 
spectrum (Fig. 1) that the excitation here involves the second 
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TABLE I .  Relative quantum yields of 
primary processes in the photolysis of 

glyoxylic acid 

RELATIVE FLUENCE 

FIG. I I. Effect of laser fluence on CO/COZ product ratio in the 
laser-induced thermal decomposition of glyoxylic acid. Relative flu- 
ence is in arbitrary units. = 2.8 Torr glyoxylic acid, 1.2 Torr SFh, 
0 = 2.8 Torr glyoxylic acid, 2.6 Torr SF,. 

TIME (m in )  

FIG. 12. Time dependence of the CO/CO, product ratio from the 
photolysis of glyoxylic acid .at 366 nm. Curve is calculated from 
model based on mechanism in text. Points are experimental. 

excited singlet state, .rr* +- n-, and perhaps the .rr" + .rr state, 
which probably has a strong absorption tail underlying the 
former. A different decomposition mechanism, perhaps 
through the vibrationally excited ground state, is probably 
operative at these wavelengths. 

The thermal decomposition is more complicated than the 
photolysis, although there seems to be no secondary decom- 
position of products as all yields were linear with time. At the 
higher temperatures, the major process is again the formation 
of C 0 2  and H,CO, but the latter remains at only 80% of its 
stoichiometric yield; at lower temperatures much more is miss- 
ing (Fig. 5 ) ,  perhaps lost through polymerization or reaction 
with glyoxylic acid to give higher products. Production of COz 
showed some enhancement in the packed vessel, in which the 

surface/volume ratio was increased by a factor of 4 (Fig. 3). A 
correction for surface reaction, assuming simple additivity with 
the gas-phase decomposition, led to corrected Arrhenius pa- 
rameters of log A (s-') = 7.80 and E = 30.8 kcal/mol, not 
much changed from the values obtained before correction 
(Fig. 3). If these parameters can be ascribed to a simple 
homogeneous process, 

they may be compared with those for the similar formation of 
C 0 2  and HCOOH from oxalic acid (6). The activation energies 
are almost the same (30.8 vs. 30 kcal/mol) but the frequency 
factor for glyoxylic acid is four orders of magnitude smaller. 
This is much too low for a normal simple unimolecular reac- 
tion. As with the corresponding decomposition of oxalic acid 
( 2 ) ,  one might expect reaction [9] to proceed by internal trans- 
fer of the 0-H hydrogen through a four-membered transition 
state:3 

It is difficult to see why this should be a factor of 10' slower 
in glyoxylic acid, or in simpler terms, why glyoxylic acid 
should be so much more stable towards thermal decomposition 
than oxalic acid. 

Formation of CO, at least at the lower temperatures, showed 
a strong surface enhancement while Hz, a very minor product, 
was somewhat reduced (Fig. 6). Carbon monoxide was not a 
product of the thermolysis of oxalic acid, which suggests that 
in glyoxylic acid it is formed by transfer of the aldehydic 
hydrogen: 

'Transfer of H to the carbonyl oxygen as in reaction [7] is unlikely 
in  the thermal reaction because of the expected high energy required 
to form hydroxymethylene. 
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Neither H,O nor HCOOH was detected, but their analysis in 
this system in the amounts expected is difficult, and either 
reaction [I 11 or [I21 may have occurred. The upward trend in 
the CO/C02 ratio with increasing temperature evident in 
Fig. 6 continues in the laser-induced pyrolysis, reaching values 
as high as 0.71 at the highest fluence (Fig. 1 I). 

It has been shown (7) that the most stable structure of gly- 
oxylic acid in the gas phase is planar, with the two carbonyl 
groups in a trans configuration maintained by strong hydrogen 
bonding. All the processes we have suggested, both in the 
thermal and the photochemical decomposition, proceed from 
this configuration except for reaction [I 11 which would require 
a cis structure. The barrier to isomerization is probably less 

than 10 kcal/mol, and would not hinder the occurrence of 
reaction [l  11 in the thermal decomposition. 
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The photolysis and thermal decomposition of pyruvic acid in the gas phase' 

S. YAMAMOTO? AND R.  A. BACK 
Division of Chemistry, National Research Council of Canada, 100 Sussex Drive, Ottawa, Ont.. Canada KIA OR6 

Received May 30, 1984 

S. YAMAMOTO and R. A. BACK. Can. J. Chem. 63, 549 (1985). 
The photolysis of pyruvic acid vapour has been studied at wavelengths of 366, 345, and 320 nm, at a temperature of 340 

K and pressures from about I to 10 Torr. Products observed were COZ and CH3CH0, with the former always in excess, and 
a quantum yield of COr of 0.9 ? 0. I at 366 nm. Light emission was also observed, and from the effect of added 0, it was 
concluded that emission occurred from both singlet and triplet states. I t  is suggested that the primary process in the photolysis 
is an internal hydrogen-atom transfer followed by dissociation into COz and CH,-C-OH, with the latter then rearranging 
to give CH3CH0 and other products. 

The absorption spectrum is reported; the first system begins at about 380 nm, rising to a maximum at about 350 nm, with 
E,,,,, -- 10 M-' cm-I, and is attributed to the first excited n* + n+ singlet state. Weak absorption below 300 nm is probably 
due to the n* + n- state and much stronger absorption below 220 nm to the n* + n state. 

The thermal decomposition was studied briefly at temperatures from 455 to 584 K and pressures from about 0.8 to 7 Tom. 
Products were the same as in the photolysis, and Arrhenius parameters of log A (s-I) = 7.19 and E = 27.7 kcal/mol were 
obtained, based on the formation of COr, which was apparently a simple, homogeneous unimolecular process. 

S. YAMAMOTO et R. A. BACK. Can. J. Chem. 63, 549 (1985). 
Optirant a une temperature de 340 K et a des pressions allant de I a I0 Torr, on a Ctudie la photolyse de l'acide pyruvique 

en phase vapeur a des longueurs d'onde de 366, 345 et 320 nm. Parmi les produits observts. on note le C02 et le CH3CH0 
et le premier est toujours prCsent en excts; a 366 nm, le rendement quantique en COZ est Cgal a 0,9 & 0, I .  On a aussi observe 
une Cmission de lumitre et, sur la base des rCsultats obtenus par addition de Oz, on en conclut que I'Cmission se fait tant de 
I'Ctat singulet que de I'Ctat triplet. On suggere que le processus primaire de la photolyse est un transfert interne d'un atome 
d'hydrogtne qui est suivi par une dissociation en COz et en CH3-C-OH et Cventuellement par une transposition de cette 
dernitre entit6 en CH,CHO et en d'autres produits. 

On rapporte le spectre d'absorption; le premier systtme commence a 380 nm, i l  augmente pour atteindre un maximum a 
environ 350 nm, avec un E,,,,, = 10 M-I cm-', et on I'attribue au premier etat singulet excite n* + n+. L'absorption faible 
que I'on observe a une longueur d'onde infkrieure 300 nm est probablement due a I'Ctat n + n- alors que I'absorption 
beaucoup plus forte apparaissant a une longueur d'onde infkrieure a 220 nm est attribute I'Ctat n* + n. 

Optirant a des tempkratures allant de 455 a 584 K et a des pressions allant de 0,8 a 7 Torr, on a britvement CtudiC la 
dCcomposition thermique. Les produits sont les mCmes que ceux obtenus par photolyse; sur la base de la formation du CO,, 
qui est apparemment un processus unimolCculaire simple et homogtne, on a aussi obtenue les paramttres dlArrhCnius qui sont: 
log A (s-I) = 7,19 et E = 27,7 kcal/mol. 

[Traduit par le journal] 

introduction ~hotolvsis vessel was 10 cm lone and 5 cm in diameter. Light emis- - - 
With the exception of glyoxal and biacetyl, the photo- sion was measured with a photomultiplier in a traditional T-shaped 

fluorescence cell 5 cm in diameter with a Wood's horn light trap and chemistry of a-dicarbonyl compounds in the gas phase has filters to remove scattered exciting light. All experiments were done 
largely been neglected. Recently, the photolyses of oxalic acid at a temperature of 340 K. The thermal decomposition was studied in 
(1) and g l ~ o x ~ l i c  acid (2) have been studied in this laboratory, a static quartz cylindrical reaction vessel, 10 cm long and 3 cm in 
and the present paper describes an investigation of the gas- diameter, mounted in a tube furnace. Pymvic acid (>98% pure) was 
phase photochemistry of pyruvic acid, obtained from Kodak. 

I1 
CH,C-C-OH 

II 
0 

which was studied only very briefly before by Vesley and 
Leermakers (3) in 1964. A brief examination of the ther- 
mal decomposition, apparently not studied previously, is also 
reported. 

Experimental 
Techniques and apparatus were very similar to those used and 

described before (1, 2). The light source was a Hg-Xe high-pressure 
arc lamp with matching monochromator, and the cylindrical quartz 

'NRCC 23761. 
'NRCC Research Associate, 1981 - 1983. Present address: Depart- 

ment of Chemistry, Okayama University, Tsushima, Okayama 700, 
Japan. 

Results 
Ultraviolet absorption spectrum 

This is shown in Fig. 1, with the arrows showing wave- 
lengths used for photolysis. By analogy with glyoxylic and 
oxalic acids (1,  2, 4) and other a-dicarbonyl compounds, the 
first absorption system, beginning at about 385 nm and reach- 
ing a maximum (E = 10 M-' cm-') at 350.6 nm, can be 
assigned to a IT* + n+ transition, the first excited singlet state. 
Some vibrational structure is evident at the longer wavelengths, 
and the sharp feature at 369.8 nm probably marks the (0, 0) 
band, since no further bands could be seen to the red even at 
four times higher pressures. A second weak absorption system 
with broad vibrational features begins below 300 nm, probably 
the IT* + n- transition, which disappears beneath a much 
stronger absorption setting in about 220 nm (not shown), 
probably the IT* t IT transition. The three wavelengths used in 
the photolysis experiments all fall within the IT* + n+ system 
(Fig. 1). 
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FIG. I .  Absorption spectrum of pyruvic acid vapour, measured in a 4-m tube at a pressure of 4.85 Torr at 85'C. Absorbance is in arbitrary 
units. 

TIME (min 

FIG. 2. Time dependence of photolysis products at 366 nm and 
pressure of 5 Torr. 0 = COz, A = CH3CH0. 

. .  ... 
Photolysis 

At all wavelengths, the only products of the photolysis vol- 
atile at room temperature were C02 and CH,CHO. These were 
measured by gas chromatography, and their time dependence is 
shown in Figs. 2-4. Both products were linear with time at 
366 nm, but at the shorter wavelengths, yields of one or both 
products fell off with time; the cause of this behaviour is not 
clear. Yields of acetaldehyde were always much less than those 
of COz, 45% of the CO, at 366 nm, and varying between about 
30 and 80%, and increasing with time, at 345 and 320 nm 
(Figs. 3,4). Figure 5 shows the pressure dependence of product 
yields at 345 nm; similar linear dependence was found at the 
other two wavelengths, and as the light absorption was small, 
quantum yields must have been independent of pressure, at 
least up to about 10 Torr. The absolute quantum yield of COz 
at 366 nm was measured using azomethane actinometry to be 
0.9 2 0.1 ; this may be compared with the value of 1.02 + 0.06 

TIME (min ) 

FIG. 3. Time dependence of photolysis products at 345 nm and 
pressure of 5 Torr. 0 = COT, A = CHXHO. 

reported by Vesley and Leermakers (3) at the same wavelength. 
Realistically, both these values are indistinguishable from unity 
within experimental uncertainty. Figure 6 shows the effect of 
air on the photolysis product ratio at 345 and 366 nm; COz was 
unaffected, but CH,CHO fell steadily to a constant value of 
about 10% of the CO, above 100 Torr. 

Light emission 
Light was emitted upon irradiation between 335 and 390 nm. 

An excitation spectrum is shown in Fig. 7, normalized to con- 
stant incident light intensity. Comparison with the absorption 
spectrum (also shown) makes it clear that the strongest emis- 
sion came from the first vibrational band at 369.6 nm (probably 
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0.4 

0.3 - 
n - / 

E I 
3. - 
cn 0.2 - 0 
n - 
-I 1 I I 

w O O  5 0  100 150 
> 

PRESSURE OF AIR ( Torr  ) 
0.1 - 

FIG. 6. Effect of air on photolysis product ratio at a pressure of 
5 Torr of pyruvic acid. 0 = 345 nm, = 366 nm. 

I 1 I 
0 6 0  120 

TIME (min ) 

FIG. 4. Time dependence of photolysis products at 320 nm and 
pressure of 5 Torr. 0 = COz, A = CH3CH0. 

Z - .- 
VI 

al - 
c - 
c 
.- 

1.0 - VI .- 
E 
W 

n - 
0 
E 3 4 0  3 6 0  3 8 0  4 0 0  
3. 
d 

Q 
X(nm) 

-I 0.5- 
W - FIG. 7 .  Excitation spectrum of emission normalized to constant 
> lamp intensity. Dashed curve is the absorption spectrum. 

Thermal decomposition 
The decomposition was studied at temperatures from 455 to 

584 K and pressures between 0.8 and 7 Torr. Products again 
were C02 and CH3CH0, and Fig. 10 shows that yields of both 
were linear with time. The positive intercept in the C01 plot is 

I I apparently due to C02 formed during the vaporization of the 
0 . .  ... 5 10 liquid pyruvic acid; when this was subtracted,"he ratio 

PRESSURE (Torr 1 CH,CHO/C02 was unity at 1 Torr but fell significantly with 
increasing pressure (Fig. 11). Figure 12 shows an Arrhenius 

FIG. 5.  Pressure dependence of photolysis products at 345 nm. 0 plot of the first-order rate constant based on COz formation, 

= CO,, A = CHXCHO. with the straight line corresponding to log A (s-') = 7.19 and 
E = 27.7 kcal/mol. Values of k showed no effect of pressure 
between 0.8 and 8 Torr, and no significant enhancement in 

the (070) band) at the long-wavelength end the spectrum. the packed vessel, in which the surface/volume ratio was 
Emission on excitation at the maximum absorption around 350 increased by a factor of 4. 
nm was much less, probably reflecting more rapid loss of 
excited molecules by dissociation at the shorter wavelengths Discussion 
(vide infra). Figure 8 shows the effect of air on the emission 
excited at 366 and 350 nm. It appears that at both wavelengths The mechanism Of the photolysis 

the emission consisted of two components, one air-sensitive The simplicity of the volatile products, and the absence of 

(presumably triplet emission) and one not affected (presumable products CH4, ClH6, and Co, argue against a free- 
singlet fluorescence). Figure 9 shows the effect of cyc]ohexane radical mechanism, although there 's probably enough energy 

vapour on the emission intensity excited at 350, 366, and 
380 nm. 'A similar correction was made in the photolysis experiments. 

- 

0' 

0.8 - 
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I I I I I 
0 4 0  8 0  120 

PRESSURE OF AIR ( T o r r  ) 

FIG. 8. Effect of air on light emission. 0 = 366 nm, = 350 nm. 

PRESSURE OF CYCLOHEXANE ( T o r r  ) 

FIG. 9. Effect of cyclohexane on light emission 0 = 350, 8 = 
366 nm, = 380 nm. 

even at 366 nm (78 kcal/mol) to break the CH,-C bond. The 
deficit of CH3CH0 relative to CO, (Figs. 2-5), and the selec- 
tive effect of air on the yield of CH3CH0 (Fig. 6) also rule out 
a simple molecular dissociation into CO, and CH,CHO, while 
the emission of light indicates appreciable lifetimes for excited 
singlet and triplet states. The following mechanism is sug- 
gested: 

121 PY: -+ COz + CH~-C-OH 

131 4 PY + hv, 
141 -+ PY: 

151 PY:-+ PY + hv, 
161 PY:+ O2 -+ quenching 

171 CH~-C-OH -+ CH?CHO 

181 -+ other products 

191 O2 + CH~-C-OH -+ other products 

TIME (rnin 

FIG. 10. Product yields vs. time in the thermal decomposition at 
3.6 Torr and T = 522 K. 

FIG. I I .  Dependence of the product ratio on the pressure of pyru- 
vic acid in the thermal decomposition at 540 K. 

Direct dissociation of the excited singlet state (reaction [2]) 
following hydrogen-atom transfer through a five-membered 
transition state, 

is suggested as the source of CO,. The lack of effect of 160 Tom 
of air on the yield of CO, would appear to rule out both the 
triplet state and a vibrationally excited ground state as pre- 
cursors. With the quantum yield of COz close to unity, and the 
fluorescence and phosphor&cence weak, reaction [2] appears 
to be the onlv im~ortant loss Drocess for the initially-formed .. . 

where PY, PY: and Py:represent the ground state, the first singlet state. 
excited singlet, and the first excited triplet states of pyruvic The effect of air on the light emission (Fig. 8) suggests that 
acid. both fluorescence (unaffected by O?) and phosphorescence 
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I I I 

1.6 1.8 2 .O 2.2 

I000/T (K )  

FIG. 12. Arrhenius plot of first-order rate constant for the thermal 
decomposition of pyruvic acid, based on the formation of COr. Filled 
circles are for packed vessel. 

PRESSURE OF AIR ( T o r r  

FIG. 13. Stern-Volmer plot for quenching of emission by air. 
0 = 366 nm, = 350 nm. 

(quenched by 02) were occurring. The constant emission in- 
tensity at pressures of air above 15 Torr shows that there was 
little collisional electronic deactivation of the excited singlet 
state in these experiments. In fact, the addition of cyclohexane 
enhanced the emission appreciably at 350 and 366 nm, and 
perhaps slightly at 380 nm (Fig. 9). The most probable expla- 
nation of this behaviour is vibrational deactivation of P Y ~  
which would decrease the rate of dissociation via reaction [2], 
and hence increase its lifetime and the probability of emission 
(reaction [3]). Similar anomalous pressure dependence of fluo- 
rescence in biacetyl has been explained in a similar way (5). 
The excitation spectrum (Fig. 7) supports this view, with the 
yield of emission falling markedly with increasing photon ener- 

gy and consequent increased vibrational excitation of PY: The 
relative lack of effect of cyclohexane on excitation at 380 nm 
(Fig. 9) similarly reflects the lesser vibrational excitation at this 
wavelength, probably not far from the (0,O) band of the transi- 
tion (Fig. 1). The data in Fig. 8 may also be somewhat affected 
by vibrational deexcitation superimposed on the effect of O2 on 
the triplet emission, although the effect would be small since 
air should be much less efficient than cyclohexane for vi- 
brational relaxation. The triplet quenching in Fig. 8 follows 
simple Stern-Volmer kinetics (Fig. 13), and from the slope a 
half-quenching pressure of 0.78 Torr was obtained for 0 2 ,  not 
untypical for triplet quenching. 

The fate of the CH$-OH carbene formed in reaction [2] 
requires some comment. Reaction [7], a simple rearrangement 
to CH3CH0, is suggested as the source of this product, and 
because the latter was always less than the C02, reaction [8] is 
suggested. Because the CH,CHO/CO2 ratio was independent 
of the pressure of pyruvic acid (Fig. 5, text), loss of 
CH?-C-OH by reaction with pyruvic acid is ruled out. One 
possibility for reaction [8] is the formation of vinyl alcohol, 
CH,=CHOH, which would probably have been lost by poly- 
merization before or during analysis (6). Although vinyl alco- 
hol is about 20 kcal/mol less stable thermodynamically than 
CH,CHO (6), formation of either compound from the carbene 
should be considerably exothermic; both would require hydro- 
gen transfer through three-membered transition states which 
might be about equally probable: 

Reaction [9] is suggested to explain the reduction in 
CH,CHO on the addition of air (Fig. 6), although it is unusual 
for a carbene of this type to have a lifetime long enough to 
permit removal by chemical reaction with an additive. 

The mechanism of the thermal decomposition 
As with oxalic and glyoxylic acid, if the activation energy 

measured for the decomposition of pyruvic acid can be ascribed 
to a simple homogeneous unimolecular reaction, the energy is 
too low to permit access to the carbene postulated as an inter- 
mediate in the photolysis. The only alternative appears to be 
hydrogen transfer through a four-membered transition state, 
forming CH,CHO directly: 

Again, there was a deficit of CH,CHO, although the product 
ratio now showed a pressure dependence and at low pressures 
approached unity (Fig. 11). The mechanism of loss of 
CH,CHO is not clear. Simple secondary reactions can be ruled 
out as formation of both products was linear with time. The 
pressure dependence (Fig. 1 1 )  suggests a bimolecular reaction 
yielding C02 and higher products, not detected, although pro- 
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TABLE 1. The gas-phase thermal decomposition of a-carbonyl acids 

Acid Structure Products kdS0 (s-I) log A (s-I) E (kcal/mol) 

II 
Oxalic (7) H-0-C-C-0-H HCOOH + COz 1.9X lo-' 1 1.9 30 

I1 
0 

0 
I I 

Glyoxylic (2) H-C-C-0-H HzCO + C 0 2  6.2X lo-' 7.8 30.8 
I1 

Pyruvic 
II 

H,C-C-C-0-H CH~CHO + C O ~  4 . 9 ~  7.2 27.7 
I I 

duction of COz was always approximately first-order. 
Table I summarizes the results of the three a-carbonyl acids 

that have been studied. The decompositions all appear to pro- 
ceed by homogeneous unimolecular internal hydrogen-atom 
transfer through four-membered transition states, and have 
similar activation energies. Oxalic acid, however, is much less 
stable than the other two (note k,soK values), with most of the 
difference arising from the frequency factors. Values of the 
latter for glyoxylic and pyruvic acid are much too low for a 
normal unimolecular reaction. Both decompositions appear to 
be simple, largely homogeneous, first-order reactions, and the 
cause of the low frequency factors is not clear; quantum me- 
chanical tunnelling is perhaps one possibility. It is also not 
clear why oxalic acid should be so much less stable than the 
other two. 
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COMMUNICATION 

Thermolysis of unsymmetrically substituted vinylcyclopropanes. 
Regarding the effect of oxygen substituents on the site-selectivity of 

homo-[1,5]-sigmatropic hydrogen migrations 

EDWARD PIERS, ANDERSON RICHARD MAXWELL, A N D  NEIL MOSS 
Depcrrtmetrt c?t' Chemistry. Utziversity of' British Col~~mbitr.  2036 Mail1 Mtrll. U~~iver:si t j~ Camrpu.~, 
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EDWARD PIERS, ANDERSON RICHARD MAXWELL, and N E I L  MOSS. Can. J .  Chem. 63, 555 (1985). 
Thermal rearrangement of compounds 1,s -11 ,  and 20 results, in each case, in the exclusive migration of the hydrogen (HA) 

not associated with the oxygen substituent. On the other hand, thermolysis of 19, 22, and 23 provides, in each case, a mixture 
of the two possible sigmatropic rearrangement products. Similar bond reorganization of the hydrocarbon 21 affords the dienes 
27 and 28 (98:2. respectively). On the basis of these results, along with those reported earlier, i t  is proposed that in the 
transition states for these rearrangements (a) there is an accumulation of electron density at the carbon from which the hydrogen 
migrates, and (b) this carbon center has a planar or nearly planar geometry. 

EDWARD PIERS, ANDERSON RICHARD MAXWELL et NEIL MOSS. Can. J .  Chem. 63, 555 (1985). 
La transposition thermique des composCs 1, 8-11 et 20 conduit. dans chaque cas. i la migration exclusive de I'hydrogtne 

(HA) qui n'est pas associC avec le substituant de I'oxygkne. Par ailleurs, la thermolyse des compos6s 19.22 et 23 conduit, dans 
chaque cas, i un m6lange des deux produits possibles de transposition sigmatropique. Une ripartition semblable des liaisons 
de I'hydrocarbure 21 conduit aux ditnes 27 et 28 dans des proportions respectives de 98 et 2. En se basant sur ces rtsultats, 
ainsi que ceux rapportCs antCrieurement. on croit que dans les Ctats de transition de ces transpositions: (a) il y a une 
accumulation de la densite dlectronique au niveau du carbone i partir duquel I'hydrogtne migre et (b) que ce carbone possbde 
une gComCtrie plane ou presque plane. 

[Traduit par le journal] 

In a previous communication ( I ) ,  we reported that in the 
thermal rearrangement of a number of unsymmetrically substi- 
tuted vinylcyclopropane systems, there is an impressive sub- 
stituent effect on the site-selectivity of homo-[I ,5]-sigmatropic 
hydrogen migrations. For example, while thermolysis of trans- 
2-methoxy-etzdo-7-vinylbicyclo[4. I .O]heptane (1)  afforded ex- 
clusively the product 4 resulting from migration of HA, '  similar 
rearrangement of the trimethylsilyl-containing substrate 2 gave 
only substance 5 (Hx migration). On the other hand, a methyl 
substituent was shown to have only a small rate-retarding effect 
on hydrogen migration, since thermolysis of compound 3 pro- 
vided products 6 (HA shift) and 7 (Hx shift) in a ratio of 3 : 2 ,  

8 9 10 I I 

M E M  = CH,0CH,CH20Me 

respectively. Furthermore, with respect to the effect of O R  
substituents on the site-selectivity of the process, it was found 
that thermolysis of the substrates 8-  11 produced, in each case, 
only the product resulting from migration of HA. 

In each of compounds 1 and 8-11, the OR substituent is 
external to the ring from which the hydrogen Hx would have 
migrated. Although, in these substances, there is free rotation 
about the C-0 bonds, the carbocycles are conformationally 
quite rigid. As an extension to this study, it was of interest to 
obtain information that would answer the following question. 
Would thermolysis of substrates in which the structural re- 
lationship between an oxygen substituent and the adjacent Hx 
is quite different from that in 1 and 8-11 produce products 
resulting from Hx migration'? We report herein some results 
which relate to this question and which provide a clue regarding 
the geometry of the transition state for hydrogen migration. 

Reduction (n-Bu3SnH, neat, room temperature) of 7,7-di- 
bromo-3-oxabicyclo[4. I .O]heptane (12)' (2) gave a mixture of 
the endo bromide 13 and the corresponding exo isomer (ratio 
2.2:  1, respectively), which were separated by chromatography 
(4 1 % isoIated yield of 13). Conversion of the latter substance 
into the bicyclic vinylcyclopropane 19 (59% overall) was 
accomplished via a series of standard reactions: 2 .4  equiv. 
t-BuLi, Et?O, -78°C; dimethylformamide, -78°C + room 
temperature, 7.5 h; Ph,P=CH,, tetrahydrofuran. A similar 
sequence of reactions was employed to convert the dibromo- 
cyclopropane 1 4  (obtained by dibromocyclopropanation (3) of 
cis-2-oxabicyclo[3.3.0]oct-7-ene (4)) into the tricyclic alkene 
20. 

' Throughout this communication, hydrogens migrating from car- 'All compounds reported herein gave spectral data consistent with 
bons bearing no substituent and those migrating from carbons contain- assigned structures. New compounds provided satisfactory molecular 
ing a substituent are designated HA and Hx, respectively. mass determinations (high resolution mass spectrometry). 
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TABLE I .  Thermal rearrangement of vinylcyclopropanes 
19-23" 

Experiment Substrate Product(s) (ratio) Yield ( % ) h  

"Thermolysis of each of the substrates was performed in benzene 
solution (230-240°C. 4.5-8 h) in sealed. base-washed silylated glass 
tubes. In each case, the cooled reaction mixture was analyzed directly 
by gas-liquid chromatography (glc). The benzene was removed, the 
product (s) was (were) distilled and subjected again to analysis (glc, 'H 
nmr spectroscopy). 

"Yield of isolated, distilled product(s). 

a-&-a+Q C0,Me 

18 OMe 
23 3 1 ' ~ ~ e  32 OMe 

Treatment of cis~bicyclo[3.3.0]oct-2-ene (5) with N,CH- 
C02Et-Rh?(OAc), (6); followed by chromatographic sepa- 
ration of the isomeric products, gave (24%) the tricyclic ester 
15. The latter substance was converted (LiAIH,, Et20; 
CSHSN. CrOJ - HCI, NaOAc, CH2CI2; PhJP=CH2, tetrahydro- 
furan) into the vinylcyclopropane 21 (78% overall). Similarly, 
the ester 16 (7) was transformed into the alkene 17, which was 
converted (n-Bu,NF, tetrahydrofuran; n-BuLi, CH,I, tetra- 
hydrofuran) into the methyl ether 22 (61% from 16). 

Methyl 2-methylcyclohexene-I-carboxylate (18) (8) was 
transformed into the substrate 23 as follows: i-Bu,AIH, Et20; 
NaH, CH31; N,CHC02Et, copper bronze, heat; LiAIH,, Et20; 
CsH5N. CIQ. HCI, NaOAc, CH2C12; Ph,P=CH2, tetrahydro- 
furan; separation of endo and exo vinyl isomers (ratio 1 :2) by 
preparative thin-layer chromatography. 

The results obtained from thermolysis of compounds 19-23 
are summarized in Table 1. As was the case for the previously 
reported thermolyses ( I ) ,  the reactions were very clean. In 

experiment 2, we were unable to detect any of the product 
which would have resulted from migration of Hx in substrate 
20. Each of the product pairs from experiments 1 ,4 ,  and 5 were 
separated and all six substances (24, 25, 29-32) were individ- 
uilly characterized. Although a pure sample of the minor prod- 
uct from experiment 3 was not obtained, a 'H nmr study (in- 
cluding decoupling experiments) of a 2 :  1 mixture of 27 and 28, 
obtained by partial chromatographic separation of the thermol- 
ysis products, showed clearly that the minor rearrangement 
product was the diene 28. 

In the thermolysis of substrates 1 ,  8-11, 19 ,20 ,22 ,  and 23, 
only three (19, 22, 23) produced products resulting from mi- 
gration of Hx. For two of these (19, 23) the major product was 
that derived from a HA shift. Indeed, of the number of oxygen- 
containing substrates that we have studied, the only one which 
exhibited predominant Hx migration was substance 22. Inter- 
estingly, the structural relationship between Hx and the OMe 
substituent in the latter substrate is very similar to that in other 
compounds (e.g. 10, 11) which exhibited no Hx migration. 
Furthermore, since a previous result ( I )  (thermolysis of 3) had 
shown that the effect of an alkyl group on site-selectivity is 
small, the result derived from rearrangement of 21 (Table I, 
experiment 3) indicates that other molecular characteristics af- 
fect the magnitude of the site-selectivity. In any case, it is clear 
that (a) the site-selectivity of the sigmatropic rearrangement 
does vary with the structural relationship between an oxygen 
substituent and the adjacent Hx (compare, for example, sub- 
strates 1 ,  19, and 23), and (b) other structural features are 
important as well (compare substrates 3 ,  21; 11, 22). 

In the earlier communication ( I ) ,  we had postulated ten- 
tatively that, in the transition states for these sigmatropic rear- 
rangements, electron density accumulates at the carbon from 
which the hydogen migrates.' Although the effect of an oxygen 
atom on the stability of an adjacent negative charge has been 
the subject of considerable recent d iscus~ion,~  it appears that an 
OR group stabilizes the charge when the latter is associated 
with an spbrbi ta l  (pyramidal geometry) and destabilizes the 
charge when it is associated with a p orbital (planar geometry) 
(9, 10). Thus, it is possible to suggest that not only do the 
transition states for these reactions have a "partial negative 
charge" on the carbon from which the hydrogen shift occurs, 
but that the carbon has an sp2-like geometry (double bond 
character in the transition state). On this basis, the results 
derived from the thermolyses of substrates 20-23 are particu- 
larly interesting. In each case, the transition state for migration 
of the bridgehead hydrogen (Hx in 20 and 21, HA in 22) would 
be (would have been) destabilized by the fact that a strained 
double bond (bridgehead in a bicyclo[3.3.O]octane system 
(I I)) is being introduced into the molecule. In 20, further 
transition state destabilization by the oxygen atom excludes Hx 
migration and, thus, 26 is the only product. In the absence of 
an oxygen atom (substrate 21), a small amount of Hx migration 
does occur. Introduction of a methoxy group (substrate 22) 

'An alternative rationale, suggested by one of the referees, involves 
the postulate that in the transition states for these rearrangements there 
is a build-up of positive charge at the carbon center where fragmen- 
tation of the cyclopropane ring takes place, i.e. at the cyclopropyl 
carbon adjacent to the H A -  or Hx-bearing carbons in substrates 1-3, 
8-11, and 19-23. This electron-deficient center would be stabilized 
by a P-trimethylsilyl group (substrate 2) and destabilized (via an 
inductive effect) by oxygen-containing substituents. 

'See citations in ref. 1 .  For a very recent pertinent report, see ref. 
9. 
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would be expected to disfavor Hx migration and thus increase 3. M. MAKOSZA and M. FEDORYNSKI. Synth. Commun. 3, 305 

. .  . (relatively) the amount of bridgehead alkene 29. This ex- ( 1  973). 
pectation was observed, although the extent of the increase (2% 4. K. C.  NICOLAOU, R. L. MACOLDA, W. J. SIPIO,  W. E. BAR- 

28 to 15% 29) was quite small. NETTE. Z. LYSENKO, and M. M. JOULLIE. J. Am. Chem. Soc. 
102. 3784 ( 1980). 
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Synthesis of heterocyclic 1,4-dihydropyridylacetic acid derivatives of 
6-aminopenicillanic acid and D-a-aminobenzylpenicillin with antibacterial activity 
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SUSHIL K.  DUBEY and EDWARD E. KNAUS. Can. J .  Chem. 62, 559 (1984). 
Condensation of 4-substituted 3-(4.4-dimcthyloxazolin-2-yl)-I,4-dihydropyridylacctic acids 3 with the C-2 p- 

bromophenacyl esters of 6-aminopenicillanic acid salt 4 and D-a-aminobcnzylpcnicillin 8 afforded thc respective 
I ,4-dihydropyridylacctic acid analogs 6 and 10 which exhibited moderatc antibacterial activity toward Gram-positive strains. 
The 6-APA derivatives 6 cxhibitcd dual 'H nmr resonances for H2'. H2, H5. and one of thc C3-Mc groups. suggesting the 
presence of two rotamers which differ in configuration at thc carbonyl-to-nitrogen bond. Thc D-aminobcnzylpcnicillin dcriv- 
atives 9 may exist in more than one conformation. onc of which may bc an intramolecular hydrogen bonded spccics such as 
11. 

SUSHIL K. DUBEY et EDWARD E. KNAUS. Can. J. Chem. 62, 559 (1984). 
La condensation d'acides X-4 (dimtthyl-4.4 oxazolinyl-2)-3 dihydro-1.4 pyridylacCtiques (3) avcc les cstcrs p- 

bromophknacyles en C-2 du scl de I'acide amino-6 pCnicillaniquc 4 ct dc la D-a-aminobcnzylpCnicill~nc 8 fournissent 
respectivement Ics analogues 6 ct 10 de I'acidc dihydro-1.4 pyridylac6tiquc q u ~  prCscntcnt unc activitk antibactkricnnc modCrCe 
contre les souches Gram-positivcs. Lcs spectres rmn 'H des dcrivts 6 de I'ac~dc amino-6 penicillaniquc prkscntcnt dcs 
rksonances doubles pour H2', H2, HS et pour I'un des groupcs C3-Mc ct ces r6sultats suggkrcnt la prCscncc dc dcux rotamcrcs 
qui diffkrent de configuration au niveau de la lia~son carbonyl -azote. Les derives 9 dc la D-a-aminobcnzylp6nicilline pcuvent 
cxister sous plus d'une conformation et I'unc d'clle pourrait &tre unc cspcce comportant unc l~aison hydrogcnc intramolCculairc, 
comme dans 11. 

[Traduit par Ic journal] 

The p-lactam antibiotics are the most widely used class of 
antimicrobial agents. However, the bacterial development of 
p-lactamase enzymes which decrease the effectiveness of 
p-lactam antibiotics has prompted a continued search for struc- 
turally modified antibiotics (1). A variety of 2- and 4-pyridone 
derivatives have been used for the preparation of some penicil- 
lin and cephalosporin analogs (2, 3). It was therefore of interest 
to investigate the utility of stabilized I ,4-dihydropyridines (4) 
as medicinal synthons (5). The 3-(4,4-dimethyloxazolin-2-yl) 
substituent of 3 could serve the dual role of stabilizing the 
1,4-dihydropyridine ring system and provide increased penicil- 
linase resistance due to electronic and steric effects, respec- 
tively. W e  now describe the synthesis and antibacterial 
activity of some novel 1,4-dihydropyridyl derivatives of 6-ami- 
nopenicillanic acid (6-APA) and D-a-aminobenzylpenicillin 
(Ampicillin). 

The reaction of 3-(4,4-dimethyloxazolin-2-yl)pyridine (1) 
with organolithium reagents in tetrahydrofuran at -78OC af- 
forded the N-lithio-l,4-dihydropyridyl intermediates 2a-c  
( 4 6 , s ) .  The in situ reaction of 20-c with lithium bromoacetate 
gave the required 4-substituted 1,4-dihydropyridyl acetic acids 
3 a - c  in 65-80% yield (Scheme I).  Condensation of 30-c 

with the p-bromophenacyl penicillate benzenesulfonic acid salt 
4 (6) under a variety of reaction conditions (N,N1-dicyclohex- 
ylcarbodiimide (DCC), MeOCOCI/Et3N) yielded 5rr-c. How- 
ever, the products 50-(. were obtained in optimum yield 
(69-72%) and highest purity when trimethylacetyl chloride 
(Me,COCI/Et,N) was employed as the condensation reagent. 
Reaction of 5 a - c  with potassium thiophenoxide afforded the 
desired 1,4-dihydropyridyl acetic acid derivatives 6a-c  in 
51 -57% yield (Scheme 2). 

In a similar sequence of reactions, treatment of D-a-arnino- 
benzylpenicillin (7) with a,p-dibromoacetophenone afforded 
8, which was used immediately in subsequent reactions since 
it was unstable upon storage. Condensation of 8 with the 
1,4-dihydropyridyl acetic acids 30-c in the presence of DCC 
yielded 90-c in 60-80% yield. Reaction of 9ci-c with potas- 
sium thiophenoxide afforded the target compounds 10n-c in 
45-68% yield, as illustrated in Scheme 3. The  use of DCC 
for the conversion of 8 to 9 in the D-a-aminobenzylpenicillin 
series provided higher yields than trimethylacetyl chloride or  
methoxycarbonyl chloride - triethylamine reagents. 

The 'H  nmr spectra of 60-c and 90-c. displayed some 
interesting conformational characteristics which are worthy of 

SCHEME 1 

'Author to whom correspondencc may be addressed. 
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I 

CH2 
I 

u6 H' 
CONH-CH-CONH 

10a-c 

discussion. The assignments were confirmed by extensive and 4.28 (two s, I H, H2), 1.63 and 1.66 (two s, 3H, C3-PMe), 
double irradiation experiments. The 'H nmr spectrum of 6c and 1.57 (s, 3H, C3-aMe). The 'H nmr spectra of the struc- 
exhibited the following spectral data (D?O), 6: 6.88 and 6.92 turally related 60-b  also exhibited dual absorptions for H2', 
(two doublets, 52'.6' = 1.15 HZ, IH, Hz'), 6.0 (d, 55'.6' = 8 HZ H2, H5, and the C-3 P-methyl substituent. In contrast, the 'H 
of d ,  J2..6. = I .  15 Hz, IH, H6'), 5.62 (d, 55 .6  = 4 HZ, IH, H6), nmr spectrum (D?O) of potassium benzylpenicillin exhibited 
5.54 and 5.56 (two overlapping doublets, 55.6 = 4 Hz, IH, single resonances for H2, H5, and each of the C3-Me substitu- 
H5), 4.88 (d, J5.,(,, = 8 Hz of d, J,,,,, = 5 Hz, I H, H5'), 4.26 ents. The possibility that epimerization at the C-6 position of 
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DUBEY A N D  K N A U S  56 1 

the penicillin moiety occurred during the reaction has been 
excluded since epimerization would provide for two sets of 
doublets for the C5-H and C6-H, having different coupling 
constants due to different dihedral angles between H5 and H6 
in the two epimers. The possibility that long range coupling 
between H2 and H5 was present was excluded since irradiation 
of the H2 resonances at 6 4.26 and 4.28 did not influence the 
resonances for the H5 proton at 6 5.54 and 5.56. A similar 
irradiation at 6 5.54 had no effect on the resonances at 6 4.26 
and 4.28. Therefore, the existence of two conformers is most 
likely due to restricted rotation about the carbonyl-to-amide 
bond, in which the two rotamers are somehow stabilized by the 
dihydropyridyl moiety. The dual absorptions observed for H2', 
H2, H5, and the C-3 P-methyl substituent indicate that these 
atoms are located in significantly different molecular environ- 
ments in the two rotamers. The observation that the NH proton 
of 5a appears as two overlapping doublets (JNkI.C6.H = 6 HZ) at 
6 8.86 and 8.88 when the 'H nmr spectrum was determined in 
DMSO-d6 also supports the presence of two rotamers. 

The 'H nmr spectra of the D-a-aminobenzylpenicillin deriv- 
atives 9a-c were more complex than those of 6a-c since there 
are two amide groups. The conformational effects for 90-c 
were more evident for the dihydropyridyl moiety than for the 
penicillin moiety since H2, H5, and the C3-Mez substituents 
appear as single resonances. The 'H nmr spectra were different 
in deuteriochloroform and dimethylsulfoxide-d, since the latter 
solvent disrupts hydrogen bonding. The 'H nmr spectrum of 9 a  
(CDC1,) exhibited dual resonances for H2' at 6 6.88 and 7.0 
and for H6' at 8 5.91 and 5.96. Decoupling experiments indi- 
cated that the absorption for H2' of one conformer at 7.0 is 
related to the absorption at 6 5.91, while the resonance for H2' 
of the other conformer at 6.88 is coupled to the H6' proton at 
6 5.96. On the other hand, the dual absorptions observed for 
H2' and H6' in CDC1, appear as singlets in DMSO-d6 at 6 6.92 
and 6.04. This observation suggests that one of the preferred 
conformations in CDCI, has a strong hydrogen bond, as illus- 
trated by 11, in which case the H2' and H6' would be located 

described or to a mixture of two diastereomers. When a sample 
of 9a  in DMSO-d, was heated to + 10O0C, the two sets of 
doublets assigned to CONH-C6 coalesced to one doublet 
whereas the two sets of doublets due to CH-Ph partially co- 
alesced and the resonances for NHCHPh became more broad. 
At + 120°C complete coalescence of the two sets of doublets 
for CHPh occurred to give one doublet at 6 5.76. This study 
shows that the dual resonances observed for 9 are not due to the 
presence of two diastereomers but to the presence of con- 
formational isomers as described. The derivatives of 
6-aminopenicillanic acid 6 do not have an asymmetric carbon 
in the C-6 side chain. There is, however, a chiral center at the 
C-4' position of the 1,4-dihydropyridyl ring. It is difficult to 
visualize how this remote chiral center could cause H-2, H-5, 
and one of the C-3 methyl groups to appear as dual resonances. 
The dual resonances observed for H-2' of 6 are most likely due 
to the effect of rotamers rather than a mixture of diastereomers 
since H-2 of 3 appear as single resonances. The low solubility 
of 6c  in DMSO-(1, and the low boiling point of deuterium oxide 
precluded a 'H nmr variable temperature study to determine the 
coalescence temperature. However, it is not known if these 
different conformations influence the antibacterial activity of 
these compounds. 

The antibacterial activity of some selected compounds has 
been investigated (Table I ) .  All of the compounds tested 
showed reasonable activity against Gram-positive strains 
(Organisms 1-5) with the exception of a p-lactamase prod- 
ucing strain of Staphvlococcus aureus (Organism 6). In con- 
trast, their antibacterial activity toward Gram-negative strains 
(Organisms 7-9) was poor. The best overall spectrum of 
activity was shown by the D-a-aminobenzyl analog lot, al- 
though it was not better than D-a-aminobenzylpenicillin 
(Ampicillin@). 

Experimental 
Infrared spcctra (potassium bromide unlcss othcrwisc notcd) wcrc 

takcn on a Unicam SP 1000 or Perkin-Elmcr 267 spcctromctcr. 
Nuclear magnctic resonance spcctra wcrc dctcrnlincd with a Brukcr 
WH-200, AM-300, or Varian EM-3hOA spcctromctcr. Thc purity of 
thc bio-assay samples was determined to bc grcatcr than 95% by the 
absence of extraneous pcaks in thc ' H  nmr spcctra. Mass spcctra wcrc 
measured on a AEI-MS 50 mass spcctromctcr. Thc antibacterial 
scrcen was performed by Bristol-Mycrs. Syracuse. Ncw York. 

~ , -  , 

in either a deshielding or shielding zone of the -CH2CO- or A solution of n-butyllithiurn (1.28 g. 0.02 mol) in 5 mL dry tct- 

phenyl ring attached t o . t h ~ - ~ ~ -  moiety of 11, resulting i n  rahydrofuran was addcd dropwisc to asolution of 1 (4tr) (3.52 g, 0.02 

dual absorptions. Further double irradiation studies for 9n-( mol) in 50 mL dry tetrahydrofuran at 7 8 ° C  with stirring undcr an 
atmosphcre of nitrogen. Thc reaction mixturc was stirrcd at -78°C for 

indicated that there are at least two stable conformations 30 and then l i th ium bromoacetatc (2,9 g. 0,02 was added. 
present. For example, in DMSO-d6 the -CH-Ph resonance of ~ h ,  ,action ,,,ixturc was allowed to warm to 25'C and stirring was 
9 a  appears at 6 5.76 as two closely overlapped doublets while for 12 h. T ~ C  reaction mixturc was coolcd to O0C, water 
the NH moiety attached to it appears at 6 8.74 and 8.76 as two ( 1 0  mL) was added. and thc pH was adjustcd to 4 using 5% aqueous 
partially overlapped doublets. Irradiation of the CH-Ph reso- hydrochloric acid. Extraction with chloroform-mcthanol (9: 1 v/v; 
nances-at 5.76 ksulted in the appearance of two single peaks 
at 6 8.74 and 8.76, which suggests that these two peaks for the 
CH,CONH moiety are due to two different conformers. The 
fact that the C6-NHCO moiety also appears as two over- 
lapping doublets (JNH,6 = 7.5 Hz each) further supports the 
presence of two different stable conformations for compounds 
9. 

A variable temperature 'H nmr study for 9a in DMSO-d6 was 
performed to determine if the dual absorptions observed for 
CHPh, NHCHPh, and CONH-C6 were due to rotamers as 

10 X 20 mL), washing thc combined organic cxtracts with 10 mL 
water, drying (NaZSOL), and removal of thc solvcnt irr \rtrc.~ro afforded 
31. as a foam. Rcpcated washing with cthcr gavc purc 3t. (4.6 g. 
78.7%); ir: 1740 (CO); nmr (CDCI,) 6: 12.1 (br. s. IH, COOH, 
exchanges with dcutcrium oxide). 7.9 (s. IH, H2). 5.94 (d. Js.(, = 
8 Hz. IH, H6). 5.06 (d, Js.o = 8 Hz of d. J,.S = 5 HZ. IH, H5). 
4.34 (s, 2H. NCHZ-). 4.02 (s. 2H. OCH?). 3.34-3.64 (m. IH. 
H4). 1.06- 1.7 (m. 12H. C-(CHI),. -(CH2)ICH,). 0.86 ( t .  J = 7 
Hz, -(CHZ).,-CH.,). E.rcrc.t Mtrss calcd. for CI(,HZ4N20~: 292.1787; 
found (high resolution ms): 292.1783. 

Compounds 3tr and 31, wcrc preparcd using a similar procedure. 
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TABLE I. Some antibacterial activities of 60-c and 100-c 

Compound, MIC (p,g/mL)" 

Bristol A Sodium 
Organism No. 60 6h 6c 100 10h 10c ~ m ~ i c i l l i n "  

I . Streptococcus pneumorlicrc~'' 9585 0.13 0.13 0. I3 0.06 0.06 0.03 0.008 
2. Streptococcus pyoger~c~s' 9604 0.13 0.13 0. I3 0.06 0.06 0.03 0.004 
3 . Streptoc~oc~cus Jirec~c11i.s 20688 8 16 4 8 8 4 0.25 
4. Stcrphj~1oc.oc.c~lr.s crureus 9537 0.25 0.06 0.06 0.06 0.06 0.06 0.03 
5. Stnphy1oc~oc.c.c.t.s trureus + 50% serum 9537 8 4 8 8 4 I 0.13 
6. Stophyloc~occ,rrs crureus" 9606 >I25 > 125 > 125 > 125 > 125 >I25 >I25 
7. Escherichitr c.oli 15119 >I25 63 63 63 63 8 2 
8. Escherichin c.oli 20341-1 >I25 >I25 >I25 >I25 >I25 > 125 125 
9. Kleh.sielln pneumor~icre 9664 >I25 >I25 >I25 125 > 125 > 125 63 

10. Kleh.sielln pneumonitre 20468 > 125 >I25 >I25 >I25 > 125 >I25 >I25 
I I . E~~terobncter c,hlotrc,tr~ 9659 > 125 >I25 >I25 63 63 32 16 
12. Enterobocter c.hlotrccre 9656 > 125 > 125 >I25 63 63 63 125 
1 3. Proteus mirtrbilis 9900 125 32 125 32 16 I 0.13 
14. Proteus v~tlgnri.~ 21559 >I25 > 125 >I25 125 > 125 > 125 63 
15. Morgrmellr~ rnorgtrnii 15153 125 125 I25 63 63 63 63 
16. Providenc,in rettgeri 22424 > 125 > 125 > 125 125 > 125 >I25 >I25 
17. Serrtrticr mnrce.sen.s 20019 >I25 >I25 >I25 63 63 32 16 
18. P.seudomonn.s treruginoscr 9843A > 125 125 125 63 63 63 125 
19. P.seut1ornoncr.s nerlrgino.str" 21213 125 125 125 63 63 63 125 

"The minimal inhibitory concentration (MIC) of  the compound in wg/mL required to inhibit growth in a media of  nutrient broth unless otherwise indicated. 
"Sodium salt of  D-a-aminobenzylpenicillin (Ampicillin) was used as a reference standard. 
'The media was comprised of  45% antibiotic assay broth, 5% human serum, and 50% nutrient broth. 
"Penicillin resistant strain. 
'Carbenicillin (a-carboxybenzylpenicillin) resistant strain. 

I-[4-Phenyl-3-(4,4-dirnethyloxt1zoli11-2-yl)-I.4-dihydropyridyl]n~eti~ 
mid (3 a)  

Yield 80%; ir: 1737(CO); nmr (CDCI,) 6: 8.75 (br s, IH, COOH, 
exchanges with deterium oxide), 8.3 (s, I H ,  H2), 7.24 (m, 5H, Ph), 
5.96(d,J5.(,= 8Hz, IH, H 6 ) , 5 . 1 5 ( d , J ~ . ~ =  8 H ~ o f d , J ~ . ~  =4 .5  
Hz, IH, H3.4.55 (d, J,.5 = 4.5 Hz, IH, H4),4.3(brs,4H, NCH,, 
OCH,), 1.45 (s, 6H. C-(CH,)?). Exrret MOSS calcd. for CIHH2,,N2O3: 
3 12.1474; found (high resolution ms): 3 12.1472. 

I -[4-Methyl-3-(4.4-di,nethylo.rnzoli11-2-y1)- 1 .4-dihydropyridyllncetic 
(/(.id (3 b) 

Yield 65%; ir: 1740(CO); nmr (CDCI., and DMSO-d(,) 6: 10.8 (br 
s, I H ,  COOH, exchanges with deuterium oxide), 8.0 (s, IH, H2), 5.9 
(d, J , ,  = 8 HZ, I H, H6). 5.18 (d, J,., 8 HZ of d, J1.5 = 5 HZ, I H, 
H5). 4.46 (s,  2H, NCH,), 4.2 (s, 2H, OCH,), 3.5 (m, I H ,  H4), 
1.6 (s. 6H, C-(CHI),). 1.18 (d, J = 7 Hz, 3H, CH-CH3). Exnct 
Mtrss calcd. for CI I H I H N ~ O ~ :  250.13 17; found: (high resolution ms): 
250.1308. 

p-Bro1nophe11crc~yl-6-/3-[{4-phe11yl-3-(4.4-dirnethyloxtrzolin-2-~l)-1,4- 
di/1ydro~yridj~lnce~l)tr1nin0]-3,3-dimethyl-7-oxo-4-thin-l - 
azrrhic,j~c,lo[3.2 . O ] h e p t t 1 1 1 e - 2 - c ~ t r r b ~ t e  (5a) 

A solution of trimethylacetyl chloride (0.96 mL, 8 mmol) in dry 
tetrahydrofuran (10 mL) was added dropwise to a solution of 30 
(2.8 g, 9 mmol) and triethylamine (2.88 mL, 20 mmol) in 150 mL dry 
tetrahydrofuran at -78°C with stirring. The reaction was allowed to 
proceed at -78°C for 30 min and then 4 (6) (2.28 g, 4 mmol) was 
added. The reaction was allowed to proceed at 0°C for 8 h with stirring 
and water (20 mL) was added. The reaction mixture was extracted 
with ethyl acetate (5 X 20 mL) and the combined extracts were 
washed successively with a saturated aqueous sodium bicarbonate 
solution, a solution of 4% aqueous hydrochloric acid, and water. The 
organic layer was dried (Na2S0,) and the solvent removed in vcrcuo to 
yield impure 50. This product was then triturated with hexane and 
washed repeatedly with ether to give St1 as a foam (3.5 g, 70%); ir: 
3300-3400 (NH), 1785 (p-lactam CO), 1755 (CO,), 1705 (CH,CO), 
1675 (CONH); nmr (DMSO-d(,) 6: 8.86 and 8.88 (two overlapping d, 
JNII.c,,H = 6 HZ, I H, N H ,  exchanges with dcutcrium oxide), 7.8 and 

7.9 (d, J = 8 .Hz, 2H each, -C(,H,-Br), 7.08-7.42 (m, 5H, Ph), 
6.92 (s, l H, H2'). 6.0-6.1 (d, J5..(,. = 8 H Z ,  IH, H6'), 5.4-5.8 (m, 
4H, H5, H6,OCH,CO), 4.74 (d, J5,.(,, = 7.6 H Z  of d, J,..5. = 4.6 HZ, 
1 H, H5'), 4.52 (s, I H, H2), 4.4 (d, J,,.,. = 4.6 Hz, I H ,  H4'), 4.06 
(s, 2H, NCH2CO), 3.75 (s, 2H, OCH,CMe,), 1.66 and 1.70 (two s, 
3H, C3-Me), 1.6 (s, 3H, C3-Me), 1.12 and 1.14 (two s, 3H each, 
0CH2CMe,). Mass, FAB (positive), (M + I)+: 707 and 709, (M + 
2H)': 708 and 710. 

Compounds 5h and 5c. were prepared using a similar procedure. 

p-Bromophentrcyl-6-/3 -[{4-met/1yl-3-(4,4,-dirnethj~lo.mzolin-2-yl)- 
I ,4-dihydropyritlylnc~etyl)n~nino]-3,3-tli~nethyl-7-oxo-4-thin-l- 
nznbic~vc~lo[3.2.O]heptn11e-2-cnrho.rylt1te (5b) 

Yield 69%; ir: 3300-3400 (NH), 1780 (p-lactam CO), 1760 
(CO,), 1705 (CH,COC(,H4Br), 1675 (NHCO); nmr (DMSO-d,) 6: 
8.76 and 8.78 (overlapping d, JNH.chH = 6 HZ,  IH, NH, exchanges 
with deuterium oxide). 7.8 and 7.9 (d, J = 8 Hz, 2H each, 
-C,H,-Br), 6.7 (s, IH, H2'), 5.85 (d, J,.,,. = 8 Hz, I H, H6'), 
5.42-5.8 (m, 4H, H5, H6, OCHZCO), 4.6 (d, Jr..,,, = 8 HZ of d, JJ..5, 

= 5 Hz, I H, H5'), 4.38 (s, I H, H2). 3.84 and 3.96 (two s, 2H each, 
NCH,CO and OCH,CMe,), 3.2-3.34 (m, IH, H4'), 1.64 and 1.67 
(two s, 3H, C3-Me), 1.58 (s, 3H, C3-Me), 1.02- 1.22 (m, 9H, 
OCH,CMe,, C4'-Me). Mass, FAB (positive), (M + I)+: 645 and 
647, (M + 2H)+: 646 and 648. 

p-Bromophentrcyl-6-/3 -[{4-n-butyl-3-(4,4-dimethyloxazolin-2-yl)- 
1,4-dihydropyridyln~etyI)ami11o]-3~3-dimethyI-7-0~0-4-thin-1- 
nzabicyclo[3.2 .O]heptane-2-mrboxyla (5c) 

Yield 72%; ir: 3360 (NH), 1790 (p-lactam CO), 1760 (CO,), 1710 
(CH,COC6H4Br), 1680 (CONH); nmr (DMSO-tl(,) 6: 8.64 and 8.67 
(overlapping d, JNH.c6~ = 6 HZ, IH, NH, exchanges with deuterium 
oxide), 7.8 and 7.9 (d, J = 8 Hz, 2H each, ChH4-Br), 6.74 (s, IH, 
H2'), 5.9 (d, J r . . h .  = 8 HZ, IH, H6'), 5.42-5.72 (m, 4H, H5, H6, 
OCHICO), 4.52-4.64 (m, 1 H, H5'), 4.5 (s, l H, H2), 3.92 (br s, 4H, 
NCHICO, OCH,CMe,), 3.74-3.86 (m, IH, H4'). 1.58 (s, 3H, 
C3-Me), 1.65 and 1.68 (two s, 3H, C3-Me), 1.1-1.4 (rn, 12H, 
OCHICMe,, -(CH,),Me), 0.82 ( t ,  J = 7 Hz, 3H, (CH2)3--CH,). 
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Mass, FAB (positive), (M + I)+: 687 and 689, (M + 2H)': 688 and 
690. 

6-~-[{4-n-Butj~l-3-(4,4-dimetl7j~I0~t1z0Ii17-2-j1)-1 -4-dihydropyriclyl- 
ocetyl]nmino]-3,3-dimethyl-7-oxo-4-thit1- I -trzcrhicyc.lo[J .2.0]- 
heptm1e-2-c.orhoxyli(. acid porcts.si~rm strlr (6c) 

A mixture of 5~ (0.755 g, I. l rnmol) and potassium thiophcnoxide 
(0.148 g, I mmol) in 5 mL dry DMF was stirred at O°C for I h. Ether 
(25 mL) was added and the solid which precipitated was filtered. The 
residue was washed repeatedly with dry ether and acetone to yield 6c 
(0.3 g, 56.8%); ir: 3400 (NH), 1780 (p-lactarn CO), 1685 (CONH), 
1610- 1635 (Cod; nrnr (D20) 6: 6.88 and 6.92 (two d, J2'.(,' = I. 15 
HZ, l H, H2'), 6.0 (d, J.58.(,, = 8 HZ of d, J2,.1,. = I. 15 HZ, l H, H6'), 
5.62 (d, JS.(, = 4 Hz, I H, H6), 5.54 and 5.56 (overlapping d, J5.(, = 
4 HZ, IH, H5), 4.88 (d, Jy.,.  = 8 Hz of d, J,..y = 5 Hz, l H ,  H5'), 
4.26 and 4.28 (two s, I H ,  H2), 4.05 (br s, 4H, OCH,, NCH,), 
3.3-3.44 (m, IH, H4'), 1.63 and 1.66 (two s, 3H. C3-Me), 1.57 
(s, 3H, C3-Me), 1.1-1.4 (rn, 12H, CH2CMp2, --(CH,),,-CH.,), 
0.86 (1, J = 7 Hz, 3H, -(CH2)3-CH3). Mass, FAB (negative), 
(M - I)+: 527. 

Compounds 6t1 and 60 were prepared from 5tr and 5h respectively 
using a similar procedure. 

6-P -[{4-Phet1yl-3-(4,4-di1nett1yIo~rt~zolin-2-1)-1,4-dihydropyridyl- 
ocetyl)omir7o]-3,3-dirnerh?.l-7-o,ro-4-rhit1- I -nztrhic:vclo[3.2.0]- 
l1epttrtre-2-corbarvIi(~ acid potassium strlt (6)  

Yield 54%; ir: 3380-3440 (NH), 1765 (p-lactam CO), 1685 
(CONH), 1610 (C02); nmr (D20) 6: 7.32-7.42 (m, 5H, Ph), 7.12 
and 7.14 (overlapping d, J2t.(,, = 1.15 HZ, IH, H2'), 6.0 (d, Js.,(,. = 
8 Hz, I H, H6'). 5.6 (d, J5.(, = 4 HZ, IH, H6), 5.48 and 5.52 (two d, 
J,., = 4 HZ, l H, H5). 5.03 (d, Jy.w = 8 HZ of d. J4..5f = 5 HZ, IH, 
H5'). 4.5 and 4.52 (two overlapping d, J,..5. = 5 Hz, IH, H4'), 
4.24 and 4.26 (two s, I H, Hz), 4.1 (s, 2H, NCH?CO), 3.9 (s, 2H, 
OCH,), 1.56 and 1.59 (two s, 3H, C3-Me), 1.48 (s, 3H, C3-Me), 
1.18 (s, 3H, OCHKMe), 1.0 (s, 3H, OCH,CMr). Mass, FAB 
(negative). (M - I)+: 547. 

6-P-[{4-Methyl-3-(4,4-dirnethyloxozolr17-2-yl)-l.4-c/it7j~dropyridyl- 
trc~etyl)omino]-3,3-drrnett~yl-7-oxo-4-thit1-l -trztrhrt~~~clo[3.2 .O/- 
heptor~e-2-carho.t~~Iic crcicl pottr.\~iurn strlt (6b) 

Yleld 51%; ir: 3380-3440 (NH), 1765 (p-lactam CO), 1685 
(NHCO), 1605 (C02); nrnr (D20) 6: 6.87 and 6.89 (overlapping d, 
J 2 . h .  = 1.15 HZ, IH, H2'), 5.92 (d, J y  1, = 8 HZ, IH, H6'), 
5.4-5.66 (m, 2H, H5, H6), 4.94 (d, J 5  ,,, = 8 Hz of d, J,. ,. = 5 Hz, 
IH, H5'), 4.26 and 4.28 (two s, IH, H2). 4.04 (br s,  4H, NCH,, 
OCH?), 3.3 (m, l H, H4'), 1.58 and 1.62 (two s, 3H, C3-Mc), 1.5 (s, 
3H. C3-Me), 1.04- 1.3 (m. 9H, C4'Me. 0CH2CMeZ). Mass, FAB 
(negative), (M - I)+: 485. 

p-Brotnophetrtrcyl-6-P -[(trminopl7en~lac~etyl)t11ni11o]-3,3-dmethyl-7- 
0x0-4-thio- 1 -azabicyc.lo[3.2 .O]hrptot1c,-2-c~orho.ryIote (8)  

A suspension of Ampicillin (6.98 g, 20 mmol) and triethylamine 
(5.76 mL, 40 mmol) was stirred at 0°C in dry methylene chloride 
(300 mL) for 30 min to give a clear solution, after which a,p-dibromo- 
acetophenone (5.56 g, 20 rnmol) in 50 rnL dry rnethylenc chloride was 
added dropwise. The reaction mixture was stirred at O°C for 4 h and 
then 25 rnL water was added. The organic layer was separated and 
washed in succession with a saturated solution of sodium bicarbonate 
and then water (2 x 20 mL). The organic layer was dricd (Na2S04) 
and the solvent removed in vtrc,uo to yield 8 as a viscous oil which 
under vacuum for I h afforded a foam (6.0 g, 58.8%); ir: 3300-3380 
(NH2, CONH), 1790 (p-lactam CO), 1760 (CO,), 1680-1705 
(CH2CO-CRH4-Br, CONH); nmr (CDCI,) 6: 8.07 (d, JNH chH = 
9 Hz, I H ,  NH exchanges with deuterium oxide). 7.55 and 7.68 (d, J 
= 8 Hz, 2H each, C,H4-Br), 7.28-7.44 (m, 5H. Ph). 5.7 (d, J y l ,  = 

p-Brornopl~c~r7t1cyI-6-P -[{4-phe17yI-3-(4.4-di117c~tl1~lo.rtrzoli11-2-~~I)- 
I ,4-dih~dropj~ritlj~l1~i~~tl~ylct~rbo11~~ltr111i1~opt~~~1~j~lt~ct~tyl~t~1ni110/- 
3.3-dirnethyl-7-0x04-thitr-1 -trzcr/?i(>,(.lo/3.2 .O/hepttrr1(>-2- 
c~crrboxylcrtc~ (9 a) 

A solution of DCC (0.824 g, 4 rnmol) in 10 rnL dry rnethylcne 
chloride was added dropwise with stirring to a solution of 3t1 (1.56 g, 
5 mmol) and 7 (2.176 g, 4 mrnol) in 50 rnL dry methylene chloride. 
The reaction was allowed to proceed for 12 h at 25°C with stirring 
prior to filtration. The filtrate was washed successively with a satur- 
ated solution of sodium bicarbonate (2 x I0 rnL). 2% aqueous hydro- 
chloric acid (2 x 5 mL), and then water (2 x 10 mL). 'The organic 
fraction was dricd (NalSOI) and the solvent removed it1 vncwo to 
afford impure 9tr. Trituration of this material with hexane and extcn- 
sive washing with ether yielded 90 (2.7 g. 80%): ir: 3340 (NH). 1795 
(p-lactam CO), 1770 (CO?), 17 10 (CH,COC,H,Br). 1675- 1690 
(CONH); nrnr (DMSO-t/(,) 6: 9.37 (two overlapping d. JNtl.crlH = 7.5 
Hz, I H, CHCONH, exchanges with deuterium oxide), 8.74 and 8.76 
(two overlapping d. JNHctI = 7.5 Hz, I H, CH2CONHCH, exchanges 
with deuterium oxide), 7.8 and 7.92 (d, J = 8 Hz, 2H each, 
COC(,H,-Br). 7.04-7.56 (m, IOH, Ph. CH-Ph), 6.92 (s, IH. H2'), 
6.04 (d, JS'.(,' = 7.5 HZ. IH, H6'). 5.76 (br d. JNl,,-l, = 7.5 Hz. I H, 
CH-Ph), 5.54-5.7 (m, JNt,.cf,ll = 7.5 Hz, Jfi.h = 4 Hz, 3H. H6 and 
CH2COC,H,Br), 5.48 (d. J, ,, = 4 Hz, IH, H5). 4.7 (d, Js.[,. = 8 Hz . ~ 

of d, = 5 HZ. l H, ~ 5 ' ) , 4 . 4 4  (s, l H, H2), 4.38 (d, J,.,5. = 5 HZ, 
IH, H4'). 4.1 (s, 2H, NCH,CO), 3.72 (s, 2H. 0CHICMe2), 1.5 and 
1.61 (two S ,  6H, C3-Mt12), 1.0 (s, 3H, OCH?-Mt>), 0.98 (s, 3H, 
0CH3CMe); nmr (CDC13) 6: 7.63 and 7.73 (two d. J = 8 Hz. 2H 
each, C,,H,Br). 7.08-7.56 (m. 12H. CH,CONHCH. CHCONH. 
CH-Ph, C4'-Ph, NH exchanges with deuterium oxide). 6.88 and 7.0 
(two S ,  I H, H2'), 5.91 and 5.96 (two d, J,..,,. = 7.6 Hz, IH, H6'). 
5.6-5.8 (m, 2H, CH-Ph, H6). 5.33-5.4 (rn. Jctl ,,,.,,, = 16 Hz. 2H, 
CH2COC(,HIBr), 5.26 (d, J,.,, = 4 Hz, IH. H5). 4.98 (d, J5..(,. = 8 
HZ of d, J,,.,. = 5 HZ, IH, H5'), 4.66 (d, J4.3. = 5 Hz, 2H, H4'), 
4.5 (s, I H, H2), 3.66-4.0 (m, 4H, NCH2C0, 0CH2CMc2), 1.63 (s, 
6H, C3-Me?), 1.08 and 1.23 (two s, 3H each, 0CH2CMe2). Mass, 
FAB (positive) (M + I )+ :  840 and 842; (M + 2H)+: 841 and 843. 

Compounds 9h and 9~ were prepared by the rcspective reaction of 
3h and 3t. with 8.  

p-Brornopher~trt~vI-6-P -1 {4-rnetl7yl-3-(4,4-tIirr~t~tI1yIo.rt1zoli11-2-y1)- 
I ,4-dit1ydr0pyritIj~11n~~t17y1~~t1rh011yIt1111i170~~t7t~11~It1t~t~ty1}t1117i110]- 
3,3-dirnetl7yl-7-o.rr,-4-thit1-1 -trztrhit:~clo/3.2.0]lrc.l1ttrrre-2- 
ctrrboxjlltrte (9b) 

Yield 80%: ir: 3340-3400 (NH), 1800 (p-lactam CO). 1770 
(C02). I7 I5 (CH,COC,H,Br). 1680 (CONH): nrnr (DMSO-tlf,) 6: 9.3 
and 9.32 (two overlapping d. J N ~ I . ~ , , ~ ~  = 7.5 Hz. I H. CONH-C,,). 8.6 
and 8.64 (two overlapping d, JcoNbIctI.I>I, = 7.5 HZ. l H .  CONHCH- 
Ph, exchanges with deuterium oxide), 7.8 and 7.9 (d. J = 8 Hz. 2H 
each, COC,H,-Br), 7.24-7.5 (rn ,  5H, CH-Plr), 6.7 (s. lH, H2'). 
5.88 (d, J5,.(,. = 8 HZ,  IH. H6'). 5.72 (two overlapping d. JCHNH = 
7.5 Hz, I H ,  CHPh), 5.52-5.7 (rn. 3H. OCH,C,,H,Br and H6), 5.47 
(d. Js., = 4.4 HZ, lHl H5). 4.61 (d, J5,.h. = 8 HZ of d, J,,.s. = 5 HZ, 
IH, H5'). 4.46 (s, IH, H2). 3.98 (twos, 2H. NCH2CO), 3.83 (s, 2H, 
OCH?CMe,), 3.4 (m. IH, H4'). 1.54 and 1.65 (two s. 3H each, 
C3-Me2). 1.1 - 1.3 (m, 9H. C4'-Me, 0CH2CMo2); nrnr (CDCI,) 6: 
7.64 and 7.74 (d, J = 8 Hz, 2H each, C,H,Br), 7.36 (m, 5H, Ph), 
6.84 (two d, 2H, CONHCHCONH), 6.67 and 6.7 (two d, JZ..(,. = 
1.15 Hz, I H, H2'). 5.74 and 5.78 (two overlapping d, J5~.f,. = 8 Hz 
of d, J?,.h. = 1.15 HZ, IH, H6'). 5.54-5.56 (rn, 2H, CHPh, H6). 
5.38-5.5(m,Jc~Lc, . i , r= 1 6 H ~ . 2 H , C H ~ C ~ , H , B r ) , 5 . 2 6 ( d . J ~ . ~ = 4 . 5  
HZ, IH, H5), 4.98 (d, J5..,,. = 8 H Z  of d, J,..,. = 5 Hz. I H .  H5'). 4.47 
(s, IH, H2), 3.86-3.90 (m. 4H, NCH2C0. OCHICMe,). 3.4-3.55 
(m. IH. H4'). 1.6 (s. 6H. C3-Mc.?), 1.2-1.34 (m, 9H. C4'-Mt., 
0CH2CMe2). Mass, FAB (positive) (M + I)+: 778 and 780; (M + 
2H)+: 779 and 78 1 . 

~. 

4. 12 Hz of d, JNH.C[,H = 9 Hz, IH. H6). 5.56 (d, Js.1, = 4.12 Hz, I H, p-Brornopht~rrtrt:\'I-6-~-/{4-rr-hu!\.I-3-(4,4-tlirr~cthylo.rc1zo/i11-2-j~Il- 
. . .  

H5). 5.5 (d, J ,,.,,, = 16.48 Hz, IH, 0-CH-CO). 5.28 (d. J, e,.,,, = 1,4-di/1!~dro~~~~ridj~I1~1~~tI1yI~~t1rho1~~~It1t1iirro~~l~c~1rylnt~c~~l) trrilir~o/- 
. . .  
. .  . . 

16.48 Hz, IH, OCHCO), 4.58 and 4.59 (twos, 2H. CH-Ph and H2), 3,3-tlin~(~th!~l-7-o.ro-4-thitr-I-t1zt1I~ic~~~cIo-/3.2 .O/lrc,ptcrrle-2- 
1.84 (br s, 2H, NH2, exchanges with deuterium oxide), 1.7 and 1.75 c~trrbo,ryltrtt~ (9c) 
(two s, 6H, C3-Me?). Yield 60%; ir: 3300-3400 (NH), 1800 (p-lactam CO). 1765 
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(CO,). 17 10 (CH,COC,H.,Br). 1680- 1690 (CON H); nmr (DMSO- 6-P-[{4-tr-Butyl-3-(4,4-tlitnc.thyloxt1zoIit1-2-pll-l.4-dihjltlropyridyl- 
. . (1,) 6: 9.4 (br d. JNt-l.(.,,tl = 7.6 HZ. I H ,  CHCONHC(,H, exchanges tneth~~lcc~rhot~ylt~tirit~ophc.t~yltrcetyl}trt11itro]-3.3-tlimethyl-7-o.uo- 

. . with deuterium oxide). 8.66 and 8.7 (two overlapping d, JNtl.cH = 8.3 4-thicr-l-erztrhic~~~c~Io[3.2.0]Irepttrt1t~-2-~~t11'hoxylic trcid potossiutn 
Hz, IH, CH,CONHCH), 7.8 and 7.9 (two d, J = 8 Hz, 2H each, snlt (10c) 
CbH,Br),7.18-7.64(m, 5H, Ph) ,6 .76(brs ,  IH, H2'), 5.95 (d,Js.,(,. Yield 47%; ir: 3400 (NH), 1775 (p-lactam CO), 1680 (CONH), 
= 8 Hz, IH, H6'), 5.43-5.9 (m, 5H, CH-Ph, H5, H6, CH?CO- 1610 (CO?). Mass, FAB (negative), (M - 1)': 660. 
C,H,Br. Js.(, = 4.4 HZ), 4.58 (d, Js,.(,, = 8 HZ of d, J,.,s. = 5 HZ, IH, 
H5'), 4.45 (s,  lH, H2). 3.98 (brs,  2H, NCH?CO), 3.7-3.94(m, 3H, 
H4', 0CH2CMe2). 1 .O- 1.85 (m, 18H, -(CHZ)lCH1, OCH,CMe,, 
C3-Me,), 0.84 (t, J = 7 Hz, 3H. (CH2)XCHx); nmr (CDCI1) 6: 7.65 
and 7.75 (d, J = 8 Hz, 2H each, C,H,Br). 7.38 (m, 5H, CH-Ph), 
6.9-7.06 (m, 2H, CH,CONHCHCONH, exchanges with deterium 
oxide), 6.76 and 6.78 (two s, IH, H2'), 5.82 and 5.86 (two over- 
lapping d. Jc ,  (, = 8 Hz. I H, H6'), 5.2-5.78 (m. 5H, CHPh, H5, H6, 
CH,COC,H,Br), 4.86 (d, Js (,. = 8 Hz of d, J,. = 5 Hz, l H, H5'), 
4.5 (s, IH, H2), 3.6-4.0 (m, 5H, 0CH2CMe2, NCH,CO, H4'), 
I. I -  1.9 (m, 18H, ( C H I ) ~ C H ~ ) ,  0CH2CMe2, C3-Me?), 0.9 (t, J = 7 
Hz, 3H. (CHZ)lCH1). Mass, FAB (postitive), (M + I)': 820 and 822; 
(M + 2H)+: 821 and 823. 

The potassium salts 10tr-c were prepared from the reaction of 
9er-c. with potassium thiophenoxide as outlined previously in the 
procedure for the preparation of 6 ~ .  
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Proprietes volumiques du nitrate d'ethylammonium fondu a 298 K et de ses melanges 
avec l'eau 

M. HADDED, M .  BIQUARD, P. LETELLIER ET R.  SCHAAL 
Laboreltoire de Phy.vicochimie des Solutiot~s, Urliversitk P. et M. Curie. E.N.S.C.P. I I Rice P. et M .  Curie, 

75231 Paris Cede.r 05 

R e ~ u  le 16 mars 1984 

M. HADDED, M. BIQUARD, P. LETELLIER et R .  SCHAAL. Can. J .  Chem. 63, 565 (1985). 
Lcs volumes molaires partiels de I'eau et du nitrate d'Cthylammonium ont Ct6 dCtcrminCs avec prCcision dans lcurs diffkrents 

melanges entre I'eau pure et le sel fondu pur i 298 K.  1 1  est montrC dans cette Ctude que Ic volume molairc partiel de I'eau 
suit une loi IinCaire avec la fraction molaire ,r du sel d t s  que x devient supkrieur i 0.04. Les lois dCcrivant les variations des 
principales grandeurs thermodynamiques relatives aux volumes sont Ctablies pour le scl, I'eau et la solution. I1 est Cgalement 
montrt que le volume intrinstque du sel dans les solutions salines concentrkes (x > 0,04) s'identifie en prcmitre approximation 
au volume molaire du sel fondu pur, et quc la valeur du volume molaire apparent de I'eau correspond i une estimation 
convenable du volume effectif moyen attribuable i chaque moltcule d'eau dans la solution. 

M. HADDED, M .  BIQUARD, P. LETELLIER, and R. SCHAAL. Can. J .  Chem. 63, 565 (1985). 
Partial molar volumes of water and ethylammonium nitrate EAN arc determined accurately in all water-EAN mixtures, 

between pure water and pure fused salt at 298 K.  It has been found that the partial molar volume of water decreases linearly 
with molar fraction of salt, x ,  in concentrated solution of EAN (C > 2 mol L ' ,  a > 0.04). 'The main thermodynamic relations 
are established to describe the volumetric behaviour of salt, water, and solution. I t  has bcen shown that the intrinsic volume 
of salt can be identified roughly with the molar volume of the pure fused salt and the value of apparent molar volume of water 
with the actual volume of water in solution. 

L'Ctude des propriCtes volumiques des mClange's eau - sel 
fondu, 2 des temperatures tres supCrieures I'ambiante a per- 
mis de proposer et de discuter diffkrents modkles de solvatation 
pour les espkces ioniques, particulikrement pour les milieux les 
plus riches en sel ( I ,  2, 20). 

Toutefois, la difficult6 de mesurer avec une trks grande prC- 
cision les masses volumiques de solutions a des temperatures 
6loignCes des conditions standard ne permet gCnCralement pas 
une determination suffisamment precise des propriktes indivi- 
duelles de I'eau et du sel dans leurs differents melanges, pour 
pouvoir verifier I'intCgralitC des consequences impliqukes par 
les modkles. 

L'utilisation d'un sel a bas point de fusion (14"C), le nitrate 
d'Cthylammonium (NEA), miscible a I'eau en toutes propor- 
tions, nous a permis en revanche d'effectuer ce type d'Ctude. 
Le but de cet article est donc, tout d'abord de presenter une 
technique expirimentale donnant accks a des valeurs prC- 
cises des volumes molaires partiels de I'eau et du NEA a 298 K 
dans leurs diffkrents mtlanges, puis d'examiner les valeurs 
experimentales a I'aide d'un formalisme dCveloppC dans une 
publication antCrieure (3). 

d'un constituant I dans un mClange binairc 1-2 consiste gCnCralement 
i mesurer le volumc molaire apparent de I ,  pour diffCrentgs 
fractions molaires x de 2 et d'en dCduire le volume molaire partiel V, 
par la relation: 

ce  qui nCccssite I'estimation toujours dClicate d'une grandeur dtrivte. ' 
L'utilisation d'unc telle technique nc conduit gCnCralement qu ' i  
des valeurs approchCes dcs volumes molaircs partiels de I et 
de 2. Afin d'obtenir des valeurs prtcises (incertitudes infkrieures :d 
0 ,  I cm' mol-') des volumes molaires partiels dc I'eau et du nitrate 
d'tthylammonium, notts respectivement 1 et 2 par la suite dans le 
texte, dans leurs melanges nous avons utilisd unc technique de rle'ter- 
minatiot~ directe, exposCe en detail dans un prdcCdent travail (3). Cette 
technique fait appcl i une "mCthode d'ajouts" dont les principes sont 
rappelts britvement ci-dessous. 

"Mtthode d'crjouts" 
Le volume d'une solution contenant r l l  moles d'cau et 1 1 ~  moles 

de sel est Cgal i: 

Si l'on ajoute i cette solution ilne tresfilihle quantitk E de l'un des 

I. Technique experimentale deux constituants, le volume change et devient V'. On peut carac- 
tCriser la variation du volume total de la solution en la ramenant i une 

1- I. Le nitrate d'~thy1ammonium pur a CtC prCparC par une technique mole de solute additionnC, 
proche de celle proposte par Evans et ell. (4): une solution d'Cthyla- On aurait, par exemple, pour un ajout EI d'eau dans un mClange 
mine i 33% (Prolabo) a CtC neutraliste par de I'acide nitrique de eau-NEA 
densit6 Cgale a 1,33 (Prolabo) dans un bichcr refroidi dans un bain de 
glace. La solution saline a CtC concentrke i I'tvaporateur rotatif i 60°C V' - V P, = - 
pendant 3 h. L'eau, de la solution concentrke, a CtC CliminCe par E I 

sCchage sous vide pendant 3 jours, en prCsence de P2OS. Le point de 
fusion du sel a CtC trouvC Cgal i 14°C. 'Lorsque I'on connait sans ambiguitC les volumes molaires des 

L'eau utilisCe pour rCaliser les diffkrents mtlanges a CtC bidistillCe. ,mposCs I et respect,vement V; et v;on peut Cgalement 
Sa masse volumique a C t t  prise Cgale i 0,997047 g/cm"our les V I  partir du volume d7excbs, V,,, par la relation: 
calculs de volumes molaires partiels. 

Les mesirres de tnasses volumiques ont Ct6 effectutes au moyen , = v + v - x [%I 
d'un densirnetre vibratomktre Picker modkle 03D rCgulC i 298 * 2 x (,,I + ,,?, 

lo-' K par un thermostat Setaram. 
L i  igalement l'estimation de [%] est particulitrement 1-2. Determination des volumes molnires pcrrtiels de l'eair et du sel I , , ,  + , , ? )  

dons les differents tt~tlanges eau-NEA dClicate et peut conduire i d'importantes incertitudes prts des bornes 
La technique classique de dktcrmination du volume molairc partiel (.r = 0 et x = 1) (5). 
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FIG. 1. Exernple d'extrapolation h "ajout nul" (E = 0) dcs 
grandeurs Pi pour le sel (A) et pour I'eau (B) dans Ics solutions 2 et 
8 rnol L- '  en NEA. 

17 

FIG. 2. (A) DCterrnination du volume rnolaire partiel i "dilu- 
tion infinie" du nitrate d'ethylarnrnoniurn dans I'eau h partir de la 
technique d'extrapolation proposCc par Redlich et Rosenfeld. (B) DC- 
termination du volume rnolaire partiel i "dilution infinie" de I'eau 
dans le sel fondu. 

Umol kg-') 
I 

Par dCfinition de la grandeur rnolaire partielle, la grandeur P I  adrnet 
pour lirnite VI, lorsque I'ajout.,~~ tend vers zCro 

* 
0 45 2 0 

On aurait bien Cvidernrnent pour un ajout E? de sel dans le rnCrne 
rntlange 

Dans la pratique, on dCterrnine les volumes rnolaires partiels de I'eau 
et du sel en utilisant la proctdure suivante. 

(a) On prCpare par volumCtrie le rnClange eau-sel dCsirC. 
(b)  On effectue dans ce rnClange 4 h 6 additions d'eau puis de 

sel. Les quantitts ajoutkes sont dCterrninCes avec precision par 
gravime'trie. 

(c )  On calcule les quantitCs Pi correspondant aux ajouts du consti- 
tuant i par la relation 

OD p,.., et pi sont respectivernent les masses volurniques du melange 

TABLEAU I. Exernple des variations de 
P I  et P I  obtenues pour diffkrents ajouts 
d'eau (el) et de sel ( E ~ )  dans un melange 
gau-YEA (.r = 0,625). Les valeurs de 
V' et VI sont reportCes en correspondance 

d e ~ = O  

Nitrate d'Cthylarnrnoniurn 

Ez P pz 
(rnol kg-') (g/crn3) (crn3 rnol-') 

Eau - 
E 1 P P I  

(rnol kg-') (g/crn3) (crn' rnol- ' )  

avant et aprts I'ajout; E, est Ic nornbre de moles du constituant i ajoutC 
h 1000 g de melange. 

(d) On extrapole ensuite les valeurs de P, IinCairerncnt avec E, h 
"ajout nul" (E, = 0). La justification de cctte technique d'extrapolation 
a CtC exposCe prCcCdernrnent (3). Les volumes rnolaires partiels de 
I'eau et du NEA ont CtC dtterrnints pour 7 melanges eau-sel rCgu- 
likrernent rCpartis sur I'Cchelle des fractions rnolaires. 

Plusieurs exernples d'extrapolation h "ajout nul" sont report& sur 
la fig. 1. Les droites obtenues posstdent toutes des pentes faibles 
conduisant h des valeurs extrapolCes h t0 .1  crn' rnol-'. 

11. Resultats experimentaux 
A titre d'exemple, les rksultats expCrimentaux obtenus pour 

le milieu x = 0,625 sont reportis dans le tableau I.  
La valeur du volume rnolaire partiel du nitrate d'Cthyl ammo- 

nium a dilution infinie dans I'eau a CtC obtenu par extrapo- 
lation selon la methode proposCe par Redlich et Rosenfeld 
(6) (fig. 2(A)). Cette valeur (82,9 c m h o l - I )  est sensible- 
ment supCrieure a celle que l'on peut calculer a partir de la 
valeur de p' publike pour le bromure d'ethylammonium 
(81,9 cm3 mol-') (7),  en supposant I'additivitC des indivi- 
duels des ions (8). 

La valeur du volume rnolaire partiel de l'eau 5 dilution infi- 
nie dans le sel pur a CtC obtenue par extrapolation linCaire avec 
la molalitC de l'eau dans la solution (fig. 2(B)). Les valeurs des 
volumes molaires partiels de I'eau et du nitrate d'kthyl- 
ammonium sont regroupCes dans le tableau 2. Les variations 
des volumes molaires partiels de l'eau et du sel dans leurs 
diffkrents melanges sont reportCes sur la fig. 3. 

La masse volumique du sel pur a CtC trouvCe Cgale a: 

ce qui correspond a une concentration de 11, 2 moles par litre 
de sel. La valeur de la masse volumique est supCrieure a celle 
que I'on peut calculer 5 partir de la relation proposCe par 
Sugden et Wilkins (9). 
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HADDED ET AL 

TABLEAU 2. Valeurs des volumes molaires partiels de I'eau V ,  et du nitrate d'ethylarnrnoniurn VZ pour les 
differents rnilanges eau-NEA ii 298 K 

C (rnol L- ')  0 2,02 4.04 6,02 8,08 8,96 10,03 10,75 11,2 
T - 0 4 , 2 2 ~  lo-' 0,100 0,186 0,336 0,441 0,625 0,819 1 
VI  (cm' rnol-') 18,07 - 18,O 17,9 17,8 17,5, 17,4 17,2 16,9 16,7 
V2 (cm' mol-I) 82,8 - 85,6 87,2 88,l 88.7 89.0 89,2 89,3 89,3 
V2 (crn3 rnol-') 

calculi. - 86,I 1 87,29 88,06 88,70 88,94 89,18 89,29 89,32 

111. Discussion des resultats 
Comme le montre la fig. 3,  le volume molaire partiel de 

l'eau varie lineairement avec la fraction molaire, x, du sel entre 
ses deux valeurs limites Vy et Vy (volume molaire et volume 
molaire partiel a dilution infinie de I'eau dans le sel pur). 

A partir de cette simple reprksentation graphique, on serait 
donc tent6 d'adopter pour rendre compte des variations de V , ,  
la relation suivante: 

sur I'intervalle des fractions molaires comprises entre 0 et I ,  
bornes incluses. Or ce choix conduirait a une description tout 
a fait incorrecte des propriCtCs du sel dans le domaine des 
solutions diluCes en Clectrolyte. 

En effet, on peut montrer que la description des variations du 
volume molaire partiel du constituant I dans le binaire 1-2, au 
moyen d'une Cquation polynomiale en x (x = fraction molaire 
du constituant 2) ne peut au rnirzirnum dCbuter qu'a I'ordre 2, 
I'ordre unit6 conduisant a une valeur infinie pour V 2  lorsque x 
tend vers zCro (5). 

Le domaine correspondant aux solutions diluCes doit donc 
Ctre impkrativement exclu de I'intervalle de definition de la 
reaction 4 ,  ce qui conduit a envisager deux intervalles d'etude: 
(a) un premier intervalle tres Ctroit, correspondant aux solu- 
tions salines diluees, pour des fractions molaires inferieures B 
4 x lo-' (la valeur choisie pour cette borne sera justifiCe ultC- 
rieurement); (b) un second intervalle beaucoup plus large, co- 
rrespondant aux solutions concentrees en NEA pour x supCrieur 
2 4 x lo-' dans lequel le comportement des deux constituants 
de la solution sera entierement determine, par les consCquences 
de la relation [4]. 

111-1. Solutions concentre'es en NEA dans I'intervalle 4 X 
lo-? < x s 1 

111- I - I . Volumes rnolaires partiels du sel 
L'utilisation conjointe de la relation de Gibbs-Duhem et 

de la relation [4] permet d'Ctablir une loi de variation pour le 
volume molaire partiel du NEA en fonction de x: 

Cette Cquation diffkrentielle peut Ctre intCgrCe entre la borne 
limite correspondant au sel pur (x = I) et une autre borne 
caractkristique de l'une des solutions appartenant a I'intervalle 
de dCfinition de I'Cquation [4]. 

On obtient alors, pour decrire les variations de &, I'expre- 
ssion suivante: 

[5] V? = Vq + (V: - V >  (In x + 1 - X) 

Les valeurs de V? calculCes au moyen de la relation [ 5 ]  

SEL 

FIG. 3. Volumes rnolaires partiels de I'eau et du sel ii 298 K dans 
leurs differents melanges en fonction de la fraction rnolaire du NEA. 

sont reportCes dans le tableau 2 en regard des valeurs 
expkrimentales. 

Les valeurs calculCes sont en excellent accord avec les va- 
leurs expCrimentales pour I 'ensemble des mClanges CtudiCs ce 
qui justifie la forme polynomiale au premier ordre adoptCe pour 
dCcrire les variations de V , .  Le systeme d'kquation choisi est 
auto-cohkrent. 

Les expressions de V ,  et v2 Ctant Ctablies en fonction de la 
fraction molaire du NEA, on peut complCter la description du 
binaire au moyen des autres grandeurs molaires. Certaines 
d'entre elles seront utiles lors de la discussion concernant 
les diffkrents modkles pouvant rendre compte des rCsultats 
expkrimentaux. 
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1 Volumes d&xces 
(cm3 mol-"I 

FIG. 4. Volumes d'excks des melanges cau-NEA. La courbe 
representative a CtC tracte A partir des valeurs calculCes au moyen 
de la relation [9]. 

111- 1-2. Autres grrlnrleurs molaires rlu sel et de l'eau duns 
leurs mClanges 

(a) Volumes molaires upparents rlu NEA 
Par dCfinition le volume molaire apparent +? du sel slCcrit 

soit en substituant v1 par son expression 

[6] +? = Vq + (Vy - vy) In x 

(b) Volumes rnolrlires clpparents de I'ealc 
Les volumes molaires apparents de I'eau +,  et du sel sont 

relies par: 

(c) Volumes rkduits et volumes d'excPs 
Par dtfinition le volume rtduit, V,, represente le volume du 

mtlange ramen6 a I mole de constituants, soit 

VR = xv2  + (1 - X) V ,  

Conventionnellement le volume d'excks, V,,, rend compte de 
I'Ccart entre les propriCtCs rCelles de la solution et celles du 
systkme modkle que constitue la solution idtale. 

V,., = V R  - x Vy - (I - X )  Vy 

[9] V,, = (Vy - vy)x In x 

Les variations du volume d'excks sont representees sur la 

IOL. 63. 19x5 

fig. 4; le maximum de la courbe se situe a x  = I l e .  

111-2. Solutions dilukes en NEA drzns l'intervalle 
0 < x < 4 x lo-' 

Loi limite de Debye-Hiickel 
Lorsque les solutions salines sont suffisamment diluees le 

volume molaire partiel du sel peut &tre dCcrit au moyen de la 
relation 

dans laquelle m est la molalitt du sel. La valeur 2,8 est celle 
que I'on obtient de manikre thkorique par derivation de 
I'expression proposCe par Debye et Huckel pour decrire les 
variations du coefficient d'activitt du sel (6) refere a la solution 
infiniment dilute. 

Les variations de v1 peuvent &tre aisCment exprimCes en 
fonction de la fraction molaire. La molalitC m et x sont reliees 
par: 

ou M I  est la masse molaire de I'eau exprimte en kg mol-I. 
Dans le domaine des solutions salines diluees, la fraction mo- 
laire x reste toujours trks petite devant I'unitC. 

La relation [lo] peut donc encore Ctre ecrite: 

[ I  I ]  & = vq + 20,8 & 
soit pour la grandeur molaire apparente 

[I21 +? = v; + 13,87 & 
Le volume molaire partiel de I'eau obCit alors a la loi limite 

[I31 v1 = V'; - 6,93 x."' 

Dans le domaine de validit6 de la loi limite de Debye-Huckel 
les variations du volume molaire partiel de I'eau sont inft- 
rieures a I'erreur experimentale et ne peuvent de ce fait &tre 
mises en evidence, tout au moins par la technique qui a CtC 
utiliste. 

Le changement de comportement du sel lorsque I'on passe 
des solutions trks dilutes aux solutions concentrtes apparait sur 
la fig. 5 oh sont repartees, en traits pointillCs les deux lois 
limites correspondant aux relations [6] et 1121, et en trait plein 
la courbe experimentale. 

Pour une concentration en NEA supkrieure a 2 moles par litre 
soit x > 4 X lo-?, le comportement de la solution peut &tre 
dkcrit au moyen de la relation [4]. Cette valeur a donc ttC 
adoptCe comme borne infkrieure de son intervalle de definition. 

IV. Interpretation des resultats 
L'analyse des resultats exptrimentaux peut &tre effectuCe au 

moyen d'un formalisme, dCveloppt dans une Ctude antkrieure 
concernant les mClanges eau-KC1 (3,19) qui suppose qu' i  
I'Cchelle macroscopique toutes les molCcules d'eau de la solu- 
tion sont perturbCes d'une manikre identique par la presence 
du sel (10- 12). 11 a 6tC ainsi montre que le volume intrinskque 
V: d'un Clectrolyte est directement proportionnel a son volume 
cristallin V: calcult a partir des rayons de Pauling. 

La validit6 de cette relation a ttC verifiee pour de nombreux 
Clectrolytes pour toutes les solutions concentrkes en KC1 com- 
prises entre 0,5 mol L-I et la saturation. 
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3 ET AL. 569 

FIG. 5 .  Variation des volumes rnolaires apparents du NEA reportte 
en fonction de I"'. Pour les solutions les plus diluCes en sel le 
cornporternent du NEA peut etrc dCcrit au rnoycn de la loi lirnite 
de Debye ct Hiickel. Pour Ics solutions concentrtes de molaritt 
suptrieure i 2 rnol L ' (.r = 4 X I0 ' )  lc cornporterncnt dc la solution 
est dtcrit au rnoyen de la rclation [4]. 

Le volume de la solution saline concentree s'ecrit alors en 
gardant les notations habituelles (indice 1 pour I'eau et 2 pour 
le sel) 

[I51 V = n l  V,,,, + 1,92 n? V: 

V,,,, est une grandeur molaire qui caracterise le volume effectif 
moyen attribuable a chaque molecule d'eau dans le milieu 
salin. L'avantage de ce formalisme est de faire apparaPtre d'une 
manikre explicite I'intervention des proprietes de I'eau dans 
l'expression du volume molaire partiel de I'Clectrolyte 

a VIb, [I61 V2 = 1.92 V: + ( I  - x)' [-] a x  [ , V i . l  I , ? )  

Dans le cas des melanges eau-NEA le calcul du volume intrin- 
skque du sel peut Etre effectue a partir d'une evaluation des 
volumes cristallins individuels des ions nitrate et Cthylammo- 
nium, obtenue par une technique de corrClation exposee en 
detail dans un article precedent (13). Les valeurs des volumes 
cristallins des deux ions sont donnCes avec une incertitude de 
l'ordre de 1%: 

soit pour le sel 

Vk,, = 46,9 * 0,5 cm' mol-' 

Si I'on admet que le coefficient de proportionnalite intervenant 
dans la relation [I41 reste du mkme ordre pour les melanges 

eau-NEA, le volume intrinseque du sel peut Etre estimC 9: 

Cette valeur, tout a fait comparable a celle du volume molaire 
ViEA du sel fondu (89, 3 cm' mol-I), laisse supposer que le 
volume intritlsPque clu nitrate d'Cthylammonium dans les me- 
larlges eau-NEA s'identifie e t ~  premiPre approximation ci son 
volurne molaire 

et que le sel en solution garde "l'empreinte" de sa structure 
lorsqu'il est pur a I'etat liquide. 

Cette particularit6 des melanges eau-NEA permet d'ecrire 
la relation [I51 sous la forme: 

V+, s'identifie alors au volume molaire apparent de I'eau 0, 
dans le melange et ses variations avec la composition peuvent 
Etre dCcrites au moyen de la relation [7]. 

Comme on peut le remarquer (fig. 6), la variation du volume 
effectif moyen de I'eau est maximum dans les milieux les plus 
aqueux et s'attknue pour atteindre une valeur limite pour les 
solutions les plus riches en sel. Cette limiteest like a la valeur 
du volume molaire partiel a dilution infinie Vy de I'eau dans le 
sel fondu. 

V(; reprksente alors le volume molaire effectif attribuable a une 
mole d'eau infiniment diluee dans le sel pur. 

Sa valeur reste superieure aux estimations faites par Millero 
et a / .  (14) et Shimizu (15) pour le volume de I'eau participant 
2 la solvatation directe des ions dans le cas des solutions 
diluees. 

L'utilisation du volume molaire apparent de I'eau pour ana- 
lyser les proprietes des solutions salines concentrees avait dija 
it6 signalee par KodejS et Slama (16) qui ont propose de decrire 
ses variations par la relation: 

A ,  C, D sont des paramktres empiriques. 
Sacchetto et KodejS (2) supposent que cette relation est dCfi- 

nie sur tout I'intervalle des fractions molaires, bornes com- 
prises, et simplifient cette expression en: 

[20] 0, = v:' + (V:' - 

Par un calcul de mecanique statistique, ils relient la valeur 
de D a I'enthalpie de dilution de I'eau i dilution infinie dans le 
sel pur (2). 

Bien que la forme mathematique proposke par ces auteurs 
pour decrire les variations de 0, avec la fraction molaire du 
sel diffkre de celle presentee par la relation [7], nous avons 
tent6 I'examen de nos rksultats exptrimentaux I'aide de cette 
formulation. 

La relation [20] ayant CtC ktablie en supposant que les bornes 
x = 0 et x = I appartenaient au domaine de definition de 
I'kq. [19], il est licite de calculer la valeur de D a partir des 
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Frc. 6. Variation du volume rnolaire apparent de I'eau en fonction 
de la fraction rnolaire du sel. Les courbes calcultes i partir de la 
relation [I91 pour les valeurs D = 2,2 et D = 4,6 sont reporttes sur 
le graphe. 

differentes valeurs limites. 
Le volume rnolaire apparent du sel peut Etre ecrit: 

soit encore 

Le volume molaire apparent du sel s'identifie a son volume 
molaire partiel VP lorsque x tend vers zero soit: 

lim $? = Vy = V: + D(V(; - Vy) 
1 - 0 

La valeur de D est donc Cgale a 

Dans le cas des melanges eau-NEA, la valeur de D serait donc 
egale a 4,6. La description des variations de $, a I'aide de cette 
valeur est pour le moins imparfaite (fig. 6). 

Toutefois, la similitude de formes entre les courbes experi- 
rnentale et calculCe nous a incites a tenter cette exploitation 
avec d'autres valeurs de D, empiriques cette fois-ci. 

La valeur D = 2,2 conduit a une excellente description des 
valeurs de 4, sur toute la gamme des fractions molaires 
(fig. 6). On peut egalement verifier, au moyen des relations 
suivantes dkduites de 1'Cq. [20], que cette valeur de D permet 
de retrouver avec precision les resultats experimentaux pour VI 
et V , ,  en excluant cependant le domaine des solutions diluCes. 

L'utilisation de la relation [20] proposee par Sacchetto et 
KodejS conduit a une description precise des resultats experi- 
rnentaux a la condition toutefois d'exclure la borne x = 0 de 
son dornaine de validite, ce qui parait contradictoire avec le 
traiternent de I'eq. [I91 5 l'origine de la relation [20]. 

Conclusion 
L'etude volurnCtrique des melanges eau - nitrate d'ethyl- 

ammonium 2 298 K rnontre que le volume intrinskque du sel 
dans ses solutions aqueuses s'identifie a son volume rnolaire. 

La description des comportements individuels de I'eau et du 
NEA dans leurs differents melanges a pu Etre effectuke 2 partir 
d'un systkme d'kquations base sur I'existence d'une relation 
linkaire entre le volume molaire partiel de I'eau et la fraction 
molaire du sel. Toutefois ce systkme d'kquations n'est pas 
unique, et i l  a etC montre que les relations proposees par KodejS 
et Sacchetto permettaient Cgalement une excellente description 
des comportements des constituants de la solution a condition 
d'exclure la borne x = 0 de leur domaine de validite. Plus 
generalement, les melanges entre I'eau et le nitrate d'ethyl- 
ammonium apparaissent cornme des milieux tres particuliers, 
le sel pur ayant par ses propriktes de nombreuses similitudes 
avec I'eau pure (17, 18). A titre d'exemple, i l  a ete observe, 
dans le sel fondu pur, des phenomknes de micellisation com- 
parables a ceux mis en evidence dans I'eau par les composes 
tensio-actifs. 
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Five-coordinate dicarbonyl complexes of rhodium(1): [RhX(C0)2(PPh3)2] 
(X = C1, Br, I) 
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ALAN R. SANGER. Can. J .  Chem. 63, 571 (1985). 
The complexes trans-\RhX(CO)PPh3)zj (1, X = CI, Br, I)  react with CO to form [RhX(C0)2(PPh3)2] (2). and not to form 

cis-[RhX(CO)(PPh,)J. Complexes 2 contain equivalent axial carbonyl ligands. I t  is proposed that a series of dicarbonyl 
complexes, including 2. is formed during decarbonylation reactions catalyzed by 1. 

ALAN R. SANGER. Can. J .  Chem. 63, 571 (1985). 
La reaction des complexes [RhX(CO)(PPh3)2]-trans (1, X = CI, Br, 1) avec le CO conduit aux complexes 

(RhX(CO)2(PPh3)2] (2) et i l  ne se forme pas de complexe [RhX(CO)(PPh,),]-cis. Les complexes 2 contiennent des ligands 
carbonyles axiaux Cquivalents. On suggtre I'hypothtse qu'il y a formation d'une serie de complexes dicarbonyles, y compris 
2, lors des reactions de dtcarbonylations catalysees par 1. 

[Traduit par le journal] 

Introduction 
The complexes trans-[RhX(CO)(PPh3)2] ( l a ,  X = CI; l c ,  X 

= 1) were first synthesized by Vallarino ( I ) ,  l a  from 
[Rh2CI2(CO),], and l c  by halogen ligand exchange. Re- 
crystallization of each from various solvents gave unchanged 
material. Solutions of l c  were unstable under the conditions 
reported, becoming progressively darker. Synthesis of. l a ,  1 6  
(X = Br), or l c  under various conditions yields in most cases 
a product with a single obvious carbonyl band and one 
rhodium-halogen stretching band in the ir spectrum. How- 
ever, the reported positions of the bands vary. For products 
described as l a  the carbonyl bands fall into the range 1961 to 
1989 cm-', for l b ,  1968 to 1980 cm-', and for l c ,  1968 to 
1985 cm-' (e.g. refs. 1-8). For both I n  and l c ,  it has been 
observed that the materials giving rise to these disparate bands 
may be formed in mixtures, and it has been assumed that the 
mixtures were of cis- and trans-isomers (6, 7). For l a  the 
mixture arose from the decarbonylation of aroyl chlorides cata- 
lyzed by [RhCI(PPh,),] (7). For l c  the mixture and each com- 
ponent were formed in separate experiments in which halogen 
exchange of l a  with iodide ion was attempted under various 
conditions (6). It has been reported that cis-[Rhl(CO)(PPh,)2] 
isomerizes to l c  in the solid state within one month (6). 

Because the assignment of a "cis-[RhX(CO)(PR,)r struc- 
ture has been made only because of the observation of an extra 
or displaced CO band in the spectra of such materials, and 
because the mechanism of decarbonylation catalysed by l a  is 
not fully understood, it was considered appropriate to re- 
investigate these materials. A convenient probe is the I3C 
nucleus, and consequently both the "CO and '"0 (90% 
enriched) complexes l a ,  l b ,  and l c  have been prepared using 
literature methods (1 -6) under either "CO or I3CO (90% en- 
riched), respectively. Complexes l a  and l b  enriched with 
'"0 have previously been described (8, 9). Herein, reactions 
of l a ,  l b ,  and l c  (enriched with 90% ' T O )  with additional 
I3CO to give [RhX('3C0)2(PPhs)2] (2a, X = CI; 2b, X = Br; 
2c, X = I) are reported. Materials previously described as 
"cis-[RhX(CO)(PPh,)r are now considered to be 2a and 
2c, similar to the complex [RhC1(C0)2(Ph?PC4H,S)J, reported 
earlier (I 0). The complex 2a  has previously been postulated as 

. . 
. . 
. . an intermediate in the SN2 exchange of labelled CO with l a  
. . 

( 1  1). 

Experimental 
All reactions were performed under dry, oxygen-free Nz or CO. 

Reagents were either commercially available or prepared by standard 
literature methods; "CO (90% "C-enriched) was purchased from 
Merck, Sharp, and Dohme Canada Limited, and used as supplied. 

Microanalyses were performed at the Microanalytical ~ a b o r a t o r ~ ,  
Department of Chemistry, University of Alberta. Molecular weights 
were determined osmometrically. Spectra were obtained using the 
following instruments: ir, Perkin-Elmer 283; I3C and "P nmr, Bruker 
WP80. The nmr spectra were obtained from solutions in either 
dichloromethane-dl or toluene-dx at +30 to -8OoC; at room temper- 
ature rapid exchange of ligands prevented observation of coupling. 

Reaction of [Rh2C12(CO),] with PPh, in CH2C12 
Addition of 4 equiv. of PPhz to a solution of [Rh2C12(CO)4] in 

dichloromethane under an atmosphere of CO gave a yellow solution 
which, after stirring for a few minutes, yielded pale yellow micro- 
crystals. The ir  spectrum of the product exhibited carbonyl bands at 
1990 (vs) and 1967 (m) cm-I. All attempts to recrystallize this 
material from benzene or dichloromethane under CO gave similar 
materials, the ir spectra of which showed the band at 1990 with 
reduced intensity and the band at 1967 with increased intensity. 

Successive recrystallizations of the above material from dichlo- 
romethane under an atmosphere of Nz gave trans-[RhCI(CO)(PPh3)2] 
(v(C0) 1967 cm-I). (Anal. calcd.: C 64.3, H 4.4, CI 5.1; found: 
C 64.3, H 4.6, C1 5.25.) Recrystallization from benzene gave the I : I 
solvated complex. (Anal. calcd.: C 67.2, H 4.7, CI 4.6; found: C 
66.9, H 4.85, C1 4.7.) 

The I3CO (90% "C-enriched) complexes were prepared under 
'ko. 

Preparation of the bromo camp1exe.s 
A solution of [Rh2Clz(cod)2] in ethanol was stirred with a large 

excess of KBr under an atmosphere of CO for 4 h. Subsequently 4 
equiv. of PPh, were added and the mixture was stirred overnight. The 
mixture was then filtered, and the precipitate was washed with succes- 
sively water, ethanol, and diethyl ether to give, as a yellow powder, 
trans-[RhBr(CO)(PPh,)2] (v(C0) 1974 cm-I). (Anal. calcd.: C 60.4, 
H 4.1. Br 10.9; found: C 60.4, H 4.1, Br 11.1.) 

When the original product was recrystallized from dichloromethane 
under an atmosphere of N2, the product was unchanged (ir). 

When the original product was recrystallized very slowly from 
benzene under CO the product was [RhBr(CO)2(PPh3)2] .ChHh (v(C0) 
1984 cm-I) (Anal. calcd.: C 62.8, H 4.3, Br 9.5, mw 842; found: C 
62.4, H 4.4, Br 10.4, mw 879.) 

Recrystallization of the latter complex under an atmosphere of N2 
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regenerated the original product. 
The I3CO complexes were prepared by the same reactions. 

Prcp.pcrrarion of the iodo comnple.~c.s 
A solution of [Rh2C12(~~d)2]  in ethanol was stirred with a large 

excess of KI undcr an atmosphere of CO for 4 h. Then 4 equiv. of PPh, 
were added and the mixture was stirred to form a yellow solution 
which rapidly gave a yellow precipitate. The mixture was filtered, and 
the precipitate was washed with successively water, cthanol. and 
diethyl ether to give, as an orange-ycllow powder, IRhl(CO)2- 
(PPh,):] (v(C0) 1965 cm-I). (Anal. calcd.: C 56.3, H 3.7, 1 15.7; 
found: C 56. I .  H 3.8, 1 15.4). 

Recrystallization of the above product from benzene under an atmo- 
sphere of Nz readily gave rrans-[RhI(CO)(PPh,)2] *ChHh (v(C0) I989 
cm-'). (And. calcd.: C 60.0, H 4.2, 1 14.75; found: C 59.75, H 4.3, 
1 15.0.) Prolonged stirring of a solution undcr a stream of Nz gave 
[Rhl(PPh,)l], (see also ref. 6). 

Recrystallization of the lattcr product from either benzenc or dichlo- 
romethanc under an atmosphere of CO readily gave large, soft crystals 
of the original product. 

The "CO complexes were also prepared. 

Results and discussion 
Reactions of trans-[RhX(CO)(PPh.I)2/ with CO 

When preparation of l a  was attempted under an atmosphere 
of CO, a mixture of products was apparently obtained. The 
carbonyl bands in the ir spectrum were very similar to those 
reported for what was assumed to be a mixture of the cis and 
trans isomers. The complex giving rise to the band at 1990 
cm-' was unresolvable, but recrystallization of the mixture 
under N1 readily gave the trans complex (v(C0) 1967 cm-I). 
When a solution of 16 in benzene was treated with CO the 
material isolated was of a different shade of yellow from 16, 
and the ir spectrum also differed from that of l h .  Similarly, 
attempted preparation of 1c  under CO, or treatment of l c  with 
CO, gave in each case a novel material, the carbonyl band in 
the ir spectrum of which coincides with that reported for 
"~ i s - [Rh l (C0) (PPh~)~  I". 

The chloro complex giving rise to the ir band at 1990 cm-I, 
and the new materials obtained by treating 117 or l c  with CO, 
are all stable in solution if maintained under an atmosphere of 
CO. They are assigned the structure [RhX(C0)2(PPh3)2] on 
the basis of elemental analyses, the following I3C and "P 
nmr spectroscopic evidence, and by comparison of the spectro- 
scopic parameters of complexes l a  and 2a  with those of 
trans-[RhCI(CO)(Ph2PC4H3S)J and [RhCI(CO)?(Ph2PC,H3S),), 
respectively (Table l ) ,  which have each been isolated as pure 
crystals (10). 

Solutions of l a ,  16,  a n d l c  under N2 were each of a darker 
hue than the same solutions after treatment with CO, signifi- 
cantly so for l c  but only slightly so for l a .  The "P or nmr 
spectra in each case showed only one environment for either "P 
or 'C. In no case was free PPh3 observed in the ."P nmr spectra 
of the solutions. Only in the spectrum of l c  was a byproduct 
complex of rhodium observed, which is probably [Rhl(PPh3)?j2 
(6). The 3 'P nmr spectra of the "CO complexes l a ,  16,  or l c  
in each case showed, as expected, a doublet due to coupling of 
equivalent "P nuclei to '03Rh. The spectra of the corresponding 
I3CO complexes at -50°C each showed a doublet of doublets, 
due to ."P coupling also to one I3C nucleus. The nmr spectra 
of l a ,  16 ,  or l c  each showed a doublet of triplets, confirming 
that each '.'C was coupled to one '03Rh and two equivalent "P 
nuclei. The values for l a  are consistent with literature values 
(8). 

The "P nmr spectra of solutions prepared by treatment of 

FIG. I. Trigonal-bypyramidal structure. 

solutions of complexes l a ,  16,  or l c  with CO showed that 
novel complexes 2a ,  26, or 2c, respectively, are formed. The 
"P nuclei are in each case chemically equivalent, but the chem- 
ical shift and coupling constant to Io3Rh of each complex 2 are 
greatly changed from those of the corresponding complex 1. 
For solutions under '"0 each "P nucleus couples to two 
equivalent I7C nuclei, observable at -50°C for 2c, and at 
-80°C for 26. For 2a broadening of the doublet occurs below 
-70°C, but coupling to is not resolved. At +30°C cou- 
plings are not observed due to rapid exchange of ligands. The 
"P and "C nmr spectra of [RhCI(CO)2(Ph2PC4H3S)J differ in 
a similar manner from those of trans-[RhCI(CO)(Ph,PC,H,S),I 
(10) (see Table I). The "C nmr spectra of the "CO-enriched 
complexes 20, 26, and 2c  differ from those of l a ,  16,  and l c .  
For 26 and 2c  coupling of each "C nucleus to "%h and to two 
"P nuclei is resolved. The "C nmr spectrum of 20 remains a 
singlet to -70°C due to rapid exchange of ligands, but is broad 
( 17.5 Hz) at this temperature. The complexes 2a ,  26,  and 2 c  
must be [RhX(C0)2(PPh3)2j because ( i )  the solutions are non- 
conducting, ( i i)  no free PPh3 is detected in the "P nmr spectra, 
(iii) for 26 and 2c two equivalent "P nuclei are seen to couple 
to two equivalent nuclei, and (iv) the "P nmr spectra in no 
way resemble that of [RhC1(CO)(Ph2PCH2CH2PPh2)] (PA:  6, 
97.8 ppm; lJRhp 158 Hz; PB: 6, 76.6 ppm, lJRhp 124 Hz; 'JpAB, 
34 Hz) (12). 

Large crystals of complex 2c are very soft, and light 
orange-yellow. On standing under an atmosphere other than 
CO they darken rapidly and steadily to first form 
yellow-brown l c .  Under air 2c  readily oxidizes within days 
(c.f. ref. 6). Complex 26  is a light yellow, microcrystalline 
material which appears to be more stable than 2c  in the solid 
state. However, in solution it also readily loses I mol of CO 
to form 16. The apparent isomerization of "cis-[RhI((CO)- 
(PPh3)?JW to l c  (6) is now readily understood as loss of CO from 
2c to form l c .  

The ir spectra of complexes 2 are very similar in character to 
those of 1 ,  except that the carbonyl and rhodium-ligand bands 
(Table 2) differ in position and intensity. 

The structure of complexes 2 differs from that of the iridium 
analogs. The complex [lrCI(C0)2(PPh3)lJ exhibits two carbo- 
nyl bands of similar intensity in the ir spectrum, at 1976 and 
1923 cm-' (13), arising from two equatorial carbonyl ligands 
(14). If complexes 2 were of similar structure, with axial PPh, 
ligands, two carbonyl bands of similar intensity (A, and B2) 
should also have been observed. Instead, Nujol mulls of com- 
plexes 2a ,  26, and 2c each exhibit a single very strong carbo- 
nyl band. However, in solution the carbonyl band appears to be 
an envelope (2a, 26)  or broader band (2c). For either a 
trigonal-bipyramidal structure (Fig. I), or a trans-square- 
pyramidal structure (Fig. 2), two stretching bands (A I + B I )  
should be ir active, but, for two colinear carbonyl ligands, one 
stretching band will be weaker than the other. Rapid exchange 
of ligands (nmr) may include a facile rearrangement between 
the possible structures. Interconversion of trigonal-bipyramidal 
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TABLE I . Spectroscopic data for rrc1ns-IRhX(CO)(PPh,)21 and [RhX(C0)2(PPh3)2] 

Infrared spectra" 

Nujol mull CH2C12 solution ChHb solution Nuclear magnetic resonance spectrat' 
Previous 

Complex formulation v(IZC0) v(I'C0) v(l2C0) v("C0) v(IZC0) v(I3CO) Zip 6c I J R I I I >  IJRhc 2JI'c 

Same 

ci.~-RhCl(C0)(PPh.~)~ 

Same 

- 

Same 

cis-Rhl(CO)(PPh& 

(ref. 10) 
(ref. 10) 

1967 1924 

1990 1941 

1974 1926 

1984 1937 

1989 1940 

1965 (vs, b) 1935 

1974 1925 
1990 1944 

1922 1980 
(sh?) 1960(sh) 
1936 

1934 1981(vs) 
1964(s, sh) 

1939 

"Values in wavenumbers ( 5 2 ) .  
"Solutions in dichloromethane-d, at -50°C. 'H decoupled; chemical shifts in ppm downfield from 85% H,PO, ("P) or Si(CH.,)4 ("C), and coupling constants in  Hertz. (Valucs in  parentheses are 

for solutions in toluene-dX at -70°C.) 
'See also ref. 8. 
"See also ref. 190; peak width at half-height 17.5 Hz at -70°C. 
'At -80°C. 
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TABLE 2. Infrared spectra (250-800 cm-') of complexes 1 and 2" 

758 (m) 
754 (m) 
745 (s) 
721 (w) 
705 (s) 
692 (vs) 

752 (sh) 
746 (vs) 

752 (sh) 
747 (s) 748 (s) 744 (s) 

722 (vw) 721 (vw) 
704 (sh) 703 (s) 
696 (vs) 693 (vs) 
68 1 (vs) 674 (s) 

705 (s) 
692 (vs) 

707 (s) 
693 (vs) 

710 (s) 
692 (vs) 

618 (vw) 617 (vw) 
570 (w) 
562 (m) 

618 (vw) 619 (vw) 

570 (s) 562 (m) 559 (m) 553 (m-w) 
545 (w-m) 

538 (w) 539 (w) 
52 1 (s) 
513(vs) 514(vs) 
504 (s) 506 (sh) 
492 (m) 491 (m) 

461 (vw) 
449 (vw) 451 (vw) 

544 (w) 
525 (m) 
5 14 (vs) 
501 (vs) 
492 (s) 

540 (vw) 
524 (sh) 
5 14 (vs) 
505 (sh) 
493 (m) 

540 (w) 
524 (sh) 
5 16 (vs) 
501 (s) 
494 (s) 

5 14 (vs) 
508 (vs) 
490 (sh) 

450 (w) 450 (w) 451 (w) 450 (m-w). 
440 (sh) 
422 (w) 431 (w) 

417 (w) 
430 (vw) 
418 (w) 

432 (w) 
414 (w) 

427 (w) 431 (w) 

308 (w) 308 (sh) 
297 (w) 

"Nujol mulls; values in wavenurnbers. 
"Contaminated with l a  (see text). 

presence of excess PPh, (22), and loss of CO from l a  is far 
from facile (23). Consequently it is proposed that catalytic 
decarbonylation occurs by initial loss of a PPh, ligand from l a .  
Oxidative addition and ligand migration reactions similar to 
those of the stoichiometric reaction will subsequently afford 
dicarbonyl complexes, including 2a. Elimination of CO from 
the dicarbonyl complexes will be facile. 

FIG. 2. Square-pyramidal structure. 

and square-pyramidal structures occurs for [RhC12(COR)- 
(PPh,)2] (R = CH3, CH2CH2Ph) (15). Nevertheless, the nmr 
data for 2 indicate that the trigonal-bipyramidal is the most 
probable structure, based on a comparison of coupling con- 
stants between complexes 1 and 2. The Rh-C coupling con- 
stants for complexes 2 are less than for complexes 1 by 5 to 8%. 
'The Rh-P coupling constants for 2 are less than for 1 by 9 to 
27%. For a trigonal-bipyramidal structure with equatorial 
phosphine ligands and axial carbonyl ligands (Fig. 1 )  the 
degree of s-character inthe equatorial bonds would be expected 
to drop more in comparison to the corresponding trans-square- 
planar complex than would the s-character of the axial bonds. 
Consequently the Rh-P coupling constant is more greatly 
reduced than the Rh-C coupling constant. 

The existence of complexes 2 has implications for various 
reactions catalysed by phosphine complexes of rhodium, es- 
pecially carbonylation and decarbonylation reactions. Under 
mild conditions [RhCI(P.Ph,),] is an effective reagent for the 
stoichiometric decarbonylation of aldehydes and aryl or aroyl 
halides, but complex l a  (which is formed) is not (5,7,  15, 18). 
Under more rigorous conditions each material is an effective 
catalyst for such decarbonylation reactions, and intermediates 
are formed which contain alkyl and hydrido or halogen ligands 
(15-21). Although the mechanism of the stoichiometric reac- 
tion is well understood, the subsequent reactions of l a  in the 
catalytic process, especially elimination of CO, have remained 
subject to speculation. Catalytic activity is inhibited by the 
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The kinetics, isotope effects, and mechanism of the reaction of 2,2-di(4-nitropheny1)- 
l,l,l-trifluoroethane with alkoxide bases in alcohol solvents 
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ARNOLD JARCZEWSKI, GRZECORZ SCHROEDER, WLODZIMIERZ GALEZOWSKI, KENNETH T. LEFFEK. and URSZULA 
MACIEJEWSKA. Can. J. Chem. 63: 576 (1985). ~. 

The reaction &tween 2.2-di(4-nitropheny1)- I, I, l -trifluoroethane and the alkoxide bases ~ c H ? ,  O C , H ~ ,  &C,H~,  
~cH(cH.,),, and OC(CH,), in their corresponding alcohol solvents is a multistep reaction with several intermediates: 2,2-di(4- 
nitropheny1)-l , I-difluoro-I-alkoxyethane (A), 2,2-di(4-nitropheny1)-I-tluoro-I-alkoxyethene (B), 2,2-di(4-nitropheny1)- 
I, I-dialkoxyethene (C), 2,2-di(4-nitropheny1)- I, I-difluoroethene (D), and 4,4'-dinitrobenzophene (E). Rate constants and 
activation parameters have been measured for the appearance of the two stable products B and C. The kinetic deuterium isotope 
effects for the appearance of B fell in the range of kl1/kl, = I to 2 at 25°C for the primary and secondary alkoxides, whereas 
ktl/kf, = 5.4 at 30°C for the appearance of D with terr-butoxide. Exchange experiments showed that H/D exchange took place 
between the substrate and solvent to the extent of 100% with methoxide, 50% with ethoxide and isopropoxide, and 0% with 
tert-butoxide. I t  is concluded the HF elimination from the substrate follows an (ElcB), mechanism with methoxide/methanol, 
changing to (EICB)~ or E2 with tert-butoxide/rerr-butanol. 

ARNOLD JARCZEWSKI, GRZECORZ SCHROEDER, WLODZIMIERZ GALEZOWSKI. KENNETH T. LEFFEK et URSZULA 
MACIWEWSKA. Can. J .  Chem. 63: 576 (1985). 

La rtaction du di(nitro-4 phtnyl)-2,2 trifluoro-I. I, l tthane avec les alcoolates CH16. C2H56, nC,H,6, ( c H % ) ~ c H ~  et 
( C H , ) ~ ~ ,  dans leurs alcools agissant comme solvants, est un processus en plusicurs ttapes impl~quant plusieurs intermtdiaires: 
di(nitro-4 phCnyl)-2.2 difluoro-1.1 alkoxy-l Cthane (A), di(nitro-4 phdny1)-2,2 fluoro-l alkoxy-l tthbne (B), di(nitro-4 
phCnyl)-2,2 dialkoxy- I, l tthtne (C), di(nitro-4 phCny1)-2,2 difluoro- I, l Cthbne (D) et dinitro-4,4' benzophenone (E). On a 
mesurt les constantes de vitesse et les parametres d'activation pour I'apparition des deux produits stables B et C. Pour les 
alcoolates primaires et secondaires, i 25°C. les effets isotopiques cinttiques du deuterium, kl,/kl,, varient entre un et deux alors 
que, pour I'apparition de D sous I'influence du tert-butylate h 30°C. kt,/kl, = 5.4. Des exptriences d'tchange ont permis dc 
dtmontrer qu'il se produit des &changes H/D entre le substrat et le solvant qui vont jusqu'h 100% avec le mtthylate, 50% avec 
I'Cthylate et 0% avec le rert-butylate. On en conclut que I'dlimination du HF h partir du substrat se fait par un mtcanisme 
(El cB), avec le mCthylate/mtthanol et que le mecanisme Cvolue vers un mdcanisme (EICB)~ ou E2 avec le tert-butylate/tert- 
butanol. 

[Traduit par le journal] 

Introduction 
The reaction between 2,2-di(4-nitropheny1)- 1,1, I-trifluoro- 

ethane and alkoxide bases has already been examined (1 -4) 
and found to be a multistep process with several intermediates 
which exhibit different reactivity. 

The reaction between the substrate and methoxide ion in 
methanol (1) was found to have a product absorbing at A,,,, = 
325 nm which was assigned to the olefin (OrNC6H4).C=CF2. 
From the rate of formation of the product and the absence of a 
primary kinetic isotope effect, a preequilibrium carbanion 
(E I cB), mechanism was proposed. 

The reaction of the substrate with tert-butoxide in tertiary 
butanol was found to be a more complex reaction (2) yielding 
four different products by sequential reactions. The first prod- 
uct, absorbing at A,,,, = 525 nm, was thought to be the anion 
produced by proton removal from the substrate, which then 
decomposed to the difluoroolefin and subsequently to two addi- 
tional products absorbing at A,,,, 530 and 625, and 267 nm. 
However, the isotope effect, kH/kD = 1.42 at 26°C on the 
appearance of the 525 peak was very low for a proton transfer 
reaction. 

The dissimilarity of the reactions with the two bases led to 
a further study of the methoxide reaction (3) in which it was 

I Postdoctoral Fellow 1983- 1984. 

found that the first product did react further in a slow reaction 
to give a substituted product di(4-nitropheny1)ketene dimethyl 
acetal with A,,,,, = 350 nm. 

Since the mechanism of the reaction of the substrate with the 
alkoxide bases appeared to take place by a set of sequential 
reactions which differ with the alkoxide/alcohol system, the 
present study was initiated of the reaction of the substrate with 
a series of alkoxides in their corresponding alcohols in order to 
obtain a clear and self-consistent understanding of the mech- 
anism of the whole set of reactions. 

Results and discussion 
Product analysis 

The reaction of the substrate was carried out with the 
alkoxide bases in the corresponding alcohol solvent with the 
base in large excess over the substrate. The products were 
isolated by preparative scale thin-layer chromatography. Each 
reaction gave several different products, which are summarized 
in Table I. 

The major features of the mass spectra and nmr spectra for 
these products for the ethoxide/ethanol reaction are given in 
Table 2, together with the structures assigned to them. 

The product (02NC6H,)2C=CF(OR), B in Table 2, formed 
as an intermediate with all the alkoxide bases except tert- 
butoxide, absorbs at A,,,, = 332 nm. This material was previ- 
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JARCZEWSKI ET AL.  

~ A I K  
(02NChH4)2CHCF3 (O?NC,Hj)?C=CF, + (02NC(,Ha)2CHCF?(OR) 

TABLE 1 . Products of the reaction of 2,2-di(4-nitropheny1)- I ,  I ,  I - 
trifluoroethane with alkoxide bases 

Alkoxide base/solvent No. of products Product designation 

Methoxide/methanol 3 A, B, C 
Ethoxide/ethanol 4 A(trace), B, C, D 
n-Butoxideln-butanol 3 B, C, D 
iso-Propoxide/isopropanol 4 B,  C, D, E(trace) 
[err-Butoxide/terr-butanol 2 D, E 

ously erroneously thought to be the olefin D (I ) .  This interme- 
diate B undergoes further reaction in a slow step with an excess 
of alkoxide base giving product C, (02NC6H4)2C=C(OR)2, 
absorbing at A,,, = 358 nm. This is the final product for the 
methoxide reaction (2). For the other alkoxides, however, the 
olefin D, (02NC6H4)2C=CF2 was formed and the amount of 
this product increased with decreasing dielectric constant of the 
solvent alcohol used. Thus, the reaction of the substrate with 
tert-butoxide in tert-butanol gives the largest amount of olefin 
D together with the product E, 4,4'-dinitrobenzophenone. 

When the olefin D was treated with small amounts of 
methoxide or ethoxide, the monosubstituted compound B was 
again obtained. 

The complete reaction sequence is shown in Scheme I .  

Kinetic study 
The reaction of the substrate to yield B is much faster than 

the conversion B to C; therefore, it  was possible to measure the 
kinetics of these two processes separately. Pseudo first-order 
rate constants were determined by measuring the rate of appear- 
ance of B by monitoring the growth of the absorption at 325 
nm. These rate constants and the derived second-order rate 
constants for the normal and deuterated substrate with several 
alkoxide bases are given in Table 3. 

In general, the second-order rate constants increase with the 
chain length of the normal alkoxide/alcohol systems and the 
secondary systems show larger k2 values than the primary ones. 
However, except for the 140-fold change between methoxide 
(2) and ethoxide, the rate changes are rather modest. 

The isotopic rate ratios kt,/kD for all the systems were small, 
confirming the kH/kD = I previously observed for methoxide 
( I ) .  Thus, for the ethoxide and n-propoxide reactions, where 
kH/kD is unity or very slightly above unity, the elimination of 
the HF step proceeds by an ( E I c B ) ~  mechanism. For the other 
alkoxide bases ktl/kD ranges up to a value of 2, indicating that 
proton transfer is partially rate determining. 

The activation parameters calculated from the second-order 
rate constants in Table 3 are given in Table 4, together with 
those previously measured for methoxide. The enthalpy of 
activation values show a clear differentiation between the pri- 
mary and secondary alkoxides, and the entropy of activation 
values are similarly differentiated in a compensating manner so 

that the free energy of activation shows little variation. 
The rate constants for the appearance of the absorption at 

about 355 nm corresponding to the product C are given in Table 
5. The k2 values are larger for the primary alkoxides than for the 
secondary ones. The activation parameters derived from these 
rate constants, given in Table 6, show compensating behaviour 
and give rise to free energies of activation 1 to 2 kcal mol-' 
larger for the secondary systems than for the primary. 

In order to verify that the olefin D is an intermediate in all 
the reactions studied, the substrate was reacted with alkoxide 
bases with the substrate in large excess. It was determined by 
mass spectroscopy that under these conditions the olefin D is 
the main product. Therefore, it  is assumed that the olefin D is 
an intermediate under the conditions of an excess of base. Also, 
the olefin D was isolated and purified, then used to follow the 
reaction kinetically from D to product B by again monitoring 
the appearance of the absorption at 325 nm. The rate constants 
are shown in Table 7 for the reaction with methoxide, ethoxide, 
and isopropoxide bases. The second-order rate constants are at 
least three times larger than the corresponding rate constant for 
the trifluoro substrate so that the rate constants and activation 
parameters in Tables 3 and 4 must refer to the elimination of the 
HF step from the substrate to form the olefin D. In the case of 
methoxide, the rate of reaction of the olefin D is 2000 times that 
of the trifluoro substrate, so that in this reaction no D product 
was observed (Table I ) .  

In a previous paper ( I )  it was concluded from the isotope 
effect of unity and from exchange experiments that the trifluoro 
substrate reacts with methoxide in methanol by an ( E I c B ) ~  
mechanism. The exchange experiment was repeated with 
methoxide, ethoxide, isopropoxide, and terr-butoxide. The 
reaction of deuterated substrate was carried out with a 10-fold 
molar excess over the alkoxide base and the degree of deu- 
teration remaining in the substrate was determined by mass 
spectroscopy. The substrate was completely exchanged in the 
methoxide reaction, about 50% exchanged in the ethoxide and 
isopropoxide reactions, and almost completely deuterated in 
the tert-butoxide reaction. 

Therefore, the mechanism of the HF elimination from the 
trifluoro substrate is (ElcB), for methoxide/methanol and 
gradually becomes more (ElcB), or E2 with secondary and 
tertiary bases. The activation parameters in Table 4 show char- 
acteristically high AH* values for the removal of F- for the 
primary alkoxides and much smaller AH* values for the sec- 
ondary bases characteristic of proton abstraction reactions (5). 

The solvent isotope effects for the reaction of the substrate 
leading to the product B were measured in methanol-d and 
ethanol-d. At 25"C, kzH in methanol-d is 0.97 dm3 mol-' s-I, 
which, when combined with the previous measurement (4) of 
0.30 for the normal solvent, gives k2H(CH30D)/ k2H(CH30H) = 
3.2. For ethanol at 20°C the KIH value from Table 3 is 30.8 and 
the corresponding value in ethanol-d was measured as 3 1 .O, 
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TABLE 2. Spectral characteristics and assigned structures of the products of the reaction of 2.2-di(4-nitropheny1)- 
I ,  I, I-trifluoroethane with sodium ethoxide in ethanol 

Nuclear magnetic 
resonance 

Product Structure A,,,.,, in ethanol Mass spectral peaks (relative intensity) in CDCI' 

A ArZCHCFZOEt Not determined Detected as a molecular peak 352[M+] Not determined 
F 

B A~?c=c< 332 332(38.0) [M'], 304(19.7), 284(19.3), 6 = 4.25 (q 2H), 
OEt 257(14.0), 230(13.0), 229(13.4), 1.25 (t 3H), 

183(39.0). 165(19.7), 164(18.2), 7.2-8.4 (8H) 
163(25.0), 29(100.0) 

OEt 
C A~?C=C< 358 358(15.5)[M+],302(13.1),301(8.4), 6 = 3 . 7 5 ( q 4 H ) ,  

OEt 284(8.7), 152(7.9), 147(37.9), 1.05 ( t  6H). 
119(1 1.4), 91(42.4), 63(35.4), 7.2-8.4 (8H) 
46(86.6), 32( 100.0). 29(79.4) 

D ArZC=CFZ 290 306(100.0) [M'], 276(12.l), 214(39.6), 6 = 7.2-8.5 
213(18.6), 212(11.7), 202(14.6), 
201(22.5), 164(8.5), 163(14.7), 
45(23.1). 30(13.8) 

*Not obtained with ~ c ~ H , / c ~ H , o H ,  but isolated from the r-C4H.,6/r-C,H,,OH reaction 

TABLE 3. Rate constants and isotope effects of the reaction of (OZNChHJ)2CHCF1 to give (02NCc,H4)2C=CF(OR) 

Temperature [AlkONa] 10'kltl 10%lr, k 2 ~  ~ Z I )  

("'2) X IOJ ( M )  (s- I) (s-l) (dm' mol I s - ' )  (dm3 mol s - '  ) ~ Z H / ~ Z I I  

(a) Sodium ethoxide in ethanol solvent 
10 3.0-6.0 0.125-0.41 1 0.102-0.340 9.5k0.5 8 .0 t0 .2  1.19k0.07 
15 3.0-6.0 0.234-0.724 0.206-0.612 16.4t0.3 13.5k0.2 1.21 k0.03 
20 3.0-6.0 0.444- 1.36 0.310- 1.09 30.9k0.9 26.552.3 1.17t0.10 
25 3.0-6.0 0.705-2.24 0.750-2.01 51.2t0.2 42.5k2.0 1.2050.06 
30 3.0-6.0 1.57-4.56 1.39-3.95 98.9k2.9 85.4t0.1 1.1650.03 

(b) Sodium n-propoxide in n-propanol 
10 13-330 3.94-30.1 2.29-29.5 8.5k0.5 8.620.7 0.99k0. 10 
15 13-330 4.72-56.5 3.50-54.8 16.3+-0.2 16.4k0.5 0.99k0.03 
20 13-330 10.1 -95.2 6.92-89.4 26.1k1.5 25.42 1.2 1.03k0.08 
25 13-330 13.4- 156 8.8- 148 44.850.3 44.3k 1.9 1.01 k0.04 
30 13-330 26.4-254 11.8-226 71.6k0.8 67.55 1.2 1.06t0.02 
35 13-330 26.5-385 12.9-337 112.152.1 104.6k5.5 1.07k0.06 

(c) Sodium isopropoxide in isopropanol 
10 14-350 16.3-165 7.4-84.4 44.2k0. 1 23.4k 1.5 1.8950.04 
15 14-350 24.8-249 11.4-129 6 6 . 5  1 .O 34.8t0.4 1.91 50.07 
20 . . 14-350 26.7-290 16.4- 157 78.5k0.8 41.920.4 1.8750.03 
25 14-350 33.6-397 22.7-210 I l l 5 6  55 .8 t  1.3 1.99t0.  l l 
30 14-350 40.8-507 27.6-285 137k5 76.5k0.2 1.79k0.06 
35 14-350 53.6-585 35.9-337 1595 1 1  90.852.5 1.75t0.13 

(d) Sodium n-butoxide in n-butanol 
10 40-460 18.6-83.8 5.9-50.3 15.2k 1.1 10.850.8 1.41 t o .  14 
15 40-460 27.5- 112 9.3-70.4 20.250.2 14.450.4 1.4050.04 
20 40-460 33.6-203 16.7- 149 40.2k0.3 31.850.8 1.26k0.03 
25 40-460 53.5-404 21.7-289 82.057.1 62.9t3.5 I .30k0.13 
30 40-460 60.1-496 44.6-369 10523 77.4k2.0 1.3650.05 
35 40-460 165-720 77.1-522 13324 107t4.0 1.2420.06 

(e) Sodium .set,-butoxide in sec-butanol 
10 50-390 49.0-240 24.4- 152 5 6 . 6 t  1.4 37.5k0. 1 1.5 1k0.04 
15 50-390 67.6-335 33.8-204 78.6k0.1 50.05 I. I 1.57k0.03 
20 50-390 97.6-406 35.6-245 90.452.0 61.224.0 1.4850.10 
25 50-390 105-460 40.6-287 104.3t 1.3 72.550. 1 1.4420.02 
30 50-390 147-557 48.6-344 120.4k2.7 86.7k2.3 1.39k0.05 
35 50-390 163-764 50.6-470 176.6k0.5 123.450.1 1.43t0.01 
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TABLE 4. Activation parameters for the reaction of (O2NC,,H4),CHCF3 with alkoxide bases in the 
corresponding alcohols to give (O,NC,H,),C=CF(OR) 

Activation 
parameters Methoxide* Ethoxide n-Propoxide iso-Propoxide n-Butoxide .set.-Butoxide 

A H ;  
kcal mol-' 19.650.7 19.220.6 17.0k0.4 8.2k0.5 15.82 1.5 6.5k 1 .O 

A H :  
kcal mot-' 20 .0 t0 .5  19.520.8 16.620.4 8.820.4 16.52 I .6 7.1 20 .5  

AS 
cal mol-'deg-' 5 .022.3 13.921.8 6.1k1.3 -21.821.8 2.7k5.0 -27.6k2.4 

AS :, 
cal mot-'deg-' 6.451.7 14.3k2.8 4.6&1.4 -21.1k1.4 4.525.2 -26.1k1.6 

AG: 
kcal mol-' 18.1 k0.9 15.1 k0 .8  15.220.5 14.720.8 15.022.1 14.72 1.0 

*References 1 , 2, and 4 

TABLE 5. Rate constants of the reaction of (O,NC,H,),C=CF(OR) 
to yield (O,NC,H,),C=C(OR), 

Temperature 10"[AlkONa] I04kl I 0' kz  
("c) ( M I  ( S  I) (dms mol-I s - I )  

(a) Sodium ethoxide in ethanol solvent 
15 45-227 10.5-34.4 
20 45 - 227 14.6-50.9 
25 45 - 227 15.7-85.1 
30 45 -227 38.5- 124 
35 45 - 227 39.8- 155 

(b) Sodium n-propoxide in n-propanol 
15 18-70 6.0- 19.0 
20 18-70 9.9-37.3 
25 18-70 10.1-46.2 
30 18-70 12.0-68.7 
35 18-70 19.9- 126 

(c) Sodium isoproproxide in isopropanol 
20 15-73 8.4-47.8 
25 15-73 15.0-73.3 
30 15-73 36.2- 1 1  1 
35 15-73 109-225 
40 15-73 197-352 

(d) Sodium n-butoxide in n-butanol 
15 42-210 16.4-59.3 
20 42-210 20.7-83.6 
25 42-210 .. 25.4- 101 
30 42-210 47.7- 166 
35 42-210 87.0-288 

(e) Sodium sec-butoxide in sec-butanol 
25 1 1-78 0.81-2.31 
30 1 1-78 1.67-4.39 
35 1 1  -78 2.77-7.18 
40 1 1-78 3.30-8.73 
45 1 1-78 4.00- 12.2 

giving k2H(C2HSOD)/k?tl(C2HSOH) = 1 .O. These results are 
also consistent with an ( E I c B ) ~  mechanism for methoxide and 
(ElcB),  o r  E2 for ethoxide. 

The tert-butoxideltert-butanol reaction 
The  reaction of the substrate with tert-butoxide in tert- 

butanol gives markedly different products from the other 

systems in that no significant amount of substituted olefins are 
produced. It was previously reported (3) that the tert-butoxide 
reaction goes via a stable carbanion to olefin D and then to 
butoxy substituted compounds. 

It has now been discovered that the products of the reaction 
with tert-butoxide in tert-butanol are very dependent on the 
purity of the solvent. In particular a very small amount of 
secondary or primary alcohol as impurity causes the reaction of 
the olefin D to produce the substituted olefins B and C .  

When very carefully purified tert-butanol was used, the only 
products which could be detected by thin-layer chromato- 
graphy were the olefin D and 4,4'-dinitrobenzophenone. With 
the tert-butoxide in large excess over the substrate, this reaction 
gave a violet colour with a broad absorption band with maxima 
at 525 nrn and 430 nm. No maxima at 332 or  358 nm were 
observed, but upon the addition of a small amount of either 
primary or  secondary alcohol the 332-nm peak developed 
rapidly. The larger the excess of tert-butoxide used, the greater 
was the proportion of 4,4'-dinitrobenzophenone in the product. 

The  rate of the elimination reaction of the substrate with 
tert-butoxide to yield the olefin D was measured by following 
the appearance of the absorption at 290 nm. 'This fast reaction 
was measured with the stopped-flow spectrophotometer at five 
different base concentrations and yielded k, = 2.51 * 0.07 x 
10"m3 mol- '  s - '  at 30°C. 

The  rate of reaction of the olefin D with tert-butoxide was 
determined using a pure sample of D and monitoring the disap- 
pearance of the absorption at 290 nm. This reaction is consid- 
erably slower and gave k? = 4 9  dm3 mol-' s - '  at 30°C. 

The  rate of appearance of the coloured species (A,,,,, 525 nm) 
from the trifluoro substrate was measured previously (3) and 
the value of kz as 25 dm3 mol-' s- '  at 30°C was confirmed in 
this work. 

Thus, the trifluoro compound undergoes a fast elimination 
reaction to yield the difluoro-olefin D, which subsequently 
reacts with the excess tert-butoxide in slower processes to yield 
violet-coloured species which are eventually oxidized to 4,4- 
dinitrobenzophenone. 

If the elimination mechanism is (ElcB), o r  E 2  as concluded 
above, the rate of appearance of the olefin D at 290 nm should 
show a primary deuterium isotope effect. The deuterated 
substrate gave a k2" of 464 + 9 dm3 mol-' s - '  at 30°C to yield 
a primary isotope effect kl l /kD = 5 .4  + 0.2 at 30°C. Thus, 
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TABLE 6. Activation parameters for the reaction o! (OZNC(,H4)3CHCF3 with alkoxide bases in the corresponding 
alcohols to give (OZNC,H,)ZC=C(OR)Z 

Parameter Methoxide'l: Ethoxide n-Propoxide iso-Propoxide n-Butoxide sec-Butoxide 

AH" 9.0k0.9 13.4k 1.1 16.52 1.3 12.1 ?0.5 13.122.3 15.22 1.3 
AS* [cal mol-'deg-I] -35.0?3.0 -20.523.7 -8.2k4.3 -26.9k 1.7 -20.527.8 - 19.624.2 
AG' [kcal mol-I] 19.4k 1.2 19.5k I .6 19.92 1.8 20.320.7 19.223.3 21 . 02  1.8 

"References I ,  2, and 4 

 TABLE^. Rate constants for the reaction of olefin D, 
(0ZNChH,)2C=CFZ, with alkoxide bases to yield the substituted 

olefin (OZNC(,H4)?C=CF(OR) 

Temperature [AlkONa] k0hr k~ 
("c) X 10' (M) (s- ') (dm' mol-' s-I) 

(a) Sodium methoxide in methanol 
25 1 .O-5.0 0.732-3.24 637k79 
35 I .O-5.0 0.981 -6.19 1274277 

(b) Sodium ethoxide in ethanol 
25 1.0-4.0 0.229-0.869 21656 
40 1 .O-4.0 0.456- 1.78 438?25 

(c) Sodium isopropoxide in isopropanol 
15 14-350 0.279-6.80 19.822.3 
25 14-350 0.416-9.42 28.2?2.9 
3 5 14-350 0.628- 15.7 46.352.9 

the primary deuterium isotope effects and the deuterium 
exchange experiments indicate that the HF elimination 
mechanism for 2,2-di(4-nitropheny1)- 1 , 1 , l -trifluoroethane is 
( E I c B ) ~  with methoxide/methanol, changing to (ElcB), or E2 
with tert-butoxideltert-butanol. 

Experimental 
Mr~terials 

2,2-Di(4-nitropheny1)- 1 . 1  , I  -trifluoroethane and its deuterated 
analogue were prepared by reduction of a,a,a-trifluoroacetophenone 
(Aldrich, bp 165- 155°C) in dry ether by LiAIH, or LiAIDJ (6) to 
yield the carbinol, which was dissolved in a four-fold molar excess of 
benzene and cooled to PC.  Then 102% oleum was added dropwise 
with vigorous stirring, and the product 2,2-di(phenyl)-l , I, l-tri- 
fluoroethane was isolated. 

The nitration of the phenyl groups was accomplished according to 
the method of Skerrett and Woodcock (7) using fuming nitric acid at 

-30°C. The raw 2,2-di(4-nitrophenyl)- I ,  I ,  I-trifluoroethane was 
recrystallized from methanol to yield light yellow crystals of mp 

I 17°C. 
The alcohols were purified by standard methods using fractional 

distillation under oxygen-free dry nitrogen. The tert-butanol was puri- 
fied as above and only the middle fraction distilling at 82.4"C was 
collected. 

The olefin (03NC(,H,)3C=CF? (D) was prepared by the reaction of 
2,2-di(41nitrophenyl)-I, I ,  I-trifluoroethane with a three molar excess 
of I-BuO in I-BuOH. The products of the reaction were purified by 
thin-layer chromatography using benzene as the eluent. The mass 
spectra and A,,,,, data are given in Table 2. 

Kinetic measurements 
The reaction rates were measured using a Specord uv-vis and a 

stopped-flow spectrophotometer, fitted with a temperature controlled 
cell block. 

The technique and calculations were as previously described (1,8). 
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6-chloro-4-hydroxy-3-methyl-4-phenyl-1,2,3-benzotriazine' 

KWONG KHEE L A I  A N D  CARL H. SCHWALBE 
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KWONG KHEE LAI,  CARL H. SCHWALBE, KEITH VAUGHAN, RONALD J. LAFRANCE, and CLIVE D. WHISTON. Can. J .  Chem. 
63, 581 (1985). 

The crystal structures of the title compounds have been determined from X-ray data collected on a four-circle diffractometer 
and refined by the full-matrix least-squares method. The forper compound crystallizes in the orthorhombic system, space group 
Pbcn, with a = 14.346(8), b = 7.239(1), c = 17.276(2) A, and has been refined to a conventional R factor of 0.043 for 890 
observed reflections. Corresponding results for the latter compound are monoclinic, P 2 , / n ,  a = 12.222(4), b = 7.482(2), c 
= 14.170(8) A, P = 94.06(4)', R = 0.060 for 2128 observed data. The triazine rings of both compounds exhibit short 
N(I)-N(2) bonds and tetrahedral geometry at C(4); however, the ring is puckered in the first compound but flat in the second. 
Molecules in both crystals are linked by O(4)-H...N(l) hydrogen bonds. 

KWONG KHEE LAI, CARL H. SCHWALBE, KEITH VAUGHAN, RONALD J. LAFRANCE et CLIVE D. WHISTON. Can. J .  Chem. 
63, 581 (1985). 

Faisant appel ii des donnCes de rayons-x obtenues i I'aide d'un diffractornetre a quatre cercles et affintes par la mCthode 
des moindres carrts (matrice complete), on a dCterminC les structures cristallines des composCs mentionnCs dans le titre. Le 
premier compost cristallise dans le systtme orthorhombique, groupe d'espace Pbcn, avec a = 14,346(8), b = 7,239(1), c = 
17,276(2) A et on a affint sa structure jusqu'a un facteur R de 0,043 pour 890 rkflexions observtes. Les [Csultats correspondants 
pour le dernier composC sont: monoclinique, P2,/n,  a = 12,222(4), b = 7,482(2), c = 14,170(8) A, P = 94,06(4)", R = 
0,060 pour 2 128 rtflexions observees. Les cycles triazines des deux composts sont caracteristes par des liaisons N(I)-N(2) 
qui sont courtes et une gComCtrie tCtratdrique en C(4); toutefois, alors que le cycle du premier compose est plisst, celui du 
deuxitme est plan. Dans chacun des cristaux, les molCcules sont rell&es par des liaisons hydrogtnes O(4)-H .-eN(1). 

[Traduit par le journal] 

Intrtiduction 
This paper describes the X-ray crystal structure determi- 

nation of 3-ethyl-4-hydroxy- lj2,3(4H)-benzotriazine (1) and 
6-chloro-4-hydroxy-3-methyl-4-phenyl-1,2,3-benzotriazine (2). 

Interest in the chemistry of the Chydroxy-l,2,3-triazines 
was stimulated by the study of Fong and Vaughan (1) in which 
the diazonium salt (3) from o-aminoacetophenone was coupled 
with an excess of aqueous methylamine. The initial coupling 
product, the monomethyltriazene (4), could not be isolated due 
to the facility of the cyclodehydration of 4 to give the novel 
methylenetriazine (6). The i~termediate 4-hydroxy-l,2,3-ben- 
zotriazine (5), itself a novel heterocyclic structure, could not 
be isolated from this reaction. An alternative route to 6. via - - 

the reaction of methyl magnesium bromide with 3-methyl- 
40x0- l,2,3(4H)-benzotriazine, likewise proceeds directly 
without isolation of 5 (2). 

Stable 4-hydroxytriazines should be available from anal- 
ogous reactions with diazonium salts in which the o-acyl group 
is lacking the a-hydrogen necessary for the dehydration step 5 
4 6. Indeed it has now been shown (3) that coupling the 
diazonium salt from o-aminobenzaldehyde (7a) or o- 
aminobenzophenone (7b) with alkylamines leads to stable 

'Contribution from the Joint Crystallography Unit, Universities of 
Aston and Birmingham. 

'To whom all correspondence should be addressed. 
'Revision received August 21, 1984. 
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LA1 ET AL. 

TABLE 2. Coordinates and equivalent isotropic temperature 
factors ( X  lo4) for non-hydrogen atoms of 2 with esd in 

parentheses 

FIG. I. The molecule of 3-ethyl-4-hydroxy-l,2,3(4H)-benzotri- 
azine projected onto its least-squares plane, showing the numbering 
scheme. Nitrogen atoms are stippled and oxygen atoms hatched. 

F IG .  2. The molecule of 6-chloro-4-hydroxy-3-methyl-4-phenyl- 
1,2,3-benzotriazine in projection onto its least-squares plane. Nitro- 
gen atoms are stippled and oxygen atoms hatched. 

regarded as I-aryl-3,3-dialkyltriazenes, one of whose 3-alkyl 
groups has been tied back to the ring. Bond distances (Table 3) 
and bond angles (Table 4) can be compared with those in a 
series of open-chain triazenes: I-p-tolyl-3-methyltriazene ( 6 ) ,  
I -(4-carbethoxypheny1)-3-hydroxymethyl-3-thy t r z e e  (7) ,  
2-(3,3-dimethyl- I-triazeno)phenyl- l -carboxamide (8), and two 
independent tautomers of 5-(3,3-dimethyl-1-triazeny1)imida- 
zole-4-carboxamide (9) and its hydrochloride (10). The title 
compounds may also be regarded as reduced forms of 1,2,3- 
benzotriazin-4(3H)-ones (henceforth abbreviated triazinones), 
for which crystal structure determinations exist on 1,2,3-ben- 
zotriazin-4(3H)-one (I I), 3-hydroxy-l,2,3-benzotriazin-4(3H)- 
one (12), and 0,O-dimethyl-S-(4-0x0- I ,2,3-benzotriazin-3-yl) 
methyl phosphorodithioate (1 3). 

The N(I)-N(2) bond remains-very strong acrossothis entire 
series of compoun!s: 1.268(3) A in 1,  1.263(3) A in 2, an 
average of 1.281 A over the indep~ndent molecules of the 
triazenes, and an average of 1.255 A in the triazinones. Th; 
N(2)-N(3) bond is affected little by ring closure: 1.333(3) A 
in 1,  1.316(3) A in 2, and 1.325 in the triazenes. However, 
introduction of conjugation at C(4)oconsiderably weakens this 
bond; for N(2)-N(3) is 1.385 A in the triazinones. The 
"natural" bond angles averaging 1 12. 1" at N(1) and 1 13.8" at 
N(2) in the unrestrained triazenes are increased by ring closure 
to 120.0(2)" and 119.3(2)" at N(1) and 120.3(2)" and 122.3(2)" 
at N(2) in 1 and 2 respectively. Oxidation at C(4) has little 

Atom x y z u,,, 

"Equivalent isotropic temperature Factors are calculated from 
anisotropic thermal parameters by the equation U,,, = (113) ( U , ,  + 
UI? + U>> + 2Ull  cos p). 

TABLE 3. Bond distances (A) for non-hydrogen 
atoms with esd in parentheses 

Distance 

Bond 1 2 

effect on these angles: they are 120.3" at N(1) and 1 18.6" at 
N(2) in the triazinones. 

In both 1 and 2 carbon atom C(4) shows the expected tet- 
rahedral geometry. In the relatively uncrowded 1 the OH group 
is able to avoid both the 3-ethyl substituent and the fused ring 
by increasing the 0-C(4)-N(3) and 0-C(4)-C(4A) an- 
gles above tetrahedral values to 1 11.3(2)" and 113.4(3)". The 
requirement to accommodate a phenyl group in 2 and the dim- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J .  CHEM. VOL. 63. 1985 

TABLE 4. Bond angles (deg) for non-hydrogen 
atoms with esd in parentheses 

Angle 

Bonds 1 2 

TABLE 5. Selected torsion angles (deg) 

Angle 

Bonds 1 2 

inution of the 3-substituent to methyl allow the OH group to 
move closer to N(3): 0-C(4)-N(3) is 109.7(2)" while 
O-C(4)-C(4A), Ph-C(4)-N(3), and Ph-C(4)-C(4A) 
are 1 12.6(2)", 108.8(2)", and 1 1 1.2(2)", respectively. In 1 the 
single bond C(4)-C(!A) is only 1.475(4) A long; in 2 this 
increases to 1.507(3) A. 

Torsion angles (Table 5) show that the degree of planarity is 
quite different in these two molecules. In the triazine ring of 1 
there are deviations from pure cis geometry of 22" about 
N(2)-N(3) and 35" about N(3)-C(4). In 2 these alterations 
are only 2". Apparently the unconjugated triazine ring in these 
systems is flexible. In 1 it distorts, allowing the C(31)...0(4) 
contact to reach 3.025(4) A. The distortion is not simply a 

FIG. 3. Packing of molecules of 3-ethyl-4-hydroxy-l.2,3(4H)- 
benzotriazine in the unit cell viewed down b with hydrogen atoms 
omitted for clarity. 

FIG. 4. Packing of molecules of 6-chloro-4-hydroxy-3-methyl-4- 
phenyl-l,2,3-benzotriazine in the unit cell viewed down b. The 
O(4)-H...N(I) hydrogen bonds are shown by dashed lines. All 
hydrogen atoms have been omitted for clarity. 

twisting of bonds N(2)-N(3) and N(3)-C(4); some pyr- 
amidalization of N(3) is also involved since the deviation 
of N(3) from the plane o! N(2), C(4), and C(31), the atoms 
bonded to it, is 0.164(4) A. However, in 2 the 3-substituent is 
sandwiched between the 4-hydroxyl and 4-phenyl moieties at 
C(3 1) O(4) p d  C(3 1 )  C(1') contact distances of 2.870(4) 
and 3.022(4) A. Apparently there is no energy gain from dis- 
torting the ring since one contact would be relieved only at the 
expense of the other. The deviation of N(3) from the plane of 
the atoms bonded to it is only 0.015(4) A in 2. 

As expected, the OH group in each molecule acts as a proton 
donor in an intermolecular hydrogen bond. Of the various 
proton acceptors available, N(I) plays this role in both mole- 
cules. The OH ... N distance an! 0-H ... N angle are 
2.842(4) A and 169" in 1, 2.778(3) A and 180" in 2. Although 
these hydrogen bonds are similar in 1 and 2, the mode of 
association is quite different (Figs. 3 and 4). Molecules of 1 
dimerize about a center of symmetry with the heterocyclic 
rings resembling two treads of? staircase and the N(1)-..N(I)' 
contact being only 3.139(3) A. The hydroxyl group of each 
molecule is turned back over its own ring so that it can associate 
with N(I) of the other ring. In 2 the hydrogen-bonded contact 
is generated by the action of a screw axis, thereby producing 
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LAI ET AL.  585 

chains of molecules. The presence of centers of symmetry 
within the unit cells of both 1 and 2 guarantees that the popu- 
lations of these chiral molecules are equal. 

Acknowledgement 
The financial assistance (to K.V.) of the Natural Sciences 

and Engineering Research Council of Canada is gratefully 
acknowledged. 

I. H. FONG and K. VAUGHAN. Can. J. Chem. 53, 3714 (1975). 
2. J. A. CAMPBELL, S. J. NOYCE, and R. C. STORR. Chem. 

Commun. 1344 (1983). 
3. P. L. FAYE, K.  VAUGHAN, and D. L. HOOPER. Can. J .  Chem. 61, 

179 (1983). 
4. G. M. SHELDRICK. SHELX-76. Program for crystal structure 

determination. University of Cambridge, England. 1976. 

5. G. GERMAIN. P. MAIN, and M. M. WOOLFSON. Acta Crystallogr. 
A27, 368 (1971). 

6. A. J. RANDALL, C. H. SCHWALBE, and K. VAUGHAN. J .  Chem. 
Soc. Perkin Trans. 11. 25 1 ( 1984). 

7. R. J. SIMMONDS and C. H. SCHWALBE. Unpublished results. 
8. S. L. EDWARDS, G. CHAPUIS. D. H. TEMPLETON, and A. 

ZALKIN. Acta Crystallogr. B33, 276 (1977). 
9. H. C. FREEMAN and N. D. HUTCHINSON. Acta Crystallogr. B35, 

205 1 (1  979). 
10. S. L. EDWARDS, J. S. SHERFINSKI, and R. E. MARSH. J. Am. 

Chem. Soc. 96, 2593 (1974). 
1 1. J .  HJORTAS. Acta Crystallogr. B29, 19 16 (1973). 
12. W. E. HUNT, C. H. SCHWALBE, and K.  VAUGHAN. Acta Crys- 

tallogr. C39, 738 (1983). 
13. W. J. ROHRBAUGH, E. K. MEYERS, and R. A. JACOBSON. 

J. Agric. Food Chem. 24, 713 (1976). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Crystal structures of tetrakis(ammoniomethy1)methane tetrachloride, C(CH2NH,)4C14, 
and disulfate, C(CH2NH3)4(S04)2 

T .  STANLEY CAMERON, WALTER J .  CHUTE, A N D  OSVALD KNOP' 
D~parrmer~r of Ch~mistry, Dalho~fsie Ur~iversity, Hal#lirx. N.S., C(1natin B3H 453 
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T. STANLEY CAMERON, WALTER J. CHUTE, and OSVALD KNOP. Can. J .  Chem. 63. 586 (1985). 
The crystal structures of C(CH2NH2),CI, (P4z /~ l ,  = 9.503(1) A, c = 6.549(1) A, Z = 2) and C(CHINH.3),(S0,)2 (P21212 , ,  

n = 8.382(2) A, b = 10.508(3) A, c = 14.400(3) A, Z = 4) have been dctcrmincd. Both crystals contain strong N-H...X 
bonds; in the sulfatc thc hydrogcn-bonding network is particularly cxtensivc. Thc thcrmal motion of the cation can be described 
satisfactorily as a rigid-body motion. 

T. STANLEY CAMERON, WALTER J .  CHUTE et OSVALD KNOP. Can. J .  Chem. 63, 586 (1985). 
On a determink les structures cristallines du C(CH2NH2),C14 (P42/11, :I = 9,503(1), c = 6,549(1) A, Z = 2) et du 

C(CH2NH2),(S0,)Z (P2 ,2 ,2 , ,  a = 8,382(2), b = 10,508(3), c = 14,400(3) A, Z = 4). Les deux cristaux contiennent de fortes 
liaisons N-H -.ex; dans le sulfate, Ic rkseau des liaisons hydrogknes est particulikrcment Ctendu. Utilisant Ic mouvenient d'un 
corps rigide comme modkle, on peut dkcrire adkquatemcnt Ic mouvcment thcrmique du cation. 

[Traduit par le journal] 

The high symmetry of "globular" C(CH,X), molecules and 
the regular tetrahedral configuration at the central carbon atom 
have made pentaerythritol and its derivatives and cognates the 
subjects of-numerous structural and other investigations (cf. 
ref. I and Table I). Most of the crystals listed in Table I are 
molecular, and easy molecular reorientation and the occurrence 
of plastic phases in these compounds are not surprising. What 
would be less expected is the existence (5) of a plastic phase in 
pentaerythritol itself (X = OH), where at room temperature the 
molecules are bonded to sheets parallel to (001) by strong, on!y 
weakly bent O-oH---O bonds, d(O. . .O) - 2.71 A ,  
d (H. . .O)  - 1.9 A,  O H 0  - 163" (9-15). At 457 K the 
ordered crystal goes over into a plastic phase of cubic sym- 
metry; the volume per formula unit of this phase is about the 
same as for neopentane (X = H), but the strong resistance to 
thermal breakdown of the order in the pentaerythritol crystal is 
reflected in the much higher T,, (Table I). 

In view of the possibility that other, not purely molecular 
(and in particular ionic) crystals containing globular units of 
this type may exhibit unusual behaviour, we have undertaken 
an exploratory survey of several such compounds. The crystal 
structures of the first two, C(CH2NH,),Cl, and C(CH?NH,),- 
(SO,)?, are reported in the following. The hydrogen bonding in 
both crystals is of interest in its own right, particularly as  it 
involves a compact quadruply-charged cation. 

The chloride was investigated crystallographically as early 
as  1938 by Cox, whose prelimintry report (241 stated it cor- 
rectiy to be tetragonal, a = 9.44 A ,  c = 6.53 A,  space group 
P4?/n,  with the central carbon on an S, axis. However, no 
mention of a completed structure determination could be found 
in the literature. The sulfate does not appear to have been 
investigated previously. 

Experimental 
The title compounds wcre preparcd by thc method dcscribcd by 

Litherland and Mann (ref. 25; cf. also rcf. 26). 'The chloride was 
recrystallized by dissolving i t  in a minimum volume of distilled water 
and allowing HCI from 36% aqueous acid to diffuse into thc filtcred 
solution. 

The sulfate is only slightly soluble in water, but i t  dissolves In 
concentrated sulfuric acid (25). In an early attempt to obtain crystals 

'TO whom all correspondence may be addressed. 

suitable for X-ray studies HIO + EtOH vapour was allowed to diffuse 
into a solution of the sulfate in 80% sulfuric acid placed in a desic- 
cator. The crystals that formed were of inferior quality and crys- 
tallization by slow evaporation at room temperature of a hot-saturated 
aqueous solution of the sulfate was eventually resorted to, yiclding 
gem-like crystals. Surprisingly, the material obtained from the sulfuric 
splution led to a tetragonal unit cell, (I = 7.549(6) A, c = 26.87(2) 
A, c/o = 3.56. V = 1521(4) A'. The identity of this compound was 
not investigated further. 

According to ref. 25, the chloride appears to remain unaffected up 
to 300°C when heated rapidly; on slow hcating i t  decomposes above 
ca. 260°C. The mp of the sulfate is reported to be 303°C (dec.). 

Crjlstal clcltrr 
(Mo Ku, ,  A = 0.70926 A (graphite monochromator); @-range, 

2-25'). 
C,HnrCI,N, fw = 278.06 
Tetragonal, P4?/n (No. 86; systematic absences, Ilk0 for h + k = 211 
+ 1 ,  001 for I = 2n + I); a = 9.503(2) A. (. = 6.549(1) A, V = 
591.4(2) A ~ ,  Z = 2, p, = 1.562 g/cm3; pbl,, = 8.90 cm- ' ,  F(000) = 
292 c. Total rcflcctions measured, 950; unique rcflcctions, 615 (of 
which 465 with I 2 3u(I)).  Final R = R,,. = 0.0392 (R = 0.0583 for 
full data). 
C.JIzoN,OxSz fw = 328.36 
Orthorhombic, P2,2,2,  (NO. 19; systematic absences, hOO for h 211 
+ I, OkO for k = 211 + I, 001 for I = 211 + 1); (I 8.382(2) A, b 
= 10.508(3) A, c = 14.400(3) A, V = 1268.3(9) A?,  Z = 4, p, = 
1.720 g/cm2; p~,, = 4.00 cm-I, F(000) = 696 c. Total reflections 
measured, 1049; unique reflections, 1035 (of which 908 with I 2 

3u(I)).  Final R = 0.056, R,,. = 0.060 (R = 0.060 for full data). 

Str~ict~lre detertninntion 
A CAD-4 four-circle diffractometer was used in the determination 

of the unit-cell dimensions and to collect intensities. The intensities 
were reduced by routine procedures (27). Corrections for Lorentz and 
polarization factors were applied but not for absorption or extinction. 
The scattering factors for neutral atoms were taken from ref. 28. The 
structures wcrc solved by Patterson and Fourier methods using the 
SHELX system (29). Full-matrix least-squares (WAF' = min.) refine- 
ments were carried out with isotropic temperature factors on the heavy 
atoms until R was reduced to a suitably low value. The locations of the 
hydrogen atoms were determined according to their geometric require- 
ments: the C-H. N-H, and H-H distances were appropriately 
constrpined (29) to ensure coavergence (C-H to 1.08 A, N-H to 
1.02 A, and H-H to - 1.66 A), and thc NH2 groups werc refined as 
rigid groups rotationally adjustable about the C-N axis. 

The final refinement was with anisotropic temperature factors on 
the nonhydrogen atoms and isotropic factors on thc hydrogens. Least- 
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CAMERON ET AL 

TABLE I. Crystallographic and caloric data of C(CH2X), crystals*:$ 

X T S.G. Z V I Ttr  AS,,/R TI ASl/R References 

ON02 (I) 
(11) 

OC(0)H 
OC(O)CH2 
OPh 

Hexagonal 
fcc 
fcc 
Fd3tn '? 

P2/l,l 
P2/t?, 
P2/m 
14 
fcg 
P42]( 
Pcnb 
Pbca 
P4?/n - 
14 

"Temperatures in K;  S . G . ,  space group; V l ,  volume per formula unit, A'; A .  A-point; F. first-order transition. The first set of 
references concerns crystallographic and the second, caloric data. 

i Z  = I cannot be correct for an ordered crystal. A preliminary re-examination otthe bromide atroom temperature has indicated 
a monoclinic unit cell with double the c-dimension reported in ref. 6 ( a  = 7.127 A, b = 6.287 A. c = 10.796 A,  p = 104.23", 
Z = 2; probable space group, P2,/n), but even this may be a subcell of the real unit cell. 

$ADDENDUM TO TABLE I .  The structure of C(CH,ONO,), was recently re-refined from the data of ref. 17 (36). The 4 molecular 
symmetry is not retained in the structure of pentaerythrityl tetracinnamate: P I ,  Z = 2, V I  = 987 A '  (37). 

TABLE 2. C(CHZNH7)4CI,: positional and thermal 
parameters ( X  l 04) 

X U I I  CJ 12 

Atom y U zz U I ~  
2 u 2 3  UZ7 

*U, , , , .  The NH, group was refined as a rigid body. 

+ U721'c:" + 2U,lkib'kc'1' + 2 U l z h l a ' ~ c ' ~  + 2U1zhka:%h:1:)j. 
The positional and thermal parameters are listed in Tables 2. 6, and 

7'. structure factors in Tables 3' and 8', and interatomic distances and 
bond angles in Tables 4, 5 ,  9, and 10. 

Results and discussion 

C(CHd'H.?)XL 
A projection of the structure is shown in Fig. 1. Like in 

pentaerythritol at room temperature and in some of its deriva- 
tives (Table I), the high symmetry of the central tetrahedral 
group of the cation is reflected in the symmetry of the crystal: 
the space group contains the element 4 characteristic of the 
maximum-symmetry conformation of the C(CH,X), molecule, 
and the cation is on this axis. 

The cations and anions are arranged in layers ) (  (001). The 
side chains of the cations are folded flat and inward in such a 
way (Fig. 2) that the thickness of each cationlanion slab (as 
defined by the atomic coordinates of C and N) does not excee; 
2 A. The slabs are separated by vertical gaps, a little over I A 
wide, which contain the CH? hydrogens. 

Each N-hydrogen is involved in H...C1 bonding to one or 
more CI- ions (Fig. 2, top; Table 5). The shortest of these 
hydrogen bonds, H(I)..*Cl = 2.15(3) A, is almost straight and 
not much longer than the.H.--CI bond in Et,NHIC1, 2.08 A 
(30), where the N-H---CI group is linear by symmetry. 

The H(2) -. - CI bond is asymmetrically trifurcated and the 
H(3) - - - CI bond, asymmetrically bifurcated. However, one of 
the NHCl angles in the trifurcated and one in the bifurcated 
bond are only 1 00°, and the . - -C l  distances corresponding to 
these angles are about 2.8 A. The N-H(2)-..Cl bond may 
then equally well be regarded as an asymmetrically bifurcated, 
nonplanar N-H(2)e.-2 CI bond, and the N-H(3)...CI bond 

squares weights were calculated from expressions of the type w-I = ' ~ h e s e  tables have been deposited. Complete set of data is avail- 
klo2lF,,I + kzF,,', where a is the weight for an individual reflection able, at a nominal charge, from the Depository of Unpublished data, 
derived from the diffractometer counting statistics. The anisotropic CISTI, National Research Council of Canada, Ottawa, Ont., Canada 
temperature factor is defined as T = exp [ - 2 n 2 ( ~  I I h2a*' + U,,kZb*' -- K I A  0S2. 
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TABLE 4. C(CHzNH,),CI,: interatomic distances (A) and bond angles (dcg) 

Atoms Distance Atoms Angle 

Symmetry code: 
A ,Y y Z 

B I - s  I - y z  
C I - y s  - z 
D y  I - x  -z 
E f + x  $ + y  f - z  
F f - . r  ; - ?  

- . -  
G $ - y  f + x  z - +  
H $ + y  f - x  z - 4  

TABLE 5. C(CHzNH2),CIJ: N-H...CI bond lengths (A) and NHCl 
angles (deg)" 

CI H N N.- .Clt  H.-.CIS NHCla 

Environment of a Cl atom: 

F {E C 

F I A A 
F 3 F F 
F 2Dc Dc 
F 2Fa Fa 

Environment of an N atom: 
F I A A 

Aa Hbl 2A A 

:Tor symmetry code see Table 4. 
tesd = 0.003 A .  
Sesd = 0.03 A (rigid-body refinement of NH,).  
Pesd = 3" (rigid-body refinement of NH,). 

could similarly be described as a highly-bent hydrogen bond to 
a single acceptor atom. 

Each CI- ion is surrounded by six N-hydrogens, with C I - . . H  
distances ranging from 2.15 to -2.8 A (Fig. 2 ,  bottom). The 
cations and the CI- ions in the cation/anion slabs 1 1  (001) are 
connected by the N - ~ ( l )  C1 bonds, with participation of 
the much longer N-H(2)...CI bonds. The slabs are cross- 
linked vertically by the N-H(3).-.CI bonds, which are more 
or less parallel to the c-axis. 

The overall cationlanion packing scheme and the or- 
ganization of this A4'X-, structure can be visualized more 
directly by considering the structure to be composed of tetrag- 
onally compressed CI,? cuboctahedra packed in such a way that 
each CI atom is shared by three adjacent cuboctahedra (Fig. 3). 
The centre of each cuboctahedron is occupied by the central 
carbon C(I ) ,  and the N atoms are slightly inward of the centres 
of the vertical faces. The N-H(I)...CI bonds are then ap- 
proximately parallel to the (001) plane and the N-H(3)...C1 
are roughly parallel to the c-axis. 

C(CH~NH.<)I(SO~)Z 
In this chiral AJ'X2-2 structure (Fig. 4) the cation does not 

FIG. I. Projection of the C(CHZNH,),CI, structure on (00 1 ). The 
H(2) N-hydrogens are not shown. The shortest hydrogen bonds, 
H(I)...CI, are indicated by broken lines; because of their shortness in 
the projection the H(3)...CI bonds are shown as solid lines or not at 
all. For symmetry code see Table 4. 

display its characteristic tetragonal symmetry. The cation/ 
anion packing can be described as being of a very distorted 
fluorite type. There are two nonequivalent sets of SO4'- ions in 
the structyre; the mean uncorrected S-0 bond length is 
1.465(6) A (Table 9). 

The cations and the sulfate groups are interconnected by 
an exhaustive three-dimensional system of hydrogen bonds 
(Fig. 5). Every N-hydrogen forms a H - . - O  bond to a single 
acceptor, the H . - . O  distances ranging from 1.74(10) to 
2.14(10) A, and the NHO angles from 126(5)" to 170(5)" 
(Table 10). The two shortest H ... 0 distances, H(2 1)-a-O(3) 
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CAMERON ET AL. 589 

TABLE 6. C(CH2NH,)J(S04)2: positional parameters 
( X  104)* 

Atom 

*CHZ and HN3 groups refined as rigid bodies. 

= 1.74(10) A and H(31)e--0(8) = 1.76(1 1) A, are signifi- 
cantly shor t~ r  than the H.. .O distances in pentaerythritol, 
1.983(23) A (14), while the corresponding NHO angles, 
- 160°, are comparable to .the O H 0  angle in pentaerythritol, 
163". 

All the oxygens are hydrogen-bonded, but there being more 
N-hydrogens than sulfate oxygens, three of the oxygen atoms, 
0 (1 ) ,  0(4) ,  and 0(7),  are involved in two hydrogen bonds 
each. 

Infrared spectra 
The strength of the N-H ...C1 and N-H 0 bonding in 

the title compounds is reflected in the very broad, unresolved 
NH (+ CH) stretching absorptions between -3300 and -2200 
cm-I. The spectra of the two compounds in this region are quite 
similar, with visually estimated centres of gravity near 2900 
cm-' for the chloride and near 2800 cm-' for the sulfate. The 
broad absorption in the chloride spectrum showed somewhat 
more structure, in particular in the NH bending region. 

Since the NH stretching absorptions in the ir spectra of 
ammonium and alkylammonium salts are also quite complex 

TABLE 9. C(CHINH3)4(S04)2: interatomic distances (A) and bond an- 
gles (deg) 

Atoms Distance Atoms Angle 

Symmetry code: 
A x y z  
B f - x  I - y  f + z  
C f + x  f - y  I - z  
D 1 - x  f + y  + - z  

a X + (1,O.O) 
b X + (0, I ,  0) 
c X + (0, 0, I )  
d X + ( - l ,O,  0) 
e X + (0, - 1 ,  0) 
f X + (0, 0,  -I)  
g x + ( I .  -1 .0)  
h X + ( - 1 ,  1.0)  
i X + ( I ,  0, - I )  
k X + (0, -1, 1 )  
m X + ( - I ,  - I ,  0) 
n X + (0. - I ,  - I )  

TABLE 10. C(CH2NH,),(S04),: N-H 0 bond lengths 
(A) and NHO angles (deg)'" 

N HN 0 N...O H...O NHO 

2A 21A 3A 2.719(10) 1.74(10) 160(5) 
23A 4De 2.848(1 I) 1.89(11) 1535) 
22A 8Dd 2.864(10) 2.14(10) 126(5) 

3A 31A 8Be 2.735(1 I )  1.76(1 I )  159(5) 
32A 28  2.793(11) 1.86(11) 151(6) 
33A 7C 2.810(1l) 1.85(11) 156(5) 

4A 42A 5D 2.705(16) 1.80(16) 146(7) 
41A ICb 2.799(1l) 1.95(1l) 139(5) 
43A 4Ba 2.916(1 1 )  1.90(1 1 )  170(5) 

5A 52A 6Dd 2.743(12) 1.93(12) 135(5) 
51A ICh 2.75l( l l )  1.83(1l) 149(5) 
53A 7B 2.778(1 1) 1.90(1 I )  143(5) 

*For coordinate transformations see Table 9. NH,  groups re- 
fined as rigid bodies. 

(cf. refs. 31-33), numerical frequency comparisons bearing 
on relative strength of the hydrogen bonding are difficult to 
make. However, the frequency of the centroid of the NH 
stretching absorption in the sulfate is roughly 200 cm-' lower 
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FIG. 2. Hydrogen bonding in C(CH2NH')JC14 (projection on (100)). 
(Top) Environment of a nitrogen atom. (Bottorn) Environment of a 
chlorine atom. For symmetry code and NHCl angles see Tables 4 
and 5. 

than the corresponding value in (NH,)?SO, (34) and in fact 
comparable to the corresponding frequency in NH,F, which is 
the lowest so far reported for ammonium-containing halides. 
The strength of the N-H.-.O bonding in C(CH,NH3),(S0,), 
is undoubtedly intensified by the high ionic-charge combina- 
tion and may well be, together with the extent of the hydrogen 
bonding in this crystal, responsible for the unexpected slight 
solubility of this salt in water. 

Rigid-body motion of the cation 
In view of the significant motion reported for the molecule 

in the pentaerythritol crystal ( 14), the refined parameters of the 
C(CH,NH,),"+ cation in the chloride and sulfate were analysed 
for rigid-body translation and libration."he results for the 
chloride indicated that the cation indeed acts as a rigid body. 
The rmsoamplitudes of translation were essentially isotropic, 
0.12(2) A along the two equivalent axes and 0.13(2) A along 
c.. 'These values are about 20% lower than the corresponding 
values in pentaerythritol, where some anisotropy is observed. 
The rms librational amplitudes were 3.3(10)" about a ,  and a ?  
and 2.2(6)" about the c-axis, i.e. in each case about half the 
value in pentaerythritol. These results are compatible with the 
existence of the two short N-H...CI bonds in the structure 
and point to a greater restraining potential in the ionic chloride 
crystal compared with the molecular pentaerythritol crystal. 

In the sulfate the rigid-body motion hypothesis is satisfactory 
but less so than in the chloride, and the cation motion is less 
simple to interpret. 'The translation tensor T (in A'), the libra- 

'The MGTLS program of Schornaker and Trueblood (35) was used 
in this analysis. 

FIG. 3. (Top) Schematic representation of the packing of thc 
[C(CH2NH3)4]C112 coordination cuboctahedra (projection on (001)). 
The C(1) atoms are at the centres of the cuboctahedra (filled circles, 
z = 0; open circles, z = 112). Each CI (at a vertex of a cuboctahedron) 
is shared by three cuboctahedra. (Bottorn) Representation of the 
hydrogen-bonding scheme. The corners and the ccntrcs of the vcrtical 
faces of the cubes correspond approximately to the positions of the 
NH3 groups; the cuboctahedra inscribed in the cubcs are the CIl2 
groupings. The C(I)  atoms are located at the cube centres. The two 
shortest N-H ..-C! bonds are indicated by heavy ,,lines: horizontal, 
H(I).-.CI - 2.15 A; vertical, H(3)-..Cl - 2.33 A.  

tion tensor L (in deg') and other relevant details of the analysis 
are given in Table I I .' The rms amplitudes relative to the 
crystallographic axes were 0.12(4), 0.14(4), and 0.14(4) A for 
the translation and 2.7( 15)", 2.8(13)", and 2.4(13)" for the 
libration components, i.e. essentially isotropic. Referred to the 
principal axes of the translation motion the rms amplitudes 
remained much the same, 0.15, 0.14, and 0.12 A. However, 
with respect to the principal axes the ratio LII/L,3 of the ele- 
ments of L was 4.8 and the corresponding rms amplitudes were 
3.2(12)", 2.9(11)" and 1.5(6)", pointing to the existence of 
anisoJropy of the librational motion. The L3 axis is displaced by 
-3 A from the centre-of-gravity origin and its direction is 
roughly perpendicular to the N(2A)-N(3A) line (Figs. 4 and 
5). These two N atoms are involved in the very short N(2)- 
H(21)..-O(3) and N(3)-H(31)...0(8) bonds, and it is this 
iilvolvement that seems to be responsible for the small libration 
amplitude about L3. 

In neither of the title compounds are the librational ampli- 
tudes at room temperature of a magnitude comparable to that in 
known precursors of plastic phases. If a transition to a plastic 
crystal exists, one would expect the T, ,  to be quite high, proba- 
bly higher than in pentaerythritol ('Table 1). An investigation of 
the thermal behaviour of both salts is planned. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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+=- 

FIG. 4. Projection of the C(CHZNH3),(S0,)z structure on (100). The hydrogen atoms have been omitted for clarity. For interatomic distances, 
bond angles and symmetry code see Tables 9 and 10. 

FIG. 5. Hydrogen bonding in C(CHzNH3),(S0,)2 (projection on (loo), as in Fig. 4). The small tetrahedra represent the SO, groups. Each large 
tetrahedron is defined by the N atoms of a cation; the NH bonds are represented by the solid lines radiating from the vertices. H...O bonds are 
shown as broken lines. The H(32)-- .0(2)  bonds project awkwardly on (100) and are not included in thc drawing. 

Geometry of the C(CH?NH3),'" cution distances are statistically indistinguishable from the corre- 
The bond lengths and angles obtained for the cation are listed sponding corrected distance in pentaerythritol. Corrections to 

in Table 12. 'They are the same in the chloride and the sulfate, the bond angles were insignificant. 
whether corrected or uncorrected, and the corrected C(1)-C The two C-C(1)-C angles in the chloride differ by 
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TABLE 12. Bond lengths (A) and angles (deg) in the C(CH2X)4 ion or  molecule:^: 

X = NH3 
Bond length X = OH X = ONOl(1) 

or angle Chloride Sulfate (1 4) (18) 

C( 1 )-C 1.539(3) 1.539(12)t 1.527(1) 1.536 
(1.543) (1.542)t (1.548) 

C-N I .485(4) 1.493(7)t 
( 1.487) (1.495)t 

C(I)-C-N 115.3(2) 1 14.8(8)t 
106.6(4)$ 107.33(9) 109.2 
113.3(4)$ 110.55(5) 109.9 

"Values corrected for rigid-body motion are in parentheses. 
tMean value. 
$Smallest angle. 
$Largest angle. 

8.9(3)", as against 6.7(6)" between the largest and the smallest 
angle in the sulfate and 3.2(1)" in pentaerythritol. 
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~lectrochimie dans l'oxydipropionitrile. 
Etude des systemes du mercure en milieu complexant et non complexant 

M. PERSIN 
Laborntoire de Chitnie et Electrochitnie At~nlytique, E.N.S.C.M., 8 ,  rue r/c> I'Et.ole Nortnczla, 34000 Montpellier, Frnnce 

ET 

J.  Y .  GAL 
Ltrborotoire de Chitnie Annlytique dc. I'U.S.T.L., P1crt.e Eugkt~e Bc~ttrillot~, 34000 Motltpellier, Frcznce 

Requ Ic 28 fevricr 1984 

M. PERSIN et J. Y. GAL. Can. J. Chern. 63, 593 (1985). 
L'ensernble des rksultats obtenus rnontre qu'en milieu fortcrnent cornplexant le rncrcure s'oxyde en mercurc(lt) avec 

formation des complexes supkrieurs H ~ x ~ - ,  HgX,. II n'en est plus de m&me en milieu peu complexant ou ]'on doit envisager 
la formation de complexes avec le Hg(l). Ceci cornplique I'exploitation des courbes de titrage par suite de la transformation 
progressive des complexes du rnercure I 1  en complexes du rnercure I au contact du rnercure rnCtallique. Les systkmes du 
rnercure ne montrent cependant pas un cornporternent fondarnentalernent different de celui observC dans de nornbreux solvants 
organiques. 

M.  PERSIN and J. Y. GAL. Can. J. Chern. 63, 593 (1985). 
The results obtained show that, in a strongly complexing medium, mercury is oxidized to rnercury(I1) with the concomitant 

formation of more highly oxidized complexes like H ~ X :  and HgX,. When the reactional medium is less strongly cornplexing, 
however, the formation of complexes with Hg(l) can be considered. This cornplicatcs the exploitation of titration curves 
resulting from the progressive transformation of the complexes of mercury(l1) into complexes of rnercury(1) by contact with 
metallic mercury. Compared to the behavior observed in numerous organic solvents, the behavior of these systems is not 
fundarnen:ally different. 

[Journal translation] 

Introduction RPnlisntion des rnesures 

Au cours de nos travaux anttrieurs (1-4) nous avons dej; Le trace des courbes intensite-potentiel a @tC rCalisk h I'aide d'un 
montage h 3 Clectrodes comprenant un enregistreur Tacussel EPL 2 dCcrit I'btude des propridt6s acide base et de divers complexes 
couple un  tiroir Typal, Le potentiel de de travail avec les ions argent dans l'oxydipropionitrile. Nous avons pen- contrB1e par un  millivoltmktre S6 Tacussel, 

sC qu'il Ctait souhaitable de complCter ceci en nous intkressant Les titrages potentiornCtriqucs h courant nu1 ont CtC effectues 3 
au ~OmpOrtement des SyStkmeS des ions du merCUre dans Ce I'aide d'un rnillivoltrnktre Tacussel Sf,, la tem~erature d7exkcution des 
solvant. rnesures Ctait rCgul6e i 25°C par un thermostat i circulation. 

Le mercure prCsente habituellement trois degres d'oxydation Les potentiels rapportes dans le texte sont donnCs par rapport h une 
(0, I et 2). La stabilitk de I'espece intermediaire correspondant Clectrode de refirence Ag/Ag+ dans le solvant qui a dkji ett dCcrite 
au degrC +(I) depend du milieu considere. L'ion mercureux Par "lleurs (1). 
existe-ainsi dans i'eau avec un taux de dismutation voisin de 
I % (5); la dismutation est egalement partielle dans le DMF (6), Resultats experimentaux 

la N-m~thy~pyrro~idone (7) et le DMSO (8). Par ~ o n t r e  dans I. Etude des ~ y ~ t P m f s  d~ mercure el2 niilieu rlon ~ 0 m p l e ~ ( l t ~ t  

I'Cthanolamine (91, I'Cthylkne diamine ( lo) ,  la N-mCthyla- 1 - 1 . Etude a l'e'lectrode ci goutte de niercure 
cCtamide (I I) la dismutation du mercure(1) est totale. Le perchlorate mercureux est soluble dans I'oxydi- 

En milieu complexant on assiste souvent a la dismutation propionitrile en milieu acide. Les traces des polarogrammes 
totale du degrC intermediaire par suite de la formation de com- pour des concentrations variables d'ions Hg:' sont tres dCfor- 
plexes suptrieurs plus stables avec le degrt d'oxydation (11) du 
mercure. Ainsi gCneraleme.nt en milieu halogenure rencontre- 
t-on les complexes HgX,, H ~ x S -  comme le montrent les rC- 
sultats publies dans le DMF (12), le DMSO (8), l'acttonitrile 
(13), le HMPT (14). 

Au cours de ce travail nous avons CtudiC par polarographie 
et titrages potentiomCtriques les complexes du mercure avec les 
ions halogtnures et observe que les rksultats obtenus sont com- 
patibles avec ceux dkja publies pour d'autres solvants. 

mCs par des maximums polarographiques que nous n'avons pu 
Climiner, nianmoins la hauteur du palier est proportionnelle B 
la concentration des ions H ~ ; ' .  

La reduction des ions mercuriques dans les m&mes condi- 
tions conduit a des rksultats analogues et en particulier la hau- 
teur des vagues est identique pour des concentrations Cgales en 
ions Hg2+ ou Hgik;  ce qui est compatible avec l'existence du 
dimere Hg:'.. La position des vagues observees laisse penser 
qu'en rCalitC on reduit toujours le mercure(1) par suite de la 
reduction chimique du mercure(l1) par le mercure metallique de 

Partie experimentale I'Clectrode selon: 
Synthkse et purificcition du solvnnr Hgz+ + Hg E H&+ 

Nous avons repris la synthkse et la purification du solvant rnises au 
point au laboratoire et dCjh dkcrites (3, 4). 1-2. Etude u l'e'lectrode de platine poli 

Les rCsultats obtenus a I'Clectrode a goutte s'avtrant inex- 
RPnctifs ploitables, une etude des systemes du mercure sur electrode de 

Les sels de rnercure utilises proviennent des ktablissements K et K,  
de m&me que le perchlorate de tktrabutyl ammonium et les halo- platine poli a Cte entreprise. 

gCnures de tCtrabutylarnrnoniurn. Les chlorure, brornure et iodure Cas des ions ~ g : '  
mercuriques sont des produits pour analyse Prolabo. La figure I montre que les ions mercureux sont rCductibles 
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CAN. J .  CHEM. VOL. 63. 1985 

FIG. 1 .  Courbe voltamperomCtrique des systkmes Hg/Hg:+/Hg'+ i llClectrode de platine poli ([Hg2(C104)2] = 3 x lo-' M; [ H ~ ( C I O ~ ) ~ ]  = 
1,5 x lo-' M). 

a I'Clectrode de platine poli; par ailleurs il est possible d'ob- 
server la redissolution du mercure depose sur I'Clectrode lors du 
balayage retour des potentiels. La transformee logarithmique 
de la courbe intensite-potentiel obtenue en portant log (I, - i) 
en fonction de E confirme I'irreversibilitC partielle du systeme 
(pente de 80 mV au lieu des 29 mV attendus). On observe que 
le potentiel mesure a courant nu1 au cours de la redissolution du 
film du mercure repond a la loi de Nernst avec une pente de 29 
mV conformement a la relation 

0 06 E = E O  + - 
2 log [Hgf' I 

L'extrapolation 2 log [Hgf '1 = 0 permet de determiner le 
potentiel normal apparent' du couple Hgii /Hg soit 0,450 V -t- 

0,005 V. Ces donnees confirment l'existence dans I'oxydi- 
propionitrile du dimere Hgft. Comme dans les autres solvants 
organiques (6-8) les ions Hgii ne sont pas tlectroactifs en 
oxydation contrairement ce qui est observe dans I'eau; ce qui 
implique la non reversibilite du couple ~ g " / H ~ f + .  

cas des ions Hg2' 
La courbe intensite-potentiel de reduction des ions Hg" 

presente deux vagues de hauteur Cgale qui correspondent aux 
deux ttapes: 

Le balayage retour effectuk 2 partir du second palier de reduc- 
tion montre que le mercure s'oxyde bien en ions mercureux 
Hgft et non en ion Hg'.'.. 

' En milieu HC104 lo-' M. 

Tentative d'tvaluation de la constatzte de distnutatiotl des 
ions Hg:' 

Dans la mesure oh apres une oxydation coulometrique d'une 
nappe de mercure, on observe uniquement I'electrode de 
platine poli la vague de reduction des ions Hgii ,  on peut dire 
que ceux-ci sont peu dismutes, il s'en suit que les potentiels 
normaux apparents des couples Hgli/Hg et Hg"/Hgit sont 
tels que: 

Si l'on agite du mercure metallique en presence d'une solu- 
tion d'ion Hg", pour determiner la constante de dismutation i l  
faut pouvoir connaPtre le rapport des concentrations Hg"/Hg~' 
a I'Cquilibre. M. Breant (6) a mis a profit le fait que I'ion H ~ ; '  
est oxydable dans l'eau pour determiner la concentration en ion 
Hgit dans le DMF par dilution aqueuse. Connaissant la con- 
centration initiale en ions Hg". introduits on en dkduit la con- 
centration en ion Hg" restante. Cette methode n'est valable 
que dans la mesure oh les ions Hg;' sont moins dismutes dans 
I'eau que dans le solvant CtudiC. Par ailleurs .I. Courtot Coupez 
a propose une methode indirecte de determination poten- 
tiomktrique du potentiel normal du couple HgE'/Hg (8). 

L'ordre de grandeur de cette constante de dismutation dans 
I'oxydipropionitrile a kt6 obtenue en evaluant les concen- 
trations en ions Hg2' et Hg;' apres agitation d'une solution 
d'ioris Hg" en presence de mercure metallique, a partir des 
hauteurs des vagues de reduction observkes sur platine poli. 
Avant agitation on observe une vague de reduction des ions 
Hg" de hauteur h ,  apres celle-ci on constante une forte diminu- 
tion de la hauteur de la vague de reduction de ces derniers et 
I'augmentation de la vague de reduction des ions Hgft. On peut 
observer que la hauteur totale des deux vagues est constante 
conformement au bilan: 
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PERSIN ET GAL 

[Hg2+], = [Hg2+], + [Hg;+Il 

Dans ces conditions K D  = [Hg"]/[Hg~'] = lo-'.'. On peut 
observer que la dismutation des ions Hg;' dans I'oxydi- 
propionitrile apparait Iegerement plus importante que dans 
I'eau ou K D  est Cgale a lo-'. Compte tenu de la niethode utilisee 
cette valeur reste un ordre de grandeur que nous avons utilise 
pour calculer le potentiel normal du couple Hg2+/Hg necessaire 
a la determination des constantes de stabilite des complexes 
mercuriques. On obtient aisement 

Iodures 
Chlorures 
Branlure 

Eol,,2+lHpy = E"He;+ltlp - 0,06 log K ,  = 

0,530 V t 0,010 V 
1,)' , > 

et , 
-0,7 ,." 

EO~s l+~l lB;+ + E " C I ~ ; T I I I ,  
EoHg?+IHg = 2 = 0,490 V ? 0,010 V 

0,s X 
2. Etude des systemes du mercure en tnilieil haloge'nures 

FIG. 3. Titrage potentiomitrique des ions halogCnures par le complexant perchlorate mcrcurique (milieu Bu,NCIO, 0 ,  I M; Clcctrodc indicatrice 
Le present travail est consacre a 1'Ctude du comportement de n,ercure~, 

des systemes du mercure en presence de chlorure, brornure et 
iodure. Comme nous l'avon; prkcedemment indique la pre- 
sence d'un complexant stabilise generalement I'un des dCgrCs 
d'oxydation (I) ou (11) du mercure et par consequent favorise ou 

E~ A 
-- -0,4 

defavorise la dismutation du degre intermediaire. 
2- 1. Etude polarographique 
2- 1 . 1 .  Etude des complexes Hg(l1) iodure -- -0,5 
L'oxydation polarographique du mercure en presence d'io- 

dure concentration variable s'effectue en deux etapes, la 
premikre vague Ctant trois fois plus haute que la seconde. Cela 
est compatible avec les mecanismes d'oxydation suivants: 

Hg J + 41.. S H g l :  + 2e 

Hg 4 + 3 Hg 1 :  = 4 Hg 1, + 2c 
X 

La hauteur des deux vagucs est proportionnelle 2 la concen- 0, l og  - 
tration d'iodure mais I'analyse mathimatique des courbes I = -2 - 1 1 2 (1-4 x)' 
f ( E )  conduit a des droites de pente tres superieure a 30 mV 
confirmant 1'irrCversibilite des systkmes mis en jeu. I1 est donc FIG. 3. TransformCe logarithmique de la premikre partie de la 
impossible d'atteindre les constantes de stabilite de ces ,-om- cou'be de titrage de I'iodure Par le cation Hg'+ (x < 0,251. 

plexes directement par le traitement des courbes I = f (E) .  
2- 1.2. Etude des cotnplexes Hg(l1) chlorure et brornure de la courbe de titrage. Pour une fraction titree x telle que 0 < 
L'oxydation polarographique du mercure en presence de ces x < 0,15 on observe une variation lineaire du potentiel en 

deux halogenures conduit a des resultats identiques, on observe fonction de log x/(l  - 4x), avec une pente de 31 mV au lieu 
la presence de deux vagues de hauteurs egales proportionnelles des 29 mV theoriques attendus. L'ordonnee a l'origine de la 
a la concentration d'halolgenures. On peut proposer le droite obtenue (fig. 3) reliee a la constante P41 de formation du 
micanisme complexe ~ ~ 1 : -  par la relation: 

H ~ J  + 4~ s H~x:- + 2e HI  = E"~l,l~,?+ - 0,03 log PJI - 0,03 log C,Z 

Tout cornme dans le cas de l'iodure l'analyse mathimatique des 
vagues obtenues ne conduit aucun resultat satisfaisant par 
suite de 1'irriversibilitC des systkmes mis en jeu. 

2-2 Etude potentiome'trique 
2-2.1 . Cas de l'iodure 
La figure 2 montre que la courbe de titrage potentiomktrique 

a I'Clectrode de mercure d'une solution d'iodure par les ions 
mercuriques presente trois points singuliers correspondant 
respectivement la formation des complexes Hgli-, HgI, et 
Hg12. 

Cette hypothese est confirrnke par l'analyse mathimatique 

permet connaissant E"ll,lF1,2+ et la concentration Co de l'espece 
titree, de determiner log P,,. 

Pour une fraction titree 0,25 < x < 0,30 la reaction de titrage 
mise en jeu est: 

de constante 

K =  
[HgI,]" 

[Hgl;-l3 [Hg"] 

La transformee logarithmique de la courbe de titrage obtenue 
est une droite de pente 28 mV et d'ordonnee l'origine: 

H2 EoHpItlpl+ - 0,03 log K  - 0,03 log Co 
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TABLEAU I.  Constantes d'iquilibre des complexes Hg(l1) haloginures 
(chlorure, bromure, iodure) 

~ ~ u i l i b r e  
H~x:- HgXi H~x:- = H ~ X ;  + x 

Haloginures log P4, 5 0.2 log P31 5 0,2 log K 

lodure 43,s 39,3 
Bromure 41,6 37 
Chlorure 40,2 3 5 3  

FIG. 4. Titrage potentiometrique de HgBr, par les ions B r  (milieu 
Bu4NC104 0 ,  I M; electrode indicatrice de mercure). 

Au dela du deuxikme point Cquivalent I'analyse de la courbe de 
titrage ne conduit a aucun resultat satisfaisant tendant a con- 
firmer la formation de Hgl, et I'on observe l'apparition d'un 
precipiti jaune vert tandis que le mercure de 1'Clectrode 
s'oxyde. Ces observations permettent de penser que le milieu 
n'est plus assez complexant pour dismuter totalement le mer- 
cure mercureux, celui-ci apparait alors selon la reaction: 

2-2.2 Cas des chlorures et bromures 
Les rksultats obtenus sont identiques et en milieu fortement 

concentre en halogknures nous avons bien I'existence de 
H ~ x ~ - .  La poursuite du titrage laisse apparaitre un point Cqui- 
valent pour x = 0,33 correspondant a la formation de HgX, 
cependant moins net que dans le cas de I'iodure (fig. 2). Le 
point equivalent observe pourx = 0,5 correspond a I'apparition 
d'un prCcipitC qui ne peut Ctre attribui a la formation de HgX? 
car les chlorures et bromures mercuriques sont solubles dans 
l'oxydipropionitrile. Comme dans le cas de l'iodure nous pen- 
sons avoir formation des complexes Hg,Br, et Hg,CI, tout deux 
insolubles dans l'oxydipropionitrile. 11 y a de nouveau oxy- 
dation du mercure au niveau de I'Clectrode selon: 

2 HgX, + 3Hg + Hg2' = 3Hg2Xz & 
Le tableau 1 rassemble les differentes constantes d'equilibre 

des complexes dCterminCes. 

FIG. 5. Titrage potentiometrique de HgCI2 par les ions CI- (milieu 
Bu4NC104 0 , l  M;  electrode indicatrice de mercure). 

2-2.3 Titrage potentiomktrique de HgCl? et HgBr? par les 
ions CI- et Br- 

Le debut du titrage est caractCrisC par des potentiels mesurCs 
peu stables qui proviennent en fait de la reaction de HgX, sur 
le mercure de ]'electrode, on observe en effet I'apparition au 
contact du mercure d'un precipite qui ne peut qu'Ctre attribui 
a Hg2X2: 

La poursuite de I'ajout d'haloginure indique que le potentie1 
devient stable pour une quantitC d'haloginure ajoutCe identique 
5 la quantite de HgX, present. On observe un saut de potentiel 
dans le cas du titrage par les ions bromures (fig. 4). Ceci 
indique qu'en milieu de plus en plus complexant I'oxydation du 
mercure par le mercure (11) cesse et par consequent le degr6 (I) 
du mercure est de plus en plus dismutC. Un second saut de 
potentiel est observe pour une quantitC double d'halogknures 
versee (figs. 4,  5). Les reactions de titrages mises en jeu sont: 

Entre les deux sauts de potentiel on peut Ccrire la variation du 
potentiel de I'Clectrode a l'aide du couple oxydor6ducteur: 

On vCrifie que la pente de la droite obtenue est de 3 1 mV dans 
les conditions expkrimentales, I'ordonnCe a l'origine conduit Zi 
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PERSIN ET GAL 

TABLEAU 2. Constantes d'kquilibre des complexes Hg(1I) halogtnures dans quelques solvants 

H ~ X :  log P41 H ~ X ;  log P,, H~x:- H ~ X ;  + X- log K 

Solvant I Br C1 I Br CI I Br C I 

Eau 29,8 21 15.1 27,6 19.7 14.1 2.2 1.3 I 
Acttonitrile" 48,7 46.7 4 5 3  44,s 42,9 42,7 4,2 3 3  2.8 

DMSO" 32,6 30.4 26,9 30.4 28 23.5 2,2 2,4 3.4 
ODPN 43,8 41,6 40,2 39,3 37 35.5 4.5 4,6 4,7 

" D'apris rCf. 13. 
" D'apris rCf. 8. 

E ' H ~ x ~ - , H ~ x ; .  
Au deli du point Cquivalent I'tlectrode rtpond selon 

La transformte logarithmique prtsente tgalement une pente 
voisine de 30 mV et permet de calculer E ' ~ , ~ , ' - ~ X - .  Un simple 
calcul montre que: 

Nous avons pu verifier tout au moins dans le cas du titrage du 
complexe HgBrz que la valeur de K trouvte est trks voisine de 
celle determinte prtctdemment. 

Conclusion 
L'ensemble des rtsultats obtenus montre qu'en milieu forte- 

ment complexant le mercure s'oxyde en mercure(l1) avec for- 
mation des complexes suptrieurs H~x:-, HgXj. 11 n'en est 
plus de m&me en milieu peu complexant ou I'on doit envisager 
la formation de complexes avec le Hg(1). Ceci complique 
I'exploitation des courbes de titrage par suite de la trans- 
formation progressive des complexes du mercure (11) en com- 
plexes du mercure (1) au contact du mercure mttallique. Les 

systkmes du mercure ne montrent cependant pas un com- 
portement fondamentalement difftrent de celui observt dans de 
nombreux solvants organiques (Tableau 2). 
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Reaction of hydroxide ion with 1,3,5-trinitrobenzene in cationic micelles: evidence of 
variable counterion binding to micellar head groups 

LEONG-HUAT GAN 
Depurtrner~t q/' Cherni.st,:\j. I/rfivcrsitv c?/' Mnlnyrr, Prrrftrri V n / / c y ,  Klrrrlrr Llrrrlprrr. M N / N ~ S ~ N  
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LEONG-HUAT CAN. Can. J .  Chem. 63, 598 (1985). 
Cationic micelles of hexadccyltrimethylammonium bromide, chloride, and hydroxide (CTABr, CTACI, and CTAOH) 

grcatly enhance the stability of anionic u-complcx formed by hydroxidc ion and I ,3,5-trinitrobenzcne (TNB). The counterion 
binding to thc micellar head groups is assumed to vary but is governed by a distribution constant. Diffcrcnt distribution 
constants are used for differenttypes of counterion. Using this trcatment. thc ratc constant - surfactant concentration profiles 
for thc reactions of TNB with hydroxide ion in CTAOH. CTABr, and CTACI can all be satisfactorily accountcd for, yiclding 
consistent rcsults in various conditions. The ion distribution constants, K o l l  = 55 rnol ' dm', K , ,  = 1800 mol- ' dm', and 
K c l  = 420 mol--' dm' and the rate constant k ,  = 3600 s ' are obtained. In view of the success of this treatment, thc assumption 
of a constant 6 value associatcd with the pseudophasc model at best could only be viewed as an approximation, valid only 
for micellar systems with tightly bound countcrions such as those in thc miccllcs of CTABr. 

LEONG-HUAT CAN. Can. J. Chem. 63, 598 (1985). 
Les micelles cationiques des bromure, chlorurc ct hydroxydc de I'hcxad~cyltrimCthylammonium (CTABr, CTACI ct 

CTAOH) augmentent considerablement la stabilitC des coniplcxcs anioniques cr formCs par I'ion hydroxyde et le trinitro- 1,3,5 
benzkne (TNB). On fait I'hypothkse que la fixation de I'ion complCmcntairc sur Ics groupes dc tetcs dc la micclle varie; 
toutefois, cette fixation est gouvernie par unc constante de distribution. On utiisc des constantes de distribution diffcrcntcs pour 
diffirents typcs d'ions compl&mentaires. Utilisant cctte approche, on peut expliquer d'unc fafon satisfaisante Ics profils dc 
constantcs dc vitesse/concentration d'agents tensioactifs pour les reactions du TNB avec I'ion hydroxyde dans dcs micelles 
cationiques de CTABr, de CTACI et dc CTAOH; les risultats sont cohercnts sous diverses conditions. On a obtcnu les 
constantes de distribution des ions, Kc,,, = 55 rnol ' dm', Kn, = 1800 m o l '  dm'et Kc, = 420 rnol -'dm3ainsi que la constantc 
de vitesse KM = 3600 s I. Compte tenu des risultats excellents obtenus cn faisant appcl notrc approchc, i l  apparait quc, dans 
le meilleur des cas, on nc doit considircr I'hypothtse suivant laqucllc il faut associer une constante dc valeur 6 avec Ic modtlc 
de la pseudophase que comme une approximation qui nc serait valide quc pour dcs systkmes micellaircs comportant des ions 
complCmentaires intimement lies comme ccux presents dans les micelles de CTABr. 

Introduction 
Micellar catalysis in water for unimolecular reaction and 

bimolecular reaction between two uncharged reactants can gen- 
erally be interpreted in accordance with the pseudophase model 
(1 -3). The rate enhancements or inhibitions are rationalized in 
terms of medium effect or concentration effect or both (3,  4). 
For reactions in ionic micelles, it is generally assumed that the 
extent of charge neutralization at the micellar headgroups, P, 
remains constant once the micelle is formed. This assumption, 
widely used in kinetic analysis, has been found to be satis- 
factory for a large number of reactions between hydrophilic 
ions and neutral substra'tes, especially in micelles of CTABr 
(4-8). More recently, however, this kinetic treatment has been 
shown to have failed for micelles with more hydrophilic coun- 
terions, specifically micelles of CTAOH and CTAF (9). While 
several possible reasons for the failure of this simple kinetic 
model in these systems have been discussed (9), it is believed 
that the assumption of a constant p value could be a major 
cause. By discarding the constraint of this invariance in P value 
and assuming instead that the binding of the counterions to the 
micellar phase be represented by an equilibrium process similar 
to that for the distribution of an organic substrate, Bunton 
et nl. (10) have shown that many observed "anomalous" rate- 
surfactant profiles can be satisfactorily accounted for. This 
treatment has recently been applied to an alkoxide function- 
alized micellar system ( 1  1). T o  furnish further evidence for the 
support of this approach, a reversible reaction between OH- 
and TNB is now reported. 

[Traduit par Ic journal] 

Experimental 
Mrrterirrls 

Hexadecyltrimethylammonium bromidc and chloridc (CTABr and 
CTACI) were obtained from Tokyo Kasei, Japan and werc purified by 
repeated recrystallization from EtzO-EtOH. Thc purities of these 
surfactants werc checked by surfacc tension measurements. Solutions 
of hexadecyltrimethylammonium hydroxide (CTAOH) werc prepared 
by the method described previously (10). Eastman 1,3,5-trinitro- 
benzene (TNB) was recrystallized several times from ethanol. 

Birding of TNB to micel1e.s of CTABr 
The binding constant of TNB, Ks, defincd by cq. [ I ]  

where TNB.D,, denotes TNB in micellar phase, in micelles of CTABr, 
was determined by the solubility method. A Cary 17 spectrophoto- 
meter was used to determine thc concentrations of TNB. Saturated 
solutions of TNB in various concentrations of CTABr at 25'C were 
diluted to -5 x lo-' rnol dm-' by isopropanol. Suitablc amounts of 
NaOH were then added so that the NaOH concentrations of the final 
solutions were -5 X lo-' rnol dm-'. Essentially all the TNB would 
be reacted to form anionic u-complexes. This method is sensitive, as 
both the equilibrium constant and the molar extinction coefficient of 
the complcx in isopropanol are high (12). The binding constant thus 
obtained is K s  = 46 2 2' mol-' dm' with the solubility of TNB in 
water being 1.9 X lo-' rnol dm-' at 25'C. 

'Least-square errors from five determinations in various CTABr 
concentrations. 
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Equilibrium and kinetic studies 
A Durrum-Gibson (new name: Dionex) D- 1 10 stopped-flow spec- 

trophotometer connected with a Tektronix R5 103N oscilloscope was 
used for both the kinetic and equilibrium studies. The cuvette has an 
optical path length of 2 cm. All the reactions were carried out at a 
thermostated temperature of 25 O.I°C. Reactions were followed at 
A = 500 nm. The concentrations of the substrate solutions were -3 
X lo-' mol dm?, and the observed first-order rate constants k,l, are 
in s - ' .  A much faster reaction was observed to precede the formation 
of the TNB-OH- complex. They were found in all the micellar 
systems studied, i.e., CTABr, CTACI, CTANO?, CTACN, and 
CTAOH, hence unlikely to have resulted from the impurities in the 
surfactants. 

While i t  is regrettable that the nature of this fast reaction has yet to 
be identified, its existence should not have had any effect on the values 
of k,',. This is because the slower formation of the TNB-OH- com- 
plex begins only well after this fast reaction has been completed, and 
good first-order reactions are observed throughout. Furthermore, in 
most cases, especially those at lower hydroxide ion concentrations, 
the absorbanees due to these fast reactions were small relative to those 
of the TNB-OH complexes. Due to the extremely low equilibrium 
constant of TNB-OH- in watcr as compared to that in the micelles 
(see results and discussion), the observed absorbances were attributed 
solely to the TNB-OH- complexes in the micellar phase. 

Results and discussion 
Hydroxide ion reacts reversibly with TNB to form an anionic 

a-complex. The equilibrium constant in water is low, K = 2.7 
mol-' d m h t  25°C with the forward and reverse rate constants 
being 25.3 mol-' dm' s - '  and 13.4 s f '  respectively (12). 
Micellar effects on the rate and equilibrium constants of anionic 
a-complexes have been reported (13, 14). It is found that the 
formation of the TNB-OH- complex is affected by the pres- 
ence of cationic micelles of CTABr, CTACI, and CTAOH. 
Quantitative kinetic analyses for the reactions in these systems 
are now presented. 

Kinetics 
Reaction of OH- with TNB in micelles is assumed to follow 

the pathways outlined in Scheme I .  

Reaction in water is neglected because of its low equilibrium 
constant. The observed first-order rate constant is given by 

Here the reverse rate constant of complex I is again omitted 
(see discussion later for justification of its omission). 

Reactions it1 micelles of CTAOH 
Reactions of TNB in CTAOH with and without the addition 

of NaOH are shown in Figs. I and 2. These results do not 
conform to the pseudophase model with a constant value of P 
as have been found for the reactions with other substrates 
such as 2,4-dinitrochlorobenzene (DNCB), 2,4-dinitrochloro- 
napthalene (DNCN), and p-nitrophenyldiphenylphosphate 
(pNPDPP) (10). The concentration of hydroxide ion in the 
micellar phase [OHM-] is assumed to be governed by a distribu- 
tion constant and is calculated from eq. [3]. 

where the micellized surfactant [D,,] = Co = CMC (CMC is 
critical micelle concentration). Reasonably good fits are ob- 
tained by using Kohl = 55 mol-' dm3, k ,  = 3600 s- ' ,  and the 

Ks 
TNB, + Dn TNB .Dn 

I OH,, 

kkl k~ 

in micelles 

FIG. I .  Rate constant - surfactant profile for the reaction of TNB 
in CTAOH. Calculated k,l, values are shown by the solid line. 

experimentally determined Ks = 46 mol-' dm3 

Reactiotzs it1 tnicc.lles of CTABr atzd CTACl a t  cotzstatzt 
[NaOH] 

The vaIues of k,, for the formation of I as a function of 
surfactant concentrations are shown in Fig. 3. The competition 
between OH- and X- (X = Br or CI) is assumed to be governed 
by two equilibra with equilibrium constants Kx and Koll as 
given in eqs. [4] and [5]. 

Expanding eqs. [4] and [5] yields eqs. [6] and [7] respectively. 
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TABLE 1 .  Parameters used to calculate k,l, for reaction of TNB with OH- in CTABr 

IO'[N~OH] lo4 CMC k M KOH Ksr Ks 
(mol dm-') (mol dm-') (sC1) (mol-I dm') (mol-I dm') (mol-I dm') 

0.788 6 3600 55 1800 75 
1.97 5 3600 55 1800 92 

TABLE 2. Parameters used to calculate k,l ,  for reaction of TNB with OH- in CTACl 

I 03[NaO~] 1 0' CMC k M KOH Kc] Ks 
(mol dm-') (mol dm-') ( s )  (mol-I dm') (mol-I dm') (mol-I dm') 

2 3 4 

[ O H ~ X ~ O ~ ( ~ O I  dm-3) 

FIG. 2. Reaction of TNB in CTAOH with added NaOH. The line 
is predicted. 

[61 Kx~XM-I' - I x ~ - l ( l  + KxID,,I + Kx[X-lo) 
+ Kx[OHM-I [XM-I - KX[X-I~(OHM-I 

+ Kx[D,,I [X-lo = 0 

[7] KOH[OHM-I' - [OHM-I(~ + Ko~I[D,II + KOH[OH-]O) 
+ KoH[XM-I - KOH[OH-]D[XM-I 

+ Kot~[D,,l [OH"-] = 0 

Values of [OHM-] and [XM-] are obtained by iterative methods 
using a computer. The sets of parameters that give reasonably 
good fits to the rate - surfactant concentration profiles (Fig. 3) 
are listed in Tables I and 2. It is noted that while maintaining 
constant values for KO,,, Kx, and kM, a slightly different value 
of Ks at different [NaOH] is used in order to give a good fit to 
the experimental data. The fact that Ks varies with [NaOH] 
is, however, not unusual for a substrate which does not 
bind strongly to micelles. A similar effect was observed for 
another more hydrophilic substrate, DNCB in CTABr (Ks = 
75 mol-I dm") (10). 

FIG. 3. Reactions of TNB with OH- in CTAX (X = Br and CI). 
X = Br; 0, [NaOH] = 7.88 X lo-' mol dm-'; 0, [NaOH] = 1.97 
x lo-' mol dm-'; X = C1; A,  [NaOH] = 7.88 X mol dm-3. 
The lines are predicted. 

the method described earlier, [OHM-] are obtained. It is, how- 
ever, more difficult to predict an accurate value for k,l because 
Ks may vary slightly as the concentration of NaOH changes. 
Nevertheless, with the same set of values for KOH, KBr, and kM 
listed in Table 1 ,  the calculated k* values agree reasonably 
well with the experimental data if an average value of Ks = 
82 mol-' dm%s assumed (Fig. 4). 

Equilibrium constant of complex I in CTABr 
In a fixed concentration of CTABr, the absorbance of com- 

plex I increases with increasing [NaOH] (Table 3). Referring 
to Scheme 1, the equilibrium constant for complex I in the 
micelles is 

IIMI 
[81 K1 = 

[OHM-] [TNB.D,,I 

Combining eq. [8] with eq. [ 11 for Ks yields 

Effect of NaOH on kq, at constant [CTABr] [9] KsqKl  = 
[IMl 

~t constant surfactant concentration, increasing NaOH con- [OHM-] [TNBwl [D,,l 
centration increases [OHM-], hence increases k,, (Fig. 4). Using and 
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C A N  60 1 

I I I 1 

05 1.0 1.5 2.0 

[ ~ a ~ ~ ] x l ~ ~ ( r n o ~  dm-3) 

FIG. 4. Reaction of TNB with O H  at constant [CTABr]. The line 
is predicted. 

TABLE 3. Absorbance (A,) of complex 1 
for reaction of TNB with O H  in CTABr" 

IO ' [N~OH] 10JIOHM-] 
(rnol dm-') (mol dm-.') A, 

"[CTABr] = 8.560 X 10 ' mol dm-'; [TNB] 
= 2.179 X lo-' mol dm-': A = 500 nm. 

[ l o ]  [TNB,] = [TNB]" - [TNB-D,,]  - [IM] 
[TNBIO - [IM] 

[TNB-D,,]  is neglected in eq. [ l o ]  because KI is large. By 
rearranging eq. [ l o ] ,  ones gets 

is used, K1 = 1.09 x 10' mol-' dm3. 
The second-order rate constant calculated by eq. [ 121 (9) 

is k ;  = 504 mol- '  dm3 s-I. This in turn yields the reverse rate 
constant k h  = 4 .6  x s-I. The very low value of k h  thus 
iustifies its omission in the treatment of the rate data described 
earlier. When the rate constants for the formation of complex 
I in water and those in micelles are compared, it can be seen 
that the high K, value is a result of a marked increase in forward 
rate constant and an even larger decrease in reverse rate con- 
stant for the reactions in micelles. These can be rationalized in 
terms of stabilization of the transition state and the complex I 
in the presence of the positively charged micellar head groups. 

While the inadequacies of the pseudophase model with a 
constant p value have been demonstrated in many systems 
involving hydroxide ions (9, 15), the equilibrium model for the 
binding of counterions on the other hand, as has been shown 
here, has more success as far as kinetic treatment is concerned. 
A very low value of p (0.3) for the micelles of CTAOH re- 
ported recently by Lianos and Zana (16) is in agreement with 
the finding that Kol, is much lower than KBr, thus augmenting 
the validity of this equilibrium model. 
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Preparation and properties of a linked porphyrin-cyclodextrin' 
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MONICA C. GONZALEZ and ALAN C. WEEDON. Can. J .  Chem. 63, 602 (1985). 
The synthesis of the linked porphyrin-cyclodextrin 3 and its zinc complex 4 is described and their characterization by ' H  

nmr, ''C nmr, circular dichroism, ultraviolet, and infrared spectroscopy is reported. The linked porphyrin-cyclodextrin 
compounds exhibited perturbed electronic absorption and emission spectra which are consistent with their adopting two 
conformations, one extended with little interaction between the porphyrin and cyclodextrin, and the other folded with the 
cyclodextrin weakly complexed to the porphyrin. Quenching of the porphyrin excited state of 3 by benzoquinone was examined 
by measurement of the fluorescence lifetime as a function of quinone concentration; the results suggest that the porphyrin 
excited state can be quenched intermolecularly by benzoquinone and also intramolecularly by quinone complexed within the 
cyclodextrin cavity. 

MONICA C. GONZALEZ et ALAN C. WEEDON. Can. J. Chem. 63, 602 (1985). 
On dCcrit la synthkse du composC 3 (cyclodcxtrine-porphyrine liees) et de son complexe de zinc (4) ainsi que leur 

caractkrisation par les spectroscopies infrarouge, ultraviolette et rmn ' H  et '" ainsi que par leur dichroi'sme circulaire. Les 
composCs lies de cyclodextrine-porphyrine presentent des spectres d'absorption et d'kmission electronique qui sont perturb& 
et qui sont en accord avec le fait qu'ils adoptent deux conformations: une ktendue, dans laquelle il n'existe que peu 
d'interactions entre la cyclodextrine et la porphyrine, et une autre replike, dans laquelle la cyclodextrine est faiblement 
complexCe par la porphyrine. En mesurant le temps de vie de la fluorescence en fonction de la concentration de quinone, on 
a examine la reaction de p~tgeage, par la benzoquinone, de I'etat excite de la porphyrine presente dans 3; les resultats suggkrent 
que I'Ctat excite de la porphyrine peut &tre piCgC d'une facon intermoleculaire par la benzoquinone et aussi d'une facon 
intramolCculaire par de la quinone qui est complexee dans la cavitC de la cyclodextr~ne. 

[Traduit par le journal] 

Introduction 
'The primary event in the reaction centre of photosynthesis is 

believed to involve the transfer of an electron from a visible 
light excited porphyrin chromophore to a nearby acceptor, and 
there has been considerable recent interest in the synthesis and 
study of molecules which mimic this photosynthetic reaction 
(1). These artificial electron transfer systems consist of a donor 
(usually also the light absorber) chemically linked to an elec- 
tron acceptor such as a benzoquinone derivative. 'These com- 
pounds have been prepared with the aim of elucidating the 
effect of degree of separation of donor and acceptor upon the 
efficiency of the light-induced electron transfer reaction and 
subsequent back electron transfer (I) .  Another parameter 
which would be expected to have an important effect upon this 
process is the relationship between the oxidation potential of 
the donor and the reduction potential of the acceptor. 

To examine the effect of variation of redox potentials would 
require the synthesis of a series of compounds in which the 
oxidation potential of the.donor or the reduction potential of the 
acceptor is systematically varied. The lengthy synthetic effort 
involved in such a study could be avoided by constructing a 
system consisting of a donor linked to a moiety capable of 
complexing potential acceptors; in this way a single molecule 
could be prepared and the electron transfer efficiency to a large 
number of acceptors examined. Such a system is shown in 
structure 3, which can also be represented as shown in Fig. 1 .  
Structure 3 consists of a tetra-aryl porphyrin chemically linked 
to a P-cyclodextrin; in Fig. I the porphyrin is shown as a disc 
and the P-cyclodextrin as a truncated hollow cone. 

The P-cyclodextrin consists of seven glucose rings joined by 

'Contribution Number 325, The Photochemistry Unit, University of 
Western Ontario. 

'Institutio de lnvestigationes Fisicoquimica Teoricas y Aplicadas, 
La Plata, Argentina. 

'Author to whom correspondence may be addressed. 

a-(1,4)-linkages to form a cylindrical molecule. From one end 
of the cylinder project the primary hydroxyl groups of the six 
position of glucose. The secondary hydroxyl groups of the two 
and three positions of the glucose rings project from the other 
end of the cylinder. The interior cavity of the P-cyclodextrin 
ring has been shown capable of complexing a variety of 
different types of molecule (2). 

Many functional derivatives of P-cyclodextrin have been 
described (3), including some involving the attachment of 
porphyrins (4, 5 ) ,  but these have not all been well char- 
acterized. Described here are the details of the preparation and 
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GONZALEZ A N D  WEEDON 603 

FIG. I .  Schematic representation of structures 3 and 4. The cyclo- 
dextrin is shown as a truncated cone, the interior of which is hydro- 
phobic, and the porphyrin is as shown as a disc. 

characterization of the linked porphyrin-cyclodextrin 3 and its 
zinc derivative 4. 

Results and discussion 
Preparation of 3 

The linked porphyrin-cyclodextrin 3 was prepared by reac- 
tion of excess P-cyclodextrin with the acid chloride 2 in pyri- 
dine solution. In order to avoid hydrolysis of 2 under the 
reaction conditions it was found to be necessary to ensure that 
the P-cyclodextrin was completely free of water; the P-cyclo- 

dextrin used had been purified by recrystallization from water 
and the material so obtained contained up to 14% by weight of 
water of crystallization, corresponding to 90 mol% water. This 
was removed by azeotropic distillation of predried P-cyclo- 
dextrin with benzene and pyridine (see Experimental). 

The coupling reaction between 2 and P-cyclodextrin was 
followed by tlc and when complete was worked up by evapo- 
ration of solvent followed by purification by chromatography 
and precipitation from methylene chloride and pyridine. The 
product obtained was homogeneous by tlc and gave a satis- 
factory combustion analysis; as expected for a free base (as 
opposed to protonated or metallated) porphyrin, it was purple 
in colour. 

The linked compound 3 was completely converted to its zinc 
complex 4 by treatment with zinc acetate in pyridine, and was 
isolated by addition of water and purified by precipitation from 
pyridine- acetonitrile. 

FIG. 2. Circular dichroism spectra of 3 and of 1 in the presence 
of a 25-fold excess of P-cyclodextrin. The cd spectrum of 1 was 
unchanged by further addition of P-cyclodextrin. Concentration of 3; 
4.65 x lo-' M, concentration of 1; 5.3 x 10 -"M.  

the porphyrin was confirmed by infrared spectroscopy. A spec- 
trum of 3 recorded as a KBr disc exhibited bands due to both 
the P-cyclodextrin and the porphyrin, along with extra peaks at 
1720 and 1275 cm-I assignable to the ester function. These 
usually strong peaks were of only moderate intensity, the major 
bands being cyclodextrin derived (broad hydroxyl band around 
3400 cm-I and several bands assignable to carbon-oxygen 
single bonds in the 1000- 1100 cm-I region). These relative 
intensities are consistent with the structure of 3 which possesses 
seven glucose rings (along with their associated hydroxyl 
groups and ether linkages) for each ester linkage. 

The circular dichroism (cd) spectrum of 3 was also recorded. 
'The spectrum is shown in Fig. 2. As might be expected, the 
inherently achiral porphyrin ring is found to give rise to a weak 
cd spectrum when chemically attached to a P-cyclodextrin (the 
latter is constructed from d-glucose and so is optically active). 
This effect could simply be due to the formation of complexes 
between unlinked P-cyclodextrin and porphyrin; that this was 
not so was demonstrated by comparing the spectrum obtained 
from a solution of an unlinked porphyrin (the mono-acid 1) and 
a large excess of free P-cyclodextrin (see Fig. 2). In this case 
no cd spectrum was seen unless large amounts of P-cyclo- 
dextrin were present, and even then it was extremely weak and 
different in appearance compared with the spectrum obtained 
from 3. Cyclodextrin-induced circular dichroism has pre- 
viously been observed for a linked porphyrin-cyclodextrin (4) 
and also in solutions of porphyrins containing P-cyclodextrin 
as a cosolute (6). 

Benzoylation of P-cyclodextrin, as in the preparation of 3, 
could in principle occur either at one of the primary hydroxyl 
groups or at one of the secondary hydroxyl groups. The pri- 
mary hydroxyl function would normally be favoured on steric 
grounds; however, it has been shown that cyclodextrins can 
undergo selective esterification at a secondary site when esters 
are used as acyl transfer agents (2, 3). Esterification at a sec- 
ondary site is thought to proceed by complexation of the 
alcohol-derived portion of an ester into the cyclodextrin cavity, 
followed by acyl transfer to one of the cyclodextrin hydroxyls 
and release of the alcohol produced. This yields the product 

Confirmation of structures of 3 and 4 linked through a secondary alcohol of the cyclodextrin, 
That coupling had occurred between the P-cyclodextrin and since the ester is complexed by entry into the opening of the 
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FIG. 3. (a) The 'H nmr spectrum (200 MHz) of an equimolar mixture of P-cyclodextrin and the porphyrin 1 in pyridine-d,. (b) The 'H nmr 
spectrum (400 MHz) of the linked porpyrin-cyclodextrin 3 in pyridine-d,. 

cyclodextrin cavity bearing the secondary alcohol functions; 
the primary alcohol functions block the other end of the 
cyclodextrin (2, 3). 

If a complex were formed between cyclodextrin and 2 during 
the benzoylation reaction, it would be expected to involve 
insertion of one of the tolyl groups into the cyclodextrin cavity. 
Under these circumstances the acid chloride function of the 
porphyrin would be held at a considerable distance from the 
cyclodextrin hydroxyls and "intramolecular" esterification 
could not occur. Consequently reaction of the acid chloride 2 
with P-cyclodextrin would be expected to yield the product 
derived from reaction of one of the primary hydroxyl groups. 
Attempts were made to confirm this by examination of the 
'H nmr spectrum of 3. 

The 'H nmr spectrum of 3 was compared with that of an 

equimolar mixture of P-cyclodextrin and 1. In Fig. 3a  is shown 
the spectrum of the mixture of 1 and predried P-cyclodextrin 
recorded at 200 MHz in pyridine-d,. Despite the complexity of 
the molecules, most of the signals can be identified and assign- 
ments are made in Fig. 3 a .  The spectrum of P-cyclodextrin has 
been reported previously (7). In Fig. 36 is shown the spectrum 
of 3 recorded in pyridine-d, at 400 MHz, and it is seen to be 
considerably broadened, presumably because of the non- 
equivalence of the seven glucose rings of P-cyclodextrin, 
which in P-cyclodextrin itself are all equivalent. This broad- 
ening precludes assignment of the signals to different protons 
in 3, particularly those at either C-6 or C-2 and C-3, which 
would be adjacent to the new ester function were it on a primary 
or secondary hydroxyl function, respectively. 

The site of esterification was eventually determined un- 
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GONZALEZ AND WEEDON 

FIG. 4. (a) The "C nrnr spectrum of an equirnolar mixture of P-cyclodextrin and porphyrin 1 in pyridine-d,. (b) The "C nrnr spectrum of 
the linked porphyrin-cyclodextrin 3 in pyridine-d,. The signals due to the carbon atoms in the estcrified ring of the cyclodextrin are arrowed. 
The spectra were recorded in the DEPT mode so that rnethylene signals appear inverted. 

ambiguously by the use of "C nrnr spectroscopy. The spectrum 
of an equimolar mixture of P-cyclodextrin and 1 in pyridine-d5 
is shown in Fig. 4u, and that of 3 in Fig. 46. These spectra were 
recorded using cross polarization so that the quaternary carbons 
do not appear. As was the case in the 'H nrnr spectrum of 3, 
slight broadening of some of the signals has occurred due to the 
nonequivalence of the seven glucose rings of the cyclodextrin. 
Also, peaks can be seen at 70.7 and 65.4 ppm, of smaller 
intensity than the rest, corresponding to shifted carbons on the 
single esterified glucose ring. These signals can be assigned 
unambiguously to a downfield shifted C-6 carbon and an 
upfield shifted C-5 carbon respectively, indicating that ester- 
ification of the cyclodextrin ring has occurred at the C-6 
position. Very slightly downfield shifted peaks corresponding 
to the C-1 and C-4 carbons of the esterified glucose ring can 

also be seen. If the benzoylation had occurred at either C-2 or 
C-3, then no change in C-6 would have been expected and the 
new signals would have corresponded to shifted C-2 and 
C-3 carbons. Similar arguments have been used previously 
to distinguish between 6-tosyl cyclodextrin and the 2-tosyl 
isomer (8). 

Properties of 3 and 4 
Neutral free base tetra-aryl porphyrins are usually readily 

soluble in moderately polar organic solvents such as methylene 
chloride and insoluble in water, whilst P-cyclodextrin is fairly 
soluble in water (ca. 3 g/100 mL (2)), dimethylsulphoxide, 
and pyridine but is insoluble in less polar organic solvents, 
including methylene chloride. The linked porphyrin-cyclo- 
dextrin 3 was totally insoluble in water and methylene chloride 
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FIG. 5. Ultraviolet/visible absorption spectra of the unlinked porphyrin 1 and the linked porphyrin-cyclodextrin 3 in DMSO. The spectra 
are normalized at the Soret band maxima (418 nm for 1 and 420 nm for 3). - . - 0 - 0 - 0  1, ----- 3. 

TABLE 1 .  Fluorescence lifetimes for the linked 
porphyrin-cyclodextrin 3 and the unlinked 
porphyrin 1, and their zinc derivatives 4 and 5 

A,," Compound Lifetimeh Ratio" 

"Excitation wavelengths (nm). 
"Fluorescence lifetime (ns 2 3%) recorded in 

dimethylsulphoxide. 
'Ratio o f  amplitudes o f  fluorescence of  the short 

and long lived fluorescent species (ASIA,.) .  

porphyrin 1. These observations are consistent with the exis- 
tence of two conformations (or families of conformations) for 
3, one in which the molecule is extended and there is no 
interaction between the porphyrin chromophore and the cy- 
clodextrin during the excited state lifetime, and one jn which 
the porphyrin and cyclodextrin are interacting in tht ground 
state, resulting in shifted absorption and emission spectra as 
compared with the unlinked porphyrin 1. 

The fluorescence lifetimes of 1 and 3 reflect this situation 
(Table I). When excited by irradiation of the Soret band the 
unlinked porphyrin 1 exhibited a single fluorescent decay of 11 
ns, whereas 3 showed two decays, one of similar magnitude 
and one much shorter. The contribution of the latter was en- 
larged as the excitation wavelength was moved to the red edge 
of the Soret band. It would therefore appear that in the postu- 
lated interacting species the interaction results in a shortening 

but did dissolve quite readily in polar solvents such as of the singlet excited state lifetime, due either to enhancement 
dimethylsulphoxide and pyridine. of the rate of radiationless decay to the ground state or to an 

The electronic absorption spectra of 3 and 4 were recorded increase in the rate of intersystem crossing to the triplet excited 
and compared with those of the unlinked porphyrin 1 and its state. 
zinc derivative 5. 'The linked derivative 3 exhibited normal 
porphyrin absorption bands in the near uv and visible regions, 
namely the Soret band at 420 nm and the less intense Q bands 
at 5 1 8, 552,592, and 648 nm. However, these were all slightly 
red shifted compared with the corresponding bands in the spec- 
trum of the unlinked compound 1 (see Fig. 5). A similar red 
shift was observed in the spectra of the zinc derivatives of 1 and 
3. Such red shifts have been observed previously in porphyrins 
attached to benzoquinones and hydroquinones through flexible 
linkages (1) and were there ascribed to folded conformations of 
the molecules in which the porphyrin was interacting with the 
linked species. A similar effect may be occurring in 3 and 4, 
and the following results of steady-state fluorescence and 
fluorescence lifetime measurements support this hypothesis. 

Porphyrins fluoresce from the first excited singlet state with 
moderate efficiency and 1 and 3 were found to be no exception. 
The spectrum of 1 was independent of the excitation wave- 
length, whereas that of 3 was not. Excitation at the red end of 

Whilst comparison of the absorption and emission spectra of 
4 and 5 suggested the same type of interaction as in 3, the 
fluorescence lifetimes of 4 and 5 were similar (ca. 2 n ~ ) ~  and 
no shorter component was seen for 4, although this may have 
been present but hidden by the excitation flash. 

Inclusion complexes of 3 with benzoquinone 
Cyclodextrins form inclusion complexes with hydrophobic 

compounds in polar media (2). The preferred solvent is water, 
where the polarity of the solvent and the driving force for 
complexation in the hydrophobic cavity of the cyclodextrin are 
maximized. Because of the insofubility of 3 in water, dimethyl- 
sulphoxide was chosen as the solvent for studies of the ability 
of 3 to include benzoquinone. Complexes are known to form 
between cyclodextrins and hydrophobic compotlnds in this 
solvent although the equilibrium constants for complexation 
are less favourable than when water is the solvent (1 I). 

It had been hoped to study the ability of the linked por- 

the-soret band of 3 yielded an emission spectrum which was 
slightly shifted and broadened relative to the spectrum obtained 4The shortening of the singlet lifetime resulting from insertion of 
when excitation was performed at the blue end of the Soret zinc into the porphyrin may arise from an enhancement of the rate of 
band. 'The spectrum obtained by excitation of the blue end of intersystem crossing. Such a decrease in lifetime is commonly ob- 
the Soret band is similar to that obtained from the unlinked served when porphyrins are metallated (I). 
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CONZALEZ AND WEEDON 607 

FIG. 6. Stern-Volmer plots for the quenching of the two fluo- 
rescent states of 3 by benzoquinone in dimethylsulphoxide at room 
temperature. [Q] = concentration of benzoquinone; T = fluorescent 
lifetime in the presence of quencher; T" = lifetime in the absence of 
quencher; 0 = long lifetime; A = short lifetime. 

phyrin-cyclodextrin 3 to complex benzoquinone by ob- 
servation of the 'H nmr and electronic absorption spectra of 
solutions of the two compounds. However, the complexity and 
broadness of the nmr spectrum precluded this. When the elec- 
tronic absorption spectrum of 3 was recorded in the presence 
of benzoquinone it was found that charge transfer complexation 
of benzoquinone by the porphyrin was competitive with com- 
plexation by the cyclode~trin.~This prevents analysis of the 
complexing ability of the cyclodextrin moiety in 3 by this 
method. The ability of 3 to complex benzoquinone was, how- 
ever, successfully demonstrated by observation of the kinetics 
of electron transfer quenching of porphyrin fluorescence by 
quinones. 

The two fluorescence lifetimes exhibited by 3 were mea- 
sured in dimethylsulphoxide in the presence of varying 
amounts of benzoq~inone.~ The results are shown in Fig. 6, 
where they are plotted to fit the Stern-Volmer expression: 

where T" is the unquenched lifetime, T is the lifetime in the 
presence of quencher Q, and k, is the quenching rate constant. 
It can be seen that the species giving rise to the longer-lived 

%l. C. Gonzalez, J.  R. Bolton, and A. C. Weedon, unpublished 
work. 

"The ground state complexes referred to in the citation to footnote 
4 were non-emissive and so do not interfere with this analysis. 

emission apparently undergoes normal Stern-Volrner quench- 
ing. The slope of the line corresponds to the Stern-Volmer 
constant k , ~ ,  and taking an unquenched lifetime of I I ns indi- 
cates a quenching rate constant of 2.7 x 10' L M-' s-I. This 
suggests that quenching of the long-lived porphyrin fluo- 
rescence is proceeding intermolecularly at close to the diffusion 
controlled rate which can be calculated as 3.3 x 10' L M-' s '  
in this solvent.' The quenching of the species giving rise to the 
shorter-lived fluorescence appears to occur at a rate of 5 x 10' 
L M-' s - '  (assuming an unquenched lifetime of 3.5 ns) at lower 
benzoquinone concentrations, but becomes less efficient at 
benzoquinone concentrations greater than 3 x lo-' M, causing 
the line shown in Fig. 6 to depart from linearity. A similar 
experiment performed with 1 and benzoquinone showed 
Stern-Volmer quenching of the single emitting species with 
a rate similar to that of the longer-lived component of 3, 
corresponding to normal diffusion controlled intermolecular 
quenching. 

These observations can be understood in terms of different 
modes of quenching of the two conformations postulated for 3: 
in the extended conformation of 3 the porphyrin fluorescent 
state undergoes diffusional intermolecular quenching only, 
whereas the interacting conformer (i.e. that in which it is 
postulated that the porphyrin is folded over the cyclodextrin 
cavity, resulting in a shorter-lived fluorescence) can undergo 
intermolecular quenching and, if a benzoquinone molecule is in 
the cyclodextrin cavity, competitive intramolecular quenching. 
At high benzoquinone concentrations the cyclodextrin cavity 
always contains a quinone molecule and subsequent increase 
in quinone concentration increases the efficiency of inter- 
molecular quenching only, without affecting the efficiency of 
intramolecular quenching. Consequently the line for quenching 
the shorter fluorescent state of 3 in Fig. 6 shows downward 
curvature at high benzoquinone concentrations and the ap- 
parent rate constant for diffusional quenching at lower benzo- 
quinone concentrations is greater than the maximum possible 
rate, viz. the rate of diffusion in this solvent. 

The departure from linearity in the quenching of the shorter- 
lived component shown in Fig. 6 commences when the benzo- 
quinone concentration reaches approximately 3 x lo-' M; if it 
is assumed that at this point 90% of 3 contains a quinone in the 
cyclodextrin cavity, then a very approximate equilibrium 
constant for complexation of benzoquinone by 3 in dimethyl- 
sulphoxide can be calculated, and is found to be of the order 
of 10 L M- ' .  This value is comparable to the constants re- 
ported elsewhere ( I  I )  for complexation by p-cyclodextrin in 
dimethy lsulphoxide. 

The quenching of 3 by benzoquinone presumably occurs by 
an electron transfer process since the alternative process, ener- 
gy transfer, is endothermic.' Studies of the efficiency of the 
quenching reaction in the presence of quinones of different 
reduction potential are being made to confirm this and to deter- 
mine the effect of variation of acceptor reduction potential upon 
the light-induced electron transfer reaction. 

'Calculated from the Debye equation. k = 8RT/300011, taking the 
viscosity -q of dimethylsulphoxide as 1.996 centipoise at 2S°C. 

'From the absorption spectra of benzoquinone and tetratolyl por- 
phyrin the singlet excited state energies of thesc compounds can be 
estimated as approximately 60 kcal/mol and 44 kcal/mol, re- 
spectively. 'This corrsponds to a endothermicity for energy transfer 
from the singlet excited porphyrin to the quinonc of 16 kcal/mol. 
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TABLE 2. R ,  values for the linked porphyrin- 
cyclodextrin 3 and 5-(p-carboxypheny1)-lO,l5,20- 
p-tolylporphyrin, 1, on tluorescor-free silica gel 

Solvent" 

Compound A B C 

"A: Benzenelpyridine, I : I ; B: 100% pyridine; C: aq 
NHl/nPrOH/EtOAc. I : I : I .  

Experimental 
Prepar~~tiotz c$ the litzked porpllyrin-q~clodextrit~ 3 

The porphyrin acid chloride, 2, was prepared from the frec acid 1 
and thionyl chloride using the published proccdurc (9). I t  was found 
to be important to ensure complctc removal of all traces of excess 
thionyl chloride from the porphyrin 1 for the subsequent reaction 
with P-cyclodextrin. Failurc to do so resulted in thc formation of 
unidentified by-products when 1 was dissolved in pyridine. 

P-Cyclodcxtrin was purchased from the Aldrich Chemical Com- 
pany, and also from the Sigma Chemical Company, and was dried 
before use to prevent hydrolysis of the porphyrin acid chloride, 2, 
during the coupling reaction. 'The P-cyclodextrin was purified and 
dried by the reported methods (10) which required recrystallization 
from water and drying at 70°C/I Torr ( 1  Tom = 133.3 Pa) overnight. 
The P-cyclodextrin was further dried by distilling a solution of the 
cyclodextrin in a mixture of dry pyridine and benzene under a nitrogen 
atmosphere until all of the benzene had been removed and the tem- 
perature of the distilling vapours had reached the boiling point of 
pyridine. The resulting solution was used for the reaction with the 
porphyrin acid choride 2. 

The porphyrin acid chloride 2 (263 mg) and P-cyclodcxtrin (a 
three-fold excess) wcre stirred together in pyridinc under dry nitrogen 
for 15 h after which time tlc (tluorescor-free silica gel; benzene- 
pyridine, I : I )  of a sample of the reaction mixture treated-with meth- 
anol indicated that the acid chloride 2 (observed as the methyl ester) 
was ca. 95% convertcd to products. Thc greater part of the pyridine 
solvent was removed by distillation under vacuum at 40°C until the 
product began to precipitatc. At this point all porphyrin-containing 
products were precipitated by addition of water. The solids were 
washed with water (to remove excess (3-cyclodextrin) and dried under 
vacuum at 40°C. 

The dried precipitate was redissolved in a small volumc of pyridine 
and the linked porphyrin-cyclodextrin was precipitated and so sepa- 
rated from other porphyrins by addition of methylene chloride. The 
precipitated linked compound was chromatographed on a column of 
silica gel using pyridine was eluent. The major fraction was filtered 
and concentrated under vacuum; addition of methylene chloride gave 
a purple precipitate of the linked porphyrin-cyclodextrin 3 which was 
dried under vacuum at room temperature. 'The yields obtained by this 
route were 40-50%. 

The linked compound was homogeneous by tlc on tluorescor-free 
silica gel (see Table 2); however. attempts to obtain a satisfactory 
combustion analysis were frustrated by the apparent ability of 3 to 
complex solvent into the cyclodextrin cavity. Analyses ~ e r ~ o b t a i n e d  
corresponding to 3 containing non-integral numbers of pyridine mole- 
cules. Eventually, prolonged drying under vacuum at room tem- 
perature gave a sample which had C 59.23%, H 5.48%: CwjH104N402h 
requires C 59.47, H 5.77%. The linked compound 3 had: ir (KBr 
disc): 3400 (s, br), 2920 (m), 1720 (m), 1635 (w), 1610 (w), 1275 
(m), 1 160 (s), 1080 (s). 1030 (vs). 800 (m), 700 (m) cm-'; uv/vis 
(DMSO): 420 (E = 3.08 x lo5), 518 (c = 1.63 X 107 ,552  ( E  = 7.51 
x lo3), 592 (E = 4.94 x 10'). 648 (E = 4.97 X 10.') (see Fig. 5). The 
'H nmr spectrum of 3 is shown in Fig. 3; '.'C nmr (pyridine-&): 21.3 
(CH.'), 61.5 (CH?), 65.4 (CH,, approximately 116 the intensity of the 
signal at 61.5 pprn), 70.7 (CH, approximately 116 the intensity of the 

signal at 73.9 ppm), 73.9 (CH), 74.3 (CHI. 74.7 (CHI, 83.3 (CH), 
104.0 (CH), 128.0 (CH), 134.9 (CH) ppm (see Fig. 4); cd ( c  = 4.65 
x 10-6 M,  DMSO, 2 5 0 ~ ) :  lelus 0, -438.4, I O I J ~ I  0, 101,~(, 
+ 168, 10],lxl 0 (see Fig. 2). 

Prcyaratiotz of tlze zinc complex qf'3 (4) 
The linked porphyrin-cyclodextrin 3 (50 mg) was dissolved in 

pyridine (10 mL) along with a 50% excess of anhydrous zinc acetate 
and the mixture was stirred at room temperature in the dark. The 
electronic absorption spectra of aliquots of the mixture were mon- 
itored to follow the reaction (upon metallation the free porphyrin 
absorption at 5 18 nm is shifted to 562 nm) and this indicated complete 
conversion after 20 h. The major part of the pyridine was removed 
under vacuum at room tcrnperature and excess water was added to the 
residue to precipitate the porphyrin-containing products. The solid 
obtained was vacuum dried and redissolved in the minimum of pyri- 
dine; addition of acetonitrile induced deposition of 4, which was 
homogeneous by tlc (benzenelpyridinc, I :3).  For 4: uv/vis, 
(DMSO): 430 (E = 3.8 X los), 522 (E = 3.9 X 10'). 562 (E = 1.61 
x 10'). 602 (E = 8.5 x 10" nm (see Fig. 5); cd (c .  = 2.88 X lo-(' 
M,  DMSO, 25°C): (0IJso 0, [O],,, -253, (O],lo 0; I' = 12 nm. 

Fluore.scence IiJetime tneasuretnents 
Fluorescence lifetime measurements were performed on a Photo- 

chemical Research Associates Model 300 nanosecond lifetime tluo- 
rimeter by the method of time-correlated single photon counting. The 
measurements were made at room temperature on solutions of concen- 
tration lo-' - M; the tluorescence lifetimes were independent of 
concentration over the range lo-' - lo-' M. 
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Structure and fragmentation of C5HI ,O' ions formed by chemical ionization 
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JOHN V. HEADLEY and ALEX. G. HARRISON. Can. J .  Chem. 63, 609 (1985). 
The proton transfer chemical ionization mass spectra of eleven C5HI,,0 isomers have been obtained using H3+, NZH+, 

HCO', and D3' as reagent ions. The chemical ionization mass spectra in combination with isotopic labelling and metastable 
ion studies have made i t  possible to elucidate the major fragmentation reaction channels of the C5H,,0' ions formed and their 
dependence on precursor structure. From collision induced dissociation studies nine stable distinct C5H ion structures have 
been identified; protonated 3-methylbutanone and protonated 22-dimethylpropanal readily interconvcrt by a pinacolic - 
retro-pinacolic rearrangement. 

JOHN V. HEADLEY et ALEX. G .  HARRISON. Can. J. Chem. 63, 609 (1985) 
Utilisant les ions H,', N2H', HCO' et D,' comme ions rkactifs, on a examine les spectres de masse par innisation chimique 

des transferts de protons de onze isomkres C5H1,,0. En combinant les spectres de rnasse par ionisation chimiquc avec des Ctudes 
de marquage isotopique et d'ions mitastables, on a pu tlucider les principales voies dc fragmentations des ions C5H (0' formcs 
ainsi que leurs dependances sur la structure de leurs prCcurseurs. En se basant sur des Ctudes de dissociations induites par des 
collisions, on a pu identifier neuf structures stables distinctes de I'ion CsH,,O'; la methyl-3 butanone protonee et le 
dimethyl-2.2 propanal proton6 se transforment facilement I'un dans I'autrc par le biais d'une transposition pinacolique/ 
r~tro~inacoliq"e. 

[Traduit par le journal] 

Introduction 
The C,,H2,, i. ,O' ions are abundant fragment ions in the elec- 

tron impact mass spectra of aliphatic alcohols and ethers (1) 
and, because of their widespread occurrence, have received 
extensive study with respect to their thermochemistry, struc- 
tures, and unimolecular fragmentation reactions. The thermo- 
chemistry of the lower members of the series (up to C,) is well 
established as a result of the elegant work of Lossing (2). The 
structures and low energy (metastable) unimolecular fragmen- 
tation reactions of the C2H50t ,  C3H70i,  and C4H,0t ions 
formed by electron impact have been studied exhaustiv~ly by 
many groups and are now well understood (for a review and 
summary of these studies see ref. 3). Indeed, the study of these 
systems played a large role in the development of the potential 
energy profile approach (4-6) to the interpretation of the low 
energy unimolecular chemistry of isolated gaseous organic 
ions. The C,,H2,,, '0' ions also can be prepared by proton 
transfer chemical ionization of carbonyl compounds and cyclic 
ethers and, recently, the chemistry of the C3H70t ions (7, 8) 
and C4H90t ions (9) formed by proton transfer chemical ioniz- 
ation have been studied in detail and interpreted in terms of the 
potential energy profiles established from the earlier EI studies. 
In this chemical ionization approach a number of structures, 
such as protonated cyclic ethers inaccessible by electron impact 
methods, become available for study. 

In contrast to the extensive studies of the lower members of 
the series, the higher members of the C,,H,,,, '0' series have 
received much less attention. McLafferty and Sakai (10) have 
reported the collision-induced dissociation (CID) mass spectra 
of a few C 5 H l 1 0 t  ions, while Zahorszky (1 1) has surveyed 
briefly the unimolecular ion chemistry of higher members of 
the series. The most extensive study has been that of Audier et 
al. (12) of the C5HIIOt ions of nominal structures 1 to 7 
(Scheme I )  prepared by electron impact methods. They studied 
not only the unimolecular metastable ion chemistry but also the 
CID mass spectra, and were able to show that all the ions 

' Present Address: Alberta Environment Centre, Vegreville, 
Alberta. 

except 3 and 7 gave distinct CID mass spectra indicating single 
structures or mixtures of structures; structures prepared initially 
as 3 and 7 gave identical CID mass spectra and it was 
concluded that these two ions interconverted freely by way of 
pinacolic - retro-pinacolic rearrangements. Using deuterium 
isotopic labelling for a number of the species, they delineated 
a number of the metastable isomerization and fragmentation 
mechanisms and proposed detailed reaction pathways. Their 
work will be discussed later in relation to the results obtained 
in the present study, which reports an extensive investigation of 
the C5HIIO' ions of nominal structures 1 to 11 (Scheme 1) 
prepared by proton transfer chemical ionization. The present 
study consisted of three parts: first, a study of the proton trans- 
fer chemical ionization (CI) mass spectra using H3', N2Ht, and 
HCOt as reagent ions to examine the higher energy fragmen- 
tation reactions of CSHl ,O' ions and their dependence on inter- 
nal energy; second, collision-induced dissociation (CID) stud- 
ies to characterize the structures of non-decomposing C5Hl ,Ot 
ions; and, third, the use of isotopic labelling in conjunction 
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TABLE I. H2 chemical ionization mass spectra of CsHll,O isomers 

Isomer 

with CI  mass spectra and metastable ion studies to obtain infor- 
mation on detailed fragmentation reaction pathways. In part, 
the present study serves to confirm and extend the 'results ob- 
tained in the earlier EI study (12) and, in part, it provides the 
opportunity to compare the metastable reactions of ions pre- 
pared by chemical ionization and electron impact methods. As 
Hoimes and Terlouw (13) have pointed out, there have been 
relatively few studies of metastable ion fragmentation reac- 
tions following chemical ionization. 

Experimental 
The chemical ionization mass spectra were obtained using a DuPont 

21-490 mass spectrometer equipped with a high pressure chemical 
ionization source. The source temperature was - 100°C and the ioniz- 
ing electron energy 70 eV, with the repellers at cage potential. The 
liquid samples were introduced through a heated inlet system held at - 100°C. Reagent gas pressures were not measured directly but were 
estimated to be 0.2 to 0.3 Torr (I Torr = 133.3 Pa). The H3+ and D3+ 
reactant ions were produced by electron impact ionization of H, and 
Dz, respectively, at high pressure, while the N2H' and HCO+ reagent 
ions were prepared by electron impact ionization of the appropriate gas 
X (10%) in Hz as described previously (7, 14). 

Unimoledular (metastable) fragmentation reactions of the CsH, ,O' 
ions and de~terated analogues (formed by CH, or CD4 chemical ion- 
ization) were recorded for fragmentation reactions occurring in the 
second drift region (between the magnetic and electric sectors) of a 
ZAB-2F mass spectrometer (University of Ottawa) using the MIKES 
(mass analyzed ion kinetic energy spectroscopy) technique. In this 
technique the ion of interest is selected by adjusting the magnetic field 
and undergoes fragmentation in the drift region (either unimolecular 
or, on addition of a collision gas, collision induced) with the fragmen- 
tation products being selected and identified according to their kinetic 

energy by scanning the voltage on the electric sector. The kinetic 
energy releases associated with the metastable fragmentation reac- 
tions, evaluated as TI/,, were obtained from the peak widths after 
correcJion for the main beam width according to the relation (13): w,,,, 
- - (w,,,, - W: ,;,,, ,,,,, )I/'. The collision-induced dissociation (CID) 
mass spectra were obtained by the MIKES technique with the ZAB-2F 
instrument using helium gas; the helium was admitted to the collision 
cell to reduce the main beam intensity to 50%. Source temperatures for 
the ZAB experiments were -150°C and the ion accelerating potential 
was 8 keV. 

Chemical ionization reagent gases were of the highest possible 
purity while the CSHIoO compounds were commercial samples of high 
purity. The majority of the labelled compounds were prepared by 
base-catalyzed exchange of the appropriate carbonyl compound with 
DzO. 'The syntheses of 2-pentanone-1 , I ,  1-4 and 2-pentanone-5,5,5- 
d3 have been described previously (15). Final purification was by gas 
chromatography. 

Results and discussion 
Unimoleculdr ion chemistry 

The proton transfer chemical ionization mass spectra of the 
eleven CSH,,O isomers studied are presented in Tables 1 to 4 
for the reagent ions H,', N2Ht ,  H C O t ,  and D3+ respectively. 
The results clearly indicate that the following fragmentation 
reactions of the CSH,,Ot  ion are occurring: 
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HEADLEY AND HARRISON 61 1 

TABLE 2. NZ/HZ chemical ionization mass spectra of C,H,,,O isomers 

Isomer 

In two cases, reactions [4] and 161, we cannot distinguish 
between two possible compositions of the fragment ion ob- 
served and it appears that the elemental composition of these 
ions depends on the molecule involved. The CI mass spectrum 
of CH3CD2COCD2CH3 showed that the m/z 57 ion (reaction 
[4]) shifted cleanly to m/z 59, while the D,CI mass spectrum 
(Table 4) showed that the added proton was not contained in the 
ion. Thus we conclude that in this case the ion is the acyl ion 
C2HSC=O+> on the other hand, it is possible that for 
2,2-dimethyl propanal (ion 7) the m/z 57 fragment is C4Hy+. 
Similarily the CI mass spectra of CD3COCH2CH2CH3 and 
CD3COCH(CH3)2 showed that the m/z 43 fragment (reaction 
[6]) largely incorporated the C1 methyl and is the acyl ion 
CH3-CEO+, while for 3-methyl pentanal (ion 5) the ion 
appears to be largely C3H7+ (essentially no shift in the CI mass 
spectrum of (CH3)2CHCD2CH0 or in the D2CI mass spectrum). 
In other cases the elemental composition of these ions is not 
known. Reaction [l]  and that part of reaction [4] leading to 
formation of C3H50+ may occur either by elimination of CH, 
or C2Hb, respectively, from MH+ or may occur by direct alkide 
ion abstraction; the CID spectra (see below) indicate that elim- 
ination of neutral alkanes is a significant reaction channel for 

decomposition of activated C5Hl,0+ ions. The (M - H)' ion 
(m/z 85) is of low abundance except for the cyclic ethers where 
it becomes a major ion in the CI mass spectra. This product 
does not contain the added proton (see the D2 CI mass spectra) 
and may arise primarily by direct hydride abstraction. The 
C3HS+ ion is assumed to arise by fragmentation of C5Hy+ (mlz 
69, MH' - H20); interestingly, this fragmentation reaction 
seems to be much more facile for the C5Hy+ ions arising from 
4, 9, 10, and 11 than for the C5Hy+ ions arising from 3 and 7. 

The H2 CI mass spectra permit a distinction to be made 
between the eleven compounds studied, with the possible ex- 
ception of 3-methyl tetrahydrofuran and tetrahydropyran (ions 
10 and 11) where the CI mass spectra are quite similar. Ions 1, 
2, 6, and 8 show reaction [5] as the major fragmentation chan- 
nel while ions 3, 4, 7, 9, 10, and 11 show CsHy+ as the 
dominant fragment ion. In the H2 CI mass spectrum, ion 5 
shows C3H7+ as the base peak (reaction [6]) although reaction 
[2] becomes the major reaction channel as the protonation 
exothermicity decreases from H3+ to CHO'. As expected, the 
total extent of fragmentation decreases as the protonation exo- 
thermicity decreases. 

In agreement with the EI study of ions 1 to 7 (12), only two 
metastable fragmentation reactions of C5H,10+ ions were ob- 
served, corresponding to elimination of H20 (reaction [2]) and 
elimination of C3H6 (reaction [5]). Table 5 records the intensity 
ratio (C5Hy+ + C3H5+)/C2H50+ observed in the CI mass spec- 
tra and in the metastable ion mass spectra following both C1 
and EI ionization; this ratio represents the relative importance 
of fragmentation reactions [2] and [5] for the ions studied. The 
enthalpy of formation of C5Hy+ + H20 (-527 kJ mol-') is 
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TABLE 3. CO/H2 chemical ionization mass spectra of CsHl,)O isomcrs 

Isomer 

TABLE 4. D2 Chemical ionization mass spectra of CsH,,)O isomers 

significantly less than that of CH,CHOH+ + C3H6 (-602 kJ 
mol-') yet both fragmentation reactions are observed as meta- 
stable ions (for the thermochemical data, see the Appendix). 
On the other hand C A H :  (CH,C=O+ + C3H8) 2557 kJ mol-I, 
yet this reaction is not observed as a metastable fragmentation 
reaction even for ions such as 1 and 3 where the ion is observed 
in the C1 mass spectra. Presumably the critical reaction energy 
for formation of CH3C=O+ + C3H8 must be considerably 
higher than the reaction endothermicity. The fact that both 

reactions [2] and [5] are observed for metastable ions must 
mean that the critical reaction energies are similar despite the 
lower reaction endothermicity for reaction [2]. The ratio 
(C5H9+ + C3H5+)/ C2H50+ increases with decreasing mean 
internal energy (Table 5), particularly for those ions which 
show reaction [2] as the major reaction channel. This is consis- 
tent with reaction [2] having both a lower critical reaction 
energy and a lower frequency factor. It should also be noted 
that the intensity ratio is larger for the metastable ions gener- 
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HEADLEY AND HARRISON 613 

TABLE 5. Ratio of H20 vs C,H, loss from CTHIIO+ ions 

Ion HZ Cl NI/H2 C1 CO/H2 C1 rn"C1) rn" (El)" 

1 0.23 0.28 0.25 0.48 0.63 
2 0.36 0.37 0.44 0.76 1.05 
3 2.8 3.0 4.5 5.6 7.1 
4 9.9 15.5 27.3 22.2 -100 
5 1.7 2.0 4.9 3.2 -10 
6 0.64 0.45 0 55 1.4 2.5 
7 2.9 1.8 3.3 4.8 6.7 
8 0 43 0.19 0.36 0.69 - 

9 9.3 11.4 22.4 100 - 
10 3.2 6.3 17.1 20 - 

11 7.7 11.8 18.1 1 00 - 

"From ref. 12. 

ated by EI than for the ions generated by CI. This is in agree- 
ment with earlier conclusions (8) that metastable ions generated 
by CI have a higher mean internal energy than the same ions 
generated by EI methods. The kinetic energy releases (TIl2) for 
metastable loss of H?O were essentially invariant (26 + 5 meV) 
for all CSH,,Ot structures, as were the TIl2 values (22 + 4 
meV) for metastable elimination of C,H6. No distinction be- 
tween ion structures can be made on this basis. In passing, we 
would note that our TI12 results for 1 to 7 are in reasonable 
agreement with the T12, data of Audier et al. (12) but not in 
agreement with their T50, data, which are more than two times 
larger. 

I 

I Characterization of C5HIIOk ion structures 
The comparison of the collision-induced dissociation (CID) 

mass spectra of gaseous ions has proven (16, 17) to be an 
extremely useful method for characterizing and comparing the 
structures of such ions. ~ c c o r d i n ~ l ~  we have obtained the CID 
mass spectra of the ions of nominal structures 1  to 11 with the 
results tabulated in Tables 6 and 7 (m/z 69 and m/z 45, which 
may have unimolecular contributions, are not included in this 
tabulation). The results obtained for 1 to 7 are in good agree- 
ment with those reported earlier ( 12). 

The CSH,,Ot ions can be classified in terms of the base peak 
observed in the CID mass spectrum. Thus, the ions 1, 3, 5,  7 ,  
and 8 (the first five entries in Table 6) have m/z 43 as the base 
peak, while 2  (entry six, Table 6) has m/z 57 as the base peak 
and 6 (entry seven, Table 6) shows m/z 43 and m/z 57 at 

. . almost equal intensity. The remaining ions 4, 9, 10, and 11 
(Table 7) show m/z 41 as the base peak in the CID mass 
spectra. 

Within the first group (mlz 43 base peak) 1 and 8 are clearly 
distinguishable from 3, 5,  and 7 by the relative intensities at 
m/z 58, while 1 and 8 are distinguishable from each other by 
the m/z 59, 57, and 42 ion intensities. Structure 5 is dis- 
tinguished from 3 and 7 by the relative intensities of the ion 
signals at m/z 7 1, 57, 44, and 42. On the other hand, 3 and 7 
have very similar CID mass spectra and cannot be dis- 
tinguished. This similarity has been interpreted by Audier et nl. 
(12) in terms of a facile interconversion of 3 and 7 by the 
pinacolic - retro-pinacolic rearrangment outlined in Scheme 2. 
Thus, in this case, the collisional activation process samples the 
same mixture of ion structures whether we start with 3 or 7. 
(Further evidence for this interchange comes from the isotopic 
labelling results discussed below.) 

A similar type of rearrangement could lead to inter- 
conversion of 1 , 2 ,  and 6 (Scheme 3). However, it is clear from 

PH PH 
CH3-CH2-CH-C- + H CH, CH3-CH2-CH2-$- CH3 

the results in Table 6 that the collisional activation process is 
not sampling the same (equilibrium) mixture of structures in the 
three systems; in particular, the CID spectrum of 6 cannot be 
reproduced by a linear combination of the spectra of 1 and 2. 
We conclude that 1, 2, and 6 are stable species existing in 
potential wells, although we cannot discount some inter- 
conversion. The fragmentation reactions of 6, particularly the 
formation of CH,@HOH-I, are more readily rationalized if we 
allow the isomerizations of Scheme 3. Similarly, the formation 
of CH,CH=OH ' from 2  obviously requires skeletal isomer- 
ization which may occur as outlined in Scheme 3. 

Alternatively, it is possible that the ions of nominal struc- 
tures 1, 2, and 8 interconvert through the rearrangements out- 
lined in Scheme 4. However, once again the results indicate 
that we are not dealing with the same mixture of structures in 
the CID process and, in particular, that the spectrum of 8 is not 
a linear combination of the spectra of 1 and 2. Consequently, 
we conclude that 8 also erpresents a stable ion, although rear- 
rangement to 1 or 2 probably occurs prior to fragmentation. 

The ions 4,9 , lO,  and 11 all show rnlz41 (C,HSt) as the base 
peak in their CID mass spectra (Table 7). The structure 4  is 
clearly distinct from 9  to 11 while the latter three show substan- 
tial differences in the m/z 67-72 and m/z 56-59 regions 
which indicate different structures for the three ions. 

In summary, the CID results indicate that the ions of nominal 
structures 3 and 7 freely interconvert and cannot be dis- 
tinguished from each other. The remaining ions appear to be 
structurally distinct although in a number of cases some limited 
interconversions may be occurring. 

Mechanistic considerations 
Deuterium isotopic labelling both in the El study (12) and in 

the present CI study have provided some insight into the mech- 
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TABLE 6. Collision-induced dissociation (CID) mass spectra of CsH1 ,0+ ions with m / z  43 or m / z  
57 as base peak 

+OH 
/ \ 

CH-CH CH3 
/ \ A  

CH3 CH2 

8 

anisms of reactions [2] and [5] in particular. These results are 
discussed in the following. 

TABLE 7. Collision-induced dissociation (CID) mass spec- 
tra of CsHI,O' ions with m / z  41 as the base peak 

C~HIIO' + C5H9' + HzO 
4 1 100 100 100 100 
39 40 35 40 32 

Table 8 records the relative intensities resulting from H20 
and HDO loss from the 0-d forms of 1 to 11 as recorded in the 3 1 24 26 36 34 
metastable ion spectra and in the D2 C1 mass spectra. The 29 53 23 3 1 25 
results given in parentheses come from the earlier El study (12) 28 14 10 10 14 

and it is clear that the results obtained by the two methods of 27 56 26 28 27 
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HEADLEY AND HARRISON 

TABLE 8. Elimination of (H,D)?O from oxygen-deuterated ions'' TABLE 9. Metastable elimination of (H,D)?O from la- 
belled 3 ions" ,,, :1: D1 C1 

% Loss of 
Ion -Hz0 -HDO -Hz0 -HDO 

Ion H 2 0  HDO Dl0  

L 1-0-d 17 83 15 85 
(21) (79) 

3 - 0 4  3 97 - 

J 0 21 79 2 1 79 
(3) (97) 

+tlH 

"Data in parentheses from metastable EI studies of ref. 12. 
9 - 0 4  47 53 17 83 

TABLE 10. Metastable elimination of (H,D)20 from la- 

d 10-0-d 38 
belled 1 ions" 

62 16 84 4 % Loss of 

0 - 6  11-0-d 32 68 14 86 Ion H 2 0  HDO D 2 0  

"Data in parentheses from metastable El  studies of ref. 12. 

ion production are very similar. The most notable feature of 
these results is that, with few exceptions, the added hydrogen 
(oxygen-bonded hydrogen) is not always lost with the neutral 
water but undergoes interchange with carbon-bonded hydro- 
gens. In general, the extent of this interchange decreases with 
increasing internal energy (decreasing lifetime) as shown by 
the results from the D2 CI mass spectra. The extent of inter- 
change is particularly pronounced in the metastable fragmen- 
tation of the protonated aldehydes 4-6 and cyclic ethers 8-11, 
but is significant even in the D2 CI mass spectra. Similar results 
have been reported earlier in chemical ionization studies 
(18-20). 

Further information concerning the water elimination comes 
from deuterium labelling on the carbon skeleton. Thus 4-2,2-d2 
and 5-2,2-d2 showed loss of H 2 0  only in metastable ion frag- 
mentation reactions, although 10- 15% HDO elimination was 

"Data in parentheses from metastable El  study of ref. 12. 

observed in the CI mass spectra. Audier et al. (12) have shown 
that only H 2 0  is eliminated from 5-1-d and 6-1-d metastable 
ions. 'These results are in agreement with the labelling results 
of Fales et al. (18) who showed that water elimination from 
protonated n-heptanal involved only the added proton and 
hydrogens on C3 to C7. 

The metastable ion intensities for loss of (H,D)?O from 
labelled 3 ions are recorded in Table 9. Again the CI and EI 
results are in good agreement. The results can be readily ratio- 
nalized in terms of Scheme 5 after equilibration of the methyl 
groups by the retro-pinacolic rearrangement of Scheme 2. The 
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TABLE I I .  Metastable formation of C,(H,D),O+ ions from labellcd 3 ions" 

C/o Formation of 

"Data in parentheses from metastable EI study of ref. 12. 

isomerization to 6, is presented in Scheme 6. The participation 
of the C1 hydrogens can be rationalized by a migration of the 
hydroxyl function from C2 to C4 prior to the sequence shown 
in Scheme 6; evidence for this hydroxy migration comes from 
the study of the propylene elimination reaction discussed be- 
low. 

Finally, the study of 2-2,2,4,4-d4 showed that the hydrogens 
in the 2 and 4 positions are involved in H20 elimination only 
to a minor extent. 

C,-H,,Ot + CH2CH=OHf + C,H6 
The relative metastable ion intensities for formation of 

C2(H,D),0t ions from isotopically labelled 3 ions are 
presented in Table 1 I. The results for 3 - 0 4  show that in 
metastable ions approximately half have interchanged the 
oxygen-bonded deuterium with a carbon-bonded hydrogen 
prior to fragmentation. By contrast, in the D2 CI mass spectrum 
-84% of the fragment ions contain the added deuteron; clearly 
the extent of interchange is lifetime dependent. The metastable 
ion spectrum of 3- 1,1, I -d3 shows that only -37% of the frag- 
ment ions contain the CI methyl group. This is consistent with 
the facile interchange of methyl groups indicated in Scheme 2. 
The origin of the other two hydrogens in the fragment ion 
obviously is complex, as indicated by the distribution of metas- 
table ion signals. Unfortunately, a large signal for CD3C=Ot 
in the C1 mass spectra of the compounds labelled at C1 made 
complete evaluation of the relative C2(H,D),0f intensities in 
the mass spectra impossible. However, for 3- 1,1,1,3-d, the 
relative intensities in the Hz CI mass spectrum were C,HsOf/ 
CzH3D20t/C2H2D30" /C2HD40t = 1.0:0.35: 1.0:0.4 com- 
pared to 0.67:0.33: 1.0:0.22 in the metastable ion spectrum. 
Similarily for 3- 1,1,1 ,3,0-ds the relative intensities were 
C1HsO+/C,H3D20t /C2H2D30/C?HD40t/C2DsO' = 0.18 : 
1.0:0.23:0.63:0.24 compared to 0.14: 1.0:0.38:0.72:0.l0 
in the metastable ion spectrum. Clearly, even in the higher 
energy C1 system, the methyl groups are equilibrating and the 
origin of the remaining hydrogens is complex; detailed mech- 
anisms would only be speculative. 

equilibration of methyl groups also occurs prior to the higher 
energy fragmentation in the CI mass spectra; 3- I , [ ,  1,3-d, 
showed -26% HDO loss and 74% HIO in the Hz, N2/Hz, and 
CO/H2 C1 mass spectra. 

'The metastable ion intensities for loss of (H,D),O from 
labelled 1 ions are recorded in Table 10 for El and C1 studies. 
I t  is clear from these results that the oxygen-bonded hydrogen 
and the hydrogens of C1 and C5 are the major origins of the 
hydrogens lost as H20, with extremely minor participation of 
the C3 hydrogens; the extent of participation of the C4 hydro- 
gens is not clearly established but appears to be relatively 
minor. A possible mechanism for H,O loss which rationalizes 
the important participation of the C5 hydrogens, involving 
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TABLE 12. Metastable formation of C,(H.D),O' ions from labelled 1 ions" 

% Formation of 

"Data in parentheses from metastable EI study of ref. 12 

quence of interchanges outlined in Scheme 4 or may involve 
the mechanism of Scheme 7, proposed by Audier et a/.  (12). 
The origin of the remaining hydrogens clearly is complex. 

Acknowledgements 
The authors are indebted to the Natural Sciences and En- 

gineering Research Council of Canada for financial support and 
to Professor J .  L. Holmes for providing access to the ZAB-2F 
mass spectrometer. 

+ 
+ PH OH 

,Ce ,CQ ' \CH 
CH3 CH2 CH3 CH,  A CH, / \ CH, 

I .  ( a )  F. W. MCLAFFERTY. Interpretation of mass spectra. 3rd ed. 
Univ. Science Books, Mill Valley, California. 1980; ( b )  H. 
BUDZIKIEWICZ, C. DJERASSI, and D. H.  WILLIAMS. Mass spec- 
trometry of organic compounds. Holden-Day Inc.. San Fran- 
cisco. 1967. 

2. F. P. LOSSING. J .  Am. Chem. Soc. 99, 7526 (1977). 
3. K.  LEVSEN. Fundamental aspects of mass spectrometry. Verlag 

Chemie, New York. 1978. 
4. D. H.  WILLIAMS. ACC. Chem. Res. 10, 280 (1970). 

The relative metastable ion intensities for formation of 
C,(H,D),O+ ions from labelled 1 ions are presented in Table 
12. Again there is good agreement between El and C1 results. 
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Appendix 
The heat of formation of the most stable CSH,,' structure is 770 
kJ mol-' (21) while AHr(CH3CH=OH,.) = 582 kJ mol-' (2) 
and AHr  (CH3C=Ot) = 661 kJ mol-' (22). The neutral heats 
of formation ( H 2 0  = -243 kJ mol- ' ,  CIH6 = 19.7 kJ mol-', 
C3H, = - 104 kJ mol-I) were taken from Cox and Pilcher (23). 
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Synthesis and thermolysis of 2-(pheny1thio)ethanesulfonyl chloride. 
The absence of a reported "rearrangement of radicals with migration of the 

chlorine atom from sulfur to carbon" ' 
JAMES FREDERICK KING A N D  KISHAN CHAND KHEMANI 
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JAMES FREDERICK KING and KISHAN CHAND KHEMANI. Can. J .  Chem. 63, 619 (1985). 
2-(Phenylthio)ethanesulfonyl chloride (1) is the major product of the reaction of (a) lithium 2-(phenylthio)ethanesulfinate 

(6) and chlorine, and, notwithstanding contrary reports, also of (b) benzenethiol (3) and ethenesulfonyl chloride (4). and (c) 
sodium 2-(phenylthio)ethanesulfonate (5) and phosphorus pentachloride. The rearrangement referred to in the title, which was 
proposed to account for the isolation of 2-(pheny1thio)ethyl chloride (2) rather than 1 from 3 and 4, therefore does not occur. 
Desulfonylation of 1 to form 2, however, readily takes place thermally and, in accord with a rate-determining internal 
displacement of the chlorosulfonyl group with formation of the episulfonium ion, shows a substantial increase in rate with 
increase in solvent polarity. 

JAMES FREDERICK KING et KISHAN CHAND KHEMANI. Can. J .  Chem. 63, 619 (1985). 
Le chlorure de (phCnylthio)-2 Cthanesulfonyle (1) est le produit majeur de la rtaction du (a) (phCnylthio)-2 Cthanesulfinate 

de lithium (6) et du chlore et, malgrt les rapports qui Cnoncent le contraire, c'est aussi le produit principal lors des reactions 
du (b) benzknethiol (3) et du chlorure d'Cthkne sulfonyle (4) et du (c) (phCnylthio)-2 Cthanesulfonate de sodium (5) avec le 
pentachlorure de phosphore. La transposition 1 laquelle il est fait allusion dans le titre, qui a &t& proposCe pour expliquer le 
fait que la reaction (b) conduirait au chlorure de (phCny1thio)-2 Cthyle plut6t qu'au produit 1, ne se produit donc pas. La 
desulfonylation de 1 conduisant i 2 se produit toutefois facilement sous I'influence de la chaleur ct, en accord avec un 
mecanisme impliquant un deplacement interne du groupe chlorosulfonyle comme Ctape dCterminant la vitesse de la reaction 
qui conduit i la formation d'un ion Cpisulfonium, la vitesse de cette rCaction augmente considCrablenient avec une augmen- 
tation de la polarite du solvant. 

[Traduit par le journal] 

One focus of recent work in this laboratory has been the 
investigation of the effect that other functional groups have on 
the reactions and reactivity of sulfonyl-containing species.' It 
was therefore with considerable interest that we noted two 
reports of two quite different reactions which in each case 
might reasonably have been expected to yield 2-(phiny1thio)- 
ethanesulfonyl chloride ( l ) ,  but which describe instead only the 
identification of the formal desulfonylation product, 2-(phenyl- 
thio)ethyl chloride (2). In the first of these papers Kandror and 
Freidlina reported that reaction of benzenethiol (3) and ethe- 
nesulfonyl chloride (4) gives 2, and, to account for this prod- 
uct, put forward a free radical rearrangement mechanism in- 
volving migration of a chlorine atom from sulfur to carbon 
followed by loss of sulfur dioxide (7). In the second paper 
McManus et al. describe the formation of 2 instead of 1 by the 
reaction of sodium 2-(pheny1thio)ethanesulfonate (5) with 
phosphorus pentachloride or other inorganic acid chlorides (8). 
Significantly, both of these accounts describe the product only 
after it had been subjected to heating (glc analysis at 135°C or 
higher, and distillation at 97"C/2 Torr, respectively) ( I  Torr = 
133.3 Pa) and it seemed reasonable to hope that milder condi- 
tions of reaction and work-up might well enable us to obtain 1 .  
We wish to report (a) that with appropriate work-up these two 
reactions, and another route as well, all yield 1 as the major 
product (see Scheme I),  and (b) that 1 is readily thermally 
desulfonylated to 2 ,  probably by way of the episulfonium ion 

' Part 28 in the series Organic Sulfur Mechanisms; for part 27 see 
ref. I. 

\.g. (a) I-alkene-1-sulfonyl chlorides (2); (b) "betylates" and 
"S-betylates" (ammonio- and sulfonio-alkanesulfonate esters, re- 
spectively) (3, 4); (c) hydroxyalkanesulfonyl chlorides (ref. 5 ,  and 
unpublished work in this laboratory by M.R. Webster, N.  Chiba, 
K. J. M. Parker, J. K. Allen, and S. Skonieczny); and (d) 
2-substituted alkanesulfonyl chlorides (6). 

(7) as initially suggested by McManus et al. (8). 
T o  obtain 1 under gentle conditions, lithium 2-(pheny1thio)- 

ethanesulfinate (6), prepared by the method of Vilsmaier and 
Becker (9), was treated with an equimolar amount of chlorine 
in chloroform for a short time and the solvent evaporated. The 
product showed appropriate 'Hmr and "Cmr spectra (see Ex- 
perimental) and strong ir bands at 1375 and 1165 cm- '  charac- 
teristic of the chlorosulfonyl group; the ir and "Cmr spectra of 
1 are readily distinguished from those of 2 but the 'Hmr spectra 
of 1 and 2 are quite similar and easily confused. All attempts 
to obtain pure 1 by distillation proved fruitless (see below) and 
1 was characterized by conversion to the amide 8 with 
ammonia. 

Reaction of benzenethiol (3) and ethenesulfonyl chloride (4) 
following the procedure of Kandror and Freidlina (4 mmol of 
3 and 2 mmol of 4 under argon at room temperature for 2.5 h) 
gave a product which, from its "Cmr spectrum, contained 
mostly unreacted 3 and 4 along with a small amount (-7%) of 
1. With a much longer reaction time (144 h) at room ternper- 
ature the product consisted of 1 (-75%, based on 4). diphenyI 
disulfide (-25%, based on 3) ,  an unidentified material 
(- 15%), and unreacted 3 (27%) and 4 (7%). In our hands the 
best yield of 1 was obtained by reaction of 3 (3 mmol) and 4 
(2 mrnol) at 3°C (in air) for 20  days; this gave 1 (-85%), 
PhSSPh (- 16%), a reduced amount of the unidentified product 
( -5%) ,  plus unreacted 3 (22%) and 4 (8%). The presence of 
1 in the product from 3 and 4 was confirmed by isolation of 
crystalline 8 in good yield by reaction with ammonia. Since 1 
and not 2 is clearly the primary product of the reaction of 3 with 
4 ,  it is obvious that the unprecedented "rearrangement of radi- 
cals with migration of the chlorine atom from sulfur to carbon" 
simply does not occur. Reaction of 3 and 4 to form 1 was 
unaffected by (a) replacing argon by air, (b) bubbling in oxy- 
gen,  or (c) irradiation with visible light. It would seem reason- 
able, therefore, to regard the reaction not as a free radical 
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PhSH + CH2=CHS02CI 
3 4 

process but rather as an ionic addition possibly proceeding by 
way of a carbanionic or zwitterionic intermediate. As precedent 
for such an ionic reaction of 4, we recall the formation of N- 
(2-chlorosulfony1ethyl)pyridinium chloride (C5H5NtCH2CH2- 
S02CI CI-) on treatment with pyridinium chloride and a trace 
of pyridine (2). 

Following McManus ct al. (8), sodium 2-(phenylthi0)- 
ethanesulfonate (5) was treated with equimolar phosphorus 
pentachloride to yield I in 70% yield (>95% pure as judged by 
'Hmr and "Cmr spectra), with its identity again confirmed by 
conversion to crystalline 8 as before. In view of the purity of 
the product relative to that from 3 and 4, and the ease with 
which 5 is obtained as compared to 6, the reaction of 5 with 
PCI5 is the current method of choice for preparing I.  Use of a 
larger proportion of PCI, gave a higher yield of crude product 
which was, however, contaminated with another compound: 
the latter material was not isolated but its 'Hmr and "Cmr 
spectra suggested that it  might be 2-chloro-2-(pheny1thio)- 
ethanesulfonyl chloride. Reaction of 5 with thionyl chloride - 
N,N-dimethylformamide also led to I, but the reaction at room 
temperature was relatively slow and gave the same unidentified 
second product; at the temperature of refluxing thionyl chloride 
some 2 was formed as well. 

Since mild reaction and work-up conditions give I, it seemed 
likely that the 2 reported by previous workers arose as a result 
of subsequent thermal conversion. This was confirmed by sim- 
ple heating of neat I, which was cleanly transformed at 135°C 
into 2 with a half-life of about 4 min. In our hands all attempts 
to distil I gave only 2 in the distillate; by contrast Krutak et a / .  
(10) report that 2-(phenylthio)ethanesulfonyl fluoride distils 
without apparent decomposition under normal conditions 
(96"C, 0.5 Torr).? Precedent for nucleophilic displacement of 
the chlorosulfonyl group (perhaps in a concerted fragmentation 
to sulfur dioxide and chloride ion) may be found elsewhere 

'The preparation of the sulfonyl fluoride given by these authors 
prescribes the addition of 3 to CH3=CHS02F with tributylphosphine 
as catalyst; such catalysis of the addition of 3 to 4 is precluded by the 
rapid reaction of tertiary phosphines with sulfonyl chlorides (I  I). Both 
this preparation and the observed stability of the sulfonyl fluoride to 
distillation serve to point up the low reactivity of sulfonyl fluorides as 
compared to sulfonyl chlorides; as  with alkyl fluorides vs. alkyl chlo- 
rides, the behavior of one is not a reliable guide to that of the other. 

(12- 14) and evidence for the intermediacy of the episulfonium 
ion (7), as shown in Scheme 1 ,  has already been presented by 
McManus ct al. (8), though for a different starting material and 
somewhat different reaction conditions. Also in agreement 
with this picture is the comparative stability of the next homo- 
logue of 1 ,  3-(pheny lthio)- l -propanesulfonyl chloride 
(PhSCH2CHaCH2SOaCI) (4), which distils at - 100°C (0.1 
Torr) without decomposition (S. Skonieczny, unpublished ob- 
servation); the much lower reactivity of 3-(pheny1thio)-propyl 
systems, presumably because of the comparative slowness of 
the formation of the four-membered ring sulfonium ion, is well 
known from the work of Bordwell and Brannen (15). To shed 
further light on the mechanism, the rate of thermolysis of 1 in 
acetophenone solution was examined and found to show first- 
order behavior to >8O% reaction. The following approximate 
rate constants for the reaction at 114°C were estimated for a 
range of solvents: sulfolane 4 x lo-', acetophenone 4 x lo-', 
tetrachloroethylene 4 x 10-f and cyclohexane 5 x s-I. 
A plot of log k against Hildebrand's solubility parameter, 6, 
gave a rough straight line ( r  = 0.955) corresponding to log k 
= 0.846 - 12.9. This, when taken with the correlation of 6 
with the Grunwald-Winstein Y value (16), corresponds to an 
rn value of about 1.6. This, though much too inaccurate for any 
detailed mechanistic discussion, does, however, provide a 
clear indication of substantial charge development in the transi- 
tion state, in full accord with a rate-determining formation of 
7 as shown in Scheme 1. 

Experimental 
Reagent grade chemicals and solvents were used without additional 

purification unless otherwise noted. Melting points were determined 
on a Kofler Hot Stage and are uncol~ected.  Infrared spectra were 
obtained with a Beckman 4250 spectrophotometer and refer to chloro- 
form solutions. The 'Hmr spectra were obtained using Varian T60 and 
XLlOO spectrometers, with all reported chemical shifts from the latter 
instrument; "Cmr spectra were determined on Varian XL200 and 
XL300 instruments using a sweep width of 15 K with 65  K transforms. 
Mass spectra were run on  a Varian MAT-3 I I A spectrometer. Solvent 
evaporation on work-up was carried out using a Biichi rotary evapo- 
rator connected to a water asprrator. Except as otherwise noted, 
organlc starting materials were supplied by Aldrich Chemical Co.  
(Milwaukee). An authent~c specimen of 2-(pheny1thio)ethyl chloride 
(2) was made by the reaction of 2-(pheny1thio)ethanoI with thionyl 
chloride (17); the distilled product (2) gave the following spectra: ir 
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KHEMANI 62 1 

v,,,.,,: 3060 (w), 1585 (w), 1470 (m), 1440 (m), 1200 (w)  c m  I; 'Hmr 
(CDCIT) 6: 7.38-7.16 (m, 5H), 3.65-3.48 and 3.23-3.06 (sym- 
metrical A2B2 pattcrn, 4H); "Cmr (CDCI,) 6: 134.1, 130.2. 129.0, 
126.8, 42.4, 35.9. 

Chlorit1ofion of lifllirrn~ 2-(/~het~ylrlzio)erI~a11e.~ul~irlare (6)  
Chlorinc gas was bubbled into dry, alcohol-frec chloroform at room 

tempcrature for I0 min, and thc chlorine conccntration determined by 
treating an aliquot with excess KI and titrating the libcrated iodinc 
against standard sodium thiosulfate solution using starch as indicator: 
the CI2-CHCI, solution was used imrncdiately. Lithium 2-(phenyl- 
thi0)ethanesulfinate (6) (9) (42 mg, 0.20 mmol) was suspended in dry, 
alcohol-free chloroform ( 1  rnL) in a round-bottom flask at 0°C. An 
cquimolar amount of C1,-CHCI, solution was added with stirring. 
Filtration and evaporation of the solvent after 5 rnin gavc 1 as a 
colorless liquid (38 mg, 0.18 mmol. 90%); ir v,,,.,,: 3000 (w), 2920 
(w), 1585 (w), 1480 (m), 1440 (m), 1375 (vs), 1 165 (vs), 1020 (w), 
905 (m), and 685 (m) cm-';  'Hmr (CDCI,) 6: 7.47-7.29 (m, 5H), 
3.91-3.75 and 3.49-3.33 (symmetrical A2B2 pattern, 4H); "Cmr 
(CDCI,) 6: 132.3, 131.2, 129.7, 128.1, 64.3, and 28.1. 

Compound 1 (38 mg, 0.18 mmol) was dissolved in anhydrous ether 
(30 mL) and anhydrous NH2 bubbled in for 15 min at 25°C. The 
precipitated white solid was rcmoved by filtration and washed with 
more ether. The filtrate and washings were all combined, dried with 
MgSO,, and evaporated to yield 8 as a white solid which was purified 
by flash chromatography (Kieselgel 60, 35:65 (v/v), ethyl acetate - 
petroleum ether) and recrystallized from chloroform (30 mg, 0.14 
mmol, 77%); mp 104- 105°C; ir v,,,;,,: 3345 (s), 3245 (s), 1318 (vs), 
1134 (vs), and I120 (vs) cm-I; 'Hmr (CDCI,) 6: 7.35-7.26 (m, 5H), 
4.79 (s, br, 2H), and 3.32 (s, 4H); "Cmr (CDCI,) 6: 133.5, 130.5, 
129.4, 127.4, 54.6, and 27.8. Exrrcr Moss calcd. for CxHllN02S2: 
217.023 1 ; found: 2 17.0238. 

Reacfion of betlzetle~hiol (3) will1 efhenesrrlfonyl chloride (4 )  
Neat 3 and 4 (both freshly distilled) in a 5-mL round-bottom flask 

were stirred together using the quantities and conditions as specified 
in the main text; the irradiation experiment was carricd out using a 
400-W medium pressure Hg lamp (high intensity discharge. Canadian 
General Electric) encascd in a Pyrex envelope with tluorescer. Reac- 
tion products were determined from "Cmr spectra of dilute solutions 
(CDCI,) and the relative amounts of various compounds present in the 
reaction mixture estimated; integrations have an estimated precision of 
25%. 

In a typical run, 3 (440 mg, 4 mmol) and 4 (253 mg, 2 mmol) were 
stirred together in an argon atmosphere at room temperature in a 5-mL 
round-bottom flask for 144 h. The reaction mixture was dissolved in 
anhydrous ether (30 mL) and anhydrous ammonia was bubbled in for 
15 rnin at room temperature. Work-up, followed by purification by 
chromatography and recrystallization as described previously, gave 
pure crystalline 8 (213 mg, 0.98 mmol, 49% based on 4) with mp, ir, 
'Hmr, and "Cmr identical to those reported above. 

Reaction of sodirtm 2-(phenylfhio)efhanesu~ot~afe ( 5 )  wifh 
phosphorrts penrrrcl1loride 

Sodium 2-(phenylthio)ethanesulfonate (5) (8) (1.1 15 g, 4.65 mmol) 
was ground with PCls (0.96 g, 4.65 mmol) in a dry mortar. Reaction 
occurred after a few seconds to yield a pasty liquid, to which water ( I0  
mL) was added. The mixture was extracted with pentane (4 x 50 mL) 
in a separatory funnel, all organic extracts were combined, dried with 
MgSO.,, and the solvent evaporated to yield 1 (0.765 g, 3.19 mmol, 
69%). A portion of this product (200 mg, 0.85 mmol) was treated with 
anhydrous ammonia in anhydrous ether (30 mL) and the mixture 
worked up by the procedure described above to yield pure crystalline 
8 (141 mg, 0.65 mmol, 76%) with mp, ir, 'Hmr, and "Cmr identical 
to those reported above. 

In another experiment, 5 (2.5 g, 10.4 mmol) was treated with 
excess PCI-, (4.0 g, 19.2 mmol) in a dry mortar and worked up as 
above to yield a colorless liquid (2.153 g, crude yield 88%) which 
showed, in addition to the characteristic signals due to 1, an apparent 
ABX pattern (6 5.68, IH, dd, J = 6 and 7.5 Hz, plus a multiplet at 

4.5-4.1) in thc 'Hmr spcctrurn and "Cmr absorptions at 134.9, 
130.2, 71.4, and 59.6 ppm. evidently derivcd from a PhSCHCH2- 
system, pcrhaps as in PhSCHCICH,SOICI. From 'Hmr integrals the 
rclative amounts of 1 and the second material wcrc estimated as 87 and 
13% respectively. 

Rerrcfiot1 of 5 \ \ i f11  fliiot~yl c.111oritle - N,N-tlittiefI~ylforttir~tt~irIe 

(a) AI roottl feml~erofrrre 
Compound 5 (104 mg, 0.433 rnmol) was stirred with 3 mL of 

freshly distilled SOCI, and 4 drops of DMF at room temperature for 
24 h. Ice-water ( I0  mL) was then added and thc mixture extracted with 
CH2CI2 (4 x 50 mL) in a separatory funnel; all organic extracts were 
combined, dried with MgSO,. and evaporatcd to yield a colorless 
liquid (120 mg), which showed major pcaks in "Cmr at 6 (CDCI,): 
164.1, 134.9, 132.1, 130.8, 130.2, 129.3, 127.8, 71.4, 64.1. 59.7, 
38.6, 33.2, and 27.9. The peaks were assigned to 1 ( 132. I ,  130.8, 
129.3, 127.8, 64.1, and 27.9 ppm), DMF (164.1, 38.6, and 33.2 
ppm), and the unidentified product (134.9, 130.2, 71.4, and 59.7 
ppm) with the ratio of the peak areas corresponding to approximate 
relative proportions of 57. 30, and 10% respectively. No sign .of any 
2 was seen in the 13Cmr spcctrurn. 

(b) Af rej1~t.r 
Compound 5 (205 mg, 0.85 mmol) was refluxed with stirring for I I 

h with 5 mL of freshly distilled SOCI, containing 1 drop of DMF in 
a round-bottom flask and the mixture worked up as above yielding a 
colorless liquid (215 mg) which by I3Crnr (CDCI,) was found to 
contain peaks at 6: 134.9, 134.0, 132.1, 130.8, 130.2, 129.3, 129.0, 
127.8, 126.8.7 1.3,64.1,59.7,42.3, 35.9, and 27.9. The peaks werc 
assigned to 1 ( 132. I, 130.8, 129.3. 127.8, 64. I ,  and 27.9 ppm), 2 
(134.0, 130.2, 129.0, 126.8, 42.3, and 35.9 pprn), and the un- 
identified product (134.9, 130.2, 71.3, and 59.7 ppm) with the ratio 
of the peak areas corresponding to approximate rclative proportions of 
79, 1 I ,  and 10% respectively. 

T1lertt1olysi.s of2-(~~het~yl1hio)efI~ar1e~sri~ot11 cl1loride ( 1 )  
Conventional as well as flash distillation of compound 1 was at- 

tempted at various temperatures (80". 95", 1 loo, 120". and 135°C) and 
under reduced pressure (0.2 Torr). The "Cmr spectra of the distillate 
(in CDCI,) showed the presence of only 2 (>95% pure), with no trace 
of any 1. 

Neat 1 (33 mg, 0.14 mmol) was sealed under nitrogen in an nmr 
tube and thermolysed for 2 rnin in a preheated oil bath (135°C). The 
"Cmr spectrum in CDCl, solution gave the relative amounts of I and 
2 as 78 and 22% respectively. Chloroform was driven off by blowing 
nitrogen over the surface and the liquid obtained sealed undcr nitrogen 
as before and thermolysed further for 6 min at the same temperature. 
The '"mr spectra in CDCI, solution gave the relative amounts of 1 
and 2 as 31 and 69% respectively (integrations have an cstimated 
precision of 55%). No sign of any other side products was seen in the 
"Cmr spectra. The above data give an approximate half-life of 4 rnin 
for the above conversion. 

2-(Phenylthio)ethanesulfonyl chloride (1) (130.5 mg, 0.55 mrnol) 
was dissolved in freshly distilled acetophenone (3 mL) in a 5-mL 
round-bottom flask containing a magnetic stirring bar and flushed with 
dry nitrogen gas. The flask was lowered into a preheated oil bath 
( 1  14°C) mounted on a stirring base. and the timer started. Aliquots 
(0.5 mL each) of the acetophenone solution were removed after 5, 15, 
30, 60, and 120 rnin and "Cmr spectra run immediately. The relative 
amounts of 1 and 2 in the reaction mixtures were determined by 
monitoring the high-field peaks; integrations have an estimated pre- 
cision of 25%.  A plot of In ([1],,/[1]) vs. f gave a straight line passing 
through the origin ( r  = 0.999); the slope of the line gave a rate 
constant of 4.2 X lo-, s- ' .  

Solutions of compound 1 (25-50 mg) in freshly distilled sulfolane, 
acetophenone, tetrachloroethylene, and cyclohexane solvents (0.4 mL 
each) were sealed under nitrogen atmosphere in different nmr tubes 
and thermolysed for various times (3 min, 5 min, 2974 rnin, and 3560 
min respectively) in a preheated oil bath ( 1  14°C). At the end of thesc 
times, the rate constants for the conversion of 1 to 2 were calculated 
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from relative amounts as given by the "Cmr spectra using the first- 
order rate equation. 
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J. Chem. 63, 623 (1985). 

Metal-free copper and cobalt(ll) binuclear phthalocyanincs, in which the two phthalocyanine nuclei arc covalcntly linked 
through fivc-atom bridges, havc been prcparcd and characterized. Some new metal-frec, copper, cobalt(l1). and zinc 2.9.16.23- 
tetraalkoxyphthalocyanines. some of which arc cxtrcmely solublc in organic solvcnts, arc dcscribcd. 

CLIFFORD C. LEZNOFF, SEBASTIAN M. MARCUCCIO. SHAFRIRA GREENBERG, A. B. P. LEVER ct KENNETH B. TOMER. Can. 
J. Chem. 63, 623 (1985). 

On a prepare et caracterisd unc sCrie dc phtalocyanines. libres ou complcxccs par du cuivrc ou du cobalt(ll), dans lcsqucllcs 
les dcux noyaux dc phtalocyanines sont lids d'unc manierc covalcntc par des ponts dc cinq atomes. On dCcrit quclqucs nouvcllcs 
tktraalkoxy-2,9,16,23 phtalocyanincs. librcs ou complcxdcs avcc du cuivrc, du cobalt(l1) ou du zinc, qui sont cxtrcmcment 
solubles dans les solvants organiques. 

[Traduit par Ic journal] 

The use of cobalt phthalocyanine as a catalyst for the electro- ( 121, and hence the more elaborate scheme using polymer 
reduction of oxygen has been known for some time ( I )  and supports was unnecessary. 
extensive research efforts have shown that porphyrins and 
phthalocyanines can act as potential catalysts for energy con- 
version processes (2-4). It is well known that iron(11) por- 
phyrins decompose oxygen through a mechanism involving 
two porphyrins acting on one oxygen molecule (5).  Binuclear 
porphyrins (6-9) have been prepared and used in the 
4-electron reduction of molecular oxygen to water. Under oper- 
ating conditions, however, binuclear porphyrins lose catalytic 
activity with time (7) and it may be that the porphyrin nucleus 
itself is not sufficiently stable to be used as a long term photo- 
catalyst. For this reason, we envisioned that binuclear photo- 
catalysts based on the thermally (10) and photochemically 
stable phthalocyanine nucleus would be worthwhile molecules 
to synthesize and examine in electrochemical and photo- 
catalytic studies. 

Using a solid phase method of synthesis we have recently 
prepared some unsymmetrical phthalocyanines which are very 
soluble in organic solvents (1 1, 12), compared with most 
phthalocyanines which are notoriously insoluble. These solu- 
ble, unsymmetrical, mononyclear phthalocyanines contained 
the necessary handle, a hydroxy functional group, which could 
be used to attach the phthalocyanine to electrodes ( 13, 14). The 
synthesis of a very soluble mononuclear phthalocyanine in our 
earlier studies (1 1, 12) and the development of chro- 
matographic methods for the separation of phthalocyanines in 
general (1 2) has enabled us to contemplate the syntheses of the 
hitherto unknown binuclear phthalocyanines. 

Although we believed that a solid phase approach could be 
advantageously used in the synthesis of binuclear phthalo- 
cyanines, as a first experiment, prior to adopting solid phase 
methodology, we tried to synthesize a binuclear phthalocy- 
anine in solution. As shown below, binuclear phthalocyanines 
can be separated chromatographically from mononuclear 
phthalocyanines using our unusual eluting solvent mixture 

' ~ u t h o r  to whom correspondcnce may be addressed. 

Synthesis of mononuclear phthalocyanines, soluble in organic 
solvents 

Treatment of 4-nitrophthalonitrile (1) with 2-propanol (2), 
2-methy I- I -propano1 (3), and 2,2-dimethyl- I-propanol(4) with 
potassium carbonate in dimethylformamide (DMF) in a useful 
modification (15) of published procedures (16, 17) gave in 
some instances at high temperatures the unwanted by-products 
4-hydroxyphthalonitrile (5) (18) and bis(3,4-dicyanopheny1)- 
ether (6 ) ,  but at room temperature (15) the desired 4-isoprop- 
oxyphthalonitrile (7) (1 1, 15), 4-isobutoxyphthalonitrile (8), 
and 4-neopentoxyphthalonitrile (9) respectively in 69  to 87% 
yield. Phthalonitriles 7 -9  were readily converted, using 
gaseous ammonia and sodium methoxide in methanol (19, 20), 
to 5-isopropoxy- l,3-diiminoisoindoline ( lo ) ,  5-isobutoxy- 1,3- 
diiminoisoindoline (11), and 5-neopentoxy- l,3-diiniinoisoin- 
doline (12) respectively. The solvent was evaporated and com- 
pounds 10-12 were next used without further purification. We 
have previously reported the condensation of 1 0  in 
2-N,N-dimethylaminoethanol (Method A) (19) to give the 
metal-free 2,9,16,23-tetraisopropoxyphthalocyanine (130) 
(12), but had not described any metallated derivatives of 130. 
In fact, several methods exist for the direct condensation of 
phthalonitriles to metallated phthalocyanines without the ne- 
cessity of forming isoindolines. Thus, treatment of 7 with 
CuCN in D M F  (Method B) (20) or with CuC12 and diaza- 
bicyclononane (DEN) in ethanol (Method C) (21) gave 
2,9,16,23-tetraisopropoxyphthalocyaninato copper (13b)  in 34 
and 49% yield respectively (Table I). Compound 7 was simi- 
larly converted to 2,9,16,23-tetraisopropoxyphthalocyaninato 
cobalt(I1) (13c)  and 2,9,16,23-tetraisopropoxyphthalocyani- 
nato zinc (13d)  using Methods B and C (Table 1; Scheme I). 

Isoindoline 11 was converted to the metal-free 2,9,16,23- 
tetraisobutoxyphthalocyanine (140) by Method A and 140 was 
converted to 2,9,16,23-tetraisobutoxyphthalocyaninato copper 
(14b)  by simple treatment of 140 with cupric acetate in toluene 
(Method D) (19), in this example (Table I).  Similarly, isoin- 
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ncN + R O H  - 
02 N 

CN XO c+ CN 

I 2 R=CH(CH3)2 5 X = H 

3 R= CH2 CHICHJ)~ 6 X = 3 . 4  - dicyanophenyl 

4 R S C H ~ C I C H ~ ) ~  
NH 

NH 
9 10 

7 R = C H I C H  1 0  R = CH(CH3)2 
lo 31? 

8 R = ~ H ~ C H I C H ~ I ~  I I R = CH2 CHICH3)2 
9 P3II 

9 R = CH2CICH3)3 1 2  R =CH2CICH3)J 

METHODS METHODS 
A AND D 

RO 

doline 12 was converted to 2,9,16,23-tetraneopentoxyphthalo- 
cyanine (15a) (Method A) and subsequently to 2,9,16,23- 
tetraneopentoxyphthalocyaninato copper (15b) and 2,9,16,23- 
tetraneopentoxyphthalocyaninato cobalt(l1) (15c) (Method D). 
Treatment of phthalonitrile 9 under the conditions of Method B 
using copper, cobalt, and zinc salts yielded 15b, 15c, and 
2,9,16,23-tetraneopentoxyphthalocyaninato zinc (15d) in 
varying yields (Table I; Scheme I). 'The structures of 13a-d, 
14a-b, and 15a-d were confirmed by spectroscopic and 
elemental analysis (see experimental section and Table 2). 

A comparison of the'yields of metallophthalocyanines by 
three different routes (Table I )  shows that a combination of 
Methods A and D, i.e. formation of metal-free phthalocyanines 
followed by metal insertion, or Method C, using DBN as a 
condensing agent, is superior to Method B. In fact, in our 
hands, organic soluble metallophthalocyanines are most con- 
veniently prepared in the purest state, and in the highest yield, 
by metal insertion into metal-free phthalocyanines (Methods A 
and D). Direct preparation of metallophthalocyanines by 
Method C gives metallophthalocyanines contaminated by im- 
purities difficult to remove by chromatographic methods. 

The selection of the 4-isopropoxy group as a substituent of 
a phthalonitrile and hence of its isoindoline was predicated on 
the fact that a bulky isopropoxy group in 7 and 10 similar to the 
less accessible 4-tert-butylphthalonitrile (22) would inhibit 
aggregation processes and lead to organic solvent soluble 
phthalocyanines. Indeed, 13a proved to be exceedlingly solu- 

TABLE I .  Yields of monomeric metallophthalocyanines by different 
synthetic methods 

Starting 
material Method" Salt Product Yield (%) 

h 

CuCN 
CoClz 
Co(CN)z 
Co(0Ac)z 
ZnCL 
CuClz 
CoCl* 
CO(OAC)~ 
ZnCl* 

b 

CuCN 
Co(0Ac)z 
ZnCI? 
Zn(OAcL 

140 D C U ( O A C ~ ~  14b 74 
150 D CuCIZ 15b 94 " 
150 D CoClz 15c 94" 

"See text for reaction conditions and references for Methods A-D. 
"Method A gives metal-free phthalocyanines and no salt is used. 
'No reaction. 
"The overall yield, which is a combination of Methods A and D,  is 42%. 

ble (Table 2) in organic solvents and hence was readily sepa- 
rable from polymer-supported phthalocyanines (I l ,  12) and, as 
shown below, separable from a binuclear phthalocyanine. 
Although 13a-d were prepared as pure compounds, it was 
noted that some deterioration occurred with age and, indeed, 
old samples had to be rechromatographed before their use in 
electrochemical studies. Since the phthalocyanine nucleus is 
reputed to be extremely stable to decomposition, we believed 
for two reasons that the isopropoxy group was responsible for 
this instability. Firstly, isopropyl ethers are known to readily 
form peroxides and, secondly, base catalyzed elimination of 
the isopropyl group may occur as shown in Scheme 2. 

The formation of 6 in the preparation of 7 at temperatures 
higher than room temperature shows that the mechanistic 
scheme shown in Scheme 2 is at least partially operative. We 
have shown that pure 7 on reaction with K2C03 or KNOz at 
80°C does liberate, upon protonation, 5 without concomitant 
formation of 6 ,  since no 1 is available. Some earlier studies 
(23) on the formation of tert-butyl aryl ethers have shown that 
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LEZNOFF ET AL. 

TABLE 2. Absorption spcctra of mononuclear and binuclcar phthalocyanincs and their solubilitics in CH2C12 
at 24°C 

Phthalocyanine A max (nm) (E log) 
Solubility 
(mol/L) 

eliminative processes as described above do occur but also that 
elimination more likely occurs through an alternate pathway 
involving the initial nucleophilic addition adduct. In any case, 
it became apparent that the 4-isopropoxy group of 7 and 10 was 
not ideally suited to subsequent use as a "partner" in the syn- 
thesis of binuclear phthalocyanines. I t  was for these reasons 
that the isobutoxy derivatives 8 and 11 were prepared. The 
isobutoxy group is not a secondary ether and hence is less 
susceptible to peroxide formation, and in addition only con- 
tains one hindered P-hydrogen for participation in possible 
elimination reactions. I t  was subsequently shown, however, 
that the isobutoxyphthalocyanines, 140 and 14b, prepared 
from 11, were considerably less soluble than their isopropoxy 
analogs, 13a and 13 b (Table 2). 'The 4-neopentoxy derivatives, 
9 and 12, are primary hindered ethers and contain no 
P-hydrogens for possible elimination reactions. Most im- 
portantly, the neopentoxyphthalocyanine, 15a, derived from 
12, proved to be exceedingly soluble in organic solvents (Table 
2) and ultimately exhibited little decomposition with age. The 
formation of 9 at room temperature using the standard pro- 
cedure (15) gave 9 in 86% yield in 84 h in a small scale 
reaction. On a large scale, the reaction was only completed 
after 144 h. Since 9 could not undergo p-elimination processes 
such as 7, an evaluation of the yield of 9 at different tem- 
peratures was undertaken and it was shown that 9 should be 
prepared in optimal yield in reasonable times at 60°C (Table 3). 
At higher temperatures, the formation of 5 by the displacement 
of the nitro group by carbonate or nitrite becomes important 
(18). 

The syntheses of binuclear phthalocyanines 
A straightforward route to binuclear phthalocyanines would 

involve a mixed condensation of a bisphthalonitrile or its iso- 
indoline derivatives with a simple phthalonitrile or isoindoline 
in solution. Since phthalocyanines are so insoluble, the above 
simple approach would give insoluble, inseparable mixtures of 
mononuclear phthalocyanines, binuclear phthalocyanines, and 
by-products, as even good preparations of mononuclear 
phthalocyanines occur in less than 50% yield. The devel- 
opment (I 1 ,  12) of exceedingly soluble mononuclear phthalo- 
cyanines and particularly 150 described above indicated that 
even binuclear phthalocyanines may be soluble and separable 

TABLE 3. Yiclds of 9 from 1 at different 
temperatures and rcaction timcs 

Temperature ("C) Time (h)" Yield (%) 

"Starting material 1 was completely consumed 
after the given reaction times. 

by chromatography ( 12). 
Initially, we had been interested in preparing not only bi- 

nuclear phthalocyanines but also one containing a "handle" 
suitable for attachment to electrodes (13), (24), or 
micelles (25). In addition, we wished to prepare binuclear 
phthalocyanines, incorporating five-, four-, or three-atom co- 
valent bridges, as these bridges seemed most likely to yield 
phthalocyanine dimers having electrocatalytic and photo- 
catalytic activity. Bisphthalonitriles can be readily prepared 
(16) by treatment of symmetrical diols with 1. The goal of 
obtaining binuclear phthalocyanines incorporating a five-atom 
bridge thus requires a bisphthalonitrile incorporating a five- 
atom bridge. The symmetrical diol forming this bridge should 
not have hydrogen atoms available for p-elimination. Treat- 
ment of excess 2-hydroxymethyl-2-methyl-1,3-propanediol 
(16) with triphenylmethyl chloride (trityl chloride) in pyridine 
yielded upon column chromatography 68% (based on trityl 
chloride) of 2-methyl-2-trityloxymethyl-1,3-propanediol (17). 

Symmetrical diols 17, 2,2-dimethyl-1,3-propanediol (18), 
and 2-ethyl-2-methyl-l,3-propanediol (l9), reacted with more 
than two equivalents of 1 and K,C03 in dimethylsulfoxide 
(DMSO) (16) to give 1,3-bis(3',4'-dicyanophenoxy)-2-methyl- 
2-trityloxymethylpropane (20), 1,3-bis(3',4'-dicyanophenoxy)- 
2,2-dimethylpropane (21), and 1,3-bis(3',4'-dicyanophenoxy)- 
2-ethyl-2-methylpropane (22) respectively. Bisnitriles 21 and 
22 were converted to their bisisoindolines 23 and 24 as before 
and used in subsequent condensations without further puri- 
fication. For our first mixed condensation for the preparation of 
binuclear phthalocyanines we decided to try the direct route of 
reacting bisphthalonitrile 20 with 4-isopropoxyphthalonitrile 
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(7) using cuprous cyanide in DMF (Method B), as Method C 
was known to generate many by-products. Flash chromato- 
graphy (26) using 2-methoxyethanol - toluene (5: 200) as 
eluant removed the mononuclear copper phthalocyanine 136, 
formed by self-condensation of 7. Further elution gave the 
binuclear phthalocyanine, 1,3-bis-2'-(9', 16',23'-triisopropoxy- 
phthalocyaninato copper)-2-methyl-2-trityloxymethylpropane 
(25), in I % yield (Scheme 3). Characterization of 25 was based 
on elemental and spectroscopic analysis and its method of 
synthesis. Elemental analysis of 25, which still contains the 
trityl blocking group, is more meaningful than elemental anal- 
ysis of any detritylated dimer, as 25 exhibits a more con- 
siderable difference in its calculated analysis than the related 
monomer 13b. Indeed, the close but not perfect analysis 
indicates the structure 25, rather than a monomeric species. 
The mass spectrum of 25 was most informative and, after much 
effort using the FAB techniques (27) and using thioglycerol as 
solvent, a parent ion with m/z  centered at 1859.5 amu was 
observed. A major fragment ion at 1816 (M ' - 43) was indic- 
ative of loss of an isopropyl group, consistent with structure 25. 
The much slower chromatographic mobility of 25 compared to 
13b further suggested 25 as the most likely structure. The 
infrared spectrum of 25 gives us an indication of the purity of 
our compounds, as by-product impurities exhibit absorptions in 
the nitrile or carbonyl regions of the spectra which are absent 
in both pure mononuclear and binuclear phthalocyanines. The 
ultraviolet spectrum of 25 and all mononuclear and binuclear 
phthalocyanines are given in Table 2 for comparison purposes, 
as small but significant differences are apparent between metal- 
free and metallophthalocyanines and between mononuclear and 
binuclear phthalocyanines. 

Although the synthesis of the first binuclear phthalocyanine 
25 was achieved using Method B and 7 as the "partner" in the 
condensation, the yield was very low. For this reason the 
formation of binuclear phthalocyanines using Method A (via 
diiminoisoindolines) and using 5-neopentoxy- l,3-diiminoiso- 
indoline (12) as the "partner" was attempted. Heating the bis- 
isoindolines 23 or 24 at 150°C with a large excess of 12 in 
2-N,N-dimethylaminoethanol for 24 h (Method A) under argon 
yielded a dark blue solution which was diluted with water 
giving blue coloured residues. Flash chromatography of 
solutions of these residues separated the mononuclear phthalo- 
cyanine 150 from the desired binuclear phthalocyanines 1,3- 
bis-2'-(9', 16',23'-trineopentoxyphthalocyaninoxy)-2,2-dimethyl- 
propane (26a) and 1,3-bis-2'-(9', 16',23'-trineopentoxyphthalo- 
cyaninoxy)-2-ethyl-2-methylpropane (270) respectively. The 
relatively high yields of 26a (17%) and 270 (10%) achieved by 
Method A as compared to Method B for 25 (1%) more than 
compensated for the extra effort of making the isoindolines. 
Simple treatment of 26a with anhydrous cupric acetate in 
toluene at 100°C for 17 h gave the binuclear phthalocyaninato 
dicopper derivative 266 in 54% yield, while similar reactions 
of 26a or 270 with anhydrous cobaltous chloride gave the 
binuclear phthalocyaninato dicobalt(I1) derivatives 26c and 
27b in 60 and 74% yields respectively. Binuclear phthalo- 
cyanines, 26~1-c and 270-6, exhibited parent ions in their 
mass spectra using the FAB system and o-nitrophenyl octyl 
ether (ONPOE) as solvent. The infrared spectra of 26a and 27a 
exhibit characteristic N-H absorptions at 3300 and 1020 cm-' 
(28), similar to metal-free mononuclear phthalocyanines 13a,  
140, and 15a.  The 'H nmr spectra of 260 and 27a show a 
characteristic broad N-H absorption peak at approximately 
-6.0 ppm as do 13a,  14a,  and 15a at high concentrations. 

CH3 K2 Co3 

' c  
I -  5 + 

DMSO 

/ ' c H 2  OH 
R' 

METHODS 
A AND D 

METHOD B\ 
7 

Other peaks in the 'H nmr spectra, however, are also very 
broad, which renders 'H nmr spectroscopy less useful for char- 
acterization of phthalocyanines, both monomeric and dimeric. 
It is likely that the 'H nmr signals are broad due to both ag- 
gregation effects and the fact that all the mononuclear and 
binuclear phthalocyanines described herein are a mixture of a 
large number of possible positional isomers. Even using a high 
field instrument and multiple scans, a dilute solution of 15a 
yielded a spectrum showing broad absorptions, and hence the 
multiplicity of positional isomers is the likely primary cause of 
this effect. The "C nmr spectra (see Experimental), of 130, 
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LEZNOFF ET AL. 627 

TABLE 4. I3C Chemical shifts of 7-9 and 20-22 
LO 

8 PPm 

Carbon" 7 8 9 20 2 1 22 

I 106.3 106.1 106.7 107.1 107.7 107.4 
2 117.1 116.5 117.2 117.0 117.6 117.4 
3 119.9" 119.2 119.5" 119.2" 119.8" 119.5" 
4 161.1 161.9 162.6 161.5 162.4 162.0 
5 120.3" 119.2 119.8" 119.5" 120.0" 119.7" 
6 135.1 135.1 135.3 135.1 135.6 135.3 0.0 
7 115.3' 115.1' 115.9 115.1' 115.7' 115.2" 
8 115.7" 115.6" 115.9 115.5' 116.1' 115.7' 1.0 
9 71.6 75.0 78.9 70.5 74.1 72.0 

10 21.5" 27.6 31.9 40.4 36.1 38.3 
I I - 18.5 26.4 17.3 21.8 18.3 
12 - - - 63.5 - 26.6 
13 - - 86.4' - 7.3 b 

"The numbering o f  the carbon atoms in 7-9 and 20-22 follows that given 3 

9 
- 

(0. 

for these structures in Schemes I and 2 and does not follow from the names of 
these compounds. Al l  compounds were run in CDCI, except 21. which was run 
in CD,CI,. 

"These assignments may be interchanged. 

- K 

- 

1 

'These assignments may be interchanged. 
"This value is typical of  methyl carbon atoms and correlates well with carbon 

Q 
I I for other compounds in the table. 

T 
"This assignment is for the quaternary carbon of  the trityl group. 'The phenyl 

groups absorb at 143.3, 128.4, 127.7, and 127.0, consistent with previous 
assignments (30). 

13d, 140, 15a,  15d, 26a,  and 270 give sharp absorbancies, 
0.0 

r 

- 

characteristic of the given structures. The reduced solubilities 
of 26a and 270 compared to 130 and 15a meant that even 
overnight scans of these samples on a Bruker 400-MHz nmr 
spectrometer could not show most of the quaternary carbon 
atoms. The "C nmr of 7-9 and 20-22 have been-assigned 
using standard correlations (29) (Table 4). The absorption 
spectra of all rnononuclear and binuclear phthalocyanines re- 
ported herein are reported in Table 2. Mononuclear metal-free 
and metallophthalocyanines give well-known characteristic 
absorption spectra (10) and the present availability of binu- 

300 500 700 
clear metal-free and metallophthalocyanines shows that these ,I nm 
dimeric phthalocyanines are different from the monomeric 
phthalocyanines and from each other. ,Both mononuclear and FIG. I. The A (nm) visible spectra in CH2CI2 at room temperature 

binuclear metal-free phthalocyanines exhibit absorption of (a) "ononuclear metal-free phthalocyaninc, 13~1 ,  (b) a mono- 
nuclear metallophthalocyanine, 13c, (e) a binuclear metal-free phtha- ima between 700 and 706 nm with the ''nuclear ones absorbing locyaninc, 27a, (d) a binuclear m e ~ a ~ ~ o p ~ t ~ a ~ o c y a n i n e ,  27b, 

near 700 nm. Metallophthalocyanines do not give absorption 
maxima at this wavelength. Other differences, especially be- 
tween monomers and dimerg are reflected in intensity changes phthalocyanine dimers are still sufficiently soluble to purify 

which i n  tabular form appear minor, but in graphic form and characterize. A full analysis of 26a-c and 270-0 by 

( ~ i ~ .  I )  of one example of each class that simple in- visible spectroscopy and electrochemical methods under a 
spection can often identify the phthalocyanine as mononuclear variety of conditions has been undertaken and a preliminary 
or binuclear, and metal-free or containing metal. report has appeared (3 1 ). 

The successful syntheses of the first characterized binuclear 
phthalocyanines rest largely on the preparation of monomeric Experimental 
phthalocyanines, which are exceedingly soluble in organic Matheson high purity argon was used to maintain inert atmosphere 
solvents, and their subsequent separation from binuclear conditions. Infrared (ir) spectra were recorded on a Pye Unicam 

phthalocyanines which st i l l  exhibit significant solubility in SPlOOO infrared spectrophotometer using KBr discs for solids or as 

organic solvents, From Table one can see that metallo- neat films between NaCl discs. Nuclear magnetic resonance (nmr) 
spectra for protons were recorded on a Varian LM 360 spectrometer 

phthalocyanines are general'y less than metal-free using deuterochloroform as solvent and tetramethylsilane as the inter- 
phthalocyanines7 and phthalocyanines are under- rial standard. The positions of the signals arc repofled in 8 units. (The 
standably less than mononuclear phthalocyanines. splittings of the signals are described as singlets (s), doublets (d), 
Thus the difference in solubility of metal-free mor~onuclear triplets (t), quartets (q), or multiplets (rn).) A Bruker WH250 or 
phthalocyanine (15a) and a binuclear metallophthalocyanine WH400 spectrometer was used for all "C nmr spectra and for 'H nmr 
(26c) is over three orders of magnitude, but 26c and other spectraof 130, 13d, 14a,15a, lSd,  260, and 270 at 10-'to 10-I M. 
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LEZNOFF ET AL. 629 

propoxyphthalocyaninatocopper (13b) in 34% yicld as a dark bluc 
solid; ir (cm- '1: 1610 (C=C), 1245. 1 100, 1055, 750; ms, III/Z: 809 
(loo), 808 (M'. 55). 807 (67), 765 (36), 724 (16). Anal. calcd. for 
CuH,,lNxO,C~: C 65.37, H 4.99, N 13.86. Cu 7.86; found: C 65.00, 
H 5.24, N 13.53, Cu 7.47. 

In a typical procedure using Method C (21). 0.38 g (2.0 mmol) of 
7 reacted with 0.14 g (1.0 mmol) of cupric chloride and 0.62 g (5 
mmol) of diazabicyclononanc (DBN) in 10 mL of absolute alcohol at 
reflux temperatures for 24 h to give. after the standard work-up, 0.20 
g of 13b in 49% yield. Although Method C gave 13b in higher yields 
than Method B, repetitive flash chromatography of the reaction prod- 
uct was necessary to remove some fluorescent impurities and hence, 
in general, Method B or Method D (see below) is preferred. 

2,9.16,23-Tetrai.sopropo.r)~phtI1~1Ioc~j~a11i11~1t0c0I~11t(11) (13c) 
Using Methods B and C, 7 was readily converted (Tablc I )  into 

2,9,16,23-tetraisopropoxyphthalocyaninatocobalt(ll) (13c), isolated 
as a shining dark bluc solid; ir (cm-'1: 16 15 (C=C), 1245, 1 100, 
1060, 755; ms, m/z: 804 (M', loo), 803 (49), 762 (19). Anal. calcd. 
for CuH,,,NxO,Co: C 65.75, H 5.02, N 13.94. Co 7.33: found: 
C 65.73, H 4.99, N 13.63, Co 7.49. 

2,9,16,23-Tetrai.sopropo.ryphtI1aI0cya11i11at0zi11c (13d) 
Using methods B and C, 7 was converted (Tablc I )  into 2,9,16,23- 

tctraisopropoxyphthalocyaninatozinc (13d). isolated as a shining, 
dark blue solid; ir (cm-I): 1610 (C=C), 1240, 1 100, 1050, 750; "C 
nmr (CDZC12, 400 MHz) 6: 159.3 (aromatic C-0), 125.4, 12 1.7, 
109.4, 71.5 (CH2-0). 70.6 (CH2-O), 22.7 (CH7). 21.8 (CH,); 
Ins, m/z: 813 (64). 812 (79), 81 1 (96), 810 (M+, 95). 809 (loo), 808 
(70), 767 (3 1). Atl(11. calcd. for CuH,llNxO,Zn: C 65.23. H 4.98, 
N 13.83, Zn 8.07; found: C 65.41, H 5.00, N 13.76, Zn 7.76. 

Metal insertion reactior~s on metalfree p11thaloc~var1it1e.s. 2.9,16,23- 
Tetrai.so0uto.rypl1thaIocj~ani11at(>copper (14b) (Method D in 
toluer~e) 

To a solution of 100 mg (0.12 mmol) of 2.9.16.23-tetraisobutoxy- 
phthalocyanine (14a) in 10 mL of toluene was added 150 mg (0.83 
mmol) of cupric acetate. The solution was stirred at 100°C under an 
argon atmosphere for 3 h. The crude reaction mixture was applied to 
3 tlc preparative plates, and eluted 3 times with 2-mcthoxyethanol - 
toluene ( 1  : 100) to give a dark green band which was extracted with 
toluene in a Soxhlet extractor. Further purification by flash chro- 
matography using 2-methoxyethanol - toluene ( 1  :20) gave in 74% 
yield 80 mg of 2.9.16.23-tetraisobutoxyphthalocyaninatocopper 
(140) as a dark bluc, shining solid; ir (cm I): 1620 (C=C), 1250, 
1105, 1065, 755; ms, m/z. 867 (28), 866 (M+, 56), 865 (71), 864 
(loo), 863 (59), 808 (25). Anrrl. ealcd. for C,xH,xNn04C~: C 66.53, 
H5.60.N 12.77.Cu7.02;found:C66.68, H5.61, N 12.96,Cu7.35. 

2.9,16,23-Tetrar1eope11to~ryphtI1~~Iocyani11at0co1~per (15 b) and 
2,9.16,23-tetra11eope11~ypI1thaI0cy~111i~1t0c00a1t(ll) (1.5~) 
(Method D, in DMF ant1 2-N.N-di1nethyla111inoetI1at1ol) 

To a solution of 41 mg (0.048 mmol) of 15n in 3 mL of a 1 :2 
mixture of dry DMF and 2-N,N-dimethylaminoethanol was added 10 
mg (0.074 mmol) of anhydrous cupric chloride. The mixture was 
heated for I h under an argon atmosphere using an oil bath heated to 
110°C. The mixture was cooled to room temperature and directly 
subjected to flash chromatography using freshly distilled toluene as 
the eluting solvent to give in 94% yicld (Table 1 )  41 mg of 
2.9,16,23-tetraneopentoxyphthalocyaninatocopper (150) as a dark 
blue, shining solid; ir (cm-I): 1615 (C=C), 1240, 1100, 1060, 745; 
ms, m/z: 922 (78), 921 (M', 8 I ) ,  920 (loo), 864 (4), 850 (9). Anal. 
calcd. for C51H56Nx0,Cu: C 67.84, H 6.13, N 12.17, Cu 6.90; found: 
C 68.10, H 6.24, N 11.89, Cu 6.97. 

Similarly, 33 mg of 15tr gave in 94% yield (Table 1) 33 mg of 
2,9,16,23-tetraneopentoxyphthalocyaninocobat(11) (15c) as a dark 
bluc, shining solid; ir (cm-'): 1615 (C=C), 1240, 1100, 1065, 750; 
ms, m/z: 916 (M', 100). 915 (47), 859 (7), 846 (19). Anal. calcd. for 
C52H56Nx01Co: C 68.18, H 6.16, N 12.23, Co 6.43; found: C 68.22, 
H 6.14, N 12.07, Co 6.94. 

Compounds 150 and 15c were also prepared directly from 9 by the 

methods of Pawlowski and Hanack (20) (Method B, Tablc I )  

2,9.16,23-tetroneoper1to.rypth0Ioc~~~~1t1it1at0zit1c (15d) 
Using a modification of the procedure of Pawloski and Hanack (20) 

(Method B), 394 mg (1.84 mmol) of 4-neopentoxyphthalonitrile (9) 
was suspended in 2 mL of dry DMF. Zinc acetate (1.04 g, 5.66 mmol) 
was added and the mixture heated using an oil bath at 155'C under 
argon. The clear reaction mixture turned yellow after I h and dark 
green after an additional I h. After heating for 20 h at 155'C, the 
mixture was cooled to room temperature, diluted with watcr, filtered, 
and washed thoroughly with watcr. The crude product was purified by 
flash chromatography using petroleum ether - ether (6: 1 )  as the 
eluting solvent to give in 27% yield (Table I )  114 mg of 2,9,16,23- 
tetraneopentoxyphthalocyaninatozinc (15d) as a dark bluc, shining 
solid; ir (cm-I): 1610 (C=C), 1240, 1100, 1060, 750; 'H nmr 
(CDzCIZ, 250 MHz) 6: 7.7-6.1 (m, 12H. aromatic), 3.5 (s. 8H, 
CHZO). 1.3 (s, 36H. CH,): "C nmr (CDZCI?, 250 MHz) 6: 160.1 
(aromatic C-0), 149.5, 121.7, 121.3, 116.9, 116.6, 104.2, 103.9, 
78.2 (CHzO), 78.1 (CHZO), 32.2 (CHXC), 27.1 (CH3C). 26.8 
(CH3C), 26.5 (CH3C); ms, m/z: 925 (52). 924 (84). 923 (9 1 ) .  922 
(M', 97), 921 (loo), 868 (2), 853 (40). At~rrl. calcd. for 
CS2Hsf,NXO,Zn: C 67.71, H 6.12, N 12.15. Zn 7.07: found: C 67.80, 
H 6.39. N 11.85, Zn 6.94. 

2-Metl1)~l-2-tri~loxyrnet/1jll- 1,3-propor1ediol (17) 
To a solution of I ,  I, I-tris(hydroxymcthy1)ethane (16) (6.48 g, 

54.00 mmol) in 15 mL of dry pyridinc. triphenylmcthyl chloride (2.60 
g, 9.32 mmol) was added and the mixture was stirred for 22 h at room 
temperature under exclusion of moisture (CaCI? drying tube). The 
mixture was then poured into 180 mL of icc-water and extractcd 4 
times with ether. The combined ether extracts were washed six times 
with water, dried over anhydrous MgSO,, and cvaporated to give a 
viscous oil which was dried under high vacuum for 4 h. The crudc 
product was purified by column chromatography on silica gel using a 
mixture of chloroform-hexane (3: 1 )  as the eluting solvent. Evapo- 
ration of the solvent yielded a product which was recrystallized from 
a mixture of ether-hexane to give in 68% yicld 2.18 g of white 
crystals, mp 127- 128°C; ir (cm-I): 3360 (OH), 1600 (C=C), 1500, 
1495, 1050,770,710,705; 'H nmr (CDCI,, 60 MHz) 6: 7.6-7.2 (m, 
15H, aromatic). 3.65 (d, 4H, CH20,  J = 6 Hz), 3.2 (s, 2H, CH,O), 
2.4 ( t ,  2H, OH, J = 6 Hz), 0.8 (s, 3H, CH,); "C nmr (CDCI3, 400 
MHz) 6: 143.7 (aronlatic C-l ') ,  128.6 and 127.9 (aromatic C-2', 
C-6', C-3', C-5'), 127.1 (aromatic C-4'), 86.7 (PhC), 67.8 
(CH20C), 67.0 (CHZOH), 41.1 (CCH?), 17.3 (CH,); ms, m/z: 362 
(M', 3). 285 (20). 259 (50), 239 (loo), 183 (SO), 105 (75). 77 (23). 
Atlnl. calcd. for C2,H2(,03: C 79.53, H 7.23; found: C 79.58, H 7.19. 

I ,3-Bis(3' , 4 ' - d i q a t 1 o p h e n o O r ~ ~ ) - 2 - ~ h y l - 2 - ~ a n e  
(20) I , 3 - 0 i . s ( 3 ' , 4 ' - d i c ~ a t 1 0 p / 1 e t 1 o ~ r ) ~ ) - 2 ~  (21), 
an(/ I,3-bi.s(3',4'-c/iq~trnopher1~l)-2-ethyl-2-111etlrj~l~~roptrt1e (22) 

A solution of 1.09 g (3.01 mmol) of 17, 1.07 g (6.18 mmol) of I ,  
and 1.75 g (12.68 mmol) of anhydrous potassium carbonate was 
heated at 65OC in 7 mL of dry DMSO by the method of Keller et al. 
(16). The reaction mixture was filtered and washed with mcthylene 
chloride (CHICII). The filtrate was diluted with CHzClz and washed 
thoroughly 6 times with water and finally with saturated sodium chlo- 
ride. After drying over anhydrous magnesium sulfate (MgSO,), the 
solvent was cvaporated to give I .77 g of a light brown solid. The crudc 
product was purified by flash chromatography using chloroform- 
hexanc (3: 1 )  as the eluting solvent. Evaporation of the solvent yielded 
an oil which was dissolved in warm methanol and rapidly cooled to 
-35°C (but not lower) to give in 56% yield 1.02 g of 1,3-bis(3I.4'- 
dicyanopheny1)-2-methyl-2-trityloxymethyproane (20) as light 
yellow crystals. mp 89-92°C; ir (cm--I): 2240 (CN), 1600 (C=C), 
1495, 1255, 1090, 1030, 710, 700; 'H nmr (CDCI,, 60 MHz) 6: 
7.80-7.05 (m, 21H, aromatic), 4.03 (s, 4H, CH20) ,  3.30 (s, 2H, 
CH20) ,  1.30 (s, 3H, CH,); ms, mlz: 614 (M+, IS), 537 (20), 283 
( lo) ,  243 (65). 240 (loo), 183 (48), 144 (19). 105 (58). Anal. calcd. 
for C,oH,oN,O,: C 78.16, H 4.92, N 9.1 I; found: C 78.18, H 4.72, 
N 8.92. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



630 CAN.  J .  CHEM. I 

Similarly, a solution of 1.04 g (10.0 mmol) of 2.2-dimethyl-1.3- 
propanediol (18). 3.8 1 g (22 mmol) of 1. and 6.7 g (48.6 mmol) of 
anhydrous K:CO in 10 mL of dry DMSO gave a crudc reaction 
product. Thc reaction mixture was filtered and washcd with cthyl 
acetate. The filtratc was diluted with cthyl acctate, thoroughly washcd 
with water until thc aqueous layer was clcar, and finally washed with 
a saturated sodium chloride solution. Aftcr drying ovcr anhydrous 
MgSO,, thc solvcnt was evaporated to give a dark brown solid. The 
crude product was purified by column chromatography on silica gel 
using benzene-acetonitrile (9: I )  as thc cluting solvcnt. Evaporation 
of the solvent and recrystallization of thc rcsiduc from acctonitrile- 
water gavc 1.36 g (38%) of 1,3-bis(3',4'-dicyanophcnoxy)-2,2-di- 
methylpropane (21) as creamy crystals, mp 168-169°C; ir (cm-I): 
2240 (CN), 1600 (C=C), 1260, 1 100, 1040, 845; 'H nmr (acctone- 
d(,. 60 MHz) 6: 8.10-7.42 (m, 6H, aromatic), 4.27 (s. 4H, CH20C),  
1.27 (s, 6H, CH?); ms, tirlz: 356 (M+, 11). 213 (30), 171 (88), 127 
(43). Atlnl. calcd. for CzIHl,N,OZ: C 70.78, H 4.52, N 15.72; found: 
C 70.74, H 4.37. N 15.43. 

In a manner similar to that described abovc for the preparation of 
21, 1.60 g of 2-ethyl-2-methyl- 1.3-propanediol (19) yicldcd a crudc 
reaction product. Thin-layer chromatography of this product using 
benzene-acetonitrile (9: 1 )  as eluant exhibited the presence of a minor 
amount of 4-hydroxyphthalonitrilc (5). Thus, the cthyl acctatc filtrz~te 
was washed several times with water, followcd by 0.5 M cold NaOH, 
water, and finally saturated NaCl solution. Thc cthyl acctate solution 
yielded upon thc normal work-up a dark brown solid. Thc aqueous 
layer was acidified with dilutc HCI and the organic material was 
extracted into ethyl acetate. The cthyl acetate was dried over anhy- 
drous MgSO,, filtered, and evaporated to givc 560 mg of 5 ( 18) which 
was not further purified. Purification of the dark brown solid, obtained 
from the original cthyl acetate extract above, yielded, upon rccrys- 
tallization from ethyl acetate - hexanes, 1.84 g (37%) of 1,3-bis- 
(3',4'-dicyanophenoxy)-2-ethyl-2-methylpropa (22) as creamy 
crystals, mp 157- 158°C; ir (cm-I): 2240 (CN), I600 (C=C), 1260, 
1095, 1025, 845; 'H nmr (CDCI1, 60 MHz) 6: 7.87-7.18 (m, 6H, 
aromatic), 4.03 (s, 4H, CH20) ,  1.62 (q. 2H, CHZC, J = 7 Hz), 1.18 
(s, 3H, CH3C), I. I0 (t, 3H, CH3CH2, J = 7 Hz); ms, i-l~/z: 370 (M+, 
23), 227 (46), 185 (60), 171 (65), 127 (52). Atlnl. calcd. for 
C22HlxN,0z: C 71.34, H 4.90, N 15.12; found: C 71.30, H 5.03, 
N 15.09. 

Prep~rrcrtror~ of the bis- I ,3-dirtnit1oi.soit1dol1t1e.s 23 ntrd 24 
Compounds 23 and 24 were prepared from 21 and 22 rcspcct~vcly 

as described above for 10-12 with one minor cxception As 21 and 
22 were only slightly soluble in methanol at room tcmperaturc, thesc 
compounds wcrc dissolved in a solution of sodium methoxide in 
methanol at 65°C and ammonia was bubbled into this solution for I h 
at 65°C and for 3 h under reflux conditions. 

1,3-Bis-2' 49' .  16' ,23'-trii.sopropo.~ypI1tI1nIocynt1itro.tycopper)-2 - 
tnethyl-2-tri~lo~~ytrzethylpropnne (25) 

A mixture of 0.14 g (0.23 mmol) of 20, 1.0 g (5.4 mmol) of 7, and 
1.54 g (17.23 mmol) of cuprous cyanide was heated at 130°C (oil 
bath) in 7.5 mL of dry DMF for 20 h under argon atmosphere (Method 
B) (20). After dilution with ammonia, the product was filtered and 
washed with watcr. Thc dark blue-green residue was dissolved in 
toluene and chromatographed under argon using the flash chro- 
matography technique. Elution with 2-methoxyethanol - toluene 
( l :40) gave, upon solvent evaporation, 340 mg of 2,9,16,23-tetraiso- 
propoxyphthalocyaninatocopper (13b) in 31% yield. Elution with 
2-methoxyethanol - toluene (1 :4) gave a slightly impure product. 
Thin-layer chromatography of this product exhibited a major blue 
spot and slightly faster moving green impurity (2-methoxyethanol - 
toluene, 1 : 4  as eluant). Further purification by flash chromatography 
using a small diameter column (I cm) gave in 1% yield 6 mg of 
the puredimer, I ,3-bis-2'-(9', 16',23'-triisopropoxyphthalocyaninato- 
copper)-2-methyl-2-trityloxymethylpropane (25) as a dark blue, 
shining solid; i r  (cm-': 1615 (C=C), 1250, 1 120, 1 105, 1060, 755; 
ms, tnlz: 1859.5 (M+), 1816 ( M +  - 43). Annl. calcd. for 

C I O ~ H ~ ) I ) N I ~ ~ O ~ , C U ~ :  C 68.48, H 4.88, N 12.05; found: C 67.85, H 5.34, 
N 12.53. 

1,3-Bis-2'-(9'. 16'.23'-trit1~~o~1et1to.~~pIztI1~1Ioc~~~1trit1o~~~)-2~2-cIit~1etIr~y1- 
propatre (26a) ntltl 1,3-his-2'-(9', 16'.23'-trit1eopet1tox~~/ztIznIo- 
q~crt1it1oxy)-2-etlzyl-2-tnetlrylp~nt1e (27a) 

The two crude diiminoisoindolines 12 and 23 obtained from 4.2 g 
(19.6 mmol) of 4-neopcntoxyphthalonitrilc (9) and 249 mg (0.7 
mmol) of I ,3-bis-(3'.4'-dicyanophenoxy)-2,2-dimethylpropane (21), 
respectively, wcrc heated at 150°C (oil bath) in 30 rnL of 2-N,N-di- 
mcthylaminoethanol for 23 h under an argon atmosphere. The mixturc 
gradually changcd colour from ycllow to dark blue. After cooling to 
room temperature. the mixturc was diluted with water and the blue 
colourcd residue was filtcred and washed thoroughly with water until 
the filtrate was colourless. Thc crudc product was purified in two 
scparatc batches by flash chromatography using a 5 crn widc column 
packed with silica gcl 9 cm high. 'Thc dark blue-grccn product was 
preadsorbed on silica and clutcd with 1500 rnL of freshly distilled 
toluene to givc 1.92 g of the monomeric 2,9,16,23-tetraneopentoxy- 
phthalocyanine (15n) in 46% yield. Furthcr elution with 2-methoxy- 
ethanol - toluenc in ratios of 1.40 and I :  I0 yielded, after solvcnt 
evaporation, 340 mg of a purified product, containing traces of 
monomer 150 and some grecn material (fluorescent undcr uv) which 
movcd closcly behind the desired product when examined by tlc 
(2-methoxyethanol - tolucnc, 1 :40 as cluting solvent). Flash chro- 
matography of this purificd material on a smallcr colurnn 3 cm wide 
removed, on elution with toluenc and 2-methoxycthanol - toluene 
(I : loo), all traces of monomer 150. Furthcr clution with 2-mcthoxy- 
ethanol - toluene ( 1  :20) yielded somc fractions of a very pure, dark 
blue product. Other fractions wcrc still contaminated with the green 
material. Purification of thcsc fractions was achicvcd using prepara- 
tive tlc and 2-methoxyethanol - toluene ( I  :20) as eluting solvent. 
Finally, the product was purified by flash chromatography as above to 
give in 17% yicld 195 mg of 1,3-bis-2'-(9'. 16',23'-trineopentoxy- 
phthalocyaninoxy)-2.2-dimcthylpropane (260) as a vcry pure. dark 
bluc, shining solid; ir ( c m ' ) :  3300 (NH), 1615 (C=C), 17-40, 1 100. 
1055, 1020 (NH), 750; 'H nmr (CD:CI,, 400 MHz) 6: 8.21-7.12 
(br), 4.05-3.65 (br), 1.42 (br), -6.12 (br); "C nmr (CDICI2, 400 
MHz) 6: 32.35 (CHIC), 27.20 (CH3C); ms, tn/z: 1645 (loo), 1644 
(M+, 84). Atlnl. calcd. For CooHlo,NI(,Ox: C 72.24, H 6.37, N 13.61; 
found: C 72.47, H 6.27, N 13.49. 

Similarly, the two crude isoindolincs 12 and 24 obtained from 
5.6 g (26.2 mmol) of 9 and 0.4 g (1.08 mmol) of 22, rcspcctively, 
yielded 1.72 g of 150 in 31% yield and 184 mg in 10% yield of 1,3- 
bis-2'-(9'. l6',23'-trineopcntoxyphthalocyaninoxy)-2-ethyl-2-methyl- 
propane (270) as a dark blue, shining solid; ir (cm~. ' ) :  3310 (NH), 
1618 (C=C), 1240, 1 100, 1058, I020 (NH), 750; 'H  nmr (CDCI3, 
400 MHz) 6: 9.4-6.8 (br), 4.2-3.6 (br), 1.8-0.8 (br), -5.8 - 

(-6.4) (br); "C nmr (CD2CIZ, 400 MHz) 6: 78.6 (CHZO), 32.4 
(CCHd, 30.1 (CCH?), 27.2 (CHjC), 26.6 (CCHZCH~); ms, t t ~ / i :  

1662 (100). 1660 (M+,  41), 1658 (30). Atznl. calcd. for 
ClooHl~)(,Nl,Ox: C 72.35, H 6.44, N 13.50; found: C 72.5 I, H 6.77, 
N 13.56. 

1,3-Bis-2'-(9', /6',23'-tritr~~opet1toxypI1tI1nIocynr1inoxyer)-2,2- 
ditnetl~ylpropnt~e (26b), l,3-his-2'-(9', 16',23'-trineopentoxy- 
phthnloq~ntzitzo,~~~col~~1Itll)-2,2-~litrzeth~~lpropntre (26c), ntrd 1,3- 
his-2'-(9', 16',23'-tritreopet1to.~~~pht/z~1Io~~~~111it1o.~~~cobn/t11)-2- 
ethyl-2-methylproprrne (27b) 

A mixture of 50 rng (0.03 mmol) of 260, 23 mg (0.13 mmol) of 
anhydrous cupric acetate, and 10 mL of freshly distilled toluene was 
heated at 100°C for 17 h under an argon atmosphere. The solution was 
cooled and purified by flash chromatography (26) by direct application 
of the crude reaction product to the column. Elution with 
2-methoxyethanol - toluene (7 : 200) gave, aftcr solvent evaporation, 
29 mg (54% yield) of a dark blue, shining product which was washed 
with anhydrous ether to remove very minor fluorescent impuritics 
(detected by tlc) leaving 28 mg of vcry pure 1,3-bis-2'-(9,16,23-tri- 
neopentoxyphthalocyaninoxycopper)-2,2-dimethylpropane (26b); ir 
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(cm-I): 1615 (C=C), 1240, 1 100, 1060, 750; ms, rtilr: 1772, 1771, 
1770. 1769, 1768 (M'), 1767. Anal. calcd. for C~,vHIOONlhOXC~2: C 
67.22, H 5.70, N 12.67, Cu 7.18; found: C 67.41, H 5.52, N 12.40, 
Cu 6.83. 

Similarly, 50 mg (0.03 mmol) of 26n and 105 mg (0.81 rnmol) of 
anhydrous cobaltic chloridc in 15 mL of a I : 2  rnixturc of 
2-methoxyethanol - tolucnc was heated at 100°C for 20 h to give, 
after purification as abovc, 32 nig (60% yield) of 1,3-bis-2'- 
(9'. 16',23'-trincopcntoxyphthalocyaninoxycob:1ltIl)-2,2-dimethylpro- 
pane ( 2 6 ~ )  as a dark blue, shining solid: ir (cm I): 1615 (C=C), 
1240, 1 100, 1068, 755; ms, mlz: 176 1 (6 I), 1760 (M', loo), 1759. 
Atla/. calcd. for C~,~,HIOI,NI~,0XCo2: C 67.57. H 5.73, N 12.73, 
Co 6.70; found: C 67.92, H 5.88, N 12.84, Co 6.25. 

Similarly, 70 mg (0.04 mmol) of 270 and 57 mg (0.44 n~mol) of 
anhydrous cobaltic chloride in I0 mL of a 3:7 rnixturc of 2-methoxy- 
ethanol - tolucnc were heated at 110°C for 24 h under an argon 
atmosphere. Purification as abovc gave 55 mg (74% yicld) of purc 
1,3-bis-2'-(9', 16'.23'-trineopentoxyphtha1ocyaninatocoba1tl1)-2-ethyl- 
2-mcthylpropanc (276) as a dark bluc, shining solid; ir (cm I): 1620 
(C=C), 1245, 1 100, 1068, 758: ms, nt/z: 1774 (M', 100). Anal. 
calcd. for Cll,oHII,IN160XCo2: C 67.71, H 5.80. N 12.63, CO 6.64; 
found: C 68.14, H 6.21, N 12.61, Co 6.64. 

PETTMAN. J .  Am. Chcm. Soc. 105, 2694 (1983). 
9. C. K. CHANC. J. Am. Chcm. Soc. 99, 2819 (1977); N. E. 

KACAN, D. MAUZERALL, and R. B. MERRIFIELD. J .  Am. 
Chem. Soc. 99, 5484 (1977); J .  E. BALDWIN. M. J. CROSSLEY, 
T. KLOSE, E. A. O'REAR, and M. K. PETERS. Tetrahedron, 38, 
27 (1982); 1. TABUSHI and T. SASAKI. J .  Am. Chcm. Soc. 105, 
2901 (1983). 

10. A. B. P. LEVER. Adv. Inorg. Chcm. Radiochcm. 7, 27 ( 1965). 
l I .  C. C. LEZNOFF and T. W.  HALL. Tctrahcdron Lctt. 23, 3023 

( 1  982). 
12. T .  W .  HALL, S. GREENBERC, C. R. MCARTHUR, B. KHOUW, and 

C. C. LEZNOFF. Nouv. J. Chim. 6, 653 (1982). 
13. R. W.  MURRAY. ACC. Chem. Rcs. 13, 135 (1980). 
14. P. SAYER, M. GOUTERMAN, and C. R. CONNELL. Acc. Chcm. 

Res. 15. 73 (1982). 
15. W.  0 .  SIECL. J .  Hetereocycl. Chcm. 18, 1613 (1981). 
16. T .  M. KELLER, T. R. PRICE, and J. R. GRIFFITH. Synthcsis, 613 

(1980); T. M. KELLER and J .  R. GRIFFITH. U.S. Patent No. 4. 
226. 80 1 (1 980). 

17. N. P. MARULLO and A. W.  SNOW. ACS Symposium Serics, 14, 
325 ( 1982). 

18. V. A. USTINOV, V. V. PLAKHTINSKII, G. S. MIRONOV, and 
N .  S .  RYABUKHINA. J .  Org. Chcm. USSR, 15. 1595 (1979); 

Acknowledgements Zh. Org. Khim. 15, 1775 (1979). 

W e  are grateful to the Natural Sciences and Engineering 19. P. J .  BEACH, S. J .  GRAMMATICA, 0 .  A. OSSANNA, and L. WEIN- 
BERCER. J. H C ~ C ~ O C Y C ~ .  Chem. 7. 1403 (1970). 

Research Council o f  Canada for financial support of this re- 20, G. PAWLOWSKl and M ,  HANACK,  Synthcsisq 287 (1980). 
search. This work was also partially funded by the Office of 21. H. TOMADA, S. SAITO, S. OCAWA, and S. SH~RAISHI .  Chem. 
Naval Research (Washington) and by the Midwest Center for Lctt. 1277 (1980). 
Mass Spectrometry, a National Science Foundation Regional 22. M. HANACK. J .  METZ, and G. PAWLOSKI. Chem. Ber. 115, 2836 
~nstrumintat ion Facility (Grant No. C H E  82 1 1 164). we-thank 
Dr. Jack Martin Miller of Brock University for providing 
the mass spectra of the mononuclear metallophthalocyanines, 
15b-d. 

I. R. JASINSKI .  Nature, 201, 1212 (1964); J .  Elcctrochcm. Soc. 
112, 526 (1965). 

2. P. SAYER, M. G ~ U T E R M A N ,  and C. R. CONNELL. Acc. Chem. 
Res. 15, 73 (1982). 

3. M. R. TARASEVITCH and RADYSHKINA. Usp. Khim. 49, 1498 
(1980); Russ. Chcm. Rcv. 49, 718 (1980). 

4. F. VAN DEN BRINK, E. BARENDRECHT, and W.  VISSCHER. Recl. 
Trav. Chim. Pays-Bas, 99, 253 (1980). 

5. J .  P. COLLMAN. ACC. Chem. Res. 10. 265 (1977). 
6. F. P. SCHWARZ, M. GOUTERMAN, Z. MULJIANI, and D. H. 

DOLPHIN. Bioinorg. Chem. 2, 1 (1972); J. HIOM, J .  B. PAINE 111, 
V. ZAPF, and D. DOLPHIN. Can. J .  Chem. 61, 2220 (1983). 

7. J. P. COLLMAN, F. C. ANSON, S. BENCOSME, A.  CHONC, 
T. COLLINS, P. DENISEVICH, E. EVIIT, T .  GEIGER, J .  A. IBERS, 
G. JAMESON, Y. KONAI, C. KOVAL, K. MEIER, P. OAKLEY, 
R. B. PEITMAN, E. SCHMIITOV, and J .  SESSLER. In Organic 
synthesis today and tomorrow. Edited 6y B. M. Trost and C. R. 
Hutchinson. Pergamon, Oxford. 198 I. 

8. J. P. COLLMAN, F. C. ANSON, C. E. BARNES, C. S. BENCOSME, 
T. GEIGER, E. R. EVIIT, R. P. KRCH. K. MEIER, and R. B. 

( 1 982). 
23. J. S. BRADSHAW and RICHARD H. HALES. J.  Org. Chcm. 36, 

3 18 (1971); J .  S. BRADSHAW. E. Y. CHEN, R. H. HALES, and 
J. A. SOUTH. J .  Org. Chcm. 37, 2051 (1972); F. DELCLIMA, 
G. BICCI, and F. PIETRO. J .  Chcm. Soc. Pcrkin Trans. 2, 55 
(1973). 

24. H. SHIRAI, S. H I C A K I ,  K. HANABUSA, N .  HOJO, and 0 .  HIRA- 
BARU. J. Chcm. Soc. Chcm. Cornmun. 751 (1983). 

25. J. H. FENDLER. Acc. Chem. Res. 13. 7 (1980). 
26. W. C. STILL, M. KAHN, and A. MITRA. J .  Org. Chem. 43, 2923 

( 1  978). 
27. M. L. GROSS. E. K. CHESS, P. A. LYON, F. W. CROW, 

S. EVANS, and H. TUDCE. Int. J .  Spcct-rom. Ion. Phys. 42, 
243 (1982). 

28. H. F. SHURVELL and L. PINZUTI. Can. J .  Chcrn. 44, 125 (1966); 
M. P. SAMMES. J .  Chem. Soc. Pcrkin Trans. 2, 160 (1972). 

29. J. T. CLERC, E. PRETSCH, and J .  SEIBL. Structural analysis of 
organic compounds. Elsevier, Ncw York. 1981. p. 277. 

30. G. J .  RAY, R. J. KURLAND, and A.  K .  COLTER. Tetrahedron, 27, 
735 (1971); A. J .  JONES, C. C. LEZNOFF. and P. I. SVIRSKAYA. 
Org. Magn. Reson. 18, 236 ( 1982). 

31. C. C. LEZNOFF, S. GREENBERG. S. M. MARCUCCIO, P. C. 
MINOR, P. SEYMOUR, A. B. P. LEVER, and K. B. TOMER. Inorg. 
Chim. Acta, 89, L35 (1984). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Analogs of cannabinoids: synthesis of some 7H-indolo-, 5H-imidazolo, 
7 H-benzimidazolo[l,2-c] [1,3]benzoxazines - novel ring systems 

V. K.  MAHESH, MAMTA MAHESWARI,  RAKESH SHARMA,  A N D  RASHMI S I - ~ A R M A  
Depnrfment of Cketni.str:\~, Utliver.c.ity o f  Roorkee, Roorkee (U.P.)  247667, lrzrlin 

Rcceivcd August 13, 1984 

V. K. MAHESH, MAMTA MAHESWARI, RAKESH SHARMA, and RASHMI SHARMA. Can. J .  Chem. 63, 632 (1985). 
Tetrahydrocannabinol 1, the active constituent of Cannabis sntivn Linn, is a wcll-known CNS-active compound and 

introduction of a nitrogen atom at thc ring junction of thc pyran and alicyclic ring is of considerable interest.   his promptcd 
the synthesis of 7H-indolo1 l,2-c] [I ,3]-, 5H-imidazolo[ I ,2-C] [ I  ,31,- and 7H-benzimidazolo[ I ,2-c] [1,3]-benzoxazine, a 
novel heterocyclic system. 2-(2'-Hydroxyphenyl) indoles, 2-(2'-hydroxyphcnyl) in~itlazoles, and 2-(2'-hydroxyphenyl) ben- 
zirnidazoles are suitable intermediates for the preparation of this type of bcnzoxazincs, as  the second hctcrocycle (ring B) can 
then bc constructed by introduction of a rnethylene bridge between the hydroxyl of the 2'-hydroxy phenyl substituent and the 
irnino group of thc heterocyclic system. 

V.  K. MAHESH, MAMTA MAHESWARI, RAKESH SHARMA ct RASHMI SHARMA. Can. J .  Chcm. 63, 632 (1985). 
L e  titrahydrocannabinol ( I ) ,  le constituant actif du Cantlabis sativcr Lint? cst un composC dont I'activitd sur le C N S  est 

bien connue et I'introduction d'un atome d'hydrog6nc B la jonction cntre Ic cyclc pyranne et I'alicycle prisente beaucoup 
d'intiret. Ceci nous a conduit i~ rialiser la synthkse des 7H-indolo[l,2-c]. 5H-irnidazolo[l.2-c] et 7H-benzimidazolo[l,2-c] 
I1,3]benzoxazines, un nouvcau systkrnc hdttrocycliquc. Lcs (hydroxy-2 phCnyl)-2 indolcs, (hydroxy-2 ph6nyl)-2 imidazoles 
et (hydroxy-2 ph6nyl)-2 benzirnidazoles sont des intermediaires bicn adapt& h la prtparation d e  cc type d e  benzoxazines 
puisque le deuxikrne hCttrocycle (cyclc B) peut alors etre construit par l'introduction d'un pont mtthylkne entrc I'hydroxyle 
du substituant hydroxy-2' phtnyle et le groupe imino du systkme hCtCrocycliquc. 

[Traduit par Ic journal] 

Introduction 
Tetrahydrocannabinols I ,  active constituents of C~lnn~lbis 

sutiva Lir~rl, are among a very small number of non-nitrogenous 
compounds which are central nervous active. T o  bring about 
a suitable modification in the activity, several nitrogen-con- 
taining analogs have been synthesized; some of these com- 
pounds showed CNS activity, but no separation of biological 
activities could be achieved ( 1  -6). 1ntroduction.of a nitrogen 
atom at the ring junction of the pyran ring (ring B) and the 
alicyclic ring (ring C )  of THC appears to be of considerable 
interest in studying the structure-activity relationship among 
this class of compounds. 9 , l 0 ,  l I ,  1 l a-Tetrahydro 6 H , 8 H -  
pyrido[ 1,2-c] [ 1,3]benzoxazine 2 has been prepared as a model 
compound containing a nitrogen atom at the ring junction (7). 

Some well-known CNS-active agents are reported to have in- 
dole, imidazole, and benzimidazole in their structural makeup 
(8- 10); therefore it was thought that molecules having mixed 
features of cannabinoids (ring A and B) and substituted pyrrole 
and imidazole as ring C ,  with a nitrogen atom as a part of both 
ring B and C ,  would be of great pharmacological interest. Such 
heterocyclic systems would be novel and have not been 
prepared before. In this paper we wish to report on the prep- 
aration and studies of 7,7-dimethyl-7H-indolo[ I ,2-c] [ I ,3]ben- 
zoxazines, 5H-imidazolo[ l ,2-c] [ I  ,3]benzoxazines, and 7 H -  
benzimidazolo[l,2-c1 [ 1,3]benzoxazine. 

Discussion 
For the preparation of the benzoxazine systems an ingenious 

method has been developed. A methylene bridge has been 
constructed between the hydroxyl group of the 2'-hydroxy- 

phenyl substituent and the imino group of the heterocyclic 
system - indole, imidazolo, or benzimidazole. This is 
achieved by boiling the properly substituted heterocyclic com- 
pound with either (a) dry acetone in presence of p-toluene 
sulphonyl chloride (1 I)  or (b) methylene dibromide in potas- 
sium carbonate - dimethylformamide mixture. 2-(2'-Hy- 
droxyphenyl) indoles, on refluxing in dry acetone in presence 
of p-toluene sulphonyl chloride, gave the expected product, 
7,7-dimethyl-7H-indolo[1,2-c] [I ,3]benzoxazines, in good 
yields. The use of methylene dibromide, however, resulted 
in a number of compounds, from which the expected 7H-  
indolo[ l,2-c] [ 1,3]benzoxazine could not be isolated ( 12). 
Condensation of 2-(2'hydroxyphenyl) imidazoles and 2-(2'-hy- 
droxyphenyl) benzimidazoles with methylene dibromide in 
K2C03-DMF gave 5 H-imidazolo[ l ,2-c] [ 1,3]benzoxazines 
and 7H-benzimidazolo[l,2-c] [ I  ,3]benzoxazines. It has also 
been noted that the phenolic group in ring A is essential for the 
biological activity (1 3 ,  14). 
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7 

Nuclear magnetic resonance studies 
The nmr spectrum of 7,7-dimethyl-7H-indolo[I ,2-c] [I ,3]- 

benzoxazine 6 a  showed a sharp singlet at 6 1.8 1 for -the gem- 
dimethyl at the 7 position. The other protons of benzoxazine 
are at comparable values to the 2-(2'-hydroxyphenyl indole) 
protons. In the case of the imidazolo benzoxazines, in addition 
to the signals for aromatic protons, a singlet at 6 5.67 inte- 
grating for two protons which can be assigned to methylene 
protons at position 5 in the molecule has been observed. 

Mass spectral analyses 
The molecular ions in the mass spectra of compounds 

7,7-dimethyl-7 H-indolo[ I ,2-c] [ I ,3]benzoxazine 6 a  and its 
10-hydroxy derivative 6 g  appeared at m / z  249 to 265 re- 
spectively. Loss of one methyl radical from molecular ion 6 a  
at position 7 resulted in the predominant fragment at m / z  234 
which is the base peak. The molecular ions undergo a loss of 
propyne molecule to yield an ion at m / z  209 which corresponds 
to the molecular weight of the 2-(2'-hydroxyphenyl) indole 
ion. These ions split into further fragments which are common 
in 2-phenyl indoles (15), shown in Chart I .  However, a peak 
at m / z  117 which corresponds to unsubstituted indoles defi- 
nitely results by a rearrangement process. The ion displays all 
the characteristic fragmentations reported for indoles (16). 

The molecular ion of compound 6 a  also suffers a loss of 
acetone molecule resulting in an ion at m / z  191. An alternative 
pathway to this ion, m / z  191, involves the loss of acetyl radical 
from the peak cation appearing at m / z  234 (Chart I ) .  The most 
intense peaks in the mass spectra of the compound 6 a  are m / z  
249, 234(100%), 209, 191, 180, 117, 90, 89, 77, 63, and 51. 
Spectral peaks m / z  265, 250(100%), 225, 196, 1 17, 89, 77, 
63, and 51 in the case of the 10-hydroxy derivative can be 
explained in a similar way. 

Experimental 
All melting points reported are uncorrected. Infrared spectra werc 

reported on a Beckman IK-20 spectrophotometer (h,,,.,, in cm-') and 
nmr spectra werc recorded on Varian A-60D and Brucker WH-270 
spectrometers with TMS as an internal standard. The mass spectra 
were scanned on a spectrophotometer cquipped with a direct inlet 
system at 70 eV and at filament current 100 FA. Compounds were 
routinely checked for their homogeneity by tlc on silica gel-G plates 
and spots were visualized by exposure to iodine vapours. 

Corresponding phenylhydrazones were prcpared by condcnsation of 
phenylhydrazine with respective acctophenones, propiophenoncs, and 
butrophenones (17), which in turn wcrc prepared by condensation of 
phenols or resorcinols with the corresponding carboxylic acids. 

2-(2'-Hydroxyphetz)ll) indole (5) 
A mixture of 2-hydroxyacetophenone phcnylhydrazone (8.4 g ,  0.04 

mol) and polyphosphoric acid (60 g. prepared from 40 g phosphorous 
pentoxide and 20 g orthophosphoric acid) was heated on an oil bath 
at 120°C for I h and left overnight at room temperature. The reaction 
mixturc was pourcd into ice-cold watcr. The precipitated product was 
filtered, washed with water. and dried. I t  was crystallized from meth- 
anol to yield 5.0 g (68%) of the title compound, mp 162- 164°C; ir 
(KBr): 3445, 3440 (OH and NH) cm-';  nmr (DSS) (NaOD): 6.68 (t, 
I ,  H-3'), 6.82 (m, I ,  H-5'). 7.18-7.35 (m, 4, H-3, H-4, H-4', H-6'), 
7.54 (d, J = 6.7 Hz, I, H-5), 7.65 (d, 3 = 6.7 Hz, I ,  H-6), 7.70 (d, 
J = 6.7 Hz, I, H-7). 

7,7-Dimetlz~~l-7H-inclolo[l,2-c] [ I  ,3]benzoxazirze (621) 
A mixture of 2-(2'-hydroxyphenyl) indole (5) (3.0 g, 0.015 mol), 

p-toluene sulphonyl chloride (0.05 g), and dry acetone (50 mL) was 
refluxed on a steam bath for 50 h. The solvent was removed irl vacuo. 
'The residue was taken up in chloroform and washed with water, dried 
(NaZSO,), filtered, and concentrated to yield 2 g (56%) of the title 
compound which, after recrystallization from ethanol/cthyl acetate 
( I  : I), had mp 1 10- 1 12°C; nmr: (CDC13): 6.00 (s, 2H, 2CH3), 
6.88-7.97 (m, 9H, ArH); ms m/e (%): 249(55), 234(100), 209(27), 
180(19), 117(48), 90(20), 89(26), 77(25), 63(32), 51(28), 191(31). 
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TABLE I. Physical data of 7.7-dimethyl-7H-indolo[I -2-c] 1 I ,3]bcnzoxazincs (6) 

Mclting Analysis (%) 
Compound Yield point Molecular 

No. R' R ' R' (%) ("c) formula Calculated Found 

Viscous 
oil 

I I -Mefhoxy-7,7-ditnefhgl-7H-it1dolo[l,2-c] [I ,3]benzo,rnzine (6b) 
Condensation of 2(2'-hydroxy-5-methoxyphenyl) indole (2.4 g, 

0.01 mol) in a similar way with dry acetone and p-toluene sulphonyl 
chloride yielded the I I-methoxy derivative (6b). I t  was crystallized 
from ethanol/ethyl acetate ( I  : I) to give 1.28 g (55%) of the titlc 
compound, mp I 10- I 1  1°C; nmr (CDCIj): i : 8 18 (6H, (CHj)?), 2: 22 
(s, 3H, CHI), 6.81 -7.59.im. 8H, ArH). 

IO-Hydro.ry-7,7-ditnefh~~l-7H-it1doIo[l,2-c] [I  ,3/betlzo.rnzitle (6g) 
By the same procedure used for the preparation of 6n, 2-(2',4'-di- 

hydroxyphenyl) indole (2.25 g, 0.01 mol) was converted to 1.3 g 
(55%) of the title compound, mp 170- 173°C; nmr (CDCII + DMSO- 
do): 1.75 (s, 6H, (CH3)?), 4.83 (m, IH, OH), 6.83-7.71 (m, 8H, 
ArH). 

2-(2'-Hydroxyphet1yl)-4,5-(Iip/1et1yI itnidnzole (9a) 
A mixture of salicylaldehyde (6.1 g, 0.05 mol), benziI(10.5 g, 0.05 

mol), ammonium acetate (30 g), and glacial acetic acid (150 mL) was 
refluxed for a period of 2 h ,  cooled, and treated with ice-cold water 
to give 10 g (64%) of the title compound which, after recrystallization 
from methanollether, had mp 238-240°C; ir(KBr): 3435, 3250 (OH 
and NH) cm-'.  Alrnl. calcd. for CzlH1(,N20: C 80.76, H 5.13, N 8.9; 
found: C 80.45, H 5.00, N 8.87. 

2,3-Diphenyl-5 H-imiclnzolo[l,2-c] [I ,3]benzoxnzit1e (10) 
A mixture of 2-(2'-hydroxypheny1)-4,5-diphenyl imidazole (90) 

(3.12 g, 0.01 rnol), anhydrous potassium carbonate ( I0  g), methylene 

bromide (7 mL), and dry dimethylformamide (40 mL) was heated on 
a steam bath for 16 h. it was filtered to remove the inorganic salts and 
the filtrate was concentrated under vacuum. Thc residue was triturated 
with water to yield 2.4 g (74%) of the title compound, mp 60-62°C; 
nmr (CDCIj): 7.60-7.03 (m, 14, ArH), 1.67 (s, 2, H-5). 

2-(2'-Hydro~ryphetzyl)-4,5-bi.s(p-mefho~ryphet1yl) itnidnzole (9b, 
R' = OCH.,) 

This compound was prepared in a similar way as 9 from 
4,4'-dimethoxy bcnzil (8b) (2.7 g, 0.01 mol) and salicylaldehyde (7) 
(1.22 g, 0.01 mol) to yield 2.38 g (70%) of the title compound, mp 
92-95°C; nmr (TFA): 3.90 (s, 6, (OCHI)Z, 6.65-7.45 (m, 12, ArH), 
3.16 sweep of set 500 Hz (m, 2, NH. OH). Annl. calcd. for 
C21H20N20: N 8.23; found: N 8.00. 

2,3-Bis(p-mefhox~~phenyI)-5 H-imidnzolo[l,2-c] [I ,3]bet1zo,~azit1e 
(10, R '  = OCH,) 

This compound was prepared by condensation of 
2-(2'-hydroxypheny1)-4.5-bis(p-methoxyphey) imidazole (9b) (1.7 
g, 0.005 mol) with methylcne bromide, as in the method described 
above for 90 (R' = H) to yield 1.23 g (70%) of the title compound, 
mp 80°C; nmr(CDC13): 3.97 (s, 6. (OCH?)?). 5.80 (s, 2, H-5), 
7.10-8.30 (m, 12, ArH). Anal. calcd. for C24H20N20: C 81.82, H 
5.68, N 7.95; found: C 81.65, H 5.50, N 7.72. 

2-(2'-Hydro,ryp/1et1yl) benzitnidnzole (13) 
A mixture of phenyl salicylate (8.56 g, 0.04 mol) and 0 -  
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MAHESH ET AL. 635 

phenylenediarnine (4.32 g, 0.04 rnol) was heated at 180°C in an or1 
bath for 5 h; the reactlon mixture was cooled and then dissolved In 
10% sodium hydroxide solution. I t  was acidified with ice-cold acetic 
acid to give 6.0 g (71%) of the t~tlc compound, rnp 240-241°C (lit. 
(18) rnp 238°C); ir(KBr): 3430. 3320 (OH and NH) crn-'. 

7 H-Benzimidnzolo(l,2-c] [I .3]betzzoxrrzine (14) 
To a solution of 2-(7'-hydroxyphenyl) benzirnidazole (4.2 g, 0.02 

rnol) in dry dirnethylforrnarnide (40 rnL) in the presence of anhydrous 
potassium carbonate (5 g), rnethylcnc bromide (7 rnL) was added and 
the reaction mixture was filtered and concentrated under vacuum. The 
residue was treated with chilled water to yield 3.1 g (70%) of the title 
compound, rnp 151-153°C; nrnr (CDCI,): 6.00 (s, 2H, -CH2), 
7.10-8.17 (rn, 8H, ArH);tn/e (%) rns: 222(100), 221(100), 220(10), 
194(83), 193( loo), 169(53), 168(100), 167(67), 140(34), 1 13(100), 
104(41), 103(50). 98(71). 93(35), 91(34), 85(41), 79(100). 
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Heterocycles organiques de l'arsenic. Synthese d'arsinimines heterocycliques par la 
"reaction de Staudinger." Mecanisme de la reaction 

PIERRE MARONI, YVES MADAULE, TULA SEMINARIO ET JEAN-GERARD WOLF 
Laborntoire de SynthPse et Physicochitnie Orgcrnique. UnitP Associie nu Centre Nntionnl cle In Recherche Sciet~tiSique no 471, 

UniversitC Pnrtl Snbntier, 118, route de Nnrbontze, F 31062 Toulouse Ceder, Fronce 
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PIERRE MARONI, YVES MADAULE, TULA SEMINARIO et JEAN-GERARD WOLF. Can. J. Chem. 63, 636 (1985). 
La rCaction de Staudinger a CtC appliqute h des httCrocycles arsCniCs. L'action des azotures de picryle et de para- 

toluknesulfonyle sur une strie d'arsatranes tttracoordines conduit h des arsinimines originales pentacoordinCes, avec maintien 
de la liaison atrane N + As. Ces arsinimines se dimCrisent pour donner des diarsadiazacyclobutanes comportant des atomes 
d'arsenic hexacoordints. La rtactivitt des arsanes est plus faible. Seul I'azoture de picryle donne lieu h reaction. Les 
arsinimines obtenues se dimtrisent plus ou moins rapidement dans pratiqucment tous les cas, sauf un ou I'arsinimine reste sous 
forme monomkre. L'Ctude de la reaction en ultraviolet permet de mettre en dvidence un complexe intermtdiairc, difftrent de 
celui de la reaction "classique" dcs homologues phosphorCs. 

PIERRE MARONI, YVES MADAULE, TULA SEMINARIO, and JEAN-GERARD WOLF. Can. J. Chem. 63, 636 (1985). 
Staudinger's reaction is applied on arsenic heterocycles. Picryl and tosyl azides lead, by action on tetracoordinated 

arsatranes, to previously unknown pentacoordinated arsinimines with an "atran" bond ( N  + As). In a sccond step, they 
dimerize to diarsadiazacyclobutanes, bearing hexacoordinated arsenic atoms. Heterocyclic arsanes react only with picryl azide. 
All imines were obtained as dimers or oligomers, with the single exception of 8A. Ultraviolet studies give evidence for an 
intermediate complex different from the one demonstrated in the "classical" Staudinger's reaction with phosphorus compounds. 

La reaction de Staudinger, synthkse de phosphinimines par 
action d'azotures sur les phosphanes tertiaires, connue dks 
1919 (1) a etC depuis largement etendue (2). Cadogan et 
Gosney (3) ont CtC parmi les premiers a I'utiliser dans la chimie 
de I'arsenic, a partir d'arylazotures contenant des groupes at- 
tracteurs d'electrons. Cependant, les arsinimines sont obtenues 
le plus souvent par action d'arsanes sur des chloramines (4, 5) 
ou par condensation d'oxydes de triarylarsane avec des isocya- 
nates et des N-sulfinylamides (6, 7). 

Pour notre part nous avons applique la reaction de Staudinger 
ii la synthese d'arsinimines heterocycliques originales, e n  
faisant agir des azotures sur des heterocycles organiques de 
I'arsenic appartenant a deux grandes series: ( i )  des arsatranes, 
composes originaux stables de I'arsenic tttracoordint synthC- 
tisCs au laboratoire (8) 

azotures. 
Pour obtenir ces nouvelles arsinimines hCttrocycliques, pour 

lesquelles l'arsenic est relie a d'autres hetCroatomes (N, 0 )  
nous avons opere par voie thermique et photochimique. 

La gamme des azotures utilisables est relativement large. 
Nous en avons essaye six: d'abord 

tous porteurs de groupements attracteurs et qui se sont r6vCIes 
au moins partiellement rCactifs sur tous les composCs arseniks; 
puis N3COPh, N3Ph et N3SiMe3 qui n'ont pas reagi. 

I. Action des azotures su r  les arsatranes 
A. Rtsultats 

La reaction entre les composCs 1 et A est un bon modkle: elle 
pourra conduire a I'arsinimine l A ,  possedant ou non une struc- 
ture atrane. 

R '  = R' = M~ 3 R = M e  
4 R = P h  

R1 = Ph, R 2 =  H 
 me^^^ 

RZ = Me ~ e <  ''AS= 1 + N3 
o d  I 

(ii) des arsanes tricoordinks dCrivant du pinacol (5, 6), du Me 
pyrocatCchol (7, 8) et de la (-) ephedrine (9) 

1 

Ces heterocycles posskdent sur l'arsenic une paire Clectronique 
libre. La disponibilite de ce doublet, deja montrke sur les arsa- 
tranes (8), permet d'envisager une bonne rkactivite vis a vis des 
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TABLEAU 2. Spectres en rCsonance magnCtique nucltaire du 'H de 3A et 3B (60 MHz, CDCI,) 
6 (ppm) 

Tosyle 
AsMe NMe NCHz OCH, Picryle 

ComposC singulet singulet multiplet multiplet ChHI(NOz)l Me C6H, 

3A (4 1,65 2,60 2,82 4,lO 9,33 
(m) 135 2,25 2,84 4,12 8,40 

3B (4 1.60 2,52 2,80 4,OO 2,40 7,50 
(m) 1,7O 2,40 2,82 4,02 2,38 7,35 

TABLEAU 3. DCplacement chimique en resonance magnCtique nu- 
cltaire du 'H des parties NCHz et OCHz de llentitC (d) (CDCI,, 

60 MHz) 

ComposC 

3 3A* 3B * 3" Mor-Met 

*Entiti (d). Les signaux de (rn) sont tous dCblindCs de 0.02 pprn. 
A tMor = rnorpholino -N 0 
U 

Nous avons rapport6 les resultats de rrnn dans les tableaux 
3 a 5: deplacement chirnique des protons de cycle, compares a 
ceux de la N-methyl-rnorpholine (tableau 3); effet de solvant 
(tableau 4); deplacernents chirniques des carbones (tableau 5). 
On observe dans tous les cas un cornporternent de 3A et 3B 
intermediaire entre celui des arsatranes tetra- et hexacoordinis. 
Les tableaux 3 et 4 rnontrent de plus une forte similitude au 
niveau du cycle entre les entitis (rn) et (d). D'autres rernarques 
sont en faveur de la structure atrane: ( i )  les protons du cycle 
sont netternent dCblindCs par rapport a la N-rnCthylrnorpholine; 
(ii) le fort effet de solvant arornatique (effet ASIS), comparable 
pour (rn) et (d) lorsque I'on passe de CDC1, a C6D6 ne peut 
s'expliquer que si ces deux cornposes ont des structures et donc 
des sites de cornplexation identiques, qui pourraient &tre pro- 
ches de celui trouvk pour 3"' (8); (iii) en rrnn "C, I'Ccart entre 

les signaux N-CH, et OCH,, de l'ordre de 4 pprn pour 3A et 
3B est plus faible que pour la morpholine (21 pprn), la N-ethyl 
morpholine ( l4 ,4  pprn) et le tris-morpholino-arsane (20,3 pprn) 
(12) (dans ce dernier compose l'azote est directernent liC a 
I'arsenic par une liaison covalente). Cette diminution est en 
particulier diie au deblindage de N-CH,. Elle peut s'expliquer 
par un affaiblissernent de la densite electronique sur I'azote 
compatible avec la presence d'une liaison de coordination N + 
As. 

Les observations sont identiques pour les autres composes, 
bien que les spectres rrnn soient genkralement plus complexes 
et que les vibrations caracteristiques vso, ne perrnettent pas 
d'attribuer la bande vA,-, en infrarouge pour l B ,  2B et 4B. 

Le phknomt?ne de clime'risation, observe pour 3A et 3B sem- 

TABLEAU 4. Effet de solvant aromatique en rksonance magnCtique 
nuclCaire du 'H (ASIS) A6 = 6 ~ ~ 1 ~  - 6c,~, 

ComposC 

3 3A * 3B1' 3 

AsMe -0,25 +0,15 +0,15 +0,12 
NMe +0,30 +0,38 +0,35 +0,85 
NCH, +0,30 +0,72 +0,73 + 1.23 
OCH* 0 +0,50 +0,55 +0,73 

*Entiti (d). Les valeurs de A6 de (rn) sont identiques h 0,02 pris. 

ble cependant general: la cryornetrie des composes indique 
dans tous les cas la prCsence de dirnkres; I'infrarouge rnontre la 
disparition progressive de la bande v,,=, et l'apparition d'une 
vibration VAs-,; les spectres rrnn 'H revklent dans la plupart des 
cas la presence initiale de deux entitCs qui evoluent au cours du 
temps. 

Les modifications les plus caracteristiques se situent au ni- 
veau des signaux: AsMe pour 1B et 2B (deux pics vers l ,80 et - 
1,90 pprn; CDC1,) et SO, a ~ e  pour LB, 2 8  et 4 8  

(deux pics rnCthyle vers 2,40, CDCI,) et superposition de deux 
systkrnes phknyle para disubstitues vers 7,50 pprn (CDCI3). 

Pour les cornposes obtenus a partir de I'azoture de picryle, 
nous avons observe particulikrernent la position des protons du 
cycle picryle: les spectres rrnn 'H du compose 3A rnontrent en 
effet que la transformation monomere-dimkre se traduit par un 
net deblindage de ces protons (de 8,40 a 9,33 pprn dans CDCl,, 
de 8,35 a 8,77 pprn dans C6D6). 

Les spectres de 4A presentent deux pics a 8,47 et 9,26 pprn 
(CDCl,) le premier disparaissant au bout de 30 h. Nous n'avons 
pas relev6 le pic aux champs forts pour 1A et 2A, mais un seul 
signal (a respectivernent 9,3 1 et 9,21 ppm; CDCI,) qui corres- 
pond a I'apparition rapide du dirnkre. Le rnaintien de la struc- 
ture atrane des monomeres et des dimhes est corroborC par un 
fort effet ASIS, comparable a celui relev6 pour 3A et 3B. On 
peut donc conclure que I'action d'azotures sur les arsatranes 
conduit dans une premikre Ctape a des arsinimines pentacoordi- 
nCes possCdant une structure atrane, et ne donnant pas lieu a la 
tautomerie prototropique. Ces arsinirnines se dupliquent en- 
suite pour conduire a un dimkre posskdant deux atornes d'arse- 
nic hexacoordine de structure atrane. 
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TABLEAU 5. Resonance magnktique nuclkaire du "C (CDCI,, 15.08 MHz) 

3 3A* 3~'""' MorHt Mor-Me Mor-Et Mor,As 

AsMe 25,7 20.0 19,O 22,8 
NMe 41,3 42,5 42,2 45,3 
NCHz 61,9 57,8 57,3 55,3 47,l 53,4 48.3$ 
OCH2 66,7 61,5 61,4 57,4 68.1 67,9 68,6$ 

*Entiti (d). 
A 

tMor = morpholino -N 0 
U 

SDans C,,D, (12). 

11. Synthese d'arsinimines a partir d'arsanes 
Pour connaitre I'influence de la structure atrane sur le phCno- 

rnkne de dirntrisation observk, nous avons tent6 d'effectuer la 
synthese d'arsinirnines a partir de rnodeles plus simples, les 
arsanes 5 a 9 et des azotures de picryle A et de tosyle B, qui 
se sont rkvClCs les plus rCactifs sur les arsatranes. 

On observe des diffkrences notables: (i) I'azoture de tosyle 
B ne conduit ni a I'arsinirnine ni au dirnere: i l  se decompose 
sans rCagir avec 5 et 8 et n'est pas rnodifie par action sur 6 ,  7 
et 9; ( i i)  la rkactivitk de I'azoture de picryle A est rnoins 
irnportante que celle observCe a partir des arsatranes. Alors que 
la rkaction sur ces derniers cornposCs se fait a la ternpkrature 
arnbiante, elle nkcessite dans tous les cas un long chauffage a 
reflux. D'une rnanikre gCnkrale, les rendernents observCs sont 
plus faibles et les reactions parfois incompletes (persistance 
d'azoture). 

Enfin, la synthese par voie photochirnique ne donne pas lieu 
a rkaction ou conduit a des rCsultats non exploitables (formation 
de goudrons). 

Pour interprCter les rCsultats, nous nous sornrnes interessks 
au dkplacernent chirnique des protons du cycle picryle dont le 
blindage ou dkblindage relatifs indique la prksence de rnono- 
mere ou de dimere. 

La position de ces protons revkle la formation directe du 
dirnkre a partir de 5 (9,38 pprn) et 6 (9,40 pprn) bien que les 
vibrations caractkristiques du cycle pinacolique ne perrnettent 
de distinguer que la bande V A ~ - N  de 6A (1 165 crn-'; CC1,). 
Inversernent, le blindage des protons picryle (8,15 pprn) et la 
prCsence d'une bande v,,=, a 1230 crn-' indiquent que 8A est 
une arsinirnine rnonornkre stable, la seule obtenue. Notons que 
la valeur de la frkquence infrarouge est diffkrente de celle des 
As=N picryle relevCe pour les arsatranes (- 1280 crn-I). 

Nous avons constat6 que, si I'azoture A se dCcornpose en 
prCsence de 7, la rCaction ne conduit pas au rnonornere ou au 
dirnkre. 

Les spectres rrnn 'H du cornposC 9A enregistrks dans un 
rnClange C7D8 - DMSO-d6 car peu soluble dans CDCI,, rnon- 
trent la transformation progressive du rnonornere (8,36 pprn) en 
dirnkre (8,83 pprn) (?I cornparer avec le dkplacernent de 8,35 ?I 
8,77 pprn observke pour 3A dans C,Do). 

Nous constatons donc que, dans la plupart des cas, la dirnk- 
risation est prCpondkrante. 

Si l'on considkre les diffkrences observkes entre les atranes 
et les arsanes tricoordinks (rkactivitk plus faible de ces derniers, 
pas de rCaction par voie photochirnique), on peut penser 
qu'elles sont dues a l'originalitk de I'environnernent de l'arse- 
nic dans les arsatranes par rapport aux arsanes rendant le dou- 
blet plus rCactif: 

, 1- atrane 
"'A~ 3 

dl 

I arsane 

111. Synthese des arsinimines: mise en evidence d'un 
intermediaire de reaction 

Nous pouvons forrnuler deux hypotheses quant au cornporte- 
rnent de l'azoture vis a vis du compose arsCniC. 

1. La formation prkalable de nitr?ne 

X-N3 + X-N: + N2t 

qui s'additionnerait sur I'atorne d'arsenic. 
La synthese d'arsinirnines par photochirnie n'a pas CtC rkali- 

sCe avant nous. Horner et Christrnann (1 3) ont cependant syn- 
thCtisk par cette voie des sulfonylirnines, ce qui peut laisser 
supposer que I'irradiation des azotures engendre des nitrenes. 
Cadogan et Gosney (3) effectuent la synthese d'arsinirnines a 
haute ternpkrature, ou font intervenir un catalyseur: ils con- 
siderent I'attaque sous forrne de nitrene, le catalyseur abaissant 
la ternpkrature de dCcornposition de l'azoture. 

Nous ne pouvons passer sous silence cette hypothese, au vu 
des syntheses sous irradiation. Nous pouvons cependant 1'Ccar- 
ter dks rnaintenant, pour deux raisons. Les syntheses par voie 
therrnique ont lieu a la ternpkrature ordinaire pour les atranes. 
Et surtout (vide infra) nous avons niis en Cvidence un interrnC- 
diaire rkactionnel. 

2. Une addition de I'azoture solis forrne not1 dkcomposke sur 
l'atorne d'arsenic, cornrne cela a deja CtC rnontrC dans le cas de 
l'action des azotures arornatiques sur la triphCnylphosphine 
(14) (interrnkdiaire dit de Staudinger): 

Goldwhite et al. ont isolk un interrnkdiaire de ce type lors de 
la rCaction entre l'azoture de phCnyle et (Me2N)3P (15). 11s 
prksentent un arrangement IinCaire: 

GCnCralernent instable, cet interrnkdiaire conduit aux phos- 
phinirnines par liberation d'une mole d'azote, suivant un pro- 
cessus decrit par Leffler et Temple (16), rnettant en jeu deux 
Ctats de transition CquiCnergCtiques. Le phosphore se charge 
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FIG. I .  Spectres ultraviolet (CCI,). A et 3: produits de dkpart 
(0,66 X lo-' M); t = 0: spectre initial du mClange A + 3 

; 3A: spectre du produit final isole (0.66 

x M). 

positivernent, l'azote en y nkgativernent, la neutralisation de 
ces charges conduisant a la formation d'une liaison 

Nous avons suivi par ultraviolet I'action de I'azoture de picryle 
A sur 3 et 5 en melangeant les reactifs 10-'M et en enregis- 
trant les spectres de prClk.vements successifs diluts 0,66 x 
lo-' M (fig. I ) .  Le spectre initial ( t  = 0) est difftrent de la 
somrne des densitts optiques des composes de depart (en poin- 
till@ et revele la presence d'une entit6 possedant un maximum 
d'absorption vers 280 nm pour 3 + A et 285 nrn pour 5 + A. 
Le spectre tvolue ensuite progressivement pour aboutir au pro- 
duit final (A,,,, = 305 nm, E = 7800 pour 3A et 5A). 

Ces rtsultats rnontrent ]'apparition, comme dans le cas du 
phosphore d'un intermediaire reactionnel. La comparaison des 
bandes d'absorption uv de I'azoture (A, = 295 nm; E = 10 300 
pour A), de l'interrnkdiaire reactionnel (Xi) et de I'imine (Az) 
pour les deux composCs ttudiCs avec les rtsultats rapportts par 
Goldwhite dans la chirnie du phosphore (15) (intermtdiaire 
rkactionnel isole) montre que, dans les trois cas, A? - A ,  est de 
I'ordre de 10 nm. Mais, alors que dans le cas du phosphore, 
I'intermCdiaire rkactionnel est dCplacC vers les grandes lon- 
gueurs d'ondes (+51 nm par rapport g l'azoture initial) on 
observe un phtnomene inverse pour 3A et 5A (respectivement 
- 15 et - 10 nrn) (fig. 2). 

Un intermtdiaire de type Staudinger (1.S.) posstdant un 

FIG. 2. Spectres ultraviolet de 3A et SA, comparaison avec le 
phosphore. 

1, : intermediaires 
observes 

\ enchainernent lineaire -As=N-N=N-X aurait present6 
/ 

5 A  

une bande vers 345 nrn (en pointille sur la fig. 2) par extension 
de la conjugaison du cycle picryle. Nous avons donc kt& 
conduits a envisager un cornplexe par transfert de charge As" 
- azoture. 

A I'appui de cette hypothese, nous avons note pour 3A que 
les spectres infrarouge enregistres en cours de synthese prCsen- 
tent une bande a 1320 cm-', absente des spectres des rkactifs 
et du produit final, qui pourrait correspondre au cornplexe. 

En outre, en isolant au cours du temps des fractions du 
melange rtactionnel et en les concentrant par evaporation, nous 
n'observons en infrarouge et en rrnn que les produits initiaux et 
le produit final: on aurait brisk le cornplexe qui se trouvait en 
kquilibre avec les composts de dtpart. 

A partir des atranes, cet intermediaire serait le m&rne par 
voie "therrnique" et par voie "photochimique", I'utilisation des 
deux rntthodes conduisant au rnerne produit final, avec le 
mEme rendement. La grande difference de vitesse observte (la 
voie photochirnique est environ dix fois plus rapide dans nos 
conditions expbirnentales) pourrait Etre due a I'acc6ltration de 
la destruction du cornplexe par photolyse. 

En rCsurnC, i l  semble raisonnable d'adrnettre, pour les rtac- 
tion entre nos cornpos~s et les azotures A et B, un mecanisme 
rCactionnel en deux &tapes: la premiere comportant, cornrne 
dans le cas du phosphore, un interrntdiaire rtactionnel, mais de 
nature diffkrente, la second conduisant 5 I'arsinirnine par dC- 
part d'azote. 

IV. Conclusion 
Les travaux rCalists au cours de ce memoire nous ont perrnis 

de faire les constatations qui suivent. 
1 .  La garnrne des azotures rCactifs pour I'arsenic est plus 

restreinte que pour les dtrivts phosphorks (1 1 ) .  La rCactivit6 
des arsatranes est cependant tres superieure celle des arsanes. 

2. Nous n'avons jamais observe de tautomtrie As" * AsV 
conduisant 2 un arsorane hornologue des derives phosphorks 
(9, 10) lorsqu'elle est theoriquernent envisageable (atranes 2 
groupernent NH: l A ,  IB, 2A et 2B). La structure atrane s'est 
toujours rev6lCe la plus stable. 

3. Les phosphinimines peuvent soit exister sous la forrne 
monornbre, soit donner par dimtrisation, un cycle diazadiphos- 
phacyclobutane (17). Nous n'avons obtenu une forrne mono- 
m k e  stable que dans un seul cas (8A). Pour le reste, on obtient 
la forme dimere, soit directement sans observer le monomere, 
soit par transformation progressive du rnonornere en dimere. 

Une explication de cette prkpondtrance a la dimkrisation est 
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possible a partir des r6sultats infrarouge. Nous avons not6 une 
grande dispersion dans la position des v,,=, et v,,-,, qui doit 
traduire une variation du caractere n de ces liaisons, cornrne 
cela a ete not6 pour la liaison P=N des phosphinirnines (18). 

I1 est connu par ailleurs que, si l'azote est plan dans les 

\ / 
arninophosphanes, il est pyramidal pour As-N (19) ce 

/ \ 

qui indique que la liaison As-N est rnoins proche d'une 
double liaison que P-N. 

Enfin, 1'Ccart entre les v,=, et v,-., est de I'ordre d e  
250 crn-' pour nos cornpos6s (M = As) alors qu'il est de 
600 crn-' lorsque M = P (20). 

Ces observations d6notent un faible caractkre n de la liaison 
As=N, et donc une plus grande polarit6 Ast-N-. Or,  on sait 
que la frontikre dirnkre (P)' e monomkre (P)" est trks sensible 
2 la polarisation de la liaison P=N (1 I) ,  dont I'accentuation 
favorise la dirnkrisation. 

Partie experimentale 
I. Synthtse 

Les rtnctifs 
Les azotures peuvent se decomposer par action de la lumiere, et ont 

t t t  utilisCs fraichernent prepares, selon la reference 21 pour A (v,, = 
2120 cm-',  CCI,; rmn 'H: singulet a 8,90 ppm, CDC13, 60 MHz) et 
la rCfCrence 22 pour B (v,, = 21 10  cm-I, CCI,; rmn 'H: singulet a 
2,33 ppm, quadruplet autour de 7,50 ppm, CDC13, 60 MHz). 

Les arsatranes 1 4 ont CtC prepares suivant la reference 8, ainsi que 
les arsanes 5 (SA,Me = 1,04 ppm, SM,, = 1,17 ppm, ChD6, 6Cl MHz) 
et 7 (S,,,, = 0,78 ppm, C,D(,; 1,30 ppm, CCI,, 60 MHz). 

Les autres arsanes ont Cte prCpares selon les references 23,24 et 25 
pour 6, 8 et 9 respectivement. 

Les arsinimines. Voie thermique 
Synthtse de 3A 
On dissout dans 200 c d  de solvant (CCI, ou ChH(,) 2,07 g 

(0,Ol mol) de I'atrane 3 et 2,54 g (0,Ol mol) de I'azoture de picryle 
(A). On agite pendant 6 h a la temperature ambiante. On mesure le 
rendement par le degagement d'azote (90%). 

La mCme procedure est utiliske pour tous les arsatranes, le temps de 
rkaction variant de 6 a 8 h. Les rendements varient de 70% (2A et 3B) 
a 85% (lA,  lB,  2B) (ICgkrement supCrieurs dans C,H,). Les composCs 
sont isoles par evaporation du solvant, mais se dtgradent rapidement 
mCme conservts sous azote sec. 

Les mesures physicochimiques sont effectuis sur des Cchantillons 
prepares "in situ", la fin de la synthkse etarrt indiquCe par la disparition 
de la bande azoture en infrarouge. 

Synthtse de 5A 
On place 2,06 g (0,OI mol) d e 5  dilues dans I00 cm' de tolukne dans 

un erlenmeyer a deux voies; 2,54 g (0,Ol mol) d'azoture dissous dans 
100 cm' du mCme solvant sont introduits goutte a goutte. On chauffe 
a reflux du solvant pendant 3 h. Le compose est isole par distillation 
du tolukne sous vide, et recristallise dans le minimum de benzkne. Le 
rendement massique est de 80%. 

A partir des autres arsanes, le temps de chauffage varie entre 3 et 
12 h. Les rendements massiques sont compris entre 50% (9A) et 80% 
( 5 4 .  

Voie photochirnique 
Les reactifs dissous en quantitks stoechiomCtriques (0,02 mol) dans 

250 cm' de solvant (CCI, ou ChH6) sont places dans un reacteur en 
quartz CquipC d'une lampe Hanovia 450 W. La reaction a lieu en 
moins de 40 min. Les rendements a partir des arsatranes sont identi- 
ques a ceux observes par voie chimique. 

Annlyse eltmentnire 
Elle n'a pu Ctre effectuke que pour les produits 5A a 9A. Les autres 

composCs ne sont en effet stables qu'en solution. 

- 

Calc. Tr. 

Compose C H N C H N 

" CornposC comportant de l'azoture en exces. 

11. Physicochimie 
Cryometrie: elles ont CtC rCalisees "in situ" I'aide d'un cryostat 

diffkrentiel realis6 au laboratoire ( 1  cm2 de benzkne pour 40 mg de 
solutt environ). Les rCactifs (arsatrane et azoture) sont dissous en 
quantite stoechiomCtrique dans C6H,. L'Cvolution du mClange rCac- 
tionnel est suivie rkgulikrement. 

Les mesures physicochimiques sont effectuies sur les appareils 
suivants: spectrographe de masse Riber QSM 70 eV; spectrographe 
de masse Varian MAT; spectrometres Varian T 60, Perkin Elmer R 32 
(90 MHz) pour la rmn 'H; spectromktre rmn "C WP 60 Bruker 15,08 
MHz; spectromktre ir: Beckman IR 20 - IR 9; spectromktre uv Cary 
15. 
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Studies of medium effects on the DPASV determination of Cu in natural waters using 
conventional and flow-through electrodes' 
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I B R A H ~ M  K. ALZAND and COOPER H. LANGFORD. Can. J .  Chem. 63, 643 (1985). 
A survey of DPASV signals for Cu in a variety of media and under varying conditions has been undertaken. It is possible 

to identify the circumstances associated with two distinct problems in Cu determination which have not been clearly dis- 
tinguished in earlier literature. The role of C1- in influencing the Hg wave form (which in turn affects the relative apparent 
peak heights and widths of the two Cu signals arising from Cu(Hg) amalgam and undissolved Cu(solid)) is distinguished from 
the role of C1- as a complexing agent in solution at higher C1- concentration. Effects of dissolved organic matter in natural 
waters are shown to resemble C I  effects. Data are also presented on two relatcd matters: ( I )  some factors in a natural water 
sample that confuse the usc of DPASV as a tool for Cu species identification, and (2) the effects of high CI- concentration 
on Cd, Pb, and Cu signals. 

Following the study of medium effects and interferences influencing DPASV signals, a fresh water sample has been 
examined at the conventional hanging Hg drop electrode, thin Hg films on graphite and Hg thin films on a novel reticulated 
vitreous carbon flow-through electrode. Hg thin film electrodes deposited in s i t~ i  are confirmed to be very sensitive for analysis 
of river water samples. The flow-through electrode has excellent sensitivity. Promising storage characteristics of the flow- 
through electrode are evaluated with a view to suggesting an ASV system using a simple electronic unit for field sampling. 

IBRAHIM K. ALZAND et COOPER H. LANGFORD. Can. J .  Chem. 63, 643 (1985). 
On a entrepris un relev6 des signaux DPASV du cuivre dans divers solvants ct sous des conditions variCes. II est possible 

d'identifier deux problkmes distincts associCs a la dktermination du Cu qui n'avaient pas CtC relevCs antkrieurement. On Ctablit 
une distinction entre le r6le du CI- lorsqu'il influence la forme de la vague du Hg (qui affect ii son tour les hauteurs et les 
largeurs relatives apparentes des pics des deux signaux provenant de I'amalgame Cu(Hg) et du Cu(solide) qui n'est pas dissous) 
et le r6le du chlore agissant comme agent complexant dans des solutions contenant des concentrations plus ClevCes de CI-. 
On dimontre que les effets des matikres organiques dissoutes dans les eaux naturelles ressemblent a ceux des ions CI-. On 
prksente aussi des donnCes relatives a deux sujets apparentCs: ( I )  quelques facteurs dans un Cchantillon d'eau naturelle qui 
provoque de la confusion lors de I'utilisation du DPASV comme mCthode d'identification des espttces Cu et (2 )  les effets de 
concentrations ClevCes en C 1  sur les signaux du Cd, Pb et Cu. 

A la suite de I'Ctude sur les effets du milieu et sur les fdcteurs influenqant les signaux DPASV, on a examink un Cchantillon 
d'eau fraiche ti I'aide d'une Clectrode conventionnelle a goutte de mercure tombante, de films fins de Hg sur du graphite et 
de films fins de Hg sur une nouvelle Clectrode porcuse dc carbone vitreux rCticulC. On a confirm6 que les Clectrodes utilisant 
des films fins de Hg dCposCs in situ sont trtts sensibles pour I'analyse d'tchantillons d'eau de rivikres. La sensibilitk de 
1'Clectrode poreuse est excellente. Dans le but de suggCrer un systeme ASV qui utiliserait une unit6 Clectroniquc pour des etudes 
dans le champ, on a CvaluC des caractkristiques de storage prometteuses de I'Clectrode poreuse. 

[Traduit par le journal] 

Introduction 
This report was motivated by the effort to develop a flow- 

through electrode using reticulated vitreous carbon. The pur- 
pose is to evaluate its possible usefulness in a field sampling 
device which would allow a simple electronic unit to be ex- 
ploited in the field with the sample returned to the laboratory 
for anodic stripping. However, the evaluation of this electrode 
requires first examination of the electrode in comparison to 
various electrodes used in anodic stripping voltammetry 
(ASV). This has led us to explore some of the problems shared 
by all these electrodes. The work emphasizes the effects that 
occur in the mercury film and at the interface, and some obser- 
vations on the use of ASV data for "speciation" studies in 
natural water systems. The report is organized around studies 
of Cu2+. 

A number of papers have discussed the application of 
DPASV to the differentiation of various trace metal species in 

natural water samples (1 -4). The idea is sufficiently accepted 
that it has appeared in a review for the reader of general chem- 
istry ( 5 ) .  The basis is to associate changes in peak position, 
peak multiplicities, and peak widths with changing speciation 
in the natural water. Unfortunately, these parameters are also 
influenced by speciation in the Hg phase of the electrode, the 
electrochemistry of Hg at the electrode, and interfacial phe- 
nomena. The presence of C1- causes problems in the deter- 
mination of Cu by anodic stripping voltammetry (6-8). This 
has not yet been completely elucidated. Two different factors 
have been established; copper complexing by CI- (7) and the 
limited solubility of Cu in Hg (8). It is important to resolve any 
ambiguities because the widespread use of ASV to study speci- 
ation (3) requires that effects due to speciation in the Hg phase 
be distinguished from effects due to speciation in the aqueous 
sample. There is a third problem as well. C1- alters the Hg 
wave in such a way that the peak heights and widths for nearby 
Cu peaks are affected (Hg2Cl2). 

'supported by the Natural Sciences and Engineering Research 
l n  Part A of this paper the chloride interference is studied in 

Council of Canada. 1.K.A acknowledges a scholarship from the gov- depth. Part with the effects of water 
ernment of Iraq. We thank J .  Alfheim for discussion and editorial matter. They are shown to be very similar to C1- effects. The 
assistance. final goal of this study is the characterization of a flow through 

'TO whom correspondence should be addressed at Concordia electrode for differential pulse anodic stripping voltammetry 
University. (DPASV) of natural waters which might be used in an electron- 
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ically simple field device to collect samples which could b e  
analyzed later in the laboratory. 

Experimental - 
Apparatus 

Differential pulse anodic stripping voltammetry (DPASV) was 
carried out in a conventional manner using a PAR 264 Polarographic 
Analyzer equipped with a standard PAR cell for three electrodes and 
an Nz purge. Instrumental parameters were a 5 mV s- '  scan rate, and 
a 50 mV modulation amplitude. Most commonly, deposition was 
carried out at - 1 .OO (vs. sce) with a deposition time of 5 min. Specific 
conditions are mentioned below. The reference electrode was sce 
connected to the cell via a salt bridge filled with either I M KNO, or 
0.5 M NaN03 and terminated at a vycor frit sealed into a length of heat 
shrinkable Teflon tubing. The counter electrode was a Pt wire coil. pH 
was measured with an Orion model 701A digital analyzer. 

Four types of electrodes were employed: ( i )  a hanging mercury drop 
(HMDE, PAR model 9323), (ii) a mercury thin film electrode with in 
situ mercury deposition (MTFE in situ), (iii) a MTFE predeposited 
(MTFE predep.), and (iv) a mercury-coated reticulated vitreous 
carbon flow-through electrode (MCRVCE). The films were deposited 
on a wax-impregnated graphite electrode supplied by PAR instruments 
(Model 9319). This electrode had a diametcr of 0.625 cm. The end 
was polished and the remainder of the lower half of the rod was 
covered with a tight-fitting Teflon tube pressed on from the polished 
end. The electrode was polished before each use with fine emery paper 
washed with ethanol and wiped with lens tissue. 

The reticulated vitreous carbon electrode was fabricated from 100 
pore per inch RVS (Chemtronics International Inc., Ann Arbor, MI). 
The configuration is shown in Fig. I .  The electrochemical cell con- 
sisted of two sections connected by polyethylene tubing to allow easy 
replacement and storage of the RVC electrodes. The upper section, 
constructed from a Pyrex tube 7 mm id housed the reference electrode 
salt bridge and the Pt counter electrode. The lower Pyrex section was 
I mm id at the upper end and 2 mm id at the lower, and housed the 
7 mm by 5 mm RVC disc. Electrical contact was made by a Pt wire 
sealed from the outside by epoxy glue. The sce was connected to the 
cell via a I M NaNO, salt bridge. 

A peristaltic pump (Markson Scientific) was placed downstream 
from the cell to pull solution through the RVC electrode and re- 
circulate it to a sample reservoir which was deoxygenated with puri- 
fied N2. Acetate buffer (I00 mL of 0.012 M) containing I mL of 0.01 
M Hg2+ was introduced into the reservoir. 

Materials 
Mercury was triply distilled and was transferred only with a clean 

dry siliconized capillary. Hydrochloric acid and nitric acid were UI- 
trex grade (J.  T .  Baker). KC], KNO,, and sodium acetate were reagent 
grade. All solutions were prepared from water purified from "tap" 
distilled water by passing through a high efficiency mixed bed ion 
exchanger followed by distillation from alkaline permanganate in all 
glass apparatus. Solutions were stored in preleached linear poly- 
ethylene bottles. The Hg(ll) plating solution was prepared by dis- 
solution of triply distilled Hg in a minimum amount of Ultrex HNO, 
and dilution with distilled water to give a 0.010 M Hg(N03)2 stock 
solution. Stock standard solutions of metals were prepared by dis- 
solution of 1 g of pure metal (99.9%, previously cleaned with acid and 
dried) in a minimum amount of 8 M Ultrex HNO, followed by dilution 
with 1% v/v HNO, to 1000 pg mL-I. More dilute secondary stock 
solutions were prepared by diluting these solutions just prior to use. 
N1 gas was scrubbed of residual O2 by passage through a gas washing 
bottle containing V(I1) and a second containing the supporting electro- 
lyte of the experiment in question. 

Procedure 
Part  A: Small aliquots of solutions were transferred to the cell using 

Eppendorf 500- 100 and 20-200 p L  pipettes with disposable tips. 
Initial deaeration was by N2 purging for 10 min. During the deposition 
period the solution was stirred with a magnetic stirrer and a slow N2 

MCRVCE 

I 1 PUMP 

I ~ - N ' G A S  -pill 
MCRVCE- 

0 R SAMPLE 
DISCHARGE CONTAINER 

* t 
Det la1 - 8 

FIG. I .  The flow-through MCRCVE system. Parts are ( I )  the 
RCVE, (2) the counter electrode, (3) the reference electrode cham- 
ber, (4) the input from the reservoir, (5) the output to the peristaltic 
pump. The arrows indicate flow direction. 

flow passed over the solution during deposition and stripping. All 
glassware was leached with 5 M HNO, between uses. 

Part  B: To coat the MCRVCE the Hg film was deposited by holding 
the potential at -0.8 V and passing the deaerated mercury solution 
through the electrode at 4.8 mL min-' for 20 min. After plating, the 
flow was stopped and the reservoir was replaced with a blank solution. 
Holding the MCRVCE at +0.05 V for 10 min followed by 2 min at 
- I  .O V and stripping anodically to 0.0 V removed any co-deposited 
contaminants. Finally, the sample solution was buffered and placed in 
the reservoir. During dearation, the MCRVCE was held at 0.0 V. As 
with the previous experiments (Part A) deposition of Cd, Pb, and Cu 
was at - I  .O V and DPASV was preformed with a 5 mV s-' scan rate 
and a 50 mV modulation amplitude. 'The scan was stopped at 0.0 V 
and the electrode was held for I min at this potential after which it was 
ready for the next determination. 

For the storage experiments, the stability during storage of the 
MCRVCE's was evaluated by first rinsing the electrode with circu- 
lating deareated blank immediately after plating. During this flow, 
potential was held at - 1.0 V. The unit containing the MCRVCE and 
2 mL of blank was closed and stored for a period of up to 96 h. 

The natural water samples used in the analyses were collected from 
the Rideau River adjoining the Carleton University Campus at an 
Environment Canada gauging station. 

The collection containers were high density polyethylene bottles 
which had been leached with 3 M HNO, for at least 2 weeks and then 
rinsed with doubly distilled water followed by river water. River water 
was allowed to stand in the bottle for 112 h before a fresh sample was 
collected. Samples were filtered through acid washed millipore 
0.45 p m  membrane filters. Analyses were normally completed on the 
same day. 

Procedure for "uv digestion" involved addition of 50 p L  of 80% 
H202 to a 25 mL aliquot of sample which had been acidified to pH = 
2 with 2 M Ultrex HNO,. The irradiation was carried out with a I kW 
medium pressure mercury vapour lamp for 4 h with stirring. A final 
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ALZAND AND LANGFORD 645 

CONCENTRATION, ng/ml 

FIG. 2. Analytical curves for standard Cu solutions showing the 
response of total Cu (A + B) to the total concentration. Note that for 
total Cu the current axis is to be multiplied by two. Films were 
"preformed" so that Hg film thickness is independent of Cu plating 
time. 

5 min irradiation with purified Nz bubbling removed residual 
peroxide. 

Acid digestion of samples was carried out as follows. Aliquots 
(25 mL) of filtered river water were acidified to pH = 0.7 and reduced 
to I mL on a hot plate (without boiling). This residual sample was 
diluted with doubly distilled water and brought to pH = 5.0. 

Insoluble particles retained on the millipore filters from 1 .OO L of 
river water were dissolved for analysis by wet ashing. Filters plus 
10 mL of 2 M Ultrex HNO, were heated for 112 h at 70°C. The 
solutions were filtered through new membrane filters and the filters 
were washed with doubly d~stilled water and the resulting solutions 
finally diluted to 50.0 mL. Aliquots (1.25 mL) were transferred to the 
electrolysis cell and diluted with doubly distilled water and acetate 
buffer to give 25.0 mL at pH = 5.0. The fractionation and treatments 
just described is used below to classify metal ions into "bound", 
"labile", and "particulate" fractions. 'These terms have the operational 
meaning given by this procedure. 

Results 
Part A 

In preliminary experiments, KC1 was used in the salt bridge. 
A change from saturated KC1 to 1 M KNO, or  0.5 NaNO, 
affected the Cu signal MTFE's. In the absence of Cl-, two Cu 
peaks appeared; the first (cathodic side) at -0.21 V in these 
experiments had a half width, b,,,, of 55  mV; the second at a 
more anodic potential of -0.08 V had a half width of 4 5  mV. 
The height of each of these two Cu peaks and their relation to 
each other proved to be a function of the thickness of the Hg 
film, the plating time for in situ electrodes, deposition poten- 
tial, the chloride concentration, and the Cup' concentration. 

The  more anodic peak (called A-Cu) dominates at low (1  ng 

POTENTIAL, EdV 

FIG. 3. ASV voltammograms demonstrating the effect of chloride 
concentration on the peak currents of A-type Cu and B-type Cu. ( a )  
ASV obtained from 20 ng mL-' Cu and 4 X lO-'M Hg2+ on a MTFE 
in siht with a 5 min plating time at - I  .O V; ( h ) ,  (c) ,  and (d) were 
recorded after the addition of 5 x lo-', 1 x lo-" and 2 x lo-% 
KCI, respectively. 

mL- ' )  concentration but that the more cathodic peak (called 
B-Cu below) grows in faster as the concentration rises. (Behav- 
iour at the HMDE was quite similar.) An analysis of the con- 
tribution to the total Cu signal from each peak as Cu con- 
centration increases is given in Fig. 2. (A quite similar analysis 
can be derived from the HMDE experiments.) The sum of peak 
currents, i,, for the two peaks is linear in added Cu. 

Mercury film thickness in MTFE's was also a parameter. 
This report follows the equations of Stojek and co-workers to 
estimate film thickness (8, 9). When Cu at 1.00 p g  mL- '  i: 
deposited for 5.0 min at - 1 .O V a preformed MTFE of 77 A 
thickness results. The peaks for B-Cu and A-Cu have i ,  values 
of 0 .80  and 1.3 kA,  respectively. As the film thickntss was 
increased to 500 A in four steps between 50  and 200 A each, 
the !eight of the B-Cu peak decreased reaching "zero" at 
500 A. Conversely, the A-Cu peak height increased to a max- 
imum value of 2.30 pA. (The sum increased slowly from 2.10 
to 2.30 PA.) When in situ film formation is used, films become 
thicker at the same time as the quantity of Cu plated increases. 
The second factor ultimately dominates. The change in peak 
height with plating time for 1 .OO ng mL-' of Cu  is similar to 
the change of peak height with Cu concentration. (Long plating 
times can deplete the Cu. Non-linearity was observed beyond 
6 0  min.) 

From this, the effect of C1- ion can now be examined in the 
case of in situ MTFE analysis. The most revealing experiment 
is presented in Fig. 3 where the effects on Cu peaks of 0.50 x 

M, 1.0 x lo-' M, and 2 .0  X M KC1 are recorded. 
The B-Cu peak is affected slightly at most. The A-Cu peak 
"disappears". Careful inspection of the figure, however, re- 
veals that it is disappearing into the large Hg wave which is 
advancing cathodically with increasing C1- concentration. 
There is no evidence available for a change in the A-Cu peak 
height because that peak cannot be resolved clearly from the 
chloro Hg peak at C1- concentration 5 X M. In this 
concentration range, there is little literature precedent for C1- 
complexing of Cu unless the cuprous state is involved (note the 
nearly constant B-Cu peak height). There appears to be loss of 
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TABLE I. Summary of the effects of increasing chloride concentration on a 25 mL solution contain- 
ing 10 ng mL-' of Zn, Cd, and Pb and 15 ng mL-' of Cu deposited on a HMDE'" 

KC1 A-Cu B-Cu 
conc. Cd Pb 

(mol/L) E,,/V E,,/V i,,/kA E,,/V DllzlmV i I , / ~ A  E,,/V Dliz/mV 

0.00 0.672 0.520 0.160 0.16 80 0.135 0.08 55 
2 x  lo-' 0.672 0.520 0.165 0.16 80 0.135 0.08 
4X lo-' 0.672 0.520 0.163 0.16 0.08 
6 x  lo-' 0.672 0.520 0.161 0.16 0.08 
8 ~ 1 0 - ~  0.672 0.520 0.163 0.16 
1 . 2 ~  lo-' 0.672 0.520 0.145 0.165 
1 . 5 ~  10--0.72 0.520 0.130 0.17 
5 x  lo-' 0.675 0.520 0.10 0.18 
I x l 0 - ~ . 6 8 0  0.520 0.09 0.21 
5 x  lo-' 0.685 0.520 0.1 l 0.26 120 
0.10 0.693 0.524 0.12 0.275 115 
0.50 0.710 0.540 0.14 0.320 115 
1 .OO 0.720 0.550 0.14 0.340 115 

"HMDE: 25 mL solution contains 10 ng mL-' Zn, Cd, and Pb and 15 ng mL-' copper deposition time 3 min. 
Scan rates 5 mV s-I. In all cases where HMDE was used, 0.03 cm drop area was used. 

BCU 40 - 

30 - 

a 
3 
- - 20 - 
I- 
I 

C 

3 
0 

10 - 

ACU 

INITIAL P O T E N T I A L ,  Ed/V 

FIG. 4. Relationship between the varying peak currents of both 
A-Cu and B-Cu and the initial plating potential in the absence of 
chloride. 

information concerning the probably nearly constant A-Cu 
peak which is a consequence of C1- "complexing" Hg not Cu. 

These observations do not deny the effect that Cl- com- 
plexation can exert on voltammograms. At higher C1- con- 
centration both peak potential, E,, and peak current, i,, for the 
well resolved B-Cu signal become a function of C1- ion con- 
centrations. Relevant results, in this case at an HMDE, are 
collected in Table 1.  Results involving Cd, and Pb are also 
included. The effect of C1- on E, and i, of the B-Cu band 
begins to be significant at 1.2- 1.5 X lo-' M KCI. In the Cd 
peak, the effect is observable at 5 X M KC1 and for Pb it 
emerges at 0.10 M KC]. 

Finally, for Part A, the two Cu peaks, A and B, can be 
altered relative to each other absolutely by the choice of plating 
potential in the absence of C1-. An example of this is shown in 
Fig. 4 which refers to an experiment conducted on an Ottawa 
drinking water buffered at pH = 5.0 with sodium acetate[ 
acetic acid and which utilized a preformed MTFE of 1500 A 
thickness. It is seen that the B-Cu peak is strongly favoured by 
more cathodic deposition potential. 

Part B 
Two preliminary experiments were performed in which a 

DPASV was run on an untreated river water sample. The first 
experiment used a HMDE and it was observed that the back- 
ground signal could be reduced and the Cu signal enhanced. 
This was done by cycling the pH down to 2 and then back to 
pH = 5. Schonberger (4) has reported similar pH effects. 

The intermetallic effect of Zn on the Cu signal which has 
been discussed elsewhere (10) was seen when a DPASV was 
run on the same untreated river water using a MTFE. 

Table 2 is a summary of the analytical results for the analysis 
of river water by various methods and with various methods of 
sample treatment. Little difference among the three types of 
electrodes (HMDE, MTFE (in situ), MTFE (predep.)) is seen 
from the tabulated results. The problems encountered with one 
of the electrodes is shared by all. The results show that sample 
pretreatment is clearly critical. This is reinforced by Table 3 
which indicates how the sample divides in percentage terms, 
what is the total concentration identified by each method, and 
the sensitivity of each of the three types of electrodes. 

While previous figures and tables record the data on per- 
formance of conventional DPASV electrodes and the expla- 
nation of some Cu "pecularities" the remaining results concern 
synthetic samples and river water samples studied with the new 
electrode, the MCRVCE. The first results involve immediate 
analysis of synthetic samples, which were prepared in the same 
manner as samples used in Part A. Analytical calibration curves 
for Cd, Pb, and Cu using 2 min deposition times are linear. 
Linear regression gave with R' values in excess of 0.999 except 
for B-Cu where R 2  is 0.957. (Total Cu has an R' 0.999.) All 
intercepts (blanks) are 0.5 pA and slopes (sensitivities) range 
from 1.93 -C 0.2 to 2.30 -C 0.2 pA/ng mL-'. These are good 
and analyte quantities near 0.1 ng GL-' require deposition 
times of only about 10 min. The enhanced sensitivity compared 
to stationary systems is one advantage of the flow through 
electrode. The peak potentials are: Cd, -0.73 V; Pb, -0.57 V; 
A-Cu, -0.21 V; and B-Cu, -0.1 1 V. 

Characteristic DPASV's recorded with river water samples 
(buffered to pH = 5.5) using MCRVC's are shown in Fig. 5. 
Peak potentials at natural levels are: Cd", -0.73 V; Pb -0.59 
V; A-Cu, -0.30 V; B-Cu, -0.11 V. 'The concentrations are 
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ALZAND AND LANGFORD 

TABLE 2. Analytical results of the Rideau river samples by DPASV with HMDE, preformed MTFE and MTFE 
prepared in sirrt with various methods of sample treatment* 

MTFE prepar~d in situ 
HMDEt Preformed MTFE (600 A)? (170 A) 

Sample 
treatment Zn Cd Pb Cu Zn Cd Pb Cu Zn Cd Pb Cu 

Filtered river 
water 2.79 0.12 0.27 0.1 1 2.80 0.11 0.30 0.20 3.08 0.12 0.31 0.20 

Acidified 
filtered river 
water 3.45 0.15 0.36 0.37 3.20 0.15 0.38 0.32 3.50 0.16 0.37 0.29 

River water 
digested by 
uv 3.64 0.19 0.43 1.60 3.90 0.20 0.42 1.79 4.80 0.25 0.49 1.55 

River water 
digested in 
strongacid 4.30 0.20 0.46 1.80 4.50 0.23 0.48 1.87 4.90 0.28 0.53 1.64 

Metals in 
particulate 2.10 0.18 0.32 1.00 2.25 0.22 0.32 1.08 2.40 0.23 0.37 1.07 

*Relative standard deviation ranging from 2 to 5% in all the three modes. 
tconcentrations in ng mL-I. 

TABLE 3. Distribution of metal ions in Rideau river samples'" 

Zinc Cadmium 

Percentage distribution Percentage distribution 

Filtered sample Average Filtered sample Average 
Total conc. In sensitivity Total conc. In sensitivity 

Method (ng mL-') Labile Bound particulate (nA/nM min) (ng mL-I) Labilc Bound particulate (nA/mM min) 

HMDE 6.40 43.6 24.1 32.3 0.63 0.38 31.4 21.5 47.1 0.46 
Preformed 

MTFE 600 A 
thickness 6.75 42.8 25.2 32.0 40.0 0.45 25.0 27.2 47.8 38.0 

MTFE 
prepared 
in siru 170 A 
thickness 7.30 42.2 25.0 32.8 50.0 0.5 1 24.3 25.4 50.3 48.0 

Lead Copper 

Percentage distribution Percentage distribution 

Filtered sample Average Filtered sample Average 
Total conc. In sensitivity Total conc. In sensitivity 

Method (ng mL-') Labile Bound particulate (nA/nM min) (ng mL-') Labile Bound particulate (nA/mM min) 

HMDE 0.78 . 35.0 24.4 40.60 0.40 2.82 4.3 59.9 36.8 0.36 
Preformed 

MTFE 600 A 
thickness 0.80 36.9 23.1 40.0 31 .O 2.95 6.3 57.6 36.1 9.5 

MTFE 
prepared 
in situ 170 A 
thickness 0.89 34.8 24.0 41.2 44.0 2.71 7.3 53.1 39.6 13.0 

*For fraction definition see procedures at the end of the Experimental section. 

estimated from spiking results. 
The peaks for Pb and Cu are reduced and difficult to resolve 

because of the cathodic shift of the Hg oxidation wave back- 
ground similar to that seen above induced by C1- in Part A. C1- 
cannot be the cause here. The interference becomes more 
severe in repeated runs on a sample, probably because of 
adsorption following exposure of the surface to a larger volume 
of river water. The magnitude of the interference with Pb and 

Cu is documented by the spiking experiments shown in Fig. 6. 
That the effect arises from organic matter and from the ad- 
sorption on the electrode and not complexing in the solution is 
shown, because, first uv digestion improves the signals and 
second the inteference can be reintroduced by treating the un- 
polarized electrode with untreated river water that has not been 
uv-digested, rinsing the electrode, and only then carrying out 
plating and DPASV on a solution which had been uv-digested. 
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POTENTIAL, E / V  

FIG. 5. Analysis by spiking of river water using the MCRVCE. 
(Plating -2 min at - 1.0 V; 5 mV s- '  scan rate and 4.8 mL min-' flow 
rate). 

0 Cd from sp. River Water 
Pb -8 u S D  M . C" a ,  " ,, ., 

0 Cd from synthetic Sample 

CONCENTRATION. ng/ml  

FIG. 6. Comparison of analytical curves obtained by the MCRVCE 
of synthetic and spiked river water samples. 

Some of the adsorbed film survives the rinsing and produces 
the cathodic shift of the Hg wave! In a related experiment it was 
demonstrated that the background interference was additive. 
An electrode that had been through six successive runs in- 
volving 6 min deposition times was compared to a fresh elec- 
trode with a mercury film deposited from an entirely synthetic 
solution. The fresh electrode was found to have a substantially 
lower background interference. This experiment was also in- 
tended to test the role of irreversible adsorption on the electrode 

POTENTIAL, Ep/V 

FIG. 7. ASV voltammograms demonstrating the effect of fulvic 
acid concentration on the peak currents of metal species in a synthetic 
river water sample. (a)  ASV obtained from 1 ng mL-' of Cd and Pb 
and 1.5 ng pL-'  Cu; (b),  ( c ) ,  and ( d )  were recorded after the addition 
of I ,  4, and 8 pg mL-' of fulvic acid. 

as opposed to complexation in the solution. 
~ k a l l ~ ,  an effort was made to model the inteference effect 

in river water with a purified sample of a soil organic acid 
(fulvic acid) which has been characterized extensively (1 1). 
The results appear in Fig. 7. As fulvic acid concentration in- 
creases, Cu ~ e a k s  decrease and broaden in a manner similar to  . . 
that observed in river water samples. However, for this low 
molecular weight relatively hydrophilic soil organic, the Hg 
wave cathodic shift is not as ~ronounced  as it is in river water 
where typical organic colloids would be expected to be of  
greater molecular weight and more hydrophobic. 

On balance, the MCRVCE is fully competitive with other 
ASV electrodes for analysis of trace metals in water samples 
such as drinking water o r  Rideau river water. 

In the interest of testing the idea of using the MCRVCE for 
plating in a simple field sampler to be followed by stripping 
using a more sophisticated laboratory polarograph, MCRVCE 
electrodes were rinsed with blank and stored closed with air 
free blank inside after plating. After storage for 12 to 96 h the 
unit was remounted in the flow system and 8 mL additional 
blank (total volume 10.0 mL) was circulated while potential 
was held at - 1 .O V for 5 min to replate any oxidized metal. At 
the end of this period the DPASV scan was recorded. 

Typical results of analysis of stored electrodes are shown in 
Fig. 8. There is evidence of loss of each of the metal ions, 
especially in the case of Cd. The mechanism is not clear. One  
aspect, however, is encouraging. The calibration curves for all 
metals remain linear after up to 96 h. The scatter of points in 
Fig. 8 also show results from independent runs which suggest 
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STORAGE T IME.  h 

FIG. 8. Effect of storage on percentage recovery from the 
MCRVCE. 

that losses are fairly reproducible. One experiment tends to 
reveal the nature of the losses. Dissolving of stored metal ions 
in 10 mL of blank solution followed by replating the dissolved 
metal ions for 20 min on freshly prepared MCRVCE followed 
by stripping improves the sensitivity for Cd and Pb. 

Discussion 
Part A 

The results presented first cannot be associated with complex 
formation and clearly reflect the ASV consequences of the 
limited solubility of Cu in Hg (first demonstrated in ref. 8). The 
B-Cu peak is that for particles of solid Cu suspended in, or 
plated on, the Hg electrode. The A-Cu peak is the peak for a 
Cu amalgam. The results presented are selected to give a clear 
idea of a cross section of our many experiments. Double peaks 
for Cu on all four electrode types were observed, with the Cu 
(solid) peak being most prominent at low Hg film thickness as 
would be expected. The conclusion is reinforced by data in 
Fig. 4. There it is obvious that "fast" deposition of Cu at highly 
cathodic voltages favours precipitation of Cu where as "slow" 
deposition at voltages much nearer the reversible values 
favours Cu atom formation and amalgamation. 

A confusion appears to have infected some earlier dis- 
cussions with respect to the role of C1-. It is apparent that C1- 
complexing of Cu is not the only way C1- can affect Cu signals. 
Rather, Fig. 5 shows that the major effect at low concentration 
can be on Hg as the relative interaction energy with Cu and Hg 
would imply. Since ASV studies are frequently directed to 
identification of speciation in the sample (3), it is especially 
important to be aware of which circumstances affect properties 
of Hg and not the analyte. Chloride can mask "labile" Cu by the 
shift of the Hg wave which is subtle and easily overlooked. 
This is the effect reported in ref. 6. 

An analogy to this "masking" can be drawn from the studies 

done by Forsmann (12). In his studies of the cathodic stripping 
voltammetry of Penicillamine he reported that the measurement 
of the Penicillamine amalgam peak was interferred with by the 
presence of cupric ions. This is the inverse of what we discuss. 

Two general points may be made. First, effects of CI- will 
follow usual inorganic chemical complexity constant se- 
quences. Second, the effect of C1- appears only at relatively 
high CI- concentrations except for the case of the one metal 
present at high concentration, Hg. 

Part B 
In Part A it was shown that interferences in DPASV of 

simple inorganic species like C1- arise not only from complex- 
ation of the analyte ions in solution but also from interactions 
at the interface and in the Hg phase which affect inter alia the 
Hg background wave. In part B we first observed that very 
similar effects arise in natural fresh waters which are low in 
C1-. The emphasis on interfacial effects was confirmed by the 
variation of interferences on pH cycling. Moreover, the effects 
which resemble C1- effects are reduced by procedures which 
are expected to destroy organic matter. Synthetic solutions 
containing organic matter do exhibit similar interferences. The 
clearest demonstration that the effects arise from adsorption is 
the fact that they survive the removal of carbon electrodes and 
light rinsing. Since the shape and scale of the anodic stripping 
voltammogram is very sensitive to effects connected to the 
interface and the Hg phase, it seems unlikely that the voltam- 
mograms can be reliably interpreted in terms of speciation of 
metals in the solution phase. 

Turning to the new electrode, Trojanek and Opekar (13) in 
a paper describing a flow-through electrode for ASV point out 
that flow through electrodes in general have the advantages of 
permitting treatment of large solution volumes and attaining 
high sensitivity. Furthermore, Batley (14) notes the problem of 
possible contamination during trace metal analysis in natural 
waters. Techniques that require sample handling and multiple 
reagent additions are prone to errors whereas the use of the in 
situ preconcentration methods forego these problems. For these 
reasons, the results obtained with our electrode (MCRVCE) 
imply a potential for trace metal analyses in natural waters. The 
ageing studies indicate that the use in an electronically simple 
field device for plating with the transport of the electrode to the 
laboratory for stripping at an electronically sophisticated device 
is plausible. The interferences discussed here suggest that 
photochemical H202 treatment in the reservoir chamber would 
be needed in the field for river water but perhaps not for 
drinking water. 
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Synthesis and resolution of R(-)-5-hexyn-3-01 
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BERNARD L. ROY and PIERRE DESLONGCHAMPS. Can. J .  Chem. 63, 65 1 (1 985). 
The resolution of (*)-5-hexyn-3-01 (1) was effected by high performance chromatography of its 0-methyl mandelic esters 

3 and 4. The absolute configuration of (-)  and (+)-5-hexyn-3-01 were determined by comparison with an authentic sample 
prepared from D(+)-glucose. 

BERNARD L. ROY et PIERRE DESLONGCHAMPS. Can. J .  Chem. 63, 651 (1985). 
La rCsolution du (?)-hexyne-5 01-3 (1) fut rtalisCe grice ii la chromatographie ii haute performance de ses esters 0-methyl 

mandtlique 3 et 4. La configuration absolue du (-) et (+)-hexyne-5 01-3 fut determinee par comparaison avec un echantillon 
prepare ii partir du D ( + ) - ~ ~ u c o s ~ .  

As part of our work on the total synthesis of erythromycin 
A,' the R  enantiorner of 5-hexyn-3-01 ( 1 R )  was required as 
starting material. We have obtained this compound by resolu- 
tion and wish to report this work. 

The racemic form of 1  (Scheme I), which is readily available 
from the condensation of propargyl magnesium bromide on 
propionaldehyde (3), was transformed into the corresponding 
diasteroisomeric 0-methyl mandelic esters 3 and 4 by reaction 
with optically active acid chloride 2  (4). The separation of 
diastereoisomers 3 and 4 was carried out by high performance 
chromatography using toluene - ethyl acetate (99.5 : 0.5) as 
the solvent. After separation, the more polar compound had an 
[a]: +86" ( c  I .  I ,  CHCI,) and the less polar had an [a]: +2S0 
(C 1.9, CHCI,). 

Referring to Mosher's work (4) on the anisotropic effect of 
the phenyl ring on proton chemical shifts, we were able to 
predict that the more polar diastereoisomer would correspond 
to 3 and the less polar to 4, having respectively the SR and the 
SS absolute configuration. This assignment is based on the fact 
that (a) the protons at CI and C2 in 3 (Table I )  absorb at a 
higher field than those in 4, and (b) the protons at C4 and C6 
in 3 absorb at a lower field than those in 4. 

Hydrolysis of the more polar diastereoisomer 3 gave an 
alcohol ([a]: -4O (c  1. I, CHCI,)) which must therefore have 
the R  absolute configuration, whereas the less polar diastereo- 
isomer 4 yielded an alcohol ([a]: +4" ( c  2.1, CHCI,)) having 
the S  configuration. 

This configurational assignment based on Mosher's work 
(4), was rigorously established by preparing a sample of alco- 
hol 1R starting from D-glucose using the method described in 
Scheme 2. The known compound 5 (5 ,6)  was prepared in four 
steps from D-glucose. The alcohol 1R obtained from compound 
11 was levorotatory ([a];?: -4" (c  I. I,  CHCI,)), so our original 
assignment was correct. The alcohol 1 s  can also be trans- 
formed into the benzoate 12  of alcohol 1R using the Mitsunobu 
inversion procedure (7). The benzoate 12  obtained had a rota- 
tion ([a]: +2S0 ( c  1.6, CHCI,)) essentially identical to that of 
an authentic sample of 12  ([af  +29" (c  1.2, CHCI,)) prepared 
by benzoylation of alcohol I R .  

Experimental 
The infrared (ir) spectra were taken on a Perkin-Elmer 681 spec- 

'NSERCC and FCAC predoctoral fellowships, 1980- 1984. 
'For a discussion of this synthetic approach, see pp. 330-333 in 

ref. 1 .  See also ref. 2 for a model study. 

trophotometer. Proton nmr spectra were recorded on a Bruker WP-60 
or a Bruker WP-250 instrument. The following abbreviations have 
been used: s ,  singlet; d,  doublet; dd, doublet of doublet; t, triplet; q,  
quadruplet; m, multiplet. Chemical shifts are reported in 6 values 
relative to tetramethylsilane as internal standard. A Waters prep 
LC/System 500 A chromatograph was used for separation of 3 from 
4. The mass spectra (ms) were recorded on a VG Micromass ZAB-IF 
mass spectrometer. 

Reactions were carried out under argon. Anhydrous magnesium 
sulfate was used as the drying agent in work-up of reactions. 

R(-)-5-hexyn-3-01 (1 R) from 3 
Ester 3 (5 g, 20.3 mmol) and an aqueous sodium hydroxide solution 

(15 mL, I N )  were stirred at room temperature for 40  h. The solution 
was extracted with ether (3 X 100 mL) and the ethereal extracts were 
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a-d e 
H O  

H , " !  A T T  H -  

CH3 CH3 
OCHO O H  OH ,H eoH i 9 ~  + CH~,,!,,+~'~ " cH3,&+yBr '' CH~,,!,," 

O H  Br Br 

(a) HzS04, acetone, 70% yield (8) 
(b) NaH, CS2, C H J ,  THF, 95% yield (5, 6) 
(c) I I - B u ~ S ~ H ,  xylene, reflux, 80% yield (5, 6) 
(d) HCl, THF, CH,OH, 73% yield (6) 
(el CH,S02CI, (C2H5),N, CHzCIz, 98% yield 
(f) Zn, NaI, DME, reflux, 89% yield (9) 
(g) Hz, PtOz, CH,COzC2Hs, 99% 
(h)H2S04, dioxane, H20,  reflux, 82% yield (10) 
(i) NaI04, (CzHs)zO, HzO 
(j) CBr4, (C6HS),P, CH2CIZ, 37% yield from 9 (I I )  
(k) KHCO,, CHIOH, 96% yield 
(I) n-BuLi, (CrHs)zO, -7S°C, 80% yield ( 1  1) 

dried. The ether was distilled off at atmospheric pressure and the 
residue was distilled (75-80°C. 45 Tom (I Tom = 133.3 Pa)) to 
afford R(-)-5-hexyn-3-01 (IR) (1.53 g, 76%); ir (CHCI,): 3580, 
3460, 3310, and 2100 cm-'; nmr (CDCI,) 6: 3.65 (IH, quintuplet, 
-CH-OH), 2.40 (3H, m, -CH?-CEC-H, OH), 2.05 ( l H, t, 
-C=C-H), 1.58 (2H, m, CH,-CHI--CHOH-), 0.96 (3H, t, 
J = 6.3 Hz, CH,-CHZ-); ms rnle: 98 (M'); [a]: -4" ( C  I. I, 
CHCI,). 

S(+)-5-hexyn-3-01 (IS)  was preparcd in the same manner from 4; 
[a]: +4' ( c  2.1, CHCI,). 

R(-)-5-he.~yn-3-o1 (1 r) jrotn 11 
n-Butyllithium (1.6 M in hexane, 712 p,L, 1.14 mmol) was added 

to a solution of dibromoolefin 11 (94.8 mg, 0.367 mmol) in ether (8 
mL) at -78°C. The mixture was stirred for 5 min and then quenched 
by the addition of a saturated aqueous solution of ammonium chloride 
(5 mI,). The organrc layer was separated and the aqueous layer ex- 
tracted twice with ether (2 X I0 mL); the combined organic phase was 
dried and distilled at atmospheric pressure. Microdistillation in vacuo 
afforded ~(-)5-hex~n-3-oi  ( 1 ~ ) - ( 2 9  mg, 80%); [a]: -4" (c  1.1, 
CHCI,). 

Esters 3.  4 
Oxalyl chloride (50.1 g, 386 mmol) was added to S(+)-0-methyl 

mandelic acid (42.8 g, 258 mmol) and the solution was allowed to stir 
for 2 h at room temperature. The excess oxalyl chloride was pumped 
off and the residue pumped under vacuum for I h. Benzene (150 mL) 
was added to the residue and to thls solution was added 
(?)-5-hexyn-3-01 (22.7 g, 232 mmol) in benzene (50 mL) and pyri- 
dine (21 mL). After addition, water (100 mL) was added and the 
reaction mixture was extracted with ether (2 x 200 mL). The ethereal 
extracts were washed suceessivelv with hvdroehloric acid ( I  N. 50 

TABLE I. Chemical shifts of diastereoisomers 3 and 4 

3 0.6 1 1.60 2.45 1.95 
4 0.87 1.68 2.33 1.73 

Chrotncrtographic separation o f 3  and 4 
The separations were done on a Waters prep LC/System 500 A 

chromatograph with two 500-mL cartridges. The average run was as 
follows: the columns were charged with 6 g of esters 3 and 4; as the 
compounds started to elute, the mixed fractions were recycled and the 
pure ones were collected. This way i t  was possible to collect 2 g of 3 ,  
2 g of 4, and 2 g of a mixture which was rechromatographed. After 
extensive chromatography of the "mixed fractions" the esters 3 and 4 
were completely separated. 

Ester 3: ir (CHCI,): 33 10, 3020,2990, 1750, 1460, 1260, and 1 180 
cm-'; nmr (CDC13) 6: 7.45 (5H, m, phenyl), 4.89 (IH, quintuplet, J 

5.9 HZ, -CH-CHZ-CEC-H), 4.77 (IH, S, -CH-OCH,), 
3.41 (3H, s, CH,O-), 2.45 (2H, dd, J = 2.7 Hz, 5.9 Hz, 
-CH2-CEC-H), 1.95 (I H, t, J = 2.7 HZ, -C=C-H), 1.60 
(2H, m, CH,-CH2-), 0.61 (3H, t, J = 7.4 Hz, CH,-CH?-). 
Mol. Wt. (ms) calcd.: 246.1256; found: 246.1255; la):' + 86" ( c  I. I, 
CHCI,). 

Ester4: ir (CHCI,): 33 10,3020,2990, 1750, 1460 , 1260, and I 180 
cm-. I. , nmr (CDCI,) 6: 7.45 (5H, m, phenyl), 4.92 (IH, quintuplet, J 
= 5.9 HZ, -CH-CHI-C=CH), 4.78 (IH,  s, -CH-OCH,), 
3.43 (3H, s, CH3O-), 2.33 (2H, dd, J = 2.6 Hz, 5.9 Hz, 
-CH-CHZ-CECH), 1.73 (IH, t, J = 2.6 HZ, -C=CH), 1.68 
(2H, m, CH3CH2-), 0.87 (3H, t, J = 7.4 H:, CH,-CHZ-). Mol. 
Wt. calcd.: 246.1256; found: 246.1255; la],' +28" (c  1.9, CHC13). 

~. 
mL), saturated aqueous sodium chloride solution (100 mL), dried, and Dimesylate 6 
evaporated to give a I :  I mixture of diastereoisomers 3 asnd 4 (54.5 Methanesulfonyl chloride (4 g, 35 mmol) was added to a solution 
g, 95%). of diol 5 (1.43 g, 7 mmol) in methylene chloride (50 mL) containing 
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triethylamine (7.08 g, 40 mmol) at O°C. The rcaction was complete 
after the addition of the mesyl chloride. Water was added and the 
layers were separated, the organic laycr was washed with an aqueous 
solution of saturated sodium bicarbonate (30 rnL), dried, and evapo- 
rated. Dimesylate 6 (2.5 g, 98%) could be used in the ncxt step 
without purification; ir (CHCI,): 2990, 1370, and 1180 cm-'; nmr 
(CDCI,) 6: 5.84 (IH, d, J = 3.2 Hz, anomeric proton), 4.85 (2H, m, 
H-C2, H-C3), 4.51 (3H, m, MsOCH2-CH(0Ms)-), 3.12 (3H, s, 
CH,-SO,-), 3.09 (3H, s, CH,-SO,-), 2.15 (2H, m, H2-C3), 
1.53 (3H, s, CH3-), 1.33 (3H, s, CH3-); ms m/e: 345 (M+ - 15). 
Mol. Wt. (ms) calcd.: 345.03 14; found: 345.03 14; la]: - 1.6" ( c  3.3, 
CHCI,). 

olefill 7 
Sodium iodide (2.2 g, 33.4 mmol) and zinc (5.0 g, 33.4 mmol) 

were added to a solution of dimesylate 6 (2.4 g, 6.68 mmol) in 
dimethoxyethane (50 mL). The mixture was allowed to reflux for 2h, 
after which the solution was filtered, hexane was added (100 mL), and 
the hexane solution was washed once with water (50 mL) and once 
with an aqueous solution of saturated sodium thiosulfate. The organic 
phase was then dried and evaporated to afford olefin 7 ( 1.0 g, 89%) 
as an oil which could be used in the next step without purification; ir 
(CHCI,): 2980 and 1375 cm-I; nmr (CDCI,) 6: 5.83 ( I  H, d, J = 3.4 
Hz, anomeric proton), 5.5-5.0 (3H, m, CH2=CH-), 4.72 (2H, m, 
H-C2, H-C4), 2.03 (2H, m, H2-C3), 1.52 (3H, s, CH,-), 1.3 1 (3H, 
s, CH3-); ms m/e: 155 (M+ - 15). Mol. Wt. (ms) calcd.: 155.0708; 
found: 155.0708; [a[: -38" (c  I. I, CHCI,). 

Acetonide 8 
Olefin 7 (462 mg, 2.72 rnmol) was dissolved in ethyl acctate (3 

mL). This solution was added to a suspension of platinum(lV) oxide 
(50 mg) in ethyl acetate (3 mL) and shaken under hydrogen atmo- 
sphere (45 psi ( l psi = 6.9 kPa)) for 30 min. The solution was filtered 
and evaporated to afford acetonide 8 (463 mg, 99%) as an oil which 
could be used in the next step without purification; ir (CHCI,): 1375, 
1460, 1385, and 1240cm-I; nmr (CDCI,) 6: 5.81 (IH,  d. J = 3.8 Hz, 
anomeric proton), 4.70 ( I H, t, J = 4.1 Hz, H I-C2), 4.17 ( I H, 
sextuplet, J = 6.4 Hz, H-C4), 2.17 (2H, m, H2-C3), 1.75 (2H, m, 
CH,-CH2-), 1.50 (3H, S. CH3-), 1.30 (3H. S. CH3-). 0.93 
(3H, t. J = 7.0 Hz, CH,-CH,-); ms m/e: 157 (M+ - 15). Mol. 
Wt. (ms) calcd.: 157.0865; found: 157.0865; [a]: -5.5" ( c  1.2, 
CHCI,). 

Hemikerrrl nlcohol 9 
To a solution of acetonide 8 (500 mg, 2.9 mrnol) dissolved in 

dioxane (15 mL) was added a 4% aqueous sulfuric acid solution 
(15 mL); the resulting mixture was stirred under rcflux for I h. The 
reaction was cooled to 25°C and carefully neutralized with solid 
sodium carbonate. The layers were separated and the aqueous layer 
was extracted with dioxane (25 mL). The dioxane was evaporated and 
the residue was taken up in ethyl acetate, the layers were separated, 
and the aqueous layer was extracted twice with ethyl acctate (2 x 
50 mL). 'The combined organic layers were dried and evaporated to 
give hemiketal alcohol 9 (313 mg, 82%) which could be used without 
purification; ir (CHCI,): 3610, 3400. and 1250 cm-.'; nmr (CDCI,) 6: 
5.33 ( I  H, t, J = 4.0 Hz, anomeric proton), 4.26 (3H, m, 2 X OH, 
CH,-CH2-CH-0-1, 3.73 (IH, m, H-C2), 1.97 (2H. m, 
H2-C3), 1.4 (2H, m, CH,-CH2-), 0.90 (3H, t, J = 7.6 Hz, 
CH.,-CHI-); ms m/e: 1 14 (M+ - 18). 

Dibromoolefin 10 
Sodium periodate (369 mg, 1.72 mmol) was added to a solution of 

hemiketal alcohol 9 (136 mg, 1.03 mmol) in ether (5 mL) and water 
(I mL). The reaction mixture was stirred for I min, water (3 mL) was 
then added, the layers were separated, and the aqueous layer was 
extracted with ether (2 x 10 mL). The combined ethereal extracts 
were dried and distilled off at atmospheric pressure. The crude com- 
pound was dissolved in dry ether (2 mL) and added to a solution of 
carbon tetrabromide (689 mg, 2.07 mmol) and triphenylphosphine 
(1.06 g, 4.04 mmol) in methylene chloride (15 mL). The reaction 
mixture was stirred for 10 min, after which pentane was added to 

precipitate the phosphinc oxidc. The mixture was then filtered and the 
solvent evaporated. Pentane was added to the rcsidue to prccipitatc out 
additional phosphine oxide, the mixture was then filtered, and the 
solvent was evaporated; this was repeated until no morc prccipitate 
was formed. The residuc was distilled (84-86"C, 0.4 Tom) to afford 
pure compound 10 (I I0 mg. 37%). The distillation rcsiduc contained 
a very small quantity of deformylated compound 11 mixed with somc 
other impurities (76.7 mg). Compound 10: ir (CHCI,): 2920, 1720, 
1625, 1470, and 1180 cm I; nrnr (CDC13) 6: 8.09 (IH,  s, 
H-C(0)-), 6.42 (IH, t, J = 7.2 Hz, -HC=CBr,), 5.03 (IH, 
quintuplet, J = 5.9 Hz, -Cft-0-CHO), 2.43 (2H, t, J = 5.9 Hz, 
-CH-CH,-CH=CBr2), 1.64 (2H, q, J = 6.3 Hz, CHI- 
CH2-), 0.94 (3H, t, J = 6.3 Hz, CH,-CH2-); ms mle: 240 
(M' - 46). Mol. wt. (ms) calcd.: 239.8974; found: 239.8974; [a]: 
+26" ( c  3.0, CHCI,). 

Dibromoolefin alcol~ol 11 
Potassium bicarbonate (200 mg, 2 mmol) was added to a solution 

of formate olefin 10 ( I  I0 mg, 0.385 mmol) in methanol (5 mL) and 
was allowed to stir for 1.5 h. Thc mcthanol was thcn evaporated and 
water (5 mL) was added to the residue. The aqueous phase was 
extracted with ethyl acetate (3 X I0 mL) and the combined organic 
layer was dried and evaporated to afford pure dibromoolcfin alcohol 
11 (94.8 mg, 96%); ir (CHCI,): 3600, 3485, and 1650 cm--I; nmr 
(CDCI,) 6: 6.54 (IH, t, J = 7.0 Hz,. -CH=CBr2), 3.69 ( I  H, 
quintuplet, J = 6.1 Hz, CH-OH), 2.28 (2H, m, -CH,- 
CH=CBr2), 1.45 (3H, q, J = 5.7 Hz, CH,CH,--, OH), 0.97 (3H, 
t, J = 5.7 HZ, CHI-CHZ-); [a]: -8.7" ( C  0.9, CHCI,). 

Benzoate 12 from 1 R 
Benzoyl chloride (88.8 mg, 0.58 mmol) was added to a solution of 

R(-)-5-hexyn-3-01 (1R) (56.3 mg, 0.574 mmol) in pyridine (3 mL). 
The reaction mixture was stirred at room temperature for 10 h. 
Methylene chloride (10 mL) was then added and the solution washed 
with hydrochloric acid (2 N,  10 mL), dried, and evaporated to give 
pure benzoate 12 ( I  13 mg, 98%); ir (CHCI,): 33 l0.3020.2990, 1720, 
and 1280 cm-I; nmr (CDCI,) 6: 8.13-7.20 (5H, m, phenyl), 5.25 
( I  H, quintuplet, J = 6.3 Hz, -CH-OBz), 2.60 (2H. dd, J = 3.0 
HZ, 6.3 HZ, -CH2--CECH), 2.01 (IH,  t, J = 3.0 HZ, 
-C=C-H), 1.88 (2H, m, CH,-CH-), 1 .OO (3H, t, J = 6.9 Hz, 
CH3-CH2-); ms m/e: 202 (M+). Mol. WI. (ms) calcd.: 202.0994; 
found: 202.0979; [a]: +28" (c 1.6, CHCI,). 

Benzoate 12 fro~n 1 S 
Benzoic acid (165 mg, 1.35 mmol) was added to a solution of 

S(+)-5-hexyn-3-01 ( IS)  (121 mg, 1.23 mmol) and triphenylphosphine 
(354 mg, 1.35 mmol) in tetrahydrofuran (5 mL). To this mixture was 
added diethyl azodicarboxylate (234 mg, 1.35 mmol) in tet- 
rahydrofuran (2 mL); the reaction mixture was allowed to stir ovcr- 
night. Water (5 mL) was then added and thc mixture extracted with 
ether (3 X 20 mL); the ethereal extracts were dried and evaporated. 
The crude residue was purified on silica gel with hexane - ethyl 
acetate (6: I )  as the eluent to afford pure benzoate 12 ( 1  14 mg, 46%); 
[a]i5 +29O ( c  1.2, CHCI,). 
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Kinetics of the reduction of 1-methylquinolinium cations by 
1-benzyl-l,4-dihydronicotinamide 

Depnrttrrerrt of Chetnistry, Utriversir?, r~ Toronto, Toronto, O~l t . ,  Cntrncln M5S / A  1 

Received Novcmbcr 3, 1983' 

JOHN W. BUNTING and NORMAN P. FITZGERALD. Can. J .  Chem. 63, 655 ( 1985). 
The reduction of a series of 3-W-1-methylquinolinium cations ( I :  W = H, Br, CONH?, C02CH3, CN, NO2) by I-benzyl- 

I ,4-dihydronicotinamide has been investigated. In all cases the kinetically controlled product from these reactions is the 
appropriate 3-W-I ,4-dihydro-I-methylquinoline. Only for W = Br is any significant amount of the 1,2-dihydro isomer 
obtained (15% in this case). This kinetic preference for C-4 attack over C-2 attack in dihydronicotinamide reductions contrasts 
with the kinetically preferred attack at C-2 by hydroxide ion and in borohydride reductions. Rates of reduction were measured 
for each 1 and also 1,2-dimethyl- and I ,4-dimethylquinolinium cations in 20% CH7CN - 80% H20,  ionic strength I .O at 25OC, 
under pseudo-first-order conditions. Kinetic saturation due to nonproductive I : I complex formation was observed for several 
cations at high concentrations (>O. 1 M).  Second-order rate constants (ky) were evaluated for each W, and also kinetic isotope 
effects from second-order rate constants (ky) for reduction by I-benzyl-4.4-dideutcrio-1.4-dihydronicotinamide. Second-order 
rate constants are correlated with a,,- for W with p = 4.5, and are also closely correlated with pKu+ for pseudobase formation 
at C-4 of these quinolinium cations by: log ky = -0.56 pKI1+ + 7.3. Values of ky/ky vs. pKR+ describe a Westheimcr curve 
reaching a maximum of 5 .8  for W = Br and falling to 1.5 for W = NO2 and 4.2 for W = H. These data are consistent with 
an intrinsic barrier of 2.9 2 0.5 kcal/mol for hydride transfer between this I ,4-dihydronicotinamide and quinolinium cations. 
However, quinolinium cations display a dramatically enhanced rate of  dihydronicotinamide reduction relative to hydroxide ion 
attack when compared with isoquinolinium cations. This observation, and the predominance of C-4 rather than C-2 reduction, 
suggests that these reactions may not be simple one-step hydridc transfer processes. 

JOHN W. BUNTING et NORMAN P. FITZGERALD. Can. J. Chcm. 63, 655 (1985). 
On a CtudiC la rCaction de reduction d'une sCrie d'ions W-3 mCthyl-I quinolinium (W = H, Br, CONHZ, C02CH7,  CN et 

NO2) par la benzyl-l dihydro-1,4 nicotinamide. Dans tous les cas, le produit de contrble cinktique dc ces rCactions cst la W-3 
dihydro- 1.4 methyl- l quinolCine appropriCe. Ce n'est que dans le cas ou W = Br quc I'on obtient dcs quantitCs significatives 
de I'isomCre dihydro-1,2 (15% dans ce cas). Cette prtfkrence pour une attaque en C-4 par opposition ii une attaque en C-2 
lors de rCductions par la dihydronicotinamide est cn opposition avec les rCsultats obtenus lors dirCactions avec I'ion hydroxyde 
ou avec Ic borohydrure alors que I'attaque cinttique prtferentielle se fait en position C-2. OpCrant ii 25°C. ii une forcc ioniquc 
dc 1.0, sous des conditions de pseudo-premier ordre et dans des solutions contenant 20% de CH3CN et 80% de HzO, on a 
mesurt les vitesses de rCduction de tous les ions 1 ainsi que celles des cations dimCthyl- 1,2 ainsi que dimCthy1-l,4 quinolinium. 
Dans les cas de plusieurs cations, ii des concentrations itlcvites ( > O , I  M), on a observC une saturation cinetiquc due ii la 
formation non productive de complexes I : I. Pour chacun dcs W, on a Cvalu6 les constantes de vitesse du deuxitmc ordre (ky) 
ainsi que les effets isotopiqucs cinCtiques, CvaluCs ii partir des constantes de vitesse du deuxitme ordrc (ky), pour la rCduction 
par la benzyl-1 dideutCro-4.4 dihydro-1.4 nicotinamide. On a pu Ctablir unc correlation entre les constantes de vitesse du 
deuxieme ordre et les valeurs u,,- des substituants W et la valcur de p = 4 3 ;  i l  existe aussi une bonne corrClation avec les 
valeurs de pKR+ pour la formation de la pscudobase en C-4 de ces cations quinolinium ct cette corrtlation est dCfinie par 
I'Cquation log k; = -0,56 pK,+ + 7,3. Les valeurs de kylkf '  vs. pKRb dCcrivent une courbe de Wcstheimer qui atteint un 
maximun de 5 ,8  pour W = Br ct qui tombe i 1.5 pour W = NOI et ii 4,2  pour W = H. Ces valeurs sont en accord avec la 
prtsence d'une barritre intrinskque de 2,9 ? 0,5 kcal/mol pour Ic transfert d'hydrure entre la dihydro-1,4 nicotinamide et les 
cations quinolinium. Toutefois, si I'on compare les cations quinolinium aux cations isoquinolinium, on observe que dans Ic 
premier cas les vitesses de rCduction par la dihydronicotinamide sont de beaucoup augmenties par rapport aux vitesses 
d'attaque par I'ion hydroxyde. Cette observation et le fait que la rkduction se fait dc prCfCrcncc cn C-4 plut6t qu'en C-2 
suggkrent que ces reactions ne sont peut-&[re pas des transferts simples d'hydrures qui sc produiraient en une Ctapc. 

[Traduit par le journal] 

There has been considerable recent interest in kinetic studies 
as mechanistic probes of the reductions of nitrogen hetero- 
aromatic cations by 1,4-dihydronicotinamide derivatives. Iso- 
quinolinium cations (1 -3) and acridinium cations (4- 16) have 
been extensively investigated as acceptors in what are formally 
hydride transfer reactions. Extensive substituent and kinetic 
isotope effect data indicate that the mechanisms of the reduc- 
tions of isoquinolinium cations by I ,4-dihydronicotinamides 
are best represented as simple one-step hydride transfer pro- 
cesses in aqueous reaction media (1, 2). Reductions of acri- 
dinium cations by 1,4-dihydronicotinamides have been the sub- 
jects of considerable mechanistic controversy. However, the 
recent elegant work of Powell and Bruice (14, 15) has consid- 
erably clarified the situation in this area, and these workers 
have concluded that the reduction of the 10-methylacridinium 

cation by 1,4-dihydronicotinamides in acetonitrile solution is 
also best represented as a direct hydride transfer process. On 
the other hand, kinetic data for the reductions of acridinium 
cations in predominantly aqueous solvents cannot be readily 
rationalized in the same way, and we have recently suggested 
( 16) that the two-step e-  + H' mechanism occurs in these latter 
solvent systems. 

Comparisons of relative rates of 1,4-dihydronicotinamide 
reduction of isoquinolinium and acridinium cations with rela- 
tive rates of hydroxide ion attack upon these cations indicate 
that acridinium cations are unusually reactive (approximately 
40,000-fold) towards dihydronicotinamide reductants (16). 
This observation also supports a mechanism other than simple 
nucleophilic ("hydride") attack occurring in acridinium cation 
reductions in aqueous solutions. Furthermore, isoquinolinium 
and acridinium cations differ in that the former formally gener- 

' Revision received September 5 ,  1984. ate 1,2-dihydropyridine derivatives upon reduction whereas the 
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latter formally give 1,4-dihydropyridines. tion of 3-W- I-methylquinolinium cations (I)  by I-benzyl-1,4- 
In the light of these observations, we felt that a detailed dihydronicotinamide, since detailed quantitative data are now 

kinetic study of the 1,4-dihydronicotinamide reduction of quin- available (17) upon the relative rates of nucleophilic (hydroxide 
olinium cations would be very appropriate, since these cations ion) attack at C-2 and C-4 of these cations, and also upon the 
are readily susceptible to attack at either C-2 or C-4 to give relative thermodynamic stabilities of the isomeric dihydro- 
1,2-dihydro- and 1,4-dihydroquinolines respectively. Our ini- quinoline products (3  and 4). The current paper reports kinetic 
tial investigation in this area has concentrated upon the reduc- studies of these reductions, and also upon the assignment of the 

structures of the reaction products. 

Experimental 
Most 3-W- I -methylquinolinium cations 1 were available from the 

accompanying study (17). Salts of the I-methyl-3-nitro-,l,2-di- 
methyl-, and 1.4-dimethyl-quinolinium cations, which were also 
available from other work in our laboratories, were recrystallized 
several times before use. I-Benzyl-1,4-dihydronicotinamide and its 
4,4-dideuterio derivative (using 5 oxidation-reduction cycles) were 
prepared as previously described ( I ) .  

3-Brorno-1.2-dihydro-1 -methylquinoline 
3-Bromo-I-methylquinolinium bromide (0.5 g) was treated with 

lithium aluminum hydride (0.02 g) in anhydrous ether for 5 min. 
Saturated aqueous ammonium chloride was added at O°C, and the 
inorganic salts were removed by filtration. The filtrate was dried over 
magnesium sulfate, and the solvent removed on the rotary evaporator; 
' ~ m r  (CDCI,) 6: 2.78 (3H, s), 4.20 (2H, d), 6.3-7.2 (5H, m). 

Isolation of reduction products 
An acetonitrile solution (2 mL) of I-benzyl-l,4-dihydro- 

nicotinamide (0. I M) was mixed with a buffered aqueous solution (5 
mL) of the 3-W-I-methylquinolinium cation (0.04 M) and water was 
added to a final volume of 10 mL. This reaction mixture was stirred 
for 20 min after which the organic product WAS extracted into chloro- 
form. After drying with magnesium sulfate, the solvent was removed 
on the rotary evaporator and the product was characterized by 'Hmr 
and uv-visible spectroscopy. 

K~netic studies 
All reactions excepting l :W = NO2 were studied spectro- 

photometrically with the quinolinium cations in 20- to 10,000-fold 
excesses over the I -benzyl- l,4-dihydronicotinamide (0.1 mM) in 
20% CH3CN - 80% H20 (v/v) buffered at pH 7 (0.005 M phosphate), 
ionic strength 1.0 (quinolinium salt + KCI) at 25OC. Absorbance 
changes due to the consumption of the reductant were monitored at 
390 nm. This method was not applicable to 1: W = NO, since its 
reduction product absorbs strongly in the vicinity of 400 nm. In this 
case, formation of this product was monitored at 450 nm for reactions 
containing 20- to 200-fold excesses of reductant over the 
I-methyl-3-nitroquinolinium cation. It  was also necessary to study this 

cation (pK,+ 6.82 (18)) at pH 4 (acetate buffer) since i t  exists signifi- 
cantly in the form of its C-4 pseudobase at pH 7. Control studies using 
1: W = CN indicated that rates of reduction were identical at pH 4 and 
pH 7. 

Kinetic data were collected on either a Varian Cary 219 spectro- 
photometer or Durrum Gibson stopped-flow instrument (for W = CN 
and NO,). All reactions proved to be kinetically strictly first order in 
dihydronicotinamide (or quinolinium cation, in the case of W = NO2). 
Pseudo-first-order rate constants were calculated from absorbance vs. 
time data by standard methods. 

Results 

Reaction products 
1-Benzyl-l,4-dihydronicotinamide reacted with each of the 

1-methylquinolinium cations 1 :  W = H, Br, CONH2, C0,CH3, 
CN, and NO, in aqueous acetonitrile solution at room tem- 
perature at rates that were strongly influenced by the nature of 
W. For W = NOz the reaction is essentially instantaneous, 
although amenable to investigation by stopped-flow methods, 
while for W = H significant reaction rates are only observed 
when at least one of the reactants is present at relatively high 
concentration (0.1 - 1 M). As shown below, these reaction 
rates are quantitatively correlated with the electron-with- 
drawing effects of W. 

For each substituent, the reaction products have been iso- 
lated and(or) characterized spectroscopically. After the com- 
pletion of this 'work, Roberts et al. reported (19) extensive 
'Hmr spectral characterization of the reaction products from the 
reduction of 1  : W = Br, CONH,, and CN by 1-benzyl-1,4-di- 
hydronicotinamide. Since our results, including the obser- 
vation of a 6: 1 product ratio of 4 and 3 for W = Br, are in exact 
agreement with these observations, we will not detail our own 
' ~ m r  spectral study. Apart from the 3-bromo derivative, all 
reduction products appear to be exclusively the 1,4-dihydro- 
quinolines (4) rather than their 1,2-dihydro isomers (3). 
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BUNTING AN1 

TABLE I .  Absorption spectra of products from the reduction 
of 1 by I -benzyl- l,4-dihydronicotinamide 

Ar,,t,x (nm) 

W Reduction product" 3 4 

"Data in 20% C H C N  - 80% H20 ;  data in parentheses in chloro- 
form. 

"Literature references in parentheses; unreferenced data from cur- 
rent work. 

' Data for 3-aminocarbonyl-l,4-dihydroquinoline. 
"Data for ethyl ester. 

These conclusions are confirmed by the electronic absorp- 
tion spectra listed in Table I for the reaction products, both in 
the aqueous acetonitrile reaction solvent and also in chloroform 
extracts of these solutions. 3-Bromo- I ,2-dihydro- I -methyl- 
quinoline was prepared by lithium aluminum hydride reduction 
of the 3-bromoquinolinium cation, and its long wavelength 
absorption maximum at 344 nm in chloroform solution con- 
firms that the predominant 1,4-dihydronicotinamide reduction 
product (A,,,, = 3 18 nm) is the 1,4-dihydro isomer as suggested 
by the 'Hmr spectral data. 

We have been unable to obtain a clean 'Hmr spectrum for the 
product from the reduction of the parent 1-methylquinolinium 
cation by 1-benzyl- 1,4-dihydronicotinamide. The 'Hmrspectra 
of chloroform extracts of these reactant solutions indicate com- 
plex mixtures. Ultraviolet spectra of chloroform extracts from 
more dilute solutions of these reactants have A,,,,, = 303 nm, 
which is essentially identical with the absorption maximum 
reported (20) for 1,4-dihydro-1-methylquinoline, and quite dif- 
ferent from A,,,, = 345 nm for the 1,2-dihydro isomer (21). 
However, we note that 4 :  W = H is an enamine and would be 
expected to undergo hydration of the C(2)-C(3) double bond 
in aqueous solution to give 6,  which would also be expected to 

C H ~  
6 

absorb in the vincinity of 300 nm (e.g. I-methyl-1,2,3,4-tetra- 
hydroquinoline has A,,,, 305 nm (22)). Thus while we cannot 
be sure of the identity of the species absorbing at 303 nm, it 
nevertheless seems to indicate that the primary reduction prod- 
uct is the 1,4-dihydro derivative 4 :  W = H. This species is 
known to be relatively unstable towards decomposition (20), 
and this fact is consistent with our inability to obtain clean 
'Hmr spectra of this reaction product. Reduction at C-4 rather 
than at C-2 of the 1-methylquinolinium cation is also consistent 
with the relative rates of reduction reported below for the 
1,2-dimethyl- and 1,4-dimethylquinolinium cations, and with 
the overall substituent effects observed for W on the rates of 
reduction of 1 at C-4. 

Kinetic studies 
Rates of reduction of the 3-W-I-methylquinolinium cations 

(1) by 1-benzyl- l,4-dihydronicotinamide. were measured in 

20% CH3CN - 80% H 2 0  (vlv), ionic strength 1 .O, at 25'C. 
Time-dependent electronic absorption spectra with reactants in 
stoichiometric ratio (excepting W = H which reacts too slowly, 
and W = NO2 which reacts too rapidly, to study in this way) 
contain several clean isosbestic points. All reactions proved to 
be strictly first order kinetically for at least three reaction half- 
lives. Pseudo-first-order rate constants (kc,hr) for W = H and Br 
display kinetic saturation effects at high concentrations of 1. 
For all other W, solubility considerations only allow the use of 
lower concentrations of 1. In these cases the pseudo-first-order 
rate constants are strictly proportional to the concentration of 1 
over at least a tenfold concentration range of these cations. 
Second-order rate constants (k?) evaluated from k2 = k,,,,/[l] 
are listed in Table 2. 

For W = H and Br, plots of Ilk,,, vs. 1/[1] are linear in the 
range where kinetic saturation is found. This situation is similar 
to that reported previously for the reduction of isoquinolinium 
cations (1, 2), and indicates the presence of a I : I complex 
between the quinolinium cation and I-benzyl-l,4-dihydro- 
nicotinamide. The assumption that this complex is non- 
productive, as was previously established for isoquinolinium 
cations. allows the evaluation of the second-order rate con- 
stants and association constants reported in Table 2. 

Similar rate measurements were also made for the reduction 
of each quinolinium cation by 1-benzyl-4,4-dideuterio-l,4-di- 
hydronicotinamide. These second-order rate constants are also 
included in Table 2, along with the (predominantly) primary 
kinetic isotope effects calculated from these data. 

Rates of reduction were also measured for the reaction of the 
1,2-dimethylquinolinium and I ,4-dimethylquinolinium cations 
with 1-benzyl- I ,4-dihydronicotinamide. Kinetic saturation was 
observed for the former cation; however, solubility consid- 
erations prevented the investigation of this phenomenon for the 
latter cation. Kinetic parameters for these two cations are also 
included in Table 2. 

Discussion 
Reaction products 

The above spectral data are consistent with the products of 
reduction of 3-W- I-methylquinoliniun~ cations by l-benzyl- 
1,4-dihydronicotinamide being predominantly (and possibly 
exclusively for most W) the corresponding 3-W- 1,4-dihydro- 
1-methylquinolines. The 3-bromo derivative is the only case 
where any significant amount (15%) of the 1,2-dihydro isomer 
can be detected spectroscopically. These product distributions 
contrast with those observed for the borohydride ion reductions 
of these same cations (19, 23); such reductions give the 
1,2-dihydro derivatives as the major kinetic products, although 
significant amounts of the 1,4-dihydro isomers are also usually 
present in the initial product mixture. 

Roberts et al. (19) have shown that 3-cyano- l,2-dihydro- 
1-methylquinoline isomerizes to its 1,4-dihydro isomer with 
the equilibrium between these two species favouring the latter 
isomer by about 20: 1 in 80% 2-propanol - 20% water. This 
ratio is consistent with the observation that the thermodynamic 
mixture of pseudobases derived from the 3-cyano- l -methyl- 
quinolinium cation favours the C-4 hydroxide adduct over the 
C-2 adduct in a 26: 1 ratio (17). Studies of pseudobase 
formation indicate the greater thermodynamic stability of the 
1,4-dihydroquinoline over its 1,2-dihydro isomer for 3-W- 
quinolines having W = NO2, CN, CO?CH3, and CONH,, 
whereas the 1,2-dihydroquinolines are the thermodynamically 
more stable pseudobases for W = H and Br (17). On the 
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TABLE 2. Kinetic parameters for the reduction of 1 by I-benzyl-1.4-dihydronicotinamide" 

"Data in 20% CH,CN - 80% H 2 0  (v/v), ionic strength 1.0 at 25°C 
"Combined rate constant for reduction at C-2 and C-4. 

assumption that these relative thermodynamic stabilities of 
pseudobases are also applicable to the corresponding dihydro- 
quinolines, i t  becomes clear that the reduction of 1 by 
I-benzyl-l,4-dihydronicotinamide gives the thermodynam- 
ically more stable products for W = CONH?, C02CH3, CN, 
and NOZ but the less stable products for W = H and Br. 

The 1,4-dihydroquinolines can be established to be the prod- 
ucts of kinetic control for these four strongly electron- 
withdrawing W substituents in the following way. The clean 
isosbestic points observed for stoichionietric ratios of reactants 
does not allow the presence of any significant buildup of an 
intermediate species during the course of these reactions. If any 
significant amount of the 1,2-dihydro isomer were initially 
produced in these reductions its presence would become quite 
obvious froni its characteristic electronic absorption spectrum 
(Table I), and the fact that its isomerization to the 1,4-dihydro 
isomer is expected to be much slower than the observed rates 
of reduction. For instance, Roberts et al.  (19) report the 
second-order rate constant to be 0.05 M - '  s-'  for the reaction 
of 3-cyano- I ,2-dihydro- I-methylquinoline with the 3-cyano- l -  
methylquinolinium cation to give the 1,4-dihydro isomer in 
80% 2-propanol - 20% water at rooni temperature. 'This reac- 
tion, which represents the most probable mechanism for all 
such isomerizations, is over 2000-fold slower than the mea- 
sured second-order rate constant (Table 2) for the reaction of 
1 : W = CN with I-benzyl- l,4-dihydronicotinamide. Thus in 
this case, and presumably for other W substituents too, the 
1,2-dihydro species can be ruled out as an intermediate in these 
reductions, and there can be little doubt that the observed 
products are also the predominant products of kinetic control. 

Our spectroscopic observations also give no evidence for 
covalent adduct formation between C-5 of the 1,4-dihydro- 
nicotinamide and either C-2 or C-4 of the quinolinium cation, 
as has been speculated upon (13,5 I ) ,  but never established, for 
acridinium cations. We note that Roberts et al. (19) also did not 
observe such adducts in their studies of the reduction of quin- 
olinium cations, and we can conclude that if such species do 
exist, they can only be present in insignificant concentrations 
under the current reaction conditions. 

This preponderance of C-4 attack in the reduction of 1 by 
I-benzyl-l,4-dihydronicotinamide contrasts with the some- 
what greater rate of attack at C-2 than at C-4 in the borohydride 
ion reduction of these cations (19), and with the much greater 
rate of hydroxide ion attack at C-2 than at C-4 in pseudobase 
formation (17). 4-Cyano-l,4-dihydro-1-methylquinoline is the 
sole product isolated from reaction of cyanide ion with 1 : W = 
H (26-28). It is not clear, however, whether this is the product 
of kinetic control, thermodynamic control, or simply the spe- 
cies which has the lowest aqueous solubility. 

TABLE 3. Comparison of relative rates of attack at C-2 and C-4 of 
the 3-bromo-I-methylquinolinium cation" 

Reagent k4/k '  Rel. kJ/k '  

I-Benzyl- 1,4-dihydronicotinamide" 6 9000 
Borohydride ion' <0.05 <70 
Hydroxide ion" 7 X I 

" X " / k 2  represents the ratio of the second-order rate constants for attack 
at C-4 and C-2 by the indicated reagent. 

"Data from current work. 
' Data from ref. 19. 
"Data from ref. 17. 

The only quantitative measure that we can obtain of the 
relative rates of I -benzyl- l,4-dihydronicotinamide reduction at 
C-2 and C-4 is for the case of 1 : W = Br. We feel that the 6 :  1 
product ratio observed in this case probably represents kinetic 
control, since this ratio proved to be independent of whether the 
quinolinium cation or the reductant was in excess. This ratio 
should vary for such differences in reactant excess if an isom- 
erization involving the quinolinium cation is occurring at any 
significant rate. 'The overall second-order rate constant for re- 
duction of 3: W = Br has therefore been partitioned in this 
ratio. Table 3 compares the relative rates of dihydro- 
nicotinaniide reduction and borohydride ion and hydroxide ion 
attack at C-2 and C-4 for the 3-bromo-I-methylquinolinium 
cation. These data indicate that although the product ratio is 
only 6 :  1 in this reduction, this ratio actually represents a kine- 
tic preference for C-4 over C-2 of 9000-fold in dihydro- 
n i~~ t inamide  reduction relative to hydroxide ion attack, ;nd of 
at least 120-fold relative to borohydride ion. 

This pronounced difference in kinetic preferences for attack 
at C-2 and C-4 in borohydride and dihydronicotinamide reduc- 
tions of quinolinium cations requires that, whatever the mech- 
anistic details of these reactions may be, they cannot both be 
represented by rate-determining transition states which for- 
mally involve hydride migration without a further role for 
either the nicotinamide or boron-containing species. If one 
accepts that cyanide ion does show a kinetic preference for C-4, 
then-one might suggest that soft nucleophiles (29) such as this 
preferentially attack C-4, whereas harder nucleophiles such as 
hydroxide ion show a kinetic preference for C-2. In this light, 
at the verv least i t  must be concluded that the transition states 
for borohydride and dihydronicotinamide reductions differ in 
having a much "harder" hydridic nucleophile in the former case 
than in the latter. 

Lithium aluminum hydride also reduces both the I-methyl- 
quinolinium cation (20, 30) and its 3-bromo derivative (current 
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work) cleanly at C-2. Reduction of 3-W-1-methylquinolinium 
cations (W = CONH,, CO?CH,, or CN) with triethylammon- 
ium formate gives the 1,4-dihydro derivatives (24, 3 1, 48) 
which are also expected to be the thermodynamically more 
stable dihydro isomers. Labelling experiments using DC0,- 
suggest that these 1,4-dihydro derivatives are also the products 
of kinetic control (48). Thus formate and 1,4-dihydro- 
nicotinamide reductions of quinolinium cations seem to show 
a kinetic preference for C-4 reduction in contrast to the prefer- 
ence for C-2 shown by complex metal hydride reductants. 
Dithionite reduction of 1 : W = Br or CONH, gives exclusively 
the 1,4-dihydro isomer (19, 32); however, the product from 
this reaction depends upon the relative reactivities of the C-2 
and C-4 dithionite ion adducts. Interestingly, a transient orange 
species is reported as an intermediate in the dithionite reduction 
of 1:  W = CONH, (32). Although this intermediate has been 
assumed to be a charge-transfer complex, it seems equally 
possible that it is a 1,2-dihydroquinoline derivative as the prod- 
uct of kinetic control. 

Sodium amalgam reduction of the I-methylquinolinium cat- 
ion does give the I,4-dihydro derivative without any evidence 
for the presence of the more stable 1,2-dihydro isomer (20). 
This reaction, like other sodium amalgam reductions (33), 
probably proceeds through radical intermediates. It is also 
known that alkyl radicals show about equal reactivities at C-2 
and C-4 of quinolinium cations (34, 35), and this contrasts with 
the specific addition at C-2 observed for dialkyl cadmiums and 
Grignard reagents (36). 

These examples seem to suggest that reactions of quin- 
olinium cations which occur via radical intermediates show a 
more pronounced kinetic preference for C-4 over C-2 relative 
to what is observed for direct nucleophilic attack on these 
cations. Thus the observation of exclusively C-4 reduction 
products from the kinetic control of dihydronicotinamide re- 
duction of quinolinium cations is consistent with expectations 
for reaction via one of the one-electron mechanisms ( e -  + H' 
or e- + Hi + e-) that are often considered for these reduc- 
tions. This possibility is considered further below. 

Kinetic studies 
The kinetic saturation effects observed for the pseudo-first- 

order rate constants for reduction of. several quinolinium cat- 
ions are similar to those observed previously for the reduction 
of a number of isoquinolinium cations (1-3). It has been con- 
cluded that this phenomenon arises from the formation of non- 
productive I : 1 complexes between the isoquinolinium cation 
and dihydronicotinamide; with complexation involving an in- 
teraction between the dihydronicotinamide and the homocyclic 
ring of the isoquinoline. A similar interpretation seems reason- 
able for the quinolinium cations of the current study since the 
association constants reported in Table 2 are essentially identi- 
cal to those found for the 2-methylisoquinolinium (K = 2.1 
M- '  (2)) and 2-methyl-3,4-dihydroisoquinolinium (K = 1.4 
M- '  (3)) cations. This interpretation allows evaluation of 
second-order rate constants for reduction, and is supported by 
the clean substituent effects upon k, discussed below. 

The second-order rate constants given in Table 2 for reduc- 
tion at C-4 of 1 are correlated with the Hammett u constants for 
the substituents W as indicated in eqs. [ l ]  and [ l a ]  for ky and 
[2] and [2a] for ky .  

H 
[ I ]  log k 2  = 4.5 (50.3) u,,- - 2.1 (20.2)  

(corr. coeff. = 0.991) 

PK,+ 
FIG. 1 .  Dependence of the primary kinetic isotope effects for the 

reduction of 1 by I-benzyl-l,4-dihydronicotinamide (and its 4,4-di- 
deuterio derivative) on pK,+ for 1. The curve is calculated from eq. 
[6] using the parameters given in the text. 

[ la]  log k! = 7.5 (20.5)  u,, - 2.3 (20.3)  
(corr. coeff. = 0.990) 

[2] log ky = 4.9 (20.3)  u/,- - 2.9 (20.2)  
(corr. coeff. = 0.992) 

[2a] log ky = 8.2 (k0.6)  u/, - 3.2 (20.3)  
(corr. coeff. = 0.990) 

The correlations with either of the para substituent constants 
are quite acceptable, while correlations with u,,, are much 
poorer (correlation coefficients of 0.931 and 0.930 for k: and 
kp respectively). In each case the use of u,,- rather than u ~ ,  gives 
a correlation that is marginally better. Alternatively these rate 
constants may be correlated with the pKR+ values for pseudo- 
base formation at C-4 of these quinolinium cations (17): 

[3] log ky = -0.54 (50.04) pKR+ + 7.3 (20.4)  
(corr. coeff. = 0.991) 

[4] log kp = -0.59 (20.04) pKR+ + 7.4 (L0.5) 
(corr. coeff. = 0.992) 

Equations [3] and [4] imply that positive charge neutral- 
ization is 55-60% complete in the rate-determing transition 
state for the dihydronicotinamide reduction of these quin- 
olinium cations. This implication, that charge development in 
the transition state is similar for all W,  is difficult to rationalize, 
however, in view of the pronounced substituent dependence of 
the primary kinetic isotope effects in Table 2. These isotope 
effects imply significant variations in the extent of C-H bond- 
breaking at C-4 of the dihydronicotinamide species in the tran- 
sition state, and also presumably signal variations in the extent 
of C-H bond-making at C-4 of the quinolines. It seems un- 
likely that significant differences in C-H bond formation at 
C-4 of these quinolines can be achieved without influencing the 
effective charge on the quinoline moiety as a whole in the 
transition state. 

The overall dependence of k y l k y  in Table 2 appears to vary 
smoothly with the electronic effect of W, and to pass through 
a maximum value in the vicinity of W = Br. This relationship 
is illustrated in Fig. 1, in which the substituent effect is quan- 
titated in terms of pKR+ for pseudobase formation at C-4 of 1. 
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Although eqs. [3] and [4] individually give quite reasonable fits 
to the experimental data, the combination of these equations 
cannot predict the maximum observed for ky/k:. The maxi- 
mum four-fold variation in isotope effect is hidden in the 
greater that lo6-fold variation in ky and k"ndividually. Stew- 
art and Toone (37) have studied substituent effects upon the 
reduction of triphenylmethyl cations by formate ion and found 
these data to be well correlated with a quadratic equation of the 
form of eq. [5]: 

[5] log k? = a ( p ~ ~ + ) '  + b ~ K K +  + L. 

We have attempted to fit both k:' and k: to eq. [5]. Although 
we are able to obtain reasonable fits of our experimental data, 
the uncertainties in the values of the parameters n ,  b, and c are 
quite large because of the very shallow curvature required to fit 
the data. 

The data of Fig. I may be fitted to eq. [6]. An iterative 
curve-fitting routine allowed evaluation of the parameters as: d 
= 1.66 + 0.13; e = 14.6 + 0.2; f = 8.4 + 1.4. 

Equation [6] has the form of the Marcus relationship in eq. 
[7] (38, 39), withLd = In (ky/k~)"'"",G" = -2.3RT (pKR+ - 
e), and f = 4AGi/2.3RT. 

These relationships allow the evaluation of (k;/k:)'lJ", 5.3 2 
0.7 and A G ~  = 2.9 2 0.5 kcal/mol. This latter value is similar 
to the intrinsic barrier reported for other reactions which are 
formal hydride transfer processes. Thus Bethel et al. (40) re- 
port 3.5 kcal/mol for hydride transfer between di- or tri- 
arylmethanes and 9-arylfluorenyl cations, while Stewart and 
Toone's data for the reduction of triphenylmethyl cations by 
formate anions yield an intrinsic barrier of 2.5 kcal/mol (37, 
40). To the best of our knowledge, these latter two reactions 
represent the only previous examples of "Westheimer maxima" 
(41) for primary kinetic isotope effects in reactions which for- 
mally involve hydride transfer. 

The maximum isotope effect of 5.3 found in the present 
study is considerably larger than the maxima of 3.9 and 2.8 
reported in these earlier two investigations of hydride transfer 
reactions. It is therefore much closer to the theoretical max- 
imum of 6.9 at 25°C for a symmetrical transition state for a 
one-step hydrogen transfer process (42). The e parameter in eq. 
[6] represents the pKR+ for the quinolinium cation for which the 
maximum value of kt/k: is achieved (i.e. AGO = 0). Thus 
pKR+ = 14.6 should correspond to a transition state which most 
closely approximates equivalent bond-breaking at C-4 of the 
nicotinamide moiety and bond-formation at C-4 of the quin- 
oline species. On the assumption that these reactions do involve 
one-step hydride migration processes, one would predict that 
such a symmetrical transition state would occur for that quin- 
olinium cation that most closely matches the I-benzyl- 
nicotinamide cation in its susceptibility to nucleophilic attack. 

This then suggests that, to a first approximation, one might 
assign pKR+ = 14.6 to the I-benzylnicotinamide cation. Sever- 
al linear free energy relationships between rate and equilibrium 
constants for hydroxide ion attack are available for quinolinium 
and isoquinolinium cations (17, 43), although analogous data 
are not readily obtainable for pyridinium cations. For nico- 
tinamide cations, pKR+ values are not directly measurable be- 
cause of the ionization of the amide proton in basic solution 

rather than hydroxide ion attack (44). For the 3-acetyl-I-meth- 
ylpyridinium cation a value of pK,+ = 13.3 has been measured 
(44). If one assumes that the known substituent effects upon 
equilibrium constants for cyanide ion addition at C-4 of pyri- 
dinium cations exactly parallel substituent effects for hydroxide 
ion addition, one might attempt to predict pKR+ for the 
I-benzylnicotinamide cation using ApKK+ = +2.2 for CONH? 
vs. COCH, (43 ,  and ApKR+ = - 1.1 for benzyl vs. methyl 
(46). Thus pKK+ = 13.3 + 2.2 - 1.1 = 14.4, which is remark- 
ably close to the value of e obtained for eq. [6]. 

This analysis makes it clear that the maximum in the curve 
in Fig. I occurs at, or close to, ApKR+ = 0, i.e. an equilibrium 
constant of I for hydride transfer in the reaction 

This observation is consistent with theoretical considerations. 
The substitution of pKR+ = 14.6 into eq. [3] leads to ky = 

0.26 M-' s-' at the maximum on the curve in Fig. I .  This value 
is six-fold larger than the largest of the range of second-order 
rate constants ((6.5 x lo-') - (4.3 x lo-') M-'  s-I) reported 
by Roberts et al. (49) for a series of degenerate hydride trans- 
fers in 80% 2-propanol - 20% water at 25°C. However, in view 
of the 66-fold variation in the second-order rate constant for 
these degenerate hydride transfers, and the small solvent 
change, it would not be unreasonable to suggest that the current 
value represents a member of this class of one-step hydride 
transfers having K = 1. 

The elucidation of the dramatically enhanced susceptibility 
towards dihydronicotinamide reduction of acridinium cations 
relative to isoquinolinium cations (16) was one of the major 
considerations in our undertaking the current study. Our prod- 
uct studies clearly indicate that the dihydronicotinamide reduc- 
tion of quinolinium cations shows a pronounced kinetic prefer- 
ence for the formation of the I ,4-dihydroquinoline products 
over their 1,2-dihydro isomers, despite the inherently greater 
susceptibility of C-2 to nucleophilic attack. As indicated 
above, attack at C-4 of quinolinium cations seems to be more 
readily attributable to a mechanism involving a radical inter- 
mediate than to a direct hydride transfer. We have recently 
argued for an e- + H' mechanism in the case of the acridinium 
cations (16) and so a consideration of this possibility in the case 
of the quinolinium cations seems necessary. 

Assuming that eq. [3] may also be applicable to acridinium 
cations, one would predict a second-order rate constant of 80 
M-' s-' for the reduction of the 10-methylacridinium cation 
(pKR+ = 10.01 (47)) by I-benzyl-l,4-dihydronicotinamide. 
This value is five-fold smaller than the experimental value of 
400 M-' s f '  (16) under the current experimental conditions. 
Equation [6] predicts kY/k: = 3.2 for the reduction of the 
10-methylacridinium cation. This value is somewhat larger 
than the experimental isotope effect of 1.56 (16). However, if 
kr/ky is considered as function of log k; (Fig. 2) rather than of 
pKR+ as in Fig. I, then the acridinium cation does appear to 
conform to the data for these substituted quinolinium cations. 

We previously attributed (16) this relatively small isotope 
effect in the reduction of the 10-methylacridinium cation to the 
fact that the electron transfer and the hydrogen atom transfer 
occur at similar rates and thus neither step is clearly rate deter- 
mining. The isotope effects for W = CN and NO, in Table 2 
are similar in  magnitude to those observed for the acridinium 
cation, and may possibly arise in this same way. However, for 
the other W substituents in Table 2 the much larger isotope 
effects seem to imply that hydrogen atom transfer is rate deter- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BUNTING AND FITZGERALD 

TABLE 4. Comparison of relative rates of I-benzyl-l,4-dihydronicotinamide reduc- 
tion (kZ) and hydroxide ion attack (ko,,) on heterocyclic cations of pK,+ = 10.0 

Cation kZ (M-' S-  I) k ( M I  s k7lk011 ( k ~ l k ~ ~ ) ~ ~ ' '  
- 

10-Methylacridinium 4 0 0  550" 0.7 9 x 10'' 
Quinolinium 80" 5000'/ 0.016 2 x lo3 
lsoquinolinium I .3<' 1.7 X lo5' 8 X lo-" 1 .O 

"From ref. 16. 
"From ref. 47. 
' Calculated from eq. [3] for pKn+ = 10.0. 
"Calculated from log kc,,,  = -0.46 pK,< + 8.3 (ref. 17) for hydroxide attack at C-4 with 

pK,+ = 10.0. 
'Calculated from log k3 = -0.50 pK,+ + 4.9 (ref. 2) for pK,* = 10.0. 
'Calculated from log k ( , ~  = -0.36 pK,+ + 8.84 (ref. 43) for pK,+ = 10.0. 

I I I I I I I I I I 
-3 -2 -I 0 I 2 3 4 

Log k; (I') 

FIG. 2. Dependence of the primary kinetic isotope effects for the 
reduction of quinolinium cations 1 (@) and the 10-methylacridinium 
cation (0) by I-benzyl-l,4-dihydronicotinamide (and its 4,4-di- 
deuterio derivative) upon log ky. 

mining. It is difficult to accommodate this within the e- + H' 
mechanism since this would require that complete positive 
charge neutralization should occur on the quinoline prior to 
hydrogen atom transfer. Equation [3] implies that such does not 
seem to be the case. 

A quantitative comparison of the relative susceptibilities of 
acridinium, quinolinium, and isoquinolinium cations to dihy- 
dronicotinamide reduction and hydroxide ion attack is given in 
Table 4. From the linear free energy relationships that are 
available for the rates of both dihydronicotinamide reduction 
and hydroxide ion attack upon quinolinium and isoquinolinium 
cations it is possible to estimate rate constants for each of these 
processes for quinolinium (at C-4) and isoquinolinium cations 
of pKR+ = 10.0. Because the 10-methylacridinium cation also 
has pKR+ = 10.0, the kinetic data in Table 4 are uncomplicated 
by thermodynamic effects, since the equilibrium constants are 
identical in each of these three heterocyclic systems for each of 
these reactions. From Table 4 it is clear that while the iso- 

the basis of relative reactivities to nucleophilic attack as exem- 
plified by hydroxide ion as the nucleophile. 

Dihydronicotinamide reductions of isoquino[inium cations 
have been established to involve a transition state in which the 
attacking hydride species bears a significant fractional negative 
charge (1, 3). The dramatically enhanced rates of dihydro- 
nicotinamide reduction in the quinolinium and acridinium 
series argue against such an "hydridic" transition state in these 
cases. We have previously argued in favour (16) of the e- + 
H' two-step mechanism for acridinium cation reduction. 

The primary kinetic isotope effects observed for the 3-cyano- 
and 3-nitro-I-methylquinolinium cations and the 10-methyl- 
acridinium cations are significantly smaller than the range 
k y / k :  = 4.42 - 5.95 reported by Ostovic et 01. (50) for a series 
of analogous reactions which are believed to be one-step hy- 
dride transfer processes to various nitrogen heterocyclic cat- 
ions. This in itself is suggestive of a mechanism other than 
direct hydride transfer in these three cases. On the other hand, 
reduction of the quinolinium cations 1: W = H, Br, CONH?, 
and CO,CH, does give k y / k y  values in the range associated 
with one-step hydride transfers (50), and, as indicated above, 
the Marcus fit in eq. [7] does give an intrinsic barrier similar 
to that observed in two other classes of reactions which have 
been interpreted as direct hydride transfers. At the present time 
we cannot definitively rule out the possibility of a change in 
mechanism between these two groups of substituents in 1. 

We have then a situation in which C-4 attack in the dihydro- 
nicotinamide reduction of these quinolinium cations seems to 
be too rapid to be consistent with an "hydridic" transition state 
such as is indicated in the corresponding isoquinolinium cation 
reductions. However, the alternative e + H' mechanism at- 
tributed to the acridinium cations does not seem to be suitable 
for all W in 1. We are currently pursuing the electronic struc- 
ture of the transition state in these reactions via further substit- 
uent effect studies in the hope that such data will further clarify 
the mechanisms of these reactions. 
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Kinetics and mechanisms of oxidations by metal ions. Part IV.' Oxidation of 
phenylphosphinic acid by aquavanadium(V) ions 

RAJ N A R A I N  MEHROTRA 
Depnrttnent of Chetni.st,y. Ut~ive~vity qf Jacl l i l~~~r.  Jotl/il)lrr 342 001. Itidin 
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RAJ NARAIN MEHROTRA. Can. J. Chem. 63, 663 (1985). 
The kinetics of the oxidation of phenylphosphinic acid by quinquevalent vanadium ion have been investigated in aqueous 

perchlorate media under pseudo-first order conditions (phenylphosphinic acid in excess). The reaction has a first order 
dependence in [V(V)] and [phenylphosphinic acid] and the observed pseudo-flrst order rate constant kc,h, is given by k,,h, = 
n + b[H']. 

The acid-independent path is considered to be due to the reaction between V02' (aq.) and ChHSP:(OH)2, the active form 
of phenylphosphinic acid, while the rcaction between V(OH)''' (aq.) and COH5P(0)(OH)H, the inactive form of phenyl- 
phosphin~c acid, is considered to explain the acid-dependent path. Phenylphosphinic acid in aqueous acidic solution is known 
to exist as an equilibrium mixture of the active and inactive forms. The compositc activation and thermodynamic parameters 
associated with the constants n and b are reported. 

RAJ NARAIN MEHROTRA. Can. J. Chem. 63, 663 (1985). 
OpCrant dans un milieu aqucux d'acide perchloriquc et sous des conditions de pseudo-premier ordrc (acidc phdnyl- 

phosphinique en exc?s), on a CtudiC I'oxydation de I'acide phCnylphosphinique par I'ion vanadium pentavalent. La rCaction 
est du premier ordre en vanadium(V) et en acide phinylphosphinique et la constante de vitesse du pseudo-premier ordre qui 
est observie (k,,h,) est dCfinie par 1'Cquation k,,,,, = n + b[H'l. 

On croit que la voie d'oxydation qui n'est pas ~nfluencie par la presence d'aeide est due la reaction du VO,' (aq.) avcc 
le Ci,H,P: (OH)?, la forme active de I'acide phenylphosphinique; par ailleurs, on croit que la voic d'oxydation qui est influencie 
par les acides peut &tre expliquee en faisant appel h une reaction entre I'ion V(0H)'" (aq.) et la forme inactive de I'acide 
phinylphosphinique, Ci,H5P(0)(OH)H. 11 est eonnu que I'acide phinylphosphinique, en milieu acidc aqucux, cxiste sous la 
forme d'un mClange i I'iquilibre entre les formes active et inactive. On rapportc les valeurs observtes pour les paramttrcs 
thermodynamiques et d'activation associCs avee les constantes ( 1  et b. 

[Traduit par Ic journal] 

Introduction 
The structure of phenylphosphinic acid in form A has been 

confirmed by nuclear magnetic resonance and infrared spec- 
troscopy (2). However, on the basis of chemical evidence a 
suggestion was made (3) about the existence of the tautomer 
B too, with tautomer A as the overwhelming predominant 
species. The tautomer A is known as the inactive form and the 
tautomer B is known as the active form. 

Form A Form B 

The oxidation of phenylphosphinic acid by quinquevalent 
vanadium ion in 3.5-6.0 rnol dm-' perchloric acid has been 
reported (4). This study (4) suggested that the form B pre- 
dominated in aqueous acidic solution and therefore it was 
considered to be the reactive species. Assuming that the equi- 
librium constant for [ I ]  is not appreciably different from the 
equilibrium constant for the similar equilibrium in hypophos- 
phorous acid for which K is of the order of lo-'' (2), the 
assumption that form B predominated seemed to be erroneous. + 
The formation of phosphonium ion, PhP02H,  in the rate- 
limiting step was also suggested, which by implication meant 
that vanadium(V) underwent a two-electron change. Since the 
reaction was studied in perchloric acid solution > 3.5 mol 
dm-', nothing is known about the nature of the reaction at 
lower acid concentration, particularly the dependence of k,,, on 

'For Part 111, see ref. I .  
'~evis ion received September 6,  1984 

lower [H ' I .  Hence a reinvestigation became desirable to gain 
the insight about the reactive form of phenylphosphinic acid 
and other parameters. 

The reinvestigation was therefore carried out at lower con- 
centrations of perchloric acid, 0.5-3.0 niol dm-', at constant 
ionic strength of 3.0 mol dm-'. The results thus obtained have 
indicated a different dependence of k,,,, on [H 'I ,  the formation 
of a free radical in the rate-limiting step indicating vana- 
dium(V) to be a one-electron oxidant and that both of forms A 
and B are reactive. 

Experimental 
Reagents 

The stock vanadium(V) solution was prepared from ammonium 
trioxovanadate(V) (Hopkin and Williams, GPR grade). The perchloric 
acid (E. Merck, GR) concentration present in the stock solution was 
taken as the difference between the known amount added minus the 
amount ncutralised by the standard aqueous vanadium(V) solution 
according to the relation 121. Hence an extrapolation of the rate to zero 
concentration of perchloric acid would mean that vanadium(V) species 
present in the system is V02+(aq.) .  

Phenylphosphinic acid (Fluka) was twice recrystallised from hot 
water, mp 70-71°C (lit. 5 ,  71°C). Solutions were prepared by direct 
weighing of the reerystallised sample and strength determined against 
a standard alkali. Because of its limited solubility, values of at 
high concentrations of phenylphosphinic acid could not be deter- 
mined. 

Perehloric acid was suitably diluted and standardised against a 
standard alkali. Sodium perchlorate, used to maintain the ionic 
strength at 3.0 mol dm-', was prepared by the neutralisation of 
sodium carbonate by perchloric acid. 

All other chemicals were of standard grade and used as supplied. 
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Distilled watcr was oncc redistilled from alkaline permanganate using 
an all-glass still. 

Kinetic st~irlies 
The kinctic cxperi~ncnts wcrc carricd out under pscudo-first order 

conditions whcre cxccss conccntration of phenylphosphinic acid over 
vanadium(\/) was prcsent in thc rcactlon mixtures. Thc disappcarancc 
of vanadium(V) was followcd by using a volumetric method dcscribcd 
clsewhere (6). However, in adopting thc mcthod it was cnsured that 
the prcscncc of phcnylphosphinic acid in a conccntration prcscnt in thc 
reaction mixtures did not change the titre valuc of fcrrous ammonium 
sulphate solution, in which the rcaction mixturc was quenched, with 
vanadium(V). Barium N,N-diphcnylsulphamatc in thc presence of 
phosphoric acid was uscd as indicator. Thc runs wcrc studicd until thc 
rcaction was 80-90% complctc. Thc pseudo-first ordcr rate constant 
k,,,, was calculatcd from the gradicnt of the linear plots obtained 
betwcen In [V(V)] and time. Such plots wcrc lincar for thrcc half-lives 
and beyond. Thc valucs from rcplicatc runs werc reproducible 
within 23% and the mcan values arc in thc tablcs. 

A series df determination carricd out in rcaction mixtures having 
[V(V)] > (PPA] (PPA is the abbrcviatcd form of phcnylphosphinic 
acid) at diffcrcnt aciditics indicatcd that A[V(V)]/A[PPA] = 1.93 2 
0.1. That phcnylphosphonic acid, thc rcaction product, was not 
furthcr oxidised was conflrmcd by the failurc of an authentic samplc 
to reduce vanadium(V). Hence thc stoichiomctric cquation of the 
reaction is given by 131. 

Results 
The invariance of k,,,, with varying [V(V)J is indicative of the 

first-order dependence of the reaction in vanadium(\/). The 
order with respect to phenylphosphinic acid, Table 1 ,  was one. 
The plot between kohs and [PPA] was linear and passed through 
the origin. The effect of [H']  on k, , ,  was investigated at differ- 
ent temperatures. The results are reported in Table 2. The plot 
between kobc and [H'] ,  Fig. I ,  was linear for all the five tem- 
peratures with an intercept on the rate ordinate. The k,,,, at 
constant [PPA] and [ H ' ]  was independent of ionic strength 
(Table 3). Thus the previous observations (4) about the order 
of the reaction with respect to the oxidant and substrate are 
confirmed. 

Mechanism and discussion 
The hydrogen atom attached to phosphorous in phenyl- 

phosphinic acid undergoes isotopic exchange with deuterium in 
H,O/D,O solution, probably via the formation of an inter- 
mediate having structure B. The rate of the acid catalysed 
hydrogen exchange in 50% ethanol-cl-DZO(v/v) solution has 
been studied (7) and the following mechanism with reaction [5] 
as the rate determining was suggested. 

TABLE I. The dependence of (s-I) on [phcnyl- 
phosphinic acid] at 45'C; lO2IV(V)] = 1 .O, [HCIO.,] 

= 2.0, and I = 3.0 mol 

I02[PPA] IO5k,,, I ~ ' [PPA]  10Zkt,hh 
(mol dm-" ( I )  (mol dm-') (s-I) 

'I'Averagc IOJk,,h,/[CaHsP(0)(OH)H] = 3.9 2 0.1 dm'  
moll s-I. 

TABLE 2. The effect of [ H + ]  on kc,,, at different 
temperatures; I02[V(V)I = 1.0, IC6HsP(O)(OH)H] 

= 0.08, and I = 3.0 mol dm-' 

10Fk,,,, (s--I) at T = 
IH'1 

(moldm-') 40°C 45°C 50°C 55°C 60°C 

TABLE 3. The dependence of k,,,, on the ionic 
strength at 45'C; lO"V(V)] = 2.0, [HCIOJ] = 2.0, 

IO'[C~H~P(O)(OH)H] = 3.2 mol dm-' 

[NaCIO.,] IOZk,,,, lNaCI041 I OZk,,h, 
(mol dm ') ( I )  (mol dm-') (s-I) 

The above mechanism yields the rate law given in eq. [8] 
which is consistent with the observed first-order dependence in 
phenylphosphinic acid. 

Since the plot between observed first order exchange 
rate constant kc ,  for hydrogen exchange, with respect to 
phenylphosphinic acid, and [DCI] had an intercept on the rate 
ordinate, it was suggested (7) that 

where k I 1  is the catalysis constant for the hydrogen (deuterium) 
ion and k ,  is the specific rate of acid-independent exchange of 
the unprotonated pentacovalent species in the stated solvent. 
The value of k H  is 3.5 x loT4  dm3 mol-' s-' and k ,  = 2.0 x 
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s- ' ,  both at 23°C (7). 
The kH and k, values for aqueous solution from the data (7) 

could not be determined. However, an assumption that could 
be made without any serious error is that the order (- of 
the kt, and k, values will not be changed for the aqueous 
solution. The correlation between kH and k l ,  kZ, and k', de- 
duced from eq. [8] and [9] is given in [lo]. 

where in view of the reactions [4]-[7] it is understood that k l  
> kZ, k3 > kZ, and k4, k5 B k3 

The pK, value of monobasic phenylphosphinic acid is 1.75 
at 25°C (8). Hence it is clear that almost all of it will exist in 
the undissociated state in the presence of [HClO,] used in the 
study which will be therefore the reactive species. It might be 
mentioned here that if the phenylphosphinate ion were to be the 
reactive species a retardation in the k,,,, was expected with 
increasing [Ht] which is not the case. 

In view of the dependence of kubs on [Ht ] ,  Fig. I, the follow- 
ing reactions are considered for the mechanism of the reaction 
and the justification for the same is deferred to a later stage of 
discussion. 

The rate of disappearance of vanadium(V) in terms of reac- 
tions [I]  and [I I]-[I41 with reactions [I21 and [I31 as rate 

Kl 
[l 11 VOzf(aq.) + H30f V(OH)32f (aq.) 

C H 

1131 
k7 + V(OH)32f(aq.) + 

s\  .P //O 

H' \OH "OH 

C H 
5\ //O 

[I41 .P + VV + H20 ----' 
"OH HO' 'OH 

+ VIV+ H+ 

determining is given by eq. [I51 because I B K,[Ht] in the 
range 1-5 mol dm-' perchloric acid (9- 13), and 1 B K be- 
cause K for phenylphosphinic acid is considered to be not much 
different from K for hypophosphorous acid for which it has a 
value of the order of lo-'' (2, 14). 

The above mechanism thus differs from that proposed by 
earlier workers (4) in the sense that (a)  VO,'(aq.) and 
V(OH)?+(aq.) ions are reactive where VOzt(aq.) is written for 
(V0,.2H2O)+ (15), (6) both inactive A and active B forms of 
phenylphosphinic acid are reactive, ( c )  k,, is the sum total of 
two components, one independent and the other is dependent 
on [Ht], and (d) the rate-controlling step is the formation of a 
free radical instead of phosphonium ion (4). 

The formation of the free radical was checked by the induced 

I I I 
0 1.0 2.0 3.0 

FIG. I .  Dependence of kohs on (H'] in the reaction with 10' [V(V)] 
= l .O, 10' [PPA] = 8.0, and I = 3.0 mol dm-3 at 40°C (O), 45OC 
(a), 50°C ( X ) ,  55°C (O), and 60°C (a). 

polymerisation of acrylonitrile by the partially oxidised reac- 
tion mixtures previously degassed with nitrogen. No such poly- 
merisation of the monomer was observed when it was added 
under similar conditions to the solutions of vanadium(V), or 
phenylphosphinic acid taken separately. It might be noted that 
the previous workers (4) too noted the induced polymerisation 
of the monomer in reaction mixtures prepared in sulphuric 
acid. The induced polymerisation of the monomer established 
vanadium(V) to be a one-eIectron oxidant. Sengupta and 
co-workers (4) claimed vanadium(V) to be a two-electron 
equivalent oxidant in perchloric acid solution and one equiv- 
alent in sulphuric acid solution. These authors, however, did 
not explain how a change from one mineral acid to another 
changed the very character of the oxidant. 

It is known that in the reaction [I61 the rate law has a strong 
dependence upon [Ht]-'  (16). This prompted Kustin and Top- 
pen (17) to suggesr that the possibility of the formation of 
V(IV) through the reaction between V(V) and V(II1) can be 
safely ruled out in any reaction if its rate law is independent of 
[Ht]-I term. The application of this criterion to the present 
reaction reinforces the view that vanadium(V) acted as a one- 
electron equivalent oxidant. 

[ 161 V(V)  + V(II1) + 2V(IV) 

The slope of the linear plots (0.61 at 40°C, 0.49 at 45"C, 
0.47 at 50°C, 0.33 at 55"C, and 0.25 at 60°C) between log k,,, 
and -H, is not unusual primarily because the ideal slope of the 
unity is expected for the protonation of the amide bases and, 
secondly, it is known (18) that groups of indicators with dif- 
ferent structures specially with different basic sites often show 
significant deviations from ideal value of unity. The H, is the 
Hammett acidity function (19) and the values used are those of 
Day and Wyatt (20). The decreasing slope value with tem- 
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TABLE 4. The values of k,K and k7Kl at different temperatures; IO ' (V(V) I  = 
1.0 rnol dm- ' 

T l O ' k , ~  
("c) (dm' mol-' s-.') 

1 @ k 7 ~ '  
(dm" rnol ' s -  I )  

0.625 
4.60 
7.35 

12.3 
20.9 
36.7 

AH(k7Kl) = 100 4 6 kJ rnol ' 
AS(k7Kl) = -151 4 J K-' mol-' 

perature is considered due to possible changes of H ,  values mol- ' ,  which is its maximum permitted value. Thus k7 (dm' 
with ternperature. The H o  values are, unfortunately, known mol-I s-I) is one order greater than the value of k ,  - lo-' dm' 
only at one temperature. mol-' s-I. The consequence of this result is that the form B 

Active vs. inactive form 
The problem which of the two forms, present in equilibrium 

with each other in an acidic solution, are reactive is attempted 
to be answered by comparing kc, [9]  and k,,,,,, [ 181. The need 
for deriving eq. [I81 is that kc, [9] and kc,,, [I51 cannot be 
directly compared because the former is derived with respect to 
phenylphosphinic acid whereas the latter is derived with re- 
spect to vanadium(V). Hence it is essential that k,,,, is first 
converted to a rate constant k,,,,,,, which is the first-order rate 
constant with respect to phenylphosphinic acid itself. 'The cor- 
relation between koh, and k,,,,,, is given in eq. [I71 which is 
derived on the basis of stoichiometry of the reaction. 

Equation [I81 is obtained by substituting the k,,, value given 
in [15] into 1171. 'The comparison of equations 191 and [18] 
makes it apparent that kH has to be compared with k7KI[V(V)] 
and k, with k6K[V(V)]. 

The values of k7Kl  (dmh mol-' s-I) and k6K (dm' mol-' s-I) 
computed from the slope and intercept of the linear plots be- 
tween k,,,,/[V(V)] and [H'] at each temperature are given in 
Table 4. The values at 23°C were obtained by extrapolating the 
linear plots between log k7KI  or log k6K against T-' because kH 
is known at 23OC only (9). The k,,/k7Kl[V(V)] thus obtained is 
5 .6  X lo3 and k,,/k,K[V(V)] is 8.0 X lo4 both at 23"C, indi- 
cating that the rate of transformation of inactive form into 
active form is much higher than the rate of oxidation of phenyl- 
phosphinic acid. Thus the oxidation may apparently involve 
selectively either form of phenylphosphinic acid o r  both of 
them. 

The next approach to the problem was therefore to compare 
k7 with k l ,  and kh with k., to give a firm support to the proposed 
mechanism. Unfortunately neither k ,  nor k, are known. Never- 
theless, an approximate estimate of k l  value with relation to the 
known value of k,, is possible on the basis of the two following 
plausible assumptions (k, 9 k3 is improbable): ( i )  k, - k3, 
whence kH = k1/2;  ( i i )  k, < k', whence kH = k l .  

Similarly k7 can be estimated if K I  is known. Unfortunately, 
K ,  is not known. Nevertheless, the inequality I B K , [ H + ] ,  
valid in several studies (9- 13) in the range 1-5 mol dm-! 
perchloric acid will be rendered invalid if K I  3 lo-' dm' 
mol-I. Hence the inequality is valid only for any value of K l  
2 lo-' dm3 mol-I. Since k7Kl  - dm6 mol-Is- '  at 23"C, 
k7 is estimated to be - lo-' d m h o l - l - '  s - '  when K l  - lo-' dm' 

cannot be involved in ;he oxidation. It must be noted that the 
ratio k7/kI  will be much greater for K I  values < lo-' dm' mol-' 
which will further strengthen the conclusion. 

Again kh is found to be - lo5 dm" mol-' s- '  with the assump- 
tion that K - lo-". This high value of k, exceeds the k, value, 
which is not exactly known though it may not be of this high 
order. Considering the values of the constants k , ,  k,, and k,, all 
of which are necessarily of the order of lo-', there will be no 
difficulty in justifying the inclusion of reaction 1121 in the 
proposed mechanism. 
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The reactions of sulfur atoms with propadiene and 1,2-butadiene 
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MARTINA GREEN, BELA VERKOCZY, ELIZABETH M. LOWN, and OTTO P. STRAUSZ. Can. J .  Chem. 63, 667 (1985). 
The gas phase reactions of both S('D) and S(?P) atoms with propadiene afford methylenethiirane in nearly quantitative yields 

at high pressure. With 1,2-butadiene the three novel unsaturated isomeric thiirane products, resulting from addition to the 2,3 
double bond and cis- and trans-addition to the 1,2 double bond, have been characterized. The yields are pressure and 
exposure-time dependent and, at zero conversion and high pressures, comprise -94% of the C4H,S adducts, the remainder 
being two thiol insertion products. The ratio of 2,3-addition to 1,2-addition is - 1.3 for S('D) atoms and -2.1 for S(?P) atoms. 
Rate parameters for the S(") + 1.2-butadiene reaction were determined in competition with the S(?P) + I-C,H, reaction and 
found to be A = 6.4 + I.  l X 10"' M - '  s- '  and E, = 1.4 + 0.2 kcal mol-'. The E,,'s associated with 1.2- and 2,3-addition 
are comparable but the preexponential factors are slightly different. 

MARTINA GREEN, BELA VERKOCZY, ELIZABETH M. LOWN et OTTO P. STRAUSZ. Can. J .  Chem. 63, 667 (1985). 
A des pressions Clevtes, les rtactions en phase gazeuse des atomes de S('D) et de S ( 9 )  avec le propadikne fournissent le 

mCthylknethiiranne avec un rendement pratiquement quantitatif. Lors des mCmes rkactions avec le butadikne- 1,2, on a pu 
caractCriser les trois nouveaux thiirannes insaturts isomeres qui proviennent de I'addition sur la double liaison en 2,3 et des 
additions cis et trans sur la double liaison en 1,2. Les rendements dtpendent de la pression et du temps d'exposition et, 5 des 
pressions ClevCes et 5 des conversions nulles, ils sont composts d'environ 94% d'adduits C4H,S alors que le reste correspond 
a deux produits d'insertion des thiols. Les rapports des additions en position 2,3/position 1,2 sont d'environ 1,3 et 2,1 
respectivement pour les atomes S('D) et les atomes S(?P). On a dttermine les paramktres de vitesse pour la reaction du S ( V )  
+ butadikne-1,2 par compttition avec la reaction du S(") + butkne-l et on a trouvt que A = 6,4 * 1,l x 10"' M - '  s - '  et 
E, = 1,4 2 0,2 kcal mol-'. Les valeurs de E;, assocites avec les additions en 1,2 ou en 2,3 sont comparables; toutefois, les 
facteurs prkexponentiaux sont 1Cgkrement difftrents. 

[Traduit par le journal] 

Introduction Parallel, and in competition with addition, C-H insertion can 

The chemistry of sulfur atoms has been explored for over take place (57 

two decades (1). In most studies the source of sulfur atoms was S('D) + CH2CH=CH2 + HSCHzCH=CH2. 
the uv photolysis of carbonyl sulfide (1, 2): CH?C(SH)=CH,, CH,CH=CHSH 

[ I ]  COS + hv (240 nm) + CO + S ( ' D ~ )  (67%). 
S(?PJ) (33%), + = 0.91 

The ensuing reactions are: 

[2a] S('D) + COS + S1 + CO 

[2b I + s('P) + COS" 

[3] S(?P) + cos + S1 + co 
A lower limit k,,, 2 4.0 X 10'" L mol-' s-' has been reported 
from flash photolysis experiments (3) and the abstraction/ 
deactivation rate constant ratio, k,,/k,,,, is estimated to be -2 
(2). Step [3] has been studied using flash photolysis - reso- 
nance fluorescence techniques, from which k3 = 2 X lo6 L 
mol-' s-' (4). In the presence of >ca. 15-fold excess of CO, 
nearly all the initially produced S('D) atoms are collisionally 
deactivated to the ground state and thus this system can be used 
to study the reactions of S('P) atoms exclusively. 

The reactions of ground (v,) and metastable (ID2) excited 
sulfur atoms have been extensively studied (5) with alkenes. 
S('D) atoms add to the double bond in a spin and symmetry 
allowed reaction to yield a vibrationally excited ground state 
thiirane molecule as shown by the exampleqf propylene: 

'Present Address: Department of Chemistry, University of Sask- 
atchewan, Saskatoon, Saskatchewan S7N OWO. 

'Present Address: Saskatchewan Oil and Gas Corporation, 1500 
Chateau Tower, 1920 Broad Street, Regina, Saskatchewan S4P 3V2. 

The rates of addition and insertion are rapid, being close to the 
gas kinetic collision frequencies. S(3P) atoms, on the other 
hand, do not insert into C-H bonds and the primary adduct is 
the vibrationally excited lowest triplet state thiirane (7) which 
is subsequently collisionally deactivated to the ground state: - 

S(") + CH3CH=CHI + CH,CH-CHzS (T')? 3 

C H ~ ~ H - C H ~ S  (So) 

Absolute rate constants and Arrhenius parameters have been 
reported for a variety of alkenes (8, 9) and the room tem- 
perature values range from 8 X 10' to 4.3 X 10" L mol-' s- '  
on going from ethylene to tetramethylethylene. The activation 
energies decrease, eventually becoming negative, with in- 
creasing alkyl substitution, and are linearly related to the ioniz- 
ation potential of the alkene: With the exception of vinylthiols, 
all the reaction products are reasonably stable and under suit- 
able experimental conditions essentially quantitative product 
recoveries can be achieved. 

The reactions of S-atoms with only one diene substrate, 
namely 1,3-butadiene, have been investigated (10). The major 
product is vinylthiirane and the rate of the S(3P) + 1 ,3-C,H6 
reaction is, as expected, somewhat (about fourfold) faster than 
that with the butenes (5). Cumulated double bonds might be 
expected to exhibit a somewhat different chemical reactivity 
from that of conjugated dienes. For this reason we have under- 
taken the first study of the reactions of S-atoms with the cumu- 
lated dienes propadiene and 1,2-butadiene, the results of which 
are reported here. 
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Experimental 
Photolyses were carried out in 10 x 5 cm cylindrical quartz cells, 

onc of which (for thc study of the S + 1,2-C4H, reaction) was 
equipped with Suprasil windows. The Iattcr was cnclosed in acylindri- 
cal aluminium block furnance, 16 cm long, 12.5 cm od, and 6 cm id, 
covered at both ends by 2 mm thick quartz plates and around the sides 
by 1-in. fibreglass. Heating was achieved by four 10 cm long 150-W 
pencil hcaters inserted axially into thc block. Temperatures were 
maintained by an API 2-mode temperature controller and measured by 
standard iron-constantan thermocouples. 

Thc light sourcc was a Harovia medium pressure mercury arc 
equipped with three 2 mm thick Vycor 7910 filters to limit the effcc- 
tive wavclcngth to >240 nm. 

COS (Matheson) was purified as described previously ( I  I) .  C 0 2  
(Airco, >99.9% pure) was used as such. C3H4 (Mathcson, teaching 
grade, 99%) was degassed at - 186OC and distilled at - 132°C; <0.5% 
C3Hf, remained. I-C4Hx (Linde, research grade) was degassed at 
- 196°C and distilled at - 115OC. 1 ,2-C,Hs (Chcmical Sample Co., 
99%) was degassed at - 139OC and distilled at - 105°C. 

Non-condensable products were collected and measured in a gas 
burette and, for the S + 1 ,2-C4H6 reaction, analyzed on a 3 ft X 2 mm 
801100 mesh molecular sieve 5 A column at 27°C. Thc sulfur- 
containing products were isolated following low prcssurc distillations 
of the rcaction mixturcs and analyzcd by gc as follows: 305 cm x 3.2 
mm Teflon column, 60180 mesh Chromosorb W.A. coated with 10% 
tricresylphosphate (C3H,S); 7 ft X 2 mm quartz column, 5% Ucon 
polar 50 HB 2000 on 801100 mesh Chromosorb P. AW-DMCS 
( C J M ) .  

The nmr, ir, uv, and mass spectra wcrc obtained using either a 
Bruker 200 or 400 MHz, a Nicolct 7199 ITIR, a Unicam SP-1700 
spectrophotorneter, and an AEI MS-12 spectrometer, respcctively. 

Results 
Because propadiene and 1 Jbutadiene exhibit small but 

measurable absorptions at X 240 nm, at least a fourfold excess 
of COS was used throughout in order to ensure that at least 95% 
of the incident radiation would be absorbed by COS. 

1 .  The S + C.?H? reaction 
Photolysis of COS in the presence of C,H, led to the for- 

mation of methylenethiirane as the major product, identified on 
the basis of its mass, nmr, and ir spectra (12). Smaller amounts 
of CS2 and methylthiirane were also detected, the latter as a 
result of S-atom addition to C3H6, an unresolvable impurity in 
the substrate. 

In the gas phase, methylenethiirane is somewhat more stable 
than claimed before ( 1  3); the rate of disappearance (0.9 Tom at 
2S°C, in a 10 X 1.6 cm quartz vessel) ( I  Torr = 133.3 Pa) of 
its large uv absorption band at 23 1 nm appeared to be a second- 
order process with a half-life of about 12 h, without producing 
any new uv absorptions. This compound is, however, very 
sensitive to Pyrex and metal surfaces, polymerizing upon pro- 
longed storage at - 196OC. 

The effects of exposure time and total pressure on the prod- 
uct yields are listed in Table I. C3H,S is photolabile, its rate of 
formation declining by a factor of 2 over the course of a 7-min 
photolysis in the two pressure regimes examined. A twofold 
increase in the total pressure (for COS/C3H, - 10) results in a 
significant enhancement in the product recoveries, in terms of 
the amount of S-atoms reacting with C3H,, and at short con- 
versions the reaction is nearly quantitative. 

The presence of 600 Tom COz, which quenches a large 
proportion of the S( 'D) atoms to the ground ('P) state, has little 
discernible effect on the product yields (Table I). 

2. The S + 1 ,2-C4H6 reaction 
Photolysis of COS in the presence of 1 ,2-C,H6 led to the 

TABLE I. Effects of cxposure time and total pressure on thc 
product yields from the S + C3H4 reaction 

Yields (pmol) 
Time % Product 
(min) CO C3H.tS CSz CzHnS recovery" 

- - 

" %  Recovery = [C(C,H.,S + 2CS2 + C3H,S)/(COi1 - C O ) ]  X 100. 
For P ( C 0 S )  = 545 Ton, R"(C0)  = 3.14 kmol rnin - ' .  For P ( C 0 S )  = 
1090 Torr. R0(CO)  = 4.15 kmol min-' for the first 4 min, then 3.90 
kmol min-'. 

''In the presence of 600 Torr C 0 2 .  

formation of five isomeric products (1-5) of molecular weight 
86, corresponding to the adduct C,H6S. A gc/ms analysis using 
a mass-86 cross-scan showed the presence of two additional 
mass-86 peaks, 6 and 7,  but because these were formed in only 
trace quantities their structural identification was not at- 
tempted. Mass spectral data for the C,H,S products are sum- 
marized in Table 2. 

The structures of the C,H6S adducts 1-5 were identified on 
the basis of their nmr spectral characteristics, summarized in 
Table 3, and, for the cases of 1 ,  4, and 5, supportive ir spectra. 
Moreover, the resonance shifts and coupling constants reported 
for 2-isopropylidine-3,3-dimethylthiirane (14) and &ethyl- 
enethiirane (12) are very similar to those assigned to the iso- 
meric vinylidenethiiranes 1 ,3 ,  and 4. Assignment of the Z and 
E isomers to 3 and 4, respectively, is based on the relative 
chemical shifts of the ethylenic proton HA. According to the 
literature (15), an RS-group in a substituted ethylene shifts a 
proton cis to it by about 0.24 ppm to higher field, whereas a 
trans proton will be shifted by only 0.04 ppm to higher field, 
relative to the unsubstituted ethylene. Consequently, 3 (SHA = 
6.05) is assigned to the Z isomer and 4 = 5.62) to the E' 
isomer. Not surprisingly, the ir spectra of 1 and 4 were very 
similar, both featuring strong C-H out-of-plane deformations 
at 840 and 895 cm-', C=C(st) at 1715 and 1700 cm-', and 
vinyl C-H(st) around 3060 cm-'. The 1,3-butadiene skeleton 
structure was assigned to 2 because it is a C,H,S isomer that has 
five protons in the vinyl region of the nmr spectrum but no 
methyl absorptions. The allene structure of compound 5 is 
assigned on the basis of the typical C=C=C(st) absorption at 
1960 cm-', clearly evident in the ir spectrum, and its nmr 
spectrum, Table 3. 

Products 1-5 are all sensitive to Pyrex surfaces and when 
kept in Pyrex vessels decompose completely at room tem- 
perature over a period of - 12- 15 h; under the same condi- 
tions, storage in a quartz cell effected -50% loss. Mercury 
accelerates the rate of decomposition. 

The results in Table 4 show that 1 and 4 are sensitive with 
respect to photodecomposition, whereas the rates of formation 
of 2, 3, and 5 are relatively constant. The rate of formation of 
CH, increases with exposure time, suggesting that at least part 
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GREEN ET AL. 

TABLE 2. Mass spectral data" for the C,H,S isomers 

" m / e  (relative intensity) at 70 eV for the 10 most intense peaks. 

0 1 I I I I 
0 200 400 600 800 1000 

Total Pressure (Torr) 
FIG. I .  Rates of product formation versus total pressure for the S 

+ CH3CH=C=CHZ system. P ( C O S ) / P ( C 4 H , )  = 4. Rates of 1 and 
4 have been corrected to zero time. 

of the CH, is formed in a secondary process. It is seen that the 
product yields, in terms of S atoms reaction with 1,2-C,H,, are 
low, even at low conversions; using the extrapolated zero time 
rates for 1 and 4 (0.235 and 0.1 15 pmol/pmol CO, re- 
spectively), the zero time extrapolated total product recovery is 
only marginally better, -63%. 

The effects of total pressure (at a constant COS/I ,2-C4H6 
ratio) are illustrated in Fig. 1 .  It is seen that the yields of 
thiiranes 3, 4, and particularly those of 1 ,  are markedly en- 
hanced with increasing pressure. In order to minimize the ef- 
fects of secondary photodecomposition, all the experiments 
were carried out at constant conversion (-5.3 pmol CO) and 
the rates of formation of thiiranes 1 and 4 were corrected to zero 
time values, assuming that their temporal behaviour at 250 
Torr, Table 4, was the same over the entire pressure range 
studied. The overall product recoveries exhibit a similar trend, 
increasing from 64% at 150 Torr to 8 1 % (corrected to zero 
time) at 750 Torr. These results parallel those observed for the 
S + C3H4 reaction, Table I .  

Photolysis of 100-Torr COS in the presence of 50-Torr 
I ,2-C4H6 and 12 16-Torr C02  led to enhanced yields of 1 ,  3, 
and 4, and the complete suppression of 5 and 2; CH, was 
formed in barely detectable amounts. The rates of formation of 
1, 3, and 4 were 0.542, 0.036, and 0.227 pmol/pmol CO, 
respectively, 1 and 4 being corrected to zero time. 

Rate parameters for the S('P) + 1,2-C,H6 reaction were 
determined in competitive experiments in the presence of 
I-C4Hx. The latter substrate was chosen for the reason that its 
vapour pressure is similar to that of 1,2-C,H6, thus allowing 
facile separation of the products from the reactants by dis- 
tillation and because the rate parameters for the S(3P) + I-C4Hx 
reaction, which affords ethylthiirane in nearly quantitative 
yields, have been measured directly (8, 9). For this system, 
then, the two competing reactions are: 

If A, and A, and Coo and CO, represent the amounts of C,H,S 
and CO formed in the absence and presence of 1 ,2-C4H6, re- 
spectively, then it can be shown that 

where division of A's by the corresponding measured CO yield 
corrects for random fluctuations of the lamp intensity. Sources 
of error inciude the following: ( a )  incomplete quenching of 
S ( ' D )  atoms by COz; ( b )  secondary decomposition of C4HxS; 
(c) some minor free radical reactions producing CO from COS 
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GREEN ET AL 

TABLE 4. Effect of exposure time on the product yields in the COS - 1 ,2-C,H(, system" 

Products (pmol) and rates (prnol/pmol CO in brackets) 
Time 
(min) CO 1 2 3 4 5 CH4 % Recovery1' 

"P(1.2-C,Hx) = 51 Torr, P(C0S) = 200 Torr. 
"9% Recovery = [R (1 + 2 + 3 + 4 + 5 + CH,)/R(CO0 - CO)] X 100 where R0(CO) = 0.569 prnol rnin-'. 

TABLE 5.  Product yields as a function of temperature and methylallenel 
I-butene ratio" 

"P(C0S) = 100 Torr, P(COI) -1300 Torr, P(I-C,Hx) = 69 Torr. 

via unknown mechanisms. It is assumed that these compli- and the corresponding plots of (A,/COo - A/CO)/A/CO ver- 
cating factors do not affect the ~aelative yields of C,H,S mea- sus [1,2-C4H6]/[C4Hn] are illustrated in Fig. 2. The slopes of 
sured. these plots, summarized in Table 6, are plotted in the Arrhenius 

Product yields as a function of the [I ,2-C,H,]/[I-C,H,] ratio form in Fig. 3, from which: 
at 27", 60°, 90°, 120°, and 150°C are summarized in Table 5,  A ,.~.,,~,,,/AI-c,I~, = 5.31 * 0.26 
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0 0.2 0.4 0.6 0.8 1 .O 

P ( 1 , 2 - C 4 H 6 ) / P ( 1 - C 4 H 8 )  
FIG. 2. (Ao/CO0 - A / C O ) / A / C O  versus [CH3CH=C=C~2] /  

[CH3CHXH=CH21 at 27 (O), 60 (a), 90 (A), I20 (A), and 150 (13) 
"C . 

and 

EI-c,H~ - EI.Z.C,H6 = (1.17 0.03) kcal mol-' 

Discussion 
Since S('D) atoms insert into C-H and add to alkenic 

double bonds, the following reactions can be considered for 
propadiene: 

For 1,2-butadiene, three cycloaddition products can be 
formed, 

1  / T X I O ~ , " K  
FIG. 3. Arrhenius plot for the S(?P) + CH3CH=C=CH2 

reaction. 

TABLE 6. Slopes of the plots in 
Fig. 2 

Temperature Slope" 
("0 (ks + c , H & / ~ s  + C,H& 

27 0.747 2 0.019 
60 0.886 * 0.033 
90 1.042 ? 0.042 

120 1.188 + 0.059 
150 1.330 k 0.069 

"The errors are standard deviations. 
The correlation coefficients are 20.997. 

and there are three possible sites for C-H insertion: 

H [sf 1 + CH3CH=C=CHSH 1,taddition - \c=c,s 
trans H,C/ 7 

$\H 
For the case of propadiene the thiol insertion product was not 

4 detected. By analogy to vinylthiol and 1,3-butadiene-3-thiol 
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GREEN ET AL. 67 3 

/SH a 
6 and 7 .  

H2C=C=C 4 s  H2C=CH-C\ The primary adducts for the case of the S('D) reaction are 
'CH~ CH3 likely the ground, vibrationally excited singlet state thiiranes 

6a 66 and thiols, and, for the case of S(3P) addition, vibrationally 

k excited triplet state thiiranes (7). From Benson's group addi- 
tivity method (20), the heats of formation of the ground state 

HS C3H,S and C,H6S adducts are estimated to be: 
'C=CH~ 

H~C=CH' 

2 CH2=C-CH2 
H\ /S\ CH3\ /S\ 

SCHEME 1 H3C /c-c=cH2 H /c=C-cH2 

- 

H 1 - 

(vide infra), propadienethiol is expected to be prone to surface AH 38.4 32.02 32.34 kcal mol-I 
catalyzed polymerization and the fact that it was not detected 
in the present investigation may be due to the conditions em- H\ ?\ HSCH2\ H3C\ 
ployed; the high product yields observed at high pressures, 
however (Table I), strongly suggest that insertion, if it occurs, 

H3C /C=C-CH2 H /C=C=CH2 HS /C=C=CH2 

is of very minor importance compared to cycloaddition. 
In contrast, in the case of the analogous 0-atom reaction AH: 31.34 47.02 45.81 kcal rno1-l 

O ( 9 )  + C3H4, methyleneoxiiane, the expected cycloaddition 

t sized by flash thermolysis techniques ( 19); it reportedly dimer- 
izes at -60°C, and undergoes spontaneous polymerization at 
room temperature. In the present system, however, it is gener- 
ated in the gas phase at high dilution, thus allowing tau- 
tomerization to compete effectively with bimolecular reac- 
tions. Tautomerization of the hypothetical thiol 7 would lead to 

product, was not detected and instead C0(57%), C2H4(38%), 
and acrolein( I%) were reported to be the major products ( 16). 
Since cyclopropanone was calculated to be -21 kcal mol-' 
more stable than methyleneoxirane (17), it appears that the 
major reaction path consists of isomerization of the initial bira- 
dical adduct to cyclopropanone, which subsequently decom- 
poses. The relative stabilities of the C,H4S analogues, on the 
other hand, are reversed, i.e. cyclopropanethione is less stable 
than methylenethiirane, by -7 kcal mol-' (13), and thus the 
latter is the end product of the S('P) + C3H4 reaction. 

For the S('D) + CH,=C=CHCH, reaction all three cyclo- 
addition products were detected, as well as the thiol formed 
from insertion into the -CH, group. I ,3-Butadiene-3-thiol 2 
was also a product, andit definitely does not arise from the 
reactions of S('D) atoms with any 1 ,3-C4H6 impurity. It may, 
however, be formed either from a "hot" thiirane-thiol rear- 
rangement involving thiirane 1 or via an enethiol-thioketene- 
enethiol tautomerization of 1,2-butadiene-3-thiol 6 formed in 
step [5e], Scheme 1. The occurrence of a hot thiirane-thiol 
rearrangement 1-2 is, however, unlikely since in chemically 
activated methylthiirane, which has fewer degrees of freedom 
than the C4H6S adduct, this process is of very minor importance 
even at low pressures (2). On the other hand, the existence of 
enethiol-thioketone rearrangements is well documented (18) 
and moreover, of the three species involved in the tau- 
tomerization of 6, the most stable, by virtue of carbon-carbon 

'k 

methylthioacrolein which, like the thioketone analogs, is ex- 
pected to be inherently unstable. I t  is therefore concluded that 

HS\ 
insertion into the =CH- and =CH2 moieties of 1 ,2-C,H6 

C=CH2 does occur and that tautomerization can then take place, but 
H2C=CH / only in the former case can tautomerization lead to a stable 

2 product. The trace C,H6S adducts detected in the gc/ms cross 
scan may be the initial =CH- and =CH, insertion products 

from which the thiirane-forming reactions with S('D) atoms are 
computed to be exothermic by -100- 101 kcal mol-' and the 
thiol-forming reactions, by -85-86 kcal mol-I. For C2-C4 
alkenes, on the other hand, the corresponding cycloaddition 
reactions are only -85-88 kcal mol-' exothermic. Thus the 
enhancing effect of pressure on the thiirane' yields from the 
S('D) + C,H4/I ,2-C4H6 reactions is probably a result of col- 
lisional deactivation of the hot primary cycloadducts. 

From the high pressure (750 Torr) rates of formation of 1-5 
(Fig. 1) and the corrected zero time rates of 1 and 4 (0.283 and 
0.122 pmol/pmol CO, respectively), assuming that the tem- 
poral variations of 1 and 4 at 750 Torr are the same as at 250 
Torr (Table 4), the total product recovery is estimated to be 
81 % at zero time, of which the thiiranes comprise 94%.' This 
is high, in comparison with alkene reactions (e.g. the reaction 
with I-butene affords 59% thiirane, 12% methallylthiol, and 
29% alkenyl type thiols), and it may be concluded that insertion 
into the C-H bonds of 1 ,2-C,H6 is a very minor process 
compared to cycloaddition. Similarly, the S + C,H4 reaction at 
low conversions and high pressures, affords only methyl- 
enethiirane up to 100% yield (Table 1). 

The high ratio of thiirane to thiols in the diene reactions is 
partly due to molecular structural effects and partly to the 
experimental conditions employed. 

As was shown above, the preexponential factors for the 

conjugation, is expected to be 1,3;butadiene-2-thiol, 2. The 
s 'The mass imbalance is probably due to the combined thermal and 
1 I photochemical instabilities of 1-5 rather than to exclusive loss of 

intermediate thioketone H2C=CH-CCH, has been synthe- insertion products. 
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S('P) + 1 ,2-C,H6 reaction are 5.13 times higher than for the 
S('P) + I-C,H, reaction owing to the presence of the elon- 
gated, orthogonal n-system. It may be assumed that the pre- 
exponential factors for the S( 'D) + diene + thiirane reactions, 
[4b] and [Sa-c], are also somewhat higher than for the S( 'D) 
+ monoalkene reactions, resulting in higher ratios for the thi- 
irane to thiol products. 

Also, the higher [COS]/[alkene] ratios used in the diene as 
compared to the monoalkene reactions tend to increase the ratio 
of S('P) to S( 'D) atom reactions with the substrate. Thus, a 
crude approxinlation of the relative proportions of (ID) and (v) 
atoms in the system can be calculated on the basis of the 
experimental CO yields in the absence (CO") and presence 
(CO) of a reactive substrate, the branching ratio for step [I], 
and the abstraction/deactivation ratio kz,,/k2,, (cf. Introduction). 
For the reaction mixture consisting of 200-Torr COS and 
5 I -Tom 1 ,2-C,H6 (Table 4) the total yield of S-atoms generated 
in step [ I ]  is C0°/2 = 0.285 ymol, of which 0.191 and 0.094 
are in the (ID) and ('P) states, respectively. Step [3], abstrac- 
tion from COS by S("), is slow compared to addition to 
1 ,2-C4H6 (vide itzfra) and can be neglected. Hence, the yield of 
the abstraction reaction [2a] is CO - C0°/2 = 0.066 ymol. 
Since kz,,/kz,, -2, the yield of s('P) atoms formed from deacti- 
vation, step [2b], is 0.06612 = 0.033 ymol and the combined 
amount of S('P) atoms available for reaction with 1 ,2-C,H6 is 
0.094 + 0.033 = 0.127 ymol. Now the total amount of S- 
atoms reacting with C,H6 is equal to the total sulfur produced 
in step [ I ]  less the yield of the abstraction reaction [2a], 0.285 
- 0.066 = 0.219 ymol. Hence, only 42% of the S-atoms 
reacting with CJH6 are in the S('D) state. For the COS-C,H, 
system where higher relative concentrations of COS were em- 
ployed, only 29% of the S-atoms reacting with the substrate 
were in the S('D) state. Thus, the low yields (or absence) of 
insertion products in these systems may also be a consequence 
of the fact that most of the S('D) atoms generated in step [ l ]  
had been deactivated to the ground ('P) state prior to reaction. 
It should be noted, however, that the branching ratio for step 
[ l ]  and the abstraction/deactivation rate constant ratio for step 
[2] are indirect estimates only, and a more quantitative assess- 
ment of the relative concentrations of (ID) and (") atoms 
awaits our studies on direct rate measurements of these reac- 
tions. 

From the data in Table 4 and Fig. 1, it can be shown that at 
zero time and high pressure, (k~,~.,~~itlo,,/k1,2211L1L1i~Ic,n) is -2. 1 for 
the case of S('P) addition and -1.3 for S('D) addition. Sur- 
prisingly few studies on the orientation of radical addition to 
1,2-dienes have been reported in the literature. For EtS (21) 
and (CH,),Sn (22) radical addition to 1,2-butadiene, end prod- 
uct analyses show that 48.2% and 86.5% of the attack, re- 
spectively, occurs at the C2 position and addition of these 
radicals to 3-methyl-l,2-butadiene takes place exclusively at 
C2. Since the former is an electrophilic, and the latter, a nu- 
cleophilic species, it appears that polar effects do not influence 
the orientation of addition and, rather, that methyl substitution 
favours the formation of the more stable allylic radical. Sub- 
sequent hydrogen abstraction by the allylic radical takes place 
exclusively at the C1 position for the case of the RS adduct. 
The (CH&Sn adduct, however, abstracts preferentially at C1, 
but C3 abstraction products are also formed. Thus, the final 
products correspond to 1,2-addition. Recently, Creary (23) has 
studied the regioselectivities of the additions of a variety of 
singlet and triplet carbenes to 3-methyl-] ,2-butadiene. Singlet 
state carbenes led to a predominance of 2,3-addition products 

whereas for triplet carbenes, which add in a stepwise manner 
and thus more closely resemble monoradicals, 1,2-addition 
was favoured. The reaction was suggested to be useful as a new 
probe for the determination of carbene nlultiplicity. 

As shown above, however, both S('P) and S( 'D) atoms add 
predominantly to the 2,3-double bond of 1,2-butadiene and the 
somewhat higher selectivity exhibited by S(") atoms might be 
due to their lower (by 26 kcal niol-I) energy content. This 
result was not unexpected since our earlier results showed that 
S ( 3 ~ )  atoms, like S('D) atoms and singlet carbenes, add to 
double bonds in a concerted fashion (10). 

Addition to the 1,2 double bond leads to the formation of two 
isomers, E 4  and 23 in extrapolated (1200 Torr, zero time) 
ratios of 1.4 and 6.2 for (ID) and ('P) atom addition, re- 
spectively. The reason for the high stereoselectivity observed 
in the triplet case is not immediately apparent. 

The reactions of O('P) atoms with l,Zbutadiene, as with 
1,2-propadiene, afford fragmentation products - CO (64%) and 
propylene (43%) -together with only small amounts (3.1%) of 
oxygenated material ( 16). The involvement of excited cyclo- 
propanone intermediates appears to be a common feature of the 
O('P) + I ,2-diene reactions. 

Rate parameters for the S('P) + I-butene reaction have been 
measured by flash photolysis - kinetic absorption and flash 
photolysis - resonance fluorescence methods and are reported 
to be k = (8.2 + 0.6) X 10"xp (-200 k 200/RT) (8) and (2.4 
+ 0.2) X 10'exp (-400 + IOOIRT) M-Is- '  (9), respectively. 
For all the S('P) + alkene (8, 9) and O('P) + alkene (24) 
reactions studied to date, the latter method yields A-factors 
which are consistently lower than those obtained by other tech- 
niques. For the time being, we prefer to use van Roodselaar et 

- al.'s data for the reference reaction and thus ks,?,,, , 1,2.Gl,6 - 

(6.4 + I. I) X 10" exp [(- 1.4 k 0.2)/RT] M- '  s-I. Experi- 
mentally, it was observed that the ratio of the 2,3- and 
1,2-addition products, i.e. 1/(3 + 4), was relatively constant 
(-2.2) in the temperature range 27- 150°C. 'Thus, the E,,'s 
associated with 1,2- and 2,3-addition are comparable but the 
A-factors are slightly different: Al.?.;,ddi,ion = 4 X 10'' and 
A?.3.,,ddilion = 8.8 X 10" M-I S-I. The corresponding entropies 
of activation are AS:,? = -22.33 and AS:,, = -20.77 eu. 
These high values reflect the newly created rotational con- 
tributions to the activated complex upon going from a linear 

C=C=C molecule to a bent '\c=c skeleton. I / 
S 

Arrhenius parameters for the reactions of S('P), O('P), and 
OH(%) with simple dienes are listed in Table 7, along with 
those reported for reactions with some alkenes for the sake of 
comparison. For S(") and O('P) atoms, the reactions with 
dienes feature higher A-factors than those associated with their 
monounsaturated analogues, and conjugation lowers the acti- 
vation energy. Not unexpectedly, the E,'s for the S + C,H6 and 
0 + C3H4 reactions deviate from the linear E, versus ionization 
potential relationships observed for the reactions with alkenes. 
Relative rate data (at 25°C) for the reactions of O('P) with a 
number of 1,2-dienes (16) show that the rate constant increases 
with increasing alkyl substitution in much the same way as for 
the O('P) + alkene case and therefore it is likely that there is 
also a linear relationship between E;, and I, for the S('P) and 
O('P) reactions with dienes, but displaced to the left of the 
corresponding alkene plots. In contrast, the E,'s associated 
with the reactions of OH(%) with alkenes and propadiene are 
all negative and neither the A-factors nor the E,'s exhibit any 
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GREEN ET AL 

TABLE 7. Arrhenius parameters" for the reactions of S("), O('P) and OH(%) with 
dienes and alkenes 

S ( ~ P )  O ( ~ P )  OH(%) 

Substrate A E, A E., A E., 

" A ,  x 10-"I M-' s-I; E,,  kcal mol-I. 
"Reference 25. 
' Reference 26. 
"This work. 
"Calculated from the relative data reported in ref. 5. 
'Reference 8. 
'Reference 27. 

obvious trend. Relative rate data (at 25°C) for OH reactions 
with propadiene, 1,2-pentadiene, and 3-methyl- l,2-butadiene, 
however, indicate that the overall rate constant increases with 
alkyl substitution; it was also shown that the rate constants for 
reaction with conjugated and isolated dienes follow empirical 
relationships based on additivities of double bond con- 
tributions, but those for reactions with cumulated dienes d o  not 
follow either trend (28). 

T o  conclude, we  would like to point out the synthetic utility 
of S + diene reactions in general. The unsaturated thiol and 
thiirane products are relatively unstable and difficult to prepare 
by conventional techniques and the reactions of sulfur atoms 
with dienes offer a convenient alternative route to their syn- 
thesis. 
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On the infrared spectrum and dipole moment of dichloroketene 
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M. C. L. GERRY, W. LEWIS-BEVAN, and N. P. C. WESTWOOD. Can. J. Chem. 63, 676 (1985). 
The failure to observe a microwave spectrum of dichloroketene prepared in a low temperature flow system is contrasted with 

the successful observation of its Fourier Transform infrared spectrum under the same conditions. I t  is concluded that the lack 
of a microwave spectrum is a result of a near-zero dipole moment for dichloroketene. 

M. C. L. GERRY, W. LEWIS-BEVAN et N.  P. C. WESTWOOD. Can. J. Chem. 63, 676 (1985). 
Dans un systeme continu, on ne peut observer de spectres microondes du dichlorocttene prtpart h basse temptrature; ce 

rtsultat est en opposition avec le fait que, dans les mCmes conditions, on peut observer son spectrc ir par transformation de 
Fourier. On en conclut que I'absence dc spectres microondes provient d'un moment dip8laire pratiquement nu1 pour le 
dichlorocCt?ne. 

[Traduit par le journal] 

//O 300°C C I \  
[ I ]  C13CC + Zn - C=C=O + ZnClz 

\CI c1' 

Although dichloroketene, CI,CCO, has long been postulated CI 3~~~~~ I I I I  

as a reactive intermediate involved in certain organic cy- C12CC0 
cloaddition reactions in solution (1, 2), there are only three 

I I I 

The products were passed at low pressure through a 2 m copper 
X band Stark cell; the frequency range studied was 26.5-40 
GHz. This reaction is known to produce dichloroketene in 
excellent yield (3), and the reaction and cell conditions were 
the same as those used to observe microwave spectra of both 
chloroketene (6) and bromoketene (M.C.L. Gerry, W. Lewis- 
Bevan, and N.P.C. Westwood, to be published). Although 
there is no a priori reason to suppose that dichloroketene is any 
less stable than the other two molecules observed under these 
conditions, no microwave spectrum was found, even when the 
cell length was reduced to 1 m, and additional pumping was 
employed. 

To check the success of the preparative technique, and to 
obviate the possibility of decomposition of the product in the 
metal cell, we have carried out identical experiments to mea- 
sure the gas phase infrared spectrum. The reaction products 
from [ I ]  were passed through the long (-45 cm) metal inlet 
port of a commercial multipass cell attached to a Bomem 
DA3.002 Fourier Transform infrared spectrometer. 'The pres- 
sures employed (30- 100 mTorr) were similar to those used in 
the microwave experiments. The results are summarized in 
Fig. 1. Scans were made between 700-3 100 cm-' at 1 cm-' 
resolution. Initially the spectrum of the starting material was 
obtained (Fig. I(a)), but when this material was passed over 
zinc at 300°C, its spectrum diminished drastically, and that of 

FIG. 1. The gas phase infrared spectrum of dichloroketene between 
700 and 3 100 cm-': (n) the precursor CI,CCOCI, (b) the products of 
the reaction of C13CCOCI with zinc at 300°C (taken to be dichloro- 
ketene), (c) the spectrum of the reaction products after the cell had 
been isolated for 30 min; the lines at -2150 cm-' and -2350 cm-' 
are due to CO and CQ2, respectively. The transmittance scale is the 
same for all three spectra. 

I 1 
I ;  I / '  

unambiguous reports of its detection in isolation. Colbourne et 
al.  (3) and Bock et al.  (4) have measured the gas phase photo- 
electron spectrum, and Torres et al. (5) have reported the 
infrared spectrum in an argon matrix at 8 K,  following photol- 
ysis of dichlorovinylene carbonate. 

a new species appeared, with bands at 2160.3 cm-' (s), 1291 
cm-' (w), and 935 cm-' (w) (Fig. I(b)). These are the same as 
the wavenumber values observed for dichloroketene by Torres 
et al.  (5); indeed, the strong band at 2160 cm-', attributable to 
the CO stretching frequency, provides a unique fingerprint for 
ketene-like molecules (7), and in similar experiments we have 
observed such a band for monochloroketene. When the reac- 
tion products were isolated in the cell these bands disappeared 
over the space of about 30 min, leaving bands attributable to 
CO and C 0 2  (Fig. l(c)). Clearly the reaction product of Fig. 

(a) 
I 

-*-I llT(i/ 
1 1 

, 
As part of a program to measure the microwave spectra of 

unstable molecules, we have attempted to observe such a spec- 
trum for dichloroketene, since we had already shown that the 

! i 
I 

1 1;;  
t 

! I /  
spectrum of monochloroketene can be observed relatively eas- 
ily following generation and continuous flow through a wave- 

I 
01 

guide. The preparation method used in the current experiments C 
CI 

i 
.d 

! 

involved the dechlorination of trichloroacetyl chloride over e 

zinc metal at 300°C: 5 
C, 

r 
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GERRY ET AL. 677 

FIG. 2. Comparison of the dipole moments of dichloroketene and 
chloroketene (6). 

I(b) is an unstable species, which from the infrared spectrum 
and the chemistry we take to be dichloroketene. 

Since in both the microwave and infrared experiments the 
preparation conditions were identical (cf. also the photo- 
electron spectrum (3)) and since in both experiments the reac- 
tion products had to pass similar distances, contacting similar 
materials before reaching the cell, it is highly probable that 

dichloroketene was indeed prepared in the microwave experi- 
ment, and that it has at best an extremely weak microwave 
spectrum. Because the microwave spectrum is a rotational 
spectrum, requiring the molecule to have a permanent dipole 
moment, this implies that the dipole moment of dichloroketene 
is very small, certainly less than 0 . 3  D, and probably less than 
0.1 D. 

This result is consistent with our findings for the dipole 
moment of monochloroketene (6). As is shown in Fig. 2, the 
dipole moment of the latter molecule is almost exactly along 
the C H  bond, implying that the C-C1 and C=C=O parts of 
the molecule have the same moments. Replacement of H by CI 
would thus give complete cancellation, leading to a near-zero 
dipole moment for dichloroketene. 
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Regioselectivite et stereoselectivite de l'hydroxylation homolytique des 
hydrocarbures par le peracide benzo'ique 

JACQUES FOSSEY, DANIEL LEFORT, MASSOUD MASSOUDI, JEAN-YVES NEDELEC ET JEANINE SORBA 
C.N.R.S., G.R. 12, 2 ,  rue Henri-D~lna~lt. 94320 Thiais, France 

JACQUES FOSSEY, DANIEL LEFORT, MASSOUD MASSOUDI, JEAN-YVES NEDELEC et JEANINE SORBA. Can. J. Chem. 63, 678 
(1985). 

Des hydrocarbures cyclohexane, Me-cyclohexane et adamantane sont hydroxylts par le peracide benzoi'que selon un 
processus radicalaire. La rtgiostlectivitt en faveur des alcools tertiaires atteint 60 B 90%. Pour les dkcalines cis et trans, la 
sttrtostlectivitt des dCcalols-9 peut atteindre 97%. Une trks bonne stCrCostlectivitC d'hydroxylation par un  peracide ne signifie 
pas obligatoirement que la rLaction n'est pas radicalaire. 

JACQUES FOSSEY, DANIEL LEFORT, MASSOUD MASSOUDI, JEAN-YVES NEDELEC, and JEANINE SORBA. Can. J. Chem. 63, 678 
(1985). 

Cyclohexane, methylcyclohexane, and adamantane are hydroxylated by a radical process using perbenzoic acid. A regio- 
selectivity of 60-90% in favour of tertiary alcohols is noted. In the case of cis and trans decalins, stereoselection leading to 
9-decalols can reach 97%. Such a stereoselectivity for hydroxylation by use of a peracid does not necessarily indicate lack of 
a radical pathway. 

[Journal translation] 

L'hydroxylation directe des liaisons C-H non activCes par 
les peroxyacides est une reaction d'intCrCt genCral en synthkse 
(1 -9), dont I'aspect regio- et stereosClectif recueille une atten- 
tion particuliere. On sait Cgalement que le cytochrome P450 
(10-13) ou les porphyrines metalliques (14, 15) catalysent 
cette rCaction en utilisant les hydroperoxydes ou les peracides 
comme source d'oxygkne. 

Cette reaction d'hydroxylation par les peracides peut Ctre 
decrite par un mCcanisme de type soit oxCnoi'de, soit radica- 
laire. Dans le premier cas on observe une tres bonne rCgio- et 
stCrCoselectivitC (6-8); par contre dans le second cas, les rC- 
sultats sont de ce point de vue, beaucoup moins explicites 
(2-4). Pourtant les rCsultats de sClectivitC sont souvent utilisCs 
pour remonter au type de mecanisme mis en jeu: en clair, si une 
rCaction est trks rkgio- et surtout tres stCrCosClective, on en 
conclut en general que la rCaction n'est pas radicalaire. 

Nous nous sommes donc proposC d'apporter des riponses 
prCcises sur la rCgio- et stCrCosClectivitC d'hydroxylation d'un 
certain nombre d'hydrocarbures saturCs cycliques par le pera- 
cide benzoi'que, dans des conditions expkrimentales ou le mC- 
canisme est, sans ambiguitk, radicalaire. 

En effet, au cours des travaux que nous avons effectuCs sur 
la rCactivitC homolytique des peracides, nous avons montrC 
(16) que la dCcomposition du peracide benzo'ique en solution, 
a ebullition, conduit h.~l'hydroxylation du solvant, dans la 
mesure ou celui-ci est un donneur d'hydrogene, selon le 
mCcanisme en chalne dCcrit dans la fig. 1.  

Quand on utilise le cyclohexane comme solvant (R-H) on 
obtient une mole de cyclohexanol (R-OH) par mole de pera- 
cide mis en oeuvre, montrant ainsi l'efficacitk du processus. 

Comme hydrocarbures saturCs nous avons utilis-5 le cyclo- 
hexane, dont les resultats servent de references, le methyl- 
cyclohexane et l'adamantane, pour dkterminer la rCgio- 
sClectivitC, et les decalines cis et trans pour obtenir des 
informations sur la stCrCoselectivite. 

Resultats 
Le peracide benzoi'que (rCf. 22) et l'hydrocarbure a Ctudier 

sont dissous dans le benzene, solvant inerte vis-5-vis des 
radicaux formCs. On utilise toujours un exces d'hydrocarbure 
par rapport au peracide afin de privilegier la rkaction [3] de 

[I] +C03H + 4CO; + HO' 

[3] 4' (OU 4C02') + HR + +H (ou +COzH) + R' 

[41 R' + 4C03H + ROH + +CO,' 

formation du radical R'. 
Les rCsultats exprimant la quantitC totale d'alcools form&, 

secondaires et tertiaires, ainsi que la rCgioselectivitC observCe 
pour le cyclohexane, le mCthyl-cyclohexane et I'adamantane 
sont donnCs dans le tableau I .  Les alcools secondaires ne sont 
oxydCs en cCtones qu'en tres faibles partie (1 a 2%) comme 
nous I'avions montrC prCcCdemment (16) et ces donnCes ne 
figurent pas dans le tableau. 

En prtsence d'hydroquinone (0,02 M), une solution d'ada- 
mantane ( I  M)  et de peracide benzoi'que (0,l M) donne 9% 
d'adamantanols secondaire et tertiaire, au lieu des 60% obser- 
v b  sans hydroquinone. Ceci montre bien le caractkre radica- 
laire de l'hydroxylation. 

Par rapport la solution temoin du peracide seul dans le 
benzkne, I'addition d'un hydrocarbure a deux consCquences: 
(i) une diminution de la quantitC d'acide benzoi'que du fait de 
la rCaction de dCcarboxylation suivie des reactions [3] et [4]; 
celles-ci n'ayant pas lieu dans le benzene, le peracide se dC- 
compose en acide selon un mecanisme radicalaire mettant en 
jeu d'autres intermkdiaires (16) et plus lent; et (ii) une accC1C- 
ration de la vitesse de reaction due prCcisCment aux Ctapes [3] 
et [4], sauf dans le cas de mCthyl-cyclohexane. Celui-ci, d'ail- 
leurs, joue un r61e inhibiteur pour la dCcomposition du peracide 
en solution dans le cyclohexane au lieu du benzkne ( t , ,?  
respectivement de 5 et 100 min pour des solutions 0 , l  M de 
peracide benzoi'que dans le cyclohexane et dans le cyclohexane 
contenant 1 M de methyl-cyclohexane). 

Ce resultat pose le probleme de la rCactivitC du radical 
mCthyl-cyclohexyle tertiaire comparee a celle du radical cyclo- 
hexyle secondaire. 

Quelques expkriences ont CtC faites avec des peracides ayant 
des pK, diffkrents de celui du peracide benzoYque, tels que les 
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FOSSEY ET AL 

TABLEAU I. Hydroxylation dcs hydrocarbures saturts par Ic peracide benzo'ique, cn solution dans 
le benzknc"' 

Produits formCs 

Hydrocarburc 
Temoin 

Paramktres (sans hydrocarbure) Cyclohcxane Mc-cyclohexanc Adamantanc 

k s - '  x lo'? 2,4 6,8 2.4 6,s  
+CO>HS 98 80 60 60 

Alcools ROHS 23 37 60 
Alcool tertiaireg - 64 88 

Alcools secondairesg - 36 12 
4-+ 0.15 0,08 0,lO 

'':I$CO,H = 0,I M ;  hydrocarbure (RH) = I M ;  T (bain) = 100 + 1°C 
-1 Exprimi. en l er ordre. 
t Acide et somme des alcools (sec + 1er0 exprimks en mol%. 
S Alcool tertiaire + alcool secondaire = 100. 

TABLEAU 2. Hydroxylation des dkcalines cis et trrrr~s par Ic peracide benzoi'quc, cn solution dans 
Ic bcnzttne"' 

Decalol-9 trans 
Peracide (Q+C02H DCcalols 

M k s ~ '  x 10'1' tertiairest DCcalol-9 cis 

DCcaline-cis 0, I 7.2 73 56 36 : 64 
0,2 77 80 16:84 
0.5 89 70 3:97 

':I$CO,H = 0,1 M ;  dkcaline = I M ;  T (bain) = 100 ? 1°C. 
'1 Exprime en ler ordre. 
t En mol% par rapport au peracide. 

peracides m-chloro et tert-butyl-4 benzo'iques. Dans le cas du 
cyclohexane nous avons obtenu sensiblernent les rnErnes quan- 
titts de cyclohexanol quelle que soit la nature du peracide. 

La stertostlectivitt de I'hydroxylation a ete etudiee dans le 
cas des decalines cis et trans (cf. Tableau 2). 

Cornrne dans le cas des autres hydrocarbures, cf. Tableau 2, 
on observe une accClCration de la vitesse de disparition du 
peracide. Mais surtout le rtsultat stCrtochirnique est inttres- 
sant: le rapport translcis dirninue, dans le cas de la dCcaline 
cis, quand la concentration en peracide augrnente alors qu'il 
reste constant pour la dkcaline trans. Dans chaque cas I'analyse 
du rntlange reactionnel revele la presence de dlph6nyle, en tres 
faible quantitt, et que nous n'avons pas fait figurer dans le 
tableau 2. 

Discussion 
Nos travaux anttrieurs (16, 17) ont rnontre que dans les 

conditions experirnentales dkcrites, c'est-2-dire en prenant soin 
d'tlirniner efficacernent l'oxygkne, le peracide rtagit effec- 
tivernent selon le processus radicalaire. 

La rtgioselectivite en faveur des C-H tertiaires est deter- 
rninte par la reaction [3]; elle est exotherrnique de 10 a 20 
kcal/rnol (18) selon que l'on considkre les radicaux Ph', ou 
PhCO et on sait que la vitesse d'arrachernent d'un H tertiaire 
est plus grande que celle d'un H secondaire (19). Ensuite la 
reaction [4] est tgalernent trks exotherrnique et les rksultats 
obtenus prCcCdernrnent (17) rnontrent que la r6activitC d'un 
radical vis-a-vis de la liaison 0-0 d'un peracide est d'autant 
plus grande que son caractkre nucltophile est plus marque; 

c'est-a-dire qu'un radical tertiaire est plus reactif qu'un radical 
secondaire. Les caracteristiques de ces deux reactions [3] et [4] 
expliquent pourquoi l'hydroxylation a lieu preferentiellernent 
sur les liaisons C-H tertiaires et pourquoi le rendernent en 
alcool croit quand on passe du methyl-cyctohexane a l'ada- 
rnantane cornpte tenu du nornbre relatif d'atonies d'hydrogtne 
H tertiaires dans la rnoltcule. 

Les rtsultats sttrtochirniques des dtcalines cis et trans don- 
nts dans le tableau 2 sont en accord avec ce que l'on sait sur 
la stCrCostlectivitt des radicaux decalyle-9 (20, 2 1). Un precur- 
seur de radical tratzs donne toujours lieu B un rnaintien de 
configuration alors que dans le cas d'un precurseur de radical 
cis il faut opCrer avec un substrat trts reactif, cornrne I'oxygkne 
ou un hypochlorite, et forte concentration pour obtenir le 
produit de reaction cis. Nos rtsultats rnontrent que la reaction 
[4] est suffisarnrnent rapide pour &tre competitive avec I'iso- 
rntrisation du radical cis en trans. 

Conclusion 
Les liaisons C-H, non activkes, des hydrocarbures cyclo- 

aliphatiques sont hydroxyltes par le peracide benzo'ique, selon 
un processus radicalaire, avec une rCgioselectivitC de 70% et 
80% en faveur des liaisons C-H tertiaires pour le rnethyl- 
cyclohexane et I'adarnantane. Dans le cas des dtcalines cis et 
trans, la sttrtosClectivitt des dkcalols-9 peut atteindre 97%. 

Ces resultats rnontrent donc qu'une tres bonne stereo- 
stlectivitt pour la reaction d'hydroxylation par un peracide ne 
signifie pas obligatoirernent que le processus ne soit pas radi- 
calaire. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



680 CAN.  J .  CHEM. VOL. 63. 1985 

Partie experimentale I. G. OLAH, D. PARKER et N. YONEDA. Angew. Chern. Int. Ed. 

Le peracide benzo'ique est prtparC selon la rntthode de Swern' (22) Engl. 17, 909 (1978). 

par action de H202 85% sur I'acide benzo'ique dans CH,S03H a 95%. 2. A. ROTMAN et Y.  MAZUR. J .  Chern. Sot. 94, 6228 

La puretC est dCterrninCe par indice de peroxyde (I.P.) (23). 11 est 3. P. SCHLEyER et R.  J .  Chern. Sot. 8 3 3  Is2 
ntcessaire d'utiliser du peracide fraichernent prCpar6 si on veut obtenir (1961). 
une bonne reproductibilitt des rCsultats. 4. D. HEYWOOD. B. PHILLIPS et H. STANBURY. J. Org. Chern. 22, 

Les hydrocarbures et le bcnzkne utilists sont des produits cornrner- 281 (1961). 

ciaux dont la purete a kt6 contrBlte par cpg. 5. N. DENO, E. JEDZINIAK, L. MESSER, M .  MEYER, S. STROUD et 

Les analyses sont effectuCes par cpg sur un appareil Girdel CquipC E. TOMEZSKO. Tetrahedron, 33, 2503 (1977). 

d'un intkgrateur Autolab. 6. W. MULLER et H. SCHNEIDER. Angew. Chern. Int. Ed. Engl. 18, 
407 ( 1  979). 

Experience type 
Un ballon de 50 crn', surrnontC d'un rtfrigkrant, contenant 10 crn' 

d'une solution a I M en hydrocarbure et 0,l-0,2 ou 0.5 M en pera- 
cide benzo'ique, est plongC dans un bain thermostat6 dont la tern- 
pCrature est fixCe a 100°C. II est indispensable d'opkrer a Cbullition 
vigoureuse pour Clirniner I'oxygkne dissous, ou sc formant au cours de 
la reaction, sinon on arnorce un processus de dCcornposition du pera- 
cide en acide (16). Pour cette raison la ternptrature du bain est fixCe 
a 20°C au dessus de celle de I'Cbullition du benzkne. 

On effectue deux expkriences sirnultankes destinkes I'une a suivre 
la vitesse de disparition du peracide par dkterrnination de I.P. au cours 
du temps, I'autre a effectuer I'analyse quantitative du rnClange rCac- 
tionnel. Les constantes de vitesse (tableau I) sont exprirntes en ordre 
I expCrirnental. Aprks 2-3 h d'ebullition i l  reste seulernent 1-2% de 
peracide. Aprks estkrification par CH2NI, l'analyse des produits for- 
rnCs est effectuke par cpg sur deux colonnes (Carbowax 20M, 15%. 
2 rn ou SE 30, 30%, 4 rn) en utilisant des Cchantillons authentiques et 
un ttrnoin interne pour le dosage. 

' L'hydroxylation peut Ctre aussi rkaliske en utilisant le peracide 
dodCcanoique; dans ce cas il y a cornpktition entrc une rCaction en 
chaine de dkcarboxy lation du peracide en n-undCcanol- l (1 6, 17) et un 
transfert sur I'hydrocarbure (rCactions [3] et [4]); de ce fait le taux 
d'hydroxylation de ce dernier est rnoins bon rnais les rtsultats con- 
firment le caractkre radicalaire du processus. 

7. H. SCHNEIDER, N. BECKER et K. PHILIPPI. Chern. Ber. 114, 1562 
(1981). 

8. H. SCHNEIDER et W. MULLER. Angew. Chern. lnt. Ed. Engl. 21, 
146 (1982). 

9. N. TAKAISHI, Y .  FUJIKURA et Y. INAMOTO. Synthesis, 293 
(1983). 

10. V. ULLRICH. Top. Curr. Chern. 83, 67 ( 1  978). 
I I. R. WHITE et M. COON. Ann. Rev. Biochern. 49, 3 15 (1980). 
12. R. BLAKE et M. COON. J. Biol. Chern. 256, 12127 (1981). 
13. R. WHITE, S. SLIGAR et M. COON. J. Biol. Chern. 255, 1 1  108 

( 1 980). 
14. D. MANSUY, J. F. BARTOLI, J. C. CHOTARD et M. LANGE. 

Angew. Chern. Int. Ed. Engl. 19, 909 (1980). 
15. D. MANSUY, J .  F. BARTOLI et M. MOMENTEAU. Tetrahedron 

Lett. 23. 2781 (1982). 
16. J. SORBA, J. FOSSEY, J .  Y. NEDELEC et D. LEFORT. Tetrahedron, 

35, 1509 (1979). 
17. J. FOSSEY et D. LEFORT. Tetrahedron, 36, 1023 (1980). 
18. J .  KERR. Chern. Rev. 66, 465 (1966). 
19. K. U. INGOLD. Dar1.s Free radicals. Vol. I. Edife' par J. Kochi. 

Wiley, New-York. 1973. p. 37. 
20. P. BARTLETT, R. PINCOCK, J. ROLSTON, W. SCHINIDEL et 

L. SINGER. J. Am. Chern. Soc. 87, 2590 (1 965). 
21. F. GREENE et N.  LOWRY. J. Org. Chern. 32, 875 (1967). 
22. L. SILBERT, E. SIEGEL et D. SWERN. J. Org. Chern. 27, 1336 

( 1 962). 
23. R. JOHNSON et J. SIDDIQUI. The determination of organic per- 

oxides. Pergamon Press, Oxford. 1970. 
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Some isotopic scrambling studies with singly or doubly labeled triphenylvinyl 
bromide' 

CHOI CHUCK LEE AND CHARLES Y. FIAKPUI 
Department of Chemistry, Urziver.sity of Snskntchewnn, Snskntootz, Snsk., Cnrlnrln S7N OW0 

Received August 10, 1984 

CHOI CHUCK LEE and CHARLES Y. FIAKPUI. Can. J .  Chem. 63, 681 (1985). 
The solvolysis of triphenyl[2-'"Clvinyl bromide (I-Br-2-I") in 70% HOAc - 30% H20 or in 2,2,2-trifluoroethanol (TFE) 

carried out in the presence of an excess of p-CH3C,H,SNa gave the triphenylvinyl p-tolyl thioether (1-STol) with a greatly 
decreased extent of scrambling of the '"C-label from C-2 to C-I when compared with analogous reactions without the presence 
of the p-toluenethiolate anion. For example, the 1-STol product from the reaction of 1-~r-2- '"c in 70% HOAc - p- 
CH3C6H4SNa showed only 0.5-0.9% scrambling, while previous studies on the reaction of 1-~r-2-l"C in 70% HOAc - 
NaOAc gave 14.7 + 0.7% scrambling. Previous work on the solvolysis of I ,2-diphenyl-2-['~s]phenyl[2-'3~]vinyl bromide 
(1-Br-2-I3C-2-Ph-d5) in 70% HOAc, as well as the present results from the solvolysis of 1-Br-2-I3C-2-Ph-d, in TFE - 
2,6-lutidine, gave products derived from all 4 possible isotopomeric triphenylvinyl cations 3, 4, 5, and 6 arising from 
successive 1,2-phenyl shifts. On the other hand, solvolysis of l-Br-2-'3C-2-Ph-d, in 70% HOAc or TFE containing an excess 
of p-CH,C,H,SNa gave 1-STol in which the isotopically rearranged product was derived only from ion 5 arising from a 
1.2-shift of the unlabeled phenyl group with no detectable amount of production derived from a 1,2-shift of the per- 
deuterophenyl group. These results are interpreted by the rapid trapping of the triphenylvinyl cation by the highly nucleophilic 
p-toluenethiolate anion. 

CHOI CHUCK. LEE et CHARLES Y. FIAKPUI. Can. J .  Chem. 63, 68 1 (1 985). 
La solvolyse du brornure de triphknyl 1°C-21-vinyle (I-Br-I4C-2), en solution dans un mklange ii 70% AcOH - 30% H20 

ou dans du trifluoro-2,2,2 ethanol (TFE) et en presence d'un excks de p-CH,C,H,SNa, conduit au triphknylvinyl p-tolyl 
thioither (I-STol); comparks aux resultats obtenus lors de rkactions analogues effectukes en I'absence de I'anion p-tolu6ne- 
thiolate, le taux de brouillage du marqueur '"C de la position C-2 vers la position C-l est de beaucoup diminue. Par exemple, 
le taux de brouillage, obsemt dans le produit 1-STol obtenu par rkaction du 1-Br '"C-2 dans AcOH i 70%/p-CH,C,H,SNa, 
n'est que de 0,5 a 0,9% alors que celui obsemk antkrieurement, lors de la rkaction du 1-Br '"C-2 dans AcOH a 70%/AcONa, 
s'klkve a 14,7 ? 0,7%. Les rksultats obtenus antkrieurement, lors de la solvolyse du bromure de diphknyl- 1.2 [ ' ~ ~ ] - ~ h ~ n ~ l - 2  
['3C-2]-vinyle (I-Br "C-2 ds-Ph-2) dans AcOH ii 70%, ainsi que les rksultats obtenus dans le prksent travail, lors de la 
solvolyse du produit 1-Br "C-2 ds-Ph-2 dans un mklange de TFEllutidine-2,6, conduisent dans chaque cas aux quatre cations 
triphenylvinyles isotopomkres possibles (3, 4, 5 et 6) provenant de dkplacements 1,2 successifs des groupements phenyles. 
Par ailleurs, la solvolyse du produit 1-Br "C-2 (Is-Ph-2, dans AcOH ii 70% ou dans le TFE contenant un excks de p- 
CH3C6H4SNa, conduit au produit 1-STol dans lequel le seul produit de transposition isotopique provient de I'ion 5 par le biais 
d'une transposition-1,2 du groupe phknyle qui n'est pas marque; on n'a pas pu dkceler de produit provenant d'une transposition- 
1,2 du groupement phknyle perdeutkrk. On interprkte ces rksultats en invoquant un plikgeage rapide du cation triphknylvinyle 
par I'anion p-tolu6nethiolate qui est hautement nuclCophile. 

[Traduit par le journal] 

Introduction 
In the solvolysis of triphenyl[2-'4C]viny1 bromide (I-Br- 

2-I4C) in 70% HOAc - 30% H,O (to be called 70% HOAc), 
it was found that the presence of added NaOAc did not signifi- 
cantly affect the extent of isotopic scrambling, 14.7 + 0.7% 
scrambling of the label from C-2 to C-1 arising from 
1,2-phenyl shifts in the triphenylvinyl cation being observed in 
the reaction product, 1,2,27rriphenylethanone, when the re- 
action was carried out with up to 30 molar equivalents of added 
NaOAc (2). On the other hand, similar solvolyses of trianisyl- 
[2-'4C]vinyl bromide (2-Br-2-I4C) in 70% HOAc showed de- 
creasing amounts of scrambling with increasing amounts of 
added NaOAc and the possibility was considered that 1 ,2-shifts 
in the solvolysis of 2-Br-2-I4C may occur in the dissociated, 
free trianisylvinyl cation which may be competitively captured 
by different nucleophiles, while 1,2-phenykshifts in the sol- 
volysis of 1-Br-2-I4C may take place in the ion-pair which may 
be insensitive to the presence of added acetate ions (2). How- 

ever, subsequent studies (3) have shown that solvolyses of l-Br 
or 2-Br in 70% HOAc both showed common ion rate depres- 
sion and exchange with added "Br-labeled bromide, findings 
that are diagnostic of the formation of dissociated cations (4). 
It was, therefore, suggested that the solvolyses of 1-Br or 2-Br 
in 70% HOAc both gave rise to dissociated ions, but the tri- 
phenylvinyl cation, being less stable than the trianisylvinyl 
cation, would react rapidly once it is formed and would show 
a low selectivity or low ability to discriminate between dif- 
ferent nucleophiles, thus resulting in no significant effect of 
added NaOAc on the extent of scrambling (3). It is of interest 
to find out if the presence of anion with stronger nucleophilic 
character than the acetate ion would be able to trap the tri- 
phenylvinyl cation and show a lesser extent of scrambling. 
'The p-toluenethiolate anion has been used to trap triarylvinyl 
cations (5). The initial experiments in the present work thus 
involved a study on the solvolysis of 1-Br-2-"C in 70% HOAc 
carried out in the presence of an excess of sodium p- 
toluenethiolate. 

'~earrangement studies with "C. XLIX; for part 48, see ref. 1. 
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TABLE I .  Data on isotopic scramblings in the solvolysis of triphenyl[2-'4C]vinyI bromide ( l - ~ r - 2 - ' ~ ~ )  

Specific activity (dpm/mmol) Scrambling 
from C-2 to 

Reaction product" Benzophenone" C-l (%) 

Expt. Solvent Added salt Run I Run 2 Run I Run 2 Run I Run 2 

1 "  70% HOAc p-CH,ChH4SNa 564 000 325 000 561 000 322 000 0.5 0.9 
2" TFE p-CH,ChH4SNa 165 000 367 000 158 000 353 000 4.2 3.8 
3" 70% HOAc LiCIO, 845000 698000 717000 589000 15.1 15.6 

"Solvolysis of 60 mM I-Br-2-I4C in 70% HOAc - 30% H20 containing 600 mM p-CH,C6H,SNa at 150 + 2°C for 
8 days. 

"Solvolysis of 0.12 M l-Br-2-',C in TFE containing 1.2 M p-CH1C6H,SNa at 150 2 2'C for 15 days. 
"Solvolysis of 15 mM 1-Br-2-"C in 70% HOAc - 30% HZO containing 75 mM LiCIO, at 150 2 2°C for 8 days. 
"The product from Expts. I and 2 was triphenylvinyl p-tolyl thioether ( l - s T ~ l - ' ~ C )  which was degraded by ozonolysis 

lo benzophenone; the product from Expt. 3 was 1.2.2-triphenylethanone which was oxidized by KMnO, to benzo- 
phenone. 

'Analyzed as the oxime. 

Recently, we have investigated the possibility of successive 
1,2-shifts in the triphenylvinyl cation using the doubly labeled 
1 ,2-diphenyl-2-['HS]phenyl[2-"Clvinyl bromide (1-Br-2-I"- 
2-Ph-d,) as substrate (6, 7). The present work also included a 
study on the solvolysis of 1-Br-2-"C-2-Ph-d, in 70% HOAc 
containing sodium p-toluenethiolate. Due to a combination of 
its high polarity and low nucleophilicity (8- lo), 2,2,2-tri- 
fluoroethanol (TFE) is a good solvent for the observation of 
1,2-shifts in solvolytic studies. The solvolysis of 1-Br-2-I4C in 
TFE has been reported (I 1) and, in the present work, the 
solvolysis of 1-Br-2-I4C in TFE containing sodium p-toluene- 
thiolate as well as solvolyses of 1-Br-2-"C-2-Ph-d, in TFE 
with or without added sodium p-toluenethiolate were carried 
out. 

Results and discussion 
When 1-Br-2-I4C was solvolyzed in 70% HOAc or in TFE 

with the presence of 10 molar equivalents of p-CH3C,H4SNa, 
triphenylvinyl p-tolyl thioether ( l - s T ~ l - ' ~ C )  was obtained as 
reaction product. Degradation of this thioether by ozonolysis 
gave benzophenone, the specific activity of which, when com- 
pared with that of the thioether from which the benzophenone 
was obtained, gave the extent of scrambling of the '"C-label 
from C-2 to C-1. The results are summarized in Table I. It is 
seen from Table 1 that the l - ~ ~ o l - ' ~ C  product from the reaction 
in 70% HOAc showed only 0.5-0.9% scrambling, while sim- 
ilar solvolyses in 70% HOAc containing various amounts of 
NaOAc gave 14.7 + 0.7% scrambling (2). For the reaction in 
TFE, the 3.8-4.2% scrambling observed in the 1-s~ol- ' "C is 
also much lower than the average value of 44.1% scrambling 
after complete reaction in the solvolysis of 1-Br-2-I4C in TFE- 
2,6-lutidine (I 1). These greatly decreased extents of scram- 

bling, when compared with analogous reactions without the, 
presence of added p-CH3C6H4SNa, thus gave conformation of 
the expectation that the highly nucleophilic p-toluenethiolate 
anion could trap the triphenylvinyl cation to give ~-STOI- '~C 
and effectively compete and reduce the extent of the 1,2-shift 
processes. 

It is also of interest to note that when 1-Br-2-"C was solvol- 
yzed in 70% HOAc in the presence of 1, 5 ,  or 10 molar 
equivalents of added LiCIO,, the scramblings observed were 
15.3 + 0.5%, a typical set of data being included in Table 1. 
This extent of scrambling is essentially the same as the 14.7 2 
0.7% scrambling found for similar solvolyses carried out with 
different amounts of added NaOAc (2). While LiCIO" was 
the salt used in the classical work of Winstein showing the 
occurrence of a special salt effect through interactions with 
solvent-separated ion-pairs in systems such as the acetolysis of 
3-anisyl-2-butyl brosylate (4, 12), LiC104 was found to give 
only a normal salt effect, and no special salt effect, in the 
solvolysis of 1-Br in 70% HOAc (3). Hence the solvolysis of 
1-Br-2-I4C in 70% HOAc with the presence of the poorly nu- 
cleophilic perchlorate ion would show no preferential trapping 
of the triphenylvinyl cation and the extent of scrambling is 
essentially the same whether LiC104 or NaOAc is present as an 
added salt. 

In solvolytic reactions with the doubly labeled 1-Br-2-"C- 
2-Ph-d,, 4 isotopomeric triphenylvinyl cations, 3, 4, 5, and 6, 
derived from successive 1,2-phenyl shifts, are possible as 
shown in Scheme 1 (6, 7). From a steady-state treatment, 
assuming that kph = kPh%, eq. [ l ]  was derived for the ratio of 
products formed from ions 3-6 in terms of a, with a = 
kso,/kph, the ratio of the rate of capture of the cations to give 
product (ksok,) to the rate of rearrangement from 1,2-phenyl 
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LEE AND FIAKPUI 

shifts (kPh) (7). 

[ l ]  3:4:5:6 = 1.0:(2 + a)/[(2 + a)' - 2]:1/(2 + a ) :  
1 /[(2 + a)' - 21 

When a 0.12 M solution of 1-Br-2-"C-2-Ph-d,, which was 
90% enriched with "C and essentially completely deuterated 
(6), was solvolyzed in  TFE containing 3 equivalents of 
2,6-lutidine under the same conditions as those used to give 
complete reaction in  the trifluoroethanolysis of 1-Br-2-I4C 
(1 l) ,  the product obtained was a mixture of isotopomeric triph- 
enylvinyl2,2,2-trifluoroethyl ethers (1-OTFE). Its degradation 
to benzophenone and analysis by mass spectrometry using the 
chemical ionization technique as previously described (6) gave 
the distribution of products derived from the precursor ions 3, 
4, 5, and 6 as summarized in Table 2. It has already been 
indicated that the analogous trifluoroethanolysis of 1-Br-2-I4C 
gave a mean value of 44.1 % scrambling of the I4C-label from 
C-2 to C-1 (1 1). Using eq. [2], which has previously been 
employed in the treatment of such I4C scrambling data (13), 
kSOH/kPh Or a is calculated to be 0.54. Using this value of a and 
eq. [I],  the distribution of products from ions 3-6 in the 

[2] [unrearranged product]/[rearranged product] = 1 
+ (kSOH/ZkPh) 

trifluoroethanolysis of 1-Br-2-"'C-2-Ph-d, was calculated and 
the results are also given in Table 2. For comparison, the 
previous data from solvolyses of 1-Br-2-"C-2-Ph-d, in 70% 
HOAc containing different amounts of added NaOAc are also 
included in Table 2. The finding that products are derived from 
all 4 possible isotopomeric triphenylvinyl cations 3-6 and the 
reasonably good agreement between the obsewed and calcu- 
lated product distributions from these cations suggest that, un- 
der the solvolytic conditions as employed in Expts. 4 and 5 of 
Table 2, successive 1,2-phenyl shifts as shown in Scheme 1 do 
occur in  the solvolysis of 1-Br-2-"C-2-Ph-d,, and the direct 
demonstration of such successive 1,2-shifts would not have 
been possible without the use of double labeling. 

When 1-Br-2-"C-2-Ph-d, was solvolyzed in 70% HOAc or 
TFE in the presence of added p-CH,C,H,SNa in  the same way 
as was done earlier with 1-Br-2-'"C, the thioether product, 
1-STol, that was obtained was degraded to benzophenone, 
analyzed by mass spectrometry (6), and the results are given as 
Expts. 6 and 7 in Table 2. It may be noted that the 0.5 -0.9% 
and 3.8-4.2% scramblings of the I4C label (Table 1) observed 
in the solvolysis of 1-Br-2-I4C in  70% HOAc - p-CH,C6H4SNa 
and in TFE-p-CH,C6H,SNa, respectively, are in fair agreement 
with the 1 .O- 1.7% and 2.4-3.6% scramblings, respectively, 
in the analogous solvolyses using 1-Br-2-"C-2-Ph-d, (Table 
2). Interestingly, the rearranged 1-STol products in Expts. 6 
and 7 (Table 2) were derived only from ion 5, with no de- 
tectable amount of rearranged products from ions 4 and 6. 
These results indicate that the relatively small extent of rear- 
rangement in the product trapped by thep-toluenethiolate anion 
was formed after 1 ,2-shifts of the unlabeled phenyl group, with 
essentially no trapping of any product arising from 1,2-shifts of 
the perdeuterated phenyl group which would give rise to ions 
4 and 6 as shown in Scheme 1. Apparently, when 
1-Br-2-I3C-2-Ph-dS was solvolyzed in 70% HOAc - NaOAc or 
in TFE - 2,6-lutidine, the triphenylvinyl cation formed under 
these conditions would have a sufficiently long lifetime to 
allow for the occurrence of repeated cycles of successive 
1,2-shifts, and even when the assumption was made that the 
magnitude of any isotope effect was small and kph = kPh+, the 
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calculated distribution of products from 3-6 was in reasonably 
good agreement with the observed data. On the other hand, for 
the analogous solvolyses carried out in the presence of the 
highly nucleophilic p-tolwenethiolate anion, the triphenylvinyl 
cation that was formed Would be trapped rapidly to give the 
thioether with essentially no cycles of successive 1,2-shifts. 
Under such conditions, the isotope effect favoring a 1,2-shift of 
the unlabeled phenyl over the perdeuterophenyl group is more 
apparent, resulting in the mass spectral detection of only the 
isotopically rearranged product derived from ion 5. 

Experimental 
Previously reported methods were used to prepare the required 

reactants, l - ~ r - 2 - ' ~ C  (14). l-Br-2-"C-2-~h-d~ (6), and sodium p- 
toluenethiolate (5). Illustrations of typical experimental procedures 
are given below. 

Reactions with l-Br-2-'-'C-2-~1z-d.~ 
A mixture of 400 mg ( I  .2 mol) of l-Br-2-1ZC-2-Ph-ds and 1.8 g (12 

mmol) of p-CH,C,H,SNa in 10 mL of TFE in a sealed tube was heated 
at 150 k 2°C for 15 da:{s. The resulting material was poured into HzO 
and extracted with CHCI, (3 X 25 mL). The liberated bromide ions 
in the aqueous layer were titrated with AgNO., (3), showing essentially 
complete reaction. Thk CHCI, extract was washed with 10% NaOH 
and with H,O, dried cver MgS04, and then the CHClz was removed 
by evaporation. The residue was purified by passage through an alumi- 
na column with elution by an 8: 1 mixture of petroleum ether (bp 
40-60°C) and ether. After removal of the solvent from the eluted 
product, crystallizaticm from ethanol gave 320 mg (69%) of the 
isotopomeric triphenq'lvinyl p-tolyl thiocthcrs (1-STol) which were 
degraded by ozonolysis (15) to benzophenone and analyzed by mass 
spectrometry (6) to give the distribution of products from the 
isotopomeric triphen>llvinyl cations 3-6. ~ r o m - t h e  samc reaction 
using non-labeled materials, the recrystallized 1-STol melted at 
134- 135°C. Ancll. calcd. for C2,H2,S: C 85.71. H 5.82; found: C 
85.60, H 6.01. 

Similarly, the solvc~lysis of 400 rng (1.2 mmol) of 1-~r-2-"C-2- 
Ph-ds in 20 mL of 70% HOAc - 30% H20 (by volume) containing 
1.8 g ( 12 mmol) of p-CH,C,H,SNa in a sealed tube at 150 2 2'C for 
8 days gave a 56% yield of thc isotopomeric 1-STol. 

The solvolysis of 400 mg (1.2 mmol) of l-Br-2-'1C-2-Ph-ds in 10 
mL of TFE containing 390 mg (3.6 mmol) of 2,6-lutidinc was carried 
out at 150 -C 2°C for 20 days and worked up as previously described 
( 1  I) to give the isotopomeric triphenylvinyl2,2.2-trifluoroethyl ethers 
for degradation to benzophenone and analysis by mass spectrometry. 

Renctions with 1-Br-2- '"~ 
The solvolyses of 1-Br-2-"C in TFE or in 70% HOAc containing 

10 molar equivalents of added p-CH,C6H,SNa were carried out as 

described above for thc analogous reactions with l - ~ r - 2 - " C - 2 - ~ h - d ~ ,  
except that the product was isolated with the addition of 200-300 mg 
of unlabeled 1-STol as carrier. Ozonolysis of each sample of 1- 
STolL1'C to benzophenone and comparison of their specific activities 
gave the extents of scrambling as summarized in Table 1. 

Solvolyses of 1-Br-2-"'C in 70% HOAc in the presence of 1, 5 ,  or 
10 molar equivalents of added LiCIO, (3) were also carried out. 
Typically. a solution of 100 mg (0.30 mmol) of 1-Br-2.'" and 160 
mg (1.5 mmol) of LiC104 in 20 mL of 70% HOAc in a sealed tube was 
heated at 150 ? 2'C for 8 days. The mixture was worked up, with the 
aid of added carrier, to give I ,2,2-triphenylethanone and degraded to 
benzophenone to give the extent of scrambling as previously described 
for the solvolysis of 1-~r-2-"C in 70% HOAc containing added 
NaOAc (2). 
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Stereochemical assignment by X-ray crystallography to the product of trapping by 
solvent of the intermediate zwitterion on irradiation of a 2,5-cyclohexadienone 
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AND 
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ANGELO C. BRISIMITZAKIS, DAVID 1. SCHUSTER, and JAMES M. V A N  DER VEEN. Can. J .  Chem. 63, 685 (1985). 
Ultraviolet irradiation of 4-methyl-4-trichloromethylcyclohexa-2.5-dinone in acidic methanol resulted in the stcreospecific 

generation of a solvent adduct, whose structure has been determined by X-ray crystallography, and whose carbon skeleton can 
be identified with that of the previously postulated zwitterion intermediate. It is concluded that the photochemical rear- 
rangement of this dienone to the corresponding lumiketone proceeds with inversion of configuration at the migratory carbon. 

ANGELO C. BRISIMITZAKIS, DAVID 1. SCHUSTER et JAMES M.  VAN DER VEEN. Can. J. Chem. 63, 685 (1985) 
L'irradiation ultraviolette de la mCthyl-4 trichloromtthyl-4 cyclohexadikne-2,5 one, dans du methanol acidulC, conduit i la 

gCnCration stCrCospCcifique d'un adduit de solvant dont on a determink la structure par diffraction des rayons-X et dont la 
structure carbon& peut &tre identifike avec celle qui avait CtC postulte antCrieurement pour I'intermCdiaire zwitterionique. On 
en conclut que la transposition photochimique de cette diCnone, en IumicCtone correspondante, se produit avec une inversion 
de configuration au niveau du carbone qui migre. 

[Traduit par le journal] 

Mechanistic interpretations regarding the photochemistry of 
cross-conjugated cyclohexadienones have centered around a 
bicyclic zwitterionic intermediate (I) .  Indirect evidence for the 
intermediacy of such a species came from thermal generation 
of such zwitterions from appropriate precursors (2), as well as  
trapping of such species by cycloaddition reactions with cyclo- 
pentadiene and furan (3). Molecular and stereochemical charac- 
terization of these adducts relied on analysis of spectral data. 

The first direct evidence for the intermediacy of a zwitterion 
in the photochemistry of dienone 1 involved~the isolation of 
solvent adduct 3, in which the carbon skeleton of the postulated 
zwitterion intermediate was preserved (4). Although the report 
established the overall structure of 3, the exolendo configura- 
tion of the methyl and CC13 groups, as well as the relative 
orientation of substituents to the carbonyl group, were not 
established. 

We now report the complete structure including stereo- 
chemistry of 3 based on single crystal X-ray analysis, and its 
mechanistic implications with respect to the photorearrange- 
ment of 1 to lumiketone 4 ( 3 ,  whose stereochemistry has been 

'Author to whom correspondence may be addressed. 
'Revision received August 16, 1984. 

established previously (6). 
Solvent adduct 3 was prepared by ultraviolet irradiation of 

dienone 1 in acidic methanol. Careful chromatographic separa- 
tion on Florisil afforded a pure crystalline sample of 3, which 
had previously been isolated only as a colorless oil (4). Spectral 
data of 3 ('v and 'H nmr, ir, ms) matched those previously 
reported (4) for the oily adduct, and are consistent with the 
proposed assignment. 

Crystal data  
CgHI 102C13 fw = 257.55 
The space group was determined to be triclinic, T, with 
a = 5.963(3), b = 9.958(4), c = 10.106(4) A,  a = 
105.47(3), P = 105.52(3)", y = 81.91(3)", Z = 2 ,  cl,,,, = 
1.54 g/cm" A = 0.7107 A. Data was collected on a Nicolet 
Four-Circle Auto diffractometer using Mo-Ka radiation, a 
graphite monochromator, and w-scans with a scan range of lo. 
The ratio of background counting time to net scanning time was 
0.50. Data were collected in two shells with a scan rate of 
6.00°/min for 20 = 3.00" - 43.00" and 4.00°/min for 20 = 

43.00" - 55.00". Six check reflections were monitored every 
three hundred reflections and showed no decay during the data 
collection. Of the 2546 reflections collected, 1905 with F > 
2u(F)  were treated as observed. 

The structure was solved using Multan-80 (7). In the first 
E-map the three chlorine atoms and eight other atoms were 
located. The remaining three atoms were found in a difference 
map following a structure Fourier factor calculation. Isotropic 
refinement3 resulted in an R-factor4 of 0.192 after six least- 
square cycles. Three anisotropic refinement cycles reduced R 
to 0.090. All the hydrogen atoms were apparent in a difference 
map at this point. Six cycles of weighted least-squares refine- 

'The X-Ray-System-Version of 1976 was used. J .  M. Stewart, 
Editor, Technical Report TR-446 of the Computer Science Center, 
University of Maryland, College Park, Maryland. 
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TABLE 1. Fractional coordinates (esd's are in parentheses) 

Atom x Y z 

FIG. I. Crystal structure of 3. 

ment5 resulted in an R-factor of 0.074. Fractional coordinates, 
bond distances, and bond angles are shown in Tables 1, 3, and 
4,  while thermal factors and structure factors are reported in 
Tables 2 and 5 which are published as supplemental material.6 
An ORTEP (8) drawing of the molecule is shown in Fig. 1. At 
this point the largest peak in a difference map was 0.44 e/A3. 
None of the peaks in the difference map could be explained in 
terms of a disordered structure or a solvent molecule. The 
compound was sensitive to light and this may have contributed 
to the relatively high R factor, although no crystal deterioration 
was apparent in the intensities of the check reflections. 

The X-ray structure of 3 reveals that attack of methanol 

"he weighting scheme used in the least-squares minimization of 
the function w(l F,, I - IF, I)' is defined as w = I/(up2 + 0.0025(~)~) .  

'Complete tables of thermal parameters and structure factors are 
available, at a nominal charge, upon request from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ontario, Canada KIA 0S2. 

TABLE 3. Bond distances in 
angstroms (esd's are given in 

parentheses) 

Bond Distance 

1.213( 7) 
1.507( 6) 
1.540( 7) 
0.99( 3) 
0.98( 5) 
1.507( 7) 
0.92( 4) 
1.515( 5) 
1.519( 5) 
1.505( 5) 
1.521( 6) 
1.523 6) 
0.93( 5) 
1.509( 6) 
1.01( 3) 
1.429( 4) 
1.425( 6) 
1.01( 6) 
0.89( 7) 
0.98( 7) 
1.789( 4) 
1.772( 4) 
1.772( 5) 
1 .OO( 5) 
0.95( 7) 
0.99( 5) 

TABLE 4. Bond angles (esd's are given 
in parentheses) 

Angle Degrees 

occurs, as previously postulated, on the less hindered side of 
zwitterion 2 opposite to the three-membered ring, on which the 
C-6 methyl group occupies an endo orientation. This structure 
requires the zwitterion precursor to have the configuration 
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BRlSlMlTZAKlS ET AL. 687 

shown in 2. Therefore, the [ I  ,4]-sigmatropic shift necessary to 
proceed from zwitterion 2 to lumiketone 4 must involve reten- 
tion of the exolendo orientation of the substituents at C-6. This 
results in an overall inversion of configuration at the migrating 
carbon of 2, consistent with Woodward-Hoffmann predic- 
tions (9) for a concerted ground state [1,4]-sigmatropic shift 
originating from zwitterions such as 2. 
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Crystal a i ~ d  molecular structure of the binuclear Rh(1) complex (p-Cl)(p-pz) 
[Rh(CO)z]z (pz = pyrazolyl, N2C3H3).\An example of molecular stacking via weak 

intermolecular Rh . . . Rh interactions 

BRENDA M .  LOUIE, STEVEN J. R E ~ T I G ,  ALAN STORR, AND JAMES TROTTER 
Department of Chemistry, Universify of British Colurnbin, 2036 Main Mall, Vancouver, B.C., Cat~ndn V6T IY6 

Received May 22, 1984 

BRENDA M. LOUIE, STEVEN J .  RETTIC, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 63, 688 (1985). 
Details of the synthesis and physical properties of (p-CI)(p-pz)[Rh(CO)& are given. Cry@ of (p-chloro) (p-pyrazo1yl)- 

bis(dicarbonylrhodium(l)) are monoclinic, n = 7.0970(8), b =20.5184(10), c = 15.808(2) A, P = 94.695(6)", Z = 8, space 
group P2'/c.  The structure was solved by conventional heavy-atom methods and was refined by full-matrix least-squares 
procedures to R = 0.035 and R,,. = 0.038 for 2949 reflections with I 2 3u(1). The complex provides a rare e:ample of 
molecular stacking in a binuclear transition metal complex with Rh...Rh distances of 3.5107(8) and 3.6201(8) A. 

BRENDA M. LOUIE, STEVEN J .  RETTIC, ALAN STORR et JAMES TROTTER. Can. J. Chem. 63, 688 (1985). 
On rapporte des details relatifs h la synthkse et aux proprietts physiques du (p-CI)(p-pz)[Rh(CO)&. Les cristaux du 

(p-chloro)(p-pyrazolyl) bis(dicarbonylrhodium(l)) sont monocliniques, n = 7,0970(8), b = 20,5184(10), c = 15,808(2) A, 
p = 94,695(6)", Z = 8, groupe d'espace P 2 , l c .  On a resolu la structure par les methodes conventionnelles avec des atomes 
lourds et on I'a affine par la methode des moindres carres (matrice entikre) jusqu'h des valeurs de R = 0,035 et R,,. = 0,038 
pour 2949 reflexions avec I 2 3u(1). Le complexe correspond a un rare exemple d'empilement m~leculaire dans un complexe 
binucleaire d'un metal de transition avec des distances Rh..-Rh Cgales h 3,5107(8) et 3,6201.A. 

[Traduit par le journal] 

Introduction C7H3CIN204Rhz fw = 420.38 

A recent publication (1) described a series of monomeric 
Rh(1) complexes involving the bidentate pyrazolyl gallate li- 
gands, Me2Gapz2-. In addition, the structural characterization 
of two binuclear Rh(1) species [Rh(p-3,s-Me?pz)L-L]? 
(where L-L = (CO)z or COD; 3,5-Me?pz = 3,5-dimethyl- 
pyrazolyl, NZC5H7) was reported. Our investigations in this 
area have subsequently produced a mixed-bridge binuclear 
species, namely (p-CI)(p-pz)[Rh(CO)&, which we have struc- 
turally characterized and which is a rare example of molecular 
stacking via weak intermolecular Rh . . -Rh  interactions in 
zig-zag chains. 

Experimental 
(p-Chloro)(p-pyrazolyl)bis(dicarbonylrhodium(I)) was isolated in 

low yield as an orange crystalline material from the benzene extract of 
the products from the reaction: 

[Rh(p-CI)(C0)2]2 + 2 Napz + [Rh(p-p~) (CO)~l~  + 2 NaCl 

The compound is readily volatile and air stable. Annl. calcd. for 
(p-Cl)(p-pz)[Rh(CO)&: C 20.00, H 0.7 1, N 6.66; found: C 20.08, 
H 0.70, N 6.42. 'H nmr (ChDh, T values refer to r(ChDh) = 2.84 ppm): 
2.88 d ( J  - 2 Hz, pz-H" and pz-HS), 4.14 t ( J  - 2 Hz, pz-H4). 
Infrared vco (cyclohexane) 2020, 2075, and 2090 cm-'. The mass 
spectrum displayed the parent ion grouping (P+) as its strongest signal 
(100%) with the P - CO+ (65%), P - 2GO' (75%), P - 3CO' 
(75%), P - 4CO+ (70%), P - 4C0 - pzH+ (65%), and Rh' (70%) 
ions giving rise to other prominent signals in the spectrum. 

Spectra 
The 'H nmr spectrum was recorded on a Varian XL 100 instrument, 

the ir spectrum on a Perkin-Elmer 598 spectrometer and the mass 
spectrum on a Varian MAT CH4B spectrometer at 70 eV and 25°C. 

X-ray crystallogrnphic analysis 
A crystal bounded by the six faces (followed by their distances in 

mm from a common origin): + ( I  0 O), 0.345, +(0 1 O), 0.100, 
+(0 0 I), 0.025 was mounted in a general orientation. Unit-cell pa- 
rameters were refined by least-squares on 2 sin 0/A values for 25 
reflections (20 = 26-40") measured on a diffractometer with Mo-Ku 
Radiation (A(KuI) = 0.70930, A(Ku2) = 0.71359 A). Crystal data at 
22°C are: 

Monoclinic, n = 7.0970(8), b = 20.5184(10), c = 15.808(2) A, P = 
94.695(6)", V = 2294.2(4) A3, Z = 8, p, = 2.434 g ~ m - ~ ,  F(000) = 
1584, ~ ( M o - K u )  = 30.67 c m ~ - ' .  Absent reflections: h01, 1 odd, and 
OkO, k odd, uniquely indicate the space group P2 ' / c  (c:,,, No. 14). 

Intensities were measured with graphite-monochromated Mo-Ku 
radiation on an Enraf-Nonius CAD4-F diffractometer. An o-20 scan 
at 1.12- 10.06" min-I over a range of (0.70 + 0.35 tan 0) degrees in 
w (extended by 25% on both sides for background measurement) was 
employed. Data were measured to 20 = 55". The intensities of three 
check reflections, measured every 3600 s throughout the data col- 
lection, decreased uniformly to values of approximately 80% of the 
initial values, the data being scaled accordingly. After data reduction,' 
an absorption correction was applied using the analytical method (2, 
3). Transmission factors ranged from 0.537 to 0.856. Of the 5255 
crystallographically unique reflections measured, 2949 (56.1%) had 
intensities greater than 3u(l)  above background where ~ ' ( 1 )  = S + 2 8  
+ (0.04(S - B))' with S = scan count and B = normalized back- 
ground count. 

The structure was solved by conventional heavy atom methods, the 
coordinates of the Rh and C1 atoms being determined from the Pat- 
terson function and those of the remaining atoms from subsequent 
difference maps. In the final stages of the full-matrix least-squares 
refinement, the non-hydrogen atoms were refined with anisotropic and 
the H atoms with isotropic thermal parameters. The scattering factors 
of ref. 4 were used for non-hydrogen atoms and those of ref. 5 for 
hydrogen atoms. Anomalous scattering factors from ref. 6 were used 
for the Rh and C1 atoms. The weighting scheme w = I/u2(F), where 

~ ~ 

u2(F)  is derived from the previously defined u2(l), gave uniform 
average values of w(lF,,I -  IF.^)^ over ranges of both  IF,,^ and sin 0/A 
and was employed in the final stages of refinement. Reflections with 
I < 3u(l) were not included in the refinement. Convergence was 
reached at R = 0.035 and R,,. = 0.038 for 2949 reflections with I 2 

3u(l). For all 5255 reflections R = 0. l l I. The function minimized 
was CW(~F,,I -  IF,^)^, R = IF,,I - IF,l I/CIF,,I and R,,. = (CIV(IF,,I 
- IF~~)'/CWIF~,I')'/~. 

'The computer programs used include locally written programs for 
data processing and locally modified versions of the following: 
ORFLS, full-matrix least-squares, and ORFFE, function and errors, 
by W. R. Busing, K. 0 .  Martin and H. A. Levy; FORDAP, Patterson 
and Fourier syntheses, by A. Zalkin; ORTEP 11, illustrations, by 
C. K. Johnson. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LOUIE ET  AL. 

FIG. I .  Stereoscopic views of the two independent (k-CI)(ppz)[Rh(CO)& molecules; 50% probability thermal ellipsoids are shown. 
Hydrogen atoms are assigned arbitrarily small thermal parameters for clarity. 

FIG. 2. Stereoscopic view of the stacking of (p-CI)(ppz)[Rh(CO)& molecules; dotted lines indicate intermolecular Rh.0. Rh interactions. 

On the final cycle of refinement the mean and maximum parameter 
shifts corresponded to 0.01 and 0. IOU, respectively. The mean error 
in an observation of unit weight was 1.438. A final-difference map 
showed maximum fluctuations of - 1 3 6  to $0.97 e A-' near Rh and 
was essentially featureless elsewhere. The final positional and thermal 
parameters appear in Tables I and 5,' respectively. Measured and 
calculated structure factors have been placed in the Depository of 
Unpublished Data.' 

The ellipsoids of thermal motion for the non-hydrogen atoms are 
shown in Fig. I .  The thermal motion has been analysed in terms of the 
rigid-body modes of translation, libration, and screw motion (7). The 
rms standard error in the temperature factors o U ,  (derived from the 

''The structure factor table, Table 5 (anisotropic thermal parameters) 
and other material mentioned in the text are available, at a nominal 
charge, from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada KIA 0.52. 

least-squares analysis) is 0.0037 A'. Each of the two independent 
molecules behaved ?asonably well as a rigid body (rms AU,, = 
0.0080 and 0.0066 A'). The appropriate bond distances have been 
corrected for libration (7, 8), using shape parameters q' of 0.08 for all 
atoms involved. Corrected bond lengths appear in Table 2 along with 
the uncorrected values; corrected bond angles do not differ by more 
than l o  from the uncorrected values given in Table 3. Intra-annular 
torsion angles defining the conformations of five-membered chelate 
rings are listed in Table 4. Bond lengths and angles involving hydro- 
gen and a complete listing of torsion angles (Tables 6-8) are included 
as supplementary material.' 

Results and discussion 
To our knowledge only one previous example of a binuclear 

transition metal species bridged by both an exobidentate pyr- 
azolyl and a single atom ligand has been structurally char- 
acterized. Johnson and co-workers (9) recently reported the 
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690 CAN.  J .  CHEM. VOL. 63. 1985 

TABLE I. Final positional (fractional X lo', Rh acd CI X los, H x 
lo') and isotropic thermal parameters ( U  X lo3 A') with estimated 

standard deviations in parentheses 

Atom x Y z ucq/L',,,7 

structure of the Pt(l1) species (Pt(p-~z)(~-CI)(CI)(C~H,)]~ in 
which r-bonding between the pyrazolyl moiety and the Pt(l1) 
centres was invoked to explain the planarity of the five- 
membered Pt,NzCl ring. 'The title compound does not display 
this planarity but rather the expected puckered arrangement for 
the Rh2N,C1 rings which have conformations best described as 
CI-envelopes (see Fig. 1 and Table 4). This imparts an overall 
bowed shape to each of the two crystallographicaIly inde- 
pendent molecules, the angles between normals to'the mean 
metal coordination planes being 41.4(2) and 34.2(2)". The 
pyrazolyl rings (planar to within experimental error) are rotated 
out of the metal coordination planes by an average of 24.9", 
individual values ranging from I7.9(2) to 29.7(2)". The coor- 
dination about Rh is distorted square planar, each of the four 
indepenent RhC,NCl groupings being significantly no!-planar 
(maximum deviation from the mean plane 0.077(7) A). The 
mean3 structural parameters: Rh-CI = 2.371(8), Rh-N = 
2.065(6), Rh-C(trans to C1) = 1.833(1 I), Rh-C(trans to 
N) = 1.869(8), C-O(trans to C1) = 1.142( 13), C-O(trarzs 
to N) = 1.127(8) A, and Rh-CI-Rh = 101.1(11)" are 
normal. 

The structure of (p-CI)(p-pz)[Rh(CO)& does, however, of- 
fer a different type of rarity in that the molecules in the c~ystal 
lattice form one-dimensional stacks with alternate Rh atoms in 
the binuclear units interacting intermolecularly in a zig-zag 
chain arrangement (Fig. 2). Recently Stobart and co-workers 
(10) reported a similarly rare example of molecular stacking 
involving interactions between Rh atoms in adjacent mono- 
nuclear molecular units Rh(CO)z(Cl)(pzH), with Rh - - -  Rh sep- 
arations in the zig-zag chains of 3.4522(4) A. The Rh --. Rh 
distances in the present complex alternate between 3.5107(8) 
[Rh(l)...Rh(3) (1 + x, y ,  s)]  and 3.6201(8) A 
[Rh(l) - - -  Rh(3)] with individual stacks being separated by nor- 
mal van der Waals distances. A possible explanation for the 
longer distances in (p-Cl)(p-pz)[Rh(CO),], is the marked non- 
planarity of the molecules which can be clearly seen in Fig. 2. 
At each Rh atom involved, one of the Rh...Rh interactions is 

'Here and elsewhere in this report mean values refer to weighted 
means with rms deviations from the mean in parentheses. 

TABLE 2. Bond lengths (A) with estimated standard deviations in parentheses 

Length Length 

., Bond Uncorr. Corr. Bond Uncorr. Corr. 
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TABLE 3. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle (deg) Bonds Angle (deg) 

TABLE 4. Intra-annular torsion angles (deg) standard 
deviations in parentheses 

Atoms Torsion. angle (deg) 

more nearly perpendicular to the Rh coordination plane than the 
other (deviations from perpendicularity are 5.6 and 15. lo  at 
Rh(l) ,  4.8 and 11. lo a t ~ h ( 2 ) ) .  It is noteworthy that these 
intermolecular distances, involving only one metal atom of 
each binuclear species, are shorter than the intramolecular dis- 
tances Rh(1) -.. Rh(2) = 3.6274(8) and Rh(3) - - -  Rh(4) = 
3.6770(8) A. The intermolecular distances, whilst longer than 
those reported by Stobart and co-workers ( lo) ,  are nevertheJess 
still close to the Rh.-.Rh distances of 3.253 and 3.271 A in 
Rh(CO)2(acac) (1 1) for which intrinsic semi-conductor behav- 
ior has been suggested on the basis of  conductivity mea- 
surements ( 12). Similar ground state non-zero Rh Rh bond 
orders have recently been suggested for related face-to-face 
Rh(1) dimers on the basis of spectroscopic evidence by Gray 
and co-workers (13, 14). interestingly Ferraro and Mertes in 
their recent review (15) mention that in the transition metal area 
efforts to achieve one-dimensional chains using binuclear com- 
plexes have not been successful. It appears that the present 
complex provides an example in this category. 

Acknowledgments 
W e  thank the Natural Sciences and Engineering Research 

Council of Canada for financial support and the University of 
British Columbia Computing Centre for assistance. 

I. B. M. LOUIE, S. J. RETTIC, A. STORR, and J. TROTTER. Can. J .  
Chern. 62, 1057 (1984). 

2. P. COPPENS, L. LEISEROWITZ, and D. RABINOVICH. Acta Crys- 
tallogr. 18, 1035 (1965). 

3. J. DE MEULENAER and H. TOMPA. Acta Crystallogr. 19, 1014 
(1965). 

4. D. T. CROMER and J. B. MANN. Acta Crystallogr. Sect. A, 24, 
321 (1968). 

5. R. F. STEWART, E. R. DAVIDSON, and W. T. SIMPSON. J. Chern. 
Phys. 42, 3175 (1965). 

6. D. T. CROMER and D. LIBERMAN. J. Chern. Phys. 53, 1891 
(1970). 

7. V.  SCHOMAKER and K. N .  TRUEBLOOD. Acta Crystallogr. Sect. 
B ,  24, 63 (1968). 

8. D. W. J. CRUICKSHANK. Acta Crystallogr. 9, 747 (1956); 9, 754 
(1956); 14, 896 (1961). 

9. W. C. DEESE, D. A. JOHNSON, and A. W. CORDES. Inorg. Chern. 
20, 1519 (1981). 

10. M. J .  DECKER, D. 0. FJELDSTED, S. R. STOBART, and M. J. 
ZAWOROTKO. J. Chern. Soc. Chem. Commun. 1525 (1983). 

11. F. HUG and A. C. SKAPSKI. J. Cryst. Mol. Struct. 4, 41 1 (1974). 
12. C. G. PITT, L. K. MONTEITH, L. F. BALLARD, J. P. COLLMANN, 

J .  C. MORROW, W. R. ROPER, and D. ULKII. J. Am. Chern. Soc. 
88, 4286 (1966). 

13. S. F. RICE and H.  B. GRAY. J .  Am. Chem. Soc. 103, 1593 
(1981). 

14. R. F. DALLINCER, V. M. MISKOWSKI, H. B. GRAY, and W. H. 
WOODRUFF. J .  Am. Chem. Soc. 103, 1595 (1981). 

15. J. R. FERRARO and K. B. MERTES. Coord. Chern. Rev. 36. 357 
(1981). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Iridium(1) complexes containing bidentate pyrazolylgallate ligands. X-ray crystal 
structures of [MezGapzz]Ir(COD), [Ir(y-pz)(CO)aIz, and [Ir(p-3,5-Mezpz)(CO),l, 
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SOPHIA NUSSBAUM, STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 63, 692 (1985). 
Thc synthesis and characterization of a number of Ir(l) complexes incorporating bidentate, chelating, pyrazolylgallate 

ligands are described. Non-rigidity for some of the complexes in solution has becn demonstrated by variable temperature 'H 
nrnr studies. Crystal structures of three complexes, [Me2Gapz2]lr(COD), [ l r ( p - p ~ ) ( C O ) ~ ] ~ ,  and [lr(p-3,5-Me,p~)(CO),]~ are 
reported and confirm the expected boat conformations for the six-membered M-(N-N)2-lr rings (where M = Ir or Ga) 
in the compounds. One of thc complexes studied has exhibited measurable activity as a catalyst in the hydrogenation reaction 
of cyclohexene. 

SOPHIA NUSSBAUM, STEVEN J .  RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chem. 63, 692 (1985). 
On dkcrit le synthkse et la caractkrisation d'un certain nombre de complexes de Ir(l) incorporant des ligands bidentates et 

chClatants du type pyrazolylgallate. Faisant appel i des Ctudcs de rmn du 'H i tempkratures variables, on a demontrk que, en 
solution, quelques uns de ces complexes ne sont pas rigides. On rapporte Ics structures de trois complexes, soit le 
[Me2Gapz2]lr(COD), le [ I r ( p - p ~ ) ( C O ) ~ l ~  et le [lr(p-Mez-3,5pz)(CO)& et on confirme que, dans ces composks, les cycles i 
six chainons M-(N-N)z-I~ (ou M = Ir ou Ga) existent sous les conformations bateaux que I'on avait prkvues. Un des 
complexes Ctudiks prCsente une activit6 mesurable comme catalyseur pour I'hydrogCnation du cyclohexkne. 

[Traduit par le journal] 

Introduction I 
Recently we reported a series of Rh(1) complexes involving 

the bidentate chelating pyrazolylgallate ligands, [Me2Gapz,]- 
and [Me2Ga(3,5-Me2p~)2]- (where pz = pyrazolyl, N2C3H3 and 
3,5-Me2pz = 3,5-dimethylpyrazolyl, N2C5H7) ( 1 ,  2). We have 
extended our investigations in this area and now report the 
synthesis and characterization of a number of Ir(1) complexes, 
[Me2Gapz2] Ir(C0D) , [Me2Gapz2] lr(CO)2, [Me2Gapz2] Ir(C0)- 
(PPh3), and [Me2Ga(3 ,5-Mezpz)2]Ir(CO)(PPh3). The X-ray 
crystal structures of the three complexes [Me2Gapz2]lr(COD), 
[ l r ( p - p ~ ) ( C O ) ~ ] ~ ,  and [ l r ( p - 3 , 5 - M e , p ~ ) ( C O ) ~ ] ~  are reported. 

Experimental 
All reactions and purifications were performed under a nitrogen 

atmosphere using Schlenk glassware or a glove-box. Tetrahydrofuran 
(THF) was dried by refluxing over sodium/benzophenone and dis- 
tilled prior to use. Benzene was dried by refluxing over molten potas- 
sium. Hexane was distilled from calcium sulphate. [lr(COD)Cll2 
(Strem Chemicals) was used as supplied or prepared according to a 
literature method (3). Ir(CO)CI(PPh3)2 (Strem Chemicals) and PPh3 
(MCB) were used as supplied. Ir(CO)2Cl(p-NH2ChH,CH3) was pre- 
pared as described in the literature (4). The sodium salts of the gallium 
ligands [Me2Gapzz]-, [Me2Ga(3,5-Me2pz)2]-, and [MeGapz'I- were 
prepared as THF solutions.as described earlier (5). 

Preparation of [Me2Gapz2]lr(COD) 
[Ir(COD)C1I2 (0.200 g, 0.30 mmol) was dissolved in 50 mL THF 

and cooled to -78OC. Na[Me2Gapzz] (8.2 mL, 0.61 mmol) was added 
dropwise with stirring. The dark orange mixture was stirred for an 
additional I .5 h at -78OC and the solvent was then removed under 
vacuum at 0°C. The residue was extracted into hexane and yielded 
large, air-stable, crystals in -70% yield. Mp 112°C. Anal. calcd. for 
[Me2Gapz2]lr(COD): C 35.96, H 4.50, N 10.49; found: C 36.02, H 
4.55, N 10.31. ' H  nrnr and ir data are reported in Table 1. The mass 
spectrum of the complex shows a weak signal (1.2%) due to the parent 
ion P+ at m/e 534 (based on '"'l and "Ga), the most intense peak 
(100%) being due to the P - Me' ion. 

From the hexane-insoluble materials [Ir(p-pz)(COD)], was 
obtained in -23% yield by recrystallization from benzene. 

Preparation of [MeZGnpz2]lr(CO)Z 
Method I: from [Me2GnpzZ]lr(COD) 
CO gas was passed through a solution of lMe2Gapzz]lr(COD) in 

FIG. I .  Room temperature 80 MHz 'H nrnr spectrum of [Mez- 
G a p ~ ~ j l r ( C 0 ) ~  in ChD, prepared directly in the nrnr tube. Small peaks 
marked with an asterisk show the presence of the dimer species 
[ l r (p-p~)(COD)]~ whilst peaks at 4.4 and 7.8 T are due to free COD. 

hexane at -78°C. The color of the solution turned instantly from 
orange to pale yellow. An ir spectrum of the solution showed two 
strong v,, stretching vibrations at 2074 and 2005 cm-'. Evaporation 
of the solvent under vacuum at low temperature (-78 to -30°C) 
resulted in the appearance of the starting material whilst evaporation 
of the solvent at O°C gave a mixture of [lr(p-p~)(CO),]~ and 
[Me2Gapz2]lr(CO),. Samples of the latter complex were also prepared 
by passing CO through solutions of [Me2Gapz2]lr(COD) in C,D, and 
d,-acetone in nrnr tubes. The 'H nmr spectra (Fig. I) were recorded 
immediately and revealed the presence of [Mc,Gap~~]lr(CO)~ as the 
main product together with up to -25% of the corresponding lr 
carbonyl dimer [lr(p-p~)(CO)~],.  The latter complex exhibits threc 
strong bands in the vco region of the ir spectrum at 2083, 2070, and 
201 1 cm-'.  Its 'H nmr in C,D, consists of a triplet at T = 4.03 ( H ~ )  
and a doublet at T = 2.68 ppm (H', H5). 

Method 2: from Ir(CO)2CI(p-NH2C~fi4CH.,) 
Ir(C0)zCl(p-NH2C(,H4CH3) (0.100 g, 0.256 mmol) was dissolved 

in 20 mL THF and the solution was cooled to -78'C. Na[Me2Gapz2] 
(4.0 mL, 0.3 mmol) was added dropwise with stirring. The color 
turned from brown to dark yellow immediately. The solution was 
stirred for 30 min at low temperature and then the solvent was re- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NUSSBAUM ET AL. 

TABLE 1. 'H nmr and ir data for the complexes 

'H nmr ~ ( p p m ) "  
Infrared 

X Y GaMe H" R3 = H R' = H R = Me = Me Other vco(cm-')(tr-hexane) 

COD 9.58s 3.69t 2.60d 2.68d 6.30m, 7.84111 - - - 
8.54m (COD) 

CO CO 9.81s 4.09t 2.56d 2.79d - - - 2005, 2074 
CO PPh, 9.48s 3.86t 1.96d 2.61d - - 2.30m 

4.33t 2.50d 3.05d - - 2.97111 (PPh,) 1980 

CO PPh3 9.24s 4.25s - - 7.31s 7.90s 2.34m 
9.73s 4.76s 7.87s 8.08s 2.99111 (PPh3) 1974 

"T values refer to T,,,, = 2.84 ppm, s = sinzlet, d = doublet, t = triplet, m = multiplet; J,lcc, = 2 Hz for pz protons. Assignment 
of pz-R' and pz-Rr follows from assignment of other pyrazolyl complexes (34, 35). 

moved in vacuo at -30°C to yield a black residue. This residue was 
extracted with hexane and the mixture filtered. On removal of hexane 
from the filtrate a dark yellow oily material, [MeZGapzZ]lr(CO)Z. 
contaminated with canary-yellow crystals of [ l r ( p - p ~ ) ( C O ) ~ ] ~ ,  was 
obtained. 

Preparatiorl of [Me2GapzZ]lr(CO)(PPtz I )  

Method I: frorn [Me2GapzZ]lr(COD) 
[Me2Gapz2]lr(COD) (0.0625 g, 0.1 17 mmol) was dissolved in 

about 10 mL THF and the solution was cooled to -78'C. CO gas was 
passed through the solution for -45 min and then PPh3 (0.028 g, 
0.1 17 mmol) was added to the cold solution and the mixture stirred for 
an additional 30 min. The color changed from pale yellow to orange 
on the addition of the phosphine ligand. The solvent was evaporated 
in vacuo and the residue washed with hexane and then dissolved in 
benzene. The benzene solution yielded a slightly impure orange solid 
product (contaminated with traces of [Ir(p-pz)(CO)(PPh3)I2) on slow 
evaporation of the solvent. Anal. calcd. for [Me2Gapz2jlr(CO)(PPh3): 
C 45.26, H 3.77, N 7.82; found: C 45.34, H 4.09, N 6.50. The mass 
spectrum of the orange product gave a weak parent ion signal P' 
(0.3%) with the strongest signal being due to the P - Me' ion. In 
addition strong signals due to the ions P - Me - pzH' (15%) and P 
- Me - CO - pzH' (64%) were also observed. The hexane washings 
contained mainly the red dimer [I@-pz)(CO)(PPh3)I2. 

Method 2: frorn Ir(CO)Cl(PPh.,)2 
Ir(CO)CI(PPh,)2 (0.200 g, 0.256 mmol) was dissolved in - I00 mL 

THF and Na[MeZGapz2] (3.9 mL, 0.29 mmol) was added dropwise 
with stirring. The solution was then refluxed for 20 h. After evapo- 
ration of the solvent, the residue was washed with hexane and then 
dissolved in benzene. An oily orange material was again obtained 
upon evaporation of the benzene solvent. 

Method 3: from Ir(CO)2Cl(p-NHZC,JI,CH.g) 
Ir(CO)Fl(p-NH2C6H,CH3) (0.025 g, 0.064 mmol) and PPh, 

(0.017 g, 0.064 mmol) were dissolved in THF and Na[Me2Gapz2] (I .0 
mL, 0.074 mmol) was added dropwise with stirring. An orange solu- 
tion resulted. The removal of the THF solvent yielded an orange 
residue which was extracted with benzene. The benzene solution on 
evaporation of solvent yielded an oily orange product. 

In all three experiments it was found impossible to obtain anal- 
ytically pure product but in all cases spectroscopic evidencc and close 
analytical figures suggest that the oily orange material is predom- 
inantly the desired complex, LMe2GapzZ]lr(CO)(PPh3). 

Reaction of [Ir(COD)Cl]Z with Na[MeZGa(3,5-Me2pz)2] 
[Ir(COD)CI]2 (0. I00 g, 0.15 mmol) was dissolved in -50 mL THF 

and the solution cooled to -78'C. Na[MezGa(3,5-Mezpz)z] (3.6 mL, 
0.32 mmol) was added dropwise with stirring. The initial light orange 
color darkened slowly during the addition of the gallate ligand. The 
solution was stirred for an additional hour at -78'C after the addition 
of the ligand, and then the solvent was removed under vacuum at 
-50°C. During the removal of the solvent the color changed gradually 
to purple. Although mass spectral evidencc was obtained for the 
presence of the compouncl [Me2Ga(3,5-MeZpz)211r(COD) in the solid 
obtained from the reaction, the main Ir-containing product isolated 
was the dimer [lr(p-3,5-Me2pz)(COD)]2. 

Preparatiorl of [Me2Ga(3,5-Me2pz)z]lr(CO)(PPI~,) 
Ir(CO)CI(PPh3)2 (0:100 g, 0.125 mmol) was di'ssolved in -25 mL 

THF and the solution cooled to -78'C. NalMeZGa(3,5-Me2pz)2] (1.5 
mL, 0.14 mmol) was added dropwise with stirring. The mixture was 
stirred at -78'C for an additional 90 min. The solvent was then 
removed in vacuo and the residue extracted with hexane. The filtrate 
gave a yellow product in -70% yield on slow evaporation of the 
solvent. This was recrystallized from benzene. Anal. calcd. for 
[Me2Ga(3,5-Me2pz)l[lr(CO)(PPh3).C,H,: C 51.85, H 4.80, N 6.50; 
found: C 51.95, H 4.97, N 6.40. Ir and ' H  nmr data for the complex 
are reported in Table I .  The mass spectrum did not show a parent ion 
signal but did display the P - Me' ion signal as the strongest in the 
spectrum. The P - Me - CO' and P - Me - CO - (3,5-Me2pzH)' 
ion signals were also observed. The hexane insoluble product was also 
recrystallized from benzene and proved to be a mixture of the Ir 
starting material and the dimer Ilr(p-3,5-Me2pz)(CO)(PPh3)]2. 

Reaction of [Ir(COD)C1]2 with Na[Me2Ga(3,5-Me2pz)J arzd CO 
[Ir(COD)C]12 (0.030 g ,  0.045 rnmol) was dissolved in -20 mL 

THF and the solution cooled to -78'C. Na[Me,Ga(3,5-Me,pz)J (1.2 
mL, 0.10 mmol) was added dropwise and CO gas passed slowly 
through the solution which was stirred at -78'C for -2 h. The solvent 
was then removed at -78°C to yield an orange residue which was 
recrystallized from hexane to give orange crystals of [lr(p-3,5- 
Me2pz)(CO)2]2. Anal. calcd. for [lr(p-3,5-Me2p~)(C0)2]2: C 24.47, H 
2.04, N 8.16; found: C 24.10, H 2.08, N 7.79. vco (hexane) 2079, 
2060, 2004 cm- ' .  'H nmr (C6D6), T = 4.25 s ( H ~ )  and 7.75 s 
(pz-Me) ppm. The mass spectrum (Fig. 20)  displayed the parent ion 
signal P' as the strongest signal in the spectrum, other signals arising 
from the ions P - CO', P - 2CO', P - 3CO', P - 3 C 0  - MeCN', 
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FIG. 2. Partial mass spectra of ( a )  [ I r ( p - p ~ ) ( C O ) ~ l ~  and ( b )  [lr(p-3,5-Mezpz)(CO)z]z at 70 eV and 240°C 

and P - 4C0 - 2MeCN'. In this reaction, no evidence was obtained HCN+,  p - 3CO - 2HCN', and p - 4CO - 2HCN+, the latter three 
for the formation of the desired gallate complex [MezGa(3,5-Mer- ions arising from partial fragmentation of the bridging pyrazolyl 
p ~ ) ~ j l r ( C O ) ~ .  moieties. 

Reaction of [Ir(COD)C1]2 with Na[MeZGa(3.5-MeZpz)2], CO, and Spectra 
PPh.3 Ir spectra were recorded on a Perkin-Elmer model 598 spectro- 

This reaction was identical to the one described above but after the meter. ' H  nmr spectra were recorded on a Bruker WP-80, a Varian 
CO had been bubbled through the solution an equimolar amount of XL-100, or a Bruker WM-400 instrument. Mass spectra were re- 
P P h  was added. No signals corresponding to the gallate complex corded on an AEI MS50 spectrometer at 70 eV and 150 or 240°C. 
[Me2Ga(3,5-Mezpz)z~Ir(CO)(PPh,) were detected by 'H nmr spectro- GC/GCMS measurements were performed using 12 m carbowax-20 
scopy of the product. The mass spectrum of the product corresponded capillary columns. 
to the dimer~[lr(p-3,5-~e~~z)(~0)(~~h~)]~ with the strongest signal 
due to the parent ion P' (100%) and other prominent signals due to the 
ions P - CO', P - CO - (3,5-MeZpzH)', and P - 2C0 - 
(3,5-MeZpzH)'. 

Reaction of Ir(CO)rCl(p-NH?CdJCH.t) with Na[MezGa(3,5-Mezpz)z] 
Ir(C0)2Cl(p-NH2C6H4CH,) (0.100 g, 0.26 mmol) was dissolved in 

50 mL THF and cooled to -78°C. Na[MezGa(3,5-Mezpz)J (3.0 mL, 
0.29 mmol) was added dropwise with stirring. 'The color of the 
solution changed instantly from brown to orange. The solvent was 
removed in vaclro at -50°C to yield an orange residue. This was 
extracted with hexane. On removal of solvent from the hexane 
solution orange crystals of the dimer [Ir(p-3,5-Mezpz)(CO)z]2 formed 
together with a small amount of a yellow solid identified by mass 
spectral analysis to be the complex [MezGa(3,5-Merpz)2]Ir(CO)z 
(mass spectral signals observed were due to the ions P - Me' (loo%), 
P - Me - CO' (56%), P - Me - 2CO' (19%), and P - Me - 2C0 
- (3,5-MezpzH)' (13%)). 

Preparation of [Ir(p-pz)(CO)r]r 
[Ir(p-pz)(COD)lz (0.020 g, 0.03 mmol) was dissolved in acetone 

and the solution cooled to -78°C. CO gas was bubbled through the 
solution for 2 h. The initial purple color first changed to yellow, then 
to bright green, and finally to dark blue. The cooling bath was then 
removed and the color of the solution changed back to yellow. The 
solvent was then allowed to evaporate slowly leaving the product as 
a mixture of mainly yellow crystals together with a small amount of 
black solid. Both materials gave virtually identical analytical results. 
Anal. calcd. for [ l r (p -p~) (CO)~]~:  C 19.03, H 0.95, N 8.88; found: C 
19.05, H 1.03, N 8.74. vm(hexane) 2083, 2070, and 201 1 cm-I. 'H 
nmr (ChDh), T = 4.03 t (H') and 2.68 d (H', H') ppm. The mass 
spectrum (Fig. 2a)  of the complex displayed the parent ion signal P' 
as the strongest signal in the spectrum, with other strong signals 
arising from the ions P - CO', P - 2CO', P - 3CO', P - 3C0 - 

X-ray crystallographic analyses 
[~imethylbis(l-pyrazolyl)gallato-~', N-) 
A crystal bounded by the 10 faces (followed by their distances in 

mm from a common origin): *(2 1 O), 0.15, *(2 - 1  O), 0.15, 
It_(l 0 0). 0.16, ?(O I O), 0.11, ?(O 1 1), 0.30 was mounted in a 
general orientation. Unit-cell parameters were refined by least-squares 
on 2 sin 0/A values for 25 reflections (20 = 45-5 lo) measured on a 
diffracto~eter with Mo-Ka Radiation (A(Ka,) = 0.70930, A(Ka,) = 
0.71359 A). Crystal data at 22OC are: 
C I ~ H Z J G ~ ~ ~ N J  fw = 534.?3 
Orthorhombic, a = 22.8123(10), b = 11.9595(5), c = 6.4497(3) A, 
V = 1759.6(1) A3, Z = 4, p, = 2.017 Mg m-', F(000) = 1024, 
p(Mo-Ka) = 90.58 cm-'. Abse:; reflections: Okl, k + 1 odd, and 
hkO, h odd, space group Pnma (D2,,, No. 62) from structure analysis. 

Intensities were measured with graphite-monochromated Mo-Ka 
radiation on an Enraf-Nonius CAD4-F diffractometer. An 0-20 scan 
at 1.18- 10.06" min-' over a range of (0.75 + 0.35 tan 0) degrees in 
o (extended by 25% on both sides for background measurement) was 
employed. Data were measured to 20 = 65". The intensities of three 
check reflections, measured every 3600 s throughout the data col- 
lection, showed only minor random fluctuations. After data reduc- 
tion,' an absorption correction was applied using the analytical meth- 
od (6, 7). Transmission factors ranged from 0.092 to 0.188. Of the 
3298 independent reflections measured, 2205 (66.9%) had intensities 

'The computer programs used include locally written programs for 
data processing and locally modified versions of the following: 
ORFLS, full-matrix least-squares, and ORFFE, function and errors, 
by W. R. Busing, K. 0 .  Martin and H. A. Levy; FORDAP, Patterson 
and Fourier synthesis, by A. Zalkin; ORTEP 11, illustrations, by 
C. K. Johnson. 
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positive definite temperature factors. Convergence was reached at R 
= 0.1 19 and R,,  = 0.148 for 1098 reflections with I 2 3a(l ) ,  for all 
1655 reflections R = 0.159. The use of standard crrors wcights re- 
sulted in no unusual trends in averagc values of ni(l~,,I -  IF.^)' over 
ranges of both  IF,,^ and sin 0/h. The mean and maximum parameter 
shifts on the final cycle of refinement corresponded to 0.01 and 0.10 
a, respectively. The mean error in an observation of unit weight was 
5.564. An isotropic Typc I extinction correction (Thornley-Nclmes 
definition of mosaic anisotropy with a Lorentzian distribution) was 
applied (12-14). Thc final value of g was 0.87(17) X 10'. 

Bi.s(p -3 ,5-climethylpyrnzolyl)I~iis[di~nrbot1yIiridi~~m(I)]I~y11 (2 : 1) 
The bounding faces of thc crystal (followed by their distances in 

mm from a common origin) were: ?(I 0 -2). 0.03, t ( l  0 -4), 
0.06, ? ( I  0 0), 0.20, ?(I - 1  0), 0.27, (0 - I  0), 0.27, (2 0 3), 
0.07. Crystal data: 
C14Hl,lr2N,04-O.5CNH lo fw =-739.81 
Triclinic, n = 10.877(3), b = 12.532(3), c = 8.591(4] A, a = 
96.02(2), P = 96.55(2), y = 1 14.12( 1 )", V = 1046.9(6) A', Z = 2, 
p, = 2.347 Mg m-" F(000) = 682, ~ ( M o - K a )  = 126.86 cm-' .  
Absent reflections: none, space group PT (c,', No. 2, reduced cell) 
from structure analysis. 

An w-20 scan at 1.18- 10.06" m i n '  over a range of (0.80 + 0.35 
tan 0)" in w was employed. Of 4776 independent reflections measured 
(to 20 = 55"), 3437 had intensities greater than or equal to 3a ( l )  above 
background. The intensities of the standard reflections showed only 
small random fluctuations. An absorption correction was applied us- 
ing the Gaussian integration method (6, 15), transmission factors 
ranging from 0.048 to 0.467 for 364 sampling points. 

The centrosymmetric space group PT was indicated by both thc 
E-statistics and the Patterson function, from which the coordinates of 
the Ir atoms were determined. The positions of the remaining non- 
hydrogen atoms (including those associated with a centrosymmetric 
xylene solvate) were determined from a subsequent difference map. In 
the final stages of refinement all non-hydrogen atoms were refined 
with anisotropic thermal parameters and H atoms were included as 
fixed contributors in idealized positions. Convergence was reached at 
R = 0.039 and R,,  = 0.049 for 3437 reflections with I 2 3a( l ) ;  for 
all 4776 reflections, R = 0.064. The mcan and maximum parameter 
shifts on the final cycle of refinement correspondcd to 0.06 and 0.25 
a and the mean error in an obscrvation of unit weight was 2.136. 
Maximum fluctuations on the final difference map corresponded to 
-4.4 to +3.1 e A-' near the Ir atoms with no unusual features notcd 
elsewhere. 

Bond lengths and angles appear in Tables 3 and 4, respectively and 
intra-annular torsion angles in Table 5. Calculatcd hydrogen par- 
ameters are given in Tablc 7.' Bond lengths and angles involving H 
atoms for [MeZGapz2]1r(COD) (Tables 9 and 10) are included as 
supplementary material. 

Results and discussion 
There have been but few reports in the literature dealing with 

Ir complexes containing polypyrazolylborate ligands. Thus 
Powell and co-workers (16) reported briefly on a "few" Ir(1II) 
complexes incorporating the [HB(3,5-Me,pz),]- ligand and 
while Bonati et al. (17) were successful in isolating the com- 
plexes [H,Bp~,]lr(C0)~ and [H2Bpz2]Ir(CO)PPh3, King and 
Bond (18) were unable to isolate any "tractable" products from 
their experiments in this area. This dearth of information is to 
be contrasted with the wealth of material available in the area 
of polypyrazolylborate Rh chemistry (1 6-24). More recently 
a considerable effort has focussed on pyrazolyl-bridged Ir 
dimers (25-29) and Bonati and co-workers (30) have reported 
the structure of a unique Ir(1) complex containing a mono- 
dentate pyrazolyl ligand. As part of an ongoing study of pyr- 
azolylgallate ligands we reported recently our findings in the 
area of Rh(1) complexes (1, 2, 3 1 ) .  The present paper presents 

TABLE 3. Bond lengths (A)  with estimated standard deviations in 
parenthcscs 

Bond Length (A) Bond Length (A) 

our findings in the related area of Ir(1) chemistry. Thus the two 
bidentate chelating gallate ligands [MezGapzl]- and [Me,Ga- 
(3,5-Mezpz),]- have been used to prepare a number of Ir(1) 
complexes. In most of the reactions investigated, in addition to 
the pyrazolylgallate iridium complexes formed, pyrazolyl iri- 
dium dimer species were also produced and in a few of the 
reactions these dimers were the only isolable Ir products. The 
reactions performed are summarized in Schemes I and 2. In 
addition, the reactivity of some Ir(1) species towards the tri- 
dentate pyrazolylgallate ligand [MeGapzJ were also in- 
vestigated, but in these experiments only pyrazolyl iridium 
dimers were obtained. The new Ir compounds prepared have 
been characterized by ir, 'H nmr, mass spectra, and elemental 
analyses. In addition definitive X-ray structural analyses are 
presented for the three complexes [Me,Gapz,]lr(COD), 
[ l r (p -p~) (CO)~I~ ,  and [lr(p-3,5-Me,pz)(CO)A. 

The complex [Me,Gapz?]Ir(COD) was prepared in -70% 
yield from [Ir(COD)CI], and Na[Me,Gapz,] at low temperature 
in THF solution. At higher temperatures the yield of the gallate 
iridium complex is considerably reduced and the pyrazolyl 
iridium dimer [Ir(p-pz)(COD)], becomes the predominant 
product. The complex [Me,Gapz,]lr(COD) can be re- 
crystallized from hexane at room temperature, yielding orange 
air-stable crystals. The 'H nmr of the complex at room tem- 
perature in d,-acetone displays but one singlet for the "GaMe; 
protons and also indicates equivalent pyrazolyl groups in the 
compound. However, on lowering the temperature (see Fig. 3) 
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SCHEME I. Reactions of Ir(1) species with Na[MelGapzzl 

[lr(k-3.5-Mezpz)(COD)Ir + traces [MelGa(3,5-Me2pz)z]lr(COD) 
? 

Ir(CO),Cl(p-NH2.C,H,.CH,) 

/' \ Ir(CO)CI(PPh,) 

[lr(l~.-3,5-Me~pz)(CO)~]~ [Me2Ga(3,5-Me2pz)Z11r(CO)(PPh,) 
+ traces [Me2Ga(3,5-MeZpz)l]lr(C0)r + [Ir(p-3,5-Mezpz)(CO)(PPh,)l2 

SCHEME 2. Reactions of Ir(I) species with Na[MeZGa(3,5-Me2pz)d 

easily replaced by two CO groups when a stream of CO is 
passed through a solution of the compound in a variety of 
solvents. At low temperatures the conversion is quantitative, as 
indicated by two sharp bands in the vco region of the ir spec- 
trum in positions expected for a cis square planar dicarbonyl 
iridium complex (32). Infrared signals due to the presence of 
the dimer species [Ir(p-pz)(CO)?]? were not detected. Un- 
fortunately, the [Me2Gapz2]Ir(CO)z complex cannot be isolated 
from the product solution by simple evaporation of the solvent. 
Even at -78OC removal of solvent results in the conversion of 
the [Me,Gap~,]Ir(C0)~ complex back to the starting COD com- 
plex [Me2Gapz,]Ir(COD). If the solvent is removed at higher 
temperatures some [Ir(p-pz)(C0)?I2 is formed immediately as 
evidenced by a more intense yellow coloration and the appear- 
ance of new signals in the vco region of the ir spectrum. 
Complete evaporation of the solvent at higher temperatures 
results in a mixture of two Ir products, [Me2Gapz2]Ir(CO)2 and 
[ I r (p -p~) (CO)~l~ ,  the latter predominating. An 'H nmr spec- 
trum (Fig. I )  of almost pure [Me,Gap~?]Ir(C0)~ can be ob- 

TABLE 5. Intra-annular torsion angles (deg) 
standard deviations in parentheses* 

Atoms Value (deg) 

[Me2Gapz2]lr(COD) 
N( I)'-11 -N(l)-N(2) 49.4(5) 
N(2)'-Ga -N(2)-N( I) -48.1(5) 
Ir -N( I)-N(2)-Ga - I .9(6) 
c(3)'-C(3)-C(4)-C(5) 69.2(7) 
C(3)-C(4)-C(5)-C(6) 1.8(10) 
C(4)-C(5)-C(6)-C(6)' -70.6(7) 

I [r(p-3 ,5-Mezpz)(Co)l]Z.o.5(p-Me2c6H4) 
3 - ( I  N - N ( 2 )  -63.1(6) 
Ir( I )-N( I )-N(2)-Ir(2) I .2(8) 
N(4)-lr(2)-N(2)-N( I ) 60.4(6) 
N(2)-lr(2)-N(4)-N(3) -59.4(7) 
IF( l)-N(3)-N(4)-1r(2) -2.7(9) 
N( 1 )-IF( 1)-N(3)-N(4) 63.8(7) 

*Mirror-related torsion angles have the opposite 
sign. 

tained by preparing the compound directly in an nmr tube. In 
this spectrum the two methyl groups on the gallium atom give 
rise to one singlet and this singlet, even at -90°C, broadens 
only slightly. This suggests either a planar conformation for the 
Ga-(N-N),-Ir six-membered ring in this complex, or, 
more likely, a very facile inversion of the boat conformation in 
solution. Our inability to isolate pure [Me,Gap~~]Ir(C0)~ pre- 
cluded the collection of accurate elemental analysis data but a 
good mass spectrum was obtained for the complex. A signal 
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FIG. 3. Room temperature and partial low temperature 80 MHz 'H 
nmr spectra of [Me2Gapz2]Ir(COD) in d,-acetone solution. 

due to the parent ion itself, P t ,  was not observed but the 
strongest signal arose from the P - Met ion. The fragmen- 
tation pattern also shows strong signals due to the ions resulting 
from the consecutive loss of two carbonyl groups, P - Me - 
C o t  and P - Me - 2COt, and characteristically a strong peak 
corresponding to an ion where partial loss of a pyrazolyl ring 
has occurred, P - Me - 2C0 - HCNt. The complex 
[Me2Gapz2]Ir(CO), can also be prepared by the reaction of 
Ir(CO),Cl(p-NH2C6H4CH3) with the gallium ligand. However, 
the [ I r ( p - p ~ ) ( C 0 ) ~ ] ~  dimer was also produced in quantities 
varying with the reaction temperature but usually -50% at 
-78°C. From this latter reaction the [Ir(p-pz)(CO),lz dimer has 
been crystallized from hexane as yellow air-stable crystals. 
These have been fully characterized and the predicted boat 
structure confirmed by X-ray structural analysis (Fig. 5). A 
previous report (29) mentions this Ir dimer as being unstable. 
We have found that evaporation of solvent from solutions of the 
dimer yields, in addition to a yellow crystalline material, a 
black compound which gave identical ir, nmr, mass spectral 
and elemental analysis. Interestingly, a biimidazole dicarbonyl 
iridium complex was also reported as a black solid (33), the 
color being attributed to some type of weak metal-metal inter- 
actions. The black form of [Ir(p-p~)(CO)~l, can be re- 

crystallized from acetone to give the yellow crystalline form. 
Solutions of the complex in acetone or benzene change color 
with temperature, from black up to -50°C through purple to 
yellow at O°C and above. The [ I r ( p - ~ Z ) ( C O ) ~ ] ~  dimer has been 
prepared also from [Ir(p-pz)(COD),] and CO, the product 
having identical properties to those described above. 

'The [MezGapz2]Ir(CO)(PPh,) complex has been prepared via 
a number of routes (Scheme 1). Its ir spectrum consists of one 
strong band in the vco region of the spectrum at I980 cm-'. The 
'H nmr spectrum of the complex indicates non-equivalence of 
the bridging pyrazolyl groups as expected and displays a sharp 
singlet for both methyl groups on the Ga atom at rt. On cooling 
a d6-acetone solution of the complex "GaMe2" singlet even- 
tually collapses and is replaced by two singlets at low tem- 
perature (Fig. 6) consistent with a boat conformation for the 
Ga-(N-N),-Ir six-membered ring. Obviously a fluxional 
behaviour in solution is again responsible for these obser- 
vations. The mass spectrum of this complex shows a weak 
molecular ion peak, P', and again the most intense peak is due 
to the P - Met ion, followed by peaks due to the ions P - Me 
- C o t  and P - Me - CO - Hpzt. The [Me2Gapzz]Ir(CO)- 
(PPh,) compound is unstable in air and, even under an inert 
atmosphere, decomposes slowly. This instability precluded the 
collection of good elemental analysis data for the complex. 

Reactions involving the Na[Me2Ga(3,5-Mezpz)J ligand and 
various Ir(1) species (Scheme 2) were less productive in terms 
of producing pyrazolylgallate iridium(1) complexes. Thus the 
[Me,Ga(3,5-Me2pz)2]Ir(CO)(PPh,) complex was the only com- 
pound of the series that could be isolated. Both the COD and 
the dicarbonyl derivatives were unstable with respect to the 
corresponding iridium dimers, which were the dominant prod- 
ucts. Traces of the dicarbonyl complex [Me,Ga(3,5-Me,p~)~]- 
Ir(CO), and the COD complex [MezGa(3 ,5-Mezpz)z]Ir(COD) 
were identified by mass spectral analysis of reaction products, 
the fragmentation patterns of the complexes being similar to 
those of the [Me,Gapz,lIr(CO), and [Me,Gapz,]Ir(COD) corn- 
pounds, respectively. 

Crystals of the [Ir(p-3,5-Me,p~)(CO)~]~ dimer were found to 
be air-stable and have been fully characterized. 'The ir spectrum 
of this complex gives three strong vco bands and is very similar 
in appearance to the spectrum of the unsubstituted analog 
[Ir(p-~z)(C0)~], .  The 'H nmr spectrum of the compound is 
consistent with the presence of two equivalent 3,5-dimethyl- 
pyrazolyl groups and consists of two singlets in the ratio of 1 :6 
due to the H4 and pz-Me protons, respectively. A single crystal 
X-ray analysis (see below) of this dimer has again demon- 
strated the boat conformation for the compound in the solid 
state (Fig. 7) with the six-membered Ir-(N-N),-Ir ring 
being more puckered than, in the structure of [ I r (p -p~) (CO)~l~  
(Fig. 5), presumably to relieve steric interactions between the 
carbonyl groups on the iridium atoms and the methyl groups on 
the pyrazolyl rings. 

The complex [Me2Ga(3,5-Me2pz)2]Ir(CO)(PPh,) could be 
obtained via only one route, from Vaska's complex 
Ir(CO)C1(PPh,)2 and the gallate ligand. It was obtained in good 
yield if the reaction was performed at low temperature. The 
complex was recrystallized from benzene to yield yellow air- 
stable crystals. The ir spectrum of the compound gave one 
strong vco band at 1974 cm-' and the 'H nmr (Fig. 8), even at 
room temperature, was consistent with a static boat con- 
formation for the Ir-(N-N),-Ga six-membered ring, the 
GaMe, group giving two sharp singlets. Presumably steric in- 
teractions between the pz-Me groups and the PPh? substituent 
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FIG. 4. Stereoview of [MeZGapzZ]Ir(COD); 50% probability thermal ellipsoids are shown for the non-hydrogen atoms. 

FIG. 5. Stereoview of [Ir(p-pz)(CO),lz; 50% probability thermal ellipsoids are shown for the non-hydrogen atoms. 

on Ir severely hinder any rapid ring inversion process such as 
that above proposed for the compounds containing the 
"Me2Gapzp moiety. The mass spectrum of [Me2Ga(3,5- 
Me,p~)~lI r (C0)(PPh~)  displays a fragmentation pattern similar 
to that of the unsubstituted pyrazolyl derivative [Me2Gapz2]- 
Ir(CO)(PPh3), the strongest signal again corresponding to the P 
- Me+ ion. 

0- A number of the complexes described above were tested as 
potential hydrogenation catalysts for I-hexene and cyclo- 
hexene. In general, the reactions in benzene solution were very A -30' slow and hydrogen uptake was minimal. However, in the case 

. .. of [Ir(p,-3,5-Me,pz)(CO)& as a catalyst, some conversion of 
cyclohexene to cyclohexane did occur over a 5 day period using 

__n/L -40' 
I atm of hydrogen at 45'C. The reaction was still proceeding 
after this period and the catalyst was recovered unchanged from 
the reaction mixture. Investigations in this area are continuing. 

Crystal structures of [Me2Gapz2]Ir(COD), (Ir(p-pz)(C0)?]2, 
and [Ir(p -3 ,5-Me2pz)(C02)12 

All three crystal structures consist of discrete molecules 

& -70' 

(Fig. 4, 5, and 7), and in the case of [Ir(p,-3,5-Me,p~)(CO)~]~, 
a centrosymmetric xylene of crystallization. Intermolecular 
distances correspond to normal van der Waals interactions. 
The structure of [Me,Gapz,]Ir(COD) is isomorphous with 
that of the Rh(1) analog. (I) ,  the molecule possessing exact 

9 10 7 mirror symmetry. The complexes [ I r (p , -p~)(CO)~l~ and [Ir(p,- 
FIG. 6. Variable temperature 80 MHz 'H nmr spectra of the 375-Mezpz)(C0)212 both have approximate C2,. symmetry, the 

complex IMe2Gapzz]lr(CO)(PPh3) in d6-acetone solution (GaMe, former having crystallographic mirror symmetry with the 
region only). mirror plane perpendicular to the Ir... Ir vector. 
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FIG. 7. Stereoview of [Ir(p-3,s-Mezpz)(CO)&; 50% probability thermal ellipsoids are shown for the non-hydrogen atoms. 

FIG. 8. Room temperature 80 MHz 'H nmr spectrum of [MezGa- 
(3,5-Me2pz)2]Ir(CO)(PPh3) in ChDh solution. 

The Ir(1) atoms in all three structures have distorted square 
planar coordination geometry, the mean' bond lengthso in- 
volving Ir (Ir-C = 2.124(7) and Ir-N = 2.080(5) A in 
[oMe,Gapz,]Ir(COD); Ir-CO = 1.83(7) and Ir-N = 2.08(3) 
A in [Ir(p-pz)(CO),],; Ir-CO = 1.837(5) and Ir-N = 
2.07 l(11) A in [lr(p-3 ,5-Me,p~)(CO)~l,) being both internally 
consistent and in good agreement with those reported for close- 
ly related Ir(1) complexes (26, 27, 29). It is noteworthy that the 
Ir-N distances in these three molecules are equal within ex- 
perimental error while the Rh-N distances in the carbonyl 
complex [Rh(p-3,5-Me,p~)(CO)~]~ were significantly shorter 
than those in the COD complexes [Me2Gapz2]Rh(COD) and 
[Rh(p-3,5-Mezpz)(C0D]l2 .(I) (2.063(6) vs. 2.087(2) and 
2.084(1) A). Other-bond lengths and angles in the three mole- 
cules (Tables 3 and 4) assume normal values. 

The most important structural features of these molecules is 
the degree of folding of the central M-(N-N)?-M six- 
membered rings and the associated cross-ring M...M dis- 
tances, the latter being compared for a number of homo- 
binuclear Ir(1) and Rh(1) complexes in Table 6. The M. .- M 
distances are influenced most by steric interactions (discussed 
in refs. 1, 2, 26, 27, 29, 36), being significantly shortened by 
substitution at the 3- and 5-positions of the bridging pyrazolyl 
groups or by the introduction of bulky terminal ligands. The 
M M distances are similar for Ir and Rh, those involving Rh 
being longer as shown in Table 6. For the heterobinuclear 

'Here and elsewhere in this report mean values refer to weighted 
means with rms deviations from the mean in parentheses. 

TABLE 6. M-- .M distances in compounds of the type 

M X Y R M . . . M (A) Reference 

COD 
COD 
COD 
COD 
COD 
PPhx 
CO 
CO 
CO 
P(OPh), 

27, 29 
29 
29 
29 
I 
26 
This paper 
This paper 
I 
36 

species [Me,Gapz,]lr(COD) and its Rb analog (I), Ga-- . l r  = 
3.567(1) and Ga... Rh = 3.5527(5) A while in the stericaIly 
hindered complex [MelGa(3,5-Me2pz),]Rh(C$J)(PPh3) (2) the 
Ga ... Rh distance is shortened to 3.38 19(4) A. 

The pyrazolyl groups are planar within experimental error in 
all three structures, the metal atoms being significantly dis- 
placed from the N2C, mean planes in each case. These 
deviations are greatest in the case of [Ir(p-3,5-Me,p~)(?O)~]~ 
where the mean deviation from the mean plane is 0.1 14 A. The 
Ir coordination groups are all slightly but significantly non- 
planar, th t  maximum deviation from the ML, mean plane being 
0.024(2) A for [ I r (p -~z) (C0) , ]~  
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Crystal and molecular structure of fac-[dimethylbis(l-pyrazolyl)gallato-N,Nt]- 
(triphenylphosphine)tricarbonylrhenium(I) 
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BRENDA M. LOUIE, STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 63, 703 (1985). 
Crystals offac-[dimethylbis(I~pyrazolyl)gallato-N,N'](triphenylphosphine)tr~carbonyrhenim() are triclinic, a = 9.479(2), 

b = 16.258(4), c = 20.412(6) A, a = 1 10.06(1), P = 95.46(1), y = 92.65(2)", Z = 4, space group P i .  The structure was 
solved by conventional heavy-atom methods and was refined by full-matr~x least-squares procedures to R = 0.027 and 
R,, = 0.031 for 5965 reflections with I 2 3a(I). The two crystallographically independent molecules have nearly identical 
structures. The coordination about Re is d~storted fac-octahedral with mean ban? lengths: Re-P = 2.538(4), Re-N = 
2.201(5), Re-CO(trans  to P) = 1.931(1), and R e 4 O ( f r a n s  to N) = 1.913(9) A. 'She ReGaN, chelate rlngs have twisted 
boat conformations with cross-ring R e - - - G a  separations of 3.9396(7) and 3.8981(8) A. 

BRENDA M. LOUIE, STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chem. 63, 703 (1985). 
Les cristaux du fac-[dimethyl bis(pyrazoly1-1) gallato N, N'] -(triphenylphosphine) tricarbonyl rhCnium(1) sont tricliniques 

avec a = 9,479(2), b = 16,258(4), c = 20,412(6) A, a = 110,06(1), P = 95,46(1), y = 92,65(2)", Z = 4, g r o v e  d'es- 
pace P i .  On a risolu la structure par les mCthodes conventionnelles aux atomes lourds et on I'a affinCe par le mCthode des 
moindres c a d s  (matrice entiere) jusqu'ii des valeurs respectives de R et R,,, de 0,027 et 0,03 1 pour 5965 rkflexions avec 
I 2 3u(I). Les deux moltcules qui sont indkpendantes du point de vue cristallographique ont des structures qui sont pra- 
tiquement identiques. La coordination autour du Re est du type fac-octakdre dCformC avec des longueurs moyennes de liaisons 
de: Re-P = 2,238(4), Re-N = 2,201(5), R e 4 0  (frons par rapport au P) = 1,931(1) et R e 4 0  (trans par rapport au 
N) = 1,913(9) A. Les cycles du chClate ReGaN, adoptent des conformations bateau-croisCs dans lesquels les stparations 
Re...Ga sont Cgales 3,9396(7) et 3,8981(8) A. 

[Traduit par le journal] 

1 Introduction 

i Earlier publications have reported the synthesis and charac- 
I terization of a number of manganese ( 1 )  and rhenium (2) carbo- 

nyl derivatives incorporating the bidentate chelating pyrazolyl 
gallate ligand Me,Gapzi or Me2Ga(3,5-Me2pz)i (where pz = 
pyrazolyl, N2C3H3, and 3,5-Me,pz = 33-dimethylpyrazolyl, 
N2C5H7). These ligands are each uninegative, four-electron 
donors, analogous to the well-known 1,3-diketonate anions. 
However, unlike many of their diketonate analogs, transition 
metal complexes containing the bispyrazolylgallate ligands are 
invariably monomeric and exhibit a puckered boat conforma- 
tion as their central structural feature. Thus, in the complex 
[MeZGapz,]Re(CO)4, the central Ga-(N-N),-Re six-mem- 
bered ring was proposed to adopt a boat conformation primarily 
on the basis of 'H nmr evidence (2). Furthermore one of the 
carbonyl groups in this tetracarbonyl complex was found to be 
labile and easily replaced by other neutral two-electron donor 
species. Based upon steric arguments and spectral data, the 
favored site for this ligand substitution reaction was predicted 
(2). Since that time we have been fortunate enough to obtain 
crystals, suitable for X-ray study, of one such complex, namely 
[Me2Ga(N2C3H3),](PPh3)Re(C0)3. The present paper describes 
the solid state structure of this complex and confirms our earlier 

. . . . prediction. 
: . . 

Experimental 
fac-[Dimethylbis(l-pyrazolyl)gallato-N,Nf] (tripheny1phosphine)- 

tricarbonylrhenium(l) was prepared as described previously (2) and 
crystals suitable for X-ray analysis were obtained by slow sublimation 
in a sealed tube under vacuum. A crystal bounded by the 6 faces 
(followed by their distances in mm from a common origin): +(I 0 O), 
0.138, +(OO 1) ,0 .050 , (0  I - 1 ) , 0 . 1 3 8 , ( 0 - 1  - I ) ,0 .113  was 
mounted in a general orientation. Unit-cell parameters were refined by 
least-squares on 2 sin 0/h values for 25 reflections (28 = 30-40") 
measured on a diffractometed with Mo-Ka Radiation (h(Kal) = 
0.70930, h(Ka2) = 0.7 1359 A). Crystal data at 22°C are: 

CZpHZ7GaN403PRe fw =-766.45 
Triclinic, a = 9.479(2), b = 16.258(4), c = 20.412(6) A, a = 
110.06(1), P = 95.46(1), y = 92.65(2)", V = 2931(1) A', Z = 4, 
p, = 1.737 Mg m-?, F(000) = 1496, ~ ( M o - K a )  = 51.9 cm-I. Ab- 
sent reflections: none, space group PI  (C,,  No. 2, reduced cell) from 
structure analysis. 

Intensities were measured with graphite-monochromated Mo-Ka 
radiation on an Enraf-Nonius CAD4-F diffractometer. An w-28 scan 
at 1.34- 10.06° min-I over a range of (0.60 + 0.35 tan 8) degrees in 
w (extended by 25% on both sides for background measurement) was 
employed. Data were measured to 28 = 50". The intensities of three 
check reflections, measured every 3600 s throughout the data col- 
lection, showed only small random fluctuations. Aftcr data reduction,' 
an absorption correction was applied using the analytical method 
(3,4). Transmission factors ranged from 0.266 to 0.632. Of the 9155 
independent reflections measured, 5965 (65%) had intensities greater 
than 3u(I) above background where ~ ' ( 1 )  = S + 2B + (0.04(S - B))' 
with S = scan count and B = normalized-background count. 

The centrosymmetric space group PI  was suggested by the 
Patterson function, from which the coordinates of the Re, Ga, and P 
atoms of both independent molecules in the asymmetric unit were 
determined. The remaining non-hydrogen atoms were positioned from 
a subsequent difference map. In the final stages of refinement all 
non-hydrogen atoms were refined with anisotropic thermal parameters 
and hydrogen atoms were fixed in idealized positions (based on ob- 
served positions with C(sp3+H = 0.98 and C(S~'+H = 0.97 A). 
The scattering factors of ref. 5 were used for non-hydrogen atoms and 
those of ref. 6 for hydrogen atoms. Anomalous scattering factors from 
ref. 7 were used for the Re, Ga, and P atoms. The weighting scheme 
w = I/u'(F), where uZ(F) is derived from the previously defined 
a'(/), gave uniform average values of w(l F,, I - IF, 1)' over ranges of 
both IF,, I and sin 8/A and was employed in the final stages of full- 

 he computer programs used include locally written programs for 
data processing and locally modified versions of thc following: 
ORFLS, full-matrix least-squares, and ORFFE, function and errors, 
by W.  R. Busing, K.  0 .  Martin and H. A. Levy; FORDAP, Patterson 
and Fourier syntheses, by A. Zalkin; ORTEP 11, illustrations, by 
C. K.  Johnson. 
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TABLE I .  Final positional (fractional X lo4; Re, Ga, and P X lo5) and isotropic thermal parameters (U X 10' A')* with estimated standard 
deviations in parentheses 

Atom x Y z Uc, Atom x Y 7 U,, 

Re 
Re' 
Ga 
Ga' 
P 
P' 
O(I) 
O(2) 
0 0 )  
O( I ') 
O(2') 
O(30 
N(I) 
N(2) 
N(3) 
N(4) 
N( 1') 
N(2') 
N(3') 
N(4') 
C(I) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
'710) 
C(I I) 
C(12) 
C(13) 
C(14) 
C( 15) 
C(16) 
(317) 
C( 18) 
C(19) 

matrix refinement of 703 variables. Reflections with I < 3u(I) were 
not included in the refinement. Convergence was reached at R = 
0.027 and R,,. = 0.031 for 5965 reflections with I 2 3u(I). For all 
9155 reflections R = 0.067. The function minimized was i w t ~  F,, I - .. 8 

lFcl)2, R = x I IF,,I' . -  .'IF. I IIC. I F,,I and R,,. = (EW(~'F,, I - 
1 Fc l)'/Ew 1 F,, 1')'''. 

On the final cycle of refinement the mean and maximum parameter 
shifts corresponded to 0.02 and 0. IOU, respectively. The mean error 
in an observation of unit weight was 1.232. 4 final difference map 
showed maximum fluctuations of * 1.65 e A-' near Re and was 
essentially featureless elsewhere. The final positional and thermal 
parameters appear in Tables I and 6,' respectively. Measured and 
calculated structure factors have been placed in the Depository of 
Unpublished ~ a t a . '  Calculated parameters for the hydrogen atoms 
appear in Table 5.2 Bond distances, bond angles, and intra-annular 
torsion angles for the chelate rings are listed in Tables 2-4, re- 
spectively. 

'The structure factor table, Table 6 (anisotropic thermal parameters) 
and other material mentioned in the text are available, at a nominal 
charge, from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. 

Results and discussion 
The crystal structure of fac-[dimethylbis(l-pyrazoly1)gal- 

lato-N,N'](triphenylphosphine)tricarbonylrhenium(I) consists 
of discrete molecules, the most significant intermolecular con- 
tacts being the C(17')-H(17')...0(1) (1 - x ,  lo - y, 1 - z) 
interaction (H .-- 0 = 2.43, C... 0 = 3.296(9) A, C-H... 0 
= 149") and the contacts H(20)---H(5'c) ( 1  - x ,  -y, -2) = 
2.10 and H(5'b)...H(5'b) (1 - x ,  1 - y ,  -2) = 2.23 A . . ~ i i  
other intermolecular distances correspond to normal van der 
Waals interactions. The two crystallographically independent 
molecules (Fig. 1) are very similar, the most significant dif- 
ference between the two involving the chelate ring confor- 
mation (see Table 4). These and other small but statistically 
significant structural differences between the two independent 
molecules are most likely the result of packing effects. 

The coordination about Re is distorted fac-octahedral with 
mean' bond lengths: Re-P = 2.538(4), Re-N = 2.201(5), 

'Here and elsewhere in this report mean values refer to weighted 
means with rms deviations from the mean in parentheses. 
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LOUIE ET A L .  

FIG. I. Stereoscopic views of the two independent [MeZGa(N2C3H3)2](PPh3)Re(C~)3 molecules; 50% probability thermal ellipsoids are 
shown. 

TABLE 2. Bond lengths (A) with estimated standard deviations in parentheses 

Bond Length (A) Bond Length (A) Bond Length (A) Bond Length (A) 

Re-P 2.534(2) P-C(24) 1.825(6) C ( 6 t C ( 7 )  1.361(9) C(6')--C(7') 1.389(9) 
Re-N( I ) 2.202(5) P 1 - C ( l  2') 1.830(6) c(7-(8) 1.363(10) c(7'-(8') 1.385(11) 
Re-N(3) 2.204(5) P 1 - C (  18') 1.812(7) c(9-( 10) 1.353(9) C(9')-C(10') 1.364(10) 
Re<( I ) 1.931(7) P1-C(24') 1.846(6) C(l0-(I I) 1.369(1 1) C ( l O ) ( l l )  1.363(11) 
Re-C(2) 1.907(7) o(l)-c(I) 1.148(8) C(12-(13) 1.383(10) C(12')-C(13') 1.374(9) 
Re--C(3) 1.909(7) O ( 2 l - w )  1.155(8) C(12-(17) 1.389(9) C(12')-C(17') 1.389(9) 
Re'-P' 2.541(2) 0 ( 3 t C ( 3 )  1 .154(8) C(13-(14) 1.378(10) C(13')-C(14') 1.392(10) 
Re1-N( I ') 2.203(5) O( l ' ) -C(I1)  1.145(8) C(14-(15) 1.356(11) C(14')-C(15') 1.378(11) 
Re'-N(3') 2.193(5) 0(2 ')-C(2')  1.156(8) C(15tC(16)  I .376(11) C(15')-C(16') 1.350(1 I) 
Re l -C( I  ') 1.931(8) 0(3 ')-C(3')  1.144(8) C(16)-C(17) 1.393(10) C(16')-C(17') 1.385(10) 
Re1-C(2') 1 .909(8) N( 1 t N ( 2 )  1 .364(7) C( l8) -C( l9)  1.417(9) C(18')-C(19') 1.378(9) 
Re1-C(3') 1.927(7) N( 1 t C ( 6 )  1.332(9) C(18-(23) 1.379(9) C(18'-(23') 1 385(10) 
Ga-N(2) 1.977(6) N ( 2 l - W )  1.356(9) C(19)-C(20) 1.371(11) C(19')-C(20') 1.380( 13) 
Ga-N (4) 1.982(6) N ( 3 t N ( 4 )  1.351(7) C(20)-C(21) 1.374(12) C(201)-C(21') 1.37 l(14) 
Ga-C(4) 1.951(7) N ( 3 t C ( 9 )  1.341(9) C(21)-C(22) 1.361(12) C(2 1 ')-C(22') 1.362(14) 
Ga-C(5) 1.961(9) N(4-(I 1) 1.354(9) C(22)-C(23) 1.41 l(11) C(22')-C(23') 1.377(12) 
Gal-N(2') 1.989(5) N(l ' t N ( 2 ' )  1.359(7) C(24-(25) 1.382(9) C(24')-C(25') 1.390(9) 
Gal-N(4') 1.987(6) N( l ' ) -C(6')  1.344(9) C(24-(29) 1.402(9) C(24'-(29') 1.376(10) 
Gar-C(4 ' )  1.963(7) N(2'-(8') 1.325(9) C(25-(26) 1.370(10) C(25'-(26') 1.382(10) 
Ga1-C(5')  1.958(7) N(3'&N(4') 1.357(7) C(26-(27) 1.397(11) C(26 ' )4(27 ' )  I .385(13) 
P - C ( l 2 )  1.829(7) N(3'-(9') 1.333(9) C(27-(28) 1.379(11) C(27 ' )4(28 ' )  1.324(12) 
P - C ( l 8 )  1.825(7) N(4'-(I I ') 1.355(9) C(28-(29) 1.386(10) C(28'-(29') 1.379(1 1) 
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TABLE 3. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle (deg) Bonds Angle (deg) Bonds Angle (deg) 

Re--CO(tmns to P) = 1.931(1), and Re-CO(trans to N) = 
1.913(9) A. The central six-membered ReGaN, rings have 
relatively shallow, asymmetrically twisted, boat comforma- 
tions with ~ross-ring Re - -  - Ga distances of 3.9396(7) and 
3.898 l(8) A and dihedral angles of 144.9(3) and 138.0(3)" 
between the normals to the pyrazolyl mean planes (1 80" for a 
planar chelate ring). This structure is similar to those observed 
(1) for (MeGap~,)Mn(pzH)(C0)~ and [(Me?Gapz,)Mo(pzH)- 
(CO:I~]- which have the same fac-octahedral coprdination geo- 
metry, M - - - G a  distances of 3.818 and 3.929 A, and dihedral 
angles of 139.8 and 128. lo  between the pyrazolyl mean planes. 
The conformations of M-(N-N), -M' rings and the highly 
correlated cross-ring M--.MI distances in compounds of this 

type depend primarily on steric factors which have been dis- 
cussed in a number of recent publications (refs. 8, 9,  and 
references therein). 

Both of the independent molecules of [Me,Ga(N2C3H3)J- 
(PPh3)Re(CO)3 contain an interesting intramolecular inter- 
action between a phenyl hydrogen atom and the n-electron 
system of a pyrazolyl ring (C(25)-H(25)...(N(l)-N(2)), 
mean geometrical parameters: H ... N = 2.5!(5), H (N-N 
midpoint) = 2.45(3), C - - . N  = 3.42(7) A, C-H--.N = 
152(7)"). The pyrazolyl and phenyl rings are all planar to within 
experimental error with the exception of the C(18) phenyl ring 
( X 2  = 1 1.4; mean an! maximum deviations from the C6 plane, 
0.010 and 0.016(9) A). 
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LOUIE ET AL. 707 

TABLE 4. Intra-annular torsion angles (deg) with standard deviations 
in parentheses 

Atoms Value (deg) 

N(3)-Re -N(l)-N(2) -22.2(5) 
Re -N( I ) -N(2) - G a  - 13.8(8) 
N ( 4 ) 4 a  -N(2) -N(1) 40.8(6) 
N(2) 4 a  -N(4) -N(3) -29.5(6) 
Re -N(3) -N(4) - G a  -6.9(8) 
N(I) -Re -N(3) -N(4) 32.7(5) 

N ( 3 ' t R e 1  -N(l ' t N ( 2 ' )  
Re' -N(l ' t N ( 2 ' ) - G a 1  
N(4'&Ga1 - N ( 2 ' t N (  I ') 
N(2'&Ga1 -N(4' tN(3')  
Re' - N ( 3 ' t N ( 4 ' ) 4 a '  
N(l ' t R e f  -N(3' tN(4')  
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The anomalous gas phase acidity of ethyl fluoride. An ab initio investigation of the 
importance of hydrogen bonding between F- and sp2 and sp C-H bonds 
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M. ROY and T. B. MCMAHON. Can. J. Chem. 63, 708 (1985). 
A6 initio quantum chemical techniques have been used to investigate the structures and energetics of a number of hydrogen 

bonded adducts of F- and C-H bonds associated with unsaturated systems as well as their structural isomers. Examination 
of the possible species of molecular formula C2H,F- reveals that the most stable isomer is a hydrogen bonded adduct of F- 
and ethylene, while the classical P-fluoroethyl carbanion is found not to be bound with respect to dissociation into F + C2H4. 
Similar examination of C2HzF isomers shows that a hydrogen bonded F--acetylene adduct is the most stable structure, 
however, the remaining a and P-fluorovinyl carbanions are found to be bound with respect to F- + C2H2. These results are 
used to explain the unusual gas phase acidities of ethylfluoride and vinylfluoride. Calculations on C3H4F isomers show the 
hydrogen bonded adduct of F- and allene to be more stable than the classical 2-fluoropropenyl anion and on CzH2FO- isomers 
show the enolate of acetyl fluoride to be more stable than the hydrogen bonded adduct of F- and ketene. These latter results 
are used to explain the gas phase ion molecule reactivities of C3H,F (predominantly F- transfer) and C2H2FO-- (proton 
abstraction). 

M. ROY et T. B. MCMAHON. Can. J .  Chem. 63, 708 (1985). 
On fait appel aux techniques de la chimie quantique a6 itlitio pour Ctudier les structures et les Cnergies d'un certain nombre 

d'adduits, liCs par des liaisons hydrogbes, du F- et de liaisons C-H associCes h des systkmes insaturts ainsi que leurs 
isomkres de structure. L'ttude des espkces possibles, de formule moleculaire C2H4F-, rtvkle que I'isornkre le plus stable est 
un adduit dans lequel le F- et I'Cthylkne sont liCs par des liaisons hydrogenes; par ailleurs le carbanion classique P-fluoroethyle 
n'est pas liC par rapport h la dissociation en F et C2H4. Une Ctude semblable des isomkres du CIH2F- montre que I'adduit 
F-acktylkne, qui est liC par des liaisons hydrogknes, constitue la structure la plus stable; toutefois, on a trouvt que les 
carbanions a et p fluorovinyles rksiduels sont liCs par rapport a la dissociation F- + C2H2. On utilise ces resultats pour 
expliquer les aciditCs inhabituelles en phase gazeuse du fluorure d'Cthyle et du fluorure de vinyle. Les calculs faits avec les 
isomkres du C3H4F- rCvklent que I'adduit de F- et de I'allkne, qui est liC par des liaisons hydrogknes, est plus stable que I'anion 
classique fluoro-2 propCnyle alors que les mCmes calculs faits sur les isomeres du C2H2FO- montrent que I'Cnolate du fluorure 
d'acCtyle est plus stable que I'adduit de F et du ctttne, qui sont lies par des liaisons hydrogknes. On utilise ces derniers 
rtsultats pour expliquer les rCactivitCs ion-rnolCcule en phase gazeuse du C3H4F- (transfert prkdominant de F-) et du C2H2FO- 
(en~kve~ent d'un proton). 

[Traduit par le journal] 

Introduction 
Fluorine substituents have been abundantly demonstrated to 

exhibit pronounced, and frequently ambiguous, effects on the 
stabilities of both positive and negative gas phase ions (1-8). 
However, no fluorine substituent effect is perhaps as bizarre as 
that found for the gas phase acidities of fluoroethanes (2). 
Sullivan and Beauchamp, using ion cyclotron resonance (ICR) 
techniques, have shown that ethyl fluoride is intermediate in 
gas phase acidity between ethanol and 2-propanol. With the aid 
of deuterium labelling experiments, they have further shown 
that the only proton removed in reaction with strong anionic 
bases is p to the fluorine. Assuming a nearly constant C-H 
bond strength for ethane and the P C-H bonds of ethyl fluo- 
ride, these experiments imply a stabilization of P fluoroethyl 
carbanion of some 30 kcal mol-' relative to ethyl carbanion. 
This magnitude of remote inductive substituent effect is un- 
precedented in studies of relative stabilities of gas phase ions. 
Equally surprising are the effects of multiple fluorine substi- 
tution on the relative stabilities of the series of fluoroethyl 
carbanions. After the first large increase in gas phase acidity of 
30 kcal mol-' in proceeding from ethane to ethyl fluoride, no 
further appreciable increase is observed in successively adding 
up to 5 fluorines. For example. pentafluoroethane is observed 
to be only 3 kcal mol-' more acidic in the gas phase than ethyl 

' Present address: Department of Chemistry and Guelph-Waterloo 
Centre for Graduate Work in Chemistry, University of Waterloo, 
Waterloo, Ont., Canada N2L 3G1. 

fluoride. All other fluoroethanes show gas phase acidities be- 
tween those of ethyl fluoride and pentafluoroethane. In their 
discussion of these unusual substituent effects, Sullivan and 
Beauchamp concluded only that "simple eIectrostatic argu- 
ments are inappropriate to explain the order of acidities". 

Recent ICR investigations in our laboratory (9, 10) of quan- 
titative fluoride binding energies to Brernsted acids have sug- 
gested to us that hydrogen bonding of F- to organic molecules 
may be a far more energetically favourable and ubiquitous 
phenomenon than previously supposed. In particular our stud- 
ies of fluoride binding energies to fluoroethylenes suggested 
that the resulting anions are more likely planar hydrogen 
bonded adducts than pyramidal sp3 hybridized carbanions, im- 
plying that the former species are likely the more stable. It thus 
seems reasonable to infer that the attack of strong anionic bases 
on ethyl fluoride may not lead to simple deprotonation but 
rather to a process of elimination in which the departing F- 
remains hydrogen bonded to a proton of a newly formed ethyl- 
ene group. If this is indeed the case, then the gas phase acidity 
measurements will not yieId a measure of carbanion stability 
and the need to explain an unusually large substituent effect is 
avoided. 

Recently Bach et al. (1 1) and Schleyer and Kos (12) have 
examined the P-fluoroethyl carbanion using ab initio quantum 
chemical techniques and have found, in the course of geometry 
optimization, that this carbanion is not bound with respect to F- 
+ C2H4. In addition, Schleyer and Kos have investigated a 
hydrogen bonded structure of ethylene and F- and have found 
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ROY AND McMAHON 

that this hydrogen bonded adduct of F- + C2H4 is bound, thus 
supporting the conjecture above regarding the anion derived 
from the gas phase deprotonation of C,H,F. 

In addition to P-fluoroethyl carbanion, Schleyer and Kos 
have also examined the P-fluorovinyl carbanion and the iso- 
meric F--acetylene hydrogen bonded adduct. As in the fluo- 
roethyl carbanion case the P-fluorovinyl carbanion is found to 
be unbound with respect to F- + C2H2 while the hydrogen 
bonded complex is bound by some 20 kcal mol-'. 

In the course of ongoing studies in our laboratory of gas 
phase acidities of organo-fluorine compounds and of hydrogen 
bond energetics of F- to organic acids (10) we have discovered 
several fluorinated species which upon deprotonation act as 
facile F- transfer reagents. In order to ascertain the most proba- 
ble structures of these fluorinated anions we have undertaken 
the present ab initio quantum chemical study of several fluorine 
containing anions. The first of these is a complete investigation 
of the fluoroethyl system since although Schleyer and Kos have 
studied P-fluoroethyl carbanion and the F--C,H4 hydrogen 
bonded adduct, the potentially stable a-fluoroethyl carbanion 
has not been investigated. Similarly the fluorovinyl system has 
been studied completely including the F--C2H2 hydrogen 
bonded adduct, both cis and trans P-fluorovinyl carbanions and 
a-fluorovinyl carbanion. Two possible isomers of the chem- 
ically important C,H4F- anion derived from deprotonation of 
2-fluoropropene have been studied - the 2-fluoropropenyl 
anion and a hydrogen bonded adduct of F- and allene. Finally, 

I two possible isomers of the isoelectronic analogue, C2H2FO-, 
derived from deprotonation of acetyl fluoride have also been 

1 investigated - the acetyl fluoride enolate ion and a hydrogen 

1 bonded adduct of F- and ketene. 

I Computational method FIG. I .  Geometries of the isomers of C2H4F- 

Ab initio molecular orbital calculations were carried out 
using the Gaussian 80 (13) and Hondo 5 (14) program pack- 
ages. All structures were fully optimized using the 4-3 1G basis 
set employing an analytical gradient technique (15). In several 
cases single point total energy calculations were carried out for 
the 4-31G optimized geometry using the 4-3 1 +G basis set (16, 
17). This latter basis set, incorporating additional flat s and p 
Gaussian functions on all heavy atoms has been demonstrated 
by Schleyer to provide a much more accurate description of the 
energetics of anions than other split valence basis sets. In the 
present case flat function exponents of 0.090 for fluorine 0.040 
for carbon and 0.068 for oxygen were used. In the few cases 
where diffuse function augmented basis sets calculations were 
not carried out the conclusiohs drawn are probably valid since 
energy differences between isomeric ions rather than absolute 
energies are being considered. In all cases where 4-31G and 
4-3 1 + G  calculations were carried out the order of stabilities of 
isomeric ions was invariant with basis set. 

Results 
A. Geometries 

1. C,H4F-: As noted above the P-fluoroethyl carbanion has 
been shown originally by Bach et al. (1 1) to dissociate without 
activation energy to F- + C2H4 at the 4-3 1G level. Following 
his example, for purposes of discussion, we have used an 
"artificial" CH,FCH,- structure which was obtained from the 
structure optimized at the STO-3G level where it was found to 
be stable with respect to dissociation. Further refinement was 
then carried out at the 4-31G level by holding the C-F and 
C-H bonds constant and optimizing the C-C bond length 

and bond angles. The geometry for this isomer (I) as well as 
those obtained for the a-fluoroethyl carbanion, CH3CHF- 
(III), and the hydrogen bonded F--ethylene complex, 
C2H4 F- (11), are detailed in Fig. 1. 

2. C2H2F-: There are four possible stable isomers for anions 
of this formula. The cis (IV) and trans (V) P-fluorovinyl car- 
banions, CHFCH-, and the hydrogen bonded complex of F- 
and acetylene, C2H2...F- (IV) have been investigated pre- 
viously by Schleyer and Kos (12). To this we add in the present 
study the a-fluorovinyl carbanion, CH2CF- (VII). Geometries 
for these four species are outlined in Fig. 2. 

3. C3H4F-: Although there are probably several stable isom- 
ers of this molecular formula only those two deemed to be 
mechanistically feasible from deprotonation of 2-fluoropro- 
pene were investigated. The geometries of 2-fluoropropenyl 
carbanion, CH2CFCH2- (VIII), and the hydrogen bonded com- 
plex of F- and allene C3H4..-F- (IX) are, summarized in 
Fig. 3. 

4. C2H2FO-: Analogous to the case of C3H4F-, only the two 
possible isomers of the isoelectronic C2H2FO- deemed to be 
mechanistically feasible from deprotonation of acetyl fluoride 
were investigated. The geometries of acetyl fluoride enolate, 
CH2COF- (X), and the hydrogen bonded complex of F- and 
ketene, CH,COF- (XI), are detailed in Fig. 4. 

B.  Energies 
Total energies of all relevant anionic and neutral species 

obtained using the 4-3 1G basis set are summarized in Table 1. 
In selected cases it was important to determine relative energies 
of anionic isomers somewhat more accurately and in such cases 
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H 
VII 

FIG. 2. Geometries of the isomers of CzHZF-. 

total energies were calculated at the 4-3 1G optimized geometry 
using the 4-31+G basis set described above. Their energy 
values are given in parentheses in Table 1. 

Discussion 
C2H$F- 

It is readily apparent from the data of Table 1 that the most 
stable of the three possible C2H4F- isomers is the hydrogen 
bonded adduct, 11. Even though the hypothetical structure for 
P-fluoroethyl carbanion, I ,  is known to dissociate at the 4-3 1G 
level to F- + C2H4 this artificial structure is still found to be 
more stable than the a-fluoroethyl carbanion, 111. It is note- 
worthy that at the 4-3 1G level I11 is a minimum on the potential 
energy surface revealing its stability toward dissociation to F- 
and methyl carbene, CH,CH:. The greater stability of I relative 
to 111 reveals a further example of the partially destabilizing 
nature of fluorine substituted a to negative charge centers. 
Further support for the destabilizing nature of the a fluorine 
may be found in an examination of the geometry of 111. The 
C-C bond length in the a carbani~n,~III  is a normal C-C 
single bond length, being within 0.02 A of those in C2H6 and 
C2H5F. However, the C-F bond length is unusually long at 
1.54 A compared to those of 1.38 A in CH,F and 1.43 A in 
t-C4H9F. Similar bond lengths have been found for the anal- 
ogous fluoromethyl carbanion, CH2FW, by other investigators 
(16- 19) and in fluorocyclohexadienyl anions (20). Such ab- 

VIII 

IX 

FIG. 3. Geometries of the isomers of C3H4F-. 

FIG. 4. Geometries of the isomers of CzHZFO- 

normally long C-F bonds appear to be readily attributable to 
strong electron-electron repulsions between lone pairs on flu- 
orine and the filled 2p orbital on carbon in the carbanion. These 
effects have frequently been invoked to explain unusual sta- 
bility orderings of fluorine substituted sp2 carbanions both in 
the gas phase (5) and solution (21). 
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TABLE 1. Calculated total energies of anions and related neutral 
molecules 

Species Total energy" (hartree) 

CH2FCH2:- (I) 

C2H4.. . F- (II) 

mol-' based on the approximate electron affinity of C2HS2 of 0 
? 5 kcal mol-' and an approximate expected inductive effect 
of the p fluorine of 8 kcal 1n0l-I.~ The C-F bond strength in 
CH2FCH,' is expected to be the same as that in C2H5F, 106 kcal 
mol-' (24). The IT bond energy in C2H4 is known to be 60 kcal 
mol-' (25) and the electron affinity of fluorine atom to be 78 
kcal mol-' (26). Thus the overall dissociation enthalpy for I 
may be calculated from eq. [I]. 

to be -24 kcal mol-'. The driving force for this dissociation 
can readily be seen to be the IT bond formation and the exother- 
mic electron transfer from carbon to fluorine. Based on recent 
correlations of fluoride binding energy and gas phase acidity 
from our laboratory (10) it is possible to estimate a hydrogen 
bond energy for F- and C,H4 of 5 kcal mol-'. This further 
exothermic step, eq. [2], 

therefore reveals the greatest stability of I1 relative to other 
C2H4F- isomers. Using the 4-3 1 +G energy data from Table 1 
a fluoride binding energy of F- to C2H4 for the hydrogen 
bonded structure of 2 kcal mol-' is obtained in good agreement 
with the qualitative prediction above. 

The much greater predicted stability of the hydrogen bonded 
form of C2H4F- has important implications for the stability of 
fluoroethyl anions inferred from the gas phase acidity mea- 
surements and for the mechanism of deprotonation of fluo- 

0=C=CH2..-F- (XI) 

0=C=CH2 

"Energies given are calculated using 4-31G optimizations and 4-3 IG energy 
calculations. Values in parenthesis are obtained from 4-31G optimizations and 
4-31 +G single point energy calculations unless otherwise noted. 

"Reference 30. 
' Reference 16. 
"Reference 3 1. 
"3-21+G optimization/3-21+G energy calculation; ref. 12. 
'Reference 32. 

Reference 33. 

'EA(CH,CH,) is estimated at 0 ? 5 kcal mol-' based on the 
assumption that the replacement of H by CH, in CH, could lead to 
either an increase or decrease in electron affinity. Calculations at the 
4-31 +G level (16, 17) show a destabilization by CH, for H substi- 
tution of 5.6 kcal mol-'; however, at the same level, the calculations 
fail to reproduce the relative experimental order of stabilities of NH,- 
and CH3NH- and fail to indicate the large stabilization of CH,O- 
relative to OH-. 'Thus we feel that relative to the experimental 
EA(CH,) of 2 kcal mol-' (29) an estimate of EA(CH,CH,) of 0 2 5 
kcal mol-' is in order. 

"he inductive effect of f3 fluorine on an anionic center is estimated 
from an average of EA(CH2COF) - EA(CH2CHO) = 10.5 kcal mol-' 
(22), EA(FC02) - EA(HC02) = 13 kcal mol-' (23) and 
EA(CH2CFCH2) - EA(CH2CHCH2) = 9.3 kcal mol-' (T. B. 
McMahon, unpublished results). 

With the advantage of hindsight it is possible to rationalize 
the instability of the P-fluoroethyl carbanion toward dis- 
sociation to F- and C2H4 and the greater stability of the hydro- 
gen bonded complex on purely thermochemical grounds. From 
the thermochemical cycle shown in Scheme 1 it is possible to 
use known data or to make accurate predictions for the individ- 
ual steps involved and to predict the exothermicity of dis- 
sociation of I,  AH!^^^. 

The electron affinity of CH2FCH2' is estimated as 8 ? 5 kcal 
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roethanes. Prior to the gas phase acidity work on fluoroethanes 
the acidity of ethyl fluoride might have been predicted to be 
398 kcal mol-' and thus deprotonation by even such strong 
bases as OH- and CH?O- would not have been exoected. The 
fact that an apparent deprotonation is observed suggests to us 
that rather than participating in a simple proton abstraction 
reaction. strong anionic bases react with ethvl fluoride in a 

u 

concerted addition-elimination type of reactiAn in which the 
leaving group, F-, remains hydrogen bonded to ethylene, 
C2H4. Such a mechanism is depicted in Scheme 2. Since this 
mechanism does not yield the true conjugate base of ethyl 
fluoride, the reaction cannot be regarded as a true deproton- 
ation and an erroneous gas phase acidity determination would 
result. The reactions of strongly basic anions with ethyl fluo- 
ride might then be interpreted simply as HO- and CH30- 
binding sufficiently strongly to C2HsF to activate the inter- 
mediate towards elimination, whereas C2H50- and more weak- 
ly basic alkoxides do not activate the intermediate to an extent 
sufficient for elimination to occur. 

Additionally it is significant to note that our conclusion, that 
a hydrogen bonded form of C,H4F- is the most stable one and 
that this is the species most likely produced in deprotonation of 
ethyl fluoride, is supported by our experimental observations of 
fluoride transfer reactions (10). The anions derived from 
"deprotonation" of ethyl fluoride and other fluoroethanes are 
found not to readily abstract a proton from stronger gas phase 
acids as would be expected of a carbanion but rather readily 
transfer F-, a result quite reasonable for a hydrogen bonded F- 
adduct. A similar observation is made for experiments in which 
F- donors transfer F- to fluoroethylenes. For example, the 
anion derived from addition of F- to trifluoroethylene, reaction 
[3], is found to react with strong acids by F- donation, reaction 
[4a] rather than proton abstraction, reaction [4b]. This 

[4nl C A H F  + CzHF, 
CzHF4- + AH 

[4bI X+ A- + CIHZF4 

result again supports a hydrogen bonded structure for C2HF4- 
rather than an sp3 carbanion. The notable exceptions to the 
above observations involve reaction of pentafluoroethane, 
C2FSH, and tetrafluoroethylene. The anion derived from de- 
protonation of C2F5H is found to readily abstract protons from 
stronger gas phase acids and to transfer F- only at a very slow 
rate, primarily to Lewis acids. Similarly, in reactions of F- 
donors with C,F4, F- transfer occurs very slowly. In these cases 
the CzFS- anion must have an sp3 carbanion structure rather 
than a hydrogen bonded one and the chemical behaviour is 

VOL. 63. 1985 

-177.160 

FIG. 5. Plot of potential energy surface for motion of the proton in 
the F--F2H, hydrogen bonded adduct, III.mO, total C-F distance 
of 2.75 A; A ,  total C-F distance of 2.63 A. 

completely different. 
It is of considerable interest to consider the nature of the 

potential for proton motion within the hydrogen bond in 11. 
Quite frequently double minima potential wells are postulated 
for hydrogen bonded species (27). In the present case a double 
minimum potential well could be envisioned as having one 
minimum associated with a C2H4..-F- structure, 11, and a 
possible second minimum of higher total energy associated 
with a vinyl anion - HF hydrogen bonded complex, 
C2H3- - - *  HF. In order to investigate this possibility a series of 
calculations was undertaken in which the total C-F distance 
was held constant and the C-H distance was varied. The 
results of these calculations ate shown in Fig. 5. In one case a 
total C-F distance of 2.75 A was used corresponding to the 
global energy minimum. In addition to this a second series 9f 
calculations was carried out at a total C-F distance of 2.63 A. 
The plot for the structure with the longer total C-F distance 
corresponding to the minimum overall geometry shows no bar- 
rier to proton motion between F and C and reveals a plateau at 
short F-H and long C-H distance corresponding to a struc- 
ture, C2H3-... HF only an inflection point results. This second 
plot, however, even though having a higher minimum than the 
previous one, has an overall lower potential for proton motion. 
This would thus suggest that during vibration about the hydro- 
gen bond the C-H distance remains relatively constant and 
the F- position would appear to oscillate. 

CZHzF- 
As in the case of the C,H4F- anions, the most stable structure 

of molecular formula C2H2F- is a hydrogen bonded adduct, in 
this case the F--acetylene complex (VI). The geometry given 
in Fig. 2 for VI shows a -C=C- Fond only slightly elon- 
gated from that in acetylene (1.19 A). Consistent with the 
substantially greater gas phase acidity of acetylene relative to 
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ethylene the hydrogen bond energy is significantly increased in 
the F- adduct aad the overal! F--H distance is appreciably 
reduced to 1.3 1 A from 1.63 A in the olefinic case. The corre- 
sponding C-H distanc~ in the hydrogen bong is increased 
from the value of 1.05 A in acetylene to 1.22 A in VI. 

The next most stable structure of C2H2F- is the a-fluorovinyl 
carbanion, VII. This species has a C-F bond length of 1.52 
A, similar to that of the a-fluoroethyl carbanion, 111. In addi- 
tion, this C-F bond is somewhat longer than that in either the 
cis or trans P-fluorovinyl carba~ions, IV and V ,  while the 
-C=C- bond length of 1.34 A is slightly greater than in IV 
and V.  These bond length differences and the fact that the 
C-C bonds are all very close in length to that in ethylene 
indicate that very little delocalization of negative charge is 
occurring from the nominal carbanion site to the p carbon. 
Since the charge is localized on the a carbon in VII the fluorine 
atom may undergo a repulsive interaction with the charge cen- 
ter just as occurred in 111, leading to the lengthened C-F 
bond. 

The geometries of the cis and trarls P-fluorovinyl car- 
banions, IV and V,  have been investigated previously by 
Schleyer using the 3-2 1 +G basis set (1 2). The geometry results 
obtained in the present study employing the 4-3 1G basis set are 
in good agreement with those using the diffuse function aug: 
mented basis set with all bond distances lying within 0.02 A 
and all bond angles within lo. 

Both the 4-31G and 3-21+G results place the hydrogen 
bonded structure of C,H,F- as the most stable. However, while 
the 4-31G results show all of the anions IV-VII to be stable 
with respect to dissociation to F- + C,H2 the 3-21 +G results 
find only the hydrogen bonded structure to be energetically 
lower than the separated species. The 3-21 +G results do, how- 
ever, yield IV and V as local minima; that is, there is some 
activation energy associated with their dissociation to F- + 
C2H2. Our previous correlations of gas phase acidity and hydro- 
gen bond energy to F- (10) allow a prediction of some 15-20 
kcal mol-' for the hydrogen bond energy in VI in good agree- 
ment with the value of 20 kcal mol-' obtained using the 
3-2 1 + G basis set. 

The relative energetics of these C,H,F- isomers thus lead to 
the question of the nature of the anion obtained from de- 
protonation of fluoroethylene. Gas phase acidity deter- 
minations carried out by Beauchamp and Sullivan (2) place the 
enthalpy of dissociation of C,H,F into Ht + C2H2F- as 380 
kcal mol-I. This result then allows AH:(c~H~F-) to be calcu- 
lated as - 18.9 kcal mol-' which further yields a binding ener- 
gy of F- to C,H, in the anion of 12.8 kcal mol-I. Since at the 
3-21 +G level only the hydrogen bonded complex V1 is stable 
with respect to F- + C,H, the gas phase acidity measurements 
are strongly suggestive that the hydrogen bonded species is the 
anion generated upon deprotonation of vinylfluoride. 

The reaction of the strongly basic anions such as CH,O-, 
with vinylfluoride yields predominantly the elimination prod- 
uct CH,OHF- (8 1 %) with C2H,F- (12%) and F- (7%) as minor 
products. Production of CH,OHF- and a hydrogen bonded 
C2H2F- product can be rationalized mechanistically through 
Scheme 3 involving a common "disolvated" F- intermediate. 
Since F- is known to bind more strongly to CH,OH than to 
CzH2 this would explain the 4 :  1 relative abundance of the 
hydrogen bonded F--methanol product. No other alkoxide 
ions, RO-, undergo any reaction with vinyl fluoride even 
though production of ROH-..F- is quite exothermic. Thus it 
would seem that a partial proton transfer such as that outlined 

in Scheme 3 is a necessary initial step in the mechanism for 
ROH...F- product. In the case of the more weakly basic 
alkoxide ions this initial partial proton transfer must then not be 
sufficiently energetically favorable to proceed. 

C I H F  
The C,H4F- anion derived from deprotonation of 2-fluoro- 

propene, reaction [5], has played an extremely important role 
in our previous determinations of fluoride binding energies to 

Bronsted acids. From a study employing anions, A-, of known 
basicity and observation of which would and would not pro- 
duce C3H4F- a value for AH;(C,H,F-) was obtained which 
allowed a calculation of the binding energy of F- to allene, 
C3H4, of 15 kcal mol-' (28). This anion was employed to act 
as a facile fluoride transfer reagent to species which bind F- 
more weakly than HzO, such as t-C4H9F, reaction [6], which 
may have the structure of a captured SN2 transition state (10). 

[6] C,H,F- + t-C4HgF + CaHgFr + C,H, 

In view of the preceding results for C2H4F- and C2HIF- isom- 
ers two probable structures for the C,H4F- anion were in- 
vestigated: the 2-fluoropropenyl anion, VIII, and a hydrogen 
bonded complex, IX. 

Geometry optimization and calculation of energies at the 
4-3 1G level gave nearly identical total energies for the two 
C3H4F- isomers. However, employing the 4-3 1 +G basis set, 
previously determined to give a superior description of anions, 
the hydrogen bonded structure IX was found to be more stable 
by 8.8 kcal mol-I. At this level the hydrogen bond energy of 
F- to allene obtained from the data of Table 1 is I0 kcal mol-' 
in good agreement with the experimentally determined value of 
15 kcal mol-I. 

The H-F- bond distance found in IX of 1.80 A is signifi- 
cantly longer than that in C2H2F-, indicative of the somewhat 
weaker hydrogen bond strength in the allenic system. Consis- 
tent with this is the substantially shorter C-H bond in the 
hydrogen bond of IX relative to that in VI. The C-C distances 
in IX are very similar to those found in neutral allene. 

The 2-fluoropropenyl anion, VIII, has a C-F bond distance 
of 1.44 A. This is only slightly longer than that found in neutral 
olefinic fluorides indicating that to a small extent repulsive 
interaction between the fluorine lone pair electrons and the allyl 
.rr system may be occurring. The C-C distances found are 
similar to those obtained for unsubstituted allyl anion. 
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The slightly greater stability of the hydrogen bonded com- 
plex IX, relative to the allylic anion, VIII, has significant 
implications for the anion observed by deprotonation of 
2-fluoropropene in ion cyclotron resonance experiments (28). 
The anion thus obtained, as noted above, is observed to act as 
a facile fluoride donor, while no tendency for reaction via 
proton abstraction was observed. These reactivity results are 
more consistent with a hydrogen bonded structure since even 
though the 2-fluoropropenyl anion might be expected to react 
via F- transfer, some tendency for reaction by proton abstrac- 
tion with species of high gas phase acidity but low fluoride 
binding energy, such as cyclopentadiene, would have been 
anticipated. 

The formation of the hydrogen bonded F--allene adduct by 
reaction of strong bases such as CH,O- with 2-fluoropropene 
might then be considered to be analogous to that proposed 
above for formation of VI in vinyl fluoride. Scheme 4 which 
illustrates such a mechanism can be seen to also lead to for- 
mation of CH,OH---F- as in the case for reaction of CH,O- 
with C,H,F. Consistent with this CH,OH...F- is indeed ob- 
served in reactions of CH,O- with 2-fluoropropene. 

CrHZFO- 
The C2H2FO- anion derived from deprotonation of acetyl- 

fluoride (6) has also played an extremely valuable role in our 
recent determinations of absolute fluoride ion binding ener- 
getics. From equilibrium proton transfer determinations of the 
gas phase acidity of acetyl fluoride, reaction [7], the heat of 
formation of CH,COF- had been 

accurately established and thus a theoretical fluoride binding 
energy to ketene obtained of 35.7 kcal mol-' (10). By carrying 
out equilibrium fluoride transfer measurements between ketene 
and Lewis acids, reaction [8], an absolute anchor point for the 
fluoride binding energy scale of relative fluoride exchange 
equilibria was established. 

It was therefore of some interest to establish whether the fluo- 
ride adduct of ketene had enolate structure, X,  or a hydrogen 
bonded structure with F- bound to the sp2 hydrogens of the 

ketene, XI. The data of Table 1 reveal that in this case the 
"classical" enolate structure is the more stable at both the 
4-31G and 4-31 +G levels of calculation. Significantly, how- 
ever, both structures are found to be stable with respect to 
dissociation to F- + ketene. 

The available experimental evidence strongly suggests that 
the C2H,FO- ions derived from both deprotonation of acetyl 
fluoride and addition of F- to ketene have the same structure, 
presumably X .  The ions formed in both ways react with Lewis 
acids such as S02F2 via exothermic fluoride transfer, reaction 
[9], and with Bronsted acids such as CF,CH,OH via exother- 
mic proton transfer, reaction [lo]. This latter 

reaction, in particular, is strongly suggestive of an enolate type 
structure for this anion since exothermic F- transfer to 
CF,CH,OH could also occur. Thus both ab initio calculation 
and gas phase reactivity results support an enolate structure for 
C,H,FO- as the most stable and most probable form of ions 
derived from either deprotonation of acetyl fluoride or F- addi- 
tion to ketene. 

Conclusion 
'The ab initio calculations described in the present work 

demonstrate that the most stable forms of C,H,F-, C2H?F-, and 
C,H,F- anions are hydrogen bonded adducts of ethylene, acet- 
ylene, and allene, respectively. By contrast, examination of the 
isoelectronic analogue to the F--allene adduct containing an 
electronegative oxygen atom, C2H,FO-, reveals that a 
"classical" enolate structure is more stable than a hydrogen 
bonded adduct of F- and ketene. Consideration of experimental 
data for gas phase ion molecule reactions of strong anionic 
bases with ethyl fluoride, vinyl fluoride and 2-fluoropropene 
show that the hydrogen bonded anions 11, VI,  and IX are the 
most probable reaction products. The implications of this find- 
ing for gas phase acidities of the parent species and for fluoride 
binding energies to unsaturated hydrocarbons have been dis- 
cussed. 

The results obtained also suggest that similar hydrogen 
bonded species might arise from other gas phase deprotonation 
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experiments. For example, it is possible that deprotonation of 
ethyldimethylamine or methylethylether by strong bases such 
as H- or  NH2- could lead to novel hydrogen bond adducts, 
reactions [ I  11 and [12]. Investigations of these and related 
systems will be the subject of future contributions from this 
laboratory. 
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Lactams of sparteine 

W. MAREK GOLEBIEWSKI AND IAN D. SPENSER 
Department of Chemistry. McMaster University, Hamilton. Ont., Canada L8S 4MI 
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W. MAREK GOLEBIEWSKI and I A N  D. SPENSER. Can. J .  Chem. 63, 716 (1985). 
(2,2-'Hz)Sparteine, (6-ZH)sparteine, ( 10,l 0-'H?)sparteine, ( 1  5,15-%)sparteine, (17a-'H)sparteine, ( 17P-'H)sparteine, 

(17,17-'~~)s~arteine, (17a-'H)lupanine, and ( 1 7 ~ - ~ ~ ) l u ~ a n i n e  were prepared and employed to assign the 'H nrnr spectrum 
of sparteine. Contrary to a published report, photochemical oxidation of sparteine does not lead to 15-oxosparteine but to 
17-oxosparteine. 

W. MAREK GOLEBIEWSKI and I A N  D. SPENSER. Can. J .  Chem. 63, 716 (1985). 
On a pripart les ( 'H'-23,  (ZH-6)-, ('HI- l0,IO)-, ('HZ- 15,15)-, (%- 17a)- et ('H- 17P)-sparteines ainsi que les (2H- 17a)- 

et ('H- 17P)-lupanines et on les a utilisCes pour faire une attribution du spectre rmn 'H de la spartCine. Contrairement a ce qui 
a CtC rapport6 antirieurment, I'oxydation photochimique de la spartCine ne conduit pas a 1'0x0-15 sparthe mais plutBt B 
1'0x0- 17 sparteine. 

[Traduit par le journal] 

In connection with our studies of the biosynthesis of the 
lupine alkaloids (1 -3), and, in particular, of the incorporation 
of bond-labelled samples of '"C,'5N-lysine and cadaverine (2), 
and of the prochirality (3) of the reactions leading to the incor- 
poration of lysine and cadaverine into sparteine (1) and lu- 
panine (2), it was essential to obtain reliable assignments of the 
nmr signals of the protons on the chiral and prochiral C-atoms 
adjacent to the nitrogen atoms of the alkaloids, as well as of the 
"C nmr signals of these C-atoms. 

To facilitate assignment of 'H nmr signals, deuteriated 
samples of the alkaloids were prepared by adaptation of known 
reactions. 

The samples of sparteine, labelled at the prochiral centres 
adjacent to nitrogen, were prepared from the corresponding 
oxosparteine derivatives by reduction with lithium aluminium 
deuteride (4-6). Thus, 2-oxosparteine (lupanine) (2) yielded 
(2,2-'H')sparteine (4-6), 10-oxosparteine (aphylline) gave 
( 10,l 0-'H')sparteine ( 3 ,  and 15-oxosparteine (9) and 17-0x0- 
sparteine (7) gave (1 5,15-'HJ- and ( l7 , l  7-'Hz)sparteine 
(4-6), respectively. 

Diastereotopically singly deuteriated samples of (17a-'H)- 
lupanine ( 17-'H-si, pseudo-axial) and ( 17P-'H)lupanine 
( 17-'H-re, pseudo-equatorial) were obtained from 16,17-de- 
hydrolupaninium perchlorate by methods described by Wie- 
wiorowski et al. (7). Lithium aluminium hydride reduction at 
C-2 of these diastereotopically deuteriated lupanines gave 
(17a-'H)sparteine (17-'H-si, pseudo-axial) and (1 7P-'H)- 
sparteine (17-'H-re, pseiido-equatorial), respectively. As pre- 
dicted (8), the 'H nrnr signal of the equatorially deuteriated 
samples (6: ( I7p-'H)sparteine, 2.63; ( 1  7p-'H)lupanine, 2.53 
ppm) appears downfield in relation to the signal of the axially 
deuteriated samples (6: ( 17a-'H)sparteine, 2.44; ( 17a-'H)- 
lupanine, 1.79 ppm). 

The two signals in the 'H nmr spectra of (2,2-'Hz)-, 
(1 0,  10-'H2)-, and (1 5,15-'HJsparteine can be assigned on a 
similar basis. The upfield signal is assigned to the axial deu- 
teron, the downfield signal to the equatorial deuteron (6: 
(2,2-'H2)sparteine, 1.84 (P-'H, axial), 2.58 (a-'H, equatorial); 
(10,lO-'H')sparteine, 1.92 (P-'H, axial), 2.43 (a-'H, equa- 
torial); (15,15-'H?)sparteine, 1.97 (a-'H, axial), 2.73 (P-'H, 
equatorial)). 

The sample of (6-'H)sparteine, deuteriated at the chiral cen- 
tre, C-6 (6 1.63 pprn), was prepared ( 4 3 )  by sodium boro- 
deuteride reduction of the 1,6-dehydro derivative (4) of spar- 

teine, by adaptation of a reaction sequence reported by N. .I. 
Lenoard et al. (9). Since reduction of the 1,6: 1 1,16-didehydro 
derivative (5) of sparteine does not yield sparteine (1) but 
a-isosparteine (8), which differs from sparteine at the C-l 1 ring 
junction, (I I-'H)sparteine cannot be prepared by this method. 

Assignment of the signal for the proton at C-l l of sparteine 
was made from the 'H-COSY nmr spectrum of sparteine (lo),  
on the basis of the observed coupling to the proton at C-9 and 
the P-proton at C- 12. 

The assignments of the 'H nmr signals in the spectra of 
sparteine and some of its 0x0 derivatives are summarized in 
Table 1. 

Since, until recently, lupanine perchlorate was commercially 
available (Fluka, Koch-Light), most of the starting materials 
for this study were readily accessible. The one exception is 
15-oxosparteine (9). It has been reported ( 1  I) that this com- 
pound can be prepared in 20% yield, together with a small 
quantity of lupanine (2) and some dimeric products, by photo- 
chemical oxidation of sparteine (1). We have now found that 
photochemical oxidation of sparteine, as described (I I), does 
not yield either 15-oxosparteine or 2-oxosparteine. The "C nmr 
spectrum of the crude lactam fraction isolated from the reaction 
mixture appeared to indicate the presence of a single lactam 
carbonyl signal, and the only 0x0 derivative that was isolated 
was 17-oxosparteine, identical ( 'H nmr, "C nmr, mp, mixture 
mp, mp of perchlorate salt) with an authentic specimen, pre- 
pared by ferricyanide oxidation of sparteine (12, 13). 

15-Oxosparteine can be obtained from sparteine by a two- 
step process, devised by Wiewiorowski.' Oxidation of the 
alkaloid with mercuric acetate, complexed with ethylenedi- 
aminetetraacetic acid (HgZ'/EDTA), yields a mixture of 
1,6 : 1 I,  16-didehydrosparteinium (5) and 1,6-dehydro- 15-0x0- 
sparteinium (10) ions. Subsequent borohydride reduction leads 
to a mixture of a-isosparteine (8) (from 5) and 15-oxosparteine 
(9) (from 10). 

The "C nmr spectrum of 15-oxosparteine (9) was tentatively 
assigned on the basis of the off-resonance spectrum and by 
comparison with the assignments in the published (6) spectra of 
sparteine and its 2- and 17-0x0 derivatives. The signal of C- 17 
in the spectrum of 15-oxosparteine is shifted upfield by 13.3 
ppm (compared to sparteine) due to the shielding effect of the 
15-0x0 group on its peri neighbour (15). Upfield shifts are also 

' M. Wiewibrowski. Personal communication. See also ref. 14. 
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GOLEBIEWSKI AND SPENSER 

TABLE I. ' H  nuclear magnetic resonance spectra of sparteine and its lactams in benzene (6 7.19 ppm). Chemical 
shifts (ppm) of the protons on the carbon atoms adjacent to nitrogen 

2,17-Dioxo 
2-Oxosparteine sparteine 

H atom Sparteine" (lupanine)" 15-Oxosparteine' 17-Oxosparteinc" ( 17-oxolupanine)' 

2-a, re (eq) 2.62 - 2.55 2.61 - 
2-P, si (ax) 1.88 - 1.79 1.75 - 
6-P R (ax) 1.62 2.74 1.50 1.67 2.78 

10-a, si (eq) 2.47 4.80 2.22 2.47 4.98 
lo-P, re (ax) 1.96 2.3 1 1.77 1.93 2.14 
1 I-a S (ax) 2.11 1.70 3.28 2.93 2.96 
15-a, re (ax) 2.04 1.85 - 2.23 2.26 
15-P, si (eq) 2.76 2.66 - 5.1 1 4.92 
17-a,si(ps.ax) 2.47 I .83 2.98 - - 

17-P, re (ps.eq) 2.67 2.55 4.95 - - 
- 

"Cf. refs. 19-21. 
"Cf. refs. 7, 20, 22.  
' Cf. ref. 7. 
"Cf. refs. 7, 22 .  
"Cf. ref. 22.  

16,17-dehydrosparteinium 

/ 
ion (3) 

FeiCN 
or hv 

sparteine (1) 

1,6-dehydrosparteinium 
ion (4) 

lupanine (2) 1,6 : 1 1,16-didehydrosparteinium 
ion (5) p + 

Hg2+ @ 0 H heat ' 
0 

17-oxolupanine (11) 1,6 : 15,16-didehydrosparteinium 
ion (6) 

a-isosparteine (8) 

15-0x0- 1,6-dehydro 
sparteinium ion (10) 
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TABLE 2. "C nuclear magnetic resonance spectra of sparteine and its lactams 

2-0x0 
13a-hydroxy 2,17-Dioxo 

2-0x0 sparteine sparteine 
Sparteine sparteine ( 13a-hydroxy 15-0x0 17-0x0 ( 1  7-0x0 

Atom Sparteine" sulfate (Iupanine)' lupanine)" sparteine sparteineh lupanine) 

56.4 
26.0 
24.8 
29.5 
66.6 
33.2 
27.7 
36.2 
62.1 
64.6 
34.4 
24.9 
25.8 
55.5 
53.5 

In CDCI, 

171.4 
33.1 
19.7 
26.8 
61 .O 
32.4 
27.5 
34.9 
46.8 
64.2 
33.5 
24.5 
25.2 
55.6 
52.9 

In CDCI, 

56.2 57.0 
25.8 25.5 
24.6 24.7 
29.5 30.3 
65.8 65.1 
32.1 44.2 
27.3 27.3 
36.5 35.1 
61.5 63.1 
58.6 61.4 
32.1 33.7 
20.0 25.5 
32.7 25.5 

170.6 42.5 
40.2 169.7 

In CDCI, In CDClz 

"Cf. refs. 6, 23. 
"Cf. ref. 6. 

observedforc-11 (6ppm),C-13(4.9ppm, PtoCO),andC-12 
(2.3 ppm, y to CO). A downfield shift (6.7 ppm) is observed 
in the case of C-14 (a to CO). 

Table 2 summarizes the assignments of the I3C nmr signals 
in the spectra of sparteine and a number of related compounds. 

Experimental 
Lactams of sparteine 

17-Oxosparteine (7) (12, 13) 
Sparteine (1) (2.9 g, freshly prepared from sparteine sulfate, Fluka) 

was dissolved in dilute hydrochloric acid (0.4 M, 54 mL). The solu- 
tion was cooled and basified with sodium hydroxide solution (lo%, 
w/v, 81 mL), and a solution of potassium ferricyanide (17.9 g) in 
water (67 mL) was added. The mixture was shaken for 40 min, 
acidified with dilute hydrochloric acid (0.4 M. 48 mL), and extracted 
with ether (3 x 80 mL). The water layer was basified with aqueous 
sodium hydroxide (10% w/v) and extracted with ether. The ether 
solution was dried (sodium sulfate) and evaporated to dryness. The 
residue was recrystallized from petroleum ether (40-60°C). yielding 
17-oxosparteine (2.7 g), mp 85-87°C (lit. ( 1  3) mp 86-87°C). 

A sample was converted into the perchlorate salt, mp 240-41°C 
(lit. (16) mp 241°C). ' 

15-Oxosparteine (9)' 
A solution of Hg2'/EDT~ complex (3.4 g) ,in water (30 mL) was 

added to sparteine (0.4 g) and the mixture was shaken 2 h at room 
temperature in an atmosphere of argon and was then kept at 60°C for 
24 h. The resulting mixture of dehydrobases was allowed to cool to 
room temperature and was reacted with sodium borohydride (0.4 g) 
which was added in small portions over 1.5 h. The pH of the mixture 
was adjusted to pH 3 by addition of hydrochloric acid (2 M), and the 
precipitate of mercury salts was filtered off. The solution was basified 
with sodium hydroxide pellets and was then extracted with ether. The 
ether solution was dried (KOH pellets) and the solvent evaporated. 
The oily residue was dissolved in methanol (2 mL), 30% hydrogen 
peroxide (0.15 mL) was added, and the mixture was kept for I h. 
Excess hydrogen peroxide was destroyed with 10% palladium on 
charcoal. The mixture was filtered through Celite and the filtrate was 
concentrated, dissolved in water, and extracted with ether. Evapo- 
ration of the ether solution gave a colorless oil (80 mg) which was 
composed of 15-oxosparteine (major product) and several other minor 

products whose structure is under investigation. 15-Oxosparteine was 
purified by column chromatography on alumina (Fisher, activity I). 
Elution with a mixture of benzene-chloroform 2: 1 yielded 
15-oxosparteine (50 mg) as a colorless oil which was converted into 
the perchlorate, mp 150- 151°C (lit. (14) mp 152°C). The 'H and "C 
nmr spectra of 15-oxosparteine were different from the spectra of 
lupanine (2-oxosparteine) and of 17-oxosparteine. 

Photochemical oxidation of sparteine (11) 
A solution of sparteine (390 mg) in methanol (20 mL) was placed 

in a Pyrex tube and irradiated 14 h with a Philips 5P 500 lamp in the 
presence of methylene blue (39 mg) as sensitizer, while a stream of 
oxygen was bubbled through the solution. Methanol was added twice 
to maintain the volume of the solution. After 14 h, thin-layer chro- 
matography (silica gel, CH2CI,-CH,OH -0.880 NH,, 9:0.9:0. I )  of 
a sample of the reaction mixture showed only traces of sparteine. The 
solvent was removed in vacuo, and the residue applied to a silica gel 
column (20 g, 70-230 mesh, BDH). The column was washed with 
methylene chloride (50 mL) and with a solution of methanol (10 mL) 
in methylene chloride (490 mL) containing 0.880 ammonia (0.6 mL). 
The product was then eluted with a solution of methanol (25 mL) in 
methylene chloride (400 mL) containing 0.880 ammonia (3 mL) and 
was obtained as an oil (70 mg) which crystallized on standing. The 'H 
and "C nmr spectra of the reaction product were identical with those 
of 17-oxosparteine (6) and different from the spectra of 2-oxosparteine 
(lupanine) (6) and of 15-oxosparteine (Tables I and 2). Melting point 
(from pet. ether40-60°C) and mixture melting point with an authentic 
sample of 17-oxosparteine were 85-87°C (lit. (13) mp of 
17-oxosparteine 86-87°C). 

17-Oxolupanine (17) (i.e., 2,17-dioxosparteine) (11) was prepared 
by permanganate oxidation of lupanine; 13-hydroxylupanine and 
methyl aphyllate were obtained from the alkaloid collection of the late 
U o  Marion, National Research Council Laboratories, Ottawa. 

Deuteriated samples of sparteine and lupanine 
(17,l 7-2H2)Sparteine (4-6) 
17-Oxosparteine (7) (70 mg) in tetrahydrofuran (2.5 mL, freshly 

distilled from LiAIH,) was added to a stirred suspension of lithium 
aluminium deuteride (98 at.%, MSD Isotopes, Montreal) (27 mg) in 
tetrahydrofuran (0.5 mL). The mixture was refluxed with stirring for 
I h and allowed to cool. Excess of reagent was decomposed by 
successive addition of water (30 KL), sodium hydroxide (15% w/v, 
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AND SPENSER 719 

30 pL), and water (90 pL) and the reaction mixture was filtered and 
the residue washed with benzene (3 X I mL). Water (2 mL) was added 
to the filtrate, the organic phase was separated, and the aqueous phase 
was extracted with benzene (3 X 1 mL). Evaporation of the solvent 
yielded (17,17-'H')sparteine (46 mg) which was purified via the 
monobisulfate (79 mg); 'H nrnr (C6Hf,) of the free base 6: 2.63 
(17P-'H pseudo-equatorial), 2.44 (17u-'H, pseudo-axial). The corre- 
sponding peaks were missing in the 'H  nmr spectrum (dd of the 17P-H 
partially superimposed on a doublet of multiplets of the 2u-H; multi- 
plet of the 17a-H superimposed on dt of the IOa-H); 95% deuteriation 
(by ms); "C nrnr (D'O) of the sulfate: signal at 6 50.2 pprn (C-17) not 
discernible. 

(2,2-'Hz)Sparteine (4-6) was prepared similarly by lithium alumi- 
nium deuteride reduction of lupanine (2) (79 mg). Yield 50 mg; 'H 
nrnr (ChHh) 8: 2.58 (2u-'H, equatorial), 1.84 (2P-'H, axial); I3C nrnr 
(DZO) of the sulfate: signal at 6 57.7 pprn (C-2) not discernible. 

(I0,IO-'H?)Sparteine (5) (5 mg) was obtained by reduction with 
LiAID, from aphylline (I I mg) (10-oxosparteine) which, in turn, had 
been prepared from methyl aphyllate via the corresponding amino acid 
(18); 'H nrnr (C,H6) 6: 2.43 (IOu-'H, equatorial), I .92 (IOP-'H, 
axial); I3c nrnr (DZO) of the sulfate: signal at 6 58.4 pprn (C-10) not 
discernible. 

(15. 15-'H2)~parteine (5) (8 mg) was prepared by LiAID, (20 mg) 
reduction in tetrahydrofuran (2 mL) of 15-oxosparteine (9) (16 mg); 
'H nrnr (C(,H(,) 8: 2.73 (15P-'H, equatorial), 1.97 (15u-'H, axial); "C 
nrnr (D20) of the sulfate: signal at 6 56.2 pprn (C-15) not discernible. 

(6-'H)Sparteine (4, 5) (12 mg) was prepared (cf. ref. 9) by reduc- 
tion with sodium borodeuteride (98 at.%, MSD isotopes) of 1,6-de- 
hydrosparteinium diperchlorate (24 mg) in methanol; 'H nrnr (C,H,) 
6: 1.63 ppm; '?C nrnr (D20) of the sulfate: signal at 6 67.7 pprn (C-6) 
not discernible. 

( I  7u-'H)Lupanine and (I 7P-'H)L~lpanine (5, 7) 
These two deuteriated derivatives of lupanine were prepared by 

reduction of 16,17-dehydrolupaninium perchlorate (3) (7). Direct re- 
duction of the dehydrolupanine derivative (42 mg) with sodium bor- 
odeuteride (9 mg) in deuterium oxide (I mL) gave (17P-'~)lupanine 
(17 mg) (17-'H-re, pseudo-equatorial); 'H nrnr (ChH6) 8: 2.53 ppm. 
The epimeric ( 1 7a-%)lupanine ( 1 7-H-si,  pseudo-axial) (36 mg) was 
obtained by exchange of the proton at C-17 of the dehydrolupanine 
derivative (55 mg) by deuterium supplied by deuterium oxide (2 mL) 
in the presence of sodium deuteroxide (0.16 mmol), followed by 
reduction with sodium borohydride; 'H nrnr (C6H6) 8: 1.79 ppm. 

(I7u-'~)Sparteine and (17~-'~).sparteitle. respectively, were pre- 
pared by lithium aluminum hydride reduction of the corresponding 
deuteriated lupanine; 'H nmr (Cf,Hh) 6: 2.44 (17u-'H, pseudo-axial); 
2.63 ( 17P-%, pseudo-equatorial). 

Instrumental methods 
The 'H nrnr spectra were recorded in the Fourier mode on a Bruker 

WM 250 spectrometer, in 5-mm tubes, in C ,D,  solution. 
The 'H nrnr spectra were recorded in the Fourier mode on a Bruker 

WM 250 spectrometer, in 10-mrn tubes. The spectra of the deuteriated 
samples of sparteine and lupanine were recorded in benzene solution. 

The '.'C ntnr spectra were recorded at 20.15 MHz in the Fourier 
mode on a Bruker WP 80 spectrometer, in 10-mm tubes. For solvents 
see Table 2. 
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Influence of temperature on copper bromide formation and dissolution 
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R. L. BROSSARD and G. M. RAYNAUD. Can. J. Chem. 63, 720 (1985) 
The influence of temperature on copper bromide formation and dissolution has been investigated in deaerated aqueous 

solutions of 0.2 M NaBr at pH 4. The morphology of CuBr accumulated on the copper anode supports the idea that CuBr 
precipitates in the vicinity of the electrode. Under a constant potential of -70 mV,,,, very large flat platelets of CuBr are 
observed at 71 OC compared to grains at 22'C. In addition, irregular current variations are noted on thc current time curves at 
71°C when large cracks are present in the film. It is deduced that the irregular current variations are due to the formation and 
repair of the cracks in the film. The current of the anode eventually reaches a steady value equal to the dissolution rate of the 
copper bromide precipitate formed on the electrode. 

The influence of the temperature on the dissolution rate of CuBr may be entirely predicted assuming that the rate-determining 
step for the dissolution of this compound is the mass transfer of intermediates, e.g., CuBr2- from the electrode surface to the 
bulk electrolyte. 

R. L. BROSSARD et G. M. RAYNAUD. Can. J. Chem. 63, 720 (1985). 
Operant i un pH de 4 et sur des solutions aqueuses de NaBr 2 0,2 M desquelles on a enleve I'air, on a CtudiC I'influence 

de la temperature sur la formation et sur la dissolution du bromure cuivreux. La morphologie du CuBr qui s'accumule sur 
I'anode de cuivre supporte I'idCe que le CuBr prCcipite B la proximitC de I'Clectrode. Si on opere a un potentiel constant de 
-70 mV,,,, il se forme de trks grandes plaquettes de CuBr ii 7 1°C alors que, i 22"C, le produit prCcipite sous forme de grains. 
A 7 1°C. alors que de grandes fissures apparaissent sur le film, on observe de plus des variations irrCguli6re.s de courant sur 
les courbes courant-temps. On en deduit que les variations irrCgulikres du courant sont dues :d la formation et a la reparation 
des fissures dans le film. Le courant de l'anode atteint eventuellement une valeur constante qui est Cgale a la vitesse de 
dissolution du prCcipite de bromure cuivreux qui se forme sur I'Clectrode. 

On peut prCdire compl&tement l'influence de la temperature sur la dissolution en faisant I'hypothkse que I'Ctape qui 
determine la vitesse de la dissolution de ce composC est le transfert de masse des intermediaires, comme le CuBrF, de la surface 
de l'tlectrode vers le courde de I'Clectrolyte. 

[Traduit par le journal] 

Introduction 
The formation of CuBr is observed on copper surfaces (1 -3) 

at potential values larger than the reversible potential (4, 5 )  for 
the reaction 

[ I ]  Cu + Br- = CuBr + e 

Two peaks of oxidation are present on the E-i curves and the 
dissolution current results mainly in the accumulation of copper 
bromide. The limitation of the current in the peaks region was 
ascribed to the diffusion of ions in the solution (3). Eventually, 
an additional current limitation is created by the presence of 
CuBr on the electrode surface. 

Copper bromide compound is slightly soluble in aqueous 
bromide solution (6). The dissolution of copper bromide 
formed by the electrochemical oxidation of copper in aqueous 
sodium bromide was reported for solutions between 0.1 M and 
1.2 M NaBr concentration at 22°C (2). The complete dis- 
solution of the anodically-formed CuBr coincides with a rapid 
drop in potential which allows a transition time T to be defined. 
The dissolution rate of CuBr can then be calculated from the 
value of T. 

The aim of the present work is to investigate the influence of 
the temperature on the formation and the dissolution of copper 
bromide in 0 .2  M NaBr aqueous solution. 

Experimental 
The electrochemical cells, their accessories, and the test procedures 

have been described in detail in previous papers (2, 7). In the present 
investigation, the copper electrode (Ventron Corporation, 99.99%) 
consisted of a vertical 0.64 mm diameter wire or of a horizontal 5 mm 
diameter disk, which gave a sample surface area of 0.5 cm' and 0.196 

cm', respectively. 
The solution contained between 0.1 and 0.4 M of dissolved NaBr 

at pH = 4. A potassium-phthalate buffer, 0.05 M, was used to sta- 
bilize the pH. The solution was carefully deaerated by nitrogen bub- 
bling, which was discontinued prior to the experiments. 

The current-time curves were obtained on the copper wire elec- 
trode at a constant potential of -70 mV,,, in the temperature range of 
22°C to 7 I0C. The value of the electrode potential was -400 mV,,, 
prior to the experiment. 

The experimental technique to measure the dissolution rate of cop- 
per bromide, v ,  was identical to that recently developed (2). Unless 
otherwise noted, all electrode potential values are given in relation to 
the saturated calomel electrode. Dissolution rates were measured on 
stationary and rotating disk electrodes. 

Results and discussion 
Formation of copper bromide 

The anodic current density is plotted against time in Fig. 1 
as the copper wire electrode is maintained at a constant poten- 
tial of -70 mV,  in a quiescent solution of 0 .2  M NaBr. At this 
potential value, the current of dissolution results in the accumu- 
lation of  copper bromide on the electrode surface (2, 3). 

The limitation of the current is tentatively attributed to the 
diffusion (3) and migration of Br- ions in the solution while an 
additional current limitation is created by the accumulation of 
a sufficient amount of copper bromide on the surface (Fig. 20,  
26 ,  2c). The electrode surface is entirely covered by the corro- 
sion product after 4 0  s of oxidation (Fig. 2c). Its morphology 
suggests that CuBr precipitates in the vicinity of the electrode. 
It is expected that the solution will easily penetrate through the 
film since the film is relatively porous. 'The film tends to 
become more compact with the increase in the duration of the 
oxidation (Fig. 2d). The CuBr grains on the surface grew from 
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BROSSARD AND RAYNAUD 

FIG. 1 .  Current versus timc on a copper wirc electrode at a constant potential of -70 mV. Just prior to oxidation, the applied potential was 
-400 mV. The solution is quiescent and the electrode is stationary. T = 22°C. 0.2 M NaBr. The inset shows current dcnsity versus (time)-" '. 

FIG. 2. Surface of copper electrode during oxidation at -70 mV and 22°C. The current-time curve is given in Fig. I .  Times of removal are 
(a )  5 s, ( b )  20 s, ( c )  40 s ,  (d) 5400 s. 

an average size of 0.5 pm after 5 s (Fig. 2a) to 3 pm after 5400 
s (Fig. 2d). 

The shape of the i-t curve and the morphology of CuBr 
change as the temperature is increased from 22°C to 7 1°C (Fig. 
3, Fig. 4). At 58"C, the current reaches a minimum after 300 
s to 400 s while a slight increase of current with time is ob- 
served for t larger than 400 s (Fig. 3). In addition, irregular 
current variations suddenly appear after approximately 120 s. 
The anodic current and the magnitude of the current oscillations 
are significantly higher as the temperature is increased from 
58°C to 71°C. 

It is observed that the morphology of the corrosion product 
is quite different at 71°C. The copper electrode is partially 

covered with very large flat platelets of CuBr (Fig. 4a) in the 
region where the variation of current versus time is regular. The 
irregular current variations begin near the completion of the 
surface coverage by CuBr and large cracks are present in the 
film (Fig. 46, 4c). It is deduced that the irregular current 
variations are due to the formation and repair of the cracks in 
the film. 

Dissolutiotz of copper bromide 
The copper electrode becomes covered by a CuBr precipitate 

during the oxidation stage when polarized at potential anodic to 
the peak potential of the first wave of oxidation (1,  3). It was 
established that the dissolution rate (v) of the precipitate is 
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0 1  I I I I I I 
0 200 400 600 

t l ( 5 )  

FIG. 3. Current versus timc at three different temperatures. Except for temperature, the experimental conditions are those of Fig. I .  

FIG. 4. 
and 71°C. 
moval are 

Surface of copper electrode during oxidation at -70 
The current-time curve is given in Fig. 3. Times o 
(a) 100 s,  (b)  200 s, (c) 1000 s. 

mV 
if re- 

FIG. 5. The amount of precipitate dissolved from the electrode 
surface (m) after contact with 0.2 M NaBr solution. t n , = ~ :  at I = 0. 
m,=,: m at r = r. T: duration of transient. No stirring in the solution. 
The electrode is a copper wire. 

constant until the completion of its dissolution at 22°C (2). The 
constant value of v during the dissolution of CuBr at 50°C was 
confirmed from the reduction of the precipitate at -450 mV 
after different periods of contact with the solution (Fig. 5). The 
difference between the charge required for complete film re- 
duction at t = 0 and at t = t is ascribed to the dissolution of 
CuBr during time t .  It was assumed that a cathodic charge of 
96 500 C is required to decompose 1 g/molecule of this com- 
pound because copper ions have a valency of + 1 in this com- 
pound. The slope of the curve in Fig. 5 corresponds to v;  its 
value is 0.52 X lo-' mol cm-' s-' in 0.2 M NaBr. The amount 
of CuBr on the electrode surface is zero as soon as t = T where 
v becomes zero. 

The main characteristics of the behavior of the copper elec- 
trode covered by CuBr on its surface are the following. (i) The 
open circuit potential (E,) obtained immediately after ox- 
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BROSSARD AND RAYNAUD 

FIG. 6. The open-circuit potential of the copper wire electrode after 
oxidation at three different temperatures. Oxidation: linear sweep 
voltammetry from -450 mV to +50 mV at a rate of 5 mV s-'.  in,=,, 
is 2.1 X lo-' mol cm-' at 64'C; 2.8 X lo-' mol cm-' at 50°C; 3.1 
x lo-' mol cm-' at 30°C. 

FIG. 7. Dependence of the dissolution rate of a rotating electrode 
on the angular velocity. Solution: 0.2 M NaBr, T = 49°C. 

idation is higher while 7 is considerably reduced as the tem- 
perature is increased (Fig. 6). (ii) The dissolution rate of copper 
bromide obeys a wl/* law for rotating disk electrode and v is 
close to zero when w = 0 (Fig. 7). In this illustration, the 
solution is 0.2 M NaBr. (iii) The order of the reaction (5) with 
respect to Br- ion concentration is 1.1 + 0.05 (Fig. 8). 

The features observed in Figs. 5, 6 ,  and 7 are similar to 
characteristics previously found concerning the dissolution of 

FIG. 8. vw-' I '  vs. Br- concentration at 49°C. 

copper bromide solutions with up to 1.2 M Br- concentration 
at 22°C (2). Accordingly, the dissolution process is' 

[2] CuBr + xBr- = (CuBil,,), 

where the subscripts i and s refer to concentrations at the 
electrode solution interface and the bulk solution, respectively. 
The rate-determining step [31,is the diffusion transport of com- 
plexes, as CuBr,- and CuBr;-, from the interface to the bulk 
solution. The first step [2], the oxidation of CuBr to both 
CuBr2- and  CUB^:-, is assumed to be in equilibrium. The 
dissolution rate of a rotating electrode should be given by the 
following application of the Levich equation 

In this equation, v is in mol cm-' s-I; n is the charge of the 
diffusing species which is between 1 and 2, v the kinematic 
viscosity of the solution, DcUBf;;., the diffusion coefficient of 
the intermediates, w the angular velocity of the electrode and 
[CuBi~,,lj is the concentration of copper in the vicinity of the 
electrode surface. 

It is expected that the diffusing species is mainlyCuBr,- or 
Br- since 5 is very close to 1 (Fig. 8). For both species, n is 
equal to 1. For Br- ions as the diffusing species, the Levich 
equation becomes 

In this equation, DBr- is the diffusion coefficient of the Br- ions 
and [Br-] is the concentration of Br- ions in the bulk of the 
solution. The theoretical values vw-'I2 calculated from eq. [4], 

-112 vw~:g/:~-, and [5], vwBr- , are represented in Table 1 for three 
different temperatures. 

The values of DCuBr2- and D B r  at different solution tem- 
peratures were calculated from the equation (9): 

 CUB^;:,)^ represents a mixture of CuBr,- and  CUB^:- complexes. 
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724 CAN.  J .  CHEM. VOL. 63. 1985 

TABLE I. Experimental and theoretical values of vw-'I' at 40°C, 
49"C, and 68°C in 0.2 M NaBr solution 

-112 1, -1124 
V~cullrl- v'-",xp 

T [CuBi;;,l" (lo-' mol 
- I / ? < .  

(lo-' mol 
("C) (mol cm-') cm-' s-"') v u u r -  cm-? s--'/?) 

"[CuBri; ,] was determined experimentally using the experimental 
technique described in ref. 2. 

"The theoretical values of vw-I/' were calculated from eq. [4]. v of 
water (8) was used and the diffusion coefficient was calculated from eq. 
[61. 

' The experimental values of vw-'I '  were calculated from eq. [5]. v of 
water (8) was used and the diffusion coefficient was calculated from eq. 
[61. 

"The experimental values of VW-~' '  were determined from v vs. wl/ '  
curves (Fig. 7). 

TABLE 2. Influence of temperature 
on v and i;,, for a stationary electrode 
in a quiescent 0.2 M NaBr solution 

T . <r  
lun v h  

("C) (mA cm-') (mA cm-*) 

50 0.65 0.70 
57 0.93 0.86 
66 1.5 1.35 

"The measured current on the copper 
wire anode for t larger than 8800 s at a 
constant applied potential of -70 mV. 

" I t  is assumed that the decomposition 
of I g/molecule of CuBr corresponds to 
a charge of 96 500 C since the valency of 
copper is + I  in this compound. 

9 = constant T 

where p is the viscosity of the solution, given in ref. 10. It is 
assumed that DCuBr2- and DBr- are equal to 1.3 X lo-' cm' s-' 
(2) and 1.8 X 10-' cm' s-' (3), respectively, at 22°C. 

The experimental values of vo- 'I2,  determined from v vs. 

o'" curves (Fig. 7), are close to the theoretical values voc:Lh- 
and are far away from the theoretical values voi:!' (Table 1). 
Therefore, the dissolution model formed by steps [2] and [3] is 
applicable up to 68°C. 

Table 2 contains the values of the measured current on the 
copper wire anode (i,,) when the current reaches a steady value 
in temperatures ranging from 50°C to 66°C. The experimental 
values of v, expressed in mA cm-', are also illustrated. 

The comparison between v and i,,, supports the idea that the 
current of the copper anode decreases to eventually reach a 
steady value equal to the dissolution rate of the copper bromide 
precipitate formed on the electrode. 

Conclusions 
The morphology of copper bromide accumulated on the cop- 

per anode suggests that CuBr precipitates in the vicinity of the 
electrode. Its morphology and characteristics are quite different 
as the temperature is shifted from 22°C to 71°C while the 
irregular current variations observed on the i-t curves at 7 1°C 
are ascribed to the formation and repair of the cracks in the 
film. The current of the anode eventually reaches a steady value 
equal to the dissolution rate of the copper bromide precipitate 
formed on the electrode. The rate-determining step for the 
dissolution of CuBr from 22°C to 71°C can be entirely attribut- 
ed to the mass transfer of intermediates (CuBrz-, ~uBr:-)  from 
the electrode surface to the bulk electrolyte. 
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Deprotonation de N-oxydes d'amines aliphatiques: schema reactionnel general et 
nouvelle synthese de pyrrolidines 

RENE BEUGELMANS, LETLA BENADJILA-IGUERTSIRA, JACQUELINE CHASTANET, GUILLERMO NEGRON 
ET GEORGES ROUSSI' 

Itzstitut de Chimie des Substatzces Naturelles, C.N.R.S., 91 190 GiJ-sur-Yvette, France 

Requ le 25 janvier 1984 

Ce metnoire est didie' au Professeur Paul cle Mayo ci 1'occa.sion de sotz 6 0  anniversaire 

RENE BEUGELMANS, LEILA BENADJILA-IGUERTSIRA, JACQUELINE CHASTANET, GUILLERMO NEGRON et GEORGES ROUSSI. 
Can. J .  Chem. 63, 725 (1985). 

Sous I'action du diisopropyl amidure de lithium, les N-oxydes d'amines aliphatiques de structures diverses 1, 5,  10, 15, 21, 
23 sont dCprotonts. La rnonodCprotonation livre des arnines secondaires et du benzaldkhyde risultant de I'hydrolyse d'un 
imoniurn (I), ou des hydroxylarnines issues d'un rearrangement de type Stevens observe pour la premiere fois a partir d'un 
N-oxyde. La double deprotonation livre un intermediaire ylure d'irnoniurn (Y) pouvant Cvoluer en fonction de la structure de 
l'arnine tertiaire initiale soit vers des piptrazines "tete-t&te" (cornporternent de radical double (DD)), soit vers des aziridines. 
L'ylure d'irnoniurn (Y5) dCrivant du N-oxyde de trirnethylarnine dont la formation et la rCactivitC sont decrites pour la premiere 
fois posskde la proprittC rernarquable d'entrer dans des rCactions de cycloaddition avec des olefines non activtes, perrnettant 
ainsi une synthkse originale et efficace de pyrrolidines diverses. 

RENE BEUGELMANS, LEYLA BENADJILA-IGUERTSIRA, JACQUELINE CHASTANET, GUILLERMO NEGRON, and GEORGES ROUSSI. 
Can. J. Chern. 63, 725 (1985). 

Amine oxides, 1, 5, 10, 15, 21, 23, when treated by lithium diisopropylarnide undergo deprotonation. Monodeprotonation 
gives rise either to secondary arnines and benzaldehyde resulting from the hydrolysis of an intermediate irnrnoniurn ( I )  or to 
hydroxylarnines via a Stevens-like rearrangement observed for the first time on an arnine oxide. Double deprotonation gives 
an immoniurn ylid (Y) which, depending upon the structure of the initial tertiary arnine yields either "head to head" piperazines 
(biradical-like behavior of (DD)) or aziridines. The immoniurn ylid (Y5) derived from trirnethylarnine oxide, whose formation 
and reactivity are reported for the first time, has the remarkable property of undergoing cycloaddition reactions with unactivated 
olefins, leading to a new and efficient synthesis of various pyrrolidines. 

La dCprotonation des arnrnoniums quaternaires est une pro- 
priCtC bien connue (RCactions d e  Stevens, d e  SommeIet- 
Hauser), rnais celle des N-oxydes d'arnines aliphatiques ter- 
tiaires, structuralernent proches restait inexplorCe.' Cette 
constation fut a I'origine d e  I'Ctude systematique (2) prCsentCe 
ici, dont quelques resultats prkliminaires furent publiCs (3, 4). 

Resultats 
Le N-oxyde de benzyldirnCthylarnine 1, en prCsence d'un 

Cquivalent d e  BuLi conduit au benzaldkhyde 2, a la benzyla- 
mine 3 et au melange d e  pipCrazines cis + trans 4 (15%). Le 
rendernent en pipCrazine 4 atteint 30% en prCsence d e  2 Cquiva- 
lents ou plus de cette base. La nature de la base est irnportante 
et nous avons constat6 que seules les bases lithikes RLi (R = 
CH7, n-Bu, r-Bu, Ph, NH2, N(Etl2, N(i-prop)?, tetrarnCthyl- 
piperidine) sont actives et que, parrni elles, le diisopropyl 
arnidure d e  lithium (DAL) a permis le rendement en piperazine 
4 le plus ClevC (61%), dans des conditions reproductibles 
(exp. 1). 

C'est donc cette base qui a CtC utilisee pour traiter les N- 
oxydes benzyliques 1, 5,  10 (tableau 1 ) .  

Le N-oxyde 5 livre une hydroxylarnine 7 (exp. 3) qui ne se 
forrne pas 2 partir d e  1 tandis que la quantitC de piperazine 
dCcroit. cornparativement a l'exp. 1. Cette tendance est plus 
accentuCe pour le N-oxyde 10 dont la rCaction ne livre plus d e  
pipirazine, l'hydroxylarnine 13 Ctant le produit rnajoritaire 
(exp. 5). Selon une publication rkcente, due 2.H. Takayarna et 
T .  Nornoto (5) qui ont CtudiC la reactivitk d e  N-oxydes tri- 
benzyliques diffCremrnent substituCs en prCsence d e  DAL, les 
aziridines seraient les seuls produits forrnCs ii 0°C. En parti- 
culier, les auteurs rapportent la formation d e  14 (41%) 9 partir 
d e  10. Nous avons donc pratiqut les expCriences no 2, 4 et 6 
dans le but d'exarniner la rkactivitC de 1, 5, 10 a 0°C. Pour le 
N-oxyde 1, nous n'avons pas constat6 de diffkrence significa- 
tive entre les expiriences no 1 et 2. Par contre, I'aziridine 9 est 
forrnCe a partir de 5 trait6 a 0°C (exp. 4),  alors qu'elle ne I'Ctait 
pas a -78°C (exp. 3). En ce qui concerne la rCactivitC d e  10 B 
0°C (exp. 6),  nous avons bien retrouve 14, avec le rendement 

CH3 CH3 
C H 3  / C H 3  I CbH5 I 
I CbH5 

GHS-CH2-N-CH3 C6H5-CHO + C6HS-CH2-N 
1 
0 

' H + (Z)=CbH5 I (El' I "t6~' 
1 2 3 CH3 CH3 

cis trans 

'Auteur a qui toute correspondance doit &tre adresste. 
' ~ n e  breve revue rCcente de la rtactivitk des N-oxydes est contenue dans la ref. I .  
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TABLEAU I .  RCactivitC des N-oxydes benzyliques 1, 5, 10 en prCsence de DAL 

Produit de dCpart Produits obtenus 

R3 
R3 R3 I R3 

I I I 
R'CH~-N-CH~R~ R~CHO R~CH~-N-H R1CH-N/R3 cx: 6 

ExpCrience I 
0- CH2-R2 I 'OH 1 CsHs C ~ H S  n" R3 

"I = -78°C. 
"Produit pur (cpg ou cm) dont la structure est prouvte par des mtthodes spectrales, mais obtenu en quantiti trop faible pour qu'un rendement 

significatif puisse &tre indiqut. 
' Rendement dttermint par peste du produit isolt et pur. 
"I = 0°C. 
"ldentifit par comparaison avec un tchantillon authentique. 

TABLEAU 2. RCactivitC de N-oxydes dCrivCs de la dimkthylaniline et de la trimkthylamine i -78°C 

Produit de dCpart Produits obtenus 

R3 R3 
R3 R3 1 1 
I I 

R1CH2-~-CH2~2 R1CH2NHR3 R1CH2-N-CH2R4 (NN) aRS 
Exp6rience 

no 
I 
0- I 

R3 

"I-BuLi. 
"Produit pur (cpg ou cm, dont la structure est prouvte par des mtthodes spectrales, mais obtenu en quantitt trop faible pour qu'un 

rendement significatif soit indiqut. 
' 17, 18 et 16 sont dans le rapport 7,2: 1.7: 1 (cpg). 
"Avec barbottage d't thyltne. 
"17, 18 et 16 sont dans le rapport 3,6:0,85: 1 (cpg). 
'11-BuLi. 
' lha lut  par cpg. 
"Rtaction en prtsence de I'hextne. 
'DAL. 
'Peste de picrate. 
'Reaction effectute en presence de styrkne. 
'Peste du produit purifit. 

annonck par Takayama et Nomoto, mais de plus, nous avons 
is016 la dibenzylamine 12 (12%) et I'hydroxylamine 13 (20%). 
C'est pour 10 que le contraste est le plus net puisqu'a 0°C 
(exp. 6) I'aziridine 14 est le produit majoritaire tandis que les 
quantitks d'hydroxylamine 13 et de dibenzylamine 12 sont 
rkduites de plus de la moitik par rapport a l'expkrience 5 .  Le 
benzaldkhyde 2 est toujours present, en quantitks plus notables 
2 0°C qu'a -78°C. 

Le N-oxyde de dimkthylaniline 15 trait6 par le t-BuLi prk- 
sente une rkactivitk diffkrente de celle des N-oxydes benzyli- 
ques puisque les produits obtenus (exp. 7) (tableau 2) sont la 
N-mkthylaniline 16, I'amine tertiaire 17, la phCnyl-1- 

pyrrolidine 18. Le t-BuLi est manifestement la source des 4 
atomes de carbone fixks sur 17 et par ailleurs, la formation de 
la pyrrolidine 18 implique la fixation de 2 atomes de carbone 
sur 15. Or, le t-BuLi est une base suffisamment puissante pour 
dkcomposer le tktrahydrofuranne et donner de I'Cthylkne (6), 
source des deux atomes de carbone requis pour la formation de 
18. Un barbottage d'kthylkne (exp. 8) provoque le doublement 
de la quantitk de pyrrolidine et vient appuyer cette hypothkse. 
L'obtention de butyl-3 pyrrolidine 20 en prksence de I'hexkne- 
1 (exp. 9) confirme bien que les 2 atomes de carbone nkces- 
saires 2 la formation des pyrrolidines 18 ou 19 proviennent d'un 
enchainement -CH=CH-. Le N-oxyde de mksidine 21 
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- 
RLi QH I "R- 

OLi 

Q- I 
OLi 

R3 R3 R3 R3 
I  + 1 + I  I 

R ~ C H ~ N - C H ~ R ~  - R'-cH-N-CH~R~ 4 R'-cH=N-CH~R~ " R'-CH-N-CH~R~ 
1 R4L1 
0 

lS I  
,H OLi -0Li 

I  
OLi 

SCHEMA 2. Produits derivCs de I'imonium (I).  

TABLEAU 3. Fonctionnalisation a et a,a' des N-oxydes 

I  
RICH?-N-CH~R' Fonctionnalisation a Fonctionnalisation a,a' 

I  
0- Benzaldehyde Amines Hydroxylamines PipCrazines Aziridines Pyrrolidines 

comporte un cycle benzknique stkriquement encombrC sur les 
positions 2 et 6, et ne donne lieu qu'a la formation du produit 
22. Le N-oxyde de trimithylamine 23 livre la pipCrazine 24 
(exp. 11) et la pyrrolidine 25 en prCsence de styrkne (exp. 12). 

Discussion 
La formation des produits obtenus 2 partir des N-oxydes 1, 

5, 10, 15, 21, 23 implique la dCprotonation d'un ou de deux 
carbones adjacent(s) 2 la fonction N-oxyde (tableau 3). 

Monodeprotonation 
Le premier cas clairement dCfini de rCactivitC anionique du 

carbone situC en a de la fonction N-oxyde est celui rapport6 par 
nous en 1977, qui concerne le N-oxyde de quinuclidine (7). 

La structure des amines tertiaires d'ou dCrivent les N-oxydes 
1, 5, 10, 15, 21 et 23 permet contrairement a celle de la 

+ 
quinuclidine ]'existence d'une liaison imonium C=N= attes- 
tCe par I'obtention de produits d'hydrolyse et d'attaque par un 
rCactif nuclCophile. En effet, l'intermkdiaire formulC soit par 
(1)' OLi (sel d'imonium) soit par (1') (amino alcoolate de Li) 
est hydrolysC en aldehyde R'-CHO et en amine secondaire 
HN (R')-CH,R2, tout comrne dans les cas ou il a CtC engendri 
2 partir de la N-dimCthylbenzylarnine par d'autres voies 
(oxydation chimique ou Clectrochimique de l'arnine, rCduction 
ou dCcomposition catalysCe par les mCtaux, du N-oxyde') 
(schema 2). 

L'imonium (1) est Cgalernent form6 en sCrie aniline et est 
caractCrisC non seulement par I'obtention de I'amine secondaire 

'Une discussion de ces rCactions est donnCe dans une revue rCcente 
(8). 
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R3 R3 'CH2R2 CH2R2 
I - +I 

R'-CH2-N-CH2R2 R1-CH-N-CH2R2 -+ R 1 - e ~ - N  
I /CH3 

+ RI-CH-N 
1 
0 

I 
OLi 'OH 

7 
5 R' = R G  CH5;  R' = CH, 13 

LO R' = R' = C,H5; R' = CH,C6H5 

SCHEMA 3. Formation des hydroxylamines. 

1 -+ (11) R1 = C6H5; R 2 = R 3 = H  - (Y1) + t (Dl) - (DDI) - 4 
5 + (12) R1 = R2 = C6H5; R3 = H - (Y2) (D2) - (DD2) - 8 

10 + (13) R1 = R2 = R3 = C6H5 - (Y3) - (D3) 

SCHEMA 4. Formation des pipkrazines t&te-t&te. 

16 provenant de l'hydrolyse, mais aussi par celle des amines 
tertiaires 17 et 19 rCsultant de I'attaque nucleophile de t-C4H9- 

+ 
ou n-C4H9- sur C6HS-N(CH?)=CH,. 

Le rkarrangement en hydrolyxamines 7 (a partir de 5) et 13 
(a partir de 10) observC pour la premiere fois sur des N-oxydes 
serait dC 2 un mCcanisme radicalaire analogue a celui interve- 
nant sur les sels d'ammonium quaternaires soumis 2 l'action 
des bases (RCaction de Stevens) (9, 10). 

Parmi les N-oxydes Ctudits ici, seuls 5 et 10 engendrent des 
anions pouvant subir la rupture homolytique nkcessaire, avec 
formation de .CH2C6H, (schCma 3). 

Dans le cas du N-oxyde 10, le processus radicalaire menant 
a I'hydroxylamine est plus efficace a -78°C qu'ii O°C, ce qui 
indique qu'il y a compCtition entre la migration du radical 
CH2C6H, et la seconde dCprotonation discutCe plus loin. 

Deprotonation double 
Comme le montre 1e"tableau 3, la monodCprotonation des 

N-oxydes qui est 2 I'origine de la formation de I'aldehyde, des 
amines primaires et des hydroxylamines n'est pas elective, 
puisque des pipkrazines, des aziridines, des pyrrolidines sont 
formCes Cgalement, mCme dans les reactions effectuCes avec 
un seul Cquivalent de base. Cette seconde serie de produits 
a pour origine une entitC rkactionnelle intermediaire difotzc- 
tionnaliske. 

La dCprotonation des sels d'imonium par les bases fortes a 
dCj5 CtC rapportCe dans des cas particuliers et les produits, 
aziridines ( I  I) ou pipkrazines (12) selon la structure des imo- 
niums initiaux, proviennent d'un ylure d'imonium qui a pu Ctre 
piCgC par le norbornhe. Nous obtenons Cgalement des aziri- 
dines (9, 14) et des pipCrazines (4, 8) a partir des N-oxydes 
benzyliques 5, 10, et de ceux dCrivCes de I'aniline 21 ou de la 
trimkthylamine 23. De plus, les pyrrolidines 18, 20, 25, sont 
formCes en prCsence d'une olCfine. L'origine de tous ces pro- 

duits peut Ctre rationalisee en invoquant I'existence d'un ylure 
d'imoniuni (Y) intermediaire form6 par dCprotonation de (I). 

Formation des pipkrc~zines 
Les pipkrazines obtenues par duplication d'ylures d'imo- 

nium engendrks selon diffCrentes voies possedent toutes une 
structure "tCte-queue" (substituants en positions 2 et 5) 
rCsultant d'une cycloaddition (3 + 3) (12- 14). 

Or, les pipkrazines 4 et 8 que nous obtenons a partir des 
N-oxydes respectifs posskdent des structures "tCte- tCte" (subs- 
tituants en positions 2 et 3), excluant un couplage d'ylures (Y I )  
ou (Y2). Cependant, ces ylures sont isoClectroniques de diradi- 
caux (Dl) et (D2) o" le site benzylique (c,H,~H-N serait 
stabilise par I'effet captodatif dCfini par H. Viehe et coll. (15). 
Le radical mCthylenique N-CH; plus rCactif rCagirait donc le 
premier en se dupliquant, donnant ainsi un radical double 
(DDI) (DD2) prCcurseur des pipCrazines "tCte-tCte" finales. 
L'interconversion photochimique 4 cis + 4 trans par I'inter- 
mCdiaire d'un Ctat excite menant a un radical double fournit un 
argument important en faveur de I'existence de (DDl) (16). 
Selon cette hypothese, seuls les ylures d'imonium, gCnCrCs B 
partir de N-oxydes d'aniines portant au moins un substituant 
mCthyle, prkcurseur du radical tnkthylkze devraient donner des 
pipkrazines, ce qui est vCrifiC. 

Formation des azirillines 
Nous avons vCrifit que I'aziridine 26 est stable dans les 

conditions reactionnelles utilisCes pour le traitement du N- 
oxyde 5 et qu'elle n'est donc pas a l'origine de la pipkrazine 8.  
L'espece monodCprotonCe (1) issue de 5 se dkprotonne une 
seconde fois pour mener a (Y2) isoClectronique de (D2). Celle 
issue de 13 subit a -78OC une rCaction compktitive menant a 
I'hydroxylamine 13 (exp. 5), la seconde dCprotonation n'inter- 
venant qu'a tempkrature plus ClevCe (exp. 6). La gComCtrie cis 
des phCnyles 2 et 3 portCs par les aziridines 9 et 14 est conforme 
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CH2R3 

CH2R2 
+/  

I 
R~CH=N 

\- 
CHR3 R' R2 

(Y1) R ' =  C HS; R 2 = ~ 3 = H  -----jt---t 
(Y2) R1 = R$ = C6H5; R3 = H - 9 
(Y3) R1 = R2 = R3 = C6HS - 14 

SCHEMA 5. Formation des aziridines. 

C H ~  \ /C=C, / 

R-N + /  - R-~3 
'CHI 

SCHEMA 6. Formation des pyrrolidines. 

SCHEMA 7. RtactivitC de (Y5) vis-h-vis d'olCfines simples. 

a celle attendue pour la cyclisation conrotatoire d'un intermC- 
diaire ionique (Y2) ou (Y3) de conformation trans. 

Formation des pyrrolidines 
La dCprotonation de I'irnoniurn provenant du N-oxyde 15  

livre un ylure (Y4), suffisamment rCactif pour s'additionner i 
des olCfines simples (ethylene ou hexene- I). L'ylure d'imo- 
nium (Y5) est form6 a partir du N-oxyde 23, sans que I'exis- 
tence d'un intermkdiaire imoniurn soit CtayCe comrne prCcC- 
demment par l'obtentionde'l'amine secondaire HN(CH-()? que 
nous avons recherchte sans succes. Ceci laisse penser que, en 
I'absence d'un substituant phCnyle port6 sur le carbone (N- 
oxydes 1 ,  5 ,  10) ou sur I'azote (N-oxyde 15), I'irnonium initial 
tres rCactif est dCprotonC (de manikre synchrone?) poufdonner 
I'ylure (Y5). 

Le styrkne ajoutC dans le milieu reactionnel ne se polymCrise 
pas et livre 25 (50%), indiquant que I1interrnCdiaire n'est pas de 
nature radicalaire. D'autre part, l'addition de (Y5) au cis ou au 
trans stilbene livre la mCthyl-l diphCnyl-3,4 pyrrolidine cis 26 
ou trans 27, en conformit6 avec le processus de cycloaddition 
(3 + 2) (pour des revues rCcentes voir la rCf. 17) (schema 6). 
En l'absence d'oltfine, le seul produit isolable4 a partir de 23 

4La N-n~tthyl aziridine dont nous avons prepark un Cchantillon 
au laboratoire n'a pas CtC trouvCe dans les produits issus de cette 
exptrience. 

est la pipkrazine 24, qui n'ktant pas substituke sur le cycle, ne 
peut fournir d'indice quant a la nature de I'intermediaire mis en 
jeu. 

Parmi les divers produits rapportes dans le tableau 3, les plus 
intkressants du point de vue de la synthese sont ceux resultant 
de la double fonctionnalisation en a et a ' :  piperazines, aziri- 
dines et pyrrolidines. La reaction de cycloaddition (3 + 2) entre 
(Y5), premier tertne de la strie des ylures d'itnonium ne 
portant aucun substituant et donc non stabilise et des dipo- 
larophiles non ou tres peu actives par des groupes attracteurs 
d'klectrons est nouvelle et nous sernble Ctre susceptible de 
dCveloppements synthktiques importants dont nous prisentons 
ici quelques CICments. 

Rtactivite' cle ( Y 5 )  vis-ci-vis d'ol{fines sitnples 
La rtactivitk de (Y5) est importante puisqu'il entre, a basse 

temperature, dans des rCactions de cycloaddition avec des ole- 
fines simples, ainsi qu'avec des cycloalcenes de taille variee:' 
cyclopentene, cycloheptene, cyclooctene, pour donner les sys- 
temes hetCrobicycliques 28, 29, 30. 

Re'activitk de ( Y 5 )  vis-ci-vis d'ol{fitzs ~fo~zctiotztzt~li.se'es 
Les possibilites synthetiques de la cycloaddition de (Y5) sont 

en fait plus vastes que celles montrees dans le schtma 7 puisque 
la double liaison de I'alcool allylique ou celle de la cyclopente- 
none dont la fonction carbonyle est protCgCe, la subissent pour 
donner 31 et 32. La double liaison de la 3-pipCridCine est moins 
reactive et le rendement en systerne hetCrobicyclique 33 est 
moindre. 

Rtactivitt de ( Y 5 )  vis-ii-vis de diPnes 
Les dienes conjuguis cyclooctadiene, diphenyl-1,4 buta- 

diene livrent des mklanges de produits resultant d'une cyclo- 
addition simple (34, 36) ou double (35, 37). Alors que 34 est 
instable, la pyrrolidine insaturCe 36 isolCe et traitCe une se- 
conde fois avec le N-oxyde 23 livre la bipyrrolidine 37; aucun 
produit resultant d'une cycloaddition en 1,4 sur le systeme 
diCnique n'a CtC obtenu. L'hexadikne- 1,5 et I'hexadiene- 1,5 
3-01 se comportent de la m&me rnanikre que les diknes conju- 
guCs, c'est-a-dire qu'ils subissent une ou deux cycloadditions 
avec (Y5) pour donner respectivement le melange 38 + 39 et 
40. 

Limites de la rtactiotz de cycloaddition 
La rCaction s'avkre sensible a I'encombrernent stCrique du 

dipolarophile comme nous I'avons observC a propos du com- 
portement de (Y5) vis-a-vis du methyl-l cyclopentene et de 
I'alcool mCthyl-2-allylique contrastant avec I'addition facile 
sur les homologues inferieurs. 

Par ailleurs, (Y4) issu de 15 via (14) possede une rCactivitC 
satisfaisante vis-a-vis de 1'Cthylene et de I'hexkne- I et en ce qui 
concerne I'addition au norbornhe, une expCrience prClimi- 
naire conduit au produit attendu 41 dont la sttrCochimie n'a pas 
CtC deterrninke. 

Conclusion 
Les rksultats de ce travail permettent de proposer pour la 

premiere fois un schCma rkactionnel rendant compte de I'en- 
semble des donnCes actuellernent connues concernant la rkacti- 
vitC des N-oxydes d'amines aliphatiques traites par les bases 
fortes; ce schCma est susceptible, selon nous, de servir de fil 

5 ~ a  faible rCactivitC du cyclohexkne est actuellement CtudiC plus en 
dCtail au laboratoire, et peut, selon la remarque de I'un des rappor- 
teurs, avoir des implications concernant le mCcanisme rkactionnel rnis 
en jeu. 
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33 

SCHEMA 8. Rtactivitt de (Y5) vis-a-vis d'oltfins fonctionnalistes. 

35 cis (7%) 34 (5%) 
trans (18%) 

SCHEMA 9. Rtactivitt de (Y5) vis-a-vis de diknes. 

conducteur pour dkvelopper de nouvelles applications synthCti- 
ques. En ce qui concerne celles-ci notre mCthode de synthkse 
de pyrrolidines substituCes en 3 ou disubstitukes en 3 et 4 
complkte de manikre appreciable les methodes connues fondCes 
sur diverses rCactions (18, 19) et particulierement sur la cyclo- 
addition (3 + 2) d'ylures dlazomCthines stabilists ( l 2 , 2 0 ,  21), 
masquCs (22) ou diversement protCgCs (23, 24) avec des 
olefines qui dans tous les cas sont activCes (25). 

Partie experimentale 
L'analyse des mtlanges rtactionnels et la stparation des composts 

ont t t C  effectutes par chromatographie: en phase liquide sur colonne 
d'alumine alcaline (AA), de Florisil 60 Mesh (F), ou de gel de silice 
(S); sur couche mince de gel de silice Merck HF 254 + 366 neutre ou 
alcaline (ccm). Les proportions des solvants d'tlution ont ttt expri- 
mtes en volume; en phase gazeuse (cpg) 8 I'aide d'un chromatographe 
Girdel strie 300. Les analyses et dosages ont t t t  rtalists sur une 
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colonne A: OVI 5% (phCnyl rnCthyl-silicone 300 x 0,3); B: OVI 10% 
(300 x 0,3); C: Pennwalt 323 (28%, KOH 4%, 300 x 0,3); D: SE30 
QFI 8% (300 x 0.3) ou E: Craig-Polyester 20% (300 x 0,3). 
L'identification par cpg des produits obtenus a C t t  effectuCe par corn- 
paraison de leur temps de rktention (tr) avec ceux des produits de 
rCfCrence. - ~ -  

Les spectres infra-rouge (ir) ont CtC enregistrks sur un appareil 
Perkin-Elmer 297, en utilisant le chloroforrne comrne solvant. Les 
spectres ultra-violet (uv) ont C t t  rCalisCs en solution dans le rntthanol, 
h I'aide d'un spectrornktre Jobin-Yvon. Les spectres de rtsonance 
rnagnktique nuclCaire du proton (rrnn) ont CtC enregistrks sur un appa- 
reil Perkin-Elmer R 12 a 60 MHz ou Bruker WM400 i 400 MHz. Le 
chloroforrne deutCriC a CtC utilist cornrne solvant et le TMS cornrne 
rCfCrence interne. Les spectres de rnasse (rns) ont kt6 enregistrCs sur 
un spectrornktre AEI, MS 50 our sur un appareil couplt avec un 
chrornatographe gc/rns Hewlett Packard 5992A. Les points de fusion 
(F )  des cornposCs cristallisCs ont CtC rnesuris au banc Kofler ou sur un 
appareil Biichi. 

Les organolithiens utilisCs (n-BuLi dans I'hexane, PhLi dans I'Cther 
ou t-BuLi dans le pentane) sont des prtparations cornrnerciales qui ont 
ttt titrkes avant ernploi par une solution I M d'isobutanol dans le 

- - 

tolukne en prCsence de phknantroline- I ,  10. Le tktrahydrofuranne 
(THF) employ6 a CtC trait6 par passage sur colonne d'alurnine alcaline 
puis distill6 sur sodium en prksence de benzophknone, avant chaque 
usage. 

Toutes les olCfines et les diknes sont des produits cornrnerciaux ainsi 
que le N-oxyde de trirnethylarnine qui a CtC utilisC soit aprks sCchage 
prolong6 sous un vide pousst, soit aprks sublimation. 

Pre'paration des N-oxydes 
N-oxyde de dime'thylbenzylamine I 
La dirnCthylbenzylarnine cornrnerciale (10 g, 66 rnrnol) dissoute 

dans le rnkthanol distill6 (60 rnL) est traitCe pendant une nuit par 1 I0 
rnL d'eau oxygCnCe h 110 volumes, selon la rnCthode de Cope et 
Towle (26). L'excks d'eau oxygCnCe est dCtruit par du palladium sur 
charbon activt a 10%. Un sCchage poussC a 60°C sous Torr ( I  
Torr = 133.3 Pa) livre le N-oxyde 1 (9,8 g, 65 rnrnol), Rdt = 98%; 
F = 62°C (acttate d'Cthyle) (litt. (26) F = 64,5"-67°C); F picrate = 
162°C (litt. (26) F = 158- 160°C); ir V N - O :  975 crn-I; rmn: 3,l (s, 
6H), 4.4 (s, 2H), 7,4-7,6 (rn, 5H). 

N-oxyde de dibenzylmPthylamine 5 
L'oxydation de la dibenzylrnCthylarnine (10 g, 44 rnrnol) dans les 

conditions dCcrites ci-dessus, conduit aprks stchage prolong6 a 8 g 
(35,2 rnrnol, 75%) de N-oxyde 5; F = 150°C (acCtate d'Cthyle) (litt. 
(26) F = 150°C). 

N-oxyde de tribenzylanlirle 10 
L'oxydation de la tribenzylarnine (I0 g, 35 rnrnol) en solution dans 

30 rnL de chloroforrne par I'acide m-chloroperbenzo'ique (12 g, 69 
rnrnol) conduit aprks purification sur colonne AA (CHC13-MeOH 
3: 1) a 10,3 g (33,9 rnrnol, 97%) de N-oxyde 10; F = 138°C 
(hexane-acttone) (litt. (27) F = 133°C). 

N-oxyde de dime'thylaniline 15 
L'oxydation par I'eau oxygtnCe de la dimethylaniline cornrnerciale 

(3 g, 24,7 rnrnol) conduit a 1,5 g ( I  l rnrnol, 44%) de N-oxyde 15; F 
= 150°C (rnCthanol) (litt. (27) F = 150°C). 

N-oxyde de dime'thylmtsidine 21 
La dirnCthylrnCsidine (2,89 g, 17,73 rnrnol) prCparCe par mithyla- 

tion de la rnCsidine par le sulfate de rnCthyle (28), et oxydCe par I'acide 
m-chloroperbenzo'ique (2.93 g, 18,7 rnrnol), conduit aprks chrornato- 
graphie sur colonne AA au N-oxyde 21 (364 rng, 2,01 rnrnol), Rdt = 
l I%, arnorphe; rrnn: 2,2 (s, 3H), 2,7 (s, 6H), 3.7 (s, 6H), 6,9 (s, 2H). 

Action du DAL sur les N-oxydes benzyliques ci -78°C et a 0°C 
ExpCrience type 
Toutes les riactions sont effectuees sous azote. Le DAL ( 3 3  rnrnol) 

en solution dans le THF est ajoutC a I'aide d'une seringue, a I rnrnol 
de N-oxyde en suspension dans 25 rnL de THF 6 -78°C. L'Cvolution 
de la rkaction est suivie par des prClkvernents analysts en ccrn 
(MeOH/CH2C12 1 : 99). Aprks disparition du produit de dtpart (envi- 
ron 4 h) I'hydrolyse et I'extraction (CH2C12) conduisent un rntlange 
qui est stpar6 par chrornatographie sur colonne. 

A 0°C les conditions expCrirnentales sont identiques a celles dtcrites 
dans le cas de rCactions effectuCes a -78°C. seuls les rapports des 
concentrations N-oxydelbase changent ( 1  :3, 5 a -78°C; 1: 1,2 
0°C). 

Action du DAL sur le N-oxyde de dime'thylbenzylarnine I 
(a) ExpCrience no I (-78°C) 
Le N-oxyde 1 (306 rng, 2,02 rnrnol) trait6 dans les conditions 

dCcrites ci-dessus, par le DAL (13.5 rnrnol) donne 310 rng de produit 
brut qui est chrornatographit sur colonne AA. L'Clution (pentane) 
livre des traces de benzaldkhyde identifiC par cpg et par ccrn analy- 
tique. L'Clution (pentane/chlorure de rnkthylkne: 90: 10) livre un rnC- 
lange de pipCrazines-2.3 diphknyl N,N-dirnethyl cis (4c) et trans (41) 
dont I'analyse par cpg sur colonne A indique un rapport 4c/4t = 2.4 
(tr 4t = 20 rnin; 4c = 28 rnin a 195°C sous 1 , 1  atrn) (I atrn = 101,3 
kPa). La cpg prkparative sur colonne E perrnet d'obtenir 41 (25 rng) 
et 4c (60 rng), identifiks a des Cchantillons authentiques. 

PipCrazine 4 trans: F = 263°C (cyclohexane) (litt. (29) F = 
263-264°C); rrnn: 2 (s, 6H), 2,5-3,l (systkrne AA'BB', 4H), 2,82 
(s, 2H), 7-7,5 (rn, IOH arorn); "C: 4334 ( c ,  CI et C4), 54,78 (t, C5 
et C6), 75,06 (d, C2 et C3), 128,16 (d, C3:" C4* et C5*), 130,69 (d, 
C2* et C6*). 138,03 (s, CI*); srn mle: 266 (M+), 146, 118. 

PipCrazine 4 cis: F = 90°C (cyclohexane) (non decrit dans la litt.); 
rrnn: 2,l (s, 6H), 2,5-3,2 (systkrne AA'BB', 4H), 3,7 (s, 2H), 
6,9-7,5 (rn, IOH, arorn); "c: 4334 (q, C1 et C4), 52,85 ( t ,  C5 et 
C6), 7 1,8 1 (d, C2 et C3), 127,12 (d, C4*), 127,4 (d, C3* et C5*), 
130,6 (d, C2* et C6*), 136,9 (s, CI*); srn: identique a 4 trans. 

SynthPse de 4c et 4b 
SynthPse de la diphe'nyl-2,3 dihydro-5,6 pyrazine (a) 
Le benzil (10 g, 47 rnrnol) est rnis a rkagir avec de I'Cthylknedi- 

arnine (2,8 g , 47 rnrnol) dans 250 rnL d'Cthanol distillC. Une recris- 
tallisation dans I'Cthanol livre a (9 g, 38 rnrnol), Rdt = 81%; F = 
161°C (litt. (29) F = 161°C); rmn: 3,7 (s, 4H), 7,2-7,7 (rn, 10H 
arorn). 

Obtentiotz des diphe'nyl-2.3 pipe'razirles (b cis et b trans) 
Le traiternent de a (3,5 g, 15 rnrnol) par le sodium (7 g, 300 rnrnol) 

dans I'Cthanol a reflux livre, aprks une prernikre extraction des eaux 
rnkres en milieu alcalin, le compost b (3 g, 13 rnrnol) sous forme de 
rnClange d'isornkres b cis et b trans (Rdt = 85%). sCparCs par cristal- 
lisation des tartrates dont I'extraction en milieu alcalin conduit a b 
trans (I g, 4,2 rnrnol) et b cis (1.8 g, 7,6 rnrnol). 

CornposC b trans: F = 123°C (litt. (30) F = 123- 124°C); rrnn: 
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3,15 (s, 4H), 3,75 (s, 2H). 7.15 (s large, I CIH arom). 
Compose b cis: F = 1 12°C (litt. (30) F = 108- 109°C); rmn: 

3 -7-33  (systtmc AZA'?, 4H), 4.3 (s, 2H), 7-7,6 (m, IOH arom). 
Un autre modc dc rdduction de n par I'hydrure dc lithlum et d'alu- 

minium dans I'Cther anhydre, pcrmct d'obtenir 11 cis ct 11 trnr~s avec un 
rendement dc 37%. 

Mtthylntior~ de b cis el b trans 
L'action d'un excts d'iodure de methylc distill6 sur b trat1.s (0,5 g, 

2,2 mmol) dans I'Cthanol B chaud livre 4 trans (0,55 g, 2 rnmol), Rdt 
= 97%. cristallisant aprks chrornatographie sur colonne F (Clution: 
Cther/pentane, 50:50 jusqu'i 70:30). Un traiternent analogue livre 4 
cis (0.47 g, 1,7 mmol), Rdt = 84%, B partir de 11 cis (0.5 g, 2.2 
mmol). Ces produits sont identiques (ir, mln) B ceux issus de la 
rkaction du N-oxyde 1. 

(b) Expe'riet~e 12" 2 (0°C) 
Le N-oxyde 1 (906 mg, 6 mmol) trait6 par le DAL (7.2 mmol) livre 

aprtts chromatographic sur colonne S (Clution: chlorure de 
mCthylttne/hexane, 5 :95): ( i )  les pipkrazines 4c et 41 (530 rng, 1.99 
mmol), Rdt = 66%, c/t = 1,4; (ii)  le benzaldthyde 2 (60 mg, 0.56 
mmol), Rdt = 9%; (iii) le N-oxyde 1 (Clution: mCthanol/chlorure de 
rnCthylene, 3:97) (35 mg) contenant de 121 benzylmCthylamine 3.  

Action rlu DAL srrr le N-oxyrie rle diber~z~~l~~~ttl~yln~ni~~e 5 
(a) Experience 12" 3 (- 78°C) 
Le N-oxyde 5 (908 mg, 4 mmol) trait6 par le DAL (14 rnmol) livre 

apres chrornatographie sur colonne S: (i) la pipkrazine 8 (229 mg, 
0,55 mmol), CluCe par CHIClz/hexane, 5:95), Rdt = 27%, F = 
185°C (CH2CI2/hcxane): rmn (400 MHz): 2.3 (d, 2H. J = 8 HZ) 
2.7-2,9 (d, 2H, J = 8 Hzet d, 2H, J = 14 Hz), 3.35 (s, 2H), 
3.6-3,s (d, 2H, J = 14 Hz), 7-7.3 (m, 20H arom); sm m/e: 417 
(M' - I), 327, 210; srn (ionisation chimique): 419 (M + I)+. (ii) Le 
composC 8. non dkcrit dans la IittCrature, est identique (ir, rmn) B un 
Cchantillon de rCfCrence prCparC par le traitement de b trans avec le 

bromurc de benzyle. (iii) L'hydroxylamine 7 (250 mg, I, I rnmol, 
CluCe par McOH/CH2C12, 1 :99), F = 104-105°C (Cther), Rdt = 
27%; ir vobl: 3580 cm-';  rrnn (400 MHz): 2,5 (s, 3H). 3 (2d, IH. 
J = I Hz), 3,4-3,s (2H). 6.7-7,3 (m, IOH arom); ''C: 40,358 
(t, C I ), 46,40 (q, C3). 76,62 (d, C2), 1253 (d, C4), 127,5 (d, C4), 
127,9 (d, C3C5"), 128,2 (d, C5'"C3"), 128.7 (d, C2'C6'), 129,4 
(d, C2"C6'"), 138.6 (s, Cl ' ) ,  139,4 (s, CI'$); sm rnle: 226 (M+ - I), 
18 1, 136, 1 18. At~nl. calc. pour Cl5Hl7NO: C 79-20, H 7,48, N 6,16, 
0 7.04; tr: C 79.18, H 7.52, N 5,90, 0 7.45%. 

(b) Exptrience n" 4 (0°C) 
Le N-oxydc 5 (908 mg, 4 mmol) trait6 par le DAL (4,s  rnmol) livre 

aprtts chromatographie sur colonne F: ( i )  Ic benzaldChyde 2 (30 mg, 
0.28 mrnol), Rdt = 7% (tlution: CH2C12/hexane, 30:70); (ii) la 
pipCrazine 8 (260 mg, 0,62 mmol). Rdt = 31%, (Clution: CHrCII/ 
hexane, 30:70); (iii) I'aziridine 9 (23 mg, 0.12 mmol), Rdt = 3% 
(Clution: CHZ/CII 30:70); rmn: 2.7 (3H, s), 2,s (2H, s), 7,15 (]OH, 
s Clargi); M+ 209, rn/e 194; (iv) I'hydroxylamine 7 (250 mg, l , l  
mmol), Rdt = 27% (Clution: CHzC12/hexane, 5050) ;  (v) la mithyl- 
benzylamine 6 (30 mg, 0.24 mmol), Rdt = 6% (Clution: CHICl2); (vi) 
le N-oxyde 5 (90 mg, 0,4 mmol), Rdt = 10% (Clution: CHICI2/MeOH 
90: 10). 

Action du DAL srcr le N-o,~yde de triberlzylarnine I0 
(a) Exptrierlce 11" 5 (- 78°C) 
Le N-oxyde 10 (909 mg, 3 mmol), trait6 par le DAL (10.5 mmol) 

livrc aprks chromatographie sur colonne S: ( i )  I'hydroxylamine 13 
(430 mg, 1,42 mmol), Rdt = 47% (Clution: CH2C12/hexane, 5050) ;  
F = 115°C (CHrC12/hexane); ir: 3580 cm-' (OH); rmn (400 MHz): 

3 (2d, 1H.J  = 7 Hz), 3,6(2d, 2 H , J  = 7Hz;  I d , J  = 13 Hz), 3 ,s  
(d, IH, J = 13 HZ), 3,9 (2d. IH, J = 7 HZ), 6.9-7,4 (m, IOH); sm 
m/e: 304 (M' - I) ,  196, 122, 106. At~nl. calc. pour C11H2,NO: C 
83,13, H 6,98, N 4.62, 0 5,27: tr.: C 82,98, H 6-90, N 4.83, 0 
5,21%; (ii) la dibenzylarninc 12 (109 mg, 0,86 mmol), Rdt = 29% 
(Clution: CHICI2/hcxane, 30:70); (iii) Ic N-oxydc 10 (60 mg, 0,2 
mmol), Rdt = 6% (elution: CH,CII/MeOH, 90: 10). 

(b) E.rpirience t ~ "  6 (0°C) 
Le N-oxyde 10 (900 mg, 3 mmol) trait6 par le DAL (3,6 rnmol) livre 

aprts chrornatographie sur colonne S: ( i )  I'aziridine 14 (350 mg, 1,22 
mmol), Rdt = 42% (Clution: CHIC12/hcxane, 40:60); rmn identique 
i celle dtcrite (5). (ii) I'hydroxylamine 13 (175 mg, 0,58 mmol), Rdt 
= 20% (Clution: CHICII/hexane, 50:50); (iii) la dibenzylamine 12 
(75 mg, 0,38 rnmol), Rdt = 12% (Clution: CH2CI,/MeOH, 99: 1); 
(iv) le N-oxyde 10 (45 mg, 0,15 mmol), Rdt = 5% (Clution: 
CH2C12/MeOH, 90: 10). 

Actiorl du t-BttLi sur le N-o,ryrle de dir?~tth~~lar~iline 
Exptrier~ce n" 7 
Le N-oxyde 15 (1,25 g. 9 mmol) trait6 par le I-BuLi (30 mmol) en 

solution dans le THF livre un mClange (0,600 g), analyst par cpg 
(colonne A, t = 100°C). Trois composCs 17, 18 et 16 dans le rapport 
7,2: 1.7: 1 sont identifiCs et la cpg prkparativc perrnet d'obtenir des 
Cchantillons pour la spectioscopie dc masse. N-mCthyl aniline 16: 
(cpg: (tr) = l l min), sm rn/e: 107 (M'). N-phCnylpyrrolidine 18: 
(cpg: (tr) = 7 min), sm n~/e:  147 (M+) 119, 104, identique h un 
Cchantillon de rCfCrence prCpare selon la IittCraturc (31). N-mtthyl 
N-isopcntyl aniline 17: (cpg: (tr) = 4.8 min) sm rn/e: 177 (M') 162, 
120. 

Renctior~ de 15 en prtsence rl'tthylene 
Exptrier~ce 12" 8 
De I'Cthylttnc est mis a barboter i -78°C dans unc solution de 15 

(400 mg, 2,9 mmol) dans le THF. Le traitemcnt par le t-BuLi (3.9 mL, 
6 mmol) conduit B un mClange (0.2 g) analyst par comparaison (cpg, 
colonne A, I four = 170°C) h un essai tCmoin ne contenant pas 
d'kthylttne. Les calculs h partir des chromatogrammes montrent que la 
quantitC de 18 est doublCe par rapport i I'expCriencc nu 7. 

Rtaction de 15 en prtsence rl'hexine-1 
Exptrierlce 11" 9 
De I'hexkne-l (500 mg, 6 mmol) est ajout6 B 15 (400 mg, 2,9 

mmol) en solution dans le THF i -78°C. Le tout est trait6 par du 
tl-BuLi (4.5 mL, 7.3 rnmol) puis hydrolysC B basse ternpkrature. Unc 
premiere extraction (chlorure dc mkthylttne) suivie d'une deuxikme 
extraction (butanol) livre 0,26 g d'un mClange chromatographi6 sur 
colonne AA. L'Clution (pentanelether, 50:50) conduit h la N-methyl 
N-penty l aniline 19, Rdt = 10% (cpg); sm m/e: 177 (M'), 120, (M' 
- 57, CAHe), 106; 1'6lution par I'Cther conduit B la N-phCnyl butyl-3 
pyrrolidine 20, Rdt = 18% (cpg); rmn: 0.8- 1,6 (m, 9H), 1,9-2,4 
(m, 2H), 2,6-3 (rn, IH), 3 , l -3,6(m, 4H), 6,5-7(m, 3H arom), 
7-7.5 (m, 2H arom); sm m/e: 203 (M+), 119, 104. 

Actiot~ du t-BuLi sur 21 
Experience t i '  10 
Le N-oxyde dc dimCthylmCsidine 21 (181 mg, 1.52 mmol) en 

solution dans 25 mL de THF trait6 h -78°C par 4 mmol de I-BuLi 
pendant 30 min livrc aprtts chromatographie (colonne S) la pipkrazine 
22 (54 mg, 0,17 mmol), Rdt = 22%. F = 190-191°C (EtOH) (litt. 
(32) F = 190-191°C). 

Action du DAL sur le N-oxyrle rle trirntthylnmir~e 23 
Experience 71" I I 
Le N-oxyde 23 (345 mg, 4,6 mmol) trait6 par Ic DAL (16 mmol) 

i -7S°C, conduit aprtts hydrolyse et extraction au CHICII i un mi- 
lange brut (72 rng) qui, sous I'action d'une solution alcoolique saturCe 
d'acide picriquc, donne le dipicrate de dimCthylpipCrazinc 24 (86 mg, 
0,26 mmol), Rdt = l2%, F = 277°C (EtOH). Une solution aqueuse 
de soude 10% libttre la piperazinc 23 identique (cpg, rmn) au produit 
commercial. 
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BEUGELMANS ET AL. 733 

Methyl-1 phdtyl-3 pyrrolidine 25 
ExpPrietlce 1," 12 
Le N-oxyde de trimkthylamine 23 (9 1 mg, 1,2 1 mmol) ct du styrkne 

(138 mg, 1,33 mmol) en solution dans 25 mL de THF trait6 5 -78OC 
par le DAL (4,2 mmol), conduit la pyrrolidine 25 ( I  l l mg, 0,60 
mrnol), Rdt = 50%. Picrate: F = 158- 160°C (EtOH) (litt. (33) F = 
155- 158°C). 

Methyl-1 diphinyl-3,4 pyrrolidine cis 26 
Le N-oxyde de trimethylamine 23 (85 mg, 1,13 mmol) et le cis 

stilbkne (21 1 mg, 1,17 mmol) en solution dans 25 mL de THF trait6 
a -78°C par le DAL (3.9 rnmol) livre la pyrrolidine 26 ( I  65 mg, 0.70 
mmol), Rdt = 62%; F = 67-69°C (EtOH); rmn: 2,55 (s, 3H), 
2,93-3,33 (m, 4H), 2,73-4.0 (m, 2H), 7.1 (s Clargi, IOH); sm tnle: 
237 (M'), 180, 57. Anal. calc. pour CI7HION: C 86.00, H 8,07, N 
5,93; tr.: C 85,86, H 8,08, N 5,94%. 

Methyl-1 diphe'nyl-3,4 pyrrolidirle trans 27 
Le N-oxyde de trimkthylamine 23 (106 mg, 1,42 mmol) et le trans 

stilbkne (295 mg, 1,55 mmol) en solution dans 25 mL de THF trait6 
a -78°C par le DAL (4.9 mmol), livre la pyrrolidine 27 (241 mg, l,Ol 
mmol), Rdt = 72%; rrnn: 2,45 (s, 3H), 2,7-3,8 (m, 6H), 7,2 (s 
tlargi, IOH). sm rn/e: 237 (M'), 180, 57. Picrate: F = 186- 187°C 
(EtOH). Anal. calc. pour Cz3H22N40x: C 59,22, H 4,75, N 12,02, 0 
24,Ol; tr.: C 58,97, H 4,72, N 12,00, 0 23,73%. 

Mtfhyl-3 aza-3 bicyclo[3.3.0]ocfane 28 
Le N-oxyde de trimkthylamine 23 (92 mg, 1,23 mmol) et du cyclo- 

pentkne (92 mg, 1.35 mmol) en solution dans 25 mL de THF trait6 
-78°C par le DAL (4,4 mmol) conduit a la pyrrolidine 28 (34) (65 
mg, 0,52 mmol), Rdt = 42%; rmn: 1,3- 1,8 (m, 6H), 1.8-2,3 (m, 
2H), 2,3 (s, 3H), 2,4-2,9 (rn, 4H); sm m/r: 237 (M+).  Picrate: F = 
203 -205°C (EtOH). 

MPthyl-3 aza-3 bicyclo[5.3.0]dPcane 29 
Le N-oxyde de trimkthylamine 23 (161 mg, 2,14 mmol) et du 

cycloheptkne (235 mg, 2,35 mmol) en solution dans 25 mL de THF 
trait6 i -78°C par le DAL (5,5 mmol) conduit h la pyrrolidine 31 (201 
mg, 1,31 mmol), Rdt = 61%; rmn: 1-2 (m, 12H), 2-2,6 (m + Is, 
5H), 2,6-3 (m, 2H); sm mle: 153 (M+), 57. Picrate: F = 238-240°C 
(EtOH). Anal. calc. pour C16Hz2N407: C 50,25, H 5,80, N 14,66, 0 
29,29; tr.: C 50,37, H 5,87, N 14,64, 0 29,32%. 

Me'thyl-3 bicyclo[6.3.O]unde'cme 30 
Le N-oxyde de trimCthylamine 23 (80 mg, 1,06 mmol) et du cy- 

clooctkne (129 mg, 1,16 mmol) en solution dans 25 mL de THF trait6 
a -78°C par le DAL (4,2 mmol) livre la pyrrolidine 30 (159 mg, 0,95 
mmol), Rdt = 90%; rmn: 1 - 1,2 (m, 14H), 1,9-2,4 (m, 3H), 2,25 
(s, 3H), 2,8-3,2 (m, 2H); sm m/e: 167 (M'), 57. Picrate: F = 
218-219°C (EtOH); Anal. calc. pour C17H24N,07: C 51,51, H 6,lO, 
N 14,14, 0 28,25; tr.: C 51,44, H 6,09, N 13,96, 0 28,14%. 

Mdfhyl-1 me'fhanol-3 pyrroliditze 31 
Le N-oxyde de trimkthylamine 23 ( 1  15 mg, 1,52 mmol) et du 

propen-2 ol (192 mg; 1,67 mmol) en solution dans 25 mL de THF 
trait6 B -78°C par le DAL (4,2 mmol) livre la pyrrolidine 31 (106 mg, 
0,92 mmol), Rdt = 60%; rmn: 1-2 (m, 3H), 2-3 (m, 7H), 2,35 
(s, 3H), 3,6 (d, 2H), 4,2 (s Clargi, IH); sm tn/e: 115 (M'), 57. 

Me'fhyl-1 aza-1 (dioxolane-1,31-4 bicyclo[3.3.0]hrpfar1e 32 
Le N-oxyde de trim6thylarnine 23 (96 mg, 1,24 mmol) et du dioxo- 

lane de la cyclopenten-2 one (17 1 mg, 1,36 mmol) en solution dans 
25 mL de THF trait6 h -78°C par le DAL (4,3 mmol) livre la 
pyrrolidine 32 (152 mg, 0,83 mmol), Rdt = 67%; rmn: 1.4-2,3 (m, 
6H), 2,3 (s, 3H), 2,4-3 (m, 4H), 3,9 (s, 4H); sm m/e: 183 (M+),  99, 
57. Picrate: F = 17 1 - 172°C (EtOH). Anal. calc. pour C16H2,,N,0,,: 
C 46,60, H 4,89, N 13,59, 0 34,92; tr.: C 46,10, H 4,86, N 13,43, 
0 34,27%. 

Dirntfhyl-3,8 diaza-3,8 bicyclo(4.3 .O]noncztze 33 
Le N-oxyde de trimkthylamine 23 (281 mg, 3,75 mmol) et de la 

mCthyl-l tetrahydro-1,2,3,6 pyridine (400 mg, 4,12 mmol) en solu- 

tion dans 25 mL de THF trait6 i -78'C par Ic DAL (13 mmol) livrc 
un mClange de produits (209 mg) dont le spectre de massc indiquc 
qu'il est constitu6 dc dirnkthylpipkrazine 24 (M' 114) ct de pyrro- 
lidine 33 (M' 154). 

Mdthyl-1 aza-1 bicyclo[6.3.0.(3. 10)]~111elecet7e-4 34 ef clitne'fhyl-1,6 
dicrztr-1,6 fricyclo[4.3.0.(3.10)(4.8j]~dfrcrcIece,le cis 35c el 
trans 35 t 

Le N-oxyde de trim6thylaminc 23 (415 mg, 5.53 nimol) et du 
cyclooctadikne-1.3 (330 mg, 3,06 mmol) en solution dans 50 mL de 
THF trait6 a -78°C par le DAL (19 mmol) livre un melange dont la 
chromatographie sur colonne donnc la pyrrolidine instablc 34 (46 mg, 
0,27 mmol), Rdt = 5%, la dipyrrolidine cis 35c (40 mg, 0.18 mmol), 
Rdt = 7%, et la dipyrrolidine frt1n.s 35t (108 mg, 0,48 mmol), Rdt = 
18%, sCpar6es sous forme de picrates: 

34 (46 mg, 0,27 mmol) instable, Rdt = 5%; sm tt~/e:  165 (M'), 57. 
35c (40 mg, 0,18 mmol), Rdt = 7%; rmn: I - 1,8 (m, 8H), 1,8-2,7 

(m, 8H), 2,45 (s, 6H), 2 .7-33 (m, 4H); sm m/e: 222 (M'), 57. 
Dipicrate: F = 178- 180°C (EtOH). 

351 (106 mg, 0,48 mmol), Rdt = 18%; rmn: 1-1,7 (m, 8H), 
1,7-2,7 (m, 8H), 2.3 (s, 6H), 2,7-3,5 (m, 4H); sm tn/e: 22'2 (M+), 
57. Dipicrate: F = 108-llO°C (EtOH). Atrrrl. calc. pour 
C ~ ~ H ~ ~ N X O I ~ :  C 45,88, H 4.74, N 16,46, O 32,91; tr.: C 45,71, H 
4,76, N 16,28, 0 32,84%. 

Me'thyl-1 phbnyl-3 (phet~yl-2' efhene-j'?l)-4 pyrrolidine 36 rf bis- 
(methyl-1 phdnyl-3 pyrolidit1e)-4,4 37 

Le N-oxyde dc trimkthylamine 23 (243 mg, 3,34 mmol) ct du 
1,4-diphinyl-I ,3-butadiknc (350 mg, 1.7 mmol) en solution dans 50 
mL de THF trait6 B -78°C par le DAL ( I  I mmol) conduit i un 
m6lange dont la chromatographie sur colonne AA pcrmet de s6parer: 

36 (327 mg, 1,22 mmol), Rdt = 38%; uv A ,,,.,,: 257 nm (E = 
20 200), 285 nm (E = 800), 294 nm (E = 400); rmn: 2,4 (s, 3H), 
2,5-3,2 (m, 6H), 6,3 (s Clargi, IH); 7,35 (s Clargi, I IH); sm tnlr: 
263 (M'), 57. Picrate: F = 130-131°C (EtOH). AIINI. calc. pour 
C2,Hz4N,07: C 60,97, H 4,91, N 11,38, 0 22,74; tr.: C 60.73, H 
4,80, N 1 1,60, 0 22,66%. 

37 (131 mg, 0,43 mmol), Rdt = 26%; rmn: 2.1 -3,2 (m, 9H), 2,4 
(s, 3H), 7,25 (s Clargi, IOH); sm mlr :  320 (M'). Dipicratc: F = 
240-242°C (EtOH). Anal. calc. pour C3,H,NxOl,: C 52,44, H 4,40, 
N 14,39, 0 28,77; tr.: C 52,65, H 4.59, N 14,33, 0 28,52%. 

Trait6 par un excks de N-oxyde de trirn6thylamine 23, la pyrrolidine 
36 a conduit, quantitativement, en presence de DAL, au compos6 
disubstituk 37. 

MPft1yl-I(brcf2ne-2'yl)-3 pyrrolidine 38 ef bis(tne'fhy1-1 pyrro1idine)-3 
ethane-1,2 39 

Le N-oxyde de trimkthylamine 23 (216 mg, 2.88 mmol) et 
I'hexadikne-1,5 ( 1  3 I mg, 1.60 mmol) en solution dans 50 mL de THF 
trait6 a -78°C par le DAL (10.1 mmol) conduit, aprks chromatogra- 
phie (AA) a: 

38 (28 mg, 0,20 mmol), Rdt = 7%; sm m/e: 139 (M+), 57. 
39 (18 mg, 0,09 mmol), Rdt = 3%; rmn: 0,9- 1.5 (m, 8H), 1,5-3 

(m, IOH), 2 ,3  (s, 6H); sm m/r: 196 (M'), 57. 

Methyl-l(b~rtc?t~e-2' yl 01-1 ')-3 pyrrolidine 40 
Le N-oxyde de trimithylamine 23 (245 mg, 3.26 mmol) et 

I'hexadikne- I ,5 01-3 ( 1  76 mg, 1,79 mmol) trait6s B -78°C par le DAL 
(16,4 mmol) conduisent a la pyrrolidine 40 (170 mg, 1,09 mmol), Rdt 
= 34%; ir: 3350, 1625,920 cm-I; rmn: 1-2 (m, 4H), 2-3 (m, 5H), 
2.35 (s, 3H), 3,2-3,7 (m, IH), 4,5-6,2 (m, 3H); sm tn/e: 155 (M'), 
57. 

N-phPnyl-perhydro tne'fl~anoisoindole 41 
Le N-oxyde de dimkthylaniline 15 (274 mg, 2 mmol) et du norbor- 

nkne (198 mg, 2 mmol) en solution dans 25 mL de THF trait6 a -78OC 
par le DAL (4 mmol) pendant 30 min, conduit aprks chromatographie 
(ccm) i la pyrrolidine 41 (29 mg, 0.13 mmol), Rdt = 7%; rmn: 
I - 1 , I 8  (m, 6H), 1,8-2.5 (m, 4H), 2.6-3,l (m, 2H), 3,1-3,7 (m, 
2H), 6,2-6,8 (m, 3H), 6,8-7,5 (m, 2H); sm tn/e: 213 (M+),  119. 
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The Diels-Alder reaction of 4-methoxy-7-hydroxyisobenzofuran with methyl vinyl 
ketone; a general method for identification of some regioisomeric a-naphthols 

B. A. KEAY AND R. RODRIGO' 
Guelph- Waterloo Centre for Gradtrate Work in Chemist~y. Departtnent of' Chemistry, University of' Waterloo, 

Waterloo, Otzt., Canada N2L 3GI 
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B. A. KEAY and R. RODRIGO. Can.  J .  Chem. 63, 735 (1985). 
T w o  regioisomeric a-naphthols 14 and 15 obtained by aromatization of the methyl vinyl ketone adducts of an unsymmetrical 

isobenzofuran 9 are differentiated from each other by the observation of significant upfield shifts of the per; proton resonances 
in the ' H  nmr spectra of their acetates 16 and 17. Such upfield shifts of 0.3-0.6 ppm appear to be a general phenomenon and 
are probably due  to the anisotropic effect of the acetate carbonyl group. 

B. A .  KEAY et R .  RODRIGO. Can.  J .  Chem. 63, 735 (1985). 
L'aromatisation des produits d e  la reaction d e  la mCthylvinylcCtone avec I'isobenzofuranne non-symCtrique 9 conduit aux 

deux a-naphtols  regioisomkres 14 e t  15. O n  peut les differencier en  faisant appel A la rmn d u ' H  e t  aux glissements marques 
vers les champs forts des resonances des protons pPri de  leurs acetates 16 et 17. 11 semble que  d e  tels glissements d e  0,3 A 
0,6 ppm constituent un phtnomkne general et ils sont probablement dus i I'effet anisotropique du groupement carbonyle d e  
!'acetate. 

[Traduit par le journal] 

In a recent publication ( I )  we described a short synthesis of 
the AB segment of daunomycinone 1 and its use in a con- 
vergent route to this anticancer antibiotic aglycone (for recent 
reviews, see ref. 2). Diels- Alder reaction of 4,7-dimethoxy- 
isobenzofuran 2 (generated in sin( (3) from the lactol 3) with 
methyl vinyl ketone (MVK) provided adduct 4 which suffered 
reverse-Michael cleavage (4) to the enone 5. The latter, 
suitably modified, was attached to the CD segment in a 
regiocontrolled annelation and eventually elaborated into the 
aglycone 1. - ~ 

In recent years a group of "second generation" anthra- 
cyclinones with reduced cardiotoxicity have been recognized. 
Prominent among these are aklavinone (2, 5) and some 
1 I -deoxy analogues (2, 6) (e.g. 6) both of which lack the C- 1 I 
hydroxyl group and thus pose an additional regiochemical chal- 
lenge to the synthetic chemist attempting to assemble these 
molecules from constituent fragments. To adapt our procedure 
to a synthesis of the AB half ofsuch compounds it is necessary 
to differentiate the substituents at C-4 and C-7 of 2 and to 
control the regiochemistry of the Diels-Alder reaction of the 
unsymmetrical isobenzofuran thereby resulting. 

Since the phthalide 7 was available for our earlier work ( I ) ,  
exploratory experiments were begun with this compound. Re- 
duction of the carbonyl group with DIBAL-H provided the 
lactol 8 (70% average yield) and Diels-Alder reaction of the 
unsymmetrical isobenzofuran 9 with MVK a mixture of regi- 
oisomeric adducts 10 and 11 in a 3.5: 1 proportion by 'H nmr 
estimation (55% total). Although some-of-the majdr isomer 
crystallized out from this mixture it was more convenient to 
subject the mixture to reverse-Michael cleavage (90%) and 
separate the enones 12 (major) and 13 (minor) by column 
chromatography. These were isolated in the same ratio and 
individually dehydrated with dilute hydrochloric acid to 
naphthols 14 and 15 respectively, whose structures must now 
be unambiguously assigned. This paper describes a simple, 
general 'H nmr method for the differentiation of isomeric 
a-naphthols like 14 and 15. 

The spectra of 14 and 15 were very similar and un- 
exceptional. In both compounds H-1 was adoublet, meta cou- 

'Author to whom correspondencc may be addressed. 

1 (R = O H )  7 3 (R = R '  = Me) 
6 (R = H) 8 (R = Me, R' = H) 

OR' 0 R' 

2 ( R  = R' = Me)  14 (R = Me, R' = H) 
9 ( R  = Me, R' = H )  15 (R  = H, R '  = Me) 

16 ( R  = Me, R' = A c )  
17 ( R  = Ac, R' = Me) 

OR' OR' 

5 (R  = R' = Me) 4 (R  = R' = Me) 
12 (R  = Me,  R' = H) 10 (R  = Me, R' = H j  
13 ( R  = H,  R' = Me)  11 ( R  = H,  R' = Me) 

pled to H-3 (J1 ,3  = 1.70 and 1.76 Hz) at 8.82 ppm. Slight para 
coupling (J,.,  = 0.71 Hz) was observed in one isomer. A 
well-separated AB quartet ( JAB = 9 HZ) was present with H-3 
at 8.0 ppm and H-4 at 8.26 ppm, assignments that are secured 
by the meta-coupling observed for H-3. Slight differences in 
the absorptions of H-6, H-7, methoxy, and acetyl signals in the 
two isomers were not of any diagnostic value. Acetylation 
provided the a-naphthyl acetates 16 and 17, respectively, with 
consequent changes in the spectra. New three-proton singlets at 
2.43 and 2.50 ppm and the expected downfield shifts of the 
aromatic proton ortho to the acetate (7) by ca. 0.3-0.4 ppm, 
in each case, signified the presence of the acetate moiety. The 
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changes observed in the absorptions of H-l and H-4 werewf 
much greater significance to the problem at hand. In one ace- 
tate the meta-coupled doublet (H- I )  was shifted upfield by 0.4 1 
pprn (8.82- 8.41) while in the other one-half of the AB quartet 
(H-3, H-4) shifted upfield again, this time by 0.32 pprn 
(8.26-7.94). Assignment of this signal to H-4 was supported 
by the lack of meta-coupling observed for the H-3 half of the 
AB quartet = 1.46 Hz). Thus a tentative assignment of 
structure can be made as follows for the a-naphthols and their 
acetates: acetate 16 is that regioisomer in which the H- 1 meta- 
coupled doublet (proton peri to the acetate) shifts upfield by 
0.41 ppm in comparison to naphthol 14, and acetate 17 is the 
other isomer in which H-4 (proton peri to the acetate) shifts 
upfield by 0.32 pprn in comparison to the parent naphthol 15. 
Since naphthol 14 was obtained from the major isomer of the 
Diels-Alder adduct mixture this establishes the structure of 
adducts 10 (major) and 11 (major) and enones 12 (major) and 
13 (minor) as shown. These conclusions received independent 
support from an X-ray structure determination' of the major 
crystalline adduct 10. 

These upfield acetylation shifts of the peri-proton of 
a-naphthols were investigated in five more examples to deter- 
mine whether 'this was a general phenomenon. In the first 
instance, naphthol 18 obtained by aromatization of a known (3) 
Diels-Alder adduct was converted to its acetate 19. Again, 
one of the aromatic singlets (at 7.19 and 7.67 pprn in 18) was 
shifted upfield by 0.3 ppm (7.18 and 7.37 in 19). The obvious 
question of whether this signal was due to H-1 or H-4 was 
answered by observation of a 20% nOe enhancement of the 
signal at 7.19 pprn of 18 when the C-5 methyl resonance at 2.39 
ppm was irradiated. A group of aryl substituted a-naphthols (8) 
(20, 22, 24, and 26) was examined next. In these compounds 
the two aromatic protons at C-1 and C-4 are easily differ- 
entiated because H-4, subjected to the shielding influence of 

TABLE I .  Chemical shifts of peri-protons in a-naphthols and their 
acetates 

Compound peri-Proton, H-l (6) ppm 

a-Naphthol Acetate a-Naphthol Acetate A8 (ppm) 

the pendant aryl ring (not coplanar with the naphthalene), al- 
ways resonates at a higher field than H-l .  Thus in all these 
naphthols H-l appears as singlet at 7.74 ppm and H-4 at 
6.81-6.89 ppm. Upon acetylation H-1 is observed to shift 
upfield by 0.52-0.58 pprn while H-4 is relatively unaffected. 
Thus in all seven examples we have studied, a substantial 
upfield shift of ca. 0.3-0.6 pprn is observed in the peri-proton 
of an a-naphthol upon acetylation (Table 1). 

A recent X-ray structure (9) of the a-naphthyl diacetate 28 
indicates that the 0-C bond of the acetate is at an angle of 
82.3" to the plane of the naphthalene ring with the carbonyl 
double bond directed back over the ring as shown in Fig. 1.  
This diagram, generated' from data reported in that paper, 
shows that in the crystal of 28 the peri-proton lies in t h ~  
shielding zone of the acetate carbonyl group and is 2.45 A 
distant from the carbonyl oxygen atom. Progressively greater 
shielding of the peri-proton in a series of 1-acyl 4-methoxy 
naphthalenes 29 was observed (10) as the size of the group R 
is increased (from hydrogen to tert-butyl) and the suggestion 
made that the increasing bulkiness of the substituent forces the 

20 (R = H, Ar = 3.4.5-trimethoxyphenyl) 26 (R = H, Ar = 3,4-methylenedioxyphenyl) 18 (R = H) 
21 (R = Ac, Ar = 3,4,5-trimethoxyphenyl) 27 (R  = Ac, Ar = 3.4-methylenedioxyphenyl) 19 (R = Ac) 
22 (R = H, Ar = 3.4-dimethoxyphenyl) 
23 (R  = Ac, Ar = 3,4-dimethoxyphenyl) 
24 (R = H ,  Ar .= 3,4-methyienedioxyphenyl) 
25 (R = Ac, Ar = 3.4-methylqnedioxyphenyl) 

I 

OAc 

30 (R = H )  
31 (R = Ac) 

'N. J .  Taylor, B. A. Keay, and R. Rodrigo. Unpublished data. 
'This computer generated diagram was prepared by Dr. N. J.  Taylor of this department from the data reported in ref. 9. We thank Dr.Taylor 

for his assistance. 
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KEAY AND RODRIGO 737 

FIG. 1. The crystal structure of 28 (see footnote 3). 

carbonyl group to adopt a conformation perpendicular to the 
plane of the naphthalene ring. This shielding effect is not con- 
fined to naphthalenes. It has been reported (1 1) that acetylation 
of the tetrahydroprotoberberine 30 causes unequal upfield 
shifts of the protons at C-8 of the resulting acetate 31. The H-8 
equatorial proton of this trans-quinolizidine (12) is shifted up- 
field by 0.2 ppm, while the H-8 axial proton is only slightly 
affected (AS = -0.06 ppm) by acetylation. The inequality of 
the upfield shifts implies a dependence on geometry and 
supports the operation of an anisotropic effect. It has been 
convincingly demonstrated (13) that none of the simple 
theories of magnetic shielding provide acceptable quantitative 
predictions of the chemical shifts of all the protons in 
1-substituted naphthalenes, but the qualitative trends described 
in this paper might be of value in the assignment of structures 
to some &-naphthols. 

The 3.5: 1 regioselectivity observed in the Diels-Alder re- 
action of 9 with MVK deserves a brief comment. Previous 
investigators have established that 1-substituted isobenzofurans 
show a preference for "ortho" addition with unsymmetrical 
dienophiles (4, 14) which depends neither on the nature of the 
substituent nor on the dienophile. No studies exist of the influ- 
ence of substituents on the regiochemistry of the reaction when 
such substituents are located on the cyclohexadiene ring (i.e. 
C4-C7 substituted isobenzofurans) except for one example 
where 4-methoxyisobenzofuran provided a 1 : 1 mixture of ad- 
ducts with a quinone (15). The present example of differential 
substitution on this ring (the Diels-Alder reaction of 9 with 
MVK), and the regioselectivity observed therein, suggests that 
this may well be a fruitful area for further exploration. It is 
possible that the formation of the major adduct 10 is favoured 
by hydrogen bonding between the 7-hydroxy group of 8 and the 
carbonyl group of the dienophile in the endo transition state of 
the reaction. We are engaged in the preparation of 4- and 
5-hydroxy and methoxy isobenzofurans and in the study of the 
Diels- Alder reactions of these dienes with unsvmmetrical di- 
enophiles. A meaningful discussion of the problem as well as  
further progress towards the 1 1-deoxy anthracyclinones will 
have to  await the outcome of such work. 

Experimental 
Melting points were determined on a Buchi model SMP-20 appara- 

tus and are uncorrected. Elemental analyses were performed by the 
Guelph Chemical Laboratories, Guelph, Ontario. Proton magnetic 
resonance spectra were determined, unless otherwise stated, in deu- 
teriochloroform on a BrukerWP-80 spectrometer. Coupling constants 
were measured directly and confirmed by decoupling where neces- 
sary. Spectra are reported in the following manner: chemical shift (6) 
in ppm (multiplicity, number of protons, assignment, coupling con- 
stants in Hz). Infrared spectra were obtained on a Beckmann model IR 
10 or Acculab 10 spectrophotometer in the manner specified in each 
case. Mass spectra were determined on a Varian VG 7070F instrument 
and are reported as follows: ion (relative intensity, assignment). 
Column chromatography was performed with silica gel (Merck, 

0.063-0.20 mm, 70-230 mesh ASTM) in the specified solvent 
system. 

4-Methoxy-l,3-dihydroisobenzofi~r~n-3,7-cliol 8 
The phthalide 7 (ref. I) (0.25 g) dissolved in dry methylene chloride 

(20 mL) was cooled to -60°C and diisobutyl aluminum hydride 
(3.5 mL of 25% solution in toluene) added. After stirring for 70 min, 
aqueous sodium hydroxide (7 mL, 10%) was added and the solution 
allowed to warm to room temperature. The methylene chloride was 
removed, water added, and carbon dioxide bubbled through until the 
solution was neutral. The aqueous mixture was extracted with ethyl 
acetate (3 X 10 mL). The extracts were dried (Na2S04) and the solvent 
removed in vacuo at room temperature. The residue was crystallized 
from chloroform (175 mg, 70%), mp I 13°C (dec.); ir (KBr): 3250 (br) 
cm-I; 'H nmr (acetone-d(,): 3.76 (s, 3H, OMe), 4.81 (d, IH, J ,c,.,,, = 
1 2 . 9 , ' > ~ ~ - o ) ,  5.09 (dd, IH, J ,c,.,,, = 12.9, JI.3 trans = 2.15, 
CH-0), 5.31 (d, IH, J = 7.8 disappears with DrO, OH), 6.42 (dd, 
IH, J t l , O H  = 7.8,)JI.1 = 2.15, collapses to doublet with D20), 6.73 
(s, 2H, H-5 and H-6), 8.0 (s, IH, phenolic H, disappears with D,O); 
ms: 182 (100, M"), 165 (75, Me+ - OH), 164 (68, M" - H20). 
Anal. calcd. for C9HI0O4: C 59.34, H 5.53; found: C 60.01, H 5.73.4 

2-endo-Acetyl-5tnethoxy-8-hydrox~~-l,4-epoxy-l,2,3,4-tetrahydro- 
naphthalene I0 

The hydroxyphthalan 8 (240 mg) in carbon tetrachloride (8 mL) was 
refluxed for 19 h with glacial acetic acid (0.5 mL) and methyl vinyl 
ketone (0.82 mL). Aqueous sodium bicarbonate was added to neutral- 
ize the acid and the organic phase separated, dried (Na2S04), and the 
solvent removed. A 'H nmr spectrum of the residual oil showed the 
presence of the two regioisomers 10 and 11 in the ratio of ca. 3.5: 1 
and a third compound identified as 4-carbomethoxy-2-butanone (2.0 
(s, 3H), 2.2 (s, 3H), 2.78 (t, 2H), and 4.35 (t, 2H)) resulting from 
Michael addition of acetic acid to methyl vinyl ketone. The ratio of 10 
to 11 in this mixture was estimated by comparison of the two proton 
aromatic singlets and methoxy singlets of 10 (at 6.62 and 3.78 ppm) 
and 11 (at 6.55 and 3.72 ppm). Column chromatography of the crude 
mixture (ethyl acetate - ligroin, 5:6) and removal of the solvents 
provided an oil (55% yield) whose 'H nmr spectrum indicated the 
presence of 10 and 11 in the same ratio. Other absorptions of the minor 
regiosomer 11 were clearly discernible in this spectrum but were not 
separated sufficiently from the corresponding absorptions of 10 to be 
used for reliable 'H nmr estimation of the ratio. Crystals formed upon 
addition of benzene to the mixture (10/11) were separated, subjected 
to X-ray analysis, and found to be the endo-isomer of 10. 

10 (endo-isomer); mp 153- 155°C; ir (KBr): 3300, 1710 cm-'; 'H 
nmr: 1.67 (dd, IH, H-3a, J ,u,,,, = 11.4, J 2 3 ,  = 4.82), 2.1 l (s, 3H, 
COCH3), 2.48 (ddd, IH H-3P, J, ,.,,, = 11.4, J3,.4 = 3.5, 52.3, = 
12.04), 3.42(ddd, IH, H-2,J1.2= 3.9,J2.3,= 12.04,J1.,,,=4.82), 
3.78 (s, 3H, OMe), 5.58 (d, IH, H-4, J,,, = 3.5), 5.63 (d, IH, H-I, 
J = 3.9), 5.72 (s, IH, OH, disappears with DzO), 6.62 (s, 2H, H-6 
and H-7); ms: 234 (17, M"), 164 (100, M" - CH3COCH=CH2 
retro Diels-Alder). Anal. calcd. for C!3H1404: C 66.66, H 6.02; 
found: C 66.43, H 5.93. 

2-Acetyl-4,8-dihydroxy-5-methoxy-3,4-dihydronaphthaene I2 and 
2-acetyl-4,5-dihydroxy-8-tnethoxy-3,4-dihydrotphthalene I3 

The mixture of adducts 10 and 11 (600 mg) was suspended in dry 
methanol (10 mL) under a nitrogen atmosphere and cooled to 0°C. 
Sodium methoxide (0.5 g sodium in 10 mL of absolute methanol) was 
added slowly over 20 min. The solution was warmed to room tem- 
perature and stirred for 4 h. Water was added and carbon dioxide 
bubbled through until neutral to litmus. The solution was poured into 
saturated brine (I00 mL) and extracted into chloroform (5 X 20 mL). 
The extracts were dried (Na2S04) and the solvent removed in vacuo 
to leave a solid (90%) which was chromatographed on a column of 
silica gel in ethyl acetate - ligroin (8:2) and the two regioisomers of 

4The somewhat high result obtained for carbon may be due to the 
dehydration of some of the lactol during combustion. Its physical and 
chemical properties are consistent with several similar compounds 
prepared and studied earlier (ref. 3). 
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12 and 13 obtainedS in the ratio of ca. 3.5: I. 
12; Rr0.2; mp 1 16- 1 17°C (ether); ir (KBr): 3500,33 I0 (br), 1640, 

1620 c m ' ;  'H nmr (acetone-d6): 2-2.4 (m, lH. H-3P), 2.40 (s, 3H, 
COCH,),3.16(dd, IH, H-3a,J ,q,.,,, = 18.2,J3,., = 2.0),3.55(d, IH, 
C4-OH, J = 8.0, disappears with D,O), 3.80 (s, 3H, OMe), 5.20 (dd, 
after DzO, IH, H-4, J,,., = 2.0, J,,., = 6.6), 6.87, 6.94 (AB q, 2H, 
H-6 and H-7, J6., = 8.7), 7.92 (d, IH, H-I, JI,,, = 2.7), 8.40(br s, 
l H, C8-OH, disappears with D1O); ms: 234 (0.5, Me+), 2 16 ( 100, M'+ 
- HzO), 201 (84, M" - HzO - CH,). Mol. Wt. (hrms) (base peak 
mass-matched), calcd. for CllH1203: 21 6.0786; found: 216.0797. 

13; R, 0.3; mp 199-200°C (methylene chloride); ir (KBr): 3200 
(br), 1640, 1615 cm-'; ' H  nmr: 2.46 (s, 3H, COCH,), 2.55 (ddd, I H, 
H-3P, J,? ,.,,, = 16.6, J , , ,  = I I. I, J,.,, = 2.15), 3.1 I (dd, IH, H-3a, 
J ,q,.,,, = 16.6, J,,., = 6.64). 3.84 (s, 3H, OMe), 5.38 (dd, I H, H-4, 
after DzO), 6.78, 6.9 1 (AB q, H-6 and H-7, J,., = 9.0), 7.8 1 (d, I H, 
H-I, J, . , ,  = 2.15), 7.92 (br s, 2H, 2 X OH, exchanges with D,O); 
ms: 234 (2, M'+)O, 216 (100, M'+ - HzO), 201 (78, M-+ - HzO - 
CH,). Mol. Wt. (hrms) (base peak mass-matched), calcd. for 
C I ~ H I ? ~ ~ :  216.0786; found: 216.0789. 

2-Acetyl-5-tnethoxy-8-hydroxy11~1phth~11et~e 14 
The enone 12 (25 mg) dissolved in chloroform was stirred vig- 

orously with aqueous 2 N hydrochloric acid (5 mL) for 4 h. The 
chloroform layer was separated, washed with water, dried (Na2S04), 
and the solvent removed. The residual solid was crystallized from 
ether (85%); mp 155- 157°C; ir (KBr): 3310 (br) 1660 cm-'; 'H nmr: 
2.75 (s, 3H, COCH3), 3.95 (s, 3H, OMe), 6.79 (s, 2H, H-6 and H-7). 
8.0 (dd, IH, H-3, J,, = 9.0, JI.3 = 1.76), 8.26 (dd, IH, H-4, J3.4 
= 9.0,JI , ,  = 0.71), 8.82(dd, IH, H-l ,JI . ,  = 1.76 ,J I ,  = 0.71); ms: 
216 (64, M'+), 201 (45, M" - CH,). Mol. Wt. (hrms) calcd. for 
Cj,HlrO,: 216.0786; found: 216.0782. 

2-Acetyl-5-l1ydroxy-8-tnethoxyt1npht~znle1e 15 
The enone 13 (25 mg) treated with 2 N HCI as above provided the 

naphthalene 15 which was crystallized from chloroform (85%); mp 
195- 197°C; ir (KBr): 3200 cm--I (br), 1645 cm-'; 'H nmr (acetone- 
d,): 2.71 (s, 3H, COCH,), 4.0 (s, 3H, OMe), 6.84. 7.03 (AB q, 2H, 
H-6and H-7, J,., = 8.06), 8.0(dd, IH, H-3, J,., = 9.0, J,., = l.7), 
8.26(d, lH,H-4,J3,=9.0),8.82(d, I H , H - l , J I , 3 =  1.7);ms:216 
(100, Me+), 201 (84 M'+ - CH,). Mol. Wt. (hrms) calcd. for 
Cl3H1203: 21 6.0786; found: 216.0791. 

2,3-Methylenedio.~~-5-tnethyl-6,7-dicnr-60methox)~-8-t1ydroxyt1nph- 
thalene 18 

The dimethyl acetylene dicarboxylate adduct of 
I-methyl-5,6-methylenedioxyisobenzofuran (3) (0.21 g) was refluxed 
in benzene (15 mL) with a few crystals of p-toluene sulfonic acid for 
12 h. The benzene solution was washed with dilute aqueous ammonia 
and the naphthol 18 extracted into aqueous sodium hydroxide. The 
alkaline extracts were combined, acidified with dilute hydrochloric 
acid, and extractcd into methylene chloride. The organic extracts were 
washed with water, dried (Na2S04), and the methylene chloride re- 
moved. The residual solid was crystallized from ethanol (43%); mp 
185- 186°C; 'H nmr: 2.4 (s, 3H, CH3), 3.9 (s, 6H, 2 X COzMe), 6.08 
(s, 2H, OCHzO), 7.19 (s, IH, H-4), 7.67 (s, IH, H-I), 12.0 (s, IH, 
OH); ms: 318 (Me+) 287 (M" - OMe). Mol. Wt. (hrms) calcd. for 
ClhH1407: 318.0739; found: 318.0713. 

General procedure for the preporation of a-nnphthyl acetates 
The naphthol dissolved in dry methylene chloride was treated with 

excess acetic anhydride and dimethylamino pyridine (1.5 equiv.) and 
stirred at room temperature for 4 h. Water was added and stirring 
continued for a further I2 h. 'The organic phase was separated, washed 
with aqueous sodium bicarbonate and water, the methylene chloride 
layer dried (NalS04), and the solvent removed. Yields varied from 
65-90%. 

'It is unlikely that the reverse-Michael reaction of the 10/11 mixture 
is responsible for the 3.5: 1 ratio observed. An overall yield of 90% 
was obtained in this step and no selectivity or rearrangements had been 
encountered in a previous study of this reaction (ref. 4). 

16; mp 119-121°C (methylene chloride); 'H  nmr: 2.50 (s, 3H, 
OCOCH,), 2.77 (s, 3H, COCH,), 4.06 (s, 3H, OCH?). 6.90 and 7.23 
(AB q, 2H, H-6 and H-7, J,., = 8.3), 8.04 (dd, IH, H-3, J,., = 8.8, 
J1.3 = 1.71). 8.34(d, IH, H-4, J3 .4  = 8.8), 8.41 (d, IH, H-I, JI., = 
1.71); ms: 258 (10, M'+), 216 (100, M'+ - CH,CO), 201 (46, M'+ 
- CHzCO - CH,). 

17; mp 151 - 152°C (methylene chloride); 'H nmr (acetone-d6): 
2.43 (s, 3H, OCOCH,), 2.74 (s, 3H, COCH,), 4.10 (s, 3H, OCH?), 
7 .03and7 .35 (ABq ,2H,H-6andH-7 , J , . ,=  8.3),7.94(d, lH,H-4, 
J3.4 = 9.03). 8.09 (dd. IH, H-3, J x j  = 9.03, JI., = 1.46), 8.9 (d, IH, 
H- l , J , . ,  = 1.46);ms:258(23,M"),216(100, M"-CHzO),201 
(89, M" - CHzCO - CH,). 

19; mp 165°C (methylene chloride); 'H nmr: 2.4 (3H, CH,), 2.6 (s, 
3H, OCOCH,), 3.88 and 3.92 (s, 3H each, 2 X COIMe), 6.12 (s, 2H, 
OCHzO), 7.18 (s, IH, H-4), 7.37 (s, IH, H-I); ms: 360 (6, M'+) 318 
(56, M" - CH,CO), 2.86 (100, M" - CH,CO - MeOH). 

21; mp 180- 181°C (methylene chloride - ethyl acetate); 'H nmr: 
7.22 (s, IH, H-I), 6.94(s; IH, H-4); ms: 512 (23, M'+), 470 (63, M" 
- CHzCO). 

23; mp 216-217°C (methylene chloride); 'H nmr: 7.21 (s, IH, 
H-I), 6.92 (s, l H, H-4); ms: 482 (17, M"), 440 (61, Me+ - CH,CO). 

25; mp 213-214°C (methylene chloride - cthyl acetate); 'H  nmr: 
7.21 (s, IH, H-I), 6.90(s, IH, H-4); ms: 466 (13, M"), 424(50, Me+ 
- CH2CO). 

27; mp 184- 185°C (methylene chloride - ethyl acetate); ' H  nmr: 
7.16 (s, l H, H- I ), 6.89 (s, I H, H-4); ms: 482 ( 13, M'+), 440 (52, M'+ 
- CHzCO). 
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Conformation of methyl 3,6-dideoxy-a-D-arabino-hexopyranoside, the 
1 immunodominant sugar of Salmonella serogroup Dl: crystal structure, H nmr 

analysis, and semi-empirical calculations1 
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GEORGE I. BIRNBAUM and DAVID R. BUNDLE. Can. J. Chem. 63, 739 (1985). 
Methyl 3,6-dideoxy-a-D-orobino-hexopyranoside (methyl tyveloside) crystallizes in the orthorhombic space group P2,2,2' 

and the cell dimensions are a = 7.478(1), b = 7.933(1), c = 14.064(1) A. X-ray intensity data were measured with a 
diffractometer and the structure was solved by direct methods. Least-squares refinement, which included all hydrogen atoms, 
converged at R = 0.038. The pyranose ring exists as an almost perfect 4C I chair and the conformation adopted by the glycosidic 
methyl group is in agreement with the requirements of the exo-anomeric effect. Both acetal oxygen atoms act as hydrogen-bond 
acceptors, and the H...O bond distances are in agreement with this feature. The I H  nmr spectrum shows that the conformation 
of the pyranose ring in aqueous solution is indistinguishable from that in the crystal. The minimum energy conformation of 
a pentasaccharide fragment of a Salmonella 0-antigen, calculated with tyvelose coordinates obtained by bond modification, 
is in good agreement with the conformation which was calculated with tyvelose coordinates obtained from the X-ray analysis. 

GEORGE 1. BIRNBAUM et DAVID R. BUNDLE. Can. J. Chem. 63, 739 (1985). 
Le didCsoxy-3,6 a-D-arabino-hexopyrannoside de mtthyle (tyveloside de methyle) cristallise sous forme orthorhombique, 

groupe d'espace P212121 avec a = 7,478(1), b = 7,933(1) et c = 14,064(1) A. On a mesurt les intensites h I'aide d'un 
diffractomktre et on a rCsolu la structure par des mtthodes directes. L'affinement par la mtthode des moindres carrts, que inclut 
tous les atomes d'hydrogknes, converge vers une valeur de R = 0,038. Le cycle pyrannose existe sous la forme d'une chaise 
4 ~ 1  qui est presque parfaite et la conformation du groupement mCthyle glycosidique est en accord avec ce qui est prtvu sur 
la base des exigences de l'effet anomkre exo. Les deux atomes d'oxygkne de I'acttal agissent comme accepteurs de liaisons 
hydrogknes; les distances H a e . 0  sont en accord avec cette caracttristique. Le spectre rmn 'H dCmontre que, en solution dans 
I'eau, la conformation du cycle pyrannose ne peut pas &tre distinguie de celle qui existe dans le cristal. La conformation d'un 
pentasaccharide qui est un fragment d'un 0-antigkne de la Salmonella fut calculC h I'aide de coordonntes du tyvelose obtenues 
par la modification de liaisons. Cette conformation, reprtsentant une energie minimale, est en bon accord avec la conformation 
calculte en utilisant les coordonnCes du tyvelose obtenues i I'aide de la diffraction des rayons-X. 

[Traduit par le journal] 

Introduction 
The 3,6-dideoxyhexoses are naturally occurring sugars 

found in the lipopolysaccharides (LPS) of Gram-negative bac- 
terial cell walls (1). In these structures they play a major role 
as immunodominant sugars (2). This implies that one bacterial 
species may be distinguished from another possessing a lipo- 
polysaccharide structurally identical in all respects except for 
the presence of an isomeric but chirally unique 3,6-dideoxy- 
hexose (I). Three isomers exist in the D-series and these differ 
from each other by the configuration of the hydroxyl groups 
at carbon atoms C(2) or C(4) (3). The presence of these 
3,6-dideoxyhexoses in otherwise identical Salmonella LPSs 
distinguishes, and serologically defines, the A, B, and D, 
serogroups (1, 2). This differentiation is achieved by antibody 
molecules, the combining sites of which must be capable of 
recognising the fine stereochemical differences of 3,6-dideoxy- 
arabino-, xylo-, and ribo-hexopyranosides (4). In order to 
further understanding of such fine specificity it is desirable to 
build reliable models which accurately describe the topography 
of these important antigens. Molecular modelling of related 
lipopolysaccharides has been carried out for Shigella flexneri 
(5) but, in order to extend the approach to Salmonella LPS, 
reliable X-ray data for the constituent monosaccharides are 
desirable. Accurate atomic coordinates for galactopyranose 
(6), mannopyranose (7), and rhamnopyranose (8) have been 
available but until recently no experimental data for the 
3,6-dideoxyhexoses were reported. 

We reported the first such X-ray structure for methyl 

'Issued as NRCC No. 23669. 

3,6-dideoxy-P-D-ribo-hexopyranoside (9), but this structure 
differed from the naturally occurring 3,6-dideoxyhexosides 
which possess the a - D  or a -L  configuration. In this paper we 
report the crystal structure of methyl 3,6-dideoxy-a-D-arabino- 
hexopyranoside (methyl tyveloside) and we use the coordinates 
obtained from it to calculate the conformation of an oligo- 
saccharide by the HSEA method (10). We compare this 
conformation with that derived with tyvelose coordinates 
generated by bond modification of D-mannopyranose. This 
procedure has been employed when X-ray data for a specific 
sugar are unavailable, and in such cases closely related mono- 
saccharides for which X-ray structures have been determined 
are used to construct a set of calculated atomic coordinates 
(1 1). 

Results and discussion 
Molecular dimensions 

The final atomic parameters are listed in Table 1. The C-C 
bond lengthso(Fig. 1) in the pyranose ring range from 1.5 17(2) 
to 1.53!(2) A. These distances as well as differences of up to 
-0.01 A are characteristic for C-C bonds in pyranose rings. 
The shorter C(5)-C(6) bond can be ascribed to the relatively 
larger thermal motion of the methyl group. It is interesting to 
compare the bond lengths in the sequence C(5)-O(5)- 
C(1)-O(1)-C(7) with values obtained from X-ray analyses 
of other methyl a-pyranosides and from ab initio molecular 
orbital calculations~l2). The C(5)-O(5) bond in the present 
structure is 0.012 A (813) longer than the experimental mean 
derived from eight other molecules. However, in manno- and 
altropyranoside, in which the 2-OH and 4-OH are axial and 
equatorial, respectively, as in the present structure, the 
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TABLE 1. Final atomic parameters and their standard deviations" 

"The coordinates of nonhydrogen atoms were multiplied by 10'. those of the 
hydrogen atoms by 10'. 

C(5)-O(5) bond lengths are 1.450 and 1.440 A, respectively, 
and thus closereto the value we observed. Furthermore, our 
value of 1.447 Aeis in excellent agreement with the theoretical 
value of 1.444 A (12). The other three bond lengths in the 
acetal group are within 2u of the mean values from previous 
experiments (1.416, 1.404, 1.430 A). 

The average bond angles in pyranose rings have been found 
to be 1 10.2" at C atoms and 113.4" at the 0 atom (13). In the 
present structure (Fig. 1) the angles at O(5) and C(1) are sig- 
nificantly larger than these averages. In the acetal group, the 
O(5)-C(1)-O(1) angle is 0.9" (9u) smaller than the reported 
average (13), while C(1)-O(1)-C(7) is larger than pre- 
viously reported values from X-ray analyses (1 13.0- 1 13.5"). 
The bond angles at C(5) are in excellent agreement with the 
angles in methyl paratoside in which there is also an equatorial 
methyl group in that position (9). On the other hand, the angles 
involving the exocyclic -OH groups vary greatly from structure 
to structure, presumably in order to optimize the geometry of 
the hydrogen bonds in which they are involved. 

Molecular conformation 
The conformation of the molecule is shown in Figs. 2 and 3. 

The pyranose ring can be described by the Cremer and Pople 
(14) puckering parameters: 0 = 0.9, 4 = 270.5", Q = 0.559. 
The low value of 0 indicates that the ring is an almost perfect 
4C I (D) chair. The substituents at C(l) and C(2) are axial while 
those at C(4) and C(5) are equatorial. The endocyclic torsion 
angles (Fig. 1) show the usual approximate mirror plane normal 
to the mean plane of the ring and passing through O(5) and 
C(3). Also as usual, the ring is most puckered at O(5) and least 
at C(3). The differences between mirror-related torsion angles 
are all <lo; in methyl paratoside these differences ranged up to 
8.5" (9). The range of the absolute values of the torsion angles 
(53.1-59.0") is relatively small. This is in line with the recent 

FIG. I .  Molecular geometry; (top) bond lengths, esd's are 
0.0014-0.0023 A; (center) bond angles, esd's are 0.09-0.13"; 
(bottom) endocyclic torsion angles, esd's are 0.13-0.15". 

observation by Jeffrey and Taylor (15) that the mean range is 
smaller (53.3-60.3") in methyl pyranosides with an axial 
anomeric group and larger (52.7-64.2") in those with an 
equatorial anomeric group. 

The conformation of the exocyclic methoxy group is consis- 
tent with the exo-anomeric effect (16), i.e. C(7)-O(1) is 
gauche with respect to C(1)-O(5) and trans with respect 
to C(1)-C(2). The anomeric torsion angle (O(5)-C(1)- 
O(1)-C(7)) is 67.3", in excellent agreement with the value 
(67.0") obtained from molecular mechanics calculations for 
2-methoxytetrahydropyran with an axial methoxy group (15). 
The experimentally observed values in methyl pyranosides 
range from 60.5 to 70.5". 

In view of the preceding discussion, one can conclude that 
the absence of an -OH group at C(3) does not give rise to any 
distortion of the molecule. 

Hydrogen bonding and packing 
Both hydroxyl groups donate their protons to symmetry re- 

lated molecules and in each case an acetal oxygen acts as an 
acceptor. This is one of the hydrogen-bonding schemes (type 
11) observed in methyl pyranosides and recently described by 
Jeffrey and Mitra (17). Both the absence of the "cooperative 
effect" (..-O-H...) and the involvement of chain stoppers as 
acceptors are expected to result in relativ~ly weaker hydrogen 
bonds, with H - - - 0  distances of -1.86 A. Table 2 shows the 
geometry of the hydrogen bonds in the present structure. The 
corrected H-. .O distancts were obtained by making the cova- 
lent 0-H bonds 0.97 A long, the mean neutron diffraction 
value. These distances show the hydrogen bonds to have the 
expected strength. The packing of the molecules is shown in 
Fig. 4. Each molecule is hydrogen-bonded to four adjacent 
ones. All other contacts are longer than the sums of van der 
Waals radii. 
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B I R N B A U M  A N D  B U N D L E  

FIG. 2. Stereoscopic view of methyl tyveloside; the ellipsoids include 50% probability. 

FIG. 3. Newman projections along C(4)-~(5), ~ ( 1 ) - ~ ( 2 1 ,  c(z)-c(~), ~ ( 3 ) - - ~ ( 4 ) ,  and C(I)-O(l). 

FIG. 4. Stereoscopic view along a of the molecular packing in the crystal. 

TABLE 2. Geometry of hydrogen bonds 

Bonds Distances, A Angles, deg 

D A A at 0-.-0 H...O H...O,,,, 0-H.e.0 

Nuclear magnetic resonance analysis 
Proton nmr provides coupling constant data for methyl tyvel- 

oside which, via the Karplus equation (18), permits the solution 
conformation to be compared with that in the crystal. Since 
little variation was anticipated between the conformations in 
solution and in the solid state and none was found, it was of 
interest to correlate recent treatments of the Karplus equation. 
Altona and Haasnoot presented a simple additivity rule for 
pyranose rings which permits the coupling constants of the 'C, 
or 'C, chair conformations to be predicted to within 20.6 Hz 
in the majority of cases (19). A second paper by Haasnoot et 
a l .  presented a quantitative analysis of the Karplus equation 
and an empirical generalization was presented (20). Both ap- 
proaches were used here to calculate the ' J  coupling constants 
of methyl tyveloside on the assumption that the solution 

conformation was indistinguishable from that determined by 
the X-ray analysis. These coupling constants are presented 
in Table 3 together with the chemical shifts and coupling 
constants observed for methyl tyveloside in deuterium oxide 
solution. 

The 'H nmr spectrum was recorded at 500 MHz and spin- 
decoupling experiments confirmed the assignments. Later a 
two-dimensional homonuclear shift-correlated (COSY-90) ex- 
periment was performed. This not only confirmed the assign- 
ment of chemical shifts but also indicated a fairly extensive 
network of coupling constants. Inspection of a resolution- 
enhanced spectrum showed these to be 5 I .O Hz in all cases. In 
order to properly assess the effect of these additional coupling 
constants, overlaid upon an already complex multiplicity re- 
sulting from the presence of two deoxy centres in the sugar, an 
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FIG.  5. Observed (A) and simulated (B) 'H nmr spectra of methyl 3.6-dideoxy-a-D-nrnbino-hexopyranoside. The FID acquired in 32K data 
points was resolution enhanced prior to Fourier transformation by the Lorentz-to-Gauss line shape transformation of Ernst (30). The parameters 
LB = -0.7 and GB = 0.4  were chosen by trial to give the best compromise for signal-to-noise and resolution. The simulated spectrum (B) was 
calculated for Lorentzian line shape with 0 .2  Hz line width. The spectra are displayed as discontinuous plots at a scale of 10 Hz/division. 

iterative analysis of the spin system H1 -H6 was performed. 
The first-order 'J values,,and chemical shifts were used initially 
but the simulated spectrum did not reproduce the observed 
spectrum. Examination of a resolution-enhanced spectrum (A, 
Fig. 5) revealed several small, previously unresolved coupling 
constants. The H(3e) resonance prior to resolution enhance- 
ment appeared as two triplets separated by the geminal 
H(3e)/H(3a) coupling of 13.6 Hz. 'This now showed the largest 
4J coupling, ca. 1.0 Hz, which collapsed when the H(1) signal 
was irradiated. The fine detail of the H(2) and H(4) multiplets 
revealed a 4J coupling between these protons of 0.5 Hz. The 
COSY experiment also indicated coupling between H(l)/H(5) 
and H(l)/H(6); however, these were barely discernible even 
with resolution enhancement, which failed to show significant 
fine structure on the H(1) resonance. Particularly interesting 
was the simulation incorporating the three 4J values 
H(I)/H(3e) -- - 1.0 Hz, H(l)/H(5) -- 0.5 Hz, and H(2)/H(4) - -0.5 Hz, which showed H(1) as a broad doublet. Only after 
incorporation of the H(l)/H(6) 'J coupling did the H(l) reso- 

nance assume its observed broad singlet character. lncor- 
poration of these three 4J and one 'J coupling constants in the 
simulation gave a spectrum (B, Fig. 5) which faithfully re- 
produced the observed multiplicity and fine splitting of the 
experimental spectrum, A. 

Inspection of the calculated 'J values obtained by the 
methods of Altona, Haasnoot, and de Leeuw (19, 20) shows 
that, although these methods provide a good estimate of the 
observed 9 values, the deviations are larger than for those 
structures upon which the authors based their estimates of 
accuracy. In this regard it should be noted that trisubstituted 
fragments such as -CH2CHX- were observed by them to 
show systematic differences. Consistent with this, the largest 
variation between observed and calculated coupling constants 
occurs for J2,3,, J2.3a, and J3c,4, all of which constitute tri- 
substituted -CH2CHX- fragments. These variations in no 
way affect the interpretation of the nmr data as supporting a 4C I 

chair for methyl tyveloside in solution. The diaxial dispositions 
of H(5), H(4), and H(3a) are all consistent with the large J4,* 
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structure factors are available." 

Nuclear tnagnetic re.sonar7ce analysis of tnethyl tyveloside 
The 'H nmr spectra were recorded with a Bruker AM-500 in- 

strument at 31ClK. Spectra were recorded for a 10-mM solution in 
deuterium oxide using 90" pulses (8 ks) and a digital resolution of 
k0.12 Hz. Acetone (1%) was used as an internal reference (6 2.225 
ppm). Two-dimensional homonuclear shift-correlated, COSY-90, 
experiments were performed without (26) and with a delay period 
=0.25/5 between 90" pulses in order to maximize correlation peaks 
with small couplings ( J )  (26). Spectrum simulation was performed 
with the Bruker software "PANIC", a minicomputer version of the 
LAOCOON type program. The seven spins H(1)-H(6), with the three 
H(6) protons treated as a magnetically equivalent spin system, were 
simulated first with the observed parameters for chemical shift and 'J 
coupling constants. Subsequently long-range 'J coupling between 
H(I)/H(3e) - 1.0 Hz, H(I)/H(5) 0.5 Hz (27), and H(2)/H(4) -0.5 
Hz were incorporated into the simulation and finally together with a 
'J H(l)/H(6) 0.5 Hz (27) coupling. 

Semi-empirical potential energy calculations, HSEA method (10, 
I I), were used to compute the minimum energy for a pentasaccharide 
corresponding to the Salmonella typhi 0-antigen according to pub- 
lished procedures (21). The atomic coordinates for a-D-mannopyra- 
nose (7), a-D-galactopyranose (6), and a-L-rharnnopyranose (8) were 

.. . I 
taken from published neutron diffraction data. The atomic coordinates 

I 
of a-D-tyvelopyranose were generated by bond modification of a - D -  
mannopyranose according to published procedures ( 1  1) and from the 

I X-ray analysis reported in this paper. 

Acknowledgements 
Apart from the MULTAN program (24), all crystallographic 

computations were carried out with programs written by 
Ahmed et al. (28). Figures 2 and 4 were drawn with the 
ORTEP program of Johnson (29). The authors would like 
to thank Dr. Charles Roger, Bruker Spectrospin (Canada) 
Ltd., for assistance in performing spin simulation and two- 
dimensional nmr experiments. 

1.  0 .  LUDERITZ, 0. WESTPHAL, A. M. STAUB, and H. NIKAIDO. In 
Microbial toxins. Vol. 4. Edited by S. J. Ajl, G. Weinbaum, and 
S. Kadis. Academic Press, New York. 1971. pp. 145-233. 

2. 0 .  LUDERITZ, A. M. STAUB, and 0 .  WESTPHAL. Bacterial. Rev. 
30, 192 (1966). 

3. G. ASH WELL^^^ J. HICKMAN. In Microbial toxins. Vol. 4. Edited 

- ~~~ 

'These tables may be obtained, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Ont.;Canada KIA 0S2. 

by S. J .  Ajl, G. Weinbaum, and S. Kadis. Academic Press, Ncw 
York. 1971. pp. 235-266. 

4. K. JANN and 0. WESTPHAL. In The antigens. Vol. 5. Editecl by 
M. Sela. Academic Press, New York. 1975. pp. 1 - 125. 

5. K. BOCK, S. JOSEPHSON, and D. R. BUNDLE. J .  Chem. Soc. 
Perkin Trans. 2, 59 (1 982). 

6. S. TAKACI and G. A. JEFFREY. Acta Crystallogr. Sect. B, 35,902 
(1979). 

7. G. A. JEFFREY, R. K. MCMULLAN, and S. TAKAGI. Acta Crys- 
tallogr. Sect. B, 33, 728 (1977). 

8. S. TAKAGI and G. A. JEFFREY. Acta Crystallogr. Sect. B, 34, 
2551 (1978). 

9. D. R. BUNDLE and G. I .  BIRNBAUM. Biochim. Biophys. Acta, 
582, 515 (1979). 

10. H. THOGERSEN, R. U. LEMIEUX, K. BOCK, and B. MEYER. Can. 
J .  Chem. 60, 44 (1982). 

l I .  K. BOCK. Pure Appl. Chem. 55, 605 (1983). 
12. G. A. JEFFREY, J. A. POPLE, J. S. BINKLEY, and S. VISHVESH- 

WARA. J. Am. Chem. Soc. 100, 373 (1978). 
13. B. SHELDRICK and D. AKRIGG. Acta Crystallogr. Sect. B, 36, 

1615 (1980). 
14. D. CREMER and J. A. PoPLE. J. Am. Chem. Soc. 97, 1354 

(1975). 
15. G. A. JEFFREY and R. TAYLOR. J. Comput. Chem. 1, 99 (1980). 
16. R. U .  LEMIEUX. Pure Appl. Chern. 25, 527 (1971). 
17. G. A. JEFFREY and J. MITRA. Acta Crystallogr. Sect. B, 39,469 

(1983). 
18. M. KARPLUS. J .  Chem. Phys. 30, l l (1959). 
19. C. ALTONA and C. A. G. HAASNOOT. Org. Magn. Reson. 13,417 

(1980). 
20. C. A. G .  HAASNOOT, F. A. A. M. DE LEEUW, and C. ALTONA. 

Tetrahedron, 36, 2785 (1980). 
21. K. BOCK, M. MELDAL, D. R. BUNDLE, T. IVERSEN, P. GAREGG, 

T. NORBERG, A. A. LINDBERG, and S. B. SVENSON. Carbohydr. 
Res. 130, 23 (1 984). 

22. T. IVERSEN and D. R. BUNDLE. Carbohydr. Res. 103, 29 (1982). 
23. D. R. BUNDLE and S. JOSEPHSON. Can. J. Chcm. 56, 2686 

(1978). 
24. P. MAIN, S. E. HULL, L. LESSINGER, G. GERMAIN, J.-P. 

DECLERCQ, and M. M. WOOLFSON. MULTAN 78, University of 
York, England, and University of Louvain, Belgium. 1978. 

25. J. A. ~ B E R S  and W. C. HAMILTON (Editors). International tables 
for X-ray crystallography. Vol. IV. Kynoch Press, Birmingham, 
England. 1974. 

26. A. BAx and R. FREEMAN. J .  Magn. Reson. 44, 542 (1981). 
27. G. BAITA and A. LIPTAK. J. Am. Chem. Soc. 106, 248 (1984). 
28. F. R. AHMED, S. R. HALL, M. E. PIPPY, and C. P. HUBER. 

J .  Appl. Crystallogr. 6 ,  309 (1973). 
29. C. K. JOHNSON. ORTEP 11 Report ORNL-5138, Oak Ridge 

National Laboratory, Oak Ridge, TN. 1976. 
30. R. R. ERNST. Adv. Magn. Reson. 2, 1 (1966). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



A formal [1,3] sigmatropic reaction involving free radical intermediates: 
a mechanistic investigation 
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GORDON S. BATES and S. RAMASWAMY. Can. J. Chern. 63, 745 (1985). 
The quantitative isornerization of 2,2-bis(ethylthi0)-3,3-dimethylpent-4-en to 2.2-bis(ethy1thio)-5-methylhex-4-enal was 

studied over the temperature range 130- 170°C. An investigation of the generality and specific mechanism of this formal [ I  ,3] 
sigmatropic shift was conducted with six related compounds. The rearrangements were found to obey first-order kinetics, and 
on the basis of significant positive entropies of activation (52- 106 J deg-I mol-I), crossover and trapping experiments, and 
the lack of a solvent effect (decane vs. DMF), an intermolecular, free-radical chain pathway has been proposed for the 
isomerization. During the rearrangement of several of the compounds esr signals were observed that were consistent with the 
presence of the proposed free-radical intermediates. These esr signals have been computer simulated. 

GORDON S. BATES et S. RAMASWAMY. Can. J .  Chem. 63, 745 (1985). 
OpCrant a des tempCratures allant de 130 170°C, on a CtudiC I'isomCrization quantitative du bis(Cthylthi0)-2,2 dimethyl-3,3 

pentkne-4 al en bis(Cthy1thio)-2,2 mCthyl-5 hexknc-4 al. Utilisant six composCs apparent&, on a dCterminC la gCnCralitC et le 
mCcanisme spCcifique de cette transposition qui est, d'un point de vue formel, du type sigrnatropique [ I  ,3]. On a trouvC que 
la cinCtique de ces transpositions est du premier ordre et, sur la base d'entropies d'activation qui sont assez positives (52- 106 
J deg-' mol-I), d'expkriences d'echanges et de piegeages ainsi que sur Ic fait qu'il n'y a pratiquement pas d'effet de solvant 
(dCcane vs. DMF), on suggkre que cettc isomCrisation sc produit par le biais d'un proccssus radicalaire intermolCculaire. Au 
cours des transpositions de plusieurs cornposCs, on a pu observer des signaux de rpe qui sont en accord avec la presence des 
interrnkdiaires radicalaires proposCs. Utilisant un ordinateur, on a simule ces signaux de rpc. 

[Traduit par le journal] 

Although the chemical literature contains many examples of 
[1,3] alkyl shifts in cyclic systems, their occurrence in acyclic 
analogues is relatively rare (1). Cookson and Kemp (2) have 
reported a benzyl migration in the thermal conversion of 
3,3-dicyano-2-methyl-4-phenylpent- 1 -ene to 1,l-dicyano-2- 
methyl-4-phenylpent-1-ene which occurs with retention of 
configuration. Baldwin et al. have evidence for the presence 
of a radical pathway in the [1,3] sigmatropic rearrangements 
of a number of systems (3). More recently, Ollis and co- 
workers (4) have reported rearrangements of various dimethyl- 
aminobutenes that again can formally be regarded as [1,3] alkyl 
shifts. These authors speculate that, although a stereoselective 
transformation involving a concerted pathway is a likely pos- 
sibility in the case of several of the compounds, a process 
involving a weakly interacting radical pair is not unlikely. 

We recently observed2 a high yielding3 thermal rearrange- 
ment of 2,2-bis(ethylthi0)-3,3-dimethylpent-4-enal 1 into com- 
pound 2. This rearrangement, which is an example of a [1,3] 
carbon-carbon shift in an acyclic system, should be favoured 
since the transformation-would be accompanied by relief of the 
steric strain associated with the two adjacent quaternary centres 
in 1, as well as by formation of the more highly substituted 
alkene in 2. The observation of the transformation of 1 into 2 
prompted us to investigate the generality, as well as the specific 
mechanism, of this rearrangement. Accordingly, aldehydes 
3-7 were prepared in order to investigate the steric demands 
of the reaction, and compounds 8 and 9 as a probe of the 
electronic requirements of the rearrangement. 

The isomerization of 1 into 2 may be rationalized in terms of 

FIG. I .  Possible pathways for [ I  ,3]-alkyl migration in the rear- 
rangement of 1 into 2. 

the several different reaction mechanisms shown in Fig. 1. 
A heterolytic cleavage of 1 to provide the bis(ethy1thio)- 

ethanal anion 10 and a tertiary allylic carbonium ion 11, fol- 
lowed by recombination of the ions at the less hindered site of 
the allylic group, could produce compound 2. The required 
dimethylallyl carbonium ion is stabilized both by hyper- 
conjugation as well as by allylic resonance. The anion also is 
doubly stabilized. Both the electron-withdrawing aldehyde 
group and the two sulphur atoms flanking the anion have a 
large stabilizing effect. The stability of anion 10 is easily seen 
from the fact that the conjugate acid of this anion, 2,2-bis- 
(ethylthio)ethanal, can be readily extracted into aqueous 
sodium hydroxide (6). 

A homolytic bond cleavage of 1 would give rise to two 
'Author to whom correspondence should be addressed. 
'~ortions of this work have appeared as a preliminary cornmu- 

radicals that could also recombine to provide 2 in a fashion 

nication (5). similar to the heterolytic pathway described above. 'The di- 

3 ~ ~ ~ ~ ~ ~ ~ d  2 has been isolated in 87% yield after the thermal methylallyl radical 13 that would be formed is stabilized by 
rearrangement of 0.50 g of 1. The proton magnetic resonance ( 'H nmr) resonance. In addition to the effects due to the electron- 
spectrum of the crude reaction mixture indicated a quantitative withdrawing aldehyde, the bis(ethy1thio)ethanal radical 12 is 
conversion. further stabilized by another factor. Stabilization of radicals by 
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TABLE 1. Predicted mechanistic features 

Mechanism Solvent effect Crossover products Entropy of activation 

Concerted No No Negative 
Ionic (intermolecular) Yes Yes Positive or negative 
Ionic (intramolecular) Yes No Positive or negative 
Radical (intermolecular) No Yes Positive 
Radical (intramolecular) No NO Positive 

1 R = R f = M e  
3 R = Me, R' = H 
4 R = Ph, R' = H 
5 R = R 1 = E t  
7 R = R' = CD, 

heteroatoms such as sulphur is well documented (7, 8) and 
involves participation of a lone pair of electrons on the hetero- 
atom in delocalization of the radical. If a radical is substituted 
by these two electronically complementary groups, the stability 
of the radical is greatly enhanced since the unpaired electron is 
delocalized over both the donor and the acceptor groups. This 
phenomenon has been designated as capto-dative stabilization 
(9). 

Finally, the rearrangement may proceed by a concerted path- 
way (10). The migration of the dimethylallyl group may take 
place via a symmetry-allowed [ I  ,3] suprafacial pathway, pro- 
vided inversion of configuration of the migrating group occurs. 
Alternatively, the rearrangement may in principle occur with 
retention of configuration at the migrating centre but via a 
geometrically disfavoured antarafacial process. In addition to a 
direct [ I  ,3] sigmatropic pathway, the rearrangement could 
occur via a series of alternate symmetry-allowed sigmatropic 
migrations as shown in Fig. 1, which result in the overall 
appearance of a [1,3] shift. 

Any of the concerted processes must involve ordered transi- 
tion states that should be reflected in a relatively large negative 
entropy of activation (AS').' For example, the well-known 
Cope rearrangement has AS#'s ranging from -46.4 to - 58.6 
J deg-' mol-' (1 1 - 13). The AS' for the diradical process 
should be positive (14). On the other hand, the AS' for the 
ionic pathway could vary greatly. If there is considerable free- 
dom in the transition state, then AS' would be positive. How- 
ever, a negative AS' is also possible due to electrostriction of 
the solvent around the ions produced (15). Any of the proposed 
concerted processes must be intramolecular in nature. How- 
ever, both the ionic and radical modes could follow either an 
intramolecular or an intermolecular pathway. A crossover ex- 

'The enthalpy of activation (AH') for all of the proposed routes 
would be expected to be positive. 

periment using isotopically labelled substrates should be suf- 
ficient to differentiate the intra- vs. the intermolecular character 
of the rearrangement. If the rearrangement proceeds by way of 
an ionic pathway, or indeed, via any process that involves 
significant charge development in the transition state, there 
should be a significant solvent effect. On the other hand, the 
rate of a concerted or of a radical process should be relatively 
independent of solvent (16). The crossover experiment, anal- 
ysed in conjunction with the results of changing the solvent on 
the rate of the reaction, could be used to differentiate an inter- 
molecular radical pathway from an ionic route. Thus a deter- 
mination of the activation parameters of the reaction, as well as 
the presence or absence of a solvent effect, and the results 
of a crossover experiment will allow a mechanistic choice 
to be made. Table 1 summarizes these various mechanistic 
requirements. 

The compounds required for the kinetic studies that will be 
used to determine the activation parameters for the rear- 
rangement were prepared by a route that presumably involves 
a [2,3] sigmatropic rearrangement of an allylic-sulphonium 
ylide (17). Aldehydes 1 and 3-7 were prepared by stirring the 
required allylic bromide and dithioketal with lithium or potas- 
sium carbonate in N,N-dimethylformamide overnight at room 
temperature. Nitrile 8 was prepared by a similar procedure; 
however, the reaction was incomplete even after prolonged 
stirring (6 days). Using the above method to form ester 9 
always resulted in a mixture of desired material 9 (SN2' 
product) and its isomer 14 (SN2 product). A pure sample of 9, 
uncontaminated with 14, could be obtained by preforming the 
necessary sulphonium salt followed by an in situ deprotonation 
of this salt and a concomitant [2,3] sigmatropic rearrangement 
of the resulting ylide. 

One mechanism that could account for the exclusive for- 
mation of the SN2' products 1 and 3-8 involves an initial SN2 
attack of sulphur on the allylic halide to generate a sulphonium 
salt. The acidity of the proton a to the sulphur is enhanced by 
this salt formation and even a weak base such as lithium or 
potassium carbonate is strong enough to deprotonate this site. 
The resulting ylide then rearranges to give the observed SN2' 
product. This explanation is similar to that proposed by Ogura 
et al. (18) to account for the product distribution in a related 
system. An alternate mechanism would be the alkylation of the 
preformed carbanion (19) to generate the same intermediate 
ylide described above, which then undergoes the sigmatropic 
rearrangement. If the former mechanism is the only operating 
pathway, then the SN2' product 16 rather than 17 (SN2) should 
always be obtained irrespective of the nature of the Z group in 
compound 15 or of the base used in the deprotonation step. If 
the alternate mechanism is operative, the product distribution 
would be expected to exhibit some dependence on both of the 
parameters mentioned above. In this context it is pertinent to 
present some of our observations regarding this reaction. As 
can be seen from Table 2, there is indeed a variation in product 
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EtS Me+,"' 

EtS 

CHO R* R' Me 

2 R = R 1 = M e  -. 
18 R = Me, R' = H 
19 R = Ph, R' = H 
20 R = R' = Et 
22 R = R' = CD, 

EtS SEt EtS SEt 

Me+C02Me 

distribution with both the change in functional group (Z) and 
the base used in the reaction. We believe that this is consistent 
with the fact that S-alkylation of a preformed carbanion fol- 
lowed by a [2,3] rearrangement of the intermediate ylide is a 
significant pathway in the reactions leading to the SN2' 
products.' 

Authentic samples of the potential rearrangement products 
also were prepared. Aldehydes 2 and 18-22 were prepared via 
a metalloenamine alkylation (6) and nitrile 23 by the alkylation 
of the potassium salt of 2,2-bis(ethy1thio)ethanenitrile (20). 
A sample of ester 14 was obtained by repeated thin-layer 
chromatographic separation of the mixture of 9 and 14 de- 
scribed above. 

The rearrangement of aldehydes 1 and 3-6 was effected in 
decane or tetradecane solution. The solvents were freshly dis- 
tilled and the samples degassed with argon before the thermol- 
ysis. The aldehyde resonances in the 'H nmr spectrum of the 
starting materials and the products generally differ by ca. 
0.1 ppm. Thus the progress of the reactions could be con- 
veniently monitored by follbwing the change in the relative 
areas of the aldehydic resonances. Neither nitrile 8 nor ester 9 
contains a convenient 'H nmr reference signal by which the 
rearrangement could be monitored. Gas chromatographic anal- 
ysis therefore was used to determine the relative amounts of 
starting material and the rearranged product as the reaction 
proceeded. The rearrangements were carried out in degassed 
tetradecane. Control experiments were conducted to determine 
the relative detector responses of the starting materials and the 
products as well as to establish that no significant amount of 
rearrangement was occurring during the gas chromatographic 
analysis of the reaction mixture. 

Figures 2-6 clearly indicate that the rarrangements of com- 
pounds 1, 4, 6, 8, and 9, respectively, follow first-order reac- 

'The products are also consistent with a one-electron transfer 
mechanism. 

TABLE 2. Product variation in the reaction of (EtS)?CHZ and 
2-methyl-4-bromobut-2-ene 

Relative amounts 

Base and solvent Z 16 (SN2') 17 (SN2) 

LirCO3IDMF CHO 100 0 
K2C03/DMF CN Major Minor 
Li2C03/DMF CN 100 0 
KH/THF CN 0 100 
KH/THF CH=NCbH 1 0 100 
Li,CO,/DMF COzMe Major Minor 
K2C03/DMF C02Me Minor Major 

FIG. 2. Rate of rearrangement of 1: X = 100([1]/[1 + 21) as 
determined by 'H nmr spectroscopy. r = 170°C, k = 1.08 X s-';  
r = 160°C, k = 4.70 X s-';  r = 150°C, k = 1.43 X s-'; 
r = 140°C, k = 4.51 X 10-'s-'; r = 130°C, k = 1.19 X IO-~S- ' .  

tion k i n e t i ~ s . ~  The rate constant at 150°C for the rearrangement 
of the more compact and less sterically demanding 1,3-dithiane 
derivative 6 was considerably (ca. 20-fold) lower than that for 
the rearrangement of the more sterically crowded analogue 1. 
On the basis of a simple steric argument it was expected that 3 
would rearrange more slowly than 1, and 5 more rapidly.' 
Compound 3 was indeed less prone to rearrange and in fact no 
reaction was observed even after prolonged heating at 220°C. 
It was anticipated that 5, in which the steric congestion at the 
adjacent quaternary centres was further accentuated, would 
show a dramatic increase in the rate of rearrangement as com- 

 he figures display typical data for the average of a minimum of 
three rearrangement experiments at each temperature. In each case, 
the kinetic data were found to agree, within lo%, with those of 
previous experiments. Photocopies of the kinetic data may be obtained 
at a nominal charge from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada, 
KIA OS2. 

7Compound 4 would be expected to have two opposing forces, 
electronic acceleration vs. steric decrease, affecting its rearrangement. 
Aldehyde 4 rearranges at approximately 1.6 times the rate of 1 over 
the temperature range studied, indicating that the electronic effect is 
dominant. 
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FIG. 3. Rate of rearrangement of 4: X = 100([4]/[4 + 191) as 
determined by ' H  nmr spectroscopy. t = 170°C. k = 1.57 X s-I; 
r = 160"C, k = 6.69 X IO-\-'; t = 150°C. k = 2.44 X 

= 140°C. k = 7.53 X 10-ssC'; t = 130°C, k = 2.14 X lo-' S-I. 

TIME , seconds x lo3 

FIG. 4. Rate of rearrangement of 6: X = 100([6])/[6 + 21.1) as 
determined by 'H nmr spectroscopy. r = 190°C, k = 6.42 X s-I; 
r = 180°C, k = 2.08 X 10-%-'; r = 170°C. k = 7.1 X 10-%-'; 
r = 160°C. k = 1.9 X 10-'s-'; r = 150°C. k = 7.5 X 10-'sC1. 

pared to 1. Unfortunately, the thermolysis of 5 was accom- 
panied by side reactions and hence a systematic investigation of 
the rearrangement kinetics could not be achieved. However, a 
qualitative indication of the expected greater reativity of 5 was 
obtained. The 'H nmr spectrum of a solution of 5 that had 
been heated to 160°C for 4 min showed a complete absence 
of the signal for the aldehydic proton of 5, whereas at the 
same temperature 1 has a half-life of approximately 25 min. 
The rearrangement thus shows a definite steric dependence. 
Changing the degree of steric congestion at the two adjacent 
quaternary centres dramatically affects the rate of the rear- 
rangement. 

The enthalpy and entropy of activation for the rearrange- 

1.5 l l l l l l l l l l r p t s l  
0 5 10 15 

TIME, seconds ~ 1 0 ' ~  

FIG. 5. Rate of rearrangement of 8: X = 100([8]/[8 + 231) as 
determined by glc analysis. t = 220°C. k = 6.60 x lo-' s-I; 
t = 2 1 0 " ~ .  k = 2.82 x S - I ;  t = 200"c, k = 9.47 x S-I ;  
r = 190°C, k = 3.17 X 

FIG. 6. Rate of rearrangement of 9: X = 100([9]/[9 + 141) as 
determined by glc analysis. t = 180°C. k = 1.89 X 10-"-'; 
r = 170°C. k = 5.15 X IO-'s- ' ;  r = 160°C. k = 1.90 X s-I; 
r = 150°C. k = 5.23 X lO-'s-'. 

ments of 1, 4, 6, 8, and 9 were calculated from the Eyring 
equation (21) using the data obtained from Fig. 7 and are 
summarized in Table 3. The substantial positive values of AS' 
in the systems studied appear to be inconsistent with the various 
concerted mechanisms proposed for the rearrangement. How- 
ever, it is not yet possible to absolutely preclude either an ionic 
or radical pathway. 

The nitrile and ester functional groups are essentially equal 
in their ability to stabilize an adjacent negative charge, as 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BATES AND RAMASWAMY 

TABLE 3. Rearrangement activation parameters 

Compound Temperature range ("C) AH' (kJ mol-I) AS' (J deg ' mol I )  

"The kinetics used to obtain these activation parameters are uncorrected for small (<3%) amounts of 
methyl 2.2-bis(ethy1thio)acetate formed during the rearrangement. 

evidenced by their similar acidities. Both compounds have 
pK,'s of approximately 25 (22). An aldehyde (pK, -77) can 
stabilize an adjacent negative charge even more efficiently than 
either of these groups. Thus, if the rearrangements are ionic in 
nature, both 8 and 9 might be expected to rearrange at com- 
parable rates, which in turn would be significantly slower than 
the rate of rearrangement for aldehyde 1. In contrast, if a 
radical process is involved, rate differences between all three 
compounds might be expected. Recently Dust and Arnold (23) 
have shown that nitriles are less able to stabilize an adjacent 
radical site than are esters. It has further been shown that a 
methyl ketone, and thus by implication an aldehyde, is superior 
to either a nitrile or an ester in this stabilizing effect. Thus 
compounds 1, 8, and 9 would be expected to rearrange at 
different rates if a radical process is opkrating. Indeed, as can 
be seen in Figs. 2, 5, and 6, the rate of rearrangement of ester 
9 is less than half that of aldehyde 1 over the temperature range 
studied, and the nitrile 8 is even slower. For example, at 
180°C, 8 did not rearrange to any significant extent, whereas 
the half-life of ester 9 at this temperature is approximately 
6 min. This observation of a rate difference with functional 
group substitution is more consistent with a radical pathway 
than the ionic scheme.' 

A crossover experiment then was conducted in order to de- 
termine whether the rearrangements were proceeding via an 
inter- or an intramolecular pathway. A 2: 1 mixture of ester 9 
and deuterated aldehyde 7 was thermolyzed in degassed tetra- 
decane at 160°C for 4 h to ensure complete rearrangement of 
the starting materials. The reaction mixture was separated into 
its rearranged ester and aldehyde components using preparative 
thin-layer chromatography, and the purified products analyzed 
by mass spectrometry in order to assess the extent of deuterium 
incorporation in the reaction products. The ratio of the parent 
ion of the protiated (mle 262) and deuterated (mle 268) esters 
was found to be 22.0:5.6. This ratio is consistent wth 20% 
deuteration of the vinyl methyl groups of 14. 

A similar analysis of the rearranged aldehyde established 
that the vinyl methyl groups of 2 were now 37% deuterated. 
Control experiments were performed in order to ensure that the 
observed scrambling was a result of only the primary fragmen- 
tation process. A mixture of deuterated aldehyde 7 and rear- 
ranged ester 14 was thermalized at 160°C for 4 h. In a second 
experiment a mixture of rearranged deuterated aldehyde 22 and 
protiated ester 14 was also thermolyzed under the same condi- 
tions. Analysis of the products of both control reactions by 
mass spectrometry revealed that no crossover products had 
been formed in either case. 

FIG. 7. Dependence of temperature of the rate constants for the 
rearrangements of 1, 4, 6, 8, and 9. 

The rearrangement of aldehyde 1 was also carried out in 
perdeuterio N,N-dimethylformamide (DMF-d,). The rate of 
rearrangement of 1 was found to change by a factor of less than 
1.5 with this drastic change in solvent from decane to DMF-d,. 
The demonstrated intermolecular nature of the rearrangement, 
combined with the lack of any significant solvent effect, is 
clearly inconsistent with the rearrangement being accompanied 
by any charge separation in the transition state and thus the 
ionic process may be ruled out.' In order to confirm the pro- 
posed intermediacy of free-radical intermediates in the rear- 
rangement, further evidence (both chemical and spectroscopic) 
was sought. It had been noted that the reaction product fol- 
lowing thermolysis of ester 9 often contained a small (<3%) 
amount of methyl 2,2-bis(ethy1thio)acetate. The formation of 
this compound is consistent with hydrogen atom abstraction 
from the solvent or other source by the proposed radical inter- 
mediate. Thermolysis of the more readily available aldehyde 1 
was accordingly carried out in the presence of cumene in an 
attempt to intercept any radical intermediates. Although the 
rearrangement proceeded as usual, no evidence of hydrogen 
abstraction products was observed. However, when a superior 

'The above conclusion is based on the assumption that there is no 
secondary steric influence (linear nitrile vs. bent aldehyde and ester 'See ref. 24 for an alternate view of the mechanistic significance of 
substituents) on the rates of rearrangements of these compounds. the lack of a solvent effect on the rate of a reaction. 
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hyperfine couplings of 1.80 and 1.60 G,  respectively, and an 
aldehydic hydrogen (1.90 G)  coupled to a radical, produces a 

T I M E .  seconds x 1 6 ~  

FIG. 8. Solvent effect on the rate of rearrangement of 1 at 140°C. 
k (decane) = 4.51 X lo-' sC ' ;  k(DMF-d,) = 6.52 x loC5 s- ' .  

hydrogen atom donor, 1,4-cyclohexadiene, was substituted for 
cumene the reaction mixture (2.5 h, 145"C, ca. one half-life) 
contained approximately 45% unreacted starting material, 25% 
rearranged aldehyde 2, and 30% 2,2-bis(ethy1thio)ethanal. 
Thus more than half of the proposed radical intermediate 12 
had been trapped by the hydrogen donor solvent. This result is 
consistent therefore both with the free-radical as well as the 
intermolecular nature of the rearrangement. 

T w o  of the most widely used techniques for the spectro- 
scopic detection of free radicals are Chemically Induced 
Dynamic Nuclear Polarization (CIDNP) and electron spin 
resonance (esr) spectroscopy (25). Both techniques were em- 
ployed in an attempt to further confirm the radical nature of the 
rearrangement process. 

The CIDNP technique is based on the perturbation of the 
'H  nmr signal intensity by free radicals in the system. No 
enhancement of any 'H nmr signals was observed when a 
solution of 1 in decahydronaphthalene-d18 was heated at 170°C 
in the probe of an ' H  nmr spectrometer. However, lack of 
CIDNP enhancement does not rule out the possibility of radical 
intermediates being involved in the rearrangement. 

When a solution of 1 in tetradecane was heated at 150°C in 
the cavity of an esr spectrometer a strong esr signal was ob- 
served (Fig. 9). This signal consisted of an apparent six-line 
spectrum with a hyperfine coupling of approximately 1.7 G.  
The line shape and hyperfine coupling were clearly inconsistent 
with a signal arising from the dimethylallyl radical 13 (26). 
However, the four hydrogens of the methylene groups and the 
aldehydic hydrogen of the radical 12 would be expected to 
couple to the free radical to produce the observed spectrum. 
The methylene hydrogens can interact with the free radical 
since considerable delocalization of the free radical onto the 
sulfur atom through a p n - d n  interaction is expected. The  
observed hyperfine coupling constant (1.7 G)  is within the 
range expected for such a system. For example, the methyl 
protons of the methyl sulphide free radical have a hyperfine 
coupling constant of 3.25 G (27) and the aldehydic hydrogen 
of the ethanal free radical experiences a hyperfine coupling of 
ca.  0.5 G (28). Several unsuccessful attempts were made to 
record an esr spectrum of radical 13 during the rearrangement 
of aldehyde 1. 

Indeed, a computer simulation of the observed spectrum, 
assuming two pairs of diastereotopic methylene hydrogens with 

spectrum virtually identical to that observed experimentally. 
Electron spin resonance signals were also observed during the 
thermolyses of nitrile 8 (Fig. 10) and ester 9 (Fig. l I).  Com- 
puter simulation of these signals (nitrile: methylene hyperfine 
couplings of 1.17 and 1.55 G ,  nitrogen hyperfine coupling of 
2.50 G ;  ester: methylene hyperfine couplings of 1.50 and 
1.70 G, methyl hyperfine coupling of 0.80 G) also yielded 
excellent agreement with the experimentally obtained spectra. 

The lack of observation of an esr signal for the dimethylallyl 
radical 13 as  well as the cleanness, i.e., no random coupling 
products, of this clearly intermolecular rearrangement is incon- 
sistent with the formation of a large number of radical pairs via 
homolysis of 1. However, the initial homolytic cleavage of a 
small number of molecules, followed by attack of the thioketal 
radical 12 on a molecule of 1 at the vinyl position in a chain 
reaction, is consistent with all of the available data. The reac- 
tion between 12 and 1 would result in the release of a fresh 
chain-carrying radical 12 as well as the concomitant inversion 
of the alkene side chain during the formation of the rearrange- 
ment product 2 (Fig. 12). 

O n  the basis of the sign and magnitude of the entropy of 
activation for the reaction, the lack of any significant solvent 
effect, the trends arising from electronic perturbation of the 
system, and the spectroscopic observations, we propose that 
the compounds under study undergo a thermally induced 
homolytic cleavage to form two stabilized radicals, a tertiary 
allylic fragment and a capto-dative stabilized fragment. This 
latter radical then initiates a smooth, intermolecular chain 
reaction, which results in the formation of the product of an 
apparent [1,3] sigmatropic rearrangement. 

Experimental 
General 

All reactions were carried out under an argon or nitrogen atmos- 
phere. Stirring was accomplished using Teflon-coated magnetic 
stirring bars. Tetrahydrofuran was freshly distilled from sodium 
benzophenone ketal under a nitrogen atmosphere. All extraction, 
chromatography, and reaction solvents were distilled before- use. 
Petroleum ether refers to the 30-60°C boiling fraction. 

All temperatures are stated in degrees Cels~us. Molecular distilla- 
tions were performed by means of a Biichi Kugelrohr apparatus. 
Proton magnetic resonance ('H nmr) spectra were obtained on one or 
more of the following instruments: Varian Associates T-60, EM- 
360L, and HA-100. Spectra were recorded in deuteriochloroform or 
carbon tetrachloride solution with tetramethylsilane as an internal 
reference. Chemical shifts are reported on the 6 scale. The multi- 
plicity, integrated peak area, and coupling constants in Hertz (Hz) (if 
observable) are indicated in parentheses after each signal. Infrared 
spectra were recorded as liquid films using a Perkin-Elmer 700 
spectrometer, and were calibrated with the 1601 cm-' band of poly- 
styrene. High resolution mass spectra were obtained using an AEI 
MS-50 mass spectrometer. Electron spin resonance (esr) spectra were 
recorded on an instrument that consisted of a variable temperature 
30-cm Varian magnet with an Mk I1 field-dial control, a Hewlett- 
Packard Klystron power supply and sweep unit, and a home-built AFC 
and 100-kHz modulation unit with an Ithanco 391A phase-lock am- 
plifier, which was typically operated at 3210.0 * 12.5 G, 2-5 mW 
microwave power, and 0.5 G modulation at 100 kHz. Computer 
simulations were executed using techniques described in ref. 29. Ele- 
mental analyses were performed at the Microanalytical Laboratory, 
University of British Columbia. 

Merck Silica Gel HF-254 was used for preparative thin-layer 
chromatography while Merck pre-coated tlc sheets Silica Gel 
60F-254 were used for analytical thin-layer chromatography. Florisil 
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BATES AND RAMASWAMY 

FIG. 9. The esr spectrum recorded during thermolysis of 1 (150°C) (smooth curve = simulated spectrum). 

FIG. 10. The esr spectrum recorded during thermolysis of 8 (160°C) (smooth curve = simulated spectrum). 

(100-200 mesh) and Merck Silica Gel 60 (230-400 mesh) were used 
for column chromatography. All chromatography solvent systems are 
expressed in ratios by volume. 

Analytical gas chromatography was carried out on a Hewlett- 
Packard model 5830-A chromatograph equipped with 1.8 m X 0.3  cm 
columns packed with 3% OV-17 or 3% OV-IOl or 5% Carbowax. 

Thermolyses were conducted in 'H nmr tubes or small ampoules 
heated in an insulated, stirred oil bath that was heated by means of an 
immersed Nichrome heater. Temperature control was achieved using 
an I'R Thermowatch controller model L7-I 100B that had been rnod- 
ified for use with a 0-300°C mercury contact thermometer supplied 
by SGA Scientific, Inc. The temperature control is estimated to be 
+ 1°C. 

The following abbreviations are used in the description of the 
multiplicity of each signal in the 'H nmr spectrum: s = singlet, 
d = doublet, t = triplet, q = quartet, sept = septet, m = multiplet, 
dd = doublet of doublets, dt = doublet of triplets, dm = doublet of 
multiplets, b = broad. 

The following experimental description illustrates the general pro- 
cedure that was used to prepare the non-commercially available allylic 
bromides required for the synthesis of the rearrangement precursors 
and their products. 

I-Brorno-3-ethylpenf-2-erle 
Magnesium turnings, 5 g (208 mmol), stirred in 10 mL of tetra- 

hydrofuran were activated by the addition of a few drops of 1,2- 
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FIG. I I. The esr spectrum recorded during thermolysis of 9 (160°C) (smooth curve = simulated spectrum). 

EtS 
2 + 

12 

FIG. 12. Proposed free radical chain mechanism for the rear- 
rangement of 1 into 2. 

dibromoethane. Then 15 g (127 mmol) of bromoethene was added 
over 0.5 h at such a rate as to maintain a gentle reflux. An additional 
50 mL of tetrahydrofuran were added when the reaction was pro- 
ceeding well. It was necessary to occasionally cool the reaction 
mixture in an ice bath in order to moderate the reaction. After the 
addition of the bromoethene was conlplete the reaction mixture was 
stirred for a further 1 h before an additional 50 mL of tetrahydrofuran 
were added. The reaction mixture was cooled to O°C, and 15 g (1 04 
mmol) of 3-pentanone were added over 0.5 h. The reaction mixture 
was stirred for an additional 1 h and then quenched with aqueous 
saturated NH,CI. The reaction mixture was diluted with 200 mL of 
ethyl ether, washed with 2 X 40 mL of H20, and dried (MgS04). The 
solvent was evaporated under reduced pressure to afford 10.5 g (92%) 
of 3-ethyl-4-penten-3-01. '' 

A mixture of 5.7 g (50 mmol) of the 3-ethyl-4-penten-3-01 prepared 
above and 8 g (ca. 100 mmol) of aqueous 48% HBr in 100 mL of 
pentane was stirred vigorously for 2 h. The reaction mixture was 
transferred to a separatory funnel and the aqueous phase was removed. 
The organic phase was washed with 2 x 25 mL of H,O and dried 
(MgSO,). The solvent was evaporated under reduced pressure at O°C 
and the residual oil molecularly distilled to afford 5.9 g (66%) of 
I-bromo-3-ethylpent-2-ene as a colourless liquid that was stored at 
-15°C until further use; bp (molecular distillation) 60°C/10 Torr 
(1 Tom = 133.3 Pa); infrared: 1650 cm-'; 'H nrnr (CDC13) 6: 1.00 
( t , 3 , J =  7), 1 . 03 ( t , 3 , J=7 ) , 2 . 13 (m,4 ) , 4 . 05 (d ,2 , J=  8),5.48 
(bt, 1, J = 8). Mol. Wt. calcd. for C7Hl,BrX': 178.0162; found: 
178.0160. 

Standard procedure for the preparation of' compounds I and 3-8 
These compounds were prepared by a modification of the procedure 

of Ogura et al. (18). 
A mixture of 10 mmol of the diethylthioketal, 10 mmol of the allylic 

bromide, and 15 mmol of Li2C03 in 5 mL of N,N-dimethylforrnamide 
was stirred for 1-6 days under a nitrogen atmosphere. The reaction 
mixture was diluted with petroleum ether, washed several times with 
H20, and dried (MgS04). The solvent was evaporated under reduced 
pressure and the product purified by flash chromatography on silica 
gel using 10% ethyl acetate in petroleum ether (v/v) as the eluting 
solvent. 

2,2-Bis(ethy1thio)-3,3-dimethylpent-4-en (I): bp (molecular dis- 
tillation) 80°C/0. 1 Tom; infrared: 17 10 cm-'; 'H nrnr (CCIJ 6: 1.20 
( t , 6 ,  J = 7), 1.25 ( s , 6 ) , 2 . 4 9 ( d q , 2 , J  = 11.5, 7) ,2 .64(dq,2 ,  
J =  11.6,7),5.00(dd, l , J =  18, 1.5),5.02(dd, l , J =  10, 1.5), 
6.10 (dd, 1, J = 18, lo), 9.20 (s, 1). Anal. calcd. for CIIH200S, 
(232.410): C 56.85, H 8.67, S 27.59; found: C 56.55, H 8.65, 
S 27.33. Mol. Wt. calcd. for CI  IH200S2: 232.0956; found: 232.0944. 

2,2-Bis(ethy1thio)-3-rnethylpent-4-enal (3): bp (molecular dis- 
tillation) 80°C/0.1 Torr; infrared: 1710 cm-'; ' H  nmr (CCI,) 6: 1.18 
( d , 3 , J =  7), 1 . 2 ( t , 6 , J = 7 ) , 2 . 5 ( m , 4 ) , 2 . 6 7 ( m , l ) , 4 . 9 8 ( m ,  I), 
5.00 (m, I), 5.9 (m, I), 9.0 (s, I). Anal. calcd. for CllHltrOS2 
(218.381): C 55.00, H 8.31, S 29.36; found: C 55.26, H 8.50, S 
29.15. Mol. Wt. calcd. for CloH1nOSz: 218.0799; found: 218.0801. 

2,2-Bis(ethy1thio)-3-phenylpent-4-enal (4): bp (molecular dis- 
tillation) 80°C/0. 1 Torr; infrared: 1715 cm-'; 'H nrnr (CC1,) 6: 1.1 
( t ,3 ,  J = 7), 1.17(t ,3,  J = 7),2.37(m,4),4.9(d,  I J = 8),5.03 
(dd, l , J =  17, 1.5),5.17(dd, 1 , J =  11, 1.5),6.33(ddd, l , J =  17, 
11, 8), 7.17 (m, 5), 9.00 (s, I). Anal. calcd. for CIsH200S2 (280.453): 
C 64.24, H 7.19, S 22.86; found: C 64.06, H 7.09, S 22.63. Mol. Wt. 
calcd. for C15H200SZ: 280.0955; found: 280.0962. 

2,2-Bis(ethy1thio)-3,3-diethylpent-4-ena (5): infrared: 1705 cm-'; 
'H nmr (CDCI,) 6: 0.75 (t, 6, J = 6.5), 1.15 (t, 6, J = 7), 1.73 (dq, 
2 , J  = 14, 6.5), 1 .88(dq,2 ,J  = 14,6.5) ,2.40(dq,2,J  = 13.7), 
2.59 (dq, 1, J = 13.7), 5.02 (dd, 1, J = 18, 1.5), 5.21 (dd, 1, J = 
11, IS ) ,  5.91 (dd, 1, J = 18, l l ) ,  9.34 (s, I). Anal. calcd. for 
CI3HZ40SZ (260.464): C 59.95, H 9.29, S 24.62; found: C 59.38, H 
9.38, S 24.90. Mol. Wt. calcd. for C13H2,0S,: 260.1269; found: 
260.1267. 

2,2-(1',3'-Propanedithio)-3,3-dimethylpent-4-enal (6): bp 90°C/ 
0.1 Torr (lit. (30) bp 123"C/1 Torr); infrared: 17 10 cm-'; 'H nrnr 
(CDCI,) 6: 1.3 (s, 6), 1.5-2.1 (m, 2), 2.3-3.2 (m 4), 5.01 (dd, I ,  
J = 17, 1.5),5.05 (dd, 1, J = 10, 1.5),6.1 (m, 1),9.3 (s, 1). 
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2,2-Bis(etl1ylthio)-3,3-bis(trideuterimmhyl)pent-4-enal (7): bp 
(molecular distillation) 80°C/0.1 Torr; infrared: 1710 cm-'; ' H  nmr 
(CDCI,) 6: 1.22 (t, 6, J = 7), 2.6 (m, 4), 5.08 (dd, 1, J = 18, 1.5), 
5.13 (dd, 1, J = 10.5, IS ) ,  6.08 (m, I), 9.35 (s, I). Mol. Wt. calcd. 
for C I  I H ~ ~ D ~ O S Z :  238.1328; found: 238.1330. 

2,2-Bis(ethylthio)-3,3-rlimethylpent-4-enenitrile (8): bp (molecular 
distillation) 80°C/0. 1 Torr; infrared: 2240 cm-' ' H  nmr (CDCI?): 6: 
1.31 (t, 6, J = 7), 1.36(s, 6), 2 . 87 (q ,4 ,  J = 7), 5.22 (dd, 1, 
J =  18, 1 ) ,5 ,22(dd ,J=  10, l),6.14(dd, l , J =  18, IO).Anal.calcd. 
for CIIHl9NSz (229.41): C 57.59, H 8.35, N 6.11; found: C 57.90, 
H 8.40 N 6.00. Mol. Wt. calcd. for CIIHIYNSZ: 229.0959; found: 
229.0959. 

Methyl 2,2-bis(ethy1thio)-3,3-dimethylpent-4-en (9) 
To a solution of 0.292 g (ca. 1.5 mmol) of AgBF4 in acetonitrile 

was added 0.30 g (1.55 mmol) of methyl 2,2-bis(ethy1thio)acetate 
(3 I )  followed by 0.19 g (1.25 mmol) of I-bromo-3-methylbut-2-ene. 
An immediate yellow precipitate resulted. The reaction mixture was 
stirred for 3 h at room temperature and then 0.300 g (ca. 2 mmol) of 
diazabicyclo[3.3.0]undecene was added and the reaction mixture was 
stirred for an additional 3 h. 'The reaction mixture was diluted with 
petroleum ether and centrifuged. The clear organic phase was washed 
with 2 X 2 mL of aqueous 2 N HCl, 2 mL of H1O, and dried (MgS04). 
The solvent was evaporated under reduced pressure to afford a pale 
yellow oil, which upon flash chromatography on silica gel using 5% 
ethyl acetate in petroleum ether (v/v) as the eluting solvent afforded 
0.1 17 g (42%) of compound 9; bp (molecular distillation) 80"C/O. 1 
Torr infrared: 1727 cm-'; 'H nmr (CDCI?): 6: 1.18 (t, 6, J = 7), 1.24 
(s, 6), 2.63 (q, 4, J = 7), 3.72 (s, 3), 5.02 (dd, I, J = 18, I), 5.02 
(dd, I, J = 10, I), 6.17 (dd, 1, J = 18, 10). Anal. calcd. for 
CI2HzzOzSz (262.437): C 54.92, H 8.45, S 24.44; found: C 54.67, H 
8.55, S 24.17. Mol. Wt. calcd. for CIZH1102S1: 262.1061; found: 
262.1066. 

The reference standards for the products of the rearrangement were 
prepared according to procedures developed in this laboratory and 
published previously (aldehydes, ref. 6; nitrile, ref. 20). The fol- 
lowing data are for previously unreported compounds. 

2,2-Bis(ethylthio)-5-methyl-d.3-hex-4-ena/-6-d (22): bp (molecular 
distillation) 7OoC/O. I Torr infrared: 1715 cm-'; 'H nmr (CDCI?): 6: 
1.23(t,  6, J = 7), 2.55 (q ,4 ,  J = 7), 2.58 (d, 2, J = 6.5), 5.28 
(t, 1, J = 6.5), 9.05 (s, 1). Mol. Wt. calcd. for CIIHIIOD~SZ: 
238.1332; found: 238.1332. 

Methyl 2,2-bis(ethy1thio)-5-methylhex-4-enoate (14): bp (molecular 
distillation) 80°C/0. 1 Torr; infrared: 1730 cm-'; ' H  nmr (CDCI,): 6: 
1 . 2 5 ( t , 6 , J = 7 ) ,  1.66(s,3), 1 . 7 4 ( d , 3 , J =  1 ) , 2 . 6 6 ( q , 4 , J = 7 ) ,  
2.70 (d, 2, J = 7), 3.78 (s, 3), 5.23 (tm, I, J = 7, 1). Anal. calcd. 
for CzoHz202S2 (262.437): C 54.92, H 8:45, S 24.44; found: C 55.20, 
H 8.49, S 24.22. Mol. Wt. calcd. for C20H220zS2: 262.1061; found 
262.1067. 

2,241 ',3'-Propanedithio)-5-methylhex-4-enal (21) 
This compound was prepared in 64% overall yield by modification 

of the metalloenamine procedure (6) usine 2,2-(l1,3'-propanedithio)- 
ethanal (32) as the starting material; bp (molecular distillation) 
80"C/O.1 Torr; infrared: 1715 cm-'; 'H nmr (CDC1,): 6: 1.61 (s, 3), 
1.66 (d, 3, J = IS ) ,  2.02 (m, 2), 2.54 (m, 4), 3 (m, 2), 5.12 (tm, 
I), 9.04 (s, I). Anal. calcd. forCIOHlh02 (216.367): C 55.51, H 7.45, 
S 29.64; found: C 55.77, H 7.55, S 29.38. Mol. Wt. calcd. for 
CIOH160S2: 216.0643; found: 216.0641. 

Kinetic studies on the rearrangements of 1, 4, 6, 8 ,  and 9 
Aldehydes 1 ,  4 ,  and 6 
A solution of 0.04 g of freshly purified aldehyde in 0.300 mL of 

freshly distilled tetradecane (or decane or N, N-dimethylformamide- 
d,) in a 'H nmr tube, which has been dried at 1200C and cooled in a 
stream of argon, was degassed by bubbling argon through the solution 
for 0.5 h. The tube was capped with a rubber serum cap carrying an 
inlet needle for argon and the tube was placed in a constant- 
temperature oil bath. The tube was periodically removed from the oil 
bath and immersed immediately in an ice-water bath to quench the 

reaction. The reaction progress was analyzed by 'H nmr spectroscopy. 
Nitrile 8 and ester 9 
The relative gas chromatographic detector responses of the starting 

materials and the products were established by injecting aliquots of 
known mixtures of the starting material and products. 

A solution of 0.005 g of the compound in 0. I00 mL of tetradecane 
in a 4 cm x 0.5 cm tapered ampoule, which had been dried at 120°C 
and cooled in a stream of argon, was degassed by bubbling argon 
through the solution for 0.5 h. 'The ampoule was fitted with a rubber 
serum cap carrying an inlet needle for argon and the ampoule was 
immersed in a constant temperature oil bath. Sample aliquots were 
removed peridically using a microsyringe and the samples analyzed by 
gas chromatography to determine the progress of the reaction. 

Crossover experiments 
A solution of 0.012 g (0.05 mmol) of aldehyde 7 and 0.026 g 

(0. I mmol) of ester 9 in 0.300 mL of freshly distilled tetradecane in 
a tube was degassed by bubbling argon through the solution for 
0.5 h. The tube was fitted with a rubber serum cap fitted with an inlet 
needle for argon and was heated at 1 60°C for 4 h. 'The reaction mixture 
was cooled and then transferred onto a 10-g column of Florisil. Initial 
elution of the column was performed with 50 mL of petroleum ether 
in order to elute the hydrocarbon solvent. Then elution with 5% ethyl 
acetate in petroleum ether (v/v) provided a mixture of the reaction 
products. The mixture was separated by preparative thin-layer chro- 
matography on silica gel using 10% ethyl acetate in petroleum ether 
(v/v) as the eluting solvent to provide 0.007 g of the rearranged 
aldehydes, and 0.012 g of the rearranged esters. 

Aldehyde mixture 
High resolution mass spectrometry: 

m/e % Intensity 

238. I327 (CI I H I ~ O S Z D ~ ) ( M * ~ )  9.0 
232.0957 (C I I HzOOSz)(MC) 5.2 

Ester mixture 
High resolution mass spectrometry: 

m/e % Intensity 

Control experiments 
I. A solution of 0.012 g (0.05 mmol) of aldehyde 7 and 0.026 g 

(0.1 mmol) of ester 14 in tetradecane was heated at 160°C for 4 h and 
worked up as above to provide 0.08 g of aldehyde 22 and 0.018 g of 
ester 14. 

2. The above experiment was repeated with 0.012 g (0.05 mmol) 
of aldehyde 22 and ester 14. 

In neither case were any crossover products observed by 'H nmr or 
mass spectral analysis. 

Trapping experiment 
A solution of 0.232 g (1.0 mmol) of aldehyde 1 in 2.0 mL of 

1,4-cyclohexadiene and 2.0 mL of freshly distilled decane in a thick- 
walled glass tube was degassed with argon and sealed. The tube was 
heated at 145°C for 2.5 h, cooled to O°C, and opened. The reaction 
mixture was concentrated by evaporation at water aspirator pressure to 
remove the 1,4-cyclohexadiene and any benzene formed in the reac- 
tion. An ' H  nmr spectrum (6 3.0- 1 1  .O) of the reaction mixture 
indicated that it consisted of a clean mixture of starting aldehvde 1 
(45%), rearranged aldehyde 2 (25%), and 2,2-bis(eth3thio)ejhanal 
(30%). 

Acknowledgements 
This work was supported by the Natural Sciences and 

Engineering Research Council of Canada and in part by a 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



754 CAN.  J .  CHEM. VOL. 63. 1985 

Cottrell Research Grant provided by the Research Corporation. 
'The authors wish to thank Professor F. G.  Herring, University 
of British Columbia, for recording and simulating the esr 
spectra reported herein, and Professor J .  E. Baldwin, Oxford 
University, for helpful discussions regarding the proposed 
chain reaction nature of the rearrangement. 

I. C. W. SPANGLER. Chern. Rev. 187 (1976). 
2. R. C. COOKSON and J. E. KEMP. J. Chern. Soc. Chern. Cornrnun. 

385 (1971). 
3. J. E. BALDWIN and R. E. HACKLER. J. Am. Chern. Soc. 91. 3646 

(1969); J .  E. BALDWIN and J .  E. BROWN. J. Am. Chern. Soc. 91, 
3647 (1969); J. E. BALDWIN, J. E. BROWN, and R. W. CORDELL. 
J. Chern. Soc. D, 31 (1970); J. E. BALDWIN and C. H. 
ARMSTRONG. J. Chern. Soc. D, 631 (1970); J. E. BALDWIN, 
W. F. ERICKSON, R. E. HACKLER, and R. M. SCOTT. J .  Chern. 
Soc. D, 576 (1970); J .  E. BALDWIN, J .  DEBERNARDIS, and J .  E. 
PATRICK. Tetrahedron Lett. 353 (1970); J .  E. BALDWIN and J. A. 
WALKER. J .  Am. Chern. Soc. 96, 596 (1974). 

4. R. W. JEMISON, T. LAIRD, W. D. OLLIS. and I. 0 .  SUTHERLAND. 
J. Chern. Soc. Perkin Trans. 1, 1450 (1980). 

5. G. S. BATES and S. RAMASWAMY. Can. J. Chern. 59, 3120 
(1981). 

6. G. S. BATES and S. RAMASWAMY. Can. J. Chern. 61, 2466 
(1983). 

7. J .  W. TIMBERLAKE, A. W. GARNER, and M. L. HODGE. Tetrahe- 
dron Lett. 309 (1973). 

8. A. OHNO and Y. OHNISHI. Tetrahedron Lett. 4405 (1969). 
9. H. G. VIEHE, R. MURENHI, L. STELLA, and Z. JANOUSEK. 

Angew. Chern. Int. Ed. Eng. 18, 917 (1979). 
10. R. B. WOODWARD and R. HOFFMANN. The conservation of or- 

bital symmetry. Academic Press, New York, NY. 1970. 
I I .  E. G. FOSTER, A. C. COPE and F. DANIELS. J. Am. Chern. Soc. 

69, 1893 (1947). 
12. G. R. ALDRIDGE and G. W. MURPHY. J. Am. Chem. Soc. 73, 

1158 (1951). 
13. H. M. FREY and R. K. SOLLY. Trans. Faraday Soc. 64, 1858 

(1968). 

14. W, vON E. DOERING and E. K. G. SCHMIDT. Tetrahedron, 27, 
2005 (1971). 

15. R. STEWART. The investigation of organic reactions. Prentice- 
Hall, Inc., Englewood Cliffs, NJ. 1966. pp. 74-76. 

16. D. C. WIGFIELD and S. FEINER. Can. J. Chern. 48, 855 (1970). 
17. J. E. BALDWIN, R. E. HECKLER and D. P. KELLY. Chern. Corn- 

rnun. 537 (1968); 538 (1968). 
18. K. OGURA, S. FURUKAWA, and G .  TSUCHIHASHI. J. Am. Chern. 

SOC. 102, 2125 (1980). 
19. H. REICH and M. L. COHEN. J. Am. Chern. Soc. 101, 1307 

( 1979). 
20. G. S. BATES and S. RAMASWAMY. Can. J. Chem. 61, 2006 

(1983). 
21. H. EYRING. J. Chern. Phys. 3, 107 (1935); W. F. K. WYNNE- 

JONES and H. EYRING. J .  Chern. Phys. 492 (I 935); A. J. GORDON 
and R. A. FORD. The chemist's companion. John Wiley and 
Sons, Inc., New York, NY. 1972. p. 136. 

22. A. STREITWIESER, JR., and C. H. HEATHCOCK. Introduction to 
organic chemistry. 2nd ed. Macrnillan Publishing Company, 
Inc., New York, NY. 1981. p. 558. 

23. J. M. DUST and D. R. ARNOLD. J. Am. Chern. Soc. 105, 1221 
(1983) and subsequent corrections; J. Am. Chern. Soc. 105,653 1 
(1983). 

24. D. C. WIGFIELD and B. LEM. Tetrahedron, 31, 9 (1975). 
25. T. H. LOWRY and K. S. RICHARDSON. Mechanism and theory in 

organic chemistry. Harper Row, New York, NY. 1976. Chapt. 9. 
26. R. E. LINDER, D. L. WINTERS, and A. C. LING. Can. J .  Chern. 

54, 1405 (1976). 
27. P. J .  KRUSIC and J .  K. KOCHI. J .  Am. Chem. Soc. 93, 846 

(1971). 
28. R. LIVINGSTON and H. ZELDES. J. Am. Chem. Soc. 88, 433 

( 1966). 
29. P. S. PHILLIPS and F. G. HERRING. J. Magn. Reson. 57, 43 

(1984). 
30. S. R. WILSON and J. MATHEW. Synthesis, 625 (1980). 
31. L. M. LERNER. J .  Org. Chem. 41, 2228 (1976). 
32. A. I. MEYERS and R. C. STRICKLAND. J .  Org. Chern. 37, 2579 

(1972). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Indium(II1) compounds with the 2-[(dimethylamino)methyl]phenyl ligand 

RICHARD S.  STEEVENSZ A N D  DENNIS G. TUCK 
Department of Chemistry, University of Windsor, Windsor, Ont., Canada N9B 3P4 

AND 

HARRY A.  MEINEMA A N D  JAN G. NOLTES 
Institute of Applied Chemistry, TNO, P.O. Box 5009, 3502 JA Utrecht, The Netherlands 

Received May 9, 1984 

RICHARD S. STEEVENSZ, DENNIS G. TUCK, HARRY A. MEINEMA, and JAN G. NOLTES. Can. J. Chem. 63, 755 (1985). 
The syntheses of the arylindium compounds LJnX (X = CI, I), LJnR (R = CH,, CGHs), L,ln and LzInSnPh, 

(L = 2-[(dimethylamino)methyl]phenyl) are reported. The pathway of the redistribution reactions involving InCI, and L,In are 
discussed. Mass and 'H nmr spectra are reported. 

RICHARD S. STEEVENSZ, DENNIS G. TUCK, HARRY A. MEINEMA et JAN G. NOLTES. Can. J. Chem. 63, 755 (1985). 
On rapporte la synthttse de composCs arylindium des types L21nX (X = C1, I), L21nR (R = CH3, C&), L31n et L,lnSnPh3 

(L = [(dimCthylamino)mCthyl]-2 phCnyle). On discute des voies des rkactions de redistribution impliquant le InCI3 et le L31n. 
On rapporte les spectres de masse et de rmn du 'H. 

[Traduit par le journal] 

Introduction 
This paper, and those published earlier (1, 2), represent the 

intersection of studies of complexes with the bidentate 
2-[(dimethylamino)methyl]phenyl ligand (= L) on the one 
hand, and investigations of the chemistry of indium on the 
other. The coordination chemistry of organoindium(II1) com- 
pounds and their complexes has been of considerable recent 
interest, and four-, five-, and six-coordinate species are now 
known (3). We have recently reported the preparation and 
X-ray crystallographic study of the five coordinate LzInCl ( I ) ,  
and nmr investigations have established the fluxional behaviour 
of this and related molecules in solution (2). 

The present investigation has focussed on the preparation of 
LJn, L21nR (R = CH3, C6H5), and the use of LJnCI as a 
starting point in the synthesis of In-M bonds. 

Experimental 
General 

All solvents were purified and dried over sodium. Reactions were 
carried out under dry nitrogen. Nuclear magnetic resonance spectra 
were obtained on JEOL C60HL, Varian EM360, or Bruker CXP- I00 
spectrometers, using tetramethylsilane as internal standard. Infrared 
spectra were run on a Beckman IR-12 spectrometer, using KBr or Csl 
cells, and mass spectra on a Varian MAT CH-5DF instrument 
operating in the field desorption (FD) or electron impact (El) modes. 
The lithiation of (dimethy1amino)methylbenzene (HL) followed the 
procedure described elsewhere (4, 5). 

Preparation of tris(2-[(dimethylamino)methyl]phenyl}indiu~n (LJn)  
Indium(lI1) chloride (1 g, 5.0 mmol) was added to a fresh prepara- 

tion of LiL (22 mmol) in 60 mL diethyl ether. The reaction mixture 
was stirred for a period of 3 h, after which the white suspension was 
filtered and the ether solution evaporated to dryness. The sticky solid 
residue was redissolved in benzene, filtered, and the solution concen- 
trated to give a quantitative yield of In[CGH4CH2N(CH,),-21, as 
colourless crystals which were washed with cold petroleum ether 
(30-60°C) and dried in vacuo. Anal. Calcd.: In 22.2; found: In 21.9. 
Nuclear magnetic resonance results are given in Table 1. 

Preparation of bis(2-[(dimethylamino)methyl]phenyl}indium chloride 
(LdnCl) (0 

(a )  Freshly prepared LiL (0.22 mol) was added dropwise over 
45 min to a suspension of indium(II1) chloride (24.0 g, 0.1 l mol) in 
100 mL of diethyl ether. An exothermic reaction was observed during 
the addition, resulting in a brown suspension. The mixture was stirred 

for 24 h at room temperature, after which the light brown mixture was 
filtered and the residue washed with benzene (3 X 100 mL). The 
volume of the agglomerated benzene phase was reduced to 50 mL, and 
the white solids which formed were collected, washed with cold 
petroleum ether (30-6O0C), and dried in vacuo. The benzene filtrate 
was further reduced in volume and again treated with petroleum ether, 
resulting in additional solid. A total yield of 32.0 g (74%) of 
Clln[C6H4CH2N(CH3)& was obtained. Melting point 190- 19 1°C. 
Anal. calcd.: In 27.4, C1 8.48; found: In 27.6, CI 8.39. The nmr 
spectrum is tabulated in Table 1. 

(b) Solid InC1, was added to a solution containing InL, in 30 mL 
diethyl ether. In the initial stage of the reaction, InC1, was seen to 
dissolve but after 24 h at room temperature, LzInCl was present as a 
suspended crystalline product which was separated by vacuum 
filtration and dried in vacuo. When the quantities of InCI, (0.37 g, 
1.7 mmol) and L31n (1.7 g, 3.3 mmol) corresponded to those required 
for the process InCI, + 2L31n -+ 3L,lnC1, the yield of L21nCl was 
essentially quantitative. In a later experiment, InCl, (1.50 g, 6.8 
mmol) was used in excess over L31n (1.09 g, 2.1 mmol), but L21nCl 
was the only product isolated and no evidence was obtained for the 
presence o f ~ ~ l n ~ l ~  in the reaction mixture. 

Preparation of bis(2-[(dirnethylamino)methyl]phenyl} indium iodide 
(Lrlnl) 

A solution of 1111, (5.0 g, 2.0 mmol) in diethyl ether (30 mL) was 
treated with 2 equiv. of freshly prepared LiL in the same solvent 
(24 h, room temperature). The colour of the InI, solution underwent 
a series of changes following the addition of LiL, from light yellow 
through red and then brown to a final colourless solution. The final 
isolation of L,lnl followed the method used for L21nC1. Anal. calcd. 
for CzoHz4NInl: In 22.1, 1 24.4; found: In 22.2, 1 23.8. 

Preparation of bis{2-[(dimethylamino)methyl]phenyl~methyl indium 
(L21nMe) 

A suspension of L,lnCI (0.46 g, 1.10 mmol) in 50 mL diethyl ether 
was treated with methyllithium (1.2 mmol) in diethyl ether, added in 
one operation at room temperature. The solid L21nCI immediately 
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TABLE 1. ' H  nmr spectra of indium complexes and related compounds at 35°C (ppm from TMS) 

Other 
ortho- phenyl 

Compound Solvent N(CH1); CH; ChH4 Other 

"All sharp singlets. 
"Mid-point of multiplet. 
"Not observed as separate resonance. 
"Freshly prepared solution. 
"Relative intensities in parentheses. 

TABLE 2. Mass spectra of indium complexes 

Principle ion" 
Method of 

Compound ionisation" m l e  Formula Other important ions, and tentative identification 

LBr El 170, 172 C7H7Bri 
L21nCI EI 28 C2H4+ 

L21nCI FD 417 [L21nCI - HI' 
LzlnCH3 FD 383 L21n' 
L21nChHs FD 383 LJn' 
Li[L21n(CH3)2] FD 383 Lzln' 

"El = electron impact, FD = field desorption. 
"All masses quoted as nearest integers; identification based on 

dissolved, but after less than 30 s fine white particles of LiCl began 
to appear. After 24 h, LiCl was removed by filtration and ether was 
evaporated off, leaving a colourless crystalline solid. The crude ma- 
terial was redissolved in benzene, filtered, and concentrated. Sub- 
sequent trituration of the sticky solids with cold petroleum ether (0°C) , 
produced [ChH4CH2N(CH3)z-2]21nCH3 as a white powder which was 
dried in vacuo. Yield 0.35 g (77.0%). Alternatively, the initial solid 
was dissolved in benzene, and the solution cooled in vacuo to precip- 
itate any residual solids which were removed by filtration. After 
repeating this sequence a number of times, the final product was 
obtained by crystallizing from cold (0°C) petroleum ether. Anal. 
calcd. for C19Hz7N21n: In 28.9; found: In 29.4. This compound reacts 
with deuterated chloroform/TMS, apparently undergoing complete 
decomposition in ca. I0 miri, but nmr spectra confirming the structure 
were obtained in ChDh (see Table 2). 

Preparation of bis{2-[(dimethylarnino)methyl]phenyl)indium tin 
triphenyl (Lrlr~SnPh,) 

Triphenyltin chloride (I .9 g, 4.8 mmol) was added to a solution of 
sodium (0.22 g, 9.7 mmol) in 70 mL liquid ammonia at -78OC. The 
mixture was stirred for 30 min and then allowed to reach room tem- 
perature. The yellow-brown residue (Ph,SnNa) was taken up in di- 
ethyl ether, the solution cooled to -78°C and LzlnCl (2.0 g, 4.8 
mrnol) added, as a solution in diethyl ether (I5 mL), plus 5 mmol of 
pyridine. During a period of 3 h stirring, the yellow colour faded, 
giving a colourless mixture. The mixture was allowed to reach room 
temperature, solvent was removed by evaporation, and the resultant 
residue extracted with petroleum ether (30-60°C). The material ob- 
tained on evaporation of the filtrate was recrystallised from petroleum 
etherldiethyl ether mixtures to give L21nSnPh1 in 62% yield. Anal. 
calcd. for C36H39N21nSn: In 15.7, Sn 16.2; found: In 16.1, Sn 16.6. 
Mass, vibrational, and 'H nmr spectra, discussed below, confirm the 

most abundant isotope of each atom. 

identity of this compound. 
When Ph3SnLi was used instead of PhlSnNa in this preparation, the 

products included a tin compound (Sn content 55.7%) containing only 
aromatic groups ('H nmr), plus a metallic deposit and a compound 
shown to be LJnPh. Anal. calcd: for C24H29NZln: In 24.9, found: In 
25.0. See below for mass spectrum. 

Results and discussion 
Preparative 

A number of points concerning the synthesis of L,In and 
L,InCI require discussion. The selective formation of either 
L21nCl or L,ln is affected both by the mode of addition and by 
the concentration. The slow addition of 2-[(dimethylamino)- 
methyllphenyl lithium (LiL) to indium trichloride produces an 
exothermic reaction, in which the initial tan coloured precipi- 
tate slowly turns brown. Under these conditions (LiL:InCI3 
mole ratio 2: I) the predominant product is LJnCl, with little 
or no by-products present. Reversal of this order, that is the 
addition of InC13 to LiL, produces a less selective reaction, in 
that both L,In and L,InCI are formed. We also found that the 
rapid addition of LiL to indium trichloride (overall mole ratio 
LiL: InCI, = 4: 1) resulted in the formation of L,InCI and L,In 
in a 2: 3 ratio after 6 h, but that after 24 h, the intermediary 
L,InCl complex was totally converted to L,In. Conversely, 
when InC13 was added to LiL (same overall mole ratio) the 
reaction was complete within 3 h at room temperature, with no 
L,InCI being identified. 

The course of these processes, and the relative ratios of 
L21nCI and L31n in the reaction mixture, are readily estimated 
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by utilizing the differences in the 'H nmr spectra of the two 
compounds in the 2-4 ppm region (see Table 1). The isolation 
and purification of the complexes is facilitated by their solu- 
bilities; both are soluble in ether, but L,InCI is only slightly 
soluble in benzene, and even less so in petroleum ether 
(30-60°C). The less polar L,ln complex is very soluble in 
diethyl ether and only partially soluble in petroleum ether. Both 
compounds are relatively stable in dry air for several hours, but 
readily decompose in the presence of moisture. 

An interesting feature of the redistribution reactions between 
L,In and InCI, is that the potentially four-coordinate compound 
LInCl, could not be isolated. In contrast, the reaction of tri- 
phenylindium and indium trichloride ( 1  : 2  mole ratio) gives a 
quantitative yield of PhlnC12, as does the reaction of Ph21nC1 
and InC1, ( 1  : 1 mole ratio) (6, 7). The inability of L,InCI to 
react with InCl, is presumably due to the stable five- 
coordination of the former in both solid (1) and solution (2) 
states. The presence of the internal <H2NMe2 group in 
L,lnCl may also be important, since its coordinating properties 
have been shown to influence product formation in the redis- 
tribution reactions of aryltin compounds (8). 

The reaction between L,InCl and MeLi gives L21nMe in 
reasonably good yieId, but side-products, which on the evi- 
dence of 'H nmr spectra may include LInMe,, are also formed. 
The reaction pathway presumably involves the intermediate 
Li[L,In(Cl)Me], and in this context we note that the addition of 
MeLi to InL, in diethyl ether at room temperature produces a 
variety of compounds, including the analogous Li[L,InMe,]. 
Anal. calcd. for C20H30N21nLi: In 27.3, Li 1.65; found: In 26.9, 
Li 2.02. 

Hydrogenolysis reactions of metal-carbon bonds (alkane 
elimination) have been widely used in the synthesis of organo- 
metallic compounds containing metal-metal bonds. An appro- 
priate example in Main Group chemistry is the preparation in 
high yield of compounds containing Group I1 (Zn, Cd) - 
Group IV (Ge, Sn) bonds by the reaction of dialkylzinc or 
cadmium compounds with triphenylgermanium (or tin) hydride 
(9). The reaction of L,lnMe with an organometal hydride ap- 
peared to offer a useful route to In-M bonded species, but 
methane elimination was not observed when L,lnMe was 
treated under various conditions with Ph,SnH, Ph,GeH, or 
Ph3SiH. The compound L21nSnPh, was eventually synthesized 
via the reaction between L,InCl and Ph,SnNa. The 'H nmr 
spectrum of this material (CDCl,/TMS) consisted of complex 
aromatic multiplets plus singlet CH? and N(CH,), resonances in 
the integrated ratio 6.1 : 1 :2,7 (calcd. 5.75: 1 :3). The Raman 
spectrum has an intense band at 205 cm-' ,  with a corres- 
ponding absorption at 206 cm-I in the far infrared, assigned to 
v(In--Sn). An interesting feature of the reaction is that as noted 
earlier the use of Ph3SnLi gives rise inter alia to L,InPh and aryl 
tin species. We suggest that the reaction intermediate I1 is of 
the form 

which undergoes slow decomposition by phenyl group transfer 
to L,InPh and hexaphenylditin, probably via (Ph,Sn),,. The use 
of NaSnPh, apparently allows rapid elimination of NaCl and 
formation of the stable L,InSnPh, species. The phenyl transfer 

process observed in the lithium case is not unusual; the 
organotin-zinc compound Ph3SnZnC1 decomposes to PhZnCl 
and (PhrSn),, in an apparently analogous manner (10). 

Since compounds containing In-In bonds are now known 
(1 1 - 13), we made (unsuccessful) attempts under a wide range 
of conditions to synthesize L,InInL, by treating L21nCI with 
sodium in liquid ammonia. The blue colour of the sodium 
solution discharged and the mixture turned black; after ca. 10 h 
the ammonia was removed and the resultant solids extracted 
with metal were recovered in each case, along with unreacted 
L21nCl, and LJn. A related series of reactions involving so- 
dium and L,lnl in refluxing benzene or toluene gave essentially 
identical results. 

Finally, we note that despite extensive efforts, we were 
unable to reduce L21nC1 or L21nI to L,InH, with none of the 
reducing agents investigated (LiA1H4, NaBH,, NaH) producing 
any evidence of reduction of the In-X bond. Negative results 
were also obtained in attempts to synthesize salts of L,Int, for 
example by the reaction of L,InCI with NaC104 or NaBF4 under 
a variety of solvent and temperature conditions. The molar 
conductivity of L,InCI in nitromethane was found to be 19 
ohm-' cm2 (cf. 120- 130 for I : 1 electrolytes in this solvent 
(14)), showing that there is essentially no spontaneous dis- 
sociation into L,Int and CI- ions in this solvent. The mass 
spectral results (see below) also demonstrate quite clearly that 
fragmentation of L,InC1 does not give rise to L21nt ions in the 
gas phase, as do L,InMe and L21nPh, but rather undergoes 
hydrogen chloride abstraction to [L,ln - HIt. These results are 
in keeping with the failure to generate L,Int derivatives by 
solution phase reactions, and we conclude that this ion is un- 
stable. The previously reported lability of the corresponding 
isoelectronic L2Cd compound in solution (5) emphasizes the 
inherent instability of such L,M species. 

Nuclear magnetic resonance spectroscopy 
The 'H and "C nmr spectra of L,InCI have been discussed 

in detail elsewhere (2) and are noted here only for purposes of 
comparison. Table 1 gives the 'H nmr spectra of this and 
related compounds in CDCI, and ChD6 solution at room tem- 
perature. The N(CH,), and NCH, protons in L,In are at signifi- 
cantly higher field than for the corresponding atoms in L,InCI 
and L,InMe. Change of solvent from CDCI3 to C6D6 results 
in an upfield shift for these same protons; similar results 
have been previously reported for 2-[(dimethylamino)methyl]- 
phenyl compounds of tin (8), and cadmium ( 3 ,  and it seems 
probable that in such systems the benzene solvent molecule is 
oriented at the CH,NMe, site in such a way that these protons 
are in the diamagnetic region. We have also recorded '" spec- 
tra for some of these molecules, and again the results are 
similar to those for L21nC1 (2). 

The 'H nmr spectrum of L31n at 223 K shows only small 
differences from that at 297 K. Both N(CHJ2 and NCH2 
resonances are significantly broadened, with half-widths of 7 
and 5 Hz, respectiveIy, and a slight assymetry is observed on 
the high frequency side of both bands, but the effects are much 
less pronounced than for LzInCl under comparable conditions. 
It therefore appears that the fluxional behaviour of L,ln persists 
even at -5OoC, in keeping with the properties of other six- 
coordinate indium(II1) compounds, for which coordination 
number changes 6 + 5 + 6 occur easily even at low tem- 
peratures (refs. 2, 15, and references therein). 

Mass spectra 
Table 2 records the important features of the mass spectra of 
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compounds prepared in this work. 
The electron impact (El) mass spectrum of LBr, taken from 

an earlier publication (5) shows that the principal ion is 
C7H7Brt, with CSHl2Nt, CsHIONt, and C2Hqt as the other 
important species. The spectrum of L21nCl in the same mode is 
quite different, with C2Hat as the principal ion. There are no 
important peaks with m / e  > 85, although many low abundant 
species were recorded up to m / e  - 300. No simple L,Int ions 
were detected; the ions at m l e  = 85 and 83 are clearly different 
from those at m / e  and 84 from LBr. A group of ions at m / e  
77-79 are tentatively assigned to doubly charged ions con- 
taining indium, as indicated by the isotopic intensities. 

The field desorption (FD) spectra of LzlnCH,, L21nC6Hs, and 
Li[L21n(CH,),] all show L21nt as the principal ion. Weak mole- 
cular ions were detected for L2InCH3' and LzInC6Hst, and 
LInCH,' and LlnC6Hst ions are also present in low but signifi- 
cant abundance. The formation of such singly charged MX2+ 
ions is usual for indium(II1) compounds (16, 17). The FD 
spectrum of L21nCl is quite different from those just discussed. 
The predominant ion is at m/e  = 417, corresponding to the 
loss of hydrogen, and instead of L21nt one finds [LzIn - HIt, 
indicating loss of HCI. These results are in agreement with 
those reported above, emphasising that LzlnC1 does not readily 
lose chlorine to yield the L21nt ion. One other important feature 
of the spectrum of L21nCI is the formation of oligomeric ions 
(e.g. Lz1n2Clt), or the formation of ions indicating ligand trans- 
fer (e.g. L,Int from LJnCH,). Such processes are not un- 
common in FD mass spectrometry, and are to be understood in 
terms of ionization of a condensed phase. 

The FD mass spectrum of LInSnPh, had the predominant 
ion at m / e  = 308 (InLzt), with other intense peaks at 
346-351 arising from the isotopic SnPh, ions. The heaviest 
ion had m / e  = 702, corresponding to the loss of two methyl 
groups from the parent molecule. 
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Crystal structure of di-p-hydroxobis6fac-trichloroaquotin(IV)] tetrahydrate, 
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T. STANLEY CAMERON, OSVALD KNOP, and BEVERLY R. VINCENT. Can. J. Chem. 63, 759 (1985). 
The present redetermination of the crystal structure of the title compound agrees well with a previous determination by 

Barnes et al., which it supplements by providing details of the hydrogen-bonding scheme. Scrutiny of the 0.-.0 distances 
in homonuclear di-p-oxygen M202 bridges in well over a hundred compounds shows that the lower limit for this distance is 
-2.3 A, and that the corresponding distance in the title compound, 2.44(1) A,  is closer to this limit than the O...O distances 
in the majority of the compounds surveyed. Appreciably shorter nonbonded O . - . O  distances are found only in oxyanions, in 
particular those acting as bidentate ligands of metal atoms and thus forming heteronuclear di-p-0x0 bridges; an 0 -.-0 distance 
as short as -2.0 A has been reported and may constitute the limit of such nonbonded 0...0 distances in general. 

T. STANLEY CAMERON, OSVALD KNOP et BEVERLY R. VINCENT. Can. J. Chem. 63, 759 (1985). 
La redetermination de la structure cristalline du compose mentionnt dans le titre est en bon accord avec celle qui a CtC faite 

anterieurement par Barnes et ses collaborateurs; le present travail sert de complCment au travail rapport6 anterieurement en 
fournissant des dCtails sur le reseau des liaisons hydrogenes. Un examen minutieux des distances 0...0 dans des ponts 
homonuclCaires di-p-oxygkne MZ02, dans plus de cent composCs, montre que la limite inferieure ppur cette distance se situe 
autour de 2,3 A et que la distance correspondante dans le compose mentionnk dans le titre, 2,44(1) A, est plus proche de cette 
limite que les distances 0-..0 dans la majorit6 des composes examines. Des distances 0...0 relativement plus courtes ne 
se retrouvent que dans des oxyanions; en particulier, on en retrouve dans ceux qui agissent comme ligands bidentates d'atomes 
metalliques et qui foment donc des ponts hetCronuclCaires di-p-0x0. Dans un cas particulier, une distance 0 0 aussi courte 
que 2,O A a Ctt rapportte et cette valeur peut constituer la limite pour de telles distances 0.-.0 non likes. 

[Traduit par le journal] 

In a recent attempt to crystallize piperidinium hexachloro- 
stannate(1V) from a concentrated, strongly HC1-acid aqueous 
solution of the amine and H,SnC16, we obtained a small quan- 
tity of well-formed crystals the ir spectra of which, unex- 
pectedly, contained no features attributable to CH? absorptions 
(Fig. 1). The sharp bands at 3586, 3528, 3499, 1630(sh), and 
1599 cm-' and the two very broad bands centering at 2930 and 
2320 cm-', respectively, all disappeared after the crystals had 
been heated to 150°C, leaving the 4000-1400 cm-' region 
completely featureless. This and the frequencies of the sharp 
bands pointed to strongly held water of hydration, possibly also 
to OH- ions. The clear, colourless crystals were too few for a 
meaningful chemical analysis, but their good quality and their 
stability in air rendered them suitable for single-crystal X-ray 
diffraction. The crystal data obtained from a 0.2 X 0.2 X 0.2 
mm3 crystal wjth a CAD-4 four-circle diffractometer (MoKa, , 
A = 0.70926 A, graphite monochromator; 0-range, 2-27") are 
summarized as  follow^:^ 

Monoclinic, P2, /n  (No. 14); a = 9.676(8) .A, b = 6.518 
(13) .A, c = 12.531(15) .A, /3 = 92.98(9)", V = 789.2(32) .A3. 
Total reflections measured, 1529; unique reflections, 1191 (of 
which 1053 with I ?  3a(I) ,  corrected for extinction but not for 
absorption, were used in the refinement). 

A straightforward internretation of the strong Patterson max- 

k 
I I 

4000 3000 2000 cm-I 
FIG. I .  Infrared spectrum of [C13(H20)Sn-OH-]2.4H20 (fluo- 

rolube mull between CaFz plates). 

ima and i f  subsequent ~ o u r i e r  maps, togetherUwith considera- 
tion of the ir spectra and chemical reasonability, established the minimum formula unit as SnC1304 (all atoms in general posi- 

tions), for which Z = 4. A Mossbauer Il9Sn spectrum (10 mCi 
CaSn03 source and absorber at room temperature; single un- 

'Holder of NSERC (1983-1985) and Killam (1984- 1985) gradu- split absorption, 6 = +0.12( 1) mm/s relative to Basno,, 
ate fellowships. . FWHH = 0.54(5) mm/s) showed the tin to be exclusively 

'For the com~osition [ C ~ ~ ( H Z ~ ) S ~ O H I ~ ' ~ H ~ ~  (see below) these sn(1v).3 ~ ~ f i ~ ~ ~ ~ ~ t  with anisotropic temperature factors re- data can be supplemented as follows: fw for HI, C160sSnZ = 592.20, 
Z = 2, p ~ .  = 39.0 cm-', F(000) = 560. sulted in R = 0.038 and R,  = 0.039 (Table 1). 

3For [C13(H20)SnOH]Z~4Hz0 ref. 1 quotes 6 = +0.30 mm/s, and The dominant feature of the structure turned out to be a 
ref. 2 gives 6 = +0.30 mm/s for Ag(PPh,)40H.[CI,(HZO)SnOH]2, centros~mmetric binuclear di-p-oxygen Sn(IV) complex. Its 
both with A = 0 and relative to BaSn03. skeleton consisted of two fac-SnC1,03 octahedra sharing the 
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TABLE I. Positional parameters ( X  lo4) of the title compound* 

Atom 
- 

Sn 
CI(I) axial 
CI(2) 
CN3) 
O(1) OH 
H(I1) 
O(2) Hz0 coord. 
H(21) 
H(22) 
O(3) H20 hydr. 
H(3 1) 
H(32) 
O(4) H,O hydr. 
H(4 1) 
H(42) 

*The difference in the parameter value between this work and ref. 4 is given, together with the original esd 
of the parameter, next to the parameter value. The parameters of ref. 4 are obtained from ours as follows: x, f 
- y ,  $ - z for O(I), 0(3) ,  and O(4); x ,  y - f ,  z - f for all the other atoms. The thermal parameters (Table 2) 
and structure factors (Table 3) have been deposited (see footnote 4). 

TABLE 4. Interatomic distances (A) and bond angles (deg) in the title compound* 

Atoms Distance Atoms Angle 

Sn-CI( I) 2.379(1) O(4) Cl(1)-Sn-Cl(2) 95.3(1) O(2) 
Sn-Cl(2) 2.372(2) -6(4) Cl(I )-Sn-Cl(3) 94.7( 1 )  - l(2) 
Sn-Cl(3) 2.344(1) 8(6) CI(I)-Sn-O(1) 91.3(1) -26(3) 
Sn-O( I) 2.064(4) - 13(14) CI(I)-Sn-O(1B) 94.l(1) (3) 
Sn-O(1B) 2.093(6) 15(14) CI(I)-Sn-O(2) 179.2(1) 8(4) 
Sn-O(2) 2.138(4) -20(11) Cl(2)-Sn-Cl(3) 101.2(1) O(2) 
Sn... Sn(B) 3.368(0) O(2) Cl(2)-Sn-O(I) 161 .O( 1 )  -43(3) 
O(I)...O(IB) 2.437(8) 4 Cl(2)-Sn-0(1 B) 89.9(1) (3) 

Cl(2)-Sn-O(2) 85.3( I )  -8(4) 
CI(3)-Sn-O( I) 96.0(1) 62(3) 
Cl(3)-Sn-0(1 B) 165.2(1) (4) 

Symmetry code: Cl(3)-Sn-O(2) 84.6(1) 4(4) 
A x  y z a X + ( 0 1 0 )  O(l)--Sn-0(1 B) 7 1.8(2) (10) 
B i I - y  l - z b X + ( 0 T 0 )  O(1)-SII-O(2) 88.4(1) 15(5) 
c f - ~ i + ~ f - ~ ~ x + ( ~ o T )  0(1 B)-Sn-O(2) 86.6(2) (3) 
D f + ~ f - ~ f + z  d X + ( I I I )  Sn-O( l )-Sn(B) 108.2(2) (10) 

*The coordinates of all the atoms are as in Table I except where stated otherwise. The difference 
between the present distance and that of ref. 4 is given, with the original esd in parentheses, next to 
the present value. 

bridging O(l). . .O(lr) edge to form [C1,0(2)Sn-O(l)-]z 
The remaining oxygens; 063) and 0(4), were not closcr than 
O(3, 4) ... O(1, 2) -2.67 A and O(3, 4) ...CI -3.32 A. The 
compound was thus a hydrolysis product of ~ n ~ l i - ,  but the 
nature of the oxygens was at this stage not clear, since the H 
atoms known from the ir spectrum to be present could not be 
located with confidence in the difference Fourier map. 

Search of the literature revealed that the skeleton must be- 
long to the [C1,(H20)Sn-OH-]2 complex which has been 
reported in a number of adduct with various organic species (3, 
4) as well as in the hydrate [C13(H20)Sn-OH-]r.4H20 (4), 
and that moreover the serendipitous crystals must be those of 
the last-named compound. The unit-cell dimensions were all 
within twice the stated esd's of ref. 4, and the positional param- 
eters of the non-hydrogen atoms were, except for y[0(2)], 
within 2u of ref. 4 (Table 1). A similarly gratifying agreement 
exists for the interatomic distances and bond angles of the 
[Cl,0Sn-O-]2 skeleton (Table 4). 

Hydrogen bonding 
Barnes et al. (4) report that their difference syntheses gave 

no clear indication of hydrogen atom positions. This was on the 
whole also the case with our difference map, but since the esd's 
of our Sn, CI, and 0 positional parameters were 2-4 times 
smaller and the R was significantly lower than in ref. 4 (3.8% 
as against 8.4%), an attempt to include the hydrogens in the 
refinement seemed w~rth~while. The 0-H bond lengths were 
constrained to 0.98(2) A, the H-..H distances in the H20 
molecules to 1.55(1) A, and the OH and H20 groups were 
treated as rigid bodies. The resulting H positions (Table 1 and 
Fig. 2) all fall between the 0 ,O  and 0,Cl pairs of atoms 
indicated in Fig. 4 of ref. 4 as involved in 0-H...O and 
0-H C1 bonds. The relevant H . - S O  and H -.. C1 distances 
and OH0 and OHCl angles are listed in Table 5. 

In the overall hydrogen-bonding scheme in this crystal every 
H atom is involved in a hydrogen bond (Fig. 2 and Table 5). 
The hydrogen of the OH group and one of the hydrogens of the 
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FIG. 2. Details of the hydrogen-bonding scheme in [C13(HIO)Sn- 
OH-]z.4HzO. For symmetry code, interatomic distances, and bond 
angles see Tables 4 and 5 .  

water molecule of coordination participate in short, almost 
straight 0-H 0 bonds to the water molecules of hydration, 
H,0(3) and H,0(4). The second hydrogen of H,0(2) engages 
in an O(2)-He-.0(3) bond of unfavourable geometry, as the 
longer H - - - 0 distance and the small O H 0  angle indicate. The 
hydrogens of H,0(3) and H,0(4) have, with the exception of 
H(32), C1 atoms as acceptors. 

'The H.-.C1 distances in the O-H...Cl bonds are on the 
whole long. The H(3 1) atom is involved in an unsymmetrically 
bifurcated H - - - 2  C1 bond. The shortest H-a-Cl distance is 
H(4 1 A) C1(2C), 2.42(8) A; a second C1 atom, C1(3C), is at 
2.96(9) from H(41A) and at an OHCl angle of 120°, so that 
the O(4A)-H(41A) --mCl(2C) bond may be regarded as bent 
but not bifurcated. The H(42) atom, on the other hand, has two 
C1 neighbours at comparable H.--Cl distances and OHCl 
angles, but the H(42) ... Cl(2) and H(42) ... Cl(1) distances are 
quite long, 2.80(5) and 2.94(3) A, respectively, and the 
hydrogen-bonding interaction must be very weak. 

The oxygens O(3) and O(4) act as acceptors to hydrogens 
bound to 0 atoms only: O(3) to H(11) and H(22), O(4) to H(21) 
and H(32). the Cl(1) atom engages H(31Bb), H(31D) and 
probably H(42D); Cl(2) engages H(41C) and H(42Da). The 
nearest H neighbour of Cl(3) is H(41C), which is only mar- 
ginally eligible for hydrogen bonding (see above). 

Given this wide range of 0-H-- .O and O-H..-Cl bonds 
in the crystal, extensive vibrational coupling must be expected, 
and the complexity and the lack of sharp features of the spec- 
trum of Fig. 1 should come as no surprise. 

TABLE 5.  Hydrogen ban$ in the title compound: interatomic dis- 
tances (A) and bond angles (deg):" 

x H Y X..  Y H ... y X-H-Y 

O(IA)  I IA  
O(2A) 21A 

22A 
O(3A) 31A 

3 1 A 
32A 

O(4A) 41A 
4 1 A 
42A 
42A 

0(3A) 
O(4A) 
O(3Aa) 
Cl( I Dc) 
Cl(IBb) 
0 (4A)  
Cl(2C) 
Cl(3C) 
Cl(2Dd) 
Cl( I Dc) 

*For symmetry code see Table 4 

mean of the uncorrected Sn-OH distances is 0.059(16) A 
smaller than the uncorrected Sn-OH, distance. 

The geometry of this skeleton is remarkably constant. Table 
6 lists the deviations from our values of bond lengths and 
angles for the dimer in a number of adducts and related dimers 
as well as in cis-[SnCl4(H2O),] in SnCl4-5H,0. The deviations 
are generally consistent with the stated esd's, with one con- 
spicuous exception: the Sn-OH, bond !eported for [Cl,Et- 
(H20)Sn-OH-], (7) is about 0.2 A longer than the 
Sn-OH, distance in the title compound and appreciably 
longer than all the other Sn-OH, distances in Table 6. 

The actual symmetry of the complex, C,, derives by 
only a slight distortion from the idealized symmetry of the 
skeleton, Cz,. This symmetry lowering is probably as much a 
consequence of the packing exigencies as of the strong 
0-H.--O bonding in certain directions. 'The C,,, symmetry 
does not appear to be reported for Sn(1V) di-p-oxygen 
complexes, though it is observed in the related binuclear 
species [(0~)O,Te-0-]26- (8). In general the C,. symmetry 
in such complexes prevails: [(Hz0)4A1-OH-];+ (9), 
[(OH)4A1-O~-];- (lo), [(OH),O,Te-0-1; (1 l) ,  and 
[(OH)031-0-1;- (12) are typical examples. 

The 0 - - - 0 distance in di- p-oxygen bridges 
The shortness of the 0...0' distance and the smallness of 

the OSnO' angle raise the question of what is the limit of the 
effective size of the oxygen atom in M,O, rings in general. To 
investigate this matter we have plotted the OSnO' angle against 
d ( 0 . - - 0 ' )  in Sn(IV) compounds containing Sn202 rings (Fig. 
3). The compositions and code numbers of the compounds are 
listed in Table 7. We have also prepared a similar plot, MOM' 
vs. d ( 0  - .. 0 ' )  (Fig. 4), for a more or less random selection of 
well over a hundred compounds, all of which contain M,Oz 
rings, either as isolated di-p bridges or as component groupings 
in larger units, e.g. tri-p M203 binuclear complexes or multiply 
bridged M302 and M304 trimers and M404 tetramers. These 
compounds (101-226) are grouped according to M in Table 8; 
their compositions, together with references, will be found in 
Table 9.4 Three heteronuclear (M f M') rings (224-226) are 
included in this set. 

Dimensions and symmetry of the [C130Sn-0-I2 skeleton The sample presented in Fig. 3 is small and to some extent 
The skeletal bond lengths and angles are listed in Table 4. repetitious, and the uncertainty in d (0 - . .Or )  or the OSnO' 

'The Sn-Cl bonds are shorter than in the SqC162- ion: the mean 
of uncorrected d(Sn-C1) is 2.365(15) A in the title com- 4This table has been deposited. Complete set of data is available, 
~ o u n d ,  2.427(12) A in (H904)2SnC16.2H,0 (51, and 2.425(12) at a nominal charge, from the Depository of Unpublished Data, 
A in alkylammopium hexachlorostannates(1V) (6). The short- CISTI, National Research Council of Canada, Ottawa, Ont., Canada 
ening, 0.06(2) A, reflects the absence of ionic charge. The KIA OS2. 
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762 CAN. J .  CHEM. VOL. 63. 1985 

TABLE 6. Bond lengths (A) and angles (deg) in the trans-C~~~C-C~~(H~O)S~-OH-]~ and related dimers* 

Atoms 1 2 3 4 5 6 8 9 t 

Sn...Sn 3.368(0) o(2) lO(2) -42 50(3) 22(3) - 70(2) -22(2) - 
Sn-CI,, 2.379(1) O(4) 16(6) 89(20) 25(5) -4 l(8) -21(7) -4(5) 
Sn-CI,, 2.372(2) -6(4) l(4) -48(20) 37(6) -77(8)8 -3(6) -5 1 (4)ll 

2.344(1) 8(6) - 12(4) -66(20) 22(5) 2 ~ 7 )  
Sn-OH2 (ax.) 2.138(4) -20(11) 8( 12) 78(30) 35(14) - 18(16) -209(20) [-42(20)] 40(14) 
Sn-OH (bridge) 2.064(4) - 13( 14) 8( 10) 14(30) 22( 10) 36(12) -3(1 1) [-16(10)] - 

2.093(4) 15(14) 7(1I) -7(30) 49(lO) 17(12) -60(1 I) [-17(10)] - 
0 .. .0 (bridge) 2.437(8) 4 12 87 52 6 1 - 13(22) [-23(20)] [-2041 
0-Sn-0' 71.8(2) 1(10) 1(5) 26(13) 4(8) l(8) 9(6) - 1(6) -63(8) 
Sn-0-Sn' 108.2(2) -I(lO) -1(5) -26(16) -4(8) -I@) -9(7) 1(7) - 

'(:The bold face numbers refer to the corresponding entries in Table 7. The distances and angles other than those from this work are given, with their original 
esd's in parentheses, as the differences A = d(this work) - d(literature). 

tcis-[SnCI,(H,O),] in SnCI, .5H,O (4). 
Tiweighted mean. 

FIG. 3. Plot of the OSnO' angle against the O.-.Of distance in Sn102 rings. The curved line refers to d(Sn...Snl) = 3.3 A and D2,, 
ring symmetry. The esd's of the angles and distances are indicated wherever they are stated in the original reference. For code numbers see 
Table 7. 
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angle or both for some of the determinations is quite large. 
Within these limitations one can conclude that the C.N. of the 
Sn atom and the nature. of the exo-ligand on the bridging oxy- 
gen are not significant differentiating factors, and that the rela- 
tionship between d (0 . .  .Or) and OSnOr is largely determined 
by the nearly constant Sn... Sn' distance of 3.3 A (solid line in 
Fig 3; see text below) and the geometric requirements for an 
Sn202 ring of DZh symmetry. The title compound is at the low 
end of the d ( 0 - - - O r )  and OSnOr ranges, though the point for 
the dioxan adduct 4 is almost cetainly too low. 

Points 16 and 17 refer, not to discrete di-p-oxygen bridges 
but to three-dimensional -Sn-0- networks containing 
Sn202 groups that can be regarded as local di-p-oxygen bridges 
corresponding to the smallest 0 -. .0 separation in the struc- 
ture. In spite of this difference 16 and 17 conform to the rest 
of the sample. 

The d(O...Or) range in this reasonably homogeneous set is 
-2.4 to 2.8 A, and the SnOSnr angle ranges from -100" to 
-1 lo0, i.e. at short 0 . . -Or  distances it approaches the tetra- 
hedral angle. 

- 

- 

- 

C.N. 5 

- 0 C.N. 6 

TABLE 7. Sn(1V) compounds included in Fig. 3 

No. Compound Reference 

This work 
4 
4 
3 
4 
4 

13 
7 

14 
15 
16 
17 
18 
19 
20 
24 
21 
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CAMERON ET AL 

FIG. 4. Plot of the MOM' angle(s) against the O. . .0 '  distance(s) in MZOZ rings. To reduce crowding, 100 has bccn subtracted from the code 
numbers listed in Tables 8 and 9; even so some of the points (and all the M = Sn points) remain unlabelled. The csd's of the angles and distances 
are not indicated; the uncertainties in the angles may be as high as 2-3". The heavy bars represent thc d ( 0 . - . O f )  ranges in the MO (NaCI type, 
188 and 216) and MOI (CaF?, type, 110, 192, 202, and 211) oxides; the range for MO extends up to d(O...O1) = 3.49 A (PaO, 188). The 
curves refer to constant d(M...M1) (in A) in MI02 rings of DZ,, symmetry. 

When the set of points for SnzOz is embedded in the much 
larger, and presumably representative, Mz02 set of Fig. 4,  it is 
seen that it covers only a small portion of the total d (O- . -O ' )  
and MOM' range, but the low d(O...O1) end of the Sn sample 
comes close to the lower limit of the d ( 0 - - . O f )  range of 
Fig. 4. 

For a centrosymmetric MOM'O' ring with the dimensions 
d(M-0) 2 d(M-Of), d(M.. .Mf),  d(O.. .Of) and the 
angles MOM' and OMO' = 180" - MOM', we have 

1 
[ I ]  cos MOM' = -5 ( r  + r-I) (R2 - 1)/(R2 + 1) 

where r = d(M-O)/d(M-0') and R = d(M..-MI)/  
d (O- . .Of )  . The f ( r  + r-I) = K term may be regarded as an 
asymmetry parameter measuring the extent of distortion of the 
planar ring from D,,, ( K  = 1) to C,,, (K > 1) symmetry. When 
the intra-ring distances and angles for the compounds included 

in Fig. 4 are replotted as cos MOM' vs. R (Fig. 5), all the points 
corresponding to D2, ring symmetry fall on the K = 1 straight 
line. Within realistic limits the effect of r on K is insignificant; 
it is quite unlikely that r > 2. If r = 2, K = 1.25, but the lines 
for K = 1 and K = 1.25 are so close that in practice the 
difference between D2,, and merely centrosymmetric rings is 
absorbed in the experimental uncertainty in MOM' and R. In 
compounds with points outside the two lines the MOM'O' ring 
is either planar but noncentrosymmetric or nonplanar. 

This plot shows clearly that ( a )  in the majority of the com- 
pounds in our sample R is between - 1 .1  and - 1.4, and MOM' 
is between -95" and the tetrahedral angle; ( 6 )  R values ex- 
ceeding 1.4 and MOM' angles larger than tetrahedral are ob- 
served in compounds where M is large though not necessarily 
having either a high C.N. or unusually bulky ligands; ( c )  R 
values smaller than unity and MOM' angles between 70" and 
90" occur only in compounds containing single or multiple 
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TABLE 8. Elements represented in the compounds included in Fig. 4" 

M Compounds M Compounds 

101 
102 - 104 
105, 106 
107 
108* 
109, 110* 
111-113; M203, 114 
115*, 116-124 
125- 145 
146 
147* 
148 
149 
150 
151" 
MzOz, 152 
153"; other, 154 
155-167; M203, 168; M@z, 169, 

170; Mzo4,  171-173; other, 174 
M?Oz, 175 
176-181; M202, 182-184; M301, 

185; M404, 186 
187* 

Pa 
Pb 
Po 
Pt 
Re 
Rh 
Ru 
Sb 
Si 
Tb 
Te 
Th 
Ti 
TI 
u 
v 
W 
Y b 
Zr 
c o c u  
CuHg 
NiU 

217-219; M304, 220; other, 221 
222 
223 
224 
225 
226 

*M202 rings in three-dimensionally connected -M-0- structures. For Sn compounds see Table 7. 

M-M' bonds. For M = Sn the upper limit of R appears to be 130 
- 1.4 and the SnOSn' angles approach the tetrahedral angle. 

The shortest 0---01 distance in Fig. 4,  -2.31 A, is encoun- 
tered in stishovite (201), the rutile-type variety of SiOz contain- 
ing six-coordinated Si. This prompts the question of how this 
presumably shortest d ( 0  0 ' )  separation in an M,O, ring 

110- compares with the shortest observed nonbonded 0 - - -0  dis- 
tance, and what in fact is this distance. 

one thus has to look among oxyanions and complexes contain- 
ing oxyanions as bidentate ligands; the latter may be regarded 
as heteronuclear di-p-0x0 bridges. 

The minimum d ( 0 . - - 0 )  in XO,". and X0,"- ions does-not 
appear to fall below -2.1 A: for example, it is 2.11 A in 
NaNO, (28) and 2.14 A in Na,C03. NaHC03. 2H,O (29, 30). 
This seems to be-true also of the free molecular X,,,O,, species, 
e.g. NO, (2.19 A) or the cyclic H2B2O3 (intra-ring d (0 - . .O)  
= 2.29 A) (31). 

For the nitrate ion in bidentate coordination, i.e. in M0,N 
rings, the approximate range is 2.08(5)-2.16 A (18-23, 
Table 10); the corresponding MOX angles range from -48" to 
-68". Values lower than -2.10 A have so far been found only 
in NO,- ions: -2.09 A in NaN0, (40). The shortest nonbonded 

a 
- 

m 

m w What is the minimum d ( 0 . - - 0 )  for nonborlded oxygerzs in 
73 

general? 
The shortest nonbonded 0...0 contact in a - 0 ,  is -3.2 A o 

(22), i.e. gre$ter than twice the van der Waals radius of 
oxygen, 2.8 A; this distance does not decrease appreciably 90 
with increasing pressure (23). In !he ozone molecule the non- 
bonded 0 ... 0 distance is 2.18 A. In tetrahedral varieties of 
SiO, the corresponding distance ranges from -2.57 to 
-2.67 A; in P-Be(OH), it is -2.52 (24). With the exception 
of stishovite the minirpurn nonbonded 0 . .0 djstance in 
s iV and SiV' oxygen compounds is 2.42-2.46 A (e.g. in 
Sip207 (25), [Ca~Si(OH)6(H~Oj,,l(so4)(co,) (26), (Me4N); 70 

d (M-M') /d(o.-o ' )  

FIG. 5. Plot of MOM' against R = d(M. . .M1) /d (O- . -0 ' )  ac- 
cording to eq. [I]. The open circles refer to isolated MZOZ rings, the 
full circles to M202  rings of M203, M30z, M?OJ, and MJOj bridged 
groupings. For the meaning of K see text. The points for R < I refer 
exclusively to Mo and W compounds; those for R greater than - 1.4 
refer to compounds in which M is a large atom. The Sn compounds 
of Table 7 and Fig. 3 fall between R - 1.3 and - 1.4. 

- 

M=Mo,W 
ox - ,/f:"* - 

M=Ag, Hf, 
- 

O 2 *+;:: Hg,Th,TI,Yb, Zr 

," s **  

- 
pO* **  

30' A* 
PI 

/O' 

- ,, I I I I I I I I I I 1 1 1  

0.-.0 distance reported to date is -2.02 A in the di-p-0x0 
Cu0,N hetero bridge in [Cu(bipy),(ONO)]NO, (25). In con- 
trast, in a similar bridge in Cu(bipy) (ONO), (24) the distance 
is -2.10 A. 

A closer comparison of the nonbonded 0...0 distances is 

[C6HSSi(O2C6H4)2] (27)). For distances shorter than -2.3 A 0.8 1.0 1.2 1.4 1.6 1.8 
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ET AL. 765 

TABLE 10. The 0.-.0 bridging distance in NO3- and NO2- ions 
acting as bidentate ligands 

No. Compound d ( 0 .  0 ) ,  Reference 

not warranted at present, nor are distinctions between X-ray, 
neutron, and spectroscopic results (i.e. between internuclear 
distances and separations of electron-density maxima) or be- 
tween distances corrected or uncorrected for t h e r ~ a l  motion. 
The accuracy quoted is rarely better than 20.01 A and often 
much poorer. Our survey of the very short O.. .O distances is 
by no means exhaustive and it does not differentiate between 
oxygen atoms of different types. However, it presents what 
must be essentially the correct picture of the situation in regard 
of the lower limit of O - . -O  contacts:in MzOz rings the lower 
d ( 0 - . S O ' )  limit appears to be  -2.3 A unless one of the non- 
oxygen atoms is B, C ,  o r  N. In that case the nonbonded 0 . .SO 
distance can be short as -2.0 A, which seems to be also the 
overall lower limit for non-u-bonded 0.--0 distances. 
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Steroids and related products. LII." 11-Aza steroids. Part IV.' The synthesis of 
11-aza 9a-steroids. II.3 The synthesis of ll-aza-4,5a-dihydrotestosterone4'5 
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MARIA GUMULKA, IBRAHIM HALIM IBRAHIM, ZBIGNIEW BONCZA-TOMASZEWSKI, and CH. R. ENGEL. Can. J .  Chem. 63,766 
(1985). 

An efficient synthesis from adrenosterone or I la-hydroxytestosterone of 17P-hydroxy-l I-aza-5a-androstan-3-one, the 
I I-aza analogue of dihydrotestosterone, is described. For the elaboration of the I I-aza structure, a pathway implying a 
Curtius-type rearrangement of a 9,l I-seco 9-0x0 I I-acid was employed. 

MARIA GUMULKA, IBRAHIM HALIM IBRAHIM, ZBIGNIEW BONCZA-TOMASZEWSKI et CH. R. ENGEL. Can. J. Chem. 63, 766 
(1985). 

On rapporte une synthtse efficace de I'hydroxy-17P aza-l l (5a)androstanone-3, l'analogue I I-aza de la dihydrotesto- 
stkrone, i partir de I'adrCnostCrone, ou de I'hydroxy-l la testostCrone. Pour I'elaboration de la structure I I-aza, une rnCthode 
impliquant une reaction du type Curtius sur un 9,ll-seco 9-0x0 I I-acide fut employCe. 

In the framework of our program on the synthesis of new 
steroid hormone analogues, on their biological evaluation, and 
on the establishment of structure-activity relationships in that 
field, and in particular in connection with our investigations of 
steroids modified in position 1 1, such as 1 1-hetero steroids, we 
decided to synthesize 17P-hydroxy- l l-aza-5a-androstan-3- 
one (I) ,  the 1 1-aza analogue of 4,5a-dihydrotestosterone. This 

androgenically highly active testosterone metabolite is indeed 
regarded to be the steroid whose binding to the appropriate 
receptors is mainly responsible for androgenic activity. The 
study of the androgen agonistic or antagonistic properties of its 
I I-aza analogue, as well as of other biological activities this 
product may possess - such as its effect on spermatogenesis - 
should thus have considerable interest. We here report the 
synthesis of this new hormone analogue. 

We have previously shown (2, 3) that 1 1-aza steroids of the 
9a-series are synthetically accessible, particularly in the A/B- 
trans series, by ozonolysis of 9 , l  1-unsaturated 12-ketones, by 
ammonolysis of the resulting 9,12-seco I I -nor 9-0x0 12-acids, 
the reduction of the 8,9-unsaturated lacrams thus formed to the 
8,9-unsaturated cyclic amines, and by hydrogenation of the 
latter, for instance via iminium salts (cf. Scheme 1) (cf. also 
ref. 4). This pathway suffers, tiowever, from the fact that the 
ammonolysis of the keto acid has to be carried out under pres- 
sure, as well as from the low yield of the reduction of the 

'For paper LI, cf. ref. I .  
'For part 111, cf. ref. 2. 
'For paper I, cf. ref. 2. 
4The salient features of this publication were part of a paper 

presented at the 29th International (IUPAC) Congress of Pure and 
Applied Chemistry, Cologne, Federal Republic of Germany, June 
5- 10, 1983 (Abstracts of Papers, p. 216). 

'Abbreviated from part of the doctoral thesis of I. H. Ibrahim, to be 
presented to the School of Graduate Studies, UniversitC Laval, 
Quebec. 

double bond of 8,9-unsaturated 1 1-aza steroids (2, 4).6 There- 
fore, for the synthesis of 1 I-azadihydrotestosterone (1) de- 
scribed here, we investigated an alternate approach implying a 
Curtius-type rearrangement of a 9,1 1-seco 9-0x0 1 1-acid azide, 
in analogy with reactions described by LettrC and Knof (5) 
pertaining to B-seco derivatives and which had led to Qaza 
steroids. 

As starting material, we chose 5a-androstane-3, I I ,  17-trione 
(3), readily available (cf. ref. 6) by Birch reduction of adreno- 
sterone (4-androstene-3,11,17-trione) (2) or of 1 la-hydroxy- 
testosterone (2a), followed by Jones' oxidation (cf. Experi- 
mental). The triketone 3 was transformed in 90% yield with 
ethylene glycol and p-toluenesulfonic acid into its 3,17-diketal 
4 which was reduced in 87-89% yield with lithium aluminum 
hydride or sodium borohydride to the 1 l p-hydroxy 3,17-di- 
ketal7. This product was dehydrated in 86% yield with thionyl 
chloride to 3, 17-bisethylenedioxy-5a-andrdst-9, I l -ene (6;) 
which gave in 72% yield, upon treatment with acetone and 
p-toluenesulfonic acid, 5a-androst-9,l 1 -ene-3,17-dione (6),. 
already prepared by Shoppee (7) from 3P-acetoxy-Sa-androst- 
9,ll-en-17-one, which was obtained in turn by degradation of 
Reichstein's Substance A (8). Better yields (90%) in the de- 
ketalization were realized by the method of Conia and co- 
workers (9), consisting in reaction with silica gel, pretreated 
with dilute hydrochloric acid. Ozonolysis of the androstene- 
dione 6 and oxidation with hydrogen peroxide gave in 75 - 8 1 % 
yield the seco keto aldehyde 5 ,  accompanied by the diketo acid 
5a (isolated in approximately 20% yield). The oxidation of 
aldehyde 5 with Jones' reagent to the diketo acid 5a proceeded 
in approximately 75% yield, but the product was unstable. In 
a first set of experiments it was therefore transformed without 
purification with oxalyl chloride (cf. ref. 10) into the acid 
chloride, which was converted with sodium azide to the acid.  
azide 8 which, in turn, was subjected to a Curtius-type rear- 
rangement, leading via the isocyanate 9 to the imine 10; as side 
pro&ct, the dike& acid 5a was recovered. The yield of this 

'Although we were able to improve the yield of this reduction which 
we originally reported (2), the total yield of the transformatio~~ of an 
8,9-unsaturated 12-0x0 I l -aza steroid into the 12-deoxygenated 
8.9-saturated derivative hardly exceeded 16%. Catalytic reduction of 
an 8,9-unsaturated N-acylated I I-aza steroid under pressure, in the 
presence of perchloric acid, gave the saturated I I-aza steroid in ap- 
proximately 50% yield, but under these conditions ester groups 
present in the molecule may be simultaneously reduced (2). 
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GUMULKA ET AL. 

11 , R = O  
OH 

l l a ,  R  =( 
H 

sequence of reactions depends on the conditions employed (cf. 
Experimental). The best results - a 68% yield, considering the 
recovery of acid 5a - were obtained when the acid chloride 5b 
was treated in dry benzene with activated sodium azide (1 1) at 
reflux temperature and the resulting product with concentrated 
hydrochloric acid. Significantly better yields (82%) in the pre- 
paration of imine 10 were realized in a second set of experi- 
ments in which the diketo acid 5a was transformed without the 
intermediacy of its chloride 5b, according to the method of 
Grouillier et al. (12), with triethylamine and ethyl chlorofor- 

mate in acetone, into the isocyanate 9 which was treated with 
hydrochloric acid.' 

Reduction of the imine 10 via its hydrochloride, according to 
the procedure of Borch et al. (13), and reoxidation with Jones' 

'lt is not improbable that, under the mild conditions of certain 
procedures employed for the conversion of the isocyanate to the imine, 
this product is not formed (at least not entirely) by cyclization of a 
9, I I-seco 9-0x0 I 1-amine but by a direct reaction of the isocyanate 
group with the keto function (cf. Scheme 2). 
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reagent, led in 65% yield to 11-aza-5a-androstane-3,17-dione 
(12), further characterized as the acetyl derivative 12a.  The 
"natural" 9a-configuration was confirmed by the coupling con- 
stants (J  = 1 I Hz) of the 9a and 8P protons in the nmr spectra 
of compounds 12  and 120. The 3-monoketal 11 was now 
formed in 80% yield by treatment of the amine 12  with metha- 
nol and oxalic acid, according to the method of Narwid et al .  
(14), the 17-keto function was reduced in over 90% yield with 
lithium aluminum hydride, and the 3-ketone liberated with 
acetone and p-toluenesulfonic acid, to afford in 69% yield the 
desired 1 1-aza analogue 1 of 4,5a-dihydrotestosterone.' The 
biological properties of the new hormone analogue will be 
reported elsewhere. 

In summary, we report the synthesis of 11-aza-4,5a-di- 
hydrotestosterone from readily available starting materials by 
an efficient and simple method, significantly superior to our 
previously described route to 1 1-aza steroids. 

Experimental 
Melting points were taken in evacuated capillaries and the tem- 

peratures were corrected. For elution chromatography, Davison's sili- 
ca gel 923, and for thin-layer chromatography, Merck silica gel 
GF-254 and "DC-Alufolien Kieselgel 60" were employed. The ir 
spectra were recorded on a Beckman IR-12 instrument, the nmr spec- 
tra at 60 MHz on a Varian EM 360A spectrometer and at 90 MHz on 
a Bruker HFX-90 instrument, if not otherwise stated, in deuterio- 
chloroform, tetramethylsilane serving as internal standard. The micro- 
analyses and mass spectroscopies were performed by Dr. G. Schilling, 
Ayerst Laboratories, Montreal, to whom we express our sincere 
appreciation. 

(a) From 4-nndrostene-3,11,17-trione (adrenosterone, 2) 
According to the procedure of Bowers and Denot (6), 1.8 g of 

adrenosterone (2), mp 221 -222"C, was transformed into 1.67 g of 
crude 5a-androstane-3,1 I ,  17-trione (3) which was absorbed on 60 g 
of silica gel. Elutions with benzene - ethyl acetate (8:2) afforded 
1.497 g (83% yield) of pure trione 3, mp 174- 176°C; [a]: + 162 
(CHCI,) (lit. (17) mp 174.5- 176°C; [a]: + 160 (CHCI,)); ir v,,, 
(KBr): 1740 (17-ketone), 1700 (3- and I I-ketones) cm-I. 

(b) Frotn I1  a-l~ydroxytesto.sterone (2a) 
Under stirring, a solution of 5 g of I la-hydroxytestosterone (2a), 

mp 175- 177"C, in I00 mL of absolute tetrahydrofuran was added to 
a solution of 3 g of lithium wire, flatteneq and cut into small pieces, 
in 200 mL of anhydrous liquid ammonia over a period of 20 min. The 
mixture was stirred for another 40 min and the blue colour was dis- 
charged by addition of approximately 3 g of solid ammonium chloride; 

'This synthesis represents a development of experiments connected 
with the problem of the preparation of 17-aza steroids.' Indepen- 
dently, and subsequently to the beginning of our investigations, 
Pivnitskii and co-workers (15) used a similar approach for the for- 
mation of I I -aza-estradiol and I 1 -=a- 19-nortestosterone derivatives 
(cf. also ref. 16). l o  

'Ch. R. Engel and N. N. Saha. Unpublished results. 
10 When using the procedure followed by Badanova and Pivinitskii 

(156) for the transformation, via the acid chloride 5b, of acid 50 into 
imine 10, the yield amounted to 64%, considering the recovery of acid 
5a; this yield is significantly lower than the one we realized (82%) 
when forming the isocyanate 9 without the intermediacy of acid 
chloride 56. 

subsequently, the ammonia was allowed to evaporate in a nitrogen 
atmosphere. Water was added carefully to the residue, the product was 
extracted with methylene chloride, and the organic extract was washed 
with water and dried over sodium sulfate. Removal of the solvents 
gave 5 g of an amorphous product which upon crystallization from 
methanol afforded 3.963 g of Ila,l7p-dihydroxy-5a-nndrosran- 
3-one (3a), mp 181 -183°C. The mother liquors were subjected to 
flash chromatography on 100 g of silica gel, chloroform-methanol 
(98:2) eluting another 126 mg of the same product of the same purity 
(total yield: 81%). A sample was recrystallized twice from methanol; 
colourless prisms, mp 182- 183°C (lit. (19) mp 183- 185°C); [a]: 
-2.2 (c 0.900, dioxane); ir v,,,, (KBr): 3230 (hydroxyls), 1715 
(3-ketone) cm-I; nmr 6 (DMSO, 90 Hz): 0.77 (s, 3H, 18-CH3), 1.14 
(s, 3H, 19-CH,), 3.8 (m, 2H, 1 I p- and 17a-H). Mass (ms) calcd. for 
C19H3003: 306; found: 306. 

From the above-mentioned chromatogram, the same solvent mix- 
ture eluted 51 1 mg of a more polar, amorphous product, representing 
5a-androstane-3p, I l a ,  17P-trio1 (36). Crystallization from methanol 
gave 500 mg (9.7%) of crystalline triol3b, mp 239-241°C. A sample 
was recrystallized twice from methanol; colourless prisms, mp 
240-241°C (lit. (19) mp 241 -24YC); [a]i5 -8.4 (c 0.95, dioxane); 
ir v,,,, (KBr): 3235 (hydroxyls) cm-I; nmr 6 (DMSO, 90 MHz): 0.72 
(s, 3H, 18-CH,), 0.94 (s, 3H, 19-CH3), 3.8 (m, 3H, 3a-, I 1 p-, 
17a-H). Mass (ms) calcd. for C19H3203: 308; found: 308. 

To a solution of 3 g of the 1 l a ,  17P-dihydroxy-5a-androstan-3-one 
(3a) described above, mp 181 - 183"C, in 100 mL of acetone, 15 mL 
of Jones' reagent (18) was added at 5"C, dropwise and with stirring, 
within 10 min. The mixture was left for another 3 h, and isopropyl 
alcohol (3 mL) and, subsequently, water were added. The product was 
extracted with dichloromethane, the organic solution was washed with 
water and dried over sodium sulfate, and the solvent was evaporated. 
Thus 2.548 g of an oily product was obtained which was chro- 
matographed on 100 g of silica gel, benzene - ethyl acetate (8:2) 
eluting 2.378 g (80% yield) of authentic 5a-androstnne-3,11,17- 
trione (3), mp 174- 176°C. 

Under identical conditions, 500 mg of 5a-androstane-3P, I l a ,  17P- 
trio1 (3b), mp 239-24l0C, was oxidized with Jones' reagent. By 
chromatography of the crude reaction product (421 mg) on 60 g of 
silica gel, 406 mg (8 1 % yield) of pure 5a-androstnne-3,ll , I  7-trione 
(3), mp 174- 176"C, was obtained. 

In another experiment, 5.5 g of I I a-hydroxytestosterone (2a), mp 
175- 177"C, was reduced as described above to afford 5.318 g of an 
amorphous product. This material was oxidized directly, without 
separations or purifications, in 100 mL of acetone with 15 mL of 
Jones' reagent, as described above. Thus, 5.096 g of a crude product 
was obtained which was chromatographed on 150 g of silica gel to 
afford 4.666 g (85% yield) of pure 5a-nndrostnne-3,ll, 17-trione (3), 
mp 174-176°C. 

3,17-Bisethylenedioxy-5a-androsmn-1 I -one (4) 
From a solution of 3 g of 5a-androstane-3, I 1.17-trione (3), mp 

174- 176"C, and 15 mL of ethylene glycol in 160 mL of dry benzene, 
some 50 mL was distilled off through a Dean-Stark separator and I00 
mg of p-toluenesulfonic acid was added. The solution was refluxed 
with the exclusion of moisture and with a water separator for 18 h and, 
after cooling, the product was extracted with dichloromethane. The 
organic solution was washed with a saturated sodium bicarbonate 
solution and with water, a few drops of pyridine were added, and the 
mixture was dried over sodium sulfate. Removal of the solvents gave 
3.619 g of a product which was crystallized from methanol to give 
3.482 g (90% yield) of 3,17-bisethylenedioxy-5a-androstan-l I-one 
(4), mp 164-166°C. A sample was recrystallized twice from 
methanol for analysis; mp 163- 165°C; [a]: +23 (c 0.950, CHC13); 
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ir v,,,;,, (KBr): 1700 (1 I-ketone), 1168, 1095 (ketals) cm-I; nrnr 6 
(90 MHz): 0.77 (s, 3H) and 1.00 (s, 3H) (18- and 19-CH3), 1.99 (d, 
IH, J = 11.5 Hz, 12a-H), 2.47 (d, IH, J = 11.5 Hz, 12P-H), 3.77 
(s, 8H, 3- and 17-OCHzCHzO); ms m/e: 390 (M+), 125, 1 12, 99 
(ethylene ketal fragmentations). Anal. calcd. for C23H3105: C 70.74, 
H 8.78; found: C 70.43, H 8.56. 

3,17-Bisethylenedioxy-5a-ar1drostat1-l I P-01 (7) 
(a) Under vigorous stirring, a solution of 1.2 g of 3,17-bisethylene- 

dioxy-5a-androstan- 1 I-one (4), mp 164- 166"C, in 30 mL of absolute 
tetrahydrofuran was added dropwise, at P C ,  to a suspension of 160 
mg of LiAlH, in 100 mL of absolute tetrahydrofuran. The reaction was. 
monitored by tlc analysis; after 5 h, ethyl acetate was added and, 
subsequently, a saturated aqueous ammonium chloride solution. The 
tetrahydrofuran solution was separated, the residue was extracted with 
chloroform, and the extracts were dried over sodium sulfate. Evapo- 
ration of the solvents gave 1.052 g (87% yield) of crystals, mp 
201 -203°C. A samole was recrvstallized twice from acetone- hexane 
for analysis; mp 145-2030~; [a]: +32 (c 0.900, CHCI~) ;  ir v,,,, 
(KBr): 3520 (OH), 1160, 1082 (ketals) cm-I; nrnr 6 (90 MHz): 1.02 
(s, 3H) and 1.05 (s, 3H) (18- and 19-CH,), 3.77 (8H, 3- and 
17-OCHzCHzO), 4.20 (m, 1 H, 1 la-H); ms m/e: 392 (M+), 125, 1 12, 
99 (ketal fragmentations). Anal. calcd. for C23H3605: C 70.37, H 9.24; 
found: C 70. 11, H 9.07. 

(b) To a solution of 1 g of the diketal4, mp 164- 166"C, in 80 mL 
of methanol, 800 mg of sodium borohydride was added with stirring, 
at room temperature. The solution was refluxed for 3 h, cooled, and 
poured into I L of ice water. The precipitate was filtered, washed, and 
dried, and the resulting product (1 g, mp 197-202°C) was recrystal- 
lized from acetone-hexane to give 900 mg (89% yield) of the l lP- 
hydroxy diketal 7, mp 200-203°C. The identity of the product with 
the one described under (a) was established in the usual fashion by 
spectral comparisons and by the determination of a mixture melting 
point. 

3,I7-Bisethylenedioxy-5a-androst-9,11-etze (6a) 
A solution of 2.2 g of 3,17-bisethylenedioxy-5a-androstan-1 I P-ol 

(7) in 6 mL of dry pyridine was left at O°C for 2.5 h with 20 drops of 
distilled SOCIz. Crushed ice and water were added, the precipitate was 
filtered on Celite, washed with water, and dissolved in chloroform. 
The organic solution was dried with sodium sulfate and taken to 
dryness to give 2.00 g of a residue which, upon two crystallizations 
from ether - petroleum ether, gave 1.86 g (88.6%) of 3,17-bis- 
ethylenedioxy-5a-androst-9,ll-ene (6a), mp 144- 147°C. A sample 
was recrystallized once from ether - petroleum ether for analysis; mp 
145- 147°C; [a]: +51 (c 1.200, CHCI,) ir v,,,,, (KBr): 1635 (double 
bond), 1170, 1100 (ketals) cm-'; nrnr 6 (60 MHz): 0.85 (s, 3H, 
18-CH3), 0.95 (s, 3H, 19-CH,), 3.95 (8H, bisethylene-ketal), 5.35 
(d, IH, I I-H); ms mle: 374 (M+), 125, 99 (ketal fragmentations). 
Anal. calcd. for Cz3H3404: C 73.76, H 9.15; found: C 73.69, H 9.06. 

5a-Androst-9,Il -ene-3,17-dione (6) 
(a) By tratzsketalization (ref: 20) 
To a solution of 7 g of diketal 6a in 150 mL of absolute acetone, 

150 mg of p-toluenesulfonic acid was added and the mixture was 
stirred at room temperature for 4.5 h. The product was diluted with 
water and was extracted with dichloromethane. The organic solution 
was washed with a saturated sodium bicarbonate solution and with 
water and was dried over sodium sulfate. Evaporation of the solvent 
gave 5 g of a crude product which was chromatographed on silica gel, 
using hexane-benzene (9: 1) as eluent. Thus 3.17 g (72%) of the 
androstenedione 6 was obtained, mp 146- 148°C. A sample 
was recrystallized from acetone-ether-hexane for analysis; mp 
146]; 148°C (lit. (7) mp 154°C); [a]i6 + 153 ( ~ 0 . 9 0 0 ,  CHCI,) (lit. (7) 
[a], + 156); ir v,;,, (KBr): 1740 (17-ketone), 1715 (3-ketone), 1630 
(double bond) cm-I; nrnr 6 (60 MHz): 0.90 (s, 3H, 18-CH,), 1.24 
(s, 3H, 19-CH,), 5.55 (br, 1H, 11-H); ms m/e: 286 (M+), 271 (M - 
CH3), 243 (M - CH,CO), 228 (1,4-seco-2,3,19-trinorandrostra- 
1 (10),4(5),9(1 I)-trien- 17-one). Anal. calcd. for Cl9Hz6OZ: C 79.68, 
H 9.15; found: C 79.24, H 9.00. 

From the above-described chromatogram there was also obtained 
1. I g (18%) of the 3-monoethylenedioxy derivastive of diketone 6. 

(b) By deketalization with humidified, acidic silica gel (rej'. 9) 
To a suspension of 18 g of silica gel (Merck 60 for column 

chromatography, 32-63 mesh) in 80 mL of dichloromethane, I .8 mL 
of 15% sulfuric acid was added with stirring. After 2-3 min, the 
aqueous phase disappeared and a solution of 2 g of diketal 60, mp 
144- 147"C, in 10 mL of dichloromethane was added and the mixture 
was further stirred at room temperature for 22 h. The product was 
neutralized with solid sodium carbonate, the mixture was filtered 
through a fritted glass funnel, and the solid was washed several times 
with dichloromethane. Evaporation of the solvent from the filtrate 
gave 1.5 g of an oily product which, upon crystallization from 
acetone-ether-hexane, gave 1.385 g (90% yield) of the an- 
drostenedione 6, mp 146- 148"C, identified by comparison of its 
infrared spectrum with ttiat of the product described under (a) and by 
the determination of a mixture melting point. 

3,9,17-Trioxo-9, I I -seco-5a-androstan-11 -a1 (5) and 3,9,17-trioxo- 
9 , l  I -seco-5a-androstan-l I -oic acid (50) by ozorzolysis of the 
androstetledione 6 

Through a solution of 1.193 g of the androstenedione 6, mp 
146- 148"C, in 60 mL of dry ethyl acetate there was passed, at 
- 10°C, for 3 h, a stream of oxygen containing 1.75% of ozone, at a 
flow rate of 220 L/h. The product was treated for 18 h with I mL of 
30% HzOz and 2 mL of water. Subsequently, 150 mL of water was 
added and the mixture was extracted with dichloromethane. The or- 
ganic phase was washed with a cold 2 N aqueous sodium hydroxide 
solution and with water. After drying over sodium sulfate, the solvent 
was evaporated to afford 1.083 g of an oily product which gave, upon 
crystallization from ether-hexane, I g (75%) of 3,9,II-tri- 
0x0-9, I I -seco-5a-androstan-I I -a1 (S), mp 172- 175°C. For analysis 
a sample was recrystallized once more from ether-hexane; mp 
171-175°C; [a]: +32 (c 0.900, CHC1,); ir v,,,,, (KBr): 2740 
(aldehyde), 1735 (17-ketone), 1720 (aldehyde), 1700 (3-ketone) 
cm-I; nrnr 6 (90 MHz): 0.79 (s, 3H) and 1.36 (s, 3H) (18- and 
19-CH?), 2.78 (q-AB, 2H, J = 18 Hz, 12-Hz, superimposed on m, 
IH, C8P-H), 9.60 (s, lH, aldehyde); ms m/e: 318 (M+), 290 (M - 
CO), 276 ( 1 1,12-bisnor-9,13-seco-5a-androstane-3,9,17-trione), 180 
(1 -methylbicyclo[4.3.0]nonane-4,9-dione'), 97. Anal. calcd. for 
C19Hz604: C 71.67, H 8.23; found: C 71.5 1, H 8.1 I .  

The aqueous alkaline extract of the dichloromethane solution was 
acidified with sulfuric acid to the Congo blue reaction and the product 
was extracted with chloroform. The organic layer was washed with 
water to neutral, dried over sodium sulfate, and evaporated to afford 
305 mg of an oily product which, upon crystallization from benzene, 
gave 232 mg of 3,9,17-trioxo-9, I 1  -seco-5a-androstan-11 -oic acid 
(Sa), mp 105- 106"C, identified by comparison of the infrared and 
nrnr spectra with those of the product described below and by the 
determination of a mixture melting point. 

3,9,17-Trioxo-9,11 -seco-5a-androstan-l o i  acid (50) from alde- 
hyde 5 

A solution of 1.2 g of aldehyde 5, mp 172- 175"C, in 60 mL of 
acetone was treated for 2 h (until the disappearance, on tlc, of the 
neutral product) with an excess (1.3 mL) of Jones' reagent (18). 
Isopropyl alcohol (1 mL) and 200 mL of water were added and the 
product was extracted with dichloromethane. The organic layer was 
extracted with aqueous 2 N sodium hydroxide, the alkaline extract was 
acidified to the Congo blue reaction with 2 N HzS04, and the mixture 
was extracted with chloroform. The organic layer was washed with 
water and was dried over sodium sulfate. Removal of the solvent gave 
1.087 g of crude, oily acid Sa which afforded upon crystallization 
from benzene 955 mg (76%) of purified acid Sa, mp 106- 1 11°C; 
[a]: +22 (c 2.050, CHCl,); ir v,,,,, (KBr): 3400-3000 (acid), 1740 
(17-ketone), 1700 (3-ketone and acid) cm-'; nrnr 6 (90 MHz): 0.77 
(s, 3H) and 1.35 (s, 3H) (1 8- and 19-CH,), 2.69 (q-AB, outer peaks 
ill defined, 2H, 12-Hz), 2.86 (m, 8P-H); ms m/e: 335 (M + I)+, 307, 
290 (M - COz), 275 (M - COz - CH3), 231, 180 (8a-methyl- 
decaline- 1,6-dione). 
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Since acid 5a  decomposes readily, no microanalysis could be per- 
formed and the following reactions were carried out without further 
purifying the product. 

The neutral extract of the oxidation reaction (198 mg) was com- 
posed of a mixture which was not further investigated. 

The total yield of acid 5a from the androstenedione 6 amounted to 
78%. 

11 -Aza-5a-androst-9,Il -ene-3,20-dione (10) 
(a) Via the acid chloride 5b, without isolatiorl of the 3,9,17-trioxo 

seco acid azide 8 and the isocyanate 9 
(i) At O°C, 1.5 mL of oxalyl chloride, dissolved in 10 mL of 

absolute benzene, was added with repeated shaking to a suspension of 
1.193 g of purified acid 50, mp 106- 1 1 I°C, in 60 mL of absolute 
benzene. The mixture was allowed to warm to room temperature and 
was stirred for 12 h, the progress of the reaction being followed by 
infrared analysis of samples of the reaction mixture. The product was 
taken to dryness in vacuo at room temperature and the residue was 
redissolved in absolute benzene and taken again to dryness under 
reduced pressure. This operation was repeated another time. Thus, 
1.262 g of crude, solid, 3,9,17-trioxo-9,1 I-seco-5a-androstan-11-oic 
acid chloride (5b) was obtained; ir v,,;,, (KBr): 1800 (acid chloride), 
1740 (17-ketone), 1700 (3-ketone) c m - ' .  This product was used with- 
out further purification in the following reaction. 

The crude acid chloride 5b (1.26 g) was dissolved in 50 mL of 
acetone and was treated with a paste made up of 500 mg of sodium 
azide and 0.5 mL of water. The reaction mixture was refluxed for 30 
min and a few drops of water were added until the solution became 
clear. Within 15 min, 50 mL of water were added and the mixture was 
extracted with chloroform. The organic solution was dried over 
sodium sulfate and the solvents were evaporated. The crude product 
(987 mg) did not only contain 3,9,17-trio-ro-9,Il -seco-5a-andro- 
stan-11-oic ocid azide (8) but also some rearranged product: 
3,9,17-trioxo-9,12-seco-Il-r10r-5a-androstan-12-yl isocyanate (9); ir 
v,,, (KBr): 2250 (N=C=O), 2130 (N,), 1800, 1740, and 1700 
cm-I. This solid mixture was not separated but dissolved in 3 mL of 
acetic acid. After addition of 1.1 mL of water the product was warmed 
and an evolution of Nz was observed. After the gas evolution had 
ceased, the mixture was cooled and an aqueous 2 N NaOH solution 
was added until it became alkaline and was then extracted with chlo- 
roform. The organic solution was extracted with 10% aqueous hydro- 
chloric acid, the acidic extract was made alkaline with 2 N sodium 
hydroxide, and the product was again extracted with dichloromethane. 
The organic solution was dried over sodium sulfate and the solvent 
was evaporated. 'Thus, 302 mg of an oily product was obtained. It 
gave upon crystallization from ether-hexane 284 mg (28% yield) of 
I I-aza-5a-androst-9, I I-ene-3,17-dione (lo),  mp 173 - 176°C. For 
analysis, a sample was recrystallized twice from ether-hexane; mp 
176- 178°C; [a]: + 165.4 (c 1.010, CHCI,); ir v,,:,, (KBr): 1740 
(17-ketone), 1715 (3-ketone), 1635 (C=N) cm-I; nmr 6 (90 MHz): 
0.83 (s, 3H) and 1.25. (s, 3H) (18- and 19-CH,), 3.41 (d, IH, 
J = 13.5 Hz) and 3.79 (d, IH, J = 13.5 Hz) (12-Hz); ms m/e: 287 
(M+), 273 (M - CH,), 260 (M - HCN), 245, 23 I. Anal. calcd, for 
CIHHz5N02: C 75.22, H 8.77, N 4.87; found: C 75.10, H 8.73, N 
4.86. 

The original aqueous alkaline solution which had been extracted 
with hydrochloric acid and the aqueous alkaline solution from which 
the imine 10 had been extracted with dichloromethane were combined 
and acidified with 2 N sulfuric acid to the Congo blue reaction. The 
product was extracted with dichloromethane. 'The organic solution 
was washed with water and dried over sodium sulfate. Evaporation of 
the solvent gave 462 mg of an oily product which afforded upon 
crystallization from benzene 438 mg (37%) of 3,9,17-trioxo-9,11- 
seco-5a-androstan-11-oic acid (So), mp 105- I 10°C. Its identity was 
established by the comparison of its infrared spectrum with that of an 
authentic sample (cf. above) and by the determination of a mixture 
melting point. Considering the recovery of this starting material, the 
yield of imine 10 amounted to 44%. 

(ii) A suspension of 232 mg of freshly activated sodium azide (1 I ,  

cf. also ref. 21) in a solution in 20 mL of absolute benzene of 502 mg 
of acid chloride 5b, prepared from 500 mg of acid 5a  as described 
above under (i), was refluxed for 20 h with exclusion of moisture. The 
product was cooled and filtered. To the filtrate, 5 mL of concentrated 
hydrochloric acid was added and the mixture was refluxed for 2.5 h. 
After cooling, the acid layer was separated and the benzene solution 
was washed with water. The acidic layer and the water washings were 
combined and made alkaline with 2 N sodium hydroxide, and the 
product was extracted with dichloromethane. The organic solution 
was washed with water and dried over sodium sulfate. Evaporation of 
the solvent gave 168 mg (39%) of an oily product which afforded upon 
crystallization from ether-hexane 146 mg (34%) of 11-aza5a-  
androst-9, I I-ene-3,I 7-dione ( lo) ,  mp 173- 176°C. The identity of 
the product was established by comparison of its infrared spectrum 
with that of the product described under (i), and by the determination 
of a mixture melting point. 

The benzene solution which had been extracted with sodium hy- 
droxide and washed with water (cf. above) was dried over sodium 
sulfate and the solvent was removed. The oily residue (272 mg) gave 
upon crystallization from benzene 250 mg (50%) of 3,9,17-trioxo- 
9,11-seco-5a-androstan-1 I-oic acid (So), mp 105- 1 IO°C, identified 
in the usual manner with an authentic sample. Considering this re- 
covery of starting material, the yield of the imine 1 0  amounted to 
68%. 

(b) Via the acid chloride 5b, with isolation of the acid azide 8 a n d  
the isocyanate 9 

(i) To a solution in 35 mL of acetone of 640 mg of crude acid 
chloride 56, prepared from 680 mg of acid 5a  as described above 
(a ,  i), a solution of a 410 mg of sodium azide in 15 mL of water was 
added at room temperature, with vigorous stirring. The mixture was 
left at room temperature for another 20 h and 200 mL of water was 
added. The product was extracted with dichloromethane, and the 
organic solution was washed with water and dried over sodium sulfate. 
Removal of the solvent gave 600 mg of a solid, representing crude 
3,9,17-trioxo-9,II-seco-5a-androstan-11-oic acid azide (8); ir v,;,, 
(KBr): 2128 (C=N), 1740 (17-ketone), 1700 (3- and 9-ketones) 
cm-I. This product was used without further purification in the next 
step. 

The crude azide 8 described above was dissolved in 50 mL of 
benzene and the solution was refluxed for 2 h, at which time gas 
evolution had ceased. Removal of the solvent under reduced pressure 
gave 580 mg of crude 3,9,17-trioxo-9,12-seco-I1 -nor-5a-andro- 
stan-12-yl isocyanate (9); ir v,,,:,, (KBr): 2250 (N=C=O), 1738 
(17-ketone), 1705 (3- and 9-ketones) cm-I. This product was not 
purified prior to the next step. 

The crude isocyanate 9 described above was dissolved in 50 mL of 
dioxane and there was added, with vigorous stirring and dropwise, 
2 mL of concentrated hydrochloric acid. The mixture was left for 20 h 
at room temperature and was subsequently made alkaline by the addi- 
tion of 2 N sodium hydroxide. The product was extracted with di- 
chloromethane, the organic layer was extracted in turn with 20% 
aqueous hydrochloric acid, and the acidic extract was made alkaline 
with 2 N sodium hydroxide. The resulting mixture was extracted with 
dichloromethane, and the organic solution was washed with water and 
dried over sodium sulfate. Removal of the solvent gave 320 mg 
of crude, amorphous, Il-aza-5a-androst-9,ll-ene-3,17-dione (10) 
which upon crystallization from ether- hexane gave 291 mg (50%) of 
pure azide 10, mp 173- 176"C, identified in the usual fashion. 

The two aqueous alkaline solutions that had been extracted with 
dichloromethane were combined and were acidified with 2 N sulfuric 
acid to the Congo blue reaction. The mixture was extracted with 
dichloromethane, and the organic layer was washed with water and 
dried over sodium sulfate. Removal of the solvent afforded 172 mg 
(25%) of an oily product which gave upon crystallization from ben- 
zene 15 1 mg (22%) of the trioxo seco ocid 5a ,  mp 105 - l l O°C, 
identified in the usual manner. Considering this recovery of starting 
material, the yield of imine 1 0  amounted to 64%. 

(ii) When the procedure employed by Badanova and Pivinitskii 
(15b) in the synthesis of 11-aza-estradiol was used for the trans- 
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formation of 529 mg of crude acid chloride 5b, prepared from 562 mg 
of acid 5a ,  into imirle 10, 242 mg (50%) of this product, mp 
173-l76"C, and 120 mg (21%) of acid 50, mp 105-IIO°C, were 
obtained. Considering the recovery of starting material, the yield of 
imine 10 amounted to 64%. 

(c) Without the intermediacy of' acid chloride 5b,  by direct trans- 
formation of the seco acid 5 a  into the isocyanate 9 and thence 
into imine 1 0  

According to the procedure of Grouillier et al. (12), there was 
added, dropwise and with stirring, at -5'C, to a solution of 400 mg 
of purified 3,9,17-trioxo-9,ll-seco-5a-androstan- l l o  acid (5a), 
mp 106- 1 I 1°C, in 35 mL of acetone, a solution of 0.83 mL of 
triethylamine in I mL of acetone, subsequently a solution of 0.67 mL 
of ethyl chloroformate in I mL of acetone, and, finally, a solutibn of 
0.78 mg of sodium azide in 3 mL of water. The mixture was stirred 
for 1.5 h at -5°C and then allowed to warm to room temperture, 
stirring being continued for another 2 h. Ice water (100 mL) was added 
and the product was extracted with dichloromethane. The organic 
solution was washed with water and was dried over sodium sulfate. 
Removal of the solvent gave 388 mg of solid 3,9,17-tri- 
oxo-9,~2-seco-~ I -nor-5a-androstan-12-yl isocyanate (9); ir v,,, 
(KBr): 2250 (N=C=O), 1739 (17-ketone), 1705 (3- and 9-ketones) 
cm-I. This product was used without purification in the next step. 

The crude isocyanate 9 described above was dissolved in 30 mL of 
dioxane and to this solution was added, dropwise and with vigorous 
stirring, 2 mL of concentrated hydrochloric acid. The mixture was left 
for 18 h at room temperature and subsequently treated with 2 N sodium 
hydroxide until it became alkaline. The product was extracted with 
dichloromethane, the organic layer was extracted in turn with 10% 
aqueous hydrochloric acid, the acidic extract was made alkaline with 
2~ sodium hydroxide, and the product was again extracted with 
dichloromethane. The organic solution was washed with water and 
dried over sodium sulfate. Removal of the solvent gave 270 mg (79%) 
of an oily product which, upon crystallization from ether-hexane, 
gave 233 mg (68%) of I I-aza-5a-androst-9, I I-ene-3,17-dione (lo),  
mp 173- 176°C. The identity of the product was established by com- 
parison of its infrared spectrum with that of an authentic sample (cf. 
above) and by the determination of a mixture melting point. The 
aqueous alkaline solutions on which dichloromethane extractions had 
been performed were combined and acidified with 2 N sulfuric acid to 
the Congo blue reaction. The mixture was extracted with dichloro- 
methane; and the organic layer was washed with water and dried over 
sodium sulfate. Removal of the solvent afforded 87 mg of an oily 
product which, upon crystallization from benzene, gave 69 mg (17%) 
of 3,9,17-trioxo-9, I 1  -seco-5a-androstan-1 I-oic acid (5a), mp 
106-1 1 1°C, the identity of which was established in the usual 
fashion. Considering this recovery of starting material, the yield of 
imine 10  amounted to 82%. 

I 1  -Aza-5a-androstane-3,17-dione (12) 
To a solution of 200 mg of the imine 10 in I0 mL of methanol, 2 mL 

of a 2% HCI solution in methanol was added and, subsequently, with 
stirring, 100 mg of cyanosodiumborohydride. The reaction was con- 
tinued for 4 h, the product was made alkaline with an aqueous 2 N 
NaOH solution, and the mixture was extracted with dichloromethane. 
After washing with water and drying over magnesium sulfate, the 
solvents were evaporated and the crude product, the keto group of 
which had been, according to its infrared spectrum (weak carbonyl and 
OH absorptions), partly reduced, was dissolved in 10 mL of acetone 
and reoxidized at O°C in the usual fashion with Jones' reagent (18). 
After I h, the solution was made alkaline with 2 N aqueous NaOH and 
the product was extracted with dichloromethane. The organic solution 
was washed with water and was dried over magnesium sulfate, and the 
solvents were removed in vacuo. The crystalline residue (200 mg) was 
recrystallized from ether - petroleum ether to afford 130 mg (65%) 
of pure 11-aza androstanedione 12, mp 128-132°C. For analysis 
a sample was recrystallized twice from ether-hexane; mp 
128-132°C; [a]: +132.5 (c 0.800, CHC1,); ir v,,,,, (KBr): 3360, 
3440 (NH), 1740 (17-ketone), 1710 (3-ketone) cm-' ;  nmr 6 (90 

MHz): 0.99 (s, 3H) and 1.00 (s, 3H) (18- and 19-CH,), 2.43 (d, IH, 
J = l l Hz) and 2.45 (d, IH, J = l l Hz) (9a- and 12a-H), 2.91 (d, 
IH, J = l l Hz, 12P-H); ms mle: 289 (Mt), 274 (M - CH,), 261 
(M - CO), 232. Anal. calcd. for CIHH2,N02: C 74.70, H 9.40, N 
4.84; found: C 74.78, H 9.32, N 4.8 1. 

N-Acetyl-I I -aza-5a-andros1ane-3,17-dione (12a) 
A solution of 180 mg of the I I-aza androstanedione 12 in 0 .3  mL 

of pyridine was heated for 5 min with 0 .3  mL of acetic anhydride and 
subsequently the mixture was left overnight at room temperature. 
Methanol was added, the product was taken to dryness in vacuo, 
redissolved in benzene, and again taken to dryness; this operation was 
repeated once. The oily residue (186 mg) was chromatographed on 
silica gel with benzene-acetone ( 9 5 5 )  as eluent. Thus 90 mg (43% 
yield) of the crystalline N-acetyl derivative 12a was obtained. After 
two recrystallizations from ether - petroleum ether the product (55 
mg) melted at 185 - 187°C. From the mother liquors, 50 mg of starting 
material (12) was isolated. Thus the effective yield of pure amide 12 
corresponded to 45%. A sample of the product was recrystallized once 
from ether - petroleum ether for analysis; mp 185- 187°C; ir v,,,,, 
(KBr): 1740 (17-ketone), 17 10 (3-ketone), 1640 (amide); nmr 6 (90 
MHz): 0.91 (s, 3H) and 1.10 (s, 3H) (18- and 19-CH,), 1.99 (s, 3H, 
CH,CO), 2.82 (d, IH, J = 13 Hz, 12a-H), 3.85 (d, IH, J = I 1  Hz, 
9a-H), 4.14 (d, IH, J = 13 Hz, 12P-H); ms mle: 331 (Mt),  316 
(M - CH,), 288 (M - NHCO). Anal. calcd. for CzoHz9N03: C 
72.47, H 8.82, N 4.23; found: C 72.47, H 8.79, N 4.24. 

3,3-Dimethoxy-11 -aza-5a-androstan-17-one (11) 
A solution of 60 mg of I I-aza-5a-androstane-3,17-dione (12) in 10 

mL of absolute methanol was kept at room temperature with 20 mg of 
oxalic acid and a few beads of 4A molecular sieves for 20 h. Potassium 
carbonate and water were added and the product was extracted with 
dichloromethane. The organic solution was washed with water, a few 
crystals of potassium carbonate were added, and the mixture was dried 
over magnesium sulfate. Evaporation of the solvent gave 54 mg (80%) 
of the crystalline ketal 11; mp 113- 115°C. For analysis the product 
was recrystallized four times from hexane; mp 1 14- 1 15°C; [a]: +26 
(c 0.830, CHCI,); ir v,,,,, (KBr): 3360 and 3440 (NH), 1735 
(17-ketone), 1128, 1100, and 1049 (ketal) cm- ' ;  nmr 6 (90 MHz): 
0.88 (s, 3H) and 0.98 (s, 3H) (18- and 19-CH,), 2.47 (d, IH, J = 13 
Hz, 12a-H), 2.9 1 (d, lH,  J = 13 Hz, 12P-H), 3.01 (s, 3H, OCH,), 
3.06 (s, 3H, OCH,); ms mle: 335 (Mt),  303 (M - CH,OH), 289. 
Anal. calcd. for CloH,,NO3: C 71.60, H 9.92, N 4.18; found: 
C 71.25, H 9.74, N 4.17. 

17P-Hydroxy-1 I-aza-5a-androstan-3-one ( I  1 -aza4,5a-dihydrotes- 
tosterone) ( I )  

At O°C, a solution of 370 mg of crude ketal 11 in 30 mL of absolute 
tetrahydrofuran was added dropwise and with stirring, in the course of 
20 min, to a suspension of I00 mg of lithium aluminum hydride in 30 
mL of absolute tetrahydrofuran. After 20 min ethyl acetate and, sub- 
sequently, a saturated aqueous ammonium chloride solution were 
added and the organic layer was separated. The aqueous layer was 
extracted with chloroform and both organic solutions were combined, 
washed with water, and dried over magnesium sulfate. Evaporation of 
the solvents gave 340 mg (92%) of crude 3,3-dimethoxy-11-aza-5a- 
androstan-l7P-01 ( l l a ) ,  melting after two recrystallizations from 
acetone- ether at 162- 164°C; ir v,,,,, (KBr): 3400-3280 (broad OH 
and NH band), 1 1  14, 1100, 1046 (OCH,) cm-I; nmr 6 (90 MHz): 
0.83 (s, 3H) and 0.87 (s, 3H) (18- and 19-CH,), 2.31 (d, IH, J = 13 
Hz, 12a-H), 2.97 (d, IH, J = 13 Hz, 12P-H), 3.02 (s, 3H, OCH,), 
3.06 (s, 3H, OCH,), 3.55 (1 H, br, 17a-H). According to tlc analysis, 
this product contained an impurity even after purification, and was 
used in the crude state in the deprotection reaction of the 3-ketone. A 
quantity of 300 mg of crude ketal l l a  was dissolved in 30 mL of 
absolute acetone and treated for 48 h at room temperature with 30 mg 
of p-toluenesulfonic acid. Subsequently, water, a few crystals of sodi- 
um hydrogen carbonate, and a few drops of an aqueous NaOH solution 
were added, the mixture was extracted with dichloromethane, and the 
organic solution was washed with water and dried over magnesium 
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sulfate. Evaporation of the solvents gave 180 mg (69%) of 
17P-hydroxy-11 -aia-5a-androstan-3-one (1 1 -aza-4,5a-dihydrotes- 
tosrerone) (1). The analytical sample was prepared by four recrystal- 
lizations from acetone - petroleum ether - hexane; mp 159- 160°C; 
[a]$ + 142 (c 0.500, CHCI,); ir v,,, (KBr): 3400-3260 (broad band, 
OH, NH), 1715 (3-ketone) cm-'; nmr 6 (90 MHz): 0.88 (s, 3H) and 
1.08 (s, 3H) (18- and 19-CH,), 2.37(d, IH, J = I3 Hz, 12a-H), 3.00 
(d, IH, J = 13 Hz, 12P-H), 3.59 (t, IH, 17a-H); ms m/e: 29 1 (M+), 
276 (M - CH,), 166 (I-methyl-5-methylene-9-hydroxy-3-azabi- 
cyclo[4.3.0]nonane+), 153 (1 -methyl-9-hydroxy-3-azabicyclo- 
[4.3.0]non-4,5-ene). Anal. calcd. for CIHH29NO?: C 74.18, H 10.03, 
N 4.81; found: C 74.24, H 10.01, N 4.73. 
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5 OH,CHJ Concerning J ,  in 2-methylphenol and its derivatives. A proximate coupling 
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TED SCHAEFER, TIMOTHY A. WILDMAN, and RUDY SEBASTIAN. Can. J. Chem. 63, 773 (1985). 
In 2-chloro-6-methylphenol in CCI, solution, ' J : ~ . ~ ~ ' ,  the spin-spin coupling between the hydroxyl and methyl protons, 

is +68(3) mHz. In this compound, the hydroxyl group lies trans to the methyl group. If the coupling becomes - 120 ? 60 
5 O H . C H I  . mHz in a cis orientation of these two groups, then the apparent vanishing of . J , ,  In some derivatives of 2-methylphenol 

is understandable, as well as its presence in other derivatives. Computations of this coupling imply its proximate mechanism 
and can rationalize its value of -220 ? 20 mHz in 2-tert-butyl-6-methylphenol. Analogies are noted with ' J , S ) H ' ~ ~ '  in 2- 
trifluoromethyl phenol and with a coupling in styrene, which also appears to vanish in certain orientations of the vinyl group. 

TED SCHAEFER, TIMOTHY A. WILDMAN et RUDY SEBASTIAN. Can. J. Chem. 63, 773 (1985). 
Dans le chioro-2-methyl-o phenol en solution dans le CCI,, la constante de couplage spin-spin, ' J : ~ . ~ ~ ' ,  entre les protons 

de I'hydroxyle et du groupement methyle est Cgale i +68(3) mHz. Dans ce composC, le groupement hydroxyle occupe une 
position trans par rapport au groupement methyle. Si la valeur de ce couplage devient egale a - 120 2 60 mHz pour une 
orientation cis de ces deux groupes, on peut alors facilement comprendre I'apparente disparition du 5 ~ : H ' C H '  dans quelques 
derives du methyl-2 phenol ainsi que sa presence dans d'autres derives. Des calculs de ce couplage suggbrent son m6canisme 
par proximite et peuvent rationaliser sa valeur de -220 2 20 dans le tert-butyl-2 methyl-6 phenol. On note un certain nombre 
d'analogies avec les valeurs de ' J : ~ ' ~ "  dans le trifluoromethyl-2 phenol ainsi qu'avec un couplage dans le styrene qui semble 
aussi disparaitre avec certaines orientations du groupement vinyle. 

[Traduit par le journal] 

Introduction 
Negative proton spin-spin coupling constants over five for- 

mal bonds are usually attributable to proximate interactions 
involving a close approach of the bonds or atoms carrying the 
protons in question ( I -  10). An example is ' ~ j j ' . ~ "  in 2,5- 
dichlorostyrene ( I ) ,  involving an ortlzo ring proton and that 
P-proton which, in a planar conformation, lies very near the 
ring C-H bond. Other examples are 5 ~ ~ , " C ' ' '  in anisole (2, 3 ,  
8- 10) and thioanisole derivatives (5-7). The magnitude of 
5 ~ ~ ~ ' C " '  drops off rapidly as the OCH, or SCH, moieties move 
away from the benzene plane (6, 8- 10). Indeed, 'J,!:.~"' is a 
useful conformational indicator (5- 10) and a detailed the- 
oretical study for anisole indicates its mechanism and con- 
formational dependence ( 10). 

If the methyl group in anisole is relocated to form 2-methyl- 
phenol, then models suggest that the corresponding proximate 
coupling, 5~:~'.~".' 5 J ,  should be observable, at least in a cis 
orientation of the hydroxyl and methyl groups. Because the 
barrier to rotation about the Csp2-0 bond in phenol is high 
relative to kT at ambient temperatures, discussion in terms of 
cis and trans planar orientations of the hydroxyl group is ade- 
quate for 2-methylphenol (1'1 - 15). 

In the following brief discussion, some peculiar observations 
on 9 in 2-methylphenol and its derivatives are rationalized via 
an experiment on 2-chloro-6-methylphenol. 'J,,,-'J,. is estab- 
lished as a proximate coupling, is compared with some anal- 
ogous couplings in other compounds, and is used to assess the 
reliability of some molecular orbital calculations of the sta- 
bilities of certain conformers of 2-methylphenol. 

Discussion 
In a number of 2-methylphenol derivatives, 'J sometimes but 

not always leads to a broadening of the hydroxyl 'H nmr peaks. 
In 2-methylphenol itself in CCI, solution at 305 K (15), this 
coupling must be very small, say 5 2 0  mHz in magnitude, 
judging from the spectrum of the hydroxyl proton in ref. 15, 
where the linewidth at half-height is 5 7 0  mHz and seven peaks 
are cleanly resolved in a spectral range of less than I Hz. 'J 

a trans b cis 

must also be very small in 2-allyl-6-methylphenol (1 1) .  Yet it 
clearly exists in 2-isopropyl-6-methylphenol (16), and in 2- 
tert-butyl-6-methylphenol 'J is -220 t 20  mHz (17). An inter- 
pretation of this apparent inconsistency is reached as follows. 

In 2-chloro-6-methylphenol, no coupling between the hy- 
droxyl proton and H-3 is detectable (see Experimental and 
Table I). As established in a variety of experiments (I  I - 15), 
this observation is consistent with the virtual exclusion of the 
cis conformer, b ,  in the a -b  equilibrium. A recent ranking of 
ortho substituents as hydrogen bond accepters or repellers in 
ortho substituted phenol derivatives (I 8) implies that 2-chloro- 
6-methylphenol exists as the trans form, a ,  to the extent of 99% 
in CCI, solution at 305 K. This internally consistent ranking for 
twelve ortho substituents implies that the free energy difference 
favoring a over b is 1 1.5 kJ/mol at 305 K. The presence of as 
much as 5% of b should have been detectable by decoupling 
experiments, if in no other way, because it would entail a 
coupling of about 30 mHz between H-3 and the hydroxyl pro- 
ton. In fact, the linewidths of the peaks due to H-3 and H-5 
were identical to within experimental error at ca. 0.05 Hz (at 
300 MHz), fully consistent with a negligible quantity of b .  

Another assumption used below is that nonplanar confor- 
mations of the hydroxyl group can be neglected. In the gas 
phase, the internal barrier to rotation in phenol is 14.6 kJ/mol 
(19-21), quite large compared to thermal energies of 2.5 
kJ/mol at 305 K. In pentachlorophenol the internal barrier rises 
to 26.4 kJ/mol, no doubt due to internal hydrogen bonding 
(22). In form a the barrier to internal rotation is therefore very 
likely rather larger than in phenol. The presence of significant 
nonplanar conformations should also have been reflected in a 
measurable 6~:,'.0". Yet the peaks due to H-4 are at least as 
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TABLE I. 'H nuclear magnetic resonance spectral parameters for a 
4.7 mol% solution of 2-chloro-6-methylphenol in CCI4 at 100.001 

MHz and 305 K 

Parameter Value Parameter Value 
5 OCI.CHI 
J ,, 
s H CH3 
J,,,' 
(, 0 H . H  

J 1, 
b H C H T  
J,, ' 

4 H CH3 
J ,  ' 

rms deviation 
Largest deviation 
Peaks observed 

Transitions assigned 
Transitions calculated 

"Delta (6) values known to higher accuracy than this. 
"Numbers in parentheses are the standard deviations in Hz of the last 

significant figure in the couplings. 
"No evidence for its presence. 
"Sign and magnitude determined at 300 MHz, see Fig. I and Experimental. 

narrow as those arising from the other ring protons. 'J:,'.Ot' is no 
doubt a cr-T coupling and, as such, should vary as sin' 0 ,  
where 8 is the out-of-plane twist about the C-0 bond (in 
thiophenol, with a low barrier to internal rotation, the anal- 
ogous coupling is -0.33 Hz (23, 24)). It is also possible that 
the barrier in phenol is larger in solution than in the vapor, as 
found for anisole, for example (25). The assumption of a planar 
a appears reasonable. 

Furthermore, because 'J,!.OH has not been observed in any of 
the other phenol derivatives mentioned below, the discussion 
for all of them assumes cis-trans equilibria of planar con- 
formations. As summarized previously ( 17), a variety of phys- 
ical methods are all consistent with c o ~ l a n a r  conformations of 
the hydroxyl group even in a highly hindered molecule like 
2,6-di-tert-butylphenol. Again, the spin-spin coupling data on 
2-isopropyl-6-methylphenol (16) are consistent with correlated 
conformations of the hydroxyl and isopropyl groups and no 
nonplanar conformations of the hydroxyl moiety were needed 
to interpret the experimental results. 

Figure I shows that '5 is +68(3) mHz. If ' J  is to be zero or  
very nearly zero in 2-methylphenol, then the precise coupling 
data ( 15) and the concomitant conformational deductions imply 
the expression (0.65 + 0.01) ' J ,  + (0.35 + 0.01) ' J ,  = 
k 2 0  mHz, assuming 20 mHz as a possible error. In this expres- 
sion, 0.65 is the fraction, of the trans form in 2-methylphenol, 
anologous to a above, 9, and ' J ,  are the 0 H , C H 3  couplings for 
the trans and cis conformers, respectively. Taking '5, as 
+68  mHz, '5,  follow^ as - 126 r+- 57 mHz. 

Because 2-allyl-6-methylphenol has the same cis and trans 
populations (I  I) as 2-methylphenol, the apparent vanishing of 
5J in the former is also understandable. 

However, in 2-isopropyl-6-methylphenol the population of 
the cis form is 62%. The expression above then yields ' J  as 
-52 k 25 mHz, sufficient to account for the observed broad- 
ening (16) of the hydroxyl proton resonance. In this compound 
the methyl protons coupli to the methine proton of the iso- 
propyl group, as well as to the ring and hydroxyl protons, 
disallowing clean experiments of the kind displayed for 
2-chloro-6-methylphenol in Fig. I .  

In 2-tert-butyl-6-methylphenol, the cis conformer, analogous 
to b, has a fractional population of 0.85 in CCl, at 305 K (17). 
'The values for 'J,. and ' J ,  deduced above would yield a ' J  of 

FIG. 1. The methyl group ' H  nmr spectrum of 2-chloro-6- 
methylphenol in CCI, at 293 K and 300.135 MHz is shown at the left. 
Sixteen peaks arise from spin-spin coupling to the Four other protons 
in the molecule. The smallest splitting is 0.068(3) Hz or 68(3) mHz 
in magnitude. The sign of this coupling was established by double 
resonance experiments, in which selected peaks from H-5 were 
weakly irradiated. One such experiment is shown at the right, where 
the methyl peaks are displayed under conditions in which the H-5 peak 
at lowest field is being irradiated. In short, low-field peak pertur- 
bations observed in the methyl resonance established that 'J~""."' has 
the same sign as 5 ~ ~ , ~ H " ' - 5 .  The latter is positive. In order to obtain high 
digital resolution, the methyl bond in the single resonance experiment 
was isolated using a narrow sweepwidth (100 Hz) and a data area of 
8 k (zero-filled to 16 k). For double resonance experiments the sweep- 
width had to be increased to include both ring and methyl resonance 
(1800 Hz). In order to obtain comparable digital resolution, 64 k of 
data area was used (zero-filled to 128 k). In both cases, 4 scans were 
acquired using quadrature detection. 

-97 k 48 mHz. The observed value is -220 k 20  mHz (17). 
This discrepancy can be rationalized. A substantial distortion 
of the geometry at the hydroxyl group is indicated by other 
spin-spin couplings in 2-tert-butylphenol, but must be rather 
less severe in 2-tert-butyl-6-methylphenol (17). As argued be- 
low, because 'J,. is a proximate coupling small angle changes 
can lead to changes in the average distance between the C-H 
and 0-H bonds sufficient to account for the excess magnitude 
of about 100 mHz in '5, in this compound. 

INDO M O  FPT computations of 5~,7.C"' in anisole yield 
realistic values for this proximate coupling ( 10). By analogy, 
such computations for ' J ~ ' ~ ~ '  in 2-methylphenol may well 

prove enlightening. For standard geometries (26), other than 
the angles 0 and + defined in c and d,  the computed ' J ,  varies 
between -2 and + I 5  mHz for 120" 5 8 5 122" and 108" 5 

0 5 1 12" in the trans form, c. In phenol itself 8 and + are 122.1 
and 108.8", respectively (27). For the cis form, d 'J,. is calcu- 
lated as  -660 mHz for 8 = 120°, + = 108" and as -470 mHz 
for 8 = 122", + = 108". Similarly, for 0 = 120°, + = 1 12", 
'J,. becomes -520 mHz and is -370 mHz at 0 = 122", 
+ = 1 12". Examination of 'J,. for the grid of 8 ,+ angles shows 
that an increase of l o  in 8 or  2" in + causes a change of 100 mHz 
in the computed ' J , ,  the magnitude decreasing as the hydroxyl 
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proton moves away from the methyl group. In other words, 
small geometrical changes in 2-tert-butyl-6-methylphenol, 
plausibly caused by the bulky tert-butyl group and leading to a 
small decrease in the average distance between the hydroxyl 
and 6-methyl groups, can lead to the observed -220 mHz for 
' J  in this compound, only about 100 mHz of this value being 
needed as the result of geometry distortion. 

The almost quantitative agreement between computed and 
observed ' ~ j , " ' ~ '  in anisole (9, 10) is not repeated for 'J,. in 
2-methylphenol. The geometry of the latter is not known nearly 
as well as that of anisole, probably accounting for at least part 
of the discrepancy in a computed parameter so sensitive to 
actual geometry. Nevertheless, the computed values of ' J ,  
strongly imply as a proximate coupling, in agreement with 
the available experimental data. 

It may be noted that in 2-trifluoromethylphenol, ' J ~ ~ . ' "  is 
-4.7 2 0.2 Hz and ' J ? ~ ' ' ~ '  is +0.3 HZ (13). The former is 
certainly a proximate coupling (28) and the latter has the same 
sign as ' J ,  in 2-methylphenol. 

The vanishing 'J:.'~ in styrene, e (29) and in 33-dibromo- 
styrene (unpublished work in this laboratory), and its value of 
- 150 mHz in 2,5-dichlorostyrene ( I ) ,  indicate that its value is 
about + 150 mHz in a trans orientation of the ortho C-H (H-2 
in e) and sidechain-C-H bonds. In styrene the observed cou- 
pling is the mean of the cis and trans couplings, those to H-2 
and H-6. It is interesting, therefore, that 'J:.'~' is + 158 mHz 
in styrene and + 157 mHz in 3,5-dibromostyrene. On the as- 
sumption that this couplihg is a measure of the normally posi- 
tive a and (or) a-T electron contribution to ' J : . '~ ,  then it is 
cancelled by the negative proximate component to yield the 
approximately zero observed value of ' ~ j j " ' ~  in styrene. 

Finally, the present dscussion of 'J0H.Ct'3 in 2-methylphenol 
and its derivatives is consistent with our previous, and the only 
direct, determination (15) of the a-b equilibrium in 2-methyl- 
phenol. This equilibrium has been discussed extensively from 
various viewpoints (30-32), estimates of the trans population 
ranging from 93% to 17% near 300 K. Some MO computations 
(31) imply that the hans  form, c, and a closely related trans 
conformer in which a C-H bond of the methyl group eclipses 
the C-0 bond are nearly isoenergetic. Our computations of ' J ,  
for the latter structure imply values as negative as -50 mHz. 
Comparison with the positive values computed and observed 
for c, as discussed above, suggests only minor populations of 
the eclipsed hans  conformer. 

Experimental 
A 4.7 mol% solution of 2-chloro-6-methylphenol (Aldrich) in CCI4 

solution, containing ca. 3 mol% tetramethylsilane, was transferred to 
a 5-mm od nmr sample tube. The sample tube contained beads ef 
previously dried molecular sieve from Fisher (4-8 mesh with 3 A 
pore size) and the transfer took place in a dry box. The sample was 
degassed by eight cycles of a freeze-pump-thaw procedure and was 
then flame-sealed. 

The 'H nmr spectrum was calibrated on an HAIOO nmr spectro- 
meter at a probe temperature of 305 K by a method already described 
in detail (33). The peak frequencies were determined with a typical 
standard deviation of less than 0.015 Hz. The spectrum was ana- 
lyzed with the computer program LAME (34, 35) and the spectral 
parameters appear in Table 1. 

The assignment of H-3 and H-5 follows umambiguously from the 
magnitudes of their couplings to the methyl protons, always 
being larger than 6~,y'CH"n toluene derivatives (36-38). Furthermore, 
3 ~ 3 4  is larger than 'Jq5, as expected from known substituent effects on 
vicinal coupling constants in benzene derivatives (39, 40). 

The crucial parameter, ' J O ~ . ~ ~ ' ,  could not be obtained to sufficient 
accuracy from the spectrum at 100 MHz. The latter was not first order 
and led to severe overlap in the resonance of the methyl protons. Its 
magnitude was 0.08 * 0.02 Hz. However, at 300 MHz the 'H nmr 
spectrum is essentially first order. Figure I displays the 16 peaks 
expected from the methyl protons. The smallest splitting, 0.068(3) 
Hz, turns out to be positive and represents 5~0t'.CH3. This spectrum was 
recorded on a Bruker AM300 spectrometer in a manner described in 
the caption to Fig. I .  The weak irradiation experiments for relative 
sign determinations (41) showed that 5 ~ 0 H . C H 3  has the same sign as 
5 0H.H-5  
-J,,, . The latter is positive (42). 

INDO MO FPT (43) computations were done on an Amdahl 
470/V8 system. 
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Control of the orientation of the aldehyde group in 2-(alky1thio)benzaldehydes 
by the directional lone-pair on sulfur 
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TED SCHAEFER, GLENN H. PENNER, KERRY J.  DAVIE, and RUDY SEBASTIAN. Can. J. Chem. 63, 777 (1985). 
The ' H  nmr spectral parameters for 2-alkylthio derivatives benzaldehyde (alkyl = CHI, CH2CH3, CH(CH,)?, C(CH,),) are 

used to show that the O-syt~ conformation of the aldehyde group decreases from 40% for the methyl to zero for the tert-butyl 
compound in CCI4 solution at about 300 K. It appears that the alkylthio groups twist out of the benzene plane to the same extent 
as in the alkyl phenyl sulfides and that it is the concomitant approaches of the 3p lone-pairs on sulfur into the ring plane which, 
by repulsive interactions with the C=O bond, determine the conformations of the aldehyde group. The spectral parameters 
display interesting changes as the size of the alkyl group increases. For example, the chemical shift of the aldehydic proton 
is larger than that reported for any other benzaldehyde derivative in CC14 solution. 

TED SCHAEFER, GLENN H. PENNER, KERRY J. DAVIE et RUDY SEBASTIAN. Can. J. Chem. 63, 777 (1985). 
On utilise les paramktres des spectres de la rmn du ' H  d'alkylthio-2 benzaldthydes (alkyl = CHI. CH2CH.,, CH(CH,)? et 

C(CH&) pour dtmontrer que, en solution dans le CCll et a environ 300 K, le pourcentage du groupement aldthyde existant 
sous la conformation O-syn diminue de 40% dans Ic cas du mtthyle a zero pour le composC tert-butylt. 11 semble que le taux 
de deplacement des groupements alkylthio hors du plan du benzene est semblable B celui que I'on observe dans les alkyl phCnyl 
sulfures et que ce soit I'approche concomitante des paires libres 3p du soufre dans le plan du cycle qu i ,  par des interactions 
rtpulsives avec la liaison C=O, dttermine les conformations du groupement aldehyde. Les paramktres spectraux prCsentent 
des changements inttressants lorsque la taille des groupements alkyles augmente. Par exemple, le dtplacement chimique du 
proton aldehydique est plus grand que ceux rapport& pour tout autre dtrivt du benzaldthyde en solution dans Ic CCI,. 

[Traduit par Ic journal] 

Introduction 
A recent study of 2-(methy1thio)benzaldehyde demonstrated 

that, contrary to previous investigations, a planar heavy-atom 
structure is preferred and that the O-syn, l a ,  and O-anti, I b, 
forms are present in similar proportions in CClj solution at 305 
K ( I ) .  These conclusions depended on the interpretation of the 
long-range spin-spin coupling constants between side-chain 
and ring protons and of the proton chemical shifts. 

C(CH&) dominate in the 2-(a1kylthio)benzaldehydes or 
whether the enhanced conjugation caused by the T-electron 
accepting aldehyde function, together with its steric property, 
causes increased planar tendencies in the S-alkyl groups. Fur- 
ther, from the viewpoint of steric repulsions, the O-syn and 
O-anti populations need not change much as the size of R 
increases, even for perpendicular conformers; formally, the 
interaction between the C=O group and the thioalkyl substit- 
uent is dominated by the sulfur atom (interatomic distances). 
However, the occupied 3p orbital is twisted into the benzene 
plane in perpendicular confornlations and therefore the 
C=O...S interaction should now be repulsive (Pauli), 
causing increased O-anti populations relative to the essentially 
planar 2-methylthiobenzaldehyde. 

This paper reports on the resolution of these possibilities. 

Experimental 

It is interesting that the populations of a and b in 1 are not The 2-(rert-butylthio)benzaldehyde, 4, was obtained from May- 
bridge Chemical Co. Thc ethyl- and isopropylthiobenzaldehydes wcrc different from in  2-meth~'benzaldeh~de in the prepared by alkyl;ltion of 2-mercaptobcnzyl alcohol (Fairficld ('hem- 

same solvent (2, 3), whereas 2-chloro and 2-methox~benzalde- ical co.) with the iodide, followed by oxidation to thc benzaldchydc 
hydes exist almost as the forms ( 4 3  5). Per- derivatives with pyridinium chlorochromate (13). Solutions in CCI, 
haps favorable dipole-dipole interactions between the C=O contained enough tetramethylsilane for an (ntcrnal lock at 100 MHZ, 
and C-S bonds occur in 2-methylthiobenzaldehyde. It is also or cyclohexane-dl, at 90 MHz and 300 MHz. Thcsc wcre transferred 
true that, as the size of alkyl group increases in the 2-alkylben- 
zaldehydes, the population of the O-anti conformer increases, 
reaching 100% in 2-tert-butylbenzaldehyde (3). 

Now, for alkylphenylsulfides, ultraviolet, infrared, photo- 
electron, "C nmr, and ' H  nmr spectroscopies all agree that the 
alkyl group twists out-of-plane as the size of the alkyl group 
increases, perhaps reaching a twist angle of near 90" in tert- 
butylphenylsulfide (6- 12). The preferred conformation of 
thioanisole is planar, but with a lower internal barrier than 
anisole, the 3 p . . . 1 ~  conjugation favoring planarity being sub- 
stantially weaker than the 2p.e. IT conjugation in anisole. 

It is of interest whether the steric repulsions favoring non- 
planar conformations for SR (R = CH2CH3, CH(CH,)?, 

to 5:mm od nmr sample tubes, werc dcgassed by the freezc-pump- 
thaw proccdure, and the tubes were then flame-sealed. The 'H nmr 
spectra in the CW or FT mode were accumulated by the methods 
recently described in detail (14). 

Results and discussion 
Spectral analyses 

The 'H nmr spectra were analyzed with the computer pro- 
grams LAME ( 15, 16) and NUMARIT ( 17). Table I contains 
the 'H nmr spectral parameters. Those for 2-(methylthi0)- 
benzaldehyde and for benzaldehyde itself are included because 
they are needed in the subsequent discussion. The chemical 
shifts are only quoted to an accuracy of I ppb for the sulfur 
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TABLE I. 'H nrnr nuclear magnetic resonance spectral parameters for 2-(alkylthio)benzaldehydes in 
CClj solution 

S-Me" S-Et' S-i-prop" S-I-Bu' 
Parameter H" 1 2 3 4 

4 H CHO 
J , '  

5 H CHO 
J ,  ' 

5 H CHO 
J ,  ' 

6 H CIiO 
J 4  ' 

5 H SCH 
- J 3 .  
Transitions 

above 0.05 
Transitions 

assigned 
Peaks observed 
rrns deviation 

"From ref. 43, 10 v/v%. 
"From ref. I ,  4 mol% at 305 K and 100.00 MHz. 
'5.0 mol% at 305 K and 90.024 MHz. 
"4.5 mol% at 295 K and 300.135 MHz. 
"4.0 mol% at 305 K and 100.00 MHz. 
'Delta (6) values given to a precision of I ppb, although they are known to higher precision. 
"umbers in parentheses are the standard deviations in the last significant figure for the coupling constants in 

Hz.  
"No evidence for the existence of these couplings was observed in the spectra. 
'See text and note that in C,,D6 solution this coupling drops in magnitude. 
T h e  sign could not be determined but is taken as negative in analogy to other such couplings. 

compounds. They are known to considerably higher precision 
but, of course, are concentration dependent and therefore no 
purpose is served by quotation to higher precision. The foot- 
notes to Table I assess the reliability of coupling constants 
below 0.1 Hz in magnitude. Figure I displays part of the 'H 
nmr spectrum of H-6 in 2-(isopropy Ithio)benzaldehyde, 
demonstrating resolution of a coupling whose magnitude is 
0.10 Hz. 

Populations of the 0-syn and 0-anti forms 
The sum of ' J , ~ ~ ' ~ " ~  increases monotonically from 0.76 Hz 

in benzaldehyde to 0.91 Hz in its 2-tertbutylthio derivative 
(Table 1). All available data (4, 5, 18-20) imply that 5J, in the 
0-anti form, 6,  and 'J, in the 0-syrz form, a ,  are too small to 
detect. In 2-fluorobenzaldehyde, the sum of the ' J~ .~"O values 
is 0.86 Hz (19). For this compound CNDO MO FPT com- 
putations imply that 5J3 in the 0-syn form increases by 0.03 Hz 
relative to its computed value of 0.90 Hz in benzaldehyde and 
that 'J, in the 0-anti form decreases by 0.02 Hz. This result is 
in disagreement with the 'J values in Table 1, where 'JS in the 
0-anti form is largest (see the 2-tertbutylthio derivative). 

If both 'J values increase by the same amount on substitution, 
then the population ratio of the 0-syrz to 0-anti conformers is 
simply given by 'J3/'J5, yielding 41 :59, 23:77, 9:91, and 

0: 100 for R = CH3, CH2CH3, CH(CH3)?, and C(CH3),, re- 
spectively. If 'J3 in the 0-syn form remains unchanged from its 
value in benzaldehyde and the increase occurs in 'JS in the 
0-anti form, the populations of the former increase by 3% for 
R = CH,, 4% for R = CH2CH,, and 2% for R = CH(CH&. 
Conversely, these increases turn into comparable decreases if 
the opposite perturbation of the 'J values is assumed. It 
seems safe to conclude that the populations are known to a 
few percent. 

Furthermore, the values of 6~:'CH0 for these compounds im- 
ply very small deviations of the aldehyde group from the ring 
plane, so that discussion in terms of an 0-6 equilibrium is 
adequate. Thus, in the presence of two sizeable ortho substitu- 
ents 6~F'C"0 becomes significant in magnitude, reflecting its 
u-T mechanism and an out-of-plane twist of the CHO moiety 
(21). Only 6~F'C"0 for R = C(CH3), appears at first sight to be 
significant, being -0.06(1) Hz (Table 1). However, H-3, H-4, 
and H-5 are very tightly coupled at 100 MHz, the shift range 
being only 0.1 ppm, so that the precision of the analysis is 
rather poor (Table 1). Accordingly, a sample was prepared in 
benzene-d6 solution. Here the shift range is 0.36 ppm and 
6 H.CHO . 
J, 1s given as -0.045(5) Hz by an analysis, much the same 
as for most of the other compounds in Table 1. It should be 
noted that no splittings due to this coupling were actually 
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I, Y5 

FIG. 1. Part of the ' H  nmr spectrum at 300 MHz and 295 K of H-6 
in 2-(isopropylthio)benzaldehyde as a 4.5 mol% solution in CCI,. The 
smallest splitting is 0.10 Hz and represents the coupling to the 
aldehyde proton, ' J : . ' ~ ~ )  

observed and that the best analysis, that at 300 MHz for 
R = CH(CH,)2, gave -0.009(2) Hz for 6~F.C"0. Accordingly, 
it is concluded that, as for benzaldehyde, nonplanarity of the 
aldehyde group is insignificant. The barrier to rotation about 
the C-C bond in benzaldehyde is about 31 kJ/mol, much 
larger than kT (22). 

The conformations of the -SR groups 
(i) Ring proton shijis 
The SCH, group is a IT electron donor, causing an upfield 

shift for H-4 of about 0.21 ppm relative to benzene (23) in 
thioanisole. As the size of the alkyl group increases, H-4 shifts 
to low field, indicating a preferred perpendicular conformation 
for R = C(CH,),, as does the C-4 chemical shift (6- 8, 1 1). 
Now a plot of 6, for the 2-(a1kylthio)benzaldehydes from Table 
I versus 8' in the alkylthiobenzenes (6) is linear within experi- 
mental error and has a slope near unity, implying that the 
conformation of the alkylthio group in the former is very sim- 
ilar to that in the latter. N.ote also that in 2-(tert-buty1thio)- 
benzaldehyde, 7.467 for 6j is very close to that in benzalde- 
hyde, 7.45; this is evidence for negligible IT electron donation 
in the former. 

The simplest explanation of these shift correlations is that the 
alkylthio group conformational preference is very much the 
same in the two sets of compounds and that the conformation 
of the aldehydic function is determined by repulsive forces 
from the directional 3p  lone-pair of sulfur. This lone-pair lies 
predominantly perpendicular to the benzene plane in the SCH, 
compounds but lies mainly in the plane in the SC(CH,), com- 
pound. In the latter the C=O...3p repulsion is so large that 
only the 0-anti form exists at 305 K.  

6, in 1 to 4 increases by 0.07 as does the corresponding 6 in 
the alkylthiobenzenes, confirming the conclusions above. On 
the other hand, 6, in going from 1 to 4 increases by 0.19 ppm. 
This result may be rationalized as follows. In benzaldehyde, 6, 
consists of equal contributions from the cis orientations of the 

C=O and C-H bonds of the aldehyde group. In 4, the C=O 
bond lies exclusively cis to H-6. Correction by 0.07 ppm for 
the SC(CH,), group (the shift change at H-4) then yields 6, 
(C=O, cis) as 7.86 and 66 (C-H, cis) as 7.76. In other 
words, the electrical and (or) the magnetic anisotropy of the 
C-0 dipole causes only a 0.1-ppm low-field bias in 66 in 
the 0-anti conformation. The magnitude of the bias will de- 
crease rapidly with distance, accounting for the success of the 
arguments above concerning 8' and 6j in 1 to 4. 

6, increases to 7.565 from 7.276 in moving from 1 to 4, 
being only 7.45 in benzaldehyde. Part of this excess shift to 
low field in the series is due to the increasing proximity of the 
3p  lone-pair, as noted previously for 2-hydroxythiophenol (24) 
and 2-hydroxythioanisole (25), in which the stereospecific hy- 
droxyl hydrogen bond to the 3p  lone-pair forces the latter into 
the benzene plane. 

(ii) The shift of the aldehyde proton 
6,,, in 4 is 10.697 relative to 9.94 in benzaldehyde itself, 

and is larger than that for any reported 2-substituted ben- 
zaldehydes (2, 4 ,  5, 19, 20, 26). In 2-chloro and 2-methoxy- 
benzaldehyde 6c,,o is 10.42 and 10.38, respectively (4, 5). The 
0-anti conformation is the only detected form in these com- 
pounds, just as in 4. The large low-field shift in 4 is again 
attributed to the predominantly in-plane 311 orbital in 4, leading 
perhaps to 1 s ,  3p  interference and therefore to a deshielding of 
the aldehyde proton. Of course, there is no strong argument for 
a linear relationship between 6ctlo and the 0-sytz/O-anti ratio 
in 1 to 4 because, at least for 2 and 3, it appears that the 3p 
lone-pair takes on a conformation intermediate between planar 
and perpendicular. A monotonic increase of 6,,,, in 1 to 4 is 
reasonable, however, and is observed. 

(iii) The ring proton coupling constants 
As the S-alkyl substituent twist out-of-plane, all the cou- 

plings but 'J,, move towards their values in benzaldehyde. 'J56 

and 'J,, become equal to the values for benzaldehyde. The 
magnitude of .'J within the ring depends somewhat on the 
double bond character of the intervening C-C bond (27, 28), 
but also on the electronegativity of the substituent (29, 30). 
Thus, it is tempting to attribute the decrease in 'J,4 from 1 to 
4 to a decreased contribution from resonance structure 5. The 

double bond character of the C3-C4 bond is least in 4 and 
therefore 'J3$ should be smallest in 4, as observed. A similar 
argument would hold for 'Jj6. 

It is interesting that 'J15 in 4 becomes equal to 'J,, in ben- 
zaldehyde, whereas 'Jab varies relatively little between 1 and 4. 

The observed changes of the couplings within the ring are 
consistent with the conformational changes of the S-alkyl 
group discussed above. Some of the couplings for the phenyl- 
akyl sulfides have been discussed (6). 

(iv) Long-range couplir~gs to the side-chain protons 
5~:.CH0 values were used above to determine the 0-syn and 

0-anti populations. .'J~,'.~"O decreases monotonically in magni- 
tude, from 0.175 Hz in 1 to 0.05 Hz in 4. for para-substituted 
benzaldehyde derivatives (31), the magnitude increases for 
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H,CH3 The range of 5J, in anisole derivatives. An indicator of torsion and compression of 
the methoxy group 

TED SCHAEFER, SALMAN R. SALMAN,' TIMOTHY A. WILDMAN, AND GLENN H. PENNER 
bepartment of Chemistry, University of Manitoba, Wirlnipeg, Man., Canada R3T 2N2 
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TED SCHAEFER, SALMAN R. SALMAN, TIMOTHY A. WILDMAN, and GLENN H. PENNER. Can. J .  Chem. 63, 782 (1985). 
In a series of anisole derivatives, ' J : ' ~ ~ '  = ' 5 ,  the spin-spin coupling constant between the methyl protons and the ring 

proton in the ortho position, ranges from -0.23 to -0.38 Hz when the methyl group lies cis to the ortho C-H bond. 9, 
as a proximate coupling, is sensitive to the average distance between the coupled protons. Its variation with substituent can 
be rationalized in terms of torsion about the Csp2-0 bond and changes in the bond angles near the methoxy moiety. The 
theoretical ' 5  numbers can be empirically reproduced by a cos4 $ function, where 4 is the angle by which the methoxy group 
twists out of the benzene plane. In general, large ortho substituents cause an increase in the magnitude of ' 5  (bond angle 
changes), strong n electron donors in the para position cause a decrease in the magnitude of 5~ (increased torsional freedom), 
and n electron acceptors do the opposite (decreased torsions). 

TED SCHAEFER, SALMAN R. SALMAN, TIMOTHY A. WILDMAN et GLENN H. PENNER. Can. J .  Chem. 63, 782 (1985). 
Dans une sCrie de dCrivCs de I'anisole dans lesquels le groupement mCthyle se trouve cis par rapport a la liaison C-H ortho, 

la valeur de la constante de couplage spin-spin S ~ , ~ ' C H 3  = ' 5 ,  entre les protons du groupe mCthyle et le proton situC en position 
ortho du cycle, varie entre -0,23 et -0,38 Hz. Le couplage ' 5 ,  qui est un couplage par proximitk, est sensible a la distance 
moyenne entre les protons qui sont couplCs. Sa variation avec la nature des substituants peut &tre rationaliske en fonction d'une 
torsion autour de la liaison Csp2- -0  et des changements dans les angles des liaisons pres de la portion mCthoxylCe. On peut 
reproduire empiriquement les valeurs thkoriques de ' 5  en utilisant une fonction cos4 $ dans laquelle est Cgal a I'angle de 
torsion du groupement mCthoxy en dehors du plan du benzene. D'une fason gCnCrale, des substituants volumineux en ortho 
provoquent une augmentation dans l'amplitude de ' 5  (changements dans les angles de liaisons), la prksence en position para 
de groupements fortement donneurs d'tlectrons n provoque une diminution dans I'amplitude de ' 5  (augmentation de la liberti 
de torsion) alors que la prCsence de groupements accepteurs d'Clectrons n provoque un effet inverse (diminution des torsions). 

[Traduit par le journal] 

Introduction 
A detailed set (1) of INDO MO FPT computations of 

s J:.CH = ' J ,  the spin-spin coupling constant between methyl 

protons and the ortho ring proton in anisole, is consistent with 
the properties of a "through-space" or proximate coupling 
mechanism (1 -4). As a proximate coupling, the magnitude of 
' J  is calculated to decrease rapidly as the methoxy group twists 
out of the benzene plane, being -0.29 Hz for a planar cis 
conformation, 1, and effectively zero as the out-of-plane twist, 
I), approaches 60". A coupling of about 0.04 Hz is computed 
for I) values between 90 and 180". 

In fact, ' J  in anisole is -0.141(2) Hz ( 9 ,  which could be 
taken to mean that ' J  is -0.28 Hz in 1 (I) - 0) and 0.00 Hz 
in 2 (I) - 180"). Or, since ' J  is calculated as -0.29 Hz at 
I) = 0 and as -0.28 Hz at I) = 7.5", one might loosely interpret 
the observed value as corresponding to an expectation value of 
about 7" for I). Amusingly, the torsion about the Csp2-0 
bond in a crystal of 4-nitroanisole (6) is given as 5.9(6)". Of 
course, such an interpretation is best treated with circum- 
spection, although it is true that in solution the barrier to rota- 
tion about the Csp2-0 bond in anisole is probably greater 
than 5 kcal/mol (1 cal = 4.184 J); so that a small average 

'Now at the Department of Chemistry, University of Bhagdad, 
Bhagdad, Iraq. 

torsion angle can be assumed at 305 K, usually approximated 
as a planar conformation. At 305 K rapid interconversion 
between 1 and 2 occurs, leading to the identical ' J  values for 
the ortho protons in anisole. 

Early measurements of ' J  in some ortho-X-substituted 
anisoles (X = C1, Br, I, NOz) found a magnitude of 0.30 -+ 
0.03 Hz (7), the sign being determined as negative in 
2,4-dibromoanisole (8). In other such compounds (X = OH, 
OCH,, F) smaller magnitudes were indicated, the coupling 
leading to broadening only of 'H nmr peaks. Later work for 
X = OH, OCH, at higher frequencies and different solvents, 
causing increased ring dispersion, found ' J  as -0.28(1) Hz 
(1, 9). In fact, for 1,2-dimethoxybenzene in benzene-d6 solu- 
tion (1) this result was taken to mean an essentially planar 
preferred conformation, a point of controversy (10- 14). The 
argument for coplanarity is in agreement with "C nmr chemical 
shifts and spin-lattice relaxation times (I2), but not with recent 
measurements of the temperature dependence of the dipole 
moment of 1,2-dirnethoxybenzene, also in benzene solution 
(13). The conformation of the methoxy group can have im- 
portant chemical and biological consequences (14, 15). 

Although 5J  has been considered as proximate, some mod- 
ified INDO MO FPT computations and measurements on 
2,4-diaminoanisole, for example (16), have indicated substan- 
tial a electron transmitted couplings, 6 ~ , : ' C H 3 ,  involving the 
meta protons in the compound. In that event, a electron con- 
tributions to ' J  can also be imagined, so that the use of 5J as 
a conformational indicator would become more complicated. 

Of course, if the ortho substituent is bulky enough, it might 
cause an increase in the magnitude of 5J as steric compression 
gives rise to smaller average distances between the methyl 
protons and the ortho C-H bond, particularly as a proximate 
coupling is in principle very sensitive to the distance between 
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TABLE I. Nuclear magnetic resonance spectral parameters for 
3-fluoro-4-methoxybenzaldehyde as a 15 mol% solution in CS2 at 305 

K 

Parameter Value Parameter Value 

~ 2 ' ~  741.084(1) 
vs 701.022(1) 
v6 750.760(2) 
VCH 388.384(1) 
WHO 973.665(1) 

3 H H  
J ,, ' 8.359(2)" 

3 H F  
J,,. 10.91 l(3) 

4 H H  
J ,,,' 1.976(2) 

4 H F  
J ,,,' 7.842(2) 

5 H H  
J I> 0.233(2) 

5 H F  
J~ ' - I. 124(3) 

j H CHO 
J,, '  <o. I 

5 H CHO 
J ,,,' 

6 H.CH3 
J ,,, 

5 f CH3 
J ,>' 

Root mean square 
deviation 

Transitions calculated 
Peaks assigned 

"In Hz at 100.001 MHz to low field of internal TMS. 
"Coupling constants in Hz; numbers in parentheses are the standard devi- 

ations in the last significant figure. 
' Above a relative intensity of 0.01. 

the coupled protons. If literature values of 5J are taken at face 
value, ' J  varies between essentially zero and about -0.30 Hz. 
Accordingly, a careful set of analyses in this laboratory, accu- 
mulated over some years, was examined for regularities in 5 J  
and the results are reported and discussed here. Complete anal- 
yses are usually necessary because 5 J  can often be obtained 
reliably only from the ring proton spectrum. 

Experimental 
All samples, at concentration indicated in the tables, were trans- 

ferred to 5-mm od nmr sample tubes and were degassed by the 
freeze-pump-thaw procedure. All 'H nmr spectra were recorded at 
305 K, the majority on an HA I00 spectrometer in the frequency sweep 
mode. Calibrations of spectral peak positions were done as described 
recently (17). Some 'H nmr spectra were accumulated on a WH 90 
FFT spectrometer, again by procedures previously described (17). The 
compounds came from Aldrich or were prepared from obvious starting 
materials. 

Results and discussion 
Spectral analyses 

Performed with the program LAME (1 8,  19), the spectral 
data of interest are given in   able 2. Table 1 presents the results 
of an analysis of -the 'H nmr spectrum of 3-fluoro-4- 
methoxybenzaldehyde, illustrating the precision attainable. 
Table 2 collects some 40 values of 5 ~ : . C H 3  determined for 
anisole and a variety of its derivatives. The numbers for anisole 
and a few of its derivatives have been previously published and 
a few have been discussed in some detail, notably that for 
2-methoxyanisole (1). They are included here as reference 
numbers and for completeness sake. 

The t,h, 8 ,  4 dependence of 'J; a model 
In anisole, 5J is -0.14 Hz and the sums of the two values of 

5J in the 3-chloro, 3-bromo, and the 3-amino derivatives lie 
within experimental error of twice this value, at -0.29, -0.28, 
and -0.27 Hz, respectively. On the assumption that the barrier 
to rotation about the Csp2-0 bond in anisole in solution is 
large compared to kT (20), about 6 kcal/mol, then these num- 

TABLE 2. Some values in anisole and its derivatives, standard 
deviations in parentheses 

Compound -'J y.CH' - 5 :,<. CFl3 Compound 

Anisole 

2-OHb 

2-SH' 
2-SCH3d 
2-OCH,' 
2-CH20Hf 
2-CH20CHSf 
2-C(O)CH," 
3-CI" 

3-Br" 
~ - N H ~ "  

3,5-diClf 

2-F-4-Br' 

2-F-4-CHO" 
2,4-diOCHSf 

"4.4 mol% in acetone-d(,. 
9 mol% in benzene-d6. 
'4.6 mol% in CCI,. 
"3 mol% in CCI,. 
"10 mol% in benzene-d6. 
'5 mol% in CCI,. 
"10 mol% in CCI,. 
"5 mol% in acetone-d6. 
'3 mol% in acetone-d6. 
'4.5 mol% in CCI,. 
' 15 mol% in CS,. 
'Saturated solution in benzene-d,,, ca. 1.5 mol%. 
"'4 mol% in benzene-d6. 
"3 mol% in chloroform-d. J,: correlates by 0.36 with 'J~,"" and J:.". 
"3 mol% in benzene-d,. 
"The rnean of the cis and trans couplings. 
''The srtrn of the cis and trans couplings. 
'Adjusted for overlap of Lorentzian lines, the observed splitting being 

0.144 Hz. 
'From the 2-OCH, protons to H-3. 
'From the I-OCH, protons to H-6. 
"Assignment uncertain, but erhaps immaterial. ? .  'Unanalyzed spectrum, "7. HZ est~mated from spacings. 

bers are consistent with 5J,.is = -0.28 Hz, 5J ,,,,, = 0.00 HZ, 
and with a negligible decrease in the barrier for these three meta 
derivatives. 

Two causes for a significant change in 5J can be hypothe- 
sized. First, a substituent may increase or decrease the double 
bond character of the Csp2-0 bond, thereby decreasing or 
increasing the bond length and the barrier to rotation. Because 
5 J  is proximate and sensitive to internuclear distances, a 
decrease in barrier will lead to larger torsional amplitudes about 
the Csp2-0 bond and to smaller 5J magnitudes. In other 
words, the expectation value of IJ increases from its value in 
anisole, causing a decrease in the magnitude of 5 J .  Thus, a IJ 
of 30" yields a calculated 5 J  of -0.17 HZ in anisole, whereas 
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at a $ of 15" the magnitude of ' J  has dropped by only 0.03 Hz 
from the 0.29 Hz computed for 0 = 0. Second, a large ortho 
substituent may cause bond angle changes in the region of the 
methoxy group, leading to a smaller average distance between 
the methyl protons and the ortho protons than in anisole, and 
therefore to a larger magnitude of ' J .  

The computed (1) values of ' J  can be reproduced by an 
empirical cos4 $ function (see 1) in the region of 0 to 60". 

$ (deg) - ' J  (INDO) (Hz) 0.292 cos' $ (Hz) 

0 0.292 0.292 
7.5 0.283 0.282 

15 0.257 0.254 
30 0. I67 0.164 
45 0.064 0.073 
60 0.010 0.018 

Furthermore, the INDO MO FPT computations have it that a 
decrease of 1" in + in 1 causes ' J  to decrease by 0.031 Hz, 
whereas a decrease of I" in 0 entails a decrease of 0.018 Hz; 
that is, the magnitude of ' J  increases as the geometry is com- 
pressed. Thus a decrease of only 2" in each of 0 and + might 
well I ~ a d  to a decrease of 0.1 Hz in ' J .  Finally, a change of 
0.01 A in the C-0 or 0-C(H,) bond lengths entails only a 
10 .005  Hz change in ' J .  

The 5J values in Table 2 can be rationalized by intuitively 
sensible combinations of average A$, A0, A+ numbers and are 
discussed further below. 

Application of the model 
In those 2-X-anisoles where X = OH, SH, SCH,, OCH,, 

CH'OH, CH'OCH,, or CH,-C=O, no significant variation 
in 5~ is apparent. It ranges from -0.288(1) Hz for X = OH to 
-0.270(10) for X = CH,OCH,. Apparently, these substituents 
do not cause appreciable geometrical distortions of the 
methoxy group. 

Turning to 2-X-4-Y-anisoles, consider 2-fluoro-4-bromo- 
anisole and 2-fluoro-4-carboxaldehyde-anisole. In the former, 
5 J  is -0.27 l(2) Hz in acetone-d, solution and is -0.28 l(3) Hz 
in CCI, solution, implying negligible perturbations of the con- 
formational preferences of the methoxy groups. In the latter, 5~ 

is -0.299(1) Hz. It is tempting to attribute the increase of 
0.02 Hz in magnitude to an enhanced barrier to torsion about 
the Cl-0 bond, arising from conjugation with the CHO group 
in the para position. However, in 2,4-dinitroanisole, ' J  is 
-0.295(11) Hz and one might have expected somewhat larger 
conjugative perturbation's from two nitro substituents than from 
a CHO group. The ortho nitro group, of course, may well twist 
out-of-plane itself to relive steric crowding, as it does in many 
other compounds including those with a methyl group placed 
ortho to the nitro substituent (21). 

Again, in 2-methoxy-4-carboxaldehyde-anisole,2 ' J  is 
-0.292(15) Hz for H-3 and -0.308(5) Hz for H-6. A tendency 
towards an increased magnitude of ' J  relative to its value in 
2-methoxyanisole is apparent. If the para substituent is now 
replaced by a .rr electron donor, as in 2,4-dimethoxyanisole, the 
coupling to H-6 becomes -0.232(5) Hz. A larger amplitude of 
oscillation of the I-methoxy group is implied by this result. The 
$ dependence calculated above suggests 5~ hs -0.23 Hz at 
$ = 20". 

'The naming is unconventional in this discussion, but permits facile 
perceptions of coupling patterns. 

In a rigorous approach the observed ' J  should be related to 
the expectation value of $, that is ($). To find the latter, the 
potential function for the rotation about the Csp2-0 bond is 
needed. For a simple n-fold potential, and for low-amplitude 
oscillations (barrier large compared to kT), a classical aver- 
aging procedure (22) yields ($') as 2kT/Bn2, where $' is in 
rad'. If n = 2, then ($')I1' becomes about 13" for a barrier, B, 
of 6 kcal/mol at 305 K. If n = 4,  then ( $ ' ) I 1 '  is about 5". The 
Csp2-0 barrier is apparently a mixture of twofold and four- 
fold components (23, 24). Accordingly, ($')'/' may be about 
10" for anisole in this model. 

If the barrier to rotation about the Csp2-0 bond in anisole 
were zero, a simple average over all angles would yield ' J  as 
about -0.06 Hz according to the computed numbers. A de- 
crease in the barrier from that in anisole leads to a decrease in 
the magnitude of 5 ~ ,  as indicated by the 5~ of -0.118(7) in 
4-thiomethylanisole, that is, 5 ~ , . j ,  is -0.236( 14) Hz. 

Now, o; an ortho derivative of anisole, a large onefold 
component in the rotational potential must also be present. A 
naive two-site model with $ = 0 and some value between 60" 
and 180°, for which ' J  is presumably zero, is in the spirit of 
numerous conformational discussions of various molecules in 
the literature. Such a model would have 5J = -0.232 Hz = 
-0.292 P($ = 0) - 0.00 (1 - P ) ,  where P is the fractional 
population of the planar conformer. It would yield 80% as the 
population of the planar conformer of the 1-OCH, group in 
2,4-dimethoxyanisole. 

However, it is probably more satisfactory to interpret the 
above $ of 20" in 2,4-dimethoxyanisole as a change in the rms 
amplitude of about 10" from its value in anisole. In other 
words, the 4-methoxy substituent, being a .rr donor, induces a 
smaller double-bond character in the Csp2-0 bond of the 
I-methoxy group and therefore a larger ($')I1' number. This 
does not happen for the 2-methoxy substituent, judging by its 
5J of -0.28 l(5) Hz. Unfortunately, large uncertainty in the 
sum of the ' J  values for the 4-methoxy group preempts dis- 
cussion of its amplitude of oscillation. 

However, in 2-chloro-4-methoxyanisole this sum for the 
4-methoxy protons is -0.240(4) Hz, consistent with a substan- 
tially larger (IJJ~)"' than in anisole. For the other methoxy 
group, ' J  is -0.258(4) Hz (previously reported as -0.18 Hz 
(16)) compared to -0.232(5) Hz in 2,4-dimethoxyanisole. The 
larger magnitude is reasonably attributed to a change in 0 and 
(or) +. In 2,3,4-trichloroanisole, 5~ is -0.303(3) Hz. 

Addition of a 5-nitro substituent to 2-chloro-4-methoxy- 
anisole entails a 5~ of -0.320(1) or -0.327(1) Hz for each 
methoxy group (assignment uncertain). Decreased torsion am- 
plitudes of both methoxy groups and somewhat smaller 0 and 
$ angles than in anisole are indicated. Interchange of the 5- 
nitro and 4-methoxy substituents to give 2-chloro-4-nitro-5- 
methoxyanisole yields the largest magnitudes of 5 J  in Table 2, 
' J  being -0.38 Hz for both methoxy groups. Neither of these 
groups now has a .rr electron donor as a para substituent and 
both are flanked by sizeable substituents. If the nitro group is 
replaced by an iodo substituent, 5~ drops to 0.35 Hz in mag- 
nitude, presumably because a .rr electron acceptor is no longer 
present. This magnitude is much the same as the 0.34 Hz in 
2-iodo-5-nitroanisole. Clearly, an ortho substituent as large as 
iodine must cause decreases in 0, perhaps as large as 2". 

An apparent exception to the trends discussed above is 
2,4-diaminoanisole, for which 5~ is -0.270(3) Hz, rather large 
in magnitude considering the ' J  of -0.232(5) Hz in 
2,4-dimethoxyanisole. A possible reason is the presence of an 
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SCHAEFER ET AL.: 3 

FIG. I. In Fig. 1A the 'H nmr spectrum of the methoxy protons in 
2,4-diaminoanisole as a 2 mol% solution in acetonitrile-d3 is displayed 
at 90 MHz and 305 K. ' J , : ' ~ ~ '  is -0.250(5) HZ. Some residual 
coupling to H-5 occurs, apparent here only as a slight broadening of 
the two peaks. In I B the 'H nmr peaks of H-3 are displayed. The peaks 
are rather broad due to unresolved coupling to the amino protons of 
one or two amino groups, intermolecular proton exchange being par- 
tially retarded by the presence of some basic alumina. In 1C the 
decoupling field, set at 6 3.68, the value for the methoxy protons, has 
an amplitude of 22 Hz, sufficient to decouple the amino protons with 
6 values of 3.88 and 3.62. Only for a large amplitude of the decou- 
pling field do these peaks become sharp. A field amplitude sufficient 
to decouple the methoxy protons does not lead to such a spectrum. The 
line width at half height is 0.10 5 0.01 Hz for these peaks in 1C. 

N-H . . . 0 intramolecular hydrogen bond, which could con- 
ceivably inhibit wide excursions in $. The amino derivative is 
peculiar for another reason, as is now discussed. 

Concerning 'J and 6J in 2,4-diaminoanisole 
In a saturated benzene-d6 solution 5J is -0.270(3) Hz at 

305 K and 6J is 0.05(1) Hz to H-5. In view of the reported 
1 6 ~ : s C H 3 1  values of 0.20 and 0.15 Hz to H-3 and H-5, 
respectively (16), the following experiments were performed 
on a Bruker WH90 spectrometer at 305 K. A 2 mol% solution 
of the compound in CD,CN gave an 'H nmr spectrum consis- 
tent with zcH, s3,  s5,  and ti6 as 3.68172(2), 6.02880(2), 
5.90970(2), and 6.55290(2), respectively. In addition, 556, 
4J35, and 5J36 were 8.405(3), 2.662(2), and 0.275(3) Hz, 
respectively. Figure 1 displays the doublet observed for the 
methyl protons; the splitting3 of 0.250(5) Hz represents 
(5J:.CH31. 

Now, the amino proton's give rise to broad bands, as ex- 
pected, and are centered at about 3.88 and 3.62 ppm relative to 
internal TMS in a solution in which intermolecular proton 
exchange is at least partly restricted by treatment with basic 
alumina. Under these conditions the ring proton peaks display 
a broadening which we attribute to unresolved coupling to 

'This value is slightly smaller than in benzene-d,, consistent with a 
smaller degree of N-H . . . 0 interaction in CD3CN. 

FIG. 2. In A one of the 'H nmr bands of H-5 in 
2,3,4-trichloroanisole as a 3 mol% solution in CCI, is displayed at 
100 MHz and 305 K. The splitting represents 'J:'OCH3 and is given as 
0.096(7) Hz from a LAME analysis. In B the same band is shown for 
a very dilute solution in acetone-d6 at 295 K and 300.13 MHz. Con- 
siderable resolution enhancement has been applied and accounts for 
distortion. The splitting is 0.095(14) Hz. 

amino protons, known to occur in aniline itself (25). Figure 1 
displays the 'H nmr spectra of H-3 for different decoupling 
fields centered on ZCH3 at 3.68. As the amplitude of the decou- 
pling field increases from zero to 22 Hz, the coupling from H-6 
becomes clearly resolved (the small splitting). The latter de- 
coupling amplitude, yH2/2n  = 22 Hz, is large enough at 
90 MHz to decouple the amino protons at 6 values of 3.9 and 
3.6. Similar observations were made for H-5 and H-6. It seems 
possible that coupling phenomena of this kind are responsible 
for the literature values of 6~:'0CH3. 

Other estimates of torsional amplitudes 
A harmonic model has been employed in the estimation of 

force constants for the torsional motions in crystals of a variety 
of molecules, including anisole derivatives (22). The force 
constants given for the latter translate into ( I )~ ) ' ' ~  values 
ranging from 6" to 17". Of course, intermolecular perturbations 
of the librational motions will be somewhat larger in the solid 
than in the solutions studied here. Nevertheless, the torsional 
amplitudes indicated by 'J appear reasonable when compared 
to those implied by atomic vibration tensors obtained from 
X-ray or neutron diffraction data (22). 

Concerning 6J OCH-' - = J 
This coupling, when observed, occurs for the meta proton in 

a cis arrangement to the methoxy group. Its existence was first 
reported for 2,4-dibromoanisole (8), and was determined as 
+0.06(1) Hz in 2-methoxyanisole (1). For the compounds in 
Table 2, 6J ranges from 0.02 to 0.09 Hz. Splittings due to 6J 
were not always resolved and were then estimated by simu- 
lations of ring proton spectra in the presence and absence of 
decoupling fields applied to the methyl proton peaks. Figure 2 
displays splittings arising from 6J, the analytical value at 
100 MHz being confirmed at 300 MHz. 
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Conclusion 6. H. J. TALBERG. Acta. Chem. Scand. Part A, 32, 373 (1978). 

5 ~ : 3 C H '  (cis)  in anisole and its derivatives can vary from 
about -0.23 Hz to -0.38 Hz. A value of -0.28 Hz  is typical 
of anisole and those of its 2-X derivatives in which X is not 
larger than chlorine or is a substituent presenting a similar size 
to the methoxy moiety. An electron donor, particularly when 
placed p a r a  to the methoxy group, reduces the magnitude of 
' J : . ~ ~ ' ,  probably because an increased torsional amplitude 
about the Csp2-0 bond leads to a larger average distance 
between the ortho C-H bond and the methoxyl protons. Large 
ortho substituents cause steric compression of the geometry of 
the methoxy group, thereby causing an increase in the mag- 

nitude of ' J : . ~ ~ ' .  This increase can be further enhanced in the 
presence of 7~ electron withdrawing substituents. 6 ~ z . C H '  is less than +O. 1 Hz  and appears for the C,,,--H bond 
arranged cis to the methoxy group. 

It appears that changes in the length of the Csp2-0 bond 
are a minor cause of changes in ' J  because an S T 0  3Goopti- 
mization computes a decrease of only 0.007 A in 
4-nitroanisole, and the computed ' J  changes by rather less than 
0.005 Hz for such a perturbation. Excursions in the torsion and 
bond angles are the important determinants of the observed ' 5  
in the present model. 
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NORMAN H.  SAGERT and DANNY W. P. LAU. Can. J. Chem. 63, 789 (1985). 
Thc distribution of four branched chain octanols, 3-cthyl-3-hexanol, 4-ethyl-3-hcxanol, 2-cthyl-4-methylpcntanol. and 

4-octanol, has bcen mcasurcd betwecn dodecane and water. Measurements werc madc at alcohol concentrations in thc 
dodecane of less than 0. I mol/dm', and as a function of temperature from 10°C to 35'C. From thesc distribution data, standard 
thcrmodynamic functions for transfer were calculated. Standard Gibbs cncrgies of transfer from watcr to dodccanc at 25OC wcrc 
in thc rangc - 14.1 to - 15.1 kJ/mol, whcreas the standard enthalpies of transfcr at 25'C varied from 29 to 39 kJ/mol. Thus, 
thc change in the standard enthalpy tcnds to inhibit transfer, but a large standard cntropy of transfer results in dodecane bcing 
thc favoured phase. 

NORMAN H.  SAGERT et DANNY W. P. LAU. Can. J. Chem. 63, 789 (1985). 
On a mesure la distribution dc quatrc octanols ramifits (Cthyl-3 hexanol-3 ethyl-4 hcxanol-3, Cthyl-2 mCthyl-4 pcntanol et 

octanol-4) entre le dodCcane et I'eau. On a effectuk les mesures i des concentrations cn alcools dans le dodCcane qui dtaicnt 
infkricurcs i 0. I mol/dm3 et i d e s  tempdratures allant de I0 i 35°C. A I'aide de ces donndes sur la distribution, on a pu calculer 
Ics fonctions thermodynamiqucs standards pour le transfert. A 25°C. les Cncrgics standards dc Gibbs pour Ic transfert dc I'eau 
au dodCcane varicnt de - 14,l 3. - 15.1 kJ/mol alors que, i 25°C. les enthalpics standards de transfert varient dc 29 i 39 
kJ/mol. Donc, alors que la variation dans I'cnthalpic standard a pour cffct d'inhibcr le transfcrt, l'existcnce d'une cntropie 
standard de transfert ClevCe fait quc le dodCcane est la phasc favorisCe. 

[Traduit par le journal] 

Introduction 
We are presently engaged in a program to study interfacial 

properties relevant to the solvent extraction systems used in the 
nuclear industry (1,  2).  As an adjunct to that program, we have 
measured the adsorption of the branched chain octanols, 
3-ethyl-3-hexanol and 4-octanol, at the dodecane- water inter- 
face. These alcohols were chosen because of their different 
shapes. T o  interpret this adsorption data. the thermodynamics 
of the complete transfer of the alcohol from water to dodecane 
must be known. 'The transfer of branched alcohols from water 
to dodecane is also of interest in the study of lipid membranes 
(3), and in studies of the microemulsions used in tertiary oil 
recovery (4). 

Standard thermodynamic functions for transfer are often cal- 
culated from the thermodynamics of solution of the solute in 
each of the two solvents (5, 6).  The thermodynamics of solu- 
tion of lower alcohols in alkanes and water are reasonably well 
known (5, 6).  However, octanols are only sparingly soluble in 
water, so accurate calorimetric data on their heats of solution 
in water are not available. Recently, Goffredi and co-workers 
(7-9) have used a direct calorinietric niethod to obtain the 
thermodynamics of transfer of smaller alcohols froni water to 
octane. However, they did not report data [or octanols. 

This work is a short study of the distribution of four 
branched-chain octanols between water and dodecane, carried 
out at low solute concentrations so  that standard Gibbs energies 
of transfer at infinite dilution can be obtained. These alcohols, 
3-ethyl-3-hexanol, 4-octanol, 4-ethyl-3-hexanol, and 2-ethyl- 
4-niethylpentanol, represent a range of shapes and are available 
commercially. From the temperature dependence of these stan- 
dard Gibbs energies of transfer, standard enthalpies of  transfer 
are calculated, although they are less precise than those ob- 
tained calorimetrically. The data also give some information 
about the aggregation of these alcohols at low concentrations in 
dodecane, 

Experimental 
Thc general procedurcs have bcen dcscribcd prcviously ( 10). Anal- 

yscs of alcohol concentrations werc done. as prcviously. using gas 
chromatography. but the column uscd was 3 8  OV- l on Chromosorb 
W at a ternpcrature of 120°C. 

The 3-cthyl-3-hexanol was obtained from ICN Pharmaceuticals, 
and thc othcr alcohols froni Pfaltz and Bauer. l'hc alcohols wcre 
passed through an activatcd silica gcl column until thcir purity was 
better than 99%. as determined by gas chromatography. Thc sourccs 
and purification of the watcr and dodccanc havc bccn dcscribcd 
previously ( I  I). 

Results and discussion 
The distribution of 4-octanol. 3-ethyl-3-hexanol, 4-ethyl-3- 

hexanol , and 2-ethy I-4-met hylpentanol between dodecane and 
water was measured at concentrations up to 0 .  I niol/dm3 in the 
dodecane and at temperatures froni 10°C to 35°C. In some 
cases a slightly wider temperatllre range was used. Figure I 
shows the results2 for 2-ethyl-4-methylpentanol, where D, the 
distribution ratio, is defined as the concentration of alcohol in 
the dodecane divided by that in the water. Distribution ratios 
for this alcohol d o  increase as the concentration of alcohol 
increases, at least at lower temperatures, but the ratios are 
easily extrapolated to zero concentration to give the infinite 
dilution distribution coefficients. K,,. For reasons that will be 
discussed later. we actually used a plot of D against the cube 
of the alcohol concentration in the aqueous phase as the appro- 
priate extrapolation procedure. 

Table 1 shows the measured infinite dilution distribution 
coefficients, Kr,. Since the errors in the individual distribution 
ratios are of the order of ? 15%, the errors in the distribution 
coefficients are likely of the same order. Table I also gives the 
distribution coefficients calculated on a mole-fraction basis, 
K;. Traditionally (12, 13), mole-fraction standard states have 

'All thc mcasurcd distribution ratios arc availnblc. at a nominal 
charge. from thc Depository of Unpublished Data. CISTI. National 
Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. 
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TABLE I.  Distribution cocfficicnts for the transfcr of octanols from watcr to dodecanc 

2-EthyI-4- 
3-Ethyl-3-hcxanol 4-Ethyl-3-hexanol 4-Octanol mcthy lpentanol 

7' ("C) KI ,  K ;  KI ,  K ;  K I ,  K ,;i KI ,  K:  

Alcohol concentration in Dodecane 
(mol /dm3) 

FIG. I .  Distribution ratios. D. tor 2-cthyl-4-mcthylhcxanol as a 
function of 2-cthyl-4-methylhexanol conccntration in dodecane at 
thrcc tcmperaturcs. 

been used for calculating the thermodynamics of transfer, and 
we will use them here. Such standard states have the advantage 
that the reference states are temperature independent. Since 
both KD and K.; refer to infinite dilution, their ratio is simply 
given by the ratio of the molar volumes of the two solvents (10, 
14). 

The standard Gibbs energies of transfer of alcohols from 
water to dodecane at infinite dilution, A ! ~ Y ,  are calculated in 
the usual way (10, 14) using eq. [I]: 

The alcohol is designated component I ,  while the a phase is 
water and the p phase is dodecane. The standard states are the 
hypothetical standard states of ideal unit solute mole fraction. 
Thus, the activity coefficients implied are those that approach 
unity as the mole fraction of the solute approaches zero. 

When standard Gibbs energies of transfer are known as a 
function of temperature, standard enthalpies of transfer can be 
calculated from eq. [2]: 

FIG. 2. Enthalpy of transfcr plot of thc standard Gibbs cncrgy of 
transfer divided by thc tcmpcrature plottcd against rcciprocal tcm- 
peraturc. This plot is for 3-cthyl-3-hexanol. 

A plot of the standard Gibbs energy of transfer divided by the 
temperature, as a function of the reciprocal of the temperature, 
is shown in Fig. 2 for 3-ethyl-3-hexanol. Even over the small 
temperature range used, a slight curvature was noted. Thus, the 
standard enthalpy of transfer varies with temperature, and there 
is a measurable standard heat capacity of transfer: 

Values of the standard Gibbs energies, enthalpies, entropies, 
and heat capacities of transfer, all of 25"C, are given in Table 
2. The errors in the standard functions shown represent 90% 
confidence limits. 

The standard Gibbs energies of transfer are, as expected, a 
little less than the value for I-octanol obtained by extrapolating 
the data of Goffredi and Liveri (8) for lower alcohols up to 
octanol, and closer to their value for 2-octanol (9). Their data, 
with concentrations expressed as mole fractions, give values of 
- 15.4 kJ/mol and - 14.3 kJ/mol for transfer of I -0ctano1 and 
2-octanol, respectively, from water to n-octanol at 25°C. 
Aveyard and Mitchell (14) have shown that the mole-fraction 
distribution coefficients do not change drastically as the solvent 
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SAGERT AND LAU 

TABLE 2. Standard thermodynamic functions for thc transfcr of octanols h-om watcr to 
dodccanc at 25OC 

-A!:G'; AEH;  a!;s:l -A:c:: 
Solutc (kJ/mol) (kJ/mol) (J K ' mol I )  ( J  K ' mol I )  

alkane changes, although in going from n-octanol to dodecane 
they become -500 J/mol more negative for hexanol and hep- 
tanol. Thus, the Gibbs energies of transfer of Goffredi and 
Liveri should be approximately valid for transfer to dodecane 
as well, although it  is possible that for transfer to dodecane they 
could be 400 to 600 J/mol more negative. Our standard Gibbs 
energies of transfer for the branched chain octanols examined 
here are in the range - 15.1 to - 14.1 kJ/mol. Unfortunately, 
the transfer of I-octanol and 2-octanol proved difficult to mea- 
sure accurately using our techniques, because the solubility in 
water at suitable concentrations in dodecane was lower than we 
could measure accurately. However, our results seem to bear 
out Goffredi and Liveri's conclusion that the more branched 
alcohols have a less negative standard Gibbs energy of transfer 
than the normal alcohols. Earlier data by Aveyard and Mitchell 
(14) on the transfer of lower normal alcohols is in good agree- 
ment with that of Goffredi and Liveri (8). When the data of 
Aveyard and Mitchell are extrapolated to I-octanol at 25"C, 
one obtains a standard Gibbs energy of transfer of - 15.0 
kJ/mol, which is still more negative than those of the branched 
chain alcohols examined here, with the exception of 4-octanol. 

The standard enthalpies of transfer of the alcohols from 
water to dodecane are all positive, so the transfer is opposed 
enthalpically and only takes place because of the large standard 
entropy of transfer. The standard enthalpy change at 25°C is, 
perhaps, equivalent to the breaking of about one or two hydro- 
gen bonds, although the actual processes are unlikely to be that 
simple, since enthalpy changes in the hydration of the hydro- 
carbon chain must be considered. I t  is possible, in principle, to 
compare the standard enthalpies of transfer obtained here with 
those calculated from calorimetric data, since the enthalpy of 
transfer is simply the difference between the enthalpies of solu- 
tion in the two phases. Standard enthalpies of solution and 
transfer of smaller linear and branched chain alcohols have 
been reviewed recently by Kertes and Lai (5). Standard en- 
thalpies of solution in aliphatic hydrocarbons are endothermic 
and quite constant, at 23 to 24 kJ/mol (5, 15). On the other 
hand, standard enthalpies of solution in water are exothermic 
and variable (5, 6).  They range from -4.6 kJ/mol for I-hex- 
anol (16) to - 18.3 kJ/mol for 2-methyl-2-butanol(6, 17). The 
least negative enthalpies are for the longer, straight chain alco- 
hols, and they become more negative as the chain length short- 
ens. Branched chain alcohols, and especially tertiary alcohols, 
have very negative standard enthalpies of solution; strong 
hydrogen bonding with water is thought to play a role ( 18), but 
differences in the hydration of the hydrocarbon chains are also 
likely to be quite important here. This hydration seems to be 
stronger (i.e. more negative) for the branched alcohols. 

Thus, standard enthalpies of transfer from water to dodecane 
measured calorimetrically vary from 28 kJ/niol for I-hexanol 
to 41.6 kJ/mol for 2-methyl-2-butanol. Primary alcohols have 
smaller standard enthalpies of transfer, as a result of their less 

negative standard enthalpies of solution in water, as discussed 
above. The standard enthalpies of transfer observed with the 
octanols studied here are consistent with those observed for 
smaller branched chain alcohols, with the exception of 
4-ethyl-3-hexanol, which is rather low. Also to be noted is that 
the standard enthalpy of transfer for 2-ethyl-4-methylpentanol 
is fairly large even though i t  is, stricty speaking, a primary 
alcohol. 

Our measurements of standard heat capacities of transfer are 
very crude, being based on the curvature of plots like Fig. 2. 
 he values obtained were compared with the apparent molal 
heat capacity of the alcohols in water, calculated from the 
additivity relationships of Jolicoeur and Lacroix (19). If the 
molal heat capacities of the alcohols in dodecane are small, 
then our standard heat capacities of transfer should be the 
negative of the heat capacities in water. The calculated values 
are in the range 750-780 J K - '  mol-'. Our observed value 
for 3-ethyl-3-hexanol is less negative than predicted and our 
values for 2-ethyl-4-methylpentanol and 4-octanol are some- 
what more negative than predicted. However, our values are 
subject to large errors and-are consistent with the relationships 
of Jolicoeur and Lacroix (19). with the possible exception of 
4-octanol. Thus, the standard heat capacities of transfer can be 
accounted for by the loss in hydrational heat capacity as the 
hydrocarbon chains are transferred from water to dodecane. 

Finally, with respect to all comparisons with calorimetric 
data, i t  must be noted that thermodynamic functions ol'solution 
are measured for solution in Dure solvents. whereas, when 
measuring transfer directly, we aredealing with mutually satur- 
ated phases. The small solubility of dodecane in water is un- 
likely to be a problem, but there is evidence that alcohols take 
complexed water with them into the dodecane (20). 

Attempts were made to predict the standard Gibbs energies 
and enthalpies of transfer from scaled particle theory, using 
equations developed by Pierotti (2  1 ). Molecular parameters for 
dodecane were taken from the work of Wilhelm and Battino 
(22). However, all reasonable values of the n~olecular parame- 
ters of the alcohols gave standard Gibbs energies of transfer 
that were much too positive and standard enthalpies of transfer 
that were too large. 

The concentration dependence of our distribution ratios 
gives some information about the aggregation of these alcohols 
in dodecane. From Wooley c.1 c r l .  (23) a general association can 
be written for the alcohols in dodecane: 

Kc, 
[4] nA e A,, 

provided that the monomer is assumed to be the predominant 
species in the aqueous phase. The distribution ratio, D (Fig. I), 
is the total alcohol concentration in the dodecane divided by 
that in the water. At infinite dilution, where by definition D 
becomes K,,, only monomers would be present in the dodecane 
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as well. Thus, K,,  gives the ratio of alcohol monomers in 
the dodecane to the total alcohol (largely monomers) in the 
aqueous phase. Branched chain alcohols are thought to associ- 
ate in alkane phases primarily as the tetranier (24). Any change 
in the chemical potential of the alcohol monomers due to 
solute-solute interaction is ignored. Thus, following Woolley 
er (11 (23) ,  we obtain: 

Both ethylhexanols showed essentially no variation of D 
with alcohol concentration. Thus, in the low concentration 
range used here, these alcohols did not aggregate measurably 
in the dodecane. With 2-ethyl-4-methylpentanol and 4-octanol, 
appreciable slopes were noted, although only at lower tempera- 
tures for the former. At 2S°C, K ,  values were 280 ? 100 and 
900 ? 200 dmq/mol', respectively. These can be compared 
with 230 dni"/mol3 obtained by Rytting cJr (11. (24) for 2- 
methylpropanol-2 at 25°C by vapor-pressure methods. When 
the logarithm of these association constants was plotted against 
reciprocal temperature, association enthalpies of 85 ? 20 and 
65  * 15 kJ/mol, respectively, were obtained. These enthalpies 
correspond roughly to the enthalpies required to form the four 
hydrogen bonds of a tetramer. Thus, our association constants 
are consistent with those reported in the literature. As these 
experiments were not designed primarily to measure associ- 
ation, that is probably as much as should be said. 
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The reaction of the hexacyanoferrate(II1) ion with hydrogen peroxide 
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DONALD R. EATON and MARIANNE PANKRATZ. Can. J .  Chem. 63, 793 (1985). 
In basic solution hydrogen peroxide reduces the hexacyanoferratc(l1l) ion to the Fe(ll) complcx. The stoichiomctry and 

kinetics of this reaction have been examined. Both a stoichiomctric reduction and a catalytic reaction leading to decomposition 
of the hydrogen peroxide occur. The latter is largely, but not completely, photochcniical in origin. The data are consistent with 
the involvement of a common intermediate for the stoichiornetric and the thermal catalytic reactions. I t  is suggested that this 
intermediate is formed by nucleophilic attack of the hydroperoxide ion or the supcroxide radical on the carbon of a cyanide 
ligand. 

DONALD R. EATON et MARIANNE PANKRATZ. Can. J .  Chern. 63, 793 (1985). 
En solution basique, le peroxyde d'hydrogene rkduit I'ion hexacyanoferratc(l1l) cn un complcxe dc Fe(l1). On a Ctudid la 

sto'ichiomCtrie et la cinktique de cette rkaction. If se produit une rkduction sto'ichion~etrique ct unc rkaction catalytique 
conduisant i une dkcornposition du peroxyde d'hydrogene. Cette dernierc rkaction serait principalerncnt, rnais non exclu- 
sivernent, d'origine photochirnique. Les donnees sont en accord avec I'irnplication d'un interrntdiaire cornrnun pour les 
rkactions sto'ichiomktriques ainsi que catalytiques therrniques. On suggkre que cct interrnkdiaire sc forrnc par une attaque 
nuclkophile de I'ion hydroperoxyde ou du radical hydroperoxyde sur Ic carbone d'un ligand cyanurc. 

[Traduit par Ic journal] 
. . 

. .  . , 

Introduction reaction, but postulates an outer sphere one electron transfer 

Hydrogen peroxide represents an oxidation state of oxygen 'ate determining step to give radicals. 

intermediate between water and molecular oxygen. As such it There are two complications. Ferricyanide may act as a 
i can behave either as an oxidising agent or a reducing agent. A catalyst for the decomposition of hydrogen peroxide. There are ' well known example of this dual behaviour is  the observation many precedents for the catalysis of this reaction by Fe(ll1) 

that in acid solution hydrogen peroxide w i l l  .oxidise the ferno- complexes (7-9). Girdhar and Jain (10) indeed repon catalysis 

i cyanide ion to ferricyanide, but in basic solution ferricyanide is by the ferricyanide ion. Secondly, photochemical reactions are 
reduced to ferrocyanide. This reversal is associated with the p~ possible. The photochemistry of complex cyanides has been 
dependence of the oxidising properties of hydrogen peroxide. studied by Asperger (1 1) and by ~acDia rmid  and Hall (12). 1 ~h~~ 0 . ~ .  Bockris and oldfield (1) have measured the poten- Both ferrocyanide and ferricyanide are photoaqualed relatively 

i tial (E) of hydrogen peroxide at a electrode as a rapidly in light of moderate intensity. The resultant aquo com- 

i function of pH and find pounds are considerably more reactive than the parent hexa- 
cyanides. It is clear ( 10) that catalysis of the decomposition of 

E = 0.84 - 0.0509 pH Volts hydrogen peroxide in the presence of hexacyanoferrates occurs 
This variation suffices to change the direction of the by a photochemical reaction. Thermal catalysis is less we11 
ferricyanide/ferrocyanide reaction (standard oxidation poten- established. 
tial 0.36 V )  over the range pH 7 to pH 9. These authors also There are objections to both mechanisms suggested for the 

. . 
consider the possible oxidation/reduction and protonation re- reduction of ferricyanide ions by hydrogen peroxide. An inner 

. . actions occurring at the electrode. The superoxide ion and its sphere mechanism requires prior dissociation of cyanide 
. .  . protonation product can both result from the one electron ligand. The exchange of cyanide ligands has been studied by 

oxidation of peroxide. These electrode reactions have been radiochemical methods and found to be very slow. Thus 

. . 
discussed more recently by Morrison et al. (2). The mechanism Adamson, Welker, and Volpe ( 1  3) reported that in the absence 
of the oxidation of ferrocyanide to ferricyanide by hydrogen of light only 12% of the ligands of ferricyanide ion had 
peroxide is reasonably well understood. It is of the inner sphere exchanged after 1 15 h at high pH. MacDiarmid and Hall (14) 
type and replacement of a cyanide ligand by a water molecule, found no exchange in the dark at pH 10. These results clearly 
either by photolysis or thermolysis, is a necessary first step. rule out an inner sphere mechanism for the relatively rapid 
The thermal reaction is quite slow. Earlier studies have been thermal reduction process. The outer sphere electron transfer 
reviewed by Baxendale (3) and Davies and Garafalo (4) have mechanism is less easy to eliminate. On this mechanism fer- 
examined the mechanism of the reaction of the pentacyanoquo ricyanide and peroxide react to give ferrocyanide and super- 
complex with hydrogen peroxide in some detail. The reduction oxide. The superoxide must then react rapidly with a further 
of ferricyanide to ferrocyanide is less well understood. It is a molecule of ferricyanide to complete the reaction. Brown and 
relatively rapid reaction. To our knowledge there have been Higginson (15) have discussed mechanisms for the reduction of 
two reports of kinetic studies of the reduction of ferricyanide by metal complexes involving free radical intermediates and 
peroxide. Sobkowski (5) describes the reaction in 0. I M NaOH have concluded that they are energetically unfavourable if 
as being first order in peroxide and first order in ferricyanide the metal complex is a weak oxidant. Bennett (16) has 
and suggests that "one of the rate determining steps is the discussed the oxidation/reduction potentials in the molecular 
displacement of cyanide ion by hydroxide ion in the fer- oxygen/peroxide/water system and has pointed out the advan- 
ricyanide complex". Girdhar (6) agrees on the order of the tages of two electron reductions of molecular oxygen in 

avoiding superoxide intermediates. Similar considerations 
'To whom all correspondence should be addressed. apply to the two electron oxidation of peroxide to molecular 
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oxygen. Considerations of this type have been used to explain 
the catalysis of hemoglobin (17) and myoglobin (18) auto- 
oxidations by reducing agents. 

The present paper reports a kinetic study of the reaction 
between ferricyanide and hydrogen peroxide in the pH range 
1 1 - 12. At these pH's reduction to ferrocyanide is complete. 

Experimental 
BDH Analar K3Fe(CN), and Anachemia 30% H2O7 were used in all 

experiments. Three types of experiment are reported. 
In the first type, progress of the reaction was monitored by mea- 

suring the evolution of oxygen. The oxygen given off was measured 
by displacing water in a gas burette. Solutions of K,Fe(CN), in 0. I M 
NaOH were placed in a three-necked flask equipped with a serum cap 
and outlet to the gas burette. H2O2 (30%) was added by syringe in 
quantities sufficient to give the desired concentration of peroxide and 
the Oz collected was measured at timed intervals. The pH of the 
solution was greater than 12 and did not change during the reaction. 
Blank runs of H102 in 0 .  I N NaOH were used to correct for H202 
decomposition due to other factors. Dark reactions were run with 
aluminum foil around the reaction flask. The objectives of these 
experiments were to establish the stoichiometry of the reaction and to 
assess the importance of the photochemical and catalytic reactions. 

The reaction was examined spectroscopically using a Tracor 
Northern spectrophotometer equipped with a photo-diode array 
detector. It was possible to obtain a spectrum of the reacting mixture 
2 to 3 s after mixing the reactants. It was hoped that in this way an 
intermediate of the type reported by Lancaster and Murray (19, 28) for 
the sulphite/ferricyanide reaction could be detected. The spectrum 
obtained in this manner was, however, identical to that of the final 
ferrocyanide product. We infer that the intermediate, if i t  exists, is 
much shorter-lived than that observed in the sulphite reaction. 

Stopped-flow experiments were run in a Durrum Dl I0 spec- 
trophotometer equipped with a Nicolet 1 170 signal averager. All solu- 
tions were made up in phosphate buffer (NalHP04), with ionic 
strength corrected to I .O M with NaCI. Concentrations of dilute H202 
solutions were determined by titration with KMnO, solution, which 
had been standardized with sodium oxalate. Temperature was con- 
trolled by a water bath maintained at 25 2 0.2"C. The disappearance 
of ferricyanide was monitored at 420 nm. The concentrations of hy- 
drogen peroxide used in the present experiments are approximately 
one order of magnitude greater than those used by Girdhar (6) or by 
Sobkowski (5). This was partly due to the desire to maintain pseudo 
first order conditions in the stopped flow experiments and partly with 
the intent of testing for first order dependence of the rate at higher 
peroxide concentrations, since the theory predicts that the dependence 
will become zero order at high peroxide concentrations if the catalytic 
reaction is important. These experiments have also been carried out at 
pH values much higher than those reported by Girdhar (6) to ensure 
that the reaction proceeded to completion and to investigate the pH 
dependence of the rate in the sensitive region close to the p K ,  of 
hydrogen peroxide. As a result of this choice of conditions the rate of 
evolution of oxygen is quite rapid and bubbles in the stopped flow 
observation cuvette. limit the accuracy of the data. This is especially 
true at the higher peroxide concentrations. 

Results 
In agreement with the previous reports we find that at pH's 

greater than 1 1  ferricyanide is completely reduced to ferro- 
cyanide by any amount of hydrogen peroxide equal to or 
greater than that required by the equation: 

The results of the oxygen evolution experiments are illus- 
trated in Figs. 1 and 2. Figure 1 shows results obtained for the 
dark reaction and Fig. 2 for the reaction in laboratory light. It 
is clear from a comparison of the two figures that a photolytic 

10 20 30 40 50 6'0 70 
I 

TlME lrnin) 

FIG. I. Oxygen evolution in the dark reaction between Fe(CNh-  
and HzOz. The concentration of F~(CN)(?- is 0.022 M throughout. 
The stoichiometric reaction leads to production of 0.5 mol of oxygen 
per mol of F ~ ( C N ) ~ , .  

!@ 0 0 
I I I I I I I 

0 10 20 30 40 50 60 70 80 
TlME Irnin) 

FIG. 2. Oxygen evolution in the reaction between Fe(CN)(,'- and 
HzOz carried out in laboratory light. Conditions the same as Fig. 1 .  

reaction is occurring. In these experiments the concentration of 
ferricyanide was 0.022 M and that of hydrogen peroxide varied 
from 0.004 M to 0.34 M. If the reaction is stoichiometric, the 
maximum value of the ratio moles O?/moles Fe(CNh- plotted 
in Figs. 1 and 2 should be 0.5 if the concentration of peroxide 
is greater than 0.01 1 M. If the concentration of peroxide is less 
than 0.011 M the ratio should be peroxide concen- 
trationl0.022. Ratios greater than these demonstrate a catalytic 
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TABLE I .  Kinetic data for the reaction of K3Fe(CN)," with HzOl 

"Concentration K,Fe(CN)(> = 5 X lo-' M. 
"Data from ref. 6. 
'Data from ref. 5 .  

reaction. It is apparent that at low concentrations of hydrogen 
peroxide the reaction is predominantly stoichiometric but at 
higher concentrations the catalytic reaction becomes more 
important. The initial parts of the curves of Figs. I and 2 are 
very similar, terminating at a ratio close to that expected for the 
stoichiometric reaction. This indicates that the latter reaction is 
thermal rather than photochemical and is rapid compared to the 
subsequent reaction. The  stopped-flow results reported below 
therefore reflect only the thermal reaction. Comparison of 
Figs. I and 2 shows that the slower catalytic reaction is pre- 
dominantly, but not exclusively, photochemical. Even in the 
dark more oxygen is produced at high peroxide concentrations 
than can be accounted for by a purely stoichiometric reaction. 

The  earlier portion of the reaction can be monitored by using 
stopped-flow spectrophotometry. Reactions were carried out 
under pseudo first order conditions with hydrogen peroxide in 
excess. These experiments were carried out in the pH range 
1 1  - 12. In each case good exponential decays were observed 
indicating that the reaction is first order in ferricyanide. 
Table I presents the kinetic data obtained in these experiments. 

high peroxide concentrations but the trend to less than first 
order dependence is consistent and statistically meaningful. 
The data of Girdhar (6) also show some decrease in apparent 
second order rate constants at higher peroxide concentrations. 
Sobkowski ( 5 )  did not investigate the peroxide dependence of 
the rate. A few experiments to investigate the effect of ionic 
strength on the rate were also carried out and these results are 
included in Table I .  

Discussion 
The results described above have demonstrated the following 

features of the ferricyanide/hydrogen peroxide reaction. ( I )  
Both thermal and photolytic reactions are important. The  pho- 
tolytic reaction leads to the catalytic decon~position of the per- 
oxide and,  at least under conditions of normal illumination, is 
much slower than the thermal stoichiometric reaction. The 
latter results in the reduction of ferricyanide to ferrocyanide. It 
seems reasonable to suppose that the photolytic reaction pro- 
ceeds via a pentacyano-aquo species. Since ferrocyanide is 
present as the product of the stoichiometric reaction photo- 
chemical catalytic decomposition is to be expected (4). (2) The 
thermal reaction is predominantly stoichiometric at low con- 
centrations of hydrogen peroxide but becomes partly catalytic 
at higher concentrations. (3) We were unable to detect an 
intermediate of the type reported by Lancaster and Murray (19) 
for the ferricyanide/sulphite reaction. This does not imply that 
such an intermediate does not exist but places an upper limit of 
1-2 s on its lifetime. (4) The rate of the thermal reaction is first 
order in ferricyanide but less than first order in peroxide. (5) 
The  rate of the reaction increases with pH. The increase is 
consistent with the hydroperoxide ion being the reactive spe- 
cies. Since the order of the reaction with respect to peroxide is 
not well defined it is a little difficult to quantify the pH de- 
pendence. However, if the average first order rate constant at - 
a given pH is plotted against the fractional concentration of 
hydroperoxide ion (calculated assuming a value of 11.62 for 
the p K ,  of hydrogen peroxide) the straight line 0.19 + 
1. 164[H02-] is obtained with a correlation coefficient of 
0.996. Although some reactivity for the neutral peroxide mol- 
ecule is not ruled out, this result clearly indicates that the 
hydroperoxide ion is the principal reacting species. 

Any mechanism for the reaction must be consistent with 
these observations. The reports that cyanide ligand exchange is 
very slow (13, 14) would seem to preclude an inner sphere 
mechanism for the thermal reduction of ferricyanide. For such 
a mechanism the overall rate could not be greater than the rate 
of dissociation of cyanide ligands and this rate is clearly insuf- 
ficient to account for the stopped-flow data. We note that for 
the ferricyanide/sulphite reaction Wiberg ct a/ .  (20) have elim- 
inated the inner sphere mechanism by a direct radiochemical 
exchange experiment. An inner sphere mechanism remains a 
very plausible path for the photochemical reaction since photo- 
dissociation of cyanide is well established. 

The mechanism suggested by Girdhar (6), namely, 

The  accbracy of the data is limited by the experimental prob- F~(cN)(,'- + HOz-- -+ Fe(CN)hJ + H02  (rate determining) 
lems caused by oxygen bubbles, but the increase in rate with F~(CN):- + H02  + Fe(CN)(,'- + O2 + H+ (fast) pH is quite clear. This increase is consistent with the suggestion 
of Girdhar (6) that H0,-  is the reacting species. The present does not readily account for the low order dependence of the 
data d o  not indicate that the reaction is first order in hydrogen rate on peroxide at high peroxide concentrations. 
peroxide. This is shown by the variability of the calculated We would like to suggest an alternative mechanism based on 
second order rate constants given in Table I .  Some of this the interpretation of the ferricyanide/sulphite reaction pro- 
variation could result from the rather poor quality of the data at posed by Lancaster and Murray (1 9 , 2  1). These authors demon- 
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strated the existence of an intermediate and originally postu- 
lated Fe(CN)s(CNS0,)5- formed by nucleophilic attack of sul- 
phite on the carbon of a cyanide group. They subsequently 
concluded (28) that the intermediate was correctly formulated 
as [Fe(CN),(CNSO,)Y- and was formed by the nucleophilic 
attack of a sulphite radical on a ferricyanide ion. This type of 
reaction is well documented in nitroprusside chemistry (22, 
23). An intermediate of this kind could well play a part in the 
peroxide chemistry. The simplest scheme, based on Lancaster 
and Murray's original formulation of the intermediate, would 
be: 

kl 
[ I ]  Fc(CN)(,' + HOz- F~(CN),(CNO~H)' 

k 1 

With the condition that k-, @ k2[Fe(CN),?-] this scheme leads 
to the rate equation: 

-d[FE(CN):-] - 2 kl k2[FE(CN):-12[H02-] 
- 

d t k2[Fe(CN)2-] + k3[H2O2] 

This equation correctly predicts that the catalytic reactions [3] 
will become more important at high peroxide concentrations 
and that under these conditions the rate tends to zero order in 
peroxide. However, it also predicts that at high peroxide con- 
centrations the rate will become second order in ferricyanide 
and a careful inspection of the stopped-flow traces does not 
confirm this prediction. A modification of the reaction scheme 
is to replace reactions [2] and [3] with [4], [5], and [6]. 

-0OH ... NCFc(CN)5l7- 

k In t  2 
[5]  Int 2 ~F~(cN), . ' -  + O2 + Ht 

k 
[6] Int 2 + HzOZ ~F~(CN)( , . ' -  + OZ + H20 + OH 

In this modified scheme a further intermediate is formed by 
reaction with the second ferricyanide molecule and this can 
either decompose to give the stoichiometric reaction products 
or react with more peroxide to give the catalytic reaction. This 
type of intermediate can equally well be formed by the 
sequence 

which corresponds to Murray's second suggestion for the inter- 
mediate, namely attack of the radical on ferricyanide. The two 
routes are kinetically indistinguishable. In the first case kl is the 
rate of nucleophilic attack on the cyanide ligand and in the 
second case it corresponds to an outer sphere electron transfer 
reaction. They lead to the rate equation 

-d[Fe(CN),'- ] - 2 kl k3[Fe(CN),'][H02-] 
- 

d t  k? + k,[H@?] 

if k ,  @ k,[Fe(CN),;-1. This rate equation is compatible with 
all the experimental data. A little rearrangement gives 

where K is the acid dissociation constant of hydrogen peroxide 
(taken as 2.4 x lo-' ').  Plots of the left-hand side of this 
equation versus I/[H202] show a great deal of scatter, which 
we attribute to the relatively poor quality of the data caused by 
oxygen bubble problems, but yield values of 58 M- '  s - '  for k, 
and 0.016 for the ratio k,/k,. The former value agrees reason- 
ably well with the value of 99 M- '  s-' for the second order rate 
constant obtained by Girdhar (6) for the rate-determining step 
of the stoichiometric reaction at much lower concentrations of 
peroxide and lower pH's. 'The data of Sobkowski (5) give a 
second order rate constant approximately one order of mag- 
nitude lower than that found above (average 5.2 M- '  s ' )  but 
it is difficult to evaluate this data since no peroxide concen- 
tration or ionic strength dependence is reported. These litera- 
ture data are given at the end of Table I. The value obtained for 
the ratio kl/k3 clearly indicates that the stoichiometric reaction 
will predominate except at high peroxide concentrations. The 
results displayed in Fig. I show that this is indeed the case. 
Also included in Table I are some data showing the variation 
of rate with ionic strength. Swinehart (24) and others have 
reported large variations of rate with alkali metal ion concen- 
tration for reactions of this type. This is clearly true for the 
present reaction with the rate diminishing with increasing metal 
ion concentration. This effect might perhaps arise from ion 
pairing with the hydroperoxide ion. 

To summarize, the present results show that the reducing 
agent in the ferricyanide/hydrogen peroxide reaction is the 
hydroperoxide ion. At low peroxide concentrations the reaction 
is predominantly stoichiometric. At higher concentrations a 
catalytic component is apparent. It is suggested that the key 
intermediate in both the stoichiometric and the catalytic reac- 
tions is formed by nucleophilic attack of the hydroperoxide ion 
or radical on the carbon of a cyanide ligand. We prefer the 
former mechanism since H02-  will certainly be a better nucleo- 
phile than HO? but the second mechanism cannot be eliminated 
on kinetic grounds. There is evidence for a similar mechanism 
in the reduction of met-myoglobin cyanide by dithionite (25, 
26). This occurs by attack of the SO2- ion without dissociation 
of the cyanide ligand. A very similar mechanism has been sug- 
gested for the reduction of imidazole derivatives of met- 
myoglobin by dithionite (27). In this case the nucleophilic 
attack occurs at the 2 position of the imidazole ligand and the 
electron is then transferred through the ligand 7~ system. This 
type of mechanism avoids the energetic problems pointed out 
by Brown and Higginson (15) for outer sphere reactions in 
which an unstable free radical is formed by a weak oxidizing 
agent. Either no free radical is formed or if one is formed 
in an initial electron transfer reaction it is stabilized by 
complexation. 
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Free energies and entropies of transfer of hydrogen halides from water to aqueous 
2-methoxy ethanol and structuredness of the solvents 

PRABIR K. GUHA'  A N D  KIKON K.  KUNDU' 
Plzvsicnl Chetnisrry L~borc~rorie.~.  Jodovprrr Ur~iver.sity. Ctrlcuttrr - 700 032, It~dirr 

Rcccivcd April 6,  1984 

PRABIR K. GUHA and KIRON K. KUNDU. Can. J .  Chern. 63, 798 (1985). 
Standard free energies (AG:') and entropics (AS:') of transfcr of HBr and HI from watcr to some aqueous solutions of 

2-mcthoxy ethanol (ME) havc been detcrrnined from emf measurcmcnts of thc cclls: Pt, HZ (g,  I atm)/HBr (tn),  
solvcnt/AgBr-Ag and Pt, H2 (g ,  I atm)/KOH ( tn , ) ,  K1 (1~12). solvent/Agl-Ag, respcctively, at seven equidistant tem- 
peratures ranging from 15 to 45°C. AG:) values of HBr and HI as wcll as of HCI obtained from literature, and particularly 
that of the individual ions obtained by tetraphcnylarsonium tetraphcnylboron (TATB) assumption, suggest that while H+ is 
increasingly stabilized by cosolvent-induced larger "basicity", halidc ions (X ) arc increasingly destabilized by cosolvent- 
induced decreased "acidity" and the dielectric constant of the mixcd solvcnts compared to that of water. Analysis of the 
variation of the observed TAS:'(HX) and particularly of AY (=  TAS:'(H') + TAS:~, , , (X~) ,  with composition, in the light of 
Kundu et 01's semi-quantitative theory reveals that ME induces breakdown of three dimensional (3D) tetrahedral structures of 
watcr at water-rich compositions. This is bcing followed by an ordered region duc to possible H-bonded cosolvent-water 
complcxation and then the usual disordered region due to packing imbalance. Comparison of A Y(H1)-composition profiles 
for aqueous mixtures of r-butanol (Bu'OH), ethylene glycol (EG), and 1,2-dimcthoxy ethane (DME) also demonstrates that 
the remarkable enhancement of 3D water structures by the well known structure promoter Bu'OH gets succintly diminished 
when cosolvent Bu'OH is replaced by EG, ME. and DME, as is cxpccted from structur:~l and electronic considerations of the 
cosolvents. 

PRABIR K. GUHA et KIRON K. KUNDU. Can. J.  Chem. 63, 798 (1985). 
OpCrant h sept tcmpCraturcs Cquidistantes CchclonnCcs dc 15 h 45°C ct faisant appel h des mesures de f.6.m. obtenues 

respectivcment I'aide des cellules Pt, HZ (g,  I atm)/HBr (tn),  solvant/AgBr-Ag ct Pt, HZ (g. I atm)/KOH ( tn I ) ,  KI (tn?), 
solvant/Agl-Ag, on a dCterminC les Cnergies (AG:') ct Ics entropies (AS,) librcs standards pour les transferts dc HBr ct de 
HI de I'eau vers des solutions aqueuses de methoxy-2-Cthanol (ME). Lcs valcurs dc AG:' dktermintes pour HBr et HI ainsi 
que les valeurs Cquivalentes obtcnues dans la IittCrature pour HCI et, en particulier. les valeurs obtenues pour les ions 
individuels en faisant I'hypothese du tCtraphCnylarsonium tCtraphCnylbore (TATB), suggercnt que, alors que les ions H' sont 
de plus en plus stabilisCs par dcs "basicites" de plus cn plus ClevCes induites par le cosolvant, les ions halogCnures (X-)  sont 
de plus en plus dCstabilisCs par des diminutions dn'aciditt" induitcs par le cosolvant et par la constante diClectrique des solvants 
mixtes comparCe a celle de I'eau. Si I'on effectue, i la lumikrc de la thkorie semi-quantitativc de Kundu et de ses collaborateurs, 
une analysc de la variation, en fonction dc la composition, des valcurs observes pour TAS:'(HX) ct cn particulier pour 
AY (= TAS:)(H+) + TAS:~,,,(X ) .  on en conclut que le ME induit des ruptures dans Ics structures tCtraCdriques tridimen- 
sionnelles (3D) dcs compositions d'eau ou riches en eau. Ceci cst suivi par unc rCgion ordonnCe qui cst peut Ctre due h une 
complexation eau-cosolvant provenant d'une liaison hydrogkne possiblc et finalement par la rCgion dtsordonnke habituelle qui 
est due i une mauvaise balance dans I'entassement. Une comparaison dcs profils reliant le AY (HI) ct la composition, pour 
des melanges aqueux de I-butanol (r-BuOH), d'kthylene glycol (EG) et de dimCthoxy-1,2 Cthane (DME), permet aussi de 
dimontrer que les structures tridimensionnelles de I'eau sont rehaussies d'unc faqon remarquable par le r-BuOH, qui est bien 
connu pour promouvoir des structures, alors qu'elles sont fortement diminukes lorsque le t-BuOH est rcmplacC par I'EG, le 
ME ou le DME; ces constatations correspondent ii ce quc I'on peut prCvoir sur la base de considCrations structurales et 
Clectroniques des cosolvants. 

[Traduit par le journal] 

Introduction 
2-Methoxy ethanol (ME), variously known as methyl cello- 

solve, is a widely used organic solvent for various industrial 
processes because of its unique solvating properties associated 
with its quasi-aprotic character. In fact, being a hydroxyether 
it has partly protic and partly aprotic characters. Besides, by 
virtue of its unique structural characteristics it is also likely to 
have enhanced aprotic character, as is expected from the possi- 
ble formation of intramolecular hydrogen-bonded aprotic form 
B 

Moreover, being a mono-methyl ether of ethylene glycol (EG), 
i t  is also likely to show some physico-chemical characteristics 
which would lie intermediate to protic EG and its dimethyl 
ether, i.e., aprotic 1,2-dimethoxy ethane (DME). Because of 
these reasons it should be very useful and interesting to evolve 
the knowledge of solvating and structural characteristics of the 
aqueous mixtures of these closely related cosolvents. 

With that end in view we have recently undertaken compre- 
hensive studies ( 1  -4) on ion-solvent interactions of a series 
of ions like alkali metal ions (MI) ,  halide ions (X- ) ,  H', O H -  
etc. in the aqueous mixtures of these closely related cosolvents, 
as determined from emf measurements of suitable galvanic 
cells and by the use of widely used tetraphenylarsonium tet- 
raphenylboron (TATB) reference electrolyte assumption ( 5 ) :  

l ~ ~ l d e r  of a Junior Research Fellowship under University Grants where Ph = phenyl and denotes transfer free energies 
Commission, New Delhi. of the ion from the reference solvent water to the mixed sol- 

'TO whom all correspondence should be addressed. vents. These studies helped derive important reflections about 
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the solvating characteristics of these cosolvents, which con- 
form fairly well with the structural and electronic consid- 
erations of these cosolvent molecules. Moreover, as part of 
gleaning three dimensional (3D) ice-like tetrahedral structures 
of water in aqueous mixtures of these cosolvents we have 
recently reported the standard electrode potentials (15')) of 
Ag-AgX electrodes and the related transfer free energies 
A G ~ ( H X )  and entropies A S ~ ( H X )  of hydrogefi halides (HX) for 
aqueous solutions of EG ( I )  and DME ( 4 ~ )  as the latter quan- 
tities have recently been shown (6) to be a useful probe for the 
relative 3D tetrahedral structures of water in various aquo- 
organic solvents. But although E" values of the Ag-AgCI 
electrode at different temperatures - the basis of A S ~ ( H C I )  in 
aqueous ME solutions are already reported by Sadek el (11. (7) 
those for the Ag- AgBr and Ag- Agl electrodes are yet to be 
determined. It should therefore be of particular interest to ex- 
tend such studies for other two hydrogen halides namely HBr 
and HI. 

In this paper we report E" values of the Ag-AgBr and 
Ag-Agl electrodes at different temperatures and the related 
transfer energetics of HBr and HI in this solvent system. E 0  
values of the Ag- AgBr electrode have been determined by emf 
measurements of cell [C] 

[C] Pt, Hz (g, I atm)/HBr ( m ) ,  solvent/AgBr-Ag 

But owing to the gradual oxidation of I- at low pH even 
when freshly distilled HI and freshly purified and also deoxy- 
genated solvent ME were used, it was not possible to use the 
cell of the type [C] for the Ag-Agl electrode. Instead, as in 
aqueous like DME, THF,  and dioxane (D), cell [Dl 

[Dl Pt, H? (g, 1 atm)/KOH ( m , ) ,  Kl (m?),  s o l v e n t / A g l - ~ g  

was found suitable for this solvent system as well. The required 
ionization constant (K,) values of the solvents were known 
from a parallel study using a cell of the type [Dl with KBr and 
AgBr-Ag electrode in place of K1 and Agl-Ag electrode, 
respectively, which are reported in the following paper (8). In 
all the above cases the compositions of the solvent mixtures are 
10, 30, 50,  and 70  wt% M E  and the temperatures are in the 
range of 15545°C at 5" interval. 

Experimental 
2-Methoxy ethanol (Merck) was purified by refluxing and distilling 

successively over pieces of sodium for about 5 h and over LiAIH4 for 
about 5 h. The distillate was stored in a desiccator and redistilled every 
time before use after refluxing with LiAIH, for about 5 h. The bp and 
density compared fairly well with literature values (30,7). Water used 
was triply distilled. HBr (Riedel) was purified just before use by 
digesting the acid with red phosphorous and then distilling in an all 
glass apparatus under oxygen free N2 atmosphere (90). Before col- 
lecting the distilled HBr the solvent was freed from dissolved air by 
passing purified H2 gas through i t ,  so as to avoid the possible oxidation 
of HBr in the solvent. KI (E. Merck, G.R.) was used after drying at 
about 150°C and then over a vacuum desiccator for about 2-3 days. 
The Ag-AgBr and Ag-Agl electrodes were of thermal type and 
prepared by the methods described by lves and Janz (10). Other 
experimental details including the preparation of solvents, solutions, 
platinization of Pt-foil Hz electrodes and also the procedure of mea- 
surements, were discussed earlier (6). The behaviour of the elec- 
trodes, the time for the attainment of equilibrium, and the criteria of 
equilibrium of the cells were essentially similar to that described 
earlier (6). 

Results 
The observed emf (corrected to pHz = 1 atm) for both the 

cells [C] and [Dl at different temperatures for the correspond- 
ing molalities of HBr (cell [C]) and of KOH and KI (cell [D) 
have been tabulated elsewhere.' The standard potential E,,, 
(molal scale) of the Ag-AgBr electrode at any temperature for 
any solvent was determined by extrapolating the observed lin- 
ear plot of the usual extrapolation function EO' defined by 
relation [ I ]  (1 I) ,  

[ I ]  E"' = E + 2 k '  I n m  - 2 k ' ~ , ~ ~ , t ? 1 ' ~ ~ ( 1  + auBom'/')-' 
-2  k' In (I t 0.002 M,m) = Ell, - 2 k t  ptn 

against the molality m of HBr to tn = 0.  In eq. [ I ]  E is the 
observed equilibrium emf value (corrected to pH, = I )  for the 
particular molality m of HBr, M, the mean molar mass of the 
mixed solvents, k '  = R T / F ,  A,jB,j and B,, are Debye-Hiickel 
constants as given by 

and p is an empirical constant for a given pair of solute and 
solvent but depending upon the adjustable ion-size parameter 
a,,. The  required densities (d,) ,  the vapour pressure, and the 
dielectric constant (E,) of the solvents are taken from Sadek et 
a l ' s  paper (7) and by interpolation where necessary. The di- 
electric constant data at 15 and 20°C were obtained by extra- 
polation of the observed linear plots of log E, vs. T - '  for each 
of the solvent mixtures. As earlier (6, I I), the value of (I, was 
taken as zero, since this gave a good linear plot in each case and 
reasonable variation of a, had no significant influence of E:, 
values. 

The standard potential (EX,) of the Ag-Agl electrode at any 
temperature for any solvent mixture was obtained by extrapo- 
lating the observed linear plot of the usual extrapolation func- 
tion EU'  defined by [2] (4b)  

[2] E"' = E + k log m l - / m s  + k log K, 

= i? - k log asl lyI- /ys-  = El:, + f ( p )  

against the ionic strength p to p = 0 .  In eq.  [2] E is the 
observed equilibrium value (corrected to pHz = 1 atm) of cell 
[ B ] ,  K, the autoinization constant of the mixed solvent (SH), 
as defined by K, = at,+ as- /as , l  (4b) ,  where S -  stands for all 
the lyate ions (including OH-  and 2-methoxy ethylate ion) and 
H ~ '  counts all the H '  (solvated) (including H,O' and 2- 
methoxy ethoxonium ion (Me - H') and the other terms have 
usual significance. 

As in the previous cases (4, 12) standard states are s o  chosen 
that at infinite dilution in each solvent mixture the activity 
coefficients (y,) of the ions concerned as well as the activity of 
the mixed solvent SH are unity. Also, as the term by ask' yl- /  
ys-- in dilute solution in each solvent is as before (4b,  12) likely 
to be proportionate to p ,  extrapolation of the function E" [2] 
to p = 0 yielded E:,. Assuming that the electrolytes KOH and 
K1 are completely dissociated in these mixed solvents m s  and 
m,- are taken as equal to m ,  and m2,  respectively, and p = 
( m I  + m2)d,. The  required values of K, for computing E O '  are 
obtained from the following paper (8). The values of E:, for 
both Ag- AgBr and Ag- Agl electrodes are given in Table 1. 
The  uncertainties in the values of E:, for the Ag-AgBr elec- 

'A complete set of the data referred to above is available, at a 
nominal charge, from the depository of Unpublished Data (CISTI), 
National Research Council of Canada, Ottawa, Ont., KIA 0S2. 
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TABLE I .  The values of E::, (V)  of Ag-AgBr and Ag-AgI electrodes at different temperatures for 
ME + watcr mixturcs 

E::, (V)  

wt. % ME 15°C 20°C 

TABLE 2. The values of constants r i ,  b. and c. of eq. [3] for Ag-AgBr and Ag-Agl electrodes in 
ME + water mixtures 

Ag-AgBr electrode Ag-Agl electrode 

wt.7'0 ME cr/V 104 h/V "C ' 10" c . 1 ~  "C-' n/V lo4 b/V "C ' 1 0 " c . / ~ " C '  

0" 0.06855 -5.1992 -2.7476 -0.1541 -3.520 -2.7523 
10 0.06619 -5.2607 -4.6428 -0.15 10 -3.650 -1.1904 
30 0.05747 -6.7642 -5.8571 -0.1466 -5.107 -6.5238 
50 0.04027 -9.3571 -6.4761 -0.1430 -7.850 -5.9523 
70 0.00168 - 14.9670 -3.1190 -0.1684 - 14.621 -2.7142 

"Computed from the data rcportcd in ref. 90 for Ag-AgBr electrodc and in rcf. 96 for Ag-AgI electrodc. 

TABLE 3. Standard transfer free energies (AG:'), T X transfer entropies (TAS:'). and the related quantities of transfer: A Y  (= TAS:'(H') + 
TAS:',,,(X-)) of HX (X = CI, Br, and I)  from watcr to ME + watcr mixtures (mole fraction scale) at 35'C 

AY (= TAS:'(H+) + 
AG:' (kJ mol-I) AG:'(i) (kJ mol-I) TAS:' (kJ mol-I) TAS:;,,(X -)  (kJ rnol-I)) 

Wt.7'0 ME Mol.% ME HCI" HBr HI H"' CI- B r  I HCI" HBr HI HCI" HBr HI 

10 2.56 0.29 -0.18 -0.71 -0.3 0.6 0.1 -0.4 1.49 0.76 -0.43 -0.16 -0.51 - 1.62 
30 9.21 0.84 -0.33 -2.14 -2.7 3.5 2.4 0.6 -1.01 -2.20 -2.30 1.23 -0.15 -0.18 
50 19.14 1.70 0.19 -3.57 -5.6 7.3 5.8 2.0 -6.66 -8.50 -12.58 2.62 0.36 -4.24 
70 35.58 (4.71) 2.16 -2.94 -8.2 (12.5) 10.4 5.3 -(19.00) -24.21 -28.16 (0.00) -2.53 -7.76 

"Computed from the data in ref. 7. 
"Modified data from ref. Baas the original data wcrc wrong due to computational error. Valucs in parenthcses at 70 wt.% ME arc extrapolated data as computed 

from the data in ref. 7, sec text. 

trode lie within k0 .3  mV, while those for the Ag-Agl elec- 
trode are within 20 .5  mV. 

The E:> values for both the electrodes at different tempera- 
tures for each solvent mixture were then fitted by the method 
of least squares to eq [3] 

where t is the temperature in "C. The coefficients a, b, and c 
for the two electrodes for each of the solvent mixtures are listed 
in Table 2. The coefficients of eq. [3] for water have been 
obtained by use of the data of Bates and co-workers (9) for the 
two electrodes, and are also included in Table 2. 

The free energy changes, AG:, accompanying the transfer of 
1 mol HX (X = Br, I) from the standard state in water (w) so 
that in each of the mixed solvents (s), i.e., of the process HX 
(w) + HX (s), have been computed on the mole fraction scale 
at 25"C, using the relation 

and the corresponding entropy changes, AS:, at 25°C have 
been obtained by use of eq. [5] 

[5] AS;(HX) = F [(b, - b,) - 10 (c, - c,")] + 2 R In M,/M, 

where M, and M, are the average and pure molar mass of the 
mixed solvent and water, respectively, and T = 298.15 K. The 
values for AG; and T A S ~  so obtained for HBr and HI for all 
these solvents are presented in Table 3. The average estimated 
uncertainties in A G ~  and AS: are as before (16) k 0.03 kJ 
mol-' and ? I .  J K-' mol-I, respectively. 

For the sake of comparison, the corresponding values for 
HCI have also been computed in a similar manner, i.e., the 
reported E:, values in water (13) and in 10, 30, and 50 wt % 
ME (7) were first fitted into eq. [6] 
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CUHA A N D  KUNDU : I  80 1 

FIG. I .  Variation of AG:'(HX) (solid lincs) and AG:)(~) for somc 
ions (H', C I - .  B r ,  I - )  (brokcn lincs) with wt.% ME at 25OC. 

and the coefficients so obtained were used to compute 
AG;(HCI) and AS:'(HCI) values at 25°C by relations [7] and 
[8], respectively 

[71 AGP(HCI) = - F [(a, - a,") - IO(6, - O,")] 

+ 100 (c, - c,") - 2 R T  In M J M ,  

AG; and T AS: values of HCI so obtained at 25°C are also 
listed in Table 3. Since the E::, values for 7 0  wt% ME are not 
available in Sadek et  al 's paper the thermodynamic parameters 
for HCI in the corresponding solvent composition were not 
compared with our values. 

Discussion 
Free  energies oj' transfer 

~ ~ ~ ( ~ ~ ) - c o m ~ o s i t i o n  profiles (Fig. I) for the hydrogen 
halides in this solvent system are found to be more or  less 
typical of what have been observed in similar other aquo- 
organic solvents including aliphatic alcohols ( 14), EG (1 5) ,  
glycerol (GL) (16), or  ethers like D (4a) ,  T H F  (4c1), and DME 
(4a) .  Thus, as in other aquo-organic solvents the observed 
gradual increase in AG:(HCI) and A C ~ ( H B ~ )  and the initial 
downward trends of AG:'(HI) followed by the upward trend at 
higher com ositions and for a given composition the observed B order: AG,(HCI)  > AC:(HB~) > AC:(HI) are the result of 
opposing behaviour of the individual ions like H '  and X-,ions, 
which are likely to be guided by the acidity, basicity, and 
dielectric constant of the solvents. This is also evident from the 
corresponding profiles of the ions in the system as have been 
obtained by use of the widely used tetraphenylarsonium tetra- 
phenylboron (TATB) reference electrolyte assumption (5) 
studied previously for this solvent s stem (30). As can be seen Y from these profiles, while AG:(H') values become in- 
creasingly negative, AG:(X-) values become increasingly 
positive. The increased solvation of H I ,  as  indicated earlier 

FIG. 2. Variation of TAS;(HX) (solid lines) and AY(HX) (brokcn 
lincs) with wt.% ME at 25°C. 

(3a) ,  can be attributed to the cosolvent-induced larger basicity 
(17, 18) of the mixed solvents and their "cation-0--centrew 
type "acid-base" interactions (17, 18) with H ' .  Similarly, the 
decreased solvation of X- is attributable to the combined ef- 
fects of cosolvent-induced decreased "acidity" or  "anion-H- 
centre" type "acid-base" interactions (17, 18) with X- ions, 
and the decreased dielectric constant causing increased Born- 

u 

type electrostatic contribution in the mixed solvents compared 
to that in water. Moreover, the relative order of destabilization 
of the halide ions is the combined effect of the decreasing ., 
strength of "anion-H-centre" type interactions and the pos- 
sible increasing strength of "soft-soft" interactions (19) be- 
tween the increasingly polarizable anions and the softer cosol- 
vent molecules or  H-bonded aquo-cosolvent bases compared to 
that in water. Notably, the observed trend of relatively less 
destabilization of I-  compared to C1- and Br- at higher cosol- 
vent compositions in particular, is indicative of the possible 
enhanced "soft-soft" interactions due to enhanced softness of 
the F-xsible aprotic form B of the cosolvent molecules or  of the 
H-bonded aquo-cosolvent complexes of the type E: 

Entropies of tran.$er 
The observed ~ ~ ~ ; ( ~ ~ ) - c o m ~ o s i t i o n  profiles (Fig. 2) un- 

like in aqueous alcohols (6), glycol (6), glycerol (1 6) ,  and T H F  
( 4 a )  but like in aqueous DME (4) pass through a slight hump 
around 10 wt. % ME and then move sharply downward at 
higher compositions and at any composition their relative order 
is HC1 > HBr > HI. The observed slight hump is possibly the 
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essentially based on  rank and wei7s model (22) of ion- 
solvation and fairly well recognized (23) four-step transfer FIG. 3. Variation of AY(H1) in aqueous Bu'OH, ME. DME, and 

process (6, 24). According to this theory 
EG . 

superimposed effect of dielectric constant on AS:'(HX), as have 1 0  

been observed in the case of aquous DME (4cr). That this is 
particularly true becomes all the more evident when we con- 
sider the partly rationalized quantities AY ( = TAS:'(H') + 
TAS:',,,(X-)) as illustrated in Fig. 2. These AY values have 
been obtained by subtracting TAS:',,,(X-) values from the ob- 
served TAS:(HX) values, the former values being tentatively - '- 
computed as before (6) by use of Born equatlon (14, 20). The g 
required 0,(= -cl In E , / ~ T )  values were taken from ref. 7 and 2 1  

obtained where necessary from the observed linear plots of In > - 
I - E, vs T. As could be seen from Fig. 2, AY-composition pro- > - l o -  
a 

files instead of retaining the characteristic maximum as in aque- 
ous EG (6), or exhibiting a sharply downward trend as in DME 
(&I),  exhibits a wavy or "roller-coaster" type behaviour (20, 
21) at initial compositions, reflecting the effects of possible 
structural changes of aqueous ME. -20 

The real implications of the observed TAS~'(HX)- and espe- 
cially AY-composition profiles, can be visualized In the light 

( r r )  when 3D tetrahedral structuredness of aquo-organic solvent 
> 3D structuredness of pure water Bu'OH (29) gets succintly diminished when cosolvent Bu'OH 

is re~laced bv EG. ME. and DME. This diminution is so much 

I*-\ 
I \ 

" '( 
I \ 

I \ ,BU~OH 
\ , 1 

/ - -A- - - -  - / 

, ---- - - 
\\ 

- -  I /  

o <  -7 - - ,/ -., 
+-/* ,' \--.,EG .. 

I 

'; 
'\ , 

I 

\, 

'r________; 
, 
\ 
\ 

\. 
- 

'-, DME . 
10 20 3 0  

i AY > 0, and AY(X = I )  > AY(X = BI.) > AY(X = CI)  that'^^ a n i  DME are effectively weak and stronn structure 

of our aforesaid semi-quantitative theory on AS:'(HX), which is ~ O I  Yo cosolvent 

I ( b )  when solvent structure < pure water structure 

AY < 0, and AY(X = I )  < AY(X = BI.) < AY(X = Cl) 

The observed characteristic maxima of AY and their rela- 
tive order: HI > HBr > HCI in water-rich compositions of 
aqueous mono-01s (6) and the sharply downward trends and the 
reverse order: HCI > HBr > HI at higher cosolvent com- 
positions also substantiated the theory as the mono-01s are well 
known promoters of 3D structures at water-rich compositions 
and 3D structure breakers at higher compositions (25, 26). 
Moreover, the important conclusions regarding structural fea- 
tures of aqueous EG (6), GL (16), and of ethers like D, THF, 
and DME (40) derived in the light of the above-noted tenets are 
also in fair agreement with those derived from various other - 
studies in the respective solvents. 

In the present ME-water system the observed roller-coaster 
type behaviour of AY(HX) instead of the characteristic maxima 
as observed in aqueous mono-ols, followed by the usual down- 
ward trends at higher compositions and particularly the relative 
order: AY(HC1) > AY(HBr) > AY(H1) observed all through 
suggest that unlike mono-01s but like D and DME, ME possibly 
causes break down of 3D structures of water right from the 
initial composition. The observed upward trend after the initial 
downward trend imparting roller-coaster type behaviour is 
seemingly the result of possible hydrogen bonded inter- 
component complexation of the type E, making the solvents at 
these compositions somewhat more ordered. Such type of 
intercomponent complexes were attributed to similar upward 
trends observed in AY(HX)-composition profiles (6) or 
AS:-composition profiles for p-nitroaniline (27) or benzoic 
acid (28) especially in aqueous mono-01s at higher 
compositions. 

Referring to Fig. 3 where we have illustrated the 
AY-composition profiles for HI in aqueous m~xtures of the 
closely related cosolvents like EG, ME, and DME, as well as 
for Bu'OH, we find that the effect of remarkable enhancement 
of 3D water structures by the well known structure promoter - 

breakers respectively. seemingly: the inductive effect of two 
(-CH,) groups attached to the two flexible etherial 0-atoms of 
the DME molecule makes it more hydrophilic than ME mole- 
cule containing one (-CH,) group attached to one flexible 
etherial 0-atom, which is again relatively more hydrophilic 
than EG. As structuring or destructuring ability of a cosolvent 
depends upon the ratio of hydrophobic to hydrophilic effects of 
the cosolvents (30) the observed slight structure making pro- 
pensity of EG skeletal exceeds the hydrophilicity of two -OH 
groups attached to it. But on passing from EG to DME via ME 
by successive replacement of hydroxy H-atoms by electron 
donating -CH, groups enhances hydrophilic character of the 
cosolvents, which in turn imparts increasingly 3D structure 
breaking propensities of these cosolvents. 
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Thermodynamics of autoionization of 2-methoxy ethanol + water mixtures 
and structuredness of the solvents 

PRABIR K. G U I ~ A '  A N D  KIRON K. KUNDU? 
Ph~~.sic~nl Chemi.st~.y L~horrrtories. Jncltr\.p~rr U~river.sitx. Ctrlc.uttu - 700 032, I~ltliti 

Rcceivcd April 6. 1984 

P R A B ~ R  K. GUHA and KIRON K. KUNDU. Can. J .  Chcrn. 63, 804 (1985). 
Standard frcc encrgics (AG") and entropies (AS") of autoionization of aqucous rnixturcs of 10. 30. 50. and 70 wt.% of 

2-mcthoxy ethanol (ME) havc becn cvaluatcd from thc autoionization constants (K,) of thc solvcnts as dctcrmincd from crnf 
measurements of the cell Pt. H, (g. I atrn)/KOH ( r t r l ) .  KBr (1~12) .  s~Ivcnt/AgBr-Ag at scvcn equidistant tcnipcraturcs ranging 
from 15 to 45°C. The obscrvcd increasc in pK, and the rclatcd 6(AG0) (=  .AGO - ,,,AGO) has bccn ascribcd to bc thc effect 
of dccrcascd dielectric constant, incrcased basicity and dccrcascd acidity of thc rnixcd solvcnts cornparcd to that of water. 
Analysis of relativc cntropic contributions of autoionization. T6(AS0) (=  T(,ASU - ,ASo)) and thcir chcrnical part, T6(AS"),I, 
in thc aqueous rnixturcs of ME as wcll as thc closely relatcd cosolvents like cthylcne glycol (EG) and I .2-dirnethoxy ethanc 
(DME), appears to suggest that unlikc EG but likc DME, ME has an o~cra?~l  structurc brcaking propensity of thrcc dirncnsional 
(3D) tetrahedral structures of water. But thc transfer entropies of watcr AS, (H20)  dcrivcd thcrcof. for thcsc cosolvcnts suggest 
that while the structural changcs induced by protic EG arc scerningly obscurcd duc to the involvcd multiple acid-basc equilibria 
with watcr. and that by aprotic DME arc disturbed by the formation of strong hydrogen-bondcd DME-H20 cornplcxcs around 
4- 14 mol% DME. quasi-aprotic ME appears to induce sornc ordcr due to thc possible formation of H-bondcd ME-water 
cornplexcs around 10- 15 mol% ME. 

PRABIR K. GUHA et KIRON K. KUNDU. Can. J. Chern. 63, 804 (1985). 
Operant i scpt tcrnpkratures Cquidistantcs cntre 15 et 45'C et utilisant dcs f.6.m. rncsurCcs B I'aidc dc la ccllulc Pt, HZ (g, 

I atrn)/KOH Onl),  KBr (~n , ) ,  solvant/AgBr-Ag, on a CvaluC lcs constantes d'autoionisation (K,) des solvants ct puis les 
Cncrgics librcs (AG") ainsi quc lcs entropies standards (AS") d'autoionisation de rnClangcs aqueux B 10. 20, 30. 50 et 70% 
cn poids de rnCthoxy-2 Cthanol (ME). On a observC unc augrncntation du pK, ainsi que de la valcur apparcntCc 6(AGU) (=  ,AG0 
- ,"AG") ct on attribue ces observations aux effets combines d'unc diminution de la constante diClcctriquc. d'unc augmentation 
de la basicit6 ct d'une diminution de I'aciditC des solvants rnixtcs par rapport B cclles de I'cau. ~ ' a n a l ~ s c  dcs contributions 
relatives de I'entropic d'autoionisation. T6(ASU) (=  7'(,ASU - ,"AS")) ainsi quc dc lcur partie chirniquc T6(AS"),I, dans les 
rnClanges aqucux de ME ainsi que dans des cosolvants trts voisins cornrnc I'Cthylcncglycol (EG) ct Ic dirntthoxy-I ,2 cthanc 
(DME) scrnblc suggCrcr quc contraircment B cc quc I'on obscrve avcc I'EG rnais d'une faqon sirnilairc h cc quc I'on observe 
avcc le DME, le ME posskde une propension globalc B briser Ics structures tridirnentionncllcs (3D) tCtraCdriqucs dc I'eau. 
Toutcfois, un cxarnen dcs entropics dc transfert de I'cau AS:'(HZO) qui en dCrivent pour ccs cosolvants suggcrc qu'alors quc 
Ics changcrncnts structuraux induits par I'EG protique sernblent ktrc rnasquCs par des Cquilibrcs acidc-basc rnultiplcs et 
cornplcxcs avec I'cau ct quc Ics changernents induits par Ic DME aprotique sont perturbCs par la formation de cornplexcs 
DME-H,O qui, autour de compositions contenant dc 4 B 14% dc DME. sont lies par dc fortcs liaisons hydrogenes. Ic ME 
qui est quasi aprotique semblc induire un certain ordre B causc dc la formation possible dc cornplcxcs ME-cau. qui B dcs 
conccntrations dc 10- 15 mol% de ME, sont liCs par des liaisons hydrogenes. 

[Traduit par Ic journal] 

Introduction 

. . 
As part of our comprehensive studies (1-5) on acid-base 

properties, ion-solvent interactions, and solvent structures in 
the aqueous binaries of the closely related cosolvents like protic 
ethylene glycol (EG),  quasi-aprotic 2-methoxy ethanol (ME) 
and aprotic 1,2-dimethoxy ethane (DME), we have reported in 
the previous paper ( I )  the transfer energies of hydrogen halides 
(HX) and derived important reflections on acid-base as well as 
the structural aspects of the aqueous mixtures of ME. But as 
previous studies by Kundu and co-workers (46,5)  have shown, 
the autoionization constant (K,) of different aquo-organic sol- 

.. . .., 
. . .  vents at different temperatures and the related thermodynamic 
. .. ..'.I . . parameters are likely to reflect not only the acidity and basicity 

of the solvents, but also their structural features. So, it  should 
be of particular interest to extend such studies to this solvent 
system as well. Previously, autoionization constants of this 
solvent system have been reported by Woolley et al. (6) but by 
use of glass-Ag-AgCI electrodes, while that by Bhattacharya 
et al. (3c) though by use of Hz- and Ag-AgC1 electrodes, but 

I Holder of a Junior Rcscarch Fellowsh~p undcr University Grants 
Commission, New Dclhi. 

'TO whom all correspondence should be addressed. 

at 25°C only. 
In the aqueous mixtures of ME autoionization of the solvents 

can be represented by general eq. [I] 

[I] SH(s) + SH(s) = SH,'(S) + S (s) 

where SH represents a solvent molecule in the mixed solvents, 
being either water or M E  and SH; and S-  are lyonium and lyate 
ions and (s) essentially denotes that the species are in their 
standard state in the respective mixed solvents. But when M E  
acts as an intramolecularly H-bonded aprotic solvent ( I ) ,  SH 
molecule essentially represents H,O and SH; and S- are re- 
spectively H,Ot and OH- and the autoionization [ I ]  will in 
effect stand for the ionization of water in the mixed solvents, 
as in the case of DME (46). As in previous studies (46, 5c), the 
thermodynaniics of autoionization of these mixed solvents have 
been determined from the autoionization constant (K,) of these 
solvents as obtained from emf measurements of cell [A] 

[A] Pt, H1 (g. I atm)/KOH (tnl) ,  

KBr (m,), solvent/AgBr-Ag 

at seven equidistant temperatures ranging from 15 to 45°C. The 
compositions studied are 10, 30, 50, and 70 wt.% ME. 
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TABLE 1 .  pK, values (molal scale) for the autoionization of ME f water mixtures at 
different temperatures 

pK, values at different temperatures ("C) 

" Reference 3c 
" Reference 6. 

TABLE 2. Coefficients of eq. [3] and the values of AGO, AH", and AS" (molal scale), T~(As:) and AS:'(H,O) for the autoionization of the 
ME + water mixtures 

TS(AS;) AS:'(H~O) 
wt.% ME AIK B c x IO'/K-I A G " ( ~ J  ~ O I - I )  AH0(kJ ~ O I - I )  AS"(J K - I  ~ O I - I )  ( k ~  ~ O I - I )  (J K - I  ~ O I - I )  

"Computed from the data reported in refs. 10 and 18 

Experimental 
The quality and the method of purification of ME have been de- 

scribed earlier ( I ) .  Water used was triply distilled. KBr (E. Merck, 
G.R.) was used after drying at about 250°C and cooling in a vacuum 
desiccator for 3-5 days. Other experimental details including the 
preparation of solvents. solutions, Ag-AgBr and platinized Pt elec- 
trodes and also the methods of emf measurements were exactly similar 
as described in the preceding papers ( 1 .  4b, 5 ~ ) .  

Results 
The pK, values (molal scale) in these mixed solvents were 

obtained by extrapolating the observed linear plots of function 
[21 

m13, + log - 
m s  

against the ionic strength p to p = 0.  Here the terms have 
exactly the same significance as described in the preceding 
paper. The required (Ejl),)AE-ACBr values in the solvents were 
obtained from the said paper. 

The emf data of cell [A] at different temperatures and the 
corresponding molalities of KOH and KBr for each of the 
solvent mixtures are given elsewhere.' The pK, values at differ- 

' A complete set of data referred to above is available at a nominal 
charge from the Depository of Unpublished Data, CISTI, Nat~onal 
Research Counc~l of Canada, Ottawa, Ont., Canada KIA OS2. 

ent temperatures for all the compositions of the mixed solvents 
are listed in Table I .  'The estimated uncertainties in pK, values 
is of the order of 2 0 . 0 0 5  unit. Notably, pK, values at 25OC 
compare fairly well with Bhattacharya et ~ 1 1 . ' ~  data (3c) at 
lower compositions but differ by 0.13 and 0.16 unit at 5 0  and 
7 0  wt.% cosolvent, respectively. The present values, however, 
compare tolerably well with those of Woolley et a/.'s data (6) 
except at 30 wt.% ME where deviation is about 0.  I 0  unit. 
~ v i d k n t l ~ ,  our earlier doubts about the untoward behaviour of 
glass electrode at higher compositions in this solvent system 
seem unfounded. The discrepancies between our present and 
earlier data may result from the possible uncertainty in the 
involved E:,_~,,, values of Sadek et a/ .  (7), as these values 
yielded A G ~ ( H C I )  values in these solvents, which are some- 
what different from those by Smits et a/.  (8). 

The pK, values at different temperatures for each of the 
cosolvent compositions were fitted as before (1,  46) into the 
Harned-Robinson expression [3] (9) 

[3] p K , = A / T + B + C T  

by the method of least squares. The values of the coefficients 
A, B ,  and C for each of the compositions of these mixed 
solvents are given in Table 2. These coefficients reproduce pK, 
values to within 20 .005  unit of the experimental data. 

The thermodynamic quantities, namely AGO, AS", and AH" 
accompany the autoionization of I mol of the mixed solvents 
were evaluated at 25OC by using the standard relations (10) 
comprising the coefficients of eq. [3]. These values (molal 
scale) are presented in Table 2. 
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TABLE 3. Values of ( ~ K , ) N ,  (AG;), AG:'(H'), AG:~,,(H'), AG:'(OH-).,,,,, - A G ~ , , . , , ,  AG:'(OH-).,,,, AG:'(OH-) and AG:~,,(oH-) for 
ME + water mixtures at 25OC (AGO values are in kJ mol-I) 

- - - - - - - 

"The values of AG:'(H') and A G ~ ~ , , . ,  were obtained after due correction of this data reported in ref. 3c, which were wrong due to the involved computational 
error. Also, the values of AG:'(OH-)I,, (= A G ~ ~ , , . ,  - 2 AG:'(K'), see ref. 3c) and of AG:'(oH-) (=  AG:'(OH-):,, - AG:'(OH-),,,,, vide ref. 3c) after due 
correction. 

The standard free energy changes accompanying the auto- 
protolytic reaction [ l ]  in the mixed solvent ,AGO,, relative to 
that in pure water, ,LC;, have been computed on the mole 
function scale at 25°C using [4] 

= 2.303RT[pSK, + 2 log 1000/M,] 

- [p,K, + 2 log IOOO/M,] 

Similarly, those for entropy changes  AS;) were computed by 
use of eq. [5] 

[5]  A AS;) = ,AS; - ,AS; = 2.303R(Bw - B,) 

+ 4.606RT(Cw - C,) + 2 R In M,/M, 

The subscripts s, w, N, M,, and M, have their usual signifi- 
cance as described in ref. I. The values of (AGO,) and (AS;) are 
listed in Table 3. 

From the results in Table 1 it appears that the pK, values of 
ME-water mixtures are increasingly greater than that of pure 
water. As is well known, autoprotolysis constant of an amphi- 
protic solvent is a composite function of the intrinsic acidity 
and basicity as well as dielectric constant of the solvent me- 
dium. In our preceding paper (1) it has been shown that ME is 
more basic and less acidic than water and also with increasing 
ME, dielectric constant decreases (7). Obviously, the observed 
pK, values conform to the combined result of these three effects 
(2, 3c, 4b). 

Moreover, as shown in our earlier paper on this aspect at 
25°C (3c), the standard free energy change ~(AC;)  accom- 
panying the autoprotolysis of the mixed solvents relative to that 
of water is given by 

where AG:(Ht) and AG;(OH-),,, stand for the free energy 
changes for the processes [7] and [8], respectively 

Using the values of Ht based on TATB method studied earlier 
for this solvent system (3a) AG;(OH-),,, could be computed 
by use of eq. [6]. Notably however, hG;(Ht) values reported 
earlier (3c) involved some computational error. So also are the 
values -AG:~,,.,, AG;(oH-)~,,, AG~(OH-),,,, and A G ~ ( O H - )  
reported in that paper (3c). Moreover, the present 6(AGo) 
values are also slightly different from the data reported in ref. 
3c. SO, the correct values for all the quantities including 
AC:(OH-):,, as well as AG;(OH-), are given in Table 2. 

Notably of course, the new values hardly affect our earlier 
contention. 

Besides, if Born-type electrostatic contributions AG~,,(i) 
(12) for Ht and OH- be computed tentatively by using rHio+ = 
0.276 nm ( 13) and roH- = 0.156 nm ( 14) and be subtracted 
from the values of AG~(H ' )  and AG;(OH-), respectively, the 
resulting AG:,,(Ht) and AC~,,(OH-) values (see Table 3) 
suggest that the "chemical" basicity of the mixed solvents ex- 
ceeds the "chemical" acidity of the corresponding compositions 
of the mixed solvents relative to that of water. The acidity 
constant of ME, (pKH = 15.2 2 0.5) determined by Woolley 
and George (6) also partly substantiates this observation. This 
is possibly indicative of the partial quasi-aprotic character of 
ME as indicated in the previous paper ( 1 ). 

Entropy of autoprotolysis 
As is well recognized, entropy changes rather than enthalpy 

changes, are more informative about structural implications of 
the solvents (4, 5b, 5c, 15) accompanying a process in any 
aquo-organic solvents. So, as before (4b), analysis of the en- 
tropy changes of the autoprotolysis should be rewarding. The 
variation of TS(AS;) (= T(,AS; - ,AS:)) with mol% of the 
cosolvent is shown in Fig. I .  For the sake of comparison those 
for the aqueous mixtures of the closely related cosolvents like 
EG and DME, taken from literature (4b, 16), are also illus- 
trated in Fig. 1 .  Since the depolymerization of water molecules 
prior to self-protolysis contributes positive entropy changes to 
the overall entropy of autoionization, the larger is the extent of 
3D tetrahedral water structures in the aquo-organic s~lvents,  
the larger is this contribution (5c). Consequently, the appear- 
ance of a maximum in ~ 6 ( ~ S ~ ) - c o m ~ o s i t i o n  profile would 
imply that the mixed solvents are more structured than pure 
water and a downward trend would imply less structured (4b, 
5b). Apparently, the observed ~ ~ ( ~ ~ ~ ) - c o m ~ o s i t i o n  profiles 
(Fig. 1 )  suggest that all the cosolvents break down 3D struc- 
tures of water. But at any composition the observed relative 
order of T~(As;) : DME > EG > ME is indeed highly intrigu- 
ing. In view of the fact that autoionization is a charge sepa- 
ration process, the relative variations of E, and 8, (= -d In 
e,/dT) dictating the Born-type electrostatic contribution 
6(ASo),, ( I  I ) ,  are likely to contribute significantly to the ob- 
served order. To see the structural contributions free of this 
electrostatic effect, 6(ASo),I values have been computed, ten- 
tatively though, by use of simple Born equation (1 1 ) :  

Ne' 
[ 103 a(AsO),, = , [(~,e,)-l - (E,~,)-~I 

assuming that rsH; = rHp+ = 0.276 nm (12) and rs- -- roH- = 
0.156 nm (13) and obtaining the values of E, and 8, from ref. 
7 and E, and 8, from ref. 10. On subtracting these from  AS;) 
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FIG. I .  Variation of T~(AS;) (solid lines) and TG(AS;),,, (broken lines) accompanying the autoionization of aqueous mixtures of ME, DME, 
and EG. 

values are obtained the "non-Born" or "chemical" contribution 
 AS;),^ which are plotted against cosolvent compositions by 
dotted curves in Fig. 1. Interestingly enough, the observed 
plots apparently indicate that at water-rich compositions 
I-T~(As*),~I are in the order DME > ME > EG implying that 
the structure breaking propensities of the cosolvents are also in 
the same order conforming to what has been observed in the 
previous paper (1). But the observed upward trend and the 
reverse order of ~ ( h ~ ~ ) , ~ - c o m ~ o s i t i o n  profiles at higher com- 
positions are again apparently intriguing. This is because the 
effects of A S ~ ( H ~ O )  involved in &(AS:) (loc. cit. eq. [ I  I]) and 
the structural changes due to the packing imbalance with in- 
creased addition of cosolvents are likely to confuse the issue. 
So, consideration of the structural implications of  AS:) from 
another angle is in order. 

If we assume that ME acts predominantly as quasi-aprotic (1) 
and that the autoionization of the ME-water mixed solvents is 
mainly dictated by autoionization of water, TS(AS;) is likely 
to be involved by having a contribution of A S ~ ( H ~ O )  as has 
been indicated in DME-water mixtures (4b). Thus, since 

and the contributions of AS~(H') + AS~(OH-) could be ten- 
tatively obtained from another source which is free from ~H,o,  

it would be possible to estimate A S ~ ( H ~ O )  by subtracting the 
contributions of the sum: (AS~(H') + AS;(OH-)) from 
  AS;). The tentative values of (AS~(H') + AS~(OH-)) for 
different compositions of this solvent system have been 
obtained by plotting (AS~(H') + AS;(X-)) where X = CI-, 
Br-, and I- against (rx-)-' using r,,- = 0.181 nm, r,,-- = 0.195 
nm and r,- = 0.217 nm (10) and reading out the values corre- 
sponding to r o H  = 0.156 nm (13). The required values of 
A S ~ ( H ' )  + AS;(X-) in ME-water mixtures for X- = C1- have 
been taken from ref. 7 and those for X = Br- and I- from our 
preceding paper (I). The AS;(H~O) values so obtained in 
ME-water mixtures are listed in Table 2 and the variation of 

-20 1 , I I I 
10 20 30 

mol % cosolvent 

FIG. 2. Variation of AS;(H~O) in aqueous ME, DME, and EG. 

AS~(H,O) at 25°C with mol% ME is shown in Fig. 2. For the 
sake of comparison, AS;(H~O) values in DME-water mixtures 
have been taken from the ref. 4b. Also, assuming tentatively 
that in EG-water mixtures as well autoionization might be 
chiefly guided by ionization of water at least in water-rich 
compositions, A S ~ ( H ~ O )  values have been similarly computed 
from the reported values of S(AS;) (1 5) and AS;(HX) (2a) for 
that solvent system. The ~ ~ ~ ( ~ ~ 0 ) - c o m ~ o s i t i o n  profiles for 
both DME-water mixtures and EG-water mixtures are ilIus- 
trated in Fig. 2. 
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Now simple consideration of order-disorder phenomena in- 
dicates that the negative trend of the AS:'(H,O)-composition 
profile would imply more order and hence more "structure or 
cluster" in the mixed solvents than in water. But when the 
~ ~ ~ ( ~ ~ ~ ) - c o m ~ o s i t i o n  profile has a positive trend the reverse 
is true. The nature of the curves in Fig. 2 therefore suggests that 
addition of EG apparently induces breaking down of 3 D  water 
structures right from the beginning, contrary to the contentions 
expressed in our preceding paper ( 1 ,  16). But in the case of 
DME-water system as discussed earlier (40) the observed 
sharp increases of AS;(H~O) at the initial compositions are 
indicative of the effect of the predominant structure breaking 
and the downward trend thereafter around 4- 14 mol% DME is 
the result of increased order accompanying the possible for- 
mation of stable H-bonded bidentate DME-water complex 
(3b, 17). Similarly, in the case of ME-water system the ob- 
served sharp increases of AS:'(H,O) with the addition of M E  are 
indicative of the effect of structure breaking propensity of M E  
and then the observed downward trend resulting in a hump 
onward 10- 15 mol% M E  is possibly the result of the formation 
of H-bonded ME-water complexes referred to earlier ( 1 ) .  
Lastly, the observed upward trends at still higher compositions 
in the cases of both M E  and DME are the reflection of increased 
disorder due to the packing imbalance common to all other 
cosolvents. 

Notably of course the observed anonlalous order and features 
of ~ ~ ~ ( ~ ~ ~ ) - c o m ~ o s i t i o n  profile for EG-water system is 
possibly indicative of the fact that the cosolvent EG being 
exclusively protic in nature, is possibly undergoing acid-base 
equilibria among themselves as  well as with water niolecules 
and thus obscuring the effect of ionization of water on which 
AS;(H,O) values are based. 

Thus, the contentions of the present study are in fair agree- 
ment with those drawn from behaviour of TAS;(HX) or 
AY(HX) discussed in the preceding paper (1 ) .  Notably, how- 
ever, that the structural information obtained from the observed 
hump of A S ~ ( H ~ O )  referred to in this paper is not exactly 
reflected in the behaviour of TAS~(HX) ,  AY(HX), or T~(As:) 
values. Evidently, the behaviour of A S ~ ( H ~ O )  values, if free 
from uncertainties, is likely to be more informative than any of 
the other quantities, which after all, contain the ~ o r n - t ~ ~ e  
electrostatic contributions. 
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ALFRED KARPFEN and PETER SCHUSTER. Can. J. Chem. 63, 809 (1985) 
Infinitely extended, periodic, bent chains of mcthanol and watcr molcculcs havc been invcstigated with thc aid of the ah 

itlitio crystal orbital method. Results on equilibrium geometries, stabilization encrgics. and othcr ground statc properties are 
compared with the corresponding data obtained on monomcrs and homodimcrs. Wc also confront our computed results with 
experimental vapor phase and solid state data. Deviations from additivity of intcrmolccular intcractions and the change of 
molecular propertics from vapor phasc monomcr to molcculcs cmbeddcd in a pcriodic latticc arc pointed out and compared 
to analogous effects as observed in other hydrogen bondcd polymers. A fcw remarks on thc evaluation of effcctive molecular 
dipole moments in molecular crystals are includcd as wcll. 

ALFRED KARPFEN et PETER SCHUSTER. Can. J. Chem. 63, 809 (1985). 
Utilisant la mdthode ah initio des orbitales cristallincs, on a Ctudit dcs chaines rccourbtes, pdriodiques et infiniment Ctcndues 

dc moltcules de methanol et d'eau. On compare les resultats obtcnus rclativemcnt aux gdomttrics d'dquilibre, aux energies 
dc stabilisation et i d'autrcs proprietds de I'ttat fondamental avcc des donnCes correspondantcs obtcnues i I'aidc de monomires 
et d'homodimkres. On a aussi confronte nos rtsultats dc calculs avcc Ics donntes cxptrimcntales obtenues tant en phase gazeuse 
qu'i  I'dtat solide. On identifie les deviations par rapport 3 I'additivite des intcractions intermoltculaires ct Ic changement des 
propriCtCs molCculaires qui accompagnc un changement du monomh-e en phasc gazeusc en molCculcs imbriquees dans un 
rCseau pdriodique ct on les compare aux effets analogues observes dans d'autrcs polymkrcs liCs par des pont hydrogenes. On 
inclut aussi quelques remarqucs sur I'evaluation dcs moments dipolaircs molCculaires cffcctifs dans des cristaux molCculaires. 

[Traduit par le journal] 

1. Introduction The structure of the isolated methanol molecule in the vapor 
Formation of hydrogen bonded chains is an often encoun- 

tered structural feature in molecular crystals. Molecules which 
simultaneously can play the role of proton donors and acceptors 
such as  hydrogen halides, simple alcohols and carboxylic 
acids, hydrogen cyanide, imidazole and many others preferen- 
tially crystallize in highly anisotropic structures containing se- 
quentially aligned hydrogen bonds. Because of the large aniso- 
tropy in these systems many characteristic solid state properties 
may be reasonably well described by a treatment of the isolated 
hydrogen bonded chains. 

In this series of papers the ground state properties of period- 
ic, hydrogen bonded chains formed by hydrogen fluoride ( I ,  
2), hydrogen cyanide (3), and formic acid molecules (4) have 
been investigated within the framework of the Hartree-Fock 
approximation. Here we wish to report results of similar ab 
initio studies on infinite chains of methanol and water mole- 
cules, respectively. T o  our best knowledge these are the first ctb 
initio studies on these systems. Whereas the infinite chain of 
methanol molecules closely resembles the actual crystal struc- 

phase is well known (15- 17). Corresponding detailed informa- 
tion on the preferred geometries of methanol dimers in the 
vapor phase is not available yet although the existence of vapor 
phase dimers and higher oligomers is well established ( 18-22). 
Experimental data on methanol dimer have been obtained by 
infrared spectroscopy in inert matrices (23-25) and by infrared 
photodissociation (26). Several ab initio studies on methanol 
dimers (2 1, 27-32) and trimers (27-29) have been reported. 
Higher oligomers are only dealt with in a single ~ l b  initio study 
(29) performed at a minimal basis set level. 

Because of their overwhelming importance in nature vapor 
phase and particularly condensed phases of H 2 0  have been 
studied in great detail (33-35). The ability of H,O to form four 
hydrogen bonds with surrounding water molecules leads to 
crystallization in essentially three-dimensional structures. Nev- 
ertheless, for various purposes, an isolated chain of water mol- 
ecules has often been used as  a model system in the past. Either 
it may be viewed as part of the ice lattice and constitutes 
therefore a simple model to study the influence of cooperative 

ture of solid methanol, we regard the corresponding calcu- effects in a hydrogen bonded lattice, or,  alternatively, a chain 
lations on H,O polymers mainly as a model study and as a first of water molecules has often served as the most primitive 
step towards a fully quantum chemical description of the vari- model for proton pumps (36-40). 
ous ice modifications. As with the experimental work the number of quantum 

Methanol adopts a polymeric, chain-like structure in the chemical studies on H,O dimers and clusters is too numerous 
solid state ( 5 ) .  Various phase transitions have been detected in to be discussed here. For a recent review of experimental data 
solid methanol (6-8).-Structural differences between these 
phases consist mainly of varying degrees of puckering in the 
0-H - - - 0  chain. Moreover, the relative orientation and order 
of methyl groups changes as well. An elucidation of the relative 
stability of different periodic patterns in (CH,OH), goes far 
beyond the scope of this work, we note. however, that the 
chain structure persists in all solid phases of methanol. Detailed 
analysis of vibrational spectra of solid methanol substantiated 
the structural results (9- 14). 

and quantum chemical studies on (H20),, we refer to ref. 41 and 
also to newer ab initio calculations on H,O clusters (42-44). 

In this work, we aim towards a detailed and systematic 
description of a number of ground state properties of infinitely 
extended, periodic chains of methanol and water molecules, 
respectively. Nearly complete geometry optimization has been 
performed for both periodic structures. In case of the methanol 
polymer double 5 quality calculations have been performed 
only, whereas the H,O chain has been treated by applying the 
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same double < basis and additionally a more extended basis set 
containing a set of polarization functions on all atoms. in order 
to furnish an appropriate comparison monomers and homo- 
dimers of CH,OH and HzO have been treated at the same level. 
We report equilibrium geometries, stabilization energies, 
0-H stretching force constants and dipole moments. We also 
discuss some problems in the evaluation of effective dipole 
moments in molecular crystals or polymers. Finally we com- 
pare some aspects of the cooperative nature of hydrogen bond- 
ing in (CH,OH), and (H20), with the behavior observed in 
related hydrogen bonded polymers. 

2. Method of calculation 
Ab initio Hartree-Fock calculations on one-dimensional. 

infinitely extended, periodic systems may nowadays be per- 
formed quite routinely. Explicit use of translational symmetry 
via the crystal orbital technique (45-47) offers considerable 
advantages over conventional cluster type approaches com- 
bined with subsequent attempts to extrapolate certain properties 
of interest to infinite chain length. Proper convergence is easily 
guaranteed and uncertainties in the extrapolation of quantities 
like total energies and geometrical parameters or conceptual 
difficulties connected with the evaluation of effective electro- 
static moments in particular dipole moments per molecule are 
easily avoided. Moreover, full geometry optimization is easier 

I since under the constraint of translational symmetry the number 

I of internal degrees of freedom is much less than in open chain 
clusters. Recent methodical advances in ab initio crystal orbital 
calculations and several reviews dealing with applications in 
different fields of polymer physics may be found in ref. 48. 

Computational techniques of our crystal orbital calculations 
have already been described in the previous papers of this series 
( 1-4). We mention therefore only that all calculations on HzO- 
and CHIOH-polymers were performed in third neighbors' ap- 
proximation. Remaining interaction terms could be treated with 
the aid of electrostatic approximations (49) without causing a 
significant loss in accuracy. Total energies per molecule ob- 
tained in this way are sufficiently converged (better than five 
digits) to ensure a reliable computation of potential energy 
surfaces and a meaningful comparison to monomer and dimer 
energies. 

In a first step the equilibrium geometries of zig-zag H?O- and 
CHIOH-polymers were determined (see Fig. I). In the case of 
(CHIOH), two geometric restrictions have been applied. Car- 
bon atoms and the 0-H- - - 0  backbone were confined to the 
same plane and methyl groups were oriented in a way to pre- 
serve a plane of symmetry. All remaining internal coordinates 
have been optimized. The dimer (CHIOH)? has been treated 
under identical geometrical constraints. In case of (H20), only 
planarity of the 0-H - -  -0 backbone was required whereas 
hydrogen atoms not involved in hydrogen bonding point alter- 
nately above and below the 0-H-- - 0  plane. Explicit use of 
an Sz screw axis reduced the problem to a single molecule per 
primitive unit cell in (HzO), as well as in (CHIOH),. 

Both for (HzO), and (CHIOH), a double 5 type 7 ~ 3 ~ 1 3 s  
basis (50, 5 I )  contracted to 4 . ~ 2 ~ 1 2 ~  was applied. 'The choice 
of t h ~ s  comparatively small basis set was largely dictated by a 
compromise between desired flexibility and limitations in com- 
puting resources. Because of the presence of methyl groups 
large basis sets could not be applied for methanol chains. The 
only cluster calculations on larger methanol oligomers reported 
up to now in the literature have been performed with the min- 
imal STO-3G basis applying additionally a frozen molecule 

FIG. I .  Structure of (CH,OH), and (H20),. 

approximation (29). STO-3G calculations usually grossly un- 
derestimate intermolecular distances. This tendency together 
with the well established correlation between X - - - Y bond 
lengths and X-H bond lengths often leads to an artificial 
stabilization of symmetric hydrogen bonds in polymers. An 
artefact of this type is e.g. obtained for hydrogen fluoride 
polymers in case the STO-3G basis is applied (52). We there- 
fore decided to use at least a double < quality description for our 
calculations. The main drawback at this level of approximation 
is a large basis set superposition error resulting in a substantial 
overestimation of stabilization energies. intermolecular dis- 
tances are already quite reasonably described at this level al- 
though they turn out to be somewhat underestimated. 

In order to investigate the influence of basis set extension a 
9s5p Id/5s Ip + [5,3,1/3, I ]  basis was additionally applied in 
case of (H20),. s and p basis sets were again taken from refs. 
50, and 5 1. Exponents of polarization functions were 1.3 for 
d-functions on oxygen and 0.75 for p-functions on hydrogen 
atoms. Geometry optimizations have been performed under 
identical constraints as described for the smaller basis set. 

3. Results and discussion 
3. I .  (CH.$OH), 

Computed equilibrium structures of methanol monomer, 
dimer, and polymer are shown in Fig. 2. Although equilibrium 
geometries of monomer and dimer have been obtained via 
gradient optimization techniques and the polymer geometry has 
been found by a pointwise search on the energy surface we find 
satisfactory agreement in those geometrical parameters (methyl 
group geometry) not involved in hydrogen bonding. For future 
calculations it seems therefore a legitimate approximation to 
freeze the geometrical parameters of the methyl-group at the 
monomer value. Total energies, stabilization energies and 
other quantities which change substantially upon polymer for- 
mation, namely r o . . . ~ ,  ro-,.,, foH and the dipole moment are 
displayed in Table I .  

As already mentioned before the main weakness of the cur- 
rent calculations is the strong overestimation of hydrogen bond 
- or stabilization energies. Dimer stabilization energies as 
obtained with STO-3G, 4-31G and 6-31G'" basis sets are 
-5.57, -8.06, and -5.66 kcal/mol, respectively (32). We 
obtain -9.0 kcal/mol indicating that within the 7s3p13.s basis 
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'o.,,,,o'= 2989 
ac-o ..... o'=ii3.8 
40. ... O'-cl= 113.0 

61.L 
'Coo'C'H;= 61.L 

FIG. 2. Equilibrium geometries of monomer ( a ) ,  dimer (h) ,  and 
polymer ($) of methanol as obtained with the 7 . ~ 3 ~ 1 3 ~  basis. Dis- 
tances in A, angles in deg. 

the superposition error is even slightly larger than the one 
obtained with 4-3 IG. From previous experience ( 1 -4), how- 
ever, we are confident that relative changes occurring upon 
polymer formation are reasonably described. We observe an 
increase of the stabilization energy from -9.0 kcal/mol in the 
dimer to - 13.4 kcal/mol in the polymer. Equally the inter- 
molecular distance is substantially smaller in the polymer than 
in the d i ~ e r .  In the solid state of methanol an 0 -  - - 0  distance 
of 2.66 4 is observed, slightly larger than our computed value 
of 2.57 A and consistent with the known tendency to ul~der- 
estimate intermolecular distances at the double 5 level. 

TABLE I. Selected ground state properties of methanol monomer, 
dimer, and polymer as obtained with the 7s3p/3s 

Value 

Parameter CHJOH (CHJOH), (CH,OH), 

Total energies 
(hartree) - 1 14.86109 -229.73653 - 1 14.8825 1 

AE (kctl/mol) - -9.0 -13.4 
r o . . . ~ )  - 2.79 2.57 
ro-tl (A) 0.957 0.965 0.990 
h)-H (mdyn/A) 8.19 7.55 5.29 
IJ- (Debye) 2.151 4.163 2.331 

Significant changes are also observed in 0-H bond lengths 
and particularly in the corresponding force constant .fo,,. We 
have not performed a full vibrational analysis and therefore the 
computation of the 0-H frequency on the basis of,fo,, alone 
would be premature. We note, however, that the vapor phase 
frequency of vo, is 3682 cm-' (53). Matrix isolation of 
(CH,OH)l yielded values of 3490-3528 cm-' dependent on the 
type of matrix used (24) whereas the lowest OH-frequency in 
the solid is 3187 cm-' (9). Vibrational frequencies in liquid 
methanol lie between the matrix and solid state data (54) indi- 
cating substantial self-association and polymer formation in the 
liquid. Our results therefore reproduce quite nicely the experi- 
mental trends. 

3.2. (H?O), 
Equilibrium geometries of HIO, (H1O)?, and (HIO), as ob- 

tained with the 7 . ~ 3 ~ 1 3 ~  and the 9s5p 1 d/5s Ip basis are shown 
in Fig. 3. Contrary to the case of (CH7OH), the water dimer has 
been treated in a configuration corresponding to the most stable 
dimer. This geometry differs from the (H20), chain by a 
change in the torsional angle around 0-0 bonds. Whereas 
periodicity dictates that a screw axis remains as symmetry 
element in the polymer the corresponding symmetry is lacking 
in the case of the open chain dimer. The most important data 
obtained on HIO, (HIO)?, and (HIO), are collected in Table 2. 
All of the changes observed to occur in the course of polymer 
formation of methanol are found to occur in H 2 0  polymers as 
we1 I. Comparison to experimental data on ice is, however, less 
straightforward. The inherently three-dimensional structure of 
ice and the lack of anisotropy certainly causes substantial devi- 
ations from an idealized one-dimensional aggregate. From de- 
tailed studies of the amount of non-additive interactions in 
different types of H1O-trimers (55) one may conclude that most 
of the attractive part of the non-additive interactions are already 
contained in our model polymer because it consists exclusively 
of a superposition of DA (donor-acceptor) trimers. DA- 
trimers are significantly more stable than either DD or AA 
trimers. Moreover, two thirds of the possible trimers in either 
ice 1, or ice 1, correspond to sequential trimers of the DA type. 

With the above reservations in mind owe observe experi- 
mentally a reductioq of r ~ . . . ~  from 2.98 A in the vapor phase 
dimer (56) to 2.74 A in ice 1, (33). The larger basis set c a l c ~ -  
lations yield a corresponding reduction from 2.98 to 2.84 A. 
From a comparison with our earlier calculation on (HF), we 
estimate that a small fraction (about 10%) of the observed 
discrepancy is still due to basis set deficiencies in our calcu- 
lations on one-dimensional H1O chains. At the double 5 level 
we obtaia a reduction of the intermolecular distance from 2.85 
to 2.60 A on going from the dimer to the polymer. 4-31G 
calculations, comparable in quality to our double zeta calcu- 
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TABLE 2. Selected ground state properties of HIO monomer, dimcr, and polymer as obtained with the 7 . ~ 3 ~ 1 3 . ~  and 
9s5p 1 t1/5.s l p basis 

Value 

Parameter H1O (HzO), (H.8)x 

Basis set 7,313 9,5,1/5; 1 7,313 9,5,1/5,1 7,313 9,5,1/5,1 
Total energy (hartrec) -75.88506 -76.048 16 - 15 1.78573 - 152.10464 -75.907545 -76.05927 
AE (kcal/mol) - - -9.6 -5.2 -14.1 -7.0 
r " . . . ~  - 2.85 2.98 2.60 2.84 
TO-H (A) 0.958 0.942 0.965 0.946 0.991 0.954 
So-,, (mdynlh 8.22 9.72 7.68 9.41 5.17 8.56 
p (Debye) 2.42 2.16 3.66 3.46 2.50 2.37 

FIG. 3. Equilibrium geometries of monomer (tr), dimcr (b ) ,  and 
polymer ( c )  of H1O as obtained with the 7s3p/3.s and the 
9.75~ 1(1/5:1p basis. The latter values are given in parentheses. Dis- 
tances in A, angles in deg. 

lations, by Tse et al. (32) on (Hl0)? and by Newton (44) on 
(Hz0)3, (H20)5, and (H,Ol6 gave 0 - - - 0  distances of 2.85, 
2.77, and 2.71 A for dimer, DA-trimer and cyclic hexamer, 
respectively, whereas the dimer distance was recovered for a 
pentamer in which the molecule was tetrahedrally surrounded 
by four others. 

3.3. A note on dipole momerzts of molecules embedded in a 
periodic medium 

Recently Scheiner and Nagle (42) reported ab initio calcu- 
lations on the charge partitioning between Bjerrum and ionic 
defects in ice. To this end they performed calculations on linear 

clusters of water molecules. For a more detailed discussion of 
this problem we refer to their work (42). For the following it 
is only important that they had to evaluate the z-component of 
the dipole moment of an H 2 0  molecule embedded in a linear 
H 2 0  polymer, where z is the direction in which the polymer 
extends. Their procedure was to evaluate p,: for clusters of 
increasing chain length and then to divide by the number of 
molecules in the cluster. We shall demonstrate here that the 
above procedure, although valid, e.g., for the extrapolation of 
total energies per molecule, leads t o  effective dipole moments 
which always contain significant contributions from edge ef- 
fects. For this purpose we performed model calculations on 
strictly linear hydrogen fluoride clusters containing 1 ,  3, 5 ,  7 ,  
and 9 HF molecules, respectively, and compared these to cor- 
responding crystal orbital calculations. Results are given in 
Table 3. 

Ln case a cluster is uncharged the total dipole moment is 
independent of the choice of the origin. This total dipole mo- 
ment may now be partitioned into dipole moments of individual 
molecules in an infinite number of wavs. For a short discussion 
of sources of arbitrariness see ref. 3 and references therein. 
Here we chose to partition the electron density in the same way 
as it is done in a Mulliken population analysis in close analogy 
to the evaluation of dipole moments via the crystal orbital 
approach (41, 49). Since molecules in the periodic, infinite 
chain are all identical and neutral, their dipole moment is 
independent of the choice of the origin. The same is asymp- 
totically true for the innermost molecules of large clusters. 
Because of charge transfer molecules at the edge of the cluster 
are charged.   heir dipole moments are conseqiently a function 
of the position of the origin. Because the amount of charge 
accumulated at the edge molecules converges as well with 
increasing cluster size, p,,,,,,,/~z, converges too. However, invar- 
iably much too large values of the dipole moment are obtained 
in this way. This behavior is nicely reflected in our model 
calculations (see Table 3) and needs no further discussion. 

Ln Table 4 we show dipole moment components of isolated 
H 2 0  molecules and those resulting from HzO molecules em- 
bedded in the infinite chain as obtained with the 9s5p 1d/5sIp  
basis. Ln order to obtain a comparison with the results df 
Scheiner and Nagle a s i n ~ l e  calculation ono(HzO), in the ice 
geometry (rO...O = 2.76 A, r o - ~  = 0.97 A, all bond angles 
tetrahedral) has been performed as we1 I. We obtain an increase 
of p: by 14 and 16% at the equilibrium geometry and at the ice 
configuration, respectively. As a consequence of the one- 
dimensional model, total dipole moments are increased by 9.8 
and 8.7%. Scheiner and Nagle report increases of p, by 44 and 
59%, respectively, dependent on the type of basis set used. In 
view of the above discussion we attribute their findings to an 
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TABLE 5. Survey of the modifications of selected monomer and dimer properties occurring upon polymer formation in 
hydrogen bonded systems, all values in % 

Arx-,,' -Atx-,," 

Species Basis set -AE" - A r X . '  Dimer Polymer Dimer Polymer A Reference 

CHzOH (7.313) 48.9 

HCOOH STO-3G 24.5 
(7.3/3) 31.5 

HCN STO-3G 43.8 
(8,414) 39.3 
I O , 6 , / 6 l  39.8 

6.6 37.1 
3.2 12.7 3.3 9.8 This work 

7.8 35.5 9.8 This work 
- - 68.7 

25.7 33.7 53.8 
4 

"Increase over the dimer stabilization. 
"Reduction of the dimer distance. 
' 'Relative to monomer. 

d imens iona l  s y s t e m s .  W i t h  t h e  advent  o f  fas te r  c o m p u t e r s  fu l ly  
q u a n t u m  c h e m i c a l  s tud ies  o f  hydrogen  b o n d e d  so l ids  wil l  s o o n  
c o m e  in to  reach  a n d  wil l  a l low a m o r e  rel iable d i scuss ion  o f  
c o n d e n s e d  p h a s e  proper t ies  than  m o d e l s  based  o n  p a i r w i s e  
addi t ive  potentials .  
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Synthese et hydrolyse d'orthoesters trioxa-2'7'8 bicyclo[3.2.1] octanes et 
trioxa-2'8'9 bicyclo[3.3.1] nonanes 

OTMANE BOUAB ET G ~ K A R D  LAMATY 
Laboratoire de Chirnie Orgat~ique Physique, Univer-.site des Sciences et Tectirliq~ies du Languedoc, 

Place Eugetze Batcrillon, 34060 Motltpellier Cedex, Franc,e 

ET 

CLAUDE MOREAU 
Laboratoire de Chitnie Orgcrt~ique Physique et Cit~Ptiqrie Chimique AppliquPes (U.A.CNRS 4 / 8 ) ,  

Ecole Natiot~ale Supe'rieure de Chitnie de Montpellier, 8.. rue Ecole Nortnale, 34075 Montpellier Cedex, France 

Requ le 30 mars 1984 

OTMANE BOUAB, GERARD LAMATY et CLAUDE MOREAU. Can. J .  Chem. 63, 816 (1985). 
Les vitesse d'hydrolyse des orthoesters trioxa-2,7,8 bicyclo[3.2. I] octanes et trioxa-2,8,9 bicyclo[3.3. I ]  nonanes substituts 

en position I (R = H, CH?, C,HS) ont ttt dttermintes i deux temptratures dans un rntlange eauldioxanne 40:60 en volume. 
Ces nouveaux resultats confirment le cornportement gtntralernent observt dans I'hydrolyse des orthoesters ayant une con- 
formation favorable pour s'hydrolyser avec contr6le sttr6oClectronique. 

OTMANE BOUAB, GERARD LAMATY, and CLAUDE MOREAU. Can. J .  Chem. 63, 816 (1985). 
The rates of hydrolysis of I-substituted 2,7,8-trioxabicyclo[3.2. I]octanes and 2,8,9-trioxabicyclo[3.3. Ilnonanes (R = H, 

CH3, ChH5) have been determined at two temperatures in dioxanlwater (60:40 by volume). These new results confirm the 
behaviour generally observed in the hydrolysis of orthoesters which have a favourable conformation to hydrolyze under 
stereoelectronic control. 

Introduction 
Dans un prCcCdent travail concernant l'hydrolyse des trioxa- 

2,4,10 adamantanes ( I ,  2) nous avons Cmis l'hypothkse que 
I'Ctape dCterminant la vitesse de rCaction Ctait I'addition de 
I'eau sur l'ion carboxonium intermkdiaire et non la formation 
de cet ion; en effet, I'encombrement sterique dQ a la presence 
d'un cycle cyclohexanique est tel que le rCaction favorisCe est 
le retour vers I'acide conjugue du substrat (Ctape k-?, schCma 
I), hypothbe conf~rmCe depuis par des travaux recents de 
McClelland (3). ' 

Afin de vkrifier que le changement d'Ctape lente observC 
dans I'hydrolyse des trioxaadamantanes Ctait dQ a un en- 
combrement stkrique a I'approche de l'eau dans l'ion carboxo- 
nium intermediaire, nous avons procede a 1'Ctude de modkles 
simples (4) et nous presentons maintenant I'Ctude rCa11sCe sur 
deux sCries de composCs dont la structure est trks voisine de 
celle des trioxaadamantanes - les trioxa-2,7,8 bicyclo[3.2.1] 
octanes substituCs en position I :1 (R = H), 2 (R = CH,), 3 (R 
= C6H5) et les trioxa-2,8,9 bicyclo[3.3.1] nonanes substituCs 
en position 1 : 4 (R = H), 5 (R = CHI) et 6 (R = C6H5) - mais 
dans lesquels le retour interne vers l'acide conjuguC du substrat 
5 partir de l'ion carboxonium intermkdiaire est fortement im- 
probable (schCma 2), I'encombrement stCrique d'une chaine 
hydroxylCe Ctant moindre que celui d'un cycle cyclohexanique. 

Dans un premier temps, nous avons procedC ti la synthkse 
des produits qui n'ktait pas connue pour quatre d'entre eux, 2, 
3 ,  5 et 6; dans un deuxieme temps, nous avons procCdC a 

I'analyse des produits de la rCaction d'hydrolyse et a la dCter- 
mination des constantes de vitesse d'hydrolyse et des grandeurs 
d'activation. 

Resultats experimentaux 
Synth2se 

Les orthoesters 1 ,  2 et 3 ont CtC prCparCs par reaction de 
transesterification ?i partir du butanetriol- 1,2,4 et des ortho- 
carboxylates de trimtthyle ou triethyle correspondants; les or- 
thoesters 4, 5 et 6 ont CtC synthCtisCs, par reaction de trans- 
estkrification egalement, a partir du pentanetriol-1,3,5 et des 
orthocarboxylates de trimithyle ou triCthyle correspondants. 
Les proprietCs physico-chimiques des quatre nouveaux pro- 
duits - 2 , 3 , 5  et 6 - sont donnees dans la partie expkrimentale. 

Analyse des  produits d e  la rkaction 
L'analyse des produits d'hydrolyse peut apporter Jes ren- 

seignements utiles sur le sens d'ouverture des orthoesters. 
L'hydrolyse des orthoesters 1 ,  2 et 3 peut conduire, tout en 
respectant les rkgles sttrCoelectroniques, a trois produits (10, 
11 et 12, schCma 3); un seul produit d'hydrolyse (10) est 
observC. De msme, l'hydrolyse des orthoesters 4, 5 et 6 peut 
conduire, tout en respectant les m&mes rkgles stCrCo- 
Clectroniques, a deux produits (13 et 14, schCma 4); la aussi, 
un seul produit d'hydrolyse est observe (13). 

Ces aspects seront dCveloppCs plus en detail dans la partie 
discussion. 

lent 

0 0 0 

' Aussi R .  A. McClelland. Cornrnunicatlon personnelle 
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BOUAB ET AL. 

TABLEAU 1. Hydrolyse des trioxa-2.7.8 bicyclo[3.2. I] octanes substituCs en posi- 
tion I 

Trioxa-2,7,8 bicyclo[3.2. I] octane (1) 
HCI M 
k,,,, = 0,134 X lo-' s '  i 29,0°C 
k,,,, = 0,360 x lo-.' s -  ' i 41 3°C 

HCOOH/HCOONa [HCOOH]/[HCOON~] = I ;  pH,,,, = 5.56" 

HCOOH (M) 0,0805 0,0402 0,O 103 0 (intercept)" 
k,,,, x lo's-' i 29,0°C 0,172 0,160 0,156 0,153 ( r  = 0,981) 

HCOOH (M) 0,0402 0,0205 0,0103 0 (intercept)" 
kc,,, x 10' i 28,7"C 0,871 0,800 0.768 0,73 1 ( r  = 0,999) 
k , , , , , x I O s ~ l i 4 1 , 8 " C  0,205 0,186 0,176 0 ,166(r=0,999)  

CH2COOH/CH2COONa [cH~COOH]/[CH~COON~] = I ;  ~H,,,I = 6 , 8 9  

CHICOOH (M) 0.082 0.042 0.01 1 0 (intercept)" 
k,,,, X 10' s- ' 29,0°C 5,89 4.8 1 3.96 3.66 ( r  = 0,999) 

Phitlyl-1 trio,ra-2,7,8 bi(.yclo[3.2. I] oc.tcrtle (3) 
HCOOH/HCOONa [HCOOH]/[HCOON~] = I ;  pHmcl = 5,57" 

HCOOH (M) 0,0803 0,0405 0,0104 O(intercept)" 
k ,,,, x l 0 ' s ' i 2 8 , 7 " C  0.485 0,421 0.348 0 ,333(r=0,993)  
k ,,,, x 1 0 ' s '  i 41,4"C 1,147 0,971 0,789 0,747 ( r  = 0,996) 

CHzCOOH (M) 0,082 0,042 0,01 1 0 (intercept)" 
k,,,, x 10' s- '  a 29,0°C 4,46 3,35 2,67 2.35 ( r  = 0,998) 

"pH,,, = pH lu + 0,4 (5). 
"Extrapolation B concentration nulle (rigression linkdire). 

trioxa-2,7,8 bicyclo[3.2. I ]  octanes substitues en position 1 et 

~ J R  KJR des trioxa-2,8,9 bicyclo[3.3.1] nonanes substitues en position 
1 est soumise a une catalyse acide genkrale, type de catalyse 
compatible avec le concept de contr6le stereoelectronique qui 

0 0 0 irnplique que la rupture d'une liaison C-0-alkyle est favo- 
l R = H  4 R = H  7 R = H  risee si les deux autres heteroatomes ont chacun une paire 
2 R = CH2 5 R = CH2 8 R = CHI d'electrons libres antiperiplanaire par rapport a cette liaison 
3 R = ChHs 6 R = ChHs 9 R = C,Hs (7). 

Re'sultats cinttiques 
L'hydrolyse acido-catalyske des trioxa-2,7,8 bicyclo[3.2.1] 

octanes substituts en position 1 et des trioxa-2,8,9 bicyclo- 
[3.3.1] nonanes substituks en position 1 a Cte effectuee dans le 
solvant eauldioxanne 40: 60 en volume et 2 deux temperatures. 
Les couples acidelbase utilisks pour tamponner le milieu sont 
acide formique/formiate de sodium et acide acCtiquelacCtate 
de sodium. La force ionique a ete rnaintenue constante a 0,1 M 
par addition de chlorure de potassium. Les resultats cinktiques 
sont rassemblCs dans les tableaux I et 2 (la reproductibilitii 
moyenne est de 3%). Les constantes catalytiques kE l ,~+ ,  kHCooH 
et kcH3cooH ont CtC obtenues en exploitant les resultats des 
tableaux I et 2 et en tenant compte des effets dus a la presence 
du dioxanne (5, 6); ces constantes ainsi que les grandeurs 
d'activation sont reportees dans le tableau 3. 

lnterprttation des rtsultats expe'rimerztaux 
L'exarnen des tableaux I et 2 rnontre que I'hydrolyse des 

Par ailleurs, les resultats expkrimentaux sont en accord avec 
un mecanisme dans lequel l'etape determinant la vitesse de 
rkaction est la formation d'un ion carboxonium intermediaire 
(8, 9): les entropies d'activation sont du m&me ordre de gran- 
deur que celles reportees dans I'hydrolyse d'autres systkmes 
cycliques (4), faiblement negatives dans la reaction catalyske 
par H30+ (mecanisrne unimolCculaire Al )  et forternent nCga- 
tives dans la reaction catalyske par les acides faibles (me- 
canisme bimolCculaire A S,2); le remplacernent d'un hydro- 
gene par un mkthyle oh un phenyle entraine une augmentation 
de la vitesse de I'hydrolyse en accord avec une meilleure sta- 
bilisation de l'etat de transition pour les produits substituks et 
en accord Cgalement avec I'absence dlemp&chernent stCrique a 
la conjugaison dans les derives cycliques, ernpechernent stC- 
rique observe en serie aliphatique (tableau 4) par Kresge et coll. 
(10). 

Ces resultats font donc apparaitre un comportement totale- 
rnent different de celui observe avec les trioxa-2,4,10 ada- 
mantanes substituks en position 3 (tableau 5) et confirrnent la 
particularit6 du systerne adamantyle. 
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Discussion 
Sens d'ouverture duns l'hydrolyse des trioxa-2,7,8 bicyclo- 

13.2 .I] octanes substituts en position 1 
En appliquant les regles ster~oelectroniques ( 1  I), I'hydro- 

lyse des orthoesters 1, 2 et 3 peut s'effectuer par rupture de 
I'une quelconque des liaisons C-0, C(1)-0(7), 
C(I)-O(8) ou C(1)-O(2) (schCma 5 )  pour donner les ions 
carboxoniums cycliques a 5 ,  6 ou 7 C!Cments et conduire aux 
produits d'hydrolyse 10, 11 ou 12. Experimentalement, 
I'hydrolyse de I'orthoester 3 (R = C6H5) conduit a ua seul 
produit (10) ce qui exclurait la formation de I'ion carboxonium 
cyclique a 7 Clements et donc la rupture, en particulier au cours 
de 1'Ctape cinktique, de la liaison C(1)-O(8). Par ailleurs, si 

on Climine le facteur tension de cycle dans I'etat initial, facteur 
qui favoriserait la rupture de la liaison C( I )-O(7) ( lo), i l  ne 
reste que les stabilitCs relatives des ions carboxonium pour 
trancher et les avis sont partagCs; selon Paulsen ( 1  l) ,  les ions 
dioxolCnium-1,3 seraient plus stables que les ions dioxCnium- 
1,3 alors que pour McClelland ce serait I'inverse ( 1  2) .' 
Sens d'ouverture duns l'hydrolyse des trioxa-2,8,9 bicyclo- 

[3.3.1] nonanes substituts en position I 
En ce qui concerne le sens d'ouverture des orthoesters 4, 5 

et 6, la situation est moins complexe; deux ions cycliques 
peuvent se former tout en respectant les mCmes regles stirCo- 
Clectroniques (schema 6); il ne peut y avoir que deux produits 
d'hydrolyse, 13 ou 14. ExpCrimentalement, I'hydrolyse de 
I'orthoester 6 conduit au produit 13 ce qui exclurait la for- 
mation d'un ion carboxonium 5 8 ClCments et par conskquent la 
rupture cinCtique de la liaison C(1)-O(9). 

Position de l'e'tat de transition 
Nous avons montrC dans un precedent travail (4) que les 

effets de substituant Ctaient un des critkres qui permettaient 
d'elucider le mCcanisme de I'hydrolyse des acCtals et des ortho- 
esters; le rapport kc,,,/kcH, permet, en particulier, de mieux 
apprkcier la position de I'ttat de transition le long du chemin 
rkactionnel: dans I'hydrolyse des orthoesters, ce rapport est 
voisin de l'unit6, tant6t inferieur, tant6t supkrieur, mais loin du 
rapport kc,H,/kcH, que I'on trouve dans I'hydrolyse des acCtals 
(kChHS/kCH3 2. 3O). 

Les rapports kc,H,/kcH, determines dans ce travail, (kC~,HsIkCH3 
= 0,4 i 0,9 pour la serie bicyclo[3.2. I] octane et kC,,,/kcH, = 
0,7 a 1,l pour la sCrie bicyclo[3.3.1] nonane), confirment 
I'analyse que nous avions faite, a savoir que seul un Ctat de 
transition ayant peu de caractere ion carboxonium peut con- 
duire a un rapport kc,,,/kCH, inferieur a l'unitk, les effets in- 
ductifs (+I  pour CH3 et --I pour C6HS) pouvant entrer en 

Aussi H. K. Hall, Jr. Communication personnelle. 
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BOUAB ET AL 

TABLEAU 2. Hydrolyse des trioxa-2.8.9 bicyclo[3.3. I] nonancs substituks cn posi- 
tion I 

- - 

HCOOH (M) 0,0803 0,0405 0.0 104 0 (intcrccpt)" 
k,,,, x 10' s- '  B 28.8"C 0,894 0.810 0.723 0,703 ( r  = 0.996) 
k,,,, x 10's ' B 42,2"C 0,236 0,215 0.194 0,189 ( r  = 0,997) 

Mirhyl-1 frioxcr-2.8.9 biqclo[3.3.1] tlotlcrtle (5) 
HCOOH/HCOONa [HcOOH]/[HCOON~] = I; pH,,,, = 5 , 5 6  

HCOOH (M) 0,0803 0,0405 0.0 104 0 (intercept)" 
x lo2 s - '  B 13.7OC 0,715 0,609 0.469 0.446 ( r  = 0.987) 

k , , , ,x10 ' s 'B29,2"C 0,201 0.160 0,132 0 .120( r=0 .999)  

CH,COOH (M) 0,083 0,042 0.01 1 0 (intcrccpt)" 
kclh, X lo2 s - '  B 29.0°C 0,164 0.137 0. l l I 0.104 ( r  = 0.998) 
k , , h , x 1 0 ' s ' i 4 2 . 0 0 C  0,372 0.289 0,242 0 .218( r=0 .997)  

Phinyl- 1 rrioxcr-2 -8.9 bi(:vclo[3.3. I] trotlrrtle (6) 
HCOOH/HCOONa [HcOOH]/[HCOON~] = I; pHwcl = 5-56" 

HCOOH (M) 0.0405 0,0210 0,0104 0 (intercept)" 
k , , , , x 1 0 s ' i 2 9 , 0 ° C  0,132 0,107 0,0985 0,0853(r=0,994) 
k,,,, x 10 s - '  B 42,0°C 0.301 0.241 0,216 0.184 0- = 0.998) 

CH,COOH (M) 0,082 0,042 0.01 1 0 (intercept)" 
k,,,, x 10' s '  i 29,0°C 1,19 0,874 0,664 0,575 ( r  = 0,999) 
k , , , , ~ l O ' s - ' B 4 2 , O ~ C  0,304 0.230 0,166 0 .146 ( r=0 ,999 )  

"pH,;,, = pH lu + 0.4 (5). 
"Extrapolation i concentration nulle (regression IinCaire) 

TABLEAU 3. Hydrolyse des orthoesters 1, 2. 3, 4, 5 et 6. Constantes cata- 
lytiques et grandeurs d'activation B 25,0°C 

Produits Catalyseur k M ' s ) AH* (kcal/rnolc)' AS* (ue)" 

1 H,O+ 
HCOOH 

H,O' 
2 HCOOH 

CH+2OOH 

H,O+ 
3 HCOOH 

CH,COOH 

4 H,O+ 
HCOOH 

H,O+ 
5 HCOOH 

CH,COOH 

H'O' 
6 HCOOH 

CH,COOH 

" I  = 29.0°C. 
"Erreur sur k,,,, < 3%. 
' Erreur sur AH ' < 0,8 kcal/mol. 
"Erreur sur AS* < 3 cal/mol/K. 
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TABLEAU 4. Constantes dc vitcssc relatives k k l ~  dans I'hydrolysc d'orthoestcrs 
cvclioues et non cvcliaucs 

OEt 
I 

R-C-OEt 

R 0 
I 

RxOMe OEt 

TABLEAU 5. C~mparaison avec I'hydrolysc dcs trioxa-2.4, I0 adamantanes 

Substrats ~ H ~ O +  AS' Substrats k11,o AS* Substrats ~ H > O  I, AS* 

competition avec les effets rnksomkres (stabilisation de I'ion 
carboxonium a la fois par CH, et C6H5). 

Re'activite' 
L'examen du tableau 3 rnontre qu'll n'existe pratiquernent 

pas de difference de rCactivitC entre les series bicyclo[3.2. I] 
octane et bicyclo[3.3.1] nonane pour un substituant donne, 
confirmant ainsi de f a ~ o n  plus precise les rCsultats obtenus par 
Hall et al .  (12) pour les derives non substitues 1 et 4. 

L'introduction d'un cycle a cinq chainons en sCrie 
bicyclo[3.2. I] octane n'a donc pas de consCquence notable sur 
la rCactivitC des orthoesters. Des observations s~milaires ont 
d6ja t t t  faites anterieurernent: i l  n'existe pas de difference de 
reactivitk entre le ditthoxy-2,2 tetrahydrofuranne et le 
diethoxy-2,2 tktrahydropyranne (7) pas plus qu'il n'en existe 
entre les rnkthoxy-2 dioxolannes-1.3 et les methoxy-2 
dioxannes-1,3 (4). De m&rne un trava~l recent de Kresge en 
sCrie blcyclo[2.2. I] heptane conflrlne I'absence de tension de 

cycle ou tension angulaire dues la presence de cycles a cinq 
ClCments dans I'hydrolyse des orthoesters (13). 

Le fait que I'Ctat de transition de la reaction soit peu avancC 
le long du chernin reactionnel n'est probablement pas etranger 
au "tassernent" de la reactivitk des orthoesters; cependant, une 
caractkristique commune a tous les orthoesters CtudiCs jusqu'g 
rnaintenant est une orientation favorable des paires d'klectrons 
libres sur les atornes d'oxygkne perrnettant I'hydrolyse avec 
contr6le stCrCoClectronique. 

Partie experimentale 
Les spectres de rmn ' H  ont CtC enregistrCs sur un appareil Varian 

EM 390 (rCfCrence interne: TMS). 

Synthkse 
Les orthoesters I ,  2, 3, 4. 5 et 6 ont CtC prCparCs par rCaction de 

transcstCrification a partir du butanetriol-1,2,4 (1, 2 ct 3) ou du 
pcntanctriol- 1,3,5 (4 , s  ct 6) et des orthocarboxylates de trimithylc ou 
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BOUAB ET AL. 

tritthyle comespondants (schtrna 7). 
1: La rnethode reportee par Crank et Eastwood (14) conduit i des 

rendernents mtdiocres. Ce produit a Ctt obtenu en rnodifiant la pro- 
cedure reportee par Hall er 01. (12): un rntlange de 14,8 g (0.1 rnol) 
d'orthoforrniate d'tthyle et l0,6 g de butanetriol-1,2,4 (Aldrich) est 
chauffe i 100°C pendant 3 h sous pression norrnale. On recupkre ainsi 
les deux prernikres rnolCcules d'alcool. La temperature est abaisste 
50°C et on fait barboter de I'acide chlorhydrique gazeux sec pendant 
2 rnin. Le melange est agitk pendant 15 rnin et la pression abaissee a 
20 Tom (1 Tom = 133.3 Pa). En chauffant progressivernent, la troi- 
sikrne rnoltcule d'ethanol est libtrte et I'orthoester distillt. Une deu- 
xikrne distillation soignee perrnet d'obtenir 6 g d'orthoester 1 pur; Eb. 
= 66-67"C/20Tom; rendernent: 52% (litt. (12) Eb. = 82"C/30Tom; 
rendernent: 70%); rrnn 'H (CDCI,) 6: 1,2- 1,4 ( I  H, deux rnultiplets, 
H4a), 2,l-2,5 (IH, rnultiplet syrnttrique, H4e), 3,6-4,l (4H, rnulti- 
plet, H rnethyleniques sur C3 et C6), 4,5 ( IH, rnultiplet, H5), 5 ,s  
(IH, singulet, HI). 

2: 16,2 g (0,I rnol) d'orthoacetate d'tthyle et 10,6 g de butane 
triol-1,2,4 (0,l rnol) sont dissous dans 50 rnL d'alcool isobutylique 
anhydre. Ce melange est chauffk progressivernent jusqu'i 100°C. Une 
prernikre fraction distille i 78°C; une deuxikrne fraction distille i 
100°C; en abaissant la pression a 20 Tom on recueille I'orthoester entre 
67°C et 72°C. Aprks redistillation, on obtient 5 g d'orthocstcr 2 pur; 
Eb. = 70°C/20 Tom; rendernent: 38%; rrnn 'H (CDC13) 6: 1,2- 1,5 

(IH,  deux rnultiplets, H4a), 1.58 (3H, singulet, rntthyle sur CI).  
2,2-2,5 (I H, rnultiplet syrnttrique, H4e), 3,7-4.2 (4H, rnultiplet, H 
rntthyltniques sur C3 et C6). 4.6-4,8 (IH, rnultiplet, H5). 

3: 3.7 g (0,02 rnol) d'orthobenzoate dc rntthyle et 2,2 g (0,02 rnol) 
de butanetriol-1.2.4 sont chauffes progressivernent jusqu'i 140°C, 
ptriode pendant laquelle on recueille du rntthanol. Le risidu visqueux 
qui reste dans le ballon est distill6 pour donner 2 g d'orthoester 3; Eb. 
= 120°C/0,5 Torr; rendernent: 60%; rrnn 'H (CDCI,) 6: 1,3- 1,6 ( 1  H, 
deux rnultiplets, H4a), 2,2-2,6 (IH,  rnultiplet syrnttrique, H4e), 
3,9-4,5 (4H, rnultiplet, H rntthyltniques sur C3 et C6), 4.80 (IH,  
rnultiplet, H5), 7,3-7,8 (3H, massif, H arornatiques). 

4: Cet orthoester a Ctt synthttist suivant la procedure dtcrite par 
Hall et nl. (12); Eb. = 78"C/ 10 Tom; rendement: 83% (litt. (12) Eb. 
= 78"C/ 10 Tom; rendernent: 75%; rrnn 'H (CDCI,) 6: 1,4-2,6 (4H, 
massif, H rntthyltniques sur C4 et C6); 3,5-4,4 (5H, massif, H 
mtthyltniques sur C3, C5 et C7), 5,78 (IH, singulet, HI).  

5: Ce nouveau produit est prtpart selon la procedure utiliste pour 
le compost 4; Eb. = 125"C/0,03 Tom; rendernent: 8 1 %; rrnn 'H 
(CDCI,) 6: 1,4-2,6 (3H, singulet i 1,45, rntthyle surC1; 4H, massif, 
H rnethyltniques sur C4 et C6), 3,5-4,5 (5H, massif, H methy- 
leniques sur C3, C5 et C7). 

6: 2,4 g (0,02 rnol) de pentanetriol-1.3.5 et 3,7 g (0,02 rnol) 
d'orthobenzoate de rntthyle sont dissous dans 80 rnL de xylkne anhy- 
dre et portes i reflux pendant 48 h en presence de 100 rng d'acide 
paratoluknesulfonique. Au melange refroidi on ajoute une solution 
saturte de carbonate de sodium. Aprks extraction du solvant, le pro- 
duit brut est distille. On obtient ainsi 1,5 g d'orthoester 6 pur; Eb. 
I I I -  I 13"C/0,08 Tom; rendernent; 37%; rrnn 'H (CDCIJ 6: 1,4-2,6 
(4H, massif, H rntthyleniques sur C4 et C6), 3,4-4,6 (5H, massif, H 
rnCthylCniques sur C3, C5 et C7), 7,2-7,7 (5H, massif, H aro- 
rnatiques). 

Al~nlyse des produits d'hydrolyse 
Aprks hydrolyse des orthoesters arornatiques 3 et 6 dans les condi- 

tions cinetiques, les produits d'hydrolyse sont analysts par rrnn 'H 
(CDCI,). Dans les deux cas, la rrnn ne rtvkle, aux emeurs d'in- 
ttgration prks, qu'un seul proton en a de la fonction benzoate. 
L'hydrolyse de 3 conduit donc essentiellernent h I'ester 10 (cf. schtrna 
3) et I'hydrolyse de 6 conduit, quant a elle, uniquernent i I'estcr 13 
(cf. schtrna 4). 
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Ctrrtrc.tPristique,s rmr~ 'H des produits d'hjlclrolj~se (CDCI,) 
10: 6 1.8-2.4 (2H. massif, CHI-CH20H), 2.85 (2H. massif, 

0-H), 3.8-4.2 (4H. massif, CHI-0). 5,4-5.7 (IH,  rnultiplet, 
CH-OCOC6H,s), 7,3-7,6 et 7.9-8.1 (3H + 2H, deux rnultiplets. H 
aromatiques). 

13: 6: 1.6-2,4 (4H, massif, CH2-CH20H), 3.2-4,6 (6H. massif. 
CH?OH), 5.1-5.4 ( I  H, multiplet, CH-OCOCoHI). 7,3-7,6 et 
7,9-8,l (3H + 2H, deux rnultiplets, H aromatiques). 

Methodes cinetiques 
Les rnkthodes cinCtiques sont analogues i celles dCcrites par ailleurs 

(2, 5). 

4. 0 .  BOUAB, G. LAMATY, C. MOREAU et 0 .  POMARES. NOUV. J. 
Chim. 5, 175 (1981). 

5. G. LAMATY, C. MOREAU et Z. MOULOUNCUI. Can. J. Chem. 61, 
2643 (1983). 

6. G. DouHERET. Bull. Soc. Chim. Fr. 1412 (1967). 
7. 0 .  BOUAB, C. MOREAU et M. ZEH AKO. Tetrahedron Lctt. 61 

(1978). 
8. E. H. CORDES et H. G. BULL. Chem. Rev. 74, 581 (1974). 
9. T. H. FIFE. ACC. Chem. Res. 5,  264 (1972). 

10. Y. CHIANC, A. J. KRESGE, P. SALOMAA et C. I .  YOUNG. J .  Am. 
Chem. Soc. 96, 4494 ( 1974). 

I I. P. DESLONGCHAMPS. Stereoelectronic effects in organic chem- 
istry. Pergarnon Press, London. 1983. 

O. BOUAB, G. et C. 12. H. K. HALL, JR., F. DE BLAUWE et T. PYRIADI. J. Am. Chern. 
Cornmun. 678 (1978). SOC. 97. 3854 (1975). 

2. 0. B0UAB3 G. LAMAT', C. MOREAU. O. 'OMARES3 P. 13. R. A. BURT, Y. CHIANG, H. K. HALL, J R .  et A. J. KRESGE. 
DESLONGCHAMPS et L. RUEST. Can. J .  Chem. 58. 567 (1980). J. Am. Chern. Soc. 104. 3687 (1982). 

3. R.  A. MCCLELLAND et P. K. W. LAM. Can. 627 14. G. CRANK et F. W. EASTWOOD. Aust. J .  Chern. 17, 1385 (1964). 
(1984); 62, 1074 (1984). 
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y-Phosphono-y-lactones. The use of allyl esters as easily removable 
phosphonate protecting groups 

MATTHIAS KAMBER A N D  GEORGE JUST' 
Deptrrtmer~t qj' Chernistrv, McGiII Urliver.si/~. Morrtretrl. P . Q . .  Ctrrltrtltr H3A 2K6 

Rcccivcd Fcbruary 17. 1984 

MAITHIAS KAMBER and GEORGE JUST. Can. J. Chem. 63,  823 (1985). 
During the synthesis of y-lactones bearing a phosphonic acid group at thc y-position. difficulties wcrc cncountcrcd 

generating the free phosphonic acids from corresponding esters. A protccting group uscd for carboxylic acids was adapted to 
phosphonic acids. making this transformation easy. 

MAITHIAS KAMBER et GEORGE JUST. Can. J .  Chem. 63,  823 (1985). 
Lors d'une synthkse de y-lactones ayant un acide phosphoniquc cn position y. nous avons CprouvC des difficultis ij 

transformer des esters phosphoniques en acides librcs. Cette transformation a CtC rcndue facile par adaptation aux acides 
phosphoniques d'un groupe utilisi pour protiger les acides carboxyliqucs. 

Introduction 
Some years ago ( I ) ,  we pointed out that the steric strain 

responsible for the chemical reactivity and hence biological 
activity of the classical p-lactam antibiotics could be replaced 
by a strain generated by electron-withdrawing groups attached 
to the nitrogen atom of the p-lactam moiety. This concept was 
borne out by the discovery of monobactams (2) 1, which are 
monocyclic p-lactams substituted by a sulfonic acid at the 
amidic nitrogen, and the synthesis of analogous mono- 
phosphams (3) of type 2, of which the monomethyl ester 2 
seemed to be the most active (3). 

RCONH RCONH~;.$ '  

0CH3 
0 yo- 

1 R' = H ,  CH, 
ON 

* 

RCONH 

3a R' = H, K '  
b R' = CH, 

It occurred to us that the activated p-lactam function, v 2 
1765 cm-I, which most probably acts as an acylating agent (4), 
could be replaced by a y-lactone, v -- 1780 cm-', which should 
have similar acylating properties. We therefore decided to pre- 
pare y-lactones 30 and 30, the latter because of its similarity 
with monophospham 2. 

Synthesis of phosphonolactone 12 
Glycine was transformed in 80% yield to its allyl ester hy- 

drochloride, mp 68-71°C, using the recently described method 
of Brooks and Chan (5), and acylated in 80% yield with di-tert- 
butydicarbonate to 4. Rearrangement of the bis-silylated di- 
anion of 4 according to the procedure developed by Bartlett and 
Barstow (6) gave 6 ~ ,  which was transformed to methyl ester 
60, using ethereal diazomethane. 

Because of relatively low yields in the rearrangement step, 
and the necessity to esterify the carboxyl function with diazo- 

' Author to whom correspondence may be addressed. 

methane on a large scale, carbobenzyloxyglycine was 
subjected to a similar sequence. Ester formation with allyl 
alcohol - trimethylsilyl chloride (Me3SiC1) gave 5, mp 
36-37"C, and rearrangement of the bis-triniethylsilyl ether of 
the dianion of 5 gave crude acid 7tr. Methylation with 
methanol-Me3SiC1 (5) gave 70. mp 40-41°C, in 85% overall 
yield, based on carbobenzyloxyglycine. 

Whereas the ozonolysis of analogous rearranged compounds 
derived from crotyl esters of type 7 to the corresponding al- 
dehyde was apparently not possible (6), 70 could be easily 
ozonized at -78OC, using methylene chloride as solvent. Re- 
ductive work-up using dimethyl sulfide gave 8, contaminated 
with a side-product which was difficult to remove. 

Treatment of the crude aldehyde 8 with dimethyl phosphite 
in methylene chloride containing some triethylamine at 20°C 
overnight gave a mixture of the aldehyde-phosphonate adduct 
13 and the cyclic phosphono-lactone 12 as a mixture of di- 
astereoisomers. Stirring of the mixture in niethylene chloride - 
trifluoroacetic acid (5 : I) resulted in the complete conversion of 
the adduct 13 to the highly strained lactone 12, v = 1800 cm-'. 

Alternatively, phosphonolactone 12 was obtained, albeit in 
very low yield, in the following manner. Olefinic acid 74 was 
ozonolyzed to 9, mp 139- 142°C. Mesylation of 9 gave a 
mixture of mesylate 10 and chloride 11 .  The latter was also 
obtained by treating 9 with thionyl chloride. Arbusov reaction 
of 11 with trimethyl phosphite gave 12 in very low yield. 

Attempts to hydrolyse, partially or completely, dimethyl 
phosphonate 12 to monomethy l ester or diacid 3 (R = 0CH2Ph) 
failed. These attempts included (a) reaction with Me,SiCI/KI 
or NaBr in acetonitrile (7, 8), which resulted either in opening 
of the lactone ring, or very slow reaction giving ill-defined 
products; (b) reaction with HBr/acetic acid (9), which gave 
polar products that did not provide starting material upon re- 
methylation; (c) treatment with Lil/2,4,6-collidine in DMF 
(10) (similar to b); (d) reaction with thiourea ( I  I): this gave 
what appeared to be the desired acid or acids, since remethyl- 
ation provided starting material. However, the purification 
proved to be extremely difficult, and no clean acid could be 
isolated; (e) sodium bromide/benzyl triethylammonium chlo- 
ride ( I  2): the reaction was very slow, and no desired acid could 
be isolated. 

It was clear that no good method was at hand, and that we 
required a phosphonic acid protecting group which could be 
removed under mild conditions, and where the requisite dialkyl 
or alkyl methyl phosphonate could be prepared and handled 
with relative ease. Furthermore, the resulting phosphonic acid 
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ROCNH ROCNH BnOCNH 

4 R C(CH,), 6 R = C(CH,),, a ,  R' = H, b, R' = CH, 8 
5 R = CH,Ph 7 R = CH2Ph, a ,  R' = H ,  b,  R'  - CH, 

BnOCNH BnOCNH BnOCNH 

0 OAc 0 OAc 0 

0 OAc 0 
I I I II + HP-0CH3 --+ -+ R-C-P-0CH3 
I I I 

0 OAc 0 OAc 0 
I1 I II I Il + HP-0- --+ -+ RC-P-0% -+ RC-p-x 

a ,  R = Ph 17 20 
b, R = hexyl 

SCHEME 2 

or salt should not require further purification beyond simple 
extraction or crystallization. 

A variety of dialkyl phosphonates were investigated, and 
abandoned for the following reasons. 

(a)  Dibenzyl or benzyl methyl phosphonates are unstable 
compounds. 

(b) Methyl trichloroethyl phosphonate is difficult to prepare, 
and trouble was anticipated in separating the free phosphonic 
acid from the zinc ions produced during Zn-mediated removal 
of the trichloroethyl group. 

(c) Bis-trimethylsilylethyl phosphonate rearranges to tri- 
methylsilyl phosphonate with extrusion of ethylene. 

We then investigated the suitability of using diallyl and allyl 
methyl phosphonate as phosphonating agent. Diallyl phos- 
phonate was prepared according to the general procedure de- 
scribed (13). After numerous trials (14. 15; also ref. 13, p. 28), 

allyl methyl phosphonate was prepared by reaction of allyl 
alcohol with phosphorus trichloride, and treating the resulting 
ally1 phosphorodichloridite, bp 45-52°C (15 Ton-; 1 Ton- = 
133.3 Pa), first with methanol-pyridine and then with 
water-pyridine. 

For model studies, we prepared six a-acetoxyphosphonates 
18a, b, 190, b, and 20a, b by treating benzaldehyde or heptanal 
with the appropriate diallyl, dimethyl, and allyl methyl phos- 
phonates 15, 16, and 17, and acetylating the resulting dialkyl 
hydroxyphosphonates. Three systems were used to try to re- 
move the allyl group. 

( I )  Catalytic transfer hydrogenation using ammonium for- 
mate in methanol and 10% Pd/C (16). The results were not 
very reproducible, and methanolysis of the acetate group was 
observed. 

(2) 3% Pd(PPh3)4/4-5%PPh3/potassium 2-ethylhexanoate 
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K A M B E R  A N D  JUST 825 

in ethyl acetate (17). This system removed the allyl group 
smoothly to give potassium salts 210, b and 23cr, b .  Their struc- 
tures were proven by remethylation to give the dimethyl 
a-acetoxyphosphonates 190, b .  In each case, no starting mate- 
rials 180, b or 20a, b could be detected, and 19a, b was obtain- 
ed as the major product (>90%), as established by tlc, and 
200-MHz ' H  nmr in the case of 210. 

The isolation of the potasiuni salt was achieved by crys- 
tallization (210, 83%). or required evaporation to dryness, and 
washing with ether (21b, 23a, 23b, 5 -  10% potassium 2-ethyl- 
hexanoate contamination). Other, more polar, diallyl phos- 
phonates (see following paper) gave less soluble potassium 
salts which precipitated and were obtained in high yield and 
purity. 

(3) Wilkinson's catalyst ((Ph3P),RhCI). Heating to reflux of 
phosphonates 180, lab, 20a, and 20b in 15% aqueous ace- 
tonitrile containing 2-3% Wilkinson's catalyst for 1-2 hours 
(18) resulted in the disappearance of the starting material (tlc) 
and formation of 22a, 22b, 24a, and 24B in 71, 69, 86, and 
78%, respectively. The work-up required evaporation of the 
solvent, dissolving the phosphonic acids in water, and sepa- 
ration from the precipitated Wilkinson's catalyst by filtration. 
Freeze-drying then gave the products. Their structures were 
proven by remethylation with ethereal diazomethane (tlc and, 
in the case of 24a, 200-MHz 'H nmr). 

None of the yields were optimized. Dimethyl phosphonates 
19a, b were stable to the reaction conditions outlined under (2) 
and (3). 

The application of this methodology to phosphono lactones 
3 will be reported in due course. 

Experimental 
Thin-layer chromatography (tlc) was performed on Mcrck Silica 

Gel 60 Fzs4 aluminum-backed plates. Flash chromatography was done 
on Woelm Silica (32-63 pm). Melting points (mp) werc measurcd on 
a Gallenkamp block and are uncorrcctcd, unlcss spccificd otherwise. 
The nmr spectra were recorded on Varian T-60, T-60A, and, where 
noted, XL-200 and Brukcr WH-90 spectromctcrs. Infrared (ir) spcctra 
were recorded on a Perkin Elmer 257 spectrophotometer. Abbrevi- 
ations: br = broad, s = strong, m = medium, w = wcak. 

Mass spectra (ms) were obtained on HP 5984A or LKB 9000 
spectrometcrs, in the direct inlet mode unless indicated othcrwise. 

Carbobenzylo,~~i (Cbz) glycine allyl ester 5 
Cbz-glycine (6.3 g, 30 mmol) was dissolvcd in 35 mL allyl alcohol. 

Then MeSiCI (9.5 mL, 73 mmol) was added over a pcriod of 5 min 
and the mixture left undcr a N 2  atmosphere at room temperature 
overnight (5). The solvent was evaporated and thc product filtercd 
through silica gel (short 3 x 5 cm column, mcthylcne chloridc). After 
crystallization from ether/petroleum cther, 7.20 g (28.9 mmol, 96%) 
of ester 5 was obtained, mp 36-37°C; ir (CHCI,, cm-I): 3860 m, 
3620 m ,  3450 m, 3020 s, 2990 m, 1745 s,  1725 s, 1515 m, 1420 m, 
1210 S, 1050 m, 930 m, 750 s; 'H nmr (60 MHz, CDCI,) 6: 7.4 (s, 
5H, C6H5), 6.2-5.6 (m, 2H, NH and =CH), 5.5-5.3 (m, 2H, 
H2C=), 5.2 (s, 2H, Ar-CH2-0), 4.7 (d, J = 6 Hz, 2H, 
0-CH2-CH=CH2), 4.1 (d, J = 6 Hz, 2H. CO-CH2-N); ms 
(m l z ,  %): 249 (M', 6). 108 (41). 107 (31), 91 (100. 65 ( 1  I), 41 (17). 

Rearrnrlged acid 7a (ref: 6) 
Hexamethyldisilazane (7 mL, 33 mmol) was dissolved In 100 mL 

dry tetrahydrofuran (THF) and cooled under NZ to O°C. Then n- 
butyllithium (20 mL, 1.55 rl in hexane, 3 1 mmol) was added dropwise 
and after 10 min the solution was cooled to -78°C. The allyl ester 5 
(3.75 g, 15.05 mmol. dissolved in I0 mL THF) was added over 5 min. 
After another 30 min, Me,SiCI (4.2 mL, 33 mmol) was added, the 
mixture stirred for 15 min at -7S°C, and thcn warmed up over I h to 
20°C. The yellow solution was then warmed for 1 -  1.5 h to 55-60°C, 

cooled to 20°C. and diluted with 20 mL methanol. The solvcnts were 
evaporatcd to about 20% of their original volume, dilutcd with cthcr, 
and cxtracted 4 timcs with a 5% NaOH solution. Acidification of the 
combined watcr layers with cold 6 N HCI and extraction with mcthyl- 
ene chloride (CHZCl2) gave, aftcr drying (MgSOJ and evaporation, 
a quantitative yield of thc crudc acid 7a (7.5 g) as a yellowish oil. It 
was uscd without further purification; ir (CHCI,, cm-I): 3550-2500 
br, m, 3440 m. 2950 m, 1720 s, 1500 m, 1340 m, 1050 m, 900 m; 
'H nmr (60 MHz, CDCI.,) 6: 10.5 (s, IH, COOH), 7.3 (s, 5H. C6H5), 
6.0-5.4 (m, IH, =CH), 5.3-5.0 (m, approx. 3H. NH and H2C=), 
5.1 (s, 2H, Ar-CH2-O), 4.4 (m, l H. N-CH-COO), 2.6 (t, J 
= 6 Hz, 2H, CH2-CH=CH2); ms ( ~ n l z .  %): 249 (M', I I), 208 
(M' - 41, 2). 204 (M' - 45, 2). 108 (22). 107 ( lo),  91 (loo), 79 
(16). 65 ( l2) ,  41 (29). 

Methyl ester 7b 
Crudc acid 7tr (7.5 g) was dissolvcd in 30 mL mcthanol and 

MezSiCl (4.5 mL. 35.5 mmol) was addcd. Stirring overnight undcr 
N2. cvaporation to dryncss. and rccrystallization from cthcrlhcxane 
gavc the estcr 7b as colourlcss crystals (3.47 g. 13.2 mmol. 88% from 
allylcster 5). mp 40-41°C; ir (CHCI,. cm I): 3450 m. 2990 m. 1740 
s. 1720 s, 1515 m. 1210 s. 1050 m, 920 m; 'H nmr (60 MHZ. CDCI,,) 
6: 7.2 (s, 5H. Cc,HS), 5.9-5.3 (m. 2H. NH and =CH). 5.2-4.9 (m. 
2H, H2C=). 5.1 (s. 2H. Ar-CH2-0). 4.4 (m. IH. 
N-CH-COO). 3.7 (s, 3H, COOCH,). 2.5 ( t ,  J = 6 HZ. 2H, 
CHZ-CH=CHZ); ms (~n /z .  %): 263 (M' .  17). 222 ( M '  - 41. 6) 
204 (M' - 59. 4). 178 (4). 160 (4). 108 (8). 107 (3). 91 (100). 79 
(4). 65 (8). 59 (2). 41 (5). 

Altlel~vtle 8 
Thc cstcr 7b (1.78 g. 6.75 mmol) was dissolvcd in CH2CI2 and 

cooled to -78°C. Then ozone was bubblcd through thc solution until 
i t  turned blue. Excess ozonc was removcd with a stcam of dry NZ. 
Dimethylsulfide (5 mL) was addcd and thc rcaction left at -20°C 
overnight. 'Thc solvcnt was evaporatcd and thc crudc ycllow oil par- 
titioned between cthcr and saturated NaHCO, solution. and the cthcr 
layer dried over MgS04 and cvaporatcd to givc crude aldchyde 8 (1.73 
g, 6.53 mmol. 96%) as a yellowish oil. Thc aldehyde 8 could bc uscd 
without furthcr purification; ir (CHCI.,. cm I): 3430 m, 2950 m. 2940 
m. 1720 br s. 1500 s. 1430 m. 1330 m. 1050 m; ' H  nmr (60 MHz. 
CDCI,) 6: 9.7 (s, I H, CHO). 7.3 (s. approx. 5H. C6H5), 5.6 (m. I H, 
NH), 5.2 (s, approx. 2H. Ar-CH2-0). 4.7 (m, IH, 
N-CH-COO). 3.7 (s, 3H. COOCH.,). 3.1 (d, J = 6 Hz, 2H. 
-CH2--CHO); ms (m/z. %): 265 (M+. 6), 206 (M' - 59, 3). 162 
(M' - 59-44. 3), 115 (3). 108 (22). 107 (9). 91 (100). 79 (6). 77 
(5), 69 (9). 65 (12). 59 (2). 55 (6). 44 (4). 43 (8). 41 (5). 

Lacto~le 12 
Crudc aldchyde 8 (580 mg, 2.2 mmol) was dissolved in I mL 

CH~CIZ. dimethylphosphitc (0.5 mL. 3.8 mmol) and triethylamine 
(0. I mL) were added. and the mixture lcft overnight at -20°C. The 
solvcnt was pumped off. 2.5 mL CH2CIZ and 0.5 mL trifluoroacctic 
acid were addcd, and the mixturc lcft for -20 h. Flash chro- 
matography (silica gel, cthyl acetate - hexane 5: I ) gave 490 mg ( I  .43 
mmol, 65%) of the lactonc 12 as a mixturc of 2 diastereoisomers; ir 
(CHCI3, cm ' ) :  3420 m. 2950 m. 2850 m. 1800 s,  1720 s. 1495 m. 
1450 m, 1250 m. 1 150 s. 1030 s: ' H  nmr (60 MHz. CDCI.,) 6: 7.3 (s, 
5H, Cc,H5), 6.0-5.7 (m, IH, NH). 5.1 (s, 2H, Ar-CHZ-0), 
4.8-4.2 (m, 2H. P-CH and N-CH-COO), 3.8 (m, 6H, 2 
P-0-CH,), 2.9-2.1 (m. 2H, -CHI-); ms (m/z. %): 343 (M', 
19). 282 (3). 252 (17). 237 (7). 236 (76), 234 (2). 174 (4), 137 (13), 
I08 (10). 91 (100). 7 9 ( 1 l ) .  65(11). 5 9 ( 4 ) . 4 4 ( 6 ) .  

AIlv1 pho.sphorotli~~llloridite 
To 320 mmol PCl.1 at -75°C was addcd 320 mmol of freshly 

distilled allyl alcohol over a period of 5 h. Thc HCI formed was 
removed with a stream of dry NI. The reaction mixture was warmed 
slowly to room temperature and kept stirring overnight (N2 strcam). 
Distillation was interrupted after 55 mmol (17%) allyl phos- 
phorodichloridite, bp 35-4O0C/l0 Torr, was obtained bccause of 
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reported spontaneous polymerization resulting in explosion of thc 
mixturc distilled to less than half of its volumc. 

Allvl tnc.rh?l pho~phot~f~tc. 17  
Allyl phosphorodichloridite (23.6 mmol) was dissolved in 80 mL 

dry THF and cooled under N, to -7S°C. Thcn 23.6 mmol mcthanol 
and 23.6 mmol pyridinc in 10 mL THF werc addcd dropwise over a 
period of 30 min. Stirring was continucd for anothcr 1.5 h at -78°C. 
and for 2 h at 20-25'C. Thc reaction mixturc was cooled to O0C and 
10 mL THF containing 25 mmol watcr and 26 mmol pyridinc were 
addcd dropwisc. The mixturc was stirrcd 0.5 h at O°C and thcn 2 h at 
20-25°C. Aftcr filtration and cvaporation. thc crudc yellow oil was 
dissolved in 2 mL of CH,CI, and filtcrcd ovcr 5 g silica gel using 
CH,CI, as eluant. After evaporation to dryncss. thc mcthyl allyl phos- 
phonate 17 could bc obtained as a clcar oil (2.5 1 g, 18.5 mmol, 
78.5%); ir (CHCI,, c m ' ) :  2440 (P-H). 1270- 1180 (P=O. C-0); 
'H nrnr (60 MHz. CDCI,) 6: 6.85 (d. J = 700 Hz. IH. PH). 6.2-5.7 
(m, I H, =CH), 5.6-5.1 (m. 2H. H2C=), 4.7-4.4 (m, 2H, 
HZCOP). 3.8 (d. J = I2 Hz. 3H. H,COP); ms (tnlz. %): 137 ( M +  + 
1 .  0.5). 97 (29). 95 (M' - 41. 7). 80(29). 79 (M' - 57. 100). 58 
(66). 47 (25). 41 (27). 

Dinllyl phosphonnre I5 
Diallyl phosphonate was prepared in 86% yield from 1 equiv. 

phosphorus trichloride, 3 equiv. allyl alcohol. and 2 equiv. pyridine 
using the general procedure described (13); ir (CHCI,, cm-I): 2430 
(P-H), 1270- 1200 (P=O, C-0); 'H nrnr (60 MHz, CDCI,) 6: 6.8 
(d, J = 700 HZ, l H ,  PH), 6.2-5.6 (m, 2H, =CH), 5.5-5.1 (m, 4H, 
HIC=), 4.7-4.3 (m, 4H, HZCOP); ms (tnlz, %): 121 (M+ - 41 
(C3H5). 51). 105 (M' - 57, 4). 83 (12), 80 (10). 79 (17). 65 (14), 
58 ( 1  I), 57 (CHZ=CHCH,O, 100). 41 (80). 

Dinllyl, tnethyl nllyl, nnd dimerhyl ncetoxyphosphonotes 18, 19, nnd 
20 

All six compounds were prepared in an identical manner, and their 
spectra were very similar. A representative example is described. To 
a methylene chloride (5 mL) solution of benzaldehyde 140 (2 mmol) 
was added diallyl phosphonate 15 (2.16 mmol) and 3 drops of tri- 
ethylamine. After tlc indicated completion of the reaction (16 h), 
acetic anhydride (2 mL) and triethylamine ( I mL) were added at 0°C. 
After 2 h, diethyl ether and ice-water were added. Stirring for 0.5 h 
and washing to neutrality gave after drying (MgS04), evaporation, 
and flash chromatography (silica gel, petroleum ether - acetone 10: I ) 
diallyl phosphonate 180 (1.36 mmol, 68%) as a clear oil. 

180: ir (film, cm-I): 1755 (C=O), 1260 (P=O), 1220 (0-C), 
1020 (P-0); 'H nrnr (60 MHz, CDCI.3) 6: 7.3 (m, 5H. ChH5), 6.1 (d, 
J = 13 Hz, approx. IH, HCP), 6.1-5.5 (m, 2H, =CH), 5.4-5.0 (m, 
4H, HZC?), 4.6-4.3 (m, 4H, H2COP), 2.1 (s, 3H, H,CCO); ms 
(mlz, %): 310 (M+, 0.2). 267 (M+ - 43, 4), 162 
(HPO(OCH2CH=CH2)2, lo), 121 (HP020CH2CH=CH2, 20). 107 
(C,HsCHOH, 171, 77 ( C d s ,  10). 57 (H,C=CHCHIO, 9). 43 
(COCH,, 100). 41 (CH,CH=CH,, 66). 

Spectrnl c.hnrncterisrics of 18. 19, nnd 20 
Dimethyl phosphonate 19n: 3.6 and 3.7 ppm (two d. J = 10 Hz, 

6H, 2 CH30P); 19b: 3.78 and 3.80 ppm (two d, J = 10.6 Hz, 6H, 2 
CH.30P); allyl methyl phosphonate 200: 3.6 and 3.7 ppm (two d, J 10 
Hz, 3H, CH30P); 20b: 3.7 ppm (d, J = 10 Hz, 3H, CH,OP); 180, 
190, 20n: Ph-CH-P: J = 13 Hz, d; 180, 19b, 20b: 
CSHIICHI-CH-P: J A x  + Jsx = 15 Hz, J (d )  = 9 Hz. All mass 
spectra showed mlz for HPO(OR)?; HOP(OMe)?: 190 I I0 (loo%), 
19b (97%); HOP(0M) (OCHICH=CHZ): 20" 136 (20%); 20b (80%); 
HOP(OCHICH=CH2)2: 18a 162 (10%); 18b (7%). 

All phosphonate esters showed negligible (<0.4%) M+ or (M + 
1)' peaks except for 19n: M+ 258.0664 (27.5%; calcd. 258.0657). 

Dipornssium salt 21 a 
To 86 mg (0.28 mmol) of 18n, 1.33 mL 0.5 M (2.4 equiv.) potas- 

sium 2-ethylhexanoate in ethyl acetate, 20 mg (6.3 mol%) tetrakis- 
(triphenylphosphine)palladium(0), and 6 mg (8 mol%) triphenyl- 
phosphine were added. The reaction mixture was stirred at 20-25°C 
until all starting material had reacted (1.5 to 2 h). After addition of 2 

mL acetone, the salt precipitated out as white crystals. Filtration gave 
79 mg (83%) dipotassium salt 21tr; ir (4% in KBr, cm-I): 1705 
(C=O). 1250 (P=O); ' H  nrnr (60 MHz. CD30D) 6: 7.1 (m, 5H, 
C(,H,), 5.5 (d, J = 13 Hz, IH, HCP), 1.8 (s, 3H. H,CCO), Di- 
potassium salt 21n was converted to its dimethyl ester 19n by dis- 
solving it in methanol, and adding acidic ion-exchange resin (Amber- 
lyte IR-120) and then ethereal diazomethane. 

Potnssium snlr 23 b 
To 5 1 mg (0.17 mmol) 20b, 0.38 mL 0.5 M ( I. 12 equiv.) potassium 

2-ethylhexanoate in ethyl acetate, 6 mg (3 mol%) tetrakis(tripheny1- 
phosphine)palladium(O). and 2 mg (4.5 mol%) triphenylphosphine 
were added and the mixture stirred at 20-25'C until all starting 
material had reacted (1.5 to 2 h). No crystals precipitated out, so the 
solvent was evaporated, and after the remaining yellowish oil was 
washed several times with ether, i t  solidified in the cold. Yield ap- 
proximately 85-90%; ir (CHC13, cm-I): 1725 (C=O), 1230 (P=O); 
'H nmr (60 MHz, CDCI?) 6: 5.2 (m, IH, HCP), 3.6 (d,.J = 10 Hz, 
3H, H,COP), 2.2 (s, 3H, H,CCO), 2.0- 1.0 (br m, approx. 13H, 
alkyl) ( 'H nrnr spectrum shows approximately 5-8% impurities due 
to the remaining triphenylphosphine and 2-ethylhexanoate). The 
monopotassium salt 23b was converted to its dimethyl ester 19b as 
described earlier. 

Phosphonic acid 24a 
To a solution of 74 mg (0.26 mmol) 200 in 3 mL acctonitrilc/ water 

(85: 15), 5 mg (2 mol%) of Wilkinson's catalyst was addcd. After 
refluxing for 2 h all the starting matcrial had reacted. The solvent was 
evaporated, and the residue stirred for 5 min in 5 mL of water. After 
filtration. the water layer was freeze-dried to givc 65 mg (0.22 mmol, 
86%) of the acid 240 as a yellow oil; ir (CHCI,. cm I): 1740 (C=O), 
1180 (P=O); 'H nrnr (60 MHz. CDCI,) 6: 7.3 (br s. approx. 5H, 
C,,H,). 6.1 (br s. IH, HCP). 3.6 (br s, 3H. HICOP). 2.2 (s, 3H, 
HICCO). The acid 240 was treated with ethereal diazomethane to give 
dimethyl ester 190. 
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ABEYSINGHE A. PADMAPRIYA, GEORGE JUST, and NORMAN G. LEWIS. Can. J .  Chem. 63, 828 (1985). 
Starting from tetrachloroacetone 1 and (carbomcthoxymethylene)triphenylphosphorane 4, thc title compound 16 was pre- 

pared in five steps in 44% yield. Spectroscopic and chromatographic data indicated that this material was identical to a potent 
mutagen isolated from kraft pulp chlorination effluent. Various mutant Snlrnonella typhitnuriutn strains (TA 98, 100, and 1537) 
behaved similarly when incubated with either 16 or thc isolated mutagcn. 

A B E Y ~ I N G H E  A. PADMAPRIYA, GEORGE JUST ct NORMAN G. LEWIS. Can. J. Chem. 63, 828 (1985). 
A partir du tCtrachloroacCtone 1 et du triphCnylphosphoranc carboxymCthoxymdthyl~ne 4, Ic compose titrc 16 a CtC prCpari 

en cinq Ctapes dans un rendement de 44%. Cette substance Cta~t ident~que i un mutaghe puissant isole d'un effluent de 
chloration kraft. Diffkrentes souches mutantes de Salmot~c~lla typhin~urium (TA 98, 100 et 1537) ont rCagi de facon scmblable 
lorsque mises en incubation avec soit 16 ou le mutaghe isolC. 

Introduction 
It is now firmly established that the effluent produced during 

the first chlorination stage of kraft and sulphite wood pulp 
bleaching is highly mutagenic (I - 1 1 ) .  These findings gen- 

I erated considerable interest ~n the chemical structures of the 
i mutagenic substances and various mutagens have now been 

I identified, e.g. 2-chloropropenal and chlorinated acetones (4, 
6, 7,  10, I I). In a related study it was reported that at least 

1 30-50% of the total mutagenicity of kraft chlorination effluent 
was attributed to a single constituent (12, 13). This compound, 
tentatively proposed (12) to be the hydroxyfuranone 16 was 
highly mutagenic (- 104 revertants/nmol) and, therefore, 
possibly carcinogenic (14). 

In pulp manufacture, various effluent streams are required to 
remove unwanted materials formed at different stages of pulp 
production. These streams are subsequently combined prior to 
discharge into the receiving waters, and, ever1 if biologically 
untreated, are only very weakly mutagenic (2, 5). 

Nevertheless, the fate of the tentatively identified mutagen 
16 deserves serious attention since its chemical stability, bio- 
degradability, and bioaccumulation in aquatic organisms and 
plants is unknown. 

As a first objective, therefore, a total synthesis of the hy- 
droxyfuranone 16, and a comparison of ~ t s  mutagenicity to that 
of isolated effluent material was required. 

Results and discussion 
We considered that entry into the mutagen system could be 

achieved by the Wittig condensation of tetrachloroacetone 1 
and (carbomethoxychloromethy1ene)tripheny lphosphorane 7 or 
-phosphonate 5 (Scheme I). Therefore, in a series of model 
studies, tetrachloroacetone 1 was condensed with phospho- 
nates 2 and 3, and phosphorane 4. The reaction with the 
phosphonates proceeded slowly, and chromatography was re- 
quired to obtain olefins 9 and 10 in 70-75% yield. How- 
ever, phosphorane 4 reacted rapidly, with no subsequent 
chromatography needed, and 9 (80% yield) was crystallized 
directly from hexane. 

'Authors to whom correspondence may bc addressed. 

Attempted hydrolysis of the ethyl ester 10, with methanolic 
sodium hydroxide, afforded only the deconjugation product 11 
based on nmr evidence; i.e., this compound had a one-proton 
singlet at 6 6.82 (CHCI?) and a two-proton singlet at 6 3.66 
(CH2C02CH2CH,). Further treatment of 11 gave a mixture of 
compounds that were not further investigated. In contrast, 
methyl ester 9 was converted to the desired acid 8, as evidenced 
by nmr and ir, with no products of deconjugation being ob- 
served. 

Having established that the condensation and hydrolysis of 
the methyl ester 9 proceeded without difficulty, we next turned 
our attention to the direct synthesis of the chloro-olefinic ester 
13. 

Chlorophosphonate anion 5, obtained by treatment of tri- 
ethyl dichlorophosphonoacetate with n-butyllithium (15), re- 
acted with tetrachloroacetone 1 but did not produce the ex- 
pected pentachloro condensation product 13. Instead, only 
aldolization products resulting from the condensation of the 
anion of tetrachloroacetone 1 with 1 were obtained (mass 
spectrometric evidence only). 

Reaction of the corresponding chlorophosphorane 7 (16) 
with 1 did not afford 13 either, but, surprisingly, gave the 
tetrachloro olefin 9 in approximately 50% yield. Further inves- 
tigation of this interesting reaction revealed that pentachloro- 
acetone 19 was being formed. It therefore seems (Scheme 2) 
that the sterically hindered Wittig reagent 7 abstracted a proton 
from tetrachloroacetone 1, which in turn removed chlorine 
from the chlorophosphonium salt 18 to give pentachloroace- 
tone 19 and (carbomethoxymethylene)triphenylphosphorane 4. 

An alternate approach to generate 13 by reaction of tetra- 
chloroacetone 1 with the anion of tert-butyl chlorotrimethyl- 
silyl acetate 6 (17) also failed. 

We therefore treated the olefinic ester 9 with chlorine in 
CH,CI2, in the presence of ferric chloride, for 18-24 h to 
produce the hexachloro compound 12. An ethereal solution 
of 12, when treated with triethylamine, gave the desired 
pentachloro-olefin 13 (80% yield based on 9). 

The nmr spectra for the tetrachloro- and pentachloro-olefins 
9 and 13 were very informative: apart from the methoxy reso- 
nances, 9 had a vinylic proton at 6 8.03 and another singlet at 
6 6.73, corresponding to the two protons adjacent to the chlo- 
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Cl 
\ /CL C12HC Cl  C12HC Cl  
C-CH - u - u  n 

C1,HC 
n 

(C1,HCL \co2Me C02Me C12HC C02H 
12 13 14 

rine atoms. With 13, only two one-proton singlets at 6 7.32 
(CHCI? cis to -CO,CH,) and 6 6.72 (CHCI, cis to CI) were 
observed. Mass spectra of both 9 and 13 were consistent with 
the structures assigned, but, under the conditions employed, no 
M+ signal was evident. Only fragmentations due to the loss of 
at least one chlorine atom or the loss of a methoxy group were 
noted. 

Unfortunately, conditions were not found for the direct con- 
version of ester 13 to the hydroxyfuranone 16, e.g. treatment 
with two equivalents of lithium hydroxide gave a mixture of 
products that was not investigated further, and hydrolysis with 
potassium bicarbonate did not proceed at an acceptable rate. 

However, hydroxyfuranone 16 was obtained as follows: 
reaction of 13 with one equivalent of lithium hydroxide (18) 
in tetrahydrofuran-water gave the carboxylic acid 14 in 
quantitative yield. Subsequent treatment of 14 with aqueous 
potassium carbonate afforded the hydroxyfuranone 16, con- 
taminated with very minor amounts of unidentified products. 

The position of attachment of the dichloromethyl group was 
realized by simple inspection of the long range "C-'H cou- 

OHC -CO,M~ 
17 
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(mle) amu 
FIG. I. Mass spectral fragmentation pattern of (a) synthetic hydroxyfuranone 16, and (b) isolated mutagen. Note: The mass spectra of synthetic 

hydroxyfuranone 16 and the isolated mutagen were obtained on Hewlett-Packard quadrupole mass spectrometers 5980A and 5985A 
respectively. Both spectra were recorded in the electron impact mode. 

pling in the nmr spectrum, e.g., the doublet at 6 164.5 1 (d, 'J  
= 2.7 Hz, C=O) can only be rationalized by structure 16 
since, if the other isomer were present, additional long range 
( 3 J )  coupling (CO-C-CHCI,) would be observed. 

Compound 16 had a retention time (gc, TMS derivative), uv 
spectrum, and a mass spectral fragmentation pattern (see Fig. 
1 )  identical to that for the mutagen isolated from bleach plant 
effluent. 

When acid 14 was submitted to the prolonged action of 
sodium hydroxide in methanol, a product was formed which 
appeared homogeneous by gc. However, gc/ms proved that it  
consisted of two products, the desired methyl ether 15 and what 
appeared to be 17, of unknown geometry. 

The methyl ether 15, though, was smoothly obtained by the 
reaction of lactol 16 with methanolic hydrogen chloride. An 
identical gc retention time and mass spectral fragmentation 
pattern were recorded for this derivative, and the methyl ether 
previously produced from the isolated mutagen. Note also that 
lactol 16 could be regenerated from 15 by reaction with tri- 
fluoroacetic acid - THF- water. 

Final confirmation of the mutagen's identity now required 
short-term bioassays with various mutant strains of Salmonella 
typhimurium. The mutagenic properties of synthetic tri- 
chlorolactol 16 are shown in Fig. 2. The corresponding test 
data for the isolated mutagen can be found in Fig. 6 of ref. 13. 

When incubated with tester strain TA 100 (no metabolic 
activation), a strong mutagenic response occurred (-6000 
revertants/nmol) in good agreement with previous obser- 
vations for isolated material (13) (2,800- 10,000 revertants/ 
nmol). Further. when tester strain TA 100 was metabolically 
activated, neither the synthetic nor isolated mutagen produced 
a statistically significant number of revertants. 

With tester strains TA 98 and TA 1537, synthetic 16 again 
behaved in a manner comparable to the effluent mutagen. In 
fact, the only difference observed was with strain TA 1535. 
Previously the effluent material had given a mild mutagenic 
effect but this was not observed for synthetic 16. The reasons 
for this are not yet clear and require further investigation. 

In conclusion, we have confirmed that the mutagen isolated 
from the chlorination effluent has the trichlorolactol structure 
16. 

Experimental 
General metlzods 

Melting points were determined on a Gallenkamp MF-370 melting 
point apparatus and are uncorrected. Ultraviolet (uv) spectra were 
recorded on a Pye Unicam SP800 spectrophotometer in methanol 
solution. The wavelengths of absorption maxima are reported in 
nanometers (nm) with E values in parentheses. Infrared (ir) spectra, 
measured on a Perkin-Elmer model 297 spectrophotometer, were 
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PADMAPRIYA ET AL. 83 1 

5 mmol) in dry THF (4 mL) at -75'C under N2. The reaction mixture 
was allowed to rise to room temperature, tetrachloroacetone (0.60 
mL, 5 mmol) was added, and stirring was continued for 2 h. The 
mixture was then heated to retlux. After 14 h the reaction mixture was 
cooled, poured into cold water (20 mL), and extracted with hexane (3 
X 25 mL). The organic extracts were dried (NalSO,), and evaporated 
to give a brown oil. This was applied onto a silica gel column. and 
eluted carefully with Et20- hexane (5 : 95) by tlash chromatography. 

Selected eluent fractions were combined, and evaporated to give 
ester 10 (970 mg, 73%), mp 46-48°C; ir(KBr) v,,,.,,: 3025, 2980, 
1720, 1660, 780; uv A,,,;,,: 223 (7528); ' H  nmr (CDCI3) 6: 1.34 (3H, 
t ,J  = 6.5 H z , C H 3 ) , 4 . 2 8 ( 2 H , q , J = 6 . 5  Hz,CH:), 6.60(2H, s . 2  
x CHCI?), 7.9 (IH,  s, CH); ms tnle: 264 (M', 0.28%). 85 (100%). 

Methyl 2,4,4-frichloro-2(diL.hlorotnefhyl)crofot1fe (13) 
A suspension of 9 (2.99 g, 1 I .9 mmol) and ferric chloride (5 mg) 

in CHzClz (250 mL) was saturated with chlorinc and allowed to stand 
at room temperature for 14 h. The solvent was then evaporated to give 
12 (3.82 g,  100%) as a colorless oil; ir v,,,.,,: 1752, 1340; 'H nrnr 

I 

I 

(CDCI,) 6: 3.85 (3H, s, CH,), 5.27 (IH, s, CHCI), 6.54 (IH,  s, 

0 0  /O-OTA 1 0 0 ~ 9  
CHCI2), and 6.64 (IH,  s, CHCI?). 

0-0 
To a magnetically stirred solution of 12 (3.82 g, 11.8 mmol) in dry 

Et,O (30 mL) at room temperature was added triethylamine (2 mL, 
f- A TA1535 

PC,-=- . TA1537 14.3 mmol). Stirring was maintained for 30 min, and the organic 
0 .-I mixture then removed and washed with water (3 x 10 mL). The 

0 10 20 30 40 50 
Amount of mutagenlplate, loT9g 

FIG. 2. Mutagenicity of synthetic hydroxyfuranone 16 on different 
test strains without metabolic activation. Testing against strain TA 100 
was also made with metabolic activation (TA 100, +S9). 

taken in chlorofor~n solution, unless otherwise stated. The absorption 
maxima of each compound are reported in wavenumbers (cm-I), and 
calibrated with respect to the absorption band of polystyrene at 1601 
cm--' .  Proton magnetic resonance ( 'H nmr) spectra were recorded on 
a Varian T-60 spectrometer, with TMS added as an internal standard. 
The integrated peak areas and proton assignments are given in paren- 
theses. Carbon-I3 magnetic resonance ("C nmr) spectra were re- 
corded in CDCI solution on a Varian XL-300 spectrometer. Low 
resolution mass spectra (ms) were determined on a Hewlett-Packard 
model 5980A instrument and are reported in amu with relative abun- 
dances in parentheses. For simplicity, only the %,, ion of the CI,, 
cluster is reported. Microanalyses werc carried out by Guelph Chem- 
ical Laboratories, Guelph, Ontario. Column chromatography utilized 
Merck (Kieselgel 60) silica gel (40-60 pm particle size). Thin layer 
chromatography utilized Merck art. 5554 alumina-backed silica gel 60 
GF,,, plates. As a matter of routine, all reagents and solvents were 
recrystallized or redistilled prior to use. 

Ames mutagenicity testing was performed under contract by B.C. 
Research, Vancouver. B.C. 

Methyl 3-(dichlorot~~c~tl1yi)4,4-dichloro~rofot1ee (9)  
Methyl (triphenylphosphoranylidene)acetate (3.344 g, 10 mmol) 

and I, l,3,3-tetrachloroacetone (1.96 g, I0 mmol) were dissolved in 
dry THF (I0 mL), and the mixture stirred at room temperature for 14 
h under nitrogen. The THF was then evaporated under reduced pres- 
sure and the residue dissolved in a minimum amount of CHICI, (- 3 
mL). To this solution was added hexane (100 mL), with the resulting 
precipitate removed by filtration. The filtrate was evaporated and the 
residue recrystallized from hexane to give 9 (2.1 1 g, 84%), mp 
50-51°C; ir v ,,,,,: 3040, 3010, 1720, 1660; uv A ,,,;,,: 224(8464); ' H  
nrnr (CDC13) 6 3.90 (3H, s, CH,), 6.73 (2H, s,  2 x CHCI?), 8.03 ( I  H, 
s, CH); ms tnle: 219 (M' - OCH,, 10%). 191 (M+ - CO'CH,, 
14%), 179 (M+ - HCI, C1, 100%). Anezl. calcd. for ChHhCIJOI: C 
28.60, H 2.40, CI 56.29; found: C 29.17, H 2.48, CI 56.60. 

Ethyl 3-(dichloromefhyl)4,4-dichlorocrofonnle (10) 
n-BuLi (1.5 M, 3.3 mL, 5 mmol) in hexane was added dropwise to 

a magnetically stirred solution of triethyl phosphonoacetate (0.92 mL, 

organic solubles were dried (Na,SO,) and evaporated to give a light 
brown solid. Recrystallization from hexanc gave 13 (2.72 g, 80%), 
mp 60-62°C; ir(KBr) v ,,,;,,: 3030, 3095, 2975, 1725, 1610, 1320, 
805, 775, 725; uv A ,,,;,,: 232.5 (8244): 'H  nrnr (CDC13) 6: 3.90 
(3H, s, OCH,), 6.72 ( I  H, s, CHCI', frnns to COICH3), 7.32 ( I  H. s, 
CHCI2, trans to C1); ms tn/e: 253 ( M +  - 0CH3. 5%), 250 (MH' - 
Cl, 22%), 248 (M' - HCI, 5%), 213 (M+ - HCI, CI, 100%). Atlol. 
calcd. for CSHSCIsOZ: C 25.16, H 1.76, C 61.90; found: C 25.27, 
H 1.75, C1 52.74. (No explanation has been found to account for the 
chlorine analyses.) 

2,4,4-Trichloro-3-(dichlorotnefhyl)-croot1ic ccc.id (14) 
A solution of 13 ( I  g. 3.49 mmol) and LiOH H20 (150 mg, 3.57 

mmol) in THF-HZO (7 mL, 6: I )  was magnetically stirred at room 
temperature for I h. The solution was then concentrated (to ca. 2 mL), 
adjusted to pH 2 with I M hydrochloric acid. and extracted with ethyl 
acetate (3 x 10 mL). The organic solubles were dried (NalS04) and 
evaporated to give 14 (0.949 g, 99.8%), mp I I8 - 120°C; ir (KBr) 
v ,,,,,: 1690, I6 10, 1600, 800, 770, 7 15; uv A ,,,;,,: 23 1 (7694); 'H nmr 
(CDC13) 6: 6.80 ( I  H, s, CHC12. cis to COIH), 7.43 ( 1  H, s, CHCI:, 
cis to CI), 1 1.05 ( I H, s, CO'H); ms mle: 235 (M+ - CI, 17%), 199 
(M' - HCI, - CI, 37%). 44 (C02 ,  100%). Atlnl. calcd. for 
C5H.,CISO2: C 22.05, H 1.1 1, CI 65.09; found: C 22.2 1, H 1.16, C1 
65.24. 

3-Chloro-4-(dichloro,nefhyl)-5-hydro.~y-2(5H)Tfiirc~nut1e (16) 
The acid 14 (0.79 g, 2.9 mmol) and KHC03 (0.581 g, 5.8 mmol) 

were dissolved in H1O (25 mL) and heated for 3 h at 50°C under Nl. 
The reaction mixture was thcn cooled (to 20°C) and extracted with 
ethyl acetate (3 x 20 mL). The organic solubles were combined, dried 
(Na2S04), and evaporated. 

The crude product was applied to a silica gel column, and then 
carefully eluted with Et20- hexane ( I  : I )  by flash chromatography. 
Trichlorolactol 16 (0.407 g, 65%) was obtained as a pale-yellow liquid 
by evaporation of selected chromatographic fractions; ir (neat) v,,,.,,: 
3400, 3000, 1780, 1660, 750, 690; uv A ,,,,,: 224.5 (8129); 'H  nrnr 
(CDCI,) 6: 5.27 (IH,  bs, OH), 6.40 (IH,  s), 6.60 (IH,  s); I3C nmr 
(CDCI,): 60.51 (d, 'JC(,-H(, = 18 1 HZ, CHCI?), 96.55 (dt, ' J U - H S  = 
178.8 Hz, 'J,,-,,, = 3.85 Hz, CHOH), 125.19 (d, d. 'J = 0.83 Hz, 
'J = 3.02 Hz, C=C-CHCI'), 150.45 (bs, C3, =C-CI), 164.51 
(d, I/C2-H5, = 2.72 HZ, CO). 

3-Chloro-4-(dichlorotnefh)~l)-5-mefhoxy-2(5H)-furnnot1e (15) 
To a solution of 16 (36 mg, 0.17 mmol) in methanol (0.2 mL) was 

added HCI-saturated methanol (3 drops), and the mixture was then 
stirred for 24 h at room temperature, under N,. The solution was 
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evaporated to give a residue which was redissolved in EtOAc (4 mL) 4. ( a )  L. STOCKMAN, L. STROMBERG, and F. DE Sous~.cel lul .  
and washed with water ( I  X 2 mL). The organic solubles were dried Chem. Technol. 14, 517 (1980); ( b )  M. A. NAZAR and W. H. 
(Na2S04) and evaporated to give 15 (35 mg. 9 1 %) as a colorless RAPSON. Pulp Pap. Can. 81(8), 75 (1980). 
liquid; ir v ,,,.,,: 2930, 2840, 1795, 1725, 1655, 1600; uv A ,,,,,,: 226 5. E. G. H. LEE, J. C. MUELLER, C. C. WALDEN, and H. STICH. 
(7781); 'H nmr (CDCI,) 6: 3.70 (3H, s, OCH,), 6.05 (IH,  s, Pulp. Pap. Can. 82(5), 69 (1981). 
CHOMe), 6.60 ( IH, s, CHCI?); ms m/e: 199 (M+ - OCH,, 32%). 6. A. B. MCKAGUE, E. G. H. LEE, and G. R. DOUGLAS. Mutat. 

Conversion of 15 to 16 
A solution of 15 (40 mg, 1.73 mmol) in THF (0.6 mL) and tri- 

fluoroacetic acid (3 N, 0.4 mL) was stirred at room temperature for 
96 h under N2. The reaction mixture was then diluted with H,O (3 mL) 
and extracted with ethyl acetate (3 X 10 mL). The organic extract was 
dried (Na2S0,) and evaporated. The crude product was applied to a 
silica gel column and carefully eluted with Et20-hexane ( I  : I) by 
flash column chromatography. Fractions containing the trichlorolactol 
were combined to give 16 (26 mg, 69%). 
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Formation threshold structures of some [CsH70]' ions: use of general schemes for 
estimation of heats of formation of gas-phase organic ions 

MEHRSHID ALAI,  GIORGIO G. ATTARDO, A N D  ROBIN T. B. RYE' 
Department of' Chemistry, Concordin University. 1455 de Mnisot~t~e~tve Blvcl. W . ,  Montreul, P.Q.,  Cnnc~da H3G I MS 

Rcccivcd August 10, 1984 

MEHRSHID ALAI, GIORGIO G. ATTARDO, and ROBIN T. B. RYE. Can. J .  Chem. 63, 833 (1985). 
Recently published correlations between heat of formation and structurc of gas-phase ions have becn uscd to assign formation 

threshold structures to [CsH70]' ions produced by mcthyl radical loss from molecular ions of mcsityl oxide, 5-hexene-2-one, 
3-methylcyclopentanone, and 2-cyclohexenol. An unambiguous structure assignment has been madc for thc [CsH70]' daughter 
ion from mcsityl oxide. For thc three other precursors two common formation-threshold structures consistent with thc 
thermochemical data are proposed. 

MEHRSHID ALAI, GIORGIO G. ATTARDO et ROBIN T. B. RYE. Can. J .  Chem. 63, 833 (1985). 
Des travaux publies recemment ont Ctabli des corrClations entre la chaleur dc formation ct la structure ucs ions en phase 

gazeuse; on a utilisk ces corrClations pour attribuer les structures, au niveau du seuil de formation, des ions [CTH70]' qui sc 
forment lorsque Ics ions de I'oxyde de mtsityle, de I'hextne-5 one-2. de la niCthyl-3 cyclopcntanone ou du cyclohcxtne-2 ol 
perdent un  radical methyle. On a pu faire une attribution non ambigue dc la structure de I'ion fille [C5H70]' provenant dc 
I'oxyde de mksityle. Pour les trois autres prtcursurs, on proposc dcux structures communes, au niveau du seuil de formation, 
qui sont en accord avec les donnkes thermodynamiques obtcnues. 

[Traduit par Ic journal] 

Introduction 
Collisional activation (CA) mass spectrometry has achieved 

prominence as a method for the determination of the structure 
of gas-phase ionic species (I) .  In spite of the widespread use of 
this technique, thermochemical characterization of ions at their 
formation threshold remains an essential component of any 
complete structure determination. This is so because the CA 
technique samples ions with a range of internal energies; the 
structures determined may therefore be different than those at 
threshold if isomerization reaction channels with low energy 
requirements are available. 

Two recent publications (2, 3) have outlined general 
methods for correlating ionic heats of formation with the then, following the conclusions of Holmes and Lossing (3), the 
threshold structures of gaseous odd and even electron ions. We heats of formation of a,  b, and given i n  Table , should lie on 
have now utilized these techniques to assign configurations a straight line when against log (no, of atoms), and 
to [CsH70]' ions generated by methyl radical loss from straight line should roughly parallel similar plots for other 
4-methyl-3-penten-2-one (mesityl oxide) ( I ) ,  5-hexene-2-one methyl substitutions at C-atoms bearing a formal charge. In- 
(2), 3-methylcyclopentanone (3). and 2-cyclohexenol (4). spection of Fig. I and the data in Table I shows that such is the - 

case, with the least-squares line for a,  b, and c approximately 
Experimental parallel to line A (methyl substitution on CH20) and line B 

The [CsH70]' ions of interest were generated by dissociative ioniz- (methyl substitution on CH~OH).  we propose, therefore, that 
ation using a monoenergetic electron beam. Appearancc energies (AE) is the configuration of the [ C ~ H ~ O ] +  ion formed from 1 by 
were measured as described elsewhere (4). The heats of formation of 
the neutral precursors were taken from the litcrature or calculated by CH3 loss. 

additivity. Additional information can be extracted from Fig. I .  It will 
be noted that the datum for b lies significantly above the line 

Results and discussion 
(a) Mesityl oxide, 1 

Zwinselman et al. (5) proposed the molecular ion of 1 as an 
intermediate structure preceding the loss of methyl radical from 
2-methyl-3,4-dien-2-01, with the acylium ion c as the daughter 
ion generated. lon a,  readily produced by methyl radical loss 
from ionized methyl vinyl ketone (6), can be represented by the 
two canonical structures shown; thus c corresponds to double 
methyl substitution at a charge-bearing site of a. The other 
member of the series, b, can be generated by H loss from 
crotonaldehyde (7). If the structural assignments are correct, 

'Author to whom all correspondence should bc addrcsscd. 

(dotted line, Fig. 1) joining the data points f0r.a and c .  The 
structure of b was clearly established by CA and analysis 
of metastable peak charcteristics (7); we conclude that the 
reported AH,. for b is too high. This is not surprising; a con- 
ventional electron impact source (such as used for b) is known 
to give AE measurements which are higher than those obtained 
with the monoenergetic electron beam used in the case of a and 
c (4c). We may thus revise the AHr for b downwards by 
approximately 40 kJ mol-' to a value of 645 kJ mol-'. 

(b) 5-Hexene-2-one, 2 
Loss of methyl from the molecular ion of 2 can occur via 

simple cleavage to give a [CSH70]' ion of structure d. While 
d may be a plausible structure, it is by no means certain that it 
is the correct one. The heat of formation of d can be estimated 
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TABLE 1. 'Thennochemical data 

(i) [C5H7O]' Ions 

AHr (neutral) AE AHr (ion! 
Precursor M mol-' Reference eV M mol- 

(ii) Other ions 

AHr 
Ion kJ mol-' Reference Figure/line 

in the following manner. Ion d can be constructed by replacing 
t 

the terminal CH3 in CH3CH2C=0 with a CH2=CH-CH2- 
group. It has been shown (2) that substitution on a site remote 
from the charge-bearing site has approximately the same effect 
on AHI. (ion) as on AH,- (neutral). The heats of formation of 
2-propanone an 2 are -238.5 kJ mol-' (8) and - 153 kJ mol-' 
(by additivity (9)), respectively. These data, when taken with 

t 

a AH,- of 623 kJ mol-' for CH3CH2C=0 (lo),  lead to a calcu- 
lated heat of formation for d of 709 kJ mol-I. The measured 
value (Table I )  of AHr for [C5H70It from 2 is 628 kJ mol-I, 
and it may therefore be concluded with some assurance that 
structure d is incorrect. 

It is considerably more difficult to assign the correct struc- 
ture, given the large number of possible configurations for 
[CSH7O]', but the estimation method can be used to determine 
whether proposed structures are consistent with the thermo- 
chemical data. The stabilizing effect of conjugation is well 
documented; we therefore wished to evaluate the conjugated 
ion e as a possible structure. The heat of formation of e can be 
estimated from the corrected AH,. for b (see Fig. 1 and text). 
Construction of e by replacement of the terminal CH, group in 
b wth CH3CH2 corresponds to substitution remote from the 
charge-bearing site and, as was done in the previous case, the 
effect of this substitution on AHI. (ion) was equated to the 

log (no.of atoms) 
FIG. I .  Heats of formation vs. log (no. of atoms) for successive 

methyl substitution at charge-bearing site: a, [vinyl ketenium]+; b, 
methyl-substituted vinyl ketenium cation; c, [CsH70]' from mesityl 
oxide. Lines A, B,  and C: see text. 

SCHEME. I .  Possible fragmentation pathways for production of ion 
e from the molecular ion of 3-methylcyclopentanone. 

change in AH, (neutral). This procedure leads to a calculated 
AHs for e of 624 kJ mol-I, in excellent agreement with the 
measured value. It would be unwise to conclude from this 
result that the ion structure has been unambiguously deter- 
mined; this point is underlined by the results for 3 and 4 given 
below. It should also be noted that, at internal energies only 
slightly above threshold, other reaction channels and fragment 
ion structures may be involved. We have recently reported 
evidence ( I  I) that this is the case for methyl radical loss 
from 2. 
(c) 3-Methylcyclopentanone, 3, and 2-cyclohexene-1-01, 4 

The measured heat of formation of the [C,H70]' ion from 3 
and from 4 is the same, within experimental error, as that 
obtained with 2 as the precursor (Table I). Formation of e from 
3 can be easily rationalized in terms of CH, loss from a-cleaved 
molecular ion, as shown in Scheme I. Methyl loss from 4 has 
been the subject of several reports ( 12- 15). Buch and co- 
workers (14) studied the 70-eV spectra of 4 and a wide range 
of labelled analogues. Loss of CH, was observed to involve 
C(2) together with the hydrogen atoms from C(I),  C(2). 
and C(3); a [ I-hydroxy-cyclopentene- I]' ion with the charge 
located on C(2) was proposed as a plausible structure for the 
[CSH7OIt daughter ion. An alternative mechanism, based on 
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SCHEME. 2. Possible fragmentation pathways leading to ion f 
from the molecular ion of (a) 2-cyclohexenol (15) and (b) 3- 
rnethylcyclopentanone. 

calculate the intercept, and the estimated line for the effect 
of hydroxyl substitution on the charge-bearing a site of 
[cycl~pentenium]~ was plotted (dotted line, Fig. 2). The AH,. 
o f f  is estimated by this method to be 635 kJ/mol. Given the 
uncertainties associated with the above procedure, we conclude 
that threshold heat of formation measurements do not allow us 
to distinguish between ion structures e and f. 

Summary 
The methods developed by Holmes and Lossing have been 

used to assign the acylium structure c to the [CsH70]' ion 
generated from 1 at the formation threshold. 

For various series of both -OH and CH,- substitutions at 
charge-bearing sites, roughly parallel plots of AH (ion) vs. log 
(no. of atoms) have been reported (3). This feature enables 
useful structural predictions to be made even in cases where 
only limited amounts of data are available. We have used this 
approach to show that at least two possible threshold configura- 
tions consistent with the thermochemical data, viz. e and f, are 
possible for the [CSH70lk ion generated from 2, 3, and 4. 
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SAI CHENG CHOI and RUSSELL J. BOYD. Can. J .  Chem. 63, 836 (1985). 
Theoretical calculations on the fluoroacetones and their conjugate acids exhibit an inverse dependence of the proton affinity 

on the number of fluorine substituents. The good correlation between increasing proton affinity and decreasing ionization 
potential is attributed to the observation that the ionization of a nonbonding electron is essentially localized at a single atom 
which is also the site of protonation. The best quantitative agreement between the theoretical and experimental proton affinities 
is obtained at the 6-31G* level, while the STO-3G basis set leads to a satisfactory account of the additivity of fluorine 
substituents. The calculations corroborate the experimental interpretation of the preferred conformations of p-fluoroacetone 
molecules in terms of the presence of an intramolecular hydrogen bond between the carbonyl proton and the F on the adjacent 
carbon. Only one type of equilibrium conformation is predicted for the fluorinated acetones, whereas two types of equilibrium 
conformations are predicted for the conjugate bases. 

SAI CHENG CHOI et RUSSELL J. BOYD. Can. J. Chem. 63, 836 (1985). 
D'aprks des calculs theoriques sur les fluoroacetones et sur leurs acides conjugues, I'affinitd pour les protons varie d'une 

faqon inverse avec le nombre de substituants fluor. C'est i I'observation que I'ionisation d'un electron non liant est essen- 
tiellement IocalisCe sur un atome unique qui est aussi le site de la protonation que I'on attribue la bonne corrClation qui existe 
entre une augmentation de I'affinite pour les protons et la diminution du potentiel d'ionisation. C-est au niveau 6-31G* que 
I'on obtient les meillcurs accords quantitatifs entre les rksultats expCrimentaux et les valeurs calculCes pour les affinitks pour 
les protons; par ailleurs, I'utilisation de I'ensemble STO-3G conduit i une explication satisfaisante de I'additivitC des 
substitutants fluor. Les calculs corroborent I'interpretation expCrimentale des conformations privilCgiees des molCcules de 
p-fluoroacCtones en fonction d'une liaison hydrogtne intramolCculaire entre le proton du carbonyle et le F attache au carbone 
voisin. Dans le cas des tluoroacttones, on ne prtdit qu'un seul type d'Cquilibre conformationnel; toutefois, on prCdit deux types 

~ - 

d'Cquilibres conformationnels pour les bases conjugudes. 
[Traduit par le journal] 

Introduction 
One of the major challenges of chemistry is to predict the 

effect of substituents on the properties of molecules and to 
develop models and theories which facilitate a better under- 
standing of substituent effects. Most systematic studies of sub- 
stituent effects have been carried out in solution, where the 
observed properties are often more a reflection of the effects of 
solvation than of the intrinsic properties of the species of inter- 
est. Recent advances in physical chemistry have provided 
several powerful methods for studying the reactions and struc- 
tures of ions in the gas phase. Complementary information on 
the intrinsic properties of molecules and ions is provided, how- 
ever, by ab inirio molecular orbital theory. 

Ion cyclotron resonance studies (1) of the gas-phase basic- 
ities of six fluorinated acetones have revealed a very regular 
decrease in proton affinity of 6.1 t 0.4 kcal/mol for each 
successive fluorine substituent. This result has been interpreted 
in terms of a substituent effect which is almost purely inductive 
and correlates well with the group electronegativity of the 
methyl substituents. Furthermore, the linear dependence of the 
observed proton affinities on the number of fluorine substitu- 
ents reveals a small stabilizing interaction of 2-3 kcal/mol in 
the protonated fluoroacetones, which is attributed to the forma- 
tion of an intramolecular hydrogen bond. The additivity of 
fluorine substituent effects in the gas-phase basicities of fluori- 
nated acetones stands in contrast to the less regular changes in 
acidities and basicities which are often associated, both in 
solution and in the gas phase, with multiple substitution in 
organic molecules (2, 3). 

The Drummond and McMahon study of the fluorinated 
acetones is a remarkable application of one of the three tech- 

'Author to whom correspondence should be addressed. 

niques, namely high-pressure mass spectrometry (4, 5), flow- 
ing afterglow (6-8), and ion cyclotron resonance spectrometry 
(9- 12), which yield reliable gas-phase data on the intrinsic 
acidities and basicities of molecules. Not only are the substitu- 
ent effects additive, but up to six hydrogens in acetone can be 
replaced by fluorines. Furthermore, two isomers are possible 
for each of the di-, tri-, and tetrafluoro derivatives, and, there- 
fore, a total of ten molecules are available for the study of 
multiple substituent effects. Given accurate proton affinities ( I) 
for seven of these compounds, we have studied the ability of ab 
initio molecular orbital (MO) theory to account for the addi- 
tivity of fluorine substituent effects in the acetone series. In this 
paper we focus our attention on equilibrium structures, proton 
affinities, and multiple substituent effects. We will present an 
analysis of intramolecular hydrogen bonding in the protonated 
fluoroacetones in a later paper (13). 

Method 
All computations were performed on a CDC CYBER 

170-730 computer using the GAUSSIAN 76 program (14). In 
some cases an expanded version of the GAUSSIAN 76 pro- 
gram ( 1  5) was used. CH,,,F, _,,, COCH,,F3-,, and their corre- 
sponding conjugate acids CH,,,F, -,,, COHCH,,F.: -,,, where m and 
n are equal to 0, 1 ,2 ,  or 3 were optimized at the STO-3G level. 
For some species, in yhich the C-C bonds were found to be 
longer (1.56 to 1.63 A) at the STO-3G level than normal ones 
(1.54 A), partial 4-31G optimizations were carried out. The 
partial 4-31G optimizations are denoted by '4-31G' and 
consist of a 4-3 IG optimization on the C-C bonds followed 
by a minimal STO-3G optimization on the rest of the molecule. 
'The '4-3IG' optimization was employed on CH,FCOCH,, 
CHF2COCH3, CF3COCH3, CF,COCF,, and their correspond- 
ing conjugate acids. Partial optimizations with split-valence 
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CHOl AND BOYD 

FIC;. I .  Equil ibrium geometries of the fluorinated acetones and their conjugate acids. For molecules optimized at the '4-3 IG' level, denoted 
by a star, the STO-3G values of the C-C bond lengths arc given in  square brackets. 

basis sets have been shown (16) to yield good approximations 
to the full K-LMG optimizations in the case of cis-acetit acid 
and acetamide. A model geometry ( r  (C-H) = 1.085 A and 
angle HCH = 108.2") was used for all unsubstituted methyl 
groups. The STO-3G or '4-31G' equilibrium geometries of 
the fluorinated acetones and their conjugate acids are shown in 
Fig. 1. 

Tables 1 and 2 list the STO-3G//STO-3G, 4-31G//STO- 
3G, 4-31G//'4-3IG1, and 6-31G*//STO-3G total energies 
and the point group symmetries of the equilibrium conforma- 
tions in the neutral and protonated series, respectively. The 
theoretical proton affinities (PA), defined as the difference in 
total energies of the base and its conjugate acid, are listed in 
Table 5 together with the available experimental values. The 
zero-point energy and thermodynamic corrections have not 
been included. The latter are simply a function of the tempera- 
ture, while the former should be essentially constant within a 

series of related molecules (16). Hence these omissions will not 
affect the chemical trends as significantly as the more serious 
basis set and correlation errors. Large basis sets and post 
Hartree-Fock calculations are impractical for the larger mem- 
bers of the series. Calculations at the 4-31G level are included 
for all members of the series, while the 6-31G" basis set has 
been used up to and including 1,1,1-trifluoroacetone and its 
conjugate acid. 

Results and discussion 
Equilibrium structures 

The types of equilibrium conformations of the neutral and 
protonated series are shown in Fig. 2 where X and Y may be 
either hydrogen or fluorine. All neutral molecules show one 
type of conformation, namely that of type 1, in which the 
unique atom occupies the X position. For CFRCOCHl and 
CF,COCF,, the question of the position of a unique atom does 
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TABLE I. Total cncrgies" of ncutral fluoroacctoncs" 

Molecule 

CH 3COCH.l ( CZ,.) 
CH,FCOCH, ( C , )  
CH,FCOCH,F (C?,.) 
CHF,COCH> (C,)  
CHlFCOCHF2 (C,)  
CFjCOCHz ( C,) 
CHFZCOCHF? (C2,-) 
CF,COCH?F (C,)  
CF.,COCHFZ (C,)  
CF>COCF., ( C?,.) 

"All cncrgics are in  atomic units: I au = 27.21 16 cV. 
'Thc notation A//B implics thc cncrgy has bccn calculated with basis sct A at  thc cquilibrium gcomctry of  basis sct 0. 

TABLE 2. Total energies" of protonated fluoroacctones" 

Molecule STO-3G//STO-3G 4-3 lG//STO-3G 4-3 1 G//'4-3 I G' 6-3 1 G'"/STO-3G 

"All energies are in atomic units: I au = 27.21 16 eV 
"See footnote h in Table 1 .  

not arise. As expected, those molecules with equal numbers of 
F atoms on each carbon have two equal C-C bonds. The 
reverse holds true, with the more highly substituted methyl 
group being associated with a longer C-C bond at both the 
STO-3G and '4-3 1G' levels. 

In this work the site of protonation is assumed to be the 
carbonyl oxygen, in agreement with an earlier MNDO study 
(17) which showed that protonation at fluorine in CH2FCOCH3 
is less stable by about 25 kcal/mol. In the two types of equi- 
librium conformation of the protonated series, position X on C I  
is always occupied by a F atom, thus forming a pseudo-five- 
membered ring. From Fig. I, it is readil seen that five of r the protonated molecules, CH3COHCH,, CH~FCOHCH:, 
CHF~COHCH:, CF~COHCH:, and cF~COHCF:, have type 
I1 equilibrium conformations while CH,FCOHCH2Ft, 
CH~FCOHCHF; , CHF~COHCHF; , CF3COHCH2F+, and 
CF~COHCHF;, have type 111 equilibrium conformations. The 
apparent feature of the pseudo-five-membered ring in both 
types I1 and I11 equilibrium conformations indicates the pres- 
ence of an intramolecular hydrogen bond between the carbonyl 
hydrogen and the F atom at C I .  'This is in agreement with the 
experimental interpretation ( I )  of the dependence of the proton 
affinity on the number of fluorine substituents.'Note that in the 
protonated series, position X at C, is always occupied by a F 
atom, if possible, regardless of whether it is the unique atom or 
not. This is in contrast to that found in the neutral series. Figure 
1 shows that, of the unsymmetrically substituted protonated 

'Infrared stutlies (I 8, 19) of the protonated fluoroacetone and hexa- 
fluoroantimoniate salt (20) showed the absence of intramolecular 
hydrogen bonding when the halogen is fluorine. 

FIG. 2. Typcs of cquilibrium conformations of thc fluorinated acc- 
toncs ( I )  and thcir con,jugatc acids ( I 1  and 111). 

acetones, the carbonyl proton is directed toward the carbon 
with the larger number of F substituents in the case of 
CF3COHCH2Fk, and toward the carbon atom with the smaller 
number of F substituents in the case of CH~FCOHCHF; and 
CF~COHCHF: . With the exception of the latter two, the equi- 
librium conformations of the protonated species are char- 
acterized by an intramolecular hydrogen bond involving a F 
atom of the more highly substituted methyl group. Here it is 
interesting to note that Drummond and McMahon (I )  have 
suggested that intramolecular hydrogen bond formation in 
pentafluoroacetone should occur to a fluorine in the CF3 group 
rather than the CF,H group, on the basis that the higher sym- 
metry of the CF, group leads to a lower overall entropy as- 
sociated with internal rotation, and thus the decrease in entropy 
due to restriction of the rotation should be less. 

The equilibrium conformations of CH,COCH3, CH,- 
FCOCH,, CF3COCH,, and CF,COCF3 remain unchanged upon 
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CHOI A N D  BOYD 839 

protonation. In the case of CHF2COCH, and CHF2COCHF2, 
protonation leads to a change in the conformation of the methyl 
group that is involved in the internal hydrogen bond. The 
conformation of the methyl group which is not involved in the 
internal hydrogen bond in CHF2COCHF2, CH2FCOCHF2, 
CHF?COCHF2, CF3COCH2F, and CF3COCHF2 remains un- 
changed upon protonation. Note that both methyl groups show 
changes in conformation upon protonation in the case of 
CHF2COCHF2. 

The C-F bond length varies little from one molecule to 
anothe: within the fluoroacetones, the range being from 
1.370 A (in CF3COCH2F) to 1.384 A (in CH?FCOCH,) at the 
STO-3G level, whereas the C-H bond length shows a larger 
range of 0.025 A. Previous studies (2 1,22) have shown that the 
STO-3G basis set underestimates the effect of multiple substi- 
tution on the C-F bond lengths of the fluoromethanes. The 
bond angles in the neutral series are very close to the values 
typical of trigonally and tetrahedrally hybridized carbon. The 
only significant bond length variation is that of the C-C bond 
in both the neutral and protonated series. In general, at the 
minimal STO-3G level of optimization, the replacement of H 
by F results in the extension of the C-C bond (s). This is 
especially true in the protonated series. The degree of elonga- 
tion in the protonated series is governed by the number of F 
atoms bonded to the adjacent carbon atom. In the case o! the 
acetate anion, the C-C bond stretches by about 0.02 A for 
each successive F substituent at the STO-3G level (16). This 
study shows similar elongation of the C-C bond(s) in both the 
neutral and protonated series. Relative to CH~COHCH;, the 
effect of a F substituent is to increase the adjacent C-C bond 
and to contract the opposite C-C bond of CH~FCOHCH:. In 
both the neutral and protonated series, the methyl carbon with 
a larger number of F atoms will have a longer C-C bond. 
With the increasing number of F substituents at both C, and C3, 
the question arises as to whether such molecules are in fact on 
the verge of breaking up into two separate fragments. This is 
especially true in the case of CF~COHCF;. In short, the effect 
of fluorination in the protonated series can be summarized as 
shown in Table 3 with the CH~COHCH,' STO-3G structure as 
the reference. Use of a model methyl group is justified by the 
small changes of the optimized CH3 group in CF3COCH3 as 
compared with that of CH,COCH, at the STO-3G level. 

As shown in Fig. 1, '4-31G' equilibrium structures were 
obtained for CH2FCOCH3, CHF2COCH,, CF,COCH,, 
CF,COCF,, and their corresponding acids. Analysis of the 
proton affinities and the total atomic charges at the 4-31G// 
'4-31G' level indicates only slight differences from the 
4-3 IG//STO-3G values. Consequently, a significant improve- 
ment upon the STO-3G results for the two series is not expected 
as a result of reoptimization at the '4-3 IG' level. This is further 
justified by the poor agreement between the theoretical '4-3 1G' 
geometries of CF,COCH, and CF3COCF, with the experi- 
mental results of Adreassen and Bauer (23) and Bauer and 
co-workers (24), respectively. 

This paper reports the first extensive theoretical study on the 
structures of the fluoroacetones and their conjugate acids. An 
ab initio study by Jost et al. (25) assumed model geometries for 
CH3COCH3, CH2FCOCH,, CH2FCOCH2F, and their corre- 
sponding conjug!te acids based on :he following par!meters: 
C=O = 1.2 12 A, C-H = 1.095 A, C-C = 1 .50 A, C-F 
= 1.398 A, and CCO = 121". All other angles were assumed 
to be tetrahedral. On the basis of Del Bene and Vaccaro's work 
(26), Jost et al. argued that the C=O and '0-H bond lengths 

TABLE 3. Comparison of STO-3G equilibrium geomctrlcs in thc 
protonatcd series 

Pararncter 11-fluoroacctonc p-acctone 

r (0-H) 
r (C=O) 
r (CI-C2) 
LCOH 
LOC,C, 
LC2C,F 

TABLE 4. Comparison of neutral and protonated avcragc cquilibriurn 
gcomctrics at thc STO-3G lcvcl 

Pararnctcr Ncutral Protonated 

and the COH' angle do not depend on the substituents and 
consequently do not require any optimization. Nevertheless, 
the present study clearly indicates that the number and positions 
of the F substituents do affect the geometry of the protonated 
species. This is especially noticeable in the pseudo-five- 
membered ring associated with the intramolecular hydrogen 
bond. 

A semi-empirical MNDO study (17) predicted a COH angle 
in the protonated species of about 120- 125" and a slight in- 
crease in the 0-H bond with the number of F substituents. 
However, this study shows an average COH angle of 104.9" at 
the STO-3G level. In addition, a large discrepancy is also 
observed for the 0-H bond Itngths: 1.026 A on average at the 
STO-3G level versus 0.964 A by MNDO. Nevertheless, the 
C=O bond in theoprotonated species is in close agreement, 
1.277 and 1.273 A according to the MNDO and STO-3G 
calculations, respectively. Table 4 summarizes the changes in 
structural parameters associated with protonation. 

Proton aflnities 
Seven of the ten PA's are available from an ion cyclotron 

resonance (1CR) study (1). The extra three theoretical PA's are 
obtained from the three isomers of the di,- tri-, and tetra- 
fluoroacetones. As shown in Table 5,  the theoretical PA's 
decrease as the number of F substituents increases, in good 
agreement with the experimental observation. It is apparent 
that the minimal STO-3G basis set grossly overestimates the 
PA's by about 57 2 3 kcal/mol. Since the amount of over- 
estimation is fairly constant, the observed trends are well re- 
produced. The lack of experimental PA's for the three isomeric 
pairs precludes an assessment of the STO-3G prediction that 
maximizing the number of F's on one carbon decreases the 
basicity and hence increases the acidity of the protonated 
acetones. 

PA's at the 4-3 IG//STO-3G Level differ considerably from 
those at the STO-3G//STO-3G level, which does not in gener- 
al provide reliable estimates of relative PA's of related bases 
(27, 28). The 4-3 lG//STO-3G calculations overestimate the 
PA of actone by about 7.4 kcal/mol and underestimate the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



840 CAN.  J .  C H E M .  VOL.  63. 198.5 

TABLE 5 .  Proton affinities" 

Molecule STO-3G//STO-3G 4-3 1 G//STO-3G 4-3 I G / / ' 4 -3  l G' 6-3 1 G*//STO-3G Experiment" MNDO" 

"All protons affinities are in kcal/rnol. 
"See ref. I .  
'See ref. 17. 

v STO-JGIISTO-3G 
0 4-3lGNSTO-3G 
n 6-31G-llST0-3G 
0 4-31Gll'l-31G' 

EXPT. 

1001 1 
0 1 2 3 4 5 6 

No. of F 

F I G .  3.  Expcrirncntal and thcorctical proton affinities (PA) vcrsus 
thc numbcr of tluorinc substitucnts in thc tluoroacctoncs. 

remaining PA's by up to 34.7 kcal/mol, with the error in- 
creasing as the number of F's increases. Note that, in the case 
of the tetrafluoroacetone pair of isomers, the prediction that 
maximizing the number of F's on one carbon atom increases 
the acidity of the protonated species does not hold at the 
4-3IG//STO-3G level. The slight difference between the 
4-3 1G//'4-3 1G' and 4-3 lG//STO-3G results demonstrates 
that the application of partial split-valence optimizations does 
not significantly improve the PA's, in agreement with a study 
(16) of the carboxylate anions. However, at the 6-3 IG*//STO- 
3G level, a considerable improvement is observed, with the 
difference between the theoretical and experimental values not 
exceeding 10 kcal/mol. Even though the 6-31G'k//STO-3G 
data are incomplete, it is obvious that the 6-31G'" basis set 
gives the best estimate of the experimental PA's. 

Figure 3 shows plots of the theoretical and experimental 
PA's versus the number of F substituents. The correlation 
coefficients (R') are 0.959,0.979,0.987,0.904, and 0.99 1 for 

the STO-3G//STO-3G, 4-3 lG//STO-3G, 4-3 1G//'4-3 1G' , 
6-3 IG*//STO-3G, and experimental values, respectively. The 
correlation improves as the level of theory increases, with one 
exception, i.e. the 6-31G*//STO-3G data. Since only a few 
members of the series are included and they cover only a 
narrow range of n ,  the R2 value for the 6-31G"//STO-3G data 
is insignificant. By comparison, the 4-31G//'4-31G' level 
gives the best R' value because the few PA values cover a 
larger range of n .  Nevertheless, the R' value at the 4-31G// 
'4-3 IG' level is also insignificant due to the lack of a complete 
set of data. In fact the inability of the 4-3 1G basis set to account 
for the F substituent effect can be seen by making a comparison 
between the 4-3 1 G and 6-3 1 G* PA's at the STO-3G geometry. 
In acetone, the difference in PA between 4-3 1 G//STO-3G and 
6-3 lG*//STO-3G levels is only a small amount, I kcal/mol. 
With an increase in the number of F substituents, the difference 
in PA's between these two levels becomes excessive, indi- 
cating the inadequacy of the 4-3 1G basis set for the description 
of the effect of multiple F substituents. 

Experimentally ( 1  ), a regular decrease of 6.1 kcal/mol in PA 
was observed with the addition of each F substituent. Least- 
squares fits to the data plotted in Fig. 3 yield 7.2, 13.7, 12.7, 
and 1 1.7 kcal/mol at the STO-3G//STO-3G, 4-3 IG//STO- 
3G, 4-3 1G//'4-3 IG', and 6-3 IG'"/STO-3G levels, re- 
pectively. Hence the STO-3G//STO-3G calculations show an 
F substituent effect that is closest to the experimental resuIt, 
while the larger basis sets show effects that are about twice 
as large. Even though the STO-3G//STO-3G calculations 
provide a more satisfactory account of multiple substituents, 
better quantitative agreement with experiment is obtained at the 
6-3 lG*//STO-3G level. 

A semi-empirical MNDO study by DeKock et al. ( 17) gave 
PA's that deviate considerably from the experimental results 
(see Table 5), with the deviations tending to increase as the 
number of F substituents increases. From a least-squares f i t  to 
the MNDO values (excluding acetone) in Table 5, we obtain a 
slope of 9.1 kcal/mol compared to the STO-3G and experi- 
mental values of 7.2 and 6.1 kcal/mol, respectively. A signifi- 
cant difference between the MNDO and ab initio results is 
evident from the equilibrium conformations. For the protonated 
species, all ab initio calculations yield equilibrium structures in 
which the carbonyl proton is directed toward a F on an adjacent 
methyl group. Thus the equilibrium structures are characterized 
by a pseudo-five-membered ring which is attributed to the 
formation of an intramolecular hydrogen bond. The MNDO 
results for protonated 1,1,1-trifluoroacetone place the energy 
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TABLE 6. Vertical ionization potcntials" 

Molecule STO-3G//STO-3G 4-3 lG//STO-3G 6-3 I G "/STO-G 4-3 1G//'4-3 1G' Experiment1' MNDO' 

CH>COCH, 8.76 1 1.08 11.08 9.7 1 10.8 
CHlFCOCH, 8.80 11.55 1 1.46 1 1.73 10.20 11.0 
CHzFCOCH2F 8.85 12.02 11.83 10.46 11.3 
CHFzCOCH, 8.99 12.16 11.94 12.47 10.47 
CH2FCOCHFz 9.02 12.60 12.29 
CFEOCH, 9.20 12.83 12.51 13.05 1 1 .OO 12.0 
CHF2COCHFr 9.17 13.08 11.33 11.9 
CF,COCHzF 9.23 13.25 
CRCOCHF2 9.38 13.77 12.4 
CF>COCF, 9.58 14.47 14.97 12.09 13.0 

"All ~onization potent~als are in eV. 
''See ref. 34. 
'See ref. 17. 
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FIG. 4. Expcrimcntal and thcorctical proton affln~tics (PA) vcrsus 
thc corrcspond~ng lon~zation potcntials (IP) ~n thc tluoroacctoncs. 
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of the hydrogen bonded conformation 1 kcal/mol above the 
conformation in which the carbonyl proton is directed toward 
the CH, group rather than the CF, group. At the 4-3 IG//4-3 IG 
level we find a difference of 1.7 kcal/mol in favour of the 
conformation which is interpreted in terms of a F---H-0 
intramolecular hydrogen bond. Thus our ab initio results are 
consistent with the original suggestion of Drummond and 
McMahon ( I )  and not with the MNDO results (17). 

The overall free energy of stabilization of a protonated spe- 
cies due to the formation of an intramolecular hydrogen bond 
can be estimated from the difference between the acetone PA 
and the intercept obtained from a least-squares fit to the PA's 
of the fluoroacetones. This method leads to 7.7, 3.4, 6.0, 1.9, 

I and 2.4 kcal/mol with the STO-3G//STO-3G, 
: 4-3 1 G//STO-3G, 6-3 1 G'k//STO-3G, experimental, and 
i MNDO data, respectively. Thus the highly parameterized 

MNDO method leads to a better agreement with the experi- 
mental estimate of the stabilization due to the formation of an 
intramolecular hydrogen bond than do the ab initio calcu- 
lations. Here it is interesting to note that the only previous ab 

initio study (25) of the proton affinities of acetone, mono- 
fluoroacetone, and I, l -difluoroacetone attempted to assess the 
magnitude of the intramolecular hydrogen bond energy by 
comparing the energies of syn and anti conformations of the 
protonated forms. At the STO-3G and 4-3 1G levels with model 
geometries, Jost et al.  (25) obtained 5.1 and 7.9 kcal/mol, 
respectively, for protonated monofluoroacetone. This is con- 
siderably higher than the 4-31G//4-3 1G value for protonated 
1,1, I -trifluoroacetone (see the preceding paragraph). Such a 
procedure can not be applied, however, to the highly fluo- 
rinated acetones because a suitable anti conformation does not 
exist. We shall postpone a thorough discussion of the intra- 
molecular hydrogen bond until a later paper (13) in which we 
will present a detailed analysis based on the topological proper- 
ties of the charge density. 

Ionization potentials 
We wish to conclude our discussion by noting that there is 

a good correlation (see Fig. 4) between the theoretical values 
for the proton affinities and ionization potentials (IP) of the 
fluoroacetone bases. Similar correlations have been observed 
(29, 30) between experimental sets of data for a variety of 
systems, including the fluoroacetones (I),  and in theoretical 
studies (27, 31, 32). The theoretical IP's for the fluoro- 
acetones, as given by Koopmans' theorem (33), are tabulated 
in Table 6, together with the experimental (34) and MNDO 
(17) values. As expected, the STO-3G IP's are too low by 
about I to 2 eV, while the larger basis sets overestimate the 
IP's by similar amounts. Both theory and experiment indicate 
a correlation between increasing proton affinity and decreasing 
ionization potential for the fluoroacetones. The correlation is 
similar to that observed in other RzCO molecules (32), and is 
expected in a related series of molecules in which ionization of 
a nonbonding electron is essentially localized at a single atom 
which is also the site of protonation. Del Bene has suggested 
(3 I) that the correlation between decreasing IP and increasing 
PA may arise from the common mechanism of stabilizing the 
resulting ions, which involves a polarization of electron density 
toward the basic site. The latter mechanism is a central feature 
of a model for the protonation of carbonyl bases (32). 

Conclusion 
The theoretical equilibrium structures are consistent with 

the interpretation of the gas-phase basicities in terms of the 
formation of an intramolecular hydrogen bond. The stereo- 
chemistry of the methyl group involved in the intramolecular 
hydrogen bond is always cis periplanar with the carbonyl 
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group, whereas the other methyl group shows a preference for 
both cis and trat7s periplanar conformations. The fluoro- 
acetones, like the parent molecule, are predicted to have equi- 
librium structures in which both methyl groups are cis peri- 
planar with the carbonyl group, with the unique atom of the 
mono- and difluoromethyl groups lying in the carbonyl plane. 

The theoretical PA's of the fluoroacetones have been shown 
to decrease as the number of F substituents increases, in agree- 
ment with the ICR study of Drummond and McMahon. The 
best quantitative agreement is obtained at the 6-31G'k// 
STO-3G level, with the deviations being less than I0 kcal/mol. 
Although the minimal STO-3G basis overestimates the PA's by 
about 57 k 3 kcal/mol, the minimal basis set provides a good 
estimate of the effect of each successive F substituent on the 
proton affinity: 7.2 kcal/mol versus the observed 6.1 kcal/ 
mol. Larger basis sets lead to substituent effects which are 
about twice as great. Theoretical estimates of the intra- 
molecular hydrogen bond energy have been obtained from the 
difference between the calculated PA of acetone and the inter- 
cept of a plot of the calculated PA's as a function of the number 
of F substituents. The STO-3G estimate is too high by nearly 
6 kcal/mol whereas the 4-3IG//STO-3G estimate is only 1.5 
kcal/mol too high. In general, the ab it7itio calculations over- 
estimate the effects of successive fluorine substituents. A good 
correlation between the theoretical proton affinities and ioniz- 
ation potentials of the fluoroacetones is consistent with the 
observation that the ionization of a nonbonding electron is 
essentially localized at a single atom which is also the site of 
protonation. 
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Intramolecular Michael-type additions. IV. ' Synthesis of 2-azabicyclo[3.2.l]oct-3-enes 
from 4-chloroalkyl-l,4-dihydropyridines 
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BRIAN GREGORY, ERIC BULLOCK, and TENG-SONG CHEN. Can. J. Chcm. 63. 843 (1985). 
2-Azabicyclo[3.2. Iloct-3-enes, including examples having a spiro ccntrc at C(8). may bc obtaincd by thc rcaction of anions 

derived from 1.3-diketones or cyclopentadiene with 4-chloroalkyl- l,4-dihydropyridines or with azepines. Intermediate 
4,5-dihydro-IH-azepines have been isolated under milder conditions. Thc structurcs of the bicyclic compounds werc estab- 
lished using infrared, ultraviolet, nuclear magnetic resonance, and mass spectrometry. Pharmacological examination of 
selected compounds revealed low antimicrobial and hypotensive activity. 

BRIAN GREGORY, ERIC BULLOCK et TENG-SONG CHEN. Can. J. Chcm. 63, 843 (1985) 
On peut obtenir des aza-2 bicyclo[3.2. I] octenes-3. y compris des exemplcs possedant un centre spiro en C(8). cn faisant 

reagir des anions derivant de dicetones-1,3 ou du cyclopentadienc avec des chloroalkyl-4 dihydro-1,4 pyridines ou avec des 
azCpines. Utilisant des conditions expirimentales douces, on a pu isoler les dihydro-4,5 IH-azCpincs. On a dCtcrmin6 les 
structures des composCs bicycliques en faisant appel aux spectroscopies infrarougc ct ultraviolette, ii la rmn ct ii la spectromttrie 
de masse. Une ttude pharmacologique de certains composes a permis d'ttablir qu'ils possedcnt des activitCs hypotcnsivc et 
antimicrobienne qui sont faibles. 

[Traduit par Ic journa(] 

Saturated derivatives of 2-azabicyclo[3.2. lloctane are 
readily available through condensation reactions (2), from 
bicyclic ketones or their derived oximes using Schmidt or 
Beckmann reactions respectively (3-9), or by irradiation of 
bicycloheptane nitronate anions (10). Alkoxy derivatives have 
been obtained by the silver-(I) assisted solvolytic cyclization of 
a chloramine ( I  I) and by photolytic decomposition of 
I-azidonorbornane (12). The synthesis of 2-azabicyclo- 
[3.2. Iloctenes and dienes has been achieved mainly through 
the reaction of norbornadiene with reagents such as benzene- 
sulfonyl azide (13- 17), cyanogen azide (18, 19), or nitrile 
oxides (20). Irradiation of 5-methylenenorbornene in the 
presence of nitrosamines gave 2-hydroxy-2-azabicyclo- 
[3.2. Ilocta-3,6-dienes (21, 22), while 2-hydroxy-6-enes may 
be obtained by irradiation of cycloalkane nitronate anions (23). 
A 6-ene, in equilibrium with an isomeric cyclopentene, has 
been obtained by treatment of an equilibrium mixture of 
2-oxabicyclo[3.2. Ilocta-3,6-diene and etzdo-6-formylbicyclo- 
[3. I .O]hex-2-ene with methylamine (24). Spectroscopic evi- 
dence has recently been obtained using matrix isolation 
techniques for the photolytic preparation of the very reactive, 
anti-Bredt, bridgehead imine 2-azabicyclo[3.2. Iloct-l -ene 
(25). Only saturated derivatives appear to have been evaluated 
for pharmacological activity, prompted by structural re- 
lationships to pempidine (26) or the benzomorphan system 
(27). Reports describe assessment of hypotensive (28, 29), 
analgesic (30-32), narcotic antagonist (27), and ganglion- 
blocking activity (26). 

Earlier, we have shown that 4-chloromethyl-l,4-dihydro- 
pyridines react with basic nucleophiles to give ring-expanded 
products (33) which may react further to give a variety of 
heterocyclic systems (34). Ashby and Eisner et al. have shown 
that the hydrosulfide anion reacts with the chloromethyl- 
dihydropyridine to give an 8-thia-2-azabicyclo[3.2.l]oct- 
3-ene, presumably through the intermediacy of a 
4,5-dihydroazepine-4-thiol (35, 36). Other heteroatom bridged 
compounds prepared in this way include the 8-seleno-, 

' ~e fe rence  I is regarded as Part 111 of this series. 
'Author to whom all correspondence should be addressed. 

8-benzylamino-, and 8-oxa-2-azabicyclo[3.2.l]oct-3-enes 
(37, 38); use of thiourea followed by base affords 7-thia- 
2-azabicyclo[3.2. Iloct-3-enes (39), a reaction which does not 
involve nucleophile-induced ring expansion. It occurred to us 
that derivatives of 2-azabicyclo[3.2. Iloct-3-ene might be 
obtained by the action of a carbanion on a chloromethyl-1,4- 
dihydropyridine to give a 4-substituted-4,Sdihydro-1 H- 
azepine, followed by intramolecular Michael addition as out- 
lined in Scheme I .  The successful realization of this hypothesis 
is the subject of the present communication' and represents a 
departure from previous synthetic methodology, which mostly 
has involved ring expansion of preformed bicyclic skeleta. 
Further, the compounds available by this new route appeared 
interesting to screen for pharmacological activity. 

Reaction of the 4-chloromethyl- l,4-dihydropyridine with 
sodium acetylacetonate in dimethylformamide at low tem- 
peratures afforded a crystalline product, C,7H23N06, whose 
spectroscopic properties confirmed structure 3. In particular, 
the ultraviolet absorption maxima at 231 nm (E 12 100) and 
329 nm (E 12 300) were consistent with the presence of a 
43-dihydroazepine-3,6-diester chromophore (33, 38), while 
the lack of a strong band at 250 nm4 excluded the alternative 
structure 16. In basic media, an additional strong absorption 
band at 297 nm (E 26 300) was observed, due to the conversion 
of the P-diketone side chain to enolate. The failure to isolate 
the 0-alkylations product 16 may be due to the known pro- 
pensity of dihydroazepines to lose 4-oxygen substituents to 
give the azepine 17 (37, 43), which is known to add nucleo- 
philes (44), resulting in conversion to the more stable C- 
alkylation product 3. 

Reaction of 1, 3, or 17 with sodium acetylacetonate under 

'For a preliminary account of this work in relation to Baldwin's 
Rules see ref. I .  

'Dimedone enol cthyl ether, a suitablc model for the 

-OCH=CH-C-R chromophore, has an ultraviolet maximum at 
250 nm (E 19 200) (40). 

'For discussions of factors influencing C- and 0-alkylation sce refs. 
41 and 42. 



CAN. J .  CHEM. VOL. 63. 1985 

more vigorous conditions gave the 2-azabicyclo[3.2.l]oct- 
3-ene 7 whose structure follows from the presence of infrared 
bands due to NH (str), saturated ketone and ester, and un- 
saturated ester, and an ultraviolet spectrum showing an intense 
absorption at 289 nm similar to the 1,4,5,6-tetrahydronicotinic 
ester chromophore (45) in bridged systems (35-39)."he mass 
spectrum of 7 was dominated by a fragmentation pathway 

I which involved loss of methyl acrylate and acetyl radical 
(Scheme 2) to give the substituted pyridinium ion at t n / z  208. 

1 The 'Hmr spectrum showed four methyl singlets at 6 1.79, 
2.03, 2.14, and 2.27; the assignment of the signals at 6 1.79 

-- 

" ~ n  alternative 9-oxa-2-azabicyclo[4.3. Ildeca-3.7-diene structure 
19. formed by add~tion of the side cham enolate oxygen of 3 to C(2), 
would be expected to show an add~tional strong absorption band In the 
range 240-270 nm due to the additional 3-acetyl-5,6-dihydropyran 
chromophore (46. 47). 

and 2.27 to methyls at C(1) and C(3) respectively is based on 
a comparison with the 'Hmr spectra of compounds 9-15 (see 
below) which lack signals due to acetyl methyl groups. The 
remaining signals in the spectrum were in good agreement with 
the assigned structure, although the signal due to the hydrogen 
at C(7) was obscured and an unequivocal assignment of the 
configuration of the methoxycarbonyl group was not possible. 
Since, based on 'Hmr, the 7-methoxycarbonyl group of the 
8,s-spirocyclopentadiene compounds 14 and 15 (see below) 
has an endo-configuration and we have shown earlier that, in 
an 8-thia analogue, the exo-7-methoxycarbonyl may be con- 
verted to enclo-7-methoxycarbonyl by base-catalyzed equi- 
libration (38), we believe the methoxycarbonyl group in 7 (and 
also in 8-13 below), which has a bridging group that is bulkier 
than sulfur, has an endo-configuration as shown. It is unlikely 
that under these conditions (6 h under basic conditions at 100°C 
in DMF) equilibration to the more stable epirner at C(7) had not 
taken place. 

At room temperature, the action of sodium acetylacetonate 
on the chloroethyldihydropyridine 2 afforded a mixture of the 
dihydroazepine 4 (60%), whose methyl at C(5) is assigned a 
trans-configuration to the 4-diacetylmethyl group by analogy 
with earlier work (38), and the 2-azabicyclooctene 8 (13%). 
AT 100°C the bicyclic compound 8 was the major product, in 
74% yield. These results indicate that the 4,5-dihydroazepine 
4 is an intermediate in the formation of the 2-azabicyclooctene 
8, and this is supported by the observation that 8 is formed in 
70% yield when sodium acetylacetonate or sodium methoxide 
is reacted with 4. Further, it has been shown that the same 
azabicyclooctene 8 is formed in 80% yield when sodium 
acetylacetonate is reacted with the azepine 18 in DMF at 90°C. 
This reaction presumably involves Michael addition to C(4) in 
18, followed by intramolecular Michael addition. Thus, for- 
mation of 8 may involve the sequence 2 + 18 + 4 + 8.' The 
endo-configuration of the methyl at C(6) in 8 is a necessary 
consequence of the trans stereochemistry at C(4,5) in the 

'Similar results also suggest the sequence 1 + 17 + 3 -. 7 
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dihydroazepine 4 and is supported by 'Hrnr spectra of the 
spirocyclopentadiene compounds 14 and 15 (see below), while 
reasons for assigning endo-configuration for the 7-methoxycar- 
bonyl group are given above. As with compound 7,  the mass 
spectrum was again dominated by the pyridinium ion at m / z  
208, in this case arising by loss of methyl crotonate and acetyl 

I radical. Although the mass spectra of 7 and 8 showed low 
1 abundance peaks at m / z  294 and 308 due to loss of acetyl 
1 radical, there is no evidence that loss of acetyl precedes loss of 

1 unsaturated ester in the formation of the pyridinium ion frag- 
ment. Indeed, since the mass spectra of the 8-thia analogues 

1 show loss of acrylate (35) or crotonate (38). we believe that 
loss of the unsaturated ester occurs prior to acetyl radical loss 
as shown in Scheme 2. The mass spectra of these compounds 
are being investigated further. 

The use of sodium derivatives of cyclic 1,3-diketones, e.g. 
1,3-cyclohexanedione or dimedone, afforded the novel spiro 
compounds 10-13 in yields of 60-90% at 65-90°C. In each 
case, the hydrogens at C(6,7) are obscured in the 'Hrnr spec- 
trum and the configurations of the methyl and methoxy- 
carbonyl groups are assigned by analogy (see above). Other 
spectroscopic features were consistent with the assigned 
structures. 

The reaction has also been extended to the anion of cy- 
clopentadiene in an attempt to provide compounds in which 
'Hmr signals due to protons at C(5) to C(7) may be seen 
clearly. Thus 1 or 2 afforded the spirocyclopentadienes 14 and 
15 respectively. Although the expected ultraviolet absorption 
of the 5,5-dialkylcyclopentadiene chromophore at about 
250 nm (48, 49) was hidden by the aminocrotonate absorption 
at 295 nm in 14, it was apparent in 15. In the infrared spectra, 
14 and 15 showed saturated and unsaturated ester carbonyl and 
NH stretching absorptions. The 'Hrnr spectrum of 14 showed 
singlets at 6 1.21, 2.18, 3.62, and 3.71, due to methyls at C(I), 
C(3), and two methyl esters, respectively, a broad singlet at 
6 4.28 (NH), and a four-proton multiplet at 6 6.31 due to the 
protons of the cyclopentadiene moiety.' In addition, the spec- 

'The presence of 4 olefinic protons confirms that 14 and 15 are 
spiro-5.5-cyclopentadienes. Alkylation of cyclopentadienes with bis- 
alkylating agents such as dibromoethane is well known to produce 
5,5-spirocyclopentadienes (48). 

trum showed four multiplets consisting of a double doublet at 
6 3.19 ( J  4.9 and 1 I .8 Hz; this signal resembled the X part of 
an ABX system, and thus gave two coupling constants by direct 
measurement), a broadened doublet at S 2.97 ( J  5.8 and 
1.0 Hz), and partly overlapping multiplets at S 2.62 ( J  4.9, 
13.9, and 1.0 Hz) and 6 2.38 ( J  11.8, 13.9, and 5.8 Hz). 
Examination of Dreiding models suggests that the dihedral 
angles subtended by C(5)-H with e-1-0 and en~io C(6)-H are 
close to 30' and 90" respectively. Thus, the H at C(5) should 
be strongly coupled only to one proton, namely, exo H at C(6), 
and would be expected to be a doublet, J approx 6-7 Hz. 
Accordingly, the broadened doublet at 6 2.97 is assigned to the 
hydrogen at C(5); the broadening ( J  - I Hz) is due to coupling 
to the endo-hydrogen at C(6). The low field part (6 2.62) of the 
higher field overlapping multiplets resembles the low field half 
of an AB system which is split by an additional proton, and 
consisted of 2 doublets with relative line intensities of approx- 
imately 1 : 1 : 3: 3. The signals at 6 2.62 and 2.38 were therefore 
assigned to the two protons attached to C(6), and since only the 
latter signal shows a strong coupling ( J  5.8 Hz) to C(5)-H, 
it must be due to the C,KO-hydrogen at C(6), while the 6 2.62 
signal is due to the endo-hydrogen at C(6). The remaining 
signal, at 6 3.19, is consequently assigned to the hydrogen at 
C(7) and is exo (and the methoxycarbonyl is then endo) because 
it has a large coupling ( J  11.8 Hz) to the C,I-0-hydrogen at C(6) 
as required by the near zero dihedral angle. The assignments 
were confirmed by comparison with the 'Hmr spectrum of 15 
which, in particular, showed doublets at 6 1.07 (3H, J 6.5 Hz), 
2.73 (IH, J 8.2 Hz), 2.97 (IH, J 5.2 Hz), and a multiplet at 
6 3.08 ( IH,  J 5.2, 6.5, and 8.2 Hz) for the system 
-CH-CH(CH,)-CH-. The doublet at S 2.97 was 
assigned to the proton at C(5) and the size of the coupling 
indicated that it  was coupled to exo-hydrogen at C(6), causing 
the methyl at C(6) to be assigned an endo-configuration. The 
doublet at 6 2.73 must then be due to C,I-0-hydrogen at C(7) and 
this is confirmed by partial exchange using sodium methoxide 
in CH30D, when the NH signal disappeared and there was 
considerable diminution of intensity of the doublet at 6 2.73, 
while other signal intensities remained unchanged. 

An interesting feature of the 'Hmr spectrum of the bicyclo- 
octenes is that in the compounds 7, 8, 10-13 derived from 
1,3-diketones the signal due to the methyl at C(I) appears at 
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6 1.61 - 1.79, while in spirodienes 14 and 15 i t  is found at 6 
1.21 and 0.98 respectively. Since in the spirocyclopentane 9, 
obtained by hydrogenation of 14, the C(1) methyl signal is 
observed at 6 1.29, the above chemical shift variation must be 
due to deshielding by the carbonyl groups rather than shielding 
by the diene system. 

Appropriate ring-opening of the tetrahydropyridine ring of 
spiro compounds 10-15 should furnish derivatives of the 
spiro[4,5]decane and spiro[4,5]nonane system and this is pres- 
ently under investigation. 

When the anion derived from diethyl malonate was reacted 
in tetrahydrofuran at 40°C with either chloromethyl compound 
1 or chloroethyl compound 2, substitution and ring expansion 
again took place to give the 4,5-dihydroazepines 5 and 6 
respectively. In each case, the 'Hmr signals due to ethyl esters 
(as with acetyl methyl groups in 3 and 4) were non-equivalent 
and coupling constants between protons attached to C(4) and 
C(4') were unusually high for substituted malonates (I I and 12 
Hz in compounds 5 and 6 respectively), showing the lack of Vi 

C) 

free rotation about C(4)-C(4'). Attempts to prepare the corre- CZ 
sponding azabicyclo[3.2. lloctenes using more vigorous 3 u 
conditions, e.g. 1 or 2 with diethyl sodiomalonate in dimeth- - - 
ylformamide at 120°C, were unsuccessful, yielding only 5 or 6. 

h! 
'The reasons for the failure to form the bicyclic compounds are - m  

0 not clear, but may involve prevention of the intramolecular - 0  
Michael addition by the steric requirements of the two eth- A u  

n . - oxycarbonyl groups. ;a N 

m  Three compounds were selected for evaluation in a broad 
hl 

pharmacological screen (see Acknowledgements). Compound u 
C 7 showed weak activity (MIC 100 pg/mL) against Serratia 
V1 Q) marcescens and Klebsiella pneumoniae. Compound 5 was . - 

active at a similar level against S.  marescens, K. przeunzoniae, a 
N and Streptococcus Jecalis. It also exhibited activity at 100 a 
E mg/kg po (and slight activity at 25 mg/kg) in an anti- u 
A 

hypertensive assay using spontaneously hypertense rats. Low r 
-? activity (MIC 50 pg/mL) against Trichomonas vnginalis was '? 

observed for compound 12. e 
'- 
0 

Experimental c 0 .- 
a 

Details concerning spectral rneasurcments, analyses, etc., are pro- 2 
vided in an earlier publication (34). a 

$! 
P. General tnethod ,fi)r prepcrration of 4,5-tlihytlroazepitle.~ or 2- 

aznbicyclo[3.2. I]oct-3-et1e.r - 
W 

The 4-chloroalkyl compound I or 2 (0.01 mol) and the sodium m 2 
cnolate (or cyclopentadicnylsodium) (0.022 mol) in dry dimethyl- i 

i- 
formamide ( 10-30 mL per g of I or 2) wcre stirrcd at the appropriate 
temperature for the spccified time. The reaction mixture was then 
cooled, poured into 3.3 volumes of 10% aqueous ammonium chloride, 
and extracted three times with ether or chloroform. Evaporation of the 
organic solvent gave a crude product which was purified by column 
chromatography or recrystallization (sce Tablc 1). 

Ditnethyl 4-(diacetyltnethyl)-4,5-clih~~dro-2,7-dimet/z~~lazepine-3.6- 
clicnrbo.xylate, 3 

Infrared v,,,.,,: 3414 (NH), 1703 (kctonc carbonyl), 1700 (un- 
saturated ester), and 1632 (C=C) cm-';  uv (95% ethanol) A,,,;,,: 
231 nm (E 12 loo), 329 nm (E 12 300); (0.01 M sodium hydroxide in 
95% ethanol) A,,,;,,: 234 nm (E l l 900), 297 nm (E 26 300), 326 nm 
(E I2 100); 'Hmr 6: 2.08 and 2. I0 (s, s,  acetyl methyls), 2.20 approx. 
(m, obscured by four methyl singlets), 2.25 and 2.33 (s, s,  methyls at' 
C(2). C(7)), 3.15 (dd, J 5.6 and 14.0 Hz, H at C(5)), 3.65 and 3.68 
(s, S, methyl esters), 3.71 (d, J 11.0 Hz, -CH(COCH,)Z), 4.29 
(m, H at C(4) or C(5)), 5.68 (s, NH); ms m/z :  337(1.4, M+), 237(50), 
206(42), 205(40), 179(24), 178(9 1 ), 146( loo), 1 18(39), 100(54), 
85(60), 43(44), and 42(52). 
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6.10, 6.27, and 6.78 (each m, IH, 2H, and IH respectively, cy- 
clopentadiene ring hydrogens); the 6-methyl doublet appeared as a 
singlet on irradiation at 308 Hz; ms m/z: 317 (46, M') 302(20). 
286(16), 270( 18). 258(56), 242(2 I ) ,  226(22), 2 18(14). 217(80), 
216(75), 203(19), 202(100), 198(18), 192(13), 184(17), 170(18), 
158(25), 143(20), 142(15), 44(50), and 42(22). 

Dimeflzyl 4-(dietl~o.rj~cczrbo11yIrt1efh~~l)-4.5--2,7-dimethyl- 
nzepi11e-3.6-dicnrbo.rylate, 5 

Infrared v,,,,,,: 3417 (NH), 1750 (saturated ester), 1728 (saturatcd 
ester), 1705 (unsaturated ester), and 1633 (C=C) crn-I; uv A,,,,x: 
230 nm (E 1 1 850) and 329 nrn (E 13 200); ' ~ r n r  6: 1.19 and 1.24 
(overlapping t, J 7.2 Hz, methyls of ethyl esters), 2.27 and 2.34 
(s, S, methyls at C(2), C(7)), 3.30 (d, J 11.0 Hz, CH of rnalonate), 
3.31 (dd partially obscured by signal at 6 3.30, J 16.0 and 6.0 Hz, 
H at C(5)), 3.65 and 3.69 (s, s, methyl esters), 4.06 and 4. I5 (over- 
lapping q ,  J 7.2 Hz, CHI of ethyl esters), 5.73 (s, NH); in addition, 
complex signals due to one proton at 6 2.0-2.4 and onc proton at 
6 4.15 wcrc obscured by ring methyl and CHI of cthyl ester 
respectively; rns m/z: 397(4, M'), 238(40), 237(82), 206(51), 
205(42), 179(54), 178(97), 146(93), 133(72), 1 18(34), 1 15(100), and 
43(80). 
Dimetlzyl 4-(dietl~o.rycnrbonylmetl~ylJ4,5-dil~ydro-2,5.7-frimet~~yl- 

nzepine-3,6-dicnrboxylnre, 6 
Infrared v,,,.,,: 3420 (NH), 1749 (saturated ester), 1727 (saturated 

ester), 1701 (unsaturated ester), and 1631 (C=C) crn-I; uv A,,,.,,: 
230 nm ( E  l l 800), 326 nm ( E  14 900); 'Hmr 6: 0.93 (d, J 6.8 Hz, 
mcthyl at C(5)). 1.18 and 1.22 (overlapping t, J 7.3 and 7.2 Hz, 
methyls of ethyl esters), 2.32 (s, methyls at C(2) and C(7)), 3.21 
(d, J 12.0 Hz, CH of malonate), 3.42 (rn partially obscured by ester 
methyls and signal at 6 3.21, J 6.8, H at C(5)), 3.66 and 3.70 (s, s,  
methyl esters), 3.97 (dd, overlapping signals at 6 4.06,4.14, J 6.0 and 
12.0 Hz, H at C(4)), 4.06 and 4.14 (overlapping q ,  J 7.3 and 7.2 Hz, 
CH2 of ethyl esters), 5.72 (s, NH); ms m/z: 41 l(3, M'), 252(45), 
251(87), 220(44), 192(39), 179(100), and 153(29). 
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The 'H  and '" spectra of mikanokryptin are unambiguously assigned using a variety of onc-dimensional nmr experiments 
(selective homonuclear decoupling, use of inversion-recovery pulse sequences to rcveal hiddcn peaks, and DEPT spectral 
editing) in conjunction with normal and "long range" two-dimensional heteronuclear correlated experiments. Detailed corn- 
parison of vicinal, allylic, and homoallylic 'H-'H coupling constants with dihedral angles determined from an earlier crystal 
structure determination indicates that solution and solid state configurations are similar. 

WILLIAM F. REYNOLDS, RAUL G. ENR~QUEZ, MARCO A. CHAVEZ, ANAL. SILBA, et MIGUEL A. MARTINEZ. Can. J .  Chern. 
63, 849 (1985). 

Faisant appel B une variCtC d'expkriences de rmn unidirncnsionnelle (dkcouplage homonuclCaire sClectif, sequences de 
pulsation avec inversion et recuperation dans le but de reveler la prCsence de pics caches et edition spectrale DEPT) ainsi qu'B 
des experiences hCtCronuclCaires en deux dimensions (normales ou B longue distancc), on a pu faire une attribution non 
equivoque des signaux des spectres rmn-du 'H et du '.'C de la mikanokryptinc. Sur la base d'une cornparaison dttaillee des 
constantes de couplage 'H-'H viciniales, allyliques et homoallyliques avec les angles diedres attribuCs anterieurcment j. I'aide 
de la structure cristalline, on a pu Ctablir que les conformations B 1'Ctat solide et en solution sont sernblables. 

[Traduit par le journal] 

Introduction 
Mikania mikrantha H.B.K. and a number of different plants 

of the genus Aristolochia share the popular name "guaco" in 
Mexican traditional medicine and are all purported to be effec- 
tive for treatment of dermatological affections ( I ) .  As part of 
a continuing phytochemical investigation of plants which are 
used for this purpose in traditional medicine (2), we have 
undertaken an investigation of Mikanicl mikrantha H.B.K. The 
first compound isolated was mikanokryptin, 1 ,  a lactone deriv- 
ative first reported by Herz et al. (3). The structure and stereo- 
chemistry of 1 has been established by X-ray diffraction tech- 
niques (4) and its 'H spectrum has been partially assigned (3) 

(more extensive assignments were reported for derivatives of 1 
(3)). 

In this manuscript, we report the complete and unambiguous 
assignment of 'H and ''c spectra for 1 ,  using a variety of one- 

 ethylene protons are assigned as a or P on the basis of the known 
stereochemistry of 1 (4) plus the magnitudes of observed couplings to 
adjacent methine hydrogens. The two exocyclic methylene protons are 
labelled H( 13),. and H( 13), depending on whether they are cis or Irclrls 
to the lactone functionality. 

and two-dimensional nmr techniques. The s-lution and solid 
state conformations of 1 are also compared. 

Results and discussion 
(a) 'H chemical shift assignments 

In the original report, five of the proton signals for 1 were 
obscured and two others overlapped (90 MHz (CD,)?SO (3)). 
However, we found that in CDCli (with ca. 5% (CD,),SO to 
promote solubility) at 200 MHz, H(9),' was partially obscured 
by C(14)H3, but all other peaks were clearly resolved (see Fig. 
I(a) illustrating region 1.75-3.25). The multiplet structure for 
H(9), was resolved using a procedure first suggested by Hall 
and Preston (5). By utilizing a standard inversion-recovery 
pulse sequence and by choosing a delay time (0.88 s) for which 
the methyl signal is nulled, one can clearly observe the multi- 
plet structure for H(9),. (See Fig. l(b); since the spin-lattice 
relaxation time, T , ,  is significantly shorter for H(9), than for 
C(14)H3, the former signal has almost completely recovered 
when the latter signal is nulled.) This approach has been sur- 
prisingly little used. However, it has some advantages even 
when compared to more sophisticated techniques such as 
homonuclear " J  resolved" two-dimensional nmr spectra (6). 
Not only can the experiment be performed on routine spec- 
trometers lacking the pulse programmer and large data storage 
capabilities necessary for 2D experiments but it will also suc- 
ceed even when two signals have identical chemical shifts 
(provided they have different T, values). By contrast, homo- 
nuclear " J  resolved" spectra cannot resolve peaks with identi- 
cal shifts. Finally, the inversion-recovery spectra used to find 
the null provide useful qualitative relaxation information which 
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FIG. 1. Inversion-recovery 'H spectra of 1 using the following delays betwen 180" (invert~ng) and 90" (sampling) pulses: (a) 2.25 s; (b) 0.88 
s. The signal for C(14)H1 is almost nulled with the shorter delay but nearly recovered with the longer delay. Also note that three small molecule 
impurity peaks (residual HCD2CD3S0, H20, and (CH,)?C=O (solvent of crystallization)) which are inverted with the shorter delay are almost 
nulled with the longer delay, allowing clearer observation of H(2),, and H(9),+ 

can aid in assigning peaks. For example, the low-field methyl- 
ene proton (6 6.40) was assigned as H(13),. on the basis of its 
longer relaxation time than H(13), (6 5.72). The latter proton is 
intramolecularly relaxed by dipole-dipole interactions with 
H(7), while there is no comparable proximate proton to relax 
H( I 3)< .' 

Remaining 'H  signals were assigned with the aid of a series 
of selective homonuclear decoupling experiments which estab- 
lished 'H-'H connectivities and also aided in determining the 
magnitudes of individual coupling constants. Final assign- 
ments of 'H chemical shifts and coupling constants are given in 
Table I. Allowing for differences due to solvent effects, the 
chemical shifts are consistent with the earlier partial assign- 
ment for 1 (3). 

(b) ''C chemical shift assignments for I 
Initial "C assignments were based on normal 'H-decoupled 

"C spectra plus CH, CH?, and CH, subspectra obtained using 
DEPT spectral editing (7) (see Fig. 2). This allowed assign- 
ment of individual carbons in terms of numbers of attached 
carbons. In order to complete the assignment of individual 
peaks with a minimum of ambiguity, a pair of heteronuclear 
("C-'H) correlated two-dimensional experiments were per- 
formed. The first was a standard heteronuclear correlated ex- 
periment using delay times optimized for direct "C-'H cou- 
pling (8). This provided the "C spectra of protonated carbons 
along one frequency axis with the 'H spectra of the correspond- 
ing directly bonded hydrogens along the second axis at right 
angles (see Fig. 3). This allowed unambiguous assignment of 
all protonated carbons on the basis of the previolisiy assigned 

I 'H spectral peaks (see Table 2). 
This left five non-protonated carbons to be assigned. Since 

I these covered a wide chemical shift range (6 136-208), partial 
assignment could be made on the basis of chemical shifts of 

I related model compounds and (or) additive chemical shift 
parameters (9). In particular, the signal at 6 208.0 could be 
unambiguously assigned to the a,@-unsaturated carbonyl, 
C(3), while the signals at 6 143.5 and 6 136.3 could be tenta- 
tively assigned as C(4) and C( I I) respectively. However, while 

 his was confirmed by an  nOe measurement. 

TABLE I. ' H  chemical shifts (6) and coupling constants ( J ,  Hz) for 1 
in 95% CDCI3 - 5% (CD&SO 

Proton" 6" J' 

I + ( \ )  3.12 6.8(2u), 2.2( lo), 2.0(2,), 2.0(14), 1.0(6) 
H(2),, 2.65 19. l(2v), 6.8(1), I. l(6) 
H(2)v 2.17 19.1(2cx), 2.O(l) 
H(6) 5.13 5.6(OH), 3.5(7), 1.1(2,,), 1 .O( 1 ) .  0.8(14) 
H(7) 3.01 9.6(8), 3.5(6), 3.4(-13c), 3.0(130 
H(8) 4.84 12.1(9.,), 9.6(7), 3.5(9v) 
H(9),, 1.92 12.6(9),), 12.1(8), 3.9(10) 
H(9)v 2.42 12.6(9,.), 3.5(8), 3.310) 
H(IO) 2.29 7.3( 15). 3.9(9,,), 3.5(9,), 2.2( 1) 
H( 13),. 6.40" 3.4(7) 
H( 131, 5.72" 3.0(7) 
H( 1413 1.90 2.0(1), 0.8(6) 
H( 1513 0.86 7.3(10) 
OH 4.54 5.6(6) 

"Proton numbering as in I .  This corresponds to labelling used in ref. 4. 
(Labelling of the two methyl groups was reversed in 3.) 

"Chemical shift (in ppm) relative to internal Si(CH.,),. 
'Magnitudes of couplings in Hertz and (in brackets) the proton to which the 

indicated proton is coupled. 
"H(13), is cis to the lactone function while H(13), is trans to the lactone 

function. 

the peaks at 6 170.9 and 6 169.9 obviously were due to C(5) 
and C(12), it was uncIear which signal was which. In order to 
resolve these ambiguities, a "long range" heteronuclear cor- 
related experiment (10) was carried out. This used the same 
pulse sequence as the previous experiment but with delay times 
optimized for geminal ('.IcH) and vicinal (,.IcH) couplings, a1- 
lowing assignment of non-protonated carbons from couplings 
to known 'H signals on adjacent carbons. For example, the 
peak at 6 170.9 is coupled to H(14), while the 6 169.9 peak 
shows coupling to H(13), and H( 13), (all '.ICH), allowing un- 
ambiguous assignment of the former as C(5) and the latter as 
C(12) (see Fig. 4). Similarly, the peak at 6 143.5 is coupled to 
H(14)3 while the peak at 6 136.3 is coupled to H(13), and H(7) 
(all '.To), confirming the tentative assignment of the former as 
C(4) and the latter as C(11). Finally, the 6 208.0 peak shows 
coupling to H(14),, H(2),, and H(2)p, consistent with its as- 
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FIG. 2. (a) Normal "C spectrum of 1; (b) edited (DEFT) spectrum 
for CH carbons only; (c) CH2 only; (d) CH3 only. 

FIG. 3. Normal heteronuclear correlated spectrum of 1, illustrating 
the protonated I3C spectrum along the horizontal and the 'H spectrum 
along the vertical. 

signment of C(3). Note that the "long range" heteronuclear 
correlated experiment effectively divided the five non- 
protonated carbons into two subsets, the first (C(3), C(4), C(5)) 
coupled to H(14), but not H(13),., and the second (C(1 I), 
C(12)) coupled to H(13),. but not H(14), (see Fig. 4). Within 
each subset, chemical shift differences are sufficiently large 
(A6 > 25) to allow completely unambiguous assignment of 
individual peaks (see Table 2). This supports earlier evidence 
that "long range" heteronuclear correlated experiments provide 
an approach of considerable generality for assigning non- 
protonated "C peaks (10). This is important since the most 
obvious alternative, '3C--"C connectivity ("INADEQUATE") 
experiments (1 l), often cannot be carried out due to sensitivity 
limitations. 

FIG. 4.  "Long range" heteronuclear correlated spectrum of 1 with 
non-protonated I3C spectrum along the horizontal and ' H  spectrum 
along the vertical; ------: connectivities of "C with H(14)2; -: 
connectivities of I3C peaks with H(13),.. 

TABLE 2. chemical shifts (6) for 1 in 95% CDCI, - 5% (CD,),SO 

Carbon" 6" Carbon 6 

"Labelling as in 1. 
""C chemical shifts (in ppm) relative to internal "CHISi(CH2)J. 
''Chemical shifts assigned with aid of normal heteronuclear correlated two- 

dimensional spectra. 
'chemical shifts assigned with aid of "long range" heteronuclear correlated 

two-dimensional spectra. 

(c) Comparison of the solution and solid state conformations 
of 1 

The publication reporting the crystal structure of 1 does not 
list any dihedral angles involving hydrogens (4)., However, 
these are easily calculated from the reported atomic coordinates 
(4) and are listed in Table 3, along with the corresponding 
'H-'H coupling constants. Vicinal (3JH-H) coupling constants 
are also plotted against the corresponding solid state 
H-C-C-H dihedral angles in Fig. 5. These show a good 
Karplus relationship, indicating that are are no major changes 
in conformation on going from the solid state to solution. Even 
the H-0-C(6)-H(6) coupling constant is consistent with 
the observed dihedral angle in the solid state. However, this 
may be fortuitous since the orientation of the OH group in the 
solid state is influenced by intermolecular hydrogen bonding 
(4) and since the observed coupling constant is also consistent 
with that expected for a freely rotating OH group. 

However ,  ref. 4 provides a three-dimensional representation of the 
conformation of 1, along with all C-C-C-C dihedral angles. 
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TABLE 3. Comparison of obscrvcd vicinal, allylic, or homoallylic 'H-IH coupling 
constants for 1 in solution with the corrcspondingdihedral anglcs in thc crystalline statc 

Angle <" Coupling J (Hz)" 

"Dihedral angle in  degres. 
"Coupling constant ( in  hertz). 

0 ' ;  o 20 A ,do A 1:; 

L H-C-C-H ('1 
FIG. 5. Plot of vicinal 'H--'H coupling versus H-C-C-H 

dihedral angle. The open circle is the coupling to the OH proton. 

Several of the observed long-range coupling constants are 
also consistent with the crystalline conformation. For example, 
the two allylic couplings involved H(7) and the exocyclic meth- 
ylene protons are both r 3 Hz. This is close to the maximum 
value for this type of coupling (12), as expected for the near- 
orthogonal orientations of H(7)-C(7) and C ( l  I)-C(13) 
(allylic couplings show a maximum for <H-C-C=C = 
90" (12)). The couplings of H(1) and H(6) to C(14)H3 are 
respectively examples of trarzsoid and cisoid homoallylic 
(H-C-C=C-C-H) couplings. Two factors probably ac- 
count for the larger magnitude of the former coupling. First, 
tratzsoid homoallylic couplings are generally larger than cisoid 
homoallylic couplings, e .g .  the rotationally averaged homo- 
allylic couplings in cis and trans-2-butene are respectively 1.20 
Hz and 1.59 Hz ( 1  3). Second, homoallylic couplings are in- 
creased by having either C-H bond at right angles to the plane 

of the double bond (1 3). <H( I )-C( I)-C(5)-C(4) is closer 
to 90" than <H(6)-C(6)-C(5)-C(4), consistent with the 
larger magnitude of the former homoallylic coupling. 

There is a small four-bond coupling between H(I )  and H(6) 
and a five-bond coupling of similar magnitude between H(2), 
and H(6). However, no corresponding coupling is observed 
between H(2),, and H(6) (decoupling of H(6) gives no notice- 
able line narrowing for H(2)p, suggesting s./HIz,,Hr6, < 0.1 HZ). 
The  different couplings of H(2), and H(2),, to H(6) are sur- 
prising since the fragment C(2)-C(1)-C(5)-C(6) is almost 
planar (<C(2)-C(1)-C(5)-C(6) = 174") and H(2),--C(2) 
and H(2),,-C(2) show fairly similar dihedral angles with re- 
spect to C( I)-C(5) (respectively 1 16" and 126"). Unfortunate- 
ly, too little is known about the conformational dependence of 
this type of 5-bond coupling (14) to draw any conclusions 
concerning the reasons for these differences. 

Finally, the large magnitude of the geminal coupling between 
H(2), and H(2)@ (19.1 Hz) is consistent with a conformation in 
which the H-H axis is parallel to the .rr orbital of the adjacent 
carbonyl group (15), as indicated by the crystal structure (4). 

In summary, we have used a variety of one-dimensional nmr 
techniques (selective decoupling, inversion-recovery se- 
quences to reveal hidden resonances, and DEPT spectral edit- 
ing) in conjunction with two-dimensional heteronuclear 
("C-'H) correlated spectra to unambiguously assign the ' H  
and I3C spectra of mikanokryptin, 1. Comparison of vicinal, 
allylic, and homoallylic 'H-'H coupling constants in solution 
with corresponding dihedral angles determined from the crys- 
talline structure demonstrate that the solution and solid state 
conformations of 1 are similar. 

Experimental 
Specimens of Mikatlia mikrnnthn H.B.K. were harvested at Xan- 

ciutlalpan, Puebla, Mexico. Vouchers are on deposit at the IMSSM 
Herbarium (voucher numbers 3290, 3320, and 3452). Four hundred 
and fifty grams of dried, ground aerial parts (stems and leaves) were 
defatted with hexane by exhaustive maceration at room temperature, 
followed by extraction with methylene chloride (4 x 3 1 )  in a similar 
fashion. After in vacuo removal of solvent, 16 g of a residue were 
obtained. A solid separated spontaneously from this residue and was 
removed by filtration. Recrystallization from acetone-ethanol af- 
forded crystals (mp 246-248°C) which were identified as mikano- 
kryptin by comparison with previously reported 'H nmr, uv, ir, and 
mass spcctra data (3). 
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All nmr spectra were obtained on a Varian XL-200 nmr spec- 
trometer, operating in pulsed Fourier transform mode at a probe tem- 
perature of 20°C. For 'H spectra, ca. 5 mg of 1 were dissolved in 0.6 
mL of 95% CDClz - 5% (CD3)SO (with ca. 0. I % (CH&Si as internal 
reference) and placed in a 5-mm tube. Spectra were obtained using 
1600-Hz spectral widths and 16K data points (5-s acquisition time), 
zero filled to 32K (0. I -Hz data point resolution). Ninety degree pulses 
(7.5 ps) and 5-s recycle times were used and 32 transients were 
accumulated. For "C spectra, ca. 80 mg of 1 were dissolved in 2 mL 
of the same solvent mixture as for the 'H spectra. Spectral widths of 
12 000 and 1.335 acquisition times (32K data points) were used for 
normal and DEPT spectra. For normal spectra, 45" (7.5 ps) pulses 
were used with a recycle time of 2 s and 10 000 transients were 
accumulated. Four DEPT spectra were obtained using 0 pulses of 45", 
90°, 90°, and 135" (7) with 2500 transients for each spcctrum. Edited 
subspectra were obtained using the editing program ADEPT incor- 
porated in the standard Varian software (H release). 

Normal and "long range" heteronuclear correlated spectra were 
obtained using a spectrum width of I 1  000 Hz in the "C domain and 
1500 Hz in the 'H domain with 2048 data points for the former and 
5 12 for the latter, 320 transients were collected per time increment 
with 128 time increments; 2-Hz line broadening was applied along 
each axis. For the normal spectrum, the delay times Al = 0.0036 sand 
A2 = 0.0024 s were chosen, corresponding to optimum values for an 
average "c-'H coupling of 140 Hz (6). For the long-range experi- 
ments, repeated preliminary measurements indicated best values of A, 
= 0.075 s and A2 = 0.033 s. These are compromise values which are 
approximately optimized for both geminal and vicinal "C-'H 
coupling involving methyl hydrogens (ca. 5 Hz (15)) and ntzri-vicinal 
' y - ' H  coupling involving methylene and methine hydrogens 
(ca. 10 Hz (16)) (6). 
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A. B. RAKSIT and D. K.  BOHME. Can. J .  Chem. 63, 854 (1985). 
Rate constants and product distributions have been determined for ion/molecule reactions of cyanoacetylene (HC.%N) with 

He', C'('P), CH,', C,', CzH'. C2H2', CN', C2N', C2N2'. NZ', CO', H1'. N'H', HCO', C,H,+, H,O', CH3NO2H+, 
CH,CNH', (CH,),COH', i-C3H70H2', C d + ,  and C4N'. The measurements were performed with the selected-ion flow-tube 
(SIFT) technique at 296 + 2 K.  The observed reactions cxhibit a varicty of pathways including charge transfer, proton transfer, 
condensation, and association. The condensation and association reactions arc suited for molecular growth by ion/moleculc 
reactions. Special consideration is given to the activc role of cyanoacctylcne in the possible molecular synthesis which occurs 
in dense interstellar gas clouds by ion/molecule reactions. 

A. B. RAKSIT et D. K. BOHME. Can. J .  Chem. 63, 854 (1985). 
On a determine les constantes dc vitessc ct Ics distributions des produits dcs rkactions ions/molkcules entre le cyanoacktylkne 

(HC,N) et les ions Hef, C'('P), CH,', Cz', C,H', C,H,'. CN', C2N', CzNz'. N,', CO', N,', N2H', HCO', CzH,+, 
H,O', CH~NOIH', CHKNH', (CH,),COH+, i-C3H70H2'. C3H+ et C4N+. On a effectuk les mcsures ii 296 + 2 K en faisant 
appel ii la technique des tubes ii Ccoulement avec ions selectifs (TEIS). Les reactions observecs prdsentent une variCtC de voies 
rkactionnelles, y compris des transferts de charges, des transferts de protons, des condensations et des associations. Les 
reactions de condensations ct d'associations se prktcnt bien ii unc croissancc molCculaire par des reactions ions/molCcules. On 
a accord6 une consideration spiciale au rBle actif que pourrait jouer le cyanoacktyli-nc dans les synthkses molCculaires qui 
peuvent se produire, par des rkactions ions/molCcules, dans les nuages gazeux interstellaires denses. 

[Traduit par le journal] 

Introduction 
Cyanoacetylene has attracted attention recently in astro- 

chemistrv as -a  conseauence of its identification i n  the radio- 
spectrum of several interstellar sources including cold dark 
molecular clouds and the circumstellar shells of late type stars 
( 1 ) .  The molecular cloud TMC-I is an example of such a 
source. This cloud also has been found to contain many related 
molecules such as the cyanopolyynes, HC,,,CN, with values of 
n up to 4, methylcyanoacetylene, CH3C2CN, and the radicals 
C,H and C3N (2). The concomitance of these molecules sug- 
gests that they have a common chemical lineage and that per- 
haps cyanoacetylene itself is a key progenitor. Here we report 
laboratory measurements of gas-phase reactions of various car- 
bonaceous and organonitrogen ions with cyanoacetylene which 
begin to explore the latter possibility. 

Gas-phase ion/molecule reactions have been invoked suc- 
cessfully in astrochemistry to account for the molecular syn- 
thesis of many simple molecules in interstellar clouds (3-5). 
lon/molecule reactions are also expected to play an important 
role in the formation and destruction of larger and more com- 
plex molecules. The chemical paths to larger molecules be- 
come increasingly more difficult to track as the molecules 
become more complex and so they are not understood nearly as 
well. The studies reported here represent an attempt to identify 
such paths which are specific to cyanoacetylene. 

A previous laboratory study of ion/molecule reactions with 
cyanoacetylene has led to the conclusion that the positive ion 
chemistry of cyanoacetylene is dominated by charge-transfer or 
proton-transfer reactions and is thus, by implication, of minor 
importance to the chemical synthesis of larger molecules (6). 
The observations reported here establish serious discrepancies 
with the earlier results for a number of key reactions and point 
towards an active rather than a passive role for cyanoacetylene 
in molecular growth by ion/molecule reactions. 

Experimental 
The measurements were performed with the selected-ion flow 

tube/flowing afterglow apparatus in the Ion Chemistry Laboratory at 
York University (7, 8). The reagent ions were derived from suitable 
parent gases by electron impact at low pressures. An axial electron 
impact ionizer (Extranuclear, Model 041-3) was used as the ion 
source. Typical ion injection energies were in the range 10 to 15 V.  
The carrier gas was either helium or hydrogen. To remove traces of 
water vapour thc buffer gases were passed through zeolite traps (a 
50: 50 mixture of Union Carbide molecule sieves 4A and I3X) cooled 
to liquid nitrogen temperature. The cyanoacetylene was prepared in 
the laboratory from methyl propiolate (Aldrich) (9). Experiments with 
H3+ as the "chemical ionization" reagent indicated a purity of greater 
than 99%. All measurements were made at an ambient temperature of 
296 + 2 K .  

Results 
The reaction rate constants and product distributions 

obtained in this study for reactions of ions with cyanoacetylene 
are summarized in Table 1. Rate constants and product distri- 
butions were determined in the manner described previously 
(7, 10). Table 1 includes all the primary product ions which 
were observed to contribute more than 5% to the total product 
spectrum. The branching ratios have been rounded off to the 
nearest 5 %  and are accurate to *30%. The experimental rate 
constants are compared with collision rate constants, kc,  de- 
rived according to a recent combined variational transition state 
theory/classical trajectory study of thermal energy ion polar 
molecule capture  collision^ (I  1) with an estimated polar- 
izability for HC3N of 5.29 A' (12) and a dipole moment of 3 .6 
D (13). 

He' 
He' was derived from helium by electron impact at 26  e V  

and injected into helium buffer gas. Approximately 30% con- 
version to He,' was observed at pressures of about 0.3 Torr. 
The conversion occurs by termolecular association along the 
length of the flow tube. The added cyanoacetylene was ob- 
served to react rapidly with both H e '  and He,' although some 
of the observed decrease in the He,' signal was due to depletion 
of the precursor He'. Figure 1 shows the plethora of product 
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TABLE 1. Summary of rate constants (in units of 1 0  " cm2 molecule- ' 
sC') and product distributions measured for ion-molecule reactions 

with cyanoacetylene using the SIFT technique at 296 ? 2 K 

Branching 
Reactant ion Products ratio k,,,," kc1' 

He' C2', C,', C,H', 
CN', C2N'. C,Ni 
C3H' + CN 
C,N+ + H 
C,H,' + HCN 
CH,+. HC,N 
C'N' + CZH 
CSN' + H 
C2H' + C,N 
CZN' + C,H 
HC,NH+ + C, 
CJH2' + CN 
HC5N' + H 
HC,N' + C,H 
C,Hz' + HCN 
C,HZ'. HC3N 
HC,N' + CN 
C,N' + HCN 
C,H' + C,N, 
HC,N' + CZN2 
HC,N+ + N? 
HC,N+ + co 
HC,NH' + H3 
HC,NH+ + N, 

CN' 

C,N' 
CzNZ+ 
Nz + 

CO' 
H,' 
N?H+ 
HCO' 
C2H3' 
H,O+ 
CH,NO,H+ 

CH,CNH+ 
(CH,),COH' 
i-C,H70H2' 
C1H' 
C,N' 

FIG.  I .  The observed variations in ion signals recorded for the 
addition of HC,N into the reaction region of the SIFT apparatus in 
which He' is initially established in helium buffer gas. P = 0.332 
Torr, i = 7.4  X 103cm s- . ' ,  L = 46 cm, and T = 297 K.  He+ is 
derived from He at an electron energy of 25.7 eV. 

of 32 eV and selected with an injection energy of 12.4 V. 
HCO ' and C,N ' were two other ions observed in the Ci  spec- 
trum downstream but with intensit~es less than 10% and 1% of 
the C t  signal, respectively. Their origin can be attributed to 
reactions of C '  with H,O impurity in the buffer gas and with 
C.N, which leaks through the selection quadrupole region. 
Separate experiments in which CO was added into the reaction 
region indicated that more than 95% of the Ci generated in this 
fashion was in the 'P ground state (14). Charge transfer to form 
CO ' which is exothermic only with the excited state of Cf 
was observed to proceed with less than 5% of the initial C +  
population. 

Figure 2 shows data observed for the reaction of C f  with 
HC,N proceeding in our SIFT apparatus. The predominant 
primary product ion was identified as C,Hi and it was accom- 
panied by some production of C,N '. The C,H ' and C,N' ions 
may be formed by C-H insertion with elimination of CN and 
H, respectively. Formation of C,' + HCN was not observed. 
Available heats of formation for C,H ' and C,' (15, 16) indicate 
that formation of C, '  is approximately 30 kcal mol-' less 
e:othermic. The C,Hi product is likely to be the carbene cation 

"The accuracy of the rate constants is estimated to be better than 230%. 
Values in parentheses are the flowing afterglow results reported by Freeman el 

01. in ref. 6. 
"Collision rate constants derived from the combined variational transition 

state theory/classical trajectory study of Su and Chesnavich ( I  I). 
" I n  helium buffer gas at u total pressure of 0.31 Tom and concentration of 

1 .O x 10'" atoms cm-'. 
" I n  hydrogen buffer gas at a tordl pressure of 0.21 Torr and concentration of 

6.8 x 10'' moleculcs cm-'. 
' In  hydrogen buffer gas at a total pressure of 0.185 Torr and concentration 

of 6.0 x 10'' molecules cm-'. 
' I n  helium buffer gas at a total pressure of 0.347 Tom and concentration of 

I .  I x I O I h  atoms cm-'. 

ions which appeared in response to these reactions. All of them 
can be derived by dissociative charge transfer. C ' ,  CHi , and 
HCN' were also observed as primary product ions but they 
were produced in relatively small amounts and are not shown 
in Fig. 1. Also it should be noted that formation of HC,Nf itself 
was observed but the data analysis indicated that it could be 
accounted for entirely by secondary reactions. The secondary 
product spectrum was complex as would be expected from the 
high reactivity of all the primary product ions which is evident 
from the decays shown in Fig. 1 .  Several of these secondary 
reactions are elucidated in the following sections. 

:C-C=CH whose chemistry we have investigated in detail in 
a separate study (8). The structure of the C,N.' product is 
uncertain as either CCCCN-' or CCCNC' may be formed de- 
pending on which end of the molecule is attacked. Carbene 
character is ajso likely to be associated with this ion, as for 
example in : C-C-C-CN. Figure 2 also shows rapid reac- 

C ' 
The C ions were produced from CZN2 at an electron energy 
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FIG. 2. The observed variations in ion signals recorded for the 
addition of HC3N into the reaction region of the SIFT apparatus in 
which C+ is initially established in helium carrier gas. P = 0.314 
Torr, ij = 7.2 X 103cm s ' , L = 46 cm, and T = 296 K .  C +  is derived 
from C2N2 at an electron energy of 32 eV. 

tions of C,H' and C4Ni with HC,N to form the adducts 
C3H.'. HC3N and C,N ' HC3N. Also HC3Nt was produced as 
a primary ion and it reacted further to form the adduct 
HC3N' HC,N. The production of HC,N ', which accounts for 
about 5% of the initial C i ,  may be attributed entirely to the 
excited ' P  component of C' which can react with HC,N in an 
exothermic fashion by charge transfer. Not shown in Fig. 2 are 
the impurity ions at m/z 29 (HCO') and 38 (C2Nt) which were 
present initially at levels of less than 10% and 1% of the initial 
C' signal, respectively. Separate experiments indicated that 
HCO' reacts by proton transfer to yield H2C3Nt and that CzNt 
produces C3Ht. Also the observations allowed for some pro- 
duction (5%) of C?N' directly from the reaction of C t  with 
HC3N. 

CH.3 ' 
This ion was derived from CH, at 24 eV. Background ions 

were present at m/z = 19, 29, and 33. These were ascribed to 
H 3 0 k ,  N2Ht, and CH,' .H,O. Figure 3 shows the appearance 
of the product ions which were assigned to the reaction of CH,' 
with cyanoacetylene. Major primary products were observed at 
m/z = 39 and 66. Since formationof HC?Nt (m/z 39) + C2H3 
is endothermic, the m/z 39 product must be C,H,'. The ion 
with m / z  66 must be the adduct CH3+.HC3N. Both product 
ions reacted further to form thz adducts C3HJt-HC3N and 
CH3+ -(HC3N),. An ion with m/z 52 was also observed in the 
product spectrum with an intensity up to 5% of the total product 
ions but its origin could be attributed entirely to proton-transfer 

FIG. 3. The observed variations in ion signals recorded for the 
addition of HC,N into the reaction region of the SIFT apparatus in 
which CH,+ is initially established in helium carrier gas. P = 0.31 1 
Torr. i = 7.4 X 103cm s - ' ,  L = 46cm. andT = 295 K.  CH3+ is 
dcrived from CHI at an electron energy of 24.1 cV.  

reactions with the impurity ions. 
The two primary product channels appear to reflect the pos- 

ition of attack on the cyanoacetylene molecule. Attack at the 
carbon a to the cyanogen group can lead to elimination of HCN 
and formation of the propargyl cation while attack at the P 
carbon would make HCN elimination less favourable and lead 
preferentially to an adduct+ which could be the cyanopro- 
penylium ion, CH3-CH=C-CN. However, neither of these 
structures can be considered to be established by these mea- 
surements. Alternatives include formation of the cyclopro- 
penium isomer of C3H3+ which is also exothermic and for- 
mation of an adduct which is electrostatically bound. 

C? + 

This ion was derived from CzN, by electron impact at 50 eV. 
Background ions of known identity and origin were present at 
levels of less than 5% of the initial C2 ' signal. Primary product 
ions with a contribution of more than 5% of the total observed 
included m/z 50 (C3Nt), 74 (C5Nt), 37 (C3Hf), and 38 
(C,Nt). The corresponding reactions dictated by thermo- 
chemistry and their product distributions are indicated in Table 
I. The predominant channel to produce C3Nt corresponds to 
hydride transfer. H atom elimination to form CsNt leads to 
carbon chain lengthening. The mechanisms of the two remain- 
ing channels is less certain but they may arise from side-on 
attack by C2'.. The adducts C3Nf .HC3N, CsNt-HC3N, and 
C3Ht . HC3N appeared to be formed rapidly by secondary reac- 
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HCjN FLOW/ (molecules s-I x /0171 

FIG. 4. The observed variations in ion signals recorded for the 
addition of HC3N into the reaction region of the SIFT apparatus in 
which C2H' is initially established in helium carrier gas. P = 0.339 
Tom, v = 7.1 X lo3 cm s - ' ,  L = 46 cm, and T = 297 K. C2H+ is 
derived from cyanoacetylene by electron impact at 3 1 eV. 

tions with cyanoacetylene. Only the adduct of C2Nk was not 
observed. It is shown in a later section that this ion reacts with 
HC3N to produce C3Ht. 

C?H ' 
This ion was generated from HC7N by electron impact at 3 1 

eV. The main impurity ions present initially were mlz 19 
(H70t) ,  26 (CzHzb), and 42 (H2CzOt) at 5%, 2%, and 2%, 
respectively, of the initial C2H' signal. All three of these im- 
purity ions have been shown in separate experiments to be 
derivatives of the reaction of C2H' with HzO impurity. Their 
presence was taken into account in the product analysis. The 
evolution of the product ions observed with addition of HC3N 
is shown in Fig. 4. The predominant product channel corre- 
sponds to proton transfer and the minor channel apparently to 
charge transfer although CN transfer cannot be excluded. The 
two other intermediate channels both appear to result in C-C 
bond formation. The C4Hzk product is likely to be ionized 
diacetylene which may arise by attack at the carbon cr to CN 
while HC5Nt, presumably ionized cyanodiacetylene, may be 
the result of attack at the p carbon with elimination of H. All 
four of the product ions reacted further with HC7N to rapidly 
establish the adducts (HC3N)?Ht, (HC,N)?', C4HZt HC,N, 
and HC,N ' . HC7N. 

CzHZt, CdH?' 
The CzHzt was derived from acetylene by electron impact at 

3 1 to 5 1 eV. Major primary products were observed at mlz 50 
and 77 which were assigned to C,H, ' and C2H2 ' . HC,N, re- 
spectively. production of mlz 50 = C,N' is endothermic ac- 
cording to available heats of formation (16). The mlz 77 ion is 
produced exclusively from C2Hzt and not from a secondary 
reaction of C,H2+ with HC3N which was shown in the CIHf 
experiments to produce only the adduct C,Hz HC3N. There 
was no indication for the formation of an ion at mlz 52 which 
would be indicative of proton transfer. Evidently darbon chain 
lengthening and association are the only two primary product 
channels. Proton transfer was identified as the onlv channel bv 
earlier flowing afterglow measurements (6). It is possible that 
proton transfer is in fact endothermic although the energetics 
for proton transfer are not well known due to the uncertainty in 
the heat of formation of CzH (17). Within the uncertainties of 
PA(CzH) and PA(HC?N) the change in enthalpy for the proton 
transfer is -4 5 9 kcal mol-'. 

CN " 

CN '  was derived from CZN2 by electron impact at ca. 55 eV. 
CNt reacts rapidly with HzO and a number of ions derived from 
this reaction were present as impurity ions. The major reaction 
channel between CN ' and HC,N corresponds to charge transfer 
although CZH transfer is also a possibility. Some production of 
an ion with m/z 50 was observed and i t  was ascribed to for- 
mation of C3Nt + HCN which may result from hydride trans- 
fer. Also an ion with m/z 52 (HC3NH ' or CzNZi) was observed 
to be produced but its origin could be attributed entirely to a 
proton transfer between HzOi. and cyanoacetylene. The C3N', 
HC3N ' , and m/z 52 ions were all observed to undergo second- 
ary reactions to form adducts with HC,N. 

C2Ni 
This ion was derived from cyanoacetylene at an electron 

energy of 35 eV. CIHi was the only primary product observed 
and it reacted further to form the adduct C3H ' HC3N. Separate 
experiments performed in our laboratory have shown that the 
C2N ' derived from HC3N (and also from C2Nz) is a mixture of 
at least two states. One component has been found to react 
rapidly with Oz to form CzNOt and Olf and comprises about 
5% of the total mixture. The remaining 95% was observed to 
be unreactive towards Oz. It is not clear whether the observed 
difference in reactivity is due to the two structural isomers 
C-N-Ct and C-C-Nt or whether singlet and triplet 
forms of this carbene cation are involved. Calculations have 
shown the C-N-Ct isomer to be more stable than the 
C-C-Nt isomer by ca. 30 kcal mol-' (18). 

H.{ ' ,  N2Hk,  HCO',  C2Hji, H.!Ot 
We have investigated proton transfer reactions with cy- 

anoacetylene in a separate study directed towards a deter- 
mination of the proton affinity of HC,N by the bracketing 
technique (19). All five of the protonated species listed above 
were observed to react rapidly with HC3N by proton transfer 
with rate constants in close agreement with predicted collision 
rate constants. The observations recorded for the fastest of 
these reactions, viz. the reaction with H3t,  are shown in Fig. 
5 which also includes the reactive behaviour of the impurity 
ions H30t  and N2Ht. The protonated cyanoacetylene reacts 
further to establish the protonated dimer. 

CH.{NO?Ht , NOt 
These two ions were generated by injecting CH,NO2+ into 

HZ buffer gas ( 19). At the injection energies employed ( 12.4 V) 
some NOt was present (= 10%) which is presumed to arise 
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FIG. 5. The observed variations in ion signals recorded for the 
addition of HC,N into the reaction region of the SIFT apparatus in 
which Hz+ is initially established in hydrogen carrier gas. P = 0.188 
Torr, v = 6.5 X 10' cm s- ', L = 45 cm, and T = 296 K. The selected 
ion is H2+ derived from H1 by electron impact at 30 eV. H,O+ and 
NTH' arise from reactions of H,' with impurities in the carrier gas. 

I from collisional dissociation of CH,NO,'. The NOt was ob- 
I served to react only slowly to form the adduct NO'. HC,N. 'The 

rate constant for this association is estimated to be < I X lo-'' 
cm' molecule-' s-' at a total pressure of 0.18 Torr and a 
hydrogen density of 5.9 X 1015 molecules cm-'. The 
CH,N02H ' was observed to react rapidly to form two products 
in about equal proportions: an ion at m/z 52 which corresponds 
to protonated HC,N and an ion at m/z 66 which may be 
H4C4N', H2C40t, or C,NOt . The possible m/z 66 product ions 
would involve concomitant production of the neutrals HNO,, 
H,N,O, and H5CN0, respectively. The first option appears 
most likely and could produce the cyanopropenylium ion as 
shown in reaction [I] 

+ 
[ I ]  CH,NO,H+ + HCZC-CN -. CH,-CH=C-CN 

I + H N 0 2  

N2+, C o t ,  CrN?' 
Nzt was derived from N? at an electron energy of 45 eV, 

I C2NZt from C2N2 at 51 eV, and CO' from OCS at 34 eV. All 
I these ions have recombination energies higher than the ioniz- 

ation energy of cyanoacetylene so that charge transfer was 
observed to be the dominant channel (>95%) for all three ions. 
Lmpurity ions were present at m/z I8 (HzOt), 19 (H,Ot), and 
29 (N2HC or HCOt) and these reacted predictably by proton 
transfer to establish HC,NHt. Both the HC,NC produced by 
charge transfer and the HC,NHi produced by proton transfer 

reacted further by addition of HC,N to form (HC,N)?+ and 
(HC,N)?Ht , respectively. 

(CH.,),COHi., CH.,CNHC , i-C.,H70H2' 
These three protonated species were observed to form adduct 

ions with cyanoacetylene. Each was generated in Hz buffer gas 
by reaction [2] 

where Xt was derived by electron impact of X = (CH,)?CO, 
CH,CN, and i-C3H70H, respectively (19). Table I shows that 
the association reactions with CH,CNHt and i-C,H7OH,+ are 
quite rapid and about I0 times faster than the association reac- 
tion with (CH,),COHt . The adduct of CH,CNHi. was observed 
to react further with HC,N in a manner which may be described 
by the solvated proton transfer reaction [3]. 

The reverse of reaction [3] is actually the preferred direction. 
This was shown in a separate study in which HC,NHt .HC,N 
was generated in HZ buffer gas by the reaction sequence [4] and 
IS1 

/4] H ~ + ( H , + )  + HC,N -. HC,NH+ + H ( H ~ )  

The HC,NHt - HC,N adduct was observed to react rapidly with 
CH,CN by the reverse of reaction [3] with a rate constant of 1.9 
x lo-' c d  molecule-' s-I. The analogue of reaction [3] was 
not observed for the adduct ions (CH,)2COHt -HC,N and i- 
C3H70H2' .HC,N. The smaller rate constants for these two 
reactions are consistent with the larger intrinsic basicities of 
(CH,)?CO (PA = 194 kcal mol-I) and i-C,H70H (PA = 190 
kcal mol-I). Finally, the observations indicated no measurable 
tendency of any of the adduct ions to add a second HC,N 
molecule. The rate of addition of the second molecule of HC,N 
is estimated to be at least 10 times slower than the rate of 
addition of the first. This difference in rate is likely to reflect 
a difference in the nature of the bonding in these adduct ions. 

C,Ht. C,NC 
These two ions are+ likely to be the carben5 cations with the 

linear structures :C-C=C-H and : C-C=C-CN. 
When generated from the reaction of Ct with HC,N both ions 
were observed to add one molecule of HC,N rapidly (see Fig. 
2 and Table 1). Representative data for a separate study of the 
reaction of C,Ht with HC,N where C3Ht is derived from elec- 
tron impact of propylene is shown in Fig. 6. The two reactions 
were not investigated as a function of pressure. Stabilization of 
the adduct ions may proceed by collision with the buffer gas 
atoms but radiative association cannot be ruled out. The further 
addition of a second molecule of HC3N was observed to pro- 
ceed much more slowly. 

Discussion and conclusions 
The measurements reported here show that cyanoacetylene is 

very reactive towards ions at room temperature. The reactivity 
is manifested in a number of different ways. The moderate 
ionization potential of HC,N and its moderately high proton 
affinity ensure that charge transfer and proton transfer can be 
effective. Cyanoacetylene also exhibits a range of interesting 
and rapid condensation and association reactions which are 
suited for molecular growth by ion/molecule reactions. 

The ions selected in this study for reaction with cyano- 
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1 FIG. 6. The observed variations in ion signals recorded for the 
1 addition of HC3N into the reaction region of the SlFT apparatus in 
i which C3H+ is initially established in helium carrier gas. P = 0.347 
1 Torr, v = 7.3 X 10.' cm s-I,  L = 46 cm, and T = 296 K. C3H+ is 
1 derived from propylene by electron impact at 55 eV. 

acetylene span a large range in recombination energy up to 24.6 
eV for Het. Charge transfer is exothermic for ions with a 
recombination energy greater than 1 1.60 + 0.0 1 eV which is 
the ionization energy of HC,N (20). Indeed charge transfer was 
an observed product channel with all of the ions which met this 
criterion, viz. Het (24.6), C (,P) (16.6), N2' (15.61, CNt 
(15. I), COf (14.0), C2NIt (13.4), and C2Ht (I 1.6), where the 
recombination energy is given in parentheses in eV (21). The 
charge transfer with Het was completely dissociative. For dis- 
sociative charge transfer to be exothermic to form any of the 
product ions indicated for Het in Table I the recombination 
energy of the ion must be greater than 17.7 eV and this is the 
case only for He t .  For the reactions of the other ions dis- 
sociative charge transfer is endothermic and was not observed. 
Charge transfer was observed to be only a minor channel with 
C2Ht. The recombination energy of this ion is quite uncertain 
but appears to be very close to the ionization energy of cyano- 
acetylene. Values of 1 1.96 + 0.05 eV (22), 1 1.6 ? 0.5 eV 
(17), 11.51 eV,' and 11.31 + 0.13 eV (24) have been reported 
in the literature. Given this large uncertainty it is conceivable 
that charge transfer between CIHt and HC,N is in fact slightly 
endothermic at room temperature but this would still be consis- 
tent with our observation. 

Freeman et al. (6) have reported flowing afterglow mea- 
surements of the charge transfer reactions of Heb ,  C N f ,  and 

IS. I .  Miller and J .  Berkowitz. Referred to in ref. 22. 

CO' . The rate constants agree with those obtained in the SIFT 
study reported here within the combined error estimates of both 
experiments. However, Freeman et a/ .  (6) did not report any 
dissociative charge transfer with He' and apparently also did 
not observe the small production of C,N1 from CN' which 
proceeds by hydride transfer. Furthermore these authors 
reported exclusive charge transfer for the reaction of C '  with 
HC,N which is not in agreement with our observations. Charge 
transfer between HC,N and the C1('P) ground state is endo- 
thermic since the ionization energy of HC,N ( 1  1.60 ? 0.01 eV) 
is higher than the recombination energy ( I  1.260 eV) of Ct('P). 
Charge transfer with C '  should therefore not proceed rapidly at 
room temperature unless it is mostly in the (,P) excited state. 
About 5% of the C t  appeared to be in the (4P) state in the SIFT 
experiments reported here and a charge transfer product was 
observed consistent with this population but the remaining 95% 
of the C' ions was seen to react to build up the carbon chain 
in the formation of C,Ht and C,N1. 

Proton-transfer reactions with cyanoacetylene have been dis- 
cussed in detail in a separate study directed towards a deter- 
mination of the proton affinity of HC,N (24). A value of 184 
2 4 kcal mol-' was derived from bracketing measurements. 
Proton transfer was observed to proceed with Hib (IOI), N2Hf 
(I 17), HCO' (141), C2H3' (153), H,Of (166), and CH,NOIHb 
(1 80) but not with the CH,CNHt ( 1  87) or (CH,),COH ' (194) 
where proton affinities are given in parentheses in kcal mol-I. 
Proton transfer was observed by Freeman et a / .  (6) for H,', 
N2Ht,  HCO' , C2H3+, and H,Of and the rate constants obtained 
for these reactions with the two techniques again are in good 
accord. However, there are serious discrepancies for the reac- 
tions of CH, t and C,H2" for which Freeman et a/ .  (6) have also 
reported exclusive proton transfer. For these two ions the SIFT 
measurements indicate only condensation and association. The 
proton affinity of CHI can be calculated to be 197 kcal mol-' 
from available thermochemical information (21) and this 
makes the proton transfer with HC3N endothermic. The ener- 
getics of the proton-transfer reaction between C2H2 and HC,N 
is less certain due to the uncertainty in the heat of formation of 
C2H (17). Within the uncertainties of PA(C2H) and PA(HC,H) 
the change in enthalpy is -4 ? 9 kcal mol-I. The SlFT mea- 
surements did not indicate occurrence of proton transfer which 
suggests that this channel is in fact endothermic also. 

The remaining reactions which were investigated result pre- 
dominantly in condensation and association and are of interest 
in chemical synthesis by ion/molecule reactions. Several con- 
densation reactions lead to the buildup of purely carbonaceous 
ions as in the generation of C,Ht from C ' ,  C3H3' from CH,', 
and C4HIt from C2Ht and C2H2'. Others lead to the 
lengthening of the carbon backbone of the cyanoacetylene as in 
the formation of C,Nb from C '  , C5Nb from Cyb, HCSNk from 
CzHt and possibly H,C,N' from CH,N02Hb. The association 
reactions which were observed with HC,N exhibited an inter- 
esting range in specific rate. The apparent bimolecular rate 
constants were generally r 5 x 10-'I cm3 molecule-' s-I 
which is close to the collision limit. These are large values and 
as such are indicative of the formation "tight" adducts in which 
the bonding is quite strong (25, 26). Strong bonding is not 
entirely unexpected for the adducts observed. CH,CNHf, i- 
C3H70HZt, and (CH,)ICOH t should form proton bound ad- 
ducts with HC,N. The proton affinities of CH,CN, i-C3H70H, 
and (CHJ2C0 are within 10 kcal mol-' of that for HC3N. 
Charge delocalization is possible with (CH,)2COHt as is ex- 
pressed in the resonance structures [6]. 
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This may result in a weaker proton bond in this case and thus 
account for the smaller rate constant observed for the formation 
of (CH,),COH ' .HC,N. 

With C,H and C,Nt and possibly also C2H2' and C,H2' the 
bonding in the observed adducts is likely to be covalent. The 
carbene cations C,H' and C,N' should react with HC,N by 
C-H u bond insertion in a manner analogous to the bi- 
molecular insertion reactions already reported for C,H (8,27). 
Sigma bond insertion would lead to the product ions [7] and 
PI. 

-t 

[7] HC=C--CH-CEC-CEN 

Charge delocalization is posslble in these two ions and this may 
account for the observed decrease In the rate of addition of a 
second molecule of HC,N. The nature of the bonding in the 
adducts C,H, ' HC,N and C,H, ' . HC,N is less certain. 

In ionized environments such as, for example, dense molec- 
ular interstellar clouds, ion/molecule reactions proceed in 
competition with neutralization reactions. Neutralization may 
proceed by electron-ion recombination (EIR), charge transfer 
(CT), or proton transfer (PT) and, when coupled to an 
ion/molecule reaction leading to bond formation in the ion, 
may result in the synthesis of a neutral molecule In which the 
new bond is preserved (23). For example, electron-ion re- 
combination or proton-transfer reactions with the carbonaceous 
ions C,Ht, C,H,', and C4H,' may establish the neutral mole- 
cules C,, C,H,, and CjH, and with H4C4Nt may establish 
methylcyanoacetylene. C,H2t may neutralize by charge trans- 
fer to form diacetylene while HC5N1 may charge transfer to 
form cyanodiacetylene. The new bond may also be preserved 
directly in the neutral product of an ~on/molecule reaction as in 
the reaction of C,N' with HC,N to form C?Ht where the 
neutral product must be C,N,. 

For the specific case of the molecular cloud TMC-I the 
results obtained in this study provide an indication of the pos- 
sible role of cyanoacetylene in the synthesis of derivative mol- 
ecules. Efficient routes are available for the synthesis of C,H 
and C,N according to reactions [9] and [lo], respectively. 

HCqN PT 
[9] C,H,' - C,H2+ - C,H 

EIR 

Ct  and C,H,' are attractive ionic precursors in models of 
interstellar ion chemistry as they react with H2 only slowly by 
association (23). CHIk is attractive for the same reason. With 
cyanoacetylene it yields the propargyl cation which may neu- 
tralize to form the carbene H,C=C=C: as shown in reaction 
[ I  11. 

The CH? . HC,N adduct observed in the laboratory may form 
in the molecular cloud by radiative association and then neu- 
tralize to form methylcyanoacetylene according to reaction 
[121. 

HC.IN PT 
[I21 CHI' - CH,-CH=~-CN - CH,CzC~ 

EIR 

Another possible route towards methylcyanoacetylene is reac- 
tion [I31 

PT - 
EIR 

but this route is less attractive for TMC- I as CH3NO2 has not 
been identified. Plausible routes are also available for the syn- 
thesis of cyanopolyynes. Cyanodiacetylene may be produced 
directly from C2H ' according to reaction [ I  41. 

Several of the primary product ions allow build up of the 
cyanopolyynes in secondary reactions. For example, recent 
measurements of the reaction of C4N1 with CH, in our labora- 
tory indicate a channel leading the H,C,Nt which may neutral- 
ize to form cyanodiacethylene. Other intriguing possibilities 
include the neutralization of the adducts C,H2' .HC,N and 
C,H,' . HC,N to form HC5N and HC,N, respectively, by elim- 
ination of Hz. Also the radiative recombination counterparts of 
the adduct formation observed in the flow tube for the carbene 
cations C,H' and C,Nt expressed in reactions [I51 and [I61 

+ 
[I51 CIH' + HCIN -+ HC=C-CH-CEC-CN + hv 

+ 
[I61 C4N+ + HCJN -+ NC-C-C-CH-CEC-CN + hv 
may provide direct routes for the synthesis in the interstellar 
medium of the large neutral carbenes :C(C2H)C2CN and 
:C(C2CN)?. These may form on neutralization by proton trans- 
fer or electron-ion recombination. They constitute a new class 
of complex organonitrogen molecules whose presence may 
provide still further opportunities for molecular growth in the 
interstellar medium. 
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The crystal and molecular structure of syn-[4.4.3]propella-2,4,12-trien-11-01 
3,s-dinitrobenzoate 
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JUDITH C. GALLUCCI, KATSUO OHKATA, and LEO. A. PAQUETTE. Can. J. Chem. 63, 862 (1985). 
The crystal structure of syn-[4.4.3]propella-2,4, 12-trien- I 1-01 3.5-dinitrobenzoate. 2, has been determined by single crystal 

X-ray diffraction and refined to an R value of 0.051. The crystal structure is triclinic with a-= 10.208(2), b = 13.355(2), 
c = 7.068(1) A, ci = 99.35(l)", P = 100.63(1)", y = 100.79(1)", and the space group is P I with two molecules per cell, 
D,,,I,d, = 1.39 g c m ' .  The unsaturated five-membered ring resides i! an envelope conformation with C6-CI I-C12-C13 
lying essentialiy in a plane. The fifth atom, CI ,  is positioned 0.47 A out of this plane on the side opposite 01. The latter is 
situated 1.38 A away and projects the 3.5-dinitrobenzoate group above the central portion of the cyclohexadiene unit. Four 
contiguous carbon atoms in the latter ring are mutually coplanar and the fused cyclohexane ring adopts a chair conformation. 
The overall molecular geometry is reconcilable with its solvolytic behavior in aqueous acetone. 

JUDITH C. GALLUCCI, KATSUO OHKATA, et LEO. A. PAQUETTE. Can. J. Chem. 63, 862 (1985). 
On a dCtermint la structure cristalline du dinitro-3,5 benzoate du [4.4.3] propellatriene-2,4,12 01-1 I -syrl, 2, par diffraction 

de rayons-X sur un cristal uniqut et on I'a affinte jusqu'i une valeur de R = 0,05 1. Le cristal est triclinique avec (1 = 10,208(2), 
b = 13,355(2), c = 7,068(1) A,  ci = 99,35(1)", P = 100,63(1)", y = 100.79(1)". Le groupe d'espace est P I avec deux 
molCcules par maille, D,,,,,,, = 1.39 g cm?. Le cycle insaturt i cinq chainons existe dans une conformation enveloppe avec 
les 4 carbones C-6, C- l I ,  C- 12 et C- 13 reposant essentiellement dans un plan. Le cinquikme atome, C I ,  est situd. i 0.47 A 
hors de ce plan du c8tt opposd. au 01. Ce dernier est a 1,38 A plus loin et projettc ainsi le groupe dinitro-3.5 benzoate au-dessus 
de la partie centrale de I'unitt cyclohexadiCnique. Quatre atomes de carbone contigus de ce dernier cycle sont mutuellement 
coplanaires et le noyau cyclohexanique qui lui est condense adopte unc conformation chaise. La gdomCtrie moltculaire globale 
est en accord avec Ic comportement solvolytique dans I'acttone aqueuse. 

[Traduit par le journal] 

Introduction 
The solvolyt~c behavior of the epimeric 3,5-d~nitrobenzoates 

1 and 2 in aqueous acetone has proven to be particularly 
informative with regard to the questlon of long-range charge 
delocalization ( I ) .  Despite the fact that the two molecules give 
rise to identical product distr~butions w~thin experimental error, 
anti isomer 1 ionizes 100 times more rapidly than 2. This 
widely divergent kinetic response was interpreted to be an 
indication of substantial IT participation during rate- 
determining C-0 bond heterolysis in 1 which fosters direct 
conversion to delocalized carbocation 3. Because the syn 
isomer does not enjoy a comparably favorable stereochemical 
alignment, the initial ionization event leads to a simpler allyl 
cation. Only subsequently does the allyl + bishomotropyliurn 
electronic reorganization occur. The development of height- 
ened charge delocalization as in 3 is almost certain to require 
disrotatory folding of the three- and unsaturated four-carbon 
bridges for the purpose of achieving through-space interaction 

and maximizing orbital overlap. 
When the antilsyn rate ratio of 100 is compared to that 

previously determined for 4 and 5 (exol/enllo = 12) (2), it  
becomes apparent that the presence of an additional fused 
cyclohexane ring is either more conducive to the development 
of bishomoaromatic character (see 3) within 1 or less favorable 
to the ionization of 2. For these reasons, we became interested 
in establishing the conformational preference of 2 and report 
here the results of its X-ray determined crystal structure. 

X-ray structure results 
Experimental 

Preliminary precession photographs with MoKa radiation 
failed to find any Laue symmetry higher than I; hence the 
space group possibilities are restricted to P 1 and P i .  The pale 
yellow c~ystal used for data collection was a many-sided 
lump cut from a larger crystal and measured approximately 
0.36 mm X 0.40 mm X 0.44 mm in size. The unit cell con- 
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FIG. 2. Stereoscopic vicw of the unit cell for 2. 

Atom 01 lies on the cpposite side of this four-atom plane and 
at a distance of 1.38 A from it. 'The resulting cant projects the 
C 13-01 bond of the 33-dinitrobenzoate moiety directly over 
the central portion of the cyclohexadiene ring. 

. . As concerns the latter, the data reveal that the four atoms 
C3-C4-C5-C6 most nearly d$fine a plane, The remaining 
two atoms, C I  and C2, lie 0.52 A and 0.20 A, respectively, 
from this plane, and on the same side. The remaining cyclo- 
hexane ring is in a chair conformation. When a least-squares 
plane is!itted to the C6-C7-C9-CIO atoms, the C I  atom 
is 0 .53  A away from this plane, while the C 8  atom is positioned 
0 .72  A away and on the opposite side of this plane. 

In view of the geometry characteristics of 2, it is possible to 
conclude that its ionization is not sterically or torsionally im- 
peded. Most notably, the three carbon atoms of the incipient 
ally1 cation are not misaligned for eventual favorable inter- 
action with the cyclohexadiene fragment. We presume there- 
fore that the exol/endo rate differential which distinguishes 112 
from 415 is most reasonably attributed to the facilitation of the 
direct conversion of 1 to 3 by the fused cyclohexane ring. The 
X-ray structure of molecule 1 might shed some light on this last 
point. 
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Ambident nucleophiles. 111. N-bonded vs. C-bonded adduct formation on reaction 
of imidazolide anions with 1,3,5-trinitrobenzene 

M. P. SIMONNIN, J. C .  HALLE, F. TERRIER,  AND M. J .  POUET 
Laboratoire de Spectroscopic et de Phy.sicoclzirnie des So1ution.s. U.A.  403 d~c CNRS. E.N.S.C.P.. 

11 Rue Pierre et Marie C~crie, 75231 Paris, Cede.r 05, Frclrrc.e 
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M. P. SIMONNIN, J .  C. HALLE, F. TERRIER, and M. J .  POUET. Can. J .  Chem. 63, 866 (1985). 
lmidazolide anions of imidazole, 2- and 4-methylimidazoles, 43-dimethyl and 4.5-diphenylimidazoles react with 1.33-tri- 

nitrobenzene (TNB) in dimcthylsulfoxide (DMSO) to yield, initially, N-bonded u-adducts under kinetic control. These undergo 
a subsequent conversion to C-adducts, which are the thermodynamically stable products. The formation of N,C-diadducts from 
the reversible attack of a second TNB molecule on the imidazolide moiety of the C-adducts is also observed. Provided that 
the corresponding position of the parent imidazolide anion is free, the formation of C-adducts occurs preferentially at the C-4 
or C-5 carbon atom. However, C-2 substitution is observed in 43-disubstituted derivatives. Structures and preferred con- 
formations of some adducts and diadducts are deduced from nOe experiments. The mechanisms of the various reactions are 
discussed. Evidence is presented that adduct formation results in a low-field shift of methyl groups located in a position adjacent 
to the substitution site, while all the other protons move upfield. This unusual deshielding presumably reflects a proximity effect 
between a methyl group and the hydrogen atom attached to the sp' carbon of the adducts. 

M. P. SIMONNIN,  J. C. HALLE, F. TERRIER et M. J.  POUET. Can. J. Chem. 63, 866 (1985). 
Dans le dimCthylsulfoxyde (DMSO), le trinitro-1.3,5 benzkne (TNB) reagit avec les anions imidazolate, methyl-2 et 

methyl-4 imidazolate, dimethyl-4,5 et diphknyl-4,5 imidazolate pour donner initialement des complexes-u azotts. Ces derniers 
disparaissent peu ii peu au profit de complexes-u carbonks qui sont les produits thermodynamiquement stables de la rkaction. 
La formation de N,C-diadduits par attaque d'une seconde molecule de TNB sur la forme anionique des C-adduits est aussi 
observee. Le mecanisme des reactions est discute. I1 apparait que les complexes carbones rksultent prkferentiellement d'une 
attaque du TNB sur les carbones-4 ou -5 du noyau imidazole mais, dans les derives disubstituCs-4,5 o i ~  ces positions sont 
occupees, la substitution Clectrophile se produit sur le carbone-2. Les structures et les conformations les plus favoriskes des 
complexes ont CtC etablies sur la base d'expCriences nOe. Les etudes rmn montrent Cgalement, que, contrairement i ce qui 
se passe pour tous les autres protons, la formation des complexes entraine un deplacement h champ faible d'un groupe mCthyle 
adjacent au site de substitution. Ce resultat inattendu est probablement dfi i un effet deproximitC entre le groupe mCthyle et 
I'hydrogkne port6 par le carbone sp"u complexe. 

lmidazolide anions are known to be potential ambident nu- 
cleophiles, being able to undergo electrophilic attack by con- 
ventional electrophiles at a nitrogen or  at a carbon atom ( 1, 2). 
Depending on the structures of the parent imidazoles and the 
experimental conditions, carbon attack may occur at C-2, C-4, 
o r  C-5. 

In a recent communication (3) ,  we have shown that un- 
substituted imidazole anion 1- also acts as an ambifunctional 
nucleophile towards electron-deficient aromatics like 1,3,5-tri- 
nitrobenzene (TNB).  In this case, the N-adduct 2 appears to 
form under kinetic control but the C-adduct 3, which exists in 
the two tautomeric forms 30 and 30, is the thern~odynamically 
stable product. More significantly, the N-C-diadduct 4 was 
also observed. Inasmuch as this reaction provided the first 
example of the ambident reactivity of an imidazolide anion 

I 
H 

I 
TNB- 

R=H, 1 2 
R-Me,  6 7 

TNB- H OMe H 
0 2 ~ v 2  0 2 ~ v O 2  

I I I 

TNB- No2 NO2 

towards electrophilic aromatics, we thought it of interest to 
extend our study to differently substituted imidazolide anions. 
The results that we now report show that both N- l and N-3 
positions may be involved in the N-attack process when the 
anions are unsymmetrical. Moreover, TNB addition may take 
place at the three carbon positions of the imidazole ring. 

Results 
'The reaction of TNB with imidazolide anions from 

2-methyl, 4-methyl, 4,5-dimethyl, and 4,Sdiphenyl im- 
idazoles was studied in dimethylsulphoxide (DMSO) solution. 
The anions were generated first by adding an equimolar amount 
of methanolic potassium methoxide (5.54 M )  to a solution of 
the parent imidazoles (0.3 M )  in DMSO. Then, the resulting 
solution was added to a DMSO solution of TNB (0.3 M ) .  
Strong colors typical of TNB u-adducts develop immediately. 
The course of the reactions was followed by ' H  nmr. An un- 
ambiguous distinction between N-bonded and C-bonded ad- 
ducts could be made on the following grounds: ( I  ) provided it 
could be observed, the presence of a broad NH signal at low 
field (- I I ppm) is typical of the C-adducts; (2)  the observation 
that the AXI systems due to the cyclohexadienyl protons appear 
at higher field in the C-adducts than in the N-adducts, in agree- 
ment with electronegativity arguments and with previously re- 
ported results' (5-8). The cyclohexadienyl protons are noted 
H I , ,  H,., HS. in the N-adducts and HI, . ,  H y ,  H=y in theC-adducts. 
In those instances where two N-bonded adducts were initially 
observed, nOe (nuclear Overhauser effect) experiments were 
carried out to determine structures. Also to be noted is the 

R=H, 4 5 
R =  Me, 9 

TNB- 
' For rcccnt rcvicws on Mcisenhcimcr adducts, scc rcf. 4. 
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SlMONNlN ET AL. 867 

TABLE I .  IH nuclear magnetic resonance data of imidazole, 2-mcthylimidazolc, and thcir TNB a-adducts" 

Compounds SR Stl, SH1 8 ~ ~ .  8H,.,5. 8 ~ ~ .  I 'JZ-~ 'JZ-7 'JJ-5 

1 7.67 7.03 I .O 
2 7.61 6.78 6.89 7.07 8.53 0.9 1.3 1.2 

3 0 3 3 b  7.38 6.82 5.77 8.31 1.2 
4 7.3 1 6.61 6.96 8.51 5.64 8.27 1.4 
6 2.28 6.85 
7 2.58 6.56 6.64 6.97 8 .5Z 1.5 

80 3 8b 2.15 6.65 5.69 8.31 
9 2.43 6.25 6.87 8.53 5.55 8.28 

"Chemical shifts in ppm relative to TMS as internal standard, J in Hertz, solvent DMSO-tl,,. 
"Unresolved coupling constants determined by double resonance experiments, see ref. 19. 

TABLE 2. IH nucIc;~r mapnctic rcsonancc data ot' 4(5)-mcti~ylimidazolc and its TNB tr-adducts" 

"Chcmical shifts in ppm rclarivc toTMS as intcrni~l standard. J in Hertz. solvent DMSO-tl,, 

initial presence of some amounts of unreacted imidazoles and 
of the TNB-niethoxide adduct 5 in all experiments; the reasons 
for this formation will be discussed in the forthcoming section. 

2-Merhvlimi~l~rzole 6 
In a general way. the reactivity of 2-methylimidazolide an- 

ion 6- towards TNB resembles that of unsubstituted irn- 
idazolide anion 1-  (3). Nuclear magnetic resonance (nmr) 
spectra showed the initial formation of the N-adduct 7. With 
time, 7 disappeared while two new species, which may be 
identified as the C-adduct 8 and the N,C-diadduct 9, appeared. 
After a few weeks, 8 was the only species which existed in the 
solution. Table I allows the conlparison of nmr data for the 
adducts from 1 and 6. Peculiar features of interest are the 
following. While the three irnidazolic protons of the N-adduct 
2 give an AMX system which provides an unambiguous assign- 
ment of these protons, the two irnidazolic protons of 7 give an 
AB system. In this case, the existence of a long-range coupling 
Jll,,lll, = 0.4 HZ allows us to assign the low-field signal (HA) to 
Hs. Accordingly, Hc is deshielded relative to H, in both N- 
adducts 2 and 7. 

The observation of a broad signal at 6 = 6.65 pprn for the 
imidazolic proton H4(.(, of the C-adduct 8 indicates the existence 
of a tautomeric exchange 8a 8b  which prevents the detection 

20% enhancement of H, of the N,C-diadduct 9 was observed 
when irradiating the HI,( signal of 9. The implications of these 
results in terms of preferred conformations of these adducts are 
discussed in the subsequent section (see Scheme 2). 

4(5)-Merhylimidazole 10 
Due to its dissymmetrical structure, 4-methylimidazolide an- 

ion 10- may attack TNB via either of the nitrogen atoms N- I 
or N-3. Indeed, the two N-adducts 11 and 12 were initially 
observed, though in quite different proportions, i.e. -80:20. 
The spectra showed the presence of two very close AX2 sys- 
tems and two sets of two irnidazolic protons and of methyl 
signals, with distinct chemical shifts (Table 2). These were 
assigned by nOe experiments, which indicated that the major 
species is 11 and the minor one 12. In  the case of 11, irradiation 
of the HI. signal enhanced the integrated intensity of the Hz 
signal by 20%. On the other hand, irradiation of the methyl 
signal of 12 enhanced the integrated intensity of the HI, signal 
by 17% (see Scheme 2). 

of the NH signal. A similar tautomery was observed between u I 
3a and 36 (3). 

The structure of the diadduct 9 was assigned by analogy with 

I 
TNB- 

11 12 

the results for 4 (3). In this latter case, the observed ~o ;~ l i ng  
constant of 1.4 Hz was only consistent with a 'Jz5 coupling, and 
therefore with structure 4. Note that steric reasons are also 
expected to favor 4 or 9 rather than diadduct structures with two TNB- 
vicinal TNB- moieties. 

The nOe experiments were performed on the N-adduct 7,  the 
I 
H 

C-adduct 8 ,  and the N,C-diadduct 9. lrradiation of the methyl 13a 13b 14 
signal of 7 resulted in a 15% enhancement of the integrated 
intensity of H,,. In contrast, no nOe enhancement was detected Conversion of 11 and 12 into the C-adducts 13 was nearly 
between HI, and Hs. On the other hand, irradiation of the H,,, complete in several days. The spectrum of 13 showed the 
signal of the C-adduct 8 resulted in a 17% enhancement of the presence of only one imidazolic proton at 6 = 7.28 pprn and a 
integrated intensity of the imidazolic proton of 8 .  Similarly, a broad NH signal at 1 1.6 ppm. A broad signal was also observed 
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, . I ABLE 3. IH nuclear magnetic rcsonancc data of 4.5-dimcthyl and 4.5-tliplicnylimidnzolcs ancl their T N U  tr-adducts" 

"Chclii ical shift5 i l l  ppnl rcl;~tivc 1 0  T M S  ;IS internal stanil;~ril. .I ill Hertz 
"C l~~rcso lvcd c i ) ~ ~ p l i n g  const;tnts clctcrll~inccl by douhlc rcsonancc cxpcl 

for the methyl group, suggesting the existence of a tautomeric 
equilibrium 130 @ 13b. An amount of the N,C-diadduct 14 
was also evidenced by nmr, and its concentration was strongly 
increased by addition of a second equivalent of methoxide ion 
and of TNB. In addition to the two expected AX, systems, the 
spectrum of 14 showed only one imidazolic proton, the reso- 
nance of which gave a singlet. The structure 14 was attributed 
to this diadduct on steric grounds and confirmed by nOe experi- 
ments. Irradiation of the methyl signal of 14 enhanced the 
integrated intensities of H,.  and HI., signals by 17% and 20% 
respectively. These effects unambiguously show that the two 
TNB- moieties are not in a vicinal position, i.e. the diadduct 
corresponds to the tautomer 13b of the C-adduct (see Scheme 
2). 

43-Dimethyl atld 4,5-diphe11ylimi~lazoles 15 atzd I8 
4,5-Dimethylimidazolide anion 15- reacted with TNB to 

give the kinetically favored N-adduct 16. The absence of a NH 

I 
H 

I 
TNB- 

R = Me, 15 16 
R = Ph, 18 19* 

*Not observed 

R 
I 

signal, the observation of a low-field imidazolic proton H-2, 
and the presence of two distinct methyl resonances with equal 
intensities are features typical of the dissymmetrical structure 
16 (Table 3). With time, 16 disappeared and the C-adduct 17, 
which has no imidazolic proton but a low-field NH signal, was 
formed. The observation of a single signal for the two methyl 
groups implies the existence of a rapid tautomeric exchange 
170 17b. 

In contrast with its 4,5-dimethyl analog, 4,5-diphenyl- 
imidazolide anion 18- does not form a N-adduct, i.e. 19, on 
reaction with TNB. Only the formation of 5 with the concom- 
itant recovery of the parent imidazole 18 was initially observed. 
Then, the nmr spectra showed the progressive formation of the 
C-adduct 20, which was characterized by its cyclohexadienylic 
AX1 system, a low-field NH signal at 1 1.5 ppm, and the ab- 
sence of the H-2 imidazolic proton. 

To be noted is that no N,C-diadduct formation could be 

detected, even under forcing conditions, i.e. with excess of 
methoxide ion and TNB, in these two 4,5-disubstituted im- 
idazolic systems. Such adducts, which would necessarily have 
two vicinal cyclohexadienyl moieties, are expected to be dis- 
favored on steric grounds. This conclusion is supported by the 
structure 14, unambiguously established for the N,C-diadduct 
of 4(5)-methylimidazole (vide supra). 

Discussion 
Mechatlism of add~cct formatiotz 

pK,, measurements of various imidazoles have shown that 
these derivatives are relatively acidic in H,0-DMSO mixtures 
rich in DMSO and may be completely ionized by hydroxide ion 
in these media (9).' For instance, imidazole, 2-methylimi- 
dazole, and 4,5-diphenylimidazole have pK, values of 17.15, 
18.08, and 15.55, respectively, at 20°C in 5% H,O - 95% 
DMSO (v/v), which are much lower than the ionic product of 
this mixture (pK, = 24) (ref. 10). A similar situation prevails 
in H20-DMSO mixtures with >95% DMSO, as well as in 
methoxide solutions in DMSO-MeOH mixtures. On this 
ground, the most reasonable mechanism describing the inter- 
action between TNB and the various imidazole anions is de- 
picted in Scheme I ,  which refers to the 4(5)-methylimidazole 
- TNB system. 

Since the T-electron system of the imidazole ring is not 
interrupted by bond making at a nitrogen atom while i t  is at a 
carbon atom, the reaction of TNB with all imidazolide anions 
except 18- results in the initial and reversible formation of the 
N-adducts, e.g. 11 and 12, under kinetic control. Although the 
equilibrium concentration of MeO- ions is small, the reversible 
formation of the methoxide complex 5 competes with that of 
the N-adducts, as a result of the well-known highly favored 
kinetic and thermodynamic factors associated with the for- 
mation of 5 from TNB and MeO- (4c, I I ) .  This latter adduct 
is the only one initially formed in the 4,5-diphenylimidazolide 
anion - TNB system. In this case, the nonobservation of the 
N-adduct 19 may be accounted for in terms of severe steric 
compression. 

The formation of the C-adduct occurs in an essentially irre- 
versible two-step sequence. The first step is the reversible 
formation of an imidazolenine intermediate, e.g. 13, H, which 
subsequently rearranges to give the thermodynamically stable 
C-adduct, e.g. 13. The non-observation of the imidazolenine 
intermediates suggest that they are not stable and that their 
rearomatization into the C-adducts is very fast. Indeed, this 
behavior is similar to that encountered in the case of the for- 
mation of the C-adducts of TNB and pyrroles or indoles (6). As 
previously discussed, on the basis of the absence of reaction 
between TNB and N-methylimidazole under the same basic 

'Also, J .  C. Halle and F. Terrier, unpublished rcsults. 
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SlMONNlN ET A L .  

I 
H Me Me 

MeO- + 11 .- MeOH + & 
N 

10- 13, H 

10 
1 

TNB- N 
I 

Me 

TNB- N 

conditions as those used in this work (3), C-adduct formation 
from direct attack of carbanionic species of imidazoles may be 
safely excluded ( 12). 

The negatively charged trinitrocyclohexadienate moiety is 
known to exhibit an appreciable acidifying effect ( I  3- 16). As 
a result, the NH group of the C-adducts is more acidic than that 
of the parent imidazoles and is deprotonated to some extent 
either by the equilibrium concentration of methoxide ions or by 
the imidazolide ions. Then, the resulting anions, e.g. 13-, can 
attack free TNB, accounting for the reversible formation, under 
kinetic control, of the observed N,C-diadducts, e.g. 14. As 
long as the experiments were performed in a 1 : I stoichiometry 
(I equiv. Im-/I eq~liv. TNB), we observed that these 
N,C-diadducts ultimately disappear to give only the C-adducts. 
Clearly, the latter are thermodynamically more stable than the 
former. However, the N,C-diadducts could be regenerated by 
adding an equimolar mixture of MeO- and TNB to the solu- 
tions of the C-adducts. 

Although they are not thermodynamically stable products, 
the N-adducts may be isolated as crystalline potassium salts, 
provided that the experiments be done in acetonitrile instead of 
DMSO. Addition of ether precipitates red crystals, which rap- 
idly turn to a gummy dark material if no care is taken to avoid 
contact with ambient moisture. Dissolution of these crystals in 
DMSO gives spectra similar to those observed from the in sit11 
generation of the N-adducts. Similarly, we succeeded in pre- 
cipitating the C-adducts by ether from the DMSO solution, 
when the isomerization of the N-adducts was essentially com- 
plete (see experimental section). 

Preferred cotformatiorz o f  the addllcts 
Scheme 2 summarizes the results of the nOe experiments 

performed on various adducts. These suggest that the N- and 
C-adducts assume peculiar preferred conformations around 
their N-Cl, or C-C,,. bonds. In the case of the N-adduct 7 of 
2-methylimidazole, the important effect between the 2-methyl 
group and H,. indicates a preferred conformation where HI.  is 
spatially close to the methyl group, ie. where the TNB- moiety 
is far removed from this group. In the corresponding C-adduct 
8 and N,C-diadduct 9, the nOe enhancements observed be- 
tween HI,, and Hs suggest that, in their favored conformation, 
the C-TNB- moiety lies in the vicinity of N-3. On the other 
hand, the N-TNB- moiety of 9 presumably keeps the same 
orientation as in 7 .  

However, the most interesting conformational results relate 
to the adducts of 4(5)-methylimidazole. Thus the nOe results 
show that the preferred conformation of the major N-adduct 11 
is similar to that of 7,  despite the absence of a vicinal methyl 
group. In contrast, the HI .  proton of the TNB- moiety of the 
minor N-adduct 12 lies in the vicinity of the methyl group. 
Consequently, the H? proton of 12 is located in the proximity 
of the cyclohexadienate ring. A similar situation prevails in the 
favored conformation of the N,C-diadduct 14 where there is a 
proximal relationship between the 5-methyl gro,up and each of 
the H I .  and H I ,  protons. 

The above results point out that the presence of a methyl 
substituent tends to favor a conformation where i t  is far away 
from the TNB- moiety(ies). Such a situation was probably to 
be expected on the basis of steric grounds. 
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Prototz chemiccrl shifts 
The imidazolic protons are more shielded in the N- and 

C-monoadducts than in the parent imidazoles. A further shield- 
i r ~ g  occurs on formation of the N,C-diadducts. Similar trends 
are observed for the methyl groups when they are not attached 
at a carbon adjacent to the site of nucleophilic attack. In con- 
trast, the methyl groups which are vicinal to a C-TNB- or 1 N-TNB- moiety are deshielded relative to the parent im- 
idazole. Moreover, in the N,C-diadduct 14, where the methyl 
group is adjacent to both a N - T N B  and a C-TNB- moiety, an 
additional deshielding is observed relative to the N-adduct 12 
or to the C-adduct 13, suggesting that the effect is somewhat 
cumulative. Significantly. the deshielded methyl groups are 

I those which are involved in a nOe enhancement, and con- 
I sequently are spatially located close to the H I  or HI*, protons 

I bonded to the s p h a r b o n s  of the TNB- moieties. This obser- 
I vation tends to indicate that the low-field shifts observed are 

I related to a proximity effect (17, 18).' It is on this ground that 
we have attributed the two methyl resonances of the N-adduct 
16 of 4,5-dimethylimidazole. 

Experimental 
Niicleclr ttzagtzetic resotznnce spec~tra 

The 'H nmr spectra were recorded at 100 MHz (Varian XL 100) in 
the CW mode, using TMS as an internal standard. The nOe experi- 
ments were performed immediately after degassing the DMSO solu- 
tions by bubbling argon for 5 min. 

lsol~bie ndducts 
Potassium salts of the C-adducts 3 and 13 of imidazole and 

4-methylimidazole were precipitated from the DMSO solutions by 
addition of anhydrous diethyl ether (EtlO). The purple crystals which 

. . . .  . .  . . .  . .  . . . .  
formed were filtered, ground to a fine powder under an argon atmo- 

. .  . . . .  . . . . :  . . . . .  ; , 
sphere, washed with copious amounts of anhydrous ether, and dried 
in VLICUO to eliminate any associated solvent. The two adducts do not 
melt but decompose between 180 and 200°C. The 'H nmr spectra of 
the isolated salts in DMSO-d(, are similar to those observed in the it1 

i 

i situ generation of 3 and 13. 
Anal. calcd. for the potassium salt of 3, CoHc,N5O5K: C 33.85, H 

! 
i 1.89, N 21.94; found: C 34.29, H 2.16, N 21.71. 

'A referee has suggested that another possible interpretation of t h ~ s  
deshielding might be in terms of polarization of the methyl group 
(C-Me') by the adjacent and opposit~vely oriented dipole. 

Atzul. calcd. for the potassium salt of 13, CI,,HxN50,,K: C 36.03, H 
2.42, N 21.01; found: C 36.39, H 2.81, N 20.73. 
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1,1,2,2-tetraphenylcyclopropane' 

DANIAL D. M. WAYNER AND DONALD R. ARNOLD' 
Department of Chemistry, Dalho~tsie University, Hal*, N.S. ,  Canada B3H 453 

Received June 28, 1984 

DANIAL D. M. WAYNER, and DONALD R.  ARNOLD. Can. J. Chem. 63, 87 1 (1985). 
The photosensitized (electron transfer) and the electrochemical oxidation of I, I ,2,2-tetraphenylcyclopropane (1) have been 

studied. The products obtained from the photosensitized (electron transfer) study are I, I ,3,3-tetraphenylpropene (2), 
I ,3,3-triphenylindene (31, tetraphenylallene (4), and 3-methoxy-I, I ,3,3-tetraphenylpropene (8). The product ratios are dra- 
matically dependent upon the reaction conditions, particularly sensitizer (aromatic nitriles, tetracyanoethylene, chloranil, and 
2,3-dichloro-5,6-dicyanobenzoquinone were used), and solvent. The variations in product ratios are attributed to variations in 
the redox behaviour of the sensitizer radical anion and upon the basicity and nucleophilicity of the medium. The products in 
the electrochemical study are 3, 4, and 8. Common intermediates have been identified and a mechanism for the formation of 
products is proposed. 

DANIAL D. M. WAYNER et DONALD R. ARNOLD. Can. J. Chem. 63, 871 (1985). 
On a CtudiC les oxydations photosensibilisCes (transferts d'Clectrons) et tlectrochimiques du tCtraphCny1-1 , I  ,2,2 cyclo- 

propane (1). Les produits formCs lors de 1'Ctude photosensibiliste (transferts d'ilectrons) sont: le tCtraphtny1-I, 1,3,3 propene 
(2), le triphCnyl-1,3,3 indene (3), le tCtraphCnylallene (4) et le mtthoxy-3 tCtraphCny1-1,1,3,3 prophe (8). Les rapports des 
produits formCs varient d'une fagon dramatique avec les conditions de la reaction et, en particulier, avec la nature du 
sensibilisateur (on a utilisC des nitriles aromatiques, le tttracyanotthylene, le chloranil et la dichloro-2,3 dicyano-5,6 benzo- 
quinone) ainsi qu'avec la nature du solvant. On attribue les variations observCes dans les rapports des produits aux variations 
dans le comportement rCdox de l'anion radicalaire du sensibilisateur et a la basicitt ainsi qu'au caractkre plus ou moins 
nuclCophile du milieu. Lors des ttudes Clectrochimiques, il y a formation de 3, de 4 et de 8. On a identifiC la nature des 
intermediaires communs et on propose un mtcanisme pour la formation des produits. 

[Traduit par le journal] 

Introduction 
The generation of radical ions in solution by photosensi- 

tization (electron transfer) is now recognized as a general 
reaction (3). There is intense research activity in this area, 
especially for the study of the formation and subsequent reac- 
tions of the radical cations (3). I t  is already apparent, however, 
that the observed reactions may not reflect the intrinsic reac- 

1 tivity of the radical cation: the nature of the acceptor radical 
I 
I anion often plays an important role, even in highly polar sol- 
I vents where radical ion pair separation should be a fast process. 

Two recently reported examples, which involve initial forrna- 
tion of 1,3-radical cations, will illustrate this point. 

The ultimate reaction of the 1,2-diphenylcyclopropane 
radical cation - sensitizer radical anion pair depends upon the 
sensitizer. When I ,4-dicyanonaphthalene is used as the elec- 
tron accepting sensitizer, cis-trans isomerization of the 1,2- 
diphenylcyclopropane is observed (4). The proposed mecha- 
nism for this reaction, based upon a study involving photo- 
chemically induced dynamic nuclear polarization (ClDNP), 
indicates that back electron transfer from the sensitizer radical 
anion to the radical cation gives the 1.2-diphenylcyclopropane 
triplet (the trimethylene) which subsequently isomerizes. The 
energy of the donor-acceptor radical ion pair is greater than 
that of the triplet energy of 1,2-diphenylcyclopropane. On the 
other hand, when chloranil is used as the electron acceptor, no 
cis-trans isomerization occurs; ClDNP studies indicate the 
I ,2-diphenylcyclopropane radical cation is formed as before, 
but in this case back electron transfer yields only the sensitizer 
triplet, which is of lower energy than that of the 1,2-diphenyl- 
cyclopropane (4b). Apparently, cis-trans isomerization of the 
1,2-diphenylcyclopropane radical cation is slow enough that it 

'portions of this work have been reported in preliminary commu- 
nications ( 1 ,  2). 

'Author to whom correspondence should bc addrcsscd. 

cannot compete with the back electron transfer process (5). In 
this case the critical factors which influence the reaction are the 
triplet energy of the radical ion pair and the triplet energy of the 
sensitizer relative to the triplet energy of the trimethylene. 

In a closely related reaction, photosensitization (electron 
transfer) of phenylcyclopropane in methanol, using 1,4-di- 
cyanobenzene as the acceptor, gives an almost equal mixture of 
the anti-Markownikoff addition product, methyl-3-phenyl- 
propylether, and the photosubstitution product, 3-methoxy-l- 
(4-cyanopheny1)- I-phenyl propane (6). When I, l -diphenyl- 
cyclopropane is subjected to these conditions, none of the 
analogous photosubstitution product is obtained; methyl-3,3- 
diphenylpropylether is formed in almost quantitative yield. 

In both cases, the initial reaction of the radical cation is to 
add methanol to form the benzylic- or diphenylmethyl-type 
radical intermediate. In the case of phenylcyclopropane, 
coupling between the benzylic-type radical and the dicyano- 
benzene radical anion competes with the back electron transfer; 
i.e., reduction of the radical. With 1, l -diphenylcyclopropane, 
coupling between the diphenylmethyl-type radical and the 
dicyanobenzene radical anion cannot compete with reduction 
of the radical. The difference in reactivity is attributed to the 
differences in reduction potential of the intermediate radicals. 
The diphenylmethyl-type radical is considerably easier to re- 
duce than the benzyl-type radical. While the reduction potential 
of this benzylic radical is not known, i t  will certainly be greater 
than that of the benzyl radical (- 1.43 V vs. saturated calomel 
electrode (SCE), HMPA-THF, ref. 7) and may, in fact, be 
comparable to that of 1,4-dicyanobenzene (-  1.6 V vs. SCE, 
acetonitrile, ref. 3). lt therefore seems likely that the benzylic- 
type radical and anion will be in equilibrium with the di- 
cyanobenzene radical anion and dicyanobenzene, while in the 
diphenylmethyl analogue (E l /?  = - 1.16 V VS. SCE, HMPA- 
THF, ref. 7) the equilibrium will be largely in favor of the 
anion. So, in this case, it is the reduction potential of the 
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sensitizer that ultimately determines the reactivity of the radical 
cation - radical anion pair.' A similar competition between 
addition of methanol and photosubstitution has been observed 
for olefin radical cations (8). 

Another important characteristic of the sensitizer radical 
anion that can influence the fate of the radical cation is basicity; 
the radical cation may deprotonate, with the radical anion 
serving as base. The observed reaction will then depend upon 
the reactivity of the radical pair. 'The electron transfer process 
greatly increases the acidity of the donor (9) and the basicity of 
the acceptor, so  proton transfer should frequently be favour- 
able. Apparently, proton transfer is not always rapid enough to 
compete with other reactions or this process would be much 
more common. 

Our awareness of the importance of these considerations 
originally developed from observations of the reactivity of 
I ,  I ,2,2-tetraphenylcyclopropane (1) radical cation that were 
apparently inconsistent. We have reported that the photo- 
sensitized (electron transfer) reaction of 1 in acetonitrile solu- 
tion, using 1,4-dicyanonaphthalene as the electron accepting 
sensitizer, gave I ,  I .3,3-tetraphenylpropene (2) in good yield 
(reaction [ I ]  and ref. I ) .  In contrast, when tetracyanoethylene 
was used as the acceptor, 1,3,3-triphenylindene (3) was the 
only product (reaction [2]) (ref. I ) .  'The mechanistic scheme we 
proposed for these reactions involved the 1,3-radical cation as 
a common intermediate which partitioned between two reaction 
pathways. lndene formation was thought to involve the 
I ,  I ,3,3-tetraphenylpropenyl cation. Yet i t  was known that this 
cation, generated by treatment of the alcohol precursor with 
acid, gave good yields of tetraphenylallene (4) (Reaction [3]) 
(ref. lo) ,  and, the allene was not detected in either of these 
photosensitized reactions. 

A 
Ph. Ph. 

h v ,  DCN > Ph,C=CHCH Ph, 
CH,CN 

A further complication was obvious from the work of Rao 
and Hixson which was reported about the same time as our 
results (6). As mentioned previously, I ,  l -diphenylcyclo- 
propane gives the methanol addition product upon irradiation in 
methanol with 1,4-dicyanobenzene as  the electron acceptor. 
Similar irradiation of I ,  I ,2,2-tetraphenylcyclopropane gave 
good yields of the 1,1,3,3-tetraphenylpropene (2); no 

'Steric factors may also influence this reaction; i t  would be morc 
difficult for the more hindcred diphenylmcthyl-type radical to couple 
with thc dicyanobenzenc radical anion. 

TABLE I .  Calculatcd free-energy change for clectron transfcr from 1" 

E,nr (kcal E c c , ,  AG/ 
Acceptor mol--') ( V  vs. SCE) (kcal mol-') 

1.4-Dicyanobenzenc 
(DCB) 

1,4-Dicyanonaphthalenc 
(DCN) 

9.10-Dicyanoanthraccne 
(DCA) 

Mcthyl-4-cyanobcnzoatc 
(MCB) 

Tetracyanoethylenc 
(TCNE) 

Chloranil (TCQ) 
2.3-Dichloro-5.6- 

dicyanobenzoquinonc 
(DDQ) 
"The oxidation potential o f  1 is 1.36 V (E,,) in acetonitrile ( I ,  2). 
"Calculated using the Wcller equation (12) using e'/eru = 0.06 eV. 
''Reference 3. 
''In these cases formation of a charge-transfer complex was indicated by a 

ncw adsorption band at long wavelength. The energy at the onset c ~ f  the long 
wavclcngth charge-transfer absorption band is approxim;~tely 50 kcill mol- ' .  

I-methoxy-1,1,3,3-tetraphenylpropane (6) was detected (reac- 
tion [4]) (ref. 6).  If the 1,1,3,3-tetraphenylpropenyl cation 
were involved in this reaction, 3-methoxy- I ,  l,3,3-tetraphenyl- 
propene (8) should have been formed (reaction [S]). 

These results were particularly surprising, not only because 
the I-methoxy- I ,  l,3,3-tetraphenylpropane was not formed, 
but also because the 1,1,3,3-tetraphenylpropene was appar- 
ently stable under these conditions. We have shown that 
1,  I-diphenylethylene and other phenyl alkenes yield the prod- 
uct from the anti-Markownikoff addition of alcohol under these 
conditions ( 1  I) ,  and, by analogy, 1,1,3,3-tetraphenylpropene 
should give 2-methoxy-I, l,3,3-tetraphenylpropane (7). How- 
ever, this product also was not observed. 

This plethora of possible products, six in all (2-4, 6-8) ,  
from one relatively simple starting material, in fact, may not be 
unusual for reactions of this type. We were intrigued by the 
possibility that we could understand this complex behavior to 
the point where we could direct the reaction toward a specific 
product through seemingly minor variation in reaction condi- 
tions. Such an understanding is essential to the development of 
synthetically useful reactions in this area in general. 

Results 
Photoserlsitizerl (electron transfer) irrcldiation of I 

The  pertinent characteristics of the electron accepting sensi- 
tizers used in this study are listed in Table 1. The reduction 
potentials were determined by cyclic voltammetry and, since 
analysis of the waves indicates the electrode processes are 
reversible, these values are thermodynamically significant. 
The anodic oxidation of 1 ,  however, is not reversible, so there 
is some uncertainty in the oxidation potential (2). The free 
energies for the electron transfer were calculated using the 
Weller equation (eq. [6]) (ref. 12). 

[6] AGE, 
= 23.06 (E,,,(donor) - EWd (acceptor) - e 2 / e a )  - EM, 

The  results of the irradiations are summarized in Table 2. 
Sensitizers 1,4-dicyanobenzene (DCB), 1,4-dicyanonaph- 
thalene (DCN), 9,lO-dicyanoanthracene (DCA), and methyl-4- 
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TABLE 2. Photosensitized (electron trans- 
fer) irradiation of 1 

Acceptor Product(s) Yicld (%) 

DCN".'' 

DCA" 
MCB" 2 
TCNE" 3(19):4(1) 71' 
TCQ 3( 1 ) : 4(9) 75' 
DDQ 3( 1 ):4(3.5) 47' 
TCQ" 8 87" 

"In ;rcctonitrile. 
"In acetonitrile-methanol (3:  1 .  v/v). 
'Combined yield of 3 and 4. 
"Combined yield of 4 and 5. the decornpo- 

sition products of 8 on a silica gel column. 

TABLE 3. Controlled potential electrolysis of 1 

Conversion Current Yield 
Solventa 6) yield ( % ) h  Product(s)' (%) 

"0.1 M TEAP. 
hBased on recovered starting material. 
These are the only products detected by hplc at 5% conversion. 

cyanobenzoate (MCB) all lead to formation of 1,1,3,3- 
tetraphenylpropene (2) in acetonitrile solution (reaction [I]). 

Rao and Hixson (6) have reported that 2 also was formed 
from 1 upon irradiation in methanol solution. We have con- 
firmed this observation; when the irradiation is carried out 
in acetonitrile-methanol (3: 1, v/v) only 2 is produced. No 
product resulting from the addition of methanol (neither 7 nor 
8) was detected. When this irradiation is carried out in ace- 
tonitrile - methanol - 0 - d ,  the product (2) has deuterium 
(>95%) incorporated at the allylic position. Extended irra- 
diation of 2 under these conditions does tzot cause incorporation 
of deuterium nor methanol addition (7). 

Using tetracyanoethy lene (TCNE) as the acceptor, irra- 
diation, in acetonitrile, of the charge-transfer band leads to the 
formation of I ,3,3-triphenylindene (3) ( 1 ) .  Careful analysis of 
this reaction mixture by high pressure liquid chromatography 
(hplc) indicates the presence of a trace of tetraphenylallene (4) 
(the ratio of indene (3) to allene (4) is 19: 1 )  which was not 
detected in the previous work. Similar irradiation of this mix- 
ture, but with tetraethylammonium perchlorate (TEAP, 0. I M )  
added, gives the same products in the same ratio. 

On the other hand, with chloranil (TCQ) as the electron 
acceptor, irradiation of the charge-transfer complex in ace- 
tonitrile leads to the formation of tetraphenylallene (4) as the 
major product. Analysis of the reaction mixture by hplc indi- 
cates the ratio of 3 to 4 is 1 : 9  with this sensitizer. This ratio also 
does not change when the irradiation is carried out in ace- 
tonitrile containing 0 .  I M TEAP. When this irradiation was 

TABLE 4. Cyclic voltammetric data for 1" 

Sweep rate (V s-') EPI (Vb  PI (PA) EPZ (v)" ~ P Z  (PA) 

0.050 1.285 30 1.504 9 
0.100 1.294 40 1.540 5 
0.200 1.320 53 1.564 3 
0.400 1.360 72 1.575 2 

"In acetonitrile (0.1 M TEAP). 
Versus sce. 

charge-transfer band, in acetonitrile solution, leads to the for- 
mation of substantial amounts of both 3 and 4 ( I  :3.5). 

Conlrollecl potential electro/~~.si.s of 1 
The results from the controlled potential oxidation of I under 

various conditions are summarized in Table 3. The anodic 
oxidation of 1 in acetonitrile (0.1 M, TEAP) at 1.3 V (vs. SCE) 
leads to the formation of I ,3,3-triphenylindene (3) (2); tetra- 
phenylallene (4) was not detected. When the electrolysis is 
carried out under similar conditions, but with 2,6-lutidine 
(0. I M )  added to the anolyte, the product is predominantly 4; 
only a trace (<3%) of 3 is present under these conditions. 
Electrolysis of 1 in acetonitrile-methanol (3: 1 ,  v/v) results in 
the formation of 3-methoxy- I ,  l,3,3-tetraphenylpropene (8, re- 
action [6]). 

Electr-ochenzical mea.s~ire~~zetzt.s of 1 
Cyclic voltammetric studies were carried out in both ace- 

tonitrile (0. I M TEAP), and dichloromethane (0.1 M tetra- 
butylammonium perchlorate, TBAP) (2). In acetonitrile, two 
irreversible anodic waves are observed at E,, = 1.36 V and 
E, = 1.58 V, at a sweep rate of 400 mV s-I. AS the sweep rate 
increases from 50 mV s-I, the relative height of the second 
wave decreases and it is not detected at sweep rates faster than 
l .O V s-I (Table 4). 

The cyclic voltammogram of 1,3,3-triphenylindene (3) 
reveals a sharp anodic wave (E, - El,/2 = 40 mV) at 1.58 V 
at a sweep rate of 400 mV s- ' .  The cyclic voltammogram of 
this solution after an equimolar amount of 1 has been added 
does not exhibit the wave at 1.36 V. The peak current for the 
wave at 1.58 V, on the other hand, doubles in value for this 
mixture (Fig. I). 

The cathodic sweep reveals the presence of a reversible wave 
at E,/, = 0.34 V and an irreversible wave at E, = 0.17 V. The 
intensity of the reversible wave decreases if the cathodic sweep 
is delayed. 

At the onset of oxidation of I ,  the acetonitrile solution 
around the anode turns visibly purple. A solution of 1,1,3,3- 
tetraphenylpropenol (5) in acetonitrile (0.1 M TEAP) con- 
taining trifluoroacetic acid (5 x lo-? M)  turns the same colour. 
The cyclic voltalnmogram of this solution also reveals a rever- 
sible wave at Ell? = 0.34 V. 

Cyclic voltammetric studies in dichloromethane (0.1 M 
TBAP) were similar to those in acetonitrile, the main difference 
being that while there is an anodic wave at 1.36 V, the second 
anodic wave at 1.58 V is not observed. There is a quasi- 
reversible wave at Ell, = 0.37 V. The onset of oxidation again 
is accompanied by the development of a purple colour near the 
surface of the electrode, as was the case in acetonitrile. 

- 
carried out in acetonitrile-methanol (3 : 1 ,  v/v) the product is S~~ectroelec~rocI~e~~iical  t~~ea.siir-et~ze~zt.s 
3-methoxy- I, I ,3,3-tetraphenylpropene (8, reaction [5]). The anolyte turns purple as soon as the potential is applied. 

When 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) is The visible absorption spectrum of this solution shows three 
used as the electron accepting sensitizer, irradiation of the broad absorption maxima (A,,,,, = 568 nni, 459 nm, 382 nm) of 
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Mole O s 6 1  

FIG. I. Cyclic voltammograms in acetonitrile, 0.1 M TEAP at 
400 mV s - '  of (a) 1 (1.5 X lo-' M), (b) 3 (1.5 x lo- '  M), and 
(c) 1 (1.5 X lo-' M) and 3 (1.5 X 10-") illustrating that the 
adsorbed 3 insulates the electrode from the solution until the discharge 
potential of 1.58 V is reached. 

approximately equal intensity. This spectrum is essentially 
identical to the spectrum obtained from the 1,1,3,3-tetra- 
phenylpropenol in acetonitrile (0.1 M TEAP) to which tri- 
fluoroacetic acid has been added. The irradiation of the charge- 
transfer band between 1 and TCNE, TCQ, or DDQ results in 
the development of a coloured intermediate with a similar vis- 
ible absorption spectrum, within a few seconds of irradiation. 
This colour slowly disappears if the vessel is removed from the 
irradiation source. 

The rate of disappearance of the coloured intermediate can 
be measured using an electrolysis cell fitted with Pyrex win- 
dows (see Experimental). The rate of disappearance of the 
colour follows first-order kinetics with a rate constant of 
2.87 X s-' at 23°C. The same rate constant is obtained 
whether monitoring the absorption at 460 nm or 570 nm (at 
380 nm background absorption interferes with the measure- 
ment). Furthermore, the rate is independent of electrolyte con- 
centration over the range 0.1 to 0.001 M TEAP (cell resistance 
precluded measurements at lower concentrations). 

f r a c t i o n  

o f  3 0.1 
F r a c t i o n  CH,CN in CCI, 

FIG.  2. Mole fraction of 3 (the remainder is 4) versus the fraction 
(by volume) of acetonitrile in carbon tetrachloride from the reaction 
of 5 with (a) toluenesulphonic acid. (b) trifluoroacetic acid. and 
(c) 0 trichloroacetic acid. 

TABLE 5. Effect of temperature on the 
rate of the unimolecular reaction of 
1 ,I ,3,3-tetraphenylpropenyl cation in 

acetonitrile (0.1 M TEAP) 

T ("C)" k<,hr  (s- '1 

The temperature dependence of the rate constant (Table 5) 
leads to an estimate of the activation energy for loss of the 
intermediate of 2 1 .8 k0 .6  kcal mol-' and a preexponential 
factor (log A )  of 14.5 k 0.4. 

Solvent and acid effects on the ratio 314 
The products obtained by treatment of 5 in mixtures of ace- 

tonitrile and carbon tetrachloride with an acid are 3 and 4. 
These products are obtained in chemical yields greater than 
90%. The ratio (314) decreases as the percentage of acetonitrile 
decreases (Fig. 2). While there appear to be no significant 
differences between trifluoroacetic acid and trichloroacetic 
acid, p-toluenesulphonic acid gives a significantly higher ratio 
(314) in all solvent mixtures. 

Discussion 
The products obtained upon photosensitized (electron trans- 

fer) oxidation of 1 are remarkably dependent upon reaction 
conditions, particularly solvent and sensitizer. Although some 
of these observations were reported several years ago ( I ,  6), the 
mechanism has never been discussed in detail. The sequence 
outlined in Scheme 1 can account for all the results. 

The first two steps, initial excitation of the electron accepting 
sensitizer and electron transfer to give 1 ' + and A ' -, are well 
established. All of the irradiations were carried out through 
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WAYNER AND ARNOLD 

TPC + A' 
[21 * ph;;?\~h, + A '  

Ph,.& 

(9') 

ph,*ph, + HA- 

B > 
181 

fl H Ph, 

+ BHi 
\ 

Ph, 

P h , e  Ph, * Ph,C=C=CPh, f BHi 

( 4 )  

Pyrex, so wavelengths shorter than 290 nm are absorbed by the 
vessel. The sensitizers have appreciable absorption at longer 
waveIengths, while 1 is essentially transparent beyond 300 nm. 
The electron transfer step is thermodynamically favourable in 
every case (Table 2). Table 1 lists the free-energy change for 
this process as estimated by the Weller equation (12). With the 
quinone sensitizers (DDQ and TCQ) the triplet state is un- 
doubtedly involved because of the rapid intersystem crossing in 
these cases. When the sensitizer forms a charge-transfer com- 
plex with 1 (TCNE, TCQ, DDQ) irradiation in the wavelength 
region of the charge-transfer transition can lead directly to the 
radical ion pair. 

The deprotonation of 1 ' (Scheme 1, Step 3) dominates the 
chemistry after the electron transfer has occurred. In many 
instances in the literature, when a mechanism involving the 
deprotonation of a radical cation is proposed, the fate of the 
proton is essentially ignored until it is needed again to protonate 
another intermediate. In some cases the deprotonation does not 
seem to occur when it is predicted that it should, while in other 
cases the anion radical is thought to serve as the base. It is of 
fundamental importance to understand what is occurring and 
why. The first requirement is to estimate the pK, of 1". 

We have developed several thermochemical cycles which 
can be used to estimate the pKa of a radical cation from avail- 
able thermochemical data (9). An estimate can be made if the 
oxidation potential of RH (E:,) and the bond dissociation 
energy of R-H (AGBDE) are known. In this case, eq. [7] can 
be used, 

where AG,,H+)sol is the free-energy associated with the transfer 
of a proton from water to the solvent of interest, AGI(Hlg is the 
free-energy of formation of a hydrogen atom and, AG,,, is the 
free-energy associated with the isomerization of the cyclo- 

A AG"Om ' ph+ph2 
Ph, Ph, 

FIG. 3.  The isomerization of 2.2.3,3-tctraphcnylcyclopropyl radi- 
cal to 1,1,3,3-tetraphenylpropcnyl radical. 

FIG. 4. Thermochemical cycle to estimate the strength of the one- 
electron, two-centre bond in I . + .  

propyl radical to the ally1 radical, Fig. 3. 
To determine the pK, of 1 ", the value of E;,  is estimated 

from the E,, (1.48 V vs. NHE); AG,,(H+lsol is 1 1  kcal mol-' for 
acetonitrile (13); AGf(H)g is 48.6 kcal mol-', and AGBDE(RH) is 
approximately 96+3 kcal mol-' (14). The free-energy change 
associated with the isomerization from the cyclopropyl to the 
allylic structure must also be estimated. In the unsubstituted 
C3H5' radical this value is approximately -25 kcal mol-' (14). 
The extra stabilization associated with the four phenyl groups4 
should not account for more than - 1423  kcal mol-I, so AGisorn 
should then be approximately -39f 3 kcal mol-I. Substitution 
of these values into eq. [7] gives an estimate of - 1 1 2 4  for the 
pKaof 1". 

Another approach can be used to obtain an estimate of this 
number. The pKa of the I ,  I-diphenylethyl cation (in water) is 
approximately -6 (16). 'The pK, value in acetonitrile, based on 
the free-energy of transfer of the proton (1 1 kcal mol-I) and the 
hydrocarbon fragments ( -222  kcal mol-I), should be about 
0.6-fl .  This number must be corrected for the allylic sta- 
bilization gained upon deprotonation (14+3 kcal mol-I) and 
the strength of the one-electron two-centre bond being broken. 
An estimate of the strength of this bond may be obtained from 
the cycle shown in Fig. 4. The value of AGBDE (C-C) is 
estimated from the activation barrier to thermal isomerization, 
which is about 30 kcal mol-' (17). The oxidation potential E: 
should be approximately the same as the oxidation potential of 
the 1,l-diphenylethyl radical (approx. 0.42 V vs. NHE) (18) 
and the oxidation potential of 1 is given above. This gives an 
estimate of 6 kcal mol-' for the strength of the one-electron 
two-centre bond of 1 ' +. Therefore, the pK, of 1 ' + should be: 

It is, therefore, not surprising that 1" deprotonates. Fur- 
thermore, this process should be rapid because the C-H bond 
being broken can be parallel to the vacant p-orbital. 

It is reasonable to assume that the sensitizer radical anion 
could serve as the base for the deprotonation of 1 ' +. In those 
cases where the sensitizer is reduced (TCNE, TCQ, and DDQ) 
this occurs. In fact, even in those cases where the sensitizer is 
not reduced (DCN, DCB, DCA, and MCB), and 2 is the 

4This is based on AGO,,, (C-H) in diphenylmethane relative to the 
AG;,, (C-H) in ethane (15).  
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product, protonation of the sensitizer radical anion still may be 
fa~ourable .~ However, in these cases, Scheme 1, Step 4 re- 
quires the radical anion to reduce 9 '  . If proton transfer to these 
radical anions is slow, the radical cation, 1 ' ', is acidic enough 
to protonate the solvent. There are other possible mechanisms 
for the formation of 2 which involve HA', disproportionation of 
the radical 9 '  , for example. However, the observed deuterium 
incorporation in 2, from methanol-0-d, argues against this 
alternative. 

The next step in the reaction scheme, Step 4, involves a 
reduction of 9 '  by the sensitizer radical anion. The reduction 
potential of 9 '  is known (-0.94 V vs. SCE, ref. 21). Table 1, 
which lists the reduction potentials of the sensitizers, clearly 
indicates that the radical anions of all of the aromatic nitriles 
are capable of reducing 9 '  to 9-; even DCA, where the electron 
transfer is almost isoenergetic. Furthermore, the radical anions 
of the other sensitizers (TCNE, TCQ, and DDQ), which do not 
give 2 as a product, are not capable of reducing 9'. Following 
the reduction of 9', protonation of 9- (Scheme 1, Step 5) 
completes the mechanism for the formation of 2. 

The reduction of 9 '  and subsequent protonation of 9- ex- 
plains the high degree of incorporation of deuterium at the 
allylic position with no scrambling. The absence of observable 
isotopic scrambling in 2 also rules out reversibility for the 
deprotonation of 1 ' ' (9). 

An alternative mechanism for the incorporation of deuterium 
in 2 might be deprotonation of 2" to form 9 '  followed by 
reduction and subsequent deuteration. However, when a solu- 
tion of 2 and 1,4-dicyanonaphthalene (DCN) are irradiated 
in acetonitrile - methanol-0-d, no deuterium exchange is 
observed. 

This result raises several new questions. Since the formation 
of the highly stabilized radical, 9 ', should be a driving force for 
deprotonation of 2' ', it is not immediately obvious why 1 ' ' 
deprotonates while 2' ' does not6. Furthermore, the inability of 
both 1 " and 2" to react with methanol is unexpected (3, 8), 
especially in the case of 2' ' since 1,l-diphenylethylene under 
similar conditions reacts to form the anti-Markownikoff 

5Consider, for example, the protonation of DCN ' - by 1 ' '. The re- 
quired values of d~:,, ,  d ~ : , , ,  and E : ~  have been discussed above. 
The value of E,cd for DCN is in Table I. Therefore, only an estimate 
of A G B D E  of the C-H bond to be made in DCNH' is required. The 
enthalpy of reaction for 1,4-dihydronaphthalene to give naphthalene 
and two hydrogen atoms can be calculated (109.9 kcal mol-') from 
information in standard tables (19). The BDE of the C-H bond in 
I ,4-dihydronaphthalene is approximately 75k2 kcal mol-' (15). This 
would give a BDE of 35*2 for the second C-H bond. It is known 
that a cyano group decreases the C-H BDE by approximately 6 kcal 
mol-' (20). On the other hand, the other cyano group will stabilize the 
radical (DCNH') to some degree, and both cyano groups will be 
conjugated in the product. The overall effect on the BDE may be as 
much as - 4 k 2  kcal mol-'. This would give a value of 22k3  kcal 
mol-' for AGO,,, (DCNH '). The AGO for protonation of DCN ' - by 
1" would then be -27?6 kcal mol-'. Similar reasoning suggests 
that protonation of the radical anion of DCB, DCA, and MCB is also 
favourable. 

%Jsing a thermochemical cycle similar to that above, the pK, of 2' ' 
also may be calculated. The oxidation potential (Eo, of 2 is 1.80 V (vs. 
NHE) and the free energy associated with the bond dissociation is 
about 72 kcal mol-'. The estimated pK, of 2. + is -552.  Therefore, 
2" should deprotonate in methanol. Since deprotonation of 2'' is 
favourable from thermochemical considerations, the reason for the 
lack of apparent acidity must be kinetic in nature. 

addition product in high yield (11). Also, 1,l-diphenyl- 
cyclopropane and phenylcyclopropane react to add methanol. 
Products resulting from the deprotonation of the radical cation 
of 1,l -diphenylcyclopropane or phenylcyclopropane were not 
reported in these cases either (6). 

The radical cation 1 ' ' must preferentially deprotonate. The 
bulky phenyl groups will inhibit the addition of methanol, 
allowing the deprotonation to compete effectively. The addi- 
tion of methanol to 2' ' must also be hindered. It is known that 
the rate of addition of methanol to olefin radical cations de- 
creases markedly as the olefin becomes more heavily sub- 
stituted (3, 18). The preferred conformation of the diphenyl- 
methyl group in 2 (and presumably 2' ') has the C-H bond 
perpendicular to the olefinic IT-bond.' The phenyl groups, 
therefore, effectively hinder the addition of methanol. This 
conformational preference, which has been observed in other 
systems (23), also accounts for the apparent lack of acidity of 
2". 

Consider next, Scheme 1, Step 6, the oxidation of 9'. It is 
clear that the deprotonation of 1 " to A ' - (Step 3) and electron 
transfer (Step 6) can occur simultaneously, and that this process 
is equivalent to hydrogen atom transfer from 1 " by A'-  
(Scheme 2). In effect, the transition state can be more or less 
polar. Nevertheless, it is useful to consider these various steps 
independently in order to assess the energetics of the overall 
process. 

If proton transfer were to occur between 1 ' ' and A'  -, then, 
if the reduction potential of HA' is greater than the oxidation 
potential of 9 ' (i.e., E,, (9 ') - Ercd (HA ') <0), the subsequent 
electron transfer to form 9' would be fast. On the other hand, 
if E,, (9') - Ercd (HA') > 0, then, even if hydrogen atom 
transfer were to occur, the ion pair would undergo an electron 
transfer to generate the radical pair. 

There is independent evidence, at least in the case of TCQ, 
where 9' is observed, that E,, (9')  - ErCd (HA') < 0. The 
electrochemistry of several quinones and hydroquinones (not 
DDQ or TCQ) has been studied previously (24). The oxidation 
of hydroquinones in the presence of bases such as pyrrolidine, 
2,6-lutidine, and pyridine results in a new wave at about 0.7 V 
below the oxidation potential of the hydroquinone (25). In the 
case of 1,4-hydroquinone (QH2), the anodic wave for the 
oxidation of the hydroquinone disappears upon addition of two 
equivalents of 2,6-lutidine to the anolyte (25b). Under these 
conditions, a new wave at E,  = 0.67 V was attributed to the 

'Evidence for this conformational preference is based on observed 
vicinal 'H-'H coupling constants (16). The 'H-'H coupling in 2 is 
10 Hz while in an analogous compound, 1,3-diphenylindene, where 
the dihedral angle is approximately 60 degrees, the 'H- 'H coupling 
constant is only 2 Hz (17). The proton chemical shifts for the allylic 
and vinyl proton in 2 are 6 4.75 and 6 6.45 respectively. Those for 
1 Jdiphenylindene are 6 4.55 and 6 6.49 respectively. 
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oxidation of Q H  -+ Q + H ' + 2e-."iniilarly, the oxidation 
of TCQH? in acetonitrile occurs at E, = 1.56 V. Addition of 
2,6-lutidine (1.5 equivalents) to the anolyte produce, a new 
wave at E, = 0.60 V attributable to the oxidation of TCQH-." 
Since E,,, (9')  - Em,' (TCQH') = -0.26 V, the observation of 
9 '  is expected. 

Irradiation of the charge-transfer complex between 1 and 
TCNE, DDQ, or TCQ results in the formation of mixtures of 
3 and 4 as well as the reduced acceptors. The mechanism for 
the formation of 3 and 4 via 9 '  is shown in Scheme I ,  Steps 
7-9. 

The proposed cyclization of the cation 9 '  is in apparent 
contradiction of reported behavior. Treatment of 1.1.3.3-tetra- 
phenylpropenol (5) with p-toluenesulphonic acid in ethyl ace- 
tate gave an almost quantitative yield of 4 (10). We find, 
however. that with ac~etonitrile as  solvent. treatment of 5 with 
p-toluenesulphonic acid leads to an almost quantitative yield of 
3 (2). As the percentage of carbon tetrachloride in acetonitrile 
increases, the proportion of 4 progressively increases (Fig. 2). 
A weaker acid (trifluoroacetic acid or trichloroacetic acid) pro- 
duces a much more dramatic effect than the strong acid (p- 
toluenesulphonic acid). 

These results are rationalized by considering the effect of the 
solvent polarity on the strength of the acid (or it's conjugate 
base) (28). The dielectric constant of binary solvent mixtures of 
carbon tetrachloride and acetonitrile as a function of mole frac- 

I tion of carbon tetrachloride is almost linear. As the solvent 

i polarity decreases, the strength of the conjugate base increases, 
1 so the deprotonation of 9 '  becomes more favourable. The 

) strong acid (p-toluenesulphonic acid) leads to a higher ratio of 
i 314. The pK;, of trichloroacetic acid is similar to that of tri- 
I 
i fluoroacetic acid, so it  is not surprising that the plots obtained 
i in Fie. 2 are similar. " 

1 This explanation may be oversimplified. Acid-base equi- 
1 libria in aprotic solvents are complex. Besides the equilibrium 
1 
I for salt formation, equilibria for acid dimerization, (HA)?, 
I homoconjugate ion formation, (A-H--A)-, and, in the 

case of 5, the p K R , ,  are also important. In general, weaker 
acids dimerize more readily in aprotic media. On the other 
hand, homoconjugate ion formation is more favourable with 
stronger acids. The ability of the conjugate base to accept a 
proton, however, depends on its charge, size, polarizability, 
and, to some extent, steric factors (i.e. the same factors that are 
important in aqueous media). However, it is clear that relative 
pK,,'s in aprotic solvents are very much attenuated, relative to 
those values measured in water (28). Most of this difference is 
a result of the heat of transfer of the proton from water to 
acetonitrile. (In the reaction of 9 '  in ethyl acetate, the solvent 
apparently acts as the base.) 

The formation of indenes from the allyl~c cations has been 
reported. Pittman and Miller (29) have found that allylic cat- 
ions such as the I, I ,3-triphenylpropenyl cation are stable at 
low temperature in strong acid. Warming these solutions in- 

clohexatrienyl cations were not observed, which implies that 
Scheme I, Step 8 is sapid, probably a result of the driving force 
for aromatization upon proton loss. 

It is clear, therefore, that the ratio of 3 to 4 is sensitive to the 
basicity of the medium. The observed dependence of the ratio 
of 3 to 4 on the sensitizer (Table 2) nlay be explained on this 
basis. The ratio of 3 to 4 decreases in the order TCNE > TCQ 
> DDQ. This follows expected base strength of the anions 
HA-. The difference in base strength of the anions (HA-) can 
also account for the qualitative observation that the steady-state 
concentration of 9 '  is greater with TCNE as the sensitizer than 
with TCQ (see below). 

The possibility that 9 '  may cyclize to lead, ultimately, to 3,  
or, that 9  ' may disproportionate to give 4 should be considered. 
Dietz et (11. (21) found that a stable solution of 9  could be 
oxidized to form a stable solution of 9 '  (which gave a well- 
resolved esr spectrum). The solution of 9 '  could be reduced 
back to 9  with no apparent reaction. 

The irradiation of the charge-transfer complex between 1 and 
TCQ in acetonitrile-methanol (3: 1 ,  v/v) leads to the for- 
mation of 8 in good yield (based upon hplc analysis of the crude 
reaction mixture). The isolation of 8 is not straightforward; 
only half of this ether was eluted from a silica gel flash chro- 
matographic column even though the compound was on the 
column for less than 30 min. The remainder of the material was 
recovered as 5 on elution with nlethanol. The formation of 8 is 
consistent with the existence of 9 '  along the reaction pathway. 
Treatment of 5 in acetonitrile-methanol (3:  1 ,  v/v) with tri- 
fluoroacetic acid (lo-' M) produces 8 in good yield, based 
upon proton magnetic resonance ('Hmr) spectroscopy and 
hplc. 

Strong support for many of the mechanistic considerations 
proposed in Scheme 1 can be derived from the electrochen~ical 
study of the oxidation of 1 (2). The oxidation of 1 at a spherical 
platinum electrode occurs at E, = 1.36 V in acetonitrile (0. I M 
TEAP) using a sweep rate of 400 n1V s- ' .  At sweep rates less 
than 1.0 V s- '  a second anodic wave (E, = 1.58 V at 400 mV 
S- ' )  is observed. The relative height of the second wave in- 
creases as the sweep rate decreases (Table 4). The second wave 
is attributable to the oxidation of 3 ,  adsorbed on the working 
electrode. The sweep rate dependence is a result of a slow 
chemical step. The strong adsorption of 3 to the working 
electrode is evident from Fig. 2. The sharp anodic wave at 
E, = 1.58 V is obtained for the cyclic voltammogram of 3. 
Addition of an equivalent amount of I to this solution only 
results in an increase in the peak current for the second anodic 
wave. The first wave at E, = 1.36 V is not observed, indicating 
that the working electrode is insulated from the solution until 
the discharge potential of 3 is reached. 

The appearance of an anodic wave attributable to the oxida- 
tion of 3 clearly indicates that the anodic wave at E, = 1.36 V 
represents a two-electron process. Radical cations generally are 
more stable in dichloromethane than in acetonitrile (30), so this 

duced cyclization to form stable solutions of the ~ndanyl cation. solvent was used in an attempt to detect the individual one- 
Quenching with base led to an almost quantitative yield of the electron transfer steps upon oxidation of 1 .  The first wave at 
corresponding indene. In these solutions, the intermediate cy- E, = 1.36 V in dichloroniethane appears to be identical to the 

wave in acetonitrile. Even at sweeD rates as fast as 20 V s-'. 
no evidence for two one-electron transfers is obtained. 

'Recently, Laviron has measured the E' value for this oxidation 
(QH- $ QH', + 0.22 V vs. SCE, aqueous) (26). At the onset of oxidation (in acetonitrile), the solution near 

9 ~ d d i t i ~ ~  of 2,6-di-tert-butylpyridine has a similar effect, except the surface of the electrode becomes visibly purple. The cath- 
forty equivalents must be added before the wave at E, = 1.56 v is not odic sweep reveals two waves. The first cathodic wave is 
observed, and the new wave occurs at E, = 0.87 V. These differences reversible with Eli' = 0.34 V. The second wave is at E, = 0.17 
can be attributed to a steric effect with this hindered base (27). V and is irreversible. The irreversible wave may be the reduc- 
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tion of a proton which occurs at Ell? = 0.24 V (31) in water, 
i.e., the normal hydrogen electrode (NHE). A likely candidate 
for the coloured intermediate is 9 ' .  When the cation 9 '  is 
generated in the electrolysis cell from the alcohol 5 by the 
addition of trifluoroacetic acid, the voltammogram of the re- 
sulting purple solution has the same reversible reduction wave 
at E, /?  = 0.34 V. Furthermore, the irreversible wave at E, = 
0.17 V, associated with the proton reduction, is also observed. 

Some uncertainty still remains regarding the mechanistic 
sequence of the anodic oxidation of 1 to 9 ' .  Two possible 
pathways are the ECE and the EEC process. For the ECE 
mechanism the deprotonation of 1 ' ' is thermodynamically fea- 
sible even considering acetonitrile as the base (9), and the 
oxidation of 9'  would be rapid at I. I V.  The alternative path- 
way (EEC) requires that the oxidation of 1 ' ' to 1 ' ' occurs at 
I .  1 V (the onset of oxidation), followed by deprotonation to 
give 9  ' . An estimate of the oxidation potential of 1 ' ' can be 
made; it  should be between the oxidation potential of tetra- 
phenylethylene radical cation (1.45 V) (32) and the oxidation 
potential of the I ,I-diphenylethyl radical (-0.2 V (18)). The 
strength of the one-electron two-centre bond in 1 '  ' is small 
(5), so the oxidation potential of 1' ' should be closer to the 
value for the l ,I-diphenylethyl radical. Obviously, both path- 
ways are thermodynamically feasible. 

Controlled potential electrolysis of 1 gives further support to 
the suggestion that 9 '  lies on the reaction pathway (Table 3). 
Electrolysis in acetonitrile (0. I M TEAP) gives 3 in good yield. 
Addition of a base (2,6-lutidine) diverts the reaction from the 
original pathway and 4 is now the major product (only a trace 
of 3 is detected). In acetonitrile-methanol (3: 1, v/v) (0.1 M 
TEAP) the product obtained is 8. This, of course, parallels the 
expected behavior of 9 ' .  

I t  is interesting to compare the controlled potential elec- 
trolysis (in methanol) of 1 to that reported for 1,2- 
diphenylcyclopropane (cis and tra17.r) (33). In the case of 
1,2-diphenylcyclopropane the product from the electrolysis 
was 1,3-dimethoxy- l,3-diphenylpropane. I t  was proposed that 
the radical cation of the cyclopropane reacted with methanol to 
form the benzylic radical which oxidized to the cation and 
reacted once again with methanol (ECEC). The radical cation 
of I ,2-diphenylcyclopropane showed no propensity for de- 
protonation under these conditions (the allylic ether analogous 
to 8 was not detected). This, of course, is consistent with the 
photosensitized (electron transfer) results (1, 6). 

The isolation of 8 from the electrolysis of 1 does not confirm 
unambiguously the intermediacy of 9 ' .  Lf methanol were to 
react with 1 ' ' (or 1 ' I ) ,  the resulting diphenylethyl-type cation 
could simply deprotonate to give 8. Furthermore, since an 
excess of protons is produced in this reaction, 1,3-dimethoxy- 
1,1,3,3-tetraphenylpropane may be produced, and subse- 
quently react via an acid-catalyzed elimination of methanol. 
Analysis of the reaction by hplc indicates that 8 is the 
only product formed, even at low conversion ( 6 % ) .  The 
photosensitized (electron transfer) reaction of 1 in 
acetonitrile-methanol (3: 1, v/v) indicates that 1' ' deproton- 
ates much faster than it reacts with methanol. Certainly the 
dication 1' ' will be as, or more, acidic under similar condi- 
tions. The formation of 8, via 9 ' ,  under the electrolysis condi- 
tions is, therefore, reasonable. 

Treatment of 5,  in acetonitrile (0.1 M TEAP), with tri- 
fluoroacetic acid, produces a coloured solution which exhibits 
three broad absorption maxima at 568 nm, 459 nm, and 382 nm 
attributed to 9 ' .  This spectrum can be compared to the spec- 

trum of 9- which exhibits visible absorption maxima at 564 nm 
and 463 nm ( 14). Similarity is expected; the energy difference 
between the HOMO and the NBMO (non-bonding molecular 
orbital) in the cation is the same as the difference between the 
NBMO and the antibonding MO in the anion (34). 

Electrolysis of a solution of 1 gives a coloured solution 
which exhibits absorption maxima at 570 nni, 461 nm, and 
381 nm. Similarly, irradiation of the charge-transfer band 
between 1 and TCNE, DDQ, or TCQ in acetonitrile produces 
a coloured solution with absorption maxima at 566 nm and 
458 nm. We suggest that all three spectra represent the same 
intermediate, 9 ' .  

The stability of 9 ' ,  the ease with which i t  is generated 
electrochemically from 1. and the ease with which i t  is detected 
spectrophotometrically make it possible to measure the rate of 
disappearance as a function of temperature (Table 5 ) .  The rate 
of disappearance of 9 '  (measured at either 570 nm or 460 nm) 
follows first-order kinetics. The temperature dependence gives 
an apparent activation energy of 21.8k0.6 kcal mol-' and a 
preexponential factor, log A,  of 14.5 k 0.4. I t  is clear from the 
simple mechanism in Scheme 1, Steps 7 and 8, that this rate 
constant represents the rate of formation of 3. The rate at 23OC 
is independent of the concentration of electrolyte between 0.1 
and 0.001 M TEAP. 'The ratio of 314 with TCNE as acceptor 
does not change significantly when 0. I M TEAP is added to the 
solution. Similarly the product ratio is the same with or without 
0. I M TEAP when TCQ is the acceptor. It is reasonable to 
conclude, therefore, that the rate constant for the formation of 
3 will be the same in the photochemical experiments. 

Conclusions 
1 ' can undergo several different reactions which depend on 

the acceptor used and on the reaction conditions. 'The reduction 
potential of 9'  is -0.94 V (14). The reduction potentials of all 
of the acceptors which lead to the formation of 2 are greater 
than, or within 0.05 eV of, this value. Conversely, for the 
sensitizer radical anions which lead to the formation of 3 and 
4, all the radical anions are incapable of reducing 9  '. Only one, 
DDQ, is capable of oxidizing 9'. I t  is possible, however, for 
the protonated radical anions (HA') of TCQ, DDQ, and TCNE 
to oxidize 9'  since 9 '  is observed spectroscopically in these 
cases. 

The partitioning between 9- and 9 '  is easily interpreted in 
terms of the reduction potential of the acceptor. The parti- 
tioning between 3 and 4 depends on the basicity of the medium. 
The implication is that HA- is the base, since in the absence of 
base (i.e. in the electrolysis of 1) 4 is not formed. 'This indicates 
that 4 results from deprotonation to a base other than solvent. 

The complex behaviour observed with this seemingly simple 
system must pertain in general for photosensitized (electron 
transfer) reactions. This complexity, in fact, offers an oppor- 
tunity of dramatically increasing the synthetic utility of this 
type of reaction if the factors which influence the preference of 
one reaction pathway over another can be understood and 
controlled. 

Experimental 
Acctonitrilc (Fisher ACS grade) for prcparativc photolysis and elec- 

trolysis, as well as for electrochemical measurcmcnts, was distilled 
successively from sodium hydridc ( I  g/L) and phosphorus pcntoxidc 
(2 g/L). followcd by passing through a column of basic alumina 
(100 g/L), rcfluxing over calcium hydride for 24 h in an inert atmo- 
sphcrc. and, finally. fractional distillation. Acctonitrile for the electro- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



W A Y N E R  A N D  ARNOLD 879 

chemical measurements was uscd immediately aftcr distillation while 
that for prcparativc work was storcd ovcr 3A molecular sieves. Tetra- 
ethylammonium pcrchlorate (Aldrich) was recrystallized thrce timcs 
from 90% ethanol and dried in a vacuum dcsiccator. Tctracyano- 
ethylenc (Aldrich) was sublimed and recrystallized three times from 
chlorobcnzcnc. Chloranil (Eastman) was purificd by recrystallization 
four times from benzenc. 2,3-Dichloro-2.6-dicyanobcnzoquinone 
(Aldrich) was purified by recrystallization four times from 
chloroform- benzene (4 :  1). 1.4-Dicyanobcnzcnc (Aldrich) was puri- 
fied by sublimation followed by recrystallization thrcc times from 
ethanol. 1.4-Dicyanonaphthalene was prepared by the method of 
Heiss, er (11. (35) from thc reaction of o-phenylenediacetonitrile and 
N ,N'-di-rerr-butylglyoxaldiimine. The I .4-dicyanonaphthalene was 
purified by column chromatography followed by recrystallization 
from mcthanol (three times). Methyl-4-cyanobenzoate was prepared 
by the acid-catalysed esterification of 4-cyanobenzoic acid (Aldrich) 
and purified by recrystallization (ethanol). 9,lO-Dicyanoanthracene 
was prepared by the reaction of cuprous cyanide with 9,lO- 
dibromoanthracene (36) and was purified by column chromatography 
followed by recrystallization (twice from benzene). The preparations 
of I ,  I ,2,2-tetraphenyleyclopropane (17), 1,3,3-triphenylindene (37). 
and tetraphenylallene (10) have been described. 

The ' ~ m r  spectra were recorded on a Varian T60 spectrometer and 
arc reported in parts per million downfield from TMS. Melting points 
were obtained on a Sybron Corporation Thermodyne hot stage and are 
uncorrected. The hplc analysis was performed using a Waters 
Associates M-45 solvcnt delivery system in conjunction with a Tracor 
970 variable wavelength absorbance detector. The column (Merek, 
Liehrosorb RP- 18) was prepared by suspending the packing ( I. I g) in 
a mixture of carbon tetrachloride (10 mL) and tctrabromoethane 
(8 mL) by sonication for 3 min. The slurry was poured into a pre- 
column (18 em X 1.5 cm diameter) and immcdiutcly packcd into the 
analytical column (10 cm X 0.6  cm diameter) with-n-heptane at a 
pressure of 3450 psi (using a Haskcl air-driven fluid pump). The 
eluant was progressively changed to chloroform, then methanol. Thc 
analysis was done at a flow ratc of 1.2 mL/min with 83% 
methanol-watcr. Thc absorbance was monitored at 247 nm (thc iso- 
bestic point of 3 and 4). 

To ealibratc the hplc, the apparent mole fraction of 3 (based on 
relative peak heights) was converted to a true molc fraction with a 
working eurvc. Thc working curve was a plot of apparent versus true 
mole fraction, constructed with ten accurately weighed samples of 
mixtures of 3 and 4. 

Elecrroc~hc~n~ictrl c.ell crnd erppnrclrus 
Cyclic voltammetrie measurements wcrc performed in a thrcc- 

electrode cell (10 mL volumc) fitted with a cooling jacket and a 
scintered glass frit through which nitrogen was passcd in ordcr to 
deoxygenate and stir thc solution prior to measurement. Thc working 
electrode was a spherical platinum clcctrode ( I  mm diameter) em- 
bedded in soft glass and contacted with a Niehromc wire through a 
mercury pool. The counter elcetrode was a platinum coil embedded in 
soft glass and inserted through a sidearm of thc ccll. Thc rcfcrencc 
electrode was a saturated calomel clcctrode (SCE) which was isolated 
from the solution by a glass tubc (inserted in another sidearm) which 
ended in a Luggin capillary placcd 0.5 mm from thc surface of the 
working electrode. The working clcetrode was immersed in coneen- 
trated nitric acid for 30 min prior to use, washcd with 5% bicarbonate, 
water, and mcthanol, ,then dried in an ovcn at 60°C. The electro- 
chemical cell was cleaned by immersion in conccntratcd nitric acid 
(2 h) followed by rinsing with water, 5% sodium bicarbonate, water, 
and acetone, and dried at 100°C. 

Solutions were degassed with dry nitrogcn (presaturated with sol- 
vent) for 5 min prior to each measurement, and. during the mcasurc- 
ment, the nitrogen atmosphere was maintained above the solution. 
Substrate concentrations were typically 0.001 M in a total volume of 
7 mL. 

The spcctroeleetroehcmical cell consisted of a 4-cm cylinder ( I  cm 
diameter) with optically flat Pyrcx windows sealcd at each end. The 
cell was surrounded by a water jaeket. The tcmpcrature of the solution 

in the cell was maintained using a Polyscicncc Corporation, Model 90 
tempcrature controlled circulating bath. Thc solution in thc cell was 
continuously stirrcd with a magnetic stirring bar. placed in a shallow 
well below thc light path. The working elcctrode (platinum mesh, 
4 cm X 0.5 cm). insertcd via an opening in the top of the cell, was 
held against the insidc wall of the cell in order to kccp i t  out of thc light 
path. A thermistor probe (Cary 2 19 spcctrophotomcter accessory) was 
placed in a second opening in the top of thc cell and protrudcd only 
slightly, by approximately 2 mm, into the light path. Thc reference 
electrode and counter clcctrode were isolated from thc solution in a 
separatc compartment which contacted thc working compartment 
through a scintered glass frit. This compartment was inscrted through 
an opening in the side of thc cell, ending with a ground glass joint. The 
entire assembly was placed in thc sample conipartment of a 
Varian-Cary 219 spectrophotometer. 

The substrate concentrations werc 2 .9  X 10 ' M. During each 
run. approximately 0.5 C were passed at constant current (0.05 
equivalents). The cell was then open-eircuited and the absorbance of 
the solution monitored as a function of time. The solution was re- 
placed with fresh solution after every third mcasurement. 'The 
temperature did not vary by morc than 5 0 .  I degree during any given 
measurement. 

Controlled potential electrolysis was performed with a standard 
H-cell (total volume 100 mL). Both the working eleetrode and counter 
electrode were platinum mesh (9  cm'). The reference electrode was 
introduced via a Luggin capillary. 

Cyclic voltammetrie measurements were obtained with a PAR 
(Princeton Applied Research) 173 potentiostat in combination with a 
PAR 175 universal programmer and a PAR 179 digital coulometer. 
Controlled potential electrolyses and spectroelectrochemical measure- 
ments were performed with the use of the PAR 173 potentiostat. 

Irradiations were carried out in aectonitrile or acetonitrile- 
methanol (3:  1) at a substrate concentration of 0. I M. Solutions were 
degassed by bubbling dry nitrogcn for 10 min prior to irradiation. 
Irradiations were carried out in 2 em id Pyrcx tubcs (large scale) or 
5-mm Pyrcx nmr tubes. Two irradiation systems wcre employed, a 
I-kW medium pressure mcreury lamp (Gcneral Elcctrie Co.) with a 
quartz cooling jacket which was immersed in a eonstant tcmpcrature 
bath at IO°C, and a Hanovia 450-W lamp with a quartz cooling jacket. 
When the Hanovia lamp was uscd, the irradiation tubes wcrc eon- 
taincd in a Pyrcx cooling jacket eonnectcd to a Polyscienee Modcl 90 
temperature controlled circulating bath. This jaeket also servcd as a 
short-wavelength (<280 nm) filter. Rcaction mixtures wcrc chroma- 
tographed on a flash chromatographic column or with a medium 
pressure ( I 5  psi, helium) Ic system (8). 

Pkoro.sen.sirized (elecrror~ rrio~sjer) irrcrelictriori ($1 rrsir~g 1.4-dic.)lnr1o- 
r~nphthnlerle ill trc~eror~itrile 

1 (100 mg, 2.9 X l o 4  mol) and 1.4-dieyanonaphthalenc (10 mg, 
5 .8  X 1 0  ' mol) wcre dissolved in aeetonitrile (3.0 mL), degassed by 
bubbling nitrogen for 10 min, and irradiated at 10°C (through a Pyrex 
filter) with a I-kW lamp for 4 h. Analysis (hplc) indicated only one 
major product. The solvent was evaporated under rcduecd pressure 
and the reaction mixture separated by mcdium prcssurc ehromato- 
graphy (silica gel, hexanes-diehloromethanc gradient). 2 (66 mg, 
73%) was isolatcd and rcerystallizcd from absolute ethanol to give 
colourless crystals which meltcd at 126- 128°C (lit (38) mp 127- 
128°C). The 'Hmr spectrum was identical to an authentic samplc (6, 
CDC13;7 .20(m,20H) ,6 .52(d , J=  IOHz, I H ) , 4 . 7 5 ( d , J =  IOHz, 
I HI). 

Other compounds isolated from the column wcrc unreactcd starting 
material (1,  10 mg) and unreaeted sensitizer (DCN, 8 mg, 80% 
recovery). 

Photosensitized (electron trtrnsfer) irrcidierrion ($1 rtsir~g 1,4-c/1e:\r~110- 
nnphrhalerre in trcetor~itrile-methtmol-0-d 

1 ( 3 0  mg, 8.7 X 10.' mol) and DCN (3 mg. 1.7 X 10 ' mol) wcre 
dissolved in a mixture of acctonitrile and methanol-0-d (3 :  1 ,  V / V ,  

I .O mL), degassed by bubbling nitrogen for 5 min, and irradiated 
(through Pyrex) with a I-kW lamp for 1.5 h (at IO°C). Thc solvent was 
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rcmoved undcr rcduccd prcssurc and 2 was isolatcd by medium prcs- 
surc chromatography (silica gel, hcxancs-dichloromcthanc gradicnt); 
'Hmr (Nicolet 360-MHz nmr spectromctcr) showcd only thc rcson- 
ances at 6 7.20 (m, 20H) and 6.52 (s, IH). Thc ' ~ m r  spectrum 
showcd only a singlct at 6 4.78. 

c~~trr1oet l ly l t~~l t~ 
1 (100 rng, 2.98 x I0 ' mol) and tetracyanoethylene (38 mg. 

3 .0  X 10 ' mol) in acctonitrile (3.0 mL) wcre degassed by bubbling 
nitrogcn for 10 min and then irradiated through a sodium nitrite filter 
(> 400 nm) at 10°C for 72 h. Within a few scconds of irradiation, thc 
solution became dark purplc. This colour slowly faded whcn the tube 
was removed from the irradiation bath. After the irradiation was 
completc (monitored by hplc) a colourless solid, which had pre- 
cipitated, was filtercd and thc solvent was evaporated under reduccd 
pressure. 

The residuc, after evaporation, exhibited an 'Hmr spectrum (6, 
CDCII: 4.90 (s)) and an ir spectrum (KBr (cm-I): 2819, 2606, 2484, 
2274, 1620, 1302, 1201, 996, 908, 561) identical to an authentic 
sample of dihydrotetracyanoethylcnc (39). The crude yield was 28 rng 
(74%). 

Thc precipitate was combined with the residue from the evaporation 
of solvent and separated by medium pressure chromatography (silica 
gel, hcxanes-dichloromethane gradient) to give 3 (58 mg, 67%). 4 
(3 mg, 4%). and 1 (14 mg). The identity o f 3  and 4 was confirmed by 
comparison to authentic samples of each (refs. 10, 37). 

Phoro.sensitized (elec~rotz trtrrlsjer) irrtrdicrtion (!/'I Lrsir1g chlorrrnil in 
trceronitrile 

1 ( I00 mg, 2.9 X lo- '  mol) and chloranil(63 mg, 3.0 X 10.'' mol) 
in acctonitrilc (2.0 mL) were degassed by bubbling nitrogen for 10 
min. then irradiated through a sodium nitrite filter solution (> 400 m) 
at 10°C for 4 h. The solution bccamc only slightly purple within a few 
seconds of irradiation. Analysis (hplc) indicated that 3 (minor) and 4 
(major) were formed. 'The solvent was evaporated under reduced 
pressure, the residuc was dissolved in dichloromethane, and the tetra- 
chlorohydroquinonc (insoluble in dichloromethane) was filtered 
(42 mg, 67%) and identified by mass spectrometry (M'  (246) and 
characteristic M+2 ,  M+4,  M+6)  and ir (KBr (cm-I): 3410(s), 
14 15(s), 13 12(s), 1205(s), 888(s), 720(m), 708(rn)). 

The dichloromethane was evaporated under reduced pressure and 
the residue was separated by medium pressure chromatography (silica 
gel. hexanes-dichloromethane gradient). Isolated from the column 
were 4 (47 mg, 67%). 3 (5 mg, 7761, and 1 (30 mg). 

Pl~oto.set~.sirizecl(elecrrotz rrerr~sJer) irrcrrlirrtiot~ ($1 L I S ~ I I ~  2.3-dichloro- 
5,6-dit~vrrt1obe11zoqui11o11e in ccc~etotlitrile 

1 (100 mg, 2.9 x 10 ' mol) and 2.3-dichloro-5.6-dicyano- 
benzoquinone (68 mg, 3.0 x lo-' mol) in acetonitrilc (2.0 mL) were 
degassed by bubbling nitrogen for 10 min. thcn irradiated through a 
sodium nitrite filter solution (> 400 nm) at IO°C for 4 h. The solution 
became dark purple within a few seconds of irradiation. The solvent 
was evaporated and the residue extracted into dichloromethane. The 
hydroquinone precipitate (reduction product) was filtered to give a 
crude yield of 32 mg, 47%, and identified by mass spectrometry (M+ 
(228) and charactcristic M+2,  M+4) and ir (KBr (cm-'): 3260(s), 
2260(m). 1578(m), 1455(s), 1360(m), 1280(s), 1200(s), 1078(m), 
892(s), 778(m), 748(m), 703(w), 690(w)). 

The dichloromethane was evaporated undcr reduced pressure and 
the residue was separated by medium pressure chromatography (silica 
gel, hexanes-dichloromethane gradient) to give 3 (7 mg, 10%). 4 
(25 mg, 35%), and 1 (29 mg). 

methanc (to scparate thc hydroquinone from thc rcaction mixture). 
Thc hydroquinonc precipitate was filtcrcd (43 mg, 68%). and charac- 
terized as abovc. 

The dichloromethane was removed undcr rcduccd pressure and 
separated by medium prcssure chromatography (silica gcl, hexanes- 
dichloromethane gradient) to give 4 (7 mg. lo%), 5 (54 mg, 77%). 
and 1 (33 mg). Analysis (hplc) of the original reaction mixturc indi- 
cated that only 8 was present; neither4 nor 5 werc detected, indicating 
that thcsc products werc a rcsult of decomposition of 8 on thc silica 
gel column. 

Cor~trollerl potet~ricll electroly,si,s (IJ 1 in crc~erot~itrile 
Into thc anodic compartment of the clcctrolysis cell, containing 

acetonitrile (0. I M TEAP, I00 mL), 1 (250 mg, 7.2 X lo-' mol) was 
dissolved. The solution was stirred and a constant potential of 1.3 V 
(VS. SCE) was applied. When 90.8 C had bccn consumed, the reaction 
was stopped. The solvent was removed under reduccd prcssure and thc 
residue taken up into benzene to remove the clectrolytc. After gravity 
filtration and rcmoval of the benzene the mixture was separated by 
medium prcssure Ic (silica gel, hexanc-dichloromethane gradient). 
The compounds isolated were 1 (84 mg) and 3 (142 mg, 85%). The 
idcntity of 3 was confirmed by comparison to an authentic sample 
(37). 

Cor~rrolletl potetrrirrl c~Iectro/~.si.s (!/' I it1 the presclnce oJ' base 
1 ( I00  mg, 2.9 X lo-' mol) was added to thc anodic compartment 

of the electrolysis cell containing acetonitrile, 100 mL 0 .  I M TEAP, 
and 0.1 M 2,6-lutidine. Thc solution was stirred and a controllcd 
potential of 1.4 V was applicd until 19.9 C werc consumed. The 
solvent was removed under reduced prcssure and the residue was 
dissolved in benzene. This solution was filtered (to removc TEAP) and 
the benzene was removed under reduced pressure. The mixture was 
separated by medium pressure chromatography (silica gel, hexane- 
dichloromethane gradient). The compounds isolated wcre 1 (77 mg) 
and 4 (13 rng, 57%). Analysis (hplc) of the fractions containing 4 
indicated the presence of a trace (<3%) of 3. The identity of 4 was 
confirmed by comparison to an authentic sample (10). 

Cot~rrolled potet~tiol electro1y.si.s o f1  in c~cerotzitrile-tncrhot~ol 
1 ( I00  mg, 2.9 x lo-' mol) was added to the anodic compartment 

of the electrolysis cell containing a mixture of acetonitrile and 
methanol (3:  1, v/v, 0. I M TEAP). The solution was stirred and a 
controlled potential of 1.4 V was applicd until 60.1 C had been 
consumed. The solvent was evaporated and the residue dissolved in 
benzene. The benzene solution was filtered and thc solvent was 
removed under reduced pressure. The mixturc was separated by flash 
chromatography (silica gel, hcxane-dichloromethane gradient). The 
products isolated wcre 1 (27 mg) and 8 (43 mg, 55%). Elution of the 
flash chromatographic column with methanol gave 5 (20 mg, 27%). 
5 was not detected by hplc analysis of 'Hmr of thc rcaction mixture. 
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DAVID M. MCKINNON, K. ANN DUNCAN, AILEEN M. MCKINNON, and PERRY A. SPEVACK. Can. J. Chem. 63, 882 (1985). 
The treatment of di(2-amino-5-methy1phenyl)methane with N-sulfinylmethanesulfonamide gives two materials, 3-(2-amino- 

5-methylpheny1)-5-methyl-?, I -benzisothiazole and what appears to bc its tautomer, a 2,l -benzisothiazolo[2,3-b]-2, I-benz- 
isothiazole derivative. Reaction of the former with methyl iodide gives mono-, di-, and trimethyl derivatives. The second of 
these also possesses the symmetrical 2, I -benzisothiazolo[2,3-b]-2, I -benzisothiazole structure. The structure of the other 
methylation product and of the acetylation products are discussed. Some 1.2-dithiol-3-ylidene-2-pyridylmethanes were made 
by condensation of 3-alkylthio-l,2-dithiolium salts with methyl 2-pyridylacetate. These demonstrate little sulfur-nitrogen 
interaction. 3-Methylthio-4-phenyl-I ,2-dithiolium iodide reacts anomalously with methyl 2-pyridylacetate to form a quin- 
olizinethione. I .2-Benzisothiazolo[2,3-o]pyridinium triiodide was made by iodine oxidation of 2-(2-mercaptophenylpyridine). 

DAVID M. MCKINNON, K. ANN DUNCAN, AILEEN M. MCKINNON et PERRY A. SPEVACK. Can. J. Chem. 63, 882 (1985). 
La reaction du di(amino-2 mkthyl-5 phenyl) methane avec le N-sulfinylmCthanesulfonamide conduit 1 deux produits, le 

(amino-2 methyl-5 ph6nyl)-3 methyl-5 benzisothiazole-2.1 et ce qui semble Ctre son tautomere, un dCrive benzisothiazolo- 
2,1[2,3-b] benzisothiazole-2,l. La reaction du premier produit avec I'iodure de mkthyle fournit des derives mono-, di- et 
trimkthyles. Le deuxieme de ces derives possede aussi la structure benzisothiazolo-2, I [2,3-b] benzisothiazole. On discute de 
la structure des autres produits de methylation et d'acetylation. On a prepare quelques dithiol- 1,2 ylidtne-3 pyridyl-2 methanes 
par condensation de sels d'alkylthio-3 dithiolium-I ,2 avec le pyridyl-2 acetate de mithyle. Ceci demontre qu'il n'y a que peu 
d'interaction entre le soufre et I'azote. L'iodure du methylthio-3 phenyl-4 dithiolium-1,2 reagit d'une fagon anormale avec le 
pyridyl-2 acetate de methyle; il en resulte la formation d'une quinolizinethione. On a prepare le triiodure du benzisothiazolo-1,2 
[2,3-a] pyridinium par une oxydation B I'iode de la (yercaptophCny1-2 pyridine)-2. 

[Traduit par le journal] 

Introduction 
This paper will describe the preparation and properties of a 

number of fused systems containing actual or potential fused 
isothiazole rings which have been made as part of continuing 
studies on isothiazoles. 

The 1,2-dithiolo[l,5-61- 1,2-dithioles' (1) are compounds in 
which the central sulfur atom possesses interesting valency 
properties, and many examples of compounds of this type have 
been described (1,  2). In fact many structural variations are 
possible to give compounds of analogous structure and proper- 
ties, provided that the central atom is capable of valency shell 
expansion (1 -3). Nevertheless, attempts to synthesize a di- 
benzo derivative of the system 1 have failed (4), although 
monobenzo derivatives are known. The most reasonable sug- 
gestion for this is that there is a steric repulsion of the interior 
ortho hydrogen atom on the benzo rings (2),  since some di- 
benzo derivatives linked in the ortho positions do exist (5-7). 
Also, the 1,2-oxathiolo[l,5-el- 1,2-oxathiole system is known 
as the parent heterocycle, simple derivatives, a benzo, and as 
a dibenzo derivative (26) (8- 11). In the dibenzo system the 
shortened S-0 bond distances so  change the geometry of the 
system that the ortho hydrogen atoms are no longer in a posi- 
tion for steric interference. 

It was therefore of interest to construct isothiazole analogs of 
the dibenzo derivatives, i.e. the 2,l  -benzisothiazolo[2,3-61- 
2,1-benzisothiazole system (2c), to further test this suggestion. 
Although some isothiazole analogs are known ( 12), these are of 
the parent heterocycle and simpler derivatives. No benzo deriv- 
atives appear to have been described. 

' Author to whom correspondence may be addressed. 
'These compounds have been named variously as thiathiophthenes 

or 1 ,6,6ahJ-trithiapentalenes. Similarly the compound 2c could be 
named as a thiadiazaindenoindene. However, in this paper we will use 
the nomenclature systems of Chemical Abstracts. The naming of these 
compounds has been discussed by N. Losac'h (I). 

m / \ 
/ \ 

I 
S-S-S Y-S-Y ~-b-" 

R" 'R2 
1 2 3 

a Y = S  a R '  = R' = H 
b Y = O  b R' = R' = CHI 
c Y  = N R  L. R' = H, R' = CHI 

d R' = H, R' = COCH, 

4 
a R' = R2 = H 
b R' = H, R' = CHI 
c R' = H, R' = COCFI 
(1 R' = Me, R' = COCFz 

We directed our attention to the compounds of type 3 as 
being some of the simplest with respect to nitrogen substitution 
because the ring substituents would provide both a suitable nmr 
probe and facilitate the ortho-ortho linking of an aromatic 
amine starting material. The diamine 4a was a suitable starting 
material since 2,1 -benzisothiazoles have been prepared from 
o-toluidine derivatives by reaction with either thionyl chloride 
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N-S N 

( 1  3, 14) or N-sulfinylmethanesulfonamide ( 1  5, 16), which is 
reported to give better yields. This diamine 4a had been pre- 
pared ( 1  7) by the rearrangement of the amine 5, itself prepared 
from the amine 6, but we found it simpler to prepare the 
diamine 4a directly by a modified procedure. Treatment of 4a 
with N-sulfinylmethanesulfonamide gave a reddish oil whose 
mass spectrum was consistent with a compound of formula 
ClsH,,N2S, i.e. that of the compound 30. The nmr spectrum 
indicated two equivalent methyl groups (at 6 = 2.33 ppm). A 
broad peak at 6 = 6.55 pprn may be due to NH protons. 
However, over several days this oil crystallized to a yellow 
solid, which was also the product obtained when attempts were 
made to purify the oil by chromatography. This material had an 
analysis and mass spectrum corresponding to ClsHI4NZS, but 
since the nmr spectrum showed non-equivalency of the two 
methyl groups (at 6 = 2.30 and 2.40 ppm), it appears that this 
compound is the isomeric 3-(2-amino-5-methylpheny1)-5- 
methyl-2, I-benzisothiazole (7a). Since the methyl protons of 
5-methyl-2, I-benzisothiazoles absorb at 6 = 2.30-2.33 pprn 
(16, 17), it is likely that the protons at 6 = 2.42 are those of 
the methyl group on the phenyl substituent. It therefore appears 
likely that 3a and 7a are tautomers. This compound exhibited 
a broad absorption at 6 = 3.8 pprn which disappeared on 
shaking with deuterium oxide and is assigned to the amino 
group protons. Also, when the reddish oil was shaken with 
deuterium oxide, its spectrum changed to that of the yellow 
solid. 

Since the tautomerism should be blocked by N-alkylation, 
the solid material was treated with methyl iodide, giving three 
products, corresponding to mono-, di-, and trimethyl deriva- 
tives. The second of these was a deep crimson crystalline solid 
whose nmr showed only two types of methyl peaks, at 6 = 3.7 1 
and 2.67 ppm, corresponding in chemical shift to N- and C- 
methyl groups respectively. In addition, the spectrum of the 
aromatic protons demonstrated a typical ABX pattern. The "C 
nmr spectrum of 3b demonstrated the presence of only nine 
types of carbon atom, four of which were quaternary. These 
properties are consistent with the symmetrical structure of 
1,4,8,11-tetramethyl-2,l -benzisothiazolo[2,3-b]-2,1 -benziso- 
thiazoles (3b). It thus appears that the shorter S-N bond 
lengths in 3b, like those in compounds of type 2b, so favorably 
affect the geometry compared to dithiole analogs that the inte- 
rior ortho hydrogen atoms do not interfere with each other. 

It should also be noted that the spectrum of the aromatic 

protons in the putative 3a resembled those of 3b. 
The monomethylated material was a yellow solid whose nmr 

spectrum indicated three different methyl groups, one of which 
was in the range expected for an N-methyl group. Since the two 
others, at 6 = 2.33 and 2.42 ppm, are in the range observed for 
the yellow compound 7a, we consider on this basis that it is 
5-methyl-3-(2-methylamino-5-methylphenyl)-2, I-benzisothi- 
azole (7b). Three other structures. the imines 8a and b and the 
fused structure 3c are eliminated for the following reasons: the 
imines 8a, b are o-quinonoid structures, and expected to be 
unstable. and in the fused structure 3c the aromatic methvl 
groups would be expected to be much more equivalent than 
found, by comparison with the compounds 2a and b. It is 
recognized that 8a and b and 3c may be resonance contributors 
to a single structure. The third material, obtained only in small 
amounts, appears on the basis of its solubility, and that it 
contains iodine, to be a salt, probably I-methyl-3-(2-dimethyl- 
aminopheny1)-2,l -benzisothiazolium iodide (9). 

We also attempted to make the compound 3b from di(2- 
methylamino-5-methylpheny1)methane (4b). The synthesis of 
this compound from N-methyl p-toluidine is reported (17) al- 
though no experimental details were given. We therefore made 
it from the amine 4a by conversion to its bis-trifluoroacetamide 
4c (18). Although such amides are reported (19, 20) to give 
secondary amines directly on treatmentwith methyl iodide-and 
potassium hydroxide, with this compound we isolated the 
N,Nr-dimethyl bis-trifluoroacetamide (4d) which afforded 46 
on prolonged alkaline hydrolysis. When this was treated with 
N-sulfinylmethanesulfonamide we were unable to isolate any 
isothiazole products. In contrast to 4a, the compound 4b can- 
not form an N-sulfinylamine. I t  has been suggested (14) that 
N-sulfinylamines are necessary intermediates in the conversion 
of o-toluidines to 2, I-benzisothiazoles. It also seems likely that 
if the bicyclic structure 3a is indeed produced in the above 
reaction, it is formed by tautomerism of an initially formed 3- 
(2-amino-5-methylphenyl-5-methyl-2, I -benzisothiazole (7a). 

Treatment of the compound 3a with acetic anhydride gave 
two products, corresponding to mono- and diacetyl derivatives. 
Since the former showed only two methyl singlets in the ratio 
of 1 : 2, it therefore appears that the two aromatic methyl peaks 
are fortuitously equivalent. Two structures, 3d and 7c, are 
possible. Because of the close similarity of the methyl groups 
in the bicyclic structure 3d we are inclined to favor this struc- 
ture. This material also exhibited a broad peak at 6 = 6.75 pprn 
which, as noted above, may be indicative of an N-H group 
in the bicyclic structure. The diacetyl derivative possessed two 
non-equivalent aromatic methyl groups, ruling out a sym- 
metrical structure, and the most likely possibility is therefore 
the imide 7d. Although satisfactory nmr and mass spectra were 
obtained for these materials, they appear to be too unstable for 
proper analysis. 2,1-Benzisothiazoles and 2,l -benzisoxazoles 
rearrange to oxazines on treatment with acetic anhydride (21, 
22) but these types of reactions require structural features not 
present here. 

Fx-fl \ N-S+ \ N-S x- & 
+ 

a X = 1 3  a  Y = NH2 
b X  = b Y = SCSOEt 

c Y = S H  
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Other types of compounds containing interesting fused iso- 
thiazole type nuclei are the isothiazolo[2,3-nlpyridinium salts 
10 and I ,2-benzisothiazolo[2,3-cllpyridinium salts 11, some of 
which have been made by oxidation of suitable thiones (23) or 
acid treatment of certain thiocyanates (24). In this work 
2-(2-aminopheny1)pyridine (12a) was diazotized and converted 
via the xanthate 12b to 2-(2-mercaptopheny1)pyridine (12c), 
which on iodine oxidation gave the salt 10a. Treatment of this 
with perchloric acid gave the known (24) perchlorate lob.  

13 14 

cr R' = CO'Me, R' = H, R' = Ph 
b R'  = CO'Me, R' = R'  = Ph 
L. R' = COIMe, R' = R1 = (CH=CH)' 
d R' = CO'Me, R' = Ph, R' = H 
e R' = R ' =  H, R' = Ph 
f R ' =  H , R ' =  R ~ ' =  ph 
'S R' = CO'Me, R' = Ph, R' = H 

Other compounds which may possess to some extent a fused 
isothiazole structure are I ,2-dithiole-3-ylidine-2-pyridylmeth- 
anes (13), if possible resonance structures 14 are considered. 
These compounds are therefore analogous to compounds in 
which similar interaction between the nitrogen atom of a pyrim- 
idine or pyridine ring and the sillfur atom of a thiadiazole ring 
has been demonstrated (25, 26), although crystal studies (27) 
on a more related compound, 3-methyl-6-(5-phenyl- 1,2-di- 
thiol-3-y1ideneamino)pyridine have in fact demonstrated only 
slight sulfur-nitrogen interaction. These compounds 13;-c 
were made by condensation of methyl 2-pyridylacetate with the 
appropriate 3-alkylthio-l,2-dithiolium salts and, of these, 
13a, b gave the compounds 13e, f on acidic hydrolysis. With 
13c the hydrolysis proceeded more extensively, giving benzo- 
1,2-dithiole-3-one. An examination of the spectra of 13e, f 
showed no absorption in the region 6 = 170- 180 ppm, which 
appears to be fairly characteristic of a number of compounds 
possessing hypervalent sulfur (2), e.g. 1,2-dithiolo[l,5-01- 1,2- 
dithioles and related compounds, and it  thus appears that these 
compounds too are best represented by structures 13. 

Ph \ Y ' Ph 

X HS SMe I- SMe 

The reaction of 3-methylthio-4-phenyl- I ,2-dithiolium iodide 
with methyl 2-pyridylacetate gave two compounds. One of 
these, obtained in low yield, corresponds to the condensation 
product 13d. The major product, a yellow crystalline solid, had 
properties consistent with a molecular formula of C,,H,,NO?S 
and appears to be a carboxylic ester. This is tentatively 
assigned the quinolizinethione structure 15c1 on the following 
basis: consideration of reaction mechanisms involving nucleo- 
philic attack on the unhindered 5-position of the dithioliurn salt 

would lead to the dithioester 16 or enethiol, which could form 
15 by electrocyclization and loss of methanethiol. The "C nmr 
of the material exhibited an absorption at 6 = 175.6 ppm, 
which is in the range exhibited by 2-pyridinethiones (29). 
Treatment of 150 with potassium permanganate in acetone 
afforded the quinolizinone 15b, and acid hydrolysis produced 
the quinolizinethione 15b which on methylation gave the salt 
17. 

Experimental 
Thc 'H and I3C nmr spectra wcre obtained in deutcriochloroform 

solution using tetramethylsilanc as an internal standard, on a Varian 
model E.M. 360 spectromcter and on a Brukcr model AM-300 spcc- 
trometcr, respectivcly. Mass spectra werc obtaincd on a Finnigan 
model 1015 spectrometer, and thick laycr chromatography (tlc) was 
performed on Mcrck "Kieselgel 60 P F  silica gel. Where necessary, 
solutions wcre dried ovcr anhydrous magnesium sulfate. 

Di-p-toluiditl~~ltnerl~lrne (6) 
This was prcpared by the method of Eberhardt and Welter (28) and 

the product recrystallized from cthanol as palc yellow shiny leaflets, 
mp 8 5 8 7 ° C  (lit. (28) mp 86°C). 

Di-(2-nt11itlo-5-trletI1ylpI1et1~~l)&te (4a) 
The method of Chakrabarti et al. (17) was modified as follows. 

Di-p-toluidinylmethanc (6) (0.18 mol), p-toluidinc hydrochloride 
(0.18 mol), and p-toluidine (1.8 mol) wcrc mixed as solids, heated 
under nitrogen to 130°C, and stirred at this tempcraturc for 14 h. On 
cooling, the mixture was neutralized with a slight exccss of sodium 
hydroxide solution and p-toluidine was removed by steam distillation. 
The tarry rcsidue was dissolved in warm 6 M hydrochloric acid, 
resinous material filtercd off, and thc filtrate slowly neutralized to pH 
7 with sodium hydroxide solution. The brown amorphous mass which 
precipitatcd was kept at 5°C for 3 days and filtered. Recrystallization 
from hexane gavc colorless needles, mp 93-94°C (lit. (17) mp 96°C). 

Bi.s(2-trifluort~c1cetnn~i~Io-5-tneth~~Iphen~~I)tt1etI1ne (4c) 
The product was prepared from the diamine 3t1 by the method of 

Bruice ct al. (19). Recrystallization from ethanol/water ( 1  :3) gave 
colorless plates. mp 250-25 l "C. 

Bis(2-(N-tr~etl~ltriJ1~~oro~1~.etnn1itIo)-5-tt~etI~yIpI1et~y/)tnetlnne (4d) 
The method of Johnstone et al. (20) was modified as follows. The 

bis-trifluoroacetamidc 4 ~ .  (1.7 mmol), methyl iodide (9.4 mmol), and 
powdercd potassium hydroxidc (6.4 mmol) wcre added to dry acetone 
(20 mL) and the mixture refluxed for 30 min. Acetone and methyl 
iodide were removed in vtrcllo, and the resulting material dissolved in 
chloroform and filtcred to remove potassium hydroxide. Evaporation 
of the filtrate gave a colorless viscous oil which crystallized on stand- 
ing. Addition of petroleum ether gave colorless ncedles (83%), mp 
100- 101°C. This material was not analysed. 

Di-(2-methylnmino-5-methylphenyl)met/1nne (4b) 
The bis-N-methyltrifluoroacetamide 4d (1.5 mmol) was added to 

powdered potassium hydroxide (6.0 mmol) in water (10 mL) and 
methanol (5 mL), and thc mixture refluxcd for 17 h, cooled, acidified 
with 2 N hydrochloric acid, and extracted with chloroform. Drying 
followed by evaporation gave a colorless oil which crystallized on 
standing or upon addition of petroleum ether. Rccrystallization from 
hexanes gave 4b as colorless prisms (77%). mp 88-89°C (lit. (17) mp 
86°C). 

Renctiotl ofdi(2-nmino-5-metI2ylpherlyl)~llntle (4a) rvitll N-sulji'nyl- 
methane-strlJonnmide to fortn 7a 

Thc procedure of Singerman (15) was used. Extraction of the final 
product with chloroform, followed by drying and evaporation, gave a 
viscous reddish oil which appears (tlc) to be substantially pure. This 
oil crystallized on standing several days and was further purified by 
chromatography. Isolation of a yellow band gave on work-up a deep 
yellow oil which crystallized on scratching. Recrystallization from 
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hexane with rapid cooling gave dccp yellow plates, mp 113- 115°C These compounds bcgin to dccomposc after ;I few days and no 
(55%). satisfactory analyscs were obtained. 

In some cascs no reddish oil was obtaincd and thc product gavc 
ycllow crystalline matcrial dircctly on work-up. For thc ycllow matc- 
rial 70, The nmr spectrum. 6: 2.30 and 2.42 (two 3H singlets, thc 
methyl groups), 3.75 (2H, broad, thc NH2 protons), 6.60-7.75 (6H 
bands, the aromatic protons) ppm. Thc mass spcctrum M f  254, M 
calcd. 2.54. Anal. calcd. for CI5HI4NS2: C 70.87, H 5.51, N 1 1.02, 
S 12.60; found: C 70.84, H 5.69, N 10.87, S .  12.41%. 

For thc reddish oil. tentatively 2cr, the mass spectrum M' 254, M 
calcd. 254. 'The nnir spectrum, 6 2.35 ppm (two 3H singlets, the 
methyl groups). 6.55 (2H. broad. thc two NH protons), 6.87-7.75 
(6H bands. the aromatic protons) ppm. Treatment with D20 gavc a 
spectrum likc that of 7a. 

Reeretion of' 4b with N-.srrlfir~yl~netkat~e.s~~/fo~~c~micIc~ 
The procedure used was identical to that uscd for 30 (15). The final 

extraction showed no presence of thc cxpcctcd isothiazole 3h or of any 
other major product. 

Recrctiott of3a with tnethyl iodide 
The 2.1-benzisothiazolc 3u (0.4 mmol) and methyl iodidc (5 mL) 

were hcated under reflux for 20 h, methyl iodidc removed ill ~~rrcuo, 
and the resultant dark red solid chromatographcd scvcral tirnes on 
silica in various chloroform/acetone blends. The monomethylation 
product 7 was a relatively non-polar yellow band which was isolated 
to givc a ycllow crystalline material (30%). Recrystallization from 
hexane gave deep yellow needles, mp 140- 141°C. The nmr spectrum. 
6: 2.33, 2.42 (two 3H singlets, the aromatic methyl groups), 2.82 (3H 
singlet, the N-mcthyl group), 3.75 (3H singlet. the N-methyl group), 
3.75 ppm (IH,  broad. the NH proton). 6.67-7.88 (6H bands, the 
aromatic protons) ppm. The mass spectrum M' 268. M calcd. 268. 
Ancrl. calcd. for CIfiHI(,NzS: C 71.61. H 6.01. N 10.44, S 11.95; 
found: C 71.24, H 5.75, N 10.35, S 12.24%. 

The dimethylation product 26 was a dcep-rcd crystalline material 
and recrystallization from ethanol gave ruby colored prisms. mp 
167-168°C. The nmr spcctrum 6: 2.67 and 3.71 (two 6H's. the 
aromatic and N-methyl protons), 7.13-7.51 and 8.55-8.66 (4H, m 
and 2H, m respectively, the aromatic protons) ppm. When the peak at 
8 = 2.67 ppm was irradiated, the aromatic protons exhibited an ABX 
type pattern, J,," = 8.5 HZ. Thc mass spectrum M' found: 282, M 
calcd.: 282. Atlrrl. calcd. for CI7HIXNIS: C 72.30, H 6.42, N 9.92, S 
11.35; found: C 72.08. H 6.40, N 9.80, S 11.53%. 

The third component, obtained in only a small amount ( I 0  mg), was 
a highly polar deep yellow band which gavc a dark yellow scmi- 
crystalline oil on isolation. I t  was purificd by crystallization from 
cyclopentanone followed by washing with small amounts of dry ace- 
tone. Deep amber prisms. mp 243-244"C, werc obtaincd. This was 
not analyzed but appears to be salt-like and containes iodine. I t  is 
tentatively given thc structure 9. 

Recrction of 2a rr~ith crcetic clnhyclride 
The isothiazole 20 (0.4 mmol) and acetic anhydride (5 mL) wcre 

retluxed for 20 min, cooled, extracted with chloroform, the chloro- 
form extract washed with water, and dried. Evaporation gave an 
orange oil which was chromatographed on silica in a 
chloroform/acetone (6: 1 )  mixture yielding 2 components. 

The monoacetylation product 2rl was a colorless fluorescent band 
(R, 0.6) and gave a pale yellow oil (51%) which crystallized on 
standing. Recrystallization from methanol gave pale yellow needles, 
mp 164- 165.5"C. 'The nmr spectrum, 6: 1.93 (3H, s, the acetyl 
methyl), 2.43 (two 3H, s, the aromatic methyl), 6.75 (IH broad. the 
NH), 7.10-8.25 (6H bands, the aromatic protons) ppm. The mass 
spectrum M f  292, M calcd. 292. 

The diacetylation product 6d was a colorless band (RI. 1 )  with a 
bright blue fluorescence and gave a bright yellow oil (46%) upon 
isolation. The nmr spectrum, 6: 2.21 (6H, s, the acetyl methyls), 2.45, 
2.57 (two CH,, s, the aromatic methyls), 7.18-7.95 (6H bands, the 
aromatic protons) ppm. The mass spcctrum M' 338. M calcd. 338. 
When the reaction timc was increased to 1 h, thc yicld of 2el dccreascd 
to I I % while that of 6d increased to 87%. 

2-(2-Atnit1opitet1j~/)pyri~lit1e (12a) 
2-(2-Nitrophcnylpyridinc) (rcf. 30) (20 g. 0. I mol) in 50% aqucous 

cthanol (50 mL) was warmcd gcntly and sodium dithionitc addcd 
slowly until the ycllow color of the solution had disappcarcd. Thc 
solution was conccntratcd to rcmovc cthanol and extracted with chlo- 
roform, which on cvaporation gave the aminc IOU as a colorless oil 
(80%). 

2-(2-Merccrptophe1ryl)p~~rilIi11e (12 b) 
2-(2-Aminophcnylpyridinc) (8.5 g, 0.05 mol) in dilute hydrochloric 

acid was diazotizcd and the mixturc addcd to a warm (50°C) solution 
of potassium ethylxanthate (20 g) in watcr (100 mL). The mixturc was 
allowed to cool and the oil extractcd with chloroform. The dried 
chloroform extract was evaporated and the rcsidual oil hydrolyzcd in 
20% aqueous sodium hydroxide solution at 100°C for 3 h. The mix- 
ture was trcated with sodium dithionitc ( I  g) and rcfluxcd I h more. 
The solution was separated from any unhydrolyzcd matcrial by de- 
cantation or filtration, adjusted to pH 7 with concentrated hydrochloric 
acid. and treated with ethcr. Thc dried ether extract gavc thc crude 
mercaptan as a ycllow oil which was used directly in the next stage. 
Yield 2.5 g: 29%. 

2,1 -Bet1zi.sotiirzolo2.3-a]pyridi~~iro11 trioclicle (1 1 a)  
The crude 2-(2-mcrcaptophenyl)pyridine (1.81 g, 0.01 mol) in cth- 

anol (15 mL) was treatcd with a saturatcd solution of iodinc in ethanol 
until precipitation of the crystallinc product was complctc. Thc prod- 
uct was filtercd and recrystallized from nitromethane as brown nee- 
dles, mp 166°C (60% based on crude starting matcrial). A17al. calcd. 
for CIIHxNSIJ: C 23.28, H 1.41, N 2.47, S 5.64, 167.20; found: C 
23.03, H 1.34, N 2.48, S 5.52, 1. 67.07%. This matcrial was trcated 
in boiling acetic acid with perchloric acid and boilcd to expcl iodine, 
giving the perchlorate ( l l b ) ,  mp 168°C (lit. (24) mp 168- 169°C). 

Reaction qf /,2-dithioliut~~ scrlts with t~rethyl 2-pyiclylac~etme to form 
methyl 1,2-dithiol-3-yliclene-2-pj~ricIj~Icrcc~tcrtc~ (l3a-c) 

The 3-methylthio-l,2-dithiolium salts (0.01 mol) and methyl 
2-pyridylacetate (1.5 g) in acetonitrilc (20 mL) were warmcd gently 
for 5 min. The evolution of mcthanethiol was cvident and the mixture 
became homogeneous. The solutions werc diluted with water and 
extracted with chloroform, which was dried. Evaporation yielded red 
oils which crystallized on trituration with cthanol. Compounds wcre 
recrystallized from hexanc-bcnzenc. I : I mixtures. Results are sum- 
marized in Table I. 

Hydrolysis rfl methyl 1.2-~lir/1iol-3-yli~Ic~11e-2-/~y1~i(!\te.s to form 
12-dit1i01-3-v1i1et-2-pjri/j111et11te (13c, f )  

The esters (0.5 g) 12rr-c were treated with amixturc of acetic acid 
(5 mL) and concentrated hydrochloric acid (5 mL) under reflux for 
24 h. Solutions were diluted with water and neutralized with sodium 
bicarbonate. 'The dried chloroform extracts wcre cvaporatcd, giving 
the products as red or orange crystals which were recrystallized from 
toluene. Results are summarized in Table I .  Compound 12c gave only 
benzo- 1,2-dithiole-3-one on hydrolysis. 

Reaction of 3-methylthio-4-plze11>~I-I ,2-clitI1io/i1n iodide with methyl 
2-p-vridylacetcrte to form the qui~~olizenethione (15a) 

'This reaction was performed as for the other I ,2-dithiolium salts. 
Work-up gave a viscous red oil which slowly crystallized under eth- 
anol. The product (15er) was collected and recrystallized from cthanol 
as fibrous yellow needles, mp, 166- 168°C (61%). Work-up of the 
mother liquor gave more of this material and a small amount of the 
ester 13g. 

For 150, the ' H  nmr spectrum 6: 3.91 (3H, s, the methyl protons), 
7.46-9.60 ( IOH bands, the aromatic and heterocyclic protons) ppm. 
The "C nmr spectrum. 6: 175.6 1 (C=S). 165.42 (C=O) ppm. The 
mass spectrum M +  - I found: 294, M - I calcd.: 294. Attal. calcd. 
for Cl7HI7NSOI: C 69.15, H 4.41, N 4.75, S,  10.85; found: C 69.05, 
H 4.47, N 4.72, S 10.83%. 
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TABLE I. Preparation of methyl I ,2-dithiol-3-ylidene-2-pyridylacetates (120-c) and I .2-dithiol-3-ylidene-2-pyridylmethanes 
(12e. f )  

Analysis 

Melting Calculated Found 
point 

Compound Yield (%) ("C) Formula C H N S C H N S 

'''This material appears (by  nmr spectrum) to be a 3 :  1 mixture of two components, probably the two geonictrical isomers. We have been 
unable to separate these by chromatography or crystallization. 

Preparatiotr of nnlthyl3-phenyl-4-oxu-4 H-y~ritrolizine- I-ctrrbo.qvlrte 
( 1 5 ~  

Methyl 3-phenyl-4-thio-4H-quinolizine-I-carboxylate (295 mg, I 
mmol) in acetone (10 mL) was titrated with a saturated solution of 
potassium permanganate in acetone until th solution just retained a 
purple color on standing. The mixture was filtered to remove man- 
ganese dioxide and purified by tlc using ether as an eluent. The 
product ran as a yellow band with a blue halo under uv light. Work-up 
and crystallization from an ethanol-benzene I : I mixture gave the 
product as bright yellow needles, mp 139.5- 140.5"C (9 1 %). The nmr 
spectrum, 6: 3.86 (3H, s, the methyl protons), 7.27-9.45 (IOH bands, 
the aromatic and heterocyclic protons). The mass spectrum M+ found: 
279, M calcd.: 279. Anirl. calcd. for Cl7HI3NO1: C 73.12, H 4.66, N 
5.02; found: C 73.22, H 4.61, N 5.18%. 

Preparation of 3-phenyl-4H-r~uirrolizirre-4-thiorle (15e) 
The ester 15a (294 mg, I mmol) in acetic acid ( I0  mL), concen- 

trated hydrochloric acid ( I0  mL), and water (10 mL) was refluxed 24 
h. The yellow solution was neutralized with solid sodium bicarbonate 
and extracted with chloroform (3 X 50 mL). These extracts were dried 
and evaporated to give a yellow oil which was purified by chro- 
matography. The material crystallized from ethanol as yellow needles, 
mp 135- 136°C (91%). The mass spectrum, M+ - I calcd.: 236, M 
- 1 found: 236. Arlal. calcd. forCIsHIINS: C 75.95, H 4.64, N 5.91, 
S 13.50; found: C 75.81, H 4.72, N 5.88, S 13.60%. 

Preparation of 4-methylthio-3-phet~lyrcinolizit~i~trn iodide (17) 
3-Phenyl-4H-quinolizine-4-thione ( 1  18 mg, 0.5 mmol) was treated 

with methyl iodide (2 mL). The thione dissolved rapidly but soon 
precipitated a yellow oil which eventually crystallized. The material 
was collected and recrystallized from nitromethane with precipitation 
by ether as yellow needles. mp 146- 148°C (97%). AII(II. calcd. for 
C16H141NS: C 50.56, H 3.69, I 33.51, N 3.69, S, 8.44; found: C 
50.47, H 3.81, 133.45, N 3.69, S 8.81%. 
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Azides. Part V. A kinetic study of the formation of N-(p-toluenesulphony1)-1H-azepine 
by thermolysis of p-toluenesulphonylazide in benzene under nitrogen pressure' 

NAGARAJ R. AYYANGAR, RAMESH B. BAMBAL, DATTATRAYA D. NIKALJE, A N D  KUMAR V. SRINIVASAN 
Ntrriontrl Chetniccri Ltrhortrtor\~, P~r t~e  41 1 008, Indicr 

Reccivcd Ju ly  6. 1984 

NAGARAJ R. AYYANGAR, RAMESH B. BAMBAL. DATTATRAYA D. NIKALJE,  and KUMAR V .  SRINIVASAN. Can. J .  Chem. 63, 
887 (1985). 

The course of thermolysis of p-toluencsulphonylazidc (A) in bcnzcnc at 160°C and 40.1 atm of nitrogen pressure was 
followed by analysis of the reactants and products in the rcaction mixture by hplc. The ratc measurements indicatc that the 
reaction follows first-order kinetics with respcct to the formation of N-(p-toluenesulphony1)-I H-azepine (B) and p- 
toluencsulphonamide (D). The concentration-time profile is consistent with the formation of p-tolucnesulphonylanilide (C) 
from the azcpine (B). The rate constants indicatc that the azepinc (B) dccomposcs to the anilidc (C) at the same rate at which 
it  is formed. 

NAGARAJ R. AYYANCAR, RAMESH B. BAMBAL, DATTATRAYA D. NIKALJE et KUMAR V .  SRINIVASAN. Can. J .  Chem. 63, 
887 (1985). 

Faisant appel h la clhp pour analyscr les reactif's ct les produits pr6scnts dans les m6langes rtactionnels. on a determint le 
cours de la thcrmolysc dc I'azoture de p-tolutncsulfonyle (A) en solution dans le bcnzknc, h 160°C et sous 40.1 atmosphkres 
d'azotc. Les vitcsses mesurtes indiquent que la r6action est du premier ordre par rapport i la formation de la N-(p- 
toluknesulfonyl) I H-azCpine (B) et du 11-toluknesulfonamidc (D). Le profil conccntration-temps est en accord avec une 
formation du p-toluknesulfonylanilidc (C) h partir dc I'azepine (B). Les constantes dc vitcsse indiquent que la vitessc de 
formation de I'azCpine (B) est tgalc ii sa vitcsse de dCcomposition cn anilide (C). 

[Traduit par le journal] 

Introduction 

Thermal decomposition of p-toluenesulphonylazide in di- 
methyl terephthalate at atmospheric pressure has been shown to 
result in the formation of 2-11-toluenesulphonamidotere- 
phthalate and N-p-toluenesulphonyl-2,5-dicarbomethoxy- l H- 
azepine in 5% and 15% yields, respectively (1 ). Electron- 
withdrawing functional groups such as carbomethoxy, acetyl, 

I and nitro lead preferentially to the formation of N-sulphonyl- 
I azepines, whereas electron-donating groups such as methyl 
: predominantly yield the sulphonanilides. 'This has been attrib- 
I uted to the influence of the substituents on the stability of the 
I 

benzaziridine intermediate complex formed initially (2). It has 
, been reported that, in the thermolysis mixture of methyl sul- 

phonylazide in benzene, mainly thk sulphonanilide (c-H in- 
sertion product) and the sulphonamide (hydrogen abstraction 
product) could be detected. Methyl sulphonylazepine, the ring 
expansion product (C=C insertion product) was not isolated, 
although its formation was evident and it  was trapped as its 
tetracyanoethylene adduct (3). 

Recently, the facile synthesis of N-sulphonyl-l H-azepines in 
good yields by the nitrene insertion reaction under nitrogen 
pressure has been reported by us, in which it was also shown 
that pressure has a remarkable effect on such insertion product 
formation involving ring expansion (4). This communication 
deals with the course of this reaction, which was followed 
kinetically by estimating the unreacted azide (A) ,  the azepine 
(B), the sulphonanilide (C), and the sulphonamide (D) in the 
reaction mixture at various intervals of time by high per- 
formance liquid chromatography (hplc). The kinetic data indi- 

I cated the reaction pathway as shown in Scheme I .  
I The sul~honanilide (C) is exclusivelv formed from the 

azepine (B), by a consecutive reaction in series, viz. A + B + 
C. The sulphonamide derivative (D) is formed by abstraction 
of two hydrogens by the sulphonylnitrene (I),  in a parallel 
react ion 

In contrast, when the thermolysis was carried out at atmo- 

' NCL Communication No. 3403. 

0 0 
II 

R-S-  II N~ k l  > R - ! - N ~  k 2  R - E - N Q  

0 8 .  I: A 

0 H 

R - S - N  
n 
O H  

spheric pressure and reflux temperature of benzene, the sul- 
phonylazepine (B) was isolated only in poor yield (less than 
1.5%). It was also shown that azepine formation increases with 
an increase in pressure. Furthermore. the reaction temperature 
of 155 - 160°C appeared to be critical. In one experiment, when 
the reaction was carried out at 140- 145°C under otherwise 
similar reaction conditions, no sulphonylazepine (B) could be 
isolated. The use of nitrogen positive pressure serves the dual 
purpose of attaining the necessary critical temperature for the 
spontaneous irreversible thermolytic decomposition of the to- 
sylazide (A) to the singlet nitrene (I) ,  and of keeping the ben- 
zene in the liquid phase-for a homogeneous reaction. 

The interest in the azepine ring systems has been generated 
because of their presence in a number of drugs (5). The rho- 
eadine alkaloids have benzazepine as the basic structure (6). 
The sulphonyl azepines described here and elsewhere may ex- 
hibit promising biological activity. 

Results and discussion 

para-Toluenesulphonylazide was thermolysed in an excess 
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TABLE I. Analysis of compounds A. B, C, and D, in the 
reaction at different intervals of time by hplc 

1.0 

Composition X (mole fraction) 
Reaction time 

r (min) X ,\ XII XC XI, 
0 . 8  

10 0.756 0.170 0.070 0.005 
15 0.683 0.202 0.102 0.012 
20 0.592 0.250 0.160 0.016 

5 0.6 .- 25 0.465 0.318 0.196 0.020 
C 
o 30 0.430 0.310 0.232 0.022 
0 
L ). 

35 0.375 0.31 1 0.275 0.020 
40 0.330 0.351 0.288 0.027 

Y 0.4 
0 

45 0.278 0.356 0.337 0.029 

I 55 0.219 0.349 0.398 0.034 
70 0.210 0.325 0.433 0.032 
85 0.081 0.266 0.612 q.033 

0.2 100 - 0.034 0.933 0.032 

TABLE 2. 'Thcrmolysis of 11- 
0 tolucnesulphonyl azidc in 

0 2 0 4 0  60 8 0  100 bcnzcnc at 160°C and at 40.1 

t (min) atm 

a, o z i d e ,  8; ozepine; * ,on i l i de ;  A ,  omide  r (min) X, -In X, 

of benzene at 160°C and 40.1 atrn ( I atrn = 10 1.3 kPa) of 
nitrogen pressure in a P ~ I T  autoclave. Aliquots of the reaction 
mixture were withdrawn at various intervals of time. They were 
subjected to hplc analysis for the estimations of the uncon- 
verted azide (A), and relative amounts of azepine (B), anilide 
(C), and amide (D), formed in the reaction (Table 1 ) .  Since 
benzene, one of the reactants, was in large excess, the reaction 
is zero order with respect to it. As such, it was removed from 
the samples before analysis. Preliminary investigations re- 
vealed that the reaction was initiated for a measurable con- 
version of the azide (A) to the nitrene (I) only at 160°C. Under 
the reaction conditions, this temperature was attained 50 min 
from the time the heating was started. This was taken to be the 
zero time of the reaction. The concentration vs. time curves for 
the azide (A), azepine (B), anilide (C), and arnide (D) re- 
spectively are shown in Fig. 1 .  These are typical of those 
reported for consecutive first-order reactions (7). Since at the 
end of the reaction no azide (A) was present and the reaction 
could be carried out to complete conversion of the azepine (B) 
to the anilide (C), the thermolysis of p-toluenesulphonylazide 
(A) in benzene is a first-order consecutive irreversible reaction 
in series as shown in Scheme I .  The overall specific reaction 
rate (kl + k3) for the thermal decomposition of the azide in 
benzene is the sum of the specific reaction rate for the for- 
mation of the azepine (B) (kl)  and that for the formation of the 
sulphonamide (D) (k3) by a parallel reaction. Both reactions 
involve the nitrene (I) as intermediate. 

The linear plot of -In X, vs. time t (Table 2, Fig. 2) indi- 
cated that the thermal decomposition of the azide A is a first- 
order reaction with an overall specific reaction rate 

Solving eq. [2] simultaneously with eq. [I], the values of kl 
and k3 were evaluated as 0.0235 t 0.0007 min-' and 0.0044 
& 0.0001 min-' respectively. To evaluate the value of k?, the 
differential equation 

for first-order consecutive irreversible reaction was simplified 
to 

Substituting the values for X, ,,,,,, and t ,,,,,, as 0.356 and 45 re- 
spectively from Fig. 1 and Table I in eq. [4], the value of k2 
was evaluated as 0.0228 t 0.0006 min-I. The second step of 
the series reaction was also confirmed to be first order by 
carrying out the reaction starting from different initial concen- 
trations of the azide (A), under identical conditions. The mole 
fraction of the azepine (B) at t ,,,,,, i.e. X, ,,,,,, remains constant 
and was independent of the initial azide concentration. Thus the 
results indicate that k, is nearly equal to k2. in which case Xs,,,,, 
= l /e = 0.368, . . . from eq. [3]. The calculated value of X 
as derived above matches well with the experimental value of 

The slope of the linear plot of XI, vs. X, (Fig. 3) gives the 0.356 for Xs ,,,,, (Fig. 1 ) .  

value The kinetic data generated by us clearly indicate that the 
nitrene insertion in benzene at 160°C under pressure preferen- 

[2] kl/k, = 5.349 tially forms the sulphonyl azepine (B), possibly via-the ben- 
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FIG. 2. First-ordcr plot for the decomposition of azidc A in 
bcnzcnc. 

zaziridine intermediate (1'). The sulphonylazepine (B) then 
rearranges to the sulphonanilide (C) in a concerted manner, 
possibly involving a carbon-carbon a-bond formation follow- 
ed by aromatization. The rate constant evaluations show that 
the azepine (B) rearranges to the anilide (C) at the same rate at 
which it is formed. This indicates that, under the conditions of 
the reaction, both steps, viz. the formation of the azepine (B) 
and subsequent conversion to the sulphonanilide (C), are kinet- 
ically controlled. 

Experimental 
Melting points wcrc rccordcd in capillary tubes. Bcnzcnc used for 

thc reaction was distilled on phosphorous pentoxidc. Pctrolcum cthcr 
used was of the boiling range 60-80°C unlcss otherwise specified. 
Reactions were carried out in a Parr bench-top mini reactor of 300-mL 
capacity provided with a hcatcr, stirrer, prcssurc gauge, thermo- 
couple. and tcmperature controller. A sarnplc rcmoval system in thc 
form of a loop with inlct and outlet valvcs, fabricated out of a copper 
tube of 22 in. X 0. I in. id, was fixcd to thc sampling point of thc 
reactor. Reaction samplcs wcrc analyscd by rcvcrsc phase liquid chro- 
matography on a Spectra-Physics SP 8000 high pcrformancc liquid 
chromatograph connected to a uv detector at 254 nm using an ODS 
(Spectra-Physics) column (250 mm X 4.6 mm id). Thc ir spectra were 
recorded as Nu.jol mulls using a Pcrkin-Elmcr 221 spectrometer. thc 
nmr spectra on a Varian T-60 spcctromctcr using tctramcthyl silanc as 
internal standard, and mass spectra on a CEC-21 -I IOB mass spcc- 
trometer. 

General pro~,edlrre Ji)r the t11ermoly.si.s of p-tolrrer~e.sulpl~or~yInzirIe in 
benzene 

In a typical run, the azide A (4.0 g, 0.005 mol) and benzene (200 
g, 2.56 mol) were charged into thc autoclave already purged with 
nitrogen. The reactor was pressurized to 27.2 atm with nitrogcn and 
heated slowly to raise the tcmpcraturc to 160°C in I h. Thc final 
pressure recorded on thc gauge at 160°C was 40.1 atm, the gcncratcd 
nitrogen and the vapour pressure of benzene at rcaction tcmpcraturc 
contributing towards the increase in pressure. Thc first sample was 
removed at 145OC at 55 min and thc rest at 160°C at various intervals 
of time (Table I). 

iAR ET AL. 889 

0.5 I I I I 1 

Mole fraction (X,,) 

FIG. 3. Lincar plot for thc determination of !i,/!i,. 

Proc.er1~rr.e for snrnple retnovrrl 
During each sarnplc rcmoval. thc outlct valvc of thc samplc tube 

was closed and thc inlct valvc opcncd to Ict thc reaction mixturc cntcr 
insidc thc loop. Thc lnlct valvc was then closed immediately. Thc loop 
was cooled cxtcrnally by dipping in cold watcr and then thc outlct 
valvc opened to rcmovc thc reaction mixture insidc thc loop. Beforc 
rcmoval of thc next sarnplc. thc same operation was rcpcatcd to flush 
thc insidc of thc loop frcc of thc previous sampling. Each time nearly 
10 mL of thc sarnplc was removed. Thc prcssure drop noticcd during 
cach sarnplc rcmoval was compcnsatcd for by pressuring thc system 
back to 40.1 atm with nitrogen cvcry tme.  

Higll per:forrnrrr~c.e lirllrirl c~l~rorr~rrtoglvrpl~rc. (hplc) trr~(r!\'.ri.r 
Exccss benzcnc was distilled off and thc crudc solid dissolved in 

methanol. Thc mcthanolic solution was filtcrcd prior to analysis by 
hplc with thc following operating parameters: dctcctor at 254 nm at a 
sensitivity of 0.18 amp; mobile phase of methanol-watcr (6:4); flow 
rate of 2 mL/min; column inlet prcssurc of 16 19 psi ( I  psi = 6.89 
kPa); and a chart spccd of I cm/min; 10 FL of thc sample wcrc 
injccted each timc. The composition of thc reactant and the products 
in the reaction mixturc was then determined using the cxtcrnal stan- 
dard quantitation nicthod with thc aid of thc data proccssor unit prcscnt 
in the instrument. Thc order of elution of thc coniponcnts with thcir 
retention time(s) in parcnthcses arc as follows: ( I )  p-tolucnc- 
sulphonamide (D) (208); (2) p-tolucncsulphonylanilidc (C) (444); 
(3) p-tolucnesulphonylazidc (A) (534); and (4) p-tolucncsulphonyl- 
azcpine (B) (592). Thc analysis of thc samplcs withdrawn at various 
intervals of time has bccn givcn in Tablc I .  

Preporutiot~ oJ' statlrlrlrd cotnpo~rnr1.s 
The standard compounds were prepared according to methods 

reported in litcraturc: (A) p-tolucncsulphonylazide (8); (B) p-toluenc- 
sulphonyl-l H-azcpinc, mp 167°C (dcc.) ( l i t .  (4) mp 167°C); (C) p- 
tolucnesulphonanilidc, mp 103°C (lit. (9) mp 103°C); (D) p-tolucnc- 
sulphonamide, mp 136°C (lit. (10) mp 136°C). All the products were 
characterized further by spectral and clemcntal analyses. 

I. N.  R. AYYANGAR, M. V. PHATAK. and B. D. TILAK. Indian J. 
Chem. 16B, 547 ( 1978). 

2. N.  R. AYYANGAR. M. V. PHATAK, A. K.  PUROHIT, and B. D. 
TILAK. Chcm. Ind. (London). 853 ( 1979). 

3. R. A. ABRAMOVITCH, T. D. BAILEY. T. TAKAYA, and V. UMA. 
J .  Org. Chcm. 39, 340 (1974). 

4. N.  R. AYYANGAR. R. B. BAMBAL, and A. G. LUGADE. J .  Chem. 
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Reduction of dicarbonyl compounds on a mercury electrode. 11. Reduction mechanism 
of acetylbenzoyl 

J .  M .  RODI<~GUEZ-MELLADO. J .  L. A V I L A ,  AN11 J .  J .  KUIZ '  
D~~ptrrttrrtrerlto tle Q~iir?rit.tr Fivit,o, Ftrt~itl~trtl tle Cierlt.itrs, Urri~~er.sitkit1 (10 Cdr-tlohtr. Sl~trirr 

Rcccivcd January 17. 1984' 

J .  M. RODRIGUEZ-MELLADO. J .  L. AVILA.  and J .  J .  RUlL. Can. J .  Chcm. 63, 891 (1985). 
A study on thc clcctrochcmical rcduction of acctylbcnzoyl on a rncrcury elcctrodc has bccn carrictl out in tlic pH rangc 0-9 

in buffcrcd aqucous solutions. Thc cffcct of pH. drop timc. tcmpcraturc. and acctylbcnzoyl conccntration o n  poli~rogl-apliic 
and kinctic paramctcrs has bccn studicd. Thc occurrcncc ol' atlsorption phcnomcnn is infcrrcd from thc recordings of C-E 
curvcs. Tafcl slopcs and rcaction ordcrs havc bccn obtaincd at potcntials corrcsponding to the h o t  of tlic wavc. On the basis 
of thcsc cxpcrimcntal data. a rcaction mechanism is proposcd for tlic zonc of potcntials whcrc l'nfcl's low is satisficd. 

J .  M. RODRIGUEZ-MELLADO. J .  L. AVILA ct J .  J. KUIZ. Can. J .  Chcm. 63, 891 (1985). 
Utilisant dcs solutions aqucuscs tampondcs ct opdrant i dcs pH allant dc 0 i~ 9. on n dtudid la rdtluction dlcctrocliimic~~~c dc 

I'acdtylbcnzoylc sur unc dlcctrodc B mcrcurc. On a dtutlid I'cffct tlu pH. du tcmps dc chutc. dc la tcmpdraturc ct dc In 
conccntration dc I'acdtylbcnzoylc sur Ics paranii-trcs polarographiqucs ct cindtiq~~cs.  Sus la basc tlcs cnrcgistscmcnts dc courbcs 
C-E, on croit qu'il cxistc dcs phdnomencs d'adsorption. On a obtcnu Ics pcntcs dc Tafcl ct Ics ordrcs tlc la rcaction i dcs 
potcnticls corrcspondants au picd dc la vague. Sur la basc tlc ccs donndcs cxpdrimcntalcs. on  proposc un mCcnnismc rdactionncl 
pour la zonc dc potcnticls qui satisfait i la loi dc Tafcl. 

I'I'raduit par Ic journal 

Introduction Thc working clcctrodc was a Radiomctcr B 400 capillary with flux, 

There are only two papers in the chemical literature dealing 
with the electrochemical reduction of acetylbenzoyl, showing 
great discrepancies with respect to one another. 

Thus, a paper by Arai ( I )  reports the occurrence of one or 
two reduction waves (depending on the pH of the medium) over 
the pH range 0- 10, finding no waves above pH 10. According 
to this author, a dimerization process corresponds to the first 
wave found. 

On the other hand, Fedoronko and Hudekova (2) state that 
acetylbenzoyl shows one, two, or three polarographic waves 
(also depending on the pH of the medium) over the pH range 
0- 12 and attribute them to the reduction of the ~~nhydrated 

I species, the monohydrate protonated form, and the mono- 
hydrate itself, respectively. These authors carried out a 

I potential-controlled electrolysis at potentials corresponding to 
the limiting current (il.) of the f~rst  wave, subsequently iso- 
lating the reaction product and identifying it as phenylacetyl- 
carbinol by ir spectroscopy. 

In any case, the reduction mechanism of acetylbenzoyl has 
not yet been discussed. Therefore, the aim of this paper has 
been to carry out a polarographic study of this compound, as 
well as to determine some kinetic parameters at potentials cor- 
responding to the foot of the polarographic wave (i / i l  < 0.05), 
on the basis of which the reaction mechanism can be discussed. 

Experimental 
All reagcnts uscd wcrc Mcrck p.a. gradc. A buffcrcd solution with 

thc following components and concentrations was uscd as supporting 
elcctrolytc: 0.05 M CH,COOH and 0.05 M H,PO, for pH < 8, and 
0.05 M H,PO, and 0.05 M NaHCO, for pH > 8. Thc ionic strcngth 
was adjustcd to 0 .2  M with NaNO,. 

An electronic systcrn madc up of an Amcl 551 potcntiostat, a 
Hcwlctt-Packard 7045-A rccordcr. and a Hewlctt-Packard 3310-A 
wave generator was uscd. All mcasurcmcnts wcrc madc in a thcrmo- 
statted Arnel 494 ccll. 

' ~ l l  corrcspondcncc concerning this papcr should bc addrcsscd to: 
J .  J .  Ruiz. Dpto. Quimica Fisrca, Facultad dc Crcncias, Av. Medina 
Azahara 9 ,  Cordoba-5, Spain. 

' ~ev i s ion  received Septernbcr 27, 1984. 

m = 2 mg s ' ant1 drop tinic. I = 4.19 s ,  both parariictcrs bcing 
mcasurcd in 0.05 M phosphntc buffcr at pH 2 and open circuit, thc 
hcight of thc mcrcury rcscrvoir bcing 40 cm. A saturatctl lngold 
303-NS calomcl clcctrodc was uscd as rcfcrcncc and a platinum lngold 
Pt-4805 actcd as auxiliary. 

Diffcrcntial capacity -potcntinl curvcs wcrc rccortlctl automatically 
by fitting our clcctronic systcm to a circuit dcviscd by Roldin 01 trl. 
(3). A Tclcquipriicnt D- I01 I oscilloscope was also uscd. Thc capillary 
was an Amcl EA 1019/2 with rn = 1.02 rnp s I ,  its drop timc bcing 
sct at 4.8 s.  

Both thc voltanimctric mcasurcmcnts and the tlctcrmination of thc 
numbcr of clcctrons wcrc pcrformcd by riicans of a Mctrohm EA 290 
hanging-drop mcrcury clcctrodc. Dirfcrcntinl pulse polarograms wcrc 
rccordcd by using a Mctrolim-Hcrisa~r 626 polarogrnph. 

All mcasurcmcnts wcrc madc in a nitrogcn rncdium at 25 * O.I°C, 
with thc cxccption of thosc corrcsponding to the study of thc cffcct 
brought about by a tcmpcraturc changc. All othcr cxpcrimcntal condi- 
tions wcrc identical to thosc dcscribcd in rcf. 4.  

Results and discussion 

Polcrrogrciphic behnvio~rr 
Acetylbenzoyl shows one or two reduction waves (dc- 

pending on the pH) by DC polarography. Tlie first one occurs 
over the whole pH range under st~ldy (0-9), whereas the 
second one can only be observed within the pH range 2-9. 
The sum of the heights of the two waves remains practically 
constant throughout the pH range studied (Fig. 1 ) .  

'The limiting current of the I'irst rcduction wave is dcpcndcnt 
on the pH of tlic solution. Figure I shows tlie variation of the 
former as a function o f  tlie latter. Above pH 10. the limiting 
current decreases with time (the higher the pH. tlie sharper the 
decrease) clue to tlie instability of acctylbenzoyl in alkaline 
solutions. 

An increase in pH shifts the E,!, of this first wave towards 
more negative potentials. Tlie plot of E l i ?  VS. pH is linear with 
a slope of -58 1iiV per pH unit. 

Below pH I and at potentials corrcsponding to the limiting 
currcnt thc process is controlletl by diffi~sion, as is evident from 
the value of the temperature coefficient ( 1  .4%1°C) and the 
slopes of the plots of log i,. vs. log t (0.19) ant1 log i,. vs. log 
h (0.5) (11 is the height of the mcrcury reservoir). Bctwcen pH 
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892 CAN. J .  CHEM. 

FIG. I .  Variation of  i, with pH. 0 First wavc. A Total limiting 
currcnt. 

FIG. 2. Logarithmic analysis. pH: (a) 1.19: (b) 1.97: (c) 2.95; 
(d)  3.97; (c) 5.00: ( f )  6.01; (g) 7.00; (h) 8.62. 

I and 9 the wave exhibits a certain kinetic character (at pH 4 
the temperature coefficient is 2.8%l0C, i)log i,./dlog I = 0.25, 
and illog il./dlog I I  = 0.42). The variation of these parameters 
with pH, resembling that found for other a-dicarbonyl com- 
pounds (5), indicates that in the potential region corresponding 
to the plateau of the wave the process is partly controlled by the 
dehydration of the carbonyl group, a chemical reaction prior to 
the transfer process and subject to general acid-base catalysis. 
In order to show this kinetic character. we have plotted log 
[il,/(il,  - il.)l vs. log I. The results so obtained satisfied 
the Koutecky equation (6),  which, as modified for maximum 
current, reads: 

'The straight line obtained has a slope of 0.56 at pH 4,  the value 
of k I K 2  being 8.3 s - ' .  

A logarithnlic study of the first wave has been carried out 
over the whole pH range under study, its results being dis- 
played in Fig. 2. The logarithmic study shows a linear segment 
corresponding to the lower part of the wave, whereas a devi- 
ation from linearity is observed for higher i values. 'The wave 
fulfils the Sluyters equation (7). derived for a weak adsorption 
of depolarizer, negligible for both products and intermediates. 

VOL. 6 3 .  1985 

M 

FIG. 3. Voltammograms. Swccp-ratc = 400 mV s I. pH 2.12 
( ty,~r - E c ; l ~ h ~ ~ ~  - - 82 m ~ ) .  E,,, indicates thc potential initial. 

I1 

The slope of the linear segment, -29 mV, indicates that the 
electron transfer is a reversible process, at least at potentials 
corresponding to the foot of the polarographic wave. In order 
to determine whether the overall reaction was reversible or 
postkinetic at these potentials, the influence of drop time on 
potential was studied at a constant i value corresponding to the 
foot of the wave, finding a slope of I5 mV for the linear plot 
of E vs. log t ,  which shows the overall process to be post- 
kinetic. This conclusion is corroborated by the fact that the 
intensity is independent of the height of the mercury reservoir 
at potentials corresponding to the foot of the wave. 

A voltammetric study has been carried out over the sweep 
range of 100- I000 mV s- ' .  Figure 3 shows a typical voltam- 
mogram. The corresponding anodic peak is observed in addi- 
tion to the cathodic one. The former can be attributed to the 
oxidation of the enol form of phenylacetylcarbinol. The dif- 
ference between both peak potentials is greater than 2.303 
RT/2F. which indicates that the overall process is not re- 
versible. Above pH 7, the height of the anodic peak decreases 
with increase in pH. disappearing above pH 9. 

With regard to the second reduction wave, its El,? shifts 
towards more negative potentials ( -  I I0 niV/pH) with increase 
in pH. The value of the temperature coefficient ( 1  .5%I0C) and 
the variation of the limiting current with the drop time (dlog 
i,./alog t = 0.19) and the height of the mercury reservoir (dlog 
iI/i)log h = 0.5) show that the wave is governed by diffusion 
at potentials corresponding to the limiting current and is 
observable within the whole pH range. 

A study of acetylbenzoyl reduction has been performed by 
differential pulse polarography, indicating that the peak corre- 
sponding to the second wave observed by DC polarography 
decreases in intensity between pH 4 and 6 and that a new peak 
appears at slightly more negative potentials. The variation of 
the area of both peaks with pH is the same shape as a titration 
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FIG. 4. Diffcrcntial pulsc polarogranis. Scconcl wavc. Variation with pH. pH: ( a )  3.01; ( b )  3.51; ( c )  4.02: (d)4.49: (c) 5.09; ( f )  5.49: (g) 6.00. 

curve. Some of the recordings obtained are shown in Fig. 4. 
The potentials of these peaks are the same as those corre- 

sponding to the second and third waves obtained by Fedoronko 
and Hudekova (2) by DC polarography. Moreover, we should ,, 
indicate that the variation with pH of both the height and the 
potential of the aforementioned waves coincide exactly with 
the behaviour observed by us as regards the pH effect on the 
peaks obtained by DP polarography, and which should be, 
in our opinion, attributed to the processes suggested by ,, 
Fedoronko and Hudekova for the second and third waves: 

Determination of the number of electrons 
The determination of the number of electrons taking part in 

the overall reduction reaction per mol of acetylbenzoyl was 
carried out by constant-potential chronoamperometry, using a 
hanging-drop electrode. One set of measurements was made at 
pH 0 and the potential corresponding to the limiting current of 
the first wave, and another set of measurements was performed 
at pH 4 and the potential corresponding to the limiting current 
of the second wave. A value of about 2 was found in every 
case. 

C- E curves 
Capacity-potential curves were recorded for acetylbenzoyl 

FIG. 5. Capacity-potcnti:~l curvcs. ( a )  pH = 0: (b) pH = 4. 
Supporting clcctrolytc. ----- Acctylbcnzoyl 5 X 10 ' M. 

. . . . . . . . Acctylbcnzoyl 2 X 10 ' M. (Arrow inclicatcs thc potential of 

initiation of thc rctluction.) 

at both the working concentration (2 x lo-' M)  and at 5 x lo-" 
M. These recordings, performed at pH 0 and 4, together with 
those corresponding to the supporting electrolyte, are shown in 
Fig. 5. At pH 0 and 4 no practical difference can be observed 
between the three curves. Consequently, acetylbenzoyl ad- 
sorption must be very weak (and therefore unappreciable in the 
C-E recordings) or nonexistent. 

Nevertheless, the C-E curves recorded at pH 10.3 do show 
the occurrence of adsorption, even at potentials corresponding 
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to the beginning of the reduction process (around -650 mV). 
Since the C-E curves recorded below pH 9 do not show any 

extent of adsorption, we may consider that the reduction occurs 
in an homogeneous phase. 

T ~ r f f l  curves ~ l r i ~ l  re(lctiutz orders 
Regarding i-E polarization curves traced at potentials corre- 

sponding to the foot of the first polarographic wave, a study has 
been carried out on their variation with the concentration of 
reactants. 

From the variation of log i with the concentration of reactants 
at a constant potential, the corresponding reaction orders were 
obtained. Figures 6 and 7 show some of the results. The aver- 
age value of the Tafel slopes was -30 mV, while the reaction 
orders with respect to acetylbenzoyl and H ' ion were 1.0 and 
2.0 respectively. 

With the aim of studying the influence of other proton donors 
of the solution on the reaction mechanism, the reaction orders 
corresponding to the buffer components were determined at 
varying pH and a constant ionic strength, indicating that this 
influence is only appreciable for high concentrations of the 
proton donors. 

The following reaction mechanism, in agreement with the 
Tafel slopes and reaction orders found, is proposed for poten- 
tials corresponding to the foot of the wave: 

FIG. 6. Tafcl plots at varying pH valucs. pH: 0 1.69: 1.97: O 
2.29; 0 2.48: A 2.71: A 3.04. 

where HA represents any acidic species present in the inter- 
phase.j 

Assuming reaction 14) to be the rate-determining step, the 
value of the cathodic current at the foot of the wave can be 
expressed as: 

where C and CI, stand for the concentration of acetylbenzoyl 
and H '  ion. respectively; CI,,, for the concentration of each 
acidic species (except H ' )  present in the interphase; E for 

' ~ u r i n g  the rcvision of this papcr, it was suggcsted to us that 
reaction 131 should bc written as 3 discretc stcps: 

[3b] (P~COCOCH.,)' + HA = (PhCOCOHCH,)' + A 

[3c] (PhCOCOHCH.l)' + AB' = (PhCOCOHCH,) + AB 

Howcver, our expcrirnental data prcvcnt us from establishing thc 
sequcncc of thc clernentary steps, in quasi-equilibrium, which prcccdc 
the ratc-determining stcp. Hcncc. we havc opted for writing the sum 
of all thcsc steps in rcaction 131. 

On the other hand, i t  could be considcred that reactions such as 141 
are gcncrally very fast and often diffusion controllcd and thus i t  is 
difficult to accept this as the rate-controlling stcp in the rcaction. As 
a rnattcr of fact, these reactions are generally fast. but our rcsults 
clearly indicate the occurrcnce of a non-zero reaction order with re- 
spcct to the proton donors of thc supporting electrolyte. which indi- 
cates that these proton donors arc involved in the ratc-dcterrnining 
step. The occurrcnce of a protonation rcaction as rate-dctcrrnining step 
is, thcrcfore, plausible. 
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FIG. 7. Elcctrochcmical ortlcr with rcspcct to accty lbcnzoy I. pH 
4.00; 0 E = -275 mV; E = -300 mV.  

potential applied; K for the product of the equilibrium constants 
of the stages prior to the rds; k,, and kllA, for the rate constants 
corresponding to the reaction of protonation by H '  ion and 
HA, species, respectively; and K' for exp(2FA@,,,/RT), A@,,, 
being the potential of the reference electrode. The term 
C k t l A , ~ t l A ,  takes into account the contribution of all acidic 
sbecies present in the interphase, except the HI ion. 

In the case of protonation by phosphoric acid, and according 
to eq. [6],  the log i vs. log [HA] plot (where [HA] = [H,POI] 
+ [HPO:-1) should give rise (as is experimentally confirmed) 
to a curve with a slope approaching I or 0, depending on 
whether k,,,,,,, [H,PO,-] + ktlr>ol~ [HPO:-] is much larger or 
smaller than kllCllr respectively. Furthermore, the plot of i vs. 
[HA] is linear (Fig. 8). The ratio between the slope and the 
intercept for this plot is independent of the potential, as may be 
expected from eq. [6], and clearly indicates that both H'  ion 
and phosphoric acid are involved in the anion protonation (step 
[41). 

Since the C k t l A , ~ t l A ,  term contribution is negligible at the 

values of the Lorking buffer concentration, the reaction order 
with respect to H '  ion can be expected to be close to 2, as it 
indeed happens to be. 

Since the wave satisfies closely the Sluyters equation, the 
process must be complicated with adsorption phenomena. 
However, these deviations are not significant at potentials 

FIG. 8. Plot of i vs. {IH2P0, I + ~ H P O ~  I} at pH 7.12. 0 E = 
-400 niV; E = -465 mV; O E = -480 mV. 

corresponding to the foot of the wave. 
The calculation of the polarographic and kinetic parameters 

corresponding to the second wave cannot be accomplished 
since, at potentials corresponding to the limiting current of the 
first wave, the reduction of both the unhydrated molecules 
already existing in the solution and those arising from the 
dehydration of the rnonohydrated form in the interphase takes 
place. 

On the other hand, at potentials corresponding to any part of 
the second wave, the process involves the reduction of the 
monohydrate (a reaction allowed by the values of the potential) 
and the unhydrated species arising by diffusion from the bulk 
of the solution. This fact has prevented us from determining the 
limiting current for the first wave in the zone of potentials 
where the second one appears and, consequently, the value of 
the current for the latter. Therefore i t  is impossible to obtain 
electrochemical data for this process. Scheme 2 shows what has 
been stated above. 
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Pyrrole chemistry. XXVIII. Substitution reactions of 1-(phenylsu1fonyl)pyrrole and 
some derivatives 

Chernistry Depclrrrner~r, Metnorial Utzivcr.sity r!f'Nervfo~~ntllat~d, St. Johtz'.~. Newfo~cndlntzd, Cntzndtr AIB 3x7 
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HUGH J .  ANDERSON, CHARLES E. LOADER. RU XUN XU, NGHIA LE. NIALL J .  GOGAN, ROBERT MCDONALD, and LOUISE 
G. EDWARDS. Can. J .  Chem. 63, 896 (1985). 

The preparative value of the I-(phenylsulfonyl) N-blocking and directing group for the synthesis of 3-acylpyrroles has been 
further evaluated. Acetylation and benzoylation are strongly regiospecific and give good yields. However, the regiospecificity 
is not general and other substitution reactions give mixtures of 2- and 3-substitution or even mostly 2-substitution. Friedel and 
Crafts rert-butylation gives 3-rerr-butyl-I-(phenylsulfonyl)pyrrole and provides a useful route to rert-butylpyrrole, but ethyl- 
ation and isopropylation give mixtures. Acylations of 2- and 3-alkyl-I-(phenylsulfonyl)pyrroles show little evidence of useful 
regiospeeifieity. 

HUGH J .  ANDERSON, CHARLES E. LOADER, RU XUN XU, NGHIA LE, NIALL J .  GOGAN, ROBERT MCDONALD et LOUISE 
G. EDWARDS. Can. J .  Chem. 63, 896 (1985). 

On a CvaluC a nouveau I'utilitd preparative du groupement phCnysulfonyl- I comme agent N-bloqucur et comme groupe 
directeur pour la synthkse d'acyl-3 pyrroles. L'acylation et la benzoylation sont trks rtgiosptcifiques et se produisent avec de 
bons rendements. Toutefois, la rkgiosptcificite n'est pas gtnerale et d'autres reactions de substitutions conduisent a des 
melanges de produits substituks en 2 ou en 3 ou mCme 1 des produits qui sont principalement substituks en position 2. La 
reaction de tert-butylation selon Friedel et Crafts fournit le rerr-butyl-3 (ph6nylsulfonyl)-l pyrrole et cette reaction s'avkre une 
route utile pour prkparer du rerr-butylpyrrole; toutefois les rtactions d'ethylation ou d'isopropylation conduisent B des 
melanges. Les rtactions d'acylation des alkyl-2 (ou -3) (ph6nylsulfonyl)-l pyrroles ne semblent pas presenter de rtgio- 
specificit6 utile. 

[Traduit par le journal] 

Recently, Kakushima et a/ .  ( I )  provided a detailed account 
of their exploration of the Friedel-Crafts acylation of 
I-(phenyls~lfonyl)pyrrole.~ Earlier, we (4) and they (5) had 
reported that this reaction gave mostly, and in some cases only, 
3-substitution on the pyrrole ring, consequently affording a 
useful three-step synthesis of 3-acylpyrroles from pyrrole. 
Nevertheless, changes in the amount (4) and the nature ( I )  of 
the Lewis acid catalyst have been found to lead to more, or 
even exclusive, 2-substitution. 

mylation using dichluromethyl butyl ether/AlCI, or dimethyl- 
formamide/phosphorus oxychloride, and cyanation using cy- 
anogen bromide/AICl, or chlorosulfonyl isocyanate, resulted 
in 2-substitution of I-(phenylsulfony1)pyrrole. The Vilsmeier 
reaction gave a poor yield of product even under vigorous 
conditions. This contrasted strongly with the excellent 
2-formylation of methyl I-pyrrolecarboxylate (8). The cy- 
anation reaction using chlorosulfonyl isocyanate was also rela- 
tively slow, but gave an almost quantitative yield of the 

In contrast, the acylation of pyrroles having other electron- 2-cyano derivativethat was easily hydrolyzed to afford pyrrole- 
withdrawing groups on the nitrogen, such as the I-alkoxy- 2-carbonitrile (69%) in three steps from pyrrole. However, a 
carbonyl, leads to almost exclusive 2-substitution (6). A closer 73% yield may be obtained from the reaction of chlorosulfonyl 
model, I-benzoylpyrrole, was also found to be acetylated at the 
2-position. These acyl groups do have a trigonal carbon 
attached to the ring nitrogen and can occupy less space than the 
groups about the tetrahedrally substituted sulfur atom, particu- 
larly if complexation of the Friedel-Crafts catalyst with the 
N-substituent is important. 

While the acetylation reaction was used to explore the poten- 
tial of this acylation, most of our preparative efforts using the 
method have been directed toward the synthesis of some 
3-aroylpyrroles that were of interest in other studies. 'These 
syntheses were generally carried through the acylation and 
hydrolysis steps without interruption to give the desired 
3-aroylpyrrole in good yield where all steps were optimized 
(Table I). 

In the earlier communication (4) we reported that both for- 

'Author to whom correspondence should be addressed. 
'The phase transfer method of l l l i  (2) using powdered sodium hy- 

droxide gave a 71 % yield of I-(phenylsulfonyl)pyrrole from pyrrole, 
while 50% aqueous sodium hydroxide afforded 84% of a very pure 
product (see Experimental). Either method is more convenient to use 
on a large scale than the original synthesis using pyrrolylpotas- 
sium (3). 

isocyanate with pyrrole itself (9). 
Kakushima et a / .  ( I )  found that oxalyl chloride/AlCI, 

gave 2-substitution (as the -COCI group) and they drew atten- 
tion to the fact that a variety of one-carbon acylations all 
attacked the 2-position, in contrast to the 3-acylation of 
I-(phenylsulfony1)pyrrole obtained with acetyl and larger 
groups. However, the reaction of S-ethyl chlorothio- 
formate/AICI? gave a 65% yield of S-ethyl I- 
(phenylsulfonyl)pyrrole-3-thiocarboxylate. It was hoped that 
this product would then afford easy access to pyrrole-3- 
carboxaldehyde, but stirring with Raney nickel under a variety 
of conditions (10, 1 1) produced no reaction or caused the loss 
of the entire thiol ester group. Removal of the 1-phenylsulfonyl 
group with KOH/methanol gave a good yield of methyl 
pyrrole-3-carboxylate contaminated with a small amount of 
S-ethyl pyrrole-3-thiocarboxylate. Similarly, aqueous base 
rapidly removed the phenylsulfonyl group but hydrolyzed the 
thiol ester more slowly. 

Nitration of ~-(~hen~lsulfon~l)~~rrole with nitric acid/ 
acetic anhydride under a variety of conditions gave a low yield 
of a crude oil that was a mixture of mostly 3- and some 
2-nitrated product (nmr). The reaction caused considerable 
destruction of pyrrolic material. Crystallization from methanol 
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ANDERSON ET AL 

TABLE I. 3-Aroylpyrroles from I-(phenylsulfonyl)pyrrole 

Infrared 
3-Substituent Yield (rnp ("C)) (crn-' (CHCI3)) 

4-Methylbenzoyl- 45% ( 128- 129.2) 1634 2.37 (3H, s), 6.68 (2H, rn), 7.13 (2H, d), 
7.23 ( IH ,  rn), 7.64 (2H, d), 9.53 ( IH ,  b) 

2-Methylbenzoyl- 57% (94.2-96.6) 1635 2.39 (3H, s), 6.60 (2H, rn), 6.93 ( IH ,  rn), 
7.16 (4H, rn), 9.43 ( IH ,  b) 

4-Chlorobenzoyl- 42% ( 1 19- 120)"- 3200,1615t 6.70(IH,rn),6.83(1H,rn), 
7.44 (2H, d), 7.78 (2H, b) 

4-Methoxybenzoyl- 22% (105-106.5) 3170, 1605t 3.80 (3H, s), 6.70 (2H, rn), 6.84 ( lH ,  rn), 
7.77 (4H, rn), 9.43 ( lH ,  b) 

"Literature mp (7) 121 - 122°C. 
tNujol mull. 

Friedel-Crafts 

acetylation C H 3 c 0 ~ R  

base hydrolysis I 

I easily gave pure 3-nitro- l -(pheny 1sulfonyl)pyrrole. Although 
the yield was modest (20%), the purification and hydrolysis to 
3-nitropyrrole seemed to make it a possible synthesis of the 

, compound. An earlier preparation required chromatography to 
I obtain a similar yield of 3-nitropyrrole (12). However, the 

recent method of Muchowski and Solas (13) affords close to 
1 80% of 3-nitropyrrole in three steps from pyrrole. 

Trichloroacetylation of I-(phenylsulfonyl)pyrrole could not 
be obtained under any of the conditions tried. although it was 
possible to detect in both nmr and mass spectra trace amounts 
of the desired product following vigorous reactions. As tri- 
chloroacetylation does suheed with pyrrole-2-carbonitrile, the 
ring must be considerably deactivated. Further examples of the 
deactivated nature of I-(phenylsulfony1)pyrrole were: the fail- 
ure of the H10,/12 iodination, a reaction that gives a modest 
yield with pyrrole-2-carboxaldehyde (14, 15), and of for- 
mylation with N,N-dimethylformamide/triphenylphosphinyl 
bromide perbromide (16) and with ethyl orthoformate/trifluor- 
acetic anhydride (17). 

The Friedel-Crafts alkylation of 1 -(phenylsulfonyl)pyrrole 
with tert-butyl chloride and aluminum chloride catalyst af- 
forded 3-tert-butyl- I -(phenylsulfonyl)pyrrole in excellent yield 
with only a trace of the 2-tert-butylated isomer (not isolated). 
Isopropylation with isopropyl chloride gave a mixture of the 2- 
(-55%) and 3- (-45%) isopropyl-I-(phenylsulfonyl)pyrrole. 
Separation of these isomers was fairly difficult using column 
chromatography, but was achieved with good recovery using 
medium pressure liquid chromatography (1 8) on silica gel. 
Ethylation of I-(phenylsulfonyl)pyrrole with ethyl bromide in 
dichloromethane was very slow, giving a low yield con- 
taminated with the product of the reaction with the solvent. 
This problem was overcome by using an excess of ethyl bro- 
mide as the solvent. The reaction was then fairly rapid but gave 
mostly 2-ethylation accompanied by the formation of consid- 

erable amounts of polymeric material. Under the conditions 
used, there was an almost complete lack of disubstitution 
during alkylations, even in the presence of a large excess of 
alkyl halide, again reflecting the low reactivity of 1-(phenyl- 
sulfony1)pyrrole towards electrophilic attack. 

The 2- or 3-alky I- l -(phenylsulfony 1)pyrroles can be hydro- 
lysed to the corresponding alkylpyrrole with base. The use of 
this path for the preparation of 3-tert-butylpyrrole has an ad- 
vantage over the literature method (19) in that purification of 
the intermediate 1 -phenylsulfonylated product is simple owing 
to the virtual absence of the other isomer. The separation of 
isomeric mixtures of 2- and 3-alkyl-I-(phenylsu1fonyl)pyr- 
roles is difficult, so the preparation of 3-ethylpyrrole by 
reduction/hydrolysis of 3-acetyl-(I-phenylsulfonyl)pyrrole as 
described below or by the reduction of the a-substituted suc- 
cinonitriles with diisobutylaluminum hydride recently reported 
(20) (also suitable for 3-isopropylpyrrole) is preferable. 

We were also interested in the effect of a 3-alkyl group on 
further Friedel-Crafts acety lation of the I -phenylsulfony l 
compounds. In general terms, would it be possible to extend 
the synthesis and obtain the 3,4-disubstituted pattern shown in 
Scheme I. 

To prepare 3-ethyl- l -(phenylsulfonyl)pyrrole for this in- 
vestigation, attempts were made to reduce the carbonyl group 
on 3-acetyl-I-(phenylsulfonyl)pyrrole catalytically using 
Raney nickel, H2/Pd, and PdC12/C. As well, hydrazine/tosyl 
hydrazide followed by reduction with NaBH, was tried, but 
these methods failed to give the desired product. As an 
alternative, the Huang-Minlon modification of the Wolff- 
Kishner reduction of 3-acetyl-I-(phenylsulfonyl)pyrrole gave 
3-ethylpyrrole in one step and constitutes an efficient 
preparation of this compound (51% from pyrrole). The 
I-phenylsulfonyl group was then replaced using its potas- 
sium salt (3). Later it was found possible to reduce 
3-acetyl- l -(phenylsulfonyl)pyrrole directly to 3-ethyl- l -  
(phenylsulfonyl)pyrrole using the Clemmensen reduction. 

These 3-alkyl- l -(phenylsulfonyl)pyrroles possessing groups 
of increasing size were subjected to Friedel-Crafts acetylation. 
However, instead of the 4-substitution hoped for, the products 
were all mixtures (as shown in Scheme 2) in which the predom- 
inant isomer arose from 5-substitution. As the alkyl group 
increased in size, the proportion of 2-substitution decreased. 
Some 4-substitution was observed (see Table 2). 

Similarly, the cyanation of 3-tert-butyl-I-(phenylsu1fonyl)- 
pyrrole gave mostly 5-cyanation, together with some 
2-substitution, under the essentially neutral conditions of 
chlorosulfonyl isocyanate/N,N-dimethylformamide. 

On the other hand, the Friedel-Crafts acetylation of 
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TABLE 2. 'The Friedel-Crafts acetylation of 3-alkyl-l-(phenylsulfonyl)pyrroles 

Product yield 9% (% of total isolated product) 

5(9) 16(30)'" 32(60):" 
lO(13) Trace 66(87) 
- Trace 40(- 100)(79)(- l00)t 

"Estimated from 'H nmr  of mixture of 4-acctyl and 5-acctyl isomers. 
.?AICI, catalyst (SnCI, catalyst). 

2-isopropyl- I-(phenylsulfonyl)pyrrole gave a mixture in which 
4-substitution predominated, in contrast to the usual 5-attack 
on a 2-alkylpyrrole (21 ). 

The product mixture obtained from the Friedel and Crafts 
reaction on the 3-alkyl-l-(phenylsulfonyl)pyrroles was very 
sensitive to reaction conditions and to the catalyst chosen for 
the reaction. Where a particular isomer is desired, careful 
choice of the reaction conditions can significantly improve its 
yield. The hoped-for high yields of the 4-substituted products 
were not obtained, but the procedure does offer a route to small 
amounts of some disubstituted pyrroles not easily obtainable by 
other methods. 

Although the l-(phenylsulfonyl) directing group does not 
provide a general pathway for the synthesis of 3-substituted 
pyrroles, it does afford a simple, efficient, and useful method 

. . 
for the synthesis of  3-acetylpyrrole and some other simple 

. ~ 3-acylpyrroles. In addition, useful yields of some 3- 
alkylpyrroles can be obtained. Other methods are available that 
are more selective and give better yields, but are often less 
convenient. The reason for the observed regiospecificity is 
unclear and we are continuing to investigate this aspect of the 
reaction. The fact that the presence of a I -phenylsulfonyl group 
leads to "normal" (i.e. predonlinantly CY-)  substitution in the 
Friedel and Crafts acylation of 3-alkylpyrroles, while produc- 
ing "abnormal" (i.e. mainly P-) substitution with 2-isopropyl- 
pyrrole, also needs explanation. 

. . 
. . 

. . .  
Experimental 

Mcltrng polnts are uncorrected. Elemental analyses were by 
Atlant~c Microlabs, GA, U.S.A. The lr spectra were recorded on a 
Perkin-Elmer 237B or 1320 gratrng spectrophotometer as Nujol mulls 
unless otherwlse stated. The 'H nmr spectra (nmr) wcrc determined 
uslng a Varlan EM 360 or a Bruker WP-80 Instrument and are ex- 
pressed In ppm (6 values) relatlve to tctramethylsilane as internal 
reference In CDCI1 unless otherwlse stated. Low and hlgh resolution 
mass spectra were recorded on a VG Micromass 7070HS spec- 
trometer. Throughout, the term "petroleum" refers to the fractlon of 
bp 60-80°C unless otherwlse specified. The term "hexanes" refers to 

a mixture of isomers bp 65.8-69.O0C. For flash chromatography (22) 
"Baker Analyzed" silica gel, and for preparative thin-layer chro- 
matography Whatman PLK5F plates, were used. 

1 -(Pl~er~yl.s~rIfhr~yl)l~j~rrole 
A mixture of pyrrole (52.8 g, 0.787 mol), dichloromethane 

(500 mL), tetrabutylammonium hydrogen sulfate (27.1 g). and 
sodium hydroxide solution (640 mL, 50% aqueous) was made in a 3-L 
3-necked flask. The stirred mixture was cooled in cold water and 
phenylsulfonyl chloride (212 g) in dichloromethane (80 mL) was 
addcd fairly rapidly so that the mixture refluxed gently. When the 
addition was complete the mixture was stirred at room temperature for 
a further 20 h. 

The inorganic precipitate was collected on a Celite pad by suction 
filtration and the filtrate was filtered through phase separation filter 
paper (Whatman IPS) to removc the aqueous layer. The organic fil- 
trate was washed fivc times with water then dried (MgSO,). The 
aqueous material that collected in the filter paper was diluted with an 
equal volume of water and then extracted with dichloromethanc. The 
dichloromethane extracts were washed with water, combined with the 
organic material, and then dried (MgSO,). The solvent was then 
removed to leave a thick oil that was crystallized from a 
dichloromethane/petroleum mixture affording off-white crystals. The 
product was recrystallized from methanol to give I-(phenyl- 
sulfony l)pyrrole ( 1 37 g. 84%). mp 88-89°C (lit. (3) mp 89-89.5"C). 

Prepcrrarior~ 01.3-ber~zoylpyrrolr 
Aluminum chloride (17.37 g, 130 mmol) was dissolved in the 

minimum amount of nitromethane and I-(phenylsulfonyl)pyrrole 
(22.5 g, 109 mmol) in dichloromethane (600 mL) was added to the 
stirred mixture. Benzoyl chloride (18.3 g, 130 mmol) was then added 
over a period of 5 min and after a further 5 min stirring the mixture 
was poured slowly onto 600 mL of ice and water. The organic layer 
was separated and the aqueous layer was extracted with ether (3 X 

75 mL). The combined organic extract was washed with sodium 
bicarbonate solution (2 X 75 mL, 5% aqueous), dried (MgSO,), and 
the solvent removed. 'The medium-brown residue was added to a 
solution of potassium hydroxide (12.21 g) in aqueous methanol 
( 120 mL water/l20 mL methanol) and stirred overnight at 60°C. After 
cooling the methanol was flash-evaporated from the mixture, leaving 
a light-brown cloudy solution, which was extracted with dichlo- 
romethane (3 x 75 mL). The organic extract was dried (MgSO,), and 
the solvent removed. Flash chromatography on silica gel of the light- 
brown gummy residue, using an ethyl acetatelhexanes mixture (15) as 
the eluting solvent, gave 3-benzoylpyrrole (9.44 g, 51% from 
I-(phenylsulfonyl)pyrrole) as off-white crystals, mp. 98.5-99°C ( l i t .  
(23) mp 99.5- 100°C), other properties identical with authentic 
material. 

Other 3-aroylpyrroles prepared by this method are.listed in Table I .  

2-Acetylp~rrole jrorn 1 -berzzoylpyrrole 
I-Benzoylpyrrole (0.71 g, 4.1 mmol) was dissolved in 

1,2-dichloroethane (10 mL). To the stirred solution was added, at 
room temperature. aluminum chloride (1.22 g, 10 mmol) and acetic 
anhydride (0.45 mL, 4.3 mmol). After 2 h at room temperature the 
reaction mixture was poured into ice water (40 mL) and stirred vigo- 
rously. The layers were separated, the aqueous layers extracted three 
times with dichloroethane, and the combined layers washed with 5% 
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aqueous NaHCOI, with saturated aqueous NaCI, dried (MgSO,), and 
the solvent removed to give a dark oil. The ' H  nmr spectrum of the 
oil indicated almost entirely 2-acetyl-I-(phenylsulfonyl)pyrrole with 
less than 10% of 3-substitution. 

The crude product was dissolved in a solution of methanol (30 mL) 
containing KOH (0.58 g, 10 mmol) and stirred at room temperature 
for 4 h. The solvent was flashed down and the product partitioned 
between water and ether. The aqueous layer was cxtracted 3 times 
with ether and the combined layers were washed with saturated aque- 
ous NaCl and dried (MgSO,). Removal of solvent gave 
2-acetylpyrrole. (0.34. 75%). The sublimed product was identical to 
an authentic sample. 

Vilsmeier Jortnylnriot~ of' I -(phet~yl .s~~lJot~~~l)pj~rrole 
I-(Phenylsulfonyl)pyrrole (500 mg, 2.4 mmol) was treated with a 

mixture of N,N-dimethylformamide (3 mL. 39 mmol) and POCI1 
(0.4 mL, 4.4 mmol) at 60°C for 48 h. The brown oil that formed was 
then cooled and dissolved in water. The aqueous solution was 
extracted with ether. The ethcr extracts were washed with water, dried 
(CaCI:), and the solvent was removed. The residue was unchanged 
I-(phenylsulfonyl)pyrrole. The aqueous layer was made strongly 
basic with 3 mol L ' NaOH and stirred for 3 h. The yellow solution 
was then extracted with ether. The ether extracts were washed with 
water, dried (KZC03), and the solvent was removed to leave a residuc 
of pyrrole-2-carboxaldchyde (79 mg, 34%), identical with authentic 
material. 

S-Ethyl I -(phet1j~l.sulJotij~l)p),n.ole-3-rhiocc1rbo.~ylc1te 
I-(Phenylsulfony1)pyrrole (0.70 g, 3.4 mmol) was dissolved in 

1,2-dichloroethane (10 mL). To the stirred solution at room tern- 
perature was added aluminum chloride ( 1  .OO g. 7.5 mmol), followed 
by S-ethyl thiochloroformate (0.35 mL, 3.4 mmol). The solution was 
brought to the boiling point and stirred 1.5 h. The reaction mixture 
was poured into cold water (50 mL) and stirred vigorously. After the 
usual work-up, the dark solution was passed through a short column 
of A1203, eluting with dichloroethane. Removal of the solvent gavc 
an oil that slowly crystallized. Recrystallization from dichloro- 
methanelhexanes gave a colorless solid (0.65 g, 65%), mp. 
67-68.5"C. Sublimation (which was very slow) gave mp 68-69°C; ir 
v: I650 cm-'; nmr 6: 1.29 (3H, t, -CH3), 3.00 (2H, q, -SCHZ-). 
6.71 (lH,m,C-4),7.16(IH,m.C-5),7.5-8.1 (6H,m,phenyland 
C-2). Exncr Mnss calcd. for C13H11N01SZ: 295.03367; found: 
295.0289, deviation 4.7 mmu. 

3-Nirro- 1 -(phenylsu~onyl)pyrrole 
Fuming nitric acid (0.35 mL) was added to ice-cold acetic anhy- 

dride (2 mL) and allowed to warm to room tcmperature. 
I-(Phenylsulfonyl)pyrrole (1.08 1 g, 5.2 rnmol) was dissolved in acetic 
anhydride (3 mL) and then cooled to - 10°C. The solution of fuming 
nitric acid was then added dropwise to the stirred solution of 
I-(phenylsulfonyl)pyrrole over about 5 min. The mixturc was stirred 
for a further 1 h at - 10°C and then poured onto about 150 g of ice. 
The aqueous mixture was extracted with ether, the organic extracts 
were combined, washed with water, dried (CaCI?), and the solvent 
was removed. The 'H nmr spectrum of the yellow residue showed that 
it contained about 30% of 3-nitro-I-(phenylsulfonyl)pyrrole and only 
a trace of the 2-nitro isomer. The residue in a little methanol was 
refrigerated overnight. The pale yellow crystals were collected, and 
washed with a small amount of cold methanol to give the product as 
a very pale yellow solid (321 mg, 24%). mp 102- 103°C; nmr 6: 6.82 
(IH,  dd, C-4H), 7.13 (IH, dd, C-3H), 7.37-8.17 (6H, m); J.+.5 = 
3.5, JZ, ,  = 1.5, J2.5 = 2.5 HZ: tnlz = 252. Anal. calcd. for 
CloHxN204S:C47.61, H3.19, N I1.10;found:C47.71, H3.26, N 
1 1.08. 

3-Nitropyrrole 
A solution of potassium hydroxide (1.2 g, 21 mmol) in methanol 

(25 mL) was added to the crude product of the nitration of 
1-(phenylsulfonyl)pyrrole (1.081 g, 75 mmol) as above and the mix- 
ture was stirred at room temperature overnight. The solvent was then 
removed and water (100 mL) was added. The aqueous solution was 

extracted thoroughly with ether. The cthcr cxtracts wcrc conlbincd, 
washcd with water. dried (CaCI?), and the solvcnt was removed to 
leave a very pale yellow residue that was recrystallized from 
chloroform/petroleum to give 3-nitropyrrolc ( 1  12 mg. 19% from 
I -(phenylsulfonyl)pyrrole), mp 99.5- 100.5"C ( l i t .  (12) 99- I0 1°C); 
nmr 6: 6.76 (2H, m), 7.68 (IH. dd). 'The aqucous layer from the 
extraction was made acid with 6 mol L ' sulfuric acid and then again 
extracted with ether. which gavc 302 mg of a yellow oil that contained 
only traces of 2- and 3-nitropyrrole. The bulk of this residue appemd 
to consist of products from the destruction of the ~ - ( ~ h e n ~ l -  
sulfonyl)pyrrole. 

Similar hydrolysis of pure 3-nitro-I-(phenylsulfonyl)pyrrolc 
(552 mg) gave pure 3-nitropyrrole (230 mg. 96%), mp. 
99.5- 100.5"C, as an almost colourlcss solid. 

2-Cycrtlo- I - ( p l ~ e t ~ ~ ~ I . s ~ ~ l J o ~ ~ j ~ l ) p ~ r r o l ~ ~  
(a) I-(Phenylsulfonyl)pyrrole (500 mg. 2.4 mmol) was dissolved in 

acetonitrile (5 mL) and cooled to O°C in an ice bath. Chlorosulfonyl 
isocyanate (0.3 mL) was added dropwise to the stirred solution and 
then it was allowed to warm to room temperature and stirred for 5 h. 
N,N-Dimethylformamide (0.5 mL) was added to the mixture, stirring 
was continued for a further hour at room tempcrature. and the mixture 
was then poured onto ice. Solid 2-cyano-I-(phenylsulfonyl)pyrrole 
precipitated from the aqucous mixture as a light brown solid which 
was collected, washcd with cold water, and air dried (556 mg, 99%). 
A sample of thc almost pure crude product was sublimed for analysis 
(90"C, 0. I Torr; 1 Torr = 133.3 Pa) to give thc analytical sample, mp 
94.5-95°C; ir v: 2226 (CN) cm '; nmr 6: 6.27 (I ti, q, C-4H), 
6.90(IH,q,C-3H), 7 .46( IH,q ,  C-5H). 7.41-8.16(5H,m);m/z = 
232. At~nl. calcd. for CllH,NZOzS: C 56.88, H 3.47; found: C 56.91, 
H 3.50. 

A sample of the product (329 mg) was hydrolysed as described 
above for 3-nitro-I-(phenylsulfonyl)pyrrolc to give pyrrole-2- 
carbonitrile (90 mg. 69%). identical with an authentic samplc. 

(b) I-(Phenylsulfonyl)pyrrole ( I  ,035 g, 5 mmol) was dissolved in 
1,2-dichloroethane (10 mL). To the stirred solution was added alumi- 
num chloridc (1.50 g, 22 mmol) and a solution of cyanogen bromide 
(0.53 g, 7 mmol) in 1.2-dichloroethane (5 mL) at room temperature; 
the solution was then stirred for 3 h. The reaction mixture was poured 
onto ice and stirred. The layers were separated and the aqueous layer 
was extracted three times with chloroform. The combined organic 
layers were washed with saturatcd aqueous NaCl and dried (MgSO,). 
Removal of the solvent gave 1.15 g (99%) of light brown solid. A 
small sample was sublimed to give mp 94-95°C. A mixture mp with 
a sample from (a) was not depressed. 

3-Erhylpyrrole 
A mixture of 3-acetyl-I-(phcnylsulfonyl)pyrrolc (16.90 g, 

67.8 mmol), KOH (16.90 g, 301 mmol), and N,H,.H,O (16.90 g, 
338 mmol) in tricthyleneglycol (170 mL) was stirred and refluxed for 
1.5 h. Water was distilled from the mixture and it was refluxed for a 
further4 h. Ether was added to the cooled mixture (ice and water) with 
stirring for 15 min. The organic layer was separated from the aqueous 
layer, which was extracted with ether (4 X 100 mL). 'The combined 
organic layer and extracts were washed once with water, dried 
(MgSO,, I h), evaporated, and the residue vacuum distilled 86"C/20 
Torr (lit. (24) bp 86-88"C/20 Torr), to give 3-ethylpyrrole (3.30 g, 
51%). The 'H nmr chemical shifts were identical to those of an 
authentic sample. 

(a) Frotn 3-erhy1l)vrrole 
3-Ethylpyrrole (3.30 g, 34.7 mmol) was dissolved in dry tetra- 

hydrofuran (75 mL, freshly distilled) and then potassium metal was 
added slowly (excluding moisture) until an excess was present and the 
hydrogen evolution ceased. A solution of phenyls.ulfonyl chloride 
(6.75 g, 38.2 mmol) in tetrahydrofuran (10 mL) was then added 
dropwise at room temperature. 'The mixturc was stirred overnight, 
filtered, and the solvent was evaporated. Thc residue was dissolved in 
water and extracted with ether (4 X 150 mL). The combined cthereal 
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layer and extracts were washed once with watcr and dried (MgSO,). 
The ether was removed and the residue was vacuum distilled 
( 1  25- 135"C/O. 1 Tom) to give 3-ethyl- l -(phcnylsulfonyl)pyrrolc 
(2.38 g, 29%). an oil which solidified just below room temperature; 
nrnr 6: I. 10 (3H, t, -CH,), 2.40 (2H, q, -CH,), 6.10 (IH,  dd), 
6.80 ( I H, m), 7.00 ( l H, dd), 7.3 -7.8 (5H, m). E.mc.t Mnss calcd. for 
CIZHllN02S:  235.06669; found: 235.0682, deviation 1.5 mmu. 

(b) From 3-trc.et~l-l-(plre11~~I.src~ot1yl)pyrrol~~ 
Amalgamated zinc (prepared from zinc (3.66 g, 56 mmol granular) 

and a solution of mercuric chloridc (0.37 g, 1.4 mmol) in watcr (5 mL) 
and concentrated hydrochloric acid (0.5 mL)) was placed in a flask, 
together with water (2.5 mL), concentratcd HCI (6mL). and asolution 
of 3-acetyl-I-(phenylsulfonyl)pyrrole (1.09 g. 4.4 mmol) in toluene 
(25 mL). The solution was refluxed for 7 h, when more concentrated 
HCI (3 mL) was added and rcflux continued to a total of 24 h. After 
cooling, the layers were separated, the aqueous layer extracted twice 
more with toluene, and the combined organic layers washed with 
saturated aqueous NaCl and dried (MgSO,). Evaporation of solvcnt 
gavc a thick brown oil. Short-path distillation gave 3-ethyl-l- 
(phenylsulfonyl)pyrrole (0.63 g, 61%), w~th spectral properties iden- 
tical to the product above. 

2- nrld 3-etlly I- I - ( p h e r ~ ~ l . s r r l f i ~ ~ l ) ~ ~ y r r o I e  
I-(Phenylsulfonyl)pyrrole (3.2 g, 15 mmol) was dissolved in 

bromoethane (5.0 mL) and cooled in an ice bath. Aluminum chloride 
(6.4 g, 48 mmol) was added rapidly with stirring and the mixture was 
heated under gentle rcflux for 4.5 h, when the mixture was cooled and 
poured into ice/water. Following the usual work-up, removal of the 
solvent gave a brown oil (2.93 g) that was a mixture of products and 
polymeric by-products ( 'H nmr). Flash chromatography of the oil on 
silica gel with elution by a 2% ethyl ether/petroleum (60-80°C bp) 
mixture gavc (poor separation) the following. 

2,5-Dietl1yl-l-(pher1yl.s~rlf~ti~~l)pyrrole ( 1 35 mg, 3%), mp 40.5- 
41.5"C (from ethyl ethcr/petroleum); nrnr 6: 1.21 (6H, t. -CH,), 
2.78 (4H, q, -CH2), 5.92 (2H, dd, C3,4-H), 7.32-7.87 (5H, m). 
E,rncr Mass calcd. for CI,HI7NO2S: 263.09799; found: 263.0973, 
deviation 0.7 mmu. 

2-Ethyl-I-(phenylsulfi,r~yI)pyrroIe (974 mg. 26%). mp 57-58°C 
(from methanol); nrnr 6: 1.13 (3H, t ,  -CHl), 2.76 (2H, q, -CH2), 
5.93 (IH,  dd, C3-H), 6.16 (IH,  dd, C5-H), 7.25 (IH,  dd, C4-H), 
7.35-8.18 (5H. m); rrl/z = 235. Arrol. calcd. for C I 2 ~ , , ~ O Z ~ :  
C 6l.25, H 5.56, N 5.95; found: C 61.34, H 5.61, N 5.90. 

A rnixtrcre ($2- nnd 3-isorners (204 mg, 5%). 
3-Ethvl- I-(pl~er~~~l.s~clJon)ll)pyrroIe (483 mg, 13%). identical with 

the material obtained above from the reduction of 3-acctyl-l- 
(pheny lsulfony 1)pyrrole. 

2- arrd 3-isopropyl-1 -(phenyls~clfor~yl)pyrroIe 
Aluminum chloride (9.65 g, 72.4 mmol) was mixed with 

dichloromethane (25 mL) and cooled in an ice bath. 
I-(Phenylsulfonyl)pyrrole (5.0 g, 24.1 mmol) in dichloromethane 
(25 mL) was then added, followed by isopropyl chloride (2.58 g, 
328 mmol) in dichloromethane (25 mL) dropwise. The pale yellow 
mixture was stirred in the ice bath for a further 5 h. It was then poured 
onto ice (100 g). Following the usual work-up, the solvent was 
removed to leave an oily residue (5.8 g,  96% as mixture). The 'H nrnr 
spectrum of the product indicated that i t  contained almost equal pro- 
portions of the 2- and 3-isopropylated products. Medium pressure 
chromatography (18) of the product (I-g sample) on silica gel (Merck 
Kieselgel 60) gave on elution with 3% ether/cyclohexane, in order of 
elution, the following. 

2-lsopropyl-I-(pl~er~ylsulfor?yl)pyrro~e3 (0.46 g, 23%). The product 
crystallized on cooling but melted below room temperature; nrnr 6: 
I . l7(6H,d) ,  I.36(1H,septet),6.03(IH,m),6.2(IH,dd),7.24(1H, 

'2-lsopropyl-I-(phenylsulfonyl)pyrrolc rapidly turned yellow when 
stored at room temperature in air and was lcss stable than the 
3-isopropyl isomer. Both compounds can be stored without decom- 
position below 0°C In air. 

dd), 7.37-7.87 (5H, m), J4.5 = 3.4, J,.r = 1.8, Jz,, = 3.2, 
- 

J Z . , \ , ~ ~ ~ ~ , , , ~ I H  - 0.7, J ,,,, pn,pyl = 6.8 Hz. E,rcrc.t Mass calcd. for 
CIzH15N02S: 249.08234; found: 249.0830, deviation 0.7 mmu. 

3-l.sopropy1-1 -(phe~~~~l~srclJo~ryl)pyrroIe (0.3 1 g, 15%). The product 
was obtained as a colourless oil that slowly crystallized below 0°C; 
nrnr 6: (6H, d), 2.64 (IH,  septet), 6.17 (IH, dd), 6.87 (IH, m), 7.21 
(IH,  dd),7.31-7.97 (5H, m). J , .  = 3.3,J2.5 = 1.7 HZ. EsncrMnss 
calcd. for C,  3 H ISNOIS: 249.0823; found: 235.083 1 ,  deviation 
0.8 mmu. 

3-tert-Brctyl-1 -(pher~~ll.s~tlJor~$)p~~rroI~' 
I-(Phenylsulfonyl)pyrrole (5.0 g, 24 mmol) was added to a stirred 

mixture of aluminum chloride (9.65 g, 72 mmol) and dichloromethane 
(25 mL) cooled in an ice bath. A solution of tert-butyl chloride (2.8 
g, 30 mmol) in dichloromethane (25 mL) was then added dropwise 
and the mixture allowed to warm to room temperature, stirred for 4.5 
h, and poured onto ice. Following the usual work-up, the solvent was 
removed to leave the product as a pale yellow oil (5.9 g) that slowly 
crystallized. Recrystallization from methanol gave 3-tert-butyl-l- 
(pheny1sulfonyl)pyrrole (5.12 g, 80%); mp 42°C; nmr 6: 1.17 (9H, s), 
6.21 ( IH,  dd). 6.86 (IH,  dd), 7.03 ( IH,  dd), 7.26-7.93 (5H, m), 
Ja.4 = 1.8. J4.5 = 3.4, J 2 . 5  = 2.4 Hz; rrzlz = 263. Allnl. calcd. for 
Cl,H,7N02S: C 63.85. H 6.50; found: C 63.88, H 6.52. Base 
hydrolysis (4) of 3-tert-butyl-I-(phenylsulfonyl)pyrrole gave 3- 
tert-butylpyrrole (54% yield) with spectra identical to those of 
authentic material (24). 

Cynrrotiorl ($ tert-D~col-I-(pherry1s~tlJonyl)p~~rrole 
Cyanation of 3-tert-butyl-I-(phenylsulfonyl)pyrrole with chloro- 

sulfonyl isocyanate using the procedure described above for 
2-cyano-I-(phcnylsulfonyl)pyrrole gavc a 93% mixture of the two 
possible a-substituted products that proved to be very difficult to 
separate. The IH nmr spectrum showed that 2- and 5- 
cyano-4-tert-butyl- I-(phcnylsulfonyl)pyrrole were present in a ratio of 
about 3:2. Medium pressure liquid chromatography (18) of 0.40 g of 
the crude product on silica gel (eluent 10: 1 hexane/cthyl acetate) 
gave, in order of elution, the following. 

2-Cynrlo-4-tert-butyl-1 -(phenyI.s~cIfo~~y/)pyrroIe ( 19 1 mg), mp 
90.5-91.5"C; ir V: 2201 cm- I; nmr 6: 1.16 (9H, s, -C(CH,),, 6.89 
(IH,  d, C-4H), 7.21 (IH,  d, C-4H), 7.5-8.3 (5H, m), J,., = 1.8 Hz. 
A~ILII. calcd. for CI5H,,N1SO2: C 62.47, H 5.59, N 9.71; found: C 
62.57, H 5.63, N 9.66. 

2-C)~crr10-3-tert-Dutyl-l-(phenyl.sulfor1yl)pyrroIe (25 mg), mp 8 1.5- 
83°C; ir v: 2218 cm-I; nrnr 6: 1.35 (9H, s, -C(CH2)2), 6.29 (IH,  
d, C-5H), 7 .42(lH,  d, C-4H), 7.5-8.2 (5H, m), J,., = 3.4 Hz. Ex~rct 
Mass calcd. for C15Hl,>N202S: 288.09324; found: 288.0926, devi- 
ation 0.6 mmu. 

In addition, between the two pure fractions a mixture (84 mg) of the 
two products was obtained. 

Acetykltiorl 01.3-nlkyl-1 -(pher?yl.scclJor~yI)pyrrole.s 
One molar equivalent of the 3-alkyl-I-(pheny1sulfonyl)pyrrole was 

dissolved in an appropriate amount of dichloromethane, the mixture 
was cooled in ice and water, and 3 times the molar equivalent of 
catalyst (AICI, or SnCII) was added followed by vigorous stirring at 
0°C for 30 min. Acetyl chloride (2 molar equivalents) in dichlo- 
romethane was then added dropwise at 0°C. The reaction mixture was 
allowed to warm to room temperature and then stirred for 42 h. The 
reaction was quenched by pouring the mixture into a beaker containing 
ice and water, followed by stirring for I h. The layers were then 
separated and the aqueous layer was extracted with dichloromethane. 
The organic layer and the extracts were combined and washed three 
times with water, twice with 5% aqueous NaHCO3, dried (MgSO,), 
and the solvent was then removed to leave the crude products. 

Aceiylntior~ gf 3-ethyl-I-(pl1enyl.s~~~011yl)pyrrole 
Acetylation of 3-ethyl-I-(phenylsulfonyl)pyrrole (560 mg, 1.5 

mmol) as described. and the residue subjected to preparative thin-layer 
chromatography on silica gel, developed with 10% ethyl ether in 
petroleum, gave the following. 
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Unchanged starting material, 3-ethyl-I-(phenylsulfonyl)pyrrole 
(64 mg). 

2-Aceryl-3-erl?yl-l-(p11er1yl.s~~lJor~~lpyrrole (36 mg. 5%), mp 
98-99°C; ir v: 1667 cm - ' ;  nrnr 6: 1.22 (3H, t, CHICH3), 2.50 (3H, 
S, -COCH,), 2.70 (IH, q, CHZCH,), 6.20 (IH, dd, J,., = 3.2 HZ), 
7.40-7.90 (6H, m, aromatic H). Exnc.r Moss calcd. for CIIH 15N03S: 
277.07726; found: 277.0770, dcviation 0.3 mmu. Hydrolysis of this 
isomer in KOH and methanol gave 2-acctyl-3-ethylpyrrole; nmr 6: 
1.30 (3H, t ,  CHzCH,), 2.46 (3H, S ,  -COCH,), 2.80 ( IH,  q, 
CHICH.3). 6.10 (IH,  dd), 6.85 (IH,  dd). 

A mixture (321 mg, 48%) of 4-acetyl-3-ethyl-I-(phenylsulfonyl)- 
pyrrole (16% yield based on 'H nmr) and 5-acetyl-3-ethyl-I- 
(phenylsulfonyl)pyrrole (32% based on 'H nmr). Recrystallization 
from ethyl ether/petroleum (60-80°C bp) gavc pure 5-(leery/- 
3-ethyl-I-(pher~yl.s~rlJor~yl)pyrrole as colourlcss needles, mp 94-95°C; 
ir v: 1669 cm--' ;  nmr 6: 1.25 (3H, t, CH,CH,), 2.35 (3H, s, 
-COCH,), 2.52 ( IH,  q, CHICH,), 6.90 (IH,  d ,  J L 4  = 2.0 HZ). 
7.35-8. I0 (6H, m. aromatic H). E.rrrcr Mrrss calcd. for C11H15N0,S: 
277.07726; found: 277.0762, dcviation I. l mmu. Hydrolysis of this 
isomer in KOH and methanol gavc 2-acetyl-4-cthylpyrrole; nmr 6: 
1.30 (3H, t, CH?CH,), 2.40 (3H, S ,  -COCHA), 2.55 ( IH,  q, 
CH?CH,), 6.60-6.85 (2H, m). 

Preparative thin-layer chromatography (developing the plate with 
30% ethyl ether/petrolcum) of the mother liquors from the re- 
crystallization gave some additional 5-acetyl-3-ethyl-I-(phenyl- 
sulfonyl)pyrrole and 4-ncer)~l-3-ethyl-I-(l~henyl.s~tlJor~yl)pyrrole, mp 
98-99°C; ir v: 1663 cm-':  nrnr 6: 1.24 (3H. t. CH2CH1). 2.33 (3H. 
S, -COCHI), 2.52 (IH,  q, CH?CH?), 6.93 (IH,  d, J 2 . 5  1.8 HZ), 
7.35-8. I0 (6H. rn, aromatic H). EX(LCI MCISS calcd. for C14H,N0,S: 
277.07726; found: 277.0758, dcviation 1.4 mmu. 

Acerylnrion of 3-isopropyl-l -(pllenyl.sulJonyl)p)~rrole 
As described above, the usual procedure with 3-isopropyl-I- 

(phenylsulfonyl)pyrrole (300 mg) gave a mixture which was separated 
by preparative thin-layer chromatography on silica gel developed with 
10% ethyl ether in petroleum. Obtained were the following. 

Unchanged 3-isopropyl-I-(phcnylsulfonyl)pyrrole (16 rng). 
2-Aceryl-3-i.sopropyl-I-(phe11yls~tlJo11yl)pyrrole (36 mg, lo%), rnp 

74-74.5"C; ir v: 1676 c r n ' ;  nrnr 6: 1.14 (6H, d, -CH(CH,),), 2.52 
(3H, s, -COCH,), 3.06 (IH,  m, -CH(CH3)Z), 6.24, 7.37 (each 
IH, d ,  J4.5 = 3.23 Hz). 7.45-8.05 (5H, rn, aromatic H). E.mcr Mnss 
calcd. for GIs H NOIS: 29 1.0929; found: 29 1.09 12, deviation 
1.7 mmu. 

5-Acer~~/-3-i.sopropyl-I-(phenyl.s~tlJor1yl)pyrrole (232 rng, 66%), rnp 
132- 133°C; ir v: 1667 c m ' ;  nrnr 6: 1.21 (6H, d ,  -CH(CH,). 2.28 
(3H, s, -COCH.l), 2.79 (IH,  m, -CH(CH3)?), 6.90 ( 1  H, d, J2.1  = 
2.15 Hz), 7.25-8.00 (6H, rn. aromatic H). Annl. calcd. for 
CI5HI7O2S:  C 61.83, H 5.88, N 4.80; found: C 61.74, H 5.92, 
N 4.76. 

The mother liquors showed the presence ( 'H  nrnr) of a further 
compound which was difficult to purify. Slow sublimation of the 
gummy material along a glass tube gave a sublimate containing the 
product which was recrystallized from ethyl ether/petroleum to give 
4-nce~l-3-i.sopropyl-I-(pher1yl.sulfo1zyl)pyrrole, mp 75-77°C; ir v: 
1673 cm-';  nrnr 6: 1.10 (6H, d, -CH(CH,),), 2.35 (3H, s, 
-COCH3), 3.33 (IH,  m, -CH(CH2)z), 6.88 ( IH,  d, JXs = 2.42 
Hz), 7.25-8.00 (6H, m. aromatic H). E.mcr Mnss calcd. for 
Cl5Hl7NO3S: 291.0929; found: 291.0923, deviation 0.6 mmu. 

Acerylnrion of 3-tert-bury/-1-(pher~ylsulfonyl)pyrrole 
As described above, the usual procedure with 3-[err-butyl-I- 

(phenylsulfonyl)pyrrole (500 rng) afforded a highly crystalline 
mixture which on recrystallization from an ethyl acetate/petroleum 
mixture gave 5-acetyl-3-[err-butyl- I -(phcnylsulfonyl)pyrrole ( 144 
rng). Preparative thin-layer chromatography ( 10% ethyl ether in petro- 
leum) of the residue from the mother liquor allowed further separation 
of the products as follows. 

Unchanged 3-[err-butyl- l -(phcnylsulfonyl)pyrrole (75 mg). 
5-Aceryl-3-tcrt-b~t1yl-l-(pI1e1iylso11~l)pyrrole (192 rng. total 

236 mg 40%). mp 184- 185°C; ir v: 1672 crn '; nrnr 6: 1.28 (9H, s), 

2.31 (3H. S ,  -COCH,), 6.93 (IH. d, JZ., = 2.06 HZ), 7.40-8.05 
(6H, m, aromatic H); m / z  = 305. A~rnl. calcd. for Cl,,Hl,,N03S: C 
62.95, H 6.33; found: C 63.08. H 6.33. Hydrolysis (KOH/mcthanol) 
gave the known 2-acetyl-4-[err-butylpyrrole, mp 133- 134°C (lit. (25) 
mp 133- 134"C), 'H nmr spectra identical. 

The mother liquors from the recrystallization of the 5-acetyl- 
3-[err-butyl- I -(pheny lsulfonyl)pyrrole contained some 4-rrc.eryl-3- 
tert-bury/-I-(phenyl.s~t/J'o~~yl)pyrrole, mp 183-183.5"C; ir v: 1673 
c m  I ;  nmr 6: 1.29 (9H, s), 2.40 (3H, s ,  -COCH.,), 6.85 ( IH,  d, 
J 2 .  = 2.35 HZ), 7.5-8.0 (6H, m, aromatic H). E.mc.r Moss calcd. for 
ClhHl,NO,S: 305.10856; found: 305.1064, deviation 2.2. mmu. 

Acerylotion of 2-isopropyl-1 - (phe~~yI .s~t~o~~yI )pyr ro /e  
A solution of 2-isopropyl-I-(phenyIsulfonyl)pyrrole (100 mg, 

0.40 mmol) was acetylated with acetyl chloride and aluminum chlo- 
ride in dichloromethane. After about 5 min the mixture was poured 
onto ice and stirred for I h, then allowed to warm to room temperature. 
After a total of 3 h, the yellowish mixture was worked up in the usual 
manner. Following filtration through phase separation paper to re- 
move suspended water and drying (Molecular Sieves, Davison grade 
5 12). removal of the solvent gavc a mixture of acetylated products as 
an oil (90.5 mg. 77%). The 'H nmr of the oil showed that the mixture 
contained three compounds. Flash chromatography of the product on 
silica gel gave on elution with 30% cthcr/pctrolcum (60-80°C bp), in 
order of elution; the following. 

3-Aceryl-2-isopropyl-I -(pl~erq~l.sulJor~yI)pyrrole (trace). 
5-Acetyl-2-i.sopropyl-l-(pher1yl.sulJo11yl)p)~rro/e (trace). The prod- 

uct crystallized on cooling but melted below room temperature; nmr 
6: 1.23 (6H, d, -CH(CH,),, 2.50 (3H, S ,  -COCH,). 3.59 (IH,  
septet, -CH(CH,)?), 6.13 and 6.88 (each l H, d, pyrrole H, J,., = 
3.7 Hz), 7.47-8.27 (5H, rn, aromatic H). 

4-Acet)jl-2-i.sopropy1-1 -(pl1e11yl.sulfonyl)pyrrole (82.4 rng, 70%), as 
an oil that slowly crystallized, rnp 73-74°C; ir v: 1666 cm- I; nmr 6: 
I. I I (6H, d, -CH(CH3),, 2.39 (3H, S, -COCH,), 3.14 (IH,  
septet, -CH(CHl), 6.42 (IH. dd, J,.? = 1.8 Hz), 7.40-7.94 
(6H, m, aromatic H). Arlnl. calcd. for CI ,HI70,S:  C 61.83, H 5.88, 
N 4.80; found: C 61.91, H 5.88, N 4.77. 

A sample of this last compound (82.2 rng, 0.30 mmol) was hydro- 
lysed (4) to give 4-acetyl-2-isopropylpyrrole (27.7 mg, 64%). mp 
72-73°C (lit. (25) mp 68.5-69.5"C. An authentic sample (25) had mp 
71-71.5"C and the mixture melting point was undepressed); ir v: 
3220, 1635 crn-'; nrnr 6: 1.27 (6H, d, -CH(CH,), 2.42 (3H, s,  
-COCHI), 2.93 (IH,  septet, -CH(CH,)?), 6.38 (IH,  dd, 3-H, 
J3.s = 1.8. J,.,,,,,,,,,,III = 0.9 HZ), 7.37 (IH, dd. 5-H. - 4 . 5  = 3.2 HZ). 
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n-n  Electron donor-acceptor complexes. 11. Aliphatic amines with dinitrobenzenes 
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JOAQU~N 0 .  SINGH, JORGE D. ANUNZIATA, and JUANA J. SILBER. Can. J .  Chem. 63. 903 (1985). 
The interaction of several aliphatic amines as n-donors and dinitrobenzenes (DNB) as T-acceptors has been studied in 

n-hexane. The formation of electron donor - acceptor (EDA) complexes is proposed to explain the spectroscopic behaviour 
of the mixtures. The stability constants (K,) for these complexes have been calculated by an iterative procedure. For a given 
acceptor, the donor strength of RNH, > R,NH > R,N was found. This order is explained by considering the role that steric 
effect may play in the EDA complex formation. On the other hand, the fact that for a given donor K, follows the order I ,2-DNB 
> I ,3-DNB > I ,4-DNB, and that I ,2-DNB reacts with primary amines, led to the proposal of orientational complexes. These 
EDA complexes may be considered intermediates in aromatic nucleophilic substitution reactions. 

JOAQuiN 0 .  SINGH, JORGE D. ANUNZIATA et JUANA J.  SILBER. Can. J .  Chem. 63, 903 (1985) 
On a CtudiC I'interaction de pluseurs amines aliphatiques, comme donneurs tz et dinitrobenzens (DNB), comme accepteurs 

T, dans n-hexane. On propose la formation de complexes electron-donneur - accepteur (EDA) pour expliquer le comportement 
spectroscopique des melanges. La constante de stabilite (K,) pour ces complexes a Cte calculee au moyen d'une 
itCrature. Pour un accepteur donne, on a observC que la force du donneur etait RNHz > RzNH > R,N. Cela s'explique en 
considCrant le role que jouent les effects steriques dans la formation de complexes EDA. D'ailleurs le fait que K,, pour un 
donneur donne, ait I'ordre I ,2-DNB > I ,3-DNB > 1,4-DNB et que I ,2-DNB reagisse avec amines primaires, conduit a 
proposer des complexes orientationnels. Ces complexes EDA peuvent etre consideris des intermediaires dans les reactions de 
substitution nucl6ophilique aromitique. 

Introduction 
The importance of the study of n-n Electron-Donor- 

Acceptor (EDA) complexes, as well as the need of a systematic 

I study of their thermodynamic properties and their correlation 
with the structure of the component molecules, has been pre- 

1 viously discussed ( I ) .  I 
I To follow this line, the interaction of several aliphatic 
I amines with 1,2-, 1,3-, and 1,4-dinitrobenzenes (DNB) in n- 
I hexane has been studied in this work. 
1 Several types of interactions between nitro-substituted aro- 
1 matic compounds and aliphatic amines have been identified 
1 (2-5). They depend on the structure of the amine molecule 

and, to a great extent, on the nature of the solvent. In this sense 
the most studied nitro aromatic compound is 1,3,5-tri- 
nitrobenzene (s-TNB), for which evidence has been adduced 
(6, 7) for the formation of EDA complexes with primary, 
secondary, and tertiary amines dissolved in alkane solvents. In 
polar aprotic solvents, tertiary amines form solely EDA com- 
plexes with s-TNB (8, 9). However, in these solvents, for 
primary and secondary amines the addition to the aromatic ring 
resulting in a u compIex has been fully recognized (4, 5, 9). In 
addition, for ortho-dinitro aromatics, such as 1,2,4-TNB and 
also for 1,2-DNB, even in a nonpolar solvent as benzene, 
aromatic nucleophilic substitutions (SNAr) of the nitro group by 
piperidine has been reported (10). The role that EDA com- 
plexes may play in the formation of the u adducts and in SNAr 
is yet unknown. The occurrence of such reactions via EDA 
complexes was proposed several years ago (3, 11). Also, a 
possible EDA complex between the nucleophile, either an ali- 
phatic or aromatic amine, and the aromatic substrate, has 
recently been suggested to form previous to the a complex 
intermediate, in order to explain the second-order kinetics in 
the amine, for fluorine substitution of 2,4-dinitro-1-fluoro- 
benzene (12). However, no kinetic evidence has been obtained 
for the participation of the EDA complexes in this reaction. 
This is probably due to the high rate coefficient expected for the 

formation of this type of EDA complex (13). In the course of 
this investigation, the stability constants (K,) for the formation 
of EDA complexes between aliphatic amines and dinitro- 
benzene have been determined. In order to correlate the values 
of K, with the structure of the amines and the acceptors, orien- 
tational complexes .are proposed. These types of complexes 
may be considered intermediates in SNAr reactions. 

Experimental 
n-Hexane (Carlo Erba, R.P.), diethyl (DEA), triethyl (TEA), n- 

butyl (n-BA), di-n-butyl (DBA), and tri-n-butyl (TBA) amines 
(Aldrich Chemical Co.) were purified as previously described (I). T o  
obtain reproducible results special care should be taken to assure the 
purity of the amine. The latter was controlled by glc (Porapak 
Q.-Apiezon L. ) ,  and by the ultraviolet cut-off point. Thc solvent and 
the amines were degassed and distilled in a high vacuum line just 
before use to ensure anhydrous conditions. 1,2-DNB (Fluka), 
1,3-DNB (Merck), and I ,4-DNB (Fluka) were twice recrystallized 
from ethanol and then sublimed under vacuum. 

Spectra were obtained in thermostatted cells in a Cary 17 spec- 
trophotometer. The working temperatures were 16", 27", and 40°C + 
O.I°C. 

Solutions were prepared by weighing. The ranges of concentration 
used were 1 x 10-?0 3 x lo-% for DNB and 0.2 to 3 M for the 
amines. All solutions were freshly prepared prior to use. 

Data processing was performed on a Digital PDPI 1/34 computer. 

Results 
The spectral characteristics of the systems amine-DNB 

studied show the same general features as observed for 
amine-benzonitrile ( I ) .  Although no new band is observed, 
there is an appreciable deviation from additivity of the optical 
density with respect to those of the components alone in the 
region of A = 290 nm to 320 nm.2 Typical spectral results are 
shown in Fig. 1. The spectral characteristics were maintained 
during the time measurement, except for the system n-BA - 
1,2-DNB. For the latter system, a new band was observed at 

'Author to whom correspondence should be addressed. 
 he high absorption of both the amine and the DNB prevented 

observations at A shorter than 290 nm. 
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2 8 0  790 300 310 

WAVELENGTH (nrn) 

I 

1 8 0  2 90 300 310 

WAVELENGTH (nm) 

FIG. 1. Typical spectral results. (a) ( I )  n-BA 1.01 M; (2) I,3-DNB 2.27 x 10 A M; (3) mixture of n-BA 1.01 M and 
1.3-DNB 2.27 x lo-" M. (b) ( 1 )  DBA 1.19 M, (2). I ,2-DNB 1.21 x 10 A M; (3) mixture of DBA 1 .I9 M and I ,2-DNB 
1.21 x 10-'M. Solvent: n-hexane. Temperature: 27 * O.I0C. 

Frc. 2. Plots of A,/[Ao] vs. amine concentration for the systems. 
(0) I ,3-DNB - n-BA; (0) 1.3-DNB - DBA; (A) 1,3-DNB - TBA. 
The simulated curves are represented (see text) as a solid line. 

A,,, = 410 nm immediately after mixing. This new band in- 
creased with time to a limited value depending on the 1,2-DNB 
concentration and it was assigned to the formation of N-n- 

I 

butyl-2-nitroaniline, by S,Ar of the nitro group of 1 ,ZDNB by 
n-BA (14). 

Actually, if the mixtures of the secondary amines with 
1,2-DNB are allowed to stand for several hours, a new band 

also develops at around 400 nm, showing that these amines are 
also prone to produce SNAr in 1,2-DNB. However, with the 
exception of the system n-BA - 1,2-DNB, these reactions are 
slow enough to allow the studies which are the purpose of this 
work. 'The enhanced absorbance for the systems amine-DNB 
was interpreted as due to a specific interaction, probably the 
formation of an EDA complex (1). Then, if a 1 : 1 complex is 
assumed, the observed absorbance, AT,  can be interpreted as 
the sum of three components (eq. [I]) 

where A ., A ., and A AD stand for the absorbance of the acceptor 
(DNB), the donor (amine), and the complex at equilibrium 
concentration. 

An absorbance value, A,, can now be defined as a function 
of the experimental values, AT,  and the corresponding values 
for the initial concentration of the acceptor, A,,, and the donor, 
AD,, (eq. P I )  

Then, A,  is a measure of the deviation from additivity of the 
mixtures. These values were determined for each system at 300 
nm, which was the A where they could be most accurately 
calculated. For every system, A,  was determined for different 
ratios of amine-DNB, in which the amine concentration [Do] 
was always at least 500-fold in excess with respect to the DNB 
concentration, [Ao]. 

Typical plots of A,/[Ao] vs. amine concentration are shown 
in Fig. 2. For a given acceptor, the curvature of these plots is 
characteristic of a particular amine, giving a qualitative picture 
of the equilibrium conditions. The larger the deviation from a 
straight line, the greater the stability constant, K,. 

Approximate values of K, and e, were determined graph- 
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TABLE I.  Results for K, and €,A,D for amine-DNB complexes in n-hexane at 27°C and A = 
300 nm 

Systems 
Ratio K ,  €AD Correlation 

Acceptor Donor [Do] X IO-"[A~] (L mol-')" (L mol-' ~ m - ' ) ~  coefficient 

DBA I,2-DNB TBA 

n-BA 
DE A 

I,3-DNB DBA 
TEA 
TB A 

n-BA 
I ,4-DNB DBA 

TBA 

"The error in K, was calculated as in ref. I .  
'eAD = ec + E, + en. 

ically following eq. [3], derived (15) for the case where the 
absorption of the complex overlaps with that of the donor and 
the acceptor 

[Aol[DoI - - 
1 1 1 + - 

13] A.([Aol + [DO]) KrC([Aol + 141) EC 

Then, the iterative procedure previously described (1) is used 
to calculate the final values of K, and E,. In this procedure, K, 
is varied to obtain the best fit to eq. [4]. 

[AD] being the equilibrium molar concentration of the 
complex. The fit to eq. [4] is measured by the correlation 
coefficient. 

A further check to ensure the best values for K, was devel- 
oped. A computer simulation of the curves Ac/[Aol vs. [Do] 
was performed with the values of A, calculated from the K, 
obtained by the iterative procedure. A very good agreement 
between the experimental and the simulated curve was 
obtained, as is shown in Fig. 2. The results in K, and E,, 

obtained for the systems studied are depicted in Table 1. 
The behaviour of K, with temperature was also studied for 

every system. Typical results are shown in Fig. 3. In general, 
as expected, small negative values of -AH, around 8 kJ/mol, 
were found. 

Discussion 
'The fact that a value of K, and a finite constant value of EAD 

could be determined from the enhanced absorbance of every 
mixture of amine-DNB in n-hexane can be taken as good 
evidence of formation of EDA complexes as was postulated for 
the same donors with benzonitrile, also in n-hexane (1). 

Then, the difference in absorption of the mixture with re- 
spect to any single component may correspond (i)  to broad- 
ening of a component band due to admixture of a component 
excited state with a charge transfer state (16); (ii) to an overlap 
with a new band of the EDA complexes. Although from the 
present experimental evidence it is not possible to distinguish 
between these two possibilities, the following considerations 
may favor (ii) as the more probable. It is expected that the 
maxima for the charge transfer band in these systems would lie 
in the ultraviolet region of the spectra (17), which is un- 
reachable experimentally. These maxima are known to vary for 

FIG. 3.  Typical behavior of log K vs. T- ' :  (e) n-BA - I ,3-DNB; 
(H) DBA - I,3-DNB. Solvent: n-hexane. 

similar sytems (1,3,5-TNB - aliphatic amines (6)) with the 
ionization potential (I,) of the amine, in agreement with Mul- 
liken's theory (18). In these systems it is observed that the 
lower the I, of the electron donor, the smaller the transition 
energy (hvAD) of the charge transfer band. Then, assuming that 
for the system DNB-amine the eAD(max) is not drastically 
different for the different amines, as was proposed for the 
systems benzonitrile-amines (I), it can be considered that the 
calculated eAD at 300 nm (see Table 1) represents the extinction 
coefficient of the tail of the charge transfer band. Consequently 
the difference in E,, would reflect the shift in eAD for any given 
acceptor, with the order RNH, > R,NH > R3N as expected. On 
the other hand, and following the same reasoning, for a given 
donor the greatest value of €AD would be obtained for the 
acceptor with greatest electron affinities E A  (15). As can be 
seen in the table, for a given amine, eAD increases in the order 
1,2-DNB < 1,3-DNB < 1,4-DNB which is also the order in 
which the EA of the DNB increases (19). When the stability 
constant (K,) values for a given acceptor are analyzed, it is 
clearly seen in the table that these follow the order RNH2 > 
R2NH > R3N. This order is the inverse of the one that can be 
predicted from the inductive effects of the alkyl groups on the 
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donor ability of the amines. There is a tendency, although it is 
only qualitative, for K ,  to decrease with the dipole moment of 
the amine (20), which could suggest a contribution from di- 
polar association (2 1). 

Actually the role of electrostatic force cannot be ruled out. 
It has been recently suggested that electrostatic interactions 
may make substantial contributions to the ground-state proper- 
ties of EDA complexes (22). For the systems studied it is not 
possible, from the data, to establish the magnitude of this 
contribution, but it is not believed that it is the unique cause of 
the interactions. Previous studies in this laboratory, on solvato- 
chromism in the ultraviolet spectra of r-acceptors such as 
benzonitrile (23) and nitrobenzene (24) as model compounds, 
have shown that the solvent effects on aliphatic amines cannot 
be accounted for only by dipolar interactions and that EDA 
complexation should be postulated. Similar considerations 
have been made to explain the mechanism of conductivity of 
triethylamine-nitrobenzene (25). Then, considering that the 
interaction is mostly through the EDA complex, the order of K ,  
with the amine structure could be explained through steric 
effects. Thus, for a given acceptor, the bulkier the substituents 
in the amine, the smaller the K,. This consideration seems 
reasonable since the steric effects have been proposed to play 
an important role in EDA complexes having nitro aromatics as 
acceptors (26, 27). Moreover, in several types of EDA com- 
plexes having amines as donor, the effect of steric control on 

I K, (28-30) has been emphasized several times. 
I The values of K ,  for the three DNBs studied are significantly 
I greater than the values for the benzonitrile complexes with the 

same donor (1). These are expected results, since the presence 
I of two nitro groups makes the aromatic ring more electron 

deficient and subsequently a better electron acceptor than 
benzonitrile. 

The acceptor strength order generally observed for T-r 
complexes of these compounds (3 1) is 1,2-DNB - 1,3-DNB < 
1,4-DNB. The explanation that has been given for these facts 
(32) does not seem to be satisfactory for the n-T complexes 
studied, since, for a given amine, the K ,  follows the order of 
1.2-DNB > 1.3-DNB > 1.4-DNB. The fact that both the 
donor and acceptor are unsymmetrical compounds suggests 
that there could be a preferred orientation of one molecule with 
respect to the other in the complex (33). Orientational com- 
plexes have been proposed for nitro aromatic complexes with 
indoles (33), methyl benzenes (34), and anilines (35). 

Recently, energy changes calculated by C N D 0 / 2  for com- 
plexing of ammonia, used as a model of an aliphatic amine 
donor, with quinones as acceptors (30) show that there are 
preferential sites of complexation at the midpoint of C(1)- 
C(2) on the quinone molecule. Nevertheless a stable complex 
is also predicted for any approach of the lone pair perpendicular 
to the quinone molecule. 

In the present study, the fact that 1,2-DNB seems to be a 
better acceptor and at the same time gives SNAr with the least 
sterically hindered amines suggests the possibility of formation 
of orientation complexes. In these complexes the amine nitro- 
gen atom with its lone pair of electrons approachs the site of 
least electron density in the acceptor, which could be the car- 
bon on the ring bonded to the nitro group (I). Such a type of 
complex has also been proposed as an intermediate in the 
reaction of amine with 1,3,5-TNB (36). 

If such orientation is accepted, 1,2-DNB will probably be the 
better acceptor, due to the large inductive effect exerted by the 
ortho nitro group. This effect will be smaller for 1,3- and 

1 , b D N B .  It should be mentioned that similar arguments are 
proposed to explain the usually more powerfully activating 
effect of the o-nitro with respect to the p-nitro in SNAr (37). 
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~ t u d e  physico-chimique des solutions concentrees en acide phosphorique par voie 
electrochimique. Proprietes acido-basiques et oxydo-reductrices 
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Laboratoire de Chimie et d'~lectrochit~~ie Analytique, Faculte' des Sciences, Universite' de Nancy I ,  

B.P. 239, 54506 Vandoeuvre Les Nancy, France 

Resu le 25 juin 1984 

C. Lours et J. BESSIERE. Can. J .  Chem. 63, 908 (1985). 
Les proprittts acido-basiques des milieux H20-H3P04 (I a 14 M) sont caracttrisCes par la fonction d'acidite Ro(H) et les 

fonctions basiques R,(H2P0,), R,,(HPo:-), R,(Po:-) qui representent respectivement I'activitC du proton et le pouvoir 
donneur des particules H2P0,, HPO:, PO:-. Les limites thermodynamiques du domaine de potentiel accessible ainsi que la 
nature de I'Cquilibre d'ionisation de I'acide sont prtcistes. Les niveaux d'aciditC H et R des milieux phosphoriques sont 
cornparks a ceux des milieux sulfurique, chlorhydrique et fluorhydrique. L'identitt du niveau d'aciditC R,(H) de ces milieux 
pour une m&me valeur de I'acitvitt en eau des solutions est montrke. 

C. Lours and J .  BESSIERE. Can. J .  Chem. 63, 908 (1985). 
Acid-base properties in 1 to 14 M H3P0, solutions are characterized with a R,(H) acidity function and R,(HZPO,), 

R,(HPO:-), R,(Po:-) functions which respectively represent the H+ activity in these media and their ability to give H2POS, 
HPO:-, PO:- species. The thermodynamic limits of potential and the nature of the ionization equilibrium are studied. H and 
R acidity levels in phosphoric media are compared to those of sulfuric, hydrochloric, and hydrofluoric acid media. The identity 
of their R,(H) acidity level for the same value of water activity is shown. 

Introduction de rCfCrence (1). 

L'acide phosphorique est un intermediaire important dans la 
synthese des engrais et dans l'tlaboration de produits purs 
destinCs a l'industrie alimentaire et  au traitement de surface. La 
siparation des Clements valorisables (uranium, vanadium, ter- 
res rares) ou toxiques (cadmium, arsenic, molybdene, mCtaux 
lourds) qu'il contient est gCnCralement rCalisCe par des opera- 
tions d'extraction liquide-liquide ou d e  prkcipitation. Les rC- 
sines tchangeuses d'ions et  la flottation ionique ont egalement 
CtC envisagCes a l'echelle du laboratoire et d e  l'installation 
pilote. 

Le niveau d'aciditt des milieux phosphoriques conditionne 
le pouvoir extractant des agents chelatants utilisCs en milieu 
non miscible, la protonation des collecteurs d e  flottation io- 
nique ainsi que le pouvoir oxydo-rCducteur des solutes. Au 
cours d e  cet article, la variation du niveau d'acidite Ro(H) des 
milieux phosphoriques avec la concentration de l'acide (de 1 M 
a 14 M )  et le diagramme potentiel-pH gentralisC de ces mi- 
lieux sont Ctablis. Leur pouvoir donneur des especes H,PO,, 
H P O ~ - ,  PO:- est caracterise par les fonctions Ro(H2P0,), 
R~(HPo:-), R,(Po:-), ce  qui permet de prCciser en particulier 
la nature de 1'Cquilibre d'ionisation dans les milieux phos- 
~hor iques .  L ' im~or tance  du terme activitC d e  l'eau dans la 
fixation du niveau d'aciditC des milieux eau-acide est ensuite 
CtudiCe. 

Experimental 
Rtactifs 

Acide phosphorique: Prolabo; ferrocene: Sigma; indicateurs de 
Hammett: Aldrich; 1,4-benzoquinone et hydroquinone: Fluka. 

Proce'dures et mate'riel 
Les mesures potentiomktriques a intensit6 nulle ont CtC faites au 

moyen du millivoltmttre Aries 10000 Tacussel. Les tracts pola- 
rographiques ont 6tC obtenus sur le polarographe PRG 3 Tacussel. 

Pour les traces voltampCromCtriques sur electrode solide, rCalises 
avec I'ensemble Tipol EPL 2 Tacussel, un montage classique a trois 
Clectrodes a CtC utilist. Le dtgazage des milieux rtactionnels est 
obtenu par passage d'azote. 

L'Clectrode au calomel saturC aqueuse placte dans un compartiment 
sCparC contenant H3P04 0,1 M est en gCnCral utilisCe comme tlectrode 

REMARQUE: Elle a kt& comparke aux Clectrodes suivantes (2): Clec- 
trode au calomel saturC aqueuse, Clectrode au calomel saturC prtparCe 
in situ, electrode A ~ C I / A ~ ,  tlectrode Hg2HP04/Hg, klectrode 
BiPOdBi. 

~'Cl'ectrode auxiliaire est constituke par un fil de platine. Les diffC- 
rentes tlectrodes de travail utilisCes sont: tlectrode de platine ED1 
Controvit Tacussel (diametre 1 mm) ou fil de platine (diametre 0,8 
mm) serti dans du verre ou du Teflon; Clectrode de carbone vitreux 
ED1 Controvit Tacussel (diametre 3 mm) ou barreau de carbone 
vitreux serti dans du verre (diamktre 2 mm). La vitesse de rotation est 
habituellement de 600 tours/min. 

L'tlectrode a hydrogbne est prtparCe selon la mtthode prCconisCe 
par G. Charlot et al. (3). 

Resultats et discussion 
1. Fonction d'acidite' Ro(H)  des milieux H 2 0 - H 3 P 0 4  

La fonction d'aciditC Ro(H) introduite par Strehlow et coll. 
pour caractkriser le niveau d'aciditC des solutions (4, 5)  est 
dkterminCe expCrimentalement a partir de la mesure du poten- 
tie1 pris par une Clectrode indicatrice d e  pH en utilisant le 
systeme ferricinium/ferrockne comme reference d e  potentiel. 

Dans l.e cas oh l'electrode a hydrogkne sert dlClectrode indi- 
catrice, la fonction d'aciditk Ro(H) est donnCe par la relation: 

oh E!" = -0,400 V est le potentiel standard d e  17Clectrode a 
hydrogene dans l'eau ti 25°C et EH20-H'P0-l son potentiel dans 
une solution acide d e  composition donnee exprim6 par rapport 
a Fc+/Fc. Lorsque l'on utilise 1'Clectrode 1,4-benzoquinone/ 
hydroquinone saturte comme Clectrode indicatrice, la fonction 
Ro(H) est donnee par la relation: 

90-H3P04 
[2I ROW) = ( ~ ; $ w ~ ~  - E;;/QHZ5 )/0,058 

oh EH20 = +0,316 V est le potentiel standard du couple 
1,4-benzoquinone saturCelhydroquinone saturCe dans l'eau et 
E;:/"&:% son potentiel dans la solution acide exprim6 par 
rapport a Fc+/Fc. 

La fonction Ro(H) s'identifie au pH si l'on admet que le 
potentiel standard du systkme ferricinium/ferrocene est indC- 
pendant de la nature du solvant. Dans la relation: 
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LOUIS ET BESSIERE 

TABLEAU I. Potentiels des systemes Fc'/Fc et H'/H2 dans les milieux H20-H3P04 (mV vs. ECS dans 
HzP04 0.1 M) 

E I / ~ F ~ + / F ~  = Eo 
sur Hg +I30 +80 +50 -30 -85 -190 -290 -380 
(mV vs. ECS H3P04 0,l M )  

EH+/H? -347 -335 -337 -330 -327 -315 -300 -260 
(mV vs. ECS HXPOj 0, I M) 

les coefficients d'activitC fFc et fFc+. sont alors egaux. 
1 .1 .  Systtme de comparaison: ferriciniumlferroctne 
Le ferrocene (Fc) est peu soluble dans les milieux 

H20-H3P04. 11 s'oxyde en ferricinium (Fct) de coloration 
bleue sous I'action de I'oxygene ou des protons seuls lorsque 
le milieu est suffisamment concentre en acide. 

Des rkactions susceptibles de modifier le comportement 
redox du systeme Fct/Fc ont CtC mentionnkes dans le cas 
d'autres milieux. Ainsi la protonation du ferrocene sur I'atome 
de mCtal a etC mise en evidence par rmn dans les milieux H,SO, 
concentrCs (6) .  La complexation de I'ion ferricinium par les 
anions, qui a kt6 montrie pour les chlomre, les perchlorate, les 
thiocyanate ainsi que pour les anions des acides carboxyliques, 
n'a pas lieu dans le cas des ions phosphate (7, 8). L'hydrolyse 
de l'ion ferricinium, qui peut se produire a tempCrature tlevCe 
(8), se fait lentement a temperature ambiante dans les milieux 
phosphoriques de concentration supirieure a 11,s M ou nous 
avons constate I'apparition d'especes Fe(I1). 

Etant donne les caractkristiques de rapidite et de reversibilitk 
du systeme Fct/Fc dans les milieux H20-H3P04, son potentiel 
normal est pris egal au potentiel de demi-vague de rkduction de 
Fct determine en polaragraphie. Les valeurs expirimentales 
des potentiels normaux du systeme Fct /Fc  exprimkes par rap- 
port 2 1'Clectrode de rkference ECS aqueuse dans un compar- 
timent dparC contenant H3P04 2 la concentration O,l M, sont 
donnies dans le tableau 1. 

1.2. Systime indicateur de HC: Ht/H2. Electrode ci 
hydrog tne 

Le bon fonctionnement de 1'Clectrode a hydrogene dans les 
milieux phosphoriques peut en principe &tre verifiC en suivant 
la variation de son potentiel en fonction de la pression 
d'hydrogkne. Mais l'analyse prCcise des voltampCrogrammes 
est delicate car ils sont peu reproductibles. Leur allure gCnCrale 
est nianmoins en faveur d'un systeme rapide. La convergence 
de la fonction d'aciditC calculee a partir de ces rksultats et des 
fonctions d'acidite dont la dktermination est fondee sur d'autres 
systemes indicateurs de Ht a confirm6 a posteriori le fonc- 
tionnement correct de 1'Clectrode a hydrogene dans les milieux 
phosphoriques. Les valeurs expkrimentales de potentiel de 
1'Clectrode a hydrogene mesurCes par rapport 2 1'Clectrode de 
rCfCrence ECS aqueuse dans H3P04 0,  I M sont donnCes dans le 
tableau I .  

1.3. Systtme indicateur de H': I ,4-benzoquinorze/hydro- 
quinone 

Les deux composCs 1,4-benzoquinone et hydroquinone sont 
solubles dans les milieux H20-H3P04. Dans tout le domaine 
de concentration en H3P04, les tracks voltampCromktriques sur 

TABLEAU 2. Potentiels des systemes Q/QH2 et Q,/QH2. dans les 
milieux H,O-H3P0, (mV vs. Fc'/Fc) 

H 2 0  H3POj M 

EO~VIVH?~ +299 +328 +400 +460 +600 +720 
(mV vs. Fc'/Fc) 

EQ,IUH~, +315 +320 +420 +505 +655 +780 
(mV vs. Fc'/Fc) 

Clectrode de platine poli montrent que le systeme 1,4-benzo- 
quinone/hydroquinone est lent. L'oxydation de I'hydro- 
quinone est caractiride par une vague de diffusion pure 
d'apres le critere de Levich. Le signal correspondant a la rCduc- 
tion de la quinone n'a pas cette proprietk et indique que 
l'espece se transforme lentement. 

Les Ctudes faites par potentiometrie a intensite nulle sur 
Clectrode de platine montrent que la loi de Nernst est verifiee 
dans les diffkrents milieux phosphoriques et que la pente des 
droites E = f (log[Q]/[QHz]) reste Cgale a 30 mV. Le systeme 
Q/QH2 est donc reversible dans les milieux H?O-H3P04 selon 
le processus: 

Les potentiels nornlaux du systeme Q/QH2 ainsi que les poten- 
tiels mesurCs a saturation des especes Q et QH,, exprimes par 
rapport au systeme Fct/Fc sont donnes dans le tableau 2. 

1.4. Forzctiorz Ro(H) 
Les variations avec la concentration d'acide de la fonction 

R,(H) calculke a partir du systeme Ht/H2 (relation [I])  et du 
systeme QF/QH2, (relation [2]) sont presentees en fig. 1 .  

Les valeurs calculees a partir des deux systemes indicateurs 
coincident jusqu'a la concentration H$O? 11,s M (Ccart inf6- 
rieur a 0,3 unite). Pour des concentrations d'acide comprises 
entre 1 1,s  et 14 M, nous utiliserons de preference les valeurs 
dCterminCes ii partir du systeme de I'hydiogkne en raison de la 
modification de la quinone dans les milieux concentres en 
acide. 

La fonction d'acidite R,(H) qui caracterise l'aciditk des mi- 
lieux H20-H,P04 prCsente une variation de 9 unites environ 
lorsque la concentration d'acide passe de 1,O M ?I 14 M. 
L'Ccart entre les niveaux d'acidite des milieux phosphoriques 
correspondant aux concentrations industrielles 5 , s  et 1 1,s  M 
est de 4 unites. 

1.5. Domaine de poterztiel accessible ciarzs les m i l i e ~ ~ r  
H20-H3P04. Diagramme poterztiel- R,,(H) du solvant 

D'un point de vue thermodynamique, le domaine des poten- 
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TABLEAU 3. Limites therrnodynamiques du domaine des potentiels accessibles 
dans les milieux H20-H,PO, 

H 2 0  H,P04 M 

"D'apres la rCf. 9. 
"rnV vs. Fc+/Fc, d'apres le tableau I .  
' rnV vs. Fc'/Fc, d'apres la relation [7 ] .  
"mV d'apres la relation [a]. 

la limite thermodynamique des potentiels accessibles en oxy- 
dation est donnte par la relation: 

[7] E = E:::,, -0,058 Ro(H) - 0.029 log a ~ , o  

avec E::$,,, = +0,829 V. Elle dtpend de l'aciditk du milieu 
et de sonactivite en eau (9). L'Ctendue du domaine accessible 
en potentiel est donc donnee par la relation: 

FIG. 1. Fonction Ro(H) en fonction de la concentration de H,PO,; 
(a) dCterminCe B partir du systkme H'/H2; (b) dCterrninCe B partir du 
systkrne Q,/QH2,. 

tiels accessibles dans les milieux H?O-H3P04 est limit6 par les 
proprietes oxydantes du proton et les proprietCs rkductrices de 
I'eau. Les limites sont donntes par la variation des systkrnes 
H+/H2, et 02g /H20  avec la concentration de I'acide. 

Si l'on considkre la reaction: 

la variation du potentiel du systkrne Hi./H, ne dCpend que de 
la fonction d'aciditk selon la relation [I]. 

Si I'on considkre la rkaction: 

Elle est pratiquement constante et egale a 1,23 V. En effet, le 
terme 0,029 log all,o est negligeable jusqu'h une concentration 
d'acide de 8 M et sa valeur est de 28 mV dans les milieux les 
plus concentrks (tableau 3). 

Le diagramme E-Ro(H) des milieux H,O-H,PO, est 
present6 en fig. 2. 
REMARQUE: L'electrolyse sur Clectrode de platine de melanges 
H20-H3P04 donne O? et H2 par dCcomposition de H20. Ce- 
pendant, la formation d'ozone est sensible, mEme pour de 
faibles concentrations d'acide (10-12). Cette mCthode a CtC 
prkconiste pour la preparation de milieux concentres d'acide 
phosphorique ( 12). 

1.6. Comparaisotl des fonctions d'acidite' duns les mi l i eu  
HzO-H3P04 

L'acidite des milieux H20-H3P04 a ete caracteriske par des 
fonctions H:  Ho, Hh, H';: HR, Hk (13-113, ainsi que par des 
fonctions R: HGF (8). Le tableau 4 prCsente les variations de ces 
diffirentes fonctions et permet de les comparer a la fonction 
Ro(H) qu'e nous avons dtterminke. 

1.6.1. Cornparaison des fotlcrions R,,(H) et H" 
Comme dans les autres milieux eau-acide, les fonctions 

d'aciditk Ro(H) et H, presentent un Ccart sensible qui augmente 
avec la teneur en acide. Si I'on admet que la fonction Ro(H) 
traduit le mieux le niveau d'aciditk du milieu du fait de la 
structure du systkme de cornparaison Fc'/Fc, d'aprks la re- 
lation: 

I'tcart entre les deux fonctions mesure la quantite logf,/fiH+. 
Afin de prCciser la part due a chacun des constituants du couple 
IH+/I, nous avons etudie la variation de solvatation d'un indi- 
cateur de Hammett, l'anthraquinone I t ,  dont la protonation ne 
peut Etre rCalisCe dans les milieux phosphoriques, mEme con- 
centres. 

En milieu 5,5 M, c'est la 4-chloro-2-nitroaniline I qui per- 
met d'tvaluer Ho (pKH,o = -0,9). Les deux indicateurs de 
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TABLEAU 4. Fonctions d'aciditk H et R dans les milieux H20-H3P04 

H3P04 M Ho HA H': H R  H k H C F  Ro(H) 

1 ,o +1,8 +0,70 +0,55 +0,63 +0,63 +0,6 +0,2 
2,o +0,42 +0,27 +0,5 -0,l -0,l -0,l -0,2 
3.0 +0,06 -0,l -0,45 -0,8 -0,8 -0,77 -0,7 
4 8  -0,025 -0,4 -0,9 -1,32 -1,32 -1,35 -1,l 
5 ,o -0,55 -0,7 -1,40 -2,05 -1,95 -1,85 -1,7 
5,5 -0,70 -0,83 -1,60 -2,4 -2,27 -2.1 -1,9 
6 0  -0,83 -0,97 -1,85 -2,75 -2,60 -2.35 -2,l 
7,0 -1,07 -1,25 -2.33 -3,45 -3.25 -2,85 -2,7 
8,O -1,35 -1,5 -2,75 -4,15 -3,95 -3,4 -3,2 
9-0 -1,65 -1,75 -3,20 -4,92 -4,60 -4,O -3,9 

10,O -1,95 -2,03 -3,60 -5.70 -5.32 -4,65 -4,7 
lI,O -2,40 -2,35 -4,O -6,45 -6,O -5,35 -5,6 
1 1 3  -2,60 -2,5 -4.2 -6.83 -6.3 -5,75 -6,l 
12,O -2,77 -2,7 -4,45 -7,22 -6,65 -6,08 -6,7 
13,O -3,17 -2,95 -4,9 -8,O -7.30 -7,O -7,7 
14,O -3,55 -3,30 -5.5 -8,8 -7,9 -8,O -8,9 

~ 
FIG. 2. Diagramme E-R,,(H) des milieux H20-H,PO,. 

Hammett obCissent 2 la relation: 

Or, la solubilitC de l'anthraquinone ne varie pratiquement pas 
lorsque l'on passe de I'eau au milieu phosphorique 5 , 5  M. 
Donc, f,, est peu different de 1 et la diffkrence Ro(H) - Ho 
mesure la quantitC -log f,,,+ (relation [9]). En milieu phos- 
phorique 5 ,5  M, -logf,rH+ est donc Cgal a - 1,2. Cette valeur 

est voisine de celles trouvtes pour les coefficients d'activiti de 
cations monovalents qui ne subissent pas d'interaction spCci- 
fique avec les ions du solvant.' 

Globalement, 1'Ccart entre les fonctions R,(H) et Ho est dti 
une desolvatation rapide de IH ' quand la teneur en acide aug- 
mente alors que la solvatation de la molCcule neutre varie peu. 
I1 semble que, du fait de leur structure, les indicateurs de 
Hammett soient plus sensibles aux effets de la solvatation par 
l'eau que les indicateurs conduisant aux fonctions Ro(H) et HA. 

1.6.2. Comparaison des fonctions Ro(H), HGF et HA 
Les variations des fonctions d'acidite H,, et R,(H) en fonc- 

tion de la concentration de H3P04 sont trks voisines. Ceci 
valide indirectement l'utilisation de 1'Clectrode de verre comme 
indicateur de niveau d'aciditC. Contrairement aux Clectrodes a 
hydrogkne et a quinhydrone dont le bon fonctionnement peut 
&tre vtrifit, I'Clectrode de verre ne donne, pour chaque milieu, 
qu'une valeur de potentiel de membrane qui est fixe par la 
composition de la solution. 

La concordance existant entre les fonctions HA et Ro(H) est 
analogue ?i celle observCe dans le cas des milieux H,O-H2S04 
(17). Elle peut s'expliquer par le fait que les lois de variation 
des cofficients d'activitC relatifs au ferrockne et au ferricinium 
sont trks proches de celles observCes pour les Cdifices hydro- 
carbonis insaturts, protonCs ou non, conduisant a la fonction 
HA. Dans cette famille d'indicateurs, la prksence de groupe- 
ments substituts n'a pour effet que de modifier le pKH,, des 
couples indicateurs et n'a pratiquement pas d'influence su r  la 
valeur du rapport des coefficients d'activitC relatifs aux deux 
constituants du couple acide-base (1 8). 
REMARQUE: A notre connaissance, l'exploitation des rCsultats 
existant concernant 17aciditC des milieux phosphoriques pour le 
calcul d'une fonction d'aciditC d'exces (19) n'a pas CtC faite. 

2.  Fonctions &(H2POJ), &(HPo:-) et R,,(Po:-) duns les 
milieux H20-H3P04 

La fonction Ro(H) traduit l'aptitude du milieu eau-acide a 
cCder la particule Ht . Par analogie, les fonctions Ro(H,PO,), 
R,(HPO;-) et R~(Po:-) sont dCfinies pour caractCriser l'ap- 

' Le calcul et I'analyse des coefficients dlactivitC des anions et des 
cations dans les milieux phosphoriques seront prCsentCs dans un article 
intitulC: Solvatation des espkces ioniques dans les milieux 
H20-HYPO,. A paraitre. C .  Louis et J .  Bessikre. 
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titude des milieux H20-H3P04 a ctder les particules H?PO,, 
H P O ~ -  et PO:-. 

Elles peuvent Ctre dkterminees expkrimentalement a partir de 
la mesure du potentiel pris par une Clectrode M dont le fonc- 
tionnement fait intervenir un Cquilibre Clectrochimique engage- 
ant I'une des espkces phosphate et le composC insoluble cor- 
respondant. Ainsi, si l'on considere l'equilibre redox: 

le potentiel du systeme MHP04,/Ms dans les diffkrents milieux 
est donnC par la relation: 

11 ne dCpend que de I'activitC de I'espece HPO,'- et la fonction 

est directement liee a 1'Ccart des potentiels du systeme 
MHPO,,/M, dans le milieu eau-acide et dans l'eau, ceux-ci 
Ctant exprimes par rapport au systeme de comparaison Fci-/Fc. 

Les fonctions Ro(H2P0,) et R~(Po:-) peuvent Ctre deter- 
minCes de la mCme maniere. NCanmoins, elles ne sont pas 
independantes. En effet, en solution diluCe, les activitks des 
especes participant aux Cquilibres: 

[Is] H P O ~ I  = H' + PO:- pKI = 12,4 

sont liCes.au pH, a pKl et pK2 par les relations: 

Dans les milieux concentrks, l'expression des constantes des 
Cquilibres de protonation reste la mCme et les trois fonctions 
sont IiCes par des relations formellement analogues 2 celles 
Ctablies dans les milieux di lds :  

Ces fonctions permettent de prtciser la nature de 1'Cquilibre 
d'ionisation des mClanges H20-H3POd et de prCvoir 
I'Cvolution de la solubilitt d'un phosphate minCral avec la 
teneur en acide. 

2.1 . Systeme Hg2HP04,/Hg,. Forzction R,(HPO:-) 
L'oxydation Clectrochimique du mercure dans les milieux 

H20-H,P04 se traduit par la formation d'un prCcipitC qui a CtC 
identifie par diffraction X comme Hg,HPO,, quelle que soit la 
composition du milieu acide. La rCaction d'oxydo-rCduction 
est: 

Le potentiel pris par une Clectrode au phosphate mercureux 
priparCe in siru ne dCpend donc que de 1'activitC des especes 
HPO:- (relation [12]). La fonction R,(HPO;-) est calculCe 
d'aprks le relation [13] ou EHzO = -0,024 V. 

Les resultats sont prCsentCs dans le tableau 5. 11s montrent 
que les propriCtCs rkductrices du mercure en milieu HzO- 
H3P04 diminuent quand la concentration d'acide augmente. 

2.2. SysrPme BiP04,r/Bi,T. Fonction R,(Po:-) 
Le phosphate de bismuth est peu soluble dans les milieux 

H,O-H,PO, et prtcipite uniquement sous la forme BiP04, 
quelle que soit la concentration de l'acide (20). BiPO, est 
rkductible en bismuth mCtal selon le processus redox: 

Le potentiel EBIP04,jBi, ne dtpend que de I'acitvitC des espkces 
PO:-. ExpCrimentalement, i l  est donnC par l'electrode de bis- 
muth utilisCe in situ (20). En effet, dans les diffkrents milieux 
H20-H,PO,, l'electrode de bismuth se couvre instantankment 
d'une couche de phosphate de bismuth. La fonction R,(Po;-) 
est calculCe d'apres la relation: 

Ou El H'O = -0,593 V est le potentiel du systeme BiPO,,/Bi, 

dans l'eau. Les resultats sont prCsentCs dans le tableau 5. 
REMARQUE: Les deux fonctions R,(HPO;-) et R,(Po:-) ont CtC 
dCterminCes indkpendamment. Nous avons vCrifie que la quan- 
tite: 

thkoriquement Cgale a 12,4 (relation [19]), restait pratiquement 
constante et comprise entre 12,3 et 12,8, ce qui est satisfaisant 
puisque les fonctions Ro sont dCterminCes chacune a 0,2 unit6 
pres. 

2.3. Fonction R,(H2POJ) 
La fonction Ro(H2POI), calculCe d'apres la relation [18], 

figure Cgalement dans le tableau 5. 
L'ensemble des propriCtCs acide-base des milieux 

H20-H,P04 (1 M a 14 M) est prCsentC sous la forme d'un 
diagramme: Ro(H2P0,), R,(HPO:-), R,(Po:-), Ro(H), log 
aHZo, log a,,,,, en fonction de la concentration de H3P04 
(fig. 3). 

2.4. Application: tquilibre d'ionisation dans les milieux 
H20-HjPO, 

Si 1'Cquilibre: 

rend compte des phenomknes dans les milieux concentrCs en 
acide, les fonctions Ro(H) et Ro(H2P0,), l'activite de l'eau a,,,, 
et l'activitk de I'acide a,,,,, sont IiCes par la relation: 

[24] Ro(H) + Ro(H2POI) + log a,,,,, + 4 log a,,, = 2, l  

A partir de nos rCsultats et des donnCes de la 1ittCrature (9) nous 
avons calculC l'expression: 

en fonction de la concentration de l'acide pour n = 4,2,1. Les 
risultats sont donnCs dans le tableau 6. 

11 existe donc une concordance satisfaisante entre les don- 
nCes expkrimentales et I'expression A4 (n = 4) jusqu'h des 
concentrations d'acide voisines de 8 M. Pour des concen- 
trations comprises entre 8 M et 12 M, la corrClation est bonne 
pour n = 2 puis n = 1. Ceci implique que'le nombre des 
molCcules d'eau solvatant le proton diminue i ces concen- 
trations de H3P04. L'Cquilibre de dissociation de H3P04 est 
alors reprCsentC par: 

Pour les milieux les plus concentrks (concentration supCrieure 
h 12 M), l'expression [25] cesse d'Ctre valable. Ceci peut Ctre 
attribuC des phCnomknes de dimkrisation (21) ou de poly- 
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LOUIS ET BESSIERE 

TABLEAU 5 .  Potentiels des systemes Hg2HP04,/Hg, et BiP04,/Bi, dans les milieux 
H20-H3P04. Fonctions R,(H2PO,), R,,(HPo:-) et R,,(Po:-) 

H3P04 M E H ~ ~ H P O ~ , / H ~ , "  EB,PO~,,B,," Ro(H~POJ)~ RO(HPO:-) RO(PO~-) 

"mV vs. Fc'/Fc. 
"D'apres la relation [lo]. 

WCTION R 

COG A 

%'*' 

R,(HP$-) - %'%mi' 

4 

FIG. 3. CaractCristiques acide-base des milieux HzO-H3P04. 

mtrisation de l'acide phosphorique. L'Cquilibre [26] ne traduit 
plus a lui seul l'ionisation dans les milieux H20-H3P04. 
REMARQUE: Des phknomknes analogues ont CtC observes pour 
les milieux H20-H2S04 et H,O-HF. Des discontinuites au 

niveau des proprietes physiques (densite, conductivite) se 
manifestent a partir des concentrations 1 H,SO,-2H,O et 
2HF- 1 H 2 0  (70% HF) (17,22). Au dela de ces concentrations, 
il faut considerer les milieux comme des solvants differents 
dont les proprietes ne peuvent Etre dCduites des lois concernant 
les melanges. 

3. Cornparaison de l'aciditt de difftrents milieux eau-acide 
Les fonctions d'acidite d'excks apporteront probablement de 

nouveaux elements dans la comparaison des milieux eau-acide 
(23). Nous avons, pour notre part, compare les niveaux d'aci- 
d i d  Ro(H) de differents milieux eau-acide pour des valeurs 
egales de leur activitk en eau comme cela a ete fait pour les 
fonctions d'aciditt H.  

3.1. Cornparaison de l'aciditt a partir des fonctions H,  
De nombreuses etudes ont port6 sur I'analyse des relations 

susceptibles d'exister entre les valeurs des fonctions H, et l'ac- 
tivit6 de l'eau d'un melange eau-acide de composition donnee. 
Ce sont principalement les travaux de Bascombe et Bell (24) et 
Wyatt (25) qui ont permis de prCciser le r6le de l'activiti de 
l'eau dans la fixation du niveau d'aciditk H, des solutions 
acides. 

3.1 . l .  Cas des milieux eau - acides forts 
Dans le cas des acides forts, ces auteurs montrent que la 

fonction H, est la m&me pour des solutions ayant la m&me 
activitC en eau. La relation entre la fonction d'aciditk et l'ac- 
tivite de l'eau est: 

[27] Ho = -5,02 

(1 + 20ac + 1 5 0 ~ :  + 5 0 0 ~ 2  + 625~9)  (1 - a,) + log 
2ac 

Elle s'applique avec une bonne precision aux melanges 
H20-HClO,, H20- HN03, H20-H2S04, H20-HCl pour des 
teneurs inferieures a 60% en poids d'acide. Le modkle de 
Wyatt fait intewenir des Cquilibres successifs d'hydratation des 
diffkrentes espkces participant a la reaction de protonation de 
I'indicateur. Ce resultat implique que, une fois l'activitt de 
l'eau fixke, le terme logf,/f,,+ est independant de la nature des 
anions de l'acide et conduit a admettre que, dans les milieux 
eau-acide fort, les degrks d'aquation du proton, de I et de 1H' 
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TABLEAU 6. Calcul de I'expression [25] A,, = R O W  + R o ( H J ' 0 , )  + log ~ H , P O ,  + n log ~ H Z O  

pour n = 4, 2, 1 

H , P 0 4  M R o ( H )  R ~ ( H ~ P O , ) "  log at,,~o4 log ~ H , O  A 4  A  2 A ,  

1 ,o +0,2 +1,7 +O,O -0,009 1,91 1,93 1,94 
2,o -0,2 +2,2 +0,43 -0,021 2,34 2,38 2,41 
4,o -1,l +2,8 +I,O -0,057 2,47 2,58 2,64 
5 s  - 1,9 +3,3 + 1,38 -0,lO 2,38 2,58 2,68 
8,o -3,2 +4,3 +2,05 -0,217 2,28 2,71 2,93 
9,O -3,9 +4,7 +2,3 -0,285 1,96 2,53 2,81 

10,O -4.7 +5,0 +2,57 -0,371 1,38 2,13 2,50 
11,5 -6,l +5,6 +2,93 -032 0,35 1,39 1,91 
14,O -8,9 +6,0 +3,47 -0,92 -3,11 -1,27 -0,35 
- - 

"Valeur moyenne resultant du calcul de R,,(H2POI) d'une part a partir de la relation [I81 ( s y s t h e  
Hg2HP0,,/Hg,) et d'autre part de la cornbinaison des relations [I81 et [I91 (systhme BiPO,,/Bi,). 

F I G .  4. Relation entre les fonctions H;, et I'activitC de I'eau dans les 
milieux H 2 0 - H 2 S O 4 ,  H 2 0 - H , P 0 4 ,  H 2 0 - H F .  

sont les m&mes et que les anions de l'acide ne participent pas 
a la solvatation de ces espkces. 

3.1.2. Cas des milieux eau-acides faibles 
Si l'on envisage le comportement d'acides faibles comme 

H3P04 ou HF, on constate (fig. 4) que, pour une mCme activite 
de l'eau, le terme - Ho est plus ClevC dans le cas des acides forts 
que dans le cas d'un acide faible. Wyatt (25) a attribut cette 
difference au degre d'ionisation de l'acide d'aprks la relation: 

I + a  
[28] Ho(acide faible) - Ho(acide fort) = log - 

2 a  

Dans le cas de I'acide phosphorique, le coefficient a reste 
relativement faible. I1 est de 0,126 pour H3PO4 42,5% ( 5 3  M) 

TABLEAU 7. Calcul du coefficient d'ionisation [28] en 
fonction de la teneur (%) en acide pour H , P 0 4  et H F  

CH~PO* 

log ~ H , O  % M ~ H , P O ,  CHF ~ H F  

-0,05 31 3,8 0.1 1 12 0,059 
-0,l 42,5 5,5 0,126 19 0,046 
-0,2 55 7,7 0,086 27,5 0,036 
-0,3 62 9.2 0,059 34 0,028 
-0,4 68 10,3 0,046 38,5 0,031 
-0,5 72 11,3 0,036 42 0,036 
-0,6 75 12,l 0,029 45 0,052 
-0,7 79 12,7 0,025 48 0,086 
-0,s 80 13,3 0,020 
-0,9 83 13,9 0,017 

et de 0,036 pour H3P04 72,5% (1 1,5 M) (tableau 7). Con- 
trairement aux solutions d'acides forts, les milieux 
H20-H,PO, comportent a la fois des molCcules d'eau et des 
molecules d'acide non dissociCes susceptibles de participer a la 
solvatation des espkces H + ,  I, IH'. Ceci est confirm6 par la 
conductibilitt relativement faible de ces milieux par rapport a 
celle des milieux sulfuriques par exemple. 

Le phenomkne est probablement plus complexe dans le cas 
des milieux H20-HF ou les molecules HF solvatent les ions F- 
pour donner les espkces HF, (22, 26-30). Ces Cquilibres 
secondaires perturbent les conditions d'application du modele 
de Wyatt. 
REMARQUE: Une analyse plus attentive des relations possibles 
entre l'activite de l'eau et la fonction Hi  dans les milieux 
H20-H,PO, nous a conduit a constater que, dans tout le do- 
maine de concentration envisagC, une solution phosphorique 
d'activitk en eau donnee est caractkriske par un niveau d'aciditt 
equivalent a celui d'une solution d'acide fort dont lYactivitC en 
eau est Cgale a la racine carrte de I'activitC en eau de la solution 
phosphorique (fig. 4). Dans l'hypothkse ou cette relation serait 
une propriCtC caracteristique des mClanges eau-acides faibles, 
elle devrait &tre vCrifiCe en particulier pour les milieux 
H20-HF. Or, .d'aprks la fig. 4, nous voyons qu'il n'en est rien. 
Cependant, le comportement particulier des milieux H20-HF 
pourrait expliquer cette divergence et l'existence d'une relation 
entre les fonctions d'aciditk Ho des acides forts et des acides 
faibles n'est pas ?I exclure a priori. Elle devrait faire intemenir, 
en principe, les m&mes modkles que ceux utilises dans les 
milieux H20-H2S04 tres concentres (25, 31-34) ou il existe 
des molCcules d'acide non dissocikes. 
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FIG. 5 .  Relation entre les fonctionsRo(H) et I'activite de I'eau dans 
les milieux HZO-HZS04, HzO-HCI, H20-H3P04, HzO-HF. 

3.2. Comparaison de I'aciditt a partir de la fonction HA 
Contrairernent ce qui a CtC obsewC avec les indicateurs de 

Harnrnett, il n'existe pas de relation univoque entre les fonc- 
tions H; et I'activitC de I'eau dans les milieux eau-acides forts 
(35-41). Pour une rn&rne activitt de I'eau, I'ordre de variation 
du terme -HA est: 

Les acides HCIO, et HN03 ont un cornporternent voisin (AH; 
= 0,1 a 0,2 unit&). Mais il existe un Ccart sensible dans tout 
le dornaine de concentration entre le cornporternent des acides 
HCIO, et HCI (AH& = 2 unitCs pour -log a,,, = 0,7). 

D'autre part, les acides faibles cornrne H~PO, (9, 16) ne se 
diffkrencient pas netternent des acides forts. L'Ccart des fonc- 
tions H; pour les milieux H20-HCI, H20-H2S04, H20- 
H3PO4 reste infkrieur a 0,3 unitCs pour -log a,,, = 0,7. 

3.3. Comparaison de l'aciditt a partir de la fonction R,(H) 
La figure 5 prksente les variations de la fonction Ro(H) avec 

I'activitk en eau dans les milieux H20-H2S04 (17), H20-HC1 
(42), H20-HF (26, 43), H20-H3P04. I1 apparait que, dans le 
cas des acides forts H2S04 et HCI, le niveau d'aciditk est le 
rn&rne pour une rn&rne valeur de I'activitC en eau. Ce rksultat 
est analogue a celui obtenu avec les fonctions Ho (25). 

L'identitC de la fonction Ro(H) 2 activitC en eau donnCe reste 
vraie dans le cas des acides faibles H3P04 et HF. I1 sernble donc 
que les rnolCcules non dissocikes de H3PO4 ou de HF ne rnodi- 

fient pas le cornporternent du systkrne de cornparaison Fct/Fc 
cornrne elles le font dans le cas des indicateurs de Harnrnett. De 
plus, a activitt en eau donnee, le niveau d'aciditC Ro(H) est le 
rn&rne, que l'on soit en prksence d'un acide fort ou d'un acide 
faible. 

Ce rCsultat est important car il perrnet de cornparer les solu- 
tions acides entre elles et d'apprkcier, dans la modification de 
solvatation d'une espece ionique ou rnolCculaire, la part due a 
I'activitC en eau et celle qui peut &tre attribuCe aux ions du 
milieu. I1 sera appliquC en particulier a la cornparaison des 
propriktks de solubilitC des especes et des caractkristiques 
d'oxydo-rCduction de sy~ te rnes .~  

Conclusion 
Nous avons caractCrisC le niveau d'aciditC des milieux phos- 

phoriques par la fonction d'aciditC Ro(H). Sa variation est de 9 
unites lorsque la concentration de I'acide passe de 1 a 14 M et 
de 4 unitCs entre les milieux industriels 5,5 et 11,5 M. Ces 
rksultats perrnettront de prCciser I'influence du niveau d'aciditC 
sur le pouvoir oxydo-rkducteur de nornbreux systkrnes, no- 
tarnrnent de I 'urani~rn .~  Le diagrarnrne potentiel - niveau d'aci- 
ditC de ces milieux a CtC Ctabli. L'Ctendue thermodynarnique du 
dornaine des potentiels accessibles reste proche de 1,23 V. 
Nous disposons ainsi des lirnites therrnodynarniques de stabilitk 
des oxydants et des rkducteurs dans les milieux phosphoriques. 

L'utilisation des systernes Clectrochirniques du rnercure et du 
bismuth nous a permis de dCterrniner les fonctions basiques 
Ro(H2P0i),  R,(HPO;-) et R~(Po:-). Elles seront utiles pour 
Cvaluer les variations therrnodynarniques de solubilitC des 
phosphates rninkraux avec la teneur en acide., L'analyse de la 
relation existant entre Ro(H), Ro(H2POi), les activitCs de I'eau 
et de I'acide phosphorique rnontre que I'Cquilibre d'ionisation 
de H3P04 dkfini en solution aqueuse dilute reste valable pour 
les solutions concentrtes en acide. Nous avons rnontrC que le 
niveau d'aciditC Ro(H) des milieux H20-HCI, H20-H2S04, 
H20-HF et H20-H3P04 Ctait le rn&rne pour une rn&rne valeur 
du terme activitk de I'eau. Ce rbultat conduit a envisager la 
cornparaison des propriktks d'oxydo-rCduction et de cornplexa- 
tion de systkrnes, notarnrnent ceux pour lesquels la solvatation 
spCcifique des especes rnises en jeu par les anions du milieu 
n'est pas un facteur dkterminant. 
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The photoreactions of tetraethylpyrophosphite, tetraphenylbiphosphine, diphenylphosphine oxide, and tetraetbylbiphos- 
phine disulphide with five quinones or quinonoid compounds have been studied by esr sgectro.scopy; P(0)Phl and P(0)(OEt)2 
radicals add to both carbon-carbon and carbon-oxygen double bonds, whilst with PhzP and P(S)Et2 radicals only the species 
resulting from addition to a carbonyl group are observed. It is also reported that the photogenerated quinone triplets react with 
tetraethylpyrophosphite leading to the formation of diethoxyphosphonyl radicals, which in turn add to other ground state 
quinone molecules, the diethoxyphosphinyl adduct to a carbonyl group being also formed in the process. 

ANGELO ALBERTI, ANDREW HUDSON, GIAN FRANCO PEDULLI, W. GRANT MCGIMPSEY et JEFFREY K.  S. WAN. Can. J. 
Chem. 63, 917 (1985). 

Faisant appel a la spectroscopie rpe, on a CtudiC les photoreactions du tCtraCthylpyrophosphite, de la tCtraphtnylbiphosphine, 
de I'oxyde de diphCnylphosphine et du disulfure de la tCtraCthylbiphosphine avec cinq quinones ou composCs quinono'ides; les 
radicaux P(0)PhZ et P(0)(OEt)Z s'additionnent tant aux doubles liaisons carbone-carbone que carbone-oxygkne alors que, 
avec les radicaux PhlP et P(S)Etz, on n'obsewe que la formation des produits resultant d'une addition sur le groupement 
carbonyle. On rapporte aussi que les triplets de quinones qui sont photogCnCrCs rkagissent avec le tCtraCthylpyrophosphite en 
conduisant a la formation de radicaux diCthoxyphosphonyle qui s'additionnent a leur tour a 1'Ctat fondamental des molCcules 
de quinones; I'adduit diCthoxyphosphinyle sur le groupement carbonyle se forme aussi dans ce processus. 

[Traduit par le journal] 

Introduction 
The reactions of phosphorus-centered radicals with carbonyl 

compounds have received little attentio? to date. It has been 
reported that dialkylphosphinyl radicals PR, (R = Me, Et) add 
to di-tert-butyl ketone to give t-Bu2COPR, (1); similarly, the 
radical resulting from the addition of the photolytically gener- 
ated PPh2 to the less hindered oxygen atom of 2,6-di-tert-butyl- 
p-benzoquinone has been observed by one of us (2). 

In order to achieve a deeper insight into the nature of the 
radical intermediates formed during the reactions of 
phosphorus-centred radicals with unsaturated derivatives con- 
taining the carbonyl function, we have undertaken an electron 
spin resonance (esr) investigation of the reactions between 
phosphinyl, phosphonyl, and thiophosphonyl radicals and a 
number of quinones. 

There has been continuing controversy about radical addition 
to quinones and their analogs. 'This is mainly because of the 
two distinct reactive sites in these species. These substrates can 
in fact lead to different radical adducts depending on the path- 
way followed by the addition reaction, i.e. attack either at a 
carbon-carbon or a carbon-oxygen double bond by the in- 
coming R,P radicals. Analogous isomeric adducts have been 
actually observed in the addition of silyl and germyl radicals to 
unsaturated carbonyl derivatives such as maleic anhydride and 
other related compounds (3). 

' Author to whom correspondence may be addressed. 

In the course of the present study both kinds of adducts were 
detected in the addition of phosphonyl radicals to most of the 
investigated quinones, while only the oxygen adducts could be 
observed with phosphinyl and thiophosphonyl radicals. We 
know of no previous reports of the addition of phosphonyl and 
thiophosphonyl radicals to the carbonyl function. It is hoped 
that these results will be useful to phosphorus chemists in their 
understanding of the reactions and reaction mechanisms in- 
volving phosphines, phosphites, and pyrophosphites. 

Experimental 
All phosphorus compounds were commercially available, as were 

quinones 1-3; dithiolactone 4 (4) and dione 5 (5) were obtained as 
described in the literature. 

The esr spectra were recorded on either a Varian El04 or a Bruker 
ER200 esr spectrometer equipped with an nmr gaussmeter (field cali- 
bration), a frequency counter (g  factor determination), and standard 
variable temperature devices. 

Benzene or tert-butylbenzene solutions of the appropriate quinone 
and tetraphenylbiphosphine (TPBP) or tetraethylbiphosphine disul- 
phide (TPBPS) were irradiated within the cavity of the esr spec- 
trometer by means of 1-kW or 200-W high pressure mercury lamps; 
di-tert-butyl peroxide (BOOB) solutions were used in the photo- 
reactions of tetraethylpyrophosphite (TEP) and diphenylphosphine ox- 
ide (DPPO). A Bausch & Lomb grating monochromator was also used 
in some of the experiments. 

Results and discussion 
We have studied the reactions of diphenylphosphinyl, P P ~ ~ ;  
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diphenylphosphonyl, O P P ~ , ;  diethoxyphosphonyl, O ~ O E ~ ) , ;  
and diethylthiophosphonyl, SPEt,; radicals with p-benzoquin- 
one (1, BQ), duroquinone (2, DQ), 2,6-di-tert-butyl-p-benzo- 
quinone (3, DTBQ), 3,6-dimethylthieno[3,2-blthiophen-2,5- 
dione (4, DMTTD), and benzo[l ,2-b;5,4-bl]dithiophen-4,8- 
dione (5, BDTD). 

Tetraphe?ylbiphosphine, P2Ph4, is known to be a good 
source of PPh, radicals when irradiated with uv light (2). 
Homolytic cleavage of the phosphorus-phosphorus bond pre- 
sumably also occurs upon irradiation of TEBPS with formation 
of diethylthiopho~phony1 radicals SPEt,. The diethoxyphos- 
phonyl radical OP(OEt), has been generated by the displace- 
ment reaction [ I ]  of photolytically produced tert-butoxyl radi- 
cals with TEP (6), and the diphenylphosphony! radical 0PPh2 
via hydrogen abstraction from DPPO by t-BuO [2]: 

As mentioned in the introduction, phosphorus-centered radi- 
cals may react with carbonyl compounds by attacking the oxy- 
gen atom; in such quinones as DTBQ or BDTD, where the two 
carbonyl functions are inequivalent, isomeric adducts can be 
formed depending on which of the two oxygens undergoes 
addition. Moreover, quinones contain carbon-carbon double 
bonds which also are potential sites of addition for the incom- 
ing radicals. The formation of several kinds of spin adducts is 
therefore to be expected when reacting quinones with 
phosphorus-centered radicals. 

p-Benzoquinones (1 -3) 
In principle, the addition reaction O~PR, ,  radicals to BQ, DQ, 

and DTBQ can be schematized as outlined in eq. [3]; 

When using the unsubstituted derivative 1, no adducts of either 
kind cquld be observed with PPh,, OPPh,, and SPEt,, while 
with OP(OEt), the species resulting from addition of the phos- 
phonyl radical to a carbonyl group was detected. The low 
persistence of the possible adducts of BQ ( l a )  and ( lb)  likely 

makes these species difficult to detect. Since increasing the 
steric hindrance in the proximity of a radical centre usually 
leads to longer-lived paramagnetic species, the reaction was 
repeated using substituted quinones. 

With DTBQ Joth the adducts 3a  and 3b are obtained by 
reaction with OPPhz and OP(OEt),, while SPEt2 and PPh, only 
give the oxygen adducts 3a. However, in the PPh, case the esr 
spectra also indicate the presence of a ring adduct 3b whose 
spectral parameters are identical with those exhibited by the 
corresponding species resulting through addition of OPPh, rad- 
icals to DTBQ. Because of the unsymmetrical nature of this 
quinone, two pairs of oxygen and ring adducts might be 
formed. The small triplet splitting (1.2- 1 .$ G) detected for 
radicals 3a clearly indicates that addition of PR,, radicals takes 
place at the less hindered carbonyl group. This assignment is 
confirmed in the case of O P P ~ ,  and OP(OE~), adducts by a 
comparison between the appropriate values collected in Table 
1 and the hfs constants previously reported by Rieker for the 
authentic radicals 3a  obtained by oxidation of the correspond- 
ing phenols (7). The detection of radical 3 a  (where PR,, is a 
P(0)Ph2 group) in the thermal reaction of DTBQ with DPPO 
followed by oxidation has also been reported recently. (8). 

The ring adducts of DTBQ originate from attack of OPR, at 
an unsubstituted carbon of the quinone; addition to positions 2 
or 6 would in fact result in the formation of a radical species 
which should show a ca. 20-G splitting from the single proton 
linked to the radical centre (3). We therefore assign the struc- 
ture 3 b  to the ring adducts, although the actual values of the 

+ t-Bu@:u 

OPR, 0 

0-proton and "P splitting (see Table 1) are, respectively, 
smaller and larger than expected. It seems that the presence of 
the bulky tert-butyl group a to the radical centre induces a 
significant distortion of the quinone ring, forcing the hydrogen 
atom into a quasi-equatorial position, i.e. into the nodal plane 
of the 2p, orbital containing the unpaired electron, and the 
P(O)R, substituent closer to the axial position where the C-P 
bond can strongly overlap the singly occupied orbital. Similar 
trends have been previously reported for highly hindered cyclo- 
hexadienyl radicals (9, 10). 

With duroquinone, only two adducts could be positively 
identified, i.e. the species 2b resulting from addition of OPPhz 
and 0P(OEt)2 radicals to the ring of DQ. The identification of 
these radicals is straightforward, as their spectra consist of 
doublets, u ( ~ ' P )  = 33-38 G, of quartets, a(3H) = 23-24 G,  
further split into smaller quartets, a(3H) = 0.36 G, the mag- 
nitude of the couplings being consistent wth the presence of a 
methyl group a to a carbon radical centre and of another methyl 
group and a phosphorus nucleus 0 to it. 

While the observed radicals are unambiguously identified, 
some questions concerning the nature of the initiating species 
may arise. We have therefore examined the photoreactions of 
2,6-di-tert-butyl-p-benzoquinone, which was chosen because 
of the relatively high persistence of its radical adducts, upon 
irradiation in the regions of its uv absorption maxima, viz. 254 
nm, 318 nm, and 446 nm (1 1). With BOOB-free solutions of 
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ALBERT1 ET AL.  

TABLE 1. Electron spin resonance parameters* for the radical adducts of B Q ,  DQ, and D T B Q  

Compound PR,, Radical a R 1  (1R2 O R J   OR^ a31p  g T (K) 

P(O)(OEt)z 
P(0)Phz 
P(O)(OEt)? 
PPhz 
PPh, 
P(0)Phz 
P(0)Phz 
P(O)(OEt)z 
P(O)(OEt)z 
P(O)(OEt)z 
P(S)Etz 

* Couplings in gauss. 

3 containing TEP a weak esr signal developed after awhile, its 
intensity, although increasing with time, never matching that of 
the spectra obtained by irradiation in the presence of peroxide. 
The signal clearly indicated the presence of three radical spe- 
cies: the ring- and oxygen-diethoxyphosphonyl adducts 3a and 
3b, and a third species with a g factor 2.00475 and exhibiting 
coupling of the unpaired electron with two protons (a  = 1.26 
G) and a "P nucleus (a  = 3.52 G).. A probable mechanism 
accounting for the formation of OP(OEt)? radicals involves 

TEP 

OEt 

OEt 

attack of the photogenerated quinone triplet on the pyro- 
phosphite, followed by a-fragmentation of the intermediate 
biradical. This mechanism also nicely accounts for the de- 
tection of a third radical species, whose esr couplings are con- 
sistent with the diethoxyphosphinyl adduct of DTBQ. 

No esr signals were, however, detected when irradiating in 
the aforementioned regions solutions of 3 containing either 
TPBP or TEBPS, thus indicating that the reactions leading to 
the phosphinyl and thiophosphonyl adducts are not initiated by 
an excited state of the quinone. Although one would expect that 
irradiation at shorter wavelengths, where both.TPBP and TE- 
BPS absorb, would lead to the formation of PPh, and SPEt, 
radicals, it is likely that the intensity of the radiation emerging 
from the monochromator is not sufficient for the cleavage of 

3,6-Dimethylthieno~,2-b]thiophen-2,5-dione (4) 
The reaction of both O P P ~ ?  and OP(OE~), radicals with the 

dione 4 leads to the simultaneous formation of the oxygen (4a) 
and ring (4b) adducts, the proton hyperfine splitting constants 
of the former species being similar to those of the analogous 
oxygen adducts with group IVB organometallic radicals (1 2). 
Attack at the ring might in principle occur at the carbons either 
in positions 3,6 or 4 3 ;  in the former case the structure of the 
resulting adducts will be closely related to a substituted allylic 
system and a methyl splitting of ca. 10 G would be expected; 
in the other case addition would result in  a-ketoalkyl radicals 
characterized by much larger methyl couplings (ca. 20 G), as 
for the DQ adducts. The c?. 8-9 G quartet splitting (see Table 
2) clearly indicates that OPR, radicals attack positions 3 or 6 of 
DMTTD. 

Similarly to what was fpund wit! BQ, DQ, and DTBQ, the 
reaction of dione 4 with SPEt? and PPh? radicals only led to the 
detection of the oxygen adducts 4a, although in the latter case 
esr evidence for the simultaneous formation of the OPPh, ring 
adduct 4b was also obtained. 

Benzo[l ,2-b;5,4-b1]lithiophen-4,8-dione (5) 
On reaction of phosphorus-centered radicals with BDTD, 

addition seems to occur only at the oxygen atoms. Due to their 
inequivalence, two isomers 5a and 5a' are expected to form, 
and indeed they have been observed wifh PPh2, OPPh,, and 
OP(OEt)?; surprisingly enough, with SPEt, only isomer 5a 
could be detected. The identification of the isomers, accom- 
plished by analogy with the related hydrogen and group IVB 
adducts (12), was based on the assumption that larger splittings 
at the protons 2,5 (see Table 3) should be observed for isomer 
(a), due to the possibility of delocalizing the unpaired electron 
on these positions. The relative concentration of isomer (a) 
increases along the sequence PPh? <P(O)Ph, < P(O)(OEt), < 
P(S)Et,; no traces of 5a' could actually be observed for the last 
adduct. 

the P-P bond. Also in the case of DPPO, no signal from Generalremark; 
adducts 3a and 3b could be observed, unless BOOB was added The PPh2, SPEt,, and OPP~?  radicals which lead to the 
to the solutions. observed spin adducts with quinones 1-5 are formed via ho- 
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TABLE 2. Electron spin resonance parameters* for the radicals adducts of DMTTD 

PR,, Radical a a a.llp g T (K) 

PPhz (a) 8.12 1.12 5.46 2.00345 296 
P(O)Ph, (a) 8.56 1.44 9.68 2.00342 353 
P(0)Phz (b) 8.67 - 30.43 2.0035z 296 
P(O)(OEt)? (a) 8.22 1.23 6.21 2.00340 393 
P(O)(OEt)? (b) 8.70 - 41.01 2.0034, 393 
P(S)EtZ (a) 8.58 1.45 13.11 2.0035? 373 

"Couplings in gauss. 

TABLE 3. Electron spin resonance parameters* for the radical adducts of BDTD 

(a') 

Relative 
PR,, Radical a 3 , ~  allp g T (K) amount (%) 

pphz (a) 2.77 0.22 6.48 2.0049" 295 57 
PPh, (a') 1.27 0.57 11.39 2.0052p 295 43 
p(0)Phz (a) 3.06 0.25 15.12 2.00489 323 - 60 
P(0)Phz (a') 1.36 0.64 16.36 2.0052, 323 -40 
P(0)(OEt)Z (a) 2.82 0.29 5.92 2.00484 343 70 
P(0)(OEt)2 (a') 1.29 0.60 8.67 2.0052, 343 30 
P ( s ) ~ t ~  (a) 3.03 0.19 20.94 2.0049, 295 >90 

* Couplings in gauss 

molysis of tetraphenylbiphosphine and tetraethylbiphosphine 
disulphide or by hydrogen abstraction from dlphenylphosphine 
oxide by tert-butyl radicals. Diethoxyphosphonyls 0P(OEt)2 
may instead be formed through two alternative pathways, viz. 
reactions [ l ]  and [4]. On the other hand, as it has been recently 
shown (13) that t-BuO radicals react with pyrophosphite at a 
diffusion-controlled rate ( k [ , ]  = 2.85 X lo9 M-' s-I), we be- 
lieve that in peroxide solutions the mechanism outlined in reac- 
tion [4] only plays a minor role. This seems to be further 
substantiated by the fact that the diethoxyphosphinyl oxygen 
adduct 3a was only detected when using peroxide-free solu- 
tions of DTBQ and TEP. 

Reaction [4] is nevertheless an interesting and quite general 
process. Thus diethoxyphosphonyl adducts were detected in 
the absence of peroxide also with quinones l., 4, and 5, while 
intense esr signals from both Ph2COP(OEt)2 and 
Ph2COP(0)(OEt), were observed by irradiation of solutions of 
benzophenone and TEP (14). 

Phosphinyl, phosphonyl, and thiophosphonyl radicals do not 
exhibit uniform behayiour in their reactions with compounds 

FIG. I. The esr spectrum observed at 393 K upon uv irradiation of 1-4; OP(OEt)? and OPPh2 are in fact the only species for which 
a solution of the dithiolactone 4 containing TEP and di-tert-butyl adducts resulting from addition to the quinone ring could be 
peroxide. The marked lines are due to the radical adduct 4b. observed along with those originating from addition to the 
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carbonyl function. A knowledge of rates of addition of 
phosphorus-centered radicals to unsaturated and carbonyl com- 
pounds would of course be very useful in establishing whether 
the failure to observe a particular paramagnetic species is due 
to a slow rate of formation or to a fast rate of radical loss. 
Unfortunately, although the use of kinetic esr (15) and of laser 
flash photolysis techniques (16) has now made available a 
considerable amount of kinetic data for many radical reactions, 
only very few refer to processes involving phosphorus-centered 
radicals, and it would appear that attention has been mainly 
focussed on OP(OEt)? (9, 17, 18). A substantial body of infor- 
mation is instead available on the reactivity of silyl radicals, 
whose reaction rates with various substrates have been deter- 
mined (19). Although silicon- and phosphorus-centered radi- 
cals often react with the same substrates to give structurally 
related adducts, extrapolation of kinetic data is often danger- 
ous. For example OP(OEt)? and S iE t  add to furan and thio- 
phene with similar rates, while the reaction of silyl radicals 
with benzene is two orders of magnitude faster than that of 
diethoxyphosphonyls (13). Also, the silyl adduct to the double 
bond of maleic anhydride is detected at or below room tem- 
perature, but the oxygen adduct is the only observable species 
at higher temperature (3); the phosphonyl adducts 3a, 36, 4a, 
and 46 are instead observed over a wide temperature range 
(-80 to +80°C), a1Jhough in  varylng relative amounts. 

All the observed PPh2, SPEt?, OPPh?, and OP(OEt), radical 
I adducts detected in this study are to be considered persistent 

(20), and, with the exceptions only of l a ,  5a,  and 5a1 ,  they 

; could be observed over significant time intervals (several 
minutes to hours) when photolysis was interrupted. It is worth 
noting that in the case of the two phosphonyl derivatives 46 the 
radical concentratlon can be Increased or decreased reversibly 
in the absence of uv irradiation by simply raising or lowering 
the temperature, which clearly indicates that a monomer- 
dimer equilibrium is being observed. 

Dione 5  represents a particular case; one might expect that 
the rates of addition to a ring and of decay of the resulting 
radicals did not differ drastically from the values determined in 
a laser flash photolysis experiment of the addition of OP(OEt)? 
radicals to thiophene (1 3), i.e. k, = 1.7 X 1 O6 M- '  S - I  and 2k, 
= 10' MM-'  s-' at -80°C, although a slight reduction of the rate 
of radical loss may be expected due to partial delocalization of 
the unpaired electron onto a carbonyl group. Although rates of 
addition of PR,, radicals to the carbonyl function are not avail- 
able for comparison, it seems unlikely, at least in thermo- 
dynamic terms, that the incoming radicals add to one of the 
rings with consequent destruction of an aromatic system, when 
addition to one of the carbonyl groups would result in a sta- 
bilized phenoxyl radical. 

A peculiar feature of the reactions of TPBP with quinones is 
that, besides the species resuliing from addition of PPh, radi- 
cals to a carbonyl group, the P(O)Ph, spin adducts to the ring 
of the quinone are detected; similar adducts were also formed 
when using diphenylphosphine to produce PPh? radicals. This 
is likely to be the result of contamination of TPBP or DPP by 
the corresponding oxides. It is in fact known that both second- 

tive to oxidizing agents and, according to reactions [5] and [6], 
may lead to precursors of diphenylphosphonyl radicals. 
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PIER0 ZANELLO and PIERO LEONI. Can. J.  Chem. 63, 922 (1985). 
The electrochemical behaviour of some copper(1) aminocarbonyl derivatives, namely, [Cu(dien)(CO)]' (dien = diethylene- 

triamine), [Cu(Medpt)(CO)]' (Medpt = N,N-bis(3-aminopropyl)methylamine), [Cu2(tmen),(p-PhCOz)(p-CO)]' (tmen = 
N,N,N1,N'-tetramethylethylenediamine), has been studied in dimethyl sulfoxide solution at platinum electrodes by cyclic and 
dc voltammetry, and controlled potential coulometry. In all studied complexes each copper(1) centre undergoes one-electron 
charge transfers in both anodic and cathodic processes. The electrogenerated copper(I1) complexes, fully characterized, can 
be reversibly reduced to the starting copper([) carbonyl derivatives in the presence of carbon monoxide. The electron-transfer 
sequences in which these copper(1) complexes may be involved have been elucidated. 

PIERO ZANELLO et PIERO LEONI. Can. J. Chem. 63, 922 (1985). 
Faisant appel a la voltamktrie cyclique et a cd ainsi qu'a la coulomCtrie a potentiel contrBlC et opkrant en solution dans le 

dimCthylsulfoxyde, on a ttudiC le comportement Clectrochimique de quelques dCrivCs aminocarbonyles du cuivre (I) au niveau 
d'Clectrodes de platine; on a examine en particulier le [Cu(dien)(CO)]' (dien = ditthylknetriamine), [Cu(Medpt)(CO)]' 
(Medpt = N,N-bis(amino-3 propyl)mCthylamine), [C~~(tmen)~(p-PhCO~)(p-CO)]' (tmen = N, N,N',N1-tCtramCthyl- 
Cthylknediamine). Dans tous les complexes Ctudits, chaque centre de cuivre(1) subit un transfert de charge d'un electron, tant 
dans le processus anodique que cathodique. Les complexes de cuivre(II), gtnCrCs d'une rnanikre Clectrochimique, ont CtC 
complktement caractCrisCs et, en presence de monoxyde de carbone, ils peuvent facilement &tre reconvertis en dtrivts 
aminocarbonyles de cuivre(1) de depart. On a ClucidC les suites de transferts Clectroniques dans lesquels ces complexes de 
cuivre(1) peuvent &tre impliquts. 

[Traduit par le journal] 

to decarbonylated copper(I1) species, [Cu(Medpt)(S)I2' , Results and discussion 
[Cu(dien)(S)12', and [C~~( tmen)~(~-PhC0~)(S) ] '+  (S = sol- In Fig. 1 the response at a platinum microelectrode, both in 
vent) (IV, V, VI), able to be cathodically reduced to 1, 11, and dc voltammetry at an electrode with periodical renewal of the 
111, respectively, in the presence of carbon monoxide. diffusion layer (DLRPE) and in cyclic voltammetry, of I in 

Because of the coordination geometry around copper, the dimethyl sulfoxide (DMSO) solution is reported. 
nature of the donor atoms in 1-111, the presence of a di- As it can be seen the copper(1) complex gives rise to both an 
copper(1) unit in 111 which binds 1 C 0 / 2  Cu, and the relatively anodic and a cathodic process. Controlled potential cou- 

Introduction 
The redox chemistry of copper([) derivatives may serve to 

understand the function of a number of naturally occurring 
cuproproteins (1). 

Increasing attention is paid to the electrochemistry of 
copper(I)/copper(II) redox couples of biological relevance 
(2- 15). However, the electrochemical behaviour of copper(1) 
derivatives is seldom directly dealt (9, 11, 13). For the most 

lometric tests at potentials corresponding to the limiting current 

r"i" of either oxidation or reduction process show that each process 

3 c - c r c o  [.Ef -1' involves compound. one Quantitative electron per deposition molecule of copper of starting metal copper(1) occurs in 
the cathodic electrolysis. 

As regards the anodic process, the analysis of CV responses 
I I1 with scan rate (16), from 0.02 to 5 V s-' (at higher scan rates 

the response becomes ill-shaped), indicates the occurrence of 
'To whom all correspondence should be addressed. an uncomplicated one-electron charge transfer quasi-reversible 

- 
H3C\ /CH3 

N 

/ \  
H,C/ \ C H ~  7 H$ CHI  

- Ph - 
part the redox properties of copper(I1) derivatives are in- 
vestigated, with a particular attention to the responses in the 

111 

presence of carbon monoxide. high electrode potentials for copper(I)/copper(II) charge 
We present here the electrochemical behaviour in non- transfers, this study can contribute to the elucidation of re- 

aqueous solvent of a number of copper([) aminocarbonyl deriv- versible oxidation and carbon monoxide binding processes in 
atives, [Cu(Medpt)(CO)It , [Cu(dien)(CO)It, and [Cu2(tmen),- mononuclear and dinuclear copper proteins. 
(CL-PhC02)(CL-CO:~]' (I, 11, III), whose anodic oxidation leads 
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c v o l t a m m e t r y  = IpA 

ic v o l t a m m e t r y  = 4pA tr 

FIG. I .  Electrochemical behaviour of a DMSO solution containing 
[NEtJ[C1O4] (0. I mol dm-" and [CuT(~edpt)(CO)]BPha (8.2 X 
mol dm-') in dc voltammetry and in cyclic voltammetry. Platinum 
working microelectrode. Cyclic voltammetric responses at 0.2 V s - ' .  
(@) Starting potential. 

in character at a formal electrode potential EO' = -0.20 V 
(AE, = 160 mV at v = 0.2 V s-'). The dc voltammogram (E  
= -0.20 V) confirms the quasi-reversibility of the process in 
that it shows an (E,/, - Ell,) value of 75 mV and its loga- 
rithmic analysis gives a ratio AElAlog [i/(i, - i)] of 72 mV. 
These data seemed to support the electrode formation of a 
previously unknown copper(I1) carbonyl species. However, 
macroelectrolysis experiments performed at +0.2 V did not 
reveal any presence of copper(I1) carbonyls; in fact, while the 
colourless copper(1) solution displays an ir spectrum with a 
CO band at 2045 cm-', the electrogenerated blue copper(l1) 
solution shows no CO stretching frequencies. Notwithstanding 
coulometric experiments helped us in the elucidation of the 
electrode mechanisms involved in both anodic and cathodic 
processes. Figure 2 reports the CV responses after a series of 
exhaustive electrode oxidations and reductions of the starting 
copper(1) derivative. 

The anodic oxidation of the copper(1) carbonyl species, 

[Cu'(CO)LIt leads to a decarbonylated copper(I1) derivative, 
[CU"L]'~ (vide infra), able to display a voltammetric response 
at EO' = -0.20 V, i.e. at the same potentials of the initial peak 
system A-B (EO' = -0.20 V) (Fig. 2b). The [CU"L]'~ com- 
pound can be reversibly reduced to the [Cu'LIt analogue (Ei = 
-0.27 V) (Fig. 2c), which, in turn, can be reoxidized to the 
[CU"L]'~ form (E; = -0.13 V) (Fig. 2d). By saturation with 
CO, the [CU"L]" species can be reduced to a copper(1) carbo- 
nyl derivative (E', = -0.20 V) (Fig. 2e). As it can be seen this 
last step occurs at potentials more positive than the reduction to 
[Cu'L]', in agreement with the well known behaviour of other 
copper(I1) derivatives (4, 6, 7, 13). Infrared spectra on solu- 
tions from bulk electrolysis under CO atmosphere (p = 1 atm) 
of previously electrogenerated [Cu"L]" species show the 
starting copper(1) carbonyl compound to be restored. 

In view of the tested quasi-reversibility of the [ C U " L ] ~ ~ /  
[Cu'L] + redox couple, and assuming the same degree of revers- 
ibility for the reduction of [CU"L]'~ to [Cu'(CO)LIt, it is pos- 
sible, following Gagne's suggestions (6), to compute the 
equilibrium constant for the reaction: 

on the basis of the anodic shift of the peak potentials (AE) of 
the reduction process copper(II)/copper(l) complex in the pres- 
ence and in the absence of CO, through the simplified relation: 

A value of about 1.3 x 10'' M-' has been estimated. 
Under nitrogen the decarbonylated copper(I1) derivative can 

be further reduced to the corresponding copper(0) derivative 
[CuOL] at the potentials of the peak system G-H (EO' = -0.55 
V) (Fig. 2b-d); decomposition to copper metal follows the 
charge transfer, as shown by the appearance of peaks E and F 
in the reverse scan, due to the charge transfers of elec- 
trodeposited copper metal to free copper(1) ion and of the 
copper(1) ion to free copper(l1) ion, respectively. The reduction 
to [CuO(CO)L] species of the starting [Cu'(CO)LIt occurs at 
potentials of the peak system C-D (EO' = -0.64 V), as shown 
in Fig. 2 a and e. 

Ultimately the following scheme depicts the whole electrode 
activity of [Cul(Medpt)(CO)]+: 

En' = -0.64 V +e- # -e- +CO. +e- +e- # -e- E"' = -0.20 V 

1 I,/! = 3 s +e- JT - e  E"' = -0.55V 

1 I,,? = 3 s  
Cu" + L 

The decarbonylation step of [Cul'(CO)L]" could have been Lifetimes reported have been obtained according to the 
described as an equilibrium step; however, even in CO atmo- Nicholson's method for a charge transfer followed by an irre- 
sphere (p = 1 atm) the anodic electrolysis of [Cu1(CO)~It did versible first-order chemical reaction (17). 
not lead to copper(1I) carbonylated species. The fact that the anodic oxidation of starting [CU'(CO)L]~ 
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924 CAN. J .  CHEM. VOL. 63. 1985 

FIG. 2. Cyclic voltammetric responses of a deaerated DMSO solution containing [Cu1(Medpt)(CO)]~Ph4 (2.1 X lo-' mol dm-') and 
[NEt.,][C104] (0.1 mol dm-3) in the following experimental conditions: initial ( a ) ;  after complete oxidation to copper(I1) derivative at Ew = 
+0.2 V ( 6 ) ;  after complete re-reduction to copper(1) derivative at EW = -0.3 V ( c ) ;  after complete re-oxidation to copper(l1) derivative at 
Ew = +0.2 V (d); saturated with CO ( e ) .  Platinum working microelectrode. Scan rate: 0.2 V s-' (Ew = working potentid). 

4 .  

'Red ' 

8. 

FIG. 3. DC voltammogram recorded on a DMSO solution con- 
taining [Cul(dien)(~O)]~Ph, ( I  .38 X lo-' mol dm-') and [NEt4]- 
[CIO,] (0.1 moI dm-'). Platinum working microelectrode. 

appears in cyclic voltammetry as an uncomplicated charge 
transfer must be attributed to the quickness of the decar- 
bonylation reaction in comparison with the testable potential 
scan rates. 

It must be said that I gives rise to a further anodic process at 
potentials higher than + 1.0 V, but the closeness to the solvent 
discharge prevents any reliable investigation. Nevertheless its 
peak height in cyclic voltammetry about three times greater 
than that of the above reported one-electron oxidation, al- 
lowing us to disregard the-formation of a copper(1II) - amine 
compound, contrary to some tetraamine complexes (18), very 
likely suggests this process to be ligand based. 

The electrochemical behaviour of I1 can be investigated less 
deeply than that of I, because cyclic voltammetric responses 
are hardly reproducible. However, dc voltammetry at a plat- 
inum DLPRE gives an exhaustive picture of the electron trans- 
fer processes in which this species can be involved. Figure 3 
reports the dc voltammogram at a platinum electrode obtained 
from I1 in a deaerated DMSO solution. Two oxidation, a (Ell? 
= +0.38 V) and b (Ell? = -0.52 V), and two reduction 
processes, c (Ell? = -0.85 V) and d (Ell? = - 1.27 V) are 
present. Controlled potential coulometric tests performed in 
correspondence to the limiting current of process b indicates the 
consumption of one electron per molecule of starting copper(1) 
compound; by performing the electrolysis at potentials corre- 
sponding to the limiting current of process a an overall con- 
sumption of one electron per molecule of starting copper(1) 
compound occurs too.  his datum suggests that-in DMSO 

V O L T A G E  ( V O L T )  

FIG. 4. Schematic dc voltammetric responses of a deaerated 
DMSO solution containing [Cu1(dien)(CO)]BPh4 (1.03 X lo-' mol 
dm-') and [NEb:I[C1O4] (0.1 mol dm-') in the following experimental 
conditions: initial (A); after complete oxidation to copper(l1) deriva- 
tive at Ew = +0.6 V (B); in the same conditions of (B) but under CO 
atmosphere (p = 1 atm) ( C ) ;  after re-reduction under CO atmosphere 
at Ew = -0.75 V of electrogenerated copper(l1) species. 

solution an equilibrium exists between two copper(1) species, 
only one of which contains the Cu-CO unit (single CO 
stretching band at 2050 cm-'). Coulometry at potentials corre- 
sponding to the limiting current of process d shows the overall 
consumption of one electron per molecule of starting copper(1) 
compound; electrodeposition of copper metal occurs. 

Figure 4 schematizes the dc voltammetric responses from a 
series of exhaustive electrolyses on 11. 
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ZANELLO AND LEON1 925 

Bulk electrolysis on a deaerated solution of starting copper(1) 
carbonyl compound [Cul(CO)L]' at potentials varying from 
-0.3 to 0.7V always leads to a blue copper(I1) compound 
[Cu"ILl2+, the ir spectrum of which shows no CO adsorption 
bands; this species can be electroreduced in two steps e (El /?  = 
-0.52 V), just located at the potentials of process b, and c (E l / ?  
= -0.85 V) (Fig. 4B). As visible in Fig. 4C, under CO 
atmosphere (p  = 1 atm) the voltammetric picture relevant to 
[Cu1'~12+ shows the process e to shift to more anodic potentials 
giving rise to the process g (EIl2 = -0.33 V), attributable to 
the electrogeneration of a copper(1) carbonyl compound, fol- 
lowed by two processes at the same potentials of processes c 
and d. Under CO atmosphere the electrolysis of [Cu"LI2+ per- 
formed at potentials ranging between those corresponding to 
the limiting current of process g and those corresponding to the 
foot of process d (from -0.45 V to -0.8 V) gives rise to a 
copper(1) compound which substantially displays a response 
with one anodic and one cathodic process corresponding to 
processes a and d of the starting copper(1) compound, pro- 
cesses b and c being strongly lowered (Fig. 4 0 ) .  In addition the 
ir spectrum of the so-electrogenerated copper(1) species is coin- 
cident with the one of starting 11. This last step markedly 
throws light on the aforementioned equilibrium existing in 
DMSO solutions of 11, which can be hence formulated as: 

+S  (S = DMSO) 
[Cul(dien)(CO)]+ [Cu1(dien)(S)]' + CO 

In confirmation of this, the dc voltammogram of I1 under CO 
atmosphere appears as that of Fig. 4 0 .  

An analogous equilibrium could not be detected in the case 
of I under the adopted experimental conditions. The more basic 
Medpt, which would strengthen the Cu-CO bond, as 
suggested by ir data, might be responsible for this different 
behaviour. 

The voltammogram of I1 at pco = 1 atm allows us a reliable 
determination of the instability constant for copper(1) carbonyl 
compound in DMSO solvent simply from the limiting current 
values of the two copper(1) species; it results of the order of 1.6 
X lo-' M. Indeed this datum implies that the shift of the 
reduction potential of [~~"(d ien) ] "  towards more anodic po- 
tentials in the presence of CO had to be 52 mV instead of the 
measured value of 190 mV. We think the discrepancy must be 
attributed to the high degree of irreversibility of the electrode 
processes which makes unapplicable the previously cited 
GagnC's computation. 

The irreversibility of the one-electron process a (El /?  = 
+0.38 V) is witnessed by an (EjI4 - E value of 240 mV. 

In conclusion, if one neglects the decarbonylation equi- 
librium due to DMSO solvent, the following scheme holds for 
the electrode activity of [Cul(dien)(CO)]+: 

E l l ?  = - 1.27 V +e- +CO. +e- +e- iT -e- E"' = -0.52 V 

.1 
Cu" + co + L 

It must be noted that no carbonyl copper(l1) compound has 
been obtained even in macroelectrolysis tests at +0.7 V under 
CO atmosphere. 

Also in this case ligand-centred anodic oxidation processes 
are present at potentials higher than + 1.0 V. 

At this stage the nature of the electrogenerated compound 
[Cu"LI2+ in the case of both I and I1 has to be discussed. In 
order to identify the oxidation product we synthesized several 
copper(l1) complexes with different Cultriamine ratios in 
DMSO. Their electrochemical behaviour was compared with 
that of the electrogenerated [Cu"LI2+ species. The voltam- 
metric picture of the electrode oxidation product [Cul(dien)- 
(CO)]' was paralleled by that of [Cu(dien)(D~SO),]'+. This 
result was not unexpected, since for instance the possible 

+e- l E l l ?  = -0.85 V 

[CuOL] 

1 
CuO + L 

rearrangement of [Cu(dien)(CO:l]+ to the common species 
[Cu(dien)?12+ (19) should have involved the release of free 
copper ions easily detectable in voltammetry. The same path- 
way holds when dien is replaced by Medpt. This accounts for 
the formalism adopted in the description of the electrode 
activity of both I and 11. It must be also pointed out that the 
cathodic reduction under CO atmosphere at the potentials of the 
first reduction step of both [C~(Medpt)(DMS0)~1'+ and [Cu- 
(dien)(DMSO),I2+, chemically synthesized, leads to I and 11, 
respectively, as shown by ir spectra. 

As pointed out elsewhere (20), the existence of the complex 
111 is limited to the solid state (bridging CO frequency at 1926 
cm-'), or in solution of nonpolar solvents (bridging CO fre- 
quency in toluene at 1945 cm-I). In THF solution the following 
equilibrium holds: 

S = solvent - 
III 111' 
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the ligand occurs at potentials higher than + I .O V, close to the 
solvent discharge. Controlled potential coulometric tests at 

FIG. 5. Voltammetric responses of a DMSO solution containing 
[NEt4][C104] (0. I rnol dm-?) and [Cur(tmen)r(Ph-COZ)(CO)(S)]- 
BPh, (2.46 x lo-' mol dm~-'). Platinum working microelectrode. 
(0) Starting potential for cyclic voltammetric response; scan rate 
0.2 v s- ' .  

In fact, the ir spectrum shows both bridging (1930 cm-') and 
terminal (2060 cm-') CO bands. In DMSO the equilibrium is 
completely shifted to the right, as shown by the presence in the 
ir spectrum of only one CO stretching band at 2055 cm-'. 
Therefore, the electrochemistry below discussed refers to 
this CO-unbridged form, 111'. Figure 5 reports the voltam- 
metric responses obtained from a 111' solution at a platinum 
microelectrode. 

As it can be seen the CV response shows the presence of two 
oxidation processes very close to each other (E i  = +0.04 V, 
+ 0.15 V), whereas dc voltammetry indicates the presence of 
only one oxidation process (El l> = -0.02 V). Unfortunately 
the CV responses have a low degree of reproducibility, pre- 
venting any accurate study of the underlying electrode mech- 
anisms. The cathodic reduction of the starting dicopper(1) com- 
plex occurs at EIlz = - 1.28 V; cyclic voltammetry shows that 
the charge transfer is followed by decomposition of the electro- 
generated zero-valent copper complex. Some amounts of air- 
oxidized product are also present, which undergoes a preceding 
reduction at Ell? = -0.3 V. Also in this case the oxidation of 

+0.5 V indicate the consumption of 2 mol of electrons per 
mole of starting complex. Two mole of electrons per mole of 
starting complex are also consumed in the cathodic electrolysis 
at - 1.7 V, which is followed by electrodeposition of copper 
metal. An (Ex/, - E value of 200 mV for the anodic re- 
sponse indicates the irreversibility of the involved charge trans- 
fer. The presence of some inflexions on the rising part of the 
cathodic response prevents any graphical analysis of the rele- 
vant process. The clear detection of two subsequent oxidation 
processes in cyclic voltammetry suggests the mixed-valence 
Cul'Cu' species (7) to exist only on the short-time scale. The 
available CV data do not allow us to distinguish the oxidation 
process of copper(1) carbonylated centre from that of copper(1) 
solvated centre. However, by analogy with the voltammetric 
behaviour of a series of dinuclear copper(1) complexes able to 
form monocarbonylated species (13 ),-we are tempted by way 
of speculation to assign the less anodic peak of Fig. 4 to the 
oxidation of copper(1) carbonylated moiety and the more 
anodic peak to the oxidation of copper(1) solvated moiety. 

Further information on electrode processes have been gained 
once again by dc voltammetry on solutions of 111' exhaustively 
oxidized at the potential of $0.5 V. As expected the resulting 
blue dicopper(I1) solution, which shows no carbonyl absorption 
band in its ir spectrum, is electroreduced in two successive 
steps schematically corresponding to the reduction of the di- 
copper centre from Cu"Cul' to CulCu' (El lz  -0.4 V) and 
from CulCu' to Cu"CuO (Ell* = - 1.0 V), respectively. The less 
cathodic response is difficult to analyze because of the presence 
of a maximum of the first kind. Under CO atmosphere (p = 1 
atm) this first step shifts anodically about 30 mV. The electro- 
lytic reduction ofthe electrogenerated blue dicopper(l1) species 
to dicopper(1) species at potentials varying from -0.35 V to 
-0.55 V, when performed under CO atmosphere, restores a 
pale green solution which displays a dc voltammogram identi- 
cal to that reported in Fig. 5.  In addition, the ir spectrum of this 
electrogenerated dicopper(1) species is coincident with that of 
the starting 111'. In cb~clusion the electrode behaviour of the 
dinuclear copper(1) carbonyl complex [C~?(tmen)~(pPhCO,)- 
(CO)(S)It can be best schematized: 

4, 
2 Cu" + 2L + PhCOz 

decarbonylated copper(I1) derivatives, which in the presence of 
Conclusions carbon monoxide can be quantitatively electroreduced to the 

The electron-transfer sequences in which I ,  11, and 111 may starting copper(1) aminocarbonyl complexes, indicating that no 
be involved have been studied in non-aqueous solvent. The irreversible change upon oxidation occurs in the skeleton of 
anodic oxidation of I ,  11, I11 gives rise to the corresponding molecules I ,  11, and 111. 
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ZANELLO AND LEON1 927 

A comparison between the electrode processes of  I and I1 
reveals that I is more easily oxidized to copper(I1) species and 
more easily reduced to copper(0) species than 11. It seems 
likely that the presence of the electron-donating methyl group 
in I favours the oxidation step,  a s  well a s  the presence of  a more 
flexible cavity,  increased i n s i z e ,  favours the reduction step. 

Finally it has to  be  underlined that the redox potentials of the 
copper(I)/copper(II) couples measured for I, 11, and I11 are 
high enough to  approach those of  the copper sites in common 
cuproproteins (3, 7). 

Experimental 
Materials 

[Cu(dien)(CO)]BPh4, [Cu(Medpt)(CO)]BPh,, and [ C ~ > ( t m e n ) ~ ( k -  
PhC02)(k-CO)]BPh4 were prepared as previously described (20, 21). 
[C~(dien)(DMSo)~] '+ and (C~(Medp t ) (DMS0)~1~+  were obtained as 
perchlorate salts by mixing in methanol equimolar amounts of 
C ~ ( C 1 0 ~ ) ~ . 6 H ~ 0  and the appropriate triamine in the presence of an 
excess of DMSO. The salts precipitated as blue microcrystalline solids 
and afforded satisfactory elemental analyses. 

Reagent grade DMSO (Carlo Erba) was dried with 0.3-nm mol- 
ecular sieves (Union Carbide). The supporting electrolyte tetraethyl- 
ammonium perchlorate [NEt41[CI04] (Carlo Erba) was dried in a vac- 
uum oven and used without further purification. Extra pure nitrogen 
was employed to remove oxygen from tested solutions. Carbon mon- 
oxide was passed through Oxy-Trap (Alltech Associates) to remove 
residual oxygen. 

Apparatus 
A PAR model 170 Electrochemistry System was used as polarizing 

unit; the recording devices were either a Houston instruments model 
2000 XY recorder or, for potential scan rates higher than 0.5 V s-I, 
a Hewlett-Packard model 1 123A storage oscilloscope. 

Cyclic voltammetric tests were performed in a three electrode cell 
having a platinum sphere working microelectrode surrounded by a 
platinum-spiral counter electrode. The potential of the working micro- 
electrode was probed by a Luggin -capillary reference electrode 
compartment. 

An electrode with periodical renewal of the diffusion layer 
(DLPRE) was obtained by moving the platinum electrode with a 
time-controlled knocker. 

Controlled potential co~~lometric tests were performed in an H- 
shaped cell with anodic and cathodic compartments separated by a 
sintered glass disk. The working macroelectrode was a platinum 
gauze. In these tests an Amel potentiostat model 551, with an 
associated Amel model 558 coulometer integrator, were used. 

Potential values refer to an aqueous saturated calomel reference 
electrode (sce). All experiments were carried out at 20 f 0. I°C. 

Infrared solution spectra were recorded on a Perkin-Elmer Model 
597 spectrophotometer in the wavenumber range 4000-400 cm- ' .  

Methods 
Cyclic voltammetric current-potential curves have been analysed 

as a function of the scan rate, v, on the basis of the anodic, or cathodic 
peak potential (E:, or E',), the difference between the peak potential 
value of a response and that of the reverse one ((E", EL) for an anodic 
process, or (EE - Ei)  for a cathodic process), the quotient of the peaks 
current of the reverse and the direct response ((i',/i", for an anodic 
process, or (iyi',) for a cathodic process), the quotient of the peak 
current of the response and the square root of the scan rate (i,/vl/'). 
Unless otherwise specified, peak potential values refer at a scan rate 
of 0.2 V s- ' .  Formal electrode potentials, E", for quasi-reversible 

charge transfer have been computed as the average of the anodic (or 
cathodic) peak potential and the directly associated cathodic (or an- 
odic) peak potential, under the usual assumption that the transfer 
coefficient a ranges between 0.3 and 0.7. 

In dc voltammetry the location of irreversible charge transfer 
processes is expressed by E l / > ;  for quasi-reversible process the E"' 
symbol has been used. 

The solubility of CO in dimethylsulphoxide at PCO = 1 atm has 
been taken as I. 1 X lo-' mol dm-3 (20 f 1°C) (22). 
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RAYMOND J. BATCHELOR, THOMAS BIRCHALL, and ROMOLO FAGGIANI. Can. J .  Chem. 63, 928 (1985). 
The X-ray crystal structure of di-p,-iodobis[bis(phenylphosphine)co~per(I)] has been determined: R, = 0.0460. The crystals 

were monoclinic, space group Cc, a = 10.625(2) A, b = 25.1 15(8) A, c = 1 1.361(2) A, P = 105.929(15)", fw = 821.28, 
and Z = 4. The molecular structure consists of two C U I ( C ~ H ~ P H ~ ) ~  units bridged via the iodines so that each copper achieves 
tetrahedral coordination. Nuclear magnetic resonance data provides evidence that the phenylphosphines remain coordinated in 
solution but undergo rapid exchange at room temperature. 

RAYMOND J. BATCHELOR, THOMAS BIRCHALL et ROMOLO FAGGIANI. Can. J. Chem. 63, 928 (1985). 
Faisant appel a la diffraction des rayons-X, on a determink la structure cristalline du di-p,-iodbbi~[bis(~h~nyl~hosphine)- 

cuivre(I)] jusqu'a une valeur de R, = 0,0460. Les cristaux sont monocliniques, groupe d'espace Cc,  a = 10,625(2), b = 
25,115(8) et c = 11,361(2) A, P = 105,929(15)", mm = 821,28 et Z = 4. La structure moleculaire comporte deux unites 
C U I ( C ~ H ~ P H ~ ) ~  qui sont relites par les iodes d'une fa~on telle que chaque atome de cuivre atteint une coordination tCtraCdrique. 
Sur la base des donnCes de la rmn, on peut affirmer que, en solution, les phCnylphosphines restent coordinnkes mais qu'elles 
subissent un Cchange rapide a la temptrature ambiante. 

[Traduit par le journal] 

Introduction phine, arsine) appeared to be potentially useful for investiga- 
Although basicity and donor ability are well known proper- tions concerning the relative importance of steric and electronic 

ties of trivalent compounds of the group 5 elements there has factors because a large number of X-ray crystallographic 
been relatively little investigation of the coordination chemistry studies have shown that the steric bulk of both the neutral 
of hydrides and organohydrides of these elements other than 
nitrogen. Presumably this is because the tertiary deriva- 
tives, especially the triphenyl compounds, are much easier 
to work with and much less susceptible to oxidation. While it 
is reasonable to expect that the coordination chemistry of 
primary and secondary phosphines will be very similar to 
that of tertiary derivatives potential differences do exist. For 
example, there is evidence for the dissociation of P-H bonds 
with resultant formation of phosphido complexes (1). Also it 
has been noted that the order of basicity for phosphines is 
tertiary > secondary > primary > pH3 (2). 

The coordinating ability of a phosphine, however, depends 
on features other than simple basicity. For example, the extent 
to which T-acidity of the ligand can contribute to the stability 
of the coordinative interaction has been the centre of much 
controversy (3). It is unlikely that T-back donation into d- 
orbitals of the ligand is significant for tertiary organophos- 
phines, but for PF, and for phosphites it is apparently important 
(4). Vibrational studies on the C-0 stretching frequency of a 
carbonyl group trans to a given phosphine ligand indicate that 
pH3 is intermediate in "T-accepting" ability between tertiary 
phosphines and phosphites (4). 

It has also been shown that, for tertiary phosphines, the steric 
bulk of the ligand appears to be the deciding factor in the 
stability of the coordinative interactions between these ligands 
and transition metals (5-7) although there appear to be excep- 
tions to this general rule (8). With much smaller phosphine 
ligands such as pH3 or the primary phosphines, steric inter- 
actions should be greatly reduced (cf. the cone angles: pH3 87", 
C6H6PH2 101°, P(C6H5), 145" ( 5 ) ) .  For complexes containing 
small ligands, electronic factors should assume increased 
relative importance. 

The systems (CuX),,,(L), (X = halide, L = amine, phos- 

'To whom all correspondence should be addressed. 

ligands and the halides have a tremendous influence on the 
degree of association and resulting structure of such complexes 
(9, 10). Spectroscopic characterization of these complexes 
has proven- to be somewhat problematic, however, and as a 
consequence of this they have been largely studied by X-ray 
crystallography (3, 10). 

In early vapour pressure studies (1 1, 12) it was concluded 
that cuprous halides could form complexes with pH3 in ratios 
of CuX . 2PH3 and CuX - pH3 but that these were unstable to 
loss of pH3. Much later, Abel et al. (13) studied the complexes 
formed between (C6H5)2PH and cuprous halides in the hope that 
vibrational and 'H nmr spectroscopy, with specific focus on 
the hydrogen bonded to phosphorus~,~would yield further infor- 
mation on the characterization of these kinds of con~plexes. 
These authors found complexes possessing most of the known 
stoichiometries for (CuX),,,(PR,),,, where mln = 113, 112,213, 
111. However, while nmr and infrared spectroscopies could 
differentiate between free and complexed (C6HJ2PH, these 
techniaues could not discriminate between the different stoi- 
chiometries and structures of the complexes. These studies 
appear to be the only previous investigations of cuprous halide 
complexes of non-tertiary phosphines. 

Here we report our results on the interaction of cuprous 
iodide with phenylphosphine and with phosphine. Nuclear 
magnetic resonance evidence is presented which indicates that 
complex formation takes place with both phenylphosphine and 
phosphine but only in the former case could solid complexes be 
isolated. One of these, CuI - 2C6H5PH2, has been subjected to 
analysis by single crystal X-ray diffraction and is shown to be 
dimeric, with bridging iodine atoms so that each copper 
achieves four coordination. 

Experimental 
Phosphorus-31 nmr spectra were recorded on a Bruker WH-90 

spectrometer. 
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BATCHELOR ET AL. 929 

TABLE I.  Crystal and diffraction data acquisition parameters for TABLE 2. Final atomic positional fractional coordinates X 10' and 
[ C U I ( C ~ H ~ P H Z ) ~ I ~  equivalent isotropic thermal parameters for the non-hydrogen atoms of 

[Cul(Cc,HsPHz)zIz 
Crystal parameters (at -65°C)" 

a = 10.625(2) Monoclinic Atom x Y 7 u,, (A2 x lo-')" 
b = 25.115(8) 4 Space group Cc  
c = 11.361(2) A Z = 4  
p = 105.929(15)" fw = 82 1.28 
V = 2914.6(12) A3 p, = 1.8716(9) g cm-' 
p(MoK,) = 38.5 cm-'  p,, = 1.8(l)  g ~ m - ' ~  
Conditions : hkl : h+k = 212, h01 : 1 = 2n 
Crystal dimensions : 0 . 3  x 0.3  x 0.2 mm' 

Intensity measurements 
Radiation MoK, (A = 0.7 1069 A; graphite 

monochromator) 
Scan mode 0 : 20 
Scan range (K,, - 1 .OO) to (K,? + 1 .OO) 
Scan ratesd 5.86 to 29.30' min-' 
Reflections measured ?h,k,*l 
Maximum 20 45" 
Standard reflectionst' 5 -5 0 (esd 2.93%) 

4 -8 1 (esd 1.53%) 

Details of refinementf 
Unique reflections 3820 (Friedel opposites not averaged) 
"Unobserved reflections" less than 3 u :  38 1, zero intensity : 36' 
R factors" RI  = 0.0460, Rz = 0.0593 
Weighting scheme w = [uFZ + 0.001741 F2]-I 
"Secondary extinction" F *  = F(I -2.9 X 10-'~'/sin 0) 
Final lshift/error 1 Maximum 0.090, average 0.006 
Highest peak' in final 

difference map 1.010 e A-' 
Lowest trough in final 

difference map -0.655 e A-' 
F(000) = 1583.9 

"15 reflections 20" < 20 < 30" were used to determine the cell constants 
using MoK,, radiation ( A  = 0.70926 A). 

'Neutral buoyancy in aqueous ZnBr?. 
'The crystal was a rectangular prism; the dimensions given are approximate; 

measurement of more precise crystal dimensions was unfortunately forestalled 
by decomposition and liquefaction of the crystal upon rewarming to room 
temperature after the acquisition of intensity data. 

"Dependent on the intensity of a preliminary count. 
'Measured after every 48 reflections; displayed no systematic deviations in 

intensity. 
/Data reduction, including Lorentz and polarization corrections, was per- 

formed using programs from the XRAY-76 package of crystallographic pro- 
grams (14). Absorption corrections were not applied (estimated maximum 
conceivable error in F is -35%). 

'Reflections of zero intensity were given a weight of zero in the refinement. 
h R ~  = x(I Fo 1 - IF, I)Ix(F,); R2 = [C(W(IF.I - 1 Fc ~)')/C(~VF~')]"~ 
'This peak occurs at (0.4035,0.4229,0.7104) which is l .OO A from I , .  The 

second most intense peak occurs at 1.09 A from I?.  

X-ray crystallography 
Crystals of CuI . 2C6H5PH,, suitable for single crystal X-ray anal- 

ysis, were obtained by recrystallization from ethanol containing 5% 
tetrahydrofuran. The structure was initially solved using a partial set 
of intensity data collected at ambient temperature using a Syntex- 
Nicolet P2, diffractometer. The atomic temperature factors deter- 
mined in this initial refinement were somewhat large, therefore a full 
data set was acquired at reduced temperature using an LT-I low 
temperature attachment. Details of the crystal and diffraction data 
parameters are summarised in Table 1. 

The symmetry and systematic absences of the weighted reciprocal 
lattice indicated that C2/c and Cc  were possible space groups for the 
crystal. The structure was solved by Patterson techniques and refined 
using the program SHELX 76 (14). The XRAY 76 package of pro- 
grams (15) was used to perform data reduction and to create the 

"Equivalent positions: 1,y.z; x + 112.y + 112,~; . r , j , z  + 1/2; x + 
1/2,1/2 - y,z + 112; U,, = (1/3)CC U,,a,*a,*a, . a,; U ,,,, for carbon atoms. 

8 I 

hCoordinates fixed arbitrarily to define the origin of the unit cell. 

ORTEP drawings of the structure. No solution to the Patterson map 
could be found in the centrosymmetric space group C2/c. Analysis of 
the normalized squared structure factors (E') gives an average value 
of I E' - 1 I of 0.82. A centrosymmetric structure would be expected 
to give a value of 0.97 and a non-centrosymmetric structure a value 
of 0.74 (14). 

The structural solution in the non-centrosymmetric space group Cc  
was fully refined for all non-hydrogen atoms and included anisotropic 
temperature factors for Cu, I, and P. The hydrogen atoms associated 
with the carbon atoms of the phenyl rings were not well defined in the 
difference map: these atoms were fixed at positions 0.95 A (16) from 
each carbon atom along a vector bisecting each C-C-C angle and 
in the plane defined by those atoms. Each hydrogen atom was assigned 
an isotropic temperature factor fixed at 1.5 times that of the carbon 
atom to which it was bonded. Because of these somewhat arbitrary 
constraints on the C-H groups, and as there is only passing interest 
in the phenyl groups themselves, no attempt was made to refine the 
carbon atoms anisotropically. The positions and temperature factors of 
the hydrogen atoms were recalculated after each cycle of refinement 
and were fixed at these new values for the subsequent cycle. The 
hydrogen atoms bonded to phosphorus could not be found in the 
electron difference map and were not included in the refinement. 

'The final positional parameters and equivalent isotropic tem- 
perature factors are given in Table 2. Anisotropic temperature factors 
for the heavy atoms are listed in Table 3.  The calculated and observed 
structure factors and a-values, selected least-squares planes and di- 
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FIG. 1. Packing of [ C U I ( C ~ H ~ P H ~ ) ~ ] ~  molecules in the unit cell. Stereoscopic ORTEP diagram showing the contents of one unit cell plus atoms 
to complete all four molecules and all phenylphosphine groups which protrude into the cell. 

TABLE 3. Anisotropic temperature fa5tors for the heavy atoms in 
[ C U I ( C ~ H ~ P H ~ ) ~ ] ~  (A2 X 

Atom UII Uzz u3 3 1/12 u13 u23 

hedral angles as well as positional coordinates and thermal parameters 
for the hydrogen atoms have been deposited on Supplementary Infor- 
mation and are available on request (Tables 5 ,  6, and 7 respectively).2 

Results and discussion 
Description of the structure 

The crystal consists of discrete molecular dimers, 
[{CUI(C~H~PH~)~}~],  separated by normal van der Waals dis- 
tances. Each molecule comprises one asymmetric unit of the 
structure. 

The packing of the molecules in the unit cell, shown in 
Fig. 1, is particularly interesting because it demonstrates how 
the packing of structurally symmetric molecules can cause 
those molecules to assume asymmetric conformations. The 
molecules of [{CUI(C~H~PH~)~}~]  pack so that three of the 
phenyl-groups, namely those bonded to P(1), P(3), and P(4), 
from each molecular unit are incorporated into infinite sliding 
stacks in which each ring is related to the ring three levels 
further along the stack by the c-centering operation. Therefore 
the axes ofthese "pseudo-graphitic" stacks are oriented parallel 
to the [I ,  1,0] and [I ,1,0] directions. Stacks possessing these 
two different orientations are related to each other by the c- 
glide plane. Two of the crystallographically unique rings in a 
given stack are very nearly parallel to one another. The dihedral 
angle between them is 4.8". The third ring is tilted somewhat 
with respect to the other two, giving dihedral angles of 20.6" 
and 21.4". This tilting of the ring bonded to P(1) arises because 

'Complete set of data is available, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Ont., Canada KIA 0S2. 

nG. 2. The [CUI(C~H~PH~),]~ molecule viewed towards the b,c 
face. 

the fourth crystallographically unique phenyl-ring, bonded to 
P(2) is situated between adjacent pseudo-graphitic stacks sepa- 
rated by unit translations along a and is in close contact with the 
former ring. This last phenyl ring is oriented approximately 
parallel to the axes of the neighbouring stacks and packs edge 
to edge with Cu212 rhombuses of adjacent molecules so that 
it is nearly coplanar with these latter fragments (Fig. 1). 
The dihedral angle between the plane of this ring and that of 
an adjacent Cu212 rhombus is 1 1  .OO. The structure, therefore, 
contains sets of infinite "ribbons" parallel to (1,1,0) and ( I , ]  ,0) 
consisting of alternating phenyl-rings and Cu212 rhombuses. 
These "ribbons" are sandwiched between the "sliding stacks" 
of phenyl-rings and thus represent another facet of the same 
packing condition which gives rise to the orientations of the 
stacks. The absence of significant voids in this structure sug- 
gests that it represents an optimum packing geometry. 

Molecular structure 
A diagram of an individual molecule is given in Fig. 2 and 

shows clearly the relative orientations of the phenyl-groups 
discussed above. There is a slight puckering of the Cu212 
rhombus indicated by a dihedral angle of 5" between planes 
I1 ,Cu 1 ,I2 and I1 ,Cu2,12. Such puckering is commonly ob- 
served in structures of this type (17) and is no doubt attributable 
to packing forces. The interatomic distances and bond angles 
are listed in Table 4. 
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BATCHELOR ET AL 

TABLE 4. Interatomic distances (A) and bond angles (deg) for 
[ C U I ( C ~ H ~ ' H ~ ) ~ I ~  

(a) Bond distances 

Bond Distance Bond Distance 

(b) Bond angles 

Bonds Angle 

77.50(4) 

102.36(5) 
110.2(1) 
110.60(9) 
104.26(9) 
1 13.00(9) 
115.5(1) 

118.1(3) 
120.5(4) 

121.5(9) 
119.6(7) 

122.4(8) 
1 18.5(9) 

119(1) 
116(1) 
121(2) 
122(2) 
120(2) 
122(1) 

1 19.2(9) 
119(1) 
122(1) 
122(1) 
117(1) 
122(1) 

Bonds Angle 

The dimeric molecule contains two pseudotetrahedrally co- compounds have been prepared which possess the same stoi- 
ordinated copper atoms bridged by two iodine atoms. The other chiometric ratio of ligand to metal halide and which probably 
coordination sites are occupied by the phosphorus atoms of the possess the same structure, no crystal structure has previously 
phenylphosphine ligands. This molecule may therefore be de- been reported for a simple "binary" dimeric complex of this 
scribed as a "normal" dimer in that it has the most commonly stoichiometric ratio of Cul to monodentate phosphine ligand, 
occurring geometries about halogen and copper found in cop- nor has any similar structure been reported in which the phos- 
per(1) halide - phosphine complexes. Although a number of phine ligands were not tertiary phosphines. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



932 CAN. J .  CHEM. 

Recently the structures of a series of dimeric molecules 
based on the Cu212 unit have been reported (10). The neutral 
ligands in all of these cases were nitrogen bases. Two related 
structures of mixed-ligand dimeric Cu212L4 complexes have 
been reported in which two neutral ligands are nitrogen bases 
and the other two coordinate via arsenic (18, 19). Two struc- 
tures have been published (17) which consist of molecules 
possessing the Cu212 core and phosphorus-coordinating neutral 
ligands. Neither of these, however, is a simple CuzIILJ com- 
plex. The one whose geometry most closely approaches that of 
the present structure is [{CUI[P(C~H~)~CH~]~)? SO?] which 
has the same structural geometry as [ { C U I ( C ~ H ~ P H ~ ) ~ ) ~ ]  except 
that it contains a molecule of SO2 which is weakly coordinated, 
via sulphur, to one of the bridging iodine atoms. The other 
complex is [ (CUI)~{P(C~H~)~)~]  in which one of the copper 
atoms is only pseudo-trigonally coordinated. Coordination 
of a fourth triphenylphosphine ligand in this molecule is 
thought to be prohibited as a consequence of the steric bulk of 
the triphenylphosphine ligands. The former compound con- 
taining P(C6H5)2CH3 ligands as well as the compound 
[{CuI(C6HSPH2)&], presented here, both demonstrate that the 
use of smaller phosphine ligands permits full tetrahedral coor- 
dination of the copper atoms. 

Various authors have concluded that the molecular structures 
of cuprous halide - tertiary phosphine complexes are the 
net results of electronic, steric and packing factors (6, 9, 
10, 17, 20). When the phosphine ligands and halide ions 
are large (e.g. P(C6H5), and I-) non-bonded intramolecular 
interactions are dominant in deciding the structural geometry 
and stoichiometry in concert with the metal-ligand and 
metal-halide bond distances which appear to be a function 
of the coordination number about the metal (9). The bond 
angles about copper and halogen appear to be quite variable 
and adopt values which presumably minimize steric inter- 
actions. In [{CUI(C~H~PH~)~)~] ,  as well as in other compounds 
possessing CuZ12 units, the geometry of this unit is apparently 
governed, to a large extent, by the minimum Gistance of 
mutual approach of the two iodine atoms (4.15 l(1) A for [{CuI- 
(C6H5PHZb2)2]; 4.109(1) ii for [{CUI[(C~H~)~CH,]~)~ . SO2]; 
4.302(1) A for [ (CUI)~{P(C~H~)~)~] .  Twice the accepted van der 
Waals radius of iodine is 4.30 A (21). 

Comparison with the nitrogen-donor adducts (10) shows 
that the change from phosphorus to nitrogen ligands is accom- 
panied by expansion of the intramolecular I .  . . I  separation and 
the I-Cu-I angles along with corresponding contraction of 
the Cu---Cu separation and Cu-I-Cu angles. This may be 
related to the fact that the N-Cu-N angles are smaller than 
the corresponding P-Cu-P angles. 

The Cu-Cu distance in [ { C U I ( C ~ H ~ P H ~ ) ~ ) ~ ]  is ?on-bonding 
(3.340(2) A). The distance in Cu metal is 2.56 A. However, 
separations of Cu atoms in similar compounds show a consid- 
erable range of values and can approach bonding distances. It 
has been postulated (22) that there may be a net "soft attractive" 
interaction between Cu atoms in such complexes rendering the 
structures relatively indifferent to the magnitude of the metal- 
metal separation. The result is that this distance is merely a 
consequence of the minimum halogen-halogen distance and 
normal Cu-X bond lengths. 

The CuI bond lengths, average = 2.665(18) A, are in the 
range normal!y found for tetrahedrally coordinated copper (I) 
(2.62-2.81 A) (10, 17, 20). There do not appear to be any 
identifiable trends in these bond lengths with the nature of the 
neutral ligand. The Cu-P distances, average = 2.247(5) A, 

are the same as those found with t~rtiary phosphines in similar 
structures, namely, 2.24 to 2.27 A (17, 20). The phenylphos- 
phine ligands display no unusual features in bond leng!hs or 
angles. The P-C bond lengths, average = 1.823(4) A, are 
normal for a phosphorus-carbon single bond. The phosphorus 
atoms deviate very little from the planes of their associated 
phenyl rings. Apparent deviations in the C-C bond distances 
from the expected 1.395 A, especially for those between meta 
and para carbon atoms, may result from systematic errors 
caused by rigid-body thermal motions. Specifically, wagging 
motions of the phenylphosphine groups may cause the C-C 
bond lengths furthest from the point of attachment of the ligand 
to the Cu atom to be systematically low (20). 

Nuclear magnetic resonance of cuprous iodide - phosphine 
solutions 

It has been demonstrated (6) that the steric bulk of a tertiary 
phosphine ligand is the dominant contributing factor to the 
dissociation of their complexes with cuprous halides in solu- 
tion. Complexes between cuprous halides and the much smaller 
primary phosphines or pH3 itself might reasonably be expected 
to be more stable since, in addition to their smaller cone angles 
(5), they have also been postulated to have greater T-acidity 
than tertiary phosphines (23). In fact a possible order of "com- 
plexing power" of P(II1) ligands has been suggested to be as 
follows: 

P(OR), > PF, > PH, > PR, > P(OPh), > PPh, = PBu', 

(4), though such a listing is of course somewhat arbitrary. 
Earlier workers (1 1, 12) found that adducts between PH, and 

cuprous halides are unstable to loss of pH3 under standard 
conditions. This suggests that ligand basicity is the dominant 
factor contributing to the energetics of the metal-phosphine 
interaction in the absence of steric effects.The relative basici- 
ties of pH3 and the phenylphosphines, as given by the pK, 
values of the conjugate phosphonium ions, are P(C6H5)3, pK;, = 

2.73; P(c6HS)?H, pK, = 0.03; P(C6H5)H2, pK, eSt. (- 1.7); 
pH3, pK, = - 14 (2). For compounds with Cu(1) it seems that 
T-back-donation into phosphorus d-orbitals is not sufficient to 
compensate for the weaker u-donor ability of PH, relative to 
the phenyl-substituted phosphines. This may be due, in part, to 
the dl0 filled-shell configuration of Cu(1). 

To confirm the earlier conclusions regarding the interaction 
between pH3 and Cul, solutions of pH3 and CuI in THF were 
prepared and examined by "P nmr. It was found that indeed a 
considerable excess of pH3 was required in the sealed nmr tubes 
in order to dissolve all of the cuprous iodide. 3'P nmr spectra 
of these solutions confirmed complex formation by revealing a 
complexation shift of approximately 20 ppm to low field and 
an increase in JpH from 187 Hz for free pH3 to approximately 
233 Hz in the solution. The existence of only one 3'P signal, an 
'H-coupled quartet, regardless of the exact composition of the 
solution indicated that as with other phosphines the complexes 
undergo rapid ligand exchange in solution at room temperature. 
Raman spectra of the solutions confirmed this. A sharp band at 
2307 cm-' ,  attributed to the P-H stretching vibration of free 
pH3, as well as a broader, possibly multiple, band centred at 
2344 cm-', attributed to bound pH3, were observed. Such an 
increase in P-H stretching frequency is in agreement with the 
observation that the P-H stretching frequency of (C6H5)?PH 
increases by about 33 to 41 cm-' upon coordination to copper 
(I) (13). The nmr and vibrational results are consistent with a 
strengthening of the P-H bond upon complexation. 
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BATCHELOR ET AL. 

When low-temperature 3 'P nmr spectra of the solutions were 
recorded, in an attempt to "freeze out" the ligand exchange 
process, a white solid precipitated and the time averaged "P 
nmr parameters shifted back towards those of free pH3. This 
process was observed to be reversible and possibly indicates 
that CuI-PH, complex formation is endothermic. Crystals of 
the precipitated solid were shown by X-ray diffraction to be 
cuprous iodide (24). 

The reaction of excess cuprous iodide with phenylphosphine 
in THF yielded a highly soluble product. The weight of un- 
reacted CuI suggested that the stoichiometry of the soluble 
product was approximately (CuI),, . C6H5PH1. The "P nmr 
spectrum of this solution consisted of a triplet at 6 = 

- 106.62(3) ppm having the spin-spin coupling 'JpM = 303(3) 
Hz. Below -70°C the "P resonance of the above solution 
broadens considerably; however, no new features were ob- 
served before the freezing point of the solution was reached. 
Since the observed room temperature chemical shift is to low 
field of that of free phenylphosphine by approximately 20 ppm 
and the P-H coupling constant is -100 Hz greater than that 
of free phenylphosphine, it must be concluded that these nmr 
parameters represent a coordinated ligand. Perhaps these li- 
gands undergo rapid exchange, at room temperature, between 
species of different geometry and degree of association as has 
been observed for tertiary phosphine adducts (7,25). Attempts 
were made to isolate crystals suitable for X-ray crystallogra- 

1 phic analysis from this solution, but although crystalline mate- 
rial was obtained we have not yet been able to characterise this 
product because of its tendency to decompose and release 
C6HsPH?. 

I 
I When two equivalents of phenylphosphine were allowed to 

react with cuprous iodide a crystalline-product was obtained 
after recrystallization from ethanol containing 5% THF. A THF 

I solution of the product yielded room temperature "P and I3C ' nmr sDectra which were essentiallv identical with those found 
for the previous solutions prepared using excess CuI. Upon 
cooling, however, the 31P nmr spectrum initially displayed 

1 some broadening of the observed triplet until below -90°C 
I further fine structure was resolved (Fig. 3). The low tempera- 

ture spectrum can be accounted for by postulating a " P - 3 1 ~  
spin-spin coupling between two phenylphosphine ligands 
bound to the same coppper atom. 

Although these two phosphorus atoms are chemically equiv- 
alent and thus have the same chemical shift, they are mag- 
netically inequivalent by virtue of the strong coupling to the 
protons directly bound to them. Figure 3 includes a simulated 
spectrum which represents the best fit to the observed peak 
positions assuming only coupling between directly bound phos- 
phorus and hydrogen ('JPbi = 299 Hz) and the two bond 
3'P-3'P coupling (*JPp = 107 HZ). The three bond "P-'H 
coupling was fixed at zero for this simulation. The changes in 
31P chemical shift and one-bond 3'P-'H coupling upon re- 
ducing the temperature were insignificant and no new reso- 
nances appeared. Therefore, it is apparent that at room tem- 
perature the bound phosphine ligands are being exchanged 
rapidly between different copper atoms. It is not possible to 
deduce whether this exchange is inter- or intramolecular. How- 
ever, since it is known that these kinds of complexes may 

FIG. 3. "P nmr spectrum of [ C U I ( C ~ H ~ P H ~ ) ~ ] ~  in the THF solution 
at -99°C; upper, actual spectrum; lower, simulated spectrum. 

undergo ligand dissociation in solution (26), it is quite possible 
that the exchange is intermolecular in nature. 'The species in 
solution at low temperature could have the dimeric structure 
found in the solid state. Dimeric species are known to exist in 
benzene solutions of CuCl and P(C6H5), or PCH3(C6H5)2 when 
the ligand to CuCl ratio is less than 3:  1 (26). However, for the 
THF solutions of [ C U I ( C ~ H ~ P H ~ ) ~ ]  the possibility that a THF 
solvent molecule assumes one coordination position, and thus 
breaks-up the dimers, cannot be ruled out. 
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High temperature potentiallpH diagrams for the chlorine-water system 
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BARBARA KOLODZIEJ and FATHI HABASHI. Can. J .  Chem. 63, 935 (1985). 
Thermodynamic evidence supports the view that the reaction 2 C1- + 2H+ + f 02+ Cl,(aq) + H20 takes place above 127°C 

at pH = 0. An increase in HCI concentration and/or oxygen partial pressure allow the reaction to proceed at lower temperature. 

BARBARA KOLODZIEJ et FATHI HABASHI. Can. J .  Chem. 63, 935 (1985). 
Des donntes thermodynamiques suggtrent que la rtaction 2CI- + 2H+ + toz + Clz(aq) + HzO peut se produire a une 

temptrature suptrieure i 127°C et i un pH de 0. Si la concentration de HCI et/ou la pression partielle d'oxygkne est augmentte, 
la rtaction peut se produire 6 des temptratures plus basses. 

[Traduit par le journal] 

During the aqueous oxidation of some sulfide minerals at 
high temperature and pressure, it was observed that the rate of 
reaction in HC1 solution is higher than that in H,SO, solution 
of the same normality, all other factors being the same (1 -4). 
This was explained to be due to the formation of chlorine 
according to the reaction 

2C1- + 2H' + $0' + CI2(aq) + HzO 

Aqueous chlorine is known to be a strong oxidant for sul- 
fides; that is why its formation would enhance the dissolution. 
'The present report is a thermodynamic analysis of the above 
reaction using E-pH diagrams prepared especially for elevated 
temperatures. 

Method of calculation 
PotentiallpH diagrams for the chlorine-water system can be 

derived for temperatures up to 1 50°C by a method based largely 
on the Criss and Cobble Entropy Correspondence Principle (5). 
For representing equilibrium conditions in aqueous solutions 
we utilized the work by Pourbaix (6) which contains diagrams 
at 25°C. For easy comparison of the diagrams presented in the 
paper with those provided by Pourbaix we use his system of 
numbering of reactions. 

The diagrams presented in this paper were constructed using 
the Correspondence Principle together with various other data 
from sources shown in Table 1. The reactions considered in the 
chlorine-water systems are shown in Table 2. All reactions 
were considered in the general form 

TABLE I. Thermodynamic data at 25'C 

Formula 
s:<)~ Kc 

(cal/mol deg) 

"Dissolved chlorine. 
"From Pourbaix (6). 
' From Latimer (7). 

TABLE 2. Chlorine-water system 

Reaction involving the stability of water 

[b] Oz(g) + 4H' + 4e- = 2Hz0(1) 

Two dissolved substances 

[3] 2CI- = Clz(aq) + 2e- 
[9] CI- + 4Hz0 = CIO, + 8H+ + 8e- 
[I51 Cl,(aq) + 8Hz0 = 2C10, + 1 6 ~ '  + 14e 

Two gaseous substances 

[25] 2HCl(g) = C12(g) + 2H+ + 2e 

One gaseous substance and one dissolved substance 

[3 I ]  HCl(g) = CI- + H+ 
so that the reduction potential at temperature T becomes [35] 2 ~ 1 - - =  Clz(g) + 2e- 

[41] Clz(g) + 8Hz0 = 2C10, + 16H+ + 14e- ,, RT aia.L+ 
[2] ET=ET+-In,, 

zF a ~ n ~ 2 0  
and 150°C was calculated from the equation with TI = 298 K, 

I t  the activity of water is assumed to be equal to unity, the term 
-log aH+ defined as pH, and with -0 7, 

[5] AGO,? = - (T, - T , ) A S O , ~  + (T2 - TI)ACp]T1 

it follows that using the G:,, and S,,, o values shown in Table 1 and heat 
capacity datTVshown Tables 3,  4. The ion heat-capacity 
functions have been presented by Criss and Cobble in the 
following form .., 

A change in free energy for each reaction at temperatures 90 
-0 7, 

[61 CpI2irx = a7? + bT2 s&X (absolute) 
' Present address: Institute of Inorganic Chemistry, Polytechnic 

University, WrocXaw, Poland. where a7, and b ,  are temperature dependent and s:,, (absolute) 
' Revision received October 16, 1984. is the entropy based on SO,+ = -5.0. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



936 CAN. 1. CHEM. VOL. 63. I985 

FIG. 1.  Potential-pH equilibrium diagram for the system 
chlorine-water at 298 K,  for solution containing 1 g-atom Cl/L. 

TABLE 3. Values of partial molar heat capaci- 
ties for some ions and non-ionic species 

- n 
Formula C,Z9x C,O];z C,"]::; 

"From Criss and Cobble (5). 
''From Helgeson (8). 
' From Kelley (9). 

4-0.2 

-0.L I I I -  
-2 -1 0 1 2 3 L 5 6 7 8 9 lb  1; 1; 1; 1; 1; 

pH 

FIG. 2. Potential-pH equilibrium diagram for the system 
chlorine-water at 363 K ,  for solutions containing 1 g-atom Cl/L. 

diagrams at various temperatures shows that an increase in 
temperature results in a considerable decrease in the reaction 
potentials denoted in Table 2 by [3], [25], [35]. Thus, with the 
increasing temperature the area of thermodynamical stability of 
gaseous chlorine in equilibrium with gaseous HC1 and C1- ions 
becomes enlarged and also the region of relative predominance 
of free chlorine Cl,(aq) contained in hydrochloric acid solution 
becomes enlarged. 

On the other hand, an increase in temperature results in an 
increase of the oxygen reduction potential 

which depends also on its partial pressure. By analyzing a 
possibility for reaction 2C1- = Cl?(aq) + 2e- (Table 4, reac- 
tion [3]) to occur, it was found on the grounds of the above 
mentioned relationships that at 25°C the potential of this reac- 
tion over the entire pH range lies above the reduction potential 

Results and conclusions of O2 to H 2 0  Only a slight potential difference for reaction 

The equations for various reactions in the C1-H20 system 2C1- = 2Cl(g) + 2e- (Table 4, reaction [35]), and for reduc- 

presented in Table 2 were used in the construction of the tion of oxygen of maximum 0.06 V for HC1 solutions at pH < 
potential/pH diagrams shown in Figs. 1, 2, 3, 4. 'The 1.2 might indicate the oxidation reaction of C1- to C12(g) to 

potential/pH equilibrium diagram for 25°C presented accord- occur. An increase in temperature up to 90°C favours the ox- 

ing to Pourbaix was supplemented with an expression related to idation reaction of C1- to C12(g). At this temperature the differ- 

equilibrium [3 11. ence in potentials between oxidation reaction of C1- ions to 

'The equation presenting equilibrium [31] (Table 2) allows C12(g) and reduction reaction of oxygen to H20 in HCl solution 

for the partial pressure of HCl over the aqueous 1 M, 3 M at pH < 2.2 is max. 0.17 V. On the other hand, for the course 

hydrochloric acid solution at 298, 363, and 423 K. Partial of reaction 

of HCl in aqueous hydrochloric acid solutions at [g] 2 ~ 1 -  + $0, + 2H' = ~ l ~ ( ~ ~ )  + H,O 
various concentrations and temperatures (10) are provided in 
Table 5. The diagrams presented in Figs. 1, 2, 3, 4 provide a the temperature of 90°C is still too low. Though for pH < 1.4 
suitable value of log p ~ , - ,  apart from the equilibrium line for the potential of oxidation reaction of C1- ions to C12(aq) is 
reaction [31]. In order to determine the effect of hydrochloric slightly higher than that for reduction of oxygen but in this pH 
acid concentration on the equilibria in question at 150°C also region, as shown by the diagram, one does not deal with the 
the potential/pH diagram for HCl was plotted (Fig. 4). HCI solution. Analysis of equilibria for the same reactions at 

Analysis of the equilibria presented in the potential/pH 150°C (Fig. 3) indicates that the course of oxidation reaction of 
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KOLODZIU AND HABASHI 

TABLE 4. Standard free energy AG" and equations relating ET, pH, and activity 

T AGO, 
Equation (K) (cal/mol) E,/pH relationships Volts/pH/activity 

[bl 298 - 113 380 E T =  1.229 - 0.059pH + 0.015 log Po, 
363 - 112 950 = 1.224 - 0.072pH + 0.018 log Po? 
423 -115540 = 1.209 - 0.084pH + 0.021 log Po2 

[31 
[CIZl;lq 

298 -64 398 ET = 1.395 + 0.0295 log -7 
[CI-1- 

[CIZlaq 
363 -61 036 = 1.320 + 0.0360 log 7 

[cl-1- 

[CIZIaq 
423 -53256 = 1.15 + 0.042 log - 

[CI-1' 

363 -248 746 
[ClO,l 

= 1.35 - 0.072pH + 0.009 log - 
Lc1-1 

423 -239 989 
[ClO,l 

= 1.30 - 0.084pH + 0.0 105 log - 
LC1-1 

[CIO,]' 
298 -446 7 14 E,- = 1.385 - 0.0675pH + 0.0042 log - 

[Cl21., 
[Cl0,l2 

363 -436 239 = 1.350 - 0.082pH + 0.0051 log - 
[CIZI,, 

[Cl0,l2 
423 -425 033 = 1.316 - 0.096pH + 0.006 log - 

[Clllaq 

PCI~[H+I' 
363 -51 829 = 0.986 - 0.072pH + 0.036 log - 

PHCI 

423 -48 624 
pc,?[H+12 

= 0.970 - 0.084pH + 0.042 log --- 
PHCI 

[311 298 -8 595 log [Cl-] = 6.30 + pH + log p ~ c l  
363 -6 351 log [Cl-] = 3.84 + pH + log pH,, 
423 -3 883 log [CI-] = 2.0 + pH + log p ~ c l  

363 -60 231 
PCl? 

= 1.30 + 0.036 log - 
[cl-l2 

423 -52516 
PC]. 

= 1.14 + 0.042 log - 
[Cl-l2 

[c10,]2 
363 -439 102 = 1.36 - 0.082pH + 0.0051 log - 

[Cl0,l2 
423 -427 41 1 = 1.32 - 0.096pH + 0.006 log - 

PC12 

Limits of the domains of relative predominance of the dissolved substances 

[3'1 298 ET = 1.395 - 0.0295 log C* 
CI-/C12(aq) 363 = 1.320 - 0.0360 log C 

423 = 1.15 - 0.042 log C 
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TABLE 4. (Cotzcluded) 

T AG: 
Equation (K) (cal/mol) ET/pH relationships Volts/pH/activity 

E r =  1.385 - 0.0675pH + 0.0042 log C 
= 1.350 - 0.082pH + 0.005 1 log C 
= 1.316 - 0.096pH + 0.006 log C 

Limits of the domains of relative predominance of the gaseous substances 
[25"]t 298 ET = 1.173 - 0.0295pH - 0.0295 log [Cl-] 
HCl(g)/ 363 = 1.124 - 0.036pH - 0.036 log [Cl-] 
C12(g),CI- 423 = 1.054 - 0.042pH - 0.042 log [Cl-] 

Solubility in g-atoms of chlorine per litre 
[35'I 298 E, = 1.359 - 0.0591 log C + 0.0295 log pcll 
CI-/CI2(g) 363 = 1.30 - 0.072 log C + 0.036 log 

423 = I . I4  - 0.084 log C + 0.042 log p,,, 

*Concentration C calculated in moles of dissolved substance per litre 
t The relation ET is explained in the Appendix. 

FIG. 3. Potential-pH equilibrium diagram for the system FIG. 4. Potential-pH equilibrium diagram for the system 
chlorine-water at 423 K, for solutions containing I g-atom CI/L. chlorine-water at 423 K, for solutions containing 3 g-atom CI/L. 

C1- ions to C12(aq) is thermodynamically justified. If the partial 
pressure of oxygen is 20 atm, the maximum difference of 
potentials for oxidation of Cl- and reduction of oxygen in HCI 
solution at pH < 1 is 0.1 V for the reaction whose product is 
C12(g) and 0.37 V for the reaction which yields Cl,(aq), re- 
spectively. An increase in the hydrochloric acid concentration 
up to 3 M causes that under the same conditions the maximum 
potential difference increases up to 0.14 V and 0.43 V ,  re- 
spectively (Fig. 4). In order to estimate the temperature 
at which the course of oxidation reaction of C1- ions to Cl,(aq) 
becomes thermodynamically justified the following procedure 
was applied. The ET potential of oxygen reduction was deter- 
mined at 25, 90, and 150°C, assuming Po, = 20 atm and pH 
of solution equals 0.  It amounts to 1.25,- 1.24, 1.24 V,  re- 
spectively. Because of such insignificant changes it was as- 

TABLE 5. Partial pressures (in atm) of HCI in aqueous 
hydrochloric acid solutions at various concentrations and 

temperatures 

Temperature (K) 

HCI 298 363 423 

-- 

"xtrapolated values (on the grounds of log pH,, = f(T)). 

sumed that its value does not depend on temperature and is 1.24 
V. Then the relation of ET versus temperature for oxidation 
reaction of Cl- ions to C12(aq) was determined. On this basis 
it was found that the ET potential of this reaction assumes the 
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KOLODZIU AND HABASHI 939 

value of 1.24 V at about 127°C. Thus one should infer that 
above this temperature the course of oxidation of the C1- ions 
to Cl,(aq) under oxygen pressure in HCI solution at pH = 0 is 
thermodynamically justified only at temperatures exceeding 
127°C. Similar considerations carried out for solutions with 
varying pH and, hence, at various HC1 concentrations indicate 
that an increase in HCI concentration allows this reaction to 
proceed at correspondingly lower temperatures. An increase in 
partial pressure of oxygen has a similar effect on the course of 
oxidation reaction of C1- ions to Clz(aq): the higher the partial 
pressure of oxygen, the lower the temperature at which this 
reaction can take place. 

Recent experimental work by Kiwi and Gratzel (1 1) has 
shown that chloride ion in acid medium can be oxidized in 
presence of solid catalysts. Thus, at pH = 1, and lo-" Me4+, 
a solution of M NaCl generates Cl? at the rate of 60 kM/L 
h in  presence of ruthenium oxide, RuOz.xHzO. In view of the 
thermodynamic calculations presented here, the formation of 
C1, during the aqueous oxidation of sulfide minerals in HCI 
medium seems plausible. 
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Appendix 
The equilibrium between the two gaseous substances HCl(g) 

and Cl,(g) should be referred to in the chlorine-water system 
under consideration which contains also the C1- ions derived 
from dissociation of aqueous hydrochloric acid solution. 
Hence, in order to determine the limits of the domain of relative 
predominance of HCl(g) and Cl?(g) in the presence of the C1- 
ions one should consider two reactions denoted by [25] and 
[31] in the Table 4. The equilibrium of reaction [25] is de- 
scribed by the Nernst equation: 

LI' 
p;,c, 

while that of reaction [31] by the equation 

log [Cl-] = log KT + pH + log p,,cl 

where KT = [CI-11 [H+]/pwcl 
The following combination of the above two relationships: 

-- 2.303RT log [Cl-] 2F  

yields an equation used for determination of the limits of the 
domains of relative predominance of the HCl(g) and Cl?(g) in 
the presence of the C1- ions. This equation is denoted by [25"] 
in Table 4 (according to the Pourbaix nomenclature) and is 
given for the respective temperatures 298, 363, and 423 K. 
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Synthesis of novel, highly reactive 
l-oxyl-2,2,6,6-tetramethyl-1,2,5,6-tetrahydropyridine derivatives 
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JOZSEF CSEKO, H .  OLGA HANKOVSZKY, and KALMAN HIDEG. Can. J .  Chem. 63, 940 (1985). 
New multipurpose spin labels and synthons can be synthesizcd from I-oxyl-2,2,6,6-tetramethyl-l,2,5,6-tetrahydro- 

pyridine-4-carboxylic acid (1). Either 1, its pentafluorophenylester (2). or acylcarbonate (3) (prepared from 1 with ethyl 
chloroformatc) can be reduced to I-oxyl-2,2,6,6-tetramethyl-4-hydroxymeth I ,2,5,6-tetrahydropyridine (4). The methane- 
sulfonate (6) and the bromo compound (7) are highly reactivc alkylating reagents due, in large part, to the allylic linkage in 
the nitroxide ring. Thc latter can be reacted with KSS02CH1 to givc methanethiolsulfonate (9). A novel side chain spin-labelled 
a-amino acid ester (11) is made by a phase-transfer alkylation of a Schiff basc with 7. Compound 11 can be coupled with the 
protected L-phenylalanine in the presencc of dicyclohcxylcarbodiimide (DCC) to producc the nitroxide dipeptide (12). 

JOZSEF CSEKO, H. OLGA HANKOVSZKY et KALMAN HIDEG. Can. J .  Chem. 63, 940 (1985). 
On peut synthttiser de nouveaux synthons et de nouveaux marqueurs de spin a usage multiple ii partir de I'acide oxyl-l 

tCtramCthyl-2,2,6,6 tttrahydro-I ,2,5.6 pyridinecarboxylique-4 (1). On peut rkduire soit le composC 1, soit son ester pen- 
tafluorophCnyle (2) ou son acylcarbonate (3) (que I'on peut prkparer ii partir de 1 par reaction avcc Ic chloroformate d'Cthyle) 
en oxyl-l tdtramCthy1-2,2,6,6 hydroxyrndthyl-4 tCtrahydro-1,2,5.6 pyridinc (4). Le mCthanesulfonate (6) ainsi que le dCrivC 
bromC (7) sont des reactifs alkylants trks rkactifs ii causc, en grandc partie, de la liaison allylique dans le cycle nitroxyde. On 
peut faire rCagir le dCrivC bromC avec le KSS02CH3 pour obtenir lc mCthanethiosulfonate 9. On a prCparC le nouvel ester 11 
d'un acidc a-aminC portant un marqueur de spin sur la chaine IatCrale cn cffectuant unc alkylation par transfert de phase d'une 
base de Schiff par le composC 7. Dans Ic but d'obtenir le nitroxyde dipeptide (12), on peut coupler Ic composC 11 avec une 
L-phinylalanine en prksence dc dicyclohexylcarbodiimide (DCC). 

[Traduit par le journal] 

Introduction 
Reactive functional groups attached to stable nitroxide free 

radicals have been used as spin labels for studying bio- 
molecules in recent decades (1). The most frequently used 
types of nitroxides are the pyrroline- the pyrrolidine-, and the 
piperidine-N-oxyls: 

Hsia and co-workers reported the synthesis of 1-oxyl-2,2,6,6- 
tetramethyl-l,2,5,6-tetrahydropyridine-4-carboxylic acid (1) 
(2). We wish to report the reduction of the acid 1 to the alcohol 
4 and the oxidation of 4 to the aldehyde 5. The corresponding 
pyrroline derivatives have proved to be highly reactive and 
versatile synthons (3). The tetrahydropyridine derivative has 
opened further opportunities for spin-labelling molecules of 
biological interest. 

Results and discussion 
The synthesis of the acid 1 was achieved by the method of 

Hsia and co-workers (2). The alcohol 4 can be obtained either 
directly from 1 with sodium bis(2-methoxyethoxy)aluminium 
hydride (SMEAH) in toluene, from the reduction of the active 
ester 2, or from the mixed anhydride ester 3 with sodium 
borohydride. The 4 can be oxidized to the unsaturated aldehyde 
5 with activated manganese dioxide. The conversion of 4 to the 
mesylate (6) can be carried out with methanesulfonyl choride 
in the presence of triethylamine (TEA). Compound 6 with 

' Author to whom correspondence may bc addressed. 

lithium bromide in acetone gives the bromo compound (7) in 
high yield. The bromo compound 7 shows high reactivity as 
observed in the corresponding pyrroline analogue (4), due to its 
allylic structure. The bromo compound 7 can be converted into 
the benzoate without allylic rearrangement because the same 
benzoate (8) can be obtained when the alcohol (4) is directly 
benzoylated with benzoyl chloride in pyridine. The methane- 
thiolsulfonate derivative (9) can be prepared from 7 with potas- 
sium methanethiolsulfonate, utilizing the method described 
earlier for the synthesis of the pyrroline analogue (5). The 
importance of this method lies in the fact that a-amino acid 
derivatives can be prepared which bear the nitroxide moiety in 
the side-chain having no other chiral centre in the molecule. 

The synthesis of a pyrroline a-amino acid (10) in our labora- 
tory has been described earlier (6). Two reviews deal with 
synthesis and spin-labelling of a-amino acids and peptides (7, 
8). We show here a synthesis of the new paramagnetic a-amino 
acid ester, 11, utilizing O'Donnell's method (9) applied in our 
earlier work which described the synthesis of 10. Amino ester 
11 can be acylated with L-N-trifluoroacetyl phenylalanine 
(TFA-Phe) in the presence of dicyclohexylcarbodiimide (DCC) 
in dry tetrahydrofuran to give 12 (Scheme I ) .  

The presence of an allylic system in the nitroxide ring con- 
fers a substantial increase in reactivity upon halide derivatives 
of those nitroxides relative to the saturated ring nitroxides. This 
is of great importance for synthetic applications where these 
niroxides are coupled to biologically important, but often 
heat-labile molecules such as drugs, hormones, and macro- 
molecules. 

A second important aspect of our paper concerns the orien- 
tation of the nitroxide in a derivatized molecule. We emphasize 
that the five- and six-membered rings result in quite different 
alignments of the N-0' bond of the nitroxide relative to a 
derivatized molecule. This can have a significant impact upon 
spectral analysis when a bound species is undergoing aniso- 
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COOH 

tropic motion, e.g. in a biological membrane. 'Thus, the avail- Experimental 
ability of allylic nitroxides for alkylation in addition to the Melting points were rncasurcd using a Boctius micro instrument and 
a,P-unsaturated for provides a are not corrcctcd. Thc ir spectra wcrc measured with a Zciss Specord 
needed versatility when synthesizing spin-labelled analogues 75 type instrument, The esr spectra were obtained from a 10 M 
which retain biological activity, and yields the best oppor- solution on a Zeiss ER9 spectrometer. A I I  the monoradicals exhibited 
tunities for interpretation of esr spectra. three equidistant lines with ( IN  = 14.8- 15.0G. Thc mass spectra wcrc 
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takcn in a Varian-MAT-SM-l instrument. mL). Thc organic phasc was dricd and cvaporatcd to dryncss. Thc 

I -0.v!~1-2.2.6.6-tc~trtr117c~tIr~./- 1.2,5.6-tetrtrlryrlr0~~~ri~Iit1t~-4-t~r1r110.vylit~ 
tlt.it1 / ~ c ~ t ~ t t ~ f 7 ~ l o r o / ~ / l c ~ t ~ y /  t,.stcJr ( 2 )  

To 21 stirrcd solution of carboxylic acid (1) (594 nig, 3 mmol) and 
pcntatluarophcnol (552 nig, 3 nlniol) in dry cthyl acctatc ( I 0  mL). a 
solution of DCC (619 mg. 3 mmol) in dry cthyl acctatc (3 mL) was 
addcd at 0°C. Thc mixturc was stirrcd 3 h at roorn tcmpcraturc. Thc 
tlicyclohcxylurca (DCU) was filtcrcd off, thc filtratc was cxtractcd 
with 5% s o d i ~ ~ m  hydrogcn carbonatc solution and with watcr. dricd 
ovcr anhydrous sodium sulf:~tc, and cvaporatcd to tlryncss. Thc purc 
ycllow cstcr (2) was crystallizcd from chloroform/cthcr, yicld: 820 
mg (75%); nlp 113- 114°C: ir (Nujol): 1745 (CO) cm I .  Atrtrl. calcd. 
for CI(,H15F5N03 (rnol. wt. 364.3): C 52.75. H 4.15. N 3.85; found: 
C 52.40, H 4.22, N 3.80. 

(Carborric rrc,irl- 1 -o.vyl-2,2,6,6-tr~trrrtirctl?\'I- /,2,5,6-tefrtrlr~rlro- 
/)~ritlinc-4-c~rrrI~o.ryIic~ trc~irl)corlryrlrirIt~ etlr!~l c,stt,r ( 3 )  

To a stirrcd solution of 1 (1.98 g. 10 nlrnol) in cthcr (20 mL) 
tricthylarninc (TEA) ( I  .21 g. 12 mmol) was addcd. thcn thc mixturc 
was coolcd to O°C, and undcr stirring a solution of cthyl chloroformatc 
(1.30 g, I2 mrnol) in cthcr (10 niL) was addcd dropwisc. Aftcr thc 
addition had bccn complctcd, stirring was continucd for 3 h at room 
tcrnpcraturc. TEA hydrochloride was filtcrcd off, thc filtratc was 
cvaporatcd, thcn thc rcsiduc was takcn up in hcxanc and kcpt in a 
rcfrigcrator. Thc crystals scparatcd gavc 3, yiclcl: 2.43 g (90%): mp 
43-44°C; ir (Nujol): 1805, 1730 (COOCOO) crn I :  ms, rtrlc~: M' 270 
(41 ). 196 ( 1  8). 182 ( 1  5). 168 (100). Atltrl. calcd. tbr CllH2oNO.< (mol. 
wt.270.3):C57.76.H7.46.N5.18:t'ound:C57.79,H7.32,N5.26. 

I -0.v~l-4-l?\;tlr(>.~y111t~fIryl-2 .2.6.6-tetrrrrtrctlr!.I- 1,2.5.6-t~trtrl7ytl,-o- 
/~yritlirre (4) 

MetIrotI A 
Thc activc acid dcrivativc ( 2  or 3) (10.0 mmol) was addcd to a 

stirrcd suspcnsion of sodium borohydridc (0.5 g) in cthanol (30 mL) 
at O°C, stirrcd for I h ,  thcn thc niixturc cvaporatcd to tlryncss. Watcr 
( I 0  niL) was addcd to tlic rcsiduc. cxtractctl with chloroform (3  X I0 
mL). thc organic phasc was dricd, and cvaporatcd to dryncss. Thc 
solid rcsiduc was crystallizcd from cthcrlhcxanc: yicld of 4 from 2: 
1.6 g (87%); from 3: 1.63 (89'Yo); mp 37-38°C; ir (Nujol): 3500-3 I00 
(OH) cni ' .  Arrctl. calcd. for ClllHIKNOZ (mol. wt. 184.3): C 65.19, 
H 9.84. N 7.60; found: C 65.39. H 9.70, N 7.89. 

Metlrotl 8 
A toluenc solution of sodiuni bis(2-nicthoxycthoxy)aluminium hy- 

tlridc ( 13.75 mL. 70%) was addcd dropwisc to a stirrctl suspcnsion of 
acid (1) (4.950 g, 25 rnmol) in dry tolucnc (300 niL). Thc solution was 
rcfluxcd for 2 h. Thc mixturc was thcn addcd dropwisc to a coolcd and 
stirrcd 5% aqucous solution of sodi~rm hydroxidc (125 mL). Thc 
tolucnc phasc was scparatcd. dricd, and cvaporatcd to dryncss. and thc 
orangc solid rcsiduc was crystallizcd from cthcrlhcxanc to givc 4. 
yicld: 2.73 g (59%); nip 36-37°C. Thc product is identical with 
compound 4 obtaincd by Mcthod A. 

1 -0.vyl-4:fi~rt~1~~1-2.2,6.6-tetrtrttrctl~yl- 1,2.5.6-t~h.trhyclrop~~ricIi11t~ (5) 
To a stirrcd solution of unsaturated alcohol (4) (1.84 g, 10 mrnol) 

in tctrachlororncthanc (30 rnL) was addcd activc niangancsc dioxidc 
(18 g); thc solution was rcfluxcd for 30 min, thcn t'iltcrcd, and thc 
filtratc was cvaporatcd to dryncss. Thc ycllow rcsiduc was rc- 
crystallizcd from hcxanc to givc purc aldchydc (S), yicld: 1.21 g 
(66%); mp 69-70°C; ir (Nujol): 1670 (CO) cm I :  ms, rn/e: Mi 182 
(371, 168 (30). 152 (100). Atrtrl. calcd. for CllIHl(,NO2 (mol. wt. 
182.3): C 65.90, H 8.85, N 7.69; found: C 66.01, H 8.88, N 7.61. 

1 -O,vyl-2.2,6,6-tc~trtrttrc.t/r~- 1,2.5.6-tetrtrl1yclropyritIi17t~-4-yI tnc.th?~l 
.v~rlfi)ntrt~ ( 6 )  

To a stirrcd solution of 4 (2.764 g. 15 rnmol) and TEA (1.670 g, 
16.5 mmol) in dichloromcthanc (25 11iL) at - 10°C, mcthancsulfonyl 
chloridc ( I  ,890 g. 16.5 mrnol) was addcd dropwisc. and stirrcd for 3 h 
at room tcmpcraturc. Thc mixturc was cxtractcd with watcr ( I 5  rnL) 
and washcd with a solution of 5% sodium hydrogcn carbonatc (20 

product was a dark rcd oil (6). yicltl: 3.55 g (90%:): ir (Film): 1160 
(OS02) cm I. Atrrrl. calcd. for CllH2,1N04S (mol. wt. 262.4): C 
50.36, H 7.68. N 5.34. S 12.23: found: C 50.04, H 7.70. N 5.01, S 
12.37. 

l - O . r ~ I - 4 - l 1 r o t t i o t t r t ~ t l r y I - 2 , 2 , 6 ~ t l 1 y / -  1.2..5,6-tt~trrrl1!~tIro- 
pyriditrt? (7) 

A solution of nicsylatc (6) (3.41 I g ,  13 mniol) and lithium broniidc 
(3.387 g,  39 ~nmol) in  dry acctonc (20 rnL) was rctluxcd for 30 min, 
dilutcd with watcr ( I 0  mL), and cxtractcd withcthcr (2 x 20 riiL). Thc 
cthcr phasc was dricd and cvaporatcd to dryncss. Thc rcsidual bromo 
compound (7) is a dark rcd oil. yicld: 2.67 g (83%): ir (film): 1620 
(C=C) c m  ' .  Atrtrl. calctl. for CloH17BrN0 (mol. wt. 247.2): C 
48.59, H 6.93, N 5.67, Br 32.33; found: C 48.47, H 6.80, N 5.5 1, 
Br 32.77. 

I -0.vy1-2.2.6,6-tc~trtrtt1t~tlr~l- /.2,5.6-tetrc111yrlr0~~y1~icIi1rt~-4-~l ttretli?~l 
l>c'tl~otlt~ (8)  

Method A 
To thc solution of 7 (247 mg. I niniol) in dry dimctliylformaniidc 

(3  mL) sodium bcnzoatc (173 mg. 1.2 mniol) was added. Thc rnixturc 
was hcatcd (60°C) for 3 h, dilutcd with watcr (5  niL). and cxtractcd 
with cthcr (3 x 10 mL). Thc organic phasc was washcd with watcr, 
dricd. ant1 cvaporatcd. Thc rcsidual8 is a rcd oil. yicld: 200 mg (69%); 
ir (film): 1720 (CO) cm I .  Atrol. calcd. for C17H22N0.3 (niol. wt. 
288.4): C 70.81, H 7.69, N 4.86; found: C 70.75, H 7.58, N 4.49. 

Metlzotl B 
To a stirrcd solution of 4 ( 1  84 mg. I .O mniol) in dry pyridinc, 

bcnzoylchloridc (154 mg. I .  I mrnol) was addcd dropwisc at S°C. Thc 
mixturc was allowcd to stand for 3 h. thcn pourcd into crushcd icc, 
and cxtractcd with cthcr (3 X I0 niL). Thc organic phasc was washcd 
with I N hydrochloric acitl, watcr, drictl. ant1 cvaporatcd to tlryncss 
to givc the 8 as an orangc oil. yicld: 220 nig (76%). Thc 8 was 
esscntially thc samc as obtaincd by Mcthod A. 

(1 -0.~1-2.2.6.6-tetrrrtnethyl- 1.2.5.6-tt~trrrl1~rlr0~~~~ritIi1~t~-4-rt1t~t1~~~1)- 
ttrc~tliatretlriolsulfi~~rtttt~ (9) 

A solution of bromomcthyl compound (7) (247 nig. 1.0 mmol) and 
potassium mcthancthiolsulfonatc (150 mg. 1.0 mmol) in dry cthanol 
(10 mL) was rctluxcd for 3 h .  thcn dilutcd with brinc ( I 0  niL), and 
cxtractctl with cthcr (3 X 10 mL). Thc cthcr phasc was dricd and 
cvaporatcd to dryncss. The purc 9 was crystallizcd from cthcr/hcxanc, 
yield: 160 rng (57%): mp 38-40°C; ir (Nujol): 1325 (SO2) cm I. 
Atlrrl. calcd. for CIIH2(,NOjSZ (mol. wt. 278.4): C 47.45. H 7.24. N 
5.04. S 23.03; found: C 47.35. H 7.14. N 5.08, S 23.29. 

EtIryl[2-ottritro-3-(l -o,v.vl-2 .2,6,6-tetrtr~trc~tl1~~1- 1.2.5,6-t~trctIrycl,o- 
p y r i t l - 4 - y l ) ] l ~ r o p i ~ ~ ~ t r ~ e  (11) 

A solution of sodium hydroxidc (2 N ,  1.2 mL, 2.4 mmol) was 
addcd to' a rncthylcnc chloridc solution (3 mL) of thc cthyl N -  
(diphcnylmcthylcnc)glycinatc (10) (267 nig. 1.0 nimol). tctra- 
butylammoniuni hydrogcn sulfatc (TBAH) (407 In&, 1.2 mniol). and 
7 (297 rng, 1.2 mmol) and stirrcd at room tcmpcraturc for 3 h. Thc 
organic phase was cvaporatcd, washcd with watcr. dricd. and cvapo- 
ratcd to dryncss. Thc rcsiduc was takcn up in cthcr (30 mL) and 
filtcrcd to removc quatcrnary bromidc. Thc filtratc was cvaporatcd to 
dryncss. Aqucous citric acid ( lo%, 2 nlL) was addcd to thc tct- 
rahydrofuran solution (2 mL) of thc alkylatcd Schiff's basc and stirrcd 
for I h. Thc rcaction mixturc was dilutcd with water (5  mL) and 
cxtractcd with chloroform (2 x 10 mL) to rcmovc thc bcnzophcnonc. 
The aqucous phasc was basificd wth a solution of 2 N sodiuni hydrox- 
ide to pH 8, cxtractcd with chloroform (3 X 10 mL), dricd, and 
cvaporatcd to dryness to givc 11 as a rcd oil. Tlic crudc compound was 
subjcctcd to preparative thin-laycr chromatography (tlc) (Mcrck, Kic- 
selgel 60; chloroform/McOH, 9 :  1). thc major band was clutcd with 
ethyl acctatc. Yicld: 130 mg (48%); ir (film): 3400-3200 (NHZ). 1730 
(CO) c m - ' ;  ms, rule: M' 269 (9). 255 (14). 239 (23), 102 (100). 
Arrnl. calcd. for CI,H7NZO2 (mol. wt. 269.4): C 62.43, H 9.36, N 
10.40; found: C 62.09, H 9.25, N 10.47. 
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N-Tr~fl~rorocrcefil-~-p/~e1lyI(1If111~~/-2-c11ni11o-3-(/ -o.~>~I-2,2,6,6-tetrc1- 
1 n e r / ~ ~ ~ l - / , 2 , 5 , 6 - t e t 1 ' ~ 1 I z y d r o ~ ~ ~ ~ r i ~ / - - y l )  ethyl propio~lrrte (12) 

. To a stirred solution of L-N-tritluoroacctylphcnylalaninc (262 mg, 
I .0 mniol) and 11 (269 mg. I .O mmol) in tctrahytlrofuran (5 mL) was 
added a solution of DCC (206 mg, I .0 ~nmol) in dry tetrahydrofuran 
(5 mL) at 0°C and stirred for 3 h at room tempcraturc. The di- 
cyclohexylurea (DCU) was filtcrccl off, and the filtrate evaporated to 
dryness. The residue was takcn up in cthylacetate (20 mL). washed 
with I N HCI at O°C, then with 5% sodium hydrogen carbonate and 
water, dried, and cvaporatcd to dryncss. Thc pure product (12) was 
obtaincd with preparative tlc (Merck, Kieselgel60; chloroform/cthcr. 
9 :  I ) .  Yield: 160 mg (3 1%); mp 57-59°C; ir (Nujol): 3400 (NH), 1730 
(CO) c m  I; ms, ~ n / e :  M' 5 12 (100). 482 (70), 346 (28). A11111. calcd. 
for C 2 5 H i l F ~ N ~ 0 ~  (mol. wt. 512.6): C 58.58, H 6.49, N 8.20; found: 
C 58.32. H 6.52, N 8.25. 
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COLLIN ET DESLAURlERS 

TABLEAU I. Photolyse du cis-hexkne-3 pur B 184,9 nm 

P 
(Torr) @CHdb C2H4 C2H6O C3HBU Butadikne-1,3 M3P1° Pentadiene-1,3 CH;' 

5,2 0,02 O,o& 0,44 0,053 0,40 0,062 0,015 0,765 
9,9 0,03 0,02, 0,385 0,04, 0,312 O,O& nm" 0,775 

19,8 0,03 0,014 0,255 0,052 0.166 0,066 0,007 0,622 
40,O 0,03 0,004 0, l  1 7  0,016 0,073 0,036 nm 028s 
60,2 0.03 0,003 0,084 0,012 0,036 0S"lx nm 0,227 
80,O 0,Ol 0,002 0,09, 0,013 0,026 0,03 10 0.004 0,266 
99,8 0,01 0,004 0.07, 0,010 0,019 0,0258 0,003 0,212 

"Le rendement quantique de ces produits se reduit zero en presence de 10% d'oxygtne. 
bLe rendement @(CH,) est inferieur a 0,005 en presence de 10% d'oxygtne. 
'Voir texte: relation [B]. 
"on mesure. 

11 1 0 I 

0 2 0 4 0 6 0 8 0 

Pression (Torr ) 

FIG. 1. Photolyse du cis-hexkne-3 B 147,O nm pure [O] ou en 
prCsence de 10% d'oxygkne (@, H). Inverse des rendements 
quantiques en fonction de la pression du monomere. 

0 2 0 4 0 6 0 8 0 
Pression (Torr) 

FIG. 2. Photolyse du cis-hexkne-3 B 147,O nrn en prCsence de 10% 
d'oxygkne. Inverse du rendement quantique de I'Cthylkne en fonction 
de la pression du monomkre. 

La photolyse du mPthyl-4-cis-pentkne-2 a 184,9 nm 
Le tableau 3 indique qu'i cette longueur d'onde 1'Cthane est 

le produit rnajeur en l'absence d'oxygkne et son rendernent 
decroit avec la pression. En presence d'oxygkne, le butadikne- 
1,3 et le pentadikne- 1,3, dont les rendernents sont sirnilaires, 
sont les produits rnajeurs. 

Enfin il faut signaler la formation de petites quantitCs de 
butkne- 1 (cas de I'hexkne-3) et de propene, rnCthyl-3-butkne- 1 
et penthe-2 (cas du rnCthyl-4-pentene-2) en prksence de 10% 
d'oxygkne. Le rendernent quantique du butkne- 1 dirninue de 
0,02 sous une pression de 2 Torr a 0,01 sous une pression de 
100 Torr. Celui du propkne est sirnilaire et ceux du rnCthyl- 
butkne et du pentkne sont toujours infkrieurs a 0,01 dans la 
rn&rne zone de pression. Ces produits sont probablernent 
forrnes par dtcornposition des radicaux C6H13 vibration- 
nellernent excitCs. Ces dernikrs sont le rCsultat de l'addition des 
atornes d'hydrogkne presents dans chacun des systkrnes sur la 
double liaison du rnonomere (7, 8). Ce mecanisme ne sera pas 
discutC plus loin. 

Discussion 
La photolyse du cis-hexkne-3 (H3) 

(a) A 147,O nm 
La photofragmentation du cis-hexkne-3 suit le rnCcanisme 

habitue1 dCja observC dans d'autres systkrnes (2, 3). Ainsi la 
rupture prCpondCrante a lieu sur la liaison C-C situCe en 
position p par rapport la double liaison. La rnolCcule Ctant 
syrnktrique, deux liaisons C-C sont ainsi placCes. 

[I] CH3CH2CH=CHCH2CH3 + h~ 

-t CH,CH2CH=CHCH2CH3** 

L'Cnergie du photon incident est de 81 1 kJ Einstein-'. A la 
tempkrature ordinaire, l'knergie vibrationnelle de la rnolCcule 
est voisine de 14 kJ rnol-I, de telle sorte que la rnolCcule 
photoexcitCe, M**, contient environ 825 kJ rnol-I. Ainsi, 
aprks rupture du lien P(C-C) il reste encore 530 kJ mol-' 2 
distribuer entre les deux fragments. Le radical a-ethallyle, 
pourvu que la distribution de cet excCdent soit convenable, a 
suffisamment d'Cnergie interne pour se fragmenter, a rnoins 
qu'une collision ne vienne lui en soustraire suffisarnrnent 
auquel cas il est stabilisC. Ce simple rnkcanisrne est du type 
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c i s -  C5 
/ 

0 -: -='- 

;>: - 0  
t r a n s - C 5  

O. 

0  2 0  4 0  6 0  
Pression (Torr) 

FIG. 3. Photolyse du mCthyl-4-cis-penttne-2 a 147,O nm pur (a) 
ou en prCsence de 10% d'oxygene ( 0 ,  0, 0). Inverse des 
rendements quantiques en fonction de la pression du rnonomkre. 

0  2 0  4  0  6 0  
Pression (Torr 

FIG. 4. Photolyse du rnCthyl-4-cis-penttne-2 a 147,O nrn pur (a) 
ou en presence de 10% d'oxygene ( 0 ) .  lnverse du rendement 
quantique de I'isoprkne en fonction de la pression du monombre. 

Stern-Volmer (10) et l'inverse du rendement quantique en 
butadikne-1,3 (B13) varie lineairement en fonction de la 
pression dans la chambre reactionnelle: 

[A] [@(B 13)]-' = [@,(B 13)]-'(1 + k,[M]/k,) 

La figure 1 montre la validitt de la relation [A], et l'inter- 
ception de la droite de Stern-Volmer a pression nulle donne la 
valeur maximum du rendement quantique en butadikne-1,3: 
@,(butadikne- 1,3) = 0,604. 

Le pentadikne-1,3 (cis + trans) a un comportement de type 
Stern-Volmer (fig. 1). Ce rendement est apprtciable: 
@,(pentadikne-l,3) = 0,145. Au moins deux routes peuvent 
&tre propostes pour leur formation. La premiere, et peut-&tre la 

TABLEAU 2. Photolyse du rnCthyl-4-cis-pentkne-2 pur a 147,O nrn. 
Rendements quantiques 

Pression (Torr) 

Produits 

MCthane 
AcCty lene 
Ethyltneb 
Ethane" 
Proptneb 
Propane 
Propyne 
Buthe- l 
Isobutane" 
Mtthyl-3-butyne-l (?) 
1soprtneb 
Methyl-2-pentane" 
DirnCthyl-2,4-pentkne-2" 
DirnCthyl-2,4-pentane" 
DimCthyl-2,3-pentane" 

"Le rendement quantique de ces produits est essentiellernent zero en 
prisence de 10% d'oxygtne. 

bLe rendernent quantique de ces produits est essentiellernent inchange en 
prisence de 10% d'oxygene. 

plus importante, sera mieux circonscrite plus loin: elle r t-  
clame l'isomtrisation du radical a-Cthallyle vers la structure 
symktrique a,y-dimtthallyle par transfert interne 1,4 d'un 
atome d'hydrogkne ( 1 1): 

[4] C H , C H ~ ~ H C H ? H ~ *  + CH~CHCHCHCH,* 

L'autre mtcanisme fait appel ?I la rupture primaire d'un lien 
C-H situt en position a par rapport B la double liaison: 

De la mCme manikre la rupture en a d'un lien C-C peut 
conduire la formation d'tthylkne (fig. 2) et aussi d'acttylkne 
et de butyne- 1 : 

Le rendement minimum du processus [8] peut-&tre obtenu 
soit par la valeur du rendement en tthylkne a pression nulle: 
Qo(C2H4) = 0,08 (fig. 2), soit par la somme des rendements en 
acttylkne et butyne-1: @(C2H2) + @(butyne-1) = 0,08 (voir 
rtsultats)! 

La rupture d'un lien a(C-C) est trks probablement plus 
facile que la rupture d'un lien a(C-H). En fait, ?I des tnergies 
similaires, la fragmentation d'un lien a(C-C) semble h peu 
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TABLEAU 3. Photolyse du mithyl-4-cis-pentene-2 pur a 184,9 nm. Rendements quantiques 

P 
(Tom) @CH4 C2H6" Proptne Propyne Butadiene- 1,3' Pentadiene- 1,3' Isobutane" @(CH;) 

"Le rendement quantique de ces produits s'annule en prksence de 10% d'oxygene. 
'Voir texte: relation [C]. 
'En prksence de 10% d'oxygene, les rendements de ces produits sont =30% plus ClevCs 
"Non mesurC. 

prks aussi facile que celle d'un lien P(C-H) (13, 14). Cette 1 0 3 ~ m - *  
remarque tend 2 montrer que la valeur (P([6]) est infkrieure 2 4  8 1 2  
celle de (P([8]), et la fragmentation en pentadikne-1,3 serait 

I I 1 I I I 

surtout le fait du mCcanisme impliquant I'isomCrisation du 
radical excitC a-ethallyle. 4 - 

Le bilan de la formation de tous les produits radicalaires est 
loin dYCtre complet. En particulier tous les produits de combi- 
naison des radicaux en C5 n'ont pas CtC mesurCs. On peut =: 
cependant, sans dCmonstration ClaborCe, indiquer que le ;" 2  .. 
mCcanisme ci-haut proposC est suffisant pour expliquer la 
formation' de mCthane, Cthane et de propane en I'absence 5 - 
d'oxygkne (voir rCsultats). A =  l 8 4 , 9  nm 

(b) A 184,9 nm 
Le mCcanisme discutC plus haut doit encore &tre valide. 

Cependant, 1'Cnergie du photon est maintenant de 644 kl 
Einstein-', on peut donc prCvoir des fragmentations second- 
aires moins importantes et meme, Cventuellement, une sta- 
bilisation par collision de la molCcule photoexcitte. Le tableau 
1 montre la formation prCpondCrante du butadikne-1,3, avec 
encore un peu de pentadikne-1,3, mais de fa~on relativement 
beaucoup moins importante. Tout se passe comme si la diminu- 
tion de 1'Cnergie interne du radical a-Cthallyle entraine une 
diminution de l'importance de I'isomCrisation et donc favorise 
sa stabilisation par collision. 

I1 faut ici relever la formation de mCthyl-3-pentkne-I. Celui- 
ci est tout probablement le rksultat de la combinaison des 
radicaux rnCthyles et a-Cthallyles: 

[ I  1 a] CH3 + C H ~ C H ~ ~ H ~ H C H ~  + H3 

[ I  1 b] CH3 + C H ~ C H ~ ~ H C H ~ H ~  + CH3CH2CH(CH3)CH=CH2 

(M3P1) 

Le rapport des constantes de vitesse des rCactions [ I  l a ]  et 
[I 1 b] n'est pas connu des auteurs. On peut cependant faire 
l'hypothbe que le rapport k l lo /k l lb  est le mCme que celui 
observt lorsque le radical Cthyle substitue le radical mCthyle: 
soit k l l o /k l l b  = 2,05 (15). On peut dks lors non seulement 
estimer le rendement des radicaux mkthyles, mais encore celui 
des radicaux mCthyles formCs dans le processus primaire [2], 
@(CH;), et ce a toute pression (tableau 1): 

[B] @(CH;) = 2@(C2H6) + @(C3HB) 

+ 3,05 @(M3P1) - @(B 13) 

En effet, 1'Cthane est form6 par la cornbinaison de deux 
radicaux mCthyles, le propane et le methyl-3-pentene-1 par 
celle d'un radical mCthyle et d'un autre radical Cthyle ou 

0  2  0  4 0  6 0  8 0  1 0 0  
Pression (Torr) 

FIG. 5.  Photolyse du cis-hexene-3 (0) et du mCthyl-4-cis-penthe- 
2 (0) purs a 184,9 nm. Inverse du rendement quantique de la for- 
mation du radical mCthyle primaire: formules [B] et [C]. L'incertitude 
expkrimentale est reprCsentCe par une barre verticale. 

a-Cthallyle. Cependant, la formation de butaditme-1,3 libCrant 
un second radical mCthyle, il y a lieu de soustraire cette for- 
mation pour ne mesurer que le rendement de radicaux mCthyles 
liCs au processus primaire [2]. Les rksultats de la relation 
[B] apparaissent dans le tableau 1. Traduits sous forme du 
mCcanisme de Stern-Volmer, et ce malgrC une incertitude 
expkrimentale importante, ils permettent de mesurer ce 
rendement a pression nulle: @,(CH;) = O,8l, (+ 10%) (fig. 5). 
Ainsi prks de 80% de la rnolCcule photoexcitCe se fragrnentent 
par rupture du lien P(C-C) a cette longueur d'onde. 

Les autres produits apparaissant dans le tableau 1 ne 
demandent pas d'autres explications que celles dCja avancees a 
I47,O nm. Tous ces rCsultats sont rassernblks dans le tableau 4. 
Ce dernier synthktise la photofragmentation de la molecule 
cis-hexkne-3 photoexcitCe. 

La photolyse du methyl-4-cis-pentkne-2 (M4cP2) 
(a) A 147,O nm 
A nouveau le mecanisme gCntral de photofragmentation 

s'applique. On s'attend donc obtenir principalement du 
pentadikne-1,3 (fig. 3): Qo (pentadikne-1,3) = 0,47. 
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TABLEAU 4. Photolyse du cis-hexkne-3. Fragmentation" 

147,O 184,9 nrn 

C6H12** + C H , C H ~ C H ~ H ~ H ~ *  + CH3 
CH2=CHCH=CH3 + CH, 

Total' 

"Les rendements quantiques des produits moliculaires sont obtenus par extrapolation a pression nulle, 
sauf cas indiquis. 

b@O(CH;): voir texte, relation [B]. 
'Rendements quantiques indtpendants de la pression: 2 < P < 100 Torr. 
"@(propane) = @(C2Hs): combinaison des radicaux mithyles et ithyles. 
'Le rendement total des riactions primaires de fragmentation est au moins tgal, sinon supirieur, aux 

valeurs indiquies puisque celles-ci sont, en partie, determinees par rapport aux rendements des rtactions 
secondaires de fragmentation. 

rtactions suivies des rtactions [5a] et [5b].  
11 faut tout de suite ajouter que le butadiene-1,3 prtsente lui 

aussi un comportement de type Stern-Volmer avec un 
rendement a pression nulle fort apprtciable: @,(butadikne- 1,3) 
= 0,16! Ici, la seule voie simple pour sa formation rtside dans 
I'isomCrisation du radical a,y-dimtthallyle vers la structure 
a-tthallyle. 

La fragmentation primaire d'une liaison C-C situte en 
position a par rapport a la double liaison conduit aux reactions 
suivantes: 

r6actions suivies ou en parallkles avec les rtactions de 
stabilisation habituelles. Les formations d'acttylkne et de pro- 
pkne sont aistment expliqutes. I1 faut ajouter que les produits 
moltculaires issus de la fragmentation de radicaux excitts 
vinyliques ont des rendements quantiques peu sensibles ii 
l'effet de pression. La formation d'isoprkne est un peu plus 
complexe (fig. 4). L'isomtrisation (transfert interne 1,3 d'une 
atome d'hydrogkne) du radical mtthyl-3-butknyl-l vers la 
structure a,a-dimtthallyle (16) est probablement assez facile 
ttant donnt la position tertlaire et allylique de l'atome 
d'hydrogkne d t p l a ~ t . ~  Finalement, les ruptures primaires de 
liens a(C-H) permettent d'expliquer les formations de 

'lei, il faut rnentionner que I'isorntrisation du radical mCthyl-3- 
butkne-l -yl-l vers la forme methyl-2-butkne-3-yl-1 a CtC obsewte 
(170) et que cette dcrnikre forrne sernble en Cquilibre avec le radical 
pentknc-4-yl-1 (17b). 

- 
0 .- 0 2 0 4 0 6 0 

Pression (Torr) 

nc. 6. Photolyse du rntthyl-4-cis-penthe-2. Variation du rapport 
@(C4H6-1 ,3)/[@(C4H6-1 ,3) + @(C5H8-1 ,3)] en fonction de la 
pression du rnonomkre en I'absence (H, a) ou en prtsence de 10% 
d'oxygkne (0, 0). 

propyne, pentadikne-2,3 et methyl-3-butyne-1 (tableau 2). 

[20] M4cP2** + H + C H ~ C H ( C H ~ ) C H = ~ C H ~ *  

[21] CH~CH(CH,)CH=~CH,* + i-C3H7 + CH,C=CH 

[22] M4cP2** + H + CH~CH(CH~)~=CHCH,*  

[23a] CH~CH(CH~)~=CHCH,* + CH, + CH,CH=C=CHCH, 

[23b] CH~CH(CH,)C=CHCH~* + CH,CH(CH,)C=CH + CH, 

Pour compltter ce mtcanisme, il faudrait aussi proposer 
les rtactions de ruptures primaires impliquant les liaisons 
P(C-H). Sans entrer dans le dttail, ces reactions pourraient 
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COLLIN ET DESLAURIERS 

TABLEAU 5.  Photofragmentation du mCthyl-4-cis-pentkne-2" 

147 ,O 184,9 nm 

"Les rendernents quantiques des produits rnol6culaires sont obtenus par extrapolation a pression 
nulle, sauf cas indiques. 

b @ ~ ( C H ; ) :  voir texte, relation [C]. 
'Rendements quantiques independants de la pression: 2 < P < 100 Torr. 
"Voir note e;  tableau 2. 

ajouter un peu de pentadiene- 1,3 et de mtthyl-3-pentadikne-1,3 
(ce dernier produit n'ayant pas tte mesurk). 

(b) A 184,9 nm 
Les rCsultats apparaissant dans le tableau 3 montrent encore 

la prCpondtrance du rendement en pentadiene: Qo(pentadikne- 
1,3) = 0,26. Cependant, par rapport aux rendements observes 
a 147,O nm, le rendement en butadikne-1,3 a gagnC de 
I'importance: Q0(butadikne-1,3) = 0,15,. Quant aux autres 
reactions de fragmentation primaires, elles ne sont gukre 
observables si ce n'est a travers la formation de quantitts 
mineures de propkne et de propyne. 

De la m&me manikre, les produits radicalaires (ceux dont la 
formation est inhibte par la prtsence d'oxygkne) permettent 
d'evaluer qualitativement la prtsence de radicaux mtthyles 
(formation de l'tthane) et isopropyles (formation d'isobutane). 
Malheureusement, la combinaison des radicaux mCthyles et 
a,?-dimtthallyles reforme le monomkre et celle impliquant les 
radicaux mtthyles et a-tthallyles n'ont pu &tre mesurCs. I1 est 
dks lors hasardeux de vouloir Ctablir le rendement quantique de 
formation des radicaux mCthyles issus de la rtaction de frag- 
mentation primaire, rtaction [13], puisque la relation suivante 
est incomplkte: 

[C] @(CH;) r 2@(C2H6) + @(iso-C3HIO) 

C e f t ~  relation donne une valeur minimum au rendement 
+([13]) : +([13]) r 0,60 et son extrapolation 2 pression nulle 
attribue une valeur @,,(CH;) = 0,79 (tableau 3 et fig. 5). 

L'isome'risation des radicaux a-e'thallyles et a,y-dime'- 
thallyles 

Le tableau 4 montre, 2 partir des rendements de produits 5 
pression nulle, que l'isom~risation (rtaction [4]) est impor- 
tante a 147,O nm puisque le rapport @,,(pentadikne-l,3)/- 
@,(butadikne-1,3) = 0,24 et negligeable a 184,9 nm. Par 
contre, tableau 5, le rapport similaire est netternent plus 
important a 184,9 nm dans le cas du mCthyl-pentkne: 
@,(butadikne-1 ,3)/@o(pentadikne-1 ,3) = 0,59 a cette longueur 
d'onde comparativement a 0,34 a 147,O nm (fig. 6). Cette 
dernikre observation est, au prime abord, en dCsaccord avec la 
diminution d'tnergie disponible lorsque la longueur d'onde 
croit entre 147,O et 184,9 nm. On peut cependant proposer une 
explication simple pour cet apparent dbaccord. On peut en 
effet admettre que, quelle que soit la longueur d'onde, le pro- 
cessus limitant n'est pas le processus primaire. En effet en 
tenant compte de 17Cnergie interne dispoiible a la tempkrature 
ordinaire, environ 658 kJ mol-' sont disponibles, c'est-a-dire 
beaucoup plus que les 295 kJ mol-' requis pour la rupture 
primaire. A 184,9 nm il ne reste donc qu'un maximum 
de 360 kJ mol-' pour la fragmentation secondaire ou pour 
I'isomCrisation. 

La fragmentation du radical a-Cthallyle (rCaction [3a]) 
implique la rupture d'un lien P(C-C) tandis que celle du 
radical a,?-dimtthallyle (rtaction [5a]) demande celle d'un 
lien P(C-H). Par consequent, on peut admettre que I'tnergie 
d'activation du processus [5a] est supCrieure a celle du 
processus [3a]. I1 s'ensuit que l'apparent tquilibre observe ici 
en faveur de la formation du butadiene-1,3 est gouvernC non 
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pas par l'tquilibre entre les deux formes radicalaires, mais 
plut8t par la facilitC relative de chacun des deux radicaux se 
fragmenter. La rtaction [5a] est plus endothermique que la 
rtaction [3a] de quelque 5 9  kJ mol-I. La rtaction [-3a] a une 
tnergie d'activation d'environ 9 a 15 kJ rnol-I tandis que celle 
de la rkaction [-5a] est d e  l'ordre de 5 kJ mol-' (1 8). En tenant 
compte des facteurs de friquence, encore a I'avantage d e  la 
rkaction [3a], cette difftrence est insuffisante pour faire en 
sorte que la constante d e  vitesse de la rtaction [5a]  soit aussi 
rapide que celle de la rtaction [3a]. 
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Utilization of thiocarbonyl transfer reagents. Preparation of thioamides, 
mercapto esters, and thiapyran derivatives' 

D A V I D  N.  HARPP,' J .  G A V I N  M A C D ~ N A L D ,  A N D  CHARLES LARSEN' 
Deportmerit ~f'CI~e~nI'str:\'. Mt.GI'II Urli~~er:vi!\'. Moritrctrl. P . Q . .  Cr~rlrrrltr H3A 2K6 

Reccived July 9. 1984 

DAVID N. HARPP.  J .  GAVIN MACDONALD. and CHARLES LARSEN. Can. J. Chem. 63, 951 (1985). 
Thc rcactian of I .  I '-thiocarbonyldiimidazolc and I .  I '-thiocarbonylbis( 1.2.4-triazolc) with scvcral aldonitranes has becn 

found to afford thioamidcs in good yicld. Scvcral I .  I '-thiacarbanylbisazolcs. which havc becn shown to undcrgo Dicls- Alder 
additions with dicnes to givc cyclic and bicyclic adducts. can bc furthcr convcrtcd to rncrcapto cstcrs. thiapyrans. and 
thiapyranoncs in good yicld. 

DAVID N. HARPP. J. GAVIN MACDONALD ct CHARLES LARSEN. Can. J. Chem. 63, 95 1 (1985). 
On a trouve que la rdaction du thiocarbonyl- I .  I '  diimidazolc ou du thiocarbonyl-I. I '  bis(triazale- 1.2.4) avcc plusieurs 

aldonitroncs conduit aux thioacetamides. avcc dc bons rcndcrncnts. I I  cst bien connu quc plusicurs thiacarbonyl-I, I '  bisazalcs 
peuvent subir dcs rdactions de Dicls-Alder, par additions de dikncs. pour conduirc i dcs adduits cycliqucs ct bicycliques; an 
demontrc quc I'on peut transformer ccs hdtdrocyclcs cn rncrcapto csters. thiapyranncs ct thiapyranes. avcc dc bons rcndcrnents. 

[Traduit par Ic journal] 

In recent years, heterocyclic thiocarbonyl transfer reagents 
(1) have found several important applications in the synthesis 
of new compounds (2). For instance, both 1, l  '-thiocarbonyldi- 
imidazole (1) and - 1,2,4-triazole (2) react with various nucleo- 
philes in a selective fashion, permitting the facile synthesis of 
unsymmetrically substituted thioureas and related compounds 
(3). They have also been used in a stereospecific olefin syn- 
thesis from 1,2-diols (4), and in the configurational assignment 
of olefins, diols, and epoxides (5). 

Our interest in utilizing thiocarbonyl transfer reagents in 
organic synthesis (5) is focused on the cycloaddition reactions 
of these systems with various nitrones and dienes. In this paper 
we wish to describe the preparation of thioamides (for a pre- 
liminary report, see ref. 6) from the reaction of aldonitrones 
with thiocarbonyl transfer reagents and to extend earlier work 
on the Diels- Alder adducts of these thiocarbonylazoles to the 
synthesis of thiapyrans, thiapyranones, and mercapto esters 
(7). 

Results and discussion 
Although there are several methods in the literature for the 

preparation of thiocarbonyl transfer reagents, we have found 
that the trimethylsilylazoles offered the greatest potential for 
the one-pot synthesis of 1 , l  '-thiocarbonylbisazoles in excellent 
yields (3). 

Treatment of a variety of nitrones (3) with 1,l '-thiocarbon- 
yldiimidazole (1) or triazole derivative (2) in refluxing benzene 
provides thioamides (4) in good overall isolated yield (Table 

'Organic Sulfur Chemistry. Part 48. For Part 47, see ref. 26. 
Author to whom correspondence may be addressed. 

Kemisk Laboratorium 11, H.C. Orsted Institutet, Copenhagen, 
Denmark. 

R 0- LN R 
\ + /  + \ PhH \ /H 
/C=N C=S - C-N 

H \R 
/ II \R 

rY S 

1). The formation of 4 can be postulated4 to arise by an initial 
1,3-dipolar cycloaddition of the nitrone followed by elimi- 
nation of 1, l  '-carbonyldiimidazole. 

It was found that treatment of 4,5,5-trimethyl-A'-pyrroline- 
1 -oxide (5) with 1 , l  '-thiocarbonyldiimidazole (1) in benzene at 
room temperature gave 4,5,5-trimethylpyrroline-2-thione (6 )  
in high yield. 

The solvent polarity did not have an appreciable effect as 
reaction with benzene, chlorobenzene, or ethyl acetate all gave 
the product in similar yield. The presence of a trace amount of 
pyridine in the reaction mixture cut the reaction time in half (8 
to 4 h) with no significant change in yield. It is likely that the 
base (B) assists in the elimination step (eq. [I]). 

4 ~ o  substantiate this, we found that benzonitrile oxide reacted with 
2 to give the cycloadduct as a stable, white, crystalline product (see 
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TABLE 1. Reaction of nitrones (RHC=~(O)R')  with 1 to 
give thioamides 

Isolated yield (%) 
Product R R' of thioamide 

Reaction of thiocarbonylazole (1) with ketonitrones 7a and 
7b in refluxing benzene gave no thioamide, with only starting 
material being recovered even after 3 days. Possibly some 
cycloadduct 8 is formed but there is no hydrogen on the ke- 
tonitrone carbon so the elimination step cannot take place as 
suggested for the aldonitrones in eq. [I]. The possibility that 
thioamide formation is light induced (8) was eliminated when 
6 was formed in a dark reaction. 

Examples of cycloaddition reactions between nitrones and 
thiocarbonyl compounds are not common (8, 9). Cyclic 
aldonitrones are reported to be converted to the related thio- 
lactams by refluxing in carbon disulfide (10); however, non- 
cyclic nitrones are instead isomerized by this method5 (1 I). 
Reaction of C-phenyl-N-methylnitrone (3a) with thiophosgene 
at room temperature in benzene gave only N-methylbenzamide, 
providing an interesting contrast with the related thio- 
carbonylazoles. 

In addition to nitrone cycloadditions, the Diels-Alder reac- 
tions of thiocarbonyl transfer reagents with reactive dienes can 
be of broad utility in the construction of functionalized ring 
systems (7). Accordingly, we examined the [4 + 21 cyclo- 
addition reaction of several thiocarbonylbisazoles with 2,3- 
dimethyl-1,3-butadiene (9a) and 1,4-diphenyl-1,3-butadiene 
(9b). 

90;  R', R4 = H; R', R' = CH3 10a 
96;  R', R' = Ph; R', RZ = H lob  

Treatment of 1,l '-thiocarbonylbis(l,2,4-triazole) (2) with 
2,3-dimethyl-l,3-butadiene (9a) in methylene chloride at room 
temperature for 10 h gave a nearly quantitative yield (98%) of 

Aldonitrones are known to rearrange to the isomeric arnides by 
treatment with a variety of reagents such as phosgene, SOz, PC13, and 
acetyl chloride. 

3,4-dimethyl-6,6-bis(1,2,4-triazol- 1 -yl)-5,6-dihydro-2H-thio- 
pyran (10a). Similarly, reaction of 1,4-diphenyl-l,3-butadiene 
(9b) with the thiocarbonylbisazole (2) in refluxing benzene 
gave the corresponding dihydrothiapyran (lob) in good yield. 
The cycloadducts of these thiocarbonylazoles are crystalline 
and moisture stable. This contrasts with the adducts formed by 
the parent thiophosgene (12), which tend to be unstable and 
must be stored in the cold. Interestingly, treatment of 2,3- 
dimethyl-l,3-butadiene (9a) with 1,l '-thiocarbonyldibenzotri- 
azole (11) in refluxing benzene for 8 h gave 3,4-dimethyl-6- 
(benzotriazol- 1 -yl)-2H-thiapyran (12). It is proposed that the 
cycloadduct is formed, which then eliminates one of the benzo- 
triazole groups under the reaction conditions. In contrast to 
this, we found that similar reaction of butadiene (9a) with 
1 , 1 '-thiocarbonyldibenzimidazole did not yield any product; 
only starting materials were isolated even after prolonged 
reflux. 

C H 3 w  PhH 
N ! D  

LI CH3-N 
C H ~ ~  CH,-' 

9a 12 

Several reviews of the Diels-Alder reaction involving thio- 
carbonyl dienophiles have been published (13) and illustrate 
that thiocarbonyl groups of all kinds are highly reactive as 
dienophiles, much more so than the corresponding carbonyl 
compound. Thioketones are effective dienophiles and add to 
most dienes in high yield at exceptionally low temperatures to 
afford stable adducts (14). The few reports on the regio- 
chemical selectivity of thioketone additions to unsymmetrical 
dienes indicate that mixtures are obtained (15). In situ thio- 
aldehydes also undergo Diels-Alder additions to dienes to 
yield stable thiapyran ring systems (7b, 16). 

The chemistry of cycloadducts 10a and lob has been in- 
vestigated. The behavior of 10a and lob under solvolytic con- 
ditions was found to be quite interesting. Refluxing dihydro- 
thiapyran 10a in dilute hydrochloric acid for 1 h provided 
3,4-dimethyl-3-hydro-2H-thiapyran-6-one (13) in high yield 
(80%). The structure of 13 was assigned on the basis of its 
physical and spectral data. 

The formation of the thiapyranone presumably proceeds by 
way of acid-catalyzed elimination of the triazole groups with 
subsequent formation of the more stable conjugated enone 
system. 

We have also observed that these dihydrothiapyran systems 
100 and lob, on treatment with cupric sulfate (0.5 equivalent) 
in a refluxing methanol-water mixture (4: 1) for 1 h, gave the 
corresponding thiapyrans (14) in high yield. 

Other cupric and cuprous salts (e.g. Cu' I and CuT1 C12) were 
also found to promote the elimination of one of the triazole 
groups under sinlilar conditions. The copper cation was dem- 
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OH R2q\ yJO 2% )@ > 

s \ 
+ c u s o 4  7 

R3 R$- R4 R3 R4 17 -H20 nTri 
Tri = C2H2N3 

10a; R ' ,  RJ = H; R', R '  = CH3 
lob;  R ' ,  RJ = Ph; R', R' = H 

onstrated to be the active agent, as only starting material was 
recovered when ammonium sulfate was used, even after pro- 
longed reflux. The copper ion is thought to complex with the 
triazole groups, thus assisting the elimination. While copper 
salts are well known to accelerate Diels-Alder additions (17), 
reports of copper-assisted eliminations do not appear to be 
common. 

Treatment of 3,4-dimethy1-6,6-bis(1,2,4-triazol-1-y1)-5,6- 
dihydro-2H-thiapyran (10a) or 2,s-diphenyl-6,6-bis(1,2,4-tri- 
azol-1-y1)-5,6-dihydro-2H-thiapyran ( lob) with methyl iodide 
in refluxing acetonitrile was also found to give the correspond- 
ing thiapyran (14a or 14b) in high yield. The structure of the 
products was unambiguously confirmed by their physical and 
spectral data. Methyl iodide is thought to alkylate one of the 
triazole groups and thus activating it towards elimination under 
the solvolysis conditions. 

Thiapyran (14a) was also formed in high yield (95%) when 
3,4-dimethyl-6,6-bis(1,2,4-triazol- 1-y1)-5,6-dihydro-2H-thia- 
pyran (10a) was heated at reflux in a methanol solution con- 
taining one equivalent of phenol; presumably, phenol promotes 
the elimination of a triazole group by acid catalysis. 

The solvolysis of these dihydrothiapyran systems in alco- 
I holic solvents was found to depend on the acid concentration as i well as the ratio of alcohol to water. Thus treatment of dihydro- 
/ thiapyran 10a in refluxing methanol with dry HC1 for 1 h gave 
I 
I the mercapto ester 15 in good yield6 (18). In contrast, similar ' reaction of the dihydrothiapyran 10a in a 10: 1 methanol- 

I 

CH3)3F: + HCI - 
CH3 cH30H cH3x CH3 

water mixture at reflux containing a small amount of acid gave 
a mixture of 3,4-dimethyl-6-(1,2,4-triazol-1-y1)-2H-thiapyran 
(14a, 80%) and 3,4-dimethyl-S-hydr0-2H-thiapyran-6-one 

10a 
HCI 

o c F L  + c . 3 ~ 0  

CH3 
S 

CH3 
14a 16a 

Ratio, 10:l 80% 10% 
4:l 60% 33% 

6Acyclic mercapto carboxylic acids have also been prepared by 
I lithium/ammonia reduction of 2-thiophenecarboxylic acid. 

(16a, 10%); this was easily separated by silica gel chro- 
matography. Increasing the water concentration to a 4 : 1 mix- 
ture of methanol-water was found to increase the yield of the 
thiapyranone (16a, 33%) at the expense of the thiapyran (14a, 
60%). As a working hypothesis, we propose that the mech- 
anism involves competition between elimination of the second 
triazole group and dehydration of the intermediate7 (17). Ear- 
lier studies also showed that product distribution was a function 
of alcohol used (7). 

We also investigated the chemistry of the bicycloadduct (18) 
obtained from reaction of 1,3-cyclohexadiene with 1,l '-thio- 
carbonyl-bis(l,2,4-triazole) 2. Treatment of 18 with an acidic 
methanol-water mixture (4: 1) under reflux for 1 h gave a 
mixture of 2-thiabicyclo[2,2,2]oct-5-ene-3-one (19, 56%) and 
methyl 4-mercapto-2-cyclohexenecarboxylate (7) (20, 38%); 
these compounds were easily separated and characterized. In 
contrast, only the mercapto ester 20 was isolated in good yield 
when 18 was treated with cupric sulfate (0.25 equivalent) in a 
refluxing methanol-water mixture for 1 h. The observed dif- 
ference in solvolysis between the bicyclic and cyclic systems is 
probably due to release of strain in the bicyclic case. 

We decided to further explore this copper-ion assisted sol- 
volysis for the preparation of pure thiapyrans. A sample of 
myrcene (21) was reacted with I ,  I '-thiocarbonylbis( 1,2,4-tri- 
azole) (2) in refluxing benzene for 1 h to provide a mixture of 
the two isomeric cycloadducts 220, b in high yield. Treatment 
of these dihydropyrans 22 with copper sulfate in a 4 :  1 
methanol-water mixture at reflux for I h gave only the corre- 
sponding thiapyrans 23' in good yield. It is interesting to note 
that similar treatment of 22 with an acidic methanol-water 
mixture (4: 1) gave both thiapyrans 23 and thiapyranones 24, as 
products. Thus, copper sulfate does appear to be a selective and 
general reagent for the preparation of thiapyrans from bis- 
triazole dihydrothiapyrans. 

In summary, we have found that thiocarbonyl transfer re- 
agents undergo ready cycloaddition with a variety of systems in 
synthetically useful yield. The cycloadducts of these reagents 
with dienes have been shown to undergo further reaction to 

'Thiapyran 14a was shown not to be a precursor of thiapyranone 
16a when a sample of 14a was refluxed in an acidic methanol-water 
mixture (4: 1) for 4 h to yield only recovered starting material. 

We qucstioncd whether thiapyran 23 might undergo internal 
Dicls-Alder cycloaddition. Heating a benzene solution of 23 in a 
scalcd tubc at 1800C failed to yield any internal cycloadducts cvcn 
after prolonged thermolysis; only slow decomposition was observed. 
Cycloaddition with maleic anhydride undcr similar conditions was 
also unsuccessful. This is likely due to thc non-planarity of the thi- 
apyran ring system. 
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S - Tri + 
Tri Tri Tr i 

give thiapyrans, thiapyranones, and mercapto esters under ap- 
propriate conditions. Further applications of the cycloaddition 
reactions of these compounds in organic sysnthesis are cur- 
rently under investigation. 

Experimental 
All melting points and boiling points arc uncorrcctcd. Elemental 

analyses were performed by Guclph Chemical Laboratories Ltd., 
Guclph. Ontario. The infrared spectra were dctcrmincd on a 
Perkin-Elmer 580 infrared spcctrophotomctcr. Thc proton magnetic 
resonance spcctra wcrc determined at 60 MHz with a Varian Associ- 
atcs T-60A spcctrometer. Mass spectra wcrc obtained on a Du Pont 
21-492B mass spectrometer. using a direct insertion probe. Apart 
from nitrones 3r1(19). S(20). and 7h(21) all thc othcrs werc casily 
prepared in high yicld (ca. 98%) from thc corresponding aldehyde or 
ketone with N-mcthylhydroxylaminc hydrochloride in the prcsencc of 
sodium acetate in ethanol at room tempcraturc. All gavc satisfactory 
physical and spectral data. 

Retrction of' C-~~11er~l-N-merhylr~itrorre (3a) wirh I .  I '-thiocar.hor~vl- 
diirnirl~rzole ( I )  

A mixturc of 0.90 g (6.6 mmol) of C-phcnyl-N-mcthylnitronc and 
1.18 g (6.6 mmol) of I .  l '-thiocarbonyldiimidazolc in 40 mL of dry 
benzene was heatcd at reflux under a nitrogen atmosphere for 8 h. Thc 
solvent was thcn removed under rcduccd pressure and thc crude resi- 
due subjcctcd to silica gl chromatography with a 50% cthyl acetate 
- hexane mixture as eluent. The major fraction isolated was a pale 
yellow crystallinc solid (0.75 g. 75%) whosc structure was assigncd 
as N-methylthiobcnzamide (4~1) on thc basis of the following data: mp 
7 9 4 0 ° C  (lit. (22) mp 79-80°C); ir (Nujol): 3300. 1590. 1350, 1230. 
1035. 1020. 992, 934. 914, and 765 cm ': nrnr (CDC13) 6: 3.22 (d, 
3H) and 7.7-7.2 (m. 6H); ms. m/e: 151 (M'). 136. 121, and 77. 
Anol. calcd. for CxHoNS: C 63.54. H 6.00. N 9.26: found: C 63.62, 
H 5.99. N 9.12. 

Reocrion of C-(2~fur~vl)-N-methylt~i1ro11c (3b) with I.  I '-thior.nrhor~vl- 
diirnid~lzole (1) 

A mixture of 0.50 g (3.9 mmol) of C-(2-furyl)-N-methylnitrone and 
0.69 g (3.9 mmol) of I .  1'-thiocarbonyldiimidazole in 40 mL of dry 
benzene was heated at reflux undcr a nitrogen atmosphere for 8 h. The 
solvent was then rcmovcd under rcduccd pressure and thc crude resi- 
due subjected to silica gel chromatography with a 50% ethyl acetate 
- hexane mixturc as eluent. The major fraction isolated was a pale 
yellow crystalline solid (0.38 g. 68%) whosc structure was assigncd 
as N-methyl-2-thiofuramide (4b) on the basis of the following data: 
mp 70-71°C (lit. (23) mp 71°C): ir (Nujol): 3220. 1580, 1510. 1330, 
1275. 1157, 1031. 1010. 955. 865. 825. 745, and 700 c m - ' :  nrnr 
(CDCI,) 6: 3.30 (d. 3H). 6.42 (m, IH), and 7.33 (m, 2H); ms, mle: 
141 (M'), 124. 1 I 1 .  100. Anal. calcd. for C,,H,NOS: C 51.04. H 
4.99, N 9.92; found: C 51.00. H 4.93. N 9.84. 

Reaction of C-cyclohexyl-N-methylnitrone (3c) with I ,  1 '-thio- 
carbonyldiimidazole (1) 

A mixture of 2.55 g (18 mmol) of C-cyclohexyl-N-methylnitrone 

and 3.19 g (1 8 mmol) of 1 ,  I '-thiocarbonyldi~midazole in 40 mL of dry 
benzene was heated at reflux under a nitrogen atmosphere for 8 h. The 
solvent was then removed under reduced pressure and the crude resi- 
due subjected to silica gel chromatography with a 50% ethyl acetate 
- hexane mixture as eluent. The major fraction isolated was a pale 
yellow crystalline solid (1.89 g, 67%) whose structure was assigned 
as N-methylthiocyclohexylamide (4c) on the basis of the following 
data: mp 66-67°C; ir (Nujol): 3300, 1535, 1335, 1290, 1205, 1 105, 
1020,975,884,843,804, and 7 14 em-'; nrnr (CDC13) 6: 1.3-2.0 (m, 
I IH) and 3.20 (d, 3H); ms, m/e: 157 (M'), 142, 124, and 102. Anal. 
calcd. for C8HISNS: C 61.09, H 9.61, N 8.90; found: C 60.93, H 
9.65, N 8.75. 

Reaction of C-phenyl-N-benzylnitrone (3d) with 1,I'-thiocarbonyl- 
diimidazole (1)  

A mixture of 2.38 g (17 mmol) of C-phenyl-N-benzylnitrone and 
3.0 g (17 mmol) I,  l '-thiocarbonyldiimidazole in 40 mL of dry ben- 
zene was heated at reflux under a nitrogen atmosphere for 8 h. 'The 
solvent was then removed under reduced pressure and the crude resi- 
due subjected to silica gel chromatography with a 60% ethyl acetate 
- hexane mixture as eluent. The major fraction isolated was a pale 
yellow crystalline solid (2.7 g, 70%) whose structure was assigned as 
N-(phenylmethy1ene)-benzenecarbothioamide (4d) on the basis of the 
following data: mp 82-83°C; ir (Nujol): 3300, 3075, 3060, 3025, 
1617, 1510, 1320, 1280, 1200, 1058, 1025, 916, 900, 760, and 740 
cm-'; nrnr (CDCI,) 6: 4.95 (d, 2H) and 7.0-7.8 (m, 10H); ms, m/e: 
227 (M'), 195, 165, 103, and 91; Anal. calcd. for Cl,Hl,NS: C 
73.97, H 5.76, N 6.16; found: C 74.02, H 5.70, N 6.1 I. 

Reaction of 4,5,5-trimethyl-A'-pyrroline-I -oxide (5) with I ,  I '-thio- 
carbonyldiimidazole (1) 

A mixture of 0.300 g (2.4 mmol) of 4,5,5-trimethyl-A1- 
pyrroline-I-oxide and 0.420 g (2.4 mmol) of 1,11-thiocarbonyl- 
diimidazole in 20 mL of dry benzene was stirred at room temperature 
under a nitrogen atmosphere for 8 h. The solvent was then removed 
under reduced pressure and the crude residue subjected to silica gel 
chromatography with a 10% ethyl acetate - hexane mixture as eluent. 
The major fraction isolated was a pale yellow crystalline solid (0.285 
g, 84%) whose structure was assigned as 4,5,5-trimethyl-pyrroline- 
2-thione (6) on the basis of the following data: mp 144- 145°C; nrnr 
(CDCI,) 6: I .OO (d, 3H), 1.15 (s, 3H), 1.30 (s, 3H), and 2.2-3.2 (m, 
3H); ms, m/e: 143 (M'), 128, 95, and 58. Anal. calcd. for ClH13NS: 
C 9.15, H 9.15, N 9.78; found: C 58.98, H 9.55, N 9.30. 

Reaction of I ,  1 'thiocarbonylbis(l,2,4-triazole) (2) with C-phenyl-N- 
methylnitrone (3a), C-(2-furyl)-N-methylnitrone (3b), and C- 
phenyl-N-benzylnitrone (3d) 

In a similar fashion to the above reactions, a mixture of 1.4 mmol 
of I, I '-thiocarbonylbis(l,2,4-triazole) and 1.4 mmol of the corre- 
sponding nitrone in 30 mL of dry benzene was stirred at room tem- 
perature under a nitrogen atmosphere for 8 h. Work-up was similar to 
that described with the imidazole experiments. The thioamides pro- 
duced were found to be identical in every respect to those obtained by 
the thiocarbonyldiimidazole route. The isolated yields were N- 
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methylthiobenzamide (4a), 62%; N-methyl-2-thiofuramide (4b), 
58%; and N-(pheny1methylene)-benzenecarbothioamide ( 4 4 ,  60%. 

Reaction of N-methyl-C-phenylnitrone (3a) with thiophosgene 
To a stirred solution of 0.30 g (2.2 mmol) N-methyl-C-phenyl- 

nitrone in 10 mL of dry benzene at room temperature was slowly 
added 0.25 g of thiophosgene in 5 mL of dry benzene. The thio- 
phosgene solution was observed to decolorize immediately on contact 
with the nitrone solution. The resultant mixture was stirred for 2 h, 
after which the solvent was removed under reduced pressure. The 
crude residue was subjected to silica gel chromatography with a 50% 
ethyl acetate - hexane mixture was eluent. The major fraction isolated 
was a colorless crystalline solid (0.22 g, 73%) whose structure was 
assigned as N-methylbenzamide on the basis of the following data and 
by comparison with an authentic sample: mp 77-78°C (lit (24) mp 
80-81°C); nrnr (CDCI,) 6: 3.00 (d, 3H), 6.8 (br s, IH), and 7.2-7.8 
(m, 5H); ms, m/e: 135 (M+), 105, and 77. 

Reaction of I ,  1 '-thiocarbonylbis(l,2,4-triazole) (2) with benzonitrile 
oxide 

To a stirred solution of 0.22 g (1.4 mmol) benzohydroximoyl chlor- 
ide (25) and 0.20 g ( I .  L mmol) of I, 1 '-thiocarbonylbis(l,2,4-triazole) 
in 20 mL of dry methylene chloride at O°C was slowly added 0.4 g of 
trimethylamine. After the mixture was stirred for 2 h it was filtered 
and the solvent was removed under reduced pressure. The resulting 
residue was purified by silica gel chromatography with a 50% ethyl 
acetate - hexane mixture to give 0.284 g (87%) of 5,5-bis(1,2,4- 
triazol- I-yl)-5-phenyl- l,4,2-oxathiazole: mp 120- 121°C; ir (Nujol): 
3090, 1280, 1190, 1130, 995, 840, 755, and 670 cm-I; nrnr (CDCI,) 
6: 7.3-7.6 (m, 5H), 8.12 (s, 2H), and 8.53 (s, 2H); ms, tn/e: 299 
(M'), 23 1, and 77. 

Reaction of 2,3-dimethyl-1,3-butadiene with 1,l'-thiocarbotiylbis- 
(1,2,4-triazole) (2) 

A mixture of 2 (1.8 g, 0.01 mol) and 0.8 g (0.01 mol) of 
2,3-dimethyl-l,3-butadiene in dry methylene chloride (35 mL) was 

, stirred at room temperature for 10 h. Removal of the solvent under 
reduced pressure gave faint pink crystals. The product was re- 
crystallized from benzene (or a mixture of benzene and cyclohexane) 
to give a nearly colorless product (2.6 g, 98%) with a melting point 
of 121- 122°C. The product was assigned the structure 3,4-dimethyl- 
6,6-bis(l,2,4-triazol-l-yl)-5,6-dihydro-2H-thiapyran 1Oa on the basis 
of the following data: ir (Nujol): 3100, 1340, 1260, 1175, 1124,990, 
932, 843, 760, and 635 cm-I; nrnr (CDC1,) 6: 1.76 (s, 6H), 3.25 (s, 
2H), 3.72 (s, 2H), 8.02 (s, 2H), and 8.58 (s, 2H); ms, m/e: 194, 193, 
178, 124, and 69. Anal. calcd. for cIIHl4NhS: C 50.35, H 5.38, N 
32.04; found: C 50.30, H 5.35, N 32.00. 

Reaction of 1,4-diphenyl-1.3-butadiene (9b) with I ,  1 '-thiocarbotzyl- 
bis(l,2,4-triazole) (2) 

A mixture of 1.80 g (0.01 mol) of 2 and 2.06 g (0.01 mol) of 
1,4-diphenyl- 1,3-butadiene (9b) in 40 mL of benzene was refluxed for 
12 h. Removal of the solvent under reduced pressure gave a pale 
brown crystalline solid. The product was recrystallized from benzene 
to yield 2.6 g (67%) of colorless product with a melting point of 
196- 197°C. The structure of the product was assigned as 2,5-diphen- 
yl-6,6-bis(l,2,4-triazol-l-yl)-5,6-dihydro-2H-thiapyran (lob) on the 
basis of the following data: ir (Nujol): 3100, 1340, 1270, 1176, 1125, 
980, 8 15,734, and 665 cm-I; nrnr (CDC1,) 6: 4.55 (d, IH), 5.40 (m, 
IH), 6.10 (m, 2H), 7.27 (s, 5H), 7.47 (s, 5H), 7.68 (s, 2H), 8.13 (s, 
IH), and 8.87 (s, 1H). Anal. calcd. for CZIHIHN6S: C 65.26, H 4.69, 
N 21.75; found: C 65.10, H 4.28, N 21.45. 

Reaction of 1,3-cyclohexadiene with I ,  1'-thiocarbotiylbis(l,2,4- 
triazole) (2) 

A mixture of 1.8 g (0.01 mol) of 2 and 0.8 g (0.01 mol) of 
1,3-cyclohexadiene was heated at reflux for 10 h. Removal of the 
solvent under reduced pressure gave an almost colorless product. The 
crude product was recrystallized from cyclohexane to give a colorless 
crystalline product (2.44 g, 94%) with a melting point of 113- 114°C. 
The structure of the product was assigned as 3,3-bis(l,2,4-triazol- 

I-yl)-2-thiabicyclo[2.2.2]oct-5-ene (18) on the basis of the following 
data: ir (Nujol): 3095, 1270, 1 175, 1 130, 1000, 940, 882, 830, 722, 
and 658 cm-I; nrnr (CDCI,) 6: 1.57 (m, 4H), 3.88 (m, IH), 4.53 (m, 
IH), 6.10 (m, IH), 6.65 (m, IH), 7.85 (s, IH), 7.93 (s, IH), 8.45 (s, 
IH), and 8.70 (s, 1H); ms, m/e: 260 (M+), 191, 122, and 69. Anal. 
calcd. for C I IHIZN~S:  C 50.75, H 4.65, N 32.29; found: C 50.65, H 
4.66, N 32.33. 

Reaction of 1 ,11-thiocarbonyldibetizotrir2zole (11) with 2,3-dimetl~yl- 
1,3-butadiene 

A mixture of 2.0 g (7.2 mmol) of 11 and 0.59 g (7.2 mmol) of 
2,3-dimethyl-l,3-butadiene in 30 mL of dry benzene was heated at 
reflux for 8 h. The solvent was then removed under reduced pressure 
and the crude residue subjected to silica gel chromatography with a 
50% ethyl acetate - hexane mixture as eluent. The major fraction 
isolated was a pale yellow crystalline solid (1.0 g, 60%) whose struc- 
ture was assigned as 3,4-dimethyl-6-(benzotriazol-l-y1)-2H-thiapyran 
(12) on the basis of the following data: mp 88-89°C; ir (Nujol): 1610, 
1590, 1530, 1285, 1214, 1 170, 1050, 1000, 970, and 860 cm-I; nrnr 
(CDCI,) 6: 1.94 (s, 6H), 3.52 (s, 2H), 6.50 (s, 1 H), and 7.2-8.0 (m, 
4H); ms, m/e: 243 (M+), 214, and 125. 

Recrc,tiotr of 3.4-dittieth~~l-6.6-his(l.2.4-tritr:ol- I -!I)-5, 6-tIiIi~eIro-2 H- 
tliitrpyrcrti (1Oa) i t~  elil~rte h~~droc.hloric. crc.id 

A suspcnsion of 0.2 g (0.76 mmol) of 100 in 15 mL of watcr 
containing 8 drops of conccntratcd HCI was hcatcd at rcflux for I h. 
The resultant clear ycllow solution was pourcd into 60 mL of cold 
watcr and thc mixturc cxtractcd with mcthylcnc chloridc (2 x 50 mL). 
The combined organic cxtracts wcrc washcd with watcr (100 mL). 
dricd (MgSO,). and the solvent removed under rcduccd pressure to 
yicld a yellow oil. The crudc residue was sub.jcctcd to silica gel 
chromatography with a 10% cthyl acctatc - hcxane mixturc as eluent. 
The major fraction isolated was a light yellow oil (87 mg. 80%) whosc 
structure was assigncd as 3.4-din1ethyl-3-hydro-2H-thiopyran-6-onc 
(13) on the basis of the following data: bp 60°C at 0.01 Torr 
(Kugelrohr) ( I  Torr = 133.3 Pa); ir (neat): 2970. 2930, 2880. 1644, 
1624. 1450. 1432, 1372. 1307. 1200. 1 176. 1 125. 1 100. 1024, 846. 
and 700 cm I; nmr (CDCI?) 6: 1.41 (d, 3H). 2.02 (s. 3H). 2.90 (m. 
2H). 3.62 (dd. IH, J = 12, 4 Hz). and 5.92 (br s. IH): ms. tn/e: 142 
(M+), 114, 99, and 67. 

Rrac,tioti 91 3,4-ditneth~~l-6,6-I,is(I .2.4-tritr:ol-l-~I)-S.6-dihytlro-2 H- 
thierpjlrcrtr (1Oa) \ritli c,rrpric s~rl/trte 

A suspension of 0.2 g (0.76 mmol) 3.4-dimethyl-6.6-bis(1,2,4-tri- 
azol-1-yl)-5.6-dihydro-2H-thiapyran and 0.1 g (0.40 mmol) cupric 
sulfate in 20 mL of a 4:  1 mixturc of methanol-water was heated at 
retlux for I h. The mixturc was then pourcd into 100 n1L of water and 
the solution extracted with CH,CIZ (2 X 20 mL). 'Thc combincd 
organic extracts were washed with watcr. dricd (MgSO,), and the 
solvcnt removed under reduced pressure to yield pale yellow crystals. 
The crudc product was subjected to silica gel chromatography with a 
50% cthyl acctatc - hcxanc mixturc as eluent. The nlajor fraction 
isolated was a white crystalline solid (0.12 g. 82%) whose structure 
was assigned as 3.4-din1ethyI-6-(1.2.4-triazol-I-yl)-2H-thiapyran 
(140) on the basis of the following data: mp 96-97°C; ir (Nujol): 
3100. 1620. 1580, 1415. 1292. 1270. 1210. 1145. 1100. 1000,952, 
900,875, and 830 cm I; nrnr (CDCI?) 6: 1.94 (br s, 6H). 3.46 (s, 2H), 
6.67 (s. IH), 8.01 (s. IH). and 8.42 (s, IH): ms. tn/e: 193 (M '), 178. 
124. and 91. 

Recrc,tioti of 2.S-drphe?1yl-6,6-his(l .2.4-tr1crze)I- I-?I)-5.6-tlihyelro-2H- 
thiapyran ( lob ) with t,uprit. sirlltrte 

A suspension of 0.6 g (1.55 mmol) of 1019 and 0.5 g (2.00 nlmol) 
cupric sulfate in 20 mL of a 4: 1 mixturc of methanol-water was 
heated at reflux for I h. The reaction mixturc was then pourcd into 100 
mL of water and the solution extracted with nicthylenc chloride (2 x 
20 mL). The combined organic cxtracts were washcd with water (I00 
mL), dricd (MgSO,), and the solvent removed under reduced pressure 
to yield a light yellow solid. Thc crudc product was easily purified by 
silica gel chromatography with a 20°? cthyl acetatc - hcxanc mixturc 
as eluent to give 0.42 g (85%) of a white crystalline solid. The 
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structure of the product was assigncd as 2.5-diphenyl-6-( 1.2.4-tri- 
azol-I-yl)-ZH-thiapyran (14b) on thc basis of the following data: mp 
121 - 122°C: ir (Nu,jol): 3108. 3058. 1620. 1594. 1486. 1400. 1352. 
1274, 1200. 1 124.990.942, 876. and 865 cni '; nmr (CDCI,) 6: 5.08 
(d. 1H.J  = 5 Hz) .6 .00(dd .2H.J  = 1 0 . 5 H z ) . 6 . h 6 ( d ,  1H.J  = 
10 Hz). 7.1-7.4 (m, IOH), 7.67 (s. IH). and 7.90 (s. IH): ms. tnle: 
317 ( M ' ) ,  249. 172. and 149. 

Reac,/iotr c?/' 3.4-rlirt1c~/h~l-h.6-bi.v(1 .2,4-/r.icrzol- 1 -!I)-> .6-rlil1j~rlr.o-2 H- 
/llin/?\.r.at~ (IOa) \tti/lr tne/lrj~l ioclide 
A mixture of 0. I0 g (0.4 mniol) o f  lOrr and 0.20 g ( 1.5 mmol) 

of ~ncthyl iodide in I0 niL of dry acetonitrile was hcatcd at reflux for 
I h. Thc solvent was, then removed under rcduced prcssure and the 
crudc residue subjected to silica gel chromatography with a 50% ethyl 
acetate - hexanc mixture as eluent. The major fraction isolated was a 
white erystalline solid (0.06 g. 82%) whose structure was assigned as 
3.4-dimethyl-6-(1.2.4-triazol-I-y1)-2H-thiapyran (14rr) as its physical 
and spcctral data were identical to a sample of 14cr obtained in the 
CuSO, reaction. 

first fraction isolated was a colorless crystalline solid (120 mg, 80%) 
whose structure was assigned as 3,4-dimethyl-6-(1,2,4-triazol-I-yl)- 
2H-thiapyran (14a) on the basis of thc following data: mp 96-97°C; 
ir (Nujol): 3100, 1620, 1580, 1415, 1292, 1270, 1210, 1145, 1100, 
1000, 952,900, 875, and 830 cm-'; nmr (CDC13) 6: 1.94 (br s, 6H), 
3.46 (s, 2H), 6.67 (s, IH), 8.0 1 (s, 1 H), and 8.42 (s, IH); ms, mle: 
193 (M'), 178, 124, and 91. 

The second fraction isolated was a colorless oil (10 mg, 10%) 
whose structure was assigned as 3.4-dimethyl-5-hydro-2H-thiopyran- 
6-one (160) on the basis of the following data: bp 68-70°C at 0.01 
Tom (Kugelrohr); ir (neat): 2910, 2855, 1672, 1430, 1213, 1141, 
1104, 1040, 903, and 742 cm-I; nmr (CDCI,) 6: 1.93 (s, 6H), 3.19 
(s, 2H), and 3.63 (s, 2H); ms, m/e: 142 (M+), 99, 82, and 67. 

(c) HCl in a 4 : 1 methanol-water mix/~~re 
The above experiment was repeated; however, this time a 4 :  1 

methanol-water mixture was used as solvent. Work-up as described 
gave 90 mg (60%) 3,4-dimethyl-6-(I ,2,4-triazol-I-yl)-2H-thiapyran 
(140) and 35 mg (33%) 3,4-dimethyl-5-hydro-2H-thiapyran-6-one 
(160). The physical and spectral properties were identical to those 

Reaction of 2,5-dipher1yl-6.6-bi.s(1,2,4-triazol-l-yl)-5,6-dihydro-2 H- described earlier. 
thiaPiran (lob) with methyl iodide 

A mixture of 0.5 g (1.3 mmol) of lob  and 0.5 g (3.5 mmol) of 
methyl iodide in 20 mL of dry acetonitrile was heated at reflux for 1 h. 
The solvent was then removed under reduced pressure and the crude 
residue subjected to silica gel ehrornatography with a 50% ethyl ace- 
tate - hexane mixture as eluent. The major fraction isolated was a 
white crystalline solid (0.3 g, 73%) whose structure was assigned as 
2,5-diphenyl-6-(l,2,4-triazol-I-yl)-2H-thiapyran (14b) on the basis 
of the following data: mp 121 - 122°C; ir (Nujol): 3080, 3057, 3022, 
1625, 1594, 1558, 1487, 1400, 1352, 1274, 1200, 1124, 980, 875, 
and 867 cm-I; nmr (CDC13) 6: 5.08 (d. IH, J = 5 Hz), 6.02 (dd, IH, 
J = 10, 5 Hz), 6.67 (d, IH, J = 10 Hz), 7.0-7.6 (m, IOH), 7.70 (s, 
IH), and 7.94 (s, IH); ms, m/e: 317 (M+), 249, 172, and 149. 

Reaction of 3,4-dimethyl-6,6-bis(l,2,4-trirrzol-l-yl)-5,6-dihydro-2 H- 
thiapyran (1Oa) with phenol 

A mixture of 0.2 g (0.7 mmol) of 10a and 0.07 g (0.7 mmol) of 
phenol in 20 mL of acetone was heated at reflux for 3 h. The solvent 
was then removed, under reduced pressure and the crude residue sub- 
jected to silica gel chromatography with a 50% ethyl acetate - hexane 
mixture as eluent. The major fraction isolated was assigned as 
3,4-dimethyl-6-(1,2,4-triazol-I-y1)-2H-thiapyran (14a) as its physical 
(including undepressed mixture rnp) and spectral data were identical 
to a sample of 14a obtained with the CuSOJ reaction. 

Acidic hydrolysis of 3,4-dirnethyl-6,6-bis(1,2,4-triazol-l-yl)-5,6- 
dihydro-2 H-thiapyran (1Oa) 

(a) HC1 in dry metlzanol 
Dry HCI was bubbled through a solution of 0.2 g (0.76 mmol) 1Oa 

in methanol (15 mL) at reflux for 40 min. Reflux was continued for 
an additional 60 min. The solvent was then removed under reduced 
pressure to yield a yellow oil. The crude product was easily purified 
by silica gel chromatography with a 10% ethyl acetate - hexane 
mixture as eluent. The eolorless oil (0.10 g, 76%) was assigned as 
methyl 3,4-dimethyl-5-mercapto-3-pentenecarboxylate (15) on the 
basis of the following data: ir (neat): 2950, 2861, 2540, 1720, 1460, 
1270, 1200, 1165, 1014, and 780 cm-I; nmr (CDC1-J 6: 1.60 (br s, 
IH), 1.95 (s, 6H), 3.00 (s, 2H), 3.50 (m, 2H), and 3.9 (s, 3H); ms, 
m/e: 174 (M+), 173, 159, 141, and 114. 

(b) HC1 in a 10: 1 methanol-water mixture 
A solution of 0.200 g (0.76 mmol) of 100 in 15 mL of a 10: 1 

methanol-water mixture containing 6 drops of concentrated hydro- 
chloric acid was heated at reflux for I h. The cooled solution was 
poured into 50 mL of water and the mixture extracted with methylene 
chloride (2 X 20 mL). The combined organic extracts were washed 
with water (50 mL), dried (MgSO,), and the solvent removed under 
reduced pressure. The crude residue was shown by tlc to contain two 
products-which were easily separated and prified by silica gel chro- 
matography with a 10% ethyl acetate - hexane mixture as eluent. The 

Acidic hydrolysis of 3,3-bis(l,2,4-triazol-l-yl)-2-thiabicyclo[2.2.2]- 
oct-5-ene (18) 

To a solution of 0.2 g (0.76 mmol) of 18 in 10 mL of a 4 :  1 mixture 
of methanol-water was added 3 drops concentrated HCI and the 
mixture heated at reflux for 3 h. The resultant solution was poured into 
60 mL of water and the mixture extracted with CHzCll (2 X 30 mL). 
The combined organic extracts were washed with water (50 mL), dried 
(MgSO,), and the solvent removed under reduced pressure. The crude 
residue was subjected to silica gel chromatography using a 10% ethyl 
acetate - hexane mixture as eluent. The first fraction isolated was a 
colorless oil (50 mg, 38%) whose structure was assigned as methyl 
4-mercapto-2-cyclohexenecarboxylate (20). The second fraction was 
a white crystalline solid (60 mg, 56%) whose structure was assigned 
as 2-thiabicyclo[2.2.2]oct-5-ene-3-one (19). Both these compounds 
were identified on the basis of their physical and spectral data: (20) ir 
(neat): 3030,2900,2725,2560, 1728, 1430, 1290, 1265, 1 195, 1 165, 
1030, 1014, 905, and 735 cm-'; nmr (CDC13) 6: 1.78 (d, IH), 2.02 
(m, 4H), 3.13 (m, IH), 3.75 (s, 3H), and 5.87 (m, 2H); ms, m/e: 172 
(M'), 139, 112, 108, and 79. (19) mp 73-74°C; ir (Nujol): 1680, 
1618, 1350, 1330, 1180, 1070, 1010, 905, 880, 835, and 805 cm-'; 
nmr (CDC13) 6: 2.0-2.6 (m, 4H), 3.98 (m, IH), 4.50 (m, IH), and 
6.4-7.2 (m, 2H); ms, m/e: 140, 80, and 79. 

Treatment of 3,3-bis(l,2,4-triazol-l-yl)-2-thiabicyclo[2.2.2]oct-5- 
ene (18) with cupric sulfnte 

A mixture of 100 mg (0.38 mmol) of 18 and 30 mg (0.12 mmol) 
of cupric sulfate in 20 mL of a 4 :  1 mixture of methanol-water was 
heated at reflux for I h. The cooled solution was poured into 50 mL 
of water and the mixture extracted with CHF12 (2 X 20 mL). The 
combined organic extracts were washed with water (100 mL), dried 
(MgSO,), and the solvent removed under reduced pressure. The crude 
residue was subjected to silica gel chromatography using a 10% ethyl 
acetate - hexane mixture as eluent. The major fraction isolated was a 
colorless liquid (62 mg, 93%) whose structure was assigned as methyl 
4-mercapto-2-cyclohexenecarboxylate (20) as its physical and spectral 
data were identical to those described earlier. 

Reaction ofmyrcene (21) with I ,  I '-thiocarbonylbis(l,2,4-triazole) (2) 
A mixture of 0.75 g (5.5 mmol) of myrcene and 1.0 g (5.5 mmol) 

of 1,l '-thiocarbonylbis(l,2,4-triazole) in 30 mL of dry benzene was 
heated at reflux under a nitrogen atmosphere for I h. On cooling, the 
solvent was removed under reduced pressure and the crude residue 
was subjected to silica gel chromatography with a 50% ethyl acetate 
- hexane mixture as eluent. The major fraction isolated was a colorless 
oil (7.5 g, 83%) which contained a l : l mixture of the two isomers 
6,6-bis( l,2,4-triazol- l -yl)-5,6-dihydro-3-(4-methyl-pent-3-enyl)-2H- 
thiapyran (22a) and its 4-(4-methyl-pent-3-enyl) isomer (22b) identi- 
fied on the basis of the following data: ir (neat): 3120, 2964, 2920, 
2850, 1500, 1380, 1355, 1280, 1200, 1180, 1135, 1005, 950, 880, 
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820, and 750 cm-'; nmr (CDC13) 6: 1.76 (br s, 6H), 2.20 (m, 4H), 
3.34 (m, 2H), 3.87 (m, 2H), 5.07 (m, IH), 5.66 (m, IH), 7.98 (s, 
2H), and 8.62 (s, 2H); ms, mle: 316 (M+), 248, and 136. 

Reaction of6,6-bis(1,2,4-triazol-1 -yl)-5,6-dihydro-3(and the 4 
isomer)-(4-methyl-pent-3-enyl)-2H-thiapyran (22) with cupric 
sulfate 

A mixture of 0.60 g (1.9 mmol) of 220, b and 0.16 g (0.66 mmol) 
of cupric sulfate in 10 mL of a 4: 1 methanol-water mixture was 
heated at reflux for 1 h. The cooled reaction mixture was poured into 
100 mL of water and the solution extracted with methylene chloride 
(2 X 50 mL). 'The combined organic extracts were washed with water 
(1 00 mL), dried (MgS04), and the solvent removed under reduced 
pressure. The crude residue was then subjected to silica gel chro- 
matography with a 50% ethyl acetate - hexane mixture as eluent. The 
major fraction isolated was a pale yellow crystalline solid (0.42 g, 
90%) which contained a I : I mixture of the two isomers, 4-(4-meth- 
yl-pent-3-enyl)-6-(l,2,4-triazol-I-yl)-2H-thiapyran (23b) and its 
3-(4-methyl-pent-3-enyl)- isomer (230). The structures were assigned 
on the basis of the following data: ir (Nujol) (22a + 22b): 3 120, 1645, 
1570, 1500, 1270, 1200, 1134, and 100 cm-'; nmr (CDCI,) 6: 1.80 
(s, 6H), 2.32(s, 4H), 3.58 (m, 2H), 5.17 (m, IH), 5.47 (m, IH), 6.68 
(s, IH), 8.02 (s, IH), and 8.46 (s, I H); (23a) 6: 1.70 (s, 6H), 2.38 
(s, 4H), 3.54 (m, 2H), 5.17 (m, l H), 5.98 (m, 2H), 8.02 (s, 1 H), and 
8.46 (s, IH); ms, mle (mixture): 247 (M+), 232, 204, 178, and 79. 

Acidic hydrolysis of6,6-bis(l,2,4-triazol-l-yl)-5,6-dihydo-3(ad the 
4 isomer)-4methyl-pent-3-eny1)-2H-thiapyran (22a, b) 

A solution of 0.86 g (2.7 mmol) of 22 in 30 mL of a 4: 1 mixture 
of methanol-water was heated at reflux for I h. The cooled solution 
was poured into 100 mL of water and the mixture extracted with 
CH2C12 (2 x 30 mL). The combined organic extracts were washed 
with water (I00 mL), dried (MgSO,), and the solvent removed under 
reduced pressure. The crude residue was subjected to silica gel chro- 
matography using a 50% ethyl acetate - hexane mixture as eluent. The 
first fraction isolated was a colorless oil (0.22 g, 41 %) whose structure 
was assigned as 5-hydro-3(and the 4-isomer)-(4-methyl-pent-3-eny1)- 
2H-thiapyran-6-one (24) on the basis of the following spectral data: ir 
(neat): 2950,2900, 1725, 1655, 1425, 1365, 1247, 1150, 1095, 1062, 
1028, 880, 820, and 745 cm-'; nmr (CDC13) 6: 1.73 (m, 12H), 2.25 
(m, 8H), 3.17 (br s, 4H), 3.63 (br s, 2H), 3.78 (br s, 2H), 5.17 (br 
s, 2H), 5.72 (m, IH), and 5.95 (m, 1H); ms, mle: 196 (M'), 168, 
136, 128, and 79. 

The second fraction isolated was a pale yellow crystalline solid 
(0.29 g, 43%) whose structure was assigned as 5-hydro-3(and the 
4-isomer)-(4-methyl-pent-3-enyl)-6-( 1.2.4-triazol-I-yl)-2H-thiapyran 
(23) on the basis of its spectral data and comparison with a sample 
reported earlier in the experimental section. 
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Stereochimie des complexes du chlorure d'iode avec les bases carbonylees 
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MICHEL BERTHELOT, MARYVONNE HELBERT et CHRISTIAN LAURENCE. Can. J .  Chem. 63, 958 (1985). 
Le dCdoublement des bandes v(l-CI) et v(C=O) des complexes du chlorure d'iode avec des bases carbonylees en solution 

trks diluCe dans I'heptane a C t t  attribuC a I'existence de deux complexes I : I stCrCoisorneres: un complexe IinCaire (ICI dans 
I'axe de la liaison carbonyle) et un complexe angulaire (ICI dans la direction d'une paire libre de I'oxygkne). Dans les sCries 
RCOOEt, RCOPh, RCOt-Bu, RrCO, RCONPhz et RCONMez ou R = Me, Et, i-Pr ou t-Bu, on passe progressivement du 
complexe angulaire pour R = Me au complexe IinCaire pour R = t-Bu car la presence de substituants encombrants sur le groupe 
carbonyle dtstabilise le complexe angulaire. Dans les series RCOH et RCOMe Ic complexe est angulaire quel que soit I'effet 
stCrique de R car 1C1 se fixe sur la paire libre proche de H ou Me, substituants non encombrants. En prCsence d'un excks de 
1CI un cornplexe 1 : 2 apparait. 

MICHEL BERTHELOT, MARYVONNE HELBERT, and CHRISTIAN LAURENCE. Can. J .  Chem. 63, 958 (1985). 
The splitting of the v(1-C1) and v(C=O) bands of ICI complexes with carbonyl bases in highly diluted heptane solutions 

is explained by the existence of two 1 : I stereoisomeric complexes: a linear complex (ICI along the axis of the carbonyl bond) 
and an angular complex (IC1 in the direction of a lone pair). In the series RCOOEt, RCOPh, RCOt-Bu, R2C0, RCONPhr, 
and RCONMe2, where R = Me, Et, i-Pr, or I-Bu, the angular complex for R = Me transforms into the linear complex for 
R = t-Bu, since bulky substituents on the carbonyl group destabilize the angular arrangement. In the series RCOH and RCOMe 
the complex is angular whatever the steric effect of R, since 1CI is located on thc lone pair near the small H or Me substituents. 
When ICI is added in excess, a 1 : 2  complex appears. 

Introduction 
Dans un article prCcCdent ( I )  nous avons mis en Cvidence R I R1 I R1 I 

/"I 

deux complexes sterCoisomeres (a) et (b) lors de la formation 
\ 

C=O ... I-C1 
\ \ 

d'une liaisor~ hydrogkne sur le groupe carbonyle a partir du R ~ /  R2/'="' R2/'=" 'I 
dkdoublement d e  la vibration de valence v(XH. . .). Dans le 
complexe (a) la gComCtrie est determinee par une optimisation (a) (b) (c) 

\c I 

d e  l'interaction electrostatique et dans le complexe (b) par 
une optimisation d e  I'interaction covalente. L'Cnergie d e  repul- 
sion dCpend de I'encombrement sterique du donneur de 
proton et des substituants R '  et R2 et est minimum dans la 
configuration (a). 

I1 est intCressant de savoir si d'autres acides d e  Lewis que 
les donneurs de proton prCsentent cette stCreoisomCrie d e  
complexation en solution. Parmi les acides d e  Lewis d'encom- 
brement et de caractkre Clectrostatique/covalent differents 
d e  ceux des donneurs d e  proton, le chlorure d'iode a CtC 
choisi dans ce travail car sa vibration de valence v(I-C1) 
(a 375,6 cm- '  dans l'heptane) s'abaisse forternent par com- 
plexation avec des bases d e  Lewis (2-6) et  il donne des 
complexes suffisamment forts avec les bases carbonylCesZ 
pour provoquer Cgalement un abaissement important d e  la 
vibration v(C=O) (7). 

En confrontant les rCsultats obtenus par 1'Ctude simultanee 
des vibrateurs v(C=O) et v(I-C1) il est alors possible d e  
mettre en Cvidence trois types de complexes (a), (b) et (c) dans 
les solutions d'lC1 et d e  base carbonylee dans l'heptane. 

Partie experimentale 
Produits 

La purification et la desiccation de I'heptane et des bases carbony- 
ltes ont Ctt prkcedemment decrites (I). Le chlorure d'iode Aldrich, 
garanti a 98%, est conservC et rnanipulC a I'abri de I'humiditC. 

Spectres 
Ils sont enregistres immediatement aprks prkparation de la solution 

sur un spectrophotometre Perkin-Elmer 580B balayt par de I'air sec, 
travaillant a une rCsolution de 2 cm-' dans les rkgions v(C0) et 
v(1-CI). Les opCrations de stockage, soustraction (des spectres du 
solvant et de ICI libre ou de la base Iibre), expansion et lissage des 
spectres s6nt effectuCes sur une station de donnees PE 3500 gdce au 
logiciel PE 580. 

Cellules et solutions 
Les solutions sont effectutes dans I'heptane, solvant apolaire qui 

doit minimiser I'ionisation des compIexes (5,6). Dans la rkgion 
~(1-CI) une cellule en polyCthyl6ne avec unc cale dlCpaisseur en 
Teflon permet d'tviter I'attaque des faces et de la cale par ICI. Une 
Cpaisseur de 6 mm permet de travailler avec des concentrations en ICI 
environ lo-' M suffisamment faibles pour retarder d'eventuelles rCac- 
tions dlhalogCnation de la base ou pour Cviter la precipitation des 
complexes. La concentration de la base varie de 0,5 M ti 10-'M selon 
la stabiliti du complexe. Dans la rkgion v(C0) une cellule CaF' de 
1 mm permet de travailler avec des concentrations de I'ordre de celles 
de la region v(1-CI). Les solutions sont prkparkes et les cellules sont 
remplies en boite skche. Dans le spectrophotometre les cellules sont 
thermoregulCes a 20°C. 

-- Dtcornposition des spectres 
'Auteur h qui toute correspondance doit Etre adressCe. La soustraction de la bande v(C0) libre ou de la bande v(ICI) libre 
' ~ e s  enthalpies de formation varient de -25.5 kJ mol-' pour est effectuie directement sur la station de donnCes, ce qui Cvlte une 

MeCOOEt (8) a -39,7 kJ mol-' pour MeCONEt' (9). dtcomposition mathtmatique du massif constituC par la superposition 
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FIG. 1. Bandes v(l-CI) libre (a) et cornplexte (b) rnontrant la 
formation tquilibrke d'un cornplexe cyclobutanone-1C1 dans I'hep- 
tane. Concentrations: IC1 -0,Ol M et cyclobutanone -0,03 M. 

des bandes du cornplexe et des rnoltcules libres. Dans les cas ou les 
bandes de plusieurs complexes se recouvrent la dCcornposition est 
effectuee rnathkrnatiquernent cornrne prtckdernment ( I ) .  

Resul tats 
RPgion v(1-C1) 

La bande d'absorption infrarouge v(1-C1) a 375,6 cm-' 
dans l'heptane prtsente un Cpaulement aux basses frCquences 
attribue a I'isotope I'~CI. Les rapports experimentaux des frt- 
quences et des absorbances au maximum des deux compo- 
santes du massif obtenues apres dCcomposition sont en bon 
accord avec le rapport V ( I - ~ ~ C ~ ) / V ( I - ~ )  = 0,9786 calculC 
dans I'approximation de I'oscillateur harmonique et avec 
I'abondance 24,5% de l'isotope 17CI. 

Comme I'illustre la fig. I, I'addition d'une base carbonylte 
a une solution de ICI dans l'heptane provoque, par formation 
CquilibrCe d'un complexe, I'apparition d'une nouvelle bande 
aux basses frkquences, dCplacCe de 3,5 cm-' pour CF,COOEt 
a 42,6 cm-' pour la dimCthyl-2,6-y-pyrone. 

Pour un certain nombre de cttones et d'esters, deux nou- 
velles bandes dCnot6es b (basse frCquence) et h (haute frC- 
quence) apparaissent (fig. 2F, 2G). L'examen de 1'Cvolution 
des frkquences et des intensitts des deux nouvelles bandes 
dans les stries RCOOEt, RCOPh, RCOt-Bu et R2C0, ou 
R=Me puis Et puis i-Pr puis t-Bu, montre que c'est prin- 
cipalement la bande b qui est prksente quand R=Me et la 
bande h quand R=t-Bu, alors que pour R=i-Pr ou Et, gCn6 
ralement les deux bandes b et h coexistent en proportions 
variables (fig. 2E a 2H). 

Pour quelques complexes la bande ~(1-Cl) du complexe est 

- 

v /cm-' 
FIG. 2. Bandes v(l-CI) et v(C=O) des complexes de 1C1 avec 

MeCOOEt (A et E), EtCOOEt (B et F), i-PrCOOEt (C et G) et 
t-BuCOOEt (D et H). Les bandes libres ont t t t  soustraites dans la 
region v(1-C1). (a) Bande v(C=O) libre, (h) complexe lintaire, (b) 
cornplexe angulaire. 

plus fine que la bande v(1-C1) libre. Ceci provoque une 
meilleure rksolution des deux isotopes et il apparait, comme 
dans le cas prCctdent, deux bandes mais leurs frkquences et 
leurs intensit& sont dans les rapports isotopiques 0,9786 et 
24,5% ce qui permet de les attribuer aux deux isotopes et non 
aux bandes b et h prCcCdentes (fig. 2H). 

RPgion v(C=O) 
L'addition de ICI a une solution de base carbonylCe dans 

l'heptane provoque l'apparition d'une nouvelle bande aux 
basses frkquences, dtplade de 22 cm-' pour MeCOH a 
72 cm-' pour EtCONMe?. 

Quand deux bandes b et h Ctaient apparues dans la region 
~(1-Cl), on observe egalement deux nouvelles bandes dans 
la rCgion v(C=O) dans un rapport d'intensitk voisin de celui 
observC pour v(1-C1) (fig. 2B et 2C). 

Dans de rares cas deux nouvelles bandes apparaissent dans 
la rCgion v(C=O) par addition de IC1, alors qu'une seule 
nouvelle bande avait C t t  observke dans la region ~(1-CI) par 
addition debase carbonylCe. La propension de la fondamentale 
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TABLEAU I. DCplacernents Av(1-Cl) (cm- ') pour les complexes IinCaire (bande h) et angulaire (bande b) de ICI avec les bases 
carbonylCes dans I'heptane 

Av(1-CI) Av(1-C1) Av(1-C1) 

Base h b Base h b Base h b 

Esters, carbonates 
CC1,COOEt 
CFTCOOEt 
ClCOOEt 
HCOOPh 
Ethylhe carbonate 
HCOOMe 
HCOOEt 
Propy lkne carbonate 
MeOCOOMe 
MeOCOOEt 
EtOCOOEt 
PhCOOMe 
MeCOOMe 
Cyclohexyl COOMe 
PhCOOEt 
EtCOOEt 
i-PrCOOEt 
MeCOOEt 
t-BuCOOEt 
yButyrolactone 
Cyclopropyl COOMe 
Cyclopropyl COOEt 

Ure'es 

Carbamates 

Atnides 
ClCONPhz 
CICONMe2 
CF3CONMez 
CCI,CONMe2 
PhCONPhz 
HCONPhz 
HCONMePh 
PhCONMez 
N-mCthylpipCridone-2 
i-PrCONMez 
I-BuCONMe* 
MeCONMe2 
EtCONMe, 
MeCONEtz 
HCONMe, 
p-MeOC6H,CONEtz 
HCONEtz 
N-forrny IpipCridine 
MeCON Ph2 
i-PrCONPh* 

Alde'hydes 

MeCOH 
EtCOH 

34,4 i-PrCOH 
36,4 Cyclohexyl COH 

I-BuCOH 
PhCOH 
p-MeOC6H4COH 

21,4 p-MeC6H,COH 
20,2 
18,2 Chlorures d'acide 
16,7 
15,9 MeCOCl 

PhCOCl 

"PrCsence d'une bande h difficilement pointable. 

Cetones 
Cyclobutanone 
Cyclopentanone 
Cyclohexanone 
MeCOMe 
MeCOEt 
MeCOi-Pr 
MeCOt-Bu 
MeCO Adamantyl 
EtCOEt 
i-PrCOi-Pr 13,6 
t-BuCOt-Bu 10,9 
I-BuCOEt 12,5 
t-BuCOi-Pr 13,s 
Cyclopropyl COMe 
(Cyclopropy l)*CO 15,5 
MeCOCCI, 
MeCOCF, 
PhCOCF, 
PhCOMe 
p-N02C6H,COMe 
m-N02C6H4COMe 
p-0MeC6H4COMe 
PhCOEt 13,1 
PhCOi-Pr 13,l 
PhCOt-Bu 12 
PhCOPh 
I-Naphtyl COMe 
2-Naphtyl COMe 
a-Tetralone 
Indanone- 1 
Xanthone 17,9 
Chrornone 
y-Pyrone 
Dimethyl-2,6-y-pyrone 
Flavone 
Dimethyl-5,5-cyclohexCnone 
Isophorone 
Dimethyl-5,5- 

C1-3-cyclohexCnone 

v(C=O) 21 entrer en resonance de Fermi avec des bandes 
harmoniques ou de combinaison dans ces molCcules complexes 
gCntralement sans element de symetrie peut expliquer cette 
discordance. 

L'addition d'un e x d s  de ICl, correspondant a la quasi- 
disparition de la bande v(C=O) libre, permet d'observer dans 
de nombreux cas l'apparition d'une bande supplementaire au 
massif v(C=O) obtenu en solution diluCe de IC1 (fig. 3). 

Les tableaux 1 et 2 rassemblent les dkplacements de frC- 
quence Av(1-Cl) = v(1-C1)libre - v(1-C1)complexe et 
Av(C=O) = v(C=O)libre - v(C=O)complexe, mesurks 
pour un certain nombre d'esters, carbonates, urCes, carba- 
mates, amides, aldehydes et dtones. Ces Av se rapportent aux 
complexes b et/ou h, en fonction de la discussion ci-dessous. 

Discussion 
Complexe angulaire et complexe lintaire 

Bien qu'aucun calcul thkorique n'ait ete effectuk, a notre 

connaissance, sur les complexes de ICl avec les composes 
carbonyles, il est evident que trois principaux termes contri- 
buent a l'energie d'interaction entre ICI et une base carbonylte: 
un terme Clectrostatique (le moment dipolaire de ICl vaut 1,48 
D dans le cyclohexane (lo)), un terme covalent et un terme de 
repulsion. I1 est clair que I'interaction~lectrost tique est opti- 2 misee dans la configuration IinCaire C=O . . . I 1. I1 est proba- 
ble que, comme pour les donneurs de proton, l'interaction 
covalente est optimisie lorsque ICl se place dans I'axe d'une 
paire libre. Une telle configuration angulaire a Cte trouvee, 2 
l'ktat solide, pour le complexe acetone-dibrome (1 1). I1 est 
enfin Cvident que la presence de groupes volumineux R' et R2 
sur le carbonyle augmente plus 1'Cnergie de repulsion dans le 
coinplexe angulaire que dans le complexe IinCaire. 

La concordance entre les regions v(C=O) et ~(1-Cl) et la 
dilution des solutions CtudiCes indiquent qu'il peut se former 
deux complexes 1 : 1 en solution. Par analogie avec les com- 
plexes des bases carbonylkes avec des donneurs de proton (I) ,  
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TABLEAU 2. DCplacements Av(C=O) (cm-') pour les complexes IinCaire (bande h) et angulaire (bande b) de ICI avec les 
bases carbonylCes dans I'heptane 

Av(C=O) Av(C=O) Av(C=O) 

Base h b Base h b Base h b 

Esters MeCONPh2 67,5 MeCOi-Pr 37,9 
i-PrCONPhz 55,9 MeCOt-Bu 34,5 

MeCOOEt -35 5 4 3  N-mCthylpipCridone-2 66,5 EtCOEt 22,l 38,6 
EtCOOEt 38,7 54,9 CF3CONMe2 31,6 i-PrCOi-Pr 26,4 43,9 
i-PrCOOEt 40 57 I-BuCOt-Bu 25,6 
I-BuCOOEt 37,9 Aldthydes" I-BuCOEt 26,2 -39 
Cyclopropyl COOMe 38,8 51,4 I-BuCOi-Pr 26,4 

MeCOH 22.8 PhCOMe 3 8 
Amides I-BuCOH 26,8 PhCOEt 25,3 46,4 

PhCOi-Pr 27,9 
MeCONMe2 65,2 Cttones PhCOt-Bu 23,l 
EtCONMe2 71,6 (Cyclopropyl),CO 32.9 5 1,4 
i-PrCONMe2 52,2 MeCOMe 26,8" 
t-BuCONMe2 50 MeCOEt 34,6 

"Des multiplets de Fermi perturbent I'Ctude de EtCHO et i-PrCHO. 
"Valeur faible comparativement i MeCOEt du fait d'une rCsonance de Fermi sur la fondamentale libre. 

FIG. 3. Modification de la region v(C=O) de I'acCtophCnone 
0,015 M dans l'heptane par addition de quantitCs croissantes de ICI: 
(1) 0 (2) 0,03 M (3) 0,15 M (4) 0,5 M. (a) Bande libre, (b) cornplexe 
angulaire I : 1, (c) cornplexe 1 : 2. 

nous pensons que ces deux complexes sont l'un le complexe 
angulaire, l'autre le complexe 1inCaire. 

Attribution de la bande b au complexe angulaire et de la 
bande h au complexe line'aire par  variation stkrique dans 
les skries RCOOEt, RCOPh, RCOt-Bu et RzCO 

La bande b disparait au profit de la bande h dans les dries 
RCOOEt, RCOPh, RCOt-Bu et R,CO quand l'encombrement 
du substituant variable R, mesurC par le param6tre sterique 
S0(12), augmente en passant de Me a t-Bu (fig. 4). Les substi- 
tuants constants OEt, Ph et t-Bu Ctant suffisamment volumi- 
neux (So = - 1,36, - 1,82 et -3,94 respectivement) pour res- 
treindre l'approche de ICl de leur c8tC, nous expliquons ce 
phtnomkne par un empechement progressif de l'attaque angu- 
laire de ICl sur la paire libre voisine de R, lorsqu'on passe de 

FIG. 4. Rapports d'intensitk des bandes h et b (rigion v(C=O)) 
pour les complexes RCOOEt-1CI en fonction du paramktre stCrique 
s0 de R. 

R = Me a R = t-Bu. Nous attribuons donc la bande b au 
complexe angulaire et, par voie de constquence, la bande h 
au complexe linCaire, beaucoup moins sensible aux effets 
stCriques. 

Attribution angulaire ou line'aire dans le cas d'un complexe 
unique. Skries RCOMe, RCOH, RCONMe? et RCONPh? 

Dans les sCries RCOMe et RCOH, on observe toujours un 
seul complexe quel que soit le volume stCrique de R. De plus 
ce complexe ne change pas de structure pour R=Me, Et, i-Pr 
ou t-Bu puisque les dkplacements Av(1-C1) et Av(C=O) 
varient peu, ou rCguli6rement, dans ces series (ce qui Ctait 
attendu du fait des effets Clectriques voisins de ces quatre 
alkyles sur la basicit6 de l'oxygkne). L'Ctude de la serie RCOt- 
Bu ayant montre que pour MeCOt-Bu ce complexe est angu- 
laire, il s'ensuit que pour MeCOEt, MeCOi-Pr et Me,CO ce 
complexe est Cgalement angulaire car SO(Me,Et ou i-Pr) < 
SO(t-BU). A fortiori HCOMe, HCOEt, HCOi-Pr et HCOt-BU 
donnent aussi un complexe angulaire puisque SO(H) < SO(Me). 
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L'invariance de structure du complexe en dtpit de 1'Cvolution 
dramatique de l'encombrement sttrique de R dans les series 
RCOMe et RCOH provient a l'tvidence de la fixation de IC1 
sur la paire libre restee dtgagte du cGtC des petits substituants 
constants H(S' = 0) et Me(SO = -0,73). 

Dans la serie RCONMez on observe Cgalement toujours un 
seul type de complexe. Mais les valeurs de Av(1-C1) montrent 
que l'on passe d'un complexe angulaire pour R=Me et Et 
(Av = 3 4 3  et 35,l cm-I) a un complexe lintaire pour R=i-Pr 
et t-Bu (Av = 25,3 cm-I). Par analogie il est probable que la 
valeur Av(1-C1) = 30 cm-' de MeCONPhz correspond au 
cornplexe angulaire et la valeur 22,5 cm-' de i-Pr CONPhz au 
complexe lintaire. 

Pour les autres bases carbonyltes R'COR' montrant des 
bandes ~(1-C1) et v(C=O) de complexe uniques, une tenta- 
tive d'attribution "angulaire" ou "lintaire" est effectute dans 
les tableaux sur la base (i) de l'encombrement des paires libres: 
les faibles valeurs de So  pour un substituant (stries HCOR2, 
ClCOR2 et MeCOR') et la cyclisation qui dCgage les paires 
(carbonates cycliques, lactones, cycloalcanones, lactames) 
favorisent le complexe angulaire tandis que les fortes valeurs de 
So pour les deux substituants R' et R2 (urees, carbamates) et la 
conformation s-cis,s-cis des carbonates favorisent le complexe 
lintaire; (ii) des stquences de basicit6 obtenues prtckdemment 
avec les donneurs de proton (1): ainsi Av(1-C1) = 11,5 et 
16,5 cm-' respectivement pour C6H,,COOMe et MeCOOMe 
alors que C6HllCOOMe apparait plus basique vis-a-vis du 
mtthanol; l'inversion est attribuee au passage d'un complexe 
angulaire pour MeCOOMe a un complexe lintaire pour 
C6H1 ICOOMe. 

Complexe 1 : 2 .  
Puisqu'une bande supplementaire apparait lorsque ICl est en 

excks par rapport a la base carbonylte, nous l'attribuons a un 
complexe d'ordre suptrieur a 1 : 1. La possibilitt pour une 

moltcule de base oxygtnee de fixer deux moltcules d'acide de 
Lewis grice aux deux paires libres de l'oxygkne dtja et6 mise 
en tvidence (i) pour les donneurs de proton avec les bases 
carbonyltes (13), (ii) pour le cyanure d'iode avec l'oxyde de 
triphtnylarsine (14) et (iii) pour 1'iodophCnylacCtylkne et 
l'iodocyanoacttylkne avec l'oxyde de triphenylarsine (15). 
Nous attribuons donc cette bande supplementaire au complexe 
1 : 2 du type (c) reprtsente ci-dessus. 
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Cyclopentadienyl ruthenium complexes. Part 111.' Reactivity of some 
~5-cyclopentadienylbis(triphenylphosphine)ruthenium(II) complexes with nitrosyl 

tribromideZ and dinitrogen trioxide 

R. F. N. ASHOK, M. GUPTA,  K.  S. ARULSAMY, A N D  U .  C. AGARWALA 
Depnrttnent of Cl~etnis tp ,  Indicrn Instit~cte of T e c l z n o l o ~ ~ ,  Kor~pur 208 016. Indici 

Rcccivcd May 25,  1984 

R. F. N.  ASHOK, M.  GUITA, K.  S. ARULSAMY, and U .  C .  ACARWALA. Can.  J.  Chcm. 63, 963 (1985) 
Mixcd ruthcnium(l1) nitrosyls have bccn synthcsizcd in yields larger than 60% by a gcncral reaction of 

[Ru(~ . ' -C ,H, ) (PP~, )L]+X ( L  = 2,2'-bipyridinc or 1.10-phcnanthrolinc, X = CI or UI. ) or [ R u ( q S - C 5 ~ , ) ( ~ ~ h , ) ( ~ ) ~ ]  ( L  
= PPh,, pyridinc, 3-picolinc. 4-picolinc, i(2.2'-bipyridinc), o r f ( l  ,lo-phcnanthroline); X = CI , Br , l , CN , NCS , H -. 
or SnC1,-) with NOBr, and Nz@. In thcsc complcxcs NO seems to bind with thc rnctal ion as NO,.. Thc  rcactions of N20,  
gave either nitrito or  nitrosyl dinitrito complcxcs. Thc  rcactions of NOBr, with trichlorostannatc complcxcs did not yicld 
nitrosyl complexcs, instead nitrito complexcs wcrc isolated in which spectroscopic cvidcncc (ir, ' H  nmr) suggest =-interaction 
of  one of thc phcnyl rings of the triphenylphosphinc ligand to thc ruthenium ccntcr. All products arc charactcriscd by 
clemcntary microanalyses, conductivity, magnetic moment measurements. clcctronic. ir, and ' H  nmr spectral data. 

R. F. N. ASHOK, M.  GUPTA, K.  S .  ARULSAMY ct U .  C .  ACARWALA. Can. J .  Chcm. 63. 963 (1985). 
Faisant appel h une reaction gknirale du I R U ( ~ ' - C ~ H , ) ( P P ~ , ) L ] + X  ( L  = bipyridine-2,2' ou phenanthroline- 1,10, X = CI 

ou Br-) ou du [Ru(q-C5Hs)(PPh3)(L)X] ( L  = PPh,, pyridinc, picolinc-3, picolinc-4, (I/2)(bipyridine-2.2') ou 
(I/2)(phCnanthrolinc); X -  = CI , Br . 1 , C N  , NCS , H ou SnCI, ) avcc le NOBr, ou Ic N 2 0 2  on a rkussi i synthitiscr 
dcs nitrosyles mixtcs d c  ruthCnium avcc dcs rcndements supkricurs h 60%. Dans ccs complcxcs, i l  semblc quc Ic NO soit lik 
au mCtal sous la forme d'un ion NO'. Les rkactions impliquant Ic N 2 0 ,  conduiscnt h dcs complcxcs dcs typcs nitrito ou nitrosyl 
dinitrito. Lcs reactions du NOBr, avec Ics complexcs trichlorostannates nc fournisscnt pas dc complexes dc type nitrosylc; on 
a plut8t is016 des complexes de type nitrito pour lcsqucls Ics donnkcs spcctroscopiques (ir ct  rmn du 'H)  suggkrcnt I'cxistence 
d'une interaction-= de l'un des cycles phknylcs du ligand triphknylphosphinc avcc lc ccntrc ruthinium. On a caractkrisk tous 
les produits grdce h lcurs analyses CICmcntaires, h des mesures de conductivitk ct d c  moments dipolaires ct h leurs spectres 
Clectroniques, ir et de rmn du ' H .  

[Traduit par Ic journal] 

Introduction 
During the course of our studies of the reactions of NOX' 

(X' = C1-, Br-, Br3-, or NO?-) with various transition metal 
complexes (I -4), it has been found that these can be used as 
a good nitrosylating agent. In continuation with our in- 
vestigations on the reactivities of some n-cyclopentadienyl ru- 
thenium(l1) complexes (5, 6), we report here a number of 
mixed ligand complexes [Ru(NO)(PPh,)LX,,Y,-,,I ((X = CI-, 
Br-, IF, CN-, NCS-), (Y = CI-, Br-, NO,-), 11 = 1-3), 
[Ru(PPh,)(NO,)(SNCI,)L] synthesized by the reactions of 
[Ru(-q5-C5H5)(PPh3)LjkX- (where L = 2,2'-bipyridine or 1,10- 
phenanthroline; X = C1- or Br-) or [Ru(-q5-C5H5)(PPh3)(L)X] 
(where L = PPh,, Py ,3-picoline, 4-picoline, {(2,2'-bipyridine) 
or f(1 ,lo-phenanthroline); X = CI-, Br-, I-, H-, CN-, NCS-, 
or SnC1,-) with NOBr, and N203 under homogeneous reaction 
conditions. It has also been shown that one of the phenyl 
rings of PPh, is n-bonded to ruthenium in [RU(NO,)@P~,)- 
(SnC13)C] .xN203 (x = 0-2). The yield of the complexes was 
found to be more than 60% in every reaction. 

Experimental 
All chemicals used were of Analar grade. The solvents were dricd 

and distilled before use. The rcactions were carried out undcr pure and 
dry nitrogen. 

NOBr? and NIO, were prepared by literature methods (7, 8 )  and 
used as saturated solution in dry dichloromcthane. 

The [Ru(q-CsHs)(PPh?)~C1l (91, [ R U ( ~ - C F H ~ ) ( P P ~ ~ ) ~ B ~ I ,  [Ru(q- 

'For Part 11, sce ref. 6 .  
'The compound was synthesized in 1923. Though it has been 

formulated as NOBr,, there is a possibility that it might bc a mixture. 
For our rcactions we have assumed it to be NOBr,. 

C 5 H ~ ) ( P P h ~ ) a l I 7  I R ~ ( ~ - C F H F ) ( P P ~ ~ ) ~ H ] ,  [Ru(~-C,H,)(PP~,)~(CN)I, 
[Ru(q-C5Hs)(PPh3)(NCS)I, IRU(~-CFHF)(PP~~)~(S~C~~)I (101, and 
complexcs [Ru(q-C,H,)(PPh,)(Py)CI], [Ru(q-C5H,)(PPh,)(3-Pic)CI], 
[Ru(q-C5H,)(PPh,)(4-Pic)CI], IRu(q-C5H,)(PPh3)(Bipy)J+CI , [Ru(q-  
CsH5)(PPh3)(o-phcn)J'Cl , lRu(q-C5Hs)(PPh?)(Py)Brl, [Ru(q-CsHs)- 
(PPh,)(3-Pic)Br]. [Ru(q-CsH,)(PPh,)(4-Pic)Br], I R U ( ~ - C S H , ) ( P P ~ , ) -  
(Bipy) l 'Br ,  [Ru(q-C,H,)(PPh,)(o-Phcn)l+Br, [Ru(q-CsH5)(PPh3)- 
(Py)ll, IRu(q-CsH,)(PPh3)(3-Pic)ll, 1Ru(q-C5H5)(PPh3)(4-Pic)ll, IRu- 
(q-CsH5)(PPh3)(Bipy)1/211, [Ru(q-CsHF)(PPh3)(~~-Ph~n)I~211, lRu(q- 
C5Hs)(PPh,)(Py)(CN)l, [Ru(q-CsH5)(PPh2)(3-Pic)(CN) I ,  I Ru(q- 
C5H,)(PPh3)(4-Pic)(CN)I, I R~(~-CSHS)(PP~~)(B~~Y)I~~CNI~ IRu(q- 
C5Hs)(PPhz)(o-Phcn)I/2(CN)I, [Ru(q-C.;Hs)( PPh,)(Py)(NCS)I, 1Ru- 
(q-CsH,)(PPh,)(3-Pic)(NCS)I, [Ru(q-C,H5)(PPh3)(4-Pic)(NCS)], 
[RU(~-C,H,)(PP~~)(B~~~)~/~(NCS)], [RU(~-C.~H.~)(PP~,)(O-P~~~)~/~- 
(NCSII, lRu(q-C5HF)(PPh3)(Py)(SnC13)l, IRu(q-CsHs)(PPh2)(3-Pic)- 
(SnC13)1, IRu(q-C5H5)(PPh3)(4-Pic)(SnC13)l. [ R u ( q - C ~ H ~ ) ( p p h , ) -  
(Bipy)l/2(SnC13)], [ Ru(q-C5Hi)(PPh3)(o-Phen) I/Z(SnCI , ) I  were pre- 
pared as reported clsewhcrc (5). 

[A] Renctions qf NOX' (X' = B,:; or N O  ) iviflz [ R L ~ ( ~ . ' - C ~ H , ) -  
(PPII .~)(L)+X-]  ( L  = Bipy or I ,  10-phm: X = CI or Br),  [RU(T.'- 
CrH7)(PPh,)(L)X] ( L  = PPh.,, Py. 3-Pi( or 4-Pic), or [RU(T.'- 
CrH,)(PPh.,)(L)XI ( L  = PPh,, Py, 3-Pic or 4-Pic, { ~ i ~ ) )  or 
$ ( I ,  10-Phen); X = 1 or NCS, SnCI.,) 

A saturated solution of NOX' in dichloromcthanc ( co .  5 mL) was 
very slowly added to a well stirred solution of thc appropriate complcx 
( c n .  0 . 6  nimol) in a mixed solvent containing 20 mL of dichlo- 
romethane and 4 0  m L  of methanol at 30°C. Thc  resulting mixture was 
heated undcr reflux for 10- 15 min, whcrcupon microcrystals of the 
corresponding complex were separatcd. The product was filtcrcd, 
'washed with methanol, water, methanol, cthcr, and petrolcum ether 
(40-60°C) and dried in vrrcno. The samplcs werc rccrystallizcd from 
CH2CI2/methanol mixture or CHlC12/pctrolcum cthcr. though the 
initial crop itself contained analytically pure complcxcs (yicld, 70% 
approximately). Thesc complexcs wcrc analyzed for thc complcxcs 
whose compositions are shown in Tablc I .  In thc case of the bromo 
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\O m 
TABLE 1. Reactions of ( R U ( ~ ~ - C ~ H , ) ( P P ~ , ) ( L ) X ]  with NOX' - characterisation data of complexes$ P 

1Ru(q5-c~H,)(pPh,)(L)xl Analyses, found (calcd.)%B 
NOX' Infrarcd bands A,,,:,, (n111) 

No. L = x =  x r =  Product tcolour, mp ("C) C H X  N P (cm ' )  KBr discs (CHCI, solvcnt) 

PPhl 

PY 

3-Pic 

4-Pic 

2,2'-Bipy 

I ,  10-Phen 

PPh, 

PY 

3-Pic 

4-Pic 

2,2'-Bipy 

I ,  10-Phen 

PPhl 

PY 

3-Pic 

4-Pic 

2,2'-Bipy 

I ,  10-Phen 

PPhl 

PY 

3-Pic 

4-Pic 

CI Br3 

CI Brl 

C1 Br, 

C1 B r3 

CI Brl 

C1 B r, 

C1 NO, 

CI NO2 

C1 NO, 

CI NO? 

CI NO2 

C1 NO, 

Br B r, 

B r B rl 

B r Br, 

B r B rl 

Br B rl 

Br B rl 

Br NO, 

Br NO, 

Br NO2 

B r NO, 

- 

I R U ( N O ) ( P P ~ ~ ) ~ B ~ ~ I  IAI 
B, 280 

[ R U ( N O ) ( P P ~ , ) ( ~ - P ~ C ) B ~ , ]  [A] 
YB, 245 

[Ru(NO)(PPh,)(4-Pic)Br,] [ A] 
YB, 245 

[R~(N0)(PPh~)(o-Phcn)~/~Br,] [A]  
B. 230 

[Ru(NO)(NO~)~CI(PP~~).~CH~CI~ IAl 
B, 240 

I R u ( N O ) ( N O ~ ) ~ C I ( P P ~ ~ ) P ~ ] C H ~ ~  [A] 
B. 280 

[Ru(NO)(N02),CI(PPhl)(3-Pic)] [A)  
B, 280 

[Ru(NO)(NO,)~CI(PP~,)(~-P~C)CH~~ [A] 
B, 280 

[RU(NO)(NO,)~CI(PP~~)(B~~~)~/~]~CH~CI~ [A]  
B. 240 

~Ru(NO)(N0,)2CI(PPh,)(o-Phcn)I,,]~HZC12 [A]  
B, 280 

[Ru(NO)(PP~ , )~B~, I  [A1 
B, 240 

IRu(NO)(PPh3)(Py)Brll IAI 
OB, 250 

[Ru(NO)(PPh,)(3-Pic)Br,) [A] 
YB, 245 

[Ru(NO)(PPhl)(4-Pic)Br,] [A]  
YB, 245 

l R u ( N O ) ( P P h , ) ( B i p y ) ~ ~ ~ B r ~ l  IAI 
B, 250 

[R~(NO)(PPh~)(o-Phen)~/~Brll [A] 
B, 230 

[ R U ( N O ) ( N O ~ ) ~ ( P P ~ ~ ) ~ B ~ )  .iCH2CI2 [A] 
YB, 202 

[RU(NO)(NO~),(PP~~)(P~)B~I~CH,CI~ [A]  
OB, 255 

[RU(NO)(NO,)~(PP~~)(~-P~C)B~]~CH~CI~ [ A ]  
OB, 280 

[Ru(NO)(N02)2(PPhl)(4-Pic)Br]~CH2C1Z [A]  
OB, 280 
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[ R U ( ~ " C S H S ) ( P P ~ ~ ) ( L ) X I  Analyses, found (calcd.)%$ 
NOX'  Infrared bands A,,,.,, ( nm)  

No. L = x =  X I =  Product tcolour ,  mp ("C) C H X N P ( c m - ' )  KBr  discs (CHCI? solvent) 

Br  NO2 

Br NO2 

I B r, 

I B r, 

I Br, 

I Br3 

I B r3 

I Br3 

1 NO, 

I NO2 

1 NO2 

I NO2 

1 NO2 

I NO2 

C N  Br, 

C N  Br, 

C N  Br, 

C N  Br, 

C N  Br, 

C N  Brz 

C N  NO2 

C N  NO? 

LRu(NO)(NoZ)2(PPhl)(Bipy),12Br) IAI 
(3, 260 

[RU(NO)(NO~)~(PP~~)(~-P~~~)~~~B~]~CH~CI~ [ A ]  
B ,  220  

LRu(NO)(PPh,)2Brll [A1 
B ,  240  

[Ru(NO)(PPh,)(Py)Br31CH2C12 IAI 
0 ,  238 

[Ru(NO)(PPh,)(3-Pic)Br3] IA] 
YB,  248 

[Ru(NO)(PPh3)(4-Pic)Br,] [ A ]  
Y B ,  246 

!R~(No)(PPh,)(Bipy)~/~lBr21 IAd 
0 ,  246  

I R U ( N O ) ( N O ~ ) ~ ( P P ~ ~ ) J ]  .$ZH2C12 IA] 
RB,  165 

lRu(NO)(N02)2(Py)lJ [ A ]  
0 ,  160 

[ R u ( N O ) ( N O ~ ) ~ ( ~ - P ~ C ) I ]  [ A ]  
YB. 275 

[ R u ( N O ) ( N O ~ ) ~ ( ~ - P ~ C ) I ]  IA] 
YB,  268 

[ R ~ ( N O ) ( N 0 ~ ) ~ ( B i p y ) l l  IAI 
0 ,  160 

[ R ~ ( N o ) ( N o ~ ) ~ ( o - P h e n ) I j  [ A ]  
0. 167 

I R U ( N O ) ( P P ~ ~ ) ~ B ~ ~ I  LBI 
B. 242 

IRu(NO)(PPh,)(Py)Br,1 IBI 
0. 240  

[Ru(NO)(PPh,)(3-Pic)Br,j [B]  
YB,  249 

[Ru(NO)(PPh,)(4-Pic)BrJ IB] 
YB. 248 

IRU(NO)(PP~,)(B~~~)~/I(CN)B~~]CH~CI~ [ B J  
(3, 280  

[Ru(NO)(PPh,)(o-Phcn),,?Br,] [ B ]  
0 ,  2 4 3  
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I R U ( ~ ' - C ~ H ~ ) ( P P ~ ? ) ( L ) X I  NOX, Analyscs. found (calcd.)%h 
lnfrarcd band5 A,,,.,, (nni) 

No. L = x =  X I =  Product tcolour, mp ("C) C H X  N P (cni I )  KBr discs (CHCI? solvcnt) 

49 PPhz 

50 Py 

51 3-Pic 

52 4-Pic 

53 $2.2'-Bipy) 

54 {(I, 10-Phen) 

55 PPh, 

56 Py 

57 3-Pic 

58 4-Pic 

59 $(2,2'-Bipy) 

60 f(l,l0-Phen) 

CN 

CN 

CN 

CN 

NCS 

NCS 

NCS 

NCS 

NCS 

NCS 

NCS 

NCS 

NCS 

NCS 

NCS 

NCS 

SnCI? 

SnC13 

SnCI3 

SnC13 

NO, 

NO, 

NOz 

NO. 

Br3 

B rz 

B r3 

B r3 

B r., 

B r3 

NO. 

NO, 

NO, 

NO2 

NO, 

NO? 

B r3 

B r3 

B r3 

B r3 

[RU(NO)(N~~)~(CN)(PP~,)(~-P~~)I IBI 
B. 280 

[Ru(NO)(N0,),(CN)(PPh3)(4-Pic)] IBI 
B ,  280 

[Ru(NO)(N02)2(CN)(PPh3)Bipy)l~~l IBI 
YB. 244 

[ R U ( N O ) ( P P ~ ~ ) ~ B ~ ~ I  IBI 
B, 24 1 

IRu(NO)(PPh3)(Py)Bal IBI 
0, 240 

[Ru(NO)(PPh3)(3-Pic)Br.?] IB] 
YB, 248 

IRu(NO)(PPh3)(4-Pic)Br,J [B] 
YB. 249 

IRu(NO)(PPh~)(Bipy),/~Br31 1B1 
B, 250 

[Ru(NO)(NCS)Br2(PPh,)12 I Bl 
G,  220 

IRu(NO)(NCS)(N02),(PPh~).l IB] 
YB, 175 

IRu(NO)(NCs)(NO,).(PPh,)(Py)l IB] 
y ,  280 

(Ru(NO)(NCS)(NOZ),(PPh,)(3-Pic)] [Bj 
YG, 184 

[Ru(NO)(NCS)(NOZ).(PPh.,)(4-Pic)] [ B ]  
YG. 185 

IRu(NO)(NCS)(NO~)~(PPh3)(Bipy)l~~l IBI 
YB. 275 

IRU(NO)(NCS)(NO?)~(PP~~)(~-P~C~),/~ 1 [B] 
YB. 280 

[Ru(NOz)(SnC13)(PPh,)21 -$CH2C12 [A] 
OP, 290 

IRu(NOa)(SnC13)(PPh3)Py] .{CH2CI2 [A] 
0. 210 

[Ru(NOz)(SnCI~)(PPh.~)(4-~ic)~~C~2C11 IA] 
OY. 188 
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TABLE I ( Co~zc~lrrcled) 

[RU(~'-C,H,)(PP~,)(L)XI Analysts, found (calcd.)%# 
NOX' Infrared bands A,,,.,, (nm) 

No. L = x =  X I =  Product tcolour, mp ("C) C H X N P (cm I )  KBr  discs (CHCI, solvent) 

65 $ 2 , 2 ' - ~ i ~ y )  SnCI, Br, IRU(NO~)(S~C~,)(PP~,)(B~~~)~~~]~CH~CI~ IA] 34.6 2.6 28.4 3.1 3.5 1500, 1482, 1430, 590, 435, 3 10 
y , 185 (34.8) (2.7) (28.8) (3.2) (3.6) 1370. 1350, 1340, 225 

1310, 850, 800 
66 f (  I ,  l 0-Phcn) SnCI, Br3 [Ku(NO3)(SnCI3)(PPIi~)(~~-PI~cn) I A] 39.6 2.5 14.9 3.8 4.1 1500,1482,1430, 570,450,300, 

0, 1 90 (39.7) (2.6) (14.7) (3.9) (4.3) 1370, 1350, 1340, 260, 
1310, 850, 800 

67 PPhl SnCh NOz IRu(NO1)(SnCI1)(PPh,),I.NO, IA] 44.2 3.0 10.8 4.4 6.3 1850, 1340, 1320, 580, 450, 315, 
0, 190 (44.4) ( I )  1 . 0 )  (4.3) (6.4) 810 280, 225 

68 Py SnCI, NOz [Ru(NO2)(SnCI,)(PPh)Py].3N20, IAl 29.1 1.9 1 1.4 1 1.7 3.5 1850, 1345, 1320. 560, 445, 300, 
B, 202 (29.3) (2.0) ( 1  1.3) ( 1  1.9) (3.3) 805 270, 225 

69 3-Pic SnCI, NO1 IRu(N02)(CI)(PPh3)(3-Pic)].3Nfi I A] 36.3 2.8 4.8 14.4 4.1 1850,1345,1325, 585,455,310. 
0, 195 (36.1) (2.9) (4.6) (14.6) (4.0) 810 290, 230 

70 4-Pic SKI ,  NO2 IRu(NO,)(CI)(PPh,)(4-Pic).3Nfi I A] 36.2 2.7 4.5 14.7 4.2 1852, 1345, 1325, 580, 455, 310, 
0 ,  199 (36.1) (2.9) (4.6) (14.6) (4.0) 810 290, 230 

71 k2,2'-Bipy) SnCll NO1 IR~(N02)(SnCl~)(PPh.~)(Bipy)~~~lN~0~ [A] 35.2 2.5 13.6 7.3 3.8 1854, 1340, 1320, 545. 450, 280, 
0, 196 (35.0) (2.4) (13.5) (7.1) (3.9) 805 225 

72 f (  I, 10-Phen) SnCI., NOz ~Ru(NO~)(S~CI,)(PP~~)(~-P~C~)~/~~~N~O~ lA] 32.7 2.3 12.3 12.6 3.6 1852, 1340, 1320, 550, 445, 270, 
0, 183 (32.9) (2.2) (12.2) (12.8) (3.5) 930, 805 230 

*:These complexes arc ionic having con~position [Ru($-C5HI)(PPhl)L] ' X . 
t B  = Brown, OB = Orange Brown, YB = Yellowish Brown, G = Grccn, 0 = Orangc, RB = Rcddish Brown, YG = Ycllowish Green. OR = Orange Rcd. OY = Ol-angc Yellow. Y = Yellow. 

[A I [B ]  = methods used for preparation. 
S'H-nmr spectra showed broad multiplet rcsonancc at around 67.2 ppm due to pliospliine and N-heterocyclic base protons. In addifion, cornplexcs 61 -72 showed multiplet absorption at 6 6.2 duc 

to P-bonded phenyl protons of thc PPh, ligand. The cornl)lcxes having picolines as coligands cxliibited an additional signal in the region 6 1.8-2.0 for thc mcthyl protons. 
$Error limit 2 I%. The complexes having NCS as onc of  thc anionic ligands, ;~nalyscd salisfactorily for sulphur. 
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968 CAN. J .  CHEM. VOL. 62. 19x5 

cornplcxcs, thc reaction rnixturc was stirrcd at room ternpcrature for 
about half an hour, followed by thc conccntration of the resulting 
solution under rcduced pressure to about 5 mL. The concentrate was 
ccntrifugcd and the complex was prceipitatcd by thc addition of about 
25 rnL of 11-hcxanc. 

[Bl Retrc,riorrs of'NOXf (X' = BI., or NO1 ) tvirll [Rlr(q7-CiHj)- 
(PPII.,)(L)X] (~vhere L = PPIl.,. Py, 3-Pic. $ ( ~ i ~ ~ * ) ,  or 
$ ( I ,  10-Pherr); X = CN or SCN ) 

The complex ( 150 rng. 0.2 rnrnol) was dissolvcd in a rnixturc of I0 
rnL of dichloromcthanc and 25 rnL of methanol, followed by the 
addition of 2-3 rnL of a saturated dichlororncthanc solution of NOX'. 
The rcaction rnixturc was hcatcd undcr rcflux for about 30 rnin. Thc 
colour of the solution changcd to blackish grccn. Aftcr thc usual 
work-up (Method I ,  Brornocornplcxcs), an oily product was obtained 
from which a purc crystalline solid was difficult to scparate. Howcvcr, 
in a few cascs thc repcatcd proccss of dissolution of thc oil in CH,C12 
or CHCI,, and prccipitation with light pctrolcurn (40-60°C) gavc a 
dark grecn solid in rathcr low yicld ((.<I. 15%) which was filtcrcd, 
washcd with 11-hcxanc, and dricd it1 vc~c.~ro. 

If thc foregoing proeedurc was slightly modificd by adding about 25 
rnL of triphcnylphosphinc into thc reaction rnixturc whilc undcr re- 
flux, an instantaneous forn~ation of an orangc brown to orangc ycllow 
shining crystals in high yield (ctr. 90%) was observed. Thesc wcre 
scparatcd, washed with methanol and ethcr. and finally dricd in vnciro. 
The cornplcxcs contained brornidc in placc of CN or SCN-). 

[C] Retrcrior~s of NOX' (X' = Br, or NO2 ) II:;~/z [R~i(q i-C.FH7)- 
(PPhr)2H] 

The bright ycllow cornplcx ( R U ( ~ ~ - C ~ H ~ ) ( P ~ ~ ~ ) ~ H ]  when dissolvcd 
in CH2CIZ or CHCl, gavc the chloro cornplcx, I R U ( ~ ~ - C ~ H ~ ) ( P P ~ . , ) , -  
CI]: in CHBrs thc brorno cornplcx, I R U ( ~ ~ - C ~ H ~ ) ( P P ~ ~ ) ~ B ~ ] .  As a 
result, when NOX' was rcactcd with thc hydrido complcx by method 
(A]. thc isolatcd products wcrc found to bc idcntieal to thosc obtained 
from thc chloro, or brorno complex. dcpcnding on thc solvcnt choscn 
for dissolving thc hydrido cornplcx prior to its reaction with NOBr3. 

The rnclting points of the cornplcxcs wcre found on a Fisher-Johns 
melting point apparatus. 

Thc clcctronic spectra (210-700 nrn) of the cornplcxcs in chloro- 
form solution wcrc recordcd on thc Cary 17-D rnodcl spectro- 
photometer. 

Thc ir spcctra were rccordcd as KBr discs on a Pcrkin-El~ncr 580 
spcctrophotornctcr in the range 200-400 crn ' .  

Magnetic moments wcrc rncasurcd. by the Gouy method using 
Hg[Co(NCS),] as the calibrant. 

Nuclear rnagnctic rcsonancc spcctra of the cornplcx wcre taken on 
thc Perkin Elrncr. HA-I00 spcctrornetcr. 

All cornplexcs cxhibitcd bands duc to protons of PPh, and hetero- 
cyclic bases around 6 7.0; of CsHs, around 6 4.0; and thosc of rncthyl 
protons of picolincs. around 6 5.0. 

Carbon, hydrogen, and nitrogen wcre cstirnatcd in the rnicro- 
analytical laboratory of thc I.I.T., Kanpur. Thc sulphur and halogen 
were cstirnatcd by the standard rncthods ( I  I). The phosphorus in the 
cornplcxcs were estimated as mentioned clsewhcrc (12). 

proposed formulation of the complexes, the spectral studies 
(UV, visible, ir, nmr) have been carried out on these complexes 
whose results are discussed under the following heads. 

I~lfrarerl spectra 
( I )  Renctiot~s wit17 NOBt:, 
The  ir spectra of complexes having SnCI,- as an anion dif- 

fered from those of the remaining ones in three respects. ( i )  
They failed to exhibit any band around 1850 cm-I, indicating 
that NOBr, could not nitrosylate them. ( i i )  They showed four 
new bands characteristic of the coordinated NO2- (21) around 
1340(s) cm-I, 1320(m-w) cm-I, 840(ni-w) cm- '  and around 
300(w) cm-I. Since NO- may co-ordinate both as nitro or  
nitrito group, the absence of the diagnostic band of the co- 
ordinated nitro group around 650 cm-I, unless masked by the 
intense PPh, bands around 600 cm-I, was tentatively taken as 
evidence for its being bonded to the metal ion through oxygen. 
(iii)  They exhibited a characteristic pattern of five bands in the 
region 1500- 1350 cm- '  which has previously been used as 
diagnostic of PPh, conlplexes where one of the phenyl groups 
of PPh, is a-bonded to the metal ion (5, 13-37). (iv)'They also 
showed the presence of three bands in 690-820 cm-I region, 
while P P h  coordinated through phosphorus exhibits only two 
bands around 690 and 740 cm-I. In case the phenyl group of 
PPh, is a-bonded, it is also expected that the absorption bands 
due to out-of-plane C-H bending modes should show a shift 
in their positions. It has, therefore, been assumed that the third 
band around 790-800 c m l  could arise because of the out-of- 
plane bending mode of C-H of the a-bonded phenyl ring. 

The  ir spectra of the remaining complexes (other than tri- 
chlorostannate ones) showed an intense absorption band in the 
region 1840- 1880 cm- ' besides the bands due to other co- 
ligands (29-32). Since the position of ir frequency due to v,, 
corrected by lbers rule (28) in the complexes has been found to 
be greater than 1620 cm-I, these can be regarded as complexes 
between Ru(l1) and N O k .  

During the course of reactions of cyanato and thiocyanato 
complexes, it has been noted that the reaction products invari- 
ably appeared as oils, from which all attempts to separate the 
crystalline product were not successful in most cases. In a few 
cases. however, a solid product could be isolated and its spectra 
showed bands due to CN or NCS groups around 2000 or 2 100 
cm-I, respectively. As stated in the Experimental section the 
addition of a few milligrams of PPh, in the refluxing reaction 
mixture led to the separation of very pure product in relatively 
good yield in which CN-  or  NCS- had been substituted by Br-. 
It is, however, difficult to assess the role which PPh, plays in 
the crystallization process. 

Generation of sulfate ion during the course of the reaction 
with the thiocyanato complexes has also been detected by the 

Results and discussion analytical data of the product separated by evaporating the 
refluxed-solution to dryness, followed by washing the residue 

 he reactions of NOBr, or NlOl with [RU(~ ' -CIH, ) (PP~J) -  with ether or petroleum ether, In (he spectra of these corn- (L)XI gave bright colOured air-stable mixed Iigand the exhibited typical abwrption bands of bridged sul- 
(yield 60%) having a general formula I R ~ ( N O ) ( P P ~ J ) X J ~ Y , - , I  121 fato group (33) appeared at the appropriate positions ( 1200 
(X- = C1- or  Br-; Y- = Br-, NO2-; 11 = 1-3) except those c m - ~ ,  1050 c m - ~ ,  850 cm- I ,  and 600 c m - ~ )  besides the bands 
with SnCI,. In the latter case, the reaction products obtained of the other attached groups, 
have a general formula [Ru(N02)(SnCIJ)(PPh3)L]. The anal- 
ytical data of these complexes are given in Table 1 .  They were (2) Reaction with NzO.1 
found to be diamagnetic and non-conducting. Although N?O, reacts with [Ru(n5-CiH5)(PPhJ)(L)X] (where 

They were readily soluble in haloforni solvents but were X = CI, Br, I ,  CN,  or NCS) to yield nitrosyls, the reaction 
practically insoluble in alcohols and non-polar solvents. The  products of complexes having SnC13- as anion were different in 
products derived from the trichlorostannate complexes have two respects: ( i )  NO group is not coordinated with the metal 
poor solubility in haloform solvents too. In order to confirm the ion. ( i i )  The  reaction products crystallised out with N103 as 
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adducts. These differences have been indicated by their ir 
spectra which exhibited all the characteristic bands due to NO- 
except that at 650 cm-'  (1340 cm-' .  1320 cm- ' ,  840 cm- ' ,  and 
300 cm-')  and those, due to N?O, ( 1  870, 1340, 1320, 840 
cm-')  with a slight unsystematic shifts in their positions. The 
absence of 650 c ~ n - '  band suggested NOT to be bonded as 
nitrito group. Although all the spectra have shown a band 
around 1850 cm-' ,  but compared to the position of NO ' band, 
its position in SnCI, complexes was shifted slightly towards 
higher wave numbers and i t  was relatively a broader band. 
Though 1850 cm-' band may also indicate the presence of 
NOb,  but the presence of other characteristic bands of N,O, 
around 1340, 1320, and 840cm-' suggested the absence of NO 
and further, the presence of bonded NO' group in the com- 
plexes will require an extra negative ion for balancing the 
charge on the conlplex. It was therefore envisaged that 1850 
cm-' band suggested the presence of N20, rather than NOt.  
Besides their ir spectra also exhibited the characteristic pattern 
of five bands in the 1500- 1350 cm-' region, and three bands 
in 820-690 cm-' region, suggesting the presence of T-inter- 
action between ruthenium ion and one of the phenyl rings of 
PPh,. 

Interestingly, N203 adducts were formed only with the 
complexes in which ruthenium is coordinated with PPh, 
through T-interaction of one of its phenyl ring. Although the 
assignment of a reason for the interesting behaviour of these 
complexes will be speculative, literature indicates that a 
number of aromatic compounds like toluene, tn-xylene, etc., 
form adducts with N?O, by donating electron density from the 
aromatic ring to N203 (34). The formulation of these adducts as 
[NOR] ' [ N O , ]  has also been discarded on the grounds of elec- 
trolytic conductivity (35). In the complexes, a weak acid-base 
interaction between uncoordinated phosphorus atom (base) and 
N?O, (acid) could possibly explain the NzOradduct formation. 

Though this simple explanation is highly speculative, it 
could be suggested that the triphenylphosphine molecule coor- 
dinated to the metal ion through T-interaction of the phenyl 
group is playing some role in the adduct formation. 

'H nmr spectra 
All the complexes 'H nmr spectra were studied to confirm 

the presence of the co-ligand molecules. These exhibited a 
poorly resolved broad multiplet due to the protons of the phenyl 
groups of PPh, and those of N-heteronuclear group in the region 
around 6 7.0 and an additional band due to methyl protons 
around 6 2.0 in the case of picolines. The absence of a sharp 
signal in 6 4.5 region, further confirmed the loss of q-CsHs 
moiety during nitrosylation. 

Owing to the low solubility of the SnCI? complexes, only 
low intensity, poorly-resolved spectra were obtained. How- 
ever, a broad resonance around 6 7.2 and a weak multiplet 
around 6 5.2 were observed in every case. The latter signal has 
been assigned to the T-bonded phenyl ring of PPh, (17). The 
upfield shift of the band compared to that obtained in triph- 
enylphosphine or P-bonded triphenylphosphine complexes is 
supportive of the T-interaction of the phenyl ring of PPh, with 
ruthenium. Though a single crystal X-ray study will ultimately 
give a conclusive proof for the T-arene interaction with the Ru 
atom, the present spectroscopic evidences (ir and ' H  nmr) nev- 
ertheless strongly suggest that the only structure of the nitrito 
chlorostannate complexes which is consistent with all the data 
is the one in which phenyl ring of triphenylphosphine is bound 
to metal with a T-arene type linkage ( ~ i ~ .  1 )  

FIG. I. Structure of cyclopentadienyl ruthenium complexes (L = 
PPh?,  pyridine, 3-picoline. 4-picoline. f(2.2'-bipyridine). o r  f(1 , lo- 
phenanthroline)). 

Magnetic ~ltzd I ~ V ,  ~~isiblc .spectr~~I d~l ta  
All the complexes were diamagnetic in the solid state. This 

points towards an octahedral geometry of ligand atoms around 
the d" ruthenium ion in a strong ligand field causing a low spin 
configuration. 

Table 1 lists the A,,,',, of the electronic spectra of the com- 
plexes obtained at room temperature in chloroform solution. 

In order to seek some information about the T-interaction of 
one of the phenyl rings of phosphine molecules with the metal 
center, uv spectra of the SnCI, complexes were studied. But 
because of the presence of a number of T-bonded n~olecules 
like phosphine, pyridines, picolines, 2,"-bipyridyl, 1,lO- 
phenanthroline, NO?-. NO I ,  SCN-, or CN- in the complexes, 
practically a continuous and strong absorption was observed 
beyond 350 nm. Hence no information could be gathered from 
their uv spectra, though in a few cases the positions of one or 
two shoulder bands around 270 nm did shift towards the higher 
energy side. 

In the visible region a rather broad band of medium intensity, 
centering around 450 nm, was exhibited by all the complexes. 
As it is generally believed that d-d or the (MLCT) transition 
in ruthenium(l1) octahedral complexes occur under a broad 
envelope at around 450 nm (36). the presence of a similar band 
in the present complexes suggested an octahedral geometry of 
ligands around Ru(l1) ion. While comparing the spectral 
positions of this band with those of parent ones [Ru(qs-CsHs)- 
(PPh3)(L)X] (ca.  550 nm) a considerable band shift towards 
higher energy has been found in the nitrosyl or nitrito com- 
plexes. By taking into account the large number of donor 
groups which are capable of creating a stronger field around the 
metal ion an observed blue shift is quite understandable. 
Further, the position of the 450 nm band showed variation in 
its position for the series of C1, Br, I ,  CN, SnCI,, NCS com- 
plexes, in accordance with the ligand position in the spec- 
trochemical series. The substitution of a phosphine ligand by a 
pyridine or picolines caused a red shift in consonance with their 
lower positions compared to phosphine in the spectrochemical 
series. The shift in 2,2'-bipyridine or I ,  10-phenanthroline 
complexes was found to be erratic. Since 450 nm band seems 
to be ligand field dependent, it may be assigned to be arising 
due to MLCT. The probability of this band being due purely to 
a d-d transition is rather low. because of the availabilitv of low 
lying empty T* orbitals of the ligand. 

Further the compositions of all the reaction products suggest 
an octahedral geometry. The complexes, being mixed ligand 
ones, may exist in a number of isomeric forms. However, no 
attempt has been made to assign any particular geometry to 
these complexes except that PPh, and L molecules may be cis 
to each other, if one assumes that no molecular rearrangement 
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has taken place during the reaction. 
A few of the complexes contain dichloromethane as a 

CH2CI2 of crystallization. Since the number of protons in 
CH2CI2 is two per molecule of CH2CI2. it is difficult to observe 
these protons because of the solubility limitation of the com- 
plexes. However it has been observed that in a couple of cases 
(compounds 26 and 41) where the solubility of the complexes 
was found to be rather large, a very weak band corresponding 
to one or  two protons, around 6 4.2 was observed which has 
been assigned to CH2CI2 bands. 

Finally, it may be emphasized that although it is difficult 
to postulate any mechanistic path-way for these reactions, 
one may speculate the following tentative scheme of these 
reactions. 

It is well known that the following equilibrium in the 
methanolic solution of I R u ( ~ ' - C ~ H , ) ( P P ~ ~ ) ~ X ]  exists: 

It is, therefore, conceivable that the reacting species in these 
reactions could possibly be [Ru(qi-CiH5)(PPhl)u ' which in- 
teracts with NOBr, or  N 2 0 ,  or N O '  in a concerted or  stepwise 
process to give an intermediate 

The  tatter subsequently undergoes substitution reaction with 
X- = CI-, Br-, NO2-, etc., to yield the final product 
[Ru(NO)X~- , ,Y, , (PP~, )LI .  
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The biosynthesis of cyclopropane fatty acids. 111. pH Dependence of methyl hydrogen 
exchange: gas chromatographic - mass spectral studies 

PETER H. BUIST A N D  JUDY M. FINDLAY 
The Ottnwn-Cnrletot~ Itlstit~ite for Re.senrc.11 trtltl Grndirtrte Stlrtlies it1 Chetnistry. Ctrrletotr Llt~il~ersitjl, 

Otttrwtr, Otrt., Ctrtrcrtltr KIS 5B6 

Reccivcd August 28. 1984 

PETER H. BUIST and J U D Y  M. FINDLAY. Can. J .  Chem. 63, 971 (1985). 
L-Methionine-methyl-(I3 was administered to LnctoDnci1l~r.s plrrt~tcirlrtn and the deuterium content of the biosynthctic lac- 

tobacillic acid examined by gc-ms. By conducting the biosynthetic expcrimcnts in media of varying pH, i t  was shown that 
the production of dl-cyclopropane fatty acid increases with dccrcasing pH. Factors such as culturc agc and total activity of 
cyclopropane synthetase do not directly intlucncc thc cxtcnt of exchange. 

PETER H. BUIST et JUDY M. FINDLAY. Can. J. Chem. 63. 971 (1985). 
On a administrC de la L-mtthioninc-mCthyl-(I3 au Lnctohcrcil1~r.s pltoctto.~rt?r ct, faisant appcl i~ la cpg/sm. on a cxamink le 

contenu en deuterium dc I'acidc lactobacilliquc biosynthCtiquc. En cffcctuant les cxpkricnccs dc biosynthesc dans dcs milieux 
de pH varies, on a pu dtmontrer que la production d'acidc gras comportant un  cyclopropanc-(1, augmcntc avec une diminution 
du pH. Des facteurs comme I'age dc la culturc ct I'activitC totale de la synthcsasc dc cyclopropanc n'intlucncent pas dircctcment 
le degrC d'kchange. 

[Traduit par Ic journal] 

Enzymic processes which take place in hydrophobic envi- 
ronments form an important subset of all biological reactions. 
The detailed mechanisms of these reactions are of interest since 
the chemical reactivity of species subjected to solvent-free en- 
vironments is often startlingly different from their behaviour in 
solution. One important example of this type of chemistry is the 
biomethylenation of olefinic fatty acyl phospholipids as it takes 
place in many bacterial cell membranes ( I ) .  The methylene 
bridge is derived from S-adenosyl-~methionine (S.A.M.) and 
the reaction is presumed to involve methyl transfer, formation 
of a carbocationic intermediate, and 1,3 proton elimination to 
give the cyclopropyl product. An active site model for this 
reaction has been presented previously (2) and the essential 
features are displayed in Scheme 1. The precise structure of the 
carbocationic intermediate is unknown. Feeding experiments 
using specifically deuterated substrates and the microorganism, 
Lc~ctobacillus plantarum, have established that if a protonated 
cyclopropane (3) is invo!ved, then it is sufficiently short-lived 
to preclude any significant scrambling of deuterium label, as 
determined by nmr experiments (2, 4). Fluorine substituent 
effect studies are currently underway in order to gain more 
insight into this intriguing biological reaction. (For a pre- 
liminary account, see ref. 5.) 

Feeding experiments using methionine. bearing a trideutero 
methyl group, have also provided mechanistic information. 
Interestingly, up to 17% of a monodeuterated species is ob- 
sewed in the mass spectrum of biosynthetic cyclopropane fatty 
acid (lactobacillic acid) obtained in these feedings. After a 
complete analysis of the various possible pathways for hydro- 
gen exchange, it was concluded that exchange at the methyl 
group was probably occurring as a consequence of the fact that 
the deprotonation step leading to cyclopropane formation is 
reversible (2). 

Recently, the existence of the exchange process has been 
confirmed in every detail by running the simultaneously proton 
and deuterium decoupled I3C nmr spectrum of biosynthetic 
lactobacillic acid derived from methionine-methyl-rl,, which 
was enriched with carbon-13 in the methyl group.' Again, 

'Unpublished results, obtained in collaboration with A. G. 
Mctnnes, J .  A. Walter and J. L. C. Wright. 

approximately 20% of a I : I mixture of the two possible di- 
astereomeric d,-species was observed in this experiment. 

With the exchange phenomenon firmly documented by two 
independent analytical techniques. we decided to investigate 
this very unusual process more closely. Previously (2) i t  had 
been noted that the production of exchanged material seemed 
to increase with increasing culture age in feeding experiments 
with Lactobacillus plantar-urn. Since the pH of the culture 
medium also decreases with the extent of growth, due to lactic 
acid production, i t  was thought that the exchange process might 
be dependent on pH. We wish to report the results of experi- 
ments which show quite conclusively that this is, in fact, the 
case. 

The simplest way to begin testing our hypothesis was to run 
the feeding experiments using methionine-methyl-(1, in media 
of varying pH, and to analyze the biosynthetic cyclopropane for 
(1,-content by gc-ms. Two sets of feeding experiments were 
carried out, the results of which are shown in Table I. ln the 
first incubation, the pH of the culture was constantly adjusted 
during growth to the initial pH of 7 ,  by the addition of sterile 
base to neutralize lactic acid produced by the organism (Expt. 
# 1). In the second experiment, the incubation was started at a 
pH of 5 and allowed to drop to a final pH of 4.2 (Expt. #2). 
In this way, we were able to exaniine the exchange process in 
two complementary pH domains. We could not perforni incu- 
bations where the initial pH of the culture was significantly 
greater than 7.0, since the microorganism cannot tolerate these 
conditions. ln each case, a control experinient was performed 
(Controls # I  and #2), in which the pH of the medium was 
allowed to drop from an initial value of 7.0 to a value of 
approximately 4.0 at the end of the incubation. Experiment #3 
refers to previously published work (2), in which the incubation 
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TABLE I .  pH-Dependence of methyl group exchange during cyclopropane fatty acid biosynthesis 

pH range Cell yield 
(Ave. pH) (mg/ 100 mL) % ~iometh~lenation" %d;' %dl  %do %dl / (%dl  + %da) 

Expt. # I 
7.0-6.5 245 
(6.75) 

Control # I  
7.0-4.4 155 
(5.7) 

Expt. #2 
5.0-4.2 74 
(4.6) 

Control #2 
7.0-4.1 216 
(5.55) 

Expt. #3 (ref. 2) 
7.0-5.9 69 
(6.45) 

Control #3 (ref. 2) 
7.0-4.4 124 
(5.7) 

"The cell yields are given in terms of dry cell weight per 100 mL of culture. 
"The fatty acids were extracted and analyzed by capillary gc to determine the % biomethylenation: [amt. cyclopropane/(amt. 

cyclopropane and am(. olefin)] x 100. 
'For a discussion of errors in  the determination of deuterium content, see the experimental scction. 

was carried out at uncontrolled pH, but part of the same culture 
was harvested during exponential phase (final pH 5.9) and the 
remaining portion in lag phase (final pH 4.4). 

The following parameters were measured. 
( 1 )  Average pH at which biomethylenation was taking place. 

Our data shows that a substantial amount of cyclopropane for- 
mation occurs at all pH values. 

(2) Cell yield, as an indication of extent of growth. 
(3) % Biomethylenation, the % conversion of olefin to cyclo- 

propane as a measure of the total activity of the cyclopropane 
synthetase. 

(4) The extent of exchange, indicated by the amount of 
dl-cyclopropane as a percentage of the total deuterated materi- 
al. The contribution by cl,, species was neglected, as endo- 
genous cyclopropane from the inoculum was always a major 
source of this material. Also, an inherent M - 2 peak in the 
mass spectrum of these compounds made i t  difficult to quan- 
titate the d, species accurately. In any case, further loss of 
deuterium from a monodeuterated cyclopropane is expected to 
be small, due to a substantial intramolecular isotope effect (2). 

When the extent of exchange given by the parameter 
%dl/(%cll + %dl) is plotted versus average pH of the medium, 
it  is readily apparent that the extent of exchange increases with 
decreasing pH (see Fig. 1. At this stage we do not know the 
mathematical form of the pH dependence). The excellent re- 
producibility of the data is indicated by the results of Control 
#1  and Control #3. In contrast, the extent of exchange does 
not correlate in any obvious way with cell yield, as is readily 
seen by comparing the results of Expts. #2 and #3. It appears 
that the extent of exchange also increases with % biometh- 
ylenation (graph not shown). We believe that this latter cor- 
relation is an indirect one and is due to the fact that, in general, 
the total activity of cyclopropane synthetase is increased by a 
drop in pH due to a complex induction phenomenon, as dis- 
cussed in further detail below. 

Consideration of our active site model for this reaction may 
provide an explanation for the pH dependence of exchange (see 

Averoge pH 

FIG. I .  Dependence of extent of methyl hydrogen exchangeon pH. 

Scheme I). Using arguments first developed by Akhtar and 
Jones ( 6 ) ,  we suggest that just as the sulfonium salt is activated 
by desolvation to allow delivery of a methyl group to an iso- 
lated double bond, so the equally unsolvated, conjugate acid 
(e.g. an ammonium group) is able to protonate the cyclo- 
propane ring. 

Assuming for the moment that this is the case, then one 
might intuitively expect that a lowering of external pH would 
cause an increase in (1,-cyclopropane production. At lower pH, 
the equilibrium between the base and its conjugate acid will be 
shifted to favour the conjugate acid form and hence favour 
reprotonation of the cyclopropane ring. This equilibrium may 
be established via one or more amino acid residues acting as a 
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Mecanisme des reactions du chlorite et du dioxyde de chlore. 
3. La dismutation du chlorite 

GUY SCHMITZ ET HENRI ROOZE 
Faculrk des Sciet~ces Appliqukes, Universirk Libre de Bruxelles. 50, Avenue F. Roosevelr, I050 - Bruxelles, Belgiqur 

R e p  le 20 juin 1984 

GUY SCHMITZ et HENRI ROOZE. Can. J .  Chem. 63, 975 (1985). 
La dismutation du chlorite a CtC CtudiCe en solutions d'acide perchlorique 0,Ol M a I M, a 25°C et pour une force ionique 

de 1 M. Les rCsultats impliquent au moins trois processus rCactionnels. Le premier est catalysC par les ions C1-, le second donne 
une loi d'ordre deux et le troisitme est catalysC par le fer. Sa loi cinCtique est 

Elle peut Ctre interprktee par la rkaction riversible CIO; + Fe3+ C102 + Fe" suivie de deux Ctapes dkterminantes Few 
+ HCIOz -. produits et Fe" + C10, -. produits. Nous dCduisons de cette etude et de la prCcCdente faite en prCsence 
d'orrho-tolidine, que la reaction d'ordre deux correspond a un mkcanisme radicalaire en chaine. 

GUY SCHMITZ and HENRI ROOZE. Can. J. Chem. 63, 975 (1985). 
The disproportionation of chlorite was studied in 0.01 to I M perchloric acid solutions at 25°C and an ionic strength of 1 M. 

The results suggest at least three reaction paths. The first is catalysed by C1- ions, the second gives a second-order rate law, 
and the third is catalysed by iron. Its rate law is 

d [CIO1] - [Fe" ] [CIO,II [HCI02] 
-- 

0.1 1 
(1.39 + -) 

dt [cl021 [H'] 

'This can be interpreted by the reversible reaction ClOi + Fe3' g C102 + Fe" followed by two rate-determining reactions 
Few + HCIOz -. products, Fez+ + C101 -. products. From this study and the former, made with added orrho-tolidine, we 
conclude that the second-order reaction proceeds by a radical chain mechanism. 

Introduction 
La therrnodynarnique, la stoechiornCtrie et certains aspects 

de la cinCtique de la dismutation du chlorite ont CtC discutCs 
dans nos articles precedents (1, 2). Cette disrnutation peut 
rksulter d'au moins trois rkactions. 

(a) La reaction catalysCe par les ions C1- (1). Elle peut 
intervenir mCrne s'il n'y a pas d'ions C1- initialement, car la 
disrnutation du chlorite en produit. Sa contribution n'est alors 
significative qu'aux aciditCs et conversions elevees. Elle peut 
Ctre nCgligCe lors de toutes les experiences discutees ci-apres. 

(b) La reaction classique d'ordre 2. 

[ I ]  -d[HClOl]/dt = k ,  [HC10212 

La loi [I] ,  bien Ctablie en milieux tres acides, n'est plus verifiee 
si [H'] 5 0,2 M (3). 

(c) La reaction catalysee par des traces de fer dont nous 
avons, CtudiC la cinetique en prbence d'ortho-tolidine (2). 
Nous l'etudions ici en son absence. La technique experimentale 
a etC decrite antkrieurernent ( 1 ,  2). La concentration totale du 
chlorite, [HC102] + [ClOi], sera designee par [NaC102] et la 
concentration totale du fer ajoutk par [Fe]. 

Resultats preliminaires 
Nous avons confirm6 l'observation de Kieffer et Gordon (3), 

la loi [ l ]  n'est plus satisfaite si [H'] 5 0,2 M, et en avons 
dCcouvert la raison: la catalyse de la dismutation du chlorite par 
les traces de fer inCvitablernent prbentes dans les reactifs. 
Rappelons (fig. 1 de la rCf. 2) qu'en absence d'ortho-tolidine, 
si [HCIO,] = 0 , l  M, 5 x mol/L de fer font plus que 
doubler la vitesse de formation du dioxyde de chlore. Cet effet 
du fer est tres specifique (4). 

Lors de nos rnesures prelirninaires nous avons Cgalement 
observC un effet inhibiteur du dioxyde de chlore. Cet effet 
sernblant contredire d'autres travaux, nous en donnons une 

preuve directe. La figure 1 rnontre l'evolution de la concen- 
tration du C102 dans une solution de chlorite a pH = 2. On 
observe une diminution rapide de la vitesse qui ne peut rCsulter 
ni d'une perte de CIOl ni de la variation de la concentration du 
chlorite. Apres 9 rnin la vitesse a diminue d'un facteur 3 envi- 
ron, alors que la conversion est infkrieure a 10%. La courbe (b) 
prouve que ceci resulte d'un effet inhibiteur du CIOz sur sa 
vitesse de formation. On a fait passer un courant d'azote pour 
chasser le C10, dans une fraction de la solution donnant la 
courbe (a). Toutes autres choses etant Cgales, les vitesses sont 
plus grandes si [C102] est plus petit. D'autre part nous n'avons 
trouvC aucun effet du chlorate. 

Resultats en presence de fer ajoute 
Dans le dornaine d'aciditk Ctudie et sans chlorure ni fer 

ajoutC, la stoechiornetrie correspond assez bien a [2] avec une 
tendance a la formation d'un peu plus de chlorate (1, 3). 

Nous avons verifie qu'en prksence de fer ajoute cette equation 
reste valable, les kcarts sernblant mCrne rnoins importants 
qu'en son absence. Avec 3 X rnol/L de fer nous avons 
obtenu 

rapport indCpendant du chlorite initial, [NaC1Ol], = a 
lo-, M, et de I'aciditC, [HCIO,] = lo-, ii 2 M. 

Pour une acidit6 fixCe et une quantitC de fer ajoutCe suf- 
fisante (elle dCpend de I'aciditC et sera precisCe plus loin) nous 
avons obtenu la loi cinetique [3] 
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I 
I I I I 

5 10 I S  20 rnin 

FIG. 1. Evolution de la concentration du C102 dans deux fractions 
de la m&me solution; (a) sans barbotage d'azote; (b) apres barbotage 
d'azote pendant 9 min. [NaCIO,] = 5.4 X lo-' M; [HClO,] = 9,O X 

M. 

FIG. 2. TransformCe Y de la conversion. en fonction du temps; 
[NaC10210 = 5,7 X w 3 M .  4Y = [NaC102]o/[NaC102] - 1 - In 
[~aC10~]~/[NaClO~:l .  [H'] = 0,0520 M, [Fe] = 3,O x lo-* M (X); 
[H+] = 0,0520 M, [ ~ e ]  = 1,2 X lo-, M (+); [H'] = 0,0520 M, [Fe] 
= 6,O x lo-' M ( a ) ;  [H+] = 0,208 M, [ ~ e ]  = 6,O X lo-, M ( 0 ) ;  
[H'] = 0,208 M, [Fe] = 1,2 X lo-, M (A). 

Par integration, avec [NaClO,] = [NaClO,], - 2[C102], on 
obtient [4]. 

[NaC10210 - 1 - ln 
[NaC10210 

[41 [NaClO,] 
= 4k3t 

[NaClO,] 

FIG. 3. Variation de k3 en fonction du fer ajoutC. [H'] = 0,104 M; 
[NaC10210 = 3,2 X lo-' M (+), 5,7 x lo-' M (O), 8,O X lo-' M 
(A), 1,6 x M ( a ) .  

TABLEAU I. Effet de I'aci- 
ditC sur k3, 25"C, I = 1 M 

k3/[Fe] (M-' s-I) 
[H'l 
(M)"xp. Calc .' 

"Les valeurs de [Hf] sont 16- 
ghrement infirieures B celles de 
[HCIO,] i cause de la formation 
de [HClO?]. 

Valeurs calculies par [6]. 

la relation [6] entre k3 et l'acidite. 

En portant les valeurs du premier membre de [6], calculCes 
avec K, = 2,4 x lo-' pour T = 25°C et une force ionique I = 
1 M (2, 5), en fonction de [H'] on obtient une droite dont la 
pn t e  et l'ordonnke a l'origine donnent: 

La figure 2 donne quelques exemples de nos mesures et la k; = 1,39 M-' s-I; k;'K, = O,11 s-' 
figure 3 montre que la constante cinktique apparente k3 est 
proportionnelle a la concentration du fer et independante de la 
valeur initiale du chlorite. L'effet de l'acidite sur k3 apparait Resultats en absence de-fer ajoute 
dans le tableau 1 et conduit A expliciter [3] sous la forme [5]. En absence de fer ajoute la production de C102 resulte a la 
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fois de la reaction d'ordre deux et de celle catalysee par les 
traces de fer intvitablement presentes dans les reactifs (2, 4). 
Tant que la reaction catalysee par les ions C1- est negligeable, 
on obtient [7]. 

Pour une valeur donnee de la concentration du fer, la con- 
tribution du deuxikme terme est d'autant plus petite que [C102] 
est grand. Elle diminue donc lorsque la conversion augmente. 
Cette contribution diminue Cgalement si I'aciditk augmente, ce 
qui explique que Kieffer et Gordon (3) aient vbifik la loi 
d'ordre deux en milieux perchloriques 1,2 M mais pas en mi- 
lieux moins acides. 

Soit a un coefficient stoechiomCtrique valant 2 si [2] est 
exactement suivi, un peu superieur si I'on forme un peu plus de 
chlorate. 

Si le deuxikme terme de [7] Ctait negligeable, on devrait veri- 
fier la forme intkgree [8]. 

La figure 4(a) donne quelques exemples de nos rksultats. La 
loi d'ordre deux n'est pas vCrifiCe aux faibles conversions parce 
que, conformement Zi [7], la reaction catalysee par le fer n'est 
pas negligeable. Elle ne le devient qu'a partir de conversions 
d'autant plus grandes que [Hi] et [NaC10210 sont petits. Dans 
le domaine ou 1/[NaC1O2] varie lineairement en fonction du 
temps, nous obtenons a 25°C 

valeur independante du chlorite, [NaC10210 = 10-3 2 loM2 M, 
et de 17aciditC, [HClO,] = 0,2 h 1,2 M. Nous avons utilise a 
= 2. Avec a un peu plus grand on calculerait [NaC102] un peu 
plus petit, ak; un peu plus grand et par un effet de compen- 
sation pratiquement la mCme valeur de k2. Hong et Rapson (5) 
ont obtenu k2 = 5,5 x et Kieffer et Gordon (3) a k ,  = 1,17 
x 

Les,importances relatives des deux termes de [7] correspon- 
dent bien aux teneurs en fer des reactifs determinees par spec- 
troscopie d'emission de plasma (4). Par exemple pour l'ex- 
perience de la figure 4(a) faite avec [HC104] = 1,2 M et 
[NaC10210 = 2,18 x M on peut estimer que l'on avait [Fe] 
- 2 x M. On en deduit avec les constantes cinetiques 
ci-dessus r(fer)/r(ordre 2) = 1,2 X 10-~/[C10~] ou encore 
r(fer) = r(ordre 2) si [NaC102]-' - [ N ~ C ~ O ~ ] , '  = 5 en bon 
accord avec l'exphience. 

L'equation [7], basee sur nos mesures de la production de 
C102, est en accord avec les mesures de Kieffer et Gordon (3) 
de la consommation du NaC102. La figure 4(b) en donne un 
exemple. En milieu acide perchlorique 1,2 M, pour lequel ils 
ont admis la loi d'ordre 2, on obtient bien une droite mais elle 
ne passe pas par l'origine. La presentation adoptke fait 
apparaitre la contribution, petite mais significative, de la cata- 
lyse par le fer au debut de cette experience. Nous avons Cgale- 
ment vCrifiC que leurs rCsultats en milieux moins acides (par 

FIG. 4. (a) Resultats en absence de fer ajoute: [H'] = 1,2 M, 
[NaC1OZ], = 1,09 x M (X); [H'] = 1,2 M, [ ~ a C l o ~ &  = 2,18 
x lo-' M (+); [Hi] = 0,2 M, [NaC102]o = 1,04 x 10-'M (A); 
[H'] = 0,2 M, [NaC1OZ], = 4,15 x lo-' M (0). (b) RCsultats de 
Kieffer et Gordon (ref. 3, p. 243): [H'] = 1.2 M, [ N ~ C I O ~ ] ~  = 3,64 
x lo-? M. 

exemple p. 238 de la ref. 3; [HCIO,] = 3,33 X lo-' M) 
satisfont la relation [4]. Dans ces milieux, la reaction catalysee 
par le fer present dans les reactifs est preponderante. 

Interpretation des resultats 
Catalyse par le fer 

Pour interpreter nos rksultats en presence d'ortho-tolidine 
nous avions admis (2) les reactions [9] et [lo]. 

Ces mCmes reactions permettent d'interpreter la catalyse par 
le fer observte ici, la seule difference Ctant la reversibilitk de 
[9]. L'ortho-tolidine reduisant tr6s rapidement le C102, en sa 
presence la reaction [9] est determinante. Ici par contre, le ClO2 
est un produit de la reaction globale et [9] est un quasi- 
Cquilibre. On retrouve la loi [5] en admettant que les Ctapes 
determinantes sont [lo'] et [ l o ] .  
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Les constantes des equilibres d'hydrolyse 

etant petites, respectivement 9 x et 4,9 x lo-' (6, 7), les 
concentrations des formes hydroxylees sont negligeables dans 
le domaine d'acidite CtudiC. Celles des complexes avec les ions 
C1- le sont Cgalement (8). La valeur de la constante d'equilibre 
Kg = 2,7 X 10-"stimee en annexe implique que des les plus 
faibles conversions observees, on a [Fez+] < [Fe3'] et par 
consequent 

[Fe''] = [Fe] 

L'expression de r l o  correspond bien a la loi experimentale [S]. 

Re'action d'ordre deux 
La reaction d'ordre deux Ctant supprimee par I'ortho- 

tolidine, nous avons soulignk (2) que 2HC10z-+ HClO + C10, 
+ H' n'est pas une reaction simple. Elle fait intervenir au 
moins un intermtdiaire Climine par l'ortho-tolidine. Ceci sug- 
gere un mecanisme radicalaire en chaine de la forme gtntrale 
suivante. 
Initiation 

[i] HClO, + X + R '  + . 

Chaine 

[cl] HCIO, + R '  + C10, + H' + R' 

[c2] HCIO? + R' + HClO + R '  

Rupture 

[r] R 1  + X +  . . .  
O U R ' +  X--, . . .  

La quasi-stationnaritt des concentrations des radicaux R1 et R' 
donne 

et une vitesse de la chaine proportionnelle a [HC1O2I2. 
Admettons que la reaction d'initiation soit [lo], c'est-A-dire 

X = ~ e * '  et R1 = C10. On obtient la chaine [I 11, [12]. 

[I21 HCIOz + C1 + HClO + CIO 

La rupture peut Ctre [I31 ou [14] 

D'autre part nous savons (1) que le HCIO form6 rtagit trks 
rapidement avec le chlorite suivant [15] et [16]. 

[I51 HClO + 2HC10z + 2C102 + CI- + H' + HIO 

[I61 HClO + HCIOz -+ C10, + CI- + 2H' 

Dans les milieux acides et riches en chlorite la rkaction [15] 
est preponderante. 

La stoechiomCtrie de la chaine resulte de [ I  I ]  + [12] soit 

2HC10, -. HClO + Cloy + H+ 

Si le HClO reagissait uniquement suivant [IS] on obtiendrait 
exactement [2]. La petite contribution de [16] conduit a un 
e x c b  de chlorate. On retrouve ainsi la stoechiomttrie ex- 
ptrimentale. 

Effet du choir de la re'action de rupture 
A. Si on admet que la rupture de lachaine se fait suivant [13] 

on obtient: 
initiation - rupture 
Sa stoechiometrie resulte de 2 x [9] + [lo] + [ l l ]  + [13] 

soit 

Sa vitesse est donnee par I'expression de r lo  ci-dessus. On 
retrouve bien la stoechiometrie et la cinetique de la reaction 
catalyste par le fer. 

Chafne 
Nous venons de montrer que sa stoechiometrie est en accord 

avec l'exptrience. Sa vitesse est obtenue en Ccrivant la relation 
de quasi-stationnaritk: 

d'ou 

La comparaison de r l o  avec la loi expirimentale [5] donne 

Dans les milieux acides ou la reaction d'ordre deux est Ctu- 
diee la contribution du terme en k;6 est petite et la cinktique 
correspond parfaitement a l'expression de r l z .  

B. Si on admet que la rupture de la chaine se fait suivant [I41 
on obtient: 

initiation-rupture 
Sa stoechiometrie resulte de 2 X [9] + [lo] + [14] soit 

3HC102 + 2C10r + HClO + Hz0 

suivi de [15] et [I6]. Sa vitesse est donnte par l'expression de 
~ I O .  

Chafne 
Sa stoechiomttrie est la mCme que ci-dessus. Sa vitesse est 

obtenue en tcrivant la relation de quasi-stationnarite 

d'ou 

On retrouve tgalement la loi cinttique de la reaction d'ordre 
deux . 

La seule difftrence notable entre les deux hypothkses con- 
ceme la stoechiomttrie de l'initiation-rupture. Avec [14], du 
fait de la prtpondtrance de [15] par rapport a [16], on prevoit 
une formation relative de CIOz beaucoup plus importante que 
celle obt'enue expCrimentalement pour la reaction catalyste par 
le fer. Nous admettons donc que, dans nos conditions, la rup- 
ture est [13]. Ce n'est pas necessairement vrai en milieux moins 
acides. En effet lorsque la majorit6 du chlorite se trouve sous 
la forme ClO,, le C10 produit par [IC)] pourrait rtagir suivant 
[I41 plutdt que suivant [I I.]. On expliquerait ainsi la forte 
proportion de C102 obtenue par Kieffer et Gordon (3) si 
[HCIO,] = 3,3 X lo-%. 

Cornparaison avec les re'sultats de Ondrus et Gordon 
Ondrus et Gordon (9) ont Ctudit la reduction du chlorite par 
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un excks de Fe(I1). L'Ctape determinante correspond a I'echan- 
ge d'un seul electron et leurs rksultats sont interpretes par [lo'] 
et [lo"]. Nous avons recalculC leurs valeurs en prenant K, = 2,4 
X lo-' et obtenu (2) 

D'autre part la comparaison de [5] avec d[C102]/dt = 2rlo 
donne 

L'accord entre les deux skries de valeurs serait parfait avec 
Kg = 8 x au lieu de K9 = 2,7 X estime en annexe. 
Comparant des constantes cinetiques dCduites d'ktudes tres dif- 
fkrentes et tenant compte de I'imprkcision de I'estimation de 
K9, due surtout aux effets de force ionique, il faut considkrer 
que ceci confirme que [10] est I'Ctape dkterminante de la dis- 
mutation du chlorite catalyske par le fer. 

Conclusion et discussion 
Ce qui apparaissait dkji dans le travail de Kieffer et Gordon 

a kt6 confirm6 et complktk par nos mesures. La stoechiometrie 
et la cinetique de la dismutation du chlorite sont compliqukes 
par des compttitions entre diverses reactions. Le mkcanisme 
que nous proposons repose sur un trks grand nombre de faits 
expkrimentaux et peut Ctre reprksentk par le schkma suivant. 

HClO * C1707 

![14& I (ordre 2) 

[I31 

(Fe) ' 

On retrouve dans ce schema les trois processus rkactionnels 
citks dans I'introduction. 

(a) La rkaction catalyske par les ions C1- que nous avons 
etudike antkrieurement (1) correspond A la partie suptrieure. 

(b) Au centre on voit la chaine donnant la loi d'ordre deux. 
Elle existe dans tout le domaine de pH CtudiC mais n'est prk- 
pondtrante qu'en milieux assez acides et pour des conversions 
ni trop faibles (effet du fer) ni trop Clevkes (effet du chlorure). 

(c) L'initiation-rupture de cette chaine correspond ii la rkac- 
tion catalyske par le fer et inhibke par le dioxyde de chlore. Les 
traces de fer prksentes dans I'acide perchlorique "pour 
analyses" ou dans le chlorite recristallist plusieurs fois suf- 
fisent pour la faire apparaitre. A pH = 0 elle devient nkgli- 
geable par rapport la rkaction d'ordre 2 dks les faibles con- 
versions; a pH = 2 elle reste importante jusqu'aux conversions 
trks klevkes. 

Dans le premier article de cette skrie (1) nous avions laissk 
un fait expkrimental ktonnant inexpliquk. Lors de la reaction 

HClO + HCIO, on peut obtenir plus de C10, que le maximum 
prkvu par [15]. Ceci avait Cgalement CtC observe par Emmen- 
egger et Gordon (10) qui avaient suggCrk que I'acide hypo- 
chloreux catalyse la dismutation du chlorite. Une telle catalyse 
peut se comprendre dans le cadre de notre mecanisme. Lorsque 
le HClO est present dans le systeme en concentration macros- 
copique il faut tenir compte d'une rkaction supplementaire, 
HClO + Fez+ + C1 + Fe(OH)", initiant la decomposition en 
chaine de HC102 suivant [ l l ]  et 1121. 

Hong et Rapson (5) ont observe vers pH = 1 que lorsqu'on 
augmente la concentration des ions C1-, la vitesse de formation 
du C10, passe par un minimum. Nous avons confirm6 cette 
observation. L'augmentation de la vitesse apres le minimum 
est tvidemment due a la rkaction catalyske par les ions C1-. 
L'interprktation de sa diminution avant le minimum donnee par 
ces auteurs ne peut Ctre retenue car elle fait intervenir la rCac- 
tion HClO + C1- + H+ -+ C1, + H20 en exigeant qu'elle soit 
irreversible dans ces conditions, ce qui est exclu (1 1). Dans le 
cadre de notre mkcanisme cette diminution peut s'expliquer 
simplement par la rkaction C1 + C1- G C12 (12). Si C1, 
disparait plut6t par une reaction de rupture que par une rkaction 
analogue a [12], les ions C1- diminuent la vitesse de la decom- 
position en chaine de HC102. Ces rkactions n'ont pas CtC con- 
sidkrees ci-dessus car les donnkes actuelles ne permettent pas 
un traitement quantitatif de cet effet. 

Lorsqu'on augmente le pH, la vitesse de dismutation du 
chlorite passe par un maximum vers pH = 2 (3, 13). Ce fait ne 
peut Ctre interpret6 simplement en remarquant que, pour une 
valeur donnee de [NaClO,], le produit [C10~~[HC102] passe 
par un maximum a ce pH. I1 faut Cgalement tenir compte de la 
formation des formes hydroxylees Fe(OH)*+ et F ~ ( o H ) ~ .  
Celles-ci semblent avoir Cgalement un effet catalytique en tam- 
pon acktate a pH = 4 (14). 

Les travaux anterieurs avaient fait apparaitre la complexitt 
de la stoechiometrie et de la cinktique de la dismutation du 
chlorite. L'utilisation de I'ortho-tolidine nous a donne les clefs 
de leur interpretation: l'effet catalytique du fer et le fait que 
2HC102 + HClO + Cloy + H+ ne soit pas une rkaction 
klkmentaire. Le mkcanisme que nous proposons ici est en ac- 
cord avec tous les faits expkrimentaux connus entre pH = 0 et 
pH = 2. Son extension aux milieux moins acides nkcessiterait 
de nouveIles expkriences. 
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Annexe 

Constante d'e'quilibre de [ 9 ]  
De E ' ( F e 3 + / F e )  = 0,739 V et E'(C1Oz/CIO~) = 0,950 V, 

Le potentiel standard E0 du couple Fe"/Fe2+ vaut 0,771 V on dkduit 

(15). Sa valeur apparente E '  depend du milieu et de la force K9 = 
[c1021["zt1 = 2,7 

ionique (16-18). En solutions perchloriques 1 M elle vaut [CIO,] [Fe3+] 
0,739 t 0,002 V.  Pour le couple C102/C10, l'incertitude est (25"C, milieu perchlorique 1 M) 
plus grande. L'examen des sources nous ayant conduit a adop- 
ter 0,950 V (1) indique que cette valeur est une bonne esti- Au cours de nos experiences on avait 
mation de E '  en milieu perchlorique 1 M. Elle est superieure au [Fe" ] -- [ClO,] - 6,5 X lo-' [NaC102] potentiel standard admis anterieurement EO = 0,935 V (19). - 2,7 x - - 
L'effet de la force ionique sur ce potentiel est en accord avec 

[Fe" ] [ClO,] [H'] + 2.4 X lo-' [C102] 

celui observe par Hang et Rapson (5) sur la constante d'acidite et [Fe3+1 [Feztl des les plus faibles conversions observees. 
K,. En effet: 
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The mechanism of enzymic hydroxyl group removal from C-21 of 
tetrahydrodeoxycorticosterone 
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HERBERT L. HOLLAND and ELLY RIEMLAND. Can. J.  Chem. 63, 98 1 (1985). 
The C-2 I hydroxyl group of C- 17- and C-2 1 -deuterium labelled tetrahydrodeoxycorticosterone is removed by the anaerobic 

intestinal bacterium Eubacterium lentum ATCC 25559 with retention of deuterium label at C-17a and loss of one of the two 
deuterium atoms originally present at C-21. Dehydroxylation at C-21 proceeds with an apparent primary kinetic isotope effect, 
K H / K o ,  at C-21 of 2.6. These data suggest a route for C-21 dehydroxylation involving a C-20(21)-enediol intermediate. 

HERBERT L. HOLLAND et ELLY RIEMLAND. Can. J .  Chem. 63, 981 (1985). 
Sous l'influence de la bactkrie anaerobique intestinale Eubacterium lentum ATCC 25559, le groupement hydroxyle C-2 1 

de la tCtrahydrod~oxycorticostCrone, marquee au deuterium dans les positions C-17 et C-21, est CliminC avec retention du 
marqueur en C-17a et avec perte de l'un des deux atomes de deuterium originalement presents en position C-21. La 
dehydroxylation en C-21 se produit avec un effet isotopique cinetique primaire apparent, K k I / K D ,  en C-21 qui est egal a 2,6. 
Ces donnCes sugg6rent que la dehydroxylation en C-21 implique un intermediaire 6nediol-C-20(21). 

[Traduit par le journal] 

Introduction Results and discussion 
Those 21-hydroxycorticosteroids which undergo entero- 

hepatic circulation in the body (passage through the intestines 
and reabsorption into the liver) are eventually excreted in a 
modified form lacking the C-21 hydroxyl group ( I). In con- 
trast, those which are directly excreted retain this functionality 
(2). The 21-dehydroxylation reaction is performed by the an- 
aerobic intestinal microflora (3), the species responsible having 
been identified as Eubacteriurn lenturn (4). This reaction can 
provide one of the major routes for the metabolism (and hence 
deactivation) of administered corticosteroids such as tetra- 
hydrodeoxycorticosterone ( l a )  (5) and aldosterone (6), and 
in view of its widespread relevance (in addition to any intrinsic 
chemical interest), we have undertaken a study of its 
mechanism. 

HO" 
H 

l a  R = O H  2 
b R = H  

Enzymological studies from Bokkenheuser's laboratory 
have established that the C-21 dehydroxylating enzyme from 
E.  lenturn requires a reduced flavin cofactor (FMNH,) (4, 7), 
is inhibited by metal chelating agents (8), functions at pH 
6.5-7.3 ( l ) ,  and dehydroxylates only those substrates with a 
C-20 carbonyl function (1). Preliminary mechanistic work has 
also been camed out (9), which determined that C-21 dehy- 
droxylation of 'H labelled deoxycorticosterone (21-hydroxy- 
pregn-4-ene-3,20-dione, 2) by human fecal flora proceeded 
with substantial but unreproducible loss of label from a site 
assumed to be C-21. However, this reference &includes no 
details of the method of preparation of labelled substrate, or of 
the criteria used to establish the homogeneity or position of 
label, so the data must be interpreted with caution. Our data, 
discussed below, remove this ambiguity and expand upon the 
mechanistic details of the dehydroxylation. 

We have used the intestinal bacterium E. lenturn ATCC 
25559, in anaerobic mixed culture with Esherichia coli, to 
perform the conversion of l a  to 16. The latter microorganism 
serves to generate the highly reducing environment necessary 
for E. lenturn to carry out this biotransformation (1, 4). In our 
hands, this mixed but defined bacterial culture was not able to 
dehydroxylate 2 as previously reported in the case of undefined 
fecal bacteria (9) and the related bacterium E. lenturn VPI 0255 
(I) ,  but l a  was quantitatively dehydroxylated at C-21 within 
seven days. 

Labelled substrate l a  was prepared from unlabelled material 
by base catalysed exchange, using the method developed 
by Johnson for the preparation of side-chain labelled corti- 
costeroids (lo), and analysed by 'H and 'H nmr analysis. 
Product 16,  both of enzymic origin and as prepared by 
exchange, was additionally analysed by electron impact mass 
spectrometry. The latter technique could not be applied to 
labelled l a  because of the lack of an observable molecular ion: 
other mass spectral techniques (e.g. FAB) could not be used for 
quantitative deuterium estimation. 

The deuterium content of l u  at C-21 was estimated by 'H 
nmr using the C-3 hydrogen signal as internal reference, and 
thence at C-17 by the relative areas of the signals assigned to 
deuterium at C-21 and C-17 in the 'H nmr spectrum. Reported 
values represent the average of ten integrations. The content 
and location of label in 16 were determined by mass spectral, 
'H and 'H nmr data (see Experimental). The values obtained for 
starting material, biotransformation product, and control incu- 
bation samples are listed in Table 1. 

Control experiments confirm that the integrity of label in l a  
is maintained under the incubation conditions; thus l a  
recovered from a pH 6.3 phosphate buffer after 7 days, and 
from a short (4 day) incubation at pH 6.2-6.5 with E.  lenturn, 
showed no appreciable loss or scrambling of label. Similarly, 
product 16 did not lose any label from C-17 or -21 during a 
seven-day exposure to an active culture of E.  lenturn/E. coli. 
Analysis of 16 produced from labelled l a ,  however, clearly 
shows that the C-21 dehydroxylation reaction takes place with- 
out appreciable loss of label from C-17a, but with loss of one 
of the two labelled hydrogen atoms originally present at C-21. 

Incubation of substrate consisting of an equimolar mixture of 
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TABLE 1. Metabolism of labelled l a  by E. Lentum 

'H Content 
% 

Substrate Conditions Product Yield, % C-17 C-21 

l a  Synthetic sample 
l b  Synthetic sample 
l a  Phosphate buffer 

pH 6.3 
7 days 

l a  E. lentum 
4 days 

l b  E. lent~tm 
7 days 

l a  E. lentum 
4 days 

l a  E. lentum 
7 days 

44* 95t  
>95 803 

l a  92 44 95t 
recovered 

l a  50 45 95t 
recovered 

l b  94 >95 803 

*Values are accurate to "2%. 
?Percentage of two deuterons. 
$Percentage of three deuterons 

labelled and unlabelled l a  gave a sample of l b  whose deu- 
terium content, following the assumption of the loss of one 
deuterium atom from C-21 during dehydroxylation, enabled 
the apparent primary kinetic isotope effect, KH/Ku, for the 
reaction to be calculated using the equation (1 1): 

1 + ADo/AHo 
l n l - f  

KH/Ku = 
1 + X D / X H  
1 + ADo/AHo 

In 1 - r f  
1 + X D / X H  

where ADo/AHo = ratio of labelled to unlabelled substrate 
at time zero; XD/XH = ratio of products arising from 
labelled (XD) and unlabelled (XH) substrates; r = 
(XD/XH)/(ADo/AHo);  and f = (XH + XD)/(AH, + ADo) 
= fraction of conversion. Using the values ADo/AHo = 1, 
X D / X H  = 0.54, and f = 0.52 (see Experimental) the value of 
KH/KD is 2.6 + 0.1. This value is similar to those observed for 
some other enzyme catalysed enolizations (12- 14) and, to- 
gether with the substrate and cofactor requirements discussed 
above, and a possible role for metal ions in the reaction, 
suggests the route for C-21 dehydroxylation proposed in 
Scheme 1. 

During dehydroxylation, the substrate may bind irreversibly 
in the C-20(21)-enediol form 3 to an as yet unidentified metal 
ion of the enzyme. Metal ions are common binding sites in the 
enzymic coordination of a-ketols (e.g. glyoxalase (15)), and 
can provide Lewis acid activation for substrate enolization 
(16). Reduction of 3 by FMNH, may then be followed by metal 
catalysed dehydration (17) to release the product l b  in its en01 
form. 

The  route presented in Scheme 1 is somewhat similar to the 
routes established for the enzymic dehydroxylation of bile 
acids at C-7 ( 18, 19) and of 16a-hydroxyprogesterone at C- 16 
(20) by Eubacteria. In these cases, the reactions proceed by 
dehydration followed by reduction of the resultant carbon- 
carbon olefinic bond. Scheme 1 is consistent with all the avail- 
able data on the C-21 dehydroxylation reaction. The nature of 

SCHEME 1. Proposed route for C-21 dehydroxylation by E. lentrtm. 

the metal ion and the stereochemical details of the depro- 
tonation at C-21 remain to be investigated. 

Experimental 
Apparatus, materials, and methods 

Melting points were determined with a Gallenkamp apparatus and 
are uncorrected. The 'H nmr spectra were obtained at 80 MHz on a 
Bruker WP-80CW using CHC13 as solvent and TMS as internal stan- 
dard, and the 'H nmr spectra at McMaster University, Hamilton, on 
a Bruker WM 250, using CHC13 as solvent and internal standard. Mass 
spectra were obtained with an AEI MS30 interfaced to a Kratos DS 55 
data system. Deuterium content was determined by repeated scanning 
of the appropriate molecular ion and M - H,O regions and correction 
for natural isotopic abundances. Column chromatography was per- 
formed on silica gel (Merck 230-400 mesh) and thin layer chro- 
matography on Merck silica gel 60F-254 (0.2 mm). Eubacteriurn 
lentum ATCC 25559 was maintained in continuous culture as 
described below. 

Mairltenance of E. lentum 
Growth medium consisting of dehydrated brain heart infusion broth 

(Difco, 37 g/L) and cysteine hydrochloride (0.5 g/L) was autoclaved 
and cooled to room temperature under a continuous degassing stream 
of argon. The pH of the medium was 6.2-6.5. This medium was 
inoculated under anaerobic conditions with the stock E. lentum culture 
(12 mL per L of new medium) and allowed to grow out at 37OC. The 
culture was maintained by transfers at intervals not exceeding 14 days. 

Synthesis of substrates 
5P-Pregnan-3a, 21-diol-20-one, 17,21,21-d., ( l a )  
Unlabelled l a  (Sigma, 61.6 mg) was dissolved in methanol-OD (3 

mL) and this solution added to a solution of tris(hydroxymethy1)- 
methylamine (I .05 g) in D'O (25 mL) and methanol-OD (25 mL). The 
resulting mixture was maintained at 60°C for 24 h, then cooled and 
acidified with 35% DCI in D'O to pH 5. The methanol was removed 
under reduced pressure and the aqueous residue extracted with dry 
ethyl acetate (3 x 25 mL). The extract was dried (Na'SO,) and 
evaporated to yield 61.7 mg of labelled l a ,  identical in physical 
properties (mp, tlc) to unlabelled material. The 'H nmr included 
signals at 6 0.63 (3H, s, C-18 H), 0.93 (3H, s, C-19 H), and 3.65 
(IH, m, C-3 H) ppm. The area of the signal at 6 4.15 ppm was used 
to estimate the residual 'H content at C-21 (5%, see Table 1). FAB 
mass spectral analysis gave a cluster of ions at m/e 334-337. The 'H 
nmr included signals at 6 2.43 (C-17 H) and 4.12 (C-21 H) ppm. 

5P-Pregnan-3a-ol-20-one, 17,21,21,22,-d, (Ib) 
To a solution of 5P-pregnan-3a-01-20-one (0. I g) and tetra-n-butyl 

ammonium bromide (0.1 g) in dry benzene (5 mL) was added a 
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solution of NaOD in DzO (5%. 10 mL). The resultlng two-phase 
system was stirred and refluxed under protection from atmospheric 
moisture for 48 h. The reaction mlxture was then cooled, and the 
organic layer separated, washed w ~ t h  pH 6.86 phosphate buffer (3 X 

10 mL), dried, and evaporated to yield labelled l b  (8 1.5 mg), which 
had identical physical (mp and tlc) propertics to an unlabelled sample. 
The 'H nmr included signals at 6 0.58 (3H, s, C-18 H), 0.93 (3H, s,  
C-19 H),  and 3.63 ( IH,  m, C-3 H) ppm. The 'H nrnr included slgnals 
at 6 2.07 (C-21 H) and 2.51 (C-I7 H) ppm. Other spectral data 

I ( ~ r ,  "C nrnr) were cons~stent with thc proposed structure 
I 

, Exposure of labellerl l a  to pH 6.3 b~iffr, 
Labelled l a  (40 mg) was dissolved In ethanol (95%, 1 mL) and the 

I resultlng solution added to phosphate buffer (pH 6.3, 50 mL). The 
mlxture was kept at 37'C for 7 days, then cooled, and extracted w ~ t h  
chloroform (3 x 50 mL). The extract was dried and evaporated to give 
recovered l a  (37 mg) Deuterium content IS listed in Table 1 

lr~cubations with E. lentum (Table I )  
The substrate (50 mg) was dissolved in ethanol (95%, 4 mL), and 

I mL portions of this solution added to each of four 250-mL aliquots 
of growth medium, prepared as described above. The medium was 
then autoclaved, cooled and degassed under argon, and each portion 
then inoculated with 3 mL of E. lenturn stock culture (7 days old) and 
3 mL of E. coli stock culture (Boreal). The cultures were then main- 
tained at 37°C for 4-7 days (see Table I). Products and recovered 
substrates were isolated as described (21). and purified by crys- 
tallization following column chromatography. Compounds were iden- 
tified by physical (mp, tlc) and spectral (nmr) comparison with 
authentic samples. Details of recovery and yields are listed in 
Table I .  

For the mixed labelling isotope effect study, labelled and unlabelled 
l a  (37.5 mg each) were mixed and incubated as described above for 
4 days. The product l b  (39 mg) was found by mass spectral analysis 
to have the following isotopic content: do, 70%; d , ,  18%; d,, 12%. 
Based on the overall isotopic composition of the starting material 
( d l  = IS%, dl = 47%, d3 = 35%), the fraction XD/XH is calculated 
as below. Percent product arising from unlabellcd substrate (XH) is 
p.d,,: % product arising from labelled substrate (XD) is 0. I5 q.d,, + 
0.47 q .dl  + 0.35 q.rlz (assuming the loss of one deuterium on con- 
version). Total do product is therefore ( p  + 0.15q)%, total d l  product 
is 0.479%. and total dZ product is 0.35 q%.  Sincc p + 0.15 q = 70, 
0 . 4 7 q  = 18, 0 . 3 5 q  = 12, a n d p  + q = 100, thereforep = 65. q = 
35, and XD/XH = q / p  = 0.54. The degree of conversion, f, was 
0.52 based on the isolation of 38.9 mg of product. The remainder of 
the starting material was isolated unchanged, giving a quantitative 
recovery of steroid. 
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V. P. GUITA. Can. J. Chem. 63, 984 (1985). 
Extended basis ab initio calculations on four conformations of propanal at the 4-31G and 6-3 1G** levels followed by 

many-body perturbative interaction calculations MP2 and MP3 have been conducted. Optimized geometries, heights of 
rotational barriers, dipole moments, ionisation potentials, and diagonal harmonic force constants have been reported. The s-cis 
conformer (dihedral angle CCCO = 0") is found to be more stable than the gauche conformer (dihedral angle CCCO = 129.84") 
by 5.07 kJ mol-'. Torisonal potential barriers s-cislgauche, gauchels-cis, and gauchelgauche have values 8.81, 3.74, and 
1.84 kJ mol-', respectively. It appears that meaningful values of rotational barriers can be obtained only after a careful 
optimization of the geometries of the conformations involved. 

V. P. GUITA. Can. J. Chem. 63, 984 (1985). 
OpCrant aux niveaux 4-3 IG et 6-3 lG**, on a effectuC des calculs ab initio sur quatre conformations du propanal; on a ensuite 

effectut des calculs MP2 et MP3 impliquant une interaction perturbative de plusieurs corps. On rapporte les gComCtries 
optimistes, les hauteurs des barrikres h la rotation, les moments dipblaires, les potentiels d'ionisation et les constantes de force 
harmonique diagonale. On a trouvC que le conformkre s-cis (angle diedre CCCO = 0") est plus stable que le conformkre gauche 
(angle dikdre CCCO = 129,84") par 5,07 kJ/mol. Les valeurs des barrikres au potentiel de torsion sont respectivement 8,81, 
3,74 et 1,84 kJ/mol pour s-cislgauche, gauchels-cis et gauchelgauche. 11 semble que l'on ne peut obtenir de valeurs 
significatives pour les barrikres a la rotation qu'aprks avoir effectut une optimisation adCquate des gComCtries des con- 
formations impliqubes. 

[Traduit par le journal] 

Introduction 
Several studies using different experimental techniques such 

as microwave (1-3), vibrational (4-8) and nmr (9) spectro- 
scopy, and the theoretical techniques such as molecular dyna- 
mics (10) and molecular orbital calculations (1 1 - 14) have 
been reported in the literature for the determination of the 
conformation of propanal in gaseous and liquid phases. Some 
statistical mechanical calculations (15, 16) of the chemical and 
thermodynamic properties of propanal in the gaseous state have 
also been reported. All these studies indicate that propanal 
exists as a mixture of s-cis and gauche conformers with the 
methyl group eclipsing the carbonyl bond in the s-cis (I) con- 
formation and skewed out of plane to a dihedral angle of ca. 
130" in the gauche (111) conformer. In a separate communica- 
tion (17), we have reported photorotamerisation studies on this 
molecule in low temperature argon and nitrogen matrices and 
have found that at 10 K the concentrations of the two con- 
formers are 95% s-cis and 5% gauche which changes to 47% 
and 53% respectively, on irradiation with a broad band ir radi- 
ation. A considerable uncertainty exists in the literature about 
the conformations of the lowest energy conformer and also 
about the enthalpy difference between the two stable con- 
formers (2, 4 ,  14, 17, 18). Similarly, different values have 
been reported in the literature for the potential energy barriers 
between conformers s-cislgauche and gauchels-cis and the 
dihedral angle cpo (C,-C2-C3=04) in the gauche conformer 
(2, 4 ,  10). 

Ab initio calculations on propanal were first reported by 
Radom et al. (1 1) who studied the variation of the UHF energy 
for the molecule with the change in the dihedral angle cp, 
(C,-C2-C3=0,). The calculations were performed using 
the 4-3 1G basis set and a model geometry as proposed by Pople 
et al. (19). However, no attempt was made to optimize the 
geometry of the molecule and as-such the results were in large 
error from the experimental values. Allinger et al. (10) reported 
ab initio calculations using a 5s2p basis set of Gaussian orbitals 
(20) without a geometry optimization. They optimized geome- 

tries of the lowest energy conformations I and I11 by the 
method of molecular mechanics. In two recent studies (3, 33) 
that appeared after the present work was completed ab initio 
4-21G results have been reported. In an earlier communication 
(17) we reported, in part, results of our ab initio calculations on 
propanal using the 4-3 1G extended basis set and the optimized 
geometries of the s-cis and gauche conformers. 

In order to have a more complete understanding about the 
structure of propanal and for obtaining the diagonal force con- 
stants we carried out extended basis set 4-31G and 6-3 1G** ab 
initio calculations followed by many body Moiler-Plesset per- 
turbative interaction calculations MP2 and MP3. 

Configurational notations and computational methods 
The notations used in this paper for conformers of propanal 

are similar to those in alcohols (29,30) as well as that published 
in our earlier communication (17). Propanal is a single rotor 
system in which different configurations can be obtained by 
rotation around the C2-C3 axis. The conformations with re- 
spect to the dihedral angle cpo (C,-C2-C3=04) are denoted 
as I (or C; cpo = 0°), 11 (9, = 72.9"), I11 (or G; cpo = 1 30°), and 
IV (9, = 180"). Computer drawings of these conformations are 
given in Fig. 1. Rotation of the CH, group about the C,-C2 
axis does not give any new conformer. 

The calculations were carried out on computers Univac 
1108, Burrough B7800, and Vax-1 1 using programmes 
Gaussian-76 (3 1) and Gaussian-80 (32). Geometries of all the 
four conformers were optimized in the 4-31G basis set by the 
usual iterative process using Gaussian-76. First, the coordi- 
nates of the s-cis (I) species (Fig. 1) were optimized, since this 
conformer was expected to be the lowest energy species. Then, 
using the s-cis geometry, the influence of the rotation of the 
CHO group in intervals of 10" was studied (i.e., varied from 0" 
to 180'); this calculation gave approximate cp, values for the 
maxima and minima. The geometries of the other three con- 
formations (I11 corresponding to a minimum and I1 and IV 
corresponding to energy maxima) were then optimized. The 
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TABLE 1. 4-3 1G results for the optimized conformations of propanal; 
bond lengths are in pm and angles in degrees 

FIG. I .  Computer-drawn drawing of the conformations of propanal. 

energy maxima do not seem to be first order saddle point. A 
semi-rigid 4-3 1G potential energy surface was constructed (cf. 
ref. (17)). For each calculated point on the curve, the geometry 
of the nearest optimized conformation was used. To obtain 
reliable results for the diagonal force constants, the geometries 
were carefully optimized tiL1 the bond lengths changed by no 
more than 0.2 pm (0.002 A), angles no more than 0.2" and 
dihedral angles no more than 0.5". Optimization of the angles 
required at least five iteration cycles. The optimizations of the 
minimum energy conformations I and I11 were verified by the 
gradient optimisation method of the program Gaussian 80 (3 l), 
in which case the residual forces on the cartesian coordinates 
were less than or equal to 1 X mdyn. These optimized 
geometries were then used for the 6-3 1G** level calculations 
involving polarization functions at every atom. MP2 and MP3 
level calculations also used the same geometries. 

Results and discussion 
The results of calculations are summarized in Tables 1 to 3. 

Table 1 contains the optimized geometries of all the four con- 
formations in the 4-31G basis set. The energies of these con- 
formations, rotational barriers; and the ionization potentials 
(based on Koopman's theorem), as obtained from the different 
levels calculations, are given in Table 2. The atomic and bond 
populations and the dipole moments obtained from 6-31G** 
calculations and the harmonic force constants obtained at the 
optimized geometries and at small displacements from these 
geometries for the s-cis and gauche conformations are included 
in Table 3. 

From Tables 1 and 2 it follows that conformations I and I11 
correspond to the energy minima and I1 and IV to the energy 
maxima. 6-31G** calculations elevate the energies of these 
conformations over their 4-31G values whereas the MP2 and 
MP3 calculations stabilize these values. The enthalpy differ- 
ence between I and I11 from MP3 calculations is 5.07 kJ mol-' . 
This value is higher than the experimental values 2.88 - 4.16 
kJ mol-I (2, 4, 9, 18, 21). The dihedral angle cpo (CI-C2- 
C3=O4) for conformation I11 obtained from 4-3 1G geometry 
optimization is 129.84" which lies within the experimental 
range 131 k 6" suggested by Butcher and Wilson (2) from 

Internal 
coordinates etc. 

Conformations 

microwave measurements and is quite close to the value 128.2" 
calculated by Allinger et al. (9) from molecular dynamics. The 
dihedral angle cpO (CI-C2-C3=04) for conformation I1 is 
found to be 72.9" which is in agreement with a value of ca. 70" 
obtained by Pickett and Scroggin (1). 

MP3 calculations predict I + I11 rotational bamer of 8.81 
kJ mol-' which is in agreement with the experimental value 
8.80 kJ mol-' estimated by Pickett et al. (1) from microwave 
studies. It may, however, be noted that a value of 15 kJ mol-' 
calculated by Radom et al. (1 1) using a model geometry for the 
molecule in 4-31G basis set is very much higher than the 
experimental value as well as our calculated value. It thus 
appears that meaningful values for the torsional potential bar- 
riers through ab initio calculations can be obtained only after a 
careful geometry optimization. The calculated values of 
gauchels-cis and gauchelgauche barriers are 3.74 and 1.84 kJ 
mol-' , respectively. 

It has been pointed out by earlier workers (22-24) that the 
calculated dipole moment at the 4-31G level overestimates the 
experimentalvalue by about 25%. A similar situation is found 
in the case of the s-cis conformer of propanal where the calcu- 
lated value of the dipole moment in the 4-31G level is 3.27 D 
as against the experimental value of 2.58 D (25). Extension of 
the basis set and introduction of polarisation functions at each 
atom, as in the 6-31G** level calculations, improves upon the 
value of the dipole moment. The 6-31G** value of dipole 
moment of s-c& propanal is thus found to be 3.01 D.  he 
corresponding dipole moment for the gauche conformer is 
3.23 D. 

Experimental observations indicate that conformations in- 
volving a methyl group in cis-position to carbonyl have lower 
energy. Radom et al. (1 1) explain this observation by sug- 
gesting that a methyl group provides a polarizable group close 
to the highly intrinsic dipole of carbonyl. Our results seem to 
support this hypotheses. It is found that the population density 
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TABLE 2.  Rclativc RHF cncrgy, rotational barriers. and ionisation potential of diffcrcnt 
conformations of propanal at 4-31G. 6-31G:'::':. MP2 and MP3 lcvcls 

Lcvcl of calculation 

Conformation 4-3 l G 6-3 I G'l"l' MP2 MP3 Litcraturc' 

"Absolutc value - 19 1.666003 au. 
"Absolute value - 19 1.960968 au. 
' Absolute value - 192.064364 au. 
"Absolute value - 192.079369 au.  
'Letters c and t in parcnthcsc rcfcr to cxperinicntal and thcoretical data respcctivcly. 

TABLE 3. Atom and bond populations" (q-values), dipole moments" and diagonal qua- 
dratic force constantsb for the optimised cis (I) and gauche (111) conformations of propanal 

Conformations Diagonal Conformations 
Atom or bond force 

population I 111 constants I 111 

4 c 1  
4c2  
q c 3  
4 0 4  
9 %  
qH.5 
4H7 
qHe 
4H9 
4H1o 
qC3-04 
404-Hs 
qO4-Hg 
q04-Hlo 
Dist. 04-H9( 

F 

- - - 

"Values based on 6-31G** level calculations. 
bValues based on 4-31G level calculations. Other values in the force constant matrix can be 

obtained by writing to the author. 
'Distances are in pm. 
"Bond stretch force constants are in mdyn A-I = 10' N m-I. 
'Angle bending and torsional force constants are in mdyn A-I rad-' = 10-IR Nm rad-'. 
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of electron overlap between the atoms O4 and H9 or  O4 and H ,,, 
in conformation I is 0.0020 as  against values between 0 and 
0.0003 for the other three conformations. 

It has been indicated by Pulay (26) that the ab initio calcu- 
lations have a tendency to overestimate the diagonal force 
constants. However, trends in the values of the calculated force 
constants for molecules having similar structure are quite re- 
liable and informative. Murto et al. (27) adopted scaling down 
procedure for using the STO-3G calculated force constants in 
the calculation of the frequencies of vibrations of fluoro- and 
chloroethanols. In the present case we have listed the unscaled 
diagonal force constants for the cis (I) and gauche (111) con- 
formers of propanal in Table 3.  It may be seen that the C=O 
stretching force cons!ants for conformers I and I11 are 15.4968 
and 15.3873 mdyn A-' ,  respectively, predicting a higher car- 
bony1 stretching frequency in conformer I. This fact is con- 
firmed from experiment where the C=O stretching absorption 
bands appear at 1743 cm- '  and 1727 cm-' in conformers I and 
111, respectively, in argon matrix at 10 K (17). It is found that 
while diagonal force constants need to be scaled down by 
15-20% to provide a good agreement with the experimental 
frequencies, the non-diagonal force constants (not reported 
here) d o  not need any scaling (28). 

In quite recent study, Van Nuffel et al. (3) calculated the 
vibrational frequencies of cis (I) and gauche (111) conformers 
on the basis of a force field obtained through ab initio calcu- 
lations using the 4-2 1G basis and predicted a higher frequency 
for C = O  stretching vibration for conformer I11 (1756.2 cm-') 
than for conformer I (1754.7 cm-I). This contradicts the ex- 
perimental findings (17) and raises doubts about the unscaled 
values of their C=O stretching force constants (14.23 mdyn 
k' for I and 14.24 mdyn k' for 111). Similarly, their predic- 
tions for several other frequencies of cis and gauche con- 
formers d o  not agree with the experimental data (5, 17). How- 
ever, they corroborate our conclusion regarding the magnitude 
of scaling down the ab initio diagonal force constants. 
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Identification of the product from the reduction of permanganate ion by 
trimethylamine in aqueous phosphate buffers 
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FERNANDO MATA-PEREZ and JOAQUIN F. PEREZ-BENITO. Can. J. Chem. 63, 988 (1985). 
The product obtained from the reduction of potassium permanganate by trimethylamine in aqueous phosphate buffers has 

been identified as a soluble form of colloidal manganese dioxide which is stabilized in solution by adsorption of phosphate 
ions on its surface. The dependence of the rate of flocculation on several experimental variables has been studied. Phosphate 
ions have been found to increase the solubility of the colloid by increasing the apparent energy of activation of the flocculation 
process. This could explain the well-known capacity of those ions for retarding the precipitation of manganese dioxide. 

FERNANDO MATA-PEREZ et JOAQUIN F. PEREZ-BENITO. Can. J. Chem. 63, 988 (1985). 
On a identifie le produit obtenu lors de la reduction du permanganate de potassium par de la trimethylamine dans des tampons 

aqueux de phosphates; il s'agit d'une forme colloi'dale de dioxyde de mangankse qui est stabilisee en solution par une adsorption 
des ions phosphates sur sa surface. On a CtudiC la relation entre le taux de floculation et diverses variables expCrimentales. 
On a trouve que les ions phosphates augmentent la solubilitC du colloi'de par le biais d'une augmentation de I'energie 
d'activation apparente du processus de floculation. Ceci pourrait expliquer la capacite bien connue de ces ions a retarder la 
precipitation du dioxyde de mangankse. 

[Traduit par le journal] 

Introduction was water twice distilled from potassium permanganate. 
Manganese dioxide is a brown substance whose insolubility All the spectrophotometric operations (periodic scanning during 

in water is Well-known. H ~ ~ ~ ~ ~ ~ ,  its precipitation has been reaction, recording of the spectra at the end of the reaction and 

I found to be substantially delayed in the presence of phosphate monitoring of the process) were performed means 
a Hewlett-Packard UV-VIS Spectrophotometer, equipped with a 

i ions (1, 2). This property has made phosphate buffers useful for temperature controlled cuvette holder, 
the study of a great variety of permanganate ion oxidations in The pH measurements were made by using a Coming Model 7 pH 
aqueous medium. When they are present a soluble brown- M ~ ~ ~ ~ ,  provided with a combined electrode. 
yellow product, instead of a precipitate, is obtained. However, To determine the oxidation state of manganese in the product, five 
despite its extensive occurrence in permanganate ion oxidations solutions of KMnO, (2 x lo-, - I x lo-' M) and Me3N .HCI (3 x 
performed in phosphate buffered solutions, the nature of that M) were allowed to react in an aqueous buffered system. When 
species has never been established. the spectrophotometer showed that all the permanganate had been 

Although it has been sometimes suggested that this soluble consumed, concentrated perchloric acid and an excess of potassium 

species could be ~ ~ ~ ~ 0 ~ 2 -  p a ) ,  H ~ M ~ O ~  (4) or a phosphate iodide were added to the solutions; the iodine released was titrated 

complex (4, 5), we wish to report some spectrophotometric against standard thiosulfate solution, using starch as indicator. 

findings which strongly support that it is actually a soluble form 
of colloidal manganese dioxide stabilized in solution by the Results 

existence of phosphate ions on the surface of the colloidal The iodometric technique previously used by other authors 
particles. (4, 12, 13) allowed us to determine the oxidation state of 

The reducing agent used in this study was trimethylamine, manganese in the soluble brown-yellow product. An average 
The spectra recorded at the end of the reaction showed that the value of 3.93 + 0.13, which is quite consistent with a Mn(1V) 
product is the same than those obtained using different reducing species, was obtained. 
agents such as uracils (4), unsaturated acids (4), or di- On the'other hand, when the reaction was scanned under the 
methylamine (6 ) ,  in phosphate buffers. experimental conditions given in Fig. 1 no isosbestic point was 

Although the organic products obtained from the per- found; instead the intersection of the successive spectra showed 
manganate ion oxidation of amines have been carefully deter- a shift to higher wavelengths as the reaction advanced. HOW- 
mined (7-9), and some kinetic studies of the permanganate ion ever, a 2.5-fold increase in the concentration of the buffer 
oxidation of trimethylamine in phosphate buffers have been substances (all the other experimental conditions remaining 
published (10, 1 I ) ,  no identification of the soluble brown- constant) led to the observation of a sharp isosbestic point at 
yellow product has been reported. The present paper aims to 470 nm (see Fig. 2). 
resolve this missing point. The spectrum of the soluble Mn(1V) species at the end of the 

reaction was also found to be dependent on the phosphate 
Experimental concentration; for the same Mn(IV) concentration the ab- 

The reactants were potassium permangante and trimethylam- so'bance at every increases as the phosphate 

monium chloride (in excess). A buffer mixture KH2P04-K2HP04 decreases (see Fig. 3). 
was also used. Potassium chloride was added to the solutions to keep In order to establish the nature of the product more defi- 
the ionic strength of the medium constant when necessary. The solvent nitely, the influence of several experimental variables on the 

rate of conversion of the soluble Mn(IV) species into Mn02  

'To whom all correspondence should be addressed. Present address: precipitate was studied. When scans that 
Department of Chemistry, University of Regina, Regina, Sask., the permanganate had been reduced by trimethylamine, the 
Canada S4S 0A2. evolution of the product was followed by monitoring the in- 
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2 00 400 600 800 

Wavelength , nm 

FIG. 1. Successive scans at 6 rnin intervals during the reaction 
between perrnanganate ion (8 X M) and trirnethylarnine (3 X 
lo-' M). [KH2P04] = 2 X lo-' M, [K'HPO,] = 2 X lo-' M, ionic 
strength 0.23 M (KCI), pH 6.74, 45.0°C. 

Wavelength, nm 

FIG. 2. Successive scans at 6 min intervals during the reaction 
between permanganate ion (8 X M) and trimethylarnine (3 X 

lo-' M). [KHzP04] = 5 x lo-' M, [K2HP04] = 5 X lo-' M, ionic 
strength 0.23 M, pH 6.74, 45.0°C. 

crease in absorbance at a chosen wavelength (for instance, at 
418 nm) until a maximum was obtained. A typical example has 
been represented in Fig. 4. The highest value of the absorbance 
corresponded to the start of precipitation, and the subsequent 
decrease in that magnitude is due to the removal of Mn02 from 
the solution by precipitation. 

The time necessary for precipitation (t,) was taken to be the 
period of time which elapsed between the end of the per- 
manganate-trimethylamine reaction and the observation of a 
maximum in the absorbance at 418 nm. The inverse o f t ,  was 
selected as a way to estimate the rate of conversion of the 
soluble Mn(IV) species into Mn02 precipitate. 

By measuring t, under different experimental conditions, it 
was found that the rate of conversion of the soluble Mn(IV) 
species into MnOz precipitate increases with the initial per- 
manganate concentration in the system (Fig. 5 )  and also with 
the potassium chloride concentration (Fig. 6). On the contrary, 
phosphate ions inhibit the precipitation process, as Fig. 7 
clearly shows. 

Finally, t, was found to decrease with temperature; these 
data are presented in Fig. 8 in an Arrhenius-type fashion. From 

Wavelength , nm 
FIG. 3. Spectra at the end of the reaction between perrnanganate 

ion (8 x M) and trirnethylarnine (3 X lo-' M). Ionic strength 
0.23 M (KCI), pH 6.74, 45.0°C. [KH2P04] = [K2HP04] = 2 X 10-' 
M (a) and 5 X 10-'M (b). 

Time,  min 
FIG. 4. Variation of the absorbance at 418 nrn with time after the 

end of the reaction between perrnanganate ion (8 X lo-' M) and 
trirnethylamine (3 x lo-' M). [KH2P04] = 3 X 10-'M, [K'HPO,] 
= 3 x 10-'M, ionic strength 0.23 M (KC]), pH 6.74, 60.0°C. The 
dotted line shows when precipitation has already begun. 

the slopes of the In (I l t , )  vs. l / T  linear relationships apparent 
values of the energies of activation for the conversion of the 
soluble Mn(IV) species into MnOz precipitate at four different 
phosphate concentrations were determined, and the results 
have been listed in Table 1. We can see that an increase in the 
phosphate concentration results in an increase in the apparent 
energy of activation; i.e., precipitation is retarded. 

Discussion 
All the results obtained in this study can be adequately ex- 

plained by accepting that the soluble Mn(lV) species is present 
in the system in the form of colloidal particles of manganese 
dioxide stabilized temporarily in solution by adsorption of 
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FIG. 5. Dependence of the rate of conversion of the soluble Mn(IV) 
species into MnOz precipitate on the initial permanganate con- 
centration. [Me3N] = 3 x lo-' M, [KHrPOA] = 2 x lo-", 
[K2HPO4] = 2 X lo-' M, ionic strength 0.23 M (KC!), pH 6.74, 
45.0°C. 

FIG. 6. Dcpendence of the rate of conversion of the soluble Mn(1V) 
species into MnO' precipitate on the potassium chloride con- 
centration. [MnO4-]o = 8 X M, [Me3N] = 3 X lo-' M, 
[KHrP04] = 5 X 10-'M, [KIHP04] = 5 X 10-'M, pH 6.74, 45.0°C. 

phosphate ions on their surface. This hypothesis appears to 
be the only one which is consistent with the totality of 
experimental findings. 

It has been found that for the soluble Mn(IV) species there 
is a good linear relationship between the logarithm of the ab- 
sorbance and the logarithm of the wavelength, with the slope 
being slightly dependent on the experimental conditions and 
the amount of time elapsed after the end of the permanganate- 
trimethylamine reaction. The average slope for 54 different 
spectra recorded was 4.3 + 0.6. This appears to be a reflection 
of Rayleigh's Law, according to which the absorbance due to 

[phosphate] , M 

FIG. 7. Dependence of the rate of conversion of the soluble Mn(IV) 
species into MnOz precipitate on the total concentration of phosphate 
ions (equimolar amounts of KH,PO, and K2HPOA). [MnO4-Io = 8 
x M, [Me3N] = 3 x lo-' M, ionic strength 0.23 M (KCI), 
pH 6.74, 45.0°C. 

TABLE I. Apparent energies of activation 
for the conversion of the soluble Mn(IV) 
species into MnOz precipitate for different 

phosphate concentrations 

[Phosphate] M)" E, (kJ mol-')" 

"Total concentration of phosphate ions (equi- 
molar amounts of KH,PO, and K,HPO,). 

" [ M ~ o ~ - ] ~  = 8 X lo-' M,  [Me,N] = 3 X 

lo-' M ,  ionic strength 0.23 M (KCI) pH 6.74. 

scattering of light by a solution of colloidal particles is in- 
versely proportional to the fourth power of the wavelength 
(14). One of these linear relationships, in excellent agreement 
with Rayleigh's Law, is shown in Fig. 9. 

The absence of an isosbestic point in Fig. 1 could be ex- 
plained i? principle as a consequence of the existence of some 
manganese intermediate between Mn(VI1) and Mn(1V) in ap- 
preciable concentration; however, both Mn(V1) and Mn(V) are 
known to be instable in solutions buffered near neutrality (3b). 
Moreover, none of the characteristic bands of Mn(V1) or 
Mn(V) can be observed in Fig. 1. The lack of a good isosbestic 
point must then be due to an unfulfillment of Beer's Law by the 
soluble Mn(1V) species. However, this anomalous behavior 
cannot be due to an aggregative process of the soluble Mn(1V) 
species at the molecular level (such as dimerization), for a 
dimer could not produce a strong light-scattering phenomenon 
as is experimentally observed (see Fig. 9). The existence of a 
sharp isosbestic point at higher phosphate concentration (see 
Fig. 2) indicates that for these conditions Beer's Law is 
fulfilled. 

To clarify this point, the absorbance at 526 nm for the 
experiments shown in Figs. 1 and 2 has been represented in 
Fig. 10 vs. the absorbance at 418 nm. 

Since both permanganate ion and the soluble Mn(1V) species 
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MATA-PEREZ AND PEREZ-BENITO 99 1 

F ~ G .  8. Arrhenius-type plots for the conversion of the soluble 
Mn(1V) species into MnO' precipitate. [MnO4-Io = 8 x lo-' M, 
[Me3W] = 3 x 10-2 M, ionic strength 0.23 M (KCI), pH 6.74. 
[KH,PO,] = [K2HP04] = 2(a), 3(b), 4(c), 5 ( d )  X 10-'M. 

2.5 2.7 2.9 

log A 
FIG. 9. Rayleigh's Law for the spectrum recorded an hour after the 

end of the reaction between permanganate ion (8 X lo-%) and 
trimethylamine (3 X lo-' M). [KH'PO,] = 2 X lo-' M, [K2HP04] 
= 2 X 10-'M, ionic strength 0.23 M (KCI), pH 6.74, 35.0°C. Slope 
= -3.99. r = 0.998. 

absorb light at 526 nm, the absorbance at this wavelength can 
be written as follows: 

[I]  A(526) = E?C + ~ ; ~ ~ ( c ~  - C) 

where E? and c6 are respectively the extinction coefficients of 
reactant and product at 526 nm, and c is the permanganate 
concentration, its initial value being co. In eq. [I]  it has been 
taken into consideration that the concentration of possible man- 
ganese intermediates between Mn(VI1) and Mn(IV), if present 

FIG. 10. Absorbance at 526 nm vs. absorbance at 418 nm during 
the reaction between permanganate ion (8 X M) and trimethyl- 
amine (3 x 10-'M). Ionic strength 0.23 M (KCI), pH 6.74, 45.0°C. 
[KH,P04] = [K2HP04] = 2 X 10-% ( a )  and 5 x 10.' M (b). 

at all, is negligible, as pointed out above. 
Given that permanganate ion is transparent at 418 nm, the 

absorbance at this wavelength will be: 

where E:" is the extinction coefficient of the product at 418 nm. 
From eqs. [I]  and [2] we can deduce: 

Hence, a linear relationship would be expected for a plot of 
A (526) vs. A (4 18) during the course of reaction. However, as 
can be seen in Fig. 10 a linear plot is obtained only for the 
experiments completed at higher phosphate concentrations. 
Albeit we knew already from Fig. 1 that for the case of lower 
phosphate concentrations, the soluble Mn(1V) species does not 
fulfill Beer's Law, Fig. 10 provides an important information. 
We can observe for this case that the A(526) vs. A(418) re- 
lationship is actually a concave curve and that the linear re- 
lationship corresponding to higher phosphate concentration 
coincides with the tangent to the curve at the beginning of the 
reaction. 

This concave curve is a consequence of the flocculation 
process. It is known that the intensity of radiation scattered by 
colloidal particles increases with the size of those particles 
(14). Hence, an increase in the size of the colloidal particles as 
the reaction is advancing will provoke an increase in the ex- 
tinction coefficients of the product at 418 and 526 nm, and so 
a decrease in the absolute value of the slope of the A(526) vs. 
A(418) relationship (see eq. [3]). As a result, a concave curve, 
instead of a linear relationship, is found. 

On the contrary, when the reaction is followed in the pres- 
ence of a more concentrated buffer, phosphate ions will adsorb 
on the colloidal manganese dioxide in a greater proportion and 
the rate of flocculation will decrease because of the negative 
electrostatic charges accumulated on the colloid surface. Since 
the flocculation process is now much slower, the extinction 
coefficients of the product will be approximately constant and 
eq. [3] becomes a lihear relationship. 
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The fact that this linear relationship is a tangent to the con- 
cave curve at the beginning of the reaction indicates that the 
size of the colloidal particles is initially the same in both cases. 
However, while the particles grow by flocculation throughout 
the reaction in the presence of a diluted phosphate buffer, the 
initial size of the colloidal particles is "frozen" in the presence 
of a more concentrated phosphate buffer. 

The difference in the rate of flocculation explains the 
absence or presence of an isosbestic point in Figs. 1 and 2 
respectively, and also the different intensity of the spectra 
recorded at the end of the reaction in both experiments (see 
Fig. 3). In the case of lower phosphate concentration the size 
of the colloidal particles is bigger as is the intensity of the 
radiation scattered by them. 

The stabilization of colloids in solution by adsorption of 
anions on their surface is certainly a well-known phenomenon 
(15). Given that the experiments were made in systems near 
neutrality, the concentration of PO:- ions was too small to be 
regarded as the stabilizing agent. Thus, either HP0d2- or 
H2P04- must be responsible for that effect. Although both of 
them are probably stabilizing the colloidal particles, HP04'- 
will likely account for a greater contribution, because of its 
greater charge. 

Although the adsorption of phosphate ions greatly decreases 
the number of effective collisions between charged colloidal 
particles per unit of time, they will not be totally suppressed. 
Consequently, when all the permanganate has been reduced, 
flocculation will be made evident spectrophotometrically by a 
gradual increase in absorbance. Then, the start of the precip- 
itation of.manganese dioxide provokes a sudden decrease in 
that magnitude (see Fig. 4). 

An explanation of the results shown in Fig. 5 is evident. An 
increase in the initial permanganate concentration will result in 
an increase in the concentration of the soluble Mn(IV) species 
at the end of the reaction and, accordingly, an increase in the 
number of colloidal particles of manganese dioxide. Since the 
collisions of colloidal particles per unit of time will increase 
parallelly, so will do the rate of flocculation. 

The results summarized in Fig. 6 are a consequence of the 
well-known capacity of electrolytes for increasing the rate of 
flocculation of colloids (15). 

Figure 7 confirms the fact already known from the analysis 
of Fig. 10, that phosphate ions inhibit the flocculation of col- 
loidal particles and, so, delay the appearance of a precipitate of 
manganese dioxide. 

The acceleration of the flocculation process with temperature 
shown in Fig. 8 is a consequence of an increase in the number 
of effective collisions between colloidal particles per unit of 
time. The fact that this is an activated process fulfilling an 
Arrhenius-type equation allows us to check the ideas so far 
developed. Since the stability of the colloidal particles in solu- 
tion is due to the electrostatic charge that increases the energy 
necessary to surmount their mutual repulsion, and since this 
charge is originated by the selective adsorption of phosphate 
ions on the surface of colloidal manganese dioxide, an increase 
in the phosphate concentration will result in an increase in the 
amount of phosphate ions adsorbed and, so, in an increase in 
the apparent energy of activation of the flocculation process. 
This is in total agreement with the results compiled in Table 1. 

On the other hand, the information presented in this paper 
might be useful to resolve a current controversy concerning a 
long-lived species detected in the permanganate oxidation of 
alkenes. The fact that the spectra recorded for this species are 
quite similar to the ones shown in Fig. 3 could support a 
Mn(IV) species, as suggested by some authors (4, 12, 13), 
rather than the widely accepted cyclic manganate(V) diester 
(16-24). 
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COMMUNICATIONS 

Stereoselective total syntheses of (2)-sinularene and (2)-5-epi-sinularene: 
a general intramolecular Diels-Alder approach to tricyclic sesquiterpenes 
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KAZIMIERZ ANTCZAK, JOHN F. KINGSTON, and ALEX G .  FALLIS. Can. J. Chem. 63, 993 (1985). 
Stereoselective total synthesis of (2)-sinularene and (?)-5-epi-sinularene are described. The sequence employs a "blocked" 

cyclopentadiene in which the cyclopropane unit also serves as a latent methyl group. Thus intramolecular [4+2] cycloaddition 
of the substituted methyl spiro[2.4]hepta-4,6-dien-I-yl)-2-pentenoate 11 affords 5-benzyloxy-6-isopropyl-8-carbomethoxy- 
tetracyclo[5.4.01~7.02~4.02~9]undec- 10-ene (12) which after selective hydrogenolysis generates the tricyclo[4.4.0'~~O'~~decane 
(sinularene) ring system. Removal of the secondary hydroxyl function (Ph3P/CCI,/CH3CN; H2/Pd/C), reduction of the methyl 
ester (LiAIH4), and introduction of the exocyclic double bond (acetate pyrolysis, 550°C) completes the synthesis of 
(&)-sinularene in 14 steps from cyclopentadiene. A parallel series of reactions employing the isopropyl epimer of 12 affords 
(*)-5-epi-sinularene. 

KAZIMIERZ ANTCZAK, JOHN F. KINGSTON et ALEX G .  FALLIS. Can. J .  Chem. 63, 993 (1985). 
On dCcrit des synthkses stCrCosClectives totales du (?)-sinularkne et du (?)-Cpi-5 sinularene. La synthese implique 

I'utilisation d'un cyclopentadikne "bloque" dans lequel I'unite cyclopropanique sert aussi de groupement mCthyle latent. La 
cycloaddition intramolCculaire [4+2] du spiro[2.4]heptadi&ne-4,6 yl-l pentene-2 oate de mCthyle (11) conduit donc au 
benzyloxy-5 isopropyl-6 carbomethoxy-8 tCtracyclo[5.4.0'~7.0'.4.0'.']und~c~ne-10 (12) qui, aprks une hydrogknolyse sClec- 
tive, conduit au systeme cyclique tricyclo[4.4.0'.?0~~~]d~cane (sinularkne). L'tlimination de la fonction hydroxyle secondaire 
(Ph3P/CCI4/CH3CN; H2/Pd/C), la reduction de l'ester mkthylique (LiAIH,) et l'introduction de la double liaison exocyclique 
(pyrolyse de I'acCtate 2 550°C) complktent la synthese du (&)-sinularbne, en 14 Ctapes ti partir du cyclopentaditne. Une sCrie 
parallele de rCactions faisant appel 1 j'epimkre isopropyle de 12 conduit au (?)-Cpi-5 sinularkne. 

[Traduit par le journal] 

There is considerable current interest in the intramolecular 
Diels-Alder reaction and it has been applied to a number of 
natural product syntheses with notable success ( I  -4). Among 
the diverse structures produced in nature, the bridged ses- 
quiterpenes sinularene (5, 6),  longifolene (7, 8), and sativene 
(9, 10) occupy a prominent position. All have been the object 
of a variety of synthetic approaches and served as a challenge 
for new synthetic methodology (sinularene syntheses (1 1 ,  12),' 
longifolene syntheses (1 3- 18), sativene syntheses (17 -25)). 
In principle these structures could be synthesized via an intra- 
molecular Diels-Alder reaction of an appropriate 5-alkyl- 
cyclopentadiene. In practice, however, as an early approach to 
longifolene showed (26), the propensity of substituted cyclo- 
pentadienes to undergo facile 1,5-sigmatropic rearrangement 
prior ' to cyclization takes precedence. Thus for this strategy 
to succeed, rearrangement must be blocked or  conditions 
developed where cyclization can compete efficiently (27, 28). 
Unfortunately, blocking the sigmatropic reaction is not neces- 
sarily straightforward, since even chlorine migrates prior to 
cyclization in a related case (29).' 

W e  report herein a successful solution to this problem, in 
which the sigmatropic rearrangement is blocked by the cy- 

'After submission of this manuscript wc lcarncd of an additional 
sinularene synthesis by E. Piers and G. L. Jung (see following 
Communication). We are grateful to Professor Picrs for a prcprint of 
their paper. 

'As we have pointed out clsewhcre (38), an alternative solution 
employs a brexane intermcdiate followed by a ring expansion. This 
approach has been used by Snowden for thc total synthesis of sativenc 
(24). 

Sinularene 

/ 

A 

Longifolene 

2 

Sativene 

clopropane moiety present in the spiro[2.4]heptadiene system 
1 (Scheme 1) .  intramolecular cycloaddition affords a tet- 
racyclic compound of type 2 and selective cyclopropane ring 
opening provides the requisite tricyclo[4.4.0'~".0'.XJdecane 
skeleton for the interesting marine natural product sinularene. 
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rn 1. LDA, 
/CCO~M~, 93% 

2. NaH, PhCH2Br, 80% 

.,,+R 3. LiAIH4, 95% K k 

1. PDC, 65"/, 

6 R = CHO 9 11 

Sinularene 

With suitably substituted precursors, controlled cleavage of the 
other cyclopropane bonds should permit entry to the longi- 
folene and sativene series as illustrated (30). 

Our initial studies revealed (31) that a C5 oxygen substituent 
was essential to ensure that the desired intramolecular cyclo- 
addition proceeded. In addition, by carrying the isopropyl 
function in the sidechain, it seemed likely that its stereo- 
chemistry could be controlled as a consequence of steric 
constraints in the Diels-Alder transition state. Thus the sub- 
stituted triene 11 (Scheme 2) was selected as a suitable 
intermediate target. It is apparent that the nonbonded inter- 
actions between the developing exo-hydrogen and the isopropyl 
substituent are reduced in 4 compared to 3 and were expected 
to favour preferential cyclization to the natural stere~isomer.~ 
Experimentally, the ether function (R = benzyl) was of 

'AII  the compounds discussed are racemic but only the enantiomers 
leading to the natural configuration of sinularcnc and 5-epi-sinularenc 
are illustratcd, commencing with the S cnantiomcr of aldehyde 6 .  

greater significance and inhibited cyclization of the C5 (S) 
dia~tereomers.~ 

As outlined in Scheme 2, the substituted triene 11 was elab- 
orated from a series of condensations commencing with the 
aldehyde 6, obtained by oxidation of the known alcohol 5 (32, 
33) (Mn02, 83%). The initial coupling (LDA/THF, -78°C) 
with methyl 3-methylbutyrate generated the hydroxyl centre 
selectively (=5: 1) due to preferential attack on the aldehyde 
carbonyl from the less hindered direction. This led to a 93% 
yield of hydroxy-ester comprised of a 47 : 30 : 14 : 2 ratio of 
stereoisomers. The major diastereomer 8 (47%, illustrated) 

arose from condensation with the Z(0)  enolate as illustrated in 
7 and was the isomer necessary for conversion to (5)-sinu- 
larene. The 30% component, produced from the E(0)  enolate, 
differed in the orientation of the isopropyl group as required for 
(-+)-5-epi-sinularene. The major diastereomer 8 was converted 
to the C4(R)C5(R) triene 11 as follows. The secondary alcohol 
was protected as a benzyl ether (80%, NaH, PhCH2Br, DME) 
and the ester function reduced to the primary alcohol 9 (95%, 
LiAlH,). Oxidation of 9 (PDC, 65%) gave the aldehyde 10 
which was subjected to Wittig condensation with methyl (triph- 
enylphosphorany1idene)acetate in refluxing THF. These condi- 
tions resulted in simultaneous cyclization of triene 11 to the 
tetracyclic ester 12 in 72% overall yield. A parallel series of 

'For consistency and clarity thc chiral centres are numbered 
according to the trienc 11. 
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reactions on the 30% diastereomer (isopropyl epimer of 8) 
afforded the C4(S)C5(R) triene (not illustrated), which also 
cyclized at 67°C. In contrast, the related C5(S) triene isomers, 
failed to cyclize even in refluxing dichlorobenzene (180°C). 

Thus the cycloaddition was specific, as confirmed by the 
success of the synthesis and X-ray analysis of the minor, crys- 
talline isopropyl(S)-benzyl(R) adduct corresponding to 12 from 
which (2)-5-epi-sinularene was prepared. The nonbonded in- 
teractions in the transition state were clearly significant and 
find a partial parallel in the total synthesis of patchouli alcohol 
(34), in which only one diastereomer cyclized. 

Consistent with our preliminary studies of related cyclo- 
propyl ketones (30), hydrogenolysis of 12 cleaved the least 
substituted cyclopropane bond exclusively, to release the latent 
methyl group with concomitant removal of the benzyl function 
and hydrogenation of the double bond (H,, 10% Pd/C, 85%). 
Attempted conversion of 13 to a secondary bromide with tri- 
phenylphosphinedibromide afforded a significant amount of 
the olefin 14 accompanied by unreacted alcohol. Elimination is 
known to compete with substitution in these cases (35) and, by 
conducting the reaction in acetonitrile with triphenylphosphine/ 
carbon tetrachloride, the single olefin 14 was obtained in 97% 
yield (I3C nmr, 135.3, 128.9). Hydrogenation of 14 (H,, 10% 
Pd/C, CH30H, 1 atm. (101.3 kPa), 99%) followed by lithium 
aluminum hydride reduction of the resulting ester provided the 
primary alcohol 15 quantitatively. Introduction of the exocyclic 
methylene using either selenoxide elimination or dehydro- 
bromination proved impractical. Thus authentic (2)-sinularene 
was prepared from 15 via pyrolysis (550°C, 77%) of the acetate 
16, and possessed spectral features ('H nmr, ir, ms) identical to 
those published for the natural product (5). 

This completes a direct stereoselective synthesis of 
(2)-sinularene in 22% overall yield from the major aldol di- 
astereomer 8 (9% from 5) and 14 steps from cyclopentadiene, 
the same ultimate starting material as employed in the 
Australian (1 1) and Swiss (12) syntheses. A parallel series of 
reactions from the minor isopropyl(S) adduct corresponding to 
12 afforded (2)-5-epi-sinularene. 

These concepts and procedures are also applicable to the 
preparation of 12-acetoxysinularene (36, 37) and are currently 
being extended to an asymmetric synthesis of (+)-longifolene, 
utilizing this intramolecular Diels-A1der:cyclopropane ring 
opening strategy. 
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Thermal rearrangement of functionalized 6-exo-(l-alkenyl)bicyclo[3.l.0]hex-2-enes. 
A total synthesis of (&)-sinularene 
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EDWARD PIERS and GRACE L. JUNG. Can. J .  Chem. 63, 996 (1985). 
A total synthesis of the racemic form of the marine sesquiterpenoid (-)-sinularene (I)  is described. The key step of the 

synthesis involved the stereoselective thermal rearrangement of the highly functionalized bicyclo[3.1 .O]hexene 12 to provide, 
in 86% yield, the substituted bicyclo[3.2. Iloctadiene 13. Conversion of the latter substance into (?)-sinularene ( I )  was 
accomplished via an efficient 4-step sequence. 

EDWARD PIERS et GRACE L. J U N G .  Can. J .  Chem. 63, 996 (1985). 
On dtcrit une synthtse totale de la forme ractmique du sesquiterpCnoi'de marin, (-)-sinularene (1). L'Ctape clC de la synthese 

implique la transposition thermique stCrt2ostlective du bicyclo[3.1 .O]hexkne 12 hautement fonctionnalisC qui conduit au 
bicyclo[3.2. Iloctadikne 13 substitut avec un rendement de 86%. On a opCrC la transformation de 13 en (?)-sinularene (I)  en 
faisant appel a une sequence trks efficace de quatre rtactions. 

[Traduit par le journal] 

In 1977, the constitution and absolute stereochemistry of the 
structurally unusual sesquiterpenoid (-)-sinularene, isolated 
from the soft coral Sirzularia mayi, were determined to be as 
shown in 1 (1). Subsequently, two related natural products, 
12-acetoxysinularene (2) and 12-acetoxycyclosinularene (3), 

l R = H  
2 R = OAc 

I were obtained from a dichloromethane extract of Clavularia 
1 injlata (2). Up to the present time, two total syntheses of 

(?)-sinularene (1) have been reported (3, 4) and another has 
been completed.' In addition, the preparation of (+)-12- 
acetoxysinularene (2) has been described (5). We record 
herein our total synthesis of (*)-I via a route (summarized in 
Scheme 1) which is very different from those employed 
previously. 

Reaction of I-lithio-3-methyl-1-butyne with methacrolein 
(tetrahydrofuran, -30°C + room temperature, 1 h) provided 
the alcohol 4' which, when treated with hot (130°C) triethyl 
orthoacetate in the presence of propionic acid (6), was con- 
verted stereoselectively into the ester 5 (58%). Transformation 
of the latter material into the diazoketone 6 (59% overall), 
followed by sequential carbenoid ring closure of 6 and hydro- 
genation (Lindlar's catalyst) of the resultant bicyclic alkyne 7,  
provided cleanly the keto alkene 8 (62% from 6). 

Treatment of the trimethylsilyl en01 ether of ketone 8 with 
Pd(0Ac)' in acetonitrile (7) gave the enone 9 in 65% yield. 
When 9 was allowed to react with lithium divinylcuprate, the 
two epimeric conjugate addition products 10 and 11 were pro- 
duced in a ratio of 9.4: 1, respectively3 (65% yield). These 
substances were separated by column chromatography. Evi- 
dence that the major (expected) product was the desired com- 
pound 10 was obtained by 'H nmr spectroscopy. Thus, in a 
difference nOe experiment, irradiation at 6 2.15 (HA, see 10) 
caused enhancement of the signal (6 2.91) due to the proton 
adjacent to the vinyl group (R in 10). 

In our overall synthetic plan, the key step was envisaged to 
be the thermal rearrangement of the en01 silyl ether 12, (hope- 
fully) to produce the bicyclic triene 13.4 Presumably this pro- 
cess would involve isomerization of 12 to the epimer 17, which 
would then undergo a Cope rearrangement (9). However, it 
should be pointed out that the thermally induced bond re- 
organization of 12 could proceed via an alternative pathway 
involving a homo-[I ,5]-sigmatropic hydrogen migration (10) 
to provide (at least initially) the highly substituted cyclopentene 
18. In the anticipated transition state for the desired Cope 
process (see A), there is a significant destabilization due to 
steric repulsion between the isopropyl group and Hx. On the 
other hand, the presumed transition state for the sigmatropic 

17 

'work by K.  Antczak, J .  F. Kingston, and A. G. Fallis. We are 
grateful to Professor Fallis for a preprint which describes their work 'Interestingly, the reaction of 9 with vinylmagnesium bromide in 
(see preceding Communication). the presence of CuBr.MeZS (catalyst) was significantly less stereo- 

' ~ l l  compounds reported herein exhibited spectra (ir, 'H nmr) in selective, producing 10 and I1 in a ratio of 2.25: 1 (63%). 
full accord with structural assignmcnts. New substances gave satis- 4For previous reports concerning the synthesis of functionalized 
factory elemental analyses and (or) high resolution mass spectrometric bicyclo[3.2. Iloctane systems by thermolysis of 6-(1-a1kenyl)bicyclo- 
molecular mass determinations. [3. l .O]hcx-2-enes, see ref. 8. 
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COMMUNICATIONS 

12 10 R = H, R '  = CH = CH, 9 
I1 R = CH =CH, ,  R '  = H 

SCHEME I. (a) McC(OEt)x, EtCO?H, 130°C. 40.5 h; (b) KOH. HzO, McOH. rcflux: H ' :  ( c )  (COC1)z. ChHh. rcflux, I h: (d) CH2N2, EtzO, 
0°C; (e) C u ( a ~ a c ) ~ ,  ChHh. rcflux, 2 h; ( F )  H2. Pd-CaCO,. Pb(OAc),, quinolinc, pcntanc, room tcmpcraturc, 5 h; (g) Mc3SiI, EtlN. CH2CI-. 
-78°C; (h) Pd(OAc)z, McCN, room tcniperaturc, I h; ( i )  (CH,=CH),CuLi, Et20, -63°C to -30°C; NH,CI-H,O; ( j )  LiN(i-Pr)?, THF, -78°C; 
I-BuMe2SiCI, THF-HMPA, -78°C to room tempcraturc. 4 h: (k) 720°C. ChH,,, scaled tubc; ( I )  Sia,BH. THF; HZ02, NaOH; (m) p- 
MeC,,H,SOZCI, 4-dimethylaminopyridine, CH2CIZ, room tcnipcraturc; (n) H?. Pd-C, McOH, room tcmpcrature; (o) Ph.,P=CH2, 'THF, rcflux, 
69 h. 

hydrogen shift suffers from a similar interaction involving the 
isopropyl group and Hy (see B). Thus, it is difficult to make a 
clear-cut prediction as to which mode of rearrangement would 
be preferred. 

Fortunately (and happily), thermolysis of 12 produced, in 
86% yield, a single product, the spectra of which showed 
clearly that it was the desired triene 13. Chernoselective 
hydroboration-oxidation of the latter compound, followed by 
treatment of the resultant alcohol 14 with p-to~luenesulfonyl 
chloride in the presence of 4-dimethylaminopyridine, afforded 
directly the tricyclic ketone 15 (68% from 131. Hydrogenation 
of 15 provided the ketone 16, which was spectrally and chro- 
matographically identical with the same con~pound prepared by 

Collins and Wege (3).' 
Conversion of 16 into (2)-sinularene (1) has been ac- 

complished previously via a three-step sequence (3). However, 
we have shown that this transformation can be carried out 
conveniently by treatment of 16 with nicthylenetriphenylphos- 
phorane in retluxing tetrahydrofuran. Although the reaction 
was slow, it  provided (&)-I  cleanly (66% yield from 15). 
Racernic sinularene (1) thus obtained was identical with an 
authentic sample." 
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Formation de l'etat triplet du benzaldehyde dans sa reaction en phase gazeuse 
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ODILE DESSAUX, CHRISTIAN DUPRET et PIERRE GOUDMAND. Can. J .  Chern. 63, 998 (1985). 
La reaction en phase gazeuse de I'azote active avec le benzaldkhyde donne une rkaction chirnilurninescente attribuke 

essentiellernent B la transition Tl(n.rr*) + So du benzaldkhyde. Deux ktapes dans le ~nkcanisrne de la rkaction sont proposkes. 

ODILE DESSAUX, CHRISTIAN DUPRET, and PIERRE GOUDMAND. Can. J .  Chern. 63, 998 (1985). 
The reaction of active nitrogen with benzaldehyde gives a chemilu~ninescent reaction mainly attributed to the Tl(nn*) + 

So transition of benzaldehyde. Two steps of the mechanism are proposed. 

Introduction 
L'azote activC par dCcharge Clectrique microonde est un vec- 

teur d'Cnergie de rCactivitC physicochimique tres importante 
(1). I1 constitue un milieu en Cvolution dynamique du fait du 
mecanisme complexe de recombinaison des atomes d'azote (2, 
3) mettant en jeu des Ctats molkculaires triplets ou singulet 
vibrationnellement excites (4). Le comportement de l'azote 
activC apparait diffkrent suivant 1'Ctat physique du reactif sur 
lequel il rCagit: en phase gazeuse il entraine, en gCnCral, une 
fragmentation de la cible molCculaire pour former des radicaux 
ou molCcules mono, di ou triatomiques, pouvant Ctre ac- 
compagnCe d'une fixation d'azote atomique (I), tandis que 
ses rtactions avec des matrices solides contenant un dCrivt 
aromatique 5 faible tempkrature (77 K ou 4,2 K) ont pour effet 
essentiel une excitation 5 1'Ctat triplet par transfert radiatif (5). 

La possibilitC de l'intervention de 1'Ctat triplet de la molCcule 
cible comme intermkdiaire primaire dans la rCaction de l'azote 
activC est souvent postulte (1) sans aucune preuve directe: 
l'une des raisons essentielles de la difficult6 de la mise en 
Cvidence d'une telle ttape est le caractere fortement inhibiteur 
des atomes N(4S) pour des Ctats triplets; c'est ainsi que s'in- 
terprkte la faible concentration stationnaire de N~('C:) dans le 
gaz activC ou cette molCcule a 1'Ctat triplet le plus bas est 
dCtruite par la rkaction trks rapide [l]: 

Nous rendons compte de la mise en Cvidence expkrimentale 
de 1'Ctat triplet de la cible molkculaire dans la rCaction 

'Auteur qui adresser la correspondance. 

chimiluminescente, en phase gazeuse, de l'azote activC sur le 
benzaldkhyde. 

Partie experimentale 
L'azote active est produit et reagit sur le benzaldkhyde C,H5CH0 

B I'aide d'un dispositif dkja dkcrit anterieurernent (3). Les reactifs sont 
des produits chirniquernent purs utilisks sans purification cornplk- 
rnentaire. Le dispositif d'observation spectroscopique est constitue 
par la chaine de dktection et d'enregistrernent: rnonochrornateur 
"Coderg MSV" - photornultiplicateur "EM1 9558 QB" coup16 B un 
enregistreur. 

La rkaction se presente cornrne une chimilu~ninescence bleue tres 
localiske, dans la zone de rnklange des deux flux gazeux. Ce phkno- 
rntne ne peut Ctre mis en Cvidence que dans des conditions tres strictes 
de debit des deux rkactifs qui irnpliquent la consornmation complete 
des atornes d'azote qui se traduit par une disparition totale de la 
chirnilurninescence jaune. 

Le spectre d'kmission de la chirnilurninescence (fig. 1) presente 
essentiellernent la transition triplet-singulet Tl(nn*) - So du ben- 
zaldehyde. Les longueurs d'onde sont rnesurkes, avec une prkcision de 
1 nrn, a 460 nrn, 426 nrn et 397 nrn, ce qui correspond avec une bonne 
precision B la vibration d'tlongation de C=O dont la frkquence 
moyenne apparait Ctre de 1725 crn-' dans notre travail. L'emission du 
systkrne 2Z+ - 'Z+ du radical CN est Cgalernent prksente rnais sous 
une intensite faible; la cornparaison des spectres la  et Ib rnontre 
qu'elle est prksente sur le spectre d'un t h o i n  enregistre apres I'arrCt 
de l'arrivee du benzaldkhyde et sernble indiquer que I'origine de cet 
krnetteur trks sensible est une irnpurete. 

Discussion 
Deux Ctapes mCcanistiques de la rkaction peuvent Ctre dC- 

gagCes dans ce travail prkliminaire. 
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COMMUNICATIONS 

FIG. 1. (a) Enregistrement du spectre de la chimiluminescence 
du benzaldthyde avec I'azote activC. (b) Enregistrement ttmoin en 
I'absence de benzaldkhyde. 

(a) L'excitation de l'ttat T,(n.sr*) du benzaldthyde peut Ctre 
interprttte, a priori; soit par un transfert d'tnergie a partir de 
moltcules d'azote presentes dans le milieu N2(311g): T2 ou 
~ ~ ( ' 2 : ) :  T~ 

[2] Nz(T) + +CHO(So) -> N>(So) + +CHO(T,nn*) 

soit par une triple collision 

Les rtactions du modkle [2] ne sont efficaces qu:: si elles sont 
trks rapides, ttant donnt la court durte de vie des espkces 
N2(T) dans l'azote activt: N2(T2), du fait de sa transition radia- 
tive permise vers N2(Tl), cette dernikre a cause de la rtaction 
[I]. La reaction [3] apparait ainsi la plus probable comme 
responsable du peuplement de l'ttat triplet de 4-CHO. En tout 
ttat de cause les rtactions [2] ou [3] de formation de 
+CHO(T,n.sr*) ne sont pas des reactions Cltmentaires et en 
particulier la rtaction [3] peut mettre en jeu des Ctats tlectro- 
niquement excites de l'azote. Le diagramme tnergttique (fig. 

I 
N f N  ( I 

I 
I 

I 
I 

I I 
I I 
I I 
I 
I 

I 
N*[Tll 1 I 

I 

FIG. 2. Diagramme knergttique. (a) Niveaux d'Cnergie suscep- 
tible~ d'Ctre mis en jeu dans les rkactions de I'azote active. (b) 
Niveaux d'tnergie des premiers singulets de +CHO. (c) Niveau 
d'knergie de I'ttat triplet de +CHO. 

2) permet de comparer les energies susceptibles d'&tre mises en 
jeu dans le transfert - qui doit se faire d'une manikre iso- 
tnergttique: l'tnergie de 1'ttat triplet Tl(n.sr*) du benzaldt- 
hyde, et celles de ses Ctats excites singulets - qui constituent 
une limite superieure pour l'tnergie de l'ttat triplet corres- 
pondant. Ce schema montre que 1'Ctat T,(n.sr*) ne peut Ctre 
produit qu'aprks un processus de relaxation Cnergttique im- 
portant mettant en jeu des mtcanismes de conversion interne 
(par cascade d'ttats triplets successifs), mais tventuellement 
aussi des conversions intersystkmes vers des Ctats singulets. 

(b) La ntcessitt d'operer dans des conditions de disparition 
totale des atomes N(4S) etaye l'hypothkse d'une dtsactivation 
cinttique trks rapide: 

[4] +CHO(Tlnn*) + N4S) -z +CHO(So) t N('S). 

1.  A. N. WRIGHT et C. A. WINKLER. Active nitrogen. Academic 
Press, New York. 1968. 

2. ( a )  I. M. CAMPBELL et B. A. THRUSH. Proc. R. Soc. A, 296,201 
(1967); (b) R. A. YOUNG. J .  Chem. Phys. 60, 5050 (1974). 

3. ( a )  0 .  DESSAUX, P. GOUDMAND et B. MUTEL. J.  Quant. 
Spectrosc. Radiat. Transfer, 30, 137 (1983); (b) 0 .  DESSAUX, 
P. GOUDMAND et B. MUTEL. J .  Quant. Spectrosc. Radiat. 
Transfer, 30, 3 1 1 (1983). 

4. B. MUTEL, M. BRIDOUX, M. CRUNELLE-CRAS, 0 .  DESSAUX, 
F. GRASE, P. GOUDMAND et G. MOREAU. Chem. Phys. Lett. 104, 
290 (1984). 

5. ( a )  0 .  DESSAUX. J. Chim. Phys. 67, 1137 (1970); (b) P. 
DEVOLDER, 0 .  DESSAUX et P. GOUDMAND. J .  Photochem. 15, 
265 (1981). 

6. ( a )  Y. HIRATA et E. C. LIM. J. Chem. Phys. 72,5505 (1980); (b) 
L. GOODMAN, M. LAMOT~E et M. KOYANAGI. Chem. Phys. 47, 
329 ( 1980). 
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'H and I3C nuclear magnetic resonance studies on the Diels-Alder adducts of 
isoquinolin-3(2 H)-ones1 
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GABOR T ~ T H ,  ATTILA ALMASY, LASZLO HAZAI, ANTAL SCHNITTA, and GYULA DEAK. Can. J. Chem. 63, 1001 (1985). 
The stereochemistry of the adducts of isoquinolin-3(2H)-ones and maleimides was studied and 'H and I3C spectral 

parameters of the endo and exo stereoisomers were determined. The predominant rotamers generated by rotation about the 
C(7)-C(7a) and (C1)-C(1 ') bonds were identified. 

GABOR T ~ T H ,  ATILLA ALMASY, LASZLO HAZAI, ANTAL SCHNITTA et GYULA DEAK. Can. J. Chem. 63, 1001 (1985). 
On a Ctudit la stCr6ochimie des adduits obtenus par condensation des 2H-isoquinoleinones-3 sur les maleimides et on a 

dCterminC les paramktres, en rmn du 'H et du "C, des stCrCoisornkres endo et exo. On a identifik les rotamkres prkdominants 
qui sont g6nCrCs par des rotations autour des liaisons C(7)-C(7a) et C(1)-C(1'). 

[Traduit par le journal] 

Introduction 
Earlier, we reported that some isoquinolin-3(2H)-ones, 

prepared in our laboratory, which are partly present as their 
ortho-quinoidal lactam tautomer, are amenable to Diels- Alder 
reaction with active dienophiles (1-3). Thus, a number of 
adducts with maleic acid derivatives have been prepared 
employing N-phenyl- and N-carbamoyl-maleimide; as well as 
maleic anhydride, as dienophiles. The products contain various 
substituents, such as alkyl, aryl, aralkyl, and heteroaryl 
groups, and may be condensed with a benzene ring in positions 
(f), (g), or (h). The unsubstituted maleimide adduct 1 was 
prepared by an indirect route (1). 

Results and discussion 
The products may be of either exo or endo configuration. 

Usually only one adduct could be isolated, except in the case 
of 5 where both isomers could beseparated (2). The numbering 
used in the assignment of nmr data is shown in the formula for 
exo 56 (Scheme 2). 

The earlier misconception that, in the endo isomers, the 
ortho-hydrogens of the condensed benzene ring (H-9a and H- 
9d) are highly shielded by the nearby imide carbonyl led to 
incorrect conclusions concerning the stereostructure of the 
above adducts and their congeners (4-6). It has been shown 
later that the two proton signals in question should rather be 
assigned to the ortho-hydrogens of the N-phenyl group (7-9). 
This assumption is supported by our present 'H and selective 
I3C{'H) decoupling studies on compounds 1-6. However, the 
assumption that increased shielding of the methyne protons is 
diagnostic for the exo stereoisomer (7) could not be confirmed. 

Characteristic 'H nmr data for compounds 1-7, along with 
further Lis (Lanthanide induced shift) values for 5a on addition 
of E ~ ( f o d ) ~  graphically interpolated to a 1 : 1 substrate/reagent 
ratio are compiled in Table 1. 

We have found that the spectra of exo and endo isomers 
characteristically differ in the chemical shifts of the ortho- 
protons of the N-phenyl group, which in the latter are shifted 
upfield to 6.40 ppm owing to the diamagnetic anisotropic effect 
of the condensed benzene ring. The proton H-9a is in turn more 

X = NH. NPh, NCONHZ, 0 
R '  R' R' R' X 

1 M e  H H  H N H  
2 Me H H H NPh 
3 H Me H 1-1 NPh 
4 Me Me H H NPh 
Su cH2Ph H H H NPh 
5 6  CH?Ph H H H NPh 
6 CH2Ph H Me0 Me0 NPh 

'Diels-Alder reaction of 3(2H)-isoquinolinones, Part 4. For Part 3, see ref. 1. 
90 whom all correspondence should be addressed. Present address: Department of Chemistry, University of Alberta, Edmonton, Alta., 

Canada, T6G 2G2. 
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TABLE 1. 'H nuclear magnetic resonance data 8(ppm); J(Hz) of compounds 1-6 and LIS values of 5a 

Compound 2-H 6-H 9d-H 4b-Hz NH R '  Aromatic H's Others 

8.70 1.78 (3 H, s) 
8.59 1.84 (3 H, s) 
8.51 4.34 (1 H, d, 2 Hz) 
8.53 2. l l (3 H, s) 

3.89 (2 H, br s)' 
8.6, 10.9 

7.04 4.00 (1 H, d, 17 Hz) 
4.24 (1 H, d)' 

6.95 3.89 (2 H, br s) 

7.1-7.8 (8 H, m) 
7.0-7.85 (11 H, m) 
7.0-7.85 (10 H, m) 2.32 (3 H, s, Me) 
7.0-7.85 (10 H, m) 2.47 (3 H, s, Me) 
7.0-7.85 (16 H, m) 
9a-H 5.0, lb-H, 9.1 
7b-Hz 3.6 
7.0-7.6 (18 H, m) 

7.1-7.85 (13 H, m) 3.63 (3 H, s, Me) 

"Solvent: ['H6]DMS0. 
bSolvent: CDCI,. 
'Temperature: 25°C. 
"Temperature: 70°C. 
'Other signals in overlapping with aromatic H's. 

shielded in the exo isomers. When R '  = CH,Ph (5a and 6) 
diastereotopic methylene protons produce a broad singlet in the 
endo isomers, while an AB-type doublet in exo 5b. Lis mea- 
surements have revealed that, similar to 4-benzyl-l-phenyl- 
dihydro-3(2H)-isoquinolines (lo), Eu(fod), was associated 
with the amide carbonyl. Accordingly, highest induced shifts 

were observed at the methylene and ortho-hydrogens of the 
benzyl group. The accidental anisochrony of the methylene 
protons was lifted by the shift reagent, proving that the coin- 
cidence of chemical shifts was not due to averaging by fast 
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TABLE 2. I3C chemical shifts of compounds 1-7 in ['H6]DMS0 

Carbon I 2 3 4 5a" 5ba 6" 7" 

"In CDCI, 
bTentative assignment. 

rotation around the C(1)-C(1') bond. The Lis value (1.3 ppm) 
for the ortho-protons of the N-phenyl group at the same time 
supported the endo configuration in which N-Ph is remote 
from C(l l)=O. Unequal Lis values for the angular H-2 and 
H-6 proton signals also confirm their assignment. I3C chemical 
shifts for compounds 1-6 as well as of cis-4-benzyl-1-phenyl- 
1,4-dihydro-3(2H)-isoquinolinone 7, used as a model, are 
shown in Table 2. Assignments were based on those for 7 (10). 
It has to be noted that, in view of recent data reviewed by 
Ewing (1 l),  assignments for the ortho- and meta-carbons of the 
benzyl group had to be interchanged. 

For N-phenyl-succinimides, some unassigned I3C chemical 
shifts have been reported (12). N-Ph shifts can, however, be 
assigned by comparing the spectra of 1 and 2. Selective "C{'H) 
decoupling of the two-proton signal at 6.40 indicated that the 
signal at 126.3 belongs to C(4b). On N-H -+ N-Ph substi- 
tution the imide carbonyl signals were shifted upfield by 
2.3-2.6 ppm. Identification of the close C(2) and C(6) meth- 
yne signals was possible by the appearance of a 3J(C, H) = 3.6 
Hz coupling in the former, arising by interaction with the 
1-methyl group. 'J(C, H) couplings were 142.8 and 141.0 Hz, 
respectively. 

Assignment of the lower field signal to C(6) could also be 
substantiated by comparing data for 2 and 3. By removing the 
methyl group in the y-position, this signal was essentially un- 
affected, while that for C(2) shifted, as expected, upfield. 
Accordingly, the signal for the P-positioned C(11) moved 
upfield while that for the y-positioned C(3) moved downfield. 
Changes caused in the signals of the condensed aromatic 
ring effected by RZ = CH3 substitution also corroborated their 

assignment. 
In 4 (R' = R2 = CH,) interaction of the peri methyl groups 

resulted in a slight deformation of the molecular skeleton, 
which may explain small deviations of chemical shifts from 
those calculated by additivity rules for carbons in the vicinity 
of C(l) and C(9). Downfield shifts of the two methyl group 
signals due to a &effect are quite characteristic (13). 

Replacement of R' = CH3 (2) for CHzPh (5a, 5b, and 6) 
involves a characteristic downfield shift of the C(l) signals. For 
the C(2) signal, a marked upfield shift was observed in 5a  and 
6, and a small downfield shift in 5b. This can be interpreted by 
considering the rotamers x,  y, and z, generated by rotation 
around the C(1)-C(1') bond. With 5a and 6 rotamer x, and 
with 56 rotamer y involve severe steric interaction and can thus 
be discounted as being predominant conformers. In both x and 
y, y-gauche interaction between C(2) and Ph-C(1') is ex- 
pected, while the same groups are y-anti disposed in z. In the 
light of the observed shifts (see above), the predominant con- 
former for 5a  and 6 is y ,  while for 56 it is z. Differences in the 
C(1b) chemical shifts also reflect changes of conformation. 

There is a notable difference of the C(7a) shifts in the exo and 
endo isomers which can also be traced back to conformational 
changes. In the endo series, steric interaction between 
C(5)=0 and H2-7b is avoided in rotamer w, in which the 
planes of C(7)-phenyl and of the condensed benzene ring are at 
about 30°, while in rotamer u, characteristic for exo-(56); this 
angle is about 90". 

This assumption is supported by an upfield shift of 0.5 ppm 
of the H-9d signal in 5b under the well-known anisotropic 
effect of the phenyl group, as compared with the values 
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recorded for 5a. 
The characteristic chemical shifts observed for the signals of 

the condensed aromatic ring of the dimethoxy compound 6 
provided further evidence for our assignments. The close C(9a) 
and C(9d) signals were assigned with the aid of selective 
"C{'H} decoupling. 

Experimental 
The 'H and "C nrnr spectra were recorded on a JEOL FX-100 nrnr 

spectrometer in PFT mode (16 K data points for FID) at ambient 
temperature at 99.6 and 25.0 MHz, respectively, using tetrarnethyl- 
silane as internal standard. 
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Free radical mechanisms for the oxidation of 2,3-dihydroxy-2-propenal (triose 
reductone) by hexacyanoferrate(II1) 
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Y ~ s u o  ABE, TAKAAKI DOHMARU, HIDEO HORII, and SETSUO TANIGUCHI. Can. J. Chem. 63, 1005 (1985). 
Kinetic studies of the oxidation of 2,3-dihydroxy-2-propenal (triose reductone, RH2) by hexacyanoferrate(III), [ F ~ ( c N ) ~ ] ~ - ,  

were carried out in acidic mcdia ([H+] = 0.02-0.1 M (1 M = lmol dm-')) at various temperatures (10-30°C). The ionic 
strength of the media (I  = 0.04-0.4 M) was adjusted using sodium perchlorate. The second-order rate constants in M '  s-' 
are (0.86 +- 0.06) - (2.83 +- 0.14) for the reactions of hexacyanoferrate(II1) with RHZ and [(4.16 +- 0.03) - (1 2.4 +- 0.2)] 
X lo3 for those with RH- ion. Activation parameters for the oxidation have been reported and compared with those of the 
oxidation of triose reductone with peroxodisulfate ion. A probable mechanism is proposed for the reaction. 

Y ~ s u o  ABE, TAKAAKI DOHMARU, HIDEO HORII et SETSUO TANIGUCHI. Can. J. Chem. 63, 1005 (1985). 
OpCrant en milieu acide ([H'] = 0,02 a 0, I M (1 M = 1 mol dm-3)) et a diverses tempkratures allant de 10 a 30°C. on 

a effectuC des Ctudes cinktiques sur I'oxydation du dihydroxy-2,3 profine-2 a1 (triose de la rkductone, RH,) par 
I'hexacyanoferrate(III), [Fe(CN)6]'-. On a ajustC la force ionique du milieu (I  = 0.04 a 0.4 M) en utilisant du perchlorate de 
sodium. Les constantes de vitesse du second ordre (en M-' s-') se situent entre 0,86 2 0,06 et 2,83 +- 0,14 pour les rkactions 
de I'hexacyanoferrate(I1I) avec RH2 et entre (4,14 + 0,03) X 103et (12,4 5 0,2) X 103pour celles avec I'ion RH-. On rapporte 
les paramktres d'activation pour I'oxydation et on les compare avec ceux obtenus pour I'oxydation du triose de la rkductone 
par I'ion peroxodisulfate. On propose un mecanisme probable pour la rkaction. 

[Traduit par le journal] 

Triose reductone (RH,) has been well known for its reducing 
properties in aqueous solutions. The reductone is the simplest 
in structure of the compounds having an enediol group; the 
physiologically important L-ascorbic acid is a typical com- 
pound of this structure. Thus kinetic studies on the reaction of 
triose reductone would help to clarify the mechanisms of the 
physiological activities of enediol compounds. It has been re- 
ported that the rates of oxidation of RH, by molecular oxygen 
(1) and peroxodisulfate (Sz02-) (2) are dependent on the hy- 
drogen ion concentrations. In the latter case, the mechanism 
was interpreted in terms of the successive one-electron trans- 
fers, while the rate constant for the triose reductone radicals 
was not determined. The existence of the triose reductone free 
radicals has been confirmed by pulse radiolysis of the reduc- 
tone (3). Thus it is of current interest to get any kinetic in- 
formation on the electron transfer reaction involving RH.  
Hexacyanoferrate(II1) is a typical one-electron oxidizing agent 
(4) and is often used in a model reaction of biologically im- 
portant cytochrome c. In the present paper, we make kinetic 
studies of the oxidation reactions of RH2 with hexacyano- 
ferrate(II1) in aqueous acidic solution, present the most 
probable reaction mechanism, and give the rate constants of 
some of the elementary reactions involved. 

Experimental 
Materials 

Triose reductone was prepared and purified by the method de- 
scribed in the literature (5). Sodium perchlorate, potassium hexa- 
cyanoferrate(IIl), and potassium hexacyanoferrate(I1) of analytical 
grade (E. Merck) were used without further purification. All the other 
chemicals were guaranteed reagents of the Wako Pure Chemicals 
Co. Ltd. 

Reaction solution 
The hexacyanoferrate(II1) solution was prepared by dissolving 65.9 

mg of the solid in 250 cm' of a dilute sulfuric acid solution containing 
0.5 mmol of disodium dihydrogen ethylenediaminetetraacetate 
(EDTA) and a given weight of sodium perchlorate. EDTA was added 
to complex heavy metal ions which catalyse the oxidation of triose 
reductone ( I )  and which react with hexacyanoferrate(I11) ion to pro- 

duce complex precipitates. The triose reductone solution was prepared 
by dissolving 31.0 mg of the compound in 30 cm' of the.same acid 
solution as described above. It was then saturated with argon (high- 
purity argon gas was bubbled through the solution to remove the 
dissolved oxygen). 

Kinetic method 
The hexacyanoferrate(lll) solution (2.9 cm3) was transferred into a 

gas-tight optical cell and argon gas was bubbled through the solution 
by means of injection needles and a septum cap for 0.5- 1 h. The 
reaction was started by adding the triose reductone solution (0.1 cm3). 
The temperature of the reaction solution was kept constant during the 
reaction. Kinetic data were obtained by following the decreasing ab- 
sorption of hexacyanoferrate(lI1) at 420 nm (neither triose reductone 
nor hexacyanoferrate(l1) absorbed light at this wavelength under the 
reaction conditions). The acidity was kept constant at a value in the 
range of 0.01 -0.05 M in sulfuric acid. The temperature was con- 
trolled by circulating thermostated water around the cell housing. The 
pH values of the triose reductone solution in the course of the mea- 
surement of the pK, values were corrected for various ionic strengths. 
The activity coefficients f, for protons at varying ionic strengths (I) 
were obtained by using log f i  = -0.358~,~1'/'/(1 + 10Hai X 
0.23251"~) with 10Hai = 9 and zi = 1 (6). The activity coefficients 
used in this paper were 0.89 (0.04), 0.85 (0. I), 0.83 (0.2), and 0.80 
(0.4): the ionic strength is given in parentheses. 

Results and discussion 
Stoichiometry 

By maintaining a slight excess of oxidizing agent and by 
performing spectrophotometric measurements at 420 nm, the 
following stoichiometric equation was found: 

where RH2 and DR represent triose reductone and dehy- 
droreductone, 1,2,3-propane-trione, respectively. 

Dissociation constant of triose reductone 
The pK, values of the first dissociation of triose reductone 

(RH,) for the equilibrium, RH2 RH- + H', were determined 
by the spectrophotometric method reported previously ( I )  at an 
ionic strength of 0.4 M (with the temperature ("C) in paren- 
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TABLE 1. Second-order rate constants, k,(M-' s-'), for the reaction between triose 
reductone and hexacyanoferrate(II1)" 

Temperature 
[H'I (M) 

("c)  I (M)  0.1 0.04 0.025 0.02 

"Initial concentrations: K,[Fe(CN),], 7.743 X lo-' M; triose reductone, 3.872 X lo-' M. 
bAdditional 7.743 X 10-'M of K,[Fe(CN),] was dissolved. 

theses): 4.95 (lo), 4.91 (15), 4.86 (20), 4.82 (25), and 4.78 
(30), and at 25OC (with the I in parentheses): 4.95 (0.04), 4.88 
(0. l), 4.84 (0.2), and 4.82 (0.4). 

Kinetics of the reaction 
When pseudo-first-order conditions, [TR]o/[Fe(lII)]o = 10, 

were adopted, plots of log A,  vs. t were linear to at least 80% 
completion, where [TRI = [RH,] + [RH-I and A ,  indicates the 
absorbance of K3[Fe(CN)6] at 420 nm at a certain time ( t )  of 
reaction. When second-order conditions, [Fe(III)]o/[TR]o = 2, 
were adopted, second-order plots, [Fe(III)]-' vs. t, were also 
linear for 75% completion; some examples of the plots are 
given in Fig. 1. Thus, the following empirical rate law and the 
relationship between [Fe(III)]-' and t can be suggested, re- 
spectively: 

[2] - 1 /2d[Fe(III)]/dt = ko[Fe(III):I [TR] 

Values of ko obtained at various temperatures, ionic strengths, 
and acidities are collected in Table 1. 

The second-order rate constants ko increase with decreasing 
acidity. The conventional treatment of the reactions involving 
the acid dissociation equilibrium gives ko as in eq. [4], 

where k, and k2 are the rate constants of the reactions of RH2 
and RH- with Fe(III), respectively. In the present experiment, 
[H+] were much larger than K, (K, = Therefore, eq. [4] 
can be simplified to eq. [ 5 ] ,  

1 
0 1 2 

The plots of ko vs. [H'I-' showed a linear relationship; the plots 
are given in Figs. 2 and 3. The k, and k, values are listed in 
Table 2. 

Effect of the reduced form 
Some kinetic runs were performed in the presence of reduced 

species of metal complex, namely, hexacyanoferrate(II), in the 
same concentration as the corresponding oxidized form. No 
significant effect was observed on the calculated rate constants 
(see the values in parentheses in Table 1). 

FIG. 1. Relation between [Fe(III)]-' and time for the re- 
duction of Fe(II1) with triose reductone at I = 0.4 and various 
temperatures. 0: 1O0C, A: 15"C, e: 20°C, 0: 25°C 7: 30°C. 

Effect of ionic strength 
In order to investigate the ionic-strength effect, kinetic runs 

were performed at 25OC with increasing addition of NaC10, up 
to 0.40 M. Values of second-order rate constants obtained for 
this portion of the investigation are listed in Table 2 and are 
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FIG. 3. Relation between k l  and [H'I-' for the oxidation of triose 
reductone with K3[Fe(CN),] at 25'C and various ionic strengths. Each 
plot denotes the mean value of three experimental data. 0: 0.04 M, 
A: 0.1 M, 0: 0.2 M, V: 0.4 M. 

FIG. 2. Relation between k ,  and [H+]-' for the oxidation of triose 
reductone with K3[Fe(CN),] at I = 0.4 and various temperatures. Each 
plot denotes the mean value of three experimental data. 0: 1O0C, A: 
15"C, @: 20°C, 0: 25"C, V: 30°C. 

observed to increase with increasing ionic strength, as would be 
expected for reaction of the triose reductone monoanion with 
negatively charged oxidizing species. 

Davies has normalized a great deal of kinetic data relating to 
specific cation effects by considering the effect of ion-pair 
formation between the specific cation and the reactants on the 
ionic strength or some function of the ionic strength by using 
the following equation (7), 

[6] log k = log ko + 2AzazbF(I) 

where A is the Debye-Huckel coefficient, z, and zb are the 
charges on the reactant, and ko is the bimolecular rate constant 
at zero ionic strength. Swinehart applied Davies' equation to 
the reaction of hexacyanoferrate(II1) with sulfite in the pres- 
ence of sodium chloride and obtained a good relationship be- 
tween rate constant and ionic strength (8). 

The plots of log k2 vs. F(1) showed a straight line, with the 
relationship log k2 = 3.17 ? 0.05 + (2.75 0.21)F(I). This 
dependence is expected for the reaction between two ions of the 
same sign: the positive value of 2.75 is in good agreement with 
that of z,zb = 3.0. 

The fact that the ionic-strength dependence of rate constant 
in the reaction of triose reductone with peroxodisulfate in the 
presence of sodium perchlorate agreed with the Debye-Huckel 
equation (ref. 2) suggests that neither triose reductone anion 

TABLE 2. Temperature and ionic-strength dependence of 
rate constants and kinetic parameters 

Temperature 
("c) I(M) k ,  (M-' s- ')  10-'k2 (M-' s-I) 

nor peroxodisulfate anion form an ion pair. Therefore, it is 
suggested that hexacyanoferrate(II1) forms an ion pair with 
sodium cation as indicated in eq. [7], although no empirical 
data has been reported in the literature. 

The association constant of hexacyanoferrate(II1) and potas- 
sium cation was estimated to be about 20 at 25OC (9). As- 
suming that a maximum value of the equilibrium constant 
for eq. [7] is 10' and that the activity coefficient of the ion 
pair is the same as for [Fe(CN)5N0]2- (6), the fraction of the 
ion pair is expected to be less than 20% at the present reaction 
conditions. 

Temperature dependence 
The activation parameters corresponding to the specific rate 

'Equilibrium constants for sodium ion-pair formation are usually 
less than half of those for potassium ion. 
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constants at I = 0.4 were calculated from the slope of the 
Eyring plot (In k/T vs. 1/T) and listed in Table 2. The absolute 
values of both enthalpy and entropy of activation for RH- are 
less than those for the oxidation with peroxodisulfate (AH+ = 
37 ? 1 kJ mol-' and AS+ = - 123 * 5 J deg-' mol-I) (2) and 
also less than those for the oxidation of L-ascorbic acid with 
hexacyanoferrate(II1) (AH+ = 45.2 kJ mol-' and AS+ = 
- 166.5 J deg-' mol-I) (10). 

Mechanism of the reaction 
From the results of ionic strength, it is suggested that the 

resulting ion pair has less oxidizing ability than hexa- 
cyanoferrate(II1). Therefore, a mechanism consistent with the 
present experimental observation can now be written (eqs. 
[8] - [13]). The role of Nat has been ignored in the discussion 
that follows. 

K, 
[8] RHz = RH- + H' 

k l 
[9] [Fe(CN),13- + RH2 + RH' + [Fe(c~),],- + H+ 

k2 

[lo] [Fe(CN),]'- + RH- + RH' + [Fe(CN),14- 

Kz 
[I I] RH' e R-' + Hi 

The presence of free radicals in the oxidation of triose reduc- 
tone was confirmed by esr measurement ( I  I )  and kinetic con- 
siderations (2). The linearity of pseudo-first-order plots and the 
absence of an effect of the presence of reduced species indicate 
that no reverse reactions are kinetically relevant. 

Considering the K, value, which is estimated to be about 1.5 
by us (unpublished result) at the equilibrium eq. [ l  11, triose 
reductone free radicals exist in both forms RH' and R-' under 
the present conditions. Although absolute values of the rate 
constants k, and k, are unknown, the following experimental 
rate law [ 141 suggests that k3, k4 >> k,, k,. 

Another mechanism for the consumption of triose reductone 
free radicals by disproportionation is also possible (3). 

If the radicals were eliminated only by the disproportionation, 
the rate law of the decrease of hexacyanoferrate(II1) must be 
according to eq. [17]. 

[17] -d[Fe(III)]/dt = (k, + k,K,/[Ht])[Fe(III)][TR] 

The rate constant of the disproportionation was reported as 2 X 
10' M-' s-' at pH 9.6 (3). Although the rate constant is much 
larger than the values of k, and k, even when the reaction 
conditions are different, the concentration of radicals at steady 
state is very small. Therefore, eqs. [IS] and [16] can be ne- 
glected for the reaction mechanism of the oxidation of triose 
reductone, even though they might become important after 
85% completion. 
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Relaxation and related 'H nmr studies on "asperlin." 
Configuration and conformation of the epoxypropyl side-chain 
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PHo~rs DAIS and ARTHUR S. PERLIN. Can. J. Chem. 63, 1009 (1 985). 
Monoselective and biselective spin-lattice relaxation rates, together with nOe experiments, have been used to examine the 

configuration and conformation of the epoxypropyl side-chain of "asperlin" (I) in benzene solution. The data confirm earlier 
evidence that the oxirane ring is trans, and indicate that 1 is the 6R,7S diastereomer. Moreover, it is shown that in the most 
probable conformation of the side-chain about the C-5,C-6 bond, H-5 and H-6 are anti. 

PHOTIS DAIS et ARTHUR S. PERLIN. Can. J. Chem. 63, 1009 (1985). 
Dans le but d'examiner la configuration et la conformation de la chaine laterale Cpoxypropyle de I '  "asperline" (1) en solution 

dans le benzkne, on a utilisC des vitesses de relaxation spin-rkseau mono et bi-sClectives ainsi que des experiences d'effet 
nuclkaire Overhauser. Les donnCes confirment les indications antkrieures a I'effet que le cycle oxiranne est trans et elles 
indiquent que le composC 1 est le diastCrkomkre 6R,7S. De plus, on dCmontre que dans la conformation la plus probable de 
la chaine lattrale autour de la liaison C-5,C-6, les hydrogknes H-5 et H-6 sont anti. 

[Traduit par le journal] 

Introduction 
The structure of 5-acetoxy-5,6-dihydr0-6-(1,2-epoxy- 

propy1)-2-pyrone (1) ("asperlin"), a metabolite of Aspergillus 
nidulans (I), has been studied (2, 3) by 'H and I3C nmr spec- 
troscopy, using reference compounds derived mainly from car- 
bohydrates of known stereochemistry, as well as by chemical 
synthesis (3). It was concluded that the pyrone ring of 1 

assumes a semi-planar conformation, that the 4,5-substituents 
of the ring' have the L-threo configuration, and also that the 
exocyclic epoxypropyl moiety is trans. The present paper 
describes spin-lattice relaxation and nuclear Overhauser en- 
hancement (nOe) measurements, carried out primarily to ex- 
amine the configuration of the oxirane ring (i.e., as in 
diastereoisomer l a  or 1 b),' as well as the conformation of the 
epoxypropyl side-chain. 

Proton monoselective spin-lattice relaxation and nOe data, 
and (or) mono- and biselective experiments (4), provide a rig- 
orous approach to the structure of molecules in solution, with- 
out the need of reference compounds. Obviously, this offers 
practical advantages when model compounds are not readily 
available or easily synthesized. The principle inherent in apply- 
ing measurements of proton relaxation rates and nOe is the 
dependence of pairwise dipolar interactions on interatomic dis- 

'In keeping with the numbering used earlier (3) in correlating the 
stereochemistry of asperlin with that of carbohydrate models, the 
carbonyl carbon of 1 is herein designated C-I, and the a-proton, H-2. 

'1t has not proven feasible to determine the structure of asperlin 
by X-ray crystallography, because the only form of the compound 
availabIe consists of twinned crystals (G. Donnay, private 
communication). 

tances, viz., these interactions decrease approximately as a 
simple sixth power of the interatomic distance (5). Hence, by 
calculation of the pertinent interproton dimensions for a given 
molecule, structural and conformational features may be deter- 
mined. Applied to asperlin, this general approach has afforded 
information about the most probable orientation of the epoxy- 
propyl side-chain around the C-5,C-6 bond, and also about 
which of the two possible diastereoisomers ( l a  or l b )  corre- 
sponds to the natural product. 

Experimental 
' H  and '-'C nuclear magnetic resonance spin-lattice relaration and 

nOe measurements 
All of the nmr experiments were conducted at 400 MHz ('H) and 

100 MHz ("C) with a Bruker-400 spectrometer, at 20°C. A 0.15 M 
solution of asperlin in benzene-d6 was used for the 'H experiments, 
and a 0.5 M solution in benzene-d6 for the I3C experiments. Each 
sample was carefully degassed by using 5 to 6 "freeze-pump-thaw" 
cycles, following which the nmr tube was sealed. I3C spin-lattice 
relaxation times and 'H nonselective relaxation rates were measured 
by the two-pulse inversion recovery technique. Details of the proce- 
dure used in the nonselective relaxation and nOe experiments are 
given elsewhere (6, 7). Statistical errors in the fit of semilogarithmic 
plots were within ?2% and t 5 %  for 'H and "C nmr relaxation rates. 

Monoselective relaxation rates for H-4 to H-7 protons were mea- 
sured by using a long (15-20 ms), weak pre-irradiation pulse which 
selectively inverted the required resonance frequency. The selective 
180" pulse was provided by the decoupler channel. In performing bi- 
(double) selective experiments the computer of the spectrometer was 
used to control a train of two selective 180' pulses provided consecu- 
tively by the decoupler at the resonance frequencies of protons H-5 
and H-7 and (or) H-4 and H-7. The time interval between the two 
pulses (-200 ns) and the total duration of the two pulses (-30 ms) 
were negligibly small compared to the long relaxation times of these 
protons, ensuring thereby the effectiveness of the experiment, i.e., no 
significant relaxation during excitation. Typical mono- and biselective 
inversions are shown in Fig. 1. Mono- and biselective partially relaxed 
spectra were obtained by the inversion recovery method. Typically 20 
to 30 r values covering the range -0-2 TI were used for the initial rate 
approximation. The total magnetization intensity for each resonance 
was processed by a two-parameter linear regression analysis to obtain 
selective relaxation rates. Each relaxation rate vaIue presented is an 
average of 2 or 3 separate measurements. The statistical error and 
reproduciblity of the various relaxation rates were better than +3% 
and +5%, respectively. 
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CAN. 1. CHEM. VOL. 63. 1985 

FIG. 1. (A) Normal 'H nmr spectrum of 1 benzene-d6 at 400 MHz; (B) representative 'H monoselective spin-lattice relaxation experiment with 
1; the H-7 signal was inverted by a selective 180" pulse (-15 ms), T = 0.01 s; (C) representative 'H biselective spin-lattice relaxation experiment 
in which two signals, H-5 and H-7, were inverted simultaneously by two consecutive selective 180' pulses (-15 ms each) provided by the 
decoupler channel, T = 0.1 s. 

TABLE 1. Proton and carbon- 13 nuclear magnetic resonance data for "asperlin"" 

Proton 6 ' ~ ~  ' J H - H '  ~ y d  R ; ~  R;/R: RYJ carbon S I ~ C ~  R,X 

"0.15 M and 0.5 M solutions in benzene-d6 for 'H and I3C experiments, respectively. The chemical shifts for 
the acetyl group are not shown. 

?n ppm relative to TMS. 
Toupling constants in Hz. 
dNonselective 'H spin-lattice relaxation rates in ms-'. 
'Monoselective 'H spin-lattice relaxation rates in ms-'. 
'Double-selective 'H spin-lattice relaxation rates in ms-'. 
#Carbon-13 spin-lattice relaxation times in s. The measured "C nOe values for all protonated carbons were 

3.00 * 0.15. 

Results and discussion 
At 400 MHz, with benzene-d6 as the solvent, the 'H nmr 

spectrum of 1 (Fig. 1A) is completely resolved. Whereas at 
lower field (3) the H-6 and H-7 signals overlapped, these sig- 
nals now appear in slightly distorted form as a doublet of 
doublets and a quartet of doublets, respectively. Analysis of 
these signals, together with those of the methyl protons as an 
ABX, spectrum, gave the following parameters: JAB = 1.95 
HZ, JAX = 0 HZ, JBX = 5.20 HZ, VA = 559.17 HZ, VB = 516.84 
Hz, and v, = 185.83 Hz, where A = H-6, B = H-7, and X3 
= CH,. Proton chemical shifts and coupling constants are 
shown in Table 1. These nmr parameters, along with the I3C 
chemical shifts, are in accord with previous (2, 3) interpre- 

tations of the stereochemistry of 1. 
The nonselective spin-lattice relaxation rates (R;") also 

shown in Table 1, give complementary information about the 
stereochemstry of 1; For the i n g  it can be seen that the 
R;" values for H-4 and H-5 are the same, whereas the relaxation 
rates of H-2 and H-3 are lower by -35% and I I%, respec- 
tively, and H-2 relaxes -27% more slowly than H-3. Inspec- 
tion of possible inter-ring relaxation pathways cannot satis- 
factorily explain these relaxation rates. For instance, H-3 and 
H-4 would be expected to have the fastest relaxation rates, due 
to the gauche and eclipsed disposition of their neighbouring 
protons. Moreover, the primary relaxation pathways for H-2 
and H-5 are provided by H-3 and H-4, respectively, and al- 
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DAIS AND 

TABLE 2. 'H nuclear Overhauser enhancement measurements on 
"asperlin" (1) 

Proton observed 
Proton 

irradiated H-4 H-5 H-6 H-7 CH; 

H-4 - 0.122 0.025 0.063 - 
(50.006) (50.013) (50.008) 

H-5 0.118 - - 0.086 - 
(?0.01 (50.010) 

H-6 - - -0.080 - 
(k0.008) 

H-7 0.075 0.063 -0.051 - - 
(50.012) (k0.007) (50.010) 

CH3" - 0.092 0.108 - 
(50.006) (50.004) 

"Methyl of epoxypropyl group. Irradiation of the acetoxyrnethyl protons did 
not significantly affect the other protons (including H-2 and H-3). 

values in parentheses are standard deviations based on the measured in- 
tensities. 

though the relative proximity of each pair of protons is nearly 
the same, the relaxation rate of H-5 is -35% faster than that of 
H-2. In part, these variations reflect the sensitivity of proton 
relaxation rates to changes in the rates of anisotropic modes of 
reorientation of 1. That is, I3C spin-lattice relaxation measure- 
ments demonstrate that 1 tumbles anisotropically in benzene, 
inasmuch as the I3C R ,  value for C-2 (Table 1) is smaller than 
those of the other ring carbons, which are nearly the same 
within experimental error. This difference, -14%, indicates 
that 1 tumbles anisotropically about a preferential axis of rota- 
tion, which forms a small angle with the C-2, H-2 relaxation 
vector. The theory of dipole-dipole relaxation in anisotro- 
pically tumbling molecules shows (8) that relaxation vectors 
which lie on, or parallel to, the major axis of rotation are more 
efficient than vectors at an angle to this axis. It follows that the 
H-3,H-4 pathway is expected to be more efficient that those of 
H-2,H-3 and H-4,H-5. In addition, however, the fact that the 
relaxation rates of H-4 and H-5 are faster than for H-3 suggests 
that the two former Drotons interact with Drotons of the 
epoxypropyl moiety. Similarly, the methyl protons, which 
provide a primary relaxation pathway for vicinal H-7, should 
have an influence on H-6 commensurate with a trans confieura- " 
tion (2, 3) for the epoxide, as compared to a cis configuration 
in which the methyl protons and H-6 would be further apart. 
These considerations have a bearing on such questions as the 
configuration and conformation of this side chain, because of 
their relationship to molecular dimensions, as will now be 
discussed. 

Interproton distances may be measured effectively from 
combinations of mono- (R y )  and biselective (R F) spin-lattice 
relaxation rates and nOe values. The experimentally deter- 
mined interproton distances may then be compared with molec- 
ular mode& in order to assess stereoche&al possibilities. 
Theory shows (4, 5, 9) that internuclear distances between 
spins i and j can be measured by combining monoselective 
relaxation rates and nOe values anh (or) mono- and biselective 
relaxation rates, i.e., 

and 

[2] R:'~ = R;,, + uijand (or) R;; = R',,j + uji 

where uij = uji the cross-relaxation term given by 

~ ( i j )  is the rotational correlation time of the internuclear vector 
r,,J(j) is the nOe value of spin i upon irradiation of spin j ,  and 
R:,~, R:; are the mono- and biselective spin-latice relaxation 
rates of spin i, respectively. In the study, inter- 
molecular dipolar contributions were kept to a minimum by 
restricting the relaxation measurements to a degassed, dilute 
solution. o the r  competing relaxation mechanisms (e.g., spin- 
rotation, etc.) were found to be absent. This is demonstrated by 
the ratios of the nonselective rates to monoselective rates for 
the pertinent protons (Table l), which are very close to the 
theoretical value 1.5 (5, 9) confirming the preponderance of 
dipole-dipole interactions in the relaxation of these protons. 
problems associated with nonexponential decay of the mag- 
netization vectors in the relaxation experiments (4, 9) were 
avoided by confining measurements to "initial" relaxation rates 
(4, 5 ,  9). Hence, three factors affecting relaxation rates, and 
thereby calculated interproton distances, were kept to a 
minimum. 

Another factor to be assessed is motional anisotropy. Equa- 
tions [1]-[3] hold under isotropic reorientation of the ri, vector. 
In this case ~ ( i j )  can be measured from I3C spin-lattice relax- 
ation experiments, assuming that the proton-proton correla- 
tion time is the same as the correlation time of the I3C-'H 
vector. For asperlin, the overall reorientation is anisotropic as 
evidenced by the I3C TI values of the pyrone ring carbons 
(Table 1). The ~ ( i j )  correlation time is, in fact, an effective 
correlation time containing contributions from the correlation 
times of molecular reorientation about the principle axes of the 
diffusion tensor. A study (10) of the motional behavior of 1 
indicates that its rotational dynamics can be represented ade- 
quately by the diffusion of a prolate ellipsoid with the major 
axis passing through the C-2,H-2 bond. The correlation times 
for rotations about, and perpendicular to, the major axis were 
found to be = 30.3 t 1.7 ps and T, = 23.5 2 1.2 ps. This 
-22% difference in the correlation times for parallel and per- 
pendicular rotations about the major axis leads to a reduction in 
the error in the calculated distances by a factor of six (see eqs. 
[ I ]  and [3]). Therefore the estimated error in the calculations 
introduced by molecular anisotropy is -4%, which is too small 
to invalidate the quantitative determination of internuclear dis- 
tances. 

By using the relaxation parameters in Table 1, the nOe 
values in Table 2, and eqs. [I]-[3], interatomic distances were 
calculated for the proton pairs H-4,H-6 and H-5,H-7 (Table 3). 
The other data in Table 3 are values of interatomic distances 
derived from stereochemical models3 of the two diastereoiso- 
meric forms of the trans epoxide ( l a  and 1 b), as well as those 
of the cis isomer, in which 0 - 4  and H-5 are anti (3), and the 
dihedral angle between H-5 and H-6 is 180 -+ 30". This latter 
range is commensurate with the dihedral angle indicated by 
3J5,6 (6.85 Hz, Table l) ,  by reference to the Karplus relation- 
ship (1 l) ,  whereas the alternate value of 0 -+ 30" can be rejected 
because, as shown by the lack of a mutual nOe response be- 
tween H-5 and H-6 (Table 2), these protons cannot have a syn 
relationship. 

3HGS Molecular Models (Benjamin/Maruzen), using the "bent 
bonds" furnished to construct the oxirane ring of 1. 
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TABLE 3. Interproton distances (A) for "asperlin" from molecular models and nuclear magnetic resonance 
data 

Models 

trans epoxide cis epoxide 

Protons 1 a l b  2 ah 2bb R?;andnOefl ~ ; a n d ~ y "  

- 

'The limits of error cited are the propagated errors in 
introduced by motional anisotropy. 

bCorresponding to l a  and l b ,  respectively. 
'See footnote 3. 

The interatomic distances taken from molecular models are 
regarded as approximations only. Although the structure of 
oxirane has been determined (12), we are uncertain as to di- 
mensions of the angles and distances in the disubstituted oxi- 
rane structure comprising carbons 5 to 8 of 1. With this reser- 
vation, a comparison of the experimentally dftermined values 
for the distance between H-4 and H-7 (-2.8 A, Table 3), with 
those expected for the various diastereoisomeric forms, shows 
that the experimental value falls within the range for the two 
extreme orientations in l a ,  whereas it lies well outside the 
range of values for the other trans isomer (1 b) and for both cis 
forms. Hence, the nmr measurements provide an independent 
proof that, as proposed earlier (2, 3), the epoxide ring of 1 is 
trans. An analogous comparison of distances between H-5 and 
H-7 finds no difference between l a  and l b  although in both 
instances the dimensions frvm models nearly overlap4 the 
experimental value of -2.8 A. 

Structures l a  and 1 b may be compared in a different man- 
ner. According to the nmr metsurements on 1 ,  H-4 and H-5 are 
equidistant from H-7 (-2.8 A). By rotating the epoxypropyl 
side chain in a molecular model of l a  around the C-5,C-6 
bond, so as to locate H-4, H-5, and H-7 in that fashion, H-6 
becomes oriented anti with respect to H-5. This is in accord 
with the preceding comments on the significance of 3J5,6. In 

4Moreover, it may be noted that the molecular model afforded a 
value for the distance between H-4 and H-5 of the pyrone ring (having 
a more rigid geometry) that is -9% smaller than the experimentally 
determined value (Table 3). With this "correction", isomer l a  also 
accommodates the H-5,H-7 interproton distance predicted by the nmr 
measurements. 

the various experimental quantities, including the error 

marked contrast, however, when the analogous operation is 
applied to a model of l b ,  the H-5,H-6 dihedral angle is found 
to be around 90°, i.e., requiring 355,6 = 0 HZ. 

Overall, then, the present findings are more fully compatible 
with structure l a  - the 6R,7S isomer - than with its 
diastereoisomeric structural alternatives. It is noteworthy that a 
tentative choice of l a  was made (13), on the basis of the 
minimal hindrance to epoxide formation expected, in the syn- 
thesis of (the D-enantiomer of) asperlin (3). 
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Synthesis of D-norisomorphinans ((a)-[Ida]-D-normorphinans) 

JOHN P. YARDLEY' AND RICHARD W. REES 
Wyeth Laborarories, Inc., P.O. Box 8299, Philadelphia, PA 19101, U.S.A 

Received March 28. 1 9 8 4 ~  

JOHN P. YARDLEY and RICHARD W. REES. Can. J. Chem. 63, 1013 (1985). 
A synthesis of the D-norisomorphinan ring system is described. Conversion of the initial synthetic target, trans- 

1,3,4,9,10,1Oa-hexahydro-6-methoxy-9-oxo-4a(2H)-phenanthrenecarb0xamide (10c) into the D-norisomorphinan (66) proved 
possible only after removal of the carboxamide ambident functionality. The successful route proceeds via hypobromous acid 
addition to trans- 1,3,4, IOa-tetrahydro-6-methoxy-4a(2H)-phenanthrenemethanamine (21) followed by a facile intramolecular 
cyclization to the D-norisomorphinan (23). 

JOHN P. YARDLEY et RICHARD W. REES. Can. J. Chem. 63, 1013 (1985). 
On dtcrit une synthkse du systkme cyclique du D-norisomorphinane. On a d'abord obtenu I'hexahydro-l,3,4,9,10,10a 

mCthoxy-6 0x0-9 2H-phtnanthrkne carboxamide-4a trans (10c) comme premikre cible de la synthkse; ce n'est qu'aprbs avoir 
CliminC la fonction carboxamide ambidente que I'on a pu transformer 10c et obtenir le D-norisomorphane (66). La voie 
permettant d'effectuer cette realisation implique une addition d'acide hypobromeux sur la tetrahydro-I ,3,4,IOa methoxy-6 
2H-phenanthrkne methanamine-4a trans (21) suivie d'une cyclisation intramolCculaire facille en D-norisomorphinane (23). 

[Traduit par le journal] 

Introduction 
(-)3-Hydroxy-N-methyl-morphinan (1) has clinical utility 

as an analgesic, while potent analgesic activity has been un- 
covered in the corresponding BIC-trans fused or isomorphinan 
structure (2) (ref. 1). As part of a program to extend the 

structure-activity relationships to the ring D-nor compounds, 
synthesis of the D-norisomorphinan ring system was required. 
Belleau, Conway, and co-workers have already described (2) a 
synthesis of the ring B/C cis-fused, D-normorphinan (Sa), 
which proceeds via 4a-aminomethyl-4a, l0a-cis- 1,2,3,4,10,- 
10a-hexahydrophenanthrene (4a). Compound 4a was obtained 
by a base catalysed rearrangement of 3a; BIC-trans fused 
products were not observed. The synthesis described below 
passes through a 4a,lOa-trans counterpart of 4c and leads to 
3-hydroxy-N-methyl-D-norisomorphinan (6b). 

Results and discussion 
At the outset it appeared that a viable synthesis of the 

D-normorphinan or D-norisomorphinan ring system could be 
modeled on Schenker's approach (3) to 2,3,4,5-tetrahydro- 1,4- 
methano-1 H-3-benzazepine (9), the key step of which was the 
cyclization of 7 to 8. Thus a synthesis of 6 would require 
construction of the intermediate 10. The synthesis of 10 is 
outlined in Scheme 2. 

Aqueous NaOH 

Br2 

' Author to whom correspondence may be addressed. 
Revision received October 19, 1984. 
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(i) CH2(CO,H),, 
pyridine 

QOH (ii) CH30H,H+ ' 

R &CN (i) OH'(R1= CH3 + R' = H) 
KOBu' 

Methyl 7-hydroxy-trans-2-heptenoate (11A) is readily avail- 
I able by Raphael's procedure (4) starting from dihydropyran; in 

a minor modification, the intermediate 7-hydroxy-trans-2- 
I 
I heptenoic acid was not distilled but converted directly to the 

methyl ester using methanolic hydrogen chloride. In our hands, 
attempted distillation of the crude acid gave 12 as the predom- 
inant product. Cycloaddition was not a major problem in the 
distillation of 11A, presumably due to the lower distiljation pot 
temperatures involved. The oily tosylate ( l lB) ,  together with 
m-methoxyphenylacetonitrile, added to a refluxing solution of 
potassium tert-butoxide in tert-butanol led, in a combined 
alkylation - Michael addition step, to 13c (R' = CH3). 13c was 
not purified but hydrolysed to the acid 13c (R' = H) which in 
turn was cyclized directly to 10c. If'the cyclization in sulfuric 
acid is conducted at 0°C rather than at room temperature, a 
small yield of the nitrile (14) may be isolated in addition to 10c, 
and this argues against participation of glutaric intermediates in 
the cyclization step. para-Activation is not required for cycli- 
zation, a virtually identical yield of 10a being obtained by a 
similar sequence from phenylacetonitrile. 

Compound 10c showed the appropriate mass ions at 273 
(Mt) and 229 (Mt - CONH,), a 1,2,4-trisubstituted benzene 
'Hmr pattern, and primary amide and aryl ketone ir absorptions 
at 1690, 1660, 1595, and 1555 cm-'. No trace of a second 
diasteriomer with B/C rings cis fused was detected and this 
deserves comment. Regardless of whether the Michael- 
addition step, a perpendicular attack on the conjugated system 
by a m-methoxyphenylacetonitrile anion, or nucleophilic dis- 
placement of the tosylate occurs first, the final step involves 
formation of a cyclohexane ring. The preferred transition state 
will presumably have the bulky m-methoxyphenyl and carbox- 
ymethyl groups in a low energy trans diequatorial relationship 
leading to 13c (R' = CH3). Proof of the trans stereochemistry 
follows from the 'Hmr of rigid transformation products, vide 
infra, all of which lack visible coupling between the H(9) and 
H(14) protons for which the Karplus equation predicts (5) a 

dihedral angle of 100°, in agreement with measurements from 
Dreiding models. The value for the corresponding B/C cis- 
fused, D-normorphinans JH9H14 is 5 HZ, in agreement with the 
observed dihedral angle +H9H14 = 37" (2). 

Bromination experiments 
Schenker reports (3) the synthesis of 8 by a heterogeneous 

reaction of 7 in aqueous sodium hydroxide with bromine. 
Using the substrate 10c no reaction was observed, presumably 
a consequence of the extreme insolubility of 10c. Repetition of 
the reaction with the addition of tetrahydrofuran, initially 
added as a cosolvent, rather surprisingly afforded a two-phase 
~ y s t e m ; ~  thin-layer chromatography indicated rapid loss of 
starting material. The product isolated in essentially quan- 
titative yield was the Hofmann rearrangement product, the 
isocyanate (IS), rather than the expected bromoketone 
(Scheme 3). If the isocyanate is not isolated, but the two-phase 
reaction mixture stirred overnight at room temperature, the 
products are the bridged structure (17) and a minor component 
- the amine (16). Compound 17 presumably arises via intra- 
molecular attack of the en01 form of 15 on the isocyanate 
moiety, formation of an a-enolate anion from this ketone with 
sodium hydroxide being unlikely. It is worth noting that 17 had 
the mass, mass spectral fragmentation pattern, and an ir ex- 
pected for 18. The 'Hmr of 17 has a sharp one-proton singlet 
at 3.00 ppm, assigned to the H(10) proton. Lack of coupling 
with the H(l0a) proton was the first evidence that rings B and 
C were trans fused. 

Bromination of 10c in anhydrous tetrahydrofuran with no 
added base afforded 19. The appropriate mass ion at 27 1 (M') 
was observed and the ir showed typical ammonium bands. 
Again a peak at 5.39 ppm, assigned to the H(10) proton in the 
'Hmr was a sharp singlet. The isolation of 17 and 19 rather than 

'The lowered solubility of tetrahydrofuran in strong alkali proved 
useful in the synthesis of both 15 and 23. 
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YARDLEY AND REES 

CH30 Br' 

18, while disappointing, suggested that the D-norisomorphinan 
would be obtainable once the ambident functionality of the 
amide was removed, e.g., by intramolecular cyclization of the 
aminomethyl compound 21. 

Conversion of 10c into 21 was achieved in two steps - a 
prolonged reduction with LiAlH, to the hydroxyamine (20), 
followed by formation of 21 by an acid-catalysed elimination 
of the benzylic hydroxyl. Compound 20 was isolated as a 
sharp-melting crystalline solid. Its isolation as a single isomer 
upon reduction reflects the lack of steric hindrance to a-face 
approach by the reducing agent. The quasi-equatorial stereo- 
chemical assignment for the ring hydroxyl was inferred from 
the broad width of the benzylic 'Hmr proton signal at 4.8 ppm, 
reflecting the large diaxial interaction with the 10P proton. In 
practice, it proved convenient to convert the total crude reac- 
tion mixture directly to 21 using p-toluenesulfonic acid in ben- 
zene. Overall yields of 60% from 10c were obtained. 

The 'Hmr spectrum of 21 deserves comment; the C(10) ole- 
finic proton is observed as the B portion of an ABX system. 
The Karplus equation ( 5 )  predicts a value JHIOHIOa = 0.1 HZ for 

the 4a, l0a-trans system where the dihedral angle, @ H I O H I O a  = 
100" is found and, indeed, JHloHloa = 0- 1 HZ is observed in the 
model system (22) reported by Nelson et al. (6). In 21 the 
C(10) proton is observed as a doublet of doublets split by both 
H(9), .IHPHlO = 9 HZ, and by H(lOa), J H l O H l m  = 2.2 HZ, sug- 
gesting a small increase in the @HIOHIOa dihedral angle. 

A possible explanation may be made using ~ucor t ' s  prin- 
ciples of conformational transmission, considering rings B and 
C as a trans-fused octalin system (see, for example, references 
to Bucorts' papers in ref. 7). The syn 1,3-diaxial interactions 
between the large aminomethyl group and the axial hydrogens 
at C(l)  and C(3) are intensified by the ring B unsaturation. In 
opposition a decrease in steric pressure is obtained by a 
decrease in the dihedral angle formed by C(4)-C(4a)- 
C(10a)-C(l) and is not reflected in Dreiding models. The net 
result of the compromise is an increase in the @HIOHIOa  angle. 

Formation of the D-norisomorphinan 
Two concurrent efforts to form the D-norisomorphinan ring 

system were made. One approach, an attempted synthesis of 
the azetidium structure4 (i) by assisted solvolysis of an N- 
chloroamine derivative was unsuccessful. Lithium aluminum 
hydride reduction of i might be expected to afford a 
D-norisomorphinan. The other, a successful method, involved 
an attempt to prepare a l0a-bromo, 9~-hydroxybromohydrin 
from 20 by treatment with N-bromoacetamide in aqueous tet- 
rahydrofuran. a-Face attack by the bromonium ion is to be 
expected on both steric and electronic grounds, since the p-face 
is swept by the positively charged aminomethyl group. a-Face 
attack would presumably occur via perpendicular attack on the 
9,lO-olefin in a pre-boat form and lead to a l0a-bromo- 
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derivative, since solvent attack is to be expected at the benzylic 
position. After addition of excess sodium hydroxide the reac- 
tion mixture because two-phase and the product isolated after 
a 45-minute wait proved to be the D-norisomorphinan 23. Bro- 
mohydrin formation is obviously followed by a facile intra- 
molecular alkylation of the amine upon neutralization of the 
perchloric acid. Conversion of 23 to 24 by vigorous hydro- 
genolysis confirmed the benzylic location of the hydroxyl func- 
tion. The benzylic proton of 23 appears in the nmr as a doublet, 
Jg l , ,  = 4.5 Hz, a value that is ambiguous with regard to config- 
urational assignment. 

23 24 R = OCH,, R '  = H 
25 R = OCH,, R' = CO,CH,CH, 
6 h  R = OH, R '  = CHI 
6c R = OCH,, R' = CHI 

Completion of the synthesis proved straightforward; 24 was 
converted to the N-methyl compound (6c) via the intermediate 
urethane 25. Demethylation of the aromatic methoxyl in 6 c  
proceeded smoothly, by brief treatment with hydrogen bromide 
at 140°C, affording 3-hydroxy-N-methyl-D-norisomorphinan 
66. Overall the synthetic route is represented by the sequence 
10c + 20 + 21 + 23 + 24 + 25 + 6c + 66. 

Experimental 
Melting points (uncorrected) were obtained on a Thomas-Hoover 

apparatus. The nmr and mass spectra were determined on Jeolco 
Model C-60HL and Associated Electrical Industries MS-9 spectro- 
meters. 

Methyl 7-hydroxy-trans-2-heprenoate, p-toluenesulfonate (11B) 
Methyl 7-hydroxy-trans-2-heptenoate (85 g; 5.4 X 1 OK'  mol) in 

pyridine (450 mL) at O°C was treated over 2 min with p-toluene- 
sulfonyl chloride (I23 g; 6.5 X lo-' mol) and the mixture allowed to 
reach room temperature over 6 h. Ice was added and the mixture 
stirred for a further 45 min. After dilution with water the mixture was 
extracted with ether (2X) and the extracts washed successively with 
water, dilute sulfuric acid, water, NaHC0, solution, and brine and 
dried over Na2S04. After evaporation of the solvent the oily tosylate 
was used directly; ir: 1730, 1660, 1600, 1360, 1180 cm-'. 

trans-1,3,4,9,10,1Oa-Hexahydro-6-methoxy-9-oxo-4a(2H)- 
phenanthrenecarboxamide (1Oc) 

A mixture of m-methoxyphenylacetonitrile (20 g; 1.35 X lo-' mol) 
and 11B (39.6 g; 1.27 x lo-' mol) in tert-butanol (550 mL) was 
added dropwise, during 3 h, to a refluxing solution of potassium 
tert-butoxide (16.4 g; 1.46 X lo-' mol) in tert-butanol(300 mL). The 
reaction mixture was refluxed for a further 3 h under nitrogen and then 
stirred at room temperature overnight. Acetic acid (20 mL) was added 
and the reaction mixture stripped to a small volume, diluted with 
water, and extracted with diethyl ether (2X). The ether extracts were 
washed with water, brine, and evaporated; the residue in methanol 
(350 mL) was heated under reflux with 20% NaOH solution (100 mL; 
5 X lo-' mol) during 2.5 h. The reaction mixture was stripped to a 
small volume, diluted with water, and extracted with ether (rejected). 
The aqueous solution was acidified strongly with hydrochloric acid 
and extracted (2X) with ether. The ether extracts were washed with 
brine, dried (Na2S04), and evaporated to a partially crystalline residue 
(35 g). The total residue was stirred with cold concentrated H2S04 
(I L) overnight and poured onto ice. A highly crystalline product 

(14 g) precipitated and was recrystallized from acetone to yield 10c 
(10 g, 29%), mp 225-228°C; ir: 3350 (s), 3140 (s), 1690 (s), 1660 
(s), 1595 (s), 1555 infl. cm-'; 'H nmr (DMSO) 6: 3.71 (3H, s, 
-OCH,), 6.75 (C(7)-H centre of a pair of d, 2.5 cps, J7," 8.5 
HZ), 6.99 (C(5)-H d, Js17 2.5 HZ, J5/" 0 HZ), 7.62 (C(8)-H d, 5718 8.5 
Hz), 6.66 (2H, br m, CONHI) ppm; ms mle: 273 (M+), 229 (M+ - 
CONH2), 187, 167. Anal. calcd. for C16HI9No3: C 70.31, H 7.01, N 
5.13; found: C 70.03, 70.54; H 7.04, 7.17; N 5.53, 5.15%. 

If the concentrated sulfuric acid cyclization step in the above 
example is allowed to proceed at O°C rather than at room temperature, 
small amounts of a more soluble (methanol), less polar, intermediate 
carbonitrile may be isolated: trans-1,3,4,9,10,1Oa-hexahydro-6- 
methoxy-9-oxo-4a(2H)-phenanthrenecarbonitrie (14), mp 174- 
177°C; ir: 2220 (very weak), 1685 (s), 1605 (s) cm-' . Anal. calcd. for 
C16H17N02: C 75.21, H 6.71, N 5.49; found: C 75.06, H 6.71, N 
5.49%. 

Bromination experiments 
trans-2,3,4,4a, 10, IOU-Hexahydro-4~-isocyanato-6-methoxy- 

9(1 H)-phenanthrenone (15) 
Bromine (I44 pL, 0.45 g; 2.8 x mol) was added to a stirred, 

two-phase solution prepared from 10c (600 mg; 2.2 x lo-, mol), 
sodium hydroxide (I g), water (10 mL), and tetrahydrofuran (I0 mL). 
Thin-layer chromatography indicated complete loss of starting materi- 
al within 5 min. The reaction mixture was diluted with water and 
methylene chloride. The methylene chloride extract was washed with 
water (2x), brine, dried (Na2S04), and concentrated to a residue. 
Crystallization from methylene chloride - hexane afforded 15 (500 
mg, 84%), mp 1 12-113.5°C; ir: 2250 (s) cm-'. Anal. calcd. for 

trans-4~-Amino-2,3,4,4a, 10. 10a-hexahydro-6-merhoxy-9(1 H)- 
phenanthrenone (16) and (4aa, lOa,lOap)-1,2,3,4,10,IOa- 
hexahydro-6-methoxy-9H-4a, 1 O(iminomethan0)phenanthrene- 
9,11 -dione (1 7) 

Bromine (720 pL, 2.23 g; 1.4 X lo-' mol) was added over 10 min 
to a stirred two-phase solution prepared from IOc (3 g; 1.1 X lo-' 
mol), sodium hydroxide (3 g), water (40 mL), and tetrahydrofuran (45 
mL). The reaction mixture was stirred at room temperature overnight, 
diluted with water, and extracted with methylene chloride. The meth- 
ylene chloride extract was washed with water (2x),  brine, dried 
(Na2S04), and concentrated to a residue. Trituration of the residue 
with ether afforded a crystalline residue of 17 (1.24 g, 42%) that, after 
two recrystallizations from methylene chloride - methanol, had mp 
239- 243°C (dec.). 

The ether triturate was evaporated and the residue recrystallized 
from ether-hexane (charcoal) and then methylene chloride - hexane 
to afford 16 (360 mg, 13%, mp 101 - 103°C. Compound 16: ms mle: 
245 (M+), 228,202, 188. Anal. calcd. for CI5Hl9NO2: N 5.7 1; found: 
N 5.48, 5.49%. Compound 17: ms mle: 271 (M+), 243, 228, 214. 
Anal. calcd. for C16H~7N03: C 70.83, H 6.32, N 5.16; found: C 
70.50, H 6.32, N 5.33%. 

(4aa,1 0a,lOa~)-1,2,3,4,10,l0a-Hexahydro-12-imino-6-methoxy- 
9H-10,4a-(epoxymethano)phenanrhren-9-one (19) 

Bromine (0.85 pL, 2.64 g; 1.7 X lo-' mol) in tetrahydrofuran (40 
mL) was added dropwise to a suspension of 10c (4 g; 1.46 x lo-' 
mol) in tetrahydrofuran (40 mL). Complete solution was followed by 
a voluminous precipitate of 19 (4.3 g, 83%). The analytical sample, 
mp 216-2 18°C (dec.), was obtained by rapid recrystallization 
from methanol-ether; ms mle: 271 (M'). Anal. calcd. for 
CI6Hl7NO3.HBr: C54.56, H 5.15, N 3.98, Br22.69;found: (254.67, 
H 5.39, N 3.96, Br 22.06%. 
(4aa,l0a~)-4a-Aminomerhyl-1,2,3,4,4a,9,10,10a-octahydro-6- 

methoxy-9-phenanthrenol (20) 
Compound 10c (30 g) and lithium aluminum hydride (20 g) in 

tetrahydrofuran (3 L) were refluxed under nitrogen during 2 days. The 
cooled reaction mixture was treated dropwise with 100 mL, 3% NaOH 
solution, filtered, and evaporated to a crystalline residue of 20 (28 g) 
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YARDLEY AND REES 1017 

suitable for further transformation. An analytical sample, mp methylene chloride (300 mL) and saturated NaHCO, solution (300 
149- 15I0C, was obtained by recrystallization from ethyl ether - hex- mL) was treated with ethyl chloroformate (1.8 mL; 1.88 X mol) 
ane; 'H nmr (CDC1,-D20) 6: AB q of aminomethyl protons with J at room temperature during 30 mln. After standing overnight, the 
13.5 Hz at 2.8 1 and 2.99, 3.84 (3H, s, OCH,), 4.83 (IH center organic layer was separated and evaporated. The residue in ether was 
approximate t, C(9)-H) ppm; ms m/e: 243 (M+ - H20). Anal. calcd. washed with dilute HCI, brine, dried (NazS04), and evaporated to give 
for C16H23N02: C 73.53, H 8.87, N 5.36; found: C 73.24, H 8.82, N the urethane (25,4.2 g). The urethane in ether-tetrahydrofuran (I : 1, 
5.33%. 400 mL) was heated under reflux with LiAIHl (2.5 g) during 4 h. After 

trans-] ,3,4,lOa-Tetrahydr0-6-methoq~-4a(2H)- 
phenanthrenemethanamine (21) 

Compound 20 (25 g; 8.5 X mol) and p-toluenesulfonic acid 
monohydrate (18 g; 9.5 x 10-I mol) in benzene (I L) were heated 
under reflux using a Dean-Stark head; after I h the reaction mixture 
was stripped to a small volume, diluted with ether, and extracted with 
water. The aqueous phase together with a crystalline precipitate were 
washed with ether (rejected), basified strongly with NaOH solution, 
and extracted with ether (2X). The ether extracts were washed with 
brine, dried (Na2S04), evaporated to a small volume, and filtered 
through a Woelm alumina column (Grade I, basic 120 g); the product 
(16 g) eluted with ether and was obtained as a colorless oil; ic 1610, 
1570 cm-'; 'H nmr (CDCI,) 6: 2.87 (2H, multiplet, W112 H 5 HZ), 
3.79 (3H, s, -OCH3), AB q J,/,, 9 Hz, protons centered at 5.48 
(C(l0)-H) and 6.36 (C(9)-H) further split by C(l0a)-H, JIo,llo 2.2 Hz, 
JY/,o. 3 Hz ppm. 

(?)-(I4a)-3-Methoxy-o-normorphinan-10-01 (23) 
Compound 21 (4.86 g; 2 x mol) in tetrahydrofuran (150 mL) 

containing 0.5 N HC104 (80 mL; 4 X mol) was cooled to O°C and 
treated, under nitrogen, with N-bromoacetamide (3 g; 2.2 X lo-' mol) 
added over 1-2 min. Thin-layer chromatography indicated that there 
was a rapid loss of starting material; after 20 min, excess NaOH 
solution (20 mL; 50%) and ice were added. The two-phase solution 
was stirred for 45 min. After dilution with benzene the organic layer 
was washed with water (2X), brine, dried (Na2S04), and evaporated 
to a residue which readily crystallized on trituration with boiling ether 
to give the product (4 g; free base form), mp 140-143.S°C. Re- 
crystallization from methanol-ether gave a higher mp form, mp 
174-177°C; 'H nmr (CDCI,) 6: 2H, AB q, J 10 Hz, aminomethyl 
protons centered at 2.53 and 3.57; 2H, AB q, J9/,, 4.5 Hz, Jyl14 0 Hz 
centered at 3.24 (C(9)-H) and 4.66 (C(I0)-H); 3.79 (3 Hs, -OCH,) 
ppm. Anal. calcd. for CI6HZINO2: C 74.10, H 8.16, N 5.4; found: 
C 73.69. H 8.16, N 5.34%. 

Salt (23-HCI), mp 244-24S°C, crystallized from methanol-ether. 
Anal. calcd. for C16H22N02CI: C 64.96, H 7.50, N 4.74, CI 11.95; 
found: C 64.60, H 7.47, N 4.69, CI 11.72%. In a repeat experiment, 
21 (14.4 g) was converted into 23.HCI (8.1 g, 46%), mp 243-24S°C, 
without isolation or purification of the free base. 

(?)-(14a)-3-Methoxy-D-normorphinan (24) 
Compound 23 (5.0 g), acetic acid (80 mL), 70% perchloric acid 

(2 mL), and 5% Pd on BaS04 (2.0 g) were stirred at 80°C in an 
atmosphere of hydrogen overnight (1 mol uptake). After cooling, 30 
mL of 10% KzCO, solution were added and following filtration the 
reaction mixture was evaporated, basified with NaOH solution, taken 
into CH2C12, and washed with brine. After evaporation of the solvent, 
the residue in ether was dried (Na2S04) and treated with isopropanolic 
hydrogen chloride to give a crystalline precipitate which after tritura- 
tion with boiling acetone afforded 24.HCI (4.14 g, 86%), mp 
228-231°C (some previous decomposition). The analytical sample, 
mp 238°C (dec.), was obtained by recrystallization from acetone; ms 
m/e: 243 (M'). Anal. calcd. for CI6Hz2NOCI -4 H20: C 67.59, H 
7.98, N 4.93, CI 12.47; found: C 67.45,67.35; H 7.75,7.84; N 4.82, 
4.67; C1 12.97%. 

(?)-(14a)-3-Methoxy-1 7-methyl-D-normorphinan (6c) 
Compound 24 (4 g; 1.43 X mol) in a stirred mixture of 

standing overnight the reaction mixture was treated with 12.5 mL 3% 
NaOH solution, filtered, and evaporated. The residue in ether was 
filtered through a Woelm alumina column (40 g, Grade 1, basic) and 
eluted with ether. The total eluate was treated with isopropanolic 
hydrogen chloride and the precipitate, after crystallization from 
acetone, afforded 6c-HCI (2.9 g, 70%), mp 238-240°C; 'H nmr 
(CDC1,-D20) 6: 2.9 (3H, S, N-CH3), 3.88 (3H, S, -OCH3), 3.38 
(ca. 2H, d, J = 3 Hz - actually center peaks of AB quartet 
(CHI-N-CH3)) ppm; ms m/e: 257 (M+). Anal. calcd. for 
C17H24NOC1: C 69.49, H 8.23, N 4.77, CI 12.07; found: C 69.30, H 
8.29, N 4.64, CI 12.35%. 

(~)-(14a)-17-Methyl-~-normorphinan-3-ol (6b) 
Compound 6c.HCI (1.8 g) and 47-49% aqueous hydrogen bro- 

mide (30 mL) were heated under reflux during 45 min. The cooled 
reaction was treated with ice and an excess of concentrated ammonium 
hydroxide to give a crystalline precipitate of the product (free base 
form). After aging (1 h) the precipitate (1.6 g) was filtered off. A 
small portion recrystallized from acetone had mp 223-225°C (dec.). 
Anal. calcd. for Cl6H2,N0: C78.97, H 8.70, N 5.76; found: C 78.93, 
H 8.91, N 5.73%. 

The remainder in acetone was treated with a slight excess of iso- 
propanolic hydrogen chloride and concentrated. The crystalline pre- 
cipitate was recrystallized from methanol-ether; the product, 66. HCI 
(1.15 g, 66%), had mp 255-258°C (with effervescence); ms mle: 243 
(M+). Anal. calcd. for C16HZzNOCI: C 68.68, H 7.93, N 5.01, CI 
12.67; found: C 68.17, H 7.86, N 4.85, C1 11.97%. 
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Oxidation of hydrocarbons. 13. The oxidation of cinnamate ion by 
alkaline permanganate 
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DONALD G. LEE and KASINATHAN NAGARAJAN. Can. J .  Chem. 63, 1018 (1985). 
The rates of oxidation of cinnamate ion by permanganate have been compared under conditions where distinctly different 

products (Mn0:- and Mn02) are obtained. Since the rates of both reactions respond in similar ways to substituent effects, 
deuterium substitution on the double bond, and to temperature changes, it may be concluded that the different products are 
due to post transition state reactions. Reaction sequences that are consistent with this conclusion and with the observed 
stoichiometries have been suggested. 

DONALD G. LEE et KASINATHAN NAGARAJAN. Can. J. Chem. 63, 1018 (1985). 
On a compark les vitesses d'oxydation de I'ion cinnamate par le permanganate dans des conditions oh I'on obtient d'une 

faqon distincte deux produits diffkrents (Mn0:- et Mn02).  Les vitesses des deux reactions rkpondent de la mCme manitre aux 
effets de substituants, a I'introduction de deutkrium sur la double liaison et 5 des changements de temperature; on en conclut 
que les differents produits proviennent de rkactions se produisant aprts 1'Ctat de transition. On suggtre des series de reactions 
qui sont en accord avec cette conclusion et avec les sto'ichiomCtries observees. 

[Traduit par le journal] 

Introduction TABLE I .  Rate constants for the oxidation of cinna- 

It has been assumed for almost one century that all per- 
manganate-alkene reactions proceed by way of the same inter- 
mediate, a cyclic manganate(V) diester (1). This is a large 
assumption for a reaction in which the nature of the products is 
very sensitive to experimental conditions. Depending on the 
conditions employed, the organic products can be diols, ketols, 
or cleavage products, while the inorganic products are M~O;-,  
MnO,, or Mn3+ (2-4). Consequently, it is apparent that the 
assumption of a common intermediate should be carefully 
tested. In attempting to apply such a test, we have chosen to 
study the reaction under two sets of conditions that give 
distinctly different products, and to compare the effect of sub- 
stituents, the effect of isotopic substitution and the effect of 
temperature changes on the rates of reaction. 

Experimental 
Materials 

The oxidant was Fisher analyzed reagent grade potassium per- 
manganate. The substituted trans-cinnamic acids were obtained from 
the Aldrich Chemical Co. and repeatedly recrystallized until they gave 
sharp melting points which agreed with those reported in the literature. 
The deuterated cinnamic acids were prepared using methods pre- 
viously described (5). Water, collected from an all~glass still, was 
redistilled from alkaline permanganate (6). 

Silicate solutions were prepared by dilution of commercial sodium 
silicate solutions (Harrisons and Crosfield) in the following way. A 
concentrated silicate solution (2 mL) was added to 1 L of distilled 
water and heated gently for 1 h with stirring. After cooling, the solu- 
tion was centrifuged in portions, filtered, diluted to 2 L, and stored in 
polyethylene bottles. The density of this solution was 1.044 g/mL; its 
pH was 11.3. At this pH the product of the reaction is manganese(1V) 
oxide, which first flocculates and then precipitates (as Mn02) if the 
reaction is carried out in an aqueous solution. However, the presence 
of silicate stabilizes manganese dioxide (7), prevents flocculation, and 
vastly improves the linearity of the kinetic rate plots. 

When the reaction of permanganate with cinnamic acid is carried 
out in 0.50 M NaOH the product can be identified as Mn0:- from its 
spectrum (2). Under these conditions it is stable for a long period 
relative to the half-life of the reaction, thus making it possible to 

' Author to whom correspondence should be addressed. 

mate ion by permanganate in 0 .5  M NaOH" 

[Cinnamate ion] 
(M x 107 k l  ( s - ~ ) "  k ? ( ~ - l  s - ~ Y '  

- -  

"Temperature = 25.0 2 O.I0C, [MnO;] = 3.8 x 
lo-' M. 

"Pseudo-first-order rate constants (see Fig. I ) .  
"k, = k,/[cinnamate ion]. 

obtain reliable kinetic plots and to assign the observed spectral 
changes with high confidence. 

Kinetic methods 
The reactions were followed by monitoring spectral changes using 

a rapid-scan stopped-flow spectrophotometer (System 777-RS, 
supplied by Update Instruments Inc.). Reaction rates were determined 
under pseudo-first-order conditions by measuring the decrease in 
absorbance at 526 nm. 

Results 
Oxidations in 0.50 M NaOH 

When the rate of oxidation was studied in 0.50 M NaOH 
using a large excess of the reductant, cinnamate ion, linear 
plots of -In ( A  - A') vs. time were obtained (Fig. 1). This 
indicates that the rate of reaction is first order with respect to 
permanganate ion (8). The pseudo-first-order rate constants so 
obtained were found to be directly proportional to the cinna- 
mate ion concentration, thus indicating that the reaction is also 
first order in reductant (Table 1). 

Inverse secondary isotope effects were observed when the 
rates for trans-cinnamate ion-a-d and trans-cinnamate ion-P-d 
were compared with unlabelled trans-cinnamate ion (Table 2). 

The rates of oxidation in 0.5 M NaOH were found to be 
quite insensitive to the presence of ring substituents (Table 3). 
A p value of 0.13 is obtained from a Hammett plot for the 
reaction, with a significantly better fit being obtained when 
u-substituent constants are used (Fig. 2). 

Activation parameters for the reaction (Table 4) were deter- 
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LEE AND NAGARAJAN 

TABLE 2. Deuterium isotope effects" 

[Substrate] 
Substrates (M x 10') Conditions k,(M ' s I)'' k"/kr' 

Cinnamate ion 8.11 0.5 M NaOH 864 * 9 
Cinnarnate ion-a-d 8.05 0.5 M NaOH 982 2 14 0.87 
Cinnamate ion-P-d 8.10 0.5 M NaOH 970 2 14 0.89 
Cinnarnate ion 4.39 pH 11.3 742 2 5 
Cinnarnate ion-a-d 4.30 pH11.3 799 + 3 0.93 
Cinnarnate ion-8-d 4.43 pH 11.3 797 2 3 0.93 

"Temperature = 25.0 i O.I°C. [MnO,] = 3 .8  X 10-'M. 
" k ?  defined in Table I .  

TIME (s) 

FIG. I. Typical pseudo-first-order plot for the oxidation of cinna- 
mate ion by permanganate in 0.5 M NaOH. [Cinnamate ion] = 8.1 1 
X lo-' M. [KMnO;] = 3.80 x M. Temperature = 25°C. Slope 
= 7.03 s-I. Correlation coefficient = 0.999. 

mined from a plot of In kZ/T vs. 1/T.  See Fig. 3.  
With less than a ten-fold excess of cinnamate ion, good 

isosbestic points were observed at 469 and 577 nm when the 
solutions were successively scanned as the reaction progressed 
(Fig. 4), and one mole of manganate(V1) was formed for each 
mole of permanganate consumed. When larger excesses of 
cinnamate ion were used the isosbestic points were less sharply 
defined, and less than the calculated amount of manganate(Vl) 
was formed. This suggests that manganate(V1) slowly reacts 
with cinnamate ion when it is present in large concentrations. 
Under all conditions manganate(V1) was slowly reduced to 
manganese dioxide on standing at room temperature. 

Stoichiometric studies indicated that one mole of olefin con- 
sumed two moles of permanganate.' 

Oxidations at pH 11.3 
When the reaction was carried out in silicate solutions at pH 

'The initial product formed when cinnamate is oxidized proved to 
be somewhat reactive toward permanganate, thus making stoichiomet- 
ric studies difficult. However, when other unsaturated carboxylates 
(such as 4-cyclohexene-l,2-dicarboxylate) were used, stable products 
were obtained and the stoichiometry could be established accurately 
and without difficulty. 

FIG. 2. Hammett plot for the oxidation of substituted cinnarnate 
ions by permanganate in 0.5 M NaOH. Slope = 0.13, correlation 
coefficient = 0.97. When u substituent values are used the slope 
increases to 0.16 and the correlation coefficient drops to 0.87. 

TABLE 3. Rate constants for the oxidation of substi- 
tuted cinnarnate ions by potassium perrnanganate 

Substituent k2(M I S - I ) "  k 2 ( M 1  S -  ')A 

p-Methyl 587 * 3 699 ? I I" 
H 608 + 12 736 2 18 
tn-Methoxy 672 * 10 880 t 16 
p-Chloro 628 ? I I 678 * 16 
m-Chloro 665 2 20 855 t 4 
tn-Bromo 684 ? 2 
tn-Trifluorornethyl 668 * 4 834 t 39 
tn-Nitro 733 ? 15 965 * 6 
11-Nitro 914 * 43 1190 ? 20 

"[NaOH] = 0.5 M. temperature = 15.0 -C 0. I0C, [MnO;] 
= 3.8 x 10 ' M, [substratc]/[MnO~] = 20. 

"pH = 1 1.3. temperature = 25.0 5 O.l0C. [MnO,] = 3.8 
x lo-' M, [substra~e]/[MnO, ] = 20. 

[Substrate]/[MnO;] = 10. 

11.3 a stable pale brown solution (or suspension) was pro- 
duced. Iodometric titrations showed that the manganese present 
was in the $4 oxidation state. A similar stabilization of man- 
ganese dioxide in silicate or phosphate solutions has previously 
been observed in other laboratories (7, 9). 

An isosbestic point at 460 nm was observed when spectra 
were taken at intervals as the reaction progressed (Fig. 5) .  
Stoichiometric studies indicated that 0.9 mole of permanganate 
was consumed for each mole of reductant present.' 
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TABLE 4. Activation parameters under different conditions 

Reductant Conditions AH' (kcal/mol) ASf (eu) AGf  (kcal/mol)' 

Cinnamate ion" 0.5 M NaOH 4.7 -t 0.5 -29 -t 1 13.3 ? 0.8 
Cinnamate ion" pH 11.3 4.5 2 0.4 -31 ? 1 13.7 -' 0.7 
Cinnamic acid" 1 M HClO, 4.2 -t 0.5 -30 -t 2 13.1 ? 1.1 
Methyl cinnamate" Nonaqueous 5.6 ? 0.8 -38 ? 3 16.9 2 1.7 
Cinnamate ion' pH 6.5-13 3.3 a 0.7 -36 t- 2 14.0 ? 1.3 
- 

"Temperature range, 17-40°C 
hTemperature range, 0-40°C. 
'From ref. 12. 
"From ref. 13. 
"At 25°C. 
'From ref. 14. 

The rate of reaction was found to be first order in both 
permanganate (Fig. 6)  and cinnamate ion (Table 5). Inverse 
secondary deuterium isotope effects, similar in magnitude to 
those found when the reaction was studied in 0.5 M NaOH, 
were observed when the rates of cinnamate ion-a-d and cinna- 
mate ion-P-d were compared with unlabelled substrate (Table 
2). 

A Hammett plot almost identical to that observed in 0.5 M 
NaOH was obtained (Fig. 7). Activation parameters obtained 
from a plot of In k / T  vs. 1/T (Fig. 3) have been summarized 
in Table 4. 

Discussion 
The results obtained under both sets of conditions described 

above are consistent with a reaction that is initiated by for- 
mation of a cyclic manganate(V) diester in the rate-limiting 
step, as has previously been suggested by several authors (2, 3, 
10): 

The small, positive p value may be associated with a sta- 
bilization of the ground state by electron-donating groups rath- 
er than an effect on the transition state. Stabilization by reso- 
nance of the type depicted in structures 2a and 2b would lead 
to reduced rates of reaction for those compounds bearing 
electron-donating substituents. 

The inverse secondary deuterium isotope effects, which indi- 
cate a change in hybridization from sp2 in the ground state to 
sp3 in the transition state ( 1  I), are reminiscent of those obtained 
when the oxidation of cinnamic acid was studied in 1 M 
perchloric acid solutions (12). Consequently, it appears as if 
the transition state may be quite similar under acidic conditions 
as well. This suggestion is reinforced by noting that similar 
activation parameters are also obtained under basic, acidic, and 
nonaqueous conditions (Table 4). However, it is quite possible 
that a somewhat different transition state is obtained during the 
oxidation of methyl cinnamates by quaternary ammonium per- 

3.2 3.4 3.6 

I / T  ( K X  lo3) 
FIG. 3. Activation energy plots. 0.50 M NaOH. 0 silicate solu- 

tions (pH = 11.3). 

manganate in nonaqueous solvents, where the observed rate 
constants are smaller, the substituent effects larger, and the 
isotope effects different ( 13). 

If the rate-determining steps are the same under both sets of 
experimental conditions it follows that the different products 
obtained (Mn0;- and MnOz) must be a consequence of post 
transition state reactions. In 0.5 M NaOH, where the product 
is Mn0;-, the stoichiometry indicates that two moles of per- 
manganate are reduced. Consequently, it appears as if the cy- 
clic manganate(V) diester formed in the rate-determining step 
must be oxidized by permanganate, giving two moles of man- 
ganate(V1). The exact point at which this oxidation takes place 
is, however, open to speculation and at least three possibilities 
can be considered. In one, the cyclic manganate(V) diester 
could be oxidized and then hydrolyzed as in eqs. [2] and [3] 
(2, 14). 
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LEE AND NAGARAJAN 

F I G .  4. Sequential scans obtained at 40-ms intervals during the oxidation of cinnamate ion (1.49 x lo-' M )  by permanganate (3.80 x 
M )  in 0.5 M  NaOH at 25°C. 

FIG. 5. Sequential scans obtained at 20-111s intervals during the oxidation of cinnamate ion (8.07 X lo-' M )  by permanganate (3.88 x 
M )  in a silicate solution (pH 11.3) at 17°C. 

+k also result in the formation of M~o:- as the product: 

P I  0, ,O + 20H- -+ 6~ b~ + MnQ2- 
Mn 
\o [4] 2 0, ,0 + Hz0 = 

Mn 

An alternative possibility is suggested by reports that rnan- o// \o- 2 
ganate(V) rapidly dirnerizes in aqueous solutions (15, 16). 
Dirnerization of 1 followed by oxidation and hydrolysis would + 20H- 
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I I 
0. I 0.2 

TIME (s 1 

FIG. 6. Typical pseudo-first-order plot for the oxidation of cinna- 
mate ion in silicate solutions. pH = 11.3. [Cinnamate ion] = 8.09 x 

M. [KMnOh] = 3.80 X M. Temperature = 25°C. Slope = 
6.10 s-I. Correlation coefficient = 0.999. 

However, the low concentration of intermediate present in 
these solutions would tend to suppress dimer formation (reac- 
tion [4]), as would the highly basic nature of the solutions. 

A more likely possibility would be hydrolysis of the inter- 
mediate followed by oxidation of H M ~ O ~ -  to Mn0:- as in eqs. 
[7] and [8]. 

[7] 1 + H20 + OH- -+ + HMn04'- 
OH OH 

[8] Mn04- + HMn04'- + OH- --+ 2Mn042- + H20 

Whether the first or the third possibility would predominate 
depends on the relative magnitudes of the bimolecular rate 
constants for reactions [2] and [7], both of which would be 
expected to be large. However, the hydrolysis reaction would 
probably be faster because of the much larger concentration of 
hydroxide ions as compared to oxidant (0.5 M vs. 3 X 

M). Consequently, although it is impossible to exactly 

FIG. 7. Hammett plot for the oxidation of substituted cinnamate 
ions by permanganate in sodium silicate solutions (pH 11.3). Slope = 
0.15, correlation coefficient = 0.96. When a substituent values are 
used the slope increases to 0.20 and the correlation coefficient drops 
to 0.91. 

TABLE 5. Rate constants for the oxidation of cinna- 
mate ion by permanganate in silicate solutions at pH 

11.3" 

[Cinnamate ion] 
(M x lo3) k ,  (s-I)' k 2 ( ~ - '  s-')' 

"Temperature = 25.0 2 O.I°C, [MnO;] = 3.8 X 
M. 

*Pseudo-first-order rate constants (see Fig. 6). 
' k 2  = k,/[cinnamate ion]. 

specify the nature of fast reactions which follow the rate- 
limiting step, it seems most reasonable to propose a sequence 
consisting of reactions [I] ,  [7], and [8]. 

At pH 1 1.3, where the stoichiometry of the reaction is 0.9: 1 
and the product is manganese dioxide, a different sequence of 
reactions must follow the rate-determining step. The most like- 
ly possibility is that manganate(V), formed in reaction [7], is 
not stable under these less basic conditions and is immediately 
reduced to Mn02 by reaction with the solvent as in eq. [9] (15, 
17). This suggestion is consistent with the observation made by 
Carrington and Symons (17) that manganate(V) is stable only 
under very basic conditions; in more acidic solutions reduction 
to manganese dioxide is rapid and autocatalytic (15). 

This sequence of reactions requires a stoichiometry of 
KMn04/alkene = 1 : 1, which is slightly larger than the experi- 
mental value of 0.9: 1. Consequently, there may be a com- 
peting reaction sequence that uses oxidant more efficiently. For 
example, the reaction at pH 11.3 could parallel that in 0.5 M 
NaOH, resulting in the formation of manganate(V1) which 
would also be unstable under these conditions (2, 17-19). 
Disproportionation of M~o:- according to eq. [lo] would lead 
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LEE AND NAGARAJAN 1023 

to a stoichiometry of 0.66 : 1. A combination of these two 
sequences could then give the observed stoichiometry. 

In order to test this possibility K2Mn04 was dissolved in 
0.1 M NaOH and then diluted with either silicate solution or 
water to give two solutions of equal basicity. The solution 
containing silicate disproportionated rapidly according to eq. 
[lo], while the solution not containing silicate reacted much 

more slowly. Consequently, the possibility exists that the reac- 
tion in silicate solutions at pH 11.3 could also consist of eqs. 
[l] and [7] followed by [8] and [lo], or [9]. In any event, it 
must be assumed that the reactions following the rate- 
determining step are rapid because no long-lived intermediates 
were apparent under these conditions (Fig. 5). 

In summary, it can be concluded that the formation of differ- 
ent products ( ~ n 0 : -  and Mn02) is not associated with any 
fundamental change in the mechanism of the reaction between 
permanganate and carbon-carbon double bonds. Instead, the 
change in products appears to be due to the greater reactivity of 
manganese(V) oxides in the less basic solution. 
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Viscosities and densities of binary liquid mixtures of m-cresol with substituted 
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RAMAMURTHY PALEPU, JOAN OLIVER, and BRIAN MACKINNON. Can. J. Chem. 63, 1024 (1985). 
Densities and viscosities were determined for the binary systems of m-cresol with aniline, N-methylaniline, 

N,N-dimethylaniline, N-ethylaniline, and N,N-diethylaniline at five different temperatures. From the experimental results, the 
excess volume, excess viscosity, excess molar free energy of activation of flow, excess partial molar volume, and partial molar 
volumes were calculated. Also various thermodynamic parameters of activation of flow were calculated from the dependence 
of viscosity on temperature. The deviations from ideality of thermodynamic and transport functions are explained on the basis 
of molecular interactions between the components of the mixture. 

RAMAMURTHY PALEPU, JOAN OLIVER et BRIAN MACKINNON. Can. J. Chem. 63, 1024 (1985). 
Operant h cinq temperatures differentes, on a determine les densitts et les viscosites des systkmes binaires formts d'une part 

de m-crksol et d'autre part d'aniline, de N-mCthylaniline, de N,N-dimethylaniline, de N-ethylaniline et de N,N-diethylaniline. 
A partir de ces resultats experimentaux, on a calcult les volumes en excks, les viscositCs en excks, les energies libres molaires 
en excks pour ['activation de I'tcoulement, les volumes molaires partiels en excks et les volumes molaires partiels. En se  basant 
sur la variation de la viscositk avec la temperature, on aussi calculC divers paramktres thermodynamiques pour l'activation de 
I'tcoulement. I1 existe des deviations par rapport a l'idtalite des fonctions thermodynamiques et de transport que I'on explique 
en fonction d'interactions moltculaires entre les composantes des melanges. 

[Traduit par le journal] 

Introduction [2] VE = V - ( x I  V: + x~vZ*) 
This paper deals with investigations of the thermodynamic [31 ,,,E = ,,, - (x,,,,; + x2,,,;) 

and transport properties of binary liquid mixtures and is a 
continuation of our previous studies (1-4). The excess vis- [41 G*E = RT In rlV - (XI In rl:~: + X? In rlz*v:) . , 

cosity (rlE), excess volume (VE), excess free energy of acti- 
vation of flow ( G * ~ ) ,  and partial molar volumes ( P i )  have 
been computed from the experimental results on densities and 
viscosities for the systems m-cresol (MC) + aniline (A), m- 
cresol + N-methylaniline (MA), m-cresol + N,N-dimethyl- 
aniline (DMA), m-cresol + N-ethylaniline (EA), and m-cresol 
+ N,N-diethylaniline (DEA) at five different temperatures. 

Experimental 
The methods used in the present investigation have been described 

previously (3, 4). 

Materials and solutions 
Chemicals used in the present study are either B.D.H. or Aldrich 

and purified by standard procedures (5). Only colourless middle 
fractions were collected and the mixtures were prepared by mixing 
weighed amounts of pure liquids. Caution was taken to prevent 
evaporation. 

Results 
The experimental results for pure liquids agree well with the 

values from literature (6, 7). Excess volumes for the systems 
MC + A and MC + DMA were reported by Solimo and 
Katz at 25°C (8), and the results of the present investigation 
are in excellent agreement with the published data. The ex- 
perimental values for all systems at different temperaturesZ 
were used to calculate the excess thermodynamic functions 
with the following equations: 

'To whom all correspondence should be addressed. 
'Five tables containing viscosity and density data are available, 

at a nominal charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, Ont., Canada 
KIA 0S2. 

Here p, q, and V are the density, viscosity, and molar volume 
of the mixture, M I ,  Mz, v:, v;, Z* are molecular masses, 
molar volumes, and viscosities of pure components 1 and 2, 
respectively, and Xi represents the mole fraction of the com- 
ponent i in the solution. The excess quantities yE  were fitted to 
the Redlich-Kister (9) equation: 

Values of coefficients (a j )  of this equation, together with the 
standard error of estimate (a) are summarized in Tables 1 - 3. 
Figures 1, 2, and 3 show the values of rlE, VE, and G * ~  as a 
function of the mole fraction of m-cresol. 

The continuous curves were generated using a plotter 
(Watanabe Miplot), CBM 8032 microcomputer and \he values 
of a j  from eq. [5]. Excess partial molar volumes (V,)  and the 
partial molar volume ( V I )  were computed using the equations: 

Figures 4 and 5 show the values of (Vl)E, and (Vl )  as a function 
of mole fraction of m-cresol. Continuous curves were gener- 
ated with the aid of the plotter. 

Various thermodynamic parameters of activation of viscous 
flow were determined using Eyring's equation (10). According 
to Eyring 

hN 
[8] = 7 exp (AH+/RT - AS+/R) 

where q is the viscosity of the solution, h, N, and V are 
Planck's constant, Avogadros number, and molar volume, 
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PALEPU ET AL 

TABLE 1. Coefficients for least-square fit of results by eq. 151 for excess viscosity (cP) 

System T ( K )  a ,  a 2 a 3 a4 a5 a 6 u 

Aniline + 
m-cresol 

N-Methylaniline 
+ m-cresol 

N,N-Dimethylaniline 
+ m-cresol 

N-Ethylaniline 
+ m-cresol 

N,N-Diethylaniline 
+ m-cresol 

TABLE 2. Coefficients for least-square fit of results by eq. 151 for excess molar free energy of activation flow (J mol-') 

System T (K) a I a 2 a 3 a4 a 5 a6 u 

Aniline + 
m-cresol 

N-Methylaniline 
+ m-cresol 

N,N-Dimethylaniline 
+ m-cresol 

N-Ethylaniline 
+ m-cresol 

N,N-Diethylaniline 
+ m-cresol 

respectively. [9] AG+ = AH+ - TAS+ 
When In (qV/W) is plotted against 1/T, the slope is equal 

to AH9/R and the intercept is equal to -AS+/R. Using both Values obtained are presented in Table 4. 
graphical and least-squares method, the activation parameters 
AH+ and AS+ were obtained and AG) was obtained using the Discussion 
equation: Association of phenol and substituted phenols through inter- 
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TABLE 3 .  Coefficients for least-square fit of results by eq. [5]  for excess volume (cd mol-I) 

System 7'6) a l  a a 3 a4 a 5 a6 u 

Aniline + 
m-cresol 

N-Methylaniline 
+ m-cresol 

N,N-Dimethylaniline 
+ m-cresol 

N-Ethylaniline 
+ m-cresol 

N,N-Diethy laniline 
+ m-cresol 

I I 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.3 1.0 

M B L E  F R R C T I B N  B F  m - C R E S B L  

RG. 1 .  Plot of excess viscosity vs. mole fraction of m-cresol. 

molecular hydrogen bonding has been inferred on the basis of 
studies relating to physical properties (1 1). The hydrogen bond 
in the association of phenols is of 0-H---0 type, the strength 
of which is determined by the geometry of the molecules and 
the nature of the substituents in the phenol molecules. The 
choice of m-cresol was based on its ability to form inter- 
molecular hydrogen bonds, compared to the limited ability of 
o-chlorophenol to form intermolecular hydrogen bonding. This 

is useful when comparing the present result to the results of 
o-chlorophenol with anilines (4). The above systems can be 
classified as both polar and associated systems (12). In non- 
electrolyte systems, positive deviations from ideal behaviour 
are attributed to dispersion forces (13) and negative deviations 
to the geometric considerations (14). Attempts have been made 
to explain the behaviour of liquid mixtures on the basis of sign 
and magnitude of the excess viscosity and excess volume. 
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PALEPU ET AL. 

- 0  8 I 1 
0 .0  0.1 0 .2  0 . 3  0 . 4  0 . 5  0 .6  0 . 7  0.8 0 . 5  1.0 

M O L E  F R R C T  ICIN CIF m - C R E S C I I -  

FIG. 2. Plot of excess volume vs. mole fraction of m-cresol. 

K E Y  

0 s -  R + MC 
m o m  MR + MC 

DMR + MC 
x x x  ER + MC 
m o m  DER + MC 

-400  I 1 
0.0 0 .1  0 . 2  0 . 3  0 .4  0 .5  0 .6  0 .7  0 .8  0 .9  1.0 

M I 3 L E  F R R C T I O N  CIF m - C R E S C I L  

FIG. 3. Plot of excess free energy of activation vs. mole fraction of rn-cresol. 

Examination of Fig. 1 shows that the values of qE become 
negative initially when MC is added and positive at higher mole 
fraction of MC. However, in the case of the system (DMA + 
MC) the qE values remain negative in the entire range of com- 
position. According to Fort and Moore (15) the values of qE are 
negative for systems of different molecular size in which 
dispersion forces are dominant. The qE values become less 
negative and then increasingly positive as the strength of the 
interaction increases. In the present study, all the chemical 

species are cyclic, so that small differences of size in the 
molecules are not important in the excess viscosity. The posi- 
tive qE values for the systems (A + MC), (MA + MC), and 
(EA + MC) indicate the strength of interaction increases at 
higher concentration of m-cresol probably due to association 
between m-cresol and anilines through hydrogen bonding. The 
values of qE are equal to zero for all systems except (DEA + 
MC) at a definite mole fraction of MC. The composition at 
which qE is equal to zero depends on the type of system and 
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1 
a -2.5 1 K E Y  

t- 
LT 5 5 5  M A  + M C  
a -3 .0  - - A  D M A  + M C  
a. x x x  E A  + MC 

w w w  D E A  + MC 

-4 .0  1 I 

0 .0  0 .1  0 .2  0 .3  0 . 4  0 . 5  0 . 6  0 .7  0.8 0 .9  1 . 0  

MOLE F R R C T I B N  BF m - C R E S B L  

FIG. 4. Plot of partial molar excess volumes vs. mole fraction of m-cresol. 

103 .0  
0 . 0  0 . 1  0 . 2  0 . 3  0 . 4  0 . 5  0 .6  0 . 7  0 . 8  0 . 9  1 . 0  

MOLE F R R C T I O N  13F m - C R E S B L  

FIG. 5 .  Plot of partial molar volume vs. mole fraction of m-cresol. 

whether or not the system behaves like an ideal one at this 
composition. 

The negative values of VE in Fig. 2 for the five systems are 
explained by Prigogine (16) in terms of different sizes of the 
molecules or the dipole-dipole interaction between them. The 
intermolecular association complex also contributes to these 
negative values. Since all the species are cyclic, the small 
differences of size in the molecules are not important in the 
excess molar volume. The minimum values of VE for these 

systems can be explained in terms of acid-base interaction 
between m-cresol and anilines. The strength of the base follows 
the order DEA > EA > DMA > MA > A .  The value at the 
minima for the system (A + MC) is slightly more negative than 
that of (MA + MC), and this may be due to the ability of 
aniline to form stronger hydrogen bonds with m-cresol than 
MA with MC. If H is defined as q/qi where q is the experi- 
mental viscosity of the mixture and In qi = XI In ql + X2 In 
q 2  then according to Stairs (17), H is related to the ideal free 
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PALEPU ET AL. 

FIG. 6. Plot of In H  vs. G*E.  

TABLE 4. Activation parameter for viscous flow 

System x T AH* A S +  AG' System x I AH' AS* AG ' * 

Aniline + 0.0000 22.30 19.17 16.59 0.5979 26.46 29.22 17.76 
m-cresol 0.0989 25.36 27.56 17.15 0.6977 31.28 43.24 18.39 

0.1989 27.56 33.29 17.64 0.7997 35.16 54.11 19.04 
0.3022 30.20 40.10 18.26 0.8992 37.09 58.72 19.59 
0.4024 32.82 46.98 18.82 1.0000 37.87 60.09 19.97 
0.4997 34.88 52.42 19.26 N-Ethylaniline 0.0000 16.49 2.16 15.84 
0.6028 36.57 56.91 19.61 + m-cresol 0.1010 17.61 4.29 16.33 
0.6996 37.36 58.79 19.34 0.2022 22.50 19.15 16.79 
0.7998 37.51 58.79 20.00 0.3013 25.62 27.91 17.31 
0.8970 37.28 57.88 20.03 0.3924 27.58 32.65 17.85 
1.0000 37.87 60.09 19.97 0.5013 30.12 38.89 18.53 

N-Methylaniline 0.0000 16.47 3.32 15.48 0.6010 32.80 46.06 19.07 
+ m-cresol 0.1000 20.26 14.07 16.07 0.6981 35.85 54.85 19.51 

0.2003 24.21 25.52 16.61 0.8003 38.70 63.38 19.82 
0.2996 26.26 30.64 17.13 0.9008 39.92 66.97 19.96 
0.4033 27.66 33.46 17.69 1.0000 37.88 60.10 19.97 
0.4984 29.38 37.50 18.21 N,N-Diethylaniline 0.0000 15.24 -3.80 16.38 
0.6003 32.10 44.85 18.73 + m-cresol 0.1005 18.22 4.51 16.68 
0.6996 35.18 53.67 19.18 0.1971 18.36 5.66 16.38 
0.8006 37.86 61.41 19.56 0.3018 21.78 14.95 17.32 
0.9002 38.84 63.84 19.82 0.4008 25.03 24.41 17.76 
1.0000 37.87 60.09 20.00 0.4336 25.78 26.43 17.90 

N,N-Dimethylaniline 0.0000 10.53 - 14.36 14.81 0.5455 28.12 32.58 18.41 
+ m-cresol 0.1006 12.84 -7.82 15.17 0.6016 29.50 36.28 18.69 

0.1999 15.59 -0.07 15.62 0.7004 32.65 45.13 19.20 
0.2985 16.94 2.79 16.1 1 0.8005 36.10 55.21 19.64 
0.4002 19.01 7.90 16.65 0.8988 38.12 61.18 19.89 
0.4997 22.01 16.19 17.19 1.0000 37.87 60.09 19.97 

*Mole fraction of m-cresol, units: A H + ,  AG* (kl mol-I), AS* (J mol-I). 

volume ( V i )  of the solution by the equation: obtained in the present study. In our previous studies (3, 4) 

[lo] H - '  = (V i  + V E ) / v i  
when In H is plotted against G * ~ ,  a single straight line with a 
zero intercept was obtained. This type of result is not un- 

According to eq. [lo], a plot of H-'  vs. V E  should be linear. expected, because the expression for G * ~  takes into account 
However, when H - '  is plotted against V E ,  a nonlinear plot was both viscosity and volume. 
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All the systems involved in our previous studies exhibited 
positive -qE and negative VE; however, in the present study 
when In H is plotted against G * ~ ,  a single straight line with 
nonzero intercept is obtained (Fig. 6). This behaviour is not 
unusual since in the present study the -qE values are both posi- 
tive and negative and vE values are negative. In the temperature 
range investigated, the values of AHt  are positive and vary in 
the order MC > A > EA > MA > DEA > DMA, indicating 
that association and dipole-dipole interactions increase the 
value of AH+. Except for DEA and DMA, the AS+ values are 
positive. The values of AH9 and AG+ for the mixtures are 
positive for each binary system studied and increase with in- 
crease in m-cresol concentration. Entropy of activation is 
positive for all systems except for DMA and DEA with MC in 
amine-rich regions. 

According to Reed and Taylor (18) and Meyers et al. (19), 
the G * ~  parameter may be considered a reliable measure to 
detect the presence of interaction between molecules. Positive 
values of G * ~  can be seen in binary systems where specific 
interactions between molecules take place. G * ~  values are pos- 
itive at all compositions for the mixtures of MC with A, MA, 
and EA. For the other systems it is negative at low concen- 
trations of MC and becomes positive at higher concentrations. 
From the values of G * ~ ,  one can conclude that the strength of 
specific interactions varies in the order A + MC > EA + MC 
> MA + MC > DEA + MC > DMA + MC. 

Examination of Fig. 5 reveals that the addition of 1 mol of 
m-cresol in a large volume of the different bases produces a 
volume contraction in the order MA < EA r A < DEA < 
DMA. According to Somsen and co-workers (20) better infor- 
mation on interactions in binary mixtures can be deduced from 
the shape of the curve obtained when partial molar volume is 
plotted against composition. A pronounced minimum in the 
curve indicates the strength of the interactions. 

From the analysis of the results one can conclude that the 
strength of specific interactions between m-cresol with substi- 
tuted anilines varies in the order A + MC > EA + MC > MA 
+ MC > DEA + MC > DMA + MC. The type of interactions 
are mainly acid-base interactions and hydrogen bonding. Also 
the strength of interactions is less pronounced in m-cresol com- 
pared to o-chlorophenol. This could'be attributed to these facts: 
( a )  o-chlorophenol is a stronger acid than m-cresol and (b) 

absence of polymerization through intermolecular hydrogen 
bonding in o-chlorophenol compared to m-cresol. 
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Dipole moments of some aromatic and aliphatic aldehydes. Their dependence on the 
solvent and the atomic polarization 
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CONSTANTINO GROSSE, MAGDALENA MECHETTI, and PEDRO BRITO. Can. J .  Chem. 63, 1031 (1985). 
The dipole moments of 21 aromatic and aliphatic aldehydes were determined. Permittivity measurements were performed 

on highly diluted cyclohexane solutions at 20°C. The limiting forms of Debye's, Onsager's, and Bordewijk's expressions were 
used. The influence of the solvent on the dipole moment values was studied using decalin and heptane mixtures. Only the 
Debye's values presented an apparent solvent effect while the Onsager's and Bordewijk's values remained independent of the 
solvent. Dipole moment values obtained using the refractive indexes of the components were also compared with those derived 
using the refractive indexes of the mixtures. This permitted one to estimate in 0.07 the relation between atomic and electronic 
polarization. 

CONSTANTINO GROSSE, MAGDALENA MECHETTI et PEDRO BRITO. Can. J .  Chem. 63, 1031 (1985). 
On a mesure les moments dipolaires de vingt et un aldehydes aliphatiques et aromatiques. On a effectue les mesures de 

permitivite a 20°C, sur des solutions tres diluees dans le cyclohexane. On a utilisi les formes limites des expressions de Debye, 
Onsager et Bordewijk. De plus, utilisant des melanges de decaline et d'heptane, on a CtudiC ['influence des solvants sur les 
valeurs des moments dipolaires. Les valeurs obtenues a I'aide de I'expression de Debye sont les seules a presenter un effet 
apparent de solvant; les valeurs obtenues a I'aide des expressions de Onsager ou de Bordewijk sont indipendantes du solvant. 
On a aussi compare les valeurs des moments dipolaires obtenues a I'aide des indices de refraction des composantes avec les 
valeurs que l'on peut deriver des indices de rkfraction des mClanges. Sur cette base, on peut Cvaluer a 0,07 la relation entre 
les polarisations atomique et Clectronique. 

[Traduit par le journal] 

1. Introduction 
The  main purpose of this work is to determine the dipole 

moments of a series of aromatic and aliphatic aldehydes. This 
was accomplished as usual (1, 2) by measuring the static 
dielectric permittivity of dilute polar - non-polar solutions. 

A definite theoretical expression relating the solution permit- 
tivity with microscopic properties has not yet been obtained. 
Existing treatments generally assume an ideal behaviour ne- 
glecting correlations, complex formation, volume variations, 
and molecular anisotropies. In the high dilution limit, a linear 
variation of the static dielectric permittivity with concentration 
is expected. Different theories lead to different slopes and 
consequently, to different values for the dipole moment of the 
solute molecule. Despite its being an old problem this subject 
maintains a permanent interest as can be seen from the 
literature (3-7). 

In this paper the high dilution limiting forms of the expres- 
sions due to Debye (1), Onsager (2), and Bordewijk ( 5 ) ,  were 
used. In order to determine the importance of the solvent effect, 
some aldehydes were studied in three different solvents. Using 
measurements of the refractive indexes of these same mixtures, 
the values of the atomic polarization were also estimated. 

2. Theoretical expressions for the static dielectric 
permittivity of solutions 

The  theoretical expressions most currently used to determine 
the molecular dipole moments in solution are those deduced by 
Debye and Onsager. In the limit of very low concentrations, 
they can be written, respectively, as 

I ~ e m b e r  of the Consejo Nacional de lnvestigaciones Cientificas y 
Tecnicas de la Repliblica Argentina, to whom all correspondence 
should be addressed. 

[ I ]  = e2 + K l  (N1u2r 

where and e2 are the mixture and solvent permittivities, E,, 

is the part of the solute permittivity associated with its total 
induced polarization, N I  is the number of solute molecules per 
unit volume in pure state, and K ,  is the volume concentration. 
Equations [ I ]  and [2] have been deduced in the framework of 
a continuum approach. A more rigorous expression for the 
permittivity has been obtained by Bordewijk (5). For polar- 
non-polar solutions of isotropic non-correlated molecules it 
writes as  

where is the solution permittivity associated with the total 
induced polarization. 

Before comparing the limiting form of eq. [3] with expres- 
sions [ I ]  and [2], a functional relation between cxl ,?  and €,I, E?, 

and K I  is needed. Assuming that this relation is given by the 
Clausius-Mossotti equation (8, 9),  

the following result is obtained: 
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TABLE 1. Molecular weights, densities, static dielectric 
permittivities, and refractive indexes of the solvents used 

Substance M 2  d z  (g/cmS) EZ n DZ 

Cyclohexane 84.16 0.779 2.021 1.426 
Heptane 100.21 0.683 1.920 1.387 
Decalin 138.26 0.886 2.165 1.480 

TABLE 2. Molecular weights and densities of pure solutes, measured 
variations with the concentration of the static dielectric permittivity of 

cyclohexane solutions 

€1.2 - €2  

Substance M I  dl (g/cmS) x 

Benzaldehyde 
o-Toluyaldehyde 
m-Toluyaldehyde 
p-Toluyaldehyde 
2-Fluorbenzaldehyde 
3-Fluorbenzaldehyde 
4-Fluorbenzaldehyde 
Mesitylen-2-carbaldehyde 
I-Naphtaldehyde (a) 
Piridine 3-aldehyde 
Piridine 4-aldehyde 
Furfural 
Thiophen 2-aldehyde 
n-Formylpiperidine 
Cyclohexancarbaldehyde 
Bromal 
Pivaldehyde 
Butyraldehyde 
Crotonaldehyde 
Hidrozimtaldehyde 
n-Valeraldehyde 

This expression combines the best features of eq. [I] and [2]: 
the non-dipolar part of Debye and the dipolar part of Onsager. 

3. Experimental details 
Static dielectric measurements were performed at the Microwave 

Laboratory of the Johannes Gutenberg University of Mainz, Germany, 
by one of us (C.G.). The apparatus and the experimental techniques 
used have been previously described (10, 11). For most measurements 
the solvent was cyclohexane which is, probably, the solvent best 
suited for dielectric studies (12). Heptane and decalin were also used 
to estimate the solvent effect. 

The solvents, Table 1, were obtained from Merck and dried with 3 
A molecular seeds. The solutes, Table 2,  in the highest purity avail- 
able, usually purissimus grade, were obtained from Fluka. The solu- 
tions were also dried with molecular seeds. The data included in these 
tables, and later used in the calculation, were taken from the supplier's 
catalogs except for those in the last column in Table 2.  

~ h ;  parameters deduced from the measurements performed on 
highly diluted solutions are all linear functions of concentration. 
Therefore, the significant values are the corresponding slopes rather 
than the absolute values. In our case, the important quantity is the 
difference between the static dielectric permittivities of the solutions 
and of the pure solvent divided by the molar concentration: - 
e ) / x .  

In order to improve the precision of the results, measurements were 
performed at the following concentrations: x = 0.001, 0.002, 0.003, 
and 0.004, and the slopes were obtained by least-squares fits. The 
results obtained appear on Table 2, their accuracy being of the order 
of 1%. 

4. Determination of the dipole moments 
Before using eqs. [ I  1, [2], and [5], in order to obtain the 

values of the dipole moments of the different solute molecules, 
the values of the permittivities E,, must be assessed. They can 
not be directly measured since at high frequencies other ab- 
sorption processes are present (13). Therefore, the induced 
polarization, Pi = PC + P a ,  where PC is the electronic and Pa 
the atomic polarization, is often taken as being equal to PC or 
proportional to it. The proportionality constant depends on the 
molecule considered and usually ranges between 1 and 1.15 
(14). In this paper, both these extreme cases were considered. 
The dipole moments thus obtained are given in Table 3, where 
the first values in each column correspond to the case E,, = n i , ,  
while the second ones corresponds to 

They are also compared to existing values (14) measured in 
solution at 20-25°C. When more than one dipole moment is 
reported the extreme values are indicated. 

It is apparent from this table that the values of pons are very 
different from p h b  These differences are, in general, greater 
than the experimental uncertainties in the determination of the 
dipole moments which are less than 1%. This shows the im- 
portance of choosing the best theoretical expression for p. 
Table 3 also shows that the values of pons are almost equal to 
those of pBord. The differences between the three dipole 
moment values can be estimated by writing = e2 + A and 
expanding eqs. [I], [2], and [5] in powers of A.  This leads to 

Equation [6] shows, in agreement with Table 3, that F D ~ ~  can 
be less or greater than bans, depending on the sign of A (6). 
On the contrary, the difference between pBord and pons is 
independent of this sign, eq. [7], being one order smaller. 

As for the variation of the moments obtained using extreme 
values of the atomic polarization, it is also comparable with the 
experimental error. The corresponding differences are smaller 
when Debye's expression is used increasing strongly with the 
use of Onsager's or Bordewijk's formulas. 

5. Influence of the solvent 
In order to estimate the influence of the solvent on the dipole 

moment values, additional measurements in heptane and dec- 
alin were performed on ortho, metu, and para-toluylaldehydes, 
Table 4. The results obtained with the three solvents appear on 
Table 5 and lead to the following conclusions. In view of the 
experimental uncertainties, no solvent effect could be detected 
for the substances considered when Onsager's or Bordewijk's 
formulas were used. On the contrary, Debye's formula leads to 
an apparent solvent effect since the corresponding variations 
with the solvent of the dipole moment values are roughly two 
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GROSSE ET AL. 

TABLE 3. Dipole moment values (D) in cyclohexane at 20°C 

Substance P~eb  F0n5 F B O ~  ~ I I I C ~ I U ~ ~  

Benzaldehyde 
a-Toluyaldehyde 
m-Toluyaldehyde 
p-Toluyaldehyde 
2-Fluorbenzaldehyde 
3-Fluorbenzaldehyde 
4-Fluorbenzaldehyde 
Mesitylen Zcarbaldehyde 
I -Naphtaldehyde (a) 
Piridine 3-aldehyde 
Piridine 4-aldehyde 
Furfural 
Thiophen 2-aldehyde 
n-Forrnylpiperidine 
Cyclohexancarbaldehyde 
Bromal 
Pivaldehyde 
Butyraldehyde 
Crotonaldehyde 
Hidrozimtaldehyde 
n-Valeraldehyde 

TABLE 4. Measured variations with the concentration of 
the static dielectric permittivity and of the square of the 

refractive index 

Substances (€1.2 - E ~ ) / x  ( f l k ~ . ~  - fl;,)/x 

a-Toluyaldehyde in 
Decalin 
Cyclohexane 
Heptane 

m-Toluyaldehyde in 
Decalin 
Cyclohexane 
Heptane 

p-Toluyaldehyde in 
Decalin 
Cyclohexane 
Heptane 

times greater than those for the other two expressions. All this 
is in agreement with the conclusions of ref. 6. 

6. Estimation of the atomic polarization Pa 
Equations [ l ]  and [2] were obtained as low dilution limiting 

forms of the general formulae for the static dielectric permit- 
tivity, written as functions of the molecular parameters p, and 
a,. The polarizabilities were then eliminated in terms of the 
high frequency permittivities of the pure compounds with the 
help of Clausius-Mossotti's expression. 

On the contrary, Bordewijk's permittivity expression [3] is 
a function of the mixture high frequency permittivity em,.2.  This 
made it necessary to use the high frequency formula [4] in order 
to obtain the limiting result [5] comparable with eqs. [I]  and 
[2]. This leads to the conclusion that, at least in the case of 
Bordewijk's formula, a better way to determine dipole moment 
values is to measure the permittivity variations -with the con- 
centration both at low, ( e l , ,  - e 2 ) / x ,  and high, (€,,., - e , ) / ~ ,  
frequencies. 

In order to compare this procedure with the usual one, 

TABLE 5. Dipole moment values in decalin, cyclohexane, and 
heptane at 20°C 

Substances Pkb Pons FBord 

a-Toluyaldehyde in 
Decalin 
Cyclohexane 
Heptane 

m-Toluyaldehyde in 
Decaline 
Cyclohexane 
Heptane 

p-Toluyaldehyde in 
Decalin 
Cyclohexane 
Heptane 

measurements of ( n ; , . ,  - n;,) /x  for o-,  rn-, and p-toluylalde- 
hyde in heptane, cyclohexane, and decalin were performed, 
Table 4. Dipole moment values were calculated by using the 
expressions: 

for the Debye model, and 

for both Onsager and Bordewijk's models. 
As previously, the relation between ( e m , , ,  - E ~ ) / x  and ( n ; , , ,  

- n i , ) / x ,  was evaluated in the extreme cases: 

and 
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TABLE 6. Dipole moment values obtained using Therefore, the results of Tables 5 and 6 become compatible 
the mixture's refractive indexes for' intermediate Pa = 0.07P, values. 

Substances ~ 0 . b  Pons, P ~ o r r l  7. Acknowledgments 

o-Toluyaldehyde in We thank Professor F. Hufnagel for providing experimental 
Decalin 2.76-2.70 2.71 -2.59 facilities, help, and hospitality at Mainz as well as to the Alex- 
Cyclohexane 2.83-2.79 2.75-2.65 ander von Humboldt Foundation for a fellowship given to one 
Heptane 2.79-2.73 2.70-2.58 of us. 

m-Toluvaldehvde in 
~eca i in  . 3.04-2.98 2.98-2.86 
Cyclohexane 3.11 -3.07 3.03-2.93 
Heptane 3.10-3.05 3.00-2.89 

p-Toluyaldehyde in 
Decalin 3.32-3.27 3.26-3.13 
Cyclohexane 3.40-3.36 3.30-3.20 
Heptane 3.40-3.35 3.28-3.17 

The results obtained appear in Table 6, where the first values 
correspond to assumption [lo] and the second ones to [I  I]. 

This table, when compared with Table 5 ,  shows very similar 
values but appearing in each column in the inverse order. This 
means that the results obtained using expressions [I] ,  [2], and 
[5], together with the assumption Pa = 0 ( P a  = 0.15P,) give 
approximately the same results as when using formulas [8] and 
[9] with condition [ l  11 ([lo]). 

I. P. DEBYE. Polar molecules. Dover Publication, New York. 1929. 
2. L. ONSAGER. J. Am. Chem. Soc. 58, 1486 (1936). 
3. C. GROSSE and J .  L. GREFFE. J. Chim. Phys. 72, 1297 (1975). 
4. C. F. BOITCHER and P. BORDEWIJK. Theory of electric polar- 

ization. Vol. 2. Elsevier. 1978. 
5. P. BORDEWIJK. Chem. Phys. 33, 451 (1978). 
6. R. FINSY and R. VAN LOON. J. Phys. Chem. 80, 2783 (1976). 
7. M. BARON and H. MECHETTI. J. Phys. Chem. 86, 3464 (1982). 
8. C. F. BOITCHER. Theoryof electric polarization. Vol. 1, Elsevier. 

1973. 
9. W. F. BROWN. J .  Chem. Phys. 18, 1193 (1950). 

10. K. KREUTER. Z. Naturforsch. 23a, 1728 (1968). 
l l .  H. KILP. Z. Argew. Phys. 30, 288 (1970). 
12. F. HUFNAGEL and H. KILP. Z. Naturforsch. 18a, 6 (1963). 
13. G. KLAGES and G. KRAUSS. Z. Naturforsch. 26a, 1272 (1971). 
14. A. L. MCCLELLAN. Tables of experimental dipole moments. 

Vol. 2. Rahara Enterprises, El Cerrito, CA. 1974. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



The synthesis and characterization of 3,3-disubstituted pent-4-enals and their 
2,2-(trimethy1enedithio)pent-4-enal precursors, including the X-ray crystal structure of 

(R)-3-ethyl-3-phenyl-2,2-(trimethylenedithio)pent-4-enal 

CHARLES G. YOUNG, BRIAN R. JAMES,' AND STEVEN J. RETTIG' 
Department of Chemistry, Universio of British Columbia, 2036 Main Mall, Vancouver, B.C., Canada V6T 1Y6 

Received July 30, 1984 

CHARLES G .  YOUNG, BRIAN R. JAMES, and STEVEN J. REnIG. Can. J. Chem. 63, 1035 (1985). 
A variety of 3,3-disubstituted pent-4-enals (Sa, R = Me, R' = Et; 56, R = Me, R' = Ph; 5c, R = Et, R' = Ph) has been 

prepared by the Raney nickel desulfurization of the corresponding 3,3-disubstituted 2,2-(trimethy1enedithio)pent-4-enal precur- 
sors 4a-4c. The precursor compounds were prepared by the alkylation of 2-formyl-l,3-dithiane with the appropriate 
3,3-disubstituted allylic bromide. The new compounds have been characterized by elemental analysis, infrared and nmr 
spectroscopy, and mass spectrometry. The crystal and molecular structure of (R)-4c has also been determined by X-ray 
crystallography. At temperatures of ca. 130°C, compounds 4a-4c undergo intramolecular rearrangement to form the tri- 
substituted alkenes 6a-6c, which have also been characterized by the present study. 

CHARLES G. YOUNG, BRIAN R. JAMES et STEVEN J. R E ~ I G .  Can. J. Chem. 63, 1035 (1985). 
On a prCparC divers penthe-4 als disubstituts en position 3 (5a, R = Me, R' = Et; 56, R = Me, R' = Ph; 5c, R = Et, 

R' = Ph) en dksulfurant les prCcurseurs correspondants (4a-4c), trimCthylknedithio-2,2 pentene-4 als disubstituks en position 
3, ?i I'aide de nickel de Raney. On a prCparC ces prtcurseurs en alkylant le formyl-2 dithiane-1,3 avec le bromure allylique 
appropriC disubstituk en position 3. On a caractCrisC les nouveaux composCs par analyse ClCmentaire, par spectroscopies ir et 
rmn et par spectromktrie de masse. On a Cgalement dCterminC la structure cristalline et la structure molCculaire du composC 
(R)-4c par diffraction des rayons X. A des temptratures d'environ 130°C, les composCs 4a-4c subissent des transpositions 
intramolCculaires conduisant aux alctnes trisubstituts 6a-6c que I'on a Cgalement caractCrisCs au cours de la prCsente Ctude. 

[Traduit par le journal] 

Introduction 
Our ongoing investigation of catalytic asymmetric cycliza- 

tion and decarbonylation reactions of pent-4-enals (I)  has ne- 
cessited the preparation of a series of racemic 3,3-disubstituted 
pent-4-enal substrates. Two methods have been reported (2) for 
the preparation of such compounds and the 2,3-disubstituted 
analogues. One method, of somewhat limited scope for syn- 
thesis of the 3,3-compounds, involves the conjugate addition of 
vinylcuprate(1) reagents to a,P-unsaturated aldehydes. The 
second, more versatile, reaction involves the addition of ethyl- 
ene oxide to allylic Grignard reagents, followed by oxidation of 
the resulting alcohol. The methods are dependent on the avail- 
ability and nature of the ultimate alkenic reagents and, for the 

latter method, the ease of oxidation of the alcohol precursor. 
We have developed an alternative approach to the desired sub- 
strates, one which involves the Raney nickel desulfurization of 
2,2-(trimethy1enedithio)pent-4-enal precursors. This paper re- 
ports the preparation and characterization of the new pent-4- 
enals 5a-5c, their precursors 4a-4c, and the compounds pro- 
duced by the thermal rearrangement of these precursors (com- 
pounds 6a-6c). 

Results and discussion 
The synthesis of the title compounds follows the reactions of 

eqs. [I]-[3] within Scheme 1. The preparation of the allylic 
bromides 3a-3c is straightforward, and these compounds may 

AR' CH2CHMgBr OH 
[I1 R aq. NH4CI pentane 

la-lc R' 

Raney Ni 
131 4a-4c - ethanol R s C H 2 C H 0  

SCHEME 1. Thepreparationof 5a-5c via4a-4c. (The substituents are as follows: (a) R = Me, R' = Et; (b) R = Me, R' = Ph; (c) 
R = Et, R' = Ph). 

' Author to whom correspondence should be addressed. 
'Experimental Officer, U.B.C. Crystal Structure Service. 
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be stored at 0°C for several days before use. Both E and Z 
isomers are present in 3a-3c, the isomer ratio being dictated 
by the usual steric interactions (see experimental section). Re- 
action [2] also proceeds smoothly at room temperatures and 
good yields of 4a-4c are obtained after ca. 5 days. These 
compounds are air-stable, white, crystalline solids which are 
readily isolated and purified by recrystallization. This feature 
makes 2-formyl-l,3-dithiane the thioacetal of choice in these 
reactions, as considerable difficulty was experienced in the 
purification of the liquid products derived from bis(- 
ethy1thio)acetal (these reactions were not pursued). From un- 
successful attempts to obtain other compounds of series 4, we 
have discerned two features associated with reactions [l]  and 
[2] which limit their synthetic generality and that of Scheme 1 
as a whole. Firstly, the use of ketones with bulky substitutents 
(e.g. R = Me, R' = 2,4,6-Me3C6H2) can prevent initial reac- 
tion with vinylmagnesium bromide, presumably because the 
Grignard reagent is unable to approach the carbonyl carbon 
atom. Secondly, the use of ketones with two aryl substituents 
(e.g. R = Ph, R' = p-MeOC6H4) enhances, following reaction 
[2], the rapid rearrangement of the series 4 product according 
to eq. [4]. Thus, when R = R' = aryl, only products of series 
6 are isolated by room temperature manipulations. Series 4 
products of this type, however, may be accessible by suitable 
low temperature syntheses. Various analogs of 4a-4c have 
been previously prepared by the in situ alkylation of 
2-formyl- l,3-dithiane (3). 

Compounds 4a-4c are characterized by the following spec- 
troscopic properties (see experimental section for details). In 
their infrared spectra, the compounds display characteristic 
absorptions at ca. 1700 ( V C = ~ ) ,  1600 (vc=c), and 600 (vcsc) 
cm-', while the mass spectra display peaks assignable to the 
molecular ion, a fragment formed by loss of CHO, the 
2-formyl- l,3-dithianyl ion (mle = 148), and cyclic disulfide 
ions (mle  = 1071 1061 105). The cyclic disulfide fragments 
have been observed also in the mass spectra of related 
1-aryl- l,3-dithianes (4,5). The 400-MHz 'H nmr spectra of the 
compounds exhibit several features of interest; that of 4c (Fig. 
la) exemplifies the salient features for the ~ e r i e s . ~  In all cases 
the resonances due to the aldehyde, vinyl, methyl, and aro- 
matic protons are readily identified. As well, the spectra of 4a 
and 4c clearly display the diastereotopic nature of the methyl- 
ene protons of the R' and R groups, respectively. In 4c, two 
unique six-line resonances (6, 2.22, SB 2.53) are produced by 
the diastereotopic HA and HB protons (JAB = 14.5 Hz, 3JCH,,A = 
3JCH,,B = 7.5 Hz). The presence of the chiral centre in these 
molecules also dictates the inequivalence of the six hetero- 
cyclic ring protons and this is reflected in the observation of six 
unique resonances attributable to these protons (see Fig. la). 

With the exception of the R groups, the numbering scheme used 
in Fig. 1 is applicable to all series 4, 5, and 6 compounds, i.e. 
C(1)-C(5) and C(6)-C(8) pertain to pent-4-enal and tri- 
methylenedithio carbon atoms, respectively. In the nmr assignments 
of these compounds, protons are numbered according to the carbon 
atom to which they are bonded. The subscripts a = axial, e = equa- 
torial, g = geminal, t = trans-, and c = cis- further specify the ring 
and olefinic protons and their couplings. The unique R group protons 
are identified separately. Typical proton coupling constants in the 
heterocyclic rings were J6a6e = J7a7e = Jnane = 13.5 Hz, J7a6e = J7a8e 
- - 3.5 HZ, J 7 c 6 e  = J7c.ne = 4.3 HZ, Jknc  = 1.6 HZ, J7=6n = J7ena = 2.8 
Hz, J 7 a 6 a  = J7ana = 11.8 HZ. Other abbreviations used in the spectral 
data are: s = singlet, d = doublet, t = triplet, q = quartet, m = 
multiplet; ir, s = strong, m = medium, w = weak. 

TABLE 1. Bond lengths in (R)-4c with estimated standard devi- 
ations in parentheses 

Bond Length (A) Bond Length (A) 

S(1)-C(2) 1.811(6) c(4)-c(5) 1.319(9) 
S(1)-C(6) 1.8 12(7) C(6)-C(7) 1.531(9) 
S(2)-C(2) 1.848(5) c(7)-c(8) 1.489(10) 
S(2)-C(8) 1.8 12(7) C(9)-C(10) 1.490(9) 
0 -C(l) 1.128(11) C(l1)-C(l2) 1.388(8) 
C(1)-C(2) 1.508(9) C(11)-C(16) 1.391(8) 
C(2)-C(3) 1.583(7) C(12)-C(13) 1.393(8) 
C(3)-C(4) 1.539(8) C(13)-C(14) 1.354(11) 
C(3)-C(9) 1.540(8) C(14)-C(15) 1.377(12) 
C(3)-C(l1) 1.537(7) C(15)-C(16) 1.392(8) 

The couplings observed for these ring protons3 are consistent 
with the rings having a chair conformation in solution, a feature 
persistent in the solid state structure of (R)-4c (see below). The 
13C-{'H} nmr spectra of all compounds display the expected 
resonances, as detailed in the experimental section. 

As confirmation of the spectroscopically derived formu- 
lations of 4a-4c, the single crystal X-ray structure of (R)-4c 
was determined. A stereoview of the molecule is given in Fig. 
2. Pertinent bond lengths and angles are given in Tables 1 and 
2, respectively. In this molecule the substituents of the adjacent 
quaternary carbon atoms C(2) and C(3) are in the least ste- 
rically encumbered staggered positions. Indeed, steric inter- 
actions appear to dictate the general conformations of all 
groups relative to their neighbours. On the (R)-C(3) atom the 
vinyl and ethyl substituents were unambiguously differentiated 
in the crystallographic study, theo groups possessing bond 
lengths of 1.3 19(9) A and 1.490(9) A, respectively. The carbo- 
nyl group has a C-0 bond length of 1.128(11) A and the 
oxygen atom has close interatomic contacts with H(6a) (2.56 
A, C-H . . 0 12 1") and H(8a) (2.70 A, C-H . . 0 124"), and 
an intermolecular contact with H(8e) ( - x ,  1/2y, -z; 2.49 A, 
C-H . . 0 140"). The trimethylenedithio ring possesses a chair 
conformation as found in solution by nmr. In the two struc- 
turally inequivalent C-S bonds, 5ignificantly different bond 
lengths of 1.8 1 l(6) and 1.848(5) A are observed. Close intra- 
molecular contacts are noted also between S(l)  .. H(92) (2.68 
A, C-H..S 110°), S(2)..H(91) (2.70 A, C-H..S 110°), 
and S(2). . H(4) (2.62 A, C-H . . S 1 1 1"). The chair structure 
of the trimethylenedithio ring has been structurally character- 
ized previously, for example in 2-phenyl-l,3-dithiane (6). 

Intramolecular thermal rearrangement of 4a-4c occurs 
readily at ca. 130°C, eq. [4]; the products that result from 
formal [1,3] sigmatropic shifts have been isolated and charac- 
terized as the trisubstituted alkenes 6a-6c. Although we have 
not made a detailed study of the rates of rearrangement of 

4a-4c, it is clear from the observed reaction times (see experi- 
mental section) that 46 and 4c  rearrange more readily than does 
4a. Besides offering greater steric relief to the strained adjacent 
quaternary centers, rearrangement of 46 and 4c produces sta- 
bilized, more highly substituted (indeed, conjugated) alkenes. 
The lower steric strain of 4a  and the absence of conjugate 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



YOUNG ET AL. 

Et \ 
CHO 

6 
FIG. 1 .  The 400-MHz 'H nmr spectra of (a) 4c, (b) 6c,  and (c) Sc, the archetypal members of the three classes of compounds described herein 

(see also footnote 3). 

stabilization in 6a lead to a slower rearrangement in this case. 
These rate-determining factors are consistent with the earlier 
mentioned room temperature rearrangement of 3,3-bis(ary1) 
compounds of series 4.  With the exception of the 4a + 6a 
rearrangement where both E- and 2-6a form, only the E isomer 
is formed during the rearrangement of 4b and 4c. A directly 
analogous rearrangement of 2,2-bis(ethy1thio)-3,3-dimethyl- 
pent-4-enal has been studied recently by Bates and Rama- 
swamy (7), and their kinetic data were interpreted in terms of 
a biradical mechanism. 

The loss of the chiral centre and its associated asymmetry 

upon the rearrangement of 4a-4c lead to relatively simple nmr 
spectra for 6a-6c.  For example, in the 'H nmr spectrum of 6c 
(Fig. lb), the diastereotopic methylene proton resonances and 
the six trimethylenedithio proton resonances of 4c are replaced 
by a simple quartet resonance and a set of four ring proton 
resonances (due to H(7a),H(7e), and equivalent H(6a),H(8a) 
and H(6e) ,H(8e) pairs), respectively. Again, a chair con- 
formation in the heterocyclic ring is indicated by the nmr data. 
The vinyl resonances of 4c are replaced by triplet and doublet 
resonances due to the new alkene and P-methylene protons, 
respectively. Other spectral data are consistent with the pro- 
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TABLE 2. Bond angles in (R)-4c with estimated standard deviations in parentheses 

Bond Angle (deg) Bond Angle (deg) 

C(2)-S( I )-C(6) 103.8(3) C(9)-C(3)-C(11) 112.7(4) 
C(2)-S(2)-C(8) 101.7(3) C(3)-C(4)-C(5) 127.7(6) 
0 -C(l)-C(2) 130.3(9) S(1)-C(6)-C(7) 114.8(5) 
S(1)-C(2)-S(2) 1 1  1.2(3) C(6)-C(7)-C(8) 112.8(5) 
S(1)-C(2)-C(1) 114.7(5) S(2)-C(8)-C(7) 113.9(4) 
S(1)-C(2)-C(3) 109.0(3) C(3)-C(9)-C( 10) 118.0(5) 
S(2)-C(2)-C(1) 102.5(4) ( 3 - ( I  1 ) - ( 1 2  121.9(5) 
S(2)-C(2)-C(3) 109.5(3) C ( 3 ) C (  1 - ( 1 6  121.4(5) 
C(1)-C(2)-C(3) 109.8(4) ( 1 2 - C ( 1 ) - ( 1 6  116.6(5) 
C(2)-C(3)-C(4) 109.7(4) C(11)-C(12)C(l3) 121.4(6) 
C(2)-C(3)-C(9) 110.5(4) C(12)-C(13)-C(14) 120.3(6) 
C(2)-C(3)-C(11) 106.9(4) C(13)-C(14)-C(15) 120.4(6) 
C(4)-C(3)-C(9) 104.6(5) C(14)-C(15)-C(16) 119.0(6) 
C(4)-C(3)-C(11) 1 12.4(4) C ( 1 ) - ( 1 6 - ( 5  122.1(6) 

FIG. 2. ORTEP stereoview of (R)-4c with the atom numbering 
scheme. Non-hydrogen atoms are shown as ellipsoids of 50% proba- 
bility. Hydrogen atoms are spheres of convenient arbitrary size. 

posed formulations. 
The desulfurization of 4a-4c leads to the formation of the 

desired pent-4-enal. This reaction is, however, critically de- 
pendent upon the nature of the Raney nickel used. In previous 
desulfurization studies (8- lo), the possible concomitant re- 
duction of functional groups such as aldehydes and alkenes by 
the Raney nickel has been noted. Only highly deactivated 
forms of Raney nickel (effected by a 2-h reflux in acetone (1 1)) 
have been found useful for the deuslfurization of 4a-4c. The 
somewhat variable nature of the nickel makes monitoring by tlc 
the most reliable method of assessing the course of the reaction. 
Extensive reaction times or the use of highly activated nickel 
leads to sequential aldehyde, and then alkene, reduction. The 
pent-4-enals 5a-5c are colourless liquids which are best stored 
under nitrogen at <O°C. Possible isomerization to the Prins 
product was not observed over a period of weeks (at room 
temperature, CDCl,), although decomposition via auto- 
oxidation processes occurs over a period of several months. 

The pent-4-enals exhibit infrared absorptions assignable to 
v(C=O), v(C=C), v(=CH2) as well as characteristic bands 
at ca. 768 and 705 cm-'. The mass spectra exhibit peaks due 
to the molecular ion, and fragments resulting from the loss of 
CHO, CH2CH0, and other substituent fragments. The 
400-MHz 'H nmr data of the compounds are summarized in the 

experimental section, and the spectrum of 5c is shown in Fig. 
lc.  With the exception of the R and R' resonances, the nmr 
spectra of 5a-5c display similar features due to the common 
pent-4-enal backbone. A characteristic vinyl group resonance 
is observed in the 5- to 6.5-ppm region (Fig. lc), and a triplet 
resonance at ca. 9.5 ppm may be readily assigned to the CHO 
proton, which appears to be equally coupled (3J - 2.8 Hz) to 
the two diastereotopic protons of the adjacent methylene group. 
The AB pattern associated with these CH2 protons is displayed 
upon selective decoupling of the aldehyde proton. In 5b the 
significiantly different chemical shifts of these diastereotopic 
protons (A = 0.07 ppm) produces a typical AB pattern in the 
CH2 region, each peak being split by the small CHO coupling. 
However, the near equivalent chemical shifts of the di- 
astereotopic protons in 5c (A = 0.02 ppm) produce the triplet 
pattern and associated satellite peaks observed in Fig. lc. The 
R and R'  resonances may be readily assigned and, where 
present, diastereotopic protons within these groups produce 
characteristic nmr resonances: e.g. the-CH2CH3 resonance of 
5c results from the overlapping patterns of AB protons (JAB = 
15.6 Hz) equally coupled to the adjacent CH3 protons. The 
small "duplicate" peaks in spectrum l c  indicate a small amount 
of a second rotamer in solutions of 5c.  

In conclusion, we feel that the methodology described in this 
paper provides a general route to compounds of series 4,5, and 
6. While our interest has been directed only at compounds 
where R + R',  the synthesis of many other derivatives with R 
= R' would be straightforward. We note again, however, the 
two conditions which limit the complete generality of this 
methodology: viz., the presence of bulky R and (or) R' substit- 
uents, or R = R' = aryl substituents. Substituents which con- 
tain functional groups that are reactive towards the reagents 
used in Scheme 1 may also prove to be problematic. 

Experimental 
Reagent grade solvents and chemicals were used without further 

purification unless otherwise stated. Liquid ketone starting materials 
were distilled prior to use. Tetrahydrofuran was distilled from 
sodium/benzophenone, and N,N-dimethylformamide was dried and 
stored over 4 A molecular sieve. The acetone used was of spec- 
troscopic grade. The method of Meyers and Strickland (1  1 )  was em- 
ployed in the preparation of 2-formyl-l,3-dithiane. Thin layer chro- 
matography was carried out on commercial silica gel plates (Bakerflex 
IB2-F, J.T. Baker Co.), while column chromatography employed 
230-400 mesh silica gel (E. Merck). Plates were developed by 5% 
dodecamolybdophosphoric acid in ethanol. 
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ET AL. 1039 

Melting points were measured in air and are uncorrected. Infrared 
spectra were recorded on a Perkin Elmer Model 598 instrument as 
Nujol mulls or neat liquid samples. Nuclear magnetic resonance spec- 
tra were obtained on Briiker WH 400 (400 MHz, for 'H) and Varian 
CFT-20 (19.9 MHz, for I3C) spectrometers using tetramethylsilane 
as internal standard. Spectral assignments3 were aided by routine 
decoupling experiments, computer simulation of the resonances and, 
for I3C-{'H) nmr, SFORD experiments. Mass spectra were recorded 
on a Varian MAT CH4-B spectrometer. Microanalyses were per- 
formed by Mr. P. Borda of this department. 

Preparation of compounds 
4a-4c 
Bromoethene (6.41 g, 0.06 mol) in tetrahydrofuran (5 mL) was 

slowly added, at a rate which effected smooth boiling, to a mixture of 
magnesium turnings (2.5 g, 0.103 mol) in tetrahydrofuran (15 mL 
containing 4 drops of 1,2-dibromoethane activator) under an atmos- 
phere of dinitrogen. A further 15 mL of tetrahydrofuran were added 
and the mixture allowed to stir for 45 min. The brown vinyl- 
magnesium bromide mixture was cooled to O°C and treated dropwise 
with the ketone ( la-lc ,  0.06 rnol). The mixture was sitrred at 0°C for 
20 min, and then at room temperature for 40 min. It was then poured 
into a stirred saturated aqueous solution of NH4CI (150 mL) and upon 
dissolution of the magnesium was extracted with diethyl ether (3 X 50 
mL). The combined ether extracts were washed with water, dried 
(MgS04), and the solvent removed in vacuo. The allylic alcohols 
2a-2c were obtained (identified by nrnr). 

The above product was dissolved in pentane (30 mL) and treated 
with 48% hydrobromic acid (7.5 mL). After stirring for 2 h, the 
pentane phase was washed with water (2 x 80 mL), dried (MgS04), 
and the solvent removed in vacuo. The allylic bromides 3a-3c were 
obtained (identified by nmr). Isomeric ratios were, for 3a, 66% E, 
34% Z; 36, 77% E, 23% Z; 3c, 66% E, 34% Z. 

A mixture of the above allylic bromide (0.05 mol), 2-formyl-1,3-di- 
thiane (7.42 g, 0.05 rnol), and lithium carbonate (5.55 g, 0.076 mol) 
in N,N-dimethylformamide (35 mL) was stirred under a slow flow of 
dinitrogen for 4-6 days (tlc monitor, 18% ethylacetate in petroleum 
ether 35-60°C bp). Diethyl ether (100 mL) was then added and the 
mixture washed with water (3 X 70 mL), 10% aqueous sodium hy- 
droxide solution (3 x 60 mL), and then brine (2 X 60 mL). The ether 
solution was dried (MgS04) and the solvent removed under vacuum. 
For the high melting point solids (46, 4c), dissolution of the residue 
in ethanollether (-1 :3) mixtures, followed by evaporation of the 
ether component, led to white crystals of product. These were col- 
lected, washed with ethanol, and vacuum dried. Low melting point 4a 
was purified by rapid distillation under vacuum (bp 100°C, 0.8 Tom 
(1 Tom = 133.3 Pa)). The purified liquid 4a solidified upon cooling. 
The products may also be purified by column chromatography (1 8% 
ethylacetate in petroleum ether 35-60°C bp). 

Compound 4a 
White crystalline solid, yield 8.0 g (70%), mp 38-40°C; ir (film, 

cm-'): v(C-H, CHO), 2840s, 2720s; v(C=O), 1708s; v(C=C) 
1635w; v(CSC), 620s; 'H nrnr (CDC13) 6: 0.77 (t, 3H, J = 7.5 Hz, 
CH2CH3), 1.24 (s, 3H, CH3), 1.76 (m, 1H, H-7a), 1.85 (ABX,, J A B  

= 14.0 Hz, JAX = J B x  = 7.5 HZ, diast. CH2 of Et), 1.99 (m, lH, 
H-7e), 2.62,2.66 (rn's, 2H, H-6e,8e), 2.85,2.95 (m's, 2H, H-6a,8a), 
5.09 (dd, 1H, J, = 17.6 HZ, J, = 0.8 Hz, H-5t), 5.29 (dd, IH, J, = 
1 1.2 HZ, J, = 0.8 HZ, H-5c), 5.96 (dd, IH, H-4), 9.35 (s, lH, H-1); 
I 3 c - { ' ~ )  nrnr (CDCI,) 6: 8.13,28.29 (CH3CH2), 17.39 (CH,), 24.44, 
26.97, 26.97 (C-7, C-6, and C-8), 47.16 (C-3), 68.19 (C-2), 1 16.73 
(C-5), 139.57 (C-4), 190.69 (C-I); m/e (25°C): 232123 11230 (M+), 
203/202/201 (M - CHO), 15011491 148, 147, 107/106/105. Anal. 
calcd. for CIIH180S2: C 57.35, H 7.88; found: C 57.2, H 8.0%. 

Compound 4b 
White crystalline solid, yield 11.8 g (85%), mp 53°C; ir (Nujol, 

cm-I): v(C-H, CHO) 2840s, 2720s; v(C=O), 1695s; v(CSC), 
612s; 'H nrnr (CDCl,) 6: 1.80 (s, 3H, CH,), 1.70 (m, IH, H-7a), 1.96 
(m, lH, H-7e), 2.59 (m, 2H, H-6e,8e) 2.78,2.90 (m's, 2H, H-6a,8a), 
5.16(dd, l H , J , =  17.2Hz,JK=0.8Hz,H-5i) ,5 .35(dd,  l H , J , =  

11.0 Hz, J, = 0.8 Hz, H-5c), 5.75 (dd, IH, H-4), 7.4 (m, 5H, Ph), 
9.26 (s, IH, H-I); '3C-{'H) nrnr (CDCI,) 6: 22. l l (CHI), 23.89, 
27.21, 27.21 (C-7, C-6, and C-8), 50.44 (C-3), 67.13 (C-2), 116.25 
(C-5), 140.97 (C-4), 141.4-126.9 (Ph), 189.12 (C-I); mle (65°C); 
28012791278 (M'), 25 112501249 (M - CHO), 150/149/ 148, 147, 
131, 107/106/105,91. Anal. calcd. forCI5Hl80S2: C 64.71, H6.52; 
found: C 64.8, H 6.4%. 

Compound 4c 
White crystalline solid, yield 11.7 g (80%), mp 77°C; ir (Nujol, 

cm- I): v(C-H, CHO) 2840s, 2720s; v(C=O), 17 12s; v(CSC), 
620s; 'H nrnr (CDCI,) 6: 0.78 (t, 3H, J = 7.5 Hz, CH3), 2.22(A) and 
2.53(B) (ABX3, 2H, J A B  = 14.5 HZ, J A X  = J B X  = 7.5 HZ, diast. CH2 
of Et) 1.71 (m, IH, H-7a), 1.94 (m, IH, H-7e), 2.54,2.61 (rn's, 2H, 
H-6e,8e), 2.75, 2.91 (m's, 2H, H-6a,8a), 5.15 (dd, lH, J, = 17.4Hz, 
J , =  1.3Hz, H-5t),5.49(dd, 1H,J,= 11.3Hz,J8= 1.3Hz,H-5~),  
6.46 (dd, IH, H-4), 7.35 (m, 5H, Ph), 9.26 (s, 1 H, H- I); "C-{'H) 
nrnr (CDC13) 6: 8.92, 24.62 (CH3CH2), 24.10, 27.46, 27.46 (C-7, 
C-6, and C-8), 55.95 (C-3), 68.41 (C-2), 118.76 (C-5), 
127.55-137.00 (Ph), 136.62 (C-4), 189.07 (C-I); mle (70°C): 
29412931292 (M+), 26512641263 (M - CHO), 150/149/148, 147, 
145, 107/106/105,91. Anal. calcd. forC16H200S2: C65.71, H6.89, 
0 5.50; found: C 65.5, H 7.0, 0 5.5%. 

5a-5c 
Raney nickel (Aldrich Chemicals, 50-p particle size, 30 g) was 

washed with water until the washings were neutral. The water was 
replaced by acetone (100 mL) and the mixture stirred under reflux for 
2 h. The acetone was then replaced by an ethanol (anhydrous for 4a) 
solution of 4a-4c (0.002 rnol in 70 mL) and the mixture stirred for 
ca. 8 h (24 h for 4a. Monitor by tlc, 18% ethyl acetate/petroleum ether 
35-60°C bp). Upon removal of the ethanol solvent (in vacuo), the 
residue was extracted with diethyl ether (3 X 100 mL). The combined 
extracts were filtered through Florisil, dried (MgS04), and reduced in 
volume to yield an oil. Column chromatography (18% ethyl 
acetate/petroleum ether 35-60°C bp) yields 5a-Sc. 

Compound 5a 
Volatile colourless liquid, difficult to free from solvent. Yield and 

analysis therefore precluded; ir (film, cm-I): v(C-H, CHO) 2810s, 
2710s; v(C=O) 1720s; v(C=C) 1638m; v(=CH2) 920s, 768s; 
705s; 'H nmr (CDCl,) 6: 0.84 (t, 3H, J = 7.4 Hz, CH2CH3), 1.12 (s, 
3H, CH3), 1.44(A) and 1.46(B) (ABX,, 2H, J A B  = 14.0 HZ, J A x  = 
JBx = 7.4 Hz, diast. CH2 of Et), 2.33 (d of AB quartets, 2H, 6, = 
2.29, 6s = 2.37, J A B  = 15.0 HZ, J12 = 2.8 Hz, diast. H-2), 4.97 (dd, 
lH, J, = 17.0 Hz, J, = 0.8 Hz, H-5t), 5.10 (dd, lH, J, = 10.6 Hz, 
J, = 0.8 HZ, H-5c), 5.85 (dd, 2H, H-4), 9.73 (t, 1H, J12 = 2.8 HZ, 
H- I); I3C-{'H) nmr (CDC13) 6: 8.17, 33.84 (CH3CH2), 23.08 (CH3), 
39.19 (C-3), 52.77 (C-2), 113.16 (C-5), 145.01 (C-4), 203.28 (C-1); 
mle: 128/127/126 (M+), 97 (M - CHO), 83. 

Compound 5b 
Colourless oil, yield 0.23 g (66%); ir (film, cm-I): v(C-H, CHO) 

2810s, 2710s; v(C=O) 1720s; v(C=C) 1638m; v(=CH2) 920s; 
768s; 705s; 'H nrnr (CDC13) 6: 1.53 (s, 3H, CH,), 2.795 (d of AB 
quartets, 2H, 6, = 2.76, 6~ = 2.83, JAB = 15.2 Hz, J12 = 2.8 Hz, 
diast. H-2), 5.13 (dd, 1H, J, = 17.2 Hz, J, = 0.8 Hz, H-5t), 5.23 (dd, 
lH, J, = 10.2 Hz, J, = 0.8 Hz, H-5c), 6.12 (dd, IH, H-4), 7.3 (m, 
5H, Ph), 9.59 (t, 1H, JI2 = 2.8 Hz, H-I); "c-{'H) nrnr (CDC13) 6: 
26.15 (CH,), 42.91 (C-3), 53.34 (C-2), 113.14 (C-5), 126.3-145.6 
(Ph), 145.12 (C-4), 202.16 (C-1); mle: 176/175/174 (M+), 145 
(M - CHO), 131. Anal. calcd. for C12H]40: C 82.72, H 8.10; found: 
C 82.8, H 8.2%. 

Compound 5c 
Colourless oil, yield 0.3 g (80%); ir (film, cm-I): v(C-H, CHO) 

2820s, 2720s; v(C=O) 1718s; v(C=C) 1 6 3 5 ~ ;  v(=CH2) 920s; 
768s; 705s; 'H nmr (CDCI,) 6: 0.79 (t, 3H, J = 7.4 Hz, CH3), 
1.90(A) and 1.95(B) (ABX,, 2H, JAB = 13.9 HZ, JAX = JBX = 7.4 
Hz, diast. CH2 of Et), 2.80 (d of AB quartets, 2H, 6, = 2.79, 6, = 
2.81, J A B  = 15.6 Hz, J12 = 2.9 Hz, diast. H-2), 5.15 (dd, lH, J, = 
17.7Hz, J, = 0.6Hz,H-5t), 5.32(dd, lH , J ,=  11.1 HZ, J, =0 .6  
Hz, H-5c), 6.02 (dd, lH, H-4), 7.3 (m, 5H, Ph), 9.54 (t, IH, J12 = 
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2.9 Hz, H-I); "C-{'H} nmr (CDC13) 6: 8.35, 31.77 (CH3CH2), 46.50 
(C-3), 49.94 (C-2), 114.31 (C-5), 125.9- 144.0 (Ph), 143.60 (C-4), 
202.93 (C-1); mle: 190/189/188 (M+), 159 (M - CHO), 145. Anal. 
calcd. for C13H160: C 82.94, H 8.57; found: C 82.9, H 8.5. 

6a-6c 
Glass ampoules containing 4a-4c (50 mg) were sealed under vac- 

uum and heated at 130°C. Reaction times of 2 h were employed for 
4b and 4c, but 4a required extended (24 h) reaction periods. The 
products were purified by column chromatography (18% ethyl 
acetatelpetroleum ether 35-60°C bp). 

Compound (Z,E)-6a 
Colourless oil, yield 0.045 g (90%); ir (film, cm-I): v(C=O), 

1709s; v(CSC) 630111; 'H nmr (CDCl,) 6: 0.98 (t, 3H, J = 7.5 Hz, 
CH2CH3), 1.64 (dt, J M r . J  = 1.3 HZ, JMc.3 = 0.7 HZ, CH3 E isomer, 
a % ) ,  1.70 (dt, J's as above, CH3 Z isomer, 36%), 1.80 (qt, lH, 
H-7a), 2.01 (q, 2H, J = 7.5 HZ, CH2CH,), 2.09 (m, lH, H-7e), 2.55 
(d(br), 2H, J3J = 7.5 Hz, H-3), 2.59 (dq, 2H, H-6e,8e), 3.01 (ddd, 
2H, H-6a,8a), 5.10 (t(br), A4 = 7.5 Hz, H-4, Z), 5.14 (tq, Jg4 = 7.5 
Hz,JMe.4 = 1.3 HZ, H-4, E), 7.3 (m, 5H, Ph), 9.15 (s, lH, H-1); m/e: 
232123 11230 (M+), 203/202/201 (M - CHO), 150/149/148, 147, 
107/106/105. 

Compound (E)-6b 
Colourless oil, yield 0.046 g (92%); ir (film, cm-I): v(C=O) 

1709s; v(CSC) 630s; 'H nmr (CDCl,) 6: 1.83 (qt, IH, H-7a), 2.07 (dt, 
3H, J M ~ , ~  = 1.3 HZ, J~u.3 = 0.7 HZ, CH3), 2.10 (m, 1 H, H-7e), 2.62 
(dq, 2H, H-6e,8e) 2.75 (d, 2H, J3, = 7.5 Hz, H-3), 3.05 (ddd, 2H, 
H-6a,8a), 5.75 (tq, 1 H, J3, = 7.5 Hz, J4, = 1.3 Hz, H-4), 7.3 (m, 
5H, Ph), 9.15 (s, lH, H-1); mle: 28012791278 (M+), 251/250/249 
(M - CHO), 15011491148, 147, 131, 107/106/105, 91. 

Compound (E)-6c 
Colourless oil, yield 0.046 g (92%); ir (film, cm-I): v(C=O) 

1710s; v(CSC) 630s; 'H nmr (CDCI,) 6: 0.99 (t, 3H, J = 7.4 Hz, 
CH,), 1.82 (qt, IH, H-7a), 2.10 (m, 1 H, H-7e), 2.53 (q, 2H, J = 7.4 
Hz, CH2CH3), 2.62 (dq, 2H, H-6e,8e), 2.74 (d, 2H, Jj4 = 7.5 HZ, 
H-3), 3.05 (ddd, 2H, H-6a,8a), 5.59 (t, 1 H, J3,, = 7.5 HZ, H-4), 7.3 
(m, 5H, Ph), 9.25 (s, IH, H-1); mle: 29412931292 (Mf), 
26512641263 (M - CHO), 150/149/148, 147, 107/106/105, 91. 

X-ray crystallographic study of (R)-4c 
A single crystal of what proved to be (R)-4c ( C I ~ H Z ~ O S ~ ,  mol. wt. 

= 292.45), grown by the slow evaporation of a diethyl ether solution 
of 4c, was selected for the crystallographic study. The crystal was 
monoclinic, spaFe groupP2,, with a = 6.7224(9), b = 7.0172(3), and 
c = 16.269(2) A, P = 98.443(6)", and with dCalcd = 1.280 g c K 3  for 
Z = 2 and V = 759.1 A3. The intensity data were measured at 22OC 
on an Enraf-Nonius CAD4-F diffractometer (graphite mono- 
chromated Cu-K, radiation, w-20 scans at a scan rate of 0.91 - 10.06° 
min-' and scan range (deg in w) of 0.90 + 0.14 tan 0). The size of 
the crystal used for data collection was approximately 0.16 X 0.30 X 

0.31 mm. A total of 1698 unique reflections was measured for 0 < 75" 
of which 1536 had 12 3u(I) (data collected for +h, +k,  21). The 
intensities of three check reflections, measured every hour throughout 
the data collection, showed only small random fluctuations. The data 
were processed4 and corrected for absorption (12, 13) ( p  = 30.3 
cm-I). The structureS was solved by conventional heavy-atom meth- 

4The computer programs used include locally written programs for 
1 data processing and locally modified versions of the following: OR- ~ FLS, full-matrix least-squares, and ORFFE, function and errors, by 

W. R. Busing, K. 0 .  Martin and H. A. Levy; FORDAP, Patterson 
and Fourier syntheses, by A. Zalkin; ORTEP 11, illustrations, by C. 
K. Johnson. 

I 5A detailed account of the structure determination (Table 3), final 
atomic parameters (Tables 4 and, for hydrogen, 6), thermal parame- 
ters (Tables 5 and, for hydrogen, 6), torsion angles (Table 7), and a 
table of measured and calculated structure factor amplitudes (12 
pages), are available, at a nominal charge, from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada KIA 0S2. 

ods, the coordinates of the sulfur atoms being determined from the 
Patterson function and those of the oxygen and carbon atoms from 
subsequent difference maps. Hydrogen coordinates and thermal pa- 
rameters were calculated (C(sp3)-H = 0.98 A, C(sp2)-H = 0.97 
A) and included as fixed atoms. The non-hydrogen atoms were refined 
anisotropically to R = 0.071 and R, = 0.091 (function minimized 
Zw(lF,I - I F , J ) ~  where w = I/uZ(F); u2(1) = S + 2B + [0.025 
(S - B)]' where S = scan count and B = normalized background 
count). In the final cycle, the maximum parameter shift was 0.09 u 
(mean A/u = 0.01) and the residual electron density ranged from 
- 1 .O to 0.58 e A-3. Refinement of the opposite enantiomorph resulted 
in higher values of R and R,. The R value ratios (rejected 
enantiomorph/accepted enantiomorph) were 1.009 on R, and 1 .011 
on R,, both significant at >99.5% probability level (14). 'The atomic 
scattering factors used were taken from Cromer and Mann (15) and 
(for hydrogens) Stewart et al. (16), and anomalous scattering factors 
(for S and 0 atoms) were taken from Cromer and Liberman (17). 
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Compounds of W(V1) with I(-)malic acid: a polarimetric and 'H nuclear magnetic 
resonance study of the formation and interconversion equilibria in excess of W(V1) 
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ANTONIO CERVILLA, JOSE A. RAMIREZ, and ELISA LLOPIS. Can. J .  Chem. 63, 104 1 ( 1985). 
Complex formation occurring between I(-)malic acid and W(V1) has been investigated by polarimetric and cryoscopic 

measurements, and also by proton nmr spectroscopy. 'The complexing ability of malic acid depends on the metal-Iigand ratio. 
With excess W(VI), four different complexes are formed. 'The pH of the medium is the principal variable controlling complex 
formation and the various interconversion equilibria. At high pH (>7.0), the stable complex is a monomer, while at Iower pH 
values dimers predominate. Conditional dissociation constants of some species have been evaluated and they show that the 
complexes formed with excess W(V1) have a higher stability than those found when malic acid is in excess. Comparison of 
the proton coupling constants shows that the conformation of malic acid in its metal complexes depends on which reagent is 
in excess, and leads to a number of conclusions about the structure of the dimeric species. 

ANTONIO CERVILLA, JOSE A. RAM~REZ et ELISA LMPIS. Can. J. Chem. 63, 1041 (1985). 
La formation de complexes entre I'acide malique et le W(V1) a Cte CtudiCe par polarimetrie, cryoscopie et spectroscopie 'H 

nmr. Le pouvoir de coordination de I'acide malique depend du rapport metal-ligande. Sous un exces de W(VI), quatre 
diffkrents complexes sont formts; nous avons CtudiC leurs Cquilibres de formation et interconversion qui sont function du pH 
du milieu. Le complexe stable au plus haut valeur de pH est un monomCre, tandis que les trois autres sont des dimCres. Les 
constants conditionnelles de dissociation de quelques esptces ont CtC mesurCes et leurs valeurs montrent que les complexes 
formks sous un excCs de W(V1) sont plus stables que ceux qui sont formCs en excCs d'acide malique. La comparaison des 
constants de couplement du proton montre que la conformation de I'acide malique dCpend du reactif qui est en excCs et nous 
en tirons des conclusions sur la structure des espCces dimkriques. 

Introduction 
The formation of complexes between W(V1) and I(-)malic 

acid (H2L) has been investigated earlier by conductimetric, 
potentiometric, and polarimetric methods (ref. 1, and refer- 
ences therein). 

In excess of H2L, previous papers showed that malic acid can 
form, with W(V1) (I)  or Mo(V1) (2), three different complexes 
which are similar to those formed by tartaric (3), oxalic (4), and 
lactic (5) acids: one monomeric 1 : 2 (metallligand) species and 
two dimeric species of stoichiometry 2: 2, which are stable in 
a more acidic medium. 

However, it is worth emphasizing that in contrast to what 
was observed for the above ligands and for the malonic acid (6) 
and sorbitol (7), the complexation behaviour of the malic acid 
depends on which reagent (W(V1) or H2L) is in excess. As we 
shall see, with excess W(VI), the malic acid gives rise to other 
different complex species, pointing out that there must be some 
essential structural difference between the malic acid and the 
above ligands. 

On the other hand, in a more recent paper, V. Gil et al. (8) 
have reported that the 'H nrnr spectra of a solution of Na2W04 
and H2L show several X-type signals, arising from 
H-C-OD protons, that reveal the formation of three differ- 
ent complexes: two 1 : 2 metallligand monomeric species and 
one dimeric, of 2:2 stoichiometry. (A fourth 2:  1 complex 
having an ABX spectrum whose X part was very broad and of 
low intensity could also be considered.) These authors also 
found that the conformation of the complex species depended 
on the pH and on which reagent was in excess; however, in 
spite of what would be expected, they found that the mono- 
meric species were more stable at lower pH than the dimeric 
ones. 

This paper tries to complete the study of the W(V1) - malic 
acid system and is directed, together with the data already 

' Revision received October 22, 1984. 

published, toward elucidating the relationship between ligand 
structure and complex-formation ability for oxotungsten- and 
oxomolybdenum-ligand species. 

Results and discussion 
Evidence for the different complexes 

In curve A oCFig. 1 we have plotted the changes in the 
rotatory power, D, produced by the neutralization with NaOH 
of a solution lo-' M in malic acid (H'L). This curve was 
modified when the neutralization was carried out in the pres- 
ence of Na2W04, which forms stable complex species in 
solution. Curve C shows the effect produced by the addition of 
a constant Na2W04 excess to the malic acid solution 
(W(VI)/H2L = 25). In this curve, given that in the presence of 
a large excess of W(V1) we can assume that all the malic acid 
will be complexed, the only contributions to the rotatory power 
of the solution are those due to the complex species themselves. 
Five discontinuities can be distinguished: at pH = 10.00,7.25, 
5.50, 4.00, and 1.50. These discor$inuities or breaks define 
five pH zones: (a) 10.00 > pH, the D values correspond to the 
free I(-)malate ions, meaning that there is no interaction be- 
tween the W O ~ -  and L2- ions; (b) 10.00 > pH > 7.25, the 
noticeable rotatory power increase by acidification must be due 
to the formation of a complex species, and at its maximum (pH 
= 7.25) we can consider that all the ligand will be forming this 
complex; (c) 7.25 > pH > 5.50, in this pH region the rotatory 
power fall can be related to the presence of a second complex 
in equilibrium with the first one; (d) 5.50 > pH > 4.00, in this 
pH interval there is a rotatory power increase, implying ths 
existence of a third complex which produces a maximum of D 
at pH = 4.00; (e) 4.00 2 pH > 1.50, finally, further acidi- 
fication gives a drop qf D, which becomes stabilized at pH = 
1.50. At this pH the D value is different from the one due to 
the free malic acid, showing the existence of a fourth complex 
in this pH medium. 

On the other hand, curve B shows that the behaviour of this 
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CAN. J. CHEM. VOL. 63, 1985 

TABLE 1. Rotatory power as a function of tungstate concentrationa 

v (mL) C, (10') (M) b (degrees) v(mL) C, (10') (M) b (degrees) 

0.50 2 0.116 3.00 12 0.298 
0.75 3 0.152 3.50 14 0.309 
1 .OO 4 0.179 4.00 16 0.322 
1.50 6 0.227 4.50 18 0.328 
2.00 8 0.258 5.00 20 0.335 
2.50 10 0.282 6.00 24 0.347 

"Dli, = 0.430; pH = 7.40; A = 436 nm; v, = 1 mL of H,L (ao = 0.25 M) v ,  mL of Na2W04 
(b,  = 1 M); V ,  = 25 mL. 

; complexes cannot be determined by Job's method since its 
application requires that a single species is present in solution 

0.4 independent of which reagent is in excess (10). 
In order to determine the stoichiometry and stability con- 

stants of the complexes formed in excess of W(VI), the gener- 
alized molar-ratio procedure (1 1) and Asmus "straight-line" 
method (12) were applied. For both methods, the presentation 
here will follow in detail these earlier papers, where any sym- 
bols or notations not defined in the present report will be found 
and explained. 

A series of samples containing a constant amount of 
1(-)malic acid (CL = aov0/VT) and varying concentrations of 
W(V1) (Cw = bov/VT) was prepared by dilution of the appro- 
priate amounts of the standard solutions (a,, b,) until VT = 25 

I 
mL. All the solutions were made 1 M in NaCIO, and their pH 
adjusted to the required value by adding appropriate amounts of 

I concentrated NaOH and (or) HClO, (70%). The measured val- 
0.2 ues of the rotatory power, D (degrees), of the solutions are 

I given in Table 1 at pH = 7.40, first break. 
For the application of the generalized Asmus' method, we 

I may assume a general equilibrium of the type: 

FIG. 1. Optical activity variations as a function of pH. Curve A: 
lo-' M in malic acid; curve B: complexes formed with excess of H L ,  
lo-' M in Na2W04 (L/W = 25); curve C: complexes formed with 
excess of W(VI), lo-' M in H2L (W/L = 25). 

system when there is an excess of ligand in the solution is 
totally different from that observed when it is in deficit. When 
excess of ligand is present (H2L/W(VI) = 25), the changes in 
the rotatory power with pH reveal the formation of three differ- 
ent complexes (one 1 : 2 and two 2: 2) whose formation from 
tungstate and malate ions requires 2, 2, and 2.5 H' moles per 
mole of W(VI), respectively (I). 

From the rotatory power data plotted in curves B and C it is 
seen that below pH 7.25 the complex species present when the 
ligand is in excess have a strong levorotatory character, while 
in excess of metal the complex species stable at lower pH 
(L2.0) has a slightly levorotatory character and the other three 
are dextrorotatory. 

Stoichiometry and s t a b i l i ~  constants of the complexes 
The above observations imply that the composition of these 

6L + n6 W S LsW,6 

The mass action law can be written as: 

Kt  = ~ 1 1 ~ ~  = [L] [Wl"/[LSWn~l 

and the following relation holds: 
b 116 

aob;vo ,,/a I (bo)" g,I/S- I I b -- [I.] - - 
v" VTn+l K t  (VT)" Kt  

where E denotes the specific molar rotation of ths complex. A 

According to this relation the graphical plot of D ' / ~ / V "  vs. D 
is linear only when values 6 and n are chosen correctly. 

In Fig. 2 we show the plots obtained at pH = 5.60. The 
dimeric character of this complex (6 = 2) and its stoichiometric 
ratio 1 : 1 (n = 1) are clearly inferred from it. For this straight 
line the abscissa at the origin leads to the value (E = 42.6)* 
which allows us to calculate from the slope the conditional 
stability constant Kd of the complex as Kd = 3.41 X 

From the data at pH = 7.40, the stoichiometric coefficients 
found for this complex are 6 = 1 (monomeric species) and n = 
1, with a conditional stability constant of Kd = 5.51 X 

On the other hand, the generalized molar-ratio method can 
also be applied using the data in Table 1. In this method, the 
formation of a single complex is described by an equilibrium of 
the type: 

In, deg mot-' L dm. 
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CERVILLA ET AL 

FIG. 2. Asmus modified method, pH = 5.60. (D ""v") vs. D for 
selected 6 (degree of condensation) and n (stoichiometric ratio) val- 
ues. Only when 6 = 2 and n = I (stoichiometry 2:2) is a straight line 
obtained. C: = 2 X lo-' M; v, mL of Na'WO, 0.25 M (2.0 < v < 
10.0); VT = 25 mL. 

and now, the mass action law can be written as: 

with K,, = l/Kd; CL the concentration of ligand (CL = 
aovo/VT), and Cw the metal conceAntr,ation give! by [LmWn] = 
%CL/rn (0 < x < l) ,  where x = D/Dlimil, and DlimiI is equal to 
D of a solution having a large enough Cw/CL ratio to assume 
that [LmWn] = CL/rn. 

Plotting K* against x, eq. [2] only leads to a horizontal line 
for the correct rn and n values. As illustrated in Fig. 3, we have 
plotted the results obtained using the data given in Table 1 at 
pH = 7.40: rn = n = 1, and the conditional stability constant 
is Kd = 5.01 X At pH = 5.60 the rn and n values found 
are rn = n = 2. with the constant Kd = 3.97 X These 
results are in excellent agreement with our Asmus' method 

I results. 
I For the stoichiometries of the species present at lower pH, 

the above methods are unreliable because the high stability of 
the complexes makes the variation of the concentration of com- 

I 
I plex formed with the metallligand ratio negligible. 

For these two species we have obtained indirect evidence of 
their stoichiometry from the 'H nrnr spectra. The low-pH 'H 
nmr spectra recorded for a solution of 1 : 1 composition show a 
complete conversion of unbound to bound ligand resonances, 

I and these complexes are so stable that a slight excess of ligand 
immediately gives rise to additional nrnr signal corresponding 
to the free ligand. This fact points out that both species have a 
stoichiometric ratio W/L = 1. Furthermore, we shall present 

FIG. 3. Molar-ratio generalized method, pH = 7.40. K* vs. x 
function only leads to a horizontal line for a stoichiometry I : 1. 

below additional polarimetric and cryoscopic results which 
provide a similar conclusion on the stoichiometry of these 
complexes. 

Formation and interconversion equilibria 
Given that all the complexes present when W(V1) is in ex- 

cess have a 1 : 1 composition, the interconversion equilibria 
between different species can be written according to equilibria 
of the type: 

[3] Complex A + nH+ @ l / a  Complex B 

in which the value of a is related to the degree of condensation 
of the complexes. For these equilibria we can write (9): 

constant = log (P1/"/l - P) + n pH 

where constant = log K + l / a  log a - log C(l /a  - l), C 
being the initial concentration of the complex A and P the 
molar fraction of complex B formed. 

Data in Fig. 1 (curve C) have been used to perform calcu- 
lations which permit the determination of the coefficients n and 
a .  As we have noted above, there are four pH zones, defined 
by the breaks, in which we can assume that an equilibrium of 
the type [3] takes place. For each of these intervals, the values 
of p can be calculated, for each pH, according to the relation: 

wherg b is th; value of the rotatory power at the pH mentioned 
and DA and DB the rotatory power corresponding to those pH 
values for which the curve C has the breaks, assuming that 
practically all the ligand is present in a single complex species. 

Equation [4] implies that if we plot log ( ~ ' / " / 1  - P) as a 
function of pH for different values of l /a  we will obtain a 
linear relationship only for the correct value of a ,  and the slope 
of this straight line gives us the value of n. A summary of the 
results obtained is given in Table 2. 

According to these data, and given that the stoichiometries 
of the complexes are known, we can write the following com- 
plexation equilibria, valid when W/L > 1: 
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TABLE 2. Calculated values of the a and n coefficients in the formation and inter- 
conversion reactions 

pH zone Proposed equilibrium b limits values a n 

9.50 > pH > 7.00 W + L + nH' = I/a I = 0.336 1 1.07 
7.00 > pH > 5.50 I + zW + nH' = I/a I1 9, = 0.267 2 1.02 
5 . 5 0 > p H > 4 . 0 0  I I + z W + n H ' = I / a I I I  ~ , , , = 0 . 3 2 5  1 2.05 
4.00 > pH > 1.00 111 + zW + nH' = I/a IV Dl" = -0.090 1 1.05 

FIG. 4. Cryoscopic molal decreases K ("C) vs. molality (moles of 
W(VI)/kg of solvent). Malate/tungstate = 1, and (+) H'/wo:- = 
I ,  (V) H'/wo:- = 2, (*) H'/wo~- = 3, (0) H'/wo:- = 3.5. 

In summary, the formation of these complexes from W O ~ -  
and ~ 4 ~ 4 0 : -  ions requires 1 .O, 2.0,3.0, and 3.5 equivalents of 
H+ ions per each mole of W(V1) complexed, respectively, and 
the degree of condensation calculated agrees with those found 
by the stoichiometric methods. 

Saline cryoscopy 
In order to check the above polarimetric results we have 

applied an independent technique, saline cryoscopy in Glauber 
salt (13). The particular method used was the stationary state 
procedure ( 14). 

It should be mentioned that the rotatory power of an equi- 
molar solution of W(V1) and ligand has a dextrorotatory char- 
acter, and the values of the rotatory power measured indicate 
that in this solution the ligand is predominantly involved in the 
formation of the complexes described when W(V1) is in excess 

(data not reported). This fact agrees with the higher stability 
constants found for these complex species. 

In Fig. 4 we have plotted the molal decrease (K) in the 
transition temperature of Na2S04. 10H20 as a function of the 
molality of solutions (moles of W(VI)/kg of Glauber salt) for 
a series of samples containing malateltungstate and 
H'ltungstate ratios corresponding to the above deduced stoi- 
chiometries. H+ ions were added to the solutions as NaHSO,, 
according to Haase's observation (15). Urea was employed as 
a non-electrolyte to determine the cryoscopic constant of the 
apparatus, resulting in a value equal to 0.22"C/mol urea. 

Extrapolation of the straight lines in Fig. 4 to infinite dilution 
leads to KO, the molal decrease at the origin. These values can 
be used to calculate n,  the number of cryoscopically active 
particles per W(V1) in the solutions since n = Ko/0.22. The 
results obtained agree with the polarimetric data. 

Structural considerations 
Since the vicinal H-H coupling constant JH-, depends 

among other factors on the H-C-C-H bond angle, 'H nrnr 
spectroscopy has proved particularly suitable for the study of 
the conformation of malic acid in the complexes where the 
binding is inert. 

For the free rnalic acid, the JH-, values have been found to 
vary with pH, essentially as a result of conformational changes 
caused by electrostatic and steric effects. Those changes may 
be discussed in terms of the populations of the three staggered 
rotational isomers (16): 

COOH COOH COOH 

H HB COE$~; ","B*:y~~ 
COOH OH Hx 

By assuming reasonable values for vicinal coupling con- 
stants in the three rotamers ( J  ,,,,,, = 16.0 Hz and J ,,,, ,, = 4.0 
Hz) it has been possible to deduce, from the observed coupling 
constants, the relative populations of the isomers a, b, and c as 
a function of the pH (17, 18). The assignment of protons A and 
B has been based on the reasonable assumption that the malate 
ions exist mainly in form a, thus justifying JAx > JBX. Com- 
plexation with W(V1) leads to a negligible low shift of the AB 
pattern and a larger low field shift of the X multiplet. 

In the presence of excess ligand, all spectra obtained for the 
complexes exhibit three broad peaks in the X-region that are 
nearly pH independent. This fact suggests that the con- 
formation of the malic acid is fundamentally the same in all of 
them, but a complete analysis was not possible (see Table 3). 
Only Jm + JBX = 12.5 Hz could be calculated for the complex 
present at pD = 5.00. 

This agrees with the result obtained by Gil et al. (8), who 
found that, at pD = 5.50 using a 100 MHz spectrometer, the 
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spectrum showed more lines, and separate values JAx = 10.5 malic acid acts as bidentate ligand through a carboxylic acid 
Hz and JBX = 2.4 Hz could be calculated. According to these centre and a @-positioned alcoholic group. 
authors, the increase of JAX and decrease of JBX observed on However, as mentioned in the Introduction, if we consider 
going from the free ligand (malate ions at pD = 5.50; JAX = that these complexes are dimers with a H2L/W(VI) = 1 ratio 
9.7 and JBX = 3.3 Hz) to the complex with W(V1) shows that (I), and not monomers of 1 : 2  composition as indicated by Gil, 
the formation of these complexes stabilizes conformation a. It the following structures can be proposed. In both structures, the 
was concluded that, in the presence of an excess ligand, the ligand has the same a conformation: 

HA 

HOOC 

Evidence for similar structures has been obtained for oxalate 
(4), malonate (6), lactate ( 3 ,  tartrate (3), and sorbitol (7) 
derivatives, and the presence of a double bridge in protonated 
species has also been previously suggested. 

In Fig. 5 ,  'H nrnr spectra when W(V1) is in excess are given 
at pD values where only one complex species is predominant. 
In this set of ABX spectra, the spectrum which does not appear 
is that recorded for the monomeric 1 : 1 complex (pH = 7.50), 
owing to the proximity of the X part to water which prevented 
a reliable measurement of the coupling constant. 

Two aspects of these spectra are of interest. First, in agree- 
ment with our polarimetric findings, the 'H nmr spectra show 
that for excess metal three 2:2 tungstate-malate complexes 
can be formed depending on pD. Second, these complexes give 
rise to room-temperature spectra with narrower lines than those 
obtained with excess ligand. This might indicate that, in agree- 
ment with the above calculated values of K,, the complexes 
formed are more dissociated under these conditions. In fact, as 
has been already reported (8), on lowering the temperature the 
spectra in the presence of excess ligand become appreciably 
narrower and, accordingly, the broadening at room temperature 
may be assigned to ligand exchange. 

In Table 3 are summarized the values of JAx and JBX obtained 
from ABX analysis of the spectrum of each of the three 2:2 

0 OH 
II / 

0-W-0-w- 0 

-ooc$J 
COO 

Hx H~ 

complexes (19, 20). However, for the complex stable at pD = 
2.60, due to the coincidence of peaks in its ABX spectrum, 
only (JAX + JBX) could be calculated. 

The value of JBX = 4.4 Hz obtained for the dimeric complex 
at higher pD is essentially a gauche coupling constant, whereas 
the value of JAX = 8.6 HZ implies a mixture of trans and gauche 
arrangements for A and X. The conclusion is that, in this 
complex, forms a and c could have the most important con- 
tributions. However, since the complex is quite strong, ligand 
exchange is slow, and internal rotation of the ligand would be 
difficult in the complex. The observed coupling constant might 
better be interpreted in terms of a single conformation. Among 
the three staggered rotamers, conformation a is the one that is 
more in agreement with the observed J-values. However, JBX 
is high and JAx low enough to postulate a twisting of structure 
a, in the sense that the HB-C-C-Hx dihedral angle in- 
creases with a concomitant decrease in HA-C-C-Hx. 

At pD = 4.50, according to Gil et al .  (8), the observed 
values of JAx = 1.2 Hz and JBX = 6.3 Hz are close to the 
expected values for a conformation of the ligand in which the 
A and B protons are in a gauche arrangement with respect to 
the X proton. Thus c, or a conformation close to it, appears to 
be the preferred geometry in this case. 

From these nmr results we can propose the following struc- 
tures for the three 2: 2 complexes formed in excess of W(V1): 
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TABLE 3. Proton coupling constants and chemical shifts (in Hz) referred to tert-butanol, at 90 MHza 

Complex ion pD JAB (JAx + JBX) JAx JBX (vx - VB) (VB - vA) 

{[WO(C~H~OS)(OH)~]~O~-} 6.50 14.5 
{[wo(c~H~O~)(OH)ZIZO~~} 4.40 18.0 
{ [ w o ( c ~ H ~ O , ) ( ~ H ) I ~ ~ ( ~ H ) ' - }  2.60 - 

"Spectra are shown in Fig. 5. 

FIG. 5. 90-MHz Proton nmr spectra of a 4: 1 solution of 
tungstate/malic acid in D20, for a range of pD values. 

In all these structures we have assumed a bidentate complex- 
ing ability for the malic acid, which implies a chelation to each 
W atom through a carboxylic and an a-positioned alcoholic 
group. However, for the two last species which are stable at a 
lower pD, a facial tridentate coordination might also be ex- 
pected. The five-membered rings in these complexes should be 
more stable than the six-membered rings formed in the 
complexes when ligand is in large excess. The higher stability 
of the former can thus be rationalized on the basis of the 
formation of five-membered, instead of six-membered, chelate 
rings. This feature would also account for previous reports of 
varying stabilities of the 2 : 2  Mo(V1)-ligand complexes with 
oxalic acid (4), malonic acid (6), and succinic acid (21). A 

dependence on the length of the carbon chain in the organic 
acid molecule, and thus chelate ring size, appears to exist. The 
oxalate complex is the most stable, the value of the dissociation 
constant for the malonate complex being two orders lower than 
for oxalate. No complex formation could be detected for the 
succinate complex (22). 

Experimental 
Solutions were prepared using analytical grade sodium tungstate 

and I(-)malic acid. 
Rotatory power and pH were measured in a manner similar to that 

described previously ( I ) .  All samples were prepared to be 1 M in 
NaC104 to maintain the ionic strength of the medium and the pH was 
adjusted to the required value by adding the appropriate amounts of 
concentrated NaOH and (or) HCIO, (70%). 

The optical rotations of the solutions measured immediately and 
again after 24 h showed that immediate formation of stable complexes 
occurred. 

For the cryoscopic measurements, a Knauer electronic measuring 
instrument was employed, using only a thermistor temperature probe. 
The standard sample volume was 0.15 mL and the reproducibility in 
the freezing point of the Glauber's salt was ?0.002"C. For concen- 
trated solutions, the measuring error was smaller than 1%. 

Samples for nmr spectroscopy were prepared by dissolving the 
appropriate amounts of Na2W04 and I(-)malic acid in D20. In order 
to reduce the OH signal, the sample mixture was lyophilized from a 
D20 solution and adjustment of the pD was done by dropwise addition 
of dilute DCI and NaOD solutions. 

Proton nmr spectra were obtained at 90 MHz on a Perkin-Elmer 
R-32 spectrometer at a probe temperature of 35 2 1°C. 
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"C-':C connectivity (INADEQUATE) experiments have been used to reassign the I3C spectrum of taraxasteryl acetate. This 
shows that there were ten errors in an earlier "C spectral assignment for this compound. An X-ray diffraction investigation 
of taraxasterol shows that ring E adopts a slightly distorted boat conformation. It is suggested that severe steric interactions 
in the chair form force it to adopt this unusual conformation. On the basis of the 'H-'H coupling constants, it is concluded 
that taraxasteryl acetate adopts a very similar conformation in solution. Crystals of tar~xasterol-ethanol solvate are ortho- 
rhombic, space group P212121 wih a = 7.447(1) A, b = 17.637(2) A, c = 22.269(4) A, U = 2925 AS, and D,,,, = 1.07 g 

for Z = 4. 

WILLIAM F. REYNOLDS, JEFFERY F. SAWYER, RAUL G .  ENRIQUEZ, LAURA I. ESCOBAR, MARCO A. CHAVEZ et JAMES N. 
SHOOLERY. Can. J. Chem. 63, 1048 (1985). 

On a fait appel ides  expCriences de conjonction (INADEQUATE) du "C- "C pour faire de nouvelles attributions du spectre 
du "C de I'acCtate de taraxasteryle. Ces expkriences ont permis de dCmontrer que la premiere interpretation du spectre du "C 
de ce composC comporte dix erreurs. Une Ctude par diffraction de rayons X du taraxastCro1 montre que le cycle E adopte une 
conformation bateau ICgkrement dCformCe. On suggbre N e  c'est la e e n c e  de fortes interactions stCriques dans la forme 
chaise qui oblige cette dernikre adopter cette conformation inhabzelle. En se basant sur les constantes de couplage 'H-'H, 
on conclut que l'acetate de taraxastkryle adopte a peu pres la mCme conformation en solution. Les cristaux du taraxastir01 
solvat6 avec de l'ethanol appartiennent au groupe d'espace orthorhombique P2,2,2, avec a = 7.447(1) A, b = 17.637(2) A, 
c = 22.269(4) A, U = 2925 AS, DCaI, = 1.07 g cm-' et Z = 4. 

[Traduit par le journal] 

Introduction 
As part of an investigation of medicinal properties of natural 

products extracted from Montanoa tomentosa Cerv. ( l ) ,  we 
isolated a white crystalline compound (mp 245-246°C) which, 
according to high resolution mass spectrometry, had the empir- 
ical formula C32H5202. Comparison with previously reported 
infrared (2), 'H nmr (2), and I3C nmr (3) spectral data and 
melting point data (2, 4) indicated that the compound was the 
pentacyclic triterpenoid taraxasteryl acetate, 1 (5). While this 
compound is known to occur in a wide variety of plants (2 ,4) ,  
this represented the first report of its isolation from Montanoa 
tomentosa. 

During the course of its characterization, we noted that there 
were at least six errors in the recently reported I3C spectral 
assignments for 1 (3). Furthermore, certain of the coupling 
constants observed in the 'H spectrum appeared to be inconsis- 

tent with the accepted stereochemistry (5) of 1. Consequently, 
we undertook a more detailed nmr and X-ray diffraction in- 
vestigation of 1 in order to obtain unambiguous spectral and 
stereochemical assignments. These investigations are reported 
below. 

Results and discussion 
(a) Reassignment of the "C spectrum of 1 

As part of the characterizations of 1, we applied spectra1 
editing techniques to its I3C spectrum. In Fig. 1, the 
'H-decoupled I3C spectrum of the aliphatic region is re- 
produced, along with three edited subspectra (CH, CH,, and 
CH3), obtained using the pulse sequence DEFT (6). The latter 
spectra allow unambiguous assignment of I3C peaks in terms of 
numbers of attached hydrogens. This revealed that there were 
at least six errors in the previously reported I3C peak assign- 
ments (3) for 1 (see Table 1). 

One possibility was simply that three pairs of carbons were 
interchanged (Table 1). However, it was uncertain whether 
these were the only incorrect assignments since spectral editing 
can only detect errors based on incorrect numbers of attached 
protons and not, for example, a pair of misassigned CH3 
groups. Consequently, we undertook a two-dimensional 
I3C-l3C connectivity (INADEQUATE) experiment (7) in order 
to obtain an unambiguous total I3C assignment of 1 based on 
carbon-carbon bond networks. The resultant spectrum is illus- 
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TABLE 1. "C peaks for 1 
with incorrect numbers of 
attached protons in the 

previous assignment 

FIG. I .  (a) Normal I3C spectrum of 1 for region 6 10-60; ( b )  
SFORD spectrum; (c) subspectrum showing CH carbons only, 
obtained by DEPT spectral editing; (d) subspectrum showing CHZ 
carbons only; ( e )  subspectrum showing CH3 carbons only. 

trated in Fig. 2. Each directly bonded I3C-I3C pair appears as 
a pair of AX or AB doublets having the same double quantum 
frequency, i.e. falling on the same horizontal line. Each dou- 
blet is centered about the corresponding chemical shift in the 
standard 'H-decoupled I3C spectrum with the doublet splitting, 
'Jcc, typically being 35-70 Hz. Furthermore, each AX or AB 
spectrum must be symmetric about a line of slope 2 passing 
through the origin defined by the r.f. carrier (7). Due to these 
severe constraints, it is easy to distinguish data from artifacts 
and consequently establish the carbon-carbon connectivity 
pattern. The only unusual features in Fig. 2 concern the con- 
nectivities between C(20) and C(19) and C(21). The former 
peak is not observed since it lies outside the spectral window 
and digital filtering prevents folding in. However, C(20) still 
participates in double quantum coherence with C(19) and 
C(21). Based on the chemical shifts of these nuclei, the ex- 
pected double quantum frequencies are, respectively, ca. 7300 
Hz and 6150 Hz for C(19) and C(21). Since these lie outside 
the double quantum spectral window, these peaks appear 
folded in at respective double quantum frequencies of ca. 
-4700 Hz (doublet a in Fig. 2) and -5850 Hz (doublet b in 
Fig. 2). Note that there is no digital filtering in the double 
quantum dimension. 

Final assignments are straightforward, based on the data in 
Fig. 2, and are given in Table 2. Individual carbons are also 
labelled on the stick diagram at the top of Fig. 2. These results 
reveal that there were ten misassigned I3C peaks, all corre- 
sponding to protonated aliphatic carbons, in the earlier assign- 

25.49 (25.4) 3 (2) 
26.15 (26.1) 2 (3) 
38.29 (38.3) 2 (1) 
38.85 (38.8) 2 (1) 
39.15 (39.1) 1 (2) 
39.38 (39.3) 1 (2) 

"')C chemical shifts in 
CDCI, (relative to I3CH,Si- 
(CH,),). The first values are 
from this work while the val- 
ues in brackets are from ref. 
3. 

'Number of attached pro- 
tons for each I3C peak as de- 
termined in this work by 
DEPT spectral editing. In- 
correct values in brackets are 
from ref. 3 and were esti- 
mated from SFORD spectra. 

ment (3). This represents over 40% of the 24 carbons of this 
type in 1. There are at least two possible reasons for this 
disturbingly large number of misassignments. The first is that 
single frequency off-resonance decoupled (SFORD) spectra 
(obtained at 20 MHz) were used to assign I3C peaks (3). How- 
ever, even a 50.1-MHz SFORD "C spectrum for the aliphatic 
region of 1 (see Fig. 1) is far too complex to allow reliable 
assignments of all carbon multiplicities. Figure 1 provides a 
striking illustration of why this obsolete technique should be 
abandoned in favor of spectral editing techniques such as DEPT 
(6), INEPT (8), or APT (9). It should be noted that while DEPT 
and INEPT require a spectrometer with a sophisticated pulse 
programmer and phase shifters, APT can be implemented even 
on routine pulsed lT nmr spectrometers (9). 

The second possible source of errors is in the use of model 
compounds as aids in assignment. This assumes (a) that the 
spectra of the model compounds are correctly assigned and (b) 
that they are sufficiently similar in structure and stereo- 
chemistry to the compound in question to be reliable models. 
In the case of 1, germanicol acetate, 2, (10) and lupeol, 3, (1 1) 
were used as models. However, both 2 and 3 differ signifi- 
cantly from 1 in the structure of ring E. Interestingly, seven of 
the ten misassigned carbons are either ring D or E carbons or 
CH3 groups bonded to ring D and (or) E (see Table 2). In 
addition, C(12) is spatially proximate to C(29)H3. The signifi- 
cance of these observations will become apparent in part (b). 

AcO 4 Ho& 

(b) Determination of the relative configuration and con- 
formation of taraxasteryl by X-ray diffraction methods 

The accepted structure for taraxasterol is 3P,18a,19a- 
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I3c chemical shif t  ( H z )  
lsp0 so0 - 500 -1$OO -25PO 

8b 70 60 sb 4b  30 20 io 
PPm 

FIG. 2. Two-dimensional I"-I3C connectivity spectrum for 1. Normal frequency axis is along the horizontal while the double quantum 
frequency is along the vertical. Peaks between coupled I3C nuclei appear along the horizontal, distributed symmetrically with respect to the 
diagonal line. The final assignments are shown in the stick spectrum at the top. Doublets a (due to C(19)) and b (due to C(21)) are discussed 
in the text. 

FIG. 3. 'H spectrum of 1 in C6D6 showing aIIyIic hydrogens. (a) 
Normal 'H spectrum; ( b )  corresponding spectrum with decoupling of 
C(29) methyl doublet (6 1.10); ( c )  corresponding spectrum with de- 
coupling of exocyclic methylene protons (6 4.92). 

tiplets to a doublet with JHH = 6.5 Hz. This must be H(19) with 
the doublet reflecting vicinal coupling to H(18). This should be 
an anti (diaxial or a,a) coupling, according to the accepted 
structure. However, the magnitude of JH(18)H(19)  seems more 
consistent with a gauche (axial-equatorial, a,e) coupling, e.g. 
JH(a)H(a) = 13.5 Hz, JH(a)H(e) = 4-5 Hz in methylenecyclohexane 
(13). Furthermore, selective decoupling of the methylene hy- 
drogens reveals near-zero coupling of these protons to H(19). 
If H(19) is axially oriented, one would expect strong allylic 
coupling (ca. 2-3 Hz) to each of the methylene hydrogens, 
while this coupling should be near zero if H(19) is equatorial 
(14) (note that only one of the two C(21) protons (at 6 2.46 in 
Fig. 3) shows significant allylic coupling). 

Both of these observations suggest that C(29)H3 is in an axial 
or pseudo-axial orientation. One possible explanation is that 
the accepted structure for taraxasterol is incorrect and that it is 
actually 3~,18a,19~-urs-20(30)-en-3-01. This would have 
C(29)H3 axial and H(19) equatorial, assuming a chair form for 
ring E. In fact, the structure of taraxasterol has never been 
determined by an unambiguous technique such as X-ray dif- 
fraction. Rather, it was deduced from a complex series of 

urs-20(30)-en-3-01 with the C(29) methyl group in an equa- isomerization and interconversion reactions (5). consequently, 

torial orientation in the assumed chair form of ring E (5, 12). we undertook an X-ray diffraction investigation of taraxasterol' 

However, the 200-MHz I H  spectrum of showed features in order to resolve these structural ambiguities. 

which seemed inconsistent with this stereochemistry. In C6D6. The actual crystal structure of taraxasterol is shown in Fig. 

the multiplets for protons allylic to the double bondare cleanly 
separated from other 'H signals (see Fig. 3). Selective decou- ' Taraxasterol was chosen for this investigation in preference to its 
pling of the C(29) methyl doublet collapsed one of these mul- acetate, 1, since the former gave better crystals. 
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TABLE 2. Final assigned "C peaks for 1 from I3C-I3C connectivity experiment 

Carbona Sh Carbon 6' 

"Labelling as shown below. 
13C chemical shifts in CDCI, (relative to internal "CH3Si(CH,),). The first values are 

from this work while the values in brackets are from ref. 3. In cases where peaks were 
misassigned in ref. 3, the previous assignment is given after the 6 value, e .g .  (26.1, 
C(28)) illustrates that C(12) had previously been assigned as C(28). 

Numbering of 
taraxasteryl acetate 

FIG. 4. ORTEP view of the molecular structure of taraxasterol. 
Thermal ellipsoids are drawn at the 50% probability level. The crys- 
tallographic numbering scheme corresponds to the chemical notation. 
The correct absolute configuration (using the inverted coordinates of 
Table 3) is indicated. Intraring C-C-C-C dihedral angles (") are 
indicated for each ring. Note the close contact for C(12)HZ and 
C(29)H3. 

4, while atomic coordinates are summarized in Table 3. In fact, 
the configuration of taraxasterol is identical to that previously 
proposed. However, while intraring dihedral angles for rings 
A-D (see Fig. 4) show that they exist in slightly flattened chair 
forms (an idealized chair would show alternating dihedral 
angles of +60° and -W), ring E is in a distorted boat con- 
formation (i.e. note the near zero values for LC(17)- 
C(18)-C(19)-C(20) and LC(17)-C(22)-C(21)-C(20)) 
with C(29)H3 in a pseudo-axial orientation. 

It is interesting to consider why ring E adopts the normally 
disfavored boat conformation. This cannot be primarily due to 
the presence of the exocyclic methylene group or to any steric 
interactions of C(29)H3 with this group, since methyl- 

enecyclohexane prefers a slightly distorted chair form (15) 
while the methyl group in 1-methyl-2-methylenecyclohexane 
favors an equatorial orientation over an axial orientation by 1.0 
kcal/mol (16). Rather, it appears that a steric interaction be- 
tween C(12)H2 and C(29)H3 forces ring E into the boat con- 
formation. Even in this conformation, the closest 
hydroge:-hydrogen separation between C(12)H2 and C(29)H3 
is 2.46 A, roughly the sum of hydrogen van der Waals radii. 
This distance would be significantly decreased if the molecules 
attempted to adopt a chair conformation for ring E. 

The alternative possibility, that the ring E conformation re- 
sults from crystal packing forces, can be conclusively ruled out 
on the basis of the X-ray and nmr data. The crystal packing 
diagram (see Fig. 5 )  shows a hydrogen bond O(1): 
H(1). . . . O(2) (O(1)-H(l) = 1.18 A; 0 (2 ) -~(1 )  = 1.60 A, 
LO(1)-H(1) - - - O(2) = 147.7") involving the solvent. How- 
ever, all other intermolecular contacts are weak. Furthermore, 
the 'H nmr data indicate that 1 has a solution conformation 
which is very similar to the crystal structure conformation of 
taraxasterol. For example, the H(18)-C(18)-C(19)-H(19) 
dihedral angle of 142" in the crystal structure is consistent with 
3JH(,8)H(19) = 6.5 HZ in 1 while the H(19)-C(19)-C(20)- 
C(30) dihedral angle of 30" is also consistent with the near-zero 
allylic coupling of H(19) to the methylene protons. Thus the 
apparently inconsistent features in the 'H spectrum of 1 can be 
rationalized in terms of a boat conformation for ring E. This 
also likely accounts for many of the misassigned I3C peaks. For 
example, among the incorrectly assigned carbons are four of 
the five carbons in the sequence C(12)-C(13)-C(18)- 
C(19)-C(29) which is perturbed by the C(12)H2-C(29)H3 
steric interaction. This clearly points out the risks in using 
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FIG. 5. Crystal packing diagram 

model compounds to assign I3C peaks in a compound of uncer- 
tain stereochemistry. 

Conclusions 
I3C-I3C connectivity ("INADEQUATE") experiments have 

been used to unambiguously assign the I3C signals in 1. Com- 
parison with a previous I3C spectral assignment shows that 10 
of 24 protonated aliphatic carbons had been incorrectly 
assigned (3).  This is attributed to the use of an unreliable 
experimental method (SFORD) plus the use of inappropriate 
model compounds. It is concluded that SFORD spectra should 
be abandoned in favor of spectral editing (APT, INEPT, or 
DEPT) techniques while, at the very least, model compounds 
should only be used for assignment purposes when one is 
totally confident of the stereochemistries of both the model and 
target compounds. Wherever possible, one should use an un- 
ambiguous technique such as I3C-I3C connectivity experi- 
ments for assignment of I3C spectra (7). If this is impossible 
due to sensitivity limitations, it may often be possible to use 
heteronuclear correlated 2D  spectra which are optimized for 
long-range I3C-'H couplings to unambiguously assign I3C 
peaks (17). 

Ring E of taraxasterol prefers a distorted boat conformation 
in the solid state, probably due to nonbonded interactions 
between C(12)H2 and C(29)H3. Taraxasteryl acetate, 1, appar- 
ently has a very similar conformation in solution, accounting 

for taraxasterol-ethanol solvate. 

for the unexpected features in the 'H spectrum of this com- 
pound. 

Experimental 
Dried ground leaves (1.2 kg) of Montanoa tomentosa Cerv. were 

macerated at room temperature with petroleum ether (bp 30-60°C) for 
periods of 48 h, three times. The extracts evaporated in vacuo were 
collected, yielding 87 g of syrupy residue. Twenty-five grams of this 
extract were chromatographed on a column of silica gel deactivated 
with 5% HZO. Elution was carried out using 250-mL fractions of 
solution varying in concentration from pure hexane to 94% 
hexane/6% ethyl acetate (v/v%). Twenty-five fractions were col- 
lected in this way with 1 appearing in fractions 8- 15. The collected 
fractions were rechromatographed under similar conditions, yielding 
1.3 g of crude compound. Recrystallization from ethanol yielded 
0.7 g of 1 (mp 245-246°C). 

Most 'H and "C 'spectra of 1 were obtained on a Varian XL-200 
spectrometer operating in pulsed Fourier transform mode at a probe 
temperature of 20°C. 'H spectra were recorded for C.5D.5 solutions 
containing ca. 5 mg of sample in 0.5 mL of solvent in a 5-mm tube 
with 0.1% tetramethylsilane as internal reference. Spectral width was 
2000 Hz with 32K data points. 90" (7 ps) pulse widths were used with 
a repetition time of 8 s; 32 transients were collected. "C spectra were 
recorded for CDC13 solutions containing 150 mg of sample in 2.5 mL 
of solvent in a 10-mm tube. Spectral width was 10,000 Hz with 32K 
data points. 45" (7.5 ps) pulse widths were used with a repetition time 
of 1.6 s, and 4000 transients. Four DEPT spectra were collected using 
0 pulses of 45", 90°, 90°, and 135" with 1200 transients for each 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



REYNOLDS ET AL 

TABLE 3. Table of positional parameters and their estimated standard deviations 

Atom x Y z B(A') Atom x Y z B (A2) 

Anisotropically refined atoms are given in the form of the isotropic equi~ 
+ ab(cos y)B(1,2) + ac(cos P)B(1,3) + bc(cos a)B(2,3)]. 

spectrum (16 K data points, repetition rate = 1.6 s, ['HI pulse width 
= 37 s). Edited subspectra were obtained using the subroutine ADEPT 
incorporated in the Varian software (H2 release). 

The two-dimensional I3C-I3C connectivity experiment was carried 
out with a Varian XL-300 nmr spectrometer using 300 mg of tarax- 
asteryl acetate in 2.0 mL CDCI3 and a 10-mm broadband probe tuned 
for I3C at 75 MHz. The INADEQUATE pulse sequence (7) was set up 
to apply a final detection pulse of 13.5". Broadband decoupling was 
applied continuously. The spectral width was 6000 Hz (80 ppm), the 
acquisition time was 0.170 s, and the resulting number of data points 
in the chemical shift dimension was 2048. The number of increments 
in the evolution time (delay between creation of double quantum 
coherence and observation of the signal) was 128, but zero-filling 
allowed second dimension Fourier Transformation using 256 data 
points in the double quantum frequency dimension. The first dimen- 
sion FIDs were weighted by an exponential line-broadening function 
of 5 Hz; the second dimension interferograms were weighted by an 
exponential broadening function of 20 Hz. 

Each increment was acquired for 320 pulse sequences, with a 3.0-s 
delay between sequences to allow substantial recovery of mag- 
netization even for the quaternary carbons. This gave a total acquisi- 
tion time of 36 h. The timing of the INADEQUATE sequence was 
calculated and set by the CCC2D program of the XL-300, based on the 
value of 37 Hz estimated for the average I3C-l3C coupling constant. 

Taraxasterol was prepared by hydrolyzing 1 in 0.1 N NaOH in 50% 
ethanol-water followed by neutralization, recovery of precipitated 
taraxasterol, and recrystallization from ethanol. The crystals were 
colorless blocks and needles. Precession photographs were used to 
obtain preliminary cell and space group information. Initially data 
were collected on an Enraf-Nonius CAD-4 diffractometer by the !se 
of graphite monochromatized Mo KG radiation (A = 0.71069 A). 
Subsequently a more extensive data set was obtained using Cu radi- 
ation (A = 1.54184 A) and a block-shaped crystal of overall dimen- 
sions 0.35 x 0.1875 x 0.1 125 mm in the directions [ I  ,0,0], [O, 1,1], 
and [O, 1, I ]  respectively. 

Crystal data 
C30H500 ' CzH60 fw 472.8 
Orthorhombic, space group~P212121 with a = 7.447(1) A, b = 
17.637(2) A, c = 22.269(4) A, U = 2925j3 ,  and D, = 1.07 g 
forZ = 4. Cu KG radiation (A = 1.54184 A), i~.(Cu KG) = 4.5 cm-'. 

- - 

lalent thermal parameter defined as: (413) [alB(l, 1) + b2B(2,2) + ~ ' ~ ( 3 . 3 )  

Cell constants were obtained by least-squares refinement of the 
setting angles of 25 reflections within the range 9.6 < 0 < 20.4". 
Intensity data were collected at room temperature in coupled w:20 
modes using scan ranges of 0.85 + 0.147 tan 0" within a maximum 
scan time of 95 s. For each reflection, backgrounds were obtained by 
extending the scan by 25% on either side of the peak and were 
measured for half the time taken to collect the peak. A total of 2986 
reflections in the quadrant h,k , l  with 20 5 130" was obtained. No 
significant variations in the intensities of 3 standard reflections mon- 
itored after every 8500 s of exposure time were observed. 

Lorentz and polarization corrections were applied to all reflections. 
The rejection of systematically absent and zero Fobs data then gave a 
final data set of 2528 reflections. The structure was initially solved 
using direct methods (MULTAN 1 1 )  (18) on the data set collected with 
Mo radiation. Missing atoms and the presence of a molecule of ethanol 
solvent in the lattice were indicated in subsequent Fourier maps. 
Hydrogen atoms were placed in calculated positions or were located 
in difference Fourier maps (CH, groups) with fixed thermal parame- 
ters (B = 7.5 or 10.0 A') but were not refined. 

Least-squares refinement of the structure using the Cu data set and 
including an extinction correction g to the data converged (max. 
shiftlerror = 0.07) to the final residuals R, = 0.0773 (R,,. = 0.0902) 
for 194 1 reflections (308 variables) with I > 1.5u(I). The final value 
of g was 1.4(2) X and weights were given by I/u(F)' where 
u(F)  = 4F2/(u(1)' + (0.07~')')"'. A final difference Fourier con- 
tained no peak greater than 0.22 e A-3. 

All calculations were performed on a PDP 11/23 computer using 
programs in the Enraf-Nonius structure determination package (19). 
Tables of positional parameters of the hydrogen atoms, anisotropic, 
thermal parameters, bond lengths, bond angles, and final structure 
factor amplitudes have been deposited as Supplementary Material.' 

1. X. LOZOYA, R. G. ENRIQUEZ, and E. BEHAR. Contraception, 27, 
267 (1983). 

2. S. K. TALAPATRA, M. BHATACHARYA, and M. P. TALPATRA. 
Indian J. Chem. 11, 166 (1981). 

'These tables are available, at a nominal charge, from the Depos- 
itory of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA 0.52. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1054 CAN. J. CHEM. VOL. 63. 1985 

3 .  A. PATRA, A. K. MUKHOPADHYAY, and A. K. MITRA. Org. 
Magn. Reson. 17, 166 (1981). 

4 .  ( a )  N. AHMAD and G.  HAHN. Pak. J. Sci. Med. Res. 2 ,  55 
(1959); ( b )  J.-H. CHU and P.-C. YAN. Hua Hsueh Hsueh Pao, 25, 
179 (1959); ( c )  C. P. NAMBOORIDYSAD, G. H. KULKARNI, and 
G.  R. KELKAR. Curr. Sci. 37, 350 (1968); ( d )  W. H. HUI and 
W. K. LEE. Phytochemistry, 10, 889 (1971); ( e )  C. P. DUITA, 
L. P. K. RAY, and D. N. ROY. Phytochemistry, 11,2267 (1972); 
(f) X. A. DOMINGUEZ, P. ROJAS, M. DEL C.  DUENOS WIARCO, 
and S. ESCAVARIA. Phytochemistry, 13, 224 (1973); ( g )  X. A. 
DOMINGUEZ, D. BUTRUILLA, and P. PEREYA. Rev. Latinoam. 
Quim. 7, 98 (1976); ( h )  H. KOHDA, 0 .  TANAKA, and K. NISHI. 
Chem. Pharm. Bull. 24, 1040 (1976); (i) L. QUIJANO, J. S. 
CALDERON, F. COMGEZ, J. T. GARDUNS, and T. RISS. Phyto- 
chemistry, 19, 175 (1980). 

5 .  T. G.  HALSALL, E. R. H. JONES, and R. E. H. SWAYNE. J. Chem. 
SOC. 1905 (1954). 

6 .  D. M. DoDDRELL, D. T. PEGG, and M. R. BENDALL. J .  Magn. 
Reson. 48, 323 (1982). 

7 .  T.  H .  MARECI and R. FREEMAN. J. Magn. Reson. 48, 158 (1982). 
8 .  G. A. MORRIS. J .  Am. Chem. Soc. 102, 428 (1980). 
9 .  S. L. PATT and J. N. SHOOLERY. J. Magn. Reson. 46, 535 

(1982). 
10. A. K. PATRA, A. K. MITRA, T .  K. CHAITERJIE, and A. K. 

BARUA. Org. Magn. Reson. 17, 148 (1981). 
1 1 .  E. WENKERT, G.  V. BORDDELAY, I. R. BURFELT, and L. N. 

MORENO. Org. Magn. Reson. 11, 337 (1978). 
12. P. DE MAYO. The higher terpenoids. Interscience, New York. 

1959. p. 180. 
13. J .  T.  GERIG and R. A. RIMERMAN. J. Am. Chem. Soc. 92, 1219 

(1970). 
14. M. BARFIELD and B. CHAKRABARTI. Chem. Rev. 69,757 (1969). 
15. ( a )  F .  A. L. ANET and I. YOVARI. Tetrahedron, 34,2879 (1978); 

( b )  R. J .  ABRAHAM, M. J. BOVILL, D. J. CHADWICK, L. GRIF- 
FITHS, and F. SANCASSAN. Tetrahedron, 36, 279 (1980). 

16. J .  LESSARD, P. V. M. TAN, R. MARTINO, and J. K. SAUNDERS. 
Can. J. Chem. 55, 1015 (1977). 

17. ( a )  C. WYNANTS, K. HALLINGA, G. VAN BINST, A. MICHEL, and 
J. ZANEN. J. Magn. Reson. 57, 93 (1984); ( b )  H. KESSLER, C. 
GRIESINGER, J. ZARBOCK, and H. R. LOOSLI. J. Magn. Reson. 
57, 331 (1984); ( c )  W. F .  REYNOLDS, R. G. ENRIQUU, L. I. 
ESCOBAR, and X. LOZOYA. Can. J. Chem. 62,  2421 (1984). 

18. P. MAIN et al.  MULTAN 11/82 system of programs for the 
automatic solution of crystal structures from X-ray diffraction 
data. University of York, England. 1982. 

19. B. A. FRENZ et al. Enraf-Nonius structure determination pack- 
age. College Station, Texas. 1981. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Magnetic properties of anhydrous and hydrated dimethylphosphinates 
of manganese(I1). The crystal and molecular structure of 
poly-bis(p-dimethylphosphinato)diaquomanganese(II) 
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WALTER V. CICHA, JOHN S.  HAYNES, KATHERINE W. OLIVER, STEVEN J .  RETTIG, ROBERT C .  THOMPSON, and JAMES 
TROTTER. Can. J. Chem. 63, 1055 (1985). 

The dimethylphosphinate of manganese(ll), Mn[(CH3)zP02]2, and its dihydrate have been prepared and studied using 
magnetic susceptibility, differential scanning calorimetry, and electronic and vibrational spectroscopic methods. The dihydrate 
was obtained in crystalline form and a single crystal X-ray diffraction study revealed a polymeric structure. 

Crystals of~poly-bis(p-dimethylphosphinato)diaquomanganese(l1) are monoclinic, o = 20.722(3), b = 4.8652(2), c = 
11.0689(14) A, P = 102.209(7)", Z = 4 ,  space group C2/c. The structure was solved by conventional heavy-atom methods 
and was refined by full-matrix least-squares procedures to R = 0.030 and R,,. = 0.033 for 983 reflections with I 2 3u(I) .  The 
structure consists of infinite centrosymmetric chains of Mn(ll) atoms linked by double phosphinate bridges and extending along 
the crystallographic b axis. The water molecu!es are involved in both interchain and bifurcated intrachain hydrogen bonding 
(0.--0 = 2.734(2), 2.899(3) and 3.120(3) A). The coordination about Mn is slightly distorteG octahedral with libration- 
corrected bond lengths Mn-O(phosphinato) = 2.156(2) and 2.212(2), Mn-OH2 = 2.247(2) A. 

Magnetic susceptibility studies on the dihydrate from 300 to 4.2 K reveal a magnetic moment of -5.9 BM over most of 
the range and give no evidence for significant magnetic exchange. The anhydrous compound, which is considered on the basis 
of indirect evidence to retain the double phosphinate bridged structure exhibited by the dihydrate, shows relatively strong 
antiferromagnetic behaviour. The data have been analyzed according to two theoretical models both of which employ the 
isotropic Heinsenberg Hamiltonian. The scaling model of Wagner and Friedberg gives J = -2.94 cm-' and g = 2.02 and 
the interpolation scheme of Weng gives J = -2.69 cm-'  and g = 2.01. The magnitude of the exchange coupling is considered 
in relation to that observed in related manganese compounds and possible reasons for the observed damping of the exchange 
on hydration are discussed. 

WALTER V. CICHA, JOHNS. HAYNES, KATHERINE W. OLIVER, STEVEN J.  RETTIG, ROBERT C. THOMPSON et JAMES TROTTER. 
Can. J. Chem. 63, 1055 (1985). 

On a prtpart le dimtthylphosphinate de mangantse(ll), Mn[(CH3)ZP02]2 ainsi que son hydrate double et on les a CtudiCs 
en faisant appel a la susceptibilite magnttique, la calorimttrie a balayage differentiel et a la spectroscopie tlectronique et 
vibrationnelle. On a obtenu I'hydrate double sous forme cristalline et une ttude par diffraction de rayons X sur un cristal unique 
rtvtle qu'il existe sous une forme polymtriste. 

Les cristaux de poly-bis(p-dim&thylphosphinato)diaquo~angankse(II) appartiennent au groupe d'espace monoclinique 
C2/c, avec a = 20,722(3), b = 4,8652(2), c = 1 1,0689( 14) A, P = 102,209(7)", Z = 4. On a rtsolu la structure par la mtthode 
conventionnelle aux atomes lourds et on I'a affinee par la mtthode des moindres carrts (matrice entitre) jusqu'a des valeurs 
de R = 0,030 et de R,,. = 0,033 pour 983 rtflexions avec I 2 3u(I) .  La structure comprend des chaines centrosymCtriques 
infinies d'atomes de Mn(l1) lies par un double pont phosphinato et s'ttendent le long de l'axe cristallographique b. Les 
molCcules d'eau s~n t~ impl iqu te s  dans des liaisons hydrogknes interchaines et intrachaines bifurqutes ( 0 . . . 0 )  = 2,734(2), 
2,899(3) et 3,120(3) A. La coordination autour du Mn est un octatdrique, legtrement dtformte avec des lpngueurs de liaison, 
corrigkes pour la libration, de Mn-O(phosphinato) = 2,156(2) et 2,212(2) et Mn-OH2 = 2,247(2) A. 

Les etudes de susceptibiliti magnttique, rCalisCes avec I'hydrate double ii des temperatures allant de 300 a 4,2 K,  rtvklent 
la presence d'un moment magnttique de 5.9 BM environ sur presque tout I'intervalle considtrk. Le compose anhydre, qui, 
d'aprts des preuves indirectes, conserverait la structure pontCe double phosphinate qui existe dans le dihydrate, exhibe un 
comportement antiferromagnktique relativement fort. On a analysC les donntes selon deux modtles thkoriques qui utilisent 
I'Hamiltonien isotrope de Heinsenberg. Le modble proportionnt de Wagner et Friedberg permet de prtdire des valeurs de J 
= -2,94 cm-'  et g = 2,02 alors que le schema d'interpolation de Weng conduit a des valeurs de J = -2,69 cm-'  et g = 
2,01. On considkre I'amplitude du couplage d'echange en rapport avec celui observe avec des composes apparentes du 
mangankse et on discute des raisons qui pourraient expliquer le fait que I'tchange accompagnant I'hydratation est amoindri. 

[Traduit par le journal] 

Introduction 
The poly(meta1 phosphinates) are a class of inorganic co- 

ordination polymers in which metal centres are bridged by 
-OPR20- groups to form, typically, one-dimensional ex- 
tended chains (1-6). These materials have generated interest 
from chemists and physicists alike over the past twenty years. 
Their polymeric nature leads generally to thermal and chemical 
stability as well as to some plastic and other properties of 
interest to industry (7) while the presence of paramagnetic 
transition metal sites throughout the polymeric lattice holds 
potential for the propagation of magnetic exchange and other 

' To whom all correspondence should be addressed. 

interesting solid state properties (5, 6, 8). Earlier work on the 
dialkylphosphinates of copper(I1) has shown that these com- 
pounds provide examples of both antiferromagnetic and ferro- 
magnetic one-dimensional chains, the sign and magnitude of 
the exchange coupling in these compounds being related to 
relatively minor structural differences (6). To fully explore 
magneto-structural correlations in these systems we have been 
studying the effects of varying both the nature of the phos- 
phinate bridge and the metal. In addition, in the present work 
we have discovered that hydration of the metal ion, in this 
instance at least, has a significant effect on the magnetic prop- 
erties. We report here the synthesis and magnetic properties of 
the dimethylphosphinate of manganese(II), Mn[(CH3)2P02]2, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1056 CAN. J .  CHEM. \ 

and its dihydrate. The structure of the dihydrate was deter- 
mined by single crystal X-ray diffraction methods. The exis- 
tence of a monohydrate, reported earlier (9), was not confirmed 
in the present work. 

Experimental 
Preparations 

Dimethylphosphinic acid, (CHI)~PO~H 
The synthetic route chosen involved the synthesis first of tetram- 

ethyldiphosphine disulfide, (CH3)2P(S)P(S)(CH3)2 according to a 
I scaled-down version of Parshall's method (10) followed by oxidation 

and subsequent hydrolysis to the acid. Oxidation of the disulfide using 
hydrogen peroxide (I I), chlorine (which gave dimethyltrichloro- 
phosphorane, (CH3)2PC13, and which could be subsequently hydro- 
lyzed to the acid) (1 2, 13) and mercuric oxide (14) all gave the desired 
product; however, the best yields were obtained by the method de- 
scribed In detail below involving oxidation with an excess of sulfuryl 
chloride to give dimethylphosphinic chloride, (CH,),POCI, followed 
by hydrolysis to the acid. 

The Grignard reaction between 1.65 mol of magnesium in 200 mL 
of dry ether and 1.50 mol of methyl iodide in 100 mL of dry ether was 
initiated by the addition of a few grains of iodine. The methyl iodide 
was added over 3 h at such a rate as to maintain a gentle reflux and 
when addition was complete, the mixture was refluxed for a further 
112 h. The resulting solution was cooled in an ice bath and freshly 
distilled thiophosphoryl chloride (0.5 1 mol) in 50 mL dry ether was 
added slowly. A vigorous reaction resulted in the formation of a white 
precipitate. After addition was completed, the reaction mixture was 
cooled and poured over 350 g of ice after which 600 mL of 10% 
sulfuric acid was added and the mixture was stirred overnight. The 
resulting white precipitate was filtered from the solution and re- 
crystallized from 5: 1 (by volume) benzene-ethanol yielding 30.8 g of 
tetramethyldiphosphine disulfide (mp 226-227.5"C; lit. 227°C (10)). 

Following the observation by Maier (14) that oxidation of tetra- 
alkyldiphosphine disulfides with an excess of sulfuryl chloride results 
in the formation of dialkylphosphinic chloride, we added 0.49 mol of 
sulfuryl chloride dropwise, with stirring, to a cooled (0°C) benzene 
solution of (CH3),P2S2 (0.10 mol). The solution immediately became 
cloudy yellow. After addition was complete the mixture was refluxed 
for 45 min, cooled, and the solvent, any remaining sulfuryl chloride 
and volatile reaction by-products were removed by pumping under 
vacuum. Crude (CH3)2POCI was isolated from the dried reaction 
mixture by vacuum sublimation and was dissolved in water. The 
solution was filtered and the hydrochloric acid produced in the hydrol- 
ysis reaction was neutralized with aqueous sodium hydroxide. The 
residue from the evaporation of the aqueous solution was taken up in 
dry acetonitrile and filtered to remove sodium chloride. The desired 
acid was obtained in 89% yield by evaporation of the acetonitrile 
solution. Melting point 86-89°C (lit. 87.5-88.5 (15)). Anal. calcd. 
CzH7P02: C 25.54, H 7.50; found: C 25.50, H 7.63. 

Poly-bis(p-dimethylphosphinato)diaquomanganese(lI), 
Mn(H20)JfCH.,)2PO,l, 

Manganese(l1) acetate tetrahydrate (5.0 mmol) was dissolved in 400 
mL of ethanol and the solution was then added dropwise with stirring 
to a solution of dimethylphosphinic acid (10.0 mmol) dissolved in 600 
mL of ethanol. The resulting solution was stirred for about 2 days then 
the volume was reduced to about 300 mL by flash evaporation. Over 
the next 5 days small, pale pink crystals of the dihydrate, suitable for 
X-ray diffraction studies, were obtained. These were collected by 
filtration, washed with cold ethanol, and allowed to air dry. A further 
crop of crystals were obtained by reducing the volume of the filtrate 
by about a half and allowing the solution to stand for about a week 
(total yield, 26%). Anal. calcd. for MnC4HI6P2Oh: C 17.33, H 5.83, 
0 34.64; found: C 17.22, H 5.99, 0 34.35. 

In order to obtain pure crystals of the diaquo species it is necessary 
to crystallize slowly from dilute solutions as described above. More 
rapid crystallization yields non-crystalline materials of intermediate 
degrees of hydration. For example, when a solution of 7.5 mmol of 

manganese(I1) acetate tetrahydrate in 250 mL ethanol was mixed with 
a solution of 15.1 mmol of dimethylphosphinic acid in 125 mL ethanol 
an immediate precipitate formed, the composition of which corre- 
sponded to a hemi-hydrate. Anal. calcd. for MnC4H13P204.5: C 19.21, 
H 5.24; found: C 19.14, H 5.25. 

Poly-bis(p-dimethylphosphinato)tnanga~l), Mn[(CH.I)2P02]2 
The anhydrous compound may be obtained by heating the diaquo 

compound or the hemi-hydrate to 60-70°C under vacuum for several 
hours. Anal. calcd. for MnC4H12P204: C 19.93, H 5.02, 0 26.55; 
found: C 19.78, H 5.02, 0 26.30. 

Carbon, hydrogen, and oxygen were determined by P. Borda of the 
Department of Chemistry, The University of British Columbia. 

Differential scanning calorimetry (DSC) 
DSC studies were made using a Mettler DSC 20 cell and a Mettler 

TC I0 TA processor. 
Mn(H20)2[(CH3)2P02]2 exhibits an endothermic peak (AH = 343 J 

g-I) at 107°C due to loss of water followed by a second endothermic 
event (AH = 40 J g-') at 208OC. Mn[(CH3)2P02]2 exhibits an endo- 
thermic peak (AH = 41 J g-') at 200°C. Both materials undergo 
oxidative decomposition above 3 10°C. 

Infrared spectra 
Spectra in the range 4000 to 250 cm-I were recorded on a Perkin- 

Elmer Model 598 spectrometer using samples mulled in Nujol as well 
as hexachlorobutadiene and pressed between KRS-5 plates (Harshaw 
Chemical Co.). 

Mn(H20)2[(CH3)2P02]2: 3410 m br, 3160 m br, 2980 w, 2919 w, 
1650 w br, 1425 w br, 1294m, 1282 m, 1137 s, 1121 s, 1065 m, 1032 
w sh, 903 w, 868 m, 735 m, 455 m. 

Mn[(CH3)2POz]2: 2985 w, 2920 w, 1424 w, 1302 m, 1288 m, 1 123 
s, 1031 s, 919 vw, 875 m sh, 867 m, 741 w, 726 vw sh, 497 w, 485 
w, 455 w sh, 440 m (w = weak, m = medium, s = strong, v = very, 
br = broad, sh = shoulder). 

Magnetic susceptibilities 
Variable temperature magnetic susceptibilities were measured over 

the temperature range 4.2 to 300 K using equipment and methods 
described previously (6). The diamagnetic corrections used were - 14, 
-42, and - 13 X cm3 mol-' for Mn2', (CH3)ZP02-, and H20, 
respectively. 

X-ray crystallographic analysis of Mn(HZO)r[(CH~)zPOr~ 
A crystal bounded by the eight faces (followed by their distances in 

mm from a common origin): ?(loo), 0.031, ?(010), 0.244, ?(101), 
0.063, ?(I0 - 2), 0.075, was mounted in a general orientation. 
Unit-cell parameters were refined by least-squares on 2 sin 0/A values 
for 25 reflections (20 = 35-45") measured on a diffractopeter with 
Mo-K, radiation (A(K,,) = 0.70930, A(K,,) = 0.71359 A). Crystal 
data at 22°C are: 
C4H 16Mn06Pz fw = 277.05 
Monoclinic, a = 20.722(3), bo= 4.8652(2), c = 1 1.0689(14) A, P = 
102.209(7)", V = 1090.7(2) AS, Z = 4, p, = 1.687 g ~ m - ~ ,  F(000) 
= 572, p(Mo-K,) = 14.49 cm-'. Absent reflections: hkl, h + k odd, 
and h01, 1 odd, space group C2/c (c:,~, No. 15) from structure 
analysis. 

Intensities were measured with graphite-monochromated MoK, 
radiation on an Enraf-Nonius CAD4-F diffractometer. An 0-20 scan 
at 0.87-6.71" min-' over a range of (0.80 + 0.35 tan 0)" in o 
(extended by 25% on both sides for background measurement) was 
employed. Data were measured to 20 = 65". The intensities of three 
check reflections, measured every hour throughout the data collection, 
showed only small random fluctuations. After data reduction,' an 

'The computer programs used include locally written programs 
from data processing and locally modified versions of the following: 
ORFLS, full-matrix least-squares, and ORFFE, functions and errors, 
by W. R. Busing, K. 0 .  Martin, and H. A. Levy; FORDAP, Patterson 
and Fourier syntheses, by A. Zalkin; ORTEP 11, illustrations, by 
C. K. Johnson. 
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TABLE 1. Final positional (fractional x lo5, C x lo4, H X lo3) 
and isotropic thermal parameters (U x 10' A') with estimated 

standard deviations in parentheses 

Atom x Y z U;q/Uiso 

* (113) trace Ud,,,. 

absorption correction was applied using the Gaussian integration 
method (I 6, 17). Transmission factors ranged from 0.809 to 0.920 for 
112 sampling points. Of the 1989 independent reflections measured, 
983 (49.4%) had intensities greater than 3a(I) above background 
where aZ(I)  = S + 2B + (0.04(S - B))' with S and B the normalized 
scan and background counts. 

The centrosymmetric space group C2/c was indicated by both the 
E-statistics and the Patterson function, from which the Mn and P 
coordinates were determined. The Mn atom is constrained to lie either 
on a twofold axis or at a centre of symmetry, the latter being the case. 
The coordinates of all remaining atoms were determined from sub- 
sequent difference maps. In the final stages of refinement the hydro- 
gen atoms were refined with isotropic, and the non-hydrogen atoms 
with anisotropic thermal parameters. The scattering factors and anom- 
alous scattering terms for Mn and P were taken from ref. 18. Con- 
vergence was reached at R = 0.030 and R,,. = 0.033 for 983 reflections 
with1 2 3u(I). The function minimized was Zw   IF,^ - I~,I)~(where 
w = l /aZ(F)),  R = ZIIFoI - IFcII/ZIF0I, R,. = (Zw(lF,( - 

I F ,~)~/ZW(F,(~)"~.  
On the final cycle of refinement the mean and maximum parameter 

shifts corresponded to 0.002 and 0.02u, respectively, and the mean 
error in an observation of unit weight was 1.286. The largest residuals 
on the final difference map (-0.69, +0.39 e A-7 were in the vicinity 
of P and Mn, respectively. The final positional and isotropic thermal 
parameters are given in Table 1. Anisotropic thermal parameters (Ta- 
ble 7) and measured and calculated structure factors have been placed 
in the Depository of Unpublished Data.3 

Bond distances have been corrected for libration using the TLS 
model (19). The rms standard error in the temperature factors allij 
(derived from the least-squares analyses) is 0.0010 At. Two structural 
sub-units were analysed: the centrosymmetric MaOb unit and the 
OzPCz fragment (rms aU, = 0.0024 and 0.00 1 1 A', respectively). 
Bond lengths corrected for libration (19, 20) appear in Table 2 along 
with the uncorrected distances. Bond angles, details of hydrogen 
bonding, and intraannular torsion angles are given in Tables 3-5, 
respectively. 

Results and discussion 
Although organophosphinates of manganese(I1) have been 

reported in the literature (8, 9, 21-27), no detailed X-ray 

Complete set of data is available, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Ont., Canada KlA 0S2. 

FIG. I .  View of Mn(H20)Z[(CH1)2P03]3 showing two chains ex- 
tending along the b axis. 50% probability thermal ellipsoids are shown 
for the non-hydrogen atoms; hydrogen atoms have been assigned 
arbitrarily small thermal parameters for the sakc of clarity. Mn atoms 
are represented by shaded ellipses. Broken lines indicate hydrogen 
bonds. 

crystallographic or cryomagnetic studies on these compounds 
have been previously undertaken. We found that slow crys- 
tallization of the dimethylphosphinate derivative from dilute 
solution gave well-formed pale pink crystals which, according 
to elemental analysis and infrared studies, incorporate two mol- 
ecules of water per manganese. The DSC thermogram for this 
material shows an endothermic event beginning around 
60-70°C and peaking at about 107°C corresponding to the loss 
of the water molecules. Consistent with this, bulk samples of 
the hydrated derivative may be completely dehydrated by heat- 
ing for several hours at 60 to 70°C under vacuum. There is no 
evidence in the thermogram for a stable monohydrate (9) or any 
other distinct hydrated phase. Whereas the variable tem- 
perature magnetic properties of the anhydrous material indicate 
a relatively strongly magnetically coupled system, the hydrated 
material gives little evidence for magnetic concentration (see 
below). In order to establish the manner in which the water 
molecules are incorporated and to determine whether we were 
dealing with a polymeric or molecular system, a single crystal 
X-ray diffraction study was undertaken on a crystal of the 
hydrate. 

The crystal structure of Mn(H20)2[(CH32P02]2 consists of 
closely packed infinite chains of identical cages (each having 
twelve vertices and six non-planar faces) propagating along the 
crystallographic 6-axis (Fig. 1). The manganese atoms are con- 
nected in the chains by double phosphinate bridges with four 
oxygens from four different phosphinates forming a roughly 
square planar array around each manganese. Water molecules 
coordinated above and below this plane complete an MnO, 
chromophore. Atom labelling and the coordination geometry 
about Mn is shown in Fig. 2. Hydrogen atoms from the two 
water molecules coordinated to the same metal are involved in 
intrachain bifurcated hydrogen bonds with phosphinate oxygen 
atoms bonded to adjacent manganese atoms. These hydrogens 
together with the six chromophore oxygens make up eight of 
the cage vertices. The remaining four vertices are supplied by 
two phosphorus and two manganese atoms, the latter of which 
form shared comers between cages and hence serve as links in 
the infinite chains. The second hydrogen atom on each water 
molecule is involved in a strong hydrogen bond with a phos- 
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TABLE 2. Bond lengths (A) with estimated standard deviations in parentheses 

Bond 

Mn -0(1) 
Mn -0(2)' 
Mn -0(3) 
P -0(1) 
O(3)-H(0a) 
O(3)-H(0b) 
C( I )-H( l a) 
C(1)-H(l b) 

Length Length 

Uncorr. Corr. Bond Uncorr. Corr. 

1.519(2) 1.526 
1.795(3) 1.803 
1.796(3) 1 .SO4 

'Symmetry operation 112 - x ,  112 - y ,  - z .  

TABLE 3. Bond angles (deg) with estimated standard deviations in parentheses* 

Bonds Angle (deg) Bonds Angle (deg) 

*Here and elsewhere in this report superscripts refer to the following symmetry operations: 
' 112 -1, 112 - y ,  - z ; ' x , y  - 1,z;'1/2 - x ,  312 - y ,  - I ;  ' 1 . y  + 1.2; '112 - X , Y  - 112, 
112 - z. 

phinate oxygen on a neighbouring chain with the result that the 
chains are connected together in the c direction by two inter- 
chain hydrogen bonds per cage (Fig. 3). The overall structure 
can then be thought of as consisting of well-separated layers of 
cages stacked up approximately along the a axis. The strength 
of the hydrogen bonding interactions between adjacent chains 
is apparent from the differences between the intra and inter- 
chain hydrogen bonding parameters (Table 4). The shorter 
interchain distances suggest that hydrogen bonding is stronger 
between chains than within chains; this strong interchain inter- 
action accounts, in part at least, for the relatively high crystal 
density of this material compared to, for example, that of 
copper(I1) diethylphosphinate (5). 

The int5achain distance between manganese atoms is 
4.8652(2) A and the minimum interchain distance is 6.046(1) 
A. The intrachain distance is less than 0.1 A shorter than the 
Cu-Cu distances in polymeric copper(I1) phosp5inates. The 
Mn-0 bond distances of 2.156(2) and 2.2 12(2) A are typical 
for this type of bond (28) and, as expected, are slightly longer 
than the Cu-0 distances observed in the copper(I1) phos- 
phinates (4-6). Bond distances and angles involving the R2P02 
moieties are comparable to those found in other polymeric 
phosphinates (3-6) and exhibit no unusual features. 

Attempts to obtain crystals of anhydrous Mn[(CH3)2P02]2 
suitable for X-ray studies have not been successful. Certain 
conclusions regarding its structure may, however, be drawn 
from other evidence. It seems likely that the removal of the two 

FIG. 2. View of Mn(HIO)Z[(CH7)2POI]Z showing the atom num- 
bering scheme and the coordination about Mn. 

water molecules on dehydration of the hydrate does not signifi- 
cantly alter the double phosphinate bridged backbone structure 
of the material. This is supported by the DSC thermogram 
which shows a single endothermic peak due to loss of water and 
no other thermal events which might accompany a major 
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F I G .  3. View of M I I ( H ~ O ) ~ [ ( C H ~ ) ~ P O ~ ] ~  showing hydrogen bond- 
ing interactions connecting the chains in the (. direction. Mn atoms 
represented by shaded ellipses. Broken lines indicate H-bonds. 

o c  , , , . , ,  , , , , , > 5  

0 50 100 150 200 250 XX) 

Temperature /K 

 FIG.^. Magnetic moment versus temperature plots for 
Mn(HzO)r[(CH,3)2P02]2 (4) and Mn[(CH7)2P02]2 (A). Solid lines are 
the best fit to the Wagner-Friedberg model. 

change in structure up to -195°C. The endothermic peak 
which appears near this temperature is not due to melting 
(visual observation on heating a sample in a melting point tube) 
and is probably due to a high temperature structural phase 
change. Further support for the contention that a polymeric 
lattice is maintained comes from solubility tests. The anhy- 
drous compound was found to be only very sparingly soluble 
in methanol, ethanol, and acetone and insoluble in carbon 
tetrachloride, chloroform, and petroleum ether. Moreover the 
relatively strong magnetic exchange observed for this material 
is consistent with the presence of a polymeric lattice (see be- 

TABLE 4. Hydrogen bond data (distances in ,& and angles in 
deg)* 

Atoms H...A D...A D-H . . .A 

Intrachain 
o(3)-H(Ob).-.0(1)" 2.56(5) 3.120(3) 124(4) 
O(3)-H(Ob) O(2) 2.13(5) 2.899(3) 149(5) 

Interchain 

*See footnote to Table 3 

TABLE 5. Intra-annular torsion angles (deg) 
standard deviations in parentheses* 

Atoms Value (deg) 

* Symmetry-related torsion angles have the op- 
posite sign. 

low) and not with a molecular species. It has been suggested 
that information regarding the mode of phosphinate coordi- 
nation may be obtained from infrared studies particularly in the 
PO? stretching region (29). The antisymmetric and symmetric 
PO2 stretching frequencies which occur at 1 137 and 1065 cm- '  
in the hydrated compound shift to 1 123 and 103 1 cm- '  on 
dehvdration. A shift in freauencies would be e x ~ e c t e d  as the 
hydrogen bonding interactions with the coordinated water mol- 
ecules are removed. The  increase in the separation between the 
two frequencies (from 72  cm- '  in the hydrate to 9 2  cm-I) 
suggests that the phosphinate bridging may be more un- 
symmetrical in the anhydrous material (29). This might arise if, 
on dehydration, the phosphinate oxygens formerly involved in 
interchain hydrogen bonding now occupy axial positions va- 
cated by the water molecules in a tetragonally distorted M n 0 6  
chromophore. The pale pink colour of the anhydrous material 
is consistent with such a chromophore or, in the limit of negli- 
gible interchain interactions, with a square planar environment 
about manganese (30). 

Magnetic susceptibility data are recorded in Table 6 and the 
magnetic moments are plotted in Fig. 4. The moment for 
Mn[(CH3)?PO2I2 varies from just above 5.4 BM at room tem- 
perature to about I .O BM at 4.2 K and the susceptibility versus 
temperature plot (Fig. 5) shows a broad maximum at 34 K. 
These properties suggest one-dimensional antiferromagnetic 
exchange as found, for example, in the triple chlorine bridged 
tetramethylammonium manganese(I1) chloride (3 1). 

T w o  models are available for the theoretical analvsis of 
antiferromagnetic exchange in linear chain manganese(I1) com- 
pounds, the scaling model of Wagner and Friedberg (32) and 
the interpolation scheme developed by Weng (33). Both mod- 
els use the isotropic Heisenberg Hamiltonian, which is appro- 
priate in the case of Mn2+ (% ground state). According to the 
Wagner and Friedberg model, 

where U = coth K - I / K  and K = 2JS(S  + I)/kT. 
Hiller et al. have generated a series of coefficients for mag- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN.  1. CHEM. VOL. 63, 1985 

TABLE 6. Magnetic susccptibilities 

IOOx,,, IO"x,. IO"x,,, 
T (K) (cm2 mol-') T (K)  (cm' mol - ' )  T (K) (cm' mol- ')  

netic susceptibility to reproduce Weng's numerical results (34). 
Accordingly 

NgZPZ [ A  + BX'] 
XM = kT [ I  + CX + DX'] 

and forS = 512, A = 2.9167, B = 208.04, C = 15.543, D = 
2707.2, and X = IJllkT. 

The experimental results were analyzed using both models 
with fits made to the susceptibility data with J and g  as fitting 
parameters. Best fits were obtained by minimizing the function 

where n is the number of data points. The best fit values are 
-2.69 cm-' for J ,  the exchange coupling constant, and 2.01 
for g  ( F  = 0.015 1) using the Weng model and -2.94 cm-' for 
J and 2.02 for g  ( F  = 0.0222) using the Wagner-Friedberg 
model. As expected g  is -2.00 in both cases. For comparison, 
[(CH,),N]MnCl, has J = -4.38 cm-' (31) and CsMnCl,. 
2H20, a single chloro-bridged chain, has J = -2.16 cm-' (35). 
The magnetic interaction in the phosphinate compound is par- 
ticularly interesting when one considers that although the ex- 
change pathway involves a three-atom bridge, the magnitude of 
the exchange is at least comparable to that found in the chloro- 
bridged compounds. 

A series of complexes with a similar bridging network to that 
found in the phosphinates are those of type M(NZH5)2(S04)2. 
The zinc compound has been shown to contain bidentate sulfate 
anions forming a double bridge between adjacent zinc ions to 

Temperature I K  

FIG. 5 .  Magnetic susceptibility versus temperature plots for 
Mn[(CHJ)IP02]2, Circles are experimental data. Solid line is the best 
fit to the Wagner-Friedberg model and the broken line is the best fit 
to the Weng model. 

link them in a linear chain (36). The manganese compound 
(assumed to have the same structure) is antiferromagnetic with 
J = -0.42 cm-' (37), seven times smaller than the J obtained 
for the phosphinate-bridged species. It is not obvious whether 
this difference in J 's  is due to the nature of the bridging anion 
(sulfate versus phosphinate) or due to the presence of extensive 
hydrogen bonding which is present in the sulfate-bridged com- 
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plex but absent in the phosphinate. Of relevance to this consid- Council of  Canada for financial support and the University of 
eration is the fact that the hydrated manganese phosphinate British Columbia Computing Centre for assistance. K.W.O. 
derivative studied in the present work also has an extensive and J.S.H. thank the U.B.C.  Graduate Scholarship Committee 
hydrogen bonded network and shows little, if any, magnetic and K.W.O. also thanks NSERC for scholarship awards. 
exchange (see below). 

~o th theore t ica l  models represent the experimental magnetic 
data reasonably well especially at temperatures above -80 K. 
Discrepancies with both models are, however, seen at lower 
temperatures and, moreover, the Weng model does not re- 
produce the temperature of the rounded maximum in the X ,  
plot as well as the other model (Fig. 5). Any or  all of the 
following factors could account for the discrepancies. A small 
amount of paramagnetic impurity will affect the shape of the 
susceptibility versus temperature curve especially for anti- 
ferromagnets at lower temperatures. Both models ignore zero- 
field splitting effects (38) and although these should be small 
in the case of  Mn(I1) they may have a significant effect at low 
temperatures. Also, interchain interactions are ignored in both 
models. The  possibility of some weak association between 
chains to raise the coordination number of manganese to six 
was discussed above. Unfortunately, without single crystal X- 
ray diffraction studies on this compound it is difficult to con- 
clude whether such interactions are likely to be significant. 

In contrast to the magnetic behaviour seen in the anhydrous 
compound, Mn(H20)2[(CH3)2P02]2 has a moment of -5.9 BM 
over the range 300 to 10 K as expected for magnetically dilute, 
spin-free, manganese(I1). There is a small decrease in moment 
from 10 to 4.2 K and while this can be fit to theory (Wagner 
and Friedberg model, g = 2.00 and J = -0.02 cm-' (Fig. 4)),  
the fit should not be interpreted as definite evidence for ex- 
change in this material; such small decreases in moment at low 
temperatures could be accounted for by zero-field splitting 
effects (38). Nonetheless, the fit does place an upper limit of  
-0.02 cm-' on J and shows that any net exchange in the 
hydrate must be very weak indeed compared to that present in 
the anhydrous compound. T w o  possible explanations are sug- 
gested for this difference in magnetic properties. In the anhy- 
drous compound relatively strong antiferromagnetic intrachain 
exchange takes place. On hydration the water molecules, 
through their coordination to manganese, will effectively de- 
crease the metal's acidity towards the bridging phosphinate 
groups and, through hydrogen bonding to the phosphinate oxy- 
gens, they will effectively decrease the phosphinate basicity 
towards manganese. The net effect is weaker phosphinate- 
manganese bonds, poorer orbital overlap and weaker intrachain 
exchange. Another possible source of  the effective damping of 
significant net magnetic exchange in the hydrate is suggested 
by the work on MnC12-2H20 (39). This compound exhibits 
some structural similarities to the hydrate studied here. The  
compound has a chain structure with manganese atoms joined 
by double chloride bridges. Water molecules coordinated in 
axial positions form hydrogen bonds with chlorides in neigh- 
bouring chains. In this compound there is both intrachain anti- 
ferromagnetic exchange via the chlorides and interchain ferro- 
magnetic exchange via the hydrogen-bonded water molecules 
with the magnitudes of the two almost equal. This raises the 
possibility that in Mn(H20)2[(CH3)2P02]2 antiferromagnetic 
intrachain exchange effects are also present but are roughly 
cancelled by interchain ferromagnetic exchange via the water 
molecules. 

Acknowledgements 
W e  thank the Natural Sciences and Engineering Research 

I. F. GIORDANO, L. RANDACCIO, and A. RIPAMONTI. J. Chem. Soc. 
Chem. Commun. 19 (1967). 

2. F. GIORDANO, L. RANDACCIO, and A. RIPAMONTI. Acta Crys- 
tallogr. Sect. B, 25, 1057 (1969). 

3. P. COLAMARINO, P. L. ORIOLI, W. D. BENZINGER, and H. D. 
GILLMAN. Inorg. Chem. 15, 800 (1976). 

4. R. CINI, P. COLAMARINO, P. L. ORIOLI, L. S. SMITH, P. R. 
NEWMAN, H .  D. GILLMAN, and P. NANNELLI. Inorg. Chem. 16, 
3223 (1977). 

5. K. W. OLIVER, S. J .  R E ~ I G ,  R. C. THOMPSON, and J .  TROT~ER. 
Can. J .  Chem. 60, 2017 (1982). 

6. J .  S. HAYNES, K. W. OLIVER, S. J .  R E ~ I G ,  R. C. THOMPSON, 
and J.  TROTTER. Can. J .  Chem. 62, 891 (1984). 

7. B. P. BLOCK. Inorg. Macromol. Rev. 1, 1 15 (1970). 
8. J .  C. SCOTT, A. F. GARITO, A. J .  HEEGER, P. NANNELLI, and 

H. D. GILLMAN. Phys. Rev. B, 12, 356 (1975). 
9. E. I. MATROSOV and B. FISHER. Izv. Akad. Nank SSSR, Neorg. 

Mater. 3, 545 (1967). 
10. G. W. PARSHALL. Org. Synth. 45, 102 (1965). 
I I. H .  REINHARDT, D. BIANCHI, and D. MOLLE. Chem. Ber. 90, 

1656 (1957). 
12. K. D. GALLICANO. Ph.D. dissertation, University of British Col- 

umbia, 1980. 
13. W. KUCHEN, H. BUCHWALD, K. STROKENBERG, and J .  METTEN. 

Lieb. Annal. Chem. 652, 28 (1962). 
14. L. MAIER. Chem. Ber. 94, 3051 (1961). 
15. P. C. CROFTS. Organic phosphorus compounds. Vol. 6. Ediredby 

G. M. Kosolapoff and L. Maier. Wiley-Interscience, New York. 
1973. Chapt. 14. 

16. P. COPPENS, L. LEISEROWITZ, and D. RABINOVICH. Acta Crys- 
tallogr. 18, 1035 (1965). 

17. J .  DE MEULENAER and H. TOMPA. Acta Crystallogr. 19, 1014 
(1965). 

18. International tables for X-ray crystallography. Vol. 4. Kynoch 
Press, Birmingham. 1974. 

19. V. SCHOMAKER and K. N. TRUEBLOOD. Acta Crystallogr. Sect. 
B, 24, 63 (1968). 

20. D. W. J.  CRUICKSHANK. Acta Crystallogr. 9, 747 (1956); 9, 754 
(1956); 14, 896 (1961). 

21. V. V. KORSHAK, A. M. POLYAKOVA, 0 .  V. VINOGRADOVA, 
K. N. ANISIMOV, N. E. KOLOBOVA, and M. V. KOTOVA. Izv. 
Akad. Nank SSSR, Ser. Khimi. 3, 642 (1968). 

22. S. V. VINOGRADOVA, V. V. KORSHAK, 0 .  V. VINOGRADOVA, 
A. M. POLYAKOV, K. N. ANISIMOV, and N. YE. Kolobova. 
Vysokomol. soyed. A15, 516 (1973). 

23. H .  D. GILLMAN and J .  L. EICHELBERGER. Inorg. Chem. 15, 840 
(I 976). 

24. H. D. GILLMAN and J .  L. EICHELBERGER. Inorg. Chim. Acta, 24, 
31 (1977). 

25. C. M. MIKULSKI, J .  UNRUH, R. RABIN, F. J .  IACONIANNI, L. L. 
PYTLEWSKI, and N. M. KARAYANNIS. Inorg. Chim. Acta, 44, 
L77 (1980). 

26. C. M. MIKULSKI, J .  UNRUH, D. F. DELACATO, F. J .  IACONIANNI, 
L. PYTLEWSKI, and N. M. KARAYANNIS. J .  Inorg. Nucl. Chem. 
43, 1751 (1981). 

27. J.  EMSLEY, A. P. DUNNING, R. J .  PARKER, J .  K. WILLIAMS, S. 
BROWN, S. EARNSHAW, and D. S. MOORE. Polyhedron, 3, 125 
( 1 984). 

28. J .  L. HOARD. B. PEDERSEN, S. RICHARDS, and J .  V. SILVERTON. 
J .  Am. Chem. Soc. 83, 3533 (1961). 

29. H .  D. GILLMAN. Inorg. Chem. 13, 1921 (1974). 
30. F. A. C o n o ~  and G. WILKINSON. Advanced inorganic chem- 

istry. 4th ed. Interscience Publishers, New York. 1980. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1062 CAN. 1. CHEM. VOL. 63. 1985 

31. R. DINGLE, M. E. LINES, and S.  L. HOLT. Phys. Rev. 187, 643 
( 1 969). 

32. G.  R. WAGNER and S.  A. FRIEDBERG. Phys. Lett. 9, l l (1964). 
33. C .  H. WENG. Ph.D. Dissertation, Carnegie-Mellon University, 

Pittsburgh, P.A. 1968. 
34. W. HILLER, J .  STRAHLE, A. DATZ, M.  HANACK, W. E. HAT- 

FIELD, L. W. TER HAAR, and P. GUTLICH. J .  Am. Chem. Soc. 
106, 329 ( 1984). 

35. T. SMITH and S. A. FRIEDBERG. Phys. Rev. 176, 660 (1968). 

36. C. K .  PROUT and H. M. POWELL. J .  Chem. Soc. 4 177 ( 196 1 ) .  
37. H. T. WITTEVEEN and J .  REEDIIK. J .  Solid State Chem. 10, 15 1 

( 1 974). 
38. W. E.  HATFIELD, W. E. ESTES, W. E. MARSH, M. W. PICKENS, 

L. W. TER HAAR, and R. W. WELLER. In Extended linear chain 
compounds. Vol. 3.  Edited by J .  S .  Miller. Plenum Press, New 
York. 1983. Chapt. 2. 

39. J .  N. MCELEARNEY, S.  MERCHANT, and R. L. CARLIN.  Inorg. 
Chem. 12, 906 (1973). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Preparation, crystal and molecular structures of PhzCNSNSO and a comparison of the 
-SNSO and -SNSS chromophores 
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TRISTRAM CHIVERS, RICHARD T. OAKLEY, ROGER PIETERS, and JOHN F. RICHARDSON. Can. J.  Chem. 63, 1063 (1985). 
The sulphenyl chloride, Ph2CNSCI, prepared in situ from Ph2CNSiMe, and sulphur dichloride, has been employed in the 

synthesis of Ph2CNSNS0 and Ph2CNSNSNSNCPh2 by reaction with Me,SiNSO and Me,SiNSNSiMe,, respectively. An X-ray 
structural determination of Ph2CNSNS0 shows it to consist of a planar cis-trans chain. The crystals are triclinic and belong 
to the space gro!p P 1, a = 9.9078(8), b = 10.0967(9), c = 15.1682(14) A, a = 78.646(7), P = 71.065(7), y = 63.449(7)", 
V = 1281.5(5) A', Z = 4. The final R and R,,, values were 0.033 and 0.027, respectively. The a* -, a* excitation energies 
for the RSNSO and RSNSS chromophores are compared for different R groups and discussed in the light of MNDO calculations 
on the model compounds HSNSX (X = S, 0 ) .  The thermal decomposition of both Ph2CNSNS0 and Ph2CNSNSNSNCPh2 
produced S4N4 and Ph2C0 or (Ph2CN),S, respectively. 

TRISTRAM CHIVERS, RICHARD T. OAKLEY, ROGER PIETERS et JOHN F. RICHARDSON. Can. J.  Chem. 63, 1063 (1985). 
On a utilise le chlorure de sulfenyle, Ph2CNSCI, prepare in situ partir du Ph2CNSiMe, et du dichlorure de soufre, pour 

effectuer la synthkse du PhlCNSNSO et du Ph2CNSNSNSNCPh2 par reaction avec soit du Me,SiNSO ou du Me,SiNSNSiMe,. 
Une determination de la structure du Ph2CNSNS0 par diffraction des rayons-X a pgrmis de montrer qu'il existe sous la forme 
d'une chaine planaire cis-trans. Les cristaux sont tricliniques, groupe d'espace PI,  avec a = 9,9078(8), b = 10,0967(9), c 
= 15,1682(14) A, a = 78,646(7), P = 71,065(7), y = 63,449(7)", V = 1281,5(5) A' et Z = 4. Les valeurs finales de R et 
R,,. sont respectivement 0,033 et 0,027. On a compare les Cnergies d'excitation a* a* pour les chromophores RSNSO et 
RSNSS portant diffkrents groupements R et on en discute a la lumiere de calculs MNDO sur les composes modtles HSNSX 
(X = S, 0) .  Les dCcompositions thermiques de PhzCNSNSO et Ph2CNSNSNSNCPh2 conduisent respectivement au S4N4 et 
Ph2C0 ou au (Ph2CN)2S. 

[Traduit par le journal] 

Introduction 
Recently we have characterized a number of species contain- 

ing the -SNSS chromophore (e.g. SNSS- ( I ) ,  SSNSS- (2, 
3), and Ph3PNSNSS (4)). We have also noted that n-donor 
ligands, R ,  induce a large bathochromic shift on the n* + n *  
transition of RSNSS derivatives and explained this effect in 
terms of qualitative MO considerations (5). Several compounds 
of the type RSNSO are known, e.g. CF3SNS0 (6) and 
Me2NSNS0 (7, 8), but quantitative data concerning their mo- 
lecular structures or electronic spectra are lacking with the 
exception of S(NS0)2 (9). In order to assess the effect of 
replacing a terminal sulphur atom by oxygen in these deriva- 
tives we have synthesized and determined the crystal and rno- 
lecular structures of Ph2CNSNS0. We have also carried out 
MNDO calculations on the model compound HSNSO and com- 
pared the results with those found for HSNSS. A secondary 
interest in RNSNSO compounds was that they might provide a 
convenient source of S2N2, and hence (SN),, via thermally 
induced elimination of RO in derivatives where R is a strong 
oxophile. 

Experimental 
Reagents and general procedures 

Solvents were dried (methylene dichloride (P2OS) and acetonitrile 
(CaH2 and P205)) and freshly distilled before use. All reactions were 
conducted under an atmosphere of nitrogen (99.9890 purity passed 
through Ridox and silica gel). The progress of reactions involving 
trimethylsilyl reagents was monitored by 'H nmr spectroscopy, and 
the non-volatile reaction products were analyzed initially by tlc on 

' To whom all correspondence should be addressed. 
'Present address: Department of Chemistry and Biochemistry, 

University of Guelph, Guelph, Ont., Canada NIG 2W I .  

silica gel. Chemical analyses were performed by MHW Laboratories, 
Phoenix, AZ. 

Sulphur dichloride (Thiokol/Ventron Division) was distilled before 
use and the following reagents were prepared by literature procedures: 
Ph2CN2 (lo), S4N4 (I I), (Ph2CN)'S (12), Ph2CNSiMe3 (13), 
Me,SiNSO (14), Me,SiNSNSiMe, (15). 

Instrumentation 
Infrared spectra (4000-250 cm-') were recorded as Nujol mulls 

(CsI windows) on a Perkin-Elmer 467 grating spectrophotometer. 
Ultraviolet-visible spectra were obtained by use of a Cary 219 spec- 
trophotometer. Routine 'H nmr spectra were recorded on a Hitachi 
Perkin-Elmer R-24B instrument, and mass spectra were run on a 
Varian CH5 spectrometer (EI/70 eV) or a VG Micromass 7070F 
instrument (C.I./Ar). 

Preparation of diphe~~ylmethyleneamino(thionylimino)sulphide, 
Ph2CNSNSO 

Ph'CNSiMe, (2.4 g, 9.3 mmol) in methylene dichloride (5 mL) was 
added dropwise to a solution of SC12 (0.96 g, 9.3 mmol) in methylene 
dichloride (20 mL) at -78°C. The reaction mixture was allowed to 
warm up slowly to -60°C during 3 h and then Me,SiNSO (1.3 g, 9.3 
mmol) in methylene dichloride (5 mL) was added at -7S°C to the 
solution which was allowed to reach 23°C slowly. After 3 days solvent 
was removed from the orange solution in vacuo to give a very viscous 
residue which was redissolved in CH2C12-CH,CN. Removal of sol- 
vent in vacuo produced a yellow solid which was dissolved in the 
minimum amount of toluene. A small amount of white precipitate, 
ph2CNH2+Cl- (ir spectrum), was removed by filtration. A tlc of the 
toluene solution indicated two major components which were sepa- 
rated by chromatography on a BioBeads SX-8 column. The first 
fraction yielded (Ph2CN)2S (0.065 g, ir spectrum (12)). The residue 
obtained after removal of toluene from the second fraction was dis- 
solved in the minimum amount of CH2CI2 (ca. 10 mL) and then an 
excess of CH,CN (ca. 40 mL) was added. After several days at -20°C 
this solution produced orange-red crystals of Ph2CNSNS0 (0.94 g, 
3.4 mmol) mp 95-96°C. Anal. calcd. for CI3HIONlOS2: C 56.91, H 
3.67, N 10.21, S. 23.37,O 5.83; found: C56.21, H 3.71, N 10.12, 
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S 22.98, 0 6.98 (by diff.). Infrared (major bands): 1550(m), 1463(s), 
1320(m), 1298(m), 1191(vs), 1181(vs), 1175(vs), IOIO(m), 991(m), 
952(m), 787(m), 705(m), 695(s), 377(m) cm-I. Ultraviolet and vis- 
ible spectrum (CH3CN), A,;,,(E): 370 (2 x lo4) nm (M- '  cm-I). Ms: 
(E.1. source temperature 100°C) 274( loo), 2 12(62), 180(76), 
109(41), 77(87), 5 1 (36), (C.I. source temperature 90°C) 274( 19), 
2 12(39), 180(53), 109(39), 104(28), 77(100). 

Preparation of bis(diphenylmethy1ene)trisulphur tetranitride, 
Ph2CNSNSNSNCPhr 

PhzCNSiMe3 (8.3 g ,  33 mmol) in CHZCI? (50 mL) was added 
dropwise to a solution of SC1, (3.4 g ,  33 mmol) in CH2CIZ (50 mL) 
at -78°C. After ca. 3 h a solution of Me3SiNSNSiMe, in CHzClz (50 
mL) was added dropwise to the reaction mixture. The resulting red 
solution was allowed to reach 23°C slowly. Solvent was removed in 
vaclto and the dark red residue was recrystallized from acetonitrile to 
give pure (tlc) Ph2CNSNSNSNCPh2 (2.2 g, 4.5 mmol) A,,, 505 nm, 
E = 2 X M - I  cm-'  (cf. lit: A,,, 508 nm (16)). The infrared 
spectrum was identical to that of an authentic sample prepared from 
PhZCN2 and S4N4 (16, 17). 

Thermolysis of PhzCNSNSNSNCPh, 
A solution of Ph,CNSNSNSNCPhZ (0.50 g, I .0  mmol) in CH3CN 

(50 mL) changed colour from deep red to pale orange during 48 h at 
reflux. After removal of solvent in vacuo the residue was dissolved in 
toluene and chromatographed on a Biobeads SX-8 column. Four frac- 
tions were collected and the following products were isolated: (i) an 
inseparable mixture of P ~ z C N S N S N S N C P ~ ~  and (Ph2CN)2S, (ii) and 
(iii) (Ph2CN),S (0.060 g, 0.22 mmol), and (iv) S,N4 (0.066 g, 0.36 
mmol) . 

X-ray analysis of PhzCNSNSO 
Crystal data 

ClsHloNzoS~ - fw = 274.37 
Space group P I ,  a = 9.9078(8), b = 10.0967(9), c = 15.1682(14) 
A, u = 78.646(7), P = 71.065(7), y = 63.449(7)", V = 1281.5(5) 
A', Z = 4, p, = 1.422 g cm-' (21(1)"C; MoKu, A = 0.71069 A,  
graphite monochromator) and p(MoKa)  = 3.95 cm- ' . 

A red-orange sample of approximate dimensions 0.40 X 0.40 x 
0.30 mm was cut from a large crystal and mounted on an Enraf-Nonius 
CAD4F diffractometer. Intensity data were collected at room tem- 
perature using the w-28 scan technique with a scan range of 1.5(0.60 
+ 0.347 tan 8) and scan speeds varying from 0.6 to 5.0' min-'. The 
intensity was calculated as I = ( P  - 2(B1 + B2))Q, where P is the 
central 64 steps of a 96 step scan, B l  and B2  are the background 
counts, and Q is the scan rate. The standard deviation of the intensity 
u(1) = [ P  + 4(B1 + B~)]'"Q. Three standard reflections measured 
every 2000 s of X-ray exposure time showed no decomposition of the 
crystal had occurred during the data acquisition period. A total of 5866 
unique reflections were measured for the octants * h, + k ,  + 1 to a 
maximum 8 = 27S0, of which 2932 were considered observed (F,, > 

Crystal and molecular structure of Ph?CNSNSO 
An ORTEP drawing of the molecule is shown in Fig. 1. 

Table 1 gives the positional parameters and Table 2 gives the 
bond lengths and bond angles for non-hydrogen atoms in the 
two different molecules of Ph2CNSNS0 (A and B). The 

3 0  (F,)). The data were corrected for background, Lorentz and polar- 
ization effects but an absorption correction was not considered neces- 
sary. Extensive photographic studies of a number of crystals supported 
the choice of space group. 

The coordinates of the CNSNSO fragment of one of the two mole- 
cules in the asymmetric unit were determined by direct methods 
(MULTAN 78) (18). Structure factor and difference Fourier calcu- 
lations revealed the positions of the remaining non-hydrogen atoms. 
'The structure was refined by full-matrix least-squares techniques 
based on F ,  minimizing the function Cw(lF,,I - IF,I)?, where rv = 
[u(F,)']-'. All computations were performed using the XRAY 76 
system of programs (19) implemented on a Honeywell computer with 
a Multics operating system. Scattering factors for non-hydrogen atoms 
were those of Cromer and Mann (20) and those for H were taken from 
ref. 2 1. Anomalous dispersion corrections were included for non- 
hydrogen atoms (22). H atoms were readily located from a difference 
Fourier map and iacluded in the model in idealized positions (sp2 at 
C ,  C-H = 0.95 A) with isotropic thermal parameters set to 1.1 times 
B,, of the atom to which they are bonded. H parameters were not 
refined. The model converged for 4332 reflections (observed reflec- 
tions plus those for which I, > 3u(I,)) and 325 variables with the 
agreement factors R = C(vF0l - FcI1)/CIF..( = 0.033 and R.. = 
[Zw(lF,( - IF,I)'/CwlF,12]' ' = 0.027. In the final cycle the goodness 
of fit value !as 0.82 and the largest peak of residual electron density 
was 0.28 e A-' and was of no chemical significance. 

Tables giving the thermal parameters for non-hydrogen atoms (S I), 
positional and thermal parameters for hydrogen atoms (S II), and the 
structure factors for PhZCNSNSO (S 111) have been placed in the 
Depository of Unpublished ~ a t a . ~  

Computatiotlal method 
The use of the MNDO (modified neglect of diatomic overlap) 

method (23) for the study of binary sulphur-nitride molecules has 
been reported by several groups (24-26). 

Results and discussion 
Preparation of Ph2CNSNS0 and Ph2CNSNSNSNCPh, 

Previous synthetic routes to RSNSO derivatives include the 
reactions of CF3SNH, with SOF, (6), Me3SiNRr2 (R = Me, Et) 
with S(NSO), (8), or Me,SiNSO with Rrr,NSCI (R" = Me, Et, 
n-Pr, i-Pr) (7). In view of the ready availability of sulphenyl 
chlorides, the latter could constitute a general method and it has 
now been applied to the synthesis of Ph,CNSNSO via 
Ph,CNSCl prepared in situ (reaction Attempts to prepare 
related derivatives (R = Ph3P, Ph,S) were unsuccessful. How- 
ever, this synthetic approach has been extended to provide an 
alternative preparation of Ph,CNSNSNSNCPh2 (reaction [2]), 
a member of a class of compounds which have been used as 
electrophotographic pigments (27). 

'Tables S 1 - S 111 are available at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Ont., Canada KIA 0S2. 

4The reaction of PhzCNLi with SCIZ to produce (PhzCN)ZS has been 
reported (ref. 12). 
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FIG. 1. An ORTEP drawing of Ph2CNSNS0 showing the atomic 
numbering scheme for molecule A. 

CNSNSO unit is an essentially planar, cis-trans chain,' the 
largest deviations from the Fest plane being 0.067 A for S(l) 
in molecule A and -0.087 A for S(l) in molecule B (Table 3). 
The detailed geometric arrangement bears a marked similarity 
to that found for the planar chain in OSNSNSO, which has a 
cis, trans geometry for both SNSO !nits (ref. 9, Table 4). The 
short C=N bond length (1.286(3) A) and the alternation in tbe 
S-N bond lengths involving N(2) (1.644(2) and 1.529(3) A) 
suggest that the valence bond structure 1 is a reasonable ap- 
proximate representation for Ph2CNSNS0. Furthermore the 
S(1)-N bond lengths (1.644(2) and 1.680(3)) and bond 

angle at S(l) (96.9(1)") are comparable to the cprresponding 
values for Ph2CNSNCPh2 (d(S-N) = 1.675(2) A and LNSN 
94.7(1)") (28), which are typical for two coordinate sulphur(I1) 
(29). These data and a comparison of the structural parameters 
found for the thiosulphinyl derivative, 2 (4), suggest that de- 
localization of IT electrons across S(l) is not well developed in 
1. In 2 the S-N bondo lengths involving N(2) are equal 
(1.592(4) and 1.587(4) A) and the bond angle at S(l) is 
107.7(2)". 

The dihedral angles between the planes of the two phenyl 
groups attached to C(l) differ for the two molecules A and B 
(77.4 vs. 66.7"). Small differences are also observed in the 
dihedral angles between the individual phenyl groups and the 
CNSNSO plane (59.6 and 22.9" for A vs. 56.0 and 26.3" for 
B). 

Electronic structure and uv-visible spectra of RSNSO 
derivatives 

Ab initio HFS MO calculations on a model cis-SNSS- ion 
indicate that the ground state corresponds to a six IT-electron 

'Cis, trans refers to the geometrical arrangement of the substituents 
attached to the S(1)-N(2) and S(1)-N(1) bonds, respectively. 

H-S 

\ 7 
N-S 

"-"\ N-S /" 

H-S 0 H-S S 
1 0  /1.33 I b . 2 2  

N-S N-S 
1.48 1.50 

FIG. 2. Atomic charges, (a) and (b), and bond orders, (c) and (d), 
for planar HSNSO and HSNSS. 

TABLE 1. Positional parameters ( X  10') and B,, ( X  10) for the 
non-hydrogen atoms of Ph2CNSNSO" 

Atom xla y/b z/c Be, 

"For molecule B, C(1) in Fig. I is C(21) and C(12) is C(22) etc. 

system and that the strong absorption band at 470 nm represents 
a IT* (HOMO) + IT* (LUMO) excitation (1). Neutral mole- 
cules RSNSS also exhibit intense visible absorption bands at- 
tributed to IT* + n*  transitions and IT donor ligands, R, induce 
a bathochromic shift on this absorption which is larger for soft 
ligands (e.g. S in SSNSS-, A,,, 582 nm) (2) than for hard 
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TABLE 6. A,,,., values (nrn) for RSNSO and 
RSNSS derivativcs 

Compound A,,,.,, Reference 

CF3SNSO 
OSNSNSO 
Ph,CNSNSO 
Me,NSNSO 
C,HX(SNSS)2(1 
SNSS- 
Ph3PNSNSS 
SSNSS- 

Colourless 
365 
370 
Intense yellow 
408, 433 
470 
49 1 
582 

6 
4 
This work 
7, 8 
5 
I 
4 
2 

"The appearance of two bands is  the result of an 
excitonic coupling of the two chrornophores. 

similar trend has been observed for the .rr + .rr* transition 
energies of carbonyls (30) and thiocarbonyls (31). 

Thermal decomposition of Ph2CNSNS0 and 
Ph2CNSNSNSNCPh2 

Although Ph2CNSNS0 exhibits moderate thermal stability, 
it does decompose at ca. 200°C in the solid state to give S4N, 
and Ph2C0 (tlc). The formation of S4N4 is good evidence for 
the elimination of S2N2 (cf. thermolysis of Ph,As=N-S,N, 
(4)), but attempts to trap S2N2 using an apparatus described in 
ref. 4 were thwarted by co-sublimation of Ph2CNSNS0. For 
comparison, the pyrolysis of S(NSO), of 200-400°C under 

1 ultrahigh vacuum did not produce S2N2 (32). 
I The thermal decomposition of Ph2CNSNSNSNCPh, in ace- 
I tonitrile at reflux produced S4N4 in 72% yield (reaction [3]). 

Conclusions 
A comparison of RSNSO and RSNSS derivatives shows that 

they both adopt cis, trans chain structures, but the bonds are 
more polar and the n* + .rr* transition energy is higher in the 
former. The synthesis of RSNSO compounds (from RSCl) is 
more straightforward due to the availability of the reagent 
Me3SiNS0. 

Acknowledgements 
The financial support of the Natural Sciences and En- 

gineering Research Council of Canada through operating 
grants, a strategic grant (No. G0262) and a summer research 
assistantship (R.P.) is gratefully acknowledged. 

I. J. BOJES and T. CHIVERS. J. Chern. Soc. Chem. Commun. 1023 
(1980); J. BOIES, T. CHIVERS, W. G. LAIDLAW, and M. TRSIC. 
J. Am. Chem. Soc. 104, 4837 (1982). 

2. T. CHIVERS and R. T. OAKLEY. J. Chem. Soc. Chem. Cornrnun. 
752 (1979); T. CHIVERS, W. G. LAIDLAW, R. T. OAKLEY, and M. 
TRSIC. J. Am. Chem. Soc. 102, 5773 (1980). 

3. N. BURFORD, A. W. CORDES, R. T. OAKLEY, W. PENNINGTON, 
and P. N. SWEPSTON. Inorg. Chem. 20, 4430 (1981). 

4. T. CHIVERS, A. W. CORDES, R. T. OAKLEY, and P. N. 

SWEPSTON. J.  Chem. Soc. Chem. Cornmun. 35 (1980); T. 
CHIVERS, A. W. CORDES, R. T. OAKLEY, and P. N. SWEPSTON. 
Inorg. Chem. 20, 2376 (1981). 

5. A. W. CORDES, H. KOENIG, M. C. NOBLE, and R. T. OAKLEY. 
Inorg. Chem. 22, 3375 (1983). 

6. A. HAAS and P. SCHOTT. Chern. Ber. 101, 3407 (1968). 
7. D. A. ARMITAGE and C. C. TSO. J. Chem. Soc. Chem. Comrnun. 

1413 (1971); D. A. ARMITAGE and A. W. SINDEN. J. Inorg. Nucl. 
Chem. 36, 993 (1974). 

8. H. W. ROESKY and W. SCHAPER. Chern. Ber. 107,345 1 (1974). 
9. (a) R. STEUDEL, J. STEIDEL, and N. RAUTENBERG. Z. Natur- 

forsch. 35b, 792 (1980); (b) G. MACLEAN, J. PASSMORE, P. S. 
WHITE, A. BANISTER, and J .  A . DURRANT. Can. J. Chem. 59, 
187 (1981). 

10. H. STAUDINGER, E. ANTHES, and F. PFENNINGER. Chern. Ber. 
49, 1932 (1916). 

11. M. VILLENA-BLANCO and W. L. JOLLY. Inorg. Synth. 9, 98 
(1967). 

12. A. J. BANISTER, J .  A. DURRANT, J .  S. PADLEY, and K. WADE. 
J. Inorg. Nucl. Chern. 41, 1415 (1979). 

13. C. SUMMERFORD and K. WADE. J .  Chern. Soc. A, 1487 (1969). 
14. 0 .  J. SCHERER and P. HORNIG. Angew. Chern. Int. Ed. Engl. 5, 

729 (1966). 
15. 0 .  J. SCHERER and R. WIES. Z. Naturforsch. 25b, 1486 (1970). 
16. E. FLUCK. Z. Anorg. Allg. Chem. 312, 195 (1961). 
17. E. M. HOLT, S. L. HOLT, and K. J. WATSON. J. Chern. Soc. 

Dalton Trans. 1357 (1974). 
18. P. MAIN, S. E. HULL, L. LESSINGER, G. GERMAIN, J.-P. DE- 

CLERCQ, and M. M. WOOLFSON. MULTAN 78, A system of 
computer programs for the automatic solution of crystal structures 
from X-ray diffraction data. University of York, York, England. 
1978. 

19. J. M. STEWART (Editor). Technical Report TR-446. Computer 
Science Centre, University of Maryland. 

20. D. T. CROMER and J. B. MANN. Acta Crystallogr. A24, 321 
(1968). 

21. R. F. STEWART, E. DAVIDSON, and W. SIMPSON. J. Chern. Phys. 
42, 3175 (1965). 

22. International tables for X-ray crystallography. Kynoch Press, 
Birmingham, England. 1974. 

23. M. J. S. DEWAR and W. THIEL. J. Am. Chern. Soc. 99, 4899 
(1977); 99, 4907 (1977); QPCE (1977), No. 353 (MNDO). 

24. T. CHIVERS, P. W. CODDING, W. G. LAIDLAW, S. W. LIBLONG, 
R. T. OAKLEY, and M. TRSIC. J. Am. Chern. Soc. 105, 1186 
(1983). 

25. R. GLEITER and R. BARTETZKO. Z. Naturforsch. 36b, 492 (1981). 
26. (a) S. SENSARMA and A. G. TURNER. Inorg. Chirn. Acta, 64, 

L161 (1982); (b) A. G. TURNER. Inorg. Chirn. Acta, 65, L201 
(1982). 

27. B. GRUSHKIN. U.S. Patents Nos. 3,615,409 and 3,616,393, Oc- 
tober 26, 1971; Chem. Abstr. 76, 40262 (1972); 76, 40283 
(1972). 

28. M-T. AVERBUCH-POUCHOT, A. DURIF, A. J. BANISTER, J. A. 
DURRANT, and J. HALFPENNY. J. Chem. Soc. Dalton Trans. 221 
(1982). 

29. A. J. BANISTER and J. A. DURRANT. J. Chern. Res. (M), 1928 
(1978). 

30. G. PORTER and P. SUPPAN. Trans. Faraday Soc. 61, 1664 (1965). 
3 1. J. FABIAN, H. VIOLA, and R. MAYER. Tetrahedron, 23, 4323 

(1967). 
32. H. W. ROESKY, J. ANHAUS, and W. S. SHELDRICK. Inorg. Chern. 

23, 75 (1984). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Electrostatic effects on ionization equilibria: MNDO study of proton and hydrogen 
transfer reactions of 5-fluoropentanoic acid 
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ZDENEK FRIEDL. Can. J .  Chem. 63, 1068 (1985). 
Relative proton transfer enthalpies &AH" and homolytic bond strengths 6AH" (A-H) of sp and np conformers of 

5-fluoropentanoic acid, as well as some related aliphatic and 4-X-bicyclo[2.2.2]octane-I-carboxylic halogenoacids, have been 
calculated by the MNDO method. The results, together with literature data concerning the gas phase acidities, were compared 
with the prediction of the electrostatic theory. I t  is shown that the substituent effects on acidities of carboxylic acids are largely 
due to substituent interactions in the anions and only to a smaller extent to interactions in the neutral acids. A small contribution 
(about one-eighth to one-fourth as large in magnitude but of opposite sign) is possibly also made by substituent effects on 
homolytic bond strengths DH" (A-H). 

ZDENEK FRIEDL. Can. J .  Chem. 63, 1068 (1985). 
Utilisant la mtthode MNDO. on a calculC les enthalpies relatives de transferts de protons (&AH") et les forces relatives des 

liaisons homolytiqucs (6AH0 (A-H)) des conformeres sp et np de I'acide fluoro-5 pentano'ique, de quelques halogtnoacides 
aliphatiques apparentis et de quelques acides X-4 bicyclo[2.2.2] octanecarboxyliques-1. On a cornpart les rtsultats obtenus 
ainsi quc des donntes tirees de la litterature relatives aux aciditts en phase gazeuse avec des predictions obtenues I'aide de 
la theorie tlectrostatique. On dtmontre que les effets des substituants sur les aciditts des acides carboxyliques sont dus en 
grande partie a des interactions des substituants dans les anions alors que les interactions des substituants des acides neutres 
n'ont qu'une faible influence. I I  cst possible que les effets des substituants puissent faire une Itgkre contribution (de I'ordre 
du huititme au quart de I'amplitude mais de signe inverse) sur les forces des liaisons homolytiques DH" (A-H). 

[Traduit par le journal] 

Introduction 
Substituent effects on proton transfer reactions may be 

theoretically predicted within the framework of classical elec- 
trostatics. Considering ionization equilibria in the gas phase (1, 
2), the electrostatic theory developed by Smallwood (3) seems 
to be more appropriate than the generally used theory of Kirk- 
wood and Westheimer (4, 5). The second theory was created 
especially for the description of solvent effects on ionization 
equilibria in aqueous solutions. These effects are expressed by 
means of the effective relative permittivity E,,, which must be 
calculated from the solvent bulk permittivity E,,, and the inter- 
nal relative permittivity attributed to the solute molecule (4, 
5). On the other hand, Smallwood (3) had cancelled all the 
solvation terms and considered the effect of the dipolar substit- 
uent X on the isodesmic reaction [ l ]  

[ I ]  X-A-H + A- = X-A- + A-H 

as the change of reaction enthalpy 6AH0 in the gas phase. 
Provided that effective relative permittivity E,, equals one for 

the gas phase, the electrostatic field effect FD on the equi- 
librium [ l ]  is expressed in both theories by the same equation, 
eq. [21 

[2] 6AH0 = 6AE0 = Zek cos 8 / r 2 ~ , , ( 4 ~ ~ , )  

where Z is the charge valence (k I), e the electronic charge, k 
is the dipole moment of substituent X, r the distance between 
charge Ze and k, and 8 is the angle between r and k. 

Equation [2] generally assumes that the remaining substitu- 
ent effects have been eliminated by the proper choice of system 
(i.e., especially resonance R, and steric SD effects between the 
substituent X and the anion in X-A-). Until now, great atten- 
tion was paid to the testing of electrostatic theory from this 

' Permanent address: Department of Organic Chemistry, Slovak 
Technical University, CS-8 1237 Bratislava, Czechoslovakia. 

point of view (2, 6) or simply changing of the geometrical 
variables r and 8 in eq. [2] (refs. 2, 6-8). However, as we 
mentioned in our previous papers (9- 12), two basic assump- 
tion of the theory still remain that have not been adequately 
tested: the equality of the homolytic bond strengths in the 
substituted and unsubstituted acids, and the consideration of 
the substituent effect as a direct field effect FD acting exclu- 
sively on the ionizable proton in the neutral acid X-A-H. 

At present there are only very limited experimental data 
about the changes of DHO (A-H) due to substitution from gas 
phase experiments (13- 15), and none of them deal with car- 
boxylic acids. In a similar way there are only a few papers 
(16- 18) which consider the FD effect in both the neutral acid 
and the anion. 

For the reasons mentioned above, we decided to test the 
common assumption of the equality of homolytic bond 
strengths at a semiempirical quantum chemical level using the 
MNDO method. The sp and up conformers of 5-fluoro- 
pentanoic acid (structure 1) were chosen as model compounds, 
which allow us to test the FD effects of the carbon-fluorine 
dipole even for the different geometrical parameters r and 8 in 
eq. [2]. The applicability of the MNDO method (19, 20) for the 

proton transfer reactions was checked on some related aliphatic 
and bicyclo[2.2.2]octane-1-carboxylic acids (structure 2) 
whose gas phase acidities are known (13).' 

'Also, R. W. Taft and I. Koppel, unpublished results. 
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TABLE 3. Relative electrostatic energies ~ A E "  and electron affinities 
6AE0 (EA) of investigated halogenoacids (in kJ mol-') 

Twist ~ A E "  GAE" (EA) 
angle 

Acid ("1 MNDO" Std." MNDO Std." 

5-F-Pentanoic sp 0 7.1 14.0 -6.0 -19.7 
45 4.5 - -3.2 - 
90 -2.8 - 5.3 - 

135 -8.4 - 11.9 - 

clp 180 -10.4 -12.7 14.3 16.9 
Fluoroacetic" 180 -10.2 -23.7 49.1 46.1 
Chloroacetic" 0 -30.4 -28.3 56.7 53.9 
2-CI-Propionic sp 0 -7.1 12.9 13.0 -7.1 

n p  180 -17.7 -25.9 34.3 36.5 
4-F-BCO 180 -11.3 -12.7 16.1 16.9 
4-CI-BCO 180 -12.6 -14.0 17.6 18.4 

"The geometry parameters cos 0 and r calculated from the MNDO optimized 
atomic coordinates. 

"The geometry parameters cos 0 and rcalculated from the standard geometry 
parameters (ref. 24). 

' "The most stable O=C-C-X conformers. 

mization can be considered as a promising approach (19, 20), 
especially as regards still important (2, 8) bicyclo[2.2.2]octane 
and I -azabicyclo[2.2.2]octane systems in the future. 

As mentioned in the introduction, there is a quite funda- 
mental question as to whether the MNDO method is adequate 
for the description of the substituent effects on proton transfer 
reactions. For this reason we calculated MNDO 6AHu en- 
thalpies for fluoroacetic, chloroacetic, 2-chloropropionic, 
4-fluorobicyclo[2.2.2]octane- l -carboxylic (4-F-BCO), and 
4-chlorobicyclo[2.2.2]octane-I-carboxylic (4-CI-BCO) acids, 
as their experimental gas phase acidities  AH:,,,, are known 
(I 3).? 

The consistency of the calculated and experimental data of 
Table 4 is reasonably good considering not only the electro- 
negativity and polarizability effects (the chloro derivatives are 
stronger acids), but also the absolute 6AH0 values. In particu- 
lar, the satisfactory agreement of 6AH0 values of the up con- 
former of 1 and 4-F-BCO acid (structure 2) with the experi- 
mental  AH:,,,, of 4-F-BCO acid (- 16.2 and - 16.7 kJ mol-' 
versus -23.0 kJ mol-I, Table 4) suggests that MNDO provides 
a proper description of the FD effect on proton transfer reac- 
tions, because both acids have practically the same geometry 
parameters cos 0 and r (see structure I ) ,  and thus the same 
theoretical magnitude of the FD effect. 

Comparison of the electrostatic theory with the MNDO cal- 
culations is presented in Tables 3 and 4. The problem is wheth- 
er the gas phase acidities 6AH0 are better predicted by the 6AEu 
or the 6AE0 (EA) values.? In order to test this problem the 
following three types of isodesmic reactions [3] were formed, 

where R is either the carboxyl group COOH, carboxylate anion 
COO-, or carboxyl radical COO' in both sp  and up conformers 
of 5-fluoropentanoic acid. The effect of the substituent on 

"his approach differs slightly from Yoder's treatment (18) and, as 
regards the geometry used, i s  discussed below. 

TABLE 4. Proton transfer enthalpies  AH" and relative net atomic 
charges 69, and Sq, of investigated halogenoacids (in kJ mol-I) 

Twist  AH' 69," 690'' 
angle 

Acid ("1 MNDO Expt. (1 0' electron) 

5-F-Pentanoic sp 0 3.5 - -0.46 -0.57 
45 0.3 - 0.15 1.26 
90 -8.2 - 1.35 5.36 

135 -14.1 - 1.96 7.67 
u p  180 -16.2 - 2.17 8.36 

Fluoroaceticc 180 -39.1 -45.6' 5.11 52.38 
Chloroacetic" 0 -46.3 -49.8' 6.87 67.56 
2-C1-Propionic sp 0 -15.2 2.44 40.50 

u p  180 -37.6 -27'2' 4.52 28.39 
4-F-BCO 180 -16.7 -23.0' 0.94 8.75 
4-CI-BCO 180 -21.2 -25.5' 1.15 12.53 

"Difference qH(X) - ~ H ( H ) .  
'Difference qo(X) - qo(H). 
'."The most stable O=C-C-X conformers. 
'Reference 13. 
'See footnote 2. 

TABLE 5. MNDO calculated  AH: energies of reaction [3], 
homolytic bond strengths 6DH" (A-H), and electron affinities 

6EA (A') of eq. [6] (in kJ mol-') 

 AH: 6DH" (A-H) 6EA (A') 

COOH -0.6 -2.3 - 1.0 2.2 -4.5 18.4 
COO- -4.1 13.9 - - - - 

COO' 0.4 -4.5 - - - - 

acidity 6AHU (Table 4) is then given by the energy change for 
reaction [I], which is just the difference in the  AH: energies 
for the COOH and COO- groups. In a similar way, the substit- 
uent effects on the homolytic bond strengths 6DHU (A-H) are 
given by the energy change for reaction [4]: 

[4] X-A-H + A' = X-A' + A-H 

and eq. [5] expresses the substituent effects on electron affinity 
of the radical 6EA(AS): 

[5] X-A- + A' = X-A' + A- 

The substituent effects on the gas phase acidity are then given 
with regard to eqs. [I], [4], and [5] by eq. [6]: 

[6] 6AHU = 6DH0 (A-H) - 6EA (A') 

The MNDO calculated  AH: energies, the homolytic bond 
strengths 6DH0 (A-H), and electron affinities 6EA (A') are 
given in Table 5. When comparing these data, it is obvious that 
the predominant substituent effect on 6AHu is largely due to 
substituent interactions in the anions (16- 18) and only to a 
smaller extent to interactions in the neutral acids and the car- 
boxyl radicals. 

In order to test the electrostatic theory we plotted the ~ A E "  
and 6AEu (EA) values against the 6AHu energies. Figure I 
reveals that evidently the best agreement is with the MNDO 
geometry based ~ A E '  (EA) electron affinities. The electrostatic 
energies 6AEu generally underestimate  AH', especially with 
respect to short-chain aliphatic halogenoacids (points 6-8, Fig. 
1). The same pattern can be seen from the relative net atomic 
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FRIEDL 1071 

GAEO (EA) (kJ mol-l) 

FIG. I. Test of the electrostatic theory for variable halogenoacids. 
The MNDO &AH" energies of various halogenoacids are plotted 
against SAE" (0 MNDO, A standard geometry) and (or) SAE" (EA) 
(@ MNDO, A standard geometry). Parent acids: 1 ,  sp 5-F-pentanoic; 
2, sp 2-C1-propionic; 3, ap 5-F-pentanoic; 4,4-F-BCO; 5.4-CI-BCO; 
6, up 2-CI-propionic; 7, fluoroacetic; 8, chloroacetic. The straight line 
has the theoretical slope. 

1 
I charges 6qH and 6q0 which are listed in Table 4. The ratio of 

p(6qo)/p(6qH) = 3.3 for the conformers of 5-fluoropentanoic 
acid, and for the related aliphatic halogenoacids it is even 
higher - approximately 10. In other words, these facts mean 
that the substituent effects on 6AH0 are predominantly due to 
effects in the carboxylate anions so that the relative electron 
affinities 6AE" (EA) give a more appropriate description of the 

I 

proton transfer reaction [ I ]  at the empirical level of the electro- 
static theory. 

Note the failure of the standard geometry based 6AE" (EA) 
values (18) as regards a description of the reversed substituent 
effect in acids I and 2 (Fig. I). In order to reach reasonable 
agreement with the 6AH0 energies, the use of a corresponding 
fully optimized geometry is necessary. 

The remaining problem is the possible substituent effects on 
homolytic bond strength DH" (A-H) during the proton trans- 
fer reaction [I]. If there was a set of experimental 6AH0 and 
6EA (A') values it would probably be possible to obtain 6DH" 
(A-H) energies, even given their large uncertainty (29). Due 
to the lack of experimental data we tried to obtain 6DH" 
(A-H) energies for reaction [4], at least at a MNDO method 
level. 

The relevant data are assembled in Tables 4 and 5. When we 
compare &AH': and 6AH" energies (Table 4) it is obvious that 
substituent effects on acidity are largely determined by effects 
in carboxylate anions, but their magnitudes in the correspond- 
ing neutral acids and carboxyl radicals are practically the same. 
Regardless of the small absolute values of 6DH0 (A-H), 
which are given in Table 5 (about one-eight (up) to one-fourth 
(sp) as large in magnitude but of opposite sign), the general 
pattern of FD effects on reaction [4] is quite reasonable: the 

lower the polarity of the 0-H bond, the lower the 6DHu 
(A-H) energy. Table 4 shows this relationship more explicitly 
in terms of the relative atomic charges 6qH, which predict an 
increase of electron density on the reaction centre of the sp 
conformer of 5-fluoropentanoic acid. 

A somewhat less accurate approach based on the MNDO 
calculated 1P (i.e., the negative HOMO energies of the anions 
X-A-) gives 6EA (A') -2.9 kJ mol-I for the sp and 18.4 kJ 
mol-' for the up conformer. Even so, the corresponding homol- 
ytic bond strengths (0.6 and 2.2 kJ mol-', respectively) agree 
fairly well with the 6DH" (A-H) in Table 5. 

The relative homolytic bond strength 6DH" (A-H) is usu- 
ally neglected within the framework of electrostatic theory 
(3-6). However, if the respective proton transfer reaction were 
transferred from the gas phase into solution, the magnitude of 
6DHU (A-H) would become more important for a predom- 
inant solvent effect on 6EA (A'). For example, in the following 
reaction [7] we calculated that the 6AH" energies would 

[7] X-A-H + A-.  . . H z 0  = X-A-. . . H z 0  + A-H 

decrease by 0.2 kJ mol-' for the sp and 0.4 kJ mol-' for the ap 
conformer of 5-fluoropentanoic acid. This trend agrees in gen- 
eral with the solvent attenuation factor (2) for the substituted 
acetic acids (SAF(aq) = pl (gas)/pl (aq) = 4.1 ). Summarizing 
the present evidence, we can state that the homolytic bond 
strengths DH" (A-H) do not necessarily cancel, and that a 
competent experimental examination will be desirable in future 
studies. 
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DAVID A. SCHWARTZ, Ho-HUAT LEE, JEREMY P. CARVER, and JIRI J. KREPINSKY. Can. J. Chem. 63, 1073 (1985). 
The synthesis of two trisaccharides and one disaccharide containing L-fucose and 2-acetamido-2-deoxy-D-glucose is 

reported. Methyl 3 , 6 - d i - O - b e n z y l - 2 - d e o x y - 2 - p h t h a l i m i d o - ~ n o s i d e  was glycosylated with a 3,4,6-tri-0-acetyl- 
2-deoxy-2-phthalimido-P-D-glucopyranosyl bromide. Removal of the phthalimido protecting groups by hydrazinolysis follow- 
ed by N-acetylation and debenzylation yielded methyl N,N1-diacetylchitobioside 3',4',6'-triacetate. The latter was selectively 
fucosylated at the 6-position with 2,3,4-tri-0-benzyl-a-L-fucopyranosyl bromide to yield, after debenzylation and de-0- 
acetylation, methyl 2-acetamido-4-0-(2-acetamido-2-deoxy-~-~-glucopyranosyl)-2-deoxy-6-O-(a-~-fucopyranosyl)-~-~- 
glucopyranoside. When methyl 3-0-benzyl-2-deoxy-2-phthalimido-~-~-glucopyranoside was fucosylated, its 6-0- and 
4,6-di-0-(a-L-fucopyranosyl) derivatives were obtained by use of 1 and 2 equivalents, respectively, of the protected fucosyl 
bromide. 

DAVID A. SCHWARTZ, Ho-HUAT LEE, JEREMY P. CARVER et JIRI J. KREPINSKY. Can. J.  Chem. 63, 1073 (1985). 
On rapporte la synthkse de deux trisaccharides et d'un disaccharide contenant du L-fucose et de I'acCtamido-2 dCoxy-2 

D-glucose. On a glycosylC le di-0-benzyl-3,6 dCoxy-2 phtalimido-2 P-D-glucopyrannoside de mCthyle avec le bromure de 
tri-0-acCtyl-3,4,6 dCoxy-2 phtalimido-2 P-D-glucopyrannosyle. L'hydrazinolyse du groupe protecteur phtalimido, suivie d'une 
N-acktylation et d'une dCbenzylation, conduit au N triacCtate-3',4',6' du N,N1-diacCtylchitobioside de mCthyle. La fucolisation 
selective de ce dernier en position 6 ?i I'aide du bromure de tri-0-benzyl-2,3,4 a-L-fucopyrannosyle, conduit, aprtts dC- 
benzylation et dC-0-acktylation, ?i I'acCtamido-2 0-(acCtamido-2 dCoxy-2 P-D-g1~~0pyrann0~yl)-4 dCoxy-2 0-(a-L-gluco- 
pyrannosy1)-6 P-D-glucopyrannoside de mCthyle. La fucosylation du 0-benzyl-3 dCoxy-2 phtalimido-2 P-D-glucopyrannoside 
par 1 ou 2 Cquivalents de bromure de fucosyle protCgC de mtthyle permet d'obtenir les dCrivCs 0 -6  ou di-0 (a-L-fuco- 
pyranosyle)-4,6. 

[Traduit par le journal] 

I 
I Glycoproteins containing N-linked oligosaccharides are L-fucose (2). We are studying the role of the three-dimensional 
I ubiquitous on cell surfaces. All such oligosaccharides contain structure of oligosaccharides such as 1 and 2 in biosynthetic 

a core structure which is invariably attached through an pathways as well as in cell-cell recognition. In addition to this, 
N,N'-diacetylchitobiosyl linkage to L-asparagine ( I ) ,  and in the complete structures or their fragments can be used as deter- 
some cases this disaccharide moiety is glycosylated with minants of artificial antigens which may be useful for the prep- 

B1,4 B1,2 
Galp - GlcpNAc - Manp 

L 
B1,4 B1.4 B1,4 B1- 

GlcpNAc - Manp - GlcpNAc - GlcpNAc Asn 

B1,4 B1,2 
Galp - GlcpNAc Manp 

' For part 3, see ref. 23. 
Author to whom correspondence may be addressed. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J .  CHEM. VOL. 63, 1985 

P I 4  B1,2 
Galp - GlcpNAc - Manp 

Fucp 

I 

Y 
B1,4 p1,4 p1,4 B1- 

GlcpNAc - Manp - GlcpNAc - GlcpNAc - Asn 

/1,3 

PA4 B1,2 
Galp - GlcpNAc - Manp 

aration of diagnostic reagents (2, 3). In our overall synthetic 
strategy we sought to develop a methodology for the efficient 
syntheses of smaller oligosaccharides which can be linked to- 
gether to form 1 or 2. Thus we have previously reported the 
syntheses of the mannose-containing portion of the core (4,5), 
and herein we describe an efficient and simple synthesis of the 
chitobiose-fucose part of 2, i.e. the model trisaccharide 3a. We 
also wanted to prepare the disaccharide 4, and in the course of 
this synthesis we observed that the reactivities of OH-6 and 
OH-4 differ sufficiently to allow a simple preparation of either 
4 or 5. 

Trisaccharide 36 has already been synthesized (6) in a fairly 
complicated procedure employing 1,6-anhydro derivatives (20 
steps in 1% overall yield). Since OH-4 is much more reactive 
in the latter than in the conventional 4CI conformation it seems 
advantageous to utilize this property for the formation of the 
1,4-linkage of chitobiose. However, the use of 1,6-anhydro 
sugars is also extremely time-consuming, so we set out to 
design a shorter route which would allow the preparation of 
substantial quantities of 3a and related oligosaccharides rela- 
tively rapidly. The efficiency of the synthetic sequence is of 
particular importance because, eventually, isotopically labelled 

OR HO OMe 

NHAc NHAc 

OMe 
NHAc 

I fucose is to be incorporated. p-anomer in similar situations. Moreover, in an aglycon moi- 
I Lemieux et al. (7) have shown that the OH-4 in ety, the N-phthalimido group cannot participate in an imidate 

2-amino-2-deoxyglucose is not so unreactive in the 4C, con- formation as the acetamido group does (10). We have therefore 
formation as to warrant the use of 1,6-anhydro derivatives (8, adopted the N-phthalimido approach to form a chitobiosyl de- 
9). It was also shown previously (7, l l )  that the protection of rivative as, for instance, in the condensation of the aglycon 6a 
the amino function as its N-phthalimido derivative in gly- with the bromide 7 using silver triflate/collidine as a promoter, 
cosylating agents leads to exclusive formation of the desired which resulted in a 60% yield of the disaccharide 8a (1 1). 
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SCHWARTZ ET AL 

AcO Br + BnO OR 
\ \ 
NPhth NPhth 

The aglycon required for the synthesis of trisaccharide 3a 
should be a derivative of 8 in which the OH-6 is free. There- 
fore, any protection of this OH group should be removable in 
the presence of other blocking groups. First we considered the 
combinations 9 (R = Bn, R' = Ac) and 10 (R = tert-butyl- 
dimethylsilyl, R' = Ac). 

Glycosylation of bromide 7 with methanol using silver 
triflate/collidine as promoter yielded 11 in 79% yield, with 
complete p-anomeric specificity (as determined by 360-MHz 
'H nmr spectroscopy). This glycosylation was subsequently 
accomplished more readily and in higher yield (95%) using 
silver zeolite (13) as the promoter with no loss of anomeric 
specificity. 

H,"z&+ R'O OMe R2cE++ R ~ O  OMe 

NPhth NPhth 

9 R = Bn; R '  = Ac 11 R '  = R' = R' = ,A,C 

1 0  R = Me,tBuSi-; R = Ac 1 2  R '  = R' = R.' = H 
15 R '  = R' = H; R' = Ac 
16 R '  = Ac; R' = R' = H 
1 7  R '  = Bn. R' = R3 = H 
18 R '  = R' = Bn; R' = H 
23 R '  = R' = H. R' = Bn 

ZemplCn deacetylation gave in 85% yield the trio1 12 which 
after benzylidenation with a,a-dimethoxytoluene/p-toluene- 
sulphonic acid gave 13 in 85% yield. Acetylation followed by 

AcO 

Aco*o& AcO OMe 

NHAc NHAc 

AcO 
OMe 

NPhth 

hydrolysis of the benzylidene moiety gave the 3-acetyl deriva- 
tive 15 in 80% yield. The structure of 15 was confirmed by its 
'H nmr spectrum which exhibited a signal at 6 5.63 character- 
istic of an acetylated H-3 (dd, J = 10.6 and 9.1 Hz). 

An attempt to synthesize 9 from diol 15 using phase transfer 
catalysis (14) resulted in isolation of 16 formed by migration of 
the secondary acetate group to the primary hydroxyl group. The 
stannylation technique of benzylation (1 1) yielded only the 
6-benzyl derivative 17, as the acetate was labile under the 
reaction conditions. We could not obtain the 3,6-dibenzyl de- 
rivative by this procedure as has been reported previously (15) 
for methyl a-D-mannopyranoside. 

Unable to synthesize alcohol 9 we turned our attention to 
alcohol 10. Direct silylation of diol 15 with tert-butyldimethyl- 
silyl chloride and imidazole in DMF gave the desired alcohol 
10 in 66% yield. Attempted glycosylation of alcohol 10 with 
bromide 7 using silver triflate/3,4-dihydro-2H-pyrido[1,2-a]- 
pyridinone-2-one (1 1, 16) in dichloroethane was unsuccessful, 
presumably because of the steric encumbrance of the bulky 
silyl protecting group. 

Stymied by our previous approaches to make mono- 
saccharides 9 and 10 with differential protection at the 3- and 
6-positions of the glycon, we felt that the synthesis of disaccha- 
ride 20 (cf. ref. 11) or 8b, followed by their debenzylation, 
would lead to diols which could be selectively fucosylated at 
the desired, and more accessible, primary 6-position. Ace- 
tamido groups in 20 could be a potential problem as they can 
form an imidate in glycosidation reactions using strong pro- 
moters (10). However, it has been shown previously that in 
glycosidations in which mild promoters were used, certain 
bases present in the reaction mixture could be responsible for 
the imidate formation (e.g. Hiinig's base, ref. 7c). The avoid- 
ance of such bases, particularly when the hydroxyl group to be 
glycosylated is the more reactive primary one (as would be the 
case in the standard, bromide ion-catalyzed fucosylation (12) 
of an N,Nf-diacetylchitobiose derivative by tri-O-benzy1-a- 
L-fucopyranosyl bromide) should therefore suppress the im- 
idate formation. 

?Bn 

AcO. SoBn 
AcO OMe 

The synthesis of the starting alcohol 18 began from the 
benzylidene derivative 13 which was alkylated in 86% yield 
with sodium hydride and benzyl bromide in diethoxyethane to 
give 19 (1 1). Selective reduction of the benzylidene acetal in 19 

using sodium cyanoborohydride (17) gave the desired alcohol 
18 in 95% yield. The overall yield of 18 from 7 was 50%. 

Glycosylation of alcohol 18 with bromide 7 to give the 
desired disaccharide 8b was accomplished in 46% yield using 
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silver triflate/collidine in nitromethane. The 'H nmr spectrum 
of 8b exhibited a doublet at 6 5.53, (J = 8.4 Hz, H-1) and a 
doublet at 4.87, ( J  = 8.3 Hz, H-1'). These assignments were 
confirmed by decoupling experiments (cf. also ref. 1 

In order to synthesize the trisaccharide 3a starting from 8b 
we considered two approaches differing in whether the fu- 
cosylation would be performed on N-phthalimido or N-acetyl 
derivatives. As it as desirable to keep the number of synthetic 
steps after fucosylation to a minimum because, eventually, 
isotopically labelled fucose is to be incorporated, the latter was 
preferred. 

Hydrazinolysis of 8b and subsequent acetylation gave the 
desired N,N1-diacetylchitobiose derivative 20 in 75% yield. 
This disaccharide was debenzylated by hydrogenolysis over 
palladium-on-charcoal in methanol to give diol21. Diol21 was 
selectively fucosylated in 65% yield with 1.2 equivalents of 
2,3,4-tri-0-benzyl-a-L-fucopyranosyl bromide (18) using the 
halide ion-catalyzed procedure (12), i.e., tetraethylammonium 
bromide and 4A molecular sieves in dichloromethane/DMF. 
Trisaccharide 22 was deprotected by hydrogenolysis followed 

by Zempltn deacetylation to give trisaccharide 3a in 55% 
yield. 

The structure of 3a was confirmed by its 'H nmr spectrum, 
which exhibited three anomeric doublets: 6 4.91, (J = 3.8 Hz, 
H-1, a-fucopyranosyl moiety), 4.64, (J = 7.6 Hz, H') and 
4.43 (J = 8.0 Hz, H- 1). The broadened quartet at 6 4.13, J = 
6.3 Hz and <0.5 Hz is assigned to H-5 on the fucose moiety 
and is characteristic for a fucose substituted at the 6-position of 
N,N1-diacetylchitobiose (19). 

Synthesis of saccharides 4 and 5 began with the hydrolysis 
of 19 in 60% aqueous acetic acid to give diol23 in 88% yield. 
The protected disaccharide 24 was prepared from 23 by taking 
advantage of the higher reactivity of the primary hydroxyI 
group in 23 towards 2,3,4-tri-0-benzyl-a-L-fucopyranosyl bro- 
mide 28 (18) in comparison with the secondary hydroxyl. Con- 
sequently, the use of 1.2 equivalents of 28 for shorter periods 
of time leads to almost exclusive formation of 24, while 2.4 
equivalents or more of 28 and prolonged reaction times yield 
mostly the trisaccharide derivative 25. It is, however, easy to 
separate 24 from 25 by chromatography. 

OBn 

BnO 

24 R ' ,  R2 = Phth 
26 R'  = Ac, R 2 =  H 

I 

OBn 

25 R', R' = Phth 
27 R '  = Ac, R2 = H 

Deprotection of both 24 and 25 by hydrazinolysis followed 
by N-acetylation and hydrogenolysis gave disaccharide 4 and 
trisaccharide 5, respectively. The 'H nmr spectra of 4 and 5 
were in complete agreement with their structures. Thus, for 
example, 4 showed two anomeric proton resonances at 6 4.49 
(d, J = 3.9 Hz, H-1') and 6 4.45 (d, J = 8.5 Hz, H-1), a 
one-proton quartet at 6 4.14 ( J  = 6.5 Hz, J2 < 0.5 HZ, H-5'), 
and a three-proton doublet at 6 1.23 ( J  = 6.6 Hz, H-6'). 
Similarly, 5 showed three anomeric proton resonances at 6 5.00 
( J  = 3.6 Hz, H-l'), 4.91 (J = 3.9 Hz, H-1"), and at 4.44 (J 
= 8.3, H-1), as well as two three-proton doublets at 6 1.22 and 
6 1.14 ( J  = 6.6 Hz, H-6' and H-6). 

Complete analysis of the nmr spectra of 3a, 4, and 5 will be 
published elsewhere in connection with our conformational 
studies of these oligosaccharides. 

Experimental 
General methods 

Melting points were determined on a Reichert Thermovar melting 
point apparatus and are uncorrected. Optical rotations were measured 
with a Perkin-Elmer polarimeter (Model 140) at 26 ? 1°C. Micro- 
analyses were performed by the Microanalytical Laboratory Ltd., 
Markham, Ontario. The 'H nmr spectra were recorded at 360 MHz 

'Symbols used to distinguish monosaccharide units in oligo- 
saccharides are defined in the experimental part. 

with a Nicolet spectrometer at the Toronto Biomedical NMR Centre, 
University of Toronto. They were obtained at 23 k 2°C either in 
CDCI, containing 1% TMS as the internal standard or in D 2 0  
(99.996%, Merck, Sharp, and Dohme) with acetone (0.1%, 2.225 
ppm relative to internal DSS) as the internal standard. FAB mass 
spectrometry was performed with a VG Analytical ZAB HF reverse 
geometry instrument (for general conditions cf. ref. 22 and references 
therein) at the Institute of Physiological Chemistry, University of 
Bonn. 

Thin layer chromatography (tlc) was performed on silica gel 60F,,, 
(Merck) plastic plates using the following solvent systems: A, 
hexanelethyl acetate (I : 1); B, ethyl acetate (100%); and visualized by 
quenching of ultraviolet fluorescence and (or) spraying with 50% 
aqueous sulfuric acid and heating at 100°C. Silica gel 60 (230-400 
mesh; Merck was used for flash chromatography. All glycosylation 
reactions were performed under an argon atmosphere. All starting 
materials were dried overnight under vacuum (lo-' Tom; I Torr = 
133.3 Pa) prior to use and all solvents were distilled from appropriate 
drying agents. Solutions were concentrated at water aspirator pressure 
unless indicated in vacuo (lo-' Torr). 

The symbols ' and " are used as follows: 

1,4 or 
G' (or F') - G -* aglycon 

1.6 

1,4 1,6 
G' + G + aglycon 
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SCHWARTZ ET AL 1077 

F ' IH, J = 8.4 Hz, H-I), 3.45 (s, 3H, OCH,). Anal. calcd. for 

4 1,6 C24H2,N08: C 63.57, H 5.1 1, N 3.09; found: C 63.44, H 5.26, N 
F" + G -+ aglycon 3.14. 

1,4 Methyl 3-0-ace~l-2-deoxy-2-phthalimido-~-glucopyranoside (15) 

where G represents an N-acetylglucosamine unit and F represents a A solution of 14 (1.05 g; 2.31 mmol) in 60% acetic acid (50 mL) 
fucose unit. was heated at 100°C for 30 min (tlc monitored). The solvent was 

removed in vacuo to give diol 15 as a colourless solid (748 mg; 88% 
Methyl 3,4,5-tri-0-ace~l-2-deoxy-2-phthalimido-~-~-glucopyran- yield). Recrystalllzation from hexanelethyl acetate gave 15 as a ml- 

oside (11) crocrystalline solid; mp 84-86°C; [a], +74.4" (c 1 .O, chloroform); 
Method A Rr(B) 0.45; 'H nmr 6: 7.85-7.95 (m, 4H, N(Co)?C6H4), 5.63 (dd, 
To a cooled solution (-30°C) of methanol (0.9 mL), collidine (3.0 IH, J = 10.6 and 9.1 Hz, H-3), 5.30 (d, 2H, J = 8.4 Hz, H-1), 3.45 

mL; 22.9 mmol), and silver triflate (5.80 g; 22.6 mmol) in nitro- (s, 3H, OCH,), 2.8 (br s, 2H, OH), 1.95 (s, 3H, COCH,). 
methane (25 mL) was added a solution of bromide 74 (9.96 g; 20.0 
rnmol) in nitromethane (15 mL), The reaction mixture was stirred at Methyl 6 - 0 - a c e Q l - 2 - d e o x ~ - 2 - ~ h t h a l i m i d o - P - o - g l u ~ i  (16) 

-30°C for 1 h (tlc monitored), warmed to room temperature, and A solution of diol 15 (200 mg; 0.54 mmol), tetra-n-butylammonium 

filtered through Celite. The filtrate was washed successively with hydrogen sulfate (40 mg; O.I I mmOl)l and b e n z ~ l  bromide mL; 
0.5 N aqueous HCI, saturated aqueous N~HCO,,  and brine, ~h~ or- 0.82 mmol) in dichloromethane was added to a solution of aqueous 

ganic extract was dried (MgS04) and concentrated to give a yellow oil NaOH M; 0.65 mL; 0.65 mmO1) in water (5 mL)l and heated under 
from which 11 was crystallized after dilution with hexanelethyl ace- reflux for 16 h. The organic phase was separated, dried (M~so~) ,  
tate (I : 1) as a white solid (6.15 g in two crops; 79% yield). filtered, and concentrated to a colourless oil. Flash chromatography on 

silica gel (hexanelethyl acetate (35:65)) gave 16 as an amorphous 
Method B 
To a stirred mixture of silver zeolite (20 g) (ref. 13), methanol (6 

solid; Rr(B) 0.44; 'H nrnr 6: 7.85-7.95 (m, 4H, N(CO)ZC~H~), 5.15 
(d, IH, J = 8.4 Hz, H-I), 4.67 (dd, lH, J = 12.4 and 3.5 Hz, H-6), 

mL), and dichloromethane (75 mL) was added a solution of bromide 4.29 (dd, J = 12.4 and 2.2 Hz, H-67, 3.44 (s, 3H, OCH,), 2.05 (s, 
( a  or p) 7 (20.4 g; 40.9 mmol) in dichloromethane (50 mL). The 3H, COCH,), 
reaction mixture was protected from light and was stirred at room 
temperature for I h, filtered through Celite, and the filtrate was con- Methyl 6-0-benzyl-2-deoxy-2-phthalimido-~-glucopyranoside (17) 
centrated to give a syrup (18.0 g) which after recrystallization from A solution of diol 15 (200 mg; 0.55 mmol) and bis(tri-n-butyl tin) 
hexanelethyl acetate ( 1 :  I) gave microcrystalline 11 (17.0 g; 95% oxide (0.30 mL; 0.58 mmol) in toluene (8 mL) was heated under 
yield from three crops); mp 155- 157°C; [a], +42.2" (c 1 .O, chloro- reflux with continuous removal of water for 3 h. The solution was 
form) (lit. (20) mp 160.5- 162.0°C; [a], +44.7" (c I. I, chloroform); cooled to room temperature, the solvent was removed in vacuo, and 
(lit. (21) mp 156- 157°C; [a], +45.5" (c 3.23, chloroform)); Rr(A) the residue was dissolved in benzyl bromide (5 mL) and heated at 8S°C 
0.3; 'H nrnr 6: 7.75-7.90 (m, 4H, N(C0)2ChH4), 5.78 (dd, lH, J = for 18 h. After processing as described (1 I), the colourless residual oil 
10.6, 9.2 Hz, H-3), 5.30 (d, lH, J = 8.5 Hz, H-I), 3.45 (s, 3H, was purified by flash chromatography on silica gel (ethyl acetate) to 
OCH,), 2.15, 2.05, and 1.88 (s, 9H, COCH3). give 17 as an 011; Rr(B) 0.55; 'H nmr 6: 7.85-7.95 (m, 4H, 

Methyl 2-deoxy-2-phthalimido-0-glucopyranoside (12) N(C0)2C6H4), 6.82-7.03 (m, 5H, CsHsCHz), 5.15 (d, IH, J = 8.4 
Hz, H-I), 3.85 (m, 2H, H-6), 3.43 (s, 3H, OCH,). 

This compound was prepared in 85% yield from triacetate 11 and 
sodium methoxide in methanol according to ref. 20; mp 200-202°C; Methyl 3-O-ace~l-6-O-(tert-bu~l)dimethylsilyl-2-deoxy-2- 
[a], -9.1" (c 1.0, methanol) (lit. (20) mp 202.5-204.5"C; [a]589 phthalimido-P-D-glucopyranoside (10) 
-8.62" (c 1.0, methanol)); Rr(A) 0.0, (B) 0.3; 'H nmr 6: 7.85-7.95 A solution of diol 14 (560 mg; 3.83 mmol) in DMF (5 mL) 
(m, 4H, N(CO)ZC~H~), 5.17 (d, lH, J = 8.3 HZ, H-I), 3.43 (s, 3H, containing tert-butyldimethylsilyl chloride (277 mg; 1.84 mmol) and 
OCH,). imidazole (260 mg; 3.83 mmol) was stirred overnight at room tem- 

Methyl 4,6-0-benzylidene-2-de0xy-2-phthalimido-~-~-glucopyran- 
oside (13) 

Compound 13 was prepared in 85% yield from trio1 12, a,a-di- 
methoxytoluene, andp-toluenesulphonic acid in acetonitrile (7). After 
recrystallization from hexanelethyl acetate (1 : 1) a colourless micro- 
crystalline solid was isolated; mp 192- 194°C; [a], +63.2" (c l .O, 
chloroform); Rr(A) 0.43; 'H nrnr 6: 7.72-7.88 (m, 4H, 
N(CO)&Hd), 7.36-7.51 (m, 5H, C~HSCH), 5.60 (s, IH, 
CHC6H5CH), 5.21 (d, IH, J = 8.4 HZ, H-I), 3.45 (s, 3H, OCH3), 
2.38 (s, I H, D20 exch., OH). Anal. calcd. for CzzH2,NO7: C 64.23, 
H 5.14, N 3.40; found: C 64.44, H 5.20, N 3.46. 

Methyl 3-0-ace~l-4,6-benzylidene-2-deoxy-2-phthalimido-~-~- 
glucopy ranoside (14) 

Acetic anhydride (12.5 mL) was mixed with a cooled solution (0°C) 
of 13 (5.95 g; 14.4 mol) in pyridine (25 mL) and the reaction mixture 
was stirred overnight at room temperature. The colourless solution 
was poured onto crushed ice; the separated solid was collected by 
filtration, and dried in vacuo, to give 14 as an amorphous solid (5.90 
g; 90% yield); [a], +4.0° (c l .O, chloroform); Rr(A) 0.46; 'H nrnr 6: 
7.7-7.9 (m, 4H, N(CO)zC6H4)), 7.3-7.5 (m, 5H, C6H5CH), 5.88 
(dd, 1 H, J = 10.2 and 9 Hz, H-3), 5.55 (s, lH, C6H5CH), 5.37 (d, 

perature. The co~ourless solution was diluted with ether, washed 
successively with water and brine, dried (MgS04), filtered, and con- 
centrated. The residual oil was purified by flash chromatography on 
silica gel using hexanelethyl acetate (1 : I) as eluant; a colourless solid 
was isolated which was crystallized from hexanelethyl acetate (490 
mg; 66% yield); mp 138.5-140°C; [a], +0.6 (c 1.0, chloroform); 
Rr(A) 0.45; 'H nrnr 6: 7.85-7.95 (m, 4H, N(C0)2ChH4), 5.65 (dd, 
IH, J = 10.7, 8.3 Hz, H-3), 5.28 (d, IH, J = 8.5 Hz, H-I); 3.45 (s, 
3H, OCH,), 1.95 (s, 3H, COCH,), 1.6 (s, l H, D20 exch., OH), 0.95 
(s, 9H, (CH,),C), 0.10 (s, 6H, SiCH,). Anal. calcd. for C2,H3,NO8Si: 
C 57.60, H 6.93, N 2.92; found: C 57.71, H 7.04, N 2.90. 

Methyl 3-0-benzyl-4,6-benzylidene-2-deoxy-2-phthalimido-~- 
glucopyranoside (19) 

Compound 19 was prepared in 86% yield from alcohol 13, sodium 
hydride, and benzyl bromide in dimethoxyethane as described (I I). 
Following work-up, the residual oil was crystallized from 
hexanelethyl acetate (I : I); mp 124- 125°C; [a], +58.0° (c 1 .O, chlo- 
roform); Rr(A) 0.55; 'H nrnr 6: 7.72 (br s, 4H, N(CO)2C6H4), 
7.42-7.6 (m, 5H, C6H5CH), 6.85-7.05 (m, 5H, C6H5CH2), 5.63 (s, 
IH,C6H5CH),5.15(d, lH , J=8 .5Hz ,H- l ) ,4 .20(dd ,  1 H , J =  10.4 
and 8.5 Hz, H-2), 3.40 (s, 3H, OCH,). Anal. calcd. for C29H27N07: 
C 69.45, H 5.43, N 2.79; found: C 69.28, H 5.23, N 2.82. 

Methy 1 3,6-di-0-benzyl-2 -deoxy-2-phthalimido-P-D-glucopyranoside 
4This compound and some other intermediates were purchased (18) 

from Toronto Research Chemicals, 100 College St., Toronto, Ont., To a mixture of compound 19 (1 .O g; 2.0 mmol), powdered molec- 
Canada M5G IL5. ular sieves (3A Linde; 25 g), and sodium cyanoborohydride (385 mg; 
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6.0 mmol) in THF (50 mL) was added dropwise a saturated solution 
of HC1 in dry diethyl ether until the gas evolution ceased (17). The 
reaction mixture was stirred at room temperature until the starting 
material completely disappeared (I h; tlc monitored). When com- 
pound 19 was present after 1 h, a small amount of ethereal HCI was 
added and stirring was continued. After the work-up as described (17), 
a colourless oil was isolated; [a], 39.4" (c 1.9, chloroform); Rr(A) 
0.40; 'H nmr 6: 7.6-7.75 (m, 4H, N(CO)ZC~H~), 7.2-7.4 (m, 5H, 
CsHsCHz), 6.9-7.1 (m, SH, CsHsCHz), 5.06 (d, IH, J = 8.3 HZ, 
H-1)4.23(dd, 1H,J = 10.7and8.3Hz,H-3),4.13(dd, 1H,J = 10.7 
and 8.3 Hz, H-2), 3.38 (s, 3H, OCH?), 2.95 (s, 1H, D20 exch., OH). 
Anal. calcd. for C2yH2yN07: C 69.17, H 5.80, N 2.78; found: C 
68.92, H 5.63, N 2.69. 

Methyl 3,6-di-O-benzyl-2-deoxy-2-phthalimido-4-0-(3,4,6-tri-O- 
acetyl-2-deoxy-2-phthalimido-P-~-glucopyranosyl)-P-~- 
glucopyranoside (8b) 

To a solution of silver triflate (479 mg; 1.86 mmol), collidine 
(0.250 mL; 1.90 mmol), and alcohol 18 (875 mL; 1.74 mmol) in dry 
nitromethane (5 mL) cooled to -25°C was added a solution of bro- 
mide 7 (942 mg; 1.89 mmol) in dry nitromethane (3 mL). The reaction 
mixture was stirred at -2S°C for 4 h, allowed to warm to room 
temperature, and a second equivalent of silver triflate (480 mg; 1.86 
mmol) and collldine (0.250 mL; 1.90 mmol) was added followed by 
the addition of a solution of bromide 7 (950 mg; 1.97 mmol) in 
nitromethane (5 mL). The reaction mixture was protected from light, 
stirred overnight, and then filtered through Celite. The filtrate was 
diluted with dichloromethane (25 mL) and washed successively with 
I N aqueous HC1, saturated aqueous NaHCO,, and brine, dried 
(MgS04), filtered, and concentrated to a brown syrup (2.8 g). Further 
purification by flash chromatography on silica gel using hexanelethyl 
acetate (I : 1) gave starting alcohol 18 (470 mg) and disaccharide 86 
as an oil (742 mg; 46% yield); [a], -8.6, (c 2. I ,  chloroform); Rr(A) 
0.26; 'H nmr 6: 7.75-7.95 (m, 4H, N(C0)2C6H,), 7.65 (br s, 4H, 
N(CO)zC6H4), 7.30-7.35 (m, 5H, C6HSCH2), 6.80-7.05 (m, 5H, 
C6H5CHz), 5.79 (dd IH, J = I l .O and 9.0 Hz, H-37, 5.53 (d, IH, 
J = 8 . 4 H z , H - l ) , 4 . 8 7 ( d ,  lH, J l z =  8.3Hz, H-11) ,328(s ,3H,  
OCH?), 2.00, 1.97, and 1.84 (3s, 9H, COCH?). Anal. calcd. for 
C4YH4LINZ016: C 63.91, H 5.25, N 3.04; found: C 63.70, H 5.41, N 
2.90. 

Methyl 2-acetamido4-0-(2-acetamido-3,4,6-tri-O-acetyl-2-deoq- 
P-~-gl~~0pyr~n0~yl)-3,6-di-O-benZyl-2-de0~y-P-~-gl~~0- 
pyranoside (20) 

A solution of disaccharide 86 (248 mg; 0.27 mmol), hydrazine 
hydrate (85%; 2 mL), and 95% aqueous ethanol (10 mL) was gently 
heated under reflux for 30 min. After cooling to 0°C the reaction 
mixture was filtered and the filtrate was evaporated to dryness (pale 
yellow solid, 230 mg). The residue was dissolved in pyridine (5 mL) 
and acetic anhydride (2 mL) and stirred overnight at room tem- 
perature. After the usual work-up the residue was triturated with 
hexanelethyl acetate (1 : 1), the solid 20 was isolated by filtration (75 
mg), and another portion of 20 (75 mg) was isolated by concentration 
of the filtrate followed by crystallization from hexanelethyl acetate 
(1 : I). The total yield of 20 was 75%; mp 246-248°C; [a], - 10.6" (c 
l .O, methanol); Rr(B) 0.64; 'H nmr 6: 7.3-7.5 (m, ]OH, C6H,CHz), 
6.15 (d, IH, J = 9 Hz, NHCOCH,), 5.19 (d, IH, J =9 Hz, 
NHCOCH,), 4.49 (d, IH, J = 6.0 Hz, H-I), 4.36 (d, IH, J = 8.4 
Hz, H-l '), 3.43 (s, 3H, OCH?), and 2.09, 2.04, 2.03, 2.01, and 1.96 
(5s, 15H, COCH,). Anal. calcd. for C37H4nNz014: C 59.67, H 6.50, 
N 3.76; found: C 59.50, H 6.39, N 3.69. 

Methyl 2-acetamido4-0-(2-acetamido-3,4,6-tri-O-acetyl-2-deoq- 
P-D-g1ucopyranosyl)-2-deoq-P-D-glucopyranoside (21) 

Compound 20 (300 mg; 0.40 mmol) was hydrogenolyzed over 
palladium-on-carbon in methanol (10 mL) at atmospheric pressure for 
16 h. After the usual work-up 21 was obtained as a colourless solid 
(235 mg; 87% yield). This product was used without further puri- 
fication; [a], -21.7" (c 1.0, methanol); 'H nmr 6: 5.10 (t, IH, J = 
8.6 Hz, H-37, 5.04 (t, IH, J = 8.6 Hz, H-4'), 4.62 (d, IH, J = 8.6 

Hz, H-lr),4.42(d, lH , J  = 8.3Hz, H-I), 3.48 (s, 3H,OCH,),2.09, 
2.04, 2.03, 2.01, and 1.96 (Ss, 15H, COCH,). Anal. calcd. for 
C23H36NZ014: C 48.93, H 6.43, N 4.96; found: C 49.03, H 6.55, N 
5.03. 

Methyl 2-acetamido4-0-(2-acetamido-3,4,6-tri-O-ace~l-2-deoxy- 
P-D-glucopyranosy1)-6-0-(2 ,3,4-tri-0-benzyl-a-~-fucopyranos- 
y1)-2-deoxy-P-D-glucopyranoside (22) 

To a mixture of diol21 (290 mg; 0.51 mmol), tetraethylammonium 
bromide (323 mg; 1.53 mmol), and powdered molecular sieves (4A 
Linde; 1.5 g) in dry dichloromethane (5 mL) and DMF (5 mL) was 
added a solution of tribenzylfucopyranosyl bromide (ref. 18) (310 mg; 
0.624 mmol) in dichloromethane (5 mL). After stirring at room tem- 
perature for 16 h, the solids were removed by filtration and the filtrate 
was washed with water, dried (MgSO,), filtered, and evaporated to 
dryness to give an amorphous white solid (600 mg) which after tritu- 
ration with hexanelethyl acetate (1 : 1) gave crystalline 22 (325 mg; 
65% yield); mp 258-260°C; [a], -60.3" (c 1.0, methanol); Rf(B) 
0.14; 'H nmr 6: 7.2-7.6 (m, 15H, C6HsCHz), 6.6 (d, IH, J = 10.5 
Hz, NHCOCH,), 5.42 (d, IH, J = 10.5 HZ, NHCOCH,), 4.69 (d, 
lH, J = 3.5 Hz, H-I"), 4.41 (d, lH, J = 8.6Hz, H-l'), 4.30 (d, IH, 
J = 8.3 Hz, H-I), 3.41 (s, 3H, OCH,), 2.09 (s, 3H, COCH,), 2.0 (s, 
6H, COCH,), 2.02 (s, 3H, COCH,), 1.77 (s, 3H, COCH,), 1.12 (d, 
3H, J = 6.4 Hz, H-6) .  Anal. calcd. for CsoHmN201n: C 61.21, H 
6.58, N 2.85; found: C 61.09, H 6.73, N 2.92. 

Methyl 2-acetamido4-O-(2-acetamido-2-deoq-~-~-glucopyranos- 
y1)-2-deoxy-6-O-(a-~-fucopyranosyl)-~-glucopyran0side (3a) 

Compound 21 (280 mg; 0.48 mmol) was debenzylated by hydro- 
genolysis as described for 22. The product was de-0-acetylated with 
sodium methoxide in methanol and neutralized with 10% aqueous 
acetic acid. Following evaporation of the solvent, the residue was 
dissolved in distilled water and passed through a column (150 mm x 
15 mm) of mixed bed resin (BioRad AG501-X8). Trisaccharide 3a 
was isolated as a white crystalline solid (85 mg, 55% yield). Re- 
crystallization from ethanollwater gave an analytical sample; mp 
298-300°C (dec.); [a], -4.3" (c 0.57, HzO); 'H nmr 6: 4.91 (d, IH, 
J = 8.0 Hz, H-I"), 4.64 (d, lH, J = 7.6 Hz, H-1'), 4.43 (d, IH, J 
= 8.0 Hz, H-I), 4.13 (br q, IH, J = 6.5, Jz < 0.5 Hz, H-5"), 2.08 
(s, 3H, COCH,), 2.03 (s, 3H, NHCOCH,), 1.23 (d, 3H, J = 6.6 Hz, 
H-6); mle: 583, (M - I)-. Anal. calcd. for C23H40N201S: C 47.25, 
H 6.90, N 4.79; found: C 47.19, H 6.82, N 4.83. 

Methyl 3-O-benzyl-2-deoxy-2-phthalimido-~-glucopyranoside (23) 
A solution of 19 (4.10 g; 8.15 mmol) in 60% aqueous acetic acid 

(50 mL) was heated at 100°C for 30 min (tlc monitored). The solvents 
were removed in vacuo to give diol23 accompanied by a small amount 
of the 6-acetate derivative. Pure 23 was obtained by flash chro- 
matography on silica gel using ethyl acetate as a microcrystalline solid 
(2.90 g; 88% yield); mp 120.5- 122°C; [a], +57.2" (c 1.0, chloro- 
form); Rr(A) 0.12; 'H nmr 6: 7.75 (br s, 4H, N(CO)2C6H4), 7.0-7.15 
(m, 5H, C6HsCH2), 5.10 (d, IH, J = 8.4 Hz, H-I), 3.40 (s, 3H, 
OCH,). Anal. calcd. for Cz2H2,N07: C 63.92, H 5.61, N 3.39; found: 
C 63.78, H 5.80, N 3.34. 

Methyl 3-0-benzyl-2-deoxy-2-phthalimido-6-O-(2,3,4-tri-O-benzyl- 
a-~-fucopyranosyl)-m-glucopyranoside (24) 

To a mixture of diol23 (450 mg; 1.09 mmol), tetraethylammonium 
bromide (1.14 g; 5.4 mmol), and powdered molecular sieves (4A 
Linde; 2.5 g) in dichloromethane (10 mL) was added a solution of 
tribenzylfucosyl bromide (ref. 18) (650 mg; 1.3 mmol) in dichloro- 
methane (5 mL). The reaction mixture was stirred at room temperature 
for 6 h and filtered through Celite. The filtrate was washed with water, 
dried (MgS04), filtered, and concentrated to give a colourless oil (1.2 
g). Flash chromatography on silica gel (hexanelethyl acetate (2: 1)) 
gave 24 as a colourless oil (380 mg; 42% yield); [a], -7.0" (c 0.86, 
chloroform); Rr(A) 0.42; 'H nmr 6: 7.6-7.8 (m, 4H, N(C0)2C6H4), 
7.2-7.6 (m, 15H, C6HsCHz), 6.9-7.1 (m, 5H, C6HsCH2), 5.01 (d, 
IH, J = 8.4 Hz, H-I) 4.82 (d, IH, J = 4.4 HZ, H-1'), 3.33 (s, 3H, 
OCH,), 1.16 (d, IH, J = 6.5 Hz, H-5'). Anal. calcd. for C49HslNOl ,: 
C 70.91, H 6.19, N 1.69; found: C 70.80, H 6.22, N 1.73. 
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Methyl 3-0-benzyl-2-deoxy-2-phthaiimido-4,6-di-0-(2,3,4-tri-O- 
benzyl-a-~-fucopyranosyl)-p-glucopyranoside (25) 

To a mixture of diol23 (625 mg; 1.5 1 mmol), tetraethylammonium 
bromide (1.59 g; 7.57 mmol), and powdered freshly activated molcc- 
ular sieves (4A Linde; 1.50 g) in dichloromethane (10 mL) was added 
a solution of tribenzylfucosyl bromide (ref. 18) (1.45 g; 2.91 mmol) 
in dichloromethane (5 mL). The reaction mixture was stirred over- 
night at room temperature and filtered through Celite. The filtrate was 
washed with water, dried (MgS04), filtered, and concentrated to 2.2 
g of a brown oil. Flash chromatography on silica gel using 
hexanelethyl acetate (2: 1) as eluant gave two major fractions. The 
more polar fraction, Rr(A) 0.42, was disaccharide 24 (365 mg; 30% 
yield). 

The less polar fraction, Rr(A) 0.61, was trisaccharide 25 (425 mg) 
as a colourless oil; [a], -38.2" (c 0.6, chloroform); 'H nmr 6: 
7.6-7.8 (m, 4H, N(CO),C6H4), 7.2-7.5 (m, 30H, C6H5CHZ), 7.0 
(m, 5H, C6H5CHZ), 5.35 (d, IH, J = 3.2 Hz, H- I), 3.26 (s, 3H, 
OCHS), 1.04 (d, 3H, J = 6.5 Hz, H-6' or H-6"), 0.82 (d, 3H, J = 6.5 
Hz, H-6' or H-6"). Anal. calcd. for C76H7sNOIs: C 73.23, H 6.39, N 
1.12; found: C 73.1 1, H 6.45, N 1.01. 

Methyl 2-acetamido-3-O-benzyl-2-deoxy-6-0-(2,3,4-tri-O-benzyl- 
a-~-fucopyranosyl)-m-glucopyranoside (26) 

A solution of 24 (250 mg; 0.31 mmol) and hydrazine hydrate (85%; 
2 mL) in 95% aqueous ethanol (10 mL) was gently heated under reflux 
for 20 min. The reaction mixture was concentrated to dryness to give 
a non-crystalline yellowish residue which was dissolved in a mixture 
of 50% aqueous methanol (10 mL) and acetic anhydride (3 mL) and 
sitrred at room temperature overnight. The precipitate which formed 
was isolated by filtration and dried in vacuo to give crystalline 26 (1 33 
mg; 60% yield); mp 197-200°C; [a], -44.5" (c 0.7, chloroform); 
Rr(B) 0.48; 'H nmr 6: 7.2-7.5 (m, 20H, C6H5CH2), 5.37 (d, IH, J 
= 9 HZ, NHCOCHS, 3.42 (s, 3H, OCH,), 1.90 (s, 3H, NHCOCH,), 
1.17 (d, 3H, J = 6.5 Hz, H-6'). Anal. calcd. for C43HSINOIO: C 
69.61, H 6.94, N 1.89; found: C 69.82, H 7.11, N 1.94. 

Methyl 2-acetamido-2-deoxy-6-O-(a-~-fucopyranosyl)-~-~- 
glucopyranoside (4) 

Compound 26 (210 mg; 0.28 mmol) was stirred with 10% 
palladium-on-charcoal (50 mg) in 75% aqueous methanol (10 mL) 
under hydrogen (1 atm (= 101.3 kPa)) for 18 h. Following filtration 
through Celite the filtrate was concentrated in vacuo and the resulting 
colourless solid was dissolved in water and passed through a column 
(150 mm x 15 mm) of mixed bed resin (BioRad AG501-X8) to give 
a desalted solution of disaccharide 4. Pure 4 was obtained following 
lyophilization as an amorphous solid (89 mg; 83% yield); [a], -20.6" 
(c0.38;HZO);'Hnmr6:4.94(d, lH , J=3 .9Hz ,H-11) ,4 .45(d ,  lH, 
J = 8.5 Hz,H-l),4.14(brq, I H , J =  6.5,J1<0.5Hz,H-5'),3.50 
(s, 3H, OCH,), 2.04 (s, 3H, NHCOCH,), 1.23 (d, 3H, J = 6.5 HZ, 
H-6'); m/e: 380 (M - I)-. Anal. calcd. for CISH27NOIO: C 47.24, H 
7.14, N 3.69; found: C 7.01, H 7.02, N 3.58. 

Methyl 2-acetamido-3-O-benzy1-2-deoxy-4,6-di-0-(2,3,4-tri-O- 
benzyl-a-~-fucopyranosyl)-P-D-giucopyranoside (27) 

A solution of compound 25 (248 mg; 0.21 mmol) and hydrazine 
hydrate (85%; 1 mL) in 95% aqueous ethanol (5 mL) was gently 
heated under reflux for 20 min. The reaction mixture was evaporated 
to dryness in vacuo and the resulting yellow amorphous residue was 
treated at room temperature with pyridine (5 mL) and acetic anhydride 
(I mL). After the usual work-up a colourless oil (220 mg) was iso- 
lated. Flash chromatography on silica gel using hexanelethyl acetate 
(2:3) gave 27 as a colourless oil (1 10 mg; 48% yield); [a], -41.5" (c 
1.0, chloroform); Rr(A) 0.25; 'H nmr 6: 7.1-7.5 (m, 35H, 
CsH5CHz), 6.29 (d, 1 H, J = 9.2 HZ, NHCOCH,, 5.29 (d, I H, J = 
3.1 Hz, H-I), 3.38 (s, 3H, OCH,), 1.63 (s, 3H, NHCOCHS), 1.03 (d, 
3H, J = 6.4 Hz, H-6' or H-6"), 0.96 (d, 3H, J = 6.4 Hz, H-6' or 
H-6"). 

Methyl 2-acetamido-2-deoxy-4,6-di-O-(a-~-fucopyranosyl-~- 
glucopyranoside (5) 

Compound 27 (200 mg; 0.17 mmol) was deprotected to give 5 in 

a similar manner as it was used to prepare 4. Trisaccharide 5 was a 
colourless amorphous solid (77 mg; 85% yield); [a],, -3.8" (c 0.63, 
HZO); 'H nmr6: 5.00(d, IH, J = 3.6Hz, H-I'or H-lU),4.91 (d, lH, 
J = 3.9Hz, H- l 'o rH- lU) ,4 .44(d ,  l H , J =  8 .3Hz,H- l ) ,4 .34(br  
q, lH, J = 6.6 Hz, H-5' or H-5"), 4.13 (br q,  lH, J = 6.6 Hz, H-5' 
or H-5"), 3.49 (s, 3H, OCH?), 1.22 (d, 3H, J = 6.6 Hz, H-6' or H-6"), 
1.14 (d, 3H, J = 6.6 Hz, H-6' or H-6"). 
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P. J. TUMIDAJSKI and S. N. FLENCAS. Can. J. Chem. 63, 1080 (1985). 
'Thermodynamic data for dilute solutions of AgCl and AlCl, in molten alkali chlorides were derived from the emf's of 

formation and of galvanic cells, respectively, given as, Ag/AgCI - ACI/C,C12 and Ag/AgCl - ACI//AIC13 - ACI/AI. ACI 
represents NaCI, KC1, CsC1, or the equimolar mixtures of NaCI-CsCI and KC1-CsCI. It was found that the thermodycmic 
properties o m e  ternarymelts could be predicted from the results of the binary melts using the relationship (17,20,21), (AZ),,, 
= (1 - t) (AZ),, + t(AZ),,, where Z represents any partial molar property. The ternary solution is denoted by the subscript 
1, 2, 3 while the two binaries are denoted by 1, 2 and 1, 3; t is a concentration variable given as t = X3/(X2 + X,). These 
expressions are valid when the binary and the ternary solutions have the same content of either AgCl or AlCI,, respectively. 

P. J .  TUMIDAJSKI et S. N. FLENCAS. Can. J .  Chem. 63, 1080 (1985). 
En se basant sur les fem de formation et des cellules galvaniques Ag/AgCl - ACI/C, C12 et Ag/AgCI - AC1//AIC13 - 

ACl/Al dans lesquelles ACI reprtsente NaCI, KC1, CsCl ou des mtlanges Cquimolaires de NaCI-CsC1 ou de KCI-CsCI, on 
a tvalut les donntes thermodynamiques de solutions dilutes de AgCl et de AlC13 dans des chlorures alcalins fondus. On a 
trouvC que l'on peut prtdire les proprittts thermodynamiques des selsgrnaires fondus ensbasan t  s ~ l e s  rtsultats obtenus 
avec des sels binaires fondus et en utilisant la relation (17, 20, 21) (AZ)123 = (1 - t) (AZ),? + t(AZ)13, oh Z reprtsente 
n'importe quelle propriktt molaire partielle. On utilise les indices 1, 2, 3 pour dtsigner la solution ternaire et les indices 1, 2 
et 1, 3 pour designer les deux solutions binaires; t est une variable de concentration que l'on reprtsente par t = X3/(X2 + X,). 
Ces expressions sont valables quand les solutions ternaires contiennent chacune des quantitts semblables de AgCl ou de AICI,. 

[Traduit par le journal] 

Introduction 
The thermodynamic properties of the solutions of AgCl or 

AlCl, in alkali chloride melts have been the subject of several 
studies. For the former, the systems investigated include the 
binary solutions of AgC1-NaCl (1 -3), AgCl-KC1 (1, 3, 4), 
AgCI-CsCl (1, 3) and AgCl-RbCl (3), and the ternary solu- 
tions of AgCl-LiCl-KC1 (5, 6 ) ,  AgCl-NaCI-KC1 (3), and 
AgC1-NaC1-CsC1 (3). For the case of AlCl,, the following 
systems have been studied: AlC1,-NaCI (7- 12), AlC1,-KC1 
(7), AIC1,-RbCl (7), AlC1,-CsCl (7), and AlC1,-NaCl-KC1 
(13). These measurements were taken with concentrated solu- 
tions of AgCl or AlCl,. The behaviour of dilute solutions of 
AgCl or AlCl, where Henry's law is expected to be valid have 
not yet been investigated. The thermodynamic properties of the 
dilute solutions of AgCl in the binary systems AgCl-NaCl, 
AgCl-KCl, AgCl-CsCl, and in the ternary systems 
AgC1-NaC1-CsC1 and AgCl-KCl-CsCl have been obtained 
from emf measurements on formation cells of the type, 
Ag/AgCl - ACl/C,CI,. The thermodynamic properties of the 
dilute solutions of AlCl, in the binary systems AlC1,-NaCl, 
AlC1,-KCl, AlC1,-CsCl, and in the ternary systems 
AlC1,-NaCl-CsCl and AlC1,-KCl-CsCl have been obtained 
from emf measurements on galvanic cells of the type Al/AlCl, 
- ACI//AgCl - ACl/Ag. For both cells, ACl represents the 
salt components NaCl, KCl, CsCI, or the equimolar mixtures 
of NaCl-CsCI and KCl-CsCI. 

Experimental 
The AgCl and alkali chlorides used were reagent grade and were 

purified and dehydrated by treatment in an anhydrous HCI atmosphere 
at 673 K. The A1C13 was anhydrous of reagent grade. Iron con- 
taminants were removed by vacuum sublimation. Aluminum tri- 
chloride was introduced into the alkali chloride salt by reacting an 
excess of the AIC13 vapor with a known quantity of alkali chloride in 
a two compartment non-isothermal cell described in detail elsewhere 
(14). The reaction is A1C13(,, + AC1 = A(AICl4),,). The weight gain 
of ACI following the reaction yields the exact stoichiometry of the 

product. Furthermore, A(AIC14) type compounds have a lower decom- 
position vapor pressure compared to pure AlC13 (8, 15). Weighing, 
handling, and transfer of all chemicals were conducted in a drybox 
filled with anhydrous argon gas. All graphite used in the experiments 
was high density, research grade graphite (Aremco), and it was puri- 
fied by chlorine treatment at 1273 K, as described previously (16, 17). 

The design of the electrochemical cells employed in the present 
investigation are given in Figs. 1 and 2 for the AgCl and AICI, 
systems, respectively. For the AgCl experiments, the cell consisted of 
the Ag indicator electrode and the Cl, gas reference electrode. The half 
cell compartments were separated by a diaphragm consisting of an 
asbestos fibre fused in quartz (16). The A1CI3 cell contained the A1 
indicator electrode and the Ag/AgCl secondary reference electrode. 
The half cell compartments were separated by the asbestos diaphragm 
described previously. 

At the beginning of a run, the appropriate weights of salts were 
transferred to the respective electrode compartments. Then the cell 
was heated in a furnace for 24 h while anhydrous argon gas passed 
over the salts to remove any remaining traces of moisture. Afterwards, 
the temperature was gradually raised above the melting point of the 
salts and emf measurements begun. After 2 h the emf's became stable 
and the potentials recorded. Reversibility was confirmed by tem- 
perature cycling and by polarization tests. For the latter, 1 mA was 
passed through the cell in each direction using an external dc source. 
After disconnecting the dc source, in each case the cell emf returned 
to the original value in less than 1 min. Cell emf's were stable and 
reproducible to within 2 1 mV within the 24 h required for each run. 
The adjustment to the cell emf for the Ag-C thermoelectric potential 
was established by connecting the Ag and C electrode tips in the 
absence of the electrolyte and measuring the resulting emf. 

The spontaneous reaction for the silver chloride formation cell is 

Ages) + fClz(g. 1 a m )  = AgCl 
The line under a salt species denotes a species in solution. The corre- 
sponding Nernst equation is: 

where E:,,, is the standard formation cell potential of pure liquid 
AgCI. The values of E:,,, used in this investigation were determined 
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Neoprene stopper 

Type K thermocouple 

De Khotinsky cement 
Neoprene stopper 

hermocouple well 

Reference melt 

AgCI -Alkali Chloride melt 

Asbestos fibre sealed in Silica tubing 

FIG. 1. Experimental cell for the AgCl experiments. 

4 t : o Z : : e  stopper 

Type K thermocouple 
De Khotinsky cement 

Boron Nitride lid Thermocouple well 

Graphite crucible 

AIC13-Alkali Chloride melt 
/ \ 

Reference melt' Asbestos fibre sealed in Silica tubing 

FIG. 2. Experimental cell for the AICI, experiments. 

previously in this laboratory ( I ) .  F is the Faraday's constant given as The final form of eq. [ I ]  is 
96 487 J/V mol and R is the gas constant given as 8.3144 J/mol K. 
The standard state was chosen to be the pure liquid AgCl at the 131 E ~ ~ I I  = E;,,CI, - In ( X A ~ I )  
temperature of the experiments. For dilute compositions of AgCI, 
where Henry's law is expected to be valid, yh,gcl should be constant. and the plot of Ece11 against log (XA~CI) should be linear, having a slope 
Accordingly, the formal potential of AgCl is defined as: of 2.303RT/F, and an intercept equal to E~,,,,,. 

The spontaneous cell reaction for the AI-Ag galvanic cell is 
RT h L21 ~ f o ~ c ~ )  = E O , ~ C I  - In (YA~CI)  Alcl, + 3AgCl - = + 3Ag(,, 
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TABLE 1. ECcII versus temperature for the AgCl systems 

E = AT + B (V) 

Solvent XA,CI A X lo4 B C coeff. Range (K) 

NaCl 
(t = 0) 

CsCl 
(t = 1) 

* Equimolar 

TABLE 2. ECeII versus temperature for the AICI' systems 

E = AT + B (V) 

Solvent XAICI~  XAECI A X lo4 B C coeff. Range (K) 

NaCl 1.00 x lo-' 1.01 X lo-' 
(t = 0) 4 . 9 7 ~  lo-' 5.03 x lo-' 

1.03 X lo-' 1.19 X lo-' 
1.04X lo-' 1.63X lo-' 

KC1 1.01 x lo-' 1.00 X lo-' 
( t  = 0) 5 . 0 0 ~  lo-' 4.97 x lo-' 

1 . O O X  lo-' 1.23 X lo-' 
1.00 X lo-' 5.17 X lo-' 

CsCl 1.02 x lo-' 9.45 x lo-' 
( t  = 1) 4.97 X lo-' 4.78 X lo-' 

9.99 X lo-' 2.28 X lo-' 
5.39 x 10--4.5 X lo-' 

NaCI-CsCI* 9.50 X 1.00 X 10-I 
(t = 112) 4.93 x lo-' 4.89 x lo-' 

1.02 X lo-' 1.50 X 
5.15 X lo-' 5.00 X lo-' 

KCI-CsCI* 1.01 X lo-' 1.06 X lo-' 
(t = 112) 4.98 x lo-' 5.15 X lo-' 

1.01 X lo-' 1.25 X lo-' 
5.17 X lo-' 5.00 X lo-' 

* Equimolar. 

The Nernst equation is suming a temperature independent specific heat capacity. The uncer- 

RT tainty in E~,,,, values is estimated to be 55%. The standard state was 
[4] Em11 = (E:,,,? - E:,,,) - 3~ 1" (x~l~13/x~Ecl)  chosen to be the pure molten chloride at the temperature of the experi- 

ments. For dilute solutions obeying Henry's law, yL,c,, and yh,,,, are 
RT expected to be constant, and the formal potential should be: 

- In ( Y A I C I ~ I Y : ~ ~ ~ )  -- 
RT h 

where E~,,,,  is the standard formation cell potential of pure liquid [Sa] E:..,,, = E:,,,, - EL, - ln (y,,cl,/(~~,c,)3) 
AICl'. The values of E,,,,, were available at 500 K from the thermo- 
chemical tables (IS), and were calculated at higher temperatures as- or 
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TABLE 3. Formal potentials for the AgCl systems* 

~ : o , C l ,  (*0.002 V) 

System Expt. Theor. Expt. Theor. Expt. Theor. 

NaCl -0.780 -0.758 -0.735 
KC1 -0.895 -0.870 -0.851 
CsCl -0.950 -0.931 -0.910 
NaCI-CsClf -0.868 -0.865 -0.853 -0.845 -0.825 -0.823 
KCI-CsClt -0.91 1 -0.923 -0.890 -0.901 -0.869 -0.880 
NaCl-KCIS -0.820 -0.838 -0.807 -0.814 -0.795 -0.793 

*These potentials represent the overall cell reaction, (A~CI)X= I . ~ Y , ~ , ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , , ~ , ~  

= Ag,,, + ( 1  /2)C12(,. 1 a,,,. 

t Equimolar. 
S Reference 16. 

TABLE 4. Formal potentials for the AIC13 systems* 

~ r o I C l , ,  ( r0.003 V) 

1073 K 1123 K 1173 K 

System Expt. Theor. Expt. Theor. Expt. Theor. 

NaCl - 1.853 - 1.805 - 1.758 
KC1 - 1.874 - 1.827 - 1.780 
CsCl -1.912 - 1.860 - 1 .SO7 
NaCI-CsCI* - 1.873 - 1.883 - 1.822 - 1.833 - 1.771 - 1.783 
KCI-CSCI* - 1.896 - 1.894 - 1.845 - 1.844 - 1.794 - 1.794 

*These potentials represent the overall cell reaction, (AICI,),= ~ . ~ , , , , . , ~ ~ ~ ~ i , ~ ~ ~ ~ ~ ~ ~ ~ ~ d ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

= Al(11 + (3/2)C1z, I a,,,. 

t Equimolar. 

[5bl ~ : ~ , , l l ,  = ~ : ~ A l c l , ,  - ~:A,cl, 

where E ~ ~ ~ , ~ , , ,  and ~ t , , ~ , ,  are the formal potentials of AICL, and AgCl 
respectively. Thus, eq. [4] can be written as 

Plotting E,,,, against log ( x ~ ~ ~ ~ , / x ~ , , , ) ,  a straight line should be 
obtained with a slope of -2.303RT/3F and an intercept equal to 
E:,,,,,. It should be mentioned that the formal potentials of eqs. [2] and 
[5j represent the free energy of a hypothetical state of unit mole 
fraction of solute, having in all respects the properties of the solute at 
its state in an infinitely diluted solution. 

Results and discussion 

regression of cell potential on temperature is approximately 4 
mV for all cases. 

Nernst plots for the five AgCl - alkali chloride systems as 
expressed by eq. [2] are given in Fig. 3. The experimental data 
for AgCl indicate a one-electron electrode reaction, as ex- 
pected. For the Ag-A1 galvanic cell, plots of EccIl versus log 
( x ~ ~ ~ ~ ~ / x ~ ~ ~ ~ )  are given in Fig. 4. The curves are linear and 
correspond to a three-electron electrode reaction, as expected. 
Linear regression analysis for the Nernst plots gave correlation 
coefficients of almost unity for all cases. The linearity of the 
plots in Figs. 3 and 4 indicates that the dilute solutions of AgCl 
and AIC13 in molten alkali chlorides obey Henry's law. Values 
of ~ 8 , , ~ , ,  and E : ~ ~ ~ ~ , ,  determined graphically as indicated in 
Figs. 3 and 4, are recorded in Tables 3 and 4 in accordance with 

Tables 1 and 2 summarize the measured cell emf's which the IUPAC convention (19). For both AgCl and AICI,, the 

have been expressed as least-squares lines of the form = AT magnitude of the values of the formal potentials increase as 

+ B, where E is cell potential in V, and T is the temperature CsCl is added and decrease as the temperature is increased. 

in K .  cell emf's have been corrected for the thermo-electric Included in Tables 3 and 4 are the theoretical values for the 

effects of Ag and C. Melt compos~t~ons are expressed in mole formal potentials in the ternary solutions calculated from the 

fractions of AgCl and AICI,, respectively, For ternary solu- which has been derived previously (I7, 20, 21), 

tions, the composition variable t has been defined as 
[81 E:,I,,l = (1 - t)E:,I,l + t~ : , , , ,  . . . , 

[7al t = XC~CI/(XC~CI + XN,CI) 
where E:(,,,, is the formal potential of AgCl or AlCl, in a 

or ternary solution and E:,,, and E:,,, are the formal potentials in 

[7bI t = Xcscr/(Xcscr + XKCI) the component binary systems. The t parameter was defined in 
eq. [7]. Figures 5 and 6 are the plots of E~ , ,~ , ,  and E:(,,,,~, 

The correlation coefficients in Tables 1 and 2 indicate that the versus the t parameter at 1 123 K for the AgCl - alkali chloride 
plots of cell potential versus temperature should be linear. The and AlCl, - alkali chloride systems, respectively. It is readily 
estimate for the standard deviation of cell potential for the seen that the experimental results for t = 112 are in agreement 
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RG. 3. Concentration dependence of Eccll in the AgCl - alkali chloride systems at 1073 K ,  1123 K, and 1173 K. 

to within 2% or better with the predicted values from eq. [8]. from ideality shown by the magnitude of the activity coeffi- 
Activity coefficients for AgCl and AlCl,, respectively, ard cients of AlCl,, indicates the strong tendency of the AlCl, to 

summarized in Tables 5 and 6. The uncertainty in these values form complex species in these melts. Negative deviations from 
is estimated as * 5 % .  A comparison of the activity coefficients ideality have also been observed for the concentrated solutions 
indicates the pronounced effect of CsCl in creating thermo- of AICl, in alkali chloride melts, and have been interpreted as 
dynamically stable solutions. The large negative deviations indicating the presence of the complex species in solution (1 1, 
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FIG. 4. Concentration dependence of EcCII in the AIC13 - alkali chloride systems at 1073 K, 1123 K,  and 1173 K. 

TABLE 5. Thermodynamic properties for the AgCl systems* 

h 
Y n s c l  

- 
System ( A H ) A g C I  (S)& 1073 K 1 123 K 1 173 K 

TABLE 6. Thermodynamic properties for the AICI, systems* 
- - - 

Y;lCl, x 10' 

System ( ~ ) A I C I ,  (S)TICIZ 1073 K 1123 K 1173 K 

NaCl -17.6 -20.3 1.592 1.747 1.884 
KC1 -27.7 -19.5 0.459 0.549 0.598 
CsCl -28.9 - 15.5 0.253 0.292 0.333 
NaC1-CsClt -23.7 -17.9 0.615 0.655 0.773 
KCI-CsClt -27.9 - 18.0 0.384 0.447 0.491 

NaCl - 179 - 130 1.17 2.92 6.52 
KC1 - 182 -127 0.594 1.48 3.39 
CSCI - 227 -159 0.173 0.530 1.52 
NaC1-CsClt -207 -151 0.613 1.72 4.43 
KCI-CsClt -214 -150 0.291 0.844 2.24 

*Units: U/mol, (E)',",,, J/mol K. 
t Equimolar. 

* Units: (G)Alcl, kJ/mol, (E):,,, J/mol K. 
t Equimolar. 

12). For both the AgCl and AlCl3 systems, the activity coeffi- most thermodynamically stable systems appear to be the 
cients increase with temperature increase, indicating the dis- AlC13-CsCl binary and the AlC1,-KCl-CsCl ternary sop- 
sociation of complexes at higher temperatures. The AlCl, - tions. Figures 7 and 8 are the plots of log &,, and log y,,,, 
alkali chloride solutions could be suitable as electrolytes for the versus the t parameter at 1123 K for the AgCl - alkali chloride 
production of aluminum metal by fused salt electrolysis. The and AlC13 - alkali chloride systems, respectively. The 
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FIG. 5.  EL,,,, versus t at 1123 K for the AgC1-NaC1-CsC1 and 
AgCI-KCI-CsCI systems. 

FIG. 6. E:~, , , , ,  versus t at 1123 K for the AIC1,-NaCI-CsCI and 
AICI3-KCI-CsCI systems. 

predicted values at t = 112 are in good agreement with those 
obtained experimentally. 

The partial molar enthalpies and excess entropies of mixing 
for AgCl and AlCl3 are given in Tables 5 and 6, respectively. 

FIG. 7. log y:,c, versus tat 1123 K for the AgC1-NaC1-CsCI and 
AgCI-KCI-CsCI systems. 

The error in the values of the enthalpies and entropies is ap- 
proximately k2.1 kJ/mol and k2.1 J/mol K, respectively. 
The magnitude of the values of the enthalpies and entropies for 
AlCl, are much larger than the corresponding values for AgC1. 
This is consistent with the magnitude of the activity coefficients 
for AlCl,, and with the pronounced reactivity of AlCl, with 
alkali chloride, and the subsequent formation of complex spe- 
cies in solution. For both AgCl and AlCl,, the exothermicity 
increases as the size of the alkali metal cation in the alkali 
chloride solvent changes from Na' to Cst , indicating that in the 
presence of larger solvent cations there is an increase in the 
interaction between the silver or alumhum cat ioend the sur- 
rounding anions (22). The.values of or (AH)Alcl, in the 
ternary melts are in agreement to within 5% or better with those 
calculated from the previously derived expression (17, 20, 21) 
given as 

which is valid when the component binaries 1,2 and 1,3, re- 
spectively, and the ternary 1,2,3, contain the same amount of 
a reactive metal chloride like AgCl or AlCl,, which are thought 
of as behaving like ligand acceptors. 

The relationship is depicted schematically in Figs. 9 and 10 
for the AgCl - alkali chloride and AlCl, - alkali chloride 
systems, respectively. 
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RG. 8. log yh,,cl, versus ta t  1123 K for the AIC13-NaCI-CsC1 and 
AIC13- KCI-CsCI systems. 

RG. 9. (ZE)AgCI versus t for the AgC1-NaC1-CsC1 and 
AgCl-KCl-CsCl systems. 

mG. 10. ( G ) A I C I ,  versus t for the A1C13-NaCI-CsC1 and 
AICI3-KCI-CsCl systems. 
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RUSSELL R. KING and ROY GREENHALGH. Can. J. Chem. 63, 1089 (1985). 
Reaction of triacetoxydeoxynivalenol (3) with hydrobromic acid - acetic acid at reflux temperatures yielded 3a,7a, 13,15- 

tetraacetoxy-2-bromo apotrichothec-9-en-8-one (5) and 3a,7u,l5-triacetoxy-l3-bromo-l2-hydroxytrichothec-9-en-8-one (4). 
Dehalohydrination of the 13,12-bromohydrin derivative with Zn - acetic acid followed by deacetylation with sodium ethoxide 
gave 3a,7a,15-trihydroxytrichothec-9,12-dien-8-0ne (2). 'This compound proved identical to the transformation product 
isolated from incubation of deoxynivalenol (vomitoxin) in vitro with rumen microorganisms. 

RUSSEL R. KING et ROY GREENHALGH. Can. J. Chem. 63, 1089 (1985). 
La rkaction du triacCtoxydCoxynivalenol (3) lors d'un reflux avec un melange d'acide hydrobromique et d'acide acttique 

fournit les produits: tetraacttoxy-3a,7a, 13,15 bromo-2 &ne-9, one-8 apotrichothec (5) et triacitoxy-3a,7a, 15 bromo-13 &ne-9, 
one-8 hydroxy-12 trichothec (4). D'autre part, la dkhalohydrination du derive bromo-13 hydrin-12 a I'aide de zinc et d'acide 
acktique suivie de deacttylation avec 1'Cthoxide de sodium produit le trihydroxy-3a,7a,15 dikne-9,12 one-8 trichothec (2). Le 
derive s'avkre identique au produit de transformation rkcemment is016 lors de I'incubation in vitro du dtoxynivalenol 
(vomitoxine) avec des microorganismes du rumen. 

Deoxynivalenol (1) (3a,7a,  15-trihydroxy- 12,13-epoxy tri- 
chothec-9-en-8-one or vomitoxin) is one of the predominant 
trichothecene mycotoxins associated with infection of cereal 
grains by certain fusarium species (1). As a result of the con- 
sumption of such contaminated products, animals may suffer 
sublethal toxicoses (2). As yet, the exact metabolic fate of the 
toxin when ingested is unknown. Our recent investigations (3) 
involving incubation of deoxynivalenol in vitro with rumen 
microorganisms demonstrated that the predominant biotrans- 
formation consisted of deoxygenation of the 12,13-epoxide 
moiety to a 12,13-double bond. Yoshizawa et al. (4) have also 
observed a similar transformation when deoxynivalenol was 
administered to rats. Since there is good evidence to suggest 
that the toxicity of trichothecenes is conferred by the 12,13- 
epoxide group and that the elimination of it substantially de- 
toxifies the substances (5), our primary interest was to prepare 
a sufficient quantity of the deoxygenated metabolite (i.e., 
3a,7a,15-trihydroxytrichothec-9,12-dien-8-one (2)) in order 
to determine its relative toxicity. 

Two standard approaches for transforming the 12,13- 
epoxide moiety to a double bond were investigated. One route 
was direct epoxide deoxygenation; the other, halohydrin for- 
mation (via epoxide cleavage) prior to dehalohydrination. Of 
the two approaches, only the latter eventually provided an 
acceptable measure of success. 

Although Gutzwiller et al. (7) obtained low yields of the 
C-12,13 vinyl analogue of vermcarol (4P, 15-diacetoxytricho- 
thec-9,12-diene) on reaction with LiAlH,, only complex 
mixtures (devoid of the vinyl derivative) were obtained on 
subjecting deoxynivalenol to similar reaction conditions. This 
result was not entirely unexpected and is presumably attrib- 
utable to the presence of the reactive 9-en-8-one system. At- 
tempted direct deoxygenation utilizing a Cu-Zn catalyst (8) 
(under a variety of reaction conditions) again did not elicit the 
required result. 

Preliminary investigations involving a variety of reagents 
previously utilized for the deoxygenation of epoxides (9) (via 
halohydrin intermediates) also failed to bring about the desired 

reaction with deoxynivalenol. This behaviour may be ascribed 
to an inaccessibility towards the catalyst or to the possibility 
that conformational changes on cleavage of the epoxide group 
are energetically unfavourable and a thermodynamic driving 
force is required. 

Eventually, it was determined that refluxing a solution of 
deoxynivalenol (1) and sodium iodide in acetic acid, prior to 
the addition of powdered zinc, furnished a quantity of the 
required diene (2). The yield was extremely small (<I%),  
however, and tlc analysis showed the reaction mixture con- 
tained many more substances than would be expected from a 
simple epoxide opening, followed by dehalohydrination. In an 
attempt to reduce unwanted side reactions, the triacetyl deriva- 
tive (3) of deoxynivalenol was formed and hydrobromic acid 
was substituted for sodium iodide. Under these conditions, and 
although relatively longer reaction times were involved, tlc 
analysis confirmed that triacetoxydeoxynivalenol (3) was 
transformed into just two major compounds. 

The new compounds were readily separated by preparative 
tlc and further purified by crystallization. The less polar of the 
two compounds (Rf 0.77, 19.4%) was found, by spectroscopic 
and chemical means, to exhibit properties consistent with those 
of the 13,12-bromohydrin derivative (4). For example (i)  the 
tertiary nature of the hydroxyl group (indicated by ir) was 
confirmed by its lack of reactivity towards both chromic acid 
and trifluoroacetic anhydride; (ii) the parent ion from mass 
spectral determinations was increased by 81 mle;  and (iii) in 
the 'H nmr spectrum (Table 1) no resonances ascribable to a 
spiro epoxide group were found. Compound 4 with the stereo- 
chemistry assigned is the product anticipated from a normal 
SN2 epoxide opening (i.e., nucleophilic trans attack at the less 
highly substituted carbon atom) (10). 

Identification of the other major product (Rf 0.68, 30.8%) 
from the reaction of triacetoxydeoxynivalenol (3) with hydro- 
bromic acid - acetic acid proved more complex. First, the ir 
spectrum was devoid of hydroxyl absorptions. Secondly, both 
the mass spectrum and 'H nmr spectrum indicated the presence 
of another acetoxyl group. Since its mass spectrum also dem- 
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+ I C H ~ O A C  
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OH 'D+ AcO ! k ~ p  

'onc 8 'Oat 6 

onstrated introduction of a bromine atom, and its 'H  nmr profile 
confirmed loss of epoxide-associated absorptions, the com- 
pound was initially formulated as a 13-acetoxy-12-bromo 
derivative. This compound was assumed to originate from 
acid-catalyzed acetylation of a 12-bromo-13-hydroxy precursor 
arising from an alternate mode of bromide attack on the 
12,13-epoxide. In the light of a subsequent chemical transfor- 
mation, however, it was established that skeletal rearrangement 
to an apotrichothecene ring system (1 1) (Fig. 1) had occurred, 
and the bromohydrin acetate was assigned the structure 5. 
Again, it was assumed that acid-catalyzed acetylation takes 
place after the initial rearrangement. 

Although acid-catalyzed rearrangements of the trichothecene 
to the apotrichothecene ring system are well documented (12), 
we believe this is the first such observation reported for the 
nivalenol series. This particular intramolecular process is 
thought to proceed by nucleophilic attack of the position one 
oxygen atom on the protonated epoxide moiety (i.e., 5a). Such 
a pathway obviously represents a comparable energy barrier 
to external nucleophilic attack by Br- and, if our structural 
assignments are correct, is a severe limiting factor in our 
synthetic design. 

Although neither of the bromo derivatives 4 and 5 were 
affected when treated with Zn in acetic acid at room tem- 
perature, they both reacted rapidly at reflux temperatures. The 
bromoapotrichothecene derivative (5) yielded just one major 
product (73.9%). As anticipated, mass spectral and 'H nrnr 
data confirmed elimination of bromine and an acetoxyl group 
(13). The 'H nrnr spectrum also indicated that resonances pre- 
viously ascribed to the C-2, C-3 protons were replaced by 
signals representative of alkene protons in a 5-membered ring 
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system (14). These data were considered supportive of the 
apotrichothec-2,9-diene structure (6) and are consistent with 
the rationale utilized to formulate the structure of its 2-bromo- 
apotrichothecene precursor (5). 

In contrast to the bromoapotrichothecene compound (5), 
treatment of the 13-bromo- l2a-hydroxy analogue (4) with Zn 
and acetic acid yielded one major and several minor com- 
pounds. The mass spectrum of the major compound (43.4%, 
isolated by preparative tlc) exhibited a molecular ion at m l e  . .  . 

406, suggesting the elimination of a bromine atom and a 
hydroxyl group. Its 'H nmr had doublet resonances at 6 4.88 
and 5.27 (each lH,  J = 1.0 Hz) which were assigned to 
terminal methylene protons at the C-13 position. Treatment of 
the compound with m-chloroperbenzoic acid in chloroform 
quantitatively converted it into triacetoxydeoxynivalenol (3). 
Based upon this data, the compound was assigned the 9,12- 
dien-8-one structure 7. Accordingly, deacetylation with 
sodium ethoxide furnished the required 3a ,7a ,  15-trihydroxy- 
trichothec-9,12-dien-8-one (2). 

Of the minor products produced by treatment of the bromo- 
hydrin (4) with Zn - acetic acid, only one was isolated in 
quantities amenable to ready identification. Mass spectral data 
for this compound indicated loss of bromine and acquisition of 
a hydrogen atom. Its 'H nmr spectrum exhibited a new 3-proton 
singlet at 1.50 and other changes (i.e., no resonances at 6 6.6 
(H-10) or 6 6.05 (H-7), those for H-1 1 had moved upfield to 
6 4.43, and a new two-proton quartet at 6 2.96, 2.55) were 
consistent with isomerization of the A-ring to an 8-acetoxy- 
8-en-7-one system (15). Based upon this data, the structure-8 
was proposed for the compound. The formation of 8 from 
the bromohydrin 4 is possibly facilitated by proximity of the 
Zn-bromide-hydroxyl complex (16) to the 7P-hydrogen 
atom. 

Experimental 
Melting points are uncorrected and were determined on a Kofler hot 

stage microscope. Infrared (ir) spectra were determined on a Beckman 
IR-20A spectrophotometer in Nujol mulls. Nuclear magnetic reso- 
nance (nmr) spectra were obtained in CDCI? solutions with MeaSi as 
an internal standard on a Bruker W.M. 250 nmr spectrophotometer at 
250 MHz. The mass spectra were obtained on either of two systems, 
one a VG 7070H and the other a VG 12000 quadrupole instrument. 
Thin layer chromatograms were run on glass plates coated with silica 
gel GF (layer thickness 0.25 mm). Separated components were de- 
tected by ultraviolet fluorescence and (or) by charring after a spray of 
5% sulfuric acid in ethanol. 

3a  ,7a ,15-Triacetoxy-12,I3-epoxytrichothec-9-en-8-one (2) 
A solution of deoxynivalenol(l,400 mg) in acetic anhydride (3 mL) 

and pyridine (4 mL) was stirred overnight at room temperature and 
then neutralized by decantation into a cold saturated solution of 
sodium bicarbonate (80 mL). After extraction of the neutral solution 
with chloroform (2 X 80 mL) the chloroform extracts were concen- 
trated under vacuum, and the residue crystallized from diethyl ether 
furnished 3 a ,  7a ,  1.5-triacetoxy-12,13-epoxytrichothec-9-en-8-one (3, 
514 mg, Rr 0.70) (silica gel, hexane - ethyl acetate 1: I), mp 
154- 156°C (lit. (I)  mp 155- 157°C); ir (Nujol) urn,,: 1735 (acetates), 
1680 (ap-unsaturated ketone) cm-'; 'H nmr (see Table I). 

Reaction of 3 a ,  7a ,l5-triacetoxy-12,13-epoxytrichothec-9-en-8-one 
(3) with hydrobromic acidlacetic acid 

I 
A solution of 3a  ,7a ,15-triacetoxy-12,13-epoxytrichothec-9-en-8- 

one (3, 380 mg) in glacial acetic acid (30 mL) was treated with an 
excess of 48% hydrobromic acid (0.25 mL) and refluxed with stirring 
until tlc studies (hexane - ethyl acetate I :  1) indicated that reaction 
was complete (4 h). 'The reaction solution was then cooled and the 

acetic acid removed in vacuo. The residue was subsequently purified 
by preparative thin layer chromatography (ethyl acetate - hexane 
2: 3). Crystallization of the major component (152 mg, Rf 0.68) from 
diethyl ether gave 3 a  ,7a ,13,15-tetraacetoxy-2-bromo apotricho- 
thec-7-en-8-one (5), mp 164- 165°C; ir (Nujol) u,,,,,: 1740, 1725, and 
1690 cm-'; 'H nmr (see Table I). Mass spectrum m/e: 544.0933 
(M'); calculated for Cr,HZyBr7'010: (m.wt.) 544.2628. Crystal- 
lization of the minor component (88 mg, Rr 0.77) from diethyl ether 
gave 3 a ,  7a ,  15-triacetoxy-13-bromo-12-hydroxytrichothec-7-en-8- 
one (4), mp 85-86°C; ir (Nujol) v,,,: 3460, 1748, 1735, 17 16, and 
1690 cm- '; 'H nmr (see Table I). Mass spectrum mle: 502.1387 
(M'); calculated for CZI HZ7Br7'OY: (m. wt.) 502.2392. 

7a ,  13.15-Triacetoxyapotrichothec-2.9-dien-8-one (6)  
3a,7a, 13,15-Tetraacetoxy-2-bromo-apotrichothec-7-en-8-one (5, 

60 mg) in glacial acetic acid (5 mL) was refluxed, with stirring, in the 
presence of powdered zinc (200 mg) for 5 min. The reaction solution 
was cooled, decanted into a rotary evaporator flask, and the acetic acid 
removed in vacuo. 

The residue was taken up in chloroform (60 mL), washed with 
bicarbonate solution, and the chloroform removed in vacuo. Crystal- 
lization of the residue from ethanol furnished 7a,13,15-triacetoxy- 
apotrichothec-2,9-dien-8-one (6,33 mg, Rr0.66), mp 120- 121°C; ir 
(Nujol) v,,,: 1746, 1735, and 1692 cm-';'H nmr (see Table I). Mass 
spectrum mle: 406.1625 (M'); calculated for C Z I H Z ~ O ~ :  (m.wt.) 
406.1574. 

Reaction of 3 a  , 7a ,  15-triacetoxy-13-bromo-12-hydroxytrichothec-7- 
en-8-one (4) with zinc - acetic acid 

3 a  ,7a ,  15-Triacetoxy-13-bromo-12-hydroxytrichothec-7-en-8-one 
(4, 60 mg) in glacial acetic acid (I0 mL) was refluxed, with stirring, 
in the presence of powdered zinc (200 mg) for 5 min. The reaction 
solution was cooled, decanted into a 100-mL rotary evaporator flask, 
and the acetic acid removed in vacuo. The residue was taken up in 
chloroform (60 mL), washed with bicarbonate solution, and the chlo- 
roform removed in vacuo. The residue was then purified by prep- 
arative thin layer chromatography (ethyl acetate - hexane 2:3). The 
minor component (5.2 mg, Rr 0.46) was crystallized from ether - 
hexane to yield 3a  ,8,15-triacetoxy-12-hydroxy -13-methyltrichothec- 
8-en-7-one (8), mp 171 -72°C; ir (Nujol) urn,,: 3410, 1758, 1735, 
17 18, 1655, and 1635 cm-'; 'H nmr (see Table 1). Mass spectrum 
m/e: 424.1752 (M'); calculated for CzIHZxOy: (m.wt.) 424.1734). 
The major component (21 mg, Rr 0.65), 3a7a  ,I5-triacetoxytricho- 
thec-9,12-dien-8-one (7), had ir (Nujol) v,,,: 1735 and 1690 cm-'; 
'H nmr (see Table I). Compound 7 (20 mg) in absolute ethanol (5 mL) 
was treated for 15 min at room temperature with 0.1 M sodium 
ethoxide (5 mL). The reaction mixture was deionized with Amberlite 
IR-120 (H') ion-exchange resin and the ethanol removed in vacuo. 

The residue was purified by preparative thin layer chromatography 
(ethyl acetate) and gave a compound (9.8 mg, Rr 0.51) as an amor- 
phous solid; ir (Nujol) urn,,: 3360-3410, and 1672 cm-'; 'H nmr 6 
1.46 (s, 3H, H-14), 1.88 (q, 3H, H-16), 2. I8 (ABX, 2H, H-4), 3.85 
(AB, 2H, H-15, J = 11.8),4.25 (d, IH, H-2, J = 4.5),4.30(m, lH, 
H-3),4.75(d, IH, H- l l , J=6.0) ,4 .76(d ,  IH,H-7,J= 1.5),5.11, 
5.24 (2s, 2H, H-13), and 6.63 (d, d, IH, H- 10, J = 6.0). Mass 
spectrum mle: 280.1455; calculated for CI5HZoO5: (m. wt.) 280.1312. 
These data are compatible with the structure 3a,7a,lS-trihydroxytri- 
chothec-9,12-dien-8-one (2), which is identical to the transformation 
product isolated from incubation of deoxynivalenol (1) with rumen 
microorganisms. 
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Competitive photochlorination and kinetic isotope effects for hydrogen/deuterium 
abstraction from the methyl group in C2H6, C2D6, CH3CHC12, CD3CHC12, 

CH3CC13, and CD,CC13 

E. TSCHUIKOW-Roux,' JAN NIEDZIELSKI,' AND F. FARAJI 
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E. TscHuIKoW-ROux, JAN NIEDZIELSKI, and F. FARAJI. Can. J. Chem. 63, 1093 (1985). 
The abstraction of hydrogen and deuterium from ethane, I ,  1-dichloroethane, I , ] ,  1-trichloroethane, and some of their 

deuterated analogs by photochemically generated ground state chlorine atoms has been investigated in the temperature range 
7-95°C using methane as competitor. Rate constants and their temperature coefficients are reported for the following reactions: 

CzH6 + C1+ CH3CH2 + HCI 
C2D.5 + C1+ CD3CD2 + DCI 

CH3CHC12 + C1+ CH3CCI2 + HCI 
CH3CHCIz + Cl + CH2CHC12 + HCI 
CD3CHC12 + C1 + CD3CC12 + HCI 
CD3CHCIz + C1+ CD2CHCIz + DCI 

CH3CC13 + C1+ CH2CCI3 + HC1 
CD3CCI3 + C1+ CD2CC13 + DCI 

An Arrhenius law temperature dependence was observed in all cases. Mixed primary and a-secondary kinetic isotope effects 
are kllk2 = 2.79 * 0.27, k4/k6 = 4.13 + 0.32, k7/k8 = 1.46 + 0.12 at 298 K and decrease to kl/kz = 2.53 2 0.22, k4/k6 
= 4.06 + 0.28, k7/kn = 1.45 2 0.09 at 370 K, showing a "normal" temperature dependence. The kinetic isotope effect for 
HID abstraction from the methyl group decreases with increasing number of chlorine substituents in the adjacent chloromethyl 
group. The P-secondary isotope effect, k3/k5, is close to unity and shows a slight inverse temperature dependence. 

E. TSCHUIKOW-ROUX, JAN NIEDZIELSKI et F. FARAJI. Can. J. Chem. 63, 1093 (1985). 
Opkrant ?i des temperatures allant de 7 a 95°C et utilisant le methane comme produit de competition, on a BtudiC la reaction 

d'enlbvement d'hydrogbne ou de deuterium de l'ethane, du dichloro-1, l Cthane, du trichloro-l ,I ,I Cthane et de quelques-uns 
de leurs analogues deuttrks par des atomes de chlore gCnCr6s d'une fa~on photochimique et existants dans leur Ctat fondamental. 
On rapporte les constantes de vitesse et les coefficients de temperature appropries pour les reactions suivantes: 

CzH.5 + C1+ CH3CH2 + HC1 
CzDs + C1+ CD3CD2 + DCI 

CH3CHCIz + C1+ CH3CClz + HCI 
CH3CHC12 + CI 4 CHzCHClz + HCI 
CD3CHCIz + C1+ CD3CCI2 + HCI 
CD3CHC12 + C1+ CDzCHClz + DC1 

CH3CCI3 + C1+ CH2CCI3 + HC1 
CD3CC13 + C1+ CD2CC13 + DC1 

Dans tous ces cas, on a observe une relation du type d'ArrhCnius entre les vitesses et la temperature. A 298 K, on a determine 
les effets isotopiques cinetiques mixtes, primaires et secondaires en a, kl/k2 = 2,79 + 0,27, k4/k6 = 4,13 ? 0,32 et k7/ks 
= 1,46 2 0,12 et, ?i 370 K, ces valeurs diminuent vers kl/kz = 2,53 k 0,22, k4/k6 = 4,06 + 0,28, k7/k8 = 1,45 + 0,09; 
ces resultats sont en accord avec une relation "normale" avec la temperature. L'effet isotopique cinetique pour l'enlgvement 
des H/D de groupements mkthyles diminue avec une augmentation du nombre de chlores qui sont presents dans le groupe 
chloromCthyle voisin. L'effet isotopique secondaire-P se rapproche de l'unite et il presente une 1Cgkre dependence inverse avec 
la tempkrature. 

[Traduit par le journal] 

Introduction 
The abstraction of hydrogen by ground state chlorine atoms 

from partially chlorinated methanes and ethanes has been the 
subject of a number of investigations. Earlier competitive re- 
sults have been reviewed by Fettis and Knox (1) and, lately, the 
data have been updated and revised (2, 3). Recent environ- 
mental concern regarding the indirect effect of chlorofluoro- 
methane release on the stratospheric ozone balance (4) has 
resulted in an upsurge of interest in the reactivity of atomic 

'Author to whom correspondence should be adressed. 
'Permanent address: Department of Chemistry, Warsaw University, 

Warsaw, Poland. 
'~evision received October 30, 1984. 

chlorine with hydrogen-containing atmospheric constituents 
which may provide a sink for C1 atoms, thereby removing them 
from the Cl/ClO cycle which catalytically destroys odd oxygen 
in the stratosphere. Although the concentrations of chloro- 
alkanes in the stratosphere are relatively low, they are not 
negligible, and this has prompted several studies using modern 
"direct" techniques. Clyne and Walker (5) investigated the 
reactions of C1 atoms with CH3Cl, CH,Cl,, and CHC13 using a 
discharge flow - mass spectrometric technique, and Manning 
and Kurylo (6) reported on the reaction C1 + CH3CI employing 
the flash photolysis - resonance fluorescence method. Two 
direct studies have been reported on mono-, di-, and trichloro- 
ethanes by Wine et al. (7, 8), in which chlorine atoms were 
produced by 355-nm pulsed laser photolysis of C1, and mon- 
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itored by time-resolved resonance fluorescence spectroscopy. 
Though, in principle, the direct studies are to be preferred, the 
technique employed of following the rate of decay of the chlo- 
rine atom concentration suffers from its inability to distinguish 
between the different types of hydrogen in the chloroethane 
molecule, and, moreover, it cannot match the internal accuracy 
of modem competitive measurements. 

In a recent paper from this laboratory (9) the photo- 
chlorination of C2HSCl and C2DsCl was examined using the 
competitive method. Accurate rate parameters were obtained 
and,- surprisingly, a marked difference was observed in the 
magnitude of the intermolecular isotope effect involving the a 
and p hydrogens. To better understand these results, the mea- 
surements are presently extended to include the photochlor- 
ination of 1,l -dichloro- and 1 , 1 , 1-trichloroethane and their 
deuterated analogs. The experiments on ethane and perdeut- 
erated ethane were also included to check the reliability of the 
earlier data (lo), and for the sake of consistency in searching 
for the trends in a set of related compounds. 

The apparatus, light source, and experimental procedures have been 
described previously (9). Photolyses were carried out in a static system 
over the temperature range 7-95°C using filtered visible light cen- 
tered at 424 nm. Only chlorine absorbs at this wavelength, and the 
ensuing decomposition of an excited C12 molecule yields C1 atoms 
which are in their ground electronic state for all practical purposes 
(C1(2P,/z) > 99.2% C1(2P1/2) < 0.8% at 298 K). The temperature of 
the reactor was kept uniform to within 0.2"C, and dark reactions were 
never observed. 

Three systems were examined: c2H6/C2Dhr CH3CHCl2/CDsCHCl2, 
and CH,CCI,/CD,CCI,. The complementary data for the system 
CH,CHZCI/CD3CH2CI were taken from our recent publications (1 1, 
12). The only carbon-containing products observed were the primary 
chlorination products: C2H5C1, C2D5CI, CHsCCls, CHZCICHClZ, 
CD3CC13, CD2CICHCl2, CHzCICCIs, CDzC1CC13, and CH3C1, the 
latter originating from the competitor, CH4. Analyses were performed 
by isothermal gas chromatography using a 2-m Durapak column and 
flame ionization detection, at temperature settings in the range 
1 10- 150°C depending on compound. Quantitative analysis involved 
corrections for the relative sensitivities of the F.I. detector response, 
which were accurately determined (see discussion). 

All chemicals used in this study were obtained commercially: 
research grade chlorine and methane from Matheson; I ,I-dichloro- 
ethane from Eastman Organic Chemicals; 1,1,1-trichloroethane (with 
no stabilizers added) from Matheson, Coleman, and Bell, Manu- 
facturing Chemists; and deuterated compounds from Merck, Sharp 
and Dohme (Canada). The overall purity of the samples was on the 
average about 99%. All reactants were purified by repeated dis- 
tillations in vacuo at either methanol or toluene slush temperatures 
(--94°C) until the level of the most deleterious impurities (viz. 
CH3C1 and those corresponding to the Cz-photochlorination products) 
was below the limit of detection. The residual impurities, not ex- 
ceeding 0.2%, were innocuous and were tolerated. The isotopic purity 
of the deuterated samples stated by the manufacturer was above 98% 
in all cases, and was confirmed by mass-spectral analysis. 

Results and discussion 
The reagents (ethane or one of the chloroethanes, CH4 as 

competitor, and Cl,) were photolyzed at A -424 nm over the 
temperature range 7-95°C at total pressures of about 21 Torr 
(1 Torr = 133.3 Pa). Competing reactants were used in at least 
twenty-fold excess over chlorine to satisfy the requirement of 
long chains and insure that chain termination is predominantly 
by radical combination. In several experiments the excess of 
competing reactants over C1, was varied up to seventy-fold and 

was found to have no effect on the product ratios. As expected, 
neither had a factor of -10 variation in light intensity. The 
pertinent rate laws, as well as the verification of the long-chain 
assumption, have been presented elsewhere (9). 

Under these conditions the relevant processes are the eight 
abstraction reactions 

[ 1 1 CZHh + C1+ CHXCHz + HCI 

[3] CH3CHClz + C1+ CH3CCIz + HCI 

[4] CH,CHClz + CI + CH2CHCIz + HCI 

[5] CD,CHCI, + CI + CD3CCIz + HCl 

[71 CH,CCI, + Cl -+ CHzCCI, + HCI 

L81 CDsCCI, + C1+ CDzCCl, + DCI 

followed by: 

[9] R + Clz + RCI + C1 

where R denotes any of the ethyl or chloroethyl radicals formed 
in reactions [ l ]  - [8]. Since the radicals R are thermal, they can 
neither decompose nor undergo any internal rearrangements 
prior to reaction with Cl,. As has been shown previously in 
analogous cases (1 l), under the experimental conditions used, 
other side reactions involving free radicals such as metathetical 
hydrogen/deuterium and (or) chlorine exchange, or the ab- 
straction of H or D from the product hydrogen chlorides, are 
unimportant. These conclusions are also valid for the present 
system. 

In the absence of these complicating features, the rate con- 
stant ratio for the competitive photochlorination of RH with a 
reference compound R'H is given by 

where the subscripts 0 and f denote initial and final concen- 
trations. Equation [lo] is exact, subject only to the long-chain 
assumption. Since the consumption method is experimentally 
inconvenient and, moreover, cannot distinguish between dif- 
ferent types of H-atoms in the reactant, eq. [lo] can be 
expressed in terms of the product yields. 

At very low conversions with respect to both RH and R'H, 
eq. [ I  I] may be simplified without noticeable error to 

k  [RCl] [R' HI0 
[12] - = 

k ,  [R'CI] [RH]o 

The approximations involved in the derivation of this ex- 
pression have been discussed elsewhere and shown to be 
justified (9, 11). 

Equation [12] was used to reduce the data in experiments on 
di- and trichloroethanes. In experiments on C2H6 and C2D6 the 
difference in reactivity between the ethanes and methane is 
very large. Consequently, CH4 was necessarily used in large 
(80- to 150-fold) excess. Still, the conversion of ethane in these 
experiments was as high as 7-8% for C2H6 and about 3 times 
smaller for C2D6. In these cases the simplified eq. [12] was 
modified by applying a correction factor (13) which, in the 
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TSCHUIKOW-ROUX ET AL. 1095 

TABLE 1 .  Relative Arrhenius parameters for HID abstraction by 
chlorine atoms'' 

Competitors -(Ei-E,)/R 
RiH/RjH A ,/A;." ( A i / ~ j ) , , , ~ ' ~  (K) 

"Stated uncertainty limits are +la. Both precision of analyses and errors 
involved in the determination of the respective correction factors for the F.I. 
detector sensitivites are accounted for. 

"Statistical A-factor ratio (not reduced on a per atom basis). 
"A-factor ratios based on initially assumed relative F.1. detector sensitivities 

of S = I for all chlorinated C,-products, but measured S = 0.51 for 
the reference product, CH,CI (C.F. (CH3CI) = 1.96 relative to CH3CHCI,, 
Table 2). 

dCorrected A-factor ratios using correction factors (C.F.) from Table 2. 
'Data taken from ref. I I .  
'Data taken from ref. 12. 

limit, reduces to eq. [I I ] ,  but which does not require a direct 
determination of the ratio, [RCl]/[RH]o, the latter being in- 
convenient and subject to experimental error. These corrections 
were small, on the level of 2-4%. 

In all cases studied, the rate constant ratios conformed to the 
Arrhenius rate law over the temperature range of this in- 
vestigation. The results are listed in Table 1, and are based on 
the usual least-squares treatment, where the quoted error limits 
are one standard-deviation. For each compound examined two 
different reagent mixtures using two different batches of this 
compound were prepared. The agreement between these two 
sets of results was always satisfactory. The uncertainties stated 
in Table 1 for the pre-exponential factor ratios, Ai/Aj, and 
activation energy differences (Ei - E,)/R, account for random 
errors only. These incorporate uncertainties in pressure mea- 
surementsin the preparation of mixtures, errors in gas-chroma- 
tographic peak area determinations, and varying levels of trace 
impurities from one mixture to another, and from one sample 
to another. 

The differences in flame ionization detector sensitivity to- 
wards the compounds of interest are the major contributing 
factors to svstematic errors. These differences were established 
using authentic samples, and relative correction factors are 
tabulated in Table 2, with CH3CHC12 arbitrarily chosen as a 
reference. These correction factors are very significant for the 
different chloroethanes: the sensitivity decreases markedly 
with chlorine substitution, and also depends on the position of 
the halogen(s) for geometric isomers. Further, a discernible 
isotope effect is observed: the sensitivity decreases with in- 
creasing deuterium substitution in the molecule. In two cases 
authentic samples of the deuterated compounds were not avail- 
able (CD2C1CHCl2 and CD2C1CCl3). In this instance the 
correction factors were evaluated by interpolation (Table 2). 

The sensitivity corrections which affect the pre-exponential 
factor ratios but not the activation energy differences have been 
allowed for in Table 1 under the heading (Ai/Aj),,,. Other 
systematic errors, e.g. those due to the isotopic impurities, 
devi3tions from the true Gaussian distribution, and to the as- 

TABLE 2. Correction factors (C.F.) for the 
relative sensitivity of the flame ionization 
detector towards chlorohydrocarbons of 

interest 

RCI C.F." 

"The correction factor is defined as: C.F. 
(RSI) = S(CH,CHCI,)/S(RCI). 

1 . 1  -Dichloroethane was arbitrarily chosen as 
a reference. 

'Estimate: C.F.(CD,CICHCI,) = C.F.(CH2- 
CICHCI2) X C.F. (CD2CICH,CI)/C.F.(CH2CI- 
CHZCI). 

"stimate: C.F.(CD2CICC13) = C.F.(CH,CI- 
CCI,) x C.F.(CD2CICH2CI)/C.F.(CH2C1CHz- 
a ) .  

sumptions inherent in the simplified reaction mechanism are 
estimated to be of little importance. 

Rate constants and absolute Arrhenius parameters 
Based on the relative rate parameters reported in Table 1, the 

absolute Arrhenius parameters were calculated and assembled 
in Table 3 using the absolute rate constant value (cm3 s-I) for 
the chlorination of methane determined by Keyser (14) for the 
temperature range 291 to 423 K, 

[13] kc,, = (1.65 + 0.32) x lo-" exp [-(I530 2 68)/T] 

We consider this value to be more appropriate for our range of 
temperatures than that recommended by the NASA panel (3) in 
the range 200- 300 K applicable to stratospheric temperatures. 
Our rate parameters for the photochlorination of C2H6 differ 
significantly from those recommended by the NASA panel. 
However, if their preferred value for the methane reference 
reaction were to be adopted, reasonable agreement is achieved. 
This may be taken as an indication that Keyser's values for the 
rate parameters are too large. Nevertheless, for the sake of 
consistency with our former data on chloroethane, Keyser's 
value for kc,, is retained, particularly since it overlaps our 
temperature range. 

In the case of the other compounds reported here, data from 
other laboratories that could be compared with our results are 
sparse. Chiltz et al. (10) reported the rate constant ratios, kl/k2, 
at several temperatures in the range 302-433 K for the direct 
competition in C2H6/C2D6 mixtures using a mass spectrometric 
technique. Although these data show a high degree of scatter 
when plotted according to the Arrhenius rate law, an ap- 
proximate temperature dependence is given by In (kl/kl) = 
0.53 + 137/T, in satisfactory agreement with our value of In 
(k,/kz) = 0.545 + 151/T based on the data in Table I. 

Cillien et al. (15) have reported the relative and absolute 
parameters for the chlorination of 1 ,1-dichloroethane, in the 
absence and presence of CH3C1 as competitor. The values of 
the Arrhenius parameters for this reference reaction used in the 
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TABLE 3. Absolute rate parameters for  H / D  atom abstraction by chlorine atoms".h 

Reactant A E/R kz[>n k lgn /n  Reference 

This  work 
3 

This work 
lod 
10' 
1 1  

1 1  

12 

This work 
15' 
15" 

This work 
15" 
8" 

This work 

This work 

This work 
15' 
15" 
7' 

This work 

"Units for A and kZg8 are lo-" cm3 s- ' .  kIq8/n = rate constant per available hydrogen. Units for E/R are 
Kelvin. 

'Stated uncertainties in Arrhenius factors allow for error limits of the reference reaction: CI + CH, + CH, 
+ HCI. Unless otherwise indicated, values in brackets denote uncertainties in competitive experiments only. 

"Estimated lower error limits. 
"Data based on competitive experiments against C2Ha; recalculated using rate parameters for reference reaction 

recommended in ref. 3. 
'Data based on competitive experiments against C2H6; recalculated using rate parameters for CzHh reported in 

this work. 
'Data based on competitive experiments against CH3CI; recalculated using rate parameters for CH,CI from 

ref. 3. 
*Data based on competitive experiments against CH3CI; recalculated using rate parameters for CH3CI from 

ref. 13. 
hDirect laser FP-RF measurements; primary and tertiary hydrogens were not distinguishable. 
'Direct laser FP-RF measurement; only lower limit for E/R determined. 

original work are no longer tenable. The reevaluated rate con- 
stant (cm3 s-') for methyl chloride 

[14] kc~,c, = 3.4 x lo-'' exp [-(I260 + 200)/T] 

recommended by the NASA panel (3) based on the preferred 
absolute measurements of Manning and Kurylo (6) agrees well 
with our competitive measurements against ethyl chloride (13) 

[15] kcH,c, = (3.02 t 0.61) X lo-'' exp [-(I221 + 68)/T] 

Using these new values to recalculate the absolute rate param- 
eters of Cillien et al. we obtain good agreement with respect to 
the activation energy (Table 3). It should be noted that 
CH3CHC12 represents an internally competitive system, and the 
product ratio determines the relative rate constants directly: 
k3/k4 = [CH3CC13]/CH2C1CHC12]. In the case of simultaneous 
internal competition against an external standard, eq. [12] is 
also valid for each identifiable product. The results are shown 
in Table 4 and compared with CH3CH2C1 and with the internal 
competition data for CH,CHCl, of Cillien et al. (15) over the 
temperature range 303-353 K. It should be noted that since no 
external competitor is involved, the uncertainties associated 
with the latter do not enter into this direct comparison. The 

agreement in the activation energy difference between tertiary 
and primary hydrogens in CH3CHC12 is excellent, while the 
ratio of pre-exponential factors differs by about 30%. This 
discrepancy could result if the differences in sensitivities of the 
detector response toward tri-substituted photolysis products 
were not accounted for in the earlier work. The only other 
report on the rate parameters for the chlorination of CH3CHCl, 
is by Wine and Semmes (8) based on laser flash photolysis - 
resonance fluorescence measurements. Unfortunately, as noted 
earlier, in this direct investigation no distinction can be made 
between the abstraction of tertiary and primary hydrogens in 
the molecule, since the reaction was followed by measuring 
only the rate of decay of C1 atoms. Their rate constant for the 
abstraction reaction is therefore a composite of two contri- 
butions. In the light of the Arrhenius parameters for the primary 
and tertiary hydrogen abstraction presented in Table 3, the 
activation energy for the "mixed" processes reported by Wine 
and Semmes seems to be too low. 

The reaction of chlorine atoms with 1,1,1-trichloroethane 
has also been investigated competitively by Cillien et al. (15) 
and directly by Wine, Semmes, and Ravishankara (7). In this 
case only one type of hydrogen is available and the results of 
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TABLE 4. Relative rate parameters for internal competition: C1 + CH3CH2CI and CI + CH,CHCl; 

-(ES,,-Ep) (ks.l/ns,,)/(kp/np)c 
Compound A ,.,/A ,b ( A s , l / s , l / p /  (cal mol-') at 298 K Reference 

CHzCHzCl 1.099~0.015 1.649k0.023 853k4 6.96kO. 11 11 
CH3CHClz 0.89k0.21 2.67k0.60 1 5 ~ k 1 ~ 0  34k 12 15 

1.145k0.05 3.43520.145 1520k23 45k2.5 This work 

"Stated uncertainties represent f l u .  
*Subscripts s and t refer to secondary hydrogens in CH,CH,CI or to tertiary hydrogen in CH,CHCI2, respectively; 

subscript p refers to primary hydrogens in the methyl groups of both compounds. 
'Ratios given per available C-H bond. 

both methods should be comparable directly. Regrettably, due 
to the slow nature of the reaction and the onset of complicating 
features attributed to secondary processes at the higher tem- 
peratures, Wine et al. could only establish a lower limit for the 
activation energy (Table 3). Comparison among the com- 
petitive studies shows that the activation energy determined in 
this work agrees with the recalculated values of Cillien et al.,  
given the large uncertainty in the latter work. However, the 
pre-exponential factors are in marked disagreement and, in this 
case, can not be reconciled on the basis of detector sensitivity 
corrections. 

Inspection of Table 3 shows that both the A-factors and the 
activation energies are affected by chlorine substitution. The 
dominant feature with respect to reactivity is, firstly, the 
progressive increase in activation energies, in both the a and 
p positions, with increasing C1 substitution on the same 
carbon atom. Secondly, hydrogen abstraction is faster from the 
substituted carbon atom in a molecule with the same number 
of chlorine atoms, viz., k(CH3CH2Cl) > k(CH3CH2Cl); 
k(CH3CHC12) > k(CH3CHC12). The highest activation energy 
and the slowest rate are observed for CH,CC13 where there are 
only primary hydrogens. Similar trends have also been found 
in the case of fluoroethanes (13, 16, 17). A plausible quali- 
tative explanation of these observations may be sought in terms 
of repulsive and electron withdrawal effects by the bound chlo- 
rine atom(s). The general trend of increasing activation energy 
and hence lower reactivity with increasing number of chorine 
substituents may then be attributed to the repulsion of the 
approaching chlorine atom by the bonded chlorine(s). It would 
appear that such repulsion should be more pronounced at the 
chlorinated site, yet the attack on the secondary hydrogen in 
CH3CH2Cl and tertiary hydrogen in CH3CHC12 is faster than on 
the vicinal methyl group. This may be attributed to the 

- - 

electron-withdrawing power of the electronegative chlorine: 
the electrons are drawn towards the bound C1 atom(s), thus 
weakening the C-H bonds in the methylene and methine 
groups, respectively. Thus there is evidently a concerted effect 
of repulsion and electron withdrawal by the bound chlorines. 
The fact that hydrogen abstraction from the chlorinated group 
in CH3CHC12 is slower than in CH3C12Cl further suggests that 
the repulsive effect increases with the number of-chlorine 
substituents. 

Although the argument based on repulsion and electroneg- 
ativity considerations is simple and adequate, an opposite point 
of view has been presented by Johnston and Goldfinger (1 8) to 
rationalize the strong disagreement between the observed trend 

bound chlorine atoms (considered as symmetrical groups), 
these authors evaluated the Lennard-Jones 6- 12 potential 
function and showed that for the dimensions of their activated 
complexes the interactions were on the attractive part of the 
potential. Therefore, the observed activation energies were as- 
cribed not to van der Waals repulsions, but to dynamic effects 
of attractive dispersion forces between bound and free chlorine 
atoms. According to Johnston and Goldfinger, the preferential 
attraction of the chlorine atom by the bound chlorine results in 
collision complexes of the form )CH-C1---C1 predom- 
inating over those of the form )CC1-H---Cl; thus unless the 
approaching atom has a relatively high kinetic energy, the 
hydrogen atom transfer complex never forms. This rather curi- 
ous conclusion must be questioned in the light of more recent 
data on the activation energies for H by C1 abstraction and 
C-H bond dissociation energies, at least in the case of the 
chloromethane series. A comparison of the activation energies 
(values in kcal mol-') in CH3C1 (3.6), CH2C12 (2.9), CHC1, 
(2.8) reported by Clyne and Walker (5) shows a distinct trend, 
if not a one-to-one correspondence, with the C-H bond dis- 
sociation energies: 102.9; 100.6; 95.2 kcal mol-', re- 
spectively, reported most recently by Weissman and Benson 
(19). The activation energy for C1 + CH,Cl determined by 
Clyne and Walker is higher than that reported by Manning and 
Kurylo (6) and may be subject to a systematic error (3); how- 
ever, we have used it here for the sake of internal consistency 
in this comparison. It is tempting to provide a similar com- 
parison for the chloroethane series. Unfortunately, to date, 
"measured" C-H bond dissociation energies are not available 
for most of the chloroethanes, except for CHC12CHC12 and 
C2HC15 (20). It was based on these data and the known value 
of D(C2H5-H) that Franklin and Huybrechts (21) assumed 
that D(R,,--H) = 98.0, 96.7, and 95.4 kcal mol-I for prima- 
ry, secondary, and tertiary C-H bonds, respectively, in those 
chloroethanes for which experimental values are not available. 
This is inadequate for the present purpose, especially in view 
of the kinetic data for the chlorination of CH3CC13. Wine and 
Semmes (8) have argued convincingly that the substitution of 
C1 on one carbon atom substantially increases the C-H bond 
strength on the adjacent carbon atom, citing in support of 
CH3CC13 its fluorinated analog, CH3CF3, in which the C-H 
bond is known to be extremely strong, D(CF3CH2-H) = 106.7 
kcal mol-' (20). A similar view with respect to fluoroethanes 
has been expressed by McMillen and Golden (20). In fact, 
Wine and Semmes carried the analogy of the reactivity trends 
observed in the chloromethane series to the chloroethanes, and 

of activation energy-with bond energy for hydrogen abstraction suggested that the substitution of C1 in the a-position not only 
by C1 atoms from chlorinated methanes and ethanes (based on strengthens the C-H bond on the P carbon but also weakens 
the then available data) and that calculated from LEPS and the remaining C-H bonds on the a-carbon. Our results on the 
BEBO potential energy surfaces. Seeking an explanation in chlorination of both chloroethanes and fluoroethanes (13) 
terms of nonbonding interactions between the incident and support this contention. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J .  CHEM. VOL. 63, 1985 

TABLE 5. Kinetic isotope effects" for hydrogen/deuterium abstraction by chlorine atoms 

"Primary and a-secondary kinetic isotope effects are not separated. 
bunless otherwise noted, any contributions from the P-secondary kinetic isotope effect (KIE) are 

not taken into account. 
'Pure P-secondary KIE. 

TABLE 6. Comparison of kinetic isotope effects for H/D abstraction 
by CI atoms at 298 K 

RH/RID k ~ / k ~   AH^^^ (kcal mol-I). Reference 

-5.1 10 

24 
This work 

-5.2d 1 1 ,  12 
-6.5d I I 
-7.8 10 

24 
-5.2d This work 
-5.6d This work 

"Enthalpy change for the reaction RH + C1+ R + HCI. 
bFrom a plot of the data in ref. 10 according to the Arrhenius rate law. 
'Calculated from reevaluated absolute Arrhenius parameters in ref. 2 .  
dBased on thermochemical data and interpolated heats of formation for 

haloethyl radicals from ref. 21 (but see text). 

Isotope effects 
Rate constant ratios for HID atom abstraction from com- 

pounds of interest at four selected temperatures are listed in 
Table 5. A few literature values that are available are included 
for comparison in Table 6. It should be emphasized that the 
measured intermolecular hydrogen-deuterium kinetic isotope 
effects consist of contributions from the primary and secondary 
isotope effects. Secondary contributions arise since the isotopic 
composition of the residual ethyl or chloroethyl groups is 
different. Although the contributions from the a-secondary 
isotope effect are, as recently shown (22), small, but not neg- 
ligible, the present results do not permit us to extricate these 
contributions. 

Our data on the C2H6/C2D6 system are in close agreement 
with those of Chiltz et al. (10). The isotope effect is rather 
weak compared to the so-called "theoretical maximum", which 
is based on a one-dimensional three-particle model but which 
ignores any tunneling correction. According to this simplified 
treatment applicable to hydrogen atom transfer reactions, the 
maximum kinetic isotope effect is related to the zero-point 
energy difference of the atoms being transferred in the reactants 
(23): 

substituted systems is normal: the KIE decreases with tem- 
perature (Table 5). A comparison of the chlorinated pairs with 
C2H6/C2D6 shows a significant change: the KIE for HID ab- 
stractions from the methyl group is -2.2 times larger in the 
case of the monochlorinated species. With increasing chlorine 
substitution the KIE decreases markedly, such that for the 
CH3CC13/CD3CC13 system it is about 112 the value for 
C2H6/C2D6. A comparison of HID abstraction associated with 
the methyl and methylene groups in the chloroethane pairs 
(Table 6) reveals that the KIE for the primary hydrogens is 
about 3 times larger. In this instance the qualitative gener- 
alization postulated by Lewis (23): "With two hydrogen atom 
transfers of equal exothermicity, the one of higher activation 
energy will have the more nearly symmetrical transition state 
and hence the higher isotope effect" is roughly obeyed, given 
the uncertainties in the heats of reaction. However, this con- 
clusion cannot be extended to the KIE associated with the pairs 
CH3CH2Cl/CD3CH2Cl, CH3CHC12/CD3CHC12, and CH3- 
CC13/CD3CC13 based on the thermochemical data and inter- 
polations of Franklin and Huybrechts (21) which predict almost 
equal exothermicities for hydrogen abstraction by C1 atoms for 
the three chloroethanes (Table 6). Since the activation energy 
increases significantly in going from CH3CH2Cl to CH3CHC12 
to CH3CC13 (Table 3) while the KIE shows a strong opposite 
trend (Table 6), either the generalization of Lewis breaks down 
in this case, or the thermochemical data are inadequate. Our 
results, taken in conjunction with those of Cillien et al. (15) 
and Wine et al. (7, 8) strongly suggest that the C-H bond 
energies in chloroethanes and the estimated heats of formation 
of chlorinated ethyl radicals are in need of revision. 

Finally, it is worth noting that our results yield the magnitude 
of the P-secondary kinetic isotope effect in the system 
CH3CHC12/CD3CHC12, k3/k5. This weak effect is unity within 
the limits of experimental error. However, the pre-exponential 
factors and activation energies for reactions [3] and [5] are 
different. The difference is barely outside the quoted error 
limits but the trends confirm our former observations con- 
cerning P-secondary kinetic isotope effects in the photo- 
chlorination of ethyl chlorides (1 1, 12): both the A-factor and 
the activation energy decrease as a result of deuterium sub- 
stitution in the adjacent group, i.e., in going from CH3CHC12 
to CD3CHC12, the activation energy difference accounting for 
the inverse temperature dependence. 

For the C2H6/C2D6 system, (kH/kD),,, = 8 at 298 K. The The financial support of the Natural Sciences and En- 
temperature dependence of the primary (plus a-secondary) gineering Research Council of Canada is gratefully acknow- 
kinetic isotope effects (KIE) for this and the three chlorine ledged. 
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The sorption of uranyl species on a hematite sol' 
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C.  H. Ho and D. C. DOERN. Can. J .  Chem. 63, 1100 (1985). 
The sorption of uranyl species on a hematite sol of narrow size distribution has been studied as a function of uranium 

concentration and solution pH. The adsorption increases with increasing uranium content in the solution. Raising the pH from 
5 to about 6.2 markedly enhances the uptake of uranium. The enhanced uptake coincides with a proportional increase of 
(uo~),(oH);. The sudden increase in adsorption around this pH region does not appear to be due to changes in surface charge 
of the hematite particles. It may be due to specific interactions between ( u o ~ ) ~ ( o H ) ~  and the hematite particles. Results of 
desorption experiments show that different binding sites may exist on the hematite surface. 

C.  H. HO et D. C.  DOERN. Can. J .  Chem. 63, 1100 (1985). 
On a CtudiC la variation de la sorption d'especes d'uranyles, sur un sol d'hematite avec une distribution Ctroite de la taille 

des particules, en fonction de la concentration de l'uranium et du pH de la solution. L'adsorption augmente avec une 
augmentation de la concentration de I'uranium dans la solution. Une augmentation du pH de 5 a 6,2 fait augmenter I'adsorption 
d'uranium d'une faqon importante. L'augmentation de l'adsorption colncide avec une augmentation proportionnelle de la 
concentration du (UO~)~(OH);. L'augmentation subite de I'adsorption autour de cette rCgion de pH ne semble pas due i des 
changements dans la charge de la surface des particules d'himatite. Elle pourrait Ctre due a des interactions spkcifiques entre 
le (UO~),(OH); et les particules d7hCmatite. Les rCsultats des experiences de dCsorption montrent qu'il pourrait exister 
diffCrents sites de fixation sur la surface de I'hCmatite. 

[Traduit par le journal] 

Introduction 
The sorption of metal ions on oxide surfaces is important in 

many technical areas such as ore processing and environmental 
pollution studies. It is also important when considering the 
transport of radionuclides in a geological waste-disposal vault. 
Waste forms could be subjected to groundwater attack, and 
actinides such as uranium could be released into the ground- 
water and adsorbed onto mineral surfaces or particulates (such 
as iron oxyhydroxides) already in the groundwater (1). 

We have chosen to study uranium as the first step in a more 
general study of actinide adsorption onto colloidal particles. A 
number of studies on adsorption of uranium from aqueous 
solution have been reported (2-4). Most have emphasized 
adsorption on natural geological materials such as clay and 
basalt. Because not enough is known about either the state of 
the adsorbed uranium or the sorption mechanism onto any 
specific adsorbent, it is difficult to predict accurately the effect 
of sorption on the mobility of uranium. 

The present study was directed towards achieving a better 
understanding of the mechanism of uranium adsorption on 
hematite. Hematite is an important component of geological 
formations found in close association with uranium under 
natural conditions (5). Therefore, information about the ad- 
sorption of actinides onto hematite will help in assessing acti- 
nide mobility. To this end, a hematite sol of narrow size distri- 
bution was synthesized and characterized. The adsorption and 
desorption of uranium on this sol were investigated over a 
range of pH values (3 5 pH 5 6.2), with particular emphasis 
on the correlation of uranium adsorption with the uranyl species 
present over this pH range. 

Experimental 
Materials 

Distilled water was passed through two ion-exchange columns and 

'AECL No. 8038. 
'~evis ion received May 18, 1984. 

then redistilled in a grease-free Pyrex still. The ferric chloride was 
Baker Analyzed Reagent. All other chemicals were reagent grade and 
were used without further purification. 

The hematite sol was prepared by hydrolysis at 100°C of ferric 
chloride for about 24 h, and the particles were examined in an Inter- 
national Scientific Instrument DS Model 130 scanning electron micro- 
scope equipped with a Tracor Northern Particle Recognition and 
Characterization device for particle size and size distribution analysis. 
Specific surface area measurements were obtained by the BET 
method, using nitrogen gas as the adsorbate. The composition of the 
particles was determined by X-ray diffraction. The isoelectric point 
was obtained using a Rank Brothers Microelectrophoresis Apparatus. 
Infrared spectra were obtained in KBr medium using a Nicolet Model 
MX-I Fourier Transform Infrared Spectrometer. 

Methods 
Uranium adsorption was determined by measuring the depletion of 

uranyl ions in a supernatant solution with a Cary 210 Ultraviolet 
spectrophotometer, using 2-(5-bromo-2-pyridylazo)-5-diethylamino- 
phenol as a chromogenic reagent (6). A constant particle concentration 
of 0.2 g dm-' was used with a contact time of 16 h. Trial experiments 
showed that adsorption did not change significantly for a longer con- 
tact time of 40  h. The experimental procedure was as follows: A series 
of uranyl solutions and the hematite sol were prepared at the required 
concentration, pH, and ionic strength (using 5 X mol dm-' 
NaCI, NaOH, or HCI). Then 10 cm' of the hematite sol was trans- 
ferred to a polycarbonate centrifuge bottle containing 10 cm3 of uranyl 
nitrate solution. The mixture was shaken for 16 h in a water bath at 
25 ? O.I°C. The solid was separated from the liquid in a Beckman 
L8-55 Ultracentrifuge and the supernatant solution was analyzed for 
uranium content. The pH of the supernatant was also noted. A control 
without hematite was prepared, and duplicate runs were performed for 
each series of experiments. The electrophoretic mobility of the par- 
ticles was determined after diluting a portion of uranium-loaded hema- 
tite particles with centrifuged supernatant to give a suitable concen- 
tration for observation. Only the pH of the supernatant solution was 
used in the results. 

Desorption of uranium from loaded hematite was studied in two 
separate experiments. In the first, a portion of the supernatant solution 
was replaced by the same volume of fresh solution with the same pH 
and salt concentration as the adsorption solution. In the second, the pH 
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TABLE I. Characteristics of the hematite particles 

Characteristic Value 

Particle size (pm) 
Specific surface area (m2 g-') 
Chemical composition (% a-Fe203) 
Isoelectric point 

of the mixture was lowered fom 6.19 to about 4 using concentrated 
HC1 immediately after the adsorption process. After equilibrating the 
mixture for an appropriate time, aliquots of the supernatant were 
removed, and the uranium concentration was determined. The pH of 
the supernatant was also measured. 

Results and discussion 
Characterization 

Table 1 shows the characteristics of the synthesized hematite 
particles. The particle shape is uniform and the size distribution 
is very narrow. X-ray diffraction data were consistent with the 
particles being a-Fe203 containing less than 2% P-FeO(0H). 

Adsorption 
Figure 1 shows the dependence of the amount of uranium 

adsorbed on the equilibrium solution concentration of uranium 
at various pH values of the media. Significant adsorption does 
occur, even though the hematite particles possess net positive 
charge in the pH range from 3 to 6.5. This suggests that there 
must be a non-electrostatic contribution to the overall free 
energy of adsorption that outweighs the repulsive coulombic 
and solvation forces. The adsorption was greatest at a pH of 
about 6.2 and decreased markedly at lower pH values. 

In an earlier study, Borovec (3) used the Freundlich isother- 
mal relation to interpret his experimental data for the adsorption 
of uranyl ions by fine clay. Borovec's data conformed well 
with the Freundlich equation for uranyl concentrations below 
1 x mol dm-3. Recently, Langmuir (7) used the Langmuir 
equation to analyze his data for the adsorption of uranium on 
iron oxyhydroxide. He suggested that the non-linearity of the 
plot might be due to different adsorption mechanisms. How- 
ever, in the present study, the experimental data were not 
analyzed by the conventional adsorption isotherms because ( i )  
a number of uranyl species exist in the solution; (ii) one or 
more uranyl species may be involved in the adsorption process; 
and (iii) the proportions of uranyl species change with the total 
uranium content in the solution. 

Several attempts have been made to explain the variation in 
adsorption of hydrolyzable cations with respect to pH. In gen- 
eral, hydrolysis of cations to form other soluble and/or in- 
soluble species is assumed to be an important factor in this 
variation; however, quantitative data on the hydrolysis of 
uranium(V1) are scarce. Calculations based on Sillen and 
Martell's thermochemical data (8) have shown that the hydro- 
lysis of uranium (VI) could form a variety of aquo complexes 
such as U02(OH)', (uo,),(oH):+, and (uo~),(oH):. The 
proportion of each species depends on the total uranyl ion 
concentration and solution pH. Recently, Toth and Begun (9) 
used Raman spectroscopy to detect different hydrolyzed ura- 
nium species in an aqueous medium, and found that the 
predominant species in the pH re ion 1.30 to 4.02 were UO:', 5 (uo~)~(oH):', and (U02),(OH),. Although their uranyl ion 
concentrations were higher than those of other workers, the 
results agree with the data from Sillen and Martell (8) and Baes 
and Mesmer (10). 

Equilibrium Concentration (mg dm-3)  

FIG. 1. Effect of pH on the adsorption of uranyl species on hema- 
tite at 25°C in 5 X mol dm-' NaCl: V,  pH 5.95-6.19; 0, pH 
5.26-5.45; A, pH 4.51-4.58; ., pH 3.04-3.06. 

Figure 2 shows the fraction of uranium adsorbed as a func- 
tion of pH, together with the hydrolysis data from Baes and 
Mesmer (lo),  at a uranyl ion concentration of 1 x mol 
kg-'. At pH < 4, where U O ~ '  is the predominant species, the 
adsorption is very small. This suggests that UO:' is not the 
active species involved in adsorption. As the pH is increased, 
the adsorption of uranium increases abruptly. The sudden in- 
crease in adsorption around pH 5 could not be related to the 
surface charge of the hematite particles. As shown in Fig. 4, a 
change of solution pH from 4 to 6.2 results in only a slight 
decrease in the electrophoretic mobility of the hematite par- 
ticles (dotted line). The reduction in the < potential of the 
hematite particles is considered to be too small to produce such 
a dramatic effect on the adsorption of uranium ions. However, 
this sudden increase in adsorption coincides with a marked 
increase in the amount of (uo,),(oH): and, therefore, 
(UO~),(OH); may be responsible for the increased uptake of 
uranium. The coulombic repulsion between (uo~)~(oH): and 
the positively charged oxide surface is presumably less than for 
UO;', thereby permitting increased uptake of uranium. More- 
over, the lowering of the ionic charge of hydrolyzed uranium 
(VI) ion would cause a decrease in secondary solvation energy, 
thereby enhancing the adsorption. Similar adsorption be- 
haviour has been observed with other hydrolyzable cations. For 
instance, the adsorption of thorium(1V) (1 1) on silver iodide 
was observed to increase sharply as soon as hydrolysis became 
significant. Although other uranyl species such as U020Hf  
and (uo~),(oH):' are present in the pH region from 4 to 6, they 
are of minor importance when compared with (U02),(OH), 
(see Fig. 2), and cannot account for the sudden increase in 
uptake of uranium. 

In a recent paper, Maya and Begun (12) have demonstrated 
the existence of (U02)2C03(OH), in addition to UO~(CO,):- 
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FIG. 2. Comparison of the pH dependence of the adsorption of 
uranyl species on hematite at 25°C with the percentage of the major 
hydrolysis products of U(V1) (CU = 1 x mol kg-') (from ref. 
10). 

and UO,(CO,);-. Computer calculations that included these 
carbonate complexes (formed from dissolved atmospheric car- 
bon dioxide) were performed by Lemire at Whiteshell Nuclear 
Research Establishment and the results are shown in Fig. 3. 
When the adsorption data are compared with the proportions of 
major hydrolysis products of U(V1) from Lemire's calculation 
(see Fig. 3), the agreement is very good, though the proportion 
of (UO,),CO,(OH); begins to increase at a pH value of around 
6. 

The electrophoretic mobility results (see Fig. 4) show that 
the mobility of hematite depends on the amount of uranium 
adsorbed. For pH < 4, only a small amount of non-hydrolyzed 
UO;' is adsorbed, and the electrophoretic mobility does not 
change significantly. As the pH is increased, a pronounced 
effect is observed, especially for solutions with higher uranium 
content. In each case, the isoelectric point tends to shift to- 
wards lower pH values. This behaviour is often observed for 
"specifically adsorbed ions. As shown in the previous section, 
the proportion of (UO,),(OH); increases with pH. Such species 
contain more than one hydroxyl group per ion, and these hy- 
droxyl groups can become attached to the positively charged 
hematite surface, lowering the overall surface charge of the 
particle. In fact, Matijevic and Janauer (13) have advanced the 
same idea to explain the reversal of charge of silver bromide sol 
by ferric ions. 

One may question whether or not the above phenomenon can 
be explained by the interfacial precipitation model (14). This 
model would regard the adsorption as an interfacial precipita- 
tion of uranium(V1) oxide, which occurs at a pH lower than the 
bulk value. A comparison of the electrophoretic mobility data 
of the oxide with that of uranium-loaded hematite particles 

FIG. 3. Comparison of the pH dependence of the adsorption of 
uranyl species on hematite at 25OC with the percentage of the major 
hydrolysis products of U(V1) (XU = 1 X lo-' mol dm-') from 
Lemire. 

FIG. 4. Electrophoretic mobility of hematite sol in the absence and 
presence of uranyl species together with the electrophoretic mobility 
of U(V1) oxide as a function of pH at 25OC in 5 x mol dm-' 
NaCI: V, CU = 5 x mol dm-'; 0, U(V1) oxide; 0, XU = I 
X mol dm-'; 0, hematite; ., CU = I X mol dm-'. 

should give some elucidation of the above question. A series of 
hydrolysis experiments were performed on aqueous UO;' ions 
at slightly higher solution pH. The precipitates obtained were 
identified by electron diffraction to be U(V1) oxides. The vari- 
ation of the electrophoretic mobility of the oxide with solution 
pH, as shown in Fig. 4, does not resemble that of the uranium- 
loaded hematite, indicating that the oxide is not the species 
involved in the adsorption. 
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2000 1400 800 

Wavenumber (crn-' ) 
FIG. 5. Infrared spectra of ( a )  hematite,(b) hematite loaded with 

uranium at pH 4.30, and ( c )  hematite loaded with uranium at pH 6.08. 

HOANDDOERN 1103 

Number of Desorption Cycles 
FIG. 6. Desorption of uranyl species from hematite sol as a func- 

tion of desorption cycle at pH 6.2 in 5 x mol dm-3 NaCl. The 
amounts of uranium adsorbed onto the hematite before desorption are 
0, 21.17 mg g-'; A,  12.10 mg g-I; 0, 6.97 mg g-'. 

Figure 5 shows the ir spectra (2000 cm-' to 800 cm-' range) 
of hematite and uranium-loaded hematites for two pH values. 
No defined bands were detected for hematite (Fig. 5a). For 
uranium-loaded hematites: at pH 4.30, UO;' ions are adsorbed 

3 4 5 6 7 8  
pH 

FIG. 7. The desorption of uranyl species from hematite sol. 

and the characteristic uranium band appears at 910 cm-' (Fig. 
5b). The position of this band shifts to 905 cm-' at pH 6.08 
(Fig. 5c), indicating that the sorption product is different from 
~ 0 ; ' .  From known hydrolysis data, this band can only be 
accounted for if (Uo2),(0H); is adsorbed. The presence of an 
absorption band at 1037 cm-' may be due to the hydroxyl 
groups in (uo2),(0H);. The above results further substantiate 
our conclusion that (uo2),(0H): may be the major species 
involved in the adsorption. 

Desorption 
Desorption studies were carried out in two ways, using the 

uranium-loaded hematite particles immediately after the ad- 
sorption experiment. The results from successive desorption 
into water with the same pH and salt concentration as the 
adsorption solution are shown in Fig. 6. In most cases the 
adsorbed uranium is retained, even after several desorption 
cycles. At a pH of about 6.20, the predominant solution species 
is (uo2),(0H):. It follows that this species may be adsorbed 
irreversibly. This is consistent with the behaviour of specifical- 
ly adsorbed cations. 

In addition, the amount of uranium desorbed depends on the 
initial amount of uranium adsorbed (Fig. 6), possibly because 
of different binding sites on the surface of the hematite. In a 
recent paper, Benjamin and Leckie (15) have shown that the 
surface of iron oxyhydroxide has different binding sites 
(Multiple-site Adsorption Model). The binding strength for 
cations may vary between sites by more than an order of mag- 
nitude. At high adsorption density, some cations are bound to 
weaker binding sites and these would come off first during 
desorption, however, at low adsorption density, most cations 
are bound to stronger binding sites and only a few would come 
off during desorption. 

The effect of pH on the desorption process is shown in Fig. 
7. The percentage of uranium adsorbed was plotted as a func- 
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tion of solution pH. After equilibrating the reaction system for 
16 h at pH 6.2, the mixture was adjusted to pH 4. The results 
indicate a fast release of adsorbed uranium over a period of 30 
min. Similar results were obtained when the solution pH was 
lowered to 3. Thus, it seems that the adsorption process is 
reversible with respect to solution pH. This can be explained if 
we assume that the added acid could alter the chemical form of 
the adsorbed species and/or destroy the bonding between the 
adsorbent and the adsorbate. As has already been mentioned, 
UO;' is the predominant species at pH 4. A change in solution 
pH (to 4) could reverse the hydrolysis reaction: 

~uo:+ + 5 OH- + (UO~)~(OH): 

Since the affinity of hematite for UO:' is not high, most of the 
UO:' is released from the surface of the oxide. 
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Cation transport in isomeric pentanes: effects of temperature, density, 
and molecular shape1 
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ISTVAN GYORGY, NORMAN GEE, and GORDON R. FREEMAN. Can. J .  Chem. 63, 1105 (1985) 
The cation mobility p+ is measured in n-pentane, iso-pentane, neo-pentane, and mixtures of n- and neo-pentane over 

conditions from the normal liquid, through the critical fluid, to the low density gas. Most of the liquid data correlate with the 
reduced temperature TIT,. The TIT, reflects free volume and viscosity changes. Comparison is made to neutral molecule 
diffusion. The transition from viscosity control of mobility in the liquid to density control in the dilute gas occurs over the 
reduced viscosity region 3 > qlq. > 0.6, which corresponds to the reduced density region 1.9 > nln, > 0.5.  In the saturated 
gas n p +  is similar in all pentanes, but iso- 3 n- > neo-pentane. At constant density dp.+/dT 2 0 for gases. The average 
momentum transfer cross sections in the n-lneo-pentane mixtures are similar to those in neo-pentane at low T but similar to 
those in n-pentane at high T. The present findings are combined with previous electron mobility data in addressing the effect 
of hydrocarbon molecular (external) shape on the electric breakdown strength of gases. 

ISTVAN GYORGY, NORMAN GEE et GORDON R. FREEMAN. Can. J .  Chem. 63, 1 105 (1985). 
On a mesurC la mobilitt p.+ du cation dans le n-pentane, I'iso-pentane, le nto-pentane et dans les mklanges de n- et de 

ne'o-pentane dans des conditions allant du liquide normal, au fluide critique et finalement jusqu'au gaz de faible densitC. Pour 
la plupart des donnCes relatives au liquide, il existe une corrClation avec la tempkrature rCduite TIT,. Le rapport TIT, reflkte 
les variations du volume libre et de la viscositC. On a Ctabli une comparaison avec la diffusion de molCcules neutres. La 
transition, partir du contrble viscosimCtrique de la mobilitC du liquide jusqu'au contrble de la densit6 du gaz diluC, se produit 
dans la rCgion de viscositC rCduite 3 > qlq. > 0,6  qui correspond a la rkgion de densit6 rCduite 1,9 > nln, > 0,5. Dans les 
gas saturts, la valeur de n p +  est identique dans tous les pentanes et elle varie suivant: iso- 2 n- > ne'o-pentane. Pour une densite 
constante, dp.+/dT 2 0 pour les gaz. A basse temperature, les sections droites moyennes des transferts de moment dans les 
mtlanges de n-lne'o-pentane sont identiques i celles du nto-pentane; par ailleurs, i hautes temperatures, elles sont identiques 
a celles du n-pentane. On combine ces renseignements avec les donnCes obtenues antkrieurement sur la mobilitt de I'tlectron 
pour Ctudier I'effet de la forme externe de I'hydrocarbure i 1'Ctat molCculaire sur la force de rupture Clectrique des gaz. 

[Traduit par le journal] 

Introduction 
Ion mobilities in low density gases are limited by the gas 

density n, the molecular polarizability a, and the molecule-ion 
reduced mass M, (1, 2). Gas density remains a dominating 
parameter up to the critical region (3-5). In the liquid phase, 
ion mobilities are limited by the viscosity q and the ion radius 
r (6). Stokes' law applies quite well at q/qc 2 2.5, where qc 
is the viscosity of the critical fluid (4,5, 7). The transition from 
density to viscosity control of ion diffusion has previously been 
investigated in two ways. In argon gas at atmospheric pressure, 
ions have been clustered with increasing numbers m of water 
molecules until, with m >1000, the ionic radius was large 
enough, 2 1.4 nm, that Stokes' law applied in the gas phase 
(8). The other way was to increase the fluid density con- 
tinuously from that of the low density gas to that of the dense 
liquid, and measure the change in mobility behavior (4, 5). 

The possibility of an additional factor, that of molecular 
shape, emerges from a comparison of cation mobilities in n- 
hexane and cyclohexane (3a), or in benzene and toluene (3b), 
or in propane, propene, and cyclopropane (4). However, 
changes in  polarizability might have complicated an apparent 
shape effect. In the present article, cation mobilities are 
reported for the isomeric series n-, iso-, and neo-pentane, and 
in  mixtures of n- and neo-pentane, for which a is constant (9). 
The density was varied from the dilute gas through the critical 
region to the dense liquid. 

Experimental 
A. Materials 

The pentanes were Phillips Research Grade. Further purification of 

I Assisted financially by the Natural Sciences and Engineering 
Research Council of Canada. 

the samples was effected in a grease-free vacuum line. After de- 
gassing, each pentane was stirred on sulfuric acid (>72 h), distilled 
onto potassium hydroxide pellets and stirred (>24 h), distilled onto a 
nearly equal volume of Davison Molecular Sieves 5A (>24 h), and 
finally distilled onto sodium-potassium alloy and stirred (>72 h). 
The acid removed traces of olefin, the hydroxide removed carbon 
dioxide and residual traces of sulfuric acid, the molecular sieves 
removed water, and the alloy removed residual traces of oxygen. The 
pentane was degassed by several freeze-pump-thaw cycles between 
each distillation. Prior to filling a cell, the liquid was subjected to a 
final distillation, transferred to a measuring burette, and the amount 
required to attain the critical fluid density at T > T, was distilled into 
the cell reservoir at 77 K. The cell was sealed with a flame after the 
cell pressure had been reduced to <lo-' Pa. 

B. Cells 
The conductance cells had -1 1 mm thick glass walls (10). Liquid 

phase measurements were performed in a cell in which the parallel 
plates were immersed in the liquid (100) and gas phase in a cell in 
which the plates were above the liquid (lob).  The cells were cut open 
at the end of the series of experiments, and the plate separations were 
measured with Do All models M-l Minus measuring rods. The cell for 
the liquid phase had a drift distance of 3.10 mm; in the gas cell it was 
3.20 mm. 

C.  Techniques 
The samples were irradiated by 1 p s  pulses of 1.7 MeV X-rays from 

a Van de Graaff generator. The electron drift times were < I % of those 
of the ions. The transient current was amplified with a Princeton 
Applied Research 1 13 preamplifier, integrated and stored in a Fabritek 
1062 signal averager (4). The average of 16 or 32 signals was used to 
measure the ion drift time t, (typically 10 to 1000 ms). The mobility 
is given by p. = 12/tdv, where 1 is the drift distance and V the applied 
voltage. Voltages up to 6 kV were obtained from a Fluke 408B High 
Voltage Power Supply, and >6  kV from a Spellman High Voltage DC 
Supply. 

The temperature was varied by heating the cell in a thermostated hot 
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FIG. 1. Cation mobilities as functions of temperature (A) and reduced temperature (B) in the liquid and supercritical gas phases. A: 
iso-pentane, liquid under its vapor pressure (A), and gas at n, (A); B; n-pentane (m), iso-pentane (A), neo-pentane (@); n-pentanelneo-pentane 
mixtures containing 10 (O), 25 (A), 50 (n), and 75 (V) mol% n-pentane. 

air bath ( I  Oa). The cell temperature was monitored near the electrodes 1 
and at the end of the cell farthest from the electrode, by copper- 
constantan thermocouples (Thermo-electric Canada Ltd.). A third 
thermocouple in the bath was connected to the LFE Corp. Model 
226-A21 temperature controller, which varied the current supplied to 
the heating coil of the Master Appliance Model AH-751 heat gun. 

D. Physical properties 0.1 
The critical constants and physical properties were obtained from 

refs. 1 1  and 12. No data were available for the mixtures; they were 
assumed to be ideal (13). The evaporation points and critical tem- 
peratures were visually monitored and no deviation from ideality was 73 
observed (1 3). ? 

Viscosity data are available for n-pentane over a large range includ- E 0.01 
ing the critical region (12, 14); the value of qc is 26.7 pPa s. Data for 
neo-pentane are more sparse (15, 16); no critical region data were I 
found. Data for liquid iso-pentane exist only for T 5 293 K (17). 0 

r 0.003 
V 

Results 
A. Liquid phase 

z 
0.1 

Data for the co-existence liquid and the supercritical gas of 
iso-pentane are plotted in Fig. 1A. The mobility p, + i ncreases 
approximately as the exponential of the temperature. Such is 
also the case for n-pentane, neo-pentane, and mixtures of n- 
pentanelneo-pentane. Further, most of the differences between 
p,+ in n-pentane, neo-pentane, and their mixtures disappear in 0.01 
a corresponding states plot (Fig. 1B). 

B. Gas phase 
Mobilities in n-pentane and neo-pentane gases are shown in 0.003 

300 400 500 
Fig. 2, and those in iso-pentane and n-pentanelneo-pentane 
mixtures in Fig. 3. In each case p,+ decreases along the co- T (K) 
existence curve as T increases, due to the concomitant increase FIG. 2. Cation mobilities in the gas phase. A,  coexistence vapor; 

of density n. However, at constant the mobility is constant or circles, constant density n (loz6 molecule/m3). A: n-pentane; B: neo- 

increases with T. The relative increase is greater for a greater n. pntane. 

Discussion 
A. Gas phase 

1. Low density nonsaturated gas 
At low gas densities, dp,/dT is near zero in all the pentane 

isomers and in the n-pentanelneo-pentane mixtures (Figs. 2 
and 3). This is like the cation behavior in n-hexane (3a), 
benzene and toluene (36) at n 5 3 X loz5 molecules/m3. In 
contrast, dp,/dT in cyclopentane and cyclohexane (3a) at n 5 
5 x loz5 molecules/m3, or in the C, -C4 alkanes and alkenes at 
k 7 x loz5 molecules/m3 (4), is appreciably greater than zero, 

especially near the liquid-vapor co-existence curve. The value 
dp,/dT = 0 implies that scattering is dominated by the long 
range attractive polarization potential (2). Combination of the 
Nernst-Einstein relation with the Chapman-Enskog diffusion 
expression gives (2) 

where M, is the ion-molecule reduced mass, v the relative 
velocity, k Boltzmann's constant, e the electronic charge, and 
am the momentum transfer cross section. In terms of an average 
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Y ET AL. 1107 

FIG. 3. Cation mobilities in the gas phase. Symbols as in Fig. 2. A :  
50150, n-pentanelneo-pentane; B: iso-pentane. 

FIG. 4. Average scattering cross sections a,, for cations in neo- 
pentane (O), iso-pentane (A), n-pentane (n), and 50 mol% n- 
pentanelneo-pentane mixture (V), as functions of T. The values were 
calculated from eq. [4], using p in the lowest constant density gases 
of Figs. 2 and 3, and assuming M, = M. The solid lines serve as visual 
guides to the neo-pentane and n-pentane data. The dashed line indi- 
cates the polarization limit. 

cross section a,, (4a), 

with (v) = (8k~ / . r r~ , ) ' l ' ,  so that 

For unclustered ions and molecules, M, equals M/2, where M 
is the molecular mass. The radiolyses of neo-pentane (18) and 
n-pentane (19) initially generate CI-C5 cations. However, the 

smaller cations react rapidly with parent gas molecules, mainly 
by hydride transfer, so that the ions drifting in the cell would 
be C5-cations (18, 19), probably clustered by molecules (4). 
For heavily clustered ions, M, equals M. The latter was as- 
sumed in calculating the average cross sections in Fig. 4. The 
cross sections are largest for cations in neo-pentane and small- 
est for cations in n-pentane; the iso-pentane results are inter- 
mediate. The solid lines indicate the results for neo-pentane and 
for n-pentane if dp/dT were zero. The cation cross sections in 
the n-pentanelneo-pentane mixture are similar to neo-pentane 
values at low temperatures, but decrease towards n-pentane 
values as T increases. The dashed line represents the polar- 
ization limit (2) for scattering by a molecule of average polar- 
izability a = 10 X lo-" m3, which is the value for each 
pentane (9). The line was obtained by calculating the Langevin 
small ion mobility (2) and combination of that with eq. [4]. All 
the pentane cross sections are larger than the polarization limit. 

2. Saturated gas 
As the gas density is increased along the vapor-liquid co- 

existence curve, the behavior is dominated by the fluid density 
(3-5). The product np,  varies by only -25% on going from 
the low density gas to the critical fluid (Fig. 5). It passes 
through a shallow minimum at n = 4 x loz6 molecules/m3, or 
n/nc - 0.2. Data for ions in iso-pentane are shown in Fig. 5A 
to illustrate the behavior. Data for the three pentane isomers are 
given in Fig. 5B to permit comparison. The general behavior 
is similar for the three isomers, but the values of np,  are in the 
order iso 2 n > neo. The slightly lower values in neo-pentane, 
which lacks flexibility in the molecular structure, suggests that 
molecular rigidity tends to increase the extent of clustering of 
molecules about the ion. 

The increase of n p +  at n > 0.5nc is attributed to the destruc- 
tive interference of the multimolecular scattering interactions 
(5). At n > 1 .9nc the value of np,  decreases due to the re- 
striction of motion by the reduction of free volume. 

Similar behavior has been observed for ions in other liquids 
(3 - 5). The transition from normal gas phase behavior (density 
control) to normal liquid phase behavior (viscosity control) 
occurs in the region 0.5 5 n/nc 5 1.9. 

B. Liquid phase 
1. Arguments against Arrhenius plots 
Traditionally, discussions of liquid phase diffusion coeffi- 

cients (20-24) or ion mobilities (3) center around Arrhenius 
plots and the associated activation energies. Such procedures 
are unnecessary (25). Transport properties are describable in 
terms of temperature and density without emphasizing energy 
bamers or activation (26). Diffusion involves repeated small 
displacements, each much smaller than the diameter of a fluid 
molecule. The temperature has a small role but the dominant 
factor is the free volume (V - Vo), where Vo is the lower limit 
of the volume V where the molecules are too crowded to permit 
diffusion or bulk flow (25-31). 

The dispensibility of Arrhenius plots can be illustrated using 
the self diffusion coefficient D in liquid n-pentane. The data are 
presented in Fig. 6A, as in the original work (20). While the 
linear approximation (dashed line) is fair, plotting log D versus 
T (Fig. 6B) results in nearly as straight a line. The closest fit 
in either case is attained by a curve (solid line). 

Values of log D in liquid iso-pentane and neo-pentane plot- 
ted against T likewise result in nearly straight lines (Fig. 6B). 
Neo-pentane data at T > 299 K of ref. 22 were abnormally high 
due to possible bubbling effects (23) and were not used. In a 
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FIG. 5. Density dependence of nk+ in the coexistence vapor and liquid of iso-pentane (A, A), n-pentane (0, H), and neo-pentane (0, 0). 
Open symbols, vapor; closed symbols, liquid. The arrows indicate n,. 

FIG. 6. Plot of log D versus: A ,  IOOO/T; B, T; C, TIT,, where T, is 433.8 K for neo-pentane, 460.4 K for iso-pentane, and 469.7 K for 
n-pentane. The liquids are (symbols, reference): n-pentane (0, 20), (H, 21); i s~ -~en t ane - (~ ,  21), (+, 20b); neo-ientane (V, 22), (A, 23), 
(0, 24). 

corresponding states plot (Fig. 6C) the order remains n-pentane 
> iso-pentane > neo-pentane, unlike ion mobility where iso- 
> n- L neo-pentane. 

The log D versus T behavior largely reflects changes in (V 
- V,). The self-diffusion constant can be related to (V - 
V,)/V,, T ' / ~ ,  M ' / ~ ,  and the collision diameter (25, 28). If V, and 
the collision diameter are approximately constant, D o: T ' / ~  (V 
- V,)/V,. For n-pentane a plot of D against T I / *  (V - Vo)/Vo 
is slightly curved (Fig. 7). The curvature may be due to tem- 
perature dependence of V, or of the collision diameter (28). 

In summary, a log D or log p+ versus T plot is preferred to 
an Arrhenius plot. The presentation of experimental data is 
more direct, and the attribution of the free volume effect to a 
hypothetical activation barrier is avoided. Therefore in this 
work log p+ versus T plots are used. 

2. Possible molecular shape effect 
Earlier studies (20-22), noted that at a given TIT,, D is 

larger for the flexible molecules n-pentane than for the more 
rigid neo-pentane. The iso-pentane results are intermediate. 
These and related viscosity data (12, 14-17) lead to conjec- 
tures about the role of molecular shape (15, 21). The value of 
V/Vc is expected to be similar for the isomers at a given TIT,. 
The values of Vc of the pentane isomers differ by only 2%, so 
each V should be similar at a given TIT,. The diffusion data 
(Fig. 6C) then indicate that translation of a more rigid, sphere- 

like molecule at a given V is hindered with respect to the motion 
of a more flexible, chainlike molecule in accordance with the- 
oretical expectation (32). 

The ion mobility values in like manner are lower in the more 
rigid, sphere-like neo-pentane than in the more flexible iso- 
pentane at a given TIT, < 0.9 (Fig. 1B). However, the values 
in n-pentane and in the n-pentanelneo-pentane mixtures are 
similar to those in neo-pentane, and they are lower than those 
in iso-pentane. At TIT, > 0.9, the data for all liquids merge 
together. In contrast to neutral molecule diffusion, there is no 
clear shape effect for the motion of ions. The difference may 
lie in the effect of the charge on the local environment of the 
ion (32), and in the structures of the ions themselves. 

3. Effect of viscosity 
To connect the ion mobility to a physical property of the 

fluid, the mobility of ions in liquids has long been correlated 
with the viscosity q (6, 33-35). Values of q p +  are presented 
in Fig. 8. The behavior is similar for each of the isomers 
wherever they can be compared. At q > 100 pPa s, rip+ is 
constant. Using Stokes' law, the radius of the diffusing particle 
is 

where q p +  is in kg m/V s2 and the constant C is   IT for ions 
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density and viscosity control of ion transport in the pentanes is 
thus 0.5 5 n/nc 5 1.9, or equivalently 0.6 5 q / q c  5 3. 

FIG. 7. Plot of D versus ( V  - v ~ ) T " ~ / v ~ ,  where Vo is 153 X 

m3/molecule (25a). Liquid symbols as Fig. 6. 

FIG. 8. Viscosity dependence of qp+ in coexistence vapor and 
liquid n-pentane (a), iso-pentane (A) and neo-pentane (0). The 
arrow indicates q, for n-pentane. 

(stick condition). A radius of 3.3 X lo-'' m is inferred at q > 
100 pPa s in n- and neo-pentane, and of 2.8 X lo-'' m in 
iso-pentane. For a range of neutral molecules, C is near 4 n  
(36). Assumption of 4 n  (slip condition) in eq. [5] in combina- 
tion with the Nernst-Einstein relation gives radii in lo-'' m of 
2.5 (n-pentane), 2.8 (iso-pentane), and 3.8 (neo-pentane) from 
D and q at 298 K. The ion and molecule radii are similar in 
size. 

The decrease at q < 80 pPa s indicates breakdown of vis- 
cosity control and gives a limit q/qc - 3 for normal liquid ion 
behavior. The rip+ decreases through the critical region (ar- 
row) to a minimum at q - 18 pPa s (q/qc - 0.7) and increases 
at yet lower viscosity. The decrease as the critical region is 
approached has been ascribed to electrostriction exerting a 
greater effect as the compressibility of the fluid increases (4, 5 ,  
7). The increase at q < 16 pPa s,  q /qc  < 0.6, indicates the 
transition towards density control (np+ - constant) and corre- 
sponds to nln, < 0.5 (Fig. 5). The transition region between 

C. Application to dielectric breakdown strength 
The present ion mobilities are reflected in the relative break- 

down strength of pentane isomers. In an investigation of the 
breakdown strength of hydrocarbon gases, a structure de- 
pendence was observed but discounted (37). Chain branching 
increases the strength (iso- relative to n-butane; neo-relative to 
iso- and n-pentane). Hemispherical electrodes were used. In 
breakdown from a positive tip the electron mobility does not 
seem to be important; the initiation current depends on the 
cations (38-41). On the other hand, breakdown from a nega- 
tive point is dependent upon the electron mobility. The present 
work indicates that at a given density the cation mobility is 
similar in all pentanes (Fig. 5). However, the slight differences 
are in the order indicated by the breakdown strength (37). In 
n-butane and iso-butane the cation mobilities are also similar 
(4). Further, the electron mobility depends on the physical 
shape of the molecules (12,42) and is lower for a gas of more 
branched, more sphere-like molecules. Although the electrons 
are "hot" at the fields required for breakdown, a brief com- 
parison of thermal electron mobilities indicates the tendencies. 
At a given low gas density, p, in n-butane is twice of that in 
iso-butane (42). For the pentanes, p, in n-pentane is 1.3 times 
that in iso-pentane and 3 times that in neo-pentane. The trends 
in the observed cation mobilities and the effect of increased 
sphericity on the electron mobility combine to confirm that 
dielectric breakdown strength is greater in gases of more 
branched, more sphere-like hydrocarbon molecules (37). 
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JOHN S. HAYNES, KATHERINE W. OLIVER, and ROBERT C.  THOMPSON. Can. J .  Chem. 63, I1 l l (1985). 
Phosphinates of copper(l1) of the type C U ( R ~ P O ~ ) ~  where R is n-octyl, n-decyl, and n-dodecyl have been synthesized and 

characterized by differential scanning calorimetry, vibrational and electronic spectroscopy, and variable temperature (300 to 
4.2 K) magnetic susceptibility studies. Each of these compounds was obtained in distinct a and P structural forms. All materials 
appear to have the double phosphinate bridged extended chain structure and the magnetic data have been successfully analyzed 
according to the isotropic Heisenberg model for linear chains. The a forms exhibit antiferromagnetic behaviour with J values 
of -25, -29, and -29 cm-'  for the octyl, decyl, and dodecyl derivatives respectively. The P forms are ferromagnetic and 
have corresponding J values of 1.8, 2.1, and 2.3 cm-' respectively. Magneto-structural correlations in these extended chain 
coordination polymers are discussed. 

JOHN S.  HAYNES, KATHERINE W. OLIVER et ROBERT C.  THOMPSON. Can. J.  Chem. 63, l I l l  (1985). 
On a synthCtist des phosphinates de cuivre(I1) du type C U ( R ~ P O ~ ) ~  ou R = n-octyle, n-dkcyle, et n-dodecyle et on les a 

caractCrisCs en faisant appel a la calorimttrie a balayage differentiel, aux spectroscopies vibrationnelle et Clectronique et a des 
Ctudes de susceptibilitC magnCtique temperature variable (de 300 a 4,2 K). On a obtenu chacun de ces composCs sous les 
deux formes structurales a et p. Tous les composts semblent avoir une structure en chaine allongCe avec deux ponts 
phosphinates. On a analyst avec succks les donnCes magnetiques selon le modkle isotrope de Heisenberg pour les chaines 
IinCaires. Les formes a ont un comportement antiferromagnktique avec des valeurs de J de -25, -29 et -29 cm-' 
respectivement pour les dCrivCs octyle, dkcyle et dodkcyle. Les formes P sont ferromagnktiques et les valeurs correspondantes 
de J sont respectivement de 1,8, 2 , l  et 2,3 cm-'. On discute des corrClations magneto-structurales dans ces chaines allongCes 
de polyrnkres de coordination. 

[Traduit par le journal] 

Introduction 
The diethyl-, di-n-butyl-, and di-n-hexylphosphinates of 

copper(II), Cu(R2P02),, have been shown to be chain polymers 
with structures consisting of copper atoms with flattened tetra- 
hedral coordination geometry (& local symmetry) linked by 
double phosphinate bridges (1 -3). Such structures provide the 
possibility of pathways for magnetic exchange; weak anti- 
ferromagnetic exchange was observed in the ethyl derivative 
while both the butyl and hexyl compounds showed ferro- 
magnetic exchange (3). This dependence of the sign of the 
magnetic exchange on the type of alkyl group attached to phos- 
phorus prompted the present extension of our studies to include 
phosphinates with longer chain alkyl groups. We were also 
encouraged in this particular direction by earlier observations 
of polymorphism in metal phosphinates (4-6) with the possi- 
bility that different forms of the same material might exhibit 
different magnetic properties. 

We report here the synthesis and study of n-alkyl phos- 
phinates CU(R,PO,)~, where R = n-C8H,,, n-CloH21, and n- 
C12H25. Each of these may be obtained in a high melting (mp 
120-130°C) a form from solution and a low melting (mp 
90-100°C) f3 form from the melt. Each form shows distinct 
magnetic properties. Infrared, near-infrared, and visible spec- 
tra have been used to investigate structural similarities and 
differences in these materials, none of which can be obtained 
in crystalline form suitable for single crystal X-ray diffraction 
studies. The polymorphism exhibited by these compounds has 
been examined using differential scanning calorimetry (DSC). 

Experimental 
Synthesis of the phosphinic acids, di-n-octylphosphinic acid, 

(n-CxH17)2'02H 
The phosphinic acids were synthesized by the peroxide catalyzed 

reaction between the appropriate I-alkene and hypophosphorus acid 
(7). Di-n-octylphosphinic acid was prepared following the procedure 

of Peppard et a / .  (8), except that the quantities of the reactants used 
were reduced by one half, and recrystallization from acetone was 
required to remove a coating of light yellow oil from the crude prod- 
uct; mp 82-83.S°C (lit. (9) mp 85°C). Anal. calcd. for Ci6H3,P0Z: C 
66.17, H 12.15; found: C 66.34, H 12.09. 

The n-decyl and n-dodecyl derivatives were prepared in a manner 
similar to the n-octyl compound; however, it was found that the 
procedure outlined (8) for the removal of the monosubstituted acid 
((CxHI7)(H)(POIH) in the n-octyl case (by conversion to the sodium 
salt and subsequent extraction into aqueous sodium hydroxide) was 
not applicable to the ten- and twelve-carbon chain compounds. In the 
synthesis of these compounds the monosubstituted acids appeared to 
be the major products, despite attempts to promote the formation of 
the disubstituted derivatives by increasing the mole ratio of benzoyl 
peroxide to hypophosphorus acid (from 0.05: 1.0 to 0.13: I .O) and by 
adding the peroxide in 4 portions over 9 h. However, the mono- 
substituted acids occurred as one component of an oil, which was 
easily removed from the solid disubstituted compounds by washing 
with cold ethanol or acetone, as described below. 

Di-n-decylphosphinic acid, (11-ClJf2l)rPOzH 
A mixture of I-decene (0.50 mol), aqueous hypophosphorus acid 

(0.24 mol), water (24 mL), ethanol (170 mL), and benzoyl peroxide 
(a total of 28 mmol, one third being added in 3 portions, at 3-h 
intervals), contained in a round-bottomed flask, was refluxed for 26 h. 
When cooled, the mixture separated into two layers with a white solid 
in the top (organic) layer. The solution was extracted with 300 mL of 
benzene, after acidification with hydrochloric acid (500 mL of I .O M 
HCI). The benzene layer was scrubbed with two 125-mL portions of 
1.0 M HC1, isolated, and evaporated, yielding a mixture of a white 
solid and an oil, which was removed by washing with cold ethanol. 
Recrystallization of the solid from benzene gave the desired di-n- 
decylphosphinic acid in 14% yield; mp 85.6"C (lit.(lO) mp 87-88"C, 
(7) mp 87.7-88.3"C). Anal. calcd. for CzoH4,P02: C 69.32, H 12.51; 
found: C 69.07, H 12.70. 

Di-11-dodecylphosphinic acid, (n-ClzH25)2P02H 
After refluxing a mixture of 1-dodecene (0.29 rnol), aqueous hypo- 

phosphorus acid (0.14 mol), water (10 mL), ethanol (45 mL), and 
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benzoyl peroxide ( 16 mmol, added as described above for the n-decyl 
compound) for 24 h, the two-phase mixture was poured into 1.0 M 
HCI (250 mL) and thoroughly stirred. A total of 300 mL of benzene 
was needed to dissolve all the white solid that was present in the 
organic phase. This benzene was separated and the aqueous phase was 
extracted with a further 150 mL of benzene. The combined benzene 
layers were evaporated to a mixture of a solid and an oil, which was 
removed by washing with cold acetone. The crude acid was dissolved 
in chloroform and reprecipitated by the addition of acetone to yield 
di-n-dodecylphosphinic acid in 25% yield; mp 93.5"C (lit. (7) mp 
93.8-94.8"C). Anal. calcd. for C24H51P02: C 71.59, H 12.77; found: 
C 71.54, H 12.75. 

Synthesis of the copper(I1) phosphinate a forms 
A problem routinely encountered in the synthesis of the copper(I1) 

phosphinate compounds under discussion was the formation of co- 
polymers containing both the phosphinate ligand and the anion of the 
copper-containing starting material (usually the sulfate anion). It was 
found generally that dilution of the partially neutralized acid solution 
and (or) the reaction mixture with water prevented the copoly- 
merization from occurring. 

a-Poly-bis(p-di-n-octylphosphinato)copper(II), 
a-C~[(n-CxH/,)~POz12 

This compound was prepared in a manner analogous to that used by 
Gillman (4); however, dilution with water was needed to prevent the 
formation of the copolymer. 

A solution of di-n-octylphosphinic acid (22 mmol) in methanol (500 
mL) was partially neutralized (pH 6) with aqueous sodium hydroxide, 
then added dropwise with stirring to a solution of copper(l1) sulfate 
pentahydrate (1 l mmol) in 60% aqueous methanol (I85 mL). Precip- 
itation of a bright blue solid began immediately, and when the addition 
was complete, water (400 mL) was added and the mixture was stirred 
for 2 h. The solid was removed by filtration, washed with methanol, 
water, and, finally, methanol, and air dried. Yield: 98%. Anal. calcd. 
for C U C ~ ~ H ~ ~ P ~ ~ ~ :  CU 9.89, C 59.83, H 10.67; found: Cu 9.87, C 
60.04, H 10.73. 

a-Poly-bis(p-di-n-decylphosphinato)copper(ll), 
a-Cu[(n-C/~Jr,~)~PO,l, 

This compound was prepared by essentially the same method as that 
previously reported for the n-hexyl derivative (3), although addition of 
water to the ethanolic acid solution, prior to the addition of the cop- 
per(11) solution, was required to prevent the formation of the co- 
polymer in this case. 

Di-n-decylphosphinic acid (9 mmol), dissolved in ethanol (500 
mL), was partially neutralized with aqueous sodium hydroxide (8 
mmol in 90 mL water). After filtration, water was added until the 
solution became cloudy (this cloudiness was, presumably, the water 
insoluble phosphinic acid, and was dispelled by the addition of a small 
volume of ethanol), giving a total volume of ca. 1 L. Copper(I1) 
sulfate pentahydrate (4 mmol in 60 mL water) was added dropwise, 
with stirring, resulting in the precipitation of a bright blue solid. When 
the addition of the copper was complete, the reaction mixture was 
stirred for 1.5 h, after which the solid was removed by filtration, 
washed with ethanol, water, and, finally, ethanol, and air dried. Yield: 
93%. Anal. calcd. for CuCaHX4P204: CU 8.42, C 63.87, H 11.22; 
found: Cu 8.33, C 63.84, H 11.12. 

a-Poly-bis(p-di-n-dodecylphosphinato)copper(II), 
a-Cu[(n-C/zHr5)rPo,3,]2 

The preparation of two samples of the dodecyl compound, one the 
pure a form, and the other a mixture of the a and p forms (labelled 
a ' ) ,  is described here. Whether some P isomer is formed in the 
synthesis of the a form appears to depend on the rate of formation of 
the product, which, in turn, depends on the concentrations of the 
reacting solutions, specifically, that of the phosphinic acid. Hence the 
a' sample was obtained with rapid polymer formation from concen- 
trated solutions. It is of note that Drinkard and Kosolapoff ( lo )  appear 
to have formed the purely p-form of the copper n-decyl compound (on 
the basis of the melting point, 94°C (10) versus 92°C reported here), 
from a very concentrated aqueous solution of the phosphinic acid. The 

pure ~ - C U [ ( ~ - C ~ ~ H ~ ~ ) ~ P O &  was synthesized in a manner analogous to 
that used to obtain the n-decyl derivative, with the exception that the 
solutions were more dilute. 

Di-n-dodecylphosphinic acid (2.5 mmol), dissolved in ethanol (900 
mL), was partially neutralized with sodium hydroxide (2.4 mmol in 75 
mL water), and, after filtration, an additional 400 mL of water was 
added. Dropwise addition of aqueous copper(l1) sulfate pentahydrate 
(1.2 mmol in 100 mL water) resulted in the precipitation of a very fine, 
blue solid. When the addition of Cu(I1) was complete, a further 300 
mL of water was added and the reaction mixture was stirred for 1.5 h. 
The solid was separated by filtration, washed with ethanol, and air 
dried. Yield 80%. Anal. calcd. for CuCaxHIOOPZO4: CU 7.33, C 66.51, 
H 11.63; found: Cu 7.28, C 66.40, H 11.43. 

The ~ ' - C U [ ( ~ - C ~ ~ H ~ ~ ) ~ P O &  sample was prepared by the same 
method as described above for the pure a form; however, the partially 
neutralized phosphinic acid solution was much more concentrated (8 
mmol in 1200 mL versus 2.5 mmol in ca. 1500 mL), and no water was 
added to the reaction mixture after the addition of the Cu(I1) was 
complete. Yield 98%. Anal. found: Cu 7.37, C 66.51, H 1 1.70. 

Synthesis of the copper(I1) phosphinate p forms 
The P isomers were obtained from the melt of samples of the 

analytically pure a forms. (Dissolution in, and subsequent evaporation 
of, an organic solvent such as chloroform also produces the P isom- 
ers.) In a typical conversion, the compound (ca. 1 g) was placed in a 
100-mL Kjeldahl flask and melted in an oil bath at a temperature just 
above the appropriate melting point (given below). When judged, 
visually, to be completely melted, the sample was removed from the 
oil bath and allowed to freeze completely. It was then remelted and 
recooled, the process being repeated at least three times to ensure 
complete conversion of the a form to the P. 

P-Poly-bis(p-di-n-octylphosphinato)copper(II), 
P - C U [ ( ~ - C & , ~ ) ~ P O ~ I ~  

Oil bath temperature: 135°C. Anal. calcd. for C U C ~ ~ H ~ L I P ~ O ~ :  CU 
9.89, C 59.83, H 10.67; found: Cu 9.87, C 59.98, H 10.70. 

p-Poly-bis(p-di-n-decylphosphinato)copper(Il), 
P-Cu[fn-C/oHr/,JrPO$Iz 

Oil bath temperature: 130°C. Anal. calcd. for C U C ~ ~ H ~ ~ P ~ O ~ :  CU 
8.42, C 63.87, H 11.22; found: Cu 8.36, C 63.63, H 11.10. 

P-Poly-bis(p-di-n-dodecylphosphinato)mpper(U), 
P - C U [ ( N - C I Z H ~ ~ ) ~ P ~ ~ ] ~  

Oil bath temperature: 130°C. Anal. calcd. for C L I C ~ ~ H  lwP204: Cu 
7.33, C 66.51, H 11.63; found: Cu 7.31, C 66.30, H 11.55. 

E.xperimenta1 techniques 
Infrared spectra were obtained on a Perkin- Elmer model 598 spec- 

trophotometer. Samples were mulled in Nujol and pressed between 
KRS-5 plates (Harshaw Chemical Co.). Electronic spectra (from 
3,800 to 30 000 cm-I) were obtained on Nujol mulls using a Cary 14 
spectrophotometer. 

Magnetic susceptibilities over the range 125-4.2 K were measured 
using a P.A.R. Model 155 vibrating sample magnetometer and over 
the range 80-300 K using a Gouy balance. This equipment was 
described in detail earlier (3). Magnetic susceptibilities were corrected 
for the diamagnetism of all atoms. These corrections were (in 
cm3 mol-'1: copper, - 1 1; (n-CxH17)2P0,, -2 10; (n-CloH2,)2pO~,  
-257; (II-C,~H,,)~PO,, -300. A value of 60 X cm3 mol- was 
used to correct for the temperature independent paramagnetism of 
copper(I1). 

Differential scanning calorimetry measurements were obtained with 
a Mettler DSC 20 Standard Cell, a Mettler TClO TA Processor, and 
a Print Swiss Matrix RO-80 printer/plotter. Powered samples (2-4 
mg) were sealed in standard aluminum pans (40 p L )  Two small holes 
punched in the lid allowed for free access to the measuring cell 
atmosphere, in this case, air. The heating rate was 4'C/min. The 
temperature was calibrated from 25-600°C with standard indium, 
zinc, and lead samples. Heat flow calibration was achieved using 
carefully weighed samples of indium. 

Carbon and hydrogen microanalyses were obtained by P. Borda of 
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HAYNES ET AL. 

TABLE 1. DSC data for C U ( R ~ P O ~ ) ~  

Comments' 

Broad irreversible melting 
Sharp, low temp. sh., reversible melting 
Broad, irreversible melting 
Sharp, low temp. sh., reversible melting 
Broad, irreversible melting 
Sharp doublet, reversible melting 

Sharp 
Broad, irreversible melting 

"Tr., and AH,, are temperature and enthalpy of fusion. 
' T ,  represents the temperature at which oxidative decomposition begins. 
'Sharp, broad, and doublet refer to the shape of the DSC curve; sh., shoulder, temp., temperature. 

the Department of Chemistry, The University of British Columbia. 
Copper was determined by EDTA titration. 

Solubilities 
Qualitative solubility tests show P - C U [ ( ~ - C ~ H ~ , ) ~ P O ~ ] ~  to be 

soluble (in excess of 0.1 g in 100 mL) in chloroform and slightly 
soluble in dichloromethane, carbon tetrachloride, and benzene. 
P - C U [ ( ~ - C ~ ~ H ~ ~ ) ~ P O ~ ] ~  is soluble In chloroform, slightly soluble in 
carbon tetrachloride, and insoluble in dichloromethane and benzene. 
The a forms of the above are slightly soluble in the chlorinated 
solvents and insoluble in benzene. Both a and P forms of 
C U [ ( ~ - C ~ ~ H ~ ~ ) ~ P O ~ ] ~  are slightly soluble in chloroform and dichlo- 
romethane and insoluble in carbon tetrachloride and benzene. All six 
of these compounds were found to be insoluble in petroleum ether, 
water, methanol, ethanol, and acetone. 

Results and discussion 
I 

Syntheses, thermal properties, and solubilities 
Reaction of a partially neutralized solution of di-n-octyl- 

phosphinic acid in methanol with an aqueous methanol solution 
of copper(I1) sulfate pentahydrate gave a quantitative yield of 
~ - C U [ ( ~ - C ~ H , ~ ) ~ P O ~ ] ~ .  This material was first prepared, by a 
very similar method, by Gillman, who labelled it form I (4). 
Our observed melting point of I23.8"C and AH of 63 kl mol-I 
(Table 1) are in good agreement with the values obtained by 
Gillman. We found that remelting of the sample occurred at 
89.4"C compared to Gillman's 81°C. The heat of fusion in this 
case also differs somewhat from that reported earlier. This 
second form, which we have labelled P - C U [ ( ~ - C ~ H , ~ ) ~ P O ~ ] ~ ,  is 
easily prepared in bulk by the repeated heating and cooling 
(135°C to room temperature) of a sample of the a form. We 
believe that this thermal cycling ensures complete conversion 
to the p form. This was not done in the earlier work and 
probably accounts for the differences observed in our P form 
and Gillman's form 11. 

Reaction of sodium di-n-decylphosphinate with copper(I1) 
sulfate in aqueous ethanol yields ~ - C U [ ( ~ - C , ~ H ~ ~ ) ~ P O ~ ] ~ .  AS for 
the octyl derivative, repeated heating to above the melting point 
of bulk samples of this material, followed by cooling to room 
temperature, results in complete conversion to the P form. In 
1952 Drinkard and Kosolapoff ( lo) reported the preparation of 
what appears to have been the P form of this material (from the 
reported mp of 94°C); no mention of polymorphism was made 
in this early work. 

No previous studies on copper(I1) n-dodecylphosphinate 

to have significant P contamination of the a form (the so-called 
a' sample) if precipitation occurs too rapidly from concentrated 
solutions. The P contaminant was easily discernible in the DSC 
thermogram; whereas the pure a material shows a single endo- 
thermic peak at 125°C due to melting, the contaminated sample 
gave, in addition, an endothermic peak at 97.1°C due to melt- 
ing of the p impurity. 

The DSC data are given in Table 1. The heats of fusion, 
AHru,, range from -50 to 100 kJ mol-I, for these long alkyl 
chain compounds. The values tend to decrease as the alkyl 
group gets shorter; this trend continues with the hexyl, butyl, 
and ethyl derivatives, where AHru, values of 40, 28, and 13 kl 
mol-I respectively have been reported (3). This result suggests 
that the melting process involves the breakup of the interchain 
associative interactions and that these arise primarily from the 
intermeshing of alkyl groups on neighbouring chains (3). The 
extent of intermeshing would be expected to decrease as R gets 
smaller. 

While the enthalpies of fusion tend to decrease as R gets 
smaller, the opposite trend is observed in the melting tem- 
peratures (compare the values in Table I to the values 109, 155, 
and 280°C reported for the hexyl, butyl, and ethyl derivatives 
(3)). This implies that while less energy is required to disrupt 
interchain interactions in the shorter R compounds, this effect 
is outweighed by the smaller increase in entropy on melting; 
therefore, a higher temperature of melting results. 

Another effect of decreasing alkyl chain length in these poly- 
meric phosphinates is to increase the oxidative stability. While 
the compounds studied here (and the hexyl derivative (3)) ox- 
idatively decompose around 230-260°C, the ethyl and butyl 
derivatives decompose at 280°C (3). This effect has been ob- 
served before and has been attributed to the decreasing ease of 
oxidation of the alkyl group as R gets smaller (1 1, 12). 

The accessibility of the polar inorganic backbone to polar 
solvents, as determined by the size of the alkyl groups attached 
to phosphorus, appears to be an important factor in determining 
the solubilities of these polymers. Hence, while the ethyl deriv- 
ative is relatively soluble in polar solvents (3), the long alkyl 
chain compounds studied here are insoluble in water, meth- 
anol, ethanol, and acetone. Solubilities in chlorinated solvents, 
where presumably dipole-induced dipole interactions between 
the polymer backbone and the solvent are important, also tend 
to be slightly greater when R is small. 

have been reported. We obtained a and P forms by procedures Electronic spectra 
identical to those used to obtain the corresponding decyl deriv- The a forms of the octyl, decyl, and dodecyl compounds 
atives. In this instance we observed, however, that it is possible exhibit broad absorption maxima at 12.3 X lo3 cm-' (k200  
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TABLE 2. Infrared spectra" in the regions 1000- 1200 crn-' and 700-810 crn-' for C U ( R ~ P O ~ ) ~  

Assignment a form p form a form p form a form p form 

vnsy (PC21 772 rn br 804 rn-s 
779 w 
756 vw sh 

742vwsh 740wsh 
v,,, (PC2) 721 rn-s 722 rn 

707vwsh 711rnsh 

1189 w 
1189rnsh 1190w 1186wsh 1162vwsh 
1171 rnsh 1160vw sh 1171 rnsh  1115vssh 
1109 vs 1111 vs 1111 vs 1111 vs 
1100 s sh 1090 rn sh 1100 s sh 1099 s sh 

1064 rn sh 1082 rn sh 
1072 rn sh 1057 rn sh 1068 rn sh 
1058 s sh 1048 rn sh 1054 rn sh 
1043 vs 1042 s 1046 vs 1044 s 

1025 rn sh 

773rnbr 80511-s 775 rn br 806 rn 
780 w 783 w 
763 vw 765 vw 
741 w sh 740 w sh 

723 rn-s 723 rn 724 rn-s 723 rn 
707 w sh 714 w sh 710 w sh 

" s  = strong, m = medium, w = weak, m-s = medium 

cm-I) with shoulders at 14.3, 14.3, and 14.4 x lo3 cm-' 
(2400 cm-I) respectively. Within the experimental uncertainty 
these spectra are identical to that reported previously for 
C U [ ( C ~ H ~ ) ~ P O ~ ] ~  (2). The absorption maxima for the P forms 
are at 1 1.4, 1 1.4, and 1 1.6 X lo3 cm-' (k200 cm-') for the 
octyl, decyl, and dodecyl derivatives respectively; shoulders 
are observed at 13.2 X lo3 cm-' (k400 cm-I) for all three. 
These spectra are indistinguishable from those of 
C U [ ( ~ - C ~ H ~ ) ~ P O ~ ] ~  and C U [ ( ~ - C ~ H ~ ~ ) ~ P O ~ ] ,  (3). AS discussed 
previously (2), the principal absorption may be assigned to the 
'B, + 'AI, 2E transition and the shoulder to 2B2 + 'BI in D2d 
symmetry. 

It was shown (3) that the difference in the electronic spectra 
between the ethyl derivative, on the one hand, and the butyl 
and hexyl compounds, on the other, could be accounted for by 
slight differences in the geometries of the CuOs chromophores 
involved, the more compressed (towards square planar) geom- 
etry of the ethyl derivative shifting its absorptions to higher 
energies. It seems reasonable to conclude that the a forms 
studied here have Cu04 chromophores which are similar in 
geometry to that found in Cu[(C2HS),PO2I2 and are more com- 
pressed towards square planar geometry than those of the P 
forms. 

Infrared spectra 
In view of the lack of precise structural data from X-ray 

diffraction studies, the infrared spectra were examined in some 
detail for indications of structural differences between the a 
and p forms. The most informative regions of the spectra were 
found to be those in which the P-0 and P-C stretching 
vibrations occur and a listing of observed frequencies in these 
regions is given in Table 2. Absorptions in the 1000- 1200 
cm-I region are readily assigned to PO, stretching vibrations of 
coordinated phosphinate groups (2). Although there is more 
structure associated with these absorptions for the octyl, decyl, 
and dodecyl compounds compared with the shorter alkyl chain 
derivatives, the principal bands in this region occur near 11 10 
cm-' for the antisymmetric PO2 vibration and 1045 cm-' for the 
symmetric vibration in all compounds. Moreover, the sepa- 
ration between the bands of about 65 cm-' falls into the range 

to strong, sh = shoulder, v = very, br = broad. 

expected for equivalent P-0 bonds (4, 6, 13). This supports 
the conclusion that all of these polymeric copper(I1) phos- 
phinates have the same basic inorganic backbone involving 
chains of copper ions joined by double bridging phosphinate 
groups. Other structures involving alternating single-triple 
phosphinate bridges, terminal phosphinate groups, or un- 
symmetrical bridging (non-equivalent P-0 bonds) would be 
expected to give distinctly altered spectra in the PO, stretching 
region (4, 6, 13). Numerous shoulders of varying intensity are 
observed on the principal PO, absorptions of the compounds 
where R is large. This has been seen in other transition metal 
phosphinates and has been ascribed to overtones, combination 
bands, or PO2 stretching frequencies caused by phosphinate 
structures not predominant in the bulk polymer (14, 15). An- 
other possible cause is the presence of phosphinate groups in 
slightly different environments along the polymer chain. In the 
hexyl compound, for example, there are two crystallo- 
graphically distinct rings; one ring ha! Cu-0-P-0-Cu 
poieties that involve one long (1.932 A) and one short (1.896 
A) Cu-0 bond whiledhe other tw? Cu-0 bonds are both 
relatively short (1.902 A and 1.907 A) (3). This difference in 
bonding results in two distinct types of phosphinate group and 
may be the cause of the structure seen in the PO2 stretching 
region of this compound. By comparison, the CuFO bonds 
are all nearly eqyivalent in the ethyl (1.916- 1.922 A) and butyl 
(1.916-1.926 A) derivatives (2, 3) and for both of these, 
simple, unstructured two-band spectra are observed in the PO, 
stretching region. 

Examination of the PC, stretching region (Table 2) reveals 
significant differences between the a and P forms. The former 
show a broad, medium intensity antisymmetric PC, stretch in 
the 770-775 cm-' region, close to the frequency observed in 
the ethyl derivative. 1n contrast, in the P formsthis band has 
shifted to about 805 cm-' and become a relatively sharp, me- 
dium to strong absorption, comparable to the antisymmetric 
stretches observed in the butyl and hexyl derivatives. This 
particular band was seen in the spectrum of the preparation of 
the a-dodecyl derivative, which we concluded from DSC stud- 
ies contained significant P impurity (so-called a' material). 
The symmetric PC2 stretch is virtually the same (-725 cm-') 
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in all compounds, although in the ethyl and a derivatives this 
band is somewhat more intense than the antisymmetric stretch, 
while for the butyl, hexyl, and P forms it is generally less 
intense. 

Other regions of the infrared spectra were generally less 
informative; however, there are features in the 450-600 cm-' 
region, where angle bending modes of the C,P02 groups nor- 
mally occur (13, 16-21), which also group the P forms with 
the butyl and hexyl derivatives. These compounds all exhibit 
two relatively strong bands around 555 and 520 cm-' with 
differing numbers of weaker bands depending on R. The a 
forms also exhibit two relatively strong bands but at higher 
frequencies (-585 and 550 cm-I), as well as a number of 
weaker bands depending on R. In this instance the ethyl deriv- 
ative is somewhat unique, exhibiting two medium intensity 
absorptions at lower energy than observed in the P forms (2). 
The region below 400 cm-' contains bands due to Cu-0 
stretching and lattice vibrations. Most compounds studied here 
show a single medium intensity band around 360-380 cm-' 
accompanied usually by several weaker bands. There are no 
clear features in this region that classify the compounds into 
distinct groups. 

This analysis of the vibrational data has revealed spectral 
similarities among the ethyl and a derivatives on the one hand 
and the butyl, hexyl, and P derivatives on the other, and strong- 
ly suggests that there are important structural similarities within 
each group and differences between groups. Moreover, the 
greatest spectral differences between groups involve vibrations 
of the PC2 moiety, suggesting that the differences primarily 
involve the orientations and inter- and intrachain packing of the 
alkyl groups while the inorganic Cu-0-P-0-Cu back- 
bone remains relatively constant in all compounds (except for 
small differences in the Cu04 geometry, as discussed above). 
This is consistent with the reported X-ray results on the shorter 
alkyl chain compounds (3). One of the structural features noted 
in this earlier work was that in the ethyl compound one of the 
CU(OPR~O)~CU rings has two alkyl groups axial and two equa- 
torial to the ring, whereas in the butyl and hexyl derivatives all 
alkyl groups are axial. Such differences likely occur in the a 
and p forms of the long alkyl chain compounds. 

Magnetic properties 
Magnetic susceptibilities from 4.2 to 300 K are given in 

Table 3 '  and magnetic moments are plotted as a function of 
temperature in Fig. 1. The strong spectral (and therefore, pre- 
sumably, structural) correlation between C U [ ( C ~ H ~ ) ~ P O ~ ] ~  and 
the a forms of the long alkyl chain compounds occurs also with 
the magnetic properties. In common with the ethyl compound, 
all a derivatives exhibit magnetic moments which decrease 
with temperature, behaviour indicative of antiferromagnetic 
coupling. As the temperature is lowered the magnetic sus- 
ceptibility of ~ - C U [ ( ~ - C , ~ H ~ , ) ~ P O ~ ] ~  passes through a broad 
maximum at -48 K and a minimum at -16 K and then rises 
sharply with further decrease in temperature (Fig. 2). For both 
the a-octyl and a-dodecyl derivatives the low temperature rise 
in susceptibility occurs just below the temperature-of the max- 
imum and hence the maximum is not as well defined. This 
increase in susceptibility at the lowest temperatures is indica- 
tive of the presence of paramagnetic monomer impurity. 

I Available at a nominal charge from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, Ottawa, Ont., 
Canada, KIA 0S2. 

0 I00 200 300 

TEMPERATURE (K) 

FIG. 1 .  Magnetic moment vs. temperature plots. Solid lines are 
calculated from theory using best fit values of magnetic parameters 
(see text). (a) ~ - C U [ ( ~ - C ~ H ~ ~ ) ~ P O ~ ] ~ ,  A P - C U [ ( ~ - C ~ H ~ ~ ) ~ P O Z I ~ ;  (b) 

~ - C U [ ( ~ - C ~ ~ H ~ ~ ) ~ P O ~ ] ~ ,  A p-Cu[(n-CloHZl)ZP~]2; (c) a-Cu[(n- 
C12H25)zP02]~, 0 ~ ' - C U [ ( ~ - C ~ ~ H ~ ~ ) ~ P O ~ ] ~ ,  A P-Cu[(n-ClZH2s)2- 
POZIZ. 
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TABLE 4. Magnetic parameters 

Compound J (cm-I) g F" % Monomer 

a-Cu[(n-CxHl7),PO,I2 -25 2.23 0.022 5.2 
~ - C U [ ( ~ - C ~ ~ H ~ ~ ) ~ P O ~ ] ~  -29 2.19 0.017 1.4 
a-Cu[(n-C IzHz5)2POz]2 -29 2.25 0.023 3.8 
~ ' - C U [ ( ~ - C ~ ~ H ~ ~ ) ~ P O ~ ] ~  [ 2 4 3  

2.24 0.027 2.3(monomer) 
18.0 (ferromagnet) 

P - C U [ ( ~ - C ~ H ~ ~ ) , P O ~ ] ~  + 1.8 2.24 0.017 - 
~ - C U [ ( ~ - C , ~ H ~ ~ ) ~ P O ~ ] ~  +2.1 2.13 0.012 - 
P - C U [ ( ~ - C , ~ H ~ ~ ) ~ P O ~ ] ~  +2.3 2. l l 0.018 - 

"F = fitting function (see text). Fit to T < 100 K data only. 

0.5 1 I I I I I I 
0 100 200 300 

TEMPERATURE ( K )  

FIG. 2. Magnetic susceptibility vs. temperature plot for a-Cu[(n- 
CIOH21)2POZ]Z. Solid line is theory (see text). 

As before (3), the magnetic data were analyzed according to 
the isotropic Heisenberg model for exchange coupled linear 
chains employing the polynomial expression for the magnetic 
susceptibility developed by Hall (22, 23). Computer fits were 
made to the susceptibility data with J, g,  and percent para- 
magnetic impurity as variables. For the purpose of these fits the 
paramagnetic contribution was assumed to follow Curie law 
and to have the same g value as that of the bulk anti- 
ferromagnetically coupled polymer. The criterion used for the 
best fit was that set of parameters which gave the minimum 
value of the f ~ n c t i o n : ~  

'This was the fitting function used in ref. 3 where it was termed the 
rms deviation. The values quoted in ref. 3 are in error; they should 
read 12 X lo-', 18 x and 13 x 1 0 -  for the ethyl, butyl, and 
hexyl derivatives respectively. The quantities are dimensionless. 

where n is the number of data points and xiobs and xiCdc are the 
experimental and calculated susceptibilities. We were not al- 
ways able to obtain satisfactory agreement between experiment 
and theory over the entire temperature range from 4.2 to 300 K 
for the compounds studied in this work. In view of the inherent 
uncertainty, due to packing errors, in the absolute susceptibility 
determined by the Gouy method (-+5%), we chose to fit the 
low temperature (< 100 K) magnetometer data (estimated un- 
certainty in XM of +2%) only. The best fit values of the mag- 
netic parameters as well as the corresponding values of F for 
the various compounds are given in Table 4. The solid lines in 
Figs. 1 and 2 are calculated using these parameters and, as can 
be seen, the agreement with experiment is good, particularly 
over the low temperature region. 

These long alkyl chain a derivatives differ from 
C U [ ( ~ - C ~ H ~ ) ~ P O ~ ] ~  in two important ways. First, the magnetic 
data indicate the presence of paramagnetic impurities. This 
may reflect a small concentration of monomeric phosphinate in 
which the R2P02 groups chelate or may reflect the effect of a 
smaller degree of polymerization and consequently a higher 
concentration of terminal copper atoms. In any event the micro- 
analytical data suggest the impurity is "structural" rather than 
"chemical", reflecting the presence of a small amount of a 
paramagnetic form of copper(l1) phosphinate different from 
that present in the bulk phosphinate bridged chain. The second 
way in which the a forms differ from the diethylphosphinate 
derivative is that the former have significantly larger absolute 
values of the exchange coupling constant J. 

The P forms of the copper(l1) dioctyl-, didecyl-, and di- 
dodecylphosphinates all exhibit ferromagnetic behaviour. The 
low temperature magnetic susceptibility data (4.2- 100 K) 
were fit to theory employing the polynomial expression of 
Baker et al. for ferromagnetically coupled S = 112 chains (23, 
24). Attempts to include paramagnetic impurity produced no 
improvement in agreement between experiment and theory in 
these cases. This may reflect the lack of such impurity; howev- 
er, it must be appreciated that because of the large sus- 
ceptibilities observed at low temperatures for ferromagnetic 
samples the detection of a small amount of paramagnetic im- 
purity would be very difficult. Magnetic moments are shown 
compared to theory in Fig. 1 and best fit values of the magnetic 
parameters, as well as the corresponding values of the fitting 
parameter F, are listed in Table 4. An interesting feature of 
these results is that, in contrast to the results for the anti- 
ferromagnetic materials, the J values are all small (=+2  cm-') 
and very close to those observed for the ferromagnetic butyl 
and hexyl derivatives (3). 

The sample of the a-dodecyl compound that DSC and in- 
frared studies indicate contains significant P impurity (a '  mate- 
rial) exhibits magnetic properties completely consistent with 
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this conclusion. The magnetic moment, which decreases on 
lowering the temperature, shows a minimum at - 11 K ,  then 
increases again to 4 . 2  K (Fig. 1). This behaviour cannot be 
accounted for by paramagnetic impurity alone in an anti- 
ferromagnetic sample but is indicative of the presence of ferro- 
magnetic impurity. In fact, the best fit was found assuming 
both paramagnetic and ferromagnetic impurity (Table 4).  In 
fitting the data for this sample the value of J for the ferro- 
magnetic impurity was fixed at the value observed for the pure 
p form. The values of g and J for the antiferromagnetic com- 
ponent that constitutes the major part of the sample (Table 4) 
obtained in the fit are in good agreement with the values 
obtained for the pure a form. 

This work completes detailed magnetic studies on a series of 
straight chain dialkylphosphinates of copper(I1). It has shown 
that, whereas the compounds containing short alkyl chains 
(C2,C,,C,) exist in either antiferromagnetic or ferromagnetic 
forms, the longer alkyl chain compounds (CB,CI0,C12) exhibit 
polymorphism and are readily obtainable in both forms. Spec- 
troscopic evidence suggests all compounds have the same ex- 
tended chain, double phosphinate bridged structure with differ- 
ences involving the orientations of the alkyl groups with respect 
to the plane of the inorganic backbone. This in turn affects the 
packing of the chains and may result in the small differences 
observed in the detailed geometry of the CuO, chromophores. 
W e  suggested earlier (3) that both ferromagnetic and anti- 
ferromagnetic pathways for superexchange may be available in 
these compounds, with a feature such as the flattening of the 
CuO, chromophore favouring the latter pathway. These ideas 
may be taken further as a result of the current study. The 
exchange coupling constant is virtually the same in all of the 
ferromagnetic samples but -J varies from - 1 cm-' in the ethyl 
compound to -30 cm-' in the other antiferromagnetic materi- 
als. This suggests that the ferromagnetic pathway involves 
primarily a-type orbital overlap, which is relatively insensitive 
to small changes in geometry, while the antiferromagnetic 
pathway involves the IT-type orbital overlap, which is more 
sensitive to changes in geometry. Hence when the latter domi- 
nates, as it seems to d o  in the ethyl and a octyl, decyl, and 
dodecyl forms, greater differences in the magnitude of ex- 
change coupling between compounds are observed. 
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The oxidation of organic sulphides by Mortierella isabellina. 2. Effects of substituents 
on the stereochemistry of sulphoxide formation 

HERBERT L. HOLLAND, HEIKE POPPERL, RONALD W. NINNISS, A N D  P. CHINNA CHENCHAIAH 
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HERBERT L. HOLLAND, HEIKE POPPERL, RONALD W. NINNISS, and P. CHINNA CHENCHAIAH. Can. J .  Chern. 63, 1118 (1985). 
A series of para-substituted alkyl aryl sulphides has been transformed stereoselectively to the sulphoxide by incubation with 

the fungus Mortierella isabellina. The enantiorneric purity of the products was dependent on the nature of substitution in the 
aromatic ring and at sulphur. Comparisons of the enantiomeric purities obtained from sulphides with para substituents of the 
same steric size but different electronic properties indicate that the stereoselectivity of S oxidation is susceptible to electron 
withdrawing or donating factors. This conclusion lends credence to a stepwise oxidation mechanism involving an electron 
deficient sulphur intermediate. 

HERBERT L. HOLLAND, HEIKE POPPERL, RONALD W. NINNISS et P. CHINNA CHENCHAIAH. Can. J .  Chern. 63, 1 1  18 (1985). 
Par incubation avec des champignons Mortierella isabellina, on a transform6 stCrCosClectivement en sulfoxydes une sCrie 

de sulfures d'alkyles et d'aryles substituCs en para. La puretC CnantiomCrique des produits dCpend de la nature des substituants 
sur le noyau aromatique et au niveau du soufre. En se basant sur une comparaison des puretCs CnantiomCriques obtenues avec 
des sulfures portant des substituants en para qui ont des encombrernents stCriques sernblables rnais des propriCtCs Clectroniques 
differentes, on peut dCduire que la stCrCosClectivitC de l'oxydation du soufre est susceptible aux factuers Clectro-affinitaires ou 
Clectro-donneurs des substituants. Cette conclusion supporte le concept d'un mCcanisme par Ctape irnpliquant un intermediaire 
sulfur6 dkficient en Clectrons. 

[Traduit par le journal] 

In spite of the continued interest in chiral sulphoxides, both 
in the study of sulphur stereochemistry (1) and as intermediates 
in asymmetric synthesis (2), the best direct chemical methods 
for their generation from sulphides (3) have not yet achieved 
the high degree of enantiomeric purity desirable in modem 
asymmetric synthesis. High enantiomeric excesses (>35%) are 
routinely available for p-tolyl alkyl sulphoxides (only) by a 
modification (4) of the Anderson synthesis (5) using sulfinate 
esters, or by the use of biological oxidizing agents employing 
sulphides as substrates. 

In the latter area, the use of actively growing or resting 
cultures of fungi has been the most widely used technique for 
the production of sulphoxides of good optical purity (6-8). 
Other methods of biotransformation, using enzymes of mam- 
malian origin (9,lO) or peroxide oxidation in the presence of 
enzyme templates (1 l) ,  are not generally applicable to prepara- 
tive scale work. 

In an extension of our earlier work on the mechanism of 
alkyl aryl sulphide oxidation by the fungus Mortierella isabel- 
lina (12), in which we proposed that cytochrome P-450 depen- 
dent mono-oxygenase enzymes of the fungus were responsible 
for oxidation at sulphur, we have now studied the effects of 
substitution at the para position of the aromatic ring, and at 
sulphur, on the degree of enantiomeric enrichment of the resul- 
tant sulphoxide. The sulphides used in this study, 1 and 4, gave 
the corresponding sulphoxides, 2 and 5, respectively, as major 
products on incubation with M. isabellina; this is summarized 
in Table 1. In the case of methyl p-nitrophenyl sulphide (1 g)  
and p-bromophenyl methyl sulphide ( l j ) ,  the sulphones (3a 
and 36,  respectively) were also obtained. Fungal oxidation of 
sulphoxides to sulphones is well documented (13). 

The enantiomeric enrichments reported in Table 1 were 
determined by the ' H  nmr chiral shift reagent method. In the 
presence of 0.25 molar equivalents of Eu(hfc), the methyl 
singlets for the two enantiomers of 1, the S-alkyl ci hydrogen 
signals of 4 a ,  4 6 ,  and 4 d ,  and the S-alkyl P hydrogen signals 
of 4 c  were well resolved (AA6 ca. 0.2-0.4 ppm). In addition, 
the C-2 and C-6 aromatic hydrogen signals of 1 were also 
separated into a pair of half AB quartets whose relative areas 
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HOLLAND ET AL 

TABLE 1.  Transformation of sulphides 1 and 4 by M. isabellina 

Sulphoxide formation 

Enantiomeric 
excess (%) 

Isolated Rotation 
Substrate yield (%) Nmr (ref.) [a]:' (") Configuration L = large substituent 

Sm = small substituent 

FIG. 1 .  Stereoselectivity in enzymic sulphide oxidation 

4d 52 100 + 192 R FIG. 2. Mechanism of enzymic sulphide oxidation (12,24) 
(& 1% 100 0 - - 

(+)2j 100 o - - liver microsomal oxidation of sulphides on the basis of a 
"Accompanied by sulphone (30%). change in absolute stereochemistry'of the oxidation of PhSR 
*Accompanied by sulphone (5%).  where R = tert-butyl, compared with the stereochemistry 

could be used as an internal check on the values obtained from 
the methyl singlets. The values for enantiomeric enrichments 
so obtained were checked where possible by optical rotation 
measurements. Our estimate of optical purity for the sul- 
phoxide 1 b differs from that previously reported by Sih and 
co-workers (8) for 1 b obtained from the same fungus. The 
latter group, however, estimated their optical purity solely 
from rotation measurements; at least three different values for 
the specific rotation of ( R ) -  l b appear in the literature (6,15). 

The values reported in Table 1 for the enantiomeric enrich- 
ment of sulphoxides 2g and 2 j  may not be directly attributable 
to stereospecific sulphide oxidation. In these cases the forma- 
tion of sulphone 3 was also obtained, raising the possibility that 
the values listed for the enrichments of 2g and 2 j  may be 
attributable at least in part to stereoselectivity in the oxidation 
of sulphoxide to sulphone (13). In an attempt to investigate 
this, racemic sulphoxides 2g and 2 j  were administered as sub- 
strates to M. isabellina, but under these conditions the forma- 
tion of sulphone did not occur. It therefore seems likely that, 
in the case of sulphone formation from 2g and 2j, both oxida- 
tions occur without the substrate leaving the enzyme's active 
site; it may therefore not be possible to directly determine the 
stereoselectivity of the second oxidation. The assignment of 
absolute.stereochemistry to the predominant sulphoxide enan- 
tiomers in Table 1 follows from the results reported for the 
absolute stereochemistry of alkyl aryl sulphoxides of known 
optical rotation (14,15,19,20). 

Walsh and co-workers noted an intrinsic lack of stereo- 
specificity in the cytochrome P-450 catalysed enzymic oxi- 
dation ofp-tolyl ethyl sulphide to sulphoxide (21,22). A similar 
result has been recorded by others (23) and rationalized in 
terms of the diagram of Fig. 1. The alternatives are either 
specific binding with non-specific oxidation occurring at either 
A or B, or a non-specific binding mode in which oxidation 
occurs from only one of the directions shown. The latter inter- 
pretation has been proposed by Oae and co-workers (23) for the 

observed for R = methyl, and the assumption that tert-butyl is 
sterically larger than phenyl. 

This interpretation cannot hold in the present case, as all the 
sulphides listed in Table 1 gave sulphoxide of positive rotation 
(R stereochemistry; see above). We therefore prefer the earlier 
interpretation of Henbest and co-workers (6) of a specific 
binding mode and non-stereospecific oxidation. This proposal 
is also consistent with the conclusions of Walsh (21,22). 

A non-stereospecific oxidation may be the result of a "loose" 
active site in which oxidation can occur from either direction 
(Fig. 1). In this event an additional possibility is raised by a 
consideration of the mechanism of oxidation at sulphur, and is 
presented in Fig. 2. Previous work (12,24) has indicated that 
this reaction is a stepwise process; the intermediate has been 
formulated as the radical cation (6) (Fig. 2) (24) or a similar 
species coordinated to the active site of the enzyme (12). In 
either case, the intermediate will not possess the regular tetra- 
hedral geometry characteristic of sulphides or sulphoxides. 
Spectroscopic and theoretical studies of the related molecules 
H2S and H2S+' indicate that the barrier to linearity is substan- 
tially reduced by ionization at sulphur (25,26) and that the 
ionized species can invert at room temperature (25). 

Intermediate 6 will therefore not necessarily possess the 
stereochemical integrity of the substrate. The oxidation of 6 to 
sulphoxide is fast compared with the initial ionization step 
(12,27,28). The rates for similar reactions (e.g. C-H oxi- 
dation) catalysed by cytochrome P-450 dependent enzymes 
suggests that this rate can approach that of radical inversion 
(29), raising the possibility that the absolute stereochemistry of 
product may be determined, in part, by the stability of the 
radical cation 6. 

A comparison of the enantiomeric excesses (ee) of sul- 
phoxides obtained from isosteric sulphides (Table 1) suggests 
that the ee is dependant at least in part on the electron density 
at sulphur. Thus with substrates 1 a l l  h (para H vs. para F), ee 
increases from 58 to 70%. A similar effect is found for 1 f vs. 
1 c (72% to 90%), and 1 b vs. 1 k (46% to 80%), suggesting that, 
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for these compounds, an increase in electron withdrawal by the 
aromatic ring and the resultant destabilization of the inter- 
mediate 6 has a positive effect on enantiomeric purity. 

In the absence of more detailed information on reaction rates 
and intermediate structures this effect cannot be unam- 
biguously attributed to a variation in radical lifetimes, but this 
hypothesis is an attractive one which is consistent with the data. 
It is, of course, not the only factor which affects enantiomeric 
excess. There clearly exist both p a r a  steric factors (cf. 1, R = 
CH3 vs. C2H5), and S-alkyl steric factors (cf. I a  vs. 4 a  and 
4d), but in the results from the isosteric substrates described 
above these steric factors are minimized. 

The data presented herein can therefore be rationalized in the 
following terms. The stereoselectivity of sulphoxide formation 
is determined largely by binding parameters, which are sus- 
ceptible to steric factors (Fig. 1); in addition, there is an elec- 
tronic effect of the substituent at the p a r a  position of the aro- 
matic ring of 1 whose influence can be understood in terms of 
the stepwise mechanism of sulphoxidation presented in Fig. 2. 

Experimental 
Apparatus, tt~aterials, and methods 

Melting points were determined on a Gallenkamp apparatus and are 
uncorrected. Infrared spectra were recorded on an Analect FX6260 
FTIR spectrometer. Proton nmr spectra were obtained at 80 MHz with 
a Varian WP80CW instrument, using CDCI, as solvent and TMS as 
internal standard. Enantiomeric ratios were determined in a mixture of 
CDCI3 and CCI, (1 :4) in the presence of tris[3-(heptafluoropropyl- 
hydroxymethy1ene)-d-camphorato] europium(II1). Mass spectra were 
obtained with an AEI MS30 interfaced to a Krato DS-55 data system. 
Column chromatography was performed on silica gel and thin layer 
chromatography on Merck silica gel 60F-254 (0.2 mm). Optical rota- 
tions were determined with a Perkin-Elmer 241MC polarimeter using 
chloroform as solvent. Mortierella isabellina NRRL 1757 was main- 
tained as described previously (12). 

Preparation of substrates 
Thioanisole (1 a )  was a commercial sample. The methyl sulphides 

I b- 1 k were prepared from the corresponding thiols as previously 
described (12). The alkyl sulphides 4 a ,  46,  and 4d were prepared by 
alkylation of the corresponding thiol with alkyl bromide (12), and 4c 
by addition of thiophenol to isobutene as described (30). Racemic 
sulphoxides 2g and 2 j  were prepared from the sulphide by oxidation 
with sodium metaperiodate (31). All compounds exhibited spectral 
and physical properties consistent with their structures. 

Incubations with M. Isabellina 
Mortierella isabellina NRRL 1757 was grown as described, and 

the incubations performed as previously detailed (12). Yields and 
enantiomeric purities of products are listed in Table 1. 
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Microbial hydroxylation of steroids. 10. Rearrangement during epoxidation and 
hydroxylation, and the stepwise nature of these enzymic reactions 

HERBERT L. HOLLAND AND ELLY R I E M L A N D  
Department of Chemistry. Brock Universiry, St. Cnthnrines, Ont. ,  Canada L2S 3AI 

Received September 27, 1984 

HERBERT L. HOLLAND and ELLY RIEMLAND. Can. J .  Chem. 63, 1121 (1985). 
A series of unsaturated steroids has been incubated with fungi which are known to hydroxylate at a site corresponding to 

the allylic position in the analogous saturated steroids. In some cases, the anticipated hydroxylation occurred without 
rearrangement of the double bond. In a number of Instances, however, products were obtained whose structures implied that 
allylic rearrangement had occurred during the reaction. The formation of these products is consistent with a stepwise 
mechanism of enzymatic oxidation. Possible routes for product formation are presented which incorporate this proposal. 

HERBERT L. HOLLAND et ELLY RIEMLAND. Can. J .  Chem. 63, 1121 (1985). 
On a fait incuber une sCrie de stero'ides non satures avec des champignons connus pour hydroxyler ii une site correspondant 

ti la position allylique des stCroi'des saturCs analogues. Dans quelques cas, I'hydroxylation prCvue se produit sans transposition 
de la double liaison. Toutefois, dans un bon nombre de cas, on a obtenu des produits dont les structures impliquent que des 
transpositions allyliques se sont produites au cours de la reaction. La formation de ces produits est en accord avec un mCcanisme 
de I'oxydation enzymatique qui impliquerait plusieurs Ctapes. On propose des voies rCactionnelles possibles qui incorporent 
cette proposition. 

[Traduit par le journal] 

Introduction 
The enzymatic conversion of a saturated carbon-hydrogen 

bond to hydroxyl, and the related enzymatic epoxidation of 
olefins, are most often catalyzed by cytochrome P-450 de- 
pendent mono-oxygenase enzymes (1). The mechanism of 
these oxidations is still in doubt, currently favoured possi- 
bilities being presented in Scheme I (for hydroxylation) and 
Scheme 2 (for epoxidation) (2). 

Evidence has recently been accumulating which supports a 
stepwise route for both of these reactions (routes B, Schemes 
1 and 2) (3-8). This has taken the form of epimerization during 
hydroxylation (4), the trapping of carbon radical intermediates 
(5, 6), the observation of inversion of olefin geometry during 
epoxidation (3), and the detection of rearrangements during 
olefin oxidation (7, 8). 

The hydroxylation of steroids by fungi has been shown in 
many cases to be a cytochrome P-450 dependent mono- 
oxygenase reaction (9- 12). In order to further study the mech- 
anism of the enzymatic oxidation of steroid substrates, we have 
now investigated the metabolism of a series of unsaturated 
steroids by fungi which are known to hydroxylate analogous 
saturated steroids at a position corresponding to an allylic car- 
bon (13). The putative existence of a radical intermediate such 
as those shown in routes B of Schemes 1 and 2 now allows for 
the possibility of allylic rearrangements in these cases, and it 
was this aspect of the problem which we set out to study. 

SCHEME 1 .  Possible routes for hydroxylation at saturated carbon by 
cytochrome P-450 dependent mono-oxygenases. 

in detail herein. The ''C nmr chemical shifts of these com- 
pounds, together with the ketone 26 (which was prepared from 
2a by Jones oxidation to aid in chemical shift assignments) are 
presented in Table 1. The assignments were straightforward 
and were based on chemical shifts, multiplicity in off- 
resonance decoupled spectra, and published values for anal- 
ogous steroids (14). 

Results 
1 2 a R' = Hz, R' = aH, POH The results of the incubations are summarized in Table 2. 

b R1 = Hz, R' = 0 The A'.' steroid 1 was recovered unchanged from incubation 
c R' = R' = aH,  POH with R. arrhizus, a fungus known to hydroxylate A4-3-keto- 

steroids at C-6P following the abstraction of the C-6P hydrogen 
The substrates used in the main body of this work, 1, 2a, 3, (15). We attribute the absence of metabolism in this case to the 

and 4 were prepared by published procedures. The synthesis of failure of 1 to be bound by the enzyme's active site. The 
3 has been described only in outline, and is therefore presented conjugated estradiene 2a,  incubated with the C-11 P hydroxy- 
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SCHEME 2. Possible routes for epoxidation of olefins by cyto- 
chrome P-450 dependent mono-oxygenases. 

lating fungus C. lunara, gave only the product of 1 1 P hydroxy- 
lation, 2c. No rearranged species were detected. The structure 
of 2c follows from its "C nmr spectrum (Table 3), which 
clearly shows the shifts anticipated for 1 l p  hydroxlation (14) 
when applied to the spectrum of the unsubstituted substrate 2a 
(Table 1). Incubation of 2a with the C-1 l a  hydroxylator R. 
srolonifer did not result in detectable metabolism. 

The use of A8(9'-progesterone (3) as a substrate for fungi 
which hydroxylate progesterone (14a) at C-7 or C-1 1 yielded 
some products whose structures indicate that the double bond 
is involved in their formation. lncubation of 3 with the 11a/7P 
hydroxylator R. srolonifer gave, in addition to normal 7P hy- 
droxylation yielding 6, a compound (5) which was assigned the 
structure shown. The I3C and 'H nmr spectra of 5 clearly show 
the presence of the A'.4-dien-3-one grouping and the lack of 
17P acetyl side chain. The presence of the 9,11 a epoxide can 
be deduced from 'H nmr (the 1 l p  hydrogen resonating at 6 
3.38 ppm), and the presence of the shifts in the I3C n m  spec- 
trum (particularly at C-1 and C-7, and C-14) predicted for 5 on 
the basis of the application of shift parameters for a 9,l  l a  
epoxide (obtained from 4 and 12) to 9. 

The same substrate when incubated with the C- 11 P hydroxy- 
lator C. lunara gave a single metabolic product, 7. Again, I3C 

TABLE I. "C nuclear magnetic resonance chemical shifts 
of substrates 1-4 

Carbon 1 2a 2b 3 4 

*Chemical shifts marked with asterisks may be interchanged. 

nmr was instrumental in structure assignment. The key shifts 
were those caused by y gauche interactions (C-1, -7, -12, and 
-17), and the trans-antiperiplanar shift of C-18 caused by the 
presence of hydroxyl at C-14a (16, 17). The 7a  hydroxylating 
fungus M. griseocyanus, when incubated with 3, gave the 
product of 6P-hydroxylation and A9"" epoxide formation, 8. 
The structure of 8 was deduced by nmr spectral analysis. The 
I3C n m  spectrum showed shifts entirely in agreement with 
those calculated by applying the shift parameters for C-6P 
hydroxylation (14) and C-9,11 epoxidation (above) to the spec- 
trum of 4. 

In order to allow for the possibility that A8'9'-progesterone, 3, 
may contain the A9'"' isomer 4 as a trace impurity produced 
during its preparation, a separate series of control incubations 
was performed using 4 as substrate. R.  srolonifer gave only the 
product of ring A oxidation and side chain cleavage (9), togeth- 
er with a mixture of the 12-alcohols 10. The structures of the 
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HOLLAND AND RIEMLAND 

TABLE 2. Incubations with fungi 

Normal site of 
Substrate Fungus hydroxylation (ref. 13) Time (h) Products (% isolated) 

1 R .  arrhizus 
2a R .  stolonifer 

C .  lunata 
3 R .  stolonifer 

C .  lunata 
M .  griseocyanus 

4 R .  Stolonifer 
C .  lunata 
M .  griseocyanus 

14a + 146 R .  stolonifer 

6P 
l l a ,  7p 

I lP  
I l a ,  7P 

I lP  
7a 

I l a ,  7P 
1 lP 
7a 

I l a ,  7P 

TABLE 3. '" nuclear magnetic resonance chemical shifts of products 
2 and 5-12 

Carbon 2c 5 7 8 9 12 13 

*Chemical shifts marked with asterisks may be interchanged. 

latter were confirmed by 'H nmr decoupling experiments be- 
tween the C-l l  and C-12 hydrogens (see Experimental). This 
mixture could not be separated by any of the chromatographic 
techniques at our disposal. C. lunata gave only the reported 
(18) 9,l  l P  epoxide on incubation with 4, but M. griseocyanus 
gave a low yield of a complex mixture which, although chro- 
matographically homogeneous (tlc), was shown by -'H nmr 
analysis to contain at least three different steroids. The appear- 
ance of the characteristic C-1 l p  hydrogen resonance as a dou- 
blet (J = 8 Hz) at 6 3.23 ppm indicated, however, that 9,l  l a  
epoxidation, probably producing 12, had occurred. 

Discussion 
The oxidative removal of the C-17P acetyl side chain, and 

the introduction of A' unsaturation, has been reported to occur 
with several fungal species (19, 20), but not previously with 
Rhizopus. The introductions of hydroxyl at C-11P (in 2c) and 
C-14a (in 7) by C. lunata represent normal modes of hydroxy- 
lation (13), as do the C-7P hydroxylation of 3 by R. Stolonifer, 
giving 6 ,  and the C-6P hydroxylation of 3 to give 8 (13). The 

SCHEME 3. Possible route for hydroxylation of 3 at C-9a by C. 
lunata. 

hydroxylation of 4 at C-12 by R. stolonifer is not exceptional: 
the allylic C-12 position of the substrate is both activated (2) 
and adjacent to the normal site of hydroxylation (13). 

The formation of the epoxides 5 and 8, and the 9a  hydroxy- 
lation giving 7, cannot, however, be rationalized on the basis 
of simple oxidative metabolism. In the case of 7, 9a-hydroxy- 
lation may occur via the route outlined in Scheme 3. The 
three-dimensional arrangement of binding (at C-3 and C-20) 
and hydroxylation (at C-11P) sites of progesterone, (14a) (2), 
is also shown. Inspection of models shows that the As'9' sub- 
strate 3 best fits into this binding arrangement in an inverted 
manner. The "back-to-front" binding of steroid substrates for 
hydroxylation has been well documented by the Oxford group 
(2); "upside-down" binding has been proposed previously (2 1) 
to explain the results of some non-stereospecific hydroxy- 
lations at C- 1 1. 

Binding of 3 in the manner shown to the hydroxylase of C .  
lunata would expose the a face of the bond to the ox- 
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idizing site. Previous work has demonstrated that steroid hy- 
droxylation and epoxidation can both be performed by the same 
enzyme (22, 23) and, in this event, the application of the 
stepwise mechanisms of Scheme 2 can result in 9 a  hydroxy- 
lation. The intermediate radical 15 does not collapse internally 
to epoxide in this case. The conformation of 15, now that the 
restraining influence of the olefinic bond is removed, is such 
that the C-9a oxygen and the radical density of C-8 are rigidly 
trans-diaxial and therefore unable to recombine. Hydrogen 
transfer from solvent completes the process. 

That the C-8P hydrogen of 7 is provided by the aqueous 
medium has been demonstrated by the incubation of 3 with C. 
lunata in the presence of 10% deuterium enriched water. The 
product thus isolated was examined by 'H nmr and showed 
signals centered at 1.25 and 2.57 ppm. The latter were ex- 
changeable and assigned to deuterium at enolic sites, but the 
former was not, and is close to the reported resonance position 
for the C-8P hydrogen of normal steroids (24). 

The epoxide grouping present in 5 and 8 must also be the 
result of a stepwise oxidation process. In the case of the metab- 
olism of 3 by M. griseocyanus, a C-7a hydroxylator of normal 
steroids, inierse binding of 3 to the active site now exposes the 
C-1 1 position to the oxidizing species. Abstraction of a hydro- 
gen from this position (cf. route B, Scheme 1) can produce the 
allylic radicall6, which can rearrange to 17, pick up hydrogen 
from the medium as above, and be epoxidized in the normal 
way (Scheme 4). The direct incubation of the A9"" steroid, 4, 
with M. griseocyanus indicates that this epoxidation does in- 
deed occur. 

The formation of 5 from incubation of 3 with R. stolonifer 
can proceed in a similar manner, except that it is not necessary 
in this case to propose an inverted binding of substrate, as this 
fungus is a known C- 1 1 a hydroxylator. In this case, however, 
the A9"" olefin 4 is not itself directly epoxidized by R. stolon- 
ifer, suggesting that a preferred mode of reaction in this latter 
case is the removal of the side chain (giving 9), after which the 
enzyme will not accept the androstene derivative as a substrate. 

In an attempt to further confirm the radical nature of hy- 
droxylation at C-11, we have also studied the competitive 
hydroxylations of progesterone (14a) and its 1 lp-fluoro 
derivative (14b) by R. stolonifer. The former yields only 
lla-hydroxy progesterone (14d), and we have previously 
demonstrated that the latter gives rise only to 11-keto pro- 
gesterone (14c), probably via a halohydrin intermediate (25). 
One might expect a rate retardation in the metabolism of 14b 
compared with that of 14a in the event that the reaction pro- 
ceeded via a radical abstraction process (Scheme 1, route B). 
For a direct, concerted oxidation (Scheme 1, route A), with a 
transition state resembling substrate (2), the effect of the 
fluorine substituent should be minimal. In the event, the ratio 
of 14c (from 14b) to 14d (from 14a) observed from incubation 
of an equimolar mixture of these isosteric substrates with 
R.  arrhizus was 1: 12, indicating that 14a is metabolized 
preferentially. 

In the absence of information about the transport and binding 
of these substrates, these latter data are not conclusive. Howev- 
er, the results of this and the other incubations discussed herein 
generally support the stepwise, radical abstraction mechanisms 
of routes B, Schemes 1 and 2, for the hydroxylation and ep- 
oxidation of steroid substrates. 

Other possible routes such as olefin hydration/dehydration 
have been considered for the formation of rearranged products 
and, in view of the fact that the products obtained result from 

SCHEME 4. Possible route for 9 , l  l a  epoxidation of 3 by M. griseo- 
cyanus. 

whole organism metabolism, these possibilities cannot be en- 
tirely discounted. However, the available data on steroid hy- 
droxylating fungi suggest that these rearrangements are not 
generally observed (1 3 ,20)  and we found no evidence for such 
rearrangement when not in concert with hydroxylation or ep- 
oxidation reactions. 

Experimental 
Apparatus, materials, and methods 

Melting points were determined on a Kofler heating stage and are 
uncorrected. Infrared spectra were recorded with a Perkin-Elmer 
237B spectrometer. The nmr spectra were obtained with a Bruker 
WP60, WP80CW, or WH400 (at the Southwestern Ontario nmr Cen- 
tre, Guelph) using CDC1, as solvent and TMS as internal standard. 
Mass spectra were obtained with an AEI MS 30 spectrometer fitted 
with a Kratos DS-55 data system. Thin layer chromatography was 
performed on Merck silica gel 60F-254 and column chromatography 
on Merck silica gel (230-400 mesh). Elemental analyses were per- 
formed by Guelph Chemical Laboratories, Guelph, Ontario. 

Incubations with fungi 
Curvularia lunata NRRL 2380 (26), Mucor griseocyanus ATCC 

1207 (27), Rhizopus arrhizus ATCC 1 1 145 (28), and Rhizopus stolon- 
ifer ATCC 6227b (28) were grown and the incubations performed as 
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i SCHEME 5. Synthesis of pregna-4,8(9)-diene-3,20-dione (3) (ref. 32). 

I described. Details of times, products, and yields are summarized in 
Table 2. 

Synthesis of substrates 
The following compounds were prepared by the literature pro- 

cedures, and gave satisfactory spectral and analytical data: androsta- 
4,7-dien-l7P-ol-3-one (1) (29), estra-4,9(10)-dien-17P-ol-3-one (2a) 
(30), and pregna-4,9(1 I)-diene-3,20-dione 4 (3 1). The "C nmr data 
are listed in Table 1. 

Pregna-4,8(9)-diene-3,20-dione (3) 
This compound was prepared by the route outlined by Schneider 

and Jackson (32) and presented in Scheme 5. 
9 , l l  a-Epoxypregn-4-ene-3,20-dione (12) 
A solution of pregna-4,9(11)-diene-3,20-dione (4) (7.82 g) in chlo- 

roform (50 mL) was cooled to 5"C, and then a solution of m- 
chloroperoxybenzoic acid (5.1 g) in chloroform (50 mL) added. The 
resulting mixture was kept at 5OC for 6 h, then washed with aqueous 
sodium sulfite (3 X 100 mL), water, and dried over sodium sulfate. 
Evaporation gave a sample of 12 (7.01 g), mp 180- 185°C (lit. (32) 
mp 180- 192"C), which was used directly in the next step. The "C 
nrnr data are listed in Table 3. 

Pregn-4-ene-3P,9a,2OP-triol 
Lithium aluminum hydride (8.0 g) was added to dry ether (275 mL), 

and then a solution of 12 (7.0 g) in dry benzene (80 mL) added slowly 
with stirring. When the addition was complete, the resulting mixture 
was refluxed for 5 h, then cooled and the residual reducing agent 
decomposed (33). Work-up in the usual way gave a crude sample of 
the title compound (7.46 g) which was oxidized directly to 13 by the 
usual method (34, 35). 

Pregna-4,8(9)-diene-3,20-dione (3) 
A solution of 13 (4.5 g) in dry pyridine (100 mL) was cooled to 0°C. 

Thionyl chloride (5 mL), previously treated to remove traces of HC1 

and C12, was then added at such a rate that the temperature was 
maintained below 5°C. The solution was then poured into ice water 
(500 mL), and extracted with ether (4 x 200 mL). The extract was 
washed with aqueous HCI (5%), then water, dried over sodium sul- 
fate, and then evaporated. The residue was chromatographed (silica 
gel, benzene-to-ether stepwise gradient) to yield a sample (2.1 g) 
consisting of a mixture of the compound 3 and the A""' isomer 4. 
Crystallization from ethyl acetatelhexane gave pure 3 (1.05 g, 25%), 
mp 158- 160°C (lit. (32) mp 162- 167°C). The 'H nmr included 
signals at 6 0.65 (3H, s, C- 18H), 1.33 (3H, s, C-l9H), 2.15 (3H, s, 
C-21H), and 5.72 (IH, s, C-4H) pprn. The "C nrnr data are listed in 
Table 1. Also recovered was 4 (0.8 g) which was recycled in the 
synthesis. 

Fungal metabolic products 
Hitherto unreported data for the products of incubation of 2-4 with 

the fungi listed above are summarized below. The "C nrnr data are 
listed in Table 3. 

Estra-4,9(10)-diene-I 1 P,l7P-diol-3-one (2c) 
Infrared v,,,: 1640, 2900, 3350 cm-I; 'H nmr included signals at 

6 1.08 (3H, s, C-18H), 3.60 (lH, br m, C- l l a ,  17 H's), and 5.73 
(IH, s, C-4H) ppm; ms mlz (%): 288 (36) 270 (loo), 260 (30). M' 
288.1701; C18H2403 requires M' 288.1725. 

9.11 a-Epoxyandrosta-1,4-diene-3,17-dione (5) 
Melting point 196-198°C; 'H nrnr included signals at 6 0.98 (3H, 

s, C-18H), 1.53 (3H, s, C-19H), 3.38 (lH, m, C-IIPH), 5.73 (lH, 
s, C-4H), 6.20 (lH, d, J = 10 Hz, C-2H), and 6.63 (IH, d, J = 10 
Hz, C- 1H) ppm; ms mlz (%): 298 (35), 282 (35), 256 (loo), 241 (37). 
M' 298.1551; C1yH2203 requires M' 298.1569. 
Pregna-4,8-diene-3,2O-dion-7P-ol (6)  
Melting point 128- 130°C. ir v,,,: 1620, 1665, 1720, 2929, 3430 

cm-'; 'H nrnr included signals at 6 0.55 (3H, s, C- 18H), 1.33 (3H, 
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s, C- 19H), 2.13 (3H, s, C-2 1 H), 4.53 (1 H, t, J = 5 Hz, C-7aH), and 
5.75 (1 H, s, C-4H) ppm; ms m/z (%): 328 (60), 3 10 (25), 295 (3 I), 
267 (28), 253 (16), 225 (100). M+ 328.1989; C21H2n0, requires M' 
328.2039. 
Pregn-4-ene-9a,l4a-diol-3,20-dione (7) 
Melting point 100- 106°C; 'H nrnr included signals at 6 0.78 (3H, 

s,C-18H), 1.30(3H, s, C-19H), 2.10(3H, s, C-21H),and5.83(1H, 
s, C-4H) ppm; ms m/z (70): 346 (loo%), 324 (53,308 (52), 267 (93). 
M' 346.2162; C21H3004 requires M' 346.2144. 

9,11a-Epoxypregn-4-ene-3,20-dion-6P-ol (8) 
Melting point 177- 179°C; ir v,,,: 1670, 1700, 2930, 3350 crn-'; 

'H nmr included signals at 6 0.70 (3H, s, C-18H), 1.63 (3H, s, 
C-19H),2.10(3H, s,C-21H),3.18(IH,d,J = 5Hz,C-IIPH),4.40 
(IH, t, J = 4 Hz, C-6aH), and 5.90 (IH, s, C-4H) ppm; ms m/z (%): 
344 (loo), 326 (41), 31 1 (20). 301 (14), 283 (43 ,  267 (18). Anal. 
calcd. for CZIHZn04: C 73.23, H 8.19%; found: C 73.10, H 8.47%. 
Androsta-1,4,9(1I)-triene-3,17-dione (9)  
Melting point 148- 150°C; ir v,,,: 1625, 1665, 1740, 2940 cm-I; 

'H nmr included signals at 6 0.93 (3H, s, C-18H), 1.43 (3H, s, 
C-19H), 5.55 (IH, br s, C-I lH), 6.05 (lH, s, C-4H), 6.24 (IH, d, J 
= 10 Hz, C-2H), and 7.16 (IH, d, J = 10 Hz, C-1H) ppm; ms m/z 
(%): 282 (loo), 267 (43), 239 (26). M' 282.1684; ClsHz2O2 requires 
M' 282.1621. 

Pregna-4,9(11)-diene-3,20-dione-12-a/P-ols (lo) 
Infrared v,,,: 1650, 1685, 1710,2950,3350 cm-'; 'H nmr included 

signals at 6 0.60 and 0.65 (each 3H, s, C-18H), 1.38 and 1.40 (each 
3H,s, C-19H), 2.15(3H,s, C-21H),4.00(1H,d, J = 6Hz,C-l2tH), 
4.43 (IH, d, J = 8 Hz, C-12tH), 5.75 (IH, s, C-4H), 5.85 (IH, dd, 
J = 6, 8 Hz, C-1 IH) ppm. Irradiation at 6 5.85 caused collapse of the 
signals at 6 4.0 and 4.43 ppm to singlets. Mass spectra m/z (%): 328 
(31), 313 (lo), 311 (17), 295 ( l l ) ,  284 (100). 
9,11 P-Epoxypregn-4-ene-3,20-dione (11) 
Melting point 185- 190°C; 'H nrnr included signals at 6 0.83 (3H, 

s, C-18H), 1.43 (3H, s, C-19H), 2.15 (3H, s, C-21H), 3.40 (IH, m, 
C-l laH), and 5.78 (IH, s, C-4H) ppm; ms m/z (%): 328 (loo), 313 
(66), 3 1 2 (5 l), 295 (68), 267 (98), 252 (45). 

Incubation of 3 with C. lunata in D20 
The fungus was grown in the normal way (26), collected by fil- 

tration, and resuspended in 10% (v/v) deuterium oxide in distilled 
water. The cells were allowed to equilibrate for 30 min in this enviroh- 
ment, and then substrate (3) (0.45 g) was added in the normal manner 
(3). Subsequent incubation and work-up followed the procedure used 
for preparative incubations (see Table 2 and ref. 28). The product 7, 
isolated by chromatography, was examined by 'H nmr and showed 
signals centered at 6 1.25 and 2.57 ppm. Recovered substrate showed 
only natural abundance levels of deuterium. 
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Microbial hydroxylation of steroids. 11. Hydroxylation of A-nor-, B-homo-A'-, 
and A'-testosterone acetates by Rhizopus arrhizus 
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HERBERT L. HOLLAND and P. CHINNA CHENCHAIAH. Can. J.  Chem. 63, 1127 (1985). 
The testosterone derivatives A-nortestosterone acetate and B-homo-A'-testosterone acetate have been incubated with Rhi- 

zopus arrhizus, a fungus which hydroxylates testosterone at the C-6P and C-I la positions. These modes of hydroxylation were 
also observed for the A-nor steroid. The B-homo steroid, however, was oxidized at C-2P and concurrently hydroxylated at C-6P 
and C-7aP (but not at C-1 I )  by R. arrhizus. A' steroids of conventional skeleton were hydroxylated at C- I la by R. arrhizus; 
in addition, A'-androstenedione was epoxidized at the 1,2P position. No C-6 hydroxylation of conventional A'.4-3-ketosteroids 
was observed. 

HERBERT L. HOLLAND et P. CHINNA CHENCHAIAH. Can. J. Chem. 63, 1127 (1985). 
On a fait incuber les dkrivCs de la testosttrone, acCtates de A-nortestostCrone et B-homo A'-testostkrone, avec le Rhizopus 

arrhizus, un champignon qui provoque des hydroxylations en positions C-6P et C-l l a .  On a aussi observk ces modes 
d'hydroxylation avec le A-nor stCroi'de. Toutefois, le R. arrhizus provoque une oxydation du B-homostCroide en C-2P ainsi 
qu'une hydroxylation concurente en C-6P et en C-7aP (mais pas en C-l I ) .  Sous l'influence du  R. arrhizus, les A'-stkroi'des 
avec un squelette conventionnel sont hydroxylCs en C-l la; de plus, la A'-androstknedione subit une kpoxydation en position 
1,2P. On n'a observk aucune hydroxylation en C-6 avec les A1.%Cto-3 stkro'ides conventionnels. 

[Traduit par le journal] 

A-norandrostanes have recently been found to be capable of 
interacting with estrogen and androgen receptor proteins in a 
specific way (I) ,  while the naturally occurring plant hormone 
brassinolide is a steroid with a 7-membered B ring (2). In view 
of these developments, and as part of our continuing pro- 
gramme of investigation of steroid hydroxylations by Rhizopus 
arrhizus and other fungi (3), we have now studied A-nor and 
B-homo steroids as substrates. The microbial hydroxylations of 
A-nor steroids at C- lp ,  -6P, -7a,  -9a,  - l l a ,  -1 l p ,  -12P, -14a, 
-1601, and -21 have been reported, representing in most cases 
normal modes of hydroxylation by the microorganisms con- 
cerned (4, 5); however, the incubations of A-nor or B-homo 
steroids with R. arrhizus have not been reported. 

1 a R = aH, @OH R' 
b R = aH, POAc 2 a R ' = R Z = H  
c R = O  b R '  = H, RZ = OH 

c R' = OH, RZ = H 

It was our intention to study the A-nor compound 2a and 
B-homotestosterone acetate as substrates; the former was readi- 
ly synthesized, and the corresponding saturated B-homo steroid 
7 a  was synthesized by Ringold's route (6). The analogous 
compound in the pregnane series has been converted to B- 
homoprogesterone by monobromination at C-4 followed by 

dehydrobromination (7) (an exceptional result, since the mono- 
bromination of 5a-3-ketosteroids normally occurs at C-2 (8)). 
When we applied the same procedures to 7 a ,  however, we 
were unable to isolate any C-4 rnonobrominated product. Even 
in the presence of limiting bromine concentrations, the major 
product was the 2,4-dibromide 76, which could be converted 
to the A'.4-dien-3-one 3 in moderate yield. 

Faced with the dienone 3 as the only available B-homo 
steroid, we decided to study the A'.4-dien-3-ones of normal 
skeleton 1, as substrates for the hydroxylating enzymes of R. 
arrhizus. Steroids of this structure have not previously been 
extensively examined for their ability to act as substrates in 
these reactions (4, 5). 

The I3C nmr spectra of substrates 1-3 are reported in Table 
1.  Product structures were deduced largely from "C and 'H nmr 
data. The I3C nmr spectrum of l c  has been previously reported; 
our assignments of resonances to C-7 and C-12 represent a 
reversal of the original literature values (9), and are based on 
the shifts predicted (10) from the wider range of substituents at 
C-17 now available to us. The assignment of resonances in 2a 
and 3 was straightforward and in agreement with those predict- 
ed from the values reported for analogous steroids of normal 
skeleton (10). 

Hydroxylation of A-nortestosterone acetate 2a by R.  ar- 
rhizus gave the C-l l a  and -6P hydroxysteroids 26 and 2c 
respectively. The structures of 26 and 2c follow from their I3C 
nmr (Table 3) and 'H nmr (Experimental) spectra, the former 
being particularly diagnostic in showing clearly the shifts for 
hydroxyl substitution at C-1 l a  and C-6P anticipated from the 
published parameters (10). 

In contrast, the A'*4-dien-3-ones 1 were not hydroxylated at 
C-6P by R. arrhizus, but gave the corresponding 1 la-hydroxy 
derivatives, 4, as major products (Table 2). Hydroxylations at 
C-6P and C-1 l a  by R. arrhizus represent normal modes of 
oxidation of A4-3-ketosteroids (4, 1 I). In the case of the dione 
l c ,  however, a second product was also obtained in low yield, 
to which structure 5 has been assigned. The presence of an 
epoxy grouping at C- 1,2 was indicated by the appearance in the 
'H nmr spectrum of an AB quartet at 6 3.37 and 3.62 ppm, one 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1128 CAN. 1. CHEM. VOL. 63.  1985 

TABLE I. I3C nuclear magnetic resonance chemical shifts of 
substrates 1 ,  20, and 3 

8 PPm 

Carbon In l b  l c  2a 3 

H 0 

FIG. I .  Conformation of ring A of 60 and 6b.  

1 
2 
3 
4 
5 
6 
7 
7a 
8 
9 

10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 

OAc 

7 aa 

FIG. 2. Conformation of ring B of 60.  

*Chemical shifts marked with asterisks may be interchanged. 5 

TABLE 2. Incubations with Rkizopus 
arrhizus 

Substrate Product (% isolated) 

l a  l a  (51), 4a (13) 
l b  l b  (42), 46 (15) 

half of which (3.37) was also coupled to the C-4 proton at 6 
5.70 ppm. Both "C and 'H nmr confirmed the absence of the 
A' olefinic bond, and the appearance of new "C resonances at 
55.3 and 6 1 . 1  ppm is diagnostic of an epoxide ( 12). 

The P stereochemistry of the 1,2 epoxide of 5 was deduced 
from 'H nmr, where the downfield shift of the C-19 hydrogen 
signal indicates the presence of oxygen in a position 1,3-diaxial 
to the methyl group (13), and ord (optical rotatory dispersion) 
data (see Experimental), which show the presence of a weak 
negative WT* Cotton effect between 350 and 450 nm. Appli- 
cation of the octant rules for epoxy ketones (14, 15) predict that 
5 should show a weak negative WT* Cotton effect, whereas 
the a isomer should show an effect of similar magnitude but 
opposite sign. This finding is in accord with the observed weak 
positive effect for 2P-hydroxy testosterone (16), and the fact 
that the epoxide grouping is known to be an "anti-octant" 
substituent (1 7). 

The B-homo steroid 3 gave two products on incubation with 
R. arrhizus, assigned structures 6a and 6b .  The 'H and I3C nmr 
spectra of 6a clearly showed the absence of the A' bond and the 
presence of two secondary alcohol groups in a B-homo-A4-3- 
ketosteroid skeleton. One of the hydroxy groups was assigned 
to the C-2P position on the following rounds. 'The I3C chemical 
shift (85.1 ppm) and 'H shift of the associated methine hydro- 

gen (4.12 ppm) locate the hydroxyl either adjacent to carbonyl 
or in an allylic position. The observation of the C-4 hydrogen 
as a doublet, coupled to the C-6P hydrogen (18), rules out the 
latter site of substitution. The P stereochemistry of substitution 
at C-2 follows from the downfield shift of the C-19 methyl 
group in both the 'H and I3C nmr spectra. Inspection of models 
of 6a and 6b  (Fig. I) shows that the C-2a hydrogen exactly 
bisects the C-laH-C- I PH angle; the observed multiplicity of 
the C-2a hydrogen (triplet, J = 7.3 Hz) is in accord with this 
expectation. 'The conformation shown in Fig. 1 is different 
from that found for 2P-hydroxy-A4-3-ketosteroids of normal 
skeleton (1 6), but the presence of the seven-membered B-ring 
in 6a and 6b  introduces conformational restraints on ring A 
which are absent in normal steroids. 

The location of the second hydroxyl group of 6a is not 
obvious, but the multiplicity and chemical shift of the associ- 
ated methine hydrogen, and the I3C nmr differences between 6a 
and 6b  (see below), led to the location of this group at C-7aP. 
The hydrogen now assigned as C-7aa has the multiplicity antic- 
ipated from the dihedral angles (+ C-7aaH-C-8H = 180°, $ 
C-7aaH-C-7aH = 90°, + C-7aaH-C-7PH = 145") present 
in the predominant C-7 twist chair conformation of ring B 
shown in Fig. 2 (19). The "C nmr chemical shift assignments 
for 6a (Table 3) are also consistent with this structure. No other 
position of hydroxylation in ring B was consistent with these 
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HOLLAND AND CHENCHAIAH 

TABLE 3. "C nuclear magnetic resonance chemical shifts of products 2 and 4-6 

6 PPm 
- - 

Carbon 2b 2c 4a 4b 4c 5 6a 6b  

1 53.7 52.0 160.4 158.7 159.0 61.1 42.7* 43.3' 
2 -- - 124.2 125.3 125.1 55.3 85.1 85.7 
3 209.8 208.5 187.3 186.5 186.9 194.3 194.1 198.2 
4 126.3 127.4 123.9 124.8 124.8 119.8 125.0 128.3 
5 188.7 184.9 169.8 167.7 167.9 168.4 167.4 166.0 
6 27.6 67.4 33.1 33.2 32.3' 33.3' 29.8 76.3 
7 31.4 39.6 33.1 33.2 32.9' 32.9' 36.1 45.6 
7a - - - - - - 77.1 77.3 
8 34.4 30.3 34.6 34.1 34.1 35.5 35.3 36.2 
9 59.1 54.2 60.5 60.7 60.2 51.5 60.5 61.5 

10 45.2 46.1 44.3 44.1 44.1 41.3 45.1 45.1 
11 68.1 23.0 67.4 68.0 67.7 20.9 22.9 22.8 
12 46.9 36.6 43.2 48.2 42.3 31.1 42.0* 42.2' 
13 43.3 43.0 47.3 43.3 47.9 47.5 42.7 42.5 
14 49.6 50.0 49.3 50.0 49.7 50.4 51.2 51.4 
15 23.1 23.6 23.3 23.6 21.9 21.8 24.2 26.2 
16 27.5 27.5 29.9 27.8 35.9 35.5 28.3 28.4 
17 81.7 82.5 80.3 81.7 218.4 219.6 81.5 81.4 
18 13.3 12.2 12.2 13.2 14.6 13.9 14.1 14.2 
19 20.8 22.1 18.5 18.9 18.7 17.0 20.8 21.6 

OAc 21.0 21.1 20.9 21.1 21.2 
171.1 171.3 170.9 171.0 171.1 

*Chemical shifts marked with asterisks may be interchanged. 

FIG. 3. Conformation of ring B of 6b.  

values: rings C and D were clearly ruled out as sites of hydroxy- 
lation by the unambiguous observation of unperturbed I3C nmr 
resonances at 6 22.9 (C-1 1), 24.2 (C-15), and 28.3 (C-16) 
ppm. R. arrhizus has been previously reported to hydroxylate 
normal steroids at C-7P (4). 

The 'H nmr spectrum of 6 b  clearly shows the presence of an 
additional hydroxyl group relative to 6a ,  and suggests its lo- 
cation at C-6P. This follows from the chemical shift of the 
associated methine hydrogen (6 4.48 ppm) and the observation 
of the C-4 hydrogen signal as a sharp singlet (cf. 6a above), 
shifted downfield to 6 5.92 ppm. Closer examination of the "C 
nmr of 6 b  reveals the following: the C-19 signal, although 
downfield with respect to that of 6a ,  has not shifted to the 
extent normally associated with C-6P hydroxylation in normal 
steroids (10); there has been a 2-ppm downfield shift of the 
C-15 resonance, and the resonances at C-8 and C-9 show small 
downfield shifts. These facts are explicable by the assumption 
that ring B of 6 b  now adopts the alternative C-8 chair con- 
formation shown in Fig. 3 (19). This conformation relieves the 
C-6P hydroxy - C-19 methyl interaction present in the alterna- 
tive conformation of Fig. 2, and also has the effect of bringing 
the C-7aP alcohol into close proximity with the C-15 hydro- 

gens. In the conformation of Fig. 3, the steric relationship 
between C-15 and C-7aP is identical to that of normal steroids, 
in which hydroxylation at C-7P causes an average downfield 
shift at C-15 of +2.8 ppm (10). This is not true of either C-7a 
hydroxylation, nor the presence of hydroxyl at C-7aP in the 
conformation of 6a shown in Fig. 2. The observed multiplicity 
of the C-6a hydrogen signal of 6 b  is entirely consistent with 
that predicted from the C-6-C-7 dihedral angles estimated 
from the structure of Fig. 3 (C-6aH-C-7PH = 160°, C- 
6aH-C-7aH = 40"). 

The remaining spectral data for 6a and 6 b  also accord with 
the structures discussed above. The absence of a molecular ion 
in the spectrum of 6b ,  and its low intensity in the spectrum of 
6 a ,  are probably attributable to a facile loss of water involving 
the C-2 alcohol, producing the cross conjugated keto group as 
a stable ion (and indeed as the base peak in the case of 6 b ) .  

We therefore conclude that, although hydroxylation of A- 
nortestosterone acetate by R. arrhizus shows no effects attri- 
butable to the lack of a carbon in the A-ring, the presence of an 
additional carbon in ring B (as in 3), coupled with a A' bond, 
leads to a new site of oxidation, C-2P, in addition to the more 
usual hydroxylations at C-6 and C-7. The oxidation of 3 at 
C-2P is clearly not a conventional mono-oxygenase dependent 
hydroxylation of the type normally occurring at saturated car- 
bon. However, direct conversion of steroid olefins to saturated 
alcohols has been observed during fungal hydroxylation,' and 
attributed to a variant of the normal enzymic epoxidation mech- 
anism. It is therefore relevant that A',4 steroids of normal 
skeleton can be epoxidized at the 1,2P position by R. arrhizus. 
The relationship, if any, between the epoxidation of l c  and the 
hydroxylation at C-2P of 3 will be the subject of future 
investigation. 

'See the preceding paper of the series in this journal, ref. 3. 
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Experimental 
Apparatus, materials, and methods 

Melting points were determined on a Kofler heating stage and are 
uncorrected. Infrared spectra were recorded with an Analect 6260FX 
FTIR. The nmr spectra were obtained with a Bruker WP60 ("c) or 
WP80CW ('H) at Brock, or with a WM250 at McMaster University, 
using CDC1, as solvent and TMS as internal standard. Mass spectra 
were obtained with an AEI MS30 spectrometer fitted to a Kratos 
DS-55 data system. Thin layer chromatography was performed on 
Merck silica gel 60F-254, and column chromatography on silica gel 
(200-430 mesh). Optical rotation measurements were made at 
McMaster University using a Perkin- Elmer 241MC polarimeter. 'The 
solvent used was chloroform and the path length 1 dm. Elemental 
analyses were performed by Guelph Chemical Laboratories, Guelph, 
Ontario, or by the Pascher microanalytical Laboratory, Bonn, W. 
Germany. 

Substrates 
The following were commercial samples (Sigma): androsta-1,4- 

dien- 17P-01-3-one ( la) ,  androsta- l,4-dien- 17P-01-3-one acetate ( lb) ,  
and androsta-l,4-diene-3,17-dione (lc). A-nortestosterone acetate 
(2a) was prepared from testosterone by the published procedure (20, 
2 1 ). B-homoandrosta- l,4-dien- l7P-01-3-one acetate (3) was prepared 

- - 

as outlined below. 
2~,4~-Dibromo-B-homo-5a-androstan-17~-ol-3-one acetate (7b) 
B-Homo-5a-androstan-17~-ol-3-one acetate (7a) (100 mg) 

obtained by Ringold's synthesis (6) was treated with bromine in acetic 
acid by the procedure used by Himizu and Shichita in the synthesis of 
B-homoprogesterone (7). A single product, 76, was obtained in 48% 
yield. No monobromo derivative was identified in the reaction mix- 
ture. Variation of stoichiometric ratio of reactants and time gave 76 
and unreacted 7a as the only isolable steroids. The title compound had 
mp 171 - 172°C. Anal. calcd. for C22H32Br203: C 52.38, H 6.35, Br 
31.75%; found: C 52.40, H 6.27, Br 32.10%. 

B-Homoandrosta-1.4-dien-17P-01-3-one acetate (3) 
The dibromide 76 (0.135 g) was dissolved in DMF (7 mL) to which 

lithium chloride (0.135 g) had been added, and the mixture kept at 
120°C under a nitrogen atmosphere for 16 h. Work-up in the usual way 
afforded a mixture which contained a single uv absorbing component 
(tlc). Column chromatography afforded 3 (0.035 g, 40%) as an oil 
which could not be induced to crystallize. The 'H nmr included signals 
at 6 0.85 (3H, s, C- 18H), 1.30 (3H, s, C-l9H), 2.07 (3H, s, OAc), 
4.57 (lH, t, J = 7 Hz, C-17aH). 6.07 (IH, s, C-4H), 6.15 and 7.05 
(2H, ABq, J = 9 Hz, C-2 and -1 H's respectively); "C nmr, see Table 
1; ms m/z (%): 342 (44), 320 (5). 300 ( 3 ,  286 (8), 282 (13), relative 
to 83 (100). M' 342.2322; CrzH3o03 requires M+ 342.2195. Anal. 
calcd. for C22H30o3: C 77.19, H 8.77%; found: C 77.5 1, H 8.62%. 

Incubations with R. arrhizus ATCC 11145 
Rhizopus arrhizus ATCC 11 145 was maintained and incubations 

were performed as previously described (22), except that an incu- 
bation period of 72 h was used. Hitherto unreported spectral and 
physical data for products 2 and 4-6 are listed below. The "C nmr 
data are presented in Table 3. 

A-Norandrost-4-ene-1 la, 17P-diol-3-one, 17-acetate (2b) 
Oil; ir v,,,: 1682, 1731, 3443 cm-'; 'H nmr included signals at 6 

0.88 (3H, S, C-18H), 1.26 (3H, s, C-19H), 2.05 (3H, s, OAc), 
3.70-4.15 (lH, m, C-IlPH), 4.65 (IH, t, J = 7 Hz, C-17aH), 5.77 
(IH, s, C-4H) ppm; ms m/z (%): 332 (26), 314 (33), 304 (9), 286 (7), 
279 (29) relative to 149 (100). M+ 332.1938; CzOHZ8O4 requires M+ 
332.1988. Anal. calcd. for C20H2804: C 72.29, H 8.43%; found: C 
72.10, H 8.12%. 

A-Norandrost-4-ene-6P, 17P-diol-3-one, 17-acetate (2c) 
Melting point 189- 191°C; ir v,,,: 1685, 1730, 2930, 3369 cm-'; 

'H nmr included signals at 6 0.87 (3H, s, C-18H), 1.35 (3H, s, 
C- 19H), 2.03 (3H, s, OAc), 2.25 (2H, br s, C-IH?), 4.65 (1 H, t, J 
= 7 Hz, C-17aH), 4.85 (IH, t, J = 3 Hz, C-6aH), 5.78 (lH, s, C-4H) 
ppm; ms m/z (%): 332 (2), 316 (12), 288 (56), 274 (lo), 256 (38) 
relative to 147 (100). M+ 332.1929; C20HZ804 requires M+ 332.1988. 

Anal. calcd. for C20H2804: C 72.29, H 8.43%; found: C 72.64, H 
8.18%. 

Androsta-1,4-diene-1 la,l7P-diol-3-one (4a) and androsta-1.4- 
diene-3,17-dion-11 a-01 (4c) 

Spectral data for these compounds are in agreement with those 
previously published (23). 

Androstcl-l,4-diene-1 la,] 7P-diol-3-one, 17-acetate (4b) 
Oil; 'H nmr included signals at 6 0.80 (3H, s, C-18H), 1.20 (3H, 

S, C-19H), 1.92 (3H, s, OAc), 4.0 (IH, d of t, J = 10, 6 Hz, 
C-I IPH), 4.60 (lH, t, J = 8 Hz, C-17aH), 5.95 (IH, s, C-4H), 6.03 
and 7.65 (2H, ABq, J = 10 Hz, C-2 and -1H's) pprn; ms m/z (%): 
344 (12), 326 (2), 284 (2), 266 (4), 25 1 (3) based on 122 (100). M' 
344.203 1; C21H2804 requires M' 344.1987. 

1,2P-Epoxyandrost-4-ene-3,17-dione (5) 
Melting point 2!?-202°C; ir v,,,: 1663, 1738, 29562fm-' (no 

0-H stretch); [a],,, -79" (c = 0.31), [a]::, -85", [a],,, - 107", 
21 [a],,, -331°, [a]:; -433", [a]::, -201"; 'H nmr included signals at 

6 0.92 (3H, S, C- 18H), 1.40 (3H, S, C-19H), 3.37 (dd, J = 2, 4 HZ) 
and 3.62 (d, J = 4 Hz) (each lH, AB, C-2 and C-l H's respectively), 
and 5.70 (IH, d, J = 2 Hz, C-4H) ppm; ms m/z (%): 300 (4), 284 (3), 
272 (2), 226 (50), based on 57 (100). M' 300.1817; C19H24O3 re- 
quires M' 300.1725. Anal. calcd. for C19H2,0,: C 76.0, H 8.0%; 
found: C 75.72, H 8.0%. 
B-Homoandrost-4-ene-2P,7a~,17P-triol-3-one, 17-acetate (6a) 
Oil; ir v,,,: 1665, 1729, 2930, 3460 cm-'; 'H nmr included signals 

at 6 0.89 (3H, s, C-18H), 1.33 (3H, s, C-19H), 2.03 (3H, s, OAc), 
3.90 (lH, dof t, J = 4, 11.5 Hz, C-7aaH), 4.12 (lH, t, J = 7.3 Hz, 
C-2aH), 4.64 (IH, t, J = 8 Hz, C-17aH), and 5.77 (IH, d, J = 1.4 
Hz, C-4H) ppm; ms m/z (%): 374 (1.3), 358 (49). 343 (7), relative 
to 55 (100). M' - H20 358.2124. C22H3004 (M - H20) requires 
358.2144. 
B-Homoandrost-4-ene-2~,6~,7a~,l7~-tetrol-3-one, 17-acetate 

(6b) 
Oil; ir v,,,: 1663, 1729,2931,3430 cm-'; 'H nmr included signals 

at 6 0.89 (3H, s, C-18H), 1.46 (3H, s, C-19H), 2.02 (3H, s, OAc), 
4 . 0 ( 1 H , d o f t , J =  3.5and 11.5Hz,C-7aaH),4.15(1H,t,J=7.3 
Hz, C-2aH), 4.48 (IH, d of d, J = 7.6, 9.6 Hz, C-6aH), 4.63 (1 H, 
t, J = 8 Hz, C-17aH), and 5.92 (lH, s, C-4H) ppm; ms m/z (%): 374 
(loo), 359 (7), 332 (lo), 314 (6). M' - H2O 374.2087. C22H,oO, 
(M' - H20) requires 374.2093. 
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Surface tension and density of the molten PbC12-KCl-NaCl ternary system 
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T. FUJISAWA, T. UTIGARD, and J. M. TOGURI. Can. J. Chem. 63, 1132 (1985) 
The maximum bubble pressure method was used to determine the surface tension and density of melts within the 

PbCI2-KCI-NaCI system. 'The temperature range of this study was from 450 to 800°C. In all cases, the surface tension was 
found to decrease with increasing temperature. At constant molar ratios of KC1 to NaCI, a minimum in the surface tension was 

- - 

observed at approximately 40 mol% PbCIZ. The ternary surface tension values were found to obey the simple additivity 
expression of the binary surface tensions of PbC1,-KC1 and PbC1,-NaCI. Based on these findings, constant surface tension 
contours have been drawn. 

The density obtained in the present study agree well with the previously determined densities using a bottom-balance 
Archimedean technique reported by this laboratory. 

T. FUJISAWA, T. UTIGARD et J .  M. TOGURI. Can. J. Chem. 63, I132 (1985). 
On a utilise la mCthode de la pression maximale de la bulle pour dCterminer la tension de surface et la densite de produits 

fondus dans le systkme PbCI2-KCI-NaC1. On a effectuC cette Ctude de 450 j. 800°C. Dans tous les cas, la tension superficielle 
diminue avec une augmentation de la temperature. A des rapports constants de KC1 /NaCI, on a trouvC qu'il existe un minimum 
dans la tension superficielle qui se situe a environ 40 mole pourcent de PbCIZ. On a trouvC que les valeurs des tensions 
superficielles tertiaires obkissent a -une expression simple d'additivite des tensions superficielles binaires du PbCI2-KC1 et 
PbC1,-NaCI. Sur la base de ces observations, on a pu Ctablir des contours de tensions superficielles constantes. 

La densite obtenue au cours du prCsent travail est en bon accord avec les densites dCterminCes antkrieurement en utilisant 
une technique mise au point dans notre laboratoire et faisant appel a une balance d'Archimkde. 

[Traduit par le journal] 

Introduction 
The present process for the extraction of lead from lead 

sulphide concentrates involves sintering followed by high tem- 
perature carbon reduction in a blast furnace. Although this 
process is effective for lead production from high grade lead 
sulphide concentrates, it does give rise to problems with respect 
to environmental concerns and to the treatment of complex lead 
ores. The public concern of the environmental effects of lead 
will no doubt introduce strict legislation controlling the emis- 
sions of heavy metals as well as sulphur dioxide. 

In anticipation of such regulations, new processes have been 
proposed. One such process is the conversion of lead sulphide 
to a chloride followed by fused-salt electrolysis to produce 
metallic lead and chlorine (1 -3). The chlorine produced is 
recycled directly or indirectly for the production of lead 
chloride. Various steps in this process are being actively 
investigated in Canada by CANMET. 

Fused-salt electrolysis for the recovery of lead poses a nurn- 
ber of problems. Lead chloride alone is not a good electrolyte. 
It has a high vapour pressure and exhibits poor current effi- 
ciency with respect to lead production. However, the addition 
of alkali chlorides decreases the fuming of lead chloride and 
improves the electrical conductivities. The favoured electrolyte 
composition appears to be the PbC1,-KCI-LiCI ternary sys- 
tem. One problem with this system is the hygroscopic nature of 
LiCl. For this reason, the PbC1,-KCl-NaCl ternary system 
has been suggested and serves as an alternative electrolyte in 
spite of its slightly lower molar conductivity. 

Unfortunately, the physical properties of these ternary sys- 
tems are scarce. Recently, the densities and molar volumes of 
melts in both the PbC1,-KC1-NaCl and PbC1,-KCl-LiCl ter- 
nary systems were determined in this laboratory (4). During 
this study, it was noted that alkali chloride melts containing 

'Present address: Department of Metallurgy, Nagoya University, 
Nagoya, Japan. 

PbCl, tended to creep up the crucible wall. Such observation 
suggests that the surface tension of these melts is quite low and 
could give rise to creeping of the electrolyte during cell oper- 
ation. This phenomenon could lead to poor current efficiency. 
However, surface tension data on these systems are not 
available in the literature. 

Consequently, the present study was undertaken to deter- 
mine the surface tension of the molten salt system 
PbC1,-KCl-NaCl as a function of composition and tern- 
perature in the range of interest for the electrolytic process of 
lead recovery. 

Experimental 
The maximum bubble pressure technique was selected as the 

method for the determination of the surface tension of the molten salts. 
With this method, the density of the liquid salt can be measured 
simultaneously with the surface tension. The maximum bubble pres- 
sure method at high temperatures has been used in many investigations 
(5-7) of the surface tension of molten salts and is known to give 
accurate and reproducible values. The principles of this method are 
well established. It involves the slow formation of a gas bubble at the 
tip of a capillary immersed in the liquid. Simultaneously, the pressure 
of the gas used to form the bubble is measured in order to determine 
the maximum pressure developed inside the bubble at the very instant 
it bursts. Schrodinger (8) developed the following relationship 
between the surface tension and the maximum bubble pressure. 

y is the surface tension, r is the radius of the capillary, P, is the 
maximum pressure difference inside and outside the bubble at the level 
of the end of the tip, p is the density difference between the liquid salt 
and the gas, and g is the acceleration of gravity. 

Apparatus 
The overall apparatus used in this investigation is shown in Fig. 1. 

The furnace had a uniform temperature (2.5"C) region of 5 cm. The 
salt mixtures were contained in graphite crucibles with an inner 
diameter of 26 mm and a height of 47 mm under a purified argon 
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B 

Purified Ar 

B Needle valve device 

C Water manometer H Digital volt-meter 

D Cathetometer I Recorder 

E Pressure transducer J Temperature 

F Sic resistance controller 

furnace K Pressure stabilizer 

FIG. 1. Surface tension apparatus 

atmosphere. The capillary quartz tubes were 5 cm long, with an outer stored in a desiccator until required. The vaporization loss of lead, 
diameter of about 2.1 mm and with an inner diameter of about chloride during the purification treatment was found to be negligibly 
1.03 mm. In order to obtain precise results, it was necessary to pay small. 
careful attention to the capiliary tip. The bore must be as round as 
possible, the end flat and perpendicular to the axis of the capillary, and 
the edge of the orifice very sharp. A microscope was used to check the 
condition and the diameter of the orifice. All measurements were 
corrected for thermal expansion of the capillary orifice. 

The quartz capillary tube was connected to an alumina tube with 
alumina cement (Ceramabond #503). This assembly was connected to 
a stainless steel tube which could be moved slowly (0.417 mm/min) 
up or down with a motor. The immersion depth of the capillary into 
the liquid was measured with a cathetometer and also calculated from 
the rotating speed of the motor. The pressure inside the capillary tube 
was measured with a pressure transducer (Model PL283TC-2.5-350, 
Stathan Instruments Inc., Los Angeles) with a sensitivity of 0.001 mV 
corresponding to I Pa. The high purity argon (99.999% min.) used to 
form the bubbles was passed through a copper getter furnace and 
through two drying columns packed with drierite and P205 to remove 
any possible traces of oxygen and water. 

Materials 
The potassium chloride (Fisher A.C.S. grade), the sodium chloride 

(Fisher U.S.P. grade), and the lead chloride (Baker Analysed reagent 
grade) were pre-dried in a vacuum oven at 1 50°C. As required, certain 
amounts of each salt were mixed together to form the desired salt 
mixture. This mixture was placed into a graphite crucible located in 
the purification furnace and kept at about 180°C under vacuum (1 Pa) 
for about 10 h. Argon was then introduced and the salt mixture heated 
to just above the melting point. Chlorine gas was bubbled through the 
melt for about I h. to remove any oxides. This was followed by 
bubbling of purified argon gas through the melt for about 1 h to 
remove any dissolved chlorine. The melt was then quenched and 

Procedure 
A graphite crucible with the premixed, purified salt mixture was 

positioned inside the furnace. The capillary tip was cleaned with 
alcohol and dried with an argon gas jet before it was placed about 
5 cm above the surface of the salt mixture. Each capillary tip was used 
for only one experiment. The furnace was then flushed with argon and 
slowly heated up to the desired temperature. Excess pressure was 
applied to the capillary while it was lowered towards the melt surface. 
The capillary was then lowered very slowly until a sudden pressure 
jump was registered by the pressure transducer as shown in Fig. 2, 
indicating that the capillary had touched the melt surface. The capil- 
lary was then stopped and the surface position was recorded. The 
bubbling rate was adjusted to about I bubble/min which was in the 
region where the transducer output was independent of the gas flow- 
rate. The pressure was increased linearly with the immersion depth 
until a bubble was released at the capillary tip followed by a sudden 
decrease in pressure. The capillary immersion depth was changed 
several times while the maximum bubble pressure was recorded. The 
pressure drop caused by the formation of a bubble at the capillary tip 
is the difference in the pressure just before the bubble bursts and after 
it has burst as shown by the sawtoothed curve in Fig. 2. By measuring 
the maximum bubble pressure at different immersion depths, the den- 
sity of the salt can be calculated from the slope of the curve formed 
when the maximum pressure is plotted as a function of immersion 
depth as shown in Fig. 3. From the same plot, the pressure drop caused 
by the formation of the bubble can be found as the maximum pressure 
for zero immersion depth. Using this pressure value the surface ten- 
sion of the salt mixture can be calculated using Schrodinger's equa- 
tion. The temperature effect on the surface tension and the density 
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s L- Surface H3 H4 - Immersion depth 

Time 

FIG. 2. Typical pressure transducer output. 

8 
Temperature ("C) - 

450 - 
N 

- 7 
0 7  - 
E 
3 

a' 

4 

Immersion Depth ( mm 1 
FIG. 3. Effect of immersion depth on the maximum pressure: 

PbC1,-KC1 system. 

were determined during both heating and cooling cycles. 
A typical linear relationship between the maximum pressure and 

immersion depth is shown in Fig. 3 for a melt containing 60 mol% 
PbClz and 40 mol% KCI. The effect of increasing the temperature is 
to decrease the maximum bubble pressure for a constant depth of 
immersion. 

Results and discussion 
The maximum bubble pressure apparatus was tested by mea- 

- 0- This work 
- - ---  Desyatnikov 

0 This work 
Van Artsdalen & Yaffe 

g 2.0 A Gutierrez & Toguri 

Temperature ( "C ) 

FIG. 4. Surface tension and density of KCI-NaCI (50/50 mole 
ratio) as a function of temperature. 

suring the surface tension and density of a 50 mol% mixture of 
NaCl-KCl. The results of this study are shown in Fig. 4. The 
surface tension obtained with the present apparatus is within 
2.5% of the data of Desyatnikov (7) which are recommended 
by Janz et al. (9). Desyatnikov also used the maximum bubble 
pressure method. On the other hand, the density data obtained 
are in excellent agreement with both the recent data of 
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Gutierrez and Toguri (4) and the older data of Van Artsdalen 
and Yaffe (10). 

Based on these results, the surface tension and the density of 
pure PbC1, and the binary and ternary mixtures of PbCl,, KCl, 
and NaCl have been measured within the temperature range of 
450 to 600°C. 

In the case of pure PbCl,, the experiments were performed 
at two temperatures, 550 and 600°C. The upper limit was 
dictated by the vaporization loss of PbCl, and the lower limit 
by its melting point. Within the experimental temperature 
range the surface tension can be represented by the following 
equation: 

150 

140 - 
E 
\ 
z 

130 - 
C 
0 .- 
m 
E 120 

t- 

4 - 
5 
cn 110 

100- 

90 

As shown in Fig. 5, the present results are approximately 3.7% 
below those reported by Dahl and Duke (1 1) which are shown 
by the dotted line and which were obtained using the maximum 
bubble pressure method. 

Our results both for the pure PbCl, and for the NaCl-KC1 
binary melts are approximately 2.5 to 3.7% below the reported 
values (7, 11). One likely systematic error is that as the quartz 
tube comes in contact with the liquid surface, the tube gets 
wetted and the liquid advances up the side of the tube. It has 
been estimated that due to this phenomenon, the true liquid 
surface falls approximately 0.1 mm in comparison with the 
surface detected when the capillary tube enters the liquid. The 
uncertainty in the measurements of the capillary immersion 
depth using a cathetometer is estimated to 0.15 mm giving a 
total of 0.25 mm with a corresponding uncertainty in the sur- 
face tension values of approximately 2%. With an additional 
error of approximately 1% caused by the measurements of the 
capillary radius and the maximum bubble pressure, the total 
uncertainty is estimated to be 3%. 

The effect of temperature on the surface tension of melts 
containing equimolar mixtures of KC1 and NaCl with varying 
amounts of PbCl, is also shown in Fig. 5. The results indicate 

Temperature ( OC ) 

Temperature ( OC ) 

FIG. 5. Temperature dependency of surface tension at constant 
KCI/NaCI molar ratio in the PbC12-KCI-NaCI system. 2.5 

400 450 500 5 50 600 650 

I 

KC1 I NaCI = 111 

FIG. 6. Temperature dependency of density at constant KCl/NaCI 
molar ratio in the PbC12-KCI-NaCI system. 

that the surface tension decreases linearly with increasing tem- 
perature and decreases with decreasing amount of PbCl, for 
melts containing more than 40 mol% PbCl,. The corresponding 
density values are given in Fig. 6. The density for pure PbCl, 
obtained in the present study is in good agreement with that of 
Boardman et al. (12). The effect of temperature on the density 
of ternary melts is also illustrated and shows a linear decrease 
with increasing temperatures. Good agreement is found with 
the reported values of Gutierrez and Toguri (4) as shown by the 
dotted lines. Decreasing the concentration of PbC1, leads to a 
decrease in melt density. 

The surface tension and the density were also measured for 
mixtures with a constant amount of PbCl, (60 mol%) and with 
varying amounts of KC1 and NaCl. Figure 7 shows typical 
results for the effect of NaCl addition on the surface tension at 
various temperatures. Within the experimental accuracy, the 
surface tension increases linearly with increase in NaCl at con- 
stant PbCl, concentration. Increasing the temperature decreases 
the surface tension. The corresponding densities are illustrated 
in Fig. 8. 

The surface tension of the binary mixture of PbC1,-NaC1 is 
higher than that of a mixture containing PbCl, and KCl. From 
the obtained data, an almost linear relation can be observed 
between the surface tension of the ternary mixtures and the 
ratio of KC1 to NaCl at constant PbCl, contents. Similar re- 
latidns are observed also for the density values with the highest 
density values in the PbC1,-NaCl binary. 

The compositions of the ternary system can be expressed by 
the parameters y and t ,  where 

6.0 

5.5 

1 r 4 

KCI I NaCI = 1 I 1 

0 A v This work 
- -- Boardman et dl. ( PbC12 ) - 
-----  Gutierrez 8 Toguri 

I 
100m0I~l~PbC1~ 

I 

A 

4 0  ----- ----_ 
v-q 

\ 
100 mol%PbC12 \, 

5 .O - 
n 

. 6 
Cn 4.5 - 
% - .- 
VI 

k 4.0 
0 

Q \ 

- This work 
---- Dahl & Duke ( PbC12 

3.5 

3.0 
400 450 500 550 600 650 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1136 CAN. J. CHEM. 

NaCl (mol0l.) 

NaCl ( molO/. ) 

FIG. 7. Composition dependency of surface tension at constant 
PbC12 content (60 mol%) in the PbC1,-KCI-NaCI ternary system. 

The average surface tension values at each temperature and 
composition are given in Table 1 together with the fitted coef- 
ficients of the linear equation 

The corresponding average density values are given in Table 2 
together with the fitted coefficients of the linear equation 

Dahl and Duke (1 1) showed that the surface tension of the 
lead chloride-alkali chloride binary mixtures have a minimum 
value at approximately 40 mole percent PbCl,. The extent of 
this minimum increases as the size of the alkali ion increases 
(from Na to Cs). A similar minimum in the surface tension was 
observed in this work. By extrapolating the values of the equi- 
molar binary mixture of KC1 and NaCl to 823 and 873 K, a 
pronounced minimum can be observed at a PbC12 content of 
approximately 40 mol%, as shown in Fig. 9. The plotted points 
are based on the average experimental values and the lines are 
the least-squares fitted second order polynomials. This be- 
haviour corresponds well with that observed by Dahl and Duke 
(1 1) and by Sternberg et al. (13). This behaviour may be 
explained by the formation of surface active PbCII;,, com- 
plexes, where the value of n may be 1, 2, or 4. Support for this 
suggestion comes from studies of Raman spectra (14), surface 
tension measurements ( 1 l) ,  and density measurements (1 5). 
Similar complex formation has also been suggested in mixtures 

FIG. 8. Composition dependency of density at constant PbCI, con- 
tent (60 mol%) in the PbC12-KCI-NaCI ternary system. 

TABLE 1. Surface tension for the PbCI2-KCI-NaC1 system 

Composition* Temperature y = A + BT(K)t 

y t 723 K 773 K 823 K 873 K A B 

1 .o - - 127.5 121.4 227.9 -0.122 
0.8 0.5 - 124.1 118.8 115.8 187.9 -0.083 
0.6 1.0 119.4 114.4 109.4 103.7 194.9 -0.104 
0.6 1.0 118.5 113.0 107.9 105.2 183.0 -0.090 
0.6 0.75 123.7 117.7 112.5 108.6 196.2 -0.101 
0.6 0.5 125.2 - - 109.2 202.3 -0.107 
0.6 0.5 126.1 120.3 113.4 109.9 206.0 -0.111 
0.6 0.25 - 125.2 118.8 116.4 192.6 -0.088 
0.6 0.0 - 130.3 123.4 - 237.0 -0.138 
0.6 0.0 - 128.4 122.2 118.9 201.4 -0.095 
0.4 0.5 - - 113.5 106.5 228.7 -0.140 
0.0 0.5 105.1 99.3 179.8 -0.075 

(996 K) (1073 K) 

* y ,  mole fraction of PbCI,; t ,  mole fraction of KC1 over sum of mole 
fractions of KC1 and NaCI. 

?Surface tension (y) is given in mN/m. 

of CdCI, with alkali chlorides based on surface tension mea- 
surements (16). 

The surface tension of ternary mixtures with a given PbCl, 
mole fraction can be calculated, within experimental errors 
from the two binary systems PbCI?-KC1 and PbC1,-NaCI by 
the following expression: 

[71 y(ternary) = r*y,2 + (1 - t)*y13 

where y12 and y13 are the surface tension of the binaries 
PbC1,-KC1 and PbC1,-NaCl with the required PbC12 content. 
By assuming that this additive relation is valid throughout the 
ternary system, it is possible to calculate the surface tension of 
any mixture from the data of the two binaries PbCI2-KC1 and 
PbC12-NaCI. This additive behaviour has previously been 
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TABLE 2. Density for the PbC1,-KCI-NaCI ternary system 

Composition* Temperature p = C + DT(K)f 

y t 723 K 773 K 823 K 873 K C lo1 D 

I .o - - 4.89 4.82 6.04 -14.0 
0.8 0.5 - 4.40 4.29 4.21 5.86 -14.0 
0.6 1.0 3.80 3.71 3.65 3.63 4.58 -11.0 
0.6 1.0 3.82 3.75 3.65 3.67 4.60 -11.0 
0.6 0.75 3.77 3.75 3.65 3.67 4.28 -7.0 
0.6 0.5 3.94 - - 3.71 5.02 -15.0 
0.6 0.5 3.92 3.80 3.75 3.74 4.76 -12.0 
0.6 0.25 - 3.95 3.83 3.83 4.86 -12.0 
0.6 0.0 - 3.91 3.89 - 4.22 -4.0 
0.6 0.0 - 3.86 3.85 3.83 4.09 -3.0 
0.4 0.5 - - 3.07 3.06 3.15 -1.0 
0.0 0.5 1.54(996 K) 1.55(1073 K) 1.44 +1.0 

* y ,  mole fraction of PbCI?; 1 ,  mole fraction of KC1 over sum of mole 
fractions of KC1 and NaCl. 

?Density is given in g/cm'. 
KC I NaCl 

130 
FIG. 10. Constant surface tension lines for the PbC1,-KCI-NaCI 

A ternary system at 873 K. 
E 
\ 125- 
z increases on going from the KC1- to the NaC1-rich side. For a 
E 

w given KC1-to-NaC1 ratio a minimum in the surface tension is 
120- observed at approximately 45 mol% PbCl?, which is slightly 

higher than that found in this study. The values measured in 
this work are all within 3% from those calculated by the above 
equations with the exception of the mixture of equimolar 
amounts of KC1 and NaCl with 40 mol% PbC12 where the 
deviation is 4%. This is consistent with the present study in 
which the minimum in the surface tension was obtained for 

LI o mixtures containing 40 mol% PbC12. 
105- 

2 The density values obtained in this work using the maximum 
m bubble pressure method are not expected to be of the same 

100 8 8 8.28 8.48 0 .60 accurac; as those obtained by direh Archimedean methods. 
8.80 I . 0  Nevertheless, the data obtained in the present study were in 

MOLE F R A C T I O N  O F  P b C l z  excellent agreement with those of ~u t i e r rez  and Toguri (4) who 
used a bottom-balance Archimedean technique. 

FIG. 9. Composition dependency of surface tension at constant 
KCI/NaCI molar ratio (50150). Conclusions 

found (4) to be valid for the molar volumes of ternary mixtures 
of PbC12, KCl, and NaCl. By using reported (9) binary surface 
tension values, the following equations were found by a least 
squares curve fitting: 
PbC1,-KCl: 

[8] y12 = 177.35 - 17.82*y + 73.49*y2 

By using these equations, constant surface tension lines can be 
calculated. Figure 10 shows the liquidus lines and the constant 

(1) The surface tension and densities of the PbC1,- 
KC1-NaCl ternary system have been determined over the tem- 
perature range 450 to 650°C by a maximum bubble pressure 
method. 

(2) The surface tension of these melts were found to be 
additive at constant values of y and this behaviour could be 
described by the additivity rule with respect to t: 

where the two binary systems, each containing PbC12, are de- 
noted by the subscripts 12 and 13. 
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GILLES VILLEMURE, HIDEOMI KODAMA, and CHRISTIAN DETELLIER. Can. J. Chem. 63, 1139 (1985). 
A pH 7.0 solution of methyl viologen, tris(2,2'-bipyridyl)ruthenium(II) chloride and triethanolamine acting as a sacrificial 

donor, produces hydrogen when irradiated by visible light (>395 nm) in the presence of a montmorillonite. We have observed 
a maximum production of hydrogen corresponding to an optimum ratio methyl viologen/clay. Preferential adsorption studies 
have allowed us to relate this optimum ratio to a particular distribution of the dicationic organic species on the clay surface: 
methyl viologen is intercalated into the layers and shares the occupancy of the external surface area in a ratio three-to-one with 
tris(2,2'-bipyridyl)ruthenium(Il). Nine different homoionic clays were prepared and, compared to the natural one, showed no 
drastic difference in the hydrogen production. 

GILLES VILLEMURE, HIDEOMI KODAMA et CHRISTIAN DETELLIER. Can. J. Chem. 63, 1139 (1985). 
En prCsence d'une montmorillonite, soumise a I'irradiation par la lumikre du visible (>395 nm), une solution de viologkne 

de mCthyle, de chlorure de tris(2,2')-bipyridyle de ruthenium(I1) et d'un donneur sacrificiel (la triethanolamine), produit de 
I'hydrogkne. Nous avons observt une production maximum d'hydrogkne correspondant a un rapport optimum de viologtne 
de mCthyle/argile. Des Ctudes d'adsorption prefkrentielle ont permis de relier ce rapport optimum ?I une distribution particulikre 
des espkces chargCes dicationiques sur la surface de l'argile: le viologkne de mkthyle est intercalk entre les couches et partage 
I'occupation de la surface externe avec le bipyridyle de Ruthtnium dans un rapport trois/un. Neuf argiles homoioniques 
differentes ont CtC preparees et ne montrent pas de diffkrence notable pour ce qui est de la production d'hydrogtne, lorsque 
comparCes a I'argile naturelle. 

Introduction 
Montmorillonite is a naturally occurring aluminosilicate (1) 

with a layer structure. Each layer is built up of two tetrahedral 
Si-0, sheets with their vertices pointing inwards, between 
which cations, mainly Al(III), are octahedrally coordinated. 
Isomorphous replacement of aluminum(II1) by magnesium(I1) 
or iron(I1) in the octahedral sheet and/or of silicon(1V) by 
aluminum(III) in the tetrahedral sheets results in a global nega- 
tive charge which is balanced by aquated cations (Nat and/or 
Ca2+) occupying the interlamellar space. Those cations are 
exchangeable and can be replaced by any positively charged 
organic or inorganic species. Interlamellar water molecules can 
also be exchanged with organic neutral molecules. Therefore, 
this fascinating material has known many applications. "Maya 
Blue", an acid, base, or temperature-resistant pigment was 
obtained by Mayas in the eighth century by incorporating an 
organic pigment (indigo) into a clay (attapulgite) (2, 3). Clays 
may have played an important role in the prebiotic formation of 
oligopeptides (4, 5). Recently, organic reactions effected by 
clay supported, or intercalated, reagents have been developed 
(6), and a rhodium catalyst intercalated into hectorite layers 
displays selectivity for olefin reduction (7). Clays play an im- 
portant role in protecting ground water sources from con- 
tamination by capturing heavy metals (8) or organic herbicides 
such as paraquat (9, 10). 

Paraquat (1,l '-dimethyl-4,4'-dipyridinium dichloride), also 
called methyl viologen, is used as an effective electron relay in 
the process of water photoreduction (1 1). Hydrogen production 

'To whom all correspondence should be addressed. 

from water photosplitting by visible light is an important goal 
in solar energy conversion and storage. A system consisting of 
an electron relay, such as methyl viologen (MVZt), a photosen- 
sitizer, such as tris(2,2'-bipyridine)ruthenium(II) ( R ~ ( b p y ) ~ ~ + ) ,  
a sacrificial donor, such as triethanolamine (TEOA), and a 
catalyst, such as colloidal platinum, can effect water photo- 
reduction (12). We have shown that this system in the absence 
of platinum, but in the presence of a natural clay, called 
Wyoming Bentonite, produces hydrogen, if irradiated by vis- 
ible light, at pH 7.0 (13). Clay minerals (sepiolite or hectorite) 
have been used as a supporting material for a water photo- 
oxidation catalyst, RuO, (14), or as a simultaneous support for 
two catalysts, Ru02 - in view of water photooxidation - and 
Pt - in view of water photoreduction (15). We show in this 
article how hydrogen is photoproduced in the presence of a 
natural clay, and we propose an interpretation for the role of the 
clay. 

Experimental 
Tris(2,2'-bipyridyl)ruthenium(II) chloride was purchased from 

Alfa, methyl viologen, triethanolamine, and sodium ethylene diamine 
tetraacetate (EDTA) from Aldrich, and were used without further 
purification. Buffers were Fisher solutions (monobasic potassium 
phosphate and sodium hydroxide for pH 7.0 and potassium biphthalate 
for pH 4.0). The clay was a Wyoming Bentonite from Clay Spur, 
Wyoming, USA. The <0.2 pm fraction of Wyoming Bentonite was 
separated using conventional techniques (gravitation). 

Homoionic clays were prepared by saturating the original bentonite 
(mainly Na-form) with one of the following chloride solutions: Ni(II), 
Cu(II), Zn(lI), Co(Il), Mg(II), Ca(II), Sr(II), Li(I), or NH4(I). Excess 
salts were removed by dialysis. The reaction mixtures used for the 
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Frc. I .  Production of hydrogen as a function of MV2' concentra- 
tion (see Experimental part for description of the conditions). 

experiment given in Fig. 1 were prepared in the following way, 
keeping the same order of addition of the various reagents under 
argon: 10 mL of the pH 7.0 buffered solution was added to 0.8 mL of 
TEOA, followed by the addition of 0.2 g of clay, a variable amount 
of MV2', 0.0192 g of Ru(bpy),", and deoxygenated and deionized 
water in order to keep a constant total volume of 60 mL. Other 
experiments were based on the same typical procedure. The reaction 
mixture in a round bottom flask (cross-sectional area 75 cmz) was then 
illuminated under argon with a 300 W tungsten-halogen lamp (at 
25 cm from the center of the solution) through a 395 nm glass filter 
(Ealing, GG-395). Quantitative determinations of the hydrogen 
produced was effected by gas chromatographic analysis on a 5 A 
molecular sieves column. Oriented thin films of clay which had been 
exchanged by Mv" and ~ u ( b ~ y ) , "  were examined by an X-ray 
diffraction method to measure the change in dm,-spacing of the clay. 
The clay films were prepared by drying clay suspension (containing 
20 mg sample) on glass slides. Diffraction patterns were recorded on 
a Scintag computer-automated X-ray diffractometer using Co radi- 
ation. Adsorption of methyl viologen or Ru(bpy)?'+ by montmor- 
illonite was quantitatively measured by uv-visible spectra of the 
supernatant after 15 h stirring of the Na'-exchanged clay in the methyl 
viologen (257.5 nm band) or Ru(bpy)," (452 nm band) solutions. 

Results and discussion 
We have previously shown (13) that a solution of MV2+, 

Ru(bpy):+, and TEOA at pH 7.0, in the presence of clay, 
produces a maximum amount of hydrogen at a given clay 
concentration. We have now checked that this maximum corre- 
sponds to an optimum value of the ratio MV2+/clay and not to 
an opacity effect due to a too large clay concentration. Figure 
1 shows the production of hydrogen as a function of methyl 
viologen concentration for a given amount of clay (3.3 g/L).* 
In the previously reported (13) experiment, and in this experi- 
ment, the maximum amount of hydrogen evolved correspbnds 
to the same ratio [MV2+]/[clay], equal to 1.5 mmol of MV2+/g 
clay. This is three times higher than the typical cation exchange 
capacity of montmorillonite (100 mequiv./100 g) (10). 

The production of hydrogen was also followed as a function 
of the concentration of clay and MV2+, when their ratio was 

'Under the same conditions, but at pH 4.0,  using EDTA as the 
sacrificial donor, the hydrogen production is ten times higher. 

TABLE 1 .  Hydrogen production as a function of MV2' and clay con- 
centrations, at constant ratio (1.67 mmol MVz'lg clay) 

Hz" 
(Pmol/L) 

"H2 produced after 20 h of illumination of a system containing R ~ ( b ~ y ) ~ ' '  
(5 X 10-'M), TEOA (I .O X 10-'M), MV" and montmorillonite at pH = 7.0, 
under argon. 

TABLE 2. Effect of the clay associated metal cation on hydrogen 
production in the presence of homoionic montmorillonites 

Hz" 
Clay-associated metal cation (kmol/L) 

c u 2 +  
Ni" 
s r2+  
Zn" 
Caz+ 
Cd" 
Mg2' 
NH,' 

Natural 

"Hz produced after 20 h of illumination of a system containing MV" (2.5 
x IO-.'M), ~ u ( b ~ ~ ) , ' +  (5.0 x IO-~M),TEOA(I.O X 10-I M),  clay (1.5 g/L) 
at pH 7.0 under argon. 

kept at a value close to the optimum observed value (Table 1). 
Since the concentration of Ru(bpy);+ was kept constant, the 
hydrogen production should increase with an increase in the 
MV2+ concentration. However, the observed hydrogen produc- 
tion increase depended only slightly upon the quantity of MV2+ 
in the experiment (Table 1). The opacity of the reaction mixture 
becomes important at high clay concentrations and can counter- 
balance a higher concentration of electron relay species. We 
checked that the system was independent of the nature of the 
cation with which the clay was saturated. That is for the nine 
different homoionic montmorillonites used (Table 2), we did 
not observe any synergistic effect between methyl viologen and 
the interlayer cation for the hydrogen production. The order of 
magnitude of the hydrogen production is the same as the one 
observed in the case of the original clay. 

We determined the adsorption capacity of a homoionic clay 
(<0.2 p,) for MV2+ and Ru(bpy):+ (see Experimental). The 
maximum quantity of MV2+ and Ru(bpy),'+ adsorbed by the 
clay were 89 + 8 mequiv./100 g and 83 + 5 mequiv./100 g, 
respectively. These values are in good agreement with litera- 
ture data (10) for MV2+ (100 mequiv./100 g) and close to the 
exchange capacity of a typical montmorillonite (102 mequiv. 
/ 100 g) (10). Figures 2 and 3 show the competitive adsorptions 
of MV2+ and Ru(bpy);+ by the montmorillonite. 

When the two cations were added simultaneously to the clay 
suspension (Fig. 2), we observed a quasi-equal distribution of 
the cationic species between the two phases. At low Ru- 
(bpy)32+/MV2+ ratios, no preferential adsorption is observed. 
The clay and the water phases contain the same molar ratio in 
~u(bpy)~ '+  vs. total concentration of charged organic species. 
At high Ru(bpy),'+ concentrations a slight preferential adsorp- 
tion of MV2+ is observed. In our experimental procedure Ru- 
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VILLEMURE ET AL. 1141 

2t 
Molar Fraction of Ru ( b ~ y ) ~  ( C / ~ , )  in Salution 

Frc. 2. Molar fraction of Ru(bpy)," adsorbed on clay 
[ ~ u ( b ~ y ) ~ ~ + ] , ~ , / ( [ R u ( b p y ) ? + ] ~ ,  + [MV2+Idd,) as a function of molar 
fraction of R ~ ( b ~ y ) , ~ '  in solution (see text). 

Molar Fraction of ~ u ( b p ~ l y  (c/c,) in Solution 

FIG. 3. Molar fraction of Ru(bpy)," adsorbed on a clay on which 
M V ~ '  has been previously adsorbed, as a function of molar fraction 
of ~ u ( b ~ ~ ) , ~ '  in solution (see text). 

( b ~ ~ ) , ~ +  was added to the system after MV2+, when the clay 
interlamellar sodium has already been exchanged with MV2+. 
The ability of Ru(bpy):+ to displace preadsorbed MV" was 
therefore studied (Fig. 3). Ru(bpy):+ can displace only a 
limited fraction of the MV2+. Even with Ru(bpy):+/MV2+ 
ratio equal to 10, only 22 + 3% of the MV2+ is displaced (see 
Fig. 3). X-ray results showtd that the dm, spacing was muth 
smaller for MV2+ (12.55 A) than for R U ( ~ ~ ~ ) , ~ +  (17.4 A) 
(Table 3). The thickness of the silicate layer being 9.6 A, an 
interlamellar space of 2.95 A accommodates methyl viologen. 
This space is too narrow by far to permit the incorporation of 
Ru(bpy),?+. One can estimate the ratio between external areas 
and total areas of a montmorillonite to be about 30% (16). 
Therefore, small amounts of Ru(bpy),l+ can be adsorbed on the 
external area of the clay, entering in competition with MV2+ for 
occupation of these sites, the internal sites not being available 
for Ru(bpy):+. This is in agreement with the optimum MV2+/ 
clay concentrations ratio observed for hydrogen production. 
When the MV2+ concentration is too high, the clay surface is 
saturated with MV2+ (Table 3). 

All these observations lead us to a model for the active site 

TABLE 3. Adsorption of MV" and R U ( ~ ~ ~ ) ~ "  by montmorillonite 
and X-ray determined basal spacings (see Experimental section) 

Basal spacings 
Amount adsorbed 

Cation (mequiv./g) Measured (A) Literature (A) 

Na' - 10.7 10.6(9) 
MV" 0.89*0.08 12.6 12.4(10) 
Ru(bpy)," 0.83-tO.05 17.4 18.0(21) 

responsible of the electron transfer to H+: (a) MV" displaces 
Na+, and/or any other interlamellar metal cations completely 
in such a way that the maximum exchange capacity of the clay 
has been attained. (b) The aggregate clay/MVW is particularly 
stable, with the dicataon probably adopting a flat conformation 
squeezed in a 2.95 A intersheet distance. (c)  Ru(bpy),'+ can 
enter in competition with MV2+ adsorbed on external sites on 
the clay. The distribution of Ru(bpy);+ and MV2+ between 
external sites and the solution is not preferential. One dication 
out of three on the external sites is Ru(bpy),", reflecting the 
organic cations solution ratio under our optipum experimental 
conditions. (d) MV2+ is reduced to MV. on the external 
surface and/or on contact sites between external Ru(bpy),l+ 
and intercalated MV2+. Efficient charge separation can be 
achieved in aqueous suspensions of colloidal silica (17). Simi- 
larly the clay colloidal suspension suppress at least partially the 
reverse electron transfer between ~u(bpy),'+ and MV;. The 
coexistence of electron acceptor sites, such as aluminum at the 
crystal edges (18) and electron donating sites, such as transition 
metals in the reduced states (18) can effect the electronic 
transfer to the protons, generated at the highly acidic mont- 
morillonite surface (19). Titanium(ll1) exchanged zeolite A 
in water yields hydrogen under visible illumination (20). 
Local clay area containing titanium could be involved in the 
electronic transfer process. 
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HELMUT BEIERBECK, GEORGE KOTOVYCH, and MAKIKO SUGIURA. Can. J. Chem. 63, 1 143 (1985). 
The conformations of prostacyclin, PG12, and three of its analogues, 6R- and 6s-PGII and carbacyclin, were studied by high 

field 'H nmr spectroscopy. The cis-bicyclo- and cis-oxabicyclo[3.3.O]octane ring conformations were completely assigned. 
The minima for the pseudorotational conformations are observed at 7 ~ / l z ~  for PGI?, :,T/:~T for 6R-PGI,, and 6 E / 1 ' ~  for 
6s-PGI, and carbacyclin. The data indicate that each molecule adopts a narrow pseudolibrational range, if not a single 
conformation. The a- and w-side chain conformations were characterized, but not unambiguously. Vicinal coupling constants 

- - 
and nuclear Overhauser enhancements proved to be the most useful spectroscopic parameters in this study. 

HELMUT BEIERBECK, GEORGE KOTOVYCH et MAKIKO SUGIURA. Can. J. Chem. 63, 1143 (1985). 
Faisant appel i la rmn du 'H a haut champ, on a CtudiC les conformations de la prostacycline, PGI?, et de trois de ses 

analogues, les 6R- et 6s-PGI, et la carbacycline. On a rCussi a faire des attributions compl&tes pour les conformations des cycles 
cis-bicyclo et cis-oxabicyclo[3.3.0] octanes. On a observC les positions des minima des conformations pseudorotationnelles 
du PG12, 6R-PGI, ainsi que 6s-PGI, et carbacycline qui se situent respectivement i 7 E / I z ~ ,  :;,T/:~T, et 6E/"E. Ces donnCes 
indiquent que les variations conformationnelles de chaque molCcule sont limitCes, mais qu'elles ne sont pas IimitCes a une seule 
conformation. On a caractCrisC les conformations des chaines latCrales a et w; toutefois ces caractCrisations ne sont pas sans 
ambiguitks. Les constantes de couplage vicinales et les effets Overhauser nuclCaires se sont avCrCs les paramktres spec- 
troscopiques les plus utiles de cetteCtude. 

[Traduit par le journal] 

In a recent series of articles (1-4) we reported ' H  nmr 
chemical shifts and coupling constants for prostacyclin and 
three of its derivatives, compounds of considerable pharma- 
cological interest. Prostacyclin or PG12, first isolated in 1976, 
is a potent vasodilator and inhibitor of platelet aggregation (5, 
6). It is rather unstable, however, and a number of biologically 
active analogues were developed ( 3 ,  among them the isomeric 
5,6-dihydroprostacyclins, 6R-PGII and 6s-PGII, and carba- 
cyclin, in which the ether oxygen is replaced by a methylene 
group. In the present study we have undertaken a detailed 
conformational analysis, based on ' H  nmr coupling constants 
and nuclear Overhauser effects, of this important group of 
prostaglandins. 

X =  0 PG12 
HOllll X = CH2 Carbacyclin 

13 9 H 
H 

\ 15 

H 0' 
(CH2)4CH3 

H 

R, = H, R2 = (CH2)4COO- 6R - PGI1 

I 

I Experimental 
The samples of PGI?, 6s-PGI,, 6R-PGI,, and carbacyclin used in 

this study were gifts from Drs. R.  A. Johnson, J. E. Pike, and D. R. 
I Morton of Upjohn, Kalamazoo. For the measurements of coupling 

'Paper No. 10 in a series of high-field nmr studies on the prosta- 
glandins and leukotrienes. 

2Author to whom correspondence should be addressed. 

constants in chloroform solution, CD,OD was distilled into nmr tubes 
containing PGI? methyl ester or 6s-PGII, respectively, to exchange 
labile protons; the methanol was then evaporated and CDCI, added. 
The prostaglandin concentrations were -0.005 M. The samples were 
sealed after four freeze-pump-thaw cycles. PGIz samples were 
prepared in glycine/D20 buffer solutions at pH 2 10. Solutions were 
0.005 M PGIz in a 0.20 M and 0.015 M buffer and 0.017 M in 
0.02 M buffer to check for the effect of concentration on the T ,  data. 
The high pH was necessary to prevent PGI? hydrolysis. For 6s-  and 
6R-PGI,, a 0.10 M phosphate/D20 buffer of pH = 7.0 was used. The 
samples were weighed into nmr tubes, buffer solution added, the 
solvent evaporated, fresh 100% D 2 0  added, and oxygen removed in 
four freeze-pump-thaw cycles. 6s-PGI, concentrations were 0.005 
M, 0.008 M, and 0.013 M while the 6R-PGI, solutions were 0.005 M. 
All glassware was cleaned extensively, including a nitric acid wash, 
to eliminate paramagnetic impurities. 

All nmr measurements were carried out on a Bruker WH-400 FT 
nmr spectrometer equipped with an Aspect 2000 data system, using 
16K, 32K, or 64K of memory, as required. The solvent deuterium 
resonances served as lock signal. All 'H nmr spectra were run at 
ambient temperature, but the "C measurements were carried out at 
277 K to minimize decomposition. The nonselective longitudinal 'H 
relaxation times were determined using the 180"-t-90" pulse 
sequence as discussed previously (I) .  

Quantitative nOe's were determined as follows. The decoupler was 
set to the first of three or four multiplets and eight transients recorded 
in quadrature detection mode, the decoupler moved to the next multi- 
plet, and finally far off resonance. The control free induction decay 
(FID) was subtracted from each nOe FID, and the decoupler reset to 
the first multiplet for the next cycle. Each multiplet was irradiated for 
a time t 2 5TI  with sufficient power to just saturate that signal. The 
nOe's were derived from the integration curves of the signals of 
interest and the saturated signal in the difference spectrum. Each 
quoted nOe value is the average of at least three determinations. 

The I3C chemical shift assignments for PGI? are based on the 
spin-echo technique with gated decoupling and on selective "C-{'H) 
decoupling experiments. With the exception of C, to C3, our values 
are in good agreement with Iiterature data for the PGIz methyl ester in 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1144 CAN. J. CHEM. VOL. 63. 1985 

CDC13 (7). The 180"-1-90" pulse sequence was used in the "C T ,  B = I O / { ~ L ' ~ ~  X [37C/(l + ~ '72)  + 12~,/(1 + 4w27,2)]} 
experiments. 

Ring conformations 
Calculations In order to simplify the pseudorotational analysis of the ring 

systems, PGI? and the PGI, isomers were assumed to be cis- 
Coupling constants bicyclo[3.3.0]octane derivatives like carbacyclin. The con- 

Vicinal in HRlR'C-CHR3R segments formations of cyclopentane may be described by AItona's pseu- 
were calculated with Altona's equation (ref. 8) dorotation equation (ref. 13) 

d 

- 2.32 cos2 ( t i+  + 17-91Axil)} 
where 

+ = proton-proton torsion angle 
Ax; = difference in Huggins electronegativities (9) 

b e t ~ e e n R ~ a n d H ( ~ ~ - ~ ~ = 0 . 4 , ~ ~ - ~ ~ =  1.3) 
t i  = + 1 and - 1 for substituent R; clockwise and coun- 

terclockwise from the coupled geminal proton. 
Three- and four-bond vinyl-allylic coupling constants were 
estimated with Garbisch' equations (ref. 10) 

Nuclear Overhauser effects 
For the case of isotropic motion and dipole-dipole relax- 

ation the fractional enhancement fd(s) at nucleus d on satur- 
ating signal s is given (1 1) by 

where 

gd(i)  = the geometric term 

Nj = number of magnetically equivalent nuclei j 
rdj = distance between protons d and j 
A = the correlation term 

= [67c/(1 + 4w27:) - TC]/[T, + 3~ , / (1  + w27:) 
+ 67,/(1 + 4w27f)] 

The brackets in (r,i6) indicate conformational averages (12), 
where appropriate. The nOe's for a given molecular con- 
formation were obtained as follows. Coordinates for that con- 
formation were generated as outlined below, proton-proton 
distances were derived from these coordinates, and the gd(i) in 
eq. [4] were evaluated. The nOe's were then obtained by an 
iterative fit of expression [4] to the observed values, calculating 
the constant A from an assumed correlation time or treating it 
as an adjustable variable in a least-squares fit. 

Relaxation times 
Nonselective 'H relaxation times were calculated by a least- 

squares fit of eq. [5] (1 1) to the observed values, treating B as 
variable. 

6, + (N; - l)r,i-6 
j f i  

where 

where 

+ j  = C-C torsion angle about C,-,-Cj 
+,,, = maximum torsion angle 

p k  = phase angle of pseudorotation 
= 18k; k = 0, 1...19 

With +,,, = 48" the torsion angles in the twist and envelope 
conformations have the following values. 

The vaIency angles shown are Hendrickson's (14) values for 
Pitzer's (15) cyclopentane conformations, and were used in the 
derivation of ring coordinates. 

In order to form cis-bicyclo[3.3.0]octane, two cyclopentane 
rings have to be joined at bonds with identical torsion angles. 
Since the rings may be combined up-up or up-down, 2 x 2 0  
conformations are generated (the two combinations give identi- 
cal results, when the torsion angle about the common bond is 
rt+,,,). Protons and carbon substituents were attached to the 
rings as shown. 

Side chain conformations 
Only coordinates and conformer populations for segment 

H3-HI, were needed, since Ti's and nOe's were only available 
within the range H5-H15. The conformations of the abbreviated 
a- and w-chains were built with C-C and C=C bond lengths 
of 0.154 and 0.134 nm, tetrahedral and trigonal bond angles, 
and eclipsed C(sp2)-C(sp3) and staggered C(sp3)-C(sp3) ro- 
tamers. Side chain conformations with syn-axial &interactions 
were excluded. The population X ,  of a given chain con- 
formation is the product of the populations pik of the rotational 
states of the constituent bonds (16) 
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BEIERBECK ET AL. 1145 

TABLE 1. Experimental and calculated coupling constants (in Hz) for the ring protons in PGI,, 6R-PGII, 6s-PGI,, and 
carbacyclin 

PG12 6R-PGII 6s-PGII Carbacyclin 

Observed Calcd. Observed Calcd. Observed Calcd. Observed Calcd. --- 
CDCIT DzO(1) 'E/lzE DZO(2) : a ~ / : : ~  CDC13h D20(3) 6E/I1E CDCls(4) ~ E / " E  

6aa.9 2.0 0.7 
6aP,9 8.9 8.5 
6a,7a 4.8 4.6 4.1 
6a,7P 9.8 10.4 11.4 
6P,7a 9.1 10.9 
6P77P 6.3 5.3 
7a,7P 15.4 15.5 12.0 12.5 12.4 14.8 
7a,8 0 0 1.2 5.0 6.8 0 0.5 0.7 0 0.7 
7P,8 8.0 7.6 5.4 9.1 10.3 8.3 8.1 8.5 8.7 8.5 
8,9 6.3 6.5 6.4 7.2 8.1 7.2 7.6 9.2 8.7 10.3 
8,12 8.8 10.7 11.3 9.7 10.5 9.0 10.0 9.0 9.7 9.0 
9,10a 2.8 3.0 2.8 4.4 5.3 5.5 6.0 7.8 7.7 9.5 
9, lop 6.4 7.2 9.8 7.2 9.8 7.0 7.6 8.6 8.2 8.7 

lOa,lOP 14.4 14.3 13.6 13.6 12.9 12.2 
1Oa.11 8.1 8.7 7.8 9.3 9.5 9.6 10.5 10.4 10.0 10.4 
lOP,ll 7.8 8.7 8.6 7.2 7.2 6.9 6.8 6.1 7.0 6.1 
11,12 8.1 8.7 9.7 9.3 10.0 9.5 10.0 9.7 9.8 9.7 

"Experiments carried out on the methyl ester. Side chain coupling constants (Hz): J5.10 = 0. J5.18 = 1.7, J I ~ . ~ ,  = 8.1. J1,.14 = 15.3, 
J14.15 = 6.6, J15.16 = J15.16* = 6.4. 

bw-chain coupling constants are similar to PGII/CDCI, values. 

where n = number of bonds with three rotational states. Rota- 
mer populations were derived from coupling constants or 
treated as variables. The X I  are the weighing factors for the 
rdj-6. 

Results and discussion 
The conformational analysis of PGI,, the PGII'S, and car- 

bacyclin is based on two complimentary 'H nmr parameters, 
namely coupling constants (Table I), which define the orien- 
tation of vicinal protons, and nOe's (Table 2), which are sensi- 
tive probes of steric interactions. Relaxation times (Table 3) 
proved less informative, since conformational variations of 
internuclear distances tend to average in the sum of the relax- 
ation contributions. For this reason, however, TI'S are useful 
motional probes, i.e. they define the molecular region in which 
the isotropic correlation time approximation for nOe's is justi- 
fied. The nonselective relaxation times for PGI, and the PGII1s 
are well reproduced for HS-HIS and H6-H,S, respectively 
(Table 3), and the I3C NTl's for PGI, are approximately equal 
from CS to CIS (Table 4), as in PGF,, (17, 18). The nOe 
expression [4] should therefore be applicable in this range, and 
indeed agreement is satisfactory (Table 2). Correlation times 
derived from the nOe's (7, = 0.24 ns) and Ti's (T, = 0.1 ns) 
are somewhat different, however. Relaxation times derived 
with T, = 0.24 ns are about 70% of the values obtained 
with T, = 0.1 ns. This discrepancy should not affect the 
conformational arguments. 

The ring conformations for all four substrates are readily 
derived from the vicinal coupling constants. Plots of standard 
deviations between calculated and observed coupling constants 
vs. pseudorotational conformations (Figs. la and lb) show 
well-defined minima at 'E/,,E (PGI,), ;,T/::T (6R-PGII), and 
,E/"E (6s-PGI, and carbacyclin), indicating that each mole- 
cule adopts a narrow pseudolibrational range, if not a single 
conformation. In all cases the Cll-CI2 torsion angle is at or 
near its maximum and the 11- and 12-substituents are pseudo- 

equatorial. The 6R-PGI, and carbacyclin conformation 6E/"E 
is the conformational minimum of cis-bicyclo[3.3.0]octane 
(19, 20). 

6R - PGI1 
Conformation 

:T 

6s - PGI1 
Conformation 

6 ~ / 1  E 

Carbacyclin 
Conformation 

6 ~ / 1  E 
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I 1  I I I I I I I I I I  I I I I I I I I  

:T 'E ,;T ,,E ,b,T 'E $T 7E :T 'E :T 'E ':T 'OE ':T 'E :T 'E ET ,E 

;T 1 8 2 ~  IZE ;:T 'IE ;AT IOE l ;~  'E ;T ,E I;T I2E ::T I:T IOE I:T 'E 

Ring conformation 

6s - PGI1 
I 4 I I I I I I l I I I I l I I I l l  

:T ,E ET 7~ :T 'E ':T "E ';T 'E !T 'E 8 7 ~  7E ;T 'E ,b,T 6.,E LT 'E 

;T 8~ I ; ~  IzE ::T I IE :AT loE l ; ~  'E PgT ,E I2gT 12E ;:T llE :qT IOE ' O ~ T  'E 

Ring conformation 

N 

2 a : l l p - O H . 1 2 a - n C 3 H 7  m 
7 b : l l a - O H , 1 2 a - E - C H = C H - P h  
l c :  l l a - O H ,  12P-CH3 

:T 'E I ; ~  12E I:T 'IE {AT loE l ;~ 'E :T ,E ':T I2E ::T IIE ',:T IOE I:T 

Ring conformation 

FIG. 1. Plots of standard deviations between calculated and ob- 
served vicinal proton coupling constants vs. pseudorotational con- 
formations for PG12, 6R-PGI,, 6s-PGI, and carbacyclin ( la  and Ib), 
and for I 1-hydroxy, 12-alkyloxabicyclo[3.3.0]octan-6-one data taken 
from ref. 21 (Ic). 

FIG. 2. Plots of calculated nuclear Overhauser effects and standard 
deviations (SD) between calculated and measured nOe's vs. the QOQ- . . 
ulation of the principal CIZ-C13 rotamer. Figs. 2a-2f: PGI,; Fig. 2g: 
6s-PGI 1 .  

The PG12 minimum in Fig. la is not much shallower than the 
minimum in Fig. Ib. Only two of the nine coupling constants 
of PG12, J,,,, and J7@.,, depend specifically on the ether ring 
conformation, and the minima in Figs. la and lb are essentially 
determined by the cyclopentane ring conformation 12E. That 
the ether ring conformation is indeed (minimum in Fig. 1 b), 
and not 6aE, is readily apparent from the vicinal coupling 
constants J7rn., and 57@.8, 
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J70 .8  J7p.x 

& / I ~ E  3.9 H z  11.0 H z  
7 E / ~ z E  1.2 Hz 5.4 H z  
Exp. -0 7.6 Hz 

from the long range coupling constants J,,,, and Js,7p, 

$5.70 $5.7~ IJ5.7aI IJ5.7~1 

6>E/lzE -88.3' 31.7' 2.6 E!z 0.2 H z  
7 ~ / 1 2 ~  -14.3' 105.7' 1.4 Hz 2.4 Hz 
Exp. 0 1.6 Hz 

BEIERBECK ET AL. 

and from the nOe's between H5, H7,, and H7P 

f 4 7 4  fs(7P) f70(5) f7p(5) 

6=E/!zE 0.5% 4.2% 0.2% 1.0% 
7E/12E 4.9% 0 1.4% 0 
Exp. 5.0% 1.8% 3.0% 0 

Nuclear Overhauser effects also provide convincing support 
for the 6s-PGI, conformation 6E/11E established on the basis of 
vicinal coupling constants (Fig. lb). 

~ T / : : T  0.202 nm 0.455 11.6% 0.497 12.6% 0.268 nm 0.091 1.9% 
6 E / 1 1 E  0.239 nm 0.199 4.9% 0.241 5.7% 0.243 nm 0.218 5.1% 
FT/;:T 0.293 nm 0.048 0.9% 0.068 1.3% 0.219 nm 0.392 9.9% 
Obs. 3.2% 4.0% 4.2% 

The H6-HI, and, to a lesser extent, H7,-HI, distances are 
undoubtedly overestimated by using cis-bicyclo[3.3.0]octane 
as model. Nevertheless, the assignment seems unambiguous, 
since r6-,, and r7,-,, vary significantly and in opposite direc- 
tions from one conformation to the next on the pseudorotation 
path. 

De Clercq and Samson (21) published coupling constants for 
a series of synthetic lactone analogues of PGI,, and it seemed 
worthwhile to look at the effect of replacing C6=Cs by C6=0 
on the ring conformations. Surprisingly, no clear minimum 
could be found for the 1 la-hydroxy, 12P-alkyl derivatives of 
oxabicyclo[3.3.0]octan-6-one (Fig. lc), for which the authors 
(2 1) proposed the ~ Y T  conformation (prostaglandin system). 
Averages over several contiguous conformations gave similar 
negative results. Interestingly, reasonably sharp minima at 
:,T/~:T were obtained for the 1 la-hydroxy, 12a-alkyl and 
1 1 P-hydroxy , 12a-alkyl derivatives (Fig. lc). 

Acyclic C(sp2)-C(sp3) bonds like C4-Cs in PGI, or car- 
bacyclin, CI2-Cl3 and C14-CIS in the w-chain, are known 
(see, for instance, ref. 22) to prefer rotational states in which 
the double bond eclipses a single bond. This is borne out in the 
crystal structures of prostaglandins (23-27), where the 
C12-H and CIS-H bonds are more or less coplanar with 
CI3=Cl4. However, the vicinal coupling constants in solution 
(e.g. J,,,,, = 8.1 Hz for PGI,) certainly do not agree with an 
exclusive trans orientation, for which eq. [2] estimates a value 
of 11.6 Hz. Either C12-C13 is in a rotational state with an 
HI,-HI, angle close to 150°, as suggested by Conover and 
Fried (17), or other eclipsed rotamers are significantly popu- 
lated. If Jm0 = 3.6 Hz, CI2-Cl3 rotamers 2 and 3 would have 
to be occupied about half the time, 

although it is difficult to place confidence limits on that value. 
The nOe technique seemed well suited for estimating CI2-CI3 
rotamer populations, since H,, HI , and HI, provide close con- 
tacts for HI, and especially HI, at each stop on the CI2-Cl3 
rotation path. Consequently the average distances, and there- 
fore the nOe's, change significantly and in opposite directions 
on varying p1(12- 13) (Figs. 2a-2e). Unfortunately HI, and 
HI, form an AB system and only the fi(13, 14) are available, 
with contradictory results. The nOe's for PG12 confirm the 
coupling constant evidence, pl(12- 13) = 0.6 (Fig. 2f), 
whereas, according to the fi(13, 14) for 6R-PGI,, there is essen- 
tially only one conformation, pl(12- 13) = 0.9 (Fig. 2g). The 
nOe's and TI'S in Tables 2 and 3 were calculated with 
p ,(12- 13) = 0.5, but only a substrate with well-separated HI3 
and HI, signals is likely to provide an unambiguous answer. 

The substitution pattern around CI4-CIS is similar to 
CI2-Cl3, except for a replacement of carbon by oxygen. Equa- 
tion [2] for vinyl-allylic coupling constants does not have a 
substituent term, but the electronegativity correction term of 
eq. [ l l  

accounts well for the observed difference JI4.l5 - J12,13 = (6.6 
- 7.8)Hz in 6s-PGI,; i.e. the rotational behaviour about 
CI4-Cl5 is similar to C12-C,,. 

C, in PGI, or carbacyclin would be expected to occupy the 
skew positions, since eclipsing C,-Cs with the double bond 
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TABLE 2. Experimental" and calculated 'H nuclear Overhauser effects (in %) and molecular cor- 
relation times TC for PGIz and 6s-PGII 

5 Exp. 3.0 0 
Calcd. 1.4 0 0 

7a,8 Exp. 5.0 8.5 11.3 
Calcd. 4.9 8.3 2.5 4.3 

7P,10P Exp. 1.8 9.3 10.3 
Calcd. 0 11.7 7.7 

9 Exp. 6.7 
Calcd. 0 6.2 

1 1  Exp. 2.6 4.3 3.7 6.3 
Calcd. 0 2.9 0 3.2 1.7 2.7 4.5 

13,14 Exp. 5.0 7.5 11.2 
Calcd. 0 5.5 7.7 11.0 

15 Exp. 10.5 
Calcd. 4.9 1.7 

6s-PGIIC TC = 0.24 ns 

6,15 Exp. 2.8 4.0 
Calcd. 2.4 5.7 

7a Exp. 5.3 19.0 4.2 
Calcd. 3.7 20.4 5.1 

8,10P Exp. 18.0 21.0 10.8 5.7 
Calcd. 18.3 18.8 8.8 3.3 4.2 

9 Exp. 10.0 
Calcd. 6.9 3.3 

1 1  Exp. 5.8 6.0 
Calcd. 1.5 2.5 2.6 4.5 

12 Exp. 3.2 1.5 2.3 3.3 10.3 
Calcd. 4.9 2.8 1.0 0 1.9 2.9 5.0 

13,14 Exp. 4.2 6.0 7.0 
Calcd. 5.9 8.5 6.4 

"Estimated error limits + 1 (96). 
bCalculations based on the following molecular conformation: rings = 7E/12E;P1(3-4) = 0.7;p1(4-5) = 0.0; 

~ ~ ( 1 2 - 1 3 )  = ~ ~ ( 1 4 - 1 5 )  = 0.5;pl(15-16) = 0.0. 
'Calculations based on the following molecular conformation: rings ,E/"E; pl(3-4) = pl(4-5) = 0.7; 

p1(5-6) = 0.0; pI(12- 13) = pl(14-15) = 0.5; ~ ~ ( 1 5 - 1 6 )  = 0.0. 

would introduce syn-axial 6-interactions with the ester oxygen 
or 6a-methylene bridge. Indeed, the observed H,-Hs coupling 
constants of 7.2 Hz for PG12/D20 ( 1 )  and 6.7 Hz for 
carbacyclin/CDC13 (4) agree satisfactorily with 7.6 Hz, the 
value calculated with p2 = p 3  = 0.5. 

The coupling constants between HIS and the diastereotopic 
protons H16 and HI6' areessentially equal, if not identical. With 
JlsSl6 = 6.6 Hz (3) (6s-PGI,/D20) the following rotamer 
populations are obtained. 

The simpler model p ,  = 0.0, p2  = p3 = 0.5 was used in the 

nOe and TI calculations, which reproduces the coupling con- 
stants equally well, J15,16 = 6.8 Hz, J15,16' = 7.6 Hz. A more 
detailed analysis on the basis of coupling constants seems un- 
warranted, and segmental motion as well as signal overlap 
eliminate noe's. The situation is similar around C5-C6 in the 
PGIl series, where = 565' = 6.3 Hz (3). Again p2 = p 3  
= 0.5 was used in the calculations. 

Finally, trans rotamer populations of 70% were assumed for 
all n-butane segments. For example, J2., = 7.5 Hz 
(6s-PGII/DiO) (3) gives p,(2-3) = 0.73, in excellent agree- 
ment with the value of 0.72 obtained from the gaucheltrans 
butane energy difference of 0.966 kcallmol (28). 

Proton relaxation times and nuclear Overhauser effects de- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3K ET AL. 1149 

TABLE 3. Experimental" and calculated nonselective 'H relaxation 
times (in s) and molecular correlation times T, for PG12, 6R-PGII, and 

6s-PGII 

PGI; 6R-PGI,' 6s-pGIlh 

Obs. Calcd. Obs. Calcd. Obs. Calcd. 

5 1.28 1.47 
6a 0.70" 0.56 
6P 0.88" 0.81 
7a 0.44" 0.39 0.31 0.38 0.31 0.35 
7P 0.39' 0.39 0.42' 0.37 0.38 
8 0.63" 0.64 0.49 0.63 0.49" 0.62 
9 1.04 0.87 0.94 0.85 0.94 0.90 

I O a  0.41 0.43 0.35 
lop 0.39' 0.34 0.36 0.37 0.36' 0.36 
I I 0.99 0.88 0.88" 0.98 0.88 1.06 
12 1.14 0.67" 0.79 0.67 0.68 
13 0.92 1.00' 0.97 1.01' 0.88 
14 0.78 1.00' 0.84 1.01' 0.93 
15 0.96 0.96 1.03 0.94' 0.97 

"Estimated error limits 20.05 (s). 
hCalculations based on the molecular conformation descr~bed in Table 2. 
'Calculations based on the following molecular conformation. rings ~ \ T / ; : T ;  

s ~ d e  chains as In 6s-PGI, (see Table 2) 
"-'Identically labelled signals partially overlap, reducing the precision of the 

measured T I  values 

TABLE 4. "C nuclear magnetic resonance chemical shifts" and relax- 
ation timesh for PGI; 

I 6 NT,(s) 6 NTl(s) 6 N T I ( ~ )  

1 184.29 " 8 44.98 0.36 15 72.84 0.44 
2 37.30 0.94 9 83.98 0.38 16 36.02 0.72 
3 26.55 0.72 10 39.93 0.56 17 24.57 0.82 
4 24.79 0.64 1 1  76.41 0.31 18 30.97 1.20 
5 97.55 0.32 12 53.61 0.36 19 22.1 1 1.78 
6 154.28 " 13 131.64 0.36 20 13.47 " 
7 32.31 0.44 14 135.31 0.39 

"Chemical sh~fts quoted relatlve to "internal" TMS The reference spec- 
trometer frequency was determined by adding the 'HOD - 'HCCI? frequency 
difference at 277 K to the ("CH,),Si/CDC13 spectrometer frequency. 

"Estimated error limlts 2 10% 
'Experiments carried out on a 0 017 M PGIl solut~on in 0 02 M glyc~ne 

buffer of pH 10 3 at 277 K 
" T I  too long for recycle tlme employed 

rived from this conformational model agree reasonably well 
with experiment, although some of the conformational details 
in the side chains remain to be worked out. The CI2-Cl3 
rotamer problem in particular requires derivatives with well- 
resolved H13 and HI, signals. The conformations of the ring 
systems, on the other hand, are well defined. Not only is there 
good agreement between calculation and experiment, but alter- 
native conformations could unambiguously be eliminated on 
the basis of nOe comparisons. Thus, as in the leukotriene series 
(29, 30), quantitative nuclear Overhauser effects and, to a 
lesser extent, relaxation time measurements proved useful 
complements to vicinal coupling constants in the conforma- 
tional analysis of complex molecules of biological interest. 
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Substituent effects on benzyl radical hyperfine coupling (hfc) constants. Part 3. 
Comparison of the a-hfc for substituted benzyl radicals with the P-hfc for substituted 

cumyl radicals 
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DONALD R. ARNOLD, A. MARTIN DE P. NICHOLAS, and MILES S. SNOW. Can. J. Chem. 63, 1 150 (1985). 
The electron spin resonance (esr) spectra of eighteen para-substituted cumyl radicals were analyzed. The relationship 

between the P-hyperfine coupling (P-hfc) constants of these cumyl radicals and the corresponding a-hfc constants of benzyl 
radicals was studied. Although there is a general trend for the a -  and P-hfc values to vary in a similar manner, specific 
deviations from a linear correlation between these parameters were observed. These deviations were rationalized by considering 
charge effects on spin delocalization. The correlation coefficient for the linear regression analysis of these a -  and P-hfc values 
was found to significantly improve when parameters reflecting charge effects on spin delocalization were included in an 
extended Hammett treatment of the spectral data. 

DONALD R. ARNOLD, A. MARTIN DE P. NICHOLAS et MILES S. SNOW. Can. J. Chem. 63, 1150 (1985). 
On a analysC les spectres de rCsonance paramagnktique Clectronique (rpe) de dix-huit radicaux cumyles substituCs en position 

para. On a ttudiC la relation existant entre la constante de couplage hyperfin-p (chf-P) de ces radicaux cumyles et les constantes 
chf-a correspondantes des radicaux benzyles. Les valeurs des chf-a et chf-P tendent gCnCralement a varier de la m&me faqon: 
cependant on observe des dkviations spkcifiques par rapport a la corrklation IinCaire entre ces paramktres. On rationalise ces 
Ccarts en considkrant les effets de la charge sur la dtlocalisation du spin. On a trouvC, que pour ces valeurs de chf-a et chf-P, 
le coefficient de corrklation de l'analyse de rCpression IinCaire est amCliorC d'une faqon significative lorsque les paramktres 
qui reflktent les effets de la charge sur la dtlocalisation de spin sout inclus dans un traitement de Hammett Clargi des donnCes 
spectrales. 

[Traduit par le journal] 

Introduction 
The study of substituent effects on radical reactivity and 

stability is a topic of great interest. Several linear free-energy 
(u') scales based upon relative reactivity have been proposed 
(1, 2). Most of these scales have failed to unambiguously 
separate radical and polar effects. W e  have suggested that the 
u', scale, based upon electron spin resonance (esr) a-hyperfine 
coupling constants (a-hfc), is a true reflection of the nature of 
the radical and is therefore free from complications caused by 
steric and polar effects inherent at a transition state (1). The 
validity and utility of the u', scale was demonstrated by the 
satisfactory correlation obtained between u', and the logarithm 
of the rate constant for the thermal isomerization of a series of 
2-aryl-3,3-dimethylmethylenecyclopropanes studied by Creary 
(1, 3). 

In Part 1 of this series ( I ) ,  we defined usa, for a substituent 
x, from the benzylic a-hydrogen hyperfine coupling constant 
(a-hfc,): 

We believe that these a', values represent the substituent 
effect on the component of energy that may be attributed to  spin 
delocalization in these benzyl radicals. The a', scale offers 
major advantages over other u' scales, because the substituent 
effects are attributable only to effects on the radical and not on 
any closed shell species. W e  have shown that the effects of 
charge on the stability of even relatively non-polar species, like 
hydrocarbons and hydrocarbon radicals, are not negligible (4). 
Consequently, the other u' scales, which have ignored effects 
on neutral closed shell species, cannot be used as an indication 
of radical stability. 

In Part 2 of this series we extended the a', scale to over thirty 

'Author to whom correspondence should be addressed. 

substituents. We also described in detail the mode of action 
of sulphur-containing substituents on benzyl radical de- 
localization. Several para-substituted benzyl radicals of the 
general form R(0,,)SC6H4CH2. (n = 0, 1, 2; R = Me,  Ph, Tol, 
COMe, OMe) were studied (2). 

In this work2 we extend our  study of substituent effects o n  
benzyl radical hfc values to  the a,a-dimethylbenzyl (cumyl) 
system. This study is significant, because it enables the com- 
parison of the substituent effects on the a-and P-hfc values of 
two closely related series of radicals. Since both a- and P-hfc 
values depend primarily on spin density they will correlate, if 
the major effect of substituents is on spin delocalization. More- 
over, if such a correlation exists between these two parameters 
it will add considerable strength to  the argument that the u', 
scale is primarily a measure of spin density. It will give con- 
fidence to  the u', values that have already been established. In 
addition, if the substituent effect on both a -  and P-hfc is in 
general the same, specific deviations from a linear correlation 
between these two parameters may provide valuable informa- 
tion about the factors which influence spin density and hence 
stabilization of a radical by spin delocalization. This under- 
standing is required for the general application of u', to  ben- 
zylic radicals other then benzyl itself. 

While the overall change in a-hfc values is large (> lo%) ,  
the small effects (<0.03 G) caused by some substituents cannot 
be readily distinguished. It would therefore be useful to have a 
scale with a larger variation in hfc constants as a function of 
substitution. Studies of carbon based radicals containing hydro- 
gens both a and P to the radical centre show that P-hfc values 
are frequently greater than the corresponding a-hfc values 
( 5 , 6 ) .  Consequently, we  may find that the cumyl series, where 

'Presented in part at the 67th Annual Chemical Institute of Canada 
Conference, Montreal, Quebec, June 3-6, 1984; Abstract no: 
OR-2-7. 
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ARNOLD ET AL. 1\51 

TABLE 1 .  Hyperfine coupling constants for para-substituted cumyl 
radicals" 

Substituent aph a. a,,, ax 

TABLE 2. The effect of para-substituents (X) on u- and P-hyperfine 
coupling constants of benzylic radicals" 

X 0 4  a,' UB / 

1 .  COMe 
2. COPh 
3. CN 
4. COOMe 
5. SPh 
6. S(0)2Ph 
7. CI 
8. OCH3 
9. OPh 

10. CH3 
11. Et 
12. CF3 
13. i-Pr 
14. t-BU 
15. OCOPh 
16. H 
17. OCOMe 
18. F 

COMe 
COPh 
CN 
COOMe 
SPh 
S(O)zPh 
C1 
OCHs 
OPh 
CHs 
Et 
CFs 
i-Pr 
t-BU 
OCOPh 
H 
OCOMe 
F 

"All values are in G. Unless indicated otherwise the uncertainty is t0.03 G. 
%ubscript indicates position. 
'Hydrogens of methyl. 
"Uncertainty is t0.06 G. 
'Nitrogen of CN. 
1 3 5 ~ 1  

X37CI. 
ha-Hydrogens of ethyl. 
'Fluorine of CF,. 
'a-Hydrogen of isopropyl. 
k 1 9 ~ .  

P-hfc values are being measured, will be more sensitive to 
changes in spin density. On the other hand, the significant 
decrease in the delocalization of spin into the ring, caused by 
the two a-methyl groups, will attenuate the substituent effect. 
The relative importance of these two opposing factors cannot 
be predicted a priori. 

Results 
The cumyl radicals were generated photochemically in the 

microwave cavity of the esr spectrometer, either by hydrogen 
atom abstraction from the corresponding cumene or by bromine 
atom abstraction from the appropriate cumyl bromide. The esr 
spectra were recorded with the aid of a signal averager and the 
hfc values were determined by computer simulation of the 
spectra. 

The data (Table 1) represent a consistent series, produced 
under similar conditions. Typically, the best signal-to-noise 
ratio was obtained at the lowest temperature possible, above the 
freezing point of the solution. But most of the spectra were 
recorded at 253 K to maintain a consistency in the conditions. 
The esr spectra of two of these radicals have been reported 
previously (5); the agreement between our values and those 
reported is good. In several cases, the effect of variation of the 
spectra as a function of temperature was studied; the P-hfc was 
found to be independent of temperature over the range 213 to 
333 K. Details are reported in the experimental section. 

Discussion 
In general, a-hfc is believed to arise primarily from a spin- 

polarization mechanism, while P-hfc results mostly from a 
hyperconjugative type of interaction (6-9). Thus, a- and P-hfc 

"All values are in G .  The uncertainty is t0.03 G. 
'p-hfc values of cumyl radicals from Table I .  
"a-hfc values of benzyl radicals, unless stated otherwise, from ref. 1. 
"Reference 2. 

interactions need not show the same sensitivity to substituent 
effects. In fact, it has been shown that a -  and P-hfc in hydro- 
carbon radicals are affected differently by such factors as devi- 
ation from planarity (i.e., the state of hybridization of the 
radical centre (66)). P-Hfc values are also known to be very 
dependent on torsional angle, so conformation of the singly 
occupied orbital relative to the P-carbon-hydrogen bond is 
important (7). 

Within a closely related series of substituted benzyl or cumyl 
radicals, factors other than spin density that could influence hfc 
should remain constant. In addition, the esr spectra of all the 
cumyl radicals studied showed a single hfc value for all the 
hydrogens of the a-methyl groups. This indicates that all of the 
methyl hydrogens are equilibrated, throughout the temperature 
range (213 to 333 K) used in this work. Thus, the methyl 
groups must be rapidly rotating so that torsional effects are 
averaged. Consequently, substituent effects on P-hfc values of 
the cumyl radical series can also be expected to be related 
primarily to spin delocalization. 

In Table 2 the benzylic a-hfc constants of para-substituted 
benzyl radicals are compared with the P-hfc constants of the 
corresponding cumyl radicals. If both of these hfc values cor- 
relate, a constant ratio, a-hfc/P-hfc, is expected. Table 2 
shows that for most substituents this ratio is close to the value 
for the unsubstituted radicals (a-hfc/P-hfc = 1.002). Thus 
there is a general trend for the P-hfc values in cumyl radicals 
to vary in a similar manner to that of the a-hfc values in benzyl 
radicals. However, Table 3 and Fig. 1 clearly show that signifi- 
cant deviations from a linear correlation between the a- and 
P-hfc values, much larger than the experimental error of 
k0.03 G ,  are observed for some substituents. Because of these 
specific deviations, the correlation between the two types of hfc 
values is far from satisfactory ( r  = 0.92, 18 data points, see 
Fig. 1 and Table 3). In the plot shown in Fig. 1 the substituents 
that lie below (above) the least-squares regression line have a 
relatively lower (higher) ratio of a-hfc/P-hfc and hence show 
an unexpectedly large (small) effect in the cumyl series with 
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1152 CAN. J .  CHEM. \ 

TABLE 3. A linear regression analysis of charge effects on the re- 
lationship between the benzylic p-hfc values of cumyl radicals (a,) 

and the benzylic a-hfc values of the benzyl radicals (a,)"." 

Regression equationc r " 

a, = (1  .06?0.23)aa-(0.923.7) 0.92 
a, = (0.92?0.13)a,-(0.4550. 15)a,+(1.3?2.1) 0.98 
a, = (0.88rt0.24)a,-(0.41*0.33)(~a,,~+~an,~)-(3.3*3.7) 0.94 

"Hyperfine coupling values (hfc) from Tables 1 and 2. u, values from refs. 
12 and 13. 

*Number of data points is eighteen. 
'-The uncertainty indicated in the coefficients is the standard error at the 95% 

confidence level. 
"Correlation coefficient. Corrected for degrees of freedom. 

respect to the benzyl series. Figure 1 also shows that 
allelectron-withdrawing (donating) groups cause a larger 
(smaller) spin delocalizing effect on the P-hfc in the cumyl than 
the a-hfc of the benzyl radical system. 

Charge effects on spin delocalization have been discussed in 
terms of merostabilization (10) or capto-dative stabilization 
(1 I). Figure 2 shows how the electron-withdrawing nature of a 
para-substituent can affect spin delo~alization.~ These charge 
separated valence-bond structures show that a-substituents that 
can stabilize an incipient positive charge on the benzylic carbon 
will enhance spin delocalization by electron-withdrawing 
groups at the para-position. Therefore, the cumyl system, with 
two a-methyl substituents that stabilize a positive charge better 
than the a-hydrogens in the benzyl radicals, should be more 
sensitive than the corresponding benzyl system to charge 
effects. Hence, the deviations observed in Fig. 1 can be a result 
of a greater contribution of charge separated valence-bond 
structures, such as Figs. 2 (b) and (c), in the cumyl than in the 
benzyl radicals. 

The specific deviation of each point from the correlation line 
shown in Fig. 1 is plotted against the Hammett substituent 
constant u in Fig. 3. This parameter was chosen because a 
consistent set of values was available (12, 13).4 

The sign of the slope of the line in Fig. 3 reflects the fact that 
electron-withdrawing groups generally have a greater influence 
increasing spin delocalization in the cumyl series relative to the 
benzyl series. This is consistent with a greater contribution of 
the charge separated valence-bond structures (Figs. 2 (b) and 
(c)) in the cumyl series. 

We have defined the substituent effect on spin delocalization 
(a',) based upon the a-hfc of the benzyl radical. Of course, 
there must be some inherent charge effect on this system as 
well. A quantitative indication of the increased importance of 
charge effects on the cumyl radical series, relative to the benzyl 
series, can be obtained by plotting the P-hfc values against the 
two parameters a-hfc and a (Fig. 4).4 

  he pa value reflects the balance between the inherently 
larger P-hfc and the diminished delocalization into the ring, 
since considerable spin is distributed among the a-methyl 
groups. 

'Effects resulting from the development of a negative charge on the 
benzylic carbon have been ignored in the absence of electron- 
withdrawing a-substituents. However, such effects, if present, will be 
opposite to the charge effects described in Figs. 2 (b) and (c). 

4The correlation coefficient for the least-squares line in Fig. 3 is 
r = 0.79. a- Values are not available for all the substituents. For the 
data plotted in Fig. 4, the correlation coefficient is r = 0.98. 

P h  

SPhO 

COOCH, 

COCH, 
a a COPh 

. -. 

0 1515 
I 

16.0 

FIG. I. A linear regression analysis of the relationship between 
p-hfc of cumyl radicals (a,) and the benzylic a-hfc of benzyl radicals 
(a,). (a,) = 1.06(aa) - 0.93 ( r  = 0.92, 18 data points) 

FIG. 2. Charge effects on spin delocalization in benzylic radicals. 

FIG. 3. A plot of A (A = a, - 1 .06(a,) + 0.93), versus the 
Hammett substituent constant a,. Points are numbered according to 
Table I .  

The magnitude of p, indicates the increased importance of 
spin delocalization away from the benzylic position through a 
greater contribution of the valence-bond structures Figs 2(b) 
and (c), in the cumyl series relative to the benzyl series. The 
importance of charge effects on the relationship between the 
benzylic hfc values is now clear. Therefore it will be useful to 
determine if there are any other manifestations of charge effects 
on spin delocalization in the esr spectra of the cumyl radicals. 

The valence-bond structures (b) and (c) in Fig. 2 clearly 
show that spin delocalization induced by charge effects will 
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Conclusion 

FIG. 4. Two-parameter Hammett correlation. A plot of P-hfc 
values of cumyl radicals (a,) vs. (0.92 a, (benzyl) - 0.45 a, + 1.3). 
Points are numbered according to Table I .  

cause an increase in a-spins at the meta- and ipso-positions 
(14). This will result in a concomitant decrease in a-spin at the 
benzylic position. Moreover, such changes in spin distribution 
will decrease the absolute value of the hfc at the ortho and meta 
ring positions. In fact, all substituents displaying enhanced 
delocalizing effects in the cumyl system do have relatively 
lower laol and la,l values. Moreover, the hypothesis that the 
variation in the la,! and la,l values are a manifestation of 
charge effects can be tested by the multiple linear regression 
analysis of a -  and P-hfc values (denoted a, and ap respectively 
in Table 2), with the inclusion of an additional parameter, 
namely, the sum of the absolute values of the ortho- and meta- 
hyperfine coupling constants (i.e. 2(la, l + lall, l)). 

This is admittedly a semi-quantitative approach to correct for 
charge effects on spin delocalization. However, the improve- 
ment in the correlation coefficient ( r ) ,  corrected for the degrees 
of freedom ( r  = 0.92 becomes r = 0.94), suggests that this is 
a valid analysis (Table 3). Consequently, 2(la,l + la,,]) may 
prove to be a useful parameter for describing the charge-related 
effects on spin delocalization. 

The hypothesis that the a- and P-hfc values of benzylic 
radicals have the same functional dependence on spin density 
can be tested directly (free from charge effects) only if the 
relevant a- and P-hydrogens are on the same radical, such as 
the phenethyl radical system. Preliminary studies of this system 
indicate that the a- and P-hfc values do show the same func- 
tional dependence on spin d e n ~ i t y . ~  The complete study of this 
series is now underway. 

5By convention, a radical is assumed to have excess a-spin. 
6 ~ .  R. Arnold, A. M. de P. Nicholas, and K. M. Young. 

Unpublished results. 

The present study shows that there is a general trend: P-hfc 
values of cumyl radicals vary in a similar manner to the a-hfc 
values of benzyl radicals. However, specific deviations are 
observed from a linear correlation between these a- and P-hfc 
values. These deviations are rationalized by considering 
charge effects on spin delocalization. Electron-withdrawing 
(donating) substituents show a greater (smaller) delocalizing 
effect in the cumyl radicals relative to the benzyl radicals. 

Charge effects on spin delocalization should be general, and 
should depend upon the electron-withdrawing and donating 
ability of the groups attached to the radical centre (1 1). 

We have shown that the variations in the hfc values at the 
ortho and meta positions reflect the changes in the spin 
delocalizing efficiency of a substituent in the cumyl radicals 
relative to the corresponding benzyl system. 

Since the extent of spin delocalization of a radical is inher- 
ently dependent upon charge effects, it will be difficult to 
assess the relative importance of radical stabilizing effects and 
polar factors from studies of relative reactivity. 

Experimental 
General informarion 

The esr spectra were recorded on a Varian Associates E-109 B 
electron paramagnetic resonance spectrometer, equipped with a liquid 
nitrogen variable temperature accessory, at 0.5-mW microwave 
power and 0.5-0.8 G modulation amplitude. All spectra were re- 
corded with the aid of a Nicolet 1170 signal averager. Typically, 
twelve, 100-G wide, scans were accumulated (0.5 minlscan). Cou- 
pling constants were measured directly from the oscilloscope and 
refined by computer simulation (15) using an IBM-PC. 

The 'Hmr spectra were recorded on a Varian CFI-20 spectrometer 
or a Nicolet Model 360 NB spectrometer, coupled to an Oxford 
Instruments superconducting magnet and a Nicolet 192 Kword data 
acquisition system, and are reported in parts per million downfield 
from TMS. Infrared spectra were recorded on either an air-purged 
Perkin-Elmer 180 grating infrared spectrometer, a Pye Unicam 
SP1000, or a Perkin-Elmer 283B or 237B infrared spectrometer and 
are reported in wavenumbers (relative to the 1601.8 cm-' absorption 
of polystyrene). Mass spectra were obtained on a modified Du Pont 
CEC Model 21 - 104 mass spectrometer. Melting points, recorded on 
a Sybron Corporation ~ h e h o d ~ n e  hotstage apparatus, are corrected. 

Substituted cumenes (liquids) were purified by gas chromatography 
using a 5 ft X 318 in. column packed with 5% SE-30 on Chromosorb- 
W (60180) and helium as the carrier gas. 

Materials 
Di-tert-butyl peroxide (DTBP) and triethylsilane were obtained 

from Pfaltz and Bauer Inc. and were used without further purification. 
Hexamethylditin and hexabutylditin were obtained from Alpha 
Products and used without further purification. Chlorobenzene (J. T .  
Baker Chemicals Inc.) was stirred over concentrated sulphuric acid, 
washed successively with water, saturated sodium bicarbonate, and 
water, dried over anhydrous magnesium sulphate, and distilled 
through a Vigreux column. All solvents were distilled prior to use. 

Synthesis 
4-lsopropyldiphenyl ether 
4-Isopropyldiphenyl ether was prepared by refluxing a mixture of 

4-isopropylphenol, bromobenzene, cuprous oxide, and y-collidine 
(2, 16). The yield of 4-isopropyldiphenyl ether was 87% as a col- 
ourless oil; ir PE 180 (neat) cm-' :  1600, 1500, 1250, 875, 760; 'Hmr 
(80 MHz, CDCI,) 6: 7.34-6.87(m, 9H), 2.90(m, IH), 1.24(d, 6H). 

4-lsopropylacetophenone 
4-Isopropylacetophenone was prepared by the reaction of cumene 

and acetyl chloride in the presence of aluminum chloride, using carbon 
disulphide as the solvent. The reaction mixture was purified by vacu- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1154 CAN. J .  CHEM. VOL. 63, 1985 

urn distillation. 4-Isopropylacetophenone was obtained as a colourless 
oil (17); ir SP1000 (neat) cm-': 1680, 1610, 830; 'Hmr (361.1 MHz, 
CDCl,) 6: 7.90(m, 2H), 7.3 1 (m, 2H), 2.97(m, IH), 2.59(s, 3H), 
1.27(d, 6H). 

4-Isopropylbenzophenone 
4-lsopropylbenzophenone was prepared by a procedure similar to 

that used for the acetophenone except using benzoyl chloride. Vacuum 
distillation afforded 4-isopropylbenzophenone as a colourless oil (18); 
ir SPlOOO (neat) cm-': 1660, 1610, 850, 700; 'Hmr (361.1 MHz, 
CDCI,) 6: 7.32-7.8 1 (m, 9H), 2.99(m, lH), 1.29(d, 6H). 

4-Isopropyldiphenyl sulphone 
4-lsopropyldiphenyl sulphone was prepared in essentially quan- 

titative yield by the addition of 4-isopropylsulphonyl chloride to a 
solution of benzene and aluminum chloride (2). The sulphonyl chlo- 
ride was prepared in 94% yield by the addition of chlorosulphonic acid 
to cumene at O°C (19). Recrystallization of the crude product from 
alcohol, with added Norite, produced colourless needles, mp 
101-lOl.5"C (lit. (30) mp. 98.5-99.5"C); ir PE 180 (KBr) cm-l: 
1610, 1325, 1170, 840, 760, 690, 650; 'Hmr (80 MHz, CDC1,) 6: 
7.81-8.00(m,4H), 7.28-7.53(m,5H), 2.94(m, IH), 1.22(d, 6H). 

4-Isopropyldiphet~yl sulphide 
4-Isopropyldiphenyl sulphone, 2.0 g (7.7 mmol), was placed in a 

50-mL round bottom flask equipped with a reflux condenser and 
septum inlet. The flask was purged with dry nitrogen and 5.5 g of 
diisobutylaluminum hydride (DIBAL-H) (38.7 mmol) in toluene 
(20 mL) was added through the septum via a syringe. The solution was 
refluxed under a nitrogen atmosphere until the reaction was complete 
(3-4 days). The reaction mixture was poured into aqueous ammo- 
nium chloride and extracted with ether. The combined organic layers 
were washed with a saturated salt solution, dried with magnesium 
sulphate, and evaporated (20). The residue was chromatographed on 
a silica gel column using methylene chloride as the eluent. The yield 
of the purified product was 1.57 g (90%); ir PE 180 (neat) cm-': 2980, 
1595, 1490, 1450, 1395, 1375, 830, 745, 695; 'Hmr (361.1 MHz, 
CDC1,) 6: 7.16-7.32(m, 9H), 2.88(m, IH), 1.24(d, 6H). 

Methyl 4-isopropylbenzoate 
In a 250-mL 3-necked flask equipped with a magnetic stirrer, reflux 

condenser, and a constant pressure dropping funnel was placed 
12.2 g (91 mmol) of aluminum chloride. To the aluminum chloride 
was added 10.0 g (83 mmol) of cumene dissolved in 175 mL of carbon 
disulphide. The flask was cooled in an ice bath; to the cooled mixture 
was added a solution of 1 1.6 g (91 mmol) of oxalyl chloride in 25 mL 
of carbon disulphide. After the evolution of gases (caution: carbon 
monoxide!) had ceased, the mixture was allowed to warm to room 
temperature. The mixture was then refluxed for 1.5 h and the cooled 
mixture was poured into 200 mL of methanol. The carbon disulphide 
was removed by distillation and the residue was poured into water and 
extracted with ether. The combined organic layers were washed with 
5% sodium hydroxide, saturated salt solution, dried with magnesium 
sulphate, and evaporated. The yield of a pale yellow oil was 11.3 g 
(76%). The product was distilled under vacuum to yield a colourless 
oil (21); ir PE 283B (neat) cm-': 1735, 1620, 1285, 1120; ' ~ m r  
(80 MHz, CDC1,) 6: 7.91 -8.01 (m,2H), 7.22-7.32(m, 2H), 
3.89(s, 3H), 2.95 (m, l H), 1.25 (d, 6H). 

4-Fluorocumyl alcohol 
4-Fluorocumyl alcohol was prepared by the reaction of ethyl 

4-fluorobenzoate with methyl magnesium iodide, mp 36-37°C un- 
corrected (lit. (22) mp 37.8"C); ir 283B (neat) cm-I: 3400, 1605, 
1510, 1235, 1160, 835; 'Hmr (80 MHz, CDC1,) 6: 
6.99-7.53(m,4H), 1.89(s, IH), 1.56(s,6H). 

4-Trif2uoromethylcumene 
Method a: 4-trifluoromethylcumene was prepared by catalytic hy- 

drogenation of 4-trifluoromethyl-a-methylstyrene using palladium- 
on-carbon (49% overall yield from the cumyl alcohol). The styrene 
was prepared by the acid catalyzed dehydration of Ctrifluoro- 
methylcumyl alcohol (23, 24) using 4-tolunenesulphonic acid in re- 
fluxing benzene. 

Method b: 4-trifluoromethylcumene was prepared by the reduction 

of 4-trifluoromethylcumyl alcohol using hydriodic acid and red phos- 
phorus (refluxing overnight) (24). The yield was 58%; ir 283B (neat) 
cm-I: 1625, 1335, 1175, 1135, 1080, 1020, 845; 'Hmr (80 MHz, 
CDCI,) 6: 7.18-7.59(m,4H), 2.96(m, lH), 1.25(d,6H). 

4-Methylcumyl alcohol 
4-Methylcumyl alcohol (22, 25) was prepared by the reaction of 

methyl 4-toluate with methyl magnesium iodide; ir 283B (neat) cm-': 
3420, 1520, 1370, 960, 820; 'Hmr (361.1 MHz, CDCI,) 6: 
7.37(m, 2H), 7.15(m, 2H), 2.34(s, 3H), 1.79(s, lH), 1.57(s, 6H). 

4-Chlorocumene 
4-Chlorocurnene was prepared by a Sandmeyer reaction using the 

diazonium salt from 4-isopropylaniline and cuprous chloride (26); ir 
283B (neat) cm-': 1500, 1 100, 1020,830; 'Hrnr (80 MHz, CDCI,) 6: 
7.06-7.32(m, 4H), 2.87(m, lH), 1.21 (d, 6H); ms mle  (rel. in- 
tensity): 154(M', 30), 139( 100). 

4-Isopropylphenyl benzoate 
4-lsopropylphenyl benzoate was prepared by the reaction between 

4-isopropylphenol and benzoyl chloride in 3 M aqueous sodium hy- 
droxide (27); mp 75°C (lit. (28) mp 72-74°C); ir 283B cm-': 1735, 
1200, 1055, 880, 720; 'Hmr (361.1 MHz, CDCI?) 6: 8.20(m, 2H), 
7.11 -7.62(m,7H), 2.94(m, lH), 1.27(d,6H). 

4-Isopropylphenyl acetate 
4-Isopropylphenyl acetate (29) was prepared by a procedure similar 

to that used for the benzoate; ir 283B (neat) cm-': 1780, 1510, 1375, 
1225, 1205, 1020, 915, 850; 'Hmr (80 MHz, CDCI,) 6: 
6.92-7.28(m,4H), 2.90(m, IH), 2.27(s, 3H), 1.23(d,6H). 

4-Ethylcumyl alcohol 
4-Ethylcumyl alcohol was prepared by the addition of 

4-ethylacetophenone to methyl magnesium iodide (22); ir 283B 
(neat) cm-': 3400, 1510, 1460, 1365, 1170, 955, 830; 'Hmr 
(80 MHz, CDCI,) 6: 7.10-7.45(m, 4H), 2.62(q, 2H), 1.88(s, IH), 
1.55(s, 6H), 1.23(t, 3H). 

4-tert-Bu~lcumyl alcohol 
4-tert-Butylcumyl alcohol was prepared by the addition of methyl 

4-tert-butylbenzoate to a solution of methyl magnesium iodide; mp 
78°C (lit. (22) mp 79°C); ir 283B (neat) cm-': 3350, 1370,960,830; 
'Hmr (80 MHz, CDCI,) 6: 7.38(s, 4H), 1.73 (s, IH), 1.57(s, 6H), 
1.3 1 (s, 9H). 

4-Cyanocumet~e 
4-Cyanocumene (30) was prepared by a Sandrneyer reaction using 

the diazonium salt formed from 4-isopropylaniline and cuprous cy- 
anide (27); ir 237B cm-': 2240; 'Hmr (361.1 MHz, CDC1,) 6: 
7.59(m, 2H), 7.33(m, 2H), 2.97(m, IH), 1.27(d, 6H). 

4-Methoxycumene 
4-Methoxycumene was prepared by the reaction of 4-isopropyl- 

phenol with dimethyl sulphate in 5% aqueous potassium hydroxide. 
The product was purified by column chromatography using silica gel; 
ir 283B (neat) cm-': 1620, 1520, 1250, 1040, 830; 'Hmr (361.1 
MHz, CDCI,) 6: 7.15(m, 2H), 6.85(m, 2H), 3.79(s, 3H), 
2.86(m, IH), 1.23(d, 6H). 

Preparation of cumyl bromides 
The method of Grice and Owen (31) was used for the conversion of 

substituted cumyl alcohols to the bromides. Typically, the cumyl 
alcohol (0.02 mol) was dissolved in pentane or benzene (100 mL). 
Hydrogen bromide gas was passed through the solution for 0.5 h. The 
solution was then dried over anhydrous magnesium sulphate, filtered, 
and the solvent removed at reduced pressure. 

Electron spin resonance experiments 
Cumenes 
A static solution of DTBP (0.3 mL)7 and the cumene (30-60 mg) 

was irradiated in the esr spectrometer cavity using filtered (methanol 
in a quartz tube) light from a 1-kW Hanovia Xe-Hg high-pressure 
lamp. All samples were purged with nitrogen for 5 min prior to 

7To increase the solubility of the para-S02Ph derivative, 0.2 rnL of 
benzene was added to the DTBP solution. 
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irradiation and examined at 253 K. FISHER. Free radicals. Vol11. Edited by J. K. Kochi. Wiley, New 
The observed spectrum of the 4-methoxycumyl radical, generated York. 1973. Chapt. 19; (d) A. CARRINGTON and A. D. 

by this procedure, was complicated by the competitive hydrogen ab- MCLACHLAN. Introduction to magnetic resonance. Harper and 
straction from the methoxy methyl group. Simulation indicated a ratio Row, New York, NY. 1967. Chapt. 6; (e) L. SALEM. The moIec- 
of cumyl to a-aryloxymethyl radical of ca. 1 : 1. The a-aryloxy radical ular orbital theory of conjugated systems. W. A. Benjamin, Inc., 
was simulated by a(CH2) = 17.40 G.  New York. 1966. p. 278. 

Cumylbromides 
Three procedures were used to generate the cumyl radicals from the 

bromide. In procedure 1, a static solution of DTBP (0.2 mL), tri- 
ethylsilane (0.2 mL), and the bromide (50- I00 mg), diluted if neces- 
sary with chlorobenzene, was purged with nitrogen and irradiated as 
described above in the esr spectrometer cavity. The 4-tert-butylcumyl 
radical was generated by this procedure at 233 K. In procedure 2, a 
solution of the bromide (50- 100 mg) in tert-butylbenzene or 
chlorobenzene was continuously purged with nitrogen while hexa- 
methylditin (0.1 mL) was injected via the purge tube. It was necessary 
to have a glass wool plug in the purge tube to filter the hexa- 
methylditin. This solution was irradiated as described above. The use 
of chlorobenzene allowed cooling of the sample to temperatures as low 
as 233 K without precipitation of the hexamethylditin. The 4-fluoro 
and 4-ethyl derivatives were generated by this method at 263 K and 
233 K, respectively. In procedure 3, the bromide ( I00 mg) was purged 
with nitrogen and hexabutylditin (0. I mL) added in a glove box under 
an inert atmosphere. This solution was irradiated as described above. 
The 4-methyl derivative was generated by this method at 253 K. 

Control experiments 
Linearity of field was checked against the lines of [Cr(NH1),CI]CI2 

doped with 2% [ C O ( N H ~ ) ~ C ~ ] C I ~  (32). Accuracy of the field was 
checked against the couplings for Wurster's blue perchlorate in eth- 
anol (33). The effects of moderate temperature changes on the spectra 
of six representative cumyl radicals, 4-chloro, 4-isopropyl, 4-acetyl, 
4-carbomethoxy, 4-benzoyl, and 4-phenylsulfonyl, were studied by 
recording the spectrum at 20-deg intervals from 2 13 to 273 K, and also 
at 333 K for 4-chloro and 4-acetyl, and at 293 K for 4-isopropyl, 
4-benzoyloxy, and 4-phenylsulfonyl. In all cases the benzylic P-hfc 
value was invariant. However, for the 4-isopropyl derivative, a 
change in the hfc value for the isopropyl group with a lowering of 
temperature was observed, indicating the hindered rotation of the 
isopropyl group. 
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Novel coincidence effects in a bimetallic phase transfer catalyzed reaction. 
Biphasic reduction reactions catalyzed by rhodium carbonylmetallate clusters 

FERENC JOO A N D  HOWARD ALPER' 
Ottawa-Carleton Chemistry Institute. Department of Chemistry, University of Ottawa, Ottawa, Ont., Canada KIN 9B4 

Received July 24, 1984 

FERENC 506 and HOWARD ALPER. Can. J. Chem. 63, 1157 (1985). 
Bimetallic and cluster rhodium carbonyl complexes catalyze the biphasic reduction of nitro compounds under mild conditions 

(using C0/5 M NaOH, C6H6 or PhCH2). Rate studies indicate the sensitivity of the reaction to the nature of the organic 
substrate, base concentration, and the temperature. A previously observed bimetallic (CO~(CO)~ and ( I  ,5-HDRhC1)2) and phase 
transfer catalyzed [R4N+X-] reduction of nitro compounds was found to be a consequence of the inhibition and reactivation 
of the true catalyst by the quaternary ammonium salt and cobalt carbonyl, respectively. 

FERENC JOO et HOWARD ALPER. Can. J .  Chem. 63, 1157 (1985). 
OpCrant en deux phases et sous des conditions douces (utilisant CO/NaOH 5 M, ChH6 ou PhCH3), les complexes, 

bimCtalliques et sous forme d'agrkgats, du rhodium carbonyle peuvent catalyser la rCduction des composCs nitrCs. Des donnCes 
cinktiques indiquent que la rkaction est sensible a la nature du substrat organique, a la concentration en base et a la temptrature. 
Une rkduction, bimktallique et catalyske par un transfert de phase [R,NcX-1, des composCs nitrCs a CtC observte antC- 
rieurement; on a trouvC que cette rCduction est une consCquence d'inhibition et de rkactivation du vrai catalyseur qui sont 
respectivement provoquees par le sel d'ammonium quaternaire et le cobalt carbonyle. 

[Traduit par le journal] 

Group 8 metal complexes play an important role in the temperatre ([1,5-HDRhCl]? is converted to Rh(CO),Cl under 
homogeneously catalyzed reduction of nitro compounds (1 -4). these conditions), a relatively fast gas uptake began which 
One of us has demonstrated that by application of phase trans- corresponded to the nitro-amine conversion. The latter was 
fer techniques, the reaction conditions could be made signifi- verified by gas volumetry as well as by product isolation and 
cantly milder in the ruthenium carbonyl (3) and the dichloro- characterization. However, no reaction was observed when a 
tris(tripheny1phosphine)ruthenium (5) catalyzed processes. phase transfer catalyst was present [dodecyltrimethyl- 
Recently, the use of bimetallic phase transfer catalysis for the ammonium chloride, tetrabutylammonium chloride, tetra- 
reduction of nitro compounds has been described, whereby the butylammonium hydroxide]. 
synergistic effect of cobalt carbonyl and chloro(l,5-hexa- The reactivity pattern (Table I )  is basically the same as that 
diene)rhodium(I) dimer [1,5-HDRhCl]? facilitates amine for- found with the [ l  ,5-HDRhC1I2/Co2(C0)8/DTAC catalyst sys- 
mation when dodecyltrimethylammonium chloride (DTAC) is tem, i.e., the reaction is selective for the reduction of the nitro 
the phase transfer agent in a mixture of 5 N sodium hydroxide group in the presence of olefin, halogen, and carbonyl func- 
and benzene, (reaction [l]). No reaction occurred when only tionalities (6). The reaction of sterically hindered or aliphatic 
one of the two metal catalysts were used under the phase nitro compounds is slow compared to the non-hindered aro- 

matic ones; nevertheless, it does occur. 
CO, 5 M  NaOH, C,H,, C,zHzsN(CH,),+CI- 

[I] ArN02 ArNH, Both temperature and base concentration are important for a 
CO~(CO),, [ I  . 5 -HDR~CI]~ ,  rt. I atm favorable process to occur. At even slightly elevated tem- 

transfer conditions (6) .  
While there has been considerable interest in the use of two 

different metal complexes for catalyzing various organic trans- 
formations, little is understood about such processes. An in- 
vestigation was therefore undertaken in order to gain some 
insight into the mechanism of the intriguing phase transfer 
reduction reaction. Several noteworthy findings were made 
which are reported herein: (i) rhodium carbonyl clusters are 
able to catalyze the nitro reduction in two-phase media in the 
absence of phase transfer agents and cobalt carbonyl; and (ii) 
the bimetallic nature of the above reaction ([I]) is a con- 
sequence of the coincidence of inhibition and reactivation of 
the true catalyst by the quaternary ammonium salt and cobalt 
carbonyl, respectively. 

peratures ( 4 0 " ~ ) ,  the catalyst is destroyed in the first few 
minutes of the reaction which then stops completely. At low 
base concentrations (0.1 M) a green aqueous phase is formed 
instead of the dark brown one in 5 M NaOH, and reaction is 
slow, if it occurs at all. A plot of the effect of hydroxide ion 
concentration on the rate of nitrobenzene reduction is illus- 
trated in Fig. 1. The fastest reaction occurs at 3 M NaOH, 
while the rate is less at higher base concentrations. Variation in 
the base concentration will not only affect the solubility of the 
reactant species (including carbon monoxide), but also the ease 
of attack by hydroxide ion on coordinated carbonyl, and the 
interconversion of carbonylrhodates (discussed below). It is 
also noteworthy that deactivation of the catalyst is accom- 
panied by uptake of carbon monoxide, and therefore a long 
pretreatment of the rhodium solutions with CO/H20 should be 

Results and discussion avoided even at room temperature. 
It is interesting to note that Alessio et al. (7) have found 

When a nitro compound and a quantity of Rh6(C0),, and chloro(l,5-cyc~ooctadiene)rhodium(~) com- 
[I ,5-HDRhClI? Or chlorodicarbon~lhodium(l) dimer, dis- pletely inactive for the reduction of nitrobenzene in the absence 
solved in a mixture of 5 M NaOH and either toluene or ben- , f a  chelating phenanthroline-type ligand by CO/H,O in 95% 
zene9 were placed under atm of monoxide at ethanol at elevated pressure (30 atm) and temperature (165OC 

'To whom all correspondence should be addressed 
- no base was added). In the present study, however, 
Rh,(CO),, or even aqueous RhCl, can be used as catalyst pre- 
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TABLE 1. Specific rates of reduction of nitro 
compounds by C O / H 2 0  catalyzed by rhodium 
carbonyl clusters under biphasic conditions 

and in homogeneous solutions 

Substrate Rate* 

Nitrobenzene 
4-Nitrobenzophenone 
4-Nitrotoluene 

Benzyl-4-nitrophenyl ether 
Nitrornesitylene 
Nitrocyclohexane 

*Rates are expressed as mol RNO, reduced to 
RNHz per mol Rh per hour based on the conversion 
reached in the first 30 min. Biphasic systems: 15 mL 
5 M NaOH, 20 mL toluene, 30°C. CO to 1 bar total 
pressure, and (a)  0.3 mmol substrate, 0.030 mmol 
Rh as [Rh(hexadiene)CI],; (b) I mmol substrate, 
0.033 mmol Rh as [Rh(C0,C1I2; (c) I mmol sub- 
strate, 0.125 mmol Rh as [Rh(CO)zCI],; ( d )  0.3 
mmol substrate, 0.125 mmol Rh as Rh6(CO)lh; ( e )  I 
mmol substrate, 0.100 rnmol Rh as RhCl, . aq; V) I 
mmol substrate, 0.100 mmol Rh as [Rh(C0)2C1],; 
(g) as (f) but 500 mg NaOAc instead of 1 mL 5 M 
NaOH. 

7 Yield of isolated and chromatographically puri- 
fied 4-aminochlorobenzene, 4-aminobenzophenone, 
and 4-amino-trans-stilbene (reaction time: 280, 65, 
and 260 min, respectively). 

i. Homogeneous solutions: 9 rnL MeOH, I mL 
H20, 1 mL 5 M NaOH, 30"C, CO to I bar total 
pressure. 

cursors (Table 1). 
Pioneering work by Chini and co-workers2 showed that 

various rhodium complexes can react with carbon monoxide 
and base to give a series of carbonylrhodates (via formation of 
[Rh(CO)?Cll2 and Rh4(C0),2), including inter alia [Rh,,- 
(CO)3012- (violet), [RhS(CO) IS]- (red-brown), [Rh7(C0)16]3- 
(green), and [Rh6(C0),,I4- (dark red). Furthermore, halo- and 
hydridocarbonylrhodates are also formed in the presence of 
halogen and hydrogen, respectively. Under the conditions em- 
ployed by us, both [ I  ,5-HDRhC1I2 and [Rh(CO),C1I2 consume 
carbon monoxide up to the ratio of CO/Rh = 3.5, accom- 
panied by the transfer of the rhodium containing species to the 
aqueous phase, forming a dark brown solution. The reaction is 
complex indeed; and the infrared spectra of the quaternary 
ammonium carbonylrhodate salts did not correlate well with 
the published spectral data of the noted carbonylrhodates. 
However, it was found that ~ h , ~ ( C 0 ) ~ ? -  (9) and Rh7(C0),,3- 
(lo), prepared by the methods of Chini et al., proved to be 
catalytically active for nitro reduction in homogeneous 
methanollwater solutions. As the reduction requires base, the 

For an account of this subject, see ref. 8. 

FIG. 1. Effect of base concentration on the rate of reduction of 
nitrobenzene. Conditions: 15 m L  NaOH solution, 20  m L  toluene, 
0 .03  mmol Rh as [Rh(C0)2C1]2, 0 . 3  mmol PhN02,  carbon monoxide 
up to I bar total pressure (30°C). Rates are calculated on the basis of 
gas uptake in the first 30  min of the reaction and are expressed as mol 
PhNOz reduced/mol Rh h. 

FIG. 2 .  Spectrophotometric titration of CO(CO)~-  with 
[Rh(C0)2CI], under CO.  Infrared: 9.50 pmol  of CIIHz5N- 
(CH3)3+Co(C0)4- in PhCH3 titrated with 0 .25  pmol Rh /pL  solutions 
of [Rh(CO)zC1]z in PhCH,. The  break on the graph corresponds to 
1.07 Rh/Co. VIS: 8.53 pmol  PPN+Co(CO),- in CHzC12 (3.0 mL) 
titrated with 0.12 pmol  R h / p L  solutions of [Rh(CO),Cl], in CH2CI2. 
The break on the graph corresponds to 1.01 Rh/Co. 

slight activity of violet-red solutions of Rhlz(C0)302- (possibly 
also containing RhS(CO),,-) (1 1) may be due to the presence of 
some Rh7(C0),63- as the real catalytic species. Use of the latter 
as catalyst results in the maintenance of a green color of the 
solution throughout the reaction; however, if one uses an ex- 
cess of nitro compound compared to base, the color turns red 
when the OH- ion is consumed, indicating that the nitro com- 
pound oxidized the green species (formal oxidation number 
-0.429) to the red one(s) (FON -0.166 and -0.2, re- 
spectively). The higher specific rates in aqueous alcohol than 
under biphasic conditions is probably a result of the homoge- 
neous conditions. On the other hand, the low activity of the 
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JOO AND ALPER 

Rc. 3. Effect of (I) C12H25N(CH3)3'CI-; (11) CO(CO)~-, formed from the added Co2(CO),; and (111) C12Hz5N(CH3)3'CI- added sub- 
sequently, on the rate of reduction of PhNOz by CO/H20, catalyzed by [Rh(C0)2Cl]2. Conditions: 3 mmol PhN02, 0.10 mmol Rh, 15 mL 5 M 
NaOH, 20 mL PhCH3, 30°C. I bar total pressure. The rate observed in the presence of 0.080 mmol of NaCl (and in the absence of 
C12H2,N(CH3)3'CI-) is also shown (A). 

green weakly basic aqueous solutions previously mentioned light green, and the Co-Rh complex decomposes to give 
may be due to the low solubility of the aromatic nitro com- Rh(C0)2Cl,- (ir vCo: 2065 and 1988 cm-I) and Co(CO),-, in 
pounds in dilute aqueous base solutions, while 5 M NaOH is a agreement with the anticipated higher nucleophilicity of C1- 
reasonably good solvent for polar organic substrates. than that of Co(CO),-. 

Strongly basic aqueous solutions of rhodium carbonyls are The presumed bimetallic complex R,N'Rh(CO),Cl- 
known to catalyze the water gas shift reaction ( 1 ,  4, 12) and [Co(CO)4]- is destroyed by addition of either tetrabutyl- 

I 
R~, , (cO), ,~-  was suggested as a catalytically active inter- ammonium hydroxide or 5 M NaOH to give R4N'Co(C0)4-, 

1 mediate (13). We have also found that solutions of as can be readily observed by monitoring the characteristic 
[Rh(CO),CI], in 5 M NaOH under carbon monoxide produce absorption of cobalt tetracarbonyl anion at 1885 cm-I. If there 
hydrogen at room temperature and 1 bar total pressure with a is an equivalent, or less, of R4Nt to Co(CO),- in the system, 
rate of about 0.1 mol H,/mol Rh h. the rhodium-containing species formed by the action of base 

In order to determine the cause of the synergistic effect of moves to the aqueous phase. However, when there is an excess 
[ I  ,5-HDRhCl], and C O ~ ( C O ) ~  in the phase transfer catalyzed of R,N' compared to Co(CO),- the insoluble salts of the 
reduction of nitro compounds by CO/H,O (6) an investigation anionic carbonylrhodates are produced and are finely dispersed 
was made of the reaction of [Rh(CO),Cl], and R,N'Co(CO),- in the toluene phase, collecting at the interphase on standing. 
in dry toluene. An intense red-brown color develops on the Addition of C O ~ ( C O ) ~  gives R,N'Co(CO),- which migrates to 
addition of [Rh(CO)2Cl]2 to CI2Hz5N(CH,),'Co(CO),- in tolu- the organic phase and forces the rhodium carbonyls back to the 
ene or methylene chloride. The reaction can be followed by aqueous solution. This inhibition/reactivation sequence is il- 
visible spectrophotometry at 500 nm and a plot of AA vs. [Rh] lustrated in Fig. 3, which also indicates the formation of higher 
(Fig. 2) reveals the formation of a complex with a 1 : 1 Co/Rh nuclearity rhodium clusters (inhibition by dodecyltrimethyl- 
ratio (not C O ~ R ~ ~ ( C O ) , ~ ) . ~  Solutions of this composition show ammonium chloride occurs at much below the rhodium con- 
absorptions in the infrared region at 2062, 2018, 1986, 1948, centration). Separate experiments show that inhibition is not 
and 1908 cm-' (all strong - toluene solutions), and the for- due to chloride ion. 
mation of this complex is also established by ir spectrophoto- In conclusion, the rhodium(1) biphasic reaction is a simple 
metric titration (Fig. 2). The structure of this complex may be and selective homogeneously catalyzed nitro reduction pro- 
C,2H25N(CH3)3'Rh(C0)2CI(Co(CO)4)- in which CO(CO)~- cess. The above results account for the "bimetallic" phase 
acts as a pseudohalide. The ir spectrum is in accord with this transfer reaction, and in particular establish the fascinating 
structure since there are only terminal carbonyl bands present, effects of a quaternary ammonium salt and a second metal 
and the number of these bands is consistent with C,,. molecular complex catalyst on the rhodium catalyzed biphasic reaction. 
symmetry with a staggered conformation. Attempts to obtain 
analytically pure materials have proved unsucces~ful (15). Experimental section 

Addition of further amounts of [Rh(CO),Cl], to the bi- 
The nitro compounds, rhodium and cobalt compounds, as well as anionic gives a new having a 2: phase transfer agents were commercial materials. Solutions of the 

Rh/Co ratio. This complex is much less stable in solution than vio]etRhlz(CO)30~- were prepared by reacting mg (0.1 mmol ~ h )  
the 1 : 1 complex. On addition of tetrabutylammonium chlo- [ R ~ ( C O ) ~ C ~ ] ~  with ,-arbon monoxide in a 9: 1 methanol-water 
ride, the red-brown solution of the 1 : 1 Co/Rh complex turns solution (10  mL) containing 0.5 g of sodium acetate. When 1% " - 

waterltetrahydrofuran was used as the solvent, the initial violet color 
turned deep red in approximately 30 min, and an ir showed bands at 

 h he related, neutral complex (PEt3)z(CO)RhCo(CO)4 has been 2070 w, 2042 vs, 2010 vs, 1870 m, 1840 m, and 1779 vs cm-', 
successfully isolated from the reaction of trans-RhC1(CO)(PEt3)2 with characteristic of Rh5(C0)15-. Addition of 5 M NaOH (1.0 mL) to the 
KCO(CO)~ (14). above solutions gave rise to an intense green solution, and the 
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R ~ , ( C O ) , ~ ' -  anion could be precipitated after dilution with water, as 
the Bu4N' salt. This compound, owing to its extreme air-sensitivity, 
was characterized in acetonitrile solution: ir-vco 1990 m, 1955 vs, 
1905 m, 1815 w, and 1770 s cm- ' .  

General procedure for the biphasic reductron of nltro compourlds 
A mixture of 5 M NaOH (15 mL), toluene or benzene (20 mL) and 

nitro compound (I .O mmol) was degassed in a constant pressure, 
thermostatted manometric apparatus, which was finally filled with 
carbon monoxide. The rhodium catalyst (0.033 mrnol) in toluene was 
added (by syringe). The mixture was stirred until the desired con- 
version had occurred (indicated by gas uptake) at which time stirring 
was stopped. The two phases were separated, the aqueous phase was 
extracted with toluene or ether (2 X 20 mL) and the combined organic 
solution was dried (MgS04) and concentrated. When there was less 
than 100% conversion, the product and starting material were sepa- 
rated by column chromatography on silica gel using to1uene:ether 
(1 : I) as eluant. Products were identified by comparison of Rr values 
(TLC) and spectral data with those of authentic materials. 

Infrared and visible spectrophotornetric studies 
Visible spectrophotometric titrations were carried out under carbon 

monoxide using a screw-thread headed pyrex-glass cell closed with a 
silicone-rubber septum. For infrared measurements (Perkin-Elmer 
783 spectrophotometer), stock solutions were prepared and mixed 
under carbon monoxide and samples were withdrawn by means of 
hypodermic syringes. 

Illustrative preparation of &N+CO(CO)~ - for ir spectrophotometric 
titrations: C O ~ ( C O ) ~  (0.171 g, 1.0 mmol) and dodecyltrimethylammo- 
nium chloride (0.456 g of a 50% w/w RN+CI-  in l : l H20-iso- 

I propanol) were dissolved in a degassed mixture of 5 M NaOH (25 mL) 
and toluene (40 mL) under carbon monoxide. The solution was stirred 
for 40 min, during which time it became almost colorless. The organic 

I phase was removed (syringe) and dried (MgS04) under carbon mon- 
oxide. An infrared spectrum showed only one carbonyl band at 1885 
cm- ' ,  characteristic of CO(CO)~-,  the concentration of which was 
found, by the iodine oxidation method (16). to be 19 pmol Co/mL. 

Bis(tripheny1phosphine)iminium tetracarbonylcobaltate was pre- 
pared for visible studies. To 16 mL of a methylene chloride solution 
of Bu,N+CO(CO)~- (containing 63 pmol Co/mL) was added 0.552 g 
of PPNCI followed by ether (40 mL). The desired compound was 

filtered, washed with hexane, and dried under nitrogen: vco 1886 
c m '  (CH2CI2). Yield: 0.465 g (68%). 
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Metabolites of Lachnellula fuscosanguinea (Rehm). Part 1. 
The isolation, structure determination, and synthesis of lachnelluloic acid' 
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WILLIAM A. AYER arid J. DANIEL FIGUEROA VILLAR. Can. J. Chem. 63, 1161 (1985). 
The metabolites produced in liquid culture by the fungus Lachnellula fuscosanguinea (Rehm) Dennis have been examined 

and two antifungal agents, lachnelluloic acid and lachnellulone, have been isolated. The structure of lachnelluloic acid has been 
established as (-)-4-hydroxy-3-octanoyl-6-pentyl-5,6-dihydro-2-pyrone (I) by chemical and spectroscopic methods. The total 
synthesis of racemic lachnelluloic acid, starting from 6,8-tridecanedione (6) is reported. Lachnelluloic acid (1) shows strong 
antifungal activity against Ceratocystis ulmi, the causative agent of Dutch elm disease. 

WILLIAM A. AYER et J. DANIEL FIGUEROA VILLAR. Can. J. Chem. 63, 1161 (1985). 
On a ttudit les mttabolites produits, au cours d'une culture liquide, par le champignon Lachnellula fuscosanguinea (Rehrn) 

Dennis et on a isolt deux agents fongicides, I'acide lachnellulo'ique et la lachnellulone. Faisant appel a des mtthodes chimiques 
et spectroscopiques, on a dtmontrt que la structure de I'acide lachnellulo'ique correspond ii celle de la (-)-hydroxy-4 
octanoyl-3 pentyl-6 dihydro-5,6 pyrone-2 (I). On rapporte une synthkse totale de I'acide lachnellulo'ique ractmique faisant 
appel ti la tridtcanedione-6,8 (6) comme produit de depart. L'acide lachnellulo~que (1) prtsente une forte activitt fongicide 
contre le Ceratocystis ulmi, I'agent provoquant la rnaladie de la tordeuse de bourgeons. 

[Traduit par le journal] 

The fungus Lachnellula fuscosanguinea (Rehm) Dennis (1, 
2) has been shown to be antagonistic to the Dutch elm disease 
fungus Ceratosystis ulmi and to the wood rotting fungus Fomes 

Initial studies in our laboratories showed that a methylene 
chloride extract of liquid cultures of L. fuscosanguinea dis- 
played antifungal activity against C. ulmi. We report here the 
isolation of two active antifungal agents and the structure (1) of 
one of these compounds, which we have named lachnelluloic 
acid. 

Lachnelluloic acid (1) was isolated from the mycelium ex- 
tract (CH2C12) of L. fuscosanguinea by flash chromatography 

followed by column chromatography on silica gel. The col- 
orless, crystalline, low melting (39-40°C) substance possesses 
the molecular formula C18H3004 and gives a positive ferric 
chloride test. The infrared (ir) spectrum does not show OH 
absorption, but does show absorption at 1708, 1695, and 1555 
cm-I. The latter absorption band, and the lack of apparent OH 
absorption, is attributed to the strongly chelated enolized 
P-diketone functionality in 1. 

The ultraviolet spectrum of lachnelluloic acid shows strong 
absorption bands at 218 and 274 nm, shifted to 250 nm in the 
presence of base, very reminiscent of that of alternaric acid (2) 

H  
o", 0' 'p 

11 m & C H 3  
H3C 9 7 O  0 H ~ C  0 0 CH2 HOOC CH3 

' The isolation and structure determination of lachnelluloic acid was 
first reported at the 9th Simposium International de Quimica de Pro- 
ductos Naturales, Monterrey, Mexico, April 1982, Abstract no. 6. 
The synthesis of lachnelluloic acid was first presented at the Chemical 
Institute of Canada 66th Chemical Conference, Calgary, June 1982, 
A9tract OR 15-3. 

A. Tsuneda and Y. Hiratsuka, Northern Forest Research Centre, 
Canadian Forestry Service, Edmonton, personal communication. We 
thank Drs. Tsuneda and Hiratsuka for cultures of L. fuscosanguinea. 
The fungus was discovered growing on Pinus contorta in Jasper Na- 
tional Park and was identified by Dr. D.W. Minter, Commonwealth 
Mycological Institute (accession number CMI 250255). 

(3) and similar to that of dihydrodehydroacetic acid (3) (see 
below). 

The 'H nmr spectrum of 1 confirms the presence of the 
strongly H-bonded enolic proton, showing a signal at 6 17.9, 
similar to that observed in dihydrodehydroacetic acid (3). Ho- 
monuclear decoupling experiments suggested the partial struc- 
tures A and B (Scheme I )  for lachnelluloic acid. Thus, simul- 
taneous irradiation of the signal at 6 4.38 (proton geminal to the 
ethereal oxygen) induces decoupling of the geminal methylene 
protons at 6 2.68 and 6 2.58 (C-5 H's) as well as protons at 6 
1.80 and 6 1.66, methylene protons of an alkyl side chain, 
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suggestive of partial structure A. The geminal pair of protons 
at 6 3.06 and 6 2.96, a to a carbonyl, are coupled to protons 
at 6 1.66, also part of an alkyl side chain, in keeping with 
partial structure B (see Experimental for complete assign- 
ments). 

The  I3C nmr spectrum of 1 accounts for the 18 carbon atoms, 
two as methyl groups, eleven methylenes, one methine bearing 
oxygen, and four sp2 hybridized carbons. The latter include a 
ketonic carbonyl at 6 204, a lactone or  ester at 6 164, and the 
highly polarized double bond carbons of an en01 at 6 195 and 
6 103 (4, 5). In dihydrodehydroacetic acid (3) these signals 
appear at 6 201.2, 164.4, 195.0, and 103.4 (5).3 This 
established the presence of part structure C in lachnelluloic 
acid. 

Since lachnelluloic acid contains only four oxygen atoms, 
the part structures A ,  B, and C lead to structure D (Scheme 1) 
for lachnelluloic acid. The lengths of the side chains were 
deduced from the fragmentations observed in the electron im- 
pact mass spectrum of lachnelluloic acid. The  base peak at m/z 
239 corresponds to the loss of CSH, and represents the loss of 
the side chain geminal to the ethereal oxygen. A strong peak at 
m/z 226 (Mt - C6H12) corresponds to McLafferty fragmen- 
tation of the acyl side chain. Thus in structure D ,  x = 4 ,  and 
y = 6 .  

As a model for lachnelluloic acid, dihydrodehydroacetic acid 
(3) (6) was prepared by hydrogenation of dehydroacetic acid in 
benzene containing traces of pyridine. Compound 3 displays 
similar spectral characteristics (ir, uv, 'H nmr, and I3C nmr) to 
those of lachnelluloic acid (I) .  The  direction of enolization in 
3, which must be the same as that in lachnelluloic acid, was 
determined to be as in 3 and not 4 ,  since the coupled I3C nmr 
spectrum shows the lactone carbonyl as a broad singlet which 
is unaffected by deuterium exchange of the enolic hydrogen. 
Enolization as in 5, although considered less likely, is not 
excluded by this datum (see also ref. 5) .  

In order to complete the assignment of the structure of 
lachnelluloic acid, racemic compound 1 was prepared by total 
synthesis as outlined in Scheme 2.  Condensation of 6,8-tri- 
decanedione (6 ) ,  prepared by condensation of 2-heptanone and 
methyl hexanoate, with malonyl dichloride (7) afforded the 
pyrone 7 in 58% yield. Deacylation of 7 (90% H,SO,, 
120- 130°C) gave 4-hydroxy-6-pentyl-2-pyrone (8) in 87% 

'We wish to thank Prof. J.B. Stothers for valuable discussion and 
for performing a 2D INADEQUATE experiment on 3 (see ref. 5). 

yield. Hydrogenation of 8 over palladium-charcoal gives a 
quantitative yield of P-ketolactone 9 (spectral characteristics 
(see Experimental) and a negative ferric chloride test indicate 
that this compound exists in the unenolized form). Direct C- 
acylation of 9 with octanoyl chloride in refluxing tri- 
fluoroacetic acid (8) gave racemic lachnelluloic acid ( I )  in low 
(- 10%) yield. Better results are obtained using Tanabe's meth- 
od (9), which involves first O-acylation to provide 1 0  (-90% 
yield), followed by base-catalyzed thermal isomerization to 
provide racemic lachnelluloic acid ( I )  in 75% yield (34% over- 
all yield from 6), identical (ir, uv, nmr, ms) with the natural 
product. The  absolute configuration of natural, levorotatory 
lachnelluloic acid has not been determined. 

Direct acylation of the pyrone 8 with octanoyl chloride gave 
dehydrolachnelluloic acid 11 in high yield. All attempts to 
transform 11 into lachnelluloic acid by catalytic hydrogenation 

(as was successful with dehydroacetic acid above) were un- 
successful. Hydrogenation over palladium-charcoal in ethyl 
acetate gave the deoxygenated P-ketone lactone 1 2  in virtually 
quantitative yield. Hydrogenation-hydrogenolysis of lach- 
nelluloic acid under identical conditions also provided 1 2 ,  and 
similar hydrogenation of dehydroacetic acid gave 13. 

Lachnelluloic acid, which shows antifungal activity against 
C. ulmi, bears a structural similarity to the recently reported 
(10) podoblastins (e.g., podoblastin A (14)), compounds which 
also show antifungal activity. The structure of the second 
antifungal metabolite isolated from L. fuscosanguinea, lach- 
nellulone, will be the subject of the next paper in this series. 

Experimental 
General 

High resolution electron impact mass spectra (hreims) were 
recorded on an AEI MS-50 mass spectrometer. Chemical ionization 
mass spectra (cims) and low resolution electron impact mass spectra 
(Ireims) were obtained using an AEI MS-4 mass spectrometer. Fast 
atom bombardment (FAB) spectra were obtained using an AEI MS-50 
spectrometer. The data were processed in DS-50 and DS-9 computers. 
Fourier transform infrared (ftir) spectra were recorded as CHCI, casts 
on a Nicolet 7199 IT interferometer. Single scan infrared (ir) were 
recorded on a Perkin Elmer 297 spectrometer. Routine nmr spectra 
were obtained on a Varian A-56/60A spectrometer, a Bruker WP-80 
spectrometer, and a Varian 4A-I00 spectrometer with a Digilab 
ITS/NMR-3 data system. Tetramethylsilane was used as the internal 
standard. High field 'H nmr and "C nmr spectra were recorded on 
Bruker WH-200 or WH-400 spectrometers with an Aspect 2000 com- 
puter system. Ultraviolet (uv) spectra were obtained on a Unicam SP 
1700 spectrophotometer and optical rotations on a Perkin Elmer 141 
polarimeter: Melting points are uncorrected and were determined on 
a Fisher-Johns melting point apparatus. E. Merck silica gel 60 (less 
than 230 mesh) was used for column chromatography, and E. Merck 
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AYER AND FICUEROA 

silica gel 60 (230-400 mesh) was used for flash chromatography. 
Preparative thin layer chromatography (ptlc) was carried out on Ter- 
ochem silica gel G containing 1% Retma P-l electronic phosphor 
(General Electric), 20 X 20 cm plates, 0.35-0.50 mm thickness. 
Analytical thin layer chromatography (tlc) was done on BDH pre- 
coated plates of silica gel 60 F-254. Visualization was carried out 
using uv light or iodine vapor (ptlc), and using 10% H2SO4 or 5% 
phosphomolybdic acid containing a trace of ceric sulfate in 5% sul- 
furic acid (tlc), followed by careful charring on a hot plate. All 
solvents were distilled prior to use. Skellysolve B refers to Skelly Oil 
Company light petroleum, bp 62-70°C. 

Fermentations were carried out in a New Brunswick Scientific 
MF-214 microferm fermentor or a New Brunswick Scientific mag- 
naferm fermentor. 

Culturing of Lachnellula fuscoanguinea 
Strain C-693 (Canadian Forestry Service, accession number of the 

Commonwealth Mycological Institute CMI 250255 and 250256) of 
Lachnellula fuscosanguinea was found growing on Pinus contorta on 
Maligne Lake Road, Jasper National Park, in 1979. A slant tube 
culture of this fungus was obtained from the Northern Forest Research 
Center, Edmonton. 'The original slant tube culture was transferred to 
potato dextrose agar (PDA) slant tubes which were kept as stock 
cultures at 4OC. 

Shake cultures of the fungus were obtained by transferring small 
pieces of mycelium from the slant tubes to 300-mL Erlenmeyer flasks 
containing 150 mL of sterile potato dextrose broth (PDB). After two 
weeks at 17'C the shake cultures were ready to use as inoculum. 

When a fermentor was used, 450 mL of inoculum was transferred 
to 10 L of sterile PDB in the fermentation tank. The conditions in the 
fermentor were kept as follows: temperature 20°C, air flow 1 L/min, 
pressure 4 psi (1 psi = 6.9 kPa), drive speed 170 rpm, and foam 
breaker speed 600 rpm. The fermentation was worked up after 3 
weeks. 

In the case of still culture, 25-mL aliquots of inoculum were trans- 
ferred to 2.8-L Fernbach flasks, each containing I L of sterile PDB. 
The flasks were then kept at 17-20°C for at least 70 days. 

Extraction of the metabolites 
The culture mixture was separated into broth and mycelium by 

filtration through cheese cloth. The broth was extracted, without pre- 
vious concentration, by CH2C12 liquid-liquid extraction (3 X 500 mL 
of CH2C12 for every 3 L of broth). The CH2C12 extract was then dried 
over anhydrous Na2SO4, filtered, and concentrated to dryness under 
reduced pressure at 35°C. Higher yields of extract were obtained when 
the broth was first concentrated (5 L to 500 mL, reduced pressure, 
35°C) and then extracted with ethyl acetate in a continuous 
liquid-liquid extractor. 

The mycelium was air dried for two days, then extracted with 
CH2C12 in a Soxhlet extractor. The CHICIT extract was dried (anhy- 
drous &So.+) and concentrated. 

Isolation of lachnelluloic acid ( I )  
A 50-mm diameter column was filled with 8 in. of silica gel for 

flash chromatography and packed using CHC1,. The sample (1.5 g of 
crude extract) was applied as a concentrated solution in chloroform 
and the column was eluted with solvent at the rate of 2 in./min while 
collecting 50-mL fractions. 

Fractions 20-30, eluted with CHCI,, provided a waxy crystalline 
substance (305 mg). Column chromatography of this fraction (40 g of 
silica gel G mesh 270, 2-cm diameter column, Skellysolve B/CHCI 

23 1 : I) gave a pure crystalline substance (204.2 mg), mp 39-40°C; [a], 
-26.6" (c 10, MeOH); tlc, R, 0.5 (Skellysolve B/CHCI,/HOAc, 
50:50: 1); ftir (CHCI3, cast or solution): 2955, 2925, 2860, 1708, 
1695, 1555, 1465, and 1065 cm-I; uv (MeOH) A,,,: 218 (E 700), 274 
nm (E 1090); uv (MeOH + NaOH) A,,,: 250 nm (E 1375); uv (MeOH 
+ HCI) A,,,: 275 nm (E 1095); 'H nmr (400 MHz, CDC1,) 6: 17.9 
(enolic H), 4.38 (H-6, dddd, J = 4.0, 5 .O, 7.0 and 1 1.0 Hz, coupled 
to 2.58, 2.68, 1.80and 1.66), 3.06 (H-13a, ddd, J = 6.5, 8.5, and 
15.0 Hz, coupled to 1.66), 2.96 (H-13b, ddd, J = 6.5, 8.5, 15.0Hz, 
coupled to 1.66), 2.68 (H-5a, dd, J = I I .O, 17.0 Hz, coupled to 4.38 
and 2.58), 2.58 (H-5b, dd, J = 4.0, 17.0 Hz, coupled to 4.38 and 
2.68), 1.80(lH,dddd, J = 5.0,7.0, 10.0, 13.0Hz,coupledto4.38, 
1.66, and 1.53), 1.66 (3H, m, coupled to 4.38,3.06,2.96, and 1.80), 
1.53 (IH, quintet, J = 5.0), 1.34- 1.30 (14H, m, coupled to 0.90 and 
0.92), 0.92 (3H, vt, J = 6.0, coupled to 1.34 and 1.30), 0.90 (3H, 
vt, J = 7.0, coupled to 1.34 and 1.30); "C nmr (100 MHz, CDCI,) 
6: 204.22 (s), 194.88 (s), 163.92 (s), 102.93 (s), 73.57 (d), 38.25 (t), 
37.65 (t), 34.40 (t), 3 1.43 (t), 3 1 .22 (t), 29.05 (t), 28.75 (t), 24.82 
(t), 24.14 (t), 22.33 (t), 22.21 (t), 13.76 (q), and 13.66 (q); hreims 
m/z (formula, intensity, fragment): 310.2136 (calculated for 
CIgH3004, 310.2144, 33, M+), 292 (C1nH2803, 6, M - H20), 240 
(C13H2004, 15). 239 (C13H1904, 100.0, M - CSHII), 226 (C12H1a04, 
41, M - C ~ H I Z ) ,  222 (C13H1803, 12) 221 (C13H1703, 62, M - 
CSH130), 155 (C7H704, 17), 129 (CsHs04, 10). The compound 
showed a positive ferric chloride test. 

Isolation of lachnellulone4 
Fractions 35-40 of the above mentioned flash chromatography of 

1.5 g of crude extract of L. fuscosanguinea, eluant now 1% MeOH in 
CHCI,, afforded a white crystalline material which was recrystallized 
from acetone/Skellysolve B to yield 20 mg of pure lachnellulone, mp 

4The structure of lachnellulone will be discussed in part 2 of this 
series. 
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126- 127°C; tlc, Rr 0.44 in CHCI,; [a]: +48.4 ( c  10, CH,OH). The 
spectral characteristics of lachnellulone will be described in the full 
paper. 

Hydrogenation of dehydroacetic acid 
Dehydroacetic acid (1.0 g or 6 mmol) was mixed with 5% Pd-C 

(0.1 g) and benzene (20 mL) containing five drops of pyridine. The 
reaction mixture was then pressurized with hydrogen (60 psi) in a Parr 
hydrogenator for 40 h at room temperature. The reaction mixture was 
filtered to remove the catalyst and concentrated to dryness in vacuo. 
The solid residue was purified by crystallization from Skellysolve 
B/ethyl acetate to afford, in 95% yield, white crystals of dihydro- 
dehydroacetic acid (3), mp 93-94°C; tlc, Rf0.3 in CHCI,/Skellysolve 
B/HOAc, 2: 1 :  1; ftir (film): 2980, 2920, 1715, 1560, 1458, 1080, 
and 770 cm-I; uv (MeOH) A,,,: (E 20 700), 274 nm (E 26 100); uv 
(MeOH + NaOH) A,,,: 208, 248 nm; 'H nmr (200 MHz, CDCI,) 6: 
17.9 (IH, s), 4.52 (IH, m), 2.63 (2H, dd, J = 2.5, 6 Hz), 2.60 (3H, 
s), 1.44 (3H, d, J = 6 Hz); "C nmr (50 MHz, CDC13) 6: 201.18 (s), 
195.04 (s), 164.35 (s), 103.43 (s), 70.25 (d), 39.45 (t), 26.47 (q), and 
20.56 (q). The gated 'C nmr spectra for deuterium-labelled (enolic H) 
dihydrodehydroacetic acid, 6: 201 (q, J = 6.5 Hz), 194 (m), 164 (bs), 
103 (m), 70 (ddm, J = 147.5, 3.5 Hz), 39 (tbq, J = 130.0,4.5 Hz), 
26 (q, J = 230 Hz), and 20 (qq, J = 127.5, 2.0 Hz). 

6,s-Tridecanedione (6) 
Sodium amide (1 mol) was suspended in dry tetrahydrofuran (THF) 

(100 mL) in a 500-mL two-neck round bottom flask to which a 
dropping funnel and a reflux condenser (CaCI, drying tube) had been 
attached. 2-Heptanone (0.33 mol) in (THF) (50 mL) was added from 
the funnel over a period of 10 min. After 5 min stirring, methyl 
hexanoate (70 mL) in THF (50 mL) was added slowly to the reaction 
mixture. The viscous mixture was heated under reflux for I h and let 
cool to room temperature, then acidified with 10% HCI until all the 
precipitate had dissolved. The upper organic layer was separated, 
washed with distilled water, dried over anhydrous Na2S04, filtered, 
and concentrated to yield a red liquid. Vacuum distillation (3 Ton; 1 
Ton  = 133.3 Pa) produced a fraction (130°C) containing the desired 
P-diketone, which was further purified by complexation with copper 
acetate (-100 mL of saturated solution). The copper complex was 
separated by filtration and washed with 95% EtOH. The green crystals 
of complex were then dissolved in CHCI, (100 mL) and decomposed 
with 10% H2S04 (200 mL). The colorless CHCI, solution afforded, 
after drying and concentration, pure (by tlc) 6,8-tridecanedione (6) ,  35 
g (54%), qr 1.442; tlc, Rr 0.65 in Skellysolve B/ethyl acetate, 9: I; 
ir (cast): 2960, 2930, 2860, 1705 (w), 1610, 1460, 1150, 1 1  10, 950, 
and 780 cm-'; 'H nmr (80 MHz, CDCl,) 6: 15.40 (lH, bs), 5.50 (lH, 
s), 3.58 (fraction, s), 2.52 (fraction, t), 2.30 (4H, t), 1.62 (4H, bt), 
1.30 (8H, m), 0.90 (6H, vt); hreims m/z (formula, intensity): 
212.1775 (calculated for C13H2402. 212.1775, 11). 170 (ClnHIRO,. . . - . - - , 
13), 156 (c~H1602, 34), 141 (CnH1s02, loo), 100 ( c ~ H ~ o ~ ,  50), and 
99 (C6Hll0, 77). 

Condensation of 6,s-tridecanedione (6) with rnalonyl dichloride 
6,8-Tridecanedione (24 mmol) was added to a round bottom flask 

connected to a dropping funnel and a gas outlet. Malonyl dichloride 
(24 mmol) was added slowly from the dropping funnel to the 
P-diketone and the reaction mixture was heated in a water bath at 
80°C. A copious amount of hydrogen chloride, which was removed 
using a water aspirator, was produced in the darkening reaction mix- 
ture. When the evolution of HCI had stopped (30 min), the reaction 
mixture was dissolved in ether and washed with distilled water and 
then with brine. The ether extract was dried over anhydrous Na2S04 
and concentrated in vacuo to afford a red-brown solid residue which 
was recrystallized from hexane/ether (1 : 1) several times to give pale 
yellow flakes of 5-hexanoyl-4-hydroxy-6-pentyl-2-pyrone (7), 3.9 g 
(58% yield), mp 91-92°C; tlc, Rf 0.55 in 2% MeOH, 2% HOAc in 
CHCI,; ftir (KBr): 3370,2960, 2930,2860, 2620, 2500, 1705, 1690, 
1620, 1565, 1460, 1290, 985, and 830 cm-'; uv (MeOH) A,,,: 225 
(E 6050); 261 (E 5410), 288 nm (E 5250); 'H nmr (200 MHz, CDCI,) 
6: 16.71 (lH, bs), 5.56(1H, s),2.82(2H, t, J =  7.5Hz), 2.73(2H, 

bt, J = 8.0 Hz), 1.70 (4H, m), 1.3 1 (8H, m), and 0.90 (6H, vt); "C 
nmr (50 MHz, CDCI,) 6: 202.6 (s), 169.8 (s), 169.2 (s), 165.1 (s), 
115.4(s), 90.1 (d),44.4(t), 32.5 (t), 31.3 (t), 31.2(t), 27.4(t), 23.8 
(t), 22.3 (t), 22.1 (t), 13.8 (q), and 13.7 (q); hreims m/z (formula, 
intensity, fragment): 280.1673 (calculated for C16H2404, 280.1675, 
25, M'), 252 (CISH2403, 22, M - CO), 237 (C13H1704, 15, M - 
C,H7), 224 (C12H1604,18), 210 ( C I I H I ~ O ~ , ~ ) .  209 ( C I ~ H I ~ O ,  100, M 
- C~HI I ) ,  206 (C12H1403, 27), 196 (c11H1603, 23), 181 (CYHYO~, 
14), 168 (CnH8O4, 44), 153 (C7HSO4, 26). and 99 (C6Hl ,O, 67). Anal. 
calcd. forCI6H2,O4: C 68.55, H 8.63; found: C 68.76, 68.92; H 8.70, 
8.69. 

Synthesis of 4-hydroxy-6-pentyl-2-pyrone (8) 
5-Hexanoyl-4-hydroxy-6-pentyl-2-pyrone (7, 12.8 mmol) was dis- 

solved in 90% H2S04 (10 mL) and heated to 120- 130°C for 60 min. 
The reaction mixture was cooled, diluted with 10% NaHCO,, and 
extracted with ether. The ether extract was dried over anhydrous 
Na2S04 and concentrated to yield an oil which crystallized under high 
vacuum. This compound was recrystallized from Skellysolve B/ether 
(1 : 1) to yield 1.8 g of the hydroxypyrone 8. The mother liquors were 
purified by flash chromatography (30-mm diameter column, 2% Me- 
OH, 2% HOAc in CHCI,) to give, in fractions 9 to 13, 0.255 g of 
pyrone 8 (87% yield), mp 52-52.5"C; tlc, Rr 0.38 in 2% MeOH, 2% 
HOAc, 96% CHCI,; ftir (CHCl, cast): 2960, 2930, 2845, 2520 (br), 
1690 (w), 1640 (w), 1570, 1540, 1500, 1350, 1310, 1285, 1250, 
1140, 920 (br), 885, 840, and 820 cm-'; 'H nmr (80 MHz, CDCI,) 
6: 10.9 (lH, bs), 6.1 (IH, s), 5.6 (IH, s), 2.5 (2H, t), 1.7 (2H, bt), 
1.4 (4H, m), 0.9 (3H, vt); hreims m/z (formula, intensity, fragment): 
182.0940 (calculated for CloH140,, 182.0942, 33, M+), 164 
(CIoH1202,2, M - HzO), 154 (C~H1402~7,  M - CO), 141 (CsHl,Oz, 
10, M - CZHO), 139 (C7H703, I I ,  M - C3H7), 126 (CnH603, 100, 
M - CdHn), 1 1  1 (CsH,Os, 72), 98 (C5H.502, M),  and 84 ( C ~ H ~ O Z ,  
64). Anal. calcd. for CIOH1403: C 65.92, H 7.72; found: C 66.04, H 
7.80. 

Hydrogenation of 4-hydroxy-6-pentyl-2-pyrone (8) 
4-Hydroxy-6-pentyl-2-pyrone (8, 1.37 mmol) was mixed with 5% 

Pd-C (30 mg) and ethyl acetate (20 mL) in a hydrogenation bottle. 
The reaction flask was connected to a Parr hydrogenator and pressur- 
ized to 70 psi with hydrogen. The reaction mixture was shaken for 24 
h at room temperature. Filtration and concentration of the reaction 
mixture afforded 4-0~0-6-pentyI-3,4,5,6-tetrahydro-2-pyrone (9) in 
quantitative yield as a white solid (mp 64-65°C); tlc, Rr 0.33, 1% 
MeOH in CHCl,; ftir (CHCI,, cast): 3100, 2960, 2925, 2860, 2570, 
1700 (w), 1595, 1390, 1290, 1040, 885, and 830 cm-'; 'H nmr (400 
MHz, CDCI,) 6: 4.62 (IH, dddd, J = 3, 5, 8, 12 Hz, coupled to 6 
2.70, 2.47, 1.82, 1.71), 3.56 (IH, d, J = 19 Hz, coupled to 6 3.41), 
3.41 (IH, d, J = 19 Hz, coupled to 63.56), 2.70 (lH, dd, J = 3, 18 
Hz, coupled to 6 4.62, 2.47), 2.47 (1 H, dd, J = 12, 18 Hz, coupled 
to 6 4.62, 2.70), 1.82 (IH, dddd, J = 5, 8, 9, 14 Hz, coupled to 6 
4.62, 1.71, 1.56, 1.46), 1.71 (lH,dddd, J = 5 ,5 ,  11, 18Hz, coupled 
to 64.62, 1.82, 1.56, 1.46), 1.56 (IH, m), 1.46 (IH, m), 1.36 (4H, 
m) and 0.92 (3H, vt); hreims m/z (formula, intensity, fragment): 
184.1098 (calculated for CIOHI60,, 184.1100, 5, M+), 166 
(C]oH]402, 4, M - HzO), 129 (C6H903, 24, M - C4H7), 125 
(C8H130, 29, M - CzH,02), 115 (C5H703, 17, M - CsHy), 113 
(CSH~O,, 100, M - CsHIl), 1 I1 (C6H702, 19, M - C4Hy0). 

0-Acylation of 4-0~0-6-penty1-3,4,5,6-tetrahydro-2-pyrone (9) 
P-Ketolactone 9 (0.71 mmol) was dissolved in benzene (2 mL) 

containing 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (0.73 mmol) 
and octanoyl chloride (0.73 mmol) at O°C. This mixture was stirred in 
an ice-water bath for 3 h. The reaction mixture was treated with 
distilled water (20 mL) and extracted with benzene (2 X 10 mL). The 
combined benzene extracts were washed with 5% HCI (1 X 20 mL) 
and brine. The benzene solution was then dried over anhydrous 
Na2S04 and concentrated to give an oil which was shown to be a single 
compound (tlc), the en01 ester 10 (91% yield). This compound was 
unstable and was used immediately in the next step; 'H nmr (200 
MHz, CDCI,) 6: 5.82 (lH, s), 4.40 (lH, m), 2.40 (2H, m). 
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Lachnelluloic acid (I) 
6-PentyI-4-oxyoctanoyl-5,6-dihydro-2-pyrone ( lo,  0.65 mmol) 

was dissolved in dry toluene (3 mL) and mixed with 4-N,N-dimethyl- 
aminopyridine (DMAP, catalytic amount). The resulting solution was 
heated under reflux for 5 h. The reaction mixture was worked up by 
adding water and extracting with toluene. The combined toluene ex- 
tracts were washed with 5% HCI and brine. After drying over anhy- 
drous Na2S04 the solution was concentrated to give an oily residue. 
Flash chromatography of this residue (20-mm diameter column, Skel- 
lysolve B/EtOAc (95 : 5)) afforded, in fractions 7 to 1 I ,  pure racemic 
lachnelluloic acid (I50 mg, 75% yield) as an oil, identical (tlc, ir, uv, 
'H nmr, hreims) with an authentic sample. Anal. calcd. for ClsH,004: 
C 69.64, H 9.74, 0 20.62; found: C 69.72, H 9.82. 

Synthesis of dehydrolachnelluloic acid (11) 
4-Hydroxy-6-pentyl-2-pyron (8, 1.38 mmol) was dissolved in tri- 

fluoroacetic acid (TFA) (10 mL) and mixed with octanoyl chloride 
(1.85 mmol). The reaction mixture was heated under reflux for 24 h. 
The resulting yellow solution was diluted to 100 mL with ether, 
extracted with 10% NaHCO, (2 X 200 mL), washed with water, dried 
over anhydrous Na2S04, and concentrated to yield an oily residue. 
Flash chromatography of this residue (20-mm diameter column, Skel- 
lysolve B/chloroform (2: 1)) afforded the pure crystalline dehydro- 
lachnelluloic acid (0.4 g, 94%), mp 35-36°C; tlc, Rr 0.6 in 
chloroform/Skellysolve B (2: 1); ftir (CHCl,, cast): 3090 (w), 2960, 
2930,2830, 1725, 1635, 1605, 1560, 1445, 1225,990, 850, and 700 
c m - ~ .  , 1 H nmr (200 MHz, CDCI,) 6: 16.87 (1 H, s), 5.92 (1 H, s), 3.08 

(2H, t, J = 7 Hz), 2.45 (2H, t, J = 8 Hz), 1.67 (4H, m), 1.35 (12H, 
m), 0.91 (3H, vt), and 0.89 (3H, vt); hreims m/z (formula, intensity, 

I 
fragment): 308.1990 (calculated for CInH2X04, 308.1988, 22, M+), 
290 (C1nHz603, 8, M - HzO), 252 (Cl4H2o04, 3, M - C4H,), 237 
(C13H1704, 64, M - CYHII) ,  224 (C12H1604, 100, M - C~HIZ) ,  210 
( C I I H I ~ O ~ ,  41 M - C7H14), 204 ( C I ~ H ~ O O ,  31), 168 (CxHs04, 481, 
153 (C7H504, 10). Anal. calcd. for ClxH2x04: C 70.10, H 9.15; found: 
C 69.96, H 9.33. 

Hydrogenation of dehydrolachnelluloic acid (11) 
Dehydrolachnelluloic acid (0.78 mmol) was dissolved in ethyl ace- 

tate (20 mL) and transferred to a hydrogenation bottle containing 10% 
Pd-C catalyst (0.05 g). This mixture was pressurized to 60 psi of 
hydrogen in a Parr hydrogenator and shaken for 24 h. Thin layer 
chromatography of the reaction mixture showed the presence of a 
product different from lachnelluloic acid. After work-up the reaction 
product afforded the P-ketolactone 12, in quantitative yield, as a 
viscous oil; tlc, Rf  0.2 in chloroform/Skellysolve B/HOAc 
(2: l :trace); ftir (CHCI,, cast): 2960, 2930, 2865, 1610, 1384, 1250, 
1120, 1040, and 740 cm-'; 'H nmr (200 MHz, CDC1,) 6: 4.68 ( lH, 
m, coupled to 6 2.73 and 6 2.42), 3.41 (lH, t, J = 7 Hz, coupled with 
6 1.92, exchangeable with D20), 2.73 ( lH, dd, J = 3, 18 Hz, coupled 
to 6 4.68 and 6 2.42), 2.42 (1 H, dd, J = 12.0, 18.0 Hz, coupled to 
6 4.68 and 6 2.73), 1.92 (2H, bt, coupled to 6 3.4 1 and 6 1 .3), 1.3 
(1 6H, m), and 0.90 (6H, vt); "C nmr (50 MHz, CDCI,) 6: 201.05 
(1.7), 169.07 (1.0), 73.81 (3.1), 56.49 (2.0), 43.42 (2.5), 34.23 
(2.9), 31.60(2.3), 31.18 (2.3), 29.44 (2.7), 29.08 (3.6), 29.00 (2.6), 
27.02 (2.2), 24.17 (3.0), 22.90 (2.7), 22.40 (31)22.20  (2.6,  13.82 
(2.8), and 13.67 (3.4). 

Hydrogenation of natural lachnelluloic acid (I) 
Lachnelluloic acid (1, 3.1 mg) was mixed with 5% Pd-C (I mg) 

and ethyl acetate (10 mL). The mixture was shaken at 60 psi of 
hydrogen for 24 h. The reaction mixture was filtered and concentrated 
to give a white solid which was purified by preparative tlc (20 x 20 
cm, 0.35-mm thickness, CHC1,) to afford P-ketolactone 12 (3 mg), 
identical (tlc, ftir, 'H nmr, ms) with that prepared above. 

Hydrogenation of dehydroacetic acid to give 13 
Dehydroacetic acid (6 mmol) was mixed with 10% Pd-C catalyst 

(0. I g) in a hydrogenation bottle, ethyl acetate (20 mL) was added to 
the mixture, and the flask was pressurized to 60 psi of hydrogen and 
shaken for 24 h at room temperature. Filtration and concentration of 
the reaction mixture afforded a yellow solid which was recrystallized 
from Skellysolve B/acetone to give white crystals of the 
P-ketolactone 13 in quantitative yield, mp 138- 139°C. This com- 
pound gives a negative ferric chloride test; tlc, Rr 0.3 in Skellysolve 
B/CHCI,/HOAc (30:70: 1); ftir (film): 2960, 2930, 2860, 2540 
(broad), 1603, 1385, 1270, 1 120, 900 cm-'; ir (CHCI,): 1760 and 
1720 cm-'; hreims m/z (formula, intensity, fragment): 156.0788 (cal- 
culated for CnHlzO,, 156.0787, M+), 128 (ChHnO3, 53, M - CzH4), 
87 (C4H702, 9, M - C4Hs0), 87 (C1H,03, 1 I ,  M - CsHs), and 55 
(C3H30, 100, M - C5HPO2). Anal. calcd. for CsH1203: C 61.52, H 
7.74; found: C 61.12, H 7.56. 
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Crystal structure determination of the conformation of two bicyclo[3.3.l]nonan-ones 
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JOHN F. RICHARDSON and TED S. SORENSEN. Can. J .  Chem. 63, 1 166 (1985). 
The molecular structures of exo-7-methylbicyclo[3.3.l]nonan-3-one, 3, and the endoy-methyl isomer, 4, have been 

determined using X-ray. diffraction techniques. Compound 3 crystallizes in the space group 14 with a = 15.1 15 (l), c = 7.677 
(2) A, and Z = 8 while 4 crystallizes in the space group P21 ,  with a = 6.446 (I), b = 7.831 (I), c = 8.414 (2) A, P = 94.42 
(2)", and Z = 2. The structures were solved by direct methods and refined to final agreement factors of R = 0.041 and R = 
0.034 for 3 and 4 respectively. Compound 3 exists in a chair-chair conformation and there is no significant flattening of the 
chair rings. However, in 4, the non-ketone ring is forced into a boat conformation.These results are significant in interpreting 
what conformations may be present in the related sp2-hybridized carbocations. 

JOHN F. RICHARDSON et TED S. SORENSEN. Can. J .  Chem. 63, 1166 (1985). 
Utilisant des techniques de diffraction des rayons-X, on a determine les structures moleculaires de la methy]-7 exo 

bicyclo[3.3. I ]  nonanone-3, 3,0et de son isomhe methyl-7 endo, 4. Le compose 3 cristallise dans le groupe d'espace 14, avec 
a = 15,115(1)2 c = 7,677(2) A et Z = 8 alors que 4 cristallise dans le groupe d'espace P2, ,  avec a = 6,446(1), b = 7,831(1), 
c = 8,414(2) A, P = 94,42(2)" et Z = 2. On a resolu les structures par des methodes directes et on les a affintes jusqu'a des 
valeurs respectives de R de 0,041 et 0,034 pour les composCs 3 et 4. Le compose 3 existe dans une conformation chaise-chaise 
et il n'y a pas d'aplatissement notable des cycles en formes chaises. Toutefois, dans le compose 4, le cycle qui ne porte pas 
la cetone est force de prendre une conformation bateau. Ces rksultats sont importants pour interpreter la nature des con- 
formations qui peuvent Ctre presentes dans les carbocations apparentes qui ont une hybridation sp2. 

[Traduit par le journal] 

A number of organic reactions, where a carbocation inter- rigid framework of the bicyclo[3.3. Ilnonane ring system and 
mediate is involved, undergo a rearrangement reaction charac- the consequent difficulty in bringing C(3) and C(7) within 
terized by a n, 1-hydride shift, where position 1 is the carbo- "bonding" distance. 
cation centre and n is a C-H function located at a separation As an aid in the study of the observable carbocations, we 

I 

I 
of 2, 3, 4, 5 .... carbon atoms distant. were interested in getting structural data on the related ketones 

In some recent examples where n = 5 and 6, it has been 3 and 4. Ketone 3 was expected to be a di-chair structure and 1 possible to directly observe a symmetrical p-hydrido-bridged our principle interest was in looking at the expected 
I carbocation 1, where p and q define a medium ring, i.e. p + "flattening" of the chairs because of transannular interactions. 

q = 6, 7, 8, or 9 (1 -3). In the case of p = q = 3, R = H, it On the basis of nmr work, ketone 4 had been proposed to have 
has also been possible to show the existance of 1 as an inter- a chair- boat structure (9). We were interested in confirming 
mediate in solvolysis or acid-catalysis reactions (4, 5). 

Like the simple ring compounds, the bicyclo[3.3. llnonyl 
system 2 has been observed in many instances (6-8) to transfer 
a hydrogen between positions 3 and 7. However, the situation 
regarding a possible p-hydrido-bridged carbocationic inter- 
mediate in solvolysis reactions has still not been definitively 
settled, although most of the evidence has been against such 
an intermediate. We have recently prepared the observable 
carbocation 2, R = CH,, and significantly, this is not a 
p-hydrido-bridged structure,' involving instead a very rapid 
tcansfer of the hydrogen over a small barrier, i.e. a degenerate 
rearrangement involving a "normal" tertiary carbocation. The 
cation related to 2 but with an endo-methyl group was also 
prepared. ' 

The most likely cause of the difference between cations 1 
and 2, as discussed by Eakin et al. (6a), concerns the more 

I T .  S. Sorensen, unpublished results. 

this and in using 4 as a model for a "non-flattening" chair 
structure. The structure of 4 is also of interest in light of very 
recent work by Renzoni and Borden (lo), in which a 7-endo- 
carbomethoxybicyclo[3.3.~]nonan-3-one is postulated to have 
a dichair structure. 

In looking at base-catalyzed hydride transfer, Murray-Rust 
et al. (1 1) have determined the structure of exo-7- 
hydroxybicyclo[3.3.1]nonan-3-one, 5, and the corresponding 
methyl ether, 6 ,  and both have a di-chair structure (the former 
has a slight disorder problem). 

Experimental 
X-Ray analysis 

The ketones 3 and 4 were prepared as outlined in refs. 60 and 12, 
respectively. Ketone 4 was further purified by vpc and crystals of both 
isomers were obtained by slow sublimation. Due to the facile sub- 
limation of the ketones, suitable crystals of each were quickly affixed 
to a goniometer head at room temperature and immediately placed in 
the cold stream on an Enraf-Nonius CAD4F automated diffracto- 
meter fitted with a low-temperature device. The crystal systems were 
identified as tetragonal and monoclinic, respectively, using the in- 
dexing routines of the instrument. The distribution of intensity data 
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RICHARDSON AND SORENSEN 

TABLE I. Crystal data 

Isomer 

Parameters 3 4 

Formula 
Formula wt., amu 
Crystal description 
S p a ~ e  group 
a ,  4 
b, 6 
c, A 
PI d:g 
u, A' 
z 
D,, g cm-' 
F(000) 
Radiation 
Temperature, "C 
Max 0, deg 
Scan range Ao, deg 
Octants collected 
Crystal dimensions, mm 
~ ( M o k a ) ,  cm-' 
Unique data collected 
Observed data (I  > 3u(I)) 
No. data used in final cycle* 
No. variables in final cycle 
GOF 
Max (shiftlerror) 
R ,  R,,.t 

C , O H I ~ O  C I O H I ~ O  
152.24 152.24 
Cplorless plates Colorless plates 
I4  P2, 
15.115(1) 6.446(1) 
15.115(1) 7.831(1) 
7.677(2) 8.414(2) 
90 94.42(1) 
1753.8(5) 423.4(1) 
8 2 
1.15 1.19 
672.0 168.0 
Moka, h = 0.71069 A (graphite monochromator) 
-83(1) - 172(2) 
25 27.5 
1.5(0.70 + 0.347 tan 0) 1.5(0.70 + 0.34 tan 0) 
-h ,  +k, *1 +-h, +k, -1 
0.20 X 0.30 X 0.30 0.10 X 0.25 X 0.30 
0.78 0.8 1 
842 1033 
594 886 
729 978 
100 99 
1.43 1.42 
0.03 0.03 
0.041, 0.032 0.034, 0.031 

*Observed data plus those for which I, > 3u(II,). 
i R  = E(~~F,,)I - l~.ll)/ElF~l; R., = [Ew(IF~,I - IF~I)'/~)vIF,~I']~". 

TABLE 2. Positional parameters (X lo4) and B,,,,, (3 X 10, 4 X 100) 
for the non-hydrogen atoms of exo-, endo-7-methylbicyclo[3.3. I]- 
nonan-3-ones 3 and 4. B,, is calculated from 113 the trace of the B, 

matrix 

Atom xla ylb z/c Bcq (A2) 

Compound 3 
(31) 34 13(2) 8702(2) 3608(5) 26(2) 
c(2) 3864(2) 940 1 (2) 47 17(5) 30(2) 
c(3)  3264(2) 9861(2) 6007(5) 2 9 ~  
(74) 2556(2) 9303(2) 6852(4) 28(2) 
c(5)  2 142(2) 8607(2) 566 l(5) 27(2) 
C(6) 1533(2) 90 14(2) 4282(5) 28(2) 
c(7)  2029(2) 9606(2) 2984(5) 23(2) 
(38) 28 13(2) 91 1 1(2) 22 17(5) 28(2) 
c(9) 2879(2) 8083(2) 4774(5) 28(2) 
C(l0) 1414(2) 9954(2) 1566(5) 37(2) 
0 3372(2) 1063 l(2) 640 1 (4) 47(2) 

Compound 4 

c ( I )  763(3) 
c(2)  926(3) 
c(3)  2924(3) 
c(4)  4885(3) 
c(5) 4603(3) 
C(6) 43 1 1(3) 
c(7) 2240(3) 
C(8) 455(3) 
c(9) 2734(3) 
c (  10) 1939(3) 
0 2947(2) 

*Coordinate fixed to define origin. 

and the systematic extinctions observed during data collection are 
consistent with the space groups 14,14, and 14/tn (hkl, h + k + 1 = 
2n + 1) for 3 and P2, and P2,lrn (OkO, k = 2n + I) for 4. The 
acentric distribution of E values (K curve) for 4 indicated P2,; how- 
ever, the distributien was ambiguous for 3. The final choices of the 
space groups as 14 and P2, were substantiated by the successful 
solution and refinement of the structures. All attempts to solve the 
structures in the centric space groups or to transform the indices of the 
molecular mirror plane to the appropriate crystallographic mirror 
plane (z = 0 for P2 , ,  y = 114, 314 for 14/m) were unsuccessful. The 
crystal data and experimental conditions are summarized in Table 1.  
Three standard reflections measured every 1500 s of X-ray exposure 
time showed no decomposition of the crystals had occurred during the 
data acquisition period. The data were corrected for background, 
Lorentz, and polarization effects but an absorption correction was not 
performed as it was impossible to accurately measure faces on the data 
crystals before sublimation had occurred. 

The structures were solved by direct methods (MULTAN 78) (13) 
and refined by full-matrix least-squares techniques based on F ,  min- 
imizing the function Zw(lF,I - J F , ~ ) ~ .  The weighting schemes used 
were w = [u2(F,) + 0.0001(~ , )~] - '  and w = [u2(F,) + 
0.0002(F0)']-', where u(F,) was derived from counting statistics, for 
3 and 4 respectively. All computations were performed using the 
XRAY 76 system of programs (14) implemented on a Honeywell 
computer with a MULTICS operating system. Scattering factors for 
non-hydrogen atoms were those of ~ i o m e r  and Mann (IS) and those 
for H were taken from ref. 16. Anomalous dispersion corrections were 
included for non-hydrogen atoms (17). H atoms were readily located 
from difference Fourier synth~ses and included in the models in ideal 
positions (d(C-H) = 1 .OO A) with isotropic thermal parameters set 
to 1.1 times B,,,,, of the C atoms to which they are bonded. H atom 
parameters were recalculated after each of the fjnal cycles, but not 
refined. For each structure, the final difference Fourier map showed 
that the largest peak of residual electron density was 0.17 e A-' and 
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TABLE 3. Bond lengths (A) and angles (deg) for exo-, endo-7- 
methylbicyclo[3.3.1]nonan-3-ones 3 and 4 

3 4 
- - - 

Bond Distance 

c (  1 )-c(2) 1.520(5) 1.536(3) 
C(2)--C(3) 1.5 12(5) 1.512(3) 
c(3)-c(4) I .508(5) 1.5 1 O(3) 
C(3)-0 1.214(5) 1.215(2) 
c(4)-c(5) 1.529(5) 1.540(3) 
C(5)--C(6) 1.532(5) 1.555(3) 
C(6)-C(7) 1.537(5) 1.526(3) 
c(7)-c(8) 1.521(5) 1.525(3) 
C(7)-C( 10) 1.524(5) 1.528(3) 
C(8)--c( 1) 1.532(5) 1.554(3) 
c (  1 )-c(9) 1 .526(5) 1.530(3) 
c(9)-c(5) 1.527(5) 1.529(3) 

Atoms Angle 

was of no chemical significance. Atomic coordinates and Bequivvlcn, 
values for non-hydrogen atoms are given in Table 2 and bond lengths 
and angles are summarized in Table 3.2 

Results and discussion 
The bicyclo[3.3. llnonane skeleton has been the subject of 

numerous conformational analyses, mainly involving nrnr 
spectroscopy or X-ray crystallography. We will restrict our 
discussion to those cases involving one keto centre at C-3. 

The finding of a dichair structure for 3 (Fig. 1) is entirely 
expected. The deformations in this conformer are discussed in 
the next section. The chair-boat structure found for 4 (Fig. 2), 
with the ketone ring as the chair, is not unexpected, and serves 
to confirm the earlier analysis made by nmr spectroscopy (9). 
However, it is probable that the chair-boat and chair-chair 
conformers of 4 have quite similar energies since the corre- 
sponding endo-carbomethoxy compound is apparently a di- 
chair (10). The steric bulk of a methyl group is generally 
considered to be somewhat larger than that of carbomethoxy 
(IS), consistent with the observations, but also indicative of a 
fine dividing line here between conformations. 

'A complete set of structure factor listings, anisotropic thermal 
parameters, and hydrogen atom parameters is available at a nominal 
charge, upon request from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, Ontario, 
Canada KIA OS2. 

FIG. I. A perspective view (Ortep) of the ketone 3 showing the 
atomic numbering scheme. Ellipsoids are drawn at the 50% proba- 
bility level and hydrogens are included as spheres of radius 0. I A. 

FIG. 2. A perspective view (Ortep) of the ketone 4 showing the 
atomic numbering scheme. Ellipsoids are drawn at the 50% proba- 
bility level and hydrogens are included as spheres of radius 0.1 A. 

The crystal structures consist of discrete mo!ecular units with 
the closest intermolecular contact being 2.54 A f9r 3 (H 10A(x, 
y, z) toHlOC (y - 112, 1 - x, -2)) and2.38 Afor4(HlOC 
(x, y, z) to H5 (1 - x, 112 + y, 2 - 2 ) ) .  Individual bond lengths 
and angles within the bicyclo[3.3. Ilnonane skeletons of 3 and 
4 show cnly minor deviations from the average values of 
1.536(2) A and 1 11.5" found in an electron diffraction study of 
the unsubstituted nonane (19). As one would expect, these 
deviations are greatest around atoms C(3) and C(7). A more 
detailed comparison between the present structures, 3 and 4, 
and those determined by Murray-Rust et al. (1 1) 5 and 6 ,  is 
given in Table 4. The values are in general agreement within 
experimental error, with two minor exceptions: C,-Cs(C5- 
C6) in 4 and the C=O distance for 5 are significantly longer 
than in the other structures. The latter has been ascribed to the 
disorder found in the crystal structure (1 1). The former could 
be a result of the chair-boat conformation which brings the 
endo H atoms on C(2), C(8) and C(4), C(6) closer than that 
found for 3 (avg. 2.43 A for 3 vs. 2.34 A for 4). This is relieved 
in part by a slight lengthening of the C(1)-C(8)(C(5)-C(6)) 
and C(l)-C(2)(C(4)-C(S)) bonds. 
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RICHARDSON AND SORENSEN 

TABLE 4. A comparison of bond lengths for 3,* 4,* exo-7-hydroxybicyclo[3.3.1]- 
nonane-3-one, 5,t and exo-7-methoxybicyclo[3.3.l]nonane-3-one, 6t 

Bond length (A) 
- - - -  

Bond (avg.) 3 4 5 6 

*This work. 
?Reference 1 I .  

TABLE 5. Deformation of the chair rings in ketones 3 and 4 as measured by dihedral 
angles 

Dihedral Ketone Angle (avg. *) 
- - 

H( 1)C( 1)C(2)H(2) (exo) 3 
4 

H( 1 )C( l)C(2)H(2) (endo) 3 
4 

H( 1)C( 1)C(8)H(8) (ex01 3 
4 

H( l)C( 1 )C(8)H(8) (endo) 3 
4 

*Average of the I ,  2, 8 and 4, 5, 6 sides of the molecule. 
? Boat conformation. 

Ring deformations in 3 
Repulsion between the C(3) and C(7) centres is expected to 

flatten both chairs in 3. This deformation is most readily seen 
by looking at the HIC,C2H2 (ex0 or endo) and the H(l)C(I)- 
C(8)H(8) (ex0 or endo) dihedral angles. These are listed in 
Table 5. The best way to evaluate the flattening of the ketone 
chair in 3 is to compare the dihedral angles with those in 4, 
where there is no C(3)-C(7) repulsion. This "extra" dihedral 
angle distortion is about 3-4" (Table 5). The other chair in 3 
is also distorted from the theoretical 60" dihedrals by about 5". 

As a consequence otthese distortions, the C(3)-C(7) dis- 
tance an 3 is 3.004(5) A and the endo-H(7)-C(3) distance is 
2.43 A. The details of the carbocation work on 2 and other 
3-bicyclo[3.3. Ilnonyl cations will be given in a separate paper. 
On the basis of the present structural work, it appears very 
probable that the undistorted C(3)-C(7) distance in a 
bicyclo[3.3. llnonane is simply too long for the establishment 
of a p-hydrido-bridged structure for 2. 
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Bicyclization of aza-compounds by positive halide ions. I. Cyclic amines' 
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R. M. ELOFSON, F. F. GADALLAH, and J.  K. LAIDLER. Can. J .  Chem. 63, 1170 (1985). 
Cyclic amines are oxidized to the bicyclic compounds by electrochemical oxidation. The presence of halide ions is found 

necessary for the reaction to proceed and to produce any bicyclic products. It is postulated that a positive halide species, X"', 
is produced electrochemically and stabilized under the specific reaction conditions. The x'+' ion forms a complex with the 
parent cyclic amine which decomposes to the bicyclic product and HX. An analogy between the Hofer-Moest reaction to 
produce C"' and this reaction to produce XI+' is postulated 

R. M. ELOFSON, F. F. GADALLAH et J. K. LAIDLER. Can. J .  Chem. 63, 1170 (1985). 
L'oxydation Clectrochimique des amines cycliques conduit a des composCs bicycliques. On a trouve que la presence d'ions 

halogenures est necessaire pour que la rCaction se produise et qu'elle conduise a des composes bicycliques. On fait le postulat 
qu'il y a production Clectrochimique d'un halogenure positif, X+, qui est stabilise dans les conditions specifiques de la reaction. 
L'amine cyclique de base et l'ion X+ formeraient un complexe qui se decomposerait en produit bicyclique et en HX. On fait 
le postulat qu'il existe une analogie entre la reaction de Hofer-Moest qui conduit a la formation de C+ et cette reaction qui 
fournit des X'. 

[Traduit par le journal] 

Introduction 
Some time ago, Edwards and co-workers ( 1 )  succeeded in 

preparing indolizidine in 68% yield from N-chloroazacy- 
clonane 1 in the presence of silver ions and aqueous dioxane. 
The reaction, as shown in [I], had every appearance of pro- 
ceeding by way of a nitrenium ion 11. After that discovery, 

rapid development of nitrenium ion chemistry began, princi- 
pally in Gassmann's laboratories (2). 

Later, Edwards and Vocelle (3) found that silver (Ago) also 
leads to bicyclization. They presented evidence that the bicy- 
clization involves a free radical mechanism with a transannular 
hydrogen abstraction (t.a.h.a.) via a homolytic pathway, as 
illustrated in [2]. 

1 ~~m.a.6>" - AgCI 

I 

C2I 111 l l l a  

'Alberta Research Council Contribution No. 131 1. Parts of this 
paper were discussed in talks at The North American Chemical Con- 
gress, Mexico City, 1975; Electrochemical Society, Washington, DC, 
1976; and 6th North American Meeting of Catalysis Society, Chicago, 
1979. 

'~evision received August 28, 1984. 

Earlier, Wawzonek and Culbertson (4) worked on a closely 
related problem. Those workers effected the cyclization of 
dibutylamine by irradiating chloramine V. As shown in [3], 

the cation-radical intermediate, VI, was proposed. However, 
Wawzonek's later attempts (5) to produce the cyclicized 
product, VIII, by anodic oxidation of the amine, IV, in a 
methanol- water mixture containing tetramethylammonium 
tetrafluroborate were unsuccessful. 

Later, Waegell and co-workers (6) achieved the production 
of N-chloro, N-methyl, 5-methylaminobicyclo[2.2.l]hept-2- 
ene in neutral medium. The authors verified that, under condi- 
tions thought to induce formation of nitrinium ions, only the 
homolytic reactions occurred. 

Edward's (3) and Wawzonek's (4) mechanisms for cycliza- 
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ELOFSON ET AL. 1171 

TABLE 1. E (V) vs. sce (V) of arnines, arnides, and halide ions 

Species El* E2* 

Amines 
Cl( - ) 
Br'-) 
I(-) 

*E ,  and E2 are half-wave potentials. 

tion or bicyclization of haloamines are very similar in that they 
proceed via intramolecular hydrogen abstraction and the ab- 
straction of C1. from the starting material by a reactive inter- 
mediate, IIIa or VII, respectively. 

Starting with a cyclic amine, a prediction of the intermediate 
products is shown in [4]. The parent compounds IX would lose 
an electron on the anode to give a cation radical X. Route A or 
B would follow. Because the transannular hydrogen abstraction 
would have a faster rate than hydrogen abstraction from the 
solvent, route A was preferred over B. Since protonation is 
prevented in basic media, bicyclization would be encouraged. 
Reaction [4] shows the loss of two electrons and two protons 
in routes A and B. 

Results and discussion 
Attemps to cany out the oxidation of azacyclononane in 

acetonitrile, tetrabutylammonium fluoroborate or perchlorate 
as the electrolytic support and Pt, C, Hg, or stainless steel 
anodes at controlled potentials of 1.3 V corresponding to one 
electron oxidation or at controlled currents corresponding to 
much higher voltages of either the amine or the halide ions, 
Table 1, produced no detectable bicyclic products. Loss of 
starting material occurred due to other reactions. It seems that 
the cation radical as it was produced, abstracted hydrogen from 
(a) the solvent to produce electrochemically inactive ammo- 
nium ion, or (b) from an adjacent carbon leading to Schiff's 
base (7, 8). To discourage hydrogen abstraction from the sol- 
vent and to encourage proton removal, water was added to the 
reaction mixture, but no bicyclization occurred. This implies 
that t.a.h.a., which should produce bicyclic products via route 
A, did not occur. However, when a graphite anode was used in 
10% water in acetonitrile in the presence of lithium chloride 
and 100 mA current, 3% bicyclic product was obtained. More 
bicyclic product, 64%, was obtained with lithium bromide 
using 20% of water as in [5]. 

We found that specific conditions have to be attained to 
produce the respectable yields for medium sized rings (C7-C9 
amines) shown in Table 2. These specific conditions are ( I )  
water, halide ion, and hydroxide ion or basic medium; and (2)  
a carbon anode and a current of 100 to 150 mA corresponding 
to a potential of approximately 2.3 V. 

FIG. I. Production and destruction of cyclic and bicyclic amines by 
further oxidation. 

TABLE 2. Bicyclization of cyclic amines: 20% H,O in CH2CN, C 
anode, 0.1 M LiBr, 100 mA 

Cyclic amine Bicyclic product* % Time (h) 

*a = azabicyclo [3.3.0] octane, b = azabicyclo [4.3.0] nonane, c = azabi- 
cyclo [4.4.0] decane, d = azabicyclo [5.3.0] decane. 

However, high current and high voltage at the anode also 
cause the destruction of the starting material as well as the 
products. Figure 1 shows the time course of anodic oxidation 
of C7 cyclic amine. The reaction must be monitored to obtain 
maximum yields. 

The experimental conditions necessary to obtain significant 
yields are similar to those of the Kolbe acid oxidation (9) and 
specifically to the Hofer-Moest reaction (10). This implies a 
similar reaction mechanism. Beyond this, caution must be 
exercised in postulating a mechanism. As stated in a review on 
the Kolbe and Hofer-Moest reactions, "The course of a partic- 
ular oxidation, thus, depends on both the nature of the inter- 
mediate radical and the experimental conditions, and the proper 
choice of reaction parameters frequently permits the predomin- 
ant formation of either radical derived or cation derived prod- 
ucts. As we can see, all aspects of the mechanism of these 
reactions are subject to controversy" ( 1  1). At this stage it is 
only possible to point out some analogies for a possible mech- 
anism for the bicyclization of cyclic amines described here. 

An explanation for the way in which these reactions proceed 
was found in Anson's studies on the pattern of ionic and molec- 
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1172 CAN. J .  CHEM. \ 

ular adsorption at a smooth platinum electrode in aqueous 
media (12). However, his findings could be extended to accom- 
modate our system. Anson found that at high positive charge 
densities, such as in our system, the halide ions are strongly 
adsorbed. But neutral molecules such as amines are weakly 
adsorbed, and "the interaction energy of the water dipole with 
the electric field at the surface becomes so large that the water 
molecules are preferentially adsorbed and the organic mole- 
cules, i.e. amine, thereby desorbed from the surface" (12). 

In the case of the Hofer-Moest reaction, caboxylate anions 
are adsorbed and oxidized at the anode first to an alkyl radical 
plus carbon dioxide. The alkyl radical, still at the carbon an- 
ode, loses another electron to produce a carbonium ion which 
upon desorption from the positively polarized anode undergoes 
further reaction to produce the varied products of this well 
known reaction. In the case of the bicyclization described here, 
it is clear from Anson's review that halide ions would be 
adsorbed and the cyclic amines would be desorbed at the high 
positive potentials in the partly aqueous media used. In analogy 
with the Hofer-Moest reaction, it is here suggested that the 
halide atoms may lose another electron before desorption from 
the anode whereupon reaction occurs with the amine, Table 1. 
If indeed a positive halide species is produced it would first be 
produced as a ground state triplet x (Hund's rule). This triplet 
would rapidly change to the hydrated singlet due to energy of 
solvation, although it might be stabilized at the carbon elec- 
trode for a short time. In any event there would appear to be a 
close relationship between the electrochemical bicyclizations 
caused by positive halide ion as proposed and the formation of 
a carbonium ion which was suggested by Koehl(13) to produce 
methyl acetate as the major product instead of ethane when 
carbon was used instead of platinum as anodic material in the 
oxidation of potassium acetate. Further work on these mech- 
anisms remains to be done. It should be noted, however, that 
N-chloroamines were stable in the presence of the carbon anode 
but when current was passed through the system a little bi- 
cyclization (0.6%) occurred. When lithium bromide was added 
and current applied, 3.5% bicyclization occurred in 4 h. Under 
the standard electrochemical conditions described in Table 2, 
very good yields were obtained. 

Experimental 
Reagents 

All reagents and solvents were purified by published methods (14) 
except as specified. Solid reagents and reference compounds were 
recrystallized and melting points agreed with literature values. 

Cyclic and bicyclic amines 
C, and Cn cyclic amines were obtained from Aldrich. Cn-N-CI 

was prepared by a method in ref. 3. C12 amine was prepared by LiAlR 
reduction of the parent lactam and purified by distillation. CP cyclic 
and C7-C9 bicyclic amines were otained from Dr. 0 .  E. Edwards, 
N.R.C., Ottawa. 

Electrodes 
Natural graphite (George F. Pettisos, Canada). Porous carbon, 60 

(Union Carbide S2408-60). Porous carbon, 45 (Union Carbide 
52584-45). All the above cut to 5 cm high and 1.5 cm diameter. 
Stainless steel 304, 1/8 in rod. Platinum in fine mesh in a cylinder 
5 cm high and 1.5 cm diameter. 

Procedure 
A three-neck round bottle flask served as the electrolytic cell. The 

flask could be fitted with a side arm and a fine fritted glass disc to 
provide two compartments for the cathode and anode. However, sep- 
aration of the electrodes did not produce any significant differences in 
the results. 

Since each reaction has to be monitored to ensure maximum 
yield, samples were withdrawn periodically for analysis. Each sample 
(2.3 mL) was made alkaline enough in the cold to separate the organic 
and aqueous layer. The organic layer was separated and the aqueous 
solution washed with ether. The ether solutions were added to thc 
organic layer, dried, concentrated, and used for glc analysis. 

The final reaction mixture was acidified, concentrated to I /  10of its 
original volume, made alkaline, extracted with ether, and dried. The 
ether was concentrated to a known volume and then used for analysis. 

Instrumental analysis 
Gas liquid chromatography: Hewlett-Packard 810 Res. Chromato- 

graph, dual column, T.C. detector. Mass spectrometry: Perkin-Elmer 
270. Column, 10% SE30on Chemosorb W.AW. DMCS 60/80 mesh, 
118 in X 12 in, temperature programming 2O0C/mt to 280°C. 
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The electronic absorption spectra of some coumarins. A molecular orbital treatment 
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RARE H. ABU-EITTAH and BAHGAT ALI H. EL-TAWIL. Can. J. Chem. 63, 1173 (1985). 
The electronic absorption spectra of coumarin and its derivatives umbelliferone (6-hydroxycoumarin), esculetin (6, 

7-dihydroxycoumarin), and scopoletin (6-methoxy-7-hydroxycoumarin) were investigated. The n + n* transition was not 
observed in the spectrum of coumarin but was observed in the spectra of some of its derivatives. Molecular orbital calculations, 
using the INDO procedures, were carried out on coumarin and some of its derivatives. The activities of the different sites of 
the molecules are discussed in terms of the coefficients of the atomic orbitals constituting the HOMO and the LUMO. The 
correspondence between the calculated and experimental transition energy and band intensity is satisfactory. 

RARE H. ABU-EITTAH et BAHGAT ALI H. EL-TAWIL. Can. J. Chem. 63, 1173 (1985). 
On a ttudit les spectres d'absorption tlectronique de la coumarine et de ses dtrivts, i~ savoir I'umbelliftrone (hydroxy-6- 

couramine), I'esculttine (dihydroxy-6,7, coumarine) et la scopolttine (mtthoxy-6-hydroxy-7 coumarine). On n'a pas observe 
de transition n + n* dans le spectre de la coumarine mais on I'observe dans le spectre de certains dCrivts. On a effectut des 
calculs d'orbitales molCculaires, selon les mCthodes INDO, sur la coumarine et sur certains de ses dtrivts. On discute de 
I'activitt des difftrents sites des moltcules en fonction des coefficients des orbitales atomiques haute occupte et basse vacante. 
On trouve satisfaisant la concordance entre les valeurs calcultes et exptrimentales des energies de transition des intensitts des 
bandes. 

[Traduit par le journal] 

Introduction class of laser dyes has either an hydroxyl or amino group at C-7 
Coumarin and many of its derivatives have such marked of the coumarin nucleus. The effects of substituents on the 

physiological effects as active hypotoxicity, carcinogenicity, lasing characteristics of these compounds have been reported 
anticoagulant action, and antibiotic activity. Perhaps of the (10-13). The synthesis of several new laser dyes and the 
geatest  fundamental biochemical interest is the photo- 
sensitizing effect on cells of certain linear furanocoumarins, 
which is intimately associated with their cross-linking of the 
strands of DNA. 

An attempt to correlate the biological activities and electron- 
ic structures of some coumarins was made by Heathcote and 
Hibbert (1); Hiickel molecular orbital calculations were per- 
formed and were used to extend previous calculations (2) per- 
formed on aromatic hydrocarbons. 

Link's group (3) early examined 106 samples of 4-hydroxy- 
coumarins and found dicoumarol to have a higher anticoagulant 
activity than any of the synthetic coumarins tested. The mini- 
mal structural requirement for such an activity was an intact 
4-hydroxycoumarin residue. 

Coumarins showed a varying inhibiting effect on enzymes. 
The structure of coumarin is responsible for the specific inhibi- 
tion of the enzyme. Umbelliferon (7-hydroxycoumarin) had no 
inhibition effect, contrary to 4-hydroxycoumarin (4, 5). Dihy- 
droxy derivatives were more effective than monohydroxy ones, 
especially when occupying vicinal positions. Electron transport 
processes were also inhibited by dihydroxycoumarins (5). 

Wald and Feuer (6) conducted a structure-activity re- 
lationship study on the ability of coumarin and nine of its 
natural and synthetic derivatives to induce drug-metabolism 
enzymes in rat liver. They calculated u and n-electron density 
at the various positions of the coumarin nucleus and related the 

effects of substituents on their fluorescence maxima and fluo- 
rescence quantum yields have also been reported (14). 

Fluorescence spectra excited by 2-photon absorption of the 
6943-A" line of a ruby laser was investigated (15a). Results 
show large single values of non-linear second-order optical 
susceptibility. Kobayashi (15 b) studied the picosecond kinetics 
of 7-hydroxy-4-methylcoumarin in the lowest singlet excited 
state and confirmed that the excited anion of this coumarin 
system is formed through the excited state of the neutral 
molecule. 

In spite of the vast biological importance of coumarins, a 
detailed study of their spectra and electronic structure is lacking 
in the literature. The reported spectral behaviour has only been 
for diagnostic purposes and the observed bands were assigned 
to the benzene and pyrone rings (16, 17). The spectra of hy- 
droxycoumarins and many of their derivatives, have been 
reported (18). Useful for diagnostic purposes was the finding 
that acetylated phenolic coumarins show uv spectra similar to 
those of the corresponding parent hydrocarbons (19, 20). 

The shifts observed when running the spectra of coumarins 
in alkaline media have been widely used for differentiation 
(2 1 -23) and diagnostic purposes (24). Spectral shifts produced 
when other inorganic reagents are added to ethanolic solutions 
of certain coumarins are also of diagnostic value (25, 26). 

The only MO calculations performed on coumarins were on 
its n-system or using the EHT procedures (27). In this work 

enzyme induction to the calculated values. the electronic absorption spectra of some coumarins, namely, 
Recent studies have indicated some antitumour activity by coumarin, umbelliferone (7-hydroxycoumarin), escoletin (6,7- 

simple coumarins. Coumarin itself has been reported to be a dihydroxycoumarin), and scopoletin (6-methoxy-7-hydroxy- 
moderately potent inhibitor of chemical carcinogen-induced coumarin) were investigated. Molecular orbital calculations 
neoplasia (7), and other related coumarins have antitumour using all valence electrons by means of the INDO procedure 
activity (8, 9). were performed on the above compounds as well as on some 

Coumarins are known by their lasing effect. The coumarin aminocoumarins. The calculated parameters, namely, total en- 

'Revision received November 16, 1984. 
ergy, transition energy, charge density, dipole moment, u and 
n population analysis, etc. are not available in the literature and 
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Experimental 

are essential in understanding the electronic structure of the 
compounds studied. 

Ethanol (Koch light spectroscopic reagent grade) and dioxan 
(Merck reagent grade) were used without further purification. 

Coumarin, umbelliferone, esculetin, and scopoletin were obtained 
from Sarsyntex Laboratories, Sarget. The purity of the samples was 
confirmed by tlc procedures. 

\ 
\ 

The spectra were recordcd on a Cary-I7 spectrophotometer using 
1 .O-cm2 fused silica cells. 

Results and discussion 
A. Electronic absorption spectra 

(i) Coumarin 
The spectra of coumarin reported in the literature were not 

investigated further. The positions of band maxima, and their 
shift on varying the medium were used for identification pur- 
poses. The bands observed were sometimes assigned to transi- 
tions either on the benzene nucleus or on the pyrone nucleus. 
Such an interpretation is a rather crude one since the two 
chromophores, benzene and pyrone, are fused together and the 

molecular orbitals will encompass the whole molecule and will 
not be localized on one of the chromophores. The IT-electrons 
of the molecule are delocalized and ;he observed transitions 
should be assigned to the molecule as one unit. The method of 
"bisecting" the molecule to a number of non-interacting chro- 
mophores is an approximate one and has a meaning only if the 
chromophores are separated by more than one a bond or if 
steric effects operate to distort the coplanarity of the different 
chromophores constituting the molecule. In the case of cou- 
marin it is meaningless to bisect it into separate chromophores, 
and the observed spectral bands should be assigned to electron- 
ic transitions between molecular orbitals characteristic of the 
molecule. 

The coumarin spectrum, in the accessible uv region, may 
show an n + IT* transition in addition to a number of IT + I T *  
transitions. The n + +transit ion would be mainly localized 
on the C=O chromophore and may not be the lowest energy 
transition. The C-0-C bond angle in coumarin is 1.22", 
indicating an sp2 hybridization of the ring-oxygen atom (28). 
Hence, one of the lone pairs of electrons on that atom occupies 
a 2p, atomic orbital and is a part of the IT-system of the 
molecule. 

Figure 1 shows the electronic absorption spectra of coumarin 
using ethanol and dioxan as solvents. Solvent polarity did not 
affect the position of band maxima, indicating that the polarity 
of the excited state is not significantly different from the polar- 
ity of the ground state. Electronic transitions which lead to 
polar states are stabilized in polar solvents, leading to a red 
shift of band maxima. The spectrum of coumarin shows three 
absorption bands none of which correspond to an n + IT* 

transition. This conclusion is supported by the high intensity (E 
varied from 6,000 to 15,000) of the observed bands. Usually, 
n + IT* transitions are symmetry forbidden and E is less than 
100. Also, the absorption bands corresponding to n + IT* 

transitions are blue-shifted and blurred in polar solvent. The 
absorption band around 275 nm is asymmetric and the presence 

210 30  5 0 7 0  90  3 1 0  3 0  5 0 

Wavelength ( n m )  

FIG. 1. 'The electronic absorption spectra of coumarin in dioxan 
(- ); in ethanol (----). 

TABLE 1. Numerical values of band maxima and intensities of the 
studied coumarins in ethanol 

Compound h,,, (nm) E ( M - '  L-') f 

Coumarin 310 6000 0.23 
285 10000 0.14 
274 12000 0.23 
220 

Umbeliferone 370 2200 0.04 
330 16830 0.43 
290 7300 0.15 

255, 240 4200, 5400 0.18 
220 14 290 - 

Esculetin 400 3100 0.05 
350 11900 0.29 
300 5900 0.12 
260 5700 0.1 1 
230 16000 0.52 

Scopoletin 400 3060 0.05 
345 12810 0.30 
300 5570 0.15 
25 3 6200 0.16 
230 15600 0.52 

of a long wavelength shoulder is quite apparent. This obser- 
vation may indicate that the band represents two overlapping 
electronic transitions; confirmation of such a conclusion will be 
by means of MO calculations. 

The observed bands (Fig. 1) correspond to IT + IT* transi- 
tions and the expected n + IT* transition is submerged under 
the strong IT + IT* one. The position of the n + IT* transition 
will be predicted by MO calculations. As is evident, none of 
the observed IT -+ IT* transitions can be assigned to the benzene 
or to the pyrone chromophores of the coumarin molecule. The 
observed bands correspond to transitions between MO's char- 
acteristic of the coumarin molecule. 

Table 1 gives the values of band maxima, molar extinction 
coefficient, and oscillator strength of the observed bands. 
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ABU-EITTAH AND EL-TAWIL 

FIG. 2. The electronic absorption spectra of umbelliferone. 

(ii) Substituted coumarins 
Substitution in the coumarin nucleus by chromophores such 

as -OH, -OCH,, -CH,, and -NH2 perturbs the electron- 
ic transitions of coumarin. The pertubation effect depends on 

the extent of the interaction between the substituent and the 
n-system of the coumarin nucleus. The bands which will be 
perturbed depend on the position of the substituent, whether 
along the transverse, T ,  or the longitudinal, L, axis. 

Figure 2 .shows the electronic absorption spectra of umbel- 
liferone (7-hydroxycoumarin). Substitution by an -OH group 
in the ring perturbed the spectrum significantly. Polar forms 
such as (b) are expected to contribute to the ground and mainly 
to the excited states. This contribution has resulted in a signifi- 
cant lowering of the energy levels as compared to those of 
coumarin. A pronounced red shift is encountered with all the 

observed transitions; the lowest energy one appears in the re- 
gion of 370 nm compared to 310 nm in coumarin, indicating 
that the contribution of tautomer (b) to the structure of umbel- 
liferone is significant. The spectrum of umbelliferone shows at 

least five electronic transitions in the accessible uv region com- 
pared to the possibility of four electronic transitions for cou- 
marin in the same region. The broad, intense and unsymmetric 
band in the region of 320 nm (Fig. 2) represents two over- 
lapping transitions. The presence of a shoulder at the short 
wavelength end of the band is quite apparent. The observed 
bands represent n + n *  transitions, the weak n + n *  transi- 
tion is submerged by the stronger n - n *  one. 

Substitution by another -OH group at C(6) facilitates the 
formation of the polar tautomer (c); hence one expects a further 

red shift in band maxima. The bands of esculetin (6, 7- 
dihydroxycoumarin) are red-shifted (Fig. 3) compared to those 
of umbelliferone but the same electronic transitions are ob- 
served in both compounds. An interesting observation is that 
the two overlapping transitions (in the region of 300 nm) in the 
case of umbelliferone are resolved in the case of esculetin. The 
predominant contribution of tautomer (c) to the structure of 
esculetin explains the significant variation of its spectrum from 
that of coumarin. 

The replacement of one of the -OH groups in esculetin 
with a methoxy group (scopoletin) produces a minor effect on 
the spectrum (Fig. 4). The methoxy group is a stronger electron 
donor than the hydroxy group but the extent of their interaction 
with the n-electron system of the coumarin nucleus is the same. 
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Wovelength (nm) 

FIG. 3. The electronic absorption spectra of esculetin. 

FIG. 4. The electronic absorption spectra of scopoletin. 
8 

This is seen when comparing the values of band maxima in the exists for many biological compounds. The previously reported 
spectra of the two compounds; minor differences, if any, are structural investigations considered only the "TT" system of 
detected. The values of band intensity confirm that all the coumarins (1,  2, 27). In this work molecular orbital calcu- 
observed transitions are TT -+ TT* ones. lations were performed, using the INDO procedure, on cou- 

marin and some of its derivatives, namely, 6-hydroxy-, 6,7- 
B . Molecular orbital calculations dihydroxy-, 6-amino-, 6,7-diamino-, 6-hydroxy-7-amino-, and 

It is established that a "structure-function" relationship 6-amino-7-hydroxycoumarins. Some of these coumarins and 
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TABLE 2. The numerical values of the charge density and the coefficients of AO's of selected atoms 
in the HOMO and LUMO of some coumarins 

Atom 

Compound c(2) c(3) c(4) o(11) 

6-Hydroxycoumarin 0.1099* 
0.1811t 
0.4386$ 

7-Hydroxycoumarin -0.1 110 
-0.1689 

0.4383 

6,7-Dihydroxycoumarin -0.1 109 
0.1720 
0.4404 

6-Aminocoumarin 0.1093 
0.1785 
0.4399 

7-Aminocoumarin 0.1102 
-0.1702 

0.4393 
6,7-Diaminocoumarin -0.1 121 

-0.1723 
0.4388 

6-Hydroxy-7-amino-coumarin 0.1118 
0.1726 
0.4387 

6-Amino-7-hydroxycoumarin -0.1 1 13 
-0.1722 

0.4405 
Coumarin -0.1070 

0.1747 
0.4415 

*Coefficients of the AO's in the HOMO (a). 
?Coefficients of the AO's in the LUMO (a)*. 
$Net atomic charges density. 

TABLE 3. A comparison of the calculated parameters of the studied isomeric coumarins 

Total energy Lowest transition Dipole moment 
Compound (ev) energy (eV) (Dl 

6-Hydroxycoumarin -832 
7-Hydroxycoumarin -833 
6-Aminocoumarin - 706 
7-Aminocoumarin -706 
6-Hydroxy-7-amino-coumarin -929 
6-Amino-7-hydroxycoumarin -930 
Coumarin - 607 

their heteroanalogues are used as laser sources and information 
about their electronic structure is essential. 

The formalism and parameterizations of the INDO procedure 
may be found in the literature (29, 30). The values of bond 
lengths and bond angles required to define the geometry of the 
compounds studied have been reported previously (28, 31). 

The configuration we used in our calculations is shown. 
The results of computations are given in Tables 2 and 3. The 

numerical values of the coefficients of the atomic orbitals of the 
active sites C(2), C(3), C(4), and O(1 l) ,  participating in the 
highest occupied and lowest vacant molecular orbitals, as well 
as the net charge on these sites are given in Table 2. 

A comparison of the calculated parameters for some isomer- 
ic coumarins is given in Table 3. Table 4 compares the experi- 
mentally found transition energies and oscillator strengths with 
theoretically calculated ones. 

Discussion and conclusions 
The coumarins studied are strong dipoles, hence excitation 
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TABLE 4. Comparison between experimentally found and theoretically calculated transition energy 
and oscillator strength 

Compound 

Transition energy Oscillator strength 

Exp. Calcd. Exp. Calcd. 

Cournarin 

Umbelliferon (7-hydroxycoumarin) 3.35 
3.75 

Esculetin (6,7-dihydroxycoumarin) 3.2 
3.5 
4.13 
4.77 
5.39 

of an electron is not expected to affect the polarity of the ground 
state. As a result, band maxima of the observed electronic 
transitions will not be apparently affected by solvent polarity. 
'This result is evident when comparing the spectra of the cou- 

I marins studied in ethanol and dioxan. 

I 
The spectral behaviour of these coumarins indicates that 

substitution by an --OH group apparently affects the observed 
transitions. This result is evidence that tautomers such as (b) l and (c) contribute significantly to the structures of hydroxy- 
coumarins. The spectra of umbelliferon, esculetin, and sco- 
poletin show a long wavelength shoulder which, most likely, 
corresponds to the forbidden n + n" transition. The apparent 
high intensity of this transition results from its lying on the 
border of a relatively intense n + n* transition. On the other 
hand, the coumarin spectrum does not show an isolated band 
(or shoulder) for the n + n* transition. The solubility of the 
studled compounds is rather poor in non-polar solvents. Con- 
sequently, the weak n + n* transitions were not clearly ob- 
served in dioxan. Molecular orbital calculations predicted the 
positions of the n + n* transitions nicely (Table 4). 

It is interesting to note that the electronic transitions which 
were overlapping in the spectrum of umbelliferone, in the re- 
glon of 270-360 nm (Fig. 2), were nicely resolved in the 
spectrum of esculetin. This is evidence that tautomer (c) appar- 
ently contributes to the structure of that compound. Such a 
resolution appeared even better, when the -OH was replaced 
by an -OCH, group (scopoletin, Fig. 4). 

Coumarins are a, P-unsaturated ketones. The active sites in 
the molecule are the C(2)=0(11) and C(3)=C(4). An im- 
portant result of the performed calculations is the larger differ- 
ences of the SCF-coefficients of these atoms in the HOMO than 
in the LUMO. In the former, the coefficient of the oxygen atom 
is significantly larger than that of C(2) and the coefficient of 
C(3) 1s larger than that of C(4). When considering the LUMO 
there is no significant difference in the values of the coeffi- 
cients of C(2) and O(11) or between C(3) and C(4). Also, the 
charge on C(3) is always negative whereas that on C(4) is 
positive. The correspondence between the calculated and ob- 
served values of some parameters (transition energy and oscil- 
lator strength, Table 4) is satisfactory. 

The spectra of amino- and hydroxyamino- coumarins are not 
available yet; our calculations indicate that their electronic 

spectra would not differ from their hydroxy analogues. 
Molecular orbital calculations indicated that coumarin is a 

stronger dipole than hydroxycoumarins (Table 3). This result 
indicates that substitution by the -OH group creates a dipole 
in the opposite direction to that of the parent coumarin. The 
reverse behaviour is encountered on substitution by an -NH, 
group. It is found that amino-coumarins are stronger dipoles 
than coumarin, a result which means that substitution by the 
amino group creates a dipole in the same direction as that 
originally present in coumarin. 

It may be interesting to compare some physical param- 
eters for the isomers 6-hydroxy- and 7-hydroxy-coumarins; 
6-amino- and 7-amino-coumarins; 6-hydroxy-7-amino- and 
6-amino-7-hydroxy-coumarins (Table 3). No significant dif- 
ference is detected in the total energy of any of the two isomers, 
and only slight differences are found in the lowest transition 
energy of any of the two isomers. However, significant dif- 
ferences in dipole moments are found between any of the two 
isomers. 
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of K' and Ca2' ions at 25, 30, 35, and 40°C 
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ANIL K. PURI. Can. J. Chem. 63, 1180 (1985). 
Partial molar volume (&), partial molar compressibility (44,  Jones-Dole viscosity B coefficient, and solute activation 

parameters of adenosine in water-DMSO mixtures in the presence of Ca2' and K' ions have been calculated from ultrasonic, 
volumetric, and viscometric studies at 25, 30, 35, and 40°C (*O.OI°C). The results are discussed in terms of the Jones-Dole 
viscosity B coefficients and the transition state parameters for viscous flow. 

ANIL K. PuRI. Can. J. Chem. 63, 1180 (1985). 
Utilisant les rtsultats d'ttudes ultrasoniques, volumttriques et viscosimCtriques effectutes k 25, 30, 35 et 40°C (?0.0I0C), 

on a calculC les volumes molaires partiels (+!), les compressibilitCs molaires partielles (+:, les coefficients de viscositt B de 
Jones-Dole et les paramttres d'activation de solution de I'adCnosine dans des mClanges eau/DMSO, en prCsence d'ions Ca2' 
et K'. On discute des rksultats en fonction des coefficients de viscostC B de Jones-Dole et des paramttres de 1'Ctat de transition 
de I'Ccoulement visqueux. 

[Traduit par le journal] 

Introduction 
Adenosine is one of the most important nucleosides in the 

study of molecular biology (1). Conformational properties of 
adenosine, the interaction of its different functional groups 
with solvent molecules in solution and temperature dependence 
of these interactions play an important role in the understanding 
of the thermodynamic behaviour of biochemical processes in 
living cells. The ultrasonic velocity in solution can be used to 
study the solute-solvent and solute-solute interactions, 
which are determined by the chemical structure of the solute 
and solvent molecules. Ultrasonic velocity measurements are 
mostly limited to obtaining the hydration numbers in aqueous 
(2-5) and non aqueous solution (6). Hemmes et al. (1) made 
a successful attempt to study the dependence of solute-solvent 
interactions on the chemical structure of nucleic acid deriva- 
tives in an aqueous solution. lnteraction studies of bivalent 
metal ions with uracil, thymine, and cytosine have been in- 
vestigated potentiometrically (7- 10). Many attempts have 
been made to study the solution properties of DMSO-water 
mixtures (1 1 - 14), since DMSO is particularly suitable for 
biophysico chemical processes. Excess thermodynamic proper- 
ties of DMSO-water mixtures at 20, 30, 40, and 60°C have 
been discussed in terms of molecular interactions by Pandey 
and Tiwari (15). The interaction of DMSO with N-benzoyl 
amino acids has been recently shown by Fong and Grant (16) 
using the 'H nmr technique. Results show that the inter- 
molecular H-bonding between DMSO and the amino-hydrogen 
atom increases the effective steric size of the amino hydrogen. 
Recently kinetic studies of ligand substitution have been 
carried out in the DMSO-water system by Coetzee and 
Karakatsanis (17). Relative viscosity of solution of sodium 
and potassium bromides and iodides in DMSO-water at 25, 
35, and 45°C have been reported by Feakins and Lawrence 
(Hi-20). Results are discussed in terms of Jones-Dole 
viscosity B coefficients and transition state treatment. 

The present article deals with the results of ultrasonic, volu- 
metric, and viscosity studies of adenosine in DMSO-water 
mixtures in the presence of K+ and Ca2+ ion at 25,30, 35, and 
40°C (?O.Ol°C). Results have been discussed in terms of par- 

tial molar volume (+:), partial molar compressibility ($4, 
Jones-Dole viscosity B coefficient, and transition state theory. 

Experimental 
Adenosine (supplied by Sigma chemicals, U.S.A.) was of extra 

pure "Grade-Reagent" quality. Purity was checked by tlc and paper 
chromatography according to well known methods (32). 

Dimethyl sulphoxide (DMSO) was distilled in a stream of dry 
nitrogen over sodium hydroxide at a pressure of 2.6 kPa using a 50 cm 
column packed with Finskihelices. A conductivity cell was attached to 
the still head and solvent collected when the electrolytic conductivity 
(k) of distillate had fallen to 4 x S m-I. The solvent was stored, 
and all manipulations on the solutions were made in a nitrogen filled 
dry box. KC1 was of AR grade while hydrated CaCI2.2H20 was dried 
at 110°C and stored in dessicator. A solution of adenosine (0.01 M) 
was prepared in DMSO solvent. Stock solutions of 0. I M KC1 and 0. I 
M CaC12 were prepared in double distilled water. 

Two sets of ten solutions each of adenosine-(water-DMS0)- 
Ca2' and adenosine-(water-DMS0)-K' designated as system A 
and system B were prepared in varying composition from 10-75% by 
weight of DMSO. 

The densities of solutions were determined with the help of a cali- 
brated bicapillary pyknometer at 25, 30, 35, and 40°C (?O.Ol°C), 
respectively. The estimated error in the density measurements was of 
the order of 20.05%. 

Ultrasonic velocity ( u )  in different solutions were measured using 
variable temperature, "ltrasonic interferometry with a quartz crystal 
having a freauencv of 2 MHz. The estimated error was ?0.01%. . . 

viscosity measurements were carried out using a calibrated Ost- 
wold viscometer at 25, 30, 35, 40°C, respectively, with maintained 
temperature of ?0.0I0C. The time of flow for water was selected in 
the range of 15-25 s, while for dilute solutions at least 30 s or more 
was used. The estimated errors in viscosity measurements were of the 
order of 20.004%. 

Results 
Density data for adenosine in the mixed solutions of electro- 

lytes have been used for the calculation of apparent molar 
volume ($:) as a function of total molality of co-solute and 
water-DMSO solvent composition. The corresponding equa- 
tion in terms of densities is 

'Present address: 2125 McKesson Drive, Richmond, VA 23235, 1000( ; iO-d)  M +" = + z- 
U.S.A. m, 2' d do 
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PURl 1181 

TABLE I .  (a) Apparent molar volume at infinite dilution (4;) for adenosine-water-DMSO in presence of ca2' (system A); 
adenosine = 0.01 M, CaCI, = 0.1 M 

- 4; X lo-' mL mol-I when [DMSO] is 
Temperature 

("c) I0 wt.% 20 wt.% 30 wt.% 40 wt.% 50 wt.% 55 wt.% 60 wt.% 65 wt.% 70 wt.% 75 wt.% 

(b) Apparent molar volume at infinite dilution (+:) for adenosine-water-DMSO in presence of K' (system B); adenosine 
= 0.01 M, KC1 = 0.1 M 

- +; X lo-' mL mol-' when [DMSO] is 
Temperature 

("c) I0 wt.% 20 wt.% 30 wt.% 40 wt.% 50 wt.% 55 wt.% 60 wt.% 65 wt.% 70 wt.% 75 wt.% 

TABLE 2. Experimental slope (S,) for adenosine-water-DMSO in TABLE 4. Viscosity B coefficient for adenosine-DMSO-water in 
the presence of Ca2' (system A) and K+ (system B); adenosine = 0.01 the presence of K+ and Ca2+ ions 

M, CaCl2 = 0. I M, and KC1 = 0.1 M 
B coefficient (mol-' cm-') 

S.. Temperature - .  
Temperature c"c) System A System B 

("c) System A System B 
25 - 0.0150 

25 - 0.200 30 0.0054 0.0078 
30 0.200 0.180 35 0.0050 0.0070 
35 0.140 0.167 40 0.0050 0.0056 
40 0.090 0.133 

1 
[31 P, = ;i;, 

TABLE 3. Apaprent molar compressibility at infinite dilution (4:) for 
adenosine-water-DMSO in the presence of K+ and Ca2+ ion; ade- 

nosine = 0.01 M, CaC12 = 0.1 M, KC1 = 0.1 M where u is the ultrasonic velocity and d  is the density of the 
medium. The isentropic aparent molar compressibility (+k) of 

-+: (crd mol-' bar-' x lo-') solute was obtained from the relation 
Temperature 

("c) System A System B [4] +k = 
m , F  

25 - 182 
120 185 

where p, and Po are the compressibilites of solution and sol- 
30 
35 140 

vent. Apparent molar compressibility at infinite dilution (+:) 

40 150 186 92 has been extrapolated from the linear plot of +, vs 6. Graph- 
ically estimated values of +: are given in Table 3. 

The experimental viscosity data were analysed in terms of 
where do and d  are the densities of the DMSO-water solvent the Jones-Dole equation (21) below which accounts for both 
and adenosine solution res~ectivelv. The value of do was deter- solute-solvent and solute-solute interactions. 
mined from d = Z d j i  whkre y ,  &resents weight fraction, m ,  
is the total molality of the co-solute in DMSO-water solvent 
and can be determined by m, = Z m ,  where m,  is the molarity 
of ith component. The mean molecular weight of the two 
solutes (M) was obtained from M = ZMiyi ,  here Mi is the 
molecular weight of component i. Apparent molar volume at 
infinite dilution (+:) has been evaluated from the equation. 

[21 4" = +: + s v G  
where S, is the experimental slope of +, vs. 6, plot. Values 
of partial molar volume (+:) at different DMSO compositions 
and different temperatures are recorded in Table 1. 

S, values are given in Table 2 for systems A and B. From 
density and ultrasonic velocity the isentropic compressibility 
(P,) of solution has been calculated from the relationship 

q 0  [5] - =  1 + AG + Bm, 
T 

Here qO/q is the relative viscosity of solution. The constants A 
and B  are evaluated from the intercept and slope of the (qO/ 
q - 1 ) / 6  vs. 6 plot. The coefficient A represents the 
contribution from interionic electrolytic forces (22) and the 
coefficient B  measures the order or disorder introduced by ions 
into the solvent structure. This constant is specific and approx- 
imates the additive property of electrolytes at a given tempera- 
ture (23) although no satisfactory theoretical treatment has yet 
been given. 

B coefficient values for systems A and B are given in Table 
4. The viscosity and density data have been utilized for the 
calculation of activation parameter (24). The free energy of 
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TABLE 5. Activation parameters for adenosine in DMSO-water mix- 
tures in the presence of K' 

TABLE 6. Activation parameters for adenosine in DMSO-water 
mixtures in the presence of Ca2+ 

Weight % Temperature Ap* - A S +  -AH* 
solvent ("c) (kcal/mol) (eu) (kcal/mol) 

Weight % Temperature Ap* -AS* - A H *  
of solvent ("c) (kcal/mol) eu (kcal/mol) 

10 25 15.45 64.58 3.79 
30 15.71 64.77 3.91 
35 16.07 64.77 3.84 
40 16.09 64.41 4.07 

dissociates and n2 is the number of moles of solute per litre of 
solution. The number of moles nl  of the solvent per litre of 
solution is given by 

where and are the molecular weights of co-solvent 
DMSO-water and co-solute adenosine and electrolytes, re- 
spectively. Furthermore, by measuring the B coefficient at 
different temperatures, enthalpies (AH*), and entropies (AS*) 
of activation can be obtained by using equations (24) 

[7] AS* = -d(Ap*)/dT 

[8] AH* = Ap* + AS* 

activation for viscous flow (25, 33) is given by eq. [6], 

F] Ap* = RT1n 
hN 

where h is Planck constant and N is the Avogadro number, 
is the viscosity of solution, and V may be regarded as the 
volume of 1 mol of solution particles and is given by 

Calculated values of Ap*, AH*, and AS* are recorded in 
Tables 5 and 6 for sets A and B. 

Discussion 
The results in Table 1 reveal that the values of & (partial 

molar volume) gradually decrease with increase in temperature where v is the number of species into which a solute molecule 
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from 30 to 40°C for the system A and increase with temperature 
for system B for the whole range of solvent composition 
( 10-75 wt. %). At the same time the positive S ,  slopes for both 
the systems A and B gradually decrease with increasing tem- 
perature. It may therefore be concluded that $1' values corre- 
spond to a maximum for system B, thereby suggesting that 
solute-solvent interactions are stronger than solute-solute in- 
teractions in the temperature range 25-40°C. The increase in 
values of partial molal volume 4: for system B with increase in 
temperature are due to the dehydration of adenosine. S ,  values 
are decreased with increase in temperature. It can be argued 
that solute-solute interactions can be affected by the influence 
of K' (system A) on the structure of DMSO as interionic 
attractions are stronger in DMSO (dipolar aprotic solvent) than 
in water because of the lower dielectric constant value of 
DMSO than water. The occurrence of maximum +: values and 
lower S, values in the case of system B is in agreement with the 
above inference. 

According to Kaulgud and Patil (26), negative +: values 
are associated with the "promotion" of solvent structure, i.e., 
addition of adenosine in the presence of an electrolyte in 
DMSO-water may lead to an incipient structure that enhances 
the water  structure^. This result might be due to the accommo- 
dation of adenosine in the cavity created by the displacement of 
water molecule into the interstices. 

Apparent partial molar compressibilities (+:) (Table 3) in- 
crease with increasing temperature for system A for solvent 
compositions varying from 10-75 wt. %. The same trend in +: 
values observed for system B except at 40°C, where the value 
of +: is significantly lower. It is evident from Table 3 that both 
systems A and B the values of (+:) are negative at all tempera- 
tures. It can be interpreted as due to the loss of structural 
compressibility of water on account of population increase of 
four bonded water molecules in the vicinity of adenosine mol- 
ecules. Critical evaluation for all the available physicochemical 
studies of DMSO-water mixtures by Frank and Ives (27) led 
to the conclusion that there must be reinforcement of the water 
structure in the neighborhood of DMSO molecules in dilute 
solution. There is also a greater loss of structural compressi- 
bility of water employing a greater ordering effect by ions on 
solvent structure as in the case of systems A and B except at 
40°C in system B. 

Viscosity B coefficients of the Jones-Dole equation are 
positive for both systems. The B values gradually decrease with 
increasing temperature. Positive B values indicate strong align- 
ment of solvent molecules with ions, i.e., strong DMSO inter- 
action with Kt or Ca" ions and with amino site of adenosine, 
which reveals the "structure-making" behaviour of solvent 
structure. The B values decrease with increasing temperature 
indicating that ion-solvent interactions are being influenced in 
the temperature range from 20 to 40°C. A number of factors are 
believed to contribute to the B values in solutions of Kt and 
Ca2+ ions in DMSO-water mixture. Dimethylsulfphoxide, a 
dipolar aprotic solvent (19), is pyramidal in shape with two 
C-atoms, the 0-atom, and S-atom at the vertices (28). The 
bonding characteristics of the sulphur atom have been ex- 
plained by Burg (29). Both the sulphur and the oxygen atoms 
possess a lone pair of electrons and for sulphur the lone pair is 
tetrahedrally disposed to the methyl groups and oxygen atom. 
A strong electrostatic interaction between the positive charge 
on the cation and the lone pair on the oxygen of each solvent 
molecule is envisaged when a cation solvent complex is formed 
as shown by the following mechanism. 

SCHEME 1. Possible mechanism: addition of metal ions with adenosine 

Adenosine 

The cation-solvent complex of Kt and Ca2' with adenosine in 
the presence of DMSO-water co-solvent are represented by I 
and 11, respectively (Scheme 1).  It is evident that DMSO inter- 
acts strongly with the cations and this is reflected by the values 
of B coefficent shown in Table 4. 

The analysis of solute-activation parameters reveals 
(Tables 5 and 6) that AS* and AH* are negative for systems A 
and B and increase gradually with increasing composition of 
DMSO-water from 10-75 wt.%. 

This fact indicates that in the solvent mixture the average 
transition state is associated with bond making and an increase 
in the order. The system B on the other hand with an increase 
in the percentage of DMSO from 55 to 75 wt. % in the mixture, 
the values of AS* and AH* are comparatively lower. In the 
latter case it can be assumed that the transition state for viscous 
flow is accompanied by the breaking and distortion of inter- 
molecular bonds. Moreover, the smooth progression of the 
values of AS* and AH* found in system A and B, Tables 5 and 
6 confirm the absence of structural enhancement of water 
by DMSO. In fact, when the water structure is increased by 
the addition of co-solvent, maxima or minima in the values 
of activation parameters of viscous flow were obtained for 
electrolytes in water-ethanol (30) and water-acetone (31) 
systems. It is evident from Table 5 that free energy of activa- 
tion (Ak*) is positive for all proportions of solvent composi- 
tion and at all temperatures studied in the present investigation. 
The results show that adenosine is higher in free energy state, 
i.e. formation of the transition state is less favourable in 
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DMSO-water mixtures from 10-75 wt.%, suggesting that 
water has more affinity for adenosine in DMSO-water co- 
solvent mixture in the presence of K t  and ca". Similarly, 
other activation parameters for adenosine as AH* and AS* 
show negative contribution in DMSO-water mixtures, sug- 
gesting that entropies (AS*) are less effective in the presence 
of  cations K t  or Ca2t ions, and therefore, the net amount 
of order created by cations in DMSO-water mixture is 
substantial. 
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Propagation of error in fulvic acid titration data: a comparison of 
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WILLIAM FISH and FRANGOIS M. M. MOREL. Can. J. Chem. 63, 1185 (1985). 
Many methods have been employed for measuring the interactions of trace metals and humic materials but little consideration 

has been given to the magnitude of error in the resulting titration data. Most common metal-titration methods can be placed 
into one of three categories based on the chemical species that is most directly measured: free ionic metal, total labile metal, 
or ligand-bound metal. The propagation of random instrument error into a titration data set is not uniform throughout a titration 
and the pattern of propagation is shown to be characteristic of the category of method used. Standard deviations are determined 
for measurements by ion-selective electrodes, fluorescence quenching, and fixed potential amperometry (each representative 
of a category of methods). Error propagation in resulting titration data is quantified. No single titration method yields uniformly 
precise data in all concentration ranges and a combination of complementary methods yields the best characterization of metal 
binding to a humic material. 

WILLIAM F~SH et FRANGOIS M. M. MOREL. Can. J. Chem. 63, 1 185 (1  985). 
Plusieurs mtthodes ont t tC utilisCes pour mesurer les interactions entre des mttaux B I'ttat de trace et les substances 

humiques; toutefois, peu de cas a CtC fait de I'amplitude de I'erreur qui entache les donntes de titration qui en rCsultent. En 
se basant sur la nature des espkces chimiques qui sont mesurtes le plus directement, on peut classer la plupart des mCthodes 
usuelles de titrages des mttaux dans l'une des trois cattgories suivantes: soit les mttaux ioniques libres, les mCtaux totaux 
labiles ou les mttaux liCs B des ligands. La propagation de l'erreur instrumentale au hasard dans un ensemble de donnCes de 
titrage n'est pas uniforme dans I'ensemble d'un titrage et on montre que le schema de propagation est une caractkristique de 
la catigorie de mtthode utiliste. On a determine les tcarts standards pour des mesures faisant appel aux tlectrodes silectives 
pour des ions, au pitgage de la fluorescence et B I'amptromttrie h potentiel fixe (chacune reprksentant une cattgorie de 
mtthodes). On quantifie la propagation de I'erreur dans les donnCes de titrage qui en rtsultent. Aucune mtthode de titrage 
simple ne fournit des donnCes uniformCment prtcises dans tous les intervalles de concentration et une combinaison de mtthodes 
compltmentaires s'avkre la meilleure fagon de caractiriser la liaison d'un mttal B une substance humique. 

[Traduit par le journal] 

Introduction 
In recent years researchers have amassed a substantial body 

of information about the interactions of humic materials with 
trace metals. In gathering these data, many analytical methods 
have been used, each of which measures a single chemical 
quantity such as free or ligand-bound metal. The additional 
quantities necessary for mathematically modeling the system 
have been indirectly obtained by data transformations. 

Valid comparisons among results of different methods are 
possible if each method yields, either directly or indirectly, the 
same concentration of a metal species for a particular system. 
Tuschall and Brezonik (1) applied this test to four commonly 
used analytical methods: ion-selective electrodes, anodic strip- 
ping voltammetry, fluorescence quenching, and continuous 
flow ultrafiltration. Saar and Weber (2) compared and inter- 
calibrated ion selective electrode and fluorescence quenching 
data and Waite and Morel (3) compared fulvic acid titrations 
using ion-selective electrodes and fixed-potential ampero- 
metry. The results of these comparisons suggest that, over 
certain concentration ranges and with certain exceptions, the 
measurements of each chemical quantity by several different 
methods are in approximate agreement. 

With the variety of apparently comparable techniques avail- 
able, criteria are needed to guide the choice of methodologies 
appropriate to a particular application. In a review of the ti- 
tration methods currently available, Saar and Weber (4) em- 
phasized the special merits and problems associated with each 
technique, such as sensitivity, interferences, and the metals 
that can be measured. In addition to matching the experimental 
capabilities of the method to the system under study, it is 
important to recognize the differences in the precision of data 

obtained from each method as a result of the different chemical 
species that are measured. The distinctions are a consequence 
of the arithmetic manipulations needed to calculate indirectly a 
species concentration. Errors propagate, resulting in different 
degrees of uncertainty for the directly and indirectly measured 
quantities. 

Previous comparisons of techniques have not fully con- 
sidered the implications of errors in transformed data. Param- 
eters that characterize humic materials, such as stability 
constants and equivalent ligand concentrations, vary widely in 
accuracy depending on the titration method and the metal con- 
centrations used. Frequently, limitations of time and materials 
preclude repetitive titrations and error intervals are not de- 
termined for model parameters. An alternative to numerous 
replicate titrations is to measure the precision of the analytical 
methods and then quantify the propagation of error for each 
transformation of the data. The latter approach is employed in 
this study. 

We examined the most useful analytical methods and 
grouped them into three classes based on the quantities they 
measure. We selected a representative method from each class 
and showed that this method, in addition to its particular prac- 
tical limitations, is subject to predictable errors characteristic of 
its class and that these errors propagate through the trans- 
formations needed to model the experimental results. As a 
consequence, no single technique can yield a complete and 
optimally precise set of metal-binding data. Results from 
different methods were overlapped to yield data that possess 
minimal error over a wide titration range. We applied these 
principles to series of Cu(I1) titrations of fulvic acid ob- 
tained with each representative method. The predicted region 
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of minimal error for each method was demonstrated by com- 
paring the standard deviations of conditional stability constants 
obtained. 

Theory 
Classes of methods 

Commonly used titration techniques fall into three general 
classes, each defined by the quantity that is measured as a 
function of total metal added during the titration: free ionic 
metal, labile metal species, or bound metal species. 

Free-ionic metal activity may be measured with a solid-state, 
ion-selective electrode (ISE). These Nernstian devices generate 
a potential proportional to the logarithm of the free-metal activ- 
ity in solution. Because stability constants are conventionally 
written in terms of the free metal species, the output of an ISE 
titration is especially convenient to use in speciation models. 
Furthermore, the logarithmic scaling allows data to be col- 
lected over many orders of magnitude. This feature is useful for 
characterizing humic materials which typically have a wide 
range of apparent metal-binding strengths. 

Ion-selective electrodes have several well-known practical 
limitations. While very low free-metal activity can be mea- 
sured, the lowest total metal concentrations possible are at or 
above the average concentrations typically found in unpolluted 
natural waters. Cupric ISEs, which are the most commonly 
used means of studying metal-humic interactions, are also 
subject to a large, uncorrectable interference from chloride ions 
( 5 ) .  To overcome these problems, ion exchange methods have 
been proposed for determining ionic activities of metals in 
titrations (6). Such procedures fall into this class because the 
metal that partitions onto the exchanger surface is proportional 
to free-metal activity. Unfortunately, these methods still re- 
quire relatively high ligand concentrations and are difficult to 
calibrate and interpret because of ligand adsorption on the 
exchanger (7). Consequently, the ion-selective electrode, 
which is very reliable within its optimal operating range (in the 
absence of interferences), was chosen for this study as the 
representative method of its class. 

The second class comprises methods that yield arithmetically 
scaled labile-metal concentrations. The labile-metal fraction is 
operationally defined for each method but is ideally taken to be 
the sum of all metal species except the organo-metallic com- 
plexes of interest. Anodic stripping voltammetry and fixed- 
potential amperometry (3) fall into this category as well as all 
titration techniques involving separations, such as dialysis (8), 
gel-permeation chromatography (9), and ultrafiltration (1). The 
separation techniques offer great flexibility in the choice of 
reactant metals and background electrolytes, but uncertain 
molecular-size cutoffs make unclear the composition of the 
labile-metal fraction. 

Because of its sensitivity and convenience, anodic stripping 
voltammetry (ASV) has been the most widely used technique 
in this class. Yet it is not clear which metal species are electro- 
chemically stable and which are decomposed as "labile" at the 
negative potentials employed in the plating step (1, 10, 1 I). 
Much debate has centered on the accuracy of ASV techniques 
and there is substantial reason to believe that characterizations 
of metal binding agents by ASV methods are ambiguous or 
subject to artifact. 

Waite and Morel (3) describe fixed-potential amperometry 
(FPA) as a method of labile-copper analysis that appears to 
have a sensitivity comparable to ASV methods yet is free of the 
major artifacts associated with mercury electrodes operating in 

the negative potential region. The FPA method has been inter- 
calibrated with cupric ISE data and is used in this study as the 
representative method for this class. 

The third class of methods are those that directly measure the 
formation of organo-metallic complexes during the titration. 
~ ~ e c t r o ~ h o t o m e t r y  is the classical technique in this category 
(12) but has been little used for humic substances because of 
the weak absorptivity of metal-humate complexes. Methods 
that extract organo-metallic complexes onto a hydrophobic 
column such as the C-18 Sep-Pak column procedure described 
by Mills and Quinn (13) also fall into this class. Such methods 
are useful in estimating the extent of organic metal-binding 
in natural samples but are poorly suited to detailed titri- 
metric ~rocedures because the kinetics of humic com~lex  for- 
mation and dissociation in the column are not well defined. 
Quenching of natural humic fluorescence by certain para- 
magnetic metals (such as Cu2+) has been recently applied to 
metal binding studies with considerable success (1, 14). 
Fluorescence quenching (FQ) is relatively sensitive and pro- 
vides a direct. arithmeticallv scaled measure of metal-com~lex 
concentration. It is employed here as the third representative 
method. 

Error propagation irz  data transforms 
Developing a thermodynamic equilibrium model of metal 

interactions with humic materials requires knowledge of the 
free ionic activity of the metal, [MI, the ligand-bound metaI 
concentration, [ML], and the unbound-ligand concentration, 
Lr,  over a range of values. In practice, all three quantities are 
not measured directly or independently. One quantity is mea- 
sured as a function of the total metal added to the svstem and 
the two remaining quantities are determined indirectly from 
conservation of mass considerations. Several transformations 
of the original data are necessary to obtain the three quantities 
used in an equilibrium model. 

For example, in ISE titrations the electrode potential is con- 
verted to the logarithm of the metal activity by multiplying by 
a calibration factor ( A ) .  The log of activity is exponentiated to 
obtain the arithmetic metal activity, which in turn is multiplied 
by a proportionality constant ( K O )  to generate the concentration 
of inorganic metal complexes, Mi .  This value is subtracted 
from the total concentration of metal in solution to determine, 
indirectly, the concentration of ligand-bound metal. The value 
of Lr must be obtained by subtracting [MI,] from the total 
ligand concentration, LT.  In each of these transformations the 
uncertainty in the quantity obtained increases as errors propa- 
gate through the data set. We can quantify this propagation by 
simple statistical methods, summarized in Table 1.  

Examination of the error propagation equations leads to the 
observation that the least error in each quantity results from 
methods that most directly measure that quantity. Note also that 
many of the error terms are based on relative errors and that the 
absolute error in a derived quantity may be dependent on the 
magnitude of the terms used in the derivation. Uncertainty in 
the indirectly measured quantities may increase dramatically 
through the course of a titration as concentrations of total metaI 
and the directly measured species increase. This effect can be 
demonstrated graphically by drawing calculated error bars on 
plots of titration data. 

The plots in Fig. 1 are the so-called formation functions 
which depict bound metal as a function of the negative log of 
the free metal activity (pM). The underlying formation function 
is identical for the three plots and represents a simulated metal 
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FISH AND MOREL I187 

TABLE 1 .  Standard deviations and error propagation equations for chemical quantities measured by three exemplary 
methods. Subscript "r" denotes relative standard deviation. Chemical species are in units of mol/L. Propagation 

formulas after Skoog and West (23) 

Quantity Symbol ISE FQ FP A 

ISE potential (mV) 
ISE calibration 
FQ calibration 
FPA calibration 
-log [CU'+] 
Percent quenching 
Charge transferred 
[cuZ+ 1 
Inorganic constant 
Inorganic Cu(1l) 
Total Cu(l1) added 
Humic-bound Cu(I1) 
Free ligand 

S t r  = (s:, + s:,~)I/~ 
s,, 0.02? 

s, = (S; + S;)'/' 
S r  = S I  

- 

s,,,, = (s;~ + st,)'/ ' 

S i  = (s; + s;)l/Z 
S,, = 0.02? 

str = (sir t 
S r =  SI 

- 

S,, = 0.01 

S, = (st, + sf,) ' / '  
s , ,  = 0.02, 

s,  = (s; + S;)I/~ 
SI = S ,  

"S,, = 0.02 (pH 6.0) or So = 19 (pH 8.5) for all methods. 

titration of a hypothetical three-ligand mixture calculated with 
the computer-based equilibrium program MINEQL (15). The  
three ligands yield titration curves essentially the same as  those 
of humic acid but can be used to generate titration data to an 
arbitrarily high degree of accuracy (16). 

The  standard deviations in the quantities measured by ISE, 
FPA, and F Q  were calculated from experimental data obtained 
in this laboratory (as discussed beIow) and were translated 
through the propagation equations for each method. Error inter- 
vals of one standard deviation from the computer-calculated 
mean values for both pM and [MI,] (the 68% confidence inter- 
vals) were drawn about each point in the calculated formation 
functions. 

As noted earlier, the error intervals for each metal species 
are smallest for the methods that most directly measure that 
species: free metal for Classes I and 11, bound metal for Class 
111. The  wide error bars on the low pM values for the Class I1 
(FPA-type) measurements (Fig. I b)  reflect the detection limit 
of this method for a solution in which the labile metal approx- 
imately equals the free-metal activity; a similar error region 
would also be observed in the Class I measurements if the 
titration were conducted below the detection limit of the 
electrode. 

Above the detection limits, indirectly measured species ex- 
hibit the greatest error and the magnitude of this error varies 
widely across the titration range. For example, bound-metal 
errors increase greatly near the end of the titrations that mea- 
sure unbound metal. This reflects the propagation of relative 
errors as well as the fact that errors become most severe when 
we attempt to calculate a species concentration by subtracting 
two relatively large numbers. 

A mathematical model of humic binding is of greatest pre- 
dictive value if it is fitted to the most precise data in any 
concentration range. For each class of methods there is a ti- 
tration region of minimal error in determinations of both free 
and bound metal. Figure 1 indicates that the best approach to 
modeling entails fitting Class I titration data in the high to 
moderate pM range and Class 111 titration data in the moderate 
to low p M  range. Class 11 titrations might also be desirable, 
because of the high sensitivity of FPA, or for calibrating a 
model to data from a high-chloride medium. 

Before combining the results of different techniques, the 
methods should be intercalibrated so  there is reasonable con- 

FIG. 1 .  A comparison of error propagation in hypothetical titration 
data: bound metal vs. -log free metal activity (formation functions). 
Error bars represent k one standard deviation for: a. ion-selective 
electrode type data; b. fixed potential amperometry type data; 
c. fluorescence quenching type data. 

gruence among the data. Intercalibration can be achieved in the 
central region of the titrations where all three titration classes 
yield data of nearly equal precision. From this central region, 
the data set can be extended for both free- and bound-metal 
species in either concentration direction with data from the 
appropriate methods. If only a single method is used, careful 
consideration should be given to the poor precision of data in 
certain regions of the titration and the resulting errors in the 
modeling parameters derived for that region. 

Experimental 
Fulvic acid was obtained from 20 L of Grassy Pond water (Bedford, 

MA) by adsorption onto XAD-8 resin according to the method of 
Thurman and Malcolm (17). The freeze-dried extract was 49% carbon 
by weight and this factor was used to prepare an aqueous stock solu- 
tion of 50 mg-C/L of Grassy Pond fulvic acid (GP-FA). The stock 
solution was stored in a foil-covered flask (to exclude light) at 5°C and 
at pH 8. After preparation, stock solutions were allowed 48 h to 
dissolve and hydrolyze completely before any dilutions for titrations 
were made. 

Solutions of fulvic acid for ion-selective electrode and fluorescence 
quenching titrations at 0.5, l .O, and 5.0 mg-C/L were prepared with 
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deionized water. Ionic strengths were adjusted using I M NaC104 to 
give an electrolyte concentration of lo-' M. For fixed potential am- 
perometry a background electrolyte of 0.5 M NaCl and 2 mM 
NaHC03 was used. The electrolyte was prepared from a 5 M NaCI, 
20 mM NaHCOS stock solution that was passed through a Chelex resin 
column to remove contaminating trace metals according to the 
methods of Morel et al. ( 1  8). 

Ion-selective electrode titrations were performed using a Radio- 
meter F3000 Selectrode with a Cu(l1) sensing membrane coupled with 
an Orion 90-02 double-junction reference electrode. The pH was 
monitored using a Fisher E5-A combination pH electrode and the pH 
was maintained by adjusting the alkalinity and bubbling with 1% 
C02/99% Nz gas mixture. Electrode potentials were measured by a 
pair of Orion 801 Ionanalyzer meters. The ISE was calibrated with a 
series of copper solutions the day before each titration and was 
allowed to equilibrate overnight in a I mM Na?EDTA/O. 1 M TRIS 
buffer solution at pH 6.2. This procedure maximized electrode sen- 
sitivity in the low copper range. The fulvic acid solutions were 
titrated in 100-mL, water-jacketed beakers at 15°C with total copper 
concentrations ranging from 0.  I p M  to 100 pM. 

Fluorescence quenching titrations were performed using a Perkin- 
Elmer LS-5 Fluorescence spectrophotometer equipped with a I-cm 
flow cell coupled by Teflon tubing and a peristaltic pump to a 50-mL, 
water-jacketed titration vessel maintained at 15°C. The pH was main- 
tained with a COI/NZ mixture as in the ISE titrations. Fulvic acid 
solutions were deoxygenated by several hours of bubbling with the 
C02/N2 gas mixture in order to eliminate the minor quenching of the 
fulvic acid fluorescence by 0 2 .  For GP-FA titrations the excitation and 
emission wavelengths were set for maximum fluorescence at 325 nm 
and 405 nm respectively. Slit widths were set at 10 nm. Kinetic studies 
indicated that quenching equilibrium was reached within 10 min at 
copper concentrations less than I p M  and in less than 5 min above 
I p M  copper. In subsequent titrations equilibration times were al- 
lowed, accordingly, before measurements were taken. Fulvic acid 
solutions were titrated over the same total copper range as in the ISE 
experiments: 0. I p M  to 100 pM. 

Fixed potential amperometry was employed according to the 
methods of Waite and Morel (3). Measurements were made with an 
Environmental Science Associates (ESA) Model 3040 charge transfer 
analyzer equipped with a tubular pyrolytic graphite working electrode, 
a platinum wire counter electrode, and an Ag/AgC1, saturated NaCl 
reference electrode. The electrode potential was set at 90 mV and 
measurements were taken after a 10-min equilibration period fol- 
lowing each copper addition. Titrations were performed with total 
copper ranging from 10 to 330 nM. 

Results and discussion 
Error analyses 

The millivolt output of the ISE system was recorded to 
within 0.1 mV and analysis of five pairs of replicate titrations 
indicates that the standard deviation in electrode potential is 
k 0 . 5  mV. A slightly higher deviation is obtained at low CuT 
and pCu levels but, as an approximation, the standard deviation 
in potential was considered to be constant at k0 .5  mV. 

The calibration factors for the electrode were determined by 
measurements of standard Cu(I1) solutions. The deviation from 
Nernstian response allowed in the calibration slope was k 0 . 5  
mV per decade pCu and the standard deviation was statistically 
derived from this spread to be k0 .4  mV per decade pCu. 

The hydroxo and carbonato complexes of copper were calcu- 
lated with stability constants selected from the literature. Sta- 
bility constants and standard deviations for the carbonato com- 
plexes are given by Smith and Martell (19) as log PI = 6.75 -C 
0.02 and log P2 = 9.92 k 0.09. There is greater variability in 
the constants for the hydroxo complex. For example, Smith and 
Martell (19) offer log PI = 6.3 while Sunda and Hanson (20) 
reported log PI = 6.48. The reported stability constants for the 

dihydroxo complex are particularly variable but, in two careful 
studies, values of log P, = 11.78 (20) and 11.80 (21) were 
obtained. The mean of these is used in the present study. 
Standard deviations are not available for the hydroxo constants 
but it is reasonable to assume that both log P values are known 
to within k0.10 log units. Because the concentrations of the 
hydroxide and the carbonate ions were held constant during the 
titrations, an aggregate proportionality factor, KO,  relating total 
inorganic and free ionic copper was calculated from the sta- 
bility constants. The pH and p ( ~ ~ : - )  were maintained within 
k0.05 log units and incorporating all of these error terms in the 
calculation yielded KO = 1.12 2 0.02 for pH 6.0 and 170 -C 
19 for pH 8.5. 

The relative error associated with the calculation of inor- 
ganic copper becomes very significant when the inorganic 
copper concentration equals or exceeds the copper-fulvate con- 
centration. This condition is dependent on both the metal/ 
ligand ratio and the pH and is attained when either quantity is 
relatively high. Determinations of weak metal binding behavior 
by ion-selective electrode are therefore most accurate at low 
pH. Because apparent binding strength also decreases with pH, 
an appropriate compromise is to perform titrations near pH 6 
where inorganic copper-complex concentrations and proton 
competition for the ligands are both acceptably small. 

The standard deviation in the fluorescence measurements of 
a fulvic acid solution was uniform throughout the titration and " 
equal to approximately 0.1% of the unquenched fluorescence. 
The relative fluorescence data are converted to bound-metal 
concentration by a calibration factor, B, linearly relating the 
percent-quenching (%Q)  of fluorescence to the concentration 
of metal-fulvate complex. The simplest and most direct 
method for obtaining B is to plot percent quenching against the 
concentration of total metal added. If sufficiently small addi- 
tions of Cu(I1) (relative to the concentration of fulvic acid) are 
made, there is a region at the beginning of the titration in which 
there is a linear relationship between the metal added and the 
percent quenching. This region corresponds to the strong 
metal-binding portion of the titration in which essentially all of 
the metal added quantitatively binds to the fulvic acid. The 
slope of a least-squares fit of this region provides a quenching 
calibration factor for a given concentration of fulvic acid. ~ h k  
factor is assumed to be constant throughout the titration. The 
appropriateness of this assumption is discussed below. 

The variation in the relative fluorescence translates into a 
standard deviation for the bound metal of 50 .1  X (calibration 
factor). For a typical titration of 5 mg-C/L GP-FA in which the 
calibration factor was 0.25 pM bound Cu(11) per unit percent 
of quenching, the standard deviation on the bound copper mea- 
surements was 20.025 uM. The absolute error in bound metal 
is constant throughout so the relative error decreases as the 
titration advances. As a result, the relative error in the deter- 
mination of free metal also decreases throughout the titration. 

The labile copper measured by fixed potential amperometry 
includes all Cu(I1) species that are reducible at the electrode 
potential, set in this system at +90 mV. At this potential only 
the hydrated cupric ion or the inorganic complexes are reduced 
and the current transferred over a fixed time interval, U, is 
proportional to the total inorganic copper in solution [Cui]. The 
proportionality factor, C ,  is obtained from a set of standard 
solutions. After systematic errors were corrected (3) we 
found the standard deviation in the current to be described by 
the equation: 
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FISH AND MOREL 

FIG. 2. Formation functions and standard deviations for Grassy Pond fulvic acid at 5.0 mg-C/L and pH 6.0. A. ISE titration; B. FQ titration. 

in which S, is a constant "background" error and Scr(U) repre- 
sents the error that is proportional to the inorganic Cu(I1) 
measured. For the experiments described here we found S, = 
0.4 nM and Scr = 0.01; the latter value is the relative standard 
deviation in the proportionality factor. The minimum labile 
Cu(I1) concentration accurately measurable was about 5 nM 
and the maximum copper concentration was about 350 nM. 

The Davies equation was used to calculate the single-ion 
activity coefficients necessary for comparing the results of the 
FPA titrations to those of ISE titrations performed at lower 
ionic strength. Although there is significant uncertainty associ- 
ated with these coefficients, the standard error could not be 
quantified and so is not incorporated in the error calculations. 

Because total inorganic copper is directly measured by FPA, 
bound copper concentrations are more directly obtained with 
this method than by ISE. The inorganic copper concentration 
was converted to the cupric ion activity by the factor KO as 
defined earlier. For the solution conditions of the titration the 
minimum cupric ion activity measurable was about 0.01 nM or 
pcu = 11.0. 

A summary of the standard deviations for the data from the 
three methods is presented in Table 1. 

Comparison of titration results 
Data from the ISE and FQ titrations of 1.0 and 5.0 mg-C/L 

solutions of Grassy Pond fulvic acid at pH 6.0 were converted 
by the arithmetic transformations described into both the direct- 
ly and indirectly measured species concentrations. Plots of 
formation functions (bound metal vs. pCu) were prepared using 
the results of both techniques and are presented in Fig. 2 for 
comparison. The standard deviation for each data point was 
calculated with the error propagation equations, and error bars 
representing one standard deviation were placed around the 
symbols. The plots reveal systematic differences between the 
two methods as well as pronounced differences in the propaga- 
tion of random error. 

The formation functions demonstrate the limited sensitivity 
of fluorescence quenching for determining free-metal activity. 
Metal activity below 0.1 pM is measurable only by the ISE. 
The sensitivity of the ISE to low pCu allows the accurate 

calculation of stability constants or other model parameters for 
the strong binding region of the titration. Reliance on fluo- 
rescence quenching alone would preclude any quantification of 
this important property of humic materials. 

The smallest amount of bound metal detectable in a fluo- 
rescence quenching titration is proportional to the smallest 
change in relative fluorescence distinguishable from noise. For 
the system described here that quantity is about 0.1 FM of 
bound copper and is independent of the total fulvic acid in 
solution. This amount is coincidentally the same as the smallest 
amount of strongly bound copper measurable with an ISE 
(equal to the minimum Cu,). 

Throughout the titration the ion-selective electrode provides 
relatively accurate measurements of pCu. Error propagation 
analysis reveals, however, that the accuracy of the ISE in 
measuring free metal does not translate into accurate bound- 
metal measurements over the entire titration range. The bound 
copper measured directly by fluorescence quenching exhibits 
higher accuracy than the indirect ISE data when [MI,] > 2 pM. 
Accuracy in the high-metal region of the titration is critical for 
estimating the total ligand concentration, L,. 

In order to compare directly the species concentrations mea- 
sured by these two methods, plots of the formation functions 
for both the ISE and the FQ titrations were overlaid (without 
error bars, for clarity) in Fig. 3. 

In the low total-metal regions of the titrations, both ISE and 
FQ yield nearly identical bound metal values. The free-metal 
values in this region differ because of the poor precision with 
which fluorescence quenching measures unbound metal at low 
MT. In the mid-range the formation functions overlap but, in 
the titration region corresponding to weak metal-binding, fluo- 
rescence quenching measures smaller bound-metal concen- 
trations than does the ISE, a phenomenon observed in several 
other studies (1, 14). One explanation is that the weak binding 
sites have a different fluorescence efficiency than the stronger 
sites. Ryan and Weber (14) suggested that some of the weak 
binding occurs on molecules that have already been quenched 
by strongly bound Cu(I1). Another explanation is simply that a 
greater proportion of the weaker binding is due to either sites 
not associated with fluorophores or a strictly electrostatic effect 
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70 6.0 5.0 4.0 
-log Cu, 

FIG. 3. Formation functions for Grassy Pond fulvic acid at pH 6.0. 
5 .0  rng-C/L: ISE ( A ) ,  FQ (e). 1.0 rng-C/L: ISE (A), FQ (0). 

that does not involve the alteration of fluorescing electrons. No 
definitive explanation is currently possible and the discrepancy 
only adds greater uncertainty to the poorly defined end region 
of fulvic acid titrations. 

The fulvic acid concentrations in these titrations are repre- 
sentative of many surface, freshwater systems but are perhaps 
an order of magnitude higher than in some deep groundwater 
or marine systems. The relatively high total copper concen- 
trations required by the 1SE seriously limit the usefulness of the 
method for characterizing humic matter at concentrations 
below I mg-C/L. 

A fixed-potential amperometry titration of a 0.5 mg-C/L 
solution of Grassy Pond fulvic acid at pH 8.5 in 0.5 M NaCl 
demonstrates that FPA can quantify binding behavior for 
Cu(l1)-fulvate present in concentrations below the sensitivity of 
other methods. The pH and background electrolyte furnish 
information about fulvic acid behavior under marine solution 
conditions. 

The results of the FPA and ISE titrations were converted, as 
in the previous section, into both the directly and indirectly 
measured quantities and the data from both methods presented 
in comparative plots (Fig. 4). All activities were corrected to 
the lower ionic strength (I = 0.001) by coefficients calculated 
with the Davies equation. The formation functions demonstrate 
the relative merits-of the two methods in the low-copper range. 
The ion-selective electrode is limited to measurements for 
which the total copper concentration is greater than about 
0.1 pM although the cupric-ion activity can be  measured at less 
than 10-'OM. Total Cu(l1) concentrations can be two orders of 
magnitude lower for the FPA titration than with the ISE, but 
FPA has the same sensitivity for both total and labile Cu(l1). 

\ ,  

Therefore, the minimum cupric-ion activity measurable by 
FPA in the presence of strong binding agents is higher than for 
the ISE. 

A comparison of the plots indicates good agreement in the 
cupric ion activities determined by both methods for pCu 5 

9.2. At lower copper concentrations the activities measured by 
the ISE fall below the FPA data (Fig. 5). At these low total- 

FIG. 4. Formation functions and standard deviations for Grassy 
Pond fulvic acid at 0.5 mg-C/L and pH 8 .5 .  A. FPA titration; B. ISE 
titration. 

FIG. 5 .  Formation functions for Grassy Pond fulvic acid at 0.5 
rng-C/L and pH 8 .5 .  FPA titration (A) ;  ISE titration (e). 

copper concentrations the ISE is functioning below its optimal 
range and the equilibration time for the electrode is very slow, 
on the order of 2- 10 h, depending on pH and pCu (low pCu 
and high pH have the slowest equilibration). Because the elec- 
trode potential drifts so slowly upward during this extended 
period it is likely the apparent equilibrium reached and re- 
corded for these data points was short of true equilibration. 
Another likely problem was the loss of copper through surface 
adsorption at high pH, given the extended equilibration period. 
We estimated this quantity from atomic absorption spectro- 
photometry measurements of CUT in solution to be about 10% 
of total copper for CUT less than 1.0 pM. 

In the same Cu(I1) concentration range, fixed-potential 
amperometry operates under optimal solution conditions and 
we expect the FPA data to be more accurate than those of the 
ISE operating outside its appropriate range. Measurements at 
the low metallligand ratios confirm the binding behavior 
observed in more concentrated fulvic acid solutions with 
other methods and are of great use in evaluating the metal 
complexing properties of marine waters. 

Note also that the bound-metal data obtained by the ISE are 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FISH AND MOREL 1191 

particularly imprecise at the higher pH of this titration, com- 
pared to titrations at pH 6. The uncertainty in the inorganic 
complexation factor, KO, is the primary cause. Recall that this 
constant is not needed in obtaining bound-copper values from 
FPA data because the total inorganic Cu(I1) is measured 
directly by FPA. 

The major limitations on FPA are the maximum permissible 
strong ligand concentration (about 0.1 pM), the maximum 
Cu(I1) concentration (about 350 pM in the present system), and 
the need for relatively high chloride concentrations. These 
restrictions do not hinder the special usefulness of FPA for 
marine studies but indicate that the method cannot fully charac- 
terize humic material over a wide range of species concen- 
trations, especially in the weak metal-binding region. While 
these problems are specific to FPA, all methods in Class I1 
(linear, labile-metal) are hindered by the difficulty of collecting 
metal binding data over many orders of magnitude with a 
linearly responding method. As a class, these methods appear 
to be most useful for measuring a limited titration range under 
solution conditions that preclude the use of methods such as 
ISE and FQ. 

The results of the fixed-potential amperometry titrations 
were not compared directly to the fluorescence quenching re- 
sults because there is only a small region of overlap in the 
concentration ranges of the two methods. The overlap is in the 
region of least precision for free-metal measurements by 
fluorescence quenching. Hence, FPA and FQ, while comple- 
mentary in the concentration ranges measured, cannot be 
directly intercalibrated. 

Total ligand measurements 
Determination of the total ligand concentration in solution is 

essential for defining conditional stability constants or parame- 
ters for other models of humic-metal interactions. If the 
bound-metal concentration in a plot of the complex-formation 
function levels off, the maximum concentration of bound metal 
is taken to equal L,. Unfortunately, such unambiguous end- 
points are rarely seen in Cu(I1) titrations of humic materials. 
The large proportion of weak binding sites may not be fully 
saturated at the maximum metal activity in the titration. For- 
mation of copper hydroxide solid at cupric ion activities greater 
than loe4 M poses an upper limit for Cu(l1) titrations, as does 
the flocculation of humic colloids ( 1 ) .  

The absence of a clear endpoint is exacerbated in ISE ti- 
trations by the scattered bound-metal data in the end region. 
Low ligand concentrations favor the likelihood of reaching the 
endpoint before pCu 4 and a low pH (less than 5) would permit 
continuing the titration to higher cupric-ion activities. How- 
ever, LT determinations are not improved by these conditions 
because the bound-metal concentration at the end of the ti- 
tration in either case is smaller, while the error in the data 
remains about the same. 

For Grassy Pond fulvic acid the best estimate of L,, based on 
the ISE titration of 1.0 mg-C/L, is 6.0 ? 1.5 mequiv./mg-C 
(the standard deviation represents the variance in the bound- 
metal determination). For the fluorescence quenching titration 
of the same solution, LT = 4.7 mequiv./mg-C. Although the 
uncertainty in the bound-metal measurements on which the 
latter figure is based is k0.025 pM, the error in LT is pre- 
sumably greater than that because of uncertainty as to the 
degree of saturation of binding sites, coagulation effects, and 

arbitrary for all methods, the uncertainty cannot be quantified 
by replicate titrations. The error in L, may be the single largest 
error in the calculation of metal-humic interactions. Many 
models of metal-humic interactions normalize bound-metal 
concentrations to LT (i.e., i j  = [MLIIL,). Normalizing data to 
such a poorly defined quantity decreases the precision with 
which model parameters can be fitted.' Eliminating the L, term 
from empirical binding models would obviate this analytically 
intractable problem. 

In general, L, is a difficult parameter to measure by any 
method, or, in fact, to properly define. The poor resolution of 
L, has been little recognized in studies of metal-humic inter- 
actions and an examination of the literature indicates that most 
L, values or "complexation capacities" are actually oper- 
ationally defined endpoints that do not reflect the true con- 
centrations of humic binding sites. The errors in titration 
end-regions also suggest that "total ligand concentration" or 
"binding capacity" should not be used as a descriptive pa- 
rameter for comparing humic materials. The concentration of 
humic material, the method used, and the solution pH all have 
a dramatic effect on the maximum amount of metal binding 
observed. 

Comparison of individual and combined data sets 
Conditional stability constants for Cu(I1)-fulvate com- 

plexes were derived from the results of the three exemplary 
methods by applying FITEQL, a computer-based, discrete- 
ligand optimization routine (22). The concentrations and 
stability constants obtained are, of course, only fitting param- 
eters but they are useful for both reproducing the titration data 
and for comparing different data sets. 

In order to compare the effects of error propagation, the 
standard deviations calculated for the titration data from each 
method were used to estimate confidence intervals for the de- 
rived stability constants and ligand concentrations. The solu- 
tion scheme in FITEQL has provisions only for fixed relative 
standard deviations in the titration data. Since relative errors 
are not constant over the entire titration, the fitting optimi- 
zations were repeated for each ligand with the appropriate 
relative standard deviations substituted. The values used each 
time were the mean relative standard deviations for the titration 
region in which that ligand is predominant. The optimalIy fitted 
stability constants and equivalent ligand concentrations for all 
methods are presented in Table 2. 

The results of applying a single analytical method to compli- 
cated mixtures such as fulvic acids are reflected in the diversity 
of standard deviations in the stability constants obtained. The 
regions of high error for each method translate predictably into 
poor accuracy for the conditional stability constants that 
predominate in those regions. This can be demonstrated by 
plotting the standard deviations associated with the ratios of 
bound metal to free metal for each titration (Fig. 6). 

Prediction of bound-metal and free-metal concentrations is 
the goal of metal-humic speciation models and the error in the 
ratio of the two quantities is a convenient way of summarizing 
the errors expected in model calculations based on these data. 
The ratio is also proportional to the apparent stability constant 
that would be calculated at any point in the titration. In addi- 
tion, the plot is a useful summary of the concentration ranges 
over which each method is operational. 

The region in which the bound-metallfree-metal ratio is high 

uncertainty in the assumption that the ~dca l ib ra t ion  factor is 
constant. Because the definition of endpoint remains rather 'W.  Fish and F. M. M. Morel. In preparation (1985). 
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TABLE 2. Conditional stability constants, discrete ligand concentrations, and associated standard deviations for 
Grassy Pond fulvic acid (GP-FA). Values calculated with FITEQL using errors defined in Table 1 

Stability constants Ligand concentrations, pequiv./L 
GP-FA 

(mg-C/L) Method log K I log K Z  log K,  L I L 2  Ls 

0.5" ISE - 9.0220.90 - - 0.4020.25 - 
FP A - 9.27'0.04 - - 0.33k0.02 - 

1 .Oh ISE - 8.25k0.29 6.27-1-0.18 - 0.25k0.10 1.9850.35 
FQ - 8.10-1-0.36 5.25kO. 10 - 0.5350.11 3.98k0.28 

5.0h ISE 10.5250.34 8.2850.20 5.63k0.14 0.1820.06 1.3450.26 9.155 1.20 
FQ - 8.5750.25 5.14-1-0.05 - 1 S350.25 8.80-1-0.80 

"pH 8.5, 0.5 M NaCI. 
"pH 6.0 x lo-' M NaCIO,. 

(the left-hand side of the plot) corresponds to the low CuT, 
strong-binding region of the titration. The ISE data here have 
much lower relative standard deviations than do the FQ data. 
Conversely, in the region of low bound-metallfree-metal ratios 
at the right-hand side (weak metal-binding), the FQ data are 
more precise. The entire range of the FPA titration lies in the 
high-ratio region and the method yields lower relative standard 
deviations in the strong-binding region than does the ISE. 

The results in Fig. 6 also indicate that each method is more 
accurate at higher fulvic acid concentrations. Examination of 
the error propagation equations shows that higher ligand con- 
centrations result in smaller relative errors in the bound-metal 
data, hence less error in stability constants. 

Only a combination of several methods yields the most pre- 
cise set of ligand parameters. Within any broad region of a 
titration only two of the three methods operate within their 
concentration limits and the more precise data of the two sets 
available can be used to create a combined-methods data set. 

Conclusions 
Any comprehensive study of the interactions of a humic 

material with one or more metals is subject to unnecessary 
imprecision if only a single analytical method is employed or 
if inappropriate methods are selected. Precision at high 
bound-metallfree-metal ratios is important for quantifying the 
strongest metal binding behavior of a humic substance while 
accuracy at low bound-metallfree-metal ratios is critical for 
assessing the total number of sites available for binding. We 
have demonstrated that analytical methods can be grouped ac- 
cording to the quantity that they most directly measure and that 
the precision of metal binding data over a wide range of solu- 
tion conditions can be enhanced if methods from at least two 
different classes are used. Examining the error propagation 
associated with the formation-function plots for each class is 
helpful in choosing complementary methods that yield the most 
precise data throughout a wide titration range. If only a single 
method can be utilized, the variance calculations and error 
propagation equations listed in Table 1 can be used to estimate 
confidence intervals for species concentrations or model 

1 parameters. 
An overall improvement in the precision of titration data 

, leads to better predictive calculations of trace-metal speciation 
in natural waters. Quantification of the variance in the 
parameters used to describe metal-humic interactions allows 
for more useful and realistic comparisons among the results of 
different studies. Error analysis can also indicate which 

FIG. 6. Relative standard deviations for the ratio of bound Cu(11) to 
free Cu(I1) for all titrations plotted against the log of the ratio. ISE: 
1 mg-C/L (O), 5 mg-C/L (0). FQ: 1 mg-C/L (A), 5 mg-C/L (A). 
FPA: 0.5 mg-C/L (0). 

parameters (LT for example) should not be incorporated in 
models or used for comparison. 
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ARNOLD JARCZEWSKI, MALCORZATA WALICORSKA, and KENNETH T.  LEFFEK. Can. J .  Chem. 63, 1194 (1985). 
R a t e  constants for the @-elimination of HCI from 2.2-di(4-nitropheny1)-l,l-dichloroethane (I) and 2,2-di(4-nitro- 

pheny1)-I, l ,I-trichloroethane (11) promoted by tetramethylguanidine in the aprotic solvents acetonitrile, tetrahydrofuran, and 
n-hexane have been measured. The activation parameters are characterized by small enthalpies of activation (4.1 to 7.3 kcal 
mol-I) and large negative entropies of activation (-35 to -50 cal mol-' deg-I). The primary deuterium isotope effects at 20°C 
range from k H / k D  = 4.8 to 10.3. The results are interpreted to indicate an (EcB), mechanism for both substrates I and I1 in 
acetonitrile solvent and an E2H or mixed (ElcB),-E2H mechanism in the less polar solvents, tetrahydrofuran and n-hexane. 

ARNOLD JARCZEWSKI, MALCORZATA WALICORSKA et KENNETH T.  LEFFEK. Can. J. Chem. 63, 1194 (1985). 
On a mesure les constantes de vitesse des tliminations @ de HCI du di(nitro-4 phkny1)-2,2 dichloro-l ,I Cthane (I) et du 

di(nitro-4 phkny1)-2,2 trichloroithane (11) sous I'influence de la tttramethylguanidine dans des solvants aprotiques comme 
I'acttonitrile, le tttrahydrofuranne et le n-hexane. Les paramktres d'activation sont caracttrisis par des enthalpies d'activation 
faibles (4,l i 7,3  kcal mol-I) et par des entropies d'activation importantes et ntgatives (-35 B -50 cal mol-I deg--I). A 20°C, 
les effets isotopiques primaires du deuterium s'ttalent de k,,/kD = 4,8  B 10,3. Sur la base des risultats obtenus, on croit que, 
dans I'acttonitrile comme solvant, les deux substrats I et I1 rtagissent par un micanisme (EcB)] alors que dans des solvants 
moins polaires, comme le tetrahydrofuranne et le n-hexane, les produits rkagiraient par un mtcanisme E2H ou par un 
mkcanisme mixte (ElcB),-E2H. 

[Traduit par le journal] 

Introduction 
The kinetics and mechanism of the p-elimination reaction of 

HCl from diarylchloroethanes with different bases in a variety 
of solvents have been examined by McLennan and Wong (1 -5) 
and by Cristol e t  al.  (6, 7 ) .  Also, a study of proton transfer 
reactions to yield stable carbanions has been used to assess the 
importance of this step in determining the reaction parameters 
of p-eliminations (8) or the contribution of the ElcB mech- 
anism to the overall mechanism of elimination (9). Primary 
deuterium isotope effects have been found to be useful in defin- 
ing the character of the mechanism. 

In this study, therefore, arylchloroethanes in which different 
numbers of chlorine atoms on the a-carbon atom modify the 
acidity of the hydrogen on the f3-carbon atom, have been used 
to investigate the influence of this acidity on the rate and 
mechanism of the p-elimination reaction. The effect of 
electron-withdrawing substituents in the phenyl rings (10, 1 1) 
has been investigated, using p-nitrophenyl groups to compare 
with the p-chlorophenyl groups previously studied (1-5). 

In this paper the changes are examined in the activation 
parameters, isotope effects, and mechanism of the p-elimin- 
ation reaction of HCI from 2,2-di(4-nitropheny1)- 1 ,  l -dichlo- 
roethane (I) and 2,2-di(4-nitropheny1)- 1,1,1-trichloroethane 
(11) promoted by the base 1,Ir,3,3'-tetramethylguanidine 

I (TMG) in several solvents of different polarity. 
I 
i Results and discussion 
I 

The second-order rate constants for the elimination of HCI 
from the substrates I and I1 are shown in Tables 1 and 2, 
together with the primary deuterium isotope effects. These rate 
constants increase with increasing polarity of the solvent as 
expected, except that the elimination of DCI from the deu- 

terated substrates is slightly faster in tetrahydrofuran than it is 
in acetonitrile. The second-order rate constants in acetonitrile 
for both I and I1 are about 1 X lo3 greater than the correspond- 
ing rate constants for the elimination of HCI from DDT and 
DDD by the same TMG base (12). This indicates a Hammett 
p value for this reaction of more than 5 if the o0 scale is 
assumed to apply (13, 14) or about 3 if the o- scale is used. In 
either case this is a greater value than the largest p value (2.0) 
which has been found for proton transfer reactions (13, 14). 
Values of 4 and 5 were reported (15) for the base catalyzed 
cleavage of a series of trans and cis I-phenyl-2-arylcyclo- 
propanols but, although the transition state for this does involve 
a proton transfer, the authors concluded that it, in fact, contains 
relatively little proton transfer. Thus, this reaction is controlled 
mainly by the rate for carbon-carbon bond cleavage. 

No doubt the replacement of the p-chloro substitutent by the 
p-nitro group increases the acidity of the hydrogen on the 
p-carbon atom of I and 11, but the effect on the rate of elimi- 
nation is greater than can be ascribed to the acidity change 
alone. Thus, a change of mechanism is indicated by this result. 

The activation for the reactions were calculated 
from the second-order rate constants by a linear least-squares 
method and are collated in Tables 3 and 4. The enthalpies of 
activation are quite low for both substrates and all solvents, 
although slightly larger values are obtained in the more polar 
solvent acetonitrile than in the non-~olar hexane solvent. The 
low A H +  values, compared to other b-elimination reactions (4, 
5, 7, 12, 16- 18), suggest that the mechanism may be of the 
ElcB-type and that A H +  is largely controlled by the energy 
requirement to break the initial state solvation shell and allow 
the proton to transfer to the base. 

The entropies of activation are all large and negative, with 
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TABLE 1 .  Second-order rate constants for the reaction of (02NC,H&- 
CHCHCI? and its deuteratcd analogue with TMG base in acetonitrile, 

tetrahydrofuran, and hexane solvcnts 

Temp. k2,,(dm2 mol-' s~ . ' )  k,,(dm2 mol-' s - I )  k,/ko 
("c) kstd. dev. tstd. dev. *std. dev. 

Acetonitrilc 
10.0 0.291 t 0.003 0.028 * 0.001 10.6 5 0.3 
20.0 0.474 * 0.004 0.049 ? 0.001 9.6 5 0.1 
30.0 0.707 ? 0.005 0.082 * 0.001 8.6 * 0.2 
35.0 1.111 * 0.003 0.141 2 0.001 7.9 + 0. I 
40.0 1.67 ? 0.01 0.218 * 0.001 7.6 * 0.1 

Tetrahydrofuran 
10.0 0.238 * 0.002 0.034 + 0.001 6.9 2 0.1 
20.0 0.371 ? 0.004 0.056 * 0.001 6.6 0. I 
30.0 0.551 * 0.004 0.088 ? 0.001 6.2 * 0.1 
40.0 0.775 t 0.007 0.135 * 0.001 5.7 * 0. I 
50.0 1.12 & 0.01 0.198 + 0.001 5.6 t 0. I 

Hexane 
10.0 0.058 + 0.000, 0.012 k 0.000, 4.9 * 0.1 
20.0 0.081 * 0.002 0.017 ? O.OOO1 4.8 + 0.1 

. . 30.0 0.109 + 0.001 0.024 * 0.0002 4.5 * 0. I 
40.0 0.145 * 0.001 0.033 & O.OOO1 4.3 + 0.0, 
50.0 0.189 C 0.002 0.045 + 0.0003 4.2 t 0.05 

TABLE 2. Second-order rate constants for the reaction of (O2NC6H4)?- 
i CHCCI, and its deuterated analogue with TMG base in acetonitrile, 
I tetrahydrofuran, and hexane solvents 
! 

Temp. k,,(dm' mol-' s-I) kzn(dm3 mol-' s-I) k2,/k,, 
I ("(2) +std. dev. +std. dev. +std. dev. 

1 Acetonitrile 
! 10.0 0.339 + 0.009 0.026 * 0.001 12.8 + 0.6 ~ 20.0 0.477 + 0.004 0.046 & 0.001 10.3 k 0.2 

i 30.0 0.674 2 0.008 0.077 + 0.001 8.7 ? 0.1 
40.0 1.021 * 0.01 0.124 0.002 8.2 t 0.2 

I 50.0 1.53 * 0.01 0.198 + 0.001 7.7 & 0.1 

I Tetrahydrofuran 
10.0 0.286 + 0.003 0.039+0.001 7 . 3 + 0 . I  

Hexane 
10.0 

the values increasing as the polarity of the solvent is decreased, 
a trend previously observed by Cockerill (19). These results are 
consistent with an increase in the strength of the solvation shell 
during the activation process and that increase is greatest where 
the initial state solvation is weakest, in hexane solvent. The 
entropies of activation are generally consistent with a transition 
state of increased charge seuaration relative to the initial state. 

u .  

The values of the primary deuterium isotope effect, given in 
Tables I and 2,  are quite high for a p-elimination reaction, 
varying between kH/kD = 10.3 to 4.8 at 20°C. These show 
clearly that the rate-determining step involves the proton trans- 
fer. However, the isotope effect varies with the polarity of the 
solvent in the reverse manner to that observed for proton trans- 

fer reactions (20), in that the magnitude of the effect decreases 
with decreasing polarity of the solvent. This variation may not, 
therefore, be explained in terms of an increase in the active 
mass of the proton in polar solvents, as was suggested for the 
proton transfer reactions (19), but must be due to a variation in 
the mechanism. In the more polar acetonitrile solvent the 
(EIcB), mechanism would be expected to be favoured, so that 
the full isotope effect would be observed. In the less polar 
solvents the mechanism should change to an E2H-type transi- 
tion state, where the proton transfer is jointly rate controlling 
with the breaking of the bond to the leaving group, giving rise 
to the observation of a smaller deuterium isotope effect. 

The isotope effects on the enthalpies of activation are about 
1 kcal mol-I, which would be expected for the loss of the 
carbon-hydrogen stretching frequency in the activation pro- 
cess, except for the reactions carried out in acetonitrile. In that 
solvent, where the mechanism is probably (ElcB), (Scheme I), 
the isotope effect on the enthalpies of activation of dichloro and 
trichloro substrates at 1.6 -C 0.2 and 2.3 * 0.3 kcal mol-I 
indicates that some proton tunnelling is probably taking place. 
The largest such isotope which can be accounted for by loss of 
the C-H stretching vibration and both C-H bending vi- 
brations is about 2.1 kcal mol-I. The absence of this evidence 
for tunnelling in the less polar solvents, where it is normally 
expected (20), is consistent with the operation of an E2H mech- 
anism (Scheme 2), or a mixed ElcB-E2H mechanism. 

The similarity of the second-order rate constants for the 
dichloro and trichloro substrates indicates that the effect of the 
chlorine atom on the acidity of the hydrogen on the P-carbon 
is very small. Therefore, the same mechanistic conclusions 
apply to both substrates. 

In fact, in hexane solvent the trichloro substrate shows a 
slightly smaller second-order rate constant than the dichloro 
compound, showing no relationship with the acidity of the 
hydrogen on the P-carbon atom, in contrast to the findings for 
the analogous reactions of DDT and DDD (9). 

Experimental 
Materials 

2,2-Diphenyl-I, I ,  I-trichloroethane was prepared by the method of 
McLennan and Wong (5) from acetophenone by chlorination with C12 
gas followed by reduction with LiAIH,. The product 2,2-diphenyl- 
1,1,1-trichloroethane was recrystallized from methanol, mp 64.5- 
65°C (lit. (5) mp 64.5-65.5"C). 

The ethane was nitrated by the method of Haskelberg and Lavie 
(21). The nitrated product had a mp 169°C (lit. ( 1 ,  21) mp 169°C); 
nmr, aliphatic proton, 6 = 5.30 ppm (lit. (1) 6 = 5.35 ppm). 

2,2-Di(4-nitropheny1)- I ,  I-dichloroethane was prepared according 
to McLennan and Wong (5) and Aston et 01. (22). I-Chloroaceto- 
phenone (20 g) in glacial acetic acid (150 g) was chlorinated by 
bubbling in C I ~  gas for 7 h at 60°C under a 250-w lamp. The reaction 
mixture was poured onto crushed ice and thc organic layer separated. 
The aqueous layer was extracted with diethyl ether and the ether 
extracts were added to the organic layer. After removal of the ether, 
the product I,l-dichloroacetopheone was distilled at reduced 
pressure. 

The 2.2-di(4-nitropheny1)- I ,  I-dichloroethane was prepared from 
this ketone by the same procedure as for the trichloro compound, mp 
179.5"C (lit. (1) mp 177- 178°C); nmr, aliphatic proton, 6 = 4.85 
ppm (lit. (1) 6 = 4.83 ppm). 

The deuterated analogues of the two substrates were obtained using 
LiAlD, for the reduction of the ketones. The extent of deuteration was 
estimated to be at least 99% from the nmr spectra. 

Reagent grade acetonitrile was purified by the method of O'Donnell 
et al. (23), with a final fractional distillation from PzOs. The fraction 
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slow 
(02NC6H4)2CHCC13 + H-N=C(N(CH3),), (02NC6H4)2C-CC13.. . H2+N=C(N(CH3)2)2 

1 fast 

TABLE 3. Activation parameters for the reaction of (02NC6H4)2CHCHC12 and its deu- 
terated analogue with TMG base in acetonitrile, tetrahydrofuran, and hexane solvents 

Parameter Normal substrate Deuterated substrate 

Acetonitrile 
AH+ (kcal mol-') 7.3 5 0.1 8.9 5 0.1 
AS+ (cal mol-' deg-I) -35.1 5 0.4 -34.3 5 0.3 
AG+ (kcal mol-I) 17.8 5 0.2 19.1 5 0.1 

 AH^+ -  AH^+) 1.6 + 0.2 
(AsD' - AsH+) 0.8 5 0.5 
(AGDf - AG,') 1.3 r 0.2 

Tetrahvdrofuran 

AH+ (kcal mol-I) 6.4 4 0.1 7.4 2 0.1 
AS+ (cal mol-' deg-I) -38.8 5 0.3 -39.1 5 0.1 
AG) (kcal mol-') 17.9 5 0.1 19.0 * 0.1 

 AH^+ -  AH^') 1.0 5 0.1 
(AsD+ - AsH+) -0.3 5 0.3 
(AcD+ - A G ~ + )  1.1 2 0.2 

Hexane 

AH+ (kcal mol-I) 4.8 r 0.1 5.6 ? 0.1 
AS+ (cal mol-I deg-I) -47.2 5 0. l -47.7 5 0.1 
AG+ (kcal mol-I) 18.9 r 0.1 19.8 5 0.1 

(AHD+ - AHH+) 0.8 5 0.1 
(AsD' - AsH+) -0.5 5 0.2 
( A G ~ +  - AG,') 0.9 5 0.1 

which distilled at 82.0°C was collected. 
Reagent grade tetrahydrofuran was purified by Paul's procedure 

(24). After work-up with NaOH and AI2O3, the solvent was fraction- 
ally distilled over sodium, with collection of the fraction distilling at 
66.0°C. 

Reagent grade hexane was purified by the method of Tonberg and 
Johnston (25). The hexane was shaken for 8 h with a mixture of H2S04 
(58%), HN03 (25%), and H20 (17%) by weight. The solvent was then 
washed with concentrated H-rSO,, then H20, and dried over a molec- 
ular sieve (4A). A final fractional distillation from sodium yielded a 
product, bp 68.7"C. 

Tetramethylguanidine was dried over NaOH and fractionally dis- 
tilled. The fraction distilling at 161°C was collected. 

Product analyses 
2,2-Di(4-nitropheny1)-1,1 ,I-trichloroethane (0.5 g) was reacted in 

NaOEt in ethanol by refluxing the reaction mixture for 1 h. The 

mixture was cooled, poured into water, and the olefin product ex- 
tracted with diethyl ether. The olefin was obtained by evaporation of 
the solvent and was recrystallized several times from ethanol, mp 
172.5"C (lit. (1) mp 172- 173°C). 

The same method was used to prepare the olefin, 2,2-di(4-nitro- 
pheny1)-I-chloroethene, from the dichloro substrate. After the solid 
products were recovered from the ether extract, they were separated 
by thin layer chromatography using benzene. The olefin was extracted 
from the tlc plate with isopropanol, mp 145°C (lit. (1) mp 
145- 146°C). 

Kinetic measurements 
The reactions were followed by monitoring the appearance of the 

olefin products at 324 nm using Specord uv-vis and VSU-2P spec- 
trophotometers fitted with a constant temperature bath to control the 
temperature of the cell block within O.I°C. In all three solvents the 
reaction went to 100% conversion to the olefin. The concentration of 
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TABLE 4. Activation parameters for the reaction of (O2NC6H,),CHCCIJ and its deu- 
terated analogue with TMG base in acetonitrile, tetrahydrofuran, and hexane solvents 

Parameter Normal substrate Deuterated substrate 

Acetonitrile 
AH9 (kcal mol-') 
AS+ (cal mol-' d e g ' )  
A G +  (kcal mol-I) 

(AH,' - AHH') 
(AS,' - AsH+) 
(AGV' - AGH') 

Tetrahydrofuran 

AH+ (kcal mol-I) 
AS+ (cal mol-' deg-') 
AG+ (kcal mol-I) 

(AH,+ - AHH+) 
(Asv+ - ASH+) 
(AG,+ - AGH+) 

Hexane 

AH+ (kcal mol-I) 
AS+ (cal mol-' deg-') 
A G +  (kcal mol-I) 

(AH,+ - AHH+) 
(AS,+ - AsH+) 
(AG,+ - AGH+) 

TABLE 5. Reaction of 2,2-di(4-nitropheny1)- I, I, I- 
trichloroethane with tetramethylguanidine in aceto- 
nitrile solvent at 20°C; initial concentration substrate 
= 0.5 X M, initial concentration TMG = 1.1 

X lo-' M 

Absorbance 

0 0.065 0.400 
24 0.125 0.415 

I 48 0.175 0.425 
72 0.215 0.430 
96 0.250 0.435 

120 0.280 0.440 
144 0.310 0.445 
168 0.330 0.450 
192 0.350 0.455 
216 0.370 0.460 
240 0.385 0.465 

Guggenheim analysis yields, kob, = 5.89 X s-I 

the base was always in large excess over that of the substrate, ensuring 
pseudo-first-order kinetics. Freshly prepared stock solutions were 
used to prepare the reaction mixtures in stoppered uv cells. Pseudo- 
first-order rate constants were calculated from the trace of absorbance 
vs. time using the Guggenheim method; an example run is given in 
Table 5. The second-order rate constants were calculated by a linear 
least-squares fit of the variation of k,,, with base. 

The activation parameters were calculated using the transition state 
theory equation, again using a linear least-squares fit. The errors 
quoted in Tables 3 and 4 are the standard deviations. 
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Kinetics and mechanism of the oxidation of benzenediols and ascorbic acid by 
bis(l,4,7-triazacyclononane)nickel(III) in aqueous perchlorate media 
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A. MCAULEY, LEE SPENCER, and P. R. WEST. Can. J .  Chem. 63, 1198 (1985). 
The reactions of the outer-sphere electron transfer reagent, Ni(9-aneN&", (Dis(l,4,7-triazacyclononane)nickel(III) ion) 

with ascorbic acid, hydroquinone, catechol, and resorcinol have been investigated. The absence of any proton related equilibria 
with the oxidant provides a means of ascribing the observed inverse hydrogen ion dependences to reactions of the dissociated 
ascorbate or quinolate ions, (HA-). The data are consistent with the rate-determining one-electron transfer reactions: 

k, 
~ i ( 9 - a ~ ~ ~ ~ ) ~ ~ '  + HA- 4 Ni(9-ane N-c)2" + HA 

followed by rapid oxidation of the radical ions formed. In the reaction with ascorbic acid, kl  - 0 and k 2  ( T  = 25°C) = 5.2 
x I O ' M - ~ S - ~  (AH' = 10.1 ? 2.5 kcal mol-', AS+ = 5.7 * 5.1 cal m o l '  K-I).  For hydroquinone, catechol, and resorcinol, 
k, = 2.9 x lo3, 2.8 x loZ, and -0 M- '  s- '  and k2 = 6.9 x lo", 4.1 x lo", and 2.8 x loX M-' s-I, respectively. These 
data have been combined with those from other similar reactions leading, by use of a Marcus correlation, to self-exchange rate 
constants for the HAsc-/HAsc' couple of 3.5 x 10' M '  s '  and for the ~ ~ Q u i n " "  and H2cato/' systems of 5 X 10' and 2 
x lo7 M-' s-I, respectively. The importance of the effect of bond-reorganisation on electron transfer is discussed. 

A. MCAULEY, LEE SPENCER et P. R .  WEST. Can. J. Chem. 63, 1 198 (1 985). 
On a ttudit les reactions du rtactif de transfert d'Clectron externe Ni(Nonane-N,)'", (ion bis(triaza-1,4,7 cyclononane) 

nickel(II1)) avec l'acide ascorbique, I'hydroquinone, le cattchol et le rtsorcinol. L'absence de tout proton relit a I'tquilibre 
avec I'oxydant permet d'attribuer I'effet inverse observe pour I'ion hydrogkne aux reactions des ions ascorbate et quinoltate 
dissocits (HA-). Les donntes sont en accord avec des reactions impliquant un transfert i un Clectron comme ttape determinante 

k z 
~ i ( ~ o n a n e - N , ) "  + HA- + Ni(Nonane-N,)?+ + HA 

qui seraient suivies d'oxydations rapides des ions radicalaires formts. Pour la reaction avec l'acide ascorbique kl - 0 et k2 
( T  = 25°C) = 5,2 X 10' M-' s- '  (AH+ = 10,l 2 2,5 kcal mol-I, AS+ = 5,7 * 5,1 cal mol-' K-I). Dans le cas de 
l'hydroquinone, du cattchol et du resorcinol, on a respectivement k,  = 2.9 X 10", 2,8 X 10' et -0 M ~ - '  sC '  et k2 = 6,9 X 

lo", 4,l  x 10' et 2,8 x 10' M-' s - ' .  On a combine ces donnkes a d'autres pour des rtactions semblables afin d'obtenir, par 
l'emploi d'une corrtlation de Marcus, une constante de vitesse d'autotchange pour le couple HAsc-/HAsc' de 3,5 X 10' M-' 
s- '  et pour les sytkmes ~ ~ ~ u i n " '  et  cat"" de 5 X lo7 et 2 X 107 M-'  s - '  respectivement. On discute de I'importance de 
la reorganisation de la liaison sur le transfert d'tlectron. 

[Traduit par le journal] 

Introduction 
Although ascorbic acid (1 -4) and other diols (5,  6) have 

been identified as reductants in biological processes, the recent 
interest (7- 10) in electron transfer processes involving such 
species reflects the need for a precise understanding of the 
accompanying redox mechanisms. A feature of many of these 
reactions is the rate dependence on hydrogen ion concentration, 
normally associated with the varying degrees of protonation of 
the reductants. (In the case of ascorbic acid, for example, all 
three species H2Asc, HAsc-, and As? have been invoked as  
reactants in the oxidation by thioureapentacyanoferrate(II1) ion 
( I  1)). Although early assessments (2) of the redox potentials 
for the H2Asck/H,Asc and HAsce/HAsc- couples (- 1.35 and 
0 .93  V,  respectively) were based on large self exchange rates, 
more recent estimates (8, 12) are consistent with a value of 
0.70-0.72 V for the ascorbate/ascorbate radical couple. 

Investigations into the chemistry of nickel(lI1) species have 
led to the identification of species of considerable kinetic 
stability in aqueous media. In our laboratories, we have charac- 
terised recently (13) the bis(l,4,7-triazacyc1ononane)nickel- 
(111) cation, (Ni(9-aneN3)2"+) which, unlike other solvated 

tetraazanickel(lI1) macrocycles (14), shows only -1% de- 
composition at pH - 3 over a 24  h period. Studies with several 
reducing systems have exhibited a lack of any pH dependence 
on electron transfer of this Ni(III)/(II) species and the reduction 
potential (0.945 V) renders it an appropriate outer-sphere re- 
agent for examination of the kinetic parameters involved in 
redox reactions of organic substrates. 

In this paper we wish to present data on the kinetics of 
oxidation of ascorbic acid and other benzene diols. From a 
knowledge of the self-exchange rate for the metal-ion couple, 
it is possible to derive information on the one-electron self- 
exchange processes for these organic reductants. 

Experimental section 
Materials 

Bistriazacyclononanenickel(1I) perchlorate (15), [Ni(9-aneN3)Z]- 
(C104)>, was prepared using a modified preparation of the ligand as 
described (13). The corresponding nickel(II1) salt was formed on 
addition of a slight stoichiometric excess of aquocobalt(1II) (16) in 
-1 M HC104. The resulting brown-green complex formed was re- 
crystallised from - lo-' M HC104. The solid was kept for months 
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MCAULEY ET AL 

TABLE 1. Rate data for the reaction of [~ i (9-aneN, )~]~ '  with ascorbic acid; I = 1 .OO M (Li/H 
CIO,), A = 350 nm, [H,A] = (0.2- I .01) X lo-' M 

I O - ~ ~ ~ / M - '  s - '  

AH+ = 10.1 2 2.5 kcal mol-' 
AS+ = 5.7 2 5.1 cal mol-I K - '  

in a dessicator without any apparent decomposition. Hydroquinone 
(Aldrich), catechol (Fisher), resorcinol (MCB) were purified either by 
vacuum distillation or recrystallised from ethanol, dried with ether, 
and stored at 0°C. Ascorbic acid (Sigma) was used without further 
purification. Lithium perchlorate was prepared by neutralisation of 
Li2C03 with -3 M HCIO? and recrystallised three times from distilled 
water. 

Kinetic studies 
Solutions of the benzene diols and of ascorbic acid were freshly 

prepared using nitrogen-saturated water and maintained under an inert 
atmosphere. For the oxidant, the required amount of solid [Ni(9- 
aneN3)z](C104)3 was added to a Nz-saturated, thermostatted solution 
prior to use. Kinetic experiments were carried out using a stopped- 
flow apparatus described previously (17). The reduction of [Ni(111)]." 
(ca. 1-3 X lo-' M) was followed at 340-350 nm under pseudo first 
order conditions of excess reductant (0.2- 1.4) X IO-'M. At all pH's 
studied, plots of In AOD against time were linear for at least three 
half-lives. Ionic strength and hydrogen ion conccntration were main- 
tained using H'/Li'-Clod- mixtures. At higher pH's (>3) acetate 
buffers (lo-' M) were used, with no observed kinetic dependence on 
the buffer concentration. 

Results 
( I )  Reaction of [ N i ( g - ~ n e N ~ ) ~ J "  with ascorbic acid (H2Asc) 

The green-coloured nickel(II1) complex (A,,;,, = 3 12 nm, E = 
1 .O1 x lo4 M - '  cm- ' )  is reduced rapidly by ascorbic acid to 
yield the corresponding nickel(I1) ion (A,;,, 322 nm, E = I 1 M - '  
cm-I). A spectrophotometric titration (A = 350 nm) revealed 
an oxidant : reductant ratio of 2.02(?0.05) : 1 consistent with 
the overall reaction: 

The  reaction rate was observed to exhibit a first-order de- 
pendence on ascorbic acid concentration under all conditions 
used in conformity with the rate equation 

mentary material (Table S I) . '  At all temperatures, plots of the 
second order rate constant, ko,  against [H+]- '  were linear 
(Fig. 1) over the range studied. Intercepts of such plots did not 
vary statistically from zero. 

Since there are no proton-related equilibria associated with 
the oxidant, a mechanism consistent with the observed data 
may be written as 

[31 H2Asc H+ + H A s c  (K,) 
k ' 

[4] ~ i . ( 9 - a n e N , ) ~ ~ +  + H A s c k  Ni(9-ane~,)~'+ + HAsc' 

[5] HAsc' H+ + Asc' 

[6] ~i(9-aneN~)? '+ + Ascr % Ni(9-aneN3)zz+ + Asc 

The  ascorbate radical intermediate HAsc' is known to be a 
strong acid ( 16) (pK, (HAsc) = -0.45) so  that the predominant 
form under the present experimental conditions is Asc'. The  
radical ion may then react with a second mole of nickel(ll1) to  
yield the de-hydroascorbic acid product. The large driving 
forces for reactions of this type (EO(Asc/Asc') = 0.14 V (12)) 
have led to the suggestion (7) that reaction [6] is close to 
diffusion controlled. An alternative secondary step [7] 

H+ 
[ 7 ]  Asc' + Asc'+ H'Asc + ASC 

must also be considered since the disproportionation reaction 
(k, 3 108M-I s ' )  ( I  8, 19) would result in the observed overall 
stoicheiometry . 

Using the above mechanism, ko may be expressed in the 
form 

where k l  is the rate constant for the reaction of the nickel(I1I) 
species with the undissociated form of the acid, H2Asc. From 
Fig. 1 and the data in Table 1 it is seen that k l [ H t ]  k2K, and 

Kinetic measurements were made at several reductant con- 'Complete set of data is available upon request, at a nominal charge, 
centrations at each [Ht l  used. A summary of the data is from the Depository of Unpublished Data, CISTI, NationaI Research 
presented in Table 1. The full details are available as supple- Council of Canada, Ottawa, Ont., Canada KIA 0S2. 
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TABLE 2. Rate data for the reactions of [Ni(9-aneN3)2]" with hydroquinone, catechol, and resorcinol; 
I = 1.00 M, T = 25"C, A = 350 nm, [HzQ] = (0.3- 1.4) X lo-' M 

Hydroquinone Catechol Resorcinol 

[H]/M pH 10-'kd'/M-' s-' [H'l/M pH I O - ~ ~ / / M - '  s- '  pH k n " / ~ - '  s-' 

"k,, values are the average of rate constants obtained using at least two and more usually three or four different substrate 
concentrations. 

in the range [Ht] = 0.005- 1.00 M, [H'] B K, (pK, = 3.96) 
(20)), so that eq. [8] may be written as 

as is observed (Fig. 1). The rate constants, k2, evaluated from 
data on the temperature dependence of K, at I = 1 .OM (20,21) 
are presented in Table 1 .  

( 2 )  Reaction of [Ni(9-aneN3)J3' with hydroquinone, catechol, 
and resorcinol 

Spectrophotometric titration at 350 nm (1.0 M HC104) re- 
vealed in all cases an oxidant: reductant ratio of 2(-+0.1) : 1 30 

corresponding to the overall reaction 

where H2Q is the benzene diol and Q the corresponding qui- 
none. As in the case of the ascorbic acid reaction, the rates were 
first order in both [Ni(III)] and [H2Q]. No simple overall hydro- 
gen ion dependence was observed over the range studied [Ht] 
= 1 .OO M - pH 4.8, but two regimes were discernible. Repre- 
sentative rate data are presented in Table 2. Full details of rate 
data are provided in supplementary Table S2.' 

(a )  0.1 M -=c [Hi]  < 1.0 M 
In this range, for the substrates (hydroquinone and catechol) 

studied, a small but consistent retardation in rate was observed 
with increasing [Ht]. There is no spectroscopic evidence for 
any change in oxidant species under these conditions and in e" 
other redox systems (13, 22) where no protonation equilibria 
are involved there is no observed rate dependence of 10 20 30 10-3 ,,+ 40 -1 50 60 

[Ni(9-aneN3)2]3t with [Hf]. The retardation may therefore be M 

attributed to protonation of the quinol as is shown FIG. 1. Hydrogen ion dependences of the rates of oxidation of 
hydroquinone ( A ) ,  catechol ( B ) ,  and resorcinol ( C ) ,  and ascorbic acid 

fast 
1131 Ni(II1) + SQ' - Ni(I1) + Q 

The observed second order rate constant, ko, may be expressed 
as 

Equation [15] may be rearranged as 
where SQ' is the semiquinone radical with no assumption made 
as to the state of protonation of the species. A rate expression [16] ko = k, - ko[H+]/Kb 
consistent with the reaction scheme may be written in the form such that a plot of ko against ko[H+] should be linear with slope 
[14] -d[Ni(III)]/dt = 2k3[H2Q1[Ni(l11)1.Kb/([Htl + Kb) - l /Kb and intercept k,. Good linear plots were obtained for 
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MCAULEY ET AL. 120 1 

TABLE 3. Rate constants for the reaction of [Ni (g-ane~~)~]~ '  with 
benzenediols and related anions 

Reductant Kb/M IO"K,/M 10 -3kp /~ - '  s-' 10-'k,/M-' s-' 

H2Quin 4.2 1.40 2.9 (2.6) 6.9'0.3 
H2cat 1.8 3.55 0.28 (-0.2) 4. I ? O S h  
HzRes - 1.55 -0 0.28'-0.05h 

"Values in parentheses are derived from higher pH conditions (see Fig. 2). 
More accurate values obtained at [H'] > 0.1 M. 

*Corrections for diffusion related contributions lead to k ,  values of 3 X 10"' 
M- '  s f '  (Hcat-) and 3.1 X IOU M- '  s - '  (HRes-), respectively. See text. 

both reductants with (T  = 25OC) k3 = 2.9 X lo3 M-' s-' 
(hydroquinone) and k3 = 2.85 X 102M-' s-' (catechol). Cor- 
responding Kb values are 4.2 k I. I M and 1.8 k 1.2 M, 
respectively. The rate data are consistent with the better reduc- 
ing properties of hydroquinone. Similar behaviour to the above 
was observed in the oxidation by Ni(~yclam)(H~O)~~' (23) 
where the equilibrium data derived were Kb = 4.5 f 1.2 M 
(hydroquinone) and 3.3 k 0.9 M (catechol) in good agreement 
with the present findings. 

(b) [ H C ]  < 0.1 M 
A marked increase in rate is observed with increasing pH 

which may be associated with the acid dissociation of the 
reductants, the almost identical pH profiles for each reaction 
reflecting the similarity of pK, values for the substrates. 

k4 
[I91 Ni(9-aneN3);' + HQ- + Ni(9-aneNJZ2' + SQ' 

This mechanism is identical to that invoked in the ascorbic acid 
reduction and based on eq. [8] with the assumption that [Hf] 
>> K, (pK, = 9.5- 11 for the reductants): 

Excellent linear plots of ko against [Hf] were derived (Fig. 1). 
The individual rate constants are shown in Table 3. It may 
be noted that very good agreement is observed between k3 
values obtained at both high and low acid concentrations. In 
the case of resorcinol, however, there is no evidence within 
experimental error of any pathway attributable to k3. 

Discussion 
The reactions of [Ni(9-aneN3)2]3f with the substrates under 

consideration may be assigned an outer-sphere mechanism 
since the oxidant is known to be substitution inert under the 
present experimental conditions. Two one-electron transfer 
steps may be expected in the oxidation of each substrate, the 
rate-determining process being the formation of the organic 
radical (or radical ion). Also, owing to the lack of any proton 
related equilibrium in the oxidant, the reactions of H2A and 
HA- may be attributed with a degree of certainty not often 
present in other oxidations. With aquo ions as reactants, the 
so-called "proton ambiguity" persists deriving from hydrolysis 
of the metal cations. The large difference in reactivity between 
the protonated (k3 S 103M-' s-') and dissociated forms (k4 - 
10'- lo9 M-' s-I) may be rationalised in terms of the redox 

potentials and self-exchange parameters. The rate constants for 
the reactions of HQuin- and Hcat- are very large and close to 
the limit of diffusion controlled systems. For the reaction of a 
3+ ion of the type under consideration with a 1 - anion, where 
an activated complex of radius - 10 A is anticipated, a value of 
kdiff - 4.7 X lo9 M-' s-' may be estimated (24). It may be seen 
(Table 3) that the observed values for the reactions of HQuin- 
and Hcat- are of this order of magnitude and these systems 
must be considered as reacting predominantly via a diffusion 
controlled process. In the case of HRes-, the rate constant is 
-20-fold lower. The contribution to the observed value from 
diffusion may be eliminated (7) (eq. [22]) 

where k,,, and kdiff are the activation- and diffusion-controlled 
rate constants, respectively. Correction in this manner leads to 
k4 values of -3 X 101° M-' s-' for the reaction with catecholate 
anion, Hcat-, and 3.4 x 10' M-' s-' for the reaction involving 
HRes-. The lower rate with the resorcinol anion may be inter- 
preted in terms of the reduction of resonance stabilisation in the 
HRes' radical formed on oxidation compared with that present 
in the HQuin' or Hcat' systems. 

For the reactions under consideration, the cross-reaction rate 
constants are a function of the redox potentials of the reductants 
(25), consistent with the Marcus relationship. In terms of a 
recent modification of the theory (26), the rate constant for a 
cross reaction, kI2, is related to the rate constants for the com- 
ponent self-exchange reactions, k l l  and k2,, and the equilibrium 
constant for the cross reaction, K12, by 

where 
[In K12 + (W12 - WZI)/RTI~ 

1241 Inf12  = 

In these expressions Wij is the work required to bring ions i and 
j (charges Zi and Zj) to the separation distance uij (taken equal 
to the sum of a;  and aj ,  the radii of ions i and j), p = (8.rrNe2/ 
1 0 0 0 ~ ~ k ~ ) ' / ~ ,  vb is the nuclear frequency that destroys the 
activated complex configuration (-9 X 1012 s-') (27), and y r  
is the thickness of the reaction layer (typicalIy -0.8 A). Values 
of A / U ~  are in the range 3-8 X 101° M-' A-2 S-' and for the 
Ni(II1) complex a value of 4.8 x 101° M-' A-2 s-' has been 
derived (7). This value has been used in the present work. 

The potentials of the H2Qf/H2Q (E:) and HQ'/HQ- (E$ 
couples may be estimated using the expressions 

where E: represents the potential for the Q'/Q2- couple (28) 
and pK, and pKr, are related to the dissociation of the diol or 
the corresponding radical. 

Analysis of the data for HRes- (E: = 0.56 V), using kll 
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FIG. 2. Marcus correlations (plots of log k l z  against log f'lZKIZkZZ) for the reactions of hydroquinone (0) and catechol (t) with 
various oxidants. I ,  lrC1G2+ (27); 2 ,  [ I~ (c I~) (oH~) ] ' -  (26); 3, [lrBr6I3 (26); 4, [ ~ i ( c ~ c l a m ) ( ~ ~ ~ ) ~ ] ~ +  (21); 5, [ ~ i ( t e t - c ) ( ~ ~ ~ ) z ] "  (9); 6, 
[~ i (9 -aneN?)~]~+;  7, N i ( t e t - d ) ( ~ ~ ~ ) ~ ] ~ +  (9). Lines are drawn in accordance with a predicted slope of 0.50. Right hand ordinates refer to catechol 
data. 

( ~ i ( 9 - a n e ~ ~ ) ~ ) " "  ' = 6 X 10' M-' s- '  (22) leads to a calcu- 
lated value for the HRes-/HRes' self-exchange rate of 5.8 x 
107 M-I  s - ~  (ac:" 22 - 4.4 kcal mol-'). 

In the case of the ascorbate ion, HAsc-, a similar evaluation 
procedure leads to a self-exchange rate constant for the 
HAsce/HAsc- couple of 3.5 X 105 M-' s-I. This is in excellent 
agreement with the value derived (1 X 105M-I S-I) recently by 
Macartney and Sutin (7), confirming the outer-sphere character 
of the oxidant. 

There are reIatively few experimental data for the 
H2Q+/H2Q couples. Using an analysis similar to that (eqs. 
[28], [29]) above, Pelizzetti et a/.  (29, 30) have evaluated 
redox potentials for the HzQuini/H2Quin and H2cat+/H2cat 
couples (- 1.14 and - 1.25 V, respectively). The largest un- 
certainty in these values lies in the pKr, values (H?Q' + HQ' 
+ H') where a value of 1- has been estimated. Using these 
data, we have plotted the results of several cross reactions using 
the form of the Marcus equation: 

where the work terms associated with the reaction of a neutral 
species approximate to zero. From eq. [30] it may be seen that 
aplot of log k12 against log kZ2fl2Kj2 should be linear with slope 
0.50 and intercept (112) log k , , .  The data for the oxidation of 
hydroquinone and catechol are shown in Fig. 2. Slopes are 
drawn as 0.5 leading to self-exchange rates of 5 X lo7 M-' s- '  
(AG* = 4.5 kcal mol-I) and 2 x lo7 M-' s-I (AG" = 5.05 
kcal mol-I) for hydroquinone and catechol, respectively. These 
values are close to those derived previously (5). An uncertainty 
of a pK unit in the estimated value of pKr, would result in an 
uncertainty of about an order of magnitude in k , ,  (H2Q/H2Qk). 

The ratio of the rates of self-exchange of H2Asc/H2Asc (2 X 

103 M-' s-I) (7) and HAsc-/HAsc' (3.5 X lo5 M- ' s-') is -6 
x Using the rate of reaction of Ni(9-aneN,)," with 
Hcat-, corrected for diffusion, (3 x 10"' M-' s-I) it is possible 
using (30) to derive a rough estimate of -3.2 x 10" M-' s- '  for 
the self-exchange rate involving the Hcat/Hcate couple. This is 
about two orders of magnitude greater than for the H2cat/ 
H2cat+ system. In the case of the ascorbate ion radical, how- 
ever, the absolute rate is -10' lower. This is probably the 

result of the extensive C-C and C=O bond re-organisation 
required on radical ion formation. A more facile electron 
redistribution with a minimum of bond length changes is pos- 
sible for the Hcat-/Hat' couple. The value for the corres- 
ponding resorcinol reaction is slower than that for catecho1 
possibly owing to the lack of resonance stabilisation of the 
radical formed. However, it is clear that the benzenediol mono- 
anions differ not only in the resonance delocalization which is 
uniquely available to ortho- and para-disubstituted aromatics 
(i.e. Hcat-/Heat'). The balance of the intermolecular and ex- 
ternal hydrogen bonding forces in the two cases must be incor- 

porated. Such protic solvent effects play a substantial role in 
the position of keto-en01 equilibrium, e.g., for acetylacetone 
(31). In general terms, differences in self exchange rates may 
well exhibit solvent trends reminiscent of Z values (or related 
solvatochromic scales) (32) where the energies of charge trans- 
fer bonds are related to solvation. It would be instructive to 
compare self exchange rates for the benzenediols in polar apro- 
tic solvents (i.e., acetonitrile) and such studies are planned. 
Detailed analysis of these features must also await structural 
characterisation of the various radical species involved. It ap- 
pears, however, that using coordination complexes employing 
outer sphere electron transfer pathways, it is possible to derive 
self-consistent data on organic redox couples where structural 
differences lead to significant variations in the electron-transfer 
parameters. 
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GEORGE R. PERIT, YOSHIAKI KAMANO, CHERRY L. HERALD, and MACHIKO TOZAWA. Can. J. Chem. 63, 1204 (1985). 
American (Gulf of Mexico), Mexican (Gulf of California), and Japanese (Gulf of Sagami) specimens of the marine bryozoan 

Bugula neritina were found to contain in addition to bryostatin 4 (30) the new bryostatins 5-7 (36-d) as major antineoplastic 
components effective against the murine P388 lymphocytic leukemia. A total of 50 kg of wet B. neritina from the Northeastern 
Gulf of Mexico led to bryostatins 5-7 in 14.1, 61.9, and 31.2 mg yields respectively. The structural assignments for each 
of these potentially important substances were derived from detailed interpretation of the 400 MHz 'H nmr and solution phase 
secondary ion mass spectral measurements, combined with the results of selective acid-catalyzed hydrolyses. 

GEORGE R. PERIT, YOSHIAKI KAMANO, CHERRY L. HERALD et MACHIKO TOZAWA. Can. J.  Chem. 63, 1204 (1985). 
On a trouvC que les Cchantillons amCricains (Golfe du Mexique), mexicains (Golfe de la Californie) et japonais (Golfe de 

Sagami) du bryozoaire marin Bugula neritina contiennent, en plus de la bryostatine 4 (3a), de nouvelles bryostatines 5-7 
(36-d) qui sont des composants antinCoplastiques rnajeurs, efficaces contre la leucCmie lymphocytique P388 murine. Un total 
de 50 kg de B. neritina humide, provenant du  nord-est du Golfe du Mexique, a permis d'isoler 14,1, 61,9 et 31,2 mg 
respectivement des bryostatines 5-7. On a attribuC les structures des chacune de ces substances potentiellement importantes 
en se basant sur une interprktation dktaillCe des spectres rmn du 'H B 400 MHz et sur des mesures de spectromCtrie de masse 
combinCes aux rCsultats d'hydrolyses acido-catalyskes sClectives. 

[Traduit par le journal] 

The bryozoan, Bugula neritirza (Linnaeus) has proved to be 
a surprisingly productive reservoir of potentially useful anti- 
cancer constituents. A 15-year study (2) of this tiny marine 
animal in our laboratory has led to the discovery of bryostatins 
1-3 (ref. 3, l a ,  b, 2) in Eastern Pacific Ocean specimens and 
bryostatin 4 (ref. 4 ,  3 a )  in Western Pacific Ocean, Gulf of 
California, and Gulf of Mexico samples. Each has exhibited 
activity against the U.S. National Cancer Institute's (NCI) 
murine P388 lymphocytic leukemia (PS system) at <46 
kg/kg/inj. dose levels. 

Further detailed investigations of Bugula neritina have now 
led to the isolation and structural elucidation of three new and 
potentially important bryostatins from Gulf of Mexico (Florida, 
USA), Gulf of California (Sonora, Mexico), and Gulf of 
Sagami (Japan) collections. Continuation of the bryostatin no- 
menclature (3b) has been employed to name these new PS cell 
growth inhibitory and antineoplastic substances bryostatin 5 
(NSC-362616, PS cell line ED,,, 1.3 X 10-' to 2.6 x lo-' 
kg/mL, in vivo, 88% life extension at 185 kg/kg), bryostatin 
6 (NSC-362617, PS cell line ED,,, 3.0 x lo-' kg/mL, in 
vivo, 82% life extension at 185 kg/kg), and bryostatin 7 
(NSC-362619, PS cell line ED,,, 2.6 x lo-' kg/mL, in vivo 
77% life extension at 92 kg/kg). Bryostatins 5-7 were discov- 
ered during a very careful examination of antineoplastic (PS) 
fractions leading to bryostatin 4 (4). In a typical approach, a 
Florida collection of Bugula rleritina (50 kg wet wt) was ex- 
tracted with methylene chloride - methanol-water and the 
methylene chloride phase was entered into an extensive sepa- 
ration procedure guided by bioassay using the PS leukemia. 
The biologically active methylene chloride fraction prepared 
(5) from the 9 :  1 -+ 4 :  I methanol-water solvent partition 
sequence was subjected to detailed fractionation employing gel 
permeation (steric exclusion), silica gel and Sephadex (LH-20) 

'Dedicated to Professor Carl Djerassi on the occasion of his 60th 
birthday. Manuscript 98 in the series Antineoplastic Agents; for part 
97, see ref. I. 

'Author to whom correspondence may be addressed. 
3Department of Chemistry, The Jikei University School of 

Medicine, Kokuryo, Chofu-shi, Tokyo 182, Japan. 

partition, preparative layer, reverse phase, and high perfor- 
mance liquid (hplc) chromatography (4). Rigorous application 
of this improved separation sequence led to 44.5 mg of bryo- 
statin 4 (3a),  bryostatin 5 (3b, 14.1 mg), bryostatin 6 (3c, 
61.9 mg), and bryostatin 7 (3d, 3 1.2 mg). 

The reddish-purple color observed upon developing thin 
layer chromatograms of bryostatins 5-7 with anisaldehyde 
sulfuric acid reagent first suggested the relationship to bryo- 
statin 4 and this superficial interpretation was further sub- 
stantiated by careful interpretation of the high resolution (400 
MHz) 'H (Table 1) and I3C nmr spectra (3b) (Table 2). Except 
for the ester substituents at C-7 and C-20, all of the structural 
features characteristic of bryostatin 4 were apparent in the 
proton and carbon spectra of bryostatins 5-7. The solution 
phase secondary ion mass spectra of bryostatins 5-7 were 
quite revealing when the new techniques we developed (6) for 
detecting molecular ions of hitherto refractory substances were 
utilized. By this exceptionally useful method (employing an 
alkali metal iodide such as sodium iodide or silver tet- 
rafluoroborate or thallium tetrafluoroborate in sulfolane) the 
molecular ions corresponding to bryostatins 5-7 were easily 
detected. Interpretation of the molecular ion with the few frag- 
ment ions produced proved to be very valuable; namely, for 
bryostatin 5, 889 [M+ Na]', 871 [M+ Na - 18]', 829 [M+ 
Na - 60It, and 788 [M+ Na - 1021'; bryostatin 6, 875 [M+ 
Na]', 857 (M+ Na - 181 ', 815 [M+ Na - 60]+, and 787 
[M+ Na - 881'; and bryostatin 7, 847 [M+ NaIf , 829 [M+ 
Na - 18]+, and 787 [M+ Na - 601'. Loss of 60 and 102 mass 
units by mass spectral fragmentation of bryostatin 5 suggested 
acetate and valerate ester substituents. Similarly, loss of 60 and 
88 from the bryostatin 6 molecular ion indicated acetate and 
butyrate esters. The cleavage of only 60 units from bryostatin 
7 suggested a diacetate derivative. 

Each of the preceding assumptions was further confirmed by 
completing the 'H and I3C nmr interpretations and these anal- 
yses were consistent with the mass spectral fragmentation 
results. Exact assignment for each of the ester substituents was 
achievable by the results of careful acid-hydrolysis ex- 
periments. As part of earlier structural studies involving bryo- 
statins 1 ( l a )  and 4 (3a)  it was found that the former substance 
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TABLE I. High resolution (400 MHz) 'H nuclear magnetic resonance chemical shift assignments for bryostatins 5-7 
in deuteriochloroform solution 

Bryostatin 5 (3b) Bryostatin 6 (3c) Bryostatin 7 (3d) 
Structure 3 
assignment 6 Multiplicity 6 Multiplicity 6 Multiplicity 

no. ( P P ~ )  (J, Hz) ( P P ~ )  (J, Hz) ( P P ~ )  (J, Hz) 
- 

(m) 2.42 
(m) 4.17 
(m, m) 1.53, 1.99 
(m) 4.21 
(m, m) 1.43, 1.71 
(m) 5.14 
(m, m) 1.79, 2.02 
(m) 3.95 
(m) 2.17 
(m, m) 1.94, 2.05 
(m) 4.07 
(dd; 8.4, 15.8) 5.29 
(d; 15.8) 5.73 
6 )  5.07 
(m, m) 1.85, 2.03 
(m) 3.96 
(m, m) 1.84, 1.94 
(m) 5.07 
(m) 3.71 
(d; 6.46) 1.20 
(s) 1.12 
(s) 0.97 
(s) 5.64 
(s) 0.97 
(s) 0.90 
(s) 5.94 
(s) 3.67 
(s) 3.65 
(m) 2.26 
(m) 1.60 

(d; 14.5) 0.90 

6 )  2.05 

(m) 2.41, 2.51 
( 4  4.14 
(m, m) 1.62, 2.00 
(m) 4.21 
(m, m) 1.45, 1.67 
(m) 5.13 
(m, m) 1.50, 1.99 
(m) 3.95 
(m) 2.17 
(m, m) 1.83, 2.05 
(m) 4.06 
(dd; 8.34, 15.72) 5.30 
(d; 15.72) 5.74 
(s) 5.08 
(m, m) 1.80, 2.05 
(m) 3.62 
(m, m) 1.90, 2.00 
(m) 5.17 
(m) 3.60 
(d; 7.21) 1.21 
(s) 1.13 
(s) 0.97 
(s) 5.65 
(s) 0.97 
6 )  0.91 
(s) 5.95 
(s) 3.68 
(s) 3.65 
(m) 2.05 
(m) 

(7.2)" 

(s) 2.04 

(my m) 
(m) 
(m, m) 
(m) 
(m, m) 
(m) 
(m, m) 
(m) 
(m) 
(m, m) 
(m) 
(dd; 8.44, 15.76) 
(d; 15.76) 
(s) 
(m, m) 
(m) 
(m, m) 
(m) 
(m) 
(d; 6.45) 
(s) 
(s) 
(s) 
( 4  
(s) 
(s) 
(s) 
(s) 
(s) 

"Assignments for these four positions may be interchanged. 

CH3CH2CHz l a ,  R = CO-CH3 
Bryostatin 1 

b , R = H  
Bryostatin 2 

2 
Bryostatin 3 
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TABLE 2. "C nuclear magnetic resonance chemical shift assignments 
(6 in ppm) for bryostatins 5-7 in deuteriochloroform solution 

Structure 3 Bryostatin Bryostatin Bryostatin 
assignment no. 5 ( 3 6 )  6 ( 3 c )  7 ( 3 4  

I 178.04 173.52 172.22 
2 44.19 44.26 44.23 
3 64.76 64.80 64.76 
4 31.26 31.26 31.20 
5 73.73 73.76 73.70 
6 33.27 33.47 33.40 
7 72.37 72.66 72.95 
8 41.27 41.11 41.04 
9 101.87 101.90 101.87 

10 42.41 42.34 42.34 
I I 65.84 65.74 65.71 
12 42.05 42.05 42.02 
13 156.46 156.85 156.82 
14 36.40 39.59 36.43 
15 70.22 70.22 70.25 ;1 CH3 7 
16 139.24 139.11 139.1 1 
17 129.62 129.72 129.66 
18 44.88 44.88 44.84 0 
19 98.95 98.91 98.88 
20 79.16 79.13 79.13 

could be selectively hydrolyzed to bryostatin 2 ( l b )  as major 
product, presumably because of steric hindrance in the vicinity 
of the C-20 ester. Analogously, hydrochloric acid (1% in 
aqueous methanol)-catalyzed hydrolysis (24 h at room 
temperature) of bryostatin 5 (1 mg) afforded C-20 acetate 3e  
(300 pg) as major product accompanied by a lesser quantity 
(100 pg) of C-7 iso-valerate 3f. Comparable results were ob- 
tained employing bryostatin 6 (1 mg) which led to C-20 acetate 
3e  (350 pg, identical with the acetate from bryostatin 5) as 
major product accompanied by C-7 butyrate (3g, 150 pg). 
Also, hydrochloric acid-catalyzed hydrolysis of bryostatin 7 
(1 mg) afforded only C-20 acetate 3e, which was the same 
product from bryostatins 5 and 6. The data obtained from the 
selective hydrolyses allowed assignment of structures 3 b  and 
3 c  respectively to bryostatins 5 and 6. The structure of bryo- 
statin 7 (3d) was based entirely upon conclusions reached from 

3a ,  R = COCH?CHrCH3, R' = COCH?CH(CH3)2, 
R' = H. Bryostatin 4 

b ,  R = COCH,, R' = COCH,CH(CH,),, R' = H. Bryostatin 5 
c ,  R = COCH3, R' = COCH2CH2CH3, R' = H. Bryostatin 6 
(1, R = R' = COCH?, R' = H. Bryostatin 7 
e, R = COCH,, R' = R' = H 
f, R = R* = H, R' = COCH,CH(CH,), 
g,  R = R2 = H, R' = COCH2CH2CH, 
h ,  R = COCH2CH2CH3, R' = COCH2CH(CH,)z, R2 = COCH, 

analyzing nmr and mass spectra. 
Structural elucidation of bryostatins 4-7 allowed the course 

of some reactions explored as initial chemical probes of the 
molecular geometry to be better understood. For example, 
acetylation of bryostatin 4 (3a) with acetic acid - pyridine (2 
h at room temperature) was found to be very selective and 
afforded C-26 acetate 3h. Presumably due to intramolecular 
hydrogen bonding, the hydroxyl group at C-3 was essentially 
unaffected. Location of the 26-acetate (3h) was based on inter- 
pretation of the high resolution (400 MHz) 'H nmr spectrum. 
The 26-proton usually observed at 6 3.77 was shifted downfield 
to 6 4.99 (m). Conversely the C-3 proton signal in acetate 3 h  
at 6 4.13 (m) was essentially the same as that in bryostatin 4 
(3a) at 6 4.16. 

Some of the biological implications apparent from inspecting 
the structures of bryostatins 4-7 are particularly noteworthy. 
From evidence now in hand, Bugula neritina indigenous to the 
U.S. West Coast seems to have a special ability for synthesis 
of the C-20 (E,E)-octa-2,4-dienoate ester. Interestingly, this 
substituent may be in part responsible for the reduced cyto- 
toxicity of this series. While no evidence for even trace 
amounts of bryostatins 1-3 could be detected in the various 
Gulf specimens of Bugula neritina, we were able to find barely 
detectable (by thin layer chromatography) amounts of bryo- 
statins 4-7 in the Eastern Pacific B~igula neritina. The trace 
amounts (tlc only) of bryostatins 4-7 came from about 500 kg 
(wet weight) of California Bugula neritina. Presently bryo- 
statins 4-7 are being readied for further evaluation against the 
NCI key experimental tumor systems. The results and other 
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on-going studies should allow a better view of structure/ 
activity relationships among this fascinating group of marine 
animal anticancer components. 

Experimental 
All solvents employed for chromatographic purposes were redis- 

tilled. Column chromatography was performed using either Sephadex 
LH-20, from Pharmacia Fine Chemicals, AB, Uppsala, Sweden, or 
silica gel (70-230 mesh) from E: Merck, Darmstadt. The hplc col- 
umns (9.4 X 500 mm) employed were the Partisil-I0 M-9-ODs-2 
(C-18 reversed phase) and Partisil-I0 M-9 columns from Whatman, 
Inc., Clifton, New Jersey. An Altex hplc unit with System Controller 
Model 420 and Model 110A pumps was utilized for final separations. 
Preparative and reversed phase (KC-18) tlc plates were Whatman 
products. Silica gel GF Uniplates were supplied by Analtech, Inc., 
Newark, Delaware. All tlc plates were developed by uv light and (or) 
detected by anisaldehyde - acetic acid - sulfuric acid spray (plates 
heated to about 150°C for 5 to 10 min). Fractions were collected 
with either Gilson FC-80 (microfractionator) or FC-220 (racetrack 
fractionator) equipment in conjunction with a Gilson uv monitor 
Model HM. 

All melting points are uncorrected and were observed with a Kofler- 
type melting point apparatus. lrltraviolet spectra (methanol solution) 
were recorded with a Hcwlett-Packard 8450A uv/vis spectrometer. 
Optical rotations (methanol solution) were observed using a Perkin- 
Elmer Model 214 polarimeter. Mass spectra were determined with a 
MAT-312 mass spectrometer equipped for solution phase secondary 
ion mass spectrometry (SP-SIMS) employing sodium iodide in sul- 
folane (6). Infrared spectra (KBr) were obtained with a Nicolet FTlR 
Model MX-I spectrometer. The nmr spectra were measured with 
Bruker WH-90 and WH-400 instruments, and deuteriochloroform was 
employed as solvent with tetramethylsilane as internal standard. 

Collection and extraction 
A July 1982 re-collection of Buguln neritinn from the Eastern Gulf 

of Mexico (Alligator Harbor, Franklin County, Florida) provided 
50 kg (wet weight) of marine animal which was preserved in 2-pro- 
panol, extracted, and subjected to preliminary separation as described 
before (see ref. 4 for details). By this means 37.6 g of bryostatin- 
enriched methylene chloride extract (PS ED,,), 0.058 pglmL) was 
obtained and subjected to a series of column chromatographic 
separations to yield bryostatin 4 (44.5 mg) and, as summarized below, 
bryostatins 5-7. 

Bryosrarin 5 (3b) 
From the succession of silica gel and gel permeation (Sephadex 

LH-20) column chromatographic steps previously used (4) to con- 
centrate bryostatin 4 (3a). an active fraction (0.38 g) was isolated as 
a white amorphous powder (PS cell line ED,,, 1.6 x pg/mL) 
containing bryostatins 4-7 (evidenced by tlc using 7:3 n-hexane - 
acetone and 2:3 n-hexane - ethyl acetate). By extensive dry column 
(2 X 60 cm) silica gel chromatographic methods with solvent gra- 
dients of n-hexane - acetone (5: 1 + 1 : I) and n-hexane - ethyl 
acetate (2 : 1 3 1 : 2), six fractions were selected for further puri- 
fication. The first fraction contained bryostatin 4. The second, third, 
and fifth fractions were subjected to hplc using a Partisil C- 18 reversed 
phase column with a I : I + 9: 1 methanol-water gradient (flow rate 
of 2 mL/min). The second fraction (15 mg) yielded pure bryostatin 5 
(14.1 mg), melti;~ at 169- 172'C (needles from methy lene chloride 
- methanol): [a], + 106.92 ( c  0.028); uv A,,,,: 226 nm (E 36 300); 
ir: 3465, 2980-2935, 1740, 1725, 1660- 1640, 1440, 1385, 1370, 
1290, 1230, 1165, 1100, 1080, 1060, and 1000 cm-'; SP SIMS (6) 
ms m/z 889 [M + Na]' for C44H66017. See Tables I and 2 for the nmr 
data and the discussion section for additional mass spectral ions. 

36 350); ir: 3460,2980-2950, 1740, 1720, 1660- 1650, 1440, 1380, 
1370, 1280, 1240, 1160, ll00, 1080, 1060, and 1000cm-';SP-SIMS 
(6) ms m/z  875 [M + Na] for C41H60017. The nmr data have been 
recorded in Tables 1 and 2 and mass fragmentation ions in the 
discussion. 

Bryosrarin 7 (3d) 
The fifth fraction (33 mg) was also purified by hplc as above to yield 

bryostatin 7, 31.2 mg, mp 176- 179°C (needles from CH2CIZ- . 

CH20H); [a]: +39.92 (c 0.05); uv A,,,,,: 228 nm (E 36 350); ir (KBr): 
3460, 2980-2950, 1740, 1720, 1660- 1650, 1440, 1380, 1370, 
1280, 1240, 1160, 1100, 1080, 1060, and 1000 cm-I; SP-SIMS ms 
m/z 824 for CJIH~~)O17.  

Acid-catalyzed hydrolysis of bryostatin 5 (3b) 
A specimen of bryostatin 5 (36, 1 mg) was subjected to hydrolysis 

in 1% hydrochloric acid (0.5 mL) for 24 h at room temperature. The 
product obtained by extraction with methylene chloride was washed 
with water, dried (in vacua), and separated by hplc reversed phase 
(C-18) column chromatography. A methanol-water gradient from 
1 : l to 9 :  1 was employed to give C-20 acetate 3e (300 pg) and C-7 
isovalerate 3 f (1 00 pg). 

The C-20 acetate (3e) was obtained as an amorphous powder 
from aqueous methanol: mp 153- 156°C: ir: 3475,2980-2950, 1740, 
1720, 1660-1638, 1435, 1380- 1370, 1290, 1240, 1160, 1100, 
1090, 1075, 1048, 1005, and 870 cm-I; SP-SIMS (6) ms, m/z 805 
[M + Na]' for C29H,xO16, 787 [M + Na - 181' and 745 LM + Na 
- 601'. 

The C-7 iso-valerate (3f) was obtained as an amorphous solid 
melting at 147-152°C from aqueous methanol; ir: 3470, 3435, 
2975-2950, 1738, 1720, 1660- 1635, 1440, 1390- 1370, 1290, 
1240, 1 160, 1 100, 1075, 1050, 1000, and 870 cm--'; SP-SIMS, ms, 
m/z 847 [M + Na]' for C42HN016, 829 [M + Na - 181' and 745 

[M + Na - 1021'. The C-7 iso-valerate was found to be identical4 
with the compound (3 f )  derived from bryostatin 4 (3a) by analogous 
acid hydrolysis. 

Acid-catalyzed hydrolysis of bryosrnrin 6 
A specimen of bryostatin 6 (3c, I mg) was hydrolyzed and the 

products separated by reversed phase hplc as described for bryostatin 
5 to provide C-20 acetate 3e (350 pg), identical4 to that obtained from 
bryostatin 5, and C-7 butyrate 3g (150 pg). 

The C-7 butyrate (3g) was obtained as an amorphous solid melting 
at 166- 170°C; ir (KBr): 3475,3430,2975-2945, 1736, 1720, 1640, 
1620, 1440, 1390, 1095, 1080, 1040, and 870 cm-'; SP-SIMS (6) 
ms, m/z 833 [M + Na]' forC41H62016, 815 [M + Na - 181' and745 
[M + Na - 881'. 

Acid-cn falyzed hydrolysis of bryosrnrin 7 
A sample of bryostatin 7 (3d, 1 mg) was hydrolyzed and the crude 

material purified by reversed phase hplc as outlined for bryostatin 5. 
The major product was 20-acetate 3e (370 pg) and i t  was found4 to be 
the same product analogously obtained from bryostatin 5 (36). 

Acetylariotl of bryosrarin 4 
A sample of bryostatin 4 (9.0 mg) was treated with acetic anhydride 

(0.14 mL) and pyridine (0.2 mL) at room temperature for 4 h. The 
mixture was poured into ice-water and extracted with methylene chlo- 
ride. The extract was washed with dilute hydrochloric acid and water, 
concentrated, and dried under reduced pressure. The crude product 
(9.5 mg) was purified by reversed phase hplc using the same pro- 
cedure as described above for bryostatin 5. Pure bryostatin 4 acetate 
(3h, 8.0 mg, 88.9% yield) was obtained as colorless needles from 
methylene chloride - methanol: mp 159-162"; [a]: +58.71 (c 
0.034); uv A,;,,: 227 nm (E 36 600); ir: 3460, 2985-2935, 1745, 
1730. 1660-1640. 1440. 1380. 1370. 1290. 1240. 1165. 1100. 1080. 

Bryosratin 6 (3c) 1050: and 1000 c m ' ;  SP-SIMS ms, k/z 959 [ M +  ~ a ] '  ( M =  936 
The third fraction (65 mg) was subjected to the same hplc final for C4XH7ZOIX), 941 [M + Na - IS]', 899 [M + Na - 601+, [M + 

purification procedures as summarized for obtaining bryostatin 5, to Na - 881'- and 857 [M + Na - 102]+. 
afford bryostatin 6 (61.9 mg) as needles from methylene chloride - 
methanol: mp 172- 175°C [a]: +39.92 (c 0.05); uv A,,,,,: 228 nm (E 4By tlc and mass spectral comparisons. 
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The preparation of S7BrMF6 (M = As, Sb), and the preparation and crystal structure 
of (S7Br)4S4(A~F6)6 containing the bromo-cycloheptasulphur (1 +) cation 

JACK PASSMORE, GEORGE SUTHERLAND, TOM K. WHIDDEN, PETER S. WHITE, AND CHI-MING WONG 
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JACK PASSMORE, GEORGE SUTHERLAND, TOM K. WHIDDEN, PETER S. WHITE, and CHI-MING WONG. Can. J. Chem. 63, 
1209 (1985). 

S7BrMFh (M = As, Sb) were prepared essentially quantitatively by a variety of similar routes to those that led to S71MF6; 
and in addition, by the reaction of bromine and S71AsFh. (S,Br),S,(AsF,), was prepared essentially quantitatively directly from 
sulphur, bromine, and arsenic pentafluoride in the appropriate ~ a t i o s .  Crystals of (S7Br)4S4(AsFh)6 are isostructural with 
(S71)4S4(A~F6)6r space group P4/11, a = 19.19(3), c = 8.01(1) A. The structure was refined from a low temperature set of 
data to a final R = 0.12. The salt contains a discrete planar S4" and bromo-cycloheptasulphur ( I  +) cations, the latter having 
a similar geometry, sulphur-sulphur bond distances and an intra-cationic halogen-sulphur contact to that observed in S71+. 

JACK PASSMORE, GEORGE SUTHERLAND, TOM K. WHIDDEN, PETER S. WHITE et CHI-MING WONG. Can. J. Chem. 63, 1209 
(1985). 

Utilisant diverses methodes semblables B celles qui ont permis de prCparer le S71MF6, on a prCpar6 le S7BrMFh (M = As, 
Sb) avec un rendement pratiquement quantitatif; on ['a aussi obtenu par la reaction du brome et du S71AsFh. Par reaction du 
soufre, du brome et du pentafluorure d'arsenic dans des proportions appropries, on a prepare le (S7Br),S4(AsF,), avec un 
rendement essentiellement quantitatif. Les cristau: de (S~BT)JSJ(ASF~)~ SOnt isostructuraux avec ceux du (S71)4S4(A~F6)hr 
groupe d'espace P4/n, a = 19,19(3), c = 8,01(1) A. On a affinC la structure, jusqu'i une valeur finale de R = 0.12, B I'aide 
d'un ensemble de donnCes obtenues i basse temperature. Le sel contient des ions individuels S4?+ plan et bromo- 
cycloheptasoufre (1 +); la gComCtrie, les distances soufre-soufre et le contact intracationique halogkne-soufre de ce dernier 
sont semblables a ce qui a kt6 observC avec le cation S71+. 

[Traduit par le journal] 

Introduction 
We have recently prepared and determined the crystal struc- 

tures of the sulphur iodine cations S71MF6 (M = As, Sb) (1 -3), 
[(S7I)21][SbF6]3'2AsF3 (4, 5 ) ,  (S~I )&(ASF~)~  (4, 61, and 
S214(A~F6)2 (7). It was of interest to determine whether iodine 
was unique in its ability to form cations of this sort, therefore, 
we explored the analogous sulphur-bromine system, and the 
results are reported in detail below. A preliminary commu- 
nication briefly mentioned (s7Br).,S4(AsF6) (6). Prior to this 
work the known binary sulphur-bromine species were S,Br2 (x 
= 2 to ca. 10) (of which only S2Br2 is stable) (8), SBr3MF6 (M 
= As, Sb) (9) salts, and the rather unstable NH,SBr (8). 

Experimental 
Chemicals and techniques have been described (5, lo), in addition 

bromine (Anachemia, Reagent Grade) was dried and stored over PzOs 
prior to use. Elemental analyses were obtained from A. Bernhardt, 
W. Germany and Butterworth, Teddington, England. Table I in- 
cludes experimental weights for experiments described below. 

( I )  Preparafion of S7BrMF6 
(A)  Reacfiorz of sulphur wiflz arsenicpet~faJl~toride and bromine. In 

a typical reaction, AsFs (2.40 g, 14.1 mmol) was condensed onto 
excess S, (2.79 g, 10.9 mmol) in AsF3 (14.26 g) in a two-bulbed Pyrex 
vessel separated by a coarse sintered glass frit and equipped with a 
Rotaflo or J. Young Teflon-stemmed Pyrex valve. After 12 h, Brz 
(0.77 g, 4.81 mmol) was added and the mixture stirred for 2 h, 
yielding a red-brown solution containing solids. The products were 
separated by filtration and the volatile material removed. A non- 
crystalline soluble red-brown solid and unreacted Sx were obtained. 
Anal. calcd. for S7BrAsFh (the soluble product): S 45.50, Br 16.20, 
As 15.19, F 23.11; found: S 45.16, Br 16.52, As 15.03, F 22.90. 

Other similar reactions with approximately stoichiometric amounts 
of S, were performed leading to microcrystalline products (weights 
given in Table I). Reactions carried out by adding Brz before the AsF, 
gave material of very poor quality (i.e. containing S,Br2). 

(B)  Reaction of excess snlplz~tr wifh anfirnony perzfafluoride and 
bromine. In a typical reaction, SbF5 (3.04 g, 14.0 mmol) was con- 

densed onto S, (3.03 g, 1 1.8 mmol) in SOz (8.67 g) and the mixture 
stirred for I h. Brz (0.73 g, 4.56 mmol) was then added and the 
red-brown mixture stirred for 2 h. The soluble and insoluble products 
were separated by filtration and SOrCIF (3.01 g) added to the solution 
to facilitate crystal formation. Removal of the volatile material at O°C 
over a 12 h period yielded what appeared to be a highly crystalline 
red-brown soluble solid and a mixture of sulphur and a reduced 
antimony pentafluoride product, (SbFJ3SbFS. Several well formed 
crystals of soluble product were examined by X-ray precession pho- 
tography but were found to diffract X-rays very poorly. Anal. calcd. 
for S7BrSbF6 (the soluble crystalline product): S 41.55, Br 14.80, Sb 
22.54, F 21.11; found ( I )  S 41.92, 41.86, Br 14.69, Sb 22.32, F 
20.78; (2) (a different reaction) S 4 1.13, Br 14.89, Sb 22.50, F 20.99. 

(C)  Reacfion of S,(AsF& (average I ca. 17),  will! Drornine. In one 
reaction, excess Sx (4.88 g, 19.1 mmol) was reacted with stirring with 
AsFs (3.05 g, 17.9 mmol) in SOz (I 1.86 g) for 12 h. Separation of the 
deep red soluble product from unreacted S, was followed by addition 
of Br2 ( I  .03 g, 6.44 mmol). The section of the vessel containing the 
excess sulphur was previously flame sealed at a constriction to prevent 
reaction of the sulphur with Brz. The weight of unreacted sulphur 
(1.56 g, 6.09 mmol) indicated that the average stoichiometry of the 
red sulphur polyatomic cation was S,, ,'+. The red-brown solution 
was separated from the precipitated sulphur after 4 days, and removal 
of the volatile material over a 24 h period resulted in a red-brown 
microcrystalline soluble solid, and insoluble Sx. 

(D)  Reclcfions ofS71A~Fn wiflz Brr. In one reaction, ASFS (2.43 g, 
14.3 mmol) was reacted with a mixture of Ss (2.48 g, 9.68 mmol) and 
I? (4.66 g, 18.3 mmol) in SO, (I 1.60 g) for 2 h with vigorous 
agitation. The soluble and insoluble (excess &/I2) materials were 
separated as in ( C ) .  The weight of excess S, and Iz  remaining was 
found to be 3.64 g (3.79 g calculated for formation of S71AsFh based 
on AsF,). After 4 days BrZ (0.82 g, 5.13 mmol) was condensed onto 
the solution resulting in a red-brown solution containing no precip- 
itate. Subsequently, the solution was pumped to dryness over a 24 h 
period yielding a red-brown microcrystalline solid. A n d .  calcd. for 
S7BrAsF,: S 45.50, Br 16.20, As 15.19, F 23.1 I; found: S 45.16, Br 
16.49, As 15.50, F 23.05, 10.00. 

( E )  Reacfion of S8(AsF6jZ wifh KBr. In one reaction, SOz (6.63 g) 
was condensed onto S,(AsF6), ( I .  17 g, 1.85 mmol) in a previously 
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TABLE I.  Weights of reactants and products 

Experimental Section Product weight (g) 

Target reaction as Soluble insoluble 
per equation given 
in the discussion Reactant Weights (g) Observed Calculated" Observed Calculated" 

1(E) Eq. [5] Sn(AsFs)z" + KBr 
1.17 0.22' 

"Calculated weights are for the target compound according to the appropriate equation based on ( b ) .  
Limiting reagent. 

' Data for the experiment described in the text. 
"Data for experiment similar to that described in the text. 
"No insolubles since approximately stoichiometric quantities of S,, Br2. and AsF, were used. 
'Elemental Sx. 
,'Mixture of SR and (SbF,),SbF, (14). 
"Mixture of S, and KAsF,. 

isolated section of the apparatus and the blue solution quantitatively 
added to KBr (0.22 g ,  1.85 mmol). After 6 h the red-brown solution 
containing solids was filtered into a third bulb and S02CIF (2.80 g) 
added to facilitate crystal formation. Removal of the volatile material 
over a 4 h period resulted in a noncrystalline red soluble solid. The 
insoluble solid was identified as a mixture of S, and KAsF, by Raman 
spectroscopy and X-ray powder diffraction photography. 

Identification of S7BrMF6 bulk material 
X-ray powder photographs (Cu K a  radiation) of material from 

preparations 1 (A) and I (C) to I (E)  were obtained and all were found 
to be similar. showing three strong lines at 20 = 18.3,22.5, and 29.0" 
(I/I, = 100, 20, and 50, respectively). In addition, some photographs 
showed other much less intense lines. Attempts at obtaining re- 
producible Rarnan spectra, using a spinning cell at - 196OC, were 
unsuccessful. 

Stability of S7BrMFn 
Solid S,BrAsF, decomposed after several days at room temperature 

while S,BrSbF, was stable for several weeks. In addition, samples of 
both salts in concentrated (SOz) solution deposited a yellow solid 
(presumably S8) with evolution of a dark red liquid (presumably 
S,Br2) on standing for several weeks. Both salts were found to be 
stable in the solid phase for at least several months at -20°C. Redis- 
solving solid samples in fresh SO, or AsF? resulted in decomposition. 

(2) Preparation of (S7Br)4S4(A~F6)6 
In one reaction AsFs (2.18 g, 12.8 mmol) was condensed onto S, 

(1.34 g ,  5.22 mmol) over SOz (8.95 g). BrZ (0.48 g, 2.92 mmol) and 
SOzCIF (2.95 g) were added after 1 h. On warming to room 
temperature a dark green-brown solution over a dark precipitate was 
obtained. (We found that slight excess of Br, and AsFs with addition 
of S0,ClF yielded better quality crystals). After 12 h the solution was 
dark red, tinted somewhat with green. Most of the volatile material 
was slowly (-4 days) condensed to the other side of the reaction 
vessel with a temperature gradient of 10°C between the two bulbs. Red 
needle-shaped crystals were obtained. The crystals were washed 

quickly with a small amount of solvent and then the volatile material 
was removed. This and other similar preparations yielded crystals 
suitable for single crystal X-ray analysis. 

Stability of (S7Br)4SJ(A~F6)6 
A crystalline sample of (S7Br)4S4(AsF,), showed no apparent loss 

of crystallinity on storage for several weeks at room temperature. The 
crystals were found to partially decompose to a red liquid on irra- 
diation with X-rays (Mo-Ka). 

X-ray crystal structure of (S7Br)IS.,(A~F6)6 
Suitable crystals, manipulated in a Vacuum Atmosphere C o p .  dry 

box with the aid of an externally mounted Wild M3 microscope of 
long focal length, were sealed under dry nitrogen in rigorously dried 
glass capillary tubes. An initial photographic investigation showed the 
crystals to be tetragonal, space group P4/n and apparently iso- 
structural with (S71),S4(AsF,), (4, 6). Initial attempts at collecting 
intensity data were abandoned because of excessive crystal movement 
and it was observed that a layer of red liquid formed on the surface of 
the crystals on exposure to X-rays. A number of attempts were made 
to secure the crystals inside the capillaries, but none were successful. 
At this point it was decided to try and collect data at low temperature, 
thereby using the liquid decomposition product to freeze the crystal in 
place. 

The crystal was mounted on a Picker FACS-I diffractometer 
equipped with a modified Enraf-Nonius low temperature attachment, 
using graphite monochromated MoKa radiation. The cell dimensions 
and an orientation matrix were determined by a least-squares fit to the 
centered coordinates of 12 Friedel pairs of reflections in the range 30" 
5 20 5 45". Intensity data for two unique sets of reflections were 
collected using an w-20 scan of 2" (20) corrected for dispersion of the 
K a  doublet, at a scan speed of 2" (20) min-'. Backgrounds were 
measured for 1 / 10 scan-time at each end of a scan and if the peak was 
considered significant ( I  > 2o(I))  an analysis of the peak profile was 
performed. Three reference reflections, measured every 100 reflec- 
tions, showed no indication of sample decomposition during the data 
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PASSMORE ET AL. 121 1 

TABLE 2. Crystal data for (S7Br),S,(AsF6), 

Space Group P4/n (c:,,, #85) 
fl 19.19(3) 
c 8.01(1) A 
v 2949 A' 
z 2 

M.wt. 2479.0 
F (000) 2348 
Dca~c'i 2.71 Mg m-' 

Crystal size 0.4 X 0.4 X 0.2 mm 
I*. 7.20 mm-' 

20,,,;,, 45" 
h(Mo Ka) 0.71073 

Number of unique reflections collected 1033 
Number of observed reflections ( I  2 3u(l))) 878 
Final R = C~AFI/CIF,,I 0.12 

= CW(A(FI)'/ZW~ FI' 0.14 
Temperature 100 K 

TABLE 3. Fractional atomic coordinates (esd's in parentheses) 

Atom .x/a y l b  Z / C  Uiw 

Br(l) 0.1601(3) 0.4347(3) 0.2568(7) 0.038 
S(1) 0.1729(7) 0.5390(8) 0.336(2) 0.047 
S(2) 0.2680(6) 0.5245(7) 0.5 16(2) 0.034 

i S(3) 0.2850(7) 0.4255(7) 0.5 19(2) 0.050 
S(4) 0.2189(7) 0.3849(7) 0.718(2) 0.047 

I ~ ( 5 )  0.1692(7) 0.4667(8) 0.802(2) 0.043 
S(6) 0.0817(7) 0.4718(7) 0.644(2) 0.046 
S(7) 0.0941(6) 0.5591(6) 0.512(2) 0.042 
S(8) 0.2359(8) 0.6795(7) 0.005(3) 0.079 
As(l) 0.5393(2) 0.1371(3) 0.0103(7) 0.032 
F(l1) 0.527(1) 0.224(1) 0.063(4) 0.041 
F(12) 0.495(1) 0.113(2) 0.175(4) 0.045 
F(13) 0.590(1) 0.165(1) -0.168(4) 0.049 
F(14) 0.468(2) 0.137(2) -0.1 19(5) 0.087 
F(15) 0.559(2) 0.05 l(2) -0.029(4) 0.054 
F(16) 0.616(1) 0.142(2) 0.126(4) 0.070 
As(2) 0.25 0.25 0.168(2) 0.036 
F(21) 0.25 0.25 -0.051(6) 0.070 
F(22) 0.25 0.25 0.390(9) 0.066 
F(23) 0.176(1) 0.293(1) 0.178(4) 0.063 
As(3) 0.25 0.75 0.5 0.041 
F(31)" 0.220(2) 0.688(3) 0.369(10) 0.15 
F(32)" 0.176(3) 0.770(5) 0.390(12) 0.46 

"To approximate the disorder F(31) and F(32) were included with 
occupancies of 314. 

collection. However, it was found necessary to redeterrn~ne the orien- 
tation matrix each time the liquid Nz dewar was refilled (about every 
12 h). Crystal data are given in Table 2. 

An initial attempt to use the atomic positions from (S71)4S4(AsF(,)6 
(4, 6) was not successful so the structure was solved by the direct 
methods program MULTAN ( I  I ) ,  from which all the S, Br, and As 
atomic positions were obtained. The fluorines were located In sub- 
sequent difference syntheses, those about As(l) and As(2) behaved 
normally. The environment about As(3) showed eight peaks, indi- 
cating a d~sordered AsF6- similar to that in (S71)4S4(A~F6)h Attempts 
to fit a set of octahedral fluorine atom arrangements failed and the 
fluorine positions were approximated by assigning F's with 314 oc- 
cupancies to the positions found in the original difference synthesis. 
After correction of the data for absorption by Gaussian integration 
(transmission coefficients 0.06-0.25), the structure was refined by 
least-squares techn~ques. A weighting scheme based on counter statis- 
tics was used, the function minimised was Co(AlFI)'. The final 

agreement factors were R (=C~AFI/CIFI) = 0.12 and R, 
( = C ~ ( A ~ F ( ) ' / Z ~ ~ F I ' )  = 0.14, with all the atoms refined aniso- 
tropically. Such mediocre agreement factors are not unusual in com- 
pounds similar to this one, and can be attributed not only to the 
disorder of one AsFn- but to the high thermal motion of all the anions. 
This may have been exacerbated by errors in the absorption correction 
due to the crystal shape being modified by surface decomposition. A 
final difference synthesis showcd no abnormal features, the maximum 
was 1.9e- in the region of Br. Scattering factors were taken from the 
International tablcs for crystallography (12) and were corrected for 
anomalous dispersion. Computations were performed using SHELX- 
76 (13). Final positional parameters are given in Table 3. 

Discussion 
Preparation of S7BrMF6 (M = As, Sb) 

We have found that S7BrMF6 may be prepared essentially 
quantitatively in liquid sulphur dioxide according to reactions 
[I] to [5] below: 

I 
[5] Sx(AsF6)Z + KBr + S7BrAsF(, + KAsF, + 8 Sx 

Experimental weight changes taken as a who!e (Table l ) ,  and 
analytical data (five separate analyses from four different prep- 
arations) support formation of S7BrMF6. Although evidence of 
this type may be misleading (c.f. SI9'+ (15, 16) and Te64+ 
(17-19)), in view of the well established (1-3) existence of 
S71f and the X-ray crystal structure determination of 
(S7Br)4S4(A~F6)6 (see below) it is reasonable to conclude that 
S7BrMF6 was formed in all of these reactions. Thus S7BrMF6 
can be prepared by a variety of routes. 

It is noteworthy that the final product of these reactions was 
never SBBrMF6. Reactions [ I ]  and [2] were carried out with 
excess sulphur (see Table l) ,  allowing for the formation of 
S8BrMF6, and, reasonably S8Br+ was initially formed in reac- 
tion [4] from Sg2+ and Br-, which presumably disproportion- 
ates to the observed S7Br+ and elemental sulphur. Reactions [ I ]  
and [2] likely proceed wih initial formation of sulphur poly- 
atomic cations. In a separate experiment, a mixture of sulphur 
polyatomic cations of average composition S17 4Z+ were reacted 
with bromine to give S7Br+ and elemental sulphur (reaction 
[3]). In addition, it is noted that sulphur and arsenic and anti- 
mony pentafluorides react very rapidly in the presence of bro- 
mine to form sulphur polyatomic cations (6). Bromine cations 
are not likely intermediates in reaction [l] or [2] since bromine 
cations react with the solvent, sulphur dioxide, to give S02BrF 
(20). S7BrAsF6 was also formed by the reaction of S71AsF6 and 
bromine. The enthalpies of atomisation of 12(s) and Br2(l) are 
essentially the same (Br, 26.7; I, 25.5 kcal/g atom 25°C (21)), 
and in two coordinate sulphur compounds the S-Br bond (ca. 
56 kcal/mmol (8)) is stronger than the S-I bond (49 
kcal/mmol (22)). Therefore reaction [4] is likely exothermic 
and is observed to proceed as indicated. 
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TABLE 4. 
( a )  Bond distance (esd's in parentheses) 

Bond Distance (A) Bond Distance (A) 

- - - - - -- 

(b) Bond angles (esd's in parentheses) 

Bonds Angle (deg) Bonds Angle (deg) 

DL- 

FIG. I .  The structure of the S7Br' cation. 

X-ray powder diffraction photographs of this material were 
not inconsistent with the diffraction pattern calculated on the 
basis of single crystal diffractometer data. In addition, approx- 
imately 20 crystals from this preparation were identified as the 
title compound by single crystal X-ray precession photography. 
The experimental data are therefore consistent with the bulk of 
the material being (S7Br)4S4(A~F6)6r and not a mixture of vari- 
ous species with this average stoichiometry. 

It is noteworthy that (S7Br)4S4(A~F6)6 is very soluble in the 
mixture of liquid SOz and AsF, present at the end of reaction 
[6], whereas S4(AsF6)? alone has low solubility. Thus, either 
the cations in solution are different from those in the solid state, 
or the solubility of S4(AsF6)? is greatly enhanced by the pres- 
ence of S7BrAsF6. 

Preparation and characterization of (S7Br)4SJ(A~F6)6 The stabilities of the S7Brt -containing salts 
This compound was prepared in ca. 90% yield (see Table 1) The S7Brt-containing salts are less stable than the corre- 

in sulphur dioxide solution according to reaction [6]: sponding iodides. In addition, we were unable to prepare bro- 
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I 
j FIG. 2. A comparison of the bond distances (A) and angles (deg) in S7Br+ with those in S71' in S71SbF6 (3). 

I mine analogues of (S71)21(SbF6)3. 2AsF3 (4, 5), and S,14(AsF6), 
I (7), or chlorine analogues of any of the sulphur-iodine cations. 

This is the opposite of what would be expected on the basis of 
the relative strengths of the sulphur-halogen bonds, and the 

I 
relative stabilities of the hitherto known sulphur chlorides, 
bromides, and iodides, i.e. chlorides are more stable than bro- 
mides, which are more stable than iodides. This may, in part, 
be due to the greater stability of the products of disproportion- 
ation of the sulphur bromine (chlorine) cations, S,Br, (S,C12) 
and SBr,' (9) (SCl,'). We note that SI,+ has not yet been 
identified, and S,12 are not stable at room temperature. The 
relative stabilities of the sulphur bromine cations appears to 
decrease in the order (S,BI')~S~(ASF~)~ 2 S7BrSbF6 > 
S7BrAsF6, a similar order to that of the corresponding iodides. 

The crystal structure of (S,Br),S,(AsF,), 
The S7Br+ cation is illustrated in Fig. 1, and its geometry is 

compared to that of S71+ (2, 3) in Fig. 2. Both S71+ and S7Br+ 
have similar geometries to that of S70  (23), with the sulphur 
ring having a distorted chair conformation. The neutral S7 has 
a chair conformation of essentially C, symmetry (24). Table 4 
lists relevant bond distances and angles for S7Br+ and SJ2+, and 
the ordered AsF6-'s. The sulphur-sulphur bond distances and 
angles within the cation are essentially identical to those of S71+ 

of 2.1 l(2) A is somewhat shorter than the sum of the covalent 
radii of sulphur and bromine (2.18 A) and other sulphur bro- 
mine bond distances (e.g. S02BrF, 2.155(6) (26); SBrl+, 2.16 
(estimated in ref. 27); S2Br2, 2.164(5) (28); SBrF5, 2.190(7) 
(29, 30); (BrS)CS2N2+Br,+, 2.205(4) A (31)). The shortest 
cation-anion contact isothat to bromine, which is nearly linear 
(Br-F(23) = 2.8 l(3) A, S(1)-Br-F(23) = 166(1)"). These 
features find a parallel in S71+ (2, 3). The rather large standard 
deviations found for S7Br+ data do not allow a meaningful 
detailed comparison of the two structures. However, the aver- 
age sulphur-sulphur bond distances and angles within the sul- 
phur ricgs in S71+ and S7Br+ are very similar (S,I+ in S71Sbt6, 
2.095 A, 105.5"; S7Br+, 2.09 A, 104. lo; compare S7, 2.066 A, 
104.95" (24)). It is noteworthy that the S7X+ unit has been 
identified in the crystal structures of (S7Br)4S4(AsF6)2, S71MF6 
(M = AS, Sb) (2, 3), [(S71)2~.~I[SbF6]3.2AsF6 (4, 5), and in 
S19(A~F6)2 (16), whereas there is no evidence (3) for S,X+. 
Reasons why this might be the case have been suggested (3). 

The S," cation is square and planar as is S4(AsF6),. 0.6S0, 
(6), and (>71)4S4(AsF6)6 (4, 6), with an S(8)-S(8') distance of 
1.95(2) A, not significantly different ofrorn those found in 
S4(AsF6), ' 0.6S02 (2.0 15(3), 2.0 13(3) A), and (S71)4S4(A~F6)6 
(1.98(1) A).' 

(2, 3) (see Fig. 2), and the bond alternations within the ring are ' Complete set of data, which includes tables of anisotropic thermal the same' As in S71+y S(5)S(4)S(3)S(2) and BrS(1)S(2)S(3) are parameters, torsional angles, and dihedral angler in S7Br*, and ob- 
planar, and the between the planes is 89.6". served and calculated structure factors, may be obtained at a nominal 

The Br-S(3) (3.19(2) A) is substantially lesstbanthe charge, upon request, from the Depository of Unpublished Data, 
sum of the corresponding van der Wad's radii (3.80 A) (25) CISTI, National Research Council of Canada, Ottawa, Ont., Canada 
indicating some Br-S(3) interaction. The S(1)-Br distance K I A  Os2. 
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GEORGE 1.  BIRNBAUM, RYSZARD STOLARSKI, ZYGMUNT KAZIMIERCZUK, and DAVID SHUCAR. Can. J .  Chem. 63, 1215 
(1985). 

The title compound crystallizes in the monoclinic space group P2]  with two independent molecules in the asymmetric unit 
(Z = 4). The unit cell dimensions are a = 11.861(2), b = 7.897(1), c = 14.527(3) A, P = 91.28(1)". X-ray intensity data 
were measured on a diffractometer, and the crystal structure was determined by direct methods. Least-squares refinement 
converged at R = 0.036 for 2980 reflections. The glycosidic torsion angle [C(2)-N(I)-C(I ')-0(1 ')I is 53.9" in molecule 
A and 129.8" in molecule B. In both molecules, the orientation of C(1')-0(11) to C(2')-O(2') is trans. The conformations 
about C(3')-C(4') and C(4')-C(5') are different in each of the two molecules. These features are compared with those of 
acyclonucleoside analogues with antiviral activity. The conformation in aqueous medium was examined with the aid of 
high-resolution 'H nmr spectroscopy, and the results are compared with those obtained from the X-ray analysis. 

GEORGE I. BIRNBAUM, RYSZARD STOLARSKI, ZYCMUNT KAZIMIERCZUK et DAVID SHUGAR. Can. J. Chem. 63, 1215 ( 1985). 
Le composC mentionnC dans le titre cristallise dans le groupe d'espace P 2 , ,  avec deux molCcules indkpendmtes dans I'unitk 

asymCtrique (Z = 4). Les dimensions de la maille unitaire sont a = 1 1,861(2), b = 7,897(1), c = 14,527(3) A, P = 91,28(1)". 
On a mesurC les donnCes d'intensitk a l'aide d'un diffractometre et on a dCtermink la structure cristalline par des mCthodes 
directes. Un affinement par le mCthode des moindres carrks conduit a une valeur de R = 0,036 pour 2980 rkflexions. L'angle 
de torsion glycosidique [C(2)-N(1)-C(I ')-0(11)] est Cgal a 53,9" dans la molCcule A et 129,8O dans la molecule B. Dans 
chacune des molCcules, l'orientation de C(1')-O(1') a C(2')-O(2') est trans. Les conformations autour de C(3')-C(4') 
et C(4')-C(5') sont diffkrentes dans chacune des deux molCcules. On compare ces caractkristiques avec celles d'analogues 
acyclonuclCosides possCdant une activitk antivirale. On a ktudik la conformation en solution aqueuse en faisant appel a la rmn 
du 'H a haute rCsolution et on a compare5 les rksultats avec ceux obtenus par diffraction des rayons X. 

[Traduit par le journal] 

Introduction 
The 2',3'-dialdehyde derivatives of ribonucleosides and ri- 

bonucleotides, obtained by periodate oxidation of the parent 
nucleosides and nucleotides, have been reasonably well charac- 
terized (1-3) and have been employed as affinity labels in a 
number of enzymatic systems (4, 5) .  Their subsequent reduc- 
tion by borohydride leads to 2' ,3'-seco analogues, which differ 
from the parent compounds only by the absence of the 
C(2')-C(3') bond. A number of such seconucleosides (and 
-nucleotides) have been prepared (6) and their biological activ- 
ities examined (7, 8). 

The foregoing take on added significance in relation to the 
known antiviral activities of other acyclonucleoside analogues 
in which the pentose ring is replaced by an acyclic chain. 

Interest in these originally stemmed from reports that acyclovir 
(ACV) is a potent antiherpes agent (9, lo),  now licensed for 
treatment of herpes simplex type 2 virus infections. Subsequent 
members of this class include, amongst many others, 9-(1,3-di- 
hydroxy-2-propoxymethyl)guanine (DHPG, 2'NDG), with in 
vitro antiviral activity superior to that of acyclovir (1 1-13), 
and others with lower activities, e.g. 9-(2,3-dihydroxy- 
propy1)adenine (DHPA) (14), 9-(2,3-dihydroxy-1-propoxy- 
methy1)guanine (DHPMG) (1 5, 16), and 9-(3,4-dihydroxy- 
buty1)guanine (DHBG) (17). 

Although the flexibility of the acyclic chains of these ana- 
logues would be expected to lead to equilibrium mixtures of 
conformers in solution, they are all capable of adopting con- 
formations resembling a portion of the pentose rings, a factor 

A C V  DH PG DH PA DH PMG DHBG DHPU 

' NRCC No. 24008. 
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which undoubtedly plays a role in their biological activities 
(18) and, in particular, in their reactions with enzyme systems 
involved in such activities. For example, yeast tRNAPhc, in 
which the 3'-terminal AMP residue has been converted to the 
2',3'-seco form by oxidation-reduction, readily undergoes 
aminoacylation (19). Since it is the 3'-hydroxyl which is spe- 
cifically aminoacylated in the unmodified tRNA (20), it may be 
inferred that the stereochemistry of this group in the seco-tRNA 
is retained, at least on interaction with the enzyme. 

Although little is known about preferred solution con- 
formations, the solid state structures and conformations of 
several of them have been determined (21 -23; Hirschfield and 
Hoogsteen, unpublished). During the course of an investigation 
(24) on structure-activity relationships of 5,6-dichloro-1-P-D- 
ribofuranosylbenzimidazole (DRB), a known reversible in- 
hibitor of nuclear RNA synthesis (25, 26) some analogues of 
which also possess antiviral activity (27), periodate oxidation 
and subsequent borohydride reduction gave the 2',3'-seco de- 
rivative of DRB (seco-DRB) in the form of crystals suitable for 
X-ray diffraction. We report here on the solid-state and solution 
conformations of this analogue of acyclonucleosides. Such data 
should be of relevance to some of the reported activities in 
biological systems of oxidized-reduced nucleosides and 
nucleotides. In separate studies on the biological properties of 
such acyclonucleosides, now in progress, we have found that 
2',3'-secoguanosine is a more effective inhibitor of purine 
nucleoside phosphorylase than ACV or DHPG (unpublished 
observations). 

Experimental 
Seco-DRB was prepared according to the general procedure de- 

scribed by Lemer (6) and Rosenthal et al. (1). To 1 g (3 mmol) of 
DRB, dissolved by heating in 20 mL dioxane and 40 mL water, and 
then cooled to room temperature, was added 0.9 g (4 mmol) KIO, 
with stirring over a period of 30 min. The mixture was stirred for an 
additional hour and the reaction terminated by addition of 0.6 mL of 
ethylene glycol. The product was then reduced by addition of 2.2 g 
NaBH4 and stirring for 3 h. Excess borohydride was decomposed by 
acidification to pH 1 and the solution was then brought to neutrality 
and loaded on a column (6 x 30 cm) of 100/200 XAD-4. Elution was 
with a 0-90% aqueous methanol linear gradient. The fractions be- 
tween 70 and 80% methanol were pooled and brought to dryness 
below 35°C under vacuum to yield 0.64 g (65%) of seco-DRB. A 
portion was taken up in water at 80°C (50 mg/mL) and allowed to cool 
slowly to give four- and five-sided plates, mp 148°C. 

The 'H nmr spectrum of a single crystal of seco-DRB dissolved in 
0.4 mL of 99.8 at.% D20 at 310 K was recorded at 500 MHz. A 
Bruker AM-500 spectrometer was used with 32 K points for the free 
induction decay. Chemical shifts are expressed relative to the signal 
for HOD, 6 4.60 ppm at 310 K, which also corresponds to 1% dioxane 
at 6 3.71 ppm as the external reference. Gated presaturation of the 
HOD resonance was employed for solvent suppression, and homo- 
nuclear decoupling was conducted in combination with suppression of 
the HOD signal. 

X-ray precession photographs indicated space group P2,. A crystal 
fragment measuring 0.40 x 0.40 X 0.15 mm was mounted on a 
CAD4 diffractometer; the crystal data are as follows: 

TABLE 1. Final atomic coordinates and thermal 
parameters" 

Atom 

N( I A) 
C(2.4) 
N(3.4) 
C(4A) 
C(5A) 
Cl(5A) 
(36.4) 
Cl(6A) 
C(7A) 
C(8A) 
C(9.4) 
C(1'A) 
0 (  1 'A) 
C(2'A) 
O(2'A) 
C(3'A) 
O(3'A) 
C(4'A) 
C(5'A) 
O(5'A) 
N( 1 B) 
C(2B) 
N(3B) 
C(4B) 
C(5B) 
Cl(5B) 
C(6B) 
Cl(6B) 
C(7B) 
C(8B) 
C(9B) 
C(1 'B) 
O(1'B) 
C(2'B) 
O(2'B) 
C(3'B) 
O(3'B) 
C(4'B) 
C(5'B) 
O(5'B) 

"All values weie multiplied by lo4. 

C I 2H 14N204C12 fw = 321.2 
Monoclinic, a = 11.861J2), b = 7.897(1), c = 14.527(3) A, P = 
91.28(1)", V 1360.35 A ~ ,  p, = 1.57 g ~ m - ~ ,  Z = 4 (20°C; MoKa,, 
A = 0.70930 A); F(000) = 664, p(MoKa) = 4.9 cm-I. 

Intensities were measured with monochromatized MoKa radiation, 
using w/20 scans with variable scan ranges and speeds. There were 
3506 unique reflections with 20 5 56"; of those, 2985 had I ?  3u(I) 
and were considered observed. The intensities were corrected for 
Lorentz and polarization factors; absorption corrections were consid- 
ered unnecessary. 

The structure was determined by direct methods with the aid of the 
computer program MULTAN78 (28). Of the 12 starting sets subjected 
to tangent refinement, the solution with the highest combined figure 
of merit yielded an E map on which 37 of the 40 nonhydrogen atoms 
in the asymmetric unit (two independent molecules, labelled A and B) 
could be located. The other three atoms were found on difference 
Fourier maps. The atomic parameters of these atoms were refined by 
block-diagonal least squares with anisotropic temperature parameters. 
All hydrogen atoms were located on difference Fourier maps and most 
were refined with isotropic temperature parameters. The atomic pa- 
rameters of H(5"A) and the temperature parameters of seven other 
hydrogen atoms were not refined. The scattering factors were taken 
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BIRNBAUM ET AL. 

FIG. I .  Stereoscopic views of molecules A (top) and B (bottom) of seco-DRB; the thermal ellipsoids correspond to 50% probability. 
I 

1 from the International Tables for X-Ray Crystallography (29) and the 
chlorine curve was corrected for anomalous fispersion. Throughout 

I the refinement the function CW(IF,I - IF,J)- was minimized and a 
I factor of 0.8 applied to all shifts. The following weighting scheme was 

used during the final stages: w = w,.w?, where w, = I for (F,I 5 20, 
I 

I w, = 20/IF,I for (F,I > 20; and w2 = sin2 0/0.2 for sin' 0 < 0.2, w2 
I 
I 

= 1 for sin' 0 r 0.2. This scheme made the average values of w(AF2) 
independent of  IF,^ and sin2 0. After the final cycle the average 

I parameter shift equalled 0. l a  and the largest one 0.40. The con- 
ventional residual index R is 0.036 and the weighted index R' is 0.043 

I for 2980 reflections (five reflections suffered from extinction and were 
i given zero weights). A final difference Fourier map showed no signifi- 

cant features. The coordinates of nonhydrogen atoms are listed in 
Table 1 .  Anisotropic temperature parameters, hydrogen atom parame- 
ters, deviations of atoms from mean planes, and a list of observed and 
calculated structure factors are available.' Stereoscopic views of the 
two molecules are shown in Fig. 1. 

Results and discussion 
Benzimidazole moieties 

In molecule A all atoms of the benzimidazole ring system are 
coplanar, !he largest deviation from planarity (for C(2)) being 
0.010(4) A. Cl(6) lies in the mean plane but Gl(5) and C(1') are 
displaced from it by 0.039(1) and 0.029(4) A, respectively. In 
molecule B the imidazole ring is perfectly planar but the ben- 
zene ring has the shape of a shallow boat with C(5) and C(F) 
deviating from the mean plane by 0.013(4) and 0.01 l(3) A, 
respectively. The displacements of the substituents are larger 
than in molecule A. 

Most bond lengths and bond angles (Fig. 2) in the two 
molecules are in excellent agreement. The differences between 
the exocyclic angles at N(l) are undoubtedly due to the differ- 

'These tables may be obtained, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Ont., Canada KIS 0S2. 

ent conformations of the acyclic sugar moiety (see below), but 
there does not appear to be a reasonable explanation for the 
difference in the C(6)-C(7) bond length. Details of the georn- 
etry may be compared with values observed in unsubstituted 
benzimidazoles (30-32) and in two riboside derivatives (33, 
34). A striking feature is the absence of symmetry in both 
groups of compounds. In the solid state, only one tautomer of 
the imidazole ring is observed, leading to asymmetry about a 

line passing through C(2) and bisecting C(5)-C(6). Further- 
more, there is no symmetry in the benzene rings, even in 
unsubstituted benzimidazoles. After averaging the bond 
lengths, we see that the longest ones are C(5)-C(6), 
C(8)-C(9), and C(7)-C(8). The shortest bond is 
C(6)-C(7), followed by C(4)-C(9). These results appear to 
indicate that, of the various charged resonance forms of ben- 
zimidazole, the one shown below is the most significant. The 
distribution of bond angles is also asymmetric. Thus, 
C(6)-C(7)-C(8) is the smallest angle in the benzene ring, 
C(9)-C(4)-C(5) being the next smaller one. The same pat- 
tern is also observed in some substituted benzirnidazoles (33, 
34). C1 substitution of the benzene ring would be expected to 
deform the bond angles by up to 1.2' (35) but disubstitution of 
two ortho atoms almost cancels this effect. 

Sugar moieties 
The conformation of the acyclic sugar moiety (Fig. 3) is 

different in each of the two molecules. The glycosidic torsion 
angle [C(2)-N(1)-C(lr)-O(lr)] is in the syn range in mol- 
ecule A and in the anti range in molecule B. In each case an 
N-C bond is gauche to the C(1')-O(lr) and the 
C(l r)-C(2') bonds, while another N-C bond almost eclipses 
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FIG. 2. (Top) Bond distances (in ingst;ijms); their estimated stan- 
dard deviations (esd's) are 0.003-0.0050A, except for C(4')-C(5') 
and C(5')-O(5') in molecule A (0.006 A). (Bottom) Bond angles (in 
degrees); their esd's are 0.2-0.3". The upper and lower values refer 
to molecules A and B, respectively. 

the C(1')-H(1') bond. It should be noted that in both mole- 
cules the O(1')-C(1')-N(1)-C torsion angle is smaller 
than C(2')-C(1')-N(1)-C. These are clearly the most sta- 
ble conformations; their equivalence is illustrated by identical 
C(8)... H(l')o (mol. A) and C(2) H(1') (mol. B) distances 
(2.55-2.56 A). We would predict that these conformations 
will be found in other acyclonucleoside analogues in which 
C(1') is a tertiary carbon atom. On the other hand, in those 
analogues in which C(1') is secondary, as in acyclovir (21), 
DHPG (Hirschfield and Hoogsteen, unpublished), S- and RS- 
DHPA (22), and in a derivative of 1-(2,3-dihydroxypropyl) 
uracil (DHPU) (23) the conformation about N-C(I1) is such 
that the C(1')-X bond (where X is O(1') or C(2')) is approx- 
imately perpendicular (90 -C 20") to the aglycon. 

The orientation of the aglycon with respect to the sugar 
moiety appears unusual (Fig. l) ,  but a 120" rotation about the 
C(1')-O(1') bond brings about a conformation normal for 
P-nucleosides. In both molecules C(2')-O(2') is trans to 
C(1')-O(1'). This is the conformation which is observed in 
ribofuranose rings with a C(2')-endo pucker. C(3')-O(3') is 
gauchet with respect to C(4')-O(1') in molecule A and trans 
in molecule B. These conformations correspond to C(3')-endo 
furanose rings with xylo and rib0 configurations, respectively. 
Finally, C(5')-O(5') is gauche- to C(3')-C(4') in molecule 
A and gauche' in molecule B. Thus, of the six 0-C-C-0 
interactions in the two molecules, four are found in trans and 

two in gauche conformations. As pointed out recently (18,36), 
the gauche effect (37) is rather weak for C-O/C-0 inter- 
actions and can be easily overcome by intermolecular hydrogen 
bonds or other packing forces. Nevertheless, its influence 
should become apparent when one surveys a large number of 
structures, because the effects of packing forces would be 
largely cancelled out. In the 1984 Cambridge Structural Data- 
base (38) we found 231 0-CH2-CR2-0 fragments for 
which we calculated the 0-C-C-0 torsion angles. In the 
absence of the gauche effect, we would expect the trans rota- 
mer, in which steric interactions are reduced, to be preferred 
over the two gauche conformers. In fact, we found only 53 
trans rotamers, which confirms the existence, but also the 
weakness, of the gauche effect. These results are in general 
agreement with the observation of both trans and gauche con- 
formations of C-OH bonds in acyclic polyols (39). 

Most bond lengths in the two molecules are in very good 
agreement (Fig. 2), the only significant differences being at 
C(4')-C(5') and C(5')-O(5'). The latter is most likely attri- 
butable to the different thermal parameters of O(5'). It is note- 
worthy that in this acyclic moiety C(1')-O(1') is significantly 
shorter than O(1')-C(4'), a phenomenon generally observed 
in nucleosides. The bond angles at C(l l ) ,  C(2'), and C(3') are 
not only the same in both molecules but also quite similar to 
those observed in ribofuranose rings. On the other hand, the 
angles at 0(11), C(4'), and C(5') are different in both respects. 
C(l ')-O(1 ')-C(4') is unusually large, significantly larger 
than in acyclovir and in DHPG. It is possible that short jntra- 
molecular contacts between H(1') and H(3'), 2.24-2.25 A, are 
responsible for this (see Fig. 1). The differences between the 
angles at C(4') are probably attributable to the different con- 
formations about C(3')-C(4') and C(4')-C(5') (Fig. 3). 

Hydrogen bonding and packing 
Each molecule has three hydroxyl protons capable of par- 

ticipating in hydrogen bonds. The network formed by these 
bonds can be described as follows: 

The geometry of the hydrogen bonds is given in Table 2. As 
commonly observed in X-ray analyses, the 0-H bonds appear 
shorter than their real length. By extendling the covalent bond 
lengths to their nominal value of 0.97 A one obtains corrected 
H...A distances which reflect more accurately the strengths of 
these hydrogen bonds. The strongest bonds are seen to be those 
in which the proton donor also acts as an acceptor, a phenom- 
enon known as the cooperativity effect (40). The O(2'B)- 
H-..0(5'B) bond is unusually strong, particularly since it is 
part of a very short chain. 

The molecules are packed so as to form pleated sheets, 
consisting of hydrophobic benzimidazole rings in molecules A 
and B and extending along x (Fig. 4). The dihedral angle 
between adjacent benzimidazoles is 12 1.4". Located between 
the hydrophobic sheets are hydrophilic regions consisting of 
the carbohydrate moieties. The packing is stabilized by the 
hydrogen bond network described above. 

Solution conformation 
Solution conformations of 2',3'-seconucleosides and -nu- 

cleotides have hitherto received relatively little attention. It was 
originally proposed by Cramer et al. (41), from an examination 
of CPK models, that a seconucleoside molecule should have a 
relatively rigid acyclic chain because of the steric effects of the 
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FIG. 3. Newman projections along N(1)-C(If), C(1 ')-C(2'), C(I1)-0(11), O(I ')-C(4'), C(4')-~(5'), and ~ ( 3 ' ) - ~ ( 4 ' )  in molecules 
A (top) and B (bottom). 

~ FIG. 4. Stereoscopic view of the molecular packing in the crystal. 

TABLE 2. Distances and angles for hydrogen bonds 

Distances, A Angles, deg 

D A  A  at D . . . A  H - . . A  H-. .A, , ,  D - H . . - A  

additional hydrogens at C(2') and C(3'). However, a sub- 
sequent examination of the 'H nmr spectra of the seco- 
nucleotides derived from AMP and ATP (19) led to the conclu- 
sion that free rotation about the C(1 ')-C(2') bond is possible. 
An analogous conclusion was arrived at by Lowe and Beechey 
(2) from an analysis of the 360-MHz 'H spectrum of seco-ATP. 
These authors further proposed that similar free rotation is 
possible about the C(3')-C(4') bond. However, only the 
H(1') and H(2') signals were resolved in the foregoing in- 
vestigations, and no attempts were made to determine relative 
rotamer populations. 

The conformation of seco-DRB in solution was examined 
with the aid of 'H nmr spectroscopy. A 500-MHz spectrum of 
an aqueous solution yielhed chemical shifts and coupling con- 
stants listed in Table 3. The population values of the staggered 
rotamers about the three C-C bonds in the acyclic moiety 
(Fig. 5) were evaluated from the Karplus relation, assuming a 
dynamic equilibrium between conformers and using the re- 
lationship with six parameters (three substituents other than 
protons on each C-C fragment) proposed by Haasnoot et a!. 
(42). The proton-proton torsion angles were assumed to be 

+60° or 180". For each bond one can calculate rotamer popu- 
lations for both the possible assignments of the AB protons in 
an ABX system. The results of these calculations are given in 
Table 4. While we cannot determine which of the two sets is 
the correct one, we can compare these values with the results 
of the X-ray analysis (Fig. 3) which, fortuitously, established 
the conformation of two independent molecules. In the case of 
the C(l ')-C(2') bond, the first set of values indicates a 2 :  1 : 1 
distribution of the trans, gauche', and gauche- rotamers, re- 
spectively, while the second one points to a preference of 
gauche'. The X-ray analysis revealed a trans conformation in 
both molecules. For the C(3')-C(4') bond, both sets indicate 
a slight preference for the gauchet rotamer with a secondary 
preference for either trans or gauche-. In the solid state we 
found one gauche' and one trans rotamer. Finally, for the 
C(4')-C(5') bond, there is a choice between equal popu- 
lations of either trans and gauche- or gauche' and gauche- 
rotamers. In the crystal structure we observe one trans and one 
gauche- conformation. Thus, the first set of values in Table 4 
is in better agreement with the results of the X-ray analysis than 
the second one. It should be pointed out that there is no dom- 
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gauche+ t rons gauche - 

FIG. 5. Gauche+, trans, and gauche- conformations about the 
C(1')-C(2'), C(3')-C(4'), or C(4')-C(5') bonds. 

TABLE 3. Proton chemical shifts (in ppm) and 
proton-proton vicinal coupling constants (in 

Hz) in DzO 

H 6(H) H,H J(H,H) 

H(2) 8.343 2 5.2, 6.3 
H(4) 7.855 2',2' -12.7 
H(7) 7.927 3',3' -12.3 
H( 1') 5.905 3',4' 3.8, 5.6 
H(2') 4.049,3.965 4',5' 6 .0,4.3 
H(3') 3.772, 3.673 5 ' 3 '  -12.2 
H(4') 3.56 
H(5') 3.39 

TABLE 4. Population of conformers (in %) in 
aqueous solution" 

Bond gauche+ trans gauche- 

C(1 '1-C(2') 26 47 27 
45 30 25 

C(3')-C(4') 50 35 15 
46 1 1  43 

C(4')-C(5') 18 40 42 
45 17 38 

"For each bond, the values in the second row were 
obtained from reverse assignment of geminal AB pro- 
tons. 

inant conformation about any of these three bonds, indicating 
a relatively low energy barrier to rotation. We  conclude, there- 
fore, that the molecule can easily adopt whatever conformation 
is necessary for binding to an enzyme or other receptor. 

We  also obtained 'H nmr spectra in DMSO-d6 and in CD30D 
on a 100-MHz spectrometer. Owing to poor resolution, we 
were able to calculate relative populations only about the 
C(1')-C(2') bond. The results are in qualitative agreement 
with the values in Table 4. 
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WALTER A. SZAREK, OLIVIER R. MARTIN, ROBERT J .  RAFKA, and T. STANLEY CAMERON. Can. J. Chem. 63, 1222 (1985). 
Labile 1,6-dihydroxy-2-hexanone (4) was prepared from the corresponding triol by selective di-0-tritylation, Collins 

oxidation, and careful detritylation of the resulting keto compound 3 under mild, acidic conditions. As shown by its ' ~ m r  and 
I3cmr spectra, 4 exists as a 3: 2 mixture of open-chain and cyclic forms, respectively, at equilibrium in deuterium oxide (25°C). 
Upon standing, 4 is slowly converted into a hemiacetalic dimer. Under acidic conditions, dehydrative dimerization takes place 
to give the corresponding tricyclic dianhydride, one or both of the possible isomers (I : 1 mixture) of which being formed 
according to the presence or absence of water in the medium. The structure (trans) of the thermodynamic isomer 5 was firmly 
established by an X-ray crystallographic analysis. 

WALTER A. SZAREK, OLIVIER R. MARTIN, ROBERT J. RAFKA et T. STANLEY CAMERON. Can. J .  Chem. 63, 1222 (1985). 
La dihydroxy-1,6-hexanone-2 (4), un analogue simple et relativernent instable des cttohexoses, a CtC prtparte a partir du 

triol correspondant par di-0-tritylation stlective, oxidation de Collins, et dttritylation acido-catalyste du compost cttonique 
prottgt 3 dans des conditions trbs douces. D'aprbs les spectres de rrnn ('H, "C), les deux formes tautombres ouverte et cyclique 
de 4 sont prtsentes en proportion 3:2 a l'tquilibre dans I'eau lourde (25°C). Au repos, le compost 4 se transforme peu i peu 
en un dirnbre htmiacttalique. En milieu acide, 4 subit une dimtrisation dtshydratante pour conduire au dianhydride tricyclique 
correspondant, ce dernier Ctant obtenu sous la forme d'un seul ou des deux isombres possibles selon que le milieu contient de 
I'eau ou non. La structure (trans) de l'isombre thermodynamique 5 est ttablie sans ambiguitt par une analyse cristallographique 
aux rayons X. 

Introduction 
In continuation of our studies related to the origin of the high 

sweet taste of D-fructose ( I ) ,  we turned our attention to a very 
simple analog of the ketohexoses, namely 1,6-dihydroxy-2- 
hexanone, o r  2-hydroxy-2-(hydroxymethy1)tetrahydropyran in 
its cyclic, hemiacetalic form. This compound was of interest 
because of the fact that, according to Shallenberger (2) and 
Kier (3), it contains, in its cyclic form, only the AH,  B, y (OH, 
CH,OH, 6-CHI) unit considered as the major site of binding of 

D-fructose with the sweet taste receptor, and because of the fact 
that, according to Birch (4), it should be able to "polarize" on 
the receptor, in contrast to  the slightly sweet, "symmetrical" 
dimer of dihydroxyacetone (I). The presence of a large propor- 
tion of non-cyclic form in the constitutional equilibrium of this 
"trideoxyketose", however, might impose serious limitations 
to the validity of sweetness evaluation tests. 

Previous ring-chain tautomerism studies of the simplest 
analogs of the ketoses (5) have established that 5-hydroxy-2- 

I pentanone and 6-hydroxy-2-hexanone are less prone to exist in 
the cyclic form than the corresponding w-hydroxyaldehydes 
(6), as expected from the lower reactivity of ketones as  com- 
pared to aldehydes, and show a slight preference for the open- 
chain form in most organic solvents. If the presence of substit- 

' Revision received November 28, 1984. 

uents on the ring stabilizes the cyclic form and increases the 
cyclic/open-chain ratio, the effect of a substituent (OH) at C ( l )  
on this ratio was expected to be weak and a substantial propor- 
tion of open-chain form was anticipated for 1,6-dihydroxy-2- 
hexanone. 

The only attempted preparation of 1,6-dihydroxy-2-hex- 
anone has been reported by Owen and Peto (7). Ozonolysis of 
2-methylene-l,6-hexanediol and treatment of the resulting 
ozonide with zinc and acetic acid gave a dianhydride which 
could not be cleaved to the expected dihydroxyketone. W e  
describe in this article the first synthesis and the unusual prop- 
erties of this "trideoxyketose" as well as an X-ray crystal struc- 
ture determination of the corresponding trans-dianhydride 5. 

Results and discussion 
The synthesis of 1,6-dihydroxy-2-hexanone (4) was realized 

in three steps from the corresponding triol 1 (Scheme 1). 
Commercially available 1 was selectively protected as  its 
1,6-di-0-trityl ether 2 and the secondary alcohol function of 2 
oxidized, using Cr03 -2py  - CH2C1, (8), to the crystalline keto 
derivative 3 in excellent yield. The first attempts of detri- 
tylation of 3 rapidly revealed the unstable nature of 4 ,  and its 
formation from 3 constitutes the critical step of the synthesis. 
Catalytic hydrogenation of 3 did not give any satisfactory re- 
sult, and the trityl groups of 3 had to be removed by acid- 
catalyzed hydrolysis. The best results were obtained by treating 
3 in 7 :  2 (v/v) 1,4-dioxane - water (clear solution of 3 )  with 
trifluoroacetic acid (final concentration -6% (v/v)) at 55°C for 
2 h, after which time the analysis of the mixture showed the 
presence of the expected product and triphenylcarbinol only. 
Upon processing under the mildest conditions (complete neu- 
tralization of the mixture with a basic ion-exchange resin before 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



SZAREK ET AL. 

any other operation is essential), homogeneous 4 could be 
isolated in 62% yield. Rapid chromatography on silica gel gave 
a very pure sample of syrupy 1,6-dihydroxy-2-hexanone (4). 

The difficulties in obtaining clean detritylation of 3 arise 
mainly from the high tendency of 4 to form a tricyclic di- 
anhydride under acidic conditions. Thus, for example, treat- 
ment of 3 with 80% acetic acid at reflux temperature gave a 
mixture of 4, the dianhydride 5, and two other compounds of 
intermediate mobility (tlc) which disappeared after addition of 
an aqueous base (most probably the 2-acetate of 4 and another 
acylhemiacetal); 4 and 5 were isolated in yields of 45% and 
1 1 %, respectively. 

The complete dehydrative dimerization of 4 could be 
achieved, for example, in anhydrous 1,4-dioxane in the pres- 
ence of trifluoroacetic acid; under these conditions, the two 
possible isomers 5 and 6 were formed in a 1 : 1 ratio, the former 
trans-isomer being identical to the dianhydride reported by 
Owen and Peto (7). 

Finally, upon standing, 1,6-dihydroxy-2-hexanone (4) was 
found to give slowly, among other minor products, a slightly 
faster-moving (tlc) compound which was separated from the 
original material by column chromatography. Upon treatment 
with an aqueous acid, this compound yielded immediately and 
quantitatively the starting 4, a behavior consistent with the 
dimeric, hemiacetalic constitution 4A (Scheme 2). 

higher polarity of 2-hydroxy-2-(hydroxymethy1)tetrahydro- 
pyran as compared to 2-hydroxy-2-methyltetrahydropyran does 
not seem to be a sufficient reason to account for this result, no 
difference being observed between the two hydroxyketones in 
polar solvents such as dimethylsulfoxide; favorable hydrogen 
bonding with the solvent, involving a proton-donor and a 
proton-acceptor group, might also be a factor stabilizing the 
cyclic form of 1,6-dihydroxy-2-hexanone in water. 

The electron-impact mass spectrum of 4 exhibits two major 
fragmentations which are driven by the high stability of the 
(di)oxonium cations derived from its cyclic form (see Scheme 
3). 

The tricyclic dianhydrides of 4 are the simplest analogs of 
the long-known diheterolevulosans 1 and IV, two of the di- 
D-fructose dianhydrides obtained by the action of concentrated 
acid on D-fructose (9, 10). The 1,4-dioxane ring of the 
C;-symmetrical trans-isomer (see 5, trans) is expected to adopt 
a stable chair conformation with both OR substituents 
(C(6)-O(1) and C(9)-O(10) bonds) in an axial disposition 
(anomeric effect, see ref. 11 for the conformation of a related 
di-D-fructose dianhydride) whereas the C2-symmetrical cis- 
isomer (see 6, cis) undergoes rapid interconversion between 
two identical chair conformers. 

Structural analysis 
The 'Hmr spectral analysis of 4 showed that the open-chain, 

keto form is slightly preponderant (55%) in deuterated dimeth- 5 

ylsulfoxide, as in the case of 6-hydroxy-2-hexanone (5). How- $314 HB 16 15 %$ ever, the behavior of 4 in water is very different; as shown by HA 
the 'Hmr spectrum, the proportion of the cyclic form of 4 is 

HB 
10 0 

appreciable (40%), whereas no hemiacetalic form was ob- 
11 

12 

sewed for 6-hydroxy-2-hexanone in aqueous medium. The 
I3Cmr spectrum of 4 in deuterium oxide is given in Fig. 1. The 5, trans 6, cis 
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FIG. 1 .  I3C nuclear magnetic resonance spectrum of 4 in deuterium oxide (25°C); a = acyclic, c = cyclic form. 

FIG. 2. Perspective view of 5 (crystallographic numbering). 

TABLE I. Atomic coordinates ( X  lo4) 
for compound 5 

Name X l n  Y I b  Z/c 

The 'Hmr spectra of the two isomers are very similar and 
exhibit in each case a typical AB system for the two equivalent 
pairs of protons of the 1,4-dioxane ring. The well-resolved 
signals of the protons at C(2), C(11) and C(5), C(14) of the 
cis-isomer 6 indicate that the tetrahydropyran rings of the tetra- 
oxadispirohexadecane system probably -adopt the chair con- 
formation in which the C(6)-O(7) and C(9)-O(15) bonds 
are axially oriented with respect to these rings, the same con- 
formation existing in the solid state (see Fig. 2). 

The relative configurations of 5 and 6 cannot be assessed on 
the basis of their 'Hmr spectra at room temperature. Although 
their thermodynamic stabilities strongly suggested the trans- 
diaxial configuration of 5 (see below), their structures were 
firmly established by an X-ray crystallographic analysis of the 
highly crystalline isomer 5. Figure 2 shows a perspective view 
of the molecule; the atomic parameters are documented in 
Tables 1-3. 

X-ray crystallographic analysis of 5 
Crystallographic numbering (see Fig. 2) has been used in this 

Section and in Tables 1-3. 
C12H2004 fw = 228.29 
Monoclinic P21/c, a = 6.532(1),0b = 8.856(3), c = 10.268(4) 
A, p = 102.30(2)", V = 580.33 A:, Z = 2, p, = 1.306 g cm-3 
(22 + 1°C; MoKa, , A = 0.70926 A (graphite monochromator) 
p = 0.58 cm-I), F(000) = 248. 

A crystal of about 0.3 X 0.4 X 0.6 mm was mounted along 
the long axis. The cell dimensions were refined from 25 general 
reflections with the Bragg angle 0 in the range 12- 14" on a 
CAD4 diffractometer. 1131 reflections were measured in the 
range 0 2-25" of which 578 had I > u(I) .  The data were 
reduced to a standard scale by routine procedures (12) and were 
corrected for Lorentz and polarization factors but not for ex- 
tinction or absorption. Reflections with E 1.2 were used to 
solve the structure by an application of the tangent formula that 
examined 4096 (212) sets of starting phases and eliminated 
progressively all but the most likely combinations. This pro- 
cedure is part of an X-ray system written by Sheldrick (13). 
The positions of all but the hydrogen atoms were found on the 
resultant E map. 

The structure was refined by full-matrix, least-squares pro- 
cedures, minimizing Ew(AF)' with isotropic temperature fac- 
tors on all the atoms. The hydrogen atoms were located from 
a difference Fourier synthesis when R was 0.07. Refinement 
continued with anisotropic temperature factors on all but the 
hydrogen atoms, and it converged with R = 0.041. The stan- 
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SZAREK ET AL 

TABLE 2." Interatomic distances and interbond angles for compound 5 

Atoms Distance (A) Bonds Angle (degrees) 

"The transformation to generate the coordinates of the atoms of the other half of the 
molecule, from those given in Table 1, is 1 - x; - y ,  I - z. 

TABLE 3. Selected torsional angles for com- 
pound 5 

Bonds Angle (degrees) 

C(6)-C(l )-C(5)-C(4) 172.3(2) 
C(5)-C(1)-C(6)-O(2') 171.8(2) 
O(1)-C(1 )-C(5)-C(4) 52.3(3) 
C(5)-C( 1)-O( 1 )-C(2) -54.7(3) 

I C(5)-C(1)-O(1)-O(1) 69.1(4) 

1 O(2)-C(I )-C(5)-C(4) -67.6(3) 
C(5)-C(1)-O(2)-C(6') - 175.2(2) 
O( I )-C(1)-C(6)-O(2') -65.2(3) 
C(6)-C(1)-O(1)-C(2) - 179.0(2) 
C(6)-C(1)-O(2)-C(6') -52.5(3) 
O(2)-C(1)-C(6)-O(2') 53.1(3) 
O(2)-C(1 )-O(1)-C(2) 63.2(3) 
o(2)-C(1)-O(1)-O(1) - 172.9(2) 
O(1)-C(1)-O(2)-C(6') 63.6(3) 
O(1)-C(2)-C(3)-C(4) -56.0(4) 
C(3)-C(2)-00)-C(1) 57.9(4) 
C(2)-C(3)--C(4)--C(5) 52.6(4) 
C(3)-C(4)-C(5)-C(I) -5 1.4(3) 
C(1)-O(2)-C(6')-C(1') 55.0(3) 

dard deviation (a) for each reflection was used for the weights 
during the refinement and the values of u were determined 
from the diffractometer counting statistics. 

Table 1 gives the final atomic coordinates.' The atomic scat- 
tering factors are taken from International Tables for X-ray 
Crystallography (1974). The interatomic distances, interbond 
angles, and torsional angles are given in Tables 2 and 3. Figure 
2 shows a view of the molecule projected down a. 

The crystal is constructed from isolated molecules of 5, with 
the molecules themselves each containing a crystal symmetry 
center. There is no sign of disorder and thus 5 is confirmed to 
have the trans configuration. The C-C bond lengths are in the 
range 1.484(5)- 1.5 19(4) A, with C(2)-C(3) at 1.484(5) 
being possibly just significantly shorter than the others and with 
C(3)-C(4) at 1.519(4) just significantly longer. The C-0 

'A complete list of atomic parameters (Table I)  and a list of the 
structure factors (Table 3) are available from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada KIA 0S2. 

bond lengths are es:entially equivalent with a range of 
1.41 7(3)- 1.43 l(4) A. A11 three rings have the chair con- 
formation; the torsional angles of the ring bonds in the central 
ring are 53.1(3), -52.5(3), and 55.0(3)" for the angles about 
C(6)-C(l), C(1)-0(2), and O(2)-C(6), respectively (the 
remaining three angles are related by the center of symmetry to 
the three already quoted, where they have the appropriate value 
with the opposite sign); the torsional angles in the external rings 
are -54.7(3), 57.9(4), -56.0(4), 52.6(4), -51.4(3), and 
52.3(3)" for C(1)-0(1), O(1)-C(2). . . . C(5)-C(1). In the 
central and external rings the mean torsional angles are +53.5 
and 54. lo which are somewhat less than k55.9" that has been 
observed for cyclohexane (14). 

Mechanistic aspects of dimer formation 
The assignment of a labile, dimeric structure to compound 

4A, which is spontaneously formed from 4, is supported by its 
chemical behaviour and by its mass spectrum, the latter being 
very similar to the spectrum of 4 as a consequence of a rever- 
sion of the eauilibrium between the monomer and the dimer 
upon volatilization; however, its detailed structure is not defi- 
nitely established. On the basis of the presence in its 'Hmr 
spectrum of signals attributable to a tetrahydropyran ring (in 
particular, 6 = 1.53, td, in acetone-d6), it would appear that the 
dimer 4A is formed by the addition of the 1-OH function of one 
molecule of 4 to the keto group of a second molecule of 4 (see 
Scheme 2). This dimerization is important because it probably 
is the initial, reversible step for the formation of the di- 
anhydrides of 4 in a protic medium. As shown by the behaviour 
of the two isomers under these conditions, 5 is the thermo- 
dynamic dianhydride, and the subsequent steps for its for- 
mation involve a series of reversible, internal acetalizations of 
a tautomer of 4A. Thus, treatment of pure isomer 6 in 4 :  1 (v/v) 
1 ,4-dioxane - water containing trifluoroacetic acid (10%) led 
rapidly to the disappearance of 6 and the formation of 4 and 5 
(-1 : 1 ratio, equilibrium composition); the formation, al- 
though more slowly, of the monomer 4 from 5 was observed 
also under the same conditions. Furthermore, the dianhydride 
6 was converted immediately into 4 and some 5 in 80% acetic 
acid at reflux temperature, a result which is in agreement with 
the exclusive formation of the thermodynamic isomer 5 during 
the detritylation of 3 under these conditions. 

In contrast, the kinetically controlled formation of the two 
dianhydrides from 4 was achieved under anhydrous conditions 
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(trifluoroacetic acid in 1,4-dioxane); this interpretation was 
confirmed by the observation of the extremely slow conversion 
of 6 into 5 under a similar set of conditions (trifluoroacetic acid 
in tetrahydrofuran, less than 25% of 5 from 6 after 10 days at 
20°C). A different dimerization mechanism might be involved 
in this case such as, for example, an initial "glycosylation" of 
2-hydroxy-2-(hydroxymethy1)tetrahydropyran by a second 
molecule of 4 through its 1-OH group. 

Because of the presence of a large proportion of the open- 
chain form at equilibrium in water, sweetness tests of 4, to 
assess the taste of 2-hydroxy-2-(hydroxymethy1)tetrahydro- 
pyran, would be of doubtful value and have thus not been 
undertaken. 

Experimental 
Melting points were determined on a Fisher-Johns apparatus or on 

a Thomas Hoover capillary melting point apparatus and are un- 
corrected. Infrared spectra were recorded with a Perkin-Elmer 598 
spectrophotometer. The nmr spectra were recorded with a Bruker 
CXP-200 spectrometer ('H: 200 MHz, I3C: 50.307 MHz) in 
chloroform-d with tetramethylsilane (TMS) as internal standard, un- 
less otherwise stated; TMS was used as external standard for the 
spectra in deuterium oxide. Chemical shifts are given in parts per 
million downfield from TMS. Mass spectra were recorded on a 
Hewlett-Packard HP 5985 B gc-ms spectrometer. Thin-layer chro- 
matography (tlc) was performed using silica gel G as the adsorbent in 
the following solvent systems (v/v): (A) toluene; (B) ethyl acetate; (C) 
toluene - ethyl acetate 2 : 1 ; (D) hexane - ethyl acetate 3 : 1 ; (E) hexane 
- ethyl acetate 4: 1 ; (F) petroleum ether - acetone 2: 1 .  The developed 
plates were dried and compounds located by spraying with 10% aque- 
ous sulfuric acid containing I% cerium sulfate and 1.5% molybdic 
acid, and heating at 150°C. Column chromatography was performed 
on silica gel 60 (70-230 mesh, Merck). 1,2,6-Hexanetriol was pur- 
chased from Aldrich and used without further purification. The term 
"petroleum ether" refers to the fraction of bp 30-60°C. 

1,2,6-Hexanetriol 1,6-ditrityl ether (2) 
To a solution of 1,2,6-hexanetriol (1, 0.8 g, 5.96 mmol) in dry 

pyridine (30 mL) was added triphenylmethyl chloride (3.65 g, 13.1 
mmol, 2.2 equiv.). The mixture was stirred for 64 h at room tem- 
perature, and then poured into ice-water (100 g) and chloroform (60 
mL). The organic phase was separated and the aqueous layer washed 
with chloroform (30 mL). The combined organic phases were washed 

. . . .  
. . 

at 0°C with 1 N hydrochloric acid to remove pyridine, then washed 
with a saturated aqueous sodium hydrogen carbonate solution (2 x 20 
mL) and with water (2 x 20 mL), dried (MgSO,), and concentrated. 
Column chromatography (solvent A; then A-B, 10: 1 (v/v)) of the 
crude product afforded 2 (3.45 g, 94%) contaminated by a small 
amount of triphenylcarbinol. An analytical sample was obtained by 
column chromatography (solvent A-B, 50: 1 (v/v)) and crys- 
tallization from ether; mp 129.5- 130.5"C; Rf 0.26 (solvent A); v,,, 
(KBr): 3570, 3430 (OH), 1595, 1488, 1445, 1215, 1070, 760, 705 
cm-'; 'Hmr 6: 1.2-1.47 (m, 4H) and 1.47-1.70 (m, 2H) (2H(3), 
2H(4), 2H(5)), 2.34 (d, 1H, J2 .o~  = 3.3 HZ, exchanged in D20, 
2-OH), 3.05(dd, 1H, J I A . , B = ~ . S H Z ,  J I A . z = ~ . ~ H z ,  H(IA)), 3.06 
(t, 2H, Js.6 = 6.1 HZ, 2H(6)), 3.21 (dd, IH, Jle.2 = 3.0 HZ, H(IB)), 
3.73 (br m, IH, H(2)), 7.22-7.55 (m, 30 H, 2(C6HS),C). Anal. calcd. 
for C~H4203 (618.81): C 85.40, H 6.84; found: C 85.19, H 6.69. 

I,6-Dlhydroxy-2-hexanone ditrityl ether (3) 
I 
I To a solution of dry pyridine (7.67 g, 97.0 mmol, 12 equiv.) in dry 
I methylene chloride (125 mL) was added chromium trioxide (4.85 g, 
I 48.5 mmol, 6 equiv.) and the mixture stirred for 30 min at room 
I temperature. A solution of compound 2 (5.0 g, 8.08 mmol) in meth- 

ylene chloride (45 mL) was then added in one portion. The reaction 
mixture was stirred for 17 min at room temperature, the solution 
decanted, and the black residue washed with ether (3 x 60 mL). The 
combined organic phases were washed successively with a 5% (v/v) 

aqueous sodium hydroxide solution (4 x 85 mL), cold 1 N hydro- 
chloric acid (85 mL), a saturated aqueous sodium hydrogen carbonate 
solution (3 x 85 mL) and a saturated aqueous sodium chloride solu- 
tion (3 x 85 mL), dried (MgSO,), and concentrated. Crystallization 
of crude 3 from ether gave pure 3 (3.69 g, 73.9%); mp 145- 147°C; 
Rr 0.44 (solvent A); v,,, (KBr): 1715 (C=O), 1595, 1490, 1450, 
1220, 1070, 765, 748, 732, 713, 698 cm-'; 'Hmr 6: 1.64 (m, 4H, 
2H(4), 2H(5)), 2.51 (br t, 2H, 2H(3)), 3.06 (br t, 2H, 2H(6)), 3.74 
(s, 2H, 2H(1)), 7.16-7.50 (m, 30 H, 2(C6HS),C). Anal. calcd. for 
CMHmO3 (616.80): C 85.68, H 6.54; found: C 85.67, H 6.45. 

1,6-Dihydroxy-2-hexanone, 2-hydroxy-2-(hydroxymethy1)tetra- 
hydropyran (4) 

Procedure A 
Ketone 3 (10.5 g, 17.02 mmol) was gently heated at reflux tem- 

perature in 80% acetic acid (300 mL) for 1.5 h. The clear solution was 
cooled and concentrated under reduced pressure. The residue was 
triturated with water (150 mL) and the insoluble triphenylcarbinol 
derivatives removed by filtration. The aqueous solution of crude 4 was 
treated then with 20% sodium hydroxide (15 mL) for 0.5 h, neutral- 
ized with Dowex 50W-X8 (H+) resin and concentrated. Column chro- 
matography (solvent B) of the residue afforded compound 5 (205 mg, 
10.5%) and pure, syrupy 4 (1.01 g, 45%). 

Procedure B 
To a solution of ketone 3 ( I .  l g, 1.78 mmol) in 1.4-dioxane (70 

mL) was added water (20 mL) and trifluoroacetic acid (5.4 mL). The 
mixture was stirred for 2 h at S ° C ,  cooled, and then neutralized with 
Amberlite IRA-400 (OH-) resin; the resin and the precipitated triph- 
enylcarbinol were removed by filtration and the filtrate concentrated. 
The residue was triturated with water, the resulting suspension filtered 
through Celite, and the filtrate concentrated to afford homogeneous 
and colorless 4 (146 mg, 62%); Rr 0.26 (solvent B); v,,, (film): 3380 
(very broad, OH), 1720 (C=O), 1405, 1080, 1045 cm- I; 'Hmr (a = 
acyclic, c = cyclic form), (D20, 60% acyclic form) 6: 0.83- 1.13 (br 
m, 4.8H, 2H(3c), 2H(4), 2H(5)), 1.88 (t, 1.2H, J = 6 Hz, 2H(3a)), 
2.81 (s, 0.8H, 2H(lc)), 2.97 (t, 1.2H, J = 6 Hz, 2H(6a)), 3.0-3.38 
(m, 0.8H, 2H(6c)), 3.74 (s, 1.2H, 2H(la)); (DMSO-d6, 55% acyclic 
form) 6: 1.31-1.61, 1.61-1.88 (m, 4.9H, 2H(3c), 2H(4), 2H(5)), 
2.41 (t, I.lH, J = 7 Hz, 2H(3a)), 3.19 (br t, 0.9H, 2H(lc)), 
3.10-3.90 (s, DOH; several m, 2H(6)), 4.05 (d, 1. IH, JI.oH = 5.5 
Hz, 2H(la)), 4.41 (t, 0.55H, J6,oH = 5 HZ, 6a-OH), 4.59 (t, 0.45H, 
J1 .0~  = 6 HZ, Ic-OH), 5.06 (t, 0.55H, la-OH), 5.13 (s, 0.45H, 
2c-OH); I3Cmr (D20) acyclic form 6: 19.46 (C(4)), 30.77 (C(5)), 
37.51 (C(3)), 61.29 (C(6)), 67.12 (C(l)), 214.45 (C(2)); cyclic form 
6: 17.68 (C(4)), 24.41 (C(5)), 29.75 (C(3)), 61.44 (C(6)), 67.60 
(C(l)), 95.85 (C(2)); m/z (%): 1 15 (100) (Mf - HO'), 101 (53) (Mf 
- HOCH,'), 97 (51), 83 (30), 55 (29), 98 (25), 57 (13), 69 ( l l ) ,  41 
(lo), 43 (10). 

Dimer 4A 
Upon standing, compound 4 was slowly converted into several new 

products including the dianhydride 5. The main new compound, 4A, 
was separated from 4 by column chromatography (solvent F, Rf of 4: 
0.17), syrup, Rf  0.22 (solvent F); v,,, (film): 3430 (OH), 1705 
(C=O); m/z (%): 43 (100) (from residual Me2CO), 115 (53), 101 
(37), 55 (30), 58 (27) (Me2COt), 97 (25), 83 (24), 41 (19), 98 (19), 
100 (16), 114 (13), 57 (10). 

(6R,9S and 6S,9R)-1,7,10,15-tetraoxadispiro[5,2,5,2]hexadecane 
(5) (trans-isomer) 

The sample of compound 5 obtained during detritylation of ketone 
3 (Procedure A above) was recrystallized from ether - petroleum 
ether; mp 163-164°C (lit. (7) mp 161°C); Rr 0.58 (solvent C), 0.29 
(solvent E); v,,, (KBr): 1430, 1282, 1222, 1180, 1030, 935, 870 
cm- '; 'Hmr 6: 1.34 (td, 2H) and 1.47-2.03 (several m, 10H) (2H(3), 
2H(4), 2H(5), 2H(12), 2H(13), 2H(14)), 3.39 (d, 2H, JAB = I1 HZ, 
H(8A), H(16A)), 3.70 (d and m, 6H, H(8B), H(16B). 2H(2), 2H(11)); 
m/z (%): 98 (loo), 100 (IS), 99 (7), 101 (7), 83 (7), 55 (7), 115 ( 3 ,  
228 (4) (Mf), 70 (4), 129 (3.3). Anal. calcd. for CI2HZ004 (228.29): 
C 63.14, H 8.83; found: C 63.04, H 8.96. 
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Protonation of purines and related compounds in dimethylsulfoxide and water 

ROBERT L .  BENOIT, DAN~ELLE BOULET, LUC S ~ G U I N ,  AND MONIQUE FR~CHETTE 
DPpartemenr de Chimie, Universiti de MontrPal, MontrPal (Que.), Canada H3C 3VI 
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ROBERT L. BENOIT, DANIELLE BOULET, LUC SEGUIN, and MONIQUE FRECHETTE. Can. J. Chem. 63, 1228 (1985). 
The ionization constants of the conjugated acids BH' of purine, adenine, 9-methyladenine, adenosine, guanine, and 

hypoxanthine, and of the related compounds imidazole, N-methylimidazole, benzimidazole, and 4-amino-2,6-dimethyl- 
pyrimidine have been determined potentiometrically in Me2S0. The heats of solution and the heats of protonation of most of 
these bases have been obtained by calorimetry. Some additional determinations were carried out in water so that thermo- 
dynamic data in Me2S0 and in water could be compared. Our discussion of the solvent effect on these data is largely based 
on a consideration of the enthalpies of transfer of B and BH' and emphasizes the contrasting H-bonding properties of the 
solvents and of the functional groups on the solutes B and BH'. 

ROBERT L. BENOIT, DANIELLE BOULET, LuC SEGUIN et MONIQUE FRECHETTE. Can. J. Chem. 63, 1228 (1985). 
On a dCterminC par potentiomktrie dans le MezSO les constantes d'ionisation des acides conjuguts BH+ de la purine, de 

lladCnine, de la mCthyl-9 adCnine, de I'adCnosine, de la guanine et de I'hypoxanthine, et des composCs voisins, imidazole, 
N-mCthylimidazole, benzimidazole et amino-4 dimtthyl-2,6 pyrimidine. Les chaleurs de solution et les chaleurs de protonation 
de la plupart de ces bases ont kt6 obtenues par calorimCtrie. Des determinations supplCmentaires ont CtC effectukes dans I'eau 
afin de pouvoir comparer les donnkes thermodynamiques dans le MezSO et I'eau. Notre discussion de I'effet du solvant sur 
ces donnCes est, en grande partie, b a k e  sur une consideration des enthalpies de transfert de B et BH' et met I'accent sur les 
differences au niveau des propriCtCs "donneur-accepteur" de liaisons-H tant avec les solvants qu'avec les groupements 
fonctionnels des solutCs B et BH'. 

Purines are important constituents of nucleic acids, and their 
reactions with the proton and metal ions form the subject of 
many studies. While the thermodynamics of the first pro- 
tonation steps of purines in aqueous media is well documented 
( I ) ,  there are few data on these reactions in dimethylsulfoxide 
even though this solvent, because of its high solubilizing pow- 
er, is widely used as a reaction medium for related studies, 
particularly for nmr work. Since we have already compared the 
thermodynamics of protonation of some nitrogen bases in 
Me,SO and in water (2), we have extended our study to include 
some important purine bases: purine, adenine, 9-methyl- 
adenine, adenosine, guanine, and hypoxanthine, as well as 
some parent and related compounds: imidazole, N-methyl- 

imidazole, benzimidazole, and 4-amino-2,6-dimethyl- 
pyrimidine. We present here the results of our research. The 
compounds used-are listed below. 

Experimental 
Materials 

Purine, pyrimidine (Sigma), adenine, adenosine, N-methyl- 
imidazole (Aldrich), and hypoxanthine and guanine (L. Light) were 
used without further purification. Imidazole (Aldrich) was doubly 
recrystallized in benzene and dried under vacuum at 50°C for 30 min. 
Benzimidazole (Sigma) was doubly recrystallized in distilled water 
and dried under vacuum at 60°C for 2 h. 4-Amino-2,6-dimethyl- 
pyrimidine (Aldrich) was recrystallized in a 2 :  1 mixture of ethyl 
acetate and absolute ethanol and dried under vacuum at room tem- 
perature for 2 h. 9-Methyladenine was synthesized as follows. An 

X-2 Y-6 Z-9 Purine 

z 
* Tautomerization -N=C - 

H H Purine (Pur) 
NH2 H Adenine (Ade) 
NH2 D-Ribose Adenosine (Ado) 
NH2 CH3 9-Methyladenine (MeAde) 
OH* H Guanine (Gua) 
OH* H Hypoxanthine (Hyp) 

R 
R = H, imidazole (Im) Benzimidazole 
R = CH3, N-methylimidazole (MeIm) (BzIm) 

NH2 
I 
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BENOIT ET AL. 1229 

TABLE 1. lonization constants K of BHc ions at 25OC 

PK 

Pur 1.83 ? 0.06 (2.39)" 
Ade 4.06 * 0.09 (4.1 2)h 
MeAde 3.69 ? 0.02 3.88 +- 0.01 
Ado 3.18 2 0.05 (3.55)h 
Gua 3.74 ? 0.02 (3.3)" 
Hvv 1.94 * 0.02 (1.791,~ ( I  .9)' 

.& 

Im 6.26 5 0.06 (7.14)" 
Melm 6.15 ? 0.01 (7.20)" 
Bzlm 4.36 * 0.06 (5.77)" 
PY (3.45)' (5.17)' 
D ~ P  6.38 * 0.03 6.85 2 0.01, (6.98)' 
4NH2 (3.72)' (4.60)' 

" Reference 3 .  
"Reference I .  
' Reference 8 .  
"Reference 9. 
' Reference 2b, 
'Reference 10. 

ethanolic solution of adenine and methyl iodide was heated under 
reflux at about 80°C for I h. The solid obtained was washed with a 
dilute sodium hydroxide solution, recrystallized in water, and dried 
under reduced pressure at 40°C for 2 h. The compound was identified 
by its 'H and I3C nmr spectra. All samples were checked for purity by 
means of acid-base titrations in acetic acid or in dimethylsulfoxide 
(Me2SO), or by comparing their uv spectra with those published (3). 

Trifluoromethanesulfonic acid (Aldrich) and HCI (McArthur) were 
used as supplied. Picric acid (BDH) (HPic) was dried under reduced 
pressure over P205 for 48 h. The HCF,S03 and HPic solutions were 
prepared by weight or dilution and standardized with NaOH. Potas- 
sium chloride (McArthur) was used as received. Tetraethylammonium 
perchlorate (Eastman Kodak) was recrystallized in a 4: 1 mixture of 
water and ethanol and dried under vacuum at room temperature for 1 
h. Finally, MezSO (BDH, analytical reagent) was used without further 
purification. 

Potentiometry 
Potentiometric titrations of MezSO solutions of the bases to 

lo-' M) with standardized 0.1 M HCF3S03 or HPic in Me2S0 were 
carried out at 25.0 ? O.I0C in a thermostated cell. The electrodes used 
were a Radiometer G202B glass electrode and an 1-11,- reference 
electrode consisting of a platinum wire in a Me2S0 solution lo-' M 
in Iz and 2 X lo-' M in I -  (2). The junction connecting the reference 
electrode to the cell was a lo-' M EbNClOk solution in Me2S0. The 
solution was made initially 0.100 M in EbNCI04 to keep the ionic 
strength constant. The potentials were measured either with a 
laboratory-constructed or with a Radiometer PHM 84 potentiometer. 
The glass electrode was calibrated before each series of experiments 
with standardized 0.1 M HCF3S03 or HPic to give a 62 5 2 mV slope 
(intercept 75 2 5 mV, r = 0.9996) in a AE vs. pH plot. Potentiometric 
titrations of 0.1 M KC1 aqueous solutions of the bases with standard- 
ized HCI were similarly obtained using a Radiometer K401 reference 
calomel electrode. 

Calorimetry 
The heat of solution and neutralization of solid and liquid bases 

were determined at 25.00 +- O.Ol°C. The LKB Model 8721-1 Iso- 
peribol Calorimeter and procedure have been described (4). The 
amount of base dissolved or reacted was known from the weights of 
the glass ampoules. An excess of 0.1 M HCF3S03 or HPic in MezSO 
and 0.1 M HCI in water was used in the protonation experiments. For 
each base, 3- 10 separate determinations were made at different con- 
centrations. 

Results 
Ionization constants 

The values of the ionization constants K of the protonated 
bases BH' in Me2S0 and water were obtained from the poten- 
tiometric neutralization data using the slightly modified pro- 
gram described previously ( 5 ) .  Our pK values, which are strict- 
ly valid for 0.10 ionic strength, are given in Table 1 with 
literature data. No corrections were made for the effect of ionic 
strength, which would be small for such a type of protonation 
reaction. 

Solution enthalpies 
The values of the heats of solution of the liquid (1) or solid 

(c) bases B in 100 mL MezSO or water were plotted against the 
number of moles of base dissolved (1 to 14 X mol for Im, 
BzIm, Dap, Ade, Me Ade, Ado, and Pur, and 1 to 9 X 
mol for MeIm). The slopes of the least-squares lines gave the 
enthalpy of solution of B, AH,(B) (kJ mol-') which refers to 

e q  [I]. 

[ l ]  B(l or c) = B (s) 

No concentration dependence was observed in the range of base 
concentrations used, so that the AH,(B) values were taken as 
being equal to AH;(B). These AH: values are given in Table 
2 together with published data. The corresponding enthalpies 
of transfer from water to Me2S0, on the molar scale 

are also given in Table 2.  

Protonation enthalpies 
The heats of solution of the bases in Me2S0 solutions of 

0.1 M HCF3S03 or HPic (both strong acids in Me2S0 (6)) and 
in aqueous 0.1 M HCI were plotted against the number of 
moles of bases dissolved (2 to 12 X mol). The plots were 
linear and the least-squares slopes gave AH:(B) (kJ mol-'), the 
heat of neutralization of the base, according to 

[3] B(l o r c )  + Hf(s)  = BHf(s) 

For Pur, the weakest base in the series, a correction, based on 
the value of K, was made to account for its incomplete pro- 
tonation. By combining the AH:(B) values with those of 
AH:(B), we calculated the heat of protonation of B,  AH~(B) ,  
in Me,SO or water, for 

with 

The existence of a second step in the protonation of the purines 
introduces a small error in our values for AH: and hence for 
AH;. Using the values of the ionization constants KBH+ and 
K B H ~  (4), the error calculated for AH; is estimated to be 3.0% 
or less for Ade, assuming that the heat of protonation for the 
second step is equal to or less than that for the first step. 
Similarly, the error calculated would be 1.2% or less for 
MeAde and negligible for Pur and Ado. 

Some of the bases (marked with a double asterisk in Tables 
2 and 3) were either too insoluble or dissolved too slowly to 
give meaningful heat changes. Therefore, for MeAde, AH; 
was determined directly in both solvents, by adding acid to a 
solution of B. Our value for AH; in water was combined with 
AH: to yield AH: according to eq. [5]. For BzIm, the value for 
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TABLE 2. Solution enthalpies (kJ mol-') of bases at 25°C and enthalpies of 
transfer from water to Me,SO 

Pur +13.7 * 0.2(13.6)" +18.3 * 0.1(18.8)",h -4.6 
Ade + 10.0 t O.l(l0.8)" (+29.9 to +33.5)",'." -23.5 
MeAde +6.5 2 0.7 +26.1 Z 0.4**(+28.7)' - 19.6 
Ado +1.3 2 0.3 (+32.3)1 -31.0 
Im +11.0 * 0.2 + 12.8 0.2(+ 12.9)': - 1.8 
MeIm(1) -0.1 ? 0.3 -9.6 * 0.3(-9.41)" +9.5 
B Z I ~  +11.3 r 0.1 +19.0 * 0.2(+20.3)h -7.7 
@(I) (+ 1.2); (-9.7)' + 10.9 
b m (  1) +0.22 2 0.04 (-9.8)h + 10.0 
D ~ P  + 14.6 5 0.2 +9.7 * 0.2 +4.9 
(bNHz(1) (-9.36)' (+ 1.84)' -11.2 

" Reference 18. 
*Reference 17. 
"Reference '19. 
"Reference I I. 
'Reference 12. 
'Reference 16. 
'Reference 8. 
" Reference 13. 
'Reference 2b. 
*Errors on the least-square slopes; ** see text. 

TABLE 3. Enthalpies (kJ mol-l) and entropies (J mol-I K- ' )  of protonation of bases at 
25°C and enthalpies of transfer of BH' ions from water to MeZSO 

AH:(B)* AS:(B)" 

Pur -19.5 2 0.1 -8.8 * 0.4 - 30 16 -40.8 
Ade -25.8 * 0.1 (-17.6)" - 9 20 -57.3 
MeAde -25.8 * 0.1** -19.4 ? 0.5** - 16 9 -51.5 
Ado -21.0 * 0.1 (-15.9)' - 10 15 -61.6 
Im -42.4 ? 0.4 -36.8 2 0.9(-36.4)" -23 13 -32.9 
MeIm -38.8 2 0.7 -32.9 2 0.3(-31.6)' -13 27 -21.9 
BzIm -30.7 ? 0.7 (-30.0)J - 20 10 -33.9 
b (-27.7)" (-20.3)' - 27 3 1 -22.0 
D ~ P  -42.4 ? 0.4 -34.2 2 0.5 - 20 16 -28.8 
(bNH2 (-30.8)' (-30.1)" -32 -13 -37.4 

"Standard state defined as a one molar solution of base in 0.10 M acid media. 
Reference 14. 

"Reference I .  
*Reference 8. 
'Reference 9. 
'Reference 15. 
'Reference 2b. 
*Errors on the least-square slopes; **see text. 

AH; was taken from the literature and then combined with our 
AH: to give AH:. The AH: values presented in Table 3 corre- 
spond to a 0.1 (usually 0.1 M acid) ionic strength. Judging 
from data of Hepler and co-workers (8) for Im in water, the 
values of AH: at zero ionic strength are not likely to be very 

I different: their AH: values are -36.4 kJ mol-' (p, = 0.02), 
-36.9 (p, = 0.2), while we found -36.8 (p, = 0.1) and 2 other 

I 

values near -38.0 (p,'= 0.5) have been reported (15, 20). 
However, as pointed out by a referee, for Ade p, may have a 
large effect on AH: (14): AH; passes from -2 1.4 kJ mol-' (p, 
= 0.025) to - 17.6 (p, = 0.10). This large effect is surprising 
and needs to be confirmed, particularly when one considers that 
for related Ado, AH: varies only from - 16.4 kJ mol-' (p, = 

0) to - 15.9 (p, = 0.1). Our AH:(B) values were combined 
with the AG;(B) values calculated from the pK in Table 1 to 
give the protonation entropies AS: listed in Table 3. 

Discussion 
First, if we look at the solvent effect on the ionization con- 

stants K of the conjugate acids BH' of the purines and related 
bases, the data in Table 1 show only minor changes of the pK 
when passing from water to Me,SO, and this is particularly 
noticeable for the purines. Just as we observed with pyridine 
and anilines (2), the pK values are slightly lower in Me2S0 
(except, interestingly enough, for the two hydroxypurines) but 
by less than 1.4 units. On the basis of eq. [I] it is clear that the 
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lower pK's of BH' in Me2S0, which means that they are 
stronger acids in Me2S0, are qualitatively in line with the 
known higher basicity of this solvent compared with that of 
water. However, if we attempt to give figures for this, given 
that the free energy of solvation of H' is 18.8 kJ mol-' more 
exothermic in Me2S0 than in water (2), the pK values should 
have been 3.3 units lower in Me2S0 than in water. Clearly, 
there are some compensating solvation effects on B and BH' 
which must be considered with those on H' to account fully for 
the small solvent effect on eq. [ l]  and the resulting pK changes. 

Since the free energy data on B (and BH') are not easily 
attainable, we will pursue our discussion of the solvent effect 
on eq. [ l]  by comparing, in turn, the enthalpy data for B (Table 
2), and then for BH' (Table 3), both in Me2S0 and in water. 
We first note in Table 3 that, contrary to what we would have 
expected, the protonation enthalpies AH;(B) are more exo- 
thermic in Me2S0 than in water even though the enthalpy of 
solvation of H' is 25.5 kJ mol-' more exothermic in Me2S0 
than in water (2), which again emphasizes large solvation 
effects on B and BH'. If we begin by examining the solution 
enthalpies and enthalpies of transfer of B, the data in Table 2 
show some very interesting differences which we will attempt 
to relate to the contrasting H-bond properties of Me2S0 and 
water and to the nature of B functional groups. First, we see 
that for MeIm, AH: is some 10 kJ mol-' more exothermic in 
water than in MelSO (AH: = + 10 kJ mol-I), just as it is for 
Py and for Pym, while for benzene, which could approximate 
Py (and MeIm) for cavity and non-specific effects, AH: = 
-0.3 kJ mol-I (7). Since MeIm and Py are both related H-bond 
acceptors but have no donor properties, we can advance that 
their more exothermic AH: in water is due in part to the for- 
mation of H-bonds, H20  acting as a donor. For Im, the small- 
ness of AH: (- 1.8 kJ mol-') when compared with that of AH: 
for Py or Pym and MeIm, can be viewed as resulting from a 
positive AH: contribution due to the "pyridine" nitrogens 
counterbalanced by a negative contribution of the "pyrrole" 
-NH group, which gives stronger H-bonds with Me2S0 than 
with water. Then for Dap, ignoring the contribution of the Me 
groups on the basis of data for toluene (7), the negative con- 
tribution of the -NH2 group, deduced from AH: = - 11 kJ 
mol-' for 4NH2, is more than offset by the positive con- 
tribution of the "pyridine" nitrogens. Now, it is not possible to 
relate the AH: of the fused ring compounds to those of their 
imidazole and benzene or pyrimidine moieties. This is shown, 
for example, by comparing AH: - -8 kJ mol-' for BzIm with 
the values for Bz, -0.3 kJ mol-', and for Im, - 1.8 kJ mol-'. 
A similar situation has recently been observed for such trans- 
fers from water to methanol (18). However, if we take BzIm as 
the reference base, we can also discuss the AH: of the purines 
on the basis of group contributions. Thus, proceeding from 
BzIm to Pur, we note a positive AH: increment, admittedly 
small, due to the "pyridine" nitrogens. Form Pur to Ade, there 
is the expected negative AH: contribution from the -NH2 
group, although it is larger than that observed with +NH2. 
From MeAde to Ade, we find the predictably negative in- 
crement due to the NH group, though smaller than when pass- 
ing from MeIm to Im. Finally, for Ado, the replacement of the 
Me substituent of MeAde by the D-ribose group gives rise to a 
-8 kJ mol-' contribution to AH:, which we can attribute to 
stronger -OH interactions with Me2S0. 

Let us now consider the solvent effect on BH' ions. The 
paucity of data on proton affinities and heats of sublimation of 
the bases studied (unlike Py and 4NH2(2)) made it impossible 

to calculate and compare the solvation enthalpies of the gaseous 
ions BH'. We have therefore based our discussion on the 
enthalpies of transfer AH: of BH' ions from water to Me2S0, 
calculated according to: 

where AH;,, and AH;,, are the enthalpies of protonation of B 
in Me2S0 and water respectively, and AH:(H+) is taken as 
being equal to -25.5 kJ mol-I (2). The values of AH:(B) come 
from Table 2, those of AH; from Table 3, and the results for 
AH:(BH') are given in Table 3. The uniformly large negative 
values of AH:, going from -20 to -60 kJ mol-', indicate a 
strong stabilization of BH' ions when passing from water to 
Me2S0. This increased stabilization must come in part from 
stronger H-bonding of BH' with the more basic 2olvent 
Me2S0. We have attempted to determine whether AH, (BH') 
could not be decomposed into a non-electrostatic term approx- 
imated by AH:(B) as well as an electrostatic term (2). This 
latter electrostatic contribution to the transfer of BH' is found 
to be near 32 kJ mol-' for most of the bases considered. Such 
a constant contribution would mean, by considering eq. [6], 
that AH;., - AH:., should be constant at about 7 kJ mol-I. The 
values in Table 3 generally indicate differences of that mag- 
nitude. When we plot AH:(BH') against AH:(B), we also 
obtain AH:(BH') = 0.92 AH:(B) - 32.0 ( r  = 0.981) exclud- 
ing values for +NH2, which is the only base that does not 
protonate on a pyridine nitrogen. 

The entropy data for the protonation of the bases in Table 3 
show wide differences for Me2S0 and water, i.e. negative 
entropy values in Me2S0 contrasting with the positive values in 
water. We have already observed similar results for the pro- 
tonation of other nitrogen bases (2). This decrease in the pro- 
tonation entropy when passing from water to Me2S0 reflects an 
increased amount of solvent immobilized in the protonation 
process, with likely contributions from all three particles in- 
volved, H', B, and BH'. Finally, we have reported (2) a linear 
relation between the enthalpy of ionization (AH:, = -AH;,,) 
and the pK of the conjugate acids BH' of alkylamines, ani- 
lines, and pyridine in Me2SO: AH:, = 6.855 pK + 4.907 ( r  = 
0.997). When we add our present data for the 8 nitrogen bases, 
we still obtain a fair correlation, AH:, = 7.02 pK + 1.86 ( r  = 
0.990) now for 18 bases with 1.8 < pK < 1 1 .O, this is evidence 
of a clear enthalpy-entropy type relationship. 
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I. J .  MCLENNAN, R. E. LENKINSKI, and Y. YANUKA. Can. J .  Chem. 63, 1233 (1985). 
A study of the self-association of the anthracycline antibiotics adriamycin and daunomycin was undertaken in D,O and 

methanol using nmr at 400 MHz. From the concentration dependence of the 'H linewidths obtained on selectively deuterated 
daunomycin it was determined that daunomycin forms a dimer in aqueous solution. The concentration dependence of the 
chemical shift of the 4 methoxy group of adriamycin was fit to a dimer model in which only the non-protonated neutral species 
of adriamycin participated in the self-association process. The data were in agreement with the dimer model if a pK of 7.4 
was used. The pH dependence of the self-association was fit to two ionizations, one with a pK of 8.2 and the other with a pK 
of 8.8. The latter pK was attributed to the ionization of the phenol based on the work of Eksborg. It was concluded that only 
the deprotonated amine of adriamycin took part in the dimerization process. The dimerization of adriamycin is characterized 
by a AS of approximately 3 cal deg-I M- '  and a AH of -3.45 kcal M- ' .  At room temperature the association constant for 
the dimerization process was found to be 4.0 x lo5 M- ' .  These results were discussed in terms of earlier studies by 
Barthelemy-Clavey et a l . ,  Martin, and Chaires et al. 

I. J .  MCLENNAN, R. E. LENKINSKI et Y. YANUKA. Can. J .  Chem. 63, 1233 (1985). 
Faisant appel 5 la rmn a 400 MHz, on a entrepris une ttude sur l'auto-association des antibiotiques anthracyclines, 

adriamycine et daunomycine, en solutions dans le DzO et le methanol. En se basant sur la correlation qui existe entre la 
concentration et les largeurs des bandes *H, obtenue h l'aide d'une daunomycine deuttrie stlectivement, on a determine que 
la daunomycine forme un dimkre en solution aqueuse. La correlation qui existe entre la concentration et la deplacement 
chimique du groupement methoxyle en position 4 suggere l'existence d'un modele dans lequel seules les espkces neutres 
non-protonkes de I'adriamycine participeraient dans le processus d'auto-association. Si on utilise un pK de 7,4, les donnkes 
sont en accord avec le modtle dimere. La corrtlation qui existe entre le pH et I'auto-association correspond a deux ionisations, 
une avec un pK de 8,2 et une autre avec un pK de 8,8. En se basant sur le travail de Eksborg, on attribue ce dernier pK h 
I'ionisation du phenol. On en conclut que seule I'amine deprotonee de l'adriamycine prend part au processus de dimerisatjon. 
La dimkrisation de l'adriamycine est caracttriste par un AS d'environ 3 cal deg-' M- '  et un AH de -3,45 kcal M - ' .  A la 
temptrature ambiante, on a trouvt que la constante d'association du processus de dimerisation est tgale a 4,O x lo5 M -I. On 
discute de ces rksultats en fonction d'etudes antkrieures de Barthelemy-Clavey et ses collaborateurs, Martin et Chaires et ses 
collaborateurs. 

[Traduit par le journal] 

Introduction 
Adriamycin (doxorubicin, Adm) (I) and daunomycin (dau- 

norubicin) are aminoglycoside anthracycline antibiotics that 
have been found to be effective antineoplastic agents in the 
treatment of promyelocytic leukemia and other lymphomas (1). 
Adrn differs from daunomycin in that it has a hydroxyl group 
on the C14 of the keto-alkyl side chain on the A ring. Since the 
discovery of Adm in the early 1950's a large amount of infor- 
mation has been accumulated on its mechanism of action both 
at the molecular and cellular level (2, 3). These anthracyclines 
are known to bind strongly to DNA in vitro although different 
modes of binding have been observed (4, 5). In addition, alter- 
nate modes of activity have been proposed (6). 

There have been several reports of metal ion complexes of 
Adm (7). We have recently shown that Adm can form com- 
plexes of relatively high stability with the trivalent lanthanide 
ions (8). These complexes were characterized by a variety of 
spectroscopic techniques including 'H  nmr. In the course of 
these latter studies we found that in aqueous solution the chem- 
ical shifts of several of the resonances of the antibiotic were 
dependent on the concentration of the drug present. This phe- 
nonemon is usually indicative of self-association (9, 10). 

'Supported by the Natural Sciences and Engineering Research 
Council of Canada (R.E.L.). 

Similar observations have been reported by Barthelemy-Clavey 
et al. (1 l) ,  Martin (12), and Chaires et al. (13), all of whom 
have interpreted the concentration dependence of nmr chemical 
shifts in terms of the self-association of Adm. The self- 
association process has also been investigated by Eksborg (14) 
using partitioning experiments based on an extraction pro- 
cedure. Eksborg (14) determined an effective association con- 
stant for the dimerization process of 3.09 X lo4 M - ' ,  whereas 
the dimerization constant determined by Barthelemy-Clavey 
et al. was 570 M - '  and that of Martin ranged from 5000 to 
9000 M- ' .  Both of these latter studies utilized visible absorp- 
tion and circular dichroism spectroscopy. This has been a more 
traditional approach in examining the aggregation of planar 
aromatic systems in solution. Recently, Chaires et al. (1 3) have 
examined the self-association process by visible absorption 
spectroscopy and 'H nmr. Using a dimer model they obtained 
a dimerization constant for Adm of 3300 M - ' .  These authors 
have also employed a second more complicated model called 
the indefinite association model, which takes into account 
higher aggregates. Using this model, Chaires et al. (13) ob- 
tained an intrinsic association constant of 1500 M - '  from an 
analysis of sedimentation equilibrium measurements. With the 
exception of the treatment by Eksborg (14) all of the above 
analyses neglected the various possible ionization equilibria for 
Adm in aqueous solution. This implies that all of the species 
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(i.e. protonated, nonprotonated) of Adrn present in solution can 
participate equally in the self-association process. Since we 
have found the self-association process to be pH dependent, 
vide infra, we believe that the neglect of the various ionization 
processes is a serious flaw in these analyses. In view of the 
apparent discrepancies in the reported self-association 
constants for Adrn in solution, we undertook a systematic 
nmr investigation of the self-association process. Our main 
motivation for this study stems from our view that a knowledge 
of the solution properties of the antibiotic is important in under- 
standing the metal binding properties and perhaps even the 
biological effects at the molecular level. 

In this study we monitored the effects of variations in Adrn 
concentration, pH, ionic strength, and temperature on the 
chemical shifts of Adm. The data were fit to an association 
process that took into account the ionization of the amino group 
on the glycosidic moiety of Adm. We have also employed 2H 
relaxation time measurements as a means of monitoring the 
extent of self-association. We have analyzed the 'H linewidths 
of daunomycin, specifically deuterated at position 14, in 
aqueous solutions to obtain estimates of the volume of the 
aggregate(s) formed. We report the results of these studies in 
the present communication. 

Materials and methods 
Materials 

Adriamycin hydrochloride and daunomycin hydrochloride were 
kindly supplied by Dr. F. Arcamone of Adria Farmitalia Carlo Erba 
(Milan, Italy) and were used without further purification. D 2 0  
(99.8%), deuterated methanol, and sodium dimethyl-2-silapentane- 
sulfonate (DDS) were obtained from Merck, Sharp and Dohme. DCI 
(37% in DZO) and NaOD (40% in D20) were obtained from Sigma. 
The KC1 and EDTA (analytical grade) were from Baker. 

Daunomycin specifically deuterated at position 14 was prepared by 
treating a solution of daunomycin (-6 mM) in methanol-d, with 
metallic sodium. After the reaction was complete (i.e. ca. 10 min) the 
solution was treated with D 2 0  and dilute DCI. The resulting solution 
was evaporated. The remaining solid was extracted with D20.  A 
significant amount of nonwater-soluble red-coloured material was 
observed, suggesting that the aglycone may have formed. The 
400-MHz 'H  nmr spectrum of the product was identical to that of 
daunomycin with the resonance at 2.48 (assigned to the C-14 methyl) 
missing in the product. The 2H nmr spectrum obtained at 61.4 MHz 
showed only one resonance at 2.48, indicating that the methyl group 
at C-14 of daunomycin had been deuterated. 

Nuclear magnetic resonance experiments 
The 'H nmr experiments were performed on a Bruker WH-400 

spectrometer operating at 400.13 MHz in the Fourier transform mode 
using quadrature phase detection. Fieldlfrequency lock was achieved 
by locking on D 2 0  in the samples. The temperature was controlled and 
was calibrated to + 1°C with neat ethylene glycol. For variable tem- 
perature experiments the samples were equilibrated for 10 min prior 
to acquisition of spectra. All spectra were referenced to the internal 
standard (DSS), whose chemical shift did not change significantly 
with the temperature and pH ranges used in this study. The shifts of 
DSS have been reported to change with varying concentrations of 
purine and uridine (32). However, the concentrations of Adrn used in 
our studies were below 10 mM and hence any perturbations in the shift 
of DSS due to interactions between DSS and Adrn were negligible. 
This was verified experimentally by examining the chemical shifts of 
a number of non-aromatic resonances of Adm. At all concentrations 
employed, all of the chemical shifts of these resonances were inden- 
tical. The chemical shift of DSS has been reported to be invariant with 
temperature over the range of 19" to 90°C (32). We have verified this 
observation with our own studies down to the temperature of 0°C 
where we found that the chemical shifts of certain nonaromatic protons 

(HI ' ,  H2', H3', 5' Me) are invariant within experimental error 
(<5 Hz) (c.f. I ) .  Typical acquisition parameters were: pulse width 
4.5 p,s (90") at 400 MHz, relaxation delay I s ,  sweep width 7000 Hz, 
and 16 K data points. Approximately 60 to 200 FID's were accumu- 
lated depending on the concentration of the sample. 

'The adriamycin concentration was determined by monitoring the 
absorbance at 477 nm (E = 1 l 500 M - '  c m - ' )  (15). The solutions of 
Adm were made up in D 2 0  within 24 h prior to use and the pH was 
adjusted with 0.01 M NaOD or 0.01 M DCI using a Fisher model 
620 pH meter with an Ingold model 6060-02 electrode directly in the 
nmr tube. The pH values reported are uncorrected for any isotope 
effects. For all of the experiments the ionic strength was adjusted with 
KCI. The calculation of K D  and curve fitting routines were performed 
on an OHIO 8000 16K Computer. 

Results and discussion 
The analysis of 'H  relaxation times of deuterated daunomycin 

The applications of 'H relaxation time measurements to 
monitor molecular dynamics have been reviewed by Mantsch 
et al. (16). In the extreme narrowing limit, the relaxation rates 
of a deuterium nucleus are given by (17) 

where (e2qQ/fi) is the quadmpolar coupling constant along the 
deuteron-carbon bond, n is the asymmetry parameter (usually 
assumed to be close to zero), and T, is the correlation time for 
overall molecular reorientation. In the case of a freely-rotating 
CD3 group with a correlation time of T; attached to a rigid 
molecule undergoing molecular reorientation with a correlation 
time of T,, eq. [ l ]  can be modified as follows (18). 

if 7, 2 7;. 

For a spherical molecule the correlation time for molecular 
reorientation is given by 

where q is the viscosity of the solution, a is the radius of the 
molecule, k is Boltzmann's constant, and T is the temperature 
in degrees Kelvin. Glasel et al. (19) analyzed the 2H spin lattice 
relaxation times of 7-methylguanine deuterated at the 7-methyl 
position to provide information concerning the rotational 
motion of 7-methylguanine and poly-7-methylguanylic acid. 
Ellis and co-workers (20) have shown that the linewidth of 
specifically deuterated molecules can be used as a measure of 
the real transverse relaxation rate of the deuterium nucleus in 
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FIG. 1 .  The variation in the 'H linewidth of daunomycin deuterated 
at position 14, with daunomycin concentration. The pH was 6.92, 
ionic strength 0.052, and the temperature was 22°C. These linewidths 
were corrected for inhomogeneity by monitoring the linewidth of 'H 
from natural abundance deuterium in H20  (0.5 Hz). The point indi- 
cated by an arrow is the linewidth obtained in methanol. 

FIG. 2. The variation in the linewidth of the 4-0-methyl resonances 
of Adrn with Adrn concentration. 'The pH was 6.92, ionic strength 
0.052, and temperature 21°C. 

the molecule. In carrying out our analysis we employed an 
approach similar to the one described by Egan (21) in his 
analysis of the association of AMP in aqueous solution using 'H 
nmr. 

The variation in the linewidth of the deuterium resonance of 
14-CD,-daunomycin with the concentration of drug present is 
shown in Fig. 1. These linewidths have been corrected for any 
inhomogeneity of the magnetic field. Note that in Fig. 1 the 
linewidth at infinite dilution is around 1.0 Hz. 

We can obtain an estimate for the correlation time of dauno- 
mycin as a monomer in H20 at 22°C from [3]. From molecular 
models we find that daunomycin has molecular dimensions 
approximated by a sphere of ca. 3 A radius. This corresponds 
to a correlation time of 8 X lo-" s in eq. [3]. By using a value 
for the quadrupolar coupling constant of 170 kHz, a value for 
the linewidth of the 'H resonance of 1.2 Hz can be obtained 
from eq. [2]. The good agreement between the linewidth 
observed at low daunomycin concentrations and estimated 
values for the 'H linewidth indicates that daunomycin exists as 
a monomer at low concentrations in aqueous solution. 

From Fig. 1 it is clear that the 'H linewidth at higher dauno- 
mycin concentrations reaches a limit of around 2.5 Hz. This 
indicates that there is self-association occurring in solution. 
This is confirmed by the change in the chemical shifts observed 

TABLE 1 .  'H Chemical shift data for adriamycin in methanol 

Position 6 (ppm from DSS) 

H 1 
H2 
H3 
H1' 
H7 
H14 OH 
H5' 
4 OMe 

Position 6 (ppm from DSS) 

H4' 3.66 
H3' 3.56 
H10 3.05 
H8 2.36 
H8 2.18 
H2' 2.04 
H2' 1.88 
5'CH3 1.29 

in the molecule as well (vide infra). Moreover it is clear that the 
rotational correlation time of the associated species is twice that 
observed for the monomer. This strongly suggests that the 
associated species is a dimer in aqueous solution. This conclu- 
sion is also qualitatively supported by the variation observed in 
the linewidth of the 'H resonance of the 4-0-methyl resonance 
of Adrn with Adrn concentration shown in Fig. 2. 

Analysis of the chemical shift data 
Figure 3 shows a 'H 2D COSY spectrum (22) of Adrn in 

methanol at 250 MHz. Analysis of the-spectrum confirms some 
of the assignments based on homonuclear decoupling experi- 
ments performed at 400 MHz with Adrn in methanol. In addi- 
tion, selective nOe experiments performed at 400 MHz estab- 
lished the assignments of the three aromatic protons.' The 
assignments of the 'H spectrum in methanol are summarized in 
Table 1. In methanol, the chemical shift positions of all of the 
peaks in the proton spectrum of Adrn did not vary with the 
concentration of the drug present. On the other hand, in D 2 0  
there were substantial changes in the chemical shifts of many 
of the resonances at hieher concentrations. As outlined in the 

u 

Introduction, several workers have analyzed the shifts of reso- 
nances of nuclei in Adrn and other planar aromatic systems in 
examining the self-association process in aqueous solutions. 

The analysis of chemical shifts in this study was based on a 
dimer model for Adrn first proposed by Barthelemy-Clavey 
et a1. (1 1) and is similar to the method of analysis used by Stein 
and Tomkiewicz (23). The equilibrium for the dimerization of 
Adrn in aqueous solution can be written as 

and, KD,  the dimerization constant can be defined as 

where A is the free monomer, A? is the dimer, and the square 
brackets denote equilibrium concentrations. Similarly for the 
ionization of the glycosidic amine 

[A1 [H + I 
[6] K,  = ---- 

[AH] 
where K,  is the ionization constant for the 3'-amino group of 
Adm. Since we observed only one set of 'H resonances 
throughout our study, and the self-association process of planar 
aromatic systems has been found to be fast on the 'H nmr 
chemical shift time scale (24), we may write 

[7] zoba = 
~ M ( [ A H I  + [A] + ~ D [ A ? ]  

AT 

'Mc~ennan and Lenkinski, unpublished results. 
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A mass balance equation can be written in terms of AT as 

I I 

FIG. 3. 2-D Homonuclear shift-correlated spectrum of 4 mM Adm 
in deuterated methanol at 250 MHz. For chemical shift assignments 
see Table 1.  

(assuming the phenolate anion does not participate in the asso- 
ciation process) where AH refers to the protonated amine, AT 
is the total Adrn concentration, a,,, is the observed chemical 
shift, 6M is the chemical shift of the monomer, and 6, is the 
chemical shift of the dimer. Substituting eqs. [5] and [6] into 
eq. [7] and rearranging gives eq. [8]. 

and by substituting eqs. [5] and [6] into eq. [9] we can obtain 
a quadratic equation in [A], 

which can be solved by standard mathematical methods. The 
chemical shift data used to determine KD was fit to eq. [lo] 
using an interative method based on a sum of squares routine 
which utilized eq. [8]. A plot of sobs versus ([AH] + [A])/AT 
yields both 6~ and 6,. A similar procedure was used for deter- 
mining the pK's from the pH titration data. The 4-methoxy 
peak was chosen as a monitor of the self-association since it is 
particularly sensitive (Asobs = 70 Hz) to the Adrn concen- 
tration. Also, this resonance occurs in a region of the 'H nmr 
spectrum where there is minimal overlap with any other peaks 
and thus its chemical shift can be measured relatively precisely 
even at higher concentrations of Adrn where linebroadening 
occurs (B2.1 mM). It should be noted that in eq. [7] we have 
made the assumption that 6, is the same for all of the mono- 
meric forms of Adm, i.e. both protonated and nonprotonated 
(AH and A respectively). This assumption was verified in 
experiments in methanol where the chemical shifts of both the 
protonated and nonprotonated forms of Adrn have been mea- 
sured. The chemical shift of the protonated form of Adrn in 
methanol was found to be 3.98 ppm and the shift for the 
phenolate anion was found to be 3.96, which is well within the 
experimental error of the experiment. In addition, as was 
pointed out earlier, it is reasonable to assume that there is no 
self-association of Adrn in methanol based on the chemical 
shift of the 4-methoxy resonance (Table 1). 

The variation in the chemical shift of the 4-methoxy peak 
with the temperature and concentration of Adrn is presented in 
Fig. 4. The solid lines represent the calculated shifts based on 
eq. [lo]. Note the good agreement between the calculated and 
experimental data with a slight deviation seen at T = 0°C. This 
deviation may represent partial freezing of the sample, 
although this could not be observed visually. 

The overall temperature dependence of the association pro- 
cess is shown in Fig. 5 .  The enthalpy for the process (derived 
from the slope of the plot in Fig. 5) was found to be -3.45 kcal 
M-'  with an estimate for AS (obtained from the intercept) of 
ca. 3 cal deg-' M-' .  Due to the limitations of performing a 
variable temperature study in aqueous systems only an estimate 
of AS can be obtained, but this is a reasonable value, character- 
istic of stacking interactions in solutions of high dielectric 
constant (25). 

The results obtained in this study are in agreement with a 
number of studies of other planar aromatic ring systems 
(1 1, 12, 26). In solutions of high dielectric constant the degree 
of self-association should be greater and this is seen in Fig. 6, 
which shows the effect of ionic strength on the self-association 
process. This has been attributed to non-specific interactions 
between the aromatic rings (27). 

A value of KD of 4.0 X 105 M-'  at 22OC contrasts with values 
of KD of 5.0 X lo3 M- '  determined by Martin (12) and 5.7 X 
lo2 M- '  determined by Barthelemy-Clavey (1 1). Although in 
their studies they used daunomycin, the presence of the hy- 
droxyl group at C14 is not expected to account for the large 
difference in KD. Chaires et al. (1 3) have reported a value of 
1500 M- '  for the association constant based on an analysis 
employing an indefinite association model. As was pointed out 
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384 

380 

s o b s  376 

p@m from 

DSS 

312 

388 

FIG. 4. Plots of 8,b,, the chemical shift of the 4-OMe resonance, 
versus Adm concentration referenced to internal DSS. p, = 0.052 M ,  
pH 6.91 in D,O. O°C, V-V IO°C, u 22"C, v-v 35"C, 
A-A 50°C. The solid line is calculated from the dimer model. 

FIG. 5. A van't Hoff plot for the temperature dependence of the 
dimerization process from the data presented in Fig. 4. 

earlier, the same authors also analyzed their data in terms of a 
dimerization model (K = 3300 M-'). A direct comparison 
between their results and the dimerization constant determined 
in the present study may not be relevant because none of the 
models proposed by Chaires et al. (13) take into account the pH 
dependence of the association process. A plausible reason for 
these differences is that by taking into account the ionization of 
the amino group (and assuming the phenolate anion does not 
participate in the dimerization process) the effective KD is 
raised in our model. The pH dependence studies on the dimer- 
ization of Adm, shown in Fig. 7, appear to support this. 

Eksborg (14) concluded that the free amine was the only 
species taking part in the dimerization process. In our studies 
the best fit was obtained using a dimer model in which only the 
free amine participates in dimerization. Using this model 
(based on eqs. [8] and [lCl]) we found a value for the pK of 

3.76 

3.74 

ppm lrom 

DSS 

FIG. 6.  The variation in 8,b3 with the ionic strength of the solution. 
1.71 X lO - 'M Adm, pH 6.76, T = 22°C. 

3.78 

s o b s  

ppm from 

DSS 374 

37 0 

FIG. 7 .  The pH dependence on the self-association process of Adm 
in which the ionic strength was initially adjusted to 0.052 M .  The solid 
line is calculated from the dimer model. 2 mM Adm, T = 22°C. 

7.4 + 0.2 for the protonation of the amine. Eksborg (14) has 
determined the pK, of the glycosidic amine to be 8.2, whereas 
Righetti et al. (28) have determined it to be 7.8. 'The difference 
between our pK and the values reported by these authors (deter- 
mined in H20) falls within the isotope effect of DzO on the pK 
of primary amines, which is approximately -0.60 at this par- 
ticular pH range (29). Taking into account our assumption 
about the phenolate anion, the isotope effect would make 7.4 
a reasonable value. Figure 7 shows the results of a pH titration 
of 2 mM Adm in D20. Using the dimer model in the analysis 
of the chemical shift data, the data were fit to two ionizations 
characterized by pK's of 8.2 + 0.2 and 8.8 + 0.2, cor- 
responding to the glycosidic amine and one of the phenols, 
respectively. Note that the value for the KD obtained from this 
titration is 4.0 X lo4 M-I, which is in good agreement with the 
value obtained from our previous analysis of the data for the 
concentration dependence of the chemical shift shown in 
Fig. 4. We believe that the discrepancy between the value 
obtained for the pK of the amino group (8.2 -C 0.2 in this case, 
7.4 + 0.2 for the data in Fig. 4) can be ascribed to differences 
in the ionic strength at which the two experiments were 
performed. 

Lam and Neville (30) determined binding constants for acri- 
dine orange using visible absorption spectroscopy. Two models 
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were proposed for its self-association, one involving anion 
participation and another involving only the neutral species of 
acridine orange. It was found that both models gave good 
agreement with the experimental data. Acridine orange has 
served as a prototype for many studies of stacking interactions 
of planar aromatic systems, although in the case of Adrn direct 
anion participation in the self-association process has been 
ruled out based on the arguments stated earlier in the results and 
discussion. 

A serious drawback to using visible absorption spectroscopy 
or nmr to monitor the extent of dimerization is that there are no 
clear criteria for ascertaining whether the absorbance peak or 
resonance signal arises from only monomer-dimer interactions 
or higher order association into n-mers. In the case of Adm, 
where the crystal structure of the dimer is not accurately 
known, Pople's treatment (9) cannot be used with confidence 
to determine whether the shifted resonance signal is strictly due 
to shielding interactions that arise from the dimerization 
between two monomers. 

We have provided evidence (based on our 'H relaxation 
measurements) that the two anthracyclines probably form only 
dimers in aqueous solution. There is no evidence that, at the 
higher concentrations employed in this study, the self- 
association process includes higher order association into 
tetramers or n-mers. This is contrary to the model proposed by 
Chaires et al. (1 3). 

There has been some controversy regarding the validity of 
calculating binding constants by various graphical methods. To 
this end we have avoided the use of double reciprocal plots in 
evaluating KD. The data were fit directly to the model equation 
(eq. [lo]) as explained in the materials and methods. Deranleau 
(31) has pointed out (based on information theory) that 
meaningful conclusions regarding the validity of the equi- 
librium model and the value of the binding constant can be 
obtained when the observed data cover 75% of the binding 
curve. Using the value of A6,b,/(6D - 6,) as a measure of the 
degree of observable data, relative to the complete binding 
curve, we have obtained data covering approximately 50% of 
the total binding curve for the various temperatures (Fig. 4). 
Unfortunately, due to solubility problems with Adrn in water 
(>6 mM) and the sensitivity problems associated with the nmr 
experiment, it was difficult to obtain data covering a larger 
portion of the binding curve. 

Conclusion 
The self-association of Adrn was studied using 'H  nmr. The 

results of the 'H relaxation data provide strong evidence in 
support of a dimer model for Adrn in aqueous solutions. The 
chemical shift data fit closely to a dimer model which took into 
account the ionization of the glycosidic amine. From the tem- 
perature dependence of the dimerization process it was deter- 
mined that the process was characterized by an enthalpy of 
-3.45 kcal M- '  and an approximate value for AS of 3 cal 
deg-' M- ' .  The relative value of KD determined in our studies 
should aid in the understanding of metal ion binding and the 
interaction of Adrn with DNA. 
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CHRISTOPHER I. RATCLIFFE. Can. J .  Chem. 63, 1239 (1985). 
Guanidinium [ c ( N H ~ ) ~ ]  chloride, bromide, and iodide salts have been studied by 'H and 'H nmr as a function of 

temperature. The 'H powder lineshapes show conclusively that reorientation of the guanidinium ion occurs about the principal 
three-fold axis in the chloride, bromide, and high temperature phase of the iodide. Activation energies for this process have 
been obtained from 'H spin-lattice relaxation results. The question of whether or not there are concurrent two-fold flips of the 
-NH2 units is discussed, but must presently remain unresolved. It was found that the high temperature phase of the iodide 
can be supercooled. 

CHRISTOPHER I. RATCLIFFE. Can. J .  Chem. 63, 1239 ( 1  985) 
Faisant appel i la rmn du 'H ou du 'H i des temperatures variables, on a CtudiC les chlorure, bromure et iodure de 

guanidinium [c (NH~)~] .  Sur la base de la forme des raies des spectres 'H de poudres, on dCmontre sans ambiguitk que la 
rkorientation de l'ion guanidinium se produit autour d'un axe principal ternaire dans le chlorure et le bromure ainsi que dans 
la phase i haute temperature de I'iodure. On a dCduit les Cnergies d'activation de ces processus en se basant sur les rksultats 
obtenus pour la relaxation spin-rCseau du 'H. On discute de la possibilitC de l'existence de deux inversions concurrentes des 
unitCs -NH2; toutefois, cette question n'est pas rksolue. On a trouvC que la phase i haute tempkrature de l'iodure peut donner 
lieu i de la surfusion. 

[Traduit par le journal] 

Introduction 
The guanidinium ion [C(NH2),]' is one of a number of 

molecules in which the -NH2 groups, and in this case the 
whole molecule, are planar because of n overlap of the P, 
orbitals of nitrogen and carbon. This has been substantiated by 
ab initio calculations (1 -4). Further examples include urea and 
other amide groups. Barriers to rotation about the C-N bond 
are expected to be much higher than in materials such as amines 
where the n-bonding is not present. The barriers obtained in the 
ab initio calculations (1 -4) differ among themselves, but from 
one nmr study of the guanidinium ion in liquid crystal solution 
a barrier of 13 kcal/mol was reported (1). This value seems 
rather low, however, when compared to the barriers reported 
from nmr studies of formamide and acetamide in solution, 
which are upwards of 16 kcal/mol (e.g. refs. 5-7) and solvent 
dependent. In solids the barriers would, if anything, be ex- 
pected to increase due to external hindrances, but no values 
have as yet been reported. 

The work done on simple salts of guanidinium has not been 
extensive. Infrared and Raman studies (8- 13) and early 'H 
nmr lineshape studies (14- 16) helped to establish the planar 
structure of the ion. An NQR study has reported I4N quadrupole 
coupling parameters for a number of salts (17). 

Concerning motions of the ion, Kotera et al. (14) reported 
rigid lattice 'H nmr second moments for the iodide at liquid 
nitrogen (20.94 G2) and Dry Ice temperatures (20.02 G2) and 
a value of 13.8 1 G2 at room temperature. Lundin et al. (16) 
interpreted second moments for [C(NH2)3]Al(S04)2.6H,0 in 
terms of C3 reorientation of the guanidinium above -130 K 
with an estimated activation energy of 6 kcal/mol. Pajgk et al. 
(18) recently reported 'H second moment (Mz) and spin-lattice 
relaxation (TI) results for [C(NH2)3]C104 and suggested that C3 
reorientation of the whole ion occurs concurrently with two- 
fold flips of the -NH2 groups. 

'~ssued as NRCC No. 24143. 

This paper presents the results of 'H T, studies of gua- 
nidinium chloride, bromide, and iodide performed at an earlier 
date (1977), together with some recent 2H nmr lineshapes 
which have helped to clarify what motions occur. X-ray struc- 
tural information is available on all three salts (19, 20). At 
room temperature the chloride and bromide are orthorhombic. 
The iodide is hexagonal, but a higher temperature modification 
previously thought to be orthorhombic has been reported 
(21). The hexagonal structure is interesting in that it has two 
inequivalent guanidinium ions; however, its space group is 
piezoelectric (22), a property which sometimes makes nmr 
measurements difficult if not impossible. 

At the time of writing of this manuscript, Grottel and Pajgk 
(23) published results which included 'H Mz and TI results of 
the C1-, Br-, I-, and BF, salts. 'They also mention that X-ray 
powder results on the high temperature phase of the iodide 
suggest that it is cubic. While their TI results qualitatively 
resemble those presented here, a number of quantitative differ- 
ences have been found which will be discussed in context. The 
results presented here also extend the TI measurements for the 
high temperature phase of the iodide into the metastable region 
below 350 K. 

Experimental 
The three halide salts were prepared by addition of the appropriate 

dilute acid to a solution of guanidinium carbonate until neutral. The 
resulting solutions were then evaporated until crystallization set in on 
coolingand the filtered products were then recrystallized from water. 

Proton spin lattice relaxation times (TI) were measured at 30.2 MHz 
over a range of temperatures using an inversion-recovery, n-t-n/2 
pulse sequence on a Bruker B-KR322S spectrometer described before 
(24) (Chemistry Department, University of British Columbia). The 
free induction decay was apparently exponential within experimental 
error for the chloride, bromide, and higher temperature phase of 
the iodide. Further measurements on the bromide were obtained at 
16 MHz. 

The hexagonal phase of the iodide proved to be more unusual. In 
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FIG. I .  The temperature dependence of the proton spin-lattice re- 
laxation times observed for guanidinium chloride (A) at 30.2 MHz, 
bromide (a) at 30.2 MHz, and bromide (0) at 16.0 MHz. 'The solid 
lines indicate the linear least-squares fits. 

the first place its piezoelectric nature was confirmed by the presence 
of a "noise" superimposed on the free induction decay. 'The noise was 
also present if the sample was removed from the magnetic field. Such 
signals often make measurement of TI impossible without special 
screening of the sample from the r.f. coil (25). However, in this case 
the piezoelectric signal was not excessive, appearing as a weaker 
signal superimposed on the free induction decay, and its pattern re- 
mained constant with each pulse. Consequently measurements of the 
magnetization recovery were still attempted. However, the relaxation 
proved,to be quite non-exponential. An approximate relaxation param- 
eter T I  was therefore obtained from the time at which the mag- 
netization recovery crossed zero assuming TI  -- (r,)/ln 2 (the so- 
called "null" method). The reasons for this non-exponential behaviour 
are obscure, but one is inclined to believe, in the absence of other 
obvious factors, that it may be due to an error introduced by the 
superimposed piezoelectric noise. Neither the piezoelectric behaviour 
nor the non-exponential decay were mentioned by Grottel and Paj+k 
(23). 

Deuterated samples of the salts were prepared from the fully pro- 
tonated materials by repeated dissolution in and evaporation from D 2 0  
(3 times). The 'H nmr powder lineshapes were obtained at 27.63 MHz 
using a Bruker CXP 180 spectrometer, a Bruker/Oxford Instruments 
cryomagnet, and a variable temperature N2 gas-flow probe with a 
Bruker B-VT-1000 temperature controller (Chemistry Division, 
NRCC). A quadrupole echo pulse sequence (26) was used with a delay 
time of 35 p s  between X and Y pulses of 2.5 ps ,  and phase alterna- 
tion. The cycle repetition rates varied from 0.4 to 20 s depending on - 

Results and analysis 
Plots of log TI vs. 1000/T are shown in Figs. 1 and 2. The 

chloride and bromide have very long Ti's up to temperatures of 
about 370 K. Above this temperature the results show the linear 
low temperature slope of some relaxation mechanism, up to the 
highest temperatures before the samples melt. The results at 

I O ~ / T  ( K )  
FIG. 2. The temperature dependence of the proton spin-lattice re- 

laxation times observed for guanidinium iodide at 30.2 MHz; hexag- 
onal phase (@), high temperature (and metastable) phase (0). The solid 
lines indicate the linear least-squares fits. 

16 MHz for the bromide were obtained specifically to try to 
reach a TI minimum and, as can be seen, this was practically 
achieved. A value for (TI),, = 12.0 ms at 460 K and 16 MHz 
is indicated. (An equivalent minimum at 30.2 MHz should 
therefore be 22.7 ms.) Also note that the TI results at the two 
frequencies fit the expected w i  dependence. 

For the iodide the behaviour at the phase change varied 
somewhat, dependent upon the history of the sample. On 
warming, as the phase change was reached TI decreased dra- 
matically and the piezoelectric effect disappeared over a period 
of several minutes. For a sample which had been previously 
melted to achieve greater packing in the sample tube this 
change took place at about 350 K, but for a powdered sample 
it occurred at about 365 K. This high temperature phase of both 
samples could then be supercooled. When left in this state at 
room temperature the powdered sample reverted to the hexag- 
onal phase within an hour whereas the melted sample took 
much longer. Both gave similar values of T, in the supercooled 
state. (Note that Grottel and Pajgk's (23) results do not extend 
into the supercooled region.) The complete TI curve in Fig. 2 
thus represents the higher temperature phase. The higher tern- 
perature slope is greater than the lower temperature slope. The 
curve reaches a (TI),;, of 22 ms consistent with the bromide 
result (converted to 30.2 MHz), which suggests that the two 
minima are representative of similar relaxation mechanisms. 
Since the chloride appears to behave in a manner similar to the 
bromide it seems reasonable to assume that it too is relaxing by 
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the same mechanism. 
The few TI-null results for the hexagonal phase of the 

iodide fall on a straight line, forming the low temperature slope 
of a TI curve. There is insufficient information in this to deter- 
mine the relaxation mechanism, though one might again antic- 
ipate C3 reorientation. It should be remembered, however, that 
for this phase (hexagonal) there are two inequivalent gua- 
nidinium ions in the cell, which might reorient at different 
rates. 

Theoretical calculations of 'H values for different 
motions 

The T, results may be interpreted using the framework of the 
modified B.P.P. theory (27, 28). Modulation of the inter- 
nuclear dipole-dipole interactions by molecular motions leads 
to spin-lattice relaxation. For an interproton vector: 

YH = magnetogyric ratio for 'H, h = h/2~r ,  I = 112 for 'H, OH 

= 'H Larmor frequency. The J(")(w) represent the spectral 
density functions for the particular motion concerned. 

For a proton-nitrogen vector the situation is more complex 
(29), but it was shown in a previous paper concerning -NH: 
group 'H relaxation (30) that the cross-relaxation terms had 
little effect on the observed 'H T,. Assuming a similar situation 
in the present case, the I4N contribution to the proton relaxation 
is then well approximated by 

where S = 1 for I4N. (Note this also neglects any I4N quadru- 
polar interactions.) 

The spectral density functions J'"'(o) must then be evaluated 
for each motion. The methods of Woessner (31) are probably 
the most frequently used to do this. However, in cases where 
the internuclear distance is changed by the motion, it is more 
convenient to use an apparently less well-known method (29, 
32, 33). To obtain the overall relaxation rate for a particular 
motion one must (1) calculate, for each proton, the sum of the 
effects of motion on all the dipole-dipole vectors connecting 
that target proton to other nuclei, and (2) assuming rapid spin 
diffusion, average over all protons. 

Calculated theoretical values for a number of pos- 
sible motions are outlined below (values are given in Table 1). 
The mol~cular parameters used were N-H = 1 .OO A, C-N 
= 1.33 A, and all bond angles 120" in the plane. 

The final expressions for motions of the ion when no internal 
rotation occurs ar? relatively simple. For reorientation about 
the 3-fold axis (C3 motion) 

TABLE 1. Calculated TI minimum values (rns) for motions 
of the guanidiniurn ion 

Motion 16 MHz 30.2 MHz 

C; threefold axis 9.2 17.3 
C2 twofold axis 18.3 34.6 
Isotropic 6.9 13.0 
C2 internal twofold 

reorientation of -NH2 91.0 171.7 
All 3 -NH2 groups 

performing C2 60.6 114.5 

and the r,,, rNj are the H---H and N---H distances. Implicit in 
the expression f '(0~7,) for the N---H contribution is the ap- 
proximation that (OH - ON) -- OH = (wH + ON). T~ is the 
correlation time for the motion and is assumed to have an 
Arrhenius dependence on temperature T and the activation en- 
ergy E,: 

7, = 7; exp (E,/RT) 

For isotropic motion one finds 

For reorientation about a two-fold axis (c; motion) 

where Ai, Aj refer to the angle between an internuclear vector 
and the rotation axis. Coincidentally it is found that for this 
specific case where all bond angles in the plane are 120" 

For C2 rotation of one NH2 group with the rest of the molecule 
rigid (i.e. internal reorientation), the final expression is more 
complex: 

where the summations over i, j cover the interaction between 
where one of the mobile protons and the other protons or nitrogens. r 

and s refer to the internuclear distances in the two sites and 
refers to the angle between the two orientations. If all three 
-NH2 groups are able to rotate with similar correlation times 

and then the above expression for C2 motion must be multiplied by 
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TABLE 2. Activation energies (kcal/mol)* 

VOL. 63. 1985 

High temperature Low temperature 
Salt slope slope 

CI - 

30.2 MHz 
/ 

Br- 
\ 

16.0 MHz 

I- (hexagonal) 

I- (metastable) 8.621-0.1 1 [8.1] 
(0.9995) 

clo; 17.91 

BF; L6.21 

*Least-squares correlation coefficients are given in ( ). Grottel and Pajgk's 
(23) results given in [ 1. 

312. (Note these are independent flips, not a concerted re- 
orientation of all three NH2 groups at once.) 

When the molecular parameters have been introduced, all 
the expressions above reduce to the form 

which can then be solved for a minimum in TI .  Results are 
given in Table 1. It should be pointed out that the contribution 
to TI (at the minimum) of N-H interactions in the cases where 
the molecule is internally rigid is -26%, whereas for internal 
rotation of -NH2 groups this contribution jumps to -67%. In 
the latter case it is then quite possible that cross-relaxation 
terms, which were neglected earlier, could affect the 'H relax- 
ation behaviour to some degree. However, further calculations 
to take this effect into account are not really warranted at this 
point, since it is quite clear that internal rotations of -NH, 
groups are far less efficient at producing 'H relaxation than any 
of the rigid ion motions. 

The observed TI minima for the bromide and iodi4e clearly 
correspond most closely to the calculated value for C, motion. 
(Calculated TI values are almost invariably found to be slightly 
less than those observed and in any case depend on the stmc- 
tural parameters chosen.) However, one more type of motion 
which should be considered is the composite motion of NH, 
flips concurrent with whole ion C, motion. Without going into 
a complex and very involved calculation for this particular 
case, one can assert that if the two processes have similar 
correlation times then the resultant TI minimum should not be 
less than that given by 

( ~ ) c o m w s i t c  min = (i)c; mi" + (iIC2 min 

For all three NH, groups flipping, this means that the TI min- 
I 

I 
imum value should be no lower than 15 ms (30.2 MHz). This 

I 
I is not much different from the value for C; alone. Considering 

experimental errors and the usual discrepancies between ob- 
served and calculated TI minima, it does not seem realistic to 
distinguish between these two types of motion. In either case 
C, motion occurs and is the principal cause of relaxation, so 
that one can be reasonably certain from the TI results that such 

FIG. 3. The 'H nmr powder lineshapes of guanidinium chloride 
(a) 307 K; (b) 425 K; bromide (c) 303 K, (d) 420 K; hexagonal iodide 
(e) 302 K,  ( f )  345 K; and metastable iodide (g) 3 1 1 K. 

a motion is occurring. The question of whether or not there are 
concurrent NH, flips, however, should remain open. At this 
point the author diverges from the view of Grottel and Pajgk 
(23) who interpreted their TI and M, results in terms of the (c; 
+ C2) model. 'There is no reason to believe that their M2 results 
proyide any firme; grounds than the TI results for preferring 
(C, + C,) over C, alone. 

Activation energies obtained from the linear slopes of the In 
TI vs. 1000/T plots by least-squares fits are given in Table 2. 
It is in these activation energies that one first notices discrep- 
ancies between Grottel and Pajgk's (23) and the present results. 
Also, when the difference in frequencies is taken into account 
it is found that the TI values for the chloride and bromide salts 
in the current work are lower than Grottel and Pajgk's, but the 
situation is reversed for the high temperature phase of the 
iodide. The reasons for these differences are obscure at the 
present. Attempts were also made to fit the complfte TI curve 
for the metastable iodide, using the model for C, motion in- 
cluding 'H---I4N terms. However, the appreciable difference in 
slope on either side of the minimum would not permit a satis- 
factory fit, though the attempted fit gave an indication ofothe 
order of magnitude of the correlation time constant T, as 
roughly 6 X lo-'' s. 

2H Lineshapes 
Conclusive confirmation of motion around the C: axis comes 

from the 'H lineshapes shown in Fig. 3. Close to room tem- 
perature the chloride, bromide, and hexagonal iodide have 
essentially rigid lattice lineshapes (Fig. 3 a, c,  e,  respectively) 
characteristic of planar -ND2 groups involved in a T-bonding 
system. Note that this shows that both crystallographic types of 
guanidinium in the hexagonal iodide are rigid. The quadmpole 
coupling constants and asymmetry parameters are very similar 
to those observed in urea and thiourea (34, 3 3 ,  Table 3. 

The chloride and bromide at temperatures above 410 K and 
the high temperature phase of the iodide (even when super- 
cooled to room temperature) show narrowed lineshapes 
(Fig. 3 b, d,  g, respectively) corresponding to an axially sym- 
metric coupling tensor, Table 3. At 345 K the hexagonal phase 
of the iodide is clearly undergoing a line narrowing transition 
but unfortunately does not reach the rapid motion limit before 
the phase change sets in (Fig. 3f). Figure 4 shows the calcu- 
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TABLE 3. 'H Quadrupole coupling constants and asymmetry 

FIG. 4. Calculated 'H powder nmr lineshapes for, different mo- 
tional processes (a) rigid, (b) C 3  reorientation, (c) C 2  reorientation, 
and (d) C ,  (NH2) reorientation. 

FIG. 5. A view down the C,  axis of the chloride showing the 
arrangement of the three chloride ions with which there are hydrogen 
bonding contacts. 

lated lineshapes for various cases of rapid motional averaging, 
assuming a rigid lattice value of q = 0.12 and bond angles all 
120". If the rigid q,, is assumed to be along the ND bond axis 
then qyy turns out to be perpendicular to the molecular plane (q, 
in the plane). (Lineshapes, other than rigid, are calculated by 
averaging the tensor components at all the equilibrium posi- 
tions sampled by the motion, see ref. 36.) It is quite clear from 
a comparison of observed and calculated lineshapes that C, 
mption occurs; hpwever, one again cannot distinguish between 
C3 alone and C, concurrent with C, flips (the averaged line- 
shapes would be the same). 

Structural considerations 
It is informative to consider the immediate environment of 

the guanidinium ions, using the structural information available 
(19, 20). Since accurate H atom positions are not available, the 
lattices were regenerated in Cartesian space and the original 
(X-ray) CN, units were replaced by the symmetrical gua- 
nidinium ion, including the six H atoms, which was used 
earlier in the paper. Closest contacts of the protons in the rigid 
lattice case and, their clpsest approaches to the surrounding 
atoms for C,, C2, and C3 motions were then calculated. Con- 

parameters 

Rapid 
Rigid lattice C: motion 

Salt T (K) e2qQ/h (Hz) "l e 2 q ~ / h  r) 

Chloride 307 200 500 0.1445 
425 107400 0 

Bromide 303 205 100 0.1416 
420 109900 0 

Iodide 302 206 000 0.1331 
Hexagonal 

Iodide 31 1 112800 0 
Metastable 350 112000 0 

Thiourea* 250 207 800 0.1206 

Urea* 30 1 215083 0.131 

*Obtained from powder samples in this laboratory, see refs. 34 and 35 for 
older single crystal results. 

TAB,LE 4. Closest contacts with halide ions at equilibrium and during 
C ,  rotation (A) (idealized guanidinium geometry as used in text) 

C1 Br II* 12* 

C :  rotation 1.73 1.86 2.14 2.38 
Equilibrium 2.33 2.42 2.75 2.94 

*The hexagonal iodide has two inequivalent guanidinium ions. 

tacts less than the sum of the van der Waals radii were taken as 
significant. The following important features emerged. 

(I)  In all cases, at the equilibrium position (rigid case) 
each H atom has only one significant overlap and that occurs 
with a halide ion. This is indicative of a hydrogen-bonding 
interaction. 

(2) In all cases, three halide ions which are close to the plane 
of the guanidinium ion form a 3-fold or near 3-fold arrange- 
ment around the C3 axis of the guanidinium. (In the cases of the 
bromide and iodide these three ions fall in a plane parallel to the 
plane of the guanidinium.) Figure 5 shows a view down the C3 
axis of the chloride, indicating these contacts. The view is 
essentially the same for the bromide and for the two types of 
guanidinium ion in the hexagonal iodide, except that the halide 
ions are further removed from the central axis. 

(3) These three halide ions are also the only atoms which 
overlap the H atoms of the guanidinium during a C; reor- 
ientation. 

(4) In all cases it was found that a C2 flip of NH2 would cause 
overlaps with halide ions to about the same extent as in the 
equilibrium position, and in most cases slight overlaps with one 
H atom (other than t,hose within the guanidinium ion). 

( 5 )  In all cases C2 rotation would cause a large number of 
overlaps with all types of atoms, suggesting that this motion 
should be sterically very unfavourable. 

It is difficult to judge at what point a close approach to a 
halide ion becomes a repulsive rather than attractive (hydrogen- 
bonding) interactlion, but these two forces presumably come 
into play in the C, motion (which has now been shown to occur 
in these materials). Table 4 lists the closest contacts with the 
three neighbouring halide ions. At the equilibrium position the 
geometry is most favourable for hydrogen bonding to all the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1244 CAN. J. CHEM. VOL. 63 ,  1985 

proto?s and appreciable overlaps are already present. During 
the C 3  rotation the overlaps become much greater, first for one 
set of three protons and then the other three, but since these 
positions are not at the equilibrium position the interaction has 
presumably become more repulsive than attractive. The 3-fold 
arrangement of halide ions around the C; axis also means that 
the contributions to the total barrier from each individual halide 
ion add up constructively. The large barriers (particularly in the 
chloride and bromide) are then quite understandable. 

In concluding, it is worth returning to the qu7stion of 
whether or not C2 flips occur concurrently with the C 3  motion. 
One can advance some arguments against C2 flips, Qased on 
observed and anticipated barriers. Note that the C 3  bamer 
depends entirely on interactions with atoms external to the 
guanidinium ion, and hence the large variations from one salt 
to another are easily rationalized. On the other hand, the bamer 
to C, flipping depends both on an internal and an external 
barrier. It was pointed out in the introduction that the internal 
bamer to C, flips should be at the very least 13 kcal/mol and 
probably significantly higher. This internal barrier should be 
similar in all salts and any difference from one salt to another 
would then be due to the additional external bamer. Clearly the 
activation energies observed in the I-, ClO;, and BFS salts 
(this work and refs. 18, 23) are well below the minimum level 
anticipated for the internal bamer alone, for C2 flips. This is 
perhaps the strongest argument against concurrent (c; + C2) 
mptions, at least for these salts. Further, one would not expect 
C 3  and C2 motions to occur simultaneously in all the salts, 
especially when the observed range of barriers is so great and 
particularly when it would appear that the internal bamer dom- 
inates the C, flipping motion. A complete resolution of this 
question, however, must await further experimental evidence 
from a technique which is able to sufficiently distinguish the 
two motions.' 
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Kinetics of the reduction of nicotinonitrile cations by 1,4-dihydronicotinamides 
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JOHN W. BUNTING and JOHN C. BREWER. Can. J .  Chem. 63, 1245 (1985). 
The rates of reduction of a series of 1-(Z-benzyl)nicotinonitrile cations by a series of I-(X-benzyl)-l,4-dihydronicotinamides 

have been studied at 25°C in 20% CH3CN - 80% HzO (pH 7.0 (5 mM phosphate), ionic strength 1.0 (KCI)). Spectral studies 
indicate the formation of 1,4-dihydronicotinonitrile products, without the formation of the isomeric 1,2-dihydro- or 
1,6-dihydro-nicotinamide intermediates. Second-order rate constants (kz) for these reductions are closely correlated with the 
Hammett u constants for X and Z. Thus, for X = H, log kz = 0.630, - 1.05, while for Z = 4-CN, log kz = - 0 . 6 4 ~ ~  - 
0.65. The close correspondence between these p, and p, values indicates that charge neutralization on the nicotinonitrile cation 
exactly balances charge generation on the nicotinamide cation product in the rate-determining transition state. Thus the 
migrating hydrogen species is electrically neutral in the rate-determining transition state, which contrasts with the hydridic 
transition states previously reported in the reduction of isoquinolinium cations by 1,4-dihydronicotinamides. When 
1-benzyl-4,4-dideuterio-1,4-dihydronicotinamide is used as the reductant, primary kinetic isotope effects of 3.0 and 2.7 are 
observed for the reduction of the I-methylnicotinonitrile and 1-(4-cyanobenzy1)-nicotinonitrile cations, respectively. These 
data are evaluated in terms of the various mechanistic possibilities for hydride transfer. 

JOHN W. BUNTING et JOHN C. BREWER. Can. J. Chem. 63, 1245 (1985). 
Operant 25"C, dans des solutions a 20% CH,CN - 80% HzO, a un pH de 7,O (5 mM de phosphate) et a une force ionique 

de I ,O (KC]), on a dtterminC les vitesses de rkduction d'une skrie de cations (Z-benzyl)-l nicotinonitrile par une serie de 
(X-benzy1)-l dihydro-1,4 nicotinamides. Des Ctudes spectrales indiquent qu'il y a formation de produits dihydro-1,4 nico- 
tinonitrile, sans formation des intermediaires isomkres dihydro-l,2 ou dihydro- 1,6 nicotinamides. Il existe une correlation entre 
les constantes de vitesse du deuxikme ordre (k,) de ces reductions et les constantes u de Hammett des substituants X et Z. Ainsi, 
pour X = H, log kz = 0 , 6 3 1 ~ ~  - 1,05, alors que pour Z = CN-4, log k2 = -0,640, - 0,65. La bonne correspondance entre 
ces valeurs de p, et de p, indique que, dans 1'Ctat de transition determinant la vitesse de la rkaction, la neutralisation de la charge 
du cation nicotinonitrile contrebalance exactement la gCnCration de la charge sur le produit cationique nicotinamide. Dans 1'Ctat 
de transition qui determine la vitesse de la rkaction, l'hydrogene qui migre est Clectriquement neutre et ceci est en opposition 
avec les Ctats de transition impliquis dans les reductions par les hydrures dont il Ctait fait mention dans les rapports antCrieurs 
sur la rCduction de cations isoquinolinium par les dihydro-1,4 nicotinamides. Lorsqu'on utilise la benzyl-1 dideuttro-4,4 
dihydro-1,4 nicotinamide comme reducteur, on observe des effets isotopiques primaires de 3,O et 2,7 respectivement pour les 
riductions des cations mCthyl-1 nicotinonitrile et (cyano-4 benzyl)-1 nicotinonitrile. On Cvalue ces donntes en fonction des 
diverses possibilitCs mkcanistiques pour le transfert d'hydrure. 

[Traduit par le journal] 

We have recently reported kinetic studies of the reduction of best rationalized in terms of an e -  + H+ + e -  mechanism for 
a variety of quinolinium ( l ) ,  isoquinolinium (2, 3),  the formal hydride transfer. The reductions of quinolinium and 
3,4-dihydroisoquinolinium (4), and acridinium cations (5) acridinium cations by 1,4-dihydronicotinamides also differ 
by 1,4-dihydronicotinamides as part of our continuing from isoquinolinium cation reductions in generating 1,4- 
investigation of the kinetics and mechanisms of hydride trans- dihydropyridine derivatives rather than 1,2-dihydropyridines 
fer in such reactions. For isoquinolinium and 3,4-dihydro- as reaction products. It therefore seems possible that one- 
isoquinolinium cations, the combination of substituent effects electron mechanisms for hydride transfer predominate 
in the hydride donor and acceptor and deuterium primary 
kinetic isotope effects are only consistent with a direct one-step 
hydride transfer in which the migrating hydrogen bears a sig- 
nificant fractional negative charge and is thus clearly hydridic 
in character. Kinetic data for the reduction of quinolinium and 
acridinium cations (1, 5) are not easily rationalized in terms of 
one-step hydride transfer, and the possibility of one of the often 
considered one-electron reduction mechanisms (e- + H.  or 
e- + H' + e-)  is thus indicated in these cases. This inter- 
pretation is supported by the enhanced rates of 1,4- 
dihydronicotinamide reduction that are found for quinolinium 
(at C-4) and acridinium cations relative to the analogous reac- 
tion for isoquinolinium cations. This rate enhancement is 
particularly dramatic in comparison with the rates of other 
nucleophilic attacks on these heteroaromatic cations (1, 5). 

Van Eikeren et al. (6 ,7)  have studied the degenerate reaction 
between I-benzyl- l,4-dihydronicotinamide and the l-benzyl- 
nicotinamide cation and have concluded that this reaction is 

'Recipient of a 1983 NSERC Summer Bursary for undergraduate 
research. 

over direct hydride transfer for the formatibn of 1,4- 
dihydropyridines. 

As a further test of this hypothesis we have now studied 
substituent effects in both the hydride donor and acceptor for 
the reduction of a series of 1-(Z-behzy1)nicotinonitrile cations 
by 1-(X-benzy1)- l,4-dihydronicotinamides (eq. [I.]). This 
reaction is closely related to the degenerate hydride transfer 
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studied by van Eikeren and Grier (6), but has the advantage of 
being somewhat faster because of the electronic effect of the 
cyano group, and also of easily allowing independent evalu- 
ation of substituent effects in the hydride donor and acceptor. 

Experimental 
I -(X-benzyl)- l,4-dihydronicotinamides and I -benzyl-4,4-dideu- 

terio-l,4-dihydronicotinamide were prepared and characterized as 
previous1 y described (2). 

I-(Z-benzy1)nicotinonitrile bromides 
Nicotinonitrile (2 g) and the appropriately substituted benzyl bro- 

mide (in 20% stoichiometric excess) were refluxed in acetone (35 mL) 
for 10- 16 h. The bromide salts precipitated from this solvent as fine 
white powders that were recrystallized from either ethanol or aqueous 
ethanol in the presence of a few drops of concentrated hydrobromic 
acid. These salts were characterized by 'Hmr spectroscopy, and their 
purities determined to be 100 ? 2% by titration of the bromide ion by 
the Volhard method (8). 

I-Methylnicotinonitrile bromide was prepared by stirring nico- 
tinonitrile with methyl bromide in a pressure bottle at room tem- 
perature, and was similarly characterized. 

Kinetic studies 
All kinetic data were obtained spectrophotometrically on either 

Varian Cary 219 or Unicam SP-1800 instruments at 25OC. All reac- 
tions were studied in 20% acetonitrile - 80% water solutions buffered 
at pH 7.0 (5  mM phosphate) in the presence of 1 M potassium 
chloride. The decrease in absorbance due to the consumption of the 
dihydronicotinamide derivative (0.05-0.1 mM) was monitored at 
380 nm in the presence of at least six different concentrations of each 
nicotinonitrile cation in the range 1.0-50 mM. Individual concen- 
tration ranges were determined by the solubility of the bromide salt 
and the reactivity of each cation. All reactions displayed absorbance 
changes that were strictly pseudo first order in the dihydronico- 
tinamide over at least the first three reaction half-times. Rates of 
decomposition of the dihydronicotinamide derivatives were found to 
be insignificant under the current reaction conditions. 

The equilibrium constant for the addition of cyanide ion to the 
I-benzylnicotinonitrile cation was measured in aqueous solution at pH 
11 .O (I mM KOH) at 25'C in the presence of 1 M KCI, as previously 
described (9) for cyanide ion addition to nicotinamide cations. Potas- 
sium cyanide concentrations in the range 1 .O-40 mM were employed. 

Results 
Reaction products 

The time dependence of  the electronic absorption spectrum 
of an equimolar mixture of 1 -benzyl- l,4-dihydronicotinamide 
and the 1-benzylnicotinonitrile cation in 20% CH3CN - 80% 
H 2 0 ,  ionic strength 1.0 at 25"C, is shown in Fig. 1. The  shift 
to shorter wavelingth of the long wavelength maximum during 
the course of this reaction is consistent with the formation 
of 1-benzyl- l,4-dihydronicotinonitrile, since 1,4-dihydronico- 
tinonitriles are known to have absorption maxima at shorter 
wavelength than their 1,4-dihydronicotinamide analogs (10). 
The reaction product in Fig. 1 displays A,,,(E) = 344 nm 
(6200 M-'  c m - ' )  which is in agreement with 341 nm 
(5750 M - '  cm- ' )  observed for a genuine sample of 4 : Z = H 

I 

in neat acetonitrile solution (3). 
The  course of these reductions was also monitored by 'Hmr 

spectroscopy. 'The overlapping of reactant and product signals 
is minimized in the reaction of 1-benzyl-l,4-dihydro- 
nicotinamide with the 1-methylnicotinonitrile cation. Changes 
in the 'Hmr spectrum of an equimolar (0.1 M )  solution of each 
of these species in 50% CD3CN - 50% D 2 0  were monitored 
over a period of 4 h. All signals appearing in the spectra of this 

WAVELENGTH ( n m )  

FIG. I .  Time dependence of the electronic absorption spectrum 
(I-mm path length) of a solution containing I-benzyl-1,4- 
dihydronicotinamide (2.0 mM) and I-benzylnicotinonitrile bromide 
(2.1 mM) in 20% CH3CN - 80% H20 at 25°C (pH 7.0, ionic strength 
1.0). Curves 1-7 are recorded at reaction times of 0, 6, 16, 31, 56, 
86. 240 min. 

reaction in progress were readily attributable to signals from 
either these reactants o r  the products, 1-benzylnicotinamide 
cation and 1,4-dihydro-1-methylnicotinonitrile, by comparison 
with the spectra of genuine samples of each of these four 
species in this solvent system. There were no extraneous sig- 
nals which might have been attributable to reaction inter- 
mediates. Signal integrations indicated no exchange with sol- 
vent deuterium during the course of this reaction. In particular, 
the multiplet centered at 6 3.00 ppm and attributable to the C-4 
methylene group of  the 1,4-dihydro- 1-methylnicotinonitrile 
product integrates for two hydrogen atoms, and the signal for 
H-5 also has the appropriate multiplicity for coupling with two 
protons at C-4. It is thus clear that this formal hydride transfer 
reaction occurs without exchange of the migrating hydrogen 
atom with solvent deuterium. 

Kinetic studies 
Rates of all reactions were studied spectrophotometrically in 

the presence of limiting concentrations of the 1,4-dihydro- 
nicotinamide reductant and 10- to 400-fold excesses of the 
nicotinonitrile cations in 20% CH,CN - 80% H 2 0 ,  ionic 
strength 1.0 at 25°C. Under these conditions, all reactions 
proved to be kinetically first order in reductant over greater 
than 90% reaction. Pseudo-first-order rate constants were eval- 
uated, and found to be  strictly proportional to nicotinonitrile 
cation concentration in each case. This allowed the evaluation 
of the second-order rate constants (k2) reported in Table 1. 

Rates of reduction of the 1-methylnicotinonitrile and 
1-(4-cyanobenzy1)-nicotinonitrile cations by 1-benzyl-4,4- 
dideuterio- l,4-dihydronicotinamide were also measured 
(Table 1). These data allow the evaluation of  the (predom- 
inantly) primary kinetic isotope effects of k,H/k2D = 3.0 +- 0 . 3  
and 2.7 It- 0.1 respectively. 

The  substituent effects on k2 reported in Table 1 are closely 
correlated with the Hammett u constants for the X and 
Z substituents. Thus, for the reaction of 1-benzyl-1,4- 
dihydronicotinamide with a series of 1-(Z-benzy1)nico- 
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TABLE 1 .  Second-order rate constants for the reduc- 
tion of I-(Z-benzyl)nicotinonitrile cations (2) by 

I -(X-benzy1)- 1.4-dihydronicotinamides (I)" 

X Z kz (M-' s-I) 

"Data in 20% CH,CN - 80% HzO, pH 7.0 (5 mM phos- 
phate), ionic strength 1 .O, 25°C. 

"Data for I-benzyl-4.4-dideuterio- 1,4-dihydronicotina- 
mide. 

"Data for 3-cyano-I-methylpyridinium cation. 

tinonitrile cations, eq. [2] is obtained. 

[2] log k2 = 0.63(+0.03)uZ - 1.05(+0.01) 

(corr. coeff. = 0.996) 

For the reduction of the 1-(4-cyanobenzyl)nicotinonitrile cation 
by a series of 1 -(X-benzy1)- l,4-dihydronicotinamides the cor- 
relation eq. [3] is obtained. 

[3] log k2 = -0 .64(~0 .05)uX - 0.65(20.02) 

(corr. coeff. = 0.982) 

We have also investigated the equilibrium between the 
1-benzylnicotinonitrile cation and 1-benzyl-4-cyano- l,4- 
dihydronicotinonitrile in the presence of cyanide ion. We find 
a dissociation constant of 9.2(?0.5) X M for this equi- 
librium in aqueous solution under the same conditions as pre- 
viously used for evaluation of the analogous equilibrium for 
1-benzylnicotinamide cations (9). The dissociation constant for 
1-benzyl-4-cyano-l,4-dihydronicotinamide under these con- 
ditions is 0.41 M (9). 

Discussion 
The electronic and 'Hmr spectral data reported above are 

both consistent with the 1,4-dihydronicotinonitriles being the 
predominant products of the reaction of these nicotinonitrile 
cations with 1-benzyl- l,4-dihydronicotinamides. We cannot of 
course rule out the presence of minor amounts (<5%) of the 
corresponding 1,2-dihydro- and 1,6-dihydro-nicotinonitriles in 
the products. This observation is consistent with previous 
studies which have indicated that 1,4-dihydronicotinamides 
cleanly transfer hydride to C-4 of other nicotinamide cations 
and 3-acetylpyridinium cations (6, 11 - 17). There seems to be 
just one report of the formation of a 1,6-dihydropyridine in a 
1,4-dihydronicotinamide reduction of a C-3 substituted pyri- 
dinium cation; Minato et al. (18) have reported the establish- 
ment of a 4 : 1 equilibrium mixture of 1,4-dihydro- 1 -methyl- 
nicotinamide and its 1,6-dihydro isomer when the former 

isomer is treated with the 1-methylnicotinamide cation in DzO 
at 34°C. 

The clean isosbestic points observed in Fig. 1, and the lack 
of any extraneous signals in the 'Hmr spectra indicate the 
absence of any significant concentration of intermediate 
species in these reactions. While this observation does not 
unconditionally rule out 1,2- or 1,6-dihydronicotinonitriles as 
intermediates in these reactions, it does put very stringent 
requirements on rates of reactions leading to, and from, such 
potential intermediates. Thus both their formation and also 
their subsequent reaction with a further nicotinonitrile cation 
would have to be much faster than the rate of the overall 
reaction to prevent the accumulation of significant concen- 
trations of these species. These conditions are inconsistent with 
the observations of Minato et al. (18) mentioned above: the > ,  

second-order rate constant for the equilibration of the 
1,4-dihydro- and 1,6-dihydro- 1 -methylnicotinamides via reac- 
tion with the 1-methylnicotinamide cation is several orders of 
magnitude smaller than observed for the current reactions in 
Table 1. Furthermore, van Eikeren and Grier (6) report that the 
transfer of deuterium from 1 -benzyl-4,4-dideuterio- 1,4- 
dihydronicotinamide to C-4 of the 1-ben~~lnicotinamide cation 
occurs without any exchange at C-2 or C-6. We therefore feel 
that we can safely rule out the 1,2-dihydro and 1,6-dihydro 
isomers as intermediates in the formation of the 1,4- 
dihydronicotinonitriles in the current reaction. 

The second-order rate constant for reaction of 1 -benzyl- 1,4- 
dihydronicotinamide with the 1-benzylnicotinonitrile cation 
(0.092 M-' s-' at 25°C (Table 1)) is at least 50-fold greater than 
the rate constant reported by van Eikeren and Grier (6) for the 
degenerate hydride transfer between 1 -benzyl- l,4-dihydro- 
nicotinamide and the 1-benzylnicotinamide cation (0.002 M-I 
s- '  in 25% CH3CN - 75% H20 at 40°C). This is consistent with 
the greater electrophilicity of the former cation than that of the 
latter; for instance the equilibrium constant for cyanide ion 
addition at C-4 is 450-fold larger for the 1-benzylnicotinonitrile 
cation than for the 1-benzylnicotinamide cation. The 5-fold 
greater rate of attack on the 1 -benzylnicotinonitrile cation than 
on the corresponding 1-methyl cation (Table 1) is also consis- 
tent with the relative susceptibilities of N-methyl and N-benzyl 
heteroaromatic cations to nucleophilic attack. 

Reduction of the 1-methylnicotinonitrile cation (k2 = 0.018 
M - ~  s - ~  (Table 1)) by 1-benzyl-1,4-dihydronicotinamide 

occurs much more slowly than for the 1-methyl-3-cyano- 
quinolinium cation (121 M-' s-' (1) under the current experi- 
mental conditions). We have also shown (1) that the second- 
order rate constants for reduction of 1-methylquinolinium 
cations at C-4 are correlated with the pKR+ values for these 
cations by eq. [4]. 

The direct estimation of pKR+ for pseudobase formation by 
nicotinonitrile cations is difficult since these cations readily 
undergo a variety of decomposition reactions in aqueous base 
(19-2 1). However, we can estimate pKR+ for pseudobase for- 
mation at C-4 of the 1-methylnicotinonitrile cation to be 
approximately 12.8 from the known pKR+ of 13.3 for the 
3-acetyl-1-methylpyridinium cation (22) and the relative af- 
finities of these two cations for cyanide ion addition at C-4. Use 
of pKR+ = 12.8 in eq. [4] then allows a prediction of k2 = 
2 M-' s-', which is 100-fold larger than the value actually 
observed. Thus the linear free energy relationship established 
for quinolinium cations does not seem to be applicable to the 
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dihydronicotinamide reduction of pyridinium cations. It is not 
clear at present whether this result is due to inherent differences 
in the reactivities of pyridinium and quinolinium cations or, 
alternatively, to differences in the mechanisms of reduction for 
these two series of heterocyclic cations. 

A further difference between the 1,4-dihydronicotinamide 
reductions of pyridinium and quinolinium cations can be found 
in the primary deuterium kinetic isotope effects for these reac- 
tions. The relationship in eq. [5] has been established (1) for 
the C-4 reduction of quinolinium cations by I-benzyl-l,4- 
dihydronicotinamide and its 4,4-dideuterio derivative. 

Application of this relationship to the reduction of the 
1 -methylnicotinonitrile cation (pKR+ = 12.8 estimated above) 
and the I-(4-cyanobenzyl)nicotinonitrile cation (estimated 
pKR+ = 11.2) gives k2H/k2D = 4.9 and 4.0, respectively. These 
estimates are somewhat larger than the experimental values of 
3.0 and 2.7. These experimental isotope effects are also much 
smaller than found for the I-benzyl-l,4-dihydronicotinamide 
reduction of the 2-benzyl-5-nitroisoquinolinium cation 
(k2H/k2D = 6.6 (2)) which has pKR+ = 1 1.3 (23) and is reduced 
at a similar rate (k2 = 0.4 M-' s-' (2)) to the 1- 
(4-cyanobenzyl)nicotinonitrile cation (k2 = 0.246 M-' s- '  
(Table 1)). 

Comparison of the Hammett p values in eqs. [2] and [3] with 
the equilibrium p = 0.95 for unit positive charge neutralization 
in nicotinamide cations (9) indicates that positive charge devel- 
opment is about 65% complete on the nicotinamide moiety in 
the rate-determining transition state, and that charge neutral- 
ization is also about 65% complete on the nicotinonitrile moiety 
in this transition state.2 This exact balance between charge 
creation and neutralization on the hydride donor and acceptor 
respectively is quite different from the situation found in anal- 
ogous studies of the 1,4-dihydronicotinamide reductions of 
5-nitroisoquinolinium (2) and 3,4-dihydroisoquinolinium 
cations (4). In these cases, positive charge development on the 
hydride donor "gets ahead" of charge neutralization on the 
hydride acceptor, and results in a fractional negative charge 
(0.3-0.4 unit charge) being borne by the migrating hydrogen 
atom in the transition state. The similarity of the two p values 
in eqs. [2] and [3] indicates that the migrating hydrogen atom 
must be essentially electrically neutral in the transition state for 
the reaction in the current study. 

The mechanism of the degenerate transhydrogenation be- 
tween 1-benzyl- l,4-dihydronicotinamide and the l-benzyl- 
nicotinamide cation has been interpreted by van Eikeren et al. 
(6, 7) as involving successive electron, proton, and electron 
transfer steps, with the proton transfer being rate determining 
as indicated by the primary deuterium kinetic isotope effect of 
6.2. The current data for the reduction of nicotinonitrile cations 
can be accommodated by such a mechanism provided that 

2The assumptions inherent in the conversion of Hammett p values 
to fractional charges have been detailed previously (2). 

neither the initial electron transfer, nor the proton transfer, are 
clearly rate determining, and provided the migrating proton is 
not assigned any electron deficiency (i.e. no fractional positive 
charge). Such a mechanism is outlined in Scheme I ,  and in 
simplified form in eq. [6], where A and B represent the appro- 
priate radical - radical cation caged species and it is assumed 
that the kc step is essentially irreversible. 

Assuming steady-state concentrations of A and B in eq. [6], 
one derives an overall second-order rate constant: 

kakbkc 
[71 k2 = 

k-,(k-b + k,) + kbkC 

Clearly, neither k, nor k, can be cleanly rate determining, since 
either of these conditions would require k2H/k2D close to unity. 
On the other hand, if kb were cleanly rate determining the initial 
electron transfer would be a rapid pre-equilibrium, and the 
Hammett p values would be expected to reflect complete unit 
charge generation and neutralization in the hydride donor and 
acceptor respectively, and also k2H/k2D would be expected to 
be larger than is observed. 

The small isotope effects upon k,, k-,, and kc may be neg- 
lected, and the general expression for k2H/k2D then becomes 

and for the condition kc >> k-,, this further simplifies to 

Equations [8] and [9] both predict experimentally observed 
isotope effects less than the true isotope effect (kbH/kbD) for the 
proton transfer step. 

The alternative mechanism of electron followed by hydrogen 
atom transfer (eq. [lo]) leads to eq. [I I] for k2, and also 
predicts eq. [9] for k2H/k2D. 

For this case, also, kIH/kZD is too large to allow k, to be cleanly 
rate determining. Again, a cleanly rate-determining kb would 
be inconsistent with the observed magnitude of the p values. 

We have a situation then in which the mechanisms of eqs. [6] 
and [lo] cannot be readily distinguished via substituent effects 
and isotope effects if more than one rate constant contributes 
significantly to the observed k2. The e -  + H + + e -  process of 
eq. [6] has the precedent of the related transhydrogenation 
between nicotinamide species studied by van Eikeren and Grier 
(6). On the other hand, the e -  + H ' process of eq. [lo] is 
particularly attractive in the light of the requirement for an 
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electrically neutral migrating hydrogen species in the rate- 
determining transition state. 'This latter mechanism has also 
been proposed as a rationalization of the substituent effects and 
isotope effects found in the reduction of acridinium cations by 
1,4-dihydronicotinamides in aqueous solutions (5). 

Additionally, we cannot unambiguously rule out a direct 
one-step hydride transfer mechanism for these nicotinonitrile 
cation reductions at the present time, although the measured 
primary isotope effects in these reactions are somewhat less 
than the range found for analogous reactions which are believed 
to be genuine one-step hydride transfer processes (1 5, 24, 25). 
We note that k2 for C-4 reduction of nicotinonitrile cations is of 
the order predicted from the linear free energy relationship (eq. 
[12]) established (3) for reduction of isoquinolinium cations by 
I-benzyl-l,4-dihydronicotinamide. Such isoquinolinium ca- 
tion reductions have been established to occur via direct one- 
step hydride transfers. 

However, the current linear free energy relationships (eqs. [2] 
and [3]) indicate that, unlike isoquinolinium cation reductions, 
the migrating hydrogen species in nicotinonitrile cation reduc- 
tions does not bear any significant excess negative charge in the 
transition state. 
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in tricyclic ketones 

ARTHUR J .  RAGAUSKAS A N D  J .  B. STOTHERS 
Deparfmenf of Chemisfry, University of Western Onfario, London, Onf., Canada N6A 587 

Received October 15. 1984 

ARTHUR J.  RAGAUSKAS and J. B. STOTHERS. Can. J .  Chem. 63, 1250 (1985). 
The behavior of the exo and endo isomers of 7,7-dimethyltricyclo[3.3.1.0'~"]nonan-6-one (5, 6) under strongly basic 

conditions (f-BuO-/f-BuOH/I85"C) has been examined. In sharp contrast to their 13.2. 1.0'.4] analogs, the endo isomer is 
stable while the exo readily rearranges to 8,8-dimethyltricyclo-[4.3.0.02~4]nonan-7-one (16). Experiments were carried out in 
fert-butyl alcohol-0-dl to establish the sites of deuterium incorporation in the initial ketones as well as the relative rates and 
stereoselectivities of the exchange processes. Ketones 5 and 6 were prepared through ring expansion by ketonization of 
cyclopropoxides generated from the [3.2.1 .O] homologs; the stereochemistry of these ketonizations was established by 'H 
labelling. 

ARTHUR J. RAGAUSKAS et J .  B. STOTHERS. Can. J .  Chem. 63, 1250 (1985). 
On a ttudit le comportement des isomkres exo et endo (5 et 6) de la dimtthyl-7,7 tricyclo[3.3.1 .0'.4]nonanone-6 dans des 

conditions fortement basiques (1-BuO-/I-BuOH/I85"C). Par opposition au comportement de leurs analogues [3.2. 1.02.4], 
I'isomkre endo est stable alors que le produit exo se transpose facilement en dimethyl-8,8 tricyclo[4.3.0.02~4]nonanone-7 (16). 
On a realist des experiences dans le fert-butanol-0-dl afin de dtterminer les sites d'incorporation du deuttrium dans les cCtones 
initiales ainsi que les vitesses relatives et les sttr~osClectivitts des processus d'echanges. On a prtpare les cttones 5 et 6 grdce 
2 une extension de cycle par le biais d'une cttonisation de cyclopropoxydes g&nCrCs partir des analogues [3.2.1.0]; on a 
determint la sttrtochimie de ces cetonisations grdce a des marquages au 'H. 

[Traduit par le journal] 

Introduction 
Since the discovery of homoenolization ( l ) ,  several 

examples for both acyclic and polycyclic monoketones have 
been found in which proton abstraction occurs from centres 
other than the a-carbons in ketones under strongly basic condi- 
tions (2). For most of these systems, proton abstraction from 
P-carbons, or p-enolization, has been observed, but there are 
a few examples of y-enolization. The removal of a remote 
proton can lead to skeletal rearrangement and (or) deuterium 
exchange, if the reaction is carried out in a deuterated medium. 
The factors governing the regioselectivity and relative reac- 
tivity of such proton abstractions are of considerable interest 
since, in principle, the rearrangements (isomerizations) can 
provide a means of generating carbon skeletons which are not 
readily accessible through other routes. Some examples of the 
use of p-enolization in the syntheses of some naturally occur- 
ring carbon skeletons from more readily available systems have 
been described (3-5). With a better understanding of both the 
regioselectivity and stereoselectivity of P- and y-enolization 
the scope of their synthetic applications could be enhanced. 

Earlier, we reported the unidirectional conversion of 3,3-di- 
methylbicyclo[3.2.l]octan-2-one ( I )  to the isomeric [3.3.0] 
system 2 (6) and of 7,7-dimethyl-endo-tricyclo[3.2.1 .02-4]- 
octan-6-one (3) to 4,4-dimethyltricyclo[3.3.0.02.8]octan-3-one 
(4) (7) as examples of P- and y-enolization, respectively. To 
examine the question of relative reactivity in a closely related 
system, we elected to study the behavior of the 7,7-dimethyl- 

I tricyclo[3.3.1 .O2.']nonan-6-ones, under typical homoenoliza- 
tion conditions, t-BuO-/t-BuOH at 185OC. By analogy with 1 

l and 3, one could envisage proton abstraction to occur from C-3 
and C-9 in the endo isomer 5, constituting an intramolecular 
competition between y- and p-enolization, respectively, while 
a comparison of the behavior of the exo isomer 6 with that of 
the exo counterpart of 3 was of interest because of the some- 

'For part 1 13 see ref. 5. 

what surprising H/D exchange results found for the latter (7). 
For this reason, the sites and stereoselectivity of proton abstrac- 
tion in 5 and 6 were established by the requisite HID exchange 
experiments. The results of these experiments with 5 and 6 are 
described in this paper. 

Results and discussion 
Syntheses 

The preparation of 5 and 6 was accomplished by ring expan- 
sion of the lower homologs in the [3.2.1 .02.4] series through 
cyclopropanation of the en01 ethers followed by base-catalyzed 
ketonization of the corresponding cyclopropoxides, as illus- 
trated by 7a + 10 for the exo series, and a,a-dimethylation of 
the resulting ketones. The I3Cmr data for each of the inter- 
mediates in this sequence for the exo and endo series are listed 
in Table 1. Some stereochemical features of the conversion of 
8 + 10 merit comment. 
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TABLE 1. I3C shieldings" of the intermediates in the preparation of 5 and 6 

Compound C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 Other 

- - 

"In ppm from TMS for CDCI, solutions unless otherwise indicated. 
*In C6D6 solution. 
'For ease o f  comparison o f  the data, the unconventional numbering shown for 9 has been used. 
"Assignments confirmed '"{'H) correlation (see text). 

OTMS OTMS 

Since finding that this sequence provides an efficient means 
of ring expansion for a variety of polycyclic ketones (8), we 
have accumulated more than two dozen examples (3 ,5 ,9)  and 
in each case a single cyclopropanation product was obtained. 
The stereochemical assignment for 9 followed from its I3Cmr 
spectrum, which contained three methylene signals at 6, 6.3, 
15.4, and 18.1 which were assigned to C-3, -7, and -9, re- 
~pectively.~ The high field positions of these absorptions is 
only consistent with cyclopropanation at the exo face of 8 since 
an endo cyclopropyl ring in these systems tends to deshield C-9 
substantially (10) such that its absorption would be expected to 
be near Sc 40. For the corresponding cyclopropanation product 
11 in the endo series leading to 5, the three methylene carbons 

absorb at 10.0, 19.0, and 45.5 (C-3, -7, and -9, respectively2); 
these shieldings agree reasonably with the methylene data for 
12 (10) after allowance for the presence of the endo oxygen in 
11. Hence we conclude that exo cyclopropanation also occurs 
in the endo series. 

Upon cleavage of the trimethylsilyl ethers with base, the 

'For ease of comparison of the shielding data listed in Table 1, the 
unconventional numbering scheme shown in 9 has been employed for 
9 and 11. 

resulting cyclopropoxides can ketonize in two ways, either to 
produce the a-methyl derivative of the initial ketone or to 
undergo ring expansion to the homologous ketone. We could 
anticipate that the cleavage of 9 would favor ring expansion to 
10 rather than generation of 76,  on the basis of earlier results 
in related systems (8). In the event, treatment of both 9 and 11 
with NaOH-MeOH at 0°C furnished single ketones having no 
methyl absorption in their 'H and I3Cmr spectra. Although 
cleavage of the corresponding cyclopropyl TMS ether from 
norcamphor leads predominantly to ring expansion, the product 
contains 12% of 3-methylnorcamphor. Presumably the fact that 
10 and its endo counterpart are less strained than 76  and its 
endo isomer governs the course of the ketonization of 9 and 11, 
since it has been demonstrated that the process is subject to 
thermodynamic control (2, 1 1). 

The opening of the cyclopropoxide anion 13, generated by 
base-catalysed cleavage of TMS ether 9, can proceed in either 
of two ways, i.e. with retention or inversion of configuration. 
These are shown as a and b in Scheme I,  to illustrate that the 
stereochemistry of the process can be determined by cleavage 
in a deuterated medium. While, in general, ketonizations of 
cyclopropoxides in polycyclic systems have been found to un- 
dergo inversion of configuration, there are some strained sys- 
tems which exhibit retention (2). Thus it was of interest to 
establish the point in the present cases. To distinguish between 
paths a and b, 9 was cleaved in KODIr-BuOD and the product 
treated with KOH/MeOH to back-exchange the a-deuterium 
picked up by exchange after the cleavage. The I3Cmr spectrum 
of a 1 : 1 mixture of the 10-dl obtained in this manner and 10 
was recorded to determine the stereochemistry of the deuterium 
atom at C-8 in the latter material, since the magnitude of vicinal 
'H-I3C coupling interactions and the 'H-induced isotope shifts 
depends on the relative orientation of the two nuclei (12). From 
this spectrum exo-deuterium incorporation was revealed; the 
observed isotope effects on the "C shieldings in ppb and the 
resolved couplings are shown in 10-X. A key feature is the fact 
that vicinal '3C-2H coupling was readily apparent for the cy- 
clopropyl methine carbon (C-2) with J = 1.5 Hz, while the C-9 
signal was only slightly broadened; this is consistent with 
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trast, for a boat-like conformation of the six-membered ring, as 
is likely for 14-dl, this dihedral angle will be reduced to - 120". 

deuterium antiperiplanar to C-2 and, therefore, in the exo- 
orientation. To confirm this assignment, a sample of 
[7,7-2H2]-7a was converted to 18-'HI]-9 which was sub- 
sequently opened with NaOH/MeOH to form 10-dl. The I3Cmr 
spectrum of a 1 : 1 mixture of this material and 10 revealed the 
'H effects shown for 10-N (Scheme 1). In this case, C-9 ex- 
hibited vicinal coupling of 1.4 Hz while the C-2 signal was 
only broadened by the deuterium, indicating that C-9 and the 
deuterium atom are antiperiplanar. These results establish that 
the cleavage of 13 proceeds with inversion. Treatment of 11 
with KODIt-BuOD followed by back-exchange with KOH/ 
MeOH gave 14-dl for which the 'H effects in its I3Cmr spec- 

14-dl 

trum are shown. These constitute good evidence for the pres- 
ence of exo-deuterium at C-8 and, hence, for inversion of 
configuration upon homoketonization of the cyclopropoxide 
generated from 11. 

For 10-X and 14-dl it may be noted that the 'H-induced shifts 
as well as the 'H-I3C vicinal coupling with C-2 differ, pre- 
sumably reflecting conformational differences in the two ring 
systems. In 14, the endo disposition of C-3 will preclude a 
chair conformation for the six-membered ring which is prob- 
ably the favored arrangement for 10 and in which the dihedral 
angle relating an exo-8-deuterium and C-2 is - 180". In con- 

Honzoenolization experiments 
The behavior of 5 under homoenolization conditions was 

examined initially following our usual procedures (13); 5 was 
dissolved in anhydrous t-BuO-/t-BuOH and aliquots were 
transferred to predried glass tubes under nitrogen, which were 
sealed and heated at r 180°C for varying periods of time. The 
neutral product (-80% yields) was isolated and analyzed by 
gas-liquid chromatography (glc). In each case, the starting 
material was recovered unchanged and there was no indication 
of the formation of isomeric material in the neutral fraction 
even after >200 h at 185°C. 

In contrast, under the same conditions and with the same 
batch of t-BuO-It-BuOH employed for some of the experi- 
ments with 5, the exo-tricyclic ketone 6 was smoothly trans- 
formed to a new isomeric ketone which contained a cyclo- 
pentanone moiety on the basis of its carbonyl absorption data 
(1730 cm-I, Sc 223.9). The half-life for the disappearance of 
6 and the appearance of the new ketone was found to be ca. 
75 h at 180°C. The I3C spectrum of the product contained ten 

signals in addition to the carbonyl peak, Sc (CDCI,): 24.6,25.0 
(2 x CH,), 9.0, 30.3,43.2 (3 x CH,), 16.4, 23.2,41.3,47.3 
(4 X CH), and 47.7 (quat. C). From these data the ketone could 
be tentatively assigned structure 16 which could arise by proton 
abstraction from C-9 of 6 to generate p-enolate 15, or its 
equivalent, subsequently opening with protonation at the orig- 
inal C-5 site. This rearrangement is constrained to give the cis, 
anti, cis-tricycl0[4.3.0.0~~~]nonane skeleton. 

To confirm this structure and the initial I3Crnr signal assign- 
ments, a sample of the ketone was treated with MeONa/MeOD 
under mild conditions. Mass spectrometry indicated that ex- 
change occurred at a single site (99.5% dl) and in the I3C 
spectrum of the recovered material the 6 47.3 a-methine signal 
was transformed to a 1 : 1 : 1 triplet, JcD = 20.8 Hz, shifted 
upfield by 356 ppb. Precise isotope shifts for the signals of the 
neighboring carbons were obtained from the spectrum of a 1 : 1 
mixture of 16 and 16-dl; these data are shown in the formula 
with the isotope shifts (in ppb) given in parentheses; these are 
entirely consistent with expectations for the assigned structure. 
As a final confirmation of structure 16, the individual coupling 
constants for the sp3 carbons in the skeleton were determined 
from its INADEQUATE spectrum (14); these results are sum- 
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marized in 16A with the J values in parentheses. Since these 
spectra were run in C6D6 the shielding differ slightly from 
those given with 16-dl in CDC13. 

The 'H spectrum of 16 contained eight one-proton multi- 
plets, one two-proton pattern, and two methyl singlets, 6 1.097 
and 1.0 13. The cyclopropyl methylene protons appeared at 
highest field, 6 0.015 (syn-3-H, d(t), J = 5.1, 3.9 Hz) and 
0.460 (anti-3-H, d(t), J = 5.1, 7.9 Hz), while the cyclopropyl 
methine protons gave rise to a complex multiplet, 6 
1.24-1.38. The lowest field multiplet, 6 2.73 (d(t), J = 7.4, 
11.2 Hz), was assigned to H-1 with a somewhat broadened 
pattern, 6 2.404 (ddd, J = 7.4, 9.2, 10.0 Hz), arising from 
H-6. A clear doublet of doublets, 6 2.156 ( J  = 10.0, 13.0 Hz), 
and an ill-defined 8-line pattern, 6 1.720, were assigned to the 
5-protons while a clean multiplet, 6 1.995 (ddd, J = 1.6, 7.4, 
12.8 Hz), and a somewhat broadened doublet of doublets, 6 
1.492 ( J  = 1 1.2, 12.8 Hz), could be ascribed to the 9-protons. 
These 'H assignments were confirmed by a l3C('H) two- 
dimensional heteronuclear correlation experiment. 

The stability of 5 under these strongly basic conditions 
stands in direct contrast to the behavior of 1 and 3, which are 
smoothly transformed to 2 and 4, respectively, upon treatment 
with t-BuO-It-BuOH at elevated temperatures (6,7). Our orig- 
inal notion that 5 could conceivably provide an intramolecular 
competition for p- and y-enolization was clearly incorrect and 
more subtle factors must play a role in governing isomerization 
via homoenolization. By analogy with 1, in which proton ab- 
straction from C-8 leads to rearrangement to form 2, we antic- 
ipated that abstraction from C-9 in 5 would give the corre- 
sponding rearrangement product, while proton abstraction 
from C-3 could provide the [4.3.0.0] homolog of 4, but there 
is no evidence of formation of isomeric material. On the other 
hand, 6 is smoothly converted to 16, a rearrangement which is 
strictly analogous to the 1 + 2 conversion and which must 
involve proton abstraction from C-9 in 6, as noted above, to 
form 15 with subsequent opening to 16. The difference in 
behavior of 5 and 6 suggests that the relative orientation of the 
carbonyl group and C-9 must be highly important. While the 
six-membered ring in 6 can adopt a chair conformation, this 
arrangement is precluded for 5 because the endo-orientation of 
C-3 and its six-membered ring presumably assumes a boat-like 
conformation. An inspection of molecular models indicates 
that the dihedral angle between C-9 and the carbonyl oxygen 
increases from ca. 120" to ca. 170" with the chair-to-boat 
change for the six-membered ring in 6 and 5, respectively. This 
change tips the T-system of the carbonyl group away from C-9, 
thereby rendering potential overlap with a developing car- 
banionic centre at C-9 less likely. It seems reasonable to sug- 
gest that this difference in the relative orientation of the car- 
bony1 group and the methano bridge carbon in 5 and 6 may 
account for the marked change in reactivity. Some experiments 
to test this suggestion are in progress. The reluctance of 5 to 

rearrange via y-enolization at C-3, in a manner analogous to 
that found for 3, is more difficult to interpret. A comparison of 
the orientation of the carbonyl group with respect to C-3 in 3 
and 5 indicates little difference except that the separation be- 
tween the carbonyl carbon and C-3 is ca. 10% greater in 5. It 
may be noted that, from Dreiding models, the distance between 
C-9 and the carbonyl carbon in 6 is comparable to that between 
C-3 and the carbonyl carbon in 3, both of which isomerize 
under the reaction conditions. It may be relevant that there is 
a similar separation between the carbonyl carbon and the 
methylene carbon involved in the y-enolate rearrangement of 
half-cage ketone 17 to 18, which was the first example of this 

phenomenon (15). At the present time, we lack an alternative 
rationalization for the failure of 5 to undergo y-enolate re- 
arrangement and can only suggest that the separation between 
the carbonyl group and C-3 exceeds some critical value re- 
quired for effective interaction of the carbonyl group with an 
incipient carbanionic centre. To gain further insight into the 
behavior of 5 and 6 under our reaction conditions, the results 
of HID exchange experiments were also examined. 

HID exchange experiments 
Although ketone 5 was found to be stable under strongly 

basic conditions, this does not preclude the occurrence of HID 
exchange and, thus, it was of interest to examine samples after 
treatment with t-BuO-It-BuOD at 185°C for various times. 
After 88 h, recovered 5-d, was found to contain 3.96 atoms 
2H/molecule by mass spectrometry and 'Hmr revealed five 
sites of incorporation; the relative amounts for each were deter- 
mined by integration. The 'Hmr signals and 'H content were 
found to be 6 0.42 (0.64), 0.60 (0.16), 0.93 (1.66), 1.52 
(0.75), 2.77 (0.75). The 'Hmr spectrum of 5 contained methyl 
singlets at 6 0.930 and 1.060 which correlate with the I3C 
methyl signals at tic 19.2 and 11.2, respectively, and can be 
assigned to the exo- and endo-methyl groups, respectively. 
Thus, 5 undergoes exchange at the exo-methyl site preferen- 
tially, as expected by analogy with several related systems. In 
addition, the bridgehead protons H- 1 and -5 gave rise to multi- 
plets at 6 2.405 and 2.765, respectively, while the methano 
bridge protons at C-9 appeared at 6 1.767 and 1.858, JAB = 
11.5 Hz. The 3-methylene protons absorb at 6 0.416 and 
0.603, JAB = 6.3 Hz, with the higher field component ex- 
hibiting additional couplings of 8.1 Hz to two protons and 
1.8 Hz to one other proton; the lower field component contain- 
ed a coupling of 3.6 Hz to two other protons. The higher field 
absorption, 6 0.416, therefore, was assigned to the exo-3- 
proton since it is well-established that Jci, > J,,,,,, for vicinal 
coupling in cyclopropyl rings (16); the small 1.8-Hz coupling 
was subsequently shown to involve the H-9 absorption at 6 
1.858, by spin decoupling, thus identifying the latter as the syn 
  rot on. A somewhat broadened doublet, 6 1.102, J = 14.5 Hz, 
and a doublet of doublets, 6 1.418, J = 7.5 and 14.5 Hz, could 
be readily ascribed to the endo- and exo-protons on C-8, while 
the remaining absorptions, a pair of multiplets at 6 1.403 and 
1.518, arise from H-2 and -4, respectively. From these data, it 
was concluded that deuterium exchange occurred at C-3, -4, -5, 
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and the exo-methyl sites in 5. 
Confirmation for these sites of exchange was obtained by 

examination of the I3C spectra of the 5-d, samples. Character- 
istic triplets, centred upfield from the normal 5 signals, arising 
by one-bond I3C-'H coupling were apparent for the bridge- 
head C-5 (Jco = 19.6 Hz, isotope shift (A) = 398 ppb), the 
cyclopropyl methine C-4 (JcD = 26.5 Hz, A = 404 ppb), the 
C-3 methylene (JcD = 24.2 Hz, A = 292 ppb), and the exo- 
methyl carbon (JcD = 19.5 Hz, A = 287 ppb), while the 
remaining absorptions exhibited the effects typical of deu- 
terium substitution at neighboring carbons. Precise mea- 
surements of the 'H-induced shifts for each of the patterns were 
accomplished by examination of the spectra of 1 : 1 mixtures of 
5 and 5-d,. The exo-methyl absorption consisted of the original 
singlet at 6c 34.0 and a pair of triplets, the signals of which 
were separated by 17 ppb. This small shift is attributable to the 
long range effect of deuterium at C-5. The endo-methyl absorp- 
tion contained singlets for species containing deuterium at C-5 
and at the exo-methyl carbon, with isotope shifts of 24 and 
30 ppb, respectively. The quaternary C-7 pattern also consisted 
of three singlets because of isotope shifts in the corresponding 
deuterated species; these effects are 29 (C-5) and 64 (exo-Me) 
ppb. Similarly, the 8-methylene carbon pattern contained com- 
ponents exhibiting isotope shifts of 24 and 30 ppb while the C- 1 
pattern appeared to contain similar components but was too 
ill-resolved to permit precise measurements, presumably be- 
cause of small isotope shifts and weak I3C-'H coupling in the 
various deuterated species. The absorption for C-2 contained 
three isotope-shifted components ascribable to species having 
deuterium at C-3 (1 14 ppb), at C-4 (84 ppb), and at both C-3 
and -4. A similar pattern was found for C-9 because of deu- 
terium at C-5 (68 ppb) and at C-4 (21 ppb). The isotope shifts 
in ppb for the remaining centres were found to be: C-3, 121 
(C-4), 23 (C-5); C-4, 76 (C-3), 82 (C-5); C-5, 86 (C-4), 23 
(C-3). These I3C data establish the presence of deuterium at 
C-3, -4, -5, and the exo-methyl carbon, while the 'Hmr spec- 
trum showed that both methylene protons on C-3 undergo ex- 
change, albeit at distinctly different rates. From results for a 
series of samples of 5-d,, recovered after treatment with t- 
BuO-It-BuOD at 195°C for 3, 6, 12, and 19 h, the relative 
proportions of deuterium at the various sites of exchange were 
determined; these data aided the determination of the specific 
isotope shifts noted above and permitted the extraction of ap- 
proximate first-order rate constants for the exchange processes 
which are considered later. 

To determine the regio- and stereoselectivity of proton ab- 
straction in 6 under these homoenolization conditions, a series 
of experiments in deuterated base was carried out. Samples of 
6-d, were isolated from the resulting mixtures with 16 by prep- 
arative glc after reaction times of 10, 20, and 40 h at 185OC in 
t-BuO-It-BuOD. The 40-h sample contained 1.84 atoms 
2H/molecule by mass spectrometry and its 'Hmr spectrum re- 
vealed six sites of deuterium incorporation for which the rela- 
tive amounts were measured by integration. These absorptions 
and the *H content were found at 6 0.13 (0.38), 0.28 (0.055), 
0.87 (0.18), 0.93 (0.22), 1.14 (0.11), and 2.66 (0.89). The 
'Hmr spectrum of 6 exhibited methyl singlets at 6 1.142 and 
1.11 1 ,  which were found to correlate with the I3C methyl 
signals at 6 3 1.7 and 30.4 and could be assigned to the exo- and 
endo-methyl groups, respectively, since deuterium exchange 
occurred exclusively at the former site. The bridgehead protons 
in 6 absorbed at 6 2.665 (d, J = 4.4 Hz, H-5) and 1.925 (m, 
H-1) while an AB pattern, each component of which contained 

FIG. I .  Deuterium exchange rates ( k  x 10's-I) at the various sites 
in 3 , 5 , 6  and 7c  by P- and y-enolization at 185°C in t-BuO-It-BuOD. 

additional couplings, was readily ascribed to the 8-methylene 
protons: 6 1.341 ( J  = 4.1, 14.0 Hz) and 1.480 ( J  = 2.0, 2.8, 
14.0 Hz); the latter pattern correlated with the methylene car- 
bon signal at & 45.2. A second AB pattern, each component 
of which appeared as a triplet, could be assigned to the 
3-methylene protons: 6 0.133 ( J  = 5.4, 7.7 Hz) and 0.278 ( J  
= 3.6, 5.4 Hz), and was found to correlate with the methylene 
carbon signal at 6c 6.6. The larger vicinal couplings for the 
higher field pattern show it to be due to the proton cis to the 
cyclopropyl methine protons, H-2 and -4. A third AB pattern, 
which correlated with the methylene carbon at 6c 26.0, was 
discernible for the 9-methylene protons; the higher field por- 
tion, 6 0.873, was a doublet, J = 12.5 Hz, broadened by small, 
unresolved couplings, while the lower field portion, 6 0.995, 
was partially masked by one of the two remaining multiplets, 
6 0.79 and 0.93. The latter were assigned to H-2 and -4, and 
were found to correlate with the methine carbon signals at zc 
18.8 and 17.0, respectively. An inspection of molecular 
models indicated that the dihedral angles between the syn-9- 
proton and the 1- and 5-bridgehead protons are -90". Hence 
the slightly broadened doublet at 6 0.873 could be assigned to 
syn-H-9. From these data we deduce that deuterium exchange 
occurred at C-3, -4, -5, -9, and the exo-methyl carbon. For 
further confirmation of deuterium incorporation at C-4, the C-3 
absorption in the I3Cmr spectrum of 6-d, recovered after 10 h 
was examined carefully. This pattern contained, in addition to 
a small singlet at zc 6.6 arising from non-deuterated material, 
a prominent singlet shifted upfield by 16 ppb owing to 
[5-'HI]-6, a 1 : 1 : 1 triplet, JcD = 24.2 Hz, A = 298 ppb from 
[3,5-'Hz]-6, and a weak singlet, A = 109 ppb, attributable to 
[4,5-'Hz]-6. While both methylene hydrogens at C-3 undergo 
exchange, although at distinctly different rates, only the syn- 
hydrogen at C-9 was involved. 

Approximate first-order rate constants for exchange at the 
various sites in 5 and 6 were extracted from the deuterium 
incorporation data and are given in Fig. 1, together with the 
earlier results (7) for their [3.2.l .O] analogs, 3 and 7c. In each 
case, exchange at the 3-methylene sites is highly stereo- 
selective, indicative of steric hindrance, and the rates for the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

6/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1256 CAN. J. CHEM. \. 

distillation to furnish exo-8-deuterio-10-dl (57 mg); ms: 7.7% do, 
83.1% d l ,  5.1% dZ (total 0.93 D/molecule); "Cm, see text. 

Preparation of endo-8-deuterio-10-dl (10-N) 
The sequence 7 + 10 described above was repeated using 

7,7-dideuterio-7-dz as the starting material prepared as follows. To a 
solution of NaOD/D20 (0.5 M, 9.5 mL) was added 7 (1.40 g) under 
a nitrogen atmosphere and the solution was refluxed for 22 h. The 
product was extracted with pentane (3 x 10 mL) and the combined 
extracts washed with 10% NaCl solution (3 X 10 mL). The aqueous 
portion was reextracted with pentane (30 mL) and the pentane extracts 
dried over MgS04 before removal of the solvent by distillation to 
afford 7-d2 (1.34 g). The I7Cmr spectrum of this product indicated 
almost complete exchange of the a-methylene hydrogens and this 
material was employed directly for the generation of 10-dl via 
7-deuterio-8-dl followed by cyclopropanation and ketonization as de- 
scribed above for 9 and 10. The resulting product, endo-8-deuterio- 
10-dl, was characterized by "Cm (see text) and ms: 9.3% do, 70.7% 
dl  (total 0.707 D/molecule). 

7,7-Dimethyl-exo-tricyclo[3.3.1 .02.Jjnonan-6-one (6) 
A solution of 10 (0.12 g, 0.9 mmol) in anhydrous Et20 (6 mL) was 

added to NaNH2 (0.19 g, 4.9 mmol) in Et20 (5 mL) under a N2 
atmosphere and the mixture refluxed for 4 h. After cooling, methyl 
iodide (0.33 mL, 5.3 mmol) was added and the mixture refluxed 
overnight. Methyl iodide (0.1 1 mL, 1.8 mmol) was added and the 
mixture stirred for 3 h before cooling to 0°C. Water (5 mL) was slowly 
added and the organic phase decanted. The aqueous phase was ex- 
tracted with pentane (3 X 8 mL) and the organic extracts washed with 
H20 (3 x 6 mL). The combined washings were reextracted with 
pentane (10 mL). The combined extracts were dried over MgS04 
before removal of the solvent which furnished crude 6. Pure 6 
(0.11 g, 76%) was obtained by column chromatography on alumina 
using pentane-ether, 90: 10, as eluent; ir (CHC1,): 1712 cm-' 
(C=O); 'Hmr, see text; I3Cmr, see Table 1. Exact Mass calcd. for 
Cl lHI60:  164.1201; found: 164.1 198. 

7,7-Dimethyl-endo-tricyclo[3.3.1 .02.4]nonan-6-one (5) 
The analogous sequence described for 6 was employed for the 

preparation of 5. 
(i) 6-Trimethylsilyloxy-endo-tricyclo[3.2.1 .02.4]oct-6-ene was ob- 

tained from the corresponding ketone (0.719 g, 5.8 mmol) using LDA 
(diisopropyl amine (1.30 mL, 9.3 mmol), THF (I3 mL), n-BuLi (2.26 
M, 3.60 mL) at -78°C) and trimethylsilyl chloride (1.20 mL, 9.5 
mmol), Et3N (0.45 mL, 3.2 mmol), and THF as described in detail 
above for 8. The desired en01 ether was purified by bulb-to-bulb 
distillation (bp 114- 122"C/17 Torr) to yield 0.79 g (70% yield) for 

. . which glc (FFAP) indicated a purity of >98%; ir (CHCI,); 1610 cm-I 
(C=C);'Hmr (CDCI,) 6: 0.30 (s, 9H, Me&), 0.5-2.0 (complex 
absorption, 6H), 2.62, 2.72 (overlapping m, IH each), 4.62 (bd, IH, 
H-7); I3Cmr, see Table I .  ExactMass calcd. for CI  ,HI,OSi: 194.1 127; 
found: 194.1 123. 

(ii) Cyclopropanation of this en01 ether was accomplished using a 
Zn/Ag couple (0.87 g, 13 mmol), methylene iodide (0.59 mL, 7.3 
mmol) in Et20 (2 mL), and the work-up described for 9. This pro- 
cedure furnished 11 (0.70 g) which glc indicated to be >90% pure. 
Preparative glc (SE-30) furnished pure samples for characterization 
and for the following step in the sequence; 'Hmr (CDCI,) 6: 0.18 (s, 
9H, Me,Si) with one-proton multiplets at 0.36, 0.88, 2.1 I, 2.18, and 
2.33 and two-proton multiplets at 0.71, 1.25, and 1.29; '"m, see 
Table 1. Exact Mass calcd. for ClzHzoOSi: 208.1283; found: 
208.1277. 

(iii) Tetracyclic ether 11 was ketonized in 90% yield with meth- 
anolic NaOH solution in a manner analogous to that described above 
for 9 and, as is the case for 9, a single ketonic product was obtained; 
ir (CHCI,): 1715 cm-' (C=O); "Cmr, see Table I. Exact Mass 
calcd. for CsHlzO: 136.0888; found: 136.0889. 

In a separate experiment 11 (95 mg) was treated with KOD in 
t-BuOD (2 M, 2 mL) using the procedure described above for the 
preparation of the trideuterated 10-X. The trideuterated ketone pro- 

duced contained (ms) 2.6% do, 7.9% d l ,  35.5% d2, 54.0% d, (total 
2.41 D/molecule). Subsequent treatment with methanolic NaOH 
solution (3.6 M, 2 mL) at room temperature overnight, followed by 
the usual work-up, furnished 14-dl, the "Cmr spectrum of which 
indicated the presence of ca. 0.8 atoms D/molecule at C-8 (see text). 

(iv) The protio analog of 14 (0.20 g, 1.5 mmol) was dimethylated 
as described above for 10, using NaNH2 (0.33 g) in Et20 (1 l mL) and 
methyl iodide (0.58 mL for the first addition, and 0.19 mL for the 
second addition). The usual work-up furnished 5 (0.20 g, 83%); ir 
(CHCI,): 1703 cm-' (C=O); 'Hmr, see text; "Cmr, see Table 1. 
Exact Mass calcd. for CI  IH16O: 164.1201; found: 164.1201. 

Homoenolization experiments 
The general procedures for the rearrangement and exchange experi- 

ments, reported previously (13), were followed as illustrated for 6. To 
a solution of t-BuO-It-BuOH (1.27 M, H20 content = 250 pg/mL) 
was added 6 to give a solution which was 0.26 M in ketone. To a series 
of 5-mL predried, thick-walled glass tubes were transferred 0.5-mL 
aliquots of the reaction solution; the tubes were degassed and sealed 
before immersion in an oil bath at 180°C. Tubes were removed at 
various times, cooled before opening, and the contents removed by 
washing with H20 (10 mL). The organic product was isolated by 
pentane extraction (3 X 15 mL) and the combined extracts back- 
washed with H20 (3 x 10 mL). The aqueous washings were re- 
extracted with pentane (2 x 15 mL) and the pentane extracts dried 
over MgS04. Removal of the solvent by distillation afforded a neutral 
organic product, representing 75-80% yields from the various tubes, 
which was analyzed by glc to reveal the presence of two components, 
one of which was the starting ketone. The new component was ketonic 
(1730 cm-') and isomeric with the initial ketone; Exact Mass calcd. 
for CI  ]H160: 164.1201; found: 164.1 198. This new ketone was iden- 
tified as 16 by I3Cmr as described in the text. Two other series of tubes 
were examined in a similar fashion using an oven at 185 + 5°C. With 
reaction times >300 h, the starting material could not be detected in 
the product. A series of samples using tert-butyl alcohol-0-dl (99% 
deuterated, H20 content = 264 pg/mL) was also run to examine the 
exchange processes occurring under these reaction conditions; the 
results are described in the text. An exactly analogous series of experi- 
ments was carried out using 5 as the starting material. In all cases, the 
neutral product, -80% recovery, contained only the initial ketone; 
even after >300 h at 180°C there was no evidence (glc, I3Cmr) of the 
presence of a new component. 

Preparation of 16-dl 
Ketone 16 (60 mg) was added to a stirred solution of 

MeONa/MeOD (1 M, 2.6 mL) under a N2 atmosphere and stimng 
was continued for 12 hat room temperature. After the addition of D20 
(3 mL), the product was extracted with pentane (4 X 10 mL) and the 
combined extracts washed with 10% NaCl solution (2 x 15 mL) and 
H20 (15 mL) before drying over MgS04. Removal of the solvent by 
distillation furnished 16-dl (60 mg), the '"mr spectrum of which 
indicated essentially complete deuteration at C-6; ms: 1.2% do, 98.8% 
d l  (total 0.988 D/molecule). 
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ALBERT STOESSL and J.  B. STOTHERS. Can. J .  Chem. 63, 1258 (1985). 
Minor metabolites of the fungus Cercospora arachidicola have been identified as the known pigments versicolorin B (3 ) ,  

averantin ( 4 ) ,  .and nidurufin ( 2 6 )  and the new, but closely related compounds 4'-deoxydothistromin ( l b ) ,  
3',4'-dehydro-4'-deoxydothistromin ( 5 a ) ,  and 4',5-bisdeoxydothistromin ( I d ) .  The 'H and "Cmr spectra of I d ,  2 b ,  and the 
tetracetates l c  and 5 6  are presented in detail. Biosynthetic and chernotaxonornic aspects are discussed. 

ALBERT STOESSL et J .  B. STOTHERS. Can. J. Chem. 63, 1258 (1985). 
'On a identifie les metabolites mineurs du charnpignon Cercospora arachidicoia comme etant les pigments connus 

versicolorine B ( 3 ) ,  averantine (4 )  et nidurufine ( 2 6 )  ainsi que les nouveau composCs deoxy-4' dothistromine ( l b ) ,  dehydro- 
3',4' deoxy-4' dothistromine ( 5 a )  et bisdeoxy-4',5 dothistromine ( I d )  qui leurs sont tr&s apparent&. On rapporte en detail 
les spectres rmn du 'H et du '" des composes Id et 26 ainsi que ceux des tetraacetates l c  et 5 6 .  On discute des aspects 
biosynthetiques et chCmotaxonomiques. 

[Traduit par le journal] 

The peanut pathogen Cercospora arachidicola was found 
recently to produce dothistromin ( l a )  and averufin ( 2 a )  in a 
liquid medium (1).  Subsequent work, employing a solid agar 
medium, resulted in greatly increased yields of l a  and 2a and 
in the isolation of brassicasterol and substantial amounts of 
long-chain fatty aldehydes as other metabolites of the fungus 
(2). Several other anthraquinones were also isolated, in small 
amounts, and their identities are reported here. Three of these 
compounds, versicolorin B ( 3 ) ,  averantin ( 4 ) ,  and nidurufin 

~ o $ o ~ ~ ~ ~  6 /  

3' 
" 12 13 < 

I1 
OR' 0 OR' 

R ' 

R R' R" R'" 

a OH H OH OH 
b OH H OH H 
c OAc Ac OAc H 
d H H OH H 
e H H H H 
f OH H H H 

'Part 116 of "Cmr studies; for Part 115 see ref. 22, Part 114 see 
ref. 23. 

( 2 b )  are well-known fungal metabolites that are implicated in 
or close to the biosynthetic routes to sterigmatocystin and the 
aflatoxins (3 -5 ) .  Three other compounds, 1 b ,  I d ,  and Sa,  
closely related to dothistromin ( l a ) ,  are reported here for the 
first time. 

The identification of 3 followed unambiguously from its 
physical and spectroscopic data together with its negative opti- 
cal rotation at 589 m p .  The identification of averantin ( 4 )  is 
tentative, based on its 'Hmr and mass spectra and the melting 
point (227-235°C) compared to literature data but the sample 
decomposed before it could be fully characterized. Nidurufin 

5 
R R' R" R"' 

a OH H H OH 
b OAc Ac Ac OAc 
c OAc Ac H H 
d OH H H H 
e H Me H H 
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(2b) melted at 267-268"C, with prior darkening, partial 
melting and resetting at ca. 200°C, in contrast to the mp 
( 188°C) reported previously (6). A plausible explanation for 
this divergence may be dehydration of our samples on the 
Kofler stage to the anhydro compound. A comparison sample 
of authentic nidurufin, originally described as a metabolite of 
Aspergillus nidulans (6), could not be obtained. For this reason 
we present full 'H and "Cmr data, which have not been speci- 
fied in the other reports (4, 7) on the compound, but our 'Hmr 
data (DMSO-d6 solutions) are in reasonable accord with the 
few details given in the original publication (6) for acetone-d6 
solutions. The 'Hmr spectrum contained three aryl proton 
absorptions at 6 6.89 (s), 7.00 (d, J = 2.5 Hz), and 6.50 
(d, J = 2.5 Hz) assignable to H-4, -5, and -7, respectively, 
together with methine patterns at 6 5.00 (H-1') and 5.38 
(H-2'), methylene absorptions at 6 1.55, 1.78, 2.12, and 2.45 
(H-3', -4') and a methyl singlet at 6 1.50. Phenolic hydroxyl 
signals were found at 6 12.00 (6-OH) and 12.40 (1- and 8-OH). 
The I3Cmr spectrum bears a strong resemblance to that reported 
(8) for averufin (2a), as expected, since the two compounds 
differ only by the additional hydroxyl group at C-2' in 26. 
The observed shieldings for 26 are shown in 6. The dif- 

ferences, A6,-(26 - 2a) ,  found for C-1' (+4.4 pprn), -2' 
(+36.3 ppm), and -3' (+7.1 ppm) are reasonable for 
hydroxyl substitution at C-2', while the upfield -5.3 pprn shift 
for C-4' indicates that the hydroxyl group is axial, i.e., exo 
with respect to the ring system, in complete agreement with the 
stereochemical assignment reported on the basis of synthesis 
(4) and contrasting with the original proposal of 2c (6). From 
our evidence we conclude that the metabolite isolated from 
C .  arachidicola is identical with the synthetic exo-alcohol of 
Townsend and Christensen (4) and, hence, also with authentic 
nidurufin. 

The two 2-deoxydothistromins l b  and 5a,  separable only 
with considerable difficulty, were obtained as amorphous red 
solids. These were characterized as the tetraacetates 1 c and 5 6, 
which were easily purified by chromatography and crys- 
tallization. Their 'Hmr, I3Cmr, and mass spectra led to the 
structural assignments. Additional support was provided by the 
remarkable similarities of the 'Hmr data (see Experimental) 
with those for the corresponding protons in 5c,  which was used 
to characterize 5d  reported as a cometabolite of l a  in 
Dothistroma pini (7). The I3C spectrum of l c  contained 
methyl absorptions at 6,- 20.7, 20.9, 2 1.1, and 2 1.2, methylene 
signals at Ec 37.5 (C-3') and 67.2 (C-4'), methine peaks at 
106.4 (C-4), 113.4 (C-1'), 130.3, and 131.2 (C-6, -7), and 
sixteen signals arising from nonprotonated carbons: 6 179.6, 
180.5 (C-9, -lo), 168.7, 169.2, 169.4, 169.7 (MeCO-), 
165.6 (C-3), 147.3, 147.8, 147.9 (C-1, -5, -8), 138.8 (C-14), 
125.5, 125.6, 126.8 (C-11, -12, -13), 119.5 (C-2), and 91.1 

(C-2'). Apart from the replacement of the methylene signals 
with methine absorption at 6,- 10 1.7 and 15 1 . 1  (C-3' and -4'), 
the I3C spectrum of 5b was very similar, having methyl signals 
at 6,- 20.9, 21.0, 21.2, 21.3, methine peaks at 107.0 (C-4), 
113.6 (C-l'), 130.3, 131.2 (C-6, -7), and sixteen non- 
protonated carbon signals: 179.4 (C-9), 180.2 (C-lo), 168.5, 
169.1, 169.2, 169.4 (MeCO-), 164.6 (C-3), 146.3 147.7, 
147.8 (C-I, -5, -8), 137.9 (C-14), 125.4, 126.6, 126.7 
(C-11, -12, -13), 113.6 (C-l'), and 93.6 (C-2'). The signals 
arising from the anthraquinone moiety in each of the deriva- 
tives were readily assigned upon comparison with the data 
reported for an array of acetoxyanthraquinones (9). 

Metabolite 1 d, although obtained only in very small amount, 
crystallized readily. Its uv spectrum, differing markedly from 
those of its cometabolites, was typical of a 1,3,8-trioxyan- 
thraquinone, as exemplified by 6-deoxy-8-0-methyl ver- 
sicolorin A (5e) from Aspergillus ustus (10). The mass 
spectrum indicated a composition of CIBH1207 and that the 
sample was contaminated with an 0-homolog CIBHIZOB. This 
impurity, possibly 16 or other deoxydothistromin, must, how- 
ever, be present in very small amounts since there was no 
evidence of its presence in the nmr spectra. 

The I3Cmr spectrum, 1.2 mg in DMSO-d6, contained eigh- 
teen signals, seven of which were shown to arise from pro- 
tonated carbons by a DEFT spectrum (I I). Methylene signals 
appeared at 6 37.8 and 69.0 with CH absorptions at 6 102.3, 
116.9, 119.4, 124.5, and 136.9. Signals for fully substituted 
carbons were found at 6 86.5, 111.3, 115.4, 120.4, 132.9, 
136.6, 160.3, 161.1, 166.2, 180.8, and 190.7. From thesedata 
it was apparent that the two signals at lowest field must repre- 
sent the carbonyl centres of the anthraquinone moiety with the 
more deshielded of the pair (C-9) flanked by two peri-hydroxyl 
groups. Comparison with the shieldings for 1,8-dihydroxy an- 
thraquinone (9) led readily to assignments for C-5, -6, -7, -8, 
-1 1, and -12 which differ, on average, by 0.2 pprn from those 
of the model. Earlier detailed study of several anthraquinones 
has established that substitution on one of the aryl rings has 
relatively little effect on the I3C shieldings of the other ring (9). 
Assignments for each of the remaining signals were made by 
comparison with the data observed for 3 and reported for ver- 
sicolorin C (12), which require allowances for the additional 
hydroxyl substituent at C-2'. The differences of +4.0, +43.3, 
and +7.8 pprn for C-1 ', -2', and -3', respectively, are quite 
consistent with this substitution. For C-I, -2, -3, -4, -13, and 
-14, the differences average 1.4 ppm, which also seem reason- 
able. The specific assignments are set out in 7. The 'Hmr 

spectrum in CDC13 exhibited three signals readily ascribed to 
hydroxyl protons through their facile exchange with D20. Two 
of these, 6 12.05 and 12.56, must arise from strongly 
hydrogen-bonded phenolic groups while the third, appearing as 
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a broad singlet at 2.88, could be attributed to an aliphatic 
hydroxyl. There were four aryl proton absorptions: a singlet, 
6 7.343, and three doublets of doublets characteristic of three 
contiguous protonated centres, 6 7.826 ( J  = 1.3, 7.6 Hz), 
7.676 ( J  = 7.6, 8.3 Hz), 7.308 ( J  = 1.3, 8.3 Hz). A one- 
proton singlet, 6 6.155, was clearly evident while the four 
remaining protons appeared as multiplets at 2.520, 2.786, 
3.8 11, and 4.324, from which it was apparent that each was 
coupled to each of the others. The multiplet at 6 2.786 con- 
tained an "extra" coupling of 0.9 Hz which collapsed upon 
exchange of the hydroxyl protons, showing it to be coupled to 
the aliphatic hydroxyl proton. The coupling constants for the 
2.786 absorption were 12.4, 4.7, and 0.9 Hz while the multi- 
plet at 6 2.520 exhibited couplings of 12.4, 12.4, and 7.9 Hz; 
these data lead to the assignment of these as the methylene 
protons at C-3'. The pattern at 6 3.81 1 showed couplings of 
12.4, 9.4, and 4.7 Hz while J values of 9.4, 7.9, and 0.9 Hz 
were apparent for the 4.324 pattern; thus these absorptions arise 
from the 4'-methylene protons. 'The observed J values are 
consistent with the relative orientations indicated in 8. 

The isolation from C. arachidicola of small amounts of 
16, d ,  2a,  6, 3 ,  4, 5a  as congeners of the major metabolite 
dothistromin ( l a )  illustrates the remarkable similarity in the 
metabolism of certain Cercospora spp. and Dothistroma pini. 
The latter fungus has been found to produce l a  as a major 
metabolite, together with small amounts of 2a, 6, averythrin 
(9), deoxyversicolorin C ( le ,  identified tentatively), 1 f, and 
5 d  (7). The last three compounds are formally related to 
the C. arachidicola metabolites Id ,  6, and 5a ,  respec- 
tively, merely by hydroxyl substitution at C-2'. Numerous 
Cercospora species, but exclusive of C. arachidicola, have 
been the subject of a chemotaxonomic study by Assante et al. 
(13, 14). Among other, not directly pertinent metabolites, they 
found l a  in C. smilacis and seven other spp., and 2a and 9 in 
C. smilacis. A deoxydothistromin, apparently not identical 
with 1 6  from C. arachidicola, was identified as a D. pini 
metabolite by mass spectral and preliminary unpublished 
evidence (15) but no evidence for this compound was obtained 
for C. smilacis (13). 

While dothistromin and derivatives thus far appear to have 
been found only in D. pini and Cercospora spp., averufin (2a) 
is known from Aspergillus spp. (16), Bipolaris sorokiniana 
(6, 17), and Monocillium nordinii (18). Versicolorin B simi- 

larly is known from Aspergilli (16a, 6)  while averantin occurs 
in A. versicolor (16a), A. parasiticus, and Solorina crocea 
(1 66). Averantin (4), derived from polyacetate via norsolorinic 
acid, is well established as a precursor-of averufin (2a) which, 
in turn, is converted via versiconal acetate and subsequent steps 
to sterigmatocystin and hence, the aflatoxins (3-5, 166, c). It 
has recently been suggested that the biotransformation of 2a  
into versiconal acetate may proceed with nidurufin (26) as a 
crucial intermediate (4, 19); the isolation of 26  as a congener 
of 2a in A. nidulans (6), D. pini (7), and now also C. arach- 
idicola is therefore of some moment. Further, the mechanism 
of conversion of versiconal acetate into sterigmatocystin has 
been postulated to involve versicolorin A (lo), which is indeed 
known to be incorporated into sterigmatocystin and the 
aflatoxins (3, 166). Recently, however, it was found that ver- 
sicolorin A hemiacetal ( l l a )  and its acetate 116, but not 5e, 
were efficiently incorporated into aflatoxin B. It was suggested 
that l l a  and 116 may be the true intermediates while ver- 
sicolorin A (10) and versicolorin C (racemic-3) may be shunts 
which, however, can reenter the pathway (20). The compounds 
l l a  and 11 6 were prepared from 10 by chemical methods and 
do not appear to be known as fungal products; it is therefore of 
considerable interest that the salient tetrahydro-2-hydroxy- 
bisfuran grouping occurs in dothistromin ( l a )  (as well as in 
some aflatoxins). 

Averufin and the versicolorins have long been regarded as 
mycotoxins (3, 12) while dothistromin ( l a )  has considerable 
importance as a phytotoxin directly implicated in Dothistroma 
blight of pine (21); preliminary evidence from our laboratory 
(1) and elsewhereZ suggests that it is also a mycotoxin. It is 

'R. A. Franich, personal communication. 
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Aqueous methanolic extract 
1 extracted with PE 

1. evaporated 

I s i o 2  
fractions PyI to Pyx 

I 
upper phase 

I 
lower phase 

extracted with 5% NaHCO, 6 funnel counter current 
I 

upper phase 
2.27 g upper phase 

1.  evaporated (discarded) 
2. Soxhlet extracted 

"neutral EtOAc 1. acidified with PE 
extract", 286 mg 2. extracted 

combined PE extracts solubles residue 

SCHEME 1. Fractionation of C. arachidicola extract 

1.69 g 

probable that similar biological activities are attached to some 
of the other anthraquinones from C. arachidicola; the com- 
pounds should therefore be handled with caution. 

extracted with CHC13 

Experimental 
The compounds described here were obtained in the same experi- 

ment as the aldehydes reported previously (2). In summary, C. arach- 
idicola ATCC 18667 was cultured on potato-dextrose agar (320 Petri 
dishes, 20 rnL each), the cultures being extracted with EtOAcIMeOH 
(1 : 1) after 3 weeks. After concentration till aqueous, the extracts were 
fractionated (Scheme 1) to provide light petrol extracts (PE I, 
PE 11, . . . ), neutral ethyl acetate extracts (NEt I, NEt 11, . . . ), chloro- 
form extracts (CHCI, I, CHCI, 11, . . . ), dothistromin (from pyridine), 
and dothistromin mother liquors (Py I, Py 11, . . . ), where the Roman 
numerals denote consecutive fractions obtained by column chro- 
matography over silica (Camag DF 0 ) ,  with EtOAc/toluene/HOAc 
(30:60: 1; solvent 1) and EtOAc/CH2C12/HOAc (20: 80: 1; 
solvent 2) as irrigants. 

General procedures, materials, and instrumentation were as pre- 
viously specified (2). The "Cmr spectra were obtained with Varian 
XL-200 and -300 instruments at 50.3 and 75.4 MHz, respectively 
(30" pulses, 4-s rep rates with 200-ppm sweep widths, and 32 K 
points132 K transforms (XL-200) or 60 000 points164 K transforms 
(XL-300) at ambient temperatures). Optical rotations were determined 
with a Perkin-Elmer 141 polarimeter; we thank Prof. W. A. Ayer for 
these measurements. 

Dothistromin ( l a )  was obtained substantially pure (824 mg) by one 
crystallization of the appropriate fraction (Scheme 1) from pyridine. 
Its identity (1) was further confirmed by acetylation (1, 15) of a 
recrystallized sample (24 mg) which on chromatography (solvent 1) 
gave as the only pure product the tetraacetate (14 mg), mp 125- 128°C 
(frorn EtOH); 'Hmr, G(CDC13): 7.47 (s, H-6 and H-7), 7.28 (s, H-4), 
6.56 (d, J - 3Hz, H-4'), 6.54 (s, H-1 '), 2.95 (m, H2-3'), 2.5 1 and 
2.49 (2s, 5-, 8-OAc), 2.14 (s, 2'-OAc), and 1.75 (s, 4'-OAc). 

Averujin (2a) was isolated by rechromatography and (or) re- 

Si02 r I 
1. toluene extract residue 

NEt I to NEt XI1 (9 x 450 mL) extracted 
NEt XI 1 s:nt 2 1 with,"". 

fractions CHCl, I to CHC13 VIII 
fractions PEI to PEIX PEX to PEXVIII 

extract residue 
(discarded) 

crystallization from fractions PE XIII, PE XIV, and NEt VI. It had the 
requisite uv and 'Hmr spectra and was also identical with an authentic 
specimen (14) by tlc (several systems), mp, mp in admixture, and ms. 

Versicolorin B (3) (10 mg) was obtained by repeated rechro- 
matography and (or) crystallization (H20/isopropanol or MeOH/ 
EtOAc) from fractions PE XV, NEt VII and VIII, and CHC13 111, and 
identified by comparison of its mp (303-306"C), uv, 'Hmr, "Cmr, 
and ms parameters with literature data (12). The compound had [ a ] D  

- 155.2" (c  0.32, dioxane). 
Averantin (4) (6 mg) was isolated by repeated rechromatography 

(MeOH/CHC13/HOAc 5 : 95 : 0.1) of fractions NEt VII and VIII, and 
CHCI, IV; mp 213-219°C (from tolueneIEtOAc), 227-235°C (from 
CHCI,); A,,, (E): 221 (42 800), 255 (sh) (20 900), 264 (23 400), 293 
(38 600), 324 (19 500), 452 (1 1 300), and 462 (sh) (1 1 200); 'Hmr, 
6(DMSO-d6): 7.16 (d, J = 2.5 HZ, H-5), 7.14 (s, H-4), 
6 . 6 2 ( d , J = 2 . 5 H z , H - 7 ) , 5 . 1 7 ( t , J = 6 H z , H - 1 ' ) ,  1.80(m,H2-2'), 
1.5-1.1 (m, H2-3', H2-4', H2-5'), and 0.84 (t, J = 6 Hz, Me). The 
mass spectrum was indistinguishable from that published (5). 

Nidurujin (2b) (8 mg) was obtained from fractions NEt X and 
CHCI, XI, VII, and VIII, mostly by extensive refractionations (sol- 
vents l , 2 ,  MeOH/CHCI,/HOAc 10:90: 1, and EtOAcIHOAc 99: 1) 
and was recrystallized from MeOHIEtOAc; A,,, (E): 221 (35 800), 
256 (sh) (16 loo), 264(17 600), 293 (29 600), 315 (13 600), and459 
(8 000); m/e: 384, 366 (loo%), 326, 323, 314, 299, 297, 286; [ a ] ~  
- 12.6" (c 0.37, dioxane). Exact mass calcd. for C20H1603: 
384.08452; found: 384.08464. 

4'-Deoxydothistromin ( l b )  and 3',4'-dehydro-4'-deoxydothis- 
tromin (5a) were separable frorn each other only by extensive 
rechromatography, substantial proportions of the compounds being 
invariably eluted as a mixture. Final yields were substantially pure 1 b, 
18 mg; 5 a ,  21 mg; unresolved mixture, 33 mg. 

Acetylation (pyridine/Ac20 3 : 2, room temperature, overnight) of 
crude l b  (11 mg) gave the tetraacetate l c  (7.9 mg after chro- 
matography in solvent 1); crystals from MeOHICHCl,, dec. >220°C 
without melting; A,,, (E): 209 (15 600), 238 (10 200), 272 (23 900), 
348 (3 500); ' ~ m r ,  6(CDC1,): 7.54 (s, lH, H-4), 7.40 (s, 2H, H-6 
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and H-7), 6.47 (s, lH, H-l '), 4.25 (m, 1 H, H-4' eq), 3.70 (m, I H, 
H-4' ax), ca. 2.6 (m, 2H, H-37, 2.47 (s, 6H, 2 ArOAc), 2.42 (s, 3H, 
ArOAc), and 2.04 (s, 3H, 2'-OAc); m/e: 524,482,440 (loo%), 398, 
338 (loo%), 310 (100%); [a], -72.4" (c 0.32, CHCI,). Exact Mass 
calcd for C26H20012 : 524.05941 ; found: 524.09587. 
3',4'-Dehydro-4'-deoxydothistromin (5a) had 'Hmr, 6(DMSO-d6): 

7.41 (br s, 2H, H-6, -7). 7.27 (br s, lH, H-4), 6.48 (s, lH, H-l'), and 
5.66 (d, J = 3 Hz, IH, H-3'). The tetraacetate 5b, prepared as l c ,  
was recrystallized from MeOH/CHCI,; mp 21 1-213°C; A,,, (E): 209 
(29 700), 239 (16 400), 272 (30 500), 344 (6 200); 'Hmr, G(CDC13): 
7.58 (s, 1 H, H-4), 7.37 (s, 2H, H-6 and H-7), 6.86 (s, 1 H, H- l '), 6.69 
(d, J = 2.8Hz, IH, H-4'),5.43 (d, J = 2.8 HZ, IH, H-3'),2.46 
(s, 6H, 2 ArOAc), 2.42 (s, 3H, ArOAc), and 2.06 (s, 3H, 2'-OAc); 
m/e: 522, 480, 462, 438, 420, 396, 378, 354, 336 (100%); [a], 
-49.5" (c 0.67, CHC13). Exact Mass calcd. for CZ6HIXOI2: 
522.07956; found: 522.07941. 

4'-5-Bisdeoxydothistromin ( Id) ,  1.8 mg on repeated rechro- 
matography of fractions NEt IX and X, and CHC1, IV, 1.0 mg after 
recrystallization (CHCI3), had mp 254-258°C; A,,, (E) 248 (16 300), 
268 (22 200), 279 (21 400), 432 (4 500), and 455 (sh) (4 100). m/e: 
356, 340 (MC, loo%), 322, 3 12, 3 1 I, 294, 283,28 1,267,256,240, 
and 228. Exact Mass calcd. for CIsHI2O7: 340.05827; found: 
340.05935. 

NOTE ADDED IN PROOF: The role of nidumfin as an aflatoxin precur- 
sor has become doubtful on the basis of a very recent study (ref. 24). 
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The reactions of some a-halo-P-ketosulfones with hard and soft nucleophiles. 
A preparation of sulfinate esters 

J. STUART GROSSERT,' PRAMOD K. DUBEY, AND TOM ELWOOD 
Department of Chemistry, Dalhousie University, Halifax, N.S., Canada B3H 4J3 

Received November 25, 1983' 

J .  STUART GROSSERT, PRAMOD K. DUBEY, and TOM ELWOOD. Can. J. Chem. 63, 1263 (1985) 
The a-halo-P-ketosulfonyl functionality was attacked by ethanethiolate at the halogen which, in the presence of a proton 

source, usually resulted in reduction to the P-ketosulfone. A range of other soft nucleophiles did not react, whereas hard 
nucleophiles invariably attacked at the carbonyl, with subsequent cleavage to a-halosulfones. Ambident arylsulfinate anions 
usually attacked at halogen to form the sulfonyl halide, which reacted with excess sulfinate to give an intermediate that is readily 
attacked by alcohols. This reaction resulted in the formation of alkyl arylsulfinate esters in reasonable yields. The same reaction 
occurred when sulfonyl chlorides were reacted with sulfinate salts and it was rationalized by using HSAB principles. Spectral 
properties of some sulfinate esters are presented. 

J. STUART GROSSERT, PRAMOD K. DUBEY et TOM ELWOOD. Can. J. Chem. 63, 1263 (1985). 
On a fait rCagir l'kthanethiolate sur I'halogbne de composks a-halo P-~Ctosulfonyle qui, en prCsence d'une source de protons, 

conduisent habituellement a une reduction en P-~Ctosulfone. Un certain nornbre d'autres nucltophiles nous ne rtagissent pas 
tandis que les nuclCophiles durs attaquent invariablement le carbonyle avec un clivage subskquent conduisant aux 
a-halosulfones. Les anions arylsulfinates possbdent deux positions reactives et rkagissent habituellement au niveau de 
l'haloghe pour conduire a I'halogCnure de sulfonyle qui reagit alors avec un exc2s de sulfinate pour donner un intermtdiaire 
que les alcools attaquent facilement. Cette reaction conduit i la formation d'esters arylsulfinates alkyles avec des rendements 
raisonnables. La m&me reaction se produit lorsqu'on fait rkagir des chlorures de sulfonyles avec des sels de sulfinates et on 
rationalise cette reaction en faisant appel aux principes ABDM. On prksente les propriCtCs spectrales de quelques esters 
sulfinates. 

[Traduit par le journal] 

Introduction 
The a-halo-P-ketosulfone functionality (A) has not been ex- 

tensively studied (1-4), yet has considerable potential as a 
complex functionality in which interactions between proximate 
groups can be studied. For instance, it combines an a-halo- 
sulfone, a functionality that is known to undergo substitution 
reactions at carbon with difficulty, with an a-haloketone, a 
functionality that is usually susceptible to such substitutions 
(5). There are several ways in which A could react with a 

nucleophile, namely ( 1 )  attack at the a-carbon with displace- 
ment of the best leaving group, that is, the halogen X; (2) attack 
at the halogen X (6), with displacement of the enolate anion; 
(3) removal of the acidic a-proton (pK, - 10)' if the attacking 
nucleophile is sufficiently basic; or, (4) attack at the P-carbonyl 
carbon, either to give a carbonyl addition product, or to dis- 
place an a-halosulfonyl carbanion as a leaving group (cleavage 
of C-C bond). 

We have reported on reactions of the 4th type (4) in which 
cleavage could be induced by hydroxide or alkoxide anions, 
anions that are classified as hard in the HSAB terminology. 
Owing to our interest in the preparation of sulfenylated 
P-ketosulfones (7), we were attracted by the possible reaction 
of thiolate anions (soft nucleophiles) with A. This could, in 

' Author to whom correspondence may be addressed. 
Revision received October 10, 1984. 
Work to be published, with J. Hoyle, J .  N. M. Glover, and P. K. 

Dubey. 

principle, provide a route to a-sulfenylated-P-ketosulfones 
(and thus be of synthetic utility), and it could provide evidence 
as to whether a sulfonyl or a carbonyl group would control the 
course of a substitution reaction (and thus be of mechanistic 
interest). Our results (vide infra) have shown that the reaction 
is of little synthetic utility, but did provide some interesting 
evidence regarding mechanism. Also reported on are the reac- 
tions of A with a series of nucleophiles that can be classified as 
having varying degrees of hardness or softness. 

Results and discussion 
Reactions with thiolate anions 

The a-halo-P-ketosulfones PhCOCHBrSOzMe (1) and 
PhCOCHC1SO2Me (2) were used to study the reaction with 
thiolate since they were readily available (4). The results (Table 
I) can be divided into three groups, namely entries 1, 2, entries 
3-5, and entries 6- 10. In the first group, the solvent was polar 
and protic, the product was that due to a reduction reaction, and 
attack by thiolate was therefore apparently exclusively at the 
halogen. Previous work on the reaction of a-halosulfones with 
nucleophiles has shown that reduction is significantly favoured 
over substitution as the degree of substitution at the halogen- 
bearing carbon is increased (6, 8, 9), especially in a protic 
solvent. In the case of 1 and 2, attack at the halogen could be 
expected since the carbonyl group would stabilize the resulting 
anion. The other product of this reaction (eq. [I]) will be the 
sulfenyl halide, which is decomposed by the ethanol solvent. 
Reduction must be a rapid reaction since no cleavage products 
(4) from attack on 1 or 2 by ethoxide, formed by the reaction 
depicted in eq. [2], were detected. 

[ I ]  RCO-CHX.S02Me + EtS- + [RC0.CH.S02Me]- + EtSX 

[2] [RCO . CH . S02Me]- + EtOH + PhCOCH2S02Me (3) + EtO- 

The use of a polar, aprotic solvent (DMF, entries 3-5) 
permitted isolation of both the reduction product (3) and the 
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TABLE 1 .  The reactions of 2-bromo-2-methylsulfonyl-I-phenylethanone (1) and 
2-chloro-2-methylsulfonyl- I-phenylethanone (2) with sodium ethanethiolate* at room 

temperature 

Entry Substrate* Solvent Time (h) Products (yield)t 

1 1 EtOH 8 PhCOCH2S02Me (3, 95%)* 
2 2 EtOH 5 3, 72%' 
3 2 DMF 24 3, 47% + EtSSEt (4, 59%) 
4 2 DMF" 24 3, 55% + 4,  55%9 
5 2 DMF' 24 3, 36% + 4,  59%' 
6 1 THF 24 3, 46% + 4, 62% 

+ PhCO -CHSEt - S02Me (5, 48%) 
7 2 THF 24 3, 56% + 4, 66% + 5,  34% 
8 2 THF~ 24 3: 5 = ca. 2:1 
9 2 THF" 24 3: 5 = ca. 1 : l 

10 2 PhMe 24 3 + 4 + 5 "  

*All reactions were carried out on a 2-mmol scale with 4 mmol of thiolate, except for entries 
1 and 2 when 10 mmol was used. 

'yields are estimated from integration of an 'H nmr spectrum of weighed material that was also 
examined by tlc against reference compounds, unless otherwise stated. 

'yield of pure, isolated material. 
'The reaction was carried out in the dark in the presence of nitrobenzene (4 mmol, entries 4 

and 8) or m-dinitrobenzene (2 mmol, entries 5 and 9), more than 80% of which was present in 
a roduct mixture. 

{The yields were not determined. 

disulfide, 4, formed by attack of excess thiolate on the inter- TABLE 2. The reactions* of 2-chloro-2-methylsulfonyl-1-phenyl- 
mediate sulfenyl chloride (eq. [3]). ethanone (2) with various nucleophiles in absolute ethanol solvent 

[3] EtSX + EtS- + EtSSEt (4) + x- Entry Reagent Conditions Products 
Repetition of the experiments in the presence of the radical- 
chain inhibitors nitrobenzene and m-dinitrobenzene (10) had no 
obvious effects, thus suggesting that the reaction most likely 
involves a two-electron attack of thiolate on halogen. No sign 
of any substitution product PhCO-CHSEt-S0,Me (5) was 
observed in the proton nmr spectra of crude reaction mixtures. 

In aprotic solvents of lower polarity (THF, dimethoxyethane 
(DME), or toluene), both 1 and 2 yielded mixtures of the 
reduction product 3, the substitution product 5, plus the disul- 
fide, 4. The production of 5 must involve a process described 
in eq. [4] in competition with that in eq. [3], since it is unlikely 

that the mechanism of the reaction would change on switching 
solvents from DMF to THF. The results for DME as solvent 
were quite similar to entry 6 (Table 1) and are thus not reported. 
The complex product mixtures obtained from the experiments 
for checking whether a radical-chain reaction was involved 
(entries 8, 9) could not be analyzed with sufficient confidence 
to merit publication and thus bear further investigation. 

It does seem reasonable to conclude from the above experi- 
ments that the reaction leading to the substitution product 5 
does not involve a nucleophilic attack by thiolate at carbon (an 
SN2 reaction), but rather an attack at the halogen, followed by 
subsequent reaction of the intermediate carbanion with the re- 
sulting sulfenyl halide. This type of reaction (eq. [ I ]  followed 
by eq. [4]) has been suggested previously, but has not been 
definitively proven (8). We propose that the differences be- 
tween the three classes of solvent reflect differences in sol- 
vation around the intermediate carbanion and the degree of 
reactivity of the solvent with the sulfenyl halide, and that attack 
both on carbon and on halogen, operating in competition during 
a given reaction (9), does not occur. The determination of the 
actual relative energy barriers for the various processes remains 
to be made. 

2 HzN.CS.NH2 
3 KSCN 
4 N ~ I ~  

14 h, 2 + Me.CS.NH2 
cryst. residue 

16 h, 2, 87% recovered 
4 h, rt 2, 75% recovered 

12 h, rt 2, 95% recovered 
5 KI 5 h, rt 2, C1CH2SO2Me (6) and 

E~OBZ* (7)" 
6 KNO, 24 h, rt 2, 88% recovered 
7 KOCN 24h,rt  6 ,48%+7,71%11 
8 KCN 4 h, rt 6, 75% + 7,  65%11 
9 KF.2H20 4 h , r t  6 ,68%+7,59%11 

*All reactions were carried out on a 2-mmol scale. 
'Reaction done in acetone solvent. 
'BZ = -CO.Ph. 
'Products were a complex mixture; those given were identified by a com- 

parison of chemical shifts in the 'H nmr spectrum. 
II~hese yields were estimated from the 'H nmr spectra. No other products 

were observed. 

Reactions with various hard and soft nucleophiles 
Since we have observed attack on 1 and 2 at the carbonyl by 

hard oxygen nucleophiles and at the halogen by soft sulfur 
nucleophiles, we extended the range of nucleophiles to encom- 
pass others of varying degrees of hardness. The results for 
reactions with 2 are reported in Table 2. 

Thioamides and thioureas are known (1 1, 12) to be excellent 
nucleophiles for attack at electrophilic sp3-hybridized carbons. 
~ p p a r e n t l ~  they are not efficient nucleophiles for attack at 
chlorine, as they did not effect reduction of 2. Likewise, thio- 
cyanates can be good nucleophiles for attack at carbon (l3), yet 
no reaction was observed. These ex~eriments reinforce the 
belief, implied by the results in the previous section, that nu- 
cleophilic attack at carbon in a-halo-P-ketosulfones has a rela- 
tively high energy of activation. 

The results with iodide (entries 4, 5 )  are not readily expli- 
cable; the reaction with potassium iodide in ethanol was re- 
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 TABLE^. The reactions of 2-bromo-2-methylsulfonyl-I-phenylethanone (1) and 
2-chloro-2-methylsulfonyl-I-phenylethanone (2) with sodium benzenesulfinate dihydrate at 

room temperature 

Entry Substrate* Solvent T ime (h) Products (yield)' 

MeCN 
DMF-EtOH 

EtOH 
MeCN 

D M F  
DMF-EtOH 

DMF-MeOH 
DCM** 

DCM-EtOH 

2 4  h 3, 9 5 %  + 1' 
48  h 3, 38% + Ph.  S O -  OEt (8, 63%) 
2 4  h 3, 7, 8 in mixture 
2 4  h 3, 9 5 %  + 2" 
7 2  h 3, 69%,  isolated 
7 2  h 3, 50% + 8 ,  82% 
7 0  h 3, 60% + Ph.SO.OMe (9, 80%) 
2 4  h 3, 95% + 2t t  
4 8  h 3, 62% + 8 ,  67% + 2'' 

*All reactions were done on a 2-mmol scale with 4 mmol of reagent. 
'yields are estimated from integration of a 'H nmr spectrum of weighed product that was checked 

against reference compounds, except for entry 5 in which a single compound was isolated. 
'The yield of 3 (PhCOCH2S02Me) is based on 59% of 1 being recovered. 
'Entry 2, solvent was DMF-EtOH = 4 : l  v/v; entries 6,7 = 2: l ;  entry 9 = 1 : l  

dichloromethane-ethanol. 
l l ~ h e  yield of 3 is based on 78% of 2 being recovered. 
 he reagent was triethylammonium benzene sulfinate, see Experimental. 
** DCM = dichloromethane. 
ttThe yield of 3 is based on 85% of 2 being recovered. 
"The yields of 3 and 8 are based on 29% of 2 being recovered. 

producible, yet yielded a complex mixture of products that was 
not readily amenable to analysis. Further work in this area is 
required. 

The reactions of 2 with hard nucleophiles paralleled those 
with alkoxides (4). In each case, only cleavage products were 
observed, corresponding to preferred attack at the carbonyl 
carbon. 

Reactions with sulfinate salts 
The sulfinate anion is especially interesting since it is an 

ambident nucleophile, with a soft center on sulfur and a hard 
center on oxygen (14-16). It has a significant affinity for 
electrophilic carbon (17), although it has been used to reduce 
a-halosulfones (18). Our results, obtained from carrying out 
the reaction under a wide range of conditions, are presented in 
Table 3. Two facts stand out: (a) the predominant reaction is 
reduction, as found previously for a-halosulfones (18); (b) in 
ethanol (entry 3), attack at the carbonyl is competitive since the 
cleavage product, ethyl benzoate (7), was present in the prod- 
uct mixture. 

The reduction of bromo compound 1 (entry 1) was more 
facile than that of chloro compound 2 (entry 4), as would be 
expected if reaction is occurring by attack at the halogen. 
Reaction was only really effective in more polar solvents, even 
when a solubilizing counterion (entry 8) was used. Similar 
reductions of active halogen compounds by sulfinate anions 
have in fact been known for many years (19). 

If a sulfinate anion attacked an active halogen atom at sulfur 
the product would be a sulfonyl halide (eq. [5]). It was thus 
rather surprising to find that the sulfur-containing products in 

[5] R-SOz- + C1-Z+ R-SOz-CI + :Z-  

Table 3, entries 2, 6, 7, and 9, were sulfinate rather than 
sulfonate esters. The origin of these sulfinate esters was deter- 
mined when we investigated the reaction of sodium aryl- 
sulfinates with arylsulfonyl chlorides in mixed DMF-alcohol 
solvents, the major product being the alkyl arylsulfinate esters. 
The relatively unstable oils were characterized by independent 
syntheses using the classical route through the sulfinyl chlo- 

r143.2 
+ [142.4 quarternary 

[142.2 aryl carbons 

FIG. 1. (-)-Menthy] p-toluenesulfinate, 12,  with I3C chemical 
shifts expressed a s  6 values. 

rides. Spectral properties of the sulfinate esters synthesized by 
the two routes were identical; especially interesting were the 'H 
nmr spectra of the ethyl sulfinate esters, which showed their 
methylene absorptions as classic 16-line patterns of an ABX, 
system (20). At 80 MHz these showed as two pairs of separated 
double quartets, but all the lines were not separated at 60 MHz. 
The I3C nmr spectrum of the (-)-menthy1 sulfinate (see Fig. 1) 
provided clear evidence that the sample was a diastereomeric 
mixture. The assignments of the resonances in this spectrum 
were made by comparison with the literature assignment for the 
spectrum of (-)-menthol (21), which agreed very closely with 
our own spectrum of (-)-menthol. The infrared spectrum of 
our sample of ethyl p-toluenesulfinate was identical to that 
previously published (22). The fragmentation pattern of the 
sulfinate esters under electron impact was straightforward, with 
the expected ArS021', ArSO]' , ArS]' , and Arl' ions predom- 
inating. In the case of the ethyl esters, the McLafferty rear- 
rangement ions, ArS02H]", were important aIso. 

We propose therefore that the sulfinate esters observed in 
entries 2, 6 ,7 ,  and 9 are formed by the reaction depicted in eq. 
[5], followed by two subsequent reactions (eqs. [6], [7]). . 
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[7] 10 + ROH + ArSOsH + RO .SO Ar 

The attack by ArS0,- at oxygen on the sulfur of the sulfonyl 
chloride would lead to an intermediate mixed anhydride 10." 
This species would be susceptible to nucleophilic attack at the 
sulfinyl sulfur (25), thus leading to sulfinate esters as depicted 
in eq. [7]. These reactions provide an elegant example of the 
ambidence of the sulfinate anion, with two nucleophilic centers 
having differing degrees of hardness. The reactions may, under 
certain circumstances, have some preparative merit and they 
appear to be of comparable convenience to a recently reported 
synthesis of sulfinate esters (26). 

Two further points merit comment. Kohler and MacDonald 
(27) found that sodium p-toluenesulfinate and an arylsulfonyl 
chloride reacted in water-ether to give an a-disulfone, albeit 
in an unspecified yield.5 We believe that this reaction also 
proceeds through 10, which could undergo thermal rear- 
rangement to an a-disulfone. Indeed, a-disulfones were a per- 
sistent minor contaminant in all our reactions leading to the 
sulfinate esters, but the formation of these disulfones was not 
efficient even if the sulfinate salt was warmed with the sulfonyl 
chloride in a solution of DMF. 

The second point concerns the stability of aryl sulfinate 
esters. We have found these to be quite unstable at room tem- 
perature and were intrigued to find that the mass spectrum of 
a decomposed sample of ethyl p-toluenesulfinate, 11, could 
readily be interpreted as resulting almost entirely from the 
disulfide 13 and the ethyl sulfonate ester 14. The spectrum was 
very clean and the intensities of the isotope peaks for both 
molecular ions and for two fragment ions from 14 fitted their 
correct empirical formulae. There was apparently some p- 
toluenesulfonic acid present in the mixture also, although the 
evidence for this is less certain. 

Thermal disproportionation reactions of sulfinate esters have 
been described by Miiller and Schank (28), who found thiol- 
sulfonates and disulfides as major products, these presumably 
being formed by the intermediacy of sulfenic acids. Appar- 
ently, the formation of sulfonate esters has not been described 
previously. The sulfonate likely derives from a nucleophilic 
attack of the sulfinate ester oxygen on the sulfur of a second 
ester molecule, leading to a sulfonate and sulfenate ester pair 

[8] 2ArSO OR + ArS02 -OR + ArS . OR 

(eq. [8]). Disproportionation reactions of sulfinate esters there- 
fore merit further work. 

Conclusions 
The reactions of a-halo-P-ketosulfones described in this and 

in the previous (4) paper can be explained either by preferred 
attack of hard nucleophiles at the carbonyl group or by attack 
of soft nucleophiles at the halogen. With a suitable ambident 
nucleophile and solvent (cf. Table 3, entry 3) both processes 
can be observed, suggesting that the relative energy barriers are 
quite comparable. There does not seem to be any evidence for 

Although sulfinic acid anhydrides RSO -0 .SOR (23) have been 
shown actually to be sulfinylsulfones RSO S02R (22), the existence 
of species with structures very similar to 10 has to be invoked to 
explain the results of Kobayashi and Terao (24). 

A referee has pointed out that, for a number of years, this reported 
formation of a-disulfones has been known informally among some 
sulfur chemists to be incorrect; that these disulfones are formed in very 
poor yields was confirmed by the present work. 

SN2 attack at carbon. The results obtained, however, do not 
permit any assessment to be made whether the barrier for SN2 
attack hai been raised vis-a-vis an alkvl halide, or whether the 
observed reactions occur because their activation energies are 
lowered as a result of structural features in a-halo-P-keto- 
sulfones. Qualitative assessments of the reactions were assisted 
by the application of HSAB principles. 

Experimental 
General 

Solvents were dried (usually 4 A molecular sieves) or distilled as 
appropriate; THF was stored over P205, distilled from fresh P20s, and 
then stored under nitrogen over NaAIH4, from which it was freshly 
distilled before use. Sodium hydride (Alfa or Aldrich, 50% in oil 
dispersion) was washed several times with dry ligroin (bp 40-60°C) 
and dried in vacuo. The preparation of the halosulfones 1 and 2 has 
been described previously (4). For some experiments, sodium ben- 
zenesulfinate dihydrate was dried at 10O0C/O. 1 Torr ( I  Tom = 133.3 
Pa). Most reactions were carried out under a nitrogen atmosphere and 
volatile solvents were rotary evaporated before work-up; work-up was 
by pouring into water, appropriate adjustment of the pH, and extrac- 
tion with dichloromethane; this extract was then washed with water, 
dried (MgS04), and evaporated. However, reactions performed in 
N,N-dimethylformamide (DMF) solvent were always extracted with 
diethyl ether, and then thoroughly washed with water to remove re- 
sidual DMF. Since 3 is not very ether-soluble, recoveries by this 
procedure were not outstanding. Diethyl disulfide, 4 (Table 1, entries 
6-9), was isolated by extracting the crude reaction products (after 
rotary evaporation) with ligroin (bp 40-6O0C), which did not dissolve 
1-3. 

Reduction of 2-chloro-2-methylsulfonyl-I-phenylethanone (2)  with 
sodium ethanethiolate in ethanol - typical procedure 

Freshly cut and washed sodium metal (263 mg) was dissolved in 
absolute EtOH (10 mL) to which was added EtSH (- 1 mL, 12 mmol), 
followed by 2 (471 mg, 2 mmol). The resulting clear solution was 
stirred for 5 h (with protection from moisture) and rotary evaporated 
to an oil which was partitioned between dilute HCI and dichloro- 
methane to give a colourless crystalline solid (290 mg, 72%), 'H nmr 
identical to authentic 3. Recrystallization (toluene) gave mp 
105- 107°C (lit. (4) mp 106- 107°C). 

Reaction of 2 with sodium ethanethiolate in THF - typical procedure 
A solution of 2 (2 mmol) in dry THF (30 mL) was added under 

nitrogen to a solution of sodium ethanethiolate (4 mmol) in dry THF 
(20 mL), generated from NaH and EtSH. After stirring for 24 h, the 
solvent was rotary evaporated and the resulting oil triturated with 
ligroin (3 x 25 mL) to give diethyl disulfide (4) as a colourless oil 
(1  66 mg, 66% based on 2). The residue was partitioned between dilute 
HCI and dichloromethane in the usual way to give an oil which 
solidified on standing (397 mg). Examination by tlc and 'H nrnr 
showed only PhCOCH2S02Me (3) and PhCO .CHSEt. SOzMe (5) to 
be present, in a molar ratio of 5:3. The identity of 5 was established 
by its preparation in an alternative manner (7). 

The reaction of 2 with sodium ethanethiolate in DMF - typical 
procedure 

The reaction was carried out as above, when THF was used as a 
solvent. After stirring for 24 h, the mixture was rotary evaporated at 
room temperature for 30 min before being partitioned between dilute 
HCI and ether in the usual way. The product was an oily solid (330 
mg) that on careful examination by tlc and 'H nmr was found to be a 
mixture of sulfone 3 and EtSSEt (4) in a molar ratio of 8: 10. The 
identity of 4 was confirmed by comparison with an authentic sample 
using glc, and 3 could be washed free of 4 with ligroin for crys- 
tallization and comparison with an authentic sample; mp 105- 106"C, 
(lit. (4) mp 106- 107°C). 

The reaction of 2 with sodium phenylsulfinate - typical procedure 
A combination of 2 (465 mg, 2 mmol) and PhS02Na.2H20 (864 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Synthesis and crystal structure of 17-deaza-17-methyl thionium isomorphinan 
(isosulforphanol) perchlorate, an isostere of the opiate isolevorphanol 
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BERNARD BELLEAU, UGO GULINI, BARBARA GOUR-SALIN, and F. R. AHMED. Can. J .  Chern. 63, 1268 (1985). 
No rnorphinan analog carrying a heteroatorn other than nitrogen at position 17 has yet been synthesized. The synthesis of 

the position 17 sulfur analog of the perchlorate salt of (*)-isolevorphanol is described. The strategy adopted is based on the 
classical Grewe synthesis of morphinans and, under narrowly defined conditions, the title compound isosulforphanol (3a) and 
an intermediate by-product 13 resulting from an unusual non-bridged head ring closure of l l a  were obtained. The X-ray 
structures of both 3a and 13 were determined. Crystals of 13 (T17H210S) are monoclinic, space group P2, /a ,  a = 17.080(2), 
b = 9.372(1), c = 9.327(1) A, P = 108.67(1), V = 1414.4 A3, Z = 4. Final R = 0.034 for 2545 reflections. The crystals 
2f 3a (C17H230S'. C1O4-) are orthorhombic, space group Pna2,, a = 10.934(1), b = 9.219(1), c = 17.13 l(2) A, V = 1726.8 
A', Z = 4. Final R = 0.053 for 1018 reflections. The C17H2'0S' molecule has been identified by this X-ray analysis as 
S-methyl isosulforphanol (Fig. 2). The structure of 13 is shown in Fig. 1.  The stereochemical outcome of the Grewe-like 
synthesis is thus established as proceeding in a reversed manner when sulfur replaces the nitrogen in the final cyclization step. 
Preliminary pharmacological studies showed that 3a is a potent agonist in the central nervous system but a potent antagonist 
on the guinea-pig ileum. 

BERNARD BELLEAU, UGO GULINI, BARBARA GOUR-SALIN et F. R. AHMED. Can. J. Chern. 63, 1268 (1985). 
Jusqu'h maintenant, aucun analogue de la morphinane portant un hCtCroatome autre que I'azote en position 17 n'a CtC 

synthCtisC. On dCcrit la synthese d'un analogue portant un atome de soufre en position 17; il stagit-du perchlorate du 
(+-)-isolCvorphanol. La stratCgie adoptte se base sur la synthese classique des morphinanes dCveloppCe par Grewe et, utilisant 
des conditions Ctroitement dCfinies, on a obtenu le cornposC isosulforphanol (3a) mentionnt dans le titre ainsi qu'un sous- 
produit intermediaire (13) provenant d'une cyclisation inhabituelle du composC l l a  a une position diffkrente de la t&te de pont. 
Faisant appel B la diffraction des rayons-X. On a dCterminC les structures des deux composCs 3a et 13. Les cristaux du cornposk 
13 (CI7HZ2OS) sont monocliniq~es et appartiennent au groupe d'espace P2]/a avec a = 17,080(2), b = 9,372(1), c = 9,327(1) 
A, P = 108,67(1), V = 1414.4 A3, Z = 4. On aobtenu une valeur de R de 0,034 pour 2545 rkflexions. Les cristaux du compos6 
3a (C,7H230S+.C104-) sont or$orhombiques et appartiennent au groupe d'espace Pna2, avec a = 10,934(1), b = 9,219(1), 
c = 17,131(2) A, V = 1726,8 A3 et Z = 4. On a obtenu une valeur finale de R de 0,053 pour 1018 rkflexions. L'analyse par 
rayons-X de la molCcule de C17H230S+ a permis de ]'identifier cornrne Ctant le S-methyl isosulforphanol (fig. 2). La figure 
I illustre la structure du composC 13. On a ainsi Ctabli que le rCsultat stCrCochimique de la synthkse de Grewe est inverse 
lorsqu'on remplace l'azote par le soufre dans 1'Ctape finale de cyclisation. Des Ctudes pharmacologiques prkliminaires indiquent 
que le composC 3a est un agoniste potentiel dans le systkrne nerveux central mais un antagoniste potentiel dans I'ilCum du 
cochon d'inde. 

[Traduit par le journal] 

Introduction 
A decade ago we reported the surprising observation that H - P o H  a OH 

structurally induced pyramidal inversion about the basic nitro- 
gen of the potent narcotic analgesic levorphanol (I) suppressed 

' A '  - - 

its in vivo activity (1). The idea that the nitrogen lone-pair 
directionality in levorphanol(1) and analogous narcotic analge- 
sics is a stereoselective determinant of productive interaction 
with the morphine receptor was put forward, and the most 
obvious implication of this stereoelectronic parameter centers 1 2 
on the ability of the N lone pair to act as a acceptor and 
(or) donor at physiological pH ( I ) ,  the rest of the molecule 
serving as a selective carrier of this pivotal atom (2). Although 
the quality of the receptor response can sometimes be modu- 
lated by geometrical inversion to the isomeric planar stereo- 
chemistry as in 2, the available evidence based on studies with 
several analogs (3) allows the firm conclusion that affinity for 
the receptor can be favoured equally well by the flattened main 
skeleton of the isomorphinans (2). 

In recent years, a number of publications have appeared 
which purport to demonstrate that the N lone-pair directionality 
as we perceived it (1) would be unimportant in the receptor 
recognition process (4-6). However, in all these cases the 
morphinan analogs studied either exhibited very weak activity 
( 5 ,  6) or were "so toxic that the observed activity was 
equivocal" (4). 

In an effort to clarify further the stereoelectronic role on 
activitv of the N lone vair of momhinan related com~ounds. we 
undeiook the synthe'sis of the sulfonium analogsS3a and 3 b  

' Permanent address: Dipartimento di Scienze Chimiche, University which, for convenience, shall be referred to as S-methyl iso- 
of Camerino, Carnerino, Italy. sulforphanol and S-methyl sulforphanol respectively. In the 
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stereoelectronic and physico-chemical sense, sulfonium ions 
are, for the purpose of electrostatic pairing, close relatives of 
protonated tertiary amines and not of quaternary nitrogen com- 
pounds. Therefore, we hoped that pharmacological studies 
with the sulfonium analogs 3a and 3b would help in the clari- 
fication of the separate roles of ion pairing and of hydrogen 
bond complex formation at the counter-acceptor site level of 
the morphine receptor. 

The purpose of this report is to describe a synthetic route 
leading exclusively to stereochemistry 3a. A non-morphinan- 
like side product of structure 13 was also obtained. A following 
paper will describe an alternate methodology allowing the gen- 
eration of both 3a and 3b. 

The commercial Grewe synthesis (7) of levorphanol (8- 10) 
(1) provides a conceptual basis for the construction of the ring 
system of 3. However, the scheme as applied to levorphanol(1) 
has not been previously tested with a relevant sulphur analog 
and special experimental methodologies had to be introduced 
for the successful production of the sulphur-containing ring 
system. 

was hydrolyzed with aqueous sodium hydroxide to yield the 
known acid (5) in 85% yield. Lithium aluminum hydride reduc- 
tion of the acid functionality led cleanly to the alcohol (6) 
which was treated with p-toluenesulfonyl chloride to yield 7 in 
72% yield. The latter tosylate was reacted with potassium thio- 
acetate in dry THF to give 2-(cyclohexen-1-y1)ethanethiol ace- 
tate (8) in 85% yield after purification by distillation. The thiol 
acetate functionality of 8 was cleaved with sodium methoxide 
in methanol at room temperature to yield the free thiol9, which 
was reacted withp-methoxyacetaldehyde (10) (12) in a mixture 
of trifluoroacetic acid and acetic acid at room temperature to 
yield a mixture of double bond isomers of intermediate 11 in 
37% yield. These experimental conditions appeared critical and 
are unlike those employed in the nitrogen series. Reaction of 
the latter with anhydrous hydrogen fluoride at -78"C, follow- 
ed by chromatographic purification of the crude product, af- 
forded a 34% yield of 3-methoxy- 17-deaza- 17-thiaisomor- 
phinan (12) and a 5% yield of the isomeric ring structure (13). 
It is worth noting that, in our hands, the success of this reaction 
was critically dependent on the use of hydrogen fluoride as 
solvent and catalyst. Boron tribromide treatment of 12 at 
-78°C led to 3-hydroxy-17-deaza-17-thiaisomorphinan (14), 
which was converted to the methyl iodide salt (15) in 88% yield 
by reaction with methyl iodide in acetonitrile at room tem- 
perature. Anion exchange processing yielded (+)S-methyl iso- 
sulforphanol perchlorate (3a) whose nmr spectrum in chloro- 
form indicated that only one geometrical isomer was present. 
The assigned structure 3a and that of the by-product 13 were 
elucidated by X-ray diffraction analysis. 

Crystal structure analysis 
Results and discussion (a) Data measurement (Tables 1-4) 

The synthesis of S-methyl isosulforphanol (3a) was carried Crystal data for C17H220S (13) and the S-methyl isosulfor- 
out as summarized in Scheme 1. phanol perchlorate, C17H230Sf -C104- (3a), are presented in 

The nitrile group of 1-cyclohexen-1-yl acetonitrile (4) (1 1) Table 1. The X-ray measurements were carried out on a Nonius 

4 R = CHzCN 6 R = O H  
5 R = CHzC02H 7 R = OTs 

8 R = SC(0)CH3 
9 R = S H  

0 C H 3  
I 

12 R = OMe 
14 R = OH 

110 l l b  

1 
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TABLE 1. Crystal data 

Parameter 13 3a 

Formula C17H,,0S CI7H2,0S' .C104- 
M, 274.4 374.9 
System Monoclinic Orthorhombic 
S p a ~ e  group P2,/a Pna2, 
a (A) 17.080(2) 10.934(1) 
b 9.372(1) 9.219(1) 
c 9.327(1) 17.131(2) 
I3 ("1 108.67(1) - 

V (A') 1414.4 1726.8 
z 4 4 
F (000) 592 792 
Dx (g cm-') 1.288 1.442 
Crystal dimensions (mm) 0 . 6 0 ~ 0 . 6 0 ~ 0 . 1 0  0.03~0.07X0.57 
o-scan range (") 1.10+0.14 tan 0 0.80+0.14 tan 0 
o-speed (" min-I) 0.65-3.35 0.46- 1.68 
No. of unique reflections 2915 1522 
Threshold limit 2.0u(I) 1 .%(I) 
No. of obs. reflections 2545 1018 
R = 211~~~1 - IFcll/2lFC,l 0.034 0.053 
R,,. = [CW(AF)~/CW\ F,I']~" 0.042 0.071 
s = [ C w ( h ~ ) ~ / ( r n  - n)]'12 0.43 1.37 
Max. (shiftlesd) 0.39 0.48 
Mean (shiftlesd) 0.09 0.10 

TABLE 2. Fractional atomic coordinat~s (X lo4; X lo5 for S) 
and equivalent temperature factors ( A ~ )  for C,7Hz20S 13. 

Estimated standard deviations are in parentheses 

Atom x Y z B (eq) 

CAD-4 diffractometer using Ni-filtered Cu radiation. While 
crystals of 13 were well formed and of good size, those of 3a 
were minute and poorly formed; hence, data collection for 13 
was taken to 20 = 150" while that for 3a was limited to 20 = 
130". The cell parameters were derived by a least-squares fit to 
the angular settings of 22 reflections with 84 < 20 < 148" for 
13, and 20 reflections with 52 < 20 < 88" for 3a. The in- 
tensities were measured in the w-20 scan mode for the ranges 
stated in Table 1, and extended by 25% at each side for the 
background measurements. Three standard reflections mea- 
sured after every hour of exposure time varied within + l .3% 
of their mean values. The net intensities were corrected for 
scale variations, Lorentz and polarization effects, and for ab- 

TABLE 3. Fractional atomic coordinates (X lo4) and equiv- 
alent temperature factors (A2) for C17H2,0S+.CI04- 3a. 

Estimated standard deviations are in parentheses 

Atom x Y z B (eq) 

sorption by Gaussian integration. The absorption corrections 
were in the range 1.206-2.597 for 13 and 1.109-2.467 for 3a.  

(b) Structure determination 
Structure 13 was determined by the direct method of symbol- 

ic addition (13). All the non-hydrogen atoms were observed in 
the E map and, after partial refinement of their parameters, the 
H atoms were located from a difference Fourier map. Refine- 
ment of the atomic coordinates and anisotropic thermal param- 
eters (isotropic for H) and a scale factor, constituting a total of 
260 parameters, was by block-diagonal least squares, min- 
imizing Zw(Fo - F,)' with w = {I + [(IFol - 3)/2512}-' and 
excluding the unobserve_d reflections as well as four strong ones 
(020, 320, 400, and 201) showing extinction effect. 

Structure 3a was determined by the heavy atom method, 
using a Patterson and three Fourier syntheses for location of the 
non-hydrogen atoms. The H atoms were located from a differ- 
ence map at a later stage. Refinement was as described for 13, 
except that the weights were calculated according to the expres- 
sion w = {I + [(IF,( - 10/30]2}-'; the z coordinate for C1 was 
fixed to define the origin along the z axis, and the H parameters 
were not refined, so that the number of refined parameters was 
216. The (020) reflection which showed an extinction effect 
was excluded. 

The scattering factor curves were from refs. 14 and 15, and 
all calculations were performed with the aid of the NRC pro- 
gram system (16) and ORTEP (17). The final atomic coordi- 
nates and equivalent isotropic thermal parameters are listed in 
Tables 2 and 3.2 

'The structure factor tables, parameters for the H atoms, and aniso- 
tropic thermal parameters for the non-hydrogen atoms are available, 
at a nominal charge, from the depository of unpublished data, CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada 
KIA OS2. 
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FIG. 1. A view of the molecular structure of CI7HZZOS (13) show- 
ing the conformation and atom numbering. The thermal ellipsoids are 
drawn at 50% probability and the H atoms have been omitted. 

FIG. 2. A view of the molecular structure of C17H230S+ (3a) show- 
ing the conformation and atom numbering. The thermal ellipsoids are 
drawn at 50% probability and the H atoms have been omitted. This 
view is for the opposite enantiomorph of the coordinates listed in 
Table 3. 

Structural analyses 
The molecular conformations and atom numbering for com- 

pounds 13 and 3a are presented in Figs. 1 and 2, respectively. 
Whereas the piperidine ring in levorphanol is fused along the 
C(9)-C(14) and C( 13)-C(14) bonds, the C,,H220S product 
shown in Fig. 1 has the corresponding ring fused at 
C(9)-C(14) and C(8)-C(14). Also, the methyl group which 
is substituted at N(17) in levorphanol is found to be substituted 
instead at O(l8). These anomalies, however, are not present in 
molecule 3a (Fig. 2), which is shown to possess the correct 
S-methyl isosulforphanol structure. 

The bond lengths and valence angles for compounds 13 and 
3a are listed in Table 4. Equivalent bond lengths in the two 
molecules are comparable, with the largest difference of 
0.032(11) A in the C(3)-O(18) bond being insignificant at the 
0.1% probability level. However, six pairs of equivalent va- 
lence angles show significant differences of 3.3(8)-5.2(6)" 
with the largest difference occurring at C(10)-C(9)-S(17) 
and C(14)-C(9)-S(17), probably as a result of the differ- 
ences in molecular conformations. In both molecules the endo- 
cyclic angle C(9)-S(17)-C(16) is 99.0 + 0.4", which is 
considerably smaller than the normal tetrahedral angle of 
109.7". 

The aromatic ring is planar; X2 (= ZA2/u2) is 7.7 for mole- 
cule 13 and 1 1.1 for 3a. The adjacent ring has nearly the same 

conformation in both molecules with insignificant differences 
(within * 1.3") in the corresponding torsion angles. The abso- 
lute values of the torsion angles in the sulfonium ring and the 
remaining ring are 52.5(2)-61.1(2)" and 53.4(2)-57.1(s)" for 
molecule 13, compared to 58.7(7)-67.0(8)" and 50.6(10)- 
58.2(11)" for molecule 3a, respectively. 

While there are no short intermolecular interactions in the 
crystals of sompound 13, there is a short contact in 3a of 
2.789(12) A between the hydroxyl O(18) and O(3) of the 
perchlorate group, indicative of a possible hydrogen bond be- 
tween them. 

These structural analyses establish that the substitution of a 
basic nitrogen by a sulfur in a Grewe-like process for mor- 
phinan synthesis unexpectedly leads to a complete reversal of 
the B/C ring junction stereochemistry of the product. The 
trans-geometry of the resulting sulforphan 12 can hardly be 
attributed to the different nature of the Friedel-Crafts catalyst 
(hydrogen fluoride); rather, it is likely that the longer C-S 
bonds (>1.8 A) relative to the C-N bonds of morphinans 
serve to relieve 1,3-axial compressions between the ring D 
sulfur atom and the ring C hydrogens, thus reversing the 
thermodynamic stability of the transition states leading re- 
spectively to morphinans and sulforphans. 

The unexpected formation of the polyhydro-thiabenzanthra- 
cene by-product 13 is best explained by the involvement of a 
double bond isomerization of l l a  followed by direct electro- 
philic attack of the phenyl ring. This implies the intermediacy 
of a secondary carbonium ion intermediate which probably 
accounts for the very low yield (-5%) of product. 

The sulfonium analog 3a (isosulforphanol) was tested as the 
perchlorate salt for its effect on the opiate receptors of the 
guinea-pig ileum (GPI) longitudinal muscle, the mouse vas 
deferens, and the central nervous system (CNS) of hooded rats 
by the intracerebroventricular route of administration. The re- 
sults, which have been recently reported in preliminary form 
(18), showed that analog 3a displays marked affinity for the 
opiate receptor while inducing divergent effects in the GPI and 
the CNS respectively. The mechanistic significance of these 
observations is under active investigation. 

Experimental 
General 

Melting points and distillation temperatures are uncorrected. In- 
frared spectra were recorded on a Perkin-Elmer model 297 spec- 
trophotometer. Proton nuclear magnetic resonance ( 'H  nmr) spectra 
were measured using a Varian XL-200 spectrometer. Tetramethyl- 
silane was employed as the internal standard for all compounds. Mass 
spectrometric measurements were recorded on Dupont 21-492B or 
LKB 9000 mass spectrometers. 

2 4 1  -Cyclohexen-1 -yl) acetic acid (5) 
I-Cyclohexen-1-yl acetonitrile (4) (50 g, 0.415 mol) and sodium 

hydroxide (30 g, 0.075 mol) were dissolved in H 2 0  (300 mL) and 
heated at reflux for 20 h. The reaction mixture was extracted with 
chloroform (3 x 75 mL) to remove any unwanted side products. The 
remaining aqueous layer was acidified and again extracted with 
chloroform (3 X 75 mL). The combined extracts were dried and 
solvent removed in vacuo to yield a green oil which was distilled (bp 
155- 157"C/20 Tom; 1 Tom = 133.3 Pa) to give 49 g (0.35 mol, 85% 
yield) of a white waxy solid, mp == 26°C; ir (CHCl,): 2920, 1700 
cm-I; 'H nmr (CDCI,) 6: 1.56-1.92 (m, 4H), 2.00-2.18 (m, 4H, 
allylic), 3.00 (s, 2H, CH2COO), 5.7 1 (s, IH, C=CH), 8.00 (br s, 
IH, COOH); m/e: I I I (M+ - COOH, base peak). 

2-(1 -Cyclohexen-1 -yl)ethanol (6)  
A solution of 2-(I-cyclohexen-I-yl) acetic acid ( I 0  g, 0.071 mol) 
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TABLE 4. Bond lengths and valence angles and 
their estimated standard deviations in parentheses, 

for 13: C17H220S and 3a: C17HZ30S+-C104- 

Bond length (A) Bond 13 3a 

Bond 13 3 a  

Bond 

TABLE 4. (Continued) 

Valence angle (deg) 

Valence angle (deg) 

in dry ether (30 mL) was added dropwise to a suspension of LiAIH4 
(2.8 g, 0.074 mol) in dry ether (20 mL) under N2. After the addition 
had been completed the reaction mixture was allowed to stir under N, 
for an additional 1.5 h. The remaining unreacted LiAIH4 was decom- 
posed by the dropwise addition of water. The reaction mixture was 
slowly added to a 1 N aqueous solution of HC1 (100 mL). The ether 
layer was removed and the remaining aqueous layer extracted with 
ether (3 x 75 mL). The combined organic extracts were dried and the 
ether removed in vacuo. The residue was distilled (bp 101 - 102"C/20 
Tom) to yield 7.16 g (0.57 mol, 80% yield) of a colorless oil; ir 
(CHCI,): 3610 cm-'; 'H nmr (CDCI,) 6: 1.58-1.80 (m, 4H), 
1.96-2.15 (m, 4H, allylic), 2.26 (m, 2H, = -CH2), 3.54 (s, IH, 
OH), 3.68 (t, 2H, J = 4 Hz, CH20), 5.56 (s, IH, C=CH); m/e: 126 
(M'), 108, 79 (base peak). 

2-(I-Cyclohexen-I-y1)ethanol tosylate (7) 
2-(1 -Cyclohexen- l -yl)ethanol (6) (9.0 g, 0.071 mol) was dissolved 

in dry pyridine (50 mL) and cooled to P C .  A solution of p- 
toluenesulfonyl chloride (15 g, 0.079 mol) in dry pyridine (75 mL) 
was added at O°C and the reaction mixture was sitrred at O°C for 2 h. 
After a further 24 h at O°C the solution was poured into a solution of 
ice-water (300 g) and extracted with methylene chloride (3 x 75 mL). 
The combined organic extracts were washed with cold 10% aqueous 
HCI (6 x 50 mL) to remove any pyridine. The organic layer was dried 
and the solvent removed in vacuo. Low temperature recrystallization 
yielded 14.2 g (0.05 1 mol, 72.3% yield) of a white solid; mp - 23°C; 
ir (CHCI,): 2940, 1600, 1360, 1 170,970,930 cm-'; 'H nmr (CDCI,) 
6: 1.4- 1.5 (m, 4H), 1.53-1.9 (m, 4H, allylic), 2.2-2.3 (m, 2H, = 
-CH2), 2.41 (s, 3H, ArCH,), 4.05 (t, 2H, J = 2 Hz, CH20), 5.37 
(br s, IH, =CH), 7.33, 7.75 (ABq, 4H, J = 4 Hz, ArH); mle: 280 
(M+), 200, 155, 109 (base peak). 

2-(I-Cyclohexen-I-y1)ethanethiol acetate (8)  
2-(I-Cyclohexen-1-y1)ethanol tosylate (7) (16 g, 0.057 mol) was 

dissolved in dry THF (1 50 mL) and a solution of potassium thioacetate 
(25 g, 0.23 mol) in dry THF (200 mL) was added. The reaction 
mixture was heated at reflux for 2 h and the THF was removed in 
vacuo. The residue was dissolved in H20 (100 rnL) and extracted with 
methylene chloride (3 X 75 mL). The combined organic extracts were 
dried and the solvent removed in vacuo. The yellow oil was purified 
by distillation (bp 113"C/5 Tom) to yield 8.97 g (0.049 mol, 85.5% 
yield) of a pale yellow oil; ir (neat): 1690, 1435, 1350, 1120,950,620 
cm-'; 'H nmr (CDCI,) 6: 1.4-1.64 (m, 4H), 1.94-1.98 (m, 4H, 
allylic), 2.12-2.20 (m, 2H, = -CH2), 2.28 (s, 3H, C(0)CH3), 2.91 
(t, 2H, J = 4 Hz, CH2S), 5.44 (s, lH, =CH); mle: 184 (M+), 108 
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(base peak). Anal. calcd. for ClOHl60S: C 65.17, H 8.75; found: C 
65.39, H 8.75. 

2-(1-Cyclohexen-1-yljethanethiol (9) 
Methanol (50 mL) was degassed by passing N2 through the solution. 

Sodium (1.44 g, 0.063 mol) was added and the solution stirred until 
all the sodium had dissolved. A solution of 2-(I-cyclohexen-I-yl)- 
ethanethiol acetate (4.4 g, 0.024 mol) in dry THF (I0 mL) was added 
and the reaction mixture was stirred-under N2 for 4 h. The solution was 
diluted with saturated aaueous NaCl (100 mL) and the DH adiusted to ' 2 

4 with 10% aqueous citric acid. The aqueous layer was extracted with 
ether (4 X 75 mL). The combined organic extracts were dried and the 
solvent removed in vacuo. The residue was distilled (bp 116"C/45 
Torr) to give 0.065 g (0.0455 mol, 72.3% yield) of a colorless oil; ir 
(neat): 2900, 1440,720 cm-I; 'H nrnr (CDCI,) 6: 1.34- 1.39 (m, IH, 
SH), 1.51- 1.65 (m, 4H, CH2CH2), 2.53-2.59 (m, 2H, CH2S), 5.46 
(br s, IH, C=CH); m/e: 142 (M+, base peak), 126, 108. Anal. calcd. 
for C8HI4S: C 67.54, H 9.91; found: C 67.32, H 9.80. 

p-Methoxyacetaldehyde (1 0 )  (ref. 12j3 
4-Allylanisole (5 mL) was added to a vigorously stirred solution of 

aqueous H202 (30%, 37 mL, 1.2 mol) and aqueous formic acid (90%, 
160 mL, 4.2 mol) and the reaction mixture was heated to 40°C. The 
temperature was maintained between 40 and 45°C by heating or cool- 
ing as necessary while a further 35 mL of 4-allylanisole (0.26 mol) 
was added dropwise. The reaction mixture was stirred overnight at 
room temperature and evaporated to dryness in vacuo. To the remain- 
ing red residue was added aqueous NaOH (37%, 45 mL), at 45OC, and 
H20 (65 mL). The solution was heated to 50°C for 1 h. After cooling, 
concentrated HCI (33 mL) was added and the aqueous layer extracted 
with CHCI, (3 X 75 mL). The combined organic extracts were dried, 
filtered, and the solvent removed in vacuo. The residue was purified 
by distillation (bp 150- 152"C/25 Torr) through an air-cooled con- 
denser to afford 29.8 g (0.16 mol, 63% yield) of 1,2-dihydroxy-3- 
(4-methoxypheny1)propane; ir (CHCI,): 3400, 2930, 1610, 1505 
c m - ~ .  , I H nmr (CDCI,) 6: 2.6 (d, 2H, J = 4 Hz, CH2Ar), 3.4 (m, I H, 

CHO), 3.5-3.8 (m, 2H, CH20), 3.7 (s, 3H, OCH,), 4.1 (br s, IH, 
OH), 6.78 (d, 2H, J = 4 Hz, ArH), 7.1 (d, 2H, J = 4 Hz, ArH); mle: 
182 (M'), 148, 121 (base peak). 

1,2-Dihydroxy-3-(4-methoxypheny1)propane (22.3 g, 0.12 mol) 
was dissolved in dry benzene (1250 mL). One-tenth of the solvent 
(1  25 mL) was distilled off under N2 and, after cooling, one equivalent 
of lead tetraacetate (55.4 g, 0.12 rnol) was added and the mixture 
stirred at room temperature overnight. The suspension was poured 
onto H20 (1000 mL) and the lead oxides removed by filtration through 
Celite. The aqueous layer was separated, the organic layer washed 
with H20 (2 X 500 mL), saturated NaHCO, ( I  X 500 mL), and then 
dried, filtered, and concentrated in vacuo. The residue was distilled 
(bp 76-77OCl0.25 Torr) to yield 8.3 g (0.06 rnol, 45% yield) of 
p-methoxyacetaldehyde as a yellow liquid; ir (neat): 1720, 1670, 
1580, 15 10 cm-'; 'H nmr (CD2CI2) 6: 3.48 (br s, 2H, CH20), 3.7 (s, 
3H, OCH,), 6.8-7.1 (m, 4H, ArH), 9.6 (br s, HCO); mle: 150 (M+), 
121 (base peak). 

l-(p-Methoxybenzyl)-3,4,5,6,7,8-hexahydro-IH-isobenzothiapyran 
f l l a )  

2-(Cyclohexen-I-y1)ethanethiol (9) (3.5 g, 0.025 mol) was dis- 
solved in acetic acid (6 mL) and the solution added dropwise to a 
stirred solution of the precedingp-methoxyphenylacetaldehyde (9.2 g, 
0.061 mol) in trifluoroacetic acid (12 mL) and acetic acid (6 mL) 
under argon at room temperature. The reaction mixture was stirred for 
20 h and then poured onto ice-water (50 mL) and the mixture neutral- 
ized with saturated sodium bicarbonate solution. The aqueous layer 
was extracted with ether (3 x 75 mL), the combined extracts dried, 
and the solvent removed in vacuo to yield a yellow oil which was 
purified by flash chromatography (8 in. X 1 in. silica gel 60 (230-400 
mesh)) using petroleum etherlethyl acetate 50: 1 (v/v) as the eluent to 
give 1.2 g (4.69 mmol) of l l a  and 0.6 g (2.34 mmol) of l l b  (28.1% 

yield overall); ir ( l l a )  (neat): 2920, 1610, 1510, 1240, 750 cm-'; 'H 
nmr ( l l a )  (CDCI,) 6: 1.0-3.0 (complex m, 15H), 3.75 (s, 3H, 
OCH,), 6.8 (d, 2H, J = 4 Hz, ArH), 7.1 (d, 2H, J = 4 Hz, ArH); mle 
(110): 274 (M+), 153, 83 (base peak). Anal. calcd. for CI7HZ2OS: C 
74.40, H 8.08; found: C 74.36, H 8.01. Infrared ( l l b )  (neat): 2920, 
1610, 1510, 1240, 750 cm-I; 'H nmr ( l l b )  (CDCI,) 6: 1.0-3.0 
(complex m, 14H), 3.75 (s, 3H, 0CH3), 5.6 (br s, IH, =CH), 6.8 
(d, 2H, J = 8.6 Hz, ArH), 7.1 (d, 2H, J = 8.55 Hz, ArH); mle ( l lb) :  
274 (M+), 83 (base peak). 

3-Met/~oxy-l7-deaza-l7-isothioatnorphinan (12) 
The isomers of 11 (1.8 g, 7.03 mmol) were dissolved in anhydrous 

HF at -78°C. The reaction mixture was allowed to warm to room 
temperature and stirred for an additional 24 h. The HF was evaporated 
and the remaining residue dissolved in ether. The ethereal solution was 
washed several times with water, dried, and the solvent removed in 
vacuo. The red-colored residue was purified by flash chromatography 
(8 in. x 1 in. silica gel 60 (230-400 mesh)) using petroleum 
etherlethyl acetate 50: l<v/v) to give 0.61 g (2.2 mmol), 34% yield 
of 12 (rnp 73-74°C) and 0.1 g (0.36 mmol), 5.1% yield of 13; mp 
134- 135°C; ir (12) (KBr disc): 1610, 1570, 1490, 1420, 1280, 1040, 
800, 590 cm-I; 'H nmr (12) (CDCI,) 6: 1.2-2.8 (complex m, 14H), 
3.24 (d, IH, J = 8 Hz, CHAr), 3.8 (s, 3H, OCHS), 6.7-7.0 (m, 4H, 
ArH); m/e (12): 274 (M+), 213 (base peak). Anal. calcd. for 
CI7Hz2OS: C 74.40, H 8.08; found: C 74.61, H 8.17. Infrared (13) 
(KBr disc): 2930, 1610, 1500, 1260, 1230, 1040, 800 crn-I; 'H nmr 
(13) (CDCI,) 6: 0.8-3.2 (complex rn, 16H), 3.7 (s, 3H, OCH,), 
6.8-7.2 (m, 3H, ArH); mle (13): 274 (M+,  base peak). The X-ray of 
this compound is shown in Fig. 1 .  

3-Hydroxy-17-deaza-17-isothiamorphinan (14) 
3-Methoxy-17-deaza-17-isothiamorphinan (12) (0.59 g, 2.14 

mmol) was dissolved in dry methylene chloride (20 mL) at -78°C 
under argon. A solution of BBa (0.342 mL in 3 mL CH2CI2) was 
added at -78'C and the reaction allowed to warm to room tem- 
perature. After 17 h the solution was poured onto H20 (50 mL) and 
the organic layer collected. The aqueous layer was extracted with 
methylene chloride (3 X 50 mL) and the combined organic extracts 
were dried and the solvent removed in vacuo. The residue was purified 
by flash chromatography (I in. X 4 in. silica gel 60 (230-400 mesh)) 
using chloroform as the eluent to yield 0.47 g (1.82 mmol, 85.6% 
yield) of white crystals; mp 177- 178°C; ir (KBr disc): 3290, 2910, 
1620, 1580, 1500, 1285 cm-I; 'H nmr (CDCI,) 6: 1.1-2.8 (m, 14H), 
3.25 (d, IH, J = 8 Hz, J = 3 Hz, CHAr), 4.6 (s, IH, OH), 6.6-7.1 
(m, 3H, ArH); mle: 260 (M+), 57 (base peak). Anal. calcd. for 
C16H200S: C 73.80, H 7.74; found: C 73.98, H 7.70. 

3-Hydroxy-17-deaza-17-isothiamorphinan-17-tnethy1 onium iodide 
(15) 

3-Hydroxy-17-deaza-17-isothiamorphinan (0.155 g, 0.596 mmol) 
was dissolved in CH,CN (1.5 mL) containing methyl iodide (4 mL). 
The reaction mixture was allowed to stand for 20 h and dry ether was 
added to maximum precipitation of white crystals of the iodide salt. 
These were collected, washed with dry ether, and dried in vacuo to 
yield 0.210 g (5.22 X lo-' mmol, 88% yield) of white crystals; ir 
(KBr disc): 3260, 2930, 1615, 1490, 1290 cm-'; 'H nmr 
(CDCI,/CF,COOH) 6: 1 .O-4.0 (m, 16H), 2.95 (s, 3H, SCH,), 
6.7-7.2 (m, 3H, ArH); mle: 260 (M+ - CH,I), 142 (CHSI, base 
peak). Anal. calcd. for C17H2sIOS: C 50.75, H 5.76; found: C 50.61, 
H 5.57. 

S-Methyl isosulforphanol perchlorate (3a) 
A methanol solution of the preceding salt (15) (0.210 g, 0.52 mmol) 

was passed through an anion exchange column in the perchlorate form 
(prepared as described below) to yield a methanol solution of S-methyl 
isosulforphanol perchlorate. Removal of the solvent yielded 0.154 g 
(0.412 mmol, 79% yield) of white crystals. The product was re- 
crystallized from CH,CN/hexane to give 0.132 g (0.352 mmol, 
67.5% yield) of long white needles. Nuclear magnetic resonance 
ana~~sisindicated only one type of methyl group was present; ir (KBr 

Experimental details previously unreported in this reference. disc): 3350, 1610,1100 (C104-), 620 (C104-) cm-I; 'H nrnr (CD3CN) 
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6: 1.1-4.0 (m, 16H), 2.9 (s, 3H, SCH,), 6.7-7.1 (m, 3H, ArH); 
mle: 260 (Mf - MeC104), 28 (base peak). The X-ray structure of the 
compound is shown in Fig. 2. 

The anion exchange column was prepared using analytical grade 
resin AGI-X8 from B10-RAD (100-200 mesh) in the chloride form. 
The resin was washed with aqueous NaOH (1 N) and then to neutrality 
with distilled water, followed by washing with dilute aqueous 
perchloric acid (5%). The resin was again washed to neutrality with 
distilled water and then methanol. It was packed into a small column 
(112 in. X 2 in.), a methanol solution of 15 applied to the top of the 
column, and the product eluted under a low pressure of nitrogen. 
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Oxidation of hydrocarbons.14.Autocatalysis during the oxidation of 1-tetradecene by 
methyltributylammonium permanganate 

DONALD G. LEE' AND JOAQUIN F. PEREZ-BENITO 
Department of Chemistry, University of Regina, Regina, Sask., Canada S4S 0A2 

Received August 27, 1984 

DONALD G. LEE and JOAQUIN F. PEREZ-BENITO. Can. J. Chem. 63, 1275 (1985). 
Autocatalysis has been detected during the reaction of methyltributylammonium permanganate with I-tetradecene in 

methylene chloride solutions. Activation of permanganate by adsorption on colloidal particles of the product, manganese 
dioxide, appears to be responsible for the observed autocatalysis. Permanganate so activated can then be reduced either by 
reaction with the alkene or by thermal decomposition. 

DONALD G. LEE et JOAQUIN F. PEREZ-BENITO. Can. J .  Chem. 63, 1275 (1985). 
On a pu dttecter de I'autocatalyse au cours de la reaction, en solution dans le chlorure de mtthylkne, du permanganate de 

mtthyltributylammonium avec le tttradtckne- I. I1 semble qu'une activation du permanganate par adsorbtion sur des particules 
colloi'dales du produit de la rtaction (le bioxyde de mangankse) serait responsable de I'autocatalyse observee. Le permanganate 
qui est ainsi activt peut alors provoquer une rtduction soit par reaction avec l'alckne soit par dtcomposition thermique. 

[Traduit par le journal] 

Introduction 
It is well known that certain permanganate reactions are 

autocatalytic. For example, the oxidation of amines (1, 2), 
hydrogen peroxide (3), and oxalic acid (4), as well as the 
thermal decomposition of aqueous potassium permanganate 
(3, have been observed to be autocatalytic. 

Despite its extensive occurrence in other reactions, evidence 
for autocatalysis during the reduction of permanganate by 
alkenes has not previously been reported. However, we have 
now obtained results which establish the importance of this 
phenomenon during the oxidation of 1-tetradecene by methyl- 
tributylammonium permanganate. In this paper we wish to 
describe these results and attempt to identify the mechanism of 
the autocatalytic reactions. 

Experimental 
Reaction rates were determined by periodic scanning of the uv-vis 

absorption spectrum using an HP 8450A spectrophotometer equipped 
with a temperaure controlled cuvette holder. The good isosbestic point 
observed when sequential spectra are plotted as in Fig. I indicates that 
no long-lived intermediates are formed during the course of the reac- 
tion. The concentration of permanganate corresponding to any spec- 
trum can therefore be determined by noting the absorbance at 526 nm 

and subtracting from it that portion due to absorption by the 
product. The latter can be obtained from the absorbance at 418 nm 
(A4I8), where permanganate is transparent. As indicated by eqs. 
[I]-[3], where the product is denoted by the symbol "P", the super- 
scripts indicate wavelengths, and the subscripts i, f, and t stand for 
initial, final, and variable times respectively, it is possible to calculate 
the permanganate concentration from absorbance measurements at 
526 nm and 418 nm. 

[ I ]  [ Q M n 0 4 1 , = ( ~ : Z 6 - ~ ? [ ~ l , ) / ~ ~ ~ n 0 4  
526 418 

[2] [QMn04], = - ep  A, /e;18) ( [ Q M ~ o ~ ] ~ / A  jZ6) 
[3] [QMn04], = - A : Z ~ A ~ ~ ~ / A ~ ' ~ )  ( [ Q M ~ O ~ ] ~ / A ~ ~ )  

Permanganate solutions were prepared by dissolving weighed 
amounts of methyltributylammonium permanganate in anhydrous 
methylene chloride that had been carefully distilled from molecular 
sieves. Since permanganate reacts slowly with the solvent under these 
conditions, the solutions were freshly prepared prior to each experi- 
ment and the calculated rate constants were all appropriately corrected 

'Author to whom correspondence may be addressed. 

FIG. I. Successive scans obtained during the oxidation of 
1-tetradecene (7.89 X 1 0 - 9 )  by methyltributylammonium per- 
manganate (3.02 X M) in methylene chloride at 25.0°C. 
Isosbestic point at 484 nm. 

by subtracting the rate of reduction of the oxidant by the solvent. 
In a typical experiment, a 50-mL volumetric flask containing a 

solution of the desired concentration of I-tetradecene in methylene 
chloride was thermostated in an ethylene glycol/water bath for 
about 20 min. Then, solid methyltributylammonium permanganate 
(0.0049 g) was added and the solution stirred until homogeneous. A 
portion of this solution (-2 mL) was then transferred to a cuvette in 
the thermostated cell compartment of the spectrophotometer, absorb- 
ances were measured at intervals, and the concentration of per- 
manganate calculated using eq. [3]. 

At the conclusion of the reaction the oxidation state of the product 
was determined iodometrically using the following procedure. A solu- 
tion of methyltributylammonium permanganate (2.98 X M) in 
methylene chloride was allowed to react until no trace of per- 
manganate could be seen in the absorption spectrum. An aliquot 
(2.0 mL) of the resulting brown-yellow solution was titrated by adding 
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TABLE I. Initial reaction rates 

0.82 2.47 0.37 2.43 2.96 
1.54 4.76 0.72 4.69 3.05 
2.36 7.11 1.11 7.00 2.97 
3.17 9.89 1.50 9.74 3.07 
3.80 11.66 1.81 11.48 3.02 

"Initial [MnO;], [I-tetradecene] = 7.89 X lo-' M, temperature = 25.0 + O.I0C. 
hobserved initial rate. 
'Rate of reaction of permanganate with solvent. 
"Corrected initial rate. 
' k l  = r,/[MnO,],. 

TABLE 2. Dependence of initial rates on alkene concentration" 

2.72 0.79 0.80 
2.97 1.58 1.83 
2.97 2.37 2.75 
2.96 3.16 3.77 
2.39 3.95 3.76 
3.07 4.74 5.70 
3.20 5.53 6.91 
2.88 6.31 7.17 
3.07 7.10 8.52 
3.03 7.89 9.40 

"Temperature = 25.0 -C 0.IoC. Symbols defined in Table I. 
bkZ = k l  /[I-tetradecene]. 

2.0 mL of tetrabutylammonium iodide (3.00 x 10-'M) in methylene 
chloride and 5.0 mL of glacial acetic acid, followed by dilution with 

I I 
-C-C- 

CH2C12 to 50.0 mL. The amount of iodine liberated was then deter- \ / / \ 
mined spectrophotometrically by measuring absorbances at 365 nm 141 /C=C + QtMn04- + O,Mn,O 
( E  = 2.62 X lo4). These were found to be 0.318 and 0.316 in \ 

duplicate determinations. \o-Q+ 

Results 
The oxidation state of the final product was determined by 

iodometric titration to be 4.01 2 0.04. 
The order of the reaction with respect to oxidant was deter- 

mined by measuring the initial reaction rate at several different 
permanganate concentrations while the concentration of 
1-tetradecene was held in a constant, large excess. As the data 
in Table 1 indicate. the order of the reaction with resDect to 
permanganate is unity. The observation that the pseudo-first- 
order rate constants so obtained are directly proportional to the 
concentration of 1-tetradecene (Table 2) indicates that the rate 
of reaction is also first order in alkene. 

Therefore, in the absence of complications, it would be 
expected that plots of In [QMnOd] vs. time should be linear. 
However, all of the plots obtained were found to exhibit a 
definite concave upward curvature. Typical examples (which 
have been reproduced in Fig. 2) indicate that the reaction is 
obviously more complicated than suggested from the initial 
reaction rate studies. 

The activation energies obtained from plots of In k vs. 1 /T  
(Fig. 3) have been summarized in Table 3. 

Discussion 
Evidence available in the literature indicates that alkenes 

react with permanganate to form cyclic manganate(V) diesters 
as in eq. [4] (6). 

The results of isotopic labelling experiments (7) as well as 
several product studies (8) are consistent with this conclusion. 
For example, Wagner (9) converted 3-methyl-1-butene into 
1,2-dihydroxy-3-methylbutane by use of alkaline per- 
manganate, and Ogino and Mochizuki (10) found that 
1,2-dihydroxyoctane was formed by basic hydrolysis of the 
product obtained when 1-octene was oxidized under conditions 
similar to those used in these experiments. 

Since the oxidation state of the product appears to be +4  and 
since no long-lived intermediate could be detected, this initial 
reaction must be followed by a very fast reaction in which the 
manganate(V) diester is reduced to manganate(IV), possibly by 
abstraction of a hydrogen atom from the solvent as in eq. [5 ] .  

Two properties of the product suggest that it must be col- 
loidal in nature. Firstly, the intensity of its absorption spectrum 
increases with time, presumably because flocculation is slowly 
occurring. If traces of moisture are added, the rate of floccu- 
lation increases and a brown solid eventually precipitates. 
Secondly, the logarithm of the absorption of the product is 
linearly related to the logarithm of the wavelength, a property 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LEE AND PEREZ-BENITO 1277 

TIME ( s 1 
FIG. 2. Attempted pseudo-first-order plots. 

FIG. 3. Arrhenius plots. Symbols defined in text. For k, plot, 
[QMnO4Ii = 3.00 x M. For k2 plot, [QMnO4Ii = 3.00 x 

M, [I-tetradecene] = 7.9 X 10-50 7.9 X lo-' M. For k' and 
k" plots, [QMnO4Ii = 3.00 x M,  [Mn021i = 2.96 x M, 
[I-tetradecene] = 6.3 x to 8.5 X 10-'M. 

log X 

FIG. 4. Closed circles: spectrum of the product formed from the 
reaction of I-tetradecene (4.74 x lo-' M )  with methyltri- 
butylammonium permanganate (5.56 X M )  in methylene 
chloride at 25.0°C. Open circles: log (absorbance) vs. log (A) calcu- 
lated from this spectrum. Slope = -5.90, r = 1.000. 

TABLE 3. Activation energies 

Rate constanta E,(kJ /mol) 

"The rate constants are defined in eqs. [8]-[lo]. 

exhibited by most colloids (1 1 a). See Fig. 4. 
The observance of concave rate plots, as in Fig. 2, suggests 

that the reaction may be autocatalytic. This was confirmed by 
determining initial rates in solutions that contained varying 
concentrations of product obtained from a previous experi- 
ment. When fresh methyltributylammonium permanganate was 
added to solutions in which the permanganate had been com- 
pletely reduced, the rate of reaction was found to increase with 
the concentration of manganese(1V) in the solutions (Fig. 5). 
Consequently, it appears as if the autocatalysis may be associ- 
ated with the formation of a manganese(1V) colloid, most likely 
Mn02, that would provide a surface on which the catalyzed 
reaction could take place. 

On the basis of these results it can be seen that the total rate 
law for the disappearance of permanganate should take the 
form of eq. [6], 
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1278 CAN. J .  CHEM. VOL. 63, 1985 

- log [ Q M ~ o ~ ]  
FIG. 5 .  Dependence of initial rates on manganese dioxide FIG. 7. Dependence of the rate of the catalytic reaction on the 

concentrations. permanganate concentration. [Mn021i = 3.01 X M, 
[I-tetradecene] = 7.89 X 10-'M, 25"C, slope = 0.61, r = 0.996. 

FIG. 6 .  Dependence of the rate of the catalytic reaction on the 
apparent concentration of Mn02 present in the solution. [QMnO4Ii = 
3.00 X M, [I-tetradecene] = 3.95 X lo-' M ,  25"C, slope = 
0.75, r = 0.999. 

FIG. 8.  Dependence of the rate of the catalytic reaction on the 
concentration of 1-tetradecene. [QMnO4Ii = 3.00 x M, 
[MnO2Ii = 2.96 x M, 25"C, slope = 2.68 X s-I, intercept 
= 1.43 X 10-'M s-I, r = 0.997. 

of the rate law by subtracting the rate due to solvent oxidation 
plus the rate due to alkene oxidation from the observed reaction 
rates (eq. [6]). When this is done it is found empirically that the 
catalytic rate conforms to eq. [lo] (Figs. 6, 7, and 8). 

Since ks and k2 can be independently determined, as de- [lo] 
scribed above, it is possible to investigate the catalytic portion = (k' + kU[l-tetradecene]) [ M ~ O ~ ] ~ . ' ~ [ Q M ~ O , ] ~ . ~ ~  
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LEE AND PEREZ-BENITO 1279 

The nonintegral order of the reaction with respect to Mn02 
is not surprising since the rate of reaction would be dependent 
on the number of colloidal particles in solution rather than on 
the number of moles of Mn02 present. Consequently, if the 
extent of flocculation is greater at higher Mn02 concentrations, 
the apparent order, based on absorbance measurements, will 
appear to be less than unity. 

Similarly, the apparent nonintegral order with respect to 
permanganate must arise because the rate of reaction is propor- 
tional to the amount of permanganate adsorbed rather than the 
amount in solution. According to the empirical isotherm of 
Freundlich the amount of permanganate adsorbed ( y) is related 
to the amount in solution (c) by eq. [l I], where a and b are 
constants (I 1 b). Since b is always less than unity the observed 

[ l l ]  y = acb  

order with respect to the concentration of permanganate in 
solution would also be fractional. 

The part of eq. [lo] that is independent of alkene concen- 
tration probably arises from the thermal decomposition of per- 
manganate, which is known to take place readily in the 
presence of manganese dioxide (5). The total catalytic con- 
tribution to the rate of reaction can therefore be visualized as 
resulting from an activation of permanganate by adsorption on 
the surface of colloidal Mn02 particles. These "activated" 
MnOb ions can then be reduced by reaction with alkene or by 
the thermal explusion of oxygen (12). In fact, at low alkene 
concentrations, thermal decomposition of the activated per- 
manganate appears to be the primary autocatalytic mechanism 
(see Fig. 8). As expected, the activation energy for this process 

(40.7 kJ/mol) is substantially less than for the decomposition 
of unactivated KMn04, which is known to have an activation 
energy of approximately 150 kJ/mol ( 12). 
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Tetracyclic triterpenes. VIII. The skeletal rearrangement of 
3~-acetoxy-9a,lla-epoxy-5a-lanostan-7-one: 13- and 10-methyl group migration' 
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ZDZISLAW PARYZEK and ROMAN WYDRA. 1985. Can. J. Chem. 63, 1280 (1985). 
The boron trifluoride etherate catalyzed rearrangement of 3P-acetoxy-9a, 1 la-epoxy-5a-lanostan-7-one (I) in acetic 

anhydride resulted in formation of 19(10 + 9P)abeo compounds 2 and 4 along with 18(13 + 12P)abeo compound 5, as the 
major product. These structures are supported by spectral data and chemical transformations. The possible mechanism of the 
rearrangement is discussed. 

ZDZISLAW PARYZEK et ROMAN WYDRA. 1985. Can. J .  Chem. 63, 1280 (1985). 
La transposition, catalysee 1'CthCrate du fluorure de bore, de I'acetoxy-3P Cpoxy-9a, 1 l a  5a-lanostanone-7 (I) en solutiion 

dans I'anhydride acttique conduit a la formation des composCs 19(10 + 9P)abeo (2 et 4) en plus du compose 18(13 + 
12P)abeo (5) qui se forme comrne produit principal. Les structures proposees sont en accord avec les donnees spectrales et 
les transformations chimiques. On discute du mtcanisme possible de cette transposition. 

[Traduit par le journal] 

The rearrangement of lanostane derivatives which possess 
the oxirane fragment in ring C has been a subject of several 
studies in recent years (1). These investigations were under- 
taken in connection with the possible transformation of the 
lanostane skeleton into the related, biologically important, 
skeletons of cycloartane, cucurbitane, and protostane. Indeed, 

I 

by this approach effective transformations into the last two 
types have been achieved (16, 2-4). 

I Our interest in the rearrangement of 3P-acetoxy-9,1 l-epoxy- 
5a-lanostan-7-ones was based on the assumption that the car- 
bony1 group, due to its electronic effect, might suppress the 
rearrangement to a protostane skeleton. Consequently, for- 
mation of compounds with cucurbitane and (or) cycloartane 
skeletons was expected. This was the case when 9 P , l l p -  
epoxy-7-ketone was treated with boron trifluoride in acetic 
anhydride at room temperature (3) or at O°C (4). However, the 
9 a ,  1 la-epimer has been reported to react under similar condi- 
tions (0°C) with exclusive migration of the 13-methyl group to 
position 12 (4). This result was rather unexpected if one takes 
into account the 1,2-trans relationship of the oxirane oxygen 
and the 10-methyl group. Indeed, we found this rearrangement 
to be a more complex reaction than had been reported. Rein- 
vestigation of the rearrangement of 3P-acetoxy-9a,l l a -  
epoxy-5a-lanostan-7-one (5) is now presented in full. 

The rearrangement of epoxide 1 catalyzed by boron tri- 
fluoride etherate in acetic anhydride at room temperature gave 
a complex mixture. By combining repeated column chro- 
matography and tlc separations, four compounds 2, 4, 5, and 
6 were isolated in yields of 13, 10, 44, and 12%, respectively. 

The structure assignment of compound 2 was based on spec- 
tral data. Its uv (A,,,: 244 nm, E 11 600) and ir (v,,,: 1658 
cm-') spectra agreed with an a,P-unsaturated ketone moiety 
with the double bond in position 5,6. This was supported by its 
'H nmr spectrum, in which all characteristic signals were 
present: singlet from the 6-H (6 6.06), triplet from the 11P-H 
(6 5.18, J = 8 Hz), and singlet from the 3a-H (6 4.85). The 
comparison of its "C nmr spectrum with those of compounds 
with a different substitution pattern, 7, 8, and 9 (see Table I), 
has also been valuable. The carbon resonances in these com- 
pounds were assigned on the basis of the residual splittings in 

 or a preliminary account of this work see ref. 5c. 
'~evision received October 29, 1984. 

& RO. 
- 1  .. . / 

gpV 
AcO . 

5 

off-resonance decoupled spectra, chemical shift rules (6), 
chemical shift comparison from compound to compound, cor- 
relation with values for related compounds from our collection, 
and low power selective enhancement of signals from qua- 
ternary carbon atoms (7). Besides the readily assigned signals 
(C-3, C-5, C-6, C-7, C-11, and the side chain carbons (8)) the 
most characteristic resonances in this series are those of carbon 
atoms 8,  9 ,  and 10. 

Confirmation of the structure of compound 2 came from its 
mild basic hydrolysis to the amorphous 3,ll-dihydroxy com- 
pound 3 followed by oxidation with Jones reagent to the 
crystalline triketone 10, identical with the product obtained 
from the 3P , l l  P-diacetoxy compound 8 (3a) by similar 
transformations. 

The second product isolated as an oil was assigned structure 
4 on the basis of the following spectral properties. The 'H nmr 
spectrum revealed three separate singlets for the acetate methyl 
groups at 6 2.09, 2.06, 2.02, and a sharp singlet arising from 
one olefinic proton at 6 5.86. The presence of a sharp singlet 
at 6 2.27 ascribed to the 8P-proton confirms the absence of 
protons in the 7 and 9 positions and is characteristic of all 
cucurbitane derivatives which lack hydrogen atoms in position 
7 (3). Its uv spectrum had the maximum expected for the 
5(10),6-diene system at 275 nm. Compound 4 was most 
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TABLE 1. "C Chemical shifts of cucurbitanes" 

Carbon 
atom 2 7 8 9 

C- 1 25.78 27.97 22.54 24.51 
C-2 26.37 25.63 26.25 38.12 
C-3 78.46 77.66 78.18 210.69 
C-4 39.68 41.44 41.38 51.42 
C-5 167.82 165.88 166.45 166.18 
C-6 125.26 125.08 125.24 125.34 
C-7 200.79 199.97 201.89 201.47 
C-8 59.33 59.38 58.58 58.10 
C-9 38.70 49.07 40.68 41.66 
C-10 41.78 37.35 41.04 42.04 
C-1 1 79.12 21 1.66 72.62 72.57 
C-12 35.90 49.21 36.01* 36.05* 
C-13 46.80 48.40* 44.55 44.73 
C-14 48.17 48.96* 48.49 48.61 
C-15 33.61 34.25 34.39 34.50 
C-16 27.94 27.97 27.99 28.02 
C-17 50.00 48.27 50.35 50.43 
C-18 16.32 16.87 17.01 17.03 
C-19 25.58 21.14 21.74 21.11 
C-20 36.25 36.27 36.37 36.42 
C-2 1 18.80 18.54 18.84 18.89 
C-22 35.90 35.92 36. lo* 36.23* 
C-23 24.02 23.93 24.00 24.05 
C-24 39.42 39.40 39.45 39.50 
C-25 27.94 27.83 27.62 27.58 
C-26 22.78 22.78 22.82 22.81 
C-27 22.52 22.5 1 22.54 22.55 
C-28 19.19 18.54 18.01 17.94 
C-29 26.82 27.83 27.43 28.36 
C-30 24.80 24.47 24.48 23.09 

"CH,C00 slgnals appear at 21.02 to 21.70 and CH,COO signals at ca. 170 
PPF. 

Chemical shifts marked w ~ t h  asterisks may be interchanged. 

probably formed via 3P-aceotxy-19(10 -+ 9pabeo-lanost- 
5(10)-en-7-one, since compound 2 did not give the dienol ace- 
tate 4 under the rearrangement conditions. 

Pure compound 4, when left for several weeks, gave after tlc 
purification an oily substance, whose uv spectrum showed A,, 
at 249 nm suggesting the presence of a As-7-ketone chromo- 
phore. This was confirmed by v,,,: 1660 cm-' in the ir spec- 
trum. In the 'H nmr spectrum the following signals were im- 
portant: sharp singlet from one proton at 6 6.33, multiplet from 
one proton at 6 5.08, triplet at 6 4.86, doublet at 6 4.25, and 
two acetate methyl group singlets at 6 2.10 and 2.00. The high 
resolution mass spectrum showed molecular ion corresponding 
to the formula C34HS206 All these data were in accordance with 
formula 11. In the mass spectrum, fragments mlz 121, 135, 
and 162 confirmed the presence of the oxirane oxygen atom in 
position 1,10 assuming that fragmentation a ,  b, and c occurs, 
respectively: 

- 

a b  c 
The accurate mass measurement was in agreement with the 
constitution of these fragments. The mechanism of the trans- 

formation 4 -+ 11 is unknown; however, the intermediacy of 
hydroperoxides 12 or 13 is considered (9). Allylic hydro- 
peroxides are known to give the respective a,P-unsaturated 
ketones (lo), but we are not aware of the formation of an 
epoxide which, in this case, would involve abstraction of a 
hydrogen atom from C-1 in 12. More probably, compound 11 
arose by the sequence shown in eq. [I]. 

Compound 5 has been reported previously (4); however, the 
18(13 -+ 12P)abeo structure was proposed solely on the basis 
of spectral data. Since rearrangement which involved the 
13-methyl group migration to position 12 was rather unusual, 
we sought further evidence in favour of structure 5.  

Epoxidation of 5 with m-chloroperbenzoic acid gave epoxide 
14, whose uv spectrum showed A,,, at 251 nm and whose ir 
spectrum showed v,,, at 1658 cm-I, equally characteristic of a 
A8-7-ketone chromophore. Reaction of compound 5 with chro- 
mium trioxide in acetic acid gave a complex mixture from 

which a major compound could be isolated in pure form. Its 
elemental analysis and molecular ion at mlz 512 suggested 
incorporation of two oxygen atoms into 5. Its ir spectrum did 
not contain absorption associated with the A8-7-ketone moeity. 
However, a strong band indicating two carbonyl groups was 
present at 1710 cm-' with a shoulder at 1728 cm-I. The uv 
maximum at 253 nm was in agreement with the presence of a 
16-carbonyl group conjugated with a 13,17-double bond. A 
weak absorption around 290 nm suggested the presence of the 
saturated carbonyl group in position 7. These data were in 
agreement with structure 15 resulting from allylic oxidation of 
position 16 and an unusual epoxidation of the conjugated 
8,9-double bond in compound 5. Substantial oxidation of the 
allylic I1 -carbon atom in compound 5 was not observed, in 
contrast to the easy oxidation of 3P-acetoxy-5a-lanost- 
8-en-7-one (11) to 3~-acetoxy-5a-lanost-8-ene-7,ll-dione 
(12) under similar conditions. 

Compound 5 was found to behave abnormally in en01 acety- 
lation reactions. It formed 3P,7-diacetoxy-18(13 -+ 12P)abeo- 
lanosta-6,8,13(17)-triene on action of sulfuric acid and iso- 
propenyl acetate (4) and did not give en01 trifluoroacetate with 
trifluoroacetic acid anhydride. Contrary to the behaviour of 
compound 5, 3P-acetoxy-5a-lanost-8-en-7-one gave hetero- 
annular dienol acetate 16 on the action of p-toluenesulfonic 
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\ 

-+H 

acid in acetic anhydride (13) and was very easily transformed 
to the dienol trifluoroacetate 17 upon dissolving in tri- 
fluoroacetic acid anhydride. The last reaction seems to be spe- 
cific for the 8-ene-7-one functionality in lanostane since, for 
example, cholest-4-en-3-one does not react under similar 
conditions. 

Finally, ruthenium tetraoxide - sodium metaperiodate 
oxidation of compound 5 afforded the seco compound 18 as an 
oil. Its 'H nmr spectrum had two broadened signals ascribed to 
the 1 1 P- and 1 la-protons at 6 3.12 and 3.02, which were well 

bond. The carbonyl group in position 7 clearly prevents for- 
mation of a transient carbocation at C-8. For example, in the 
rearrangement of 9,ll-epoxylanostanes without a 7-carbonyl 
group, compounds with the protostane skeleton are formed 
( lb ,  2). 

To find an explanation for the formation of the 18(13 + 
12P)abeo compound 5 from 1 it was of interest to test the 
possible intermediacy of compounds 19 or 20 in the rear- 
rangement. It was hoped to obtain dienone 20 from 
3P-acetoxy- 1 1 P-hydroxy-5a-lanost-8-en-7-one (21) according 

AcO . AcO 

18 19 20 21 22 2 3 

separated from signals of protons a to carbonyl groups in the 
region 2.75 and 2.45. The ir spectrum showed the presence of 
both conjugated (1663 cm-I) and unconjugated (1715 cm-I) 
carbonyl groups. Its uv spectrum had A,,,: 248 nm (E 8200). 
Very important information came from mass spectral fragmen- 
tation of the seco compound 18 shown in Scheme 1. The 
fragmentation pattern confirms the presence of a methyl group 
in position 12. 

The formation of compounds 2 and 4 having the cucurbitane 
skeleton results from the opening of the oxirane ring in 1, 
probably in a concerted process involving migration of the 
10-methyl group to position 9. However, this is not a predom- 
inant pathway despite the favourable trans relationship 
between the migrating group and the breaking carbon-oxygen 

to the procedure described by Dias (14). Thus, sodium boro- 
hydride reduction of 3~-acetoxy-5a-lanost-8-ene-7,ll-dione 
was carried out. The reaction was reported to give either 
3 P-acetoxy-7P-hydroxy-5a-lanost-8-en- 1 1 -one (15) or a mix- 
ture of the same compound and 3P-acetoxy-llp-hydroxy- 
5a-lanost-8-en-7-one in the ratio 3: 1 (14, 16). We have iden- 
tified three products of the reduction carried out under similar 
conditions. 3P-Acetoxy- 1 1 P-hydroxy-5a-lanost-8-en-7-one 
(21) (14, 16), 3P-acetoxy-7a-hydroxy-5a-lanost-8-en- 1 1-one, 
and 3~-acetoxy-7~-hydroxy-5a-lanost-8-en-1l-one (15) were 
formed in the yield 3, 10, and 76%, respectively. Hence, the 
desired 1lP-alcohol 21 was obtained in only minute amounts. 
However, it was formed with 3P-acetoxy-9P,l lp-epoxy-5a- 
lanostan-7-one (5a) was treated with a solution of potassium 
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PARYZEK AND WYDRA 

carbonate in methanol to give 3P,11P-dihydroxy-5a-lanost- 
8-en-7-one, which upon acetylation gave compound 21. 

The attempts to prepare dienone 20 from 21, according to the 
described procedure (14, 16), failed. Reaction of 21 with p- 
toluenesulfonyl chloride in benzene gave 3P-acetoxy-5a- 
lanostane-7,ll-dione (17). When a mixture of benzene- 
pyridine was used as the solvent the above reaction gave 
3~-acetoxy-5a-lanost-8-ene-7,ll-dione (17) and 3P-acetoxy- 
5a-lanostane-7,ll -dione in the ratio 1 : 2. In pyridine itself, the 
ratio was close to 2: 1. Compound 21 could not be dehydrated 
by action of thionyl chloride in pyridine. Instead, 3P- 
acetoxy-1 la-chloro-5a-lanost-8-en-7-one (22) was formed in 
55% yield. It had v,,,: 1668 cm-' and A,,,: 256 nm (E 9200). 
Its 'H nmr spectrum had signals due to an 1 1-proton at 6 4.66 
and a 3a-proton at 6 4.49. The "C nmr spectrum showed all 
expected low field signals and, in the off-resonance spectrum, 
a doublet centered at 6 53.4 of the 1 1-carbon atom. The proof 
of the configuration of the chlorine atom was based on the 
comparison of the shape of the 1 1-proton signal in compounds 
19, 21, and 22. Also, the region of methyl group signals 
(6 1.3-0.5) had a similar pattern for compounds 19 and 22 in 
contrast to compound 21 and its 3-hydroxy derivative. Similar 
replacement of a hydroxy group has been reported (18). 
Bromination of 3P-acetoxy-5a-lanost-8-en-7-one followed by 
dehydrobromination of the crude reaction product with cal- 
cium carbonate in dimethylacetamide gave 3P-acetoxy-5a- 
lanosta-8,1 I-diene-7-one (20) (19) and 3P-acetoxylanosta- 
5,8,1l ,trien-7-one (23) (20). 

When the dienone 20 was treated with boron trifluoride - 
ether complex in acetic anhydride (conditions used in the rear- 
rangement of the title epoxide) a complex mixture was formed. 
Careful tlc examination showed the absence of compound 5, 
therefore excluding the intermediacy of the dienone 20 in 
the rearrangement. Similarly, 3P,1 la-diacetoxy-5a-lanost-8- 
en-7-one (19) (5a) was excluded as an intermediate since it 

remained unchanged when it was treated with boron trifluoride 
- ether complex-in acetic anhydride for 10 min. 

On the basis of the above results two alternatives seem to 
remain for the mechanism of formation of 5. One is the opening 
of the epoxide to give the secondary cation (Scheme 2, (a)) 
followed by elimination to the 9a-acetoxy-11-ene (b). The 
formation of the allylic cation from (b) could then initiate the 
migration of C-18 and loss of the 17-hydrogen to give (c). Final 
conjugation of the 9(11) double bond with the carbonyl would 
give 5. However, the secondary cation (a) is undoubtedly 
around 10 kcal/mol less stable3 than the tertiary cation on C-9. 
It thus seems probable that the acetylium ion opens the epoxide 
with elimination of the 12P-hydrogen, giving (b) directly, the 
subsequent steps being as indicated above. 

The present and previous results clearly indicate that in these 
rigid triterpenoid epoxides a delicate balance between elec- 
tronic and steric factors determines the main pathway of a 
particular rearrangement leading to various sthcturally im- 
portant products. These reactions are also sensitive to small 
variations in reaction conditions. 

Experimental 
Melting points were determined on a Kofler hot-stage apparatus and 

are uncorrected. The ir spectra were determined with a Perkin Elmer 
580 spectrophotometer for solutions in chloroform. The uv spectra 
were recorded with a Zeiss Specord uv-vis spectrophotometer for 
solutions in ethanol. The 'H nmr spectra were recorded with Varian 
EM-360 or Tesla BS 467 60-MHz spectrometers for solutions in 
deuteriochloroform with tetramethylsilane as an internal standard. The 
"C nmr spectra were recorded on a Varian XL-100-15 spectrometer 
operating at 25.2 MHz and (or) on a JEOL FX 900 spectrometer 
operating at 22.5 MHz, in the Fourier transform mode, using approx- 
imately 0.5 M solutions in deuteriochloroform. Solvent signal (6 77.0) 
was used as an internal standard. The chemical shifts (6) are expressed 

'We thank the referees for critical comment on the mechanism. 
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in ppm relative to tetramethylsilane. Mass spectra were recorded with 
a JEOL JMS-D 100 spectrometer using electron impact. 

Rearrangement of epoxide 1 
To a solution of epoxide 1 (864 mg) in acetic anhydride (30 mL), 

boron trifluoride - diethyl ether complex (0.86 mL) was added at 
room temperature. After 1 min the solution was poured on ice and the 
product was extracted with a benzene-ether (I : 1) mixture. The 
organic layer was washed with a pyridine-water mixture, hydro- 
chloric acid (5%). water, sodium hydroxide solution (2%), and finally 
with water. After drying with magnesium sulfate and evaporation, the 
residue was chromatographed on a silica column eluted with benzene 
- methylene chloride mixtures. The appropriate fractions were com- 
bined and were rechromatographed on preparative silica gel tlc plates 
with methylene chloride as eluent. Four substances were isolated in 
order of increasing polarity, as follows. 

3P  -Acetoxy-18(13+12P)abeo-5a -lanosta-8,13(17)-dien-7-one 
(5) (366 mg, 44% yield); mp 136- 138.5"C (lit.(4) mp 135- 136°C); 
'H nmr, ir, and uv spectra were in accord with the reported data. 

3 P ,  7 , l l  a -Triacetoxy-cucurbira-5(10),6-diene (4) (oil, 101 mg, 
10% yield); A,,,: 275 nm; 6: 5.86 (s, 6-H), 5.15 (m, Ilp-H), 4.71 
(t, J = 6.5 Hz, 3a-H), 2.09, 2.06, and 2.02 (3 s, acetate methyl 
groups), 1.19, 1.02, 0.97, 0.89, and 0.8 1 (methyl groups); m/z: 584 
(M*). Anal. calcd. for C36H5606: C 73.93, H 9.65; found: C 74.16, 
H 9.80. 

3~-Acetoxy-5a-lat10sta1z-7,1 I-dion (6)  (104 mg, 12% yield); mp 
208-210°C; ir, 'H nmr, and mass spectra were in agreement with 
those of an authentic sample (5a). 

3P .  11 a -Diacetoxy-lOa -cucurbit-5-en-7-one (2) (1 22 mg, 13% 
yield); mp 151-153°C; v,,,: 1730 and 1658 cm-'; A,,,: 244 nm 
(E l l  600); 6: 6.06 (br s, 6-H), 5.18 (t, J = 8 Hz, Ilp-H), 4.85 
(br s, w l , ~  = 6 HZ, 3u-H), 2.47 (s, 8P-H), 2.06 and 2.00 (2 s, acetate 
methyl groups), 1.24, 1.14, 1.07, 1.00, 0.84, and 0.79 (methyl 
groups; m/z: 542 (M'), 482, 422, 407, 343, 261, and 189. Anal. 
calcd. for C34H5405: C 75.23, H 10.03; found: C 75.01, H 10.20. 

Hydrolysis of 2 
Compound 2 (60 mg) was treated with a methanolic solution of 

potassium carbonate (5 mL) at room temperature for 5 days. Dilution 
with water and extraction with benzene gave dihydroxy derivative 3 
as an oil; A,,,: 248 nm; 6: 6.06 (s, 6-H), 3.90 (t, J = 8 Hz, I IP-H), 
3.58 (br s, 3a-H); m/z: 458 (M'). Anal. calcd. for C30H5003: 
C 78.55, H 10.99; found: C 78.28, H 10.72. 

Oxidation of 3 to triketone 10 
Compound 3 (40 mg) was dissolved in acetone (I mL) and oxidized 

with Jones reagent. The reaction mixture was poured onto ice, the 
precipitate filtered off, washed with water, and dried. The crude 
product was crystallized from heptane-benzene mixture to give 
1Oa-cucurbit-5-ene-3,7,11-trione (10) (26 mg); mp 175- 178°C; v,,,: 
17 18, 1698, 1658, and 1620 cm-'; A,,,,: 248 nm (E 8800); m/z :  454 
(M'), 439, 41 1, 291, and 205. Anal. calcd. for C30H4603: C 79.25, 
H 10.20; found: C 79.50, H 10.32. Compound 10 was identical in all 
respects with the product obtained from 3P, 1 1 P-diacetoxy-lOa- 
cucurbit-5-en-7-one (8) (3b) by hydrolysis and oxidation procedures 
similar to those described above. 

Air oxidation of dienol acetate 4 
Compound 4 (58 mg) was stored for several weeks at room tem- 

perature. Then it was chromatographed on a silica tlc plate developed 
twice with methylene chloride. Compound 11 (24 rng) was separated 
as an oil, which had v,,,: 1735, 1660, and 1623 cm-'; A,,,,: 249 nm 
(E 8200); 6: 6.33 (s, 6-H), 5.08 (dd, J = 12 Hz, J = 4 Hz, I IP-H), 
4.86 (t, J = 4 Hz, 3a-H), 4.25 (br d, J = 3.5 Hz, I-H), 2.52 
(s, 8P-H), 2.10 and 2.00 (2 s, acetate methyl groups), 1.22, 1.15, 
1.04,0.88, and 0.81 (methyl groups); m/z: 556 (M'), 514,496,481, 
454, 436, 348, 335, 322, 275, 162, 135, and 121; HR mass mea- 
surements: calcd. for CxH90: 121.0653; found: 121.0655; calcd. for 
C,H ,O: 135.0809; found; 135.0809; calcd. for CIOHl0O2: 162.0680; 
found: 162.0671; calcd. for C34H5106: 556.3761; found: 556.3771 

(M'). Anal. calcd. for C34H5206: C 73.35, H 9.41 ; found: C 73.06, 
H 9.35. 

Epoxirlation of compound 5 
Compound 5 (50 mg) was oxidized with m-chloroperbenzoic acid 

in methylene chloride (3 mL) at room temperature for 45 min. After 
work-up, a crude product was crystallized from heptane to give ep- 
oxide 14 (41 mg), mp 162- 164°C; v,,,: 1728 and 1658 cm-'; A,,,: 
251 nm (E 10 000); 6: 4.49 (br s, 3a-H), 2.49 (m, protons a to 
carbonyl and in allylic position), 2.05 (s, acetate methyl group), 1.26, 
1.08, 1.00, 0.95, 0.92, and 0.82 (methyl groups); rt~/z: 498 (M'), 
385, 372, 330, 164, and 149. Anal. calcd. for C3zH5004: C 77.06, 
H 10.10; found: C 76.92, H 10.40. 

Oxidation of compound 5 with chromium trioxide 
To a stirred solution of 5 (43 mg) in acetic acid (4.3 mL) a solution 

of chromium trioxide (43 mg) in 90% acetic acid (0.43 mL) was added 
and the reaction mixture was stirred at room temperature for 15 min. 
Then it was poured into water, and extracted with a 1: 1 mixture of 
benzene-ether. The organic layer was washed with water and dried 
over magnesium sulfate. The crude product was purified on a silica gel 
tlc plate developed four times with benzene - ethyl acetate 10: 1 
mixture to give 3P-acetoxy-8a,9a-epoxy-18(13+12P)abeo-Sa- 
lanost-l3(17)-ene-7.16-dione (15) (12.4 mg, 27% yield) which had 
mp 203-205°C (from ethanol); v,,, 1728 sh, 1710 (very intense 
absorption); A,,,: 253 nm (E l l 200); m/z: 512 (M'), 496,481, 301. 
Anal. calcd. for C32H4xOs: C 74.96, H 9.44; found: C 75.12, H 9.52. 

Oxidation of 3P-acetoxy-5a -lanost-8-en-7-one with chromiutn 
trioxide 

To a solution of the substrate (40 mg) in acetic acid (4 mL) a 
solution of chromium trioxide (40 mg) in acetic acid (90%, 0.4 mL) 
was added at room temperature. After 20 min, the reaction mixture 
was poured into water and the product extracted with benzene. The 
organic layer was washed with water, then with sodium carbonate 
solution, dried over magnesium sulfate, and the solvent evaporated to 
give 38 mg of the residue, which on two crystallizations from 
methanol-chloroform gave 3~-acetox~-5a-lanost-8-ene-7, I l -dione, 
mp 155- 158°C (lit. (12) mp 155- 157"C), whose spectra (ir, uv, and 
'H nmr) were identical with those of an authentic sample (12). 

Action of trif2uoracetic acid anhydride on conjugated enones 
(a) Reaction with 3~-acetoxy-5a-lanost-8-et~-7-ot~e(ll) 
The substrate (133 mg) was dissolved in trifluoracetic acid anhy- 

dride (0.8 mL) at room temperature. After 40 min the solvent was 
evaporated and the residue was crystallized from methanol to give 
3~-acetoxy-7-trifluoroacetoxy-5a-lanosta-7,9(I 1)-dien (17) ( 1  35 mg, 
85% yield), which had mp 97 -99°C; A,,,: 238 nm (E 13 400); 6: 5.44 
(t, J = 4 Hz, Il-H), 4.49 (m, Wl,2 = 14 Hz, 3a-H), 2.03 (s, acetate 
methyl group), 1.06, 0.93, 0.91, 0.86, 0.83, 0.80, and 0.63 (methyl 
groups); m/z: 580 (M' ), 565 365, 352. Anal. calcd. for C34H51F304: 
C 70.31, H 8.85; found: C 70.68, H 8.96. 

(b) Reaction with compound 5 
Compound 5 when treated as above for 1 h gave only the substrate. 

Reaction in the presence of a catalytic amount of p-toluenesulfonic 
acid gave the same negative result. 

(c) Reaction with cholest-4-en-3-one (21) 
Cholest-4-en-3-one was treated as in (a) and only the substrate was 

recovered. 

Oxidation of cornpound 5 to seco-compound 18 
To a stirred solution of compound 5 (50.5 mg) in chloroform 

(5 mL), ruthenium dioxide (5.5 mg) and a 5% aqueous solution of 
sodium metaperiodate (3 mL) were added at room temperature. The 
reaction mixture was stirred for 1 1  h. Ethanol (2 mL) was added 
and the mixture diluted with ether. The organic layer was washed 
with water, dried with magnesium sulfate, and evaporated. The 
crude product was chromatographed on a silica gel tlc plate devel- 
oped three times with benzene - ethyl acetate (3: 1) mixture. 
This gave 3P-acetoxy-13,17-seco- 18(13+12P)abeo-5a-lanost-8- 
ene-7,13,20-trione (18) as an oil (31 mg, 57% yield) which had v,,,: 
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PARYZEK AND WYDRA 1285 

1728 sh, 1715, 1663, and 1620 cm-'; A,,,,: 248 nm (E 8200); 
6: 4.53(m, Wllz = 20 Hz, 3a-H), 3.12 (br s, Wllz = 4 Hz, I IP-H), 
3.02 (br s, Wllz = 4 Hz, I la-H), 2.75-2.45 (protons a to carbonyls), 
2.07 (s, acetate methyl group), 1.31, 1.12, 1.01, 0.91, and 
0.70(methyl groups); m/z: 514(M'), 430, 401, 373, 359, 345, 341, 
33 1, 303, and 164. Anal. calcd. for C32H500s: C 74.67, H 9.79; 
found: C 74.42, H 9.93. 

Sodium borohydride reduction of 3P -acetoxy-5a -lanost-8-ene- 
7,11 -dione 

3P-Acetoxy-5a-lanost-8-ene-7, I I-dione (I 2) (1 g) was dissolved in 
a mixture of tetrahydrofuran (2 mL), methanol (2.65 mL), and ethyl 
acetate (0.65 mL). To this stirred solution sodium borohydride 
(0.065 g) was added gradually at 0°C. After being stirred at room 
temperature for a further 2 h the reaction mixture was poured into 
water and the precipitate filtered and dried. The solid, consisting of 
three components, was crystallized thrice form chloroform-methanol 
to give 503 mg (50% yield) of 3P-acetoxy-7P-hydroxy-5a- 
lanost-8-en- l I-one, which had mp 2 10-21 2°C (lit.(16) mp 
213-215°C); A,,,: 256 nm (E 9600). The 'H nmr and mass spectra of 
this compound were in agreement with those reported (16). The com- 
bined mother liquors were evaporated and chromatographed on a silica 
gel column eluted with benzene or a benzene - ethyl acetate 50: 1 
mixture. Three compounds were separated: 3P-acetoxy- l l P-hydroxy- 
5a-lanost-8-ene-7-one (21) (33 mg, 3% yield), which had physical 
and spectral properties identical with compound 21 obtained 
from 3P-acetoxy-9P, 1 1 P-epoxy-5a-lanostan-7-one; 3P-acetoxy-7a- 
hydroxy-5a-lanost-8-en- I I-one (101 mg, 10% yield), which had mp 
214-215°C; 6: 4.63-4.23 (m, 3a-H and 7P-H), 2.60 (d, 12 -Hz), 
2.00 (s, acetate methyl group), 1.21, 1.1 1, 0.84, and 0.77 (methyl 
groups); m/z: 500 (M'), 485, 319, and 293. Anal. calcd. for 
C32H5204: C 76.75, H 10.47; found: C 76.80, H 10.57; and an 
additional crop of 3P-acetoxy-7P-hydroxy-5a-lanost-8-en-1 I-one 
(259 mg, 26% yield). 

3P -Acetoxy-lib-hydroxy-5a -1anost-8-en-70 (21) 
3P-Acetoxy-9P, 1 1  P-epoxy-5a-lanostan-7-one (702 mg) was dis- 

solved in a methanol (28 mL) and benzene (I4 mL) mixture. Saturated 
potassium carbonate solution in methanol (3 mL) was added and the 
reaction mixture was left at room temperature for 70 h. Work-up gave 
crude 3P, 1 1  P-dihydroxy-5a-lanost-8-en-7-one (640 mg) which was 
acetylated in a pyridine (5 mL) and acetic anhydride (2.5 mL) mixture 
at room temperature for 5 h. The reaction mixture was poured into 
water and the precipitate was filtered off and dried. Two crys- 
tallizations from chloroform-methanol gave 3P-acetoxy-lip- 
hydroxy-5a-lanost-8-en-7-one (21) (366 mg), which had mp 
21 1-214°C (lit.(14, 16) mp217-218°C); A,,,: 256 nm (E 9900). The 
'H nmr and ir spectra of this sample were in agreement with those 
reported (1 6). 

3P -Acetoxy-I I a -chloro-5a -fanost-8-en-70 (22) 
To a solution of compound 21 (243 mg) in pyridine (5 mL), thionyl 

chloride (0.2 mL) was added and the reaction mixture was stirred at 
room temperature for 20 min. Then it  was poured into water and the 
product extracted with a benzene-ether 1: 1 mlxture. The organic 
layer was washed with water and dried with magnesium sulfate. The 
crude product was crystallized from chloroform-methanol to give 
3P-acetoxy- l 1 a-chloro-5a-lanost-8-en-7-0 (22) ( 139 mg, 55% 
yield), which had mp 173-175°C; v,,,,: 1728 and 1668 cm-I; A,,,,: 
256 nm (E 9200); 6: 4.66 (t, J = 5.5 Hz, I IP-H), 4.49 (t, J = 6 Hz, 
3a-H), 2.00 (s, acetate methyl group), 1.18, 0.9 1 ,  0.86, 0.77, and 
0.59; I3C nmr 6 198.8 (C-7), 170.5 (CH3COO), 157.9(C-9), 
143.4(C-8), 79.5(C-3), and 53.4(C- 1 1); m/z: 482 (M' - HCI), 467, 
and 407. Anal. calcd. for C32H5103C1: C 74.03, H 9.90; found: 
C 73.94, H 10.04. 

refluxed under argon for 3 h. Then it was poured into water, the 
precipitate filtered off, washed with water, and dried. The resulting 
mixture of two components was separated on a preparative silica gel 
plate developed with benzene - ethyl acetate 50: 1 .  Two compounds 
were isolated: 3P-acetoxy-5a-lanost-8-ene-7,1 I-dione (35 mg, 67% 
yield), which had mp 155- 158°C (from methanol) and A,,,, 272 nm 
(E 9000) (lit. (126) mp 155- 157"C, A,,,,: 272 nm (log E 3.96), and 
3P-acetoxy-5a-lanostane-7, I I-dione (I6 mg, 30% yield), which had 
mp 223-225°C (from methanol-chloroform) (lit. (17b) mp 
222-224°C) and all spectral properties of the authentic specimen. 

(b) In benzene 
Refluxing a benzene solution of compound 21 and p-toluene- 

sulfonyl chloride (6.5 molar excess) in an argon atmosphere for 2.5 h 
gave only one product, 3P-acetoxy-5a-lanost-8-ene-7,l I-dione. 

(c) In benzene-pyridine (10: 1) mixture 
Refluxing of compound 21 and p-toluenesulfonyl chloride dis- 

solved in the above mixture of solvents in an argon atmosphere for 
8 h gave a mixture of 3P-acetoxy-5a-lanost-8-ene-7,l I-dione and 
3P-acetoxy-5a-lanostane-7, I I-dione in the ratio 1 : 2. 

Bromi~lation-dehydrobromination of 3P-acetoq-5a-lanost-8-en- 
7-one 

To a solution of 3P-acetoxy-5a-lanost-8-en-7-one (150 mg) in ace- 
tic acid (5.6 mL), a solution of bromine (50 mg) in acetic acid 
(0.75 mL) was added dropwise. When the reaction mixture became 
colorless a few milliliters of water were added and the resulting precip- 
itate was filtered off and dried. The crude product (189 mg) was 
dissolved in dimethylacetamide (3.25 mL) and this solution was added 
dropwise to a boiling solution of calcium carbonate (161 mg) in 
dimethylacetamide (1.6 mL). Refluxing was continued for 15 min. 
The reacti0.n mixture was cooled down, water was added, and the 
product was extracted with ether. The organic layer was washed with 
water, dried with magnesium sulfate, and evaporated. The crude prod- 
uct was chromatographed on a preparative silica gel plate developed 
with benzene - ethyl acetate (20: 1 )  mixture to give two compounds. 
The one with higher Rr was 3P-acetoxy-5a-lanosta-8.1 I-dien-7-one 
(20) (89 mg, 60% yield), which had mp 134- 136"C, (from methanol) 
A ,,,,: 318 nm (E 7400) (lit.(18) mp 150°C, A ,,,,,: 315 nm (log E 3.52); 
lit.(14) mp 120- 123°C). Its 'H nmr spectrum contained all important 
signals reported in refs. 14 and 18 and its mass spectrum was in 
agreement with data reported by Dias (14). The product with lower Rr 
was 3P-acetoxy-lanosta-5,8,l I-trien-7-one (23) (49 mg, 33% yield), 
which had mp 192- 194°C (from methanol); A,,,,: 256 nm (E 7800) 
and 327 nm (E 7000); 6: 6.67(d, J = 10 Hz, I I-H), 6.26(br s ,  6-H), 
6.06(d, J = 10 Hz, 12-H), 4.56(m, 3a-H), 2.11(s, acetate methyl 
group), 1.38, 1.28, 1.17, 0.97, 0.90, and 0.82(methyl groups); mlz: 
480(M'), 465, 405, and 240 (Iit.(19) mp 195- 196"C, A,,,,,: 256 and 
327 nm (log E 3.9)). 

Treatment of 3P .  I1 a -diacetoxy-5a -lanost-8-en-7-one (19) with bo- 
ron bif2uoride - ether cornplex in acetic anhydride 

Compound 19 (50 mg) was dissolved in acetic anhydride (2.5 mL) 
and boron trifluoride - ether complex (0.05 mL) was added. The 
solution was kept for 10 min at room temperature. After work-up the 
residue was carefully examined by tlc which showed no spot of other 
substance than that of the substrate. This was confirmed by the 'H nmr 
spectrum. 

Treatment of3P -acetoxy-5a -1anosta-8, I I -dien-7-one (20) with boron 
trif2uoride - ether complex in acetic anhydride 

Dienone 20 (38 mg) dissolved in acetic anhydride (2 mL) was 
treated with boron trifluoride - ether complex (0.038 mL) at room 
temperature for 5 min. After work-up, 34 mg of the complicated 
mixture was isolated. It showed at least seven spots on the tlc plate, 
most of them having lower Rr than the substrate. Careful tlc exam- 

Action of p-toluenesuljonic acid chloride on 3P-acetoxy-lip- ination of the reaction product using various solvent systems showed 
hydroxy-5a -lanost-8-en-7-one (21) no presence of compound 5. The mixture was not further examined. 

(a) In pyridine 
To a solution of compound 21 (53 mg) in pyridine (5 mL), p- Acknowledgements 

toluenesulfonic acid chloride (320 mg) was added and the mixture We thank Professor M. A. Battiste, University of Florida, 
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MASAJI KASAI, HERMAN ZIFFER, and J. V.  SILVERTON. Can. J. Chem. 63, 1287 (1985). 
Enantioselective hydrolysis of racemic acetates of cis- and trans-l-hydroxy-4-methyl-l,2,3,4-tetrahydronaphthalene using 

Rhizopus nigricans yields chiral alcohols. The absolute stereochemistry of these compounds, and that of a key intermediate 
in their stereoselective synthesis, r-l-hydroxy-2,t-bromo-4,c-methyl-1,2,3,4-tetrahydronaphthalene, were determined by 
chemical transformations to I -oxo-4-methyl- l,2,3,4-tetrahydronaphthalene of known absolute stereochemistry. The relative 
stereochemistry of the acetate of the key intermediate was established by X-ray crystallography. 

MASAJI KASAI, HERMAN ZIFFER et J.  V. SILVERTON. Can. J.  Chem. 63, 1287 (1985). 
L'hydrolyse knantiosklective des acCtates racCmiques des hydroxy-.I mCthyl-4 tetrahydro-1,2,3,4 naphtalenes-cis et  trans, 

effectuke en prksence de Rhizopus nigricans, conduit a des alcools chiraux. On a dktermink la stkrkochimie absolue de ces 
composCs ainsi que celle d'un intermkdiaire clk dans leur synthiise stCrkosklective, le hydroxy-I-r bromo-2,t mCthyl-4,c 
tetrahydro-1,2,3,4 naphtalkne, en leur faisant subir des transformations chimiques conduisant a 1'0x0-l mCthyl-4 tktrahydro- 
1,2,3,4 naphtalene de stCr6ochimie absolue connue. On a dCtermint la stkrkochimie relative de l'acktate de I'intermkdiaire clC 
en faisant appel i la diffraction des rayons-X. 

[Traduit par le journal] 

We recently reported (1) on a method for preparing chiral 
alcohols of a predictable absolute stereochemistry using the 
mold, Rhizopus nigricans, by enantioselective hydrolysis of 
the corresponding racemic acetates. The absolute stereo- 
chemistry of the alcohols formed was accounted for by a 
suggested rule ( l a )  which states that the enantiomer shown in 
Fig. 1 is the one more rapidly hydrolyzed. The relative sizes of 
R, and R2 required to account for our results in these hydrolyses 
are identical to those employed in Horeau's method (2). For 
example, an aromatic group (R,) is always larger than an alkyl 
group (R2) and, in cyclic carbinols, a substituted methylene 
group is larger than an unsubstituted one, etc. This simple 
concept and the associated empirical observations (1) account 
for the configurations of some fifty acyclic and cyclic car- 
binols, several of which required special explanations in order 
to reconcile their known absolute stereochemistry with data 
from Horeau's method. Since knowledge of the relative sizes 
of substituents is critical in predicting the absolute stereo- 
chemistry of carbinols formed in these hydrolyses, we needed 
to establish the influence of distant groups on the relative sizes 
of substituents on the carbinol carbon. Many data (1 c )  have 
been collected on 2-substituted 1-acetoxy- l,2,3,4-tetrahydro- 
naphthalenes, and it has been established that a fused benzene 
ring is effectively larger than a saturated carbon bearing two 
hydrogens, but smaller than one in which one or both of the 
hydrogens has been replaced by a chlorine or bromine atom or 
a methyl or hydroxyl group. In order to examine the influence 
of distant groups, we have therefore investigated the effects 
associated with replacing a hydrogen on C-4 by a cis- or trans- 
methyl group. Since the presence of the methyl on C-4 could 

'On leave from Kyowa Hakko Kogyo Co., Ltd., Tokyo Research 
Laboratory, 3-6-6 Asahi-machi Machida-shi, Tokyo 194, Japan. 

FIG. 1. Enantiomer more rapidly hydrolyzed (where R ,  is effec- 
tively larger than Rz). 

increase the relative size of the fused aromatic ring in both 
compounds, the hydrolysis of 2b was also examined, where the 
fused aromatic ring was the smaller substituent and an increase 
in its size might alter the effective sizes of a fused aromatic ring 
and a saturated carbon with an additional substituent. 

Finally, we also tested the ability of a chiral Pirkle hplc (high 
performance liquid chromatography) column ((R)-N-(33-di- 
nitrobenzoy1)phenylglycine ionically bonded to y-aminopro- 
pyl-silanized silica) to resolve 4a and 5b. Earlier studies (3) 
focused on the relation between the absolute stereochemistry 
of an enantiomer and the order, relative to its antipode, in 
which it is eluted from the chiral column. However, many 
2-substituted 1 -hydroxy- 1,2,3,4-tetrahydronaphthalenes were 
not resolved by this column and, in an attempt to understand 
the relation between the structure of these cyclic carbinols and 
the ability of a Pirkle column to separate enantiomers, the 
chromatographic behavior of 4a and 5b was examined. 

Synthesis 
There are literature reports (4) describing the preparation of 

mixtures of cis- and trans- 1 -hydroxy-4-methyl- l,2,3,4-tetra- 
hydronaphthalene (4a and 5b). However, we were unable to 
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locate a description of a stereoselective synthesis of either 
isomer. Furthermore, an examination of the 'H nmr spectrum 
of a mixture of isomers prepared by lithium aluminum hydride 
reduction of 1-0x0-4-methyl- 1,2,3,4-tetrahydronaphthalene, 
6 ,  indicated that it would be extremely difficult to assign rela- 
tive stereochemistry with confidence from data on coupling 
constants and chemical shifts. A stereoselective synthesis was 
therefore designed in which the methyl group was used to affect 
the stabilities of two possible bromonium intermediates 3 a  and 
3b. Thus the relative concentration of these species and the 
relative rates of attack by water on C-1 controlled the amount 

The crystal structure of 2 b  was determined as described in 
the experimental section. The final bond lengths and angles are & given in Fig. 2 and appear unexceptional. 

The reactions employed for converting 2b to the cis-isomer, 
4a ,  and the trans-isomer, 5b, are outlined in Scheme 1. Our 

LI expectation that the use of the Misunobu reaction would cleanly 
invert the configuration at C-1 was based, in part, on results of 
an earlier study (5) in which we had shown that this reaction on 
(1 R)-phenylethanol yielded the S-enantiomer with an optical 

3b purity of better than 95%. 

of each bromohydrin formed. Reaction of 1 with N-bromo- 
succinimide in dioxane-water yielded a mixture of bromo- 

I hydrins in which one isomer predominated (16: 1). The major 
isomer was readily purified by crystallization of the acetyl 
derivative. Neither its 'H nmr spectrum nor that of the free 
alcohol could be used to assign relative stereochemistry. How- 
ever, a series of decoupling experiments on a benzoate deriva- 
tive suggested the stereochemistry shown in 2c. Since 2 b  was 
to be used for preparation of 4 a  and 5b, the relative stereo- 
chemistry was verified by an X-ray crystallographic structure 
determination. 

Preparation of chiral alcohols and a determination of their 
absolute stereochemistry 

Microbial hydrolysis of 4 b  yielded (-)-4a whose specific 
rotation was surprisingly small (see summary of results in 
Table 1). In order to estimate the enantiomeric excess (e.e.) 
and to establish its absolute stereochemistry, (-)-4a was ox- 
idized with Jones' reagent to 4s-methyl-1-tetralone, (-)-6, of 
known absolute stereochemistry (6). The sign and magnitude 
of the specific rotation of the (-)-6 obtained and its cd (circular 
dichroism) spectrum was used to assign the absolute stereo- 
chemistry of (-)-4a (e.e. 33%) as 1 R,4S. Thus, the presence 
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FIG. 2. Crystal conformation of 2b showing bond lengths. 

TABLE 1. A summary of data on the enantioselective hydrolyses of acetates 

Absolute stereochemistry Specific rotation 
of alcohol formed Percent 

Compound (enantiomeric excess) hydrolysis Acetate Alcohol 

of a cis-methyl group on C-4 did not alter the absolute stereo- 
chemistry at the carbinol carbon; however, the e.e. of the 
alcohol was smaller (33%) than that obtained for 1-tetra101 
(71 %). 

Data on the hydrolysis of the trans-isomer, 5c ,  is sum- 
marized in Table 1. The absolute stereochemistry of (-)-56 
formed in the hydrolysis was established as 1 R,4R by oxidation 
to the 4R-ketone (6). Thus the presence of a trans-methyl group 
again did not alter the stereochemical course of the hydrolysis. 

Hydrolysis of 26  by R. nigricans yielded (+)-2a and its 
absolute stereochemistry was established by chemical trans- 
formation to (+)-4a. A sample of (+)-26 recovered from the 
microbially mediated hydrolysis (the antipode of the alcohol 
formed) was reduced with lithium aluminum hydride to 
(-)-4a. Since the specific rotation of the alcohol obtained was 
small, the stereochemical assignment was confirmed by acety- 
lation to yield a sample of (+)-46 with a larger specific rota- 
tion. These transformations established the absolute stereo- 
chemistry at the carbinol carbon as S, i.e. the presence of the 

4-methyl group did not alter the relative sizes of the fused 
aromatic ring and C-2. The e.e. of the alcohol was essentially 
identical (53 vs. 56) with that reported for the des-methyl 
compound. While it may be tempting to try to relate the ob- 
served e.e. with steric and electronic factors, it is important to 
remember that these are kinetic resolutions and the e.e. de- 
pends upon the quantity of substrate hydrolysed. Furthermore, 
the culture of R. nigricans contains a variety of other enzymes 
that oxidize varying amounts of substrate and product. Thus, 
although a considerable effort was made to standardize the 
cultures employed, there were significant variations in the rates 
of hydrolysis of different substrates. 

The major advantages of using R. nigricans to assign the 
absolute stereochemistry of a secondary alcohol are: ( 1 )  The 
enzyme system responsible for the hydrolyses does not appear 
to be sensitive to the presence of groups some distance from the 
carbinol carbon, i.e. the stereochemistry of the alcohol formed 
is primarily dependent on the relative size of substituents on the 
carbinol carbon. (2)  This method provides chiral material that 
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can be used to verify assigned configurations. This latter point 
is important, since absolute stereochemistries assigned by this 
method, that of Horeau, and other proposed methods (3) are not 
completely certain. However, since each general method de- 
pends on a different property or  reaction of the alcohol, one can 
be more confident of assignments based on data from several 
methods. 

Experimental 
General procedure 

Melting points were determined by using a hot-stage apparatus; they 
are uncorrected. Proton magnetic resonance spectra were recorded on 
a Varian HR-220 MHz instrument; chemical shifts are reported in 
parts per million (6) downfield from tetramethylsilane as an internal 
standard, with coupling constants (J)  in hertz. Optical rotations were 
recorded on a Perkin-Elmer 241MC polarimeter, mass spectra on an 
LKB instrument. Microbial hydrolyses were carried out as described 
earlier (ref. I), using Rhizopus nigricans (ATCC 6227b). 

Synthesis 
/-Methyl-/ ,2-dihydronaphthalene ( I )  
A solution of 4-methyl-I-tetralone (5.0 g) in anhydrous ether 

(5 mL) was added dropwise to a slurry of LiAIH, (0.408 g) in anhy- 
drous ether (50 mL) with stirring at room temperature. When the 
addition was complete, the solution was refluxed for 1 h and worked 
up in the usual manner. The crude mixture of alcohols was dissolved 
in benzene (100 mL), p-toluene sulfonic acid (50 mg) was added, and 
the solution was refluxed for 4 h. The reaction mixture was cooled, 
washed with aqueous sodium bicarbonate, then with water, and dried. 
The solvent was removed in vacuo and the residue distilled under 
reduced pressure to give 1 as a colorless liquid (3.44 g), bp 
59-6I0C/1.4 Torr (I Torr = 133.3 Pa), in 77% yield (lit. (7) bp 
70-85"C/0.07 Torr). 

2-Bromo4-methyl-/ ,2,3,4-tetrahydronaphth-1-y acetate (2 b) 
N-Bromosuccinimide (7.95 g) was added to a solution of 1 (6.3 g) 

in 51 mL of dioxane-water (44:7.3) and the solution was stirred 
overnight at room temperature. It was poured into water (330 mL) and 
the mixture was extracted with methylene chloride (3 X 100 mL). The 
combined organic layers were washed with water, brine, and dried. 
The solvent was removed under reduced pressure and the reaction 
products were acetylated with acetic anhydride (8.3 mL) and pyridine 
(35 mL) at room temperature. An estimate of the stereoselectivity of 
the reaction (- 16: 1) of the cis and trans-4-methyl bromohydrins was 
made from an nrnr spectrum of the crude acetylation mixture, which 
was worked up in the usual manner and chromatographed on silica gel 
to give crude 26, which was crystallized from hexane to yield pure 2 6  
(8.64 g) in 70% yield, mp 85-86°C; 'H nrnr (CDCI,) 6: 1.36 (d, 3H), 
2.08(~,3H),2.23(m,2H),3.16(q, lH),4.50(m, 1H),6.Il  (d, lH), 
7.15-7.27 (m, 4H). Anal. calcd. for Cl,HlsO,Br: C 55.14, H 5.34; 
found: C 55.29, H 5.51. 

A sample of 2a  was treated with benzoyl chloride and pyridine in 
the usual manner to yield 2c; 'H nrnr (CDCI,) showed peaks at 6 
(pprn): 1.42 (d, 3H), 2.26-2.47 (m, 2H), 3.22 (m, IH), 4.66 (m, 
IH), 6.38 (d, IH), 7.23-8.28 (m, 9H). 

The coupling constants HA-HE (2c) were determined by decou- 
pling experiments on the 300 MHz Bruker spectrometer. 

cis-/-Hydroxy4-methyl-/,2,3,4-tetrahydronaphthalene (4a) 
A solution of 2 6  (2.83 g) in THF (I0 mL) was added dropwise over 

10 min to a stirred slurry of LiAIH, (0.570 g) in anhydrous THF 
(10 mL). The reaction mixture was then refluxed for 4 h and worked 
up in the standard manner. The product was chromatographed on silica 
gel (hexanelethyl acetate 9: 1) to afford 4a  (1.35 g, 83% yield) as a 
colorless solid, mp 66-68°C; 'H nrnr (CDCI,) showed peaks at 6 
(pprn): 1.31 (d, 3H), 1.66- 1.95 (m, 4H), 2.22 (s, IH), 2.81 (q, IH), 
4.67 (bs, IH), 7.19-7.39 (m, 4H). 

cis4-Methyl-/,2,3,4-tetrahydronaphth-1-yl acetate (4b) 
A sample of 4a was acetylated with acetic anhydridelpyridine in 

the usual manner to yield 4b as a colorless oil; 'H nrnr (CDC1,) 
showed peaks at 6 (pprn): 1.33 (d, 3H), 1.60- 1.99 (m, 4H), 2.04 (s, 
3H), 2.80 (q, IH), 5.94 (t, IH), 7.12-7.28 (m, 4H). 

trans-/-Hydroxy-4-methyl-/,2,3,4-tetrahydronaphthalene (5b) 
A mixture of diisopropyl azodicarboxylate (1.62 g) and triph- 

enylphosphine (2.10 g) in freshly distilled THF (20 mL) was stirred 
at 0°C for 30 min. To this solution was added a solution of 4 a  (0.648 
g) and benzoic acid (0.976 g) in THF (7.5 mL) dropwise over 5 min. 
The reaction mixture was stirred at 0°C for 1 h and left in the refrig- 
erator overnight. 'The solvent was removed in vacuo and the residue 
chromatographed on silica gel to give 5 a  (1.02 g) as a colorless oil in 
96% yield; 'H nrnr (CDCI,) showed peaks at 6 (pprn): 1.27 (d, 3H), 
1.57 (m, 2H), 1.98 (m, IH), 2.23 (m, IH), 2.99 (m, IH), 6.06 (d, 
IH), 6.95-7.41 (m, 3H), 7.89 (d, IH). The benzoate was hydrolyzed 
by refluxing for 1 h in methanol-water (25 mL) containing sodium 
hydroxide (1.3 g). The reaction mixture was diluted with water 
(100 mL) and extracted with ethyl acetate (3 X 100 mL). The com- 
bined extracts were washed with brine, and dried and concentrated in 
vacuo. The residue was chromatographed on silica gel to give 5 6  as 
a colorless solid (0.61 1 g) in 98% yield, mp 35-37°C; 'H nrnr 
(CDCI,) showed peaks at 6 (pprn): 1.22 (d, 3H), 1.45 (m, IH), 1.73 
(m, IH), 2.08 (m, 2H), 2.36 (s, lH), 2.91 (q, IH), 4.66 (bs, IH), 
7.15-7.38 (m, 4H). 

Microbial hydrolyses 
The potato-dextrose medium for growing R. nigricans was prepared 

as previously described (I). A I-L Erlenmeyer flask containing 
250 mL of this medium was inoculated with Rhizopus nigricans 
(A'ITC 6227b) grown in liquid culture, and shaken for 6-7 days at 
25°C. The substrate (-450 mg) in 1 mL of THF was added and the 
flask was shaken for 26 h. The mycelium and medium were extracted 
with ethyl acetate (3 x 100 mL) and the combined extracts were dried 
and concentrated. An nrnr spectrum of the crude product was used to 
determine percent hydrolysis. The recovered acetate and the alcohol 
formed were separated by column chromatography on silica gel with 
n-hexane and ethyl acetate as eluants. Results for the hydrolysisof 26, 
46, and 5c  are given in Table 1. 

Absolute stereochemistry of ( - ) 4 a  
Jones' reagent was added dropwise with stirring to a solution of 

(-)-4a (22.7 mg, [a]: - 1.9" (c  4.75, CHCI,)) in acetone (4 mL) at 
0°C. After 30 min the reaction mixture was diluted with water 
(50 mL) and the solution was extracted with ethyl acetate (3 X 

30 mL). The ethyl acetate extract was washed with aqueous sodium 
bicarbonate and brine. The solvent was removed in vacuo and the 
residue was purified by column chromatography on silica gel to yield 
(-)-4-methyl-1-tetralone, (-)-6 (22.4 mg, [a]$ -6.4" (c  1.5, 
CHCI,)). The optical purity of (-)-4-methyl-I-tetralone was deter- 
mined as 33% by averaging a comparison of the measured values with 
those reported in the literature (6): 376 nm (-72.2, reported -214.5), 
367 nm (+5 1 .O, reported 161.7), 359 nm (- I 18.8, reported -363), 
35 1 nm (+ 137.2, reported 429), 344 nm (-88.4, reported -277), 
337 nm (+189.4, reported 594), 330 nm (-20.3, reported -52.8), 
323 nm (+ 196.9, reported 528), 312 nm (+ 133.6, reported +429). 

Conversion of (-)-4a to (+)-4b 
A sample of (-)-4a (24.3 mg, [a]: - 1.9" (c 4.75, CHCI,)) was 

acetylated in the usual manner to yield (+)-46 (27.3 mg, 89% yield); 
[a]: +37.6" (c  1.8, CHCII). The 'H nrnr spectrum of (+)-4b was 
identical with that of racemic material described above. 

Absolute stereochemistry of (-)-5b 
A sample of (-)-56 (38.8 mg, [a]: -10.9" (c 3.9, CHCI,)) was 

oxidized as described for (-)-4a to give an oil, (+)-4-methyl- 
I -tetralone (37.1 mg, [a]: $2.9" (c  3.1, CHCI,)), e.e. 15%. 

Absolute stereochemistry of (+)-2 a 
A sample of (-)-2a (19.0 mg, [a]: + 12.2" (c 1.3, CHSI,)) was 

acetylated in the usual manner to yield (-)-26 (20.0 mg, [a], -90.0" 
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(c 1.3, CHCI,)), e.e. 53%. 
The absolute stereochemistry of (-)-2a was established by reduc- 

tion of a sample of (+)-26 (85.1 mg, [a]:' + 10.2" (c 5.14* CHCI,)) 
with excess LiAIH4 in THF to yield (-)-4a (27.5 mg, [a]: -0.16" 
( c  1.83, CHC13). The observed rotation was very small so the com- 
pou2!d was acetylated in the usual manner to yield (+)-4b, 32.0 mg 
[a], +6.90° (c 2.13, CHCI,). The absolute stereochemistry of this 
material is therefore 1R,4S and that of (+)-2a formed in the hydrol- 
ysis 1 R,2R,4R. 

High performance liquid chromatography studies with Pirkle column 
The hplc measurements were made using a column purchased from 

the Regis Chemical Co., Martin Grove, IL 60053. The column con- 
sists of (R)-N-(3,5-dinitrobenzoyl)phenylglycine ionically bonded to 
a y-aminopropyl-silanized silica column. The solvent system was 
0.5% isopropanol in hexane. No separation was observed for 4a or 5b 
under these conditions. 

FOR ~ ~ ~ ~ - { ' a  SEE 
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X-ray crystal structure determination of 2 b 
Crystal data for compound 2b are: 

Molecular formula: CI3Hl5O2Br Mol. wt. 283.16 
Habit: elongated plates; radiation: Cu Ka (graphite monochromator); 
wavelength: 1.5418 A; space group: P2,2,2, (No. 19); cell dimen- 
sions (from LS reft. of 4 0  data), a = 8.810(1) A, b = 9.661(1) A, 
c = 14.852(1) A, V = 1264.10 A', z = 4, D, = 1.488 g cm-.'. Crystal 
size: ca. 0.3 x 0.1 X 0.05 mm; reflections: 1468 (193 < la); 
maximum sin @/A: 0.6229 A-I. Diffractometer: Nonius CAD-4; 
function minimized: C.wA2; anisotropic temperature factor: exp 
( - 2 ~ r ~ ( C . ~ C . ~ ~ ~ a , * a , * h ~ h , ) ) .  Final R-factor (observed reflections only): 
4.9%. 

The crystals were very thin elongated plates but by careful selection 
it was possible to obtain adequate samples for crystallographic work. 
Interestingly, the crystal habit was not centrosymmetric and the plates 
had a triangular cross section when viewed perpendicular to the 
smallest face. It is possible that spontaneous resolution has taken place 
in view of the chiral space group but hand sorting would not be 
practical in view of the small size of the crystals. The compound is 
sensitive to X-radiation and a preliminary experiment indicated a 
fall-off of 33% in the intensities of standard reflections after only 
10 h of exposure. Five crystals were used to collect the X-ray intensity 
data; each crystal was replaced when the periodically measured stan- 
dard intensities had fallen to 90% of their initial values. The dimen- 
sions of all crystals used were as indicated in the crystal data section 
except for the last one which was somewhat thicker. Two scale factors 

were used for each group of data except for the last group whose 
standards had only dropped 5% at the end of the data collection. Since 
several crystals were used to collect the X-ray data, no attempt was 
made to determine absolute configuration nor was anomalous dis- 
persion taken into account in the refinement. 

The structure was solved using a Patterson map to find the Br atom 
and then by use of the programs of MULTAN 78 (8). The structure 
was refined using XRAY 72 (9). After anisotropic refinement of the 
heavier atoms, a difference map gave evidence for all H atoms. The 
positional parameters of the H atoms were refined but not the tem- 
perature factors, which were estimated from the isotropic thermal 
parameters of the heavier atoms. 

The diagram showing the X-ray results was drawn by ORTEP (10). 

1. (a )  K. KAWAI, M. IMUTA, and H. ZIFFER. Tetrahedron Lett. 2527 
(1981); (b) H. ZIFFER, K. KAWAI, M. KASAI, M. IMUTA, and 
C. F~ousslos. J. Om. Chem. 48, 3017 (1983); (c) M. KASAI, 
K. KAWAI, M. I M U ~ ,  and H. ZIFFER. J. Org. Chem. 49, 675 
(1984). 

2. A. HOREAU. Stereochemistry: fundamentals and methods. Vol. 
2. George Thieme, Stuttgart. 1977. pp. 52-94. 

3. (a )  W. H. PIRKLE, and J.  M. FINN. J. Org. Chem. 46, 2935 
(1981); (b)  M. KASAI, C. FROUSSIOS, and H. ZIFFER. J. Org. 
Chem. 48, 459 (1983). 

4. (a )  G. NEURATH, and W. LUETTICH. J. Chromatogr. 34, 253 
(1968); (b) P. PERRUS, J. P. MORIZUR, J. KOSSANJI, and A. M. 
DUFFIELD. Bull. Soc. Chim. Fr. 2105 (1973). 

5. K. KABUTO, M. IMUTA, E. S. KEMPNER, and H. ZIFFER. J. Org. 
Chem. 43, 2357 (1978). 

6. J. BARRY, H. B. KAGAN, and G. SNATZKE. Tetrahedron, 27, 
4737 (1971). 

7. H. HEIMGARTNER, L. ULRICH, H. J. HANSEN, and H. SCHMID. 
Helv. Chim. Acta, 54, 2313 (1971). 

8. P. MAIN, S. E. BULL, L. LESSINGER, G. GERMAIN, J.-P. 
DECLERCQ, and M. M. WOOLFSON. MULTAN 78, a system of 
computer programs for the solution of crystal structures from 
X-ray diffraction data. Universities of York and Louvain. 1978. 

9. J. M. STEWART, G. J. KRUGER, H. L. AMMON. C. DICKINSON, 
and S. R.  HALL. XRAY 72, Tech. Report TR-192, Computer 
Center, The University of Maryland, College Park, MD. 1972. 

10. C. K. JOHNSON. ORTEP, Oak Ridge National Laboratory Report 
ORNL-3794. 1965. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Inter-ring dihedral angles in polychlorinated biphenyls from 
photoelectron spectroscopy 

J .  J .  DYNES, F. L. BAUDAIS,' AND R. K. BOYD 
Guelph- Waterloo Centre for Graduate Work in Chemistry, University of Guelph, Guelph, Ont., Canada NlG 2WI 

Received August 30, 1984 

J.  J .  DYNES, F. L. BAUDAIS, and R. K. BOYD. Can. J .  Chem. 63, 1292 (1985). 
A proposal that the physiological activity of a chlorinated biphenyl is related to its degree of molecular planarity is explored 

through experimental measurements of inter-ring dihedral angles in the gas phase. A known correlation between the difference 
between fourth and first ionization energies of substituted biphenyls (via photoelectron spectroscopy), and the thermally 
averaged inter-ring dihedral angle as established by electron diffraction techniques, is confirmed and exploited for the present 
purpose. The expectation, based on both qualitative and quantitative theoretical considerations, that increased ortho substi- 
tution causes an increase in inter-ring angle, is confirmed. However, the observation that, for 2,2'-substituted halobiphenyls 
the only observed conformation is the near-syn form, is not easy to explain, and is discussed in terms of a non-bonding attractive 
force between halogen atoms. 

J .  J .  DYNES, F. L. BAUDAIS et R. K. BOYD. Can. J .  Chem. 63, 1292 (1985). 
Faisant appel aux mesures expCrimentales effectuCes en phase gazeuse des angles ditdres entre les cycles, on a Ctudik 

I'hypothkse suggCrant que I'activitC physiologique des biphCnyles chlores est relike a son degrC de plankaritt molbculaire, Dans 
cette Ctude, on a confirm6 et exploit6 la corrklation connue qui existe entre les quatrikme et premikre Cnergies d'ionisation des 
biphtnyles susbtituks telles que mesurkes (via la spectroscopie photoClectronique) et I'angle dikdre inter-cycle ponder6 
thermiquement tel qu'Ctabli par les techniques de diffraction Clectronique. En se basant sur des considkrations thCoriques tant 
qualitatives que quantitatives, on peut prCvoir qu'une augmentation de la substitution en position ortho provoquera une 
augmentation de l'angle inter-cycle; nos rksultats confirment cette hypothkse. Cependant, on ne peut pas expliquer facilement 
le fait que, dans le cas des biphknyles halogCnks substituees en positions 2,2', la forme quasi-syn est la seule conformation 
observke. On en discute en fonction d'une force attractive non liee entre les atomes d'halogknes. 

[Traduit par le journal] 

Introduction 
Maier and Turner ( I )  showed how the dihedral angle be- 

tween the two rings of a series of gaseous biphenyls is related 
to the difference in ionization energies for electrons in the n3 
and n6 molecular orbitals. This difference between fourth and 
first ionization energies was shown ( I )  empirically to  vary 
linearly with cos 0,  where 0 is the inter-ring dihedral angle 
determined by electron diffraction. The qualitative trends ob- 
served were satisfactorily accounted for (1) by simple analogies 
drawn with the molecular orbitals (MO's) of substituted ben- 
zenes, as  determined (2) by photoelectron spectroscopy (PES). 
The linear correlation between AE(n3  - n6) and cos 0 was 
satisfactorily accounted for (1) by an ingenious analysis of the 
n-MO's described by a Huckel approach using as basis set the 
semi-localized n-MO's of the phenyl moieties, in place of the 
more usual atomic orbitals. Together with a frozen-orbital 
(Koopmans' theorem) assumption to permit identification of an 
orbital energy with the negative of the corresponding experi- 
mental ionization energy (I.E.), this approach was shown by 
Maier and Turner (1) to lead to  the following prediction: 

where B is related to the standard Huckel resonance integral. 
Not surprisingly, this Huckel formalism predicts the correct 
qualitative relationship, but fails to predict quantitatively the 
values of the parameters, e.g. the experimental intercept at 0 = 
90' is non-zero (1). 

Apart from these and other considerations of the more funda- 
mental aspects of the PES results, the empirically determined 
linear relationship between AE(n3  - n6) and cos 0 was used 
(1) to determine the inter-ring dihedral angles 0 for several 

substituted biphenyls which had not been subjected to electron 
diffraction analysis. 

Recently a theoretical investigation of the conformations of 
some polychlorinated biphenyls (PCB's) was published (3). 
Rotation potentials (potential energy as  a function of 6) were 
determined for biphenyl itself and for three dichloro isomers as 
well as one tetrachloro and one hexachloro isomer (3). The  
experimentally determined inter-ring angles 0 presumably 
correspond to the minima in these potential profiles (3). The 
motivation behind this theoretical study (3) lies in the strong 
isomer dependence of physiological activity of different PCB 
congeners. For example, it was shown (4) that the induction by 
PCB's of aryl hydrocarbon hydroxylase (AHH) and eth- 
oxyresorufin (OR) 0-deethylase activity in rat hepatoma H-4- 
11-E cells was strongly dependent on substitution pattern in the 
PCB's. Chlorine substitution at both p a r a  and at least two meta 
positions was shown (4) to result in maximum activity, whereas 
ortho chlorines resulted in appreciably decreased activities. 
Ortho-substituted PCB's are more soluble in water, and thus 
have lower octanol-water partition coefficients (5) than d o  
their non-ortho-substituted isomers. This and similar evidence 
has led to the suggestion (6) that the degree of planarity of the 
PCB molecule is-a major determinant of its lipid solubility and 
thus its physiological activity. Ortho-substituted PCB's are  
expected to exhibit the largest values of 0 ,  thus accounting for 
the lower activities. 

The motivation for the present work was similar to  that for 
the theoretical study cited (3), viz. to investigate the re- 
lationship between molecular planarity and physiological activ- 
ity. The dihedral angles for a series of PCB congeners have 
been determined from PES, using the correlation described 
previously (1). In this work we concentrated upon the more 
volatile lower congeners (mono, di ,  and trichlorobiphenyls), 

'Present address: Bomem Inc., 625 Rue Marier, Vanier, Ont., immediate tax- 
Canada G 1 M 2Y2. icological interest are also included. In addition, some other 
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biphenyls were investigated, both to test our experimental studied here, but not previously (1). Figure 4 shows the data of 
technique against the original work (1) and to investigate the Table 1 plotted as AE vs. cos 0, as proposed previously (1). 
effect of methyl groups as replacement substituents for chlorine Least-squares linear regression analysis of the combined data 
atoms. of Table 1 yields: 

Experimental 
The electron energy spectrometer is of the differential retarding 

field type first described by Lindau et 01. (7),  and more recently by 
Hotop and Hubler (8). In its present configuration, resolution has been 
sacrificed for sensitivity since many of the compounds to be studied 
are of low volatility. 

The light source (He 1 line) is a sealed helium discharge lamp, based 
on the design of Kinsinger et al. (9). The aluminum filter window was 
constructed from metal film purchased from Luxel Corporation, Santa 
Barbara, CA. The discharge was maintained by a Raytheon Model 
PGM 10 X 1 microwave generator. Titanium getter wires (Vacuum 
Instrument Co.,  New York) were used in a manner similar to that 
described previously (9). 

The electron multiplier used was a SEM Model 4219 spiraltron 
(Galileo Inc., Sturbridge, MA). Signal detection and amplification 
was achieved via a pulse amplifier/discriminator and counter, based 
on the design of Borders et al. (10). A Rockwell AIM 65 micro- 
processor (Rockwell International, Aneheim, CA) with Dram Plus 
Expansion Board (Computerist Inc., Chelmsford, MA), was pro- 
grammed to control spectrometer scan functions and to acquire and 
store data on conventional magnetic tape cassetes. Multiple-scan accu- 
mulation permitted a considerable increase in attainable signal/noise 
ratios. 

The high vacuum was maintained by an Edwards EO 6 diffusion 
pump (1350 L/s for air). Ultimate vacuum better than 2 X lo-' T o n  
(I T o n  = 133.3 Pa) could be achieved. 

Most of the polychlorinated biphenyl samples were obtained from 
Llltra Scientific Inc. (Hope, RI). The samples of the 2,2',5,5' and 
2,2',4,4',5,5' congeners were gifts from Dr. S. Safe, Texas A and M 
University. All other samples used were purchased from Aldrich or 
Chemicals Procurement Labs, Inc. and were used as received. The 
helium used in the discharge lamp was Matheson 99.9999% purity. 

Results 
A photoelectron spectrum of nitrogen was always taken just 

prior to each biphenyl compound, in order to check on instru- 
ment performance, energy-scale calibration, etc. The inherent 
instrumental energy resolution is of the order of 0.1 eV. 'This 
is less than that ultimately obtainable on an instrument of this 
type (7 ,8)  by a factor of about 5, but is adequate for the present 
purpose. 

The spectra of the compounds studied in the present work are 
shown in Figs. 1-3. The signal-to-noise ratio is somewhat 
variable due partly to differences in sample volatility, and also 
to deterioration of the aluminum foil window on the helium 
discharge source. In those cases where comparisons are perti- 
nent, the present results are in good agreement with those of 
Maier and Turner ( 1). 

Table 1 summarizes the data obtained for: 

for those compounds for which gas-phase electron-diffraction 
data on inter-ring angles 0 are available. This list contains one 
compound (4,4'-difluorobiphenyl) which was not included in 
the corresponding table of Maier and Turner ( I ) ,  even though 
this compound was indeed studied in the original work (1). In 
fact, the value of AE for this compound is extremely close to 
that for 2-fluorobiphenyl and to that for biphenyl itself, so that 
its omission from the calibration table makes little difference to 
the final correlation. In addition, 2,2'-dichlorobiphenyl was 

[3] AE = 1.60 cos 0 + 0.31 

The status of the electron-diffraction measurements in the gas 
phase has been reviewed (16). A general review of principles 
and applications of conformational analysis by PES has been 
published (17). 

Table 2 lists the experimental data for those compounds, 
studied in the present work, for which no electron-diffraction 
data are available. The values of inter-ring angle 0 quoted for 
these compounds are those calculated from the experimental 
value for AE together with eq. [3]. The main uncertainty in the 
measurement of 0, in most cases, arose from difficulties in 
identifying AE from the spectra. The uncertainties in the 
present values of 0 (Tables 1 and 2) are standard deviations 
calculated for four independent estimates of AE for each spec- 
trum, made by two different observers. In Table 3 are listed 
more complete data for all ionization energies which could be 
determined reasonably unambiguously from the spectra. 

In the spectra of a few of the compounds which were of low 
volatility, a rather sharp peak appears at an ionization energy 
of around 13.8 eV. No such feature is apparent in any other of 
the spectra, and it is believed that this corresponds to an im- 
purity resulting from thermal decomposition of the sample at 
the high temperatures used. 

Discussion 
The general trends observed in the photoelectron spectra 

appear to agree well with those observed in the original work 
of Maier and Turner (1), and thus require little additional com- 
ment here. Some of the inter-ring angles listed in Table 2 are 
of the order of 80°, which corresponds to the angle at which the 
energies of the n4 and n6 MO'S (and also of the .rr3 and n5 
MO's) cross over (1). Thus, these estimates are subject to 
uncertainties of interpretation, quite apart from those arising 
from difficulties in estimating AE. A similar comment applies 
to a recent PES measurement of the conformation of 
2,2'-diethynylbiphenyl (18), which indicated an inter-ring di- 
hedral angle in the range 80-90". 

The present discussion will concentrate upon the values 
found for the inter-ring angles. In general, these follow the 
expected pattern, with increased ortho substitution causing an 
increase in 0. Of course, such angles represent some appropri- 
ate thermal average over the inter-ring twisting motion, as has 
been emphasized (16) in the review of the electron diffraction 
work upon which the present measurements are ultimately 
based. The existence of a potential well which is broad with 
respect to twist angle 0, deduced from the electron diffraction 
data for biphenyls T16), is confirmed by theoretical calculations 
(3, 14, 19, 20). However, none of these calculations which 
considered halobiphenyls (3, 14) was able to account for the 
observation (16) that the prevailing conformer in all the 
2,2'-dihalobiphenyls is that with the two halogen atoms on the 
same side, i.e. close to the syn rather than the anti con- 
formation. In terms of the definition of inter-ring angle used in 
the most recent theoretical work (3), (0 = 0 for 2,2'-dichloro- 
biphenyl defined as the planar molecule with the chlorine atoms 
in the transoid configuration), experiment (13, 15) finds that 
the preferred value of 0 lies between n / 2  and n rather than 
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TABLE 1. Experimental data on AE for biphenyl compounds for which the inter-ring angle 0 is 
known from electron diffraction 

Compound AE (eV), present work AE (eV), ref. 1 0 (deg) Reference 

Fluorene 
Biphenyl 
4,4'-Difluorobiphenyl 
2-Fluorobiphenyl 
2,2'-Difluorobiphenyl 
Perfluorobiphenyl 
2,2'-Dichlorobiphenyl 
2,2'-Dibromobiphenyl 

"One band poorly resolved. 

I I I I I 

0.0 0.2 0.4 0.6 0.8 1.0 
c o s  8 

FIG. 4. Plot of AE ( I . E 4  - I.E.,)  vs. cos 9 (from electron diffrac- 
tion); data of Table I. Full symbols, ref. I; open symbols, present 
work. 

between 0 and ~ / 2 .  On the other hand, theory predicts the 
opposite to be the case; e.g. in the more recent work (3), the 
potential minimum occurs at approximately 75" from the zero 
defined as above, i.e. the near-anti configuration. It was a 
similar discrepancy between early experimental (13) and the- 

oretical (14) results which led to a careful re-examination of the 
electron diffraction experiment on 2,2'-dichlorobiphenyl (15). 
This study (15), which essentially confirmed the earlier experi- 
mental work on this compound (13), used a rather high tem- 
perature of 300°C in a (fruitless) search for the other con- 
former. As was clearly shown (15) by X-ray diffraction, this 
compound in the crystalline state also exists exclusively as the 
near-syn form. 

As was shown previously ( 16), the electron-diffraction re- 
sults for 2,2'-dihalobiphenyls fall into a general pattern in 
which the dihedral angle increases with increasing size of the 
halogen substituents. More interestingly, however, the near- 
syn configuration is always that observed. Further, the experi- 
mental X-X distances (X = halogen, except for F) are shorter 
than those predicted on the basis of Pauling's van der Waals 
radii (21), the discrepancy increasing with increasing atomic 
number of X. In the case of X = F the X-X distance is 
actually slightly larger than that predicted on the basis of van 
der Waals radii (2 l), but values are shorter by 14, 28, and 48 
pm for X = C1, Br, and I respectively (16). 

These observations (16) strongly suggest the existence of 
some halogen-halogen non-bonded attraction force, which 
was not taken into account in the theoretical work (3, 14). A 
similar conclusion can be reached from the results of the 
present work, through comparison of inter-ring angles for cor- 
responding methyl and chloro-substituted biphenyls. The rele- 
vant data are drawn together in Table 4. The point of com- 
paring X = CH3 with X = C1 is that the steric requirements of 
these two substituents are essentially identical (22) provided 
that the CH, groups are freely rotating. While the differences 
in Table 4 are not large, barely statistically significant, it is 
interesting that the 3,3'- and 4,4'-disubstituted compounds 
show e(CH3) < O(Cl), while the reverse is true for the 
2,2'-disubstituted biphenyls. This trend is thus also consistent 
with the existence of an attractive force between two non- 
bonded C1 atoms, which is absent if X = CH,. 

Table 2 also shows that further substitution at sites well 
removed from the ortho positions induces small but significant 
decreases in 0 from the value for 2,2'-dichlorobiphenyl itself. 

With the exception of 2,2'-difluorobiphenyl, for which elec- 
trostatic repulsion between highly electronegative fluorine at- 
oms could be expected to dominate, the existence of an intra- 
molecular attractive force between nonbonded halogen atoms 
seems to be established for 2,2'-dihalobiphenyls. A corre- 
sponding intermolecular attractive force underlies the so-called 
"chlorine atom effect" of Schmidt and Green (23-25). This 
effect manifests itself via the production of close-packed, 
highly overlapped parallel molecules in the crystal structures of 
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TABLE 2. Experimental data on A E ,  and values for inter-ring angle 0 calculated from eq. [3] 

Compound AE (eV), present work 0 (deg) AE (eV), ref. 1 0 (deg) 

TABLE 3. Observed ionization energies (eV)" 

Biphenyl compound I I  I z ,  Lh 14 IS 

Biphenyl 
Fluorenec 
2-Methyl 
3-Methyl 
4-Methyl 
2,2'-Dimethyl 
3,3'-Dimethyl 
4,4'-Dimethyl 
Perfluoro 
4,4'-Difluoro 
2-Chloro 
3-Chloro 
4-Chloro 
2,3-Dichloro 
2,4-Dichloro 
2,5-Dichloro 
2,6-Dichloro 
3,4-Dichloro 
3,5-Dichloro 
2,4'-Dichloro 
2,2'-Dichloro 
3,3'-Dichloro 
4,4'-Dichloro 
2,4,6-Trichloro 
2,2',5,5'-Tetrachloro 
2,2',4,4',5,5'-Hexachloro 

- - 

"Threshold values, where available, given in parentheses. 
'In some cases, I2  and I, were not resolved, and value given corresponds to unresolved maximum. 
'Spectrum corresponds closely to that given in ref. I ,  but with two extra peaks at I.E. values of 8.35 

and 10.20 eV, probably due to an impurity. 

aromatic molecules, induced by halogen (and particularly di- biphenyls may also be related to the relative stabilities of cis 
chloro) substitution on phenyl rings. This is a dramatic change and trans isomers of 1,2-dihaloethylenes. In the gas-phase, the 
from the highly characteristic hening-bond structure of alter- cis forms are generally more stable than the trans, again in 
nate layers of phenyl rings in the crystalline state, and has been opposition to predictions based only on van der Waals effects. 
exploited (23-25) in the engineering of crystal structures for This observation has been investigated theoretically by Epiotis 
stereospecific photodimerization reactions in the solid state. et al. (26, 27), and characterized as due to a through-space 

The intramolecular effect observed (16) for 2,2'-dihalo- interaction of lone pair orbitals, akin to a charge-transfer inter- 
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TABLE 4. Inter-ring dihedral angles (degrees) for corresponding 
methyl and chloro-substituted biphenyls (values in parentheses for 

ref. 1) 

Substitution 0, X = CH3 0, X = C1 [O(CH,) - O(Cl)] 

"Value for electron diffraction, ref. 15. 

action. Such an interaction could also be responsible for diffi- 
culties in accounting for the observed crystal structure of C12 
(28). 

The broad implications of the present work, for the relative 
toxicities of different PCB congeners, is based upon the pro- 
posal (6) that it is the planar conformations which are the most 
active in this respect. Certainly the experimental evidence (4) 
bears out the implication that ortho chlorine substitution should 
decrease physiological activity. The present work, which in 
this one respect is best viewed as an extension of the electron 
diffraction work (16), confirms that increasing ortho substi- 
tution drives the preferred conformation further from planarity. 
The failure to observe both conformers in gaseous 2,2'-di- 
chlorobiphenyl (15) suggests that the barrier to rotation from 
the near-syn to the near-anti conformation must be much higher 
than the value of RT (=5 kJ mol-') at the experimental tem- 
perature (15). This observation (15) is difficult to understand in 
terms of either qualitative intuition or of quantitative theoretical 
estimates (3, 14) of the potential energy profile for inter-ring 
rotation. It is clear that understanding of the problem of con- 
formation of substituted biphenyls still leaves much to be 
desired. 
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MITCHELL A. WINNIK, ANDREW M. SINCLAIR, and GERARD BEINERT. Can. J. Chem. 63, 1300 (1985). 
An asymmetrically end-labelled polystyrene of low polydispersity has been synthesized. The labels are pyrene and dimeth- 

ylaniline, which can form an emissive exciplex from excited pyrene. End-to-end cyclization rate constants (kl)  have been 
calculated from fluorescence decay data in a variety of solvents. Steady-state measurements are also presented. Correction of 
the (k,)'s for differences in solvent viscosity yields cyclization rate constants of 0.7 X lo6 S - '  in good solvents and about twice 
this in poor (sub-0) solvents. Cyclization rate constants (k l )  in toluene and cyclohexane at 22OC obtained using this 
pyrene/dimethylaniline exciplex probe are compared with those obtained previously using a pyrenelpyrene excimer probe. 

MITCHELL A. WINNIK, ANDREW M. SINCLAIR et GERARD BEINERT. Can. J. Chem. 63, 1300 (1985). 
On a synthktisk un polystyrene de faible polydispersite et marquk de f a ~ o n  asymktrique aux extrkmitks. Les marqueurs sont 

le pyrkne et la dimkthylaniline qui peuvent former un exciplex kmissif partir du pyrene excitk. On a calculk les constantes 
de vitesse (k l )  de la cyclisation bout a bout, a partir des donnkes de dkcroissance de la fluorescence dans divers solvants. On 
prksente Lgalement des mesures effectukes dans I'ktat stationnaire. Les corrections apportkes aux valeurs de (kl) ,  pour tenir 
compte des diffkrences de viscositks des solvants, donnent des constantes de vitesse de cyclisation de 0,7 X lo6 s- '  dans les 
bons solvants et environ le double dans les solvants (sub-0) pauvres. On compare les constantes de vitesse de cyclisation (k,) 
dans le t o ldne  et le cyclohexane, obtenues i 22°C en utilisant cette sonde d'exciplex pyrkne/dimkthylaniline, avec celles 
obtenues antkrieurement en utilisant comme sonde d'excimkre le couple pyrknelpyrene. 

[Traduit par le journal] 

Introduction ,_- _ 
Since the seminal papers by Wilemski and Fixman (1) (WF) 

on the theory of cyclization dynamics of polymers, various .- ' 
experimental methods have been used to try to measure these 
rates. Cuniberti and Perico (2) used steady-state measurements 
of pyrene excimer formation to study poly(ethy1ene oxide). 
Mita, Horie et al. (3) examined triplet-triplet (TT) annihilation 
between anthracene groups to study polystyrene. Redpath, 
Winnik, and co-workers used a combination of fluorescence 
decay and steady state of pyrene excimer formation to study 
polystyrene (4, 5 )  poly(ethy1ene oxide) (6) ,  and polydimethyl- FIG. I .  (a) Depiction of the bead-and-spring (Rouse-Zimm) 

siloxane (7). Each of these experiments required the synthesis model for a polymer chain. (b) Depiction of the root-mean-squared 

of polymers of narrow molecular weight distribution, specifi- end-to-end distance RF and the quenching radius a for a polymer 

cally substituted on both chain ends with spectroscopically chain. 

appropriate (anthracene or pyrene) luminescent groups. 
The important questions addressed, for polymer cyclization a Sequence of beads (mass and friction centers) connected by 

in dilute solution, have been the chain length (N) dependence harmonic springs. In the Rouse model, the beads act as inde- 
of the cyclization rate constant kc,, and the effect of solvent on pendent friction centers7 whereas in the Zimm model the sol- 
these rates. Chain length enters the problem because the mean- vent is viewed as being trapped (non-draining) inside the coil. 
squared separation of the chain ends R,Z increases with chain Finite chains are partially draining: one must take account of 
length, as do the low frequency relaxation times of the chain. the extent of hydrodynamic coupling between beads which, 
Solvent viscosity retards dynamic motion of the chain, whereas Separated along the chain contour, happen to be in proximity 

solvent quality (good solvent, poor solvent, 0-solvent for the 
polymer) affects the degree of chain swelling, and hence RF (8). The original WF papers raised a number of important the- 

WF theory addresses these features in terms of the bead-and- oretical issues which were subsequently examined in detail by 
spring model, Fig. 1 (9). In this model one views the chain as Doi ( 101, by Perk0 and CO-workers ( 1 1 a-c; see also 1 1 d), and 

by Perico and Cuniberti (12). 'This subject was recently re- 

' This and the following papers are dedicated to the memory of Li 
viewed in some detail (8). 

Xiao-Bai of Nankai University, Peoples Republic of China, who died One of the central predictions of the theory is that kc, rn Na, 

of a sudden illness after returning home from two fruitful years of with a taking he -3/2 for very long chains in a 
research in the laboratories of M. A. Winnik and J .E. Guillet at the 0-solvent. For long chains in a good solvent a should approach 
University of Toronto. the value -9/5 because of excluded volume effects (4a, 8). 

Author to whom correspondence may be addressed. Furthermore, kc,-' for these long chains should be almost equal 
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4 
4 

Et3N, 
toluene, 20°C 

to 71 ,  the slowest internal relaxation time of the chain, as we felt that we would have the means to examine the probe 
determined, for example, by viscoelastic relaxation experi- dependence of the cyclization process. We also recognized that 
ments (13). 

For shorter chains, other features appear. Cyclization is no 
longer dominated exclusively by 7,; all the higher order relax- 
ation modes contribute to kc,. In addition, and of particular 
importance here, the size of the capture (or quenching) radius 
a enters into the magnitude of kc, as the ratio of a/&, where 
RG is the radius of gyration of the chain. Since RG changes with 
chain length, but a does not, the value of a is affected. This 
effect is quite subtle. It has been examined in some detail by 
Perico and Cuniberti (8, 12) who showed that as N -+ a, a/& 

exciplexes themselves are sensitive to solvent polarity, whereas 
pyrene excimers are not (14). We therefore were curious to see 
whether changes in solvent polarity had significant effects on 
the rates of polystyrene cyclization as measured by exciplex 
formation. 

Results and discussion 
Design and synthesis 

Both spectroscopic and synthetic considerations enter into 
the choice of end groups to be incorporated into the polymer. . ~ 

-+ 0, and kc, becomes independent of a .  Our philisophy was to choose a derivative of one of these 
One of the curious features of the experimental deter- groups (D) as an initiator for anionic polymerization of styrene, 

minations of the cyclization rate constants has been the discrep- and to terminate the polymerization with ethylene oxide. In this 
ancies that exist between results reported by different laboratb- 
ries. Gross features of the theory have been confirmed in all 
experiments (2-8). Thus where sufficient data exist, one can 
quite reasonably draw straight lines through plots of log kc, vs. 
log N. The slopes frequently differ (although they fall in the 
range - 1 to - 1.8) and the magnitudes of kc, sometimes differ 
for the same polymer-solvent - chain length combination by 
more than one might anticipate from the precision of the indi- 

way we could produce-a polymer of the form h O H ,  and a 
variety of chromophores could be attached to the other end via 
the hydroxy group. If D had several spectroscopic properties of 
interest, quite a broad range of experiments could be carried out 
on one polymeric starting material. For example, if D could 
form an exciplex with pyrene and also serve as an effective 
triplet quencher, two quite different experiments could be per- 
formed on polymers to which pyrene groups or aromatic 

vidual experiments. ketone groups could be attached. 
A notable case concerns the cyclization of polystyrene From a spectroscopic point of view, the N,N-dimethyl- 

chains of M = 30 000 to 100 000 in cyclohexane at 34.5OC, the aminophenyl (DMAP) group serves all of these functions. 
&temperature. Rates determined by the study of intramolecular ~imet-hylaniline and dimethyltoluidine form exciplexes with 
excimer formation of pyrene-end-capped polymers (4, 5) are pyrene and with a variety of other polycyclic aromatic groups. 
more than an order of magnitude faster than rates determined These amines quench ketone triplet states by an electron- 
by 'IT annihilation of chains terminated by anthracene groups transfer process, and they are compatible chemically with the 
(3). conditions of anionic polymerization. Worsfold, for example, 

In order to test the idea that measured cyclization rates might has initiated anionic polymerization using lithiated aliphatic 
depend upon the spectroscopic technique used to detect cy- species containing the Me,N- group (15). 
clization, we decided to examine exciplex formation in a poly- Our initial attempt to add sec-butyllithium to 4-isopropenyl- 
styrene polymer containing an aromatic amine at one end and N, N-dimethylaniline did not provide useful polymers. Instead 
a pyrene group at the other. We chose a chain length (M, = we generated the initiator 2 by treatment of 1-[4'-(N, N-dimeth- 
1 1 400) sufficiently small that a/RG was significant, with a ylaminophenyl)phenyl]ethyl ethyl ether (1) with potassium 
value of ca. 0.2. Since a for exciplex formation is larger than metal in tetrahydrofuran, Scheme 1. The reaction was termi- 
for excimer formation (see below), at least in polar solvents, nated with ethylene oxide in keeping with our philosophy that 
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FIG. 2. Fluorescence spectra of DMAP-PSI 1000-Py 5 and PS5900-Py (Model, b) at 22OC in several solvents. Intensities are arbitrarily 
normalized at 398 nm. The model polymer 6 had nearly identical spectra in all solvents. For 5, spectra are shown in cyclohexane (C), toluene 
(T), tetrahydrofuran (THF), and methylene chloride (MC). The lower curves are exciplex spectra obtained by subtracting the normalized spectrum 
of 6 from that of 5. 
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functional group manipulation on polymer termini is much less 
onerous than synthesis of the polymers themselves. Small 
amounts of the polymer MezN-C6H,-CH(CH3)-poly- 
styrene-CH2CH20H (DMAP-PS-OH, 3) were treated at a later 
stage with PyCH2CH2CH2C(0)C1 (4) in order to obtain the final 
polymer DMAP-PS-Py (5). 

Ultraviolet analysis of the polymer 3 indicated 1.0 t 0.1 
Me2N-C6H4- groups per chain based upon M ,  = 1 1 400 for 
the polymer. Corresponding aialysis of 5 showed only 0.8 + 
0.1 pyrenes per chain. The reason for incorporation of less than 
one pyrene per chain is not yet clear. One possibility may be 
incomplete esterification. Since the fluorescence experiments 
at high dilution examine only those chains with excited pyrene 
groups, our results do not require that every chain cany a 
pyrene. 

Spectroscopy 
In order to interpret fluorescence studies of exciplex for- 

mation in 5, one must compare the data to the fluorescence of 
a model polymer in which no intramolecular exciplex can be 
formed. For example, in Fig. 2 we show the fluorescence 
spectra of 5 in four solvents: cyclohexane, toluene, tet- 
rahydrofuran (THF), and methylene chloride. In the same fig- 
ure we also show the fluorescence of 6 in these same four 
solvents. These spectra have been normalized in intensity at the 

(0,2) band at 398 nm. One sees that the change in solvent or the 
presence of the terminal DMAP group has little effect on the 
emission spectrum of the locally excited pyrene. 

At longer wavelengths, exciplex emission can be seen in 
samples of 5 at a Py group concentration of ca. 6 x M .  
The exciplex emission from 5 was quite weak; therefore the 
gain was increased by a factor of 10 above 430 nm to increase 
sensitivity. Exciplex spectra, Fig. 2b, were obtained by sub- 
tracting spectra of the model polymer 6 from those of 5 in the 
same solvent. There are two important features to note in Fig. 
2b. First, exciplex intensity I, decreases, relative to that of the 
locally excited pyrene intensity I,, with increasing solvent 
polarity. In addition, the exciplex emission maximum shifts to 
the red, as the solvent polarity increases. 

The red shift is consistent with the charge-transfer nature of 
the exciplex, which is stabilized relative to the ground state in 
polar solvents (14). It is also known that radiationless decay 
rates of exciplexes increase in polar solvents. Their emission 
quantum yields decrease and therefore 1,/1, values should de- 
crease with increasing solvent polarity. Since the rate and ex- 
tent of cyclization will also affect 1,/1, values, a simple inter- 
pretation of these relative intensities is not possible at this time. 

Fluorescence decay profiles were measured using the time- 
correlated single photon counting technique. An example is 
shown in Fig. 3 where we present both pyrene (IM(t)) and 
excimer (IE(t)) fluorescence profiles for the DMAP-PS 11000- 
Py sample in cyclohexane. Lifetimes are obtained by iterative 
reconvolution of a trial function with the lamp profile. The 
I,(t) decays gave good fits to a single exponential decay func- 

tion, whereas the growing-in and decay of the exciplex had to 
be fit to a difference of two exponential terms. 

In the experiments reported here, the IM(t) decay times were 
always 3% to 5% longer than the corresponding long com- 
ponent of the IE(t) decays. We note that our polymer samples 
with M J M ,  = 1.08 have a finite polydispersity. The decay 
constants obtained from the measurements and the calculated 
rate constants are therefore averages over that distribution. On 
the other hand, the longer value of the IM(t) decay times could 
arise from a small fraction of polymer containing Py but no 
DMAP groups. In this case, using the I,(t) values to calculate 
rate constants should avoid any complications due to incom- 
plete chain functionalization. 

Data and data analysis 
Exciplex formation is normally diffusion controlled. In 

Scheme 2, the rate constant (k,) describes cyclization leading 
to intramolecular exciplex formation. The angle brackets ( )  
emphasize that k, should vary sensitively with chain length, 
and that values obtained from the study of polymers with a 
finite polydispersity represent averages over the molecular 
weight distribution in the sample. We denote exciplex dis- 
sociation (ring opening) by k-,; k, and k, describe the recip- 
rocal lifetimes of the locally excited pyrene ("monomer") and 
exciplex lifetimes, respectively. 

Scheme 2 predicts the fluorescence decay laws 

[ I ]  I M ( ~ )  = a,  exp (-AI t) + a2 exp (-A2t) 

[2] I,(t) = a, [exp (-Al t) - exp (-Az t)] 

where the decay constants A,, A2 are related to the rate constants 
by the expression 

Note that when 4 (kl) k- , is small compared to the squared term 
in brackets, eq. [3] simplifies to 

Values of (k,) were calculated from eq. [4], using A ,  values 
from the pyrene decay, with k, taken to be the exponential 
decay rate of the model polymer 6. One should note that all the 
rate constants in Scheme 2 might be expected to vary with 
solvent. This is emphasized by the variation of AM-'  values 
from solvent to solvent, Table 1, where, for example, one sees 
that A,-' (cyclopentane) = 243 ns and AM-'  (benzene) = 156 
ns. Cyclization rate constants obtained in this way are collected 
in Table 1. 

Cyclization rates 
Values of (k,) for DMAP-PS11000-Py at 22°C vary from 
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DMA-PS11K-Py 
M o n o m e r  and E x c i ~ l e x  

Cyc l ohexane 22O C 

- 

- 

- 

. . 

. . .  Lamp Pro f  i l e  - .  

. . 
! 

I I I I I I I I I 

Channe l Number 
FIG. 3. Fluorescent decay profiles of DMAP-PSI 1000-Py in cyclohexane at 22OC. The upper curve is the exciplex emission (AEM > 500 nm). 

The middle curve is the monomer emission (370 nm > AEM > 400 nm) and the lower curve is the excitation lamp profile (AEM = XEX = 345 
nm). Both spectra are normalized to the lamp maximum of 50 000 counts for presentation. The lower graph is a representative plot of the log 
of the point by point XZ versus channel number. 

1.01 x lo6 s-' in benzene to 2.67 x lo6 s-I in cyclopentane. cosity, we define qrcl = q/qcyclohc~anc and calculate values of 
Two factors affect the magnitude of the cyclization rates; the (k,),,, = qrCl (k,). These are plotted in Fig. 4 as a function of 
polymer dimensions in the solvent, and the solvent viscosity. solvent viscosity. Figure 4 emphasizes that for benzene, tolu- 
Since diffusion rates vary as TIq, where q is the solvent vis- ene, and THF, the viscosity corrected cyclization rates are 
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TABLE I.  Lifetimes and rate constants 

Cyclohexane Cyclopentane Toluene Benzene THF 

TI"  (6) (ns) 
TI"  (5) (ns) 
T~~ (5) (ns) 
~ ? h  (5) (ns) 
A ~ I A I ~  (5 )  - 

(kly (s-I) 
lO-yk , )  corr (s- I )  

s (cp)" 
B H C  

E( at 25°C 

"I,(!) decay measured at 380-400 nm. Uncertainties are typically -t I ns. 
"Exciplex data measured above 500 nm. Fits are somwhat soft, especially in THF where the intensity 

is very low. 
"Calculated from I,(t) data. Uncertainties are ca. 20.1 X 10's-I. 
viscosity at 22°C ( I  cP = lo-' Pa s). 
'Hildebrand solubility parameter (22a, b). Note that 8, for polystyrene is ca. 9.1 (see footnote 3) .  
'Dielectric constant at the temperature indicated (21). 

I I I I I 
0.4 0.6 0.8 1 .O 

r1220C CENT1 POISE 

FIG. 4. Viscosity corrected cyclization rate constant versus solvent 
viscosity at 22°C for DMAP-PSI 1000-Py in four solvents. qr., = 

~solvcn~/~cyclaheranc. 

indistinguishable. Cyclization in cyclohexane and cyclo- 
pentane are significantly faster. 

Benzene, toluene, and THF are good solvents for PS. For a 
polymer as short as M = 1 1 000 one anticipates similar values 
of the root-mean-square radius of gyration RG or end-to-end 
distance RF for the polymer in each of these solvents. Cyclo- 
pentane at 23°C is a 0-solvent for polystyrene. The 0-temper- 
ature for PS in cyclohexane is 34.5"C; thus in our experiments 
at 22"C, cyclopentane represents 0-conditions, and cyclo- 
hexane, sub-0-conditions. RF and RG values here are smaller 
than for the polymer in the good solvents. In addition, attrac- 
tive interactions between chain elements distort the end vector 

distribution function to enhance the probability of the two chain 
ends being in proximity. 

Comparison with excimer probes of cyclization 
The extensive studies of Redpath and co-workers (4, 5) on 

excimer formation in Py-PS-Py provide cyclization rate con- 
stants with which our values can be compared. In the dis- 
cussion which follows, we denote these values obtained from 
excimer studies as (k,),,,. The Redpath experiments in toluene 
were carried out at 22°C for polymers of M = 3000 to lo5. 
Experiments in cyclohexane for this span of molecular weights 
were carried out at the 0-temperature. Three samples with M = 
3000 to 9200 were examined as a function of temperature, from 
34 to 84°C. Activation energies were obtained; with these data 
a value for cyclization at 22°C of a Py-PS-Py sample of M = 
1 1 400 can be estimated. We also remeasured the decay param- 
eters at 22°C and 34.5"C for Redpath's samples in cyclohexane 
and toluene for Py-PS-Py of M, = 9200 and M, = 15 500.3 
These data provide an alternative estimate of (k,),,, for a sam- 
ple of M = 11 400. 

The interpolated value of the cyclization rate constant using 
I,(t) data in toluene at 22°C for Py-PSI 1400-Py (excimer 
formation) is 0.79 X lo6 s-I. This compares, Table 2, with a 
value of 1.15 x lo6 s-I for DMAP-PS11400-Py (exciplex 
formation). In toluene at 22"C, exciplex formation occurs 1.5 
times faster than excimer formation, suggesting that the end 
group or the spectroscopic technique may affect the measured 
rate of diffusion controlled cyclization. If the 1,(t) data are used 
to calculate (k,), we obtain values 0.2 x lo6 s-I larger. 

In cyclohexane, the interpolated best-fit value at 34.5"C for 
M, is 11 400 (2.2 X lo6 s-I) and, correcting it to 22°C using 
the value of 3.1 kcal/mol determined from (k,),,, for several 
chain lengths of P Y - P S - P ~ , ~  we obtain a value of 1.78 X lo6 
s-I. On the other hand, reexamining two of Redpath's original 
samples at 22°C led to an interpolated (k,),,, value of 1.56 x 
lo6 s-I. 

Our value (k,) for DMAP-PS11400-Py is 1.33 X lo6 s-I in 
cyclohexane at 22°C. This value increases to 1.70 X lo6 s-' if 

'It is worth noting that, three years after sample preparation, vir- 
tually identical lifetimes are obtained for the samples prepared by 
Redpath. 

4A.  E. Redpath and M. A. Winnik. Unpublished results. 
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TABLE 2. Comparison of cyclization rates for PSI 1400 obtained by 
pyrene excimer (k,) , , ,  and DMAPIPy exciplex (k , ) , , ,  measurements 

Cyclization 
(k,)" 10-"k,)" 

Probe Data Toluene 22°C Cyclohexane 22°C 

DMAP Py Monomer 1.15 1.33 
Exciplex 1.35 1.70 

bJ Py" Monomer 0.79 1.56 
Excimer 0.99 1.79 1.78' 

"From ( k , )  = A, - kM for the monomer A, from single exponential fits and 
for the excimer/exciplex A, from double exponential fits. 

'Estimated by log-log interpolation between the ( k , )  values of Py-PS9600- 
Py and Py-PS 15600-Py. 

'By correcting the least-squares best fit data of Redpath and co-workers ( 4 c ) .  
reported at 34.5"C. to 22°C using E, (k l )  = 3  kcal/mol. 

the I,([) data are used to calculate (k,). 
Figure 3 shows typical monomer and exciplex decay profiles 

for DMAP-PS 1 1400-Py in cyclohexane at 22°C. In all the cases 
examined, for this molecular weight, the monomer decays fit 
well to single exponential decay laws to yield A,. The excimer 
and exciplex fit to a difference of two exponentials with a A, 
growing-in component and a A ,  decaying component. It is 
found in all cases that the monomer A ,  is always 2 to 5% larger 
than the excimer or exciplex A,. This may be due, in the case 
of excimers (Py-PS-Py), to a small percentage of mono- 
functionalized polymer, or, in the case of exciplexes (DMAP- 
PS-Py), to polymers with no dimethylamino end group. In 
either case the small impurity would give rise to the model 
compound 6 decay lifetime which would increase the apparent 
monomer lifetime. The excimer or exciplex would not form 
from the impurity and thus would give rise to the better data. 

The difference is magnified when calculating (k,), obtained 
as the difference of two large numbers. Thus we find that (k,) 
values calculated from IE(t) data are 10% to 20% larger than 
those calculated from I,(t) data. These data are summarized in 
Table 2. The conclusions we draw are independent of which set 
of data are compared. 

From the data in Table 2 it appears that in toluene the ex- 
ciplex probe (DMAP-PS-Py) gives a (k,) value 1.5 times larger 
than that obtained from the excimer probe (Py-PS-Py). In cy- 
clohexane, the (k,) values agree to within 10%. If anything, 
exciplex formation is a bit slower. 

Mechanism of exciplex formation 
Long range interactions are not thought to be important in 

ycimer formation. Py/Py separation in the excimer is ca. 3.5 
A (14), and the reactive radiusofor excimer formation is proba- 
bly not much larger than 5 A. Exciplexes are formed by a 
different mechanism. There is compelling evidence that elec- 
tron transfer occurs between the donor (here DMAP-) and the 
acceptor (here Py-) to form a solvent-separated ion pair (16, 
17). Under the force of the coulombic attraction, the ions come 
together to form the exciplex. This is sometimes referred to as 
a "harpooning" mechanism. While there are no rigorous mea- 
surements, the reactivt distance for electron transfer is com- 
monly taken to be 7 A. In very polar solvents, the ion pair 
dissociates into free ions; no exciplex emission is seen (14). 

The free energy of ion pair formation can be estimated from 
the oxidation potential of the donor (El12(ox)), the reduction 
potential of the acceptor (El12(red)), and the excitation energy 
of the excited state species (here Em(py)) (18). For DMAP- and 
Py- one calculates from 

that AG = - 10 kcal/mol. For electron transfer reactions of 
such exergonicity, solvent effects on the electron transfer rate 
are expected to be small (18a). Thus we see no important 
differences in qre, (kl) values determined in benzene, THF, or 
toluene. It may well be that AG is not sufficiently exergonic to 
allow a harpooning mechanism in cyclohexane or cyclo- 
pentane. 

Reactive radius effects on the cyclization process 
Calculations carried out by Perico and Cuniberti (12) on the 

cyclization of partially draining finite chains within the frame- 
work of the bead-band-spring model indicate that the mag- 
nitude of the reactive radius a can affect the rate of cyclization. 
The ratio a/RG enters into the calculation of kc, in a complicated 
way. For example, the dependence of kc, upon a/RG disappears 
for chains of sufficient length (large RG) and appears to be 
relatively unimportant for a/RG < 0.1. One can estimate f r o p  
literature data 119) that RG for PS 11400 in toluene is ca. 32 A. 
Taking a = 5 A for excimer formation and a = 7 A for exciplex 
formation, one obtains values of 0.16 and 0.22 respectively for 
a/RG. Thus we can rationalize the faster cyclization rate for 
exciplex formation vs. excimer formation in toluene in terms of 
the larger reactive radius of the former process. 

In cyclohexane the results are less clear and hence more 
difficult to intepret. One knows from studies of molecules 
substituted with bulky groups that exciplex formation in ali- 
phatic hydrocarbon solvents is less sensitive to steric effects 
than is excimer formation (20). Thus there is no evidence to 
suggest that reactive distances for the two processes become 
comparable in nonpolar solvents. In the absence of further 
results, further speculation seems unwarranted. 

Experimental 
Synthesis 

The unsymmetrical difunctional polymer DMAP-PS11000-OH 3 
was prepared by anionic polymerization in THF at -70°C under 
argon. The polymerization was initiated by the anion 2, formed from 
the treatment of 1-[4'-(N, N-dimethylamino)phenyl]ethyl ethyl ether 1 
with potassium metal in THF at -20°C. The solution was cooled to 
-70°C and styrene was added. After completion of the reaction the 
living polymer was reacted with a large excess of ethylene oxide. 
Decoloration of the solution due to quenching of the living anion 
occurs at ca. -50°C. After addition, first, of aqueous hydrochloric 
acid and then ammonium hydroxide, the potassium chloride produced 
is filtered off. The hydroxy-terminated polymer 3 is precipitated by 
addition of the solution to a large excess-of methanol. Polymer 3 was 
further purified by reprecipitation of a concentrated THF solution in 
methanol containing a small amount of ammonium hydroxide that 
facilitated decantation. Further details of the polymerization will be 
reported elsewhere. 

4-(1 '-Pyrene)butyryl chloride 4 was prepared from the correspond- 
ing acid by treatment with excess oxalyl chloride in benzene. It was 
recrystallized from a toluene-hexane mixture to give pale yellow 
crystals, mp 80-81°C. 

Functionalization of the polymer 3 with 4 to yield DMAP-PS 11000- 
Py 5 was effected by mixing 1.0 g (0.09 mmol) of 3 with 0.1 g (0.36 
mmol) of 4 in 20 mL of toluene that was freshly distilled under 
nitrogen from sodium metal. Triethylamine (1.0 mL, 7.2 mmol; dis- 
tilled under nitrogen from CaH2) was then added. The reaction mixture 
was then outgassed with nitrogen and stirred under N2 in the dark for 
12 days. To terminate the reaction, 0.2 g of dry silica gel was added. 
After stirring for an hour, the solution was filtered through a glass 
wool plug into 200 mL of vigorously stirred methanol. The precip- 
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itated polymer was collected, redissolved in toluene, and then repre- 
cipitated twice in methanol. The yield of polymer 5 was effectively 
quantitative. 

The synthesis of the model polymer PS5900-Py 6 has been de- 
scribed previously (4c). 

Characterization 
'The molecular weight of the polymer 3 was obtained using a Waters 

associates high pressure liquid chromatograph (hplc) with a pair of 
Shodex A 80M gpc columns in THF solution using a Waters R401 
refractive index detector. The 2-(4'-N,N-dimethylaminopheny1)- 
propane end group could be detected by its absorbance at 304 nm (E 

= 2050). The M. and M, were found to be 11 400 and 12 300 
respectively. 

Polymer 5 was also analyzed by hplc. By examining the uv absorb- 
ance at 345 nm it was found that all of the pyrene in the sample was 
attached to the polymer. End group analysis showed that about 80% 
of the polymers had a pyrene end group. It should be pointed out that, 
as these measurements involve only intrapolymer exciplex formation, 
polymers with no pyrene end group will not enter into the results. 

Sample preparation 
Polymer samples were weighed on a microbalance, dissolved in the 

appropriate solvent, and diluted to 10 mL in a volumetric flask. 
Toluene, benzene, and cyclohexane were distilled from sodium, 
cyclopentane and tetrahydrofuran from LiAIH, and dichloromethane 
from PZ05. The solutions (2 X 10-'M) were then degassed by five 
freeze-pump-thaw cycles to lower than lo-' Torr (1 Torr = 133.3 
Pa) and then sealed under vacuum. Two sets of samples were pre- 
pared, one in cylindrical Pyrex cells for lifetime measurements and 
another in 10 mm X 10 mm rectangular cells for steady-state mea- 
surements. 

Steady-state spectra 
Emission spectra (see Fig. 1) were measured on a SLM model 4800 

fluorescence spectrometer. The excitation wavelength was 345 nm 
and the emission was scanned from 360-600 nm in I-nm steps. The 
output was digitally recorded on a Tektronix 405 1 computer and stored 
on disc. All manipulations of the spectra, integrations, normaliza- 
tions, and subtractions were performed by the computer. 

Lifetime measurements 
Fluorescent lifetimes were measured by the time correlated single 

photon counting technique (4). Decays were fit from two channels 
after the lamp maximum to the end of the measured decay and in all 
cases the X' values were less than 2.0. The excitation wavelength for 
all samples was 345 nm. Pyrene monomer decays were measured from 
emission between 370 nm and 400 nm collected through filters. The 
pyrene monomer decays were fit to single exponential decay laws by 
a process of iterative reconvolution with the excitation lamp profile. 
Pyrene-dimethylaniline exciplex decays were measured above 500 
nm using a cutoff filter, and were fit to the difference of two ex- 
ponential terms. 
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aromatic ketone phosphorescence' 
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H. L. CASAL and J. C. SCAIANO. Can. J. Chem. 63, 1308 (1985). 
The luminescent properties of several aromatic ketones included in the hydrophobic zeolite Silicalite have been examined. 

Acetophenone, benzophenone, and P-phenylpropiophenone show readily detectable phosphorescence; by contrast, valero- 
phenone does not luminesce, but undergoes the Norrish Type 11 reaction. Thus, irradiated samples of valerophenone in 
Silicalite show phosphorescence due to the accumulation of acetophenone. In the case of P-phenylpropiophenone the triplet 
lifetime is ca. 100 000 times longer than the solution value, suggesting severe conformational restrictions. Co-inclusion of 
acetophenone with various substrates and oxygen quenching studies indicate that Silicalite has at least two distinct classes of 
inclusion sites. In one of them energy transfer processes are rapid and efficient, suggesting a cooperative effect in the inclusion 
of ketones in these regions of the Silicalite framework. 

H. L. CASAL et J. C. SCAIANO. Can. J. Chem. 63, 1308 (1985). 
On Ctudie les propriCtCs luminescentes de plusieurs cttones aromatiques contenues dans la zColite hydrophobe Silicalite. 
L'acCtophCnone, la benzophknone et la P-phtnylpropiophCnone prksentent une phosphorescence que I'on peut dCceler facile- 
ment; par ailleurs, la valCrophenone n'est pas luminescente, mais elle subit une reaction de type Norrish 11. Ainsi, les 
tchantillons irradiCs de valkrophCnone dans la Silicalite ont une phosphorescence qui provient d'une accumulation d'acC- 
tophknone. Dans le cas de la P-phtnylpropiophenone, le temps de vie du triplet est environ 100 000 fois plus long que la valeur 
en solution et ceci suggkre la prCsence d'importantes contraintes conformationnelles. La co-inclusion de I'acCtophCnone avec 
differents substrats et des Ctudes de pikgage d'oxygkne indiquent que la Silicalite a au moins deux classes distinctes de sites 
d'inclusion. Dans I'un d'eux, le processus de transfert dlCnergie est rapide et efficace; ceci suggZre un effet d'ensemble lors 
de I'inclusion des cCtones dans ces regions du squelette de la Silicalite. 

[Traduit par le journal] 

Introduction 
Photoprocesses in solid systems, including surfaces, crys- 

tals, and inclusion compounds, have been the subject of several 
recent reports (1  -3). In spite of the extensive and varied use 
that zeolites receive in industry, organic photoprocesses have 
received very limited attention in these media (4-6). 

In a preliminary report (7), we showed that the triplet life- 
time of P-phenylpropiophenone in Silicalite is enhanced by 
five orders of magnitude, by comparison with the value in 
solution under otherwise comparable conditions. This enhance- 
ment was attributed to restrictions to mobility that prevent the 
intramolecular quenching process. 

Silicalite forms part of a recently developed class of zeolites 
with a new topologic type of tetrahedral framework (8). The  
channel system of this zeolite consists of near-circular zig-zag 
channels defined by 10 oxygen centres, which are cross-linked 
by elliptical straight chaanels. The diameter of the circular 
channels is 5.4 + 0 .2  A, and the free cross-section of the 
elliptical ones is 5.75 X 5.15 A2. One of the remarkable prop- 
erties of this zeolite is its high hydrophobicity which ensures no 
deactivation effect due to water, and allows the selective 
extraction of organic materials from their aqueous solutions 
(9). 

We have examined the possibility of using the luminescence 
of-aromatic ketones in zeolites to probe their dynamics and 
concurrently to examine the properties of the various sites 
available to the guest molecules. This report deals with the 
phosphorescence properties of several aromatic ketones in- 
cluded in the channel structure of Silicalite. W e  conclude that 
there are several classes of sites accessible to the guest mole- 
cules. The geometry of the Silicalite channels has preferential 

'Issued as NRCC 23702. 

adsorption of the different aromatic ketones. While it seems 
that all sites are probably accessible to acetophenone, 
P-phenylpropiophenone, and valerophenone, benzophenone 
cannot reach at least one class of sites. This particular class is 
not readily accessible to oxygen. 

Experimental 
Silicalite S-115 was purchased from Union Carbide Canada and 

calcined at 500°C for 24 h and kept under vacuum for 12 h prior to use. 
Acetophenone and valerophenone (Aldrich) were distilled prior to use, 
while benzophenone (Eastman Kodak) had been recrystallized from 
ethanol. P-Phenylpropiophenone was prepared and purified according 
to literature procedures (10). I-Phenylhexane (Aldrich) was distilled 
under reduced pressure, and 1,4-cyclohexadiene (Aldrich) and 
2,2,4-trimethylpentane (isooctane, Aldrich Gold Label) were used as 
received. I-Phenyl-3-pentanone (Wiley) was used as received. Silica 
gel was from Merck (70-230 mesh) and Mordenite was obtained from 
Norton. 

The phosphorescence emission spectra (uncorrected, front face) 
were recorded using a computer controlled Perkin-Elmer LS-5 fluo- 
rescence spectrometer. Sample excitation was at 254 or 31 3 nm, using 
the appropriate monochromator setting plus suitable interference fil- 
ters, while a microscope slide was used as a -300-nm emission 
cut-off. Excitation and emission bandpasses were <I0  nm. The 
samples were contained in cells made of 3 X 7 mm2 Suprasil tubing, 
and were continuously flushed with Nz, 0 2 ,  or appropriate mixtures 
delivered through a Matheson model 610 gas mixing system. The 
LS-5 is a gated instrument, its excitation source providing 10-p,s 
pulses at 60 Hz. The design of this instrument is such that 
Stern-Volmer phosphorescence plots require a more elaborate inter- 
pretation than in conventional steady-state spectrometers (vide infra). 

Inclusion in Silicalite was achieved using the following procedure, 
illustrated here for the case of P-phenylpropiophenone: 3 g of Silicalite 
were mixed with a solution of 80 mg of P-phenylpropiophenone in 
5 mL of 2,2,4-trimethylpentane (isooctane) in air at room tem- 
perature. The molecules of this solvent are sufficiently large that 
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CASAL AND SCAIANO 1309 

TABLE I. Composition of the samples examined 

% C 
Nominal 

No. Substrates occupancy" Expected Foundh 
- - 

I Acetophenone 20% 3.1 3.3 
2 Acetophenone 80% 12.5 11.0 
3 P-Phenylpropiophenone 20% 3.3 2.8 
4 Benzophenone 20% 3.3 0.92 

~cetoihenone (5%) 
alerophenone (95%) 40% 6.3 6.6 

Acetophenone (< 1 %)' 
alerophenone 40% 6.3 6.2 

{~cetoihenone (5%) ( I-Phenylhexane (95%) 40% 6.8 7.9 

Acetophenone (5%) 
I -Phenyl-3-pentanone (95%) 40% 6.1 6.83 

"Based on a void volume of 0.19 mL/g (see ref. 8). 
b%C determined by microanalysis. 
'Generated in situ, see text. 

reportedly ( 1  1)  they cannot enter the channels of Silicalite. The re- 
sulting slurry was stirred for 3 h. The excess solvent was then removed 
by filtration and the solid washed with a further 4 mL of isooctane and 
allowed to dry for 10- 16 h in a current of dry air at room temperature. 

The actual yield of inclusion was also determined by elemental 
analysis (C, H, and inorganic residue) of the zeolite substrate samples 
(see Table 1). 

The sample of Silicalite used (empty) was also examined using 
X-ray fluorescence, which, in addition to silicon, only showed a small 
amount of aluminum (<0.5%) and traces of potassium and calcium or 
indium (probably the former). Potassium and calcium could be im- 
purities introduced through sample handling and preparation in our 
laboratory or at the manufacturer's. The presence of aluminum (pre- 
sumably as A10,) as impurity is consistent with the results of nmr 
studies (12). 

Results 
Phosphorescence of aromatic ketones under nitrogen 

The phosphorescence emission spectra of acetophenone, 
P-phenylpropiophenone, and benzophenone in Silicalite are 
shown in Fig. 1. The spectrum in Fig. 1D shows the lumi- 
nescence from Silicalite with no guests. The ordinate scales 
have been expanded for presentation and no direct comparison 
of the relative intensities can be made from this figure. The 
emission from Silicalite is much weaker than that from any of 
the others (A,,, -405 nm) and a correction for this background 
signal is not essential. No phosphorescence could be observed 
in the case of fresh samples (vide infra) of valerophenone in 
Silicalite. 

The spectra obtained in Silicalite are in good agreement with 
those obtained in glasses, or with solution spectra in the case 
of acetophenone and benzophenone (P-phenylpropiophenone 
does not phosphoresce in solution (13)). The vibrational struc- 
ture is evident in the cases of acetophenone and P-phenyl- 
propiophenone, while no structure is apparent in the case of 
benzophenone (Fig. 1). It should be noted that in the case of 
benzophenone the elemental analysis showed very poor inclu- 
sion (see Table I). 

The phosphorescence decay of ketones in Silicalite was typ- 
ically nonexponential. This is common to the decay law of 
other luminescent probes in heterogeneous media (ref. 14 and 
refs. therein). Table 2 includes several phosphorescence life- 
times obtained at room temperature; these refer to the first 

X, nrn 

FIG. I. Phosphorescence emission spectra (A,, = 254 nm) of aceto- 
phenone (A), ~-phenylpropiophenon~ (B), and benzophenone (C) 
included in Silicalite at room temperature. and (D) luminescence of 
Silicalite (no guests) recorded inder the same conditions. The 
intensity scales have been arbitrarily expanded, and no intensity com- 
parisons can be made. 

Time, ms 
FIG. 2. Luminescence (In I) intensity of acetophenone in Silicalite 

as a function of time. 

lifetime monitored following a 20-ps delay after a 10-ps 
excitation pulse. Substantially longer lifetimes can be obtained 
by monitoring the emission after a longer delay between the 
excitation pulse and the beginning of the monitoring period. 
Figure 2 shows a logarithmic plot of the luminescence intensity 
from acetophenone as a function of time; similar plots were 
obtained for the other substrates. 

Plots similar to that of Fig. 2 ?how a much better linear 
correlation when plotted against tz rather than t. This is fre- 
quently indicative of reaction (emission in this case) from mul- 
tiple sites of an inhomogeneous matrix (15). Further work in 
this area is continuing, in an attempt to monitor the phos- 
phorescence over several decades in emission intensity. 
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1310 CAN. 1. CHEM. VOL. 63,  1985 

FIG. 3. Phosphorescence emission spectra (A,, = 254 nm) of (A) 
valerophenone in Silicalite (kept in the dark before the measurement), 
(B) same sample as in A but after 3 min irradiation at 300 nm (the 
intensity scale of parts A and B is the same), (C) valerophenone and 
acetophenone (co-included in the ratio 95 : 5 mol/mol). 

TABLE 2. Phosphorescence of the various samples 

No. Substrate 7, ms" (a0/@),  (Odh 

Acetophenone (20%) 
Acetophenone (80%) 
f3-Phenylpropiophenone 
Benzophenone 
Acetophenone/valerophenone 
Acetophenone'/valerophenone 
Acetophenone/ 1 -phenylhexane 
Acetophenone/ 1 -phenyI-3-pentanone 

"Based on the first lifetime, see  text. 
hApproximate intensity ratio in the absence of, and under I atm of ,  oxygen. 
'.Generated in sifu via irradiation. see  text. 

Effect of co-inclusion on phosphorescence 
In a reference to valerophenone above, we have emphasized 

that no phosphorescence is observed in fresh samples; i.e., 
samples prepared and kept in the dark. If valerophenone is 
exposed to uv radiation, analysis of the organic fraction fol- 
lowing extraction reveals the presence of products of the 
Norrish Type I1 reaction (16), i.e. 

After even very short irradiation periods (2-3 min) the emis- 
sion from the acetophenone formed becomes readily observ- 
able, and the intensity of the resulting phosphorescence in- 
creases with irradiation time. Alternatively, it is possible to 
prepare acetophenone-valerophenone samples by direct co- 
inclusion of a mixture of the two ketones, rather than in situ 
generation of acetophenone. The spectrum obtained following 

F a .  4 .  Phosphorescence emission spectrum (A,, = 254 nm) of 
acetophenone and I -phenylhexane (co-included in the ratio 5 : 95 
mol/mol); (A) under 1 atm of N2; (B) under 1 atm of 02. 

co-inclusion is similar, but not identical to that obtained by in 
situ generation; Fig. 3 shows the various spectra in the 
valerophenone-containing samples. The vibrational structure in 
co-included acetophenone samples also appears to be some- 
what different from that obtained from acetophenone itself 
(compare Fig. 3 with Fig. 1A). It should also be noted that the 
samples used have different levels of occupancy (see Table 1). 

Studies involving co-inclusion of two ketones raise questions 
relating to energy transfer and (or) questions of preferential 
adsorption (vide infra). In order to be able to address these 
questions we carried out control experiments by co-inclusion of 
acetophenone and 1-phenylhexane as well as acetophenone and 
1 -phenyl-3-pentanone (5 : 95 molar ratio) in Silicalite. These 
cosubstrates were selected because their kinetic diameter and 
volume are comparable to those of valerophenone. The phos- 
phorescence spectrum from acetophenone in the mixture with 
1-phenylhexane is shown in Fig. 4; the spectrum under these 
conditions is quite strong and well resolved. 

Phosphorescence quenching by oxygen 
Oxygen was found to quench the phosphorescence of aro- 

matic ketones to a different degree, depending on the ketone 
and its inclusion partners. All quenching experiments were 
performed by flowing oxygen through the samples while these 
remained in the spectrofluorimeter. Figure 5 shows the time 
dependence of the phosphorescence emission from included 
acetophenone (Fig. 5A) and benzophenone (Fig. 5B) with 
changing conditions. In both cases we observe luminescence 
quenching upon addition of oxygen. Quenching occurs over a 
few seconds, and is apparently controlled by the rate at which 
the composition of the gas in contact with the sample can be 
changed. When nitrogen is flowed again through the sample, 
the phosphorescence recovers; however, this process takes 
place over a longer period (-100 s) than that required for 
oxygen quenching. In these experiments the delay between 
excitation and monitoring was kept constant at 60 ps and the 
detection gate was 10 ps. 

In the case of the sample of acetophenone co-included with 
1-phenylhexane, 1 atm of pure oxygen quenched only 45% of 
the emission observed under nitrogen (see Figs. 4A and 4B). 
The vibrational structure of the acetophenone emission remains 
well resolved even in the spectrum recorded under an oxygen 
atmosphere. The quenching process for this sample was slow 
compared with all other samples examined; i.e. it was not 
controlled by the rate at which the gas was replaced. This is 
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100- 
Acetophenone 
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h 20- 
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FIG. 6. Effect of changing the atmosphere of the sample cell on the 
phosphorescence emission (measured at 430 nm) of a mixture of 
acetophenone and I -pheny lhexane (5 : 95 mol/mol) co-included in 
Silicalite. 

FIG. 5. Effect of changing the atmosphere of the sample cell on the 
phosphorescence emission (measured at 430 nm) of (A) acetophenone 
and (B) benzophenone in Silicalite. . ' 

1 illustrated in Fig. 6; oxygen takes -50 s to quench the initial 1 5 1 ' 
1 emission, and nitrogen takes -150 s to restore it. 3 
! We have also monitored the dependence of the phos- 

phorescence intensity with the composition of oxygen- ' nitrogen mixtures. It should be noted that the equivalent of 
Stern-Volmer plots takes a different form in the case of gated 
spectrometers. If the luminescence intensity is monitored at a 
constant preselected time (td) following pulsed excitation, the 
ratio I ~ / I 1  of the luminescence intensities in the absence and 
presence of quencher, respectively, is given by: 

do 200 d o  400 5 b 0  6A0 

N2 Benzophenone 

Thus, eq. [2] contains the delay, td, rather than the triplet 
lifetime (which cancels out), and assumes an exponential form. 
Analysis of the luminescence yield according to the log form of 
eq. [2] as a function of the mole fraction of oxygen (total 
pressure = 1 atm) leads to nonlinear plots (for representative 
examples see Figs. 7-9). This behaviour can be approximated 
on the basis of (at least) two sites of different accessibility. This 
analysis, for td = 60 FS, has been included in Table 3 for 
several samples, in terms of a fast and a slow rate constant and 
the percent contribution from each process. Note that the rate 
constants (already divided by td) have units of s-I, since they 
are based on mole fractions, not actual concentrations. 

- 
- 
- 
- 
- 
- 
- 
- 

P-Phenylpropiophenone on other materials 
This ketone does not phosphoresce in solution at ambient 

temperatures as a result of its efficient intramolecular deacti- 
vation which leads to a triplet lifetime in the neighborhood of 
1 ns (13). This lifetime increases by about five orders of mag- 
nitude when P-phenylpropiophenone is included in Silicalite, 
and results in readily observable phosphorescence. In order to 
explore further the nature of this remarkable phosphorescence 

2 '2  

I 

Oxygen Mole Fraction 

FIG. 7. Quenching of benzophenone phosphorescence by Oz 
according to eq. [2 ] .  Excitation: 254 nm; emission: 450 nm. 

enhancement, we examined the luminescence of P-phenyl- 
propiophenone in other two materials. A sample of silica gel 
(70-230 mesh) was subjected to the same protocol as Silicalite 
and no phosphorescence could be detected. Similarly, a sampJe 
of Mordenite, which has a much larger pore diameter (-9 A) 
(17) gave no phosphorescence after treatment to include 
P-phenylpropiophenone. 

Discussion 
It seems clear from the results presented in the previous 

sections that the behaviour of aromatic ketones cannot be fully 
interpreted from the assumption of a single class of sites. The 
channel structure of Silicalite imposes a considerable re- 
striction on some types of molecular motion. For example, in 
the case of P-phenylpropiophenone in solution, its lifetime at 
room temperature is around 1 ns (13); this short lifetime reflects 
intramolecular quenching by the aromatic ring, in a process that 
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TABLE 3. Stern-Volmer slopes for the quenching of phosphorescence by oxygen 

% ~as t '  
No. Substrate h,,(nm) kq (slow)" kq (fast)" quenching 

I Acetophenone (20%) 254 1 . 6 ~  lo4 - loh 8 
2 Acetophenone (80%) 254 2.2X lo4 2 . 6 ~  10' 13 
4 Benzophenone 2541313 2 . 9 ~  lo4 2 . 6 ~  10' 
5 Acetophenone/valerophenone 254 <3x lo4 8 x  10' 
7 Acetophenone/ l -phenylhexane 254 6~ 10" 8x10' 30 

313 6~ 10' 8.3x 10' 70 
8 Acetophenone/ 1 -phenyl-3-pentanone 254 2 x 1 0 ~  (I-3x los) 19 

3 13 2x 10' 3x 105 45 

"In units of s-I (see text). 
hContribution of fast quenching to the total of quenching events. 
'Continuous variation does not allow a proper separation of the two components. Quenching is essentially 

complete for 1 atm of oxygen. 

with less efficiency also takes place in the case of other car- 
bony1 triplets in aromatic solvents (see, for example, ref. 18). 
We have shown (13) that quenching occurs from the following 

2.0 1 
I 

conformation: i 
i 

Not only does quenching require this conformation, but in 
fact triplet lifetimes are largely determined by the rate at which 
this conformation can be achieved (13). The strong phos- 
phorescence from P-phenylpropiophenone and the fact that its 
triplet lifetime is comparable to that for acetophenone in 
Silicalite indicates that this molecule phosphoresces from 
regions where the conformation required for deactivation can- 
not be achieved. This should not be taken to mean that other 
sites where deactivation would be permitted are not populated 
as well, since those sites would not be observable using phos- 
phorescence techniques. We suggest that p-phenylpro- 
piophenone is mainly included within the channel structure of 
Silicalite (as opposed to the surface), where folding cannot 
occur. This conclusion is further supported by the absence of 
phosphorescence on silica gel, where only surface-adsorbed 
species are found, as well as in the case of Mordenite, where 
the cavities are much larger than in Silicalite (17). It should, 
however, be noted that these comparisons do leave room to 
some reservations, since the surface of silica gel is quite hydro- 
philic (19), in contrast with the hydrophobicity of the Silicalite 
channels. A critical dependence of the phosphorescence emis- 
sion intensity of P-phenylpropiophenone and its derivatives on 
cavity size has also been observed in recent experiments in 
which this ketone was complexed with cy~lodextrins.~ 

Deactivation in the case of valerophenone (see reaction [I]) 
requires a conformation similar to that required in the case of 
P-phenylpropiophenone; however, the absence of an aromatic 
ring on the hydrocarbon chain permits larger mobility, thus 
making the process possible, even if kinetically it may be 
slower than in solution, where triplet valerophenone lives less 

'5. C. Netto-Ferreira, H. L. Casal, and J .  C. Scaiano. Unpublished 
results. 
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FIG. 8. Quenching of acetophenone phosphorescence by 0, 
according to eq. [2]. Excitation: 254 nm; emission: 450 nm; nominal 
occupancy: 80%. 

than 10 ns (20). Quite clearly, spatial requirements in the case 
of valerophenone are less stringent than for P-phenyl- 
propiophenone. The occurrence of the Norrish Type I1 reaction 
in the case of valerophenone was also confirmed by product 
studies, and in fact is not unexpected in view of results from 
this laboratory showing that the reaction also occurs in other 
phenyl alkyl ketones when they are included !n urea clathrates, 
where the diameter of the channel is -5.5 A (ref. 21). 

Phosphorescence from other ketones, such as acetophenone 
and benzophenone, is not surprising, since emission from these 
is readily observable in solution at room temperature in inert 
solvents (22). 

Oxygen quenching experiments are quite useful in trying to 
understand the accessibility of different types of sites available 
in Silicalite. Thus, acetophenone an P-phenylpropiophenone 
are only partially quenched by 1 atm of oxygen. In the case of 
acetophenone, co-inclusion with 1-phenylhexane changes the 
rate and fraction of quenching, but not the qualitative obser- 
vation that only partial quenching can be achieved under these 
conditions. By contrast, when acetophenone is generated in 
situ by photodecomposition of valerophenone, over 95% of its 
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11 
0.0 I I r-'1 

0.0 0.2 0 . 4  0.6 0.8 1 . O  

Oxygen Mole Fraction 

FIG. 9. Plots for the quenching of acetophenone phosphorescence 
by O2 in a sample consisting of a mixture (5:95 mol/rnol) of ace- 
tophenone and I-phenylhexane in Silicalite (occupancy: 40%). 
Excitation: 254 nm (0); 313 nm (0). In both cases the emission was 
measured at 450 nm. 

phosphorescence is quenched by 1 atm of oxygen. In principle, 
this observation could be the result of the occurrence of 
the Norrish Type 11 reaction in only one type of site (i.e. that 
which is readily accessible to oxygen). However, the phos- 
phorescence of acetophenone is also suppressed by oxygen 
when acetophenone and valerophenone are co-included from a 
mixture of the two substrates. Here it is reasonable to assume 
that acetophenone is included in all types of sites, even if not 
necessarily with equal probability, and is supported by the 
result using acetophenone - I -phenylhexane and acetophenone 
- I-phenyl-3-pentanone mixtures, where their sizes are com- 
parable to that of valerophenone; in these cases only partial 
quenching is observed. 

From the analysis above, we conclude that the Norrish Type 
I1 reaction of valerophenone must occur in sites of all types. 
Why is acetophenone phosphorescence, observable only from 
the same sites that are accessible to oxygen? We believe that, 
in the more protected sites, the triplet state of acetophenone is 
quenched by valerophenone (reaction [3]), thus leading to a 
sensitized Norrish Type I1 reaction. Quasi-isoenergetic energy 
transfer between phenyl alkyl ketones has been shown to occur 
in solution with rate constants in the neighborhood of lo9 M-' 
s-' (23), while in polymer systems typical frequencies for 
energy hopping between nearby chromophores are in the 

10" s-' range (24). 

Thus, the evidence presented above indicates the presence of 
a t  least two different types of sites, which for convenience we 
will call A and B. Class A represents the more protected type 

of sites, which are not readily accessible to oxygen as shown 
by the only partial quenching observed in several of the 
examples examined. The guest molecules in sites of type A 
must be in close proximity, since no luminescence from these 
sites is observed when acetophenone is co-included with 
valerophenone, the result being the same regardless of the 
mode of co-inclusion (in situ generation of acetophenone or 
using substrate mixtures). Since quenching of acetophenone by 
valerophenone takes place even when the guest molecules 
occupy only 20% of the void volume of Silicalite, it is inter- 
esting to speculate that inclusion in these sites may involve a 
considerable degree of cooperative effect. 

In the second class of sites (B), quenching by oxygen occurs 
efficiently and rapidly, implying fast diffusion in these regions. 
Further, the molecules must be well separated, since valero- 
phenone is unable to quench acetophenone in these regions. In 
spite of the apparent separation between molecules and the 
rapid quenching by oxygen, molecular motion is sufficiently 
limited as to prevent intramolecular quenching in the case of 
P-phenylpropiophenone. 

The phosphorescence of P-phenylpropiophenone must arise 
from sites located within the channel structure of Silicalite and 
not on its surface. Some P-phenylpropiophenone may be ad- 
sorbed on the surface, but (assuming that surface-adsorbed 
species are not immobilized) this fraction is not expected to 
show phosphorescence. 

An analysis of the luminescence quenching data (Table 3) 
provides further information on the nature and characteristics 
of the various sites in Silicalite. Benzophenone shows a con- 
tinuous variation of the slope, suggesting many sites. It is 
important to note (see Table 1) that this is the only substrate for 
which the experimental carbon content of the sample is much 
lower than the value calculated on the basis of the amount of 
material used during sample preparation. This suggests that 
most of the benzophenone is adsorbed in areas readily acces- 
sible to isooctane, which does not enter the Silicalite channel 
framework (1 1) and washes surface-absorbed species during 
preparation. Thus, most of the benzophenone may actually be 
on the surface of Silicalite or, perhaps, in structural defects. 
The kinetic diameter and shape of benzophenone probably 
make it a borderline case for inclusion in Silicalite. 

The samples of acetophenone co-included with various sub- 
strates are particularly interesting. The marked differences in k, 
(particularly for I -phenylhexane) probably reflect differences 
in accessibility, since the triplet lifetimes do not enter in 
eq. [2], and in any event do not seem to change much (see 
Table 2). Thus, in the samples with valerophenone (No. 5 and 
No. 6) the luminescence is readily quenched by oxygen 
(Tables 2 and 3). The situation contrasts with that for samples 
No. 7 and No. 8 where a large fraction of the luminescence 
arises from the better protected triplet. We believe that this is 
due to the quenching of acetophenone triplets by valero- 
phenone, which occcurs efficiently in the "slow" A sites. It 
would thus seem that in this class of sites the two ketones are 
in close proximity, further suggesting a cooperative binding 
effect. 

These ideas are further supported by the data for the sample 
containing acetophenone and I-phenylhexane (No. 7). Note 
that the same two triplets are produced in different ratio 
(Table 3) depending on the excitation wavelength. A simple 
explanation of this effect is that, while at 3 13 nm the light is 
almost exclusively absorbed by the ketone, at 254 nm about 
90% of the radiation will be absorbed by 1-phenylhexane. In 
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sites "A", where the substrates are in close proximity, sensi- 
tization via energy transfer takes place efficiently; by contrast, 
in sites "B", a larger separation minimizes energy transfer. As  
a result, luminescence from sites of type "A" is favoured at 
254 nm. The same ideas apply to sample No. 8. A related 
example has been published in a recent report showing very 
efficient sensitization of the fluorescence from anthracene on 
filter paper, coadsorbed with naphthalene, used as  a sensitizer 
(25). > ,  

In the case of acetophenone most of the luminescence seems 
to arise from well-protected sites. This probably reflects the 
easy access of acetophenone to the channel framework of 
Silicalite. Further, it is also possible that energy migration and 
self-quenching processes that are well established in micellar 
solution (26) may play an important role. 

W e  would like to note that we have referred to sites A ,  B, 
and the surface as  "classes or types" of sites in an attempt to 
emphasize that each group may include several locations within 
the framework of Silicalite; these locations have common prop- 
erties in the case of phosphorescent aromatic ketones and their 
quenching by oxygen; the latter probably reflects differences in 
accessibility. Recent work by Fyfe et al. (12) suggests the 
presence of numerous sites in the case of Silicalite, an obser- 
vatio? that seems consistent with our preliminary observation 
of a t r  dependence of the phosphorescence intensity. 

Finally, while the data in Table 3 have been obtained taking 
into account the values of td (see eq. [2]), we have not varied 
this parameter systematically. Current work is concentrating on 
this particular aspect, i.e. the time dependence of the lumi- 
nescence quenching data, in the hope that this will help to 
understand better the nature of the different classes of sites. 
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BRIAN R. SUDDABY, RAYMOND N.  DOMINEY, Y. HUI, and DAVID G. WHITTEN. Can. J. Chem. 63, 1315 (1985). 
This paper focuses on a study of unimolecular and bimolecular photoreactions occurring with reactants which can be 

incorporated into the linear polysugars amylose and carboxymethylamylose. Hydrophobic and surfactant trans (E) stilbene 
derivatives form complexes in which the stilbene chromophore shows enhanced fluorescence and reduced trans + cis 
isomerization efficiencies. The reactivity of the excited surfactant-stilbene singlet towards the quencher iodide ion has been 
compared in water/dimethylsulfoxide in the presence and absence of amylose under conditions where complex formation is 
nearly complete. Some relatively hydrophobic viologen dications have also been found to form complexes with the water 
soluble carboxymethylamylose. Although the dications complex relatively weakly, the partially reduced monocations complex 
more strongly. This results in selective retardation of back electron transfer rates when the viologens are used as electron 
transfer quencher-oxidants for certain luminescent ruthenium polypyridine complexes. 

BRIAN R. SUDDABY, RAYMOND N .  DOMINEY, Y. HUI et DAVID G. WHITTEN. Can. J. Chem. 63, 1315 (1985). 
On 6tudie les photoreactions uni- et bi-molCculaires qui se manifestent dans le cas de reactifs que I'on peut incorporer dans 

les polysucres IinCaires de I'amylose et du carboxymkthylamylose. Les dkrivks hydrophobes et tensioactifs du trans (E) stilbbne 
forment des complexes dans lesquels le chromophore stilbene presente des efficacitks accrue de fluorescence et reduite 
d'isomerisation trans + cis. Operant dans un melange eau/dimCthylsulfoxyde, en prksence ou en I'absence d'amylose et dans 
des conditions oh la formation du complexe est pratiquement totale, on a compare la rkactivitk du singulet du stilbkne tensioactif 
excite vis-a-vis d'un ion iodure, agissant comme piege. On a aussi trouv6 que quelques dications viologenes relativement 
hydrophobes forment des complexes avec le carboxymCthylamylose soluble dans I'eau. Bien que les dications forment des 
complexes relativement faibles, les monocations partiellement riduits se complexent plus fortement. Ceci conduit a des retards 
silectifs dans les vitesses de transfert en retour d'electrons lorsqu'on utilise les viologenes comme oxydants pieges de transfert 
dlClectrons pour certains complexes luminescents de ruthenium polypyridine. 

[Traduit par le journal] 

Introduction 
The interaction of small molecules dissolved as solutes in 

solution with various sorts of interfaces, the binding of small 
molecules to reactive sites in soluble and insoluble polymers, 
and the formation of inclusion complexes between small mole- 
cules or ions and various types of "hosts" such as zeolites, 
cyclodextrins, cryptates, and crown ethers represent seemingly 
disparate but often closely related studies of what might best be 
grouped under the broad title of interfacial chemistry (1 -9). 
When small molecules are bound or sequestered at the various 
interfacial sites described above, their behavior and reactivity 
is often modified compared to that in fluid solution. The mod- 
ified reactivity encountered in such situations is of wide interest 
both due to its possible utility and to its frequent apparent 
relationship to biochemical and biophysical phenomena. 

Among the various kinds of inclusion complexes studied, 
those with cyclodextrins as hosts and relatively small, nonpolar 
molecules as guests have been widely and thoroughly in- 
vestigated (10-16). The cyclodextrin host is generally water 
soluble and presents a "cavity" into which small molecules can 
be imbedded. Molecular models indicate that this cavity is 
relatively hydrophobic and it has been found indeed that asso- 
ciation is often very strong between nonpolar "guests" and the 
cyclodextrin host (14, 15). When the cyclodextrin incorporates 
specific molecules it is frequently observed that the reactivity 
of the incorporated molecule is substantially modified both 
with respect to unimolecular and biomolecular reactivity 
(10-16). In some cases conformationally flexible molecules 

' Paper 39 is ref. 36. 
Permanent address: Shanghai Institute of Organic Chemistry, Ac- 

ademia Sinica, People's Republic of China. 

give evidence that incorporation into a cyclodextrin complex 
leads to preferential "locking" into specific configuration. In 
other cases it has been found that bimolecular reactions of the 
guest are either retarded or, in some examples, completely 
inhibited (17). While rigid cyclodextrins can specifically incor- 
porate molecules depending upon their size and hydro- 
phobicity, it has also been found that the much more flexible 
glucose polymer amylose can also incorporate a variety of 
small molecules in what appear to be relatively similar inclu- 
sion complexes (18-23). Studies of binding constants for var- 
ious molecules indicate that the amylose host provides a 
"cavity" with at least some characteristics similar to those of 
the cyclodextrins. However, in the case of the amylose it ap- 
pears clear that there is considerably more flexibility in the size 
and length of the guest binding sites. Studies of the behavior of 
incorporated molecules have suggested that at least in some 
cases the binding sites are, like the cyclodextrins, relatively 
hydrophobic; for example, investigation with the fluorescent 
probe 2-(p-toluidiny1)-naphthalene-6-sulfonate, which shows 
unusual sensitivity to environment polarity, indicates that in 
low molecular weight amylose-water the fluorescence of the 
complex probe is similar to that observed in organic solvents or 
relatively hydrophobic sites of proteins (19). A number of 
investigations have suggested that amylose can exist in a vari- 
ety of conformations in the absence of guests; it has been 
proposed that these conformations can easily rearrange to heli- 
cal segments which are the site for inclusion complex formation 
(20). For both amylose and the somewhat more polar carbox- 
ymethylamylose it appears that the conformation of the macro- 
molecule and its binding properties are strongly influenced by 
the solvent composition (22). 

As par of our investigations of the properties in reactivity of 
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organized assemblies and small molecules incorporated there- 
in, we have recently examined the photochemical and photo- 
physical behavior of functionalized surfactant molecules con- 
taining reactive chromophores in a number of different media; 
recently we found that a series of surfactant ketones and stil- 
benes form inclusion complexes with amylose and carboxy- 
methylamylose (24,25). In both studies we found evidence that 
the chromophore experiences a moderately hydrophobic envi- 
ronment in which there is reduced conformational flexibility. 
In the present paper we report an extension of these studies to 
include both a more detailed study of the various kinds of 
complexes formed from substituted stilbenes, as well as new 
investigations of bimolecular photoreactions in which one of 
the partners can be complexed or at least partially associated 
with carboxymethylamylose. 

Experimental 
Materials 

Amylose (Aldrich, mol. wt. over 150 000) was used as received. 
Carboxymethylamylose was prepared as described below. The surfac- 
tant trans-stilbene probes were prepared by procedures described else- 
where (26). Distilled water was used in all studies and dimeth- 
ylsulfoxide (Mallinckrodt) was spectrophotometric grade. The vio- 
logen derivatives were commercial (Aldrich) samples while the 
tris(2,2'-bipyridine) ruthenium hexafluorophosphate was prepared 
from a commercial (Aldrich) sample of the dichloride hexahydrate. 

Carboxymethylatnylose 
Ten grams of amylose (Aldrich mol. wt. - 1.5 X lo5) is dissolved 

in 200 mL of 20% aqueous NaOH (40 g NaOH/200 rnL H20).  
Dissolution is accomplished by stnoll batch additions of the amylose 
to the continuously stirred NaOH solution while holding the tem- 
perature of solution at -60°C (T must be -40°C to prevent decom- 
position which produces a yellow coloration). This may take 1-2 h. 
After complete dissolution, 7.5 g of C1CH2COOH is added and the 
mixture stirred for 15-24 h at room temperature. While stirring, the 
solution is diluted with -600 mL 95% EtOH to produce a white 
precipitate. After decanting the liquid phase the Na-CMA can be 
purified by redissolving in 150-250 mL H20.  Reprecipitation is then 
effected by slow addition to a vigorously stirred volume (-I L) of 
EtOH (95%). After filter collection, the Na-CMA is vacuum dried and 
ground to a powder. The measurement of the degree of substitution 
(DS) is based on a conductometric procedure. Dried CMA (200 mg) 
is dissolved in 175 mL of distilled H,O and 1.5 mL of 0.4 N NaOH 
solution is added. The solution is titrated with 0.14 N aqueous HCI, 
followed by conductivity measurements. Calculation of DS is made 
according to the following equation: 

where A = (Vz - V,)N/(g sample), V2 and V, are obtained from the 
titration curve, and N is the normality of the HCI solution (27). 

Spectroscopic measurements 
Luminescence spectra were recorded on an SLM 800 or a SPEX 

Fluorolog2 digital, photon-counting spectrofluorimeter. Absorption 
spectra were obtained using a Perkin-Elmer 576ST spectropho- 
tometer. 

I Results and discussion 
Complexes between functionalized trans-stilbene derivatives 

and amylose 
As reported previously (24), we have found that while trans- 

stilbene itself gives no evidence for association with low or 
moderate molecular weight amylose in 1 : 1 dimethylsulfoxide 
(DMSO)/water, the substituted trans-stilbene derivatives S,)A, 
where n = 4, 6, and 12, form complexes in which there is a 

modest increase in fluorescence with a concomitant decrease in 
the quantum yield for trans-cis isomerization. For all three of 
these stilbenes the quantum yield within the inclusion complex 
shows an approximate four-fold increase to a value of +, = 
0.23. The increase in fluorescence upon addition of amylose to 
the DMSOIwater solution can be used to evaluate the associ- 
ation constants for the different stilbenes with amylose. It is 
found, in accord with other studies (17-22), that the associ- 
ation constants increase with effective increases in the chain 
length or hydrophobicity of the surfactant stilbene. In recent 
investigations we have prepared additional substitute stilbenes 
including both surfactant and hydrophobic derivatives which 
contain the trans-stilbene chromophore in the middle of a long 
alkyl chain (26). Compounds we have studied with amylose 
include 1S4 and ,S4A. These structures are shown below. 

These stilbenes exhibit modest solubility in DMSOIwater but 
at even relatively low or moderate concentrations they show 
evidence of aggregation to form what are apparently H- 
aggregates (26). Our investigations have revealed that addition 
of amylose to solutions of the stilbenes in DMSOIwater results 
in a sharp decrease in the fluorescence spectrum of the H- 
aggregated species in both cases, concurrent with an appear- 
ance of a sharp fluorescence attributable to the monomeric 
species (Fig. 1). The effect is especially striking with 6S4A 
where the two species have quite different fluorescence spec- 
tra. Although both $3, and 6S4A show aggregates at low con- 
centrations, dilution of DMSOIwater solutions of the latter 
leads to monomeric absorption and fluorescence spectra at low 
concentrations. Under these conditions the ratio of fluo- 
rescence quantum yields in the presence and absence of amy- 
lose (1%) is 5.06 (Fig. 2). Since the quantum yield of fluo- 
rescence of ,S4A in the absence of amylose is 0.20 ? 0.01, this 
indicates that the presence of amylose raises +, to - 1.0 and 
further indicates that virtually all of the ,S4A is complexed. The 
effect with the intrachain stilbene is thus considerably greater 
than with the previously studied hydrophobic compounds in 
which the chromophore is at the end of the chain. For example, 
SI2A, which has an effectively "longer" hydrophobic chain, 
gives a fraction complexed at the same concentration of amy- 
lose of 0.70 and a limiting quantum yield of = 0.23; for this 
compound, as well as with S4A and S6A, an appreciable frac- 
tion of included stilbene molecules activated by light undergo 
trans + cis isomerization. In contrast, for complexes ,S4A 
there is effectively no photoisomerization. 1odide ion, which 
has been previously shown to quench trans-stilbene in 2 :3  
acetonitrilelwater with a rate constant k, = 2.2 X 10" M - '  s-' 
(28), has been examined as a quencher of the luminescence of 
,S4A in the presence and absence of amylose. Preliminary 
studies indicate that amylose incorporation substantially re- 
duces, but does not eliminate, quenching of the stilbene chro- 
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the photoreactivity of bound and free ,S,A also reveal sharp 
differences between the H-aggregated and amylose- 
incorporated species. Thus we find that the H-aggregate under- 
goes rapid photobleaching while the $.,A shows relatively low 
photoreactivity. At the present time we have not established 
whether the photobleaching of the H-aggregated species is due 
to trans + cis isomerization or, perhaps, dimerization. 

We are currently examining reactivity of amylose- 
incorporated ,S,A with a variety of potential quenches of its 
excited singlet state. These studies should provide further in- 
sights into how reactions such as photoaddition, light induced 
electron transfer, or other processes can be modified by for- 
mation of the inclusion complexes. 

Modification of rates of light induced electron transfer reac- 
tions by carboxymethylamylose host-guest interactions - , u o As described above, we and others have found that organic 

N A V E L E N G T H  ( " " I )  chromophores, especially relatively linear or rod-like mole- 

Fw. I ,  Fluorescence spectra of 6S4A 5,0 10-5  in I :  I cules that are more or less compatible with polymethylene 
DMSO/H20 (-) and I% arnylose in 1 :  1 DMSO/H,O (..-I, A,, = chains, frequently form complexes with amylase and carbox- 
300 nrn. ymethylamylose. A very well-studied class of redox active 

molecules which might appear to belong in this category are the 
I 

I t dialkyl viologens, R2V2+, 

FIG. 2. Fluorescence spectra of 6S4A 5 X lo-' M in 1 : 1 
DMSO/H20 (-) and I% arnylose in I : I DMSO/H,O (---).  A,, = 
300 nm. 

mophore singlet. Thus we find the Stern-Volmer quenching 
constants are 2.5 and 0.5 for in the absence and presence 
of amylose respectively. Using lifetimes estimated from fluo- 
rescence efficiencies, we obtain k, values of 4.4 x 1 0 % ~ '  s-' 
and 1.3 x 10" M-I s-I in DMSO/water in the presence and 
absence of amylose. 'Thus quenching is reduced about thirty- 
fold for iodide by amylose incorporation of the stilbene chro- 
mophore. It has been suggested that quenching of stiIbene by 
iodide is a "charge-transfer" interaction since the quenching 
constants for several inorganic ions correlated with oxidation 
potentials (28); however, since fluorescence quenching is ac- 
companied by an increase in trans + cis isomerization, heavy 
atom effects may also be important (28). The latter should 
require relatively close approach between the iodine nucleus 
and the stilbene chromophore and thus would explain in part 
the reduction in quenching rate. This seems not unreasonable 
in view of the presumed structure of the complex, in which any 
kind of major rotation of the stilbene chromophore around the 
ethylenic bond should be difficult, if not entirely forbidden, 
during the lifetime of excited singlet or triplet states. Studies on 

whose basic 4,4'-bipyridinium structure can be easily modified 
by varying structure of the N and N' alkyl groups. Thus it 
would seem that dialkyl viologens having one or two long alkyl 
chains should form reasonably good complexes with amylose 
derivatives in either their oxidized (dication) or mono reduced 
(cation-radical) forms. Towards this end we have investigated 
both complex formation with various viologen derivatives as 
well as their participation in light induced electron transfer 
reactions. 

Unlike the previously described stilbene derivatives, which 
show pronounced absorption and fluorescent spectral changes 
upon incorporation into amylose, the viologen cations undergo 
no discernible spectral changes and are not easy to detect if they 
are complexed. To assay the binding of various viologen deriv- 
atives to carboxymethylamylose in water, we have taken ad- 
vantage of the fact that the amylose and carboxymethylamylose 
form intensely blue colored complexes with polyiodide ions 
(29-31). This complex evidently consists of linear 1,-(x = 3 
or 5) incorporated into helical cavities formed by the amylose 
chain (29). The complex has a reasonably sharp absorption 
with A,,, = 600 nm, an absorbance which is relatively stable 
over time. The 600-nm band is discharged by the addition of 
long chain alcohols such as. decanol or surfactants such as 
dodecyltrimethylammonium ion but not by small ions such as 
tetramethylammonium or shorter chain alcohols such as 
1-hexanol. Examination of the viologen derivatives shows that 
dimethyl viologen (R', R' = CH,) has no effect on the iodide 
absorption at 600 nm while, in contrast, addition of heptyl 
viologen (R', R2 = C7H,,) causes rapid bleaching of the band 
at 600 nm. In fact, there is a linear decrease in the absorbance 
at 600 nm as the concentration of heptyl viologen increases. 
From the degree of bleaching it can be ascertained that there are 
approximately 35 binding sites for heptyl viologen molecules 
per unit of carboxymethylamylose used. Thus, with the vio- 
logens as with the stilbenes, we find evidence that formation of 
the inclusion complexes can be correlated quite well with ap- 
parent chain length or overall hydrophobicity. 
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Since the monoreduced viologen derivatives should be sub- 
stantially more hydrophobic than the dications, it might be 
expected that reduction would result in increased facility to 
form host-guest inclusion complexes. This is not easy to ascer- 
tain with dimethyl viologen; however, some evidence that this 
is the case can be obtained by studying reduced heptyl vio- 
logen. For the latter compound it has been established that the 
monocation reversibly dimerizes in aqueous solutions for 
[H2Vt] = 1 X lo-' M. This is accompanied by a decrease in 
the absorbance at 605 nm, the A,,, for the heptyl viologen 
cation radical monomer, and a corresponding increase at 565 
nm, where the dimer absorbs. Thus we find that independent 
preparation of the radical cation in the absence of CMA leads 
to dimerization at these concentrations, and the addition of 1% 
CMA results in detection of only monomer until concentrations 
of the radical cation greater than M are reached. This 
affirms once again that the radical cation readily forms an 
inclusion complex with CMA. 

A reaction of various viologen derivatives which has been 
particularly well studied involves light induced oxidation of the 
tris(2,2'-bipyridine) ruthenium(11) dication (32-35). In this 
reaction (eq. [I]) the excited state of the ruthenium complex is 
quenched by single electron transfer to viologens such as di- 
methyl viologen. 

This reaction, which occurs at rates very close to diffusion 
controlled, involves efficient oxidation of the metal complex 
excited state; however, it is followed almost immediately by a 
back electron transfer process (eq. [2]) which regenerates the 
starting materials in their ground states. Rates of reaction [l]  
and analogous quenching processes are easily measured by 
examining either quenching of the phosphorescence of the lu- 
minescent ruthenium complex or reduction of the phos- 
phorescent lifetime, while rates of the second reaction (eq. [2]) 
are easily studied by flash photolysis techniques. Interestingly, 
we find with R ~ ( b p y ) ~ ~ +  there is no effect upon addition of 
CMA of quenching by either methyl viologen or heptyl vio- 
logen (Table l). Replacement of R ~ ( b p y ) ~ ~ +  with the anionic 
complex RuL;- (where L = 4,4'-dicarboxy-2,2'-bipyridine) 
results once again in no effect upon addition of CMA on the 
quenching process by methyl viologen. Here, however, a 
Stern-Volmer quenching plot with heptyl viologen shows a 
curvature consistent with at least some intial sequestering of the 
viologen at very low concentrations. Nonetheless the overall 
effect observed on bimolecular quenching by both viologens 
upon addition of CMA is essentially negligible. This is sur- 
prising for several reasons. First of all, one might expect that 
a sequestered viologen would have considerably lowered reac- 
tivity as a quencher for an excited state and a process such as 
eq. [I]. Secondly, addition of CMA to aqueous solutions would 
surely be expected to increase the bulk viscosity of the solution. 
In fact, viscosity measurements indicate that at the levels of 
CMA used (1%) there is an apparent increase in viscosity of a 
factor of 1.5. This indicates that a diffusion controlled reaction 
should experience a change in rate constant of about 0.67; such 
a change is clearly not observed even under conditions where 
a significant fraction of the heptyl viologen should be com- 
plexed. With regard to the present results, the most reasonable 
explanation seems to be that with methyl viologen (which does 
not complex with CMA), although the bulk viscosity is in- 

TABLE 1. Stern-Volmer quenching of 
Ru(bpy):'*" 

[CMA] (%) Viologen k, (M-' sC') 

0 Heptyl 2.5 X lo9 
1 Heptyl 2.5 X 10' 
0 Methyl 1.9 X 10' 
1 Methyl 1.8 x lo9 

"Aqueous solution. 

TABLE 2. Back reaction rates Ru(bpy)," + RV? % Ru(bpy):+ + 
RV2' as determined by flash photolysis" 

[CMA] (%) Viologen pH kBk (M-' S - I )  kBk(0) /kBkiCMA) 

0 Heptyl 2.8 8.4 X lo9 
1 1.8 x lo9 

4.6 
Heptyl 3.7 

0 Heptyl 5.6 3.3 x lo9 
1 

3.5 
Heptyl 6.2 9.3 X 10' 

0 Heptyl 8.0 2.4 x lo9 
1 

2.7 
Heptyl 9.5 9.6 x 10' 

0 Methyl 6.2 7.2 x lo9 
1 Methyl 6.2 3.1 X 10' 

2.3 

"[Ru(bpy),'+] = 2 x M, [NaCI] = 0.3 M [viologen] = 10 mM, 0.1 M 
phosphate buffer. 

creased, the microviscosity of the solution where the quenching 
process (eq. [I]) occurs is effectively unaffected. It is more 
difficult to come up with an explanation for the lack of effect 
noted with heptyl viologen; however, one possible explanation 
is that the equilibrium between complexed and uncomplexed 
viologen is rapid and favors the uncomplexed form at the con- 
centration used in the quenching experiments; thus the effect is 
minimal and difficult to detect. An alternative explanation, that 
complexed and uncomplexed heptyl viologen react at similar 
rates, appears relatively unattractive. 

In contrast to the lack of effect of CMA on the quenching 
processes, examination of the rates of back electron transfer 
(eq. [2]), as measured by the disappearance of the viologen 
radical cation absorption at 605 nm, shows that substantial 
effects are observed for both methyl and heptyl viologens (Ta- 
ble 2). The back reaction rates are retarded by factors of 3 to 
5 for heptyl viologens (depending upon pH) and by factors of 
2 to 3 for methyl viologens. These retardations are clearly 
greater than would be predicted simply on the basis of the 
change in bulk viscosity mentioned above. The reactions fol- 
low clean second-order equal concentration kinetics and sug- 
gest that the reaction involves almost exclusively viologen 
cation contained within the inclusion complex. 

Results obtained in the study are interesting in that they point 
out the degree of control or selectivity which may be possible 
in modification of bimolecular reactions. Thus in the electron 
transfer overall sequence the difference in hydrophobicity of 
the viologen monocations compared to the dications allows 
selective, although modest, retardation of the back electron 
transfer process. However, the relatively modest extent of the 
retardation on the exothermic back electron transfer reaction 
raises questions as to just how "sequestered" an amylose- 
incorporated molecule is for different kinds of reactions. There 
is increasing evidence that exothermic electron transfer reac- 
tions can occur over distances of several angstroms; one possi- 
bility is that the net retardation observed is due to a combina- 
tion of the viscosity effect noted above and reasonably close 
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contact permitted between the complexed viologen and ox- 
idized metal complex. Subsequent studies will be performed to 
indicate whether greater sequestering can be obtained in related 
electron transfer reactions. Of additional interest, of course, is 
a comparison of electron transfer reactions with other bi- 
molecular processes involving these apparently sequestered 
molecules. It is clearly reasonable that processes which involve 
specific bond formation - bond breaking interactions should be 
much more sensitive to molecular separation than simple elec- 
tron transfer reactions. The relatively larger retardation ob- 
served for stilbene quenching may either be an example of this 
effect o r  it may reflect differences in the type of interaction 
among different host-guest combinations. W e  are currently 
extending these studies to better define the range of interactions 
that can occur with these complexes. 
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J. S. HARGREAVES and S. E. WEBBER. Can. J. Chem. 63, 1320 (1985). 
Polystyrene containing small mole fractions of pendent 9,lO-diphenylanthracene (DPA) and fluorescein (F) was prepared. 

Absorption of light by DPA results in very efficient intracoil sensitization of the IF* state. The quantum efficiency (x) of this 
process has been estimated as 0.75 in dimethylformamide (DMF) and 0.95 in 5: 1 DMF/H20. The increase in x in this latter 
solvent mixture is ascribed to the diminished polymer coil size in this poorer solvent. Analysis of the time dependence of 
fuorescence suggests a combined static and dynamic quenching of '(DPA)* by energy transfer. Studies of '(DPA)* and '(F)* 
fluorescence quenching by DABCO corroborate this model. 

J. S. HARCREAVES et S. E. WEBBER. Can. J. Chem. 63, 1320 (1985). 
On a prepare du polystyrkne contenant de faibles fractions molaires de diphknyl-9,10 anthractne (DPA) et de fluoresceine 

(F). L'absorption de la lumikre par le DPA est dfie B une sensibilisation trts efficace et intrareseau de I'ktat IF*. On a tvalut 
que I'efficacite quantique (x) de ce processus est tgale B 0,75 dans le dimtthylformamide (DMF) et B 0,95 dans un melange 
5 :  1 de DMF/HzO. On attribue I'augmentation de x dans ce dernier mtlange de solvants, j. une diminution de la taille de 
l'enroulement du polyrnkre dans ce solvant plus pauvre. Une analyse de l'influence du temps sur la fluorescence suggtre 
I'existence de piCgeages combines statique et dynamique du '(DPA)* par transfert d'energie. Des etudes de pitgeage de 
fluorescence '(DPA)* et '(F)* par le DABCO corroborent ce modkle. 

[Traduit par le journal] 

Introduction 

i Energy migration within isolated polymer coils has been 
studied extensively by a number of groups in the last few years 
(for reviews see ref. 1). Energy transfer phenomena can be 
expected to play an important role in polymer photodegradation 
and in the utilization of polymers as photon collection moieties. 
In all previous cases it has been difficult to distinguish between 
"excitonic" (down-chain) energy transfer and cross-chain ener- 
gy transfer since both mechanisms may be reasonably expected 
to occur. 

The present study is motivated by the following: ( I )  elu- 
cidation of a polymeric energy transfer system in which 
the extent of the excitonic mechanism can be varied, (2) char- 
acterization of some of the photophysical properties of poly- 
mer-bound dyes, and (3) demonstration that effective energy 
transfer can extend the response function of a polymer-bound 
dye. 

The  system discussed herein is composed of three com- 
ponents: (1) a polystyrene chain, spectroscopically inert in the 
present context, (2) polymer-bound 9,lO-diphenylanthracene 
(DPA), which is a very efficient fluorophore, and (3) poly- 
mer-bound fluorescein, one of the most studied of the xanthene 
dyes, itself an efficient fluorophore and also efficiently sen- 
sitized by DPA via the Forster mechanism. Soluble polymers 
containing fluorescein have been prepared but very little spec- 
troscopic work has been carried out on them (2, 3). Insoluble 
polymers of rose bengal covalently bound to an inert polymer 
support have been used by Neckers to produce singlet oxygen, 
which in turn acts as a photooxidizer (4). The  polymer-bound 
photosensitizer has several advantages over the unbound dye. 
As will be shown, the quantum efficiency of sensitization of the 
fluorescein by DPA is ca. 75% in "good" polymer solvent (pure 
dimethylformamide, DMF) and ca. 95% in a "poor" polymer 
solution ( 5 :  1 DMF/H,O). This solvent effect is interpreted in 

'Present address: Hewlett - Packard, Palo Alto, California. 
'Author to whom correspondence may be addressed. 

terms of the change in the coil size of a polymer containing at 
least one DPA-fluorescein uair. Fluorescence decav mea- 
surements demonstrate that most of the sensitization in pure 
D M F  is static in nature, i.e. with little effect on the decay of 
the residual DPA fluorescence. In DMF/H,O the DPA 
fluorescence lifetime is shortened, indicative of dynamic 
quenching. This implies that in DMF/H,O essentially all DPA 
moieties are within the Forster radius (Ro)  of a fluorescein. 

Experimental 
(a) Chernical 

9-(p-Ethenylpheny1)-10-phenylanthracene was synthesized and 
purified as previously described (5). Styrene (Aldrich) and chloro- 
methylstyrene (Polysciences) were purified by column chromato- 
graphy using activated alumina immediately before use. 

Dibenzylfluorescein (DPF) (IUPAC name: benzoic acid, 2-(6-ben- 
zyloxy-3-oxo-3H-xanthen-9-yl)-benzyl ester) was prepared by re- 
fluxing 0.05 mol of the disodium salt of fluorescein in 100 mL of 
dimethylformamide (DMF) with excess of a-chlorotoluene (MCB) for 
3 h. After cooling, the solution was poured into water and the precip- 
itate filtered. As much of this solid as possible was dissolved in 
methylene dichloride (CH2CI2), the solution filtered, and the solvent 
removed under vacuum to give a brown material. The solid was 
repeatedly washed with NaOH solution until thin layer chro- 
matographic analysis using activated silica and 4: 1 Skelly B - ethyl 
acetate as eluent showed only one spot ( R ,  = 0.26). Finally, the solid 
was precipitated from a DMF solution by addition of acidified water, 
washed thoroughly with distilled water, and dried to give an orange 
powder: mp 185 - 187°C; ir (KBr): 1740 cm- ' (esters); A,,, (C6H6): 
460 nm, E = 2 X lo4 L M - I  cm-'; nmr (CDCI,) 6: 4.9 (s, 2H), 5.1 
(s, 2H), 6.2-8.3 (m, 20H); m / e  = 512. 

Terpol ymers of 9-(p-etheny lpheny 1)- 10-phenylanthracene, styrene, 
and chloromethylstyrene were prepared by dissolving selected mole 
ratios of the monomers (see Table I), along with 1% by weight of 
2,2'-azobis(isobutyronitrile) (AIBN), in 10 mL of benzene in a poly- 
merization tube. After thoroughly degassing the solution by three 

3This band is not present in normal fluorescein (see ref. 6). The 
detection of the ether linkage by ir was difficult because of the com- 
plexity of the spectrum. 
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freeze-pump- thaw cycles, the tubes were sealed under vacuum and 
maintained at 70°C for 60 h. 

The polymers were then purified by repeated precipitation of tolu- 
ene solutions by methanol. After drying under vacuum the diph- 
enylanthracene content in the polymer were determined by v~sible 
absorption spectroscopy (5). 

Fluorescein was attached to the methyl chloride group on the poly- 
mer support by the method described by Neckers and co-workers (7) 
using the chemistry of Memifield (8.). To a solution of 1 g of the above 
polymer in about 50 mL DMF, disodiurn fluoresccin was added in 
excess. The solution was refluxed for 3 h, after which it was cooled, 
filtered, and poured into water. The solid was filtered off and the 
above purification repeated three tlmes. After drying, the polymer was 
dissolved in CH2C12, filtered, precipitated out with methanol, and 
refiltered. As a final precaution, and to remove traces of sodium, a 
DMF solution of the polymer was precipitated out with acidified 
water. After thoroughly washing with distilled water the polymer was 
dried under vacuum to give a yellow powder. 

Polymers were prepared that contained, apart from the inert poly- 
styrene backbone, diphenylanthracene only, fluorescein only, or-both 
diphenylanthracene and fluorescein. For convenience these polymers 
will be designated as PA, PF, or PAF respectively. 

Molecular weights of the polymers were determined using a Waters 
hplc chromatograph (with Waters k-Styragel columns, 500, lo', lo", 
and 10' A pore size and CH2CI, or THF as thc mobile phase) calibrated 
with polystrene standards. This also provided a final means of puri- 
fication and, in fact, all emission spectra were taken only on polymers 
that had been purified by this method. The molecular weights deter- 
mined from gpc traces agreed with those determined from viscosity 
measurements (using the Mark-Houwink parameters for polystyrene) 
(9). 

The fluorescein content in the polymers was determined by visible 
absorption spectroscopy using solutions in DMF made basic by the 
addition of 0 .  I M triethylamine. Extinction coefficients for fluorescein 
in this solvent were taken from this work and that of Martin (10). 

I ,4-Diazabicyclo[2.2.2]octane (DABCO, Aldrich) was purified by 
sublimination before use. Dimethylformamide (DMF) was purified by 
fractional distillation. Water was similarly purified. The ratio of 
DMF/H,O used as a polymer solvent was 5 :  1 (by volume) in all 
cases, and the concentration of polymer in this solvent mixture was 
always less than 0.01% by weight. Increasing the water content by a 
small amount above the 5 :  1 ratio did not further alter the absorption 
and fluorescence spectra. Addition of a larger amount of water (-5: 2) 
resulted in precipitation of the polymer. Increasing the concentration 
of polymer above 0.01% resulted in the precipitation of the polymer 
at lower H 2 0  content. As will be pointed out in the next section, the 
fluorescein photophysics is very sensitive to a polar solvent like HZO. 
For that reason we did not study these polymers extensively in solvents 
like THF or CH2ClZ because significant variations might be observed 
according to the adventitious H 2 0  content (which will be low in any 
case). 

(b) Optical 
All steady state fluorescence spectra were taken on a SPEX 1905 

Fluorolog as previously described. All solutions for fluorescence work 
were thoroughly degassed and had an optical density of <O. I at the 
absorption maximum Absorption spectra were taken on a Cary 17 
spectrophotometer. 

Fluorescence decay curves were measured several different ways. 
At the Center for Fast Kinetics Research a 30-ps tripled Nd: YAG 
pulse (355 nm) was used for excitation and the fluorescence s~gnal  was 
digitized by either a Tektronix R7912 digitizer or a Hammamatsu 
streak camera. In our own labs a home-built correlated single-photon 
apparatus was used. In this system a Photochem~cal Research Associ- 
ates nanosecond lamp is the excitation source, which when alr filled 
at -400 Tom (I  Tom = 133.3 Pa) has a half-width on the order of 
4.8 ns. In this case excitation was at 358 nm. Standard ORTEC pulse 
shaping modules and an ORTEC model 457 time-to-amplitude (TAC) 
was used. The photomultiplier was a RCA 8850, wired for photon 

counting. A LeCroy model 3501 24 bit analog-to-digital converter was 
used to digitize the TAC output into the histogram memory of a 
LeCroy 3500M multichannel analyzer. These data were transferred to 
the University of Texas Cyber system and fit to exponential decay 
functions using reconvolution techniques (see, for example, ref. I I) 
in this technique the value of A is minimized for thc quantity 

[ I ]  ~ ( k ) = ~ ' ~ l ~ ~ , ~ , ( t ) - [ ~ ( t - T ; k ) ~ , , ~ , ( ~ ) d ~ l ~ w ( t ) d t  

where Ioh,(t) is the experimentally observed fluoresccnce at time t ,  
Roh,(t - 7) is the experimentally observed rcsponse function of the 
excitation lamp and detector combination, and F ( t  - 7; k) is a pro- 
posed fluorescence decay function with parameter(s) k. We have taken 
the weighting function, ~ ( t ) ,  to be ~ , , ~ , ( t ) ' .  The integral in eq. [ I ]  is 
actually a summation over all the data channels (corresponding to 
0-50 ns for these experiments). In addition to minimizing the quantity 
A(k) with respect to variations in k, the residuals 

were inspected for randomness. Based on the appearance of D( t )  it 
would seem that there is a systematic time shift between photons 
detected at the excitation wavelength (358 nm) and the two ob- 
servation wavelengths (at 440 nm, - +0.4 ns and at 540 nm, 
- +0.6 ns) that has nothing to do with the normal shift between 
excitation and fluorescence maxima. If the fluorescence decay data 
were shifted by ca. -0.4 and -0.6 ns at 440 and 540 nm respectively, 
the best fits by the A criterion and the appearance of D ( t )  are 
frequently obtained. This time shift always shortens the single ex- 
ponential lifetimes obtained by 0.3-0.5 ns and slightly worsens the 
fit at longer times. Thus our estimated error for fluorescence lifetimes 
is ca. 0.3-0.5 ns based on this analysis. 

Fluorescence quantum yields of polymeric fluorescein were taken 
as previously described (12), using an alkaline aqueous solution of 
fluorescein (purified by the method similar to that of Cramer and 
Spears, ref. 13) as the standard. Fluorescence quantum yield, life- 
times, and A,,,, for fluorescence for compounds relevant to this paper 
are compiled in Table 2. For the sake of comparison, quantum yield, 
lifetime, and A,,,, data for several fluorescein derivatives have also 
been collected in this table. 

HO 

DYE I 

H 0 DYE I I  

- 
DBF 

x values were obtained by comparing PAF samples with optically 
matched solutions of PF at 430 nm. Fluorescence and absorption 
spectra are easily resolvable into their various components because 
large portions of these spectra result from only one species. 
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TABLE 1. Relative mole ratios of the various components 
used in the polymer feeds 

Chloromethyl 
Polymer Styrene styrene Vinyl DPA 

PA I 3.4 x 3 x I O - ~  
PF I 3.4 x - 
PAF- I I 3 . 4  X 3 x 10 - 3  

PAF-2 I 3.4 x lo-' 29 x lo-' 
PAF-3 I 3.4 x lo-z 57 x lo-3 

Results 
(a) Absorption, steady-state fluorescence 

The absorption and fluorescence properties of fluorescein 
depend strongly on the degree of ionization and the polarity of 
the solvent (14). An example of this effect can be found in the 
recent study by Lamberts and Neckers (15) on substituted rose 
bengal, which is also a dye in the xanthene group. The method 
of fluorescein attachment to our copolymers can lead to either 
of the species, dye I or dye 11. 1onrzaGon of the phenol group 
in dye I is expected to lead to the usual dianion fluorescein 
absorption and fluorescence. Ionization of the carboxylic group 
in dye I1 is expected to have relatively little effect on the dye 
absorption and fluorescence since the phenyl group is only 
weakly conjugated with the main xanthene ring. This is 
illustrated by the work of Martin and Lindquist on 6-hydroxy- 
9-phenyl fluoran (HPF) in which the absorption properties of 
HPF are virtually identical to the fluorescein dianion (14d). In 
Fig. 1 the absorption spectra of HPF, DBF, and PF in DMF are 
compared. The polymer, PF, is a clear superposition of " H P F  
and "DBF" which we take to indicate the presence of dye I and 
dye I1 respectively. Also presented in Fig. I is the fluorescence 
excitation spectrum (Aobs = 560 nm) for the range 420-550 
nm. Clearly it is primarily the "HPF" (dye I) component of the 
polymer-bound fluorescein that is contributing to the fluo- 
rescein fluorescence. We will return to this point in the Dis- 
cussion. We do not believe that there is any significant amount 
of intracoil doubly substituted fluorescein in PF because ( 1 )  the 

% ,  

mole fraction of chloromethylstyrene in the polymer is very 
low, (2) there is no evidence for cross-linking upon reacting the 
fluorescein with the polymer, and (3) the hplc traces before and 
after fluorescein attachment are virtually identical. In addition, 

ABSORPTION EXC. -.-. I P F -  

FIG. I. Absorption spectra of PF (-), DBF (--), and HPF 
(ref. 14d) (G), (-.-) excitation spectra of PF or PAF = 560 nm) 
(all in DMF) scaled to match at long wavelength peak). 

the fluorescence spectrum of doubly substituted fluorescein 
(DBF) is distinctly different from that of the PS-bound fluo- 
rescein (see Fig. 2 and cf. fluorescence lifetimes for PF and 
DBF in Table 2). In the present set of experiments the same 
ratio of styrene/chloromethylstyrene was used for all polymers 
and the degree of polymerization was very similar in all cases 
such that the average number of fluorescein moieties per chain 
was nearly identical (see Table 3). The relative fraction of dye 
I and I1 could be estimated from the long waveIength part of the 
absorption spectrum (see Fig. l) ,  i.e. the optical density at 
460 nm is primarily due to dye 11 while that at 526 nm is 
primarily from dye I. Dye I1 was favored for PAF-2 and PAF-3 
whilst dye I was favored for PAF-1 (Table 3). We defer to 
the Discusson our analysis of the effect of having two types of 
fluorescein moieties. 

'The effect of solvent polarity on fluorescein photophysics 
cannot be overemphasized (14). In Fig. 3 the absorption spectra 
of PF in DMF and CH2C12 are compared. In the latter solvent 
the spectrum looks like that of DBF, i.e. unionized fluorescein. 
Similarly we expect the fluorescein emission intensity to de- 
pend on solvent polarity (see below). The Forster Ro value for 
DPA-fluorescein energy transfer might also be expected to 
depend on solvent because of this spectral change. In Fig. 3 

TABLE 2. Fluorescence quantum yields and emission maxima 

Chromophore Solvent +r (25%) 7 (ns) A:,, (nm) Reference 

Fluorescein 
Fluorescein 
HPF 
FMGB HCI 
FDGP -2HC1 
DBF 
PS-bound fluorescein" 
PS-bound fluorescein" 
DPA 

DMF 
DMF/H20 (5 : 1) 
DMF 
PBS" 
PBS' 
Methanol 
DMF 
DMF/H20 b ( 5 :  1) 

- 

10 
This work 
10 
20 
20 
This work 
This work 
This work 
2 1 

- - - - 

"Determined using fluorescein in DMF as a standard and exciting at 520 nm. This quantum yield is indepen- 
dent of the presence of DPA and is the same for PF or PAF samples. 

"The quantum yield of DPA fluorescence does not depend significantly on solvent. Equation [I21 is derived 
considering only one kind of energy transfer mechanism per fluorescein. We have argued that the bulk of the 
energy transfer can be thought of as a static mechanism (i.e. no lifetime shortening). Stricttly speaking, each X, 
in eq. [I21 should be replaced by (X:'"" + xylnrmlc ). 

'Estimated from quantum yield data in ref. 10. 
"This work, using single photon method. 
'Phosphate buffered saline solution, pH = 7.2. 
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HARGREAVES AND WEBBER 1323 

FIG. 2. Fluorescence spectra of PF (--) and DBF (-) in 5:  1 
DMF/H20, A,, = 475 nm (in arbitrary units, scaled for ease of 
comparison; uncorrected for PM response). 

FIG. 3. Absorption spectra of PAF-2 in DMF (-), PF in DMF 
( a ) ,  and PF in CH2C12 (0) (equal concentrations of fluorescein). 

we have also presented the absorption spectrum of PAF-2 in 
DMF at a concentration such that the fluorescein absorption is 
equal to that of PF. The DPA component at wavelengths below 
420 nm is obvious. 

The primary observation that we wish to discuss in this 
section is presented in Fig. 4 for PAF-2 and PF solutions 
optically matched in the fluorescein absorption region. Ex- 
citation light at 375 nm is absorbed primarily by DPA moieties 
in the case of PAF-2, yet the fluorescein component in the total 
steady-state fluorescence spectrum for PAF-2 is much larger 
than PF directly excited at 375 nm. Clearly very efficient ener- 
gy transfer from DPA to fluorescein is occurring. This effect is 

PAF-2 
DMF - 

FIG. 4 .  Fluorescence spectra excited at 375 nm: ( I )  PAF-2 in DMF 
(-); (2) PAF-2 in 5:  1 DMF/H20 ( a ) ;  (3) PF in DMF (X); (4) PF in 
5:  1 DMF/H20 (4). The OD of the PF and PAF-2 solutions are 
matched at 430 nrn (uncorrected for PM response). 

especially pronounced in 5: 1 DMF/H,O, where the fluo- 
rescein component dominates the total fluorescence spectrum. 
This solvent effect is much larger than can be rationalized by 
the effect of solvent on the fluorescence quantum yield of PF 
or on the solvent shift of the fluorescein absorption spectrum. 
We interpret this very large enhancement to be the result of the 
diminution of the coil size of PAF by the more polar solvent, 
which decreases the average DPA-fluorescein separation (see 
Discussion) ( 16). 

The efficiency of energy transfer can be quantified by means 
of the following equation (12, 17): 

In eq. [3] $ and I are respectively the quantum yield of fluo- 
rescence and the relative fluorescence intensity (as measured 
by relative areas in the total corrected fluorescence spectrum) 
for a given species. The subscripts DPA and F correspond to 
diphenylanthracene and fluorescein. One may interpret x as the 
fraction of photons absorbed by the sensitizer (DPA) that are 
transferred to the fluorescein acceptor. Using $F for PS-bound 
fluorescein in Table 2, the x values were identical within ex- 
perimental error for all PAF samples and go from ca. 0.75 for 
DMF to ca. 0.95 for 5 : 1 DMF/H,O. We will argue in the next 
subsection that most of this energy transfer is equivalent to 
static (i.e. contact) quenching of the DPA fluorescence. 

It should be emphasized that, within experimental error, the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 63. 1985 

FIG. 5. Fluorescence decay curves for DPA and fluorescein (Fl); (--) instrumental resonse function; (..-) raw data; (-) best fit curve. 
Curve a, DMF; curve b; 5: 1 DMF/H20. Except for curve b, DPA, all best fits are a single exponential (see text). 

value of x does not depend on the average number of anthra- 

I cenes per coil. This implies that the fluorescein sensitization 
occurs primarily by a single-step transfer with minimal con- 
tribution from DPA-DPA self-transfer. Furthermore, the 

I average DPA-fluorescein separation must be on the order of 
Ro. Roofor DPA-fluorescein in ethanol has been calculated 
as 41 A ( la) ,  which is the same order cf magnitude as the 
polymer coil dimension (estimated as 52 A for polystyrene of 
comparable molecular weight in toluene). 

We should also mention the striking effect of pendent fluo- 
rescein moieties on the solubility properties of PAF. PA is 

I soluble in pure DMF but only very sightly soluble in 5 :  1 

i DMF/H?O. Reaction of a PA polymer (these polymers always 
I 
I 

contain chloromethy lstyrene groups) with fluorescein renders 
the resultant PAF soluble in DMF/H20 to reasonable con- 
centrations (0.01 wt.%), despite the fact that there is on the 
average approximately one fluorescein per polymer chain 
(Table 3). It was not possible to dlssolve 0.01 wt.% PAF in 
DMF with higher mole fractions of added H20. 

(b) Fluorescence decay measurements 
The values of the fluorescence lifetime measured in DMF or 

DMF/H20 at 440 nm (DPA) or 543 nm and 553 nm (fluo- 
rescein) are tabulated in Table 4. The fluorescence lifetime ( T ~ )  
of PA in DMF was typical of DPA (as noted in the previous 
section, it is not possible to dissolve PA in DMF/H,O). The 
fluorescence lifetimes for the anthracene emission in all the 
PAF samples in DMF were slightly shortened (- I ns) but were 
fit adequately by a single exponential (see Fig. 5 for PAF-2 
data). Likewise, the fluorescence decay of the fluorescein was 
adequately fit by a single expontential for either DMF or 
DMF/H20, but the T~ value is slightly longer in the PAF 
samples than PF. We attempted to detect differences in the 
fluorescence build-up rate constant using 30-ps excitation at 
353 nm, a 500-nm cut-off filter, and a streak camera. Within 
experimental error, there was no difference in these rate con- 
stants between PF and PAF-3 in DMF (4.4 x 10"'s-' and 4.9 
x 10" s-' respectively). This is consistent with the existence 
of significant static quenching of '(DPA)* by the fluorescein. 

TABLE 3. Mole ratios of components of polymers" 

Polymer DPA/S DPA/(I+ 11) 1/11 (I+Il)/S 

PA 0.0038 (1.1) - - 
PF - 0.31 0.0032 (0.96) 
PAF-I 0.0038 (1 .I) 1.3 1.26 0.0029 (0.87) 
PAF-2 0.026 (7.8) 8 0.37 0.0032 (0.96) 
PAF-3 0.077 (23.1) 25 0.42 0.0030 (0.90) 

"DPA = 9.10-diphenylanthracene; S = styrene; I and I1 = dye I and dye 11. 
Degree of polymerization for all polymers ca. 300 ( M , / M .  = 1.8). Values in 
parentheses are the average number of DPA and fluorescein moieties per chain 
(columns 2 and 5 respectively). 

The most important effect illustrated by the data presented in 
Table 4 or ~ i g .  5 is the drastic shortening of thi anthracene 
fluorescence lifetime in going to DMF/H20. The shortening is 
especially noticeable for PAF-3, which contains the highest 
mole fraction of anthracene. We interpret this as the result of 
dynamic (i.e. diffusive) quenching of '(DPA)* via energy 
transfer to the fluorescein. Furthermore, we take the fact that 
PAF-3 has the most shortened lifetime to imply the presence of 
energy migration between DPA groups which further enhances 
dynamic quenching of '(DPA)*. For PAF-1 and PAF-2 the 
anthracene fluorescence decay could not fit satisfactorily to a 
single exponential. The fit to a biexponential decay function of 
the following form was satisfactory, even if the slow com- 
ponent lifetime (T?) was constrained to be that of unquenched 
anthracene (T? = 6.8 ns). 

For these constrained biexponential fits a l / ( a l  + a?) 2 0.98 
(see Table 4). This implies that in DMF/H20 5 2 %  of the 
DPA moieties are outside the range of dynamic energy transfer 
(these could be the DPA groups that reside on a polymer coil 
without a pendent fluorescein). The remaining DPA's must be 
located either much less than Ro from the fluorescein (equiv- 
alent to static quenching) or on the order of Ro from the fluo- 
rescein, leading to lifetime shortening. The fluorescence decay 
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HARGREAVES AND WEBBER 1325 

TABLE 4. Fluorescence lifetime data (ns)" 

DMF/H,O (5 : 1 )  DMF 

Sample DPA F DP A F 

PAF-I 1.0 (0.98)' 2.2 11.71 5.5 [5.2] 5.5 [5.01d 
PAF-2 1.1 (0.98)' 3.0 12.61 6.0 [5.7] 5.5 [5.0]" 
PAF-3 0.8 0 3.3 [2.9] 5.9 [5.5] 6.0 [5.51d 

"Solutions outgassed. Values in brackets result from fit to time-shifted decay 
curve (see exoerimental section). We estimate our error in best fit lifetimes to 
be approximately 0.5 ns. For DPA A,,, is 440 nm, and for F A,,,, is 543 nm for 
DMF/HZO and 553 nm for DMF. 

"Determined for very dilute solutions to minimize apparent lifetime length- 
ening by self-absorption. Because of poor S/N the quality of the raw data and 
subsequent fit is diminished. 

'A single exponential fit for PAF-I, PAF-2 is unsatisfactory. The data were 
fit to a constrained biexponential with one lifetime at 6.8 ns (unquenched 
DPA). Value in parentheses is the fraction of the short lifetime component in 
the best fit. 

"These lifetimes are observed from sensitized fluorescence. The lifetimes 
obtained by direct excitation are like PF. 

of PAF-3 was fit in the same way but was almost a pure 
exponential. 

A rough calculation shows that these results are consistent 
with our x values. For this calculation we assume that the 
DPA's can be divided into two independent groups, those stat- 
ically quenched and those uniformly dynamically quenched. 
We assume that 0.75 of all DPA's are quenched statically (from 
the DMF data), and the remaining DPA's are quenched dynam- 
ically in DMF/H,O. For this latter group 

where k, is the rate constant for all excited state relaxation 
processes other than energy transfer and kT is the energy trans- 
fer rate. We take k, to be equivalent to the rate constant for PA 
in DMF and kT may be calculated by 

From the observed lifetimes in Table 4 x,,,,,. is estimated as 
0.86. Thus summing 0.75 (static transfer) plus (0.86)(0.25) = 
0.22 (dynamic transfer) the net transfer efficiency is calculated 
as 0.97, within the experimental error of 0.95 determined by 
steady-state methods. In this calculation we are neglecting en- 
hanced static quenching that results from coil contraction. De- 
spite the crudeness of this calculation we feel it illustrates the 
overall consistency of our steady-state and time-dependent 
data. 

(c) Fluorescence quenching of PAF-3 by DABCO 
These experiments were designed to further elucidate the 

effect of rapid energy transfer from '(DPA)* to fluorescein. In 
order to minimize direct absorption by fluorescein only PAF-3 
was studied. The quencher chosen was DABCO (1,4-diazabi- 
cyclo[2.2.2]octane) which is known to be an efficient singlet- 
state quencher, presumably by an electron transfer mechanism 
(19). The quenching of the steady-state fluorescence of the 
anthracene or the fluorescein could be fit satisfactorily to a 
Stern-Volmer plot. 

[71 1011~ = I + Ksv[Ql = I + k,~o[Ql 

In the case of fluorescein the fit was satisfactory for either 

TABLE 5. DABCO quenching data" 

k, x lo-" 
Polymer A,,, (nm) A,,, (nm) K ( I )  70 (ns) ( M - I  s-I) 

PA 440 375 18h 6.8" 2.6 
PAF-3 440 375 1.6 0.8 2.0 

545 375 1.1 3.3 0.33 
PAF-3 545 500 0.48 2.2 0.22 

"All data for 5: 1 DMF/H,O except where noted. 
"From PA in DMF. There are no data for PA in DMF/HIO because of poor 

solubility. However, in separate experiments, DPA bound to water-soluble 
polymers exhibits a normal fluorscence lifetime of -6.8 ns. 

direct excitation at 500 nm or sensitized by DPA absorption at 
375 nm. The data are collected in Table 5 .  

For the '(DPA)* fluorescence quenching the k, value was 
very similar in DMF and DMF/H,O (note that there is a very 
large effect of TO in the calculation of k,). Alternatively, the 
change in Ksv could be used to estimate T, for the quenched 
'(DPA)* in DMF/H,O. The estimated value of T, is 0.53 ns, 
in reasonable agreement with the experimentally measured 
0.8 ns. The conclusion from these results is that the DPA 
moieties that do fluoresce are equally well quenched by 
DABCO in DMF and DMF/H,O, which implies that they 
remain accessible to the DABCO (i.e. the DPA are not 
protected by a partially collapsed coil). 

Perhaps of more importance is the fact that the quenching 
rate of fluorescein emission is essentially the same for direct or 
sensitized excitation and this quenching is fit satisfactorily 
by a Stern-Volmer plot. One can easily show that the 
quenching of sensitized fluorescein fluorescence also reflects 
the quenching of the precursor state, i.e. '(DPA)", leading to 
the following equation: 

[81 I:/I; = (1 + K:?[QI)(~ + K;,[QI) 
DPA F 

= 1 + (KF? + K,FV)[QI + Ksv Ksv[Q12 

where K,",'", K,FV are the products k,r0 for DPA and fluorescein 
respectively. While it is not surprising that the quadratic de- 
pendence on [Q] has not shown up in our data (i.e. the product 

DPA F Ksv Ksv is not large), clearly the experimental K;, value is 
much smaller than predicted in eq. [a]. We conclude that the 
DPA's monitored by fluorescence are not the primary precur- 
sors of the fluorescein singlet state, IF:" This is consistent with 
our model of this system in which a large fraction of the 
'(DPA)" species are quenched statically. The remaining 
'(DPA)* are quenched dynamically, i.e. fluorescence lifetime 
and yield nearly equally decreased. 

Discussion 
In this work we have demonstrated that very efficient energy 

transfer can occur between '(DPA)* and fluorescein moieties, 
thereby enhancing the action spectrum of fluorescein into the 
uv. Based on our mole fraction data, we find that high quantum 
efficiencies (x) can exist even if there is on the average only 
one DPA-fluorescein pair per polymer coil (e.g. PAF-1, 
Table 3). 

In a good solvent (DMF) the energy transfer mechanism is 
largely equivalent to static quenching since the lifetime 
shortening of '(DPA)* in the PAF samples is much less than 
expected for a x value of 0.75 (see the discussion below con- 
cerning the x value calculation for this system). Furthermore, 
the '(DPA)* fluorescence decay can be fit by a single ex- 
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ponential within experimental error. This implies that there is 
not a significant population of '(DPA)* species that resides on 
polymers without a pendent fluorescein4 (but see the next para- 
graph). We note that the fluorescence lifetime of sensitized 
'(F)* is longer than directly excited '(F)*, which is what is to 
be expected if there exists a relatively long-lived precursor state 
('(DPA)*). We conclude that in DMF all energy transfer pro- 
cesses are intracoil and that all '(DPA)* species are affected by 
energy transfer to some extent. There is no systematic effect of 
DPA mole fraction, such that DPA-DPA energy transfer does 
not seem to play a major role in the value of X. 

Reducing the solvent quality by the addition of H 2 0  dras- 
tically alters the '(DPA)* fluorescence properties. The x value 
increases to ca. 0.95 and the '(DPA)* fluorescence lifetime is 
greatly shortened. In this case a biexponential fit is possible 
and the two lifetimes obtained are quite different. The mole 
fraction of '(DPA)*'s with an unchanged fluorescence lifetime 
(i.e. fluorescein-free polymers) is estimated to be 50.02 (see 
Table 4). Our interpretation is as follows: the addition of the 
H 2 0  nonsolvent reduces the coil dimensions to the point that 
essentially all DPA's are within the Forster R ,  distances of a 
fluorescein moiety ( R ,  is estimated as 41 A for '(DPA)*- 
fluorescein in ethanol). Addition of a nonsolvent can encourage 
polymer aggregation, which also would serve to reduce the 
average DPA-fluorescein separation. There is no evidence for 
aggregation for our 0.01 wt.% polymer in DMF/H20 solutions 
since: (1) there is no measurable turbidity, either immediately 
after addition of H 2 0  or after standing for days, and (2) the 
spectral properties of these solutions do not change upon stand- 
ing. However, the presence of some degree of aggregation 
cannot be completely eliminated based on direct experimental 
evidence. 

We must now consider the complications in the present sys- 
tem because of the existence of two different fluorescein deriv- 
atives on the polymer chain (dye I and 11). Equation [3] is 
obtained from a classical kinetic scheme in which I(DPA)* is 
the sole precursur of '(F)*, the fluorescein singlet state. Under 
steady-state conditions 

where 

In eqs. [9] and [lo] I , ,  is the rate of DPA excitation, k D P A  and 
k F  are the normal first-order decay rates, and kT is the energy 
transfer rate for I(DPA)* + '(F)*. The intensity of fluo- 
rescence for each species is given by 

where + D P A  and (bF are the fluorescence quantum yields for each 
species for direct excitation and in the absence of energy trans- 
fer. If we have two types of fluorescein moieties, but only one 
per polymer chain, then eq. [ l l ]  can be extended as follows 
(19): 

4A biexponential fit is not very accurate if the two lifetimes are very 
close (see ref. 11). This biexponential analysis is much more accurate 
in the case of DMF/H20. 

where 

In eqs. [12] and [13] X I  and Xz are the mole fraction of each 
type of fluorescein, $F, and &, the appropriate fluorescence 
quantum yields, and X I  and x2 the quantum efficiency of sensi- 
tization for each species (the subscripts 1, 2 refer to dye I and 
I1 respectively). In deriving eq. [12] it is assumed that the 
DPA's are spectroscopically equivalent for both types of coils. 
I F  is taken to be the total "fluorescein" fluorescence. This is 
strictly appropriate only if the fluorescence of Fl  and F2 overlap 
extensively. In eq. [12] we experimentally determine $F 

(Table 2) and X I  and X2 (Table 3). 
Obviously eq. [12] is more complex to analyze than eq. [3]. 

The only simple cases are 

[14b] 2. $F2 = 0 and x2 = 0; x = XlXl 

In general the spectroscopic properties of fluorescein deriva- 
tives are sensitive to solvent and substitution (see Table 2). 
While we were able to prepare a doubly substituted fluorescein 
derivative (DBF), we were not able to prepare separate analogs 
of dye I and I1 using methods analogous to our polymer mod- 
ification scheme. However, other experimental evidence exists 
that suggests $F2 = 0 ,  as follows. 

(1) The "fluorescein" fluorescence spectrum does not 
change with excitation wavelength, despite the very striking 
difference in dye I and I1 absorption spectra (Fig. 1). (Note, for 
example, that the fluorescence of DBF is significantly broader 
than PF (Fig. 2).) 

(2) There is no evidence for biexponentiality in the fluo- 
rescein fluorescence decay, nor was any significant effect of 
observation wavelength found in the fluorescence lifetime. 

(3) The excitation spectrum for PF or PAF fluorescence is 
very different from the absorption spectrum and is essentially 
identical to the HPF absorption spectrum (see Fig. 1). 

4) The spectral overlap of '(DPA)* fluorescence with DBF 
or dye I1 moieties is much more favorable for Forster energy 
transfer than '(DPA)* - dye I. The absorption strength of these 
two moieties is similar, hence it is reasonable to suppose 
X2'  XI. 

Taking all these facts into account we believe that our system 
is an example of case (1) (eq. [14a]), i.e. $F, 0 ,  x2 1, such 
that our x value actually is X I  and all our photophysical obser- 
vations are for the part of our polymer ensemble for which there 
is one dye I fluorescein per chain in addition to some number 
of DPA's. The copolymers with dye I1 fluorescein make no 
contribution to our observations because the net fluorescence 
yield from either DPA or dye I1 is essentially zero. 

In addition to enhancing the spectral response of a pendent 
dye, polymers of the type discussed herein provide a very nice 
model for theories of energy transfer in disordered media. In 
particular there is the possibility of simultaneous down-chain 
transfer and single-step transfer to the dye trapping site. The 
use of DPA is advantageous because excimer formation is 
avoided. However, a detailed theoretical analysis of the present 
results may not be justified because of the complication that 
two types of fluorescein moieties exist. Future studies will be 
directed toward alternative dye systems and (or) attachment 
methods that avoid this complication. 
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This paper is dedicated to the tnetnory of Li Xiao-Bai 

STEVEN N. SEMERAK and CURTIS W. FRANK. Can. J .  Chem. 63, 1328 (1985). 
Electronic energy migration in pure poly(2-vinyl naphthalene) (P2VN) is analyzed in terms of a theory for three-dimensional 

transport and trapping in a homogeneous system of randomly distributed chromophores. A simpler theory for 3-D transport 
on a spatially periodic lattice, which was applied previously to polystyrene (PS) gave self-contradictory results for P2VN 
because of higher transport rates in P2VN. The fraction of rings in excirner-forming sites (EFS) in pure P2VN, analyzed by 
the former theory, is found to be 0.072 - moderately larger than the single-chain fraction of 0.026. In contrast, the EFS ring 
fraction in pure PS was 0.33, much larger than the single-chain fraction of 0.051. This reflects the reduced probability, relative 
to a phenyl ring pair, of packing a naphthyl ring pair into the necessary sandwich arrangement in the pure polymers. Energy 
migration in very dilute, miscible blends containing P2VN is analyzed by a one-dimensional transport model, which was 
applied previously to similar blends containing PS. The nearest-neighbor migration rates obtained from the data for both P2VN 
and PS are about one hundred times higher than the expected dipole-dipole rates. This suggests that (1) migration is not limited 
to nearest-neighbor rings, (2) the morphology of the dilute blends does not consist of isolated chains of the aromatic vinyl 
polymers, or (3) short-range electronic interactions other than dipole-dipole are involved in energy migration. 

STEVEN N. SEMERAK et CURTIS W. FRANK. Can. J .  Chem. 63, 1328 (1985). 
Faisant appel a une thiorie de transport tridimensionnel et de piCgage dans un systeme homogkne de chromophores distribuCs 

au hasard, on analyse la migration de I'Cnergie Clectronique dans le poly(viny1-2 naphtalkne) (PV2N) a I'Ctat pur. Une thtorie 
plus simple pour le transport 3-D sur un rCseau pCriodique dans I'espace, qui a Cte utiliste antkrieurement pour le polystyrene 
(PS), donne des rCsultats auto-contradictoires avec le PV2N; ceci est du ti des vitesses de transport plus grandes dans le PV2N. 
Si I'on se base sur la premiere thtorie, on trouve que la fraction des cycles dans les sites de formation des excirneres (SFE) 
du PV2N a l'ttat purest Cgale a 0,072 et cette valeur est modCrCment plus ClevCe que la valeur de 0,026 obtenue pour la fraction 
de chaine unique. Par ailleurs, la fraction de cycle dans les SFE d'une fraction de cycle dans le PS a 1'Ctat purest Cgale a 0,33 
et cette valeur est beaucoup plus grande que la valeur de 0,05 1 obtenue pour la fraction de chaine unique. Ces rksultats reflktent 
une probabiliti rkduite, par rapport a une paire de cycles phCnyles, d'entassement d'une paire de cycles naphtyles dans 
I'arrangement nCcessaire en sandwich dans le polymkre a I'Ctat pur. Utilisant un modele de transport unidimensionnel, utilisC 
antkrieurement dans le cas de mClanges analogues contenant du PS, on a analyst la migration d'energie dans des mClanges 
trks diluCs et miscibles contenant du PV2N. Les vitesses de migration du voisin le plus proche, obtenues a partir de donnCes 
relatives au PV2N ainsi qu'au PS, sont environ 100 fois plus ClevCes que les vitesses de dipble-dipble attendues. Ceci suggere 
que: ( I )  la migration n'est pas limitCe aux cycles les plus voisins, (2) la morphologie des mClanges diluCs n'est pas constituie 
de chaines isolCes de polymkres vinyl-aromatiques ou (3) des interactions Clectroniques a courte distance, autres que les 
interaction dip6le-dipble, sont impliquts dans la migration d'Cnergie. 

[Traduit par le journal] 

Introduction 
Photophysical phenomena exhibited by the aryl vinyl poly- 

mers in the solid state include, among others, "monomer" 
fluorescence from an individual pendant aromatic ring in its 
excited singlet state, "excimer" fluorescence resulting from 
trapping of incident excitation energy at the conformational 
structure formed between two coplanar, opposed pendant rings 
on the same or different chains (termed an "excimer-forming- 
site" or EFS), and energy migration among the individual 
chromophores. A recent review (1) has discussed the photo- 
physics of excimer formation in some detail. The purpose of 
the present paper is to investigate the rate of singlet energy 
migration and the number of excimeric traps occurring in 
poly(2-vinyl naphthalene) (P2VN) and polystyrene (PS), in 
dilute and concentrated blends with nonfluorescent host poly- 

trations of the aryl vinyl polymer, energy migration in miscible 
PS/PVME blends has been treated approximately as a three- 
dimensional random walk on a spatially periodic lattice (5). 

These studies are extended in two ways in this paper. First, 
the three-dimensional migration process in pure P2VN and PS 
is treated successfully under a recent theory of exciton transport 
in homogeneous systems containing donors and traps (6). We 
show, after making a slight correction to the 3-D lattice model 
( 3 ,  that it cannot be accurately applied to P2VN because of the 
higher migration rates in P2VN relative to PS. Second, the 1 -D 
migration model (2-4) is presented graphically, and the 
nearest-neighbor migration rates in dilute, miscible blends con- 
taining P2VN or PS are extracted from published data. Impli- 
cations for the 1 -D model and for the morphology of the dilute 
blends are briefly discussed. 

mers and in the pure state. Experimental 
Previous work on energy migration in dilute solution or solid 

All P2VN/PS blends and pure films were cast from toluene solution in which the fluorescent may be 'On- and dried at room temperature. The spectrofluorimeter and solvent 
sidered to be has of a casting procedure have been described previously, as have the sources 
one-dimensional random walk analysis to toluene solutions of of the p2VN(70 000) and p2VN(265 000) and the ~ ~ ( 2 2 0 0 )  
P2VN (2), miscible blends of PS with poly(vinyl methyl ether) sample with which thev were blended (7). Pure P2VN and the 35% 
(PVME) (3), and miscible blends of P2VN with poly- blenh were examined b; front face excitation, and the 0.3% blend by 
(cyclohexyl methacrylate) (4). At sufficiently high concen- back face exc~tation. The excitation wavelength was 290 nm. Spectral 
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SEMERAK AND FRANK 1329 

data for the 0.3% and 35% P2VN blends have been published in refs. 
7 and 8, respectively. The pure P2VN(70 000) and P2VN(265 000) 
samples examined in this work had spectra which were identical at 
room temperature, and were similar to published P2VN spectra, e.g. 
ref. 21. 

The 60% PS(100 000)/poly(vinyl methyl ether) blend and the pure 
PS(100 000) film were described previously ( 3 ,  as was the 5% 
PS(100 000)/PVME blend (3). Spectra were taken under front face 
excitation. 

Results and discussion 
A. Three-dimensional energy migration and photophysics of 

undiluted P2 VN and PS 
1. Spatially periodic lattice model 
Gelles and Frank (5) (GF) have proposed a three-dimen- 

sional migration model for pure PS and miscible PS/PVME 
blends containing more than 60% PS. Only nearest-neighbor 
migration or transfer is allowed at a uniform rate W per neigh- 
bor in a lattice with N nearest neighbors. Each lattice point 
represents a phenyl ring. In the blends, the value of N is 
reduced to NvPs, where vps is the volume fraction of PS; 1 - vps 
<< 1. The EFS ring fraction, q ,  is expressed as the sum of an 
intramolecular part arising from tt meso rotational dyads, qi,,,,, 
and an intermolecular portion due to segmental association 
between different chains, qin,,,. The latter part was taken to be 
proportional to vps. In the analysis, the migrating singlet was 
assumed not to resample chromophores. That is, the number of 
steps from the point of absorption to the excimer trap should be 
small, so that there is no backtracking. 

There is a slight error in the GF analysis which concerns the 
fact that an EFS contains two rings. Because of this, the mi- 
grating singlet excitation samples the state of the neighboring 
dyad at each step. However, the EFS are not randomly distrib- 
uted over the ring pairs in the system due to the strict require- 
ments for coplanar overlap of the aromatic rings (I). For exam- 
ple, one ring in a lattice site oriented with the normal to the ring 
plane along the, e.g., x-axis, could form an EFS only with a 
second ring placed in a lattice site along that same axis. The 
mutually perpendicular axes would not provide the necessary 
overlap. 

This problem can be handled by considering that any mi- 
grating singlet excitation samples a one-dimensional string of 
chromophores within the three-dimensional system. We will 
assume that the EFS are randomly distributed among the dyads 
of the sampling string with the quasi-dyad fractio; 

where q is the ring fraction of EFS. Rearrangement gives the 
relation 

Following the lines of the GF model with this correction, M, 
the probability of ultimate decay of the excitation through a 
monomer radiative or nonradiative process, is given by 

in which 

and 

TABLE 1. Excimer-to-monomer fluorescence ratio, R ,  of pure 
P2VN, PS, and concentrated blends 

Fluorescent 
polymer 

Guest/host concentration 
polymers (wt.%) R @,/@,"/M - 1 

"Ratio of fluorescence envelope intensities, 1,,,/1,,,, measured under front 
face illumination and corrected for spectral overlap. 

hObtained from R after multiplying by the front face spectrometer instru- 
mental calibration constant of 1.04. 

'Given by (QD/QM)/(Qo/QM), where Q,,/Qht is taken to be 0.55 * 0.15 
(1). 

"Reference 8. 
'Ratio of fluorescence envelope intensities, 1,32/1280. measured under front 

face illumination (5). No overlap correction was necessary. 

 TABLE^. Parameters of the modified Gelles-Frank three- 
dimensional migration model for undiluted P2VN and PS 

Polymer NWT (N - 2 ) n D  q" E~. '  a; 

"For undiluted polymer. 
" E  = WT. 
'Computed assuming N = 10. 

The quantity a is the probability of monomer decay during each 
energy migration step, T is the measured lifetime of the ex- 
citation in the absence of transfer, v is the volume fraction of 
the fluorescent polymer, and cR, is the probability that two 
adjacent chromophores are in an intermolecular EFS. The 
excimer-to-monomer quantum yield ratio for the system is then 
given by 

Q o  and QM are the intrinsic quantum yields for excimer and 
monomer fluorescence, respectively. 

By combining eqs. [I]-[6], the fluorescence ratio of un- 
diluted aryl vinyl polymers or concentrated blends may be 
predicted from the parameters of the modified GF model. 
Experimental values of the fluorescence ratio of P2VN and PS 
are given in Table 1; the fitted parameters NWT and (N - 2)cR0 
appear in Table 2. If N = 10 is arbitrarily assumed, the three- 
dimensional migration parameter E = WT is found to be 144 
and 10.5 for P2VN and PS, respectively. 

To evaluate whether the assumption of no resampling in the 
P2VN systems is valid, the expected number of steps ( S )  made 
by the migrating singlet exciton must be computed. After mak- 
ing the same corrections as before, ( S )  becomes 

where q, is again defined by eq. [I]. The corrected values of 
( S )  for pure PS and 60% PS/PVME are 3.4 and 5.7, re- 
spectively. Values of ( S )  for pure P2VN and 35% P2VN/PS 
are 17 and 33, respectively. The approximation of no re- 
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sampling in P2VN systems is, thus, poor, since (S) is larger 
than the number of nearest neighbors N. 

2. Self-consistent two-body model for random systems 
Because the assumption of no resampling in the three- 

dimensional nearest-neighbor lattice model (5) does not seem 
valid for P2VN, we will consider a second model that does not 
restrict either resampling or migration to more distant chromo- 
phores. Loring, Andersen, and Fayer (6) have recently solved 
the Forster problem in which energy migration among the do- 
nors is allowed. The solution was given in terms of the Laplace 
transform of the donor response function, Gd (s). Moreover, 
Gd(s) has been shown to be directly related to M, the proba- 
bility that an excited chromophore decays through a donor, or 
monomer, pathway (9). M is thus related to the chromophore 
density, the donor-donor and donor-acceptor Forster radii, 
and the fraction of excimer forming sites acting as exciton traps 
(10). This model is best applied to undiluted polymers, how- 
ever, since the assumption of a random isotropic distribution of 
chromophores is less accurate in dilute polymer blends. 

The probability of ultimate monomer decay M according to 
the LAF model is' 

where 

[ I l l  z = --(C, + v5 C,) 
4 v 5  

The quantities nd and n, are the number decsities of donor and 
acceptor, respectively, and have units of A-3. The subscripts 
d-d and d-a on Ro indicate the donor-donor and 
donor-acceptor Forster radii, in A. The above relations were 
obtained by a combination of eq. 33 in ref. 9 and eqs. 40, 48, 
and 54 in ref. 6. The latter three equations (6) were based on 
the two-body approximation, which has been shown to be a 
physically realistic approximation. The more exact solutions of 
the problem (6) were not considered here, in the interest of 
simplicity. 

In applying eqs. [8]-[13] to determine the fluorescence 
ratio of undiluted aryl vinyl polymers, both n, and nd may be 
related to the chromophore density of the polymer n. Utilizing 
the same quasi-dyad approximation discussed earlier, we have 
(d = monomer, a = excimer forming site) 

and 

where q, is given by eq. [I]. By the same token, the migration 
and transfer Forster radii are related by the expression 

' G. H. Fredrickson, personal communication. 

 TABLE^. Parameters of the Loring-Andersen-Fayer three- 
dimensional migration model for undiluted P2VN and PS 

Polymer 9 , n t r ~ ( A )  R ~ . r n , x  Ern,," R ~ , ~ o r > t e r  EFc>r\terh 9 m d x  

"E,,, = WT = (R,) /r)&; r = 6. I I A for P2VN and 5.48 A for PS (1). 
''As in note a ,  except Ro,m ,,,, replaces RII ,,,,,,. 
'Value for 2-methyl naphthalenel2-methyl naphthalene (20). 
"Value for isopropyl benzene/isopropyl benzene (20). 

Combination of eqs. [I]-[16] and elimination of the d-d 
subscript yields the following expressions for Y and Z 

Analysis of the experimental results requires that the Forster 
radius Ro and the EFS trap concentration q be known. Although 
Ro values are available for the low molecular weight aromatic 
chromophores, it is not clear whether the same values should 
apply when the chromophores are bound to the polymer back- 
bone. In addition, whereas the intramolecular contribution to 
the trap concentration arising from the tt meso dyads may be 
calculated, there is some evidence that the intermolecular EFS 
concentration may depend upon the degree to which residual 
casting solvent is removed from the sample.' Nevertheless, it 
is possible to use the LAF model to set limits on Ro and q. 

Two limits will be examined. First, the apparent maximum 
value of the donor-donor Forster radius, RO.d-d, will be ob- 
tained by assuming that there are only intramolecular con- 
tributions to the EFS ring fraction, q. Second, q for pure P2VN 
will be determined by taking RO,d-d equal to the Forster value for 
2-methyInaphthalene/2-methylnaphthalene. The fluorescence 
ratio of pure PS (5) will also be examined under the LAF model 
to complete the earlier work in which the GF model was ap- 
plied to PS and PS/PVME blends (5). 

The limiting parameters, which were calculated for the fluo- 
rescence ratios of pure P2VN and PS taken from Table 1, are 
collected in Table 3. For q = 0.33 in PS, E takes its Forster 
value of 2.7 in the LAF model, whereas E = 10.5 (and N = 
10 neighbors) in the GF model. To achieve E = 2.7 with the 
GF model requires that N = 40 neighbors in PS, which is 
unreasonable. The inclusion of migration steps other than to 
nearest neighbors, as in the LAF model, yields an energy 
migration parameter which is lower and thus more realistic. 
The same trend holds for P2VN, although the GF parameters 
are less meaningful because of the breakdown of that model. 

The ring fraction of EFS in pure P2VN, given by the LAF 
model, is 0.072 for the Forster value of E = 5 1 .  This is rather 
small, considering that q = 0.33 for PS, but seems plausible, 
given the lower symmetry of the naphthyl pair. 'The difference 
in the EFS fraction between PS and P2VN is lower for isolated 
polymer chains, as shown in Table 3. The values of qi,,, have 
been determined for PS (3) and P2VN (1) assuming an atactic 
(45% meso) polymer. It would be useful to examine the photo- 
physics of isotactic samples of PS and P2VN in the pure state, 

' J .  W. Thomas and C. W. Frank, unpublished results. 
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SEMERAK AND FRANK 

EFS DYAD FRACTION (9~) 
FIG. 1 Relationship between the dyad fraction of traps, 9d, and the probability ratio ( I  - M ) / M  for photons absorbed on an infinite 

one-dimensional lattice. The relative energy migration rates E = WT for the solid curves numbered 0 to 8 are E = 0, 0.7, 7, 70, 700, 7 000, 
70 00, 700 WO, and 7 000 000, respectively. The dashed curves are the asymptotes given by eqs. [2l] and [22] for curves 4 and 7. The vertical 
arrow indicates the value qD = 0.013, while the horizontal arrows indicate values of the ratio (1 - M ) / M  = 2 and 3 .  

to see whether the number of EFS traps would change. Also, 
the effect of low molecular weights on the fluorescence of pure 
films would provide an interesting study, if the foreign end 
groups which can cause spurious fluorescence could be re- 
moved. 

B. One-dimensional energy migration in dilute miscible 
blends 

The statistical model for strictly one-dimensional migration 
on an isolated polymer chain employed in this and previous (2, 
3) studies is based on the original analysis for an infinite lattice 
by Levinson ( I  I). If the EFS traps are completely effective in 
removing the captured photons, each sequence of nontrap sites 
can be &alyzedwitho;t regard to the neighboring sequences. 
The probability M that an absorbed photon ultimately decays 
from the nontrap sites was computed (2) by averaging the value 
of M for each sequence length over the distribution of nontrap 
sequence lengths. As a result, Levinson's analysis was ex- 
tended to the one-dimensional lattice of finite extent, and the 
fact that excimer-forming sites acting as traps consist of two 
adjacent trapping chromophores was taken into account. 

'The probability of ultimate monomer decay, M, of an infinite 
molecular weight aryl vinyl polymer is given by (2, 1 1 ) .  

[I91 M = 1 - qo - - " C (I - q,)' tanh (Tr) 
tanh (T) .T = , 

where 

[ I  + 2E + ( I  + 4 ~ ) ' "  
[20] T = 0 . 5 I n  

2E 1 
In eq. [20], E = WT and q, is the dyad fraction of EFS. While 

eq. [19] must generally be evaluated numerically, there are two 
analytical expressions (1 1)  in the limit when E >> 1 and, hence 
T = 0.5 E-'I2. The first case, qo << T, yields 

while the second case, q, >> T, yields 

Equation [21] has also been obtained by Fredrickson and Frank 
(10). 

Because the asymptotes fail for ( l /M - 1) = 0.3 to 30, the 
quantity (1/M - 1) has been numerically evaluated from eq. 
1191 and plotted as a function of q, for various discrete values 
of E. The results are presented in log-log form in Fig. 1 .  The 
dashed lines illustrate the asymptotic expressions, eqs. [21] and 
[22], for E = 700 and 7 X 10'. 

In this work, we wish to evaluate W for P2VN in 0.3% 
P2VN/PS(2200) blends, which were earlier determined to be 
miscible (7, 8). While QD/QM and the instrument factor re- 
lating ID/lM to the quantum yield ratio @,/aM are known (I),  
only an upper bound of qo = 0.013 has been estimated for the 
dyad fraction of EFS in P2VN (1). Moreover, only three P2VN 
samples having broad and poorly characterized molecular 
weight distributions were studied. Thus, we will deduce W by 
comparing the fluorescence ratio of the miscible P2VN(70 000) 
and P2VN(265 000) guests (7) with the infinite molecular 
weight limit given by eq. [19]. 

In order to obtain a value of E from Fig. 1, both qo and (1/M 
- 1) must be known for the infinite molecular weight polymer. 
The fluorescence intensity ratios of dilute miscible blends con- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1332 CAN. 1. CHEM. VOL. 63. 1985 

TABLE 4. Energy migration parameter, E, calculated from 
the excimer-to-monomer fluorescence ratio, R ,  of 0.3% 
P2VN/PS (2200) blends and of a 5% PS/PVME(44 600) 

blend 

P2VN 
Mol.Wt. R" / '  I/M - I E 

"Ratio of fluorescence envelope intensities, 11,,,/13,,, measured 
under back face illumination and corrected for spectral overlap (7). 

"Obtained from the overlap-corrected value of R after multiplying 
by the back face spectrometer instrumental calibration constant of 
1.2. 

'Given by (@l,/@hl)/(QdQhl), where QD/QM is taken to be 0.55 
+- 0.15 ( I ) .  

"Obtained from Fig. I ,  given that q[, = 0.013. 
'Data from ref. 3.  See Note e in Table I .  Take Q,,/Q,,, = 0 . 4  and 

qo = 0.026. 

taining P2VN of molecular weights 70 000 and 265 000 and the 
calculat~ons that transform this ratio into (1/M - 1) are col- 
lected in Table 4. If the excimer dyad fraction, q,, is taken to 
be 0.013, the values of E = 2400 and 4500 may be interpolated 
from Fig. 1 for P2VN(70 000) and P2VN(265 OOO), re- 
spectively. Thus, W for P2VN is about 4 x 10" to 8 x 10" s-' ,  
if we choose a rate constant of T - I  = 1.8 k 0.2 X lo7 s - '  for 
the 2-naphthyl group (I). By comparison, the energy migration 
parameter for PS, evaluated as described in Table 4 from the 
fluorescence ratio of dilute PS/PVME blends (3), was E = 660 
at 298 K. If T- '  for PS is taken (12) to be 4.5 x lo7 s-I, then 
W = 3 x 10" s-'  for PS. 

The Forster dipole-dipole expression (13) was used earlier 
(1) to estimate E for PS and P2yN, based on average $stances 
between chromophores of 6.1 1 A for P2VN and 5.48 A for PS. 
The results were E = 5 1 for P2VN and 2.7 for PS. Comparison 
of the Forster prediction with the one-dimensional random 
walk model leads to two observations. The most significant is 
the dramatic disagreement between the values for W for each 
polymer. For P2VN, the 1-D random walk model predicts 
migration rates from 47 (for P2VN(70 000)) to 88 (for 
P2VN(265 000)) times faster than the Forster expression. For 
PS, the predictions differ by a factor of 244. Secondly, we note 

into play when the 2-naphthyl chromophores are only 5 or 6 A 
apart. Second, the occurrence of "cross-loop" migration steps 
would increase the efficiency of sampling the EFS traps. The 
apparent migration rate derived from the 1-D model would thus 
be too high. Finally, the PS or P2VN chains in the dilute blends 
may not be isolated, despite the fact that these blends have been 
determined to be miscible. 

An improved model of energy migration in "quasi-one- 
dimensional" systems has not yet appeared. There are anal- 
ytical techniques for treating excitation transport and trapping 
on polymer chains that contain a small concentration or ran- 
domly distributed chromophores along the chain contour 
(16- 19). It is hoped that such techniques can eventually be 
extended to cover the dilute aryl vinyl polymer blends in this 
study. 

Acknowledgements 
This work was supported by the Polymers Program of the 

National Science Foundation. The authors wish to thank Glenn 
H. Fredrickson for extensive discussion and assistance with 
this study. 

1. S. N. SEMERAK and C. W. FRANK. Adv. Polym. Sci. 54, 31 
(1983). 

2. P. D. FITZGIBBON and C. W. FRANK. Macromolecules, 15, 733 
(1982). 

3. R. GELLES and C. W. FRANK. Macromolecules. 15, 74 1 (1982). 
4.  J. W. THOMAS, JR. and C. W. FRANK. Macromolecules. In press. 
5. R. GELLES and C. W. FRANK. Macromolecules, 15, 747 (1982). 
6. R. F. LORING, H. C. ANDERSEN, and M. D. FAYER. J. Chem. 

Phys. 76, 2015 (1982). 
7. S. N. SEMERAK and C. W. FRANK. Macromolecules, 14, 443 

(1981). 
8. S. N. SEMERAK and C. W. FRANK. Adv. Chem. 203,757 (1983). 
9. G. H. FREDRICKSON and C. W. FRANK. Macromolecules, 16, 

1198 (1983). 
10. G. H. FREDRICKSON and C. W. FRANK. Macromolecules, 16,572 

(1983). 
l I .  N. J. LEVINSON. SOC. Indust. Appl. Math. 10, 442 (1962). 
12. J. B. BIRKS. Photophysics of aromatic molecules. Wiley-Inter- 

science, New York. 1970. p. 126. 
13. TH. FORSTER. Compr. Biochem. 22, 61 (1967). 
14. R. C.  POWELL and Z. G. Soos. J. Lumin. 11, 1 (1975). 
15. D. C. CRAIG and S. H. WALMSLEY. In Physics and chemistry of 

the organic solid state. Vol. 1. Edited by D. Fox, M. M. Labes, 
that both the Forster model and the 1-D random walk model and A. Weissberger. Interscience, New York. 1963. p. 585. 
indicate that excitation migration in P2VN is much faster than 16. G. H. FREDRICKSON, H. C. ANDERSEN, and C. W. FRANK. Mac- 
in PS. romolecules, 16, 1456 (1983). 

~h~~~ are three problems which could explain why the ~ 6 ~ -  17. G. H. FREDRICKSON, H. C.  ANDERSEN, and C. W. FRANK. Mac- 

ster migration rates are lower than those derived by the 1-D romolecules, 17, 54 (1 984). 
18. G. H. FREDRICKSON, H. C. ANDERSEN, and C. W. FRANK. Mac- random walk analysis. First, we note that the 1-D migration romolecules, 17, 1496 (1984). 

rate for P2VN is only 11 15th the rate of migration ObServed 19. G. H. FREDRICKSON, H.  C. ANDERSEN, and C. W. FRANK. J. 
experimentally in crystalline naphthalene (14). In fact, the Polym. Sci. Polym. Phys. Ed. In press. 
Forster mechanism is strictly dipole-dipole, whereas the 20. I. B. BERLMAN. Energy transfer Darameters of aromatic corn- 
dipole-dipole term is only one of a variety of short-range pounds. Academic press, New ~ o i k .  1973. 
interactions (such as octupole-octupole (15)) that may come 21. L. A. HARRAH. J. Chem. Phys. 56, 385 (1972). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
6/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Prospects for solar synthesis. 11. Study of the photocyclization of 
a-(0-toly1)acetophenone in solution and in crosslinked ethylene - vinyl acetate beads' 
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J .  E. GUILLET, W. K. MACINNIS, and A. E. REDPATH. Can. J .  Chem. 63, 1333 (1985). 
Studies of the photocyclization of a-(0-tolyl)acetophenone dissolved in crosslinked ethylene - vinyl acetate beads show that 

quantum yields close to unity can be achieved, even in the solid polymer matrix. In preliminary experiments using solar 
radiation it was demonstrated that the rates of photochemical transformations are close to those calculated from the photon 
energy distribution of the solar spectrum. 

J .  E. GUILLET, W. K. MACINNIS et A. E. REDPATH. Can. J .  Chem. 63, 1333 (1985). 
Des Ctudes sur la photocyclisation de I'a-(0-tolyl)acttophCnone dissoute dans des billes d'un polymkre rCticulC d'Cthylkne 

et d'acttate de vinyle ont permis de montrer que I'on peut obtenir des rendements quantiques qui s'approchent de I'unitC, mCme 
dans la matrice solide d'un polymkre. Dans des experiences prkliminaires faisant appel a la radiation solaire, on a pu dCmontrer 
que les vitesses des transformations photochimiques se rapprochent de celles que I'on peut calculer en utilisant la distribution 
des Cnergies des photons du spectre solaire. 

[Traduit par le journal] 

Introduction 
The study of organic photochemistry has been an active field 

of research for many years. As a result of this work there is a 
wide variety of synthetic photochemical routes to the synthesis 
of novel organic compounds and intermediates. Surprisingly, 
very few applications of these synthetic routes have reached 
commercial practice, probably because of the high cost of using 
electrically driven lamps to provide the necessary photon ener- 
gy. For a number of years, we have been interested in exploring 
the possible use of polymeric devices which could utilize natu- 
ral sunlight to carry out photochemical processes in a manner 
which could be easily expanded to large-scale commercial 
production. In this paper we report a method of carrying out 
photochemical reactions in small crosslinked polymer beads. 
The beads can be supported on water which provides both a 
self-levelling support and a means of transporting the beads 
from the exposure area to a collection device. 

The sun as a photochemical light source 
In principle, the sun is an excellent source of photon energy 

for initiating the synthesis of organic compounds. An obvious 
example of this is the relatively high efficiency of plant photo- 
synthesis and the myriad of biochemical reactions which flow 
from it. However, sunlight is much less intense, in certain 
photon ranges, than electrically driven lamps and so exposure 
must usually be carried out over much larger areas. Figure 1 
shows the distribution of solar photon energy at the earth's 
surface for air mass 1, i.e., with the sun directly overhead at sea 
level. This distribution is slightly affected by both air mass and 
latitude, but can be considered to be relatively independent of 
geographic location to a first approximation. However, season- 
al variations in intensity do occur because of latitude and cloud 
cover. The total daily energy ranges from about 110 W/m2 in 
southern Sweden to about 300 W/m2 in arid equatorial zones. 
Thus the energy input on a 1 -hectare area ( 1 O4 m2) ranges from 
26 400 to 72 000 kW h/day. As shown in Fig. 1 the photon 

'This paper was presented (in part) at the Li Xiao-Bai Memorial 
Symposium (April 16- 17, 1984; Department of Chemistry, Univer- 
sity of Toronto) as a tribute to a respected friend and distinguished 
colleague from the People's Republic of China. 

FIG. 1. Air mass I solar radiation: spectral photonic flux density 
(photons/s m' nm) (see ref. 1). 

flux remains relatively constant from about 450-nm to 850-nm 
wavelengths, but even below 450 nm a substantial number of 
photons is available (1). Using the data in Fig. 1, one can 
calculate the solar power available over different wavelength 
ranges. These are summarized in Table 1 along with the the- 
oretical production of a I-hectare solar chemical reactor. The 
latter data are calculated assuming that the product has a molec- 
ular weight of 400 and a quantum yield of unity. Even for 
short-wavelength uv, X < 300 nm, theoretical yields of several 
metric tonnes a day are calculated. If visible light can be used 
(i.e., X = 400-700), the yield might be as much as several 
hundred tonnes per day. Of course these calculations represent 
an upper maximum because of inefficiencies due to absorption 
and reflection losses as well as side reactions and other chem- 
ical causes of reduced efficiency. Nonetheless, the potential of 
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TABLE 1. Theoretical production of a I-hectare solar plant 

Wavelength kW/hectare, Metric 
range, nm noon Einstein/kW h tonnes/day0 

"Assumes product GMW = 400; average solar input = 300 W/m2; 
quantum yield = 1 .O. 

wavelength, nm 

FIG. 2. Ultraviolet absorption spectra of a-(0-tolyl)acetophenone 
and 2-phenyl-2-indanol (2.8 X lo-' M in EtOAc). 

solar synthesis for producing large quantities of organic com- 
pounds is obvious, provided a suitable means of exposure and 
collection is possible. 

Principles of reactor design 
'The most successful reactor design so  far achieved is that of 

the leaf of a green plant. The photons are strongly absorbed by 
thin layers of organic pigments in a relatively thin flat mem- 
brane containing mechanical devices to assure access to the 
reagents, and removal or  storage of the products. Leaves also 
contain photon-harvesting devices (antenna chlorophyll) which 
absorb photons and transfer the photon energy to active sites 
where the photochemical energy conversion process takes 
place. In recent studies in our laboratories we have shown how 
to construct polymeric macromolecules which can mimic this 
essential feature of plant photosynthesis (2-4). These antenna 
polymers have the property of being able to collect photon 

I 
energy by absorption in chromophores attached to a polymer 
chain. This energy is transferred by one or  more energy- 
transfer steps to a trap at the middle or end of the chain where 
photochemical reactions can be induced to take place. T h e  

1 "antenna effect" is believed to be required for processes in- 
volving multiphoton reactions but may not contribute to the 
efficiency of simple one-step single-photon photochemistry. 

In a previous paper (5) we have described the initiation of 
photochemical reactions in crosslinked plastic beads or  plate- 
lets which are floated on water for exposure to sunlight. The  

design was to imitate the highly efficient photochemical col- 
lection system of the aquatic plant Lemna minor (duckweed). 
In the early work we showed that a variety of photochemical 
reactions, including the Norrish type I and type I1 processes in 
aliphatic ketones, and the addition of singlet oxygen to olefins 
could be carried out in these polymeric devices. In this paper 
we wish to report studies on a model photochemical reaction 
which can be used to illustrate the potential for commercial 
synthesis. 

Recently, Meador and Wagner (6) have reported that 
a-(0-to1yl)acetophenone undergoes a photocycIization reaction 
via the intramolecular abstraction of the y-hydrogen, eq. [I], 

benzene 
- 

with a quantum yield close to unity. The ketone absorbs avail- 
able solar energy in the 280-360 nm region but the product 
2-phenyl-2-indanol is transparent above 280 nm,  as  shown in 
Fig. 2. This is of particular value because the reaction can be 
run to a high degree of conversion with no interference by light 
absorption by the product. This then represents an ideal acti- 
nometer system to study potential yields of solar photochemicaI 
processes in this wavelength region. 

Experimental 
a-(0-Toly1)acetophenone was synthesized by the procedure de- 

scribed in a previous publication (5). Analytical determinations were 
made in early runs by gas chromatography using a flame ionization 
detector and a 5% Carbowax 1540 on a Chromosorb WHP 80- 110 
column at 212°C. Later analytical data were obtained by hplc using a 
p Porosil column with chloroform/hexane/ethyl acetate 70: 30: 2 sol- 
vent system and a 254-nm uv detector. The system was calibrated in 
both cases with known amounts of the pure components, using 
9-fluorene methanol as an internal standard for the gc work and benzyl 
alcohol as the internal standard for hplc. The bead reactors were 
prepared by crosslinking a commercially available ethylene - vinyl 
acetate copolymer (Elvax 150N) which contains about 20% vinyl 
acetate. The beads were sealed in a glass jar under nitrogen and 
exposed in an AECL Gammacel 220 to 60 Mrad of y-radiation from 
M Co. Before use the beads were extracted for 16 h with diethyl ether, 
thus removing all uncrosslinked polymer. They were then dried in the 
air at 35OC. 

For calibration purposes the exposure of the beads was compared 
with exposures in solution in the absence of air. The bead samples 
were prepared as follows. The starting material (100 mg) was dis- 
solved in ether and loaded onto 2 g of crosslinked EVA beads. The 
beads swell in a few minutes with the ether solution, after which they 
are dried in air to remove the ether. They were then placed in a single 
layer in quartz tubes which were flushed with nitrogen. In a control 
experiment, a solution of 150 mg of a-(0-toly1)acetophenone was 
dissolved in 15 mL of ethyl acetate. The samples were exposed in 
similar quartz tubes under nitrogen. 

During exposure to solar uv radiation the intensity was monitored 
as hourly integrated totals using a detector (Optical Associates Inc., 
Santa Clara, Calif.) with a peak sensitivity at 313 nm. The band-pass 
of the filter was ca. 40 nm. Bead samples and solution aliquots were 
removed periodically for work-up. The ethyl acetate solution was 
analyzed as received; the beads were extracted three times with ether 
(3 x 20 mL) to remove the product. (In an earlier experiment, gc 
analysis indicated that a mass balance of 90% was achieved by one 
extraction of the beads with solvent.) Each sample was analyzed by 
hplc to determine product yields and by uv to monitor changes in the 
absorbance spectrum. 
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Time (hou rs )  

FIG. 3. Integrated exposure (OAI actinorneter) vs. time. 

FIG. 4. Millirnoles of product vs. corrected exposure (reaction in 
solution). 

Results 
Figure 3 shows the solar intensity as a function of time for 

exposure for daylight hours in the middle of May 1984 in 
Toronto. Exposures were initiated at 10:OO and terminated at 
17:OO hours. An approximately linear relationship exists be- 
tween intensity at 3 13 nm and exposure time in hours over most 
of the time period. These data form the basis of our calculation 

I I I I I 

60 - - 

o S o l u t i o n  

Beads 
4 5  - 

30 - 

- 

0 3.2 6.4 9.6 12.8 16.0 

FIG. 5. Percent reaction vs. exposure (corrected). 

by-product to be present in very small quantities, its uv absorb- 
ance in the 280-360 nm region is not negligible. This has the 
effect of reducing the photon flux available to the ketone. Since 
the hplc analysis permits us to calculate the amount of ketone 
present in any solution, and thus the uv absorbance due to the 
ketone, the absorbance due to the by-product could be esti- 
mated. The ratio of these absorbance values was used to correct 
the incident photon flux over each successive sample interval. 
This correction factor increased over time to a maximum of 
25-30% at the longest times of the experiment. Figure 5 shows 
the percent conversion in solution and in the beads as a function 
of photon energy absorbed, corrected as described above for 
both bead and solution experiments. the results are essentially 
identical. 

From these data, the apparent quantum yield can be esti- 
mated if the actual exposure areas are known. This is most 
readily done for the solution experiments from which we calcu- 
late a quantum yield of close to unity (and, as shown in Fig. 5, 
similarly so in the beads), in good agreement with the literature 
value (6). 

The data in Fig. 5 also lead to the conclusion that the pro- 
duction rates estimated in Table 1 can indeed be approached in 
a practical photochemical reaction. In these exposures 0.05 
mmol of product were made in one day with beads covering 2 
cm2. Thus for a 1-hectare reactor area, 10' cm2, we should 
obtain 2.5 X 10' mol or 525 kg of product. This amounts to 
about 0.5 metric tonnes per day, which is lower than, but of the 
same order of magnitude as, the values listed in Table 1 for 
reactions sensitized by uv light, A < 350 nm, once correction 
is made for our lower light intensity and the lower molecular 
weight of our product. 

of the rate of conversion of the a-(0-toly1)acetophenone as a 
function of photon exposure, as shown in Fig. 4 for reactions Conclusions 
in ethyl acetate solution. However, the uv spectra of the prod- From these experiments we conclude that the higher internal 
uct solutions showed evidence not only for the disappearance viscosity of the crosslinked plastic beads does not interfere with 
of the a-(0-toly1)acetophenone starting material, but also for the photochemical efficiency of intramolecular photocycli- 
the appearance of a uv absorbing by-product. In our earlier zation reactions of the type described here, and that the bead 
work this problem was considered and attributed to 2-phenyl- reactors may well be useful for canying out a variety of photo- 
indene formation. Although gc and hplc analyses show this chemical reactions by means of solar radiation. 
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Polymerisation du chloroforrniate de vinyle et de ses derives 

SYLVIANE BOIVIN, PATRICK HEMERY ET SYLVIE BOILEAU' 
Coll2ge de Frrrnce, I 1  place Mrrrcelin Berthelot, 75231 Paris Ckdex 05,  Frrrnce 

Requ le 19 juin 1984 
Cet article esr rle'die' a la mkmoire de Monsieur Li Xiao-Bni 

SYLVIANE BOIVIN, PATRICK HEMERY et SYLVIE BOILEAU. Can. J .  Chem. 63, 1337 (1985) 
La polymCrisation radicalaire du chloroformiate de vinyle a CtC Ctudiee dans le chlorure de mtthylkne a 35"C, avec le 

peroxydicarbonate de dicyclohexyle comme amorceur. Dcs mesures cinetiques ont CtC effectuCes par dilatomktrie dans des 
appareils entikrement scellts sous vide pousse. L'ordre de la rkaction de polymCrisation par rapport B la concentration en 
monomkre est Cgal a I et celui relatif i la concentration en amorceur est Cgal B 0,5. 

Par ailleurs, des polymkres nouveaux ont CtC prCparCs soit par polymCrisation radicalaire de monomeres dCrivCs du 
chloroformiate de vinyle, soit par modification chimique du polychloroformiate de vinyle par des amines, des alcools, des 
thiols, des acides carboxyliques, KCN . . . , par catalyse par transfert de phase. La structure de ces polymkres ainsi que leur 
comportement thermique ont CtC examinks. 

SYLVIANE BOIVIN, PATRICK HEMERY, and SYLVIE BOILEAU. Can. J .  Chem. 63, 1337 (1985). 
The free-radical polymerization of vinyl chloroformate has been studied in methylene chloride at 3S°C using dicyclohexyl 

peroxydicarbonate as initiator. Kinetic measurements performed by dilatometry under high vacuum have shown that the 
reaction order in monomer is equal to one whereas that in catalyst is equal to 0.5. 

New polymers have been prepared either by free-radical polymerization of monomers derived from vinyl chloroformate or 
by chemical modification of poly(viny1 chloroformate) with amines, alcohols, thiols, carboxylic acids. KCN . . . using phase 
transfer catalysis. The structure of these polymers as well as their thermal behaviour have becn studied. 

Introduction 
L'inttret croissant suscite par le chloroforrniate de vinyle 

(CH2=CHOCOCI : VOCCI) provient du fait qu'il sert de rna- 
tiere premiere pour la preparation de nombreux rntdicarnents 
ainsi que pour la synthese de rnonornkres vinyliques varits. 
Toutefois, la polyrntrisation du chloroforrniate de vinyle (1) et 
de certains de ses d t r iv t s  - carbarnates vinyliques (1-3), 
carbonates vinyliques (1, 4) et cyanoforrniate de vinyle (1) - 
a t t t  tres peu t tudi te  jusqu'h ces dernieres annees, en raison 
des difficultts de prtparation et de purification de ce rnono- 
mere. 

Un nouveau proc td t  de synthese de chloroforrniate d e  vinyle 
quasirnent exempt d'irnpuretts, avec un rendernent de 80% a 
t t t  rnis au point recernrnent (5). Ceci nous a incites a examiner 
en dttail la polyrntrisation de ce monomere (6-8) et  de quel- 
ques d t r iv t s  (6, 8 ,  9) ainsi que la modification chirnique du 
polychloroforrniate de vinyle (6, 10- 12). 

L'ernploi de peroxydicarbonates cornrne arnorceurs de la 
polyrntrisation radicalaire du chloroforrniate de vinyle, en 
rnasse et en solution, conduit a des polyrneres de masses 
rnolaires Clevtes (7, 8). Les rtsultats de l'ttude cinttique effec- 
tu te  dans le chlomre de methylene a 35"C, en prtsence de 
peroxydicarbonate de dicyclohexyle, sont exposts dans le 
prtsent article. 

Par ailleurs, d e  nouveaux polyrnkres ont Ctt pr tparts  soit par 
polyrntrisation radicalaire d e  rnonorneres d t r iv t s  du chloro- 
forrniate de vinyle, soit par modification chirnique du PVOCCl 
par des arnines, des alcools, des phenols, des thiols, des acides 
carboxyliques et leurs sels alcalins, KCN . . . en utilisant la 
catalyse par transfert de phase. Les rtsultats rkcents obtenus 
dans ce dornaine sont rnentionnts dans cet article. 

Partie experimentale 
La pureti du VOCCl (SocietC Nationale des Poudres et Explosifs) 

'Laboratoire de Chimie MacromolCculaire associC au C.N.R.S. 
no 24. 

est gCnCralement supCrieure B 99%. Ce monomkrc cst introduit dans 
un ballon scellC sous vide poussC; il est conservC dans des tubes 
graduCs munis de joints fragiles, a -35"C, a I'obscuritC. 11 est dC- 
barrassC de son stabilisant juste avant emploi. 

Les carbamates vinyliques tels que le carbamate de vinyle et de 
N-diCthyle (VOCNEt2 ou VOC: CH2=CH-0-C(0)-) et le car- 
bamate de vinyle et de N-piperidine (VOCNCSHlo) sont obtenus par 
reaction du VOCCl avec la trikthylamine et la N-CthylpipCridine 
respectivement, selon le procCdC gCnCral de dialkylation des amines 
tertiaires dCveloppC par Schnur et Olofson et nl. (13- 15). Les autres 
carbamates vinyliques comme le carbamate de vinyle et de n-butyle 
(VOCNHBu) et le carbamate de vinyle et de N-mCthyl cyclohexyle 
(VOCN(CH3)C6H,,) sont preparks par rCaction du VOCCl avec 
les amines correspondantes en prCsence d'un capteur d'acide 
chlorhydrique (8, 13). 

La rCaction du VOCCl avec le phCnol et le menthol en presence de 
soude ou de pyridine conduit aux carbonates vinyliques cor- 
respondants (VOCOPh, VOCOMenthyle) (8, 13). Le thiocarbonate 
de vinyle et de phCnyle (VOCSPh) cst prCparC selon une mCthode dCji 
dCcrite (16). 

Le chlorure de mCthylkne est purifiC sur PIOS puis sur des miroirs 
de sodium successifs, selon la mCthode mise au point au laboratoire 
(17). L'azobisisobutyronitrile (AIBN) et le peroxydicarbonate de 
dicyclohexyle (DCPD) sont siches sous vide avant emploi. 

La plupart des polymCrisations sont effectukes dans des appareils en 
verre entierement scellCs sous vide pousse. selon la technique utiliske 
pour les polymCrisations anioniques (I 8). Le monomkre (VOCCI) est 
condens6 dans un tube annexe afin d'Climiner I'inhibiteur, avant d'etre 
introduit par distillation sur paroi froide, ainsi que le solvant, dans un 
ballon contenant I'amorceur. Les polymirisations des derives du 
VOCCl sont effectuCes sous azote, dans des apparcils relies a une 
ligne B vide. Le monomkre est introduit avec une seringue a travers un 
bouchon de caoutchouc a jupe rabattable, dans un ballon contenant le 
catalyseur qui est sCchC sous vide au prCalable. Dans tous les cas, 
I'agitation du milieu est assurie par un barreau aimant6 enrob6 de 
verre, a une tempirature donnee. Les polymkres sont rCcuperCs aprks 
dissolution dans le chlorure de mCthylkne et pricipitation dans I'Cther 
de pitrole. Ils sont ensuite sCchCs sous vide poussC. 

Nous avons utilisC unc mCthode dilatometrique comme moyen 
d'Ctude cinetique selon la technique experimentale mise au point au 
laboratoire (19). Les masses sptcifiques du monomkre (VOCCl) et du 
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TABLEAU 1. Rtsultats cinttiques de la polymtrisation radicalaire du chloroformiate de vinyle 
amorcte par le peroxydicarbonate de dicyclohexyle, dans CHzClz a 35°C 

vp x 10' k,,, = - 
[MI [A] '" 

[Mlo [A]x 10' V,,/[M]x lo3 
Essai (rnol L- ' ) (rnol L- ' )  (rnin-I) ( ~ 1 1 '  r n o l  I/ '  ) 

polyrnkres sont rnesurtes par osmomttrie dans le tolukne a 37°C. Les 
temperatures de transition vitreuse sont dktermintes grdce 2 un ana- 
lyseur thermique du Pont 1090 et la stabilitC therrnique des polyrnkres 
est exarninCe par therrnogravirnttrie en chauffant les Cchantillons de 
20 700°C B S°C/rnin a I'air (9). 

Resultats et discussion 
1. Polyme'risation du chloroformiate de vinyle 

Nous avons montrt que la polymtrisation radicalaire du 
chloroformiate de vinyle donne des polymeres de masses 
molaires &levees, avec des rendements quantitatifs (7, 8). Les 
meilleurs systkmes catalytiques sont les peroxydicarbonates, 
en solution dans le chlorure de methylkne, car ils permettent 
d'optrer ?I des temptratures n'exctdant pas 40°C. Dans ces 
conditions, on n'observe pas de degradation des polymeres. 

Nous avons donc effectue une etude cinetique de la poly- 
merisation du VOCCl amorcee par le peroxydicarbonate de 
dicyclohexyle, dans CH2C12 a 35°C. Nous avons utilist une 
technique dilatomttrique et nous avons effectue toutes les me- 
sures partir d'un meme lot de monomere afin d'avoir des 
rtsultats reproductibles. 

Le facteur de contraction a correspondant a la variation de 
volume sptcifique lorsqu'on passe du monomere au polymkre 
a ett  determint par deux methodes. La premiere consiste a 
conduire une reaction de polymerisation, dans un dilatomktre, 
jusqu'a conversion totale. La mesure des differences de niveau 
dans le capillaire, entre le debut et la fin de la reaction, permet 

o loo 200 300 de calculer a. La deuxieme technique consiste a mesurer les 

FIG. I. Variations de In [MIo/[M] en fonction du temps lors de la masses sptcifiques du monomkre, m35 (VOCCl), et du poly- 
polyrnCrisation radicalaire du VOCCl amorcte par le DCPD dans mere, m35(PVOCCl), dans CH2C12 a 35°C. Le facteur de con- 
CH2C12 A 35°C: e [MIo = 1,98 rnol L-',  [A] = 9,98 x lo-' mol L-'; traction, a35, est calcule d'aprks la relation: 
0 [MIo = 1,98 rnol L-', [A] = 7,15 X rnol L-I; [MIo = 1.98 
rnol L-', [A] = 3,99 X lo-' rnol L-'. 1 - 1 

[ l l  0135 = 
m35 (VOCC1) m, (PVOCCI) 

polymkre en solution dans CH,CI, i 35°C ont ttt rnesurCes avec un 
densimktre Clectronique a tube vibrant (PAAR DMA 45). 

La technique de modification chimique du PVOCCl a ttt dCcrite 
prtctdernment (10). Les substituants sont des produits cornrnerciaux 
utilists sans purification sptciale B I'exception des arnines qui sont 
redistilltes avant emploi. Les catalyseurs: dicyclohexyl-18 couronne- 
6 (DCHE); sulfate acide de tttrabutylammonium (TBAH); Kryptofix 
[222] sont des produits cornrnerciaux sCchCs sous vide pousst. Le 
degrC de substitution est determink d'aprks I'analyse Cltmentaire des 
polymkres modifies. Ceux-ci sont conservts j. -30°C dans des tubes 
scellCs sous vide poussC. 

Les polymeres sont examints par spectrophotornCtrie ir et par rmn 
du carbone 13. Dans ce dernier cas, les spectres de solutions de 
polymkres dans un mClange 90: 10 de trichloro- 1,2,4 benzkne et de 
nitrobenzkne deuttrit sont enregistrks B 100°C sur un appareil Bmcker 
WP 250 h 62,5 MHz. Les masses rnolaires rnoyennes en nombre des 

On obtient ainsi a, = 0,229 mL g- '  pour des concentrations 
en monomere et en polymkre (K = 18 500) egales ?I 1,96 rnol 
L-I. Cette valeur est en excellent accord avec celles deter- 
minees lors de deux experiences dilatometriques (essais 3 et 7 
du tableau 1): a = 0,23 mL g-I. 

Les rtsultats cinttiques sont indiques dans le tableau 1 .  Sur 
la fig. 1, nous avons porte les variations de In [M],/[M] en 
fonction du temps, ou [MIo et [MI sont les concentrations en 
monomere respectivement au temps ztro et 21 l'instant t, pour 
les essais 1, 3 et 7. On obtient des droites passant par l'origine 
jusqu'i des taux de conversion de 30 50%, ce qui montre que 
l'ordre interne de la rtaction de polymCrisation par rapport a la 
concentration en monomere est egal a 1. Les pentes de ces 
droites sont tgales a V,/[M]. 
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BOIVIN ET AL 

FIG. 2. Variations de Vp/[M] en fonction de [A]"' lors de la poly- 
mCrisation radicalaire du VOCCl amorcCe par le DCPD dans CHzClz 
h 35°C. 

Si I'on admet que l'hypothese de 1'Ctat stationnaire est vCri- 
fiCe pour ce systkme, la vitesse de polymerisation Vp est donnCe 
par la relation suivante: 

ou [M.] et [A] sont les concentrations en monomkre et en 
amorceur; k,, k, et k, sont respectivement les constantes de 
propagation, de dissociation de I'amorceur et de terminaison et 
ou f reprksente l'efficacitk de l'amorceur. 

Nous avons vkrifiC que la vitesse de polymerisation est pro- 
portionnelle a [MI et [A]"' car on observe bien des relations 
lineaires entre V,/[M] et [A]"' d'une part et entre V,/[A]"' et 
[MI d'autre part, ainsi qu'en tCmoignent les figures 2 et 3. La 
valeur de la constante apparente de vitesse 

VP 
kapF' = [MI [A] 1 12 

est Cgale 2 1,4 X lo-' 2 0 , l  X lo-' L"' mol-'I2 min-I. 

2. Polymkres derives du polychloroformiate de vinyle 
Deux voies d'accks aux polymkres dkrivCs du PVOCCl ont 

Ctt examinkes: d'une part, la polymCrisation radicalaire de 
composks provenant du VOCCl et d'autre part, la modification 
chimique du PVOCCl par des substituants appropriCs. 

Le tableau 2 rassemble les rksultats les plus significatifs de 
la polymtrisation radicalaire, en masse, de quelques dCrivks du 
chloroformiate de vinyle tels que des carbonates, thiocar- 
bonates et carbamates vinyliques. On obtient des polymkres de 
masses molaires ClevCes avec de bons rendements. Les rC- 
sultats sont amkliores lorsqu'on opkre dans des conditions ri- 
goureuses de puretC (essais 15 et 16). 

La modification chimique du PVOCCl par des amines et des 
alcools a kt6 dCcrite par Schaefgen (1). Cependant, cet auteur 
a gCnCralement observk des rkactions secondaires d'hydrolyse 
conduisant a des polymkres rkticulCs dont le degrC de substi- 
tution ne dCpasse pas 30%. Nous avons mis au point des con- 
ditions opkratoires qui permettent d'Cviter les rkactions de dk- 
gradation (6, 10-12). Les polymkres ainsi modifiCs sont 
solubles et les degrks de substitution sont excellents. Les 
rendements en polymkres solubles sont de l'ordre de 80%. Les 
rksultats concernant la modification chimique du PVOCCl par 
les amines, les alcools, thiols et phCnols, les acides carboxy- 

FIG. 3. Variations de v,/[A]'/' en fonction de [MIo lors de la 
polymCrisation radicalaire du VOCCl amorcCe par le DCPD dans 
CHzClz i 35OC. 

liques et les sels alcalins (carboxylates et cyanures) sont ras- 
semblCs dans les tableaux 3 a 7. 

Les amines aliphatiques conduisent a des degrks de substi- 
tution voisins de 100% (essais 17 a 24, tableau 3) selon un 
mkcanisme faisant intervenir une attaque nuclkophile du car- 
bonyle par ces amines. Parmi les diffkrents capteurs d'acide 
chlorhydrique utilisks, c'est la soude a 50% qui est le plus 
efficace comme le montrent les essais 18 et 19 effectuks avec 
la N-mCthylbenzylamine. Les amines primaires rCagissent 
aussi bien que les amines secondaires. De plus, dans le cas de 
1'CthylCthanolamine (essai 23), la rkaction s'effectue de fagon 
sklective par l'intermediaire de la fonction amine ainsi qu'en 
tCmoigne le spectre ir du polymkre modifiC. Le faible caractkre 
nuclCophile present6 par les amines aromatiques telles que le 
carbazole ou le dimCthyl-2,3 indole nkcessite I'emploi de la 
catalyse par transfert de phase. Les essais 25 et 26 montrent 
qu'en absence d'un sel d'ammonium quaternaire, la rCaction 
des groupements chloroformiate avec le carbazole n'a pas lieu 
alors qu'elle s'effectue avec 100% de rendement aprks 3 h 2 
20°C, en prksence de S04HNBu4. 

I1 n'est pas possible de mesurer directement les masses mo- 
laires des Cchantillons de PVOCCl, par osmomCtrie ou par gpc, 
en raison de la grande rkactivitk des fonctions chloroformiate. 
Elles ont donc kt6 dkterminkes indirectement a partir des 
masses molaires des polymkres modifiCs, en tenant compte du 
degrk de substitution. Quelques rCsultats significatifs obtenus 
avec trois lots diffkrents de PVOCCl sont rassemblks dans le 
tableau 4. On observe un excellent accord entre les valeurs de 
M, pour un m&me Cchantillon de PVOCCl quelle que soit la 
nature du substituant (essais 29 et 20; essais 31, 22 et 32) et 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 63. 1985 

TABLEAU 2. Polymtrisation en masse de carbamates, carbonates et thiocarbonates vinyliques 
([amorceur]/[monomkre] = 0,5%) 

T Temps Rdt. - 
Essai Monomkre Amorceur" ("c) (h) (%I M,, osm. 

VOCOPh 
VOCOPh 
VOCO Menthyle 
VOCSPh 
VOCNEtZ 
VOCNHBu 

~ O C N ~  
I 

CH, 

V O C N ~  

V O C N ~  

DCPD 
AIBN' 
DCPD 
AIBN 
AIBN 
AlBN 

AIBN 

AIBN 

AIBN' 

"DCPD: aeroxvdicarbonate de dicvclohexvle: AIBN: azobisisobutvronitrile. 
"[A]/[M]' = I %. 
'[A]/[M] = 1%; essai effectut dans un appareil entitrement scellC sous vide pousst. 

TABLEAU 3. Rtaction des amines avec le PVOCCI dans CHzClz (PVOCCI: 5 X lo-' mol; CH,CIZ: 35 mL) 

Degrt de 
Base TBAH" T substitution 

Essai Amine [Amine]/[PVOCCI] ([Base:I/[CI]) (mol. %) ("C) Temps (%I 

17 n-C4H9NH2 I S  Na,C03(2) - 42 2 h  96 
18 ChHsCHzNHCH3 1.5 KzC03(2) - 40 3 h  100 
19 C6H5CHZNHCH3 2,3 NaOH 50%(1,5) - 20 10 min 100 
20 (n-C4H9)?NH 1,5 NalC03(2) - 40 2.75 h 94 
2 1 HzNCH2COOCzHs,HCI 1 2  Et,N(2) - 40 3 h  100 
22 ChHsNHCH3 2.5 NaOH 50%(1,5) - 20 20 min 100 
23 C2HSNHCH2CH20H 1,5 Na2C03(2) - 42 2 h  84 
24 Amino-3 tthyl-9 carbazole 1 .1  NaOH 50%(2) - 20 5 h  98 
25 Carbazole 2,5 NaOH 50%(1,5) - 20 30 min 0 
26 Carbazole 2,5 NaOH 50%( 1,5) 5 20 3 h  100 
27 Carbazole 1 NaOH 50%( 1,5) 5 20 5 h  100 
28 Dimtthyl-2,3 indole 2,5 NaOH 50%(1,5) 5 20 7 h  90 

"Sulfate acide de tttrabutylammonium, pourcentage molaire par rapport au chlore du PVOCCI. 

TABLEAU 4. Masses molaires des tchantillons de PVOCCI 

Essai Substituant 

29 ChHsCHzNHCH3 
20 (n-C,HV)ZNH 
30 C~HSCH~NHCH~ 
19 ChHsCHzNHCHz 
3 1 ChHsCHzNHCH, 
22 C6HsNHCH3 
32 C6H5OHC 

Base 

Na2C0, 
Na2C03 
NaZCO3 
NaOH 50% 
NaOH 50% 
NaOH 50% 
NaOH 50% 

Temps 

2.5 h 
2,75 h 
2,5 h 

10 min 
15 min 
20 min 

1,5 h 

D.S. " 
(%I A,, PVOCCI " 

76 000 
77 000 
18 000 
18 500 
33 000 
35 000 
34 500 

"DegrC de substitution dtterrninC d'aprts la microanalyse. 
'CalculCe d'aprts la valeur de M,, du polymtre rnodifit mesurCe par osmomitrie dans le tolutne h 37°C et 

d'aprts le degrC de substitution. 
"+5 rnol. % TBAH. 

quelles que soient les conditions operatoires pour un substituant des alcools, des phenols et un thiol sont rassemblks dans le 
donne (essais 30 et 19). En particulier, on peut conclure que la tableau 5. Les phtnols et les alcools sont moins reactifs que les 
modification chimique du PVOCCl en solution dans CH2C12, amines aliphatiques vis-a-vis des chloroformiates (20). La cata- 
en presence de NaOH 50% et d'un catalyseur de transfert de lyse par transfert de phase donne d'excellents risultats en ce qui 
phase (essai 32) ne provoque pas de degradation du polymkre concerne le phCnol et la mercapto-2 pyrimidine (essais 32 et 
avec un substituant comme le phenol. 38). D'une faqon gCntrale, il faut noter que, contrairement a 

Les rksultats de la modification chimique du PVOCCl par certains rtsultats publies rkcemment (21), les conditions ope- 
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BOlVlN ET AL. 

TABLEAU 5. Reaction des alcools, des phenols et des thiols avec le PVOCCl dans CHzClz 
([substituant]/[Cl] = 13 ;  [base]/[Cl] = 2) 

Catalyseur" T Temps D.S. 
Essai Substituant Base (rnol. %) ("c) (h) (%) 

33 NOzChHjOH K,CO, DCHE (1,s) 40 2 23 
34h Quinine KzCO, DCHE ( I  ,5) 20 1,25 45" 

Pyridine 

36 CH,0C6H4CH20H Pyridine - 0 3 93 
37 ChH5OH Pyridine - 10 3 88 
32 C6H5OH NaOH 50% TBAH (5) 20 1.4 96 
38 Mercapto-2 pyrimidine NaOH 50% TBAH (5) 20 4 98 

"DCHE: dicyclohexyl-18 couronne-6; TBAH: SO,HNBu,; pourcentage molaire par rapport au chlore du 
PVOCCI. 

"Solvant: THF. 
"Polymkre insoluble. 

TABLEAU 6. Reaction des acides carboxyliques avec le PVOCCl dans les conditions de la 
catalyse par transfert de phase i 20°C (PVOCCI: 4,7 X 10-"01; RCOOH: 5 X 10' rnol; 

CH,C12: 100 rnL) 

TBAH" D.S. 
Essai RCOOH [K2C03]/[PVOCCI] (rnol.%) Temps (%) 

39 C6H5COOH 0 0 19 h 0 
40 CsHsCOOH 3,2 0 5 h  90" 
41 ChH5COOH 3,5 5 20 rnin 94 
42 CHz=CH-COOH 3 2  5 10 rnin 97 
43 Acide acCtylsalicylique 3 2  0 5 h  54" 
44 Acide acCtylsalicylique 3,2 5 40 rnin 81 
45 CH,(CH,),COOH 3 2  5 10 min 80 

"TBAH: SO,HNBu,; pourcentage molaire par rapport au chlore du PVOCCI. 
hRCfCrence 22. 

ratoires que nous avons utilistes conduisent 2 I'obtention de 
polyrneres solubles posstdant des degrts de substitution t l evb .  

La catalyse par transfert de phase constitue une excellente 
rntthode pour modifier le PVOCCl par les acides carboxyliques 
ainsi qu'en ttrnoignent les rtsultats du tableau 6 (essais 41, 42, 
44 et 45). On obtient des polyrneres solubles porteurs de fonc- 
tions anhydride rnixte -0COOCOR laterales (12). Ces poly- 
rnkres sont tgalernent prtparts par reaction de carboxylates 
alcalins avec le PVOCCl au rnoyen de la catalyse par transfert 
de phase solide-liquide. Les rtsultats sont indiquts dans le 
tableau 7 .  En l'absence de catalyseur, on n'observe aucune 
rtaction entre le benzoate de sodium et le PVOCCl dans le 
chlorure de rnCthylkne rngrne apres 17 h a 20°C (essai 46). Par 
contre, on obtient des degrts de substitution voisins de 100% 
en prtsence d'un catalyseur de transfert de phase cornrne le 
sulfate acide de tttrabutylarnrnoniurn (essai 48 et 49), un ether- 
couronne (essai 47) ou un cryptand (essai 50). La reaction avec 
le benzoate de tttraCthylarnrnoniurn est extrernernent rapide 
(essai 5 1); ceci rnontre que l'intermtdiaire rtactionnel dans le 
cas des benzoates de sodium et de potassium, en prtsence de 
TBAH, est un carboxylate de tetraalkylarnrnoniurn. Une ttude 
cinttique dttaillee de ce type de rtaction est actuellernent en 
cours. 

TABLEAU 7. Reaction des carboxylates et du cyanure de potassium 
avec le PVOCCl dans les conditions de la catalyse par transfert de 
phase i 20°C ([substituant]/[PVOCCI] = 1 sauf pour l'essai 54 ( 1  3)) 

Cataly seur" D.S. 
Essai Substituant (rnol. %) Temps (%I 

C6HsCOONa 
ChHSCOONa 
C6HSCOONa 
ChH5COOK 
CbHsCOOK 
ChH5COONEt 
KCN 
KCN 
KCN 

- 
DCHE (10) 
TBAH (5) 
TBAH (5) 
[2221 (5) 
- 

TBAH (5,3) 
DCHE (5) 
DCHE (2,2) 

17 h 
3 h  
1,5 h 
3 h  
5,5 h 
5 rnin 
3,7 h 
5 h  
3 h  

"DCHE: dicyclohexyl-18 couronne-6; TBAH: SO,HNBu,; Kryptofix [222]; 
pourcentage molaire par rapport au chlore du PVOCCI. 

"0.1 mL d'eau. 
"Solvant: adtonitrile. 

PVOCCl par des substituants varits. Cette rntthode permet 
d'obtenir des polyrnbes solubles posstdant des degrts de 
substitution tlevts, la ternptrature ordinaire. 

Nous avons egalernent fait figurer, dans le tableau 7,  quel- 3. PropriPtts des dtrivts du polychloroformiate de vinyle 
ques resultats relatifs a la reaction de KCN avec le PVOCCl Les polyrneres obtenus soit a partir de dtrives du VOCC1, 
(8). Un sel d'arnrnoniurn quaternaire cornrne le TBAH est un soit par modification chirnique du PVOCCl ont t t t  caracttrists 
catalyseur plus efficace qu'un tther-couronne, dans CHzClz a par spectrophotornttrie ir et par rrnn du carbone 13. La bande 
20°C (essais 52 et 53). d'absorption du groupe carbonyle est situte a 1770 crn-' pour 

En conclusion, nous avons rnontri les avantages de la cata- le PVOCCI. Elle apparait a 1690 crn-' pour les polycarbarnates 
lyse par transfert de phase lors de la modification chirnique du vinyliques, 2 1735 crn-' pour le polycyanoforrniate de vinyle, 
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TABLEAU 8. DCplacements chimiques des atomes de carbone de la 
chaine principale et du groupe carbonyle de quelques dCrivCs du 
PVOCCI: +CH2-CH-(0-C-R)-b (ppm; ref.: HMDS; 

II 
0 

100°C; C6HsCIs/C~D5N02 = 90: 10; 62,5 MHz; m: multiplet) 

Essai R ,C=O -CH- -CHI- \ 

h 1730 crn-' pour le polythiocarbonate de vinyle et de phCnyle 
et 5 1750 crn-' pour le polycarbonate de vinyle et de phtnyle. 
Les polymkres porteurs de fonctions anhydride rnixte 
presentent deux bandes d'absorption des groupernents 
carbonyle situees vers 1810 et 1745 crn-'. Ces bandes sont 
suffisamrnent distinctes de celle correspondant au PVOCCl si 
bien que l'on peut suivre la cinetique de la reaction de ce 
polymkre avec les acides carboxyliques par spectrophoto- 
metrie ir. 

Les dkplacernents chirniques des atomes de carbone de la 
chaine principale et du groupement carbonyle sont indiquCs 
dans le tableau 8, pour quelques polyrnkres derives du 
PVOCCl. Dans tous les cas, on observe une stCrCosensibilitC 
des carbones de la chaine principale. Les carbones rntthy- 
lCniques sont sensibles a des effets de diades, de tCtrades et 
parfois rnCrne d'hexades. On observe des effets de triades pour 
les carbones tertiaires. Les surfaces des trois pics cor- 
respondent approxirnativernent au rapport 1 : 2 : 1. On peut en 
dkduire que tous les polyrnkres sont atactiques et qu'ils 
obeissent probablernent 6 une statistique de Bemouilli cornrne 
attendu pour des echantillons prepares par polyrnCrisation ra- 
dicalaire. Pour quelques polyrnkres, on observe une stereo- 
sensibilite du carbone du groupement carbonyle. I1 faut 
rernarquer que ces polyrnbes posskdent des valeurs de T,  plus 
ClevCes que les autres ce qui correspond une rnoins grande 
mobilitC des groupernents latCraux (tableau 9). 

Les temperatures de transition vitreuse et la stabilite 

TABLEAU 9. PropriCt6s thermique~ de quelques dCrivCs du PVOCCI: 
--[-CH2-CH(0-C-R)-b 

II 
0 

T,  T dCcomposition" 
Essai R ("c) ("c) M,, 

"Maximum de la dCrivCe du thenn3gramme. 
"alculCe ti partir de la valeur de M,, du PVOCCl (34 000) car le polymkre 

est insoluble dans le toluene. 

thermique de quelques polyrnkres ont CtC dCterminCes. Les 
rCsultats sont rassernbles dans le tableau 9. La stabilite 
thermique des polyrnkres sernble decroitre legkrement selon 
l'ordre suivant: polycarbarnates > polycarbonates > poly- 
thiocarbonates. Par ailleurs, les valeurs de T, des poly- 
rnkres -[<H2-CH--(OX-R-+h decroissent 

I1 
0 

selon l'ordre suivant pour R: -0-Ph > -S-Ph > 
-N(CH,)-Ph. Les 1Cgkres differences observCes parmi les 
valeurs de T, des polycarbarnates vinyliques peuvent &tre expli- 
qukes par la structure des groupements lateraux qui influence la 
rnobilite de la chaine principale (23). 

En conclusion, nous avons dCtCrminC les pararnktres cinC- 
tiques de la polyrnCrisation radicalaire du chloroformiate de 
vinyle arnorcee par le peroxydicarbonate de dicyclohexyle, B 
35°C dans CH2CI,. Ceci nous a permis de preparer des 
Cchantillons de polychloroformiate de vinyle bien dCfinis dont 
nous avons examine la modification chirnique. La catalyse par 
transfert de phase est une rnCthode de choix pour obtenir des 
polymkres solubles possCdant des degres de substitution trks 
ClevCs. Par ailleurs de nouveaux polyrnkres ont Cte prCparCs par 
polyrnCrisation radicalaire de rnonornkres derives du chloro- 
formiate de vinyle. Les capacitks rCactionnelles rernarquables 
du chloroformiate vinylique ainsi que du polyrnkre cor- 
respondant ou de ses copolyrnbes ouvrent un champ d'inves- 
tigations trks vaste et permettent d'envisager des applications 
trks variCes. 
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ADDITIONS AND CORRECTIONS I AJOUTS ET CORRECTIONS 

Vol. 61, 1983 

Marek J. Wojcik and Czeslawa Paluszkiewicz. Infrared 
spectra of hydrogen-bonded salicylic acid and its derivatives. 
Methyl salicylate 

Page 1449. The captions of Figs. 2-4 have been mistakenly 
exchanged. The caption under Fig. 2 should appear under Fig. 
3, the caption under Fig. 3 should appear under Fig. 4, and the 
caption under Fig. 4 should appear under Fig. 2. 
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Charge transfer electron-exciton complexes in single crystals' 
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CONSTANTINE MAVROYANNIS. Can. J .  Chem. 63, 1345 ( 1  985). 
We have considered the excitation spectrum arising from the coherent electron-exciton pairing in crystals at low tem- 

peratures. For the pairing processes, three different types of excitons have been considered: Frenkel excitons (tightly bound), 
Wannier-Mott excitons (loosely bound), and excitons of the intermediate binding. Expressions for the gap functions and 
transition temperatures at which metal-to-nonmetal phase transitions occur have been derived and discussed for each type of 
pairing. In the electron pairing with the intermediate exciton, the dispersion relations which determine the exciton and the 
electron-exciton modes are solved numerically and the derived results are graphically presented. The physical picture for the 
electron-exciton coupled modes is analogous to that for polaritons and magnon-phonon modes in crystals. 

CONSTANTINE MAVROYANNIS. Can. J .  Chem. 63, 1345 (1985) 
Nous avons CtudiC les spectres d'excitation provenant de I'appariement coherent electron-exciton dans des cristaux a basse 

temperature. Pour le processus d'appariement, nous avons considere les trois types d'exciton suivants: les excitons de Frenkel 
(fortement lies), les excitons de Wannier-Mott (faiblement lies) et des excitons ayant des forces de liaisons intermediaires. 
On a deduit des expressions pouvant representer les fonctions d'intervalle et les temperatures de transition auxquelles les 
transitions de la phase mCtal a la phase non-metal se produisent et on en discute pour chaque type d'appariement. Dans le cas 
de I'appariement de l'klectron avec I'exciton intermediaire, on a rCsolu les relations de dispersion qui dtterminent les modes 
de I'exciton et du couple electron-exciton d'une fa~on mathtmatique et on prksente les resultats obtenus d'une fa~on 
graphique. La representation physique des modes pour I'Clectron-exciton couples est analogue a celle des modes des polaritons 
et du couple magnon-phonon dans les cristaux. 

[Traduit par le journal] 

I. Introduction 
Considerable interest has been recently given to the exis- 

tence of charged excitons in insulating and semiconducting 
crystals. A charged exciton is a quasiparticle consisting of a 
bound state of an exciton and either an electron in the conduc- 
tion band or a hole in the valence band, which moves with 
definite energy and wave vector through the crystal (1 -3). At 
the present time, experimental evidence for the existence of 
such conducting states is limited (4, 5) but these types of 
excitations may play an important role in the metal-insulator 
transitions at high excitation intensities (6). Theoretical calcu- 
lations have been done so far when conduction electrons inter- 
act with Frenkel excitons (1, 2, 7, 8) and Wannier-Mott ex- 
citons (3), which are the appropriate collective excitations for 
molecular crystals and semiconductors, respectively. How- 
ever, excitons with intermediate binding have also been found 
to exist in rare-gas solids (9, 10). We shall describe here our 
recent work (I I) concerning the formation of a bound state 
consisting of an exciton of the intermediate binding and an 
electron which is excited into the conduction band. The derived 
results will be compared with those obtained when the pairing 
process takes place with a Frenkel exciton (1, 7, 8) and a 
Wannier-Mott exciton (3), respectively. 

11. Intermediate exciton-electron pairing 
We consider a simple model for the crystal consisting of N 

identical atoms on a rigid cubic lattice with one atom per unit 
cell and lattice spacing a". Each atom is assumed to have two 
nondegenerate levels corresponding to the valence and conduc- 
tion bands and all effects due to electron spin are discarded. At 
T = 0 K ,  the valence band is full of electrons while the conduc- 
tion band is empty. The exciton (electron-hole pair) under 
consideration is formed when an electron from the valence 

- 

'NRCC No. 23963. 

band is excited into the conduction band, leaving behind a hole 
in the valence band at the same lattice site. In addition, the 
usual band motions of electrons and holes from one lattice site 
to another without creating excitons are included. The 
Hamiltonian of such a system may be taken as ( 1  1  - 13) 

- C ~(11 ' )p :~r l~r ;pr  + 2 ~ ( 1 l ' ) a : a ~ ~ l f ~ ~  
(11') (11') 

where a: a, are the creation and destruction operators for elec- 
trons at the lattice site R:  in the conduction band, and P:, PI are 
the corresponding operators for electrons in the valence band. 
E,, Ep  denote the on-site energy of the electron in the conduc- 
tion and valence bands, respectively, and (11') denotes that the 
sum is to be done over nearest-neighbor pairs R: and R: .  T, and 
TI, are the hopping energies for electrons in the respective 
bands, uo is the on-site Coulomb interaction, and u(llf ), v(l1') 
are the exchange and direct Coulomb interactions between 
electrons on neighboring lattices sites. 

Let us introduce the exciton operator bl = P; a, For the two 
level system, we have p: PI + a: al = 1. Using this and the 
usual anticommutation relations for the electron operators, we 
have p: PI = bib; and a: a, = blkb,. Making use of these 
results in eq. [ I ] ,  we find that the exchange Coulomb term is 
quadratic in the exciton operators. We also find that the direct 
Coulomb term is quartic in ( a )  the exciton operators and (6 )  the 
exciton and electron operators. When written in the form (a),  
we find that the direct Coulomb term describes an exciton 
density interacting with an exciton density at a neighbouring 
lattice site. The form (6)  describes an electron density inter- 
acting with an exciton density on a neighbouring lattice site. 
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The excitation energy of the conduction electron-exciton 
complex is obtained by making use of the Green function 
method. The two Green functions which we are going to eval- 
uate are defined as G(11'; t )  = ((bl(t);blf(0))) and F(11'; t) = 
((al( t) ;  blf (0))), where the operators are in the Heisenberg rep- 
resentation and use has been made of the notation, 
((A(t); B(0))) = - i0(t) ([A(t), B(O)]+) for the operators A 
and B. The diamond brackets stand for an ensemble average. 
The properties of the Green functions can be found elsewhere 
(14). 

Commuting the operators b, and a, in turn with the Ham- 
iltonian in eq. [I] and then decoupling the resulting equations 
of motion, we find that the Green functions G(ll l ;  t) and 
F ( l l f ;  t )  are solutions of the two sets of coupled equations, 
whose Fourier transforms with respect to (1 - 1') and the time, 
are given by ( h  = 1) 

where 

with the single-particle Green function given by 

and ~ + ( k ,  w) is defined by 

[7] ~ + ( k ,  w) = 1 + [u(k)Go(k, w) - v(k = O)Go(k = 0 ,  w)] 

E,(k) and Ep(k) are the energy bands (13) and we have chosen 
Ep = E; + 6TP and E, = 6Ta where T,,p(ll') = -Ta.p for 
nearest-neighbour lattice sites. u(k) and v(k) are the Fourier 
transforms for the nearest neighbour exchange and direct 
Coulomb interactions of strength u and v, respectively. In eqs. 
[2]-[7], GHF(k, w) is the exciton-exciton Green function 
which is correct in the Hartree-Fock (HF) approximation, 
G,(k, w) is the noninteracting Green function (13) while A(k) 
is the coupling parameter describing the pairing of an exciton 
at the lattice site R, with an electron, which is excited into the 
conduction band, at the nearest-neighbour lattice site R,.. 

Solving eqs. [2] and [6], we obtain 

where 

Singularities of G(k, w) and F(k,  w) are located at the solutions 
of DB(k ,  w) = 0. These correspond to the bound states of the 
electron-exciton complex, provided the roots of ~ ' ( k ,  w) = 0 
are separated from the solution of the equation E+ (k, w) = 0 
which determine the frequencies of the exciton band. 'They 

must also be different from w = E,(k) + uo + v(k = 0) which 
corresponds to the band energies of the conduction electron 
renormalized by the screened Coulomb interactions. Referring 
to eq. [lo], we see that a finite value of A(k) may produce a 
bound state for the electron-exciton complex. 

In the denominator of eq. [6], E; is the separation between 
the valence and conduction bands for zero wave vector and it 
also corresponds to the value of the lower bound of the 
electron-hold excitations for k = 0. For a stable electron- 
exciton complex, we therefore require that E; should satisfy 
the relation E; > uo + 6v. For a simple cubic lattice, since we 
have A(k) = [v(k)/6v]A,, where A. = A (k = 0), it 
is straightforward to calculate the frequency of the 
(electron-exciton) mode in the long wavelength limit. In par- 
ticular, the frequency of the mode for k = 0 is 

where xo is the solution of the nonlinear equation 

Here, J (x,) is a one-dimensional integral: 

[13] J (xo) = I d s  [exp (- s(3  + X~)]I:(S) 

where lo(S)  is the modified Bessel function of the first kind, of 
order zero. 

We have evaluated DD(k, w) numerically, assuming for sim- 
plicity that the coupling parameter A(k) is a constant A. We 
have chosen the bandwidth of the conduction band (12Ta) and 
that of the valence band (12Tp) to be 0.6 eV. The nearest- 
neighbour exchange interaction (u)  and the nearest-neighbour 
direct interaction (v) are set equal to 0.3 and 0.01 eV, 
respectively. The energy gap between the valence and con- 
duction bands at zero wave vector is E; = 1.5 eV and the 
coupling parameter A is chosen as 0.1 eV. A schematic plot of 
DB(k,  w) is shown in Fig. 1.  There we see that, for a given 
value of k, there are two coupled mode frequencies below the 
electron-hold continuum so that there are two branches to the 
dispersion relation. In Fig. 2, we have plotted the dispersion 
relation for the electron-exciton complex in the (100) direc- 
tion. The dispersion relation for the coupled mode has a form 
similar to that for polaritons and magnon-phonon modes in 
ferromagnets. ~ e f e h i n ~  to Fig. 2, w e  find that as k + n/ao,  
the upper branch approaches the exciton band and the lower 
branch approaches the conduction band. However, as k 
decreases the separation between these modes becomes larger. 

111. Frenkel exciton-electron pairing 
For the process of coherent pairing of a Frenkel exciton with 

an excited electron, the fifth term in the Hamiltonian [I], which 
describes the Coulomb interaction uo between the electron and 
hole densities located on the same lattice site in the crystal, 
does not make any contrib~ition and, therefore, is discarded. 
Such a model is appropriate for excitations occurring in molec- 
ular crystals where van der Waals interactions between the 
atoms are prevailing. Then using the Hamiltonian [I] and the 
Green function formalism, which is analogous to that used in 
the theory of superconductivity (15), the gap functions A(k) 
describing the Frenkel exciton-electron pairing (1, 8) is found 
to be 
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MAVROYANNIS 1347 

FIG. 1.  Schematic of DB(k ,  w) as a function of frequency, for a 
fixed wave vector. The two solutions of DB(k ,  w) = 0 correspond to 
the coupled conduction electron-exciton modes. The hatched area 
corresponds to the single-particle excitons of electrons and holes. "'2 0 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

k x a o / ~  
- 

[14] A(k) = W = 2 w e - i l ~  FIG. 2. Dispersion relation for coupled electron-exciton modes 
sinh (l /p) (-) in an insulator, with intermediate binding for the excitons. Also 

shown are the exciton band (- - -) and the conduction electron band where (- . - . -) from which the coupled mode is formed. The parameters used 
[15] Gi = C2a/4m, 5 = (6n2n)'" in the calculation are given in the text. 

[16] p = N(O)v(k) = 3v(k)/2Gi, a = m TABLE 1. Computed values for the gap funtion A/u, transition tem- 
perature T,, binding energy W,,/u, and average kinetic energy G/u 

with n = N I V  is the exciton (electron) density, N(0) is the 
density of states, me and me, are the effective masses for the 
electron and exciton, respectively; m is the mass of the free 
electron and v(k) is the Fourier transform of the interaction 
energy v(lll). In deriving eq. [14], use has been made of the 
effective mass approximation for the Frenkel exciton and ex- 
cited electron spectra, respectively. The transition temperature 
T, may be found by the relation 

[17] Tc = 0.57A(k)/kB 

where kg is Boltzmann's constant. The coherent energy Wo, 
which describes the binding energy corresponding to the 
electron-exciton pairing, has been calculated by averaging the 
Hamiltonian (1) to obtain the ground-state energy of the system 
(1, 7,  8) and it is found to be 

N(0)Gi2 - 
- - 3 Gi [18] w, = - 

tanh ( l lp )  2 tanh ( 1 1 ~ )  

Estimates for the gap function A(k), transition temperature T,, 
binding energy Wo divided by a are given in Table 1 as a 
function of the exciton (electron) density n.  The data in 
Table 1 indicate that for exciton concentrations n r 2 x 
10" ~ m - ~ ,  the energy-gap function is a measurable quantity 
provided that we are dealing with the strong coupling limit 
which occurs when the average interaction energy is equal or 
greater than the average kinetic energy, v(k) r Gi. The last 
column in Table 1 gives the values Gila for different exciton 

densities which indicate the condition of strong coupling limit 
v(k) 2 Gi can be easily fulfilled with a reasonable strength of 
the required interaction v(k). The results of the present study 
imply that at exciton densities n r 2 x 10'' ~ m - ~ ,  the obser- 
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The multiphoton spectra of all-trans 1,3,5-hexatriene in the region of 6.0 eV 
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MARCO ANTONIO CHAER NASCIMENTO. Can. J .  Chem. 63, 1349 ( 1985). 
The multiphoton spectra of all-frans 1,3,5-hexatriene, in the region of 6.0 eV, is investigated using highly correlated 

wavefunctions. On the basis of the computed transition energies, intensities, and polarization ratios, an attempt is made to 
explain the experimentally observed spectra. 

MARCO ANTONIO CHAER NASCIMENTO. Can. J .  Chem. 63, 1349 ( 1985). 
OpCrant dans la region de 6,O eV et faisant appel a des fonctions d'ondes trks coordonnCes, on a CtudiC le spectre multiphoton 

de l'hexatrikne- 1,3,5 qui est completement trans. En se basant sur les Cnergies de transition, les intensitis et les rapports de 
polarisation calculCs, on essaye d'expliquer le spectre obtenu expCrimentalement. 

[Traduit par le journal] 

1. Introduction 
The electronic spectra of linear polyenes has been the subject 

of intensive experimental and theoretical studies since they 
were first prepared in the early 1930's. Recently there has been 
a revival of interest in the subject (1). By forming the basic 
chromophore of important photobiological systems, such as 
visual pigments (2) and bacteriorhodopsin (3), the longer poly- 
enes (for which hexatriene serves as a model) have become the 
subject of numerous photochemical, spectroscopic, and the- 
oretical studies (1). 

Several experimental techniques (4-6) have been applied to 
all-trans 1,3,5-hexatriene (hereafter hexatriene). Despite the 
numerous studies, there are still uncertainties concerning the 
character, location, and assignment of the excited states. Most 
important is the characterization of the low-lying excited states 
which could be involved in the photochemistry of the visual 
process. 

There have been suggestions that the first excited state of all 
polyenes is a symmetry-forbidden 'A, state (7). For both buta- 
diene and hexatriene, extensive ab  initio calculations (8) have 
placed the 2IA, state above the experimentally observed strong 
dipole-allowed 'B, state. For butadiene the 2'A, state is calcu- 
lated at 7.06 eV and 5.87 eV for hexatriene. The experi- 
mentally observed IB, states are at 5.92 eV for butadiene and 
at 4.95 eV for hexatriene. Since the 'A, states are dipole- 
forbidden, they would appear in the one-photon spectra as 
weak vibronic transitions. Therefore, they should be more 
easily observed in the two-photon spectra of the polyene corn- 
pounds. Electron impact spectroscopy can also be used to 
reveal optically-forbidden states. 

~ohnson (9) has looked at the two-photon spectra of buta- 
diene and did not detect any 'A, state below 5.92 eV as has been 
suggested (7). Unfortunately, he was not able to record the 
spectra for energies above 6.79 eV and, therefore, was unable 
to verify the state at 7.06 eV. Doering and McDiarmid (56) 
examined the electron impact spectra of butadiene and con- 
cluded that the 2'A, state should correspond to the band ob- 
served at 7.3 eV in the spectra. There are, therefore, no experi- 
mental evidences for the occurrence of a 2'A, valence state 
below the IB,, in butadiene. 

For the hexatriene molecule the work of Flicker et al. (5a) 
does not show the presence of any 'A, state below 4.95 eV. 
More recently, El-Sayed (10) investigated the two-photon 
spectra of hexatriene in the region of 6.0 eV (6.0-6.7 eV). In 

this region, he observed a single transition at 6.23 eV (and its 
vibronic structure). From polarization studies (1 1 ,  12) he con- 
cluded that the excited state should have A, symmetry. 

From our previous calculations (8), the 2 ' ~ ,  valence state 
should be at 5.87 eV. The fact that the 3s  Rydberg state is 
two-photon forbidden leaves the 3p  Rydbergs as possible can- 
didates for the observed state. From the present calculations 
both the 'A, (T-3p,) and the two 'B, (T -+ 3p,, 3p,) Rydberg 
states occur in this region of the spectra (6.0-6.3 eV). 

Comparing the experimental and-theoretical results, one sees 
that some questions remain to be answered. First of all, what 
is the nature of the observed 'A, state? Would it be the the- 
oretically predicted 3p, Rydberg state or the 2'A, valence state, 
placed at 5.87 eV by the a b  initio calculation (8)? If the the- 
oretical predictions are correct, why the 'B, states were not 
observed in the two-photon experiment of El-Sayed (lo)? 

To answer these questions, we calculated the intensities for 
the transitions from the XIA, state of the hexatriene molecule to 
all of the above mentioned'states, for both linearly and circu- 
larly polarized light. We also computed R (the polarization 
ratio (12)) as an internal check to our calculations. 

2. Computational details 
All the calculations were carried out using the Dunning (13) 

valence double-5 (DZ) contraction of Huzinaga (14) double-5 
(9s/5p,  4s)  gaussian basis set, augmented with diffuse basis 
functions of 3p,  and 3p, character (5 = 0.021), in order to 
provide adequate description of the Rydberg excited states. 

With the molecule in the yz plane, we used the 
experimentally-determined ground-state geometry (15) in all 
the calculations. 

The ground state, X'A,, was solved self-consistently at the 
GVB(3/PP) level (correlating the three T bonds) and the 
orbitals of this calculation used for the CI calculations of the 
valence 'A, states. These calculations have been extensively 
discussed in a previous publication (8). The natural orbitals of 
the GVB calculation were recombined into symmetry orbitals, 
to be used as starting guesses in the SCF calculations of the 
Rydberg states. 

For the u Rydberg states we used the IVO's (for Improved 
Virtual Orbitals, see ref. 16) obtained from the ground state 
orbitals, and with the basis set augmented with one 3pu basis 
on each carbon atom, as starting guesses for the excited orbital. 
Using the first IVO of b, (3pu) symmetry, we solved self- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1350 CAN. J .  CHEM. VOL. 63. 1985 

TABLE I .  Transition energies ( A E ) ,  two-photon transition rates (7) theoretical and experimental result for the transition energy and 
and polarization ratios (0,) for some electronic transitions of the hexa- for 0. 

triene molecule 

State AE (eV)" G O  T~~ a< ( T , / T , )  

2'A, (T -+ T * )  5.87 3.40(-50) 4.90(-50) 0.69 
3 ' 4  (3p.<) 6.26 0.90(-52) 1.90(-52) 0.47" 
1 '4 (3f.v) 6.00 4.82(-54) 3.83(-54) 1.26 
2 ' 4  (3p:) 6.20 7.46(-54) 6.06(-54) 1.23 

"Transition energies relative to the ground state ( X I A , )  energy of 
-231.81913 hartrees. 

*In units of F' s-' ,  where F is the photon flux in photons/crn's. 
'R < 1 for A, c* A, transitions and equal 312 for A, c* B, transitions. See 

ref. 12. 
"R observed = 0.25-0.40. See ref. 10. 

consistently for the 'B, (3pu)  Rydberg state. At this level of 
calculation we obtained a transition energy (referred to a 
ground-state energy of -27 1.72322 hartree) of 5.29 eV. The 
CI calculation was performed in the following way. The r 
space was formed by the orbitals generated by S C F  calculation. 
The  o space was formed by the 3pu self-consistently optimized 
orbital plus five o IVO's (three a, + two b,), properly reor- 
thogonalized to the H F  orbitals. Using this space, we allowed 
up to triple excitations among the twelve r MO's simulta- 
neously allowing the o electrons the readjust among the six o 
orbitals. The first two roots of this calculation correspond to the 
3p, and 3p2 Rydberg states. 

For the r Rydberg state, the IVO's were obtained with DZ 
basis augment with one 3p, basis on each carbon atom. The 
first IVO of a, (3p,) symmetry was used in the H F  calculation 
of the 'A, (3p,) Rydberg state. At this level of calculation the 
transition energy to the X'A, state is meaningless since the 
Rydberg state is not yet a pure state. For the CI calculations the 
r space was composed of the H F  r orbitals plus six r IVO's 
(three a, + three b,), properly reorthogonalized. Using this 
space we allowed up to quadruple excitations in the CI calcu- 
lation. The first root corresponds to theXIA, ground state. The 
second root is also a valence state and exhibits the doubly- 
excited dominant configuration characteristic of the 2 IAg(r + 
T*) state (8). Finally, the third root corresponds to a diffuse 
state and it is assigned to the 'A, (3p,) Rydberg state. 

With these wavefunctions we  computed the two-photon 
transition rates, and polarization ratios (12). The virtual 
intermediate states (12) were generated at the same level of 
excitation. 

3. Results and discussion 
Table 1 shows the results of these calculations. From the 

results, we assign the transition at 6 .23  eV to the r-+ 3p,  ( r * )  
'A, state, because of the excellent agreement between the 

One also sees from Table 1 that the two-photon intensities of 
the transition to the 'A, (3pnr)  state relative the 'B, states ( r  + 

o * )  (WA,-A,/WA8+B,) are 18.65 ( 3 ~ ~ )  and 12.05 (3p,), 
respectively, for circularly polarized light and 49.60 (3p,) and 
3 1.35 (3p,), respectively, for linearly polarized light. Thus, the 
'B, states should be  much more difficult to detect in the El- 
Sayed experiment (10). 

Finally, with respect to the 2'A, valence state, one sees from 
Table 1 that its transition rate is much larger than the one for 
Rydberg states, implying that it should be easily detected by 
El-Sayed, would it occur in the 6.0-6.7 e V  region of the 
spectra. Our calculations suggest that an experiment conducted 
at lower energies should reveal the presence of the 2 'A, valence 
state. 
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M. I. S. SASTRY and SURJIT SINGH. Can. J .  Chem. 63, 1351 (1985). 
Raman spectra of solutions of alkali metal perchlorates in dimethyl sulfoxide (DMSO) in the CI-0, C-S, and S=O 

stretching regions, as well as of perchlorates in aqueous solutions in the C1-0 stretching region are reported. The results are 
discussed in terms of half-bandwidths, relative intensities, and depolarization ratios. For H20 the half-bandwidth of the Cl-0 
stretching band at -935 cm-' is almost double the value in DMSO solutions. Solutions of perchlorates in DMSO show two 
symmetric bands in the C1-0 stretching region, whereas in aqueous solutions only one band is observed. The half-bandwidths 
in perchlorate solutions in DMSO for the C-S stretching band increase with increase in concentration of perchlorate compared 
to that of liquid DMSO. The band contours in the S=O stretching region in DMSO solutions also show significant changes. 
These observations are explained on the basis of formation of ion pairs of metal perchlorates in solutions of DMSO and ion 
hydrates in the case of aqueous solutions. 

M. I. S. SASTRY et SURJIT SINGH. Can. J. Chem. 63, 1351 (1985). 
On rapporte les spectres Raman de perchlorates de mCtaux alcalins en solution dans le dimCthylsulfoxyde (DMSO) dans les 

rCgions d'Clongation du C1-0, du C-S et du S=O ainsi que ceux de solutions aqueuses de perchlorates dans Ia rCgion 
d'klongation du C1-0. On discute des rCsultats en fonction de la largeur a mi-hauteur des bandes, des intensitks relatives et 
des rapports de dCpolarisation. Dans l'eau, la largeur a mi-hauteur de la bande d'elongation du C1-0 935 cm-' est h peu 
prks le double de la valeur dans le DMSO. Les solutions de perchlorate dans le DMSO montrent deux bandes symCtriques dans 
la rCgion d'klongation du C1-0 alors qu'on n'en observe qu'une seule en solution aqueuse. La largeur mi-hauteur de la bande 
d'klongation du C-S des solutions de perchlorate dans le DMSO augmente avec une augmentation de la concentration de 
perchlorate par rapport a celle du DMSO liquide. Les contours des bandes dans la rkgion d'klongation du S=O dans les 
solutions de DMSO changent d'une f a ~ o n  importante. On explique ces observations par la formation de paires d'ions dans les 
perchlorates mCtalliques en solution dans le DMSO et par la formation d'hydrate d'ions dans le cas de solutions aqueuses. 

[Traduit par le journal] 

Introduction C10, (aq) and C10, (aq) is that the ClOb (aq) is less strongly 
In the past two decades vibrational spectral studies of elec- 

trolytes have attracted considerable attention. Several reports 
(1-13) on this subject have appeared, dealing with various 
aspects of aqueous and nonaqueous solutions of electrolytes, 
molten salts, effect on solvent vibrational bands in aqueous and 
non-aqueous solutions of electrolytes, etc. While studying the 
vibrational spectra of solutions of electrolytes several effects, 
such as ion solvation, ion association, as well as the effect of 
dissolved electrolytes on the vibrational spectra of the solvent 
bands, are considered. Ionic and molecular associates found in 

hydrogen bonded to the water (1). Syrnons and Waddington 
(18) studied the ir spectra of aqueous perchlorate solutions and 
assigned a new band at a frequency higher than that of the 
stretching modes of pure water to the C10,. . . H20 complex 
and computed a hydration number of 4 from intensity mea- 
surements. Sodium perchlorate in acetonitrile, tetrahydrofuran, 
and pyridine was found to show ion association by '3Na nmr 
chemical shift and vibrational spectral studies (19). Similarly 
lithium, sodium, and magnesium perchlorates in acetone (20, 
21), and lithium and sodium perchlorates in pyridine (22) show 

solutions are often short-lived and may have a well-defined splittings. Definite support for the presence of ion pairs in 
identity on the vibrational time scale only. Since Rarnan spectra solutions comes from analogous splittings observed in matrices 
can be recorded for the solute and solvent bands simultaneously (14) and crystalline perchlorate complexes (23). 
for the same concentration of the solution with varying photon All the above studies on vibrational spectra of solutions of 
count and other such parameters, this branch of vibrational Clod are confined to the splitting of the u3(h) C1-0 stretch- 
spectroscopy has been widely used for the study of electrolyte ing vibrational band. A survey of the perchlorate vibrations 
solutions. Several papers have appeared on the studies of ion under T,,, C,,., and CZv symmetries shows that for an equilibrium 
association by vibrational spectroscopy. Alkali metal perchlor- 
ates have not been found to show any detectable ion pairs in 
aqueous solutions (14). The perchlorate band is often used in 
Raman spectra as an internal standard because of an apparent 
inability of ClO, ions to form inner-sphere ion pairs with most 
cations. No definite evidence has been reported to indicate the 
splitting of the v3(f,) band of C10, in dilute aqueous solutions. 
Metal perchlorates in matrix isolation spectra show pronounced 
splitting of the v3 band (14), indicating the formation of ion 
pairs. Raman spectral studies of aqueous metal chlorates show 
v,(e) doublets even in the spectra of dilute solutions, similar to 
the doublets in aqueous metal nitrate solutions (15-17). A 
possible explanation for the difference between the v, region of 

between free perchlorates (Td) and singly (C,,.) or doubly (C',,) 
associated perchlorates, additional bands should also be ob- 
served in the totally symmetric C1-0 stretching (A , )  region. 
In addition to these effects, the solvent bands may also show 
certain changes in the band profiles, in case the solvent struc- 
ture changes during the equilibrium. We have recently reported 
results on the Raman spectral studies of the structure of DMSO 
and the effect of dilution when its solutions in water and CC14 
(24, 25) are considered. We report here Raman spectra of 
solutions of alkali metal perchlorates in DMSO with a view to 
understanding the ion association and ion-solvent interactions. 
For comparison, spectra of aqueous solutions of perchlorates in 
the C1-0 stretching region are also included. 
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Experimental 
Analar DMSO (Merck) was purified by vacuum distillation and 

kept on 4A Linde sieves. Sodium perchlorate monohydrate (Fluka), 
lithium perchlorate monohydrate (BDH), and potassium perchlorate 
(Reidel) were used as such without further purification. They were 
kept in a desiccator over calcium chloride. Vacuum distilled DMSO, 
and triple distilled water were used for preparation of solutions. The 
solutions were separately prepared in 25-mL standard flasks. 

Raman spectral measurements were made at room temperature, on 
a Cary 82 laser Raman spectrometer equipped with a Spectra Physics 
argon ion laser (Model 165), with the sample contained in a glass cell. 
All the spectra were recorded employing a 5 14.5-nm exciting line, 
varying in the range 300-500 mW power. A 90" scattering geometry 
was employed. Slit widths of 1.2-2 cm-I were used for different 
concentrations, with 2-5 s time constant. Spectra were recorded with 
0.10 cm-'1s monochromator speed. Both parallel and perpendicularly 
polarized spectra were recorded at the same instrumental settings. The 
spectra a r e  reproducible to within 2 I cm-I. 

Results and discussion 
Raman spectra of solutions of lithium, sodium, and potas- 

sium perchlorates were recorded in solutions of varying con- 
centrations in DMSO and water. The results are presented 
below. 

C1-0 stretching region 
In Figs. 1 to 4 are given Raman spectra of DMSO and 

solutions of metal perchlorates in the 900- 1100 cm-' region. 
Pure DMSO shows band due to CH, rocking at -953 cm-I. 
The Cloy ion in its Td symmetry is known (2) to show a totally 
symmetric Raman band at -935 cm-I. In Figs. 2 to 4 
perchlorates are found to show a sharp band in this region. In 
addition to this strong and sharp band, a low frequency band is 
observed in all the solutions of perchlorates in DMSO at -910 
cm-'. Raman spectra of aqueous solutions of lithium and sodi- 
um perchlorates given in Figs. 5 and 6 do not show flow 
frequency bands as observed in the respective solutions in 
DMSO. Matrix isolation studies on metal perchlorates were 
carried out by Smyrl and Devlin (14). Perchlorates when de- 
posited in argon matrices only have ion pairs with definite 
dipole moments. Such ion pairs are assumed to have the 
pirchlorate ions in C,,, symmetry, in contrast to free perchlorate 
ions which have Td symmetry. In a system where both free 
perchlorate ions as well as their ion pairs are present, it is 
expected to observe separate bands because of totally sym- 
metric C1-0 stretchings for the free ClO, ion under the T,, 
symmetry, as well as for the ion-paired ClO, ion under the C,,, 
symmetry. The low frequency band at -910 cm-' may be 
assigned to the totally symmetric stretching vibration of the 
ion-paired C10,. Weak bands in the ir spectra of matrix- 
isolated perchlorates have been reported in this region by Smyrl 
and Devlin (14). Neither of the two bands at -910 cm-' and 
-935 cm-' are shown in the Raman spectra in the perpendic- 
ular polarized mode. This shows that both the bands are totally 
symmetric. The lower frequency C1-0 stretching band wis 
reported in the Raman spectra of perchlorates in acetonitrile, 
THF, and pyridine by Greenberg and Popov (19), and in ace- 
tone by James and Mayes (21), in the figures included in these 
reports, without giving any proper assignments for such bands. 
However, appearance of a weak band in this region in the 
matrix-isolated ir spectra of perchlorates may justify the assign- 
ment of this band to the ion-paired perchlorates. In the early 
reports (19, 21), components of the main C1-0 stretching 
band contour at frequencies higher than the 935 cm-' band are 
assigned to ion pairs. Since the Cl-(OH) stretching band in 

FIG. 1 .  S=O stretching band in Raman spectra of pure DMSO 
(111). 

HClO, is assigned to the 734 cm-' band (26, 27), which is 
lower than the 935 cm-' band, as an analogy we believe the 
CI-(OMt) stretching should be assigned to the lower fre- 
quency band at -9 10 cm-' as reported in the present work. As 
mentioned above, in aqueous solutions of perchlorates no band 
is seen in this region. This is not surprising as ion pairs cannot 
be formed in aqueous solutions of perchlorates because of the 
greater possibility of hydration of Mt and C10, ions (1, 18). 
In Tables 1 and 2, spectral parameters of the C1-0 stretching 
bands in terms of band positions, half-bandwidths, and band 
heights are given for the various systems considered. The ratios 
of the intensities of the high frequency band to the low fre- 
quency band are shown in the last columns of Table 1. It is 
noticed that positions of the two bands do not change from 
system to system and from one concentration to another. The 
intensity ratio is found to decrease with higher concentrations 
of perchlorate, indicating greater possibility of association at 
higher perchlorate concentrations. It is noticed (Tables 1 and 2) 
that the half-bandwidth of the C1-0 stretching band at -935 
cm-' is about twice as great when C10, is in aqueous solution 
compared to when in DMSO solutions. For example, for a 
1.0 M solution of sodium perchlorate in DMSO the Avlp is 4.0 
cm-', whereas for the same concentration of sodium 
perchlorate in aqueous solution the value is found to be 8.5 
cm-'. It is further noticed that the half-bandwidth increases 
considerably with increasing concentration of perchlorate in 
aqueous solutions (varying from 8.5 cm-' for a 1.0 M solution 
to 14.5 cm-I for a 5.0 M solution). These observations support 
the possibility of hydration of Cloy as suggested by Symons 
and Waddington (18), though the broadening of the C1-0 
stretching bands can also be explained in part by the dynamics 
of the spherical perchlorate ions in aqueous solutions. Dean and 
Wilkinson have recently reported (28) that the A ,  stretching 
bands for SO:-, W O ~ - ,  and MOO:- ions in aqueous solutions 
shift to higher frequencies with increasing concentrations of the 
solutions. We have obtained similar results in sodium 
perchlorate solutions: the C1-0 stretching band is found to 
shift from 933.5 cm-' for a 1 M solution to 936 cm-' for a 5 M 
solution. In the case of LiClO,, however, no significant shift is 
observed. The v, value extrapolated to infinite dilution is ap- 
proximately 933.5 cm-' in both cases. 

S=O Stretching region 
Figure 1 shows the band contour for the S=O stretching 

mode of pure liquid DMSO. In earlier publications f r ~ m  this 
group (24,25) it was shown that this band is made up of at least 
four bands at -1070 cm-', - 1058 cm-', - 1040 cm-' ,  and 
-1025 cm-'. It was suggested (25) that the high frequency 
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SASTRY AND SlNGH 

Ramon shift. ~3 ( c r r i ' )  

FIG. 2. S=O and C1-0 stretching bands in Rarnan spectra of solutions of lithium perchlorate in DMSO (II1) with concentrations: A, 2.0 M; 
B, 1.0 M; C, 0.5 M. 

FIG. 3. S=O and C1-0 stretching bands in Rarnan spectra of solutions of sodium perchlorate in DMSO (IlI) with concentrations: A, 1.0; 
B, 0.5 M. 

band belongs to free S=O stretching, whereas the low fre- molar solutions of perchlorates. It is also noticed that the rela- 
quency bands at - 1058 cm-' and - 1040 cm-' belong to a tive intensity of the low frequency band at - 1025 cm-I, with 
cyclic dimer and at -1025 cm-' to a linear dimer and other respect to higher frequency bands, increases considerably with 
open-chain polymers. Addition of perchlorates clearly shows increasing concentration of perchlorates. This may well indi- 
perturbation in the structure of the S=O stretching band (Figs. cate the presence of ion pairs and the structure making charac- 
2-4). 'The half-bandwith is found to increase with the addition ter of perchlorates for liquid DMSO. If the ions were to be 
of perchlorates. The increase is of the order of 10-20% for 1.5 solvated by DMSO one would expect structure breaking of 
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I 

Roman shift .  ~3 (cm-'1 

FIG. 4. S=O and Cl-0 stretching bands in Raman spectra of solutions of potassium perchlorate in DMSO (III) with concentrations: A, 
2.0 M; B, 1.0 M. 

TABLE 1. Raman spectral parameters for the CI-0 stretching band of alkali metal perchlorates in 
DMSO 

Band 
Concentration AGl/r heights, A = 

System (M) F(cm-I) (cm-') I I Afi,/z 193s/11110 Acns/A')IO 

liquid DMSO leading to decrease of intensity of the low 
frequency band (-1025 cm-') which is assigned to various 
associated species of DMSO. In all the perchlorate solutions, 
concentrations more than 1.5 mol L-' could not be considered 
because of the solubility limitation, except for KC104, where 
the spectra were also recorded for a 2 M solution. In the case 
of a 2 M solution of potassium perchlorate in DMSO it is 
further observed that the relative intensities of the 1040 cm-' 
and -1050 cm-' components are nearly similar, unlike the 
case in dilute solutions, as well as in pure DMSO, where the 
relative intensity of the -1040 cm-' band is slightly higher 
than that of the - 1050 cm-' band. This effect may be brought 
about by the lowering of the concentration of cyclic dimers and 

TABLE 2. Raman spectral paprameters for alkali metal 
perchlorates in water in the C1-0 stretching region 

System Concentration G (cm- ') ACl12 (cm- I) 

LiCIOl 1 .O 933.5 9.0 
2.0 933.5 8.5 
3.0 934.0 11.0 
4.0 933.0 10.0 

NaC10, 1 .O 933.5 8.5 
2.0 934.5 9.5 
3.0 935.0 11.5 
4.0 935.0 13.0 
5.0 936.0 14.5 
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SASTRY AND SlNGH 

TABLE 3 .  Raman spectral parameters for DMSO - perchlorate systems in the C-S stretching 
region 

Concentration 
System (mol) ij (cm-') A t l / z  (cm-'1 Ill 1, P = 1,1111 

Pure 
DMSO 

LiC10, 
+ DMSO 

NaC104 
+ DMSO 

KC104 
+ DMSO 

I 
FIG. 6. C1-0 stretching bands in Raman spectra of aqueous solu- 

tions of sodium perchlorate (Iil) with concentrations: A, 5.0 M; B, 
FIG. 5. C1-0 stretching bands in Raman spectra of aqueous soh- 4.0 M; C, 3.0 D, 2.0 M; E, 1 M. 

tions of lithium perchlorate (III) with concentrations: A, 4.0 M; B,  
3.0 M; C, 2.0 M; D, 1.0 M. C-S Stretching region 

The spectral parameters of the C-S symmetric and asym- 
free DMSO molecules with increasing concentration of metric stretching bands are given in Table 3. The depolar- 
perchlorates, which is in conformity with the above obser- ization ratios for the low frequency band are in the range of 
vations on corresponding increase in intensity of the low fre- 0.08 to 0.10; whereas for the high frequency band they range 
quency component of the S=O stretching band. between 0.50 and 0.65. It is noticed that the half-bandwidth of 
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the high frequency band increases wih increasing concentration 
of perchlorates, being 15 cm- '  for pure DMSO and nearly 20 
cm- '  for a 1 M solution of LiC10,. Similar increases are ob- 
served in the half-bandwidths for other solutions as well. The 
low frequency symmetric stretching band for solutions of 
LiCIOJ shows a considerable increase in the bandwidth, where- 
as  those for the solutions of potassium and sodium perchlorates 
have similar bandwidths for the concentration range of 
0.5-2 M, which is about 2 cm- '  higher than the pureYDMSO 
band. Since the spectral parameters were different for different 
concentrations for recording the Raman spectra, the intensities 
of the bands cannot be accurately compared for the same sys- 
tem over a range of concentrations. However, the variation in 
half-bandwidths as well as depolarization ratios with varying 
concentrations of perchlorates definitely shows reordering of 
the DMSO molecules in the perchlorate solutions, when com- 
pared with pure liquid DMSO. Fourier transform of these bands 
may be helpful in determining the vibrational relaxation times, 
which may give extra support to the proposed structure-making 
properties of perchlorates for liquid DMSO. Work in this direc- 
tion is under progress and will be published elsewhere. 

Conclusions 
Raman spectra of perchlorate solutions in DMSO suggest the 

presence of ion pairs in the solutions of DMSO on the basis of 
the C1-0 stretching bands. The band contours in the S=O 
stretching region also show significant changes. The bands in 
the C-S stretching region show increase in the half- 
bandwidths, and decrease in the depolarization ratio of the 
higher frequency asymmetric stretching bands. Raman spectra 
of aqueous perchlorate solutions d o  not show the low frequency 
C1-0 stretching band due to ion-paired C10, species with the 
C,,, point group observed in the case of solutions in DMSO, 
which is in accordance with earlier conclusions that C10, ions 
d o  not show evidence of ion association in aqueous solutions. 
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Reactions of lumiflavin with amine radicals 
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PARMINDER S. SURDHAR, DOUGLAS E. BADER, and DAVID A. ARMSTRONG. Can. J .  Chem. 63, 1357 (1985) 
The amino radicals (.AH) formed by the h°Co radiolysis of N,O-saturated 0.05 M solutions of ethylene diamine tetraacetate 

(EDTA) at pH 7 and 11.2 and of glycine at pH 11.2 brought about an efficient two-electron reduction of lumiflavin (FI). The 
spectra of the products were identical to those formed by photolysis of the same solutions and by reduction of the lumiflavin 
with .CO,- radicals. The products were reoxidised to flavin by oxygen. The quantum yield for flavin disappearance was 0.52 
2 0.07 and 0.17 ? 0.01 in the presence of EDTA at pH 7 and 1 1.2 and 0.065 + 0.008 and 0.17 ? 0.01 for glycine at the 
same pHs, respectively. 

The overall two-electron reduction can be explained by the mechanism: 

The rate constants of reaction [4] were found by pulse radiolysis to be 1.8 ? 0 .3  x 10' and 1.5 ? 0.3 X 10" M- '  s - '  for 
the radicals of glycine and EDTA at pH 7 and 3.6 * 0.3 x 1 0 H M  S - I  for glycine radicals at pH 11.2. The spectrum of .FIH 
formed by glycine radicals at pH 7 is similar to that produced by .CO,-, but there was some perturbation, which is apparently 
due to interaction with the amine. 

The radicals formed from the secondary amines piperazine and diethylamine at pH I 1.8 also effected reversible two-electron 
reduction. However, the radicals from glycine anhydride and the primary amine ethylamine yielded significant amounts of 
non-oxidisable products. The reaction mechanisms are discussed and effects of pH are considered. 

PARMINDER S .  SURDHAR, DOUGLAS E. BADER et DAVID A. ARMSTRONG. Can. J .  Chem. 63, 1357 (1985). 
Les radicaux arninks (.AH) issus de la radiolyse au "Co de solutions saturkes en N,O, contenant 0,05 M de tetraacktate 

d'kthylene diamine (TAED) at maintenues a des pH de 7 ou 11,2 ou contenant de la glycine a un pH 11,2, provoquent une 
rkduction deux Clectrons efficace de la lumiflavine (FI). Les spectres des produits sont identiques a ceux des produits obtenus 
par la photolyse des mCmes solutions et par la reduction de la lumiflavine par les radicaux .CO,-. L'oxygkne provoque une 
rkoxydation des produits en flavine. A des pH de 7 et 11,2 et en presence du TAED, les rendements quantiques pour la 
disparition de la flavine sont respectivement kgaux a 0,52 2 0,07 et de 0,17 ? 0,01 alors qu'en presence de glycine et aux 
mCmes pH ces rendements sont Cgaux a 0,065 2 0,008 et 0.17 ? 0,Ol. 

On peut ilustrer la reduction globale a deux Clectrons, par le mecanisme suivant: 

Faisant appel a la radiolyse pulsation, on a pu Ctablir que les constantes de vitesse de la reaction [4] sont Cgales a 1,8 2 0,3  
X lo9 et a 1,5 ? 0,3 x lo9 M- '  s - '  respectivement pour les radicaux glycine et TAED a un pH de 7 et 2 3,6  ? 0,3  x 10" 
M - '  s - '  pour les radicaux glycine a un pH de 1 1,2. Le spectre du .FIH forme par les radicaux glycine h pH de 7 est semblable 
2 celui produit par le .CO,-, mais il y a une certaine perturbation qui provient apparemment d'une interaction avec I'amine. 

Les radicaux formes a un pH de 11,8, a partir des amines secondaires comme la pipkrazine et la dikthylamine, provoquent 
Cgalement une reduction rkversible impliquant deux Clectrons. Cependant, les radicaux provenant de I'anhydre de la glycine 
ainsi que de I'amine primaire I'ithylamine donnent des quantite importantes de produits qui ne sont pas oxydables. On discute 
du micanisme de larkaction et on considkre I'influence du pH. 

[Traduit par le journal] 

Introduction of reactions occurs in nitrous oxide-saturated solutions (5, 6): 
Apart from their intrinsic interest in the chemistry of organic [,I 4.2 H,O - 2,7 e; + 0,6 .H + 2.8 .OH + 2,7 H+  

free radicals, the reactions of amine radicals with flavins are of 
potential relevance to the mechanism of action of monoamine + 0.5 H2 + 0.7 Hz02 

oxidase enzymes (1 ,  2), and to the important area of pharma- [2] e, + NzO + H,O + O H  + .OH + N, 
cology which is based on monoamine oxidase inhibition ( I  -4). 
This studv is concerned with the one and two electron reduction L3] 'OH + AH2 + Hz0 + 'AH 
of lumiflavin ( ~ 1 )  by amino radicals ('AH) formed from g l ~ c i n e  Concentrations of AH, and ~1 were chosen so that the time and ethylene diamine tetraacetate (EDTA), and with certain scale of reactions [ I ]  to [3] was much shorter (510-7 s) than 
other types of reaction which occur for radicals formed from that for the reaction of ~1 with any of the primary radicals. 
ethylamine, diethylamine, piperazine, and glycine anhydride. Depending on its rate constant, reaction [41 

The radicals were produced by radiolysis or by photolysis. In 
the former technique the following will-established sequence [4] .AH + FI + A + .FIH 
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Glycine (15,191 EDTA (18) 
Glycine pK = 9.77 ~ H C O :  -02C-CH2 H CH-COT 

I I l .  
NH2 (a) 

I 
N-C-C-N 

I l l 1  
-02C--CH2 H H CH-COT 

Glycine anhydride (16,17) 
Radical pK= 9.6 

1 - O ~ C - ~ H  H H CH2C0y 
H 2 c / N \ c B  

I (b) 
l l l l  

I N-C-C-N 

C-H -O2C-CH2 ( ! ( I  H H CH2C0: 
I 
I 

H Eth?ila~nine' ( 19, 20) 
Amine pKl, = 10.14 

Piperazine ( 19) (p)  .CHr-CH2-NH2 
Amine pK2 = 9.73 (a) CH3-CH-NH2 

Radical pK = 10.6 
I;r 

1 Diethylcmline' ( 19. 20) 

CH2 Amine pKI, = 10.19 
1 (P) .CH2-CHI-NH-C,~-~S 

H2C\ ,C-H (a) CH,-CH-NH-CrHs 
N 
I 

SCHEME I .  [f] = fluorescence, 
[isc] = Intersystem crossing, 
[ip] = triplet decay via isc and phosphorence, 
[s] = singlet quenching, 
[t] = triplet quenching, 

[ts] = triplet -, singlet, 
[h] = proton transfer. 
[b] = back donation, 
[el = electron transfer. 

would then occur on a 1 KS or longer time scale. Its kinetics can 
be followed directly in pulse radiolysis experiments (6). 
Alternatively, in continuous y radiolysis experiments at low 
intensity, the product' FIH- produced by the disproportionation 
of .FIH (reaction [5] (7, 8)) can be detected by spectro- 

photometry (9). Analogy with reaction of reducbzg radicals 
formed from alcohols (9) would suggest that the sequence 
[4]-[5], and possibly also reaction [6], would continue until all 

F1 have been converted to FIH-, at which point the dispropor- 
tionation cum combination of .AH would become the dominant 

[7] 2 .AH + A + AH2 or (AH)' 

mode of radical loss. This of course assumes that FIH- is inert 
to -AH. 

The photochemical technique produces equal yields of -FIH 
and -AH through the sequence of reactions shown in Scheme 1 .  

The values of many of the rate constants for the photo- 
physical steps are known for representative flavins (2, 10- 14), 

'The pK of FlH2 is -6.7 and that of .F1H is -8.3 (7). Our equations 
have been written for pH just above 7. 

and the overall quantum yield for .FIH formation has been 
reported for several amines ( I  1 ,  12). Reactions [b] and [el are 
favoured by the cage effect for the geminate radical pair. How- 
ever, one study has shown that the radicals may diffuse appart 
before reacting ( 14). In flash experiments radical - radical reac- 
tions are rapid, and .FlH + .AH reactions may occur preferen- 
tially (12) with diffusing radicals. Thus reactions [5], [6], and 
[7] cannot be excluded. However, for the low intensity con- 
tinuous photolysis procedure used here .AH should disappear 
mainly via reaction [4], which should be followed by [5]. The 
yield of FIH- would therefore be equal to the yield of .FIH and 
.AH, assuming [b] is negligible. 

The structures of the radicals, which should be produced in 
reaction [3] at pH 7 are shown below for each of the amines. 
Where there is evidence for pKs of AH2 and .AH in the pH 7 
to 12 range these are also given, along with references (in 
parentheses) to both the structures and the pKs. Spin resonance 
and other studies show that when the amine is deprotonated, 
hydrogen atom abstraction is primarily from the a-carbon. 
Thus far the ethylamines a-type radicals dominate at pH r 11 

'Abstraction of .H by .OH is mainly from P carbon for protonated 
amine and from a carbon for unprotonated amine (20). Thus (P) 
should be the main radical species below pK, and (a) the main one 
above pKb. 
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any given time after the radiation pulse, -were converted to [ E ( F ~  
radical) - E(FI)] at each wavelength by dlv~ding AA by the concen- FIG. 1. Absorption spectra 60 ps  after pulse radiolysis of 40 pM F1 

tration of radicals produced per kilogray, values of E ( ~ l  radical) were at pH 7 ,  In phosphate buffer. Reacting radicals: (- - -) .GO>- in formate 

then obtained by adding values of E(FI), which were measured on a solutions (20 x lo-' M )  and NzO-saturated; HC(NH2)C02- in 

Cary-219 spectrop~otometer, ~ ~ d i ~ ~ l  yields per kGy were 5.6 0.05 M - 0.1 M glycine solution, argon, and N~o-saturated. Inset: 
10-4 for 0,05-0 glycine at pH 7, 7,0 10-4 for 0.05 plots of pseudo first order rate constants vs. concentration of FI for pH 

~ l v c i n e  at pH 11.2, and for 0.05 M EDTA 6.4 X M and 7 .0  x (0) and ' (A). 

SURDHAR ET AL. 1359 

-. 
M a t A p ~  7 and 11.2, respectively. The differences reflect the 

different reactivities towards .OH (5, 23). 
Steady state radiolyses were performed in an AECL M'Co y cell with 

a steady dose rate of 10.0 Gy min-I. The dose rate was determined by 
ferrous sulphate dosimetry, assuming G(Fe3') = 15.6 molecules per 
100 eV (5), and checked periodically. 

All solutions were prepared from triply distilled water and purged 
with N 2 0  or argon as indicated. The gases were first passed through 
a column of ridox (Fisher Scientific Co.) to remove traces of oxygen. 
All solutions were buffered with 10 mM phosphate and protected from 
light as much as possible. Experiments were performed at 23 t 2°C. 
The net number of moles of radicals produced per litre of solution for 
a given radiation dose, e,,,, was calculated by means of eq. [I21 of 
ref. 9 .  

'The photolysing lamp consisted of a 250W Halogen Bellophot fitted 
with a water filter. 'The light was collimated through filters with 
maximum and minimum transmissions of A445 and A420 nm, re- 
spectively. Light intensities at various distances were determined 
chemically using ferrioxalate actinometry (24). The actinometer solu- 
tion was 0.15 M potassium ferrioxalate in 0. I N sulphuric acid. A 
molar extinction coefficient of 1.05 X lo4 M - '  cm-'  at 5 10 nm for 
the I ,  10-phenanthroline complex was determined experimentally by 
procedures of Hatchard and Parker (24). The spectrum incident on the 
1 cm square quartz photolysis cell was calculated from the emission 
spectrum of the lamp and the percentage transmissions of the filters. 
The fraction of light absorbed over the band of wavelengths was 
calculated from the absorption spectrum for each irradiated solution. 

although some P-radicals must be anticipated (15-18, 20). 
Two types of radicals are also possible for EDTA, and the pKs 
are not known. For glycine and probably for piperazine one 
radical type should be dominant at pH 7 or 11.8. For glycine 15 
anhydride at pH 11.8, the radical structure will differ from that 
shown by the loss of the proton from the N atom adjacent to the - radical sight. o 

0 e 
Experimental > 

Materials 10- 
Chemicals obtained were EDTA and lumiflavin (Sigma Chemical 7'' 

2 Co.), analar grade diethylamine and glycinc (British Drug Houses), ,, 

Results 
Pulse radiolysis 

The solid line, the mean of four determinations, in Fig. 1 
shows the spectrum at pH 7 produced by the reaction of the 
glycine radical with 40 pm F1 at 60 ps  after the pulse in 
N,O-saturated solutions, while the dashed line is the spectrum 

I I I 

- - 
," 8 
0 
7 

\ 
xr 

- 
20 40 60 80 

of -FIH produced by the reaction of .C02- with F1. The main 
features of the spectrum produced by . C 0 ,  were a minimum 
at 415 nm, maxima at 340 and 510 nnl, and a broad shoulder 
at 570 nm. The spectrum produced by the glycine radical is 
somewhat different. In addition to the maximum at 345 nm it 
has a shoulder around 380 nm and there is an increase in 
absorption in the 400-500 nm region. A similar spectrum was 
obtained in argon-saturated solutions indicating that the radical 
species produced by glycine in argon or N,O-saturated solu- 
tions are the same. The spectrum was independent of glycine 
concentration in the range 0.05 to 0.1 M .  The growth in ab- 
sorbance above 500 nm and the change in absorbance at other 
selected wavelengths exhibited a pseudo-first order behaviour 
when plotted as a function of time. 

The slope of the plot of the pseudo-first order rate constant 
versus [Fl] for four concentrations in the range 10-100 p M  
gave a k4 value of 1.8 ? 0.3 x l o w M - '  s- '  . The rate constant 
for reaction of the glycine radical with F1 was similarly deter- 
mined at pH 11.2 and found to be 3.6 * 0.3  x lo8 M - '  s- ' .  
The plots are shown in the inset of Fig. 1. Likewise the ob- 
served value of k4 for EDTA radicals at pH 7 was 1.5 * 0.3 X 

10' M- '  s-I. Absorption spectra for the flavin species formed 
by the radicals of EDTA and of glycine at pH 11.2 will be 
discussed separately in a future publication. 

ethylamine and piperazine (Eastman Kodak Co.). All other chemicals w 
were the purest available grade and used as supplied. 

Apparatus / 
The pulse radiolysis experiments were performed by utilizing 2 ps  

pulses of electrons with a dose of 2 to 4 gray per pulse from the 1.5 5 - 
MeV Van de Graaff generator described carlier (21). A 1.0 cm path 
length optical cell was used with a fresh solution for each pulse. 
Dosimetry was based on absorbance changes in N20-saturated 1 x 
lo-' M potassium ferrocyanide solutions with ( G  X ~ ~ 2 0 )  taken as 6.4 
x lo3 molecules (100 eV)-' M - '  cm-' (22). Here G is the yield of 
the product (ferricyanide) in molecules per 100 eV of radiation energy I I I 
and E~~~ the difference in molar absorbance co-efficients of ferri- and 400 500 600 
ferrocyanide at 420 nm. 

Values of AA, the change in absorption per unit dose observed at h (nm) 

60Co radiolysis andphotolysis of glycine and EDTA solutions 
of F1 

Spectral changes resulting from the reduction of 20 pM F1 
with radicals from 0.1 M glycine in N20-saturated solutions at 
pH 7 and 11.2 are shown in Figs. 2 and 3,  respectively. The 
initial spectrum of F1 was suppressed by each successive dose 
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FIG. 2. Spectra obtained from NzO-saturated solutions of 20 pM 
LF in 0.1 M glycine and 10 mM phosphate buffer at pH 7 before 
irradiation, and after 16, 20, 28, 36,40, 44,48, 52, and 56 min of y 
irradiation at 10 gray m i n ' .  Dashed line: spectrum after reaeration of 
the irradiated solution. Inset shows spectrum of the reduced species 
formed by the reacting radicals produced from: photolysis in 0.05 M 
EDTA (A),  0.05 M Glycine (0); and y radiolysis of 0.1 M EDTA 
(0) in buffered solutions containing 20-40 pM F1. Lines: error limits 
for species produced by the .COz- radicals in irradiated formate solu- 
tions. 

of radiation at pH 11.2 and there was no further change in the 
spectrum after 20 min of radiation. The original spectrum of FI 
was regenerated on aeration as shown by the dotted lines in Fig. 
3. At pH 7.0, however, the spectrum did not reach a steady 
state. On addition of air the original spectrum of Fl was not 
regenerated as shown by the dotted lines in Fig. 2, indicating 
the formation of a new product. The identification of this new 
product was not pursued. 

In the case of reduction of 20 p,m Fl irradiated in 0.1 M 
EDTA the spectra reached a steady state and the original spec- 
trum of Fl was regenerated at both pH 7 and 11.2 on addition 
of air. 

The insets of Figs. 2 and 3 show that the spectra of the 
species produced from FI by y-radiolysis and photolysis of 
0.05-0. l M glycine and EDTA and by .COz- are identical. 
There are small differences between pH 7 and 11.2, due to the 
more complete ionisation of FIHz at the higher pH. 

Figure 4 shows a plot of A[Fl] x lo6 M versus e,,,, x lo5 M. 
From the initial slopes values of q, the number of moles of 
reducing equivalents taken up per mole of flavin were calcu- 
lated. They were 2.28 and 2.34 for EDTA, and 2.25 and 2.42 
for glycine at pH 7.0 and 1 1.2, respectively. These values were 
consistent with the overall two-electron reduction, viz. 

WAVELENGTH (nm) 
FIG. 3. Spectra obtained from NzO-saturated solutions of 20 pM F1 

in 0.1 M glycine and 10 rnM phosphate buffer at pH 11.2 before 
irradiation and after 2, 3, 4, 5 ,  6, 7, 8, 10, 12, 16, and 20 min of y 
irradiation at 10 gray min-I. Dotted line: spectrum after reaeration of 
the irradiated solution. Inset shows spectrum of the reduced species 
formed by the reacting radicals produced from photolysis in 0.05 M 
glycine (0); and y radiolysis of 0. I M EDTA (0) and 0.1 M Glycine 
(A) at pH 11.2 in buffered solutions containing 20-40 pM FI. The 
line shows the species produced by C O z -  in formate solutions. 

Quantum yields for the photoreduction of 20-40 KM F1 in 
0.05 M EDTA and glycine at pH 7 and 1 1.2 were 0.52 2 0.07, 
0.17 -+- 0.01, and 0.065 -+- 0.008 and 0.17 Ir 0.01, re- 
spectively. These are average values determined at several light 
intensities from the initial slopes of A[Fl] versus time over a 
small period of time or by using the integrated rate law 
In [ l b o -  l)/(lOA~ - l)] = @glut (1 I). Here lo is the incident 
light intensity, A is the absorbance at time t ,  @ the quantum 
yield of photoreduction, and E the molar extinction coefficient 
of FI weighted for the overall spectrum transmitted by the 
filters. This was determined to be 8459 M I  cm-I. Both meth- 
ods gave the same values of @. The integrated plots for three 
different light intensities are shown in Fig. 5. The average 
quantum yield for EDTA at pH 7 was made for six different 
intensities with lo covering the range 1 to 226 X lo-' einsteins 
cm-' s-I. 

60Co y radiolysis and photolysis of F1 solutions containing 
other amines 

Spectral changes resulting from the gamma radiolysis or 
photolysis of 20-40 p,M F1 in the presence of the amines listed 
in Table 1, other than EDTA and glycine, were followed in the 
same way as those described above for glycine and EDTA. In 
most cases y radiolysis experiments were carried out in argon- 
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SURDHAR ET AL. 

TABLE 1. Quantum yields for F1 disappearance 

Amine* 

EDTA 
Diethylamine 
Piperazine 
Ethy lamine 
Glycine 
Glycine anhydride 

pH 11.2-11.8 

@/@ EDTA ?-/~)N?o 2 1 ~ ~ ~  @/@ EDTA 

*[Aminel = 0.1 M and 0.05 M ,  respectively, for y-radiolysis and photolysis, except for glycine anhydride where 
the concentration in radiolysis was 20 mM. [FI] is 20 FM and 40 1 M  for y-radiolysis and photolysis, respectively. 
Photolysis was carried out in N 2 0  purged solutions. The subscript only indicates purging gas for radiolysis method. 
Standard deviations are typically ?5%. 

FIG. 4. Change in A[Fl] versus eTed, number of equivalents of re- 
ducing species reacted, for F1 + HC(NH2)C02- at pH 11.2. 

purged, as well as N20-saturated solutions. 
The purpose of these experiments was to examine the effi- 

ciency of two electron reduction of F1 by different kinds of 
amine radicals and to determine whether any products, which 
were not oxidisable by oxygen, were formed. Values of q for 
the radiolysis were determined from initial slopes of plots of 
A[Fl] versus erCd, as in Fig. 4. The efficiencies, given as 2 /q  
have been presented in Table 1. Quantum yields for the photol- 
ysis, determined as for EDTA and glycine, were for diethyl- 
amine, piperazine, ethylamine, and glycine anhydride 0.01,, 
0.0 16,0.055, and 0.043 at pH 7 and 0.0059, 0.00 10, 0.0096, 
and 0.03, at pH 11.8, respectively. These have been expressed 
in Table 1 relative to those of EDTA at the same pH. 'The 
reversible reduction was determined by expressing the increase 
in absorbance at 440-447 nm on addition of air as a percentage 
of the total loss of absorbance. In cases like that of glycine at 
pH 7,  where the spectrum did not reach a steady state, re- 
oxidation was carried out weil before the stoichiometric equiv- 
alence point. Those cases were glycine, ethylamine, and dieth- 
ylamine. The percentages of reoxidation by air have been given 
in italics in Table 1. 

Time (seconds 1 

FIG. 5 .  Plot of loglo { ( l V O  - l ) / ( lV1  - I)} versus time for three 
different light intensities. The 1" values are 1.08 X lo-' (A), 4.82 X 
lo-' (n), and 8.12 X lo-' (0) einsteins cm2 s-I. 

It should be noted that for ethylamine and diethylamine at pH 
7,  if radiolytic reduction was taken beyond the stoichiometric 
equivalence point, there was less than 5 %  reoxidation. The 
products of the radical plus flavin reactions exhibited maxima 
at 3 10 nm and lower absorbance in the region from 330 to 470 
nm than the reduced flavins formed by .C02- or EDTA radi- 
cals. This was true for both N20- and argon-saturated solu- 
tions. 

Discussion 
Formation of -FlH by glycine and EDTA radicals 

As shown in eq. [2], in nitrous oxide-saturated solutions eb 
is converted to .OH. Glycine radicals produced via reaction [3j 
are then the only significant species reacting with F1. On the 
other hand, in argon-purged solutions e, reacts directly with F1 
(reaction [9] (8)) in a yield comparable to that of the glycine 

radical (GC; = 2.7 and G.OH = 2.8 from eq. [l.]). Since the 
spectra were the same in N20- and argon-purged solutions, one 
must conclude that the species produced by glycine radicals and 
e, were the same. Also, since in the absence of glycine the 
spectrum of -FlH produced in reaction [9] is the same as that 
formed by .CO2- and other reducing radicals (8, 25), it would 
appear that the difference between the two .FlH spectra in Fig. 
1 was caused by thepresence of glycbe and not by the different 
reducing radicals -COz- and H2NCHC02-. Similar experi- 
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ments performed at pH 10 showed that addition of glycine to 
formate solutions, in which F I  was formed by reaction of F1 
with -CO,- and e,, again caused perturbation of the .F1- spec- 
trum. Furthermore at pH 7 several of the other amines used 
here created an even stronger enhancement of the .FIH absorb- 
ance in the region near 450 nm than that seen in Fig. 1. A 
systematic study of these effects will be reported in detail 
elsewhere. However, it is evident that several amines interact 
relatively strongly with .FIH and .F1-, causing significant alter- 
ations in their absorption spectra. Some evidence for inter- 
actions between flavin radicals and certain amino acids has 
been reported previously (26). 

The rate constants for reaction of glycine and EDTA radicals 
withFlatpH7were 1.8 2 0 . 3  x lO%nd 1.5 k 0 . 3  x 1 0 M M - '  
s f ' ,  respectively. These may be compared with 3.6 k.0.3, 2.6 
+ 0.3, and 2.0 t 0.3 X 10' MM-' s-' for .CO,-, CH,C(OH)H, 
and (CH3),COH, respectively. All of these radical reduction 
processes appear to be close to the diffusion-controlled limit. 
The smaller rate constant for glycine radicals and F1 at pH 1 1.2, 
3.6 X 10' M-' s-I, is probably due to the development of a 
negative charge on the lumiflavin, which has a pK of about 10 
(7), and the consequent interaction with the negatively charged 
glycine radical. The present value of k4 = 1.5 X 10' M-'  s-I 
for EDTA radicals plus lumiflavin at pH 7 may be compared 
with published rate constants of 2 x 10' and 5 x 108M-' s-I, 
respectively, for the corresponding reaction of EDTA radicals 
with flavin mononucleotide (27) and 3-methyllumiflavin (14), 
which are slightly smaller. 

The fortnation of FIH- by glycine and EDTA radicals 
The spectra of the products formed in y radiolysis from 

EDTA radical at pH 7 and 1 1.2 and from glycine radicals at pH 
1 1.2 were identical to those produced by photolysis of the same 
solutions and by .C02- (9) (see Figs. 2 and 3). This feature and 
the fact that all of these products can be reoxidised to F1 by air 
are consistent with FIH- as the only significant compound 
formed by these radicals. 

The case of the glycine radical at pH 7 is interesting, since 
the spectrum did not reach a steady state. The spectral changes 
in the 3 10 to 5!O nm region of Fig. 2 for the addition of the first 
5 mol of H2NCHCO2- radical per mole of flavin demonstrates 
that reduction to F1H- did occur (cf. the data in the inset). The 
stepwise spectral changes for added radical concentration up to 
this point were quite similar to those in Fig. 3 and have been 
omitted for clarity. However, beyond that point there was a 
reduction in the absorbance at the 220 nm peak and in the 3 10 
to 5 10 nm region. Also, after prolonged irradiation such as the 
one shown in the Fig. 2, the initial concentration of FI was not 
recovered on addition of air. These observations demonstrate 
that at pH 7 glycine radicals react with FIH-, causing an irre- 
versible change and producing a product, which cannot be 
oxidised to F1 by oxygen. The effect of this process will obvi- 
ously be less apparent when glycine radicals are produced by 
photolysis, since the rate of formation of glycine radicals be- 
comes zero when all F1 has been converted to FIH-. In contrast, 
in y radiolysis the rate of radical production is independent of 
[Fl] and [FIH-I. The only other radical for which similar be- 
haviour has been observed thus far is e,! (9). 

As stated in the Results section, the initial slopes of plots of 
A[F1] versus erCd as in Fig. 4 yield values of q = 2.2 to 2.4 for 
both glycine and EDTA radicals at pH 7 and 1 1.2. This feature 
indicates a relatively efficient two radical per flavin reduction 
process as in eq. [8]. Thus reaction [7] cannot be of very great 

significance, certainly not in the initial phases of the reduction. 
The reactions contributing to reduction may be taken to be [4] 
and [5] with some possible contribution from [6]. The present 
study is a necessary prelude to a determination of the rate of this 
reaction by the technique of long pulses (28). 

lnterpretation of the quantum yields for flavin disappearance 
is not as easy as for the values of q .  However, the values of 
alsc (= klsc(klsc + kr)-I, if other singlet loss processes are 
neglected) lie between 0.5 and 0.7 at pH 7 and fall off at high 
pH to about 0.17 at pH 10.3 (10- 13). Thus the quantum yields 
for EDTA reduction at both pHs and for glycine at pH 11.2 are 
equal or close to the maximum values, which can be obtained 
from reactions [t], [h], [el and [6] or [4] + [5]. Actually the 
present quantum yields at pH 7 are in gratifyingly good agree- 
ment with those reported for the photoreduction of riboflavin 
( 1  1 )  and of FMN (13) by EDTA at pH 7. One may note that the 
data of ref. 13, indicate a quantum yield of 0.67 + 0.09 for 
.FlH from a flash experiment, while @(FlH,) was 0.54 ? 0.05 
in steady-state photolysis and 0.61 + 0.12 in the flash experi- 
ment. These results suggest that slightly fewer radicals produce 
F1H- at low intensity, but in both cases the conversion of .FIH 
+ .AH radicals pairs to FIH- was 270%. For comparison the 
efficiencies for the two-radical reductions, which can be calcu- 
lated from the q values for they radiolysis (= 2 q-I X 100%) 
reported above are 280%. These figures are presented in Table 
1 as fractions. 

The much smaller quantum yield for photosensitised reduc- 
tion in the presence of glycine at pH 7 (a (FIH,) = 0.065) may 
be attributed to the small value of k, (<lo5 M-I S - I  for FMN3 
at pH 7 (12)), which has been reported for the amino acid. For 
EDTA k, is apparently much larger (6.2 X 10' for 3-methyl- 
lumiflavin (14)). 

The products derived from EDTA for radical reductions of FI 
to FIH- have been discussed by Armstrong, Hemmerich, and 
Traber (29). In the absence of metal ions 1 mol of glyoxalate 
and of CO, were formed per mol of flavin reduced. The reac- 
tions which they propose are shown in Scheme 2. The major 

I 

.AH radical is seen to be -A-~HCOOH, which is the type 
b radical expected from .OH abstraction. This radical probably 
dominates over the (a) radical in y radiolysis, since there are 
twice as many C-H bonds from which it may be produced. 
Support for that comes from the observation that glyoxalic acid 
is also the main product of the radiolysis of EDTA in air-free 
solutions (18). This product plus the amine formed with it 
correspond to A in reaction [4]. In the cas: of glycine, electron 
transfer from H ~ N ~ H C O ~ -  produces H2N=CHC02-, which 
hydrolyses to ammonia plus glyoxylic acid and a smaller 
amount of formaldehyde (30, 3 1). 

Reactions of other amine radicals 
The experiments reported here were carried out to determine 

whether the reversible two electron reductions observed with 
glycine and EDTA radicals occurred with other amine radicals. 
'The quantum yields for F1 disappearance are seen (Table 1) to 
be much smaller than those for EDTA, which probably repre- 
sent the values of the yields for Fl*' intersystem crossing in the 
two pH regimes. Evidently with the other amines there is more 
singlet quenching (without product formation) and/or the val- 
ues of k, are significantly lower. In addition, the y radiolysis 
results imply that the reactions of .AH may now be slightly less 
effective in forming F1H- (see below). 

The results in Table 1 at pH 11.8, where the amines are 
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i f  no hydrogen J i f  I ,6-hydrogen 
shift is possible shift occurs 

n+ -N N- 
II 

CH3 CH-COOH 

C H ~  H 

+ OCHCOOH 

SCHEME 2. Reaction pathways of FI,,, sensitised photooxidation of 
EDTA (29). 

deprotonated, will be considered in detail first. In the case of 
piperazine both photolysis and radiolysis led to products, 
which could be reoxidised to flavin to the extent of 95+%. In 
this regard it was probably significant that only one type of 
radical could be formed by .OH abstractions of H from CH, 
groups, which is expected to be the main site of .OH attack 
(32). From published mechanisms for flavin-catalysed amine 
oxidations, one may reasonably expect this to be the same as 
the radical arising from photolysis (Scheme 1). For the other 
secondary amine, diethylamine, one sees on the other hand the 
percentage of reoxidisable product fall to 87 in going from the 
photolysis to the radiolysis in N,O-saturated solutions. Here 
some .OH abstraction of H from P-carbon atoms may occur, 
and from studies with alcohols it has been found that such 
radicals form non-oxidisable products via reaction [lo] (9). 
Thus it seems probable that the a-amine radicals of diethyl- 

amine reacted similarly to those of piperazine and the non- 

[lo] .FIH + .AH + HFI-AH 

oxidisable product was due primarily to the presence of some 
10% or so of p radicals. Evidently these species are not found 
in the photolysis at all. The above results with secondary ami- 
nes are in contrast to the behaviour for the primary amine 
ethylamine. Here, both photolysis and radiolysis yielded large 
percentages of non-oxidisable product. These results could be 
explained if reaction [h] and [t] in Scheme 1 were in com- 
petition with a P-hydrogen abstraction by F1' and this and the 
.OH in the N20-saturated irradiated solutions produced roughly 
40% of p-amine radicals. However, based on conclusions from 
pulse radiolysis (20) this seems to be a rather high proportion 
of P-radicals, and the alternative hypothesis, that a-amine rad- 
icals of ethylamine form oxygen-stable products, must be con- 
sidered. Rather interestingly, substitution of the - C O ,  group 
of glycine for the P-CH, of ethylamine completely altered the 
situation and only reoxidisable product was seen (Table 1). 

At pH 7 the proportion of .OH abstraction of H from the 
P-carbon rises, due to protonation of the amine (20). Reference 
to Table 1 shows that the percentages of flavin product re- 
oxidised by air after irradiation of N20-saturated solutions of 
diethylamine and ethylamine fell dramatically, which is in ac- 
cord with the formation of P-radical adducts in reaction [lo]. 
Based on earlier studies these were probably C-4a-alkylated 
4a,5-dihydroflavins (9), but we did not attempt to identify them 
here. 

It is interesting that the percentage of reversible reduction 
also fell off for the photolysed solutions, although by a much 
smaller amount. Evidently for these primary and secondary 
amines either pH influences the photochemical reactions or the 
mechanism of reaction between .FIH and .AH is different from 
that between F1.- and .AH. This is in contrast to the pH inde- 
pendent yield of reduction for the tertiary amine EDTA. One 
may note that other tertiary amines, Et3N and Me2NCH2Ph, 
have been reported to produce 100% oxygen reversible reduc- 
tion on photolysis (2) at pH 7.  

The percentages of reoxidation for glycine anhydride are 
different from those for the other two secondary amines. Clear- 
ly the reactions which occur are altered quite drastically by the 
replacement of CH, by CO (cf. piperazine). 

The values of 2/q for the other amines are also different 
from those of EDTA. As stated earlier .AH and -FlH are pro- 
duced from .OH and e.& in approximately equal yields in argon- 
purged solutions. The values of 2/+q,$, in Table 1 are therefore 
a measure of the efficiency of conversion of the .AH plus .FIH 
mixtures to products. The fact that these were significantly less 
than unity for diethylamine, piperazine and ethylamine implies 
that reaction [7] and/or the back donation [b] are important. 
The even lower efficiencies in N?O-saturated solutions, where 
there was no source of .FlH apart from reaction [4], is an 
indication that some .AH radicals were lost via reaction [7]. 

Finally it is interesting that the percentage of reversible ox- 
idation fell off when the number of radicals reacted per flavin 
at pH 7 was taken beyond the stoichiometric equivalence point. 
This implies that oxidisable product formed in the initial stages 
may be converted to an oxygen stable form. In this connection 
one may recall that there is an equilibrium between F1, FlH-, 
and .FlH (reactions [5] and [-51). This provides an avenue for 
the conversion of F1H- to HF1-AH through reactions 
[-51-[lo]. Further work on this aspect is desirable. Also 
needed is a more quantitative assessment of the proportion of 
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'N. radicals produced by .OH and F13 reactions both above 
/ 
and below the amine pK. It is not possible at present to say 
whether that type of radical undergoes addition or electron 
transfer. 
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Raman intensity calculations with the CNDO method. Part 111: 
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EDWARD D. SCHMID and ELEONORE BRODBEK. Can. J. Chem. 63, 1365 (1985) 
Absolute differential Raman scattering coefficients of hydrogen bonded N,N-dimethylformamide (DMF) - water complexes 

and a N,N-dimethylacetamide (DMA) - water complex are calculated with a variational method within the CNDO approxi- 
mation using an extended basis set. Changes of Raman intensities caused by intermolecular interactions are modeled in our 
Raman intensity calculations and the calculated intensities of the amide I (C=O stretching), OCN bending, and N-(Me)? 
stretching vibration of the DMF (and DMA) - water complexes are compared with the experimental absolute Raman intensities 
of DMF and DMA dissolved in water. The calculated Raman intensities of characteristic normal modes of DMF and DMA 
and their 1 : 2  amide-water model are in good agreement with the experimental data. The results show that it is possible to 
obtain qualitative information on solute-solvent interactions from Raman intensity calculations of complex molecular systems 
like hydrated DMF and DMA. 

EDWARD D. SCHMID et ELEONORE BRODBEK. Can. J. Chem. 63, 1365 (1985). 
Faisant appel i une mCthode variationnelle, dans les limites de I'approximation DNDO et B I'aide d'un ensemble de base 

ttendu, on a calculC les coefficients absolus de dispersion Raman difftrentielle des complexes de N,N-dimCthylformamide 
(DMF) - eau et d'un complexe de N,N-dimtthylacttamide (DMA) - eau comportant des liaisons hydrogenes. Les change- 
ments dans les intensites Raman qui sont causts par des interactions intermoltculaires sont instrts dans notre modele de calculs 
des intensitts Raman; on compare les intensitts calculCes pour I'amide I (elongation C=O), la dtformation OCN et vibration 
d'tlongation N-(CH,)? des complexes DMF (et DMA) - eau avec les intensitiks exptrimentales Raman absolues de la DMF 
et de la DMA dissoutes dans I'eau. Les intensitts Raman calculCes pour les modes normaux caracttristiques de la DMF, de 
la DMA et de leur modele 1 : 2  amide-eau sont en bon accord avec les donntes exptrimentales. Les rtsultats montrent qu'il 
est possible d'obtenir des informations qualitatives sur les interactions solutt-solvant i partir de calculs d'intensite Rarnan sur 
des systbmes comme la DMF et la DMA hydrattes. 

[Traduit par le journal] 

I. Introduction 
Recently it has been shown that it is possible to predict with 

considerable accuracy absolute Raman intensities of diatomic 
molecules like H?, NZ, CO, Clz, HCl, and HF (1, 2). These 
predictions are made by using normal coordinate analysis based 
on empirical or ab inirlo calculated force constants and inten- 
sity parameters calculated by ab initio methods. Absolute 
Raman intensities for molecules larger than diatomic molecules 
are also calculated with ab initio methods for HzO, NH3, CH4, 
C2H4 (2-5). Since the experimental data are often incom- 
pletely determined, only a part of the predicted spectra can be 
compared with the experiment. It is important to realize that the 
predicted Raman intensities of these small molecules are in 
agreement with the experimental intensities of the isolated 
molecule within a factor of two. 

The aim of our Raman studies is to comprehend molecular 
interactions via a comparison of predicted and experimental 
absolute Raman intensities. Our experimental investigations of 
substituent effects on benzene derivatives (6, 7) and solvent 
effects on the Raman intensities of numerous substrate mole- 
cules (8) have shown that the Raman intensity is very sensitive 
to molecular interactions. These studies represent a challenge 
with respect to extension of Raman intensity calculations to 
larger molecules (>6 atoms) and with respect to elucidation of 
effects of intermolecular interactions with these computations. 
In order to understand the effect of intermolecular interactions 
on the spectrum of a molecule it is important first to understand 
the spectrum of the isolated molecule. Calculations of absolute 
Raman intensities of larger molecules were performed for 
benzene (9), but only within the semiempirical CNDO approx- 
imation (10) with an extended basis set. Ab initio calculations 

of Raman intensities for this type of molecule are at present too 
extensive. The experimental intensities of benzene in the gas 
phase and the calculated non-resonant absolute Raman in- 
tensities of the 3032 cm-' and 992 cm-' vibrations are in good 
agreement. This might be an indication that Raman intensities 
of larger molecules (>6 atoms) can be calculated with the 
CNDO method with an extended basis set. We adopted this 
CNDO program developed by E. N. Svendsen et al. (1 1, 12) 
without changing any parameter of the CNDO method, and 
calculated the absolute intensities of the in-plane vibrations of 
formamide (1 3), and of DMF, and DMA (14). The predicted 
Raman intensities were compared with experimental intensities 
of these amides dissolved in an "inert" solvent (carbon tetra- 
chloride) and the agreement is within a factor of two. Raman 
intensities of the gas phase or of matrix isolated molecules are 
not available. 

Encouraged by this success, we extend our Raman intensity 
calculations to study intermolecular interactions. We have two 
reasons to calculate Raman intensities of amide-water com- 
plexes. First, we know from our experimental Raman studies 
that water as a solvent shows the most pronounced intensity 
change relative to an inert solvent. Second, the amide-water 
interaction is predominantly determined by hydrogen bonding 
and this specific interaction can be more easily taken into 
account in the calculation than the numerous solvent 
polarity-polarizability effects. The Raman intensity calcula- 
tions of the DMF (DMA) - water complexes are compared 
with experimental data for the characteristic modes of DMF 
(DMA) dissolved in water: the amide I (C=O stretching), 
SOCN bending, and vN-(Me)? stretching vibrations. The re- 
sults of these investigation~ are reviewed in this paper. 
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11. CNDO calculations 
The polarizabilities and absolute differential Raman scatter- 

ing coefficients are computed with a variational method which 
has been applied in previous calculations (9, 11, 13, 14). The 
valence basis set of the CNDO approximation is extended with 
polarization functions. The hydrogen atoms are defined with s- 
and p-functions. Similarly, d-functions are added to the first 
row elements. A description of this Raman intensity calculation 
method has been given in previous papers (9, 11, 13). 

The absolute differential scattering coefficient for obsewa- 
tion at right angles to the laser beam using linear polarized light 
is defined (17) as: 

d a  ( 2 ~ ) ~  [I]  - 1 -. h ( v o - v , ) ' ~ ,  . 
dfl  45 1 - exp (-hcv,/kT) 8n2cv ,  

G,! and y are the derivatives of the mean polarizability and the 
anisotropy with respect to the j'th normal coordinate. Here, g, 
denotes the degree of degeneracy of the normal mode v,, h 
Planck's constant, c the velocity of light in a vacuum, k Boltz- 
mann's constant, and T the absolute temperature. 

The experimental Raman intensities are determined relative 
to the v, band of CCI, at 469 cm-'. The conversion of the 
relative Raman intensities S, into absolute differential Raman 
scattering coefficients da /dR is performed with the absolute 

d a  value of ( v o  - v,)-' = 137 X lo-" cm6 for the v, band of d fl 
CCI, measured by Kato and Takuma (27): 

1 - exp (-hcv,)/kT 
1 - exp (-hcvj/kT 

The electron densities and the dipole moments for the equi- 
librium geometries are calculated with the CNDO method (9) 
with only a valence basis set, since this method already gives 
reliable results for first-order quantities. We have not fitted any 
parameter in the CNDO method to our problems. The empirical 
parameters defined by Pople and Beveridge (10) are used. 

111. N,N-Dimethylformamide - water complexes 
(a) Equilibrium geometry 

Structural studies of amide-water complexes predict that 
the oxygen atom in amides can accommodate two water mole- 
cules (16, 19-22). Ab initio calculations of hydrogen bond 
energies (20, 21) show that the hydrogen bond is formed be- 
tween the directed lone pairs of electrons on the oxygen atom 
in amides and two water molecules. This model of a 1 : 2  
amide- water complex seems to reflect an important part of the 
amide-water interaction. Pullman etal. (20,23) made explicit 
computations with a third HzO molecule and found that it is 
bound to one of the two water molecules of such a 1 : 2  
amide-water complex. The interaction of water with amide 
molecules through the intermediacy of a second water molecule 
reflects effects from the second hydration shell. 

There is also a possibility of water hydrogen bonding to the 
n-system of amides. Calculations of Kollmann and co-workers 
(21) and Schreiner and Kern (22) indicate that the interaction 

at the oxygen atom of the amide molecule weakens the inter- 
action between the n-system and H'O. 

A 1 : 1 amide-water complex can also be considered as an 
interaction model complex (18).' But this complex seems not 
to exist actually in nature, since the binding energy between 
one water molecule and the amide molecule is much smaller 
than in the 1 : 2  amide-water complex. The 0-H bond of 
a H,O molecule would be directed along the C=O bond of 
the amide molecule bisecting the angle of the lone pairs of 
the C=O bond. This 1 : 1 amide-water complex can be 
considered as a test of the sensitivity of the Raman in- 
tensity calculation to distinguish between different interaction 
models. 

All these studies on amide-water complexes were per- 
formed with formamide, N-methylformamide (NMF), and N- 
methylacetamide (NMA). No explicit models for DMF- water 
com~lexes or DMA-water com~lexes are available. Therefore 
we 'onstructed three ~ ~ ~ - w a i e r  complexes which are based 
on the results of the discussed amide-water models. 

(1) A 1 : 2  DMF-water complex (Fig. l c )  where two water 
molecules take part in the formation of linear hydrogen bonds 
with the oxygen atom of DMF. The hydrogen bond lengths and 
the orientation of the two water molecules are taken from an a b  
initio study of N-methylformamide (NMF) - water complexes 
(19). 

(2) A 1 : 3 DMF-water complex (Fig. 1 d )  which is based on 
a study of Pullman etal .  (20) of formamide- water complexes. 
The third H,O molecule is located at one of the water molecules 
of the 1 : 2 DMF- water complex. 

(3) A 1: 1 DMF-water complex (Fig. l b )  with a linear 
hydrogen bond between the 0-H bond of H,O and the C=O 
bond of DMF. The hydrogen bond length has been taken from 
ab itzitio calculations of a formamide- water comlex.' 

Experimental geometries determined by electron diffraction 
were used for DMF (24) and H,O (25). The methyl group "cis" 
to the C=O bond must be rotated in a staggered conformation 
with respect to the H 2 0  molecule at the oxygen atom of DMF 
to avoid steric interaction with water (22). The structural 
parameters of these complexes are listed in Table 1.  

(b) Normal coordinate analysis 
The normal coordinates are calculated with Wilson's GF- 

matrix method (15). The methyl groups and water molecules 
are considered as point masses. The approximation to consider 
H,O as a point mass is justified, since the intramolecular 
vibrations of H,O are not the subject of this study. We are 
interested in the effect of the hydrogen bond between DMF and 
the water molecules on the vibrations of DMF. 

As a first step in our normal coordinate analysis of the 1 :2  
DMF-water complex we use the valence force field of the 
isolated DMF, which is reported in a previous paper (14), 
and an a s s u ~ e d  hydrogen bond stretching force constant of 
0.1 mdyne/A. This force field is refined with experimental 
frequencies of DMF dissolved in water.' The fitted hydrogen 
bond stretching force constant of 0.23 mdyne/A is in !gree- 
ment with an ab initio calculated value of 0.27 mdyne/A of a 
formamide-water hydrogen bond stretching force constant 
(16). This might be an indication that our force field is not far 
from the actual force field, which could be calculated by quan- 
tum mechanical procedures. The internal coordinate definitions 

with the n-system would occur when the water molecule is 
located perpendicular to the OCN plane at the oxygen atom of 'R .  Topsom, private communication. 
the amide molecule. But inclusion of further water molecules 'U. Hnida, private communication. 
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SCHMlD AND BRODBEK 

FIG. I. Equilibrium geometries and electron densities of DMF and the DMF-water complexes. (a) Non-interacting DMF and H20 molecules; 
(b) I : I DMF- water complex; (c) 1 : 2 DMF-water complex; (d) 1 : 3 DMF-water complex. 

TABLE I. Structural parameters of the DMF-water and DMA-water complexes 

DMF" DMA" 

rC-N 
rC=O 
rC-H 
r ~ - ~ e "  
LOCN 
LHCN 
L C N M ~ ~  

Methy 1 group parameters" 
rCf-H 
LNC'H 

Hydrogen bond parameters 

DMF + H2Oc DMF + 2Hz0" DMA + 2H20d 

Water parameters" 
rO-H 0.96 
LHOH 104.50 
rO--Hr 2.00 

"Bond length in A, angles in degrees, data from refs. 24 and 29. 
'C,,. symmetry assumed; Me = methyl group. 
"Data from footnote 1. 
"Data from ref. 19. 
'Data from ref. 25. 
'Reference 30. 
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TABLE 2. Internal coordinate definitions" vibrations remain almost unchanged in these two solvents. This 

I 
is also confirmed by the normal coordinate analysis where 

vC-N C-N stretching 
2 

considerable changes are calculated only for the frequency and vC=O C=O stretching 
3 vC-H C-H stretching potential energy distribution (PED) of the amide I vibration 

4, 5 vN-Me N-Me stretching (Table 4). 
6, 7 vO--H Hydrogen bond stretching Based on our normal coordinate analysis and the intensity 
8 60CH OCH deformation calcuIation with the variational method, we predict Raman 
9 60CN OCN deformation 

10 GHCN HCN deformation 
1 1, 12 GCNMe CNMe deformation 
13 GMeNMe MeNMe deformation 
14 yC-H C-H out-of-plane deformation 
15, 16 yN-Me N-Me out-of-plane deformation 
17 TC-N C-N torsion 

"Me: methyl group. 

TABLE 3. Valence force constants" 

Force constant DMF 

6.200 
8.060 
4.400 
5.000 

DMF- water 
complex 

6.017 
7.909 
4.400 
4.963 
0.230 

-0.043 
0.924 
1.673 
0.562 
1.727 
0.446 
0.430 
0.004 
0.490 

-0.061 
-0.112 

0.749 
0.065 
0.052 
0 
0.305 

DMA 
DMA-water 

complex 

6.050 
7.303 
4.353 
4.800 
0.230 

-0.043 
0.792 
1.600 
1.100 
1.000 
0.440 
- 
0.004 
0.490 

-0.016 
0.150 
0.788 
0.036 

-0.043 
0.069 
0.027 

"Force constants in internal coordinates. Units: stretch in rndyne/A, bend 
in mdyne A/radZ, stretch-bend interaction in rndync/rad, torsion in rndyne 
A/radZ. 

(Table 2), the fitted force field (Table 3), and the assignments 
of the normal vibrations of the DMF- water complex which are 
considered in the Raman intensity calculations are listed in 
Table 4. 

(c) Results and rliscussioiz o f  the normal coordinate analysis 
and the Raman irzteizsity calculation 

The valence force field (Table 3) of DMF changes in some 
force constants when an intermolecular stretching force 
constant between DMF and water is assumed. The C=O 
stretching and the HCN bending force constants decrease due 
to hydrogen bonding and the calculated frequency of the amide 
I (C=O stretching) vibration shifts from I712 cm-' in DMF to 
I658 cm-' in the DMF-water complexes. This corresponds to 
the experimental frequency shift of the amide I mode of DMF 
from 1684 cm-' to I655 cm-' when the solvent varies from 
carbon tetrachloride to water. The experimental frequencies of 
the 6 OCN bending and vN-(Me)? symmetrical stretching 

intensities of DMF-water complexes for three amide vi- 
brations. The predicted and experimental values are listed in 
Table 5. The predicted intensities of the isolated DMF 
molecule and measured intensities of DMF dissolved in CC14 
are in agreement within a factor of two (Table 5). Calculated 
and experimental Raman intensities can be directly com- 
pared, since both of them are independent of the resonance 
denominator of the polarizability tensor. 

The same agreement as for the isolated molecules has been 
obtained between predicted intensities of the 1 : 2 DMF- water 
complex and the experimental Raman intensities of DMF dis- 
solved in H?O (Table 5). Considerable changes in the Raman 
intensities of DMF due to the DMF-water interaction are 
observed for the amide 1 band. If we compare the intensity of 
the amide I vibration of the isolated DMF, or rather DMF 
dissolved in CCI,, with the 1 : 2 DMF-water complex, or rath- 
er DMF dissolved in water, there exists a pronounced decrease 
of the Raman intensity by a factor larger than 4. The predicted 
intensities of the amide I mode of the 1 : 2 DMF-water and 1 : 3 
DMF-water complexes are equal within the accuracy of the 
calculation. 

To check the sensitivity of the Raman intensity calculation 
with respect to the intermolecular interaction models we pre- 
dicted the force field and the Raman intensity of the amide I 
vibration of the I : 1 DMF-water complex. The result of the 
normal coordinate analysis shows that the calculated force field 
and PED for the I :  l complex are the same as for the 1 : 2  
complex. As shown in Table 5,  the calculated Raman intensity 
of the amide I vibration of the 1 : 1 DMF-water complex is 
smaller by 1 / 10 than that of the 1 : 2 DMF-water complex, and 
a factor 116 smaller than the experimental value. Though the 
accuracy of such a small value is not assessible, it could be 
concluded at least qualitatively that the 1 : I complex is not 
favoured to describe the intermolecular interaction between 
amide and water. 

The experimental and calculated Raman intensity of the 
vN-(Me)? stretching vibration increases slightly. Because the 
normal coordinate and frequency are nearly identical for DMF 
and the DMF-water complex,-a possible explanation of this 
intensity shift is the decrease of negative charge in the N-Me 
bond of the complex, caused by an electron loss at the nitrogen 
atom (Fig. 1). 

The calculated 6 OCN band intensity remains unchanged 
when intermolecular interaction between DMF and water is 
assumed. 'The normal coordinate of this mode, as well as the 
derivatives of the polarizabilities with respect to the normal 
coordinate, show no evident changes compared to the DMF 
monomer. 

Because of the approximations of the CNDO method and the 
arbitrariness of the experimental force constants used in the 
Raman intensity calculation, the absolute values of our calcu- 
lated Raman scattering coefficients have predominantly qual- 
itative significance. But the results suggest that the simplest 
interaction model has to consider two H 2 0  molecules at the 
oxygen of DMF. The following discussion will show that our 
findings are consistent with other physical properties of 
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SCHM[D AND BRODBEK 

TABLE 4. Normal modes of DMF and DMF-water complex (cm-') 

vobr V,,I PED (%) Assignment 

DMF 1684 
866 
660 

DMF+ H,O 1655 
864 
663 

DMF+2H20n 1655 
864 
663 

amide 1 
v,N-(Me)' 
SOCN 
amide I 
v,N- (Me)? 
SOCN 
amide I 
v,N-(Me), 
SOCN 

"The results DMF+3H20 are identical with those of DMF+2H20. 

TABLE 5. Absolute differential Raman scattering coefficients 

Vobr 

Mode (cm- I) Calcd. model (10-""m') Solute/solvent (lo-'" cm') 

Amide I 
v,N-(Me)? 
SOCN 

Amide I 
v,N-(Me)' 
SOCN 

Amide I 

Amide I 

Amide I 
v.N-(Me)?. 
SOCN 

Amide I 
v,N-(Me)? 
SOCN 

DMF 3.816 
1.037 
2.007 

1 : 2 DMF-water 1.021 
3.822 
2.283 

1 : 3 DMF-water 0.858 

1 : 1 DMF-water 0.102 

DMA 3.297 
3.707 
0.609 

TABLE 6. Binding energies, dipole moments, and polarizabilrtles 

AE" p,' Q v r  a\)  a:: &' 

DMF 3.45 11.190 7.684 10.367 9.747 
DMF+HzO 6.270 4.92 12.696 8.270 10.871 10.612 
DMF+2Hz0 6.803 2.99 13.598 8.508 12.421 11.509 
DMF+3HzO 6.082 3.61 13.788 8.586 12.884 11.752 
DMA 3.61 13.167 9.082 12.277 11.509 
DMA+2H20 6.866 3.28 15.669 10.510 14.649 13.609 

The additional water molecule in the 1 : 3 DMF-water com- 
plex acts as proton donor to a H 2 0  molecule, which in turn acts 
as proton donor to the C=O bond of DMF (Fig. Id) .  The 
charge transfer from the DMF molecule to the water dimer 
increases, compared to the charge transfer induced by one 
water molecule. 

The polarizabilities of the 1 : 2 and 1 : 3 DMF-water com- 
plexes increase, compared to the DMF monomer (Table 6). 
The calculated dipole moments of the 1 : 2 and 1 : 3 
DMF- water complexes are smaller than the dipole moment of 

" A E :  Binding energy per H20 .  Unit: kcal/mol. 
"Calculated with the finite field perturbation (FFP) method and a valence DMF 6). partial C=o bond order decreases with 

basis set. Unit: Debye. growing number of HzO molecules in the complex. The smaller 
'Calculated with the variational method (VM) and an extended basis set. overlap of 2 p n  atomic orbitals of the C=O bond of the com- 

unit: As. 6 = 1/3(a,. + a?, + a,,). plexes, compared with the 2 p n  atomic orbital overlap of the 
C=O bond of DMF. is responsible for the decreasing bond 

amide - water complexes. 
In the models of the 1 : 2  and 1 : 3  DMF-water complexes, 

hydrogen bonds arise between the lone pairs of electrons on the 
oxygen atom of DMF and the water molecules (Fig. I c, 1 d).  
Our electron density calculation shows that negative charge is 
moved through the DMF molecule to the oxygen atom in DMF. 
The nitrogen and carbon atoms of DMF and the hydrogen 
bonded H-atoms of water lose electrons and this negative 
charge is moved to all oxygens of the complex and the non- 
bonded H atoms of water. This is in agreement with the "pileup 
effect" of negative charge to the donor atom and the "spillover 
effect" of negative charge from the acceptor atom (26). 

order. These results' are cdnsistent with other ca lc~at ions  
of electron density distributions of amide-water complexes 
(16, 19-22). 

The decrease of C=O bond order indicates that the polar- 
izability in the carbonyl group is reduced. Moreover, the nor- 
mal coordinate of the amide I vibration which is located in the 
OCN group is influenced by hydrogen bonding. Both effects 
are responsible for the smaller Raman intensity of the amide I 
(C=O stretching) band of the DMF-water complex. This is 
consistent with the empirical rule that bond order and Raman 
intensity of a vibration which is located in this bond behave in 
the same way (28). 
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TABLE 7.  Normal modes of DMA and the DMA-water complex (cm-')  

v,,bs Val PED (%) Assignment 

DMA 1660 1666 
730 682 
590 568 

DMA+2H20 1605 1609 
743 685 
595 537 

169 
151 

vC=O amide I 
vN-(Me), 
60CN in-plane bending 
vC=O amide I 
V N - ( M ~ ) ~  
60CN in-plane bending 
v:, hydrogen bond stretching 
vy: hydrogen bond stretching 

FIG. 2. Equilibrium geometries and electron densities of DMA and 
the DMA-water complex. (a) Non-interacting DMA and H 2 0  mole- 
cules; (b) 1 : 2 DMA-water complex. 

IV. N,N-Dimethylacetamide - water complexes 
(a) Equilibrium geometry 

In the 1 : 2 DMA- water model considered (Fig. 2), two H 2 0  
molecules form hydrogen bonds with the oxygen of the DMA 
analog to the 1 : 2 DMF- water complex. The hydrogen bond 
length and the orientation of the two water molecules are taken 
from ab  initio calculations (19). These structural parameters 
are different from those of the 1 : 2 DMF-water complex. The 
experimental geometries of DMA (29) and H 2 0  (25), deter- 
mined by electron diffraction, are chosen and have not been 
modified through the calculation. The methyl groups of the 
DMA-water complex are staggered to the C=O bond to 
avoid steric interaction with the two water molecules (22). All 
structural parameters are listed in Table 1 .  

(b) Normal vibrations and Raman intensities 
The force constants of the isolated DMA (14) and the 

hydrogen bond stretching force constant predicted for the 
DMF-water complex are taken as the force field for the 
normal coordinate analysis of the 1 : 2 DMA- water complex. 
Only the force constants of the DMA part of the force field are 
fitted with experimental frequencies of DMA dissolved in 
water.' 

Essential wavenumber shifts of 55 cm-' are observed for the 
amide I mode of DMA if the solvent changes from carbon 
tetrachloride to water (Table 7). The normal coordinate anal- 
ysis also shows a decrease of the amide 1 wavenumber of 57 
cm-'  and no important changes for the other vibrations of the 
DMA-water complex. Since the potential energy distribution 
(PED) remains nearly unchanged for all considered modes of 
the DMA-water complex, compared to the DMA monomer 
(Table 7),  the reason for the wavenumber shift of the amide I 
vibration is the decrease of the C=O stretching force constant 
by about 10% (Table 3). The C=O stretching force constant 
does not contribute to the PED of the 60CN bending and 
vN-Me stretching vibration. 

The measured Raman intensity of the amide 1 mode of the 
DMA decreases from 4.069 X lo-'' cm' in carbon tetra- 
chloride to 0.324 x lo-" cm2 in water (Table 5). Hydrogen 
bonding at the oxygen of DMA contributes to a decrease of 
C=O bond order and C=O stretching force constant. This 
indicates a loss of double bond character of the C=O bond and 
is also reflected in the smaller wavenumber and Raman in- 
tensity of the amide 1 vibration of the DMA-water complex, 
compared to the DMA molecule (Table 5). 

The absolute differential scattering cross sections of the 
60CN bending and U N - ( M ~ ) ~  stretching vibrations are not 
changed if DMA is dissolved in water (Table 5). This is in 
agreement with the normal coordinate analysis and the Raman 
intensity calculation of these two vibrations of DMA and the 
1 2 DMA- water complex. 

V. Conclusions 
Hydrogen bonding between N,N-disubstituted amides 

(DMF, DMA) and water causes a charge transfer in the amide 
molecule which can be described with the resonance structures: 

0 /CH3 o(-) 
\ \ (+I/ 

CH3 
C-N <----, 

R/ 'CHI R /C-N\CH3 

If one compares the gross electronic charges of the atoms of 
DMF and DMA in the 1 : 2 amide-water complex (Figs. 1 and 
2) it is found that the carbon methyl group of DMA supplies 
electrons to the complex, and therefore the average binding 
energy per HzO molecule is larger than in the DMF-water 
complex (Table 6). The stronger interaction between DMA and 
water causes a larger decrease of the C=O bond order and 
the absolute differential Raman scattering coefficient of the 
amide 1 (C=O stretching) mode in the DMA-water complex, 
compared to the DMF-water complex (Table 5). 

The results of the Raman intensity calculation of amide- 
water complexes show that the variational method and the 
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CNDO approximation supply reliable absolute Raman in- 
tensities of complex molecular systems. The agreement be- 
tween measured and calculated Raman intensities makes it 
possible to correlate the changes in Raman intensities with 
intermolecular interactions which are considered in a 1:2 
amide-water model complex. But the limitations of the 
CNDO method and the arbitrariness inherent in any force field 
not supported by accurate quantum mechanical force constant 
calculations permit only a qualitative, rather than a quanti- 
tative, description of the solute-solvent interactions. An im- 
provement of the Raman intensity calculation can surely be 
achieved by quantum mechanical force field methods. 

This is a first investigation of intermolecular interactions by 
means of Raman intensity calculations. Such studies of inter- 
molecular interaction via Raman intensity calculations have not 
been published up to now. 
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JEAN-PIERRE CARTIER and FRANCINE PAQUIN. Can. J .  Chem. 63, 1372 (1985). 
Computer access to chemical information by a blind chemist is made possible with a VersaBraille system (Braille Informa- 

tion Processor). The CAS database of the DIALOG system is used in this updating assay. Preliminary trials showed the need 
to establish a rigorous procedure to avoid loss of data. In this study, a functional method is suggested as a substratum to 
circumvent costly problems. 

JEAN-PIERRE CARTIER et FRANCINE PAQUIN. Can. J. Chem. 63, 1372 (1985). 
Grdce au VersaBraille (Processeur d'lnformation en Braille), I'acces aux bases de donnees est maintenant devenu possible 

pour le chimiste handicap6 de la vue. Les s6ances de mise i jour, sont ici faites en utilisant le fichier CAS du reseau DIALOG. 
Des tentatives prCliminaires ont dCmontrC la n6cessitC d'utiliser une procCdure rigoureusement dCfinie, afin d'iviter la perte 
de donnies. La prisente Ctude veut proposer une mCthode fonctionnelle, dont le substratum tend i circonvenir des problkmes 
coi3teux. 

[Traduit par le journal] 

Introduction 
The  time-consuming task of updating bibliography has long 

been an accepted fact of a chemist's life. In a certain way, the 
printed form of the Chemical Abstracts facilitates access to 
scientific information. In 1970, more than 3 x lo7 printed 
pages ( I )  of scientific papers were published. The chemist, 
who wishes then to be informed of the latest scientific results, 
faces an almost impossible task. Today, certain computer net- 
works (2) offer a personal and instantaneous access to chemical 
data. 

Now, consider what would happen if the researcher is blind. 
Years ago, for many, b l i n d n e s s ~ ~ o u l d  have been treated as a 
catastrophe. However, technological developments (3 ,  4) may 
favor a "detour" (5)  and allow for successful achievement (6) .  
The advent of braille information processors places this chem- 
ist in a "quasi-normal" state of endeavor. 

The objectives of this paper are twofold: to illustrate the 
facility of communication between the VersaBraille system (7)  
and the DATAPAC/DIALOG network; to emphasize the 
necessity of a procedure to avoid loss of data. 

Experimental 
Thc apparatus used in this updating experiment consists of a braille 

information processor. a tclcprintcr with a keyboard, and an acoustic 
coupler or MODEM. The braille information processor is a model P2 
VersaBraille, version C2. The procedure described bclow worked 
equally well with earlier versions. which arc prcscntcd clsewherc (3. 
8).  Both the VersaBraille and the tclcprintcr arc conncctcd to the 
MODEM by a "Y" cablc (9). This provides a mcans to verify the "loss 
of data" and allows cach unit to be cnablcd scparately or simulta- 
neously. Once thc configuration control paramctcrs are fixcd for com- 
patibility with thc DIALOG systcm, thc VcrsaBraillc is then sct in 
remotc mode. It is undcrstood that the opcrator. being blind, is at 
case with thc rcmotc modc and computcr braillc ( lo ) .  On somc occa- 
sions, a knowlcdgc of thc tclcprinter's keyboard did appear helpful. In 
this casc, thc important kcys werc marked with transparent braille- 
ernbosscd DYMO tape. 

Results 
The experimental assays on bibliographic updating with a 

'Author to whom corrcspondcnce may bc addrcsscd 
'Operator of thc VcrsaBraillc unit. 

database gave rise to the following procedure. In this pro- 
cedure, the commands and search expressions are exactly the 
same as specified in the GUIDE T O  DIALOG SEARCHING 
(2). The difference resides only in their written form, which the 
blind operator enters in computer braille on the VersaBraille. 
Each element of the sequence (SIGNON, SEARCH, TYPE 
LOGOFF) has its own chapter on the braillecassette. 

GETTING ONLINE or  SIGNON needs no special action, 
except for the detection of the carrier light on the acoustic 
coupler or  on the MODEM. This is accomplished with a light 
sensor ( I  I )  or with the Optacon (12). Once the network is 
chosen and the password entered, the operator may read rapidly 
the news and status messages. Normally, this information adds 
up to less than 1000 characters (a full page buffer in the Ver- 
saBraille). By pressing occasionally the "LOCATE" key, the 
operator can verify the fullness of  the page buffer. When about 
800 characters have been transmitted, he then saves the output 
on a new page of the braillecassette. The appearance of the 
prompt character indicates the end of this first chapter. 

SEARCH is the title of the newly opened second chapter. It 
includes the request for connection to a specific file. In this 
case, chemical information is sought by the command BEGIN 
31 1 (b 31 1). After the unit cost and the latest update, the 
prompt character reappears. Moving to the next blank page in 
this SEARCH chapter, the operator enters a maximum of five 
words chosen from his keyword strategy. These keywords were 
previously written on a paperbraille list. It is on this list that the 
set number and the number of records are assigned to each 
keyword as  they are given. Here again, the operator verifies the 
character count. Using the "word" key, he scans the page and 
constructs a search expression. Returning to the current cursor 
position, the search expression is then entered. At  this point, 
the user verifies the first records of this retrieval by writing the 
command: T Si /6/X (where T = TYPE; i = set number; 6 = 
format option; X = first records). If these records are not 
relevant, he then forms a different keyword combination. If the 
results of the search are pertinent, they are stored in a chapter 
called TYPE. 

A new chapter, TYPE, is opened on the VersaBraille unit. 
T h e  command, T Si/5/1 - x (where x = number of the last 
record), lists the selected records. As the first lines are dis- 
played, the received data are stored on the VersaBraille tape. 
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During the automatic transfer, no scrolling occurs. The 
"LOCATE key is then used to see if the data characters are 
still coming in. When the output is completed, the VersaBraille 
system is switched to operative function. If the search is con- 
tinued, new chapters would be opened and executed: 
SEARCH2, TYPE2 as describd above. 

LOGOFF is the name of the fourth and last chapter of the CA 
retrieval. It is also the command used to terminate the search 
session. Furthermore, if desired, the END/SAVE command is 
utilised to store the search strategy. 

Discussion and conclusion 
Two facts should be kept in mind as one reads through these 

lines. First, the operator types the entries in braille code, e.g., 
computer braille, which is translated to the ASCII data commu- 
nication code. Thus, the VersaBraille system produces the 
same electronic signals as those from a standard terminal. 
Secondly, the display appears on a tactile array which is a 
20-character window that can be moved through the page 
buffer. 

The sequence described in the procedure is based on the 
methods for simulation (13). Obviously, online communica- 
tion with a database requires careful planning. Therefore, it is 
necessary to inscribe the keywords and their priority in the 
SEARCH on a paperbraille list. This list is organized in such 
a way as to permit the subsequent inscription of the set numbers 
and their corresponding number of records. 

The critical point, at which scrolling occurs most frequently, 
is the SEARCH section. The use of more than five keywords 
will also result in scrolling of information. And the operator is 
confronted with a large amount of data that causes confusion. 
Consequently, the utilization of the paperbraille list demands 
less concentration on his part, therefore, reducing the online 
cost of the search. However, the operator must be cautious to 
write and form the final search expression on his paperbraille 
list. This step eliminates the need to back scan the set combina- 
tions on the braillecassette. 

If a pause is needed, the database offers certain options, such 
as a ten-minute hold or a temporary save. During this break, the 
paperbraille list can be reviewed with ease. 

It was found in the TYPE section that an average of 75 lines 
at 30 cps were lost when the operator does a manual page 
advance. The change to automatic transfer mode prevents any 
loss of data. 

Personal online searching of literature is an indispensable and 
powerful tool ( 14) to retrieve and update scientific information. 
During the past year, the CA SEARCH was done entirely with 
a VersaBraille unit and the DIALOG Information Retrieval 
Services. This automated method proved to be more efficient 
and more rapld than the search in the printed form of the CA. 
Nonetheless, the updating procedure is but one of the many 
applications of the VersaBraille system in the field of chemical 

research and education ( 15). 
In the last ten years, many technological tools have enhanced 

the capabilities of the physically handicapped to fulfill the 
duties of a normal work load. Braille information processors, 
in this case the VersaBraille, offer a means for the blind worker 
to succeed on the same basis as his sighted colleagues. Recent 
developments in computer technology have broadened the hori- 
zon for many visually impaired individuals. Technology may 
resolve the numerous problems inherent in a physical handicap. 
However, a huge problem still remains unsolved; it concerns 
the discrimatory attitude as pointed out in the manual (16) of 
the ACS Committee on the Handicapped. 

Acknowledgements 
This work was financially supported by a grant from the 

FCAC (Formation de Chercheurs et Actions ConcertCes). The 
authors wish to acknowledge the support of the DCpartement de 
chimie (UQAM). We also wish to thank Betacom, Mrs. Ulla 
de Stricker (DIALOG), and Mr. Serge Gagnt for their tech- 
nical support. 

One of the authors (J.P.C.) is deeply grateful and indebted 
to Dr. Camille Sandorfy, to whom this article is dedicated. In 
1960, in spite of his aquired blindness, J.P.C. was accepted as 
a graduate student under the tutorship of Dr. Sandorfy. His 
countless hours of discussion and encouragement became a 
stimulating factor in the pursuit of J.P.C.'s career. 

I. Documentation et bibliothkque. UniversitC Laval. 22, 5 (1976). 
2. DIALOG lnformation Retrieval Service. DIALOG Information 

Services, Palo Alto, CA. March, 1984. 
3. B. GILBETT. Interface Age (USA), 4, 44 ( 1979). 
4. C. M. MELLOR. J. Visual Impairment Blindness, 73, 339 (1979). 
5. J.  P. CARTIER. Moyens techniques et ]'expertise dans le develop- 

pement dcs qualitks de I'handicapC de la vue. Annexe au Rapport 
Comite Consultatif SAS/MEQ, mars 1977. pp. 1-5 1 .  

6. R. L. RAWLS. Chem. Eng. News, 23, 25 (1978). 
7. Telesensory Systems Inc. The VersaBraille system. Mountain 

View, CA. 1983. pp. 1-31. 
8. DIALOG Information Services, Monolog 2, Sept 1982. 
9.  P. JONES. Services de I'information (UQAM), 1982. 

10. Telesensory Systems Inc. The VersaBraille system for the blind. 
Palo Alto, CA. 1983. Section V, p. 1 I .  

1 1. D. TOMBAUCH. J. Chem. Educ. 58, 222 ( 198 1 )  
12. Telesensory Systems Inc. Optacon, A reading system for the 

blind. Palo Alto, CA. 1976 p. 5. 
13. W. J. GRAYBEAL and UDo W. POOCH. Simulation: principal and 

methods. Winthrop, Cambridge. 1980 p. 249. 
14. T.  L. ISENHOUR (Editor). J. Chem. Inf. Comput. Sci. 23, 2A 

(1983). 
15. P. LYKOS (Editor). Personal computers in chemistry. John WiIey 

and Sons Inc., Toronto. 1981. 
16. K .  M. REESE (Editor). Teaching chemistry to physically handi- 

capped students. Introduction. ACS. May 1981. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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KAIDEE LEE and SANFORD LIPSKY. Can. J. Chem. 63, 1374 (1985). 
The photocurrcnt of N,N,Nr,N'-tctramethyl-p-phcnylcncdiamine (TMPD) in 2,2,4-trimcthylpentanc (isooctane) excited at 

5.90 eV has been studicd as a function of temperature from 195 to 298 K both in the absence and presence of the electron 
scavengers n-perfluoroheptane and perfluoromethylcyclohexanc. Using an exponcntial radial distribution function for geminate 
pair separation distances with range paramctcr corrected to accommodate its change with temperature, it is found that the 
photoejection quantum yield of TMPD is essentially indcpendent of temperature from 298 K to =250 K and then increases 
slightly (by 2.20%) on further cooling to 195 K. In the presence of electron scavengers there is a contribution to the magnitude 
of the range parameter from the action of the scavenger to pre-thermalize the epithermal electron. The temperature dependence 
of this contribution is analyzed and found to increase with decreasing temperature. 

KAIDEE LEE et SANFORD L[PSKY. Can. J. Chem. 63, 1374 (1985). 
Operant i des temperatures allant de 195 a 298 K, tant cn prCscnce qu'en I'absence de pikges i Clectrons comme le 

11-perfluoroheptane et la pcrfluoromCthylcyclohexane, on a e tud i~  le photocourant de la N,N,N',N1-tCtramCthyl p- 
phtnylknediamine (TMPD) dans le trimethyl-2,2,4 pcntane (isooctane) excite i 5,90 eV. On a utilisC une fonction de 
distribution radiale exponentielle pour les distances qui skparent les paires geminCes et, h I'aide de cette fonction qui inclut 
un paramktre de correction des intervalles permettant d'accomoder sa variation avec la temperature, on a pu Ctablir que le 
rendement quantique pour la photoejection de la TMPD est pratiqucment independant de la temperature de 298 K jusqu'i 
environ 250 K et que, si la temperature est abaissCe jusqu'i 195 K, ce rendement n'augmente que ltgerement (environ 20%). 
En presence de pieges h tlectrons, il existe unc contribution a I'amplitude du parametre d'intervalle qui provient de l'action 
des pikgcs i Clectrons qui pre-thermalisent les electrons kpithermaux. On a analysi la variation de cette contribution avec la 
temperature et on a trouvC qu'elle augmente avec une diminution de la temperature. 

[Traduit par le journal] 

Introduction liquid density. This latter dependence derives, in part, from the 

Tetramethyl-p-phenylenediamine (TMPD) photoionizes in effect of  density On the "stopping power" o f  the liquid and, in 

2,2,4-trimethylpentane (isooctane) at 25°C at a threshold part, from the effect of density on the vertical ~olar izat ion 
energy of 4.66 eV (1). Above this energy a photocurrent is energy of the ion-pair. BY changing this polarization energy, 
observed, the quantum yield of which, $J can be expressed as there is effected a change in the threshold energy for photo- 

ejection and, therefore, a change in the kinetic energy with 

[I] $J = +2r~csc ( r ) f ( r ) r 2 d r  which the electron is ejected. 
As will be documented in what follows. we find that the 

where 4, is the primary quantum yield for electron ejection, 
PC,, ( r )  is the Coulomb escape probability of the thermalized 
geminate ion-pair at a separation distance, r ,  and f ( r )  is the 
radial probability density of ion-pair separation distances. 

From measurement of the temperature dependence of $ J ,  

Holroyd and Russell (1) in their early work on TMPD photo- 
ionization, estimated that +, increased with increasing tem- 
perature (over the range T = 196-298 K) with an activation 
eneray of =870 cal/mol. This estimate was based on the as- 
sumption that r2f(;) could be represented by a Dirac delta 
function, 6( r  - b) with range b, independent of temperature. 
Our purpose in this Note is to attempt to improve on this 
estimate. 

We utilize a radial distribution function 

a' 
[2] f ( r )  = - e-"' 2 

which has been demonstrated to predict well the observed de- 
pendence of $J on electric field strength (2, 3). The range 
parameter, a ,  in eq.  [2] is also corrected to accommodate its 
change with temperature due to an implicit dependence on the 

'Present address: Physics Division, Argonne National Laboratory, 
9700 South Cass Avenue, Argonne, IL 60439, U.S.A. 

temperature dependence of +, is much weaker than estimated 
by Holroyd and Russell (1) and, in fact, +, increases slightly 
at low temperatures. Also we have utilized this temperature 
dependence of +, to extract the temperature dependence of a 
when electron scavengers are present that act to pre-thermalize 
the epithermal geminate electron. In the presence of such scav- 
engers, eq .  [2] has been shown to continue to predict the field 
dependence of $J and also the dependence of $J on scavenger 
concentration, c, when a is given the empirical form: 

where y;ls is the range parameter at c = 0 and y l  is a measure 
of the epithermal electron-scavenger thermalization cross- 
section (3, 4). 

Experimental 
A D2 lamp (Bausch & Lomb, DESOA) was used as a light source. 

The light was dispcrsed through a 0.3 m fl5.3 monochromator 
(McPherson, Model 218) operating at bandpasses ranging from 1.86 
nm to 4.77 nm. 'The light from the monochromator was focused by an 
fl1.8 LiF lens into a temperature-controlled cell consisting of three 
concentric cylinders to each of which was fused a 0.16 cm thick 
Supersil quartz window. Two I x 2 cm stainless steel electrodes, 
parallel to and separated from each other by 0.533 cm were situated 
in the innermost cylinder with their edges in close contact with the 
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quartz window (clearance ca. 0.01 cm). The electrodes were welded I 1 / 1 1  I I I I I  

under He-arc, each to a Kovar rod, to which was spot-welded, under 
He, a braided molybdenum wire extending through the feedthrough 
tube to external electrical connections. Temperature control of the cell 
solution was achieved by varying the flow rate of precooled nitrogen, 
directed through a capillary to the space between the middle and the 
innermost cylinders. The temperature was monitored by thermo- 
couples. The solution temperature was calibrated by the difference in 
temperatures recorded in the solution and in the nitrogen jacket when 
the electric field was absent. The solution temperature, thus deter- - 
mined, is accurate to within t- I K. Thermal insulation of the cell was - 
provided by a vacuum jacket formed by the outermost and middle 
cylinders. J - 

TMPD (Aldrich) was purified by vacuum sublimation followed - 

by zone refining. lsooctane (Aldrich), perfluoroheptane (kindly do- 0.75 - 
nated by the 3M Company), and pcrfluoromethylcyclohexane (PCR - - 

Research Chemicals) were purified by passing through silica gcl - - 

which had been activated at 150°C for 24 h. - 
The TMPD concentrations were 2-3 X lo-' M.  The quencher 

concentrations were within the range of 0.0090-0.07 M,  the uppcr 
- 

limit being set by the quencher solubility at the lowest temperature - 

employed in each case. All the solutions were carefully purged with - 

N2. The excitation energy was 5.90 cV (210 nm) and thc applied PURE ISOOCTRNE - 

electric field strength, 3.75 kV/cm in all experiments reported here. - 
I 

Results and discussion 0 . 2 5 t " 1 1 1 1 1 ' 1 1 1 1 1  
According to the Onsager theory (5), at low field strenghts, 200. 250. 300. 

E, the geminate pair escape probability, P,,, ( r ) ,  approaches 
7 T [ K I  

FIG. 1. The dependence of the yield of photocurrent, JI,, on tern- 
perature T, for TMPD in pure isooctane excited at 5.90 eV. The yield 

where ,-, = e ' / c k ~ ,  is the electron charge, is the dielectric is normalized to unity at T = 298 K. Open circles: e~pcrlmental data; 

constant, and k the ~~l~~~~~~ constant, ~h~ next highest term dashed curve: least-square fi t  of eq. [5] with u as least-square para- 
meter and assuming a and +, to be independent of T; solid curve: in the of in powers of (6) less than eq, [ 5 ]  with a comcted for temperature variation but assuming += 

at the strength of = 3.75 kV/cm and at a'' independent of T ,  Insert: variation of +, with T (normalized to uni ty  
temperatures studied and can be safely ignored. Substitution of at 298 K). 
eqs. [2] and [4] into eq. [ l ]  gives 

7 

ation potentials in liquid (I,)  and gas (I,) phases and the 
[5] $j = 4, ( I  + $ E )  (ar,)"' ~ ~ ( 2 6 )  "vertical" polarization energies of TMPD'  (P,) and e- (V,), 

where K3 is the modified Bessel function of order 3 (4, 7).  
The dashed curve in Fig. 1 represents a least-square fit of the 

right hand side of eq. [5] to the experimental dependence of $, 
on T (shown as open circles and normalized to unity at T = 298 
K),  using ci as a least-square parameter and assuming that 4, 
and ci are temperature independent (i .e. ,  that the entire tem- 
perature dependence of $j resides in c and r,). 'The failure of 
this assumption is clearly indicated by the poorness of the fit 
and the l a r g ~  discrepancy between the least-square estimate of 
ci (0.0563 A-') and the more reliable value obtained from the 
field dependence of $j (0.0361 k') (3).' 

T o  correct for the temperature dependence of ci at a fixed 
initial kinetic energy, K ,  of the ejected electron, we presume ci 

to be proportional to the isooctane density, p. This approxi- 
mation, which assumes a temperature invariant thermalization 
cross-section, has been successfully applied in predicting the 
temperature dependence of the free-ion yield in high-energy 
radiation experiments (8- 10). Next, in order to accommodate 
the dependence of K on temperature (at a fixed excitation 
energy) we utilize the connection between the TMPD ioniz- 

'1n ref. 3, a is reported 2s 0.0370 k' at an excitation energy of 
5.80 eV. The value 0.0361 A at 5.90 eV is obtained by interpolation 
and normalization of the data of Choi et (11. (2). 

The temperature dependence of P ,  was obtained from the 
Born equation: 

using Holroyd's value of e'/2r, = 2.89 eV ( I )  and the tempera- 
ture dependence of the isooctane dielectric constant, c. T o  
evaluate the temperature dependence of V,, we have adopted 
the model of Springett, Jortner, and Cohen (1 1) which has 
previously been successfully applied by Fueki, Feng, and 
Kevan (12) and by Holroyd and Russell (1). Our results for 
both P+ and V, are given in Table 1 and show that from 298 K 
to 195 K the ionization potential of TMPD increases by 0.083 
eV.  The effect of this on ci was then deduced from the experi- 
mental dependence of ci on excitation energy, c,,,, as deter- 
mined at 25°C by Choi, Sethi, andoBraun (2). Normalizing their 
results to a value of ci = 0.0361 A-I at c,,, = 5.90 eV (3), the 
change in ci with a small change in temperature, AT, is ob- 
tained by simply incrementing ci by (dci/dc,,,)AK where 
AK = -All.  

The total change in ci with temperature was therefore con- 
structed from 
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TABLE I. Temperature dependence of the range parameter, a, of 
photoejected electrons from TMPD in isooctane at E,,, = 5.90 eV and 
of some parameters that determine this dependence in the absence of 

scavengers 

T (K) P (g cm-') P+ (eV) Vo (eV) a (A- ' )  
298 0.689 - 1.395 -0.17 0.036 1 
28 3 0.700 -1.41 1 -0.15 0.0368 
269 0.712 - 1.427 -0.12 0.0375 
254 0.724 - 1.442 -0.099 0.0382 
239 0.736 - 1.457 -0.07 1 0.0390 
225 0.748 -1.471 -0.043 0.0397 
210 0.760 - 1.486 -0.013 0.0405 
195 0.772 - 1.500 +0.018 0.04 13 

[8] a ( T  + AT) = a (T)  + - AK 
P(T + AT) [ ( E 3 T l  P ( ~ )  

where a ( T  = 298 K) is the range parameter at E,,, = 5.90 eV. 
The results of this calculation are displayed in Table 1. Using 
these values of a ,  the right hand side of eq. [5] was reevaluated 
and is shown plotted as the solid line in Fig. 1 (again nor- 
malized to unity at T = 298 K). The discrepancy between this 
solid line and the experimental points (open circles) we pre- 
sume now to derive mainly from the variation of 4, with 
temperature. The insert in Fig. 1 shows this variation to be less 
than 1% from 298 K to 250 K and to increase by about 20% 
from 250 K to 195 K. Since the photoejection process appears 
to be an autoionization (13), this relatively small increase in 4, 
may be attributed to the competition between electron ejection 
and neutral decay channels of the autoionizing state that are 
temperature activated. 

The temperature dependence of +J has also been measured in 
the presence of various concentrations of n-perfluoroheptane 
and perfluoromethylcyclohexane. Figure 2 shows some of this 
data (normalized to unity at T = 298 K) for six concentrations, 
c ,  of n-perfluoroheptane. It will be noted that as c increases, +, 
becomes increasingly sensitive to T. This has also been ob- 
served for perfluoromethylcyclohexane (4). Since most of the 
temperature dependence of +J resides in r,, this increased sen- 
sitivity can be simply explained as due to the effect of the 
scavenger to make the distribution function, f ( r ) ,  more spatial- 
ly compact. This consequence of epithermal "scavenging" has 
already been established, and more definitively, from the effect 
of scavengers to alter the field dependence of +J (3). 

Using the variation of 4, with temperature, we can now, via 
eq. [S], extract from the data of Fig. 2, the range parameter a 
as a function of both temperature and scavenger concentration. 
According to eq. [3], a3 should be linear on c with intercept of 
yo and slope of y,. Such plots are shown at various tempera- 
tures in the insert of Fig. 2. The solid lines are linear least- 
square fits. The cube roots of the intercepts at the four tempera- 
tures of 298 K, 268 K ,  240 K, and 207 K are, respectively, 
0.037 A-I, 0.039 k',  0.040 k ' ,  and 0.042 k', all of which 
agree reasonably well with the range parameters obtained at 
c = 0 (see Table 1). The slopes, y,, increase monotonically 
with decrease in temperature, i.e., 1.0 x at 298 K, 1.1 x 

at 268 K,  1.2 x at 240 K, and 1.5 X at 207 K. 
Similar results are obtained for perfluoromethylcyclohexane, 
but y, increases about half as fast over the same temperature 
range. Some of the temperature dependence of y, may be 
attributed to the dependence on density of the electron mean 
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I ~ l l l 1 ~ 1 1 1 1 ~  

ISOOCTANE _] 

i; 7 PERFLUOROHEPTANE 1 

FIG. 2. The dependence of the yield of photocurrent, +,, on tem- 
perature, T, for TMPD in isooctane at various concentrations, c ,  of 
n-perfluoroheptane and excited at 5.90 eV. The yields are all nor- 
malized to unity at T = 298 K. Closed circles: experimental data at 
0.00892 M (I) ,  0.0178 M ( 2 ) ,  0.0266 M ( 3 ) ,  0.0355 M ( 4 ) ,  0.0442 
M ( 5 ) ,  and 0.0530 M (6). The solid lines merely connect the data 
points. Insert: plot of u3 (units of A - ~ )  VS. c at various tem- 
peratures 207 K ( A ) ,  240 K (B), 268 K (C), 298 K (D). The solid 
lines are linear least-square fits to eq. [3]. 

free path (which is implicitly contained in y, as is suggested by 
dimensional arguments (4)). The remaining change is associ- 
ated with the effect of temperature on the cross-section, a, of 
the epithermal scavenging process via its dependence on both 
the kinetic energy, K, of the ejected electron and on the elec- 
tron affinity, - Vo, of the fluid. The kinetic energy effect, as 
has been previously discussed (4), should increase a as T 
(and, therefore, K),  declines whereas increase in Vo with de- 
creasing T (see Table 1) will, through Franck-Condon factors, 
increase or decrease a depending on the nature of the sca- 
venger (14- 16). It is this latter effect which we presume 
to be responsible for the relatively small difference between 
n-perfluoroheptane and perfluoromethylcyclohexane. 
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- 3  I1 The conformational changes accompanying the a A + X'A' triplet-singlet electronic 
excitation of acetaldehyde, CH,CHO 
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D. C.  MOULE and K. H. K .  NG. Can. J.  Chem. 63, 1378 (1985). 
'The first electronic absorption system of acetaldehyde was recorded in the vapour phase at room temperature. The 

many-banded spectrum proved to be very complex and it was only at thc extreme red edge of the absorption that the pattern 
became simple enough to analyze. The major experimental requirement was a high pressure x path length (500 Tom x 
168 m). Spectra were interpreted in terms of the torsional mode v iS  and v;'s attachcd to the v j4  out-of-planc bending mode. 
Both modes were highly Franck-Condon active and the 0:: band at 27240.4 cm-'  was not directly observed. The barrier to 
rotationpf the methyl group was 618.5 cm-I. More surprising was the observation that the methyl group undergoes a rotation 
from a X eclipsed configuration to a staggered configuration. The intcnsity of thc v ; ,  quantum addition and its position in the 
spectrum suggest that the aldehydic hydrogen is nonplanar in the ii state. 

D. C.  MOULE and K. H. K. NG. Can. J. Chem. 63, 1378 (1985). 
OpCrant en phase gazeuse et h la tempCrature ambiante, on a enregistrC le spectrc de la prernikre absorption Clectronique de 

I'acCtaldChydc. Le spectre comporte plusieurs bandes, i l  est trks complexe et ce n'cst que I'extrCmitC du spectre qui absorbe 
dans le rouge que I'on a pu analyser. L'exigencc cxpCrimentale principale est une valeur ClevCe pour la pression x la longueur 
de parcours (500 Tom X 168 m). On a interpret6 les spectres en fonction des modes dc torsion v j s  ct v ' ; ~  attach& au mode 
de vibration angulaire hors-plan v i4 .  Les deux modes sont trks actifs dans la rigion de Franck-Condon et on n'a pas pu 
observer la bande 0:; i 27240,4 cm-I. La bamikre h la rotation du groupc mCthyle est @ale h 618,5 cm-I. Le rCsulfat le plus 
surprenant est I'obsemation que le groupe mCthylc subit une rotation qui le fait passer de la configuration CclipsCe X vers une 
configuration dCcalCe. L'intensitC de I'addition du quantum vI4 ainsi que sa position dans Ic spcctrc suggkrent que, dans 1'Ctat 
6 ,  I'hydrogkne aldChydique n'est pas dans le plan. 

[Traduit par le journal] 

Introduction 
The banded absorption system of acetaldehyde at 330 nm has 

been the subject of a number of studies. The assignment of the 
vibrational fine structure has been hampered by a spectral con- 
gestion which extends throughout this system and progress has 
been slow. Rao and Rao (I), the first investigators to attempt 
a complete vibrational assignment, placed the singlet-singlet 
system origin at 320.4 nm. Somewhat later, Giddings and 
Innes (2) revised this value upwards to 348.4 nm. More 
recently, Hubbard, Bocian, and Birge (3) combined a medium 
resolution absorption study with resolved laser fluorescence to 
place the origin at 346.4 nm. This problem has been solved by 
the powerful technique of supersonic jet spectroscopy. Noble, 
Apel, and Lee (4) observed the excitation spectrum of a sample 
of jet cooled CH,CHO which was free from the complications 
of thermally induced vibration-rotation fine structure. They 
were able to unequivocally fix the origin at 29771 cm-' 
(335.9 nm), the V ;  three-fold barrier to 653 cm-' and the 
0--Of inversion splitting to 33 cm-I. 

Ng (5) has made a study of this system in  absorption at path 
lengths up to 168 m and temperatures down to -90°C. He 
established that a large number of bands in the 363-351 nm 

5 ns component and a much longer 25 ks  emission. These they 
attributed to the separate A + 2, S-S and 6 + 2, T-S 
fluorescence and phosphorescence emissions. From the onset 
of the phosphorescence, the origin of the T-S system may be 
estimated to lie in the region of 369 nm. 

Recently (7), we have made a vibronic assignment of the 
ii + 2 and A + 2 transitions in CH,CHS. We felt that we 
might be able to combine the E ( A )  - E ( 6 )  intervals from this 
work with the corresponding values for CHIS and CHzO and 
arrive at an estimate for CH,CHO. Also, the vibronic fine 
structure of the T-S system is expected to be simplified as a 
result of the more stringent vibronic-spin-orbit selection 
rules. That is, the inversion doublets which greatly complicate 
the S-S system are expected to be absent in the T-S 
spectrum. 

Experimental 
Acetaldehyde, CH3CH0, was obtaincd from B.D.H. Chemicals, 

Ltd., and was purified by trap-to-trap distillation. The spectra at room 
temperature were recorded at a path length of 168 m which was 
obtained from 28 traversals of a 6 m multiple reflection cell. The 
pressures of the vapour in these experiments varied from 25 to 
500 Torr. A total of 250 mL of acetaldehyde was required to fill the 

region were temperature insensitive. It follows from the jet cell at its highest pressurc which made it impractical to record the 
studies that these bands must result from the spin forbidden spectrum of the D compounds in the rcgion of the origin.   he tem- 
triplet-singlet ;,A" + )?'A' electronic transition. The other perature effect was observed with a 2 m multiple reflection cell (8) 

information which is available for the 6 state comes from which could be thermostated at temperatures down to -90°C. Spectra 

emission spectroscopy~ CH,CHO is known to fluoresce as well were recorded under conditions of modest resolution with a Bausch 
and Lomb 1.5 m grating spectrograph. The plate holder on this instru- as phosphoresce' and a has been to ment is fixed so that wavelengths shorter than 375 nm are recorded in 

tributions of each from the emission 'pectrum. Schuh the second order and those greater than 375 nm in the first order. A 
al. (6) optically excited the A singlet system at 320 nm with a 450 w Xe arc was used as a source of continuous radiation and a 
YAG laser-pumped dye laser system. They observed that the Fe-Ne hollow cathode lamp for the iron standard lines. Spectra were 
resulting emission could be resolved into a very short-lived calibrated from 10-fold enlargements of the photographic film. 
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Results and discussion 
The starting point for the assignment of the bands in the T-S 

came from the jet-laser studies of the S-S system which place 
the origin of the A +- system at 2977 1 cm-'. The separation 
between the singlet and i triplet states AE = E(A) - E ( 6 )  
was estimated from CH20  (9), CH,S (9), and CH3CHS (10). 
The data were combined as follows: AE(CH3CHO) = 
A E(CH,O). A E (CH3CHS) / A E(CH,S) = (2996) ( 1522) / 
(1 853) = 246 1 cm-' . The origin band for the i +- x transition 
therefore should lie at 2977 1 - 2461 = 273 10 cm-I. A second 
estimate comes from the phosphorescence of Schuh et al.  (6) 
who placed the origin at 27100 cm-'. 

The temperature effect showed that the bands in the 
26900-28200 cm-I region do not bear ground state excitation 
energies of 1571 cm-I or greater and they are assigned to the 
T-S system. The key to the analysis was the recognition that 
the v15 torsional mode was highly active and formed long 
progressions in the spectrum. As a consequence of the large 
Boltzmann populations, the hot bands bearing ground state 
excitation of v;', should be present in the spectrum. Sequences 
and progressions in vl/, should be among the first bands en- 
countered at the red edge of the spectrum. 

The bands at 27098.5 and 26985.3 are free from congestion 
and are among the few simple bands that were observed. It was 
felt that these were hot bands and that their assignments could 
be obtained by comparing their frequency difference of 
113.2 cm-I against ground state energy levels derived from 
microwave data (1 1). From a combination of all pairs of levels 
in v;', the difference 1%" - 151E = 1 1  1.5 cm-I. This would 
give the lower frequency band the assignment 15:; and the 
higher band 15:;. These bands would fix the 0:: origin at 
27098.5 + 140.1 = 27238.6 or alternatively 26985.3 + 
25 1.6 = 27236.9 cm-I. The assignment of the S-S bands at 
higher frequencies by Noble et al. (4) was used as an aid in 
establishing the quantum numbering for the 6 state. For the 
S-S system the v;, torsional frequency is 15'" 15'" = 185.5. 
With this interval as a guide, we assigned the bands at 27278.3 
and 27148.1 cm-' to the transitions 151; and 15:;. The other 
assignments locked into the vibrational pattern. A strong band 
at 27474.4 cm-' is +334.0 cm-' above the 0:; origin. It is 
assigned to the transition 15;;. The identification of the band 
at 26967.3 as 15;; completed the assignment of the pure tor- 
sional transitions. 

Many bands are found in this region which could not be 
fitted into the above assignments. These bands were too close 
to the origin to be classified as fundamentals and they were 
attributed to hot bands derived from higher vibrational states. 
The pattern of the vibrational fine structure at energies in 
excess of +300 cm-' from the T-S origin can be inferred from 
the jet spectra of Noble et al.  (4). These authors observed the 
10: frequency quanta of the out-of-plane bending mode 14; and 
14; as well as the slngle quantum addition 10;. As the quanta 
were attached to each other and to quanta of the torsional mode 
they found that the spectrum became complex very quickly. 
Even though the vibronic-spin-orbit selection rules (12) do 
not allow for 14; here we felt that a detailed analysis of our 
room temperature spectrum would not be realistic. Instead we 
made a search for the two strongest members of the progression 
145 15;; and 10: 155;. Bands were found at 27934.6 and 
28074.6 cm-I which lead to 2v14 = 500.2 and vlo = 360.2 
cm-'. These values are to be compared to the 487 and 373 cm-' 
set obtained for the A state. While in principle it should be 
possible to verify these assignments by identifying other mem- 

TABLE 1. Assignment of the main vibrational features in the 
362-37 1 region of acetaldehyde 

Assignment Observed Calculated" 

I 5;; 27574.4 27576.21 
15;; 27278.3 27273.66 

I E 
IS2, 27 148.1 27 150.66 
1.5:; 27098.5 27096.57 
15;; 26985.3 26986.57 
15;: 26967.3 2697 1.92 

15:; 26899.7 26896.43 

"From the constants of the 6 and R states given in Table 2 

TABLE 2. Comparizon of the torsional constants for the x, 6 ,  A ,  and 
B states of acetaldehyde (cm-I) 

Barrier height F 7.0 

x state" 398.4*8.1 7.48kO. 17 0.0 
6 state" 624.8k21.5 6.81 k0.58 27240.4 %2.8 
A statec 65 3 6.6 2977 1 
B state" 755% 10 7.696 55039 

"Parameters refined from the data of ref. I I .  
hThis work. 
'From ref. 4. 
"From ref. 14. 

bers of the v15 progression, the complexity of the absorption 
allows for too many alternatives. Rather, a detailed analysis of 
this region will have to await methods more powerful than 
absorption spectroscopy. 

Discussion 
When interaction with others vibrational modes is neglected, 

the torsional motion in acetaldehyde is governed by the 
Hamiltonian 

where F is the reduced rotational constant, V3 is the height of 
the barrier to internal rotation, and 4 the torsional angle. 
Following the method of Lewis et al .  (13), the Hamiltonian 
matrix corresponding to eq. [I] was set up in terms of sine and 
cosine basis functions and diagonalized to yield the eigenvalues 
and wavefunctions. The energies of the transitions allowed by 
the selection rules Al * A ' ,  A? - A?, E - E were calculated 
by combining levels of the upper i state with the lower 2 
ground state. The V;' and F" parameters of the lower state were 
recalculated from the levels derived from the microwave spec- 
trum ( 1  1) using the model function of eq. [l]. The calculated 
transition energies were fitted to the torsional data by a least 
squares procedure in which the electronic origin V; and F' were 
refined. The fit to the data is illustrated in Table 1 and the 
resulting spectroscopic parameters are given in Table 2. An 
inspection of the spectrum at 27240.4 cm-' indicates that this 
region does not contain bands which can be assigned to the 0:; 
origin. The two estimates for the position of the origin do 
bracket the value observed here in that the correlation between 
CH3CHS, CH2S, and CH,O gave 273 10 cm-' while the phos- 
phorescence measurements gave 27 100 cm-'. 

Torsional dynamics for CH3CH0 have been determined for 
the 4 states x, 6 ,  A, and B. The parameters are tabulated in 
Table 2. It is not too surprising that the V3 and F constants of 
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I I st order X 10 r 376.379 nm 

FIG. I .  Low resolution absorption spectrum of acetaldehyde CHXHO recorded at a pressure x path length of 500 Torr X 168 m. 

the 6 and A states resemble each other since the states are 
derived from the same n.rr:': electron configurations. What is 
unusual is that the gross features of the torsional structure in the 
B + d Rydberg transition are very different from those of the 
two lower 8, A + d valence transitions. That is, the n + 3s  
transition is characterized by a 0: band which is very strong and 
dominates the spectrum whereas in the n + IT:': transitions this 
band is too weak to be observed. A simple explanation for these 
results is to assume that on excitation to the B state the methyl 
group does not change its conformation. The three-fold barriers 
would be in phase (eclipsed conformations in both states). The 
strongest transitions are found in A v  sequences in which suc- 
cessive members decrease rapidly because of their increasing 
Boltzmann factors. Indeed, Gordon (16) has been able to repli- 
cate the intensity patterns in the B + 2 spectrum from a 
Franck-Condon calculation based on this model. On the other 
hand, the intensity profiles of the torsional transitions in the 
near uv systems would be rationalized by a change in con- 
formation. On electronic excitation, the methyl hydrogens 
would undergo a rotation from their eclipsed ground state con- 
figuration to a staggered configuration in the upper state. In this 
case the strongest transitions in absorption would come from 
the v" = 0 level and terminate on levels just below the top of 
the upper barrier. Noble and Lee (15) used this model to 
explain the observed intensities in the torsional progressions in 
the + X spectrum. The problem here is compounded by the 
inversion motion of the aldehyde wagging mode. 

. .  . A major question which emerges from this analysis is why 
the methyl group undergoes a torsional distortion on excitation 
to the nn* state yet retains its conformation on excitation to the 
n3s state. A somewhat simplistic viewpoint is to break the 
structural changes into two parts: those arising from the 
removal of the electron from the n orbital and those resulting 
from the addition of the electron to either the 3s  or IT:': orbitals. 
Information about the first process comes from a comparison of 
the Rydberg spectrum (14) with the first transition in the pho- 

. . .  
toelectron spectrum (17). Both of these transitions have in 

. . . . .  common the loss of the n electron. Also, they have torsional 
. ~ transitions which are Franck-Condon allowed. It follows that 

the removal of the n electron in the n + IT'> process is not 
responsible for the observed torsional distortion. Rather, the 
source for this effect comes from the addition of the electron to 
the TI-* orbital. The effects of the methyl group on the out-of- 
plane electronic structure of a molecule can be treated by 
simple Hiickel MO theory. If the methyl group is assumed to 
have a three-fold symmetry, the a MO's can be decomposed 
into the representations 2a '  + a" of the C, point group. This 
means that one of the a orbitals transforms as a". It is con- 
structed from a set of I s  orbitals at the non-planar methyl 

ll* MO's of the 

n MO's of the 

X'A' state 

FIG. 2. Conjugative Hiickel MO model for the second and third 
MO's of acetaldehyde. The AO's on the C, ,  C2, and 0 centers are 
p-type while the A0 on the hydrogens are s-type. 

hydrogens and has a node at the molecular plane. It has the 
resemblance of a p orbital. Three other p orbitals are required 
to complete the description of the IT network. Two of these are 
located in the CHO frame, at the carbonyl carbon and oxygen 
atoms while the fourth is at the methyl carbon. Figure 2 shows 
the arrangement. This model is not unlike that of the butadiene 
system in which   IT MO's are derived from 4p  type AO's. The 
order of these orbitals in decreasing stability would be ( a )  
+ + ++,  (6 )  + + - -, (c)  + - - +, and(d )  + - +  -. In 
the d state of the molecule, the lowest orbitals ( a )  and (b)  
would be fully occupied. The ii or A states which are arrived 
at by n + .rr:"xcitation have the configuration (n)'(b)'(c)'. If 
weak interactions were postulated between the terminal orbitals 
it is clear that ( a )  and (c)  would give bonding end-to-end 
contribution whereas (6 )  and (d )  would be antibonding. 
Simple MO theory predicts that the ;runs isomer would be the 
preferred conformer for the X and B states and that the 6 and 
A states should adopt a cis conformation. 

The microwave spectrum (1 1 )  clearly shows that the methyl 
group eclipses the carbonyl double bond. That is, acetaldehyde 
adopts a configuration in the d state which minimizes the 
antibonding repulsions between thep-type terminal orbitals. As 
n + 3s Rydberg excitation does not directly involve the .rr 
network, the model predicts that the methyl group would retain 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MOULE AND NG 1381 

its conformation in the B state, and that the torsional transitions 
would be Franck-Condon allowed in the spectrum. This is 
precisely what is observed in the multiphoton ionization spec- 
trum of Heath et a / .  (14). The results obtained here for the T-S 
transition and those of Noble et al. (4) for the S-S transition 
can best be explained by a gross displacement of the torsional 
angle on excitation. The MO model predicts that the angle 
would be 60". A complication here is that on n + m* excitation 
the molecule undergoes a second out-of-plane distortion. This 
is the well-known tendency for the aldehyde hydrogen to as- 
sume a pyramidal geometry. In the A state this leads to the 
inversion manifold of 0,  33,487 cm-I. While selection rules do 
not allow for the observation of the first quantum, we do see the 
14' interval of 500.2 cm-'. In the carbonyl series of molecules 
the 6 states in general are known to have higher inversion 
barriers than the A states. Certainly, the planarity of the CHO 
frame would be lost in the state of acetaldehyde and it is 
doubtful if the displacement of the torsional angle is a full 60". 
In any case, a complete description of the dynamics of either 
the A or the states would have to involve a set of coupled 
large amplitude oscillators, one of which would be described as 
an inversion doubling of the aldehyde hydrogen and the other 
would be methyl group internal rotation. 

A survey of the molecules which have methyl groups next to 
chromophores which undergo n + T* excitation shows that the 
phenomena observed here for acetaldehyde may be quite wide- 
spread. Ernsting et al. (18) and Gordon (19) have conclusively 
demonstrated that the torsional fine structure in the 675 nm 
band system of CH,NO can only be explained by a trans-cis 
displacement on electronic excitation. Under supersonic jet 
conditions (20), the methyl-substituted glyoxals CHOCCH30 
and (CH,CO), give rise to an excitation spectrum which dis- 
plays progressions in the torsional mode. The spectra would be 
interpreted in terms of the model used here. Finally, we have 
recently observed the S-S and T-S transitions resulting from 
n + .rr* excitations in thioacetone (7) and thioacetaldehyde 
(10). Again, the spectra are assigned on the basis of a trans-cis 
change in conformation. In all of the examples cited here the 
molecular frame is either rigidly planar or it is slightly flexible 
at the aldehydic carbon. None of these molecules undergo the 
pyramidal distortion which is observed for acetaldehyde yet 
they all display the same conformational displacements. The 
above analysis does suggest a generalization, namely, that the 
conformation of a methyl group attached to a frame undergoing 
n + T* excitation adopts a 60" staggered configuration in the 
upper state. 

Conclusions 
The majority of bands in the room temperature absorption 

spectrum of acetaldehyde are too complex and too congested 
for a vibronic analysis. It was found that the extreme red edge 
of the spectrum, under conditions of a very long path of 168 m 
and a high pressure of 500 Torr, was sufficiently simple that an 
assignment could be made. The bands observed here were 
assigned to the spin-forbidden 6'A" + g'A', n + .rr:': transi- 
tion. A correlation with the recent (4) jet spectrum fixed the 0: 
origin at 27240.4 cm-' and the barrier in the triple-minimum 
torsional potential function to 618.5 cm-I. The strength of the 
progression in the torsional mode was attributed to a change in 
the conformation of the methyl group on electronic excitation. 
The displacement was accounted for by a simple Hiickel model 
in which the 1 s AO's of the methyl group were conjugated into 
the 2p  AO's which formed the .rr and .rr* MO's. The equi- 
librium conformation was determined by the a_ntibond_ing re- 
pulsions between the end orbitals with the X and B states 
favouring the trans form and the 6 and A states the cis form. 
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O r r O  B.NAGY. Can. J .  Chem. 63, 1382 (1985). 
One possible specific solvent effect, namely, the .rr-donor ability is considered in the light of simple intermolecular second 

order perturbation theory. By using the Polinyi-Evans-Bell principle this theory predicts that increasing n-donor ability of 
solvent should decrease the reaction rate. This prediction is fully borne out by experimental data observed for the solvent effect 
on 4 + 2 cycloaddition of tetracyanoethylene to anthracene. 

OTTO B.NAGY. Can. J .  Chem. 63, 1382 (1985). 
Un effet de solvant spkcifique possible, savoir la capacitC n-donneur, est consider6 a la lumiere d'une simple thkorie 

perturbationnelle intermolCculaire de deuxieme ordre. En utilisant le principe de Polinyi-Evans-Bell, cette thkorie prCdit que 
I'augmentation de la capacitC n-donneur du solvant doit diminuer la vitesse riactionnelle. Cette prediction est compl&tement 
corroboree par les donnees exptrimentales observkes pour I'effet de solvant sur la cycloaddition 4 + 2 du tktracyanoethylene 
a I'anthracene. 

Solute-solvent interactions are ubiquitous in most fields of 
chemistry and their importance in influencing the physico- 
chemical properties of molecules needs no further comments. 

The complexity of the phenomena involved is quite appro- 
priately reflected by the overwhelming literature on the subject. 
The approaches to  the solution of this problem used by various 
authors range from purely empirical to highly sophisticated 
theoretical considerations (1, 2). 

In this paper an intermolecular perturbational approach will 
be presented to account for specific solvent effects observed in 
reactions between neutral molecules. The astonishing success 
achieved by simple perturbation theory (3) especially in the 
frontier molecular orbital (FMO, which should mean, more 
appropriately, Fukui molecular orbitals) approximation (4) 
suggests that some aspects of solute-solvent interactions 
might be handled along the same line (6). 

Solvent effects may be general o r  specific. General solvent 
effects are based on polarity and polarizability of solvent mol- 
ecules while specific solvent effects stem from their n-donor, 
n-donor, and hydrogen bond forming abilities. 

The hydrogen bond problem has been dealt with recently by 
Sandorfy and co-workers (7) who ably demonstrate the sub- 
tleties responsible for the therapeutic action of some anesthetic 
agents. 

In the present paper only aprotic solvents will be examined. 
These must be divided into various classes (8) in which the 
specific and general effects intervene to different extents. Both 
spectroscopic and kinetic studies show, as  a general rule, that 
wherever specific solvent effects are present they dominate the 
overall effects (8- 13). This is clearly demonstrated also by the 
solvent effects observed for cycloaddition reactions. It is well 
known that 2 + 2 cycloaddition reactions usually involve a 
zwitterionic intermediate (14). This highly charged species is 
very sensitive to solvent polarity (general effect) and it is not 
surprising that one single straight line is observed when the 
logarithm of the second order rate constant (log k) is plotted 
against a general solvent effect parameter ( E T  (2) or SM (9)). 

On  the other hand, 4 + 2 cycloadditions are concerted reac- 
tions involving only uncharged species (15). The latter are 
especially sensitive to the n-donor or n-donor ability of the 
solvent (specific effects). Therefore a log k vs. SM plot reveals 
the same solvent classes that have been observed previously 

TABLE I. Rcaction of tctracyanoethylene ( A )  with anthracene (D) in 
n-donor solvents (S) at T = 20 + O.I°C 

k" I," E:, ,~  
(dm' M -  ' min ' )  (eV) (P) 

1. o-Dichlorobenzcnc 
2. Bromobcnzenc 
3. Chlorobenzenc 
4. Benzene 
5. a-Methylnaphthalene 
6. Toluene 
7. o-Xylcne 
8. 172-Xylene 
9. Mesitylenc 

"The data for solvents 1. 2, 3. and 7 are taken from ref. 17. 
"Solvent ionization potential (18). 
'Highest oecupicd Huckcl molecular orbital energy of solvent relative to the 

a = 0 level. These values have been caleulatcd by perturbation theory (25. 26) 
using the following perturbation parameters: 6a, = -0.5P. + 0.5P. and 
+0.2P for -CH,j, -CI, and -Br respectively (r designates the substitucnt 
bearing atom). 

(16), namely, halogenated, n-donor, and n-donor solvents. 
The results for the reaction of tetracyanoethylene with an- 

thracene in n-donor solvents are given in Table 1. 
They suggest that the monotonic decrease of reactivity when 

going from o-dichlorobenzene to mesitylene might be due to 
the increasing electron donor character of the solvent as reflect- 
ed roughly by their ionization potentials ( I s )  This seems rea- 
sonable in light of the detailed mechanism of this reaction. The 
very first step is the formation of a charge-transfer molecular 
complex (C) between the electron acceptor tetracyanoethylene 
(A) and the electron donor anthracene molecules (D). It has 
been suggested (10) that such complexes are true reaction inter- 
mediates sitting on the reaction path and their presence in any 
reaction must be quite general. It turned out that this is really 
so  (19) and evidence was put forward demonstrating the inter- 
mediacy of these complexes (20, 21). We have therefore the 
following reaction scheme: 

K k 
A + D = C 4 product 

where C is a binary complex AD. If the solvent can also form 
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1 \ A D '  / reaction path 

FIG. I .  Energetics of activation processes in bimolecular reaction. 
The energy of transition state (M') is strongly depending on the 
stability of the intermediatc complex (AD. AD'. or SAD). 

molecular complexes with A, the solvent molecules (S) will 
compete with D and the formation of C will be more difficult: 

A + D + S S AS + D S C' + product 

where C' is a ternary complex SAD. This reduces the reaction 
rate since the stability of C favours the reaction leading even 
to negative activation energies in favorable cases (20, 21) 
(Fig. 1). 

Let us now see how this qualitative conclusion can be 
supported quantitatively by simple intermolecular perturbation 
theory. 

Since the perturbation is an intermolecular one it is necessary 
to use second or higher order perturbation theory. The fol- 
lowing treatment will be limited to second order. 

According to standard perturbation theory (24, 25) the inter- 
action of two energy levels E,  and E j  brings about a second 
order energy variation which is directly proportional to the 
perturbation matrix element and inversely proportional to the 
energy separation of the two interacting levels. In the present 
case the n-donor solvent molecules (S) interact with the 
n-acceptor substrate (A) leading to a new species AS. In the 
FMO approximation (Fig. 2) the energy of its lowest unoccu- 
pied orbital (E?) is 

[ I ]  E? = EP, + (1AIHSlhS)2 

It is directly related to the corresponding energy (E;) of the 
isolated acceptor molecule. The corresponding wave function 
(to first order, unnormalized) is 

HS is the solute-solvent interaction Hamiltonian; 11,) and /hs )  
are the zeroth order lowest unoccupied orbital of the acceptor 
and the highest occupied orbital of the solvent (donor), re- 
spectively; EL and E;,, are the corresponding energies. The 
interaction between the levels Eho of the acceptor and El,  of the 
donor will be neglected. On the other hand, the donor reagent 
(D) attacks the species AS to form a new intermediate SAD. 
The lowest unoccupied level of the AS complex of energy EF 
and wave function I/,,), interacts with the highest occupied 

4 c AS SAD, AD 

FIG. 2. Variation of cncrgies of the highest occupied ( E : , ~ , )  and 
lowest unoccupied ( E ; , , )  orbitals of the interacting partners according 
to second order perturbation theory. 

molecular orbital (E:,, IhD)) of the donor reagent (D). The 
energy of the highest occupied level of the actual intermediate 
(E;fD) is given by 

where HD is the perturbing Hamiltonian. Substituting eqs. [ I ]  
and [2] (normalized) into eq. [3] and remembering that 
(hslHDlh,) = 0 in the zero differential overlap approximation 
(i.e., the donor reagent is not influenced by donor solvents) one 
obtains: 

The last two higher order terms in the denominator ma be 2 .  safely neglected except when (E; - E:,) = (E; - Eho) in 
which case the third term becomes identical to the second one 
and it will be no longer negligible. The matrix element 
(IAIHDlh,) = K ,  is constant throughout since it involves the 
same interacting partners, i.e., the two reagents. For the same 
reason (E;, - E;) = K 2 .  Since the solvents used are quite 
similar it is supposed that the matrix element (lAIHSlhs) 3 K 3  
does not vary much in the class of n-donor solvents and it may 
safely be considered as constant. Hence 

r, 2 

This equation shows that when (E; - E;") decreases the 
acceptor-solvent interaction increases leading to a reduced 
absolute value of (E;tD - E:,) (Fig. 2). This means that the 
intermediate charge transfer complex C' involving the solvent 
is less stabilized than the complex C which contains only the 
reagents. 

The change in reagent (i.e., intermediate complex C') sta- 
bility is directly related to the activation enthalpy AHt through 
the Polinyi-Evans- Bell principle (22, 23): 

where a and b are constants (see also Fig. 1). This relation is 
valid in a homologous series if the various potential hyper- 
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FIG.  3. Depcndcncc of ratc constants on thc cncrgy separation of 
intcractins orbitals (cq. 171). 

FIG. 4. lnflucncc of solvcnt ionization potcntii~l on the rcaction ratc 
(cq. 181). 

ular orbital is directly related to the ionisation potential and by 
extension that of the lowest unoccupied orbital is given by the 
electron affinity. Therefore we have 

S E,, = - Is and E; = -EA 

Using this substitution together with EA = 2.3 eV (5), one 
obtains eq. [8] and Fig. 4: 

It can be seen that both the monotonic decrease of reactivity 
with increasing ( I s  - EA)-I and the curved behaviour are 
correctly represented as required by eq. [7]. It should be noted 
that a-methylnaphthalene deviates considerably from the ob- 
served correlation. However, this behaviour disappears when 
empirical solvent effect parameters are used to account for 
specific effects (12). 

In conclusion, it appears that simple intermolecular pertur- 
bation theory can successfully account for the specific solvent 
effect stemming from the T-donor ability of solvent molecules 
shedding new light on the behaviour of intermediate molecular 
complexes. 

Experimental 
Tetracyanoethylene (UCB) was purified by several sublimations 

while anthracene (UCB) was recrystallized from ethanol. All the sol- 
vents (Aldrich) used have been refluxed over PZ05 for 24 h and freshly 
distilled before use. The kinetic measurements have been carried out 
using a CARY 16 spectrophotometer according to standard procedure 
described in the literature (17, 21). The temperature was kept constant 
at 20 0.IoC. 
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The search for fluorescence and the study of radiationless transitions of electronic 
excited states of NH,' 
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GERALD DUJARDIN and SYDNEY LEACH. Can. J. Chem. 63, 1386 (1985). 
Photoion - fluorescence photon coincidence experiments were carried out in order to detect the fluorescence of NH,' which 

is expected to occur from that part of its A electronic state that lies below the lowest dissociation limit. He1 and NeI sources 
were used to produce the ions. No NH3+ fluorescence was dete_cted and upper limits for its quantum yield under our 
experimental conditions are given. We show that the lifetime of theA state is probably very long, making it difccult to observe 
fluorescence. Furthermore, we argue that the molecular parameters and potent!al energy surfaces of the A and X states are such 
that resonance limit nonradiative coupling to high rovibrational levels of the Xstate could be an efficient process for apparent 
intramolecular quenching of NH3+ A state fluorescence. 

GERALD DUJARDIN et SYDNEY LEACH. Can. J. Chem. 63, 1386 (1985). 
Une partie de 1'Ctat Clectroniqu_e de NH,+ se trouve en dessous de la limite de dissociation de cet ion. On a essay6 de 

d6tecter la fluorescence de 1'Ctat A par la technique de coincidences entre photoion et photon de fluorescence, en utilisant des 
sources He1 et NeI pour former les ions. Aucune fluorescence de NH,' n'a 616 dCtectCe; on donne des valeurs limites 
sup6rieures pour le rendement quantique dans nos conditions experimentales. On montre que la durCe de vie de 1'Ctat A est 
probablement trks longue, ce qui rend difficile I'observa~on de la fluorescence. De plus, on montre que les paramktres 
moltculaires et les surfaces d'Cnergie potentielle des Ctats A et _X devraient permettre un couplage non radiatif, de type limite 
de rCsonnance, aux niveaux rovibrationnels Clev6s de LCtat X. Ceci correspond i un processus efficace pour I'extinction 
intramoltculaire apparente de la fluorescence de I'ttat A de NH3+. 

1. Introduction ( la , ' )*  (2aIr)* (le')' (la,"), A 2 ~ '  IP (adiab.) = 14.98 eV 
Previous studies of the relaxation of excited electronic states 

of the gas phase ammonia cation have essentially been con- 
cerned with the dissociative mode (1). 

The threshold of the lowest dissociative channel, NH3 + hv 
+ NH,' + H + e-, is at 15.768 -t 0.008 eV as determined by 
photoionization mass spectrometry (2). This corresponds to an 
energy within the second photoelectron band (3, 4), forming 
the A ~ E '  state of NH3', which extends approximately from 
14.98 to approximately 18 eV. Predissociation appears to be 
100% above the threshold ( 5 ) .  However, since the origin of the 
first excited electronic state of NH,', at 14.98 eV, lies below 
the first dissociation limit, radiative relaxation to the ground 
state of the ion at 10.15 eV is conceivable. Indeed Herzberg 
and Lew (6, 07) have observed an emission spectrum in the 
2200-2400 A region by electron beam excitation of a low 
pressure jet of ammonia gas. A band near 2338 A was pro- 
visionally assigned to NH3+, whereas other features in this 
spectral region are possibly due to NH, or NH,' (7). Electronic 
spectra of these species are of astrophysical interest, especially 
for cometary science. 

In the present work we investigate whether NH3' emits pho- 
tons, by measurement of the fluorescence quantum yield of this 
ion using a photoion - fluorescence photon coincidence (PIF- 
CO) (8, 9) technique. In an earlier attempt to measure this 
quantum yield, Devoret failed to find NH3' fluorescence (lo),  
but his experiment was carried out with a PIFCO apparatus of 
much lesser sensitivity (8) than the one used here (9). 

The photoions are produced by excitation of NH, with He1 
(21.22 eV) or Nel (16.85, 16.67 eV) radiation. In this ex- 
citation range, only two electronic states of-the ammonia ion 
can be formed, the  AT ground state and A2E' excited state, 
whose electron configurations and adiabatic ionization poten- 
tials (IP) (3, 4) are as follows: 

(la, ') '  (2n11)' ( le ' )4 (la;)' %'A2" 1P (adiab.) = 10.15 eV 

The ion is assumed to have a D3,, planar geometry, at least 
in its ground state (see later), in conformity with the quasi- 
planar structure of the isoelectronic species CH, (1 1, 12). 

2. Experimental and results 
The photoion - fluorescence photon coincidence (PIFCO) 

technique has been described in detail elsewhere (8, 9) and only 
a short outline will be given here. NH, molecules are photo- 
ionized in a gas jet issuing from a hypodermic needle, using dc 
rare gas lamp sources (HeI, 21.22 eV; NeI, 16.85, 16.67 eV) 
mounted on a VUV monochromator. In our experiments the 
pressure of NH3 was in the range lo-' - Torr (1 Torr = 
133.3 Pa). Photoions and photoelectrons are accelerated away 
from the region of formation by an electric field ( ~ 1 0 0  V cm-I) 
towards microchannel plates and a channeltron respectively. 
Fluorescence photons emitted from excited ions or molecules 
are detected at right angles by an EM1 9635QB photomultiplier 
(NeI excitation) or via a glass lens system and a cooled 
Hamamatsu R943 photomultiplier (He1 excitation). The fluo- 
rescence wavelength detection range was 175-360 nm and 
380-910 nm with the respective photomultipliers. 

Photoion-photoelectron coincidences are first recorded and 
give a time-of-flight mass analysis of parent and fragment 
photoions. After this analysis, which enabled us to identify the 
NH,' time-of-flight, coincidences between fluorescnce pho- 
tons and NH,' photoions were counted as a function of delay 
time, together with the total number of photoions. 

The fluorescence efficiency q,(NH,+) of the NH3+ ion can 
be deduced from the ratio N, /Ni  where N ,  is the number of 
NH3' photoion - fluorescence photon coincidences and Ni the 
number of photoions detected in the same time interval. Instru- 
mental factors are determined and calibration carried out by 
experiments with N2+ B2C,' - x2C,' emission, which has unit 
fluorescence quantum yield (8, 9). 
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Coincidence counts between NH3+ ions and fluorescence 
photons were made under the following experimental condi- 
tions for He1 excitation: photon count rate, 10 pilotons/s; ion 
count rate, 6500 ions/s; cumulative count time, 120 h; photon 
detection region 380-910 nm with a Hamamatsu R943 photo- 
multiplier. Experiments were also carried out with N ~ I  ex- 
citation, using an EM1 9635QB photomultiplier (175-630 
nm), which is several times more sensitive than the Hamamatsu 
photomultiplier over the common spectral detection range; cu- 
mulative count time was 13 h. 

The PIFCO signal showed no evidence for NH3+ fluo- 
rescence. From the noise level in the false coincidence spec- 
trum, using a coincidence gate open time of 500 ns, we deter- 
mine the following upper limiting values of the fluorescence 
efficiency -qF(NH3+): 

He1 excitation, 380-910 nm detection range: 
-qF(NH3+) < 4 X lo-' 

NeI excitation, 175-630 nm detection range: 
-qF(NH3+) < 2.5 x 

The fluorescence quantum yield of an ion Mt  in the jth 
electronic state, averaged over accessible vibrational levels of 
this state, is given by the relation: 

where f G) is the branching ratio for forming the jth state with 
the particular excitation source used. 

In the case of the A('E1) state of NH,', a value off  (A) = 
0.75 is obtained for He1 excitation (13, 14); electron impact 
dipole (e, 2e) coincidence measurements give f (A) = 0.8 for 
an excitation energy of 21.22 eV (15). NeI photons (16.85, 
16.67 eV) are in the same energy range as the A'E' state of 
NH,', which is moreover a region of incomplete ionization ( 1 ,  
15). Thus it is difficult to obtain reliable f(A) values for NeI 
excitation. A calculated value f (A) = 0.52 has been given for 
16.85 eV excitation energy (13). 

The upper limiting value for the fluorescence quantum yield 
under our experimental conditions is: 

shown to be planar (13, 16, 17), as is the corresponding state 
of the isoelectronic species CH, whose optical spectrum has 
been analyzed (1 1, 12). However, although the A'E' state is 
usually expected to be pyrimidal (13), there is no direct evi- 
dence for this structure. On the basis of SCF calculations, 
Koppel et al. (18) do derive a C,,. structure for this state. 
However, it should be stated that for the analogous state of the 
isoelectronic species CH,, calculations also predict a C,, struc- 
ture (19), but that a search for the A'E' - 2 ' ~ ,  (C,, notation) 
transition, which is optically allowed for a C,,, upper state, has 
been fruitless (1 1); we remark that this transition is forbidden 
in strict D3,, symmetry (see later). 

Whether an XH, species will be pyrimidal or planar depends 
on a critical balance of opposing forces (20-22). Furthermore, 
existing calculations on the electronic states of NH,' were 
made in order to interpret photoelectron spectra. !n these calcu- 
lations, a planar structure was imposed on the X state (17), a 
pyrimidal structure on the A state (18). The existence of a 
Jahn-Teller effect in the state adds to the complications of 
interpretation (13). Thus although one can advance reasonable 
theoietical arguments in favour bf a pyrimidal structure for the 
A state, we consider it best to retain an open mind on this 
question. The discussion which follows will therefore consider 
both possible structures, D3/, and C,,., for the A state of NH, '. 
A. The strength of the 4 x radiative trctnsition 

The A'E' - X'A; transition is electric dipole forbidden if 
both electronic states are planar. In principle, the excitation of 
an a," or an e' vibration in either upper or lower state could 
create a vibronically (Herzberg-Teller) (24) induced transi- 
tion. The strength of the vibronic interaction depends on the 
proximity of a third electronic state having an allowed dipole 
transition to either the A'E' or ?A; states. The closest known 
state of this type is the (2aI1-I) level which is at about 12 
eV aboveA'E1 and 17 eV above X'A; (3, 15,23). For the large 
energy intervals, AE, involved, we predict that any 
Herzberg-Teller induced transition strength, which is a func- 
tion of (AE)-' (24), will be small. Thus we expect T(A), the 
lifetime of the A'E' state, to be long. If T(A) is greater than = 
50 US. a true coincidence PIFCO signal would not be detectable , , - 

He1 excitation: &,(NH3+ A'E') < 5 X lo-' unless the cumulative count time was impracticably long, i.e. - 
one or more orders of magnitude than in the present 

using the theoretical value off (A) = 0.52 for NeI excitation, experiments. If this is indeed the case, the true fluorescence one obtains in this case: Quantum yield could be of the order of unity, our low value of 
&,(NH,+ A'E? < 5 x 6, being an effective value under our experimental conditions. , . ~  A 

Indeed,-we estimate that under our experimental conditions 
We recall that the fluorescence efficiency, and thus the 
values, were determined using a coincidence gate open time of T(A) > 400 ps  if $F = 1. 

500 ns. 
We remark, however, :hat this discussion posits a D,, sym- 

metry for both the andX states. In the event that one of these 

3. Discussion 
The very low upper limiting value for NH3+ A'E' fluo- 

rescence indicates that it would be extremely difficult to obser- 
ve a dispersed emission spectrum of NH,'. It is therefore high- 
ly unlikely that any of the cbserved features in the emission 
spectrum in the 2200-2400 A region reported by Herzberg (6, 
7) is due to NH,'. 

The absence of A'E' state fluorescence from NH,' vibronic 
levels between 14.98 and 15.77 eV could result from one, or 
the conjunction of a number of causes. Before presenting the 
relevant ar&uments, it is necessary to discuss the geometry of 
the A and X electronic states of NH,'. 

From calculations and analysis of the first band in the photo- 
electron spectrum of NH,, the ground state of the ion has been 

states has a lesser symmetry, one must consider the common 
symmetry elements of the Lwo_ states. If the A state belongs to 
the C3, point group, the A-X transition would then become 
formally allowed and one would expect both v, and v? to be 
active vibrations since they becpm: totally symmetric in the 
reduced point group. Thus, the A-X transilion may be consid- 
erably stronger, and the lifetime of the A state considerably 
shorter, than would occur if a rigorous D3/, group symmetry 
applied. 

B . lntrarnolecular radiationless couplit~g 
B. 1. Coupling with the % state 
Since no emission is observed, relaxation of the A state 

below the dissociation limit must occur via an intramol_ecular 
process and implies, in the first instance, coupling of A with 
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isoenergetic levels of the 2 state. In this case, not only the 
electronic matrix element coupling the two states must be non- 
zero but als9 the Franck-Condon vibrational overlap integrals 
(+,(A)~+,(x)). For the latter condition to be met requires that 
the potential energy surfaces of the A and 2 states approach 
each other or even intersect at energies in the 15-eV region. 

Before examining the situation of the potential energy sur- 
faces we will first consider another parameter, the density of 
vibrational levels p, of the 2 state in the A state region. The 
order of magnitude of p, provides an indication as to the partic- 
ular case of the radiationless transition to be expected, each 
case having its own physical characteristics: resonance limit (p, 
5 10' states/cm-I), intermediate case (p, = lo4 - lo5 
stateslcm-I), or statistical limit (p, >> lo5 stateslcm-I) (25). 
The density of states p, was calculated by Haarhoff's approxi- 
mation (26) to the harmonic density of states, using the follow- 
ing vibrational frequencies (in cm-'), v,  (a, ' )  = 3340, v2(a,") 
= 950, v3(e1) = 3445, v4(er) = 1630, which were assumed to 
be the same in NH, (27) and NH,'. This calculation gave the 
following values: p, = 18 states/cm-' at the A state origin level 
energy, and p, = 33 states/cm-' at the dissociation threshold. 
In spite of the approximations involved, these results should 
provide reliable order of magnitude values for p,. The values 
obtained indicate that intramolecular coupling, if it exists, be- 
tween the A and 2 states would correspond to the resonance 
limit of radiationless transitions. In this case one would expect 
lifetime lengthening of the A state with respect to what might 
be expected on the basis of the integrated absorption intensity 
(apparent oscillator strength), i.e. manifestations of the Dou- 
glas effect (28). This would enhance the possibility of the 
existence and consequences of a long radiative lifetime, dis- 
cussed in a previous section. 

In_ discussing now the vibrational parameters involved in an 
A, X intramolecular coupling process we first pay attention to 
the promoter modes. The D3, symmetry selection rule for intra- 
molecular radiationless coupling between the A'E' and X'A; 
states induced by vibrations (we neglect Coriolis coupling) is 
that the product A: X E '  X r, = A, ', where r, is the represen- 
tation of the vibrational mode(s) excited.This is satisfied by the 
condition r, = e"; however, NH,' is a "symmetry deficient" 
molecule in the Kasha sense (29), in that there is no vibrational 
mode of e" symmetry. Therefore single one-quantum vibrations 
cannot correspond to promoting modes. Two quantum combi- 
nations v2(a;) + v3(e') or v2(a21)) + v,(el) could give r, = e"; 
however, these would be of second-order strength in inducing 
the A-2  radiationless transition. If the A state has a C,, 
structure, then each and any of the four vibrational modes could 
be single quantum promoting modes. 

We now consider the relevant potential energy functions of 
the A and 2 states in order to investigate other parameters 
involved in both radiative and nonradiative transitions. Ex- 
citation of NH, with He1 or NeI radiation will form a 
progression of v2 vibrational levels in the A state, and will also 
excite one or both of the e '  vibrations (v,, v,) which induce 
Jahn-Teller coupling in this state (3, 4). Furthermore, because 
of the bonding nature of the l e '  orbital, there will be an im- 
portant change of the r(NH) distance in forming the A state, 
thus the a , '  vibration is also expected to be excited (18). We 
consider first the bending potential. 

In Fig. 1 are shown potential energy functions of the v2 
bending mode for NH3' in the 2 and A states; the curves are 
adapted from published figures (17, 18) resulting from the- 
oretical calculations made in order to interpret the vibrational 

FIG, 1. Potential energy functions of the v2 bending mode of NH,+ 
in its X ground state and A first excited electronic state. (3 is the angle 
(in degrees) between an N-H bond and the plane vertical to the C3 
rotation axis. The horizontal dashed line at 15.77 eV coresponds to the 
threshold energy of the lowest dissociation channel NH3 + hv -+ 
NH,+ + H + e-. 

structure in the photoelectron spectrum of ammonia. The ab- 
scissa represents the angle (3 between the N-H bonds and the 
plane vertical to the C3 rotation axis. The v = 0 energies of the 
states have been adjusted to their experimental values. We use 
this figure to make some qualitative statements, as follows. 

(i) Radiative transitions: the equilibrium structure of the A 
state is apparently pyrimidal, that of the 2 state is planar. 
However, no geometry optimization was carried out for differ- 
ent bond angles (17, 18). On the basis of the equilibrium 
structures in Fig. 1, the D3, symmetry selection rules for both 
radiative and nonradiative transitions between the A 2 ~ '  and 
2 '~;  states will be somewhat relaxed. However, we note that 
radiative transitions from occupied vibrational levels in the A 
state below the dissociation limit will have very high vi- 
brational levels of the 2 state as their final states. Thus the 
individual Franck-Condon factors for the vibrational com- 
ponents of an A+ 2 transition will tend to be small, so that any 
emission from the A state will be spread out over a very wide 
spectral region, rendering more difficult its detection. 

(ii) Nonradiative transitions: extrapolation (thick dashed 
line) of t h e 2  potential energy curve to higher energies indicates 
that it approaches close to the A surface. This is-conduc_ive to 
intramolecular radiationless coupling between A and X. The 
possibility of A, 2 interaction might be amplified by concomi- 
tant Jahn-Teller effects involving e '  vibration excitation. Fur- 
thermore, Koppel' has recently taken into accounJ siculta- 
neous shortening of the N-H bond in going-from A to X. He 
finds that the energy of the crossing between A and 2 is strong- 

' H. Koppel, private communication ( 1983). 
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DUJARDIN A N D  LEACH 1389 

ly lowered and concludes that consideration only of the pure 
bending potential energy curves underestimates the importance 
of the A-g conical intersection. The latter will, of course, give 
rise to strong non-adiabatic effects which would reinforce the 
Franck-Condon factors in A - 2  coupling. 

B .2. Couplitzg with other states 
We now consider the possibility of states other than the 2 

state as final (or intermediate) states in intramolecular coupling 
with the A state. 

Low-lying 'A,' Rydberg state 
Based on Walsh-rules arguments one can predict that the 

lowest Rydberg state of NH,' should be planar and have the 
electron configuration (1 a ,  ')' (2a,  ')' (I (3al ')I and elec- 
tronic symmetry 'A,'. The analogous state has been observed in 
optical absorption of the isoelectronic species CH3 ( 1  1). Ac- 
cording to Walsh-type diagrams (22), for a planar config- 
uration, the vertical transition energy (let) '  (2~:)' 'E' +(I  
(2~;)' 'A: would be expected to be greater than ( 1 ~ ' ) ~  (3aI1)' 
'A,' t- ( le ' )4 (2~:)' 'A2 Calculations of the Rydberg state 
have not been made, but for CHI, ab itzitio SCF calculations 
(19) of vertical energies have been carried out for both the 'E' 
and 'A ,' states. For the 'A, ' state the calculated energy agrees 
well with that observed; it is predicted to have an energy 7 1% 
of that of the 'E' state. The (3a I f ) '  'A,' state of NH,' is not 
accessible by photoelectron spectroscopy of NH, since its for- 
mation would involve a two-electron transition. If we assume 
that this state lies lower than 'E' by the same proportion as that 
calculated for CH3, then we would expect the vertical energy of 
the 3a l '  'A,' state of NH3' to lie at ~ 1 4 . 3  eV. Let us call this 
Rydberg state R ('A, '). 

If the R ('A,') state does indeed lie in this energy region, one 
would expect Herzberg-Teller interaction to occur since 'A,' - 
'A: corresponds to an allowed dipole transition. I ~ R ( ' A ~ ' )  and 
A('E') are close in energy, mixed a ,  A states resulting from 
vibronic close coupling (via e '  promoter modes) could have a 
non-negligible dipole transition moment for radiative coupling 
with the state. The absence of observed emission for NH,' 
implies that the R('AIr) state lies well above A'E', or that it lies 
considerably below the estimated 14.3 eV energy." 

Low-lying quartet state 
The lowest quartet state of NH,' would have the (single) 

electron configuration (le')3 (la:)' (2a11)' and thus be doubly 
excited with respect to the ground state of the ion. Its vertical 
energy would therefore be greater than either the (le')" (2aI1)' 
R('AI1) or the ( le t ) )  (la:)' A('E') state. Thus we can discount 
coupling of the optically excited A'E' state with a low-lying 
quartet state as a source of intramolecular quenching of NH3+ 
fluorescence. 

Conclusion 
Although a significant proportion of the A state of NH3+ lies 

below the dissociation limit, our PIFCO measurements have 
demonstrated that the fluorescence quantum yield of this state 
is effectively zero under our experimental conditions. We have 
examined various possible reasons for apparent intramolecular 
fluorescence quencJing. From our discussion we conclude that 
the lifetime of theA state could be very long, making it difficult 

'NOTE ADDED I N  PROOF: A recent c_alculation by A. R. Rossi and 
P. Avouris (ref. 30) predicts that the R state lies 5-6 eV above the A 
state. 

to observe fluorescence. Furthermore, the molecular parame- 
ters and potential energy surfaces of theA and 2 sLates are such 
that resonance limit nonradiative coupling of theA state to high 
rovibrational levels of the 2 state of NH3' is likely to be an 
efficient intramolecular quenching process. On the other hand 
we argue that neither the (le') '  (2a11)' 'A,' Rydberg state, nor 
a low-lying quartet state of NH3+ is involved in the A state 
relaxation pfocess. Our results show that the emission band 
near 2338 A observed in an electron impact experiment in 
ammonia is unlikely to be due to NH,', as tentatively assigned 
by Herzberg (6, 7). Detailed information on this potentially 
important astrophysical species must be sought by experiments 
other than optical emission spectroscopy. 
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Phospholipid-protein molecular interactions. 2. Raman spectroscopic and calorimetric 
studies of phospholipid-polylysine and phospholipid-histones interactions in 

model membranes 
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A. BERTOLUZZA, S. BONORA, G. FINI, and M. A. MORELLI. Can. J. Chem. 63, 1390 (1985). 
Dimyristoylphosphatidylcholine (DMPC) - polylysine and DMPC-histones systems have been studied by Raman spectro- 

scopy and differential scanning calorimetry. The results of both techniques indicate that the interactions are mainly confined 
to the lipid-water interface. The protein fraction of histones giving rise to a partial penetration into the bilayer is not the 
lysine-rich fraction but rather the non-polar component of the proteins. On the basis of the results obtained, the formation of 
lipoprotein complexes between histones and DMPC appears to be ruled out. 

A. BERTOLUZZA, S. BONORA, G. FINI et M. A. MORELLI. Can. J. Chem. 63, 1390 (1985). 
Faisant appel a la spectroscopie Raman ainsi qu'a la calorimCtrie a balayage difftrenciel, on a CtudiC les systemes 

dimyristoylphosphatidylcholines (DMPC) - polylysine et DMPC-histones. Les rCsultats obtenus par chacune des techniques 
indiquent que les interactions sont principalement confintes a I'interface lipide-eau. La fraction de la protkine des histones 
qui donne lieu a une ptnktration partielle de la double couche n'est pas la fraction qui est riche en lysine; il s'agit plutBt de 
la portion des prottines qui n'est pas polaire. Sur la base des rtsultats obtenus, il semble que I'on doive exclure la possibilitC 
de formation de complexes entre les histones et le DMPC. 

[Traduit par le journal] 

Introduction 
Molecular interactions between proteins and phospholipids 

in biomembranes have been shown to play an important role in 
the regulation of both the structural and dynamical properties of 
biomembranes and of the biological function of membrane 
proteins. Intrinsic proteins show non-specific hydrophobic 
interactions with the hydrocarbon moiety of lipid molecules 
and the changes in the lipid environment are reflected in the 
protein activity. On the contrary, extrinsic proteins are bound 
by means of specific H-bond interactions with the polar head of 
lipid molecules on the surface of the bilayer. A previous paper 
(1) was devoted to  a characterization of different types of 
surface binding of polypeptides on the lipid bilayer by means 
of differential scanning calorimetry and Raman spectroscopy. 
These interactions on the one hand can display a well-defined 
topography (which is important in determining the specific 
local interactions between lipid and extrinsic protein mole- 
cules), on the other hand can bring about a change in the core 
of the lipid membrane. 

In an attempt to  characterize the interactions between di- 
myristoylphosphatidylcholine (DMPC) and extrinsic proteins, 
the binding of polylysine and some basic proteins to DMPC 
liposomes has been investigated. Histones, which enter in the 
composition of chromatin, have been chosen as  representatives 
of basic protein; it is known that the nucleohistone component 
of eukaryotic chromatin is organized as  a string of closely 
packed subunits, called nucleosomes. Histones H4, H3,  H2A, 
and H2B ("inner histones") are present in the core of nucleo- 
somes. Lysine-rich histones H1 and H 5  are located outside of 
the core particle, on the internucleosomal linker region, and 

' Cattedra di Chimica e Propedeutica Biochimica, Facolta di Me- 
dicina e Chirurgia, Istituto Chimico "G. Ciamician", Universita di 
Bologna, via Selmi 2, 40126 Bologna, Italy. 

'Author to whom correspondence may be addressed. 
Istituto di Scienze Chimiche, Facolta di Farmacia, Universita di 

Bologna, via S. Donato 15, 40126 Bologna, Italy. 

are bound to DNA; they modulate the interactions between 
chromatin and phospholipids (2, 3). The importance of these 
interactions in the control of the genome activities has been 
frequently pointed out (4). This work was undertaken as a 
contribution to the study of the specific interactions between 
histones with different content of lysine and arginine, and 
lipidic multilayers. 

This work is part of a research programme involving Raman 
and ir spectroscopic studies of the physico-chemical character- 
ization and biological function of the phospholipids, as  the 
more significant component of biological membranes. It fol- 
lows previous papers devoted to the nature and strength of the 
hydrogen bond between phospholipids and proton donors ( 5 ) ,  
to the interactions between polyglycine and phospholipids (1), 
and to  the interactions between water and cholesterol-phos- 
pholipid mixed liposomes and between water and phospholipid 
in an inert solvent (6). 

Experimental 
L-a-Dimyristoylphosphatidylcholine (DMPC), polylysine hydro- 

bromide type 11 (average molecular weight 4000) (PL), histone type 
111-S from calf thymus (lysine rich, HI), and histone type VI-S from 
calf thymus (slightly lysine rich and H2A-H4 mixture) were obtained 
from Sigma Chemical Company; they were used without further puri- 
fication. The average compositions of histones in lysine and arginine 
are: lysine 11.8 wt.% and arginine 17.6 wt.% for histone VI-S, lysine 
25.6 wt.% and arginine 1.6 wt.% for histone 111-S. 

DMPC liposornes were prepared by adding the appropriate amount 
of aqueous solutions of PL or histones and twice-distilled water to a 
final lipid concentration of about 25 wt.%. The suspensions were 
incubated overnight at 10°C above the main phase transition tem- 
perature and then transferred into glass capillaries (1.5 mm) for Raman 
measurements. 

Vibrational Raman spectra were recorded with a Jasco R-500 spec- 
trometer equipped with a Lexel Ar+ laser; typical laser power at 
sample was 300 mW at 488 nm. The spectral resolution was 3-5 
cm-'. All samples were contained in a cell holder regulated thermo- 
statically to + l0C. Eight repeated scans of the C-H and of the C-C 
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BERTOLUZZA ET AL. 139 1 

stretching mode regions were computer averaged for each temperature * to provide high quality spectra. Raman intensities were measured from ' 0 peak heights (7). 

I I I 1 1 

o Differential scanning calorimetry (DSC) measurements were ob- 
-O  z .- 

r tained on a Mettler DSC 20 calorimeter. The heating rate was 2°C per 
min. To calibrate the temperature and enthalphy scales, indium sam- E - ples were used; the temperature scale in the range studied was also 

+ calibrated with caprylic acid. 
-0 

(3 K 
2 Results and discussion 

The structure of the lipid bilayer and the modification in- 
duced by the interaction with polypeptides can be described in 

-0  . m 

(Y 2 terms of various kinds of parameters. ST and S, order parame- 
I - ters are derived empirically from the 1 130 cm-1/11090 cm-l and 
e" 
o cm-1/12850Lm-l peak height intensity ratios of Raman spectra - 
V) 

2 
in the C-C and in the C-H stretching mode regions re- 

-2  spectively (8). These parameters are widely used in the analysis E 
I of membrane structure by means of Raman spectroscopy, al- 
+ though they are of value only in qualitative analysis (9, 10). 

More recently Vogel and Stockburger (1 1)  introduced a new 

c9 S z order parameter 
2 0 0 - 

X, . - 11130cm-1 - 
- 

c, PI 
Q) 

-0 e 
P .z I O c m -  c,(l - PI) + 0.45 

A 

Z - whereby the conformational order is expressed in terms of the 
0 
a probability of finding a C-C bond in a trans conformation 

(P,) and is related to the Lm-~/IIO'M cm-l intensity ratio. For 
m -O the systems considered by us, the constant values which appear + 

in the PI expression have been calculated by assuming PI = 1 
in the solid phase at a low temperature (-30°C), and P, = 0.62 
for the fluid membrane, according to Vogel and Jinig (12) The 

0 
cu - assumption that PI = 1 at -30°C is arbitrary because a gel-gel 

5 . - phase transition was observed at 6O0C (13); however, PI does 

2 not vary very much in the gel phase when the measured peak 

3 intensity ratios are higher than 1 and, consequently, we sup- 
- 2 - pose that our assumption does not introduce a significant error. 

5 Figure 1 shows the 11130 c m - l / l l ~ ~  cm-l, 12880 cm-'/12850 cm-~, and 
8 . - cm-'/12850 cm-l intensity ratios as a function of temperature. 

9 The shape of the plot does not change noticeably when PL and 
I I I 
m C: r 

2 proteins are added. In the gel phase some levelling of the 
r 2 A 

S curves is noted; this indicates a lowering of the number of 
c' C-C bonds in a trans conformation and a decrease of the 

I , 

-0 0 lateral packing in the gel phase. This structure buffering effect 
- ,a has been noted also in the gel phase of DMPC liposomes when 

polyglycine is added (1). .- 
5, ST and S, order parameters behave similarly to the intensity 

(3 
.s ratios shown in Fig. 1. The presence of PL and histones de- 

-O -a 
creases both parameters below T,. The greatest decrease is 
observed in the presence of histone 111-S:ST decreases by about 

0 . - 
E 5% and SL by about 30%. 
Q) -2  The same conclusions can be drawn on the basis of the P previously defined PI order parameter. In this case the changes 

are smaller, actually about 2%. According to the order param- 
g eter of Vogel(1 l ) ,  the effect of PL and histones is so small that 

. it cannot decrease appreciably the number of C-C bonds in a 
bans configuration in the acylic chains of lipid molecules be- 

. low Tm (P, = 0.90 ? 0.02). Likewise, at a temperature above - 
T,, the behaviour of the PI order parameter suggests that the 
number of C-C bonds remaining in a trans configuration after 

C 
9 
C 2 the melting does not change by addition of PL and histones (PI g = 0.63 t 0.02). 

Figure 1 shows that the decrease of the lateral packing in the 
gel phase is maximum for the systems DMPC - histone 111-S; 
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Frc. 2. Differential scanning calorimetry of dimyristoylphosphatidylcholine dispers~ons with increasing amount of (A) polylysine, (B) histone 
111-S, and (C) histone VI-S: (a) 0 wt.%; (b) 10 wt.%; (c) 25 wt.%; (d) 50 wt.%. 

TABLE I. Effects of polylysine and histones on the thermal PL does not noticeably change T,, whereas the associated AH 
data for dispersions of dirnyristoylphosphatidylcholine decreases (Table 1). When a greater amount of PL is present 

(0.5 w/w) a doubling of the transition is observed, and a broad 
Dispersion T,,,("C) AH (kcal mol-I) heat absorption appears at about 27°C. A similar behaviour 

DMPC 22.5 5.4 observed in lipid-cholesterol mixed liposomes has been attrib- 
+ 10% PL 22.3 4.9 uted to a lateral phase separation followed by melting, first of 
+ 25% PL 22.1 4.7 free lipid and then of a lipid-cholesterol complex (14). The 
+ 50% PL 21.9 5.4 presence of this broad absorption and the existence of a phase 
+ 10% Hist. VI-S 22.8 5.6 separation could explain the observed increase of A H .  DSC 
+ 25% Hist. VI-S 22.6 5.9 heating curves of lipid bilayers with an increasing amount of 
+ 50% Hist. VI-S 22.5 6.3 histone 111-S show a decrease of T, with a broadening of the 
+ 10% H~st. 111-S 21.8 5.6 transition. On the contrary, in the system DMPC - histone 
+ 25% Hist. 111-S 21.3 5.9 
+50%Hist.III-S 19.3 6.1 VI-S, Tm and the width of the transition do not change, and a 

weak broad transition appears at about 16"C, its intensity in- 
creasing with the amount of histone present. Both histones 

on the contrary, the effects of PL and histone V1-S are similar. increase AH of the main transition by about 15% for the sys- 
This leads us to conclude that the observed structural mod- tems with a 0.5 w/w ratio. 
ifications induced by histone 111-S on the lipid bilayers are not 
due to the lysine fraction, but rather to the domains containing Conclusions 
hydrophobic residues (14). Polylysine exhibits mainly superficial interactions with di- 

The cm-'/f2850 c m - l  intensity ratios increase both in the gel myristoylphosphatidylcholine bilayers, as our Raman and DSC 
and in the liquid-crystalline phase when PL or histones are results suggest, both through the persistence of the pre- 
added to the lipid bilayers. PL and histone VI-S show similar transition, at least in the systems with a low amount of PL, and 
effects above T,,; on the contrary, histone 111-S induces only a through the unaltered cooperativity of the melting processes as 
slight enhancement of the measured intensity ratios in the deduced from the width of the main transition. The presence of 
liquid-crystalline phase. Similar effects were observed in a broad transition at 27°C could be attributed to a phase sepa- 
DMPC-polyglycine systems and attributed to an increase of ration induced by the great quantity of PL. The double melting 
the mobility of -CH3 terminal groups or to a lowering of the process should indicate the setting up of regions with different 
symmetry arising from the increased mobility of the acyl chains amounts of bound PL on the bilayer surface. 
(1). Nevertheless, the increase observed in the systems actually PL-lipid molecular interactions are mainly due to the elec- 
considered might be far from meaningful because of the over- trostatic binding between the polar groups of phospholipid and 
lapping effect due to the strong bands of PL and histones over PL molecules, according to the literature data (17, 18). As a 
the 2900-3000 cm-' spectral range (15, 16). consequence of these superficial interactions, interchain inter- 

The systems DMPC-PL and DMPC-histones were studied actions decrease, the rotational freedom of acyl chains in- 
up to a 0.5 w/w polypeptide/lipid weight ratio by means of creases in the gel phase, and the polarity of the hydrocarbon 
differential scanning calorimetry. Raman investigations of the chain environment also increases, probably because of the 
systems with the amount of PL and histones greater than 15% penetration of water into the bilayers. A proof of the increased 
were not possible because of the overlapping of the spectra. polarity can be deduced by the increase of the cm- 1/11850 =,- I 

Figure 2 shows DSC heating curves of lipid bilayers with intensity ratio (9), provided we disregard overlapping effects, 
increasing amounts of added PL and histones. The presence of at least in the presence of small amounts of PL and histones. 
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BERTOLUZZA ET AL. 1393 

Alternatively, a partial penetration of PL into the DMPC bi- 
layers could be supposed, but this hypothesis seems to be less 
probable, because PL has been used as a model for an extrinsic 
protein (17, 18). 

Histone VI-S (slightly lysine rich) behaves similarly to PL; 
indeed it does not affect the T ,  of the main transition nor the 
cooperativity of the melting. 

On the contrary, the addition of histone 111-S (lysine rich) to 
DMPC bilayers decreases both T,,, and the cooperativity of the 
melting process, as DSC data show. Moreover, in the gel 
phase, the protein exhibits a noticeable structure buffering ef- 
fect, analogous to that observed with certain intrinsic proteins. 
The results suggest that partial penetration together with sur- 
face adsorption takes place and the behaviour is different from 
that of PL and similar to that of a few other basic proteins (18, 
19). The  different behaviour of PL and histone 111-S, and the 
analogies between PL and histone VI-S, lead to the conclusion 
that the protein fraction giving rise to the partial penetration 
into the DMPC bilayers may not be the lysine-rich fraction 
present in the protein. Therefore, to explain the different be- 
haviour of the two histones considered, the different content of 
non-polar aminoacids and the domain distribution into the pro- 
tein molecule should be taken into account. In determining the 
bilayer properties, hydrophobic interactions between lipid and 
protein fraction may be, in this case, more important than the 
electrostatic interactions. According to this hypothesis, the par- 
tial penetration of a few basic proteins, such as for example 
myelin (18, 20), could be due to the non-polar component of 
the proteins, since no specific interactions between DMPC and 
basic aminoacids have been found. 

For the systems examined we  can conclude that the hydro- 
phobic interactions of the non-polar domains of histone mole- 
cules have a more important role than the electrostatic binding 
between the polar groups in determining the structural and 
dynamical properties of biomembranes. Moreover, the for- 
mation of lipoprotein complexes between histones and DMPC 
can be ruled out. 
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ALAIN LAUTIE, MARIE-FRANCE LAUTIE et ALEXANDRE NOVAK. Can. J .  Chem. 63, 1394 (1985). 
Les spectres infrarouges et Raman de l'acide deltique et de son dCrivC deutCriC cristallists ont CtC CtudiCs entre 4000 el 20 

cm-I. Les 18 vibrations intramoltculaires ont CtC attribuCes sur la base d'une symCtrie molCculaire C2,.. Le groupe d'espace 
cristallin doit Ctre ou P2/m avec Z = 2. Les moltcules sont assocites entre elles par deux liaisons hydrogbne OH.. . 0 
different~s, trbs fortes et asymktriques, en formant probablement des chaines infinies; les distances 0.. .0 sont estimCes ti 2,49 
et 2,56 A. 

ALAIN LAUTIE, MARIE-FRANCE LAUTIE, and ALEXANDRE NOVAK. Can. J. Chem. 63, 1394 (1985). 
The infrared and Raman spectra of crystalline deltic acid and its deuterated derivative have been investigated in the 4000-20 

cm-' range. An assignment of all the intramolecular fu~damentals has been proposed assuming a C2,. molecular symmetry. 
The crystal symmetry is likely to be described by the P I  or P2/m space group with Z = 2. Deltic acid molecules probably 
form infinite chains linked ~ i t h  two very strong, asymmetric, and different OH.. .O  hydrogen bonds, with 0.. .0 distances 
estimated at 2.49 and 2.56 A. 

Introduction 
A la suite d'une Ctude d e  l'acide carrC C404H2 ( l ) ,  dont le 

cristal subit une transition de phase para-ferroClectrique, nous 
nous sommes intCressCs a l'acide deltique C30,H2 (dihydroxy- 
2 ,3  cyclopropenone). C e  compost a CtC synthCtisC rCcemment 
(2,3) et contient le cycle cyclopropenone dont le spectre de 
vibration prCsente d e  nombreuses particularitCs (4-7). L e  but 
principal de notre travail Ctait de prCciser la structure cristalline 
de cet acide en determinant notamment son mode d'association 
ainsi que le type et la force des liaisons hydrogene O H . .  . 0. 

A notre connaissance, aucune Ctude spectroscopique ante- 
rieure n'a encore CtC publike. Par contre, son anion c,o:- a fait 
l'object d e  travaux tant a 1'Ctat solide qu'en solution aqueuse 
(8). Nous avons donc enregistree, a tempkrature arnbiante et a 
celle d e  l'azote liquide, les spectres infrarouges et Raman d e  
l'acide deltique et d e  son dCrivC deutCriC entre 4000 et 20  cm-'.  

aucune n'a CtC mise en Cvidence au-dessus de 1000 cm-I. Les spec- 
tromtttres ont CtC Ctalonnts ti partir des spectres des composCs gazeux 
habituels (infrarouge) et des raies parasites du plasma (Raman). La 
prkcision sur les frCquences est de 2 1 cm-' pour les raies fines; par 
contre, les vibrations v OH, apparaissant sous forme de massifs com- 
plexes, ne sont dCterminCes qu'ti 50 cm-' pr6s. 

Interpretation des spectres 
En l'absence d e  donnCes structurales, nous supposerons que 

la molCcule est plane et possede, en premikre approximation, 
la symCtrie Cz,. Dans ce cas, ses 18 vibrations fondamentales 
se  rkpartissent en 13 vibrations planes (7 Al  et 6 B I )  et cinq 
vibrations hors du plan (2  A2 et 3 B2). Toutes sont actives en 
diffusion Raman et seules celles d e  type A, sont interdites en 
absorption. D'un autre c6tC, il est commode d'utiliser la repre- 
sentation en terme d e  vibrations de groupe reportCe dans le  
tableau 1. 

Les spectres infrarouges et Raman des acides deltiques 
Conditions experimentales C3O3H2 et  C3O3D2 a 35'C sont reprCsentCs sur la fig. 1. Les 

L'acide deltique a CtC synthCtisC par I'intermCdiaire du diester de frkquences, les intensit6s relatives et Itattribution proposCe sent 
tertiobutyle (3). Bien que Cette methode donne des rendements en rCunies dans le tableau 2. Cette derniere est baske sur la substi- 
acide altatoires, elle est plus fiable que celle prCctdemment dtcrite tution isotopique, les intensitCs relatives en infrarouge et en (2). Le produit cristallisC dans CF3COOH (CFXOOD pour le dtrive 
deutCriC) a CtC utilisC sans purifications ultCrieures. Raman et les analogies avec les spectres des composCs con- 

Les spectres infrarouges de suspensions dans le Nujol et le Fluo- tenant le cyclopropenone. 

rolube ont CtC enregistres sur les spectrombtres Perkin-Elmer 180 et vibrations des groupements OH 
Bruker IFS 1 1  3V. Des faces de CaF,, CsI ou TPX ont t t t  utilistes. Les Les deux vibrations v O H  de l'acide deltique apparaissent en 
spectres Raman ont CtC obtenus avec la microsonde Raman MOLE 
(Jobin-Yvon) sur des microcristaux d'une dizaine de p m  La puis- absorption sous la forme d e  bandes larges et intenses centrCes 

sance de la raie excitatrice ti 514,5 nm d'un laser ?I Ar' Spectraphysics VerS 2360 et 1450 cm-' lesquelles d'autres bandes 
164 etait de 10 mW niveau de ]'tchantillon, Le spectre du dCrivC ~ u p e r p 0 ~ 6 e S ;  elles SOnt peU sensibles a la tempkrature entre 300  
deutCrit est difficilement exploitable ti cause d'une fluorescence im- et 9 0  K. La  contrepartie Raman n'est observCe clairement que  
portante. Seules les raies les plus intenses ont pu Ctre identifikes et pour celle d e  haute frCquence vers 2500 cm- '  (fig. 1). L a  
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LAUTIE ET AL 

FIG. 1. Spectres infrarouge ((a) et (c)) et Raman (b) de I'acide deltique ((a) et (b)) et de son dCrivt deutCriC (c). 

TABLEAU 1 .  DCnombrement des vibrations de la molCcule d'acide deltique en 
adrnettant la symktrie C2,.* 

C2,. n Cycle C=O C-OH 0-H Infrarouge Raman 

* AbrCviations: a ,  active; in, inactive; v, 6 et y sont les vibrations de valence et de 
diforrnation dans le plan et hors du plan. 

substitution isotopique de l'hydrogkne par le deuterium deplace 
la bande vers 2360 cm-' a 1920 cm-' alors que la frkquence de 
l'autre ne varie pratiquement pas. Les rapports isotopiques 
v OH/v OD sont donc trks diffkrents: 1,23 et 1,00 res- 
pectivement. Ce comportement indique l'existence de deux 
groupements OH engagCs dans deux liaisons hydrogkne fortes 
differentes. En aucun cas, I'existence de ces deux bandes v OH 
ne peut correspondre a un couplage intra ou intermolCculaire de 
groupements OH similaires. 

Leurs dkplacements isotopiques permettent d'identifier les 
dCformations planes 6 OH et hors du plan y OH (tableau 2). 
Comme dans le cas des vibrations de valence, 1'Ccart important 
des frCquences de dCformation montre que chacun de ces 
modes correspond plutbt a un groupement OH donnC qu'a un 
effet de couplage. Nous faisons donc correspondre les frC- 
quences ClevCes 6 OH a 1660 cm-' et y OH a 1169 cm-' 2 la 
liaison hydrogkne la plus forte (notee 0(2,H(2, sur le tableau 2 et 
la fig. 2) responsable de la bande v OH a 1450 cm-' et les plus 
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TABLEAU 2. FrLquences, intensites relatives et attribution des bandes infrarouges 
et Rarnan des acides deltiques C,03Hz et CI03DI cristallisCs a 35°C" 

C,O,Hz CjO,DZ 

lnfrarouge Rarnan lnfrarouge Rarnan v/v't Attribution4 

2360 1920 1,23 v Oil,Hi~, 

1660 Cp I221 rn 1,36 6 O(z,Hez) BI 
( 1696 TF) ( 1 242 TF) 
1616 TF 1569(0) 1605 TF 1.01 Cycle Bl 
1465 TF 1458(0) 1093 F I ,34 6 0c1,Hc1, A I  

( 1477 TF) ( I  100 TF) 
1406 TF 1447 TF 0,97 v C-OH B, 
1350 Lp l350(1,5) I300 Cp 1.04 v C-OH A1 
1169 rn 893 rn 1,3 1 y O(z,Ho, Az 

(I170 f) (906 rn) 
I025 F 1015(2) 1161 F 0,88 Cycle A ,  
965 rn 964(235) 955 rn 955(1) 1.01 S C=O Bl 
956 Cp 957(2,5) 
906 F 668 F 1,36 ~ O ( I ) H ( I ,  Bz 

(916 F) (674 F) 
781 f 799(9,2) 770 f 785(9) 1.02 Cycle A ,  

?I C-OH BI 
1,01 6 C-OH BI 
1,02 y C-OH A ?  
1,04 6 C-OH A1 

v OH ... 0 T' 
1,03 v OH ... 0 R6 

" Les frCquences entre parenthiscs correspondent aux vibrations 6 OH, y OH et v OH ... 0 
B 90 K. 

? v/vf est le rapport des frkquences des molbcules C303HI et C,O,DI. 
SLes souscrits ( I )  et (2) correspondent aux deux liaisons hydrogene diffbrentes. 

basses a 1465 et 906 cm-' a la liaison hydrogkne la plus faible C,. C'est ainsi que la vibration y OH de type A? apparaPt en 
(O(l)H(l,) caractkrisee par la vibration v OH a 2360 cm-'. Con- absorption, mais son intensite est cependant beaucoup plus 
trairement aux vibrations de valence, celles de deformation faible que celle de type B?. 
sont sensibles a la tempkrature; leurs frtquences s'klevent Les deux composantes qui apparaissent sur le spectre in- 
d'une dizaine de cm-' a 90 K.  Les vibrations 6 0(2,H,21 et 6 frarouge de C303D2 (fig. I) vers 640 cm-' sont attribukes a 
O(,,D,,, prtsentent une elevation encore plus importante en deux vibrations diffkrentes car l'intensitk de celle de plus haute 
mEme temps qu'une exaltation d'intensite. frkquence augmente quand la tempkrature s'abaisse alors que 

Les rapports isotopiques vlv' des modes de deformation l'autre subit l'effet inverse. La premiere est donc attribuie a y 
varient entre 1,3 1 et 1,36 indiquant que leur energie potentielle O(l,D,ll, alors que la seconde correspond a la vibration y C=O, 
est concentrke principalement dans les mouvements corres- non dktectCe en infrarouge pour C3O3H2, dont I'intensitk se 
pondant aux vibrations 6 OH ou y OH. Cependant, certains trouve renforcee par un mecanisme de resonance. 
couplages avec des vibrations du squelette peuvent Etre mis en 
evidence. C'est ainsi que la vibration 6 0,2,H,2, 2 1660 cm-' Vibrations du squelette 
apparait couplke avec la vibration v C-OH de type Bl  dont la Les vibrations du squelette sont attribuees par comparaison 
frequence monte de 1406 a 1447 cm-' apres la deuteriation. I1 avec l'ion deltate (8) et les cyclopropbnones substitukes (6, 7); 
en est de mEme des vibrations 6 O~I ,H, l ,  a 1465 cm-' et du cycle dans les spectres de ces dernieres, on attend en particulier deux 
vers 1025 cm-' de symttrie Al .  I1 faut souligner ici le caractkre vibrations vers 1900 et 1600 cm-' (6). La premikre, corres- 
approximatif des types de symktrie de l'acide deltique. En pondant principalement a v C=O, apparait pour l'acide del- 
effet, la mise en evidence de deux liaisons hydrogkne diffk- tique a 1940 cm-' en Raman et comme un doublet 5 
rentes implique que la symetrie Cz, molkculaire ne peut exister 1976- 1931 cm-' en infrarouge. Ce doublet est interpret6 en 
en toute rigueur dans le cristal et que la symetrie maximale est terme de resonance de Fermi entre v C=O et une combinai- 
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FIG. 2. Structure cristalline de l'acide deltique compatible avec les 
donntes spectroscopiques. 

son, probablernent l'harmonique de la vibration de dtformation 
6 C=O a 965 cm-' ou de la vibration du cycle a 1025 crn-'. 
La vibration v C=O du dtrivt deuttrit est plus difficile a 
localiser car elle est masqute par la forte absorption d'une des 
vibrations v OD; nous lui faisons correspondre le doublet, 
encore attribut a une rtsonance de Fermi, avec 2 6 C=O, a 
1925- 1809 crn-' . Quant la vibration du cycle de plus haute 
frtquence, elle absorbe forternent vers 1610 cm-' (fig. 1). 
Signalons que nous avons observt ces deux vibrations res- 
pectivement 1877 et 1640 crn-' sur le spectre infrarouge du 
deltate de tertiobutyle. 

Les autres vibrations de frtquences suptrieures a 600 crn-I 
sont attributes sans difficultt. Ainsi, la raie Raman tres intense 
a 799 cm-' correspond vraisernblablernent a la respiration du 
cycle. Les frCquences de dtformation 6 C=O et y C=O sont 
ltgerernent suptrieures a celles de l'acide carre (9); ceci peut 
s'inteprtter par le fait que le groupement C=O de l'acide 
deltique est engagt dans deux liaisons hydrogene au lieu d'une. 

Entre 600 et 300 crn-', les seules vibrations intra- 
moltculaires attendues sont celles de dtformation des liaisons 
C-OH que nous attribuons donc aux quatre bandes observtes 
dans cette region. Cornme pour l'ion c,o:- (8), les frtquences 
des dtformations hors du plan y OH sont suptrieures a celles 
des deformations planes. 

En rCsumt, toutes les vibrations fondamentales de l'acide 
deltique ont Ctt identifites sur la base d'une symttrie moltcu- 
laire C2,.. Bien que ses distances interatorniques n'aient pas 
encore Ctt dttermintes, nous avons tente d'appliquer la rkgle 
du produit des rapportso(lO) en considt~ant une structur? 
moyenne: C-C = 1,40 A; C=O = 1,24 A; C-0 = 1,27 A 
et 0-H = 1,00 A. En ne faisant pas intervenir les vibrations 
v OH dont I'anharrnonicitt importante conduit 2 des rapports 
isotopiques faibles, les valeurs exptrimentales sont proches de 
celles calcul~es: 1,37 pour 1,40 (A,);  1,36 pour 1 , 3 9 ( ~ ' ) ;  1,34 
pour 1,35 (Az) et 1,36 pour 1,36 (Bz). 

Discussion 
Structure cristalline 

Aucune vibration intramoltculaire n'ttant attendue en- 
dessous de 300 cm-' ,  nous attribuons les trois bandes in- 
frarouges, et les cinq raies Rarnan observtes dans cette rtgion 
aux vibrations de rtseau. En I'absence de donntes sur la struc- 
ture cristalline, une analyse rigoureuse parait difficile. Ce- 
pendant, le nornbre rtduit de vibrations externes est en faveur 
d'une maille primitive ne contenant que deux molCcules. Celle- 
ci doit &tre centrte car aucune frtquence Rarnan ne coi'ncide 

avec une frtquence infrarouge. Le groupe ponctuel isornorphe 
du groupe spatial est donc C; ou C2,, avec Z = 2. Ceci est 
compatible avec le comportement des vibrations intra- 
moltculaires qui montrent gtntralement deux composantes, 
une en infrarouge et une en Raman, dont les tcarts de fre- 
quence, compris entre 10 et 37 crn-', sont bien supkrieurs aux 
erreurs exptrimentales. Seules les trois vibrations du groupe- 
rnent C=O presentent des doublets en absorption ou en dif- 
fusion. Celui de la vibration de valence a t te  attribut a une 
resonance de Fermi et un phtnomene analogue doit proba- 
blernent &tre invoque pour les vibrations de dtformation. 

D'un autre chtt, nous avons vu que les deux groupernents 
OH de l'acide deltique sont engagts dans des liaisons hydro- 
gene fortes; celles-ci doivent donc &tre pratiquement lintaires. 
Les trois seules structures cristallines compatibles avec une 
rnoltcule plane sont alors P i ,  P2/m (groupe de site C,) ou 
P2/b  (groupe de site C 2 )  La non Cquivalence des liaisons 
hydrogene est en faveur des deux premieres et l'arrangement 
des moltcules serait alors celui reprtsentt sur la figure 2. 
Signalons que nous n'avons observe aucune transition de phase 
entre 90 et 300 K; a une temperature suptrieure, le produit se 
decompose assez rapidement. 

Vibrations externes 
A partir de ces rtsultats, nous pouvons preciser l'attribution 

des vibrations externes. Les trois librations R' actives en ab- 
sorption ont et t  observtes a 247, 91 et 36 crn-'. Celle de plus 
haute frtquence, qui est aussi la plus intense, correspond 
probablement a un rnouvement de valence des liaisons hydro- 
gene OH.. .O;  sa frtquence est voisine de celle relevte pour 
l'acide carrt: 230 crn-' (1). Elle est attribute a un rnouvement 
de rotation autour de l'axe perpendiculaire au plan de la rnolt- 
cule Ri, car son rapport isotopique est Cgal a la racine carrte du 
rapport des moments d'inertie autour de cet axe: ( I ~ / I ~ ~ ) ~ / ~  = 
1,03. Pour les deux autres axes, les valeurs sont nettement 
difftrentes: 1,01 et 1,05. 

En diffusion Rarnan, cinq (tableau 2) des six vibrations at- 
tendues (3R' + 3T') sont rnises en evidence, mais la distinction 
entre les mouvements T' et R' est difficile. Cependant, les 
prernikes impliquent necessairernent une modification des dis- 
tances 0.. .0 et rnettent donc en jeu, contrairernent a ce qui se 
passait pour l'acide carrt (I) ,  les liaisons hydrogene. D'autre 
part, la libration RC correspondant ici a une rotation des rnolt- 
cules dans le m ~ m e  sens ne joue pratiquement pas sur la dis- 
tance 0.. .0 et doit donc se trouver a plus basse frtquence que 
celle qui lui correspond en infrarouge. Nous attribuons alors la 
faible raie Raman a 269 cm-' a une antitranslation T'; son 
rapport isotopique, voisin du rapport de la racine carrCe des 
masses (M,/MH)'12 = 1,01, est compatible avec cette inter- 
pretation. 

Liaisons hydrogene 
Comme en ttrnoignent leurs vibrations de valence et de 

dtformation, les groupernents OH de l'acide deltique sont en- 
gagts dans deux liaisons hydrogene fortes OH.. . 0 difftrentes, 
(O(I,H(I,. . . 0 et O(z,H,z,. . . 0 sur la figure 2). La longueur de la 
plus faible, dtterminee a partir $e la friquence v OH (1 1) a 
2360 cm-', est Ro..,o = 2,56 A; la distance ROPH peut &tre 
estimte de la rn&rne f a ~ o n  (1 1) a 1,10 A. Ces caracttristiques 
montrent que la force de cette liaison hydrogene est sensi- 
blement Cquivalente a celle existant dans le cristal de RbHCO, 
(1 1). La frCquence v OH de l'autre yibrateur, 1450 crn-I, 
conduit a des distances R O , . , ~  = 2,49 A et ROAH = 1,16 A; il 
est donc engagt dans une liaison hydrogene comparable ?I celle 
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observ6e pour KH(CH3C00)?  (1 1). Bien que fortes, ces deux 
liaisons hydrogene sont donc asym6triques. Ceci est confirm6 
par les faibles rapports isotopiques v O H l v  O D  Cgaux res- 
pectivement j. 1,23 et 1,OO. Ces valeurs sont tres proches d e  
celles obtenues ii l'aide d e  la relation v O H l v  O D  = 2 / [ ( V 5  
- l )vO O H l v  O H  + 11 (12): 1,22 et 0,98 pour une frCquence 
v0 du vibrateur non perturb6 estim6e voisine de 3600 cm- ' .  

Deux modes externes ont CtC interprCtCs comme des vi- 
brations de valence des liaisons hydrogene. Dans I'ap- 
proximation du modele diatomique, leur constante de force Fh 
peut &(re CvaluCe 2 partir de l'antitranslation T' a 269 cm- '  en 
utilisant la gCom6trie de la figure 2. Elle est comprise entre 60  
et  70  N m-' suivant l'orientation d e  T' .  C e  r6sultat est com- 
patible avec les valeurs obtenues pour d'autres liaisons hydro- 
gene d e  force voisine (I  1). 
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The hydrogen bond energies of the bihalide ions XHX- and YHX- 
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G. CALDWELL and P. KEBARLE. Can. J. Chem. 63, 1399 (1985). 
Experimental measurements of the gas phase ion equilibria X + HX = XHX-, X-(HX) , , ,  + HX = X-(HX),,, and X- 

+ HY = XHY where X, Y = C1, Br. I ,  with a high pressure mass spectrometer, combined with the recent determination of 
F- + HF = FHF- by Larson and McMahon, provide a very complete set of hydrogen bond dissociation enthalpies and free 
energies for the hydrogen bihalide ions. The bond energy trends In the different XHX- and X H Y  are discussed. The data 
can be used also for the evaluation of lattice energies of salts containing the bihalide ions and for determinations of the solvation 
energies of these ions. 

G. CALDWELL et P. KEBARLE. Can. J. Chem. 63, 1399 (1985). 
Utilisant un spectrombtre de masse a haute pression, on a obtenu des mesures exptrimentales pour les tquilibres ioniques 

en phase gazeuse X- + HX = XHX-; X-(HX),,-, + HX = X-(HX),, ct X- + HY = XHY oh X, Y = CI, Br, I. On a combink 
ces rCsultats avec ceux obtenus rCcemment par Larson et McMahon, pour l'dquilibre F- + HF = FHF-, pour dtvelopper un 
ensemble complet des enthalpies et des Cnergies libres de dissociation des liaisons hydrogknes des ions hydrogknes bihalogCnCs 
CtudiCs. On discute des tendances observtes dans les tnergies de liaisons des diffdrents ions XHX- et XHY-". On peut 
tgalement utiliser les donntes pour Cvaluer les Cnergies du rCseau dcs sels contenant des ions bihalogtnts et pour dtterminer 
les Cnergies de solvatation de ces ions. 

[Traduit par le journal] 

Introduction obtained D(C1--HF) = 21.8 kcal/mol and D(C1--HCI) = 

~h~ bihalide ions XHX- and YHX- where (x, y )  = F, ~ 1 ,  23 kcal/mol, the latter value being very close to the HPMS 

Br, and 1, are of particular interest since they contain only the this laboratory (8). 

three atoms normally considered to constitute the hydrogen Larson and McMahon (10) were also able to predict some 
bond. The strong ion-neutral hydrogen bonds are distinctly bond energies, which are not yet experimentally available, 
different from the weaker neutral-neutral interactions and from a correlation of  the hydrogen bond energy in the bihalide 

usually merit a classification of their own (for a review, see ions with s~ectroscopically measured frequency shifts (AV)  of 
ref. 1). Consequently, the hydrogen bihalide ions have been the hydrogen bond frequencies relative to the frequencies of the 

made the subject of numerous theoretical investigations (2) and free halogen acids. From such A v  vs. AH plots, the following 

spectroscopic studies (3) including ir spectroscopy (301, X-ray binding energies were estimated: Br--HCI ( 19 kcal/mol), 
(3b) ,  and neutron (3c)  diffraction and nmr spectroscopy (3d) .  ( I 3  kca1/m01)3 Br--HF ( I 7  kca1/m01)9 and 

Although the homobihalides (XHX- ) and heterobihalides ( l5  kcal/mO1) ( lo) .  

(XHY-) ions have been studied for many years, no reliable In view of the importance of the bihalide ions and past 

data for the hydrogen bond energies X-HX and X-HY were uncertainty concerning their bond energies we have experi- 

available until the advent of gas phase ion equilibria mea- mentally determined, using HPMS, the temperature de- 
surements (4). The hydrogen bond energies were originally pendence for several gas-phase equilibria [ I ]  and [2] where 
estimated from Born cycles which relied on calculations of X = C1, Br, and I. These measurements ~ e r m i t  the evaluation 

. . .  alkali metal bihalide M'(HX,-) crystal lattice energies (5) o r  D(X--HX) = AH:., and also binding energies for the 

assumptions (6) that the lattice energies of tetrabuty]- higher order clusters, X-(HX),,. Similar measurements 
ammonium halides and tetrabutylammonium hydrogen involving the heterobihalides X-(HY),, were also performed. 
bihalides were similar. Martin and co-workers (7), using a It will be shown that the thermodynamic quantities obtained 
simple electrostatic model, estimated the binding energies of in the present work support the bihalide binding energies pre- 

several bihalide ions. dictions made by McMahon (10). The new data also permit 

over a decade ago, yamdagni ~ ~ b ~ ~ l ~  (8) measured the evaluation of the lattice energy of alkali bihalides and other 

gas phase ion-molecule equilibria [ l j  and [2] for X = CI, with themlochemical data interest. 

a high pressure mass spectrometer (HPMS). Experimental 
[I] X- + HX = XHX- (0, 1) The high-pressure ion source mass spectrometer with which the 

[2] X-(HX),,-, + HX = X-(HX),, ( 1 1  - I ,  n) measurements were made has been described previously (8, 12). 
Briefly, a 2000 eV electron beam was pulsed "on" for 10-50 ks and 

The bond energy, D(Cl--HCl) = 23.7 k ~ a l / ~ ~ l ,  determined "off" for 2-4 ms through the high pressure ion source. The ion source 
i n  that work was 10 kcal/mol greater than that obtained with contains a suitable reaction mixture. The resulting ions rcact with the 

~ ~ ~ ~ ~ i ~ l ' ~  assumption (6). ~ ~ ~ ~ ~ ~ l ~ ,  L~~~~~ and M ~ M ~ ~ ~ ~  gas molecules and under suitable conditions the desired ion-molecule 

(9, lo) ,  using ion cyclotron resonance (ICR) to measure the gas equilibria establish themselves. Somc of the ions escape, through a 
very small sampling slit, into an evacuated region where they are mass 

phase exchange L31, were determine the very analyud, counted, and by of a multisca[er recorded as func- 
important bond tion of their arrival time after the electron pulse. The arrival times are 

[3] X-HR + HB = X-HB + HR equal to the residence times in the ion source, since the time required 
for mass analysis is very short. The gas mixture supplied to the ion 

energy D(F--HF) = 38.6 kcal/mol (9). These authors also source consisted of methane as major gas (2-3 Torr) containing mix- 
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FIG. I .  ( a )  Plot of log (ion counts) vs. time. Concentration used: 
HBr 270 mTorr, CHzBr2 2 mTorr, third gas CH, at 4.3 Torr. Tem- 
perature 424 K. Br- is produced by rapid dissociative capture of near 
thermal electrons by CH2Br,. The observed first order disappearance 
of Br- is due to the termolecular association: Br- + HBr + CH4 -, 
B r H B r  + CH, ( I ) .  Rate constant k, = 7 x 10-'" molecule-' cm" s- '  
obtained from slope v l  = k,[CH,][HBr] is very low. This must be due 
to termolecular cornplex being only triatomic. (0) Same conditions as 
in ( a )  but HBr has been replaced with SOz at the same pressure. 
Termolecular association with SOZ is much faster and system is in 
equilibrium: Br- + SO2 = BrS02-.  (c) Rapid association with SO2 
used as catalyst for attainment of clustcring equilibrium B r  + 
HBr = (BrHBr)-. The BrS02- produced rapidly as in (b )  undergoes 
the rapid switching reaction BrS02- + HBr = B r H B r  + SO?. Higher 
clusters Br(HBr)2- and Br-(HBr)S02 are also present. Constant dif- 
ference between log (ion counts) plots observed after about 0.3 ms 
indicates equilibrium. SOZ 1.1 Torr, HBr 0.17 Torr, CH, 3 Torr, 
T = 328 K .  

tures of HX in the 0.03 to 0 .2  Torr rangc. Electron capture agents 
(CCI,, CH2BrZ, and CH31) were also added at some 0.001 Tom in 
order to produce the desired ions Cl-, Br-, and I-. Some of the 
equilibria measurements were performed in thc presencc of SO2, 
which was found to speed up the attainment of the equilibria (see next 
section). All chemicals used were commercially available and were 
used without further purification. 

Reaction mechanisms in equilibria measurements and 
thermodynamic results 

The reactions occurring in a typical experiment are sum- 
marized below: 

[4] A X + e 4 X + A  

[ I ]  X- + HX = X-HX 

Secondary near thermal electrons produced by the primary 
electron pulse are captured by traces of AX (= CCI, for Cl-, 
CH2Br2 for Br-, and CH,I for I - )  introduced in the ion source 

FIG. 2. van't Hoff plots of equilibrium constants K,,-,.,, for the 
clustering reaction: 0, Br-(HBr),,-I + HBr = Br-(HBr),,; A ,  I -  + 
HCI = I-HCI; 0, Br-HCI + SOz = Br-(HCI)S02; A, Cl-HCl + 
SO2 = Cl-(HCI)S02; ., B r H B r  + SO2 = Br-(HBr)S02. 

with the reaction mixture. 'The desired ion X- is created by the 
dissociative electron capture reaction [4]. In the presence of the 
clustering gas HX clustering reactions [ I ]  and [2] occur. For 
HBr and HI, the first step [ I ]  in the clustering sequence proved 
to be very slow, particularly at the high temperatures at which 
the equilibrium [I] was to be measured. The results from such 
an experiment involving the (0, 1) clusters of Br- + HBr are 
shown in Fig. 1 a.  The disappearance of Br- is clearly too slow 
under these conditions to lead to the equilibrium [I]. 

The rate constant k l  for the forward clustering reaction is 
third order for the conditions of the experiments and decreases 
with temperature increase (13). The magnitude of the rate con- 
stant in an ion molecule association reaction A' + B -+ 

(AB')* -+ AB' increases with the number of internal degrees 
of freedom of the complex AB' and the binding energy 
(A'-B) (13). For the triatomic complexes XHX-, the avail- 
able degrees of freedom are very few and this leads to a very 
small k l .  

The k ,  determined from the observed concentration changes 
in Fig. la is 7 x lo-" c m ~ o l e c u l e ~ '  s-I. This value is two 
to three orders of magnitude smaller than the rate constant for 
an association reaction involving polyatomic reactants A' and 
B and an A'-B binding energy similar to the Br--HBr bond 
energy (for other references for third order and temperature 
dependence kinetics see ref. 136). Increase of the HX concen- 
tration speeds up the rate of [I] .  The equilibria results in 
Fig. 2 and 3 were obtained from experiments where the HX 

was increased to the 1 Torr range. However, the high 
HX pressure led, for reasons that we do not fully understand, 
to a more rapid decrease of the total X- and X-HX signal with 
time. Better conditions for the equilibria measurements were 
created with the introduction of SO2 gas in the reaction mixture. 
The presence of SO2 led to the clustering reactions [5] and [6]. 
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CALDWELL AND KEBARLE 1401 

10-11 I I I ;r (4 I 
0 0.5 1 .O 1.5 2.0 

HBr Pressure (Torr) 

FIG. 3. Equilibrium constants KO, for reaction: Br- + HBr = 
Br-HBr as a function of temperature and HBr pressure. Mea- 
surements in the presence of 3-4 Torr CH,. Standard state l Torr. 

FIG. 4. van't Hoff plots of equilibrium constants K,,-,,,, for the 
exchange reactions: Plot a: E, CI-(HCI)SOZ + HCI = CI-(HCl), + 
SOz; A ,  Br-(HBr)SOz + HBr = Br-(HBr), + SO; @, Br-(HCI)SOZ 
+ HCI = Br-(HCI), + SOz. Plot b: @, Br-SOz + HBr = Br-HBr 
+ SOz; 0,  CI-SO, + HCI = Cl-HCI + SOz; A,  Br-SO2 + HCI = 
Br-HCI + SO2. Plot c: @, I-SOz + HBr = I-HBr + SOz; 0, I-SO, 
+ HI = 1-HI + SOz; A ,  1-SO, + HCI = I-HCI + SO2. 

[S] X-(HX),,-lS02 + HX = X-(HX),, + SOz 

The clustering reaction [5] involving Br- and SOz was much 
faster than the corresponding reaction of Br- and HBr. This 
fact is demonstrated by the results shown in Fig. 1 b. Evidently 
the additional vibrations in the triatomic SOz molecule lead to 
a much higher termolecular rate constant. When both SO, and 
HX are present, as in Fig. l c ,  the rapid X-SO, clustering is 
followed by the switching reactions [7] and [8] in which the 
stronger bonding HX displaces the SO? molecules from the ion 
X-. Measurement of the exchange equilibria [7] and [8] from 

FIG. 5.  van't Hoff plots of equilibrium constants K,,-, , ,, for reac- 
tions A ,  CI-(SO?),,- I + SO, = CI-(SO?),,; @, Br-(SOZ),- I + SO, 
= Br-(SO2),,; E, 1-(SO,),,-, + SOz = I-(SO,),,. 

runs like that shown in Fig. I c led to the exchange equilibria 
van't Hoff plots shown in Fig. 4. In addition to these exchange 
reactions, the X-, SOz clustering equilibria [5] and [6] were 
measured in the absence of HX. The van't Hoff plots for these 
results are shown in Fig. 5. Combining the SOz clustering 
equilibria [5] and [6] with the HX exchange equilibria [7] and 
[S] in a thermodynamic cycle leads to the X-(HX),, or X-(HY),, 
equilibria and associated thermochemical quantities. 

The thermochemical data from measurements involving 
SOz, association and exchange are given in Table 2.  Table 1 
contains data from the direct X-HX association equilibria mea- 
surements and also association equilibria data derived from the 
SO2 cycles described above. 

Data from the literature are also included in Table 1. All 
determinations involving F- are due to McMahon and co- 
workers (9, 10). Included are also the results of Castleman and 
co-workers (14) for X-SOI association reactions. There is gen- 
erally good agreement between determinations from different 
laboratories. Thus, the CI--SOz and CI--HCI bond 
enthalpies from three different determinations are within 
1 kcal/mol (Table I). 

Discussion of results 
( a )  The dissociatioti energies in (XHX)- atzd (XHY)- 

The hydrogen bond energies corresponding to dissociations 
(XHX)- + X- + HX and (XHY)- + X- + HY are sum- 
marized in Table 3. First we consider the XHX-, which lie on 
the diagonal in Table 3. The bond enthalpy values are 38.6, 
23.5, 20.9, and 17.0 kcal/mol for X = F, CI, Br, 1. Prior to 
the experimental determination of D(F--HF) = 38.6 
kcal/mol due to Larson and McMahon (9), theoretical MO 
calculations (2) had not provided a reliable or consistent result 
for this bond energy. In retrospect only the calculation of Noble 
and Kortzeborn (2h) with 40 kcal/mol has turned out to be a 
result close to the experimental value. Emsley and co-workers 
(2d) have discussed the reasons for the theoretical difficulties 
and the special need for a large flexible Gaussian basis set when 
dealing with the F-HF system. 'Theoretical calculations for 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 63. 1985 

TABLE I. Thermochemistry of clustering reaction (11 - I, 11) X L , ,  + L = X-L,, from gas phase equilibria" 

( n  - 1,n)  - A d '  (11 - ~ , I I )  - A G "  (300 K) (n - 1,n)  - A S o  
Ligand Ion 
(L) (X-) (0 , l )  (1,2) (2.3) (3,4) (0,1) (1,2) (2,3) (3,4) (1,2) (2,3) (3,4) 

- - 

SOz F- 43.8" 36.6" 24 " 
CI- 22.2 12.3 15.7 6.2 21.6 20.2 

21.8' 12.3' 10.0" 8.6" 14.8' 5.5' 3 1.6' 23.2' 22.7' 23.1" 23.2" 
20.9" 14.7" 21" 

Br- 19.3 11.2 8.5 12.7 5.6 4.4 22.0 18.7 13.8 
I -  14.3 9.0 17.6 

12.9" 10.1'' 9.2' 6.8' 3.6' 1.8' 20.2 21.6 24.7 
HF F 38.6" 30.9" 25.7" 

1 -  21.8" 15.1" 22.5" 
HCI C 1  23.8" 14.0" 17.1" 7.9" 22.3" 20.4" 

23.7' 15.2' 11.7' 10.3' 16.7' 7.9" 4.7' 2.4" 23.5' 24.4' 23.4" 26.7' 
23.1" 15.8' 24.2" 

Br- 19.6" 12.5'' 13.0'' 7.0" 22.0" 18.4" 
1- 14.8 8.8 20.0 

14.3" 8.9" 18.0" 
14.2" 7.4' 22.7" 

HBr B r  20.6 l l .O 3 .  5.9 22.3 17.0 
2 .1 ' '  12.3" 14.8" 6.1" 21.0" 20.8" 

I- 16.1" 10.2" 19.6" 
HI I -  17.0" 9.7 24.4" 

"AH" and AG" (300 K)  in kcal/mol; AS" in cal deg-~ '  mol-' (standard state I atm). Thermochemical data taken from Fig. 2 and 5 unless 
otherwise indicated. Estimated error: 5 1 kcal/mol for AH and AG" (300 K), 5 4  cal deg-' mol-' for AS". 

"From McMahon and co-workers (9, 10). 
'From Keesee and Castleman (14). 
"From Table 2. 
"From Yamdagni and Kebarle (8). 

TABLE 2. Therrnochemical data" from equilibria involving SOz 

Reaction - A H  - A S  - A G  

[ I ]  CI- + SO2 = CI-SO2 22.2 21.6 15.7 
[2] CI-SO2 + HCI = CI-HCI + SO2 I .6 0.7 1.4 
[3] CI-HCI + SO? = Cl(HC1)SOr 12.3 18.5 6.8 
[4] CI-(HCI)S02 + HCI = CI-(HCI), + SOz 1.7 1.9 1.1 
[5] Br- + SOz = Br-SOz 19.3 22.0 12.7 
[6] Br-SO2 + HBr = Br-HBr + SOz 1.8 -1.0 2.1 
[7] Br-HBr + SOZ = Br-(HBr)SOr 10.9 18.9 5.2 
[8] Br-(HBr)SOr + HBr = Br-(HBrj2 + SO? 1.4 1.9 0.8 
[9] Br-SO2 + HCI = Br-HC1 + SO2 0.3 0.0 0.3 
[lo] Br-HCI + SOz = Br-(HCI)S02 12.1 18.6 6.5 
[I I ]  Br-(HCI)S02 + HCI = Br-(HCI)? + SOz 0.4 -0.2 0.5 
[I21 I - + S O z = ! - S O z  14.3 17.6 9.0 
[I31 I-SO2 + HCI I-HCI + SO? 0.0 0.4 -0. I 
[I41 I - S 0 2 + H B r = I - H B r + S O z  1.8 2.0 1.2 
[I51 I-SO2 + HI = I-HI + SOz 2.7 6.8 0.7 

"All values are in kcal/mol, AGO values for 300 K, AS" in eu, standard state I atm. 

D(C1--HCI) = 20 kcal/mol were obtained by Almlof (2g) in 
fairly good agreement with the experimental result of 
23.5 kcal/mol from this laboratory (8). MO calculations for 
Br-HBr and I-HI have not been performed. 

Martin and Fujiwara (3) have published results from some 
very simple electrostatic calculations for the bond energies 
X-HX and X-HY. These authors obtained the binding energy 
U by considering the ion dipole and the ion-induced dipole 
interaction as shown in eq. [9].  

p and a are the dipole moment and the polarizability (along the 
bond axis) of HX and the numerical factors in [9b]  and [9c]  are 
adjusted for use with p in Debye and a in units. A rigid 
sphere approach was used where the distance r  between the ion 
and the point dipole and polarizability was taken as the sum of 
the Pauling ion radius and half of the HX bond distance r ~ ~ .  
The values for a, p, and ~ H X  and the resulting bonding energy 
- U are shown in Table 4. Apart from the too high value for 
- U(F-HF) = 51 kcal/mol, there is good agreement with the 
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CALDWELL AND KEBARLE 

TABLE 3. Hydrogen bond cleavage enthalpy change; (XHY)- + X -  
+ HY and (XHY)- 4 Y- + HX" 

Enthalpy change for HY = 

X - H F HCI HBr HI 

F- 38.6" 59.9" (65 .0)", " (72.0)'," 
C1- 21.8" 23.5" 29.4' 30.7" 
Br- (17.0)' 19.6 20.9" 25.4" 
1- (15.0)' 14.4 16.1 17.0 

"All AH" and AG" values in kcal/mol from Table 1 .  Unless otherwise 
indicated bond energies for the reaction (XHY)- -, X- + HY where HY is a 
weaker acid than HX. For free energy changes see Table I .  

"From McMahon and co-workers (9) and (10). 
'Estimated from A v  vs. AH plot, see text and refs. 10 and I I. 
"Value based on an average from Table 1. 
'Values obtained for reaction (XHY) + Y- + HX by addition of halide 

binding energy to the difference in gas phase acidities of HX and HY, see text. 

experimental values. Electrostatic calculations like [9] depend 
critically on the choice of the radius r .  The choice of r in 
Martin's calculation is arbitrary since the radius of the H atom 
was not taken into consideration. Increasing the value of r  by 
adding rH would lead to much too low binding energies for all 
X-HX, particularly the higher members. While the evaluation 
of quantitative data via [9] is not truly meaningful, the qual- 
itative features are of interest. Thus, the binding energy in the 
series F + I decreases because of the increasing radius of X 
which leads to an increase of rx-  and rw,  An additional 
decrease of bonding is due to the large (factor of 5) decrease of 
the HX dipole from HF to HI (see Table 4). The combined 
effects of the r  and changes lead to a tenfold decrease of Udip 
from F-HF to I-HI. On the other hand, the rapidly increasing 
polarizability of X leads to an almost constant Up,, term for the 
whole series. 

The results in Table 3 also provide information on the bond 
energy changes in X-HY where X- is kept constant and HY is 
changed. The general trend observed is that the bond energy 
increases as HY is changed from HF to HI. For example, in 
Br--HF, Br--HC1, and Br--HBr the energies are 17, 
19.6, and 20.9 kcal/mol. The bond energies obtained with the 
electrostatic calculations (9) using the parameters from Table 5 
are 25, 23, and 22 kcal/mol (see also Table 1V in ref. 7c) .  
Thus, numerically the electrostatic results are not too far off, 
but the predicted trend, i.e. a decrease of bonding from HF to 
HBr, is incorrect. It should be noted that the gas phase acidity 
of HY increases from HF to HI, which means that the observed 
hydrogen bond energy in X-HY increases with the acidity of 
HY. This type of dependence has been observed for many 
systems B-HA. Yamdagni and Kebarle (4, 15) were the first 
to document that the hydrogen bond energy in B- HA increases 
with the gas phase acidity of AH and the gas phase basicity of 
B-. For systems where AH are series of related compounds, a 
Linear relationship between the bond energy and the acidity of 
AH is found. Examples of such behavior were obtained for 
B- = C1- and AH = substituted phenols (16) and C1- and a 
variety of acids (17). More recently Larson and McMahon (9) 
in a comprehensive examination of the hydrogen bonding in 
F-HA have demonstrated the existence of such a linear 
relationship for HA corresponding to a variety of alcohols. The 
observed increase of binding energy of B-HA with acidity of 
AH suggests the reason for the failure of the electrostatic 
approach (eq. [9]) to predict the correct trend of binding 
energies in Br-.HY and generally X-.HY. In a series like 

Br-HF, Br-HC1, Br-HBr on formation of the hydrogen bond 
from Br- and HY there is increasing proton donation from HY 
to Br-. Thus, while in Br-HF the proton is associated largely 
with HF in Br-HBr the proton is already shared equally. The 
electrostatic calculation which treats HY as rigid fails to take 
this progressive proton shift into account. The largest exother- 
micity for the series Br- + HY = (BrHY)- is observed for HI. 
(See Table 3). Of the two association reaction exothermicities 
shown in Scheme 1, by convention, only one is considered as 
a hydrogen bond energy. This would be AH,, assuming that 
X- is a weaker base than Y-. AH,, is not considered as repre- 
senting the energy for the formation of a hydrogen bond since 
a large part of the exothermicity of [b] is due to proton transfer 
[c] from XH to Y-, the product (XHY)- being (largely) 
X-.HY. While the convention may be meaningful for a clas- 
sification of hydrogen bonds, there is some degree of proton 
transfer on formation of all XHY- hydrogen bonds as was 
shown above for the series Br- + HF, HCI, HBr. Therefore, 
the inclusion of HI into the series is natural and extends the 
illustration of the progressively increasing proton transfer. All 
horizontal rows in Table 3 represent series with proton transfer 
and exothermicities increasing from left to right. A theoretical 
analysis of the role of proton transfer (proton drift) in hydrogen 
bonds has been given by Desmeules and Allen (18). 

It is interesting to note that the proton transfer discussed 
above can be reversed by the presence of the cationic counter 
ion. In the matrix isolation studies of Ault (3), the alkali halides 
MX and the halogen acids HY were codeposited from the gas 
phase in an argon matrix to produce the unsymmetrical ions 
XHY- together with Mt  as counterion. Evidence from the 
vibrational spectra obtained showed the presence of two 
isomers X-.HY and XH.Y- whose abundance depended on the 
nature of the counterion M t .  If X- is the larger halide ion (i.e. 
the weaker base) then X-.HY will be more stable than XH.Y- 
in the absence of M i .  The interactions being largely electro- 
static, the cations Mi will bond preferentially to the smaller 
anion, i.e. the presence of M I  will promote a proton transfer 
in X-.HY leading to xH.Y-Mt. This tendency will increase if 
the size of Mi is decreased. This corresponds exactly to the 
findings in the matrix isolation studies of Ault (3) where the 
abundance of the XH.Y-Mi species was observed to increase 
as the radius of Mi was decreased. 

A discussion of the potential energy changes in the (gaseous) 
XHY- with proton transfer from X to Y has been given by 
Larson and McMahon (10). 

The enthalpies for the reaction [lo] have been measured (19, 
20) in solution of the aprotic solvents, sulfolane (SF) (19), and 
propylene carbonate (PC) (20). 

[lo] X + HCI = X-HCI 

The gas phase and solution data are shown in Table 5. The 
exothermicities for [ lo] in solution are seen to be much lower. 
One factor decreasing the exothermicity is the solvation energy 
of HCI. The solvation energy of gaseous HCI in SF has been 
quoted by Benoit et al. (19) as AHs (HCI) = -5.8 kcal/mol. 
The other factor decreasing the exothermicities of reaction [ I ]  
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TABLE 4. Calculated bond energies of X-HX 

rHX" X-" a IC  pd <<' - Udlps - UF,if - uf  A E8 AH" 
Ion (A) (A) (symm. axes) (D) (A) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) 

F-HF .917 1.36 .96 1.74 1.82 36.3 14.5 50.8 40.4 38.6 
CI-HCI 1.275 1.81 3.13 1.07 2.45 12.3 14.4 26.7 20.0 23.5 
Br-HBr 1.414 1.95 4.22 0.79 2.66 7.7 14.0 21.7 - 20.9 
1-H1 1.604 2.16 6.58 0.38 2.96 3.0 14.2 17.2 - 17.0 

"HX bond lengths, ref. 24. 
"rystal radii, ref. 25. 
'Polarizability along symmetry axis of HX ( x  10" cm'), ref. 26. 
"Dipole moment, ref. 27. 
'Radius ( r )  taken as half the HX distance plus the Pauling radius of X-. 
'Electrostatic estimate of binding energy U = Udip + Up,, (see eq. [9]). 
' A b  initio results, FHF-, refs. 2d and 2h ,  CIHCI- ref. 28. 
"Experimental data, see Table 3. 

TABLE 5. Comparison of enthalpies for the reaction [lo] X- + 
HCI = X-HCI in gas phase and solution" 

Value when X = 

Parameter C1- Br- 1 - 

-AHIo(~I  23.5 19.6 14.4 
-AH !,,(SF) 8.1 4.9 2.2 
-AH Io(PC)' 2.5 1.2 0.9 
GAH~(X-HCI)(SF)" 9.6 8.9 6.4 
GAHs (X-HCI) (PC)' - 14.0 -11.4 -6.5 

"All values in kcal/mol. 
'In sulfolane, Benoit et al.  (19). 
'In propylene carbonate, Bates and co-workers (20). 
"AHs(X-HCI) - AH,(X-) from cycle (1 1) and AHs(HC1) = -5.8 

kcal/mol (19). 
'Same as d but solvation of HCI in PC, for which an experimental value is 

not available, assumed AHs(HCI) = -7 kcal/mol. 

in solution is the solvation energy difference AHs(X-) - 
AHs(X-HC1). This difference can be evaluated from cycle 

-AHs(X-) I AHs(X- HCI) 
-AH, (HCI) 

AHlO, 
X-,,, + HCI,,, 2 X-HCI,,, 

[ l  11. The results obtained are given in Table 5 .  Dipolar aprotic 
solvents like SF and PC are known to solvate negative ions 
inefficiently. What is more significant for reaction [lo] is that 
in these liquids the solvation of negative ions decreases less 
with increasing size of the negative ion than is the case for 
protic solvents (21). Examining the data in Table 5 we con- 
clude that in sulfolane, solvation decreases less with increasing 
size of the negative ion than is the case for PC. Thus, propylene 
carbonate is, in this respect, closer to protic solvents. In 
protic solvents reaction (10) does not occur at all, exactly 
because negative ion solvation in these solvents decreases so 
much more with increasing size of the ion, i.e., the large, 
unfavorable energy difference for the solvation X- and X-HY 
leads to an unfavorable free energy change for [lo] in protic 
solvents. 

(b )  Binding energies and structure of the polyhalide ions 
x-(Hx)" 

The changes of AH,- ,,,, with n are shown in Fig. 6. The data 

used are from Table 1 except the F-(HF),, data which represent 
results from MO calculations by Emsley et al. (2c, 2d). No 
experimental data for F-(HF),, are available. Emsley's results 
are of interest because they provide structural information on 
the clusters. Thus while FHF- is linear (as are the other 
XHX-), F-(HF)? is bent (C?,, symmetry, see structure I) .  This 
appears to result from a compromise between the covalent 
bonding angle of 109" and the 180" angle expected on electro- 
static grounds due to the repulsion between the two HF dipoles. 
F-(HF)3 is found to be planar with the three HF molecules 
pointing towards F-, D3,, symmetry (see structure 11). 
This structure was found to be more stable than the chain 
structure H3F7- (111), expected, on the basis of covalent 
bonding. 

The stable structure for F-(HF)4 was tetrahedral with F- in the 
centre and four HF pointing towards it (T,, symmetry). 
Evidently, as n in F-(HF),, increases, the structures become 
increasingly determined by electrostatic type forces. For Cl- 
(HCl),, and other X-(HX),, we expect that electrostatic demands 
will dominate even more. Therefore we expect that the 
tendency for X-(HX), to become linear will increase from X = 
F t o X  = I. 

The - AH,,- ,.,, in Fig. 5 are seen to decrease with n for all 
X-(HX),,. However, the pattern for F-(HF),, is somewhat dif- 
ferent. The largest drop off occurs for the addition of the third 
HF in F-(HF),,. For the other X-(HX), the largest drop off 
occurs between AHo., and i.e., already for the addition 
of the second HX. Assuming that the theoretical HF and experi- 
mental HX results are reliable, the above difference may be 
rationalized by the stronger covalent contribution to the 
bonding in F-(HF)?. Thus, covalent bonding stabilizes 
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CALDWELL AND KEBARLE 1405 

FIG. 6. Plot of AH",,-,.,, for solvation reaction in the gas-phase: 
X-(HX),,- I + HX = X-(HX),,. F(HF),, data from refs. 2c and d. 

F-(HF)2 (structure 11) but probably plays no role in the other 
X-(HX)2 and X-(HX),, whose fall off of binding energy with 
tz is characteristic of electrostatic type bonding (see for example 
Br-(H,O),, and other similar systems (4). 

(c) Lattice energies of M t  .X2H- 
As mentioned in the Introduction, lattice energies of 

M t  X,H- and the binding energies X--HX can be related by 
means of a Born type cycle (see [12]) 

where AHL stands for lattice energy. AHL(MX) can be evalu- 
ated from experimental data and AH, can be obtained from the 
experimentally available heats of formation of the reactants. 
AHo, ,  can be obtained if AHL(MHX2) is available or vice 
versa. In the early work (2e)  classical lattice energy calcu- 
lations for MHX, were used in [12a] to estimate AHo, for 
X = F. These led to - AHo. I which were much higher than the 
experimental value given in Table 3. Now, using the experi- 
mental AHo, I from Table 3 we can reverse the procedure and 
provide experimental lattice energies AHL(MHX2). The data 
for MHF, are summarized in Table 6 .  Lattice energies for the 
other MHXl can be also evaluated provided that the AH, are 
available. Comparing the AHL(MHF2) in Table 6 with recent 
lattice energy calculations of Jenkins and Pratt (23) one finds 
that the classically calculated values are, on the average, too 

TABLE 6. Lattice energies of MHF? salts" 

Value 

Parameter LiHF, NaHFz KHFz RbHF, CsHF2 

AH,'' 13.2 18.0 21.3 22.4 23.7 
A H ~ ( M F ) "  250.0 221.7 197.5 189.3 180.7 
AHL(MHF~)" 224.6 201.1 180.2 173.1 165.8 

"All values in kcal/mol at -300 K. For symbols used andevaluation see eq. 

"Lattice energy of MHF, from Wagman er 01.  (22). 
'From eq. [12a], AH,,. , = -38.6 kcal/mol (for X = F), Larson and 

McMahon (9, 10). Estimated error of AH,.(MHF2), +4 kcal/mol. 

small by some 13 kcal/mol. 
Previous estimates of hydrogen bond energies for HF,-, 

HCl1-, HBr2-, and HI,- based on lattice energies consid- 
erations were made by McDaniel and co-workers (6). These 
authors determined experimentally the enthalpy changes (AH,) 
for reaction [13]. 

They argued that as the size of R4Nt is increased the lattice 
energy of R4NHX2 should gradually approach that of R4NX. 
When the quantities become equal, it follows from eq. [12a]  
that AHo, I will become equal to AH, = AH,,,  i .e. ,  AH,,  should 
give the desired hydrogen bond energy. McDaniel and co- 
workers (6) were able to measure A H I 3  for (Cl, Br, I) and 
gradually increasing R (Me, Et,  tz-Bu). They found, as 
expected, that - A H l 3  increases with increasing size of the 
alkyl group and that it seems to reach a limiting value. The 
approach to the limiting value was fastest for C1 and slowest for 
I (see Fig. 7 in ref. 6 b ) .  The limiting values for -AHl3  were: 
- 14 (Cl), 12.8 (Br), 12.4 (I) while the corresponding -AHo, I 

from Table 3 are 23, 21, and 17 kcal/mol. Only a single 
-AH1, (R = Me) experimental value could be obtained for F.  
This value was 37 kcal/mol while is 38.6 kcal/mol. 
Evidently, McDaniel e t  a / .  provide legitimate lower limits for 
the hydrogen bond energies of all the XHX-. However, the 
results are somewhat confusing. For ClHC1- where a limiting 
value seemed to have been reached, the -AH,, shows the 
largest deviation from the AH,, , ,  while for FHF- where at- 
tainment of the limiting value already for R = M e  could be in 
doubt, closest agreement with the is observed. It is not 
clear whether these complexities result from experimental error 
or are due  to intricate changes of the lattice energies of the 
compounds involved. 
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A GOURSOT and H. CHERMETTE. Can. J. Chem. 63, 1407 (1985). 
Relativistic M S - X a  calculations are reported for a PtCI,'- cluster. Good agreement with experiment is obtained for the 

optical spectrum. A ligand field approach has been used to evaluate the d-d transitions through the use of a strong field matrix, 
where the crystal field parameters have been replaced by values derived from thc X a  calculation. The high intensity spectrum 
is clearly interpreted in terms of Rydbcrg Pt 5d + 6 p  transitions. 

A GOURSOT et H. CHERMETTE. Can. J. Chern. 63, 1407 (1985). 
On rapporte des calculs relativistes M S - X a  pour le cluster P~CI, ' .  Pour le spectre optique, on obtient une bonne corrClation 

avec I'expCrience. Dans le but d'Cvaluer les transitions d-d,  on a utilisC une approche par la thCorie du champ de ligand pour 
laquelle on fait appel h une matrice champ fort, dans laquelle on a rernplack Ics pararnktres de champ cristallin par des valeurs 
obtenues par les calculs X a .  On interprkte facilernent le spectre de forte intensit6 sur la base de transitions de Rydberg 
Pt 5d + 6p .  

[Traduit par le journal] 

Introduction 
The electronic absorption spectra of transition metal com- 

plexes are generally interpreted as displaying a low-intensity 
part attributed to the ligand field transitions, and intense ab- 
sorption bands referred to as charge transfer (CT) transitions. 

The d-d spectra have been extensively studied by applica- 
tion of the ligand field theory. On the other hand, CT bands are 
generally assigned with the aid of energy levels diagrams. 
Quantitative analyses of the CT spectra through molecular 
orbital (MO) methods require a realistic description of the 
relative energies of the metal and ligand orbitals, together with 
a satisfactory representation of the metal-ligand interactions. 
Moreover, a quantitative description of CT transitions requires 
ASCF Hartree-Fock calculations in order to account for or- 
bital relaxation. These requirements explain that such transi- 
tions are not extensively studied, although they represent an 
interesting characteristic part of the absorption spectra of tran- 
sition metal complexes, often involved in their photochemical 
properties. 

Moreover, the high-intensity absorptions could also be due 
to transitions from the metal nd  orbitals to mainly metal 
(n  + 1)s or (n + 1)p orbitals. This possibility of encountering 
Rydberg transitions, in a wavelength region generally assigned 
to CT bands, has already been mentioned, particularly in the 
case of square planar complexes (1). In this paper, we want to 
put some emphasis upon the assignment of the high-intensity 
bands of PtC15-, and more specifically upon the Rydberg alter- 
native to the CT assignment. 

Considerable experimental work has been devoted to the 
elucidation of the absorption spectrum of PtCI5-. However, 
most of the experimental studies as well as the previous the- 
oretical works are principally interested in the ligand field 
transitions. Even though some of them mention Rydberg 5 d +  
6 p  transitions as possible assignments for the high-intensity 
bands, no quantitative analysis has been presented to support 
these proposals. This is why we have chosen to perform relativ- 

istic MS-Xa calculations in order to assign the main features of 
the PtC1,'- absorption spectrum and to assess their ligand field, 
CT, or Rydberg origin. The relativistic X a  method (2) is based 
on the Cowan and Griffin (3) approximation of the Dirac- 
Hartree-Fock equations. The effects of the mass-velocity and 
Darwin corrections are included self-consistently, while those 
of the spin-orbit operator are thus neglected. The spin-orbit 
effects may then be taken into account after self-consistency, 
by first order perturbation theory. 

Calculation parameters 
The Pt-C1 bond length is taken as 2.30 A (4). The atomic 

a value for Pt (0.69306) and C1 (0.72325) are taken from the 
compilation of Schwarz (5, 6). A weighted average of these 
atomic values is chosen for the interatomic and extramolecular 
regions (0.71721). As for previous calculations on halide com- 
plexes (7-9), the Pt and C1 spheres are allowed to overlap by 
an amount of 20% (r(Pt) = 2.58951; r(C1) = 2.62613). An 
external tangent outer sphere is used (rovr = 6.97250), which 
also serves as a "Watson Sphere" (10) on which a positive 
charge $2.5 is distributed. This $2.5 value has been used to 
push down the valence levels and thus to find the upper virtual 
levels with negative energies. It has been shown extensively 
that such a small increase of the Watson Sphere charge (usually 
0.5) involves only a uniform stabilization of the eigenvalues, 
thus providing the ability of finding more virtual levels. 

Partial waves up to 1 = 4 are included in the multiple scat- 
tering expansion in the platinum sphere and extramolecular 
region, and up to 1 = 1 in the chlorine spheres. 

All calculations of transition energies have been performed 
with the use of Slater's transition-state method (1 1). 

The use of the Slater's transition state (TS) procedure in MS 
X a  calculations has been criticized by Oliveira and Maffeo 
(12), who concluded that the best estimate of the excitation 
energy is indeed given by the TS procedure, only when both 
occupied and virtual orbitals involved in the transition are con- 
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TABLE 1. Ground state energy levels" (Ry) and charge distribution of PtCI4'- 

Pt C1 

MO Energy s p,, p, dl? dr2-,2 d r ,  d r y  ,, f s P,, p, INT OUT 

5 e. -0.029 3 97 ( 9 8 % ~ )  
3 ~ 2 ,  -0.036 7 93 ( 9 8 % ~ )  

-0.055 13 86 (37% s, 6370 d) 
4 e, -0.098 1 2 26 71 (95% p)  
202. -0.163 6 51 42 (95% p)  
4a1, -0.178 3 42 50 (93% S) 
361, -0.188 4 26 8 6 
2 b2, -0.430 17 8 I 
2% -0.456 19 8 1 
301, -0.510 9 1 20 1 
1 azs -0.586 89 10 I 
3 e, -0.623 1 1 25 51 10 2 
I bz, -0.630 I 85 12 2 
la2. -0.673 I 78 19 2 
1 e, -0.691 20 64 15 1 
2eu -0.701 7 1 60 22 7 3 
1 b2, -0.751 19 63 17 1 
261, -0.813 37 62 - I 
201, -0.833 14 I I 4 68 2 1 
1 e. -1.510 2 1 94 3 - 
I bl, -1.513 5 93 2 1 
101, - 1.545 1 90 I 3 1 

"The highest occupied level is 2b1,. 

centrated in the same atomic sphere. In the case of different 
atomic spheres (CT transitions), they concluded that a TS cal- 
culation may not necessarily provide an improvement over the 
"Koopmans" difference of the ground state (GS) eigenvalues. 
In our opinion, even though it does not provide the exact ASCF 
energies,' the TS procedure allows one to take into account the 
major portion of the relaxation effect, leading to good estimates 
of the CT spectra and particularly of the differences between 
metal-metal and ligand-metal transition energies. This point 
has been verified by the authors in various studies (7-9, 
13- 15). In those cases, and in the present one, the relaxation 
of the orbitals involved in the TS procedure imply some redis- 
tribution of the electronic density inside the atomic spheres, but 
without altering the intersphere contribution by more than I%, 
with respect to the GS structure. Moreover, when the virtual 
orbital is located in the outersphere region, previous work 
(16, 17) has shown that the calculated relaxation energies are 
substantial, requiring the use of the TS procedure rather than 
the Koopmans one. 

Ground state electronic structure 
The GS valence levels of PtC1,'- and the corresponding 

charge distribution are reported in Table 1 (spin-restricted 
calculation). 

Previous SCF-Xa calculations ( 1 8 - 2 1) have already been 
performed on this complex, but without introducing relativistic 
corrections. As described previously for Ir or Pt halides ( 7 ~ 9 ) ,  
the main effect of the relativistic contraction of the metal s and 
p orbitals, which increases the nuclear shielding, is to allow the 
expansion of the d and f orbitals. The valence molecular or- 
bitals (MOs), which display a preponderant metal 5d character 

'For example, the ASCF energy of the LMCT transition 3e,+ 3bl, 
of ~ t ~ 1 :  is 51 300 cm-', which compares very well with the TS 
value of 51 000 cm-I (cf. Table 3). 

are thus all shifted upwards. Moreover, with respect to non- 
relativistic results, the upper occupied antibonding MOs, 
namely, 3al,, 2ez,, 2b2,, have substantially increased con- 
tributions, while their bonding counterparts (2al,, 1 e,, 1 b2,) 
have a decreased Pt 5 d  participation. This upwards energy shift 
of the Pt 5 d  levels moves them away from the pure ligand 7~ 
levels (la2,, 3eu, 1 b2", 1 which remain nearly unchanged, 
while the energy separations between the Pt 5cl levels them- 
selves are not so much perturbed. The same tendency is ob- 
tained from a relativistic extended Hiickel (REX) calculation 
(22), while the Dirac-Slater (DS) method (22) leads to a 
somewhat different situation, where the upward energy shift 
concerns only the 3al, level and the 2e, (312) component 
(calculation performed in the double group D:,,). 

In our case, the metal levels ordering is maintained, with 
respect to the non-relativistic case. This will lead to roughly 
comparable ligand field transitions. On the contrary, the 
ligand-to-metal or metal-to-ligand CT transitions will undergo 
substantial modifications. The calculated ordering of the 
"5d-like" MOs is 

This ordering is consistent with the experimental observations 
on the basis of MCD data (23), of spectra recorded with polar- 
ized light (24). It was also obtained from EH calculations 
(25, 26). However, a comparison with these earlier theoretical 
results shows some important differences in the values of the 
energy separations: A 1 (3bl, - 2b2,), A2 (2b2, - 2e,), and 
A3 (2e, - 3al,) which are calculated as 26 550, 2 950, and 
5 950 cm-' in the present work. The virtual MOs, except 3b,,, 
are essentially localized outside of the atomic spheres and may 
be considered as Rydberg orbitals, which are considered as 
one-center expansions about the molecular center. Their charge 
analysis shows that 2azu, 3alU, 4eu, and 5eu have predominant 
contributions of the outersphere (sphere surrounding the whole 
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COURSOT AND CHERMETl'E 

FIG. I .  Contours labelled 0, I ,  2 are equal to 0, 0.019, and 0.038 (electrons/bohr3)"' for case (1 and 0 ,  0.066, and 0.132 (electr~ns/bohr~)"~ 
for case b. Positive wavefunction contours are represented by a solid line, negative contours by a dashed line, and dotted lines are related to 
the contour 0. 

molecule), which corresponds essentially to a p partial wave 
(for 95% p,, 98% p,, 95% p ,?,, and 98% p ,!,, respectively). For 
the 4al ,  and 5a l ,  MOs, the principal component in the outer 
sphere region is an s partial wave for the former (93%) and a 
d partial wave for the latter (63% d, 37% s).  The low-lying 4al ,  
and 2az, MOs have a substantial intersphere contribution. This 
is certainly due to the use of the Xa division of space in the case 
of a square planar structure, providing a strong intersphere 
participation to the diffuse s and p, metal orbitals. The dif- 
fuseness of these MOs is illustrated in Fig. 1, which gives a 
clear indication of their 4 s  (4al,) and 4pZ (2az,) Rydberg 
character. 

Ligand field spectrum 
As reported previously (7, 8,  18), Xa spin polarized calcu- 

lations in D,,, symmetry would lead to the complete deter- 
mination of the multiplet states corresponding to the excited 
configurations (3a:,2~;2b:,3b;,), (3a~,2e~2bf,361,) ,  and 
(3a1,2e~26:,3b~,). The spin-orbit parameters 5,' may be cal- 
culated for every radial function Rnl  ( r )  through the use of the 
spin-orbit operator 

(for details see refs. 2, 8). The 5,,,(Pt) parameters, related to the 
MOs involved in the d-d transitions, have large calculated 
values (around 6500 cm-I). Thus it seems desirable to take into 
account the spin-orbit interaction which mixes the ligand field 
excited states and the ground state 'A,, with the triplet 'Az, and 
3E,. As in previous works (7, 8), we are thus led to use a ligand 
field approach on the basis of parameters derived from the Xa 
calculation for the ground-state. The energies of the ground and 
excited states have been evaluated through the strong field 
matrix elements for square planar d X  systems (27,28) where the 
crystal field parameters have been replaced by the A 1, A2, A3 
values obtained from our Xa calculation, so as the spin-orbit 
coupling parameter a = (1 /2) Csd(eff) = 1850 cm-' . Csd(eff) is 
calculated as the average value over 3al,, 2e,, 2bz,, and 3 b,, 
of the products p~ X 5,,(Pt), specific to each MO, where p, 

is the fraction of the 5 d  Pt charge involved in this MO. The two 
Slater-Condon parameters F z  and F, can then be treated as 
arbitrary parameters, kept within reasonable limits. The better 
agreement with the observed spectra is obtained for F, = 
65 cm-' and Fz = 775 cm-I. 

Table 2 presents a comparison between the calculated ligand 
field transition energies and the experimental peak positions. 
These g-g transitions are forbidden according to the symmetry 
selection rules. They correspond to the low-intensity part of the 
spectrum (up to 34 000 cm-I). 

The spin-orbit interaction allows transitions from the 
ground state to excited states derived from triplet states, which 
may appear as very low intensity absorptions. The assignment 
presented in Table 2 is consistent with the experimental in- 
tensities and peak positions, as well as with the indications 
provided by the spectra in polarized light and MCD data. In 
agreement with the results of Martin et 01. (24) and McCaffery 
et al. (23), the bands around 27 000 and 30 000 cm-'  are 
assigned to the A,,('A,) + Az,('Az,) and Al,('Al,) + E,('E,), 
respectively. In fact, the two corresponding excited states keep 
a preponderant singlet character (cf. Table 2). The A ,,('A I,) + 

BI,( 'BI,)  transition is calculated to occur at 34 200 cm-', that 
is on the low-energy side of the first high-intensity band. These 
assignments are at variance with CI + spin-orbit results 
obtained with the use of relativistic effective core potentials 
(29). This technique (RECP) yields a different singlet state 
ordering ('Az, > 'E, > 'El,) from ours, which implies that, 
after diagonalizing the spin-orbit matrix, the A,,('A,,) + 
A2,('A2,) and Al,('Al,) + E,( 'E,) transitions are correlated 
respectively with the 30 000 cm-' and 27 000 cm-' absorp- 
tions. This result is in full disagreement with the MCD (23) and 
polarized crystal data (24, 30). Our results are in agreement 
with previous assignments based on MO calculations (19, 26) 
or on ligand field calculations using substantial A3 values (24, 
25, 28) particularly as alternative A proposed by Martin et al. 
(28). Elding and Olsson (3 l) ,  following the proposal of alterna- 
tive B by Martin e ta i .  (28), suggested that the a,, ( d , ~ )  and e, 
(d,,,Jz) MOs might have very similar energies, leading to quasi 
degenerateAI,('AI,) + E,('E,) a n d A , , ( ' ~ , , ) +  Bl,('Bl,) tran- 
sitions near 30 000 cm-I. This assignment would imply A3 < 
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TABLE 2. Calculated ligand field excitation energies (cm-') and experimental peak posi- 
tions (KZPtC14 crystal spectrum) 

Observed peak 
Ligand field Calculated energies and singlet positions 
excited state or triplet major participations (from ref. 20) 

BIZ 
E, 
BZ, 
A2, 

EE 
A 1, 

EE 
BlE 
B2, 
E, 
A2, 

A] ,  

34 300 ('B', 86) 
30 400 ('E, 54; 'B,, 33) 
28 500 (3BI, 62; %E, 36) 
27 250 ( ' A ~ ,  86) 

TABLE 3. Calculated Rydberg-type and CT-type transitions (cm--I) compared with the 
available experimental peak positions 

Calculated Experimental 
Transition" Type1' value value' 

2b2, + 2aZ, (F) R 54,.  -, 6pr 37 300 37 600 
2eE + 202. (A) R 5d,,.,., +' 6pr 
262, -, 4eu (A) R 5 A,. + 6pr,,, 

3 9 1 M  ] 42600-43700 
44 300 

3n1, + 2a2. (A) R 5d,2 -, 6p, 
2e, + 4e, (A) R 5d,,,,.: + 6pr.,. 45 ) 45 050 - 46 300 46 400 
3e, + 4nl, (A) L, -, R,,, 51 000 
3e, -, 3b1, (A) L - M  51 300 
3al, + 4e, (A) R 5dIz + 6p,., 52 600 

"F: forbidden; A: allowed transitions according to the symmetry selection rules. 
"R: Rydberg; L: ligand; M: metal. 
'From refs. 27 and 3 1 .  

1000 cm-'. This assumption disagrees with MO calculations 
and, particularly, with the present one, which yields a sepa- 
ration of 5950 cm-' between the 3al ,  and 2e, MOs. The low- 
intensity band around 17 000 - 18 000 cm-' is assigned to the 
AI,('AI,) + AI,(~E,), Al,('Als) + Az,(~Az,), and AI,('A~,) + 

E,(3A2,) transitions. The broad absorption near 20 000 - 
21 000 cm-' and the shoulder at 24 000 cm-' are assigned to 
the superposition of several transitions to states derived from 
triplet states. 

High intensity spectrum 
It consists of a moderately intense absorption band with a 

maximum peak at 46 200 cm-' and a pronounced shoulder at 
43 400 cm-' (E = 8 500) (23, 32). A weak shoulder (E = 400) 
appears on its low-energy edge, near 37 500 cm-'. 

Most MO calculations have considered these intense bands 
as ligand-to-metal CT transitions (19, 25, 33-35), with the 
exception of Cotton and Harris (26), who proposed a metal 
5d  + 6p assignment, in agreement with an earlier suggestion 
by Chatt et al. (36). 

Later, the analysis of the polarized single-crystal spectra of 
K2PtC14 (32) supported the suggestion that the 46 000 cm-' 
band contains a low-lying Pt 5 d , ~  + 6p, component. In their 
comparative study of the solution spectra of P~x,,(H,o):I: 
(X = C1, Br), Elding and Olsson (31) have described the high 
intensity bands as the superposition of the metal-to-ligand CT 
transitions 3a,, + 2a2, and 2e, + 2n,,. This assignment 

retains the 5d  + a?, proposal (26, 32) but considers now a2, as 
a predominantly ligand level instead of a Pt 6p one, on the basis 
of arguments drawn from the comparison of PtC1,'- and 
PdC1,'- spectra. Very recently, Larsson et al. (22) concluded 
to a 5 d  2 6 p  assignment for the 2e, --, 2a2, transition, on the 
basis of their REX calculation, while their DS results show a 
strongly underestimated value for this transition energy. 

AS-underlined previously, the relativistic corrections used in 
the present calculation have induced an increased separation 
between the upper occupied ligand 1 2 7 ~  levels ( I  h,,, 3e,,) and 
the Pt 5cl levels (3crl,, 2c,. 2b2,) with respect to non relativistic 
MO results. Consequently, the ligand-to-metal CT transitions 
fro111 ( 1  h,,, 3e,,) to 3bl, are calculated at higher energies than 
the 5 d +  6 p  transitions of Rydberg type, from (3a1,. 2c,, 2 h )  
to ( ~ C Z ~ ~ ,  4 ~ , , ) .  

As Table 3 shows, the orbitally forbidden 'A l ,  --t 'B ,  
(2b2, + 2a,,,) Rydberg transition is the lowest one and its 
calculated value compares very well with the shoulder of weak 
intensity located near 37 600 c ~ n - ' .  

In the same way, the structured band that peaks at 46 300 
cm-' is assigned to the superposition of absorption bands re- 
lated to the transitions from the 'Al, ground state to the 
Rydberg-type excited states of configuration 5d76p, with the 
exception of the 'E,, state which is calculated at a higher energy 
(52 600 cm-I). 

The results presented in Table 3 correspond to non spin- 
polarized calculations. They have been obtained without 
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including configuration interaction, via the spin-orbit 
coupling, between the singlet and triplet 5d7 61, excited states. 
T h e  intense absorption bands are related to  singlet-singlet 
transitions and in this case,  the spin-orbit coupling vanishes in 
a first-order approximation. 

Relativistic MS-Xu calculations, performed in the double 
group D:,, symmetry would certainly lead to a more precise 
description of  the fine structure of the 43 000 - 46 000 c m - '  
band. Further work in this direction is in progress. Never- 
theless, the present work does  support unambiguously the as- 
signment of the high intensity bands of the PtCI,'- spectrum as 
Rydberg Pt 5cl+ 6 p  transitions. 
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ALFREDO M. SIMAS, VEDENE H. SMITH, JR., and AJIT J. THAKKAR. Can. J. Chem. 63, 1412 (1985). 
A priori quantum mechanical calculations are made for the alkynes XCCH (X = H, Li, F, C1, and NC), and the cyanides 

XCN (X = H, F, CI, 0 - ,  S- ,  and NC) in order to examine how substituent effects in these homologous series are reflected 
by changes in the three-dimensional one-electron momentum density. Our qualitative analysis is based on a partial wave 
decomposition of the momentum density, and is in harmony with analogous studies of the position space charge density. Our 
quantitative analysis is based on various properties of the isotropic momentum density and on the kinetic energy anisotropy. 
Values of the latter quantity relative to the parent unsubstituted molecule of the pertinent homologous series are found to 
correlate with the Taft resonance and Dewar-Grisdale mesomeric substituent constants. 

ALFREDO M .  SIMAS, VEDENE H. SMITH, JR. et AJIT J. THAKKAR. Can. J. Chem. 63, 1412 (1985). 
Dans le but d'6valuer si les effets de substituants dans ces series se r6flktent par des changements dans la densit6 

tri-dimentionnelle du moment d'un electron, on a effectuC des calculs a priori de mCcanique quantique sur les alcynes XCCH 
(X = H, Li, F, C1 et NC) et sur les cyanures XCN (X = H, F, C1, 0-, S-- et NC). Notre analyse qualitative est baste sur 
une dCcomposition par ondes partielle de la densite du moment et elle est en harmonie avec des ttudes analogues sur la densit6 
de charge dans I'espace de la position. Notre analyse quantitative est basCe sur diverses propriCt6s de la densit6 du moment 
isotrope et sur l'anisotropie de 1'Cnergie cinCtique. On a trouv6 que I'on peut Ctablir une corrClation entre la valeur de cette 
dernikre quantit6, relative h celle de la molCculc de base non substituie des sCries homologues pertinentes, et les constantes 
de rksonance de Taft et m6somCrique de Dewar et Grisdale relatives aux substituants. 

[Traduit par le journal] 

Introduction 
Compton scattering provides a powerful experimental probe 

of electronic momentum distributions in atoms, molecules, and 
solids. Hence, much effort has been expended ( 1 )  to correlate 
chemical properties with the usual gas-phase isotropic Comp- 
ton profiles J ( q )  and their parent spherically averaged one 
electron momentum densities n ( p ) .  Unfortunately detailed 
correlations have not been easy to find because the numerous 
integrations necessary to obtain J ( q )  from a wave function 
seem to wash the chemical information away. Nevertheless, 
some progress has been made with the help of bond difference 
profiles (2 ) .  However, the most promising avenue for obtaining 
chemistry from Compton scattering seems to be via directional 
Compton profiles J ( q )  and their parent three-dimensional one- 
electron momentum densities n ( p ) .  

A few studies of the anisotropic n @ )  and J ( q )  have already 
been made (for extensive bibliographies, see refs. 3 and 4 )  and 
attempts to gain insight into their structure have been based on 
contour maps, difference contours with respect to prepared 
atoms, and partitioning into orbital contributions. Since the 
isotropic momentum density n ( p )  has already been studied 
extensively, it seems that a useful partitioning scheme should 
first separate n ( p )  from n ( p ) ,  and then separate the aniso- 
tropic remainder into appropriately chosen components. W e  
have shown recently (3 ,  4 )  that a partial wave decomposition 
of n ( p )  provides such a partitioning. This analysis takes a 
particularly simple form for linear molecules, and our studies 
(3-5) on 21 linear molecules, with occupied a and 7~ MO'S 
only, show that if attention is restricted to the valence region 

' Based in part on the Ph.D. dissertation of A.M.S 
'NSERCC University Research Fellow. 

then all qualitative features of the momentum density are de- 
scribed by merely four partial waves. The purpose of this paper 
is to examine how substituent effects in alkynes and cyanides 
are reflected by changes in these four chemically dominant 
partial waves of the momentum density. 

Review of theory 
In the case of linear molecules with the molecular axis 

aligned along the polar axis, which will be the sole concern of 
this paper, n ( p )  has D,,, symmetry irrespective of whether the 
molecular skeleton has C,,, or Dm,, symmetry (3 ) .  Thus the 
momentum density of a linear molecule may be expanded as 
follows: 

where the PL (COS 0,,) are Legendre polynomials, n o ( p )  is 
precisely equal to the spherically averaged momentum density 
n ( p ) ,  and the higher partial waves n2, n,, . . . , represent the 
anisotropy. W e  call this partitioning process a partial wave 
analysis of the moment~~m density (3 ,  4).  Such an analysis is 
well suited to the momentum density because it is essentially a 
monocentric function. Clearly all expectation values of the 
form (Ei f (p i ) )  are determined by n o ( p )  alone: 

An example of the above is the total kinetic energy T which 
corresponds to f ( p )  = p2/2. Hartree atomic units (6) are used 
throughout this section. An illustration of the power of partial 
wave analysis is provided by the fact that the anisotropy of the 
kinetic energy tensor is determined by 112 alone. Thus 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SIMAS ET AL. 1413 

where 7- and TI, respectively, are the components of the kinet- 
ic energy parallel and perpendicular to the molecular axis. Of 
course T = 7-1 + 2T1. These components of the kinetic energy 
are important because they are experimentally accessible (7) 
through directional Compton profiles, and because they play a 
pivotal role in certain types of analyses of chemical bonding 
(8). 

Convergence studies (3,4) on 21 linear molecules (including 
all those considered in this paper) have indicated that such an 
expansion converges particularly rapidly for small momentum, 
p ,  and less rapidly for large momentum. However, we have 
shown (3) for these 21 molecules, that the region 0 5 p 5 

3ha;' is essentially the valence region and that the anisotropic 
momentum density IT(p) in this region can be studied satis- 
factorily from a chemical point of view by considering merely 
four partial waves: IIo(p), II,(p), I14(p), and IT6(p). 

Evaluation of the partial waves of the momentum density 
from a wave function constructed from an orbital basis set is 
not difficult. Analytic formulae for these purposes are implicit 
in eqs. (129)-(133) and eqs. (145)-(147) of ref. 9 for spher- 
ical harmonic and cartesian Gaussian-type basis functions, re- 
spectively. All the wavefunctions that are employed in this 
paper are built from Slater type orbital (STO) basis sets which 
are a special case of spherical harmonic basis sets. Hence all 
partial waves displayed in this paper were obtained via analytic 
formulae. It is worth noting that S T 0  basis sets provide a 
reasonable balance between accuracy in position space and 
accuracy in momentum space (10). 

It has been pointed out (3) that the partial wave IIL(p) be- 
haves as PL for small p ,  and that IIL(p) decays to zero as 
p"L.0'-9 where 6(L, 0) is the Kronecker delta, for all S T 0  basis 
sets that include at least one 1 s S T 0  - a condition fulfilled in 
an overwhelming majority of S T 0  basis sets including all those 
considered in this paper. Moreover, empirical rules outlined 
earlier (3-5) enable one to predict the qualitative valence 
region (small p )  behaviour of the contributions of various types 
of canonical molecular orbitals (MO's) to the chemically dom- 
inant partial waves. These rules are summarized in Table 1 for 
the reader's convenience. 

Qualitative substituent effects 
Momentum densities and pertinent partial wave expansions 

were calculated for two homologous series: the cyanides XCN 
with X = H, F, C1, 0 - ,  S-, and NC, and the alkynes XCCH 
with X = H, Li, F, C1, and NC. These two series have been 
considered together because the ethynil and cyano groups are 
isoelectronic, have very similar electronic structures, and both 
contain a nominal triple bond. The self consistent field (SCF) 
wavefunctions used were those of McLean and Yoshimine (1 1) 
at the geometries corresponding to the lowest computed ener- 
gies and are built from atom optimized S T 0  basis sets of 
double-5 plus polarization quality or better. 

Politzer and co-workers (12) used exactly the same wave- 
functions for their position space studies of these molecules. 
Their studies indicate that the ethynil and cyano groups main- 
tain their properties across their respective homologous series. 
Thus the lengths and force constants of the CC and CN bonds 
are virtually independent of the substituent in the alkynes and 
cyanides, respectively. Moreover, Politzer and Kasten (12d) 
have demonstrated that the charge densities of the ethynil and 
cyano fragments are relatively little affected by the nature of 
the substituent. 

Figures 1 and 2 show partial waves of the momentum density 

TABLE I .  
behaviour 

Empirical rulcs (3) govcrning thc valcncc rcgion (small p) 
of the contributions from various types of canonical MO's 
to the partial waves of the momentum density 

L I M O  a bonding u antibonding .rr bonding .rr antibonding 

for the cyanides and alkynes, respectively. Note that all quan- 
tities are per electron (i.e. divided by the number of electrons) 
to facilitate comparisons between molecules. Moreover, all the 
spherically averaged momentum densities IIo(p) are shown to 
the same scale, and all the higher order partial waves, except 
those for HCCH and LiCCH, are shown to another uniform 
scale. In view of some recent interest (13) in the monotonicity 
or otherwise of n(p) ,  note that the vast majority of the alkynes 
and cyanides shown in Figs. 1 and 2 have nonmonotonic iso- 
tropic momentum densities. 

First consider only those substituents (X = H, F,  C1, and 
CN) for which partial waves are shown for both the cyanide and 
alkyne. The figures show that, for fixed X, the partial waves of 
the isoelectronic XCCH and XCN molecules are rather similar. 
This is the momentum density analog of Politzer and Kasten's 
observation (12d) that the charge densities of the XC fragments 
in the XCCH and XCN molecules are very similar for fixed X. 
Proceeding further, the interpretation of the curves is straight- 
forward. The extrema of the non-zero L IIL(p)'s for XCCH 
occur at a smaller p value than the corresponding extrema for 
XCN for the same X. This is a result of the fact that XCCH is 
longer than XCN. Furthermore, the amplitudes of the non-zero 
L ITL(p)'s for X = H, F, and C1 are larger for XCCH as 
compared to the corresponding XCN indicating that the posi- 
tion space representation of the highest occupied molecular 
orbital (HOMO), which in all cases is a IT orbital, is more 
delocalized in XCCH. This is consistent with the finding of 
Politzer and Harris (12a) that a very significant portion of the 
IT electronic charge density is not in the bonding region but 
spread in regions adjacent to it resulting in a very significant 
degree of IT bonding with the neighbouring atoms even if one 
of them is a hydrogen. On the other hand, the non-zero L 
ITL(p)'s of NCCN have a larger amplitude than their NCCCH 
counterparts indicating, as expected, that the higher symmetry 
in the former enhances the position space delocalization of the 
IT orbitals. On the other hand the partial waves are very differ- 
ent for different X implying that a substituent can indeed sub- 
stantially modify the momentum density (per electron) of a 
compound. The partial waves of HCCH and HCN, especially 
the negative n6 's ,  clearly indicate (see Table 1) that the HOMO 
for these molecules is a IT bonding orbital as opposed to the 
other molecules, with X = F, C1, and CN, where the HOMO 
is an antibonding IT orbital which leads to a positive IT6@). 

Thus substituent effects in these small series are seen to be 
strongly correlated with the electronic structure of the substitu- 
ent and its interaction with the electronic structure of the func- 
tional group. On the basis of the partial waves it is possible to 
separate the molecules into three clusters. One defined by X = 
H and characterized by a negative n6(p) ,  another defined by X 
= F, C1 and characterized by a negative small amplitude I14(p) 
and a positive n6(p) ,  and the last one defined by X = CN and 
characterized by a positive IT6 and a clearly oscillating n 4 ( p )  
starting from negative values at low p.  'These last two clusters 
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"'1 HCN roo2 0.2 NCCN , 0.02 
I 

0.21 FCN 
c 

I 

CLCN 

FIG. I .  Partial waves of the momentum density (per clcctron) for the cyanides XCN with X = H, NC, F, C1, 0 - ,  and S- .  Note that the left 
hand scale for &(p) is different from the right hand scale for thc higher partial waves. - Uo(p); - - - - I12(p); - - - - . - ~ J ( P ) ;  . a . e  &(P).  

T,IBI>E 2. Propcrtics o l  thc isotropic monicntuni dcnsity 

Molcculc ( 0 )  I ( 7  I I ( J  ' 2  I ,  ( ) / I  ' TIE\, ( l ~ 3 ) / f i 1 ~ 1 ~ ,  .' ( / ~ ~ ) / f i ~ i ~ ~ , -  ' 
-- 

HCCH 
HCN 
LiCCH 
FCCH 
FCN 
[OCNI 
NCCCH 
NCCN 
ClCCH 
ClCN 
[SCNI 

have in common the fact that antibonding n orbitals are oc- it into the X = H cluster. The large amplitudes of the non-zero 
cupied. L lIL(p)'s indicate a large degree of n electronic interaction in 

Consider now the partial waves of LiCCH in Fig. 2. Clearly HCCH and LiCCH. On the other hand, Fig. 1 clearly shows 
the negative n6(p) ,  evidence of only bonding n orbitals, places that [OCNI- and [SCNI- belong to the X = F, C1 cluster. In 
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HCCH .O.OL 

i 

_ _  .-.......------- 

0.0 -3.01 
0 1 

p/haz 3 

FCCH I ) 02_  m 

0 . 2 1  NCCCH 
I t 0.32 

0.2- CLCCH 0.02 

" 0 

m 
0 

-0 

0.00 5 

3 . 0 -  ----- 
- 0.02 

0 I 2 3 yfii; 

FIG. 2. Partial waves of the momentum density (per electron) for the alkynes XCCH with X = H, NC, F, CI, and Li. See the caption to Fig. I .  
Also note that the higher order partial waves for HCCH and LiCCH are shown on a scale that is one-half of that to which the II,(p) (L # 0)  
for the remaining alkynes are shown. 

fact, there is such a strong similarity between the partial waves 
of the isoelectronic pairs [OCNI- and FCN, and [SCI\J]- and 
ClCN that the only means of deciding which one is which is 
comparison of nO(0); the latter is larger in the negative molec- 
ular ions than in their isoelectronic neutral counterparts. 

Quantitative substituent effects 
Quantitative results are considered next. Table 2 lists values 

of n (0 )  and the well-defined moments (p') (-2 5 k 5 4) for 
each of the 11 molecules considered in this study while Table 
3 lists their characteristic momenta defined (7c) by 

P* = [ j ( 0 ) / 2 ~ n ( o ) ] l l ~  

-0.01 - 0 
0 

m 

' &  . 
5 
a - 
iD 

-0.00 5 - a c 
a - 
P. 

25 

*-0.04 

0.2 I LiCCH I 

- , . 
\ /  --, 

--. /'!+ - -.:-..-...%.......A- 0.1 - , \,,,,'-- 

TABLE 3. Cliaractcristic Iiionicnta 

0 
I "/.;; 2 3 

0 

X For XCCH For XCN 

\, 

where j(0) = (p-')/2. The characteristic momentum is related teristic momenta of the molecules increase with increasing 
to the valence momentum density. Like the characteristic mo- electron sharing and number of valence electrons. Thus, of the 
menta of the atoms which correlate, within a period, with the molecules considered, FCN possesses the largest and LiCCH 
electronic saturation of the valence shell (7c, 13c), the charac- the smallest p*. 

" 0  ', 

a 
. - 

t;" 
0.07 
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TABLE 4. Differences of properties of the spherically averaged momentum density 

HCCH - H - {CCH} 
HCN - H - {CN} 
LiCCH - Li - {CCH} 
FCCH - F - {CCH} 
FCN - F - {CN} 
[OCNI- - 0- - {CN} 
NCCCH - {CN} - {CCH} 
NCCN - 2{CN} 
ClCCH - C1 - {CCH} 
ClCN - CI - {CN} 
[SCNI- - S- - {CN} 

{CCH} = HCCH - H 
{CN} = HCN - H 

Since substituent effects are of interest in this paper, Table 
4 lists differences between the molecular properties and those 
of isolated ground state atoms and fragments. The higher mo- 
ments (p3) and (p" are not considered since they are primarily 
large momentum, and hence core electron, properties. The 
atomic properties used in Table 4 were computed from atomic 
SCF wavefunctions built from S T 0  basis sets of a quality 
comparable to the pertinent molecular basis sets. These atomic 
properties have been listed elsewhere (4). Table 4 shows a high 
correlation between the various difference properties of XCCH 
and XCN when X is the same implying that substituent effects 
in momentum space can, within reasonable limits, be trans- 
ferred across different homologous series. The largest differ- 
ences in Table 4 occur for LiCCH due not to the molecule 
itself, but to the momentum space properties of the lithium 
atom which has a huge value for n(0)  that is highly dependent 
on the quality of the basis set employed. Unfortunately, each 
of the difference properties orders the various substituents in 
different wavs. 

~ubstituent effects are often described in terms of substituent 
constants (14, 15). Of these up is the relative effect of a substit- 
uent in the para position on benzoic acid dissociation in water 
at 25°C. It is interpreted as the ability of the substituent to 
withdraw electronic charge from the rest of the molecule. It can 
be divided into an inductive part, crl, and a resonance part, ITR, 
such that up = crl + UR The constant crl is interpreted as the 
ability to withdraw charge through "inductive" interactions 
which occur in the electronic cr system while the Taft resonance 
constant UR is interpreted as a measure of the tendency of a 
substituent to withdraw electronic charge through some sort of 
conjugative or resonance effect which should occur mainly in 
the electronic TI system. These constants, despite being 
obtained from substituent effects on acid dissociation, have 
proven to be useful in a wide range of other equilibria and rate 
Drocesses. We tried to find correlations between the various 
difference properties in Table 4 and the substituent constants. 
None could be found for a , .  On the other hand the difference 
j(0) = (p- ')I2 could correlate with cr, for the XCN series 
because for 0- it is equal to -0.321 1/h-'a, and u p  is -0.5 
(14) while for CN it i s  0.201/h-'a, and u p  is 0.69 (14). Such 
correlation, however, predicts F and C1 to be overall weak 
electron-releasing substituents which is clearly wrong. 

So far we have only considered difference properties of the 
isotropic momentum density n o .  Let us now turn to the aniso- 
tropy of the kinetic energy tensor - a property of II, alone (see 

TABLE 5 .  Comparison between the relative kinetic energy aniso- 
tropy, (TI ,  - T,), and the Taft resonance, UR, and Dewar-Grisdale 
mesomeric, M ,  substituent constants" for the XCCH and XCN 

series" 

X XCCH - HCCH XCN - HCN UR -M 

"From ref. 14, p. 19. 
"(TII - T,)/E, = -0.547 and -0.22 for HCCH and HCN, respectively. 

theory section). Table 5 lists values of T I  - T, relative to 
HCCH and HCN for the alkynes and cyanides, respectively. 
Table 5 shows that the substituent constant UR correlates in a 
consistent way with the relative T I  - T,. The correlation is 
better for the XCCH series which is not surprising given the 
definition of u,. The implication is that if the relative Ti - T ,  
> 0 then X is a conjugative electron-withdrawing substituent, 
while if the relative 7' - T ,  < 0 then X is a conjugative 
electron-releasing substituent. The Dewar-Grisdale meso- 
meric constant M (14), which is supposed to include the 
n-inductive as well as the resonance polar effect, also cor- 
relates well with the relative 7' - T, as indicated by Table 5. 
At the moment it is not safe to try an interpretation of this 
correlation because of the small number of substituents in- 
volved. 

Concluding remarks 
In this paper we have examined how substituent effects in 

alkynes and cyanides are reflected in the three-dimensional 
one-electron momentum density n@) .  Qualitative studies, 
based on the four chemically dominant partial waves (3, 4) of 
the momentum density, were in harmony with previous studies 
(12) of the position space charge densities. Quantitative cor- 
relations between properties of the isotropic momentum density 
and chemical indices could not be found as in many other 
studies (1).  However, a correlation was found between the 
usual substituent constants of physical organic chemistry (14, 
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15) and the values of the kinetic energy anisotropy TI - T ,  
relative to the hydrogen-containing (or non-substituted) parent 
of the pertinent homologous series. This correlation, meagre as 
it may seem to the reader unfamiliar with momentum density 
studies ( l ) ,  is, in our opinion, a significant step towards lo- 
cating the elusive chemical information content of momentum 
densities. 
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Vibronic analysis of the A('A,) + x('A,) spectrum of Br,CS 
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B. SIMARD and R. P. STEER. Can. J.  Chem. 63, 1418 (1985). - 
A('A2)-X('AI) fluorescence excitation and emission spectra of Br2CS have been recorded. A vibronic analysis shows that 

the molecule is non-planar in the A state with an equilibrium out-of-plane angle of 13" and a barrier to inversion of 164 cm-I. 
Upper state vibrational frequencies of modes 1, 2, 3, 4,  and 6 have been obtained. Comparisons with other tetraatomic 
thiocarbonyls support the assign_men_ts. A ground state C-Br dissociation energy of 52.3 kcal mol-' has been obtained from 
the onset of diffuseness in the A-X spectra. A scarch for phosphorescencc proved unsuccessful. 

B. SIMARD et R. P. STEER. Can. J.  Chem. 63, 1418 (1985). 
Les spectres d'excitation et d'tmission de la transition i ( l ~ Z ) - X ( l ~ l )  du Br,CS ont CtC enregistrts. L'analyse vibrationnelle 

indique que la molecule est non-planaire avec une barriere d'inversion de 164 cm-'  et d'un angle d'tquilibre hors du plan de 
13". Les frkquences vibrationnelles des modes 1, 2, 3, 4 et 6 dans 1'Ctat excite ont aussi ttC evalutes. Des comparaisons avec 
d'autre thiocarbonyles tCtra-atomiques appuient les attributions vibrationnelles apporttes. Une energie de dissociation de 52.3 
kcal/mol a kt6 calculie pour la liaison C-Br a partir du seuil de diffusion du spectre. La recherche de la phosphorescence 
s'est avCree nCgative. 

[Traduit par le journal] 

Introduction 
The spectroscopy of tetraatomic molecules containing the 

thiocarbonyl group has been extensively studied for the last two 
decades. Two electronic transitions involving n + .rr:+lectron 
promotions are found in the visible whereas at least four transi- 
tions, three Rydberg and one n -+ .rr:'; intravalence, have been 
observed in the near uv. Unlike most of their carbonyl counter- 
parts, these compounds are photos_table when excited to low- 
lying vibrational levels of their a ,  A ,  and in some cases B states 
(1). As a result linewidths are narrow so that vibronically 
resolved absorption and emission spectra can be recorded and 
the structures of the excited states elucidated. The spectra of 
HzCS (2), D,CS (2), FzCS ( 1 ), C l FCS ( 1 ), and CI2CS (3) have 
been examined to date, but little is known about the heavier, Br 
and I substituted compounds, including Br2CS. 

The structure of the ground state of Br,CS has been deter- 
mined by electron diffraction (4) and ir-Raman force fieId (5) 
methods. The microwave spectrum has not been reported and 
the ground state rotational constants therefore remain un- 
known. No electronic spectra have been measured so that no 
information at all about any of its upper states is presently 
available. We report here a partial vibrational analysis of the 
i( 'A2)-z( 'Al)  band system and extract from it several param- 
eters which characterize the structure of its A state. 

Experimental 
BrzCS was prepared by the reaction of thiophosgene (Aldrich) 

with boron tribromide (Aldrich) at 60°C according to the method of 
Diderrich and Hass (6). Purification was achieved by trap-to-trap 
vacuum distillation. Mass spectral analysis showed that traces of BBr, 
and BCll (both non-emissive) were the main contaminants; there was 
no evidence of residual CIICS. When not in use the product was kept 
in thc dark at about - 10°C to prevent dimerization. Before recording 
a spectrum, the sample was thoroughly degassed by freeze-pump- 
thaw cycles to remove traces of oxygen. 

The experimental arrangement used for recording emission and 
excitation spectra is shown schematically in Fig. I .  Sample fluo- 
rescence was excited in a double pass cell by a Spectra-Physics argon- 

'To whom all correspondence should be addressed. 

ion pumped dye laser equipped with a three-plate birefringent filter. 
The output linewidth was about 40 GHz (1.3 cm-I). Disodium fluo- 
rescein, rhodamine-6G, and DCM dyes were used to cover the 
535-700 nm spectral region. 

Emission was collected at right angles to the excitation axis by a 
telescope lens and reflecting mirror system and was focussed onto the 
entrance slit of a Jarrell-Ash 0.75 m f16.5 monochromator fitted with 
an 1800 line/mm holographic grating. Emission was detected by 
single photon counting with a red-sensitive RCA 31034A photo- 
multiplier tube coupled to a Tracor Northern Model 7200 multichannel 
analyzer operating in the multichannel scaling mode. Data were trans- 
ferred from the MCA to a time-shared DEC 2060 computer for back- 
ground subtraction, correction for spectral sensitivity of the detection 
system and correction for the variation in laser power with wave- 
length. First order diffraction was observed when emission spectra 
were measured. When excitation spectra were recorded the bire- 
fringent filter of the dye laser was coupled to a stepping motor drive 
system and zero order diffraction was viewed through a single cut-off 
filter (Corning 26-4424 or 26-44 16 or CS- 1-69) to eliminate scattered 
exciting light. Wavelength calibration was effected by interpolation 
between lines in the Ne arc spectrum; spectral bands could be deter- 
mined to an accuracy of ? 15 cm- ' .  

Low resolution absorption spcctra were recorded with a Cary 118 
double beam spectrophotometer. Gas phase spectra were obtained by 
filling a 10 cm long fused quartz absorption cell with BrzCS at its room 
temperature vapor pressure, ca. 6 Torr, using a grease and mercury- 
free vacuum line equipped with a Wallace and Tiernan metallic mem- 
brane manometer. Background pressures, measured with an ionization 
gauge, were Torr. All experiments were carried out at a room 
temperature of 22 ? 2°C. 

Results and discussion 
A low resolution absorption spectrum of Br2CS taken in the 

gas phase at a pressure-path of ca. 60 Torr-cm is shown in 
Fig. 2. Under these conditions measurable absorption in the 
visible occurs between approximately 620 and 380 nm and 
exhibits a maximum at 480 nm, at which the molar extinction 
coefficient is 5.6 M - '  cm-'. Similar spectra taken in CHC1, or 
CCI, solution reveal that the absorption in the visible has an 
onset which lies near 630 nm and increases monotonically to 
the maximum with very little evidence of gross vibronic 
structure. On the other hand a spectrum of pure Br2CS (1) in a 
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DUMPER 1 L A S E R  / 

MONOCHROMATOR 

MCA 

FIG. I .  Experimental apparatus. M. mirror; L, lens: F, filtcr; PMT, 
photomultiplier tubc; DISC, tliscriminntor: MCA. ~nultichanncl 
analyzer; DEC,  D E C  2060 cornputcr; PET, microcomputcr; VD'1' 
vidcodisplay terminal. 

I I I I I I 
4 0 0  4 5 0  5 0 0  5 5 0  600 

W A V E L E N G T H ,  nm 

FIG. 2. Low resolution gas phase absorption spcctrum of Ur,CS at 
a pressure-path of 60 Torr-cm ant1 room tcmpul-;~turc. 

I cm cell exhibits an absorption onset at ca. 660 nm. By 
analogy with the previous analyses of similar molecules ( l ) ,  the 
absorption in this region is attributed to forbidden transitions of 
largely n + 7 ~ "  character. 

A major problem concerns the separation of absorptions due 
to the X('A2) +%( 'A  ,) system from those due to>he ;>'A2) + 
%('A ,) system in thls reglon. In ClzCS both the A + X (3) and 
ii t % (7, 8) systems have been identified; their origins are 
separated by only 1224 cm-', and their oscillator strengths 
probably differ by no more than a factor of ten. The difference 
in the frequencies of the A + 2 and 6 + % origins in BrzCS 
should be similar to that of C12CS, so that extensive overlap of 
the two absorption systems is inevitable. Compounding the 
problem, the oscillator strength of the triplet system is expected 
to be greater (relative to the singlet system) in BrzCS than in 
CI,CS due to the more effective induction of spin-orbit cou- 
pling resulting from the presence of heavy Br atoms in the 
former. Such expectations are realized in the tetraatomic carbo- 
nyls in which the + 2 oscillator strength of Br,CO is calcu- 
lated to be ca. 100 times greater than that of CllCO (9). On 
these grounds the visible absorption spectrum of BrzCS is ex- 
pected to be complex and the unequivocal assignment of bands 
difficult, especially In the region of overlap of the two systems. 

Fortunately, the identification of bands which are part of the 
singlet system in the presence of those which belong to the 
triplet may be achieved using laser-induced emission excitation 
spectroscopy if the photophysical behaviors of the ii and A 
states are significantly different. Differences in the radiative 

lifetimes of the two states are not expected to be large, for the 
same reasons that the oscillator strengths of the two absorption 
systems are expected to be comparable. On the other hand, 
both intramolecular nonradiative decay and collisional quench- 
ing processes could occur at greatly different rates in the two 
states. Thus, under appropriate conditions, the quantum yield 
of emission from the A state could differ from that of the ; state 
by a large factor, so that the emission excitation spectrum of 
one system would be much more intense than the emission 
excitation spectrum of the other. This is certainly the case in 
C12CS in which fluorescence from theX('A2) state (with quan- 
tum yield approaching unity in the collision-free limit (10)) can 
be observed very easily using laser excitation methods (1 I) ,  
whereas phosphorescence from the ;(jA2) state has never been 
observed despite repeated attempts to find it (12). Although the 
excited state dynamics of BrzCS will be the subject of a sepa- 
rate investigation, we assume here that BrzCS and CI,CS will 
exhibit similar photophysical properties; namely, the A states 
will emit with relatively large quantum yields whereas the 6 
states will be "dark" (or nearly so) under the experimental 
conditions (P - 0.1-6 Torr) which we have employed. We 
therefore assume that emission from BrzCS excited in the 
630-535 nm region originates largely in the X('A2) state. The 
ability to analyze both the excitation and emission spectra and 
to assign all of the strong and most of the weak bands on this 
basis would appear to justify the assumption. 

Laser excitation spectra have been recorded from 630 to 535 
nm. Figure 3 shows that portion from 630 to 570 nm (taken 
with R6G dye). This spectrum is uncorrected for the variation 
in laser output power with wavelength so that quantitative 
comparisons of the relative intensities of bands which are not 
adjacent is inappropriate. A search for additional emission to 
the red (610-700 nm) using DCM as a laser dye proved un- 
successful. 'The observed band system is highly structured from 
628 to 547 nm. The spectrum becomes much more congested 
near 547 nm and to the blue consists of a series of crowded 
sharp features superimposed on what appears to be a diffuse 
continuum at the resolution employed. To the red of 547 nm, 
bands are well-resolved (although~their frequencies could not 
be measured with an absolute accuracy of better than 2 15 cm-' 
with the experimental arrangement employed). 

The emission excitation spectrum was analyzed within the 
following theoretical framework. First, using vibrational fre- 
quencies determined by Willner and Hauswirth (5) from in- 
frared and Raman spectra (Table I), room temperature Boltz- 
rnann populations of the ground state levels were calculated. 
Accordingly, only cold bands (v:' = 0) and hot bands originat- 
ing from v; = I were considered to contribute significantly to 
the spectrum on relative intensity grounds. It is important to 
note that v i  = 1 has a population which is 13% of that of v i  = 
0 at room temperature, so that hot bands originating in mode 4 ,  
an important promoting mode (vide infra), should be observ- 
able. Second, Herzberg-Teller vibronic coupling (13) was 
assumed to be the mechanism whereby intensity is acquired by 
the symmetry forbidden 'A, + 'A I transition, similar to the 
cases of the analogous molecules, ClzCS (3) and HzCO (14). 
According to the Herzberg-Teller mechanism the orbitally 
forbidden transition "borrows" intensity from nearby electric- 
dipole allowed transitions to valence or Rydberg states of B ,  or 
B ,  symmetry via non-totally symmetric vibrations. In the case 
of tetraatomic molecules exhibiting Cz, ground state symmetry 
but having non-planar excited state geometries, the most active 
symmetry-breaking vibration is v,(b,) ,  the out-of-plane ben- 
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t I ~ : I  UNCORRECTED FLUORESCENCE EXCITATION SPECTRUM OF Br2CS 

WAVELENGTH (nm) -+ 

FIG. 3. Laser-induced fluorescence excitation spectrum of Br2CS at a pressurc o f  6 Torr and room temperature. 

EMISSION SPECTRUM of Br2CS 

71 VIBRATIONALLY RELAXED i e x  = 576.6nm (24,4;) 

P -v 5 Tor r  I 1 

I I I I I I I I 

4 0 0 0  3 0 0 0  2000 1000 0 

--DISPLACEMENT FROM EXCITING L I N E  (cm-I 1 
FIG. 4. Emission spectrum recorded by exciting 5 Torr of Br2CS in thc strong absorption fcaturc at 576.6 nm (2i4,:). Important progressions 

arc notcd. 

TABLE I. Fundamental frequencies o f  Br2CS in thc ground state" 

Modc Symmctry Dcscr~pt~on Frcqucncy (cm I) 

I (1 I C-S stretch 1116 
2 (1 I C-Br sym. strctch 367 
3 (1 I Br-C-Br wlssor 183 
4 h I out-of-planc bend 4 15 
5 h2 C-Br antlsym. stretch 697 
6 h~ Br-C-Br rock 230 

"Rcfcrencc 5 .  

ding mode. Vibronic bands characterized by odd quantum 
number changes in v, are expected to be intense; cold and hot 
band progressions converge on the false origins 4; and 4:, 
respectively. Bands involving unrestricted quantum number 
changes in the totally symmetric modes (v, ,  v2, and v,; cf. 
Table 1) in combination with odd quantum number changes in 
mode 4 are also expected to be prominent. 

Experimentally, measurement of the emission spectrum ex- 
cited in the strong band at 576.6 nm proved very useful in the 
analysis. This spectrum, shown in Fig. 4,  exhibits three reso- 
nance fluorescence progressions in which members are sepa- 
rated by 2v;' and one resonance fluorescence progression in 
which members are separated by v;'. From the band spacing in 

these progressions one obtains vibrational frequencies of v&' = 
412 cm-' and v;' = 1 1  10 cm-I, which compare very favorably 
with values of 415 cm-I and 1 1  16 cm-' obtained by ir and 
Raman measurements (cf. Table 1). One prominent 
progression of four members in the emission spectrum, identi- 
fied by asterisks in Fig. 4,  could not be assigned to resonance 
emission. These bands are wider than any other bands in the 
spectrum, and the distribution of their intensities is different. 
Their peak-to-peak spacing, ca. 320 cm-I, does not fit any 
ground state vibrational frequency. The only reasonable course 
was to assign these bands to non-resonant emission resulting 
from collisional vibrational relaxation in the excited state. 
Since upper state frequencies are almost certain to be more or 
less smailer than those of the corresponding modes in the 
ground state, and since only modes 1-4 are likely to be prom- 
inent, reasonable deduction led to a tentative assignment of the 
576.6 nrn band as 2i4;. Using this band as a starting point, the 
4; false origin in the excitation spectrum could easily be 
identified and most of the bands assigned. 

Reasonable assignments of all bands in the A-2 system 
having intensities 2 10% of those of the strongest nearby bands 
are listed in Table 2. Figure 5 shows graphically the con- 
vergence of members of prominent progressions to the 4; false 
origin. The convergences of other progressions are shown in 
Fig. 6. Assignments of many of the weaker bands should be 
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SIMARD AND STEER 

TABLE 2. Assignment of prominent vibronic bands 

Frequency (cni I )  Intensity" Assignment Frequency (cm I )  Intensity" Assi, *nment 

"w = weak, m = medium. s = stronf 
"Extrapolated value. 

regarded as highly tentative since the errors in measuring band 
frequencies are relatively large and there was no reasonable 
way, using the present data, to distinguish between weak cold 
bands and sequence bands which might be observable due to 
favorable Boltzmann factors for vlS and v6. With the exception 
of bands originating in the v: stack (which are expected to be 
prominent on Franck-Condon grounds), weak bands were 
arbitrarily assigned as cold in cases where hot sequence bands 
were reasonable alternatives. 

As will be disc_uss_ed later, it was quite reasonable to locate 
the origin of the A-X system 75 cm-' to the red of the 4; band, 
i.e. at 15930 cm-'. If vibronic intensity borrowing were the 
only mechanism whereby bands in the A-X spectra acquired 
intensity, the 0: band would be completely absent. In fact a 
very weak band is observed at the calculated origin frequency 
(vide infra). The origin band has been observed in the A-2  
transitions of H2CS and D2CS (15, 16) in which cases the 
observed intensity was attributed to magnetic dipole transitions 
similar to that seen in H,CO (17). However, the origin band has 
never been observed in the A-X system of C1,CS (3, 11). If the 

band at 15930 cm-' is the origin, the magnetic-dipole allowed 
4; band ca. 280 cm-' to the blue should also be observable on 
Franck-Condon grounds. A broad, weak feature is found in 
the required spectral region, but lack of sufficient intensity and 
resolution precluded its assignment. 'The nature of this and the 
origin band of the A-X system in Br2CS remains uncertain. 

The experimental and calculated energy levels of vi are 
shown schematically in Fig. 7.  The calculations were per- 
formed by modelling the excited state double minimum 
potential-energy along the inversion vibration coordinate by a 
harmonic function perturbed by a Gaussian barrier, following 
the method of Coon et al. (18). This model has previously been 
used successfully to calculate the inversion vibrational energies 
and the equilibrium out-of-plane angles of the lowest triplet and 
excited singlet states of a number of tetraatomic carbonyls (19) 
and thiocarbonyls (3, 20). The function has the form 

[I ]  V(Q) = (1/2)XQ2 + Sep exp {-XQ2/2S) 

where X = (2ncvo)' is the harmonic force constant and 6 = 
Bhcvo/(eP - p - I). Bvo is the inversion barrier height in 
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1422 CAN. I. CHEM. VOL. 63. 1985 

FIG. 5. Convcrgcncc of strong progrcssions in thc cxcitation 
spcctrurn to thc falsc origin at 16005 cnl- '  (4,:). 

INVERSION L E V E L S  IN THE STATE OF Br2CS 

FIG. 7. Expcrimcntal and cnlculatcd cncrgics of v; in the A statc of 
Br2CS. Thc dashcd linc lndlcatcs thc position of thc top of thc barricr 
to invcrsion. 

EXPERIMENT CALCULATION (p=1.20) 

FIG 6. Progrcss~ons In modcs 2 and 3 In the cxcitat~on spcctrurn 

wavenumbers, and p is a shape factor related to the relative 
steepness of the inner and outer sides of the double minimum 
surface. Using the linear variation method the final vibrational 
eigenvalues are given in the form 

u'  
1800[1733 - 9 

G E B(p + 1) [2] - = - - 
v,, hcv, ev - p - 1 

u' 
1717 - 9 

These eigenvalues have been tabulated by Coon et al. (1 8) for 
values of p from 0.6 yo 2.4 and values of B from 0 to 5. Values 
of B and v, were calculated for each fixed value of p and the 
iteration continued until the best fit between the calculated and 

observed values of v; was found. In the case of Br,CS in its A 
state the best fit was obtained with p = 1.20, v,, = 218 cm-I 
and a barrier height of 164 cm-I. The agreement between 
calculated and experimental values of v; is reasonably good, 
taking into account the fact that the experimental frequencies 
could be determined to no better than k 15 cm-'. 

A barrier height of the order of 164 cm-I is reasonable on 
qualitative, comparative grounds. It has been established 
empirically that the inversion barrier heights in the (? states 
of tetraatomic thiocarbonyl halides increase with increasing 
electronegativities of the substituent atoms (20). (This obser- 
vation is rationalized by the fact that, in accord with Walsh's 
postulate (21), thep electron density on the central carbon atom 
in the excited state governs the barrier height (22).) Since the 
electronegativities of the halogens decrease in the order F > C1 
> Br, the inversion barrier heights in the A states should be in 
the order F,CS > ClFCS > C1,CS > Br,CS, as observed (1). 

The equilibrium out-of-plane angle for Br2CS in the A state 
was calculated using the relation 

[31 Omin = ~ n , i n / ( ~ " ~ r )  

where Qmin is the mass weighted coordinate at On,,,, r is the 
C-S bond distance, and p. is the reduced mass (18). The 
equilibrium geometry of Br2CS in its A (or any other excited) 
state has not been determined so that p. and r are not known. 
Fortunately both parameters can be estimated reasonably close- 
ly by extrapolation from the ground state geometry using the 
changes in vibrational frequencies and the behavior of other 
thiocarbonyl halides on A +.f excitation as guides. The C-S 
bond lengths of H,CS, F2CS, and C1,CS all increase by ca. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SIMARD A N D  STEER 1423 

TABLE 3. Gcornctry of Br,CS 

Valuc 

Paramctcr X" A'' 

"Rcfcrcnccs 4 and 5 
"Estimated. 

TABLE 4. Rat~os of the 2.A trcqucnc~cs ot v~brat~onal modes of 
scvcrdl thlocdrbonyls 

Ratio 

CX, symmetric 
Compound C-S strctch strctch CX, bend CXl sock 

H2CSf' 1.29 0.98 1 . 1  I - 
D2CSU 1.21 1.01 I .  I6 - 
F,CS" 1.24 1.07 1.37 - 

CI,CS" 1.26 1.05 1.20 1.46 
Br2CS 1.24 1.10 l . l O  0.80 

"Rcfcrcncc 2. 
''Rcfcrcncc I 

0.1 A on n + .n:k excitation whereas the C-X (X - F, C1, H, 
D) bond lengths remain approximately constant (1). Using 
estimated equilibrium bond lengths and angles for Br,CS 
A('A,) given in Table 3, an equilibrium out-of-plane angle of 
13" was obtained. This angle is substantially smaller than those 
of F,CS, ClFCS, and Cl,CS (I) ,  possibly due to repulsive 
electronrc interactions between the large substituent bromine 
atoms in Br2CS. 

Modes 1 ,  2, and 3 are totally symmetric and appear with no 
restrictions in quantum number change when comblned with 
odd quantum number changes in mode 4. The frequencies of 
these modes can be extracted from the slopes of the lrnes in 
Figs. 5 and 6 (or from averaging combination differences). 
Frequencies of 902 cm-' ,  332 cm-' ,  and 168 cm-' are obtained 
for v;, vi, and v; respectively. As shown in Table 4,  the ratio 
of the frequencies of the C-S stretching mode in the 2 : Z  
states is almost constant for all the tetraatomic thiocarbonyls 
examined to date. We take this as an indication that the change 
in electron distribution in the C-S bond resulting from n + 
IT:': excitation is approximately the same for all of these mole- 
cules, a notion which is reasonable, given that the excitation is 
primarily localized in the C-S moiety. An approximately 
constant ratio is also obtained for the frequencies of the C-X2 
symmetric stretching mode. However substantial differences 
occur in the X-C-X symmetric bending mode frequency 
changes. 

A single weak band located 158 cm-' to the blue of the origin 
could not be assigned reasonably as either a hot band or as part 
of a progression involving modes 1-4 in the upper state. It 
might reasonably be assigned as 6;. This mode is weakly active 
in C12CS (3, 11) and a frequency for vk of 158 cm-' is not 
unreasonable for Br2CS. However, such an assignment should 
be considered as highly tentative. 

The fluorescence excitation spectrum also exhibits dif- 

fuseness with an onset near 547 nm. By analogy with CI,CS 
(10, 23), it is reasonable to assume that predissociation of the 
A state by unbound levels of the ground state is responsible. 
Using a frequency of ca. 18300 cm-I for the onset of predis- 
sociation, a value of 52.3 kcal mol-' is calculated for the 
ground state C-Br dissociation energy of Br2CS. The ground 
state C-C1 dissociation energy is a factor of 1.258 larger in 
CH,CI2 than in CSCl, (24). A similar factor should apply when 
comparing CHzBr2 and CSBr,. Given that D,(Br-CH,Br,) = 
66.9 kcal mol-' (24), a value of D,(Br-CSBr) = 53.2 kcal 
mol-' is obtained which compares very well with that calcu- 
lated from the onset of spectral diffuseness. 
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The high pressure photochemistry of alkenes. 111. 
The 184.9 nm photoisomerization processes in acyclic alkenes 
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GUY J.  COLLIN and HELENE DESLAURIERS. Can. J. Chem. 63, 1424 (1985). 
We have made a systematic study of the 184.9 nrn photoisornerization of the gaseous acyclic alkenes. Apart from the 

cis-trans isomerization (geometric isomerization), we have also observed the formation of products arising from the 
1,3-hydrogen and methylene shifts (structural isomerization). I-Alkenes do  not show evidence of structural isomerization. This 
kind of isomerization increases with an increase in the number of alkyl substituents around the double bond. These obser- 
vations, combined with those from the literature, may be explained on the basis of the following: ( a )  the In,+ state is involved 
in the cis-trans isomerization process; (b)  the ' a ,R(3s)  state is responsible for the rnethylene shifts; (c)  another singlet state 
is required for the 1 Jhydrogen shift; (d)  this last state is either at an energy level higher than that of the Rydberg state or 
the hot ground state. Finally, the photoexcited molecules, through internal conversion, may convert from one state to another, 
and their lifetime is long enough to be stabilized by collision. 

GUY J.  COLLIN et HELENE DESLAURIERS. Can. J. Chem. 63, 1424 (1985). 
Nous avons entrepris une etude systkmatique de la photoisomCrisation des alcknes non-cycliques B 184,9 nm en phase 

gazeuse. Outre I'isomCrisation cis-trans (isomCrisation gComCtrique) nous avons pu observer la formation d'isornkres rCsultant 
d'un transfert interne soit d'un atome d'hydrogkne, soit d'un groupe methylkne (isomkrisation structurale). Alors que les 
olCfines terminales ne rnontrent pas d'isomCrisation structurale tvidente, celle-ci semble de plus en plus importante, au fur et 
a mesure que s'accroit le nombre de substituants autour de la double liaison. L'ensemble de ces observations, cornbinCes a 
celles relevees dans la IittCrature, peuvent Ctre expliqukes par I'intervention: ( a )  de 1'Ctat ' a , +  dans I'isornCrisation cis-trans; 
(b)  de  I'ktat ' a ,R(3s)  dans le transfert d'un groupe methylkne; (c) d'un autre Ctat singulet excite dans le transfert d'un atorne 
d'hydrogkne. Ce  dernier Ctat excitC est soit situC B un niveau d'Cnergie plus haut que celui de 1'Ctat Rydberg ou est 1'Ctat 
fondamental vibrationnellement excitC. En outre il semble que la rnolkcule puisse passer d'un Ctat B I'autre par conversion 
interne et que le temps de vie de ces Ctats Clectroniques est suffisamment long pour que ceux-ci soient stabilisCs par collision. 

Introduction Experimental 
The isomerization of alkenes was observed under various 

conditions. Of course, in ethylene (for a review and a the- 
oretical approach, see ref. 1) the isomerization process in- 
volves isotopic scrambling of hydrogen atoms in the direct 
photolysis of various dideuterioethylenes in condensed phases 
(2, 3). Similar behavior was reported in triplet-sensitized gas- 
phase chemistry (1, 4-6). Direct or sensitized higher alkene 
photoisomerization was also observed in various systems. For 
example, the cis-trans isomerization of partially deuterated 
propene was observed in sensitized systems (7). Of course, 
2-butene is a "test case": the geometric cis-trans isomerization 
process was observed by several authors and is described in 
textbooks (see, for example, ref. 8a). Direct photoisomer- 
ization results are relatively scarce. However, the c is - t rans  
isomerization of 2-butene was observed at 202.6- 206.2 nm (9) 
as well as at 184.9 nm (10). Moreover, structural isomerization 
was also observed either in the gas (1 I )  or liquid phases 
(12- 14). Some of these reports tried to link the nature of the 
excited state(s) with the product formation (1, 10, 126, 14b). 
Although it is well known that the c is - t rans  isomerization 
process involves the formation of the '.rr,.rr* electronic singlet 
state (the V state), the formation of other isomers is not un- 
ambiguously linked to other excited state(s) (146). 

In this report we shall describe a systematic study of the 
184.9 nm photochemistry of gaseous acyclic alkenes, and, with 
results taken from the literature, we shall try to throw more 
light on the relationship linking the available excited states to 
the formation of isomers. 

' T o  whom all correspondence should be addressed. 

Experimental details were the same as those reported in previous 
studies from this laboratory (1 1, 15, 16). 

Materials 
All the alkenes are API products (Table 1): they are used after being 

degassed under high vacuum and at low temperature in a mercury-free 
Pyrex line (Teflon stopcocks, Wallace and Tiernan membrane 
manometers). Propane (99.99%) and oxygen (99.98%) - Research 
purity materials - are from Matheson and are used as received. 

Photolysis 
All the photolyses are performed in two different cells. The first one 

(a 90.3 cm' Pyrex one) is used at pressures lower than 1 atrn, the 
second one (a 4 .2  cm3 brass one) is used at higher pressures (1 6). They 
have quartz windows. All the experiments are made with a mixture of 
a1kene:oxygen (100: 10) in order to prevent the formation of isomers 
through radical recombination reactions. The standard pressures of the 
alkene are as follows: ( I )  in the Pyrex cell the alkene pressure is 5 Torr 
(665 N 6 ' ) ;  (2) in the brass cell the alkene pressure is 50  Torr (6650 
N m-'). In each case propane is added in order to obtain the desired 
total pressure. The incident photon beam is completely absorbed by 
the starting alkene material due to its very high absorption coefficient. 
The actinometry has also been described elsewhere (1 1, 15, 16). 
Ethylene (@(C2H2) = 0.50) is used to determine the quantum yields. 
The conversion percentage of the starting alkene is kept below 1% in 
order to avoid back reactions. 

Analysis 
All analyses are done chromatographically. A squalane column 

(25% on firebrick) is used at room temperature. The gas-chromato- 
graph is equipped with a dual flame ionisation detector. 

Results 
The quantum yields of isomers formed in the photolytic 
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COLLIN AND DESLAURIERS 

TABLE 1. Starting materials 

Stated impurity Main Cs or C6 analyzed impuritiesh 
Alkenes Abbreviation" (mol%) ( P P ~ )  

2-Methyl-2-butene 2M2B 0 . 0 6 t 0 . 0 4  2MIB: 14-16; 3MlB:  1 1  
4-Methyl-trans-2-pentene 4Mt2P 0.14*0.07 4Mc2P: 50; 2,3dM2B: 210; 3Mt2P: 2-5 
4-Methyl-cis-2-pentene 4Mc2P 0.08?0.07 4M1P: 130- 160; 3,3DMIB: 2-4 
cis-3-Hexene c3H 0.086?0.013 IH: 11 -13; 4Mt2P: 2-4 
3-Methyl-trans-2-pentene 3Mt2P 0.15?0.08 3Mc2P: 1000- 1700; 3H: 3 1 
3-Methyl-cis-2-pentene 3Mc2P 0.03L0.01 2ElB: 35-70; 4Mc2P: 200; 3,3DMlB: 20 
2,3-Dimethyl-2-butene 2,3dM2B 0.03?0.02 None 

"Symbols are as follows: M - methyl, E = ethyl, B = butene, P = penfene. H = hexene, cyPr = cyclopropane; forexample, 
4Mt2P stands for 4-methyl-trans-2-pentene. 

"Analysis of the starting material may vary from one sample to another. 

A t m  

FIG. 1. Plot of product quantum yields vs. pressure in the photolysis of 2-methyl-2-butene at 184.9 nm. cis-l,2-Dimethylcyclopropane 
(c1,2,dMcyPr) is also formed and its quantum yield is similar to that of the 1 ,I-dimethylcyclopropane (1,ldMcyPr) - see Table 2. 

experiments are reported in Figs. 1-5. For example, Fig. 1 
shows the quantum yields of 2-methyl-1-butene, 3-methyl-l- 
butene, and dimethyl- 1,l -cyclopropane measured in the 184.9 
nm photolysis of 2-methyl-2-butene (trimethylethylene). In all 
cases, the quantum yields increase from the lower pressure 
regimes to plateau values obtained at pressures higher than 1 
atm. Table 2 shows the quantum yields measured at higher 
pressures. In fact, they are measured in the plateau regions that 
can be identified from the previous figures. Other results from 
this laboratory also appear in Table 2. Table 3 gives other 
results taken from the literature. 

Discussion 
(A) The isomerization processes 

(a) The cis-trans isomerization process 
Table 2 lists the photochemical quantum yields of isomer 

formation from various acyclic alkenes. In the case of 
I-alkenes, the cis-trans isomerization process could not be 
oserved in this work. In fact, it is known from the literature that 
it is an efficient one, and was observed in the direct photolysis 
of ethylene at 184.9 nm in nitrogen solution at 77 K (3); it 
probably involves the relaxation of either an excited ethylene 
molecule to an ethylidene structure or an excited '.rr,.rr* state 
(see later) or both ( I ,  3). 

Of course, the cis-trans isomerization process in the direct 
photolysis of 2-alkenes has been observed in several laborato- 
ries. For example, Borrell et al. measured the following quan- 
tum yields (Table 3): @(cis + trans) = @(trans + cis) = 0.1 

at a pressure lower than 80 Tom. Moreover, trans-2-butene also 
appears to be the major product at 202.6-206.2 nm provided 
that the pressure is high enough to stabilize the excited inter- 
mediate (9). The 2-pentene case has been published recently 
(16). At 184.9 nm the cis-trans interconversion has a high 
quantum yield ( a  = 0.40) in the pressure region higher than 3 
atm. Similar results were obtained for the case of 4-meth- 
yl-trans-2-pentene (Fig. 5). Finally, 3-methyl-2-pentene un- 
dergoes cis-trans isomerization with peculiar quantum yields: 
it appears that the formation of the cis-structure is preferentially 
formed. Some steric effect may be responsible for such behav- 
ior (17). 

(b) The [1,3]-sigmatropic hydrogen shift 
In addition to the cis-trans isomerization process, 

1,3-hydrogen internal atom transfer (a 1,2-double bond mi- 
gration) was recognized very early. However, in several stud- 
ies from this laboratory, it was impossible to observe this 
internal shift in 1-alkenes (18, 19), i.e. the quantum yield of 
2-alkene formation is smaller than 0.005. Conversely, this 
transfer was observed in various liquid 2-alkene systems (9, 
12). In the gas phase, this transfer is a general occurrence 
(Table 2). Although not all the pertinent products have been 
analyzed due to chromatographic difficulties, the quantum 
yields for such a process are between 0.02 and 0.10 in di- 
substituted alkenes. It must also be realized that in 2-pentene, 
for example, 1,3-hydrogen shift gives rise to the formation of 
either 1 -pentene or 2-pentene. Thus, the @( I-pentene) value is 
a lower limit of the total @(1,3-hydrogen shift) value. 
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FIG. 2. Plot of product quantum yields vs. pressure in the photolysis of 2,3-dimethyl-2-butene at 184.9 nm. 
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FIG. 3. Plot of product quantum yields vs. Pressure In the ~hotol- erization process for the case of 1-alkenes. Conversely, small 
ysis of 3-methyl-crs-2-pentene at 184.9 nm. quantities of isomers, requiring extensive rearrangement, are 

formed in the case of 2-alkenes. For example, 2-rnethyl-l- Again in the 3-methyl-2-pentene case, the starting material 
is among the products for such a process, and part of the butene is a product of the cis-2-pentene photolysis: 

hydrogen transfer is embedded in the cis-tr-c~ns isomerization @(2-methyl-1-butene) = 0.015. Alkyl-substituted cyclo- 

process. Thus, the @(3-methyl- 1 -pentene + 2-ethyl- 1 -butene) propanes are found in this category of reactions (12, 13). 

value is smaller than the true @(1,3-Hydrogen shift) value. Again, it must be recalled that the chromatographic separations 

Finally, for the tetramethylethylene case, the extent of this of the pertinent products from the starting materials are often 

process undergoes a drastic increase. very bad. Thus, the given quantum yields represent lower 
values for these methylene shift reactions. However, one can 

(c) The methylene shift say that the quantum yields of such a process increase with an 
Again, there is no indicat~on of an additional structural isom- increase in the number of alkyl substituents on the double bond. 
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COLLIN AND DESLAURIERS 

TABLE 2. Photoisomerization of various alkenes at 184.9 nm, quantum yields measured at 
high pressures 

Alkenes" cis iS trans 1,3-H transfer CH, transfer Reference 

I -alkene ? Not observed Not observed 18, 19 
c2P c + t: 0.40 IP: 0.025 2MIB: 0.015 16 
t2P I + c: 0.38 16 
4Mt2P I + c; 0.41 4M I P: 0.065 'This work 

2M2P: 0.03 This work 
4Mc2P Not measured 4M 1 P: 0.04 iPrcyPr: 0.01 This work 
c3H Not measured c2H: 0.02 4Mt2P: 0.01 25 
2M2B ? 2MlB: 0.045 cl,2dMcyPr: 0.01 This work, I l a  

3MIB: 0.017 dMl,lcyPr: O.OOp This work, l la 
3Mt2P t + c: 0.57 3MlP: 0.02 2,3dMIB: 0.02, This work 

2EIB: 0.027 
3Mc2P c + t: 0.33 3MlP: 0.02 2,3dMIB: 0.017 This work 

2E1B: 0.028 
2,3dM2B ? 2,3dM IB: 0.18 3,3dMIB: 0.03 This work, I 1 b 

tM1,1,2cyPr: 0.05 This work, I I b 

"See Table I for explanation of the symbols: t - trans, c = cis, t --= tri.  Results are + 10%. 

0 
-- 

3 0 0  600  1 2 3  4 5 
Torr Atm 

FIG. 5. Plot of product quantum yields vs. pressure in the photol- 
ysis of 4-methyl-trans-2-pentene at 184.9 nm. 

(B) The nature of the excited states 
(a) The absorption spectra 
The obvious question arising at this point is pertinent to the 

nature of the excited states leading to each of the previously 
reported processes. The absorption spectra of this class of mol- 
ecules are well known and a full description of the transitions 
involved has been given (20) although a large number of details 
are evidently lacking (21,22). However, definite trends may be 
observed from these spectra. At 184.9 nm, all these C4, C5, and 
C6 alkenes have a very strong absorption band corresponding to 
the formation of a ' n , ~ . ~  electronic excited state (the V State). 
The stable configuration of this excited state has a skew struc- 
ture as shown for the example of ethylene in Fig. 6. On its way 
back to the electronic ground state the molecule has an equal 

probability of finding either its original structure or its geo- 
metric isomer. On the red side of this strong 'nTT,n4: absorption 
band, a much smaller, not resolved one, appears in the 2M2B 
spectrum. This band is also badly resolved in the 2,3dM2B 
case (2) and was attributed to the formation of the Rydberg - 
'~r ,R(3s) - excited state (20). This electronic state is thought 
to be responsible for the formation of a carbene intermediate 
(23) leading to the observed methylene shifts (8b). The in- 
crease in the quantum yields for methylene shifts with in- 
creasing alkyl substitution on the double bond has been linked 
to the probably greater stability of the Rydberg state of tetram- 
ethylethylene as compared to that of the V State (23). The 
correlation between the electronic states and the [1,3]-sigma- 
tropic hydrogen shift, however, is not so evident. Kropp has 
proposed that the '.rr,cr;htate is the one involved in such a 
transfer (23) although some controversy exists (140). 

(b) The photofragmetztation 
From the Stern-Volmer plots of the methyl radical for- 

mation (a product of the primary P(C-C) bond rupture) we 
have been able to measure the rate constant for P(C-C) bond 
rupture. These experimentally derived rate constants are in the 
0.5-5 X lo9 s-'  range for the C6 1-alkene (19) and 2-alkene 
groups (25). Moreover, the rate constants of these processes 
have also been estimated using the RRKM method, assuming 
that all the photon energy is redistributed in the vibrational 
framework of the molecule. The rate constants of the fragmen- 
tation process calculated in this way are again in the lo9 s-' 
range. Thus it is quite reasonable to assume that the fragmen- 
tation products arise from the vibrationally excited ground 
state. In the case of 4-methyl-cis-2-pentene, the lifetime of this 
excited precursor has been determined from the Stern-Volmer 
plot and is around 3 ns (24). From Fig. 7, the lifetime of the 
precursor of the trans-cis process may be estimated to be 
around 0.3 ns. Except for some unlikely difference between the 
cis- and the trans-compounds, it appears that the precursors of 
the isomerization and of the fragmentation processes are not the 
same. 

(c) The dynamics of the excited states 
Thus, at 184.9 nm it is relatively safe to assume that the 

absorption of a photon by monoalkenes leads to the population 
of the V state. This 'n ,nTT* excited state is the one involved in 
the cis-trans process. On its way to its skew structure, the 
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TABLE 3. Photolysis of acyclic alkene at 184.9 nm: quantum yields of isomer- 
ization and results from the literature 

Al kene" Isomer Pressure range Reference 

2B c + t  : 0.10 1-80 Torr I Oa 
t +  c :O.lO 1-80Torr 

I B 2B : 0.01 ? 30 
c2P c +  t : 0.36 150 Torr 3 1 
2,3dM2B 2,3dM1 B : 0.23 Pentane solutions 14b 

3,3dM18 : 0.016 Pentane solutions 
tM1,1,2cyPr : 0.023 Pentane solutions 

2,3dM2B 2,3dMlB : 0.24," 50-400 Torr of propane Ilh 
3,3dM lB : 0.03; 50-400 Torr of propane 
tM,1,1,2cyPr :0.06,," 50-400Torrofpropane 

"See Table 1 for symbols. 
"Values obtained from extrapolation to "infinite" pressure. 

SCHEMATIC POTENTIAL ENERGY DIAGRAM 

FIG. 6. Schematic potential energy diagram of ethylene, see refs. 
22 and 29. 

molecule, on the V surface, crosses the Rydberg energy sur- 
face, and it may remain on the V surface or, by internal con- 
version, cross to the 'R state. (Fig. 8).' The relative energy 
levels of the two states determine the equilibrium (?) ratio of 
the two exit channels. Since the relative position of the two 
states is dependent on the number of alkyl substituents, this 
ratio is also affected (12). Again, it may be assumed that the 
excited ' R  state of the starting alkene is in equilibrium with the 
'R state of the isomers (25) (Fig. 8). The situation is even more 
complex since some of the isomers are alkenic in nature and 
their 'R state is also, by the same token, in equilibrium with 
their 'V state. Of course, one may assume that the excited states 
of 2,3dM2B have lower energy levels, so that their concen- 

FIG. 7. Stern-Volmer plot for the formation of the cis isomer in 
the photolysis of 4-methyl-trans-2-pentene at 184.9 nm. 

trations are higher than those of the other isomers. The life- 
times of the excited isomers are long enough to be stabilized by 
collisions. Obviously, the resulting products depend on the 
structure of the excited intermediate. 

The same argument may be used to explain the formation of 
2,3-dMlB from 2,3-dM2B. However, the nature of the excited 
state of the intermediate involved in the formation of this 
product is different from the one involved in the methylene 
shift processes. With regard to the latter, it is known that the 
3,3-dimethyl- 1 -butene/ l,l,2-trimethylcyclopropane ratio is 
independent of temperature (1 lb)  and incident wavelength 
(1 1 b, 14b). On the other hand, the 2,3-dimethyl-1-butene/3,3- 
dimethyl-1-butene ratio is not constant. Moreover, since the 
latter ratio decreases with an increase in the wavelength from 
184.9 to 228.8 nm, it is reasonable to assume that the energy 
level of the state involved in the 1,3-hydrogen shift is higher 
than that involved in the methylene shifts. This observation 
does not favor the involvement of the '.rr,a* state, since it is 

'In this kind of study, no reference is made to triplet states. For accepted that this state is the lowest in energy (ref. 14b and 
different reasons it is thought that triplet states are not involved in the references therein). Another argument in favor of internal con- 
direct photolysis. However, definite proof would be helpful. version between these excited singlet states may be seen in 
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COLLIN AND DESLAURIERS 

- - - -  X = 1 8 4 . 9  nm 

FIG. 8. Schematic representation of the tetrarnethylethylene excited singlet-state surface. 

Figs. 1-5 where it appears that, in each case, the magnitudes ture. The results show an important P(C-C) split and, using 
of the pressure dependence of the various isomer quantum absorption spectroscopy, the authors were able to follow the 
yields are similar. Although this similarity may be fortuitous, increase in the trimethally radical concentration with time. The 
we would expect different pressure behavior in the absence of lifetime of the photoexcited molecules were found in the 50-70 
internal conversion. ns range (32). The longer lifetimes observed in this study are 

Of course, the hot or vibrationally excited ground state can- in line with the ones mentioned above of the C6 photoexcited 
not be ruled out. We have recently shown that the thermal alkene molecules. 'The RRKM calculations show that the addi- 
isomerization of 2,3dM2B to 3,3dMlB and 2,3dMlB is effi- tion of one CH2 group decreases the probability to find the 
cient (26). However, 1,1,2tMcyPr is not formed and the ratio needed energy in the right P(C-C) bond (33). 
3,3dMlB/2,3dMlB is close to 15, contrary to what is ob- 
served in photochemical experiments (Table 3). Thus, it can be Acknowledgments 
said that the lower vibrationally excited levels of the ground We would like to express our gratitude to the University of 
state are not involved in the photoisomerization processes, ~~~b~~ at chicoutimi for the supporting salary given to one of 

part of 3 7 3 d M 1 B  may be formed the ground us (H.D.) and the Natural Sciences and Engineering Research 
state. Council of Canada for financial assistance throughout this 

(d) Fluorescence work. 
Fluorescence of monoalkenes was observed either in the gas 

or in the liquid phases by Hirayama and Lipsky (27). They I. E. M. EVLETH and M. SEVIN. J. Am. Chern. Soc. 103, 7414 
measured very low quantum yields: @(fluor) - and indi- (1981). 
cated that this could be due to the presence of a very efficient 2. R. GORDON, JR., and P. Aus~oos. J. Res. Natl. Bur. Stand. 75a, 
channel for non-radiative decay (27). The other main character- 141 (1971). 
istics are the following: the quantum yield increases with an 3. S. HIROKAMI and R. J. CVETANOVIC. J. Phys. Chern. 78, 1254 
increase in (a) the number of substituents on the double bond; (1974). 

(b) the concentration of the alkene, i.e. on going from 1 atm 4. S. and S. Can. J .  451 3181 
(gas) to the neat liquid. The authors conclude that their 5. S. TSUNASHIMA, S. HIROKAMI, and S. SATO. Can. J. Chern. 46, 

995 (1968). ". . .entire. . .discussion has been able to argue only for the 6. H. E. HUNZIKER. J .  Chern, Phys. 1288 (1969), 
reasonableness of the R~dberg  assignment" to f l ~ ~ r e s ~ e n c e  7. S. HIROKAMI and S. SATO. Bull. Chern. Soc. Jpn. 43, 2389 
(14b). (1970). 

Since we know that the molecule photoexcited in this region 8. N. J. TURRO. In Modern molecular photochemistry. The 
of the spectrum may isomerize, an alternative to the assignment Benjarnin/Curnrnings Publishing Co., Inc. Menlo Park, CA. 
of the fluorescence may be found for the case of 2,3dM2B in 1978. (a) pp. 474-480; (b) pp. 486-487. 
one or several excited isomers. It is known that the fluo- 9. J. P. CHESICK. J. Chern. Phys. 45, 3934 (1966). 
rescence quantum yields of saturated hydrocarbons are around lo. P. BoRRELL and F. C. JAMES. Trans. Faraday Sot. 621 2452 

two orders of magnitude greater than those of the monoalkenes (1966); (b) P. BORRELL and P. CASHMORE. Trans. Faraday Soc. 

(28). Thus, it is not unlikely that some of the initially formed 68, 345 (1972). 
1 1 .  (a)  G. J. COLLIN and H. DESLAURIERS. Nouv. J. Chirn. 5,  447 

excited cyclopropane derivatives are responsible for the ob- (1981); (b) G. J. COLLIN and H. DESLAURIERS. Can. J. Chern. 61, 
served fluorescence. Unfortunately, the authors have no indi- 1510 (1983). 
cation whether the cyclopropanes fluoresce. 12. (a) P. J. KROPP, E. J. REARDON, JR., Z. L. F. GAIBEL, K. F. 

NOTE ADDED IN PROOF: After this study was submitted, the WILLIARD, and J. H. HAT~AWAY, JR. J. Am. Chem. Soc. 95, 
193 nm laser photolysis of two C7 alkenes appeared in litera- 7058 (1973); (b) P. J. KROPP, H. G. FRAVEL, JR., and T. R. 
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Synthesis of 8-, 9-, 12-, and 13-rnon0-'~C-retinal 
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J. A. PARDOEN, P. P. J. MULDER, E. M. M. VAN DEN BERG, and J. LUGTENBURG. Can. J. Chem. 63, 1431 (1985). 
The 8-, 9-, 12-, and 13-mono-"C-retinals were synthesized with >98% chemical purity and 93% "C incorporation from 

"C-labelled acetonitrile. 'Their "C-I3C and 'H nmr coupling constants were determined. 

J. A. PARDOEN, P. P. J. MULDER, E. M. M. VAN DEN BERG et J. LUGTENBURG. Can. J. Chem. 63, 1431 (1985). 
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Introduction 
The retinylidene group occurs as the chromophoric part of 

the membrane proteins bacteriorhodopsin and rhodopsin, and is 
formed by reaction of all-trans or 1 1-cis retinal with a lysine 
€-amino group of the peptide chain under formation of a pro- 
tonated Schiff base bond as shown in Fig. 1 (1, 2). We have 
synthesized a number of "C-labelled retinals (3, 4) and pre- 
pared "C-labelled bacteriorhodopsins from these materials. 
Recently we obtained solid state cross polarization magic angle 
spinning "C nmr (CP-MAS "C nmr) spectra of bacterio- 
rhodopsins with the "C-enriched chromophore (5, 6). These 
spectra gave the first in situ "C nmr information of the chromo- 
phore within a protein, establishing that in dark-adapted 
bacteriorhodopsin the chromophore occurs in a 40% all-trans 
protonated Schiff base and 60% 13-cis, 15-cis protonated 
Schiff base structure which are not interconverting on the "C 
nmr time scale. These results were strongly supported by reso- 
nance Raman (RR) (7, 8) and Fourier transform infrared differ- 
ence (ITIR diff.) (9) vibrational studies of the "C-labelled 
bacteriorhodopsins and further detailed inforination concerning 
the chromophore structure was obtained. In order to extend 
these studies we needed bacteriorhodopsins with a "C-label at 
positions 9 and 13. These are quaternary positions with a 
substantial positive charge in a protonated Schiff base structure 
(10). "C nuclear magnetic resonance spectroscopy may give 
insight into how these positions of the chromophore interact 
with the protein part. Position 8 can give us information on how 
the 7,8 double bond interacts with the peptide, since this inter- 
action is essential for the colour of light- and dark-adapted 
bacteriorhodopsin (1 1). In the rhodopsin bleaching sequence, 
isomerization takes place around the 1 1,12 double bond, and to 
investigate this isomerization process by CP-MAS "C nmr, 
RR and ITIR diff. studies we needed retinal with a "C-label at 
position 12. 

In this paper we describe the synthetic schemes by which we 
prepared retinal "C-labelled at positions 8 and 9 and at posi- 
tions 12 and 13 with a level of "C-enrichment of more than 
90%. 

Synthesis and spectroscopic characterization 
For the preparation of 8-"C and 9-I3C retinal, we used the 

reaction sequence as presented in Scheme 1. The starting 
aldehyde (3-cyclocitral3 necessary for this synthesis is obtained 
by cyclization of the N-phenylimine of citral 2 with 95% sul- 
furic acid at -20°C by the method of Gedye et a/ .  (12). 
Addition at -60°C of "C lithioacetonitrile, obtained by the 

Bacteriorhodopsin 

I 
Rhodopsin Lysine 

FIG. I. Chromophoric groups of bacteriorhodopsin and rhodopsin. 

reaction of 1 equiv. of n-butyllithium with I3C acetonitrile, to 
p-cyclocitral 3 gives the alcohol-nitrile 4a,b in 95% yield. 
Starting with 2-'3C-acetonitrile introduces the label at position 
8 (4a) and with 1-"C-acetonitrile at position 9 (4b). For the 
dehydration we used a two-step method under basic conditions. 
Quantitative conversion of the alcohol 4a,b into its acetate 
with acetic anhydride (AczO) and 4-dimethylaminopyridine 
(DMAP) is followed by deacetylation using diazabicyclo- 
nonene (DBN) in toluene. Performing the deacetylation at 
room temperature - which is completed in 3 days - the nitrile 
5a,b is obtained in 80% yield as a 7-EIZ (3: 1) mixture (deter- 
mination by 'H nmr spectroscopy), which is converted to 
'3C-labelled p-ionone 6a,b in three steps. 'The nitrile is reduced 
with diisobutylaluminium hydride (Dibal) to the aldehyde, 
after which conversion the complete double bond isomerization 
has taken place, leading to the 7-E aldehyde only. Reaction 
with excess methyl magnesium iodide (CH,MgI) and oxidation 
of the a,P-unsaturated alcohol with active manganese dioxide 
(MnOz) yields the "C-labelled p-ionone 6a,b in 60% overall 
yield from 5a,b. The p-ionone 13C-labelled at position 8 or 9 
is transformed to the C15-aldehyde 7a,b with high 9-E content, 
in 80% yield, in two steps by reaction with the anion of diiso- 
propylphosphonoacetonitrile (13) followed by Dibal reduction 
of the nitrile. The C15-aldehyde 7a,b is converted into retinal 
l a , b  by Horner-Emmons coupling with the C5-synthon 8 
(14), leading to retinonitrile, followed by Dibal reduction, pro- 
viding 8-I3C-retinal l a  and 9-"C-retinal l b  in 80% yield from 
the CIS-aldehyde 7a,b. 

For the synthesis of 12-"C ( lc)  and 13-'"-retinal (Id) an 
analogous reaction scheme is used, with the CIS-aldehyde 7 as 
the starting aldehyde (Scheme 2). Addition of 9-E C15- 
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1. Dibal 
n 

l . ( i - P r O ) 2  PCH2CN.NaH I . E t O ) 2  !&CN 

2CH3Mg I 70, b 8' 
3 MnO2 > 

No H 
2 .  D i b a l  

SCHEME. I .  Synthesis of (8-"C) In  and (9-'.'c) retinal l b ;  a ,  "CH~CN; b ,  CH3I3cN 

1. CH3CN, n - B u L i  

7 
2. AcCI  

9c, d 

I I 
l . ( i -PrOl ,  PCH2CN NaH 

> 
2 .  D ~ b a l  

SCHEME 2. Synthesis of (12-"C) l r  and (13-I") retinal Id; c ,  I3cH3cN; d ,  CH3I3cN 

aldehyde 7 to lithioacetonitrile is followed by quenching the 
reaction mixture with acetyl chloride, leading to the secondary 
acetate 9c,d in a one-pot reaction. The addition of the C15- 
aldehyde 7 to lithioacetonitrile has to be performed at -90°C 
to prevent base-catalyzed side reactions of the aldehyde (15). 
The quenching is then performed at -60°C to give 9c,d in 85% 
yield after column chromatography. Base-induced acetic acid 
elimination with DBN in refluxing toluene gives the tetra- 
enenitrile 10c,d in 88% yield. Dibal reduction leads to the 
C17-aldehyde l l c , d  (95%) and reaction with excess methyl 
magnesium iodide (CH3Mg1) and subsequent MnO, oxidation 
gives the desired C18-ketone 12c,d in 60% yield. Horner- 
Emmons coupling of 12c,d with diisopropylphosphono- 
acetonitrile followed by Dibal reduction of the resulting reti- 
nonitrile affords the "C-labelled retinal in 90% yield, with 85% 
13-E configuration. Starting with 2-"C-acetonitrile leads to 
12-I3C-retinal l c  and with I-"C-acetonitrile leads to 
13-"C-retinal I d  in 38% overall yield from the "C-labelled 
acetonitriles. From 0.25 g labelled acetonitrile, 0.64 g 
"C-labelled retinal is obtained in eight steps. 

The all-trans isomers of the labelled retinals l a -d  can be 
separated by column chromatography. Irradiation of the all- 
trans isomer with visible light in acetonitrile gives an isomeric 

mixture which is separated by preparative hplc to yield pure 
9-cis, 1 1-cis, 13-cis, and all-trans isomers. The uv-vis spectra 
of these retinals are identical with those of the unmodified 
retinal isomers. The mass spectra of the "C-labelled retinals 
l a -d  show the expected 92-93% '3C-incorporation, based on 
the incorporation of the starting materials. 

From the multiplet splittings in the 300-MHz 'H nmr spectra 
of l a - d  the location of the I3C is immediately evident. For 
8-"C ( l a )  and 12-"C-retinal ( l c )  the signals of the H-atoms 
directly bonded to the labelled position show large splittings 
with the 'J (C-H) values of 155.7 Hz for position 8 and 154.6 
Hz for position 12. The intensity ratio is 93% "C-enriched to 
7% non-enriched retinal, as has been found by mass spec- 
trometery. For 9-I3C (16) and 13-"C-retinal (Id),  containing a 
quaternary I3C-atom, no one-bond C-H couplings occur. For 
all four "C-retinals two- and three-bond C-H couplings are 
determined from the spectra and these values are presented in 
Table 1 .  

The 'H noise-decoupled "C nmr spectra of the "C-labelled 
retinals clearly show the position of "C-enrichment. They dis- 
play one strong single line due to the labelled carbon atom at 
the chemical shift value known from the natural abundance I3C 
nmr spectrum of unmodified retinal (16). The enriched 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PARDOEN ET AL.  1433 

TABLE I. '"-'H nuclear magnetic resonance coupling constants in 
all-trans retinal as obtained from la-d. Signs not determined 

'J (I3c- 'H) ' ~ ( 1 3 ~ - ' H )  " ( ' 3 ~ -  I H )  

C(8)-H(8) 155.7 C(8)-H(7) N.d.* C(8)-H(10) 8.5 
C(12)-H(12) 154.6 C(9)-H(8) 3.2 C(8)-H(19) 3.8 

C(9)-H(I0) 0 C(9)-H(7) 6 
C(9)-H(19) 6.2 C(9)-H(l I )  3.3 
C(12)-H(I I )  0 C(12)-H(I0) 5.0 
C(13)-H(12) 2.7 C(12)-H(14) 8.0 
C(13)-H(14) 0 C(12)-H(20) 4.0 
C(13)-H(20) 6.1 C(13)-H(I 1 )  5.7 

C(13)-H(15) 0 

*Not determined due to complex signal because of long-range proton- 
proton couplings. 

TABLE 2. I3C- "C nuclear magnetic resonance coupling constants in 
all-trans retinal as obtained from la-d. Signs not determined. 

1 J ( ' 3 ~ -  ' 3 ~ )  2~(13~-13c) 'J("c-'~c) 

*Obscured by the enriched signal 

materials also contain the natural abundance (1.1%) of I3C at 
each of the non-enriched positions. The singly labelled 
materials therefore contain two I3C isotopes at the 1 .O% level 
(0.93 x 1. I%), in which one position is enriched and the other 
is at the natural abundance level. From the 'H noise-decoupled 
I3C nmr spectra the "C- "C coupling constants are obtained, as 
shown in Table 2. 

Discussion 
'The four "C-labelled retinals with the required purity were 

prepared in high yield by the methods shown in Schemes 1 and 
2. In both reaction schemes, by choosing the appropriately 
I3C-labelled acetonitrile, we can label two different polyene 
carbon positions. This, together with the fact that in our syn- 
theses we get a high percentage of the all-trans isomer, is an 
advantage over the published synthesis of 9-"C-retinal (17). A 
further advantage of our methods is that in the first step a 
simple synthon is added to a higher molecular weight com- 
pound in high yield. As after coupling the product has in 
general only to undergo a number of high yield conversions, 
the I3C-labelled material is put to an efficient use. 

For the introduction of a sp2-"C label at all retinal chain 
positions 8 to 15, we used "C-labelled acetonitrile, whose 
anion, obtained with n-butyllithium, is coupled in an aldol-type 
reaction with ketones (3, 4) as well as aldehydes in good yield. 
To obtain good yields low temperatures have to be used for this 
addition reaction, especially in the case of the C15-aldehyde 7 
(-90°C, Scheme 2). After introduction of the labelled synthon 
by the aldol-type reaction, dehydration ;s the first step to be 
performed. To prevent dehydration taking place in the direction 
of the trimethylcyclohexyl ring, with formation of retro com- 

pounds (18), we needed to use the basic reaction conditions 
described. 

From these labelled retinals, nmr parameters such as 
J ("C-'H) and J ("C- I3C) are easily obtained from the high- 
field nmr spectra. The J(I3C-'H) values found are in agree- 
ment with values known for sp' bonded hydrogens in a hydro- 
carbon chain (19) and those we found before for the other 
retinal chain positions (3,4).  The 'J( '3C-13C) values in partic- 
ular show a good relation to the double or single bond character 
of the bond between two carbon atoms. The values found for 
the various types of bonds in this large polyene chain are 
around 70 Hz for carbons bonded via a double bond, around 
55 Hz for a single bond in the chain, and 40 Hz for the sp'-sp3 
single bonds to the 9- and 13-methyl group (Table 2). These 
values are in good agreement with values known for small 
systems like butadiene and 1 -methyl-cyclohexene (20) and are 
a measure of the hybridization and bond lengths of the C-C 
bond in question. 

From the I3C-labelled retinals, specifically "C-labelled 
visual pigments and bacteriorhodopsin can be obtained. The 
isotopic substitution does not introduce ambiguities due to 
changes in the electronic structure of the chromophore or 
protein-chromophore interaction, nor are changes in quantum 
yields and photostationary state compositions to be expected. 
These highly I3C-labelled retinals serve as the basic materials 
both for the solid state CP-MAS I3C nmr studies of the chro- 
mophore of the retinylidene pigments as well as for the 
unambiguous assignments of the resonance Raman and FTIR 
difference vibrational spectra. Some of the spectroscopic 
results obtained from the isotopically labelled rhodopsins and 
bacteriorhodopsins have been published (8, 21, 22). 

Experimental 
All experiments were carried out in a dry nitrogen atmosphere, and 

the purified polyenes were handled in dim red light. Distilled dry 
solvents were used; pet. ether refers to low boiling petroleum ether 
40-60°C. Unless otherwise stated, purification was performed by 
flash chromatography (23) (Merck silica gel 60, 230-400 mesh) 
using etherlpet. ether mixtures. The tlc analyses were performed on 
Schleicher & Schiill F 1500/LS 254 silica gel plates using etherlpet. 
ether mixtures. Evaporation of the solvents was carried out in vacuo 
(10 Torr; I Torr = 133.3 Pa). 

The 'H nmr spectra were recorded on a Brucker WM-300 or on a 
JEOL PS-100 spectrometer using tetramethylsilane (TMS; 6 0 ppm) as 
internal standard. The 13C nmr spectra were recorded on a Brucker 
WM-300 spectrometer at 75.5 MHz or on a JEOL PFT system at 
25 MHz using tetramethylsilane (TMS; 6 0 ppm) as internal standard. 
The mass spectra were recorded using an AEI MS 902 instrument. The 
ir spectra were obtained using a Pye-Unicam SP3-200 and the 
uv-vis spectra using a Cary 219 spectrophotometer. The hplc sepa- 
rations were performed using a Dupont 830 equipped with a Dupont 
spectrophotometer (360 nm) and a 25 cm X 22.5 mm Zorbax Sil 
column. Elution was effected using 10% ether in pentane at a flow 
rate of 20 mL/min. The glc analyses were performed using a 
Hewlett-Packard 5700 with a 50-m OVlOl capillary column at 
160°C. The experimental conditions and spectral assignments are 
given for the unlabelled compounds. For the labelled compounds only 
the changes relative to the unlabelled compounds are given. Spectra 
signal designations were based on the retinoid numbering system (24). 
(1-"C) Acetonitrile and (2-"c) acetonitrile (90% 13C enrichment) 
were purchased from Merck Sharp and Dohme Isotopes. 

C12-Alcohol-nirrile 4: 3-hydroxy-3(2,6,6-trimethyl-I-cyclohexeny1)- 
propanenitrile 

To a stirred solution of 6 mmol of acetonitrile (0.25 g) in 20 mL dry 
THF, 6 mmol of n-butyllithium (4.3 mL of a 1.4 M solution in hexane) 
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were added dropwise at -60°C and warmed to -20DC. After 15 min, 
6 rnmol of P-cyclocitral 3 (12) (0.9 g) in 5 mL dry THF were added 
dropwise at -60°C. The mixture was warmed to O°C in I h, poured 
into half-saturated NHjC1, and extracted with ethcr. The organic layer 
was washed with water followed by brine, and then dried (MgSO,). 
Evaporation of the solvent afforded 1.1 g (95%) of pure C12- 
alcohol-nitrile 4; ir (KBr): 3470 c m '  (OH stretch), 2250 cm-' (C=N 
stretch); 'H nmr ( I  00 MHz. CDC13/CC14 1 : I),  6: 0.98- 1.09 (Is ,  
(CH')'C), 1.79 (s, 5-CH'), 2.44 (dd, J 17 HZ, J 4.5 HZ, H8), 2.87 
(dd, J 17 Hz, J 10 Hz, H8), 3.04 (s, OH), 4.60 (dd, J 10 Hz, J 
4.5 Hz, H7). 

C12-Acetate-nitrile: 3-(rcetoxy-3-(2,6.6-trimett~~~l-I-cj~clot~e,xenyl)- 
propanenitrile 

To a solution of 5.7 mmol of the CI2-alcohol-nitrile (1.1 g) in 
30 mL dry toluene and 10 mL pyridine were added 11.4 mmol of 
acetic anhydride (2 equiv., 1.2 g) and a catalytic amount of 
4-(dimethy1amino)pyridine and the mixture stirred at room tem- 
perature. After 20 h, when the reaction was complete according to glc, 
the solids were filtered and washed with ethcr. The organic filtrates 
were washed with water, followed by brine, and then dried (MgS04). 
Evaporation of the solvents afforded the acetate in quantitative yield; 
ir (KBr): 2250 c m - '  (CEN strctch), 1745 cm-' (C=O stretch); 'H 
nmr (100 MHz, CDC13/CC14 1 : I),  6: 1.03- 1.08 (2s, (CH,),C), 1.79 
(s, 5-CH'), 2.04 (s, CO-CH'), 2.61 (dd, J 17.3 HZ, J 5.2 HZ, H8), 
2.94 (dd, J 17.3 Hz, J 10.0 Hz, H8), 5.75 (dd, J 10.0 Hz, J 5.2 Hz, 
H7). 

P-Cyclocitryli~iet~eacetot~itrile 5:  3-(2,6,6-trittlett~yl-1 -cyclotze.renyl)- 
2-propenetritrile 

Two equivalents of diazabicyclononcne (DBN) (I I mmol, 1.4 g) 
were added to a solution of 5.5 mmol CI2-acetate-nitrile (I .3 g) in 
toluene and the mixture stirred at room temperature for 72 h, when the 
reaction according to glc was complete, and then poured into water. 
The aqueous layer was washed with ether and the organic layers were 
washed with water until neutral, followed by brine, and then dried 
(MgSOj) and concentrated. The residue was purified by chro- 
matography using 5% ether/pet. ether to yield 0.8 g (80%) of a 3: 1 
E / Z  mixture of 5; ir (KBr): 2210 c m - ~ '  ( C r N  stretch); 'H nmr 
(100 MHz, CDCI'/CC14 I : I), 7-E, 6: 1.08 (s, (CH3)2C), 1.75 
(s, 5-CH?), 5.27 (d, J 17.5 HZ, H8), 7.08 (d, J 17.5 HZ, H7); 7-2, 
6: 5.48 (d, J 12.0 Hz, H8), 6.72 (d, J 12.0 Hz, H7). 

5a: 'H nmr, 7-E, 6: 5.27 (dd, 'J(C8-H8) 172 Hz, J 17.5 Hz, H8), 
7.08 (dd, J 17.5 Hz, 'J(C8-H7) 1.9 Hz, H7); 7-2, 6: 5.48 (dd, 
' J ( C ~ - H ~ )  172 Hz, J 12.0 Hz, H8), 6.72 (dd, J 12.0 Hz, 
' J ( c ~ - ~ 7 )  1.6 HZ, H7). 

56: 'H nmr, 7-E, 6: 5.27 (dd, J 17.5 Hz, ' J ( C ~ - H ~ )  3.0 Hz, H8). 
7.08 (dd, J 17.5 Hz, ' J ( C ~ - H ~ )  8.0Hz); 7-2, 6: 5.48(dd, J 12.0 Hz, 
' J ( C ~ - H ~ )  3.0 Hz, H8), 6.72 (dd, J 12.0 Hz, ' J ( C ~ - H ~ )  12.0 Hz, 
H7). 

p-lonotre 6 
A I M solution (1.5 equiv.) of diisobutylaluminium hydride (Dibal) 

in hexane (6.9 mL) was added dropwise by syringe to a solution of 
4.6 mmol5 (0.8 g) in dry pet. ether at -60°C and the mixture warmed 
to -20°C in I h. A suspension of 1 : 5 water/silicagel in ether/pet. 
ether I : I was added and the mixture stirred at room temperature for 
I h. After drying with MgSO,, the solids were filtered off and washed 

. . with dry ether. Evaporation of the solvents yielded the C12-aldehyde 
in 95% yield; 'H nmr (100 MHz, CDCI3/CCI4 1 : I), 6: 6.14 (dd, J 
16.0Hz, J 8 . 0 H z .  H8), 7.27 (d, J 16.0Hz, H7), 9.52(d, J 8 . 0 H z ,  
H9). The CI2-aldehyde (4.2 mmol, 0.75 g) in dry ether was added 
dropwise to a solution of 2 equiv. of methyl magnesium iodide in dry 
ether, freshly prepared from methyl iodide (1.2 g) and magnesium 
(0.2 g). The solution was refluxed for I h, poured into half-saturated 
NH4CI, and extracted with ether. The organic layer was washed with 
water followed by brine, and then dried (MgS04). Evaporation of the 
solvent afforded the p-ionol in 90% yield. The p-ionol dissolved in 
hexane was added to an 8-fold excess of active manganese dioxide in 
hexane and stirred at room temperature until no further p-ionol could 
be detected by tlc. The solids were filtered off through Celite, washed 

with ether, and the filtrates concentrated to afford an oil which was 
purified by preparative hplc to give the p-ionone in 70% yield; 'H nmr 
(I00 MHz, CDCIq/CCI, 1 :  I) ,  6: 1.09 (s, (CHq)zC), 1.76 (s, 5-CH,), 
2.26 (s, 9-CH,), 6.09 (d, J 17.0 HZ, H8), 7.28 (d, J 17.0 HZ, H7). 

6a: 'H nmr, 6: 6.09 (dd, 'J(C8-H8) 156 Hz, J 17.0 Hz, H8). 
66: 'H nmr, 6: 2.26 (d, ' J ( C ~ - ( ~ - C H ~ ) )  6 Hz, 9-CH,). 6.09 (dd, 

J 17.0 Hz, 'J (C9-H8) 3.3 Hz, H8), 7.28 (dd, J 17.0 HZ, 'J (C9-H7) 
6.5 Hz, H7). 

P-lonylidene acetal(ietlyde 7: (4E)-3-rnett1j11-5-(2,6,6-trit?1ett1yi-l- 
cyclotle,xet1yl)-2,4-pentadienal 

Sodium hydride (NaH, 120 mg, 2.7 mmol, 55% in mineral oil) was 
washed three times with dry pet. ether to remove the mineral oil, and 
suspended in 10 mL dry THF. A solution of 3.1 mmol of diiso- 
propylphosphonoacetonitrile (0.65 g) in dry THF was added dropwise 
and stirred for 30 min at room temperature. After cooling to 0°C a 
solution of 2.1 mrnol p-ionone (0.4 g) in dry THF was added dropwise 
and the mixture stirred and warmed to room temperature. After 2 h the 
solution was poured into half-saturated NH,CI and extracted with 
ether. The organic layers were washed with water followed by brine, 
and dried (MgSO,). After filtration through a layer of silica gel the 
solvents were evaporated to afford P-ionylidene acetonitrile which 
was reduced with Dibal as described for the reduction of 5 to yield 
0.36 g (80%) of P-ionylidene acetonitrile 7 as a 9-E/Z 85 : 15 mixture; 
'H nmr (I00 MHz, CDCI3/CCI4 1 : I), 9-E, 6: 1.01 (s, (CH,),C), 1.70 
(s, 5-CH3), 2.28 (s, 9-CH,), 5.87 (d, J 8.0 HZ, HIO), 6.15 (d, J 16.0 
Hz, H8), 6.68 (d, J 6.0 Hz, H7), 10.19 (d, J 8.0 Hz, HI 1); 9-2, 6: 
1.03 (s, (CH3)2), 1.75 (s, 5-CH'), 2.09 (s, 9-CH?), 5.80 (d, J 8.0 HZ, 
HIO), 6.56 (d, J 16.0 Hz, H7), 7.1 1 (d, J 16.0 Hz, H8), 10.23 (d, J 
8.0 Hz, HI I). 

70: 'H nmr, 9-E, 6: 5.87 (dd, J 8.0 Hz, 'J(C8-HlO) 6.0 Hz, HlO), 
6.15 (dd, 'J(C8-H8) 162 Hz, J 16.0 Hz, H8). 

76: 'H nmr, 9-E, 6: 2.28 (d, " ( C 9 - ( 9 - ~ ~ 3 ) )  6.0 Hz, 9-CH'), 5.87 
(dd, J 8.0 Hz, ' ~ ( c 9 - H I O )  1.0 Hz, HIO), 6.15 (dd, J 16.0 Hz, 
' J ( C ~ - H ~ )  3.2 HZ, H8), 6.68 (dd, J 16.0 Hz, 'J(C9-H7) 6.4 Hz, 
H7). 

Retitla1 1a.b 
Sodium hydride (NaH, 80 mg, 1.8 mmol, 55% in mineral oil) was 

washed three times with dry pet. ether to remove the mineral oil, and 
suspended in 10 mL dry THF. A solution of 2.1 mmol diethyl-3- 
cyano-2-methylprop-2-enylphosphonate 8 (14) (0.45 g) in dry THF 
was added dropwise and stirred for 30 min at room temperature. After 
cooling to 0°C a solution of 1.4 mmol P-ionylidene acetaldehyde 7 
(0.3 g) in dry THF was added dropwise and the mixture stirred and 
warmed to room temperature. After 2 h the solution was poured into 
half-saturated NH4CI and extracted with ether. The organic layers 
were washed with water followed by brine, dried (MgS04/K2C0,), 
and then concentrated. The residue was purified by chromatography 
using 5% ether/pet. ether to yield the pure retinonitrile, which was 
reduced with Dibal as described for the reduction of 5 to provide the 
crude retinal in 80% yield (0.3 g). The all-tratls isomer 1 was sepa- 
rated by column chromatography (silica gel >230 mesh, 4% 
ether/pet. ether) and further purified by prep. hplc. The 300-MHz 'H 
nmr spectra of l a ,b  are identical to those described by Patel (25) 
except for the additional '"-'H coupling constants as shown in 
Table 1. The 75.5-MHz "C nmr spectra of l a ,b  display the enriched 
signals and are further identical to those described by Englert (16) 
except for the additional 1qC-'3C coupling constants as shown in 
Table 2; ms: l a  and l b  m / z  285 (M'): level of "C enrichment 
calculated from the mass spectra: 93%. 

CI7-Acetate-nitrile 9: (4E,6E)-3-acetoxy-5-mettlyl-7-(2,6,6- 
tritnett~yl-l -cyclohexetlyl)-4,6-heptadietletlitrile 

To a stirred solution of 6 mmol of acetonitrile (0.25 g) in 20 mL dry 
THF, 6 mmol of n-butyllithium (4.3 mLof a 1.4 M solution in hexane) 
were added dropwise at -60°C and stirred at -20°C for 15 rnin. The 
reaction mixture was cooled to -90°C and 6 mmol of 7E,9E- 
P-ionylidene acetaldehyde (1.3 g) in 10 mL dry THF were slowly 
added dropwise. The mixture was warmed to -60°C in 30 min and 
12 mmol acetyl chloride (0.9 g) was added dropwise. After warming 
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to 1O0C, 20 mL of half-saturated NaHCOz solution was added and the 
mixture extracted with ether. The organic layer was washed with water 
followed by brine, and then dried (MgSOI). Evaporation of the sol- 
vent afforded an oil which was purified by chromatography using 15% 
ether/pet. ether to yield 1.5 g (85%) of C17-acetate-nitrile 9; ir (KBr): 
2250 cm-' (C=N stretch), 1745 c m - '  (C=O stretch); ' H  nmr 
(I00 MHz, CDCI,/CCI, 1 : 1), 6: 0.99 (s, (CH1)?C), 1.65 (s, 5-CH,), 
1.90 (s, 9-CHz), 2.06 (s, CO-CH3), 2.64 (d, J 6.0 HZ, H 12), 5.35 
(d, J 10.0 Hz, HIO), 5.80 (dt, J 10.0 Hz, J 6.0 Hz, HII) ,  5.94 
(d, J 16.5 Hz, H8), 6.22 (d, J 16.5 Hz, H7); ''C nrnr (25 MHz, 
CDClz), 6: 13.1, 19.2, 21.0, 21.6, 24.0, 28.8, 32.9, 34.2, 39.5, 
66.0, 116.2, 123.7, 129.5, 129.7, 135.6, 137.1, 140.1, 169.8. 

9c: ' H  nrnr, 6: 2.64 (dd, ' J ( c I ~ - H I ~ )  137.0, J 6 . 0  Hz, H12), 5.80 
(dtd, J 10.0 Hz, J 6.0 Hz, ? J ( C I ~ - H I  1) 1.9 Hz, HI 1); I3C nmr, 92% 
enriched signal, 6: 24.0. 

9d: 'H nmr, 6: 2.64(dd, 'J(C13-H12) 9.0Hz, J 6 . 0  Hz, H12); "C 
nrnr, 92% enriched signal, 6: 1 16.2. 

Cl7-Nitrile 10: 5-methyl-7-(2,6,6-trirnethyl-l-~lolzexerzyl)-2,4,6- 
heptatrierlenitrile 

Two equivalents of diazabicyclononene (DBN) were added to a 
solution of the C17-acetate-nitrile 9 in toluene and the mixture was 
brought to a gentle reflux. After 90 min (no acetate left by tlc) the 
mixture was cooled, poured into water, and extracted with ether. The 
organic layers were washed with water until neutral, followed by 
brine, and then dried (MgS04) and concentrated. The res~due was 
purified by chromatography using 5% ether/pet. ether. Yield: 88% of 
a 11-E/Z mixture which was used In the next step. 

/3-CI8-ketone 12: 6-methyl-8-(2,6,6-tritnethyl-1-cyclohexeny1)- 
3,5,7-octatriene2-orze 

The P-C18-ketone 12 was prepared in two steps from the 
C17-nitrile 10 in 60% yield as described for the preparation of 6 from 
5; 'H nrnr (300 MHz, CDCIJ), 6: I .04 (s, (CH3)X), 1.72 (s, 5-CHz), 
2.07 (s, 3H, 9-CH.7). 2.30 (s, 13-CH3), 6.16 (d, J 11.7 Hz, HIO), 
6.17 (d. J 15.4 Hz, H12), 6.17 (d, J 16.1 Hz, H8), 6.42 (d, J 16.1 
Hz, H7), 7.55 (dd, J 15.4 Hz, J 11.7 Hz, H11). 

Retinal l c ,d  
The retinal l c ,d  was prepared in two steps from the P-C18-ketone 

12c,d in 85% yield as described for the synthesis of 7 from 6 .  The 
all-trans isomer 1 was separated by column chromatography (silicagel 
>230 mesh, 4% ether/pet. ether) and further purified by preparative 
hplc; ms: l c  and l b  m/z 285 (M+); level of '" enrichment calculated 
from the mass spectra: 93%. For 'H nrnr, compare la ,b .  
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C. GARRIGOU-LAGRANGE, M.  O U C H E ~ O ,  and B. ELOUADI. Can. J .  Chem. 63, 1436 (1985). 
Infrared reflection spectra of vitreous phosphates (1 - x - x)Li20 - xCdO-xPzOs are analysed in relation to the 

conformation when it is known. The evolution of the spectra with the different constituents is studied and the oxide 
forming-character of CdO is discussed. 

C. GARRIGOU-LAGRANGE, M .  O U C H E ~ O  et B. ELOUADI. Can. J. Chem. 63, 1436 (1985). 
Les spectres de reflexion infrarouges de verres de phosphate de composition ( I  - x - x)Li,O - xCdO-x Pros ont Cti 

analyses et reliis i leur conformation lorsque celle-ci Ctait connue. L'tvolution des spectres avec les diffkrents constituants 
a etC CtudiCe et le caractkre "oxyde formateur" du CdO discuti. 

Introduction 
The glass region of the binary systems A20-P205  and 

BO-P2O5 (A = monovalent cation; B = bivalent cation) has 
been widely studied, but no complete vibrational survey is 
actually available for the ternary diagram Li20-Cd0-P205  
(1, 2). 

The purpose of this paper is to complete our earlier Raman 
studies, by giving the interpretation of the evolution of the 
infrared spectra inside the vitreous domain of this ternary 
system (3, 4).  

Experimental 
The glass samples were prepared by the same procedure as de- 

scribed in ref. 3. Figure 1 and Table I give the chemical compositions 
of the specimens studied. Any point of the glass-forming region in the 
ternary system can be characterized by the general formula: 

where x = CdO molar fraction ratio; x = PzOS molar fraction ratio. 
Infrared reflection spectra were recorded with the P.E.599 

spectrometer, and Nicolet MXI and 7000 and Polytec 1R30 in- 
terferometers. The Kramers-Kronig method was used for spectra 
analysis uslng a Vax computer. 

The results of the infrared spectroscopic measurements are 
presented in Figs. 2- 10. The absorption band frequencies are given 
in Tables 2- 10. 

Results and discussion 
The structural modifications are widely dependent upon the 

forming oxide (P205) molar ratio which is decreasing as the 
glass region extends (from P205) inside the ternary system 
Li,O-CdO-P205 (3). Furthermore, the modifier character of 
the alkaline oxides is well established, but, for CdO, this is not 
definitely clear. 

With a rough approximation, the spectrum of a compound 
can usually be considered as  the sum of the absorption peaks 
arising from individual group vibrations. In order to clear up 
the role of each component in the phosphate glasses studied, 
the present infrared study has been carried out in the following 
order (Fig. 1). 

1. Pure P20S. 
2. Metaphosphates region (X = 0.5) situated along the line 

DUMA IN -121 

DOMAIN 

FIG. I. Vitreous domain inside the system Li2O.CdO.PzOS at 
1000°C (cf. Table I for the correspondence between the numbers of 
samples and their composition). 

Li20.  P2O5 N CdO . P2O5. 
3. Ultraphosphates (lines x = 0.6 and 0.8) extending on the 

surface of the triangle P205-Li20.P205-Cd0.P20s. 
4 .  Oligophosphates (lines x = 0.4 and 0.33) included inside 

the trapezium Li20. P205-CdO. P2O5 - 2Li20 .P205- Cd0.P205. 
5 .  Lines with a constant ratio L i 2 0 / C d 0  and variable x 

(lines P205-Li20;  CdO-P205; (1 - x ) / 2  Li20 . ( l  - x ) / 2  
CdO-xP205; xLi20 .xCd0. (1  - 2x)P205. 

This order of investigation has been adopted so that some 
simple and well-established structural types can be  used to 
approach the more complicated ones. For example: ( i )  infrared 
spectra of pure P20S (built up as a tridimensional disordered 
network of PO4 tetrahedra sharing three of their oxygens) and 
those of the rnetaphosphates (built up as infinite PO4 tetrahedral 
chains) will allow the interpretation of the structural evolution 
inside the ultraphosphate domain. (ii)  Infrared spectra of 
rnetaphosphates (infinite chain structure) and pyrophosphate 
(two linked tetrahedra) will permit the interpretation of the 
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GARRIGOU-LAGRANGE ET AL. 1437 

FIG. 2. Infrared spectra of vitreous P2OS (sample F is more 
hydrated than sample E). 

TABLE 1. Chemical composition of the samples studied 
(Fig. 1) 

Composition 

Order number x (P2o5) x(Cd0) ( 1  -x-x)Li20 

TABLE 2. P205 attribution of Raman and 
infrared spectra 

Spectroscopy 

Attribution Raman Infrared 

6 skeleton 

v, POP 
vl POP 

v, POP 

Combination 
6 OH 
v P=O* 
v P=O 
Combination 

*See text. 

oligophosphate spectra. 
All these results will be used to follow the evolution of r infrared spectra along the lines with variable X .  

500 1000 1500 
v (cm-1) 

1. Pure P20S  
The infrared spectra we recorded (Fig. 2) correspond to 

FIG. 3. Infrared spectra of metaphosphates (0.5 - x)Li,O - slightly hydrated samples because the recording was hone in 
xCdO-0.5P205. the presence of dried air. They show three wide bands: the one 
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TABLE 3. Metaphosphates (X = 0.5). Attribution of Raman and infrared spectra 

Sample no.: 13 120 112 I 
Composition: x = 0 x = 0.1 x = 0.25 x = 0.5 

Spectroscopy 

Attribution Raman Infrared Raman Infrared Raman Infrared Raman Infrared 

335 
6 skeleton 514 S 
v, POP 703 SP 

718 

v, POP 920 916 S 
1026 1016 sh 

1106 S 
V S  poz 1179 SP 
V, PO2 1255 1290 

TABLE 4. Ultraphosphates (X = 0.6). Attribution of Raman and infrared-spectra 

Sample no.: 104 121 6 113 
Composition: x = 0 x = 0.1 x = 0.2 x = 0.4 

Spectroscopy 

Attribution Raman Infrared Raman Infrared Raman Infrared Raman Infrared 

300 

6 skeleton 472 S 

v, POP 672 SP 

v POP0 746 
790 sh 

v, POP 934 
1024 
1094 

TABLE 5. Ultraphosphates (X = 0.8). Attribution of Raman and infrared spectra 
- - 

Sample no.: l I0 8 1 1 1  
Composition: x = 0 x = 0.1 x = 0.2 

Spectroscopy 

Attribution Raman Infrared Raman Infrared Raman Infrared 

220 
284 

6 skeleton 484 S 
v, POP 670 SP 

766 
790 

v, POP 950 956 S 
1050 

1087 
VS poz 1155 S 
v P=O I 1337s 1332s 
v, PO2 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GARRIGOU-LAGRANGE ET AL. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1440 CAN. J. CHEM. VOL. 63. 1985 

TABLE 7. Oligophosphates (X = 0.4). Attribution of Raman and infrared spectra 

Sample no.: 15 72 117 116 115 
Composition: x = 0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 

Spectroscopy 

Attribution Raman Infrared Raman Infrared Raman Infrared Raman Infrared Raman Infrared 

330 
6 skeleton 505 

585 
v, POP 703 SP 

v, POP 

FIG. 4. Infrared spectra of ultraphosphates (0.4 - x)Li20 - 
xCd0-0.6P205. 

near 1270 cm-' attributed to v P=O is lower than the one 
observed by Rarnan spectroscopy (1) because of the association 
with water. Two absorptions near 946 and 780 crn-' are due to 
the v, POP and vi POP vibrations. The comparison between the 
spectra of the two samples noted E and F in Fig. 2, each having 
a different quantity of water, shows that the absorption at 1030 
crn-' is due to hydration. 

FIG. 5. Infrared spectra of ultraphosphates (0.2 - x)Li,O - 
xCd0-0.8Pz05. 

2. Metaphosphate glasses 
2.1. Previous results 
Infrared spectra of metaphosphate glasses have been studied 

by several authors (1 - 13). It is also well established that 
rnetaphosphate glasses are composed of linear chains of poly- 
phosphate anions with the cations situated between the chains. 
Shih and Su have discussed two models of the chain arrange- 
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TABLE 8.  Binary phosphates (I - x)LizO - xPzOS. Attribution of Rarnan and infrared spectra 

Sample no.:  15 25 13 104 103 102 110 PZOS 
Composition: x = 0.4 x = 0.45 x = 0.5 x = 0.6 x = 0.65 x = 0.7 x = 0.8 x = I  

Spectroscopy 

Attribution Rarnan lnfrared Rarnan Infrared Rarnan lnfrared Rarnan lnfrared Raman Infrared Rarnan Infrared Rarnan lnfrared Rarnan lnfrared 

6 skeleton 

v, POP 

v, POP 
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1442 CAN. J. CHEM. 

FIG. 6. Infrared spectra of some phosphates xLi20-xCdO - 
( 1  - 2x)P205 

ment, viz. the straight chain and the zigzag chain models (2). 
(a) Straight chain model (Fig. 1 la) 
According to this model, the PO, tetrahedra are disposed in 

such a way that all phosphorus should stand in a straight line 
(chain axis). The straight-chain symmetry is CZ,,. Eight vi- 
brational modes can thus be predicted, if a translation unit 
-OP(02)0- is admitted: 

[ l ]  r, = 3 A ,  + A 2  + 2B, + 2B2 = 8 

According to the selection rules, the A2 mode should be 

FIG. 7. Infrared spectra of oligophosphates (0.6 - x)LizO - 
xCdO-0.4PZOs. 

active in Raman and forbidden in infrared. The other modes are 
active in both spectroscopies. 

Since more than seven absorption bands were observed in the 
recorded spectra, this model was rejected by Shih and Su. 

(b) Zigzag chain model (Fig. 11 b) 
In this case, all the phosphorus and bridging oxygen atoms 

are localized in a plane passing through the chain axis; the 
identical PO4 tetrahedra are aligned in a zigzag manner. The 
resulting point group symmetry is C,. Twenty vibrational 
modes can be predicted; they all are active in both spectro- 
scopies: 

According to SHIH and SU (2), the calculated results (on the 
basis of the Wilson F-G matrix) seem to agree with the ob- 
served infrared spectra. 

2.2. Analysis of our results 
In the frequency domain explored (200-1600 cm-'), 

we expect to observe the following vibrational modes: 
v, POP, v, POP, v, PO2, v, PO1_, v(OPOP), and the skeleton 
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FIG. 8. Infrared spectra of binary phosphates y LiZO-xPZOs 

deformations. 
Let us remember that the recorded Raman spectra are rela- 

tively simple: two intense and polarized bands are observed at 
700 and 1 170 cm-'; they were respectively attributed to v, POP 
and v, PO, (3) (Table 3). Furthermore, four strong absorption 
bands have been observed in the infrared spectra; the corre- 
sponding frequencies are 520, 920, 1100, and 1270 cm-' 
(Fig. 3). 

The bands at 500, 920, and 1270 cm-' were respectively 
attributed to the skeleton deformation and the v;, POP and 
v, PO, vibrations. 

FIG. 9. Infrared spectra of binary phosphates xCd0-xPz05. 

The band near 1 100 cm-' is more difficult to explain. In Fig. 
12, we compare the Raman spectra of some crystalline and 
vitreous compounds. It can be seen that the spectra of vitreous 
compounds can be described as the envelope of the crystalline 
ones. Thus we consider that, in the glasses containing lithium, 
this infrared absorption corresponds to a component of the v, 
PO,, the displacement viz. the Raman frequency being due to 
a correlation effect. 

This band is not seen in the pure cadmium metaphosphate, 
but a new strong band appears at 1046 cm-'. We note that, in 
the Raman spectrum of the crystallized CdP0, (Fig. 12), the 
Davydov splitting is less pronounced than in LiPO,. We think 
that the 1046 cm-' absorption in the glass is due to the v, POP 
vibration, split because the Cd2+ ion introduces a dissymmetry 
in the skeleton. 

The weak bands observed at about 750-800 cm-' are 
probably due to a third normal mode called v(0POP). 

All the observed infrared and Raman bands of metaposphate 
glasses inside the ternary system Li20- CdO-P205 have been 
assigned according to the hypothesis that metaphosphates 
adopt infinite zigzag chain models: (PO,),. No vibration mode 
corresponding to v P=O has been observed in this case. 
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TABLE 9. Binary phosphates (1 - x)CdO - hP20s. Attribution of Raman and infrared spectra 

Sample no.: 1 73 113 I l l  PZOS 
Composition: x = 0.5 x = 0.58 x = 0.6 x = 0.8 x =  I 

Spectroscopy 

Attribution Raman Infrared Raman Infrared Raman Infrared Rarnan Infrared Raman Infrared 

6 skeleton 490 S 
-545 

v, POP 700 SP 694 SP 
746 

790 sh 797 sh 

v, POP { 

v (cm-1) 
FIG. 10. Infrared spectra of some phosphates (0.9 - x)Li20 - 

0.1 CdO-xP~O~.  

CHAIN AXIS--- hP-\ib+-- 

FIG. 11. Model of linear chains (a) and zigzag chains (b) 

3. Ultraphosphate domain 
In order to approach the glass structure in this domain, 

two lines have been studied: the one corresponds to 
0.6P205(2Li20.3P205 - 2Cd0.3P205) and the other one to 
0. 8P205(Li20 .4P205 - C d 0  .4P205). 

The bands observed in Raman and infrared are given in 
Tables 4 and 5. In all infrared spectra of these compounds 
(Figs. 4 and 5), a weak shoulder and a band have been re- 
spectively observed at 1 100 and 1040 cm-'. The latter becomes 
stronger as the amount of CdO increases. We adopt here the 
interpretation given formerly for metaphosphate glasses. The 
band at 1300 cm-' was attributed to v, PO, superposed with 
v P=O. 

4. Oligophosphate region 
The compounds studied are those situated on the line (X = 

0.4P205) and the point corresponding to the composition 
Li20. CdO . P205 (Li2CdP207). 

The infrared spectrum of Li2CdP207 is given in Fig. 6 (N2; 
x = 0.33). Twenty-one vibrations are expected for this com- 
pound: 3 vibrations due to POP bonds: v, POP, v, POP, POP; 
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GARRIGOU-LAGRANGE ET AL. 1445 

FIG. 12. Raman spectra of some crystallized (PC) and vitreous (V) compounds. 

TABLE 10. Phosphates (0.9 - x)LizO - O . I C ~ O - X P ~ O ~ .  Attribution of Raman and infrared spectra 

Sample no.: 72 119 120 121 8 
Composition: x = 0.4 x = 0.45 x = 0.5 x = 0.6 x = 0.8 

Spectroscopy 

Attribution Raman Infrared Raman Infrared 

338 325 
6 skeleton 507 520 S 500 S 
v, POP 705 SP 700 SP 

732 716 
776 

v, POP 9 10 918 S 916 S 
1000 980 984 

Raman Infrared Raman Infrared Raman Infrared 

and 18 vibrations due to the PO3 groups. The v PO3 bands are observed in both infrared and Raman 
The interpretations of the Raman and infrared spectra are spectra. Raman v, PO3 intensity decreases when xCdO in- 

given in Table 6 ,  according to this assignment. creases, while v, PO3 intensity (ir) remains strong for all the 
Fig. 7 shows infrared spectra of some glasses situated on the values of x,  the corresponding frequency decreasing from 1144 

line x = 0.4P20,. Their attributions (Table 7) are based on a to 1080 cm-'. This can be explained if we admit that an oxygen 
comparison with metaphosphate and pyrophosphate spectra. atom of the PO3 group is partially linked to the cd2' ion, due 
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to the electronegativity of this ion (1.69), very close to that of 
the phosphorus (2.19) (ref. 14). Other techniques like nmr, epr, 
etc. should be useful in verifying this assumption. 

5 .  Vibratior~al spectra of glass regions e,ristitzg along litles with 
a variable amoutlt of PzOs 

5.1 . Bitlary systems Li?O- P2O5 atlrl CdO - P?OS 
Infrared spectra recorded along the lines (1 - x)Li.O - 

xPzOs and ( I  - x)CdO - xP?05  are shown in Figs. 8 and 9.  
Tables 8 and 9 give the interpretation of the infrared and Raman 
spectra. 

The  Raman spectra are very similar to those recorded by 
other authors for various binary systems Na70-P20r ,  
CaO-P205,  etc. (15, 16). The  infrared spectra of the Cd 
glasses contain a doublet (920- 1050 cm-I )  which does not 
exist in Li glasses. It can be explained by a doubling of the 
vibration v ,  POP due to the dissymmetry of the bands intro- 
duced locally by Cd". 

5 .2.  The mediutz line o f  the triangle LizO - C d 0 -  PzOs 
crossing the poirzt PzOS 

The  composition along this line can be written: 

Both Raman (3,  4) and infrared spectra (Fig. 6) recorded are 
similar to those of the previously discussed binary systems 
Li20-P205  and CdO-P2O5. 

The  frequency of us POP decreases substantially when x 
increases: 

v, POP = 752 cm-' for x = 0.33 (pyrophosphate P207) 
containing only one POP bond. 

v, POP = 700 cm- '  for x = 0.50 (metaphosphates con- 
taining infinite chains and two POP bonds by P atom). 

us POP = 648 cm- '  for x = 1 (pure P105 containing a 
3-dimensionally bounded PO4 and three POP bonds on each P 
atom). 

The value of this frequency may give an indication of the 
nature of the bonds between phosphorus and oxygen in the 
glass region. 

Conclusion 

LizO-Cd0-P205.  In glasses containing a high LizO ratio 
CdO, the oxide LiO? acts as a modifier, like all the alkali 
oxides. When the proportion of CdO increases in the vitreous 
domain, the dissymmetry introduced by this oxide in the PO4 
network could be consistent with an oxide-forming character. 
The  v, POP frequency can given an indication of the dimen- 
sionaIity of the phosphate skeleton. 
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Vibrational spectroscopy has allowed us to follow the evo- 
lution of the glass structure inside the ternary system 
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~ t u d e  theorique des reactions d'abstraction d'hydrogene RH + X R + HX, 
avec R, X=H, CH,, NH2, OH et F 

GEORGES LEROY,' MICHEL SANA' ET ANNE TINANT 
Universite' Cntholique de Louvnin, Laborntoire de Chirnie Qunntique, Place Louis Pasteur, 1 

B-1348 Louvnin-la-Neuve, Belgique 

Requ le 27 juillet 1984 

Cet article est d idi t  nu Professeur Camille Sandorb ri 1'occn.sion de son 65' nnniversnire 

GEORGES LEROY, MICHEL SANA et ANNE TINANT. Can. J .  Chem. 63, 1447 (1985). 
Nous avons CtudiC thCoriquement les rCactions d'abstraction d'hydrogbne RH + X = R + HX avec R, XEH, CH3, NHZ, 

OH et F. Tous les calculs ab initio ont CtC effectuCs par la mCthode UHF avec la base 6-31G. Cependant, les grandeurs 
CnergCtiques ont CtC recalculCes au niveau CI. Les constantes de vitesse et les parambtres d'Arrhtnius ont CtC obtenus par la 
thCorie de I'Ctat de transition avec une correction d'effet tunnel basCe sur le potentiel d'Eckart. L'accord peu satisfaisant entre 
rCsultats thkoriques et expkrimentaux nous a conduit i &laborer un proctde semi-empirique de calcul des barribres d'activation 
dans lequel les liaisons en Cvolution sont reprCsentCes par des courbes de Morse. Les rCsultats obtenus dans cette optique sont 
en bon accord avec I'expCrience. Ils mettent en Cvidence le comportement "non-Arrhtnius" de toutes les rCactions CtudiCes et 
permettent de rationaliser un ensemble important de faits expkrimentaux 

GEORGES LEROY, MICHEL SANA, and ANNE TINANT. Can. J .  Chem. 63, 1447 (1985). 
Hydrogen abstraction reactions RH + X = R + HX with R, X-H, CH3, NH2, OH, and F have been studied at the ab 

initio 6-31G - UHF level. However, energetic properties were computed at the CI level. Rate constants and Arrhenius 
parameters have been obtained using the transition state theory formalism with Eckart's tunneling correction. The discrepancy 
between theoretical and experimental results led us to elaborate a semi-empirical procedure to calculate activation barriers, in 
which the bonds R-H and X-H are represented by Morse curves. Thus, the agreement between theory and experiment is 
much better. Moreover, the results obtained by this procedure demonstrate the non-Arrhenius behavior of all the reactions under 
consideration and allow us to rationalize a large number of experimental facts. 

Introduction Calcul des constantes de vitesse selon le formalisme de la 

D~~~ le cadre de nos travaux thtoriques sur les radicaux thtorie de I'ttat de transition, avec correction d'effet tunnel: 

libres (1 - 13), nous avons ttudit un ensemble de reactions [ I ]  k ( ~ )  = x ( ~ ) .  ~TST(T) 
d'abstraction d'hydrogkne dtcrites par l'tquation gtntrale: 

N(xTI2 A G,+ 
R H + X = R + H X  [2] k(T)=x(T).------ h exp (-F) 

dans laquelle R et X dCsignent l'un des atomes ou groupes 
suivants: H, CH,, NH,, OH et F. 

Tous les calculs thtoriques ont CtC effectuts suivant une 
dtmarche dCcrite par ailleurs (12) et dont nous rappelons scht- 
matiquement les points essentiels: 

Utilisation de la mCthode UHF de Pople-Nesbet (14) avec 
la base 6-31G de Hehre et a1. (15) grice au programme 
GAUSSIAN-70 (16) complttC par le programme FORCE de 
Schlegel (17). 

Recherche des points stationnaires (rtactifs, points de transi- 
tion et produits) grice la construction de formes analytiques 
locales de la surface de potentiel, dans l'espace des paramktres 
de structure comportant 3N - 6 degrts de libertC (N: nombre 
d'atomes de la supermolCcule). 

Dttermination des modes normaux de vibration et des frC- 
quences correspondantes, dans l'approximation quadratique. 

Calcul des corrections thermiques, des capacitts calorifiques 
et des entropies grlce au formalisme de la thermodynamique 
statistique. 

Calcul des Cnergies totales des points stationnaires en 
mtthode d'interaction de configurations avec: (i) stlection itC- 
rative, par perturbation, des configurations importantes; (ii) 
traitement en orbitales naturelles; (iii) extrapolation pour un 
nombre infini de dkterminants. 

'Auteur i qui adresser la correspondance. 
'Chercheur QualifiC du Fonds National de la Recherche Scientifique 

Belge. 

Resultats theoriques 
I. Structures ge'ome'triques 

Les paramktres geomttriques de la supermolCcule sont dCfi- 
nis sur la fig. 1. Leurs valeurs a 1 'Ctat de transition sont rCunies 
dans le tableau 1. Les rtsultats relatifs aux rtactifs et produits 
sont donnts par ailleurs (12). 

On notera que, dans la plupart des structures de transition, 
les atomes A , ,  H, et B6 sont pratiquement sur une droite. Pour 
analyser les paramktres de structure r l  et r2, h l'ttat de transi- 
tion, nous dtfinissons les rapports suivants: 

On constate aistment qu'ils varient relativement peu d'une 
rtaction a l'autre comme l'illustrent Cgalement les rtsultats 
ci-dessous: 

[51 fl(re1.) ; rl(rel.1 ) = 1,25 (Ccart type: 0,03) 

et 

[6] (r,(rel.)/r,(rel.)) = 0,99 (Ccart type: 0,04) 

Au total, dans les rtactions d'abstraction d'hydrogkne, la liai- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. 

son qui se rompt subit un allongement d'environ 25%, 2 I'ttat 
de transition, par rapport a sa valeur initiale. De mime, la 
liaison en formation est plus longue d'environ 25% dans le 
complexe active que dans la moltcule-produit. I1 est interessant 
de noter que, dans les reactions en couches fermtes que nous 
avons CtudiCes precedemment (18-34), l'allongement des liai- 
sons a 1'Ctat de transition est gentralement de I'ordre de 50%. 

11. Surfaces de potentiel locales 
Au voisinage de chaque point stationnaire, nous avons cons- 

truit une forme analytique locale de la surface de potentiel. 11 
s'agit d'un developpement polynomial d'ordre deux, parame- 
trise par regression lineaire sur les gradients de potentiel calcu- 
16s pour 2k + 1 (k = 3N - 6) structures molCculaires judici- 
eusement choisies (35). Ceci nous a permis d'effectuer 
l'analyse vibrationnelle de Wilson et de calculer les modes 
normaux de vibration dans l'approximation harmonique en 
negligeant le couplage de Coriolis. Comme nous I'avons 
montre par ailleurs (12), l'approximation quadratique est tout 
a fait satisfaisante dans le cas des composts polyatomiques. 
Les frtquences obtenues pour les points de transition sont 
rkunies dans le tableau 2. Ces resultats permettront le calcul des 
corrections thermiques et des entropies griice aux equations de 
la thermodynamique statistique. 

111. Grandeurs e'nerge'tiques 
Les Cnergies totales des points stationnaires ont etC calculCes 

en methode d'interaction de configurations en utilisant les 
geometries optimisees au niveau SCF. 

Dans le tableau 3, differentes energies theoriques des struc- 
tures d'tquilibre sont comparees aux valeurs experimentales 
correspondantes. Nous y donnons tgalement les energies UHF 
et C1 des structures de transition. Ces donnees permettent 
d'kvaluer les effets thermiques a Cl K et les barrikres d'activa- 
tion des differentes reactions considerees. Nous les donnons 
dans le tableau 4 avec quelques rtsultats theoriques plus precis 
obtenus par d'autres auteurs. 

Les valeurs de AE: (C1 extr.) sont souvent t r b  sous- 
estimees. Ceci revkle l'existence d'erreurs plus ou moins im- 
portantes au niveau des barrikres d'activation des reactions 
correspondantes. La comparaison de celles-ci 2 des donnees 
experimentales necessite I'introduction d'un modkle tel que 
celui de l'etat de transition, avec ou sans effet tunnel. Ce- 
pendant, en comparant certaines d'entre elles a des rtsultats 
theoriques plus precis, on s'aper~oit qu'elles peuvent itre assez 
fortement surestimees. 

1V. Constatztes de vitesse et e'nergies d'activation 
En vue de tester la fiabilite de nos resultats theoriques, nous 

avons calcule les constantes de vitesse et les Cnergies d'activa- 
tion des reactions considCrees en utilisant la theorie de l'etat de 
transition avec correction d'effet tunnel. Rappelons qu'en 
I'absence de celle-ci, la constante de vitesse d'un processus 
bimolCculaire s'tcrit, dans le cadre de la thtorie de l'ttat de 
transition: 

oh: 

[8] A G ~  = AH: - TAS: 

AH: est I'enthalpie d'activation a la temperature T .  
La dependance thermique de la constante de vitesse s'ex- 

prime par la relation: 
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H7B6Hi : P j  

FIG. I. Pararnktres gCornCtriques de la supermolCcule. 

TABLEAU 2. FrCquences des structures de transition (cm-') 
- 

HHH 2014,5 
1121,6 
1121,6 

i 2469,O 
HHCH, 3383,5 

3383,5 
3238,7 
1709,6 
1579,O 
1579,O 
1330,7 
1330,7 
1247,6 
630,6 
630,6 

i 1922,O 
HHNH, 2357,O 

3623,7 
1692,O 
1588,9 
1502,8 
1173.8 
7443 

i 285 1,8 
HHOH 3932,9 

1574,l 
1448,7 
705,8 
354,5 

i 2131,9 
HHF 1570,8 

777,8 
777,8 

i 3222,7 

HzNHOH 3903,l 
3775,6 
3650,8 
1710,7 
1501,4 
1462,6 
10 17 ,O 
614,l 
511.7 
454,3 
234,5 

i 5353,9 
HOHOH 3912,l 

3909,7 
1625,9 
1095 ,O 
705.5 
576,2 
411,3 

i 4757,2 
HOHF 3949,l 

1676.2 
906.1 
448.9 
392,2 

i 4462.2 
FHF 2014,5 

1121,6 
1121.6 

i 2469,O 

"Rotateur libre. 

[91 R T ~  (F) = AH:  + 2 RT vitesse [7] par un terme correctif superieur a un, x(T),  qui 
P mesure la permCabilitC de la surface aux trajectoires rCactives. 

Cette expression s'identifie i I'Cnergie d'activation classique On Ccrit donc: 

d' ArrhCnius: [ l  I.] k*(T) = x(T) k(T) 

[lo] E, = A H :  + 2 RT ou: 

Pour tenir compte de l'effet tunnel, on multiplie la constante de [12] x(T)  = l , = ~ ( t )  exp(- t)dl 
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TABLEAU 3. Energies totales des points stationnaires (ua) 

E (UHF) (36) E (HF lim.) (37) E (CI) E (C1 extr.) E (exp.) (37) 

H ? 

H 
CH4 
CH, 
NH3 
NHz 
Hz0 
OH 
HF 
F 

HHH 
HHCH3 
HHNHz 
HHOH 
HHF 
HsCHCH~ 
H3CHNHZ 
H3CHOH 
H3CHF 
HzNHNHZ 
HzNHOH 
HOHOH 
HOHF 
FHF 

TABLEAU 4. Chaleurs de r6action et barrikres d'activation (0 K,  kcal/mol) 

Rtaction 

Hz + H 

AE:  (C1 extr.) AE: (exp.) AE* (C1 extr.) AE* (autres auteurs) 

avec: le sens endothermique (Q  r 0; P > 0) .  La fonction W ( t )  

Q - p  dCpend de la tempkrature et de la forme de la surface de poten- 
[13] a = - x T 

tie1 au voisinage du point selle. On adopte, en gknCra1, un 
potentiel a une dimension pour exprimer W ( t ) .  Dans ce travail, 

Les termes Q et P dksignent respectivement l'effet thermique nous avons choisi le potentiel d'Eckart (43) plus rCaliste que 
(a 0 K )  et la barrikre d'activation de la rkaction considkree dans le potentiel parabolique de Christov (44). Cependant, sa forme 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LEROY ET AL 

FIG. 2. Diagramme CnergCtique des 

TABLEAU 5. Comparaison des Cnergies d'activation thCoriques et 
expCrimentales (kcal/mol) 

RCaction T(K) E., (exp.) E., (thCo.) 

TABLEAU 6. Paramktres des courbes de Morse 

A 

B D E (  

4 A 

Liaison Di (kcal/mol) (37) a, (k')" ri<. (A) (49) 

B D E ( A - H ) = D ~  

A H + B  

H-H 109,405 1,947 0,742 
HYC-H 112,918 1,784" 1,094 
HzN-H 1 1 1,036 2,063" 1,012 
HO-H 125,464 2,126" 0,957 
F-H 140,520 2,224 0,9 17 

"CalculCs avec les frCquences thCoriques de la ref. 36. 
"On a utilisi la friquence de "stretching" asymitrique R-H pour obtenir ce 

rCsultat. 

I n E  = - n E  2 

E ( A  ... H + E ( B...H 

A... H...B 
4L A 

particulikre ne permet pas la rCsolution analytique de I'intC- 
grale [12]. Celle-ci a donc dfi Ctre calculCe par intigration 
numCrique. 

A E ~  

A basse tempirature, les corrections d'effet tunnel devien- 
nent trks importantes et cessent d'Ctre valables. On peut ad- 
mettre qu'en dessous de la tempkrature caractkristique de 
Christov (44) dCfinie par la relation: 

A E ~  

hv* [14] T c = -  
nx 

oh v' dCsigne la frCquence imaginaire associCe a la courbure 
ntgative du point de transition, un calcul quantique complet 
devrait &tre effectuC. 

Connaissant numkriquement la fonction k* (T) [l 11 il est 
aisC de calculer les paramktres d'ArrhCnius A *  et E"; toute 
tempkrature supirieure a Tc/2 (dans la suite, l'astkrisque sera 

rCactions d'abstraction d'hydrogkne 

systCmatiquement omis). 
La comparaison thCorie-experience peut s'effectuer au ni- 

veau de log k, log A et E;,. Elle n'est possible que dans un 
nombre relativement restreint de cas. En effet, les calculs 
thCoriques ne sont valables qu'a des temperatures superieures 
2 Tc/2 auxquelles il est assez rare que des donnCes expCrimen- 
tales existent. Par ailleurs, celles-ci sont t r b  disparates ce qui 
rend difficile un choix cohCrent de valeurs. Le tableau 5 permet 
de comparer nos tnergies d'activation thCoriques a des donnCes 
expirimentales de la IittCrature. 

L'accord thCorie-expCrience est loin d'Ctre excellent. De 
plus, la surestimation de certaines barrieres d'activation sig- 
nalCe plus haut (voir tableau 4) est confirmte au niveau des 
tnergies d'activation proprement dites. 

La qualitt mCdiocre de nos rCsultats thtoriques trouve essen- 
tiellement son origine dans la limitation des calculs d'interac- 
tion de configurations qui dCcoule elle-mCme de la troncature 
de la base atomique utiliste. L'introduction d'orbitales de 
polarisation aurait sans conteste un effet bCnCfique sur les rC- 
sultats C1 mais nous ne pouvions pas l'envisager systkmatique- 
ment dans ce travail vu la taille des systkmes CtudiCs. D'autre 
part, nous n'avons pas effectuC la correction dite de contrepoids 
sur les tnergies des rCactifs et des produits car nous lui trouvons 
un caractkre trks arbitraire non seulenlent au niveau SCF oh 
plusieurs mCthodes ont CtC proposCes pour l'evaluer mais en- 
core, a fortiori, au niveau C1 ou elle n'est gtnkralement pas 
effectuCe. Notons d'ailleurs que les Cnergies de rtaction calcu- 
lCes a la limite Hartree-Fock, oh tous les effets de base ont 
disparu, restent trks sous-estimCes. 

V .  Calcul sirnplifie' des barri2res cl'activatioiz 
En vue d'obtenir des rtsultats thCoriques plus prCcis que 

ceux du tableau 5, nous avons tlabort un modele original 
permettant de calculer trks simplement les barrieres d'activa- 
tion des rCactions d'abstraction d'hydrogkne et, par 18, de veri- 
fier et de rationaliser un ensemble important de faits expCri- 
mentaux. Soit le processus rCversible: 

Le diagramme CnergCtique repris sur la fig. 2 permet d'ex- 
primer la barrikre d'activation de la rtaction directe (notCe 1) 
par la relation: 
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LEROY ET AL. 

TABLEAU 8. Cornparaison des paramktres cinCtiques thCoriques et expkrimentaux (cm2/mol s et 
kcal/mol) 

log k log A E;, 

RCaction T (K)" ThCo. Exp. ThCo. Exp. ThCo. Exp. 

Hz + H 650 (46) 
653 (46) 
653 (46) 
873 (46) 
948 (46) 
490 (46) 
506 (47) 
522 (47) 
897 (47) 

1 135 (46) 
650 

1020 (45) 
1076 (45) 
1400 (45) 
2050 (45) 
530 (50) 

1000 
548 (45) 
587 (45) 
644 (45) 
713 (45) 
785 (45) 

1413 (45) 
CH4 + CH, 625 (45) 

7 1 1 (47) 
CH4 + NHz 41 0 (48) 

700 
CH4 + OH I500 (45) 

1503 (45) 
1.550 (45) 

CH4 + F 350 (5 1) 
700 

NH3 + H 618 (45) 
913 (45) 

NH, + CH3 533 (45) 
700 

NH3 + NHz 500 
NH, + OH 484 (45) 

1250 
NH, + Fh - 

Hz0 + H 61 3 (45) 
I020 (45) 
1 148 (45) 
1 150 (45) 
1400 (45) 
1648 (45) 

Hz0 + CH, 1523 (45) 
Hz0 + NHZ 350 

1250 
Hz0 + OH 1100 
HzO + F 304 (51) 

1050 
HF + H 300 

750 
HF + CH3 300 

650 
HF + NH: - 

HF + OH 300 
1000 

HF + F 550 

"Moyenne des temperatures extrtmes de I'intervalle ou les mesures ont ett effectuees 
"Aucune structure de transition n'a pu etre obtenue au niveau SCF. 
"Valeurs obtenues a partir des parametres de la reaction inverse. 
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TABLEAU 9. Relations d'Evans-Polanyi TABLEAU I I. Valeurs standards de r,* et u,(r,*) 

RCaction AE* = ~ A E :  + P(kcal/mol) r Atome (A) r(A) (52) r*(A.-.H) (A) u(r*) (kcal/mol) 

AH + H AE* = 0,596 AE: + 12,512 0,990 H 1,17 0,936 10,83 
AH + CH, AE* = 0,609 AE: + 15,301 0,994 C 1,70 1,357 15,84 

N 1,40 1,253 17,05 
AH + NH2 AE* = 0,632 AE: + 15,605 0,967 0 1,47 1,175 17,24 
AH + OH AE* = 0,705 A E ~  + 18,618 0,990 F 1,41 1,126 19,41 
AH + F AE* = 0,616 AE: + 21,017 0,968 

soit encore: 
Les barrieres d'activation peuvent encore s'exprimer en fonc- 
tion de D l  et D,, selon la relation: [3 11 AE: = 9,72 kcal/mol 

1 - b  Un calcul semblable fournit la barriere d'activation du pro- 
[26] AE* = (9)~~ - ( T ) ~ 2  C ~ S S U S  inverse: 

Les formes explicites des equations [23] et [26] sont donnees [32] AE; = 6,83 kcal/mol 

dans le tableau 10 pour les differentes classes de reactions Les energies d'activation experimentales a 300 K, soit res- 
considerkes. pectivement E: = 4,5 2 5,3 et E; = 3,2 kcal/mol(45), ne sont 

Comme le montrent les relations [24] et [25], les constantes pas directement comparables a nos rQultats mais elles se 
a et b  et, dks lors, a et p dependent de la structure des com- classent dans le m&rne ordre. 
plexes actives (r:, r:) et des paramktres des courbes de Morse. Au total, les barrikres d'adtivation des reactions d'abstrac- 
En rinci e ,  seul un calcul theorique permet de determiner r* P tion d'hydrogkne se rationalisent bien a partir des proprietts des 
et r, . Cependant, nous avons constate qu'en adoptant pour I-? espkces isolees et des atomes directement impliques dans le 
(r:) les valeurs trouvees dans les complexes actives symetri- processus, 
ques, on pouvait obtenir des barrikres d'activation trks cor- Enfin, la relation [26] permet d'etudier l'influence des 
rectes grlce a la formule [19]. 11 est, par ailleurs, interessant de substituants sur ces barrikres d'activation. Considerons, par 
noter que ces valeurs "standards" de r: (r!) sont systematique- exemple, les reactions d'arrachement d'hydrogkne de me- 
ment Cgales a 80% du "rayon" de l'atorne lie a l'hydrogene thanes disubstitues: 
transfere. 

Les donnees ntcessaires pour effectuer ces calculs ainsi que 
les resultats obtenus sont respectivement rassembles dans les X\ X\  
tableaux 1 1  et 12. 

Y-C-H + B Y-6 + H-B 

On peut dks lors imaginer une demarche trks simple pour H' H' 

estimer la barrikre d'activation d'une reaction d'abstraction 
d'hydrogkne. Nous l'illustrons par un exemple. Soit a calculer Comme l'un de nous l'a montre par ailleurs (53), D l  depend 
AE* pour le processus: de la nature des substituants X et Y comme indiqut ci-dessous 

( c ~ c a p t e u r ;  dgdonneur):  
H - H + C l + H + H C I  

Posant: X Y BDE(C-H) = Dl 

[28] r*(H..-Cl) = 0,80r(C1) = 1,416A 

et utilisant la courbe de Morse (49): 

[29] u(HC1) = 106,515 [ l  - e-'.868'r2 - 1,275)~1 

d d Trks ClevC 
c c Tres petit 
c d Relativement petit 

on trouve aiskment, en utilisant la relation [19] 

Dks lors, pour un radical abstracteur donne, la barriere d'ac- 
tivation de la reaction prkckdente sera plus importante pour les 
composts ddCH; que pour les espkces cdCH, et, a fortiori, 
ccCH2. 

Conclusion 
Les resultats energetiques obtenus dans ce travail au niveau 

106,515 - 5,7 111 6-3 1G - SCF-CI foumissent des paramktres thermodyna- 

TABLEAU 10. Expressions des barrikres d'activation (kcal/mol) 

RCaction Equation [23] Equation [26] 

AH + H AE* = 0,596 AE: + 0,114 Dz AE* = 0,596 Dl - 0,482 Dz 
AH + CH, AE* = 0,609 AE: + 0,136 Dz AE* = 0,609 D, - 0,473 Dz 
AH + NHz AE* = 0,632 AE: + 0,140 D, AE* = 0,632 Dl - 0,492 Dz 
AH + OH AE* = 0,705 A E ~  + 0,148 Dz AE* = 0,705 Dl - 0,557 Dz 
AH + F AE* = 0,616 AE: + 0,150 D, AE' = 0,616 Dl - 0,466 Dz 
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TABLEAU 12. Barrikres d'activation estimCes en utilisant des gComCtries standards d'etat de transi- 
tion (kcal/mol) 

Reaction r : r r: u2(r;) AE* estimk A E * correct 

rniques et cinetiques peu realistes pour les reactions d'abstrac- 
tion d'hydrogkne, dans le cadre de la theorie de I'Ctat de tran- 
sition avec correction d'effet tunnel. On peut pallier cette diffi- 
cult6 en utilisant des barrieres d'activation serniernpiriques 
dont la forrne decoule d'une expression intuitive de la sornrne 
des energies de liaison E(A--.H) + E(B...H), a 1'Ctat de 
transition. 

Les resultats obtenus avec ces nouvelles barrieres sont en 
bon accord avec les donnees experirnentales correspondantes. 
11s rnettent en evidence le cornporternent "non-ArrhCnius" des 
reactions d'abstraction d'hydrogene considerees. En outre, ils 
permettent de tester la coherence des resultats experirnentaux, 
d'analyser de fason critique la relation d'Evans-Polanyi et de 
preciser la signification des pararnetres qu'elle renferrne. 

Des barrieres d'activation tres satisfaisantes peuvent aussi 
s'obtenir B partir de valeurs standards de longueurs de liaison 
B 1'Ctat de transition. Celles-ci se rencontrent dans les corn- 
plexes actives syrnetriques. Elles peuvent egalernent se deduire 
de rayons des sphkres atorniques. Des barrieres d'activation 
sont ainsi accessibles sans effectuer de calculs nb ini t io.  

Enfin, l'influence de substituants sur la cinetique des reac- 
tions d'echange d'hydrogene peut stre, en principe, rationa- 
lisee g r k e  aux expressions de barrieres d'activation que nous 
avons deduites. 

Au total, ce travail rnontre que l'utilisation conjointe de 
resultats theoriques et experirnentaux, dans le cadre d'un 
rnodkle approprie, perrnet non seulernent d'interpreter de norn- 
breux faits connus rnais aussi d'effectuer certaines previsions 
originales. 
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Synthesis and vibrational spectra of complexes of small carboxylic acids 
with 18-crown-6 
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RODRIGUE SAVOIE, ANDRE RODRIGUE, MARIE PIGEON-GOSSELIN, and ROBERT CHENEVERT. Can. J. Chem. 63, 1457 (1985). 

The neutral-component complexes (HCOOH)3. ( 1  8-crown-6)?, (CH3COOH)Z. 18-crown-6, and various halogenated 
CH3COOH/18-crown-6 adducts have been isolated and studied by infrared and Raman spectroscopy. The halogenated (F, Cl, 
and Br) derivatives, which occur as (acid. water),. 18-crown-6(x = 1 or 2) adducts, probably have a structure which is similar 
to that of the known CH2(CN)COOH - H,O - 18-crown-6 complex. 

RODRIGUE SAVOIE, ANDRE RODRIGUE, MARIE PIGEON-GOSSELIN et ROBERT CHENEVERT. Can. J. Chem. 63, 1457 (1985). 
Les complexes 2 composantes neutres (HCOOH)3. (1 8-c0uronne-6)~, (CH3COOH)2. 18-couronne-6, de mCme que plusieurs 

autres obtenus 5 partir de dCrivCs halogCnCs de I'acide acetique, ont CtC isolCs et CtudiCs par spectroscopic infrarouge et Raman. 
Les complexes halogCnCs (F, CI et Br), qui ont une stoechiomCtrie acide/eau/ 18-couronne-6 Cgale a 2: 2: 1 ou 1 : 1 : 1, semblent 
avoir une structure similaire a celle du compost d'addition connu CHZ(CN)COOH. H20.  18-couronne-6. 

Introduction 
The macrocyclic polyether 18-crown-6 (hereafter referred to 

as 18C6) readily forms complexes with hydrates of very strong 
acids, which exist as hydronium salts (1-3). In these com- 
plexes, the hydronium ion is retained within the ether cavity by 
electrostatic interactions as well as by hydrogen bonds of the 
OH: ... ether type, with a resulting noticeable lowering of the 
crown D,,, symmetry. Neutral-component complexes have 
been reported-with hydrates of weaker acids. w i t h  nitric acid, 
the ( H N 0 3 . H 2 0 ) z .  18C6 complex was obtained (2), whereas a 
1 : 1 : 1 stoichiometry was determined in the case of the adduct 
CH2(CN)COOH. H 2 0 .  18C6 (4, 5). 

In this paper we report the synthesis of a number of new 
complexes of 18C6, with formic, acetic, and halogenated ace- 
tic acids. The infrared and Raman spectra of these adducts have 
been recorded in an attempt to characterize their structure. 

Experimental 
The complexes were prepared by the following methods. 

petroleum ether. Precipitation starts at room temperature and is further 
favored by lowering the temperature to O"C. The solid is dried 30 min 
under vacuum. This complex can also be prepared by method B. 
Yield: 96%; mp: 79-80°C; 'H nmr 6: 10.24 (s, 3H, COOH), 8.30 
(s, 3H, H-C), 3.69 (s, 48H, 18C6); ''C nmr 6: 164.121 (3C, 
COOH), 70.463 (24C, 18C6). Anal. calcd.: C 48.64, H 8.16; found: 
C 48.34, H 7.43%. 

(CHjCOOH)?. 18C6 
Prepared by method A, using 20 mL diethyl ether and 40 mL 

petroleum ether. This complex can also be prepared by method B. It 
decomposes slowly at room temperature. It is dried in air during 
approximately 1 h and kept in a closed container at low temperature. 
Yield: 92%; mp: 45-50°C; 'H nmr 6: 10.86 (multiplet, 2H, COOH), 
3.70 (s, 24H, 18C6), 2.10 (s, 6H. CH3); "C nmr 6: 175.755 (2C, 
COOH), 70.755 (12C, 18C6), 20.634 (2C, CH,). 

CF.jCOOH H 2 0 .  18C6 
Prepared by method A, using 20 and 50 mL, respectively, of diethyl 

ether and petroleum ether. ('The complex can also be obtained by 
dissolving the acid and 18C6 in 5 mL diethyl ether.) The complex 
precipitates at -20°C. It is dried under vacuum for a few minutes. 
This adduct is not stable under vacuum, and it decomposes slowly at 

~ , f ~ + r . ~ r l  A atmospheric pressure and room temperature. Yield: 69%; mp: 
I I I S I I I V L I  r, 

The 18C6 (1,057 g, 4 mmol) and the carboxylic acid (1 3.3 mmo1) 53-54"~;  'H nmr 6: 8.00 (s, 3H7 ~ 2 0  and COOH), 3.69 (s, 2 4 ~ 3  

are dissolved in a specified volume of diethyl ether. Petroleum ether 18C6); '" nmr 6: 162.517, 160.513, 158.509, and 156.565 (q, IC, 

(30-60°C) is added and the complex crystallizes after lowering the COOH), 137.192, 122.859, 108.648, 94.376 (q, IC, CF,), 70.266 

temperature. (12C, 18C6). Anal. calcd.: C 42.42, H 6.86; found: C 41.85, 
H 6.13%. Titration of the complex dissolved in H20 by 0.1 N NaOH 

Method B 
The concentrated acid (0.5 mL) is slowly added to a solution of the 

crown (528 mg, 2 mmol) in diethyl ether (40 mL). If needed, the 
temperature of the resulting solution is lowered to allow for the crys- 
tallization of the complex. 

The complexes were filtered under reduced pressure, washed with 
petroleum ether (30-6O0C), and dried. Their stoichiometry was deter- 
mined from the integrated intensity of the 'H nmr peaks (in CDC13, 
using a Bruker HX-90 instrument), from elemental analysis, or from 
titration by 0.1 N NaOH (complexes with CFJCOOH and 
CC1,COOH). The I3C nrnr spectra were recorded in CDCI?, on a 
Bruker WP-80 spectrometer working at 20 MHz. Details pertaining to 
the individual complexes are given below. 

(HCOOH), (18C6)Z 
Prepared by method A, using 20 mL diethyl ether and 40 mL 

'Authors to whom correspondence should be addressed. 

confirmed the 1 : 1 : I stoichiometry (within 1.5%). We have had indi- 
cations that under certain conditions a complex of 2:2:  1 stoichi- 
ometry can be formed. 'The crystals then have a globular shape instead 
of the fine needles characteristic of the I : I : I complex. 

(CC1.COOH H,0)2. 18C6 
Prepared by method A, using 20 and 40 mL of diethyl ether and 

petroleum ether, respectively. The crystallization temperature is 
-20°C (a stoichiometry intermediate between I : I : 1 and 2:2:  1 is 
obtained at lower temperatures). The solid is dried under vacuum for 
30 min. Yield: 73%; mp: 72-73°C; 'H nrnr 6: 8. I0 (s, 6H, H20 and 
COOH), 3.71 (s, 24H, 18C6); "C nmr 6: 163.087 (2C, COOH), 
91.316 (2C, CCI?), 70.097 (12C. 18C6). Anal. calcd.: C 30.64, 
H 4.82; found: C 30.14, H 4.40%. Titration of the complex dissolved 
in water by 0.1 N NaOH indicated 6% acid missing for a 2: 2 : 1 
stoichiometry. 

(CHCl2COOH HzO)Z. 18C6 
Prepared as the complex above. This complex slowly decomposes 
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under vacuum. It is dried in air at room temperature. Yield: 81%; mp: 
41.0-41.5"C; 'H nmr 6: 7.37 (s, 6H, H,O and COOH), 6.00 (s, 2H, 
CHCI,), 3.70 (s, 24H, 18C6); "C nmr 6: 166.023 (2C, COOH), 
70.097 (12C, 18C6), 65.121 (2C, CHC12). 

CHzClCOOH HzO. 18C6 
Prepared by method A, using 20 mL of diethyl ether and 40 mL of 

petroleum ether. The complex is crystallized at O°C. (An intermediate 
stoichiometry, 1 : 1 : I - 2:2: 1, is obtained with this complex, as well 
as with the one with monobromoacetic acid, when the temperature of 
crystallization is higher than 0°C.) The solid is dried under vacuum for 
30 min. Yield: 57%; mp: 51.5-52°C; 'H nmr 6: 6.70 (s, 3H, H 2 0  and 
COOH), 4.10 (s, 2H, CH2CI), 3.70 (s, 24H, 18C6); "C nmr 6: 
169.023 (IC, COOH), 70.536 (12C. 18C6), 41.194 (IC, CH,CI). 
Anal. calcd.: C 44.62, H 7.76; found: C 44.33, H 7.21 %. 

CH.BrCOOH- HzO. 18C6 
Prepared as the complex above, using 30 and 10 mL, respectively, 

of diethyl ether and petroleum ether. Yield: 75%; mp: 65-66°C; ' H  
nmr 6: 6.70 (s, 3H, H1O and COOH), 3.87 (s, 2H, CHIBr), 3.69 
(s, 24H, 18C6); "C nmr 6: 168.877 (IC, COOH), 70.390 (12C, 
18C6), 26.707 (IC, CH2Br). Anal. calcd.: C 39.91, H 6.93; found: 
C 40.37, H 6.40%. 

CHZ(CN)COOH. HzO. 18C6 
This complex was prepared as described by Elbasyouny et a / .  (4). 

Vibrational spectra 
The infrared spectra, obtained from Nujol and hexachlorobutadiene 

mulls pressed between Irtran-4 (ZnSe) or silver chloride windows, 
were recorded on a Beckman IR 4250 spectrophotometer. The Raman 
spectra were obtained from the solids contained in sealed glass capil- 
lary cells. For the low temperature measurements, the glass cell was 
placed inside a cavity in the copper tail section of a liquid nitrogen 
cryostat. The spectra were recorded on a microcomputer-controlled 
Spex Model 1400 spectrometer (6), using the 514.5-nm exciting line 
from a Spectra Physics Model 165 argon ion laser. The spectra were 
usually obtained at 300 mW laser power at thc sample, 2 cm-' spectral 
slit width, an integration time of 2 s, and a frequency increment of 
2 cm-' at room temperature (I cm-' at liquid nitrogen temperature). 

Results and discussion 
Except for the v(C=O) and v(CH,) regions, at 1750 and 

2900 cm-' respectively, the high-frequency region of the in- 
frared spectra of the complexes described here mostly contains 
bands due to 0-H vibrations. As can be seen in Fig. 1, a 
number of weaker peaks, attributable to overtones and combi- 
nation modes, a re  also present in the spectra. The 0-H 
vibrations are also seen in the Raman spectra, but they are 
comparatively very weak. At frequencies lower than 1500 cm-' 
(see, for example, Fig. 2), both the infrared and Raman spectra 
mostly reveal the vibrational bands of the crown ether, 
although some of the bands of the acid can also be indentified 
in both types of spectra. 

Both the frequencies and spectral activity of the crown ether 
bands in the infrared and Raman spectra of the complexes are 
comparable to those found in various complexes (7) in which 
the 18C6 crown is known to have a highly regular D j d  sym- 
metry. It is therefore concluded that the crown essentially 
retains this high symmetry in the complexes involving carbox- 
ylic acids. This contrasts with the situation found in complexes 
involving the hydronium ion, such as with very strong acids, 
where distortion of the crown occurs, causing a splitting of 
many of the vibrational bands of the ether (1 -3). This type of 
splitting, which is particularly evident in the 850 and 950 cm-' 
regions of the infrared spectrum, does not occur in the spectra 
of the complexes reported here. The structures of the 
acid. l8C6 and acid - water. 18C6 basic units found in those 
complexes are discussed separately below. 

4000 3000 2000 1500 
Frequency (cm-1) 

FIG. I .  Infrared spectra of (A) (HCOOH)3.(18C6)2 and (B) 
(CH3COOH)I. 18C6 in Nujol or hexachlorobutadiene mulls. The dot- 
ted sections refer to the spectrum in the complementary mulling agent. 

1500 1000 
Frequency (cm-1) 

 FIG.^. (A) Infrared and (B) Raman spectra of the 
(HCOOH)3.(18C6)2 in the 600-1850 cm-I region. The infrared 
spectrum was obtained in Nujol, except for the 1300-1520 cm-' 
region (C4CI,). 

(HCOOH), . ( 1  8 C 6 ) ~  
This complex is particularly stable as compared to the other 

adducts involving carboxylic acids, and it is much more 
resistant to decomposition under vacuum. This stability is 
reflected in its melting point (79-80"C), which is higher than 
those of the other adducts in the same series. 

The high-frequency region of the infrared spectrum of the 
complex (Fig. 1) clearly indicates that the acidic proton of 
HCOOH is rather weakly hydrogen bonded (v(0-H) = 3180 
cm-I). The spectrum is very similar to that of the acid associ- 
ated with acetonitrile in CCl, solution (v(0-H) = 3200 cm-')  
(8), and it also contains many of the weaker bands due to 
overtones and combination modes present in the latter. The 
fundamentals are identified in the Raman and infrared spectra 
(700- 1800 cm-' region) reproduced in Fig. 2. 

Among the various structures which can be considered for 
the complex, many can be eliminated from characteristic fea- 
tures in the vibrational spectra. For example, the possibility of 
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having hydrogen-bonded molecular chains of HCOOH, similar 
to those in the pure solid (9), intercalated between 18C6 mole- 
cules in the complex is not borne out by experiment, as in such 
a case one should get a v(0-H) absorption band in the 
2500-2800 cm-' region (10, l I). Similarly, the presence of 
cyclic dimers is not consistent with the spectroscopic results. 
Normal coordinate analyses (12, 13) have shown that inter- 
molecular vibrational coupling in such dimers causes an appre- 
ciable splitting of the vibrational energy levels, the infrared and 
Raman active modes having sometimes widely different fre- 
quencies. The v(C=O) mode is particularly characteristic on 
that account, as it shows a splitting of more than 60 cm-'. In 
the present case, both the infrared and Raman components have 
essentially identical frequencies (1745 cm-I). 

One of the most striking features in the Raman spectrum of 
the (HCOOH),.(18C6)2 complex in the crystalline state is the 
sharpness of the bands of the acid and the lack of noticeable 
splitting of these bands. With the exception of the weak doublet 
at 132911335 cm-' (133511341 cm-' at - 189OC), which is 
tentatively assigned to the 6 (C-0-H) mode, all the other 
HCOOH peaks occur as singlets, whose width at half-intensity 
is less than 4 cm-' at - 189OC (for a 2 cm-I spectral slit width). 
This suggests that ( i )  the HCOOH molecules interact only 
weakly with each other in the complex, and (ii) that the three 
acid molecules in each basic unit are symmetrically equivalent. 

The model proposed in Fig. 3 is consistent with the above 
interpretation and the 3 : 2 stoichiometry of the complex. In this 
model, three HCOOH molecules related by a threefold sym- 
metry axis are linked to alternate oxygen atoms of the crown by 
hydrogen bonds, with an 0. -0 distance estimated at 2.73 P\ 
from the observed v(0-H) frequency (14). The CH tail sec- 
tion of each acid molecule is assumed to interact weakly with 
the oxygen atoms of a second 18C6 molecule. The HCOOH 
molecules in this structure are equivalent in the sense that each 
is linked to two different 18C6 molecules in the same manner. 
They are not strongly bonded to each other, so that they are not 
expected to give rise to any appreciable intermolecular 
vibrational coupling. Obviously, variants of this simple model 
could also be considered, and disorder could be introduced by 
interchanging the relative orientation of some of the acid mol- 
ecules. However, the sharpness of the Raman lines is not indic- 
ative of such disorder, even though the v(0-H) band in the 
infrared spectrum appears to be abnormally broad, given its 
relatively high frequency. 

(CH3COOH)2 18C6 
This complex (mp: 45-50°C) is not nearly as stable as the 

3 :2  adduct obtained with formic acid. It decomposes rapidly 
under normal conditions and it has to be kept in an inert atmo- 
sphere and at low temperature. Some of the secondary features 
in the infrared spectrum (Fig. 1) suggest the presence in the 
sample of a small amount of H20  (-3500 and 1645 cm-') and 
possibly of unbound acid (1775 cm-I). Otherwise, the spec- 
trum is characterized by a broad v(0-H) band centered at 
-2880 cm-', a frequency which is comparable to that in crys- 
talline CH,COOH (14, 15) but significantly lower than the 
average calculated for the (CH,COOH)2 dimer (-3 100 cm-')  
(12). On the other hand, the strong v(C=O) band with max- 
imum at 1715 cm-' has a frequency which is much higher than 
in the crystalline acid (1657 cm-') (15). These observations 
indicate that the C=O group of each acid molecule in the 
complex is not an acceptor of a strong hydrogen bond and, 
consequently, that the OH groups are bonded to the oxygen 

FIG. 3. Structural model for the (HCOOH)3.(18C6)1 complex. 

FIG. 4. Structural model for the (CH3COOH)2- 18C6 complex. 

atoms of the crown ether. 
Two different types of structure are consistent with the above 

deductions. One can first consider a structure somewhat similar 
to that proposed for the HCOOH complex, in which stacked 
18C6 molecules are linked to each other by two molecules of 
CH,COOH. These acid molecules (disposed in a parallel or 
antiparallel manner) would be linked to one of the 18C6 units 
througho an 0-He. . O  bond, with 0..  .0 distance of 
-2.65 A (14), and to the other unit by weak CH,. . -0 inter- 
actions. In the second model, the two ends of each CH,COOH 
molecule are linked to the same crown molecule, as illustrated 
in Fig. 4. This second model is perhaps to be favored, as this 
complex differs from that with formic acid in that it contains 
stronger XOH- - .O  bonds, which suggests that the two com- 
pounds have different basic structures. Furthermore, it is gen- 
erally observed that in 1 :2  hostlguests complexes of this type 
the guest molecules approach the crown ring from both sides of 
the plane (16). Whatever the model chosen, it is not surprising 
that this complex is much less stable than the corresponding 
3 : 2 adduct with HCOOH: it contains proportionally fewer acid 
linkers in the 18C6 supporting matrix, and the CH - . -0 inter- 
actions are certainly weaker with CH,COOH than with 
HCOOH, due to the lower relative acidity of the methyl 
substituent. 

Substituted CH3COOH/H20/18C6 
Spectroscopic data are available in the literature for the 

substituted acetic acids involved in the complexes reported 
here: CF,COOH (17- 19), CC1,COOH (20, 21), CHClzCOOH 
(21, 22), CH2C1COOH (20, 23), CH2BrCOOH (24), and 
CH2(CN)COOH (25). Two different types of complexes are 
formed with these acids and 18C6. In general, they have 
an acidlwaterl l8C6 stoichiometry of 1 : 1 : 1, such as 
with CF3COOH, CH2C1COOH, CH2BrCOOH, and 
CH,(CN)COOH, but the complexes with the trichloro and 
dichloroacetic acids were obtained as 2: 2: 1 adducts. 'The high- 
frequency regions of the infrared spectra of these complexes are 
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..H\>C. ,x 
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FIG. 6. Basic structure of the CH2(CN)COOH. H20.  18C6 com- 
plex. 

that of the CH,(CN)COOH complex, whose molecular and 
crystal structures are known (5). In this complex, the very weak 
bonding of the water molecules to the crown leads to a rel- 

w O 

atively high frequency of the stretching fundamentals of water, 
C 
o which occur in the 3440-3530 cm-' range for allothe com- - - 
E plexes. These values are consistent with the 2.9 A 0- - -0 

e distances of the OH,. . . crown hydrogen bonds determined by 
I- X-ray diffraction (5). Note that this frequency in the 2:2:  1 

complexes is slightly lower than in the I : 1 : 1 adducts, but this 
could be fortuitous as the difference is quite small. The v(0H) 
band of H,O is also present in the Raman spectra. In 
the CH,(CN)COOH complex, the maximum is found at 
3460 cm-', with shoulder at -3500 cm-' where the maximum 
of the infrared band occurs. At liquid nitrogen temperature, the 
two Raman peaks (width at half-intensity = 12 cm-') are well 
separated at 3438 and 3475 cm-'. These two peaks most likely 
belong to the v, and v, vibrations of H,0, as their separation 
(37 cm- ' )  is close to that expected from the established relation 
between (vl - v,) and the average vo,, frequency (47 cm-')  
(26). This interpretation is also supported from the fact that the 

4000 3000 2000 
Frequency (cm-1) 

I5O0 corresponding vo, vibration from HOD species gives a single 
peak at an intermediate frequency in the spectra of partly deu- 

FIG. 5. Infrared spectra of (A) CF3COOH . H20 - 18C6, (B) terated 
(CC13COOH. H20)?. 18C6, (C) (CHCI1COOH HzO)?. 18C6, (D) In most spectra, the bending mode of water S(OH,) gives a 
CHzCICOOH HzO 18C6, (E) CH2BrCOOH. H20.  18C6, and (F) very sharp peak at 1635 cm- ' , on the low-frequency side of the 
CH2(CN)COOH.Hz0. 18C6 in hexachlorobutadiene (-) or Nujol strong v(C=O) band. The absence of such a peak from the 
(- - -1. spectra of the complexes with CF,COOH and CCllCOOH will 

be discussed below. In the case of the complex with 
reproduced in Fig. 5 .  The synthesis of the complex with CHCl,COOH, the frequency of this band is comparable to that 
CH2(CN)COOH, whose spectrum is also included in the figure, of the v,,(CO?-) mode of the corresponding carboxylate ion 
has been reported earlier (4) and its crystal structure has been (CHC1,COO-) (27), which could be taken as an indication of 
determined by X-ray crystallography (5). As shown sche- the presence of this anion in the sample. However, such an 
matically in Fig. 6,  the H20  molecule in this adduct acts as a hypothesis does not hold, as the v,,(CO,-) frequency differs 
linker between the acid and 18C6 molecules. Each H20  mole- appreciably from 1635 cm-' for the other acids (e.g. 1596 cm-' 
cule interacts weakly wit) two oxygen atoms of a crown for CH2BrCOO-) (27). It should be noted that the occurrence 
( 0 .  . S O  distance - 2.92 A), and it acts as a strong hydrogen of a very sharp peak for the v, vibration of water is not uncom- 
bond acceptor from the acid ( 0 .  .O  distance of 2.6 A). The mon. For example, it has been observed in various crystalline 
CH, group of the acid also interacts weakly with oxygen atoms hydrates, such as NaC104- H?O (28), in which the 0. -0 
from the next 18C6 unit. distance between the weakly bound water molecules and C10,- 

The likeness of the spectra in Fig. 5 strongly suggests that all ions is -2.96 A long. In this case the v, mode of water gives 
of the complexes in this series have similar structures. It can be a sharp singlet at 1628 cm-' in the infrared spectrum. 
assumed that the 2: 2:  1 adducts differ from the 1 : 1 : 1 corn- The 2620 cm-' v(0H) frequency of the acid in 
plexes only in that they contain one water. acid unit on both CH,(CN)COOH - H,O . 18C6 (Fig. 5-F) reflects the short 
sides of a crown, instead of only on one side as in the latter. XOH. . .OH2 hygrogen bond linking this molecule to water 
Therefore, the structures of the 2:2: 1 complexes obtained here ( 0 -  . -0 = 2.6 A) in the complex. Approximately the same 
are probably similar to those of diaquo complexes of 18C6, frequency is observed in the adducts with the monochloro and 
such as those with 3-nitrophenol and p-nitrobenzaldehyde monobromoacetic acids. These three complexes probably have 
oxime (16). The similarity of structure between the 1 : 1 : 1 and isomorphous crystal structures, with very similar lattice param- 
2:2:  1 complexes obtained with the halogenated acetic acids eters. The strength of the XOH- -OH2 bond increases with 
probably explains why adducts of intermediate composition are acid strength, and the v(0H) frequency of the acid decreases 
commonly obtained with these compounds when they are appreciably, to 2450 and 2230 cm-', in the complexes with 
recrystallized at an improper temperature (e.g. below -20°C or dichloro and trichloroacetic acid, respectively. The infrared 
above 0°C). spectra of these adducts are characteristic of strongly hydrogen- 

The spectra in Fig. 5 are best interpreted by comparison with bonded systems, and they are very similar to those of com- 
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plexes of these same acids with strong hydrogen bond ac- 
ceptors, such as trioctylphosphine oxide (20, 22). The sub- 
bands associated with the main transition appear to be similar 
to those observed in the spectra of HC1-ether systems, where 
they were interpreted as sum and difference bands arising from 
combinations of the acid stretching vibration with the hydrogen 
bond stretching motion (29, 30). 

Another characteristic feature linked to the increase in hy- 
drogen bond strength in the complexes studied is the increased 
intensity of the band in the 1900 cn1-' region, which is nor- 
mally attributed to the overtone of the (out-of-plane) y(0H) 
mode. Part of the intensity increase is probably caused by 
electrical anharmonicity (3 I), but Fermi resonance with v(0H) 
is also involved (20, 22). This latter effect is evident in Fig. 5 ,  
where it is seen that the 1900 cm-I band decreases in frequency 
with increased hydrogen bond strength, whereas the frequency 
of the ?(OH) mode itself is expected to increase slightly under 
the same conditions (14). Note that the v(0H) band, at 
-2230 cm-I in the CC13COOH complex, is displaced to higher 
frequency on account of this resonance interaction. Were it not 
for this effect, it would probably occur near 2150 cm-' ,  a value 
which normally reflects an 0. - -0 distance of -2.55 A and a 
very strong hydrogen bond of energy -1 1 kcal/mol (14, 32). 

The spectrum of the CF3COOH complex (Fig. 5-A) is unique 
among the series shown, as it apparently contains no band 
attributable to the v(0H) mode of the acid. However, if one 
correlates the strength of the acids contained in the complexes 
(pK, = 2.85 (CH2C1COOH), 1 .OO (CCl,COOH), and -0.25 
(CF3COOH)) (21) with the observed v(0H) frequency in the 
spectra, extrapolation to the CF3COOH complex suggests a 
v(0H) frequency of less than 2000 cm-I. Therefore, it is likely 
that both the v(0H) frequency an the 2 y(0H) overtone overlap 
at - 1900 cm-' in the spectrum of this complex. 

The low frequency of the v(0H) mode in the CF,COOH and 
CC13COOH complexes is probably responsible for the disap- 
pearance of the v2 band of water near 1640 cm-' in the infrared 
spectra of these con~pounds. As the v(0H) frequency gets close 
to that of the &(OH2) vibration of water, coupling is likely to 
occur between these two vibrations. An in-phase induced 
stretching of the acid 0-H group by the 6(OH2) motion of 
water could give rise to a dipole change opposed to that caused 
by the latter vibration, with very small resulting value of the 
dipole derivative associated with the overall motion, and con- 
sequent reduction of the intensity of the 6(OH2) infrared band. 
It is also possible that the coupling of the acid v(0H) mode with 
the 6(OH2) vibration of water could give rise to a splitting of 
the 6(OH2) mode, the two components having appreciably 
different frequencies and infrared intensities, as they involve 
inphase and out-of-phase motions, with corresponding addition 
and subtraction of the dipole changes associated with each 
individual mode. In the CC13COOH complex, the two modes 
could occur at 1695 cm-' (strong) and 1605 cm-' (very weak). 
The 1738 cm-' band in the spectrum is attributed to the 
v(C=O) mode in view of the 1742 cm-' frequency of this 
vibration of the free acid in the liquid state (21). In the 

quency of the acid v(0H) vibration suggests that the 
XOH . . .OH2 bond is very short, with the acidic proton located 
near the center of the 0. . . O  bond, in an asymmetric potential 
well. 

Although the various adducts involving substituted acetic 
acids were not systematically studied at low temperature, the 
CH2(CN)COOH complex was investigated by Raman spec- 
troscopy at temperatures down to - 185°C. Splitting of the 
vibrational bands of the acid by -5 cm-' was found to occur 
at low temperature, an effect which is not observed at room 
temperature. It is unlikely that this splitting results from inter- 
molecular vibrational coupling, as the molecules of the acid are 
well isolated from each other in the solid. More likely, the 
observed splitting is caused by the presence of two crys- 
tallographically nonequivalent acid molecules in the primitive 
cell of the crystal. This interpretation is also suggested from the 
fact that the two components of the observed doublets have 
nearly equal intensities in all cases. 

Other complexes 
The stoichiometric complexes isolated as solids using the 

substituted acetic acids all contained water, with a ratio of one 
water per acid molecule. Attempts to isolate water-free com- 
plexes with these acids failed. However, we have had indi- 
cations that adducts with approximate 2: 1 and 6 :  1 acid/18C6 
stoichiometry are formed by direct mixing of the acid and 
crown ether in rigorously anhydrous solvents such as dichlo- 
romethane and diethyl ether, although it was not possible to 
crystallize the oily material resulting from such mixtures. Of 
particular interest was the 6 :  1 complex with CF,COOH, 
obtained using an excess of acid in the preparation procedure. 
After evaporation of the solvent and excess acid, this complex 
proved to be very stable, showing a loss of acid of -5% only 
after 3 h at 1 Torr pressure (1 Torr = 133.3 Pa). Presumably, 
in such a 6 :  1 adduct there is one acid n~olecule hydrogen 
bonded to each of the oxygen atoms of the cyclic ether, giving 
a complex with three acid molecules on each face of the crown. 
The 2:  1 corresponding binary adduct would have a structure 
similar to that of the (CH3COOH)2. 18C6 complex, with one 
acid molecule bonded on each side of the crown. The infrared 
and Raman spectra of these ill-defined complexes are consis- 
tent with this type of bonding, as the acid v(0H) region is quite 
similar for the 2 :  1 and 6 :  1 adducts, showing generally two 
main peaks at -2700 and 2550 cm-' ,  irrespective of the acid 
involved. 

The way in which the complexes studied are formed, be it by 
direct hydrogen bonding of the acid COOH group to an oxygen 
of the crown or by the use of a water molecule as a linker 
between the acid and the ether, is quite straightforward. 
Although our study has been limited to a few small carboxylic 
acids, it is likely that larger acids of this type could also form 
stoichiometric adducts with 18C6. As is generally observed in 
neutral-component complexes containing one hydrogen bond 
donor only, these adducts are expected to be of the aquo type, 
similar to those obtained with the halogenated acetic acids. 

CF,COOH complex, the two 6(OH2) modes would be further Acknowledgements 
apart, and the high-frequency component could overlap the 
v(C=O) mode in the 1750 cm-' region, whereas its low- Financial support of this work by the Natural Sciences and 

frequency counterpart could be responsible for the weak and Engineering Research Council of Canada and the Ministkre de 

broad band centered at 1613 cm-' in the Raman spectrum. 1'Education du Quebec is gratefully acknowledged. 
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ROY POTTIER, JEAN PIERRE LAPLANTE, YINC-FUN ADA CHOW, and JAMES KENNEDY. Can. J .  Chem. 63, 1463 (1985). 
The absorbance and fluorescence spectra of Hematoporphyrin IX, Photofrin, and Photofrin 11 are measured as a function 

of pH, concentration, and temperature, in order to isolate the ionic equilibria from the monomer/dimer/aggregate equilibria. 
Based on photometric and volumetric titrations, the distribution diagram for four ionic species is presented, with pK., values 
of 2.7, 5.2, and 9.1. Protonation sites for these pK,,'s are assigned. 

ROY POTTIER, JEAN PIERRE LAPLANTE, YING-FUN ADA CHOW et JAMES KENNEDY. Can. J. Chem. 63, 1463 (1985). 
Les spectres d'absorption et de fluorescence de 1'HCmatoporphyrine IX, du Photofrin et Photofrin 11 ont C t t  mesurCs en 

fonction du pH, de la concentration et de la temptrature, dans le but d'isoler les Cquilibres ioniques des tquilibres 
monomkres/dim~res/aggrCgats. A partir des titrages photornCtriques et volumiques, les courbes de distribution contenant 
quatre espkces ioniques sont prCsentCes, avec des pK,, de 2,7, 5,2 et 9 , l .  Les sites de protonation pour ces pK, sont discutts. 

Introduction 
Hematoporphyrin derivatives (Hpd) are a complex mixture 

of porphyrins that are used for photochemotherapy of cancer. 
This technique is based on two properties that are at present 
only partially understood. The first is that of selective bio- 
distribution, whereby most types of malignant tissue preferen- 
tially retain one or  more of the components of Hpd. The  second 
is that of photosensitization, sometimes referred to by photo- 
biologists as photodynamic action, which is believed to occur 
via the type I1 mechanism involving singlet oxygen. The  
photophysics, photochemistry, and phototherapy of Hemato- 
porphyrin and Hpd have recently been reviewed by Kessel ( I) .  
More comprehensive background can be obtained in refs. 2, 3, 
and 4. 

A fuller understanding of the selective biodistribution mech- 
anism has been hampered mainly by two complications. First. 
most investigations have been carried out on solutions of Hpd 
in which the true composition of these solutions was unknown. 
The information obtained could only be termed semi- 
quantitative at best. Second, two basic sets of equilibria are 
simultaneously involved in porphyrin derivatives: the ionic 
equilibria, dependent on pH, and the monomer/dimer/ 
aggregate equilibria for each ionic species present. Because 
each set of equilibria is interlinked, a variation in pH will not 
only affect the ionic species present, but will also affect the 
proportion of monomers, dimers, and aggregates of each ionic 
species present. Results obtained at different pH's thus become 
very difficult to compare. Buffering the solutions to fix the pH 
has its drawbacks also, since the buffer tends to modify the 
results, a s  has been observed in the singlet oxygen production 
in thiazine photosensitization studies ( 5 ) .  If one adds to this the 
fact that tumor cells have a lower pH than normal cells, it 
clearly becomes apparent that knowledge of the ionic distribu- 
tion diagrams, along with quantitative information on any 
dimerization/aggregation process, becomes a prerequisite to 

' To whom all correspondence should be addressed. 
'Cancer Scientist of the Ontario Treatment and Research Founda- 

tion. 

any detailed understanding of the operative mechanism of se- 
lective biodistribution of H D ~  in cells. 

In an attempt to shed some light on this problem, w e  have 
undertaken a spectroscopic study of commercially avaiIable 
preparations of Hpd, known as Photofrins. 

Experimental 
Chetnicnls and sol~ctions 

Photofrin (PF) and Photofrin 11 (PFIl) were obtained from Photofrin 
Medical Inc., Cheektowaga, N.Y. Hematoporphyrin IX dihydro- 
chloride (HP) was obtained from Porphyrin Products, Logan, UT. All 
materials were prepared in 0.9% aqueous NaCl solutions. Solutions at 
different pH's were prepared by two different methods: 

(a )  A measured amount (volume for the Photofrins, mass for Hema- 
toporphyrin 1X) was dissolved in a dark volumetric flask, and suf- 
ficient saline solvent was added to obtain the required porphyrin 
concentration. Just prior to making the spectral measurements, the pH 
was measured and adjusted to the required pH value by adding the 
required amount of concentrated HCI (for low pH values) or by dip- 
ping a wetted sodium hydroxide pellet (for high pH values). This 
technique introduced a slight error due to dilution by the HCI solution 
or the NaOH pellet, but this effect was quite small. On the other hand, 
this method has the advantage that one can adjust the pH just prior to 
the actual measurement. This is especially important if the com- 
position of the strongly acidic or strongly basic solutions changes with 
time. 

(b) A series of solutions, all containing the same Photofrin con- 
centrations, were prepared at different pH's. Any pH could thus be 
obtained by mixing appropriate solutions of lower and higher pH's. 
This method has the advantage that the concentration of the Photofrin 
is held constant, but suffers from the disadvantage that the Photofrin 
remains in the presence of the hydronium or hydroxide ions longer 
than in method (a).  Method (a) was preferred for the strongly acidic 
or strongly basic solutions, in order to reduce the time that the solution 
was in contact with the acid or base, whereas method ( 6 )  was preferred 
for intermediate pH values, since these solutions were relatively sta- 
ble. All solutions were kept in dark bottles and fresh solutions were 
prepared daily. 

Spectrophotomerry 
The effect of concentration on absorbance was studied with the use 

of a Varian DMS- 100 double beam ratio recording spectrophotometer. 
The scanning rate was 100 nm min-' and the time to record one 
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spectrum was approximately 1.5 min. The path length of matched 
quartz cells was varied from 0.01 to 100 mm with the concentration (D 

of the Porphyrin being varied inversely. Temperature and pH effects 0; 

were done on a Tracor-Northern 17 10 spectrophotometer. This instru- 0 

ment is a single beam system, with a photodiode array containing 1024 g 
photodiodes that allows the full spectrum to be recorded simulta- d 

neously. The exposure timc of the analyzing light on the solution was 0: 

typically of the order of 3 s,  during which 200 spectra were accumu- 
8 
0 

lated. The average (for absorbance) or sum (for fluorescence) was 
stored in digitalized form on diskettes for future analysis. The grating c? 

0 
used for absorbance studied is blazcd at 300 nm, and the spectral range 

H 
studied was from 225 to 525 nm. For emission studied, the spectral 
range studied was between 500 and 800 nm. 

For the temperature measurements, a series of solutions at fixed pH d 07 

were brought to a fixed temperature in an ice bath or warm water bath, N - b I- 
d 0 Z 

then placed in the instrument sample holder and the spectrum was 0 3 
- " -  0 

recorded. The actual temperature of the solution was recorded at the 0 

time of spectral measurement. Temperature changes during mea- 
surement time (3 s) were negligible. 

Quartz cells were used in all measurements. and were cleaned in 
3 M nitric acid overnight prior to any series of measurements. Before 
any specific measurement was done, the cells were further washed 
with methanol, distilled water, and rinsed with the analytical solution. 

Titratio11.s 

0 

$ 

E 
C\J 

The commercial solutions of PF and PFll had been pre-adjusted to I 

pH 7 (unbuffered). Titrations of these solutions had to be done in two 
* 
8 .- C 

parts; above pH 7 using freshly prepared NaOH solutions. and below ,-, 

a, 
combination Ag/AgCI reference electrode (Canadawide Scientific 0 3 .- NO. 647 1-06). 

- 8 - 

Results and discussion 
Absorbance and fluorescence spectr~~ 300 400 500 600 700 

A parallel study was carried out on HP, PF, and PFII at 
various conditions of concentration, temperature and pH. Sam- WAVELENGTH (nm) 
ple data are presented in Fig. I ,  showing the absorbance and FIG. 1. Absorbance and fluorescence of Hernatoporphyrin IX (-), 
fluorescence feature of all three solutions at low, neutral, and Photofrin (......), and Photofrin I1 (---).  (a) pH = 1. I ,  ( b )  pH = 7.0,  
high pH. By using HP as a reference, with a sharp soret peak (c) pH = 11.6. Concentration is 1 pM and path length is 1.00 cm. 
at 399.5 nm in acidic solutions and 392.9 nm in both neutral Temperature is 22°C. 
and basic solutions, several salient features of the Photofrins 
can be pointed out. First and foremost is the presence of a broad 6 14 nm and 675 nm, with relative intensities of 2.5 and I ,  
band in both PF and PFII, having a A,,;,, near 370 nm in acidic respectively. The change in relative intensities upon change of 
solutions, 365 nrn in neutral solutions, and 375 nm in basic pH is probably related to a change in symmetry of the different 
solutions. This new band clearly reflects a different type of ionic species responsible for the emission (10). 
Hpd. PFII is specified to contain mainly Dihematoporphyrin IX The relative intensity of the entire spectrum of HP:PF: PFII 
ether. Dougherty has proposed that the structure of this com- emission is roughly 10: 3: 1. :This ratio observed is for a11 pH 
pound consists of isomers of bis-1-[8-(I-hydroxyethy1)deutero- values between 0 and 14. It is important to note that no other 
porphyrin-3-yll ester ether, which he calls DHE, containing fluorescence was observed in PF and PFII. We are thus Ied to 
two HP rings attached by an ether link (6). In fact, an ether- the conclusion that attempts to study the main component of the 
linked polymer had previously been proposed by Bonnett (7), Photofrins by fluorescence lead to an observation of its HP or 
on the basis of HPLC data. Grossweiner has recently proposed similar impurities. This being the case, one can easily estimate 
that the 570 nm band is due to a "folded over" dihemato- the percentage of HP or similar impurities present in PF and 
porphyrin, which he refers to as Hpd-A (8). Ward has also PFII as being approximately 30% and lo%, respectively. 
recently proposed a small polymeric structure for the main The concentration and temperature effects are much more 
component of the Photofrins (9). On the basis of separation pronounced on HP than on PF or PFII. Sample data comparing 
data, he extends the structure proposed by Dougherty to include the concentration effects on HP and PFII are shown in Fig. 2. 
approximately 20 Pdrphyrin rings. Concentration studies on HP have been reported by Karns ( I  1) 

The fluorescence spectra of PF and PFII are identical to that and Brown (12). Both authors observed a rapid A,,,, shift as a 
of HP, except for an intensity factor. At low pH, two maxima, function of concentration, this drop occurring in the vicinity of 
with near equal intensity, are observed at 595 nm and 654 nm. 4 pM.  They have attributed this effect as being due to aggre- 
When the pH is greater than 3.5, the maxima are red shifted to gation of HP. Our data show that at high pH (1 1.6) two such 

pH 7 using standardized HCI. The titrated solutions were then back- 
titrated, and this procedure was repeated several times using a variety (0 - 

d of relative concentrations of the Photofrin solutions and the acid/base 
solutions. HP was prepared by a standard weighing procedure. A 
Fisher Accumet digitalized pH meter, Model 8 10, was used with a 

I - 

- 
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WAVELENGTH (nm) 

FIG. 2. Concentration effect on Hematoporphyrin IX and Photofrin 
11. ( a )  HP, pH = 1.9, concentration from 0.04 to 2000 pM; (b) HP, 
pH = 11.6, concentration from 0.04 to 2000 pM; (c) PFII, pH = 1.9, 
concentration from 0.4 to 400 pM; (d) PFII, pH = 11.7, concen- 
tration from 0.4 to 400 pM. 

change in spectra occur, one A,,, change in the range 2-4 pM, 
and another in the 15-25 p M  concentration range, possibly 
reflecting the dimerization and aggregation processes, re- 
spectively. This would place the A,,,, values for the monomer, 
dimer and, aggregates at 392.7 nm, 390.7 nm, and 370.0 nm, 
respectively, for alkali solutions. PF and PFII, on the other 

350  400 

WAVELENGTH (nrn) 

WAVELENGTH (nm)  

hand, showed much less sensitivity to changes in concen- 
FIG. 3. Absorbance spectra of Photofrin I[ as a function of pH. The effects observed can be attributed lo the HP 'ype 

Values of pH are a t o y  (with the omission of ,,, and ,,) impurities. In fact, if one subtracts the contribution of HP from 
- -0,7, 0,2, 0,65, ,8, 2,38, 2,68, 2,82, 3, 17, 3,6 4,20, 4.80, 

the 'pectra of PF and PF117 One finds that the remaining spec- 5.75, 6.25, 7.25, 8.10, 8.65, 9.3 1 ,  10.20, 1 1.70, 14.0, 14.7, 15.0. 
trUm is not effected by a 500-fold increase in concentration Concentration is 4 ,,M and pathlength is 1.00 cm, 
(range, 0.4 to 200 pM). This is in agreement with the recent 
published results of Grossweiner (8), who reported that Beer's 
law is observed over a 100-fold increase in concentration for 
purified Hpd-A. 

Results obtained by an increase in concentration were also 
obtained by a decrease in temperature. Spectra observed at 4°C 
compared well with those at high concentration, and those 
obtained at 35°C are similar to the ones obtained at low concen- 
trations. 

Titrations 
Absorbance photometric titrations (pH 0 to 15) were carried 

out at low concentration (4 pM) in order to keep the inter- 
ference from dimers or aggregates as low as possible while still 
retaining sufficient sensitivity on the absorbance mea- 
surements. The spectra at the various pH studied are shown in 
Fig. 3, and have been separated in five subsections to show 
more clearly the various changes that occur in the spectra as the 
pH is varied. A plot of the 400 nm absorbance versus pH shows 

minima at pH 2.5 and 5.5 (see Fig. 4(a)). In an attempt to 
remove the interference from spectral overlap at a fixed wave- 
length, we used the entire spectrum from 300 to 600 nm (1024 
data points) and mixed coefficients of observed spectra at dif- 
ferent pH values in order to generate a composite spectrum at 
another intermediate pH. The distribution diagram thus 
obtained is presented in Fig. 5(a), and represents our best fit. 
This gives three pK, values at 2.7, 5.2, and 9.1. 

~luorescence, photometric titrations between pH I and 13 
were carried out at low concentration ( I  pM),  and, except for 
an intensity factor, both HP and PFII gave the same results. See 
Fig. 4(b). 

Volumetric titrations on HP, PF, and PFII were carried out 
and typical results obtained are shown in Fig. 6. All the ti- 
tration curves have two inflection points. These titrations were 
repeated several times, using concentrations 5 to 20 p M  of 
Porphyrins, and different concentrations of acid and base ti- 
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FIG. 4. Effect of pH on Photofrin 11. ( ( I )  Absorbance, A = 399.0 
nmconcentration. 4 k M ;  (b) Emission, A,, = 400 nm, A :,,,., = 595 nm 
(A) and 616 nm (0). Concentration, I k M .  

Frc. 5. (CZ) Distribution diagram of Photofrin 11, as calculated from 
the absorbance data. (b)  Protonation sites on Dihematoporphyrin 
ether. 

trant. As mentioned above, one would expect more aggregate 
formation at higher concentrations and the first inflection point 
in the vicinity of pH 5 could possibly be interpreted as being an 
artifact due to aggregate formations. If this were the case, one 
would expect a diminution of this inflection point at lower 
Porphyrin concentrations, but this was not observed. For HP, 
the analytical mass and the original pH could be measured, and 
one can calculate the two pK,'s as 3.7 and 6.0. However, the 
original pH of PF and PFII (prior to being adjusted to pH 7 by 
manufacturer) is unknown, and one cannot calculate a reliable 
value for the first pK, from the volumetric titrations. The sec- 
ond pK,, located halfway between the two inflection points, 
gives a pK, of -6. 

If one adopts the Dihematoporphyrin ether (DFIE) as the 

1 2 3 4 5 6 7  

Volume NaOH (ImM) (mL) 

1. 
10 IS 20 25 30 35 

Volume HCl (ImM) (mL) 

FIG. 6. Volumetric titration curves for Hematoporphyrin IX (a) 
and Photofrin I1 (b). 

structure of the main component of the Photofrins (6), then 
tentative assignments of the protonation sites for PFII at 4 pM 
concentration can be made. The monomeric ionic equilibria 
can be represented as: 

where P ~ H ~ " '  represents the DHE with four protons on the ring 
nitrogens and four protons on the carboxylic acid groups. 
pK,(I) is believed to involve the protons on the double bonded 
nitrogen atoms, one proton on each Porphyrin ring. pK,(II) is 
assigned to the carboxylic group protons, whereas pK,(III) is 
assigned to the removal of the last two protons on the Porphyrin 
rings. These protonation sites are illustrated in Fig. 5(b ) .  

It is interesting to note that the polymeric model proposed by 
Ward (9), including -20 Porphyrin rings, can also be fitted to 
this scheme. Each ring would contain the same number of 
protons, and all the carboxylic acid groups would also be in the 
same ratio. One need only rewrite the ionic equilibria, starting 
with nPH," instead of PZHn", 11 being the number of Por- 
phyrin rings. 

It must be emphasized that, although solutions at 4 pM 
looked clear, they undoubtedly contain some dimers and possi- 
bly aggregates in the pH range 2-5. The asymmetric nature of 
the distribution diagram (Fig. 5(a)) is possibly the result of 
interference from dimers or aggregates. Thus, Fig. 5(a) should 
be considered with caution, until independent measurements 
can be made that will distinguish unambiguously between the 
various monomeric ionic species and their corresponding 
dimers or aggregates. Moan has recently reported that although 
both aggregated and non aggregated components of PFII bind 
to human cells, only the non-aggregated porphyrins contribute 
significantly to the photosensitivity of the cells (15). Our re- 
sults lead us to infer that what is sometimes referred to as 
properties of dimers could be due to a different ionic species in 
its monomeric form. Keeping in mind the lower pH of cancer 
cells, such a finding could possibly play a role in the selective 
biodistribution of Porphyrins in tumors. 

Summary and conclusions 
The absorbance data can be fitted to three ionic equilibria, 

involving four monomeric species. The interfering effects of 
dimers or aggregates, especially in the pH range 2-5, cannot 
be totally ignored. 
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Fluorescence emission from the Photofrin solutions is be- 
lieved to be solely from impurities, and spectral changes in 
these impurities reflect their various monomeric species. This 
is to be contrasted with the assignment of two fluorescence 
decay lifetimes as being due to the monomeric and dimeric 
species in HP and PFII (13, 14). We present an alternative view 
whereby the different fluorescence lifetimes could be assigned 
to different monomeric species, the relative concentration of 
each species being dependent on the pH. 

We have recently initiated a series of laser light scattering on 
the Photofrins. Until more experiments of this nature are car- 
ried out, the question of the ionic species present at various 
pH's, along with their different states of aggregation, remains 
a topic of open controversy. 
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A theoretical investigation of energetics and structures of CH5'(CHS,, 
clusters for n = 1-4 
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EWORE FOIS, ALDO GAMBA, and MASSIMO SIMONETTA. Can. J. Chem. 63, 1468 (1985). 
The structures of CH,'(CH,),, ( n  = 1-4) are determined by semiempirical and ab itlitio MO calculations. The results of 

the present calculations are in fair agreement with the values of -AH obtained in mass spectrometric experiments. It appears 
that a three-center-two-electron bond has the most efficient attractive power for the incoming methane molecules. 

ETTORE FOIS, ALDO GAMBA et MASSIMO SIMONEWA. Can. J. Chem. 63, 1468 (1985). 
On a dttermink les structures des ions CH,'(CH,),, ( n  = 1-4) en faisant appel h des calculs d'OM ab it~itio ainsi que 

semi-empiriques. Les rksultats obtenus h I'aide de ces calculs sont en bon accord avcc les valeurs de -AH qui ont CtC obtenues 
h I'aide d'expkriences de spectroscopie de masse. I1 semble qu'une liaison B trois centres et h deux tlectrons prtsente le pouvoir 
d'attraction le plus efficace pour les molkcules incidentes de mCthane. 

[Traduit par le journal] 

Introduction 

Strong interest on alkane protonation was provoked by the 
work of Olah (1, 2), who investigated the reaction in superacid 
solutions. A three-center bond structure with C, symmetry (1 in 
Fig. 1) was proposed for the methonium ion (CHSt) on the 
basis of these studies, and several theoretical calculations per- 
formed at different levels of approximation have provided inde- 
pendent evidence that the lowest energy structure of CH5+ in 
the gas phase has C, symmetry, corresponding to a three- 
center - two-electron (3c - 2e) bond complex between CH,' 
and Hz (3- 10). However, when energy correlation corrections 
are included in the calculations, the energies of C,, C?,., C4,., 
and D,,, structures are compressed in a small range (10). 

On the other hand, there is a continuing refinement in the 
study of energies and structures of carbocations by gas phase 
experimental methods, and measurements of clustering ion 
equilibria of the methonium ion were performed for the reac- 
tion with methane itself (I 1, 12): 

[ I ]  CH,'(CH,),,-, + CH4 + CHS+(CH,),, ( r l  = 1-4) 

Binding energies obtained by these investigations are of 
general thermochemical interest and can also provide informa- 
tion on the structure of CH,'. The measured enthalpy changes 
for the (n, rz- 1) reactions (n = 1-4) showed a decrease with 
n, expected in the case of ion clusters because of the gradual 
charge dispersion with the addition of new methane units. The 
observed decrease is not regular: the fall-off between the first 
two interactions (AH ,,", AHz,,) is relatively small; a compara- 
ble but slightly higher decrease occurs between AH?., and 
4H3,z, followed by a very low decrease to AH,,,. This trend is 
interpreted as due to the relatively strong interaction with CH5' 
of the first two incoming CH, molecules, while the next units 
experience weaker and quite different interactions (12). 

The fact that experimental information on these compounds 
is available makes it tempting to investigate theoretically their 
structures and stabilities. It is also of interest to examine the 
accuracy of theoretical methods applied at different levels of 
approximation to reproduce experimental data. In the present 
study ab initio HF SCF MO and semi-empirical CND0/2 
methods are employed to calculate optimized geometries and 

'TO whom all correspondence should be addressed. 

energies of the clusters CH5'.(CH4),, formed by one methonium 
ion and a number (rz = 1-4) of methane molecules. 

Methods of calculation 

Total energies and stabilization energies 4E,,,,,-l were com- 
puted by the ab itzitio spin-restricted Hartree-Fock method, 
using the GAUSSIAN 80 series of programs (13, 14). The 
geometry of the smallest cluster CH5.'CH, was fully optimized 
using the standard 3-21G basis set. For the larger clusters 
(n > I), complete optimization was performed on C, symmetry 
constrained structures. Single point calculations with 6-3 1G** 
basis set were carried out on the 3-21G optimized geometries 
(n = 1, 2), and they are designated as HF/6-3 1G'"*//3-2 1G. 

The analysis of the force constant matrix was performed for 
CH,'CH, to ensure a complete characterization of the potential 
energy surface (15, 16). In CND0/2 calculations (17) the 
parametrization of Wiberg (18) was adopted, which was the 
first to predict a C ,  structure (3) for CH,'. The geometry of the 
smallest cluster (n = 1) was fully optimized. For larger clusters 
the geometry of the methane units was kept rigid. The Powell 
technique (19) was employed in the optimization process. 

Results and discussion 

The total energy calculated by the different methods for 
methonium ionlmethane clusters are collected in Table 1, 
where enthalpy changes are also reported. 

CH,'CH4 
The most interesting geometrical parameters of the fully 

optimized ground-state structure are reported in Table 2, re- 
ferring for atom numbering to Fig. 1. 

It appears that CHtk  retains in the 1 : 1 complex the C, struc- 
ture of the isolated ion, and in particular the geometry of the 
characteristic 3c-2e bond is slightly affected by the interaction 
with methane: HI-H2 = 0.8$ A (0.85); LH1-Cl-H2 y 
41" (40"); C1-HI = 1.24 A (1.24); CI-H2 = 1.22 A 
(1.24), values in parentheses referring to isolated CHSt. The 
lengthening of C1-H2 bond is negligible and H1 lies very 
near to the line connecting C1 and C2 atoms (LC2-CI-H1 
= 4.2"). 

The presence of a 3c-2e stabilizing interaction in all the 
clusters is not surprising as one or more 3e-2c bonds have 
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FIG. I .  Optimized structures and atom numbering for frce CHs' and CH,'(CH,),, clustcrs ( 1 1  = 1-2). 

TABLE I .  Ab initio and semiempirical total energies and enthalpies (AH,,,,,-,) for CHs'(CH4),, systems (n = 0-4) 

-AE,8,,3- 1 

-E (au) (kcal mol-I) 
-AH,,,,,- 1 

System Sy mmetry (a)  (b)  (c) (a)  (b) (c) (kcal mol-')" 

"HF/6-3 1G"*//3-2 IG. 
hHF/3-21G. 
'CND0/2. 
"Reference 12. 

been predicted by refined HF calculations performed on differ- 
ent carbo and dicarbo cations, such as CH,", C2H62t, and 
C z H T  (20, 21). The presence of a two 3c-2e bond structure, 
suggested by Hiraoka and Kebarle (12) by analogy with the Hjt 
structure, was accurately checked. The potential energy surface 
was fully investigated using the 3-21G basis set. Numerical 
second derivatives with respect to all nuclear coordinates were 
evaluated. Only two stationary points were found; one was 
characterized by no imaginary frequency corresponds to the 
minimum energy structure 2 with one 3c-2e bond while the 
other (one imaginary frequency) is associated with structure 3 
(saddle point), showing no 3c-2e bond. The latter probably 
represents the transition state for proton transfer between meth- 
onium ion and methane. It appears that one proton is sym- 
metrically coordinated by two methane molecules (C-H 1 = 

1.46 A, Q(H) = 0.475 e in HF/6-3 lG:'::'://3-2lG calculations) 
and C1-C2 distance (2,92 A) is significantly shorter than in 
the ground state (3.60 A). The energy barrier predicted by 
HF/3-21G calculations is 14.6 kcal mol-', which raises to 
24.04 kcal mol-I in HF/6-31G*"//3-21G calculations. 

Also the CND0/2 method predicts correctly two structures 
only, whose geometries are very similar to the ab initio ones; 
however, the energy barrier is lower and corresponds Jo 1.55 
kcal mol-', and the C1-C2 distances are 3.2 and 2.7 A in the 
ground and transition states, respectively. 

CHJt(CH4),, n = 2-4 
A complete ab initio geometry optimization was allowed 

using the 3-21G basis set, with the only constraint of C, sym- 
metry conservation. The optimized structures are shown in 
Figs. 1 and 2, and the values of the most relevant geometrical 
parameters are reported in Table 2. The typical structure of 
isolated CH,t is retained in the clusters, and the CH, units 
coordinate progressively to the different hydrogens of the ion, 
the first two methanes interacting with the two protons of the 
3c-2e bond, as shown in Fig. 1 .  The structure of this bond is 
also slightly modified by clustering methanes. CND0/2 cal- 
culations predict similar strucpres, but C-C distances are 
shorter by about 0.5 - 0.6 A with respect to the ab initio 
optimized values. This finding is expected if one considers that 
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CAN. J .  CHEM. VOL. 63, 1985 

FIG. 2. Optimized structures and atom nurnbcring for CH5'(CH4),, clustcrs ( 1 7  = 3-4). 

TABLE 2. Ab initio HF/3-21G optimized geometrical parameters for CH~+(CH~) , ,  systems (n = 0-4) 

n 0 
Symmetry c , 
Structure 1 

h C-H1 1.241 C1-C2 3.595 
C-H2 1.243 H1-C2 2.359 
C-H3 1.091 CI-HI 1.243 
C-H4 1.079 C1-H2 1.223 
C-H5 1.079 C1-H3 1.090 
HI-H2 0.854 Cl-H4 1.079 

CI-H5 1.079 
HI-H2 0.863 
C2-H6 1.090 
C2-H7 1.082 
C2-H8 1.085 
C2-H9 1.085 
C2CIH1 4.2 
C2ClH2 45.2 
C2ClH3 130.9 
C2ClH4 94.9 
C2C1H5 94.4 
C2C1H6 58.7 
ClC2H7 165.4 
ClC2H8 79.9 
ClC2H9 79.9 
H1-H2 0.863 

C1-C2 3.602 
C1-C3 3.522 
C1-C4 3.778 
C2ClC3 74.7 
C2ClC4 73.9 
CI-HI 1.229 
CI-H2 1.226 
CI-H3 1.090 
C1-H4 1.079 
C1-H5 1.079 
C2ClH1 10.9 
C2ClH2 52.4 
C2ClH4 119.8 
C2ClH5 119.8 
C2ClH3 73.9 
HI-H2 0.870 

C1-C2 3.616 
C1-C3 3.536 
C1-C4 3.784 
C1-C5 3.802 
C2CIC3 75.7 
C2C1C4 73.2 
C2C1C5 114.6 
CI-HI 1.234 
CI-H2 1.231 
Cl-H3 1.090 
C1-H4 1.079 
Cl-H5 1.079 
C2CIHI 12.0 
C2C1H2 53.2 
C2C1H3 72.7 
C2ClH4 119.2 
C2ClH5 119.2 
H1-H2 0.867 

"The geometries of methane molecules remains practically unchanged; their geometrical parameters are available from the author upon request. 
'"i-j" represents a distance and "ijk" represents an angle. 
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FOIS ET AL. 1471 

FIG. 3. Plots of experimental AH,, ,,-I (full  circles) and calculated 
(empty circles) AE,, ,, I by HF/3-21G bas~s wt. 

the semiempirical method systematically overestimates the 
bonding properties. 

The plot of the experimental AH,,,,,-, value for reaction [ I ]  
is shown in Fig. 3 ,  where the corresponding plot of ab i t i i t io  

computed AE,,, , , - ,  are also reported. The qualitative agreement 
is excellent, and the anomaly observed at n = 2 is correctly 
reproduced. The corresponding values calculated for the 
smallest clusters at the HF/6-3 1GX"//3-21G level are slightly 
lower and confirm the decrease of AE,, ,,-, as n increases. It 
appears that each added CH4 (at least till ti = 4) interacts with 
each free hydrogen of CH,t to form a regular cluster around 
the methonium ion, so  that polymer structures appear less 
favoured. The finding is expected because of the relatively 
small interaction energy involved. In contrast, the interaction is 
stronger for ammonia cluster ions (NH,'(NH,),,) where hydro- 
gen bonds are formed. 'The larger enthalpies measured by 
molecular-beams mass spectrometry (22) and confirmed by H F  
calculations (23), put in evidence the different extent of the 
interaction for the two types of ion clusters. The analysis of the 
ordering and the relative stabilities of the most relevant MO's 
can explain the anomaly present at n = 2 in the experimental 
AH,,,,,-, plot, well reproduced by HF/3-21G calculations. The 
occupied M O  energy levels for the different clusters are col- 
lected in Fig. 4 where those of CH, and CH,' are also reported 
for reference. It is noteworthy that the ordering is independent 
of the basis set (3-21G and 6-31G**) at least in the case where 
comparison was possible. It emerges that all MO's of CH,' are 
slightly destabilized in each of the clusters considered, while 
CH4 MO's are always stabilized by the interaction. Moreover 
the M O  stabilization of the first two methanes, localized in the 
region of the 3c-2e bond, is stronger than that of the sub- 

FIG. 4. Occupied MO's energy levels (HF/3-2 IG) for structures 1, 
2, 4, 5 ,  and free methane. 

sequently added CH4 units which interact with the remaining 
less acidic hydrogen of CH,t. 

The irregular decrease of the enthalpy vs. n in the gas phase 
clustering of methonium ions by methane can therefore be  
unequivocally explained by the different extent of the inter- 
action of methane molecules with the two kinds of protons of 
the methonium ion. 
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M. H. BARON and F. FILLAUX. Can. J.  Chern. 63, 1473 (1985). 
Infrared spectra of crystalline complexes of N-rnethylacetarnide (CH,CONHCH3) and of its ND analog with alcaline 

perchlorates, tetrabutylarnrnoniurn halogenides, and alcaline halogenides have been investigated in NH stretching (3500- 
3050 cm-I), CO stretching (arnide I ,  1750-1500 cm-I), and NH bending (800-400 crn-I) regions. Possible structures for 
the complexes are proposed and the non-planarity of the amide group is discussed. 

M. H. BARON et F. FILLAUX. Can. J. Chem. 63, 1473 (1985). 
Les spectres infrarouge de complexes cristallins formCs a partir de N-mCthylacCtarnide (NH ou ND) et des perchlorates 

alcalins, ou des halogknures de tCtrabutylamrnonium, ou des halogknures alcalins, sont CtudiCs dans les rCgions spectrales 
3500-3050 cm-'(vNH), 1750-1500 cm-' (amide I) et 800-400 crn-' (yNH). Les diffkrentes structures possible et la non 
planCaritC du groupement peptidique sont discutts. 

I. Introduction 

N-Methylacetamide (NMA) has been shown to be non- 
planar in the crystalline state as well as in solution (1 -4) and 
new assignments have been proposed for infrared and Raman 
bands corresponding to the torsion (T,,) around the CN central 
bond, to the y,,,,,, bending and to the stretching 
modes. 

We were interested in complexes formed between NMA and 
neutral salts (5-7) and wanted to find out the influence of 
various interactions between the amide group and ions on the 
structure of the CONH entity. 

11. Experimental 
Two different methods have been used to obtain the complexes. 
In the first one the salts were dissolved in NMA heated at 60-70°C 

in order to obtain the desired amidelsalt ratio. Complexes were crys- 
tallized at room temperature for the following compositions: amidel 
Ba(C104)z = 6 or 5, amide/LiC104 = 4, 3, or 2, amide/Bu4NBr = 
4 or 2, (Bu4N+ is the tetrabutylammoniurn anion), amide/LiBr = 4. 

In the second route the salts were added to a solution of amide in 
methanol or pyridine with the desired amidelsalt ratio. The solvent 
was then slowly pumped out under vacuum. 

Infrared spectra were recorded with a Perkin-Elmer 225 spectro- 
meter with a slit width of 2 cm-'. The uncertainty on frequency was 
about 2 2  cm-I. Thin films of Nujol or Fluorolube mulls were 
examined between KBr or CsI windows. 

For each complex the infrared spectrum of the NH and ND deriva- 
tives were recorded in order to settle the NH bending assignment. 

11. Results and discussion 

11.1. Spectral ranges and band assignment 
Interactions of the CONH group manifest themselves in in- 

frared as frequency shifts of the normal modes involving main- 
ly the CO and NH bonds. Due to tunnel effect, the mean 
structure of NMA has the C,y symmetry and the denomination 
for the normal modes proposed by Miyazawa (8) can be kept. 
Three spectral regions are selected where the most localized 
modes appear (8- 15): 400-800 cm-' ( Y ~ ~ ( ~ ~ ) ) ,  1500- 
1700 cm-' (amide I and 11) and 3050-3600 cm-' (vNH). The 
spectra of pure NMA at room and liquid nitrogen temperature 
are given in Fig. l a  and 1 b ,  respectively. 

TABLE 1. Schematic representation and related frequencies (in cm-') 
for the various types of interaction in self-associated NMA and com- 

plexes with salts 

Amide I VNH YNH 

/ 1 -CO...NH-CO...HN- 1654 3300 725 601 
/ 

/ 11 CIO, ... HN-CO... Ba" 1652 3405 666 582 

"Observed only at low temperature. 
"Bu,N+ represents the tetrabutylammonium entity. 
'Complex obtained from a mixture of amide and salt. 
"Complex obtained from a mixture of amide and salt in methanol. In this 

case, some of the interactions cannot be localized definitively. 

11.2. Interactions with neutral salts 
Depending on the amidelsalt ratio four different types of 

local structures have been identified (5) (Table 1): self- 
associated chains (I), complexes of a single molecule with ions 
(I1 and 111), and self-associated chains interacting with ions 
(IV). These representations are quite schematic since they do 
not account for the real coordination of the ions. 

11.2 . I .  Interactions with perchlorate salts 
Infrared spectra corresponding to NMA interacting with 

barium perchlorate (Ba(ClO,),, amidelsalt = 5 or 6) are typical 
of a complex of type I1 (5) with an amide A band at 3405 cm-'  
and amide V and VI bands at 666, 582 cm-' due to weak 
NH... C10, interaction. The amide I at 1652 cm-' corre- 
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CAN. J .  CHEM. VOL. 63, 19x5 

FIG. I .  Infrared spectra in the y,,,, v,,, and v,, regions of NMA and its complexes in Nujol or Fluorolube mulls: ( a )  pure liquid NMA at 
room temperature; (6) pure NMA crystallized at liquid nitrogen temperature; ((.) NMA with barium perchlorate (amidelsalt = 5 )  at room 
temperature; (d) NMA with lithium perchlorate (amidelsalt = 2) at room temperature; ( e )  NMA with lithium perchlorate (amidelsalt = 2) at 
liquid nitrogen temperature. 

sponds to C0.. .Ba2+ contacts (Fig. 1 c and Table 1). It must 
be noticed that the strong band at 630 cm-' is due to the 
overlapping of the C10, stretching with the bending of the 
carbonyl group. 

The situation is quite similar for LiC104 salt at room tem- 
perature but depending on the amide/salt ratio the amide I band 
shows one or two components corresponding to one or two Li+ 
interacting with the carbonyl group (1663 and 1625 cm-', re- 
spectively) indicating the existence of complexes I1 and I11 
(Table 1). Figure 1 d shows an example of a mixture of the two 
complexes. In this case the Li' vibration is observed at 
469 cm-'. At low temperature (Fig l e ) ,  the amide A band 
splits in several components (3258, 3300, 3356, 3388 cm-') 
and three amide V-VI doublets (728-612, 7 11 -604, and 
672-590 cm-') are well resolved in the NH bending region, 
which suggest that there may be several different interactions 
acting simultaneously. A tentative interpretation is given 
(Table 1) on the ground of the relationship between frequencies 
and the strength of the interactions previously discussed (3-7, 
14, 15). 

11.2.2 Interactions with tetrabutylammoni~~m bromide 
Infrared spectrum of a mixture of NMA with tetrabutylam- 

monium bromide (Fig. 2) shows that self-association is de- 
stroyed while rather strong N H . . . B r  (amide A at 3258 cm-') 
interactions appear. The observed frequencies are all consistent 
with type I1 complex (Table 1) (5). Amide V and VI bands 
appear at 593 and 720 cm-' , respectively, the latter overlapping 
with a band at 738 cm-' due to the tetrabutylammonium ion. 

11.2.3. Interactions with lithium bromide 
In this case the spectrum depends on the sample preparation 

method. 
When the salt is dissolved in pure NMA the spectra in the 

NH stretching and bending regions are similar to those ob- 
served for the complex with tetrabutylammonium bromide, 
while the amide I frequency corresponds to that observed for 
CO...Li+ interactions (Fig. 3a). These results support the 
existence of type I1 and I11 complexes in which one or two Li' 
ions interact with the carbonyl group. Crystallographic data 
(16) indicate that the carbonyl group interacts with only one 
lithium but there are two different CO...Li+ distances in the 
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BARON AND FILLAUX 1475 

FIG. 2. Infrared spectra in the y,,, vco, and VNH regions of (-) NMA with tetrabutylammonium bromide (amidelsalt = 4); (----) 
tetrabutylammonium bromide; in Nujol or Fluorolube mulls at room temperature. 

FIG. 3. Infrared spectra in the y,,, vco, and VNH regions of NMA with LiBr in Nujol or Fluorolube mulls: (a) complex obtained from a simple 
mixture of amide and salt; ( b )  complex obtained from a mixture of amide and salt in methanol. 

unit cell which may account for the two observed amide I 
bands. Amide V and VI are at 598 and 715 cm-', respectively. 
The strong bands near 400 and 460 cm-' are ascribed to Lit 
vibrations. 

If NMA and LiBr are dissolved with the same amidelsalt 
ratio in methanol which is then removed slowly, a completely 
different spectrum is observed (Fig. 3b): the amide A band 
appears at 3380 cm-' indicating a very weak interaction of the 
NH group, while the frequency of the amide I band 
(1633 cm-') is rather low. The amide B band is very weak. 
There is only one NH bending mode at 580 cm-' which can be 
clearly identified upon deuteration but there may be a weak 
component about 650 cm-' overlapping with the amide IV 
band at 630 cm-'. 

Frequencies of the amide A and of the NH bending appear 
too high and too low, respectively, to be ascribed to NH - - -  Br- 
or self associated species alone (5). A possible interpretation 

could be to consider some additional interactions between the 
nitrogen atom or .rr electrons and the Lit ion. 

11.3 Discussion 
In pure NMA (Fig. l a )  amide V and VI bands observed 

between 600-620 and 700-800 cm-', respetively (Fig. 1 a 
and b) have been ascribed to a tunnel effect due to the inversion 
of the NH bond (3). These bands are hydrogen bond sensitive: 
the frequencies and the splitting decrease when the N H - . - X  
bond strength decreases (3). Amide V and VI bands are clearly 
identified in complexes with neutral salts which suggests a 
non-planar structure of the nitrogen atom. The complex with 
LiBr (Fig. 3 b )  is the only case where there is no clear-cut 
evidence for tunnel effect and it is difficult to decide whether 
the structure is planar or not. 

Amide A and B bands for pure NMA appear in the 
3050-3150 and 3250-3300 cm-' ranges (Fig. l a  and b). 
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They have been ascribed to the fundamental V N ~  transition 
(amide B )  and to the combination V N H  + yfiH (amide A, yfiH 
representing the frequency of the bending mode in the excited 
state of the NH stretching (4)). According to this interpretation, 
the arnide A and B bands depend on the strength of the inter- 
action in which the NH group is engaged and their relative 
intensities are related to the non-planarity of the nitrogen atom 
in the fundamental state (4). In complexes with neutral salts the 
amide B band remains always weak relatively to the amide A 
band which is consistent with a pyramidal structure of the 
nitrogen atom. 

111. Conclusion 
Infrared spectra of complexes of NMA with neutral salts give 

evidence for various interactions of the CO and NH groups with 
the ions and schematic structures are proposed in agreement 
with previous results (5). In every case, much in the same way 
as for NMA in solutions (3), the NH bending mode gives one 
or several doublets which may be ascribed to tunnel effect 
indicating a non-planar structure of the nitrogen atom and a fast 
inversion of the NH bond. This interpretation is consistent with 
the fact that the amide B band remains weak relatively to the 
arnide A band in every case (4) and confirms that the pyramidal 
structure is but not too sensitive to the strength and to the nature 

(hydrogen bond or ionic) of the interactions of the CONH entity 
with the surrounding medium. 
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Determination of stretching force constants of weakly bound dimers from 
centrifugal distortion constants 
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D. J.  MILLEN. Can. J .  Chem. 63, 1477 (1985). 
Expressions are derived from which stretching force constants for the weak bond in weakly bound dimers may be evaluated 

directly from observed rotational constants and centrifugal stretching distortion constants. 

D. J .  MILLEN. Can. J .  Chem. 63, 1477 (1985). 
On a d t r i v t  des expressions a partir desquelles on  peut tvaluer  les constantes d e  force d'Clongation pour la faible liaison 

dans des dimeres faiblement lits; cette Cvaluation peut se faire directement j. partir des constantes rotationnelles observtes e t  
des constantes d e  distortion lors d e  I'tlongation des liaisons par force centrifuge. 

[Traduit par le  journal] 

Introduction 
In recent years stretching force constants have been obtained 

for many weakly bound dirners. In some cases such force 
constants have been determined in the well-established way 
from vibrational wavenumbers associated with the stretching 
modes of the weakly bound dimer (I) .  In the majority of cases, 
however, they have been determined from the centrifugal dis- 
tortion constant Dj  since the information available is limited, 
by the experimental technique employed, to properties of the 
vibrational ground state (2, 3). Often a pseudo-diatomic model, 
which is equivalent to regarding each monomer as a point 

I 

mass, has been used although it has been pointed out that this 
model is found to be satisfactory only when moments of inertia 
of the constituent monomers are small (4). Expressions have 
been obtained when this restriction is relaxed and allowance 
made for the inertial properties of the monomers for the specific 
case of a linear triatomic dimer ( 5 )  and for other particular 
cases (4), although these latter expressions contain a geo- 
metrical parameter whlch refers to the distance between the 
monomer units in the dirner. The present paper derives expres- 
sions in a general manner, for various classes of dimer, in a 
form which can be used for the evaluation of force constants 
directly from centrifugal distortion constants and rotational 
constants without introduc~ng any structural parameters or in- 
deed any assumption about internuclear distances in the dimer. 
It is clearly advantageous for such purposes as the comparison 
of force constants for series of hydrogen bonded dimers if force 
constants are evaluated from expressions not limited by the 
pseudo-diatomic approximation. Indeed, in some cases force 
constants free of this limitation have already been reported (4, 
6).  

Results and discussion 
Dimers of the general type to be examined are conveniently 

denoted as B...H-A . The proton donor H-A may be a 
diatomic molecule, e.g. HF, HCI, or a polyatomic linear mol- 
ecule, e.g., HCN, H-CzC-H. The acceptor B is taken in 
turn to be a linear molecule, a symmetric top, and then cases 
are examined where B is a planar asymmetric top, first with HA 
in the plane of the asymmetric top and then with HA perpendic- 
ular to the plane of the asymmetric top. The model employed 
throughout regards force constants for distortions which con- 
tribute to D,, other than the force constant for the stretching of 

the weak bond, to be so large by comparison with the stretching 
force constant of the weak bond that all distortions other than 
stretching of the weak bond can be neglected. Thus for a linear 
dimer where D,, measured as a frequency, is given by 

in which I is the principal moment of inertia, J':,' = dI,,/dRi, 
where R, is the ith internal co-ordinate and (f- ')i,  is the ijth 
compliance constant, all the (f-I),, which contribute to D, are 
put to zero except for the compliance constant which refers to 
the stretching of the weak bond. 

The derivations use relationships between moments of in- 
ertia of dimer and monomers as for rigid bodies and so the 
expressions obtained will be strictly applicable to equilibrium 
rotational constants. The use of ground state rotational con- 
stants may lead to significant deviation where vibration- 
rotation constants a arise which are significant by comparison 
with rotational constants, as for example for large amplitude 
bending or stretching modes of very weakly bonded dimers. 

Triatomic linear dimers B . . . H-A 
A number of dimers of this class have been studied, includ- 

ing for example Ar ... HF (7) and also Kr e . .  C1F (8). Geo- 
metrical parameters and masses for such a dimer are defined in 
Fig. I. B is represented by the mass me while D and cl refer to 
the distances of B from centres of masses of dimer and H-A 
monomer, respectively. The principal moment of inertia of the 
dimer is given by 

where mil, and I,,, refer to the mass and principal moment of 
inertia of HA. Substituting for D from the centre of mass 
condition we obtain 

where 

Now if we use eq. [3] to insert into eq. [ I ]  the single term that 
arises in the model, namely, that for stretching the weak inter- 
molecular bond for which the force constant is k ,  the result is 
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I I 
I HA' 

c.m. c.m. 
Of  o f  

dimcr HA 

FIG. 1 .  Geometrical parameters and masses for triatom~c linear 
dimers. 

Finally eliminating d from this equation by using eq. [3] leads 
to 

where BD and BHA are the rotational constants for the dimer 
B HA and for the monomer HA, respectively. If the stretch- 
ing frequency w of the dimer is assumed to be given as for a 
diatomic molecule, that is, if coupling with the H-A stretch- 
ing motion through the stretching force constant for this bond 
and the cross term in the potential function are ignored, then 
eq. [6] leads to 

an equation which has been obtained by Novick (5) using an 
alternative derivation for the particular case of the triatomic 
dimer. The equation reduces to the well known expression for 
the pseudo-diatomic case 

when BHA >> BD. 

Polyatomic linear dimer 
The geometrical parameters required for discussion of the 

general case are defined in an analogous way to those for the 
triatomic dimer and are shown in Fig. 2. In this case the 
principal moment of inertia of the dimer is given by 

where mB and IB are the mass and principal moment of inertia 
of B. Proceeding as before we obtain 

fiJ pkd' 
[lo] Djh = -- 

214, k 

In this case pDd' is given by 

and hence the force constant k is given by 

When B is a point mass eq. [12] reduces to eq. [6]. The 
conditions under which this expression reduces to that for the 
pseudo-diatomic model are seen to be BHA >> BD and BB >> 
BD. . 

c.m. c.m. c.m. 
Of  Of  o f  
B dimer HA 

FIG. 2. Geometrical parameters and masses for polyatomic linear 
dimers. 

Symmetric top dimers 
Numerous examples of symmetric top dimers such as 

CH,CN..-HF (9), pH3-a-HC1 (lo), and H 3 N - - . H - C s  
C-H (1 1) have been examined. The parameters D and d are 
defined again as in Fig. 2. D and d are related through the 
centre of mass condition. 

where z refers to the symmetry axis of the top. These lead to 

and making use of the expression for a symmetric rotor (16) 

fi4 [15] Djh = - -7 4 ""' 

we obtain 

[16] k = 1 
DJ 

An alternative expression (4) has been obtained by a similar 
derivation for symmetric tops, but the present expression has 
the advantage of allowing calculation of k directly from the 
centrifugal distortion constants and rotational constants without 
requiring the evaluation of any structural parameter of the 
dimer. 

Asymmetric top dimers 
Planar asymmetric top dimers with C2,, symmetry 
Examples of this group of dimer are formed by H-C= 

C-H with HF (12) and HCI (13), and the group may be 
extended to include H20 . - .  HF (14) and H20... HC1 (15), 
which are effectively planar. The parameters D and d are de- 
fined in an analogous way to that in Fig. 2. If we take the case 
where the symmetry axis z is the a-axis, we have for the 
principal moments of inertia about the b- and c-axes 

and 

[18] 1; = 1; + IHA + pDd2  

In this case it has been shown (16) 

Following the procedure as before we obtain 
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which, when combined with eqs. [17] and [18], leads to 

where 

and c is given by an analogous expression. In the case when BD 
= C, eq. [21] reduces to eq. [12]. 

Asymmetric top dimers with hydrogen bond perpendicular to 
planar motnomer 

Dimers of this kind include hydrogen bonded complexes 
formed by H2C=CH2 with HF (17) and HCl(18). The param- 
eters D and d now refer to the distance along the z-direction of 
the molecular plane of B from the centres of mass of dimer and 
HA respectively. I\ and I', are again given by eqs. [17] and 
[18]. The centrifugal distortion constant Aj is given by (19). 

and following the procedures used previously we obtain 

[24] Ajh = 64nJCL;d'k-' [B: + ~ 4 6 1  
Substituting for p,,d' from eqs. [I71 and [18] leads to 

8 ~ ' ~ ~  
[25] k = - 

A, 
[ ~ ; ( 1  - b) + C;(I - c)] 

where b and c are defined as before. 'This expression is gener- 
ally applicable to asymmetric rotor dimers with HA along a 
principal axis of inertia and thus also applies to planar dimers. 
It is seen from eq. [25] that significant deviations from the 
pseudo-diatomic model will arise when rotational constants for 
the dimer, BD and C,, are not small by comparison with B and 
C values for either of the constituent monomers of the dimer. 

Discussion 

error in the force constant k as a consequence of neglecting the 
inertial properties of the components which constitute the 
dimer. Other calculations have been made which show that the 
expressions obtained lead to consistent results when applied to 
a series of molecules (6), to series of several isotopic species 
of a linear dimer, Nz...HCN (20), and to a series of several 
isotopic species of an asymmetric rotor dimer, H,O-..HCN 
(21). Recent applications have also been made to the linear 
dimer HC=C-C--N... HF (22) and to the symmetric rotor 
(CH3),P.. . HCN (23). 
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etude d'un modele simplifie de la rhodopsine: la toute trans-retinylidene 
tert-butylamine en presence de divers acides carboxyliques 

MARTINE BISSONNETE, HOA LE THANH ET DANIEL VOCELLE' 
Diparremer~r de chimie, Urliversirk d ~ r  Quebec ri Monrrkal, C.P. 8888 succ. A ,  Mor~rrenl (Que.), Canada H3C 3P8 
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MARTINE BISSONNETTE, HOA LE THANH et DANIEL VOCELLE. Can. J .  Chem. 63, 1480 (1985). 
Un systkme modkle du chromophore dc la rhodopsine consistant en une base de Schiff (la toute rrarzs-rttinylidkne rerr- 

butylamine) et divers acides carboxyliques a CtC Ctudit par les spectroscopies ultraviolette-visible (uv-vis) et par rtsonance 
magnktique nuclCaire du proton. Dans le mithanol, un solvant polaire, les rCsultats montrcnt que les acides faibles sont capables 
de protoner complktement la fonction iminc, que les doubles liaisons sont perturbkes par la protonation, qu'un effet de 
nivellement est present et que finalcment, il existc un Cchange de protons entre I'imine protonte et le solvant. Dans le 
chloroforme, les rtsultats indiquent que lcs accides fgbles ne peuvent pas protoner complktement la base de Schiff et qu'un 
Cquilibre existe cntre une paire d'ions (-NH----02C-) et sa contre-partie neutre (-N: ----H02C-). De plus, une 
interaction similaire a celle proposte par Nakanishi (thtorie de I'effet de charges externes) semble se produire entre la chaine 
polytnique de la base de Schiff et une fonction polaire localiste sur I'acide. Finalement, deux comparaisons sont faites: I'une 
utilise unc base de Schiff similaire (la rrans,rrat~s-heptadiknylidkne-2.4 rerl-butylamine), I'autre se rCf&re B la rhodopsine. 

MARTINE BISSONNETTE, HOA LE THANH, and DANIEL VOCELLE. Can. J .  Chem. 63, 1480 (1985) 
A model system of the chromophore of rhodopsin consisting of a Schiff base (all-trans-retinylidene rerr-butylamine) and 

several carboxylic acids has been studied by uv-vis and 'H nmr spcctroscopy. In methanol, a polar solvent, results indicate 
that weak acids are able to protonate fully the imine function, that all the double bonds are perturbed by protonation, that a 
leveling effect is present, and, finally, that a proton exchange between the protonated Schiff base and the solvent is also present. 
In chloroform, ;csults indicate that weak acids cannot ful!~ protonate the Schiff base and that an equilibrium exists between 
an ion pair (-NH----02C-) and a neutral species (-N----H02C-). Furthermore, an interaction similar to Nakanishi's 
external point charge secms to exist between the polyenic chain of the Schiff base and a polar function on the acid. Finally, 
two comparisons are established: one with a similar Schiff base - the rrn11s,rra11~-2,4-heptadienylidene [err-butylamine - the 
other with rhodopsine. 

Introduction 
Le mecanisme moleculaire de la vision est encore ma1 connu 

rnEme si de multiples travaux ont Cte faits au cours des vingt 
dernikres annCes. Plusiers excellentes revues et monographies 
ont ete publikes recemment ( 1 ) .  La structure exacte de la rho- 
dopsine, le pigment visuel, fait encore l'objet de controverse, 
surtout au niveau d e  la protonation de la fonction irnine et  d e  
la nature des interactions protkine-chromophore. Suite aux 
travaux d e  Kropf et Hubbard (2a), d e  Wiesenfeld et Abra- 
hamson (2b) et d e  Kakitani et Kakitani (2c) sur la regulation d e  
l'absorption rnaximale (A,,,,,) d e  la rhodopsine, Nakanishi e t  
coll. (2d, e ,  f )  ont presente, sur la base d e  modkles experi- 
mentaux, une proposition qui fait appel a deux interactions 
principales: la premihe resulte d e  la protonation de la fonction 
imine tandis que la seconde provient de charges situees prks des 
doubles liaisons C I  I-C12 et CI,-C14. Tout recemment, Ma- 
teescu et Igbal (28) ont decrite des modkles qui, eux aussi, font 
appel a des interactions dues a un azote charge positivement et  

un ion carboxylate. Toutefois, des etudes en resonance mag- 
nCtique nucleaire du "C et "N tendent dkmontrer que la 
protonation est trks variable et que celle-ci semble dependre 
pour beaucoup de la preparation de l'echantillon (3) (voir aussi 
la ref. 3 e  au sujet de la bacteriorhodopsine). 

Afin d'approfondir ces deux questions, il est irnpirieux d e  
connaitre quel acide de l'opsine peut servir d'agent de pro- 
tonation d e  la base de Schiff et quelle est la nature du milieu 
environnant le chromophore. Maintenant que la structure pri- 
rnaire de l'opsine est mieux connue (4), il est vraisemblable d e  
penser que le chrornophore puisse Etre proton6 par les fonctions 
carboxyles terminales des acides glutamique ou aspartique tan- 

' Auteur i qui adresser la correspondance. 

dis que les charges responsables du deplacement dii ii l'opsine 
puissent provenir egalement d'une fonction carboxylate. L e  
milieu entourant le chromophore se doit d'gtre aussi CvaluC car 
il influe beaucoup sur ces interactions Clectrostatiques. Ainsi 
Honig et a l .  ( 3 ,  afin d'expliquer le grande difference d'energie 
entre la rhodopsine et la bathorhodopsine (tout prks d e  35  
kcal/mol, ref. 6), ont propose une sCparation de charge entre 
l'imine protonee et son contre-ion carboxylate. Pour ce faire, 
ils ont suggere un environnement hydrophobe (de faible 
con+stante diklectrique) afin d'avoir une paire d'ions de type 
-NH- - - -OzC--. Toutefois, Rafferty et Shichi (7) ont montrC 
la presence d'eau autour du chromophore tandis que Warshel e t  
Barboy (8) doutent de la presence d'un environnement non 
polaire car les paires d'ions n'y seraient pas stables. Les pro- 
blkmes concernant les interactions du chromophore de la rho- 
dopsine avec son milieu proteinique ne sont donc pas rCsolus c e  
qui retarde d'autant plus la solution du mecanisrne molCculaire 
d e  la vision, du moins dans son ttape initiale. 

Afin d e  jeter quelques lumieres sur la nature de ces inte- 
ractions, nous avions imagine, dans un premier temps, un 
modkle trks sirnplifie de la rhodopsine. Ce modkle consistait en 
une base d e  Schiff trois fois conjuguees, la trans,trans-hepta- 
dienylidkne-2,4 tert-butylamine (HBA), e t  divers acides car- 
boxyliques servant la fois d'agent de protonation et d'agent 
de perturbation des doubles liaisons. La figure l(a) montre ce 
modele et la nature des interactions esperees. Pour explorer le 
r61e du milieu environnant le chromophore dans la rhodopsine, 
deux solvants - le chloroforme et le metl~anol - ont Cte utilises 
dans notre modkle. Puisque Honig et al. (5) preconisent l'exis- 
tence d'un environnernent peu polaire, de faible constante 
diklectrique, nous avons pens6 utiliser le chloroforrne afin 
d'imiter ce milieu. Quoique ce solvant resemble  peu au milieu 
biologique, notre choix s'explique par les faits suivants: le 
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X- CH, CC - 
0 

FIG. 1. Modtle simplifie de la rhodops~ne; (a) la tran.\,tran.s- 
heptaditnylidkne-2,4 tert-butylamine en prCsence d'un acide carbo- 
xylique; (b) la toute trans-ritinylidtne tert-butylam~ne. 

solvant doit Ctre hydrophobe, les acides carboxyliques de 
rnCme que leurs sels choisis pour notre Ctude doivent y avoir 
une solubilitk assez grande pour que des spectres de 'H rmn 
puissent Ctre pris (il faut aussi que I'analogue deutCriC existe) 
et finalernent, le solvant utilise doit perrnettre des re- 
coupements avec d'autres etudes faites sur ce sujet. Le chloro- 
forme rernplit ces trois conditions e t a  donc Cte retenu. Le choix 
du methanol repose sur les mCrnes conditions que prC- 
ckdernment sauf que nous voulions un milieu plus hydrophile, 
l'eau Ctant exclue puisque l'imine protonee y rCagit instan- 
tanement pour donner l'heptadienal et la tert-butylamine, 
L'ttude spectroscopique (uv - 'H rrnn) de ce modele (9) a 
permis de mettre en evidence les points suivants. 1. Les acides 
carboxyliques rnodCrCrnent acides (pK, (H20) entre 2 et 4) ne 
parviennent a protoner que partiellement la base de Schiff dans 
le chloroforme. 2. ~galement  dans le chloroforrne, un equilibre 
est Ctabli entre une paire d'ions et la paire non-ionisee tel que 
rnontrt ci-dessous (Cq. [I]): 

3. Dans le methanol, la protonation est cette fois-ci cornplkte 
et aucune paire d'ions ne semble exister. Un effet de ni- 
vellernent (tous les resultats sont les rnCmes) est crCt par le 
solvant. 

Cornme ces donnees sont fort importantes en regard de leur 
implication dans le mecanisme molCculaire de la vision, nous 
avons voulu les verifier a l'aide d'un modele s'apparentant 
encore rnieux avec la rhodopsine ou le chrornophore est une 
retinylidkne amine de configuration 11 cis. Le rnodele retenu 
consiste en la toute-trans-rktinylidene tert-butylarnine (RBA) 
et en les mCmes acides et solvants qu'auparavant. La figure 
l(b) montre notre modele. La similitude de ce modele avec 
celui de la fig. l(a) est tres grande de telle sorte que d'utiles 
comparaisons pourront Ctre ttablies. 

Methode et procedure 
La toute-trans-rktinylidkne tert-butylamine a CtC synthCtisCe de la 

manikre usuelle en suivant les indications foumies par Blatz et al. 

(10). Pour ce faire, le tout tran.s-rCtinal (Aldrich Chemical Co.) est 
ajoutC 6 la tert-butylamine fraichement distill&, sous atmosphtre 
d'azote et 6 I'obscuritC. Du mCthanol anhydrc est utilise comme sol- 
vant et quelques billes de tamis n~oleculaire (4A) sont ajoutCes au 
mClange afin d'enlevcr I'eau produite par la reaction. Le tout est gardC 
B 0°C et un solide jaundtre est obtenu. Plusieurs lavages 6 I'Cther 
Cthylique puis une Cvaporation poussCe ont conduit B la trans- 
rktinylidkne tert-butylamine. La puretC du produit a CtC tvalute par 
rmn et par uv-vis. Les acides utilisCs ttaient des produits commer- 
ciaux qui ont it6 sCchCs soit par distillation sur tamis molCculaire soit 
sous vide en prCsence de P205.  Le chloroforme a Cte chromatographi6 
sur une colonne d'alurnine basique puis distill6 sur du tamis moltcu- 
laire tandis que le mtthanol a CtC rcndu anhydre par la mCthode de 
Perrin et a l .  (1 1 ) .  

Les spectres Clectroniques ont CtC obtenus cn utilisant un spec- 
trophotomktre Cary 17 et des solutions de RBA et d'acides 6 dcs 
concentrations de lo-' M. Les spectres de rmn du proton ont CtC 
obtenus 3 I'aide d'un instrument Brucker WH/DS (400 MHz). Lcs 
concentrations dans ces cas ttaient de I'ordre de 10-'M. L'attribution 
des pics aux differents hydrogenes va de soi pour HI?  ct HI qui sont 
les deux hydrogtnes les plus dCblindCs mais est plus complexe pour 
les autres hydrogknes CthylCniques. L'attribution des pics 6 HI, et aux 
couples HI, Hx et Hlo,  H I ?  a CtC faite en utilisant la technique de la 
double risonance. Cette technique a CtC utiliste pour tous les spectres 
de melange de RBA et d'acides. L'identification des pics pour H7 et 
Hx de mime que pour Hlo  et H,, a CtC possiblc en se rCferant au spectre 
du tout trans-retinal et des attributions faites par Patel (12). Sur la base 
de ces travaux, H7 est plus dtblindC que Hx et H,,  est plus dCblindC 
que HI, (voir plus loin dans le texte pour une discussion plus ap- 
profondie). Les solvants deutCrts: CDC13, CD30D et CD30H ont CtC 
utilisCs sans autre purification (MSD-Isotopcs). 

Resultats et discussion 
~ t u d e  des spectres e'lectr-orziques 

La toute trans-retinylidene ter-t-butylarnine a et6 melangee 
dans un rapport 1 : 1 avec diffkrents acides carboxyliques 
en utilisant le chloroforrne et le methanol cornme solvants. 
L'Ctude des spectres electroniques de ces systemes est 
presentee au tableau 1 .  Dans le methanol, les resultats sont 
simples: les spectres ne montrent qu'une seule bande a 440 nm. 
La figure 2 rnontre le spectre electronique de RBA avec l'acide 
chloroacttique dans le methanol. Cornrne la RBA seule ab- 
sorbe a 365 nm, les acides carboxyliques ont par consequent 
exerct un effet bathochrorne d'environ 75 nrn. En se servant 
des travaux de Blatz et al. (10, 13) comme reference, 
l'interprttation des rksultats est aiske: la bande 2 440 nrn reprt- 
sente la transition TT* + TT de RBA protonee. La protonation 
est complkte et puisque tous les spectres obtenus sont a toutes 
fins pratiques superposables, le rntthanol a aussi crte un effet 
de nivellernent (leveling effect). Ce nivellernent des donnees 
implique que l'ion immoniurn est solvat6 par le mtthanol ce qui 
stpare ainsi le cation de son anion. Dans le methanol, il 
n7existe donc pas de paire d'ions formee de l'ion rttinylidkne 
immoniurn et de son contre-ion carboxylate. De plus, dans ce 
solvant, l'interaction du groupe polaire (l'atorne d'halogene 
dans les acides acCtiques halogtds) avec les doubles liaisons 
Cthyleniques n'est pas prtsente car alors les resultats diverge- 
raient selon l'acide utilist. 

Dans le chloroforme, les spectres Clectroniques varient selon 
l'acide utilise. Sauf pour l'acide trichloroacetique qui n'induit 
qu'une seule bande (A,,,, 453 nrn), les autres systernes 
prksentent deux bandes: l'une a 366 nrn, I'autre bande varie de 
445 453 nrn. Le spectre Clectronique de RBA en presence 
d'acide chloroacCtique dans le chloroforme est represente h la 
fig. 3. Lorsque la proportion d'acide est augrnentte de telle 
sorte que le rapport irnine-acide passe de 1: 1 a 1 : 100, les 
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TABLEAU I.  Pourcentage d'espkces protonkes pour les systkmes RBAIRCOrH dans 
le chloroforme et le mCthanol. 

CHCI3 MeOH 

% protonation 

0 
18 
19 
27 
20 
82 

100 
3 1 
47 
47 

% protonation 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

FIG. 2. Le spectre Clectronique de la toute tratis-rktinylidkne tert- 
butylamine en prCsence d'acide chloroacCtique dans des concen- 
trations Cquimolaires dans le methanol. 

FIG. 3. Le spectre Clectronique de la toute trans-rttinylidkne tert- 
butylamine en prCsence d'acide chloroacCtique dans des concen- 
trations Cquimolaires dans le chloroforme. 

spectres Clectroniques n'indiquent plus qu'une seule bande et 
cela pour tous les acides utilids. Ainsi, par exemple, l'acide 
chloroacCtique dans des concentrations Cquimolaires avec RBA 
rCussit perturber la base de Schiff de telle sorte que deux 
bandes sont obtenues: l'une n'ayant pas bougC (X,,, 366 nm), 
l'autre ayant un X,,, de 445 nm. La premikre bande disparait 
au profit de la deuxieme des qu'un large excks d'acide est 
utilisC et celle-ci a une absorption maximale a 450 nm et une 
absorptivitk de 32 600. Cette demiere a semi 2 quantifier la 
proportion de la bande a 445 nm pour un rapport imine-acide 
de 1 : 1. Cette f a ~ o n  de faire a CtC suivie pour tous les autres 
acides. Dks qu'une seule bande apparait, celle-ci a un X,,, qui 
ne varie que 1Cgerement (maximum de variation: 9 nm pour 
l'acide dichloroacCtique) par rapport a la premikre indiquant 
ainsi qu'un large exces d'acide a peu d'influence sur le A,,, de 
RBA. ConsidCrant que la bande a 445 nm est due a la transition 
n* + n de RBA protonCe tandis que la bande a 366 nm est due 
2 l'imine non protonke, on doit donc conclure que la plupart des 

TABLEAU 2. Cornparaison des pourcentages de pro- 
tonation dans le CHC13, entre HBA et RBA en prCsence 

des m&mes acides 

RBA 
Acides utilists % protonation 

HB A 
% protonation 

acides du tableau 1 ne rCussissent a protoner que partiellement 
la base de Schiff et un Cquilibre tel que prCconisC auparavant 
(Cq. [:I]) pour le systkme HBA, est aussi valable pour le 
systkme rCtinylidene. D'ailleurs, les resultats obtenus a partir 
du systeme rktinylidkne offrent une assez grande similitude 
avec- le systeme heptadiknylidkne. Le tableau 2 Ctablit cette 
comparaison. Deux acides montrent des rksultats divergents 
(les acides dichloroacCtique et nitro-3 propanoi'que) mais gCnC- 
ralement les donnCes de l'un ou de l'autre svsteme concordent 
assez bien. Cette similitude dans les rCsultats implique que dans 
le systeme du retinal, la partie de la molCcule comprenant le 
cycle hexCnique ainsi que les doubles liaisons situCes sur les 
carbones C,-C, et C,-C,, n'interagissent pas avec les aci- 
des. Ces demiers exercent leur action surtout au niveau des 
atomes C I I  jusqu'h N,,. Tout comme pour HBA, le pour- 
centage de protonation de RBA n'est pas lin~airement-reliC 
avec le pK,, mesurC dans l'eau, des acides carboxyliques. 
Toutefois, plus l'acide est fort plus grande est la protonation de 
RBA. 

En conclusion, I'Ctude des spectres uv-vis de RBA en prC- 
sence de divers acides confirme ce qui avait CtC trouvC pre- 
cCdemment pour HBA (9), a savoir que dans un solvant peu 
polaire comme le chlorofome, les acides carboxyliques res- 
semblant a ceux du tableau 1 ne peuvent pas protoner com- 
plktement l'imine conjuguke et un Cquilibre existe entre l'imine 
non protonCe et protonCe (voir Cq. [I]). Extrapolee a la rho- 
dopsine, cette conclusion porte a croire que si le milieu a une 
constante dielectrique faible (milieu hydrophobe), les acides 
glutamique ou aspartique ne pourront pas protoner le chromo- 
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BISSONNETTE ET AL. 1483 

TABLEAU 3. DCplacements chimiques exprimCs en ppm de RBA dans le CDC1, et CD40D et valeurs de dCblindage des hydrogknes H7 i H15 
du systkme ~Ctinylidene en prCsence de divers acides carboxyliques 

DCplacements 

HIS*  HI^ HI?  H I ]  Hlo Hn H7 CI~-CH, C9-CH3 

Dans CDC1, 8,33 6,24 6,36 6,83 6,16 6,13 6,22 2,lO 1,99 
Dans CD30D 8,50 6,27 6,5 1 7,06 6,26 6,23 6,36 2,24 2,09 

Valeurs de deblindaget 

Acides utilisks H 15 H 14 HI?  H I ]  HI,, Hn H7 C I3-CH3 C9-CH, 

* Un signe nigatif indique que I'hydrogtne est blindi. 
t Colonne de gauche, le solvant est le CDCI,; a droite, le CD,OD. 

lorsque RBA est mis en prCsence d'acides carboxyliques dans 
des concentrations Cquimolaires. La partie CthylCnique du spec- 
tre de rmn de RBA est prCsentCe a la fig. 4. L'attribution des 
diffkrents pics aux hydrogenes CthylCniques s'est faite 2i l'aide 
de dCcouplage spin-spin et par correlation avec les donnCes 
fournies par Pate1 (12) pour le tout trans-retinal. L'attribution 
parait logique car H, Ctant situC sur un carbone porteur d'une 
charge positive rCsiduelle par rCsonance, devrait &tre plus j i  dCblindC que H8 qui lui, n'en porte pas. HI" et H I  s o n  stuCs 
sur des carbones qui ne portent pas de charge positive rCsiduelle 
mais comme H12 est plus pres de la fonction imine que HI,, il 
devrait &tre plus dCblindC. La dClocalisation des Clectrons dans 
le systkme RBA se fait comme suit: 

8.4 8.2 6.9 6,7 69 6.2 6,O 

FIG. 4. Spectre de rmn du proton (400 MHz) de la toute trans- 
rCtinylidkne tert-butylamine dans le CDCI,. 

phore. Si le milieu est plus polaire la protonation pourra &tre 
complete mais le cation immonium devrait &tre alors solvat6 
par le milieu. 

~ t u d e  en rksonance magnktique nuclkaire 
Les m&mes systkmes que prCcCdemment ont CtC CtudiCs par 

rksonance magnCtique nuclCaire du proton ('H rmn). Les don- 
nCes paraissent au tableau 3. Elle montre dans un premier 
temps les dkplacements chimiques de tous les hydrogenes 
CthylCniques de RBA en plus de ceux des deux groupes mC- 
thyles (C13-CH3 et C9-CH,). Dans un second temps, le 
tableau 3 montre les valeurs de dCblindage de ces hydrogenes 

Les carbones 5 ,  7, 9, 11, 13 et 15 ont une charge positive 
rksiduelle tandis que les atomes de carbone 6, 8, 10, 12 et 14 
n'en ont pas. En prCsence d'acide, la dClocalisation des Clec- 
trons du systkme rktinylidene s'accroit et ainsi, la presence 
d'acide conduit i un dkblindage de tous les hydrogknes, ce 
dCblindage Ctant plus important lh ou rCside une charge positive 
partielle. Ce n'est toutefois pas le cas de HI, car cet hydrogene 
varie que peu lorsque RBA est protonC. Ceci est montrC au 
tableau 3 et est en tous points similaires aux rCsultats obtenus 
prCcCdemment par nous (9) et par d'autres (13, 14). Sharma et 
Roels (14) ont expliquC le peu de changement subi par H,, lors 
de la protonation de llazomCthine par le fait que le dCblindage 
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normalement attendu, a cause de la presence d'une charge 
positive residuelle sur ce carbone, est contrebalance par la 
diminution du caractere de double liaison de la fonction imine 
ce qui diminue d'autant l'anisotropie du lien C-N. Le tableau 
3 indique que H I S  est blinde plut6t que deblinde; l'effet inverse 
est donc obtenu. 

Duns le me'thunol 
L'examen des colonnes de droite du tableau 3 indique qu'h 

l'exception des acides cyanoacetique et propiolique (et de 
faqon moindre, de l'acide propionique), les sept autres acides 
ont des deblindages tres semblables. Cela implique un effet de 
nivellement tel que preconise deji par Blatz (13) pour le me- 
thanol. Ce nivellement des valeurs de deblindage est encore 
perqu par le fait que HI, est peu dkblinde (dans le chloroforme 
HI, l'est beaucoup plus) ce qui implique que le contre-ion 
carboxylate est remplace par des molCcules de solvant. De 
plus, le tableau 3 revele que l'action des acides sur RBA se 
repercute tout le long de la chaine polyenique. Pour le moment, 
les resultats obtenus a partir des acides cyanoacetique et pro- 
piolique paraissent incoherents. Dans le systeme heptadieny- 
l idhe ,  leur comportement Ctait align6 aux autres acides. 

En conclusion, les donnees obtenues par rmn confirment les 
rksultats obtenus en uv-vls: le methanol a un efffet de ni- 
vellement. 

Dans le chlorofortne 
Le spectre de RBA et de l'acide chloroacCtique dans le 

CDC1, est represent6 a la fig. 5 et il montre bien le deblindage 
subi par les hydrogenes par la presence de l'acide. Les rksultats 
paraissent au tableau 3 ,  colonne de gauche. On notera que dans 
ce solvant, les donnees different sensiblement selon l'acide 
utilise. C'est l'acide dichloroacCtique qui perturbe le plus le 
systeme rktinylidkne et pourtant, les resultats en uv-vis indi- 
quent que cet acide ne reussit a protoner RBA qu'5 82%. 
L'acide nitro-3 propanoique vient en second suivi par l'acide 
trichloroacetique. I1 est visible qu'il n'existe pas de relation 
lineaire entre ces valeurs de deblindage et le pK, des acides 
mesure dans l'eau. 

On peut expliquer les resultats obtenus en recourant 5 la 
theorie de Nakanishi sur l'interaction causie par la presence de 
charges externes ("external point charge theory" - ref. 2a). La 
presence d'un groupe polaire en bout de chaine de l'acide peut 
stabiliser la charge positive partielle generee par la protonation. 
Cet effet de pince est illustre ci-dessous: 

Cette explication semble Ctre verifiee par le fait que l'acide 
propionique qui n'a pas de groupe polaire terminal ne reussit 
pas a deblinder de faqon sensible les hydrogknes de RBA (le 
tableau 1 montre par contre, que cet acide est incapable de 
protoner RBA). Plus important est le fait que les valeurs des 
deblindages des hydrogenes H,, H I ] ,  Hlz ,  HI, varient selon le 
caractere nucleophile des atomes d'hydrogenes: l'iode causant 
un deblindage plus important que le brome, que le chlore et que 
le fluor. A noter que le deblindage est a l'inverse de la force des 
acides. Lorsque l'acide porte deux chlores (acide dichlo- 
roacetique), le maximum de deblindage est obtenu. MCme si 
l'acide trichloroacetique est un acide plus fort que I'acide di- 

FIG. 5. Spectre de rmn du proton (400 MHz) de la toute trans- 
rttinylidene tert-butylamine en prCsence d'acide chloroacCtique dans 
des concentrations Cquimolaires dans le CDCI,. 

chloroacetique, il cause un deblindage moindre. Tout ceci sem- 
ble donc aller dans le sens indique: a savoir, que le groupe 
polaire de l'acide interagit avec la chaine polyenique du sys- 
tkme retinylidene. Dans le chloroforme, les acides cyano- 
acetique et propiolique continuent a avoir un comportement 
different des autres acides. 

La presence d'une interaction entre les groupes polaires et la 
RBA presuppose l'existence d'une paire d'ions car il faut nC- 
cessairement que l'acide soit trks pres des doubles liaisons pour 
que l'interaction soit presente. L'existence ou non de paires 
d'ions dans ce systeme est un point fort important car, il raut 
le rappeler, Nakanishi et Honig (2, 5) preconisent l'existence 
de paires d'ions semblables dans la rhodopsine o i ~  elles jouent 
un r61e fondamental lors de la transformation photochimique 
du pigment visuel en bathorhodopsine. Les resultats du tableau 
3, dans le chloroforme, montrent que cette paire d'ions existent 
car l'important deblindage de HI, resulte fort probablement de 
la presence du contre-ion carboxylate pres de cet hydrogene. Si 
une paire d'ions existe, la fig. l(b) montre que l'anion carboxy- 
late devrait Ctre prks pres de HI,; l'anisotropie causee par cette 
fonction devrait donc Ctre responsable de l'important dC- 
blindage subi par HI,. 

Le couplage de HI, est aussi tres important car il indique ce 
qui se passe au niveau de I'azote de l'imine. En effet, HIS est 
un doublet lorsque la base de Schiff- n'est pas protonee et 
devient un doublet de doublets si celle-ci est protonee (14). Or, 
tous les spectres indiquent un doublet pour HI,, m2me dans le 
cas o t ~  l'agent de protonation est l'acide trichloroacCtique. Ceci 
ne signifie pas que RBA ne soit pas protonee (tous les hydro- 
gknes, sauf HI,, sont largement deblindes) mais plut8t verifie 
le fait, dCja trouve par l'etude en uv-vis, qu'un Cquilibre 
semblable a celui montre a 1'Cq. [ l]  existe dans le chloroforme. 
Ce comportement de H,, est tout fait conforme ?i celui trouve 
pour le proton aldimine dans le systeme heptaditnylidene (9). 
Dans ce dernier cas, en utilisant un large excks d'acide, 
l'equilibre etait diplace en faveur de la paire d'ions et un 
doublet de doublets en resultait des lors. 

En conclusion, dans un solvant peu polaire comme le chloro- 
forme, les donnees obtenus par rmn du proton indiquent que 
l'effet de charges externes tel que preconise par Nakanishi peut 
expliquer les deblindages des hydrogenes ethyleniques mais 
que la question de la protonation de la fonction imine est plus 
complexe que prevue car les resultats montrent fort bien l'exis- 
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BISSONNETTE ET AL 

TABLEAU 4. Comparaison dcs donnCes de rtsonance magnCtique nucltaire dans le 
CDCI, entrc les systttmes rttinylidttne et heptaditnylidkne 

Acides utilisCs HI&, H ,a/H, H1z1H.l H,I/H? 

tence d'un Cquilibre entre une paire d'ions (R,-GH----o?R) 
et une association de moltcules neutres (R?N----HO,C-R). 

Compar-aison entre les systbmes re'tinylid6ne et 
heptadiknylidbne 

Tout au long de ce travail, d'utiles recoupements avec la 
trans,trans-heptadienylidene-2,4 tert-butylamine (HBA) ont 
kt6 invoquCs. Une comparaison entre les donnCes de rmn ob- 
tenues dans le chloroforrne pour ces deux bases de Schiff pou- 
vait Ctre fort intkressante. A partir des donnCes fournies par la 
rCf. 9, le tableau 4 a pu Ctre Ctablie. On notera la correspon- 
dance des hydrogenes H,, pour RBA et H7 pour HBA et ainsi 
de suite (voir figures I(a) et l(b)) qui ex&te entre les deux 
systkmes. Le tableau 4 montre que quatre des dix acides per- 
turbent les bases de Schiff de faSon fort semblable. Les acides 
nitro-3 propanoique, iodoacCtique, bromoacCtique et dichlo- 
roacetique exercent donc leurs effets surtout au niveau des trois 
premieres doubles liaisons dans le systerne RBA. Par contre, 
les six autres acides causent des dkblindages dont la valeur 
varie selon I'un ou I'autre systeme. Le tableau 4 indique, pour 
ces acides, une valeur de dCblindage toujours plus basse pour 
les hydrogenes de RBA. Pour ces six acides, leur action est 
rnoins localisee et comme RBA est beaucoup plus conjuguke 
que HBA, la perturbation causCe par ces acides peut des lors 
s'Ctendre sur un plus grand nombre de liaisons. 

Dans le mkthanol, les resultats offrent des similitudes plus 
frappantes. Les deux systemes montrent l'effet de nivellement 
du mkthanol; H,, pour RBA et H6 pour HBA ont un dCblindage 
tres voisin (0,3 ppm) mais comme RBA est une imine plus 
conjuguCe que HBA, les autres hydrogenes ont des valeurs de 
dCblindage rnoindres. L'emploi comme solvant de CD,OD ne 
permet pas de noter la presence d'un Cchange de proton entre 
la base Schiff et le solvant; aussi, pour obvier a ce probleme et 
puisque cette question est fort importante, les systkmes RBA - 
acide chloroacCtique et RBA - acide trichloroac6tique ont kt6 
aussi CtudiCs dans le CD,OH. Les valeurs de dCblindage sont 
bien sGr les m&mes que prkcedemment mais H 15 est toujours un 
doublet. HBA a donnC aussi ce rCsultat et les deux imines 
indiquent bien qu'un Cchange de proton s'Ctablit entre la base 
de Schiff protonCe et le solvant. 

De cette Ctude comparative il ressort que le systeme hep- 
tadienylidene est un modele fort approprik de celui du rCtinal et 
a comme avantage d'Ctre facilement disponible, d'Ctre eco- 
nomique, et surtout de prksenter en rmn des donnees facilement 
interprktables. 

Comparaison du systime RBA avec la rkodopsine 
Des rCsultats obtenus en uv-vis et rmn, il est possible de 

faire plusieurs hypotheses concernant la rhodopsine. En pre- 

mier lieu, si le milieu environnant le chromophore est polaire, 
on peut prCvoir une protonation complete du chromophore par 
les acides glutamique ou aspartique. Par contre, une paire 
d'ions de type -RH - - - -02C- apparait comme peu probable 
a cause de l'effet de nivellement. De mCme, I'interaction direc- 
te entre une charge et les doubles liaisons selon la thCorie de 
Nakanishi parait aussi improbable. I1 demeure possible, toute- 
fois, qu'un systeme d'interactions par l'intermkdiaire de l'eau 
puisse exister mais cela ne peut Ctre montre par nos resultats. 
Dans un second temps, si le milieu protkinique entourant Ie 
chrornophore a une constante diklectrique basse s'approchant 
de celle du chloroforme (dont la valeur est de 4,8), alors il est 
a prCvoir que les acides glutamique ou aspartique ne pourront 
protoner que partiellement (voir mCme,+pas du tout) le chromo- 
phore. De plus, une paire d'ions (-NH----0,C-) sera en 
Cquilibre avec I'espkce neutre (-N:----H02C) et I'inte- 
raction directe de charges avec les doubles liaisons pourra se 
faire. 

Quelle que soit la polarit6 du milieu, un Cchange de proton 
existera entre la base de Schiff protonCe et le contre-ion (milieu 
hydrophobe) ou l'eau (milieu polaire). 
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GlUsEPPE DEL RE, SANDOR FLISZAR, MICHEL COMEAU, and CLAUDE MIJOULE. Can. J .  Chem. 63, 1487 (1985). 
Net charges and valence AO's for ammonia, methylamine, dimethylamine, and trimethylaminc were calculated using 

extended basis sets. Superposition effects, evaluated by replacing Pople's standard 6-3 1G4: basis by an extended form in which 
the basis of the ammonia H atoms and of the methyl groups of trimethylamine are retaincd in the treatment of each molecule, 
indicate that the quality of the treatment of amine nitrogen atoms is strongly dependent on the number of methyl groups. A 
new, augmented basis is proposed for the hydrogens, which appears to bc reasonably well balanced: comparison with familiar 
(e.g., 6-31G*) calculations illustrates in what manner the treatment of nitrogen is worsened when even just one methyl group 
is replaced by hydrogen unless the impoverishment of the basis is suitably taken care of. 

GIUSEPPE DEL RE, SANDOR FLISZAR, MlCHEL COMEAU et CLAUDE MIJOULE. Can. J. Chem. 63, 1487 (1985). 
Faisant appel a des ensembles de base elargis, on a effectuk des calculs sur l'ammoniac, la mkthylamine, la dimkthylamine 

et la trimkthylamine. Si on remplace la base normale 6-31G:'; de Pople par une forme klargie dans laquelle on conserve la base 
des atomes d'hydrogene de l'ammoniac et des groupes mkthyles de la trimkthylamine dans le traitement de chaque molecule, 
on peut tvaluer les effets de superposition; ces effets indiquent que la qualite du traitement des atomes d'hydrogene de I'amine 
depend fortement du nombre de groupes mkthyles. Pour I'hydrogene, on propose une nouvelle base encore plus klargie qui 
semble Ctre bien balancke; une comparaison avec des calculs familiers comme 6-3 IG* permet d'illustrer les complications qui 
interviennent dans l'ktude de l'azote mCme lorsqu'on ne substitue qu'un seul groupe mtthyle par un hydrogene si on ne fait 
pas les corrections qu'impose l'appauvrissement de la base. 

[Traduit par le journal] 

Introduction 
It has been known for a long time, but seldom duly empha- 

sized, that the properties of atoms carrying one or more hydro- 
gens may differ significantly from those of the same atoms 
when linked only to atoms other than hydrogen. The debate on 
the electric dipole moment of the CH bond (1) and the pio- 
neering discussion by Parks and Parr (2) do not seem to have 
been followed by much ad hoc theoretical work. Yet, even the 
special parametrization required by hydrogen in the empirical 
method proposed by one of us (3 )  pointed to the need for further 
theoretical investigations. 

Quite recently, the treatment of hydrogen in ab initio 
computations has been investigated in connection with small 
molecules (4a)  and with hydrogen-bonded dimers (46) .  These 
papers point to the conclusion that ad hoc scaling of hydrogen 
may be equivalent to an important basis extension with counter- 
poise correction (4c) .  These exhaustive studies, however, have 
left open the case of larger molecules, where the interplay of 
hydrogen polarization and superposition effects may affect the 
results for ordinary chemical bonds. 

We have come across this question in connection with an 
attempt to extend previous work on the relationships between 
Mulliken net charges and nuclear magnetic resonance shifts (5)  
to the alkylamines (6):  the behavior of trialkylamines appeared 

' Visiting scientist. Permanent address: Cattedra di Chimica Teorica 
della Facolta di Scienze, Via Mezzocannone 4,  1-80134, Napoli, 
Italia. 

'Visiting scientist, on leave from the "Centre de Mkcanique 
Ondulatoire Appliquke", Paris, France. 

to follow a trend differing from that of mono- and dialkyl- 
amines. 

As is well known, not only are Mulliken net charges just one 
of the possible definitions of atomic net charges (7), but widely 
different values are produced with comparatively small 
changes in a basis set even in ab initio SCF calculations (5a,  
8).  Since trends within similar series are generally little 
affected by the computational scheme (5a,  8 ) ,  this has not 
received great attention so far in applications to chemical prob- 
lems. But our present problem is one where the choice of the 
basis could play a very important role. 

Indeed, the superposition effect in a standard treatment of a 
series of amines certainly depends on the number and geo- 
metrical arrangement of the alkyl groups. Consideration of the 
local symmetry about the nitrogen atom suggests that two or 
three hydrogens (or two alkyl groups) should have roughly the 
same effect on nitrogen as one, whereas tertiary amines, where 
there is no N-bonded hydrogen at all, could differ significantly 
in the importance of superposition. Most important is also that 
the replacement of alkyl groups by hydrogens greatly impover- 
ishes the basis, so that nitrogen is treated in a very special way 
when the presence of alkyl groups makes superposition effects 
likely to be very marked. 

With these considerations in mind, we have first of all 
carried out a calculation of ammonia and its methyl-substituted 
derivatives using one and the same extended basis, 6-31G*, 
including the hydrogen basis set used for ammonia as well as 
the carbon and hydrogen orbitals used for trimethylamine. 
'Then we have studied the possibility, usefulness, and physical 
significance of an improved basis set for hydrogen, following 
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TABLE 1. Superposition effect (SE) on calculated energies, electric dipole moments, and 
Mulliken N net charges in the 6-31G* basis" 

Energy (au) p. (debyes) (me) 

Molecule No SE With SE No SE With SE No SE  With SE  

"NH?, N(CHI)3, (C3,.) and NH2CHI, NH(CH,)? (C, symmetry) were calcylated in all cases using 
"standard" geometries closely copying optimized STO-3G results, namely (A ,  viz. decimal degrees), 
r(NH) = 1.0032, r(CN) = 1.4900, r(CH,) = 1.0938, r(CH) = 1.0880, LHNH = 107.15, LCNH 
= 108.60, LH,CN = 112.34, LHCN = 109.84, LHCH = 109.10, LH,CH = 107.82, and LCNC 
= 109.94, where H, is the hydrogen rrarls with respect to the nitrogen lone pair. 

the line of reasoning explained below, and analyzing the MO's 
in terms of localized orbitals and of the procedure proposed by 
Del Re and Barbier (9). 

Superpositiotz effect 
Table 1 indicates the results obtained when the standard 

6-3 lG* basis set is replaced by the extended form 6-3 1G"- 
super, in which the basis set of the H atoms of ammonia and 
of the methyl groups of N(CH,), are all retained in the treatment 
of any of the four molecules listed.' 

As expected, it is ammonia which benefits most from the 
presence of the "dummy" centers: the energy improvement is 
of the order of 30 kJ mol-', which is quite significant. On the 
other hand, the influence of the dummy ammonia hydrogen on 
the predicted SCF energy of trimethylamine only produces a 
-3 kJ mol-' decrease in total energy. This confirms that the 
quality of the treatment of nitrogen obtained by the standard 
basis is strongly dependent on the number of methyl groups. 

In contrast with the trend suggested in the introduction, the 
energy corrections appear to decrease practically linearly with 
the number of methyl groups. However, this is not the case for 
dipole moments. The dipole moment of ammonia is reduced by 
0.34 D, those of NH2CH, and NH(CH& by 0.18 and 0.08 D, 
respectively, and that of N(CH,)3 by 0.02 D. This suggests 
that, in addition to the slight improvement of the energy, the 
superposition effect leads to a reduction in polarization which 
corresponds to restoring electrons on the hydrogens - the great- 
est change being associated with axial symmetry. 

The results for the net charge of nitrogen, q,, suggest that 
inclusion of dummy centers produces two effects. In ammonia, 
nitrogen as well as the hydrogens lose electrons which move to 
the dummy centers beyond the hydrogens: there is a buildup of 
electronic charge in the outer sphere of the molecule. In tri- 
methylamine, nitrogen gains electrons, as well as the three 
carbons and the dummy hydrogens: the electrons all come from 
the methyl hydrogens. The other two amines appear to be 
intermediate cases. 

Since in trimethylamine the energy and dipole moment 
changes in going from 6-31G* to 6-31G*-super are minor, 
indeed, we infer tentatively that the internal charge redis- 
tribution is not physically very significant. The case of ammo- 

' We use here the term superposition only because the basis is that 
typically used to estimate superposition errors. Actually, within the 
scope of this study, the floating part of the basis can be interpreted to 
some extent as a set of off-center polarization functions; its role should 
be compared with results obtained from a standard basis saturated on 
all centers. 

TABLE 2. Summary of results obtained for NH' from different basis 
sets 

Basis set Energy (au) p. (debyes) q, (me) 

1 6-31G* 
2 6-31G*+SE 
3 6-3 1G** 
4 6-31G*; 6-31 H 
5 6-31 IG*" 
6 6-31 1 H 
7 6-31 lG** Opt. 
8 6-3 1 1 H Opt. 
9 6-31 1 + +G(3df, 3pd) 

Note: basis 9, studied by Frisch, Pople, and Binkley ( I  I) is the best result 
obtained by those authors in an instructive comparison of a variety of basis sets. 
Our result 8 is marginally better than that deduced from the 6-31 1 ++G(2df, 
2p) set described in ref. l l  ( E  = -56.2176 au). 

nia is quite different: not only are the energy and the electric 
dipole moment changes very important, but the reduction in 
electron population of nitrogen takes place with a basis set 
which certainly describes the correct situation about nitrogen in 
a more detailed way. 

Of course, results obtained by means of a somewhat artificial 
and clumsy basis such as 6-31G*-super are subject to doubts, 
particularly as regards net charges. For instance, one may won- 
der if the reduced nitrogen charge in ammonia is not a purely 
artificial result: additional contributions to the electron density 
near that atom could be associated with basis functions pro- 
truding from the dummy centers. It is difficult to construct a 
logically consistent argument in this direction, but the awk- 
wardness of a basis involving dummy centers is sufficient rea- 
son for not insisting on its use. We have tried to proceed in our 
study by constructing a basis that would take into account the 
lessons taught by Table 1 without introducing dummy centers. 
Indeed, our purpose will be to use the new basis in an attempt 
to recover a chemical description of valence effects in the 
molecules under consideration. 

Optimized bases 6-31 H and 6-31 1 H 
The fact that the presence of a NH bond seems to make a lot 

of difference as concerns superposition effects suggests that the 
treatment of hydrogen should be improved. Also the need for 
improvement in the treatment of nitrogen should be explored 
lest the extension of the hydrogen basis should be used to the 
benefit of the nitrogen electron density. Therefore, we have 
started from the two well-known 6-31G* and 6-31 lG* basis 
sets (10) and optimized an extended basis on hydrogen (Tables 
2 and 3). The relevant results are indicated in Table 4. 
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TABLE 3. Optimized extensions of the 6-3 1 G* and 6-3 1 1 G* basis sets for H 
of NH3 

Basis Type a Kc! 

"All scale factors are 1 .O. 

TABLE 4. Effect of augmented bases for H attached to N 

Energy (au) CL (debyes) (IN (me) 

Molccule 6-3 1 H 6-311H 6-31H 6-311H 6-31H 6-311H 

Table 2 presents a familiar picture: small improvements in 
energy are-associated with large oscillations i n  the values of 
expected electric dipole moments. The nitrogen net charge 
seems to follow a more regular trend. However, optimization 
of an enlarged hydrogen basis at the 6-3 IGZg level (basis 6-3 1 
H) leads to a sharp decrease of the nitrogen charge; this is 
slightly compensated by further extension of the nitrogen basis 
and it would seem that, as far as charges on ammonia are 
concerned, the saturation limit is reasonably well approached 
already with 6-311G". However, the importance of an 
extended treatment of hydrogen (basis 6-3 1 H) is clear from the 
sudden jump between case 3 and case 4 (Table 2). Moreover, 
as can be seen in Table 4 ,  the 6-3 11 H basis is really not very 
good for dimethyl- and trimethylamine. Thus, it appears that 
the 6-31 H basis actually represents the basis of choice for 
treating alkylamines, both because of the quality of the energy 
and dipole moments and because, in contrast with more 
extended bases (1 l ) ,  we can use it for the whole NH,,,(CH3)3 -,,, 
series. 

A few comments are in order. The hydrogen basis has been 
extended here to include not only polarization but radial dis- 
tortion as well. This approach has been followed only for 
hydrogens linked to nitrogen because here we are only inter- 
ested in improving the description of that atom.' The im- 
portance of the radial distortion of the hydrogen 1 s orbital in 
bond formation will be discussed below. At this stage, we only 
point out that the analysis of Boys' localized orbitals indicates 
that the long-range components seem especially important in 

4The fact that we have combinations of three Gaussians for the 
additional sp basis functions is a purely technical detail, which is 
probably a superfluous feature. In fact, the exponents (whose original 
choice was the standard one for carbon atoms) include one value 
practically unaffected by optimizations. This is indirectly confirmed 
by the triple-l; optimized basis of 6-3 11 H, where the additional (s,p) 
gaussian turns out to have a width close to the leading gaussian of the 
3G group, so as to give something quite close to the (2sp) group of 
6-31 H. 

order to reproduce correctly the hydrogen-hydrogen inter- 
actions, but also carry a non-negligible weight in the bonding 
orbitals. In fact, due to the large overlap values, the additional 
2sp component goes to improve the quality of the standard 
6-3 1G" 1 s component: its weight is roughly 30%, 20%, and 
10% of the latter in NH,, NH2CH3, and NH(CH3)?, re- 
spectively. These results confirm that, as expected, the higher 
flexibility in the hydrogen basis set is largely used to improve 
the description of the electron density about the nitrogen. This 
conclusion is certainly relevant in any assessment of calculated 
net charges which reveal, indeed, surprising features (Table 4). 

Discussion 
(a) Energies and dipole moments 

The energy values shown in Tables 1 and 4 have already 
been discussed. Let us only emphasize here that the poor qual- 
ity of the 6-3 1 1G" set for trimethylamine indicates that a mere 
increase in the flexibility of the basis is not sufficient to im- 
prove the results. On the other hand, the great improvement 
obtained for ammonia is sufficient proof that the poor quality 
of the 6-31G* set depends on an insufficient allowance for 
polarization and radial distortion in the hydrogen basis. The 
predicted electric dipole moments are also in line with the 
suggestion that the 6-3 1 H basis is well balanced: note that once 
again the 6-3 1G:Qesult is better than that given by the 6-3 1 1GZg 
basis. 

(b) Charges 
The most striking feature of the nitrogen net charges, qN, 

obtained from the 6-3 1 H basis is that the presence of at least 
one hydrogen atom is sufficient to lower qN to a "standard" 
value of --0.53 e; in turn, this value is very close to that given 
for trimethylamine by the 6-31G:$ set. The trend is thus entirely 
different from that obtained with the 6-3 lG* and 6-3 1 1  H sets. 
It is in line with the thesis that the treatment of nitrogen is 
greatly worsened when even just one methyl group is replaced 
by hydrogen unless the impoverishment of the basis is suitably 
taken care of. 
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TABLE 5. The  orbitals of the nitrogen and hydrogen atoms, from Boys localized MO's  

(a) Overall coefficients of N 

N-H bond N-C bond Lone pair 

Molecule 6-31G* 6-31 H 6-31 l H 6-31'3 6-31 H 6-311 H 6-3 l G : V - 3 1  H 6-31 1 H 

NH3 0.687 0.644 0.660 1.031 0.960 0.940 
NHZCH? 0.690 0.655 0.651 0.674 0.660 0.837 1.028 0.977 0.943 
NH(CH,)Z 0.694 0.666 0.648 0.680 0.674 0.746 1.024 0.993 0.978 
N(CH,)s 0.687 0.687 0.712 1.021 1.021 1.012 
(b) p-characters of N 

NH3 2.92 2.96 1.92 
NHZCH, 2.78 2.80 2.56 
NH(CH,)I 2.56 2.64 3.05 
N(CHs)s 
(c) Overall coefficients of H in NH bonds 

1.73 1.61 1.78 
2.67 2.47 0.85 1.82 1.66 2.64 
2.56 2.40 1.53 1.84 1.73 2.32 
2.38 2.38 2.22 1.77 1.77 2.09 

( 4  c,! c, dH (NH bonds) 

One question still remains open: are the 6-31 H charges 
really representative of the electron density around nitrogen? 
The fact that they are quite independent of the molecule sug- 
gests at first sight that all the difference in bond polarization 
due to substitution of H with C is taken up by the atomic orbital 
assigned to other atoms. This is not the case, at least in a first 
approximation: the Mulliken net charges of the hydrogen atoms 
linked to N are 178, 185, and 175 me from ammonia on, those 
of the methyl groups are 162, 175, and 181 me from methyl- 
amine on. Note also that the methyl groups are slightly less 
charged than the hydrogen atoms, when both are present. Thus, 
there are reasons to believe (cum grarzo salis) that the major 
features revealed by Mulliken net charges computed by the 
6-31 H basis set are physically significant, in particular as 
concerns nitrogen. One last argument concerns the point charge 
approximation based on the experimental dipole (1.48 D), 
which gives IqNl = 0.3 e for ammonia and even smaller values 
for the amines (3). 

(c) Orbital energies 
Assuming now that the new basis is reasonably reliable, 

additional information can be obtained by analyzing suitable 
molecular orbitals in terms of the simple valence theory (9). 
This requires assigning to each atom A a single contribution to 
a given MO, I j), so that 

where I hAf) is a fully contracted in situ atomic orbital (CAO), 
i.e., a normalized hybrid A 0  characterized by: (i) a p  character 
n (defined as (~,,/c,~)', c,~, c, being the coefficients of the s and 
p components in the expansion of the hybrid) and ( i i )  radially 
distorted s ,  p ,  and d parts, where by radial distortion we mean 
a change in the radial part of the A 0  with respect to the 
free-atom (or some similar) standard. The radial distortion is 
difficult to represent by a single number but can be measured 
to some extent by overlap values. 

The choice of the molecular orbitals for use in this analysis 
is difficult whenever equivalent bonds appear. In this paper we 
shall refer to Boys' localized MO's such as they are produced 
by the library MONSTERGAUSS program (12). These orbitals 
have serious shortcomings: for one thing, they yield, in gener- 

al, overlapping hydrids of the same atom - a mathematically 
unobjectionable but a chemically unpleasant result. The adop- 
tion of a localization criterion more in line with the tenets of the 
elementary theory of valency is the subject of work in progress. 

The coefficients cN of the CAO's of nitrogen are listed in the 
first part of Table 5 for the three relevant bases. In all cases, the 
c, values for a given Boys bond orbital are fairly close to one 
another. This is satisfactory because it confirms first-order 
transferability of at least the atomic orbital coefficients. That 
the 6-3 11 H basis should give the least transferable values is in 
line with the claim that it is not well balanced. 

Of course, complete transferability would be in contrast with 
the well-known existence of inductive effects: thus, the modest 
and quite regular changes in the cN's along the series are accept- 
able. It is also interesting that the weights of nitrogen in the NH 
and NC bonds are very close to one another, except in the 
unbalanced basis 6-31 1 H. This supports to some extent the 
nai've idea that the coefficients with which atoms enter bonds 
are related to electronegativities. The electronegativities of car- 
bon and hydrogen being close to each other, the cN7s must also 
be close. 

The lone pair AO's should carry weight 1. That this is not the 
case depends, of course, on "non-bonding" couplings. We can, 
in a way, see in the deviation a measure of the transferability 
to be expected in the coefficients of AO's: in the best basis it 
is of the order of 4%, which corresponds to the dispersion of 
the values for the NH and NC bonds. 

The third part of Table 5 shows the overall coefficients of H. 
The greater flexibility of the hydrogen subset in 6-31 H and 
6-3 1 1 H is evident from the variation of the coefficients along 
the series but, once again, 6-31 H is physically much more 
satisfactory. Note also that with 6-3 1 H the coefficients of H (as 
well as those of N) increase as the p-characters, n,  of the 
nitrogen hydrids (discussed below) decrease. This should cor- 
respond to a slight decrease in the "bond charge" due to the 
inductive effect of the methyl group. 

We come now to hybridization. The p-characters indicated 
in Table 5 are particularly instructive. On the one hand, the 
6-3 1 H basis yields the most regular set of values, thus indi- 
cating that the extension of the hydrogen basis has cured 
6-31G* of its main shortcomings. It is also evident that the 
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values deduced from 6-31 1 H are ill-behaved. On the other 
hand, the hybrids obtained are obviously not orthogonal. In- 
deed, the property that the sum of 1/(1 + n) for the four 
hybrids should give unity is certainly not satisfied with any 
basis. Now, even though a theoretical justification of the 
orthogonality requirement on hybrids is not immediate, the 
importance of that requirement in determining the direction of, 
say, equivalent hybrids is well known. The difficulty, of 
course, lies with Boys' localization criterion, which should be 
replaced by another one if the scheme of the elementary theory 
of valence is to be followed. At any rate, the 6-3 1 H basis does 
give the expected results for the binding orbitals of nitrogen 
(almost tetrahedral hybrids) and consistently with the other 
bases indicates that nitrogen polarization is slightly higher in 
the NH bond than in the NC bond. Also the lower p-character 
of the lone-pair hybrids is in line with results from hybrid- 
ization theory (1 3). 

In addition to the orthogonality problem, the difference in 
the radial parts of the s and p components also makes somewhat 
delicate the application of the standard concept of hybridization 
(9). In any case, all the considerations given here hold for 
distances where the radial parts of the components are approx- 
imately equal - which is well within the physically significant 
range. 

Finally, the last part of Table 5 (d) contains information 
concerning the role of the basis set added to hydrogen in pass- 
ing from 6-31G* to 6-31 H (on NH bonds only). They are the 
coefficients c,, c, of the normalized additional sp hybrids con- 
tracted to a single s orbital and a single p orbital, and the overall 
coefficient dH of the distortion-polarization subset in question. 
Whereas dH decreases regularly in the series, the interplay of 
polarization and distortion is less regular. This is obviously due 
to the combination of the inductive and through-space effects 
of the methyl groups. 

ConcIusion 
The above discussion shows first of all that an adequate 

treatment of hydrogen is much more important than brute force 
basis extension in the description of organic molecules. This is 
a comforting conclusion because it confirms other indications 
that a physically satisfactory basis need not necessarily be too 
large. 

Secondly, the comparatively small 6-3 1 H basis optimized 
with respect to hydrogen yields a description of the valence 
orbitals of nitrogen that is clearly in line with customary chem- 
ical intuition. 

Of course, additional work is necessary. In particular, the 
hydrogen basis set can probably be further simplified while 
retaining its flexibility and the localized orbitals used to obtain 
the valence orbitals should satisfy criteria other than that of 
Boys. A detailed analysis of the radial distortion could also 
yield information about the optimal way of improving the basis 

It seems to us, at any rate, that the results and the type of 
analysis described in this paper should be kept in mind by all 
those trying to use a b  initio SCF calculations for interpreting 
the chemical properties of relatively large molecules. 

As concerns the methylamines, in particular, we emphasize, 
among other things, the result that the net charges of nitrogen 
appear to be almost invariant under substitution of hydrogen 
with a methyl group - a situation somewhat reminiscent of 
similar findings for alkane carbon atoms (5a). 
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MARIE-HELENE HERZOG-CANCE, ANTOINE POTIER et JACQUELINE POTIER. Can. J .  Chern. 63, 1492 (1985). 
L'Ctude spectroscopique ir et Rarnan de HNO, dans les Ctats cristallisC et liquide a dtC entreprise afin de rCgler le problkrne 

de I'autodissociation de cet acide. On a ainsi identifid I'oligornere en chainc (HNO,),, des ions NOz' et (No3 .3HNO,)-, du 
rnonohydrate sous deux forrnes: la pairc ionique H20H'. . . ONOz et l'association rnolCculaire HZO.. . HON02 et enfin trks 
peu d'ions H30'. 

MARIE-HELENE HERZOG-CANCE, ANTOINE POTIER, and JACQUELINE POTIER. Can. J. Chern. 63, 1492 (1985). 
'The ir and Rarnan spectra of solid and liquid anhydrous HNO, have been invcstigated for the purpose of solving the 

self-dissociation problem. Identificd species are: the oligorner (HNO,), (chains), NO?' and (N0,.3HN03)- ions, two 
rnonohydrate forms: the ionic pair H,OH' . . . 0 N 0 2  and thc rnolccular association HzO.. . HONO?, and, finally, sornc free 
H,O' ions. 

Introduction 
Le probleme de I'autoprotolyse de l'acide nitrique absolu 

liquide a fait, il y a bien longtemps, l'objet de nombreux 
travaux et en particulier, ceux de Gillespie et al.  (1) et de Lee 
et Millen (2). 11 a CtC Ctabli que l'autodissociation thermo- 
dynamique pouvait s'kcrire: 

De plus la cryoscopie autour de l'acide nitrique (2) a conduit 
a considkrer que les ions nitrate et nitryle (nitronium) Ctaient 
solvatis par un total de 4 molecules d'acide nitrique et que 
l'eau 1'Ctait par 2 autres. Des considerations basCes sur les 
connaissances du moment ont permis de proposer une sol- 
vatation de 2 pour NO,- et donc de 2 pour NO?' .  

En 1956, Wyatt (3) a prefer6 proposer un tquilibre d'auto- 
dissociation faisant apparaitre HNO, . HzO, NO, ' et 
NO,-(HN03):. 

Cependant a 1'Cpoque le manque normal de donnees spec- 
troscopiques n'avait pas permis d'aller plus loin et il est bien 
clair que la cryoscopie, si elle permet de dCnombrer le degrt de 
solvatation des especes d'une solution, est d'un intCrCt limit6 
pour l'identification des especes rkellement presentes. D'ail- 
leurs 1'Cquilibre [I] lui-mCme n'avait ete ecrit qu'apres recon- 
naissance spectroscopique des especes par lngold e t ~ i l l e n  (4). 

Belin et Potier (5) ont CtudiC l'autoassociation de HN03 en 
solvant inerte par spectroscopie de vibration ir et abaissement 
cryoscopique, ils ont montrC ainsi la formation unique de poly- 
meres (HNO,), ouverts. 

Les etudes spectroscopiques faites recemment sur les com- 
poses HN03. H202 (6) et 4HN0,. H202 (7) dans le verre et le 
liquide ont permis de trouver les especes existantes dans ces 
deux Ctats dCsordonnCs, les interpretations n'ont CtC possibles 
pour le 4 :  1 qu'apres avoir montrC que le cristal est le tri- 
hydrogknotetranitrate d'oxonium: H,O '(NOI. 3HN0,)-. On 
peut donc penser que les mCmes techniques permettraient de 
faire avancer le probleme des especes reellement prksentes 
dans I'acide nitrique absolu. Dans cette optique, il  est clair que 
les recherches precedentes (6, 7), devraient 6tre d'un prCcieux 

secours ne serait-ce que parce que l'ion (N03.3HN03)- 
present dans des solutions tres concentrees en acide nitrique 
peut Ctre soup~onne d'exister encore dans l'acide absolu. 

Par ailleurs, depuis les travaux de 1'Ccole d'lngold, peu de 
progres ont ete faits sur le spectre de I'espece HNO, dans 
l'acide absolu puisqu'on ne peut citer que le travail de Mac- 
Graw et al. (8) sur la vapeur, leur exploration tres partielle du 
liquide et du solide, et le travail de Guillory et Bernstein (9) sur 
HN03 is016 en matrice. 11 est donc apparu nkcessaire de com- 
mencer la prCsente Ctude par l'acide nitrique cristallisC dont une 
image plus ou moins deformee pouvait apparaitre dans le li- 
quide. Pour cette raison nous avons malgrC llanciennetC de la 
structure Ctablie par Luzzati (10) tente de la concilier avec les 
spectres que nous avons obtenus. 

11 faut souligner que, comme les precedentes (6, 7), cette 
recherche est en grande partie une Ctude du comportement de 
la liaison hydrogene en relation avec les propriktes de donneur 
ou d'accepteur des molCcules constituant les supermolCcules 
recontrkes. 

Ceci doit permettre d'avoir une idke plus nette de la nature 
de l'autoprotolyse de la molecule amphiprotique HN03. 

L'acide nitriuue cristallise 
La seule determination structurale est celle de Luzzati (10) 

en 1951. Ce travail ancien a CtC, avec les possibilites de I'kpo- 
que, realis6 sur un monocristal miclC, cependant son auteur a 
pu proposer le groupe d'espace P~,/c(c:,,) avec les parametres 
suivants: a = 16,23; b = 8,57; c = 6,31 P\ et P = 90'. Ceci 
impose 16 molCcules dans la maille tandis que l'unitC asymC- 
trique n'en comporte que quatre. 

Les diffkrentes distances NO obtenues dans ces conditions 
sont d,-,, = 1,30 + 0,045 P\ et dNPo = 1,24 k 0,025 P\. Les 
molCcules d'acide nitrique s'organisent en chaine qui se corres- 
pondent par un centre d'inversion. Cette structure est ?i rap- 
procher de celle trouvCe pour CHICOOH (1 1) ou NaHCO, (12, 
13) par exemple. 

Les travaux de spectroscopie de vibration ont CtC plus nom- 
breux (8, 9, 14, 15) mais aucun n'a CtC fait en s'appuyant sur 

- - 

la structure proposCe par Luzzati. 
' Auteur 6 qui toute correspondancc doit &trc adressCe. Sur les figures 1 et 2 sont reprCsentCs les spectres ir des 
' AppelCs respectivernent 1 : I ct 4: 1 dans ce travail. acides hydrogen6 et deutCriC et les traces de certains domaines 
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HERZOG-CANCE ET AL 

3000 2000 1500 1000 500 cm-1 

FIG. I .  HNO, cristal: spectres ir (1) et Rarnan (2). 

FIG. 2. DNO? cristal: spectres ir (1) et Rarnan (2). 

les plus caractiristiques observes en Raman. On remarque leur 
complexite. 

Pour la molCcule HNOi de symktrie C, on attend 9 vibrations 
(7 A'  et 2 A"). Si on tient compte des 16 molCcules par maille 
on attend 237 modes de vibration soit: 

pour les vibrations internes: 32 Ag + 39 Au + 40 Bg + 30 
B u 

pour les rotations: 16 Ag + 8 Au + 8 Bg + 16 Bu 
pour les translations: 16 Ag + 8 Au + 8 Bg + 16 Bu 

La complexite du spectre ne permet pas de prevoir l'ensemble, 
ce qui parait d'ailleurs peu raisonnable. 

Si on essaie de raisonner avec l'unite asymetrique proposee 
par Luzzati, et de symetrie C2,,, on arrive a 57 vibrations: 

pour les vibrations internes: 12 Ag + 6 Au + 6 Bg + 12 Bu 
pour les rotations: 4 Ag + 2 Au + 2 Bg + 4 Bu 
pour les translations: 4 Ag + 1 Au + 2 Bg + 2 Bu 

ce qui parait &tre plus abordable. 
Avec ce mode de raisonnement, on voit que chaque vibration 

de HN03  donnera deux composantes actives en ir et deux en 
Raman. 

On peut cependant proposer une autre analyse basee sur 
l'analogie avec (HCO,), dans le sel de sodium (12). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1494 CAN. J .  CHEM. VOL. 63. 1985 

Cette derniere repose sur l'hypothese que les couplages 
interchaines seront faibles voire non existants. Dans ces condi- 
tions on analyse les spectres en ne prenant en cornpte qu'une 
chaine (HNO,), de syrnetrie C2,.. Par ailleurs si on prend en 
cornpte les ClCrnents de syrnitrie du cristal on peut dCcrire les 
rnouvernents de ce polyrnere (16) en analysant ceux du dirnere 
(HN03)? cornrne cela a etC fait pour (HCO,), dans NaHC03 par 
la ref. 12. 

On attend alors, en ir et en Raman, deux corngosantes pour 
chaque vibration interne sauf pour les vibrations d'espece A" 
qui ne donnent qu'une cornposante en ir. 

Le choix entre ces deux modes de raisonnernent n'est pas que & .  
subjectif puisque, dans la prernikre analyse, on doit noter une 
activitC selective ir et Rarnan et que de ce fait les frkquences 
observkes doivent Ctre, au rnoins dans la majorit6 des cas, 
diffkrentes. 

Dans une premiere etape, on peut retenir que, quelle que soit 
l'hypothese choisie, on attend deux cornposantes pour les vi- 
brations d'espkce A'. 

On peut donc essayer d'interpriter le spectre. 

Domaine des vibrations de valence: v OH (2000-4000 cm-') 
On relkve sur le spectre ir du cornposC hydrogene deux 

bandes irnportantes 2 3 1 10 et 2980 crn-' tandis qu'en Rarnan on 
observe essentiellement deux raies a 3100 et 2972 crn-I. Les 
cornposantes de DNO, sont relevees en ir a 2280 et 2140 cm-' 
(avec des rapports isotopiques de 1,36 et 1,39) et en Rarnan a 
2293 et 2130 crn-' (avec p = 1,36 et 1,39). 

On note au passage la diffkrence d'intensitk pour la seconde 
cornposante en Rarnan. 

par ailleurs, il  ne faut pas nCgliger les differents Cpaulernents 
observes tant en ir qu'en Rarnan et attribuables tout au rnoins 
partiellernent a des harrnoniques ou des cornbinaisons. 

Sur le spectre partiellernent deutkrie, on rernarque la prC- 
sence de trois bandes de rn6rne intensite sur lesquelles nous 
reviendrons un peu plus loin. La frkquence rnoyenne de v OH 
( ~ 3 0 5 0  crn-I) conduit, en reference a la courbe de Novak (17), 
a une distance do,,.o comprise @re 2,64 et 2,66 A alors que 
Luzzati indique do,,.o = 2,87 A en rnoyenne. 

Domaine des vibrations de valence asym&triques: v,, NO2 
(1500-1 700 ctn-I) 

On observe dans ce dornaine sur le spectre ir de HNO, 
cristallisC une composante a 1650, un epaulernent a 1680 crn-' 
et une autre cornposante tres faible a 1550 crn-' tandis qu'en 
Rarnan apparaissent une raie a 1663 crn-I avec un Cpaulement 
a plus haute fkquence et une raie d'intensitk plus faible (rnais 
toutefois plus intense qu'en ir) a 1542 crn-I. 

Pour I'hornologue deutCriC, on observe les rnCrnes corn- 
posantes avec un dkplacernent vers les basses frkquences dC1 2 
un effet secondaire de la deutkriation. 

Si on ne tient cornpte que des raies et bandes les plus irn- 
portantes, les deux modes d'analyses envisages sont corrects. 

Domaine des vibrations de valence symktriques: v, NOZ 
(1200-1500 cm-')  

Ce dornaine est tres sensible a la deutkration puisque la 
bande (ou raie) la plus intense (1240 crn-I) se deplace alors de 
+70 crn-I (tableau 1). Cette Cvolution est la preuve d'un cou- 
plage entre la vibration v, NO? et la vibration du mode de 
deformation 6 OH dCi a la formation de la chaine. On observe 
effectivernent dans le spectre de DNO? la disparition de la 
bande (ou raie) a 1410 crn-' (1423 crn-') tandis qu'apparaissent 
a 1058 cm-' (Rarnan) et 1063 crn-' (ir) une raie et une bande 

relativernent intenses. Au passage signalons que ce mode de 
vibration est observC par Guillory et Bernstein (9) a 1343 cm-' 
dans le rnonornere et a 1398 crn-' dans le dirnere. Ce glis- 
sernent de +67 crn-' sernble logique et correspond au glis- 
sernent de -440 crn-' observe pour v OH. 

Pour Cviter l'interfkrence 6 OH - v, NO2, on peut analyser 
le spectre de DNO,; on y releve, en Rarnan, quatre raies d'inC- 
gales intensites 2 1297; 13 19; 1342 et 1366 crn-' (en ir a 1320; 
1350 et 1380 crn-I). Les cornposantes supplkrnentaires sont 
dues soit a des harrnoniques soit a des cornbinaisons avec les 
modes de vibration par effet de corrClation; dans ce dernier cas 
i l  convient d'esukrer une autre determination structurale. 

Domaine 800-1200 cm-' 
Dans ce dornaine, on attend pour (HNO,), essentiellernent v 

N(0H) (= v NO'). 
Nous ne reviendrons pas ici sur le choix d'attribution 

proposC par Diop et Potier (18) et confirm6 par Guillory et 
Bernstein (9). 

Cette bande apparait a 955 crn-' (953 en Rarnan) rnais ce- 
pendant elle n'est pas unique cornrne on le voit sur la figure 1 .  
~a deutkriation simplifie 1; bande ir; on n'observe qu'une com- 
posante principale a 950 crn-' rnais sirnultanCrnent apparait une 
bande 740 crn-I. Ceci conduit a attribuer une des deux bandes 
autour de 950 crn-' a y OH (HNO,),. (On note un glissement 
de frequence de -5 cm-' dC1 I'effet de la deutkriation (Fig. 
21.) 

Pour v NOH la presence d'une raie intense et d'une plus 
faible a 977 crn-' (Rarnan) est toujours compatible avec le 
mode de raisonnernent adoptC. 

Domaine 800-700 cm-' 
On doit trouver essentiellernent, dans ce dornaine, les vi- 

brations de deformations de NO2 et de l'angle ON(0H). Les 
eclaternents y sont plus faibles, ils apparaissent cependant en 
Rarnan ou la rCsolution est rneilleure. Pour p NO! (783-776 
crn-' en Rarnan; 775 en ir), il sernble qu'on ait la preuve que 
dans le cristal HNO, tout se passe cornrne si, seul intervenait 
dans le denornbrernent des modes de vibration, le motif 
(HNO,),. 

I1 ;;st pas utile de discuter de faqon dCtaillCe les attri- 
butions; elles sont reportees dans le tableau 1 et ne s'kcartent 
pas des attributions classiquernent proposkes. 

Domaine des vibrations de re'seau 
On observe en Raman trois vibrations de reseau a 42,103 et 

163 crn-I. On peut penser cornrne Hadzi et al. (19) que la 
vibration 5 163 cm-' correspond a un mode de liaison hydro- 
gene. 

En conclusion, i l  sernble que l'analyse des donnCes spec- 
troscopiques ne prenant en cornpte que I'unitC asyrnktrique soit 
correcte. Cependant il reste le problkrne des trois composantes 
v OH d'Cgale intensit6 observees en ir dans le composC par- 
tiellernent deutCriC et la presence en Rarnan de trois com- 
posantes dans (HNO,), ou (DNO,),. I1 n'est gukre possible 
d'attribuer une de ces trois bandes a une cornbinaison. L'CgalitC 
de leur intensite conduirait a les attribuer 2 3 vibrations 
0-H-0 d'inkgale longueur ainsi que le propose Lu~zati .  Ce 
dernier a trouvC des liaisons hydrogene de 2,84 a 2,98 A, ce qui 
correspondrait selon la courbe de Novak (17) a des frkquences 
v OH de 3400 2 3500 crn-I. Les diffkrentes frkquen~es obser- 
vies ici conduisent des distances de 2,66 a 2,64 A ,  soit des 
diffkrences de distances 0.. .0 comparables. Signalons que 
Roziere et al. (20, 21) ont rCinterprCtC pour [NO3. HN03]- les 
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HERZOC-CANCE ET AL. 

TABLEAU 1. FrCquences et attributions des divers modes de vibration pour 
HN03 cristal 

HNO, DNO3 

Infrarouge Raman Infrarouge Raman Attributions 

2780 Cp. 
2620 Cp. 

1680 Cp. 
1650 F 
1550 Cp. 
1460 f 
1410 m 
1345 Cp. 
1330 m 
1240 F 

3110 m 
3000 m 
2930 m 
2790 Cp. 
2660 f 
2640 f 
2550 f 
2280 F 2293 F 
2265 Cp. v OH 
2140 F 2130 Cp. 

1940 Cp. 
1900 m 

1780 Cp. 
1750 Cp. 
1650 Cp. 1630 f 
1600 F 1608 f v,, NO2 
1550 Cp. 1548 f 
1450 f 

s OH 
1380 Cp. 1366 m 
1350 Cp. 1342 m 
1320 F 1319 F ""02 

1297 f 
1063 F 1058 F S OD 

970 Cp. 977 f 
955 F 955 F 950 F 963 948 F v NOH(HN03) 
950 F Y OH(HNO3)., 

783 f 
775 m 775 F 775 f p NO? 

776 f 
740 f y OD(DNO?)., 

705 F 705 m 700 F 701 m 
695 6p. 697 m 694 S a O r  

150 F 
Vibration de rCseau 

analyses structurales et, en introduisant u? desordre ont amen6 
la distance 0.. .0 de 2,85 (22) a 2,44 A. 

L'acide nitrique liquide 
Comme nous l'avons vu en introduction, l'kquilibre d'auto- 

dissociation de l'acide propose par Ingold et coll. (1) fait 
apparaitre des ions NOz+ (solvatis par deux molCcules d'acide 
nitrique), l'ion dihydrogenotrinitrate et de l'eau elle aussi sol- 
vatCe par deux mol~cules d'acide. 

Depuis ce travail, Leuchs et Zundel pour HN0,-H,O (23) et 
nous mCmes pour HN03. H,O et 4HN0,. H,O (6, 7) avons 
montre que l'interaction H 2 0  - acide nitrique correspondait a 
la reaction acide-base sans transfert de proton: H20.. . HONO? 
avec l'oxygkne de la molecule d'eau comme centre basique 
plut6t qu'a la creation de l'entitk H2O(HNO3),. 

I1 faut aussi rappeler que HN03 dans un solvant neutre (5) est 
dissocie a grande dilution en donnant le monomere caracterise 
par une bande 2 3484 cm-' avec une constante d'anharmonicitt 
selon Sandorfy (24) X12 = 64; XZ3 = 80; XI3 = 72 tandis que 

pour HNO, anhydre on observe XI? = 43; X2, = 93 et XI? = 68 
ce qui permet d'eliminer I'hypothkse de la presence unique de 
monombe. Et ce d'autant plus que la vibration OH du poly- 
mere ouvert est observee a la mCme frequence que le mono- 
mere (25). 

Par ailleurs, une etude des abaissements cryoscopiques en 
solvant inerte avait conduit Belin et Potier (5) a n'admettre que 
la presence de polymeres ouverts. Notons Cgalement que ces 
auteurs n'ont pas envisage pour HNO, liquide la presence pos- 
sible de plusieurs espkces liees ii la formation de l'equilibre 
d'auto deshydratation. 

Pre'sence de l'ion NOz+ 
Ce travail confirme sans ambigu'ite la presence de l'ion NO,' 

(avec v, = 1399 cm-' en Raman et v,, = 2330-2360 cm-'; 6,,, 
= 550 cm-' et v, + v,, = 3740 cm-' en ir). 

Sur la figure 3 on voit que les frequences relevees pour cet 
ion s'integrent parmi les frequences relevees pour des ions 
NO2+ libres comme l'ont montrk des etudes structurales. L'ab- 
sence de tout abaissement de frequence notamment pour v, 
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C o m p o s e s  R e f e r e n c e s  

H N O B  liq. 

2 .  9 . 1 1  ' 

NO; C104 
1 . 1 . 2 '  

NO: FSOB 

N 0 3 1 B F 3 ) 2 0 H -  

NO$ B F i  

H ~ O + N O ; ( B F ~ )  

FIG. 3. Evolution des frkquences caracttristiques de I'ion NO; 
dans diffkrents sels de nitryle ( X  2.9. 1 1  = (H~O')~(NO~),(CIO;) , ,  
et I .  I .2 = H?O+ NO,'(CIO;)~). 

(NO2')  permet de ne pas retenir l'hypothese d'une sol- 
vatation de ce cation par deux molecules d'acide nitrique. 

Recherche cle / 'ion (NO., .2HN0.j)- 
I1 apparait normal de rechercher la presence potentielle de cet 

anion qui a CtC caractCrisC tant par diffraction de rayons X (35) 
que par spectroscopie de vibration ( 1  8) dans la serie des dihy- 
drogknotrinitrates, MN03. 2HN03 (M = K', NH;' , Cs', 
Rb+ ...). 

Sur les spectres de Potier et Diop (1 8) on peut noter quelques 
bandes ou raies caractCristiques de I'anion (NO!. 2HN03)- en 
particulier, la presence de la liaison hydrogkne de 2,60 
entraine celle d'une bande large j. 2500 cnl-I. Un autre fait 
spCcifique de cet anion est I'existence a c6te de la raie a 13 12 
cm-' d'une raie d'egale importance B 1367 cm-I like B la 
solvatation de l'ion nitrate par deux n~olecules HN03 et j. la 
prtsence d'un vibrateur NO libre. 

L'absence de la bande a 2500 cm-' et de la raie h 1367 cm-' 
dans les spectres de HNO, dans I'Ctat liquide permet sans 
ambigu'itC de refuter la formation de cet anion dans l'acide 
nitrique anhydre. Une conclusion semblable avait Cte proposCe 
lors de l'analyse des spectres du 4:  1 et de 1 : I dans les Ctats 
dCsordonnes (6, 7). 

Dotnaitze des vibrations de valence v NOH (v NO') 
Ayant montrC la presence d'un ion NO?' non solvat6 et 

I'absence de (NO3. 2HN0,)-, il reste a rechercher les espkces 
responsables de la complexit6 des spectres. Comme cela a ett  
fait pour le 4:  1 et le 1 : 1 (6, 7), on Ctudie en premier lieu le 
domaine des vibrations v NO' ou peuvent apparaitre diffkrents 
types de vibrateurs. 

Une prernikre analyse du spectre Raman (Fig. 4) rnontre que 
HN03 liquide a un comportement comparable B celui de 4:  1 
liquide et que la raie centrCe autour de 940 cm-I est complexe. 
11 sernble logique de lier ici l'apparition des diffkrentes com- 
posantes, B I'existence de divers vibrateurs v NO'. On re- 
marque toutefois des variations d'intensitk quand on passe de 
HNOl au 4: 1 .  

On peut penser que dans les deux cas, les m&rnes modes de 
vibrations sont responsables des raies ou bandes observCes a 
des frkquences proches. Dans le tableau 2, on a rassemblC les 
attributions proposies en fonction de cette hypothkse de travail; 
ceci permet d'envisager la presence: 

de I'ion trihydrogenotetranitrate (NO3. 3HN03)- 
de l'association molCculaire H20.. . HON02 

FIG. 4. Spectres Raman entre 850 et 1050 cm-': ( I )  4HNOI. H20 
liquide, (2) HN03 liquide, (3) HN03 cristal, (4) HN03 liquide: 
kpaulement i 980 cm-', (5) DNO3 liquide autour de 1050 cm-I, (6) 
HN03 cristal autour de 1050 cm-I. 

d'acide nitrique "libre" 
(Bien entendu il faut que l'analyse des autres domaines de 
frCquence corrobore ces attributions.) 

Plus precisernent on relkve sur la spectre Raman enregistre 
B -35°C (liquide froid) un epaulement 21 980 cm-' noyC dans 
la plupart des autres spectres, dans le pied de la raie autour de 
940 cm-' (fig. 4(4)). Cette composante est a rapprocher de 
celle attribuie j. v NO' de la liaison hydrogene centrale de 
(NO3. 3HN03)-. Ceci est une des premikres indications de la 
presence de cette espkce dans HNO, liquide et justifie la re- 
cherche des autres espkces susceptibles d'exister (tableau 2). 

En plus de ces composantes, on trouve pour HNO, liquide, 
une vibration v NO' a 950 crn-I absente dans le 4 :  1 et le 1 : 1. 
Cette frkquence est 2 rapprocher de celle observke dans le 
cristal ou les molCcules d'acide nitrique forrnent le polyrnkre 
ouvert (HNO,),. Le diplacement de frkquence traduit un af- 
faiblissement de la liaison hydrogene qui peut &tre l iC  a un effet 
de tempCrature. 

Domaine des vibrations cle valence v OH (4000-2000 cm-') 
Sur la figure 5 on a regroup6 les traces ir du 4 :  1 ,  de HN03 

et DN03 liquide. On note, rnis 5 part des difftrences au niveau 
des frequences des v OH, une allure sirnilaire avec apparition 
des bandes A, B et C caractkristiques des liaisons hydrogkne. 
I1 sernble logique d'attribuer ce cornportement, cornrne dans le 
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HERZOG-CANCE ET AL 

TABLEAU 2. Friquences et attributions des divers vibrateurs v NO' pour HNO? et DNO3 
liquides. Cornparaison avec 4HN03.  H20 

Raman 
lnfrarouge Raman 

4HN03. H 2 0  4DN07. DzO 
HNO? DNO? HN03 DNO? Attribution (7) ( 7 )  

920 920 924 920 v NO' HNO? libre 926 

930 932 932 v NO' term. 936 935 
940 - 940 939 anion complexe 946 945 

950 - 948 949 v NO' (HNO,), 
955 - 95 5 962 v NO' HNO, 960 960 

assoc. mol. 
980 980 980 980 v NO' centraux 968 970 

anion cornplexe 982 980 

FIG. 5. Spectres ir de 4HN03. H20  liquide ( I ) ,  HNO? liquide (2) et DN0, liquide (3). 

4:  1 ,  a la presence d'une liaison hydrogene moyennement forte 
centree autour de 1500 cm-' due a la mCme espbce: l'ion 
(N0,.3HN07)- dont la vibration v NO' est observee ii 980 
cm-' . 

Cependant, traditionnellement la recherche des autres es- 
pkces est effectuee sur les spectres Raman souvent mieux re- 
solus. Sur la figure 6 sont report& les spectres Raman de HNO, 
et du 4 :  1 dans 1'Ctat liquide. On y relkve trois domaines prin- 
cipaux de vibration autour de 3350, 3050 et 2650 cm-I, les 
intensites des deux derniers sont plus faibles que dans le 4 :  1.  

Comme pour le 4 :  1, le massif large centre autour de 2650 
cm-' correspond aux vibrations v OH (H70i)  de la paire io- 
nique. De mCme on retrouve v OH (HNO?) de l'association 
mol~culaire HzO.. . HONO, autour de 3020 cm-' tandis que v, 
et v,, (H20) de cette association apparaissent a 3545 cm-' en 
Cpaulement au massif large entre 3100 et 3500 cm-' (il con- 
vient de noter que dans le 1 : 1 (6) l'intensitk de cette raie est 

particulierement importante). 
En ir (fig. 5) sur le spectre de HNO, deutkrie, on observe 

comme pour le 4 :  1, la presence d'une bande fine a 2920 cm-' 
qui glisse par deuteriation a 2080 cm-'. Cette bande n'existe 
pas sur le spectre ir de HN03; a sa place on observe une fenCtre 
de transmission d'Evans (due a 2 6 OH) comme nous l'avions 
dkjh note et discutk pour le 4: 1.  

Bien qu'une analyse quantitative des variations d'intensite 
ne soit pas possible, on peut remarquer cependant, comme sur 
les spectres Raman, une diminution des intensites des bandes 
caracteristiques des espbces H,O.. . HONO? et H,OH'. . . 
0 N 0 2 -  quand on passe de 4 : 1 a HN03; en particulier le rapport 
v OH (H20HON02)/v;,,NOz est de 0,45 dans le 4 :  1 et n'est que 
de 0,33 pour HNO,. 

Dans le 4 :  1 on a attribue a HNO, "libre", une raie h 3280 
cm-I, ici on retrouve une raie a 3330 cm-I; on peut penser 
qu'elle provient de la presence d'acide nitrique "libre", sa 
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FIG. 6. Spectres Raman de 4HN03. HzO liquide ( I )  et HN03 liquide (2) entre 2000 et 4000 cm-' (a.c. = anion complexe; a.m. = association 
moltculaire; p.i. = paire ionique). 

frCquence est plus ClevCe a cause de l'affaiblissement des liai- La variation des frequences des diverses vibrations v NO' et 
sons hydrogkne par rapport a celles du cristal. On remarque que v OH quand on passe de HNO, a 4HN03. H 2 0  et HN03. H 2 0  
dans le spectre HN03 liquide, la raie relative v OH (HN03) est reportee sur la figure 7. 
libre est plus intense que dans le 4 :  1 ce qui est tout a fait 
logique et que sa frtquence y est plus tlevte (+SO cm-'). Ce 
glissement de frtquence de 50 cm-' , general quand on passe de 
4 :  1 2 HNO, amkne quelques commentaires. Dans le gaz en 
matrice Bernstein a observe v OH 2 3490 cm-' tandis qu'il a 
not6 pour le dimere 3280 cm-' (9). I1 semble que ce que nous 
appelons acide nitrique "libre" est en rtalitt un acide deja 
engage dans une liaison hydrogene tres faible; cornme Belin 
et Potier l'on dtja indiqut (5) pour la suite de ce mtmoire, nous 
garderons le terme "HN03 libre". 

La raie a 3170 cm-' qui se dCplace a 2336 cm-' par deu- 
ttration est comparable a celle q;i est observte 2 31h0 crn-I 
dans le 4: 1 et est attribute a v OH (HN03) terminal de I'anion 
complexe. 

Ayant confirm6 la presence de l'anion complexe 
(N03.3HN03)- il importe de rechercher l'existence d'ions 
H30+ libres. I1 semble que l'on puisse attribuer a v l  et v3 H30t  
les vibrations observees a 3380 et 3430 cm-' en Raman (3380 
et 3420 cm-' en ir) qui se dtplacent par deuttration (p = 1,37). 
Dans ce domaine de frequences sont tgalement attendus les 
vibrateurs v OH de HNO, monomhe et v OH terminaux du 
polymkre ouvert. 

Reste a examiner le cas du vibrateur v OH a 3250 cm-' ,  ce 
vibrateur est absent dans le 4: 1; il sernble justifit? de I'attribuer 
au vibrateur OH engage du polymkre (HN03), observe dans 
HNO, cristal. Sa frtquence suptrieure a celle relevte dans ce 
dernier (31 10 cm-I) indique un affaiblissement des liaisons 
hydroghe de ce polymkre ou une dtpolymtrisation partielle 
mais est aussi lie a un effet de tempkrature. 

Domaine des vibrations de valence v, et v, NO? 
L'ensemble des attributions propostes dans le domaine des 

vibrations de valence v, et v,, NO2 est reportt dans le tableau 
3. On doit souligner qu'en ir on observe deux composantes a 
1300 et 1350 crn-'. De plus on remarque la disparition du 
dtplacement de v, NOz sous l'effet de la deuteration. 

La presence de la raie a 1380 cm-' dans DNO,, absente sur 
le spectre du 4:  1 semble difficilement attribuable a une har- 
monique mais parait plut6t due a une des composantes du 
polymkre (HN03),. 

Domaine entre 1000 et 700 cm-' 
Si les espkces apparemment dttecttes jusqu'a maintenant 

sont rkellement prtsentes, on attend dans HN03 autour de 1000 
cm-' v2 (H30+) et en plus en Raman v, NO3- de la paire 
ionique, tandis que pour DN03 on doit retrouver les dCfor- 
mations 6 OD de HN03 "libre", 6 OD du (ou des) polymkres 
et enfin v l  NO3-. 

En ir, si on compare au spectre de HNO, cristal, on observe 
ici une bande de trks faible intensitt (1050 cm-'). Tandis que, 
si dans DN03 cristal on note une bande a 1065 cm-', pour 
DN03 liquide on n'observe qu'une bande large a 1025 cm-' 
avec un Cpaulement a 1055 cm-' et par ailleurs un Cpaulement 
a 830 cm-I, Cpaulement absent sur le spectre de HN03 liquide 
ce qui conduit a y voir vz H30+ et v2 D30+ (p = 1,27). 

En Raman (fig. 4), les modifications rencontrkes quand on 
passe de HNO, a DN03 sont plus importantes (on rappelle que 
dans HN03 cristal il n'y a qu'une raie dans ce domaine, fig. 4 
(6)). On voit pour HN03 une raie fine a 1055 cm-I avec un 
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0 a .  c .  cent. 

A ----------- -A- - -- ------______ -A A a.  m. 

a.  c. term. 

0 - - - - - - - -  H N 0 3  libre 
m I H N O ~ I ~  

HNOJ 4 HN03.H20 HN03.H20 composes 

FIG. 7. Variation des frCquences des vibrateurs v NO' ct v OH 
entre HN03, 4HN0,.  HzO et HNO,. H20 .  

Cpaulement a 1040 cm-' (fig. 4 (2)) tandis que pour DNO,, la 
raie i 1055 cm-' diminue d'intensitC et qu'apparait une raie 
plus intense a 1034 cm-' (fig. 4 (5)). 

Ces faits semblent rendre compte de la presence de v, H30' 
(diminution de la raie a 1055 cm-' et apparition de I'epaule- 
ment a 830 cm-' sur le spectre de DNO,) tandis que les deux 
raies de DNO, seraient attribuables aux vibrateurs 6 OD des 
polymhes et de HNO, "libre" attendus. 

L'epaulement a 1040 cm-' dans HNO, liquide indique la 
presence de v, NO3- de la paire ionique. I1 semble que les 
liaisons hydrogkne sont affaiblies (la frkquence de vl  NO,- est 
supCrieure a celle observee dans le 4 :  1). 

La frkquence relevCe a 1034 cm-' sur le spectre Raman de 
DNO, peut Etre attribuCe a 6 OD de HN03 "libre"; rappelons 
que pour HNO, gaz en matrice Bernstein (9) avec v OH = 3490 
cm-' observe 6 OD ?i 1031 cm-', il est donc logique avec v OH 
= 3300 cm-' de retrouver 6 OD a 1034 cm-' compte tenu des 
effets de temperature (- 180°C pour la ref. 9 et 0°C dans ce 
travail). La raie i 1055 cm-' serait due a 6 OD du polymkre. 

En dessous de 800 cm-' apparaissent classiquement, les 
deformations des groupes NO2 et des angles ON(0H) comme 
on le voit sur le tableau 3. On doit rappeler le comportement 
similaire not6 en ir au niveau de la bande large autour de 600 
cm-' pour le 4 :  1. 

Le tableau 3 rassemble l'ensemble des frCquences et attri- 
butions proposCes pour les espkces prCsentes dans HNO, et 
DNO, liquide. 

Conclusion. Proposition pour une autoprotolyse de 
I'acide nitrique absolu 

Les rCsultats prtctdents conduisent a prkciser l'tquation 
thermodynamique de Ingold et coll. (1) en: 

( D l  
-+sites possibles 

pour une protonation 
1 de ( H N O 3 I 2  

FIG. 8. (A) Formation du dimere; (B) formation du tCtraniire; (C) 
I'ion trihydrogCnotCtranitrate; (D) possibilitCs d'attaque du diniere; 
(E) rtaction rCsultante (la direction des flkches indique le sens du 
transport des Clectrons - fltche en trait plein = allongement de la 
liaison, en tiretC = raccourcissement). 

[a] 9 (HNO,). E NO,' + (NO,. 3HN0,)- + H,O.. . HONO, 

qui est l'equilibre principal auquel on doit ajouter: 

H20. .. HON02 E H20H'. . aON02- 

deji Ccrit pour le quart et le monohydrate (6, 7) et: 

avec y 5 4. 
Ceci rend compte de l'identification spectroscopique: (i) de 

l'oligomkre en chaine (HNO,), peu condend; (ii) des espkces 
NO2+ et (N03.3HN03)-, (iii) des deux formes du mono- 
hydrate (association moltculaire et paire ionique), et (iv) de la 
presence de trks peu d'ions oxonium. 

On doit alors noter que 1'aciditC protonique est celle du 
polymkre nitrique, a priori plus acide que la moltcule isolCe. 
Mais cette aciditt est rCduite par ionisation du tktramkre qui 
crCCe l'ion (NO3. 3HN0,)- en libCrant un proton qui, cherchant 
un accepteur protonique ne peut le trouver que sur une espkce 
existante c'est-a-dire un autre oligomkre nitrique ( x  < 4 peut 
etre 3 ou 2) plus basique que le tCtramkre. Cette attaque conduit 
5 H~NO: qui se deshydrate facilement donnant alors l'ion NO2+ 
et la base H 2 0  qui se recombine avec (HNO,), en donnant le 
monohydrate. Ceci peut Etre present6 dans le contexte des lois 
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TABLEAU 3. FrCquences et attributions des modes de vibration pour HNO, liquide 

Infrarouge Raman lnfrarouge Raman Attributions 

3550 Cp. 

3400 F 

3300 F 

2665 Cp. 2650 Cp. v,, v., (H20) .  ass. mol. 

3380 F 
3330 F 
3249 F 
3170 Cp. 
3020 m 

- 2454 F v OH HNO, libre 
2400 F v OH (HNO,)., 
2346 m v OH (HNO,) anion complexe 

2080 m 2107 f v OH (HNO,) ass. mol. 

1980 f v ,  v3 (H,O+) p. ionique 

1692 Cp. 
1675 f 
1670 f 
1541 f 

1630F 1645f 
1615 f 
1540 f 

1450 m 
1380 Cp. 1383 m 
1360 Cp. 

1338 Cp. 
1300F 1307F 

1278 Cp. 
1270 Cp. 
1180 Cp. 
1120 m 
1055 Cp. 1055 Cp. 

1540 Cp. 
1460 f 
1380 Cp. 
1350 tp .  

v ,  No3-- p. ionique 

1365 Cp. 

1300 F 
1287 Cp. 

v, NO,- p. ionique 
v, D,O' libre 
6 OD ( D 2 0 )  ass. mol. 
6 OD (DNOJ, et v2 HzO+ 
u ,  NO,- p. ionique et 
6 OH HNO, "libre" 
~2 D,Of 
P NO2 
y OD (DNO,), 
6, NO? 

1250 Cp. 

1040 Cp. 1025m 1034m 
830 Cp. 830 Cp. 
760 m 775 f 
740 
710 Cp. 705 Cp. 
670 681 m 

603 
560 580 m 

710 Cp. 
670 f 

700 Cp. 
676 m 
644 
614 m 

de Gutrnann (36). 
La figure 8(A) rnontre les effets dus a la formation du 

dirnere. Les faits notables sont le raccourcissernent des liaisons 
N-(OH), l'allongernent de (NO)-H dans la formation de la 
liaison hydrogkne et surtout l'allongernent du OH terminal 
(affaiblissernent et transport sirnultanC dlClectrons de H a 0 )  
c'est a dire ['augmentation d'acidite de I'hydrogene termi- 
nal par rapport a l'acide monomere. 

La figure 8(B) prCsente la formation du tktrarnkre conduisant 
a celle du trihydrogCnotCtranitrate. A l'allongernent d'une liai- 
son O-H et au raccourcissernent d'une liaison H.. . 0 corres- 
pond (lois de Gutrnann) un raccourcissernent de la liaison 
hydrogkne O-H.. .O. Mais on note surtout l'augrnentation de 
l'aciditk de l'hydrogene terminal (entourC). 

Plus la chaine d'oligornere s'allonge, plus elle est acide et a 
tendance 2 "relarguer" H'. Ici, ceci conduit a l'ion tri- 
hydrogknotetranitrate reprksente sur la figure 8(C). 

On cornprend que les liaisons hydrogene doivent se rac- 
courcir et surtout que la liaison hydrogkne centrale peut devenir 
sy rnktrique. 

La figure 8(D) correspond a la suite de la rCaction [a]. On 
considkre que le tCtramkre (fig. 8(B)) "relargue" son proton en 
donnant (NO,. 3HNO3)- (fig. 8(C)). Le proton disponible at- 

taque, par exernple, un dirnkre. 
A priori, i l  est difficile de localiser l'oxygkne de protonation 

puisque lors de la formation du dirnere (fig. 8(A)), tous les 
oxygknes se sont chargks. Parmi les quatre positions, la troi- 
sikrne et la quatrikrne apparaissent les rnoins favorables (fig. 
8(E)). 

Dans les deux premiers cas, les liaisons NO pouvant con- 
duire a NO,' sont effectivernent raccourcies et les liaisons NO 
dont il faut envisager la rupture sont allongCes. 

En tout Ctat de cause la rkaction rksultante est: 

L'eau libkrke vient attaquer une rnolCcule HNO, et donne 
l'association molkculaire HzO . . . HONO,. 

Remarque 1 : 
Le processus d'oligornkrisation de l'acide nitrique conduit a 

une raccourcissernent des liaisons hydrogene de chaines a con- 
densation croissante. Ceci confirrne l'inteprktation de nos don- 
nees spectroscopiques et conduit a une rkvision probable des 
distances donnkes par Luzzati dans le cristal HNO,. 

Remarque 2: 
En plus des rkgles de Gutrnann on est conduit a ajouter la 
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regle sur la liaison hydrogene: tout allongement de  la liaison 9. W. A. GUILLORY ct M. L. BERNSTEIN. J. Chcrn. Phys. 62, 1058 
0-H, la plus courte de  0-H. .. 0 ,  conduit 2 un rac- (1975). 
courcissement de  la liaison 0.. . O ,  tout allongement de  H.. . 0 10. V. LUZZATI. Acta Crystallogr. 4, 120 (1951). 
provoque un allongement de  0.. .0. 11. R. E. JONES ct D. H. TEMPLETON. Acta Crystallogr. 11, 484 

(19581. 

Partie expkrimentale 
Echnn~illons 

L'acide nitrique est obtenu sclon la mtthodc rnisc au point par 
Potier (37). 

L'acide deutkronitrique est obtenu ?I partir de I'anhydride nitriquc 
N2O5 dont la rnCthode de prkparation rnise au point au laboratoire (30) 
est une adaptation de celle de Hackspill et Bcsson (38). 

Pour les ttudes Raman, les Cchantillons sont introduits, en boite 
gants, dans des tubes de vcrre Pyrex de 5 mm dc diarnctrc qui sont 
ensuite scellCs sous vide. La cristallisation des Cchantillons nkcessite 
des traiternents therrniques. Le cycle est le suivant: on fait une trempe 
a 90 K suivic d'un rechauffement lent jusqu'i I'apparition des pre- 
miers cristaux puis de nouvcau trempe et rkchauffcment et cc jusqu'ii 
cristallisation totale. 

Appnreillnge 
Les spectres ir ont CtC enregistrCs sur un spectromktre Perkin Elmer 

180. La cellule 6 temptrature variable est dc typc convcntionnel 
(VLT2). Les Cchantillons sont placCs cn boite 6 gants entre des faces 
en AgCI. 

Les spectres Raman sont enregistrks sur un spectromktre Rarnan 
Dilor coup16 i un analyseur modulaire multicanaux Tracor (Northern 
Instrument). Le laser i argon ionisC Specta Physics a une puissance 
maximale de I W sur la raie i 5145 A. Le refroidissement des 
Cchantillons est assure par un cnsemblc cryostat et rCgulation dc tem- 
pCrature Coderg. 
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Supersonic beam investigations of indole and indole-halomethane complexes: 
intermolecular interactions 
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This paper is dedicated to Professor Camille Satrdorfi on the occasion of his 65th birtl~day 

JAMES HAGER and STEPHEN C. WALLACE. Can. J. Chem. 63, 1502 (1985). 
We report the findings of a supersonic beam investigation of the I :  1 gas phase complexes of indole with various 

halomethanes. The unique environment of the supersonic jet provides a method by which the pairwise intermolecular 
interactions of these complexes can be studied without the complications of condensed media effects. The behavior of argon 
and methane van der Waals molecules is described first in order to.provide examples of simple dispersive interactions. These 
are then contrasted with complexing species such as CF, and CCI, where repulsive interactions offset the stabilization due to 
dispersive and dipole - induced dipole forces. Finally, we show that the interaction between the probe molecule and CHC13 
and CH2CI2 is apparently hydrogen bonding with the indole .rr electronic system. The implications of these intermolecular 
interactions on the area of general anesthesia are discussed in terms of a picture in which both the hydrophobic and polar 
portions of cell membrane may be reversibly affected. 

JAMES HAGER et STEPHEN C. WALLACE. Can. J. Chem. 63, 1502 ( 1  985) 
On rapporte les rCsultats obtenus au cours d'une Ctude, effectuke en phase gazeuse et 2 I'aide-d'un faisceau supersonique, 

de complexes 1 : 1 d'indole avec divers halomCthanes. L'environnement unique du jet supersonique fournit une mtthode par 
laquelle les interactions intermolCculaires pairCes de ces complexes peuvent Ctre CtudiCes sans les complications inhirentes aux 
effets des milieux condensCs. Dans le but d'avoir des exemples d'interactions dispersives simples, on dCcrit en premier le 
comportement des molCcules de van der Waals entre I'argon et le methane. On met ensuite ces molCcules en opposition avec 
des espkces complexantes comme le CF4 et le CCI, dans lesquelles les interactions rCpulsives compensent la stabilisation qui 
provient des forces dispersives et des forces dipolaires induites par des dipBles. Enfin, on dCmontre que I'interaction entre la 
molCcule qui sert de sonde et le CHC13 ou le CHzClz est apparemment due i une liaison hydrogkne avec le systkme Clectronique 
.rr de I'indole. On discute des implications de ces interactions intermoltculaires sur le domaine de I'anesthCsie gCnCrale en 
fonction d'une hypothkse par laquelle les portions tant hydrophobes que polaires de la membrane cellulaire peuvent Ctre 
affectCes d'une fa~on rkversible. 

[Traduit par le journal] 

Introduction 
Supersonic beams technology has enabled the synthesis of a 

wide variety of van der Waals molecules in which a "probe" 
molecule is embedded in a well-characterized "solvent" of fi- 
nite extent (1-4). This has opened the way for the comparison 
of isolated molecule behavior with that of the same molecule 
associated with a chemical interesting ligand. The versatility of 
this technique can be seen by examining the enormous range of 
atoms and molecules that have been investigated in this way. 
These systems include rare gas dimers and clusters (2), hydro- 
gen bonding species (3), and even bio-molecules such as tetra- 
porphyrins and their associated van der Waals molecules (4). In 
this paper we examine the excited state behavior of indole van 
der Waals complexes with a series of halocarbons that are of 
interest in the area of general anesthesia. Supersonic expan- 
sions provides a unique medium in which to study the pairwise 
intermolecular interactions that are of great interest with re- 
spect to these weak forces. 

General anesthetics encompass a group of atoms and mole- 
cules of widely differing chemical behavior. Substances such 
as molecular hydrogen and nitrogen as well as CF4 and SF, 
exhibit limited anesthetic activity (5). Other more potent anes- 
thetics include ether, chloroform, halothane (CF3CHC1Br), and 
methoxyflurane (CH,0CF2CHCl,). The molecular view of the 
way in which this diverse group of chemical substances can 
reversibly affect the nerve cell membrane indicates that weak 
molecular associations are the physical interactions responsible 
for their anesthetic action (5). It has been suggested (6 )  that the 
study of weak molecular interactions can shed light on the 
perturbations of the optimum conditions for ion transport in and 

out of the nerve cells. Due to the good relationship between 
anesthetic potency and lipid solubility it has been routinely 
assumed that anesthetics are involved almost exclusively with 
interactions at the hydrophobic parts of the membrane lipids. 
The universality of this point h i  recently been questioned by 
Sandorfy and co-workers (6, 7) based on their infrared spec- 
troscopic investigations of intermolecular associations between 
various functionalities and a wide variety of anesthetic mole- 
cules. 

Briefly, the results of these investigations indicate that polar 
interactions may be very important in determining the anesthet- 
ic potency of a given molecule. A classification scheme based 
on the types of intermolecular interactions through which a 
given anesthetic molecule can affect molecular associations has 
been proposed by Sandorfy (6, 7). First there are those anes- 
thetics that are non-polar and can associate only through dis- 
persion forces, ion - induced dipole interactions, and dipole - 
induced dipole interactions. ~ h e s e  anesthetics would be ex- 
pected to interact primarily with the membrane lipids or pro- 
teins. Examples of these include Xe, SF,, C2F6, and C2H4. 
Highly anesthetics in this class may also associate 
with the ionic and polar sites. Secondly, there are anesthetics 
that interact through charge transfer complex formation, 
though there are no confirmed examples of this as of yet. 
Thirdly, there are the anesthetics with an appreciable dipole 
moment, and consequently, can enter into electrostatic 
ion-dipole and dipole-dipole interactions. This group also 
contains those anesthetics that participate in hydrogen bonding 
as either a proton donor or proton acceptor. 

The studies of the Sandorfy group have clearly shown, both 
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FIG. 1. Fluorescence excitation spectrum of bare indole. 

experimentally and theoretically, that certain halogenated anes- 
thetics perturb hydrogen bonds, shifting the equilibrium away 
from associated molecules toward the free species. In addition 
it appears that the degree to which a given fluorocarbon mole- 
cule perturbs this equilibrium is directly proportional to its 
anesthetic potency. Especially interesting is that the presence 
of a hydrogen atom in the halocarbon anesthetic greatly in- 
creases the hydrogen-bond perturbing potency and anesthetic 
activity. 

We have undertaken a supersonic beam investigation of van 
der Waals complexes of indole with a variety of molecules of 
anesthetic interest in order to try to identify the relevant inter- 
molecular interactions under isolated cluster conditions. 'The 
technique involves the in situ synthesis of a given indole - van 
der Waals complex and then probing the complex via laser- 
induced fluorescence excitation spectroscopy. Due to the very 
low vibrational and rotational temperatures in the jet, the com- 
plicated ultraviolet spectrum of the indole probe molecule is 
greatly simplified (1). Most vibronic hot bands are completely 
eliminated and the rotational envelope of the S, 0-0 transition 
is reduced to r 1.8 cm-' as shown in Fig. 1. That this technique 
is useful for investigating weak molecular interactions has been 
demonstrated by many workers (1, 8,  9). Upon electronic ex- 
citation of a mixture of bare probe molecule and associated van 
der Waals complexes, one observes a spectral feature displaced 
from the bare molecular origin by a frequency interval that is 
a direct measure of the difference in the ground state binding 
energies of the complex. This energy difference is referred to 
as the spectral shift. From the direction and magnitude of this 
frequency shift for a given probe molecule and a series of 
complexing partners, one can often identify the relevant inter- 
molecular forces of a van der Waals molecule. Based on the 
above discussion, this would yield particularly important re- 
sults for the anesthetic halocarbons. 

First, we present excited state results of isolated, uncom- 
plexed indole spectral positions and fluorescence lifetimes. 
With this characterization of the probe molecule, we then pro- 
ceed to the results of van der Waals molecule formation with 
a series of halogen-substituted methanes. 

Experimental 
Details of the molecular beam apparatus have been provided in 

previous publications (9). The Quanta Ray Nd:YAG (DCR- 1) pumped 
dye (PDL-I) pulsed laser system was operated with rhodamine 590 
and frequency doubled in a KD*P crystal for the entire spectral region 
of this study. Typical uv pulse energies were 2 5  mJ with a resulting 
linewidth in the uv of 0.2 em-'. For all fluorescence lifetime mea- 
surements this linewidth was further reduced to 0.01 cm-', as mea- 
sured by a 0.25 cm-' spectral free energy Fabry-Perot, by introducing 

an intracavity etalon in the dye laser. 
Fluorescence was detected with a high-quality collcction lens (f/  1 ,  

quartz doublet), a spectral mask to exclude hot background signal and 
an RCA 4840 photomultiplier. Lifetime measurements were made 
with a Tektronix 7912AD transient digitizer with a dedicated 4052 
microcomputer. All fluorescence decays were averaged a minimum of 
400 times and are corrected for small ( < I  %) baseline wrinkles intrin- 
sic to the oscilloscope. The dynamic linearity was verified over a 
range of two decades. 

Indole was obtained from Aldrich (99+%) and was used without 
further purification. The liquid complexing partners were of spectro- 
grade quality. The complexing gases Ar, CH,, CF.,, and CFzClz were 
all obtained from Matheson. The principle carrier gas was He, and van 
der Waals complexes were then prepared by introducing a few percent 
of the complexing species in a flow system. The liquid complexing 
partners were placed in a stainless steel vessel attached to a separate 
helium flow line monitored by one of two Hastings linear mass flow 
meters. The other mass flow meter monitored the total flow of the 
expansion mixture. A similar proccdure was used for the gaseous 
complexing species as described in a previous publication (8). 

Results 
A. Indole spectroscopy 

lndole is an aromatic molecule of C, symmetry that has been 
investigated by several groups (8, 10, 13). Despite these in- 
vestigations there is still no normal mode analysis available in 
either the ground or excited states. In 1964 Hollas investigated 
the ultraviolet absorption spectrum of indole vapor (10). His 
studies show that electronic excitation to the first excited elec- 
tronic state is an allowed T* t T transition (A' t A') with 
only totally symmetric (a ' )  vibrations active. This work also 
shows complex vibrational structure to approximately 2500 
cm-' above the origin with no strong progressions and with 
more than two members, indicating little change in shape or 
size upon electronic excitation. Mani and Lombardi (13) have 
interpreted the high resolution spectrum of the rotational fine 
structure at the indole origin in terms of a general loosening of 
the electronic structure upon excitation. The magnitude of this 
ring expansion is approximately one quarter of that of benzene. 
The electronic transition moment of indole is oriented at +26 
+7" relative to the long axis of the molecule. 

The jet-cooled fluorescence excitation spectrum of the iso- 
lated indole molecule is shown in Fig. I. As one can readily see 
that the 0-0 transition is by far the most intense feature in this 
spectrum. This confirms the suggestion by Hollas (10) and 
Mani and Lombardi (13) that there is only a small change in 
geometry upon electronic excitation with A v  = 0 transitions 
being favored. The excited state vibrational line positions are 
listed in Table 1. These values are in good agreement with 
Hollas' spectrum, though we have observed many more weak 
cold vibronic bands as expected. Since our earlier published 
work on the indole spectrum (8) two other supersonic jet stud- 
ies have appeared (1 1, 12). Nibu et al. (1  1) have investigated 
the dispersed fluorescence of major vibronic bands below 1300 
cm-' and have clearly shown that in all cases the excited state 
vibrational bands exhibit relatively small decrease in frequency 
over their ground state counterparts. This, again, is indicative 
of the small expansion of the molecular dimensions in the 
excited state. 

Bersohn et al. (12) have examined the indole fluorescence 
excitation spectrum and a few selected fluorescence decay 
times. Our line position data agree quite well with theirs, how- 
ever, a comparison of the fluorescence lifetimes between the 
two studies shows a systematic difference between the two sets 
of results, even including the error bars of 1+- 10% in the work 
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TABLE 1. Band positions and tluor- 
escence lifetimes for the indole S, 

transition 

Band position (cm- ' )  Lifetime (ns) 

of Bersohn et al. (12). Our value of 17.5 ? 0.5 ns for the bare 
indole origin is substantially different from the 30 ns ? 10% 
reported by Bersohn et a / .  (12). We have reexamined the fluo- 
rescence decay behavior of bare indole in light of this differ- 
ence and have found the 17.5 ns lifetime to be independent of 
carrier gas and interrogation distance downstream from the 
expansion orifice. 

Table 1 also lists the remaining fluorescence decay times of 
the vibronic transitions below 1000 cm-I. The monotonic de- 
crease in fluorescence lifetime is indicative of an increase in 
nonradiative rate due to coupling with a dense manifold of 
triplet electronic states isoenergetic with the S ,  state. Glasser 
and Lami (14) have shown that the fluorescence quantum yield 
of indole and substituted indoles decreases in a similar fashion 
as a function of excess energy above the SI  origin. Calculations 
(15) have put TI at 1.3 eV below S I ,  T, and T, at lower energies 
than S,, and T, and T5 approximately isoenergetic with S,. 
Thus, the high density of triplet electronic levels in the Sl 
spectral region provide the necessary acceptor states to explain 
the monotonic decrease in fluorescence quantum yield as being 
due to intersystem crossing. 

B. Molecular itzteractions of itzdole with selected halomethanes 
Since dispersion forces will always be present in the van der 

Waals molecules we are investigating, it is useful to consider 
the behavior of a system in which this is the major interaction 
present. To this end the indole-Ar van der Waals molecule 
spectrum and its interpretation will be presented first. In the 
simplest form the expression for dispersion interactions be- 
tween two species is given by (16) 

where r is the separation distance of the two species of the 
complex, a l  and a? are the polarizabilities of the two molecules 
in the complex, and vl and v, are the transition frequencies to 
the respective ionization potentials. Argon is a fairly polar- 
izable complexing partner, and thus based on theoretical treat- 
ments of intermolecular forces, should give rise to an attractive 
excited state interaction and a shift to lower energies of the 
associated electronic transition. This is indeed what is observed 
experimentally as shown in Fig. 2 where the indole- argon 0-0 
electronic transition is shifted 25 cm-' to lower energy than that 
of complexed indole. Since the polarizability of argon (17) is 

' b I 
1 I 1 I L 

-20 -40 -60 -80 
RELATIVE WAVENUMBER (cm-') 

FIG. 2. Fluorescence excitation spectrum of the indole-argon van 
der Waals molecule in the region of the bare indole origin. The starred 
feature is due to the indole-helium van der Waals complex. 

0.18 x lo-'' cm3, one would expect any complexing partner 
with a polarizability of this value or greater to lead to a sta- 
bilization of the excited state well over that of the ground state 
of 26 cm-' or more if dispersion interactions are dominant. 

This turns out to be a useful relationship since the difference 
between the excited state binding energy over that in the ground 
state of the van der Waals molecules with a nonpolar complex- 
ing partner can be approximately written as the sum of three 
terms (18). 

Here A v R ~  is due to short range repulsive interactions, AvDlsp 
is the dispersion contributions, and AvDlD1 is due to dipole- 
induced interactions. Of these three terms, only that arising 
from short range repulsive interactions will be reflected in a 
destabilization of the excited state complex and is most often 
observed with helium van der Waals molecules. The other two 
terms are due to attractive forces, and without the presence of 
any repulsive interactions, will lead to a spectral shift to lower 
energies (i.e. to the red of the associated bare molecule transi- 
tion). Amirav et al. (19) have shown that for the aniline-Ar 
van der Waals system, the contribution of dipole - induced 
dipole interactions to the total excited spectral shift is approxi- 
mately 5%. The simplest expression for this dipole - induced 
dipole stabilization energy using a point dipole approximation 
is given by (16), 

where p is the dipole moment of the polarizer (in this case 
indole) and a is the polarizability of the complexing partner in 
the van der Waals molecule. Thus, one can see that the total 
interaction energy (neglecting repulsive terms) in this case can 
also be directly related to the polarizability of the complexing 
partner. A more rigorous treatment is given in the appendix of 
ref. 19. 

Turning to the spherically symmetric molecule methane, one 
would expect similar behavior to that of argon in an indole - 
van der Waals molecule with a dominating excited state dis- 
persive stabilization. Experimentally, we have observed a red 
spectral shift of 36 cm-' from the indole origin. Figure 3 shows 
the associated fluorescence excitation spectrum in the lowest 
energy spectral region. The polarizability (19) of CH, is 0.29 
x lo-" cm3 which is greater than that of Ar and thus, based on 
the above discussion, dispersion interactions again appear to be 
the major source of the excited state stabilization. This is illus- 
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I ,  1 1  1 1 , , , , 1 , ,  

0 - 50 -100 
RELATIVE WAVENUMBER LC<') 

FIG. 3. Fluorescence excitation spectrum of the indole-methane 
van der Waals molecule in the region of the bare indole origin. 

FIG. 4. The relationship between the obscrved spectral shift and the 
static polarizability of the complexing partner for indole van der Waals 
molecules. 

trated in Fig. 4 where a linear relationship between the rare gas 
polarizability and the observed spectral shift is observed for the 
rare gases where dispersion interactions are dominant (1). 
There is only a slight deviation for indole-methane. Two addi- 
tional features of this figure should be noted. First, for rare gas 
atoms such as He and Ne with small polarizabilities, repulsive 
interactions largely off-set the attractive contributions. Second- 
ly, the reasonably good agreement of indole-methane within 
this picture indicates that the behavior of argon and methane as 
complexing partners is quite similar, reflecting the importance 
of dispersion interactions for these systems. 

From this examination of these relatively simple interactions 
with fairly polarizable nonpolar molecules, we expanded our 
investigations to the halomethanes CF, and CCI,. These two 
systems should help provide a starting point for the studies of 
the halomethanes of anesthetic interest. 

Both CF, and CCI, are fully substituted methanes and have 
isotropic polarizabilities substantially greater than those of 
argon and methane (a(CF4) = 0.43 x lo-" cm3 and a(CC1,) 
= 1.25 x lo-" cm3). Consequently, one might expect that the 
experimental spectral shift to be at least as large as that ob- 
served for indole-methane. In fact, assuming that the spectral 
shifts and polarizabilities do follow the linear relationship put 
forward, a rough estimate would lead to the prediction of a 
--55 cm-' spectral shift for indole-CF, and -- 180 cm-' for 
indole-CCI,. These estimates will only be approximately cor- 

rect (-220%) if the major intcractions terms are due to dis- 
persive forces and dipole - induced dipole forces under the 
assumptions mentioned above. The actual experimentally ob- 
served spectral shifts are + 10 cm-' for indole-CF, (see Fig. 
5a )  and 0 cm-' for indole-CCI,. 

We are confident that the indolc-CCI, van der Waals niole- 
cule does indeed have a 0 cm-I spectr;~l shift at the bare mole- 
cule origin for two reasons. First. wc can indirectly observe tlie 
formation of van der Waals complexes by monitoring tlie in- 
tensity of the bare molecule features as a function of CCI, 
concentration. As this concentration is increased there is an 
associated decrease in the intensity of tlie bare rnoleculc band. 
Second, at several higher energy spectral features, where we 
have observed a general trend of spectral shifts slightly to the 
blue of their position at the origin regardless of cornplexing 
partner, we were able to locate two indole-CCI, features. 
These two fea t~~res  are blue shifted from the associated bare 
molecule bands (see Fig. 50)  confirming our assignment of a 
0 cm-' spectral shift at the origin. 

These results indicate that in sonic fashion the normallv 
dominant polarizability-induced dispersive and dipole - in- 
duced dipole interactions are offset by excited state de- 
stabilizing interactions. A possible source of this de- 
stabilization. short-range repulsive interactions, has already 
been mentioned. This has almost exclusively been seen in the 
cases of helium and neon van tler Waals molecules. Electro- 
static potential interaction calculations by Kuellc and Sandorfy 
(20) demonstrate that for CF,, there is a consitlerable rep~rlsive 
effect for the short range interaction with a complexing partner 
due to the fluorine lone pair electrons. This appears to be a 
satisfactory explanation for the excited state energetics of 
indole-CF4. 

It seenis surprising, however, that tlie indole-CCI, van der 
Waals coniplex spectral shift can be due to these short range 
interactions. Previo~rs workers investigating arom;ltic - CCI, 
van der Wairls molecules have rcportetl quite large spectral 
shifts; tetracene - CCI, = - 176 cm-' (21), fluorobenzene - 
CCI, = - 89 cm-' (22). and 2-aminopyridine - CCI., = - 195 
cni-' (23). In these systcms, dispersive interactions have been 
found to give the major contribution to the electronic spectral 
shifts resulting in the most likely structures involve a CCI, 
molecule above the molecular plane. In the case of 
indole-CCI,. we find that the binding energies in the gro~rnd 
and excited state are approximately the sariie (within 2 cm-I), 
and thus, some excited state interaction has offset tlie norlnally 
attractive dispersive forces. As mentioned abovc, i t  seems sur- 
prising that short-range repulsive interactions can be re- 
sponsible for the entire effect. A possible explanation is that, 
upon electronic excitation, the more bulky CCI, molecule is no 
longer in the optimum geometry for niaxiniuni coinplex sta- 
bilization, but rather in a local niinimurii on the potential ener- 
gy surface. Ln this case the fir l l  effect of the dispersion sta- 
bilization interaction is not experienced by the van der Waals 
molecule. Further investigations of this system are currently 
underway in our laboratory. 

The next system to bc studied is the indole-CF2C12 van der 
Waals molecule. In this case the polarizability of the complex- 
ing partner is anisotropic and there is a small dipole moment 
present. The interaction of a polar inclole molec~rle with a polar 
van der Waals partner complicates the simple picture presented 
for nonpolar ligands. Previous studies (21) indicate that these 
polar forces can result in either an attractive or repulsive inter- 
action. Also, it is not clear whether even the approximately 
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RELATIVE WAVENUMBER (cm-'1 

I , ,  
+ 500 '450 

R E L A T I V E  WAVENUEdBER (cK1i  

FIG. 5. (a)  The fluorescence excitation spectrum of the indole- 
CF4 van der Waals molecule in the region of the bare indole origin. 
The starred features are due to vibrational excitation of the van der 
Waals molecule in the first excited state. ( 6 )  The fluorescence ex- 
citation spectrum of the indole-CCI, van der Waals molecule in the 
0 + 456 cm-I and 0 + 480 cm-' bare indole spectral region. 

additive relationship between the various interaction con- 
tributions remains valid. However, though indole is a polar 
molecule, the change of dipole moment upon excitation is 
small (24) (lapi = 0.14 + 0.05 D), and thus we do not expect 
much deviation from the simple picture presented. 

The experiment fluorescence excitation spectrum of 
indole-CF,CI, in the region of the bare molecule origin is 
shown in Fig. 6. There are two points to note regarding this 
spectrum, first, the spectral shift is to the red (-36 cm-I) 
showing that the excited state is stabilized to a greater degree 
than the ground state. This suggests that a treatment based on 
dispersive and polar interactions is appropriate. Secondly, 
there is a prominant 4 cm-I vibrational progression in the van 
der Waals nlolecule spectrum. This vibrational activity does 
not arise from hot band excitation because of the low rotational 
and vibrational temperatures in the jet. From the very low 
frequency of this motion it  may be due to a van der Waals 
bending-type motion or movement of the CF,Cl, parallel to the 
indole molecular plane. The possibility of several of these 
features arising from different chemical isomers also exists. 

The remaining two halocarbon van der Waals molecules in 
this family that we have investigated are dichloromethane and 
chloroform. The chloroform-indole results will be discussed 
first. Chloroform is commonly known as a general anesthetic. 

R E L A T I V E  W A V E N U M B E R  ( c r f ' )  

FIG. 6. The fluorescence excitation spectrum of the indole-CFZC1, 
van der Waals molecule in the region of the bare indole origin. The 
starred features are due to vibrational excitation of the van der Waals 
molecule in the first excited state. 

RELATIVE W A V E N U M B E R  (crn-I) 

FIG. 7. The fluorescence excitation spectrum of the indole-HCCI, 
complex near the bare indole origin. 

A major reason for its anesthetic potency has been suggested to 
be due to the presence of the lone acidic hydrogen (7). When 
methane hydrogens are successively replaced by chlorine 
atoms there is an associated increase in the acidity of the re- 
maining hydrogens. Consequently, one intuitively expects that 
chloroform is a better proton donor than dichloromethane. 
Electrostatic potential calculations (20) show that the region of 
positive potential for the remaining hydrogens reaches farther 
for chloroform and dichloromethane than for methylchloride. 
In addition this larger positive region helps to offset the chlo- 
rine lone pair repulsive interactions. These considerations sug- 
gest that the interaction between indole and chloroform and 
dichloromethane will be highly directional in nature and that 
the possibility of hydrogen bond formation exists. 

The experimental fluorescence excitation spectrum of 
indole-HCCI near the indole origin is shown in Fig. 7. Here 
the maximum of the complex features is located at approxi- 
mately 120 cm-' to the blue of the bare molecule band. The 
structure associated with this relatively broad feature is initially 
quite regular with a spacing of approximately 8 cm-'. Beyond 
this point, however, the spectrum becomes quite complex. The 
nature of the spectral shift and considerations of the most likely 
directionality of the interaction has led us to the interpretation 
that the chloroform molecule is the proton donating moiety in 
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HAGER AND WALLACE 

TABLE 2. Fluorescence decay times 
for indole complexes 

Species Lifetime (ns) 

RELATIVE WAVENUMBER (cm-I) 

FIG. 8. The fluorescence excitation spectrum of the indole- 
HzCCIB complex near the bare indolc origin. 

a n-hydrogen bond (3). Gonohe et al. (22) have proposed a 
similar explanat~on for the behaviour of the fluorobenzene- 
HCCI, complex which shows a blue shift of 1 17 cm-' from the 
fluorobenzene origin. This type of n-hydrogen bonding inter- 
action has also been proposed as the niechanisni for indole 
auto-association (25). The fact that, from the d~rection and 
magnitude of the electronic spectral sh~f t ,  one can identify 
hydrogen bonded specles in a supersonic molecular beam 
makes thls technique very useful. 

The lowest energy portion of the indole-CH,CI, fluo- 
rescence excitation spectrum is shown in Fig. 8. The most 
striking feature of this spectrum is the great amount of excited 
state vibrational activity. There is a well developed progression 
that begins at + 12 cm ' from the bare indole origin and finally 
dies out at approximately + 160 cni-I. In all we have identified 
three progressions with spacings of -2 1 cm-' one of which is 
comprised of seven members. The prominence of these low 
frequency excited state vibrations in both this spectrum and that 
of ~ndole-HCCI, indicates a substantial change In equilibrium 
geometry of these binary clusters upon electrontc excitation. 

Our spectral results show that the net effect of the indole- 
CHICl2 interactions lead to a destab~lization of the first excited 
electronic state with respect to the ground state. This suggests 
that the relevant intermolecular interactions for the indole- 
CHzClz arise from either ( a )  van der Waals interactions or ( b )  
n-hydrogen bonding. As discussed above, recent investi- 
gations of van der Waals molecules containing a highly polar- 
izable complexing partner such as dichloromethane demon- 
strate a substantial stabilization of the excited state relative to 
the ground state of the complex in the absence of a large dipole 
moment change of the probe molecule (21) In addition, we 
have found that when indole forms a one-to-one complex w ~ t h  
the fluorine-substituted analogue of dichloromethane, CF2CII, 
there is a red electronic spectral shift as expected from simple 
van der Waals interaction arguments. Thus, the replacement of 
the hydrogen atoms by inert fluorine atoms in this halomethane 
complexing partner leads to dramatic spectroscopic changes 
reflecting the differences in Interaction potentials between 
these two indole complexes. This spectroscopic evidence indi- 
cates that the highly directional nature of the electrostatic po- 
tential around dichloromethane molecule plays a crucial role in 
the pairwise interaction of the complex. We therefore favor the 
view of the n-hydrogen bonding is the appropriate explanation 
for the indole-dichloroniethane intermolecular interaction. 

We have also investigated the fluorescence decay behavior 
of all of these binary indole complexes near the bare molecule 

Indole, S1(O-0) 17.5 ? 0.5 
In-He, 18.1 t 0.5 
In-Ne, 18.2 5 0.5 
In-Arl 16.7 0 0.5 
In-Kr, % I 
In-  (CH4) I 21.9 t 0.5 
In-(CF,), 18.0 t 0.5 
In-(CF2CII)I 17.1 0 0 
In-(CC14)I" 5 I 
In-(CHCII)I 5 - 8  
In-(CH2C12)I 7 t 1  

"The fluorescence decay times for 
this complex was measured at the van 
der Waals features associated with the 
0 + 456 cm- '  and 0 + 480 cm..' bare 
indole features (see Fig. 5 6 ) .  

origin and have observed a wide range of behavior. One ex- 
pects that for a sufficiently inert complexing partner there will 
be no change in the fluorescence lifetime of the van der Waals 
molecule relative to the bare probe molecule (1). In this case 
there is minimal modification of the energy levels due to the 
weak nature of the intermolecular interactions. For stronger 
interactions such as hydrogen bonding other investigators have 
shown that one can expect rather large changes in the measured 
fluorescence lifetimes upon complexation (3, 27). 

For van der Waals complexes of indole and species such as 
the rare gases He, Ne, and Ar, methane, CF,, and CF,Cl, we 
do indeed observe fluorescence decay times very close to that 
of the bare indole origin (Table 2). This is indicative of the 
weak nature of interaction potential between the indole probe 
molecule and the van d e r - ~ a a l s  partner. Thus, these-inert 
partners do not modify either the radiative rate or the non- 
radiative rate characteristic of bare indole. 

This simple picture of the absence of one-solvent molecule 
perturbations of the indole fluorescence lifetime is no longer 
valid when one looks at the behavior of the indole-krypton van 
der Waals molecule. Here the measured fluorescence decav 
time is much shorter than that of the bare probe molecule owing 
to a substantial modification of the spin-orbit coupling be- 
tween S I  and the triplet manifold (1, 8). Thus, the external 
heavy atom effect leads to a large change in the nonradiative 
rate from the vibrationless level of the first excited singlet state 
of the van der Waals complex relative to that for bare indole. 
We have also measured-the fluorescence lifetimes of the 
indole-CC1, van der Waals molecule at the spectral region 
indicated in Fig. 56. These features also show a dramatic 
lifetime shortening similar to that observed for indole-krypton. 

Measurements of the fluorescence decay times for the 
n-hydrogen bonded systems indole-CH,C1, and indole- 
CHC1, also indicate a substantial perturbation of bare mole- 
cules radiative and/or nonradiative rates (see Table 2). Felker 
and Zewail(26) have shown for hydrogen bonded isoquinoline 
that the fluorescence lifetimes of these complexes approach 
those found for liquid phase behavior in hydrogen bonding 
solvents. We have also demonstrated similar behavior for in- 
dole hydrogen bonded to a series of alcohols and amines in- 
vestigated in a supersonic jet (3). Thus the radiative behaviour 
of indole is quite susceptible to changes in energy levels in- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1508 CAN. J .  CHEM. VOL. 63. 198.5 

duced by hydrogen bond formation. We are unaware of any 
solution phase lifetime measurements of unsubstituted indole in 
dichloromethane or chloroform and therefore cannot make any 
direct comparisons with our jet data. However, the values for 
these supersonic jet complexes are similar to those found (27) 
for indole in various other hydrogen bonding solvents (3-6 ns). 

Discussion 
Since our investigation is specifically based on the study of 

individual indole van der Waals complexes in the more general 
context of anesthesia, this discussion will relate the observed 
excited state spectral features with anesthetic potency. The 
excited state spectral shifts reflects the sensitivity of the weak 
intermolecular forces to the electronic transition moment mak- 
ing changes in these interactions experimentally observable. 
As discussed earlier both a stabilized and a destabilized excited 
state of the complex (with respect to the ground state) have 
been observed. It is the direction and magnitude of this change 
in binding energies that is of interest in the following dis- 
cussion. In addition fluorescence lifetime measurements pro- 
vide an indication of the absolute strength of the intermolecular 
interactions. Relatively weak interactions results in little mod- 
ification of the observed decay time relative to that of the 
incomplexed molecule while stronger interactions are reflected 
by greater changes in the time-resolved behavior. 

The investigations of the indole-Ar and indole-CH, van der 
Waals complexes were undertaken to exemplify the effects of 
complexing species that can only interact through dispersion 
forces and provide a measure of the effects of the presence of 
other types of intermolecular interactions. Deviations from the 
spectral shifts expected based on dispersion interactions alone 
can be attributed to repulsive interactions and/or dipole- 
induced dipole interactions. The fluorescence lifetimes of these 
van der Waals molecules indicate a negligible modification of 
the indole radiative behavior due to complex formation, putting 
them in the weakly interacting category. 

The results for indole-CF, and indole-CCI, illustrate the 
usefulness of this comparative technique. In both cases the 
stabilizing dispersion and dipole - induced dipole forces were 
found to be offset by some excited state repulsive interaction. 
This is not unexpected in the case of CF, based on the electro- 
static potential calculations of Ruelle and Sandorfy (20) where 
the fluorine lone pairs tend to hinder interaction with a negative 
site such as benzene ring of an aromatic molecule. However, 
based on other studies of carbon tetrachloride van der Waals 
complexes (21-23), one would not expect this behavior for 
indole-CCI,. This might indicate that the indole probe mole- 
cule is much more sensitive to repulsive interactions with com- 
plexing partners of the form CX,, where X is a halogen atom, 
than previously studied systems. 

The lifetime studies of these two van der Waals molecules 
show that CF, behaves similarly to argon and methane in that 
it does not alter the radiative rates of the indole probe molecule. 
Carbon tetrachloride, on the other hand, must be more strongly 
interacting as can be seen from the fluorescence lifetime mea- 
surements reflecting the propensity of this complexing mole- 
cule to lead to more efficient spin-orbit coupling. 

The van der Waals molecules mentioned above deal with 
complexing species that have negligible anesthetic potency. 
These halocarbons can only interact through dispersive and 
dipole - induced dipole forces. On the other hand, the molecule 
CFzClz (weakly anesthetic) can associate through the additional 
interaction of polar forces. The lack of a large repulsive con- 

tribution to the observed spectral shift, unlike that observed for 
indole-CF, and indole-CC1, may indicate that anesthetic ac- 
tion in fully halogenated methanes is related to this additional 
mechanism of association. Time-resolved measurements of the 
indole-CF2C1, van der Waals molecule illustrate behavior in- 
dicative of weak intermolecular interactions. This observation 
may be related to the fact that CF2CI2 is only weakly anesthetic 
in nature. 

The anesthetic potency of halocarbons is greatly increased 
with the presence of a lone "acidic" hydrogen (7). Electrostatic 
potential calculations (20) on these anesthetic species reveal 
that the region of positive potential is quite extensive extending 
to greater range of CHC1, than CHF,. In addition, this positive 
region helps to shield the halogen lone pairs reducing repulsive 
interactions with an approaching nucleophile. Thus, one would 
not be surprised at the formation of hydrogen bonds with these 
complexing partners and a proton acceptor such as a T system 
of an aromatic molecule. This is indeed what we have observed 
in the case of indole-HCC1, and to a lesser extent for 
indole-H2CCIz. The implications of this finding can be seen by 
considering some proposed mechanisms of anesthetic action. 
Recently, the suggestion (6, 9) that, for more potent anesthet- 
ics, polar interactions can be quite important in determining 
activity has been put forward. In this picture these potent anes- 
theticsact in the polar, rather than hydrophobic, of the 
membrane lipids. Thus, anesthetics containing an acidic hydro- 
gen can be expected to perturb the existing intermolecular 
associations or actually break hydrogen bands (6). This is in 
contrast to those anesthetic molecules that are either nonpolar 
or weakly polar that mainly effect the hydrophobic network in 
lipids. Our studies on indole-HCCI, and indole-H2CC12 show 
that T-hydrogen bonding is an important mechanism for the 
association of these halocarbons with aromatic molecules. The 
mechanism of T-hydrogen bonding is also responsible for in- 
dole autoassociation in solution, and consequently, 
indole-HCC13 formation would be expected to directly com- 
pete with indole dimerization reducing the concentration of the 
dimer. This stronger type of intermolecular interaction would 
have profound consequences if it took place in the cell mem- 
brane of ionic channels due to a disruption of optimum condi- 
tions for ion transport in and out of the nerve cells. 

Conclusions 
Supersonic beam technology has been proven useful in di- 

rectly measuring the type of intermolecular associations oper- 
ative for indole-halomethane excited state complexes. Though 
this is a gas phase technique, it  is of great interest to investigate 
these associations in an environment in which only pairwise 
interactions are present and extend the results to the solution 
phase studies in the area of general anesthesia. Species such as 
CF, and CCl, exhibit an unusually strong repulsive interaction 
under these experimental conditions which may be attributable 
to the repulsion between the halogen lone pair electrons and the 
aromatic T-electrons. Indole-CFzClz illustrates a system in 
which dispersive and induction forces are the main con- 
tributions to the intermolecular association. Based on this one 
would expect this weakly anesthetic molecule to interact with 
the hydrophobic parts of the membrane lipids. On the other 
hand, species such as chloroform and dichloromethane choose 
to interact with the indole probe molecule by means of hydro- 
gen bonding rather than through van der Waals complex for- 
mation. This supports the proposal of Sandorfy and co-workers 
(6, 7) that the hydrophobic portions of the cell membrane may 
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not be the major interaction sites for polar anesthetics of this 
type. 
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PIERRE D. HARVEY and IAN S.  BUTLER. Can. J .  Chem. 63, 1510 (1985), 
The Raman spectrum of microcrystalline dodecacarbonyldirhenium(O), Rez(CO)lo, has been reinvestigated at 67 K using one 

of the latest fully-computerized spectrometers available. Previously unobserved peaks have been detected mainly in the 
"CO-satellite (2150- 1900 cm-I), and overtone and combination regions (1300-700 and 4300-3800 c m ' ) .  This is the first 
time that Raman-active first CO overtones and combinations of a metal carbonyl complex have been reported. They were earlier 
thought to be too weak to be detected. Assignments are proposed for the majority of these new peaks together with those from 
a similar low-temperature (-70 K) Fl- i r  study. In general, the D,, selection rules are obeyed, but the activity of some 
forbidden bands reveals that the molecule is slightly distorted in the solid state in agreement with its X-ray structure. The 
similarity of the low-temperature spectra to those obtained at room temperature indicates that no phase change occurs 
throughout the temperature range investigated. 

PIERRE D. HARVEY et IAN S. BUTLER. Can. J .  Chem. 63, 1510 (1985). 
Operant a 67 K et utilisant un des plus recents spectromktres complktement informatisk, on a rtCtudiC le spectre Raman du 

dodCcacarbonyldirhenium(O), Re2(CO)lo, microcristallin. On a pu dCtecter des bandes qui n'avaient pas i t6  observees anti- 
rieurement, principalement dans les regions du satellite du "CO (2150- 1900 cm-') et des harmoniques et des combinaisons 
(1300-700 et 4300-3800 cm-I). Aucune publication antkrieure n'avait fait rapport de I'observation, dans le spectre Raman, 
des premikres bandes harmoniques et de combinaisons du CO d'un complexe de metal carbonyle. I1 Ctait anterieurement 
suppose que ces bandes Ctaient trop faibles pour Ctre dCtectCes. On propose des attributions pour la plupart de ces nouvelles 
bandes anisi que pour celles observkes au cours d'une etude semblable effectuke a basse temperature et a I'aide d'un appareil 
de FT-ir. En general, les regles de selection D,,/ sont suivies; toutefois, I'activitt de quelques bandes interdites rCv&le que, a 
1'Ctat solide, la moltcule est ICgkrement dCformCe comme le laissait supposer sa structure dCterminCe par diffraction des 
rayons-X. La similarit6 qui existe entre les spectres obtenus j. basse tempCrature et ceux obtenus a la temperature ambiante 
suggkre qu'il ne se produit pas de changement de phase sur la plage des temperatures CtudiCes. 

[Traduit par le journal] 

Introduction 
The ir and Raman spectra of dodecacarbonyldirhenium(0), 

Re,(CO),, have been investigated extensively since its discov- 
ery in 1941 (1). The molecule has a single Re-Re bond 
joining together two staggered square-pyramidal Re(CO), frag- 
ments (2, 3) and is regarded as one of the important prototypes 
for metal-metal bonded cluster compounds. Despite the innu- 
merable vibrational studies on Re,(CO)lo (4- 18) from which 
the assignments of all the fundamentals are now well 
established, there are relatively few data for low intensity fea- 
tures such as naturally-occurring "CO-satellite peaks and over- 
tone and combination modes. A few v(I3CO) modes have been 
identified in their ( 4 , 6 , 9 ,  13, 14, 16) and Raman (13,  16) and 
some overtones and combinations in the ir (4, 8 , 9 ,  13, 16) and 
near-ir (5 ,9 ,  1 1, 14), but the analysis is still far from complete. 
In view of this and because the assignments for the funda- 
mentals were so well known, we decided to reinvestigate the 
Raman spectra of Re,(CO),, at 67 K and in CCI, solution using 
one of the latest computerized, high-resolution Raman spec- 
trometers available. We are particularly interested in seeing 
whether or not we could observe any bands in the v(C0) first 
overtone and combination region with this new type of instru- 
mentation. All earlier attempts for metal carbonyls had failed 
in this regard. This region is especially important for deter- 
mining the anharrnonicities of the CO stretching vibrations. In 
this paper, we report the results of our new Raman study 
together with some IT-ir data for the solid (at -70 K) and in 
CCI, solution at room temperature. 

Experimental 
Pure Rez(CO)lo from Strem Chemicals was used without further 

purification. The Raman spectra were recorded on an Instruments 
S.A. spectrometer equipped with a U- 1000 Jobin-Yvon 1 .O-m double 
monochromator coupled to a Columbia Data Products minicomputer 
using Instruments S.A. in-house software. The excitation source was 
the 5 14.5-nm green line of Spectra Physics model 164 argon-ion laser 
(-300 mW at the sample). The spectra were calibrated against the 
emission lines of a standard neon lamp and the peak positions are 
accurate to 5 0 . 2  cm-' .  A Pyrex tube containing the white, micro- 
crystalline solid was mounted on a Cryodyne Cyrocooler (Cryogenics 
Technology, Inc., model 21) for the variable-temperature mea- 
surements,(* l K). All Fl - i r  spectra were recorded on a Nicolet model 
6000 spectrometer (accuracy *0.2 c m l ) ,  the same cryostat described 
above being used for low-temperature (-70 K) measurements. 

Results and discussion 
The main investigations of the solid-state vibrational spectra 

of Re2(CO),, have been by Adams et al .  (17, 18) who have 
succeeded in assigning all the ir-active (6b2 + 8el)  and Raman- 
active (7al + 6e2 + 8e3) fundamentals expected for D4,, molec- 
ular symmetry by very thorough ir reflectance and Raman 
measurements on single crystals. These assignments wiIl be 
used extensively in our own work. The symmetry descriptions 
of the normal modes and their spectral activities for D,,, sym- 
metry are given in Table 1, together with the selection rules for 
the first overtones and combinations. 

The 200- 10 cm-' region 
A typical Raman spectrum of solid Re2(CO),, at 67 K is 
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TABLE I .  (a)  Distribution and numbering of normal modes for D4d symmetry Rez(CO)lo 

a ,  (Raman-active) b2 (Ir-active) e, (Raman-active) 

v ,  v(C0)  equatorial v , , v(C0)  equatorial V'S v(C0)  equatorial 
v2 v (C0)  axial v l z  v(C0)  axial v~~ S(MC0) 
v3 .rr(MCO) V I ?  ~ ( M c o )  V27 r (MCO)  
v4 v(M-CO) V14 u(M-CO) vzx v(M-CO) equatorial 
v5 v(M-CO) V I S  v(M-CO) V ~ Y  G(CMC) 
v6 .rr(CMC) V I ~  .rr(CMC) v30 .rr(CMC) 
~7 v(M-M) 

e l  (ir-active) e3 (Raman-active) 

az  (inactive) 

b ,  (inactive) 

vy S(MC0) 
vlo Torsion 

v17 v(C0)  equatorial 
V I ~  S(MC0) 
v19 .rr(MCO) 
vz, p(MC0) axial 
vzl v(M-CO) equatorial 
v2z s(CMC) 
vZ3 .rr(CMC) 
V24 A 

v3, v (CO) equatorial 
~ 3 z  S(MC0) 
~ 3 3  .rr(MCO) 
v3, p(MC0) axial 
v~~ v(M-CO) equatorial 
v36 s(CMC) 
~ 3 7  r ( C M C )  
V38 A 

(b) The crystal selection rules 

- - -  

( c )  Selection rules of overtones and combinations for Rez(CO)lo in D4d symmetry* 

Overtones 

(al)' = (b,)' = (az)2 = (bz12 = A, Raman (e2)2 = A, + B I  + B? Ir, Raman 
(el)' = A ,  + EZ Raman (e3)' = A, + Ez Raman 

Combinations 
Inactive b l . e l  = E3 
Ir b l . e z  = E2 
Raman b l . e3  = E l  
Raman b z - e l  = E3 
Inactive bz'el = E2 
Ir b2-e3 = E l  
Ir e l e e l  = Al + AZ + E Z  
Inactive e lee l  = E l  + E3 
Ir e l . e 3  = B,  + B2 + E1 
Raman ez -e r  A, + Az + BI  + B2 
Raman e2.e3 = E I  + E3 
Inactive e3.e3 = Al + Az + Ez  

Raman 
Raman 
Ir 
Raman 
Raman 
Ir 
Raman 
Ir, Raman 
Ir, Raman 
Ir, Raman 
Ir, Raman 
Raman 

* From ref. 22. 

5 0 4 0 3 0 2 0 10 

WAVENUMBERS 

FIG. 1. Low-frequency Raman spectrum (60-7 cm-I) of solid 
ReZ(CO)lo at 67 K (excitation 514.5 nm, 300 mW, slit widths 30 pm,  
1 scan, 1 s/data point, data point spacing 0.2 cm-I, no smoothing). 

shown in Fig. 1. We were able to approach to within 4 cm-' of 
the Rayleigh line and in doing so we could resolve completely 
a feature at 24.5 cm-I, unobserved in the low-temperature 
study of Adams et al. (1 1) and barely discernible in the spec- 
trum published by Prasad (15). In their latest single crystal 
work, however, Adams and Hooper did manage to detect this 
lattice mode at room temperature (17). This peak has been 
assigned to a lattice translatory mode. While the overall quality 
of our data is clearly superior to those in the literature, we did 
not resolve the bands reported by Adams et al. (1 1) at 143 and 
138 cm-I, even using other laser excitation lines (e.g., 488.0 
nm). The observed peaks are given in Table 2. 

The 700-300 cm-' region 
The bands found in this region are given also in Table 2. In 

general, they correspond well with the literature values. A 
re-examination of the ir spectrum at -70 K using superior 
quality FT-ir instrumentation did reveal some differences. The 
a , ,  v(Re-CO) mode was detected at 461.2 cm-' (compared to 
462.8 cm-' in the Raman). Several of degenerate e modes are 
also split in the solid-state spectra. 
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TABLE 2. Rarnan- and ir-active frequencies for solid Re2(CO)II, at 67 K 

Calculated 
Rarnan (cm-I)" Infrared (cm-I)" Assignments frequencies (cm-') A vc Comments 

? 
? 
? 

Mol. forb. 

4094 

4046 weak 

-4 

Cryst. forb. 3990 v .  broad 

3954 weak v17 + v31 1 v31 + vl2 

Mol. forb. 

? 

a ,  (equatorial) 

bz 

3916 
3880 weak 
2128.5 (42.5) 
2125.5 (13.7) 1 
2073.5 (1.3) 

2043.5 (1.0) 

2004 v. strong 
- 1998 

a l  
bz 
a ,  axial 

Mol. forb. 

? 
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HARVEY A N D  BUTLER 

TABLE 2. (Continued) 

Calculated 
Raman (cm-I)" Infrared (cm-I)" Assignments frequencies (cm-') Avr  Comments 

1151.8 v 3  + V I Y  

1139.9 sh 

1 13 l broad 1 v 3 2  + V33 

v32  + v 1 9  

1 130.0 V I K  + v 3 3  

1124.4 vln + ~ 3 3  

1099.0 sh V I K  + V I Y  

1092.6 V I K  + V Z ~  

1083.5 V I K  + Vz6 

1070.5 1 ::: : :,, 
1069.8 i v 3  + V l 5  

v l 9  + v 3 3  

1056.5 1 ::: : :: 
1054.0 sh 

{ 
v 3  + v 2 0  

v 3 2  + 1)s 

v 3 3  + V28 

v32  + v 5  I V33 + v 2 6  

v 3  + V2o 

v 3 2  + v 1 5  

v 3 2  + v27  

v32  + v 5  

V I H  + v 5  

v 3 3  + V26 

{ 
v 3  + v 2 n  

1038.8 sh V I Y  + V Z ~  

v 3 3  + V?6 

{ 
v 3  + VZH 

v 3 3  + v ? 6  

1026.2 V Z ~  X 2 

i v 1 9  x 2 
v1n + v 2 o  

v 3 2  + v 2 0  

i 
vln + V28 

v 1 9  + V14 

v 3 3  + v 4  

V Z ~  X 2 
1006.2 v 3  + v21  

991.4 sh V3z + V21 

i 
vln + v21  

V I K  + V35 

v 3 3  + v 2 o  

v ? 6  + v 5  

972.1 1 vln + v 3 5  

v 3 3  + v 2 o  

{ 
VlY + v 3 4  

968.2 sh v 3 3  + ~ z o  

v 2 6  + v l 5  

965.3 V Z ~  + Vz7 1 v 2 6  + v 5  

i 
VlY + v 2 8  

957.6 sh V33 + Vzn 

v 2 6  + v l 5  

v 2 6  + v 2 7  

1 ::: : :2[1 1::" :, 
v 2 6  + v 2 0  

i V33 + v 2 3  

v 2 6  + v 3 4  

v 2 6  + v 2 0  

? 

Cryst. forb. 

Cryst. forb. 

Cryst. forb. 

Mol. forb. 

Cryst. forb. 
Cryst. forb. 

Cryst. forb. 
Mol. forb. 

Mol. forb. 

Cryst. forb. 

Cryst. forb. 
Cryst. forb. 

Mol. forb. 

Mol. forb. 

Mol. forb. 

Cryst. forb. 

Cryst. forb. 
Cryst. forb. 
Mol. forb. 
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TABLE 2. (Continued) 

Avc Comments 
Calculated 

Raman (cm-I)" Infrared (cm-I)" Assignments frequencies (cm-') 

-0.4 
-2.4,-0.7 

-0.2 
-0.5 
-2.6 
-1.5 
-3.0 
-2.5 
-1.3 Mol. forb. 
-1.0 
-2.8 
-1.4 
-3.0 
-1.0 Mol. forb. 

-0.9 
0 

-0.2 
-0.4 

- 1.6,-0.3 
-2.1 Mol. forb. 
-2.3 
-2.9 
-2.1 
-0.8 
-1.7 

0 
-0.1 
-0.5 
-1.9 
-1.0 Cryst. forb. 

0 
-1.4 
-2.1 
-1.1 

-+ 1 
-0.2 
-1.4 
-1.9 
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HARVEY AND BUTLER 

TABLE 2. (Concluded) 

Calculated 
Raman (cm-I)" Infrared (cm-I)" Assignments frequencies (cm-I) Av' Comments 

v36 

v7 
v37 

v30 

V L  

v3n 
V L  

V L  

Translatory 
lattice modes 

"The accuracy of Raman frequencies varies with the resolution, 4250-3850 cm-I; 2 2  cm-I, 2150-1900 cm-'; %0.5 cm-', 
1250-700 cm-'; 20 .5  cm-'. 600- 10 cm-'; 2 0.2 ern-.'. The values in parentheses for selected frequencies represent relative 
intensities to 120 cm-' peak taken to 100. 

bThe accuracy of ir frequencies is 20.1 cm-I. In the 4250-3850 cm ' and 2150- 1900 cm-' regions, the last significant figure 
is not considered. The values in parentheses for selected frequencies represent the relative intensity (in absorbance scale) to 2004 
cm-' peak taken to 100. 

'Av = observed frequency - calculated frequency. 
"According to ref. I I ;  sh, shoulder; v, very. 

TABLE 3. Raman- and ir-active frequencies for Re2(CO)lo in CCI, solution in the 1950-2150 and 
4200-3900 cm-' regions 

Calculated 
Raman (cm-I) Infrared (cm-I) Assignments frequencies (cm-I) Av Comments 

4195 V I  + V I I  

4133 V I  + v17 
4120 weak sh vl  + v2 
4097 VI  + v12 
4079 v. weak sh v , ,  + v17  
4060 sh vz + ~ I I  

4049 v2s x 2 
4036 v17 + V Z ~  

4003 sh vzs + v31 
3998 v2 + v17 
3980 sh v17 + v31 
3946 v1z + v31 

2128 V I  

207 1 V I  I 

2029 V Z S  

2012 v17 
1993 v2 
1980 v3 I 

1973 v12 

- 4 
- 7 
- 1 Forbidden 
- 4 
-4 Forbidden 
-4 
-9 
-5 
- 6 
-7 
- 12 
-7 

al  
bz 
ez 
e I 
a l  
e3 
bz 

Overtotze and combination region (1300-700 cm-I) 
Typical FT-ir and Raman spectra for this region are shown 

in Fig. 2. At the outset, it is apparent that there are not many 
coincidences between the two spectra, as would be expected for 
overtones and combinations of a D,,, symmetry molecule. The 
proposed assignments are given in Table 2. The calculated 
frequencies were generated by a computer program that 
matched all the allowed overtones and combinations from the 
accepted assignments of the fundamentals with the observed 
peaks assuming a variation of 0 to -3 cm-'. Over 200 possi- 
bilities were initially generated and eventually 144 of these 
were selected to account for the 55 observed frequencies in 

accord with the D,,, molecular and C2,, crystal symmetry selec- 
tion rules and bearing in mind the intensities of the original 
fundamentals. Many of the observed peaks could be assigned 
unambiguously, especially those appearing in the less compli- 
cated regions of the spectra. 

CO stretching region (2150-1 900 em-') 
An example of the high-quality Raman spectrum obtained at 

67 K is shown in Fig. 3 (the peak positions are given in Table 
2). Two new peaks were detected for the first time: 2043.5 and 
1965.0 cm-'. These correspond to ir features, one of which was 
attributed to v,, (b?)  by Adams and Taylor (18). There is most 
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WAVENUMBERS 

WAVENUMBER 

FIG. 2. (A)  Raman spectrum (1250-700 cm- ' )  of solid Re,(CO)lo 
at 67 K (excitation 514.5 nm, 350 mW, slit widths 150 pm,  5 scans, 
Is/data point, data point spacing 0.5 cm-' ,  9-point smoothing). (B) 
FT-ir spectrum (same region) of Re,(CO),,, in Csl disk at 296 K (300 
scans, 2 cm-I resolution). (C) FT-ir spectrum (same region) of 
Re2(CO)I0 in Csl disk at -70 K (300 scans, I cm-'  resolution). 

probably a combination mode in Fermi resonance with the 1980 
cm-' (v3,, e3) mode. Some additional data are available for the 
'3CO-satellite peaks and the assignments for these are also 
listed in Table 2. These assignments are in part based on the 
calculated values from the work of Wozniak and Sheline (13). 

WAVENUMBERS 

FIG. 3. Raman spectrum (2150- 1900 cm-') of solid Re,(CO),, at 
67 K (excitation 514.5 nm, 300 mW, slit widths 50 km, 1 scan, 1 
s/data point, data point spacing, 0.2 cm- ' ,  no smoothing). 

First CO stretching overtone and combination region 
(4300-3800 cm-') 

The FT-ir and Raman spectra of solid Re,(CO),, in this 
region are presented in Fig. 4. Although there have been sever- 
al detailed ir reports for various metal carbonyl complexes(l9), 
Raman data have never been investigated previously in this 
region owing to the very low peak intensities anticipated and 
the lack of multiscanning and spectral enhancement capabilities 
in the earlier instrumentation. The poor response of the photo- 
tube removed from the exciting line was also a factor. Howev- 
er, it is now clear that with modern equipment, these problems 
are no longer insurmountable, at least for the solid. The  pro- 
posed assignments are given in Table 2. Some CCl, solution ir 
data are also given (Table 3), but solution Raman data for this 
region still remain elusive. In general, the proposed assign- 
ments satisfy the D,,] selection rules, especially remembering 
that v(C0) modes are highly anharmonic (19). The CCl, solu- 
tion and solid-state ir spectra do exhibit some striking differ- 
ences but it is possible to see that in the main there are some 
close similarities especially in terms of clusters of bands for the 
solid being associated with one or two bands for the solution. 
Two peaks do stand out in the comparison: the peaks at 4178 
and 3920 cm-I in the solid-state ir. The latter feature is by far 
the strongest band observed in the complete region. The assign- 
ment giien for the peak necessitates a breakdown in the D,, 
selection rules indicating a distortion of the Re2(CO)lo molecule 
in the solid state, as has been found in the two X-ray studies 
reported for the complex (2, 3). 

In conclusion, it is clearly possible to use modem Raman 
spectrometers to obtain excellent spectra and to detect pre- 
viously unobtainable features in the spectra of metal carbonyl 
complexes, especially in the v(C0) first overtone and combina- 
tion region. In addition, this particular region is strikingly 
sensitive to small distortions in the solid-state structures. FinaI- 
ly, although no room-temperature Raman spectra of solid 
Re2(CO),, are presented here, the spectra are closely similar to 
the low-temperature data except for the poorer resolution indi- 
cating that there is no phase transition inthe temperature range 
investigated. Adams and co-workers have reported a pressure- 
induced phase transition for this material, however (20, 21). 
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HARVEY A N D  BUTLER 1517 

WAVENUMBERS 

4200 4100 4000 3900 

WAVENUMBERS 

FIG. 4. (A) Raman spectrum (4250-3800 cm-') of solid 
Re2(CO),, at 67 K (excitation 514.5 nm, 300 mW, slit widths 400 pm, 
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Germathione-silathione spectres photoelectroniques et structures electroniques par la 
methode MS Xa' 
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Cet article est dCdii au Professeur Camille Sandorb a l'occasion de son 65' anniversaire 

JEAN-LUC GARCIA, DANIELLE GONBEAU, GENEVIEVE PFISTER-GUILLOUZO, MICHEL ROCH et JACQUES WEBER. Can. J. 
Chern. 63, 1518 (1985). 

Une Ctude a CtC rCalisCe en MS X a  sur de nouvelles entitCs a courte durCe de vie: la dirntthyl gerrnathione et la dimethyl 
silathione. La dCtection par spectroscopie photoClectronique de la dirnkthyl gerrnathione a CtC confirrnCe sur la base de calculs 
effectuis sur ce dtrivC, le dimkre et le trirnkre correspondants: potentiels d'ionisation et sections efficaces de photoionisation. 
L'exarnen cornparatif des rCsultats obtenus pour la dimCthyl gerrnathione, la dimethyl silathione et leur hornologue le 
thioformaldthyde a permis de preciser certaines caractkristiques de leur structure tlectronique: forte polarite de la liaison, Ctats 
de Rydberg de faible Cnergie. 

JEAN-LUC GARCIA, DANIELLE GONBEAU, GENEVIEVE PFISTER-GUILLOUZO, MICHEL ROCH, and JACQUES WEBER. Can. J. 
Chem. 63, 1518 (1985). 

A study was undertaken in MS Xa on new short-life species: dimethylgermathione and dimethylsilathione. The spec- 
troscopic detection of dimethylgermathione was confirmed by calculations performed on this compound and the corresponding 
dimer and trimer: ionization potentials and photoionization cross sections. The analysis of results obtained for the dimeth- 
ylgermathione, the dirnethylsilathione and the parent compound, thioformaldehyde, has shown certain characteristics of their 
electronic structure: strong polarity of the bond, low-energy Rydberg states. 

Introduct ion Conditions d e  calcul 

Ces dernieres annees un interCt croissant s'est manifest6 pour 
les liaisons 2 caractere multiple mettant en jeu deux atomes d e  
pCriode diffkrente et  qualifikes habituellernent de liaisons i 
caractere p,p,.  C'est dans ce cadre que se situent les etudes 
entreprises pour gCnCrer des especes organornetalliques 
presentant une liaison double entre un atome de metal (Si, Ge) 
et un heteroatorne (2). 

La difficult6 d'acckder a d e  telles entites est like 2 l'ins- 
tabilite intrinseque de c e  type de liaison, leur tres grande rCac- 
tivitC conduisant frkquernment 2 ]'existence des seuls n-mixes. 
Certaines d e  ces especes a courte durCe d e  vie ont toutefois 
pu &tre mises en evidence par voie spectroscopique. Ainsi, 
rkcemrnent la dimethyl gerrnathione et la dimethyl silathione 
ont i t 6  dCtectCes par degradation thermique des trirneres en 
spectroscopie photoClectronique (3). 

Dans ce travail nous avons entrepris l'exarnen des caracte- 
ristiques Clectroniques d e  ces entites, en cornparaison avec 
celles d e  leur homologue rnieux connu le thioformaldChyde. 
Cette Ctude a CtC effectuke sur la base d'une analyse prCcise d e  
spectres photo6lectroniques et d e  resultats d e  calculs rkalises 
dans le cadre de la rnCthode MS X a  (4). 

Cette rnCthode qui a d6ja conduit a des rksultats satisfaisants 
pour les systemes cornportant des atornes d e  siliciurn ou de 
germanium ( 3 ,  presente de plus des avantages certains d e  par 
son formalisrne pour l'analyse des diffkrentes grandeurs likes 
a l'ionisation (potentiels d'ionisation, sections efficaces d e  
photoionisation). 

'part XXIV de "Application of photoelectron spectroscopy to 
molecular properties." Part XXIII, voir la rCf. 1.  

' ~ u t e u r  ?i qui adresser toute correspondance. 

Nous avons travail16 partir d'une version standard d e  la 
rnCthode MS X a  en utilisant le formalisrne dCveloppC ini- 
tialement par Dill e t  Dehrner (6) pour son extension a 1'Ctude 
d'etats du continu. 

Suivant c e  procede, 1'Cvaluation des sections efficaces d e  
photoionisation necessite la connaissance d e  deux fonctions 
rnonotlectroniques, l 'une dkcrivant l'electron avant ionisation 
et l'autre apres ionisation. La  fonction d'Ctat initial est une 
fonction n o r r n ~ e  obtenue par un calcul autocohCrent M S  X a ;  la 
fonction d'Ctat final est une fonction du continu parfaiternent 
determinee des que l'on dCfinit la valeur propre qui lui est 
associke. Compte tenu de l'utilisation de la methode des per- 
turbations dependant du temps ces deux fonctions doivent &tre 
CvaluCes avec le rn&rne potentiel. Ceci nous a arnent,  con- 
trairernent a certains auteurs (7), rnais en accord avec Dill e t  
Dehrner et tres rkcernrnent Grimrn et coll. (8), a introduire la  
correction d e  Latter (9) pour le calcul de tous les Ctats initiaux 
(Ctats liCs) en la prenant en cornpte chaque itCration d e  calcul 
M S  X a .  Cette correction, qui nous a permis d'obtenir un poten- 
tie1 stricternent identique pour l'evaluation des fonctions d'Ctats 
initial et final, s'est rCvClCe indispensable pour obtenir une 
stabilisation des rCsultats d e  calculs de sections efficaces vis 2 
vis d'une variation des diffkrents parametres d e  la rnCthode 
M S  X a  ( a ,  rayons des spheres, 1). 

Au niveau des atornes, les valeurs du parametre a optirniskes 
par Schwarz (10) ont CtC choisies, une moyenne pondCree des 
a atorniques ayant CtC utilisCe pour les regions intersphere et  
outersphere. Les rayons des spheres atorniques ont kt6 obtenus 
de f a ~ o n  non ernpirique (1 l ) ,  en rkduisant d e  12% les rayons 
obtenus ii 1'itCration 0 pour des spheres englobant un nornbre 
d'klectrons Cgal au nurnCro atornique. 

L'obtention d e  recouvrernents trop irnportants (-50%) dans 
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GARCIA ET AL 

TABLEAU I .  (Me2GeS), (symktrie C,,.): niveaux d'knergie, distributions de charge et potentiels d'ionisation en 
MS Xa 

Distributions de charge % 

Energie PI (cV) PI (eV) 
Orbitale (eV) S Ge C4 Cs H6 H7 HH H4 Int Out thkoriques expkrimentaux 

A A 
Parametres geomktriques: dc,-, = 2,22 A,  dc,-, = 1.95 A, SGeS = 115". GeSGe = 110". 

En effet, par pyrolyse a 273°C et 0,05 mbar, le spectre du 
trimere obtenu vers 42°C a CtC profondement modifiC (figures 
1 et 2), le nombre de bandes observkes laissant presumer de la 
prCsence de deux entitiis. Si une conversion partielle trimkre + 
monomere n'etait pas envisageable Ctant donnC les profondes 
modifications du spectre, une rCaction de dimkrisation ne 
pouvait Ctre exclue. L'analyse du spectre du dimere stable de 
la n-butyl germathione a CtC rCalisCe et a permis de lever 
1'ambigu'itC (fig. 3). 

Afin de conforter les attributions anterieurement rCalisCes 2 
l'aide de ces donnCes expirimentales et d'un calcul pseudo-po- 
tentiel sur le monomere (3), nous avons aborde conjointement 
1'Ctude du trimere, du dimere et du monomere par la mCthode 
MS Xa. 

(Me2GeS)j 
Sur la base des paramktres gComCtriques determinks expC- 

rimentalement pour l'hexamtthyl cyclotrisilathione (14) nous 
+ avons rCalisC un calcul MS Xa sur le trimkre de la dimCthyl 

8 W 12 ~4 (.v) germathione en symCtrie C3,, (tableau l ) ,  avec evaluation des 

FIG. I .  Spectre photoklectronique (HeI) de (Me2GeS), a 42°C. 

le cas de I'atome d'hydrogkne nous a conduit a toujours faire 
choix, compte tenu de 1'expCrience acquise pour d'autres 
systkmes (12), de la valeur de 0,85 ua dans tous les cas. 

Le calcul de la fonction dlCtat initial Ctant couple a celui de 
la fonction d'Ctat final pour 1'Cvaluation des sections efficaces 
de photoionisation, nous avons adoptC, pour chaque atome et 
pour le calcul de tous les Ctats initiaux, en accord avec d'autres 
auteurs (13), une valeur de l,,, = 1 -t 1.  

Pour les fonctions d'Ctat final, les valeurs de I,,, Ctant im- 
posCes par les rkgles de sClection au niveau des regions ato- 
miques 1 ,,,,,, , = l,,,, + 1, nous avons choisi I,,,, = 1 ,,,, + 1, 
la valeur de i,,, dans le cas de l'outersphere a CtC dCterminCe 
par l'examen de la convergence des rCsultats. (I,,,, = 7 pour 
MezGe=S, l,,,, = 10 pour (Me,GeS),.) 

potentiels d'ionisation selon le principe de 1'Ctat de transition. 
Les valeurs ainsi calculCes pour chaque potentiel d'ioni- 

sation ont CtC trouvCes tres voisines de celles des energies 
monoClectroniques obtenues lors du calcul du potentiel d'ioni- 
sation associC au dernier niveau occupC. Ainsi, ce sont ces 
Cnergies monoClectroniques que nous avons retenues comme 
valeurs pour tous les potentiels d'ionisation dans le cas du 
trimkre, i ins i  que pour-les systkmes examines ultkrieurement. 

Le spectre obtenu pour le trimere a 42°C est caractCrisC par 
une premiere bande aux environs de 9 eV avec un Cpaulement 
du c6tt des faibles Cnergies (fig. l ) ,  attribuC a des ionisations 
mettant en jeu les orbitales 17e et 12a ,  caractkristiques des 
combinaisons de symCtrie .rr des paires des atomes de soufre 
(tableau 1). 

D'aprks l'allure du spectre on aurait attendu un ordre inverse 
1 2 a l ,  17e, il faut toutefois remarquer que les deux premiers 
potentiels d'ionisation sont obtenus voisins (9,95 et 10,22 eV). 

Entre 10 et 11 eV, un massif intense apparait avec 
spectres photoClectroniques de la dimethyl germathione, trois potentiels d'ionisation distincts (9,88, 10,3 et 10,70 eV) 

du tetramethyl cyclodigermathione et de I'hexamCthyl correspondant a des ionisations faisant intervenir les paires 
cyclotrigermathione libres de svmCtrie a des atomes de soufre (orbitale 16e) et les 

Nous nous sommes attach& en un premier temps a prCciser combinaisons des liaisons a,,-s et UG~-C (orbitales 15e, 1 l a , ) .  
les potentiels d'ionisation caractkristiques de la dimCthyl Les interactions notables observCes entre ces liaisons sont 
germathione, systeme pour lequel nous disposions d'un support imposCes par la structure gComCtrique du cycle. 
expkrimental important. Enfin, 2 1 1,45 eV on observe une bande intense liee a l'ioni- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1520 CAN. J .  CHEM. VOL. 63,  1985 

FIG. 2. Spectre photoClectronique 

t 

I I b 
8 10 12 14 r'(.u) 

FIG. 3. Spectre photoClectronique (HeI) de (nBu2GeS)?. 

sation des orbitales IOU,, 14e et 5 a 2  caractkristiques des 
liaisons u G c - ~  et d'une combinaison des paires d'klectrons 
libres de symCtrie u des atomes de soufre. 

Me2Ge=S, (Me2GeS)z 
La complexit6 du spectre obtenu par pyrolyse du trimere 

272°C et certaines observations particulieres concernant les 
variations d'intensitC des bandes selon le rayonnement incident 
nous ont amenCs a rCaliser une etude complke des grandeurs 

likes a I'ionisation (potentiels d'ionisation, sections efficaces) 
pour le monomkre et le dimkre. 

Potentiels d'ionisation 
Les rCsultats prCsentCs dans les tableaux 2 et 3 nous ont 

permis de proposer une attribution cohCrente du spectre expt- 
rimental (tableau 4) qui s'interprkte bien comme nous l'avions 
proposC par la presence du monomkre et du dimkre. 

Le premier massif composC de deux bandes trks proches a 
8,6 eV et 8,85 eV (fig. 2) recouvre trois ionisations, celles 
mettant en jeu respectivement la paire non liante de l'atome de 
soufre de Me2Ge=S (orbitale 4b ,) et les combinaisons liante 
et antiliante des paires .rr des atomes de soufre du dimkre 
(orbitales 4b,, et 2b,,). 

Au niveau du deuxikme massif, nous associons la bande 
a 9 3 5  eV a une ionisation faisant intewenir l'orbitale 2b2 
( 7 ~ ~ ~ = ~ )  du monomkre. La bande a 9,9 eV correspond au 
deuxikme massif observk expkrimentalement dans le cas de 
( n B ~ , G e s ) ~  (fig. 3); elle provient des Ctats ioniques gCnCrCs par 
ejection d'un Clectron des orbitales caractkristiques de la liaison 
UG~-S et de la combinaison liante des paires u des atomes de 
soufre (orbitales 4b3, et 3b2,). 

Pour le troisikme massif, nous faisons correspondre a la 
bande a 10,75 eV une ionisation du monomkre mettant en jeu 
l'orbitale 5 a  ( u ~ ~ - ~ ) .  La bande observee a 1 1,15 eV est due 
a la prCsence du dimere et correspond a l'ionisation relative a 
l'orbitale 3b2, associCe aux liaisons uGc-~.  L'ionisation met- 
tant en jeu l'orbitale 2bI ,  du dimkre intervient Cgalement 
vraisemblablement dans cette rCgion. Pour les attributions res- 
pective~ de ces bandes, il faut prendre en compte le fait qu'ex- 
pkrimentalement, sur une plage de tempirature de 20°C autour 
de la tempCrature de dCcomposition du trimkre, une diminution 
d'intensitk du premier massif a CtC observCe et conjointement, 
une 1Cgkre augmentation des bandes a 9,9 eV et 11,15 eV. 

Enfin, nous attribuons la bande a 11,47 eV a des ionisations 
du monomkre et du dimere mettant en jeu les orbitales forte- 
ment 1ocalisCes sur les u,,-~ dans le cas du monomkre (orbitale 
3b ,) et sur les u G c - ~  et uGc-~  dans le cas du dimere (orbitales 
5a ,  et 3b,,). 

Sections efficaces de photoionisation 
Comme le fait apparaitre un examen de la fig. 2, le passage 
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d'un rayonnement He1 a He11 a conduit a de trks notables 
diminutions d'intensite au niveau des trois massifs. Si a priori 
de telles diminutions pouvaient Ctre prevues pour les deux 
premiers massifs mettant en jeu essentiellement les atomes de 
soufre, celles concernant le troisikme massif, et en particulier 
la diminution trks nette observCe pour la bande a 11,15 eV 
associCe a une ionisation faisant intervenir les liaisons uGc-~  du 
dimkre, ktait difficilement explicable. Afin de complCter notre 
analyse et conforter les attributions prCcCdentes nous avons 
donc rCalisC pour les premiers Ctats initiaux du monomkre et du 
dimkre le calcul des sections efficaces diffkrentielles de photo- 
ionisation, grandeurs comparables aux intensit6 des bandes 
expCrimentales. 

$ 
Les rCsultats obtenus ont CtC visualises sous forme de 2 

courbes (figures 4 et 5), un balayage en Cnergie cinetique par c e, 

pas de 5 eV ayant CtC effectuk dans un domaine compris entre c 
0 .- - 

5 eV et 50 eV. Nous avons dans tous les cas matCrialisC par m VJ .- 
des traits verticaux les knergies de photons correspondant aux o c . - 
deux sources de rayonnement utiliskes He1 (21,22 eV) et He11 b 
(40,81 eV). - LC 

e, 

Les donnees des figures 4 et 5 traduisent dans l'ensemble de . - - 
C 

f a ~ o n  satisfaisante les observations expCrimentales: (i) pour e, - 
0 

une Cnergie de photons correspondant a un rayonnement HeI, n - 
e, 

nous obsewons aussi bien pour le monomkre que pour le a 
dimkre des valeurs voisines et assez faibles de sections effi- 2 
caces pour tous les Ctats faisant intervenir les paires des atomes a 0 

de soufre (aussi bien u  que TT), les liaisons de type TT comme e, 
m 

u  du motif Ge=S. Par contre, des valeurs nettement plus VJ 
C 
0 

ClevCes apparaissent lors d'ionisations mettant en jeu des or- . - - 
3 

bitales caractkristiques des liaisons uGc-~  (Me?Ge=S: 3 b l ,  . L) - L. 

u 

(Me2GeS)?: 3b?,). De fait le spectre experimental (fig. 2) . VJ - 
m 

prCsente bien deux premiers massifs dlintensitC peu diffC- ci . - 
renciCe et au contraire un troisieme massif nettement plus in- 
tense. (ii) En ce qui concerne les variations d'intensiti en p 

:O fonction du rayonnement incident, les sections efficaces cal- m 

culCes pour toutes les orbitales traduisent bien les diminutions X 

m 
obsewkes expkrimentalement pour l'ensemble du spectre lors a 

. - 
du passage d'une Cnergie de photons de 21,22 eV 2 40,81 eV c 

(figures 4 et 5). - 
Compte tenu du recouvrement des diffkrentes bandes il est o 

e, 
difficile de discuter des importances respectives de ces dimi- . - 

L. u 

ye, nutions; toutefois un certain nombre de remarques peuvent etre E 
faites. - 2 

Pour les deux bandes a 9 3 5  eV et 10,75 eV associCes m 

au monomkre, le calcul conduit a des diminutions sensible- 0 I I 
ment du m&me ordre, Iegkrement plus importante pour 1'Ctat $ 
initial 2b2 que pour 1'Ctat 5 a l ,  ce que l'on observe bien Z 
expCrimentalement. N' 

Un accord moins satisfaisant apparait lorsque l'on compare 3 
d 

les intensitts respectives des bandes du monomkre et du w A 

dimkre, notamment de celles 2 9 3 5  eV et 9,9 eV; d'aprks les m 

rksultats des calculs, les diminutions d'intensitk sont attendues s 
2 peu prks du mCme ordre pour ces deux bandes, ce qui n'est 
pas obsewk expkrimentalement (diminution plus importante 
dans le cas du monomkre). Notons toutefois que, lors de 
l'enregistrement des spectres He1 et HeII, la composition du 
mClange a pu Ctre modifike dans le sens d'un accroissement du 
dimkre. 

Le point le plus intCressant de cette analyse concerne la 
bande a 11,15 eV pour laquelle une diminution nette a CtC 
obsewke au niveau des spectres et que nous attribuons a une 
ionisation mettant en jeu l'orbitale 3b2, du dimkre carac- 
tCristique des liaisons Ge-C. Or prCcisCment nous obsewons 

v i m  m  

vir- r- m m  m 

r - o m  U 3 m v i r - m m v i  m m v i  m ~ 3 m m m m m  
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GARCIA ET AL. 1523 

FIG. 4. du/dfl pour les orbitales 4b1, 2bz ,  5a et 3 6 ,  de MezGe=S 

hender ces differences de comportement. 
Pour la dimethyl silathione et la dimethyl germathione, la 

dissyrnetrie des contours permet de lever la restriction bien 
connue de symetrie pour de telles dimerisations (17) (fig. 6). 
On congoit alors que 1'Ctape deterrninante correspondra a la 
formation d'une liaison X-S puisqu'elle conduit a un recou- 
vrernent maximal entre les contours obtenus pour les orbitales 
occupees (autour de S) et les orbitales virtuelles (autour de Ge 
ou Si). 

Ces caracteristiques dejh observees pour de nornbreux de- 
rivCs Me2Si=CH2 (18), HP=NH (19) perrnettent d'expliquer 
la formation aiske de dirneres tCte-bCche. 

I1 n'en est pas de rnCrne en ce qui concerne le thio- 
formaldehyde ou des contours syrnetriques sont observes pour 
les orbitales .rrc=, et .rr:=s (fig. 6). Ceci est en accord avec le 

fait qu'experimentalement aucune formation de dimere n'a Cte 
observee dans ce cas. 

 tats de Rydberg 
Sans entreprendre une etude theorique compEte des Ctats 

excites des trois systernes examines, nous avons procCdC a 
la caracterisation de leurs premieres orbitales virtuelles, le 
formalisme de la rnethode MS Xa etant particulierement 
bien adaptee pour la description de ces orbitales vis a vis 
d'approches plus traditionnelles. 

Compte tenu des valeurs relatives des charges partielles sur 
les spheres atomiques et sur I'outersphere, les differentes or- 
bitales sont distinguees comrne Ctant a caractere multicentrique 
(orbitale de valence) ou rnonocentrique (orbitale de Rydberg). 

Dans le cas de H2C=S, nous observons une premiere or- 
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FIG. 5 .  da/dO pour les orbitales 4b1,, 2b3,, 4b3,, 3b2,, 2b1, et 3b2,. 
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GARCIA ET AL. 1525 

FIG.  6. Courbes de niveau pour les orbitales .rrc=s,.rrz=s de HZC=S et n~~==~..rr;"j,=~ de Me2Ge=S pour les valeurs suivantes de I): 

Ibz(.rrc=s): 0, ? 0,025, 2 0,05, -+ 0,1, ? 0,15, ? 0,2 (e/ua3)'/' 
3bz(.rr:=s): 0, * 0,025, * 0,05, * 0,1, ? 0,2, 2 0,3 (e/ua3)'/' 
2b2(.rrG,=,): 0, 5 0,025, * 0,05,? 0,1, 2 0,15, 2 0,2 (e/uai)'/' 
3bz(.rr&=~): 0, 2 0,015, ? 0,025, ? 0,05, * 0,1, 50.2 (e/uai)'/'. 

bitale virtuelle de valence 2b2 (-4,80 eV) avec un relativement 
faible pourcentage d'outersphere (de l'ordre de 17%) et corres- 
pondant 5 la .rr&s. 

Les orbitales suivantes 4 a 1  (-3,12 eV), 3b1  (-2,24 eV), 
3b2 (-2,22 eV) et 5a (-2,16 eV) presentent des pourcentages 
de charge dans la region extramoleculaire de plus de 85% et 
sont donc a predominance Rydberg, de type s pour I'orbitale 
4a  I et de type p pour les orbitales 3 b , , 3 b2 et 50, .  

Les traces reportes dans la fig. 7 font apparaitre le caractere 
diffus de ces orbitales dans des regions loin des noyaux, 
de symetrie spherique pour l'orbitale 4 a l  et de type p pour 
l'orbitale 36 

Des traces realises a une autre tchelle ont permis de constater 
une intervention non negligeable des atomes dans les regions 
proches des noyaux. Ceci met bien en evidence, comme 
l'avaient deja not6 Roberge et Salahub (20) lors de calculs sur 
H2S, les difficultes a etablir une distinction nette entre orbitale 
de valence et orbitale de Rydberg. 

Nos rtsultats, caracterists par la presence d'orbitales 
Rydberg assez basses a caractere s e tp ,  rejoignent ceux obtenus 
anterieurement par Bruna et al. (21) pour H,C=S lors d'un 
calcul Hartree Fock ab  initio avec interaction de configuration. 

Par ailleurs, etant donne les recents travaux spectroscopiques 
rCalisCs sur le thioformaldehyde (22), nous avons procedt au 
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FIG. 7.  Courbes de niveau pour les orbitales 4nI ,  3bl de H2C=S pour les valeurs suivantes de $1 

4a,: + 0,0003, + 0,001, + 0,003, ? 0,Ol (e/ua')'I2 
3bl: t 0,0003, ? 0,001, ? 0,003, 5 0,01 (e/ua')'". 

calcul des premikres transitions Clectroniques, en utilisant en 
version sans polarisation des spins la mCthode de 1'Ctat de 
transition. I1 faut cependant rernarquer que les calculs ainsi 
rCalisCs ne permettent d'atteindre qu'une rnoyenne des Cnergies 
associCes aux Ctats singulet et triplet (23). 

ExpCrimentalernent, les Ctats excites les plus hauts en Cner- 
gie ont pu Ctre caractCrisCs par analyse des structures fines 
rotationnelles; les bandes a 5,8, 6,6 et 6,82 eV ont CtC attri- 
buCes a des transitions 0-0 respectivernent de type n+3sa1 
( 'B  ,), n+3pbl ('A ,), n+3paI ( 'B I), la faible bande a 5,6 eV 
correspondant B une transition T+T* ('A ,). 

Les rtsultats des calculs effectuis confortent ces attributions 
expCrimenta1e.s puisque nous obtenons par ordre d'Cnergie 
croissante pour les transitions perrnises T+T* (1b2 + 2b2: 
4,33 eV), n+3sal (2bl + 4a1: 4,91 eV), n+3pb1 (26, + 

36 ' :  6,30 eV), n+3pa1 (26' + 5 a , :  6,45 eV). 
Dans le cas de MelGe=S (tableau 2), nous observons une 

premikre orbitale virtuelle 3 b2 essentiellernent de valence (17% 
dans l'outersphkre) caractiristique de la T&. 

L'orbitale suivante 6 a 1  apparait B la fois a caractkre Rydberg 
et de valence avec un pourcentage de 57% dans la region 
extramolCculaire (tableau 2). Les traces rCalisCs mettent en 
Cvidence dans des rtgions CloignCes des noyaux son caractere 
diffus d'orbitale s de Rydberg rnais Cgalernent prks des noyaux 
les caractkres antiliants Ge-S et Ge-C de cette orbitale. 

Les deux autres orbitales 7 a l  et 4b2 sont comme dans 
H2C=S a caractkre Rydberg de symCtrie p .  

Les rCsultats obtenus pour Me2Si=S sont trks voisins de 
ceux de Me2Ge=S quant aux distributions de charge, tant sur 
les atomes que sur l'outersphbre. On rernarque seulernent une 
inversion des deux premieres virtuelles 6 a l  et 3b2 ainsi que de 
4b2 et 7 a ,  vis B vis de Me,Ge=S. 

Nous n'avons pas entrepris de calculs de transitions Clectro- 
niques pour la dirnkthyl germathione et la dirntthyl silathione 
puisque nous ne disposions d'aucun support expkrirnental. 

I1 semblerait toutefois, compte tenu des rksultats obtenus, 
que l'on puisse attendre pour ces deux systkrnes des transitions 

de Rydberg dans la m&me rtgion ou prectdant les transitions de 
valence. 

Conclusion 
Cette Ctude menCe par MS Xa nous a conduit B prCciser 

certaines caractkristiques de nouvelles entitCs B courte durCe de 
vie rCcemrnent rnises en Cvidence la dirnCthy1 silathione et la 
dimCthy1 germathione. 

Nous avons en premier lieu confirm6 la dCtection en spec- 
troscopie photoClectronique de la dimCthyl germathione par la 
ditermination des diverses grandeurs likes a l'ionisation de ce 
systkrne. 

Par ailleurs, l'analyse comparative des rCsultats obtenus pour 
la dirnCthy1 silathione, la dirnCth~1 germathione et leur horno- 
logue le thioformaldChyde nous a perrnis de mieux percevoir 
les modifications induites au niveau de la structure Clectronique 
(caracteristiques de 1'Ctat fondarnental et des Ctats Rydberg) 
lors du remplacernent d'un atorne de carbone par un atome de 
siliciurn ou de germanium. 
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Ab-initio calculations on the retinal Schiff base - formic acid and allylimine - formic 
acid hydrogen bonds 
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M~LAN HODOSCEK and DUSAN HADZI. Can. J .  Chem. 63, 1528 (1985). 
The proton potential functions of Schiff base - formic acid complexes were calculated in the ab-initio scheme with STO-3G 

and 4-31G basis sets without and with the inclusion of a perturbing charge. The comparison of the curves with the retinal Schiff 
base and allylimine obtained by using the short base encouraged further calculations with the longer base on the truncated 
system only. The curve obtained with the 4-31G set on the allylimine - formic acid complex is of a double minimum type 
with the deeper well still at the formyl oxygen. Inclusion of a perturbing negative charge near the hydrogen bond reverses the 
depth of the wells making the N-protonated form more stable. 

MILAN HODOS~EK et DUSAN HADZI. Can. J. Chem. 63, 1528 (1985). 
Faisant appel i des schemas ab-itzitio et utilisant des bases STO-3G et 4-31G avec ou sans I'inclusion d'une charge 

perturbante, on a calcul6 les fonctions de potentiel des protons de complexes entre I'acide formique et des bases de Schiff. 
Une comparaison des courbes relatives a la base de Schiff du retinal et de I'allylamine, obtenues a I'aide de la base la plus 
courte, nous a encourage i proceder des calculs plus approfondis que nous avons effectues uniquement sur le systeme tronque 
en utilisant un base de calcul elargie. La courbe que nous avons obtenue pour le complexe de l'acide formique et de l'allylimine, 
en utilisant une base de calcul 4-31G, comporte un double minimum et le puit le plus profond est encore fix6 a l'oxygene. 
L'inclusion, pres de la liaison hydrogene, d'une charge perturbantc negative renverse la profondeur des puits et rend ainsi la 
forme N-protonke plus stable. 

[Traduit par le journal] 

Introduction 
In the series of hydrogen bonds involved in the light trans- 

duction mechanisms of both rhodopsin and bacteriorhodopsin 
(1 ,  2),  the bond between the retinal Schiff base nitrogen (N,,) 
and a proton offering group in the opsin deserves particular 
attention. In explaining the bathochochromic shift that occurs 
upon bonding of retinal to the apoprotein it was necessary to 
invoke both a positive charge on N16 of the retinal Schiff base 
and a negative charge in the vicinity of C 1 4  of retinal (refs. 3 ,  
4 and references therein). Although the electronic absorption of 
the retinylic chromophore in the ground state could be expla- 
ined equally well by assuming covalent N'-H bonding or  by 
a strong hydrogen bond between Ni6 and a proton donor be- 
longing to the apoprotein (5),  it was the interpretation of the 
resonance Raman spectra of rhodopsin that led to the prevalent 
opinion in favour of protonated N16 (6, 7).  However, the I3C 
nmr spectra of rhodopsin appeared to oppose this view (8) and 
also the results of differential kinetic infrared spectroscopy 
were interpreted in terms of the initially unprotonated N16 (9). 
Sandorfy and co-workers have elaborated a scheme (10- 15) 
reconciling both extreme views, i.e. the protonated and un- 
protonated Schiff base. The essence of this scheme is a strong 
hydrogen bond with a double minimum type of the proton 
potential function with the deeper well away from N,, in the 
ground state and a reversal occurring upon excitation. A single 
minimum type, nearly symmetric hydrogen bond was also con- 
sidered. By this assumption, substantiated with semi-empirical 
calculations of the electronic energies as well as by infrared 
spectroscopic investigations of model Schiff bases interacting 
with various proton donors, it was possible to explain the 
resonance Raman spectroscopic results. The latest infrared 
work (16, 17) is indicative of the ground state protonation the 
main argument being deuterium mass effect on the C=N 
stretching mode that was observed previously in the resonance 
Raman spectra. 

Until now, there is no experimental evidence of the nature of 
the group donating a proton to N16 either in full protonation or  
by hydrogen bonding. In the theoretical calculations of the 
electronic spectra both a carboxylate and an ammonium group 
were considered to be potential proton donors to N,, (5, 18, 
19). Recent ab-initio calculations of the proton potential func- 
tion of the retinal chromophore modelling systems: ( i )  al- 
lylimine - formic acid and (ii) allylimine - ammonium ion 
have shown that in model ( i )  the proton is located nearer to the 
formyl oxygen whereas in (ii)  a nearly symmetrical double 
minimum type curve resulted (18). The curve shapes were not 
essentially altered by the inclusion of an extraneous charge and 
of the reaction field. Thus this work appears to exclude the 
possibility of the protonation of N,, by a carboxylic group. 
From the point of view of the reprotonation of the Schiff base 
after the completion of the photochemical cycle a negative 
counterion appears to be more likely. Thus the theoretical work 
( 18) just mentioned requires some qualification since the calcu- 
lation was done using a short basis (STO-3G). The deficiencies 
of such basis sets in calculating the relative energies of neutral 
and charged species are well known (20, 21). Thus the use of 
a more flexible basis set is indicated for the treatment of sys- 
tems such as are the present ones. The application of larger 
basis sets requires for reasons of economy a truncation of the 
retinal moiety which poses, however, the question of  the effect 
of truncation on the resulting proton potential function. This  
question is certainly important for a conjugated system. There- 
fore, we performed the calculations first on the retinal (without 
methyl groups) Schiff base - formic acid system using the 
STO-3G basis and then, using the same base, on the allylimine 
- formic acid complex. Since there was no dramatic difference 
between the shapes of both curves, we have carried out sub- 
sequent calculations on the truncated system, but using the 
4-31G basis. This resulted in a qualitatively different curve 
which can be considered to be more realistic. 
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FIG. 1. Schematic representation of the (desmethyl) retinal Schiff 
base - formic acid system.-indicates truncation and (3 the position 
of the negative charge. 

FIG. 2. Proton potential function (STO-3G basis) of ( a )  desmethyl 
retinal Schiff base - formic acid, and ( 6 )  allylimine - formic acid 
systems. Note the different energy scales. The horizontal scale in this 
and the following figures refers to the distance of the proton from the 
nitrogen. 

Computational 
Geometrical parameters 

The parameters for the polyene Schiff base were taken from 
ref. 22 and those for the cyclohexene ring from available mo- 
lecular mechanics calculations (D. Kocjan, private commu- 
nication). The average plane of the ring and of the polyene 
chain were taken to be parallel. The geometric parameters for 
the amine - formic acid part (Fig. 1) were taken from ref. 22. 
The perturbing negative charge was placed (4) either in the N, 
0 ,  C, 0 plane (distance from C,, = 3.0 A and from Ni6 = 
3.776 A) or abov? the plane (distance from C14 = 3.030 A, 
from CIS = 2.834 A, and from N16 = 3.444 A). The perturbing 
charge was introduced in the Fock HamiItonian as an electro- 
static perturbation of the form: 

FIG. 3. Proton potential functions (STO-3G basis) of ( a )  allylimine 
- formic acid (no extra charge), (6 )  with unit negative charge in 
the plane, and ( c )  with charge above the plane (see Computational 
section). 

where q is the value of the perturbing charge (equal to - 1 au), 
p0 is the unperturbed electron density of the respective mole- 
cule, r' is the position of the charge, and Zi are the nuclear 
charges. The integral in [I]  was solved using the ab-initio 
method described in ref. 23. The electrostatic potential V' was 
included in the Hamiltonian and the SCF procedure was 
switched on. The new energy was then obtained. For calcu- 
lations the GAUSSIAN 80 program package (24) was used. 
The programs were implemented on a VAX 111780 computer. 

Results and discussion 
Figures 2 and 3 show the proton potential curves for the 

retinylidene Schiff base - formic acid and allylimine - formic 
acid complexes computed using the STO-3G basis. The charac- 
teristic data are given in Table I .  The truncation of the conju- 
gated chain has obviously a minor effect only on the depth of 
the inflection. This is considered to justify further calculations 
on the truncated system. The inclusion of a unit negative charge 
causes a flattening of the inflection which is more pronounced 
if the charge is placed above the plane. The results of the 
calculation with the 4-31G basis (Fig. 4) are more significant. 
The curve has now two minima separated by a low barrier. 
Without charge, the deeper well is still closer to the formyl 
oxygen whereas the inclusion of a charge in the plane makes 
the potential lower at the nitrogen site. For the charge placed 
above the plane we have calculated the energy in three points 
only (Table 1). The minimum nearer to the nitrogen is now 
deeper relatively to the one nearer to the oxygen, but the overall 
energy is less negative than with the charge in the plane. The 
results are qualitatively similar to those obtained previously on 
the methylamine - formic acid complex (21) except that in the 
latter the difference in energies of the two minima is larger. 
This corresponds well to the experimental estimate of the pro- 
ton accepting propensities of alkylamines and aliphatic Schiff 
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CAN. J .  CHEM. VOL. 63. 1985 

TABLE 1. Calculated energies (in au) of the retinal Schiff base - formic acid (R) and allylimine - 
formic acid (A) systems at relevant distances v of the proton from nitrogen 

Energy 
- - 

STO-3G 4-31G 

System v = 1 .9A v =  1 . 5 A  v = 1.1 A v =  2 . 0 A  v = 1 . 5 A  v = 1.1 A 

FIG. 4. Proton potential functions (4-31G basis) of allylimine - Chem. Soc. 101, 7084 (1979). 

formic acid (a) without charge and (b)  with a unit charge in the plane. 5. J .  FAVROT, J .  M. LECLERCQ, R. ROBERGE, C. SANDORFY, and 
D. VOCELLE. Photochem. Photobiol. 29, 99 (1979). 

bium lead to the conclusion that the protonated retinylidine 

bases on the ground of infrared spectra of acid-base com- 
plexes carried out by Sandorfy and co-workers (5) by which it 
was shown that the Schiff bases are weaker proton acceptors 
than the amines. The results of our calculation indicate the 
tautomeric form N t H . .  .-OCO to be the dominant one provided 
that a negative charge is present near the hydrogen bond. The 
analogous calculation on the full retinylidene system is ex- 
pected to  make the minimum nearer to N,, even deeper because 
the positive charge would be more dispersed. Higher levels of 
calculation should not radically change the picture. More ex- 
tended basis sets including polarization functions are expected 
to lower somewhat the energy of the ionic form (20) whereas 
the electron correlation would lower the energy of the transition 
state that is anyway rather low (25, 26). Probably more im- 
portant would be a full geometry optimization. Thus the results 
of the ab-initio calculation of the retinal Schiff base - formic 
acid are on the line considered by Sandorfy and co-workers 
(1 1 - 15), but give some more weight to the protonated form. 
W e  are continuing our ab-initio calculations in the direction of 
modelling possible groups that may subtend protons to the 
Schiff base - anion switch, and accept it from, after the 
photocycle had been completed. 

NOTE ADDED IN PROOF: Recent uv and nmr investigations of 
hydrogen bonding between a dienylidene Schiff base and dif- 
ferent halogeno acids indicate a rapid, dynamic equilibrium 
between the protomeric forms (27). Resonance Raman studies 
of hydrated and dried purple membrane of Halobacterium halo- 
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8. G. MASSIG, M. STOCKBURGER, W. GARTNER, D. OESTERHELD, 
and P. TOWNER. J.  Rarnan Spectrosc. 12, 287 (1982). 
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Schiff base reverts to the unprotonated state in the absence of 
water (28). These results are in a good agreement with the 
theoretically predicted type of proton potential function. 
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TOKlO YAMABE, CHENG-DA ZHAO, MASAHIKO KOIZUMI, AKITOMO TACHIBANA, and KENICHI FUKUI. Can. J .  Chem. 63, 
1532 (1985). 

The dehydrogenation reaction paths of methanethiol CH,SH were analyzed by ab  initio MO calculations. The geometries 
and energies of the reactants, transition states, and products have been determined on the singlet potential energy surface of 
the ground state. We also analyze the similar dehydrogenation reactions of methanol (CH,OH) and ethanol (CH3CHzOH) for 
the purpose of comparison. The activation energy and the heat of reaction calculated by incorporating the effect of electronic 
correlation shows that the product H2C=S is chemically more unstable than the product HIC=O. "Reaction ergodography" 
along the intrinsic reaction coordinate (IRC) for these dehydrogenation paths clarifies the distinct differences in atomic 
movement. The path of methanethiol has two characteristic steps before the transition state, while neither paths of the two 
carbinols have such multisteps. The electronic intramolecular interaction between subsystems of the reactant molecule is 
investigated in terms of Interaction Hybrid Molecular Orbital (IHMO). 

TOKIO YAMABE, CHENG-DA ZHAO, MASAHIKO KOIZUMI, AKITOMO TACHIBANA et KENICHI FUKUI. Can. J .  Chem. 63, 1532 
(1985). 

Utilisant des calculs d'OM ab initio, on a analysC les voies rCactionnelles associCes a la dtshydrogenation du mkthanethiol 
(CH3SH). On a determink les gComCtries et les Cnergies des rCactifs, des Ctats de transition et des produits sur la surface 
d'Cnergie potentielle singulet de 1'Ctat fondamental. Pour fins de comparaisons, on a aussi analysC les rtactions de dCs- 
hydroghation semblables du mCthanol (CH30H) et de 1'Cthanol (CH3CH20H). Les tnergies d'activation et les chaleurs des 
rkactions, calculCes en incorporant I'effet de la corrClation Clectronique, montrent que le produit H2C=S est chimiquement 
plus instable que le produit HzC=O. L'application de 1'"ergodographie rCactionnelle" aux coordonntes rkactionnelles intrin- 
seques (CRI) de ces voies de dCshydrogCnation permet de clarifier les diffkrences qui les distinguent au niveau du mouvement 
atomique. La voie du mCthanethiol possede deux Ctapes caractkristiques avant son Ctat de transition; par ailleurs, ni I'un ni 
I'autre des voies des carbinols ne posskde de telles Ctapes multiples. Utilisant la notion d'interaction entre orbitales molCculaires 
hybrides, on a CtudiC I'interaction intramolCculaire Clectronique entre les sous-systemes des molCcules qui riagissent. 

[Traduit par le journal] 

1. Introduction 
The dynamic analysis of elementary reaction is developed as 

part of a recent big stream of the theoretical study of chemical 
reactions. The selection of the reaction coordinate which shows 
the nature of structural change of reactant molecules during the 
reaction process is an important key, particularly for reactions 
in which polyatomic molecules participate. The reaction coor- 
dinate is hence considered to be an essential concept for con- 
structing the theory of chemical reaction based on the chemical 
reaction pathway. There are many theories of chemical reaction 
in which the concept of the reaction coordinate plays an im- 
portant role (1). The absolute rate theory of Eyring which first 
clarified the usefulness of the concept of the reaction coordinate 
is particularly well-known (2a). This is a representative theory 
of the so-called transition state theory and predicts the reaction 
rate based on the statistical treatment of molecules assuming 
the equilibrium between the reactants and the transition state 
(TS). As one focusses on the dynamical aspects, the uni- 

molecular reaction rate theory of RRKM and its basic concept 
are developed to predict the reaction energy distribution of 
products and the effect of vibrational excitation (2b). The nat- 
ural collision coordinate was introduced by Marcus to describe 
the statistical or dynamical aspects of chemical reaction using 
reaction coordinate and to treat the reactive scattering between 
an atom and a diatomic molecule (2c). 

We have analyzed the dynamical aspects of various elemen- 
tary reaction processes of polyatomic molecules in terms of the 
Intrinsic Reaction Coordinate (IRC) proposed by Fukui in 1970 
(3), and investigated the topological structure of potential ener- 
gy surface. The analysis of the dynamic aspects of some phys- 
ical properties along IRC is called "reaction ergodography" (4). 
IRC is a solution of simultaneous first-order differential equa- 
tions including the effect of mass of the nuclei which constitute 
the reactant molecules, and is useful to analyze the promoting 
mode of structural transformation, the quantum-mechanical 
tunneling effect, or the isotope effect of the reaction dynamics. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



YAMABE ET AL. 

I Y .  

(+O. 3 4 ) L  

FIG. 1 .  RHF/6-31G fully-optimized geometries and displacement vectors of normal mode with imaginary frequency of transition states 
(TS's) for (a) methanethiol, (b) methanol, and ( c )  ethanol. 

Thus reaction ergodography gives a clear definition of the 
concept of reaction coordinate which was previously used qual- 
itatively and can present a dynamic picture of chemical reac- 
tion. Owing to the recent progress of large computers and 
software, it is now much easier to calculate the potential sur- 
face precisely by non-empirical method. The extent of reaction 
ergodography based on IRC is therefore more broadly applica- 
ble (5). The theoretical development to a special-functional 
molecule or to a dynamical analysis of reaction of the biochem- 
ically important molecules can be anticipated. Sulfur- 
containing organic compounds are of biochemical interest and 
little attention has been paid to their dynamical process, and 
their physical property and reactivity (6). 

This article reports the reaction ergodography for the uni- 
molecular reaction process of methanethiol which is a basic 
sulfur-containing compound. We analyzed the dehydro- 
genation path as the simplest example: CH,SH + H2C=S + 
Hz. In order to investigate the electronic process of this reac- 
tion, we analyze the electronic interaction between intra- 
molecular subsystems along the IRC using the Interaction Hy- 
brid Molecular Orbital (IHMO) method (7). We also compare 
this reaction path with the similar dehydrogenation reaction 
paths of analogous compounds, methanol and ethanol: 

CH3OH + H2C=0 + H, 

CH3CH20H + CH?CH=O + HI! 

2. Method of calcuIation 

We used GAUSSIAN 80 (8) program package for the fol- 
lowing a b  initio MO calculations. The optimization of geome- 
tries of equilibrium points and the calculation of IRC were 
performed by the energy gradient method (9), with the 6-3 IG* 
basis set (10). 

We performed the Mgller-Plesset calculations (1 1) and con- 
figuration interaction (CI) calculations (12) with the 6-31G** 
basis set (10) in order to obtain more reliable energy estimates 
considering the effect of the electronic correlation at the 
6-31G* optimized geometry. All the doubly excitations from 
the HF reference configuration were included in the CI wave 
functions with the 1s orbitals of carbon and oxygen and the Is,  
2s orbitals of sulfur kept fully occupied. In addition, the con- 
tribution of unlinked quadruple excitations (QC) was estimated 
(13). 

'The vibrational analysis and the tracing of IRC were carried 
out using the HONDO (14) program with the 6-31G* basis set. 
For ethanol, the vibrational and IRC analyses were carried out 
with the 4-31G basis set (15). The second derivatives of the 
potential energy surface required for the vibrational analysis at 
some optimized geometries were obtained by numerical differ- 
entiation of the analytically calculated energy gradient (9). The 
contribution of zero-point energy (ZC) was also used for more 
accurate total energy estimate. 

The statistical A factors were estimated by the simplified 
transition state (TS) theory (2) expression 

V , V ? .  . . v,, 
A, = 

v:v;. . . v f - ,  

(n = 3N - 6; N = the number of atoms) 

where vi and vi are the reactant and the TS vibrational fre- 
quencies, respectively. 

3. Results and discussion 
(I) Structures and vibrational modes of the transition states 

The fully-optimized geometries of the TS's and the displace- 
ment vectors of normal modes with imaginary frequency are 
shown in Fig. 1. These vectors provide the initial direction of 
IRC leading to the products. The net charges on each atom are 
in parentheses. The TS of methanol (b) is optimized in Pople's 
early work (16). For TS of ethanol, we used the 4-31G geom- 
etry in our previous work (17). The first two TS (a) ,  (b) have 
C ,  symmetry of which symmetry planes are square C-X- 
H-H (X = S or 0 )  plane, while the TS of ethanol (c) does not 
have C, symmetry. 

Let us compare the TS of methanethiol with that of qeth- 
anol. The S-H bond length at the TS of CH,SH (2.051 A) is 
longer than the 0-H bond length at the TS of CH,OH (1.385 
A). This reflects the weakness of the S-H bond as compared 
with the strength of the 0-H bond. Moreover, LCSH (37.6") 
is lesser than LCOH (57.6°).00n the contrary, the breaking 
C-H bond of CH,SH (1.334 A) is shorter than that in CH,OH 
(1.408 A). These features show that the hydrogen atom sepa- 
rating from the heavy atoms are bound more strongly to the 0 
atom than to the C atom in the CH,OH molecule, to the C atom 
than to the S atom in the CH,SH molecule. 

Interestingly, in the TS of methanethiol, the H-H bond 
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TABLE 1. Calculated values for the activation energies and the heats of reactions in kcal/mol 

Geometry (RHF/) [4-3 1 G] [ 6-3 lG* 1 

Method [ RHF ] [RMP2] [RMP3] [CID' + QCd] [CID + QC + ZCe] [RMP4(SDQ)] -- 
Basis Set [4-3lG] [6-31G*] [ 6-3lG** -- I 

Ea(CH3SH + TS) 100.1 103.7 99.2 96.8 98.2 98.5 95.6 
AE (4 CHZS + Hz) 40.3 42.0 42.5 37.3 39.5 38.5 30.8 
E, (CH2OH + TS) 126.4 115.4 111.4" 101.2" 105.2" 104.8 98.8 103.0" 
AE(+ CH2O + HI) 32.7 26.5" 28.7" 26.7" 29.6 28.0 18.2 26.9" 
E, (CH3CHZOH + TS) 1 18.3" 
AE (+ CHXHO + Hz) 26.4'' 

"Results from ref. 16. 
Results from ref. 17. 

' Configuration ineraction calculation of all the double excitat~ons. 
"Quadruple corrections 
'Zero-point energy corrections. 

TABLE 2. RHF/6-31G* vibrational frequencies (cm-I) and zero-point energies (kcal/mol) 

Zero-point 
Molecule Frequencies energies 

H2‘' 4643 (u,) 6.6 

CSh 1471 (u) 2.1 

CH3SH (reactant)' 3325 (a"), 3322 (a'), 3236 (a'), 2908 (a'), 1655 (a'), 1623 (a"), 31.2 
1521 (a'), 1220 (a'), 1080 (a"), 873 (a'), 776 (a'), 265 (a") 

Y\H\ (TS) 3395 (a"), 3298 (a'), 3042 (a'), 2070 (a'), 1624 (a'), 1504 (ar) ,  28.3 
H/y-S 1471 (a"), 1037 (a"), 874 (a'), 773 (a"), 686 (a'), 1181i (a') 

2439 (u) 3.5 

H2COa 3233 (b?), 3161 (al) ,  2030 (a l ) ,  1680 (a,), 1383 (b?),  1336 (b,) 18.3 

CH3OH (reactant)" 41 18 (a'), 3305 (a'), 3232 (a"), 3186 (a'), 1664 (a'), 1652 (a"), 34.7 
1637 (a'), 1508 (a'), 1289 (a"), 1 188 (a'), 1164 (a'), 348 (a") 

H, 
I 7 (TSY 3278 (a"), 3209 (a'), 2320 (a'), 2053 (a'), 1657 (a'), 1626 (a'), 28.7 

1361 (a'), 1350 (a"), 1280 (a"), 1048 (a"), 886 (a'), 25541 (a') 

"Reference 16(a). 
Reference IO(b). 

"Results from ref. 21. 

length (0.844 A) is rather close to the H-H bond length 
(0.730 A) in the product, while the H-H bond length in the 
TS of methanol (a) (0.932 A) is much longer (about 28%). It 
should also be noted that the C-S bond length in the TS of 
methanethiol (1.809 A) d!es not change very much from the 
C-S bond length (1.817 A) in the reactant, compa[ed with the 
C-0 bond length in the TS of methanol (1.310 A) which is 
shorter (about 7%) than that in the reactant. 

The C-0 bond length (1.263 A) in the TS of ethanol is also 
closer to that in the reactant ethanol than to the carbonyl bond 
length of the product acetaldehyde. The decomposing C-H 
bondlength is twice as long as that in the reactant and the 
Mulliken overlap population (0.041) between these two atoms 
shows that this bond is almost cleaved. In contrast, the decom- 

posing 0-H bond length (1.010 A) stretches by only 5 % .  It 
should be noted that the H atom leaving the C atom is anionic 
while the other H atom leaving the 0 atom is cationic. The net 
charges of these atoms are -0.56 on the 0 atom, -0.59 on the 
H atom leaving the C atom, and $0.43 on the H atom leaving 
the 0 atom, respectively. This localization may be attributed to 
the long C-H bond length at TS, which is allowed by the 
electron-donating character of the substituted CH,- group on 
the C atom of ethanol. 

(2) Activation energies and frequency factors 
Table 1 shows the various levels of calculated values for the 

activation energy and the heats of reaction and Table 2 lists the 
complete set of calculated harmonic frequencies (RHF/ 
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TABLE 3. A factor for the three reactions 

Reaction (lO-I3) A factor, s - '  

CH3OH + H?C=O t Hz 6 . 0 0 0  
CH3SH + H?C=S + H? 2.473" 
CH3CHrOH + CH3CH=0 t Hz 30.85" 

" RHF/6-3 1G" results from ref. 16(b) 
" R H F / ~ - 3  IG* results. 
' RHF/4-3 1G results from ref. 17. 

6-31G*). It shows the activation energy of CH3SH to be 95.6 
kcal/mol and the heat of reaction to be 30.8 kcal/mol, based 
on the CID + QC + ZC/6-3 IG.!-'"/RHF/6-3 1G:': calculation. 
The activation energy and the heat of reaction for similar dehy- 
drogenation of CH30H are 98.8 and 18.2 kcal/mol, re- 
spectively (16). These results indicate that the reactivity of 
CH3SH is higher and the product H,C=S is more unstable 
chemically. These results agree with the experimental results 
(6). 

The effect of electron correlation is estimated to be greater 
for CH30H than for CHiSH with respect to all reactants, TS's, 
and products. 

The second factor to be considered is the frequency factor 
(the A factor) for each process. The values calculated are given 
in Table 3 and show that the A factor of the methanol dehydro- 
genation is two times larger than that of the methanethiol. The 
former reaction is therefore considered more favorable than the 
latter in terms of the entropy factor. However, in this tem- 
perature region under moderate experimental conditions, this 
entropy factor may not be so important. 

(3) Analysis of Intrinsic Reaction Coordinate (IRC) 
Here we show the analysis for the reaction path of the dehy- 

drogenation process of methanethiol. In Fig. 2(a), ( b ) ,  (c), and 
(d) we show the change of potential energy, norm of energy 
gradient, bond length, and bond angles along the IRC of the 
reaction of methanethiol, respectively. For the reaction coordi- 
nate, s is the length measured along IRC on the potential energy 
surface and the unit of s is (atomic mass unit)"' (bohr). The TS 
is located at s = 0.0 and the positive s values indicate the 
product region of the reaction. The reaction is thus considered 
to proceed as s value increases and by passing through the TS 
at s = 0.0. 

Since the TS of this process has C, symmetry, we assume 
that the IRC conserves this symmetry. It is interesting to note 
that the norm of the energy gradient has two local maxima 
before reaching the TS. This reaction thus proceeds through 
two characteristic stages. We can see from Fig. 2 (c) that the 
main process at the vicinity of the first local maximum s = 

- 3.0 is the stretching of C-S bond length. On the other hand, 
we can read from Fig. 2 (c) and (d) that the main process at the 
vicinity of the second local maximum s = - 1.5 is a decrease 
in the bond angle LCSHb, and an increase in the bond angles 
LSCHa accompanied by an increase in the S-Hb bond 
length. 

Moreover, at the TS s = 0.0, both the C-Ha and the 
S-Hb bonds are weakened and the formation of the H, mole- 
cule has been accomplished. 

Figure 3 shows the results from the analysis along the IRC 
of the similar dehydrogenation reaction of methanol. 

In contrast to the case of CH3SH, the potential barrier has a 
very sharp peak, corresponding to the large imaginary fre- 
quency of normal mode at TS, and the norm of the potential 

(kcallmol) 

H--h 

100- 

H-H 

(hartreel 

./amu- bohr 

3.0- 
( c )  Bond Lengths 

FIG. 2. Analysis for the reaction path of the dehydrogenation pro- 
cess of methanethiol. Change of ( a )  potential energy, (0) norm of 
gradient, ( c )  bond lengths, and (d) bond angles. 

(deg) 

energy is bigger and has only a single local maximum before 
the TS. 

Parallelling the above statements, the geometry change 
along the IRC in Fig. 3 (c) and (d) does not have a two-step 
movement before reaching the TS as opposed to CH3SH. For 
example, the bond length of CO is decreasing monotonically 
and does not have a local maximum as the CS bond length. 

These observations can be explained by the different feature 
of MO's of each reactant. In the case of CH3SH, the LUMO+ 1 
of the reactant is antibonding CS-a*. This will facilitate the 
electronic process of the C-S bond elongation. In contrast to 
this, the LUMO of CH30H does not have such character, but 
the LUM0+2 has the character of an antibonding CO-a*. 

max 
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, . 
I rnin 

FIG. 3. Analysis for the reaction path of the dehydrogenation pro- 
cess of methanol. (a) ,  (b ) ,  ( c ) ,  and ( d )  are similar to Fig. 2. 

The CS bond takes better advantage of the feasible electronic 
process for molecular deformation than does the CO bond, 
when the reaction proceeds. This contribution of antibonding 
CX bond (X = S or C) can be seen in the large difference of 
frequencies for each CX stretching mode (see Table 2) (9). 

The atomic movement in similar dehydrogenation reaction 
of ethanol has appeared in our early study (17). Figure 4 shows 
the analysis of the IRC for this reaction. The substituted CH3- 
group for one of the H's of CH,OH brings about the large 
difference of the atomic movements. In the CH3CH,0H reac- 

t (c) Bond Lengths 

(deg) LCOHb 

(dl Bond Angles (dl Bond Angles 

FIG. 4. Analysis for the reaction path of the dehydrogenation pro- 
cess of ethanol. (a), (b ) ,  ( c ) ,  and ( d )  are similar to Fig. 2. 

tion, the C-Ha bond stretches vigorously and almost breaks 
in the vicinity of the TS, the change of LOCHa is also very 
large. The H-H bond length is yet far from that of the product 
H, molecule in the vicinity of TS. Corresponding to these 
atomic movements, Ha becomes anionic and the reaction cen- 
ter C becomes cationic. This localized nature of charges is 
stabilized by the electron donation of the substituted CH3- 
group, as mentioned before (17). 

We try to explain the role of the vibrational modes of the 
reactant in the reaction selectivity of the experiment by using 
laser (18, 19). What kind of vibrational mode of a reactant 
molecule is excited initially and how does the reaction pathway 
interact with the excited vibrational mode? 

Our previous work (5(a) ,  17) and others (20) have clarified 
the relationship between the vibrational modes and IRC in the 
asymptotic region of the reactant and the role of the vibrational 
modes are summarized below. 

The dynamic aspects of a reacting system are well described 
by the coupling between IRC and the vibrational modes perpen- 
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YAMABE ET A L  

S = 0.0 :: (TS) 

FIG. 6. (Continued) 

obtained by a reduction of 10- 15% from the calculated ones 
(9). Among these modes, the mode with an imaginary fre- 
quency 1181i cm-' (RHF/6-31G*) corresponds to the dis- 
placement vector of IRC and this represents well the elimi- 
nation of HZ from the thiocarbonyl part H,C=S. Reactant 
CH3SH has a C-S stretching mode of 776 cm-' and an asym- 
metric (A") CSH bending mode of 874 cm-'. These vibrational 
modes are considered to interact easily with the motion of 
nuclei along IRC at the early stage of the reaction process. 
Therefore, it can be predicted that the dehydrogenation of 

CH3SH is directly promoted if either of the two modes is 
excited by a laser with an appropriate wave length. 

(4 )  The electronic process on the reaction 
Figure 5 shows the result obtained from the analysis of the 

electronic process following the reaction of CH3SH along IRC 
from the viewpoint of IHMO. 

Here the reactant molecule is separated into two subsystems 
CH, and SH based on the aspect of the weakened C-S bond 
and the newly forming H-H bond in the reactant region. Also 
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FIG. 6. (Concluded) 

drawn are the IHMO's which diagonalize the overlap popu- 
lation matrix between these subsystems. Each number in this 
figure is the diagonalized value of the overlap population, so a 
larger positive value means a stronger interaction between 
these subsystems. At the early stage of the reaction s = -3.0, 
a cr-type IHMO is localized in the weakened C-S bond. 
Secondly, an IHMO representing the weakened S-H bond 
appears at s = - 1.5. At the TS, the H-H cr bond which is 
near the value in the product H, molecule appears and it well 

represents the interaction between these two subsystems. At the 
product region s = 1.5 a new IHMO of C=S 7~ bond appears 
clearIy . 

Now these subsystems are allocated to the product molecules 
H2 and H2C=S. The IHMO corresponding to these subsystems 
are shown in Fig. 6. If we obtain the IHMO whose interaction 
is that between H2 and H2C=S, we can easily describe the 
electronic process of the formation of H-H cr bond and C=S 
7~ bond and the elimination of S-H cr bond and C-H cr bond. 
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Among the four IHMO's at each s value, the first one is the 
charge transfer (CT) interaction from H-H u bond to C=S 
T* bond, and the second one is that from the C=S T bond to 
the H-H u* bond. These two HOMO-LUMO interactions 
are very important in the vicinity of the TS.  Both of them have 
maximum values of overlap population at s = -0.5, and these 
values are decreasing, as the reaction proceeds through TS.  The 
value of u + T" C T  has already changed the sign at TS. It then 
decreased significantly, resulting in this interaction becoming 
unimportant. Compared with this, only the value of T + a:" 
C T  maintains a positive sign through s = - 1.0 - 1.5, and this 
interaction is the most important of the four. It contributes to 
the formation of C-Hb bond, which corresponds to the fact 
that the C-Ha bond length is larger than the C-Hb bond 
length and the Hb atom is bound more strongly to the C atom 
than the Ha atom is bound to the C atom at the TS. The 
electronic processes along IRC are therefore remarkably de- 
scribed by the IHMO method as shown above. 

4. Conclusion 
In this study we investigated the reaction paths of the uni- 

molecular decomposition of methanethiol. 
The dehydrogenation path is analyzed by ab initio M O  calcu- 

lations. The geometries and energies of the reactants, TS's,  
reaction intermediates, and products have been determined on 
the singlet potential energy surface. We find that even similar 
dehydrogenation reactions of CH3SH, C H 3 0 H ,  and 
CH,CH,OH have large differences in atomic movement. The 
dehydrogenation mechanism of CH,SH is divided into two 
stages including the earlier stretching of the C-S bond and the 
reducing of the L C S H b  angle as the first and the subsequent 
formation of the two stable molecules Hz + H2C=S as the 
second. The earlier activation energy of the reaction is attribut- 
ed to the stretching of the C-S bond and the reducing of 
L C S H b ,  s o  if energy transfer to these modes can be possible, 
for example by laser, it is predicted that the reaction can pro- 
ceed. The IRC analysis for the chemical reaction path is useful 
in laser chemistry. This theory is expected to apply to broader 
areas of chemistry in future. 
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Ab initio MRD-CI study of NOz. 
1. Multi-dimensional potential surfaces for the two lowest 'A' states 
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GERHARD HIRSCH and ROBERT J .  BUENKER. Can. J .  Chem. 63, 1542 (1985). 
For a detailed theoretical ab initio study of the X'A,/A'B, system of the NOZ molecule, three-dimensional potential energy 

surfaces have been calculated with the MRD-CI method for both symmetric and asymmetric NO bond distances. The calculated 
data are given here together with the technical parameters of the respective treatment, and the main features of the surfaces 
are discussed. The geometrical locations and depths of the computed energy minima as well as the A-X vertical transition 
energy are found to be in good agreement with all known experimental data and allow for a good qualitative understanding 
of the overall appearance of the observed spectrum. The wavefunctions and potential energy surfaces will be used in subsequent 
investigations for the study of various molecular properties and coupling elements involved in the X'A,/A'B, system of NO>. 

GERHARD HIRSCH et ROBERT J .  BUENKER. Can. 3 .  Chem. 63, 1542 (1985). 
Dans le but d'effectuer une Ctude thtorique ab initio tres dCtaillCe du systkme X'A I / A z ~ 2  de la molecule de NOz, on a calculC 

les surfaces d'Cnergie potentielle tri-dimensionnelles par la mtthode de MRD-CI tant pour les longueurs des liaisons sym- 
ttriques et non symttriques. On prtsente les donntes calcultes ainsi que les paramktres techniques de chacune des Ctudes 
respectives et on discute des caracttristiques principales de ces surfaces. On a trouvt que les positions gtomCtriques et les 
profondeurs calcultes des puits d'tnergie ainsi que l'tnergie de transition verticale A-X s'accordent trks bien avec toutes les 
donntes exptrimentales connues et permettent de bien comprendre qualitativement I'allure gentrale du spectre observe. Au 
cours de recherches subskquentes, on se servira des fonctions d'onde et des surfaces d'tnergie potentielle dans le but d'ttudier 
les diverses proprietCs molCculaires ct les tltments de couplage impliquts dans le systtme X2Al/A'B2 du NOz. 

[Traduit par le journal] 

1. Introduction 
The NO2 molecule continues to attract a great deal of interest 

because it is not only an important element in the discussion of 
environmental pollution, but also a system possessing a very 
complex spectrum in the visible and near-infrared regions. In 
the last decade there has been progress in unravelling the details 
of the NO1 spectrum, both by means of a variety of experi- 
mental methods (1) and also by various a b  iizitio calculations 
(2-5). Jackels and Davidson (3) pointed out that a curve cross- 
ing between the 'A, ground and the 'B? excited states, with its 
associated Herzberg-Teller interaction, is mainly responsible 
for the almost chaotic appearence of the NO? spectrum in the 
visible and near-infrared regions. In more recent times more 
detailed experimental studies (6, 7) have concentrated on the 
A2B,-X2A, transition, which is known to be responsible for the 
brown color of gaseous NO,. 

In surveying the latest experimental data on this problem it 
has become apparent that a quantitative theoretical treatment of 
the vibronic motion of the NO2 molecule in its X and A elec- 
tronic states would be extremely useful in helping to understand 
the complex nature of this spectrum. For this purpose it is first 
necessary that (three-dimensional) NO2 potential surfaces be 
generated by employing large-scale CI calculations and a high- 
quality A 0  basis, along with the associated electronic wave- 
functions. Beyond this task it is required that non-adiabatic 
effects associated with the Herzberg-Teller X-A interaction be 
computed explicitly and that the vibronic functions associated 
with either the adiabatic (CI) or diabatic electronic states be 
allowed to mix to form the best possible approximations to the 
true solutions of the global Schrodinger equation for this sys- 
tem. The goal of the present study is to significantly improve 
upon the quality and scope of NO1 potential surfaces available 
in the literature, which have thus far been limited in the main 
to a 2 X 2 non-orthogonal CI employing only a double-l; A 0  
basis (3) in addition to a small number of points obtained with 

order-100 orthogonal CI's in a basis containing some polar- 
ization functioni (2). Problems arising during the course of the 
present calculations will be considered in some detail, and 
comparison with known details of the experimental spectral 
data-will be given. Explicit treatment of the vibronic wave- 
functions based on these potential surfaces, including com- 
putation of the key non-adiabatic coupling matrix elements, 
will then be the subject of a succeeding paper (8). 

2. Technical details of the theoretical treatment 
In the present work an A 0  basis proposed by Huzinaga (9) 

and Dunning (10) is employed. It consists of nine s and five p 
functions (9) in a [5s 3p] contraction (10) for both nitrogen and 
oxygen. In addition, a set of cartesian d polarization functions 
has been placed at each atom with exponents a ( d )  = 0.80 for 
the nitrogen and a ( d )  = 0.85 for the oxygen atoms having been 
chosen. This choice leads to a total number of 60 atomic or- 
bitals, with 20 functions located at each atom. 

The earlier study of Jackels and Davidson (3) employed a 
lobe-function variant of the double-2; (DZ) contraction of Huz- 
inaga's (9s 5p) but did not add any polarization functions. A 
similar (DZ) basis augmented by Rydberg-type s and p func- 
tions (39 AO's in all) was used in the computation of the NOs 
vertical spectrum by Shih et al. (5). Finally the basis set of 
Gillispie et al. (2) did include d polarization functions, but 
employed a [4s 3p] contraction, i.e., one less s function per 
atom than in the present basis. 

All calculations for the various conformations of the NO2 
system have been carried out in C ,  symmetry. It is known (3, 
1 1, 12) that imposition of symmetry constraints on SCF wave- 
functions can result in an energy increase and cause potential 
surfaces to be discontinuous at conformations of higher sym- 
metry if the highest-order pointgroup is always employed. 
Hence even in the case of equal bond lengths no C2,, symmetry 
constraints have been imposed on the wavefunction, since the 
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HIRSCH AND BUENKER 1543 

results should describe the characteristics of the ~otential  sur- 
faces of the two lowest doublet states consistently over the 
whole range of geometrical conformations. All nuclear 
arrangements of the NO? molecule are expressed in terms of the 
three coordinates r ,  = RNol, r? = RN02 and the O N 0  bond angle 
0 .  Such a procedure nevertheless gives rise to additional prob- 
lems connected with the symmetry breaking which appear as 
instabilities in the electronic wavefunctions and energies (13, 
14). Details concerning this point will be discussed in the 
following section. 

The SCF calculations for this studv have been carried out for 
the lowest 2A' state corresponding to the configuration 9ar22aU2 
10a". This occupation corresponds to a 'A, state in symmetric 
(C2") conformations for larger bond angles, but to the 'B2 state 
for smaller bond angles. The configuration interaction treat- 
ment is of the standard MRD-CI type with configuration selec- 
tion and energy extrapolation (15, 16) using Table CI algo- 
rithms (17-19). A core of six molecular orbitals of the a '  
irreducible representation corresponding to the 1s and 2s  shells 
of nitrogen and the two oxygen atoms has been kept doubly 
occupied in all calculations, while the corresponding six com- 
plementary MO's with highest orbital energies in the a '  repre- 
sentation have been excluded from consideration entirely; the 
eleven remaining valence electrons of NO? are then distributed 
among the remaining 48 MO's through single and double ex- 
citations relative to a given set of reference configurations. 
These have been chosen so as to give a final contribution of 
more than 90% to the CI wavefunctions for both the first and 
the second roots of 'A' symmetry. The total number of 
symmetry-adapted functions (SAFT) generated by single and 
double excitations from this set of reference configurations 
varies from about 350 000 to 550 000. This dimension is 
reduced by employing an energy selection criterion (20) with a 
threshold of 10 ph with respect to the two lowest roots of the 
matrix for all calculations presented here. The number of refer- 
ence configurations (reference), of generated SAF's (SAFT) 
and of selected SAF's (SAF) for each nuclear conformation 
treated can be found in the various tables to be discussed in the 
next section. 

The lowest two eigenvalues have been calculated in each 
case by diagonalizing the matrix corresponding to the 10 ph 
threshold (dimension generally on the order of 10 000) as well 
as a smaller matrix (of order 7 000) corresponding to a 15 ph 
threshold throughout. The eigenvalues together with the 
summed perturbative energy lowerings of the non-selected con- 
figurations in the total MRD-CI space have then been employed 
in the usual way (21) to determine an extrapolated zero- 
threshold value designated as Ecl in the tables. Finally energy 
contributions of higher than double-excitation configurations 
are estimated in analogy to the formula AE = (1 - co2)(EscF - 
Ecl) of Langhoff and Davidson (22), i.e., by replacing EsCF 
with the eigenvalues of a small-matrix corresponding only to 
the reference set, and substituting Cc,' for c,', where the latter 
sum runs over all contributions from the reference config- 
urations which appear in the final (T = 10 ph) wavefunction. 
The resulting total energy is referred to as the full CI limit (EFcl) 
in the ensuing discussibn. 

The level of CI undertaken thus goes far beyond that 
employed in the only previous comprehensive calculation of 
the lowest two 'A' potential surfaces of NOz (3). In the latter 
study Jackels and Davidson employed a 2 x 2 non-orthogonal 
CI based on separately optimized SCF functions, leading to 
total energies which are on the average some 0.45 hartree (12.2 

eV) higher than in the present study. The same authors reported 
larger (orthogonal) CI computations for several key geome- 
tries, but even in these cases the dimensions of the secular 
equations did not exceed on order of 3600 SAF's. Otherwise 
the work of Gillispie et al. (2), also dealing with these 'A' states 
at a small series of geometries employs MC-SCF wave- 
functions corresponding to only about 100 configurations. 
Finally, the earlier study of Shih et al. (5) does report large CI 
wavefunctions, of roughly half the order described in this 
work, but no geometries were considered other than that of the 
ground state at equilibrium in this instance. 

3. Results of the calculations 
SCF and CI calculations have been performed for a variety 

of nuclear conformations of NOz with both equal and unequal 
bond lengths r ,  and r2. The results given here are restricted to 
the first two states of 'A' symmetry. Table 1 contains the data 
calculated for a symmetric arrangement of NO2 with r ,  and r2 
fixed at 2.32 bohr. This value has been chosen on the basis of 
the results by Jackels and Davidson (4) giving 2.32 bohr for the 
equilibrium bond distance and 132.7" for the equilibrium bond 
angle of the X'A, ground state based on their ab  initio study. 
The range of bond angles covered in the present calculation is 
from 90" up to the linear arrangement of 180". It can be seen 
from Table 1 that a much closer grid of calculated points has 
been chosen from 95" to 120°, the interval containing the (non-) 
crossing of the two 'A' states. Figure 1 gives the resulting 
potential curves for the X'A, and A'B2 states, and also indicates 
the angular region near the crossing point which will be ana- 
lyzed in greater detail in what follows (Fig. 2). 

Three different bond lengths have been considered in this 
study, namely the value of 2.32 bohr already mentioned, along 
with 2.20 bohr and 2.50 bohr. Combination of these bond 
lengths yields six different cuts through the multidimensional 
potential surfaces. 

Tables 2 and 3 contain information about the other sym- 
metric combinations of bond distances: 2.2012.20 and 
2.5012.50, respectively, with their respective graphical display 
shown in the Figs. 3 and 4. Problems arise in connecting the 
various calculated points in the crossing region (105"- 110") 
and interpolating them to give smooth 'A, and 'B2 potential 
curves, as must be expected for such symmetric conformations. 
This situation can be seen clearly in the figures: the dots repre- 
sent the actual calculated values for the extrapolated energy Ecl 
and the estimated full CI limit EFCl with dashed lines for the Ecl 
and solid lines for the EFCI. The lack of smoothness in the 
computed curves in this region is a consequence of the fact that 
all calculations are carried out in formal C, symmetry, even 
when the bond lengths are equal; as a result symmetry-breaking 
artifacts in the SCF calculations still lead to instabilities at the 
large-scale CI level. The general features of symmetry break- 
ing have been recently summarized by Davidson and Borden, 
including a discussion of the NOz example (13). Specifically 
the near degeneracy of the 9a '  and 10a' MO's (6a, and 4b, in 
C2, notation) leads to apparent discontinuities in the 
Born-Oppenheimer SCF wavefunctions. These circumstances 
lead to special problems in the computation of non-adiabatic 
coupling matrix elements between the two 'A' electronic states 
as well as other properties, as will be discussed in a subsequent 
paper (8) dealing explicitly with vibronic effects associated 
with the Herzberg-Teller interaction associated with the A and 
X states of NOz. In principle the problem can be overcome by 
resorting to a full CI treatment, in which case the results are 
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1544 CAN. J .  CHEM. VOL. 63, 1985 

TABLE 1. MRD-CI and estimated full CI results for the first two 'A' states of N O 2 ,  r l  = r2 = 2 . 3 2  bohf 

I'A' 2'A ' 

0 EsCp Referenceh SAFT / SAF' ECld EFCI" Cc2' Ecld E m C  Cc2' 

"All energies are given in hartree units with respect to -200.0 hartrees. 
"Number of reference configurations. 
'Number of generated (SAFT) and selected (SAF) symmetry adapted functions 
"MRD-CI energy, extrapolated to zero threshold. 
'Estimated full CI energy. 
'Sum of squares of the coefficients of the reference configurations. 

FIG. 1. Potential energy curves for NO' (X'A, and A'B?) upon 
variation of the bond angle ( r ,  = r ,  = 2 . 3 2  bohr). 

independent of the choice of one-electron transformation, but 
the MRD-CI results Eel, in which only single and double ex- 
citations with respect to a limited series of reference config- 
urations are treated, do not fulfill the same conditions. Instead 
the resulting potential curves tend to exhibit an avoided cross- 
ing similar to those which occur in true C, geometries for which 
the NO bond lengths are unequal. 

The higher-excitation corrections contained in the corre- 
sponding EFCl data can only approximate the full CI limit and 

F I G .  2 .  Potential energy curves in thecrossing region of the ' A ,  and 
'B2 states of NO2 as a function of bond angle ( r l  = r2 = 2 .32  bohr). 
Solid lines correspond to the EFcI, dashed lines to the Ecl values given 
in Table 1. 

hence do not succeed completely in removing the above discon- 
tinuities, but the corresponding plots ( E F C I )  in Figs. 2-4 show 
that at all three bond lengths a smaller energy gap separates the 
' A ,  and ' B ~  states than is the case for the Ec, data. Since the 
dimensions of secular equations solved are already in the order 
of 10 000 it seems unlikely that the situation would be greatly 
improved by carrying out larger diagonalizations of still man- 
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HIRSCH AND BUENKER 

TABLE 2. MRD-Cl and estimated full CI results for the first two 'A' states of NOZ, r ,  = r, = 2.20 bohr" 

I'A' 2 2 ~  ' 

0 ESCF Referenceb SAFT / SAF EC," E F C I ~  --&a E C I ~  EFCI' C C ' ~  

90" -3.9852 15 472833 / 9460 -4.2960 -4.3169 
95" -4.0083 15 514978 / 9003 -4.3135 -4.3332 

100" -4.0256 15 514978 / 8863 -4.3220 -4.3408 
105" -4.0391 15 514978 / 9557 -4.3266 -4.3450 
107" -4.0430 15 514978 / 9712 -4.3302 -4.3486 
110" -4.0485 15 514978 / 9278 -4.3391 -4.3577 
115" -4.0470 15 514978 / 9978 -4.3601 -4.3789 
120" -4.0583 15 514978 / 10388 -4.3746 -4.3930 
132.7" -4.0771 1 1  346860 / 9935 -4.3889 -4.4083 
140" -4.0773 1 1  346860 / 9894 -4.3876 -4.4069 
150" -4.0679 16 480453 / 1001 1 -4.3769 -4.3957 
180" -4.0190 13 388609 / 8598 -4.3198 -4.3380 

"All energies are given in hartree units with respect to -200.0 hartrees. 
"Number of reference configurations. 
' Number of generated (SAIT) and selected (SAF) symmetry adapted functions. 
"MRD-CI energy, extrapolated to zero threshold. 
'Estimated full CI energy. 
'Sum of squares of the coefficients of the reference configurations. 

TABLE 3. MRD-CI and estimated full C1 results for the first two 'A' states of NOz, r ,  = r, = 2.50 bohr" 

1%' 2'A ' 

0 ESCF Referenceh SAFT / S A F  ECld E F C I ~  Cc'/ ECld Er;cl" CcZ' 

"All energies are given in hartree units with respect to -200.0 hartrees. 
"Number of reference configurations. 
'Number of generated (SAIT) and selected (SAF) symmetry adapted functions. 
"MRD-CI energy, extrapolated to zero threshold. 
'Estimated full CI energy. 
'Sum of squares of the coefficients of the reference configurations. 

ageable proportions. Furthermore the choice of another MO 
basis (e.g. 4B2 or 4A') does not remove the asymmetries in the 
molecular orbitals and there remain the consequences that indi- 
vidual configurations do not transform according to C1, repre- 
sentations (4). On the other hand, a calculation in which C',, 
symmetry is imposed for r ,  = r2 gives rise to discontinuity 
problems, as already mentioned in the previous section and also 
as encountered by Gillispie et al. in their NO' study (2). The 
problem of the variation of CI results on the choice of the 
one-electron basis for close-lying electronic states has been 
previously discussed in a CI study of the sudden polarization 
effect (23, 24). 

Figures 2-4 show that the crossing seam in the 'A' surfaces 
is located near 107" for all chosen distances, but that the energy 
of the crossing goes up considerably when going to smaller 
bond distances. Essentially the same result is obtained for both 
the Ecl and the EFCl curves. The data for the three pairs of 
unequal NO bond lengths are given in Tables 4-6 and the 

corresponding angular potential curves are plotted in Figs. 
5-7. In these cases there is no reason to avoid the highest-order 
point group (C,) in the SCF calculations and the calculated 
energy results do not show any discontinuities of the type noted 
for the more symmetric geometries. 

The energy gaps between the two 'A' states are found to be 
slightly increased in going from the MRD-CI to the estimated 
full-CI level of treatment, even though for the symmetric con- 
formations discussed earlier it was noted that the full CI cor- 
rection tends to reduce the magnitude of the artificial splitting 
which occurs in the region where the 'A, and 'B2 potential 
curves should cross. The lowest-lying 'A' state exhibits a dou- 
ble minimum for r ,  = 2.32 and r' = 2.50 bohr (Fig. 6), but at 
the (2.20, 2.50) bond-distance pair it is found that a very 
shallow Ec, minimum at small bond angles is not present in the 
EFCl data. Finally it should be pointed out that all of the calcu- 
lations in the 95"- 120" range of bond angle have been carried 
out with the same set of 15 reference configurations, giving rise 
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1546 CAN. J .  CHEM. VOL. 63. 1985 

TABLE 4. MRD-CI and estimated full C1 results for the first two 'A' states of NO?, r ,  =2.32, r2 = 2.20 bohf 

1 ' ~ '  2'A ' 

0 EscF Referenceb SAFT / SAF' Ecld EFC; Zc2/ Ecr" EFC; Zc2/ 

90" -4.0075 15 461262 / 9093 -4.3194 -4.3394 0.927 -4.2148 -4.2372 0.922 
95" -4.0290 15 514978 / 9087 -4.3322 -4.3523 0.925 -4.2598 -4.2858 0.910 

100" -4.0448 15 514978 / 9205 -4.3383 -4.3575 0.927 -4.2995 -4.3228 0.918 
105" -4.0548 15 514978 / 9660 -4.3422 -4.3606 0.930 -4.3303 -4.3527 0.922 
107" -4.0588 15 514978 / 9806 -4.3439 -4.3623 0.930 -4.3354 -4.3575 0.922 
110" -4.0627 15 514978 / 9440 -4.3506 -4.3693 0.929 -4.3383 -4.3598 0.924 
115" -4.0666 15 514978 / 8440 -4.3664 -4.3858 0.928 -4.3304 -4.3514 0.924 
120" -4.0685 15 514978 / 9013 -4.3767 -4.3966 0.926 -4.3170 -4.3410 0.916 
132.7" -4.0715 11 346860 / 9908 -4.3906 -4.4113 0.924 -4.2695 -4.2962 0.912 
140" -4.0709 11 346860 / 10170 -4.3869 -4.4071 0.925 -4.2367 -4.2630 0.912 
150" -4.0614 16 480453 / 9968 -4.3772 -4.3958 0.930 -4.1926 -4.2178 0.912 
180" -4.0154 13 388609 / 8437 -4.3230 -4.3427 0.926 -4.0927 -4.1157 0.917 

"All energies are given in hartree units with rcspect to -200.0 hartrees. 
"Number of reference configurations. 
' Number of generated (SAFT) and selected (SAF) symmetry adapted functions. 
dMRD-CI energy, extrapolated to zero thrcshold. 
"Estimated full CI energy. 
'Sum of squares of the coefficients of the reference configurations. 

FIG. 3. Potential energy curves in the crossing region of the 'A, and 
'B, states of NO2 as a function of bond angle ( r ,  = r2 = 2.20 bohr). 
Solid lines correspond to the EFcr, dashed lines to the Ecl values given 
in Table 2. 

to an MRD-CI space of dimension 5 14978 (SAFT), from which 
from 8 000 to 10 000 functions are actually employed to con- 
stmct the secular equations explicitly solved in the theoretical 
treatment. The high quality of the resulting calculations is 
indicated by the fact that these reference states comprise from 
90 to 92% of the final CI wavefunctions on a Cci2 basis for the 
entire geometrical region considered. 

(hortree) 

r, = 2.50 bohr 
r, = 2.50 bohr 

FIG. 4. Potential energy curves in the crossing region of the 'A, and 
'B2 states of NO, as a function of bond angle ( r l  = rz = 2.50 bohr). 
Solid lines correspond to the EFCI, dashed lines to the Ecl values given 
in Table 3. 

4. Comparison with experiment 
There are four key geometrical conformations to be consid- 

ered in the foregoing results for equal NO bond lengths and the 
corresponding internuclear distances, bond angles, and relative 
energies are given in Table 7. The X 2 ~ ,  ground state equi- 
librium geometry is seen to be in good agreement with that 
deduced from experiment (0 = 134.07" and r  = r ,  = r, = 
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HIRSCH AND BUENKER 

TABLE 5. MRD-CI and estimated full CI results for the first two 'A' states of Nor,  r ,  =2.32, rl = 2.50 bohr" 

I'A' 2'A ' 

0 EscF Referenceb SAFT / S A F  E ~ , "  Er.clc ~ ~ ' r  Ec," EFC; Cc" 

90" -4.0035 15 461262 / 8384 -4.3406 -4.3647 0.916 -4.2602 -4.2835 0.920 
95" -4.0182 15 514978 / 8202 -4.3483 -4.3720 0.917 -4.2914 -4.3183 0.908 
100" -4.0286 15 514978 / 8305 -4.3503 -4.3735 0.918 -4.3235 -4.3483 0.915 
105" -4.0356 15 514978 / 9177 -4.3469 -4.3722 0.918 -4.3443 -4.3684 0.917 
107" -4.0368 15 514978 / 9471 -4.3496 -4.3737 0.917 -4.3473 -4.3700 0.919 
110" -4.0395 15 514978 / 8144 -4.3549 -4.3775 0.919 -4.3445 -4.3680 0.918 
115" - 4.0409 15 514978 / 7495 -4.3655 -4.3881 0.920 -4.3332 -4.3567 0.918 
120" -4.0390 15 514978 / 7986 -4.3731 -4.3959 0.920 -4.3231 -4.3485 0.913 
132.7" -4.0372 15 466774 / 9718 -4.3776 -4.3999 0.919 -4.2814 -4.3095 0.907 
140" -4.035 1 1 I 346860 / 9388 -4.3724 -4.3979 0.911 -4.2552 -4.2864 0.901 
150" -4.0285 16 480453 / 9624 -4.3590 -4.3811 0.921 -4.21 13 -4.2396 0.905 
180" -3.9884 13 388609 / 8338 -4.3111 -4.3303 0.927 -4.1181 -4.1444 0.908 

"All energies are given in hartree units with respect to -200.0 hartrees. 
Number of reference configurations. 

'Number of generated (SAFT) and selected (SAF) symmetry adapted functions 
"MRD-CI energy, extrapolated to zero threshold. 
"Estimated full CI energy. 
'Sum of squares of the coefficients of the reference configurations. 

TABLE 6. MRD-CI and estimated full CI results for the first two 'A' states of NO2, r ,  = 2.20, r2 = 2.50 bohr" 

1'A' 2 ? ~  ' 

0 Esc, Referenceh SAFT / SAF' EFCI" -yc" Eeld Er;cI" C c Z f  

"All energies are given in hartree units with respect to -200.0 hartrees. 
*Number of reference configurations. 
'Number of generated (SAFT) and selected (SAF) symmetry adapted functions. 
"MRD-CI energy, extrapolated to zero threshold. 
"Estimated full CI energy. 
'Sum of squares of the coefficients of the reference configurations. 

2.2552 bohr) (25). Since the latter state becomes degenerate 
with the ' B ,  at the linear nuclear arrangement, which in turn is 
known to be most stable in this geometry, it is also possible to 
extract the Tc value for the corresponding transition between ' B I  
and X 2 A I .  This result is found to be 1.905 eV, which also 
compares favorably with that inferred experimentally of 1.83 
eV (26). The calculated bond distance of both states are found 
to be equal, however, although the experimental data suggest 
that the 'BI  value is 0.04 bohr larger. A Renner-Teller effect 
is expected and observed near the onset of this transition. 

The A'B? state is found to have a smaller bond angle than the 
ground state (102.4"), as is expected from Walsh's rules and 
the fact that the two states differ by a replacement of the 46, 
linear MO of ' A ~  by the strongly bent 6a l  species in 'B,.  The 
2 ~ 2  bond length is calculated to be 0.12 bohr greater than of 
X2A AS the NO distances are reduced below 2.40 bohr the 
angular potential minimum of the X'A, state is lowered relative 

to that of 'B, and the expected double minimum character of the 
lowest 'A' adiabatic surface is gradually negated (see Fig. 1). 
The reverse is true for larger bond lengths but at the minimal 
energy of the Czv 'B2 state, there is only a slight well separating 
it from the X2Al  crossing point; this energy is only 0.917 eV 
above the ground state minimum. By comparison the lowest 
crossing energy (cusp) for the two states occurs at 0.955 eV, 
only 0.038 eV higher, and this for nearly the identical NO bond 
length of 2.395 bohr (Table 7). 

These results mesh very well with the known facts about the 
key A-X transition in the NO2 spectrum. The above Tc value 
does not take into account the influence of the antisymmetric 
stretch vibration but it at least suggests that the assumption of 
Douglas and Huber (27) that this spectruq extends beyond the 
last observed feature at 1.20 eV (10 300 A) is correct. On the 
other hand, allowing the NO bond lengths to be unequal does 
not produce any significant energy lowering relative to the 'B2 
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E 
(hartreel 

f 
-2OL .32 - \ 

\ 

\ 
\ 

-2OL.36 - 

r, = 2.32 bohr 
r2 = 2.20 bohr 

-20LAO - 

120' 100' a O l U O  
FIG. 5. Potential energy curves of the 12A' and 2 , ~ '  states of NO, 

as a function of bond angle ( r l  = 2.32 bohr, r2 = 2.20 bohr). Solid 
lines correspond to the EFC~, dashed lines to the Eel values given in 
Table 4. 

E 
( hartree) 

FIG. 6. Potential energy curves of the I'A' and 2 ' ~ '  states of NO, 
as a function of bond angle ( r ,  = 2.32 bohr, r' = 2.50 bohr). Solid 
lines correspond to the EFCI, dashed lines to the Eel values given in 
Table 5. 

( hartree) 

-2OL.32 1 

FIG. 7. Potential energy curves of the I'A' and 2 ' ~ '  states of NO2 
as a function of bond angle ( r ,  = 2.20 bohr, r~ = 2.50 bohr). Solid 
lines correspond to the EFCI, dashed lines to the Ecl values given in 
Table 6. 

TABLE 7. Calculated key geometrical conformations and correspond- 
ing energies 

r (bohr) f3 EFCI (hartree) E,,I (eV) 

X2AI minimum 2.28 133.4" -204.41 18 0.0 
A%, minimum 2.40 102.4" -204.3781 0.917 
Z ~ I  minimum ('nu) 2.28 180.0" -204.3418 1.905 
cusp 'A , /'B, 2.395 107.8" -204.3767 0.955 

C?, minimum shown in Table 7, as can be judged by the results 
of Tables 4-6, especially for r ,  = 2.32 and r,  = 2.50 bohr. If 
the 'B2 had a protracted potential well it could be expected that 
several progressions could be perceived in the experimental 
data, corresponding to transitions involving the NO symmetric 
stretching and bending vibrations for two well-defined ad- 
iabatic states. The lack of such a minimum in the calculations, 
however, indicates that even the lowest Born-Oppenheimer 
vibrational states of the A2B2 electronic state are strongly mixed 
with relatively high-lying X2Al levels, making a conventional 
vibrational analysis very difficult. Furthermore, since the opti- 
mum bond angle and NO bond distance for the A2B2 state and 
those describing the cusp location for the 'A I -2B2 surface cross- 
ing are so close to one another (differing by only about 5" and 
less than 0.01 bohr, Table 7), it follows that for higher 
vibrational quantum numbers similar mixing between 
Born-Oppenheimer vibronic levels should occur giving the 
spectrum a uniformally chaotic appearance up to the energy of 
the absorption maximum and beyond. 'The vertical transition 
energy relative to the X2A, equilibrium geometry is computed 
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to be 2.92 eV,  which is also in good agreement with the finding 
that maximum absorption occurs in the 2.9-3.0 e V  region of 
the NO2 spectrum (28). The indication is therefore that the 'B2 
state can lower its energy by 2 .0  eV through increasing its NO 
bond distance and decreasing its bond angle relative to the 
equilibrium values of the ground state, a circumstance which 
also contributes to the very btoad appearance of the NO2 spec- 
trum in the 3 000 - 10 000 A region. 
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TAKASHI KAGAWA and GULZARI MALLI. Can. J. Chem. 63, 1550 (1985). 
Relativistic Hartree-Fock-Roothaan (RHFR) wavefunctions have been calculated for a large number of atoms up to radon 

(Z = 86) under the point nucleus approximation using STO's as basis functions. The calculated total as well as orbital energies 
are in very good agreement with the corresponding results obtained by the numerical integration method. 

TAKASHI KAGAWA et GULZARI MALLI. Can. J. Chem. 63, 1550 (1985). 
Utilisant des orbitales du type de Slater (STO) comme fonctions de base et travaillant dans I'approximation ponctuelle, on 

a calculC les fonctions d'onde relativistes de Hartree-Fock-Roothaan (RHFR) pour un grand nombre d'atomes allant jusqu'au 
radon (Z = 86). Les energies totales ainsi qu'orbitales obtenues par ces calculs sont en trbs bon accord avec les resultats 
correspondants obtenus par la methode d'integration numerique. 

[Traduit par le journal] 

Introduction where 1 and denote the orbital angular momentum quantum 
The relativistic self-consistent-field (RSCF) Scheme (1) has 

been used to calculate the wavefunctions and energy levels of 
the ground states of atoms (2-5) using the numerical integra- 
tion method. 

Alternatively, Kim (6) developed a relativistic Hartree- 
Fock-Roothaan (RHFR) formalism for closed-shell atoms and 
reported the results for He, Be, and Ne atoms. 

Kagawa (7) extended the RHFR (also called Dirac-Hartree- 
Fock-Roothaan (DHFR)) formalism of Kim (6) to a large class 
of open shells and he reported results for the ground as well as 
excited states for Sc through Cu atoms. 

Theory and computations 
We refer the reader to Kim (6) and Kagawa (7) for the details 

of the formalism for closed- and open-shell atoms, respec- 
tively. Kagawa's computer program, however, was severely 
limited because it was unable to calculate heavy atoms in- 
volving f-orbitals and because it could not handle a large 
enough number of basis sets necessary to represent the large 
number of occupied orbitals. 

A computer program based upon his formalism has been 
developed in double-precision which at present can handle 
seven symmetries (s, p,, d,, and f,) and for each symmetry up 
to a maximum of twenty Slater-type orbital (STO) basic func- 
tions can be used. The same set of non-integer S T 0  (NISTO) 
basis set was used for the large and small components of the 
relativistic radial function where the S T 0  (with non-integer 
principal quantum number) f,, have the following form: 

[I] fKP = (25Kp)n'~~li 'I2 [r(ZnrKp + I ) ] - ' /~  r"'x~~ X e - c v r  

where Cup is the orbital exponent, T(X) is a gamma function, 
and 

In eq. [2], a is the fine-structure constant and K,  the relativ- 
istic quantum number, is given by the relation: 

[3] K = 2 (j + 112) for 1 = j 2 112 and = j T 112 

' Permanent address: Department of Physics, Nara Women's Uni- 
versity, Nara, Japan. 

numbers of the large P ( r )  and small Q(r)  components of the 
radial wavefunction. 

The pseudo-eigenvalue relativistic Hartree-Fock-Roothaan 
(RHFR) equations were solved for closed- and open-shell vec- 
tors of the expansion coefficients of the large and small com- 
ponents by an iterative procedure unti the self-consistency is 
obtained. 

It should be pointed out that, in the relativistic Hartree-Fock 
calculations, the ground state energy is obtained as the lowest 
stationary value amongst the positive energy states because 
there are negative energy states below the state under consid- 
eration. The relativistic virial theorem for a system with a 
Coulomb force is given by 

which is different from the non-relativistic virial theorem. In all 
cases, the ratio of (T)/(V) was found to be in excellent agree- 
ment with eq. [4], and so its tabulation is omitted. The max- 
imum deviation was found to be 2 1 in the fifth figure. One 
shouId, however, be reminded that satisfying the relativistic 
virial theorem is not a sufficient condition for the energy ob- 
tained to be the lowest stationary value. 

The number of S T 0  basis functions used for radon were 12 
for s + ,  11 for p - ,  10 for p.,, 7 for d-, 6 for d+,  5 for f-, and 
4 for f ,  symmetries, respectively; i.e., a total of 55 basis 
functions for a system of 86 electrons with 24 occupied or- 
bitals. It should be mentioned that, although there is only one 
occupied orbital for f- and f+ symmetries, five f- and four f+ 
STO's were used, while for other symmetries it turns out that 
on the average about two STO's are needed for each occupied 
orbital. 

The CPU time of 189.2 s was required for the radon calcu- 
lation (the heaviest atom reported here), using the above- 
mentioned set of 55 basis functions, while the numerical multi- 
configuration Dirac-Fock (MCDF) programs of Grant (8) and 
Desclaux (9), for the identical calculation, took 179.5 and 
153.8 s,  respectively, on the IBM 3033 computer at SFU, 
operating under MTS. Furthermore, in all other cases, the CPU 
time was roughly the same for all the three computer programs. 
Unfortunately, the computer program used by Maly and Hous- 
sonnois (4) is not available to us and, thus, no statements about 
the CPU can be made regarding their calculation on radon. 
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TABLE 1. Total relativistic energies (-E) in au for various atoms with 
closed-shell configurations 

-E -E" 
Atom Z Configuration'' (present work) (numerical DF) 

"Only the outermost shell occupation numbers are given here. All the inner 
shells are fully occupied. 

bCalculated by the MCDF program of Grant (8). 
' Calculated by the MCDF program of Desclaux (9). 
"Reported by Maly and Houssonnois (4). 

TABLE 2. Orbital energies (-E) in atomic 
units (au) for the ground state of radon atom 

(point nucleus) 

- E -E 

Orbital (numerical DHF") (this work) 

5d+ 2.0162 2.0158 
4f - 9.1929 9.3235 
4f + 8.9272 9.0548 

"Calculated by the MCDF program of Grant (8). 

Results and discussion 
In order to check the correctness of the computer program 

and the resuIts reported here, we repeated the calculations 
reported by Kagawa (7) in double-precision and in all cases an 
excellent agreement was found. A large number of closed- as 
well as open-shell atoms have been calculated and a few repre- 
sentative-results are presented in Tables 1 and 2 .  

The limitations of the RHFR wavefunction calculations and 
the details of the method of calculation, choice of basis set, 
etc., have been delineated in detail elsewhere (6, 7). However, 

we would like to make the following remarks. These calcu- 
lations were performed under a point nucleus approximation 
which is not strictly valid for very heavy atoms (e.g., Hg and 
Rn); however, the effect of finite nucleus can be treated via a 
perturbation theory along with the Breit interaction, which we 
have also neglected in these calculations. One should bear in 
mind, however, that the effect of finite nucleus is especially 
important for the orbital energies of the inner shells 1 s and 2p- ,  
although its contribution to the total energy of the heavy 
systems is quite small. 

Furthermore, the use of point-nucleus necessitates the use of 
non-integer ''11 quantum number" S T 0  basis functions (6) in 
order to satisfy the relativistic wave equation at the origin. In 
addition, it is necessary to include in the basis set for the lower 
components of p - ,  d - ,  and f- shells at least one basis function 
with (integer) n = I ;  i.e., l p - ,  2d-,  and 3 f - ,  respectively. 

The orbital exponent (t;) optimization at present was limited 
by trial and error which is quite time-consuming. The de- 
sirability oft; optimization cannot be overstressed. We also use 
the relativistic virial (6) for ascertaining the "goodness" of the 
wavefunctions. 

In Table 1 ,  we present the total relativistic energies (-E) in 
atomic units (au) for the ground states of the various atoms with 
closed shell configurations (using the relativistic shell notation 
(1)). 'The corresponding results, calculated using the MCDF 
programs (8, 9) based on the numerical integration method, are 
given for comparison in Table 1 under the heading "Numerical 
DF", i.e. numerical Dirac-Fock, where the results reported by 
Maly and Houssonnois (4) are also included. 

It can be seen that there is an excellent agreement between 
the results reported by the two methods, however, in some 
cases, our results differ by about 1.5 au from the more accurate 
results (4, 8, 9). 

The orbital energies for radon (the heaviest atom reported by 
US) are collected in Table 2 ,  which also contains the orbital 
energies calculated by the numerical integration method for 
radon (8). It is admitted that for some orbitals there are discrep- 
ancies of the order of 0.1 au; however, it is gratifying that the 
orbital energies of the inner shells as well as the outer shells can 
be calculated by the RHFR method with a fairly good accuracy 
so as to be comparable with the numerical Dirac-Fock (DF) 
method. 

In conclusion, a lot of effort and time has been spent in 
developing this basis set and, although we can by no means 
claim the results as "final", we hope that further efforts will be 
directed to reveal the "deficiencies" so as to goad us and others 
to improve upon the present results. 
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ANDREA PELUSO, MAX SEEL, and JANOS LADIK. Can. J.  Chem. 63, 1553 (1985). 
Semiempirical self-consistent-field calculations are carried out to compute the force constants for various cluster models of 

periodic transpolyacetylene and of neutral and charged soliton and polaron defects. The phonon spectrum of undoped 
polyacetylene is analyzed and compared with the vibrational spectrum of various polyene chains in which soliton or polaron 
defects have been introduced in a random way. The results support the interpretation that the 1100 cm-' Raman band of 
undoped polyacetylene should be ascribed to a C-C single bond stretching motion weakly coupled to a C-H in-plane 
bending vibration. The 1292 cm-' infrared peak of pure transpolyacetylene is ascribed to the C-H in-plane deformation, the 
strong adsorption at 1015 cm-' has to be assigned to an infrared-active out-of-plane C-H deformation. The new narrow band 
around 1300 cm-' seen in the infrared spectrum of doped polyacetylene is ascribed to C-C bond stretching, the additional 
very broad band between 800 and 900 cm-' results from in-plane C-C-H bending and C-H out-of-plane bending motions 
involving relaxed bond lengths of the defect sites. The interpretation is not uniquely in favor of the soliton picture, polaron 
defects can serve as alternative explanation. 

ANDREA PELUSO, MAX SEEL et JANOS LADIK. Can. J.  Chem. 63, 1553 (1985). 
On a effectuC des calculs semi-empiriques en champ autocohtrent dans le but d'tvaluer les constantes de force pour divers 

modeles d'aggrtgats de polyacttylene-trans pCriodique avec des defauts de polaron et de soliton neutres ou chargts. On a 
analysC le spectre phononique du polyacttylene qui n'a pas t t t  dopC et on I'a comparC avec le spectre vibrationnel de diverses 
chaines de polyknes dans lesquels on a introduit au hasard des dCfauts de soliton ou de polaron. Les rCsultats sont en accord 
avec ['interpretation selon laquelle la bande observte B 1100 cm-' du spectre Raman du polyacttylene non dopC doit Ctre 
attribute B un mouvement d'Clongation de la liaison simple C-C qui serait couplC i% une vibration de dCformation dans le plan 
d'une liaison C-H. La bande observte B 1292 cm-' du spectre infrarouge du polyacCtylene-trans pur est attribuCe B une 
dtformation dans le plan d'une liaison C-H alors que la forte absorption observte B 1015 cm-' serait attribuable B une 
dtformation hors du plan d'une liaison C-H qui serait active dans I'infrarouge. La nouvelle bande Ctroite observCe vers 1300 
cm-' dans le spectre infrarouge du polyacCtylene dopt est attribuC B une elongation de la liaison C-C alors que la bande trks 
large supplCmentaire qui est observke entre 800 et 900 cm-' proviendrait d'une dtformation dans le plan des atomes C-C-H 
et de mouvements hors-plan de la liaison C-H qui impliqueraient des longueurs de liaisons relaxCes des sites des dCfauts. 
L'interprttation ne favorise pas uniquement la thtorie du soliton; les dCfauts de polaron peuvent aussi servir d'explication. 

[Traduit par le journal] 

I. Introduction 
Long conjugated polyene chains have attracted the attention 

of chemists for a long time (1). Polyacetylene (PA), the proto- 
type of this class of organic compounds, has recently stimu- 
lated much interest also among solid-state researchers due to its 
large increase in electrical conductivity upon doping (2). Al- 
though many techniques have been used which could provide 
information on the electronic and structural properties of trans- 
PA, a complete understanding has not yet been achieved; the 
main difficulty in the interpretation of the experimental results 
lies in the uncertainty of the real chemical structure of both 
doped and undoped PA. 

The question whether undoped PA exhibits an equidistant or 
alternant structure (Peierls distorted ground state) seems to 
have settled, at least from the theoretical point of view, in favor 
of the alternant ground state solution (3- 10). The latest calcu- 
lation by Suhai (10) shows that the inclusion of correlation 
effects reduces the bond length alternation compared to the 

in the investigation of the chemical properties and structure of 
undoped and doped PA (15- 18). However, they cannot pro- 
vide a complete and conclusive answer to the question whether 
the ground-state structure is equidistant or alternant. The pres- 
ence of two different absorption peaks, by the majority 
assigned to C-C double and single bond stretching, does not 
ensure the presence of two different bond lengths. Symmetry 
considerations cannot distinguish because group theory pre- 
dicts for the equidistant chain, belonging to the D?,, point 
group, and for the alternant chain, belonging to the C2,, point 
group, the same number of absorption peaks in the Raman and 
infrared spectrum ( 19). 

The vibrational spectrum of doped PA was first interpreted 
in terms of soliton formation (20, 21), i.e., a defect which 
switches the phase of bond alternation. Recently, Zannoni and 
Zerbi have suggested (22, 23) that the interpretation is not 
uniquely in favor of solitons, but a polaron-like structure, i.e., 
a local relaxation of the bond alternation without changing the 

restricted Hartree-Fock (RHF) solution. 'The lowest energy phase, may be an alternative explanation. This was thought to 
equidistant unrestricted Hartree-Fock (UHF) ground state be consistent with the bipolaron or soliton-antisoliton pair 
solution for PA (1 1, 12) shows a gap due to a spin density wave picture (24) since a (singly charged) polaron seemed to be 
which is much too large. incompatible with esr experiments (25). However, it could be 

X-ray diffraction (13, 14) gives only limited information shown (26) that it is not necessary to invoke bipolarons since 
about the structure due to the fibric nature of PA. The small a polaron defect leads to localized states which are spin paired 
number of reflection data excludes a full refinement of the and therefore not in contradiction to the esr experiments when 
structure. Infrared and Raman spectra have been highly useful electron-electron interactions is included se l f~~onsis tent l~ .  
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The previous work on the interpretation of the vibrational 
spectrum of doped PA (20,22,23) has been based on a simple 
adaption of Hiickel theory. Since there is no explicit treatment 
of electron-electron interaction, it is not possible to distinguish 
between neutral and charged defects. This paper is the first to 
calculate more seriously the vibrational spectrum of PA with 
soliton and polaron defects by taking intb account electron- 
electron interaction in a self-consistent way. This allows for 
changes in the force constants for bond stretching, bending, 
and out-of-plane motions if an extra electron is added. The 
calculations are carried out using the semiempirical MNDO 
(modified neglect of differential overlap) scheme of Dewar and 
Thiel (27) which includes all valence u and .sr electron inter- 
actions self-consistently. While it is an approximate scheme 
with limitations it will show the trends in the changes in the 
vibrational spectrum when PA is doped. 

We reportthe phonon dispersion curves and the correspond- 
ing density of states of undoped PA and compare with previous 
interpretations of the vibrational spectrum. Then we focus on 
the explanation of the two new bands around 800 cm-' and 
1300 cm-' seen in the infrared spectrum of PA doped both with 
donor and acceptor species. Our calculations show that they 
can be related best either to neutral solitons (but not to charged 
solitons) or to singly charged polarons leaving the latter defects 
as the more likely structural changes which occur upon charge 
transfer doping. 

The organization of the paper is as follows: in Section I1 the 
method of calculation of the force constants and of the density 
of states of undoped PA as well as of doped PA with a random 
distribution of defects is described. Section 111 gives a dis- 
cussion of the resulting force constants for cluster models of 
undoped PA and of neutral and charged soliton and polaron 
defects. The phonon dispersion curves and density of states of 
undoped PA are analyzed in Section IV. In Section V, the 
vibrational spectrum of PA with soliton and polaron defects is 
compared with the experimental spectrum of doped PA. 

11. Method of calculation 
11. A.  Force constant calculation 

Today the calculation of force constants by theoretical meth- 
ods is carried out routinely. It is found that ab initio and 
appropriate semiempirical calculations reproduce the vibra- 
tional spectrum of a molecule with errors generally not larger 
than 20% (28). The theoretical force constants calculated in the 
harmonic approximation, the second derivative of self- 
consistent field Hartree-Fock (SCF HF) total energies, are 
usually overestimated. The errors for the diagonal stretching 
and bending force constants are about 10-20% both for ab 
initio and semiempirical methods, while the off-diagonal semi- 
empirical coupling constants are much more overestimated, 
sometimes by up to 50% as compared to experimental and ab 
initio ones. However, a constructive comparison especially 
between theoretical and experimental off-diagonal force con- 
stants is quite difficult: the experimental ones are often 
obtained by using assumptions which have no counterpart in 
the theoretical calculation. These assumptions become neces- 
sary to overcome the problem that the number of experimental 
frequencies is smaller than the number of force constants. 

The calculations were carried out in the MNDO approxi- 
mation (27) using the QCPE-program package by Dewar er al. 
(29). MNDO is parametrized to optimize molecular geometries 
and heats of formation. Since the parameters are fitted to ex- 

included (30). In open shell cases (soliton, singly charged 
polaron model) an UHF treatment was used instead of the 
modified "half-electron" RHF treatment (3 1 )  (placing 112 elec- 
tron of each spin in the open shell) which was employed by 
Boudreaux et al. (24). It should be emphasized that MNDO has 
been tested less rigorously for radical and ion geometries and 
it is an open question whether the use of the modified RHF 
half-electron scheme is superior to the UHF treatment. For the 
calculation of force constants difficulties arise in the case of the 
half-electron procedure because the resulting wave function is 
not variationally optimized (with respect to the total electronic 
energy); consequently it is not invariant under small changes in 
the geometry and therefore not suitable for calculating the 
derivative of the energy analytically (32). The use of the UHF 
treatment leads to some overallowance for electron correlation 
which can be corrected with a scale factor (32). 

Gradients have been calculated analytically, force constants 
have been obtained by a numerical differentiation procedure. 
For details of the analytical derivation we refer to the funda- 
mental work of Pulay (33). The force constant matrix has been 
calculated in a cartesian coordinate system. This choice avoids 
the occurrence of redundant coordinates. Moreover, the first 
derivative is easily calculated analytically. To improve agree- 
ment with the experimental vibrational spectrum we have intro- 
duced scale factors as suggested by Blom et al. (34). These 
factors have been obtained by comparing the MNDO with the 
experimental results for 1,3-butadiene (5 1) and they have then 
been used in the calculation of the spectrum of doped and 
undoped polyacetylene. To compare with experimental force 
constants one has to transform the calculated values from the 
cartesian to the internal coordinate system. The internal coordi- 
nate system has to be chosen in such a way as to avoid the 
presence of redundant coordinates (force constants for a redun- 
dant coordinate system cannot be determined (35)) and to allow 
for maximum transferability between related molecules. We 
have used local symmetric coordinates, first introduced by 
Shimanouchi (36) and defined in such a way that angle redun- 
dancies are avoided but transferability is still conserved (37). 
Then the transformation matrix B between internal coordinates 
R and cartesian coordinates X 

[ l ]  R = B X  

is not singular, and the internal force constant matrix FR can be 
obtained by the relation 

[2] FH = (BT)-I FxB- '  

B is a rectangular matrix (3N - 6) X 3N, therefore it is 
necessary to calculate a generalized inverse defined in the fol- 
lowing way (38) 

[3] B-' = (BTB)-I BT 

We have used this procedure instead of introducing six addi- 
tional translational and rotational coordinates (39) in order to 
generate a square matrix B. 

11. B.  Calculation of dispersion curves and cleizsity of states of 
a periodic chair1 

The dispersion curves for transpolyacetylene have been cal- 
culated by Wilson's well known GF-method (40) generalized 
to crystal vibrations by Piseri and Zerbi (41). The dispersion 
curve of the polymer are obtained from the eigenvalue equation 

perimental data an (unknown) part of the electron correlation is 
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with 

[5] D(k) = M-Il2 F,(k) M-l/' 
I I 

M is a diagonal matrix whose elements are the masses of the 
atoms contained in the unit cell and F,(k) is the force constant 
matrix in cartesian coordinates which is obtained from the force / \  
constant matrix in internal coordinates FK(k) c H 

I I 
[6] FR (k) = F0 + 2 (FTe-ikS + F eik.') 

7 

by an appropriate transformation 

[7I Fr(k) = B(k)+ F R ( ~ )  B(k) 

The density of states N(w) has been calculated by replacing 
the %function with a Lorentzian of half-width E 

and numerical integration 

A trigonometric interpolation of the calculated frequencies for 
different wave vector values was used to obtain at least 50 
points for each dispersion curve w,(k). 

I I .  C. Calculation of density of states and eigerzvectors of 
chains with defects 

The density of states and normal modes for polyacetylene 
chains containing various soliton and polaron defects have been 
calculated using Dean's negative factor counting technique 
(42) in which the distribution of eigenvalues of a finite 
(random) chain is calculated numerically by a fast recursion 
algorithm. This method has been successfully applied to study 
the electronic (23, 43) and vibrational (22, 42, 44) spectrum of 
disordered polymers. The calculations are performed for four 
different polyacetylene chains, each consisting of 25 C2H2 
units, which contain neutral or charged soliton or polaron de- 
fects distributed randomly. The force constant matrix of such 
a finite chain is built up from small matrix blocks correspond- 
ing to different subunits with or without defects. A subunit 
containing the polaron defect, for example, contains six CH 
units. For such a cluster, a self-consistent MNDO calculation 
is performed and yields the force constant matrix elements for 
the defect site and its surrounding. Selected eigenvectors of the 
finite chain have been calculated by the inverse iteration 
method (45). 

111. Results and discussion of force constants 
In order to obtain a reasonable force field for trans-PA we 

have calculated the force constants for the trans-1,3,5-hexa- 
triene molecule in a geometry shown in Fig. 1. The geometrical 
parameters used are slightly different from the experimental 
geometry but more appropriate to simulate a trans-PA chain. 
The C-C double bond and :ingle bond lengths have been 
assumed to be 1.36 and 10.44 A, respectively, with the alterna- 
tion parameter r = 0.08 A, as suggested by recent calculations 
(46). Our molecular model is therefore also slightly different 
from the one used by Zannoni and Zerbi (15) and Inagaki (16). 
The scale factors have been transferred from the trans- 
butadiene molecule which was calculated previously. Table 1 
shows the most important force constant of butadiene and hexa- 
triene. As mentioned before the errors with respect to the ex- 

FIG. 1. Bond lengths and an6les used for trans- l,3,5-hexatriene. 
The bond lengths arc given in A.  

perimental values are between 10 and 20%, only the carbon- 
carbon double bond force constant is somewhat more over- 
estimated. The changes in the force constants in going from 
butadiene to hexatriene show the expected trend: the double 
bond force constant decreases, while the single bond one in- 
creases. Both C-C and C=C stretching force constants are 
larger than the ones obtained by Gavin and Rice (47) using the 
relationships deduced by Coulson (1) and Longuet-Higgins (3) 
for the dependence of stretching force constants on v-electron 
bond order and self-polarizability. 

However, a direct comparison is not easy because quite 
different bond lengths have been used. For the same reason we 
find sensitive changes in C-C and C=C stretching force 
constants in going from butadiene to hexatriene that have no 
counterpart in the calculation of Gavin and Rice. On the other 
hand, the bending force constants and the C-H stretching 
force constants show only small changes. For the off-diagcnal 
C=C/C-C stretching coupling the value of 0.84 mdyn/A is 
in good agreement with 0.7 obtained by Gavin and Rice. The 
Kakitani sign rule (48) according to which the sign of the 
off-diagonal coupling force constant alternates (C=C/C-C 
is positive, C=C/C=C is negative etc.) is reflected in the 
MNDO results. Their absolute value is consistently smaller 
than the values of Gavin and Rice. This is very probably due 
to the short length of our cluster and therefore due to the 
unsufficient delocalization of the v-electrons. 

On the basis of the considerations given above about the- 
oretical and experimental force constants we introduce empir- 
ical scale factors. According to Torok and Pulay (49), they can 
be obtained as the geometrical mean value of the corresponding 
diagonal force constants. The resulting force constants which 
are used for the calculation of the spectrum of PA and PA with 
defects are also given in Table 1. 

The clusters used to calculate the force constants for solitonic 
and polaronic defects are shown in Fig. 2. The calculations 
have been carried out for neutral and singly charged clusters, 
assuming complete charge transfer of one electron from the 
donor dopant to the polymer backbone. For the open shell 
cases, the UHF treatment was used. As it was pointed out by 
Dewar (32) the overestimation of electron correlation can be 
reduced with a correction factor. In our case this was done by 
using a scale factor for the UHF-MNDO force constants which 
was the geometric mean of RHF scale factors for C=C and 
C-C stretching, or for the deformation and rocking-bending 
force constants, respectively. 

The most important force constants are given in Table 2. As 
expected, important variations can be observed, especially 
when the defect creates an unpaired electron. The stretching 
force constant for the C=C double bond in the neighborhood 
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TABLE 1. The most important force constants for buta- 
diene and hexatriene. For butadiene the MNDO and the 
experimental values are given, for the hexatriene the 
MNDO and the scaled MNDO force constants are shown. 
The force constants for stretchingoand stretching-stretch- 
ing coupling are given in mdyn/A, for bending in mdyn 
A/radZ and for stretching-bending coupling in mdynlrad; 
a denotes the deformation, P the rocking force constant 

l,3-Butadiene 1,3,5-Hexatriene 

TY pe MNDO Exp" Unscaled Scaled 

"From ref. 5 1 .  
"As  suggested in ref. 47. 

of the defect site decreases for the neutral soliton and charged 
polaron defects, while in the other cases the change is less 
pronounced. In all cases the force constants are lower with 
respect to the normal C=C bond. This leads to the conclusion 
that both the soliton and polaron defect are not localized in only 
two or three bonds. On the defect site, where the C-C bond 
length has been taken in our simple model as the average of the 
short and long bond, we found different behavior for the soliton 
and polaron cases. For the neutral soliton model the MNDO 
method predicts a very low force constant, comparable to the 
single bond case, while in the charged soliton as well as in both 
polaron models these force constants are close to the arithmetic 
mean of the single and double bond force constants. 

In the neutral polaron defect the C-C stretching force con- 
stants decrease monotonously from the center of the defect on, 
while in the charged polaron case a small alternation is 
predicted. The general trend in the change of the bending force 
constant is the decrease of the deformation bending constant 
and the increase in the rocking force constant. It is also inter- 
esting to observe the increase of the coupling force constants 
between C-C bonds, especially in the neutral soliton cluster. 
A very large coupling is predicted for the double and inter- 
mediate bond and between the two intermediate C-C bonds. 
Long range coupling constants are increased. 

Finally, we discuss briefly the out-of-plane force constants. 
Until now only one recent study (50) included also the out-of- 
plane motions of the hydrogen and the carbon atoms. We have 
included these motions because we believe they may be useful 
in the interpretation of the additional new bands in the infrared 
spectrum of doped PA. The scale factor for the out-of-plane 
C-H bending force constant has been obtained by comparing 
the MNDO results and experimental frequencies; the symmetry 

FIG. 2. Cluster model for a soliton ( a )  and a polaron (b) defect. 
'The band lengths are given in A. 

decoupling of these modes from the in-plane modes makes this 
procedure possible. The calculations confirmed our conjecture: 
a large lowering of out-of-plane force constants has been found 
for both soliton models and for the charged polaron cluster. 

IV. Phonon dispersion curves for undoped polyacetylene 
The force constant matrix F R ( k )  for an infinite PA chain in 

internal coordinates has been constructed from the force con- 
stants from hexatriene discussed in the previous section. No 
changes of the long-range coupling force constants have been 
introduced in order to take into account electron-phonon cou- 
pling, as suggested by Mele and Rice (20) and Zannoni and 
Zerbi (15). We followed the suggestion of Gavin and Rice (47) 
according to which these interaction force constants do not 
decrease as the bond separation increases but retain a value 
between 30% and 50% of the nearest neighbor ones. The calcu- 
lation has been carried out in the second neighbor interactions' 
approximation. 

The phonon dispersion curves and the corresponding density 
of states are shown in Fig. 3, the atomic displacements of 
normal modes for q = 0 are sketched in Fig. 4. The Raman 
spectrum of all-trans-PA, measured by Shirakawa et al. (18), 
shows two strong bands at 1474 and 1080 cm-' and a weak 
band at 1010 cm-' (see Table 3). The last one has been ascribed 
to the C-H out-of-plane motion. The bands at 1474 and 1080 
cm-' were tentatively qssigned to the C-C double and single 
bond stretching motions, respectively. However, this inter- 
pretation is still subject of discussions. Our results are in agree- 
ment with the ones of Zannoni and Zerbi (15) and Inagaki (16). 
The mode at 1 100 cm-' - our calculation gives 1 142 cm-' (all 
values are given, as usual, for q = 0) - should be ascribed 
mainly to the C-C stretching motion, coupled to C-H in- 
plane bending whereas Mele and Rice (20) and Schiigerl and 
Kuzmany (52) find the single bond stretching mode at 1200 
cm-' and ascribe the 1100 cm-' mode to C-H in-plane ben- 
ding with some amount of C=C and C-C stretching mo- 
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TABLE 2. 
The units 

The unscaled and 
are the same as in 

scaled MNDO force constants calculated for the soliton and polaron defect models. 
Table 1. OOP stands for out-of-plane. (CH),, i = 2, 3, denotes the ith C-H group 

in Fig. 2 

Soliton Polaron 

Charge = 0 Charge = - I Charge = 0 Charge = - 1 

TY pe Unscaled Scaled Unscaled Scaled Unscaled Scaled Unscaled Scaled 

"As suggested in ref. 47. 

FIG. 3. Density of states (DOS) and phonon dispersion curves for 
trat~s-polyacetylene. 

TABLE 3. Observed frcquencies (in c m ' )  and tentative assignments 
in doped and undoped PA; s denotes strong, w weak, m medium, 

and v very 

Undoped tPA Assignments 

Raman" 
1474 s C=C stretching 
1291' v v w CCH in-plane bending 
1080 s C-C stretching 
1016 w C-H out-of-plane 

Infrared" 
1292 v w CH in-plane deformation 
1015 v s CH out-of-plane 
3013 m CH stretching 

Doped tPA Assignments 

Infared" 
888 (very broad) s CH in-plane deformation 

1288 C-C stretching + 
1397 s ] CTC-H deformation 

tions. We find a Raman-active C-H in-plane bending motion 
at a frequency of 1028 cm-I, in very good agreement with the 
value of 1021 cm-I calculated by Inagaki (16) while other 
authors (52) have found a value between 1200 and 1290 cm-'. 
The band at 1474 cm-' can be ascribed without doubt to the 
C=C stretching vibration weakly coupled with the C-H 
bending motion. 

"Reference 186. 
Reference 180. 

"Reference 18c. 

The infrared spectrum of polyacetylene shows three peaks at 
3013, 1292, and 1015 cm-' (18) (see Table 3). The peak at 
3013 cm-' is assigned to the C-H stretching vibration. Shira- 
kawa and Ikeda assigned the mode at 1292 cm-I to the trans- 
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0 . 0 , c m - l 1  10 
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9 4 2  9 5  7 

H ' H, 
2 

\ 
C=C 
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H - 
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O U T  O F  P L A N E  M O D E S  E [ C ~ I  

R O C K I N G  
/ H  

/'H 
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C = C  S T R E T C H I N G  

C - H  S Y M M  S T R E T C H I N G  C - H  A S Y M M  S T R E T C H I N G  

FIG. 4. Atomic displacements of normal modes for selected fre- 
quencies in periodic trans-polyacetylene. The numbers indicate the 
frequency and are given in cm-I . 

C-H in-plane deformation using previous results of Bellamy 
(53) and the band at 1015 cm-' to the out-of-plane C-H 
deformation. Our results for these two bands are in good agree- 
ment with this interpretation. 

For the out-of-plane motion we have found two bands be- 
tween 950 cm-' (infrared) and 1000 cm-' (Raman), in good 
agreement with the experimental results obtained by Lunde and 
Zechmeister (54) for several conjugated systems. 

V. Density of states of doped polyacetylene 
The experimental spectra of PA doped both by donor and 

acceptor species show the following main features (see 
Table 3): 

The Raman spectrum does not exhibit additional peaks com- 
pared with undoped PA. In the infrared spectrum, on the other 
hand, at least two additional bands have been detected. The 
first, very broad band falls between 800 and 900 cm-', the 
second, much narrower band lies around 1300 cm-' (55). 
While there is agreement on the nature of the 1300 cm-' band, 
the origin of the broad band starting at 800 cm-' has been a 
matter of discussion for quite some time (20, 55, 56). Before 
introducing the soliton concept Heeger and co-workers (55) 
have suggested that this band is due to ionization of the dopant 

FIG. 5. Phonon density of state histogram of a CsoHS2 chain con- 
taining three neutral (a) or three negatively charged solitons (b) .  

state in the semiconductor gap. Later on the isotopic shift of 
this band to lower frequencies found by Harada et al. (18c) 
demonstrated beyond doubt the vibrational origin of this band. 
These authors assigned the band to the in-plane C-C-H 
bending motion which is, in undoped PA, at 1010 cm-I, but the 
reason of its large width could still not be explained. 

The theoretical investigation of doped PA by Zannoni and 
Zerbi (44) has given a few peaks in this region. They ascribed 
the large band width to the overlap of several molecular-like 
absorptions caused by the large dimension of the defect or by 
the presence of a distribution of defects of the same type but 
with slightly different electronic and geometrical character- 
istics. In our opinion, however, it is difficult to understand the 
formation of defects with different characteristics in very light- 
ly doped samples of PA which still show this very broad band. 

In the band around 1300 cm-' Harada et al. have found two 
~ e a k s  at 1288 cm-' and 1397 cm-I. The widths of these ~ e a k s  
Fs comparable to those of undoped PA. The band at 1397'cm-' 
has been ascribed to the C-C stretching in the defect site. This 
assignment is in agreement both with the soliton and polaron 
model which predict bond relaxation in the middle of the defect 
and therefore a shift of the C=C double bond stretching vi- 
bration at 1474 cm-' to lower frequencies. The other band near 
1288 cm-' has been ascribed to the C-H in-plane deformation 
which, in undoped PA, lies at 1290 cm-' . 

We have calculated the eigenvalue spectrum of four different 
finite PA chains. Each consists of 25 C2H2 units and contains 
three defects, either neutral (charged) solitons or neutral 
(charged) polarons, respectively, on positions 8 ,  18, and 23. 
These position numbers were generated by a random number 
generator. In Fig. 5 ,  the densities of states for the chains con- 
taining neutral or charged solitons are shown, in Fig. 6 the 
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FIG. 6. Phonon density of state histogram of a C.(OH52 chain con- 
taining three neutral ( a )  or three negatively charged (b) polarons. 

FIG. 7. Selected normal modes for the CSOH5, chain with three 
neutral solitons. The numbers indicate the frequency and are given in 
cm- ' ;  +, indicates above-the-plane bending; -, below-the-plane ben- 
ding. 

FIG. 8. Selected normal modes for the CSOHS2 chain with three 
negatively charged solitons. 

densities of states for the corresponding polaron cases are plot- 
ted. Selected normal modes for the neutral and charged soliton 
cases are depicted in Fig. 7 and Fig. 8, respectively, and in Fig. 
9 and 10 normal modes for the chains containing either three 
neutral or three charged polaron defects are shown. 

First of all it has to be pointed out that no large differences 
between the four cases are found. The calculated spectra for the 
charged and neutral soliton as well as for the corresponding 
polaron defects are generally in agreement with the experi- 
mental trends and could at first sight explain the infrared spec- 
trum of doped PA. 

For the band approximately located around 1300 cm-' our 
calculations yield the same assignment as the one given by 
Harada et al. Different behavior, however, has been found for 
the band at 800 cm-'. In all four cases we have found in this 
range the presence of peaks which have to be assigned to 
out-of-plane C-H motions and to in-plane C-C-H bending 
motions. Harada et al. have discussed the possibility of assign- 
ing this band to C-H out-of-plane motions on the basis of 
deuteration and polarization experiments. In fact, the band at 
888 cm-' shifts to 790 cm-' in the case of deuteration, while 
the C-D out-of-plane bending peak is located at 747 cm-' in 
undoped PA. On the other hand, studies on the polarization 
dependence of these absorption bands have shown that the 
800-900 cm-' absorption are much more strongly polarized 
along the chain although a perpendicular polarization has also 
been observed. Therefore the possibility that the out-of-plane 
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FIG. 9. Selected normal modes for the CSoHS2 chain with three 
neutral polarons. 

C-H bending deformation lies in the same region as the 
in-plane C-C-H bending motions is, in our opinion, not 
ruled out by the experimental results. Our theoretical results 
strongly suggest that the broad band between 800 and 900 cm-'  
is due to thepresence of these two motions. This interpretation 
was also put forward by Zannoni and Zerbi (44) on the basis of 
preliminary calculations for the out-of-plane vibrations. 

Finally, we discuss the differences in the spectra and normal 
modes of the four chains investigated in this study. In the case 
of the neutral polaron model we have found two peaks at 1290 
and 1380 cm-' which are in excellent agreement with experi- 
ment. In the range of 800-900 cm-I, however, only a narrow 
band near 870 cm-' (ascribed to the C-H out-of-plane bend- 
ing) and one peak at 840 cm-' (in-plane bending) are obtained. 
Therefore, the large width of the band is difficult to explain. In 
the case of charged soliton defects more peaks are found, but 
the majority of them has to be assigned to out-of-plane bending 
whereas the experiments show the dominant role of the in-plane 
motions. The spectrum most consistent with the experimental 
results is obtained for chains with either neutral solitons or 
charged polarons. 

Our calculation of the vibrational spectrum of doped PA in 
which the electron-electron interaction is included for the first 
time in a self-consistent way shows that the infrared spectrum 
can be ex~lained in terms of defects which invoke a local 
relaxation 'of the bond alternation. The interpretation is not 
uniquely in favor of the soliton picture. The polaron defect can 
serve as alternative explanation. The broad band between 800 
and 900 cm-' results from in-plane C-C-H bending and 

FIG. 10. Selected normal modes for the CSoHS2 chain with three 
negatively charged polarons. 

C-H out-of-plane bending motions involving relaxed bond 
lengths of the defect site. 
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One-proton and multiproton hydrogen bonds between ammonium ions 
and hydrogen fluoride 
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HENRYK T. FLAKUS and RUSSELL J .  BOYD. Can. J .  Chem. 63, 1562 (1985). 
Extensiv: ab initio molecular orbital calculations are reported for the hydrogen bonded complexes of the formula 

(CH?),,NH,.,,,---F-H and (CH3),,,NH3.,,,---H-F, where m = 0, 1, 2, and 3. The one-proton ("linear") hydrogen bonded 
complexes of the ammonium ions and hydrogen fluoride are predicted to be more stable by about I or 2 kcal/mol than the 
two- and three-proton ("bent") complexes. Several systematic trends and a number of differences between the neutral and 
protonated series of complexes are observed. The basis set dependence of the results, basis set superposition errors and electron 
correlation effects are discussed. 

HENRYK T. FLAKUS et RUSSELL J .  BOYD. Can. J .  Chem. 63, 1562 (1985). 
On rappyrte les rCsultats de calculs d'orbitales molCculaires ab initio Ctendus effectuCs sur des complexes de formules 

(CH3),,,NH,.,,,--4-H et (CH3),,NH3.,,,---H-F, oh tn = 0, 1, 2 ou 3. Sur la base de ces calculs, on prCdit que les complexes 
des ions ammonium et du fluorure d'hydrogkne qui sont lies par des liaisons hydrogknes impliquant un seul proton ("linCairesn) 
sont plus stables que ceux impliquant deux ou trois protons ("repliCs") et que la diffkrence d'Cnergie entre ces deux types de 
complexes est Cgale i environ 1 i 2 kcal/mol. On discute de la variation des rksultats avec la nature des ensembles utilisCs, 
de la superposition des erreurs avec la nature des ensembles utilisCs et des effets de corrClation des Clectrons. 

[Traduit par le journal] 

Introduction 
Very few studies of hydrogen bonds between positive ions 

and neutral molecules have been reported in comparison to the 
extensive literature on the theory of the normal (neutral) H- 
bond (1 -25). The only major report with which we are familiar 
is the a6 initio molecular orbital study of Desmeules and Allen 
(26) for the twenty-one binary complexes formed from the 
hydrides of N, 0 ,  F, P, S ,  and C1. Their systematic investi- 
gation has shown that the 4-31G basis set is adequate for 
predicting the geometries of the strong hydrogen bonds formed 
between protonated complexes and that a linear relationship 
exists between the heavy atom separation and length of the 
hydrogen bond. The latter conclusion also applies to the corre- 
sponding negative ions and to the normal hydrogen bonds of 
second- and third-row hydrides (27). In four of the twenty-one 
complexes there is an unusual net gain of charge on the proton 
relative to the monomers at infinite se~aration. 

In this paper we report a 4-3 1G stud; of the hydrogen bond- 
ed complexes of the general formula (cH~),,NH:,,---F-H, 
where m = 0 ,  1, 2, and 3. Particular attention is paid to the 
strengths of the conventional one-proton hydrogen bonds 
relative to two- and three-proton hydrogen-bonded complexes,3 
as illustrated in Fig. 1 for the methylammonium complex, and 
to the effect of multiple substituents within the series of pro- 
tonated complexes. For completeness we present a comple- 
mentary study of the neutral H-bonds in the related 
(CH3),,,NH3.,---H-F complexes. 

Method 
The majority of the computations were performed on a 

'On leave from Department of Chemistry, Silesian University, 
Katowice, Poland. 

'To whom all correspondence should be addressed. 
'This is a matter of continuing experimental interest both in the solid 

state (see, for example ref. 42) and in the gas phase (see, for example 
ref. 43). The problem has not been addressed previously by the 
methods of quantum chemistry. 

Perkin-Elmer 3230 computer using the GAUSSIAN 80 series 
of programs (28). The structures of the monomers and com- 
plexes with m = 0 and 1 were optimized completely at the 
4-3 1G level. For the monomers and complexes with m = 2 and 
3, the following constraints were imposed onJhe optimizations: 
a model methyl group (r(C-H) = 1.080 A and L(HCH) = 
109.471") was assumed, the CNC angles were fixed at 
109.471°, and the C-N bond length was taken to be 1.472 A. 
In every case the monomers and complex were treated at a 
uniform level of theory, i.e. the same geometrical parameters 
were optimized for both the monomers and complex. The 
N-F distance was optimized in all complexes. 

Estimates of the basis set superposition errors were obtained 
by means of GAUSSIAN 76 calculations (29) on the Dalhousie 
University CYBER 170-730 computer. 

Choice of the basis set 
The neutral NH3---H-F complex has been studied at a 

variety of theoretical levels (7, 11 -20), while the correspond- 
ing protonated complex has only been treated at the 4-3 1G level 
(26). In order to provide some indication of the basis set error 
associated with our 4-3 1G calculations on the protonated com- 
plexes, we show in Table 1 the computed properties of the 
H-bond between N H ~  and HF at the STO-3G, 3-21G, 4-31G, 
and 6-3 1 G* levels. 

Our results for the one-proton H-bond indicate a strong basis 
set dependence with the length increasing and the strength 
decreasing as the flexibility of the basis set is improved. 
Adding another set of basis functions to the valence shell of 
each atom and polarization functions to the hydrogens (i.e. the 
6-3 11G** basis set) lowers the H-bond energy to 13.3 kcall 
mol at the 6-31G* geometry. Including the effects of electron 
correlation by means of Mfiller-Plesset perturbation theory 
(30-32) terminated at second (MP2) and third order (MP3) 
with the same triple-split valence, polarized basis set and 
6-31G* geometry raises the H-bond energy to 14.2 and 13.9 
kcal/mol, respectively. 

Calculations on the two- and three-proton complexes be- 
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FLAKUS A N D  BOYD 

TABLE I.  Computed properties of the H?NH+---F-H complex 

Basis set 

Property 

Total energy" 
H-bond energyh 
r(H-N)' 
r(N-H) 
r (N-F) 
r(F-H) 
L H N H ~  

"In atomic units: 1 au = 27.21 16 eV = 627.5095 kcal/mol. 
kcal/mol. 

"Bond lengths in 8, and angles in deg. The bond lengths are given in the order in which they appear 
from left to right in the formula H3NH+---F-H. 

"Angle formed by the proton of the hydrogen bond and the other protons. 

FIG. 1 .  One-, two- and three-proton hydrogen bonds for methyl- 
ammonium ion - hydrogen fluoride complexes. 

tween N H ~  and HF show the same pattern: the H-bond energy 
decreases and the length of the H-bond increases as the flex- 
ibility of the basis set increases. The only exception occurs for 
the H-bond energy at the minimal basis set level. With basis 
sets of split-valence or better quality the trends are the same as 
those illustrated in Table 1. 

On the basis of our calculations with extended basis sets and 
previous studies of the hydrogen bond (3-22, 24-27), we 
conclude that the 4-3 1G basis set represents a satisfactory com- 
promise between computational convenience and reliability. 
We do not recommend the use of minimal basis sets for hydro- 
gen bond studies and we do not think it is necessary to allow 
for electron correlation where the objective is to study chemical 
trends rather than to calculate accurate values of the H-bond 
energy. 

Results and discussion 
The 4-3 1G optimized N-H bond lengths of the free amines 

TABLE 2. 4-3 1G equilibrium N-H bond lengths" in the free amines 
and ammonium ions 

N-H bond length 

rnh Amine Ammonium ion 

"In A .  
'The symbol "m" denotes the number of methyl groups 

and ammonium ions are listed in Table 2. The 4-31G equi- 
librium geometries of the two series of complexes are listed in 
Table 3 and the corresponding total energies and hydrogen- 
bond energies are compiled in Table 4. For convenience we 
discuss first the neutral complexes and then the protonated 
complexes. 

The 4-31G equilibrium geometries of the (CH,),,,NH,,,,--- 
H-F complexes show some very regular trends: the N-F and 
N-H distances of the hydrogen bond decrease with m,  while 
the other bonds lengthen. The rate of change tends to diminish 
as m increases. Unfortunately there is insufficient experimental 
structural data for these complexes. As the length of the hydro- 
gen bond decreases, the H-bond energy tends to increase. The 
one exception being the lower H-bond energy with rn = 3. The 
somewhat lower H-bond energy for rn = 3 may be a result of 
two opposing trends: the tendency of the H-bond to become 
shorter and stronger as a function of rn and the increase in steric 
repulsion between the methyl groups and the H-F fragment of 
the c o m p l e x e ~ . ~  Although the H-bond energies of the com- 
plexes have not been measured, we note that the observed 
proton affinities of the methylamines also increase as a function 
of the number of methyl groups (33, 34). The difference be- 
tween the 4-3 1G relative proton affinities (33) and the experi- 
mental values is remarkably constant: 14.5 4 1.0 kcal/mol. 

In accordance with the familiar correlation between the 
geometries of hydrogen-bonded complexes and their spectro- 
scopic properties (1, 2) the H-F stretching frequencies of the 

4A referee has suggested that a Morokuma energy component 
analysis (ref. 44), as reported by Kollman and Rothenberg (ref. 45), 
may provide an alternate explanation. We intend to investigate this 
suggestion in the future. 
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TABLE 3. Equilibrium geometries of complexes at 4-31G level TABLE 4. Computed properties of H-bonded complexes at 4-31G 

( a )  Neutral H-bonds level 

Complex r (H-N) r (N-H) r (H-F) r (N-F) Complex Total energy" H-bond energy" r (N-F) 

m = 0 (C3,,)11 0.998 1.734" 0.949 2.683 
m = l (C.4 0.999 1.691 0.954 2.645 
m = 2 (C,) 1.002 1.663 0.957 2.620 
m = 3 (C3,.) - 1.648 0.959 2.607 

(b) Ionic H-bonds 

Complex r (H-N) r (N-H) r (N-F) r (F-H) 

m = 0, p = 1 (C3,.)" 1.010 1.021 2.728 0.928 
p = 2 ( C z , . )  1.009 1.011 2.625 0.928 
p Z 3 ( C 3 , . )  1.008 1.009 2.549 0.928 

m = 1, p = 1 (C,)" 1.008 1.016 2.764 0.927 
p = 2 (C,) 1.008 1.009 2.660 0.927 
p = 3 ( C 3 J  - 1.008 2.585 0.927 

rn = 2, p = 1 (C,) 1.007 1.013 2.778 0.927 
p = 2 (C2,.) - 1.008 2.676 0.927 

m = 3 , p  = 1 (C3,.) - 1.011 2.796 0.927 

"Point group of equilibrium conformation is indicated by the symbol in 
parentheses. 

'The symbol "p" denotes the number of protons involved in the hydrogen 
bond and "m" is the number of methyl groups. 

'The optimized C-N bond lengths are 1.517, 1.5 16, and 1.51 1 A for p = 
I ,  2, and 3,  respectively. 

" ~ n  experimental value of 1.78 A has been reported (see ref. 41). 

complexes are predicted to decrease relative to the isolated HF 
molecule, with the effect increasing with tn .  Furthermore the 
integral H-F stretching band intensities should increase as the 
number of methyl groups increases. On the other hand, the 
N-H bonds of the comple~es~are predicted to show very small 
differences (less than 0.007 A versus up to 0.034 P\ for the 
H-F bond) relative to the free amines and, therefore, hydro- 
gen bonding is expected to have very little effect on the N-H 
stretching frequencies. The latter effects are likely to be more 
complex and of minor importance. 

Ionic hydrogen-bonds in (CH,),NH:,---F-H dimers 
'The 4-31G equilibrium structures suggest that the length of 

the one-proton hydrogen bond of the protonated complexes, as 
measured by the N-F distance, increases as a function of m,  
in contrast to the trend observed for the neutral complexes. 
Moreover, the length decreases in a regular fashion as the 
number of protons (denoted by the symbol "p") involved in 
hydrog~n bonding increases: 0.103 5 0.001 and 0.075 5 

0.001 A for the first and second differences, respectively. As 
the N-F distance increases, a concomitant but smaller de- 
crease of the N-H distance of the hydrogen bond is observed, 
in agreement with one of the observations of Desmeules and 
Allen (26). The other N-H bonds are relatively insensitive to 
the values of m and p, whi!e the H-F bond remains almost 
constanto (0.927 0.001 A) and close to the 4-31G value 
(0.925 A) for the isolated molecule. 

For a given type of hydrogen bond (that is fixed p) ,  Table 4 
reveals a strong correlation between the length and energy of 
the hydrogen bond: as the length increases the H-bond energy 
decreases monotonically. This observation may be contrasted 
with the situation in the complexes where the H-bond energy 
increases as a function of the number of methyl groups. Be- 
cause the N-F distance of the ionic complexes increases as a 

Neutral H-bonds 
m 10' 
m = l  
m = 2  
m = 3  

Ionic H-bonds 
m = O , p =  1' 

p = 2 
p = 3 

rn= l , p =  1 
p = 2  
p = 3  

m = 2 , p =  1 
p = 2  

m = 3 , p =  1 

"In au. 
'ln kcal/mol. 
T h e  symbol "mu denotes the number of methyl groups and "p" the number 

of protons involved in the hydrogen bond. 

function of m ,  repulsive interactions between methyl groups 
are expected to have less influence on the trends than in the 
neutral complexes where the H-bond energy of the m = 3 
complex is an anomaly. 

Hydrogen bonding is expected to decrease the N-H stretch- 
ing frequencies relative to the isolated ammonium ion with the 
effect decreasing as m and p increase. The formation of a 
complex is predicted to have very little effect on the F-H 
frequencies and the N-H stretching frequencies of the N-H 
bonds not directly involved in hydrogen bonding. 

The differences between the hydrogen bonds of the neutral 
and ionic complexes may be emphasized by considering the 
ratio between the N-F distance in the neutral and ionic com- 
plexes. The ratio decreases steadily from 0.98 for m = 0 to 
0.93 for m = 3. Earlier work has shown that for a variety of 
complexes the ratio is close to 1.2 (26). The protonated com- 
plex between N H ~  and HF is an exception: our calculations and 
previous calculations (20, 26) yield 0.98, whereas the ratio has 
been incorrectly reported as 1.19 (26). 

Linear (referred to herein as one-centre) hydrogen bonding 
lengthens the N-H bonds involved in hydrogen bonding more 
than bent (referred to herein as two- and three-centr?) hydrogen 
bonding. The maximum lengthening is only 0.01 A (compare 
Tables 2 and 3), yhile the shortening of the non-active N-H 
bonds is 0.003 A or less. Within the two- and three-proton 
hydrogen bonted complexes, the N-H bond lengths remain 
within 0.004 A of the free ion values.The small differences 
between the two- and three-proton complexes and the free 
ammonium ion suggest that the two forms would be indistin- 
guishable by infrared spectroscopy, whereas the linear complex 
would show a larger shift of the N-H stretch to low fre- 
quency. The F-H bond length and, therefore, the F-H 
stretching frequency by inference is insensitive to the geometry 
of the complex, whereas the length of the C-N bond for m = 
1 complexes diminishes from 1.5 17 to 1.5 1 1 A as the number 
of protons in the hydrogen bond increases (see Table 3). For the 
m = 1 complexes the HNF angles of the multiproton hydrogen 
bonds vary by less than 0.5" as a function of the three basis sets 
listed in Table 5. 
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Ar(H-F) [ A ]  

FIG. 2 .  4-31G potential curve for stretching the H-F bond in the 
(CH,),N---H-F complex. 

Proton motion in hydrogen-bonded complexes 
Figure 2 illustrates the potential for the motion of the proton 

in the hydrogen bond of the trimethylamine - hydrogen fluo- 
ride complex, where the other nuclei are clamped in their 
equilibrium positions. Similar potentials have been calculated 
for the other complexes. Positive displacements of the proton 
correspond to stretching the H-F bond. The minimum repre- 
sents the normal one-proton bond between (CH3)3N and HF, 
while the shoulder associated with displacements of about 0.5 
A corresponds to a complex in which the proton has been 
totally transferred to the amine. The proton transfer may be 
represented schematically by 

With a stronger donor, i.e., weaker H-X bond we might 
expect a double minimum for the potential. In fact gas-phase 
studies of the trimethylamine - hydrogen bromide complex (3) 
indicate that the structure of the complex is (CH3),N ' p H - - -  
Br-, whereas the NH3---HF and NH3---HC1 complexes do not 
exhibit proton transfer in the gas phase (7, 11, 22). Proton 
transfer also occurs in the gas phase complex of NH, and HI 
(22). Figure 2 implies that for a suitable choice of a donor and 
an acceptor the two minima would have equal stabilities and 
therefore a gas-phase complex would consist of a 1 : 1 ratio of 
the two types. 

Figure 3 illustrates the analogous potential for the pro- 
tonated complex in which the minimum is represented by 
(CH,),N '-H---F-H. The shoulder corresponding to transfer 
of the proton to HF is only slightly discernible. With a stronger 
donor and a stronger acceptor, proton transfer should occur. 
Where the protonated complex is formed by using the same 

a r ( N - H )  [ A ]  

FIG. 3. 4-31G potential for N-H stretching motion in the 
(CH,),N+-H---F-H complex. 

TABLE 5. Comparison of the H-bond energies of protonated com- 
plexes for different basis sets 

H-bond energy 

Complex STO-3G 4-31G 6-3 IG* 

m = 0, p  = 1 (C3,.) 
p  = 2  (Cz,.) 
p  = 3 (C,,.) 

m = 1, p  = 1 (C,) 
p  = 2  (C,) 
p  = 3 (C3,J 

m = 2 , p  = 1 (C,) 
p  = 2  (C,,.) 

compound for the donor and acceptor, e.g. HF or NH, (26), a 
double minimum will result: 

By suitable choice of the constituents, an unsymmetrical com- 
plex in which a double minimum exists for the motion of the 
proton could be formed. 

Perturbations of the H-bonded complex by the environment, 
as for example in solution or in a crystal, can also change the 
donor and the acceptor properties of the dimer fragments. Pre- 
vious theoretical work (35) has shown that the potential for 
H-F stretching in the NH3---H-F complex exhibits a second 
minimum, corresponding to proton transfer, when the quantum 
chemical model is refined to allow for interactions between the 
dimer and a number of water molecules. Environmental effects 
are beyond the scope of the present study and are not consid- 
ered further in this paper. 
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One-, two-, and three-proton ionic hydrogen bonds 
Experimental data show that the majority of H-bonds involve 

the interaction of one proton with a single acceptor. There are, 
however, numerous examples of multicenter H-bonds in which 
one proton interacts with two or three proton acceptors (36). In 
this paper we consider yet another situation in which up to three 
protons interact with a single acceptor. A few ab irzitio studies 
of multiproton hydrogen bonds in neutral systems (7, 16, 19) 
have shown the one-proton ("linear") hydrogen bonds to be 
energetically favoured over the two- or three-proton ("bent") 
hydrogen bonds. For the protonated complexes we have 
reached the same conclusion. Table 5 lists the hydrogen-bond 
energies of the protonated complexes at three different the- 
oretical levels. All calculations favour the one-proton hydrogen 
bonded complexes with the differences being greatest at the 
STO-3G level. With the larger basis sets the differences be- 
tween the one-proton and multiproton hydrogen-bond energies 
are small. 

The large differences at the STO-3G level require further 
comment. Our study of hydrogen bonding has been carried 
out within the supermolecule approximation and, therefore, the 
magnitude of the basis set superposition error (BSSE) should be 
assessed. By application of the counterpoise method (37-40) 
we have estimated the BSSE to be -9.2 kcal/mol for the 
one-proton complex and - 1.4 kcal/mol for the three-proton 
complex of NH,'---F-H at the STO-3G level. The corre- 
sponding 4-3 1G values are - 1.3 and - 1.4 kcal/mol, re- 
spectively, which is comparable to the 4-31G BSSE in the 
neutral complexes of NH3, H20,  and HF (21). These results 
imply that the BSSE is fairly constant at the 4-3 1G level and not 
a serious source of error. At the STO-3G level the BSSE is a 
major source of error and in fact forms a large part of the 
hydrogen-bond energy of the one-proton hydrogen bonded 
ionic complexes. 

Conclusions 
On the basis of the calculations reported in this paper, the 

following conclusions regarding the hydrogen bonded com- 
plexes of ammonium ions and amines with hydrogen fluoride 
may be drawn. 

( I )  At the 4-31G level the one-proton hydrogen bonded 
complexes of the ammonium ions and hydrogen fluoride are 
predicted to be more stable by about 1 or 2 kcal/mol than the 
two- and three-proton complexes. 

(2) The length (N-F distance) of the one-proton hydrogen 
bond of the protonated complexes increases systematically as a 
function of the number of methyl groups, whereas the same 
property decreases in neutral complexes. 

(3) In agreement with earlier studies of hydrogen bonds 
between positive ions and neutral molecules (26), the N-H 
distance of the hydrogen bond of the protonated complexes 
decreases as the N-F distance increases. 

(4)  The ratio of the N-F distance in the neutral and ionic 
complexes decreases steadily from 0.98 to 0.93 as a function 
of the number of methyl groups. This may be contrasted with 
previous work (26) which has shown the ratio of heavy atom 
distances to be about 1.2 in a variety of complexes. 

( 5 )  The potentials for the motion of the proton in the hydro- 
gen bond of the linear complexes of trimethylamine and the 
trimethylammonium ion with hydrogen fluoride have different 
shapes. For the neutral complex, a shoulder corresponding to 
transfer of the proton to the amine is clearly visible. 

( 6 )  Extensive calculations for the one-proton hydrogen 

bonded complex of NH: and HF exhibit a strong basis set 
dependence with the length increasing and the strength de- 
creasing as the flexibility of the basis set improves. With a 
triple-split valence, polarized basis set (6-31 1G**) the MP2 
and MP3 correlation corrections are only 0.9 and 0 .6  kcal/mol, 
respectively. 

(7) The basis set superposition error (BSSE) has been esti- 
mated by the counterpoise method to be -9.2 and - 1.4 kcal/ 
mol for the one-proton and three-proton complexes of NH:--- 
F-H at the STO-3G level. The corresponding 4-31G values 
are - 1.3 and - 1.4 kcal/mol. 

(8) In every case the charge on the proton of the hydrogen 
bond decreases relative to the corresponding monomers at in- 
firiite separation. Earlier work (26) has shown that there are a 
few special cases where the charge increases. 

(9) The 4-3 1G basis set represents a satisfactory compromise 
between computational convenience and reliability. Due to 
large variations in the BSSE the STO-3G basis set is not recom- 
mended for hydrogen bond studies. Electron correlation effects 
are of minor importance. 
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Capacite calorifique de polyelectrolytes en solution 
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HUBERT DAOUST, HOA LE THANH, PIERRE FERLAND et DANIEL ST-CYR. Can. J. Chem. 63, 1568 (1985). 
Des mesures de capacitC calorifique de polyClectrolytes en solution dans I'eau ont CtC rCalisCes a 25°C a I'aide d'un 

microcalorimktre dynamique du type Picker. Cet appareil est d'une prCcision telle que le calcul de capacitC calorifique molaire 
apparente (C,,,) du solutC devient possible mCme i haute dilution. Les polymkres CtudiCs furent I'acide polymCthacrylique 
(HPMA) et I'acide polyacrylique (HPA) ainsi que son sel de sodium, de mCme que le polystyrenesulfonate de sodium. Les 
rksultats montrent que pour les sels, la valeur de C,,, dCcroit rapidement avec la dilution a faible concentration en parfait accord 
avec une relation obtenue a partir de la thCorie de Lifson et Katchalsky. Ude Ctude de la variation de Cp.+, a concentration fixe, 
en fonction du degrC de neutralisation de I'HPA et de I'HPMA a aussi CtC rCalisCe. Comme il a dCji Cte dtmontrC par d'autres 
travaux, la chaine de I'HPMA subit une transformation conformationnelle lorsque le degrC de neutralisation atteint environ 
25%. Cette transformation se rCflkte par une augmentation de C,,,p. 

HUBERT DAOUST, HOA LE THANH, PIERRE FERLAND, and DANIEL ST-CYR. Can. J. Chem. 63, 1568 (1985). 
Heat capacities of polyelectrolytes in aqueous solutions have been measured at 25'C using a Picker-type dynamic micro- 

calorimeter. The precision of the apparatus is such that it is possible to calculate the apparent molar heat capacity (C,,,,) of 
the solute, even at high dilution. The polymers that were studied include polymethacrylic acid (PMAH) and polyacrylic acid 
(PAH), as well as its sodium salt and the sodium salt of the polystyrenesulfonate. For the salts, the results show that the value 
of C,,+ decreases rapidly with dilution to low concentrations; this result is in perfect concordance with a relation derived from 
the theory of Lifson and Katchalsky. A study of the variation of C,,,, at a constant concentration, with the extent of the 
neutralization of the acids PMAH and PAH has also been conducted. As has been shown previously, the chain of the PMAH 
undergoes a conformational transformation when the level of neutralization gets close to 25%. This transformation implies an 
increase of the value of C,,,,. 

[Journal translation] 

Introduction 
Les solutions de polyClectrolytes sans addition d'Clectrolyte 

neutre prCsentent un dCfi a tout traitement thCorique global (1). 
Le comportement d'une chaine polyClectrolytique change con- 
sidkrablement avec la dilution. En effet, cinq domaines de 
concentrations ont etC dCcrits par Wolff (2) lors d'une etude sur 
la viscosite de solutions de polyClectrolytes et par Odijk (3) qui 
a appliqut la loi d'echelle aux solutions semi-dilutes de poly- 
Clectrolytes. Trois concentrations critiques ont alors CtC dl-  
finies: c:, concentration a laquelle les chaines de polyions 
fortement alongCes ne peuvant plus s'orienter librement com- 
mencent a former un rCseau tridimensionnel; C*, concentration 
a laquelle les polyions interagissent assez fortement pour faire 
plier les chaines; C**, concentration a laquelle le rCseau tri- 
dimensionnel est dktruit. Contrairement a C: et a C*,  C** ne 
dtpend pas de la longueur de la chaine CtalCe. Les cinq do- 
maines de concentrations sont alors (2,3): (I) C < c:, domaine 
trks diluC ou les chaines sont CtirCes leur longueur maximum 
et oh les interactions entre polyions sont nCglFgeables; (11) C: 
< C < C*, domaine diluC ou les chaines demeurent rigides 
mais interagissent fortement de f a ~ o n  a former un rCseau tri- 
dimensionnel; (111) C* < C < C**, domaine semi-diluC ou le 
rCseau est toujours existant mais les dimensions de chaines 
dCcroissent; (IV) C > C**, domaine ou le rkseau tri- 
dimensionnel disparait pour faire place a un systkme plus ou 
moins ordonnCe de polyions de conformation spherique en 
contact les uns avec les autres; (V), C >> C**, domaine ou les 

'Nouvelle adresse: DCpartement de Chimie, UniversitC du Quebec 
a MontrCal, Montreal (QuC.), Canada H3C 3P8. 

'Nouvelle adresse: Alcan International LtCe, Laboratoire Arvida et 
Centre de Genie Experimental, Jonquikre (QuC.), Canada G7S 4K8. 

'Nouvelle adresse: Du Pont Canada Inc., Research Centre, P.O. 
Box 5000, Kingston, Ont., Canada K7L 5A5. 

polyions sont enchevEtrCs et leur conformation est gaussienne 
tel un polymkre neutre. 11 serait trks interessant de pouvoir faire 
des Ctudes expCrimentales couvrant tous les cinq domaines de 
concentrations. Cependant, les valeurs calculCes pour C: pour 
des chaines vinyliques ayant des degrCs de polymCrisation de 
lo4 et lo5 sont 1 , l  X et 1 , l  X monomol L-' res- 
pectivement (1). Les valeurs correspondantes pour C *  sont 
7,6 x et 7,6 x monomol L-' . Les domaines I et I1 
ne sont donc pas accessibles a l'expkrience, du moins pour des 
macromolCcules ayant une masse molaire suffisamment ClevCe 
pour &tre considCrCes comme telles. D'autre part, le domaine 
111 est accessible car la valeur de C** est estimte 4,3 x 
monomol L-' (1). La loi dlCchelle telle qu'appliquke par Odijk 
sous-Cvalue peut-Etre C *  et C**. En effet, des risultats obtenus 
en diffusion quasi-Clastique de la lumikre par des solutions de 
polystyrknesulfonate de sodium indiquent que la dimension de 
la chaine se rapproche de celle d'une chaine cornplktement 
Ctendue (4). Les mEmes rksultats indiquent aussi un com- 
portement non-uniforme pour les chaines dans le domaine de 
concentrations 111; ceci est confirm6 par des expkriences en 
relaxation magnCtique nuclCaire dans le mEme domaine (5). 

Les propriCtCs thermodynamiques de solutions de poly- 
Clectrolytes dCpendent de plusieurs facteurs. Entre autres, les 
interactions Clectrostatiques sont trks importantes. De fait, elles 
sont considCrCes comme Ctant l'unique facteur responsable de 
la valeur de la chaleur de dilution de solutions de poly- 
Clectrolytes dans le domaine de concentrations 111 (6). Parmi les 
fonctions thermodynamiques interessantes, il y a la capacitk 
calorifique. 

Dans un article prCcCdent (7), la capacite calorifique molaire 
apparente a pression constante, C,,+, pour un polyClectrolyte a 
CtC definie par la somme de deux termes. Le premier, C,,+,, est 
la contribution venant des effets non-Clectrostatiques et le 
second, C,* ,  la contribution venant des interactions Clectros- 
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FIG. 1. Variation de la capacitC calorifique molaire apparente en 
fonction de la molalitC dans I'eau a 25°C. 

tatiques. En posant C,,+, = C,, il a CtC possible d'obtenir une 
relation pour C, a partir du modele cellulaire de Lifson et 
Katchalsky (LK) pour un polyion en solution diluCe (8): 

avec 

[2] p, = (1 + p2) y + In {[(I - A)* - P2]/(l - p2)) + A 

oh a est le degrC d'ionisation du polyClectrolyte; z , ,  le nombre 
de charges des groupements ionises sur le polyion; z2, le 
nombre de charges des contreions; A, le parametre de densite 
de charges; D, la constante diilectrique du solvant; V, le 
volume de la solution; (3, une constante d'intkgration et y, un 
paramktre de la concentration. I1 a CtC dCmontre que dans l'eau, 
C, est une quantite negative (7) et varie d'une fagon 
logarithrnique avec la concentration dans le domaine de con- 
centrations ou le modkle cellulaire le LK est applicable, soit 
dans les domaines I et 11, et au debut du domaine 111. Des 
rtsultats expCrimentaux obtenus autour de la concentration C** 
semblent confirmer les pridictions thCoriques (7). Tant qu ' i  
C,+, ,  sa valeur est siirement affectfie par les forces Clectros- 
tatiques qui ont une trks grande influence sur les changements 
de conformation des chaEnes et sur la mobilitC des segments 
l'intkrieur des chaines en fonction de la concentration. D'autres 
effets secondaires mais de tres grande importance tels 
l'hydratation coulombique et les effets structuraux au niveau du 
solvant affectent la valeur de C,+, (9). De plus, la solvatation 
hydrophobe affecte aussi cette quantitC (9). 

Dans le present travail, une Ctude plus approfondie de 
la capacitk calorifique des polyClectrolytes en solution sans 
addition d'&lectrolyte neutre est prQentCe. Les effets du degre 
d'ionisation sont discutes. 

Partie experimentale 
Produits utilists 

Les difftrents polyrneres utilisks dans cc travail sont: un tchantillon 
d'acide polyrnCthacrylique (HPMA) dCj8 dtcrit aillxrs (10) ayant un 
degrt de polyrntrisation viscosirnttrique rnoyen (DP,) de 1920; un 
Cchantillon d'acide polyacrylique (HPA) provenant de chez Poly- 
sciences, Inc. et ayant un E, de 2080; finalernent, un Cchantillon de 
polystyr&nesulfonate de sodium (NaPSS) provenancde chez Dow 
Chemical International (Sarnia, Ontario) et ayant un DP, de 2750. Le 
sel de sodium de HPA a CtC prepart selon une rnCthode dCcrite ailleurs 
( 1  1). Tous les autres produits utilisCs Ctaient des rCactifs analytiques. 
Les solutions ont CtC prCparCes par voie gravimktrique, I'eau utilisCe 
Ctait distillee et dCioniste. 

Me'thode expe'rimentale 
Les capacitCs calorifiques volumiques (J rnL.-') des solutions ont 

CtC dCterrninCes B l'aide d'un microcalorirnktre diffcrentiel dynamique 
Picker; elles ont ett convertics en capacitCs calorifiques rnassiques (J 
g-') en les divisant par les densites des solutions dCterrninCes a I'aide 
d'un densirnktre dynarnique Picker. La technique expkrirnentale a dCja 
CtC dCcrite prCctdernrnent (12). L'erreur estimCe sur le calcul de C,,+ 
diminue sensiblernent lorsque la concentration augmente. Par exem- 
ple, elle est moins de f 10% pour une rnolalitC de 0,02 et moins de 
22% pour une rnolalitC de 0 , l .  Tous les rtsultats sont exprimes pour 
une mole de motif de base. 

Resultats et discussion 
La variation de Cp.? en fonction de la molalitC est representee 

sur la fig. 1 pour les differents polymeres en solution dans l'eau 
a 25°C. Les donnCes expCrimentales sont disponibles sur de- 
mande.4 Les rCsultats indiquent une diminution de C,.+ lorsque 
la concentration augmente dans le cas des deux polyacides 
faibles. Des rksultats similaires ont ete obtenus pour le poly- 
oxyCthylkne dans l'eau (12). L'augmentation de la concen- 
tration intensifie I'enchevCtrement des chaines, ce qui reduit 
leur mobilitC ou leur rnouvement de reptation et cela se reflete 
dans la valeur de Cp,+. Cependant, l'application de 1'Cq. [8] de 
la rCf. 12 prCvoit une augmentation de C,,+ avec la concen- 
tration car le parametre enthalpique d'interaction est positif et 
constant (0,48) a 25°C (13) et est positif mais plus petit et 
variable a 35°C.5 I1 semble bien que l'application seule de la 
thermodynamique des solutions de macromol~cules ne suffit 
pas pour expliquer l'allure de la variation de C,., avec la . , 

concentration. 
Les rCsultats obtenus pour les deux polyelectrolytes forts 

sont aussi representes sur la mCme figure. Pour NaPSS, la 
chute de cP,+lorsque la concentration dcminue vers le domaine 
111 est remarquable. MCme lorsque la valeur de C,, indiquCe au 
bas du graphique, est retranchee de celle de Cp,+, I'allure de 
C,,+,, demeure tres fortement affectee par la dilution. La 
dilution d'une solution aqueuse semi-diluee d'un poly- 
electrolyte fort est accompagnCe par la rupture ou le relh- 
chement de liaisons Clectrostatiques fortes entre les sites 
chargCs sur les polyions et les contreions, ce qui donne lieu 
a I'augmentation du degrC d'hydratation coulombique des 
espkces ioniques ainsi IibCrCes. D'apres la loi de Born, la 

4DCp8t de donntes non publites, ICIST, Conseil National de 
recherches du Canada, Ottawa, Ontario, Canada KIA OS2. 
'R. Daweau. Travaux non-publiCs. 
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* HPMA 

0 HPA 

FIG. 2. Variation de la capacitk calorifique rnolaire apparente 
moyenne en fonction du degrC de neutralisation ?i 25°C (rnolalitCs: 
0,32 pour HPA et 0,20 pour HPMA). 

solvatation coulombique doit apporter une contribution nega- 
tive a C,,? mais des rksultats exp&imentaux obtenus dans le ;as 
de petits ions en solvants non-aqueux ont contredit cette prtdic- 
tion theorique (9). La loi de Born serait peut-&tre applicable 
dans le cas de solutions aqueuses de polyelectrolytes. Par ail- 
leurs, si la dilution doit conduire 2 un systkme tridimensionnel 
de polyions rigides (domaine II), en passant par un systkme 
plus ou moins ordonnC de sphkres rigides (domaine 111), C,,+ 
doit ntcessairement chuter vers une valeur plus faible et ce 
passage devrait se faire graduellement. Dans le cas de NaPA, 
l'allure des rtsultats est semblable quoique moins prononcte. 
Cette difftrence pourrait &tre due au pourcentage t levt  ( ~ 6 0 % )  
d'ions sodium qui demeurent liCs aux chaines m&me a faible 
concentration de polymkre (14). 

La figure 2 reprCsente la variation de la valeur moyenne de 
C,.+ en fonction du degrt de neutralisation, a concentration de 
polymkre fixe, pour HPMA et pour HPA dans l'eau. Dans le 
cas prtsent, la masse molaire moyenne d'un motif de base est 
dtfinie par M A  + (1 - a)MH + cx MNa ou M A  est la masse 
molaire du motif acrylate ou miithacrylate selon le cas, MH, 
celle de l'hydrogkne et MNa, celle du sodium. L'allure gCnCrale 
des rtsultats indique bien la diminution de C , +  avec l'aug- 
mentation de cx en accord avec l ' tq. [ l ] ,  compte tenu du fait 
que la contribution de l'ion sodium a C,,+ h dilution infinie est 
de 23 J K-' mol-' plus tlevCe que celle de l'ion hydrogkne 
(15). (Cette contribution par rapport au proton hydrogkne n'est 

FIG. 3. Variation de I'incrCrnent de la capacitC calorifique rnolaire 
apparente moyenne en fonction du degrC de neutralisation a 25°C 
(molalitCs: 0,32 pour HPA et 0,20 pour HPMA). 

pas connue.) Cette diminution de Cp,+ lorsque cx augmente, se 
retrouve egalement lors de 1'Ctude de la neutralisation de 
l'acide acCtique (16, 17). Cependant, le grand Ccart entre la 
valeur de C,,+ a cx = 0 et sa valeur a cx = 1 ne peut &tre expliquC 
seulement que par des interactions Clectrostatiques. Lors de 
l'ionisation, un effet destructeur de la structure de l'eau est 
produit par les ions formts et cet effet amkne une contribution 
nCgative a Cp,+ (9, 17). La figure 3 permet une meilleure 
comparaison entre les rtsultats obtenus pour HPMA et HPA 
dans l'eau. La valeur de L C , +  reprtsente la diffkrence entre 
celle de C,,+ pour l'acide ( a  = 0) et la valeur moyenne de C,,+ 
pour la valeur de cx correspondante. La valeur de LC,,+ diminue 
d'une f a ~ o n  monotone depuis l'acide jusqu'au sel dans le cas 
de HPA et cette courbe a la m&me allure que celle du pour- 
centage d'ions sodium fixts sur les polyions en fonction de cx 
(14); ceci revient a dire que LCp,+ varie linkairement avec ce 
pourcentage d'ions liCs. Dans le cas de HPMA, deux anomalies 
ressortent des rksultats. La premikre anomalie apparait autour 
d'une valeur d'environ 0,3 pour a .  Cette anomalie doit corres- 
pondre a la transition bien connue pour la chaine de HPMA qui 
passe d'une structure compacte globulaire ou les groupements 
mtthyles sont dirigCs vers l'interieur de la chaine a une 
structure plus Ctendue ou ces m&mes groupements deviennent 
accessibles aux moltcules d'eau (1 8, 19). L'hydratation hydro- 
phobe accompagnant cette transition expliquerait l'augmen- 
tation de C,.+ (9) de HPMA partiellement neutralist par rapport 
a HPA. Une augmentation de Cp.+ a aussi Ctt observCe lors de 
la dknaturation de plusieurs protCines gobulaires en solution 
dans l'eau par addition d'urte (16, 17). Cette dtnaturation 
amkne la prottine a se dtplier en pelote statistique et l'aug- 
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H P M A  

0 H P A  

FIG. 4. Variation du volume rnolaire apparent rnoyen en fonction 
du degrC de neutralisation h 25°C (rnolalitCs: 0,32 pour HPA et 0,20 
pour HPMA). 

rnentation de C,,+ est attribuCe a l'hydratation hydrophobe qui 
accornpagne la dknaturation. La courbe pour HPMA devrait 
derneurer sous celle de HPA au-dela de a = 0,3 car seulernent 
I'ionisation et l'hydratation coulornbique devraient se pour- 
suivre. Mais une deuxierne anornalie se prCsente lorsque a 
augrnente et cette fois C,,+ dirninue. La littkrature ne rapporte 
pas de seconde transition lors de la neutralisation de HPMA. 
L'explication de cette deuxierne anornalie pourrait se trouver 
dans une dkshydratation partielle des groupernents rnkthyles. 
Ce phCnornkne se passerait aussi dans le cas de solutions 
dilutes d'espkces ioniques possCdant des groupernents hydro- 
phobes (10, 20). Lors de l'ouverture de la chaine poly- 
rnkthacrylique, il est permis de prCsurner que presque tous les 
groupernents rnCthyles s'hydratent. Mais a ce moment, la 
charge nette portCe par la chaine est faible. Au fur et 2 rnesure 
que a augrnente, cette charge nette augrnente Cgalernent et le 
champ Clectrostatique ainsi crCC peut briser la structure 
pentagonale des rnolCcules d'eau (21) autour de quelques 
groupernents rnCthyles. 

La figure 4 reprCsente la variation du volume rnolaire ap- 
parent (V+) en fonction du degrC de neutralisation pour les deux 
polyacides. L'allure des deux courbes est monotone et aucune 
anornalie ne ressort de la courbe relative a HPMA autour de a 
= 0,3 et a = 0,6. Cette absence de variation subite dans la 
valeur de V+ lors de l'ouverture de la chaine polyrnCthacrylique 
n'est pas unique au cas prksent. Alors que la valeur de C,,+ 
augrnente apprkciablernent lors de la dknaturation des protCines 
globulaires, la valeur de V+ varie peu ou ne varie pas lors de la 

transformation conforrnationnelle (16). Cependant, la chute de 
V+ en fonction de a est initialernent plus rapide lors de la 
neutralisation de HPMA cornparativernent a HPA. La prCsence 
du groupernent rnethyle sur le carbone porteur du groupernent 
carboxylate et le changernent conforrnationnel de HPMA ne 
sont sOrernent pas Ctrangers a ce phknornene. En effet, 
l'hydratation hydrophobe, tout cornrne les interactions Clectros- 
tatiques et l'effet destructeur de la structure de l'eau, apporte 
une contribution negative a Vm (9). 

Conclusions 
Le rnodkle cellulaire de LK pour un polyion en solution trks 

diluCe et la structure d'une solution de polyClectrolyte Cvoluant 
avec la concentration tel que propose par Wolff et Odijk sern- 
blent expliquer qualitativernent I'allure des risultats obtenus a 
partir de rnesures de capacitCs calorifiques. Par ailleurs, 
l'hydratation coulornbique et l'hydratation hydrophobe jouent 
un r6le trks important dans la valeur de cette quantitC pour les 
polyClectrolytes. 
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SHIRO KOSEKI, TAKESHI NAKAJIMA, and AZUMAO TOYOTA. Can. J .  Chem. 63, 1572 (1985). 
Violation of Hund's multiplicity rule in the electronically excited states of conjugated hydrocarbons is studied by using the 

Pariser-Pam-Pople type SCF MO method and the ab initio MO method with STO-3G basis set, both methods being 
augmented by CI-type treatments. It is shown that for symmetrical structures (Dzl,) of the nonalternant hydrocarbons, 
propalene, pentalene, and heptalene, the lowest excited singlet state is energetically lower than the corresponding triplet state. 
This is mainly due to the spin polarization (SP) effects. For D2/, structures of pentalene and heptalene the open-shell excited 
singlet state is predicted to be lower in energy than the closed-shell state, with the result that the former is really the ground 
state. Further, calculations made by including electron correlation effects reveal that in linear polyenes and polyacenes, the 
lowest excited singlet "minus" state (using Pariser's classification of the alternancy symmetry species) is lower in energy than 
the corresponding triplet state. The energy lowering of the singlet "minus" state in linear polyenes is due mostly to the mixing 
with the doubly excited configurations (tnm + nn), while the considerable part of it in polyacenes is due to the SP effects. 

SHIRO KOSEKI, TAKESHI NAKAJIMA et AZUMAO TOYOTA. Can. J .  Chem. 63, 1572 (1985). 
Utilisant la mCthode des OM CAC du type de Pariser-Parr-Pople ainsi que la mCthode des OM ab initio a l'aide d'un 

ensemble de base STO-3G alors que les deux mCthodes ont CtC renforcCes par des traitements de type IC, on a CtudiC la violation 
de la rkgle de multiplicitC de Hund dans les Ctats Clectroniques excitCs des hydrocarbures conjuguCs. On montre qu'au niveau 
des structures symCtriques (D,,,) des hydrocarbures non alternants, comme le propalkne, le pentalkne et I'heptalkne, le plus 
bas Ctat singulet excitC est Cnergiquement plus faible que I'Ctat triplet correspondant. Ceci est dfi principalement a des effets 
de polarisation de spin (PS). Dans les structures Dl,, du pentalkne et de I'heptalkne, on prCdit que 1'Ctat singulet excitC a couche 
Clectronique incomplkte est Cnergiquement plus faible que 1'Ctat a couche Clectronique complkte; il en dCcoule que le premier 
est rCellement 1'Ctat fondamental. Des calculs plus poussCs, incluant les effets de corrClation de I'Clectron, rCvklent que dans 
les polyknes lineaires et les polyacknes, 1'Ctat singulet moins le moins excite (en utilisant la classification de Pariser des espkces 
de symCtrie altemte) a une Cnergie infkrieure celle de I'Ctat triplet correspondant. La baisse d'Cnergie de I'Ctat singulet moins 
des polyknes IinCaires est principalement due a un melange avec des configurations doublement excitCes (tnm + nn) tandis 
qu'une partie considkrable de cette baisse d'Cnergie dans les polyacknes est due aux effets de PS. 

[Traduit par le journal] 

Introduction 
The energetic order of the singlet-triplet pair arising from a 

given electronic configuration in atoms and molecules is deter- 
mined by using Hund's multiplicity rule ( I ) ,  and the utility of 
this rule has well been known. In certain cases (2-8), how- 
ever, Hund's multiplicity rule breaks down. In molecular sys- 
tems, of particular notice is the ground-state multiplicity of 
cyclobutadiene. Buenker and Peyerimhoff (3) have shown that 
in the square geometry (D,),) of this molecule the B, ,  singlet 
state is more stable than the A,, triplet state by about 3.6 kcal 
mol-', both states arising from the same electronic config- 
uration. The theoretical explanation of this unusual fact has 
firstly been given by Borden (4), followed by other authors 
(5 -7). In connection' with cyclobutadiene, the ground-state 
multiplicities in conjugated hydrocarbon diradicals have been 
examined by Borden and Davidson (6), and they have shown 
that the ground states of some diradicals are singlet. In these 
unusual molecules, the two Hueckel nonbonding molecular 
orbitals (NBMO's) are confined to disjoint sets of carbon 
atoms. In such a case, the exchange integral responsible for the 
energy separation of the singlet-triplet pair arising from the 
occupation of the NBMO's by a total of two electrons is negli- 

'To whom all correspondence should be addressed. 

gibly small, and the spin polarization (SP) effects (5) can 
reverse the energy ordering such that the singlet state lies below 
the corresponding triplet state. On the other hand, if the 
NBMO's are not localized to disjoint sets of atoms, the triplet 
state lies well below the corresponding singlet state at the 
Hartree-Fock level, and it is less probable that the energy 
ordering is reversed by the SP effects. 

Ruling out atomic systems, theoretical studies so far reported 
(3-7) have been limited to the gro~nd-state multiplicities. In 
this paper, we are concerned with the possible violation of 
Hund's multiplicity rule for the singlet-triplet pair arising 
from the same singly excited electronic configuration in mole- 
cules, particularly conjugated hydrocarbons. In Section I, we 
give a brief account of the SP effect. In the first half of Section 
11, we study the energetic orders of the singlet-triplet pairs of 
the lowest excited states at the most symmetrical structures 
(Dz,,) of the nonalternant hydrocarbons, propalene, pentalene 
and heptalene, which can be regarded as the weakly perturbed 
[4n]annulenes. In these antiaromatic annulenes, if they are 
assumed to have the most symmetrical structures, the doubly- 
degenerate NBMO's are confined to different sets of atoms. It 
follows then from the previous treatments of antiaromatic an- 
nulenes like cyclobutadiene that in the Dzl, structures of pro- 
palene and its higher homologues Hund's multiplicity rule is 
most likely violated in the lowest excited states. It is shown by 
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Propalene Pentalene 

FIG. 1. Bond lengths (in A) of the D2h and C?,, structures of pro- 
palene, pentalene, and heptalene optimized by using the MNDO 
method and the choice of axes in the D?,, structures. 'The figures in 
parentheses are the bond lengths of the DZ,, structures. 

using the Pariser-Parr-Pople (PPP) type and ab  initio MO 
methods, both the methods being augmented by the CI-type 
treatments, that in the D2,, structures of propalene, pentalene, 
and heptalene the lowest excited singlet state lies below the 
corresponding triplet state. Furthermore, in the D2,, structures 
of pentalene and heptalene, the lowest excited state ('B,,) is 
predicted to lie even below the closed-shell state ('A,), with the 
result that the open-shell singlet state is the true ground state. 
In the second half of Section 11, we study the energetic orders 
of the singlet-triplet pairs of the low-lying excited "minus" 
and "plus" states (using Pariser's classification of the alter- 
nancy symmetry species) in linear polyenes and polyacenes. 

I. Spin polarization (SP) effects 

Here we give only a brief account of the SP effects on the 
lowest excited singlet-triplet pair, taking propalene (Fig. I), 
the simplest molecule among those treated in this paper, as an 
example. Since propalene is formed by the introduction of a 
cross link to cyclobutadiene, we follow the treatment of the SP 
effects on the ground-state multiplicity of the square cyclo- 
butadiene (3). 

In propalene, there are four n orbitals, $,, $2, &, and 4, in 
increasing order of energy. The lowest excited singlet state and 
the corresponding triplet state are represented by the two- 
determinantal wavefunctions: 

1 
[ 1 a1 @S,T = - (@A,  3 @B) v5 

where for the sake of simplicity only n orbitals were denoted. 
The SP effects for the singlet-triplet pair can be taken into 
account by including in a CI-type treatment the doubly excited 
configurations describing the further excitation of one electron 
from the doubly occupied orbital (4,) into the virtual orbital 
(&), which have nonvanishing matrix elements with @, and 
QT, because $I and belong to the same irreducible repre- 

sentation (vide infra). The relevant doubly excited config- 
urations are 

It can be shown (4, 5 )  that the matrix element of as and @A is 
v5 times larger than that of with a;.  On the basis of the 
second-order perturbation theory, it is shown that this leads to 
a stabilization which is three times larger for the singlet state 
than for the triplet state, provided that the energy denominators 
are equal. The matrix element of a, with is negligibly 
small as compared with the above matrix elements: in the 
square cyclobutadiene in which $? and $3 are the degenerate 
NBMO's, this matrix element is vanishing from the symmetry 
reasons. In addition, there are two more doubly excited c o ~ f i g -  
urations arising from the same electronic configuration, a, and 
a:, which can mix with as and aT respectively: 

It can be shown, however, that the matrix element of as with 
and that of a, with have the same value and that the 

energy gaps between Qs and and between aT and @: are the 
same in general as far as Qs and @, are written as eqs. [ 1  a] and 
[ I  b]. Consequently, it is concluded that the energy separ:tion 
between Qs and @, is not affected by the inclusion of @, and 
@: in a CI-type treatment. 

It is thus expected that in molecules in which the energy 
separation between Qs and @, at the Hartree-Fock level is 
very small for certain reasons the SP effects which bring about 
the extra stabilization of @, result in the violation of Hund's 
multiplicity rule such that Qs lies below @,. 

In larger molecules, there are in general many other doubly 
excited configurations like eqs. [2a]-[2c] responsible for the 
SP effects. 

11. Results and discussion 

1. Propalene 
The ground state of propalene has two equilibrium structures 

with respect to C-C bond lengths, one being the delocalized 
structure with the D, ,  symmetry corresponding to the saddle 
point of the potential energy surface, and the other the bond- 
alternating structure with the C2,, symmetry corresponding to 
the energy-minimum point (1 1). Geometrical structures of the 
two forms optimized by using the MNDO method (12, 13) by 
assuming the molecule to be planar are shown in Fig. 1, where 
only the C-C bond lengths are presented. 
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TABLE 1. The calculated energy separations (in eV) of the lowest 
excited singlet-triplet pairs in nonalternant hydrocarbons" 

PPP+SP PPP+SDCI STO-3G+CI 
Molecule PPP (RSFT) (RSFT) (MR-BWPT) 

FIG. 2. The .rr molecular orbitals in the symmetrical (D,,,) and the 
distorted (C,,,) structure of propalene. White and black circles indicate 
the plus and minus signs of atomic-orbital coefficients, respectively. 

In Fig. 2 are shown the schematic representations of T 

molecular orbitals for the two forms, together with orbital 
symmetries. 

In the D,,, structure, the lowest excited singlet state (Qs) and 
the corresponding triplet state (QT) arising from the electronic 
configuration (b3u)2(bz,)1(b,,)' belong to the B,, irreducible rep- 
resentation. The singly occupied orbitals in the excited states, 
+,(b,,) and +,(big), are confined to the different carbon atoms 
from the symmetry reasons so that the exchange integral K13 
responsible for the energy separation between Qs and QT is 
expected to be very small: within the zero-differential overlap 
(ZDO) approximation the two states are degenerate (at the 
STO-3G level the energy separation is 0.124 eV). Thus, it is 
expected that Qs(B3,) lies well below QT(B3,), provided that 
there exists a virtual orbital which can be used for constructing 
the doubly excited configuration relevant to the SP effects. 
Actually, +,(b3,) can be used as such a virtual orbital, and the 
resultant doubly excited configurations has the same symmetry 
(B,,) as Qs and QT. 

On the other hand, in the C,,, structure, it is seen from the 
distributions of the atomic-orbital coefficients in +, and +, 
shown in Fig. 2 that the exchange integral KZ3 does not vanish 
even within the ZDO approximation. Actually, by using the 
PPP-type MO method, the energy difference between Qs and 
QT is calculated to be 1.422 eV (3.934 eV at the STO-3G 
level). It is thus less possible that Hund's multiplicity rule can 
be violated in the CZh structure. 

In Table 1 are summarized the energy separations between 
Qs and QT after the inclusion of electron correlation effects in 
both the structures calculated by using the second-order per- 

Propalene (DZh) 0 -0.366 -0.366 -0.248 
Propalene (CZh) 1.422 1.155 0.223 1.974 
Pentalene (D,,) 0.162 -0.400 -0.434 -0.534 
Pentalene (C,,,) 0.817 0.560 0.892 1.503 
Heptalene (D,,,) 0.140 -0.450 -0.471 
Heptalene (C,,,) 0.661 0.394 0.905 

T h e  minus sign means that the singlet state is lower in energy than the triplet 
state. 

turbation theory. The calculation methods used are (1) PPP+ 
SP(RSPT), RSPT being the abbreviation of the Rayleigh- 
Schroedinger perturbation theory, (2) PPP+SDCI (RSPT) in 
which all the singly and doubly excited T configurations are 
included, and (3) STO-3G+CI(MR-BWPT) in which the 
singly and doubly excited configurations constructed from 
lower ten virtual orbitals ( a  and T) and higher ten occupied 
ones and the main part of the triply and quadruply excited 
configurations are taken into account by using the multi- 
reference Brillouin-Wigner perturbation theory (MR-BWPT). 
For the PPP-type calculations, the geometrical structures opti- 
mized by using the PPP-type SCF MO method in conjunction 
with the variable bond-length technique (9- 11, 15) are used, 
and for the a b  initio MO calculations, those optimized by using 
the MNDO method (12, 13) are used. 

As is expected, in the D2,, structure, the energy lowerings due 
to the inclusion of correlation effects turn out to be larger for 
Qs(B3,) than for QT(B3,). On the other hand, in the CZh struc- 
ture, the PPP+SDCI and STO-3G+CI calculations indicate 
that the triplet state QT(AE) is lower in energy than the corre- 
sponding singlet state Qs(A,), even though the lowering of 
Qs(A,) (1.885 eV, PPP+SDCI; 9.03 eV, STO-3G+CI) is 
larger than that of QT(A,) (0.686 eV, PPP+SDCI; 7.04 eV, 
STO-3G+CI). This is due to the fact that QT(AE) is lower in 
energy than Qs(A,) by a large amount before the inclusion of 
correlation effects. 

It should be noted that the stabilization of Qs(B3,) in the D,,, 
structure (1.21 1 eV, PPP+SDCI) is due for the most part to the 
mixing with @:(B,,) (eq. [2a]) responsible for the SP effects, 
the stabilization energy due to this mixing being 0.974 eV, 
while that of @,(A,) in the CZh structure (1.885 eV) is due 
substantially to the direct mixing with the doubly excited con- 
figurations ('A,), such as which are not operative in 
lowering the energy of Qs(B3,) in the DZh structure, the energy 
lowering of @,(A,) due to the mixing with @(A,) responsible 
for the SP effects being 0.518 eV. 

It is added that the results obtained by using a b  initio MO 
methods with extended basis sets are consistent at least qual- 
itatively with the above results, though the energy separations, 
calculated by using 4-31G+CI(MR-BWPT) and 6-31G+CI 
(MR-BWPT), of the lowest excited singlet-triplet pair in the 
D,,, structure turn out to be considerably smaller (-0.038 eV 
and -0.055 eV, respectively). 

The variations of the total energies of the various states of 
propalene with the nuclear distortion along the bond-alternating 
mode are shown in Fig. 3. The total energies taken to be the 
sum of the T-electron, u-bond, and core-repulsion energies 
(10) were calculated at the PPP+SDCI(RSPT) level. It is seen 
that no molecular-symmetry reduction occurs in the excited 
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-82.00 

D2h '2h Q (b3,) 

FIG. 3. The potential energy curves calculated by using the PPP+ 
SDCI(RSPT) method of the ground state and the lowest 7 + r* 
excited singlet and triplet states of propalene. Eo is the sum of the 
u-bond and core-repulsion energies at the Dz,, structure (15). 

states, @, and @,, and the potential energy curves for the two 
states intersect at a certain intermediate distorted nuclear 
arrangement. 

2. Pentalene and heptalene 
In these molecules, the HOMO and the LUMO originate 

from the doubly degenerate NBMO's of the corresponding 4n 
cyclic polyene, the HOMO'S of propalene and heptalene and 
the LUMO of pentalene remaining still nonbonding. It is thus 
expected that in such molecules the exchange integral respon- 
sible for the energy separation between the excited singlet and 
triplet states originating from the electron jump HOMO + 
LUMO is rather small, and the SP effects lead to the violation 
of Hund's multiplicity rule. 

Now it has well been known both theoretically (9- 11, 14, 
15) and experimentally (16-20) that the ground states of pen- 
talene and heptalene undergo the molecular-symmetry reduc- 
tion DZh + CZh, as that of propalene does. The geometrical 
structures with respect to the C-C bond lengths of the sym- 
metrical (D,,) and distorted (Cz,,) structures optimized by using 
the MNDO method are shown in Fig. 1. 

The predicted energy lowerings of the lowest excited 
singlet-triplet pair due to the inclusion of correlation effects 
are listed in Table 1. In the D2/, structure of pentalene, the 
lowest excited triplet state @,(B3,) is lower in energy than the 
corresponding singlet state Qs(B3,) by 0.162 eV (PPP) and 
0.295 eV (STO-3G) before the inclusion of correlation effects, 
and the inclusion of correlation effects results in the violation 
of Hund's multiplicity rule such that Qs(B,,) is lower in energy 
than @,(B,,) by 0.4-0.5 eV. In the DZh structure of heptalene, 
the lowest triplet state @,(B3,) is lower in energy than the 
corresponding singlet state Qs(B,,) only by 0.140 eV (PPP) 
before the inclusion of correlation effects. If we include these 
effects, it turns out that Qs(B3,) is lower than @,(B,,) by 
ca. 0.5 eV. 

By comparing the energy lowerings predicted by using the 

PPP+SP and PPP+SDCl methods, it is concluded that, as in 
the D,, structure of propalene, the violation of Hund's multi- 
plicity rule in the DZh structures of pentalene and heptalene is 
due mainly to the SP effects. In the distorted structures (C2h) of 
these molecules, Hund's multiplicity rule holds for the lowest 
excited singlet-triplet pair even after the inclusion of correla- 
tion effects. 

It should be remarked that at the saddle points of the ground- 
state potential energy curves along the bond-alternating mode 
(the D,, structures) of pentalene and heptalene, the energy 
lowering of the lowest excited singlet state ('B,,) is so large that 
this open-shell state lies most likely even below the closed-shell 
state ('A,) assumed to be the ground state before the inclusion 
of correlation effects. The ab initio MO calculations made by 
using the STO-3G+CI (MR-BWPT) method actually show that 
in pentalene the open-shell state ('B,,) is lower in energy than 
the closed-shell state ('A,) by 0.57 eV. Such a change of the 
nature of the ground state reduces considerably the energy 
difference between the energy-minimum state (GI,)  and the 
saddle point (DZl,) (21). In fact, all the energy differences so far 
calculated by assuming the ground state at the saddle point to 
be the closed-shell state (9- 11, 14, 15) are too large to be 
comparable to the experimental activation energies for the iso- 
dynamic double-bond shift isomerization reaction in pentalene 
and heptalene (19, 20). 

3. Alternant hydrocarbons 
In alternant hydrocarbons, if the i-, j-,  k-, and lth MO's are 

the next HOMO, the HOMO, the LUMO, and the next LUMO, 
respectively, the two singly excited configurations 0, and Qj, 
are degenerate within the ZDO approximation owing to the 
pairing theorem. 

The proper linear combinations of these degenerate configura- 
tions yield the two excited singlet and triplet states: 

with the energies relative to the ground state given by 

where ei is the orbital energy of the ith MO, and Jjk and Kik are 
the Coulomb and exchange integrals between the ith and kth 
MO's, respectively. 

In the lowest excited A, states of linear polyenes and the 
lowest BZ, states of linear polyacenes treated in this paper, the 
relation that 2Kjk > Kjj holds (in larger linear polyacenes, the 
ith and lth MO's are not always the next HOMO and the next 
LUMO, respectively), and the energy ordering of the four 
excited states is such that 'E + < 3E- = IE- < ' E +  before the 
inclusion of correlation effects within the ZDO approximation. 
Since '@- and '@- are degenerate at this stage, it is expected 
that the inclusion of correlation effects lifts the degeneracy and 
leads to the energy ordering such that I@- lies below ,@-. Such 
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TABLE 2. The stabilization energies (in eV) calculated by using the various PPP 
type approximations of the singlet-triplet pairs of the lowest excited "minus" and 

"plus" states in linear polyenes and polyacenes" 

PPP+SDCI Singlet - triplet 
PPP+SP energy gap' 

Excited state PPPh (RSPT) (RSPT) (BWPT) (BWPT) 

Butadiene 
IA,- 

'A,- 
!A,+ 
3 ~ , +  

Hexatriene 

i ~ g -  

'A,- 
IA,+ 

'A,+ 
Dodecahexaene 

IA,- 

'Ag- 

' A  , 
Tetradecaheptae 

9 -  
'Ag- 
IA,+ 

3 ~ , +  

Benzene 
IB, ('LI,)" 
' B ,  ('LI>) 
IE:" ( I  Bb) 
'E:, ( 3 ~ ~ )  

Naohthalene 

Anthracene 
IB, (ILb) 
3 B ~  (3Lh) 
IB:" ( I  Bb) 
3B:2 (3Bb) 
Naphthacene 
IB, (ILb) 
' B ,  ('Lh) 
IB:" ( I  Bb) 
'B:, ( 3 ~ h )  

Pentacene 
'B ,  ( 'Lb) 
' B ,  ('LI,) 
IB:" ( I  Bb) 
'B:, ( ' ~ b )  
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TABLE 2. (Concluded ) 

PPP+SDCI Singlet - triplet 
P P P + S P  energy gap" 

Excited state P P P  (RSFT) (RSPT) (BWPT) ( B w P T )  

Phenanthrene (Cz,,) 
'A; ('Ld 4.15 -0.58 -1.97 -1.61 
3~~ C L ~ )  4.15 -0.23 

-0.75 -1.04 -0.86 
'A; (IB,,) 5.43 -0.43 -1.37 -1.15 

(3Bt,) 3.68 -0.45 -1.55 -1.28 1.88 

"In linear polyacenes, the yz-plane is taken to be the molecular plane, the y axis being 
parallel to the molecular long axis. 

'The state energies are given by eqs. [6a] and [6b].  
'The minus sign means that the singlet state is lower in energy than the triplet state. 
dThe notations in parentheses are due to Platt (24). 

an energy ordering is considered as forming an exception to 
Hund's multiplicity rule, though %- and '@- are represented 
by the mixture of the two monoexcited configurations and the 
rule holds for the singlet-triplet pairs of the component mono- 
excited configurations ( E  (3@,,) < E ( )  and E ( )  < 
E('@,/)). 

As for the energy lowering of low-lying excited states due to 
the inclusion of correlation effects in alternant hydrocarbons, 
e i iek  et al. (22) have proposed the qualitative rule which states 
that it will be most pronounced for the singlet "minus" states as 
compared with the singlet "plus" and both "plusnand "minus" 
triplet states. They have demonstrated the validity of this rule 
for a number of actual molecules, but they have treated only the 
energy orderings of singlet states. Here, we discuss the energy 
orderings of the singlet-triplet pairs of the "minus" and "plus" 
states in linear polyenes and polyacenes by using the same 
methods as used above for the nonalternant hydrocarbons, 
paying special attention to the role of the SP effects. However, 
the SP effects on the singlet-triplet pairs of the "minus" and 
"plus" excited states in these molecules are not so simple as 
those described in Section I, because an excited state in this 
case is written by the linear combination of the degenerate 
monoexcited states, one corresponding to the HOMO 4 the 
next LUMO and the other to the next HOMO + LUMO, and 
there are, in general, four types of doubly excited configura- 
tions responsible for the SP effects on the singlet-triplet pairs 

diene: the stabilization energies due to the SP effects are larger 
for the 3A,- state than for the 'A,- state (except for butadiene). 
The most important configurations contributory to the large 
stabilizations of the 'A,- states are the doubly excited singlet 
configurations of A, symmetry (mm + nn), particularly that 
corresponding to the electron jump from the HOMO to the 
LUMO, and this is true for butadiene also. On the other hand, 
it can be shown that the contribution of such doubly excited 
configurations to the stabilization of the 'A,' state is very small: 
the matrix elements of 'A,' with the doubly excited configura- 
tions, jj + kk and ii 4 11, are vanishing within the ZDO 
approximation. More precisely, the matrix elements of the 
component singly excited configurations of 'A,, @,, and @,,, 
with the above doubly excited configurations have the same 
absolute value but are opposite in sign. 

In order to examine the contributions of the higher-order 
configuration interactions, the stabilization energies of the low- 
est excited A,' states of butadiene and octatetraene are calcu- 
lated by using the STO-3G+CI(MR-BWPT) approximation 
(Table 3). The results obtained indicate again that the large 
stabilizations of the 'A,- state are little due to the SP effects. 
The energy differences between the 'A,- and -'A,- states 
presented in Table 3 are appreciably large as compared with 
those listed in Table 2, but if we use a more extended basis set 
and make a larger-scale C1 calculation, considerably smaller 
values could be obtained (23). - .  

of the excited state. It cannot be shown without numerical 
calculations how the SP effects affect the energy orderings of (b)  Polyacenes 

the singlet-triplet pairs of the "minus" and "plus" excited The stabilization energies due to the inclusion of correlation 

states. effects of the singlet-triplet pairs of the lowest Bz,' states in 
linear polyacenes (the lowest Bz,- and El,+ states in benzene) 

( a )  Linear polyenes calculated within the semiempirical approach (PPP) are shown 
In s able-2 are presented the predicted stabilization energies 

of the lowest excited A,' states due to the inclusion of correla- 
tion effects. The data obtained by using the PPP+SDCI ap- 
proximations indicate that in all the molecules examined the 
stabilization energies of the 'A,- states are distinctly larger than 
those of the 3A,- states, though the energy differences between 
the two states tend to be less pronounced as the molecular size 
increases. On the other hand, the stabilization energies of the 
"plus" states are larger for the triplet states than for the singlet 
states (except for butadiene), and Hund's multiplicity rule 
holds for these singlet-triplet pairs even after the inclusion of 
correlation effects. 

It is interesting to note that in linear polyenes the large 
energy intervals between the 'A,- and 3A,- states are not attri- 
butable even qualitatively to the SP effects apart from buta- 

in Table 2. In this table the dais for the iowest excited A,' states 
of phenanthrene are also included. 

By comparing the energy differences between the singlet and 
triplet "minus" states in linear polyacenes calculated by using 
the PPP+SDCI(RSPT) method with those calculated by using 
the PPP+SP(RSPT) one, it is revealed that the considerable 
part (about one half) of the energy difference is due to the SP 
effects. 

It should be remarked that the stabilization energies of the 
singlet "minus" states obtained by using the PPPSSDCI ap- 
proximations are so large that these states become very near in 
energy to the triplet "plus" states. This is in qualitative agree- 
ment with the fact that the singlet "minus" states are experi- 
mentally estimated to be slightly lower in energy (by 0.1 - 0.3  
eV) than the triplet "plus" states (24). The predicted energy 
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TABLE 3. The stabilization energies (in au) obtained by the ab initio calculations 
of the lowest "minus" and "plus" states in butadiene, octatetraene, benzene, and 

naphthalene 

Singlet-triplet 
STO-3G + SP STO-3G + CI energy gap'' 

Excited state SCF (n) (MR-BWPT) (in eV) 

Butadiene 
'A,- - 152.5843 
'A,- - 152.5804 
'A,' - 152.5016 
'A ,+ - 152.8522 

Octatetraene 
'A,- -304.5573 
:A,: -304.5552 
A, -304.5290 

3 + 
A, -304.7315 

Benzene 
'B, ('15,)~ -227.6109 
'B, ('Lb) -227.6175 
'ETu (I&) -227.4557 
'ET, ('Bb) - 227.6706 
Naphthalene 
'B, ('Lb) -378.4337 
'B, OLb) -378.4373 
' xu ( '  Bb) -378.3253 
'4 ('~b)  -378.4690 

'The minus sign means that the singlet state is lower in energy than the triplet state 
?he notations in parentheses are due to Platt (24). 

difference between the singlet and triplet "minus" states in 
linear polyacenes tends to decrease with the molecular size. 
This is not in agreement with Platt's assumption that in poly- 
acenes this energy separation can be taken to be constant (4000 
cm-I) except for that in benzene (5600 cm-') (24), apart from 
the fact that the predicted energy separations are considerably 
large as compared with Platt's values. 

The stabilization energies calculated by using the PPP+ 
SDCI methods for the singlet "plus" state (B2,+) (the El,' state 
in benzene and the A,' state in phenanthrene) are almost the 
same as those for the corresponding triplet states in all the 
polyacenes examined. This indicates that the energy sepa- 
rations of the singlet-triplet pairs of the "plus" states calcu- 
lated at the naive PPP level are little affected by the inclusion 
of correlation effects. The predicted energy separations are 
rather large as compared with the experimentally estimated 
values (1.74 eV, benzene; 1.24 eV, naphthalene; 1.05 eV, 
anthracene and naphthacene; 1.08 eV, pentacene; 1.20 eV, 
phenanthrene), the agreement between the theoretical and ex- 
perimentally estimated values in linear polyacenes becoming 
better as the molecular size increases. 

The stabilization energies of the excited states under consid- 
eration due to the inclusion of correlation effects in benzene 
and naphthalene are calculated also by using the STO-3G+ 
CI(MR-BWPT) approximation. The obtained results are con- 
sistent with those obtained above, though the calculated values 
(Table 3) are considerably larger than those presented in Table 
2 because of the use of the minimal basis set and the inclusion 
of the limited configuration interactions (25). 

Conclusion 
Propalene and its higher homologues, pentalene and hepta- 

lene, are the pertinent molecules for understanding how the SP 
effects affect the energy ordering of the electronically excited 

singlet-triplet pair. It is revealed that in these molecules 
Hund's multiplicity rule breaks down for the lowest excited 
singlet-triplet pair at the saddle point of the ground-state ener- 
gy surface. Further, at the saddle points of pentalene and hep- 
talene, the lowest excited singlet state (B,,) is predicted to lie 
even below the closed-shell state ('A,), with the result that the 
open-shell state ('B,,) is really the ground state. 

Hund's multiplicity rule breaks down also for the singlet- 
triplet pairs of the lowest excited "minus" states in linear poly- 
enes and polyacenes. The energy separations of the singlet- 
triplet pairs in linear polyenes are due mostly to the mixing of 
the singlet state with the doubly excited configurations (mm + 
nn), while the considerable part of the energy separations of the 
singlet-triplet pairs in polyacenes are due to the SP effects. 

Hund's multiplicity rule breaks down most likely for an 
excited singlet-triplet pair whose energy separation at the 
Hartree-Fock level is rather small because of the smallness of 
the exchange integral responsible for the energy separation. An 
example of such an excited singlet-triplet pair is given by the 
singlet-triplet pair of an n + T* transition besides those of T 

+ T* transitions treated in this paper. In this connection, it is 
interesting to note that the INDOSCI calculations of the elec- 
tronic spectra of benzoic acid made by Ridley and Zerner (26) 
show that the lowest ' ( n , ~ * )  is lower in energy than the corre- 
sponding triplet state by 0.56 eV. 

In view of the present results it is perhaps useful to note that 
the descriptions of the electronically excited states in the frame- 
work of the naive PPP approximation do not yield the correct 
energy ordering in general, particularly for the accidentally 
degenerate states. In order to obtain the correct energy ordering 
within this semiempirical approximation, one has to employ 
the empirical parameters for use in evaluating the energies of 
excited triplet states which are different from those used in 
evaluating the energies of excited singlet states (27). 
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Hoping that the poor quality of the basis sets and the limited 
CI used in the present ab initio M O  calculations d o  not impair 
the main conclusions obtained in this paper, we are now con- 
sidering more accurate calculations particularly for pentalene 
and heptalene. 
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Photoelectrochimie des phtalocyanines sans metal, de cuivre et de fer 
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Cer article esr dkdik au Professeur Camille Sandorb ci l'occasion de son 65 '  anniversaire 

BENOIT MARSAN, GUY BELANGER et DOMINIQUE-LOUIS PIRON. Can. J .  Chem. 63, 1580 (1985). 
Le comportement cathodique et photocathodique d'Clectrodes de phtalocyanine sans metal, de cuivre et de fer (H2Pc, CuPc 

et FePc) a CtC Ctudit en solutions acide, neutre et alcaline. Dans le noir, la courbe de polarisation de I'Clectrode de FePc prCsente 
deux pics de reduction qui n'ont pas CtC observks avec les autres phtalocyanines; ils sont associCs ii la rCduction du cation 
central. L'illumination des Clectrodes semiconductrices n'a produit aucun effet sur la rCaction du dCgagement de l'hydrogkne. 
L'analyse des courbes capacitC-tension a r@vtlC la prCsence de niveaux intermtdiaires IocalisCs ii I'intCrieur de la bande 
interdite des semiconducteurs et recouvrant environ I% de leurs sites de surface. Les resultats sont expliquCs en considtrant 
les phtalocyanines comme des Clectrodes semiconductrices de typep. L'energie des bandes et des Ctats de surface a CtC illustrte 
dans un modkle d'interphase semiconducteur-electrolyte et la nature des transferts de charges inhibes par la prtsence de ces 
Ctats interfaciaux a CtC discutCe. 

BENOIT MARSAN, GUY BELANGER, and DOMINIQUE-LOUIS PIRON. Can. J .  Chem. 63, 1580 (1985). 
The cathodic and photocathodic behavior of electrodes of phthalocyanines without metal or complexed to copper or iron 

(H2Pc, CuPc, and FePc) has been studied in acidic, neutral, and alkaline media. In the dark, the polarization curve of the 
electrode of FePc shows two peaks of reduction which are not observed with the other phthalocyanines; these are associated 
with the reduction of the central cation. Lighting the semiconducting electrodes does not produce any effect on the reaction 
of production of hydrogen. An analysis of the curves of capacity vs. potential indicates the presence of intermediate levels 
localized within the forbidden band of the semiconductors and covering about 1% of their sites on the surface. The results can 
be explained if the phthalocyanines are considered to be semiconducting electrodes of type p. The energy of the bands and 
of the surface states can be depicted with a semiconductor-electrolyte interphase model and the nature of the charge transfers 
inhibited by the presence of these interfacial states is discussed. 

[Journal translation] 

1. Introduction 
Les phtalocyanines ont recernment retenu beaucoup d'atten- 

tion, en particulier sous forme de films minces. Leurs propri- 
CtCs catalytiques, principalernent vis-a-vis la reaction de  rCduc- 
tion de  l'oxygkne (piles a combustible), ont CtC CtudiCes de 
f a ~ o n  approfondie (1 -5) .  Les phtalocyanines sont des semi- 
conducteurs organiques de  type p (6) et leurs propriCtCs Clec- 
triques ont CtC abondarnment Ctudiees. La semiconductivitC 
intrinskque est associee aux electrons n mobiles des doubles 
liaisons conjuguCes. 

Le recouvrement important entre les orbitales n de la phtalo- 
cyanine et les orbitales d du mCtal suppose que ce dernier joue 
le r61e de  pont lors d'un transfert Clectronique d'une molCcule 
a une autre (7). Les impuretCs ont Cgalement une influence sur 
la conductivitC, en particulier l'oxygkne qui diminue l'energie 
d'activation de  conduction des phtalocyanines (8). Ces dopants 
agissent cornme pikges h Clectrons, entrainant la creation d'un 
plus grand nombre de trous mobiles. 

~ t a n t  donnC que les phtalocyanines absorbent fortement dans 
la region visible du spectre solaire, avec une bande interdite de 
l'ordre de 1,8-2,l  eV (3), il a CtC suggere de les utiliser dans 
des cellules photovoltai'ques (9- 16). Bien que le rendement de 
conversion de 1'Cnergie solaire en Cnergie Clectrique soit trks 
faible (< 1 %), a cause principalement du faible rendernent 
quantique, certaines phtalocyanines (H,Pc, CuPc, NiPc, 
MgPc) ont manifest6 des activitCs intkressantes. 11 a CtC observC 
que le rendement quantique peut Etre accru si les couches 
minces organiques sont exposCes a l'air ambiant (1 1). Des 
Ctudes Clectrochirniques et photoClectrochimiques mettant en 

cause des Clectrodes de quelques phtalocyanines (H2Pc, ZnPc, 
FePc, CuPc, NiPc) en couches minces ont Cgalernent CtC rap- 
portCes (17, 18). De plus, des films de phtalocyanines ont CtC 
utilisCs pour de  la sensibilisation spectrale dans des cellules 
photoClectrochimiques ( 19-23). 

Le prCsent travail se propose d'etudier le comporternent 6lec- 
trochimique et  photoClectrochimique des phtalocyanines sans 
metal, de cuivre et  de  fer Cvaporees en films minces dans des 
milieux acide. neutre et alcalin. Les rCsultats sont discutCs en 
fonction des positions relatives des niveaux d'energie des serni- 
conducteurs, des couples Ht(H20)/H2 et 02 /H20(OH-)  en 
solution et  des Ctats de surface dCterminCs a partir des rnesures 
de  capacitC differentielle. 

2. Partie experimentale 
2.1 Prkpararion des tlecrrodes de phmlocyanine 

Une couche mince de H2Pc, CuPc ou FePc provenant d'Eastman 
Kodak Co. et n'ayant CtC soumis ii aucune autre purification ou aytre 
traitement quelconque, d'une Cpaisseur approximative de 1000 A, a 
C t t  dtposCe par evaporation ij 5 X Tom ( 1  Tom = 133.3 Pa) sur 
un mince film d'or (-500 A) prCalablement form6 sur une surface 
polie de cuivre dans une gaine de Kel-F (fig. 1). L'Cpaisseur des films 
a CtC CvaluCe par un contr6leur Varian modkle 980-6005. Les Clec- 
trodes de phtalocyanine ont ensuite CtC chauffkes dans une Ctuve a une 
tempkrature voisine de 100°C durant environ 2 h, puis exposCes a l'air 
ambiant pendant 46 h avant leur immersion dans la solution, de ma- 
nikre a augmenter la conductivitC des films semiconducteurs (17). Des 
Cvaporations successives d'or et de phtalocyanine (H2Pc, CuPc ou 
FePc], formantodes couches respectives d'une Cpaisseur voisine de 
500 A et 3000 A, ont CtC effectuCes sur une surface de graphite pour 
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FIG. 1 .  ~lectrode de phtalocyanine utilisCe pour les ttudes photo- 
Clectrochimiques. 

les mesures de capacitC diffkrentielle. Des traitements identiques a 
ceux subis par les Clectrodes employCes pour les Ctudes potentio- 
dynarniques ont par la suite CtC soumis aux Clectrodes avant leur 
immersion dans la solution. 

Une cellule en Pyrex a trois cornpartirnents sCparCs avec une Clec- 
trode de travail (phtalocyanine), une Clectrode auxiliaire en platine et 
une Clectrode de rCfCrence rkversible d'hydrogkne, ERH, (Clectrode 
dans le mCme milieu que 1'Clectrode de travail; milieux acide et neutre) 
ou Hg/HgO (milieu alcalin) a Ctt utilisie pour les Ctudes photo- 
Clectrochimiques. La cellule est rnunie d'une fenCtre de quartz et une 
lampe au tungstkne-halogbne d'une puissance norninale de 650 W a 
CtC utilisCe comrne source lurnineuse pour son spectre d'ernission 
continu dans le proche ultraviolet et le visible. 

2.2 La prkparation des essais 
Un barbotage d'htliurn de 3 h a precCdC I'irnrnersion de 1'Clectrode 

de phtalocyanine dans la solution appropriee, laquelle est demeurCe 
sous atmosphbre inerte pour toute la duree des essais. Les solutions 
prCparCes avec de I'eau triplement distillCe posskdent les compositions 
suivantes: HZS04 (Ultrex, J .  T. Baker Chemical Co.) 0, 1 N; tampon 
KH2P04 0,025 M - Na2HP04 0,025 M (Fisher Scientific Co.); et 
KOH (Aristar, BDH Chemicals) 0 , l  N dont le pH est de 1,4, 6,8 et 
12,6 respectivernent. 

2.3 Les techniques expkrimentales utiliskes 
Les courbes cyclovoltarnmCtriques ont CtC obtenues par la methode 

conventionnelle. Par ailleurs, la rnethode utilisee pour les rnesures de 
capacitt diffkrentielle est celle dCcrite par Morcos (24) et employant 
une perturbation a une frequence de 200 Hz qui represente la frt- 
quence optirnale pour le systtme a 1'Ctude. 

3. Resultats experimentaux et discussion 
3.1 Courbes capacitt-tension 

Des films de H2Pc, CuPc et FePc, polarises anodiquement 
par intervalles d'environ 50 mV dans la region de potentiel 
correspondant a un courant residue1 negligeable, ont etC soumis 
iI des mesures d'impidance aux trois pH. Ainsi, les valeurs 
de capaciti relevees representent les capacites diffkrentielles 

FIG. 2. Courbe capacitt-tension pour la phtalocyanine sans metal 
(H2Pc) en milieu neutre. 

Claclrodo do t rova i l :  3 0 0 0  i FsPc 

Solulion : H2S0, 0.1 N ( pH=1,4)  

Fr ipuanca da ia  pe r tu rbo t ion  ca. : 2 0 0  Hz 

- Amplitude da l'ando : 5 mV crate 'o sr6 to  

FIG. 3. Courbe capacitC-tension pour la phtalocyanine de fer 
(FePc) en milieu acide. 

de l'interface semiconducteur-electrolyte sans contribution 
faradique. 

Comme I'illustre la fig. 2, la capacite diffkrentielle de 
1'Clectrode de H2Pc montre un maximum a 0,03 V/ECS. Cette 
caractkristique peut Ctre expliquee en termes de niveaux inter- 
mediaires situes a l'interieur de la bande interdite du semicon- 
ducteur, lesquels augmentent la capacite diffkrentielle en 
agissant comme reservoir de charges. Cela suggkre donc une 
zone d'etats de surface avec une densite maximale localisee a 
0,27 V/ENH ou iI une energie de 4,77 eV sous le niveau du 
vide puisque 1'Cnergie de Fermi standard du couple H+/H2 a 
I'equilibre (ENH) est approximativement de 4,5 eV sous le 
niveau du vide (25); cette valeur est comparable a celle obtenue 
par Fan et Faulkner (4,75 eV) (18). Une courbe similaire est 
obtenue avec l'electrode de CuPc et un second pic est observe 
dans le cas de la FePc (fig. 3). 

L'analyse de ces courbes suggkre une zone d'etats de sur- 
face avec une densite maximale localisee a 0,40 V/ENH 
(-4,90 eV) pour la CuPc et deux zones d'Ctats de surface dont 
la densitt est maximale 21 0,34 V/ENH (-4,84 eV) et a 
0,52 V/ENH (-5,02 eV) pour la FePc; ces Ctats de surface 
seront discutes plus loin. I1 est a souligner qu'un changement 
de pH de la solution ne modifie pas l'allure des courbes 
capacite- tension. 
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Solul ion:  tampon KH2P0, 0 . 025  M-N02HP0,  0 , 0 2 5  M ( p H = 6 , 8 1  

~ r i p u a n c a  da  lo parturbot ion co. : 2 0 0  Hz 
\ 

Ampliluda do l'onds : 5 m V  c r a t e  b cra te  Ubp + E = 0 , 6 6 V  \ 
a \ \  I 

TENSION D ~ ~ L E C T R O D E  (V/ECS) 

FIG. 4. Courbe Mott-Schottky pour la phtalocyanine sans mCtal (H2Pc) en milieu neutre. 

Une seconde Cvidence supportant 1'idCe de la presence TABLEAU 1. Variation de Ubp avec le pH et la 
d'Ctats de surface est la valeur de la capacitk diffkrentielle qui phtalocyanine 
est de l'ordre de 18 pF/cm2 (H2Pc), 20 pF/cm2 (CuPc) et 
13 pF/cm2 (FePc) alors qu'elle est typiquement infkrieure B Ubp (VIENH) 
1 pF/cm? dans le cas d'une electrode semiconductrice (26). La (+0,02 V) 

densit6 maximale de ces Ctats de surface (N,) peut &tre estimCe pH 
(+-0,1) H2Pc CuPc FePc a partir de la hauteur de la capacitC maximale des courbes 

capacitC-tension (27): 1,4 0,92 0,87 0,84 

ou c!, reprCsente la capacite maximale a l'tquilibre des Ctats de 
surface; e,  k et T correspondent respectivement a la charge de 
l'electron, la constante de Boltzmann et la temptrature abso- 
lue. Les valeurs obtenues sont de l'ordre de 10'3/cm2, ce 
qui est Cquivalent a un recouvrement des sites de surface 
d'environ 1 %. 

3.2 Courbes Mott-Schottky 
La connaissance du potentiel de bandes plates (Ubp) d'un 

semiconducteur nous indique si la photodCcomposition de l'eau 
peut avoir lieu spontankment, c'est-a-dire sans l'application 
d'une tension a 1'Clectrode semiconductrice en sus de 
l'illumination. Pour en dCterminer la valeur, on applique en 
premittre approximation la relation de Mott-Schottky pour un 
semiconducteur non dCgCnCrC, donnte par 

pour un semiconducteur du type p. Dans cette Cquation d'une 
droite, C,, est la capacitC de la rCgion d'appauvrissement de 
charges a l'intbieur du semiconducteur, E est la constante 
diklectrique du semiconducteur, EO est la permitivitt du vide, 
N A  est la concentration des accepteurs d'Clectrons et U,,,, est la 
tension de 1'Clectrode. La pente de la droite est proportionnelle 
B la concentration du dopant dans le semiconducteur et 
l'intersection avec l'axe des Uappl (1/CSc2 = 0) donne Ubp si le 
terme kT/e est nCgligC. 

La courbe Mott-Schottky correspondant B une Clectrode de 
H2Pc Ctudite en milieu neutre est prCsentCe dans la fig. 4, d'ou 
l'on tire Ubp = 0,63 V/ECS (kT/e = 0,026 V B 24°C). Les 
valeurs obtenues pour les autres phtalocyanines sont donnCes 
au tableau 1 qui indique Cgalement l'effet du pH sur ces 

*Instabilitt de la FePc en milieu alcalin. 

valeurs. On remarque qu'une augmentation du pH de la solu- 
tion tend a diminuer la valeur du potentiel de bandes plates, 
mais d'une faqon trtts peu significative. Cette constatation sug- 
gttre qu'aucune adsorption spCcifique d'espkces ioniques ne se 
produit sur la surface des semiconducteurs qui permettrait de 
changer la chute de potentiel B travers la double couche 
d'Helmholtz lors d'une variation du pH de la solution, comme 
dans le cas de la plupart des semiconducteurs. Jaeger et al. (19) 
ont d'ailleurs observC que les niveaux d'Cnergie de H2Pc 
demeuraient pratiquement inchanges lors d'une variation 
de pH. 

Le tableau met Cgalement en Cvidence l'effet de l'atome 
central de la molCcule de phtalocyanine. On constate que la 
valeur du potentiel de bandes plates croit dans l'ordre FePc < 
CuPc < H,Pc, bien que le changement soit a nouveau peu 
prononcC compte tenu de l'erreur experimentale (*0,02 V). 
Dahlberg et Musser (12) ont mesurC les photovoltages B satu- 
ration dans des cellules photovolta~ques utilisant les m&mes 
tlectrodes de phtalocyanine et ils ont observC qu'ils croissaient 
suivant le m&me ordre. La valeur du photovoltage leur apparait 
Ctroitement relike a l'alignement de 1'Cnergie des orbitales d du 
mCtal central avec la limite supCrieure de la bande de valence 
de la phtalocyanine, dCterminC i partir des spectres de photo- 
Cmission de ces mattriaux semiconducteurs. Ainsi, les 
orbitales 3d  de symCtrie e, (d,,, d,,) de l'ion femque sont 
localisees au m&me niveau d'Cnergie que la plus haute orbitale 
occupCe par des electrons n de la phtalocyanine et aucun photo- 
voltage ne s'est manifest6 avec la FePc. Par ailleurs, les 
orbitales 3 d  de l'ion cuivrique montrent une bonne stparation 
CnergCtique avec cette orbitale et un photovoltage 1Cgerement 
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V I D E  
I 

4 : zone d ' b t a t s  de s u r f a c e  

FIG. 5 .  Diagrammes de niveaux dlCnergie pour la phtalocyanine sans mCtal (H2Pc): (a) milieu acide; (b) milieu neutre; (c) milieu alcalin. 

infkrieur a celui prtsente par la H2Pc, ne possCdant aucun 
Clectron d, a CtC observC avec la CuPc. ~ t a n t  donnC que la 
valeur du photovoltage a saturation correspond a la courbure 
des bandes du semiconducteur a 1'Cquilibre (dans le noir), 
les raisons ci-haut mentionntes expliquent les difftrences 
obtenues dans les valeurs de potentiel de bandes plates. 

La concentration des accepteurs d'Clectrons ( N A )  dtterminCe 
a partir de la pente de 1'Cquation Mott-Schottky est de 
l'ordre de 102'/cm3 pour les trois phtalocyanines CtudiCes (E 
mesurte = 3,8 * 0,3); ceci reprCsente une valeur trks ClevCe, 
car les semiconducteurs hautement dopts posskdent des con- 
centrations supkrieures a 10'8/cm3. Ces rCsultats montrent le 
signe evident d'imperfections a la surface des phtalocyanines 
donnant lieu a des niveaux d'Cnergie discrets situCs a I'intCrieur 
de la bande interdite. Ces Ctats de surface pikgent les Clectrons 
provenant de la bande de valence en y crCant un surplus de trous 
mobiles. I1 est connu que les phtalocyanines sont activCes 
lorsqu'elles absorbent l'oxygkne, leur structure Ctant analogue 
a celle du groupe prosthttique de I'hCmoglobine (28). De ce 
fait, l'oxygene doit Ctre grandement responsable de la concen- 
tration ClevCe en porteurs majoritaires. Nos rCsultats sont en 
accord avec ceux obtenus prCcCdemment par Crine' qui a utilist 
la mCrne mtthode de mesure. 

A la lumikre des potentiels de bandes plates dtduits des 
courbes Mott-Schottky, nous pouvons ttablir les diagrammes 
de niveaux d'tnergie reliCs aux cellules d'Clectrolyse photo- 
assistCe de l'eau utilisant les Clectrodes de H,Pc, CuPc et FePc, 
bien que l'on soit conscient des limitations de la mesure en 
raison de la prksence des Ctats de surface et de la seule frC- 
quence utilisCe (200 Hz). La figure 4 nous donne un potentiel 
de bandes plates de 0,63 V/ECS (-5,37 eV) pour H2Pc Ctudite 
en milieu neutre. Prenant une diffkrence CnergCtique d'environ 
0 , l  eV entre la limite supkrieure de la bande de valence et le 

'J. P. Crine. Communication privte. Varennes. 1979. 

niveau de Fermi (le semiconducteur est tres dopC) et con- 
naissant la valeur de la bande interdite des phtalocyanines (2,O 
eV), on peut situer la limite infkrieure de la bande de conduc- 
tion a -3,47 eV (fig. 5(b)). Sur cette figure, la zone d'Ctats de 
surface dCduite de la courbe capacitt-tension (fig. 2) posskde 
une densit6 maximale localisCe a -4,77 eV. 

A pH 6,8, les couples Ht /H2 et 0 2 / H 2 0  sont situCs 
respectivement a 4,10 et 5,33 eV sous le niveau du vide. ~ t a n t  
donnC que les concentrations d'hydrogkne et d'oxygene dans la 
cellule sont nulles au dCbut de l'Clectrolyse, le niveau de Fermi 
de 17Clectrolyte est fix6 en plein centre des niveaux Ht /H2 et 
0 2 / H 2 0 ,  soit a -4,72 eV. Les potentiels de bandes plates 
dCterminCs en solutions acide et alcaline ont permis d'etablir les 
diagrammes de niveaux d'Cnergie illustrCs dans les figures 5(a) 
et 5(c). Des analyses similaires concernant les autres phtalo- 
cyanines (CuPc, FePc) ont men6 aux diagrammes reproduits 
dans les figures 6 et 7. 

3.3 Courbes cyclovoltamme'triques 
La voltametrie cyclique a kt6 utilisCe pour caractiriser le 

comportement Clectrochimique et photoClectrochimique des 
films de H2Pc, CuPc et FePc vis-a-vis la rCaction du dt -  
gagement de l'hydrogene. En l'absence de film phtalocyanine, 
1'Clectrode d'or montre une densit6 de courant beaucoup plus 
importante a partir de -0,40 V/ERH. Les courbes obtenues 
dans le noir rkvklent un phCnomkne dlhysttrCsis entre les ba- 
layages d'aller et de retour, la densitt de courant Ctant 
plus faible lors du balayage de retour (figures 8 et 9). 
L'irrCversibilitC du processus est attribute a des espkces rtduc- 
tibles sur la surface du semiconducteur: au cours du balayage 
d'aller, la surface se nettoie par rkduction irrkversible des irn- 
puretCs. Cet hystCrCsis diminue toutefois avec les cycles. La 
densite de courant correspondant a une tension d'Clectrode 
donnCe diminue 1Cgkrement avec les cycles, ce qui peut Ctre 
expliquC par la formation de bulles 2 la surface de 1'Clectrode 
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CuPc pH=1,4 P I  I I CuPc p H = 6 , 8  P t  I I 

FIG. 6. Diagrammes de niveaux d'knergie pour la phtalocyanine de cuivre (CuPc): (a) milieu acide; (b) milieu neutre; (c) milieu alcalin. 

i c h e l l e  

( C  d ~ e c t r o c h i r n i ~ u e  

( V/ENH ) 

VIDE - 

i c h s l l e  d e  

l ' i t a t  sol id@ 

( e v )  

4 :  zone d'e'tats de s u r f a c e  

d c h e l l e  

( b )  ;lectrochimique 

( V/ENH) 

FIG. 7. Diagrammes de niveaux d'knergie pour la phtalocyanine de fer (FePc): (a) milieu acide; (b) milieu neutre. 

i c h e l l e  do  

l 'd to t  ao l ide  

( e v )  

lors du dCgagement d'hydrogene, bloquant ainsi certains sites pics ne sont pas associb a la reduction de la molCcule 
rkactionnels. Notons que les Clectrodes de H,Pc et CuPc organique de phtalocyanine, mais plut6t a celle du cation cen- 
prCsentent des courbes similaires. tral. Compte tenu du traitement de l'electrode, le fer est pro- 

La courbe de polarisation cathodique de l'electrode de FePc bablement a l'etat d'oxydation 111 donnant lieu au complexe 
(fig. 9) prCsente deux pics de rkduction, ce qui n'a pas CtC densit6 de spin ClevC Fe"' PC' 0,. En effet, l'existence de Fe"' 
observe avec les autres phtalocyanines. Cela indique que ces a 1'Ctat stable implique la presence d'un ligand supplementaire 
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TENSION D'ELECTRODE (v/ERH) 

- 
k l a c t r o d a  d l  travai l :  1 0 0 0  1 HIPc 

Solution: HISO, 0,I N ( p ~ . 1 . 4 ) ; ~ = 2 4 ~ ~  

V i t a a r e  de ba layage:  10 mv/s 

- Condit ion d' i l lumination: dans  le noir  

- Prmmier cyc le  

-- D b u r i i m e  cyc le  
- 8 0 0  - 

-9900 - 

FIG. 8. Courbe de polarisation cyclovoltammCtrique de la phtalo- 
cyanine sans mCtal (H2Pc) en milieu acide. 

accepteur (Ox) situC entre deux atomes de fer de deux molt- 
cules voisines pour des raisons de symttrie (29). 

Les essais rtalisCs en solutions acide, neutre et alcaline ont 
permis d'Ctudier l'effet du pH de la solution: la densitt de 
courant cathodique correspondant a une tension d'tlectrode 
donnee est rtduite de f a ~ o n  apprtciable en solution neutre 
(pH = 6,8), alors qu'elle varie peu lorsque le pH de la solution 
passe de 1,4 a 12,6. En solution neutre, la concentration 
ionique de 1'Clectrolyte est plus faible et par consequent la 
densit6 de courant cathodique mesurte est moins importante 
qu'en solutions acide et alcaline ou les concentrations en ions 
H' et OH- sont t r b  ClevCes. 

Lors de l'illumination des Clectrodes de phtalocyanine par 
une lampe au tungstene-halogkne (150 mW/cm2 effectifs en 
surface de l'e'lectrode), aucun changement n'a kt6 observi dans 
la variation de la densitt de courant avec la tension imposte 
a 1'Clectrode semiconductrice. Notre modkle d'interphase 
semiconducteur- tlectrolyte (figures 5-7) peut expliquer cette 
absence d'effet de la lumikre sur le dCgagement d'hydrogkne. 

Lorsqu'un photon est absorb6 a l'tlectrode semiconductrice, 
une paire tlectron-trou est crt te.  Les paires photogtntrtes 
dans la rtgion d'appauvrissement de charges sont immCdia- 
tement stpartes par le champ tlectrique qui s'y trouve. Les 
Clectrons (porteurs minoritaires) sont dirigts vers la surface de 
l'tlectrode pour remplir des ttats interfaciaux qui agissent de 
mtdiateurs de transferts de charges a des accepteurs en solution 
(espkces oxydees) dont la densitt des ttats d'Cnergie recouvre 
celle des Ctats interfaciaux. Cornme ces densitCs ne peuvent se 
recouvrir selon nos diagramrnes de niveaux d'Cnergie (figures 
5-7), les Ctats de surface agissent plut6t comme centres de 
recornbinaison, inhibant ainsi tout effet de lumikre. Par ail- 

~ l e c t r o d e  de  I r o v o i l :  1 0 0 0  H F a P c  

Solution : H 2 S 0 4  0 , I  N ( p ~ = 1 . 4 )  : T = 2 4 ' ~  
V i l e a r e  do b a l a y a g e :  10 mv/r 

Condit ion d' i l lumination: dana  Ib noir 

- Premier cyc le  

--Deuri;me cycle 

... T r o i r i i m e  cyc le  

FIG. 9. Courbe de polarisation cyclovoltammCtrique de la phtalo- 
cyanine de fer (FePc) en milieu acide. 

leurs, la concentration trks Clevte en porteurs majoritaires con- 
fkre aux phtalocyanines une region d'appauvrissement de 
charges relativement mince qui diminue de f a ~ o n  significative 
la quantitt de photons absorbts. 

En absence d'Ctats de surface, le transfert d'ilectrons de la 
bande de conduction aux espkces oxydCes H30' ou HxO en 
solution serait facilitt en milieu alcalin en raison du 
recouvrement plus important de la densitt des Ctats d'tnergie 
de ces espkces (niveaux non occupCs par des tlectrons) avec la 
bande de conduction; ce transfert devrait Etre plus apprtciable 
dans le cas de l'tlectrode de H2Pc en raison de la position moins 
t levte de ses bandes d'Cnergie. Par ailleurs, les diagrammes 
de niveaux d'tnergie suggkrent un apport en tnergie Clectrique 
moindre a pH alcalin pour initier la photodCcomposition de 
l'eau, ce qui favorise un rendement de conversion de l'tnergie 
optique en tnergie chimique plus Clevt. En effet, une tension 
cathodique (U,) doit Etre appliqute a l'tlectrode de phtalocya- 
nine en sus de l'illumination pour abaisser le niveau de Fermi 
de l'tlectrode auxiliaire mCtallique (EF,,,) au-dessous du 
niveau E021Hz0 (EOzlOH-) et ainsi assurer l'oxydation de l'eau. 
La tension minimale (thtorique) requise pour mener cette rCac- 
tion d'oxydation ((Uc),i,) diminue avec l'augmentation du pH 
de la solution, passant de 0,53 V (pH = 1,4) a 0,25 V (pH = 
6,8) puis a 0 V (pH = 12,6) dans le cas de la cellule utilisant 
une tlectrode de H,Pc (fig. 5). On peut remarquer qu'une 
courbure de bandes de l'ordre de 0,3 V, ntcessaire a une 
stparation adCquate des paires electron-trou photo- 
gtntrtes par le champ Clectrique (30), a CtC respectee dans 
l'ttablissement des diagrammes de niveaux d'energie. 

En comparant les figures 5 a 7,  on est en mesure de constater 
que l'apport en tnergie Clectrique croitrait dans l'ordre HxPc < 
CuPc < FePc, faisant ttat des diffkrences dans les valeurs du 
potentiel de bandes plates. En effet, un potentiel plus ntgatif 
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s'tloigne davantage de la tension uOIlHzO (UO1lObl-) exigeant 
par constquent une tension suptrieure pour amorcer 
l'oxydation de l'eau. Concemant 1'Clectrode de FePc immergte 
en solution acide, la courbure de bandes rksultant de la jonction 
semiconducteur-Clectrolyte est 1Cghement infkrieure a 0,3 V, 
ce qui implique que l'illumination de cette Clectrode serait 
inefficace compte tenu du taux ClevC de recombinaisons des 
paires Clectron- trou photogCnCrCes. 

4. Conclusion 
L'illumination des electrodes de phtalocyanine n'a produit 

aucun effet sur la rCaction du dtgagement de l'hydrogkne. Un 
modele d'interphase semiconducteur-electrolyte Ctabli a partir 
des mesures de capacite diffkrentielle peut expliquer cette 
absence de photocourant. L'analyse des courbes capacitC- 
tension a rCvC1C la presence de niveaux intermkdiaires 1ocalisCs 
a I'intCrieur de la bande interdite des semiconducteurs et 
recouvrant environ 1% de leurs sites de surface. Ces Ctats 
interfaciaux qui pi2gent les Clectrons photogCnCrCs dans la ban- 
de de conduction ne peuvent permettre leur transfert en solution 
en raison du non recouvrement de leur densite d'knergie avec 
la densit6 des Ctats d'Cnergie des espkces oxydCes H30+ ou 
HZO; ils agissent plutBt comme centres de recombinaison, 
empkhant la manifestation d'un photocourant. De plus, la 
concentration trks ClevCe en porteurs majoritaires (- 10" /cm3) 
confere aux phtalocyanines une rCgion d'appauvrissement de 
charges trks mince qui diminue de f a ~ o n  significative la 
quantitt de photons absorbks. 

L'Clectrolyse photoassistee de l'eau deviendrait possible 
avec des Clectrodes de phtalocyanine qui absorbent fortement 
dans le visible par 1'Climination des Ctats de surface. Selon nos 
diagrammes de niveaux d'knergie, la rCaction photocathodique 
du dCgagement de l'hydrogkne serait facilitCe en milieu alcalin 
et avec une Clectrode semiconductrice de H,Pc. Par ailleurs, 
l'apport en Cnergie Clectrique serait moins important dans ce 
m i k e  milieu et avec la m2me Clectrode de phtalocyanine pour 
initier la rCaction anodique du dkgagement de l'oxygkne a 
1'Clectrode auxiliaire mktallique, ce qui favoriserait Cgalement 
un rendement de conversion de I'Cnergie optique en Cnergie 
chimique supCrieur; les rendements diminueraient dans l'ordre 
H2Pc > CuPc > FePc. Une exposition moins prolongCe des 
films de phtalocyanine a l'atmosphkre attCnuerait probable- 
ment la densit6 des Ctats de surface, l'oxygkne Ctant sans doute 
responsable de leur prCsence. Cependant, la grande rCsistivitC 
des phtalocyanines (17) nCcessite la prCsence d'une concen- 
tration suffisamment ClevCe d'oxygkne jouant le rBle de do- 
pant. En effet, il a CtC observC que le rendement quantique est 
accru lorsque les couches minces organiques sont exposCes 2 
l'air ambiant (1 1). 
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Vibrational analysis of (E, E)-2,4-hexadienal, (E, E, E)-2,4,6-octatrienal, and 
(E, E, E)-3-methyl-2,4,6-octatrienal 
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M. M. ABO ALY, M. H. BARON, J .  FAVROT, J. BELLOC, and M. REVAULT. Can. J .  Chem. 63, 1587 (1985). 
Attempted vibrational assignments of (E,E)-2,4-hexadienal, (E,E,E)-2,4,6-octatrienal, and (E,E,E)-3-methyl-2,4,6- 

octatrienal are given between 3 100 and 50 cm-I. We particularly discuss spectroscopic effects of the aldehydic group presence, 
enlargement of the polyenal chain length, and methyl lateral substitution. 

M. M. ABO ALY, M. H. BARON, J .  FAVROT, J.  BELLOC et M. REVAULT. Can. J .  Chem. 63, 1587 (1985). 
L'attribution d'ensemble des spectres ir et Raman de trois poly6nals: (E,E)-hexadikn-2,4-al-I, (E,E,E)-octatrikn-2,4,6-al- I 

et (E,E,E)-methyl-3-octatrikn-2,4,6-al-I est proposke. Elle permet de discuter les effets spectroscopiques lies a l'introduction 
d'un groupement aldkhydique, 2 I'allongement des chaines conjugukes et leur substitution par un groupement mkthyle. 

1. Introduct ion 

This work is included in the general frame of studies on 
polyenes, polyenals, and phototransformation of retinal and its 
imine derivatives (1 -6). Progress in technology permits new 
very interesting vibrational studies on molecules of biological 
interest; however, complete vibrational analysis is not often 
possible and this limits the full significance of the results. In 
recent papers on retinal and imine derivatives, we have pointed 
out that deconjugated products can be obtained by irradiation 
with various laser lines (1-3, 5). Raman spectra of these new 
products show that the deconjugation may occur, according to 
the experimental conditions, on the eighth or on the tenth 
carbon of the polyenic chain. They also indicate that each of 
these new compounds may be  present as various stereoisomers. 
An accurate analysis of these spectra would allow a better 
knowledge of the structure of these photoproducts. However, 
there are no vibrational assignments of stereochemically well- 
defined model polyenals with two or three successive conju- 
gated double bonds. 

We have already shown, from a detailed analysis of the ir 
and Raman spectra of the three stereoisomers of 2,4-hexadiene, 
that there are general spectroscopic trends characteristic of the 
configuration of the double bonds (4). Concerning aldehydic 
compounds, there is only a nmr study on 2,4-hexadienal stereo- 
isomers (7). In this paper we propose the vibrational analysis 
of all trans polyenals with two or  three conjugated C=C 
bonds, (E, E)-2,4-hexadienal (HAL) and (E, E,  E)-2,4,6-octa- 
trienal (OAL), respectively. Modifications on vibrational spec- 
tra introduced by lateral methyl substitution have also been 
interpreted from the study of (E, E,  E)-3-methyl-2,4,6-octa- 
trienal (MOAL). 

2. Materials  a n d  me:hods 
2,4-Hexadienal is commercially available from Aldrich Corp. as a 

mixture of stereoisomers. (E,E)-2,4-hexadienal (HAL) was purified 
following the method of Albriktsen and Harris (8). The raw product 
is cooled at -60°C and transferred to a precooled filter funnel at 
-40°C. The noncrystalline products are drawn out. The crystalline 
products are melted at -20°C, recooled to -60°C, and filtered at 
-20°C. A product, still crystalline at -20°C, is recovered at - 12OC. 

' Permanent address: Ain Shams University, Faculty of Sciences, 
Chemistry Department, Cairo, Egypt. 

' ~ u t h o r  to whom correspondence should be addressed. 

'The nmr and ir spectra indicate a purity of 99% for the (E,E) stereo- 
isomer in this sample (one aldehydic doublet 6 = 9.53 ppm in CD,CN 
solvent (8), mp - 18"C, A in ethanol = 271 nm) (9). 

(E,E,E)-2,4,6-octatrienal (OAL) was prepared by the method pro- 
posed by Blout and Fields (9). In the last step, OAL was purified by 
several sublimations, instead of distillation, followed by crys- 
tallization in hexane. A hplc qualitative analysis indicates the purity 
of the (E,E,E) stereoisomer: only one elution peak at 320 nm, (mp 
56"C, A in ethanol = 315 nm) (9). 

(E,E,E)-3-methyl-2,4,6-octatrienal (MOAL) was obtained from 
3,5-heptadiene-2-one prepared by the method of Attenburrow et al. 
(10). The following steps are described by Weedon and Woods ( I  I). 
Activated MnO? is used for the oxidation of 3-Me-2,4,6-octatrienol to 
obtain the corresponding aldehyde. Finally, the all-trans stereoisomer 
is separated from the others by the same low temperature crys- 
tallization method used for HAL. The nmr spectrum of the purified 
sample indicates a purity of 95% for the (E, E, E) compound (aldehydic 
doublet 6 = 10.08 ppm in CDsCN solvent, mp 19"C, A in ethanol = 
322 nm). 

The ir spectra between 4000 and 200 cm-I were recorded on 
Perkin-Elmer spectrophotometers (PE 180 and PE 983), with spectral 
slits of 1 cm-' above 600 cm-' and about 4 cm-' below 600 cm-I. 
Below 200 cm-' an evacuabIe Brucker spectrophotometer IFS-I 13 
was used with a resolution of 4 cm-I. Liquid samples were inserted 
between two CsI windows or in polyethylene cells. Spectra of solid 
OAL were obtained by introducing the sample directly, or as Nujol 
mulls, between CsI or polyethylene plates. 

The Raman spectrophotometer was a model RT Dilor equipped with 
a Kr' (A,,, = 647 1 A) Spectra-Physics laser. Solids, neat liquids, and 
solutions were inserted in 2-mm diameter tubes. For polarization 
measurements the spectrophotometer response was calibrated over the 
0 to 4000 cm-' range by using a white light lamp. 

3. ResuIts a n d  discussion 

The  three all-trans compounds belong to the C, point group. 
The 39  normal modes of HAL are represented by 2 6  A' and 
13 A", the 5 1 normal modes of O A L  by 34 A' and 17 A", and 
the 6 0  normal modes of MOAL by 39  A' and 21 A". 
Vibrational assignments for HAL, OAL, and MOAL will b e  
successively proposed. In a fourth part, the attribution of the 
aldehydic modes will be confirmed by analysis of the ir and 
Rarnan spectra of these compounds in solution in CC14 or  CS2. 
Wavenumbers and descriptions of Raman and ir bands relative 
to  HAL, OAL,  and MOAL are listed in Tables 1,  2 and 3 
respectively and the corresponding spectra are reported in  
Fig. 1. 
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I I I I 
lb"0 

I 
2000 I600 1200 000 400 nil- I 

FIG. 1. (E, E)-2,4-hexadienal (A), (E, E, E)-2,4,6-octatrienal (B), (E, E,E)-3-methyl-2,4,6-octatrienal (C): ir and Raman spectra. A, C: neat 
liquid samples. (1) Film between CsI plates, (2) 100-pm polyethylene cell (A), film between TPX (poly-4-methyl- I-pentene) plates (C). Bands 
due to isomers are indicated by *. B: solid samples. (1) Solid film between CsI plates, (2) Nujol mull between TPX plates. 
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3- 1 .  (E,E)-2,4-hexadienal (HAL) (Table 1, Fig. 1) 

3-1-1. Regio~z 3100-2700 em-' 
Most assignments in this region are similar to those already 

given for (E,E)-2,4-hexadiene (4). However, a 2808-cm-' 
band, which does not occur in (E,E)-2,4-hexadiene spectra, is 
assigned to the aldehydic CH stretching mode (v CHa) 
(12- 17). Another rather strong band at 2734 cm-' corresponds 
to the overtone of the deformation mode of the same CH group 
(2 6 CHa), in Fermi resonance with the v CHa (12- 19). 

3- 1-2. Region 1700- 1000 em-' 
Classical assignments are given for the carbonyl stretching 

mode (v CO) (20-22), the ethylenic modes (v C=C), and 
methyl group CH deformations (6:, 6,, and 6, CH.0 (4, 23-25). 
For (E)-crotonaldehyde, 6, CH3 and 6 CHa are assumed to be 
coupled (12). This may not be the case for HAL, where the CH, 
group is farther from the CHa group. We assign the weak ir and 
Raman line at 1394 cm-' to 6 CHa. Compared to 
(E,E)-2,4-hexadiene, the low frequency 6 CHe at 1214 cm-' 
may result from a coupling with an aldehydic motion, probably 
the 6 CHa one The strong ir band and the Raman polarized line 
at 1166 cm-' correspond to the central C-C stretching mode 
(V C-C) (4). The stretching v CCHO mode is observed at 
1120 c m '  as in acetaldehyde (15- 17), slightly lower than for 
crotonaldehyde (12) and acrolein (26) and close to calculated 
and experimental frequencies obtained for retinal (27, 28). 

Around 1000 cm-', the depolarized line at 1035 cm-' is 
assigned to the A r- CH, mode; both the r CH, and v C-CH3 
are involved in the 1085 and 926-cm-' A' modes (polarized 
lines), as for other methylated products (12, 24, 25). We shall 
see, further, that this band also corresponds to a y CHe mode, 
as in (E,E)-2,4-hexadiene (4). For crotonaldehyde, y CHa has 
not been assigned (12). However, experimental results for this 
compound show that a band at 101 l cm-' in the neat liquid 
moves to 1005 cm-' in solution. With HAL, we observe the 
same experimental feature for a line at 1014 c m ' ,  strong in the 
ir spectrum, weak and depolarized in the Raman one. We 
propose then to associate those bands with the y CHa modes of 
the two enals. 

3-1-3. Region 1000-750 em-' 
Four bands in this range may be assigned to depolarized 

ethylenic out-of-plane CH motions (y CHe). In the Raman 
spectrum, one has a medium intensity (863 cm-') and the three 
others are very weak (926 cm-' (see above), 988, and 777 
cm-I). All of them have medium or strong intensity in the ir 
spectrum. 

3-1-4. Region 750-280 em-' 
Three kinds of carbon skeleton planar deformation modes 

are expected in this range: one 6 CCO, one 6 CCCH,, and three 
6 CCC corresponding to central carbons. For crotonaldehyde, 
the deformation at higher frequency is the 6 CCO mode (12). 
For (E,E)-2,4-hexadiene, among the four expected planar skel- 
etal deformations, the two occurring at lower frequency corre- 
spond mainly to the 6 CCCH, modes and the two at higher 
frequencies to the central 6 CCC modes (4). For HAL, we 
clearly observe three polarized lines: one at 612 cm-' is 
assigned to 6 CCO, another at 298 cm-' to 6 CCCH,, and the 
third one at 375 cm-' to a central 6 CCC. Two other ir bands 
(504 and 480 cm-I), for which it was not possible to measure 
a depolarization ratio (not observed in Raman), are assigned to 
the two last 6 CCC; those frequencies seem too high to corre- 
spond to out-of-plane torsion (t) modes (t C=C), the higher 

t C=C mode for (E,E)-2,4-hexadiene being proposed at 355 
cm-' (4). 

3- 1-5. Regiorz 300-50 em-' 
Although we have not been able to measure their depolar- 

ization ratio, all bands observed in this range should correspond 
to out-of-plane torsion modes for double and single bonds: two 
t C=C, one t C-C, one t CCH,, and one t CCHO. 

For (E)-2-butene (29) and (E)-crotonaldehyde (12), the t 
C=C, slightly coupled with a y CHe, is observed at ca. 280 
cm-'. For (E)-1,3-pentadiene, it is given at 250 cm-' (25). For 
(E,E)-2,4-hexadiene, one occurs at 355 cm-', the other at 235 
cm-' (4). For both dienes, the t C=C modes are configuration 
dependent, which suggests that t C=C motions are also cou- 
pled with out-of-plane motions. For HAL, the polarized 298 
cm-' line presents a shoulder which could correspond to the 
higher t C=C mode, the 242-cm-' very weak ir and Raman 
band being an alternative assignment. The lower t C=C may 
account for the medium ir and very weak Raman peak at 200 
cm-' . 

For propene (24, 30), pentadiene (25), (E)-2-butene (29, 
31), and isoprene (32), t CCH, occurs also at ca. 200 cm-'. 
Bands around 120 cm-' are generally assigned to the t CCHO 
modes (12, 14, 26, 33) and the central t C-C modes are 
assumed to occur between 50 and 170 cm-' (4, 25, 32-36). In 
our low frequency spectra, we clearly observe a medium ir line 
at 126 cm-' and a shoulder at 145 cm-'. As in (E,E)-2,4- 
hexadiene (4), t CCH3 and t C-C may be coupled, and both 
contribute to these bands, however, the 126 cm-' should also 
be assigned to t CCHO. 

3-2. (E,E,E)-2,4,6-octatrierzal (OAL) (Table 2, Fig. 1) 
OAL is a solid at room temperature. Depolarization ratio 

measurements have been obtained from solution Raman spec- 
tra. 

3-2- 1. Regiorz 3100-2700 cm-' 
Only four out of six expected v CHe may be identified from 

the ir and Raman spectra. v CHa and 2 6 CHa still in Fermi 
resonance are slightly higher than in HAL. An additional ir 
medium intensity band at 2716 cm-' likely corresponds to a 
combination tone between ethylenic and aldehydic CH defor- 
mations; we shall see that a new 6 CHe band occurs for OAL 
at 1334 cm-'. 

3-2-2. Regiorz 1700- 1000 em-' 
The v CO is assigned to the 1680-cm-' Raman and 

1670-cm-' ir bands. The three v C=C probably correspond to 
the 1638, 1604, and 1578 cm-' bands (37, 38). 

6(, 6,, 6,, r A', r A", 6 CHa, v CCHO, and y CHa are 
observed at about the same frequencies for OAL and HAL. As 
expected, compared to HAL, there are two supplementary 
bands (1334 and 1256 cm-') in the 6 CHe range. On the other 
hand, only one v C-C is clearly observed at 1162 cm-', 
although two are expected as in hexatriene (37, 38). The sec- 
ond one may be assigned to a weak shoulder observed at ca. 
1140 cm-'. However, a slight amount of cis isomer would also 
give a band around this frequency (4). 

3-2-3. Regiorz 1000- 750 em-' 
For OAL, the v CCH, is again assigned to a 929 cm-' 

polarized line, but the close depolarized mode y CHe at 938 
cm-' is well resolved in this case. The five other expected y 
CHe observed in ir are very weak in Raman, except for the 
892-cm-' (dp) one, in analogy with the 863-cm-' (dp) y CHe 
of HAL. 
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TABLE I. Experimental vibrational frequencies of (E.E)-2.4-hcxadicnal in ncat liquid state (liq) 
and in carbon tetrachloride solution (sln) (c = 0. I M )  

- - 

Raman Raman Infrared Infrared 
(liq) P (sln) (liq) (sln) Type Assignment 

v CHc 
v CHc 
v CHc 
v CHc 
v: CHI 
v C=C ( 1603) + 6, CHI 
v., CHI 
v, CHI 
2 6: CHI 
2 6 ,  CHI 
v: CHI + 6 CHa 
v CHa 
2 6 CHa 
v co 
v C=C 
v C=C 
r CH, + 6 CCC 
6: CHI 
6 ,  CH, 
6 CHa 
6, CHI 
6 CHc 
6 CHe 
6 CHe 
6 CHe 
v C-C 
v CCHO 
r CHI 
r CHI 
y CHa 
y CHc 
v CCHI, y CHC 
y CHc 
y CHe 
6 CCO 
6 CCC 
6 CCC 
6 CCC 
6 CCCHI 

t C=C 

t C=C 
t CCHI/t C-C 
t CCHO/t C-C 

Abbreviations: P: p < 0.7; dp: 0.7 < p < 0.8. Intensity: vw = very weak; w = weak; In = medium; s = 
strong; vs = very strong; sh = shoulder. 

3-2-4. Region 750-280 ctn-' 
Seven bands are observed in this range. Four are polarized. 

That at the highest frequency is assigned to 6 CCO, the lowest 
one to 6 CCCH,, and the two in the middle to two out of the 
five expected 6 CCC. The three other bands are weak and their 
depolarization ratios have not been obtained. Those at 410 and 
475 cm-' are also assigned to the 6 CCC modes. The 343-cm-I 
band may correspond to a t C=C mode. 

3-2-5. Region 280-50 cm-' 
As for the assignment of the HAL low frequency spectra, we 

think that the two higher frequency bands (240 and 190 cm-') 
correspond to two t C=C modes, the 1 6 0 - ~ m - ~  shoulder to the 
t CCH, mode, and the 138-cm-' band to the t CCHO mode. A 
supplementary absorption observed at 92 cm-' is assigned to 

one of the two t C-C modes of OAL. 

3-3. (E,E,E)-3-methyl-2,4,6-octutrienul (MOAL) (Table 3,  
Fig. 1) 

3-3-1. Region 3100-2700 ctn-' 
Four out of the five expected v CHe are identified at about 

the same frequencies as for OAL. The wavenumbers of peaks 
corresponding to v:, v,, and v, CH, do not change, nor those 
assigned to 6 CH, harmonic and combination tones, despite the 
presence of the lateral (lat) methyl group. On the other hand, 
the ir spectrum is significantly different in the 2850 to 2700 
cm-' range. Making the same assignments for OAL and 
MOAL, replacement of the 28 16, 2750, and 2716-cm-' bands 
of OAL by 2835, 2770, and 2725 cm-I, respectively, for 
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ABO ALY ET AL. 

TABLE 2. Experimental vibrational frequencies of (E,E,E)-2,4,6-octatrienal in solid state (sld) or in 
Nujol mull (a) and carbon tetrachloride or in carbon disulfide (b) solution (sln) (0.3 > c > 0.1 M) 

Raman Raman Infrared Infrared 
(sld) (sln)CCl, P (sld) (sln)CCId Type Assignment 

v CHe 
v CHe 
v CHe 
v CHe 
v: CH3 
v, CH3 
US CH3 
2 6: CHX 
2 6, CH3 
v CHa 
6, CH3 + 6 CHe (1334) 
2 x 6 CHa 
6 CHa + 6 CHe (1334) 
v co 
v C=C 

V C=C 

V C=C 
6: CH, 
6, CH3 
6 CHa 
6, CH3 
6 CHe 
6 CHe 
6 CHe 
6 CHe 
6 CHe 
6 CHe 
V C-C 
V C-C 
v CCHO 
r CH3 
r CH3 
y CHa 
y CHe 
y CHe 
y CHe 
v CCH3 
y CHe 
y CHe 
y CHe 
6 CCO 
6 CCC 
6 CCC 
6 CCC 
6 CCC 
t C=C 
6 CCCH, 
t C=C 
t C=C 
t CCH, 
t CCHO 
t C-C 

See Table 1 for abbreviations. 

MOAL may be due to increased frequencies of the v CHa and 3-3-2. Region 1700-1020 cm-' 
6 CHa modes when the polyenal is 3-methyl substituted. We The v CO mode and two of the three v C=C modes occur, 
shall see that it is in agreement with the assignment of the respectively, at lower frequency than for OAL. &and 6, of the 
1402-cm-' band to the 6 CHa mode of MOAL. Furthermore, two methyl groups of MOAL are not resolved. Both the 6, CH, 
intensity enhancement of the 2 6, CH, harmonic (2850 cm-I) differ by only 4 cm-I. The 6 CHa is assigned to the 1402 cm-'; 
may be due to its peculiar proximity to the v CHa mode in although the intensity of this peak decreases as the purity of the 
MOAL. (E,E,E) stereoisomer increases, it stays relatively intense (me- 
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TABLE 3. Experimental vibrational frequencies of (E,E,E)-3-methyl-2,4,6-octatrienal in neat liquid 
state (liq) and in carbon disulfide solution (sln) (0.3 > c > 0.1 M) 

Raman Raman Infrared Infrared 
( l i d  P (sln)CSz (liq) (sln)CSz Type Assignment 

- - 

v CHc 
v CHe 
v CHe 
v CHe 
v: CH3 
v, CH3 
v s  CH3 
2 6: CH3 
2 6, CH3 
v CHa 
2 6 CHa 
6 CHa + 6 CHe (1 335) 
v co 
v C=C 
v C=C 
v C=C 
6: CH3 
6, CH3 
6 CHa 
6, CH3 
6, CH3 
6 CHe, v C3-C4 
6 CHe 
6 CHe 
6 CHe 
6 CHe 
v C3-C4, 6 CzHe 
v C-C 
v C-CHO 
r CH3 (ter) 
r CH3 (lat) 
r CH3 (ter) 
r CH3 (lat) 
y CHa 
y CHe 
y CHe 
v C-CH3 (ter) 
y CHe 
v C-CH3 (lat) 
y CHe 
y CHe 
6 CCO 
6 CCC 
6 CCC 
6 CCC 
t C=C 
6 CCC 
6 CCC 
6 CCCH, (ter), (lat) 
t C=C 
t CCH, (lat) 
t CCH, (ter) 
t CCHO 
t C-C 

See Table I for abbreviations. 

dium in Raman) in the quasi pure product. coordinates analysis (27, 28), 6 CI4H also is coupled to v 
More important changes are expected below 1350 cm-'. C13-CH3 and v CIZ-CIP In the MOAL spectra, new polar- 

There must be: ( j )  one less 6 CHe. As a matter of fact, a band ized bands appear at 1335 and 855 cm-' and the intensity of the 
at ca. 1310 cm-' in the OAL spectra does not exist in the 1210 cm-' is strongly enhanced relative to the 1205-cm-I OAL 
MOAL spectra; (ii) one more v CCH3. In isoprene (32) and band. These features resemble those for retinal (27, 28) and 
2-methylacrolein (12), where there is a lateral methyl group, v clearly point out the triple coupling among 6 CzH, v C3-C4, 
C-C and v C-CH3 are coupled. According to retinal normal and v C3CH3 for this substituted octatrienal. 
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As for retinal (28), the r CH, modes of the lateral methyl 
group are assigned to the polarized line at 1020 cm- '  (A') 
(medium in the Raman spectrum, very weak in the ir) and to the 
1045-cm-' peak (A") (weak in ir). It should be noted that a 
band near 1020 cm-' in the HAL and OAL spectra had to be 
assigned to the y CHa mode, as it was depolarized. The  y CHa 
of MOAL may occur at lower frequency (27, 28). 

Compared to OAL, other modes are not modified. 
3-3-3. Region 1000- 700 cm-' 
The v CCH, mode of the lateral methyl group has already 

been assigned to the 855-cm-' Raman polarized line, and the 
930-cm-' line corresponds, as for OAL, to v CCH, of the 
terminal (ter) methyl group. 

Compared to OAL,  there is one less y CHe mode. The  y 
CHa mode being assigned as for retinal (27, 28) to a shoulder 
at 996 cm- ' ,  the five observed depolarized bands have to be 
associated with the y CHe modes. 

3-3-4. Region 750-280 cm-' 
The  polarized line at highest frequency (650 cm- ' )  is 

assigned to 6 CCO and the lowest one to both the 6 CCCH, 
terminal and lateral modes. The four other polarized bands 
between these two correspond to four out of the five 6 CCC 
expected. Among the two other weak bands for which depolar- 
ization ratios have not been obtained, the 570 cm- '  band has to 
be assigned to the fifth 6 CCC. The  other band at 465 cm- '  may 
be due to a t C=C mode, if we consider that the 3-methyl 
substituent of MOAL is in the cis position on the C2=C3 
double bond relative to the C,-C2 bond (4). 

3-3-5. Region 280-50 cm-' 
There are clearly not enough bands to assign all the expected 

out-of-plane torsional modes in this range. However, it seems 
relevant to assign one t C=C mode at ca. 200 cm- ' ,  one t 
C-C mode at 87 cm- ' ,  and the t CCHO mode at 131 cm- ' .  

3-4. Autoassociation effects on vibrational frequencies 
The  differences in frequencies between spectra of solid and 

solution samples for OAL are more important than the observed 
differences between neat liquid and solution for HAL and 
MOAL. However, for the three products, the major shifts are 
obtained for bands associated with the vibrations of the al- 
dehydic group: v C O ,  6 CHa, v CCHO, y CHa,  6 CCO. This 
confirms the assignment of these modes and proves that the 
aldehydic functions are more or less associated in the neat 
liquid and solid states. The y CHe around 880-860 cm- ' ,  
which is also dependent on the physical state of the sample, 
may be assigned to the C,-H group in the three products. 

Only for OAL one can observe a doublet at 1604 and 1617 
cm- '  for the solid and neat liquid samples. The 1604-cm-' 
band is the more intense in the solid state while the 1617-cm-' 
band becomes the stronger in the neat liquid state spectra. T o  
explain this effect, we propose a Fermi resonance between a v 
C=C mode at ca. 1610 cm- '  and a combination tone whose 
frequency should depend on the physical state of OAL. The v 
CCHO mode (1 110 cm- '  in solution, 1120 cm- '  in the solid 
state) and the 6 CCC mode (497 cm- ' )  might give such a 
combination tone. 
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PABLO J .  BRUNA, VOLKER KRUMBACH, and SIGRID D. PEYERIMHOFF. Can. J .  Chem. 63, 1594 (1985). 
Large-scale multi-reference single and double-excitation configuration interaction (MRD-CI) calculations are employed for 

the study of the isovalent compounds H2CNH, H2SiNH, H,CPH, and H2SiPH in their ground state equilibrium geometry. The 
dipole moments and charge distributions are given. The vertical excitation energies to the intra-valence states '.'(n,T*) and 
3 " ( ~ , ~ * )  and to the first members of the Rydberg series originating from n and T MO's respectively are predicted; the first 
two ionization potentials and the Rydberg term values are also calculated. In H2CNH, mixing of Rydberg and valence-shell 
states with CN stretching is analyzed. The trends in relative stability of electronic and ionized states can be directly related 
to increased orbital stability of n relative to T as soon as a first-row constituent is replaced by a second-row atom. 'The 
calculations explain the diffuse character of the uv spectrum of imines; they treat the molecules H2SiNH and HzSiPH for the 
first time and present a large number of data for all four molecules which can serve as a basis for future experimental 
investigations on these and related compounds. 

PABLO J .  BRUNA, VOLKER KRUMBACH et SIGRID D. PEYERIMHOFF. Can. J .  Chem. 63, 1594 (1985). 
On a utilist des calculs d'interaction de configuration sur une grande Cchelle, a reference multiple et a excitation simple ou 

double pour ttudier les composCs isovalents H2CNH, H2SiNH, HzCPH et H2SiPH dans la gtomttrie d'tquilibre de leur ttat 
fondamental. On rapporte les moments dip6laires et les distributions de charges. On prCdit les valeurs des tnergies d'excitations 
verticales vers les Ctats intra-valences " ' ( n , ~ * )  et "'(T,T*) et vers les premiers termes des stries de Rydberg qui commencent 
respectivement aux OM n et T; on a aussi calcult les deux premiers potentiels d'ionisation et les valeurs des termes de Rydberg. 
Dans le cas du H2CNH, on a analyst le mtlange d'ttats de Rydberg et de couches valentielles avec 1'Clongation CN. Des que 
I'on remplace un constituant de la premiere rangCe par un atome de la deuxitme rangCe, on peut ttablir une relation directe 
entre les tendances dans les stabilitts relatives des ttats tlectroniques et ionises et I'augmentation de la stabilitt des orbitales 
n par rapport aux orbitales T. Les calculs expliquent le caractere diffus des spectres uv des imines; on rapporte les rCsultats 
de la premiere Ctude traitant des entitts H2SiNH et HzSiPH et, relativement aux quatre molCcules, on prCsente un grand nombre 
de donnCes qui peuvent servir de base pour de futures Ctudes exptrimentales sur ces composCs et sur d'autres qui leurs sont 
apparent&. 

[Traduit par le journal] 

I. Introduction 
In recent years considerable interest has arisen for molecules 

which possess atoms from both the first and the second row of 
the periodic table. Numerous experimental (1, 2) and the- 
oretical (3-5) studies have been undertaken in order to under- 
stand the electronic structure and properties, in particular for 
systems in which the first-row atoms C ,  N,  and 0 are replaced 
by Si ,  P ,  and S respectively and which contain CP,  SIN, and 
S i p  bonds instead of the C N  functional group. 

For the simple diatomics C2,  CSi, and Si2, for example, it has 
been found (6, 7) that the ground state electronic configuration 
is entirely different for the three isovalent systems: it is X'C,+ 
for C2, X311 for CSi with constituents from the first and second 
row, and X3C,- for the second-row member Si2. As a result, the 
reaction properties and the electronic spectra are quite different 
in these three compounds. In a similar manner, calculations for 
CN,  CP,  SiN, and S ip  (4, 6 ,  8, 9) and the corresponding 
positive ions predict different electronic configurations for the 
lowest states (X2Z' for CN,  for example, and X211, for the 
isovalent Sip), and this pattern is also known for the simple 
hydrides CH2 and SiH2, whereby CH2 possesses a X)B, ground 
state while it is XIAI  in SiH2 (5). These examples clearly point 
out that drastic changes in the electronic structure can take 
place in a family of given compounds upon substitution of one 
or two first-row atoms by their second-row analogues. Many of 
these systems containing one or two atoms from the second row 
are not yet known experimentally and hence ab initio calcu- 
lations are presently the most powerful tool for the study of 

such compounds and for providing guidelines for further ex- 
perimental work in this area. 

In the present work we have selected the five-atom mole- 
cules H2CNH, H2SiNH, H2CPH, and H2SiPH for a theoretical 
investigation. Even though the two carbon-containing com- 
pounds have already been isolated experimentally, very little 
information is available on their electronic spectra. The two 
silicon-containing compounds are entirely unknown and are 
studied here for the first time. 

The vertical spectrum of H2CNH was studied theoretically 
by Macaulay, Burnelle, and Sandorfy (10) some time ago but 
these authors have already assumed that their results were of 
limited quality due to the restriction in the theoretical treat- 
ment. In further work Sandorfy has called attention to a better 
theoretical study of this molecule (1 l ) ,  in particular with re- 
spect to the relative position of the Rydberg states, which can 
be helpful for the classification and (or) understanding of the 
rather diffuse and quite complicated spectra of higher alkyl 
R'R2-C=N-R3 imines. 

The goal of the present study is to obtain a reliable descrip- 
tion of the vertical position of the most important valence states 
(n,n*)  and ( n , n * )  and the first (n,sR) and ( ~ , s R )  Rydberg 
members in the isovalent family H2CNH, H2CPH, H2SiNH, 
and H2SiPH. The additional determination of the lowest ioniz- 
ation potentials in these compounds allows the prediction of the 
corresponding term values, key information which can then 
easily be transfered to analyze the spectra of larger compounds 

\ 

containing similar 'A=B-chromophore groups. / 
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11. Technical details of the calculatiorzs of the reference set to the total wavefunction are always listed 
Two different A 0  basis sets have been employed for each with the respective results. 

compound, namely one of pure valence character (Basis A) and Various SCF MO's have been chosen for the study of the 
a second (Basis B), derived from the first Basis A by adding electronically excited states. In general, the parent SCF MO's 
diffuse Rydberg-type functions. In general, both bases are of are most appropriate in the sense that they require only a small 
double-zeta quality augmented by d-polarization functions for number of reference configurations. Other MO's generally call 
all heavy atoms and by p-functions for the hydrogen atoms. for a larger reference set but then lead to essentially the same 
The carbon and nitrogen atoms are described by the Huzinaga energy, as it should be when the CI is carried to the limit of a 
primitive set (12) in the [4s2p] contraction according to Dun- full CI. In some cases it seemed advantageous to employ the 
ning and Hay (13). For silicon and phosphorus in the corn- same set of MO's for various states, and this information is 
pounds H2SiPH and H,CPH, the primitive gaussians deter- then always given together with the results. The 'A' ground 
mined by Veillard (14) are chosen in contraction eight of that state MO's are also employed for the calculation of the ionic 
work. The Si basis in silylimine H2SiNH stems from Huzinaga states. For H,SiPH, not only the ground and 3(n,n:k) MO's 
(15), again in the contraction scheme given by Dunning (13). have been used but also natural orbitals obtained by direct 
The exponents for the d-polarization functions are: 0.70 diagonalization of the first-order density matrix of the pre- 
(C), 0.95 (N), 0.30 (Si), and 0.43 (P), respectively, as ceding MRD-CI step. 
recommended by Roos and Siegbahn (16). The hydrogen 
functions are those given by Huzinaga (12); the exponent for 111. Ground state properties 
thep-polarization function is 0.75. This Basis A (pure valence A,  Molecular 
character) contains in summary the following number of con- The ground state geometry was optimized at the SCF 
tracted functions: 47 (HZCNH), 55 (H2CPH and HZSiNH), and level (with Basis A) using the gradient technique of the Gaus- 
63 (H2SiPH), respectively. sian 80 package. The resulting equilibrium structural parame- 

The spectra were in  a expanded ters are contained in Table 1, together with experimental (21, 
basis which R ~ d b e r g - t ~ ~ e  functions placed in 22) and other theoretical results (10, 23) for H2CNH and 
the center of the respective AB bonds of H2ABH. This Basis B H2CPH. The equilibrium geometry of the isovalent H2GeNH 
contains ten functions more than Basis A. The functions added molecule as reported in  recent theoretical work (24) is also 
are of s-, p-, and d-character. In the ordering H E N H ,  H2CPH, given for purposes of comparison, 
H,SiNH, and H,SiPH, the exponents used are, respectively: a,y The optimization was also carried out for the two experi- 
(0.025; 0.022; 0.021; 0.0181, (0.023; 0.019; 0.018; 0.015), mentally known species HzCNH and H,CPH in order to esti- 
and a ,  = 0.015 (for all systems). mate the degree of reliability of the SCF gradient results. AC- 

The MRD-C1 method in is cording to the data of Table I the discrepancies between SCF 
documented in the literature (17- 19). In contrast to the simple equilibrium geometries and their experimental are 
SD-C1 method in which sing1e and double excitations are gen- quite acceptable; they are on the order of 0.01 au for all hydro- 
crated only with respect to a single determinant, the multi- genic bond lengths and deviations in the angles are less than 20 
reference treatment employed in the present work accounts also when with the experimental values, The largest dis- 
for the most important higher-than-double excitations. Since agreement is noted for the bond distances between the heavy 
the MRD-C1 'Pace consisting of sing1e and ex- atoms AB, This situation was easily expected on the basis of 
citations relative to a set of reference configurations is gener- the double bond character and the failure of the S C ~  method to 

quite large, a subset configurations give a correct description of this portion of the molecule, The 
those which contribute more than a given threshold T to the CI SCF method predicts Rc (AB) values which are invariably 

is treated in the while the than the actual bond lengths (the experimental CN and 
contribution of all others is accounted for in a perturbation-like Cp distances in  H,CNH and H,CPH, respectively, are ca. 
treatment (18). Finally, the contribution of higher-than-double 0.035 au greater than the values predicted at the SCF level). 
excitations is estimated in analogy to the Langhoff-Davidson The inclusion of effects automatically introduces 
formula (20) as antibonding character into the wavefunctions, primarily due to 

contributions of the n' + n"' and n + n:': excitations relative 
E F ~ I I  cl = EMRD-CI + to the ground state configuration, and hence remedies the situ- 

ation. 
whereby the sum is taken over all reference configurations. According to the parameters contained in Table I ,  the inclu- 

In a frozen 'Ore sion of correlation effects produces an elongation of 0.09 +- 
MO'S) is employed in the CI procedure. It contains the inner- 0.01 au in R, (AB) for both silicon compounds relative to the 
shell MO's of each molecule, namely two in H,CNH, six in SCF value. A similar increment of +0.0g7 au has been 
both H~CPH and H2SiNH, and ten orbitals in the heavier reported for the GeN equilibrium distance in the isovalent 
H,S~PH molecule. In addition, the two highest MO'S of a '  H , G ~ N H  compound when correlation effects are 
symmetry are discarded in the calculations for the three lighter considered (24). 
molecules, while in H'SiPH the ten highest MO's (com- The ground state geometries for the experimentally unknown 
plementary the frozen are omitted from the CI. Thus species H,SiNH and H,SiPH have been partially reoptimized at 
the MRD-CI calculations are carried out by correlating 12 
valence electrons, while 53 ~ 0 . s  are available for partial the MRD-CI level with respect to the distance 'A=B, always 

/ 
occupation in the CI (Basis B) in H2CNH and H,SiPH and 57 using the valence Basis A. All other geometr~cal parameters 
in H2CPH and H2SiNH respectively. Further technical details were kept constant and equal to the optimal values obtained at 
of the MRD-CI calculations such as size of the reference set, the SCF level. The angles H(1)AB (H(1) is the hydrogen in cis 
selection threshold T, size of MRD-CI space, and contribution position) lie within 124- 129" for all species given in Table 1, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1596 CAN. J .  CHEM. VOL. 63. 1984 

TABLE 1. Equilibrium geometries for the various H2ABH systems in their ground states obtained by the SCF gradient technique and 
comparison with corresponding data in the literature 

HzCNH HzSiNH H2GeNH H,CPH H2SiPH 

Expt. Theoretical Theoretical Expt. Theoretical 
This work (ref. 21) (ref. 10) This work (ref. 24) This work (ref. 22) (ref. 23) This work 

"R,,,, values are optimized in the MRD-CI treatment. 
hH(l) labels the hydrogen atom in the cis position. 
' CI value. 

TABLE 2. Comparison of the equilibrium AB distances in related compounds. All values in atomic 
units. The references are given in parentheses 

Molecule State CN CP SiN Sip 

AB: ?C+ ( u l ~ ~ )  2.214 (25,9) 2.952 (25) 2.970 (25,9) 3.83 (4.9) 
(uL.rr3) 2.330 3.156 3.09 3.98 

HAB: 'C+ ( U ~ I T ~ )  2.183 HCN (26) 2.915 HCP 2.97 HNSi 3.78 HSiP (9) 

I A '  (n'ln"ZN'2) 
2.213 HNC (26) (27) (28) 3.81 HPSi (9) 

H2ABH: 1 2 ~ 2 ~ 2 ) ~  2.406 3.162 3.08 3.997 

"The a' orbital is either u or in-plane .rr character depending on the molecule under consideration 

while the angle H(2)AB is invariably somewhat smaller and 
ranges from 118 to 112'. The angle ABH(3) is reduced by a 
larger amount when one substitutes the nitrogen by the phos- 
phorus atom. 

Finally it is of interest to compare the equilibrium distances 
of the A=B frame with the corresponding diatomic AB and 
triatomic HAB (or ABH) species. A summary of experimental 
and (or) theoretical predictions (4, 9,  25-28) is contained in 
Table 2. The 9-valence electron diatomics CN, CP, SiN, and 
Sip are characterized by the low-lying electronic states '2' 
(an4) and 211i (u2,rr3), respectively (4). The ground state is '2' 
for the first three species and 'n; for Sip, as recently reported 
in MRD-CI calculations (9). Because the ,rr MO's possess 
bonding character and the last a MO is only slightly involved 
in the AB bonding, the 'II; states have larger equilibrium dis- 
tances than the 'Ct states. A comparison between the R, (AB) 
values for corresponding AB and HAB compounds (Table 2) 
reveals that the internuclear separation in the triatomic mole- 
cules resembles that of the 'Ct state in the diatomic. These 
findings can be explained by the common ,rr4 occupation in both 
the 'Ct (AB) and 'C'  (HAB) states, respectively. 

In going from HAB to H?ABH one formally occupies the 
in-plane component of the 7 ~ : ~  MO, which is generally charac- 
terized as n (non-bonding with respect to AB) MO. Hence this 
MO has very little influence on the AB bond. The original ,rr4 

in the linear triatomic HAB decomposes in the planar H'ABH 

molecules into a" and a"', respectively. The double occupation 
of the lower-lying u and the out-of-plane ,rr (a") species is also 
present in the 2FIj (u2,rr3) states of the diatomics AB and for this 
reason one observes that the internuclear distances in H'ABH 
are approximately the same as reported for the 'n; states. In the 
case of the H2CNH one finds a slightly larger distance as in the 
corresponding CN radical, but for all other species this rule 
works quite well. 

B . Molecular orbitals 
The H2ABH molecules under discussion possess 12 valence 

electrons, whereby only one occupied MO is of a" (T) sym- 
metry. The highest occupied MO of a '  symmetry (5a') is 
invariably associated with the lone-pair of the heavy B atom 
and characterized as n, while the 4a' is generally of a or 
in-plane ,rr type, in analogy with isovalent HzAB molecules, as 
for example H2C0, H'CS, H2Si0, H'SiS, etc.. The most im- 
portant canonical energies and the total SCF energies are sum- 
marized in Table 3, while the relative separations between the 
MO involved in the vertical excitation (of valence character 
only) are diagrammatically shown in Fig. I .  

It is seen (Table 3 and Fig. 1) that only in HlCNH is the 
non-bonding 5a' (n) the highest occupied MO while in all other 
HIABH systems the a" (T) is always less stable. The relative 
energetics between the highest occupied MO's are thereby 
quite similar in both mixed compounds H'SiNH and H'CPH. In 
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TABLE 3. Total SCF and canonical energies (in atomic units) obtained for the most important valence orbitals at the 
corresponding SCF equilibrium geometries (Basis A)." The calculated dipole moments (debye) are also given 

E;(' HzCNH HzSiNH H,CPH HzSiPH 

Es,, (GS): 
(5aJ2 lafJ2) 

3a' 
4a' (a) 
5a'  (n) 
1 a" (n )  
20" (n*) 
6a'  (a*) 

Dipole 
moment" p, 
This py 
work p 

Literature p, 2.024 (ref. 31) Expt. 
2.44 (ref. 10) SCF 

0.909 (0.969) 
0.601 (0.604) 
1.090 ( I .  142) 

0.869 (ref. 22) Expt. 
1.080 (ref. 29) SCF 

"The orbitals are labelled for the valence set only. Values in parentheses are -E, in eV. 
"The molecular plane is (.ry) and the AB bond collinear with the *-axis. The negative charge is concentrated around the atom B 

in all H2ABH species. The f~rst columns are MRD-CI (MO's) results at the corresponding equilibrium geometries, while the values 
in parentheses are SCF results (at the optimized SCF geometries). The data in the second column in H,SiPH result from NO 
calculations. 

! 

'L rL* TI * - 
, TI* 

La '  
La' 
I 

7 La' , 3as 
I 
I 

I 
I 

-0.2 3a' 

FIG. 1 .  Canonical orbital energies for the various species under 
consideration, obtained from the ground state SCF calculation. 

H2CNH one finds the situation familiar from H2C0, while in 
H2SiPH one observes a definite stabilization of the a": (and n 
MO relative to the a MO's) and the opposite trend for the a 
MO which is shifted to higher canonical energies. Altogether 
the a *  becomes more stable upon substitution by a second-row 
atom relative to the original situation in H,CNH (Fig. 1). 

It should be pointed out that both the n and + o r b i t a l s  
correlate with the a:': (a,-type) MO in the respective simple AB 
diatomics. Thus the in-plane n component achieves a consid- 
erably larger stabilization due to hydrogen admixture than its 
out-of-plane a *  counterpart, and this finally leads to a situation 

FIG. 2. Calculated net charge for the various compounds, obtained 
at the SCF level of treatment (Basis A). 

in which the ti orbital is placed even below the a" MO which 
is originally associated with the a MO in the simple AB sys- 
tem. As a result one expects that the excitation energies for the 
' . '(n,a*) and 3.'(a,a:E) states are shifted to the red from H?CNH 
to H,SiPH, but that this effect is more pronounced for the 
' . ' (a ,a*) multiplets. 

C.  Charge distribution 
The Mulliken population analysis as well as the dipole mo- 

ments give some insight into the charge distribution in the 
molecule. The population analysis has only been carried out at 
the SCF level of treatment (Basis A) and the results are indi- 
cated in Fig. 2. It is seen that the A atom is positive relative to 
B in the systems H2CNH, H2SiNH, and H2SiPH, while in 
H,CPH the situation is opposite and it is the phosphorus (atom 
B) which possesses the positive net charge in this analysis. In 
comparison with earlier results from the literature (29, 30), the 
charge separation is not as pronounced in the present work, 
however; Thomson (29) obtains a net charge of +0.38 for P 
and -0.35 for C in a STO-3G basis which changes to +0.31 
(P) and -0.67 for C if the ST04-31G basis is employed (29, 
30). 'Thus it is clear that the results are quite dependent on the 
quality of the A 0  basis. 

The calculated dipole moments are also contained in Table 
3. Generally the theoretical values are in relatively good agree- 
ment with the experimental data (22, 31) whereby the SCF 
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value overestimates the dipole moment more than the MRD-CI 
result. All dipole moments indicate that the negative charge is 
concentrated in the BH region which is - with the exception of 
the HzCPH system - in accordance with the Mulliken popu- 
lation analysis. The two spatial dipole moment components are 
almost equivalent in H,CNH, while the direction is much closer 
to the Si=P bond in H,SiPH (L 18"); the angles in the mixed 
compound (27" and 30") lie, as expected, between the two 
extremes. The magnitude of p is largest from HzSiNH and 
almost the same as in the diatomic SiN radical (9). 

IV. The Vertical Electronic Spectrum 
One goal of the present work is to investigate the relative 

position of the valence t~+.r r*  and .rr+.rr'" transitions in the 
various isovalent HzABH systems as well as that of the first 
w s R  and .rr-SR members of their Rydberg series. The calcu- 
lation of the ionization potentials associated with ( t w ~ )  and 
(7-co) allows an estimate for the corresponding term values as 
well as for the respective quantum defects in the Rydberg 
series. The last point will be treated in Section V. 

The H2CNH molecule was analyzed in more detail than the 
other isovalent species. The potential energy curves for the 
lowest valence transitions are determined as a function of the 
CN internuclear separation in this case since it is well known 
from HzCO or HzCS that ~ . r r ' ~  and T+T* excitations cause 
elongations of the AB bond. Additional Rydberg states are also 
treated for this molecule. 

A. Methylenimine HzCNH 
There are earlier theoretical studies (10, 32-34) on the ver- 

tical spectrum of HzCNH but all of them lack Rydberg-type A 0  
as well as d-polarization functions on the heavy atoms. Another 
serious limitation of prior calculations is the inadequate treat- 
ment of the correlation energies, especially if one considers that 
only one reference configuration has been used in the older CI 
treatments. 

We have studied this molecule in both Basis A and B. The 
study within the pure valence A 0  set could be considered as the 
"diabatic valence" portion of the potential curves (some of 
which possess valence-Rydberg character in the gas phase) or 
as the most likely potential curves of H2CNH in condensed 
media. The valence transitions studied here are '.'(n,.rr'"), 
'.'(.rr,.rr*), 3.1(n,a:b), ','(.rr,a*), and ' . ' (~ , . r r '~) ,  respectively. The 
first two multiplet pairs have also been studied in the more 
expanded Basis B, although it is to be expected that, with the 
exception of the high-lying '(.rr,.rr*) state, both kinds of calcu- 
lations give equivalent results. 

The vertical transitions derived in the present work are con- 
tained in Tables 4 (Basis B) and 5 (Basis A), respectively, and 
in Fig. 3. In both cases a selection threshold of 5 pH (H, 
hartree) has been employed, leading to selected MRD-CI 
spaces ranging in order from 8000 to 12 000. The results for the 
MRD-CI and estimated full CI are given and show relatively 
little variance from one another; in the ensuing discussion the 
mean value of these will be used. 

We analyse first the results obtained with the expanded A 0  
basis. The lowest state in the vertical region is '(n,.rr*), placed 
at 4.76 2 0.03 eV, followed by the second triplet '(X,T'~) 
state, with an excitation energy of 5.10 2 0.05 eV. The 
'(n,.rr'b) state is about 0.60-0.66 eV less stable than the corre- 
sponding triplet and located at AE = 5.42 2 0.03 eV (Table 
4). 

According to Sandorfy and co-workers (10, 11, 36), the 

FIG. 3. Calculated vertical excitation energies (Basis B) in HzCNH 
and H2SiNH. Full CI results have been used. 

'(n,+" transition is found between 41 000 and 43 000 cm-I 
(i.e. 5.08-5.33 eV) for a series of azomethines. Our predicted 
value for the vertical excitation for the lowest singlet state in 
H,CNH is in good agreement with this experimental finding 
since it is well known that the ','(n,.rr*) states acquire additional 
stabilization upon geometrical relaxation, i.e. elongation of the 
CN bond distance as well as loss of the C, symmetry due to 
pyramidal-like structure in the excited states (10, 23). As dis- 
cussed below, potential curves calculated at the MRD-CI level 
with respect to variations in the CN distance (and keeping all 
other geometrical parameters constant, however) find an extra 
stabilization of about 0.3-0.4 eV for the (n,.rr*) multiplets, in 
comparison with the situation in the vertical region. 

Although the earlier work of Macaulay et al. (10) has found 
a value for AE (AE = 4.68 eV) for the '(n,.rr*) state quite 
comparable to the value reported in Table 4, by contrast the 
corresponding l(n,.rr*) state was placed at an energy of 5.84 
eV, i.e. ca. 0.40 eV higher than in the present study. Hence 
their predicted triplet-singlet splitting of 1.16 eV is too large 
when compared with our estimate of 0.66 5 0.05 eV (see Table 
4). Another theoretical study by Cimiraglia and Tomasi (32) 
locates the '(n,.rr*) state slightly below the MRD-CI findings 
but places the '(n,.rr*) state ca. 0.70 eV below the present 
value. This again leads to a splitting of 1.13 eV, quite similar 
to the value quoted in ref. 10. Other data for the '(n,.rr*) states, 
also derived by theoretical methods, give 5.83 eV (34), while 
the excitation energy reported by Kitaura et al. (33) (i.e. 6.27 
eV) seems to be definitely too high. The '(.rr,.rr*) state is located 
vertically between the 3.1(n,.rr*) states around 5.10 + 0.05 eV, 
i.e. ca. 4000 cm-I above the prior estimate reported by Mac- 
aulay. The excitation energy of 3.93 eV cited in ref. 32 is 
apparently in error by more than 8000 cm-', however. 

If one compares the '.'(n,n*) states of HzCNH with those of 
H2C0 one finds that the singlet-triplet splitting is comparable 
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TABLE 4. Calculated vertical excitation energies (in e V ,  Basis B) in HzCNH and comparison with earlier work 
Technical details of the MRD-CI treatment are also given 

Comparison with 
Transition Treatment" MRD-CI Full CI estimate Literature H 2 C 0  (ref. 35) 

'A' (GS) 

I A  ' 
Three roots 
selection" 

Four roots 
selection" 

"The notation mMrR refers torn main or reference configurations while selection is carried out for r roots. The total MRD-CI space 
is of dimension DIM while the selected subspace treats only dim SAF's (indicated by DIM/dim in the column). The values in 
parentheses are the weight of the reference species (Ere,-c') in percent. The MO basis employed is referred to as B I to B5 corresponding 
to the SCF MO's of the ground state, 3(n,a*), ' ( a , ~ " ) ,  '(n,s), and ' (a , s )  respectively. 

" ~ o t a l  energies in hartree. T = 5 pH. 
"Selection threshold used: T = 10 pH; E(GS) = -94.35319 au (MRD); -94.37490 au (full CI estimate). Using as nomenclature 

A(a,p,), B(a,d,), C(a,d,), and D(a ,a" ) ,  the different roots have the composition: 
(RI) 0.50 [A]; 0.25 [B]; 0.01 [C]; 0.13 [Dl 
(R2) 0.06 [A]; 0.13 [B]; 0.01 [C]; 0.65 [Dl 
(R3) 0.35 [A]; 0.54 [B]; 0.02 [Dl. 

"Selection threshold used: T = 12.5 pH; E(GS) = -94.35131 au (MRD); -94.37280 au (full CI estimate). The composition of 
the different roots is: 

(RI) 0.44 [A]; 0.1 1 [B]; 0. l 1 [C]; 0.13 [Dl 
(R2) 0. l I [A]; 0.29 [B]; 0.13 [C]; 0.36 [Dl 
(R3) 0.32 [A]; 0.50 [B]; 0.01 [C]; 0.07 [Dl 
(R4) 0.04 [A]; 0.02 [B]; 0.54 [C]; 0.31 [Dl. 

(0.65 eV in H2CNH and 0.40 eV in H,CO)  but that the absolute MO relative to the situation present in H 2 C 0 .  
transition energies are shifted to higher values by 1.30- 1.60 There is no direct experimental information available about 
eV in H,CNH. This behavior can be rationalized if one assumes the location of the low-lying Rydberg states of H2CNH. In the 
that the hydrogen bound to the nitrogen atom stabilizes the n literature one can only find general trends on their relative 
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TABLE 5 .  Calculated vertical excitation energies for the valence-shell states of 
H,CNH (in eV, Basis A) 

Transition Treatment" MRD-CI Full CI estimate Literature 

'A' (GS) 

'(n,.sr*) 

' ( n , ~ * )  

'(?r,..*) 

'(..,..*) 

' ( T ,  u*) 

'(11,uf) 

'(V,U*) 

'(7r.u") 

3 ( ~ , 7 r * )  

'(u,..") 

l l M l R  
346004/996 1 

(90.21%) 

"The notation is the same as in Table 4. All calculations are undertaken with the SCF MO's 
of the ground state. The selection threshold was T = 5 pH. 

"Total energies in atomic units. 

excitation energies, which are based on observations for higher 
azomethine compounds. According to Sandorfy (1 1) the spec- 
tra of imines are diffuse in nature and this makes the Rydberg 
states difficult to locate. The (n+sR) band is expected between 
48 000 and 50 000 cm-' (i.e. 5.95-6.20 eV). A comparison 
with the Rydberg transition energy predicted in the present 
work for the lowest state (see Table 4) shows that the the- 
oretical values are ca. 8000 cm-' higher than the experimental 
expectations. The transition '(n,p.rr) is located here at 7.82 + 
0.05 eV (i.e. 63 000 cm-'), again in greater discrepancy with 
the predictions of Sandorfy, who assumes smaller values of 
55 000 - 58 000 cm-' (between 6.82 and 7.19 eV) for both the 
(n-3p) and (n-3s) transitions. We calculate the l(n,sR) state 
at 8.58 + 0.04 eV (69 000 cm-I), that is, approximately 1.60 
eV (=I3  000 cm-') higher than the absorption region expected 
from simple correlation with experimental results in related 
imine compounds. 

A closer analysis of the basis for the various predictions 
removes the apparent discrepancies with the theoretical results. 
The estimates of Sandorfy have been based on general trends 

for term values and on the known first two ionization potentials 
of diverse azomethine compounds. In the meantime it is clear 
from experiments and our calculations (Section V) that the 
ionization processes in the simplest methylenimine need much 
more energy than the corresponding ionization in the higher 
compounds. For example, while the IP associated with (n+co) 
is placed around 9.44 eV in the heavier imine molecules, in 
H2CNH it is shifted to higher values by 1.08 eV according to 
the experimental IP of 10.52 eV (37). If one considers the next 
ionization band associated with n-a, the destabilization of 
the n MO in going from H2CNH to larger azomethines is even 
more dramatic, as exemplified by an IP (n-a) of 12.43 eV 
(37) in methylenimine compared with 10.48 eV observed for 
various R'R2C=NR3 systems (36). This difference of 1.95 eV 
between the second ionization potentials in the simplest and the 
largest species must also occur between the first members of 
the respective (.rr-sR) Rydberg series. In other woids, the 
values expected by Sandorfy and co-workers for the location of 
the l(n,sR) and '(.rr,sR) transitions in H2CNH (1 1) must be 
adjusted upwards by ca. 8800 and 15 000 cm-' ,  respectively. 
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BRUNA ET AL. 1601 

FIG. 4. Calculated potential energy curves as a function of C=N 
stretch for the lowest states of H2CNH (Basis A). The '(.rr,.rr*) and 
'(n,.rr*) states are shown in dashed lines only because the actual 
behavior of potential energy curves is more complex as soon as 
Rydberg states are included (see Fig. 5). 

After this shift, the experimental inferences and the present 
theoretical predictions are in good accord. 

Before one analyzes the vertical transition energy for the 
'(n,.rrs) state, the results obtained for variations in the CN 
distance in the lowest valence states '.'(tz,.rr*) and '(.rr,.rrs), as 
well as in the ground state and the most important Rydberg 
states (Fig. 4), are of importance. All other internuclear geo- 
metrical parameters have been kept constant in these calcu- 
lations.' The MO basis used in these CI investigations was 
obtained for the 'A' ground state; the selection threshold was 
12.5 p,H, and leading to secular equations of the order 
4000-6000. The results (Fig. 4) show that the ".rr,.rr*) state 
possesses the largest CN distance (about 2.8 au at equilibrium), 
while the other low-lying valence state curves for '.i(tz,.rr*) run 
parallel to each other and have a minimum at the somewhat 
shorter R(CN) -- 2.6 au. Similar results are reported by earlier 
SCF calculations (33). Both triplet states at their optimal geom- 
etries are in close energetic neighborhood and located around 
4.0-4.2 eV above the ground state. 

The '(.rr,.rrs) state is placed within the restricted Basis A (of 

I The values reported by Macaulay et a / .  (10) for the internuclear 
angles and the hydrogenic bonds are taken for the calculation of the 
stretching potential curves; hence the starting geometry in the CN 
variations differs slightly from the best experimental data available 
(see Table 1). 

valence character only) at 9.30 2 0.10 eV in the vertical 
region. A more refined treatment with the expanded Basis B 
leads to a more complicated picture: no unique state with pre- 
dominant (.rr,.rr*) composition is found any more. The lowest 
state of this symmetry is placed at 9.12 t 0.08 eV and is 
fundamentally in nature 60% .rr-+p.rr with ca. 20% con- 
tamination of the (.rr,.rrZ+) configuration, while the next state 
contains more valence character, as given by the relative 
weights which are complementary to those in the lowest solu- 
tion. The corresponding vertical excitation energy for the sec- 
ond state is 10.08 * 0.08 eV. These results clearly demonstrate 
how the expansion of the A 0  basis by Rydberg functions splits 
the original "diabatic" eigenvalue of 9.30 eV into two states, 
one of them somewhat lowered with respect to it and with some 
degree of valence ( ~ , . r r : ~ )  character but essentially described by 
a Rydberg configuration, while the other component, placed 
around 81 000 cm-' ,  contains the major portion of valence 
character. 

The question of what happens with the '(.rr,.rr:+) state when 
the interatomic distance CN is increased has been investigated 
in two ways. First, only the valence-shell states are considered 
and the results are also contained in Fig. 4. The unperturbed 
'(.rr,.rr*) configuration shows a similar CN stretch potential 
energy curve as the triplet counterpart with a minimum at 
relatively large CN separation (2.85 au). But in contrast to the 
situation for the '(.rr,.rrs) state, which is located considerably 
below the '(n,u:9 state according to Table 5 ,  the singlet states 
show the reverse energetic ordering, leading to an interaction 
between both '(.rr,.rr:" and ' ( t z , ~ : ~ )  states as seen in Fig. 4. In 
other words, a stretching of the CN bond induces an avoided 
crossing between the (tz,u*) and (.rr,.rrs) configurations and 
will thus give rise to an irregular pattern in the vibrational 
structure of the ground state absorption. 

The next step includes possible mixing of the '(.rr,.rr'+) state 
with Rydberg configurations. In this case only (.rr,.rr*)-type 
configurations are considered which represent in the main the 
(.rr,.rr*) valence-shell part and the (.rr,p.rrR) and (.rr,d.rrR) 
Rydberg states; since no 3d.rr functions are present in the A 0  
basis, the higher .rr*-type orbitals are only an approximation to 
such an MO. The results in Fig. 5 show a strong mixing among 
these configurations which is especially apparent at small CN 
separations. Generally the potential curves of the unperturbed 
Rydberg states should run essentially parallel to their ionic 
limit, also contained in Fig. 5. The strongly CN repulsive 
nature of the '(.rr,.rr*) valence state perturbs this pattern; the 
'(.rr,.rr*) valence potential energy curve crosses the (.rr+R) 
Rydberg manifold somewhat to the left of the Rydberg minima 
so that the valence character, present in the lowest '(.rr,.rrs) state 
at large CN separation (for example 2.7 au), is gradually dis- 
tributed among the '(.rr,.rr'+) states with decreasing CN values 
and is found in the third '(.rr,.rr'" root at CN = 2.1 au. As a 
result, no single state with compact (n,.rr:+) character exists any 
more for CN values smaller than the equilibrium value of the 
X'A' ground state, and considerable anomalies are expected in 
the energy levels and the intensity distribution of the absorption 
spectrum. To make the situation even more complicated, the 
'(.rr,.rrs) state undergoes a further avoided crossing with the 
'(n,sR) Rydberg state at CN values larger than 2.8 au. This 
behavior is also indicated in Fig. 5; the unperturbed '(n,sR) 
potential energy curve would run strictly parallel to that of the 
'A' (-a) molecular ion. 

In summary, then, there is a manifold of states which couple 
with the '(.rr,.rrs) whereby the interaction varies considerably 
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FIG. 5 .  Calculated mixing of Rydberg states of (7r,7rTT*)-type sym- 
metry as a function of CN stretch (Basis B). 

with the change in CN bond length. It is thus not surprising that 
a quite diffuse and broad spectrum is obtained experimentally 
in this energy region.' This basic analysis can presumably be 
carried over to higher members in the R'R2C=NR3 series and 
thus explains the complicated absorption and emission pattern 
in azomethines. The direct connection of the '(n,sR) with 
' (n,n*) potential curve shown in Fig. 5 is also in accordance 
with the observation by Sandorfy that the Rydberg states could 
be responsible for a part of the broad and highly asymmetrical 
low-wavenumber shoulder of the ' (n,n*) band in the spectra of 
imines. 

Finally, if the results of the all-valence A 0  basis in Table 5 
are compared with those obtained from the more flexible Basis 
B (Table 4) it is seen that the transition energies to the lowest 
3,1(n,nTT*) and 3 ( n , n 9  states are almost the same in both treat- 
ments, at least at the level of the estimated full CI. The 
3.1(n,u*) states are treated only in this basis (as are all other 
valence states) and are located at 8.06 k 0.07 eV and 8.64 k 
0.08 eV (ca. 70 000 cm-') respectively. Even though the 
'(n,u*) is considerably above the first member of the Rydberg 
'(n,sR) state at the ground state structure, this energy difference 
decreases with CN stretching until interaction of both states 
(Figs. 4, 5), as well as with the l(n,n*) component, appears. 
Other valence states of interest are derived from the u+n* 
transition. They are characterized by the smallest singlet- 
triplet separation of the intravalence transitions studied so far. 
The highest states of (n,u*)-type are relatively close in energy 

'Note that one can expect that the absorption maximum in this 
simplest H2CNH imine is shifted to higher energies, when compared 
to the higher imines, for the same reason as discussed for the first 
members of the Rydberg series or the ionization potentials. 

TABLE 6. Calculated relative energies for H2SiNH (in eV) 

Transition Treatment'' MRD-CI Full CI estimate 

'A'  (GS) 

"n,.rr') 

l(ll,.rr*) 

3(7r,7rTT*) 

3(7r,7rTT*) 

I(7r37rTT*) 

I(tz,sR) 

'(7r,sn) 

"The notation is the same as in Table 4; the selection threshold is T = 5 kH. 
"These values are absolute energies in au. 

to (u ,n*)  and show calculated excitation energies in the 10-eV 
region. Interactions of these states are also likely but have not 
been investigated in this work. 

B . Silylimine H'SiNH 
The relative energies predicted for the excited states of 

H'SiNH in the vertical region are displayed in Table 6 and Fig. 
3. 'The lowest excited state is found to be the 'A' (n,nTT*), in 
contrast to the situation of the first-row analogue H,CNH, in 
which this state is placed (vertically) between the '.'(n,n*) 
multiplets. The state has been studied in two different MO basis 
sets (see Table 6). Using the parent SCF MO's and one refer- 
ence configuration, one obtains relative energies comparable to 
working with three reference configurations in the 3(n,n*) MO 
basis; the respective full CI estimates differ by only 0.04 eV, 
while the difference in MRD-CI values is 0.11 eV. The corre- 
sponding contribution of the reference configurations to the 
total wavefunction as measured by Cc2 is 92.12% if the parent 
SCF MO's and 91.42% if the '(n,nTT*) MO's are employed, 
compared to 90.55% achieved in the ground state treatment. 
This in turn signals that the calculated MRD-CI excitation 
energy employing the parent MO's is somewhat too low (3.04 
eV) simply because the excited state is described slightly better 
than the ground state. A somewhat more balanced description 
between ground and excited states is obtained in the 3(n,n*) 
MO basis. This balance in Cc%s quite important for a good 
description of the relative energies, as pointed out in the litera- 
ture (17b, 38). The full CI level of treatment leads to more 
reliable results because the differences in Cc' are essentially 
removed. This observation is valid for all vertical transitions 
reported in this work. 

The "'(n,n*) states located at 3.68 eV and 3.93 eV re- 
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TABLE 7. Calculated relative energies for HZCPH (in ev) 

Transition Treatment" MRD-CI Full CI estimate 

3MIR,BI 
'A' (GS) 101303/7070 0.0 0.0 

(90.26%) (-380.571 10)" (-380.59586)" 

"The notation is the same as in Table 4; the selection threshold is T = 5 pH. 
"These values are absolute energies in au. 

spectively are shifted to lower energies by about 9000- 12 000 
cm-' when compared with the similar transitions in the H,CNH 
compound. The 3A' (n,nTT*) state is stabilized by ca. 16 000 
cm-' in going from methylenimine to silylimine, but the most 
drastic stabilization is found for the 'A' (-rr,n:" state: taking as 
vertical excitation energy for the strongly perturbed singlet 
(n ,n*)  state of H,CNH an approximate value of 9.5- 10.0 eV, 
this vertical absorption band is shifted in the silicon compound 
by about 36 000 cm-' to longer wavelengths. As a result the 
' (n ,n*)  state is placed below both Rydberg series, even in the 
vertical region of the spectrum. This finding suggests that the 
absorption band associated with this transition must be simpler 
than in H,CNH: although a broad band is expected due to the 
difference in the equilibrium geometries of ground and excited 
states, the strong Rydberg-valence mixing observed for 
H2CNH is absent in the silicon compound. If perturbations are 
present, they are probably due to valence transitions, for exam- 
ple A' ' (n,n*) or A" ' (n ,  u*). 

The "'(n,n*) splitting is smaller than the corresponding 
triplet-singlet energy separation in the (n ,n*)  states. These 
trends are in line with the spatial distribution of the correspond- 
ing MO's involved in the transitions. Both n and n'Qpecies 
have their charge distribution maxima perpendicular to the 
molecular plane, while the n MO is more concentrated in the 
molecular plane. Hence the respective exchange integrals are 
larger for the (n ,n*)  configuration than for (n,n*) and the 
triplet-singlet splittings follow these trends. Comparing the 

\c=N- with the \ ~ i = ~ - ~ r o u ~ ,  one notices that all key 
/ / 
MO's are more extended in space in the molecule with a 
second-row constituent, and this results in a systematic reduc- 
tion in the triplet-singlet separations as soon as second-row 
atoms are included. 

The first members of both Rydberg series are placed close 

together. According to the full CI data, the '(n,4sR) is found 
vertically at 5.90 eV while the '(-rr,4sR) lies only 0.17 eV (1400 
cm-')  above. Due to the different properties of the n and n 
MO's with respect to elongation of the Si=N bond, one can 
assume that the ' (n ,4sR)  state at its equilibrium is possibly just 
below the ' (n,4~R) state. A comparison of the Rydberg states in 
both HzCNH and H?SiNH reveals a general lowering in the 
excitation energies, of the order of 9500 cm-' for the (n,sR) 
state and a much larger effect (about 20 500 cm-') for the 
n-Rydberg series. These findings indicate that the n MO is 
relatively more destabilized (by about 1 1 000 cm-' = 1.40 eV) 
than the n species after substitution of a carbon by the silicon 
atom, as already seen in Fig. 1. 

C. Methylenephosphine H?CPH 
The HzCPH molecule is the simplest phosphane-alkene; it 

has recently been observed (22, 39, 40) in the laboratory and 
its microwave spectrum has been analyzed (22). The lowest 
ionization potentials have also been m e a s ~ r e d . ~  This molecule 
is rather unstable, with a tendency towards dimerization. 

Some theoretical work on H,CPH is reported in the literature 
but to the best of our knowledge none of its excited states have 
been studied so far. The first work of Thomson (29) was lim- 
ited to an estimate of the ground state equilibrium geometry at 
the SCF level (without d-polarization functions) and the order- 
ing of n below n MO (Fig. 1) was noted for the first time. In 
another SCF study (30) the charge distribution of the different 
MO's was discussed and the n-bond energy has been estirn- 
ated. In more recent work carried out by Lohr et al. (41), the 
proton affinity of H,CPH was studied with a more expanded 
A 0  basis, also including correlation effects according to the 
Moeller-Plesset (in 4th order) scheme. The SCF energy ob- 
tained in that work is -380.29294 au and is comparable with 
our result of -380.3000 au. The final energy derived with the 
perturbative method is -380.57549 au and lies in between the 
values -380.571 10 au (MRD-CI) and -380.59586 au (full CI 
estimate) reported in the present study (Table 7). These authors 
have found that the P-site protonation is favored over the C-site 
protonation by about 50 kJ/mol, whereby the resulting 
H,CPH,+ radical possesses a C?, planar equilibrium geometry. 
As illustration it can be mentioned that a similar protonation on 
H2CNH to HrCNH2+ indicates a value larger by 150 kJ/mol for 
the N-site protonation than for the C-site (41). This behavior in 
turn strongly supports the charge distribution reflected by the 
dipole moment calculation (Section III), i.e. a negative site at 
phosphorus, in contrast to what can be derived on the basis of 
the Mulliken population analysis. 

The predicted locations of the excited states in H,CPH are 
given in Table 7 while the relative separation is shown in Fig. 
6 ,  together with the H,SiPH homologue. 

The valence states ' , '(n,n*) and 3.'(1z,n*) follow in the ver- 
tical region the same pattern as discussed for the H,SiNH corn- 
pound containing a second-row atom. The 3(n,n*) state lies at 
ca. 24 000 cm-', i.e. about 2000 cm-' below the excitation 
energy assigned to the equivalent state of HzSiNH (see Table 
6). The 3.'(n,n*) states are located at 4.26 eV and 4.94 eV, 
respectively. The transition energies for the last mentioned 
multiplets, when compared with H,CNH, are found about 4000 
cm-' lower, but ca. 5600 cm-' higher as predicted here for the 
H2SiNH molecule. In other words, the (n,n'" states of H,CPH 
are characterized by excitation energies lying between the cor- 

' H. W. Kroto, private communication. 
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TABLE 8. Calculated relative energies for HZSiPH (in eV) using MO's 

Transition Treatment" MRD-CI Full CI estimate 

4MIR,BI 
'A '  (GS) 10481715073 

(89.62%) 

IMIR,B2 
3 ,, 3 A  - ( t )  7744616740 

(90.8 1 %) 

I ,I I 
3MIR,B2 

A ( t )  12065016448 
(89.88%) 

3 1 7  

5MlR,B2 
A - (T,T'" 549609/628 I 

(91.25%) 

14MIR,B2 
I ! I  A (T,+) 57401416 142 

(89.23%) 

21MIR,BI 
I I 1  A (11, sR) 94160815926 

(88.88%) 

I ,I I 
14MIR,BI 

A (T, sR) 527250/5830 
(89.59%) 

FIG. 6. Calculated vertical excitation energies (Basis B) in H,CPH "The notation is the same as in Table 4; the selection threshold is T = 7.5 
and H2SiPH. Full CI results have been used. F". These values are absolute energies in au. 

responding values assigned to H,CNH and H2SiNH, re- 
spectively. The '(.rr,.rr*) state lies 52 000 cm-' above the 
ground state and this implies a singlet-triplet splitting of 3.37 
eV (27 000 cm-I), much larger than the 2.0 eV established for 
H,SiNH. Generally the triplet-singlet separations predicted for 
H,CPH are greater than in the two silicon compounds. 

The results of Table 7 show that in H,CPH the Rydberg 
states are also placed close together as observed in H2SiNH, but 
by contrast the ' ( r , s R )  state is located below the '(n,s,) already 
in the vertical region. Surprisingly both '(n,sR) states in 
HzCNH and H,CPH are in approximately the same absorption 
region (i.e. 56 000 + 1000 c m ' )  and this finding is confirmed 
by the similarity in the corresponding I-rn ionization poten- 
tials. The Rydberg (.rr,sR) series is stabilized by about 15 000 
cm-' upon formal substitution of the nitrogen atom in H2CNH 
by phosphorus and this behavior runs parallel to the strong 
lowering in the ionization energy (.rr+m) leading to the ground 
state of H,CPH+. 

D. H2SiPH 
There is practically no information available for small mole- 

cules containing the Sip bond. Recently the first ab initio 
studies on the experimentally unknown simple molecules Sip 
(4) and Sip' (8), as well as on the isomer pairs HSiP-HPSi (9), 
were carried out in this laboratory and thus the present report 
on H,SiPH is an expansion of this work to improve our knowl- 
edge of the bonding properties of silicon-phosphorus com- 
pounds. 

The excitation energies obtained from the MRD-CI calcu- 
lations are summarized in Table 8 and Fig. 6. The technical 
treatment differs somewhat from the previous cases because the 
various electronic states have been studied by employing an 
MO as well as an NO basis. In the first run, the CI calculations 
were carried out using the ground state or the '(11,~") MO's; 
the corresponding wavefunctions were transformed to an NO 

basis and the CI calculations repeated with a selection threshold 
of 5 pH,  i.e. 2.5 pH smaller than in the first run. 

As discussed in Section 111, this molecule is characterized by 
the largest relative stabilization of the tz species in comparison 
with the .rr MO's, while on the other hand the energy difference 
between both .rr and .rr'# MO's is the smallest of the present 
family of molecules (Fig. 1). This must be reflected in the 
corresponding excitation energies, as well as the state ordering, 
when compared with related molecules. 

The 3 ~ '  (.rr,.rr'" level lies only 18 000 cm-' above the ground 
state, which means a stabilization of ca. 7000-8000 cm-' if 
one takes the corresponding values of H2CPH or H,SiNH as 
reference. The l(.rr,.rr'" state is located practically at the same 
excitation energy as the '(n,.rr:" state (around 36 500 ? 1000 
cm-') and this finding suggests a broad band in the correspond- 
ing absorption spectrum. Due to the aforementioned relative 
stabilization of the tl MO, the (n,.rr*) multiplets are shifted to 
somewhat higher energies than in H2SiNH. The rather small 
excitation energies found for the (n,.rr") and ( . r r , ~ : ~ )  states are 
also in agreement with the low-transition energies previously 
predicted for the 'n, 'C', 'A, and 4C- states of the parent Sip 
diatomic molecule (9). 

By the same token, the first Rydberg state is clearly the 
'(.rr,sR), lying around 44 000 cm-I. The other Rydberg transi- 
tion '(n,sR) lies about 13 000 cm-t above the lowest '(.rr,sR) and 
one can expect that other terms (.rr,4pR) and (.rr,3dR) are just 
below the first member of the Rydberg series starting with the 
second highest n-orbital. 

The results obtained by employing natural orbitals are col- 
lected in Table 9. In general the results are quite similar to those 
obtained in the MRD-CI calculations based on the two different 
types of SCF-MO orbitals. The advantage can primarily be 
seen in a somewhat more contracted (fewer reference config- 
urations) MRD-CI expansion. 
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TABLE 9. Calculated relative energies for H,SiPH (in eV)  using NO'S 

Transition Treatment" MRD-CI Full CI estimate 

5M 1 R 
'A'  (GS) 192670152 19 

(90.72%) 

3M 1 R 
( I , )  2 1432017742 

(89.72%) 

3M 1 R 
' ( n , ~ * ) '  12883616836 

(89.41 %) 

2MIR 
?(T,T~*) 1607 1217 182 

(90.78%) 

12MlR 
' ( - r r , ~ ' ~ ) '  4 1653416945 

(88.94%) 

6M I R 
' (n , sR)  29 162916738 

(89.44%) 

7MlR 
'(Try SR)  36075916772 

(90.57%) 

"The notation is the same as in Table 4; the selection threshold is T = 5 kH.  
"These values are absolute energies in au. 
"The NO basis used stems from the corresponding triplets. 

V. Ionization potentials and term values 
The electronic states of the positive ions H'ABH' studied 

here are 'A' ( n , ~ )  and 'A" (-r,=), respectively. Technical de- 
tails of the calculations are presented in Table 10, together with 
the corresponding numerical results. The relative positions 
with respect to the neutral ground states as well as to the related 
Rydberg series are contained in Figs. 3 and 6.  

According to the bonding characteristics of the molecular 
orbitals from which the ionization takes place, one can expect 
that the 'A" ( n , ~ )  ionic states have larger equilibrium AB 
distances than the corresponding values in the neutral mole- 
cules. This feature leads to vibrational progressions in this 
portion of the photo-ionization spectrum. The other ionization 
process (n,m), by contrast, probably does not alter the inter- 
nuclear AB distance to a larger extent and by this reason the 
corresponding PES peaks should be relatively sharp without 
structure. 

Inspection of Table 10 shows that the theoretical values for 
the two IP's of H'CNH are in quite good agreement with the 
experimental findings (37). The underestimation error of 0.20 
eV in the case of 'A" can be considered as typical for this kind 
of calculation and is probably also valid for the ionization 
potentials of the other compounds. Both IP's are close together 
in the vertical region for the mixed compounds H,CPH and 
H,SiNH. The 'A" state of H,CPHt is already the lowest ionic 
state vertically, while in the case of H2SiNHt it lies somewhat 
above the 'A' state. The extra stabilization due to elongation of 
the SiN distance probably leads to a final situation in which the 
ground state of H2SiNHt also corresponds to 'A" ( n , ~ ) .  It is 
thus suggested that the PES spectra of both H2CPH and 
H,SiNH are more complex than experimentally reported for 
H,CNH, in which the two first ionization regions are well 
separated. 

For H'SiPH the calculations predict a more simple (or nor- 
mal) PES, with two well-characterized ionization processes in 
which without doubt the ground state of H?SiPHk is the 'A" 
state. The 'A' ( n , x )  has been shifted to higher energies by ca. 
1.40 eV, a pattern observed before in the respective Rydberg 
series of H'SiPH. Finally, it is of interest that the IP ( 7 , ~ )  
calculated for H'SiPH is comparable with the values of 9.07 f 
0.02 eV (HSiPt) and 9.00 f 0.03 eV (HPSi') recently 
reported in a MRD-CI study of the ionization of the isomer 
pairs HSiP-HPSi in their corresponding 'C  ' ( ~ ' 7 "  ground 
states and leading to the 'II ionic states (9). 

Finally, the calculated term values and the quantum defects 
for the various Rydberg series in the molecules are collected in 
Table 1 1 .  The results obtained for H'CNH are close to the 
experimental findings on the HCN molecule (42, 43). The 
transitions (1-r+3sR) and (5u+3sR) in HCN are characterized 
by term values of 27 260 f 500 cm-' and they are comparable 
with the values 27 830 cm-' (tz+s) and 29 520 cm-' (-r+s) 
derived here for H,CNH. The term values associated with the 
( w p - r )  or (-r+p-r) transitions, namely 21 450 cm-' (Table 
11) are about 1000-2000 cm-' higher than the experimental 
data reported in the equivalent transitions of HCN. 

In H,CPH the energy differences between the ' (n,sR) and 
'(-r,sR) states with respect to the corresponding ionization lim- 
its are found to be quite similar for both series (=27 000 cm-'), 
in accordance with general qualitative rules. The H,SiNH mol- - 
ecule is apparently characterized by somewhat larger term val- 
ues than found for the other species. The quantum defect and 
term value predicted for the (-r,s,) transition of H?SiPH are in 
accordance with general expectations, while the transition in- 
volving the n orbital has a term value ca. 2000 cm-' smaller. 

We hope that the term values reported here could help to 
locate the Rydberg states of future experimental uv absorption 
spectra, not only of higher R'R'A=BR' compounds related to 
the simple parent molecules studied in the present work, but 
also for the simple diatomics CN, CP, SIN, and Sip, as well as 
the corresponding stable HAB isomers of the three last- 
mentioned AB radicals. To the best of our knowledge, nothing 
has been experimentally reported on this topic. 

VI. Summary and conclusion 
The present investigation on selected low-lying electronic 

states of H2CNH, H'CPH, H'SiNH, and H'SiPH gives further 
examples of a general trend in the electronic structure, already 
observed in a series of simpler compounds, built up from atoms 
exclusively of the first or the second row and possessing at the 
same time atoms of both rows. This trend can be directly 
related to orbital stability. 

For all the atoms of the first row one finds that (r) for both 
2s-2p AO's are very similar, while the 3s-3p subshell of 
second-row atoms are well separated in their spatial extension. 
As discussed in more detail elsewhere (9,44),  the two bonding 
u MO's derived from 2s and 2p avoid each other, so that the 
higher of them (pu+pu)  is placed above the -r MO. When a 
second-row atom is involved in the AB bond the splitting 
between the two u MO's is reduced somewhat, and the 
u (pu+pu)  MO is even placed below the .rr MO if both atoms 
A and B are second-row elements. In effect, this amounts to a 
considerable stabilization of the u MO relative to the -r if 
second-row atoms are introduced into the AB bond. At the 
same time the antibonding T": MO becomes stabilized upon 
such substitution, which can be rationalized by the more diffuse 
charge distribution or alternatively by the primarily symmetric 
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TABLE 10. Vertical ionization potentials (in cV). Values in parentheses are full C1 estimate energies 

'A' (I!,=) 'A" (w,  00) 

Treatment" MRD-CI (Full C1) Treatment MRD-CI (Full CI) 

9MIR 
H2SiPH' 6 1077515292 
(MO's) (89.36%) 

10.52 
(10.44) 
10.52, expt. (ref. 37) 

9.5 1 
(9.54) 

12.26 
(12.21) 
12.43, expt. (ref. 37) 

9.72 
(9.80) 

"The notation is the same as in Table 4. The MO's of the neutral ground state are used in each case ( T  = 5pH,  
except for M?SiPH' (MO's), with T = 7.5 pH). 

TABLE I I. Calculated term values and quantum defects (6) for the lowest Rydberg series (values in 
e m  ') 

Term value 6 Term value 6 Term value 6 Term value 6 

I*.T 27830 0.99 27260 1.99 29680 2.08 24600 1.89 
t*Pn 21450 0.73 

.rr-.rr* splitting relative to the separated 3p.rr value. 
In diatomics these trends cause, for example, a decrease in 

the energy separation between X'Zi (u.rr') and 'n (u'.rr3) states 
in the series of diatomics CN, CP, SIN, and Sip (9) which is 
around 9000 cm-' to 7000 cm-' for CN and CP respectively, 
1000 cm-' in SIN, and negative in Sip, i.e. x'ni is the ground 
state in Sip, and A2X' the low-lying excited state. Similar 
behavior was earlier reported (6) for the series C1, CSi, and Si? 
with the states corresponding to the electronic configurations 
a', a.rr3, u2.rr' or the corresponding negative ions C2- (45), 
CSi- (4, 46), and SiZ- (5). The increased .rr:$ stability can be 
seen from the relative separation between % (u'a'r*) and 
% , 'A, 'Z- (UT'T~'~),  which is of the order of 4.5-4.6 eV in 
the light CN radical, compared to 2.0-3.0 eV predicted for the 
silicon compounds SiN and Sip (9). 

In the H,ABH systems treated in the present work these 
general trends can be seen in the relative position and ordering 
of low-energy excited states as well as in the ionization poten- 
tials (Figs. 1, 3, 6). The complementary behavior of .rr and .rrs' 
(decrease and increase in stability) by replacement of a first by 
a second-row atom is quite apparent from Fig. 1. The tz orbital 
as the in-plane .rr* component is lower than the out-of-plane 7~:" 
due to hydrogen admixture but otherwise shows a similar be- 
havior relative to .rr, as does + w i t h  the exchange of first by 
second-row atoms, and as a result the n MO is below n in all 
the compounds with the exception of HZCNH. These relative 

orbital stabilities explain the following various features: 
1.  The '(n,n:+:) is the first excited state only in the first-row 

compound H,CNH whereas it is the 3(r,.rr*) which is the lowest 
excited species in the mixed and second-row molecules; the 
relative separation between '(n,.rr*) and '(17,.rr'~) increases from 
HZSiNH to H2SiPH. The singlet states follow in principle the 
equivalent pattern whereby singlet-triplet splittings are larger 
for (.rr,.rr":) than for (n,.rr*) states and decrease with increase in 
the number of second-row constituent atoms. 

2. The order of n and .rr ionization potentials is different in 
the first-row (H2CNHt, XZA' ( n , ~ ) )  and second-row ions 
(H2SiPHk, X'A" (.rr,m)); both ionic states are well separated, 
while in the mixed compounds n and .rr ionization is close in 
energy. 

3. The Rydberg states associated with the n+sR and .rr-+sR 
transitions are shifted relative to one another in analogy to the 
shift in the corresponding ionization limits. Only for HZCNH a 
large interaction between the '(.rr,.rr'?) valence and the low-lying 
Rydberg states is found. 

Comparison of H,CNH with H2C0 on the one hand and 
H,SiPH and HZCS on the other shows a relatively large simi- 
larity. In H'CO the '(.rr,.rr") state is found quite close to the 
n + m  ionization limit, while this state is definitely below ioniz- 
ation in H,CS (47) and (CH& CS (48). Both studies have found 
that semidiffuse 3d.rr functions are to some extent important for 
the description of the '(.rr,.rr:" state in the vertical energy range; 
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since no such functions are included in the present treatment, 
there might be some doubt as to the reliability of the ' ( n , n * )  
energies. On the other hand, all Rydberg states in H,CPH, 
H2SiNH, and H,SiPH are found above the ' ( n , n * )  state in the 
vertical energy region so that it is expected that 3 d n  functions 
are less important than in the sulfur compounds. 

Finally, it should be mentioned that the magnitude of the 
ionization potentials and, with it, the absolute location of the 
Rydberg states depends quite substantially on the character of 
the atomic species or radicals attached to the C=N group: in 
higher azomethines the alkyl groups influence the relative pos- 
ition of the n and .rr MO's considerably, as deduced from the 
lower values of the IP's compared to that of the simplest mem- 
ber H2CNH. Furthermore, the present work has treated only the 
nuclear arrangement H,ABH in the comparative study and has 
entirely neglected the possibility of HABH, or other structures. 
Calculations carried out on various germanium species (24,49) 
have indicated that the isomers HGeNH? or HGeOH are more 
stable, by about 32 kcal/mol or 20 kcal/mol respectively, than 
their H2GeNH or H 2 G e 0  counterparts. 
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MICHAEL W. SCHMIDT and MARK S. GORDON. Can. J .  Chem. 63, 1609 (1985). 
The nature of binding in the 14 valence electron H3AB molecules is examined, where A and B are taken from the second 

and third rows. The AB bonding is inferred from the computed structures, d orbital populations, and localized orbitals. Near 
Hartree-Fock results are reported for the strongest bonding compounds, which are those with third row atoms A, and second 
row atoms B. Phosphine oxide, and to a lesser extent phosphine sulfide, are found to be effectively doubly bound. Amine oxide 
and sulfide are found to be ionic complexes. The thiazyl bond is confirmed as triple in nature. The exotic compound S I C  is 
proposed as a synthetic target. 

MICHAEL W. SCHMIDT et MARK S. GORDON. Can. J .  Chem. 63, 1609 (1985). 
On a CtudiC le mode de liaison dans les moltcules H,AB a 14 Clectrons de valence dans lesquelles A et B sont des ClCments 

des deuxieme et troisieme rangees. On dtduit la nature de la liaison AB partir des structures calculCes, des populations des 
orbitales d et des orbitales localistes. On rapporte des rCsultats obtenus par une technique se rapprochant de celle de 
Hartree-Fock qui a CtC appliqute aux composts comportant les liaisons les plus fortes et qui sont ceux impliquant des atomes 
A de la troisieme rangCe et des atomes B de la deuxieme rangCe. On a trouvt que I'oxyde de phosphine et, a un degrC moindre, 
le sulfure de phosphine comportent effectivement des doubles liaisons. On a trouvC que I'oxyde et le sulfure d'amine sont des 
complexes ioniques. On a confirm6 que la liaison du thiazyle est triple. On suggkre que le compost exotique devrait 
s'avCrer un but de synthkse intkressant. 

[Traduit par le journal] 

Introduction 
Recent investigations in our group (1-3) dealing with the 

bonding in phosphoryl compounds have centered in part on the 
degree of multiple bonding present. For a compound such as 
H3AB, with 14 valence electrons, the following bonding 
schemes may be considered (nominal bond orders are given 
under each structure): 

Structures 2 ,3 ,  and 4 contain hypervalent A atoms, which must 
use their d orbitals in binding in order to achieve the indicated 
expansion of their octets (4). The double and quadruple bond- 
ing structures shown above cannot be used in a description of 
binding, as the molecules to be considered here all possess 
three-fold rotational symmetry. Thus, any 7~ binding present in 
addition to a u bond is due to e symmetry orbitals, which of 
course come in pairs. Our findings for H 3 P 0  ( 1 ,  3) and related 
substituted compounds (3) have shown that phosphine oxides 
are actually resonance hybrids between singly and triply bound 
structures. Thus, the effective (compromise) bond order in 
phosphine oxides was found to be somewhat less than two (3). 
In the present paper, we examine the bonding of phosphine 
oxide by comparison with a number of valence isoelectronic 
molecules. 

Consider the following sequence of compounds: F,SiF (tetra- 
fluorosilane), F,PO (trifluorophosphine oxide), and F,SN 
(thiazyltrifluoride). The AB electronic structure in these mole- 

cules is usually depicted as  single, double (5), or triple (6) 
bonding, respectively. These rather different bonding schemes 
are based on the normal valency of the atom B (F, 0 ,  or N), 
and on the experimental observation that the AB bond lengths 
decrease throughout this series. However, this sequence can be  
viewed in a more unified fashion, with each new member 
generated by transferring a proton from the nucleus of atom B 
to A.  There are other similarities, as might be expected from 
their isoelectronic nature. All three compounds are gases at  
normal temperatures, and they possess quite strong A B  bonds. 
The experimental SiF, PO, and S N  bond strengths are 135 (7), 
130 (7), and 9 3  (6) kcal/mol, respectively. (It is interesting that 
the bond strengths decrease in going from "single" to "double" 
to "triple".) The three compounds are also quite stable. For 
example, F3SN will not react with metallic sodium below 
300°C (6). In view of these similarities, and because of our 
finding (1, 3) that phosphine oxides possess bonding inter- 
mediate between single and triple bonding, one wonders 
whether o r  not the binding is similar in these c o m ~ o u n d s .  

It is also obvious that ;he sequence F,SiF, F,PO, F,SN of 
experimentally well characterized compounds may be extended 
in either direction, to hypothetical compounds. F,AlNe con- 
tains a weak bond formed by donation of the rare gas lone pair 
to the a accepting aluminum. An even more intriguing possi- 
bility is F,CIC, an example of a "quadruply" bonded carbon at  
the exposed end of a molecule. 

The atoms A and B in compounds such as these may also be 
chosen from different rows of the periodic table. For example 
phosphine sulfides and amine oxides are well known. We have 
considered most possible combinations of compounds with the 
atoms A and B chosen from the second and third rows of the 
periodic table. For simplicity the ligands to A have been chosen 
to be  hydrogens, rather than fluorines. 

Computational method 
These compounds have been studied only at the 

Hartree-Fock level, and only the ground ' A ,  electronic states 
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TABLE I. Structures and cncrgics for HIAB molecules" 

Encrgy - 154.06048 - 138.32226 - 130.24849 
R (AB) 2.375 1 1.3537 1.3876 no 
R (AH) 1.1885 1.0885 1.0229 minimum 
LHAB 91.33 110.21 1 12.32 
AB stretch 170 1253 832 

[I = - I  [I = 0 (1 = I q = 2  q = 3  
HIAINc H,SiF HJPO HJSN HiCIC 

Encrgy -370.12667 -388.16352 -415.235 17 -45 1.25625 -496.10582 
R (AB) 2.1597 1.5646 1.4587 1.432 1 1.4842 
R (AH) 1.5859 1.4696 1.3920 1.3597 1.4214 
LHAB 93.42 109.61 117.76 123.73 127.57 
AB stretch 23 1 1025 147 1 1437 1262 

l/ = - I  y = o  l/ = I q = 2  (1 = 3 
HIBAr H,CCI H,NS H,OP H,FCI 

Energy -550.59329 -496.72461 -45 1.46147 
R(AB) 3.1013 1.7844 1 ,8470 no 
R (AH) 1.1894 1.0820 1.0155 minimum 
LHAB 90.31 108.23 110.68 
AB stretch 9 1 76 1 626 

l/ = - 1  l/ = 0 l/ = I l/ = 2 q = 3 
H,AlAr HiSiCl H3PS HJSP HJCISil' 

- 

Energy -766.65534 -746.53344 -736.35299 -736.14350 -745.95226 
R (AB) 3.3614 2.05 12 1.9289 1.9053 1 ,9425 
R(AH) 1.5844 1.4647 1.3895 1.3588 1.4638 
LHAB 90.41 108.38 117.31 124.00 128.58 
AB stretch 55 573 683 65 3 604 

"Distances in A ,  angles in deg, energies in Hartrecs, and vibrational frequencies in wavenumbers. All results 
are from basis I .  

"This species is unstable with respect to a degenerate bend, as discussed in the text. All other species have 
positive definite force fields. 

have been considered. The more exotic compounds, such as 
H,CLC, have not been tested for the possibility of ground states 
of other space-spin symmetries. The stability of the singlet 
molecules was tested by calculation of the vibrational fre- 
quencies and normal coordinates. 

Basis set I, used for structure determination, is the 3-21G 
basis ( 8 ) ,  with polarization functions added to both atoms A 
and B. The d orbital exponents for second row atoms are taken 
from Hay and Dunning (9), and for the third row from Franc1 
et al. (10).  This basis, while it should give accurate structures, 
has three deficiencies: a relatively small sp basis on each atom, 
only one set of d orbitals on atom A to describe its possible 
hypervalent bonding, and no diffuse functions on atom B to 
describe its possible anionic character. These defects are 
ameliorated by basis 11, which starts from the even-tempered 
bases of Schmidt and Ruedenberg ( 1  1). The hydrogen basis is 
(4s /2s) ,  scaled by 1.2. First row atomic bases are (12s,6p/ 
3s,2p) and third row atomic bases are ( l 6 s ,  1 lp /4s ,3p) .  These 
bases approach the atomic Hartree-Fock limits to within 5 
millihartree. The single d exponent at atom A in basis I is split 
by the factors 0.4 and 1.4 to give two sets of d primitives at A, 
while atom B receives only a single set of d orbitals. The single 
d exponents are chosen as for basis 1 .  s  and p primitives, with 
exponents equal to the even-tempered parameter a, are added 
to the atom B so that the diffuse nature of a negatively charged 

B will be better represented. This basis is chosen so as to give 
very accurate Hartree-Fock electron densities for the AB 
bond. It describes the AH bonds less well due to the omission 
of p orbitals on hydrogen. For both bases the 3s contaminant 
of the Cartesian d orbitals was discarded. 

The nature of the AB bonding is determined by means of 
Mulliken population analysis (12),  and the determination of 
energy localized orbitals (13).  Geometry optimizations and 
harmonic vibrational analysis were carried out using the 
GAUSSIAN 80 (14) series of programs. The ALIS program 
system (15)  was used for energy and localized orbital calcu- 
lations with basis 11. 

Results and discussion 
Structures 

The equilibrium geometries computed with basis 1 are shown 
in Table 1 .  The HAH angles may be readily obtained from the 
data in Table 1 by the formula 

LHAH = cos-' [ I  - 1.5 sin' (180 - LHAB)] 

In Table 1, q is the formal charge on atom A in the singly bound 
resonance structure. The value of q is also related to the formal 
charges present in the zero or triply bound structures: 
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SCHMIDT AND GORDON 161 1 

The structures in Table 1 were computed using basis 1, which 
contains d orbitals on both atoms A and B, as both sets do affect 
the AB length. Bases without el orbitals at hypervalent centers 
give rather inaccurate bond lengths (16). Using el orbitals at 
atom B does have an effect on the AB distance, although much 
smaller than those at A. For example, the 3-21G'Qasis set 
(16a), containing d orbitals only on P, gives a PO bond length 
of 1.470 A for H,PO (2). This shrinks further to 1.459 upon 
adding d orbitals at oxygen. 

Consider first columns of constant q within Table I. For the 
rare gas to AlH; or BH; complexes (q = - I ), the AB distances 
are quite long, and the HAB angles nearly 90°, indicating little 
binding interaction. The strongest interaction is in H,AlNe, 
whose AB distance is actually less than that in H,BNe, and 
whose HAB angle departs most from a right angle. The AB 
bond strength can be made more quantitative. Basis 1 gives 
bond lengths of 1.190 and 1.585 for BH? and AIH?, with total 
energies -26.24886 and -242.30990, respectively. These re- 
sults give the following AB bond energies: H3BNe, 4.9 
kcal/mol; H,AINe, 8.1; H;BAr, 0.9; and H;AIAr, 1.6. Neon is 
a better cr donor, aluminum a better acceptor. 

There are no surprises in the q = 0 column, where HAB 
angles are nearly tetrahedral, and bond lengths are easily ratio- 
nalized as sums of atomic radii. 

Examination of the q = I column is more interesting. When 
A is phosphorus, the HAB angle increases from the tetrahedral 
values in the preceding column, and the AB distance contracts. 
This may be explained by the mixing in of a certain amount of 
triple bond character which should shorten the AB bond. Also, 
as atom A expands its octet the HAH angles must decrease. If, 
however, A is nitrogen, the HAB angle remains nearly tet- 
rahedral and the AB distance increases slightly from the q = 0 
column. Their structures ~ndicate that the amine chalconides 
are singly bound ionic complexes, while the phosphine chal- 
conides acquire at least some multiple bond character. 

The discrepancy between second and third row central atoms 
becomes even more pronounced upon entering the q = 2 col- 
umn. Here the compounds with central oxygen atoms do not 
exist as minima on the SCF potential energy surfaces. Instead 
geometry optimizations of trial structures revert to the amine or 
phosphine oxide. The failure to find stable compounds is some- 
what surprising. H,ON seems less exotic if thought of as a 
complex of hydronium ion with a nitrogen anion. The com- 
pounds with central sulfur atoms are a different matter, as they 
continue the trend of shortening AB distances and greater HAB 
angles as the AB bonding gains yet more triple character. 

Finally, there are two compounds with q = 3. In light of the 
failure to find molecules with central oxygens, no attempt was 
made to find the two compounds with central fluorines. The 
molecules with central chlorines have slightly longer AB bonds 
than in the previous column, thus ending the trend to ever 
shorter bond lengths. However, the HAB angles continue their 
increase. Thus the structures indicate binding in the q = 3 
column is similar to that in the previous column. Compared to 
methylchloride in  column 0, the CIC bond is very short. The 
vibrational analyses described below indicate that H,ClSi is 
unstable with respect to a degenerate e symmetry bend, while 
H,CIC is indeed a stable molecule. 

Vibrational analysis 
A complete normal coordinate analysis in the harmonic ap- 

proximation for all the molecules considered here was per- 
formed using basis I. All of the molecules save H3ClSi were 
found to possess all real frequencies. Thus all but one of these 
molecules correspond to a relative minimum on their SCF 
potential energy surfaces. These are therefore at the least ther- 
modynamically stable, no matter how exotic some may seem, 
and may perhaps be kinetically stable. 

The computed AB stretching frequencies have also been 
included in Table I .  The differing effective masses in each 
mode make comparison of the stretching frequencies wihin a 
given column impossible. However, it should be possible to 
compare the values for a given row of this table, where at least 
the atoms A and B have similar masses. Such a comparison 
indicates that the aniine chalconides have weaker AB bonds 
than the methyl halides, while the phosphine chalconides pos- 
sess greater stretching frequencies than the silyl halides. Fur- 
thermore, the compounds H3SN and H3C1C possess stretching 
frequencies greater than silylfluoride. Bond strengths cannot be 
directly inferred from stretching frequncies (recall that the ex- 
perimental bond strengths are in the order F3SiF > F;PO > 
F3SN). However, the stretching frequency for H3CIC indicates 
a considerable strength for this bond. It is interesting to note 
that H,SN and H3C1C have greater stretching frequencies than 
do H,NS and H,CCl, in spite of having considerably higher 
energies. This is an expression of the multiple character of 
these bonds. 

H,ClSi has an imaginary degenerate bending frequency of 
893i cm-'. This means this molecule is unstable with respect 
to such bending, and is therefore unisolable. The lowest normal 
mode in H3C1C is also 3 degenerate bend, but with a real 
frequency 589 cm-' .  The stability of the carbide with respect 
to bending in contrast to the silicide's instability is a reflection 
of the reluctance of silicon to hold a negative charge. 

Charge elistributions 
Further enlightenment into the AB bonding can be gleaned 

from the charge distributions found in Table 2. First consider 
the d orbital populations given in parentheses. The d orbital 
population of atom A is invariably greater than that of B.  This 
is to be expected, as A forms more bonds than B and thus 
deforms its electron density more. Furthermore, A uses its d 
orbitals to participate in any hypervalent bonding. (Remember 
though that the seemingly less important el orbitals on B do 
affect the AB bond lengths.) The cl orbital populations of A 
reveal much the same information on the AB binding as did the 
structures discussed above. When A is a third row atom, the d 
population of A increases steadily across the rows, tailing off 
only at H3C1C and H,ClSi. This shows the same increase in 
hypervalence, and hence multiple bond character already indi- 
cated by the decreasing AB bond lengths and increasing HAB 
angles. However, the molecules H3N0 and H3NS show no 
increase in the N el population over their carbon neighbors. This 
reflects the not surprising fact that the d orbitals of nitrogen are 
energetically nearly inaccessible for binding, in spite of their 
shortening effect on the NO and NS bond lengths. Note, how- 
ever, that amine oxide shows more multiple character than 
amine sulfide. 

The total charges given in Table 2 are more difficult to 
interpret. The idealized charges shown in the resonance struc- 
tures above are altered in reality by (i) mixing of the zero, 
singly, and triply bound structures, and (ii) polarization within 
the bonds. When the vagaries of the arbitrary Mulliken par- 
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TABLE 2. Charge distribution in HIAB molecules" 

A O.Ol(0.036) -0.14(0.076) -0.48(0.080) 
B 0.05(0.000) -0.43(0.020) -0.63(0.028) no 
H -0.02 0.19 0.37 minimum 

A 0.02(0.035) -0.75(0.060) -0.90(0.047) 
B O.Ol(0.000) -0.07(0.028) -0.36(0.029) no 
H -0.01 0.27 0.42 minimum 

"Gross Mulliken charges on atoms A,  B. or H.  Total Mulliken d orbital populations are in parentheses. 
All results from basis I .  

''See note b of Table I .  

titioning of the overlap populations is added, especially in the 
AH bonds, the total Mulliken charges are indeed difficult to 
interpret. The charge on atom B is a much better indicator of 
the AB charge separation than the charge on A, since the latter 
is also related to the AH charge separation. 

In the q = - 1 column, the charge on atom B is nearly zero 
rather than the + I  expected for a single bond. Thus, the bond 
order must be nearly zero. This is in keeping with the structural 
data and chemical intuition. Note that the most positive B 
occurs in H,AINe, which as already noted, does contain the 
strongest AB interaction. 

The negative charges on B in the q = 0 column of Table 2 
are more reasonably explained as a result of polarization of the 
single bonds in these compounds rather than admixture of the 
formally -2 B atoms in the triply bound resonance structure. 

In the q = 1 column, atom B should possess a charge some- 
where between the - 1 value in the singly bound structure and 
the + 1 value in the tr~ply bound structure. As B possesses a 
substantlal negative charge in all the compounds in this col- 
umn, the singly bound contributor seems to dominate the pos- 
ition of the compromise between these resonance structures. 
Since these formal charges ignore the polarization of the bonds 
that certainly occurs, the charge populations reveal less about 
the bonding than do the structures and d orbital occupancies. 
The latter clearly indicate no appreciable multiple character for 
A = N, with at least some multiple bonding for A taken as 
phosphorus. 

Were the bonding in the q = 2 column pure triple bonding, 
atom B would have zero charge. In fact the polarization of the 
SN bonds leads to a rather negative nitrogen, but less so than 
for oxygen in the previous column. Perhaps a fairer test is 
afforded by H,SP, where the AB electronegativity difference is 
less than that for H,SN. Phosphorus is indeed less negative 

here. 
Although carbon and silicon should bear a unit of negative 

charge in the q = 3 column for triple AB binding, polarization 
of these bonds leads to considerably smaller negative charges. 
Note that silicon is able to carry only a very small negative 
charge in H,ClSi, which no doubt contributes to the bending 
instability of this species. 

Localized orbitals 
A useful way of determining the nature of binding is the 

localization of the orbitals forming the SCF wavefunction. The 
concentration, or localization, of each electron pair into a par- 
ticular spatial region of the molecule facilitates the inter- 
pretation of these pairs as bonds, nonbonding lone pairs, and so 
forth, while leaving the total many electron wavefunction un- 
changed. Since the bonding apparently changes dramatically 
from column to column, changes in the localized orbitals 
should reveal pictorially the changing nature of the AB bond. 
The molecules in the second row of Tables 1 and 2 contain the 
greatest potential for strong AB bonds. They have third row 
atoms A, possessing accessible d orbitals. They also have the 
more electronegative second row atoms B, favorable since the 
majority of these molecules have negatively charged atoms B. 
Thus, localized orbitals have been generated only for mole- 
cules in this row. 

Calculations were carried out on these molecules with basis 
I1 and should represent near Hartree-Fock basis set limits for 
the electron densities. Hypewalent character in the AB bond 
should be well represented, as the atoms A possess twin d 
orbitals. Energies and Mulliken populations are shown in Table 
3. Note that this basis gives d orbital populations approaching 
a full electron for the hypervalent H,SN and H,ClC. The d 
population of phosphorus in phosphine oxide is increased 54% 
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SCHMIDT AND CORDON 

FIG. I .  Contour plots for energy localized orbitals, expanded in basis 11. The increment between contours is 0.05 bohr-"'. The numerals 
indicate how many equivalent orbitals there are of each type. 
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TABLE 3. Results for selected H3AB molecules" 

Molecule Energy A" B" H 

"All results taken from basis 11. Energics are in hartrees. 
"Gross Mulliken atomic chargc, with d orbital population in parentheses. 

of the way from singly bound H,SiF towards triply bound 
H3SN. 

The localized orbitals themselves are shown in Fig. 1. Care 
has been taken in these plots to use identical distance scales, 
with atom A centered.   he contour increments are the same in 
all plots, to facilitate comparison. Positive amplitudes are 
shown as solid curves, and negative amplitudes as dashed lines. 
Nodes, or regions of zero amplitude, are shown as dotted lines. 
Electron densities are, of course, given by the square of the 
amplitudes. 

The first column shows one of the three equivalent AH 
bonds. The increase in the HAB angles as A becomes more 
hypervalent is quite apparent. One can also see the polarization 
of the AH bond change as  A becomes more electronegative. 

The second column in the figure shows the orbitals re- 
sponsible for the AB bonding. For H3A1Ne the orbital is com- 
$etely polarized to neon. This is not really a bond at all, but 
rather a lone pair on neon donating a nearly invisible amount 
of electron density to the accepting p orbital of AlH,. The cr 
bond in silyl fluoride is quite polarized. The cr bond in phos- 
phine oxide is less polarized. Upon reaching H3SN, the bond- 
ing changes in an apparently dramatic fashion, with three 
equivalent bond pairs,arranged staggered with respect to the 
three SH bonds. Thus the bonding in this molecule has become 
triple. H3C1C closely resembles H3SN, except that the bonds 
are more polarized to the central atom. Thus, the bonding in 
this molecule is also triple. 

The final column of the figure shows the nonbonding orbitals 
on B. There are three on neon and fluorine, and one on nitrogen 
and carbon. It is not entirely accurate to describe the three lone 
pairs on oxygen in H 7 P 0  as  nonbonding for they clearly show 
some donation of electron density to phosphorus. This p,-d, 
backdonation to the phosphorus is responsible for the great 
strength of the PO bond, and is discussed in detail elsewhere 
(3). The PO bond is clearly more than a single bond while not 
yet the triple bond found in H,SN. 

The transition from single to triple bonding begins to appear 
in H,PO. If the three lone pairs on oxygen were to be tipped in 
towards P,  so  that they might share their electron density more 
effectively with P ,  one would arrive at orbitals much like the 
three bonding orbitals in H,SN. If at the same time the positive 
bulk of the PO cr bond were diminished, while the negative 
lobe beyond the oxygen increased, this orbital would become 
the unique lone pair in H,SN. In fact, we have shown (3) that 
thep,-d, interaction increases as more electronegative ligands 
are attached at phosphorus. As a result of this increased back- 
bonding for FIPO the localized orbitals yield three bonding 
orbitals between P and 0 ,  and a single nonbonding orbital on 
oxygen. Thus the phosphine oxides appear intermediate be- 
tween single and triple binding. Less electronegative ligands 
(H,  CH,, SiH,) give localized orbitals resembling single bonds 

with some .rr interaction, while more electronegative ligands 
(OH, F) give just enough additional bonding to give orbitals 
resembling the triply bound H,SN (3). 

The geometry, d orbital populations, and localized orbitals 
presented here indicate phosphine oxide and sulfide are poised 
on the edge dividing singly and triply bound compounds such 
as  H3SiF and HISN. An appropriate way to view their bonding 
is as  effectively double bonding, that is possessing roughly 
equal contributions from the two group theoretically allowed 
bonding schemes, single or triple. Phosphine sulfide has some- 
what less hypervalent character than phosphine oxide. 

The sequence of compounds whose localized orbitals were 
presented can be thought of as arising from the sequence AlF3, 
SiF,, PF5, SF6, and ClF,, all of which exist save the last. The  
compounds we have considered can be formed by replacing 0 ,  
1 ,  2 ,  3 ,  or 4 fluorines with Ne, F ,  0 ,  N, or C ,  and replacing 
the remaining fluorines with the less stabilizing ligand hydro- 
gen. As shown in Table 1,  H,ClC is very much less stable than 
the conventional isomer H3CCl. However, this does not pre- 
clude the existence of such carbides, as HlClC was shown here 
to be a relative energy minimum, with a strong ClC bond. After 
all, F,SN exists and is quite stable, even though H3SN is less 
stable than H,NS. If a synthesis of  a molecule in the H,ClC 
family were attempted, efforts should be directed at FJC, 
whose parent interhalogen IF, is already known. Such a carbide 
would likely be very reactive, and might well demonstrate a 
unique chemistry. 
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ASHOK KUMAR and WILLIAM J .  MEATH. Can. J .  Chem. 63, 161 6 (1985). 
Dipole oscillator strength distributions have been constructed, and used to evaluate integrated dipole oscillator strengths and 

a variety of dipole oscillator strength properties, for ground state Ne, Ar, Kr, Xe, HF, HCI, and HBr. Each distribution has 
been constructed by using experimental and theoretical photoabsorption cross sections and by subjecting the resulting dipole 
oscillator strength data to constraints provided by the Thomas-Reiche-Kuhn sum rule and molar refractivity or related data 
for the relevant dilute gases. The resulting dipole properties are generally the most or only reliable values available for the 
hydrogen halides, for the rare gases they largely augment reliable results for most of the properties already available in the 
literature. The results for HCI are used to discuss an interesting molecular effect in the photoabsorption spectrum of this 
molecule betwen -200 eV and -205 eV. 

ASHOK KUMAR et WILLIAM J .  MEATH. Can. J .  Chem. 63, 1616 (1985). 
On a Ctabli les distributions des forces d'oscillateurs dipolaires et on les a utilisC pour Cvaluer, pour les Ctats fondamentaux 

de Ne, Ar, Kr, Xe, HF, HCI et HBr, les forces intCgrCes d'oscillateurs dipolaires ainsi qu'une variCtC de propriCtCs associies 
avec la force d'oscillateurs dipolaires. On a Ctabli chaque distribution en faisant appel aux valeurs expCrimentales et thCoriques 
des sections droites de photoabsorption et en soumettant les donnCes relatives aux forces d'oscillateurs dipolaires qui en 
rksultent aux contraintes qui sont fournies par la regle des sommes de Thomas-Reiche-Kuhn et aux rCfractivitCs molaires 
ou aux donnCes apparentCs pour les gaz diluCs appropriCs. Dans le cas des halogenures d'hydrogene, les propriCtCs dipolaires 
qui en rksultent sont gCnCralement les seules valeurs disponibles ou les plus fiables; pour les gaz rares, les risultats fiables sont 
grandement augmentCs pour la plupart des propriCtCs qui sont dCja disponibles dans la litterature. On a utilisC les rCsultats 
obtenus avec le HCI pour discuter d'un effet molCculaire intkressant dans le spectre de photoabsorption de cette molCcule entre 
environ 200 et 205 eV. 

[Traduit par le journal] 

1. Introduction 
The accurate ab initio or direct experimental evaluation of 

many of the dipole properties for most atoms and molecules is 
a very difficult problem (1 -7). On the other hand, a combina- 
tion of experimental information and theoretical techniques can 
be used to evaluate many important dipole properties in a 
reliable way through the construction of globally reliable dipole 
oscillator strength distributions (1, 7- 14). 'The main purpose 
of this paper is to present integrated dipole oscillator strengths 
and reliable values for the dipole oscillator strength sums SL ,  
k = - lO(1) -4, -3(4)0, 1, and 2, and the logarithmic dipole 
sums LA,  k = -2(1)2 for HF, HCI, HBr, Ne, Ar, Kr, and Xe. 

The relationship between the dipole oscillator strength distri- 
bution (DOSD) and the dipole properties for a particular atom 
or molecule, and the method used to construct the DOSD are 
discussed in Section 2. The discussion includes a brief sum- 
mary of various uses of the dipole properties and an outline of 
how experimental and theoretical dipole oscillator strength 
data, coupled with quantum mechanical constraint procedures 
using the Thomas-Reiche-Kuhn sum rule and molar refrac- 
tivity or related data as constraints, can be used to evaluate 
reliable values for the dipole properties. The experimental and 
theoretical input data used to construct the DOSDs for the 
hydrogen halides, and the integrated oscillator strengths and 
the dipole properties for these molecules, are discussed and 
given in Section 3; the values for most of the dipole properties 

are the most reliable available. The results are used to augment 
and assess the molar refractivity data for these molecules as a 
function of wavelength X and to discuss the oscillator strength 
data for HC1 and HBr; of particular interest is a molecular effect 
occurring between -200 eV and -205 eV in the photo- 
absorption spectra of HC1. The adopted integrated DOSDs and 
dipole properties of the four rare gases studied here are given 
in Section 4. For common values of k 5 0 our results are 
usually in very good agreement with those of Leonard and 
Barker (1 1) and Leonard (15). Generally, significant im- 
provements relative to their work is obtained only fork > 0. A 
discussion of our adopted results for the dipole properties of 
HF, HC1, HBr, Ne, Ar, Kr, and Xe, including a comparison 
with typical literature values, is given in Section 5. Literature 
results used explicitly to construct the DOSDs are discussed in 
Sections 3 and 4. 

2. Relationship between DOSDs and the dipole properties 
Properties 

Knowledge of the dipole oscillator strength distribution 
(DOSD) for a molecule permits the evaluation of a variety of 
dipole properties for the molecule. Those of interest for this 
paper are the dipole sums Sk, the logarithmic dipole sums Lk, 
and the mean excitation energies Ik ,  defined by 

'On leave from the Department of Physics, Meerut University, [2] Lk  = J' (&)' (g) In (E)  d E  
Meerut. India. EO 

'Associated with the Centre for Interdisciplinary Studies in Chem- 131 lL = 2R exp [L,/s,I 
ical Physics, University of Western Ontario, London, Ont., Canada 
N6A 3K7. where Eo  is taken to be the electronic absorption threshold, R 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



KUMAR AND MEATH 1617 

is the Rydberg constant of energy, (df/dE) is the differential 
dipole oscillator strength of the molecule for excitation energy 
E, and k can take on many different values (1, 7- 14, 16, 17). 
Equations 111-[3] are written for a continuous distribution of 
oscillator strengths. If the DOSD is made up of discrete and 
continuous parts these results should be modified such that, for 
example, 

with a similar equation applying for Lk. In [4] the sum is over 
the discrete transitions for the molecule and Eo is the absorption 
threshold for the continuum part of the DOSD. Usually the 
DOSD for a molecule is continuous in nature while that for an 
atom also contains a discrete part. The dipole properties de- 
fined by [I]- [4] are important in a variety of fields (1, 16, 17). 
For example, ( a )  the straggling ( I , ,  S , ) ,  and the stopping (IO), 
and the total ( I - , ,  S - , )  inelastic scattering cross sections, of 
fast charged particles in matter; (b )  dipole polarizabilities a, = 
ao3S-I> where a. is the Bohr radius; ( c )  charge densities at 
nuclei (Sz); (d) Lamb shifts (I?); (e)  moments of the DOSD 
(S-,, L 4 ,  S-(,, ...) occur in the Cauchy expansion of the 
frequency dependent polarizability or the molar refractivity 
(see below) of atoms or molecules; ( f )  S I ,  S-,, S-,,2, and L-? 
can be used to obtain estimates for the dipole-dipole dis- 
persion energies between atoms and molecules (12); and (g)  
the relevance of accurate results for the dipole properties in 
testing ab  initio, non-empirical or other methods for evaluating 
the properties is well established (1, 5 ,  6, 12, IS), see also what 
follows. 

Cor~struction of DOSDs 
The evaluation of the dipole properties is straightforward if 

reliable values for the dipole oscillator strengths (DOSs) are 
available from the absorption threshold to very large values of 
the excitation energy; for a discussion of the dependence of the 
dipole properties on the various spectral regions of the DOSD, 
see refs. 1, and 19 to 21. Unfortunately, there is often a lack 
of accurate DOS data over important photon energy regions for 
many interesting atoms and molecules. Also typical errors in 
DOS data ranges between 5-20% even for good oscillator 
strength data. 

The procedure used to construct a dipole oscillator strength 
distribution for a given molecule from an initial data base of 
(d f/dE) versus E values has been discussed in detail previously 
(13, 14), see also the discussion in ref. 22. The excitation 
energies for a given molecule are divided into N regions from 
the absorption threshold E O  to very large values of E.  The initial 
dipole oscillator strength data for the j th spectral region is 
modified according to 

so that the complete modified DOSD satisfies certain con- 
straints through the choice of the a,. If the input data contains 
discrete transitions, a parameter a, is associated with each such 
transition. 

The constraints used are furnished by the Thomas-Reiche- 
Kuhn sum rule (for a review of oscillator strength sum rules, 
see ref. 16), So = Z where Z is the number of electrons in the 
molecule, and preferably by two values of the molar re- 
fractivity R ,  of the relevant dilute gas corresponding to well 
separated wave lengths h,  and h2. If h2 and h ,  are too close, 
A R ,  = RA1 - R A ,  can become on the order of the experimental 
error in the refractivity data and the constrained least squares 

procedure used to determine the a, cannot be carried out (19, 
22). In such cases one value of R A ,  or the value of a, or R,, can 
be used as a constraint with little loss in the reliability of many 
of the properties determined from the DOSD (22). The molar 
refractivity is related to the refractive index of the gas n(h), and 
to the frequency dependent or dynamic dipole polarizability 
ad(h)  of the molecules making up the gas, by 

where p is the molar density of the gas, N A  is Avogadro's 
number, h is Planck's constant, and c is the speed of light. If 
the DOSD contains discrete transitions, 161 involves a sum over 
these as well as an integral over the continuum part of the 
DOSD, see, for example [4]. 

The constraints So and R A  are written as a sum of N terms 
(corresponding to discrete contributions from the discrete tran- 
sitions and integrals for the continuum part of the DOSD), one 
for each a, occurring in [5], and the parameters are determined 
for each initial DOSD by using the methods discussed in detail 
in ref. 13. 

A DOSD can be constructed for each given initial data base 
for a given molecule. The total number of DOSDs constructed 
for a given molecule is given by 

N,""", 

n N ,  
t=  l 

where N,,,,,  is the number of input spectral regions and N k  is the 
number of independent sources of dipole oscillator strength 
data used for the kth input spectral region. If the N I  are large, 
choosing N,,,,,  = N can lead to a very large number of dis- 
tributions. In what follows this is reduced to manageable 
numbers by choosing Ni,,,,  to be considerably less than N .  

Each adopted DOSD is represented by a set of data points, 
E,  and (df/dE),, for I = 1 ,..., N ,  >> N ,  and a set of inter- 
polating functions to connect the points. For very high photon 
energies the differential dipole oscillator strengths are repre- 
sented by the Born dipole formula (23), AE-". The dipole 
properties are readily evaluated using this representation of the 
DOSD. 

3. DOSDs and dipole properties for HF, HCI, and HBr 

The following photoabsorption and fast electron energy loss 
cross sections cr (proportional to (d f /dE)) and dipole oscillator 
strength data were considered in the construction of the 
DOSDs: 

HF: 8.0- 150.0 eV (Carnovale and Brion (24)), 8.0-45.58 
eV (Hitchcock and Brion (25)), 1 1.14- 15.96 eV (Salama and 
Hasted (26)). 

HCI: 5.64- 1 1.82 eV (Myer and Samson (27)); 8 .O- 50 eV 
(Daviel et al. (28)), 200-280 eV (Ninomiya et al. (29)), 
200-208.7 eV (Hayes and Brown (30)). 

HBr: 5.39-7.0 eV (Huebert and Martin (3 l)), 7.0- 100 eV 
(Brion and Thomson (32)). 

For HF the energy loss cross sections (25, 26) have been 
normalized to the integrated oscillator strength obtained from 
Carnovale et al. (24) for common photon energy regions. 

This experimental molecular data was augmented by em- 
ploying the following mixture rules for relatively high photon 
energies: 
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TABLE I. lntegrated dipole oscillator strengths for HF*, the absorption edge for HF occur at 684.7 eV [ F K ]  (34) 

lntegrated dipole oscillator strengths 

Energy range DOSD constrained Integrated DOSs for original experimental and/or 
(eV) Adopted DOSD to ad = 5.3300r; mixture rule data 

*This table contains the oscillator strengths for the adopted DOSD, constrained to a, = 5.601a0' and S,, = 10, constructed by 
consideration of the initial unmodified experimental or mixture rule DOS data for HF. The references associated with the adopted 
DOSD indicates the source of the DOS data for the indicated spectral region. Also included are the integrated DOSs corresponding 
to the DOSD constrained to a, = 5.330al,' and So = 10. 

where X = F, C1, or Br. The cross sections for HZ are taken 
from the recommended DOSD of Zeiss et al. (13) while those 
for the halides X are from Henke et al. (33) for 50- I00 eV and 
Veigele (34) for 100 eV - 100 keV. Because of the structure 
(29, 30) in the experimental photoabsorption results for HC1 for 
200-208.7 eV, only the experimental input data is subjected 
to the constraint procedure for these photon energies. In all 
cases the Stobbe formula (35) is used to generate the oscillator 
strength data for E > 100 keV. The mixture rule is used 
explicitly to construct the DOSDs for E > 150 eV for HF and 
for E > 50 eV for HC1 and HBr. 

The number of input spectral regions is chosen to be N,,,,, 
-20. To provide flexibility in applying the constraint pro- 
cedure discussed in Section 2 the number of parameters a, was 
chosen to be -60, that is N .= 60 in [5]. For each molecule all 
possible initial DOSDs are employed in the constraint pro- 
cedure based on the input data associated with N,,,,, - 20; the 
total number of initial DOSDs considered varies from -5200 
for HF to 1024 for HC1 and HBr. The adopted DOSD for each 
molecule is that corresponding to the least overall adjustment 
of the initial DOS input data considered in the constraint pro- 
cedure as judged by the value of 

I / Z  

(STD) = [i (a, - c)'/N] 
j= I 

It is important to emphasize that given DOS input can lead to 
DOSDs that differ considerably as a function of E while 
agreeing well globally in that they yield very similar results for 
a variety of dipole properties (13, 18, 36). The integrated 
dipole oscillator strengths for each molecule are provided for 
the input spectral regions. 

DOSD and properties for HF 
Although there is some refractivity data available for HF, see 

below, it is rather uncertain and therefore not well suited for 
providing constraints for the construction of the DOSD for this 
molecule. Rather, we use as a constraint the value of the static 
dipole polarizability or S-Z determined as described below. 

Werner and Meyer (2, 37) have calculated the static dipole 
polarizabilities a, for the isoelectronic series Ne, HF, H,O, 
NH,, and CH, using both the coupled electron pair approxi- 
mation (CEPA) and the pseudo natural orbital configuration 
interaction (PNO-CI) method. Accurate values (Section 4 and 
refs. 13, 38, 39) of a, for Ne, HZO, NH3, and CH, lie between 
the CEPA and PNO-CI results suggesting that a, for HF should 
be between 5 . 5 0 0 ~ 2  (PNO-CI) and 5.670a03. A plot of the 
percentage deviation of the accurate values from the mean of 
the PNO-CI and CEPA results is a straight line for Ne, HZO, 
and NH3 and interpolation yields a result of 5.601 a 2  which we 
use as a constraint for constructing the DOSD for HF. This 
value agrees with that obtained by interpolation of a plot of the 
accurate values of a,, for Ne, HZO, NH3, and CH,, versus the 
number of protons in the molecule, see also Klein et al. (40), 
and used recently by Brobjer and Murrell (41). 

As a check we have estimated S - ,  for HF from a plot of 
reliable values (Section 4 and refs. (13, 39)) of S - I  for Ne, 
HZO, NH3, and CH4 versus the number of protons in the moIe- 
cules. Interpolation of this (essentially) straight line plot yields 
S - ,  = 5.50 for HF which is in good agreement with the value 
evaluated from our adopted DOSD for HF, see Table 2. 

lntegrated dipole oscillator strengths for the adopted DOSD 
corresponding to the constraints a, = 5 . 6 0 1 ~ 2 ,  or S-2 = 
5.601, and So = 10 are given in Table 1 and the corresponding 
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TABLE 2.  Some dipole properties S L  and LA for HF, HBr, and HCI 
evaluated using the adopted DOSDs for the molecules, also included 
are the results corresponding to the DOSD for HF that is constrained 

to ad = 5.330a03 

Value 

HF 

TABLE 3. Comparison of the values of RA, in cm3 mol-', for HF 
evaluated using the adopted DOSD with the experimental vtlues 
obtained from Penning et al .  (42). 'The result R ( A  = 28 000 A) = 
1.898 cm' mol-I has been obtained from Drummond et al.  (43);" the 
corresponding result for our adopted DOSD is 2.095 1 c m b o l - ' ;  also 
included in the table are values of RA evaluated from the DOSD that 

is constrained to ad = 5.330ac:, see text for details 

HBr 
R A adopted 

Property Adopted ad=5.330a03 HCI R A 

A (A) DOSD aCl=5.330atr' RA(PWR)" 

s -6 

s-7 

s-8 

s-9 
s-lo 
L?. 
L 1 

Lo 
L-1 
L-2 

dipole properties are given in Table 2. 
The experimental situation regarding the refractive index of 

gaseous HF is summarized in Table 3, which contains results 
for the molar refractivity obtained from the work of Penning 
et al. (42) and Dmmmond (43). The few available exper; 
mental results are considerably lower than those evaluated from 
our adopted DOSD, see Table 3; the disagreement is well 
outside the estimated experimental errors of -2% for Penning 
et al. (42) and -5% for Dmrnmond (43). The difficulties in 
obtaining reliable results for the refractive index of HF have 
been discussed by these authors and of particular importance is 
the elimination of dimerization effects. 

If anything our adopted value of 

is too high. To illustrate the effect of a lower value of a, on the 
results obtained from our constraint procedure we have re- 
peated the calculation associated with our adopted DOSD using 
a, = 5.330a: obtained by increasing the value of R ,  obtained 
from Drummond's result by 5% and by assuming A = 28 000 
A = m. This value of a, is in reasonable agreement with an 
additivity estimate of 5 .40~:  obtained by Clark (46) and 
referred to in Landolt-Bornstein (47). 

The integrated DOSs, dipole properties, and R A  values for 
the DOSD constrained to a, = 5.330a07 are included in 
Tables 1-3, respectively. The DOS is affected markedly only 
for 12.8 eV < E < 16.0 eV and, as expected, this influences 
the results for the S, and Lk significantly only for negative 
values of k. The results for the dipole properties corresponding 
to the DOSD constrained to a, = 5.330aO3 are lower than the 
adopted results corresponding to a, = 5.601aO7; the dis- 
crepancies are - 1% for k = - 112, -4.8% for k = -2, -8% 

"The experimental refractivity results have been presented for P C  and 1 atm 
assuming ideal behaviour. More complete corrections for non-ideal behaviour 
would probably lead to a reduction of the R ,  values obtained from the data in 
refs. 42 and 43; the article by Bosanac et al. (ref. 44, see also Redington (45)) 
contains a summary of available second virial coefficient data for HF. 

for k = -4 and they decrease as k decreases further since the 
differences between the two DOSDs decreases for E < 13 eV. 
We prefer the adopted results for the DOSD and the dipole 
properties for the reasons given previously. The other results 
for the properties can be regarded as an extreme possibility for 
lower bounds to our recommended results. A reasonable error 
estimate, -2 1 %, for our adopted value for a,,(HF) is furnished 
by comparison of the PNO-CI and CEPA results of Werner and 
Meyer (37). 

DOSD and properties for HCI 
There are apparently three sources of refractive index mea- 

surements for HCI, Cuthbertson and Cuthbertson $48) betwecn 
6707.9 A and 4799.9 A, Frivold (49) for 6564 A to 4359 A, 
and Larsen (50) between 5677.4 A and 2302.8 A. All are in 
very good agreement (within p.2%) at the (essentially) corn- 
mon wavelength of 5462.25 A. 'The Frivold data are used to 
generate molar refractivity constraints at 6564 A and 4359 A. 

The integrated dipole oscillator strengths for the adopted 
DOSD are given in Table 4 and the properties evaluated from 
it are included in Table 2; our value of S-? is identical to that 
obtained from the value of R ,  given in Londolt-Bornstein (47). 
The values of R A  calculated from the DOSD are in excellent 
agreement with the experimental values, see Table 5. 

DOSD and properties for HBr 
Refractive index data is available between 6707.9 A and 

2447.7 A, see Cuthbertson and Cuthbertson (48) and Larsen 
(50). The results at A = 6707.9 A and 2675.5 A were selected 
to provide the molar refractivity constraints for the construction 
of the DOSD for HBr. The integrated dipole oscillator strengths 
for the adopted DOSD are given in Table 6,  the associated 
dipole properties in Table 2. Our result for S-2 is in excellent 
agreement with the value of 23.54 obtained from R ,  given in 
ref. 47. 

The molar refractivities evaluated from the adopted DOSD 
are compared with experiment in Table 7 and the agreement is 
excellent except in the c!se of R A  valueso obtained from Larsen 
(50) for A = 2464.8 A and 2447.7 A. Varying the molar 
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TABLE 4. Integrated dipole oscillator strengths for HCI (see also footnote for Table 1); the ab- 
sorption edges occur at 208.7 eV (CI,,) and 2822 eV (CI,) (34) 

Energy range Integrated dipole Integrated DOSs for original experimental and/or 
(eV) oscillator strengths mixture rule data 

2.499(-2)(27) 
7.9 18(-2)(28) 
2.226(- 1 )(27) 
9.466(- 1 )(28) 
1.164 (28) 
1.277 (28) 
2.504 (28) 
5.406(- 1)(28) 
I .650(- 1)(28) 
1.346(- l)(M) 
1.308(- l)(M) 
1.248(- l)(M) 
I. 135(- l)(M) 
1.027(- l)(M) 
6.224(- l)(M) 
4.724(-2)(30) 
8.205(-3)(29) 
7.08.5-2)(30) 
2.080 (M) 
5.268 (M) 
7.661(-I)(M) 
1.037 (M) 
5 .4%-  l)(M) 
2.198(-2)(M) 
I .O89(-3)(M) 

1.629(- l)(M) 
I .344(- I)(M) 
1.306(- I)(M) 
1.245(- l)(M) 
I. l33(- l)(M) 
1.025(- 1)(M) 
6.137(- l)(M) 
9.097(-2)(M) 
1.810(-2)(M) 
8.664(-2)(M) 
2.028 (M) 
5.175 (M) 
7.623(- l)(M) 
1.030 (M) 
5.450(- 1 )(M) 
2.198(-2)(M) 
1.089(-3)(M) 

refractivity constraints had little influence on the calcylated 
values of R ,  unless Larsen's (50) data for A % 2464.8 A were 
used; it appears that the experimental data for these values of 
A are significantly too high, see Table 7. 

Further discussion of the properties of the hydrogen halides 
is reserved for Section 5. However, comments on the DOSDs 
are relevant here, particularly concerning HCI and HBr. 

The HC1 experimental integrated oscillator strengths ob- 
tained from Hayes and Brown (30) and Ninomiya et al.  (29) 
agree reasonably well for 200-205.3 eV, within the ex- 
perimental error given in ref. 30, while the mixture rule result 
is some 50% higher. As E increases, between 205.3 and 208.7 
eV, the integrated oscillator strengths obtained from ref. 30 and 
the mixture rule agree within the estimated experimental error 
whereas the results due to Ninomiya et al. (29) apparently 
become too low and this trend continues between 208.7 and 
280 eV. It seems that the disagreement between the mixture 
rule and the experimental data between 200-205.3 eV, within 
-3 eV of the Chlorine L? edge, is a nice example of a molec- 
ular photoabsorption effect occurring at high photon energies, 
see also ref. 52. Unfortunately this (possible) effect cannot be 
investigated at the K edge of HC1, or the absorption edges 
for HF and HBr, because of an apparent lack of molecular 
photoabsorption cross sections for these photon energies. 

For 7 5 E 5 50 eV the adopted integrated dipole oscillator 
strengths for HBr, see Table 6, agree with the input DOS 
results obtained by Brion and Thomson (32) within the esti- 
mated experimental error of -25%. As E increases, however, 
the experimental results seem too low with respect to the 
mixture rule data which should become reliable for these values 
of the photon energies (except possibly near the absorption 
edges, see above). Further evidence of the reliability of the 
mixture rule can be found in Table 1 for HF between 100 and 
150 eV, in Table 4 for HCI between 40 and 50 eV, and through 

the agreement of the mixture rule integrated oscillator strength 
for HCI between 5000 and 25000 eV with the molecular result 
of 5.440 (-  I) obtained from Millar and Greening (53). 

4. DOSDs and dipole properties for Ne, Ar, Kr, and Xe 
Dipole oscillator strength distributions for the rare gases 

have been developed, in the context of evaluating reliable 
results for the dipole properties of these atoms, by several 
authors. Probably the most extensive treatment is due to 
Leonard and Barker (1 I), see also Barker and Leonard (54) and 
Leonard (15), and of course the pioneering work of Dalgarno 
and co-workers (9, 10, 55, 56) and Margenau (8) should also 
be mentioned. For a more complete discussion see refs. 1 1, 12, 
and 55. 

Much more recently Berkowitz (57) has discussed the oscil- 
lator strength data for the rare gases and has used the 
Thomas-Reiche-Kuhn sum rule, experimental values of a, 
= S-7_a0', and calculated or experimental values of S - , ,  to help 
test and discriminate between the experimental DOS data 
considered. 

The review of the experimental DOS data for the rare gases 
by Leonard and Barker (1 l ) ,  see also Leonard (15), was very 
extensive up to the time of the original work (- 1967). Since 
then many new papers on the rare gas DOSs have appeared, 
many of which have been considered in ref. 57. It seems 
reasonable then to reconsider the rare gases in the light of the 
constrained least squares procedure discussed in Section 2 and 
to obtain a data base for these atoms analogous to our work on 
a variety of other atoms and molecules (13, 14, 18-20, 36, 
39), including the hydrogen halides discussed in Section 3. We 
consider only the rare gases Ne, Ar, Kr, and Xe; effective 
dipole oscillator strength distributions for He are readily avail- 
able in the literature (9, 11, 58). However, since most of the 
dipole properties obtained from our adopted DOSDs agree very 
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TABLE 5. Comparison of the values of R , ,  in cm' mol-' , for HCI 
evaluated using the adopted DOSD with the experimental values 
obtained from Frivold (49), Cuthbertson and Cuthbertson (48), and 

Larsen (50) 

A ( A )  RA (DOSD) RA (F)" R A  (CC)" R A  (L)" 

"The data has been corrected to ideal gas conditions in refs. 49 and 50. 
'The results are obtained by converting the data (nd - I )  given in (48) to 

ideal gas conditions by using (n:.,,, - 1 )  = 1.00063(11~ - I) (see ref. 51). 
'Used as constraints in the construction of the DOSD. 

well with those of Leonard and Barker (1 1, 15), the details of 
the analysis will be suppressed substantially. 

The initial or unmodified integrated oscillator strengths used 
explicitly in our analysis are given in Tables 8- 1 1  for Ne, Ar, 
Kr, and Xe, respectively; all the appropriate references for the 
data are included in these tables. Molar refractivity data and S o  
= Z are used as constraints for the construction of the DOSDs. 
The mola: refractivity coastraints are chosen to be: Ne - A = 
5462.25 A and 2894.4 A from Cuthbertson and Cuthbertson 
(108) correcting for non-ideal behaviour by using the secon! 
virial coefficient of Michels et al. (109); Ar - A = 6329.9 A 
and 4766.2 & from Coulon et al. (1 10); Kr - A = 2632.1 .& 
and 177G.9 A from Smith et al. (1 11); Xe - A = 2537.0 .&and 
1702.0 A from Bideau-Mehu et al. (1 12). A very useful review 
and critique of the refractive index data for the rare gases up to 
- 1970 can be found in Leonard (1 13); ref. 108 occurs in this 
review while refs. 110- 112 are considerably more recent. In 
all cases the molar refractivity values calculated from our 
adopted DOSDs are in excellent agreement with the experi- 
mental values obtained from refs. 108- 112 for all relevant 
values of A; the agreement with other comparable experimental 
data is generally also very satisfactory. 

Compared to the molecules considered in Section 3 ,  the 
sources of DOS input data for the rare gases are immense. 
Potentially this data gives rise to millions of DOSDs if the 
approach used for the hydrogen halides is used here. To sim- 

plify matters we first used the oscillator strengths suggested by 
Berkowitz's (57) analysis of the DOS data for the rare gases, 
or by well intentioned interpretations or modifications of this 
data, to construct the DOSDs for Ne, Ar, Kr, and Xe. For 
example, we augmented the data considered by Berkowitz by 
recent DOS results for the auto-ionization region, by high 
energy DOS data generated by the Stobbe formula and by 
employing Henke's (33) more recent compilation of rare gas 
photoabsorption cross sections. In addition we have also con- 
structed many additional DOSDs by making selective ad- 
justments in the DOS input data, using the initial calculations 
as a guide, by employing other DOS data sources in order to 
attempt to minimize (STD). The adopted DOSD corresponds to 
the minimum value of (STD) obtained although we emphasize 
that not all possible combinations of DOS input data has been 
considered for this purpose. In all cases the STD fell from 
-2-5 to -0.5. 

The integrated dipole oscillator strengths for the adopted 
DOSDs are given in Tables 8- 1 1  for Ne, Ar, Kr, and Xe, 
respectively. While the corresponding results obtained from 
our initial calculations based on Berkowitz's analysis can differ 
locally, they usually agree with our adopted results globally in 
the sense of yielding very similar results for many of the dipole 
properties of the rare gases (some exceptions are discussed 
briefly in Section 5). The dipole properties S ,  and L,  evaluated 
from our adopted DOSDs are given in Table 12. The values 
of S - Z  resulting from our adopted DOSDs are in excellent 
agreement with the recommended values given in the review by 
Teachout and Pack (38) and Leonard (1 13). 

5. Discussion 
Some of the experimental and literature results for the dipole 

properties of the molecules and atoms considered in this paper 
have been compared with our adopted results in Sections 3 and 
4 in the context of the evaluation of the properties. Also, very 
recently, a refined quantitative study of valence shell absolute 
photoabsorption cross sections for HF, including a discussion 
of experimental difficulties associated with this molecule, has 
been carried out by Hitchcock et al. (1 14). We begin this 
section with a comparison and brief discussion of other litera- 
ture results, many of which are ab initio calculations for the 
hydrogen halides, for some of the dipole properties of HF, 
HCI, HBr, Ne, Ar, Kr, and Xe. 

Hydrogen halides 
The most studied dipole property of this group of molecules 

is the static dipole polarizability of HF. A recent discussion of 
correlation corrections to coupled Hartree-Fock calculations 
of the dipole polarizability of HF, together with an excellent 
calculation of a, and a summary of previous work at the SCF 
and higher levels, can be found in Mukherjee et al. (4). All of 
the results at the SCF level quoted, except those of O'Hare and 
Hurst (1 15) which are -4% higher than our recommended 
result, are substantially too low (by C12%). The addition of 
correlation effects generally increases the value of a, but only 
a few calculations (1 16), including some of those of Mukherjee 
(4) aided by Pad6 approximant techniques, lead to results com- 
parable in reliability to those of Werner and Meyer (37) used 
to construct the DOSD for HF in Section 3. Reference 4 con- 
tains excellent discussions and examples of the difficulties 
involved in obtaining reliable ab initio results for the polar- 
izabilities of even moderately small species. Other recent 
work, not included in ref. 4,  includes a recent study by 
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TABLE 6. Integrated dipole oscillator strengths for HBr (see also footnote for Table 1); 
the absorption edges occur at 1550 eV [Br,,], 1596 [Br,?], 1782 eV [Br,,] and 

13 470 eV [Br,] (34) 

Integrated DOSs for original 
Energy range Integrated dipole experimental and/or 

(ev)  oscillator strengths mixture rule data 

1.722(-2)(31) 
2.921(- l)(32) 
1.386 (32) 
1.963 (32) 
1.064 (32) 
1.898 (32) 
5.960(- 1)(32) 
2.272(- I)(32) 
2.480(- l)(M) 
2.208(- 1 )(M) 
2.174(- I)(M) 
2.589(- 1)(M) 
3.051(- I)(M) 
3.884 (M) 
3.414 (M) 
6.114 (M) 
3.478 (M) 
1.212 (M) 
2.449(- l)(M) 
1.147 (M) 
5.477 (M) 
9.250(- l)(M) 
1.381 (M) 
2.636(-2)(M) 

2.478(- l)(M) 
2.207(- 1)(M) 
2.174(- 1)(M) 
2.589(- l)(M) 
3.052(- l)(M) 
3.935 (M) 
3.465 (M) 
6.166 (M) 
3.485 (M) 
1.214 (M) 
2.450(- l)(M) 
1.149 (M) 
5.498 (M) 
9.254(- l)(M) 
1.382 (M) 
2.636(-2)(M) 

TABLE 7. Comparison of R A ,  in cm' mol-', for HBr evaluated using 
the adopted DOSD with the experimental values obta~ned from 

Cuthbertson and Cuthbertson (48) and Larson (50) 

(A) R A  (DOSD) RA (CC)" RA (L)" 

6707.85 9.0827 9.0827' 
6438.5 9.1012 9.1015 
5790.5 9.1574 9.1565 
5769.5 9.1595 9.1582 
5677.4 9.1693 9.1822 
5462.25 9.1943 9.2097 
5460.7 9.1945 9.1931 
5209.1 9.228 1 9.225 1 
5085.8 9.2465 9.2430 
4917.41 9.2742 9.2884 
4799.9 9.2955 9.2932 
4109.25 9.4645 9.4782 
3802.72 9.5756 9.5920 
3342.44 9.8169 9.8299 
2926.25 10.1742 10.1820 
2894.45 10.2104 10.2168 
2760.54 10.3830 10.3795 
2753.60 10.3930 10.3950 
2675.78 10.5129 10.5129' 
2577.07 10.6908 10.6978 
2464.8 1 10.9408 1 1.3849 
2447.65 10.9850 11.5641 

"The results are obtained by converting the data ( t l d  - I )  given in ref. 48 to 
ideal conditions by using (ny,,,,, - I) = 1.00063 ( ) I ,  - I) (see ref. 51). 

"The data have been corrected to ideal gas conditions in ref. 50. 
'Used as constraints in the construction of the DOSD. 

Jorgensen et a l .  (1 17) using the coupled Hartree-Fock (CHF) 
or  time dependent Hartree-Fock (TDHF) methods and the 
second order polarization propagator approximation (SOPPA) 
in length, mixed, and velocity forms. The TDHF results are 

significantly low ((18%) while the SOPPA results in the 
length, mixed, and velocity representations are - 15%, 11 %, 
and 4 %  lower, respectively, than the adopted result. Also rele- 
vant is a recent study (1 18) of the problem by an equation of 
motion approach involving the random phase, the Tamm- 
Danoff and the single-transition approximations using length, 
velocity, acceleration, and various mixed representations. The 
RPA results are of similar reliability to the TDHF calculations 
discussed previously while the theoretically poorer TDA and 
STA calculations can yield values for a,(HF) that are in closer 
agreement with the recommended value of 5.60a03. An in- 
teresting recent discussion of the dependence of coupled 
Hartree-Fock results for a, on the nature of the gaussian basis 
set used in the calculation can be found in ref. 119. 

There are apparently few a b  itzitio calculations for the other 
dipole properties considered in this paper for H F  or for the 
dipole properties of HCI or HBr. The most recent a b  initio 
study of the polarizability of HCI is apparently that due  to 
Oddershede and Svendsen (120) who obtain a T D H F  result of 
17.14 a O h n d  a SOPPA value of 18.06a: compared to our 
adopted result of 17.39a:. The older S C F  (finite field) and 
SCF-CI results of Williams and Amos (12 1) lie - 12% and 10% 
lower than the recommended value. The coupled Hartree- 
Fock result of Gianturco and Guidotti (122) agrees well (within 
- 1%) with that of ref. 120. The CNDO/2 finite perturbation 
plus polarization orbitals calculations of Rhee et a l .  (123) yield 
ad = 5.39,  16.1, and 22.9a: for HF,  HCI, and HBr, re- 
spectively, which are -3.8%, 7%,  and 3.5% lower than our 
adopted results of Section 3.  

The dipole properties SI ,  for k = 2 ,  1 ,  and -1, can be 
evaluated rigorously by taking an expectation value of an ap- 
propriate quantum mechanical operator with respect to the ex- 
act ground state wave function for the relevant atom or mole- 
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TABLE 8. Integrated dipole oscillator strengths for Ne (see also footnote for Table 1) for the adopted DOSD and for the initial DOS input data; the absorption edges occur at 48.5 eV ( L , )  
and 866.9 eV (K). The molar refractivity constraints used to construct the adopted DOSD are R(A = 5462.25 A) = 1.00537 and R(A = 2894.44 A) = 1.02573 cm' mol-' 

Energy range 
(eV) Adopted DOSD 

Discrete" 
(16.67-21.48) 
21.47-21.57 
21 57-21.67 
21.67-22.20 
22.20-30.0 
30.0-36.47 

36.47-48.48 
48.48-63.1 
63.1 - 100.0 

100.0- 150.0 
150.0-230.0 
230.0-250.0 
250.0-277.99 

277.99-309.96 
309.96-866.2 

866.2-866.9 
866.9- 1000 
1000-5000 
5000- 10 000 

10 000-25 000 
25 000- 100 000 

100 000-03 

Integrated dipole oscillator strengths for initial experimental or Stobbe dipole oscillator strength data 

"The energy levels given in ref. 59 and a variety of DOS data sources were used to construct the discrcte part of the DOSD; thc sourccs of DOS data for the adopted results are refs. 60-65. 
hCorresponds to the initial DOS data giving rise to the adopted result. 
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TABLE 9. Integrated dipole oscillator strengths for Ar (see also footnote for Table 1) for the adopted DOSD and for the initial DOS input data; the absorptio? edges occur at 
245.2 eV (L'), 247.3 eV (L2), 320.0 eV (L , ) ,  and 3202.9 eV (K). The molar refractivity constraints used to construct the adopted DOSD are R(A = 6329.9 A) = 4.1973 and 

R(A = 4766.2 A) = 4.2407 cm' mol-' 

Energy range Adopted 
(eV) DOSD Integrated dipole oscillator strengths for initial experimental or Stobbe dipole oscillator strength data 

Discrete" 
(11.62-15.60) 
15.76- 15.94 
15.94- 17.70 
17.70-21.0 
21 .O-26.0 
26.0-30.0 
30.0-35.0 
35.0-40.0 
40.0-49.30 

49.30-59.24 
59.24-63.10 
63.10-70.81 
70.81- 100.0 
100.0- 150.0 
150.0-217.2 
217.2-245.2 
245.2-247.3 
247.3-275.52 

275.52-320.0 
320.0-400.0 
400.0-500.0 
500.0-3000.0 

3000.0-3202.9 
3202.9-5000 

5000- 10000 
10000-25000 
25000- 10' 

10'-w 

"The energy levels given in ref. 59 and a variety of DOS data sources were used to construct thediscrete part of the DOSD. The sources of DOS data for the adopted results are refs. 11, 60, and 62. 
"orresponds to the initial DOS data giving rise to the adopted result. 
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TABLE 10. Integrated dipole oscillator strengths for Kr (see also footnote for Table 1) for the adopted DOSD and for the initial DOS input data; the absorption edges occur at 
1675 eV (L,), 1727 eV (L?), 1921 CV (L,), and 14330 CV (K).  The molar refractjvity constraints used to construct the adopted DOSD are R(A = 2632.1 A) = 7.0106 and 

R(A = 1770.9 A) = 8.3522 cm3 mol-' 

Energy range 
(eV) Adoptcd DOSD Intcgratcd dipole oscillator strengths for initial experimental or Stobbe dipole oscillator strength data 

Discrete" 
(10.03- 13.85) 1.073 1.069" 

14.0- 14.67 2.529(- 1)(91) 2.487(- 1)(91) 2.892(- 1 )(74) 2.017(- 1)(67) 
14.67-20.66 2.509 (92) 2.009 (76) 2.456 (92) 2.230 (93) 2.261 (67) 
20.66-24.78 1.319 (92) 1.180 (76) 1.310 (92) 1.231 (67) 
24.78-36.47 1.740 (92) 1.733 (92) 1.685 (67) 
36.47-49.49 4.517(- 1)(68) 4.518(-1)(68) 4.729(- 1)(92) 4.809(- 1)(94) 7.846(- 1)(33) 4.27 1 (- 1)(67) 
49.49-59.24 l.016(- 1)(68) 1.016(- 1)(68) 1.343(- 1)(94) 1.095(- 1)(33) 9.264(-2)(67) 1.735(- 1)(95) 
59.24-62.49 2.395( -2)(68) 2.395(-2)(68) 3.072(-2)(94) 2.900(-2)(33) 4.21 1 (-2)(95) 
62.49-90.0 1.679(- 1)(68) 1.679(- 1)(68) 2.249(- 1)(94) 1.570(- 1)(33) 1.475(- 1)(96) 2.744(- 1)(95) 
90.0- 100.0 1.013(- 1)(68) 1.013(- 1)(68) 1.288(-1)(94) 7.792(-2)(33) 1.021(- 1)(96) 1.393(- 1)(95) 1.200(- 1)(97) 

100.0- 120.0 3.544(- 1)(68) 3.543(- 1)(68) 3.608(- 1)(34) 4.117(-1)(94) 3.253(- 1)(33) 3.441(- 1)(96) 4.144- 1)(95) 3.509(- 1)(97) 
120.0-250.0 5.614 (68) 5.600 (68) 6.052 (34) 5.405 (94) 5.954 (33) 5.870 (96) 3.976 (95) 
250.0-289.7 1.706 (34) 1.471 (68) 1.701 (34) 1.577 (94) 1.692 (33) 1.168 (95) 
289.7-500.0 5.595 (34) 5.567 (34) 5.545 (33) 3.967 (95) 
500.0-824.9 3.176 (34) 3.159 (34) 3.221 (33) 
824.9- 1486.7 2.036 (34) 2.029 (34) 1.936 (98) 1.932 (33) 

1486.7- 1675 2.218(-1)(34) 2.217(- 1)(34) 2.229(- 1)(98) 5.123(- 1)(33) 
1675- 1727 2.485(- 1)(34) 2.485(- 1)(34) 2.1 18(- 1)(98) 2.543(- 1)(33) 
1727-1921 1.090 (34) 1.089 (34) 9.739(- 1)(98) 9.756(- 1)(33) 
1921 -8000 6.463 (34) 6.499 (34) 5.856 (98) 5.460 (33) 
8000-10000 1.81 I(-1)(34) 1.81 I(-1)(34) 1.638(- 1)(33) 

loo00- 14330 1.792(- 1)(34) 1.792(- 1)(34) 
14330- 80000 1.345 (34) 1.345 (34) 
80000-m 4.837(-2)(STOBBE) 4.837(-2)(STOBBE) 

"The energy levels given in ref. 59 and a variety of DOS data sources were used to construct the discrete part of the DOSD. The sources of DOS data for the adopted results are refs. 60, 89, 
and 90. 

"Corresponds to the initial DOS data giving rise to the adopted result. 
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TABLE 1 1 .  lntegrated dipole oscillator strengths for Xe (see also footnote for Table 1) for the adopted DOSD and for the initial DOS input data; theoabsorption edges occur at 4782 eVs(L3), 
5104 eV (LZ), 5453 eV (L , ) ,  and 34560 eV (K) .  The molar refractivity constraints used to construct the adopted DOSD are R(h = 2537.0 A) = 12.1423 and R(h = 1702.0 A) = 

17.7290 cm3 mol-' 

Energy range 
(eV) Adopted DOSD Integrated dipole oscillator strengths for initial experimental or Stobbe dipole oscillator strength data 

Discrete" 
(8.44- 11.99) 
12.13-13.44 
13.44- 14.42 
14.42-20.66 
20.66-26.74 
26.74-28.22 
28.22-36.47 
36.47-49.50 
49.50-59.24 
59.24-64.39 
64.39-80.0 

80.0- 100.0 
100.0- 150.0 
150.0-250.0 
250.0-300.0 
300.0-500.0 
500.0-676.7 
676.7-790.0 
790.0-824.9 
824.9- 1450 
1450-4782 
4782-5104 
5104-5453 
5453-8000 
8000- 10000 

10000-34560 
34560- 10 '  

"The energy levels given in ref. 59 and a variety of DOS data sources were used to construct the discrete part of the DOSD. The sources of DOS data for the adopted results are refs. 60, and 89. 
"Corresponds to the initial DOS data giving rise to the adopted result. 
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TABLE 12. Adopted dipole properties S,: and LI  for Ne, Ar, Kr, and Xe; the relevant results due to Leonard and Barker ( 1  1) and Leonard (15) 
are included for comparison 

Neon Argon Krypton Xenon 

Leonard Leonard Leonard Leonard 
Property Adopted and Barker Adopted and Barker Adopted and Barker Adopted and Barker 

"Hartree-Fock (128): S d N e )  = 2.596(4), S2(Ar)  = 2.984(5), S I (Kr )  = 4.857(6); C1 (129): S3 (Ne)  = 2.599. 
"Hartree-~ock (128): S I ( N e )  = 1.514(3), S l ( A r )  = 5.742(2), S , (Kr )  = 2.670(3); C1 (129): S I ( N e )  = 1.544(2). 
'Hartree-Fock (128): S - d N e )  = 4.055, S - , ( A r )  = 1.095(1), S - I ( K r )  = 1.575(1); CI: S - , ( N e )  = 3.761, ref.  129; S - , ( A T )  = 8.53, ref.  130. 

cule (16, 17); estimates can be obtained by using approximate 
ground state wave functions (6, 124). Ab initio double-2; SCF 
results (6) for HF are given by S ,  = 16050, S  I = 1 19.8, and 
S - I  = 5.886 and are in reasonable agreement with our adopted 
values given in Table 2. S ,  is determined by the charge densi- 
ties at the nuclei of the molecule of interest and the higher 
quality SCF values for these for HF obtained by Ransil and 
Sinai (125) leads to a result of S ,  = 16880 which is only 2% 
lower than our recommended value of 17220. 

The value of the mean excitation energy lo for HF obtained 
by Wilson et al. (126) in the local plasma approximation (y 
parameter chosen to be 1.2) is only 0.8% higher than our 
recommended result of lo = 95.6 eV obtained from [3] and the 
results for S o  and L o  given in Table 2. A discussion of the local 
plasma approximation, and its limitations, can be found in 
Johnson and Inokuti (127). 

Rare gases 
We begin with a comparison of our adopted results for the 

dipole properties of Ne, Ar, Kr, and Xe with those of Leonard 
and Barker (1 1) which are also listed in Table 12. The agree- 
ment between the two sets of values is very good in all cases 
for -6 5 k 5 - I ,  especially for -5 5 k 5 -2, and it should 
be noted in both sets of calculations S o  = Z by construction. 
The dipole properties S k  for large negative values of k,  which 
are not of much direct physical significance, are dominated by 
the very low photon energy part of the DOSD and are largely 
unaffected by the constraints used in the calculations (1, 13, 
19, 20). 

The dipole properties S ,  and S , ,  especially S z ,  are dominated 
by the high photon energy part of the DOSD and S 2  is not very 
sensitive to the constraints used to construct the DOSD (1, 13, 

19,20). The differences between the results for these properties 
obtained here and in ref. 11 result from the different high 
energy DOS input used in the calculations. In Leonard and 
Barker (1 1) the Stobbe formula was used to provide the DOS 
data for E > E K  whereas in the present work the more reliable 
photoelectric results of Veigele (34), obtained from mass atten- 
uation coefficients by subtraction of scattering contributions as 
needed, are used between the K edge EK and 100 keV (80 keV 
for Xe); Veigele's results were not available at the time the 
work in ref. I I was completed. In all cases Leonard and 
Barker's results for S? and S ,  are lower than our recommended 
results, by -8-1 1% for S ,  and -2-4% for S , .  Similar, but 
slightly larger, discrepancies can be seen in Table 12 for L ,  and 
L ,  as well. The results for L o  disagree by a smaller amount, 
from 2-4%, and it should be noted that L o  is more sensitive to 
the high energy part of the DOSD than is S,,. 

In some cases, namely Kr and Xe, our adopted results for 
differ appreciably (by 2 % )  with those obtained from ref. 11; 

is sensitive to the constraints used to construct the DOSD. 
These discrepancies, and other less significant differences in 
some of the results for the other dipole sums, are due to differ- 
ences in DOS input data; often we have used more recent 
sources of data not available to ref. 11. 

Prior to the present study the results for the dipole properties 
for Ne, Ar, Kr, and Xe obtained by Leonard and Barker (I l) 
were probably the most generally reliable. It is clear our results 
for the S k  essentially augment their work for k 5 0 and repre- 
sent an improvement generally only for k > 0 (except for S - ,  
for Kr and Xe). Many workers have investigated the dipole 
properties of the rare gases and it is not possible to list or 
discuss all the results here. The results for the static dipole 
polarizabilities have been surveyed through - 1970 by Teach- 
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out and Pack (38), including both experimental and theoretical 
results. Barker and Leonard (1 1) compare their results with a 
variety of literature values through - 197 1. More recently lite- 
rature results for some of the dipole properties of Ne, Ar, and 
Kr have been summarized in the work of Dehmer et al. (2 1) and 
Cummings (128). Mention has already been made of the 
pioneering work of Dalgarno and his colleagues in this field. 

It is known that Hartree-Fock or near Hartree-Fock quality 
ground state wave functions can give very reasonable results 
for S2 and S , , the corresponding calculation for S , is generally 
not nearly as reliable (6, 128). Hartree-Fock results (128) for 
S? ,  S , ,  and S- I  for Ne, Ar, and Kr are included as footnotes to 
Table 12; in all cases agreement with our adopted values for S2 
and S ,  is superior to that for Leonard and Barker's results. Fifty 
term CI wave function results (129) for these dipole sums are 
also included in Table 12 for Ne. The effect of CI on S, is very 
small and the agreement with our adopted result for S-,  is 
improved relative to the Hartree-Fock results. A CI result 
(130) for S-!(Ar) is included in a footnote to Table 12 and is 
in considerably closer agreement with the recommended value 
than the Hartree-Fock value. 

The dipole properties S, obtained from the DOSDs based on 
Berkowitz's (57) analysis of the rare gas spectra, see Section 4, 
generally agree with our adopted results to within their esti- 
mated uncertainties (see later). Exceptions are S-, /? and S- ,  for 
Xe where the discrepancies amount to 5% and 3% respectively. 
The (STD) corresponding to the DOSD for Xe based on Ber- 
kowitz's analysis is 5.0 and the DOS input data requires large 
modifications (between 10 to 24%) in the 80- 150 eV, 
300-790 eV, and 825-4800 eV energy regions which con- 
tribute significantly to s-,/? and to a lesser extent to s - , ;  a 
discrepancy of -5% also occurs for Lo for the same reason. 
Large differences also arise when the L, are small, that is -3% 
for L -,(Ne), - 13% for L -[(Ar), -49% for L- ,(Kr) and -62% 
for L-,(Xe). This is caused by a cancellation effect discussed 
by Kumar and Meath (22) and depends on the energy unit used 
in the definition of the L,, see also ref. 13 1.  Following (22) one 
can write 

It is clear that for Lh(E/(2R)) small, the error in L,(E/(l eV) 
is controlled by the error in In (2R)SL(E/(2R)). Using the data 
given in Table 12, it can be seen that the discrepancies between 
the relevant L,, with an energy unit of 1 eV, is reduced 
markedly (< 1 % in all cases) relative to those corresponding to 
an energy unit of 2R. 

Fewer results are available for the dipole properties LA. Our 
values are in reasonable agreement with the higher quality 
results given in (15, 21, 56, 128, 129) for Ne, Ar, Kr, and Xe. 
Results obtained by differentiation of the S, with respect to k 
can be unreliable if the input S, are inaccurate or if the repre- 
sentation used for S, as a function of k is poor, see also ref. 13 1.  

In general reliable ab  initio calculations of the dipole 
properties S,, for k 5 - 1, or for the L, are very difficult to 
carry out. The difficulties in this type of calculation have been 
discussed in the context of the hydrogen halides earlier. In 
general, uncoupled and coupled Hartree-Fock calculations are 
not sufficient, see for example refs. 4, 37 and the discussion 
and results given in Werner and Meyer (2) for Ne. 

The errors in our adopted results for the dipole properties of 
the hydrogen halides and the rare gases considered here have 
been estimated following the methods used previously, 
namely, by comparison with values obtained from DOSDs 

constructed from a variety of (reasonable) input DOS data. In 
all cases the S, and Lk for k 2 1 ,  and particularly fork = 2, can 
have uncertainties of -3% which are related to the errors in the 
high energy input DOS data used in the calculations. 

For the hydrogen halides the uncertainty in the S, is 5 1 % for 
-3 5 k 5 0 and increases gradually as k decreases; it is -2% 
for Lo, S , ,  and S-, and about the same as in the corresponding 
S, values for L- I and L-2 except in the cases of HF where L- ,  
and L-? are fairly small. On a 1 eV energy scale L-,(HF) and 
L-?(HF) have uncertainties of 5 1 % .  For the rare gases the 
estimated errors in the S,, for -6 5 k 5 0 ,  are 5 1 % .  Lo and 
S ,  are uncertain by -2% and the errors in the other L, are - 1% 
except where they are small. Recasting the results for these L, 
on a 1 eV energy unit yields results reliable to 5 1%. The error 
estimates for the Sp  and L, for k < 0 are made under the 
assumption that the values of the molar refractivity constraints 
(the value of a, for HF) used in the construction of the DOSDs 
are reliable (errors 50.5%). 

An important use of globally reliable DOSDs lies in the 
evaluation of the dipole-dipole and the triple-dipole dis- 
persion energies between atoms and molecules. These energies 
involve double or triple integrals over the DOSDs for the mol- 
ecules involved in the interaction and can be evaluated directly 
by using the relevant distributions. A more efficient method for 
doing this is to use pseudo-DOSD techniques (132, 133) which 
require accurate results for the S, as a function of k. The 
pseudo-DOSDs for the hydrogen halides and the rare gases will 
be presented elsewhere together with a variety of important 
dispersion energy constants. 

The approach used in this work is a practical and reliable 
method for evaluating a wide variety of rotationally averaged 
or isotropic dipole molecular properties. The extension to 
anisotropic dipole properties or higher multipole properties 
is non-trivial due to a lack of the required oscillator strength 
data and/or reliable constraints for most species (1, 6). 
The extension to anisotropic properties is currently under 
investigation. 
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V. P. BODART, J .  DELHALLE, J .  M. ANDRE, and J .  ZYSS. Can. J .  Chern. 63, 1631 (1985). 
The predictive use of scaled minimal basis sets calculations of electric polarizabilities for large hydrocarbons, proposed by 

Chablo and Hinchliffe, is further assessed by considering two series of oligorners, H-(CH=CH),,-H and H-(C=C),,-H 
where n = 1 ,  2, 3, and 4. It is then applied to the yet experimentally untested vinylacetylene, 1,5-hexadiene-3-yne, and 
1,5,9-decatriene-3,7-diyne for their polarizability. 

V.  P. BODART, J .  DELHALLE, J .  M. ANDRE et J .  ZYSS. Can. J .  Chem. 63, 1631 (1985). 
Utilisant deux sCries d'oligom&res, H-(CH=CH),,-H et H-(C=C),,-H dans lesquels n = 1 ,  2, 3 et 4, on a rCCvalu6 

I'utilitC, comme rntthode perrnettant de prkdire correcternent les polarisabilitis ilectriques de grosses molCcules, de la rnkthode 
proposke par Chablo et Hinchliffe et irnpliquant des calculs faisant appel a des ensembles de base restreints rnais proportionnCs. 
On a ensuite appliquC la mCthode a la polarisabilitC du vinylacCtyl&ne, de I'hexadiene-1,5 yne-3 et du dicatrikne-1,5,9 
diyne-3,7 qui n'ont pas encore CtC test& expCrirnentalement. 

[Traduit par le journal] 

1. Introduction 
Organic electrooptic and nonlinear optical materials are ex- 

pected to be increasingly used in integrated optics and in optical 
communications. Though not being a sufficient condition, high 
values of a, p, and y ,  respectively the electric polarizability, 
hyperpolarizability, and second order hyperpolarizability ten- 
sors of the constituting species (molecules, oligomers, chains), 
are essential for a given material to become a potential candi- 
date for practical applications. Accordingly there is an obvious 
interest in prospective model calculations that could predict 
modified or novel organic structures having these desirable 
features. Among other factors, the existence and size of a 
delocalized T-system, the nature and position of substituents 
on the molecular framework are determining the numerical 
value of the components of a-, p-, and y-tensors (1). 

Simple theories such as the free-electron model and the 
Huckel method predict the T-electron polarizability, a, of a 
long chain molecule to be proportional to the cube of the 
molecular length (2, 3). Similarly, in a study of a family of 
donor-acceptor disubstituted phenyl polyene, the marked 
chain length influence on hyperpolarizability values has been 
pointed out (4). Thus chain length appears as a potentially 
useful parameter to consider in generating high values of a, P, 
and y .  However, both free-electron model and the simple 
Huckel method do not take into account Coulombic inter- 
actions explicitly, for example such as mediated by self- 
consistent field methods, a contribution which is likely to affect 
the above mentioned asymptotic relation. Additional investi- 
gations of the rate of increase of a with the size of chain 
molecules when interelectronic interactions are more explicitly 
included should be useful. Our preference is to perform ab 
initio calculations since other relevant properties such as equi- 
librium geometries can be conslstenty evaluated within the 
limits of a chosen basis set. Unfortunately, to obtain quantita- 
tively the polarizabilities from ab initio calculations substan- 
tially extended basis sets are needed. In spite of these dis- 

suading results Chablo and Hinchliffe have reported on the 
feasibility of using predictively scaled minimal basis set results 
for large hydrocarbons ( 5 ) .  

The first aim of the present paper is to further test the validity 
of such a scaling procedure by comparing the longitudinal 
electric polarizability azr, calculated using STO-3G and 4-3 1G 
basis sets for two relevant series of oligomers, i.e. 
H-(CH=CH),,-H and H-(C=C),,-H where n = 1 , 2 , 3 ,  
and 4. The second purpose is to use this procedure to predict 
the longitudinal polarizability of small molecules resulting 
from the combination of two reference moieties, -CH= 
CH- and -C=C-. 

2. Methodology 
All the calculations reported in this work were done on a 

DEC 20-60 using a modified version of the GAUSSIAN 80 
series of program (6). Standard STO-3G minimal (7a) and 
4-31G split-valence (76) basis sets were considered. Polar- 
izabilities were calculated by the finite-field SCF method of 
Cohen and Roothaan (8) which is virtually equivalent to the 
analytic Coupled Hartree-Fock scheme. A term, p - E ,  de- 
scribing the interaction between the electric field, E ,  and the 
molecule is added to the unperturbed molecular Hamiltonian, 
H,; p is the total dipole moment of the molecule. At the 
Hartree-Fock level, the electric field appears explicitly in the 
one-electron part of the modified Fock operator, F(r) ,  

where Fo(r) is the molecular Fock operator in absence of elec- 
tric field. 

The numerical approach to the calculation of electric polar- 
izabilities requires much higher accuracy of the total SCF ener- 
gy than in standard applications. The convergence threshold on 
the density matrix elements was set up as 10-5-10-6. In this 
work we are only interested in the longitudinal component, a;?, 
of the polarizability tensor a, the z-axis being directed along 
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TABLE 1. Theoretical and experimental longitudinal electric polari- 
zabilities, a:,, of acetylene and ethylene; the C-C bonds are directed 

along the z-axis 
- 

a?, (au) STO-3G 4-3 1 G Double-l, Exp. 

Acetylene 18.1793" 27.9280" - 30.6" 
Ethylene 19.5983" 32.4075" 34.1882" 36.4d 

'This work. 
"Reference I I .  
'Reference 5. 
"Reference 12. 

the chain. The value of a,, is obtained from the first derivative 
of the field-dependent dipole moment, k ( E ) ,  with respect to E, 
in the limit of zero-field. In practice this is done numerically 
using 

Polarizability calculations were carried out using eq. [2] with 
four values of the external field, -0.002, -0.001, +0.001, 
and +0.002 au. The Richardson extrapolation procedure (9) 
was applied to check the numerical stability of the results, a 
point which remains difficult in the finite field approach. 

Ideally this investigation on the ability of minimal basis set 
calculations of polarizabilities should help compare the theore- 
tical polarizabilities with experimental values, unfortunately 
these are missing except for the first terms of the series, acety- 
lene and ethylene. Chablo and Hinchliffe have shown that 
double-t; basis set used in Snyder and Basch book (10) yields 
calculated values in reasonably good agreement with experi- 
ment. We have repeated these calculations using the standard 
4-3 1G basis and reached similar agreement, Table 1. Therefore 
we decided to use the 4-31G results as a reference to which 
STO-3G could be compared to assess the validity of a scaling 
procedure in the first part and then to predict "experimental" 
values for three molecules assembled from -CH=CH- and 
-C=C-. It is worth pointing out that as found by Chablo 
and Hinchliffe, this procedure works only for the longitudinal 
component of the polarizability likely because of the lack of 
flexibility in the basis sets in the other two directions. As far as 
we are concerned, this is not a limitation since, for practical 
applications, the longitudinal component is the most interesting 
part. Molecular geometries are taken or adjusted from experi- 
ment as indicated at the bottom of the tables. 

3. Scaling procedure 
Longitudinal electric polarizability, a::, calculated with min- 

imal STO-3G and split-valence 4-3 1G bases for both series of 
oligomers are listed in Table 2. The evolution of these data is 
graphically depicted in Fig. 1. It is to be pointed out that the 
difference between ar, values for ethylene reported in Tables 1 
and 2, respectively, stems from the fact that in the former the 
C=C bond is exactly set parallel to z-axis while in Table 2 this 
C=C bond has been oriented with respect to the z-axis 
(ca. 30 deg) as are the C=C bonds of the other terms in the 
H-(CH=CH),,-H series. 

The first observation is certainly that, in both series of com- 
pounds, air is not yet stabilized after n = 4 since the increment 
from one term to the next is still increasing. Consequently 
future investigations of larger oligomers will be soon beyond 
normal computational possibilities if doudble-t; basis sets are to 
,be used. This fact motivates for substitutes like a scaling proce- 

dure. A more comprehensive analysis, including data from 
free-electron and Hiickel methods, of the way all increases 
with the size for a larger set of H-(CH=CH),,-H oligomers 
is in progress. 

As previously pointed out it is however gratifying to find the 
ratios R,, = a::(STO-3G)/arr(4-31G) for n = 1 to 4 being 
roughly constant and similar in both series of compounds. The 
interval of variation of R,, for > 1 is typically 0.65 to 0.70, with 
R,, being close to 0.70 as the length of the oligomer increases. 
Therefore, when using the minimal STO-3G basis, a value of 
R,, = 0.70 can reasonably be chosen in studies related to un- 
saturated hydrocarbon chains. 

Assuming that the ratio of a2z(4-31G)/a22(exp.) = 0.9 for 
acetylene and ethylene calculated from data in Table 1 will stay 
reasonably constant for other unsaturated hydrocarbon mole- 
cules, it is then possible to predict data at the scale of experi- 
mental observations by applying the multiplicative constant 
1.57(1/(0.9 x 0.7)) to the corresponding STO-3G values. In 
the next section we apply these rules to predict aZr of three 
molecules yet untested for their polarizabilities. 

4. Longitudinal polarizabilities of small molecules 
assembled from -C-C- and -CH=CH- 

fragments 
Polydiacetylenes have received considerable attention lately 

owing to their linear and nonlinear optical properties (1). These 
are associated with the conjugated nature of their backbone 
which, in a way, can be considered as being built out of 
-(CH=CH)- and -(C=C)- fragments. Like in the field 
of mechanical properties, where to a copolymer do not gener- 
ally correspond values that are the weighted sum of their homo- 
polymer contributions, it is likely that patterns of nonadditivity 
will similarly be observed for polarizabilities. 

It is beyond the aim of this paper to investigate effects of 
various distributions of the units in increasing size oligomers, 
H-(CH=CH-C=C),,-R (R = H or -CH=CH,), but, 
considering the availability of the scaling factors obtained in 
Section 3, it is nonetheless attractive to make preliminary at- 
tempts on three precursors. From Table 2 it can be observed 
that if a,,(STO-3G) of ethylene, 17.47 au, is nearly equal to 
that of acetylene, 18.18 au, the rate of increase when regular 
oligomers are growing is in favour of the former as can be seen 
from the value of 1,3,5,7-trans-octatetraene, 174.56 au, com- 
pared to 145.47 au for 1,3,5,7-octatetrayne. How will the 
polarizability of mixed compounds compare with molecules 
in H-(CH=CH),,-H and H-(C=C),,-H series and in- 
cluding the same number of carbon atoms? Vinylacetylene (A), 
1,5-hexadiene-3-yne (B), and 1,5,9-decatriene-3,7-diyne (C) 
have been selected for this preliminary study. Their polar- 
izability values are listed in Table 3. The right-hand side 
column provides figures obtained after multiplication of the 
STO-3G values by 1.57, they should be close to the experi- 
mental measures if these were available. 

It is interesting to notice that vinylacetylene, A, has its 
longitudinal polarizability larger than the sum of acetylene and 
ethylene contributions. It is, however, slightly smaller than 
either 1,3-trans-butadiene or 1,3-butadiyne. The difference is 
more important in the next term (B), whose a?;, 85.30 au, is 
substantially smaller than 1,3,5-trans-hexatriene or 1,3,5- 
hexatriyne, see Table 2. The last compound C ,  displays also a 
small value of a,:, 183.69 au, which comes quite close to the 
one of 1,3,5,7-trans-octatetraene, 174.56 au, this compound 
having two carbon atoms less than in C .  From these simple 
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BODART ET AL 

TABLE 2. Comparison of STO-3G and 4-3 IG calculated longitudinal electric polar- 
izabilities of two series of oligomers, H-(CH=CH),,-H and H-(C--C),,-H; 

n = 1, 2, 3, and4  

a,; (au) 
a,, (STO-3G)/ 

STO-3G 4-3 1 G a,, (4-3 l G) 

Ethylene" 
1,3-trans-Butadiene" 
1,3 ,5-trans-Hexatrienec 
1,3,5,7-trans-Octatetraene" 

Acetylene' 
1,3-Butadiynd 
1 ,3,5-Hexatriynes 
1,3,5,7-Octatetrayne" 

"Experimental geometry, ref. 13. 
"Experimental geometry, ref. 14. 
"Experimental geometry, ref. 15. 
"Geometry extrapolated from c. 
'Experimental geometry, ref. 16. 
'~xperimental geometry, ref. 17. 
"Optimized geometry with STO-3G basis set. 

250 I I 7 TABLE 3. STO-3G longitudinal electric polarizabilities of vinyl- 

/ acetylene, 1,5-hexadiene-3-yne, and 1,5,9-decatriene-3,7-diyne and 
anticipated experimental value according to the scaling procedure 

Anticipated 
a;; (au) STO-3G experimental value 

Vinylacetylene" (A) 44.6472 70.1 
1 ,5-Hexadiene-3-yneh (B) 85.3020 133.9 
1,5,9-Decatriene-3,7-diyne' (C) 183.69 288.4 

"Experimental geometry (ref. 18). 
'Geometry extrapolated from a. 
'From the optimized geometry of the infinite chain (ref. 19). 

100 - TABLE 4. Longitudinal electric polarizabilities (a:;) rescaled from 
STO-3G values 

a,,: anticipated 
Compound experimental values (au) 

- 
Vinylacetylene 70.1 

o S T O - 3 G  1,3-Butadiyne 79.6 

¤ 4 - 3 1 6  1,3-trans-Butadiene 75.1 
1,5-Hexadiene-3-yne 133.9 

0 I I 1,3,5-Hexatriyne 143.1 
1 2 3 4 1,3,5-trans-Hexatriene 163.5 

n +  13.9-Decatriene-3,7-diyne 288.4 

1,3,5,7,9-Decapentyne 324.5 
FIG. 1.  Longitudinal polarizability of -(CH=CH),,- and 1 , 3 , 5 , 7 , 9 - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  341.1 

-(C=C),,- oligomers; n = I,  2, 3, and 4. 

manipulations it turns out that, in the idealized context of 
regular geometries, oligomeric structures H-(CH=CH-C 
=C),-R (R = H or -CH=CH2), H-(C=C),,,-H, and 
H-(CH=CH),,,-H should be classified in that order of in- 
creasing longitudinal polarizability with the length of chains 
(Table 4). 

5. Concluding remarks 
From the present work it seems that a linear scaling proce- 

dure applied to minimal basis calculations is applicable to un- 
saturated hydrocarbon chains. This conclusion was drawn from 
the preassumed capability of double-t basis sets, to which the 

split-valence 4-31G basis belongs, to yield reasonably good 
values of the electric polarizabilities. It remains, however, that 
the field of electric polarizabilities and hyperpolarizabilities is 
badly missing the experimental data from which such a simple 
approach could and should be more appropriately tested. 

In the course of testing we have experienced an extreme 
sensitivity of calculated polarizabilities to geometry changes 
and any attempt at using a scaling should be made consistently. 

Finally, the results of Section 4 raise two questions for those 
who are attracted by prospective calculations with molecular 
engineering purposes: will mixed compounds inexorably lead 
to depleted polarizabilities? If this is not the case, then what are 
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the type of moieties to be combined to enhance the resulting 
polarizability? 
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FIG. I. Potentiels adiabatiques d'une situat~on comportant des prC- 
dissociations par franchissement d'une barrikrc de potentiel et par 
croisement de potentiels. 

expression que nous pouvons condenser en 

[7] S = R + TT' - TR'T' + TR12T' - . . . 

Les amplitudes R, T, T' et R' sont definies par la comparaison 
des termes successifs de 1'Cq. [7] avec les quantitks entre 
crochets du dkveloppement (Cq. [6]). La signification de ces 
amplitudes est la suivante: R et T sont les amplitudes rtfltchie 
et transmise correspondant a une onde d'amplitude unit6 
incidente sur la discontinuite du potentiel en r,, alors que R' et 
T' sont les amplitudes rCflCchie et transmise correspondant 
une onde Cmergente parvenant a cette discontinuitC. Les termes 
successifs de l ' tq. [7] correspondent aux Cvknements qui se 
produisent quand une onde incidente rencontre la region 
interne: (1) reflexion en ro (R); (2) transmission en r, (T), 
reflexion a l'origine et transmission en r, (TI); (3) transmission 
en ro (T), reflexion h l'origine, reflexion en ro (R'), reflexion 
a l'origine, transmission en r, (T'); etc . . . . La sCrie figurant 
dans 1'Cq. [7] peut se sommer en 

et la condition 1 + R' = 0 (p6les de S) redonne 1'Cq. [5]. On 
voit ainsi que ce sont les reflexions successives de l'onde 
dans la region interne qui sont a l'origine du phknomkne de 
resonance. 

La mCthode semi-classique traite les problkmes molCculaires 
conduisant a des resonances de f a ~ o n  semblable. Ce sont les 
croisements et les barrikres de potentiel qui jouent le r61e de la 

FIG. 2. Diagrammes des amplitudes JWKB entrantes et sortantes 
dans les regions classiquement accessibles. Les rectangles symbo- 
lisent I'effet du dkcroisement et de la barrikre de potentiel sur les 
amplitudes. 

discontinuite de potentiel de I'exemple du puits rectangulaire. 
En dehors de ces regions les ondes se propagent librement sans 
riflexion, ainsi que l'admet l'approximation JWKB (7). 

111. Condition de quantification semi-classique 
Nous considkrons maintenant la situation representee sur la 

fig. 1 .  Les potentiels adiabatiques proviennent du dkcroisement 
par interaction de deux potentiels dont l'un prCsente une bar- 
r ibe  de potentiel et l'autre est purement repulsif. Une methode 
trks efficace de traitement de ce type de probleme a Cte donnee 
par Child (8). Les amplitudes JWKB sont dCfinies dans chaque 
rkgion classiquement accessible et loin des points tournants ou 
du point de dkcroisement R. Un diagramme tel que celui de la 
fig. 2 resume les "evknements" remarquables se produisant en 
raison des points tournants, du dkcroisement et de la barrikre de 
potentiel. Les amplitudes Ut2 et U1l2 par exemple signifient que 
pour r << R (mais a2  << r )  la fonction d'onde dans le canal 
2 s'ecrit: 

[8] - [k2(r)]-112 {u t2  exp [ i  I' R k2(r1) d r ' ]  

+ U"? exp [ -  i  k2(r1) d r ' ]  ] 
Les rectangles figurant sur le diagramme symbolisent des trans- 
formations matricielles: 

[9c] C' = MB" 

Les points tournants a gauche a,  et a, imposent en outre les 
relations: 

avec 

a. = [ k;(r) d r  

A noter qu'a la difference de Child (8) les notations 1 et 2 sont 
utilistes ici pour les potentiels adiabatiques, ce qui parait prCf6- 
rable puisque la thtorie semi-classique se formule entikrement 
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B l'aide de ces potentiels (9). Une dernikre information utile est 
le changement de phase subis dans le canal 2 entre R et b2 soit: 

avec 

Pour Ctablir une condition de quantification, nous mettrons 
a profit le fait qu'il suffit de chercher les p6les d'un Clement 
quelconque de la matrice S qui est ici une matrice 2 x 2, 
puisqu'avec le choix de l'energie indiquC sur la fig. 1 il s'agit 
d'un probleme a deux canaux ouverts. 

La premiere Ctape du calcul est la prise en compte du 
dkcroisement et des points tournants de gauche. On peut, en 
utilisant successivement [9a], [ l  11 et [9b] obtenir les ampli- 
tudes a la sortie du dkcroisement en fonction de celles imposCes 
a I'entrCe grice a des relations IinCaires dont la forme explicite 
n'est pas utile a ce stade: 

[13b] V12 = dI2V"I + d22V2 

Un choix possible pour les amplitudes des ondes incidentes est: 

ce qui, compte tenu de [13b] et de [9c], conduit a 

La condition [15b] est aussi, gr2ce a [ l l] :  

Les equations [15a] et [16] dCterminent ViI et V",, donnant 
pour V",: 

[17] V U 2 =  
~ Z I  

- 1  -2,jJ2 
d 2 2  + MZZM~I e 

V', peut ensuite Ctre Ccrit a l'aide de [16] en faisant apparaitre 
le mCme dknominateur. Les ClCments de la premiere colonne de 
la matrice de diffusion 2 courte portCe S"' (rCf 10) sont s:;' = 
V', et s:',' = C'> Puisque 

le dknominateur rksonant des ClCments de la matrice S est 
identifiable a 

Nous prockdons 2 un leger changement d'Ccriture pour formu- 
ler la condition de quantification semi-classique de ce probleme 

On a par ailleurs (consCquence de [9a], [ l l ]  et [9b]): 

[21] dl, = - ieZial R'21R"12 - ieZia2R'22~"rr 

la condition [20] et les formes donnCes aux ClCments des 
matrices M, R '  et R" donnent en principe la solution de ce 

probleme. I1 est 2 remarquer que si ]'on ne prockde a aucune 
approximation justifiee par les conditions particulieres d'un 
probleme, il n'est guere possible d'aller au dela, sauf 2 utiliser 
des mCthodes purement numeriques. La section suivante exa- 
mine le cas limite menant 2 une additivite des effets de barrikre 
et de croisement de potentiel. 

IV. Le cas Iimite des faibtes taux de  predissociation 
Les ClCments des matrices R', R" et M dans la limite du 

faible couplage intercanal et d'une barriere difficilement 
franchissable peuvent Ctre obtenus a partir d'expressions 
gCnCrales donnCes par Child (8) (voir aussi Korsch (1 1)). On a 
ainsi: 

avec pour U (parametre de Landau-Zener) l'expression: 

p itant le couplage intercanal, v la vitesse classique et A F  la 
diffkrence des pentes des potentiels diabatiques, toutes ces 
quantitCs Ctant calculees au point de croisement diabatique. Par 
ailleurs: 

avec 

puisque dans ces hypotheses K >> I 
DCfinissons les deux angles: 

Aprks multiplication de [20] par exp (- ie,,) et prise en compte 
de l'ensemble des relations [22]-[27], on obtient pour la con- 
dition de resonance: 

[28] 2 cos O,, + 2 U  exp [i(O1,, - O,,)] cos O', 
- 2 - 1 ~ - 1  {U exp [i(201,  - 0,Ol 

+ ( 1  - U) exp [ie,,]} = 0 

Lorsque I'Cnergie est proche de celle d'un niveau d'inergie E, 
du potentiel diabatique posskdant la barriere de potentiel, on a: 

ce qui permet d'utiliser les relations: 

[30] cos O,, = (- 1 )  V t  I Jr- (E - E,.) et 

exp [+ iO,,] = ?(- 1)"i 

En omettant le terme proportionnel 5 UK-' on obtient comme 
solution de [28]: 
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h w,1 h ~ ( 1  + i. La condition [33] devient celle imposte par un point 
[3 1 1  E = E,. - i - U cos 0', exp [i0',] - i - K-' 

'rr 4 'rr tournant 2 droite. 

Le premier terme correctif a E,, se dtcompose en un de- 
placement et un tlargissement qui sont ceux (8) de la limite 
diabatique du probleme de prtdissociation de type I. Le 
deuxieme terme correctif reprtsente l'tlargissement d i  2 la 
barribe de potentiel. On a bien dans cette limite, comme 
attendu, une additivitt des deux types d'effet. 

Le terme proportionnel a UK-"eprtsente un effet 
d'interftrence entre les deux types de prtdissociations. I1 con- 
tribue 2 I'tnergie un terme correctif AE qui s'tcrit: 

hw AE = j I/ U K - ~  e i ~ ' , >  

2'rr cos 0', 

Ce terme contribue donc a la fois au dtplacement et a 
1'Clargissement. On constate en particulier que l'interftrence 
joue dans le sens d'une diminution de l'tlargissement. Ceci 
peut &tre attribut au fait qu'une ondelette parvenant soit au 
point de croisement, soit sur la barribe de potentiel a son 
amplitude affectte (diminuee) par le mtcanisme de perte 
anttrieur a celui considtrt. 

Signalons enfin comment le cas habitue1 de la prtdis- 
sociation par croisement de potentiels se trouve inclus dans la 
situation examinte ici. La condition [I61 peut aussi s'Ccrire: 

[33] VU2 = -M?,M; e Z i P ~ V z  

Quand la barribe est infranchissable, K + +m et ~ 2 1 ~ 2  

V. Conclusion 
L'exemple traite dans cet article vient s'ajouter 2 d'autres 

prCsentts dans la litttrature pour illustrer la grande commoditt 
de l'approche semi-classique. La fiabilitt sur le plan numerique 
a t t t  Cgalement maintes fois dCmontrte. L'aspect ondulatoire 
de la mCcanique quantique se trouve mis a profit d'une maniere 
particulierement convaincante. 
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RUDOLF ZAHRADNIK, BOHDAN SCHNEIDER, PAVEL HOBZA, ZDENEK HAVLAS, and HANSPETER HUBER. Can. J. Chem. 63, 
1639 (1985). 

I ,2-Difluorohydrazine represents a model for studying short-range discriminative interactions between two chiral radicals. 
Possible diastereomeric structures of the system were theoretically investigated by means of nonempirical SCF quantum 
chemical calculations. Four minima and six saddle points separating them were found on the potential energy surface. All the 
stable structures and one transition complex were completely optimized. Thermodynamic properties for the equilibrium 
between the two most stable conformers (tneso and chiral) of difluorohydrazine are as follows (in kJ/mol): AH':,,,, = - 17.0, 
TAS;,,, = -0.4 (standard state: ideal gas at 101.325 kPa, 298 K). 

RUDOLF ZAHRADN~K, BOHDAN SCHNEIDER, PAVEL HOBZA, ZDENEK HAVLAS et HANSPETER HUBER. Can. J. Chem. 63, 1639 
(1985). 

La difluoro-1,2 hydrazine reprksente un bon modtle pour Ctudicr les interactions discriminatoires a courte distance entre deux 
radicaux chiraux. Utilisant des calculs non-empiriques de chimie quantique en champ auto-cohkrent, on a CtudiC sur une base 
thCorique les structures diastCrComkres possibles du systtme. Sur la surface d'Cnergie, on peut dkceler quatre minima et six 
points maxima. On a completement optimist toutes les structures stables et un complexe de transition. Les propriCtts 
thermodynamiques de I'Cquilibre entre les deux conformtres les plus stables (miso et chiral) de la difluorohydrazine sont les 
suivantes (en kJ/mol):  AH':,,.^ = - 17.0, TAS:),,,~ = -0,4 (Ctat standard: gaz idCal a 101,325 kPa, 298 K). 

[Traduit par le journal] 

The majority of important interactions in biological systems 
are highly selective or specific. Biological receptors do recog- 
nize absolutely a particular optical antipode derived from a 
certain chiral system. 'The discriminative nature of some terms 
of the perturbation interaction energy has been extensively and 
systematically studied by Craig and Mellor (1, 2). Mason has 
also published a review on this subject (3). It is now known that 
the discriminative power of chiral components was relatively 
small and that the enormous discriminative power of biological 
receptors is due to a different mechanism (4). In spite of this, 
it seems desirable to know more about the discriminative nature 
of weak intermolecular interactions because they occur in most 
important biological processes. 

Systems derived formally by the combination of two chiral 
radicals represent useful models for studying short-range dis- 
criminative interactions. Dextro and levo methylcyanomethyl 
radicals, which can give meso and chiral isomers of 2,3-di- 
cyanobutane, have been investigated theoretically by Craig, 
Radom, and Stiles (5). Isomers of 1,2-dimethylhydrazine, 
which is also a system with intramolecular discriminative inter- 
action, have been studied extensively from both the theoretical 
and experimental point of view. Attention was paid to the 
abundance of conformers. Vibrational (6) and photoelectron 

(7) spectra, gas electron diffraction (8, 9), and microwave 
spectra (10) were studied and a nonempirical quantum chem- 
ical study was performed (9). However, chiral properties were 
not mentioned in the papers cited (6- 10). 

In this work, 1,2-difluorohydrazine (a formal product of 
interaction between R- and S-fluoroamidogens, 1, 2) is studied 
theoretically. The combination of 1 and 2 can yield a meso 
form 3 and chiral active forms 4 and 5; 5 is a mirror image of 
4. 
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TABLE I. Optimized bond lengths, and valence and dihedral angles" (in pm and degrees) 

meso M 1 " Saddle point S5 Chiral M3 Chiral M4 
Bonds 

and angles 3-21G FOG0 3-21G FOGO" 3-21G FOG0 3-2 1 G 

N 1 N2 142.3 141.5 133.5 133.0 141.0 139.9 142.7 
N2F3 144.2 140.5 141.2 138.7 144.1 141.8 143.0 
N2H4 100.4 101.1 98.6 99.3 100.8 100.9 100.4 
N I F5 142.9 142.2 144.7 143.3 144.1 141.8 143.0 
NIH6 100.7 101.0 100.2 100.5 100.8 100.9 100.4 
N 1 N2F3 106.7 105.9 119.4 118.2 107.8 107.7 105.2 
N I N2H4 106.6 107.6 125.3 126.5 107.6 106.0 110.5 
N2N 1 F5 105.5 107.7 110.3 110.0 107.8 107.7 105.2 
N2N I H6 108.8 104.7 112.9 110.4 107.6 106.0 110.5 
F3N2H4 102.4 101.2 114.8 115.3 102.9 101.9 101.2 
F5N2H6 102.2 101.7 102.2 100.2 102.9 101.9 101.2 
F3N2N 1 F5 91.4 86.3 69.9 63.0 53.2 53.2 234.6 
H4N2NlH6 91.4 86.5 128.1 133.4 167.6 163.7 16.8 

"For the sake of convenience, one additional geometric parameter is used. 
 he same parameters are obtained for enantiomer M2 except the dihedral angles, which have opposite 

signs. 
' The inversion group was assumed to be planar. 

1 PES OF OIFLUOROHYDRAZINE 

I 
180 

ROTATION I 

FIG. I. Energy contour of PES cut for internal rotation around the 
N-N bond (torsion angle denoted as F3N2NIF5) and inversion of 
one of the NHF groups (angle F3N2NIH4). Absolute energy of the 
labeled contour line (*) is -307.000 au. The energy differences of the 
contour lines in the downhill direction are: 0.01, 0.01 au and then 
0.005 au. 

In a broader sense, the purpose of this study is to investigate 
the potential energy surface (PES) of the N,H2F, system. Par- 
ticular attention has been paid to a special cut through the 
surface which contains the deepest minimum and its inversion 
product, including the respective saddle point. 

Results and discussion 
In order to get an idea about the internal rotation and in- 

version processes in 1,2-difluorohydrazine, a cut through the 
potential energy surface was studied. Calculations were per- 
formed by the Hartree-Fock SCF method with 3-2 IG basis set 
(1 1). A potential energy contour map constructed from 280 
points is plotted in Fig. 1. On this cut of the PES, four minima 
(M) and six saddle points (S) are indicated. The minima M1 
and M2 represent enantiomeric conformations of the meso 
form; they are asymmetric mirror images. These two minima 
are separated by saddle points possessing either symmetry 

plane (S 1) or center of inversion (S2). The rotational barriers 
taken from the contour map are relatively high (65 and 95 
kJ/mol); however, they do not guarantee the separability of the 
enantiomers at room temperature. The other two minima (M3 
and M4) represent the chiral form, M4 being energetically 
significantly higher. These two minima are related by two 
rotational saddle points, S3 and S4, of a comparable height to 
those for the nzeso forms. It is worth mentioning that the in- 
versional processes have almost the same barriers as the rota- 
tional ones. It seems that at room temperature there is no 
chance to isolate diastereomeric iosomers. 

The energy profile of inversion M 1 + S5 -+ M3 was studied 
in more detail, as well as minima M2 and M4. Geometry 
optimization of the stationary points with respect to all internal 
degrees of freedom was done by Hartree-Fock SCF calcu- 
lations, using the Pople 3-21G basis set (1 1) and the FOGO 
method (12), with approximately D Z f P  quality basis set. 

Optimized bond lengths, and valence and dihedral angles 
obtained by nb ir~itio SCF calculations (3-21G) and the FOGO 
method are summarized in Table 1.  The nature of the located 
stationary points M1, M3, and S5 was ascertained by the num- 
ber of negative eigenvalues of the Hessian. As expected, bond 
lengths and valence angles of the meso and chiral forms are 
very similar. The structure of the activated complex S5 fits the 
intuitive picture; the inversion group (N2F3H4) is almost pla- 
nar (the deviation from planarity is about 10") and all its bonds 
are shorter, in comparison with the bonds in either minima. 

Energy characteristics are presented in Table 2 and Fig. 2. 
The inversion barrier for the process is found to be significantly 
higher than for the inversion of ammonia (about 28 kJ/mol) but 
much smaller than that for trifluoroammonia (328 kJ/mol; ab 
initio SCF with D Z f P  basis set, ref. 13). 

The thermodynamic calculation for the inversion process M 1 
M3 is based on the rigid rotor - harmonic oscillator - ideal 

gas approximation (for details see, e.g., ref. 14). Vibrational 
frequencies of the systems were calculated by means of Wilson 
FG analysis (15) on the basis of 3-21G force constants. The 
thermodynamic characteristics for the equilibrium between the 
meso M1 and chiral M3 forms of difluorohydrazine (standard 
state: ideal as at 101.325 kPa, 298 K) are (in kJ/mol) as % follows: AH, = - 16.9,  AH:^^,^ = - 17.0, T A S ~ ~ ~ , ~  = -0.4, 
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kJ 
mol 

FIG. 2. Partial energy profile of the 1,2-difluorohydrazine system. 
Symbols: - 3-21G, - - - -  FOGO, 0 hydrogen atom, 0 fluorine 
atom. 

TABLE 2. Relative energies of the sys- 
tems studied (kJ/mol) 

System 3-21G FOG0 

tneso M2 19.5 - 
rneso MI 19.5 16.0 
Saddle point S5 62.6 80.1 
Chiral M3 0 . 0  0.0" 
Chiral M4 50.6 - 

"E(3-2 IG) = -307.07082 au 
"E(FOGO) = -308.3209 au. 

A G ~ , , , ~  = - 16.6. Equilibrium is controlled by the energy 
difference; the change in zero-point energy is small and the 
entropy change is negligible. 

In conclusion, our calculations indicate that for the case of  
intramolecular discriminative interactions, the discriminative 
effects are small and not influenced by the entropz change: A E  
= - 19.5 kJ/mol;  AH^^^,^ = - 17.0 kJ/mol; AG2yx.2 = - 16.6 
kJ/mol. As a point of reference, the energy of thermal motion 
at 198.2 K is about 2.5 kJ/mol. Clearly, discriminative effects 
associated with itztermolecular interactions are even smaller. 
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DAVID JOHN MITCHELL, H. BERNHARD SCHLEGEL, SASON S. SHAIK, and SAUL WOLFE. Can. J. Chem. 63, 1642 (1985). 
At the 4-31G computational level, the intrinsic barriers of eight identity SN2 reactions X 3- CH3X XCH3 + X- are less 

than the energies required to distort CH,X from its ground state geometry to its transition state geometry by a constant 25 
kcal/mol. The distortion energy and its C-X stretching and H-C-X bending components can be calculated directly, or, 
alternatively, estimated from the force constants and bond dissociation energies of CH3X. Regardless of the mode of 
computation, the distortion energies are found to be dominated by the C-X stretching deformations, and these are linearly 
correlated with the intrinsic barriers. The total deformation energies are also linearly correlated with the intrinsic barriers. The 
transition vectors of the eight identity reactions have been calculated; each is dominated by the C-X stretch. The percentage 
of C-X stretching at the transition state, here termed the Distortion Index (Dl), reflects the "tightness" or "looseness" of this 
structure. The intrinsic barrier increases as the D1 increases, i.e., as the transition state becomes more "exploded". This result 
does not agree with the predictions of a More O'Ferrall- Jencks potential energy surface diagram. However, as shown in some 
detail, all of the computational results of the present work are in harmony with the surface crossing diagram model of the 
barrier. The essential feature of this model is the notion that the activation process in an identity SN2 reaction is a result of 
the distortion that is required to transfer one electron from X- to CH,X. 

DAVID JOHN MITCHELL, H. BERNHARD SCHLEGEL, SASON S. SHAIK et SAUL WOLFE. Can. J. Chem. 63, 1642 (1985). 
Des calculs au niveau 4-3 IG indiquent que les Cnergies des barrieres intrinseques de 8 reactions SN2 d'identite: X- + CH,X 

4 XCH3 + X- sont systematiquement 25 kcal/mol de moins que celles requises pour dCformer le CH3X de sa gtomktrie de 
I'Ctat fondamental jusqu'a celle de I'Ctat de transition. L'Cnergie de deformation, ainsi que ses composantes d'tlongation C-X 
et de deformation H-C-X peuvent Ctre calculCes directement, ou CvaluCes, B partir des constantes de force et des Cnergies 
de dissociation des liaisons du CH,X. Peu importe le mode de calcul, on a trouve que les Cnergies de dissociation sont dominCes 
par les deformations de I'elongation du C-X et celles-ci peuvent Ctre reliees linkairement aux barrieres intrinseques. Les 
Cnergies de deformation totale sont Cgalement reliees lineairement aux barrieres intrinseques. On a calculi les vecteurs de 
transition des 8 reactions d'identitk; chacune est dominte par I'elongation de C-X. Le pourcentage d'klongation de C-X 
au niveau de I'Ctat de transition, que I'on appelle ici I'indice de distortion (ID), reflete la nature compacte ou Iiche de cette 
structure. La barriere intrinseque augmente avec ['ID, c'est-a-dire au fur et B mesure que I'on s'kloigne de l'etat de transition. 
Ce resultat ne s'accorde pas avec les predictions d'un diagramme de surface d'energie potentielle de More O'Ferrall - Jencks. 
Cependant, tel que montrC avec certains details, tous les resultats obtenus par le calcul sont en accord avec le modele de 
diagramme de croisement de surface de la barriere. La caracteristique essentielle de ce modele reside dans le fait que le 
processus d'activation dans une reaction SN2 est un resultat de la distorsion qui est requise pour transferer un electron de X- 
B CH,X. 

[Traduit par le journal] 

Introduction 
The course of an SN2 reaction Y- + CH3X + YCH3 + X- 

is attended by a number of changes in molecular geometry. A 
deformation of the H-C-H angles occurs as the config- 
uration about the carbon atom is inverted, the C-X bond 
stretches and is broken, and the C-Y bond shortens and is 
formed. The changes in geometry are accompanied by changes 
in the total energy of the system. For a gas phase reaction, the 
nature of the latter has been discussed extensively (1,  2), and 
the reaction coordinate has been found to have the form shown 

' Permanent address: Department of Chemistry, Ben Gurion Uni- 
versity, Beer Sheva 84105, Israel. 

'Author to whom correspondence may be addressed. 

in Fig. 1.  In Fig. 1 ,  Y- . . . CH,X and YCH, . . . X- are reactant 
and product ion-molecule complexes (clusters), and 
(Y-CH3-X)- is the SN2 transition structure. 

In an earlier communication (3), it was observed that linear 
relationships exist between stretching and bending geometrical 
parameters of (Y-CH3-X)- transition structures and the 
thermochemistry of non-identity SN2 reactions. One  objective 
of the present work is to study the relationships between calcu- 
lated geometrical parameters of identity SN2 transition struc- 
tures (Y = X) and the calculated barriers (LET) associated with 
such reactions (see'Fig. 2). A second objective is to demon- 
strate that the Surface Crossing Diagram (SCD) model (4-6), 
which ascribes the origin of the SN2 barrier to the energy 
required to transfer one electron from X- to CH3X, accounts for 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MITCHELL ET AL. 1643 

react ion coordinate 

FIG.  I. Reaction coordinate for a non-identity SN2 reaction Y ~- + 
CH3X + YCH, + X - .  

reaction coordinate 

FIG. 2. Reaction coordinate for an identity SN2 reaction X- + 
CH7X + XCH7 + X - .  The intrinsic barrier AE;  is given by the 
energy difference between the ion-molecule cluster X - . . . CH3X and 
the transition structure (X-CH7-X)- .  

all of the results. 
For the reaction coordinate of Fig. 2, the region from cluster 

to cluster is of greatest interest, since it encompasses most of 
the geometrical changes. Because the fully optimized geome- 
tries and energies of X- . . . CH3X clusters and (X-CH3-X)- 
transition structures were already available from HF/4-3 1G 
computations for X = H, HCC, NC, CN, HO, HS, F, C1 (2, 
3, 7), a detailed examination of the relationships between these 
quantities was performed at this level. Additional computations 
were performed, as needed, using the 4-31G basis set and the 
GAUSSIAN 80 (8) or GAUSSIAN 82 (9) programmes. 

Computational results 
Table 1 summarizes the primary data: A E , ~  is the intrinsic 

barrier, R ,  is the C-X bond length of CHqX in the cluster, R? 
is the C-X bond length in the transition structure, fR is the 
calculated CH3-X stretching force constant, f, is the calcu- 
lated bending force constant for the umbrella deformation of 
the methyl group, and fRQ is the stretch-bend interaction force 
constant. 

The intrinsic barrier can be partitioned (10) into the energy 
required to deform the CH3X moiety, and the interaction ener- 
gy between X- and the deformed CH3X. An approximate esti- 
mate of the deformation energy can be obtained from the calcu- 
lated force constants of CH3X. To change CH3X from its geom- 
etry in the cluster to its geometry in the transition state requires 

TABLE 1. Calculated intrinsic barriers, force constants, and C-X 
bond lengths for gas phase SN2 reactions" 

X A E ~ "  R ,  (A)' R2 (A)" ji  (au)" f;, (au)' fx,, (au)" 

H 52.0 1.089 1.730 0.378 0.926 0.068 
CCH 50.4 1.465 2.124 0.387 1.059 0.144 
CN 43.8 1.459 2.112 0.380 1.062 0.148 
NC 28.5 1.441 2.013 0.407 1.133 0.207 
OH 21.2 1.463 1.908 0.367 1.009 0.199 
SH 15.6 1.914 2.459 0.195 0.846 0.138 
F 11.7 1.462 1.828 0.450 1.142 0.213 
C1 5.5 1.965 2.382 0.285 1.033 0.192 

" HF/4-3 1G calculations. 
"In kcal/mol. 
' Refers to C-X bond length in CH,X having the geometry of the cluster. 
"Refers to C-X bond length in CH,X having the geometry of the transition 

state. 
"Units are hartree bohr-'; I hartree = 627.5 1 kcal/rnol; I bohr = 0.529 A. 
'Units are hartree rdd-'. 
,'Units are hartree rad-' bohr-'. 

TABLE 2. Intrinsic barriers, approximate deformation energies, and 
the components of these deformation energies," for reactions X -  + 

CH3X + XCH, + X- 

X Dc-x AEF"" A E y x  A E ~ ~ ' " *  A E : ! ~ ) ~ ~ ~  ~ ~ ( 7  

H 104 55.0 33.6 -17.7 70.9 52.0 
CCH 117 60.5 44.2 -41.1 63.6 50.4 
CN 114 58.6 41.8 -40.6 59.8 43.8 
NC 90" 47.2 42.8 -48.8 41.2 28.5 
OH 9 1 34.1 34.8 -34.8 34.1 21.2 
SH 73 27.2 28.3 -29.1 26.4 15.6 
F 108 32.3 36.6 -29.5 39.4 11.7 
C1 84 26.0 28.5 -28.5 26.3 5.5 

"All energies are in kcal/mol. 
"Estimated from DCHIpCN (1 14 kcal/mol) and -AH for the isomerization of 

CH,NC to CH,CN (23.7 kcal/mol) (12). 

a stretch of the C-X bond by AR, and a bend of the 
H-C-X angle by A0, as well as smaller changes in the rest 
of the molecule. Since stretching potentials are very an- 
harmonic, it is not possible to estimate the energy associated 
with a C-X stretch from harmonic force constants alone. 
Therefore, to approximate the stretching anharmonicity, a 
Morse curve (I 1) was fitted to the calculated harmonic 
stretching force constant, fR, and the experimental C-X bond 
dissociation energies, D, using eq. [I], where AR = R2 - R I .  

The data are shown in Table 2, and Fig. 3 is a plot of AEiPP"" 
versus A E , ~ .  The two quantities are linearly related (r = 
0.975). 

The energy required to bend an H-C-X angle can be 
estimated directly from the calculated harmonic force constant 
f,, (eq. [2]), because the bond anharmonicity is small. 

The stretch-bend interaction must also be taken into 
account, because bending of the H-C-X angles is greatly 
facilitated by the stretch of the C-X bond. In the harmonic 
approximation, the stretch-bend interaction is given by 
e s  D l .  
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ICC 

FIG. 3. A plot of AE;j"Pn" versus AE,: for eight idcntity SN2 rcac- 
tions. Encrgies arc in kcal/mol. 

In terms of the approximations of eqs. [I]-[3], the total 
deformation energy is given by eq. [4]. All of these quantities 
are included in Table 2. 

The deformation energies just described are approximations, 
because they are based on the calculated force constants and 
experimental dissociation energies of CH,X. The actual defor- 
mation energies, AE,,,, and their components can be calculated 
directly, as shown in Scheme 1. The stretching deformation 
energy, AE,, is obtained from the energy difference between 3 
and 1 ,  where 1 refers to CH3X in the geometry of the cluster, 
and 3 is derived from 1 by a stretch of the C-X bond to its 
value in the transition structure 2. The bending deformation 
energy, AE,,, is obtained analogously from the energy differ- 
ence between 1 and 4, where 4 refers to bending of 1 to the 
bond angles of the transition structure. The total deformation 
energy is the energy difference between 1 and 2. The quantities 
AEcler, AEK,  and AE,, are collected in Table 3.j 

Figures 4, 5 ,  and 6 show, respectively, plots of AER, AE,,, 
and AE,,,. versus A E ~ .  The relationship between AEx and A E ~  
is linear ( r  = 0.954), as is the relationship between AEdc,. and 
AE; ( r  = 0.979), but AE,, is poorly correlated with AE;. In 
addition, inspection of the data of Table 3 reveals that AE,,, is 
dominated by the stretching deformation. 

The most interesting observation is that the quantity (AE,,,. - 
A E ~ )  is constant. For this series of eight X's, at the HF/4-31G 
level, the difference is 25.1 ? 3.3 kcal/mol. This is an im- 
portatzt resnlt. It itnplies that the clifferetzces in the intrinsic 
barriers res~ilt ,from the differences in AE,,,.,; the effect of the 
anion X- is c~ppt-o,rimcltely cotlstatzt. As will be discussed be- 
low, this finding, especially, constitutes strong support for the 
State Correlation Diagram (SCD) model of the SN2 barrier. 

'For X = F, the AE,],, calculated from the energy difference bc- 
tween 1 and 2 is the same as the deformation energy obtained from a 
Morokuma analysis (10). The authors thank Dr. J .  M. Lcfour (Orsay) 
for checking this point. 

I R, 
C-X 

4; 
H H 

TABLE 3. Calculated deformation energies and the com- 
ponents of these deformation energies" for reactions X- + 

CHxX --t XCH, + X- 

X AEK AEo AEdcl AE: (AEdc, - AE~:) 

H 67.4 28.6 71.7 52.0 
CCH 74.7 39.5 73.5 50.4 
CN 68.7 36.0 67.0 43.8 
NC 63.1 38.3 57.0 28.5 
OH 45.7 45.9 52.1 21.2 
SH 37.2 28.7 38.8 15.6 
F 38.8 30.4 40.8 11.7 
CI 27.6 18.5 28.9 5.5 

As an additional probe of the identity SN2 surface near the 
top of the barrier, vibrational frequency calculations were car- 
ried out for the eight transition states. Each structure has one 
imaginary frequency whose magnitude depends on the mass of 
X and on the curvature of the surface. The normal coordinate 
that corresponds to the imaginary frequency is the transition 
vector, which points along the intrinsic reaction path linking 
reactants and products. The transition vectors for the eight 
identity reactions are summarized in Table 4. To facilitate 
comparisons, in Fig. 7 the vectors have been shifted by an 
overall translation, to allow the central carbon atoms to remain 
stationary. 

All of the transition vectors are very similar, despite the 
differences in the intrinsic barriers, and are dominated in each 
case by a C-X stretch. There is also a component of bend. 
Analysis of the force constants of the transition structures re- 
veals that the bending potential has a positive curvature, and 
the stretching potential has a small positive or negative curva- 
ture; the stretch-bend interaction is always negative, and ac- 
counts for a sizeable fraction of the negative curvature. This 
analysis therefore indicates that the C-X stretch dominates 
the energetics associated with the barrier process, but the intrin- 
sic reaction path requires the concerted action of stretching and 
bending at the transition state. 

The foregoing computational results may be summarized as 
follows. 
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700 

FIG. 4. A plot of AE, versus A E ~  for eight identity SN2 reactions. FIG. 6. A plot of AECIcI versus AE(: for eight identity SN2 reactions. 
Energies are in  kcal/rnol. Energies are in kcal/rnol. 

FIG. 5. A plot of AE,, versus AE: for eight identity SN2 reactions. 
Energies are in  kcal/rnol 

(a) The activation process of an identity SN2 reaction is 
dominated by the deformation energy required to bring CH3X 
from its geometry in the cluster to its geometry in the transition 
state. 

(b) The deformation energy depends on the nature of X, and 
follows the order H = HCC = CN > NC > HO > HS > F 
> CI. 

(c) The C-X stretch is the distinguished deformation lead- 
ing to the transition state. 

(d) The C-X stretch required to achieve the transition state 
is linearly correlated with the intrinsic barrier. 

Interpretation of the results in terms of the SCD model 
of the SN2 barrier 

TABLE 4. X-CH3-X transition vectors in 
internal coordinates 

X AR (C-X)" A0 (CH-C-X)" 

H 
HCC 
CN 
NC 
HO 
HS 
F 
CI 

"In atomic units 
"In radians. 

tion requires an understanding of the results just described. In 
the SCD model, the correlation diagram appropriate to an iden- 
tity SN2 reaction is shown in Fig. 8 ( 5 0 ,  b), whose anchor 
points are the two ground states and the two charge transfer 
states of the clusters. The transition state results from an 
avoided crossing of the two curves, and its geometry coincides 
with the crossing point. 

At this point, the ground state X:-R-X and the charge 
transfer state X-(RLX)- have the same energy. Because of the 
energy gap that separates the two states at the beginning of the 
reaction, the crossing that achieves the transition state 11iust be 
driven by molecular distortions (5, 13). The effects of these 
distortions are a destabilization of the ground state, and a con- 
comitant stabilization of the charge transfer state. 

That the ground state should be destabilized by the dis- 
tortions depicted in 5 is self-evident. The charge transfer state 
is stabilized by the transformation of the (RLX)- radical anion 
bond into a covalent X-R bond on the opposite side of R. 

An understanding of the activation process in the SN2 reac- 
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FIG. 7. Transition vectors for eight identity SN2 transition structures. Calculations performcd at the HF/4-31G level using GAUSSIAN 82. 

- 
(X-t-R) .X 

XT (R-X)  (X - R) X- 

reaction coordinate 
FIG. 8. State correlation diagram for the identity SN2 reaction. The 

minima along the reaction coordinate refer to the ion-molecule clus- 
ters, and the maxima refer to the charge transfer states. The avoided 
crossing is given by B, AE,: is the central barrier, and (Ix - AKx) is 
the electron transfer energy gap. The rcaction coordinate can be de- 
fined as the difference between the X.  . . R and R .  . . X distances. 

The conclusion that the SN2 barrier results from the distortion 
required to reach the crossing point of the ground and charge 
transfer states provides a physical model for the correlation 
between A E ~  and AEdcl. In addition, two features of Fig. 8 
allow the magnitudes of AE: and AEdcl to be estimated. One 
is the electron transfer energy gap (eq. [5]) that has to be 
overcome by the molecular distortions, where Ix, is the ioniza- 

SHALLOW DESCENT STEEP DESCENT 

FIG. 9. (A) Shallow dcscent from the charge transfer state, a prop- 
erty of delocalized radical anions (R-X)-. (B) Steep descent from 
the charge transfer state, corresponding to efficient distortion of the 
charge transfer state. 

shown in Fig. 9A. An efficient distortion will lead to a steep 
descent from the charge transfer state, as shown in Fig. 9B. For 
X's characterized by the same gap, the SN2 barrier will de- 
crease as the distortion becomes more efficient. As discussed 
elsewhere (5a, b, cl, 6), the steepness or shallowness of descent 
in such cases is determined by the degree of delocalization of 
the odd electron in the radical anion (RLX)-. For example, 
delocalization in the radical anion results in a shallow descent 
for two reasons: (1) the distortion must overcome the de- 
localization energy; (2) the delocalization inhibits bond cou- 
pling between X. and (RLX)-. 

A radical anion may possess two modes of delocalization, 
termed intralinkage and interlinkage. The intralinkage mode is 
defined by eq. [6], where WR: and Wx, refer to the weights (i.e., 
the squares of the coefficients) of the resonance forms R:--X 
and R.:X-, respectively. 

In a delocalized radical anion, WR: is large. This delocalizes the 
odd electron on X of (RLX)- and leads to the inhibition of 
bond coupling noted above. 

The interlinkage mode occurs whenever R bears two or more 
identical leaving groups X, as in CH2C12 or CH,. In such cases 
the odd electron will be delocalized over all identical linkages 
(5d) as depicted in eq. [7] for (CH,)-, where N is the nor- 
malization constant. 

[51 gap = Ix: - ARX H H 

tion potential of X and ARx is the electron affinity of RX. The [71 ( ~ ~ 4 1 '  = N[H'J-H + H-J'H + . . . . . .I 
second is the curvature of the functions that connect the ground A A 
and charge transfer states. When the distortion is inefficient, a 
shallow descent of the charge transfer state will be observed, as Since the odd electron may also exhibit intralinkage de- 
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localization in the sense of eq. [6], such radical anions will be 
strongly delocalized; SN2 reactions in these cases will be char- 
acterized by the shallow descent depicted in Fig. 9A. 

The total index of delocalization WR. can be taken as the 
product of the intralinkage index WR: and the interlinkage in- 
dex. The latter is given by the inverse of the normalization 
constant of eq. [7], which takes into account the number of 
bonds that participate in delocalization. For example, in (CH,)- 
the interlinkage index is (4)-'I2. 

The deformation energy required to reach the transition state 
can be set approximately equal to the height of the crossing 
point Ec (Figs. 9A, 9B) above the cluster. As is evident from 
Figs. 8,  9A, and 9B, Ec is a fraction, f, of the energy gap (I, 
- A,,), and this fraction is proportional to WR, leading to eq. 
[9]. A similar expression holds for the barrier itself, wlth the 
modification that the avoided crossing B (Fig. 8) must be sub- 
tracted from Ec. This leads to eq. [lo]. 

~ s d i s c u s s e d  elsewhere (5, 6, 13), the avoided crossing is 
approximately constant for the identity reactions (B = 14 
kcal/mol) (5a, b, d). This result is thus consistent with the 
HF/4-3 1G computational finding that AE,,, differs from AE,' 
by a constant 25 kcal/mol. Equation [lo] can be simplified 
further and given quantitative predictive ability by setting the 
proportionality constant between f and WK: equal to unity (5) 
(eq. [ I  11). 

Equations [9] and [ l  11 reveal that trends in AE,' and in AEdcf 
will be determined by the interplay between WR: and (I,: - 
ARX). This point is illustrated by the data collected in Table 5 ,  
viz., the reactivity indices (1,: - ARX) and WR:, the calculated 
AEdcf ,  the calculated AE:,  and the AE; given by eq. [ I  I ] .  The 
deformation energy is large and the barrier is large when the 
electron transfer energy gap (I,: - ARx) is large, or when the 
shallowness index (WR:) is large. For example, in entries 1 and 
2, W,: is approximately constant; and the reaction F + CH3F 
has a higher AE: and a higher AEdcl than the reaction C1- + 
CH3C1 because the electron transfer energy is larger in the 
former case. Similarly, in entries 3, 4,  and 5 ,  WR: is again 
approximately constant; in these cases as well, AE: and AEd,, 
increase as the electron transfer energy gap increases. 

On the other hand, comparison of entries I and 4, for which 
the energy gap is approximately constant, shows that HO- + 
CH30H, the reaction having the larger W,:, has the larger AE: 
and the larger AEdcl. 

In summary, the Surface Crossing Diagram model (Fig. 8) 
and its quantitative representation (eq. [ I  11) reproduce the cal- 
culated trends in A E ~  and AEdef.  It follows that the activation 
process in an identity SN2 reaction is a result of the distortion 
that is required to transfer one electron from X:- to CH3X. 

The availability of a physical model of the activation process 
allows the trends in the transition state geometries to be inter- 
preted. In an identity SN2 reaction, the distortion that dis- 
tinguishes one X from another is AR = (R2 - RI),  the change 
in the C-X bond length from the cluster to the transition state. 
The percentage of C-X lengthening at the transition state may 
be defined as the Distortion Index, DI (eq. [12]). This reflects 

TABLE 5. Reactivity indices, A E d c l ,  AE,:, and AE: (eq .  [ l  I]), for X- 
+ CHzX -+ XCHz + X-. reactions" 

Entry X Ix: - W R : ~  AEdei.  AE: AE: (eq. [I I])' 

I C1 113 0.251 28.9 5.5 14.4 
2 F 135 0.242 40.8 11.7 18.7 

3 HS 95 0.340 38.8 15.6 18.1 
4 HO 109 0.357 52.1 21.2 24.9 
5 HCC 145 0.362 73.5 50.4 38.5 

"In kcal/mol. 
"See refs. 5a ,  b, d, and 6. 
' Present work. 

the "tightness" or "looseness" of the transition state. A large DI 
corresponds to a looser or "exploded" (14) transition state. 

The factors that control the DI are, again (Ix: - ARX) and WR:. 
The first defines the energy gap that must be overcome by the 
distortion. The second reflects the ability of the distortion to 
decrease the energy of the charge transfer state. The following 
trends are predicted. 

(a) For a series of reactions X- + CH3X in which the degree 
of radical anion delocalization (WR:) remains constant, DI will 
increase as the energy gap increases, i.e., the transition state 
will become looser. 

(b) For a series of X- + CH3X reactions in which the energy 
gap remains constant, DI will increase as WR: increases. 

The data of Table 6 illustrate these points. From entries 1 and 
2, which have the same W,:, it is seen that the looser transition 
state (larger DI) is obtained for F- + CH3F, which has the 
larger charge transfer energy gap. Similarly, in entries 3 , 4 ,  and 
5 ,  the looseness of the transition state again increases as the 
energy gap increases. On the other hand, entries 1 and 4 dem- 
onstrate that, for a constant gap, the transition state becomes 
looser as WR: increases. Clearly, delocalization of the radical 
anion (larger wR:) leads to a loosening of the transition struc- 
ture.  he-loosest transition state is thus observed for H- + 
CH,, because this leads to the most delocalized radical anion. 

Table 6 also illustrates an additional correlation, between 
AE: and the Distortion Index. The tightest transition state (C1- 
+ CH3Cl) has the lowest barrier, and the loosest transition state 
(H- + CH,) has the highest barrier. 

What has thus emerged is a direct link between deformation 
energies, barriers, and transition state geometries, each of 
which is a consequence of the activation process in an SN2 
reaction. This unified insight has resulted from the notion that 
the activation process is itself a result of the distortion required 
to transfer a single electron from XI- to X across the CH, 
moiety of CH3X. 

The foregoing analysis of the trends in transition state geom- 
etries should be contrasted with the predictions of potential 
energy surface diagrams (PESD) (cf. Fig. 10) (15). For an 
identity SN2 reaction the four corners of the PESD model rep- 
resent reactants, products, the triple ion configuration (X- + 
CH,' + X-), and the high energy hypervalent structure 
(XCH,X)-. The transition state lies at the midpoint between 
reactants and products, and changes in X can make the transi- 
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Frc. 10. Potential energy surface diagram for the identity SN2 
reaction. 

TABLE 6. Electron transfer energies, radical anion de- 
localization indices, distortion indices, and intrinsic barriers 

for X- + CH,X -+ XCH, + X- reactions 

Entry X Ix: - ARX" WR: D I ~  ~ ~ 6 o . h  

I CI 113 0.251 21.1 5.5 
2 F 135 0.242 25.0 11.7 

3 HS 95 0.340 28.0 15.6 
4 HO 109 0.357 30.4 24.9 
5 HCC 145 0.362 45.0 50.4 

6 NC 159 0.309 44.8 43.8 

7 H 84 0.720 58.0 52.0 

"In kcal/mol. 
"4-3 1G calculations. 

tion state tighter o r  looser, as indicated by the arrows in Fig. 
10. Ignoring the effect of the high energy (XCH,X)- corner, as 
is customary, leads to the following conclusion: if a change in 
X decreases the energy of the triple ion corner, the transition 
state will shift towards this corner, and become looser. For 
example, replacement of X = H by X = C1 should lead to a 
looser transition state, because (Cl- + CH,' + C1-) is at least 
40 kcal/mol more stabIe than (H- + CH,' + H-). 

The trends of Table 5 are just the opposite of this important 
prediction of the PESD model. It is, therefore, not clear how 
the PESD model can be employed to rationalize the com- 
putational results of the present work. 
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Intramolecular fluorescence quenching in aminocoumarines. Identification of an 
excited state with full charge separation 
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WOLFCAND REPIC and ANDRE KLOCK. Can. J.  Chem. 63, 1649 (1985) 
The fluorescence of 6-aminocoumarine (A6C) is very weak and anomalously redshifted as compared to its 7-substituted 

analogues 4-methyl-7-aminocoumarine (A7C) and 4-methyl-7-diethylaminocoumarine (DEA7C). The solvatochromic redshift 
in homologous alcohols is much stronger for A6C, pointing to an increased dipole moment of the emitting state. A twisted 
intramolecular charge transfer (TICT) state with full charge separation is made responsible for this emission. This is ratio- 
nalized by molecules-in-molecules calculations. The strong Stokes shift in n-hexane and in ethanol glass at 77 K suggests that 
A6C emits from a TICT state even under these conditions. 

WOLFCAND REPIC et ANDRE KLOCK. Can. J .  Chem. 63, 1649 (1985). 
La fluorescence de l'amino-6 coumarine (A6C) est trks faible et elle glisse de faqon anormale vers le rouge si on fait une 

comparaison avec des composCs analogues substituCs en position-7 comme la methyl-4 amino-7 coumarine (A7C) et la 
mCthyl-4 diCthylamino-7 coumarine (DEA7C). Le glissement solvatochrome vers le rouge provoqut par les alcools homo- 
logues est plus prononct avec le A6C et ceci suggkre qu'il y a une augmentation du moment dipolaire de 1'Ctat qui Cmet. On 
attribue cette Cmission a un Ctat de transfert de charge intramolCculaire croist (TCIC) avec une sCparation complkte de charges. 
On rationalise ce fait en fonction des calculs sur des molCcules dans des moltcules. Le fort glissement de Stokes dans le 
n-hexane et dans 1'Cthanol a 77 K suggkre que, mCme dans ces conditions, le A6C Cmet partir de I'etat TCIC. 

[Traduit par le journal] 

Introduction 
Lippert and co-workers (1-5) observed several types of 

adiabatic and diabatic photoreactions in dilute solutions of 
7-hydroxycoumarine and related compounds as revealed from 
multiple fluorescence spectra. 

Only those coumarine dyes which possess an electron donor 
substituent in the 7 position showed a rather high and tunable 
LASER efficiency, whereas donor substitution in the 6 position 
strongly reduces the fluorescence quantum yield. Even some 
7-dialkylamino coumarines are prone to undergo fluorescence 
quenching in polar solvents. This has been traced back by 
Jones, Halpern et al. (6, 7) to an adiabatic photoreaction 
towards a nonemissive state. 

From the substituent and solvent dependence, this state was 
shown to be connected with the donor and acceptor properties 
of amine and coumarine moieties, and was assigned as a Twist- 
ed Intramolecular Charge Transfer (TICT) state (8) with the 
dialkylamino group twisted perpendicularly to the plane of the 
coumarine skeleton. By making this twisting motion un- 
available through ring closure to the "rigidized structure" of 
Coumarine 102 or 153, the fluorescence quenching is sup- 
pressed (7). For the same reason, "rigidized" rhodamines show 
an enhanced fluorescence quantum yield at room temperature 
as compared to the nonrigidized strctures (rhodamine B vs. 
rhodamine 10 1 (9- 1 1). Similarly, it has been shown that the 
extremely low fluorescence quantum yield of triphenyl meth- 
ane dyes can be traced back to the formation of a charge- 
localized TICT state of very short lifetime (12), and that the 
comparatively low fluorescence quantum yield of 6-hydroxy- 
9-phenyl-fluoron (13), a close relative to fluorescein, can be 
understood on the same basis (rotation of the phenyl group). 

In all of the above cases, the TICT state is found to be 
nonfluorescent. Emission from a TICT state seems to be more 
the exception than the rule. In the favourable cases of observ- 
able TICT emission, however, which often goes along with 
dual fluorescence (8, 14-19), this emission can yield im- 

portant information on the properties of this state. Sol- 
vatochromic measurements show that the TICT state involves 
a complete charge separation even for symmetric compounds 
(18). Its photophysical properties are consistent with a forbid- 
den radiative transition to the ground state (8, 20, 21). 

Here, we report on the fluorescence of 6-aminocoumarine 
(A6C), which is weak (22) and strongly redshifted. The photo- 
physical data are consistent with the emission from a TICT 
state. 

Experimental 
6-Aminocoumarine (A6C) was a gift from BayerILeverkusen and 

showed, after purification, a mp 162.5-163.0°C (lit. (22) mp 
162.6- 163.4"C). 4-Methyl-7-aminocoumarine (A7C) and 4-methyl- 
7-diethylaminocoumarine (DEA7C) were purchased from Eastman 
(Coumarin 120 and I, respectively). All compounds were purified by 
repeated recrystallization and subsequent vacuum s u b ~ i ~ a t i o n .    he 
solvents used were of Merck Uvasol quality or Fluka puriss. and 
showed no impurity emission at the sensitivity levels used. 

Absorption spectra were taken on a Cary 17 spectrometer, and 
corrected fluorescence and fluorescence excitation spectra on a FICA 
55 MK 11 or a Perkin Elmer 650-60 spectrofluorimeter. Fluorescence 
quantum yields (optical densities < 0.15) were determined for aerated 
solutions relative to DEA7C in ethanol (+(. = 0.59 (6)) and are cor- 
rected for refractive index changes of the solvent. Decay time mea- 
surements were made on aerated solutions using an Edinburgh instru- 
ments single photon counting device. Decays were found to be mon- 
oexponential over 3 decades. 

Molecules-in-molecules (MIM) calculations were performed using 
a program written by P. Straub and described in ref. 23. Details were 
kept as described in ref. 24. Ideal geometries (all angles 120°, rc-" 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1650 CAN.  J .  CHEM. VOL. 63. 1985 

300 LOO 500 600 700  
Alnm - 

FIG. I. Normalized fluorescence excitation and cmission spectra 
(corrected for lamp profile and spectral sensitivity distribution) of 
A6C (lower part) and A7C (upper part) in n-hexanc (-), and emission 
spectra in acetonitrile (- - -) and ethanol (- . - . -), at room temperature. 

- 
- rc-0 = I .40, rc-, = 1.46 A) were assumed. The ionization 
potential of the dimethylamino group was taken to be 8.24 eV, the 
electron affinity of coumarine 0.482 eV. Nine locally excited cou- 
marine states (each represented by linear combination of up to 3 
configurations from a standard PPP-SCF-CI calculation) and 2 amino- 
to-coumarine charge transfer states werc taken into consideration. For 
coumarine, Hiickel MO's (heteroparameters taken from ref. 25) were 
used. A-factors for solvatochromic measurements were calculated 
using a program developed for the microstructural solv~nt  interaction 
(MSI) model (16), with all bond lengths equal to 1.4 A. 

Results 
Figure 1 shows the fluorescence excitation and emission 

spectra of A6C and A7C in hexane and the redshifted emission 
in ethanol and acetonitrile. Contrary to the excitation spectra, 
which do not differ strongly for the two compounds and which 
are identical to the absorption spectra, the emission spectra 
strongly differ but are independent of excitation wavelength 
and concentration. The Stokes shift A;,, (in cn1-I) is nearly 
doubled for A6C as compared to A7C, and the solvent polarity 
has much stronger effect in the case of A6C. This is shown 
more precisely by the fluorescence maxima in a series of ho- 
mologous n-alcohols (Table 1). 

The data of Table 1 can be converted into a solvatochromic 
plot (Fig. 2) using Lippert's equation [ l ]  (26, 27). 

where pg and p, are ground and excited state dipole moments, 
respectively, a is the Onsager radius, h and c are fundamental 
constants, and Af is a solvent polarity function depending on 
dielectric constant E and refractive index n (see Fig. 2). Al- 
though the Lippert equation does not take into account polar- 
izability effects and the deviation from colinearity of ps and p,, 
eq. [ l]  is used here, because the MIM calculations indicate the 
angle between p, and kg to be small. 

The slopes and intercepts thus determined are collected in 
Table 2. For extracting Ap = pC - pg, the Onsager parameter 
a was taken as approximately 40% of the long axis of the 
molecules, a value suggested by Lippert for elongated non- 
spherical molecules (27). A more precise comparison of rela- 

+ 'i' 'i' 
I I 

B u b H  EtOH MeOH I 

FIG. 2.  Fluorescence solvatochromic plot for A6C, A7C, and 
DEA7C in homologous n-alcohols, Af = (E - 1 ) / ( 2 ~  + I) - (n2 - 
I)/(21l2 + 1) .  

TABLE I.  Absorption and fluorescence maxima (nm) of A6C, A7C, 
and DEA7C in homologous alcohols 

A6C A7C DEA7C 

Solvent abs flu0 abs flu0 abs flu0 

Methanol 368.5 580.0 350.5 435.0 374.0 454.5 
Ethanol 370.5 580.5 352.0 433.0 372.0 451.0 
n-Butanol 370.0 570.5 355.0 433.0 373.5 447.0 
n-Decanol 375.0 559.0 355.0 430.0 371.5 442.0 

TABLE 2. Solvatochromic slopes tn (cm-' /Af) and 
interecepts b (cm--'), Onsagcr radius rr (pm) and MSI 
cavity factors (A:$,), and derived dipole moment dif- 

ferences Ak  = k, - kg  

Parameters A6C A7C DEA7C 

m 11000 5720 4530 
b 6550 3680 3330 
a" 4.35 4.35 5.23 
AFLIP (Debye units) 9.51 6.84 8.02 

A ;\:I 
"1.0" 1.07 0.71 

A k ~ s r  " 1  .0" 0.70 0.76 
- - 

" 8 0 8  of the long half-axis of an ellipsoid surrounding the 
molecular skeleton including the van der Waals radii (from 
standard tables). 

tive Ap values can be obtained by using the microst~ctural 
solvent interaction (MSI) model (16) which takes into account 
the actual nonspherical shape of the molecule and its charge 
distribution differing from that of a point dipole. The resulting 
equation [2] closely resembles eq. [ l ]  with the simple substi- 
tution of AM,, for l /a3 .  

[2] ASs, = k AM,, (pc - pg)' . Af + const 

The values for Ap determined by these two methods are also 
contained in Table 2. 

Figure 3 shows the dependence of the fluorescence quantum 
yields 4, on solvent polarity. For A6C, 4, values are reduced 
by a factor of -10 as compared to the other compounds and 
depend very strongly on solvent polarity. This dependence is 
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RETTIG AND KLOCK 1651 

1 DecOH BUOH E ~ O H  M ~ O H  1 
I ,  

FIG. 3. The dependence of fluorescence quantum yields (* 15%) of 
A6C, A7C, and DEA7C in homologous alcohols on the solvent polar- 
ity function Af. The lines are for clarity only and emphasize the 
decrease of fluorescence quantum yield with increasing solvent polar- 
ity for all of the investigated compounds. 

TABLE 3. Fluorescence decay times (ns) for 
A6C and A7C in different solvents 

Solvent 

n-Hexane Acetonitrile Ethanol 

A6C 3.5 9.4 2.3 
A7C 3.9 3.3 4.3" 

" I n  5070 ethanol from ref. 9, corrected for oxygen 
quenching. 

much weaker for DEA7C and nearly absent for A7C. Table 3 
contains the observed decay times which, together with +,, 
yield values for the radiative rate constant k r . k r  is strongly 
reduced for A6C ( ~ 1 . 6  X 10's-' for A7C and ==I .7 x lo7 s-'  
for A6C in ethanol). 

Figure 4 shows the fluorescence spectra of A6C in ethanol at 
different temperatures down to 77 K. 

Discussion 
Both A7C and DEA7C show high solvatochromic slopes 

indicative of a large excited state dipole moment (Table 2). The 
wave functions of the excited state are thus of intramolecular 
charge transfer (ICT) character, i.e. contain the coumarine 
locally excited (LE) state (C*) with a high weight of the charge 
transfer configuration IN'C-), where N stands for the amino 
group and C for the coumarine moiety (6, 7). Solvatochromic 
slope and excited state dipole moment pc are even larger for 
A6C. 

A further prominent difference of A6C from A7C and 
DEA7C is the large Stokes shift LCs,, which for A7C in meth- 
anol amounts to -5500 cm-' and increases to -9900 cm-' for 
A6C. This Stokes shift is comparable to that of TICT fluor- 
escence bands (- 13 400 cm-' for N,N-dimethylaminobenzo- 
nitrile (DMABN) in methanol (14) or 9800 cm-' for 

FIG. 4. Fluorescence spectra of A6C in ethanol at different tem- 
peratures. 

bis(N,N-dimethylaminopheny1)-sulfone in methanol). Even in 
hexane, the strong difference from A7C in AGs, remains (see 
Fig. l ) ,  consistent with the high intercept for A6C from the 
solvatochromic plot (Table 2). Thus, an excited state proton 
transfer mechaism can be excluded. Moreover, the halfwidth 
LCl,, for the emission of A6C in methanol (3950 cm-') is much 
larger than that of A7C (2870 cm-I). 

We tentatively assign the emission of A6C as arising from a 
state with pure CT character, i.e. where the excited state wave- 
function is represented by $, = IN'c-) without admixture of 
IC*). This is possible if IC*) and IN'C-) belong to different 
irreducible symmetry representations and cannot interact in a 
configuration interaction sense. A way to achieve this is to 
twist the amino lone-pair axis into the plane of the coumarine 
skeleton, i.e. perpendicular to the coumarine p, T-orbitals. 
This situation corresponds to what is known in the literature as 
the "Twisted Intramolecular Charge Transfer" (TICT) state (8) 
and is governed by the "minimum overlap rule" (8, 18): the 
increasing dipole moment for increasingly twisted geometries 
provides the driving force for the twist towards the TICT (90") 
conformation with maximum charge separation via the polar 
solvent induced energetic stabilization (AE,,,, in eq. [3] be- 
low). 

By this same electrostatic interaction, the molecule is locked 
more or less flexibly in the perpendicular conformation. 

The very low fluorescence quantum yield and its strong 
solvent polarity dependence for A6C (Fig. 4) can be interpreted 
using the above model. From a theoretical viewpoint, emission 
from a perpendicularly twisted TICT conformation is forbidden 

.by symmetry. Moreover, nonradiative processes ("photo- 
chemical funneling") are enhanced for TICT-like structures 
because ground and excited states can come very closely to- 
gether (28). The TICT emission thus has to derive from vi- 
brationally excited levels of the S, (TICT) state (8), i.e. it 
corresponds to a hot fluorescence: vibronic coupling via the 
twisting motion around the perpendicular minimum can couple 
higher-lying allowed states to the transition moment. In the 
case of larger aromatics (anthracene, carbazole), a TICT fluo- 
rescence quantum yield of up to -0.4 can thus be obtained (18, 
29). The stronger the solvent interaction (more polar solvent), 
the more the molecule will be confined to a small angular range 
around $ = 90" and, for solvent independent nonradiative 
TICT decay rates k,,, reduced TICT fluorescence quantum 
yields are expected. For a more quantitative treatment, the 
solvent dependence of k,, also has to be taken into account. 

The very weak solvent dependence of 4, (A7C), on the other 
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FIG. 5. Lowest unoccupied molecular orbital of coumarine accord- 
ing to the HMO calculation. The surface area of the circles is propor- 
tional to the square of the HMO coefficients. 

TABLE 4. Coulomb integrals and TICT state energies of substitutional 
isomers of dimethylamino coumarines: 

Position of substitution C" (eV) E(TICT)" (eV) AEr (eV) 

" C T  to the lowest unoccupied MO of coumarine, rc-, = 1.46 A. 
"MIM calculation, AE,,,,, = 0 (gas phase). 
' AE = E(T1CT) - E(LE) ,  with E(LE)  of cournarine = 3.48 eV. 

hand, points to essentially solvent polarity independent k, and 
k,, rate constants of the ICT state. 4, (DEA7C) is quenched by 
a factor of 2.3 in going from decanol to methanol. This may be 
due to the beginning formation of a nonradiative TICT state in 
this case, in accordance with results of G. Jones et al. (7) who 
find a very strong TICT participation in polar solvents (i.e. 
fluorescnce quenching) when the acceptor strength of the cou- 
marine is increased by a CF, group. 

Although fluorescence quantum yields are low for A6C, the 
decay times are long, characteristic for a forbidden transition. 
The resultant radiative rate constant kr is lower than that for 
A7C by a factor of -10. 

The question arises as to why the substitutional isomers A6C 
and A7C behave so differently. This can be rationalized by a 
consideration of the changes of the TICT energy, which is 
given by eq. [3]. 

[3] E(T1CT) = IP(D) - EA(A) + C + AE,,,, 

IP(D) is the ionization potential of the donor (amino group in 
this case), EA(A) is the electron affinity of the acceptor (cou- 
marine in this case), C is the Coulomb stabilization due to the 
attraction of radical cation (ionized amino group) and radical 
anion (reduced coumarine), and AE,,,, is the energy gained by 
solvating the TICT dipole. For positional isomers, only C and 
AEsOl, change. As the theoretical TICT dipole moment is quite 
similar for both A6C and A7C, AEs,l, will also be similar in a 
given solvent. The main changes are thus due to the Coulomb 
interaction term C. Table 4 contains the C values calculated for 
several substitutional isomers of dimethylaminocoumarine, the 
calculated TICT state energies for the gas phase, and the energy 
difference AE between lowest LE and TICT state. Negative AE 

values indicate that the TICT state is situated below the LE 
state. The 6-isomer has the lowest-, the 7-isomer the highest- 
lying TICT state. This is readily visualized by inspecting the 
lowest unoccupied molecular orbital of coumarine (Fig. 5), 
which shows a large coefficient at the 6 position and a small 
one at the 7 position. 

A6C is a very unusual TICT state forming molecule insofar 
as it involves the unsubstituted amino group as a donor. The 
only other example known to date is 9-aminofluorene, which 
emits dual fluorescence (19), whereas neither 4-aminobenzo- 
nitrile nor N-methyl-4-aminobenzonitrile populate a TICT 
state. Thus, the relatively weak donor character of the NH2 
group is compensated by EA(A) and C in the case of the 
coumarines (eq. [3]). Judging from the fluorescence spectrum 
in n-hexane, part of the emission may be due to a TICT state 
even in this nonpolar solvent. Some other compounds are 
known to emit TICT fluorescence in alkanes (30, 31). 

The low temperature fluorescence spectra of A6C in ethanol 
(Fig. 4) are virtually insensitive to temperature down to 
-200 K. On further lowering of the temperature, a blue shift 
is observed which can be ascribed to the incomplete relaxation 
of the solvent during the excited state lifetime (26). But even 
at 77 K an anomalously large Stokes redshift (6950 cm-') is 
retained. This may be ascribed to the small size of the amino 
group which even in this rigid matrix can relax to the TICT 
geometry, possibly by taking advantage of the free volume 
(32). 
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One-electron photooxidation of N-ethylcarbazole in the presence of carbon 
tetrachloride. Products and mechanism of the photochemical reaction 
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BOGUMIL ZELENT and GILLES DUROCHER. Can. J .  Chem. 63, 1654 (1985). 
The mechanism of the photodecomposition of N-ethylcarbazole (NEC) in the presence of carbon tetrachloride has been 

discussed on the basis of the photoproducts identified. The photodissociation of the N-ethyl bond and the electron transfer in 
the transiently formed ex-CT complex, '(NEC"..-CCI.,'-)*, have been proposed as the primary photochemical processes 
involved irr the singlet excited NEC molecule. The latter, treated as the main process, leads to the radical cation of NEC, 
chloride ion, and trichloromethyl radical in the solvent cage, [NEC"CI-CCI,]. The other reactions in the system studied are 
analysed following the decomposition of NEC" in the presence of C1- and CCI,, which can occur by the N-ethyl group and 
(or) by the aromatic ring. The formation of intermediate products such as 

in the solvent cage gives rise to secondary photochemical reactions in the system studied. The polarity and chemical activity 
of the reaction media used strongly influence the nature of the secondary photochemical transformations both in and outside 
the solvent cage. The formation mechanism of the photochemical reaction products in CCI, when ammonia was used, after 
and during irradiation, has been explained mainly by the transformations of the radical a, and cation a~. as well as by the 
carbazyl radical P, which is also formed in the reaction medium. On the other hand, reaction of the cation y: explains the 
formation of the photoproducts in the irradiated solution of NEC with CClj in ethanol. These photochemical results have been 
compared to the photochemical reactions involved in the carbazole-CC14 system. 

BOGUMIL ZELENT et GILLES DUROCHER. Can. J .  Chem. 63, 1654 (1985). 
Le mCcanisme de la photodCcomposition du Cthyl-N-carbazole (NEC) en prksence de tktrachlorure de carbone (CCI,) est 

analysC suite ['identification des photoproduits obtenus. La photodissociation du lien N-Cthyl ainsi que le transfert Clectro- 
nique dans le complexe excitC de transfer de charge '(NEC''...CCI,'-)* peuvent Ctre la cause de l'acte photochimique 
primaire suite a I'excitation du NEC dans son Ctat premier singulet. Le phototransfert Clectronique conduit I'apparition du 
radical cation du NEC, a I'anion chlorure et au radical trichloromCthyl dans la cage du solvant, [NECt'CI-CCI,]. La 
dCcomposition du radical cation en prksence de C 1  et de CCI, s'effectue par I'attaque du groupe N-Cthyl ou par le noyau 
aromatique. Les produits intermkdiaires suivants: 

dans la cage du solvant donnent lieu a ]'ensemble des rCactions photochimiques secondaires. La polarit6 ainsi que I'activitC 
chimique du milieu rkactionnel influencent fortement la nature des transformations photochimiques secondaires dans la cage 
du solvant et en dehors de celle-ci. Le mecanisme de formation des produits photochimiques dans le CCI, lorsque I'am- 
moniaque est ajoutC au cours et aprks I'irradiation s'explique principalement par la transformation du radical a,, du cation a, 
et du radical carbazyl P qui est Cgalement prCsent dans le milieu rkactionnel. Par ailleurs, la prCsence des cations y explique 
la formation des photoproduits du NEC dans les solutions d'tthanols auxquelles est ajoutC du CCI,. Ces rCsultats photo- 
chimiques ont CtC cornparks a ceux obtenus pour le systkme carbazole-CC1,. 

Introduction recent years. On the other hand, the electronic spectroscopic 
The photophysical properties of carbazole and its N- properties of carbazoles have also been thoroughly studied 

substituted derivatives ( 1  -5) along with the photochemical (9- 12). Most of these investigations were correlated with the 
reactions (6-8) have been the object of extensive studies in theoretical calculations which have been carried out in order to 

describe the ground and excited electronic states of carbazole 
' ~ u t h o r  to whom correspondence may be addressed. (9, 13- 15) and N-alkyl derivatives of carbazole ( 1  1 ,  16). 
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ZELENT AND DUROCHER 

TABLE 1. Photochemical reaction products of N-ethylcarbazole in the presence of carbon tetrachloride 

Reaction medium? 

No. Compound CC14(NH3) CCL-NH, CCI, in CzHsOH 

NEC 
C 
I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 

N-Ethylcarbazole 
Carbazole 
Hexachloroethane 
N-(Trichlorovinyl)carbazole 
N-(P-Dichlorovinyl)carbazole* 
N-(a-Methyl-P-dichlorovinyl)carbazole* 
N-(2-Trichloromethy lpropeny I)carbazole* 
I ,  I-Di(N-carbazyl)ethane* 
N-(a-Trichloromethylviny l)carbazole* 
N-Cyanocarbazole 
I -Cyanocarbazole 
3-Cyanocarbazole 
3-Cyano-N-ethylcarbazole 
3-(Carboethoxy)carbazole 
I -(Carboethoxy)-N-ethylcarbazole 
3-(Carboethoxy)-N-ethylcarbazole 
4-(Carboethoxy)-N-ethylcarbazole* 
1,6-Di(carboethoxy)-N-ethylcarbazole* 
2,6-Di(carboeth0xy)-N-ethylcarbazole* 
3,5-Di(carboethoxy)-N-ethylcarbazole* 
3,6-Di(carboethoxy)-N-ethylcarbazole 
1,5-Di(carboethoxy)-N-ethy lcarbazole* 

*New compound. 
?Abbreviations: a ,  main product of the reaction studied (chemical yields between 5  and 20%); b, minor product of 

the reaction studied (chemical yields below 5%) ;  s ,  remaining substrate. 

Carbazole and its derivatives, like other aromatic amines in panied by the heterolytic dissociation of a C-Cl bond in CCl,. 
the presence of strong organic electron acceptors such as tet- 
racyanoethylene, tetracyanoquinodimethane, 2,3-dichloro- 
5,6-dicyano-p-benzoquinone, trinitro and tetranitrofluore- 
nones, p-chloranil, etc., form charge transfer (CT) complexes 
(17-22) with new asymmetric absorption bands in the visible 
region of the spectrum. The asymmetry of these new CT bands 
was interpreted (18, 19, 22) as being associated with the exis- 
tence of two closely lying higher occupied molecular T-orbitals 
of carbazoles (12). 'The possibility of distinguishing two max- 
ima in asymmetric absorption spectra of the complexes is due 
to the two CT transitions from the higher occupied molecular 
orbitals of carbazoles to the lowest vacant orbital of the accep- 
tors. In these ground state CT interaction studies, much atten- 
tion has been devoted to N-ethylcarbazole. The ionization po- 
tential of N-ethylcarbazole (21) obtained from CT complexes 
as well as the thermodynamic parameters of the formation of its 
CT complexes (1 8,20) have also been presented and discussed. 
On the other hand, a singlet excited N-ethylcarbazole molecule 
in the presence of electron acceptor molecules is easily in- 
volved in electron transfer reaction, transforming itself to a 
radical cation (23, 24). The radical cation of N-ethylcarbazole 
in acetonitrile is well characterized by the absorption band at 
780 nm (23, 24), which in nitrobenzene is at 800 nm (25). 

Carbon tetrachloride is well known to be an efficient fluo- 
rescence quencher of a large variety of organic molecules (1, 
2, 26-32). The fluorescence quenching process has usually 
been explained by the exciplex formation between the singlet 
excited molecule and the CCI, molecule. Such transient excited 
state interaction becomes an important step of photochemical 
reactions. The electronic excitation of donor molecules like 
aromatic amines, which possess comparatively low ionization 
potential in the presence of CCl,, leads to electron transfer in 
the transiently formed exciplex (7, 33-35). This is accom- 

Such chemical activity in CC1, is connected not only with its 
significant electron affinity (2.12 eV) (28) but also with its 
comparatively low C-C1 bonding energy (231.2 kJ mol-') 
(36) and the low (-0) activation energy of the dissociative 
process for the electron attachment (37). Because of its proper- 
ties, CCl, is frequently used as an active component in photo- 
chemical reactions. 

The mechanism of photooxidation of carbazole in the pres- 
ence of CCl, has been studied in our laboratory (7). The ethyl 
substitution in the carbazole molecule modifies the electronic 
structure of the aromatic ring system and the possibilities of the 
photochemical transformations of the molecule. This study 
proposes a mechanism which explains the photodecomposition 
of N-ethylcarbazole in the presence of CCl,, based on the 
photoproducts identified. The mechanism presented will be 
compared to the photochemical reactions in the carbazole- 
CC1, system. These photochemical results along with the 
fluorescence spectra of the photoproducts also support the 
electron transfer mechanism proposed to explain the fluo- 
rescence quenching of carbazole and N-ethylcarbazole by 
halocarbons (1) .  

Results and discussion 
In the N-ethylcarbazole (NEC) - carbon tetrachloride sys- 

tem the uv radiation absorbed in the ' L ,  band of NEC initiates 
a complex chemical reaction which leads to a large number of 
derivatives of carbazole. Table 1 shows the photoproducts ob- 
tained from the photodecomposition of NEC in the presence of 
CCl, when the photolyte was neutralized by ammonia gas after 
irradiation (first column) and during irradiation (second col- 
umn) as well as when ethanol was used as a photochemical 
reaction medium (third column). Such products as carbazole 
(C), N-(trichlorovinyl)carbazole (2), N-(P-dich1orovinyl)- 
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r (4.1 4 )  :N-H bond  - - - - - - - - - - - - - - - - - - - - - - - - - 

;N-C?Hq bond 

FIG. I. Energy level diagram for N-ethylcarbazole and carbazole 

carbazole (3), N-(a-methyl-P-dichlorovinyl)carbazole (4), N- 
(2-trichloromethylpropenyl)carbazole (3, 1,l -di(N-carbazy1)- 
ethane (6), N-(a-trichloromethylvinyl)carbazole (7), and N- 
cyanocarbazole (a), as well as 1-cyanocarbazole (9) and 
3-cyanocarbazole ( lo) ,  indicate the possibilities of the photo- 
chemical transformations of NEC by the N-ethyl part of the 
molecule. On the other hand, the compounds 9,  10, and 
3-cyano-N-ethylcarbazole ( l l ) ,  in addition to 3-(carboethoxy)- 
carbazole (12) and carboethoxy derivatives of NEC such as 
1 -(carboethoxy)-N-ethylcarbazole (13), 3-(carboethoxy)-N- 
ethylcarbazole (14), 4-(carboethoxy)-N-ethylcarbazole (IS), 
I ,6-di(carboethoxy)-N-ethylcarbazole (16), 2,6-di(carboeth0xy)- 
N-ethylcarbazole (17), 3,5-di(carboethoxy)-N-ethylcarbazole 
( l a ) ,  3,6-di(carboethoxy)-N-ethylcarbazole (19), and 13-di- 
(carboethoxy)-N-ethylcarbazole (20), which form in ethanol as 
a solvent, indicate also the participation of the aromatic ring of 
the NEC molecule in secondary reactions. 

Figure 1 shows an energy level diagram for NEC and car- 
bazole based on experimental data (6, 12, 38, 39). This simple 
energy level diagram indicates that the N-ethyl substituent de- 
creases the ionization potential (IP) of the carbazole molecule, 
and the difference between the ionization potential and the 
energy of the first singlet state for the NEC molecule is lower 
than that of carbazole, [IP(NEC) - Es, (NEC)] < [IP(C) - Es, 
(C)]. Such a relation suggests that the formation of the excited 
CT complex between the singlet excited NEC molecule and 
CCl, is energetically more probable than it is in the case of 
carbazole. We also see in the diagram that the energy of the 
N-ethyl bond is lower than the energy of the first singlet state 
of NEC molecule. This energy diagram also indicates that there 
exists a certain probability for the photodissociation of the 
N-ethyl bond of the NEC molecule in its singlet excited state. 
In the case of carbazole, the energy of the first excited singlet 
state is lower than that of the N-H bond. 

The photochemical reaction products obtained (Table 1) and 
the energy level diagram discussed (Fig. I) ,  along with the 

well-known photophysical (1, 26-30) and photochemical (7, 
33-35) results in the aromatic electron donor - CC14 system, 
strongly suggest the following primary photophysical and 
photochemical processes of the NEC molecule in the presence 
of CCI,: 

[2] 'NEC* -+ NEC + hv, 

/ 3 ~ ~ C *  + CCI4 
[3] 'NEC* + CC14 

NEC + CC14 

151 ~NEC* + CCI4 ---t ~(NEC~'...  C C I ~ ~ - ) , * ~ ~ ,  

2 3NEC* + CC14 
[6] '(NEC'+..- CC~~'-),*,I, --+ 'NEC* + CC14 

NEC + CC14 

The radiationless processes in the dissipation of the singlet 
excitation energy of the NEC molecule compete with fluo- 
rescence (eq. [2]). The photophysical processes can occur via 
the external spin orbital coupling with the CCI, molecule (eq. 
[3]) or via complexation (eqs. [5] and [6]). On the other hand, 
the photodissociation of the N-ethyl bond (eq. [4]) and the 
electron transfer in the excited CT complex (eq. [7]) are the 
photochemical processes. 

We propose that the electron transfer from singlet excited 
NEC molecule to CCI, molecule in the transient excited CT 
complex, '(NEC" CC1:-)*, is the main primary photo- 
chemical process which initiates a complex chemical reaction. 
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ZELENT AND DUROCHER 1657 

It leads to the radical cation of NEC, chloride ion, and tri- radical cation of NEC are conditioned by the presence of C1- 
chloromethyl radical in the solvent cage. Similarly to the radi- and d ~ 1 ,  in the solvent cage. These transformations result in 
cal cation of carbazole (7), the further transformations of the other active species according to the following: 

The formation of the a ,  radical from the radical cation of 
NEC (eq. [8]) is promoted by the formation of thermo- 
dynamically stable hydrogen chloride. The reactions of the 
radical cation of NEC with the CCl, radical can lead to cation 
ak and chloroform (eq . [9]) or cation y j (eq. [ 101). 

The formation of radicals by abstraction of an a-proton from 
the radical cation of amine molecules has been postulated in 
reactions of chemical oxidation of N,N-dialkylanilines by ben- 
zoyl peroxide (40) and in photochemical oxidation of tertiary 
amines in the presence of halomethanes (41). On the other 
hand, in the reactions of benzoyl peroxide with N,N-dialkyl 
aromatic amine, the formation of the corresponding cations by 
the abstraction of a hydrogen atom from the radical cation of 
the amine molecule has also been postulated (42, 43). The 
proposed mechanism of the transformation of the radical cation 
of NEC in the solvent cage is consistent with earlier studies on 
the mechanism of the photochemical reactions in the aromatic 
amine - polychloromethane system (33, 34). 

The formation of y : (mainly with i = 1 or 3) is accompanied 
by the formation of hydrogen chloride. This reaction occurs 
with the participation of the aromatic ring system in the radical 
cation of NEC favoring the 1 , 3 , 6 ,  and 8 positions. It is in good 
agreement with the charge density redistribution in the aro- 
matic system. Indeed, theoretical calculations of the n elec- 
tronic charge density in the carbazole molecule (8, 13, 14) 
show that the 1, 3, 6 ,  8, and 9 (N) positions are most favored. 
There exists a good correlation between the charge redistribu- 
tion and the chemical properties of the carbazole radical cation 
and carbazyl radical. Such correlation has been confirmed by 
the products obtained from chemical (44, 4 3 ,  electrochemical 
(14), and photochemical (7) reactions involving carbazole and 
carbazyl radical as well as by the products of the photochemical 

rearrangements of N-acetylcarbazole (8). On the other hand, it 
has also been exemplified in the literature that the alkyl substit- 
uent at nitrogen in carbazole influences the n electronic charge 
redistribution (1 1, 15, 16). The alkyl substituent increases the 
charge density in the ring system and decreases the electron 
density at the nitrogen atom in all electronic states of the mol- 
ecuIe. There is an accompanying additional effect of polariza- 
tion of the ring system, enhancing the electron density at the 
1, 3, 6, and 8 positions and decreasing the electron density at 
the other positions. 

The products presented in Table 1 show that the probability 
of transformations of the radical cation of NEC and further 
reactions of the intermediate species formed in the solvent cage 
strongly depends on the polarity and chemical activity of the 
reaction media used. The formation mechanism of the photo- 
chemical reaction products in nonpolar reaction medium like 
CCI, can be explained mainly by the secondary reactions of the 
radicals a, ,  P, and CCI,. On the other hand, intermediates y 
can explain the formation mechanism of the products in polar 
reaction medium like ethanol. 

Reactions of cation ak 
Because of its electron acceptor properties, cation ak can 

transform into the radical a, in the presence of excited NEC 
molecule, such transformation resulting from the electron 
transfer in the excited charge transfer complex according to 
reaction (1 1): 

In the presence of ammonia ak cn also easily form the proper 
ammonium salt and decompose subsequently to give carbazole 
(eq. [121). 
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,,C-C1 
H-C 

[12] Cl-uk + NH3 --t 

undergoing further transformation (17, 46-48). In the pres- 
ence of CCI, and CCl, radicals the transiently formed N- 
vinylcarbazole probably becomes the precursor of 7 according 
to reaction [17]. In pure CCI, as the photochemical reaction 

, 
CH3 

'+ Reactions of radical a, 
Apart from reactions [8] and [ I  I ]  the radical a, can also be 

H-C-NH3 formed by abstraction of a-hydrogen from the NEC molecule 

CI- in the radical-reaction medium. The interaction between radi- ,&, cals a, and CCl, might be responsible for the appearance of 
such compounds as 3 and 4, as well as radical P, by the 

I 
/,C-H 

H-C 
I 

decomposition of the intermediate product, N-(a-trichloro- 
+ c + CH~CH=NH~+C~-  methylethyl)carbazole, unstable in the reaction medium (see 

eqs. [13]-[16]). Radical a, in the presence of CCI, can trans- 
The proposed mechanism of the formation and decomposi- form to N-vinylcarbazole (eq. [16]). Similar reaction in the 

tion of the cation a, in the reaction media studied here seems trialkylamine-polyhalomethane system (14) has been thor- 
highly probable. Nevertheless this will obviously require fur- oughly studied. Nevertheless, N-vinylcarbazole in the photo- 
ther study. chemical reaction medium is highly unstable and will easily be 

I 
H-C, 

'c-CCI, 
I 

medium, hexachloroethane (I) ,  3, and 7 appear, among others, 
as the main products. 

When ethanol was used as a solvent, we identified 5. The 
formation of 5, along with the low chemical yield of 1 (see 
Table l ) ,  indicates the active role played by ethanol. The par- 

ticipation of ethanol in the reactions of CCI, radicals suggests 
the complex formation mechanism of 5 (eq. [Is]). 

CC13 
I 

5 

The reactions of CCI, radicals generated from CCI, with the 
primary alcohols are well known in the literature, where both 
a-hydrogen abstraction and chain reaction mechanism have 
been postulated (49, 50). 

Reactions of radical P 
The formation of carbazole and 6 as main products in CCI, 

when ammonia was used after and during irradiation (Table 1) 
(eqs. [I91 and [20]) proves the existence of radicals P. 
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H interaction of the radical cation of NEC with ammonia (eq. 

donor H 
[I91 P - 

93 
[20] a , + p  + N-C-N 

In an acid reaction medium, reaction [I31 seems to be the 
main source of radical P. Comparatively low yield of carbazole 
when ethanol was used as a solvent and trace amount of car- 
bazole obtained during irradiation of NEC in pure ethanol or in 
pure 3-methylpentane indicate that reaction [4] is not highly 
efficient. During irradiation of NEC in CCI, in the presence of 
ammonia gas the formation of radical P can be explained by the 

. . 
[21]). It has been found that interaction between the radical 

CH3 
I 

( 7 3 2  

cation of an aromatic amine and ammonia results in the corre- 
sponding radicals (7c, 33). The comparatively low yield of 6 
in the acid reaction medium as compared to the yield of 6 in the 
ammonia reaction medium can be explained by the competing 
influence of reactions [13]-[16] in which radicals a, are 
involved. 

Such compounds as 2, 8, 9, and 10 that are found in the 
photolyte after irradiation of NEC in CCI, strongly suggest the 
formation of the intermediate species 6, a and yi. These inter- 
mediates can be formed by the reaction of radical P with the 
CCI, radical (eqs. [22]-[24]). 

In an acid reaction medium, reaction [13] seems to be the 
main source of radical P. Comparatively low yield of carbazole 
reaction medium, intermediates a and yi can also be formed by 
reactions [26] and [27]. 

The intermediates 6, a, and yi convincingly explain the for- 
mation mechanism of the products 2, 8, 9, and 10 (8) as 
follows: 
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Among the identified products, the 8 forms as the main com- 
pound. 

Comment on the reactions of radical CC13 
Apart from the reaction of radical-radical type in the system 

studied, the trichloromethyl radicals can also react with car- 
bazole or NEC molecules through the aromatic ring, resulting 
in the corresponding yi and y l intermediates (eq. [31]). Ionic 

products y, and y ;  form mainly in the ammonia reaction me- 
dium by reaction [3 11. This explains the formation mechanism 
of 10 and 11 according to reaction [30]. 

The relatively low bond energy of C-CI in the CCl, mole- 
cule and the possibility of the formation of the stable hydrogen 

TABLE 2. Fluorescence maxima of a series of (carboethoxy)-N- 
ethylcarbazole molecules in ethanol at room temperature excited at 

340 nm 

Molecule A,,,,,, (F) (nm) 
- -  

N-Ethylcarbazole 
Carbazole 
3-(Carboethoxv)carbazole 

365 
357 (A,,, = 320) 
380 
410 
365 
437 
395 
405 
412 
36 1 
430 

chloride molecule in the presence of CCl, and hydrogen donor 
molecules facilitate the chain reaction mechanism in CCI,. 
Reaction [3 I ]  can constitute one of the links of the chain reac- 
tion in the NEC-CC1, system, such reaction being initiated by 
the CC1, radicals in the presence of CCI, as a good hydrogen 
acceptor. 

Reactions of cation y :  
(Carboethoxy)-N-ethylcarbazoles are formed as the main 

photoproducts in the system NEC-CCI, when ethanol is used 
as a solvent (see Table 1). The formation mechanism of mono- 
(carboethoxy)-N-ethylcarbazoles can only be explained by the 
reaction of ionic form y l with ethanol (eq. [32]). In the photo- 
chemical reaction medium studied y i  can be formed in the 
solvent cage (eq. [lo]) and out of it (eq. [31]). 

Mono(carboethoxy)-N-ethylcarbazoles formed during irra- ence of CCI,. This leads to di(carboethoxy)-N-ethylcarbazoles 
diation can also undergo photochemical reactions in the pres- as follows: 

[331 e C c C z H 5  - CC14, hv {intermediate products \,,I, 
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ZELENT AND DUROCHER 166 1 

FIG. 2. Fluorescence spectra of an ethanol solution of (a) N- 
ethylcarbazole (1 x M) in the presence of CCI4 (0.1 M) before 
irradiation ( ), and after specified time of irradiation in 
seconds (---). The excitation wavelength was fixed at 340 nm; 
(b) N-ethylcarbazole ( ), and mono(carboethoxy)-N-ethylcar- 
bazoles (-1 x M); (c) di(carboethoxy)-N-ethylcarbazoles 
(-1 x MI.  

The comparison between NEC and carbazole photochemistry 
As shown in Fig. 1, the electron transfer from singlet excited 

NEC molecule to CCl, molecule in the ex-CT complex should 
be energetically more probable than that for cabazole, and from 
the same figure we can see that the photodissociation of the 
N-ethyl bond in the NEC molecule, as a primary photochemical 
process, is also possible. 

The secondary photochemical reactions of NEC in CCI, 
which occur with the participation of cation ak and radical a, 
are peculiar only to NEC. On the other hand, the photo- 
chemical decomposition of the NEC molecule in the presence 
of CCl, in ethanol as a solvent is very similar to that of the 
carbazole molecule under the same conditions (76). This has 
been well exemplified by the photoproducts identified, such as 
(carboethoxy)-N-ethylcarbazoles (see Table I), which are 
formed in the same way as (carboethoxy)carbazoles from car- 
bazole, as well as by the fluorescence spectra shown in Fig. 2. 
During irradiation of an ethanol solution of NEC in the 
presence of CCI, (Fig. 2a) the typical fluorescence of NEC 
decreases in intensity, while new fluorescences appear in the 
range 380-550 nm and increase in intensity. We have shown 
in Figs. 2b, 2c and Table 2 that mono and di(carboethoxy)- 
N-ethylcarbazoles in ethanol might all be responsible for the 
new fluorescence observed. 

The observed changes in the fluorescence spectra of an eth- 
anol solution of NEC in the presence of CCI, are similar to that 
of carbazole, and the maxima of the fluorescence bands are 
shifted to lower energy by about 8 nm. This is in good agree- 
ment with the substituent effect of the N-ethyl group. 

The photodecomposition of NEC in CC14, can also lead to 
radical P, which in the presence of CCI, radical can transform 
to the same products as these observed in the photodecompo- 
sition of carbazole. This is indicated by the N- 1-, and 3- 
cyanocarbazoles as products, when ammonia was used as a 
scavenger of HC1. Radical P is one of the transient amine 
products that easily forms both in the photochemical reaction of 
carbazole and NEC in CCI,. In the carbazole-CC1, system, 
radical P can only be formed from the radical cation of car- 
bazole in the presence of chloride ion or ammonia (7). How- 
ever, the photodecomposition of NEC in CCI, to radical P can 
occur by radical a, in the presence of CCl, radical, the radical 
cation of NEC in the presence of ammonia, or by the photo- 
dissociation of the N-ethyl bond in the molecule. The formation 
mechanism of radical P from NEC molecule promoted by CCl, 
requires further study. 

Experimental 
Apparatus 

The 'H nmr spectra were determined with a Bruker WH-90 
spectrometer operating at 90 MHz or a Bruker WP-80 spectrometer 
operating at 80 MHz. Chemical shift values are given in a 6 scale with 
respect to TMS as an internal standard. Infrared spectra were recorded 
on a Perkin-Elmer 7 10B infrared spectrophotometer and mass spectra 
were taken with a VG Micromass 1212 mass spectrometer or a Kratos 
MS-9 mass spectrometer. 

The absorption spectra were recorded on a Cary 17 spectro- 
photometer using 10-mm optical path cells. The emission spectra were 
recorded on a fluorescence spectrophotometer Model SF-I 
"Fluorispec" (Baird-Atomic, Inc. Cambridge, MA). All solution ex- 
amined in fluorescence were first deoxygenated with oxygen-free 
argon. 

General procedure 
N-Ethylcarbazole solutions (0.004 M)  in pure carbon tetrachloride 

or 0.1 M carbon tetrachloride in ethanol were deoxygenated with 
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TABLE 3. Rr values of the photoproducts in the N-ethylcarbazole - 
carbon tetrachloride system 

Developing system? (v/v) 

PE-EE 

No* PE 100: 1 10: 1 5:  1 2: 1 B 

NEC 0.40 0.62 0.78 0.80 0.84 
C 0.03 0.05 0.23 0.36 0.59 0.78 
2 0.71 0.76 0.83 0.86 0.90 
3 0.59 0.75 0.82 
4 0.55 0.73 0.80 
5 0.58 0.74 
6 0.44 0.58 
7 0.42 0.56 
8 0.09 0.26 0.62 0.70 0.76 
9 0.08 0.20 0.50 0.27 

10 0.02 0.05 0.14 0.25 
1 1  0.03 0.18 0.27 0.50 0.59 
12 0.04 0.10 0.23 0.27 
13 0.02 0.18 0.60 0.71 0.79 0.75 
14 0.05 0.31 0.43 0.65 0.54 
15 0.02 0.13 0.48 0.64 0.73 0.71 
16 0.16 0.33 0.58 0.32 
17 0.08 0.18 0.41 0.25 
18 0.05 0.13 0.36 0.14 
19 0.06 0.14 0.34 0.16 
20 0.03 0.09 0.29 0.09 

*Abbreviation and notation of compounds is the same as in Table I .  
tPE: petroleum ether; EE: ethyl ether; B: benzene. 

oxygen-free argon and irradiated in a Pyrex Hanovia immersion-well 
reactor for 30 min with an Hanovia 679A36 450-W medium-pressure 
mercury lamp. Hydrogen chloride generated during these reactions 
was neutralized. The irradiated solution of N-ethylcarbazole in pure 
carbon tetrachloride was saturated with ammonia gas. But only sodi- 
um carbonate was added to the irradiated N-ethylcarbazole solution 
with carbon tetrchloride In ethanol. The solution was mixed and then 
the sediment was separated by decantation. Following that, the solu- 
tions of photolytes were concentrated. N-Ethylcarbazole solution 
(0.004 M) in carbon tetrachloride was also irradiated (30 min) in the 
presence of ammonia. A slow stream of ammonia gas was bubbled 
through the solution before and during irradiation. Hydrogen chloride 
generated during the photochemical reaction was thus removed from 
the reaction medium. After irradiation, the solution of photolyte was 
concentrated. 

The photochemical reaction products were then analysed by tlc 
detected by uv (using Eastman-Kodak tlc plates, silica gel 131 81 with 
fluorescent indicator No 6060) and separated by column chromato- 
graphy. The columns were packed with silica gel (Kieselgel 60, 
Merck, particle size 0.040-0.063 mm). Developing systems con- 
sisted of petroleum ether (low boiling fraction) and ethyl ether or 
benzene. The developed distance on the tlc plates was kept at 10 cm. 
Identified products, on the basis of their 'H nmr, ir, and mass spectra, 
have been listed in Table 1 and their Rr values on tlc plates with silica 
gel are listed in Table 3. 

Materials 
N-Ethylcarbazole 99% was obtained from Aldrich Chemical Co. 

and was further twice recrystallized in pure ethanol and then purified 
by column chromatography with silica gel using a petroleum ether - 
ethyl ether mixture (1000: 1 v/v) as a developing system. Carbazole 
(zone refined 99.999%) was obtained from James Hinton Co. and was 
used without any further purification. I-Cyano-N-ethylcarbazole, 
3-cyano-N-ethylcarbazole, 1-(carboethoxy)-N-ethylcarbazole, and 
3-(carboethoxy)-N-ethylcarbazole were synthesized by N-ethylation 
of the corresponding N-H derivatives with ethyl bromide in the 

presence of caustic solution and benzyltriethylammonium chloride as 
a phase-transfer catalyst, as described in ref. 5 1. The compounds were 
purified by column chromatography with silica gel, using a petroleum 
ether - ethyl ether mixture as a developing system. The purity of 
these compounds was checked by tlc. 

I-Cyano-N-ethylcarbazole: crystalline solid (R, 0.55, petroleum 
ether - ethyl ether, 10: 1). Infrared (film) G,,,,: 3050 (vw), 2960 (w), 
29 10 (vw), 2200 (s, C-N), 1620 (vw), 1590 (w), 1575 (w), 1485 (s), 
1470 (m), 1455 (m), 1440 (w), 1375 (vw), 1340 (w), 1315 (s), 1260 
(vw), 1230 (w), 1215 (vs), 1160 (vw), 1125 (s), 1 lOO(vw), 1070 (w), 
1040 (w), 1015 (vw), 930 (vw), 900 (vw), 850 (vw), 790 (s), 770 (w), 
740 (vs) cm-'; 'H nmr (CDCI,) 6: 1.55 (t, J = 8 Hz, 3H, methyl), 
4.75 (q, J = 8 Hz, 2H, methylene), 7.16-7.80 (m, 5H, arom), 
8.05-8.34 (m, 2H, arom). Mass spectrum (70 eV) (mol. wt. for 
CISHI2N2: 220.28), mle: 220 (M+,  41), 205(100), 192(8), 191(8), 
178(5), 177(7), 165(10), 164(13), 151(13), 138(7). 

3-Cyano-N-ethylcarbazole: crystalline solid (R, 0.18, petroleum 
ether - ethyl ether, 10: 1). lnfrared (film) G,,.,: 3050 (vw), 2970 (w), 
2920 (vw), 2200 (vs, C=N), 1630 (m), 1595 (vs), 1495 (s), 1475 
(vs), 1460 (m), 1385 (m), 1350 (s), 1330 (m), 1320 (m), 1290 (w), 
1235 (vs), 1165 (vw), 1150(m), 1125 (w), 1085 (w), 1060 (vw), 1020 
(vw), 940 (vw), 885 (w), 845 (w), 800 (m), 775 (vw), 765 (vw), 740 
(s), 720 (m) cm-'; 'H nmr (CDCI,) 6: 1.47 (t, J = 8 Hz, 3H, methyl), 
4.41 (q, J = 8 Hz, 2H, methylene), 7.22-7.80 (m, 5H, arom), 
8.06-8.09, 8.15-8.18 (2m, 1H, arom), 8.39-8.41 (m, lH, arom). 
Mass spectrum (70 eV) (mol. wt. for CI5Hl2N2: 220.28), m/e: 220 
(M', 34), 205(100), 191(6), 177(6), 165(5), 164(7), 151(9). 

I-(Carboethoxyj-N-ethylcarbazole: oil (Rr0.60, petroleum ether - 
ethyl ether, 10: 1). Infrared (film) G,,,: 3050 (vw), 2970 (m), 2920 
(w), 2900 (vw), 1715 (vs, C=O), 1610 (vw), 1590 (w), 1575 (m), 
1490 (m), 1475 (s), 1450 (s), 1415 (s), 1380(w), 1360 (w), 1330 (m), 
1320 (m), 1310 (m), 1260 (vs), 1215 (m), 1195 (vs), 1155 (vw), 1135 
(vs), 1090 (s), 1065 (vs) 1035 (vw), 1010 (w), 940 (vw), 910 (vw), 
850 (vw), 780 (vw), 745 (vs), 720 (m) cm-'; 'H nmr (CDCI,) 6: 1.17 
and 1.27 (2t, J = 8 Hz, 6H, methyl), 4.29 and 4.36 (2q, J = 8 Hz, 
4H, methylene), 6.94-7.35 (m, 4H, arom), 7.60-8.10, (m, 3H, 
arom). Mass spectrum (70 eV) (mol. wt. for CI7Hl7NO2: 267.33), 
m/e: 267 (M+, loo), 252(69), 238(7), 224(48), 222(1 I), 220(23), 
208(13), 206(23), 204(18), 196(14), 194(11), 193(23), 192(9), 
168(55), 167(30), 166(30), 165(25), 164(23), 152(8), 140( 16), 
139(21), 138(9). 

3-(Carboethoxy)-N-ethylcarbazole: oil (Rr 0.3 1, petroleum ether - 
ethyl ether, 10: 1). Infrared (film) G,,,: 3050 (vw), 2970 (m), 2925 
(w), 2890 (vw), 1705 (vs, C=O), 1625 (m), 1595 (s), 1490 (m), 
1470 (s), 1460 (m), 1445 (m), 1385 (m), 1365 (s), 1345 (m), 1335 (s), 
1325 (s), 1300 (s) , 1280 (s), 1245 (vs), 1220 (s), 1 170 (vw), 1 140 
(m), 1 130 (m), 1 120 (w), 1095 (s), 1080 (s), 1050 (w), 1020 (m), 940 
(vw), 905 (w), 880 (w), 850 (vw), 820 (w), 765 (s), 755 (m), 740 (m), 
715 (s) cm-'; 'H nmr (CDCI,) 6: 1.27 and 1.30 (2t, J = 8 Hz, 6H, 
methyl), 4.20 and 4.29 (2q, J = 8 Hz, 4H, methylene), 7.03-7.40 
(m, 4H, arom), 6.95 -8.10, (m, 2H, arom), 8.67,8.68 (d, l H, arom). 
Mass spectrum (70 eV) (mol. wt. for CI7Hl7NO2: 267.33), mle: 267 
(M' , 1 OO), 252(85), 239(7), 224(53), 222(50), 194( 15), 179(3 I), 
178(14), 165(10), 164(1 I), 152(13), 139(7), 138(5). 

N-Vinylcarbazole was prepared from carbazole following the 
method described in the literature (52). The compound was purified by 
column chromatography with silica gel, using a low boiling fraction 
of petroleum ether as a developing system. The purity of this com- 
pound was checked by tlc (Rf 0.55, petroleum ether). The 'H nmr 
(CDCIJ spectrum of the synthesized compound was the same as 
described in ref. 53. 

Carbon tetrachloride from American Chemicals was a Spectrograde 
quality solvent and it  was first washed with a saturated sodium carbon- 
ate solution and then repeatedly with water, dried with calcium chlo- 
ride and phosphorus pentoxide, and redistilled. 

Ethanol was purified by refluxing with concentrated sulfuric acid 
for 24 h and then was fractionally distilled. Petroleum ether and 
benzene were distilled before use. 
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Spectral characteristics of the photochemical products 
Carbazole (C): th~s compound was identified by comparison with 

an authentic sample (R,, 'H nrnr and ir spectra). Hexnchloroethane 
(I): single crystals and N-(~richlorovinyl)carbazole (2): crystalline 
solid were identified as described previously (7ab). N-(p- 
Dichlorov~rlyl)carbazole (3): crystalline solid: infrared (film) s,,,,,: 
3060 (m), 1620 (w), 1600 (m), 1485 (s), 1480 (s), 1455 (vs), 1445 
(vs), 1420 (w), 1335 (vs), 1310 (s), 1225 (vs), 1155 (s), 1140 (m), 
1 1 15 (vw), 1080 (m), 1065 (vw), 1025 (vw), 995 (vw), 920 (m), 875 
(m), 880 (s), 745 (vs), 715 (vs) cm-'. 'H nrnr (CDC13) 6: 6.87 (s, lH, 
C-H), 7.20-7.58 (m, 6H, arom), 7.94-8.18 (m, 2H, arom). Mass 
spectrum (70 eV) (mol. wt. for CI4HPNClZ: 262.14), mle: 263 (M+, 
32.2), 261 (M+, 46.3), 228(13.4), 226(36.6), 191(100), 190(66.6), 
166(5.2), 165(8.8), 164(16.2), 163(14.2), 140(12.9), 139(10.6). 
N-(a-Methyl-(3-dichlorovinyl)carbazole (4): crystalline solid; 'H 

nrnr (CDCI3) 6: 1.56 (s, 3H, methyl), 7.20-7.60 (m, 6H, arom), 
7.98-8.20 (m, 2H, arom). Mass spectrum (70 eV) (rnol. wt. for 
CI5HIINC12: 276.17), m/e: 277 (M+, 42), 275 (M+, 73), 260(14), 
242(10), 240(38), 227(36), 225(100), 205(87), 204(79), 190(10), 
1 64(3). 
N-(2-Trichloromethylpropenyl)cnrbnzole (5): crystalline solid: in- 

frared (film) s,,,: 3050 (w), 2970 (m), 2920 (m), 1620 (w), 1590 (m), 
1570 (w), 1490 (w), 1480 (m), 1470 (m), 1450 (s), 1420 (s), 1380 
(w), 1335 (m), 1310 (m), 1260 (w), 1215 (vs), 1175 (w), 1155 (w), 
1125 (m), I l I0 (vw), 1075 (w), 1070 (w), 1040 (w), 1015 (w), 1000 
(vw), 970 (w), 930 (w), 915 (s), 900 (w), 885 (vw), 870 (vw), 860 
(m), 810 (m), 780 (m), 775 (w), 740 (vs), 720 (w) cm-'. 'H nrnr 
(CDC13) 6: 1.27 (s, 3H, methyl), 7.10-7.45 (m, 6H, arom and 1H, 
C-H), 8.0-8.20 (m, 2H, arom). Mass spectrum (70 eV) (rnol. wt. 
for Cl6HI2NC1,: 324.64), mle: 328 (M+, 2.3), 327 (M+, 14.8), 325 
(M+, 47.5), 323 (M', 41.3), 312(5.9), 310(19.0), 308(18.9), 
292(1. I), 290(5.6), 288(10. l),  277(5.0), 276(14.2), 275(30. I), 
274(60.4), 273(51.5), 272(92.8), 241(5.4), 240(31.9), 239(17.5), 
238(100). 

I ,I-Di(N-carbazy1)ethnne (6): crystalline solid; infrared (film) v,,,,: 
3040 (m), 2920 (m), 2840 (w), 1620 (w), 1600 (m), 1560 (w), 1480 
(m), 1450 (vs), 1420 (w), 1380 (w), 1325 (s), 1310 (m), 1240 (m), 
1225 (m), 1215 (m), 1205 (m), 1190 (w), 1160 (m), 1135 (w), 1120 
(w), 1100 (vw), 1065 (w), 1025 (w), 1000 (vw), 965 (vw), 910 (m), 
885 (w), 800 (s), 780 (s), 745 (vs), 715 (s) cm-'. 'H nrnr (CDC1,) 6: 
2.21 (d, J = 7 Hz, 3H, methyl), 5.53 (q, J = 7 Hz, 1H, C-H), 
7.20-7.60 (m, 12H, arom), 7.85-8.18 (m, 4H, arom). Mass spec- 
trum (70 eV) (rnol. wt. for Cl6HZ0NZ: 360.46), mle: 360 (M+, non- 
observed), 194(100), 167(62.5), 166(31.8), 140(19.4), 139 (16.3). 

N-(a-Trichloromethylvinyl)carbnzole (7): crystalline solid; infrared 
(film) s,,,: 3050 (w), 2920 (w), 2850 (vw), 1615 (w), 1600 (m), 1580 
(vw), 1480 (m), 1450 (vs), 1365 (m), 1335 (m), 1310 (m), 1270 (w), 
1230 (s), 1195 (vw), 1165 (vw), 1150 (vw), 1120 (vw), 1105 (vw), 
1070 (vw), 1030 (vw), 1005 (m), 955 (w), 915 (m), 900 (w), 850 
(vw), 805 (w), 780 (w), 750 (vs), 720 (s) cm-I. IH nrnr (CDC1,) 6: 
4.72 (s, 2H, ethene), 7.20-7.60 (m, 6H, arom), 8.07-8.20 (m, 2H, 
arom). Mass spectrum (70 eV) (mol. wt. for C15HIONC1,: 310.61), 
mle: 315 (M+, 2.5), 313 (M+, 34), 31 1 (M+, 85), 309 (M+, 83.5), 
278(63), 241 (5 .3 ,  240(19.5), 239(19), 238(50), 204(39.5), 167(50), 
166(17), 140(27), 139(32), 87(19), 85(92), 83(100). 

N-Cyanocarbazole (8): crystalline solid, I-cyanocarbazole (9): 
crystalline solid; and 3-cyanocarbazole (10): cry stall in^ solid were 
identified as described previously (7c). 

3-Cyano-N-ethylcarbazole (11): this compound was identified by 
comparison with an authentic sample (R,, 'H nrnr and ir spectra). 

3-(Carboethoxy)carbnzole (12): crystalline solid. The compound 
was identified as described previously (7a, b). 

I-(Carboethoxy)-N-ethylcarbazole (13) and 3-(carboethoxy)-N- 
ethylcarbazole (14) were identified by comparison with authentic 
samples (R,, 'H nrnr and ir spectra). 

4-(Carboethoxy-N-ethylcarbazole (15): oil; infrared (film) s,,,,,: 
3040 (vw), 2960 (m), 2910 (w), 1710 (vs, C=O), 1615 (w), 1590 

(m), 1570 (w), 1490 (m), 1470 (m), 1460 (s), 1430 (s), 1380 (w), 
1360 (vw), 1345 (vw), 1320 (s), 1295 (m), 1270 (vs), 1255 (vs), 1220 
(w), 1185 (m), 1150 (m), 1130 (s), 1095 (vs), 1070 (m), 1020 (m), 
990 (w), 960 (vw), 920 (vw), 845 (vw), 790 (vw), 745 (vs), 710 (m) 
c m  ' .  'H nrnr (CDC1,) 6: 1.44 and 1.51 (2t, J = 8 Hz, 6H, methyl), 
4.43 and 4.56 (2q, J = 8 Hz, 4H, methylene), 7.25-7.92 (m, 6H, 
arom), 8.84 and 8.93 (2s, 1H, arom). Mass spectrum (70 eV) (rnol. 
wt. for C17H17N02: 267.33), mle: 267 (M+, 100) 252(61.2), 
224(22.3), 222(9.5), 194(5.5), 179(6.8), 165(2.6). 

1,6-Di(carboethoxy)-N-ethylcnrbazole (16): crystalline solid; in- 
frared (film) &,;,,: 3050 (vw), 2970 (m), 2920 (w), 2890 (w), 2860 
(vw), 1710 (vs, C==O), 1620 (m), 1590 (m), 1580 (m), 1490 (m), 
1470 (m), 1450 (m), 1410 (m), 1380 (w), 1365 (m), 1335 (m), 1315 
(w), 1300 (m), 1270 (s), 1260 (vs), 1250 (vs). 1245 (vs), 1215 (rn), 
1195 (s), 1170 (w), 1140 (s), 1095 (vs), 1060 (s), 1015 (m), 945 (vw), 
925 (vw), 900 (vw), 875 (vw), 850 (vw), 810 (vw), 765 (m), 740 (m), 
725 (w) cm-I. 'H nrnr (CDCl,) 6: 1.27- 1.68 (m, 9H, methyl), 
4.32-4.73 (m, 6H, methylene), 7.15-8.37 (complex m, 5H, arom), 
8.83 (s, I H, arom). Mass spectrum (70 eV) (rnol. wt. for CzoHrlN04: 
339.45), nz/e: 339 (M', loo), 324(47), 3 1 1 (28), 296(29), 294(26), 
278(40), 268(7), 266(12), 264(15), 237(41), 222(18), 220(14), 
194(6), 193(9), 192(10), 191(10), 168(16), 167(19), 166(21), 
165(25), 164(29), 139(12), 138(8). 
2,6-Di(carboethoxy)-N-erhylcarbazole (17): crystalline solid; in- 

frared (film) s,,,.,: 3040 (vw), 2970 (m), 2920 (m), 2890 (m), 2840 
(w), 1710 (vs, C=O), 1625 (m), 1600 (w), 1570 (w), 1495 (w), 1470 
(m), 1455 (m), 1440 (m), 1430 (m), 1390 (w), 1375 (m), 1365 (m), 
1340 (m), 1310 (m), 1300 (m), 1280 (m) 1245 (vs), 1225 (s), 1170 
(vw), 1140 (w), 1100 (s), 1080 (m), 1050 (vw), 1015 (m), 950 (vw), 
925 (vw), 900 (vw), 875 (vw), 820 (vw), 770 (w), 755 (w), 740 (m), 
715 (vw) cm-'. 'H nrnr (CDCl,) 6: 1.48 (t, J = 8 Hz, 9H, methyl), 
4.43 (q, J = 8 Hz, 2H, methylene), 4.47 (q, J = 8 Hz, 4H, methyl- 
ene), 7.15-7.50 and 7.80-8.30 (2m, 5H, arom), 8.87 (s, lH, 
arom). Mass spectrum (70 eV) (rnol. wt. for CZoHzlNO4: 339.45), 
mle: 339 (M+, 72), 324(70), 31 1(8), 296(40), 294(44), 268(38), 
266(40), 25 1 (15), 238(22), 224(19), 223(63), 222(22), 221 (24), 
194(21), 193(35), 192(56), 191(35), 180(20), 178(74), 166(19), 
165(42), 164(100). 
3,5-Di(carboethoxy)-N-ethylcarbazole (18): crystalline solid; in- 

frared (film) s,,,,,: 3050 (vw), 2970 (s), 2920 (m), 2840 (w), 1710 (vs, 
C=O), 1615 (m), 1590 (s), 1570 (w), 1495 (w), 1460 (s), 1420 (m), 
1385 (m), 1365 (s), 1335 (s), 1320 (vs), 1295 (s), i290 (s), 1275 (vs), 
1260 (vs), 1240 (vs), 1235 (vs), 1225 (s), 1180 (s), 1135 (s), 1095 
(vs), 1070 (s), 1020 (s), 960 (vw), 925 (vw), 880 (vw), 860 (vw), 845 
(vw), 810 (w), 795 (w), 765 (s), 745 (m), 715 (m) cm-I. 'H nrnr 
(CDCl,) 6: 1.27- 1.66 (m, 9H, methyl), 4.33-4.68 (m, 6H, methyl- 
ene), 7.26-8.32 (complex m, 5H, arom), 9.55 (s, 1 H, arom). Mass 
spectrum (70 kV) (rnol. wt. for CzoHz1NO4: 339.49, mle: 339 (M+, 
loo), 324(63), 3 1 1 (12), 296(33), 294(86), 268(30) 266(40), 25 1 (8), 
238(9), 221(26), 193(20), 191(10), 178(14), 165(13). 
3,6-Di(carb0ethoxy)-N-ethylcarbazole (19): crystalline solid; in- 

frared (film) s,,,,,: 3050 (vw), 2970 (s), 2920 (rn), 1705 (vs, C=O), 
1625 (w), 1595 (s), 1575 (w), 1490 (m), 1480 (m), 1465 (m), 1450 
(m), 1425 (w), 1385 (m), 1370 (s), 1335 (m), 1305 (s), 1285 (s), 1255 
(vs), 1245 (vs), 1215 (s), 1180 (vw), 1145 (m), 1130 (w), 1100 (s), 
1080 (m), 1050 (w), 1025 (s), 965 (vw), 945 (vw), 910 (vw), 895 (w), 
870 (vw), 850 (vw), 835 (vw), 820 (w), 765 (s), 745 (w), 720 (m) 
cm-'. 'H nrnr (CDC1,) 6: 1.48 (t, J = 8 Hz, 9H, methyl), 4.42 (q, 
J = 8 Hi; 2H, methylene), 4.46 (q, J = 8 Hz, 4H, methylene), 7.40 
and 7.49 (2s, 2H, arom), 8.19 and 8.29 (2d, J = 1.8 Hz, 2H, arom), 
8.88-8.90 (m, 2H, arom). Mass spectrum (70 eV) (rnol. wt. for 
C20H21N04: 339.49, m/ei 339 (M+, loo), 324(35), 31 1(8), 296(12), 
295(8), 294(41), 268(10), 266(17), 251(4), 223(8), 221(5), 193(3), 
192(3), 178(5), 165(3), 164(5). 
1,5-Di(carboethoxy)-N-ethylcarbazole (20): crystalline solid; in- 

frared (film ) ;,,,: 3045 (vw), 2970 (s), 2920 (s), 2845 (m), 1715 (vs, 
CEO), 1625 (m), 1600 (s), 1585 (m), 1560 (w), 1495 (m), 1470 (s), 
1445 (m), 1390 (m), 1375 (s), 1335 (m), 1265 (vs), 1235 (vs), 1170 
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(vw), 1150 (vw), 1130 (m), 1105 (s), 1090 (m), 1070 (m), 1045 (m), 
1015 (s), 955 (vw), 900 (vw), 850 (vw), 775 (m), 760 (m), 740 (s), 
715 (m) cm-'. 'H nmr (CDC13) 6: 1.27-1.57 (m, 9H, methyl), 
4.29 -4.70 (m, 6H, methylene), 7.10-7.70 and 8.05-8.22 (2m, 
5H, arom), 8.60 (s, I H, arom). Mass spectrum (70 eV) (mol. wt. for 
CzoH2~NO4: 339.451, m/e:  339 (M+, loo), 324(63), 3 1 l(1 I), 
296(13), 294(36), 266(92), 250(8), 222(1 I), 194(1 I), 179(15), 
178(17), 164(5). 

Conclusions 
The irreversible electron transfer from singlet excited NEC 

molecule to CCl, molecule in the transient ex-CT complex, 
' (NEC~'  . . CC1:-)*, along with the photodissociation of the 
N-ethyl bond in the NEC molecule, have been proposed as the 
primary photochemical processes initiating the complex mech- 
anism of secondary reactions in the system studied. Such inter- 
mediates as  a,, ak, and y :, formed by the transformatiqn of the 
radical cation of NEC in the solvent cage, [NECf'CI-CCI,], as  
well as carbazyl radical P, explain the formation mechanism of 
the photochemical reaction products depending on the reaction 
media use$ The decomposition of NEC" in the presence of 
C1- and CC13 can occur by the N-ethyl group in a nonpolar 
solvent like CCI, or by the aromatic ring in a polar solvent like 
ethanol. This has been well exemplified by the photoproducts 
presented in Table 1 .  

When ethanol is used as a solvent, the photodecomposition 
of the NEC molecule in the presence of CCI, is similar to that 
already described for the carbazole molecule. Nevertheless, the 
secondary reactions in the system NEC-CCI,, which occur 
with the participation of cation ak and radical a,, are character- 
istic of the NEC molecule only. 

The scheme described for the transformation of NECf '  in the 
solvent cage serves as  a key for the explanation of the for- 
mation mechanism of all the photochemical reaction products 
in the NEC-CC14 system, depending on the reaction media 
used. On the contrary, these products, closely connected with 
the reactions of intermediates a,, p, CCI,, and y :, strongly 
support the formation of the radical cation of NEC in the 
system studied. 

All the results presented, along with our earlier studies on 
photochemical reactions in the carbazole-CC14 system, serves 
as chemical proof of the electron transfer mechanism used to 
explain the fluorescence quenching of carbazole and N- 
ethylcarbazole by halocarbons (1). 
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B. A. LOMBOS. Can. J .  Chem. 63, 1666 (1985). 
The role of deep-lying trapping centers in semi-insulating GaAs, polysilicon and polycrystalline tin oxide transparent 

electrode has been systematically investigated. It was demonstrated that some of the peculiar transport properties of these 
semiconductors can be elucidated by deep level compensation. A multilevel model is presented to determine the position of 
the Fermi level as a function of impurity concentrations. These include, quantitatively, the deep-lying levels which have been 
introduced by doping in the case of GaAs and by grain boundaries in the case of polycrystalline films. In the latter cases the 
dangling bonds, associated to lattice defects, are characterized by energy levels which are localized in the energy gap. These 
dangling bonds can act as electron traps when empty and hole traps when occupied. These are the deep levels. 

In each of the investigated three cases, this concept permitted the elucidation of some of the transport properties of these 
semiconductors. 

B.  A. LOMBOS. Can. J .  Chem. 63, 1666 (1985) 
On a CtudiC d'une faqon systkmatique le r81e des centres profonds de piegeage dans le GaAs semi-isolant, dans le 

polysilicium et dans une tlectrode transparente d'oxyde d'Ctain polycristallin. On dCmontre que I'on peut Clucider quelques 
unes des propriCtCs particulieres de transport de ces semi-conducteurs en faisant appel 2 une compensation par des niveaux 
profonds. On prCsente un modkle h plusieurs niveaux pour determiner la position du niveau de Fermi en fonction des 
concentrations des impuretCs. Ceux-ci comprennent quantitativernent les niveaux profonds que I'on a introduit par dopage dans 
le cas du GaAs et par les joints des grains dans le cas des films polycristallins. Dans ces derniers cas, les liaisons pendantes 
associCes aux dCfauts du rCseau sont associees h des niveaux dlCnergie qui sont localises dans la bande interdite. Ces liaisons 
pendantes peuvent agir comrne piege d'Clectrons quand elles sont vides et cornrne piege de trous lorsqu'elles sont occupCes. 
Ce sont les niveaux profonds. 

Dans chacun des trois cas CtudiCs, ce concept perrnet dlClucider certaines propriCtCs de transport de ces semi-conducteurs. 
[Traduit par le journal] 

Introduction 
The role of deep-lying impurity levels in semiconductors 

became important with the discovery of semi-insulating GaAs 
(SI GaAs) (1). This modification of the normally semicon- 
ducting GaAs resulted in the possibility of the realization of a 
number of solid state devices and integrated circuits by epi- 
taxial technology. Due to the inherent electrical properties of 
GaAs, superior to those of silicon and germanium, the well- 
known classical active materials for the microelectronic indus- 
try, GaAs components have improved properties. These in- 
clude their high frequency response, high temperature or power 
handling capacity, radiation hardness for satellite electronics, 
and the possibility for optoelectronic applications, such as solid 
state lasers. Some of these, naturally, could not have been 
realized with either silicon or germanium, since they are lower 
and indirect gap materials (2, 3). The extensive investigations 
of deep-lying levels, relative to room temperature thermal ex- 
citations, responsible for SI GaAs resistivities larger than lo8 
(ohm cm), were reviewed by Lin and co-workers (4, 5 ) .  Differ- 
ent compensation mechanisms were developed in the analyses 
of the experimental data. It was, however, a priori assumed 
that the material is semi-insulating in the calculations of the 
Fermi level (6, 7). Recently, a multilevel model without any a 

electron. Then an electron in the conduction band of a semicon- 
ductor could diminish its energy by being paired to it. Con- 
sequently, an energy level, localized in the energy gap, can be 
expected to be associated with it (1 1). In the case of polysil- 
icon, extensively used in the thin film form for microelec- 
tronics, this concept was used in the elucidation of its peculiar 
transport properties (12, 13). Here, the grain boundaries were 
the crystal defects, introducing deep levels. Then a compen- 
sation mechanism could account for the large change in room 
temperature resistivities, by a factor of lo9 (ohm cm), of poly- 
silicon films. In addition, the deep level concept could be 
extended to the formation of impurity bands elucidating the 
experimentally observed mobility minima in polysilicon (14). 
Following Mott's discussion of the Anderson transition (15), in 
the case of overlapping wave functions of the ionized impuri- 
ties, a metallic impurity band can be formed in the band gap of 
the semiconductor. Then, when the Fermi level is in this im- 
purity band, the propagation of the charge carriers is regarded 
as a diffusion process in a random system. As a result, the 
periodicity of the host lattice loses its role in the conduction 
process. This results in the replacement of the effective mass 
with the rest mass of the charge carriers, giving rise to charac- 
teristic low mobilities (16). Consequently, the observed mobil- 

priori assumptions was employed, by considering the effect of ity minima in polysilicon films canbe quantitatively associated 
all electrically active impurities in a quantitative explanation of with the crossing of the Fermi level through the above men- 
the conditions required to realize semi-insulating GaAs (8). tioned metallic impurity band which has been created by the 

This multilevel model was successfully used to analyze the grain boundaries introduced deep-lying trapping centers (17). 
transport properties of some polycrystalline thin film semicon- Using the same model of deep levels, the measured transport 
ductors as well. properties of polycrystalline thin film of tin oxide could also be 

Shockley (9) first recognized the importance of the dangling partially elucidated (IS). 
bonds associated with lattice defects and their acceptor behav- In this work the role of the deep-lying impurities will be 
ior in the diamond structure. The theory has been worked out treated with the analysis of some new results obtained in the 
by Read (lo), treating this dangling bond as having an unpaired case of chemical vapor deposited tin oxide films. 
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LOMBOS 

TABLE 1. Spark source mass spectrographic analyses of GaAs samples I to 5" 

Sample I Sample 2 Sample 3 Sample 4 Sample 5 
SC S I SC S I SC 

Fused silica? Fused silica? Boron nitride t Fused silica? Fused silicat 

ppm at. cm-' ppm at. ~ m - ~  ppm at. cm-' ppm at. cm-3 ppm at. cm-" 
Impurity atomlc x 10' atomic X 10" atomic X 10'" atomic X 10" atomic x 1016 

C 1 .O 4.0 0.3 1.3 0.4 1.8 0.6 2.6 0.6 2.6 
N2 0.3 1 .O 0.3 1.3 0.1 0.4 0.02 0.09 
0 2  4.0 17.0 0.2 0.9 0.4 1.8 0.4 1.8 I .O 4.0 
Na Intf. Intf. Intf. Intf. Intf. Intf. Intf. Intf. Intf. Intf. 
Mg 0.01 0.4 
A1 0.1 0.4 0. I 0.4 0.2 0.9 0.02 0.09 0.2 0.9 
Si 1 .O 4.4 0.1 0.44 1 .O 4.4 0.2 0.9 0.2 0.9 
S 0.08 0.4 0.06 0.3 0.06 0.3 0.1 0.4 0.04 0. I8 
K 0.01 0.04 0.05 0.2 0.03 0.1 0.03 0.1 0.01 0.04 
Ca 0.005 0.02 0.005 0.02 0.003 0.01 
Cr 0.3 1.3 0.7 3.1 I .O 4.4 
Fe 0.03 0.1 
Sb 0.03 0. I 

*SC = semiconductor; SI = semi-insulator; Intf. = triply ionized Ga interference with sodium prevents Na measurements. 
?Boat material. 

Multilevel model 
The determination of the position of the Fermi level is of 

fundamental importance in solid state electronics for the char- 
acterization of the transport properties of semiconductors and 
devices. Following an elegant graphical method developed by 
Shockley (19) the Fermi energy E ,  at any temperature, T; donor 
and acceptor concentrations, N d j  and N,,; the impurity ioniz- 
ation energies, Edj  and E,,; and band gap, E ,  can be determined 
from the neutrality condition: 

I ," 
[ I ]  n + C ~ i = p + C ~ d : .  

i= l j= l 

In large gap semiconductors the Fermi level is within the band 
gap several kT units away from the band edges, especially in 
the case of SI GaAs. Therefore Maxwellian statistics can be 
used. In this case the free electron concentration, n ,  is given by 
the well-known expression 

n  = 2(2rm,k ~ / h ~ ) ' / ~  exp - - i "iE7 
here k is the Boltzmann constant, h is the Planck constant, and 
in the case of GaAs, m, = 0.069mo (20) is the density of state 
effective mass of the electrons and the band gap is given by (20) 

The ionized acceptor concentration as the function of energy, 
E ,  can be determined by: 

1 + l /g exp 7 

The expression describing the ionized donors' concentration is 
given by: 

The degeneracy factor, g ,  was taken to be 4 for the shallow 
acceptors, however, in the case of deep-lying acceptors a value 
of 2 was used as in -the case of the donors. The hole concen- 

tration, p, is given by the equivalent expression to the one for 
the free electrons (2) by: 

p = 2(2nmh k~/h')"' exp (-g) 
where in the case of GaAs, 

The Fermi level can now be determined by plotting the terms 
in expression [ l ]  as a function of energy, E ,  using the above 
given expressions in eqs. [2] to [6]. The running index, E,  will 
be equal to the Fermi energy, Ei if the neutrality condition 
expressed in eq. [ l ]  is satisfied. The position of the Fermi 
level, in turn, gives the corresponding free electron and hole 
concentrations of the material, then with the appropriate mobi- 
lities, the resistivity and the Hall coefficient can be computed 
and correlated to the experimentally measured ones. 

The case of GaAs 
In Table I the results of semiquantitative mass spectro- 

graphic analyses are collected for five GaAs single crystals, 
grown by a heat pipe assisted zone refiner using fused silica and 
boron nitride boats (21). The electrically active impurities in 
the case of GaAs are carbon shallow acceptor with Eai = 0.019 
eV, oxygen deep-lying donor, with Ed, = 0.68 eV, silicon 
shallow donor with Edj = 0.002 eV, sulphur shallow donor 
with Edj = 0.006 eV, and finally chromium deep-lying ac- 
ceptor with E,, = 0.9 eV, respectively. The ionization energies 
of the shallow impurities were taken from Sze's work (20) 
while the ones for the deep-lying levels were obtained from 
Lin's data (4, 5). To demonstrate the above described graphical 
method for the determination of the Fermi level and the corre- 
sponding free carrier concentrations, in Fig. 1 the calculated 
Shockley curves are given using the mass spectrographic data 
of sample 1 collected in Table 1 .  The limits of accuracy of the 
semi-quantitative spark source mass spectrographic analyses 
have been discussed in a previous publication (8). Figure 2 
depicts the curves obtained using the results of sample 2 col- 
lected in the same table. It can clearly be seen that sample 1 is 
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TABLE 2. 'The measured (obsd.) and calculated (calcd.) Hall coefficients (RH), electron (n), hole ( p )  concentrations, mobilities 
( p  (H)), and resistivities (p) of samples 1 to 5 

Value 

Sample I Sample 2 Sample 3 Sample 4 Sample 5 
Parameter E,  = 1.39 eV E f  = 0.71 eV E ,  = 1.39 eV E f  = 0.72 eV El- = 1.35 eV 

RH (cm3 C- ' )  (calcd.) 
RH (cm3 C- ' )  (obsd.) 
n (cm-') (calcd.) 
ti (cm-') (obsd.) 
p (cm-') (calcd.) 
PH,, (cm2 V- '  s - ' )  (calcd., ref. 20) 
PH,, (cm2 V- '  s - ' )  (obsd.) 
PH,, (cm2 V-'  s - ' )  (calcd., ref. 20) 
p (ohm cm) (calcd.) 
p (ohm cm) (obsd.) 

S A M P L E  no.1 I 

0.2 0.4 0.6 0.8 1.0 1.2 

E N E R G Y  l e v 1  
FIG. I .  Calculated Shockley curves for semiconducting GaAs, 

based on the mass spectrographic analyses, collected in Table 1, 
sample 1 .  

a semiconductor having the Fermi level close to the conduction 
band, El = 1.38 eV above the valence band. This is to be 
compared with the room temperature band gap of GaAs E, = 
1.435 eV, according to the Varshany equation (3). In Fig. 2 the 
Fermi energy is close to the band gap center, E, = 0.65 eV, 
resulting in a practically intrinsic material, due to the deep level 
compensation, characterized by a very low carrier concentra- 
tion. The calculated and measured electron concentrations of 
this sample are 3.5 X lo4 and 6.2 X lo6 (cm-'), respectively. 
These are to be compared to the ones of the semiconducting 
sample 1, characterized by calculated and measured electron 
concentrations of 6.4 x 1016 and 3.1 x 10" (cm-'), respective- 
ly. The ratio of the carrier concentrations of these two samples 
are in the range of lo", correctly reflecting a semiconducting 

and a semi-insulating GaAs crystal. The corresponding calcu- 
lated and measured resistivities are in the range of lo-', lo-' 
for the semiconductor and lo8 (ohm cm) for the semi-insulator, 
respectively. For comparison purposes the measured and calcu- 
lated data for the five crystals are collected in Table 2. It can 
clearly be seen that the calculations, in each of these cases, 
yield the proper semiconductor or semi-insulator character of 
the crystals. It is to be mentioned that even in relatively recent 
publications the role of deep-lying levels in the compensation 
mechanisms for semi-insulating GaAs results in some 
"intriguing" aspects related to semi-insulating and semi- 
intrinsic materials (22,23). To clarify these problems, based on 
the results of the above described multilevel model, using 
Shockley's graphical method, the simple conditions for semi- 
conducting and semi-insulating behavior can be given as fol- 
lows. Assuming for simplicity, that the sum of the shallow- 
ionized donor and acceptor concentrations are N D  and N A ,  while 
the deep-lying total donor and acceptor concentrations are NDd 
and N A d ,  respectively, the following four cases can be distin- 
guished; based on the systematic comparison of the calculated 
(calcd.) and measured (obsd.) transport properties of five crys- 
tals, collected in Table 2: 

( I )  The material is n-type if 

[7] N D  - N A  > 0 

it is semi-insulating if 

it is semiconducting if 

[91 N D  - N A  > NAd 

In the case of n-type materials the deep-lying donors have 
negligible influence on the electrical properties of the crystal, 
as it can clearly be seen by examining the curves of Figs. 1 and 
'l 
L.  

(!I) The material is p-type if 

it is semi-insulating if 

[ I l l  N A - N D < N D ~  

it is semiconducting if 

[12I NA - N D  > N D ~  
In the case of p-type material the deep-lying acceptors have a 
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0.2 0.4 0.6 0.8 1.0 1.2 
ENERGY IeVl 

FIG. 2. Calculated Shockley curves for semi-insulating GaAs, 
based on the mass spectrographic analyses, collected in Table 1 ,  
sample 2. 

correspondingly negligible influence on the electrical proper- 
ties of the crystals. These conditions are in complete agreement 
with the results presented in Figs. 1 and 2 based on the mea- 
sured mass spectrographic analyses collected in Table l .  'The 
calculated and measured data are summarized in Table 2. The 
free carrier concentrations are determined by the position of the 
Fermi level, which is given by the corresponding impurity 
concentrations, introduced intentionally or unintentionally. 
The clarification and the understanding of the mechanisms for 
semi-insulating properties is necessary in order to determine 
the conditions for reproducible growth of SI GaAs. These crys- 
tals have a great potential as a substrate material for epitaxial 
GaAs integrated circuit and other solid state devices. 

The case of polysilicon 
This form, of the well-known semiconductor, has an in- 

creasing application in solid state electronics (24). A poly- 
crystalline material is composed of small crystallites joined 
together by grain boundaries. The electrical properties of this 
type of system were first discussed by Shockley (9) and were 
treated theoretically by Read (10). Some recent experimental 
investigations, using Deep Level Transient Spectroscopy 
(DLTS), established the fact that crystal defects introduce 
deep-lying donor and acceptor states (25). Their electrical be- 
haviours are similar to the ones introduced by impurities, dis- 
cussed above in the case of GaAs. 

Grain boundaries, characteristic of polycrystals, are com- 
plex structures. They are considered to consist of a few atomic 
layers of disordered surface atoms. These create a transition 
region between the different orientations of the neighboring 
crystallites. Inside each grain, the atoms are arranged in a 
periodic manner. A grain can therefore be considered as a small 
single crystal. The grain boundaries are characterized by in- 

complete atomic bonds. These result in hybridized surface 
dangling bonds, which are randomly distributed, character- 
izing a polycrystal. They can act as electron traps when empty 
and hole traps when occupied. Some direct evidence for carrier 
recombination at a tilt boundary in n-type germanium was 
presented by Vogel el al. (29). Following Shockley and 
Pearson (30), measurements have confirmed that the density of 
these surface states is in the order of the density of the surface 
atoms (3 1). 

  his‘ dangling bond model permits the evaluation of the 
concentrations of the deep-lying levels. These can be computed 
by considering the average surface area of the grains, knowing 
their average sizes and assuming that one dangling bond exists 
per surface atom (12, 13, 17, 26). Then, considering the com- 
pensation effect of the deep-lying trapping centers, the position 
of the Fermi level can be determined, using the above described 
multilevel model. 

In the case of polysilicon the position of acceptor traps was 
taken to be 0.37 eV below the conduction band, according to 
Seto (27). The position of the deep-lying donors has been 
valued at 0.37 eV above the valence band (28). Then, for 
example, if the average grain size, determined by scanning 
electron microscopy (13), is 3 km and the characteristics 
dangling bond density in silicon (I 11) surface is 7.8 x 10'' 
cm-', the corresponding trapping center concentration, deep- 
lying donor in this case, can be calculated to be N,, = 1.56 x 
1019 cm-! Now, if the position of the Fermi level is determined 
as a function of the doping shallow acceptor density N A ,  it is 
found (12) that the Fermi energy will cross the deep-lying 
donor level at a characteristic acceptor concentration. It is of 
interest to note, that at this acceptor density a mobility mini- 
mum has been observed ( l7 ,27) .  This can be interpreted by the 
concept of metallic impurity band conduction. According to 
Mott and co-workers (15, 16), if the average ionized impurity 
separation is commensurable with the Bohr radius then the 
wave functions of these impurities can overlap, forming an 
impurity band. This band is separated from the corresponding 
conduction or valence band edges by many kT's, especially in 
the case of deep-lying levels. In this case, if the Fermi level is 
in this impurity band then the conduction processes will be 
guided b y  its random system properties. Consequently, the 
effect of lattice periodicity looses its role in the transport prop- 
erties of the solid. This results in the replacement of the ef- 
fective mass of the free carriers in the impurity band, by the rest 
mass of the electron. Since the carrier mobilities are related to 
the effective mass, this phenomenon is characterized by low 
mobilities. These can be-estimated by an expression given by 
Mott (16): 

where R is the average impurity separation and e is the elec- 
tronic charge. 

The calculated value in the above mentioned case is 32 (cm' 
V-' S-I), which is of the same order of magnitude as the 
measured ones at the experimental mobility minima (12). 

Finally, the position of the Fermi level determines the free 
carrier concentration, as it has been demonstrated in the case of 
GaAs (see Figs. 1 and 2). Thus knowing the carrier mobilities 
one can calculate the resistivity of polysilicon films as a func- 
tion of the doping concentration. The results are collected in 
Fig. 3. Here, curves 1 and 2 depict the experimental and calcu- 
lated values of Seto (27), curve 3 shows the calculated values 
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TABLE 3. Tin oxide film thicknesses, d (pm); grain sizes 1 (km); fractions of (loo), (200), 
(21 I), (301), and (400) crystallites with the total trapping centers density, N(t )  and charge carrier 

densities, n 

N ( t )  (cm-') n(cm-') 
d ( p m )  l ( p m )  F(110) F(200) F(211) F(310) F(400) X(l0") X(1OX') 

Acc. Concentration (cm-3 ) 

FIG. 3. Resistivities (ohm cm) as a function of doping concen- 
tration for 1,  experimental data of ref. 27; 2, theoretical curve of ref. 
27; 3, calculated curve for p-type film; 4, experimental points of 
p-type film; 5 ,  calculated curve of n-type film. 

of p-type polysilicon using the multilevel model discussed 
above, curve 4 represents the experimental data of this investi- 
gation (1 2, 13) and curve 5 has been calculated in the case of 
an n-type film. In all cases good agreements can be seen be- 
tween the experimental and calculated results. They represent, 
correctly, the characteristic large variation of the resistivities of 
polysilicon films. These are in the range of lo9 (ohm cm) which 
were never observed in the case of single crystal silicons. It 
can be pointed out, that the existence of quasi semi-insulating 
polysilicon, in analogy to SI GaAs, is due to grain-boundaries- 
introduced deep-lying trapping centers compensation. 

Gra in  size(pm) 
0 0.2 0.4 0.6 0.8 

3 1 I I I I I I 

0 ! I I I I I I 
0 2.0 4.0 

T h i c k n e s s  ( pm)  

FIG. 4. Carrier concentration as a function of film thickness of 
CVD deposited tin oxide. Calculated curve, full line; experimental 
data of fluorine doped tin oxide, full squares; experimental data of 
antimony doped tin oxide, full triangles. 

The case of tin oxide 
These polycrystalline films are of interest as transparent 

electrodes for photovoltaic and photoelectrochemical solar en- 
ergy converters. They combine high electrical conductivity 
with low optical absorption in the visible part of the spectrum 
(32). The films were grown by the technique of Chemical 
Vapor Deposition (CVD) (32). The transport properties of the 
transparent electrodes were determined by Hall effect mea- 
surements described previously (21). It was found that films 
doped for a free carrier density of 2 X loZ0 (cm-7 have 
thickness-dependent transport properties, below a layer thick- 
ness of 1 pm. Above this value, the carrier concentration, 
mobility, and consequently the film resistivity become layer 
thickness independent. The measured values of resistivities are 
shown in Fig. 4, where the triangles represent the data obtained 
in the case of antimony doping, while the squares are the ones 
for fluorine doping. It can be seen that the measured resistiv- 
ities are also independent of the doping species. The obtained 
X-ray diffraction spectra suggest again the existence of grain 
boundaries introduced deep-lying trapping centers. In Table 3 
the measured film thicknesses, d(pm); average grain sizes 
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l(p,m); and the fraction of crystallites having different orien- 
tations, F ( l  lo), F(200), F(21 l ) ,  F(30 l), and F(400), respec- 
tively, are collected based on previous works (18). This table 
includes the calculated trapping centers concentrations, N(t) 
( ~ m - ~ ) ,  and the resulting free carrier concentrations, at constant 
doping, using the above discussed deep-lying compensating 
impurity model. In this case, however, some characteristic 
properties of the grain boundaries in tin oxide have been taken 
into account. Following the results obtained by X-ray Photo- 
conduction Spectroscopy (XPS) and Ultraviolet Photo- 
conduction Spectroscopy (UPS) (32) it can be argued that 
grains of (200) (in the second order (400)) orientations do not 
participate in the trapping mechanisms (33). This was taken 
into account in the calculation of the trapping centers density, 
N(t), using the fractions of the occurrence of different orien- 
tations, collected in Table 3, obtained from the X-ray diffrac- 
tion spectra. Taking the measured average charge carriers mo- 
bility of tin oxide films to be 18 (cm2 V-' s-'), the resistivity 
as a function of the layer thickness, can be calculated. The 
results are shown in Fig. 4 by the curve drawn in full line. It 
can be seen that the calculated curve and the measured data 
are in good agreement. This indicates once more the validity 
of the deep-levels compensation model in the case of tin oxide 
as well. 

Conclusions 
The compensation mechanisms, due to deep-lying trapping 

centres, having been examined to elucidate some of the parti- 
cular transport properties characteristic of semi-insulating 
GaAs, polysilicon, and polycrystalline tin oxide transparent 
electrodes. In the first case the deep-lying levels can be intro- 
duced by chromium or oxygen doping. In the case of poly- 
crystals their origin could be related to dangling bonds created 
by the grain boundaries. 

The determination of the Fermi level, based on complete 
mass spectrographic analyses, led to the establishment of the 
quantitative conditions required for deep levels compensation 
in the case of single crystal GaAs. Polysilicon films are charac- 
terized by peculiar mobility minima as a function of carrier 
concentrations and by a very large resistivity range compared 
to single crystals. The deep level compensation mechanisms, 
combined with metallic impurity conduction, have been used to 
analyze these phenomena. In the case of polycrystalline tin 
oxide films the measured thickness dependence of resistivities 
could be elucidated by this model applied with some relevant 
modifications. 
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GEORGE R. DE MARE. Can. J.  Chem. 63, 1672 (1985). 
Analytic gradient (force) methods at the STO-3G, 3-21G, and 6-31G* basis set levels have been used to optimize the 

geometry of acrolein completely at each critical point (minima, maximum) in the torsional potential energy curves for rotation 
about the single C-C bond (dihedral angle 0). The STO-3G and 6-3 IG* optimizations predict the planar trans conformation 
(0 = 180") to be more stable than the cis conformation (0 = 0") by 1.87 and 6.97 kJ/mol, respectively. The 3-21G 
optimizations, in disagreement with experiment, place the planar cis structure below the trans by 4.5 J/mol. The predicted 
relative energy (AE) and position for the transition state (TS) for rotation from the trans conformer are AE = 22.35, 37.14, 
and 34.41 kJ/mol and 0 = 91.8, 91.6, and 91 .OO for the STO-3G, 3-21G, and 6-31G* optimizations, respectively. The 
computed and experimental geometries, relative energies, dipole moments, and coefficients for the torsional potential expan- 
sion are compared. 

GEORGE R. DE MARE. Can. J. Chem. 63, 1672 (1985). 
La gComCtrie de I'acrolCine a CtC optimisCe compltttement par la mCthode force (gradients analytiques) avec les bases 

STO-3G, 3-21G et 6-31G* a chaque point critique (minima, maximum) de la courbe d'Cnergie potentielle pour la rotation 
autour de la liaison C-C simple (angle dikdre 0). Les optimisations avec les bases STO-3G et 6-3 IG* situent la forme plane 
trans (0 = 180") ii 1,87 et 6,97 kJ/mol, respectivement, en dessous de la forme plane cis (0 = 0"). Par contre les optimisations 
avec la base 3-21G placent le rotamere trans 4,5 J/mol au dessus du cis, en dCsaccord avec les donnees spectroscopiques. 
L'Cnergie (AE) et la position de I'ttat de transition (TS) pour la rotation trans- cis sont AE = 22,35, 37,14 et 34,41 kJ/mol 
et 0 = 91,8, 91,6 et 91 ,0° pour les optimisations avec les bases STO-3G, 3-21G et 6-31G*, respectivement. Les gComCtries, 
energies relatives, moments dipolaires, et coefficients de I'expansion en strie du potentiel de torsion, obtenus dans ce travail, 
sont cornparts avec les donnkes expCrimentales. 

Introduction 
Ab initio torsional potential energy curves for rotation about 

the C-C bond adjacent to the CH=X group in a number of 
R-CH=X compounds (where R = cyclopropyl, CH=CH2 
or CH=O and X = CH2 or 0 )  have been generated recently 
by De Mart and co-workers (1 -4) using various basis sets and 
complete geometry optimization by analytic gradient methods. 
For 1,3-butadiene (3, 4) and vinylcyclopropane (I) ,  opti- 
mization along the torsional potential energy curve with a 
larger than minimal basis set reveals a gauchels-trans' con- 
former equilibrium in agreement with experiment (5, 6). In 
contrast, only the cis and trans positions represent minima in 
the torsional potential energy curves for the oxygen-containing 
compounds, regardless of the basis set used (2, 3). For these 
compounds, however, the predicted relative energies of the cis, 
TS,  and trans structures are very basis set dependent (2, 3). For 
cyclopropanecarboxaldehyde (CPCA) (2), the predicted rela- 
tive energies have been shown to depend more on the basis set 
used for the computations than on the basis set used for the 
geometry optimizations. The same conclusion applies to gly- 
oxal (7) for which certain discrepancies between experimental 
and ab  initio optimized geomek-ical parameters persist (8). 
Although good experimental estimates of the energy difference 
between the most stable acrolein conformer (trans) and a 
higher energy rotamer have been available for more than 10 

'Presented in part at the 14ttme Congres des Chimistes ThCoriciens 
d'Expression Latine, Louvain-la-Neuve, 1983 and 29th IUPAC 
Congress, Cologne, 1983. 

'With the STO-3G basis set, complete optimization of the vinyl- 
cylopropane and 1,3-butadiene geometries along the torsional po- 
tential energy curves reveals only s-cis and s-trans minima (see refs. 
1, 4). In the remainder of the text s-cis and s-trans will be denoted by 
cis and trans, respectively. 

years (9), the complete structure of the latter has been only just 
reported ( 10). 

This paper presents a detailed study of the geometries and 
relative energies of the trans, TS,  and cis acrolein structures 
(see Fig. 1) obtained with the minimal STO-3G, split-valence 
3-2 lG, and 6-3 IG* basis sets. 

Computational method 
The references for the basis sets used in the present study are 

STO-3G (1 I), 3-21G (12), 3-21G** (13), 4-31G (14), 6-31G* 
(15), and 6-3 1G** (15). For the optimizations, non-planar 
acrolein structures (dihedral angles of 5") with initial values of 
0 = 5, 90, or 175" (see Fig. 1) were constructed using bond 
lengths and valence angles deduced from the corresponding 
STO-3G, 3-21G, or 6-3 lG* optimized parameters in CPCA (2) 
and 1,3-butadiene (4). The optimizations were carried out 
within the Hartree-Fock formalism (16), using the analytic 
gradient (13) of the SCF energy with respect to the internal 
geometrical parameters (bond lengths, valence, and dihedral 
angles). The Optimally Conditioned (OC) minimization tech- 
nique (17a)' was used to determine the optimal geometry at 
each minimum. The VAO5AD sum of squares technique (18) 
was used for the TS optimizations and to confirm the order4 of 
the stationary points revealed by the OC method. 

All computations were performed with the MONSTER- 
GAUSS ab  initio program (19) on the CYBER 1701750 com- 
puter system at the University of Brussels. 

'The routine is described in ref. 17(b). 
4The order of a critical point is equal to the number of negative 

eigenvalues of the Hessian or force constant matrix (second der- 
ivatives of the energy with respect to the internal geometrica1 par- 
ameters). The order of a minimum, maximum, second order, saddIe 
point, ... is 0, I, 2, ... . 
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cis.8 = 0° transition state (TS1 trans, 8 = 180° 

FIG. 1. Nomenclature and atom numbering used throughout the text. The atom numbering is the same as that used by Blom, Grassi, and 
Bauder (lo). 

Results and discussion 
Critical point structures and potential energy curves 

The optimized geometrical parameters, energy, dipole 
moment, and order obtained with the STO-3G, 3-21G, and 
6-31G* basis sets for acrolein at each critical point in the 
torsional potential energy curves (see Fig. 2) are listed in 
Table 1. 

Stable acrolein rotamers 
The OC optimizations with all three basis sets and starting 

values of 0 = 5 and 175" lead to completely planar cis and trans 
structures, respectively. In each case the order of the Hessian 
is zero, as is required for an energy m i n i m ~ m . ~  The predicted 
positions of the minima are thus in agreement with experiment: 
the planar trans conformer has long been known to be the most 
stable (20) while the structure of the higher energy rotamer, 
first detected in 1971 (9) has recently been shown to be 
definitely cis planar (10, 21). 

Although Devaquet, Townshend, and Hehre (22) used the 
STO-3G basis to optimize the geometries of cis and trans 
acrolein in 1976, they did not report the optimized geometrical 
parameters. They found energies of - 188.302 19 and 
- 188.30284 hartree for the completely optimized cis and trans 
structures, respectively. These values are significantly higher 
than those found in this work (see Table 1 ). The discrepancies 
are probably the result of different cut-off criteria5 since the 
relative energies of the rotamers differ by about 10% (1.87 (this 
work) compared to 1.7 1 (22) kJ/mol). 

Whereas the STO-3G optimizations correctly predict the 
trans acrolein structure to be most stable, the above energy 
difference appears to be too small. (George, Bock, and Tracht- 
man (23) have optimized the geometries of cis and trans 
acrolein completely with the 4-31G basis set and found an 
energy difference of -0.0013 au or 3.4 kJ/mol, which is also 
apparently too small. It is less than that obtained in 4-31G// 
BASIS1 computations in this study (see Table 2). Indeed, 

this work the optimizations were terminated when the gradient 
I /? 

length, I g l  = [i (8.E/8qi)'/n] , was reduced below 5 x lo-' 

mdyn. The q i  are'the internal coordinates (bond lengths, bond angles 
and dihedral angles) and the sum is over the n optimized coordinates 
(25). The cut-off criterion generally yields energies stable below the 
phartree level (25). 

B (degrees) 

FIG. 2. Relative energies for rotation around the C-C single bond 
in acrolein. The cis conformation corresponds to dihedral angles of 0 
and 360°, the trans conformation to 180". 

estimates obtained from gas-phase near ultraviolet (9) and 
Raman (24) spectroscopy lie in the range 570-700 cm-' or 
6.8-8.4 kJ/m01.~ Thus only the 6-31G* optimizations yield a 
"reasonable" energy difference between the cis and trans 
acrolein conformers. The 3-ZIG basis actually predicts the cis 
structure to be more stable than the trans, even if only by 

6 ~ h e  experimental error limits extend this range somewhat, but not 
enough to include the STO-3G or 4-31G predictions. 
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TABLE 1. STO-3G, 3-21G, and 6-31G* optimized parameters for acrolein (see Fig. I for atom numbering; bond lengths are in pm and angles in deg) 

TS 
trans (8 = 180") cis (0 = 0") 

STO-3G 3-21G 6-3 1 G* 
Parameters STO-3G 3-21G 6-3 1 G* 0 = 91.79" 8 = 91.63" 8 = 91.03" STO-3G 3-21G 6-3 IG* 

C-C 151 .OO 147.36 147.84 152.72 149.47 149.84 151.17 147.82 148.59 
C=C 131.17 131.74 132.11 130.85 131.46 131.66 131.24 131.82 132.12 
C=O 122.06 121.01 118.98 121.87 120.92 118.76 122.13 121.23 119.08 
C1-H5 110.37 108.76 109.48 1 10.56 108.57 109.40 110.32 108.45 109.36 
C2-H6 108.38 107.20 107.55 108.52 107.56 107.82 108.29 107.22 107.65 
C3-H7 108.32 107.53 107.69 108.25 107.41 107.63 108.35 107.34 107.45 
C3-H8 108.23 107.18 107.45 108.21 107.26 107.49 108.26 107.20 107.47 
LC2C 104 124.03 124.3 1 123.85 124.23 125.07 123.83 123.84 124.13 124.37 
LC2CIH5 114.21 114.22 115.27 114.69 114.29 115.85 114.70 114.80 115.35 
L04C  I H5 121.76 121.47 120.88 121.08 120.64 120.32 121.46 121.07 120.28 
L C  I C2C3 122.39 121.06 121.24 123.61 123.21 123.43 122.39 120.52 121.47 
LC3C2H6 121.67 122.35 122.36 120.87 120.96 120.96 121.60 122.29 121.53 
LClC2H6 115.94 1 16.59 1 16.40 115.52 115.83 115.61 116.01 117.19 117.00 
LH7C3C2 121.74 121.54 121.51 122.33 122.06 122.02 121.16 120.17 120.67 
LH8C3C2 122.36 122.21 122.09 121.92 121.60 121.44 122.48 122.46 121.83 
LH7C3H8 115.90 116.25 1 16.40 115.75 116.34 1 16.54 116.36 117.37 1 17.50 

1.94 3.47 3.5 1 1.70 2.99 2.95 1.68 2.88 2.92 
E (hartree) - 188.303526 - 189.689882 - 190.762426 - 188.295013 - 189.675738 - 190.749318 - 188.302813 - 189.689883 - 190.759771 
AE (W mol-') 0.00 0.0045 0.00 22.35 37.14 34.41 1.87 0.00 6.97 
Order 0 0 0 I 1 I 0 0 0 
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TABLE 2. BASIS2//BASISI computations for acrolein: BASIS2 was used to compute the SCFenergy for the BASIS1 optimized geometry, trans 
conformer, SCF energies (hartree); other structures, energies (kJ/mol) relative to the same BASIS2//BASISI computation for the trans 

conformer 

BASIS2 

Conformer (0") BASIS 1 STO-3G 3-21G 3.2 1 ~ : b *  4-3 1 G 6-31G" 6-3 IG*" 

trans ( 1  80) STO-3G 
3-21G 
6-3 1G" 

TS (91.8) STO-3G 
(9 1.6) 3-2 1 G 
(91 .O) 6-3 IG* 

cis (0) STO-3G 
3-2 1 G 
6-3 1G" 

"Not computed. 
"Barrier height from the cis structure = 37.14 kJ/mol 

4.5 J/mol. This failure of the 3-21G basis was unexpected 
since it has yielded apparently reliable relative energies, not 
only for optimized hydrocarbon structures (1, 4), but also for 
oxygen-containing species (i.e. CHICHO ground, triplet n + 
n* and n -+ 3s electronic states (25)). 

In view of the present results, it is likely that the cis-trans 
energy difference in CPCA is nearer to 1.2 than to 7.0 kJ/mol 
(6-3 IG* and STO-3G optimized values, respectively (2)). Note 
that only the STO-3G basis computations (even with optimized 
geometries from the larger basis sets) gave a higher energy for 
cis than for trans CPCA (2). 

Position and height of the TS 
As previously observed for CPCA (2), the predicted position 

of the TS is remarkably basis set independent for acrolein. In 
going from the minimal STO-3G to the extended 6-3 lG* basis, 
the predicted location of the TS only ranges from 91.79 to 
91.03". The TS structure is thus very close to that with the 
double bonds perpendicular to one another. The situation in 
acrolein is therefore, as might have been expected, inter- 
mediate to those in 1,3-butadiene and glyoxal where the 
6-31G* basis predicts the TS to be at 8 = 101.5 (4) and 73.0" 
(3), respectively. For the latter two molecules, the minimal 
basis set optimizations predict the TS to lie closer to the 
perpendicular structure than does the 6-31G" basis (3, 4). 

The barrier heights to rotation from the predicted most stable 
rotamer, obtained by the 3-21'3, 6-31G", and STO-3G opti- 
mizations, are 37. I ,  34.4, and 22.3 kJ/mol, respectively. Thus 
although the trend is the same as that revealed in the CPCA 
study, the variation in the values (31.7,24.3, and 13.8 kJ/mol, 
respectively) was much more pronounced for CPCA (2). 

The experimentally determined values for the rotational 
trans + cis barrier in acrolein lie between those predicted by 
the STO-3G and 6-31Gq optimizations. Carreira (24) found 
2236 + 135 cm-' (26.76 * 1.62 kJ/mol) by fitting the 
torsional overtones in the low frequency gas phase Raman 
spectrum of acrolein to a potential function of the form 

[ l ]  V(+) = 2 (0.5Vj(1 - cos i+)) 
I 

where I$ = 0 corresponds to the stable trans configuration. 
(The cis-trans energy difference derived from the same anal- 
ysis is 584 * 180 cm-' (6.99 + 2.15 kJ/mol) (24).) A slightly 
higher value, 2460 cm-' (29.4 kJ/mol), for the barrier was 

deduced by De Groot and Lamb (26) from ultrasonic measure- 
ments on acrolein in the liquid phase.7 

Dependence of the geometrical parameters on the basis set and 
on the dihedral angle 8 ;  comparison of experimental and 
theoretical geometries 

As mentioned above, George, Bock, and Trachtman (23) 
have optimized the geometries of cis and trans acrolein corn- 
pletely using gradient methods with the unscaled 4-31G basis 
set (14). For the optimization on trans acrolein, they report a 
total energy of - 190.4693 hartree, a value much higher than 
that (- 190.4798 hartree) obtained in an optimization with the 
4 - 3 1 ~  basis set or in ~ - ~ ~ G / / B A S I S I  cohputations reported 
in Table 2. The C-H bond lengths they obtain are longer than 
those obtained here (7). The comparison of their results and 
ours thus falls outside the scope of the present work. 

Although comparison of theoretical and experimental param- 
eters below the 1 pm/1° level may be dubious (27), it is never- 
theless interesting to see if the observed trends in the data are 
consistent. Such a comparison is made in Table 3 where the 
experimental and predicted (6-3 1G") differences in the param- 
eters in cis and trans acrolein are given. The variation in the 
parameters will now be discussed in some detail. 

L H7C3C2, LH8C3C2,  and L H7C3H8 
The experimental trend for LH7C3C2 (trans > cis value by 

1.2") is reproduced and the computed differences (0.58 (STO- 
3G), 1.37 (3-21G), and 0.84" (6-3 IG* optimized values)) are 
reasonable. Both the STO-3G and 3-21G basis sets predict a 
small increase in LH8C3C2 in the cis compared to the trans 
conformer. Only the 6-3 1 G:"asis reproduces the experimental 
trend, predicting LH8C3C2 to be 0.26" smaller in cis acrolein 
(compared to an experimental Act of 0.7" (Table 3)). The 
optimized values of LH7C3H8 change very little on going 
from the trans to the TS structure, then increase by 0.6 to 1. 1" 
in the cis conformation. The ab initio and experimental results 
are again in agreement on the direction, but not on the mag- 
nitude, of the change in this angle. 

L C l  C2C3 
The contrast in the predicted behaviour of the CCC bond 

'~lthough the ab itzitio values are comparable to the gas phase, note 
that De Groot and Lamb (26) obtained a cis-trans energy difference 
of 8.6 kJ/mol, within experimental error of the gas phase values. 
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CAN. J. CHEM. VOL. 63, 1985 

TABLE 3. Experimental geometries for trans and cis acrolein; bond lengths and angles in pm and 
deg, respectively; the error limits are those given in the original references 

Parameter transn trans" trans" cisr (Act),heor 

C-C 147.020.3 148.2320.4 146.820.4 147.820.6 + 1 .O +0.75 
C=C 134.5t0.3 134.09t0.3 134.0t0.4 134.0t0.4 0.0 +0.01 
C=O 121.950.5 121.25?0.3 121.420.4 121.5t0.6 +0.1 +O. 10 
C1-H5 110.8t0.3 1 1  1.2 t 3 . 0  1 1  1.350.6 110.620.3 -0.7 -0.12 
C2-H6 108.420.3 108.3 2 1.0 108.420.5 108.820.4 +0.4 +O. 10 
C3-H7 108.650.5 - 109.050.4 109.850.5 +0.8 -0.24 
C3-H8 108.6t0.5 - 108.020.3 108.120.3 +O. 1 +0.02 
LC2C104 123.3?0.3 123.2720.7 124.020.6 124.2t0.4 +0.2 +0.52 
LC2ClH5 115.1k0.2 114.4 ?2.7 114.720.5 115.8k0.4 +1.1 +0.08 
L04C 1 H5 - - 121.3t0.6 120.1 t 0 . 4  - 1.2 -0.60 
LClC2C3 119.8?0.2 120.30t0.7 120.450.5 121.520.4 + 1.1 +0.23 
LC3C2H6 122.820.2 122.9 2 1.8 122.4k0.5 121.120.4 - 1.3 -0.83 
LC 1 C2H6 - - 117.250.5 117.420.4 +0.2 +0.60 
LH7C3C2 120.020.2 119.6k 1.1 119.7k0.3 118.5k0.3 - 1.2 -0.84 
LH8C3C2 121.4t0.2 121.52 1.1 122.2t0.5 121.5*0.6 -0.7 -0.26 
LH7C3H8 - - 118.1 20.6 120.0k0.5 + 1.9 +1.10 

"r, structure determined from the microwave spectra of eleven isotopic acrolein species with C3-H7 assumed 
equal to C3-H8 (28). 

hAverage structure in the ground vibrational state determined by the combined use of the electron diffraction 
intensities and rotational constants (20). 

' r ,  structures determined by Blom, Grassi, and Bauder (10) from the microwave spectra of normal and highly 
enriched, singly D, "C, and InO substituted acrolein species. 'The error limits given are equal to three times the 
standard deviation from the least squares treatment (10). 

"(Act).,, and (Act),,,,,, are the differences between the values for the parameters in the cis and trans acrolein 
structures from ref. 10 and from the 6-31G* optimizations (Table I), respectively. 

angles in acrolein and 1,3-butadiene is striking. Whereas the 
LCCC's in trans- 1,3-butadiene are found to be almost basis set 
independent (4), the LClC2C3 obtained for trans acrolein 
with the STO-3G basis is more than 1" larger than the 3-21G 
or 6-3 1G" optimized values. Whereas the optimized CCC bond 
angles in 1,3-butadiene are predicted to be largest (by about 3") 
for a near cis-structure (4), the optimized LClC2C3 values for 
acrolein are largest in the TS structure. The differences in the 
values for this angle in the cis and trans conformers of acrolein 
are small and erratic. The 6-3 lG* optimizations reproduce the 
experimental trend but the predicted change is only about 20% 
of the experimental one. 

C-H bond lengths 
As is generally observed (see ref. 2), each C-H bond 

length for a given critical point structure varies according to 
STO-3G > 6-31G'l' > 3-21G optimized value. Also, as ob- 
served for CPCA (2), the STO-3G optimizations predict the 
aldehydic C-H bond to be longest in the TS whereas both the 
3-21G and 6-3 1G" optimizations predict it to be longest in the 
trans conformer. The shorter C 1 -H5 optimized bond length 
in the cis compared to that in the tratls acrolein rotamer re- 
produces the experimental trend. Note that the combined un- 
certainties in the experimental bond lengths are fairly large. 

Excluding the C1-H5 bond length discussed above, all the 
optimized C-H bond lengths fall in the range 107.18- 108.52 
pm. For a given basis set and a given environment (see below), 
the variation in the C-H bond length is much smaller. The 
optimized values can therefore be used without optimization 
(or as excellent starting values for optimizations) in larger 
molecules. 

In agreement with the small difference in the experimental 
values of the C3-H8 bond length in the cis and trans con- 
formers (108.1 and 108.0 pm, respectively), all three basis sets 
give a C3-H8 bond length which is relatively independent of 

0 .  The STO-3G values for C3-H7 vary according to cis > 
trans > TS value whereas for both the 3-21G and 6-3 lG* basis 
sets, the trans > TS > cis optimized values. This is sharp 
contradiction with the experimental finding that C3-H7 is 0.8 
pm longer in the cis structure (10). Orre might expect that 
non-bonding interactions between H7 and the 0-atom in the cis 
configuration would lead to a lengthening of the C3-H7 
bond. Note also that the behaviour of the optimized values for 
C3-H7 with the larger basis sets parallels that predicted by 
the same basis sets for the corresponding C-H bonds in 
1,3-butadiene where a repulsive interaction between the H- 
atoms destabilizes the cis structure (3, 4). 

C=O and C=C bond lengths 
As, expected, the optimized C=O and C=C bonds for a 

given basis set are predicted to be shortest in the TS structure. 
These bonds are predicted to be slightly shorter in the trans 
than in the cis conformer. This behaviour is similar to that 
found for the double bonds in 1,3-butadiene (+0.2 pm in the 
cis rotamer compared to the trans 6-3 1G* optimized value) (4). 
In CPCA the 6-31G* C=O optimized bond lengths are 118.88 
and 119.14 pm in the trans and cis conformations, compared 
to 118.98 and 119.08 pm for acrolein. These theoretical results 
support the experimental findings that the C2=C3 bond is the 
same length in trans and cis acrolein while the C1=04 bond 
is slightly longer in the cis structure ((10); see Table 3). 

CI-C2 bond length 
The results are very similar to those obtained for the bond 

joining the ring and CHO group in CPCA (2). The difference 
between the cis and trans optimized C1-C2 bond lengths 
increases with basis set size to 0.75 pm for the 6-3 1G" basis. 
These findings are in agreement with the microwave results of 
Blom et al. (10) which give 146.8 and 147.8 pm for the 
C1-C2 bond length in trans and cis acrolein, respectively. 
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TABLE 4. Computed net charges on the H5-CI-04, H6-C2, and H7-C3-H8 groups (6', 6', and 6" re- 
spectively) in the trans, TS, and cis acrolein structures; see Fig. 1 for the atom numbering 

trans TS cis 

Basis set 6 6' 6' 6 '  6' 6' 6 6' 6' 

"From the final computation in the geometry optimization. 
'From the 3-21G**//3-21G computation. 
'From the 6-31G**//6-31G* computation. 
"Calculated from the values given in ref. 23 for computations wil 

The agreement between the theoretical and experimental trends 
in the C 1-C2 bond on going from the trans to the cis acrolein 
conformers is in sharp contrast with the present situation for 
glyoxal (7, 8 ,  29). 

Relative energies of acrolein structures computed using the 
optimized geometry from another basis set 

The complete geometry optimization of the hans, TS,  and 
cis acrolein structures with the 6-31G** basis set would be 
fairly costly in terms of computer time. Nevertheless, it would 
be interesting to investigate the effect of adding polarization 
functions on the H-atoms. Also, why are the relative energies 
obtained for trans and cis acrolein with the 3-21G basis set so 
different from those expected? For both CPCA (2) and 
1,3-butadiene (4) BASIS2//BASIS 1 computations (where 
BASIS2 is used for the computation with the BASIS1 opti- 
mized geometry) showed that the trends in the relative rotamer 
energies obtained by BASIS2 optimizations were satisfactorily 
reproduced. A series of BASIS2//BASISl computations is 
reported in Table 2. 

For a given BASISl, the relative energies of the TS or cis 
acrolein structures obtained with the 6-3 lG**//BASIS 1 com- 
putations are slightly lower than (but well within 2% of) the 
relative energy obtained with the 6-31G*//BASISl com- 
putations. It is thus very unlikely that geometry optimization 
with the 6-31G** basis set would lead to relative energies or 
conformer stabilities which are meaningfully different from 
those obtained with the 6-3 1G** basis set in the present study. 

For a given BASIS2, each set of BASlS2//BASISl com- 
putations gives relative energies for the trans, TS, and cis 
acrolein structures which are quite consistent, showing that the 
differences depend on the basis sets and not on the optimized 
geometry. It is apparent that complete optimization of the bond 
lengths and bond angles, even with the minimal STO-3G basis, 
leads to geometries which can be used with other basis sets to 
obtain reasonable relative energies (for the other basis sets and 
not necessarily compared to the real relative energies!). 

With the 3-21G** basis set, the relative energies for the 
optimized TS and cis structures are closer than the 3-21G ones 
to those predicted by the 6-31G* computations. The relative 
energy for the cis conformer is still unsatisfactory, however. It 
is clear that, for oxygen-containing species, geometry opti- 
mization with the 3-21G basis set on several isomers should be 
followed by 6-31G* computations to check the 3-21G basis 
predictions for the relative energies. 

thout dipole moment optimization 

Basis set dependence of the computed net charges from 
Mulliken population analysis 

The computed net charges on the H5-C 1-04, C2-H6, 
and H7-C3-H8 groups (6', 6', and 6" respectively) derived 
from the Mulliken population analysis (30) are given in 
Table 4. 

The 6 '  values predicted by the 3-21G and 3-21G** basis sets 
are positive, just as the net charges on the CHO group in CPCA 
predicted by the 3-21G and 6-21G basis sets are positive. With 
the STO-3G, 4-3 IG, 6-3 lG*, and 6-3 1G** basis sets, negative 
6 '  values are predicted for all the acrolein structures. With all 
the basis sets used in this study, the 6 '  values for the TS are less 
negative (thus more positive for the 3-21G and 3-21G** basis 
sets) than in the hans and cis conformers. The positive values 
of 6 '  obtained with the 3-21G and 3-21G** basis sets are 
apparently the result of a larger computed positive charge on 
the aldehydic H-atom with these basis sets. From the (7, 3) 
basis set results reported by Bock, George, and Trachtman 
(23), one obtains 6 '  = -0.003 for the harzs and +0.002 for the 
cis acrolein  structure^.^ This variation may simply reflect the 
near balance of the sum of the charges on the atoms in the CHO 
group with the (7, 3) basis. Indeed, this type of behaviour has 
already been noted for the net charges computed for the CHO 
group in various CPCA rotamers with the 6-31G and 6-31G* 
basis sets (2). There the net charges are near zero and oscillate 
between negative and positive values. 

With all the basis sets used in this study 6' is negative and 
6' is positive for all the acrolein structures. This is in sharp 
contrast to the results obtained for 1,3-butadiene where the 
3-2 1G and 6-2 1G basis sets consistently predicted a net positive 
charge on the CH2 groups, while the 6-31G, 6-31G*, and 
6-3 1G** basis sets predicted net negative charges on the CH2 
groups. 

Whether hydrogen bonding or an electrostatic interaction in 
cis acrolein causes this rotamer to be relatively more stable than 
the cis rotamer or glyoxal (see below) has been discussed in 
detail by Bock, George, and Trachtman (23). For acrolein, 
1,3-butadiene, and glyoxal, the trans conformer is the most 
stable and it is in equilibrium with a higher energy rotamer (the 
cis, except for 1,3-butadiene where a cisoid gauche rotamer 
lies about 3 kJ/mol below the cis (3, 4)). The energies of the 

"ithout dipole moment optimization; with dipole moment optimi- 
zation 6' = +0.008 for both cis and trarls acrolein (23). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. 1. CHEM. VOL. 63, 1985 

TABLE 5. Comparison of the net charges in the CHZ groups of acrolein (A) and 1,3-butadiene 
(B) as obtained in the Mulliken population analysis of 6-3 1G**//6-31G:' computations. For 
simplicity the numbering of the H-atoms is the same as that of the vinyl group of acrolein 

(Fig. I) 

cis TS trans 

Atom A B A B A B 

TABLE 6. Coefficients (kJ/mol) for the torsional potential energy curves for rotation about the 
single C-C bond in acrolein, determined by a six-term least-squares expansion of eq. [ I ]  

Source V, VZ 

STO-3G" 0.302 21.422 
3-21G" 1.538 37.179 
6-31G*" 3.991 31.035 
Carreira" 3.66 22.96 
Fateley et al." 12.4 28.2 
Cole and Green" - - 

"Calculated using the energies of the fully optimized cis, TS, and trarrs structures and at least 21 additional 
data points. 

hReference 24. 
'Reference 32; tentative values for V , ,  V 2 ,  and V 3 .  
"Reference 33. 

6-3 1G'" optimized TS structures, relative to the trans con- with the net charge on H8 greater than that on H7. For acrolein, 
former, are quite similar (34.4, 25.4, and 30.0 kJ/mol, re- whereas the net charge on H8 is about 7% larger than that on 
spectively (Table 1; (3))). In contrast, one finds relative H7 in the trans conformation, the situation is completely re- 
energies for the optimized cis structures of 7.0, 16.0, and versed in the cis rotamer with the net charge on H7 about 19% 
23.5 kJ/mol with the same basis set, compared to experimental larger than that on H8. It would be very interesting to have 
values of 6.8-8.6, about 16, and 13.5 kJ/mol, respectively, detailed density plots in these molecules. 
for the higher energy rotamer. (The "low" relative energy for 
cis glyoxal (13.5 kJ/mol from spectroscopic measurements) Fourier expansion of the torsional potential 
compared to those obtained with double [ or double [ + polar- The torsional potential energy curves obtained for acrolein 
ization basis sets has been discussed by Osamura and ~chaefer  
(8).) In spite of the discrepancy between the theoretical and 
experimental energy differences for cis and trans glyoxal, it is 
quite apparent that some additional stabilization process is 
present in cis acrolein. 

If one compares only the charge distributions on the CH, 
group and the 0-atom in cis and trans acrolein, there is little 
evidence for hydrogen bonding in the cis structure. (In contrast 
to the findings of Bock, George, and Trachtman (23) with a (7, 
3) basis set, the charges on the 0-atom in cis and trans acrolein 
are found to be equal in 6-31G*:"//6-31G:" computations 
(Table 3 . )  A more detailed examination of the data is possible. 
In Table 5, the net charges on the atoms of the CH, groups in 
the cis, TS,  and trans acrolein and 1,3-butadiene structures are 
given for comparison. The net charge on the C-atom is smallest 
in the TS for 1,3-butadiene and smallest in the cis rotamer of 
acrolein, respectively. The net "electron loss" on this atom on 
going from the trans to the cis acrolein structure was taken as 
direct evidence against hydrogen bonding in acrolein (23). The 
behaviour of the net charges on the hydrogen atoms, when 
compared to that in 1,3-butadiene, is probably more in favour 
of hydrogen bonding than previously supposed. Indeed, in the 
TS structure of each molecule the net charges on H8 and H7 are 

have been simulated by a least-squares procedure using eq. [ l ] .  
The relationship between + and 0 is + = 180 - 0 ,  since V must 
be zero for + = 0 (this relationship was also used for the 3-21G 
torsional potential, neglecting the small energy difference be- 
tween the cis and trans conformations). At least 21 additional 
data points (7 near each critical point) were computed for use 
in the least-squares simulation to ensure that the resulting tor- 
sional curves were "smooth". The coefficients are given in 
Table 6. 

Although the coefficients for the 3-21G torsional potential 
curve ~ i ~ u l a t i o n  are given, they are probably only useful for 
reproducing the computed data since they reflect the unrealistic 
cis-trans energy difference (nearly zero) predicted by the 
basis. Also, because of this near zero energy difference, with 
the maximum very near the perpendicular position, a second 
solution with negative V, and positive V 3  and V5 (but nearly 
identical absolute values of the V;) exists. The first three terms 
of the expansion are the most important, as has been observed 
previously by Carreira (24) for the series derived to fit the 
Raman torsional overtone spectrum of acrolein. The V ,  term in 
the STO-3G series is very small compared to that in the 6-3 IG* 
series. Except for the high V2 value in the 6-31G* simulation 
(which essentially reflects the trans-cis barrier) there is fairly 

almost equal. Further, in 1,3-butadiene the net charges on H8 good agreement-between the Vi from the simulation of the 
(and on H7) are almost equal in the cis and trans conformers 6-31G* optimal curve and the values obtained by Carreira. 
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TABLE 7. Dipole moments for acrolein structures (D) 

Source p(cis) P(TS) p( trans) 

STO-3G" 1.68 1.70 1.94 
3-21G" 2.88 2.99 3.47 
3 - 2 1 ~ * * ~  2.58 2.65 3.13 
6-3lG"" 2.92 2.95 3.51 
6-31G**' 2.92 2.95 3.51 
~icrowave" 2.552 - 3.117 
Microwave' - - 3.11 

"Computed with the optimized geometry w ~ t h  the same 
basis set. 

"From the 3-21G8*//3-21G computation. 
'From the 6-3 1G**//6-3 IG* computation 
"From ref. 10. 
'From ref. 34, calculated from p, = 3.06 ? 0.04 and p,, = 

0.54 + 0.14 D. 

The values of V:" which is given by eq. [2] (see ref. 32), 
,I 

[2] V* = i2Vi 
i=  l 

are also given in Table 6. Those derived from the a b  initio 
torsional potential curves are higher than the "experimental" 
ones. Once again the largest deviations are observed where the 
barrier to rotation was predicted to be the highest. 

Dipole moments 
The dipole moments computed in the present study are given 

in Table 7 for comparison with those available in the literature. 
For all of the basis sets used in this study, the dipole moment 

of cis acrolein is computed to be smaller than that for the trans 
conformation. The STO-3G values are too small, being 62 and 
66% of the experimental values of the dipole moments for the 
trans  trans)) and cis  cis)) acrolein rotamers. This is very 
similar to the results obtained with the STO-3G basis set for the 
optimized CPCA structures where the computed  trans) and 
 cis) values are 60 and 64%, respectively, of the experi- 
mental values. The 3-21G**//3-21G computations give dipole 
moments which are very close to the experimental ones. For the 
3-21G, 6-3 IG*, and 6-3 1G*'"/6-3 lG'b computations, re- 
markably constant values of ~ ( t r o n s )  and p(cis) are obtained. 
Whereas the 3-21G and 6-31GZF computed values of the dipole 
moments for trans and cis CPCA were about 6-8% larger than 
the experimental ones (2), the differences observed for acrolein 
are slightly larger, being from I I to 15%. This agreement is 
still quite satisfactory. 

Conclusions 
The geometry optimizations at the STO-3G, 3-21G, and 

6-3 IG* basis set levels all predict a two-well torsional potential 
for acrolein with stable cis and trans rotamers, in agreement 
with experiment. Only the computations with the extended 
6-31G* and 6-3 1G** basis sets yield satisfactory relative ener- 
gies for these stable structures, however. The smaller basis sets 
used (STO-3G, 3-21G, 3-21G**, and 4-31G) all lead to 
cis-trans energy differences which are too small. As observed 
previously for CPCA (2) and 1,3-butadiene (4), the relative 
energies of the acrolein structures depend more on the basis 
set used for the computations than on that used for the 
optimizations. 

The STO-3G optimized single and double bond lengths are 
all longer and shorter, respectively, than those obtained with 

the 3-21G and 6-3 lG* optimizations. The optimized values for 
LH7C3C2 are smaller in cis- than in trans-acrolein, in agree- 
ment with experiment. This decrease in LH7C3C2, as well as 
an observed increase in the C3-H7 bond length, in cis- com- 
pared to trans-acrolein, have been interpreted as reflecting an 
attraction between H7 and the oxygen atom in the cis- 
conformer (10). The 3-21G and 6-31G* optimizations predict 
the C3-H7 bond to be shorter in the cis-acrolein conformer, 
however, in apparent disagreement with experiment. Hydrogen 
bonding in the cis confornler may nevertheless be reflected by 
the computed net charges (3 1): the computed net charge on H7 
is lower and higher than that on H8 in trans- and cis-acrolein, 
respectively. 

As previously observed for CPCA (2), STO-3G values for 
the dipole moments of the acrolein rotamers are too small 
(about 65% of the observed ones). Those computed with the 
larger basis sets are quite satisfactory, however, all being with- 
in 15% of the experimental ones. 
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Un probleme toujours d'actualite: trois electrons - trois centres 

G. BERTHIER 
Laboratoire de Biochimie Thiorique, (L.A. no 77), Institur de Biologie Physico-Chimique, 

I3, rue Pierre et Marie Curie, F-75005 Paris, France 

Cet article est didii au Professeur Camille Sandor- a l'occasion de son 65" anniversaire 

G. BERTHIER. Can. J .  Chem. 63, 1681 (1985). 
On discute l ' t ta t  prtsent  des calculs thtoriques sur les radicaux libres en  prenant I'allyle comme point d e  repkre. La nature 

des produits atomiques d e  dissociation contenus dans une fonction d'onde en  forme d e  dtterminant adaptte a la symttr ie  fournit 
un critkre heuristique utile en  cas de brisure d e  symttrie. 

G. BERTHIER. Can.  J. Chem. 63, 1681 (1985). 
T h e  present status of theoretical calculations on free radicals is discussed, taking ally1 as a benchmark. T h e  nature of the 

atomic dissociation products included in a symmetry-adapted determinantal wave function gives a useful, heuristic criterion 
for  symmetry-breaking cases. 

Depuis quarante ans environ, l'ttude de la rtpartition de trois 
electrons entre trois atomes munis chacun d'une orbitale (au 
moins) est un thkme rtcurrent en chimie thtorique. Le radical 
allyle CH,CHCH,, avec ses trois carbones porteurs d'tlectrons 
IT, constitue l'archttype des systkmes de ce genre, aussi bien 
dans les applications classiques de la thtorie de Huckel ou celle 
de la mtsomtrie aux hydrocarbures conjuguts (voir p. ex. 1-6) 
que dans le dtveloppement ulttrieur de mtthodes de calcul plus 
explicites. 

L'allyle a servi d'exemple lors de la mise au point de trai- 
tements thtoriques pour les systkmes a couches tlectroniques 
incomplktes comme les radicaux libres ou les biradicaux. I1 en 
a t t t  ainsi pour les deux variantes possibles de la mtthode du 
champ self-consistant dans l'approximation LCAO-MO, celle 
dite "UHF, sans contrainte de spin S2 (7-9), et celle dite 
"RHF", qui conserve la notion intuitive d'orbitales moltcu- 
laires dioccuptes, puis mono-occuptes pour les tlectrons non 
apparits (10, 1 1). I1 en est de m&me de la mtthode d'interaction 
de configuration, soit sous sa forme initiale (12), soit dans la 
version "atomes dans les moltcules" (13). La mtthode des 
orbitales moltculaires alternantes, ou l'on rtalise une inte- 
raction de configuration de forme prtdeterminte a partir de 
spinorbitales de type UHF(14) a t t t  aussi Cprouvte sur l'exem- 
ple du systkme IT de l'allyle (15). 

Les travaux prtctdents ont eu, dans le domaine des struc- 
tures moltculaires, des constquences qui dtpassent l'inttr&t 
chimique d'un tel systkme: ils ont servi a illustrer la notion de 
densitt de spin ntgative, dont la prtsence sur certains atomes 
joue un grand r61e en rtsonance paramagnttique tlectronique 
(1 6- 18) et en diffraction des neutrons polarists (19). Enfin, les 
configurations excittes dues au saut d'un tlectron IT vers I'or- 
bitale moltculaire non-liante ou vers I'orbitale anti-liante du 
systkme allyle (20, 21) foment la base de l'interprttation des 
transitions doublet-doublet caracttristiques des radicaux libres 
non-saturts (voir 22-25 et rtftrences jointes). 

Au cours de la dernikre dtcennie, le systkme a trois tlectrons 
rtapparait comme exemple-type, en thtorie du champ self- 
consistant de difficultts dues d'tventuelles brisures de sy- 
mttrie durant la rCsolution des equations de Hartree-Fock (26). 
En gtntral, celles-ci sont dues au fait que les contraintes de 
symttrie d'espace et de spin impostes aux fonctions d'onde, 
solutions du problkme RHF h une particule ne sont - selon la 
reformulation du thtorkme de DelbNck (27) donnte par Ripka 
(28) - que des proprittts de self-consistance; cela n'exclut 
nullement la possibilitt de solutions moins restrictives dans 

TABLEAU 1.  Exemples d e  fonctions d'onde a symt-  
trie bris te  dans des systkmes d e  formule g tn t ra le  A3 

ou ABA (calculs ab initio) 

Etat 
spectroscopique Nature Rtftrences 

H3 
L i 0 2  
NO2 
C 0 2  
HCOz 
NCN 
Allyle 
Na3 
Cu3 
Ag3 

Voir texte u 
'A  T 

2 ~ 1 ,  u 
3 ~ 2  

'A  2 'n 

'C, 'n.r 'n> 

2A 1 'n 

' A , ,  'B2 u 
' A ,  u 
?A, u 

* Calculs inkdits: HCOz (Y. Ellinger et A. D. McLean); 
NCN (G. Berthier et L. Kurdi); C u  et Ag, (G. Berthier, I. 
Dangeard et Tao Yuan Qi). 

certains cas, mais qu'il convient de purifier de leurs com- 
posantes d'espace ou de spin indtsirables, d'ou le dilemne de 
symttrie de Lowdin (29). Parmi toutes les formes d'extremums 
locaux possibles (pour un exemple simple, voir la ref. 30), on 
dit, selon Thouless (3 1) qu'une fonction Hartree-Fock est 
instable si la dtrivee seconde de l'tnergie totale E par rapport 

certaines orbitales est ntgative au lieu dl&tre dtfinie, positive. 
Ces caracttristiques de la thtorie du champ self-consistant, 
d'abord reconnues en physique des noyaux (32), sont mainte- 
nant bien comprises en physique atomique (33, 34) et moltcu- 
laire (35-40 et rtftrences jointes). 

Un examen des fonctions d'onde moltculaires non-DelbNck 
qui ont t t t  signaltes dans la litttrature (voir la rtf. 41) montre 
que beaucoup des composts rtpertorits peuvent &tre assimilts 
a des systkmes 5 trois tlectrons - trois centres. La liste de 
rtsultats prtsentte dans le tableau 1 comporte des types chimi- 
ques varits dans des ttats doublets et triplets, fondamentaux 
ou excites. Selon la terminologie usitte en chimie organique 
(42-44), il s'agit aussi bien de radicaux a que IT, l'tlectron 
non-apparit occupant dans la configuration de rtftrence soit 
une orbitale de composantes atomiques s ou o symttriques, soit 
une orbitale de composantes IT antisymttriques par rapport au 
plan des trois centres. 

Les proprittts d'instabilitt des orbitales moltculaires de type 
Huckel trouvtes par Paldus et Ciiek (37) dans l'allyle sub- 
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sistent quel que soit le niveau de I'approxirnation LCAO-MO 
utilide, et pour une garnrne tres Ctendue de longueurs et angles 
de liaison: calculs avec davantage dlClectrons de valence ou 
calculs cornplets en base minirnale (45, 46), calculs en base 
Ctendue allant de distances internuclkaires tres grandes a la 
conformation d'equilibre (47, 48). Par rapport a un systerne 
d'orbitales adapte 5 la symetrie Cz,, d'un squelette nucleaire a 
liaisons CC tgales, on y constate que la perte de I'opCration a: 
(plan perpendiculaire au motif CICzC,) dans la fonction d'onde 
Clectronique entraine un abaissement dlCnergie qui s'amplifie 
quand on permet aux noyaux de suivre la brisure de syrnetrie 
du nuage Clectronique. I1 s'agit en quelque sorte de "suivisrne 
nucleaire",' qu'on peut interpreter comme une pseudo- 
distorsion de Jahn-Teller (49), aboutissant a la formation 
d'une structure de Lewis localisee, avec une double liaison 
entre les deux carbones de gauche et un Clectron non-apparit a 
droite, ou vice-versa.La tendance gCnCrale des systemes d'elec- 
trons .rr 5 se localiser sous I'effet des brisures de symetrie (50) 
est tout a fait verifiCe par l'allyle. I1 en rCsulte aussi que la 
surface d'Cnergie obtenue a partir d'orbitales molCculaires cor- 
respondant a des solutions instables qui restent adaptCes a la 
symktrie nuclCaire presente une discontinuite au passage du 
groupe ponctuel C,, (liaisons CC egales) au groupe C, (liaisons 
CC diffkrentes), et que celle obtenue avec les solutions stables 
a syrnttrie briste a un caractere non-analytique dans la rnCrne 
region (38). D'autres causes d'instabilitt que la contrainte de 
symCtrie a: peuvent Ctre etudiCes concurremment ou indtpen- 
damment, telle l'hypothese de la double occupation des or- 
bitales rnolCculaires, dont la levCe conduit a une fonction d'on- 
de UHF non-exactement doublet, ou la symCtrie d'alternance 
PPP des hydrocarbures conjuguCs (40, 51). 

Les brisures de symetrie signalees pour les autres radicaux a 
trois centres proviennent g~n~ralernent  aussi d'une perte de 
syrnktrie gauche-droite, qu'il reste B concilier avec les re- 
sultats expCrimentaux. Le cas du trihydrogene H3, ou l'on peut 
dire que la perte de syrnCtrie obtenue dans les calculs 
Hartree-Fock prefigure l'etat normal du systeme: une mole- 
cule Hz like a un atorne H par interaction de van der Waals (52, 
53) est particulier. Une solution souvent adoptCe (54-57) con- 
siste 2 effectuer une interaction de configuration avec les or- 
bitales rnoleculaires de la symCtrie la plus basse; rnais en raison 
de possibles defauts d'analyticite on devrait, pour tenir cornpte 
coiectement de la corrClation electronique, Climiner les com- 
posantes de symttrie indesirables des solutions sans contraintes 
des Cquations de Hartree-Fock avant le calcul variationnel 
lui-mime, ce qui revient a un traitement de champ self- 
consistant multi-configurationnel (38). Dans le cas du radical 
allyle, il s'avere qu'un calcul MC-SCF direct a l'inttrieur du 
sous-systeme .rr, suivi d'une interaction de configuration rnet- 
tant en jeu les mono- et diexcitations, reproduit correctement 
les propriCtCs de symCtrie C2,, des donntes expCrimentales (58). 
Une autre resource est l'interaction de "rCsonance" entre struc- 
tures dCformCes gauche-droite et droite-gauche Cquivalentes 
(55, 59; voir aussi la ref. 60). 

De tous les travaux pr6cCdents se dCgage la ntcessitt d'avoir 
clairement notion des brisures de symCtrie susceptibles de se 
manifester dans les calculs de surfaces d'energie. Une Ctude 

' L'cxpression "suivisme nuclkairc" cst une transposition pour le cas 
des noyaux du terme "orbital following". Dans le cas des molCculcs 
A, ayant la formc d'un triangle CquilatCral et ou il existe un niveau 
monoelectroniquc doublement dCgCnCrC, occupt par un seul Clectron, 
la distorsion D3,, -. C?,. est un vkritable effet Jahn-Teller. 

TABLEAU 2. Poids en % des structures ioniques ct covalentes du sys- 
teme a trois Clectrons - trois centres 

- 

C-A' - A-C' 25 C-A" - A-C" 16,66 A-C' 25 
B-A' - B-C' 25 B-A" - B-C" 33,33 B-C' 25 
A-B' - C-B' 12,5 A-Be - C-B" 8,33 (A - B) C' 50 
A'B'C' 37,5 A Q ~ C "  - ~ " B " C v , 3 3  

A -BT"  33,33 

* Orbitales de Huckel. L'expression detaillie des structures indiquies se 
trouve dans la ref. 13; A'B'C' est I'une des fonctions doublets possibles pour 
le probltrne a trois spins (ici A"BmCP - 2 ~ " B v  + A'B"C"). 

torbitales de Hickel avec A = fi et = 1. 

rigoureuse du problerne, basCe par exemple sur le signe des 
valeurs propres des matrices d'instabilitk (35-39) est souvent 
longue et coiteuse, et l'analyse de la fragmentation de la molt- 
cule considCree en fragments plus petits peut donner certains 
renseignements (48). Heureusement, une comparaison des pro- 
duits de dissociation atomiques contenus dans les configu- 
rations avec differents types d'orbitales quand les distances 
internucltaires deviennent infiniment grandes, fournit rapide- 
rnent une idCe de la situation. Le critere proposC ici &tend aux 
cornposCs a trois electrons et plus l'explication bien connue 
selon laquelle un dkterminant construit a partir d'une orbitale 
moltculaire doublernent occupCe de symCtrie a: ne reprCsente 
pas correctement la m o l ~ c u l e ~ ~ ~  parce qu'il contient une con- 
tribution trop forte de structures ioniques, tandis qu'un dCter- 
rninant forme de deux spinorbitales purement atomiques a un 
bon cornportement asymbtotique; ceGe situation derneure pour 
des molecules diatorniques plus cornpliquCes (61, 62). 

Le tableau 2 donne pour trois centres A, B, C le resultat d'un 
dCveloppement tout a fait analogue au calcul classique men- 
tionne plus haut pour le systeme AB avec deux fonctions de 
base X, et xb. Dans la premiere colonne sont indiquts les poids 
des formules ioniaues et covalente contenues dans determinant 
de la forrne IJJsymlad. = I + I a + I ~ + Z ~ ~ ,  0" + I  et +2 sont des 
orbitales mol&culaires de type Hiickel adapttes a la symCtrie 
C2,. (+,: xa + fi xb + x,; 4 ~ ~ :  x;, - x,). Les coefficients de ces 
fonctions se trouvent dans des publications antkrieures (13, 
40). La troisieme colonne contient les resultats correspondants 
pour le determinant I J J , ~ ~ . ~ ~ . ,  ou et +? sont des orbitales de  
syrnttrie C,c, 1ocalisCes l'une entre A et B, l'autre sur C (+I = 
xa + xb; +?. = x,). On voit immkdiaternent que pour des dis- 
tances internucliaires tres grandes le dCterminant 5 syrnetrie 
briste I J J ~ ~ ~ . ~ ~ .  doit fournir "ne tnergie plus basse, puisque le 
poids des structures ioniques y est moins fort (50% au lieu de 
6 2 3 %  dans IJJ,~,,,~.). Le mCrne Ctat de choses subsiste quand on 
passe d'une description RHF a symktrie d'espace et de spin 
adaptke 5 une description UHF a symttrie d'espace seulement, 
c'est a dire si l'on prend IJJSym,,,, (UHF) = a+2 P+,al ou +, 
et +2  sont des orbitales de Hiickel diffkrentes (17, 63) selon le 
spin de 1'Clectron consider6 (+,: X, + A x b  + x,; $2: X, + p.xb 
+ x,; +?: X, - xc avec A > p. = 1). On trouve encore que le 
poids des structures ioniques dans le determinant UHF reste 
preponderant: 58,3396 dans le cas p. = 1. I1 apparait tres net- 
ternent ici I'importance de 1'opCration a:. du groupe C2,, cornme 
contrainte d'espace effective pour les systemes 2 trois electrons 
- trois centres.-on notera aue le caractere a ou T Cventuel des 
orbitales atorniques x n'intemient pas dans ce rCsultat; en outre, 
on constate que les systemes 5 trois centres avec deux ou quatre 
electrons ne donnent aucun signe de brisure de symCtrie dans 
leurs produits de dissociation atomiques. 
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L'examen des produits d e  dissociation ne saurait pourtant 
rernplacer une analyse dttaillCe d e  I'origine des brisures d e  
symetrie, comme l'indique le cas d e  la molCcule Hz elle-m&me 
ou un determinant RHF donne une description acceptable 
quand on se rapproche d e  la distance intemucltaire d'tquilibre. 
C'est seulement un critkre heuristique commode qu'on peut 
sans doute gtneraliser a davantage d'Clectrons. Ainsi, si l'on 
prend comme modkle d'un biradical triplet dans I'ttat fon- 
darnental le systkme d'tlectrons .rr du trimtthylknemtthane 
(CH2)3 C (64), on trouve que le dCterminant construit a I'aide 
d'orbitales d e  Hiickel adaptees a la syrnCtrie D3,, avec deux 
Clectrons sur la premikre et un electron sur la seconde et la 
troisikme contient 66,66% d e  structures ioniques, contre 50% 
dans le cas d'une description IocalisCe de symCtrie C2,, avec 
deux electrons formant liaison avec I'atome central A et un 
atome terminal B et deux electrons non apparies sur les deux 
autres atomes C ,  D. On pourrait traiter des systkmes plus com- 
pliquts en utilisant un algorithrne d e  calcul sur ordinateur qui 
a t t t  recemment developpe pour extraire les formules d e  va- 
lence contenues dans un dCterminant d e  Slater (65, 66), et 
m&me Ctudier des situations multi-configurationnelles en pro- 
fitant du fait que les programmes du genre ZDO avec inte- 
raction d e  configuration conviennent trks bien pour les grandes 
distances interatomiques. 
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La mbcanique de la liaison hydrogene: resultats de spectroscopie infrarouge 

Y. MARECHAL' 

Centre &Etudes Nucle'aires de Grenoble, De'parternent de Recherches Fondamentales, 85X, F 38041 Grenoble Cedex, France 

R e ~ u  le 6 aoct 1984 
Cet article est de'dit au Professeur Camille Sandorfj, a l'occnsion de son 65" anniversaire 

Y. MARECHAL. Can. J .  Chem. 63, 1684 (1985). 
Nous passons en revue la mecanique de la liaison hydrogkne telle que nous la connaissons par la spectroscopie ir. Nous 

montrons comment traiter les differents couplages anharmoniques des vibrations v, (x-H . . . Y) de facon i Climiner les 
ClCments parasites des spectres ir et de facon 5 ne garder que les Cltments susceptibles de donner des informations sur la 
dynamique de la liaison hydrogkne, telle que sa capacite de transfkrer des protons ou son mecanisme de rupture, qui sont des 
processus encore trks ma1 connus. Nous dCcrivons aussi les possibilitCs de la spectroscopie vibrationnelle pour acquCrir des 
informations sur ces mecanismes, qui peuvent avoir un r61e important en biologie. 

Y. MARECHAL. Can. J .  Chem. 63, 1684 (1985). 
We review the mechanics of H-bonds as revealed by ir spectroscopy and show how the various (strong) anharmonic 

couplings of the v, vibrations (x-fi . . . Y) of H-bonds may be treated so as to eliminate the irrelevant features of the spectra 
and keep only those features which may give information on the still unknown dynamical quantities of the H-bonds, such as 
the transfer of protons through H-bonds or the mechanism of rupture of H-bonds. We also describe the possibilities offered 
by vibrational spectroscopy for studying these dynamical quantities, which may be important in biology. 

La spectroscopie ir de la liaison hydrogene (LH) est un 
domaine de recherche ou le Professeur C. Sandorfy a eu une 
contribution des plus Cminentes. I1 s'agit d'un domaine qui a 
connu pendant $us de deux decades un dCveloppement im- 
portant, qui semble avoir cumule vers les annees 1980, et qui 
apparait, en 1985, comme un sujet en plein mutation. I1 peut 
donc Etre judicieux de saisir cette occasion du 65" anniversaire 
du Pr. C. Sandorfy pour faire le point de nos connaissances sur 
la mCcanique de la LH telle que la spectroscopie ir nous l'a 
rtvelte, et pour preciser les perspectives de recherche dans ce 
domaine, telles qu'elles appara1ssent aujourd'hui. Mais tout 
d'abord nous allons rapidement Cvoquer comment ce sujet s'est 
rCvele dans les annCes 1955 - 1960. 

Ce domaine de recherche sur la LH est apparu, il y a quel- 
ques 25 annCes (1) comme un domaine d'importance fon- 
damentale pour comprendre la physique de nombreux mC- 
canismes moltculaires. La LH est en effet une liaison dont 
l'tnergie de formation est de quelques kT a l'ambiante, ce qui 
la distingue d'une liaison de valence ou d'une liaison de van der 
Waals. Cela lui donne une importance particulikre dans les 
innombrables rtactions se passant a la temptrature ambiante, et 
en particulier les rCactions aqueuses. Elle intervient aussi bien 
dans les domaines de la science des mattriaux (les polymkres 
en particulier) qu'en biologie ou elle est vraiment la liaison- 
reine. C'est elle qui donne a un liquide aussi courant 
et rCpandu que I'eau ses propriCtts physiques, chimiques et 
biologiques exceptionnelles. 

On peut dCtecter et ttudier cette LH essentiellement par des 
mCthodes de spectroscopie vibrationnelle (ir, ir lointain, 
Raman, neutrons intlastiques . . .) et de rmn. Cependant, parmi 
ces mtthodes, l'ir tient une place a part car elle pr~sente une 
propriCtt frappante (2) que l'on retrouve dans toutes les 
LH X-H . . Y: la bande d'tlongation de l'hydrogkne v, (X- 
fi . . . Y) a une intensit6 particulikrement grandel 1 a 2 ordres 
de grandeur plus intense que la raie vxPtl (X-H) correspon- 
dante du composC X-H sans LH); de plus elle est large, struc- 
turte et dtcalCe vers les basses frkquences. Un exemple en est 
donnC dans le spectre de l'acide acktique en phase vapeur de la 

FIG. 1 .  Spectre ir de I'acide acCtique en phase gazeuse i 300 K. La 
quantite de monomkres et de dimkres est tquivalente. 

fig. 1 oh les quantitCs de monomkres sans LH, CH,COOH 
et de dimkres cycliques liCs par LH, (CH,COOH), sont 
Cquivalentes. Ces traits particuliers que l'on retrouve dans la 
fig. 1 sont caractkristiques de la LH. 

I1 est trks vite apparu qu'il serait trks utile de connaitre 
l'origine de ces traits caractkristiques pour pouvoir tirer du 
spectre ir de  la liaison hydrogene des informations prCcises sur 
la nature de cette liaison. Au congrks de Ljubljana (1957), une 
premikre rCponse Ctait donnCe a ce problkme,' avec la sug- 
gestion que la largeur et la structure particulikres de v, Ctaient 
dues ?i deux forts couplages anharmoniques: le premier couple 
v, avec les vibrations basse frCquence (50-200 cm-')  de la LH 

H. 
(du type 2-fi . . . ? ou X' t ' .Y) et le second couple v, 

'S. Bratos et D. Hadzi, dans la ref. 1 ;  N. Sheppard, aussi dans la 
rCf. 1 .  
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avec des niveaux de vibrations non accessibles optiquernent et 
tornbant en quasi-resonance avec v,. Ce dernier type de cou- 
plage de resonance est connu sous la dknornination de 
"rCsonances de Ferrni". La responsabilite relative de ces deux 
couplages dans la forrne, I'intensite et la position (en fre- 
quence) de v, a CtC tres longue 2 determiner et a suscitk de tres 
nornbreuses controverses. Celles-ci n'ont rCellement pris fin 
qu'avec l'apparition de rnethodes quantitatives perrnettant de 
sCparer ces deux effets d'une rnaniere prCcise. La rnise au point 
de ces rnCthodes a en fait exigC de nornbreuses expCriences et 
analyses thCoriques qui se sont poursuivies jusque vers les 
annees 1980. Si cela a pris tant de temps, c'est parce que ces 
deux couplages anharrnoniques sont en general tous les deux 
irnportants et de grandeur comparable (3-5) ce qui n'est 
apparu que lorsqu'on a pu les rnesurer. 

Nous allons dCcrire dans le prochain paragraphe le principe 
de ces approches quantitatives qui perrnettent de separer ces 
deux effets, de les rnesurer, et finalernent d'klirniner du spectre 
ir de la LH les effets parasites, ce qui permet de ne garder que 
les informations susceptibles d'Ctre utiliskes pour cornprendre 
le r61e que joue la LH la temperature arnbiante. Avant 
d'aborder ce paragraphe, notons cependant, que la spectros- 
copie ir de la LH, avec la puissance potentielle qui est la 
sienne, n'a pas attendu l'apparition de ces mCthodes pour four- 
nir de precieux renseignernents sur la LH. C'est ainsi que des 
correlations entre le centre de gravitC de la bande v, et la 
distance X . . . Y dans la liaison X-H . . . Y ont CtC publikes 
(2). Elles permettent, apres une simple mesure ir, d'estirner la 
longueur d'une LH, Cvitant ainsi tout le lourd travail d'analyse 
d'une structure par rayons X ou neutrons. Ce type de cor- 
relation a etk forternent dCvelopp6 et raffink par A. Novak (6). 
De rnCrne, le Pr. C. Sandorfy et sa collaboratrice di Paolo (7) 
ont t-ils pu utiliser avec succes la presence de cette bande 
intense pour correler la force anesthksiante des fluorocarbones 
5 leur pouvoir de casser les LH, ce qui donne un point du vue 
intkressant sur le rnkcanisrne de llanesthCsie. 

Analyse de la bande v, 
La premiere des caracteristiques frappantes de v, est sa trks 

forte intensitk, qui rend la spectroscopie ir si sensible a la LH. 
Cette intensite est due au deplacernent des Clectrons netternent 
diffkrent dans X-H . . . Y que dans X-H lorsqu'on allonge 
la distance X-H. L'origine physique de cette proprietC n'est 
pas encore cornpleternent claire, bien que des explications aient 
CtC avancees (8). 11 faut dire que peu de resultats expkrirnentaux 
concernant les intensites des bandes v, ont kt6 publies. Ceci 
tient a la difficulte rencontree pour rnesurer des valeurs abso- 
lues d'intensitCs spectrales. Parrni les rares rksultats expCri- 
rnentaux, signalons cependant ceux concernant les intensitCs 
relatives P,;/P,p des bandes v, pour les liaisons X-H . . . Y et 
X-D . . . Y correspondantes. Dans les dirneres cycliques liCs 
par LH, ce rapport prend une valeur anorrnalernent grande (9), 
qui a Cte expliquke par la prCsence d'une forte anharrnonicite 
Clectrique. Ce type d'anharrnonicite sernble Ctre lui aussi gCnC- 
ral dans les LH (lo),  rnais cela n'explique pas pourquoi cette 
valeur anorrnalernent grande n'a kt6 trouvee que dans les 
dirneres cycliques (1 1). 

Parrni les autres effets rnarquants caracterisant v,, le de- 
placement important de son centre de gravitC vers les basses 
frequences dernande certainernent aussi la connaissance precise 
de la structure electronique de la LH, bien qu'une theorie 
purernent vibrationnelle (12) ait aussi perrnis d'en donner une 
explication satisfaisante. Les autres proprietks rnarquantes de v, 

peuvent s'expliquer par la prCsence des deux couplages an- 
harmoniques dont nous avons par16 prCcCdernrnent. Nous 
allons dCcrire leurs effets plus en detail. 

Coi~plage v, - vibrations basse fre'quence de la LH 
11 s'agit, cornme nous allons le voir, du couplage le plus 

intkressant en soi. I1 a pu Ctre Ctudie sur de (rares) systkrnes ou 
il est le seul couplage existant (13). On peut representer tres 
sirnplernent ce type de couplage en supposant que le potentiel 
correspondant a v, est un potentiel harmonique dont la fie- 
quence o est rnodulCe par l'une des vibrations basse frequence 

,He. 
de la LH (2-3. . . ? ou X -Y)  (9, 14, 16). Cette sup- 
position est la plus simple et sernble realiste quand I'on sait que 
si la transition 0 -+ 1 en v, est tres intense, les transitions 0 + 
n ,  elles, sont tres faibles.-' Dans le cas des LH fortes, 
cependant, cette supposition est rnoins exacte, et il peut Ctre 
nCcessaire (17) de considerer un potentiel anharrnonique pour 
v,, dont les constantes sont rnodulees par ces vibrations basse 
frequence. Pour une liaison faible ou intermediaire, si l'on 
dCsigne par q la coordonnCe reprksentant la vibration v, et par 
Q un des modes basse frCquence de la LH, le potentiel V(q, Q )  
pour ces deux oscillateurs sera donc de la forrne: 

1 1 [ I ]  V(q, Q)  = r n ~ ' ( Q ) ~ '  + Mf12Q' 

rn = rnasse du proton et M = rnasse rkduite de l'oscillateur Q. 
Les fonctions d'onde +(q,  Q)  correspondant a un tel potentiel 
seront tres bien approchees par les fonctions d'onde 
adiabatique du type (14, 18): 

ou +,,(q, Q)  est la n-erne fonction d'onde (n = 0, I) dkcrivant 
la vibration v, et a; ,(Q) une fonction d'onde du vibrateur Q. 
Cette approximation se justifie par le fait que la frCquence o est 
de I'ordre de 3000 crn-' alors que fl est de I'ordre de 150 crn-'. 
On a donc un rapport entre ces frequences aussi favorable que 
dans la separation electrons-noyaux oh cette approximation 
est une approximation de base. Elle revient a considerer que la 
vibration de l'hydrogene est suffisarnrnent rapide pour pouvoir 
s'adapter irnmkdiaternent a toute nouvelle valeur de Q. 
L'oscillateur Q de son c6t6, est suffisamrnent lent pour ne voir 
que I'effet moyen de la vibration v,, si bien que son potentiel 
effectif W,,(Q), qui depend du degre d'excitation n de v, est: 

Dans le case du couplage electrons-noyaux, une telle situation 
donne lieu ?i des spectres du type "Franck-Condon", et c'est 
effectivernent ce qu'il advient dans notre cas, lorsque ce cou- 
plage est le seul en jeu (19). 

Avec un tel potentiel, on peut facilernent montrer que le 
centre de gravite 6 de la bande v, ainsi que sa largeur quadra- 
tique rnoyenne u s'ecrivent: 

'C. Sandorfy dans la rCf. 15, chap. 13. 
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ou signifie que l'on prend la moyenne sur tous les Ctats Q 
dont la population depend de la temperature (selon une loi de 
Boltzmann par exemple) et que la dependance de o en Q est 
approchCe par un developpement en puissances de Q. 

L'Cquation [4] est intkressante, car elle est valable mCme en 
prCsence de rtsonances de Fermi, et elle permet de comprendre 
la dCrive de i;, avec la temperature. Celle-ci est tres gCnCrale 
pour la LH et, a notre connaissance, toujours dans le mCme 
sens: lorsque la temperature augmente, i;, augmente. Deux 
types d'explications en ont CtC donnks: la premiere (20) fait 
jouer un r6le particulier a la quantitC (Q)Q, qui represente alors 
la valeur moyenne de la longueur X .  . . Y, quantite qui croit 
certainement avec la tempCrature (dilat_ation+therr@que). Q est 
donc la coordonnee de la vibration v ,  (X-H . . . Y). . Dans ce 
cas, on s'attend a ce que dG/dT soit positif, car d o ( Q ) / d Q  
l'est certainement (plus la longueur moyenne X . . . Y est 
grande, plus i;, est grand (6)). La deuxieme explication (21) 
suppose que I'effet de tempCrature sur 6 vient du dernier 
membre de l'tq. [4]. La quantitC ( (Q - (Q)Q)')Q reprisente le 
carrC de l'amplitude de vibration de la vibration Q qui aug- 
mente avec la temperature (comme l/tanh fiR/2kT) pour un 
potentiel harmonique). Pour que di;,/dT soit positif, il faut 
donc que d20/dQ'soit aussi positif, ce qui oblige a considCrer 
que Q est alors la coordonnee de la vibration de torsion . H. 
(x' ' . Y). En effet, d'aprks les courbes de Novak (6), un 
d20(Q)/dQ'  positif est tres improbable pour la vibration v,. 
Nous avons test6 ces deux hypotheses quantitativement (3, 4) 
pour les cristaux d'imidazole et d'acide adipique et en avons 
deduit que seule la deuxieme explication est realiste dans ces 
cas 18: entre 77 K et 300 K la dilatation (Q)Q de la distance 
X . . . Y telle qu'elle est mesurCe aux neutrons ou rayons X 
n'est pas du tout suffisante pour expliquer cette d6rive di;,/dT 
(4, 22). C'est un resultat interessant, car il permet de decrire 
avec precision la sensibilitC thermique de certaines propriCtCs 
de la LH, ce qui peut avoir un impact non nkgligeable en 
biologie. De plus il met en lumiere le r61e des vibrations basse . . 
frCquence de torsion (X/H ' .+Y) de la LH. Ces vibrations ont 
peut-Ctre un r61e plus important qu'on ne le croit d'ordinaire, 
en particulier dans le processus de rupture de la LH, qui peut 
Ctre lui aussi tres important en biologie. 

L'tquation [5] traduit le fait que la largeur u de la bande v, 
pour ce processus depend fortement de la temperature. Elle 
permet aussi d'expliquer pourquoi la bande v, de la liaison 
X-D . . . Y est plus Ctroite que celle de la liaison X-H . . . Y. 

Re'sonances de Ferrni 
I1 s'agit d'un processus d'intkraction entre le premier niveau 

excite de v, et un niveau non accessible optiquement, qui sera 
en pratique une combinaison binaire de premiers niveaux 
excitCs d'autres vibrations (q,) de la molCcule X-H. Le 
potentiel VF representant une telle interaction sera de la forme: 

[61 V~ = q C F6.S' q6q6' 
6.6' 

Un potentiel dCcrivant un couplage anharmonique de cette 

forme a,  en gCnCral, peu d'effet sur le spectre, sauf pres de la 
rksonance, c'est a dire lorsque I'energie o, + oh, du premier 
niveau excite en 6 et 6' est de l'ordre de grandeur de o .  Dans 
ce cas le potentiel de v, sera 112 rnoIq2, avec o independant 
de Q (resonances de Fermi pures). Si VF = 0, le spectre consis- 
tera en une seule raie d'intensite 1, de frequence o et de largeur 
nulle. Si VF est diffkrent de 0 le spectre se partagera alors en N 
raies (N = nombre de termes effectifs dans le 2 de 1'Cq. [6]) 

6.6' 
dont I'intensitC totale sera encore 1, le centre de gravite w et la 
largeur quadratique moyenne Cgale a UF tel que: 

1 1 1 

6.6' rn608 rn6'06' rno 
ou rns et o6 sont la masse effective et la frequence de vibration 
du mode 6. 

On voit donc clue les rCsonances de Fermi n'ont aucun effet 
sur 1'intensitC et ie centre de gravitC de la bande v,. 11s ont un 
effet sur la largeur de v, mais cette largeur UF a la propriCtC 
d'Ctre independante de la tempkrature. Ceci est dO a ce que ces 
rCsonances n'affectent pas 1'Ctat fondamental de v,, mais 
seulement son premier niveau excite qui est thermiquement 
inaccessible (3000 cm-' = 4500 K). 

Effet de ces deux couplages sirnultanks 
Lorsque ces deux couplages anharmoniques sont prCsents, le 

potentiel correspondant est la somme V(q, Q )  + VF (equations 
[I] et [6]). I1 est alors aisC de montrer que le centre de gravitC 
i;, de v, est toujours donnC par 1'Cq. [4] (les resonances de Fermi 
n'ont aucune influence sur le centre de gravitC) et que la largeur 
quadratique moyenne p de v, est telle que (3, 4,  23): 

ou u' et u?, sont donnCs par les equations [5] et [7]. Dans cette 
Cquation la variation de p avec la temperature vient uniquement 
de celle de u (uF est indCpendant de T). Les variations ther- 
miques du centre de gravite i;, de v, et de sa largeur p ne 
proviennent donc que du couplage de v, avec les vibrations 
basse frCquence de la LH. Cette propriCtC a permis de mesurer 
les grandeurs relatives de ces deux couplages par une analyse 
des variations des spectres de certains corps a LH entre 10 K 
et 300 K (3, 4). Cette analyse a alors montr6 que a tempCrature 
ambiante ces deux couplages ttaient de grandeur com- 
parable, alors qu'a 10 K ,  les risonances de Fermi Ctaient 
~rCdominantes. 

On peut en fait pousser plus loin l'analyse de la forme de raie 
pour la transition 0 4 1 en v, lorsque le potentiel de v, est 
V(q, Q)  + V,. Une premiere approche a ce problkme avait CtC 
dCcrite dans le cas particulier ou la vibration basse frequence Q 
n'est pas dCcrite quantiquement mais peut Ctre traitie dans sa 
limite classique. C'est le cas, par exemple, d'une LH diluee 
dans un liquide sans LH, ou une solution qualitativement satis- 
faisante pour la forme de raie a alors CtC obtenue (24). Le cas 
ou la vibration Q ne peut Ctre considCree dans sa limite clas- 
sique est plus complexe. C'est celui tres gCnCral des gaz ou des 
cristaux a LH. La transition 0 + 1 en v, pour une telle LH 
isolCe est schCmatisee fig. 2: la transilion ir s'effectue a partir 
d'un niveau du potentiel Wo(Q) (eq. [3]) vers un niveau du 
potentiel W,(Q). Les niveaux de ce dernier ne sont cependant 
pas des niveaux propres du systeme de vibrations de la LH car 
ils sont en interaction avec des niveaux (de rbonance) dCfinis 
par les potentiels Wo(Q) + h ( o s  + o S a )  Sur la fig. 2 nous 
n'avons dessinC, pour plus de commoditt, que l'une de ces 
resonances 6,S' .  Ces niveaux de rCsonance ne peuvent pas Ctre 
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FIG. 2. SchCrna de la transition 0 -+ 1 en v,. 
a 

atteints directement par la transition ir. Cependant l'excitation 
cr6Ce par cette transition ir au temps t = 0 en Wl(Q) passera, 
au bout d'un certain temps t sur des niveaux de W,(Q) + 
h(m6 + w6,), puis reviendra sur des niveaux de W, (Q),  etc. . . 
On peut simplifier considkrablement le probleme si on 
remplace l'ensemble des niveaux de Fermi Wo(Q) + 
h ( o s  + 08.) atteints au bout du temps t par un niveau virtue1 . - 

d'knergie Cgale a la moyenne des Cnergies des niveaux atteints 
(niveau -.-.- dans la fig. 2). Cette moyenne est indkpendante du 
temps t .  Pour tout niveau de Fermi dCfini par le couple 6, 6', 
on dCfinit une telle moyenne. Le prix a payer pour une telle 
simplification se retrouve dans une perte de rksolution, qui 
interdit de pouvoir inclure des Clements tres fins du spectre. 
Cela revient a considCrer que I'approxirnation faite en intro- 
duisant cette simplification est une approximation de temps 
court. 

On peut alors dCfinir (23), a partir de la forme s(o) expCri- 
mentale de la bande v, (le spectre expkrimental Ctant propor- 
tionnel a o s ( o ) ) ,  une forme g (o ) ,  qui est la forme "Cpluchke" 
de v,, c'est-a-dire la forme qu'aurait v, si les rksonances de 
Fermi ktaient egales 2 zero. Une relation simple, qui se prEte 
particulierement bien B une computation existe alors entre s et 
g. Nous montrons dans les figures 3 et 4 la forme wg(o)  du 
spectre pour les acides adipiques H et D a diffkrentes tem- 
pCratures, ainsi que le spectre expkrimentale o s ( o )  (les deux 
courbes os (w)  et o g ( o )  sont dessinkes, pour des raisons de 
prksentation deux Cchelles differentes; elles ont mEme in- 
tensitk intCgrCe). Les spectres o g ( o )  pour l'imidazole et les 
acides carboxyliques en phase vapeur seront publiCs pro- 

FIG. 3. Bande v, de rnonocristaux d'acide adipique H a 10 K et 
300 K: spectre expCrimental o.s(o) (en traits plcins -) et spectre 
calculC o. g(w) cn pointill6 . . .) aprks tlirnination des rksonances de 
Ferrni. Les Cchelles pour ces deux spectres sont differentes. 

chainement. Nous voyons que I'Climination des rksonances de 
Fermi simplifie considCrablement les spectres, et qu'il est alors 
beaucoup plus facile d'en tirer des informations sur les 
couplages de v, avec les vibrations basse friquence de la LH. 
Ces couplages sont, comme nous l'avons dejh mentionnC, tres 
intkressants a connaitre en eux-mkmes, car ils sont 2 l'origine 
de la sensibilitk de v, a la tempkrature, et peuvent aussi donner 
des indications sur les processus de rupture de la LH. Par contre 
les rCsonances de Fermi, que nous avons Climinees, appa- 
raissent cornme des effets parasites dans la bande v,: ce sont des 
effets qui ne se retrouvent que dans les niveaux excitCs de v,, 
qui sont thermiquement inaccessibles, et ne peuvent donc pas 
se manifester dans les propriktes de la LH a tempkrature 
ambiante. Ce sont en fait de purs artifices de la spectroscopie 
vibrationnelle. 

Perspective de recherches 
La spectroscopie ir est une technique puissante pour Ctudier 

la LH. Elle a cependant longtemps train6 ce probleme de rCso- 
nances de Fermi, qui ont ernpEchC de l'utiliser a sa pleine 
puissance. Maintenant que l'interprktation des spectres peut 
Etre grandement simplifike par 1'Climination de ces resonances, 
les perspectives de la spectroscopie ir sont tres interessantes, en 
particulier pour Ctudier les propriCtCs dynamiques de la LH, 
telles que son micanisme de rupture, sa capacitC de transfkrer 
des protons, etc. . . De ces mecanismes nous ne connaissons 
que tres peu de choses. Pourtant la rupture d'une LH dans l'eau 
constitue une source d'Cnergie de quelques kT a l'ambiante, qui 
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FIG. 4. Bande v, dc monocristaux d'acide adipiquc D i 10 K et 

300 K: spectre experimental w .s(w) (en traits pleins -) et spectre 
calcult w -  g(w) (en pointillt . . .) aprks tlimination des rtsonances de 
Fermi. Les tchelles pour ces deux spectres sont difftrentes. 

semble capable de se deplacer tres rapidement dans I'eau (25). 
Elle a une Cnergie tres comparable a l'tnergie d'une reaction 
ATP $ ADP. I1 n'est donc pas impossible qu'elle ait de ce fait 
un r61e important dans les mtcanismes bio-tnergttiques. I1 
semble donc extrCmement utile de connaitre en detail les 
mtcanismes de rupture de la LH, leur mode de propagation 
(exciton, soliton, . . ?) et bien stir l'effet de la temperature sur 
ces mtcanismes. De mCme le transfert des protons est certaine- 
ment un mecanisme essentiel dans toutes les reactions 
aqueuses. L'eau est en effet un liquide presentant une densitt 
de LH exceptionnelle (presque un ordre de grandeur plus ClevCe 
que pour les autres liquides a LH tels que methanol, ethanol, 
etc . . .) ou ce transfert peut Ctre particulierement efficace. On 
peut penser que c'est leur difference de capacite transfirer les 
protons ou deuterons qui donne l'eau et a l'eau lourde leur si 
grande difftrence de propriCtCs biologiques. 

Par sa grande densitt de LH, l'eau est cependant un corps 
compliquk 2 Ctudier. De plus elle est pratiquement opaque en 
ir. C'est donc par d'autres techniques spectroscopiques 
(Raman, diffusion Rayleigh (25) ou de neutrons essen- 
tiellement) qu'elle pourra Ctre abordee. Cependant l'ir sera une 
technique trks prtcieuse si l'on veut aborder 1'Ctude de ces 
mecanismes dynamiques dans la LH sur des corps plus simples 
que I'eau qui pourront alors servir de modkles de base pour 
I'eau. Nous pensons en particulier aux dimeres cycliques des 

acides carboxyliques en phase vapeur ou des diacides carbo- 
xyliques en cristaux. Ces systkmes sont d'excellents modkles 
de LH simples, relativement faciles a manipuler, et une ap- 
proche thtorique des mtcanismes de transferts de protons dans 
ces cycles dimtriques a d6ja t t t  proposte (26). 

Par ailleurs une extension de la spectroscopie ir vers l'ir 
lointain semble aussi actuellement pleine d'avenir. Ce type de 
spectroscopie a recemment accompli des progrks marquants 
avec l'apparition de nouveaux dttecteurs plus sensibles et plus 
rapides. Nous avons vu le r61e qui jouent dans le spectre de v, 
les vibrations basse frequence de la LH. La mtcanique de ces 
vibrations basse frtquence, et en particulier leurs couplages 
anharmoniques sont encore tres ma1 connus. Leur connaissance 
precise peut cependant Ctre trks utile pour connaitre le r6le 
exact de la temperature dans tous les systemes 2 LH, biologi- 
ques en particulier. 

Nous voyons ainsi que la spectroscopie ir de la LH, qui a 
constitut un domaine important de recherche jusque vers les 
anntes 1980, a encore de nombreux sujets a etudier, qui con- 
cement essentiellement la dynamique de la LH. On peut penser 
qu'il s'agit en fait d'un domaine nouveau tres riche, qui est 
susceptible de foumir des constantes fondamentales pour la 
biologie ou la science des materiaux. 
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proceeds without any activation energy along the asymmetric 
path. 

Here we report the results of another, higher quality ab initio 
molecular orbital study with limited configuration interaction 
on the potential energy surfaces of both the addition and in- 
sertion reactions of (2%) ground state methylidyne to ethylene 
(PA,). 

Method 
All the molecular geometrical parameters of ground state 

ethylene ('A,), CH('II), doublet cyclopropyl and allyl radicals, 
and the reaction intermediates involved were optimized at the 
SCF level by the energy gradient method (1 8, 19) with 6-3 1G 
basis set (for C, see ref. 20a; for H, see ref. 20b). The Re- 
stricted Hartree Fock (RHF) open shell SCF method was used 
for the doublet state radicals. Configuration interaction (CI) 
calculations include all singly and doubly excited configura- 
tions (CISD) with respect to the SCF configuration, and were 
done using the direct CI method (21) at the SCF level optimized 
geometry. Davidson's formula (22) was applied to the CI re- 
sults to estimate the correction for the quadruple excitations 
(CISDQ). The lowest three orbitals corresponding to the core 
orbitals of carbon 1 s were kept doubly occupied and frozen, 
and the top ten virtual orbitals were also kept frozen in the CI 
calculations. All the computations were performed with the 
"MONSTERGAUSS" Program (23) on an AMDAHL 5860 
computer at the University of Alberta. 

Results 
The optimized C-H bond distance of 1 .1  17 A calculated 

for the 'II ground state of methylidyne is in good agreement 
with the experimental value of 1.120 A (24). The optimized 
molecular parameters for ethylene ('A,) are summarized in 
Table 1 and the double ground state optimized geometry for the 
cyclopropyl radical, the product of the addition reaction is 
shown in Fig. 1. These values are in close agreement with the 
earlier optimized geometry with minimal (17, 26) and extended 
(4-31G) (27) basis sets. The radical center in the cyclopropyl 
radical is non planar with an out-of-plane angle between C I H l o  
and the CCC ring, of 40.86". The corresponding planar (Cat,) 
structure has the optimized geometry of R(Cl-Cz) = 1.467 A, 
R(C2-S3) = 1.539 A, R(Cl-Hl0) = 1.060 A, R(C2-H6) = 
1.076 A, LH6CzH7 113.360, LC3C2H6 = 117.860, and 
H6C,C3Cl out-of-plane L = 109.06", with total energies: 
EsCF = - 116.354881 au, EclsDo = - 116.502782 au. This 
transition state structure for the inversion motion of the radical 
center is 4.3 kcal mol-' at the SCF and 9.0 kcal mol-' at the 
CISDQ level higher in energy than the C ,  symmetry lowest 
energy structure. The CH insertion into the ethylene C-H 
bond yields an allyl radical. The SCF optimized geometries of 
both C, and CXP structures are depicted in Fig. 2. Electron spin 
resonance studies (28) have shown that the allyl radical has a 
C,, symmetry. Several theoretical studies on electronic struc- 
ture (29, 30), doublet instability (31 -34), and symmetry di- 
lemma (35, 36) have been reported for the allyl radical. The 
RHF SCF geometry optimization for three center, three .rr elec- 
tron systems usually overestimates the stability of structures 
containing one short and one long bond (C,r) (Fig. 2a) relative 
to the one with intermediate equal bond lengths (Czv) (Fig. 2b). 
This problem has been solved by inclusion of the correlation 
energy (32, 33). The optimized geometry of the symmetric 
allyl radical is similar to the one obtained from 4-31G basis set 

FIG. I. Doublet ground state, RHF-SCF optimized geometry of the 
cyclopropyl radical. Bond distances are in A and bond angles in 
degree. 

TABLE I .  SCF-optimized molecular parameters of ethylene (?'A,)  
with 6-3 1G basis set 

Molecular 
parameters Calculated Experimental" 

R(C-C) (4) 1.322 
R(C--H) (A) 1.074 
LHCH (deg) 116.14 

"Reference 25. 

calculations (29). As expected, at the SCF level the C, sym- 
metry radical is more stable - by 1.8 kcal mol-' - than the 
C2v structure but the inclusion of the correlation energy has the 
effect of lowering the energy of the C2,. structure below the Cs 
symmetry structure by 1.2 kcal mol-'. 

The addition reaction path 
Two reaction paths for the addition of CH(lII) to ethylene 

('A,) have been studied; in both cases CH is approaching at the 
center of the C=C bond, from the plane perpendicular to the 
ethylene, Fig. 3. Total energies as a function of the XI-C, 
distance ( d ,  Fig. 3) have been calculated for the SCF level 
optimized geometry and CI calculations were then done on the 
SCF optimized geometry. In the first reaction path, C4H9 and 
X I  are in the plane perpendicular to the C,C3C4 plane .The 
single electron on the C, atom remains in thep, orbital until the 
XI-C, distance reaches 1.85 A, and Localized Molecular 
Orbital (LMO) analysis sh9ws ethylene and methylidyne as 
separate entities. At 1.85 A distance partial bond formation 
between C4-C2 and C4-C3 takes place. Below this distance 
the single electron moves from the p, orbital to the p, orbital on 
C,. This transition complex has a small energy barrier of 3 kcal 
mol-' at the SCF level, Fig. 4, which disappears in the CISDQ 
potential energy surface, Fig. 5. 

In the second reaction path, where the CH approach is in the 
plane of C2C3C4H9, the single electron remains always in the p,, 
orbital of C,. LMO analysis of the reaction intermediates shows 
that CH and ethylene remain as separate entities until the 
XI-C, distance again reaches 1.85 A, at which point partial 
bond formation between C4-C2 and C4-C3 takes place. The 
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GOSAVI ET AL. 

(a) 
I 
H (b) 

Frc. 2. Doub l~ t  ground state, RHF-SCF optimized geometry of the allyl radical. (a )  C, symmetry ( 'A"); ( b )  C?,. symmetry ( 'A>). Bond 
distances are in A and bond angles in degree. 

Frc. 3. Addition and insertion reaction path 

C,XlC4 angle at this distance is 104.5" and the XlC4H, angle is 
95.2". The C2X1C4 angle in the first reaction path remains at 
90°, whereas in the second reaction path this angle is greatFr 
than 100" until the XI-C, distance reaches a value of 1.60 A. 
For this in-plane approach both the SCF and CI calculations 
predict no activation energy (Figs. 4 and 5). 

The insertion reaction path 
In the insertion reaction path CH is approaching in the plane 

of the ethylene molecule. The total energy of the 2A" state as 
a function of the XI-C4 distance (d )  has been calculated with 
optimizing all the rest of the molecular parameters, Fig. 6. The 
C2XlC4 angle at large distances is small (e.g. at d = 5 A, 
LC2XIC4 = 42.6") and increases as the distance decreases 
reaching a maximum of 99" at 2.5 A. Then again it starts 
decreasing as d decreases to the final product of the allyl radi- 
cal. LMO analysis shows that methylidyne and ethylen: remain 
as separate entities until d reaches a value of 2.325 A corre- 
sponding to the transition complex, Fig. 7, where C2-C4 bond 
formation starts to take place. At this transition state the C, 
atom is right above the C1 carbon, i.e. LC,C2C4 = 9?" and H, 
is still bound to the C? atom. Below d = 2.325 A the H, 
migrates from C2 to C,. The energy barrier at the SCF level is 
29 kcal mol-I. The configuration interaction studies on the 
potential energy surface with the SCF optimized geometries, 
Fig. 6, for the insertion reaction predicts an activation energy 
of - 15 kcal mol-I. 

FIG. 4. Potential energy surface of lowest doublet state addition of 
CH + CzH4 reaction path at the SCF level. 0, perpendicular ap- 
proach; 0, planar approach of CH. 

Discussion 
The first addition reaction path studied, where the CH is 

approaching in the plane perpendicular to the CCC plane is 
similar to the symmetric path we reported earlier (17). At the 
RHF open shell SCF level with 6-31G basis set, the energy 
barrier, 3 kcal mol-I, is smaller than the minimal STO-4G UHF 
value of 7.7 kcal mol-I. On inclusion of the correlation energy 
by configuration interaction computation, the energy barrier 
disappears completely (Fig. 5). The second reaction path, the 
in-plane approach, where C-H is approaching in the CCC 
plane, is close to the asymmetric approach reported earlier (17) 
where the reaction coordinate was the C2X,C, angle while in 
the present study we choose the XI-C, distance as the reaction 
coordinate. This asymmetric approach, both at minimal STO- 
4G basis (UHF-SCF) and 6-31G basis (with RHF-SCF), pre- 
dicts no energy barrier for the addition reaction even at the SCF 
level. On inclusion of correlation energy by the CI calculations, 
the energy along the addition reaction path decreases mono- 
tonically and again without any energy barrier (Fig. 5). 

The LMO analysis at the critical level of 0.07 for bond 
identification shows partial bond formati~n~between C4-C2 
and C,-C, at an XI-C, distance of 1.85 A in both reaction 
paths. Bond formation probably takes place by the p: electrons 
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ESCF = - 1 16.209395 a u 
FIG. 5. Potential energy surface of lowest doublet state addition of ECISDO = -1 16.361519 a u 

CH + C,H, reaction path at CISDQ level. 0, perpendicular approach; 
0, planar approach of CH. FIG. 7. RHF-SCF optimized geometry of the transition complex 

of CH insertion into ethylene. Bond distance in A and bond angles 

-11635 
in degree. 

I I I I 1 -11620 

FIG. 6. Potential energy surface for CH insertion into ethylene. --- 

SCF; --- CISDQ level. 

of the ethylene (C2C3) moving to the p, in-plane empty orbital 
of methylidyne C4 in both cases but back donation occurs from 
the lone pair of the p,  orbital of C4 in path two and in path one 
the single p ,  electron forms a partial bond withoa carbon atom 
of ethylene. In the latter case, below d = 1.85 A, one electron 
from the lone pair in the p, orbital of methylidyne moves to the 
in-plane p ,  orbital to complete the bond formation with ethyl- 
ene. This electron rearrangement could perhaps be the reason 
why the asymmetric approach, reaction path twc initially has a 
lower energy until d reaches a value of - 1.75 A below which 
the symmetric path lies lower in energy leading to the cyclo- 
propyl radical structure (Figs. 4 and 5). In either case the 
addition appears to be a one-step, concerted process, in agree- 
ment with the experimental stereospecific addition results ob- 
tained for the carbethoxymethylldyne. These potential energy 
surface calculations suggest that the addition of ()?'n) ground 
state methylidyne to ethylene ( 'A, )  follows the asymmetric path 
two in the early stages of the reactions untll d = 1.75 A,  then 
crosses over to the symmetric path one, without any energy 
barrier. This asymmetric approach 1s in line with the predic- 

tions of the molecular orbital studies of the reaction path for 
the addition of singlet ( 'A, )  methylene to ethylene (37, 38) 
favoring the asymmetric approach without any activation ener- 
gy. Asymmetric reaction paths were also predicted for several 
singlet ( 'A,) substituted carbene cycloaddition reactions with 
some activation energy (37, 39). 

The present computational results' prediction of a zero acti- 
vation energy for the addition reaction of C H ( ~ ' I I )  to 
c 2 H 4 ( X 1 ~ , )  compares well with the experimental value of 
-0.35 kcal mol-I recently reported by Berman, Fleming, 
Harvey, and Lin (2). 

The knowledge of the geometry of the activated complex 
makes it also possible to estimate a value for the preexponential 
factor of the reaction on the basis of transition state theory. 

The preexponential factor of the reaction has been reported 
to be 1.34 X 10" M - '  s-' (2). Assuming that the pre- 
exponential factor for the insertion reaction into the C-H 
bonds of ethylene is the same as the one measured for methane 
(3), 0.30 x 10'' M- '  s - ' ,  we correct the experimental value for 
the ethylene reaction by subtracting the experimental value for 
methane 1.34 X 10" - 0.30 x 10" = 1.04 X 10" M- '  s ' .  

From the above experimental A factor the entropy of activa- 
tion at 300 K 

and 

AS,* = AS,* - An R In (RT) = -18.47 eu 

The standard entropy for the activated complex is obtained 
from the equation 

AS,' = S~(AC) - sO,(CH) - sO,(C~H~) 

Taking S;(CH) = 43.7 eu and Si(c2H4) = 52.4 eu (40) the 
entropy of activation calculated from the experimental A factor 
yields the value S~(AC) = 77.63 eu for the standard entropy of 
the activated complex. 

Based on the similarity between the cyclopropyl radical and 
the optimized structure computed for the activated complex of 
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the C H  + C2H, addition, the standard entropy for the activated 
complex, s~(Ac), can be estimated using Benson's method 
(40). Starting out with the standard entropy for the cyclopropyl 
radical, S ;  = 60.4 eu (40), the longer C(H)-C(H?) bonds will 
give 1 eu additional rotational and 3-4 eu additional vibra- 
tional contributions for the entropy of the activated complex. 
The vibrational contribution is compensated somewhat by the 
increased frquencies of the CH? groups due to the shorter 
H,C-CH2 bond. Thus, the standard entropy for the activated 
complex is estimated to be about S:(AC) = 65 + 2 eu,  in 
serious disagreement with the value derived from the ex- 
perimental A factor. The A factor derived from the estimated 
S:(AC) value lies in the range of 6.5 X lo7 - 4.9 x 1 0 X M - '  
s-' which is over two orders of magnitude lower than the 
reported experimental value. 

We are not able at present to rationalize this discrepancy. 
Turning to tbe insertion reaction, the transition state complex 

at d = 2.325 A still resembles the reactant state (Fig 7) ,  with 
the methylidyne carbon C4 being close to C, at an angle C3C2C4 
= 93", and the Cz-C, distance being similar to ethylene. At 
d = 2.30 A the H6 hydrogen migrates from C2 to C4 and C2-C4 
bond f?rmation begins to take place with C2-C4 distance of 
1.735 A.  The energy barrier is 15 kcal mol-' which is higher 
than the measured activation energies for insertion into the 
C-H bonds which are all negative and have values in the order 
of 0.4-0.06 kcal mol-' (3). The computed energy barrier is 
sensitive to the correlation energy and geometry optimization at 
the CI  level would very likely have a significant decreasing 
effect on it. The computed energy barrier, 4 kcal mol-', for the 
insertion of CH()?'II) into the hydrogen molecule (16) is also 
probably somewhat larger than the experimental value. 
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PETER NAGY and GABOR NARAY-SZABO. Can. J .  Chem. 63, 1694 (1985). 
We propose a simple electrostatic model for the analysis of ligand binding to proteins. Besides a geometric fit electrostatic 

complementarity is also needed to allow favourable hydrogen bonding and ion-pair interactions. Nonpolar regions of the ligand 
and the biomacromolecule active site should match to reduce unPdvourable hydrophobic effects, i.e., to lower the Gibbs free 
energy of the complex in aqueous solution. These principles are applied to the inhibition of dihydrofolate reductase by 
methotrexate. The enzyme active site is represented by an electrostatic lock which is derived from the macromolecular 
electrostatic potential and field at certain reference points. The key, defined similarly for the ligand, should fit into the lock 
to ensure complementarity, i .e. ,  recognition. Hydrogen bonding and ion-pair interactions can be studied by the "potential key" 
while the "field key" accounts for hydrophobic complementarity. Analyzing the dihydrofolate reductase-methotrexate inter- 
action in the light of the above principles the relative importance of various molecular fragments in binding can be determined. 

PETER NAGY et GABOR NARAY-SZABO. Can. J .  Chem. 63, 1694 (1985). 
Nous proposons un modkle Clectrostatique simple pour analyser les proprittts de liaison des ligands i d e s  prottines. En plus 

d'un accord gComCtrique, une compltmentaritC tlectrostatique est nCcessaire pour permettre I'existence de liaisons hydrogknes 
et d'interactions ion-paire favorables. Les rkgions non polaires du ligand et le site actif de la biomacromoltcule doivent 
correspondre pour rCduire les effets hydrophobes dCfavorables, c'est a dire pour diminuer I'tnergie libre de Gibbs du complexe 
en solution aqueuse. On a appliqut ces principes i 1'Ctude de I'inhibiteur de la reductase dihydrofolate par le mtthotrtxate. 
On reprCsente le site actif de I'enzyme par un verrou Clectrostatique qui dCcoule du potentiel et du champs Clectrostatique 
macromolCculaire, i certain points de rtftrence. La cle, dtfinie d'une f a ~ o n  analogue pour le ligand, doit s'adapter au verrou 
pour assurer la complCmentaritt, c'est i dire la reconnaissance. On peut ttudier les liaison hydrogknes et les interactions 
ion-paire pour une "clt du potentiel" tandis que la "clt du champ" s'utilise pour la complCmentaritC hydrophobe. Une analyse 
de I'interaction rkductase dihydrofolate-mtthotrtxate, i la lumikre de ces principes, permet de dCterminer I'importance 
relative des divers fragments moltculaires dans les liaisons. 

[Traduit par le journal] 

Introduction 
The molecular basis of biological specificity is recognition 

of certain systems or parts of them by others. This process is 
pictorially modeled by the lock-and-key concept: locks (mostly 
crevices in proteins, nucleic acids, or other biomacro- 
molecules) accommodate keys (inhibitors, substrates, or other 
ligands). Biological response is achieved if keys "fit" into the 
lock, a concept widely used but, in general, not unequivocally 
defined. The lock-and-key model is elegantly exploited in 
modern computer graphics (1 -4) which, however, account 
only for close contacts between nonbonded atoms, i.e. ex- 
cluded molecular configurations. There are at least two further 
requirements to be met: electrostatic complementarity and 
matching of nonpolar (hydrophobic) regions (5-7). In order to 
be recognized the ligand has to interact favourably with the 
active site and in biochemical systems interactions are mainly 
determined by electrostatic forces. Thus an electrostatic com- 
plementarity between the biopolymer and the ligand is also 
necessary to ensure binding. Finally, matching of nonpolar 
regions is required; this is a manifestation of the hydrophobic 
effect. 

In this paper we propose a simple model which accounts for 
geometric, electrostatic, as well as hydrophobic com- 
plementarity. While the geometric requirement is considered 
conventionally, electrostatic and hydrophobic matching is 
studied in terms of the molecular electrostatic potential and 
field, respectively. The model is qualitative and certainly does 

not compete with up-to-date sophisticated numerical calcu- 
lations which should, in principle, substitute experimental 
data. Rather, it is developed to analyze ligand binding in gen- 
eral, e.g., to recognize those fragments of the interacting mol- 
ecules which are necessary for binding. Since numerical calcu- 
lations yield figures which are often difficult to use for such 
analyses important trends may be overlooked. Ideally, the two 
types of approaches should complement each other: working 
hypotheses offered by the qualitative model could be checked 
numerically. In the next section we describe the model and later 
we illustrate its use on the inhibition of dihydrofolate reductase 
(DHFR) by methotrexate (MTX 1). 
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FIG. I. Fragment A of MTX for calculation of atomic charges. 
Reference points, as defined in the text, are indicated by numbers in 
circles. 

Model and method 
In this paper we model keys in two different ways. The 

"charge key" is simply the atomic charge pattern of the mole- 
cule which can be obtained from some quantum chemical, e.g. 
CND0/2,  calculations. A complementarity between the elec- 
trostatic lock and the charge key means that the approximate 
value of the interaction energy, 

where V,,,(ru) is the electrostatic potential of the bio- 
macromolecule at atom a bearing a net charge of q,, is negative 
indicating binding (5). On the other hand, the definition of the 
"potential key" is based on a model by Douglas and Kollman 
(8) where the electrostatic potentials of the interacting systems 
at given reference points are used to estimate bindingknkrgies. 

To study the matching of hydrophobic regions we use the 
"field lock" determined by the electrostatic field map of the 
enzyme. At a given site the molecular electrostatic field orients 
and interacts with point dipoles, modeling water molecules. 
The stronger the interaction the larger is the absolute value of 
the electrostatic field (9); thus hydrophobic regions around a 
molecule are indicated by small fields. Hydrophobic com- 
plementarity means matching of small field regions. 

To determine the electrostatic lock of DHFR from 
Escherichia coli we considered all enzyme atoms. Coordinates 
were taken from the Protein Data Bank (10. 11). Because of the 
shielding effect of counter ions (12) we cdnsihered all surface 
side chains unionized. On the other hand, side chains of Asp- 
27, Lys-32, and Arg-57, located in the vicinity of the ionized 
inhibitor, were treated as charged (see, e.g., ref. i3). 

We calculated the electrostatic potential of DHFR and MTX 
from bond contributions (14). This allows us to treat very large 
molecules with several thousands of atoms since, due~ to  the 
approximate transferability of bond orbitals and neglect of non- 
orthogonality terms the computational work increases only lin- 
early-with the number of bonds. This is an advantage-over 
empirical force field methods which are restricted to systems 
with at most 500 atoms (15). Further details of the calculation 
are given elsewhere (5, 12). Atomic point charges were calcu- 

FIG. 2. The same as in Fig. 1 for fragment B of MTX. 
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FIG. 3. The same as in Fig. I for fragment C of MTX. 

lated by the CND0/2 method (16). Schematic arrangement of 
reference points for the potential key is depicted in Figs. 1-3. 
The distance of the reference points from the neighbouring 
atoms is 100 pm and the orientation is trigonal or tetrahedral, 
corresponding to hybridization. For C-H bonds chemically 
plausible orientations are considered and reference points lie 
150 pm or 180 pm from the hydrogen or carbon atom, 
respectively. In some cases reference points may get too close 
to a neighbouring enzyme atom, thus a slight correction was 
necessary (cf. Table 1). 

Results and discussion 
The electrostatic potential lock for DHFR from Escherichia 

coli and the fit with the charge key of MTX is illustrated in 
Figs. 4-6. Fitting the potential lock with the potential key is 
seen in Figs. 7 and 8. Inspection of Figs. 4 and 7 indicates that 
most atoms of the pyrazine part in MTX (C6, C7, and N8 in 
Fig. 4 ,  reference points 8 and 9 in Fig. 7) fit badly in the DHFR 
lock. This is in accord with the experience that the principal 
structural characteristics necessary for binding to DHFR is a 
2,4-diaminopyrimidine or an s-triazine structure (3, 4, 13, 
17- 19). The unfavourable binding of the pyrazine moiety is 
also seen from the electrostatic interaction energies calculated 
from eq. [I]. Ein, is - 117 kJ/mol and +23 kJ/mol for the 
2,4-diaminopyrimidine and pyrazine fragments, respectively. 
Another strongly binding region of MTX is the a-carboxyl 
group of glutamate (CT, 0 1 ,  and 0 2  in Fig. 6, reference points 
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FIG. 4. Electrostatic potential lock of DHFR (open bars) and 
charge key of the MTX A fragment, Fig. 1 (hatched bars). Hydrogen 
atoms of C-H bonds are omitted. The V electrostatic potential is 
given in kJ/mol the q charge in millielectrons. 

TABLE 1. Cartesian coordinates (in pm) of reference points given in 
Figs. 1-3; enzyme atoms involved in hydrogen (or ion-pair) bonding 

with the inhibitor are indicated in the footnote 

No. x Y z No. x Y z 

"ASP-27 OD1 . 
h ~ s p - 2 7  OD2 and Thr-I13 OGl 
'Ile-5 0 .  
"Ile-94 0 .  
"Arg-52 NHI . 
'Arg-57 NH I .  
RArg-57 NH2. 
"Lys-32 NZ. 

21, 22, 23, and 24 in Fig. 8). Ion-pair interaction (and hydro- 
gen bonding) with the side chain of Arg-57 is very strong here. 
On the other hand, the terminal carboxyl of glutamate (CD, 
O E l ,  and 0 E 2  in Fig. 6 and reference points 27, 28, 29, and 
30 in Fig. 8) feels a much weaker attraction by the charged 
Lys-32 side chain. The OE1 . . . NZ(Lys-32) distance is as 
large as 627 pm. Elongation of the glutamate side chain by one 
or two methylene units should improve the fit between the lock 
and the key, thus enhancing the interaction between the enzyme 
and its inhibitor. 

Figures 4-6 and 7 and 8 allow one to compare predictive 
(and illustrative) powers of the charge key and potential key 
concepts outlined in the Model and method section. The poten- 
tial key is more illustrative. In fact, charge alternation (e.g. for 
atoms of a N-H bond) renders difficult to recognize good fits 
between the potential lock and its charge key. On the other 
hand, the possibility to estimate binding energy increments of 

C9MOCMC11C12C13CLCl5C16 C 0 N 

FIG. 5. The same as in Fig. 4 for the MTX B fragment (Fig. 2). 

CA CT 01 0 2  CB CG COOEIW 

FIG. 6. The same as in Fig. 4 for the MTX C fragment (Fig. 3). 

FIG. 7. Electrostatic potential lock of DHFR (open bars) and poten- 
tial key of MTX (hatched bars) for reference points 1 - 19 (Figs. 1, 2). 
The V electrostatic potential is given in W/mol. 

certain molecular fragments is an attractive feature of the 
charge key concept. 

Field locks are depicted in Figs. 9 and 10. Good fits are 
observed for the 2,4-diaminopyrimidine region (reference 
points 1-6) and for the a-carboxylate group (reference points 
22 and 23). Here the strong field of the inhibitor finds its 
counterpart in the enzyme active site. This is completed by 
matching the potential lock and its key, with the formation of 
ion pairs or hydrogen bonds (cf. Figs. 1-3 and footnotes to 
Table 1). The complementarity of strong field regions indicate 
that favourable hydration has to be overbalanced by the attrac- 
tive interaction between matching groups. This is indeed the 
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NAGY AND I 

FIG. 8. The same as in Fig. 7 for reference points 20-30 (Fig. 3). 

FIG. 9. Electrostatic field lock of DHFR (open bars) and field key 
of MTX (hatched bars) for reference points 1 - 19 (Figs. 1 ,  2). 'The F 
electrostatic field is given in V/nm. 

case as indicated by the good fit of the potential key into its lock 
(Figs. 7 and 8). 

Weak field regions (F < 1.5 V/nm) around the alkyl groups 
and the phenyl ring (reference points 9- 11, 13, 14, 16,20, and 
25) match with the enzyme field lock, indicating that hydro- 
phobic regions of the inhibitor are recognized by DHFR. The 
fit is bad for the amide region (reference points 17- 19) and for 
the terminal carboxylate group of glutamate (reference points 
28 and 29) where a small enzyme field finds a strong inhibitor 
field as counterpart. In both cases the bad fit is due to un- 
favourably large distances between atoms of a hydrogen (or 
ion-pair) bond. For the amide group the NHl(Arg-52). . . 0  
distance (356 pm) is large compared to the typical value 
(280 pm). As we have mentioned above the NZ(Lys- 
32) .  . . OG1 distance is too large even for an ion-pair bond. 
Though both amide and terminal carboxylate groups contribute 
to the bonding of the inhibitor (cf. Figs 7 and 8) their favour- 
able hydration is not balanced by the attraction between poten- 
tially matching regions of MTX and DHFR. 

It is a bit astonishing that for reference point 15 of MTX both 
potential and field values are larger than expected for a hydro- 
phobic group (cf. Figs. 7 and 9). This is due to the through- 
space electrostatic effect of the distant carboxylate group 
(cf. ref. 20). The same effect enhances the field in reference 
point 16. Interestingly, in spite of large distances from enzyme 

FIG. 10. The same as in Fig. 9 for reference points 20-30 (Fig. 3). 

groups capable to form ion-pair or hydrogen bonds, the DHFR 
lock potential and field is relatively large at reference point 15, 
thus ensuring a good fit. 

Conclusions 
( I )  Recognition of a ligand (key) by a biomacromolecule 

(lock) requires geometric fit and a complementarity between 
electrostatic potential and field patterns of the lock and its key. 
Matching potential patterns corresponds to optimal electro- 
static interaction while an optimal field pattern fit should min- 
imize unfavourable hydrophobic effects upon association of the 
biomacromolecule with the ligand. 

(2) A simple way to define the electrostatic lock and its key 
is to calculate the potential and field at some characteristic 
reference points around the biomacromolecule and its ligand. 
In our case the quoted electrostatic potentials were calculated 
by an additive scheme using bond fragments. 

(3) Applying the above principles to the dihydrofolate 
reductase-methotrexate complex it was found that the 2,4- 
diaminopyrimidine and a-carboxylate parts of the inhibitor are 
mainly responsible for binding to the enzyme. Furthermore, 
elongation of the glutamate side chain by one or two methylene 
units would improve the electrostatic fit, i.e. make binding 
stronger. 
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PAUL DUPUIS and M. A. EL-SAYED. Can. J .  Chem. 63, 1699 (1985). 
It is observed that the number of protons pumped per M,,, formed in the bacteriorhodopsin photocycle almost doubles at 

high salt concentrations. In this paper, we studied the rates of deprotonation of tyrosine and of the two components of the 
protonated Schiff base at high salt concentrations, and at different pHs and temperatures. It is found that at pH = 7, increasing 
the salt concentration decreases the rates of deprotonation of the protonated Schiff base and tyrosine. 'This strongly suggests 
that the observed gain in the quantum yield of proton release per M412 formed when the salt concentration is increased is not 
a result of an increase in these rates. However, at high pH, e.g. 9.6, increasing the salt concentration increases the rate of 
deprotonation of the Schiff base by about 50%. Under all conditions, the slow component of the Schiff base is found to lose 
its proton prior to tyrosine. 

PAUL DUPUIS et M. A. EL-SAYED. Can. J. Chem. 63, 1699 (1985). 
A de fortes concentrations en sel, le nombre de protons pompes pour chaque Ma,? forme au cours du photocycle de la 

bacteriorhodopsine est pratiquement double. Dans cette publication,nous rapportons les resultats d'une etude, i des fortes 
concentrations en sel, a divers pH et i diverses temperatures, sur les vitesses de dkprotonation de la tyrosine et des deux 
composantes de la base de Schiff protonee. On a trouve qu ' i  un pH de 7 I'augmentation de la concentration en sel diminue 
les vitesses de deprotonation de la base de Schiff protonee et de la tyrosine. Ceci suggkre fortement que I'augmentation 
observee du rendement quantique des protons lib&& pour chaque M412 forme lorsqu'on augmente la concentration du sel n'est 
pas dG ?i une augmentation de ces vitesses. Cependant, si on op&re i un pH d'environ 9,6 et que I'on augmente la concentration 
du sel, on provoque aussi une augmentation de la vitesse de deprotonation de la base de Schiff de I'ordre de 50%. On a trouve 
que, quelles que soient les conditions, la composante lente de la base de Schiff perd son proton avant la tyrosine. 

[Traduit par le journal] 

Introduction 
Bacteriorhodopsin (bR), the only protein in the purple mem- 

brane of Halobacterium Halobium, contains one molecule of 
retinal covalently bound to the €-amino group of a lysine resi- 
due via a protonated Schiff base ( I ,  2). When it absorbs light, 
it undergoes a photochemical cycle (3) with at least four inter- 
mediates appearing and decaying in a time scale that varies 
from picoseconds to milliseconds: 

During this cycle, protons are pumped from the inside to the 
outside of the cell, resulting in a pH gradient across the cell 
membrane. This proton gradient drives some metabolic pro- 
cesses such as ATP synthesis (4-9). The exact mechanism of 
the proton pump remains unclear. However, protons are ejec- 
ted from the cell on a time scale comparable to the Lsso to M4'2 
transformation (10, 1 1). A good correlation has been found 
between the number of protons pumped by the purple mem- 
brane and the amount of the slow decaying form of M4,? (12). 

M4,, is unique, as it is the only intermediate whose Schiff 
base is unprotonated, while the parent pigment and all the other 
intermediates are protonated (4, 13- 17). Some studies have 
inferred that the Schiff base deprotonation is closely associated 
with the proton pump mechanism (18, 19) and the effect of 
chemically modified tyrosines on the rate of decay of MqI2 
suggests a coupling between some tyrosines and M4,, (20-24). 

Recently, the kinetics of formation of both the tyrosinate ion 
absorption at 296 nm and the deprotonated Schiff base (M4,2) 
absorption were studied simultaneously as a function of pH and 
temperature (25). The results show two formation rates for 

I Author to whom correspondence may be addressed 

M4,2, in agreement with previous observations (1 1, 18). The 
slow one is dominant under physiological conditions and is 
found to be slightly faster than that for the tyrosinate formation 
(25). This is in disagreement with the proposal that the ty- 
rosinate formation is a prerequisite to the deprotonation of the 
Schiff base (18, 19). Furthermore, the ratio of the amplitudes 
of the fast and slow components of the formation is found 
to be very sensitive to pH and, at any pH, can be used (25) to 
calculate a pKA value of about 9.6. This is explained by having 
two different sites for the protonated Schiff base within the 
protein. In one site, the Schiff base is near an amino acid with 
a pKA of 9.6, e.g. tyrosine, but lysine is also a possibility. This 
gives rise to the slow M,,, component. In the second site, the 
Schiff base is near the conjugate base of the amino acid. This 
gives rise to the fast M,,, component. The formations of the 
slow and fast components of M,,, as well as that of the ty- 
rosinate ion all have activation energies that are comparable to 
H-bond energies (25). These studies were performed on sus- 
pensions of bR in water; the pH was adjusted with phosphate 
buffers. 

According to experiments on purple membrane sheets, the 
quantum yield of proton release depends on the medium. As 
salt concentrations increase, the quantum yield of M,,? remains 
the same but the H+/M4I2 ratio goes from 1 to >2 (26,27). The 
purpose of this work is to carry out experiments similar to those 
of ref. 25, this time varying the salt concentration of the exter- 
nal medium to see how the formation rates and the relative 
amplitudes of the two M4I2 components, as well as those for the 
tyrosinate ion, are affected. We want to determine if the vari- 
ation in any of these parameters can account for the change in 
the quantum yield of proton release. 

At pH = 7.0, in a 0.5 M KCI solution, the rate constants and 
the relative amplitudes of the two M412 components are found 
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to be the same as in a low salt solution. In a basal salt solution, 
the rate constants are smaller than in a low salt medium at pH 
= 7. The same observations are made for the tyrosine de- 
protonation. These results strongly indicate that the doubling of 
proton release per M4]? formed is not a consequence of the 
change in the kinetics of deprotonation of the Schiff base or 
tyrosine at physiological pH. In salt solutions, however, as the 
pH increases, the sum of the weighted average values of the 
rate constants for the two M4]? components increases. This is a 
result of a more rapid increase in the relative amplitude of the 
fast component, with pH, in the presence of high salt concen- 
trations. 

ExperimentaI 
Master slants of the ETI-001 strain of H. Halobium were provided 

by Dr. R. A. Bogomolni and Dr. W. Stocckenius. The procedure for 
the growth and purification of the purple membrane was a combination 
of those outlined by Ocstcrhelt and Stocckcnius (28) and Bcchcr and 
Cassim (29). 

The experimental setup used to monitor the uv and visible absorp- 
tion changes in bR is the same as the one used in ref. 25. Briefly, the 
monitoring wavelengths of 297 nm (for the tyrosinate ion) and 405 
nmr (for M,,,) were provided by the collimated output of a 1000-W 
Xe/Hg lamp (Canrad Hanovia, Newark, NJ) which was passed 
through a 5-cm water filter and focused onto the entrance slit of a 
0.25-111 monochromator (Jarrell-Ash, Waltham, MA) by a quartz 
lens. The light from the exit slit was passed through a 0.3 optical 
neutral density filter acting as a beam splitter, allowing 30% of the 
light to enter a reference RCA 1P28A photomultiplier tube while the 
remaining light was focused onto a 0.5 X 1.0 cm jacketed water- 
cooled quartz cell (Precision Cells, Hicksvillc, NY). The transmitted 
light was passed through a Corning 7-54 or 7-59 visible cutoff filter 
(Coming Glassworks, Corning, NY) and collected by the photo- 
cathode of the sampling RCA lP28A phototube. The output of a 
differential oscilloscope displaying the transient absorbance was con- 
nected to a Biomation 805 Waveform Recorder which was interfaced 
to an Apple 11 computer. This computer was used to signal average the 
data and store it on magnetic floppy discs. For the tyrosinate signal, 
512 scans were averaged while the MJ lz  signal required only 128 
scans. The data was then sent to a VAX computer and analyscd and 
pIotted via a special computer program. 

Photolysis of the sample was accomplished with a focused 6-ns, 
532-nm beam obtained from the frcqucncy doubled output of a 
Nd: YAG laser (Quanta-Ray, Mountainview, CA), at a repetition rate 
of I0 Hz. Care was taken to insure that the photolysis beam over- 
lapped with the probe beam so that the whole volume would be 
photolysed. Photolysis powers were kept at 50 mW by attentuating the 
laser beam with a 045 Corning filter. 

For both the temperaturc and pH studies, the concentration of bR 
was approximately 1.6 x lo-", assuming an extinction coefficient 
of 63000 M '  c m '  at 570 nm. The temperature was kept constant by 
using a temperature controlled cell connected to a water bath circulator 
and was monitored using a Markson pH/Temp meter. The bR was 
susepended in water containing 0.5 M KC1 or in water containing 
most of the salts present when the bacteria arc grown (NaCI, 4.3 M; 
KCI, 2.7 x lo-' M; CaCI?, 1.8 x lo- '  M). In addition, for the pH 
studies, the suspcnsions contained 0.1 M KHzPOJ buffers which were 
adjusted to the desired pH by addition of 0.2 M NaOH. The pHs of 
all suspensions were checked prior to the experiment. 

Laser photolysis experiments were carr~ed out for bR5,,, suspcnsions 
over the range 7.0 5 pH 5 10.0 at 22'C. 'The temperaturc studies were 
conducted in the range 5.0-25°C by 5" increments. In all cases, 
identical conditions were maintained with respect to the bR concen- 
tration and laser pulse intensity. 

Results and discussion 

The present studies were done on bR suspensions in two 

1 I I I I I I I 

WAVELENGTH = 297 n m  

T = 22 " C  
A 0 

TIME (rnlcroseconds) 

FIG. I .  A plot of In ( 1  - X,) versus time for the absorbance change 
at 297 nm at pH = 7.0,  9 .0 ,  and 9.6 (bR suspensions in 0.5 M KCI). 
The fast component corresponds to changes in absorption of the retinal 
chromophore. The positive spike at t = 0 is caused by the scattering 
of the incident laser beam which was not totally filtered out. 

'1 I I I I I I , 
WAVELENGTH = 405 nrn 

TIME (microseconds) 

FIG. 2.  A plot of In (I - XM) versus time for M41? at pH = 7.0, 8.0,  
9.0,  and 9.6 (bR suspensions in 0.5 M KCI). Note that the amplitude 
of the fast component becomes more important as the pH increases. 

different media: a medium containing KC1, 0.5 M ,  and a me- 
dium similar to the "basal salt" solution in which the bacterium 
grows: NaC1, 4.3 M; KC1, 2.7 X 10-'M; CaCl?, 1.8 X 

lo-%. MgS04 was not used because of the precipitate formed 
upon the addition of NaOH to change the pHs. In both of these 
solutions the quantum yield of proton release per M4,? formed 
is approximately twice what it is in a medium having a very Iow 
salt concentration (26, 27). All the results will be discussed in 
comparison to the data obtained for bR suspensions in water, 
without any salt added besides the buffers (25). 

A. Deprotonation kinetics of the Schiff base and tyrosine 
1. In a 0.5 M KC1 solution 
Both the M,,' and tyrosinate absorptions were normalized to 

the maximum absorbance change observed at 405 and 297 nm 
respectively. The normalized absorption of the transient is as- 
sumed to be proportional to its mole fraction, X,, at time t ,  and 
1 - X, is the mole fraction of the precursor (L550 for M411 and 
tyrosine for tyrosinate). 

Figures 1 and 2 show semilogarithmic plots (In (I - X,) vs. 
time) for the tyrosinate and M412 formations, respectively, at 
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TABLE I. The values of k,,,,, and kM,luw for M412 formation and k,,, 
for tyrosinate formation obtained at each pH for bR suspended in a 
medium containing 0.5 M KCI. Relative amplitudes for the two Mllr 
components are given in parentheses. The pKA for tyrosine are those 

calculated from eq. [2]. T = 22°C 

caused by the retinal absorption. In the low salt solutions, the 
experiment could be done up to pH = 10.6. 

The first observation that can be made is that whether KC1 
is present or not, both components of the MA,, generation pro- 
cess are still faster than the tyrosinate formation. Secondly, at 
the same pH, the amplitude of the fast M,,, component in- 
creases as the KC1 concentration increases. Finally, at pH < 
9.4, all rate constants are about the same in both sets of experi- 
ments but, at pH 2 9.4, the rate constants for the slow M,lz 
component are larger when KC1 is present in the externaI 
medium. However, at pH r 9.4, the amplitude of the fast 
component becomes more and more important and it is more 
and more difficult to resolve the pure slow component. This 
apparent increase in the rate constant of the slow component 
should be taken as an indication of the importance of the fast 
component rather than as representative of a major change in 
the real value of the constant itself. 

We have previously discussed the Schiff base deprotonation 
in the following manner (25). It is proposed that two sites for 
the protonated Schiff base exist within the protein. In one site, 
the Schiff base is located near an amino acid (AH) with a pKA 

TABLE 2. The values of ~MF.,,,  and for M ~ I Z  formation and kt,, of 9.6 and, in the other, it is located near the conjugate base 
for tyrosinate formation obtained at each pH for bR suspended in a 0. I 

M phosphate buffer (25). T = 22°C (A-). This describes the two different rise times for M,,, as 
follows: 

7.0 15 2 3 (0.12) 1.3 2 0.1 (0.88) 0.92 t 0.04 - b. LsTo [=NH, A-] + M412 fast 
9.0 16 t 4 (0.40) 1.4 & 0.1 (0.60) 0.97 2 0.04 9.2 
9.2 15 3 (0.44) 1.4 0.1 (0.56) 0.98 0 . 0 ~  9,3 One would then expect the time dependence of the M?!? absorp- 
9.4 18 t 3 (0.45) 1.5 ? 0. I (0.55) 1.0 2 0.1 9.5 tion to be given by: 
9.6 18 2 2 (0.55) 1.6 2 0.1 (0.45) 0.99 2 0.04 9.5 
9.8 17 2 3 (0.58) 1.7 2 0.1 (0.42) 1.1 2 0.1 9.7 [ I ]  In ( 1  - Xbf) = In [CI exp (-k,,t) + C? exp (-kAHt)] 

different pHs. These plots, as expected, are very similar to 
those for bR suspensions in water without KC1 (25). Both 
figures show the presence of two components. 

In the case of the absorbance change monitored at 297 nm 
(Fig. l ) ,  the very fast component corresponds to changes in the 
retinal absorption, which is also observed at this wavelength 
(30). The positive spike at t = 0 is caused by scattering from 
the laser beam which could not be completely filtered out. The 
slower component corresponds to the tyrosinate absorbance 
(30, 31). M4], shows a biphasic formation and the intensities of 
the slow and fast components depend on the pH of the external 
medium (Fig. 2).  he corresponding change in the tyrosinate 
plot can be attributed to the fact that, as the pH increases, 
equilibrium favors the tyrosinate form, and there are. fewer 
tyrosines that can deprotonate during the photocycle. 

Table I shows the rate constant values for the formation of 
(kbfrasl and kMslow) and of the tyrosinate ion (k,,,). For the 

sake of comparison, Table 2 shows the same rate constants for 
the experiment performed on suspensions of bR in low salt 
solutions (buffers present) (25). 

In both sets of experiments, the pH was increased up to the 
point where we were unable to accurately determine the slow 
M4,, component or the tyrosinate formation. In 0.5 M KC1, at 
pH > 9.8, the amplitude of the slow M4,, component was too 
small to determine its rate constant, and for the tyrosinate ion, 
at pH > 9.8, most of the absorbance change at 297 nm was 

This assumes: (a) two different independent chromophore 
populations, (b) the rate of AH = A- + H+ equilibration is 
slow compared to the rate of formation of L,,, and M,,,, and (c) 
M4,? has the same absorption coefficient in the two sites. Obvi- 
ously, the relative amplitudes (CI ,  C?) of the two components 
will depend on the pH. In Fig. 2, one observes that the con- 
tribution of the amplitude of the fast component of the gener- 
ation process becomes greater as the pH of the external medium 
increases. 

If this idea is valid. then the dissociation constant of the 
amino acid group could be determined from the rise curve of 
M412 (25). 

The dissociation constant for the amino acid side chain is 
given by: 

'This results in the following equations (25): 

[21 PKA = pH - log [A-I/[AHl 

= pH - log Cl /C2 

where C I  and C2 are the constants given in eq. [ l ]  correspond- 
ing to the concentrations or mole fractions of the chromophore 
near the deprotonated form (A-) and the protonated form (AH) 
of the amino acid group. If tyrosine is assumed to be that 
titratable amino acid group, then C I  and C, are the concen- 
trations of the chromophore near the tyrosinate ion and tyrosine 
respectively. C ,  and C, can be determined from extrapolation 
at time t = 0 of the semilogarithmic plots of Fig. 2. 

For the experiments performed in water without addition of 
salt, such a calculation yielded a value of about 9.6 (25) for the 
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pKA of the amino acid controlling the formation of MaI2 (Table 
2). This value is not very different from the pKA of tyrosine. 

For the medium containing KCI, at any given pH, the ampli- 
tude of the fast M4,? component is more important than in a low 
salt solution. We expect the pKA value calculated from eq. [2] 
to be smaller than those of Table 2. Indeed, Table 1 shows that 
eq. [2] yields a pKA value around 8.9. 

This is an unexpected result. It could be interpreted in two 
different ways: either another amino acid is controlling the 
appearance of M412 or something happened to tyrosine (or ly- 
sine) so that its pKA is much lower in presence of KCI. The 
former possibility should be eliminated because the only amino 
acid with a pKA remotely close to 8.9 is cysteine (pKA = 8.33) 
and there is no cysteine in bacteriorhodopsin (32). Then how do 
we explain the decrease in pKA of tyrosine? When the concen- 
tration of salt gets to be as high as 0.5 M ,  the ionic strength is 
not negligible and we have to take it into consideration when 
we calculate the pKA of tyrosine. In eq. [2], we have used the 
absorbance change at 405 nm to estimate the concentrations of 
the fast and slow M4,, components. Absorbance under these 
conditions of bR concentrations follows closely the 
Beer-Lambert equation and is directly proportional to the con- 
centrations of MdI2. But in our calculation for the pKA of ty- 
rosine we should use activities instead of concentrations. By 
using a pH meter for our pH measurements, we immediately 
get the activity of Ht.  The activity coefficient of tyrosine 
should be close to 1 since it is a neutral species, but the activity 
coefficient of the tyrosinate ion depends on the ionic strength. 
For KC1, 0.5 M,  the activity coefficient is 0.649 (33). The use 
of the Davies equation, as an alternate method to evaluate y,, 
yields a value of 0.750 when we take into account the ionic 
strength caused by KC1 and the buffers. 

We rewrite eq. [2] with the activity coefficient of the tyrosin- 
ate ion: 

We should subtract the value of log y,,,- from the values 
calculated by eq. [2] to correct for the ionic strength of the 
solution. But, with the value of y, found above (0.649), we 
can only increase the pKA value to 9.0. In order to raise the pKA 
value from 8.9 to 9.6, the activity coefficient of the tyrosinate 
ion should be around 0.2. Of course one has to be careful when 
using equilibrium constants and activity coefficients for a sys- 
tem such as bR, but it seems that we still need another expla- 
nation to account for the change in the pKA of tyrosine. 

This explanation is possibly found from the studies on de- 
ionized bR (34, 35). When the purple membrane is deionized 
on a cation exchange column or when it is washed first with 
>2 N NaCl followed by deionized water, its absorption max- 
imum changes from 568 nm to about 600 nm. Elemental anal- 
ysis shows that it contains no Ca2+ or Mg" ions while the 
native bR contains about 1 Ca" and 3 Mg2+ (35). Addition of 
salt to a suspension of the blue (deionized) membrane restores 
the 568 nm absorption maximum. What controls the change in 
absorption seems to be the cation, and any cation is capable of 
regenerating the purple color (34). However, when monovalent 
cations (e.g. K t ,  Na', . . .) are used, subsequent dilution with 
deionized water reverses the effect, while Ca" or 
Mg2+-restored purple membrane is not affected by dilution. 
Furthermore, a much higher concentration of Kt or Na+ is 
needed to obtain the purple color. This seems to indicate that 
Ca" or Mg" are tightly bound to the protein while monovalent 
cations are not. To change the absorption maximum of the 

TABLE 3. The values of khlp,,, and ~M,I, , ,  for M n ~ r  formation and k,,, 
for tyrosinate formation obtained at each pH for bR suspended in a 

basal salt solution. T = 22°C 

retinal chromophore, the cations have to be in close proximity 
to it. These cations close to the chromophore may also be close 
to the tyrosine controlling the appearance of M4l2. At low salt 
concentration (e.g. for bR suspensions in deionized water), the 
only cations close to the chromophore should be the tightly 
bound Can and Mg" ions. But in KC1, 0.5 M (or in a basal 
salt solution), some monovalent cations should also be near the 
chromophore and the presence of these additional positive 
charges might account for the lower pKAcalculated for tyrosine 
under these conditions. 

2. In basal salt solution 
Table 3 shows the rate constants for the formation of M4,2 

and the tyrosinate ion for the bR suspensions in a basal salt 
solution. When compared to the values of Table 1 ,  all rate 
constants are smaller. It is clear that the rate constants are 
affected by the basal salt medium, but still the tyrosinate for- 
mation is slower than both components of the M412 appearance. 
There is no easy explanation for the slowing down of the rate 
constants, but it is interesting to note that vesicles loaded with 
and suspended in NaCl develop approximately twice the trans- 
membrane electric potential found if KC1 is present (36). So 
this change in the rate constants may have to do with the nature 
of the salts themselves. 

The pKA value of tyrosine calculated from eq. [2] is around 
8.6. This value is lower than that determined in low salt or KC1 
solutions. This might be due to the presence of a much higher 
concentration of cations in the solution. 

B . Temperature studies 
I .  In KCL, 0.5 M 
Table 4 shows the values for the different rate constants as 

a function of temperature. It also gives the corresponding acti- 
vation energies. For the same experiment done in deionized 
water, the values were the following (25): 

EA(M4,2h,,) = 42 ? 3 kJ/mol 

EA (Ma12,0w) = 47 * 3 kJ/mol 

EA(tyr-) = 39 ? kJ/mol 

Within experimental error, ail these activation energies are 
the same whether KC1 is present in the solution or not. In light 
of this fact, the difference in quantum yield of proton release 
in both mediums does not seem to have anything to do with the 
activation energy for the formation of MJI2, in agreement with 
the small sensitivity of the rate constants to the presence of 
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TABLE 4. The values of kM ,,,, and k, ,,,, for MJlz formation 
and k,,, for tyrosinate formation obtained at each tem- 
perature for a bR suspension in a medium containing 0.5 M 
KCI. The activation energy of each transient at different pHs 

is also given 

25 15 t 5 1.69 5 0.04 0.91 t 0.01 
20 9 2 2  I. 17 t 0.02 0.67 2 0.02 
15 12 t 7 0.83 5 0.02 0.51 2 0.03 
10 5 2 1  0.58 2 0.02 0.47 t 0.07 
5 3.7 t 0.4 0.40 t 0.02 0.32 2 0.03 

Activation 
energy 
(kJ/mol) 

No buffer 43 2 9 50 t 2 40 t 2 
pH = 8.5 44 2 8 50 ? I 4 4 2 2  
p H = 9 . 0  4 7 2 7  51 t 1 47 t 2 
pH = 9.6 53 t 6 63 5 2 51 2 4  

TABLE 5. The values of kMh,, and kM.l,,, for Mjlz formation 
and k,,, for tyrosinate formation obtained at each tem- 
perature for a bR suspension in a basal salt solution. The 
activation energy of each transient at different pHs is also 

given 

k~ (as1 k~ SIOW ktyr 

T ("c) (lo4 S - I )  (10" S-11 (lo4 S - I )  

Activation 
energy 
(kJ/mol) 

No buffer 34 2 3 51 2 l 39 ? 3 
p H = 7 . 0  3 8 5 5  52 t 1 42 2 1 
pH = 8.5 47 2 6 53 ? 1 44 2 2 
pH = 9.0 38 t 2 58 2 1 45 t 1 

KCI. 
We checked if increasing the pH has any effect on the acti- 

vation energies. As can be seen in Table 4, all activation 
energies increase with increasing pH. 

2. In  basal salt solution 
Table 5 gives the same information as Table 4, but for the 

basal salt medium. The activation energies for the slow M412 
component and the tyrosinate ion are about the same as before. 
On the other hand, the fast M4[2 component has a lower activa- 
tion energy than in the previous experiments. This decrease in 
activation energy is surprising. However, the rate constant of 
the fast M4I2 is the most affected by the basal salt solution; then 
it is not unexpected that the resulting activation energy will be 
more affected than the others. Since the quantum yield of 
proton release is the same in KCI, 0.5 M, and in a basal salt 
solution (27), once again the major change in activation energy 
of the fast M412 component does not appear to be directly 
correlated to the proton pumping mechanism. 

A study of the variation of the activation energy as a function 

of pH shows that the activation energies increase with in- 
creasing pH, as was the case for the KC1 solution. 

Conclusions 
Bacteriorhodopsin suspensions in three different media were 

studied. Two media contained the high salt concentration for 
which it is reported that 2 protons are pumped per MJI2 formed. 
When compared to the results for a lower salt concentration, 
some differences are observed, but nothing that really seems to 
account for the differences in the quantum yield of proton 
release. The following are the important observations. 

1. In all solutions studied, the MJIz formation is faster than 
the tyrosinate ion formation; also, the rate of deprotonation for 
tyrosine is found to be the same or slightly smaller in the 
presence of salts. Therefore, the change in the quantum yield 
of proton release cannot be correlated to changes in the rate of 
deprotonation of tyrosine. 

2. At pH = 7.0, the total rate of deprotonation from the slow 
and the fast components is 2.6 x lo4 s - ' ,  2.0 x lo%-', and 
2.9 x lo4 s-I in KCI, basal salt, and low salt solutions re- 
spectively. It shows that the salt does not increase the overall 
rate of deprotonation for the protonated Schiff base at phys- 
iological pH. 

3. The total rate of deprotonation for the protonated Schiff 
base can be calculated from Table 2 for low salt solutions. At 
pH = 7.0, this rate is 2.9 X 10%-' while at pH = 9.6, it is 
10.5 x 10' s-I. This shows that the rate increases as the pH 
increases. This behavior is opposite to the observed efficiency 
of proton pumping, which is better at lower pH (12, 37). 
Again, this argues against any correlation between the quantum 
efficiency of pumping and the kinetics of deprotonation of the 
protonated Schiff base. 

4. At pH = 9.6, the total rate of deprotonation is larger in 
a salty solution than in a low salt solution. This rate is 15.3 x 
10%-', 15.6 X lo%-', and 10.6 X lo's-' in KC1. basal salt. 
and low salt solutions respectively. This shows that the addition 
of salt increases the rate of deprotonation by about 50% at pH 
= 9.6, while it decreases at pH = 7.0. 

5. At pH = 7.0, the relative amplitudes of the slow M4I2 
component are 0.88,0.81, and 0.88 in KC], basal salt, and low 
salt solutions respectively. The rate constants for this com- 
ponent are 1.3 X lo4 s-I, 1.0 X 104 s-I, and 1.3 X lo's- '  in 
the same solutions. These results show that the slow component 
does not change in kinetic behavior, again suggesting that these 
rate parameters do not account for the increase in the proton 
pumping yield. 

6.  The pKA value for the amino acid which is proposed to be 
responsible for the two M412 components (25) is found to have 
a much lower value in salty solutions than in low salt solutions. 
This is explained in part by the effect of the ionic strength of 
the solutions, but mostly by the probable presence of some 
cations near the retinal chromophore. 

7. The relative amplitude of the fast component increases in 
the presence of salt. Since the proton pump is more efficient at 
low pHs (12, 37) and since the slow forming M4I2 is dominant 
at low pH, the increase in the fast M412 component observed as 
the salt concentration increases can hardly account for the 
change in the number of protons pumped per MJI? formed. 

8. In the absence of buffers, all activation energies in the 
three media seem to be about the same except for the fast MJI2 
component in the basal salt solution. In this case the activation 
energy decreased significantly. Once again, this does not seem 
to greatly affect the proton pumping efficiency. 
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9. The fact that the salt does not increase the rate of de- 
protonation of the protonated Schiff base and tyrosine at pH = 

7 ,  but increases the yield of proton pumping, might lead to one 
or both of the following conclusions: (a) a fraction of the 
protons pumped out of the cell comes from acids that are not 
being monitored by our probes, or (b) the salt affects the rate 
of proton transport after the deprotonation of the protonated 
Schiff base and tyrosine. The latter could result from a change 
in the electrochemical potential or the structure of the part of 
the membrane involved in the proton pumping process. 

10. The activation energies increase as a function of pH. 
This might account for part of the decrease in proton pumping 
efficiency as the pH increases. 

11. A comparison is now made between the results we ob- 
tained for the M4,, formation in a basal salt solution with the 
results for its decay in a similar medium (12). For both the 
decay and the rise of M,,,, the amplitudes of the slow and fast 
components are equal at a pH of about 8.5,  but at pH = 7.0 the 
fast component of the decay is more important than the fast 
component of the formation. Also, at constant pH, for the 
formation of M,,,, we d o  not observe a radical change in the 
amplitudes of both components as a function of temperature. In 
the decay, at temperatures higher than 25"C, the fast com- 
ponent becomes more important than the slow component. 
There is no clear correlation between the two components of 
each process. However, one should remember that the ampli- 
tudes of the two components determined from the rise time give 
the relative amount of the L,,, intermediate in the two sites. In 
the decay, the amplitudes of the fast and slow decaying com- 
ponents give the relative amounts of the M4)? intermediates in 
the two sites. During the L,,, to M1!, transformation, other 
processes (25), e.g. AH A- + H '  equilibration, salt move- 
ments, and protein conformational changes, could have taken 
place to change both the nature and the relative concentrations 
of the two sites. 
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Hydrogen sulphide - halogen complexes studied by matrix isolation 
vibrational spectroscopy 
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U. P. AGARWAL, A. J .  BARNES, and W. J. ORV~LLE-THOMAS. Can. J .  Chem. 63, 1705 (1985). 
Infrared spectra are reported of mixtures of hydrogen sulphide with chlorine or bromine in low-temperature argon or nitrogen 

matrices. The H?S . . . C12 and HzS . . . BrZ complexes were identified from the perturbed halogen stretching vibration. Absorp- 
tions due to the corresponding hydrogen halides provided evidence that reaction was occurring between the hydrogen sulphide 
and halogen (despite the use of a twin-jet deposition), and other reaction products were tentatively identified from the observed 
absorptions. 

U. P. AGARWAL, A. J .  BARNES et W. J .  ORVILLE-THOMAS. Can. J .  Chern. 63, 1705 (1985). 
OpCrant B basses temperatures et dans des matrices d'argon ou d'azote, on a determink les spectres infrarouges de melanges 

de sulfure d'hydrogene avec du chlore ou du brome. On a identifit5 les complexes HIS. . . Cl? et H2S. . . Br2 en se basant sur 
la perturbation de la vibration d'ilongation de l'halogene. Des absorptions dues aux haloginures d'hydrogene correspondants 
suggkrent qu'il se produit une reaction entre le sulfure d'hydrogene et les halogenes (en depit du fait que les produits ont CtC 
dCposCs B I'aide de deux jets separes); en se basant sur les absorptions observCes, on a pu identifier d'autres produits de reactions 
sur une base prCliminaire. 

[Traduit par le journal] 

Introduction 
Charge transfer complexes have been extensively studied in 

liquid solutions using a variety of techniques. However, vi- 
brational spectra obtained from such solutions may be due to 
1 : 2, 2 :  1, or even larger complexes, rather than the simple 1 : 1 
complex. Matrix isolation spectroscopy provides a method of 
studying 1 : 1 complexes free from interactions with other donor 
or acceptor molecules (1). The technique also enables the study 
of interactions between molecules which react together under 
normal conditions, providing information about the structure of 
the reaction intermediate. 

A number of halogen complexes have been studied in low- 
temperature matrices by infrared and uvlvisible absorption 
spectroscopies (2-9) and also by Raman spectroscopy (10). 
The systems studied include the water-halogen complexes (2, 
4) but the corresponding hydrogen sulphide complexes have 
not previously been reported. Hydrogen sulphide is known to 
react with chlorine or bromine, leading to the formation of a 
number of products (1 1). It was thus of interest to investigate 
the interaction between hydrogen sulphide and halogens using 
matrix isolation spectroscopy. Mixtures of hydrogen sulphide 
with chlorine or bromine in matrices were found to exhibit 
similar behaviour, whereas mixtures of hydrogen sulphide with 
iodine gave complicated spectra arising from a variety of reac- 
tion products (with no evidence for the presence of an 
HIS . . . I? complex). The present paper is thus confined to the 
interaction of hydrogen sulphide with chlorine and bromine. 

Experimental 
Since chlorine or bromine reacts rapidly with hydrogen sulphide at 

room temperature in the gas phase, matrix samples were prepared by 
simultaneous deposition of twin jets of hydrogen sulphide/matrix gas 
and halogen/matrix gas mixtures onto a cold caesium iodide window. 
The window was maintained at ca. 15 K using an Air Products Displex 
closed-cycle refrigerator. Infrared spectra (3000-200 cm-') were 
recorded using a Perkin-Elmer 225 spectrophotometer. 

' Present address: The Institute of Paper Chemistry, Appleton, W1 
54912, U.S.A. 

Hydrogen sulphide (Matheson) was dried over PzOS before use. 
Chlorine and bromine were each degassed under vacuum. The matrix 
gases used were high purity argon and nitrogen, which were further 
dried by being passed through a liquid nitrogen cold trap. The matrix 
and solute gases were mixed in the desired proportions using standard 
manometric techniques. 

Results 
A number of spectra were recorded of mixtures of hydrogen 

sulphide with chlorine or bromine in argon or nitrogen matrices 
with an overall matrix: solute ratio of ca. 100 and an hydrogen 
sulphide: halogen ratio of ca. 1 : 1 or 1 : 2. Typical spectra are 
illustrated in Figs. 1 and 2, and the absorptions observed are 
listed in Tables 1 and 2. Little variation was found between the 
various spectra recorded, with the exception of changes in the 
relative intensities of the hydrogen sulphide monomer, dimer, 
and multimer bands. These were readily identified by com- 
parison with previous studies of hydrogen sulphide in argon 
and nitrogen matrices (12- 14). 

As an aid to identification of the hydrogen sulphide - halo- 
gen complex absorptions, spectra were also recorded of 
water-chlorine and dimethyl sulphide - chlorine mixtures in 
argon matrices. The water-chlorine complex gave an absorp- 
tion at 535 and 525 cm-' (with the intensity ratio, 3 :2 ,  ex- 
pected for 35C12: 35C107~I isotopic splitting) in good agreement 
with the previously reported value of 535.5 and 528.2 cm-' in 
a nitrogen matrix (4). Dimethyl sulphide - chlorine mixtures 
were studied since, unlike hydrogen sulphide - chlorine mix- 
tures, reaction cannot occur. An absorption due to the dimethyl 
sulphide - chlorine complex was observed at ca. 525 cm-'. 

Discussion 
Hydrogen sulphide - halogen complexes 

For hydrogen sulphide - chlorine mixtures, the strong bands 
at 518 and 510 cm-' in an argon matrix and at 507 cm-' in a 
nitrogen matrix are readily assigned to the chlorine stretching 
vibration of the hydrogen sulphide - chlorine complex. The 
doublet in the argon matrix is clearly due to isotopic splitting, 
which is only partially resolved in the nitrogen matrix. The 
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1706 CAN. J .  CHEM. 

FIG. 1. Infrared spectra of hydrogcn sulphide - chlorine mixtures 
in argon and nitrogen matrices. 

FIG. 2. Infrared spectra of hydrogen sulphide - bromine mixtures 
in argon and nitrogen matrices. 

wavenumber of the chlorine stretching vibration is similar to 
that in the dimethyl sulphide - chlorine complex and in line 
with the general trend of other chlorine complexes (Table 3). 
The strength of the complex is rather greater than that with 
water, but much lower than that with ammonia. There were no 
additional bands in the hydrogen sulphlde stretching region 
which could be attributed to the complexed hydrogen sulphide 
molecule. 

Hydrogen sulphide - bromine mixtures exhibit a prominent 
band at 285 cm- '  in argon matrices and at 280 cm- '  in nitrogen 
matrices. This is clearly due to the bromine stretching mode of 
the hydrogen sulphide - bromine complex, and is again in line 
with the bromine stretching frequencies of related complexes 
(Table 3). As for the corresponding chlorine complex, no 

TABLE I .  Bands observed (cm-I) for hydrogen sul- 
phide - chlorine mixtures trapped in low-temperature 

matrices 

Ar matrix N, matrix Assignment 

2920 2925 
2854 HCI monomer 

2845 HCI 
2674 2660 H,S . . . HC1 complex 

2632 H2S monomer v, 
2625 2625 H2S dimer vl, 

2619 HzS monomer v l  
2616 HzS dimer v,:, 
2583 2580 HrS dimer v1, 
2569 2572 H2S multimer 
2555 2560 H2S multimer 

518 507 HzS . . ."Cl, complex 
510 H2S . . . 3 5 ~ 1 3 7 ~ 1  complex 
485 (sh) 470 (sh) HSCI(?) 

TABLE 2. Bands observed (cm-I) for hydrogen 
sulphide - bromine mixtures trapped in low- 

temperature matrices 

Ar matrix N2 matrix Assignment 

2630 
2618 

2583 
2570 

2532 
2508 
400 (sh) 
385 385 
355 355 
285 280 

H2S monomer v3 
H2S monomer v 
H2S dimer 
H2S multimer 
HBr 
HBr 

HSBr(?) 
B~SSBI: v;,, (S-Br) 
HZS . . . Br, complex 

perturbed hydrogen sulphide stretching vibrations could be 
identified. 

Reaction products 
Although a twin-jet deposition technique was used to obtain 

the hydrogen sulphide - halogen matrices, a number of other 
absorptions were apparent in the spectra which must be due to 
reaction products. Mixtures of hydrogen sulphide and chlorine 
in the gas o r  liquid phase react to give sulphur or sulphur 
chlorides (1 1): 

Thiohypochlorous acid is proposed as an intermediate in the 
production of polysulphide species: 

Cl, + H,S - HCI + HSCl 

HSCl + H2S + HCI + HzSz 

HSCl + H2S2 + HCI + HzS3 
etc. 

Thiohypohalous acid species have not been isolated, although 
the hypohalous acids have been identified in low-temperature 
matrices (15). 

The hydrogen sulphide - chlorine mixtures exhibited absorp- 
tions in the HCI stretching region, in particular a band at 2674 
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AGARW. AL ET AL. 1707 

TABLE 3. Comparison of X-X stretching frc- 
quencies (cm-') of various electron donor - 

halogen complexes in argon matrices 

Complex "Cl2 BrZ Reference 

"This work. 
N2 matrix. 

cm-' in argon matrices and 2660 cm-' in nitrogen matrices 
which can be identified as the hydrogen sulphide - hydrogen 
chloride complex (16). Other weak bands in the region are 
probably due to isolated HCI or the chlorine - hydrogen chlo- 
ride complex. Hydrogen sulphide - bromine mixtures in argon 
matrices exhibited weak absorptions in the HBr stretching 
region, although these did not correspond with previously 
reported HBr monomer or aggregate band positions (17). 
Possibly they are due to the bromine - hydrogen bromide 
complex. The hydrogen sulphide - hydrogen bromide complex 
(16) was not observed in these mixtures. 

The presence of hydrogen halides in the matrices implies that 
other reaction products must also be present. In the hydrogen 
sulphide - chlorine mixtures, the only evidence of such species 
was a shoulder, at ca. 485 cm-' (argon) or 470 cm-' (nitrogen), 
on the low frequency side of the H,S . . . C1, complex absorp- 
tion. This does not correspond to the S-C1 stretching vi- 
bration of any reported sulphur-chlorine species. In particular, 
SCI2 absorbs at ca. 520 cm-' (18) and S2CI, at ca. 450 cm-' 
(19). We attribute it tentatively to the S-CI stretching mode 
of thiohypochlorous acid. 

In the hydrogen sulphide - bromine mixtures, well-defined 
bands were observed in the S-Br stretching region at 385 and 
355 cm-' .  The latter absorption corresponds approximately 
with the reported position of the SBr stretching modes of the 
S2Br2 molecule (19). We tentatively attribute the 385 cm-' 
absorption to the S-Br stretching mode of thiohypobromous 
acid. However, the vibrational spectrum of SBrz has not been 
reported; conceivably the 385 cm-' band could be due to this 
species. 

rine or bromine trapped in low-temperature matrices have 
shown that the hydrogen sulphide and halogen molecules inter- 
act to form a molecular complex H,S . . . Xz. This is pre- 
sumably an intermediate in the reaction 

H2S + Xz + HX + HSX 

Stable products can then be formed by reactions such as 

HSX + Xr + HX + SX2 

HSX + SX2 + HX + SzX2 

etc. 
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Vibrational spectra and rotational isomerism of ethanethiol and ethanethiol-D I 
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HANS WOLFF and JERZY SZYDLOWSKI. Can. J. Chem. 63, 1708 (1985). 
The infrared spectra of gaseous, liquid, and solid CZHsSD, and the Raman spectrum of the liquid compound are analyzed 

and the corresponding spectra of C2H5SH were reinvestigated under improved conditions. In the deuterated compound the CH2 
rocking vibration does not interact with the SD bending vibration and therefore does not split into vibrations of the conformers. 
The measurements suggest for gaseous and liquid CzHSSH and CZHsSD the simultaneous presence of the trarzs and gauche 
conformers, appearing at room temperature in the ratio of the order of 1 : 3. In analogy to solid CzHsSH, the exclusive presence 
of the gauche conformers can be inferred for solid C2HsSD. The spectra reported in the literature for the C2HsSH molecules 
embedded in matrices at low temperatures permit a similar interpretation. The doublet structure observed for the vibrational 
bands, not only of pure solid C,H5SH and CZHsSD but also of their solid mixtures, may be due to non-equivalent sites of the 
unit cell. 

HANS WOLFF et JERZY SZYDLOWSKI. Can. J. Chem. 63, 1708 (1985). 
On a analysC les spectres infrarouges du C2H5SD dans les Ctats gazeux, liquide et solide, le spectre Raman du composC 

liquide ainsi que les spectres correspondants du C,H5SH qui ont CtC rCexaminCs dans des conditions amCliorCes. Dans le 
composC deutCrC, la vibration de rocking du CH2 n'interfkre pas avec la vibration de dCformation du SD; elle ne se sCpare donc 
pas en vibrations des conformkres. Dans les composCs C2H5SH et C2HsSD gazeux ou liquides, les mesures a la tempirature 
ambiante suggerent que les conformkres gauche et trans existent simultanCment dans des rapports de 1 : 3. Par analogie avec 
les rCsultats obtenus avec la C,HsSH, on peut suggCrer que le C2H5SD a I'Ctat solide existe exclusivement sous la conformation 
gauche. Sur la base des spectres rapportCs dans la IittCrature pour des molCcules de C2H5SH imbriqukes dans des matrices a 
basses temptratures, on peut proposer une interprktation semblable. La presence de doublets qui ont CtC observCs dans les 
bandes vibrationnelles, non seulement du C2HsSH et du C2H5SD purs a 1'Ctat solide mais aussi dans leurs mClanges solides, 
pourrait &tre due a des sites qui ne sont pas Cquivalents dans la maille unitaire. 

[Traduit par le journal] 

A. Introduction and measurements 
For ethanethiol one trarzs form and two equivalent gauche 

forms are to be considered. The manifestation of these forms in 
the vibrational spectra has been studied in low temperature 
infrared spectra including those of matrices and especially in 
infrared and Raman spectra in the range of torsional transitions 
(1 -7). Some of these investigations have also been performed 
for C,H5SD. However, there has been no systematic infrared 
study of the deuterated compound. To fill in the blanks and to 
expand the investigations on rotational isomerism of ethane- 
thiol, the infrared spectra of gaseous, liquid, and solid C,HsSD 
were measured. In addition, the Raman gas spectra known 
from the measurements of Durig et al. (7) were supplemented 
by determining the Raman liquid spectra. Further, the infrared 
spectra of crystallized mixtures of C2HSSH and C2HsSD were 
recorded. They were analyzed together with those of C2HSSH 
which in part were reinvestigated under improved conditions. 

The infrared measurements were carried out with the Perkin- 
Elmer 225 spectrometer by using conventional methods for 
obtaining the gas and liquid spectra, and the method of Wagner 
and Hornig (8) for the solid phase spectra. The Raman liquid 
spectra were recorded with !he Coderg PH 1 spectrometer with 
excitation with the 6328 A line of the helium-neon laser. 
C2H5SH and C2HSSD were the highly purified products which 
had been utilized for the determination of the vapour pressure 
isotope effect of the two compounds (9). 

B. Results and discussion 
1 .  Gaseous compounds 

Considering the relevant features of the spectra in Fig. 1, the 

'permanent address: Department of Chemistry, University of 
Warsaw, Warsaw, Poland. 

infrared spectra of gaseous C,H5SD in the range of the SD 
stretching and bending vibrations are compared with the 
corresponding spectra of C2HsSH (measured wave numbers in 
Table 1). The spectra of C,HsSD show similar splittings as 
those of C,H,SH, as do in part the Raman spectra of the gas- 
eous compounds (7). From the intensities of the Q-branches the 
high-frequency component of the doublets of the stretching 
vibrations is estimated to be markedly weaker than the low- 
frequency component. Relating the splitting to the presence of 
the conformers and considering the explanation which states 
the gauche forms are the dominant conformers in the gaseous 
state (2, 5 ,  7) (see below), it can be supposed that the 
high-frequency component belongs to the trans form. The 
low-frequency component, which is separated from the high- 
frequency satellite by 9 cm-' for C,HSSH and by 6 cm-' for 
C,HSSD, corresponds to the gauche forms. 

For the purpose of comparison with C2HsSD, Fig. 2a repre- 
sents the infrared spectrum obtained in the range of the CH, 
rocking vibration for gaseous CIHSSH. The spectrum shows in 
addition to the more intense band at 735 cm-', a less intense 
one at about 780 cm-'. Smith, Devlin, and Scott (2) observed 
this splitting for liquid and glassy C,H,SH, and explained it by 
the assumption that the rocking vibration of the gauche forms 
is shifted to the wave number of 735 cm-' owing to interaction 
with the SH bending vibration appearing at 875 cm-'. The 
interaction does not occur with the rocking vibration of the 
trans form at 780 cm-I, as that conformer belongs to the point 
group C, and its rocking and bending vibrations are of different 
symmetry. With this in mind, the higher intensity of the band 
at 735 cm-' confirms that the gauche forms are the dominant 
conformers in the gaseous state at room temperature. The 
missing of the band at 780 cm-' in the Raman gas spectra (7) 
suggests an insufficient Raman activity. 
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TABLE I. Infrared (IR) and Rarnan (R) frequencies observed for the fundamentals of gaseous ethanethiol and of 
gaseous, liquid, and solid ethanethiol-D I (cm- I)" 

IR gas IR gas IR liquid R liquid IR solid Approximate assignment 

2989 vs, gt 2989 vs, gt 2978 vs, gt 

2972 vs, gt 2972 vs, gt 2966 vs, gt 2966 sh, gt 
CH,, CH2 stretching vibrations 

2942 vs, gt 2941 vs, gt 2930 vs, gt 2931 vs, gt :;:i] v s  \ 
2866 rn, g 2887 vs, gt 

2600 m, t? 
2591 m, g? 
1457 vs, gt 

2871 s, gt 
1860 w, gt? 

2874 m, gt 
1872 vs, gt? SH (SD) stretching vibration 

CH,, CH2 bending vibrations 

1377 s,  gt 

1268 vs, gt 

1374' w, g 
1371 s, g 
1287 vw, ,g 1277 vs, gt 1275 vs, gt CH2 wagging 

CH2 twisting 

1073 vs, gt CH, rocking 

1048 w, gt 
974 rn, gt 
625 vw 
619 vw gt 
614 vw I 
785 m, gt 

CH, rocking 
CC stretching 

SH (SD) bending 

783 s, gt 

670 m, gt 

327 vw, gt 

786 vw, g 

660 vs, gt 

335 s, gt 

CH2 rocking 

CS stretching 

317 vw, gt 327 vw, gt CCS bending 
CH3 torsion 
SD torsion 

"Abbreviations: w weak, m middle, s strong, sh shoulder, v very, g gartche, t irans; gt indicates that presumably both conformers 
contribute to the measured frequency; however, the gauche forms contribute more. 

'The SH stretching vibrations measured for crystallized C2H,SH are 2544 and 2527 cm-I (vs). 
'SH bending vibration of the trans form of gaseous C2H,SH, being expected at 830-835 cm-I (see text), may be unobserved 

not only because of the presence of this conformer in the ratio of merely 1 : 3 ,  but also because of lower activity. 
"CH3 torsion of crystallized CIH5SH is found at 261 cm-I (m). 

Figure 30,  representing the infrared spectrum of gaseous 
C,H,SD, shows no band at 735 cm-', but one at the wave 
number 780 cm-' at which in the infrared spectrum of C,H,SH 
the rocking vibration of the trans form is found. This wave 
number is therefore chosen for the rocking vibration of the 
trans form of C,H5SD and, as to be seen in the following, also 
for the vibration of the gauche forms. 

The rocking vibration of the gauche forms of C2H5SH is 
observed on the low-frequency side of the vibration of the trans 

quency distance from the bending vibration with 160 cm-' is 
obviously too large. The corresponding distance for C,H,SH is 
only 40-50 cm-' with the calculation based on the values of 
780-785 and 830-835 cm-' for the unperturbed vibrations. 

2. Liquids 
In the Raman gas spectra where the band at 780 cm-' was not 

observed, a band at 696 cm-' had been assigned to the rocking 
vibration of the gauche forms of C2H5SD. However, as stated 

form. The rocking vibration of the gauche forms of C,H5SD in the preceding paragraph, the approximate coincidence of the 
should occur on the high-frequency side, if it would interact rocking vibrations of the different conformers of C,H5SD near 
with the bending vibration of the sulfhydryl group appearing 780 cm-' is suggested by observation of a weak band in the 
for the deuterated compound at 620 cm-'. However, such a Raman spectrum of the liquid compound at 786 cm-'. Because 
satellite is not observed. Assuming the rocking vibration of the of the inactivity of the rocking vibration of the trans form, this 
gauche forms to occur near that of the trans form, the fre- band can only be assigned to the gauche forms. This assign- 
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FIG. 1 .  (a)  Splitting of the SH stretching and bending vibrations in 
the infrared spectrum of gaseous CzHsSH; (b) splitting of the SD 
stretching and bending vibrations in the infrared spectrum of gaseous 
CzHsSD. 

ment is supported by the observation that the corresponding 
band of C-,H,SH appears at 740 cm-I (2) and, in agreement 
with the interpretation of the infrared spectra, belongs to the 
gauche forms vibration, which is shifted due to the interaction. 

From the infrared spectrum of liquid C2H,SH reproduced in 
Fig. 2b, 1 ,,,,,/I ,,,,, ,,,, the ratio of the integrated intensities of the 
two rocking bands, is determined to be about 1 : 3.2. Excluding 
a greater intensity change of the rocking vibration due to the 
interaction with the bending vibration, the ratio of the 
quantities of the trans and the gauche conformers present in the 
liquid at room temperature is therefore of the order of 1 : 3. 

Under these circumstances the enthalpy difference between 
the two conformers of C-,H,SH is obtained from 

where (11r,,,,/1,,,,,.~,8) T ,  and (I,r,,,,Y/~,,,,,.~,,) T: are the ratios of the 
integrated intensities at the temperatures TI  and T-,, and R is the 
universal gas constant. In addition to the value for l,,l,,,,/l,,,,,.. 
from the spectrum of the liquid at the measuring temperature of 
300-320 K, the value from the spectrum of the glass at liquid 
nitrogen temperature (Fig. 2c) is used for the calculation, 
considering the latter spectrum as that of the liquid at liquid 
nitrogen temperature. The average result for AH of somewhat 
more than 1400 J mol-' is in the order of that of 1300 J mol-I 
derived from thermodynamic measurements and agrees with 

600 cm-1 900 

FIG. 2. Infrared absorption in the region of the CH2 rocking 
vibration of (a)  gaseous C2HsSH (350 Torr), (b) liquid CzHsSH (path 
length 0.025 mm), (c)  and (d) glassy and solid CzHSSH at liquid 
nitrogen temperature. 

the assumption of the gauche forms as the more stable 
conformers (2, 7). 

The ratio I ,,,,,, /I ,,,, ,.,, for the gas at room temperature is 
similar to that of the liquid, and there is probably no large 
difference between the rotational isomerism of C-,H,SH and 
C,H,SD. The above results for the liquid are therefore approx- 
imately valid also for the gas, and the results for C-,H,SH also 
nearly for C2H5SD. 

3. Solids 
Like gaseous and liquid C,H,SD, the solid compound 

shows for the CH2 rocking vibration merely the absorption at 
780 cm-' (Fig. 3c), while the band of solid C2H5SH appears at 
735 cm-' (2) (Fig. 2d). Assuming similar behaviour of 
C2H5SH and CzH5SD with regard to the rotational isomerism, 
however, unlike gaseous and liquid C-,H,SD, the absorption of 
the solid compound can be solely assigned to the gauche con- 
formers. In solid C2H5SH only these forms remain from the 
different conformers of the gaseous and of the liquid compound 
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WOLFF AND SZYDLOWSKI 

FIG. 3. Infrared spectra of ( a )  gaseous, ( b )  liquid, (c)  solid C2HSSD. 

FIG. 4. Infrared bands of CS stretching, CHI rocking, and SH 
bending vibrations of CzHsSH in a solid mixture with CzHsSD (1 : 10). 
The doublets appearing for the vibrations of CzHSSH are indicated by 
crosses. 

(2) (Fig. 2a-d). 
Also, like the bands of solid C?HsSH (2), the band at 

780 cm-' and most other vibration bands of solid C2HsSD are 
split into mainly two components. In the spectra of the solid 
mixtures of C2H5SH and C2HsSD the doublets remain nearly 

FIG. 5. Infrared band of the SH stretching vibration in ( a )  pure 
solid C2H5SH, ( b )  a solid mixture of CzHsSH with C2HsSD ( I  : 10). 

uninfluenced by the isotopic dilution. This is shown in Fig. 4 
in comparison with Fig. 2d  for the CS stretching, for the CHI 
rocking, and for the SH bending vibration bands and in Fig. 5 
for the SH stretching vibration band of C2H5SH. The intensity 
ratios of the doublet components are only insignificantly 
changed with the isotopic dilution, and the wave numbers of 
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the doublets of the pure solid and of the solid mixture are nearly 
the same; they are in the sequence of the listed vibrations 
6591656 and 6581654 cm-', 7431733 and 7421731 cm-' ,  
8771868 and 8741868 cm-' ,  and 254412527 and 254612530 
cm-I. The splittings may therefore arise from non-equivalent 
sites of the unit cell. Then separate frequencies corresponding 
to the different sites can be expected on isotopic dilution even 
for non-degenerate vibrations (10, 1 1). 

In the infrared spectra obtained from C2H5SH on high dilu- 
tion in an argon matrix, and analogously in other matrices, 
Barnes, Hallam, and Howells (4) found a doublet at 73 1.0 and 
732.8 cm-', but no absorption at 780 cm-' .  Considering the 
intensity ratio of the doublet components and assuming that the 
equilibrium at room temperature is frozen out in the matrix, the 
authors assigned only the low-frequency component to the 
rocking vibration of the gauche conformers, but the high- 
frequency component to that of the trans conformer. One 
would, however, expect that with transition to 20 K merely the 
association equilibrium at room temperature freezes out and the 
equilibrium of rotational isomers at the low temperature is 
largely adjusted. Therefore, both doublet components may be 
assigned to the gauche conformers in agreement with the pre- 
ceding explanations, the splitting of only 1.8 cm-' (compared 
to 10 cm-' in the pure solid) being due to matrix or other 
effects. The CH2 rocking vibration of matrix-isolated C2H5SD 
has not been measured. Unlike the matrix isolation value of 
C2H5SH, but similar to the vibration of gaseous, liquid, and 
soIid C2H5SD, it can however be expected to appear near 
780 cm-I. 

The frequency shifts in the solids relative to the gases 
amount to 60-75 cm-' for the SH and to 40-50 cm-' for the 
SD stretching vibrations. The shift in the liquid compounds are 
not much greater than half of the values for the solids. The low 
magnitude of these shifts corresponds to the results of in- 
vestigations on hydrogen bonding of other thiols and indicates 
the weakness of the H or D bonds of these compounds (4, 12). 
It is further to be noticed that in reasonable relation to the 
frequencies measured for the methyl torsion vibrations of 
gaseous CzH5SH and C2H5SD (7) the values of 261 and 
254 cm-' are found for the crystallized compounds. All other 
assignments can be taken from Table 1, or from the former 
investigations (2, 4 ,  7). 

eous and liquid C2H5SD therefore supports the explanation for 
the splitting of C,H5SH through the interaction to which only 
the vibrations of the gauche conformers are subjected. The 
rocking vibration of the trans form is Raman-inactive, but the 
different wave numbers for the vibration of the gauche forms 
in the Raman spectra of C2H5SH and C2HsSD agree with the 
interpretation. The infrared intensities of the components of the 
rocking vibration of CzH5SH reveal for the gaseous and the 
liquid compounds at room temperature the appearance of the 
trans form and of the gauche forms in the ratio of about 1 : 3. 
In reasonable relation to other measurements and calculations 
a value of the order of 1400 J mol-' results from the intensities 
of the rocking bands of C2H5SH for the enthalpy difference of 
the two forms. Analogously to C2H,SH, the exclusive appear- 
ance of the gauche conformers can be inferred for solid 
C2H5SD. The spectra reported in Iiterature for the ethanethiol 
molecules embedded in matrices at low temperatures permit a 
similar interpretation. The doublet structure of the vibrational 
bands of the solids even on isotopic dilution most likely arises 
from non-equivalent sites of the unit cell. 
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Fourier transform infrared study on black soap films 
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J u ~ z o  UMEMURA, MUTSUO MATSUMOTO, TAKESHI KAWAI, and TOHRU TAKENAKA. Can. J. Chem. 63, 1713 (1985). 
Fourier transform infrared (FT-IR) spectra in the range 3800-2800 cm-' have been recorded of the first and second black 

films in air prepared from aqueous solutions of sodium dodecylsulfate (SDS) without and with the addition of sodium chloride, 
respectively. It is found that in both films the methylene chains of SDS, which are located outside the aqueous core of the 
sandwich structure, are in an oriented liquid crystalline state. In a first black film, the thickness of the aqueous core is 
determined to be 9.6 nm, by recording polarized infrared spectra with various angles of incidence to the film surface, and by 
analyzing them with the aid of thin layer optics. It is found that this value varies in the range 5 - 10 nm from film to film. 
The extinction coefficients of the aqueous core are also examined. In the second black film, the thickness of the aqueous core 
is found to be about I nm. The OH stretching band of water in the second black film appears at appreciably higher wavenumbers 
(by 60 cm-') than those of the first black film, indicating a high ionic strength in the aqueous core. In both black films, there 
is no sign of molecular orientation or rigidified structure of water. 

J u ~ z o  UMEMURA, MUTSUO MATSUMOTO, TAKESHI KAWAI et TOHRU TAKENAKA. Can. J. Chem. 63, 1713 (1985). 
On a enregistrt les spectres infrarouges par transformation de Fourier dans la region de 3800 h 2800 cm-I des premier et 

deuxikme films noirs dans I'air prCparCs a partir de solutions aqueuses de dodtcylsulfate de sodium (DSS) respectivement avec 
et sans chlorure de sodium. On a trouvC que dans chacun de ces films, les chaines mtthylknes du DSS, qui sont situtes ti 
I'exttrieur du noyeau aqueux de la structure en sandwiche, sont dans un Ctat cristallin liquide orientC. En enregistrant les 
spectres infrarouges polarisCs sous divers angles d'incidence par rapport a la surface du film et en les analysant ii l'aide de 
principes d'optique pour les couches minces, on a CvaluC que I'Cpaisseur du noyeau aqueux du premier film noir est tgale ti 
9,6 nm. On a trouvt que cette valeur varie de 5 a I0 nm suivant le film. On a aussi examink les coefficients d'extinction des 
noyeaux aqueux. Dans le deuxikme film noir, on a trouvC que I'tpaisseur du noyeau aqueux est tgale a I nm. Par rapport au 
premier film noir, la bande de vibration OH de I'eau du deuxikme film noir se trouve a des nombres d'onde beaucoup plus 
ClevCs (environ 60 cm-I); ce rtsultat indiquerait la prksence d'une force ionique Clevte dans le noyeau aqueux. Dans les deux 
films noirs, il n'existe aucun signe d'orientation molCculaire ou de structure rigidifite de I'eau. 

[Traduit par le journal] 

Introduction 
By withdrawing a metal frame from soap solution to air 

through the interface, a single planar foam film can be easily 
prepared. At equilibrium, such a film is sufficiently thin (4-50 
nm) to appear black by reflected light. Thus, the film is called 
"black soap film" or  "black foam film" (1). The black soap film 
takes the sandwich structure consisting of a thin sheet of aque- 
ous solution (aqueous core) enclosed by two surface mono- 
layers of soap molecules. Such black films in air have been of 
great interest for centuries ( I ) ,  because they provide easily 
formed, geometrically well-defined model systems for in- 
vestigating the stability of foams. The black film is also a good 
model to study surface forces of the London-dispersion type (2) 
o r  of electrical double layers (3). Besides, black soap films in 
air have striking similarities, in various aspects, with bi- 
molecular (black) lipid membranes in aqueous solution (4). 
Thus, the investigation of black soap films is closely related to 
the understanding of biological membranes. 

Hitherto, the experimental methods used for studying the 
black soap films are limited to radioactive-tracer (5, 6),  optical 
reflectance (7, 8) ,  light scattering (9), X-ray diffraction (10, 
11) techniques, and so on. Modern spectroscopic techniques 
such as infrared or  nuclear magnetic resonance spectroscopy 
are principally expected to provide valuable structural informa- 
tions on these films. In reality, however, these techniques have 
suffered from their poor detection limits, because of the minute 
amount of constituents in thin soap films. For example, the 
infrared spectra of multiple sheets of black soap films obtained 
by using a dispersion type instrument with a PbS detector (7) 
could only give a very rough estimate of the thickness of the 
aqueous core, whose accuracy is crucial to the theoretical in- 

vestigation of the surface forces. 
On the other hand, the innovation of the Fourier transform 

infrared (FT-IR) technique has enormously improved the de- 
tection limit of infrared measurements, and has made it possi- 
ble to investigate the systems interesting to colloid and inter- 
face scientists, such as aqueous micellar solutions (12, 13), 
multibilayer lipid membranes in aqueous media (14, 15), 
Langmuir-Blodgett monomolecular film (16), and trace 
amounts of oriented water in a liquid crystalline matrix (17). 

In the present work, the FT-IR technique has been applied to 
the study of black films in air prepared from aqueous solutions 
of sodium n-dodecylsulfate (SDS). Without the addition of 
inorganic electrolyte, the SDS solution at room temperature 
provides the "first black" film, whose equilibrium thickness is 
believed to be performed by a balance between van der Waals 
attraction and electrostatic double-layer repulsion (1). By 
adding a sufficient amount of inorganic electrolyte like NaCl, 
the SDS solution provides the "second black" film of about 4 . 4  
nm (18). Both first and second black films have been in- 
vestigated here with polarized infrared radiation to see the state 
and orientation of the surfactant and water molecules in the 
films. 

Experimental 
SDS (purity >99%) and NaCl (purity >99.9%) were purcased from 

Nakarai Cemicals, Ltd., Kyoto, Japan. Doubly distilled water was 
used for the preparation of aqueous solutions. The sample cell adopted 
in this experiment is illustrated in Fig. 1. The main cell body (75 mm 
internal diameter and 100 mm high) is made of polymethylmeth- 
acrylate. The rectangular frame of 51 mm wide and 38 mm high, 
which is made of a 1.2 mm + platinum wire, was used to support soap 
films. In order to prepare the soap film, the frame was once dipped 
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FIG. I .  Sample cell for FT-IR measurements of black films. 

into the aqueous solution wlth SDS concentration larger than the 
critical micellization concentration (80 mM, ref. 19), and then it was 
slowly lifted up to air. The frame can be rotated around its center axis 
so that the angle of incidence of infrared radiation can be changed 
freely. The infrared radiation passed through the soap film and two 
CaF? windows (8 mm diameter) on the cell wall. In the case of normal 
incidence to the film surface, the spot of the infrared beam on the film 
was as small as about 0.5 mm +. To achieve the equilibrium of 
temperature and vapor pressure inside the cell, prior to the withdrawal 
of the film, the cell was placed ovcrnight in the sample compartment 
of the FT-IR spectrophotometer set in a temperaturc-controlled room, 
with a continuous supply of infrared radiation. Under these condi- 
tions, the temperature insidc the cell was 29°C. Then the film was 
lifted up from the solution and was subjected to infrared mea- 
surements. 

Infrared spectra were recorded on a Nicolet 6000 FT-IR spec- 
trophotometer equipped with an InSb detector. Typically, 500 to 2000 
interferograms collected with the maximum optical retardation of 0.25 
cm were coadded, apodized with a Happ-Genzel function, and Fourier 
transformed with one-level of zero-filling to yield spectra of high S/N 
ratio with a resolution of 4 cm- ' .  Polarization measurements were 
performed by using a wire-grid polarizer with AgBr substrate. Special 
attention was paid to the cancellation of the infrared bands due to 
atmospheric water and a slight amount of frost formed upon the 
detector surface. The latter is inevitable to commercial detectors 
cooled by liquid nitrogen. Since the amount of frost changes with 
time, the back ground spectra were recorded before and after a series 
of measurements for one film. Then, the background spectrum corre- 
sponding to each sample spectrum was obtained by a time-weighted 
average of the above two spectra. 

For numerical calculations and graphical plottings of the results, a 
Facom M-180 I1 AD computer of this institute was utilized. 

VOL. 63, 1985 

Results and discussion 
1. First black film 

When the film is drawn from the aqueous SDS solution, or 
more precisely from the surface of the solution, its initial thick- 
ness is fairly large. However, the aqueous core of the film 
immediately starts to thin by drainage, and the black film is 
first formed at the top of the film. The area of the black part 
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FIG. 2. Change in absorbance of water at 3400 cm-' with time for 
a film drawn from 0.06 M aqueous solution of SDS. 

- 

-- 

- 

-; 

- )  

gradually increases, the horizontal border between the black 
part and thicker part descending downwards. The feature of the 
thinning can be monitored by measuring the absorbance of the 
OH stretching band of water (3400 cm-') at a fixed position in 
the film. The typical result for the film drawn from the 0.06 M 
SDS solution is shown in Fig. 2, where each point represents 
the result of an accumulation of 10 scans. Within about 7 min, 
the absorbance becomes nearly constant at 0.075 which corre- 
sponds to a 88 nm thick aqueous core (see below for the 
evaluation of the thickness). At this stage, the film appears 
silvery. In 12 to 14 min, the part of the spot of the infrared 
beam becomes black, giving an absorbance of 0.0085. All of 
the film becomes black after 30 min. The infrared spectrum of 
this equilibrated black film is shown in Fig. 3A. The broad OH 
stretching band of water peaked at -3400 cm-' and weaker CH 
stretching bands of the methylene chain of SDS at 2960-2850 
cm-' are observed. The features of the 3400 cm-' band (peak 
wavenumber, bandwidth, and contour) are very similar to those 
of bulk liquid water (20). 

In Fig. 3B and C,  the spectra of equilibrated black films 
obtained by different withdrawals from the same 0.06 M SDS 
solutions were also displayed. It is found from the absorbance 
of each film in Fig. 3A-C that the thickness of the outer SDS 
monolayers (monitored by the CH bands) are invariant in all the 
films, but the thickness of aqueous core (monitored by the 
water band) varies in each film. It is usually believed that the 
equilibrium thickness of the first black film is determined by 
the ionic strength in the aqueous core (18). However, the result 
in Fig. 3 indicates that the actual equilibrium thickness is also 
affected by the delicate difference in each experimental condi- 
tion, such as that in minute quantities of surface-active im- 
purities (1) which can be introduced by the dehydration of SDS 

A FILM FROM 0.06M SOLN. 

3 4 0 0  crn-' BAND 
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FIG. 3. Infrared spectra in the 3800-2800 cm-' region of three different first black films drawn from 0.06 M aqueous solutions of SDS. 

-, 
3000 29b0 29b0 2940 2950 29b0 2880 28b0 2840 28k0 2800 

WAVENUMBER / cm-' 

FIG. 4. Infrared spectra in the CH stretching region of SDS. A ;  Two different first black films drawn from 0.06 M aqueous solution. B ;  1.5 M 
aqueous solution at 25OC (-, liquid crystalline phase) and at 1°C (- - -, coagel I1 phase). Ordinate scale has been normalized so that the intensities 
of corresponding bands are nearly the same in A  and B .  

(21). In the following sections, the state and orientation of the crystalline phases, respectively (22). By comparison of Fig. 4A 
methylene chain in SDS and water will be examined mainly and B, the methylene chain of SDS in the black film is easily 
using the spectral data for the first black film of Fig. 3A, unless identified as being in liquid crystalline state. This is ratio- 
otherwise stated. nalized by the following consideration. The occupied area per 

molecule in the SDS black film is thought to be about 0.52 
2 .  The CH stretching bands of SDS in first black films nm'/molecule (8,23). This value is in good agreement with the 

Figure 4A shows two spectra in the CH stretching region reported value of 0.57 nm'/molecule (24) for the SDS mole- 
recorded for different films. The reproducibility and noise level cule in a liquid crystalline phase, and is much larger than the 
of spectra are apparent in this figure. Figure 4B reproduces molecular cross section of 0.21 nm2/molecule of a hydrated 
spectra of 1.5 M aqueous solutions of SDS at 1 and 25"C, SDS crystal (25). 
which are in the coagel I1 (hydrated crystalline) and liquid To investigate the orientation of the methylene chain of SDS, 
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3000 2960 2920 2880 2890 2800 
WAVENUMBER / crn-' 

FIG. 5. Polarized infrared spectra in the CH stretching region of a 
first black film of SDS drawn from 0.06 M aqueous solution. Angles 
of incidence are 2" (-) and 75" ( - - - )  with electric vector parallel to 
the plane of incidence. Path lengths have been corrected for the 
oblique incidence. 

the polarized infrared spectra of the film were recorded. First, 
it was ascertained by normal incidence of the polarized beam 
that there was no dichroism within the film surface. Then, the 
film was tilted around the center axis of the platinum frame, 
and the polarized beam with electric vector parallel to the plane 
of incidence was irradiated. To evaluate the angle of incidence, 
the infrared measurements were performed at various angles 
between -80" and +80°, and the angle 0" was obtained from 

the center of the symmetrical plot of various spectral parame- 
ters, such as peak wavenumber or intensity. This procedure 
made us read "normal" in the scale as 2". The spectra at the 
angle of incidence of 2" and 75" are shown in Fig. 5.  Here, the 
difference in path length has been corrected for the oblique 
incidence, by assuming the refractive index of SDS layer to be 
1.4. Although the noise level is not small, the presence of the 
dichroism in the antisymmetric (2925 cm-') and symmetric 
(2854 cm-')  CHI stretching bands is evident. The larger in- 
tensity in the 2" incidence reveals that the director of the meth- 
ylene chains as an average tends to orient normal to the film 
surface. The dichroism for the asymmetric CHI stretching band 
at 2963 cm-' does not seem to exist. This is reasonable if we 
consider that the methylene chain is in a liquid crystalline state. 

3. Water bands in the first black film1 
To examine the orientation of water molecules in the film, 

the tilting method was also applied by using polarized infrared 
radiations with electric vector parallel to the plane of incidence. 
The result is given in Fig. 6. In this case, no correction has been 
made for the difference in path length. With increasing angle 
of incidence, the peak maximum shifts to higher wavenumbers. - 
The peak intensity, on the other hand, first decreases and then 
increases. These results are not normally encountered for the 
well-resolved infrared band with a small absorptivity. Since the 
OH stretching band of water is believed to consist of many 
components (26, 27), the complexity in Fig. 6 seemed, at first, 
to be due to the presence of various dichroism depending on the 
components. However, for very intense bands as in this case, 
we have to be careful about distortions of band shapes due to 
reflection and interference effects at interfaces (28). Therefore, 
we tried to estimate these effects numerically. For thin layered 
films, Hansen has derived explicit formulas for the trans- 
mittance and reflectance (29). In this case, we consider a sym- 
metric plane bounded system of five layers, that is, air/SDS/ 
aqueous solution/SDS/air. For the jth layer, let us suppose 
that h1 is the complex refractive index, i.e., GI = n, + ik,, 0, the 

FrG. 6. Polarized infrared spectra of a first black film of SDS drawn from 0.06 M aqueous solution. The angles of incidence of polarized 
radiations with electric vector parallel to the plane of incidence are shown. 
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WAVENUMBER / an-' 

FIG. 7. Calculated absorbance curves in the OH stretching region 
of a first black film of SDS. The data correspond to the observed 
results shown in Fig. 6. In t$s calculation, hz = hJ = 1.1 nm, h? = 

A A 

9.6nm, n, = ns = I ,  Gz = n4 = 1.4, and k(3400cm-') = 0.36are 
used. 

angle of incidence or refraction, h, the thickness, q, = cos 0,/n,, 
v the wavenumber of infrared radiation, and that P, = 2 1 ~ v h , ~ ~  
x cos 0,. If we make the usual assumption that the magnetic 
permeabilities of all the layers are unity, the transmittance of 
the system for the parallel polarization is expressed by (29) 

Re (cos €I5/&) 2q1 

[ I 1  " =  c o s ~ , / n ,  I ( m l l + m 1 2 ) q l + m 2 1 + t n 2 2 q ~  

where m ~ ,  is the klth element of the matrix M characteristic of 
the total plane bounded system: 

with 

cos PJ -(i/qJ) sin P j ]  [,I Mj = [ . . 
-lql sin p, cos Pj 

For the calculation, we assumed G I  = is = 1, i2 = ;i4 = 1.4, 
and h2 = h4 = 1.1 nm (estimated from the data in refs. 23 and 
30). For the complex refractive index &(v) of water in the 
infrared region, we first adopted the data reported by Downing 
and Williams (31). However, it was not fully successful to 
reproduce the data in Fig. 6. The literature survey (32) shows 
that the values of the imaginary part k3 (3400 cm-') of G,, i.e., 
extinction coefficient of water at the 3400 cm-I peak are widely 
distributed from 0.17 (33) to 0.92 (7), though the newly 
reported values converge into the range between 0.28 and 0.3 1 
(20, 31, 34). Further, when ions are dissolved in water, the 
value is expected to change (35). Thus, in this calculation, we 
tried to calculate absorbance curves which give rise to the best 
fit to the experimental curves of Fig. 6,  by changing both the 
k3(v) values of Downing and Williams by a constant factor and 
the thickness of the aqueous core, h3. For the real part n3(v) of 
G,, we used the data of Downing and Williams (31). The final 
calculated results are demonstrated in Fig. 7. The experimental 
curves are surprisingly well reproduced for all angles of inci- 
dence examined. Thus, we have h3 = 9.6 nm and k3 (3400 
cm-') = 0.36 as the converged values. The latter value means 
that the constant factor is 1.28. From the inspection of calcu- 
lated data, the accuracy of these values is estimated to be better 
than a few percent. The change in the ;i2 value between 1.35 
and 1.45 and that in the h, value between 0.85 (8) and 1.7 nm 
(24) had little effect on the calculated absorbances. 

In this calculation, we used the optical parameters of un- 
oriented bulk water. Thus it can be said that the water in the 
aqueous core between the two SDS monolayers does not show 
any specific orientation or structure formation. 

4. Second black films 
The second black film was produced by adding 0.35 M NaCl 

to the 0.01 M aqueous solution of SDS. The spectrum of the 
equilibrated second black film is illustrated in Fig. 8A, being 

FIG. 8. Infrared spectra of a second black film (A) drawn from 0.01 M SDS solution + 0.35 M NaCl, compared with that of the first black 
film (B) drawn from 0.06 M SDS solution. 
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FIG. 9. Polarized infrared spectra of a second black film drawn 
from 0.01 M SDS solution + 0.35 M NaCl. The angles of incidence 
for polarized radiations with electric vector parallel to the plane of 
incidence are shown. 

compared with that of the first black film from 0.06 M SDS 
solution (Fig. 8B).  The intensity of the CH stretching bands in 
the second black film is almost the same as that of the first 
black filni, suggesting that the thickness of the SDS layers are 
identical in both cases. However, the intensity of the water 
band in the second black film is about one-tenth of that of the 
first black film. This leads us to a conclusion that the thickness 
of the aqueous core is about I nm, considering that the absorp- 
tivities of both films are nearly the same (35). Adding this 
value to the SDS bilayer thickness of 2.2 nm (see above), we 
have the total film thickness of 3 .2  nm. This is a little less than 
the reported value of 4.4 nm (18). 

Furthermore, the peak wavenumber of the second black film 
is about 60 cm- '  higher than that of the first black film. Addi- 
tion of 0.35 M NaCl to the bulk aqueous solution of SDS may 
result in a small wavenumber shift of a few cm- '  (35, 36). 
Thus, the large higher wavenumber shift of the second black 
film in Fig. 8A indicates that the aqueous core is in a highly 
ionic atomosphere. This is reasonable if we consider the pres- 
ence of double layers of concentrated ions in the very thin 
aqueous core mentioned above. 

The polarization measurements were also carried out for this 
second black film. The results are shown in Fig. 9 for three 
incident angles, 0°, 60°, and 75". The trends of the wave- 
number shift and intensity change are the same as in the case 
of the first black films shown in Fig. 6. Since the optical 
constants are thought to be different from those of pure water, 
we have not tried to reproduce the experimental absorbance 
curves in Fig. 9. However, it seems likely that there is no 
specific orientation or rigidified structure of water even in this 
thin second black film, as has been speculated by Lyklema et 
(11. (8) who have characterized the SDS black films as "mobile" 
ones. A similarity between the bulk water and the water layers 
thicker than a few angstroms has been also pointed out by 
Clliford (37). 
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JOHN AVERY. Can. J. Chem. 63, 1719 (1985). 
Methods are presented for constructing eigcnfunctions of the total orbital angular momentum operator of a many-particle 

system without the use of the Clebsch-Gordan coefficients. One of the equations derived in this paper is analogous to Dirac's 
identity for total spin; and through this equation, a connection is established between eigenfunctions of L' and irreducible 
representations of the symmetric group S,,. 

JOHN AVERY. Can. J. Chem. 63, 1719 (1985). 
On presente des methodes qui permettent d'etablir, sans faire appel aux coefficients de Clebsch-Gordan, les fonctions de 

eigen de I'operatcur total du moment angulaire de I'orbitale d'un systeme ii plusieurs particules. L'unc des equations ainsi 
obtenue dans ce travail est analogue 5 celle d'identitk de Dirac relative au spin total; au moyen de cette equation, on a Ctabli 
une corrClation entre les fonctions de eigen de L' et les reprksentations irreductibles du groupe de symitrie S,,. 

[Traduit par le journal] 

Introduction 
In the quantum mechanical treatment of kany-particle sys- 

tems, one is often faced with the problem of constructing eigen- 
functions of the total angular momentum operator 

where 
N 

[21 L = C e, 
(1 = 1 

where, for the sake of brevity, we have introduced the notation 

Now let us suppose that L' acts on a product of the particle 
coordinates of the form 

n factors 
Since 

and where 

Often the Clebsch-Gordan coefficients are used to construct 
eigenfunctions of L' and L,. In this paper, we shall discuss an 
alternative method which avoids the use of Clebsch-Gordan 
coefficients. 

An identity for L2 analogous to Dirac's identity for S2 

From eqs. [I]-[3] it follows that 

Lx, = (0,  -iz,, iy,) 

[4] Ly, = (iz,, 0 ,  -ix,) 

Lz, = (-iy,, ix,, 0) 

so that 

(LY,) . (LYI,) = YI,Y, - (ab)  

(Lz,) . (Lzl,) = zhs, - (ab)  

(Lxu) ' ( L Y ~ )  = xhYa 

(Lxa) ' (Lzh) = xhzu 

(LYu) . (Lzh) = YbZa a , b =  1 , 2  , . . . ,  N 

we have 

+ . . . (all possible pairs)] f 
J 

Making use of eq. [5], we can rewrite [9] in the form 

[ lo]  L'f = 2 ( n  + Q - C)f 

where Q is a sum of permutation operators 

[I I ]  Q - Pa/, + Po, + P h <  + . . - 
n ( n  - I)  terms 

2 

and where C is a "contraction operator" defined by the relation 

(all possible pairs of x's) 

[I21 
(de) + - + . . . (all possible pairs of y's) 
Y,iYr 

(hi) + - + . . . (all possible pairs of z's) f 
Zh Zi I 

It is understood that if C acts more than once on f, then the only 
pairs formed are between coordinates not already contracted. 
Thus, for example, iff = xaxbx,ylly,, then 
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+ x,xbx,(de) and 

Equation [ l o ]  is analogous to Dirac's identity for the total spin 
operator. However, it should be noticed that the operator Q is 
a class-invariant of the symmetric group S,,, not of SN, where n 
is the degree of the mononomial f ,  while N is the number of 
particles in the system ( 1  -4). 

Construction of symmetric eigenfunctions of L2 and L, 
with M = 0 

We now let (5-8) 

[14] F e Z , Z b Z , Z d  . . . .  

n factors 

Since F contains only z's, with no x's or y's, it is completely 
symmetric with respect to the interchanges Pa,, Po,, . . . . etc. 
Therefore 

and 

Furthermore, since 

[17] L2(ab)  f = (ab)L2 f  

it follows that 

[18] L ~ C ' F  = [ ( n  - 2t)  ( n  - 2t + 1 )  - 2C]CrF 

1 1 
FZ = F - 3 CF = z,z,, - 3 (ab)  

[231 1 
F o = 3 ( a b )  a , b =  l , 2  , . . . ,  N 

It is easy to verify that F2 is an eigenfunction of L 2  correspond- 
ing to the quantum number L = 2 ,  while Fo is an eigenfunction 
corresponding to L = 0 ;  and this is true for all possible values 
of the particle indices a and b. If a = b ,  then F2 has the angular 
dependence of a d-orbital, while if a + b ,  F, represents two 
p-orbitals coupled together. 

As a second example, let us consider the case where n = 3 ,  
so that 

Then 

As in our previous example, no matter what values the particle 
indices take on, the functions FL will still be eigenfunctions of 
L2. If a = b = c ,  then F3 corresponds to anf-orbital; if a = b 
+ c ,  it corresponds to a d-orbital coupled to a p-orbital; and if 
a + b ,  b + c ,  and c + a ,  F3 corresponds to three p-orbitals 
coupled together. 

For n = 4 ,  we have 

1 1 We would now like to show that, for L = n,  n - 2 , .  . . , the [26] F ,  = CF - - C'F 
function 2 1 

1 F - - C 2 F  
O - 30 

Notice that 

[ t ~ l  [27] Fo + F2 + F4 = F 
x 2 0' (2, - Z S  - 1)I ,cs*"/"1"-L' . . 

s = 0 
s !  and in general, 

is an eigenfunction of L 2  corresponding to the eigenvalue [28] F ,  = F 
L ( L  + 1 ) .  In other words, we would like to show that ~=0.2. .  

[20] L2FL = 

Letting L2 act 
we obtain 

: L ( L  + l ) F L  L =  n , n - 2 , n - 4 ,  . . .  so that FL corresponds to a projection of F onto that part of 
Hilbert space spanned by eigenfunctions of L' belonging to the 

the sum in eq. and making use of [181, quantum number L. Other examples, corresponding to higher 
values of n. are shown in Table 1. 

[tLl 
L' C 0' (2L - Z s  - I)!! c " " / ~ ) ( F L ) F  Eigenfunctions of L2 and L, with M = L 

s="  s !  
The symmetric eigenfunctions of L2 and L, generated means 

[ t ~ l  
(- 1lS of eq. [I91 correspond to M = 0 .  Eigenfunctions corresponding 

[211 = 2 7 (2L - 2s - I)!! [ (L  - 2s) ( L  - 2s + 1) to other values of M can of course be obtained from them by 
S = O  use of the raising and lowering operators - .  - 2c]cs+"i2""-L' 

[ f ~ l  [29] L* = L . ~  t i~~ 
= L ( L  + 1) 2 - ( - ' I s  (2L - 2s - 1)II . . c '*( '" ) ("-~)F However, this procedure is somewhat laborious, and therefore 

s = ~  S !  it is interesting to see that eigenfunctions of L2 with M = L can 
so that eq. [20] is established. be written down directly. To see this, we make use of the 

As an example, let us consider the case where n = 2. Then identity 
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AVERY 

TABLE 1 .  Totally symmetric eigenfunctions of L~ 
and L, with M = 0; F = z,,z,z,. . . . , a,  b, c , .  . = 
1,2,  . . . , N; the "contraction operator" C is defined 

by eq. [I21 

[30] Lz = L,(L, + 1 )  + L-L, 

and we introduce the notation 

[31] a ,  = x, + iy, 

Next we notice that 

L,a, = 0 

[32] L,a, b, = 0 

L+a,b,c, = 0 

etc. 

and that 

L,a+ = a, 

[33] Lza, b+ = 2a+ b, 

LZa+ b, c, = 3a, b, c ,  

etc. 

so that 

TABLE 2. Eigenfunctions of L~ and LI 
with M = L; a+ -- x ,  + iy,; (nb) ,  ( a  X 

b)+,  and (abcl are defined respectively 
by eqs. [6], [31], and [38]; a,  b,  c ,  . . . 

= l , 2 , 3  , . . . ,  N 

1341 
n factors 

L,a, b,c, . . . . = nu, b, c+ . . . . 

We then introduce the notation 

[351 (a  x b) ,  = y,zh - Z , Y ,  + i(z,xb - x,zb) 

From [29], [2],  and [3] it follows that 

L, (a X b) ,  = 0 
[361 

L,(a x b ) ,  = ( a x  b) ,  

so that 

[L' - n(n - l ) ] a ,  b,c, . . . . (d x e ) ,  = 0 

[371 
n - 2 factors 

[LZ - ( n  - I)]a,b,c+ . . . .  (d x e ) ,  = 0 
a , b , c  , . . .  = 1 , 2  , . . . ,  N 

Finally we introduce the notation 

X" Y o  2" 
[38] \abci = det 1 xb yb zb 1 

X c  Y r  Zc 

and notice that 
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Proceeding in this way, we can construct simultaneous eigen- 
functions of L' and L: corresponding to the quantum numbers 
L and M = L as shown in Table 2. 

If we compare Table 1 with Table 2, we notice immediately 
that the functions corresponding to odd values of n - L are 
missing from Table 1.  This is because the functions in Table 1 
are required to be completely symmetric with respect to inter- 
changes of the particle indices u ,  b, c ,  . . . , while the functions 
corresponding to odd values of tz - L correspond to other 
irreducible representations of S,,. By allowing other sym- 
metries, it is possible to use eq. [19] and Table 1 to generate 
eigenfunctions of L' and L, with M = 0 also for odd values of 
tz - L .  For example, if we replace z,  in eq. [22] by (b x c), = 
x,y, - yl,x,, eqs. [22] and [23] take on the modified form 

and 
1 

F = Y - Y - j label 
[421 1 FA = - label 

3 

represents a (1-orbital obtained by coupling twop-orbitals. If we 
instead used Clebsch-Gordan coefficients, we would find: 

,- 

where 

1 
1-1 1) = - - (  2 x, - 1 ~ 0 )  . (XI, + iyt,) 

If we substitute [45] into [44] we obtain 

which is proportional to the function shown in eq. [43]. 
When several angular momenta are coupled, there may be 

several different functions all of which correspond to the same 
values of L and M. These functions can be classified by Young 
operators, a situation which is analogous to the coupling of 
spins in the Yamanouchi-Kotani branching diagram. For this 
reason, the connection between angular momentum and the 

It is easy to verify that F i  and F;  are eigenfunctions of L' 
permutation group is an interesting one. corresponding respectively to the quantum numbers L = 2 and 

L = 0.  AcknowIedgements 

Discussion 
The fact that the functions in Tables I and 2 are eigen- 

functions of L' and L, regardless of the values taken on by the 
particle indices u ,  b,  c, . . . can be understood as a consequence 
of the fact that the transformation properties of these functions 
under rotations of the system as a whole are independent of the 
particle indices. The method for constructing eigenfunctions of 
total orbital angular momentum discussed here is closely re- 
lated to the method for generating hyperspherical harmonics by 
harmonic projection which we treated in our previous papers 
(5-7). It is also closely related to the irreducible tensor for- 
malism, a discussion of which can be found, for example, in 
Hamermesh (9). 

To see the relationship between the methods presented here 
and the usual methods for coupling angular momenta, we can 
compare the functions shown in eq. [23] with functions 
obtained using Clebsch-Gordan coefficients. Let us consider 
the case where a + b. Then 

I would like to thank Stud. Scient. Peter Sommer Larsen, 
Lektor Sten Rettrup, Dr. Birte L. Christensen-Dalsgaard and 
Stud. Scient. Shen Hengyi for helpful conversations. I would 
also like to express my gratitude to Professors Jens Peder Dahl, 
Hendrik J. Monkhorst, Roy McWeeny, Jan Linderberg, and 
Yngve Ohrn for their interest and encouragement. 
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R61e de la liaison hydrogene intra et intermoleculaire dans I'etude des proprietes 
spectroscopiques et photophysiques. Cas types: derives du carbazole 

PIERRE D. HARVEY' ET GILLES DUROCHER' 
Dkpartetnetlt de Chittlie, Utriver.sitP ~ l e  Morztrkal, C.P.  6210, Su r r .  A. Mo t~ t rP r~ l  (Que.), Ccrrrcrdrc H3C 3 V I  

R e p  le 10 octobrc 1984 

Cet nrricle est dkdiP au Prqfesseur Cnnzille Sar~rlotfj ri I'occrr.siot~ (le son 65' anrri~~c~,:\rrire 

PIERRE D. HARVEY et GILLES DUROCFIER. Can. J .  Chem. 63, 1723 (1985) 
Nous avons CtudiC les spectres d'absorption ct de fluorescencc dc meme que les rcndements quantiques et les durCes de vie 

de fluorescence des dCrivCs cyanures et carboCthoxyl6s du carbazolc en position 1 en phase gazeuse, dans les solutions fluides 
polaire et non-polaire de m&me que dans des matrices rigidcs h 77 K. Nous avons montrC que Ic cyano-l carbazole formc un 
dimere cyclique dans le methyl-3 pentane avec une enthalpie dc complcxation de -39 kJ m o l l  ct une entropic de complexation 
de -78 J mol-' K- ' .  Par ailleurs, aucun tautomkre form6 suite h I'excitation du dimkrc n'a pu Etre mis en Cvidcnce. Par 
ailleurs, la liaison hydrogkne intramolCculairc prime chez Ic carboCthoxy-l carbazole en phasc gazeuse ou dissous dans les 
solvants non-polaires a I'Ctat Clectronique fondamental dc la molCcule (systkmc lid). Le rendement quantiquc de fluorescencc 
de ce systkme liC h 23°C est par ailleurs trks faible de sorte que seul Ic systkme librc Cmct h tempCrature ambiante. Par contre 
a 77 K en matrice rigide de 3MP, le systkme lid dmet fortement cn fluorescence. Cette liaison hydrogene intramolCculaire est 
par ailleurs rompuc pour faire place h une liaison hydrogkne intermolCculaire dans I'ethanol. 11 cn cst ainsi pour le cyano-l 
carbazole. Nous montrons que tous ces dCrivCs substituds cn position I du carbazole forment des cxciplexcs lorsquc dissous 
dans I'Cthanol j. 23°C. On cxpliquc la formation de ces cxciplcxes par le caractkre transfcrt de chargc ClevC de I'Ctat 'L,, de 
ces molCculcs. 

PIERRE D. HARVEY and GILLES DUROCHER. Can. J .  Chem. 63, 1723 (1985). 
The absorption and fluorescencc spectra along with the fluorescence quantum yields and lifetimes of the I-cyano and 

I-carboethoxy derivatives of carbazole in polar and non-polar fluids and in rigid solutions at 77 K have been investigated. The 
existence of the cyclic dimcr has been confirmed for I-cyanocarbazole in 3-methylpentane. The enthalpy and entropy of 
complexation are evaluated to be -39 kJ mol-' and -78 J mol-' K - '  respectively. No tautomeric species has been observed 
following excitation of the dimer. On the other hand, the intramolecular hydrogen bonding system always predominates in the 
gas phase and in non-polar solvents in the ground electronic state. This intramolecular hydrogen bonding has been shown to 
be broken in ethanol, where intermolecular hydrogen bonding to the solvent takes place. I-Cyano carbazole follows the same 
behaviour in ethanol. A11 the ]-substituted derivatives of carbazole show exciplex fluorescence in ethanol and the formation 
of thesc exciplexes has been explained by the strong charge transfer character involvcd in the excited 'L,, states of these 
molecules. 

Introduction 
Le Professeur Camille Sandorfy a track la voie depuis de 

nombreuses anntes B tous les chercheurs impliques dans 
1'Ctude des effets de la liaison hydrogkne dans les Ctats Clectro- 
niques fondamentaux des molCcules en phase gazeuse (1) et en 
solutions (2). Nous avons voulu dans cet article, par quelques 
exemples choisis de dCrivCs substituks du carbazole, montrer 
comment la liaison hydrogene aussi bien intra qu'inter- 
molCculaire influence les propriCtCs spectroscopiques et photo- 
physiques de certaines rnoltcules organiques. 

La spectroscopic de mkme que la photophysique rnoltculaire 
des premiers Ctats singulet et triplet excites du carbazole dans 
diffkrents milieux ont fait l'objet de plusieurs Ctudes fon- 
damentales au cours des annCes 1970 a 1980 (voir rCfCrences 
dans I'article d e  G. E. Johnson (3)). Le carbazole est irnpliquC 
dans des autoassociations molCculaires (4) (dimkres ou aggrC- 
gats) oh encore il est liC par liaison hydrogkne avec les solvants 
et cela dans son etat Clectronique fondamental (5-7) ou dans 
ses Ctats Clectroniques excitCs (8 ,9 ) .  Par ailleurs contrairement 
B l'indole ( lo -  13) ou au 3-H indole (14, 15) et a leurs dCrivCs, 
le carbazole en presence dlCthanol ou de solvants polaires ne 
forme pas d e  complexes exc ids  (exciplexe) en solution fluide. 
Nous avons par ailleurs montrt que le carbazole formait des 
exciplexes avec des rnolCcules reconnus pour leur grande 
affinitC Clectronique (les halocarbures aliphatiques) (16). Ce- 

- - 

' Adresse actuelle: DCpartement de Chirnie, UniversitC McGill, 
MontrCal. 

"uteur h qui adresser la correspondance. 

pendant, la constante de vitesse de second ordre pour la de- 
sactivation bimoltculaire s'est avCrCe plus faible pour le car- 
bazole que pour I'indole et cela quel que soit l'halocarbure 
utilisC (17). C e  comporternent s'explique par la thCorie d e  
Weller et Rehrn qui tient compte de la diffkrence d'Cnergie libre 
entre les Ctats relax& d e  la paire non-ionisee ( 'A, . . . Q )  et de 
la paire d'ions ('A,'. . .'Q-) (18). 

Par ailleurs, outre les potentiels d'ionisation diffkrents, les 
composCs de I'indole posddent  une premiere bande Clectro- 
nique dans laquelle les transitions 'L,, +- 'A et 'L,, t- 'A sont tres 
rapprochCes en Cnergie c e  qui confere B cette bande un carac- 
tere transfert de charge tres important (a cause de I'intewention 
de 1'Ctat 'L,) qui est en fait absent dans la premiere transition 
('L,, c 'A) du carbazole (19). Sachant que la substitution sur le 
noyau carbazole d'un groupement Clectroattracteur avait corn- 
me consCquence d e  rtduire 1'Ccart Cnergetique entre les transi- 
tions 'L,, +- 'A et 'L, +- 'A du carbazole, nous avons procCdC 
B la photosynthkse de plusieurs dCrivCs du carbazole substitues 
aux positions N,  1 et 3 du noyau (20) ainsi qu'k I'etude d e  la 
nature des diffkrentes transitions Clectroniques chez ces m&rnes 
composCs (2 1-23). Les propriCtCs spectrales et photo- 
physiques varient beaucoup d'un derivt du carbazole B un 
autre. C'est ainsi qu'aucun transfert de charge intramolCculaire 
d e  torsion (TCIT) n'a pu &tre mis en Cvidence a 1'Ctat singulet 
excitC dans le bichromophore du carbazole: le N,N1-di-car- 
bazole (NNDC). La gtomCtrie perpendiculaire du NNDC dans 
son Ctat Clectronique fondarnental est transformCe en gComCtrie 
oblique dans I ' t tat premier singulet relaxe sans intervention 
aucune de la polarit6 du solvant (24). D'autre part il a CtC 
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dCrnontrC rkcernrnent que les dCrives substituCs aux positions 
d e  I'azote (N) et en position 3 du carbazole par des groupe- 
rnents Clectroattracteurs tels -CN et -COOEt sont tres sensi- 
bles a la polarit6 du milieu. Les dCrivCs substituks en position 
3 forrnent des exciplexes avec l'ethanol en solution fluide con- 
firrnant l'hypothese d e  dCpart que plus 1'Ccart Cnergttique entre 
1es transitions ' L ,  (S , )  + 'A et 'L,, (S,) + 'A dirninue plus la 
probabilitk d e  formation d'exciplexes avec les solvants polaires 
augmente (25). 

Les dCrivCs substituCs en position 1 sont peut-Ctre les plus 
intkressants a Ctudier en photophysique rnolCculaire puisque 
1'Ccart S,-S, chez ces dCrivCs est approxirnativement identi- 
ques a celui du carbazole, et que d'autre part, d'autres possi- 
bilitts d'interaction a 1'Ctat Clectronique fondarnental s'offrent 
a ces rnolCcules. En  effet, la substitution d'un groupernent 
carboethoxylt engendre une liaison hydrogene intramoltcu- 
laire (22). Par ailleurs, la substitution d'un groupernent cyanurC 
provoque une dirntrisation immediate en solvant non-polaire, 
le dirnkre cyclique (double liaison hydrogene intermolCculaire) 
est stabilist, cornrne nous l'avons confirm6 rtcernrnent par une 
Ctude quantitative en infrarouge d e  transforrnCe de Fourier 
(26). I1 est aussi connu que d'autres dtrivCs du carbazole subs- 
tituCs en position 1 comme I'aza-1 carbazole (27) ainsi que 
I'aza-7 indole (28) se dirnCrisent a 1'Ctat Clectronique fon- 
darnental et que c e  dirnere lorsque photoexcitC se  tautorn~rise  
dans les solvants non-polaires produisant des fluorescences 
forternent dCplacCes vers le rouge suite 2 ces transferts d e  
Drotons. 

Le but de c e  travail est donc de caractkriser les diverses 
interactions intra et intermolCculaires de plusieurs dCrivCs subs- 
titues par des groupes Clectroattracteurs en position 1 du car- 
bazole dans diffkrents solvants et 2 diverses ternpkratures et 
cela dans leurs Ctats Clectroniques fondarnentaux et premiers 
singulets excitts. Nous montrerons que ces divers types d e  
liaison hydrogene affectent beaucoup les proprittCs des Ctats 
Clectroniques fondarnentaux et excitCs de ces dCrivCs en plus d e  
modifier en profondeur toute la dynarnique des etats excitCs d e  
ces rnolCcules. 

Partie experimentale 
(a) Prodrcits 

Le carboethoxy-l carbazole (1-COOEC) ainsi que le cyano-l 
carbazole (1-CNC) ont CtC obtenus par photolyse du carbazole en 
prCsence de CCI, et ces produits ont CtC purifiCs tel que dCcrit 
antkrieurement (20). Le (carboethoxy)-l Cthyl-N carbazole 
(I-COOENEC) et le cyano-l Cthyl-N carbazole (I-CNNEC) ont CtC 
synthCtisCs par Cthylation des dCrivCs N-H correspondant en utilisant 
la rkaction catalytlque de transfert de phase (29). Ces composCs ont CtC 
purifiCs par chromatographie sur colonne de gel de silice en utilisant 
un mClange d'Cther de pitrole et d'Cther Cthyllque (1 : 1) comme Clu- 
ant. La puretC a CtC vCrifiCe par chromatographie sur couche mince et 
les produits ont CtC caractCrisCs par les spectroscopies de masse, 'H 
rmn et infrarouge. Le mCthyl-3 pentane (3MP) "pure grade" provenalt 
de la compagnie Phillips Petroleum et il a CtC purifiC tel que dtcrit 
antkrieurement ( 16, 17). L'isopentane "pure grade" provenant de Phil- 
lips Petroleum et I'Cther Cthylique "analysed reagent" de la compagnie 
Baker ont CtC reflues sur HISO, concentrk (4 mL/L) pendant 24 h et 
IavCs plusieurs fois avec de I'eau bidistille avant d'&tre distill6 par 
fractionnement sur sodlum. L'Cthanol (EtOH) a CtC reflut sur H2S04 
(4 mL/L) pendant 24 h et distill6 par fractionnement. 

(b) lnstrrcmentation 
Les spectres d'absorption Clectronique ont CtC enregistrC sur un 

spectrophotomktre Cary modkle 17. Une cellule mktallique construite 
i nos ateliers, nous a permis d'enregistrer les spectres d'absorption 

aux diverses tempkratures entre la tempCrature ambiante et celle de 
I'azote liquide (30). Les spectres de fluorescence ainsi que les spectres 
d'excitation corrigCs de fluorescence ont CtC enregistrCs i I'aide d'un 
spectrofluorimktre Spex Fluorolog modkle 1902 (14). Cet appareil est 
CquipC d'un bain thermostat6 fonctionnant entre 100 et -20°C. Aux 
tempkratures infkrieures, un montage i dCbit d'azote refroidi a CtC mis 
au point qui permet de stabiliser les temperatures i un degrC prks 
jusqu'i 77 K. Les spectres dlCmission i1'Ctat gazeux ont CtC obtenus 
i I'aide d'une cellule de quartz scellCe sous un vide de lo-' Torr 
( 1  Torr = 133.3 Pa), puis placCe dans un bain dlCthylkne glycol 
chauffC a 160°C. 

Les durCes de vie de fluorescence ont CtC mesurCes i I'aide d'un 
fluochronomktre construit dans nos laboratoires et qui utilise la tech- 
nique de comptage de photon unique. Cet appareil de comptage com- 
portant plusieurs modules de la compagnie Ortec Inc. a etC dCcrit 
antkrieurement (3 1). La mkthode de convolution reittrative a CtC uti- 
lisCe ainsi que la mCthode statistique du X' pour juger de la mono- 
exponentialit6 des dtcroissances observtes. 

(c) Prockdure expkrimentale 
Les solutions sans oxygkne ont CtC obtenues par barbottage d'argon 

dans la solution. Le taux et le temps de barbottage ont CtC ajustCs de 
faqon i bien reproduire la durCe de vie de fluorescence du carbazole 
obtenue par la mCthode du gel-dCgel. Les rendements quantiques de 
fluorescence ont it6 dCterminCs en utilisant le carbazole prkalablement 
calibrt par le diphCnyl-9.10 anthrackne comme standard primaire 
(32). Les rendements quantiques de fluorescence ont tous CtC mesurts . . 
i des concentrations telles que l'autoabsorption ne puisse jouer aucun 
rde.  Les constantes thCoriques de dksactivation radiative (k:") ont CtC 
calculCes par I'Cquation de Birks et Dyson (33). Cette Cquation irnpli- 
que la connaissance de la variation de l'indice de rkfraction du milieu 
en fonction de la longueur d'onde. Pour les solvants EtOH et 3MP i 
23°C et pour I'EPA (ethanol, Cther Cthylique et isopentane 2:5 : 5) i 
77 K,  une expression pour la variation de I'indice de rifraction en 
fonction de la longueur d'onde a CtC dCcrite (24). Pour le 3MP 77 K,  
la relation approximative suivante a CtC obtenue i partir des donnCes 
de la IittCrature (34, 35): 

ou A est exprimte en angstrom (A). 
Les constantes radiatives (kp) et non-radiatives (k.,) de dC- 

sactivation de la fluorescence ont CtC dCterminCes de faqon usuelle par: 

ou +F et TF sont respectivement le rendevent quantique et la durCe de 
vie mesurCe de la fluorescence de I'Cchantillon. 

Resultats et discussion 
I .  Cyano-1 carbazole: thermodynamique de formation du 

dim2re a l'e'tat e'lectronique fondamental 
La figure 1 rnontre bien I'Cquilibre qui existe entre le rnono- 

mere et une autre espece lorsque l'on fait varier la temperature 
d'une solution 5 x lo-' M (a 23°C) de 1-CNC dans le 3MP. 
Deux nouvelles bandes i 360 nrn et a 342 nrn apparaissent dans 
le spectre d'absorption et augrnentent en intensitt avec 
l'abaissernent d e  la ternpkrature alors que les bandes (0,O) et 
( 0 , l )  de la premiere transition Clectronique 'L,, + 'A du 1-CNC 
respectivernent situtes a 347 et 333 nm diminuent avec 
l'abaissernent d e  la ternptrature. Plusieurs points isobestiques 
apparaissent dans les spectres. 

Un effet sirnilaire sur le spectre est tgalernent observe lors- 
q u ' i  tempCrature fixe la concentration du 1-CNC est var i te  
entre 3 , 3  x M e t  2 ,3  X M dans le rntthyl-3 pentane. 
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HARVEYETDUROCHER 1725 

FIG. 1.  Spectre d'absorption Clectronique du 1-CNC dans le 3MP a differentes temperatures. Concentration: 5,O x lo-' M a 23°C. 

Or nous avons montrk recemment par spectroscopies 'H rmn et 
infrarouge que le I-CNC formait un dimkre cyclique en solu- 
tion dans le tetrachlorure de carbone (26). 

Considerons un equilibre general entre n molCcules de 
monomere (M) et un agregat (P) 

La constante d7Cquilibre (K) a une temperature donnCe est 
dCfinie par: 

puisque la concentration totale C, qui est constante est toujours 
Cgale [MI + n[P]. A condition qu'il n'y ait aucun re- 
couvrement entre l'absorption de l'agregat considere et l'ab- 
sorption du monomkre a 360 nm, la concentration de I'agrCgat 
peut Etre mesuree par son absorbance A: 

oG ep devient le coefficient d'absorptivitk molaire de I'agrCgat 
considerC. Rempla~ant [PI dans ]'equation [2] par sa valeur en 
[3] on obtient la relation suivante: 

Cette relation doit &tre IinCaire pour la bonne valeur de n 
puisque Co/A n'est pas une variable independante de A"~"-".  
Nous avons montre sur la fig. 2 qu'a toutes les temperatures 
utilisCes dans cette etude, la variation de (C,,/A) en fonction de 
(A)"/"- '' Ctait linkaire lorsque n = 2 montrant clairement que 
l'agregat consider6 ici correspond a un dimere. Les resultats de 
la fig. 2 nous ont par la suite permis d'obtenir a chacune des 
tempkratures la constante d'kquilibre ainsi que le coefficient 
d'absorptivitk molaire du dimkre a 360 nm. La variation 
d'enthalpie et d'entropie de complexation a par la suite CtC 
calculee en utilisant I'Cquation de Van't Hoff (26). Ces rC- 
sultats sont tous rassembles au tableau 1.  Les valeurs de AH et 
AS de complexation du 1-CNC dans le methyl-3 pentane sont 
pratiquement identiques 2 celles obtenues dans le CCl, par 
infrarouge de transformee de Fourier compte-tenu des erreurs 
expkimentales inhCrentes aux deux methodes spectrales uti- 
listes (26). Ceci implique donc que le dimere cyclique est 
egalement la structure la plus plausible dans les solvants hydro- 
carbones etant donne la valeur trks ClevCe obtenue pour le AH 
de complexation. On peut Cgalement souligner que l'ordre de 
grandeur des constantes d'equilibres obtenues se compare bien 
avec celui des constantes d'Cquilibre publiCes pour les dimkres 
cycliques de I'aza-l carbazole (27) et de l'aza-7 indole (28) 
dans le m&me solvant. 

Par ailleurs, le coefficient d'absorptivite molaire de la bande 
(0,O) du dimere semble augmenter regulikrement avec la dimi- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1726 CAN. 1. CHEM. 

FIG. 2. Graphique de [Co]/A en fonction de (A)-"' pour le sys- 
tkrne rnonornere-dimkre (n = 2) du I-CNC dans le 3MP ou 
I'absorbance est mesurCe h 360 nm et Cl, varient cntrc 6,O X ct 
3,O X lo-' M. 

nution de la ternpkrature du milieu cornrne le dkrnontre la fig. 
3. Ce coefficient atteint la valeur de 12 x lo4 dm' m o l '  a 77 K 
toujours mesure a 360 nrn. Nous avons trace sur la rnCrne figure 
la variation de la frkquence infrarouge du vibrateur NH lie dans 
ce mime dirnere en fonction de la temperature, donnkes tirCes 
d'un article recent (26). 11 sernble que plus la force de la liaison 
hydrogkne augrnente, plus grande est la probabilite de la pre- 
miere transition Clectronique dans le dirnkre cyclique du 
1-CNC. Ceci va cependant a l'encontre d'un recouvrernent 
entre les systkrnes Clectronique-.rr des deux noyaux carbazoles 
par l'interrnediaire des atornes d'azote des deux groupernents 
nitriles. En effet, si ce recouvrernent existait, a cause de la 
syrnetrie C2,, du dimkre, la prernikre transition Clectronique 
serait perrnise en ordre zero et la seconde interdite ce qui, suite 
a un calcul d'interaction de configurations, conduirait a predire 
une diminution de I'intensite de cette prernikre transition Clec- 
tronique cornparativernent a celle du rnonornere. Cette cons- 
tatation ne favorise certainernent pas le transfert des protons et 
la tautornerisation dans ce dirnkre (27,  28). 

11. Fluorescence du dim2re du cyano-1 carbazole 
Sur la figure 4 apparaissent les spectres de fluorescence du 

I-CNC dans le 3MP ( c  = 2,O x M )  a diverses tern- 
peratures. Le point isobestique a 368 nm rnontre bien qu'un 
tquilibre existe entre le rnonornere et une autre entite. Le spec- 
tre de fluorescence du dirnkre pur est obtenu en matrice rigide 
de 3MP a 77 K et reproduit a la fig. 5. On peut voir la res- 
semblance qui existe entre le spectre de fluorescence du 
dirnere a 77 K et le spectre 5 de la fig. 4. De plus une excellente 
image-rniroir existe entre les spectres d'absorption et de fluo- 
rescence du dirnere a 77 K.  Peu irnporte la temperature de la 

Frc. 3. Graphique du coefficient d'absorptivitk rnolaire h 360 nm 
du dimkre dans le 3MP (-.-.-.-) et de la frequence de la vibration 
dlClongation du N-H associC du dimkre dans le CClJ (0-0-0) en 
fonction de la tempCrature. 

TABLEAU 1 .  Donnees spectrales et therrnodynamiques de la for- 
mation du dimkrc du eyano-l carbazole dans le methyl-3 pentane 

mcsurCes a 360 nm 

T EP x lo-' K AH' AS'] 
(K) (dm' mol-') (dm' mol-') (kJ mol-') (J mol-I K-I) 

verses longueurs d'onde de fluorescence correspondent a une 
superposition des spectres d'absorption du rnonornere et du 
dimkre. Une variation de la concentration du I -CNC entre I x 

M et 4 x M n'a rnontrk aucune diffkrence dans les 
spectres de fluorescence et d'excitation de fluorescence en- 
registres a 77 K dans le 3MP. Contrairernent a I'aza-7 indole, 
aucun oligornere n'a pu &tre rnis en evidence (28c).  Par ail- 
leurs, aucune phosphorescence n'a pu &tre dCtectCe pour le 
dirnkre en rnatrice rigide de 3MP 77 K. I1 est en effet connu 
que les dirneres de ce type n'ernettent que trks faiblernent en 
phosphorescence (28c).  

Aucun excirnere ou tautornkre n'a pu &tre detect6 en fluo- 
rescence. Ceci rnontre que le tautornkre ne peut se former 2 
partir du dirnkre excite a cause d'une part, du peu de re- 
couvrernent entre les systernes-.rr des deux chrornophores du 
carbazole cornrne discutt anterieurement et en consequence de 
la distance trop irnportante qui doit exister entre les protons et 
les atornes d'azote-des groupernents nitriles 

111. Carbotthoxy-1 carbazole: liaison hyrlrog2tze 
intramoltculaire 

La gComCtrie du 1-COOEC favorise la formation d'une Iiai- 
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FIG. 4. Spectre de fluorescence du systerne rnonornkre-dimere du I-CNC dans le 3MP ii diffkrentes ternpkratures. Concentration: 2,O x 
lo-' M (23°C); A (exc) = 340 nrn. 

son hydrogene intramoleculaire entre le groupement NH et une 
paire Clectronique du groupement carbonyle: 

I I 

H 0 J \  OEt H. .. AC, 
0' OEt 

Cependant, une telle interaction ne peut se produire que 
lorsque le lien C=O du groupement carboCthoxylC est dans le 
plan molCculaire. Nous avons montrC rkcemment par in- 
frarouge de transformke de Fourier qu'un Cquilibre existait 
entre une conformation planaire (systkme 1%) et une autre non- 
planaire (systkme libre) (26). La constante d'Cquilibre obtenue 
entre les deux systkmes dans le tktrachlorure de carbone comme 
solvant est de 1,7 a 0°C et de 1,O it 55°C montrant bien que 
llCquilibre se dCplace que tres lentement vers la forme libre en 
fonction de l'augmentation de la temptrature. 

Les spectres d'absorption Clectronique du 1-COOEC dans 
1'Cthanol et le 3MP sont reproduits a la fig. 6. Les nombres 
d'onde de la transition 'L,, +- 'A  du 1-COOEC dans diffkrents 
milieux sont donnts au tableau 2. Le 1-COOEC ainsi que le 
1-CNC dans 1'Cthanol forment une liaison hydrogene inter- 
molCculaire avec le solvant comme l'indique leurs nombres 
d'onde respectif de 27 860 et 28 090 cm-', ce qui correspond 
2 un dCplacement bathochrome d'environ 700 cm-' pour le 

1-CNC en passant du 3MP 9 I'Cthanol, dCplacement con- 
ventionnel pour ce type d'interaction dans le carbazole (22). 
Contrairement au 1-CNC dans le 3MP, le 1-COOEC dans le 
3MP montre un spectre d'absorption quasi identique a celui 
dans 1'Cthanol a 23°C. Nous attribuons ce spectre surtout au 
conformkre planaire like de f a ~ o n  intramolCculaire. Dans le but 
de vCrifier 1'Cquilibre entre les conformkres liee et libre, nous 
avons enregistrk les spectres d'absorption du 1-COOEC dans 
l'hexadkcane normal a plusieurs tempkratures entre 23°C et 
125°C et aucune modification visible n'est apparue dans le 
spectre d'absorption montrant par le fait mCme que dans les 
hydrocarbures aliphatiques I'Cquilibre est fortement dCplacC 
vers la forme associke qui est surtout responsable de l'ab- 
sorption. MCme a l'etat gazeux (160°C; Torr) le systkme 
liC semble Etre la forme pridominante dans le spectre d'ab- 
sorption Clectronique comme le demontre la fig. 7. La bande 
(0,O) de la premiere transition ' L ,  +- 'A  apparaft a 28 200 cm-' 
ce qui reprisente un dCplacement hypsochrome par rapport au 
3MP d'environ 400 cm-', valeur gCnCralement obtenue entre 
un hydrocarbure aliphatique comme solvant et la phase gazeuse 
(voir donnCes sur le carbazole (24, 36)). 

Le spectre de fluorescence du 1-COOEC en phase gazeuse 
est reproduit sur la figure 7. Le spectre d'excitation corrigC de 
cette fluorescence se superpose relativement bien au spectre 
d'absorption ce qui indique que le systeme liC est a l'origine de 
I'espkce qui Cmet la fluorescence. Cependant, il est Cvident que 
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CAN. J .  CHEM. VOL. 63, 1985 

FIG. 5. Haut: spectre d'absorption et de fluorescence du dirnkre du I-CNC dans le 3MP ?I 77 K. Concentration: (23°C) pour I'absorption: 2,O 
x M; pour le fluorescence: 3,O x M. Bas: spectres d'absorption, de fluorescence et d'excitation de la fluorescence du 1-COOEC dans 
le 3MP ?I 77 K. 

l'image-miroir n'existe pas entre l'absorption et la fluo- 
rescence. De plus un dtplacement Stokes de 2200 cm-' existe 
entre les deux spectres. La largeur a la demi-hauteur du spectre 
de fluorescence est de 4000 cm-'. Ce sont autant de carac- 
ttristiques qui semblent demontrer qu'une autre espkce que les 
systkmes lit ou libre est a l'origine de cette fluorescence en 
phase gazeuse a 160°C. Un transfert de proton a l'ttat excitt de 
la forme associte et donc la formation d'une espkce tau- 

tomtrique pourrait expliquer les caracttristiques observtes. 
Une ttude dynamique de la fluorescence picoseconde pourrait 
confirmer ou infirmer cette hypothkse. 

Les spectres de fluorescence du cyano- 1 carbazole protont et 
N-tthylt de m&me que ceux du carbotthoxy carbazole protont 
et N-tthylt dans le 3MP et dans l'tthanol sont prtsentts ?I la fig. 
8 et les donntes spectroscopiques se retrouvent au tableau 2. 
Les spectres d'excitation de ces tmissions correspondent tous 
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HARVEY ET DUROCHER 

\a, 
a, 
o, 
- spec t re  dx exc i ta t ion  3MP 

.- 
L 

- 4  
L 

0 
U - 0 

hl V) 
0 hl 

-3 
\ a, 
+- 00 

hl 
C3 .- 

V) 
- 

C 

- 2 
a, 
Y 

C - - - 1 

Frc. 6. Haut: spectre d'excitation de la fluorescence du I-COOEC dans le 3MP 5 la temperature ambiante (peu irnporte la longueur d'onde 
de fluorescence obsemee). Bas: spectre d'absorption Clectronique du I-COOEC dans le 3MP (- - -) et I'EtOH (-) a la temperature arnbiante. 

aux spectres d'absorption correspondant la transition 'Lb +- 

'A de la molecule considCrCe sauf pour celui du 1-COOEC dans 
le 3MP que l'on peut voir sur la fig. 6. Un diplacement de 480 
cm-' vers le bleu est observC dans le spectre d'absorption dans 
le 3MP. Les bandes (0,O) des transitions 'Lo +- 'A (32 590 
cm-I) et IBb +- 'A (36 390 cm-' (22)) subissent Cgalement un 
diplacement hypsochrome dans le spectre d'excitation de la 
fluorescence. D'autre part l'espkce responsable de l'emission 
ne peut etre identique a celle qui absorbe puisque la bande (0,O) 
en absorption recouvre passablement la bande (0,O) de l'espkce 
Cmettrice et qu'il est connu pour les systkmes lit% (EPA a 77 K 
dans le tableau 2) que les dkplacements Stokes sont de l'ordre 
de 700 cm-I. Nous attribuons donc la fluorescence observCe 2 
23°C pour le 1-COOEC dans le 3MP au systkme libre. 

Le systeme liC possede donc un rendement quantique pra- 
tiquement nu1 a la tempkrature ambiante. Cette attribution est 
aussi corroborCe, en plus des deux points citCs plus haut, par le 
fait que le rendement quantique apparent de cette Cmission est 
trks faible (& = 0,020; tableau 3). Puisque c'est le systeme liC 
qui est surtout responsable de l'absorption, ce rendement faible 
n'est donc pas le rendement rCel du systkme libre. Cette attri- 
bution au systkme libre est de plus corroborke par le de- 
placement bathochrome de 1040 cm-' observCe pour la fluo- 
rescence dans le 3MP entre le 1-COOEC et le 1-COOENEC. 
Ce dkplacement est identique a celui obtenu entre le carbazole 
et le N-ethyl carbazole dans le mCme solvant (17, 24, 26) pour 
lequel le groupement N-H du carbazole Ctait libre. I1 faut par 
surcroit noter que ce dCplacement de 1040 cm-I est en rCalitC 

plus Clevk puisque la bande (0,O) du systkme libre subit un effet 
d'autoabsorption important a cause du recouvrement avec l'ab- 
sorption du systkme lit.  Le dCplacement Stokes de 760 cm-' 
dans le tableau 2 est assurkment trop Cleve pour le systkme libre 
a cause de cet effet. 

Par abaissement de la tempkrature du 3MP, la fluorescence 
se dCplace vers le rouge pour atteindre 26 560 cm-' a 77 K. Son 
intensit6 augmente considCrablement, le rendement quantique 
de fluorescence atteignant la valeur de 0,64 a 77 K. Par ail- 
leurs, le spectre d'excitation de la fluorescence a 77 K se 
superpose parfaitement au spectre d'absorption du systkme liC 
a cette tempkrature comme le dCmontre la fig. 5. Ces rCsultats 
montrent clairement que la fluorescence observCe en phase 
gazeuse ne peut provenir ni des systkmes liC ou libre. D'autre 
part, il semble que I'intensitC de fluorescence du systkme liC 
soit tres sensible a la temperature ou a la viscositC du milieu. 
A 77 K,  cette fluorescence est Cgalement trks sensible aux 
traces d'eau dans le 3MP produisant un Clargissement du spec- 
tre, un diplacement vers le rouge, une diminution de l1intensitC 
et une quasi extinction de la phosphorescence. Le spectre ob- 
tenu a la fig. 5 I'a etC suite a des mesures extremes de protec- 
tion du solvant contre l'eau atmosphCrique. 

IV. Effet de l'e'thanol sur les proprie'te's spectroscopiques des 
de'rive's substitue's en position 1 du carbazole 

Les spectres de quelques dCrivCs substituCs du carbazole en 
position 1 dissous dans le 3MP et dans 1'Cthanol a 23°C sont 
rassemblts a la fig. 8. Une structure vibrationnelle bien dCve- 
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FIG. 7. Spectres d'absorption, de fluorescence et d'excitation de la fluorescence du 1-COOEC a I'Ctat vapeur a 160°C et Tom. 

TABLEAU 2. PropriCtCs spectrales de quelques dCrivCs substitues en position 1 du carbazole dans divers milieux 

VA 
Conditions 'L,, "+ 'A CF (0,o) An A ~ J ~ ~ , :  AVAC AvFd 

MolCcules experimentales (cm- I) (cm-')  (cm-') (cm-I) (cm-') (cm-I) 

3MP, 23°C 
3MP, 77 K 

1-COOEC 3MP, 23°C 
EtOH, 23°C 
EPA, 77 K 

3MP, 23°C 
1-CNC EtOH, 23°C 

EPA, 77 K 

1-CNNEC 3MP, 23°C 
EtOH, 23°C 

- 

E: Exciplexe. (I)  Bande due h la molecule lite de maniire intramoltculaire et observie dans le spectre d'absorption; (2) bande 
attribuie h la molCcule libre et observte dans le spectre d'excitation de la fluorescence. 

"DCplacement Stokes dCfini par B, (0.0) - t, (0,O). 
" Largeur a la mi-hauteur de la bande de fluorescence. 
'Dtplacement bathochrome de la bande (0.0) en absorption entre le 3MP et I'Cthanol. 
"DCplacement bathochrome de la bande (0,O) en fluorescence entre le 3MP et I'Cthanol. 

loppee existe dans les spectres ou le 3MP sert de solvant. Par augmentation du deplacement Stokes entre l'absorption et la 
contre tous les spectres enregistres pour les solutions d'ethanol fluorescence et une perte de l'image-miroir entre l'absorption 
a 23°C montrent une perte de structure fine vibrationnelle, une et la fluorescence (voir tableau 3). Les spectres d'excitation de 
augmentation considerable de la largeur a la demi-hauteur, une fluorescence correspondent bien aux spectres d'absorption cor- 
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H A R V E Y E T D U R O C H E R  

FIG. 8. Spectres de fluorescence du I-CNC, I-CNNEC, I-COOEC et I-COOENEC dissous dans le 3MP et I'ithanol a 23°C. Les concen- 
trations etaient de 2,O x lo-' M pour le I-CNC et de 1 , O  x lo-' M pour les autres dirivks etudiis. 

respondant. 
Le 1-CNC et le 1-COOEC forment avec 1'Cthanol un com- 

plexe par liaison hydrogkne interrnoleculaire a I'Ctat Clectro- 
nique fondamental a 23°C et ce complexe existe Cgalement 
dans I'EPA comme le dkrnontrent les valeurs de AD, dans le 
tableau 2. Rien de tel n'existe pour le 1-CNNEC et pour le 
1-COOENEC puisque le groupernent NH est remplack par un 
groupement N-Et. 

Une nouvelle espkce est donc responsable de la fluorescence 
de tous ces d6rivCs dans l'kthanol a 23°C. Le fait qu'un spectre 
bien structure reapparaisse dans I'EPA ou 1'Cthanol 2 77 K avec 
une largeur de bande de l'ordre de 2200 crn-' ajoute aux autres 
caracteristiques dija dCcrites enrichi l'hypothese de l'exciplexe 
comme entit6 responsable de 1'Crnission de fluorescence dans 
ces rnolCcules dissoutes dans 1'Cthanol. Un exciplexe de 

stoi'chiornitrie 1 : 1 pourrait &tre responsable de la fluorescence 
du 1-CNNEC et du 1-COOENEC alors qu'un exciplexe de  
sto'ichiomCtrie superieure serait responsable de la fluorescence 
du 1-COOEC et I-CNC dans ]'ethanol puisque ces deux der- 

- - 

nikres rnolCcules existent dkja sous forme cornplexee a I'Ctat 
Clectronique fondamental (37). Une etude plus approfondie de  
chacune de ces rnolCcules dans le 3MP avec ajout d'kthanol et 
d'eau est actuellernent en cours de rnaniere 2 dCfinir la 
stoichiorn6trie de ces exciplexes. 

Par ailleurs, on sait que le carbazole et 1'Cthyl-N carbazole ne 
foment aucun exciplexe avec les alcools aliphatiques. Une 
explication possible pouvait &tre le fait que I'ecart CnergCtique 
S, -Sz est relativement ClevC (-4500 crn-') dans ces molCcules 
alors que I'on sait que c'est la transition 'L,, +- 'A chez les 
arnines arornatiques qui confkre le caractkre transfert de charge 
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TABLEAU 3. PropriCtCs photophysiques de quelques dCrivCs substituks en position 1 du carbazole 

Conditions T ~ "  kF X lo-' k,, x lo-' k:" x lo-' Image 
MolCcules expCrimentales I$~"  (ns) (s-l) (s-') (s-I) miroir 

3MP, 23°C (0,020) 6,2 (3,2 2 0,4) (160 t 10) (68 2 3) 

1 -COOEC 3MP, 77 K 0,64 8, l  7 9 k 6  4 4 k 3  68 2 3 
EtOH,23"C (0,17) 8,4 ( 2 0 2 2 )  ( 1 0 0 2 2 )  (47 ? 2) 
EPA, 77 K 0,32 7,5 4 3 ? 7  90 k 10 39 k 3 

3MP, 23°C 0,57 11,8 48 2 4 37 k 4 46 2 2 
I -CNC EtOH, 23°C (0,64) 14,O (46 t 2) (26 t 1) (36 k 2) 

EPA, 77 K 0.75 9,8 76 k 8 25 2 3 64 2 3 

3MP, 23°C 0,22 5,O 44 ? 6 160 t 20 4 4 ? 6  
EtOH, 23°C (0,14) 6,9 (20 2 3) (130 k 20) (36 k 2) 

I -CNNEC 3MP, 23°C 0,49 10,7 46 k 3 50 k 3 53 k 3 
EtOH, 23°C (0.49) 12,l (40 t 4) (42 t 4) (40 t 2) 

- 

Oui 
Non 
Oui 

Oui 
Non 
Oui 

Oui 

Oui 
Non 

Oui 
Non 

"Ces rendements quantiques sont la moyenne de trois mesures individuelles qui  se retrouvent toujours 2 I'inttrieur d'une 
marge d'erreur de % 0.02. 

'Ces durtes de vie proviennent de la moyenne de deux mesures expirimentales dont la marge d'erreur est de ? 0.25 ns. Ces 
dtcroissances sont toutes monoexponentielles. 

nkcessaire a la stabilisation de l'exciplexe (286). Une Ctude 
rtcente des derives substituts en position 3 du carbazole sem- 
blait confirmer l'hypothkse de 1'Ccart CnergCtique puisqu'il 
Ctait rCduit a 3000 cm-' environ et que ces derives formaient 
des exciplexes avec l'ethanol (25). Cette hypothkse ne peut 
assurkment pas expliquer la formation d'exciplexes entre les 
derives du carbazole substitues en position 1 et l'ethanol puis- 
que les Ccarts SI-S2 pour l'ensemble des molCcules etudiees 
varient entre 4350 cm-' et 5040 cm-' (22). La substitution d'un 
groupement Clectro-attracteur en position 1 du noyau doit donc 
Ctre responsable du caractere transfert de charge nkcessaire 
dans la fonction d'onde excitCe ('L, + 'A) pour permettre la 
stabilisation de l'exciplexe avec 1'Cthanol. Ceci est corrobork 
par le rapport des coefficients d'absorptivitk molaire des ban- 
des (0,O) des transitions 'L, + 'A et 'L, + 'A qui sont les 
suivants: 1-COOEC (1,l); 1-COOENEC (0,9); 1-CNC (0,6); 
1-CNNEC (0,7) comparativement au carbazole (0,2) et a 
l'tthyl-N carbazole (0,2) (22). Chez les mCmes derives substi- 
tuCs en position de l'azote, ces rapports varient entre 0,3 et 0,4 
(21) alors que chez les derives substituks en position 3, ils 
varient entre 0,2 et 0,4 (23). Nous croyons donc que l'ecart 
Cnergetique ('LI, - 'Lo) joue un r6le important dans la formation 
des exciplexes entre les derives substituks aux positions N et 3 
du carbazole et ]'ethanol, alors que c'est plut6t le caractkre 
transfert de charge important de la transition 'L, + 'A des 
derives substituks en position 1 du carbazole qui est res- 
ponsable de la formation des exciplexes avec l'ethanol. 

V. PropriCte's photophysiques de l'ensemble de ces syst2mes 
Nous avons regroup6 au tableau 3 l'ensemble des proprietks 

photophysiques des derives substitub en position 1 du car- 
bazole. Nous remarquons un effet notable et du substituant et 
du milieu sur ces propriCtCs. Tout comme chez les derives 

ces derniers derivCs dans le 3MP. Pour le 1-COOEC, le ren- 
dement quantique n'est pas significatif puisque l'absorption se 
fait par les deux systkmes libre et lie (mais surtout par ce 
dernier). Cependant, le systeme libre, seul responsable de 
l'emission possede une durke de vie de 6,2 ns, la plus faible 
valeur obtenue pour ces systemes avec celle du 1-COOENEC 
dans le 3MP (5,O ns) et ceci peut s'expliquer par la rotation 
gCnCe des groupements d'atomes en position I dans 1'Ctat pre- 
mier singulet excite. La liaison hydrogkne, qu'elle soit intra- 
moleculaire (1-COOEC dans le 3MP a 77 K) ou inter- 
molCculaire (1-COOEC dans 1'EPA a 77 K), augmente la durCe 
de vie des molCcules a 1'Ctat SI d'environ 2 ns. Lorsque la 
rotation du groupement carboCthoxylC est complktement anni- 
hilee (1-COOEC dans le 3MP a 77 K) par la liaison hydrogkne 
intramoleculaire, d'une part la probabilite radiative de transi- 
tion k,"' ou k ,  augmente considkrablement (par un facteur 2 
environ) par rapport celle du carbazole (25) alors que la 
constante non-radiative n'augmente que tres lkgkrement, ces 
deux facteurs conjuguks sont responsables du rendement quan- 
tique relativement ClevC du 1-COOEC dans le 3MP a 77 K. 

Les paramares photophysiques de tous ces derives dans 
1'Cthanol a 23°C ne sont pas nkcessairement significatifs sauf 
pour les durCes de vie de fluorescence. Quant aux rendements 
quantiques, il se peut dans certains cas que la fluorescence 
observee soit un melange d'exciplexe et de molCcule non- 
complexke bien que les dCcroissances soient monoexpo- 
nentielles peu importe la region du spectre de fluorescence 
observke. Une etude dynamique de la formation de ces ex- 
ciplexes devrait Ctre faite par ajout dlCthanol au 3MP pour 
mieux comprendre ces rksultats globaux dans 1'Cthanol comme 
solvant. On remarque cependant que de faqon trks systema- 
tique, la durke de vie de fluorescence de toutes ces moltcules 
dans 1'Cthanol est de 2 ns plus ClevCe que celle dans le 3MP. 

substitues en position 3 (25) les derives cyanurCs posskdent un Enfin, le dimkre du cyano-1 carbazole posskde des proprittes 
rendement quantique de fluorescence plus elevC que celui des photophysiques trks semblables a celles du 1-COOEC liee de 
derives carboCthoxylCs peu importe le milieu. Ceci peut Ctre manikre intramolCculaire en ce sens que dans ces deux stmc- 
attribue ii la rotation gCnCe du groupe carboethoxyle compara- tures rigides, la constante de dksactivation non-radiative s'ap- 
tivement au groupe cyanurC dans I'Ctat S I  relaxe puisque les parente 2 celle du carbazole et les probabilitks de transitions 
durkes de vie de fluorescence sont toujours plus ClevCes pour radiatives sont beaucoup plus ClevCes. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HARVEY ET I IUROCHER 1733 

Conclusion 
Dans cet article, nous avons voulu montrer I'importance de 

la liaison hydrogkne, qu'elle soit intermolCculaire ou intra- 
moleculaire, sur la perturbation des propriCtCs spectros- 
copiques et photophysiques de certains derives substitues en 
position 1 du carbazole. 

Le cyano- 1 carbazole forme un dimkre cyclique dans le 3MP 
avec une enthalpie et une entropie de complexation identiques 
a celles obtenues antkrieurement pour la mCme molCcule dans 
le tCtrachlorure de carbone. Plus la force de la liaison hydro- 
gene augmente dans le dimkre, plus l'intensitk de la prekikre 
transition Clectronique du dimkre augmente. DQ au peu de 
recouvrement des systkmes .rr des deux chromophores du car- 
bazole, aucun tautomkre n'a pu &tre detect6 en fluorescence. 

Le carboethoxy-1 carbazole existe surtout sous forme like de 
fason intramolCculaire dans les solvants non-polaires et en 
phase gazeuse dans son Ctat Clectronique fondamental. Cette 
liaison hydrogkne intramoleculaire est par ailleurs rompue pour 
faire place une liaison hydrogkne intermoleculaire dans 
l'ethanol. Le rendement quantique de fluorescence du systkme 
lie (intramolCculaire) est par ailleurs trks faible en solution 
fluide de 3MP si bien qu'a tempCrature ambiante, seul le sys- 
teme libre emet. Ce phCnomene a t te confirm6 par l'etude du 
spectre d'excitation de la fluorescence ainsi que par la valeur 
des durCes de vie de fluorescence comparkes. Par ailleurs, a 77 
K en matrice rigide de 3MP, le systkme lie Cmet fortement 
comme le confirme le rendement quantique de 0,64. Le sys- 
tkme libre du 1-COOEC possede une d u k e  de vie de fluo- 
rescence plus courte que les systkmes lies de forme inter- 
moleculaire ou intramoleculaire et ceci est surtout attribuC 2 la 
rotation du groupement carboCthoxyl6 a 1'Ctat excitC S , .  Par 
ailleurs, nous attribuons surtout a l'augmentation de la cons- 
tante radiative (probabilitk de transition 'L,, + ' A ) ,  le fait que 
le rendement quantique de fluorescence du systeme lie dans le 
3MP soit si ClevC. 

Nous avons tgalernent montre que tous les derives substitues 
du carbazole en position 1 forment des exciplexes avec 1'6- 
thanol. Les spectres d'excitation de la fluorescence de ces 
exciplexes demontrent que c'est la molCcule libre qui est a 
l'origine de la formation des exciplexes pour le 1-CNNEC et le 
1-COOENEC alors que ce sont les complexes 1-COOEC - 
EtOH et 1-CNC - EtOH (par liaison hydrogene inter- 
moleculaire) qui sont a l'origine de la formation des exciplexes 
chez les molecules posskdant un groupement NH. Par ailleurs, 
l'argument de 1'Ccart energetique rCduit entre les etats S ,  et S2  
invoquC pour expliquer la stabilisation des exciplexes entre les 
derives substituk du carbazole aux positions N et 3 et 1'Cthanol 
ne peut Ctre utilise pour les dCrivCs substitues en position 1 du 
noyau. Par contre, 1'Ctat ILb de ces d b i v b  possede dCja un 
caractkre transfert de charge important si l'on en juge par les 
rapports des coefficients d'absorptivite des deux premikres 

. . . .  . . . 
transitions Clectroniques dans ces molCcules. 

Remerciements 
Les auteurs remercient le Conseil de Recherches en sciences 

naturelles et en genie du Canada ainsi que le Ministkre de 
]'Education du Quebec pour leur assistance financiere. Nous 
desirons aussi remercier le Dr. Bogumil Zelent de notre labora- 
toire pour les nombreuses discussions que nous avons eu con- 
cernant ce travail. 

1. C. SANDORFY. Dans Vibrational spectra of hydrogen bonded 
systems in the gas phase. Topics in current chemistry. Vol. 120. 
Editkpar F. L. Boschke. Springer, Berlin, Heidelberg. 1984. pp. 

42-88. 
2. C. SANDORFY. Dans Overtones and combination tones: applica- 

tion to the study of molecular associations. Infrared and Rarnan 
spectroscopy of biological molecules. Edite' par T. M. 'Theo- 
phanides. D. Reidel Publishing Co., Dordrecht, Holland. 1979. 
pp. 305-318. 

3. G. E. JOHNSON. J. Phys. Chern. 84, 2940 (1980). 
4. M. MARTINAUD. These d'Etat, UniversitC de Bordeaux (1975). 
5. A. CAMPILLO et M. MARTINAUD. Chern. Phys. Lett. 33, 126 

(1975). 
6. M. MARTINAUD et A. KAD~RI. Chern. Phvs. 28. 473 (19781 
7. R. W. BrGELow et G. P. CEASAR. J.  dhys. dhern.'83, i790 

(1979). 
8. T. S. SPENCER et C. M. O'DONNELL. J. Am. Chern. Soc. 94, 

4846 ( 1972). 
9. M. M ~ R T I N ' ~ ~  W. R. WARE. J. Phys. Chern. 82, 2770 (1978). 

10. G. WEBER. Biochemistry, 75, 335 (1960). 
1 1. S. V. KONEV. Fluorescence and phosphorescence of proteins and 

nucleic acids. Plenum Press, New York. 1967. 
12. M. S. WALKER, T. W. BEDNAR et R. LUMRY. J. Chern. Phys. 47, 

1020 (1967). 
13. S. T. COLLINS. J. Phys Chern. 87, 3202 (1983). 
14. M. BELLETETE et G. DUROCHER. Can. J. Spectrosc. 24, 87 

(1979); Can. J. Chern. 57, 2539 (1979); Can. J. Chern. 60, 2332 
(1982); J. Photochern. 21, 251 (1983). 

15. M. BELLETETE. These de doctorat (Ph.D), UniversitC de Montreal 
(1982). 

16. A. AHMAD et G. DUROCHER. Can. J. Spectrosc. 26, 19 (1981). 
17. A. AHMAD et G. DUROCHER. Photochern. Photobiol. 34, 573 

(1981). 
18. A. WELLER et D. REHM. Ber. Bunsenges Phys. Chern. 73, 834 

(1969); Isr. J. Chern. 8, 259 (1970). 
19. G. WEBER. Dans Light and life. Edife'par McElroy et Glass. John 

Hopkins university-press, ~altirnorei MD. 1970. p. 82. 
20. B. ZELENT et G. DUROCHER. J. Org. Chern. 46, 1496 (1981); 

Can. J. Chern. 60, 945 (1982); Can. J. Chern. 60, 2442 (1982); 
Can. J. Chern. 63, 1654 (1985). 

21. P. D. HARVEY, B. ZELENT et G. DUROCHER. Spectrosc. Int. J. 2, 
128 (1983). 

22. B. ZELENT, P. D. HARVEY et G. DUROCHER. Can. J. Spectrosc. 
28, 188 (1983). 

23. B. ZELENT, P. D. HARVEY et G.  DUROCHER. Can. J .  Spectrosc. 
29, 23 (1984). 

24. P. D. HARVEY et G. DUROCHER. Can. J. Spectrosc. 29, 84 
(1984); J .  Photochern. 27, 29 (1984). 

25. P. D. HARVEY et G. DUROCHER. J .  Lurnin. Sous presse. 
26. B. ZELENT et G. DUROCHER. J. Phys. Chern. 88, 5430 (1984). 
27. (a) C. CHANG, N. SHABESTARY ET M. A. EL-BAYOUMI. Chern. 

Phys. Lett. 75, 107 (1980); (b) J. WALUK, A. GRABOWSKA, B. 
PAKULA et J. SEPIOL. J. Phys. Chern. 88, 1160 (1984). 

28. (a) K. C. INGHAM et M. A. EL-BAYOUMI. J .  Am. Chern. Soc. 96, 
1674 (1974); (b) S. T. COLLINS. J.  Phys. Chern. 87,3202 (1983); 
(c) H. BULSKA, A. GRABOWSKA, B. PAKULA, J. SEPIOL, J. 
WALUK et U. P. WILD. J. Lurnin. 29, 65 (1984). 

29. M. NISKI, K. HISAO et T. KANO. Bull. Chern. Soc. Jpn. 54, 1897 
(1981). 

30. P. D. HARVEY. These de rnaitrise, UniversitC de Montreal(1983). 
31. D. RIVEST-FILION, K .  THAMMAVONG et G. DUROCHER. Spectro- 

chirn. Acta Part A, 37, 627 (1981). 
32. E. C. LIM, J. D. LAPOSA et J. M. H. Yu. J .  Mol. Spectrosc. 19, 

412 (1966). 
33. J. B. BIRKS et D. J. DYSON. Proc. R. Soc. London, Ser. A, 275, 

135 (1963). 
34. C. CHENEVEAU. International critical tables. Vol. VII. p. 12. 
35. J. TIMMERMANS. Physico-chemical constants of pure organic 

compounds. Elsevier Publishing Co. Inc., New York. 1950. 
36. C. A. PINKHAM et S. C. WAIT, JR. J. Mol. Spectrosc. 27, 326 

(1968). 
37. G. E. JOHNSON et W. W. LIMBURG. J. Phys. Chern. 88, 221 1 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The electronic structures of bis(r16-benzene)- and bis(r16-naphthalene)chromium(O) 

JACQUES WEBER' AND E. PETER KUNDIG 
Sectiotl de Chitnie, UniversirC de Gent?ve, 30 quai Ernest Ansertnet CH-1211 GenLve 4 ,  Switzerland 

AND 

ANNICK GOURSOT A N D  EDOUARD PENIGAULT 
Laboraroire de Photochitnie Gttlerale, ERA art CNRS tz" 386, Ecole Nationale Suptrieure de Chimie, 

3 rue Alfred Werner, F-68093 Mulhouse  cede.^, France 

Received July 27, 1984 

This paper is dedicated to Profes.ror Camille SatldorSy on the occasion of his 65th birthday 

JACQUES WEBER, E. PETER KUNDIG, ANNICK GOURSOT, and EDOUARD PENIGAULT. Can. J. Chem. 63, 1734 (1985). 
SCF MS X a  molecular orbital calculations are reported for the bis(q"benzene)- and bis(q6-naphthalene)chromium(O) 

complexes. The bonding may be essentially discussed in terms of the covalent interactions between the metal 3d and ligand 
.rr and .rr* orbitals. The different charges on chromium atom in the two systems are explained by the different balances between 
ligand-to-metal (bonding) and metal-to-ligand (back-bonding) electron donations. Some resemblances are found between the 
electronic structures of the two compounds and it is possible to correlate to a large extent the energy levels of their molecular 
orbitals. However, a shift towards lower values is predicted for the energy levels of the naphthalene complex, together with 
a large disruption of all the virtual .rr* and 3d* levels. This would undoubtedly favor nucleophilic attack followed by metal-ring 
or carbon-carbon bond cleavage, in agreement with the extreme lability of the coordinated arene rings observed in this 
complex. 

JACQUES WEBER, E. PETER KUNDIG, ANNICK GOURSOT et EDOUARD PENIGAULT. Can. J.  Chem. 63, 1734 (1985). 
On a effectuC des calculs d'orbitales molCculaires MS Xa en champ autocohCrent pour les complexes bis(q"benzkne)- et 

bis(q6-naphtal&ne)chrome(0). On peut decrire la liaison dans le complex presque essentiellement l'aide des interactions 
covalentes entre les orbitales 3d du metal et les orbitales T et T* du ligand. On explique les diffkrentes charges sur l'atome 
de chrome dans les deux systemes par des bilans differents entre la donation directe d'klectrons ligand-mCtal et la rCtro- 
donation mCtal-ligand. Toutefois, on prCdit un dkplacement vers des valeurs plus basses pour les niveaux CnergCtiques du 
complexe de naphtalene ainsi qu'un mClange important de tous les niveaux virtuels .rr* et 3d*. Ceci devrait de toute evidence 
favoriser une attaque nuclCophile, suivie d'une rupture de la liaison mCtal-cycle ou carbone-carbone, en accord avec la labilitC 
extrCme observke dans ces complexes pour les cycles areniques coordonnCs. 

[Traduit par le journal] 

Introduction I Z 

Whereas bis(-q6-benzene)chromium(O), 1, has been known I 
for thirty years (l),  it is only recently that the preparation of 
bis(-q6-naphthalene)chromium(O), 2, the parent compound with 
fused six-membered ring ligands, has been reported (2, 3). 

One of the chief differences between 1 and 2 concerns the 
lability of the coordinated arene rings: whereas 1 is inert to 
arene displacement reactions, the naphthalene ligands of 2 are 
known to easily undergo substitution reactions. A similar situ- 
ation exists in the Cr(CO), complexes of the two arenes. The 
lability of the naphthalene-Cr bond is certainly at the origin 

' T o  whom all correspondence should be addressed. 

of the catalytic properties of the naphthalene-Cr(CO), com- 
plex (4, 5 ) .  This somewhat unexpected difference in reactivity 
between 1 and 2 may probably be related to differences in 
electronic structure and metal-ligand interactions in com- 
plexes with condensed aromatic ligands as compared with 
arene-metal complexes. It was therefore of interest to perform 
a comparative theoretical study of the electronic structure of 1 
and 2 in an attempt to understand the different properties of 
these compounds. To this end, the multiple scattering (MS) Xa 
molecular orbital (MO) model was chosen since it has been 
previously shown to give reliable predictions of the electronic 
structure and related properties of organometallic compounds 
such as 1 (6) or several members of the metallocene series 
(7- 11). 

Method 
The standard version of the SCF MS Xa method was used 
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WEBER ET A L  

TABLE 1 .  Calculation parameters 

Compound 1 Con~pound 2 

a Sphere radii (au) a Sphere radii (au) 

Cr atom 0.71352 2.3841 1 0.71352 2.38237 
C atom 0.75928 1.68070 0.75928 1.64763 
H atom 0.77725 0.89409 0.77725 0.91535 
Empty sphere 0.76608 1.34456 0.7658 1 1.31810 
Outer sphere 0.76608 6.5371 2 0.76581 10.35810 
Intersphere 0.76608 - 0.76581 - 

(12). For the geometry of ( ~ f ' - c ~ H ~ ) ~ C r ,  the electron diffraction 
data of Haaland (13) are used, l.e., an eclipsed structure of D6,, 

A E(eV) 
symmetry with planar ligands, the bond lengths being C-C 
1.423 A, CTH 1.090 A, and the vertical metal-to-ring dis- 
tance 1.613 A. 

For the bisnaphthalene complex, a standard C2,, symmetry is 
assumed, with anti-oriented naphthalene rings. This is at vari- 
ance with a recent X-ray crystal structure determination of 2 
which concluded to syn-oriented ligands (14). However, most 
of the observations involving this compound being performed 
in vapor or liquid phase, the barrier to internal rotation is low 
enough to permit large amplitude torsional motion. In addition, 

-5.0 - the nature of ligand-metal interactions is very similar in both 
anti- and syn-forms. In order to make the comparison of eIec- 
tronic struFtures easier, the same metal-to-ring distance as for 
1 (1.613 A) has been chosen for 2. Actually, this distance is 
only 0.05 A smaller than the value deduced from the X-ray 
measurements performed for 2 (14). Similarly, a standard ge- 
ometry has been adopted for the planar naphthalene rings, with 
C-C bond lengths !nd C-C-C bond angles assumed to be 

\- 

all equal to 1.395 A and 120°, respectively. Actually, these 
data are the average values of the corresponding parameters 
obtained from the X-ray study of 2. Finally, the C-H bond 
lengths of 2 have all been chosen as 1.085 A. 

Table 1 presents the MS X a  calculation parameters used. 
The values of atomic exchange parameters a are those opti- 

2 
FIG. 1. Upper valence ground-state energy levels for compounds 1 

mized by Schwarz (15), except for hydrogen where we have and 2, 
chosen the spin-polarized value (16). A weighted average of 
the atomic values is chosen for the a value in interatomic, metal sphere has been modified so as to be the same as that used 
extramolecular (outer sphere), and intersphere regions. for compound 2, which actually leads to a more realistic value 

Appropriate values for the radii of atomic spheres have been for this 
chosen according to the procedure previously described for the The ground-state configuration of 1 is 'A,, ( 3 4 '  (4aIg)', the 
metallocenes (7, 9): the carbon and hydrogen touching sphere sequence of predominantly metal 3dorbitals being 3e2,(3d6) 5 
radii (i.e. of tangential atomic spheres) are first determined by 4alg(3du) 4elg(3d.rr),? in agreement with the general jigand 
the C-C and C-H bond distances, and then increased by field theory of such metal sandwich complexes (17). 
25%, leading thus to overlapping atomic spheres. The radius of It is seen from both Table 2 and Fig. 2 that these orbitals 
chromium sphere is chosen to be tangent to the enlarged carbon have different bonding characters: whereas the 3e2, MO is 
sphere. Additional "empty" spheres are located in the center of strongly bonding through an in-phase of metal 
all the ~ h e n ~ l  rings. An externally tangent outer sphere is used 3dg and ligand .rr orbitals, the 4a,, MO, which is the highest 
in all the calculations. Partial waves up to I = 2 are included occupied MO (HOMO), has a much larger metal character and 
in the multiple scattering expansions in chromium sphere and it is essentially nonbonding, to the virtual 4e,, MO, it 
extramolecular region, UP to = in carbon and strongly antibonding through an out-of-phase combination of 
spheres, and for 1 = 0 in hydrogen spheres. metal 3d.rr and ligand .rr orbitals. It is seen from Table 2 that 

4elg is not the lowest unoccupied MO (LUMO) of system 1, as 
Results and discussion there is a pure ligand .rrs: orbital, namely 3e2,, which lies imme- 

The ground-state electronic structures of ( ~ ) ~ - c ~ H ~ ) ? c r  and 
(r16-CloHX)2Cr are presented in Tables 2 and 3 and compared 'According to pseudoaxial ligand field theory, the rl-orbital set in 
graphically in Fig. 1. Dh,, symmetry is split into three irreducible representations: al,(u: rlz2), 

One should note that the results obtained for 1 differ slightly e,,(n: d,:, d,,), e2,(S: d,z "2, d,), where z is the sixfold rotational 
from those we have previously reported (6), since the radius of axis. 
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TABLE 2. Upper valence ground-state energy levels (eV) and charge distribution of bis(-q6-benzene)- 
chromium 

Charge distribution (%)" 

Cr C 
H Emvtv Inter Outer 

Orbital Occ. Energy s p  d s p a  p a  s sphere sphere sphere 

"The C, H, and empty sphere charge distributions refer to the charge contained in all the respective spheres of the 
same type. 

 h he notations p a  and pm refer to planar benzene rings ( a :  2p ,  and 2p,.; m: 2p:) .  

TABLE 3. Upper valence ground-state energy levels (eV) and charge distribution of bis(-q6-naphthalene)- 
chromium 

Charge distribution (%)" 

Cr C 
H Empty Inter Outer 

Orbital Occ. Energy s p  d s p a  p.rr s sphere sphere sphere 

14b, 0 
19a, 0 
13b, 0 
18a, 0 
l la,  0 
12b, 0 
15b, 0 
17a, 0 
16a, 2 
Ilb, 2 
15a, 2 
IOU, 2 
lob, 2 
146, 2 
14a, 2 
9au 2 
9b, 2 

13b. 2 
13a, 2 
126, 2 
12ai 2 
l lb,  2 

"For the sake of conciseness, all the C and H charge distributions, though arising from five non-equivalent atoms, 
have been summed up and are presented as single entries. The same procedure applies to empty sphere contributions. 

*The notations p a  and pm refer to planar naphthalene rings ( a :  2p ,  and 2p,; a: 2p:) .  

diately below it. This result is at variance with our previous 
calculation (6) which concluded to the opposite ordering for the 
4elg  and 3e2, MOs, and therefore to a LUMO with predominant 
metal character. The result 3e2, 5 4elg is, however, that de- 
duced for the anion 1- from both a detailed analysis of the esr 
spectrum and SCF MS X a  calculations (18). For the neutral 
system 1 this question is of minor importance since: ( i )  the 
energy difference between 3e2, and 4el, is very small and ( i i )  

In the ground-state electronic structure of 1, one finds at 
lower energies the ligand-based levels, which may be classified 
into pairs of n-type orbitals (3e Ig ,  4elu) ,  a-ty?e ones (2e2,, 2e2g) 
and again n-type ones (4a2, and 3aIg) .  Among them, 3elg has 
appreciable (16%) metal d character and, together with 3e2,, 
these levels are responsible for most of the metal-ligand bond- 
ing interactions in (q6-C6H6)2Cr. Let us turn now to 2 in order 
to see to which extent the electronic structure of this system 

there is no experimental evidence as to the nature of the LUMO resembles that of 1. 
level. It is immediately seen from Fig. 1 that despite a stabilizing 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



WEBER ET AL. 1737 

FIG. 2. Wave function contours of selected MOs of systems 1 and 2. Except for the 17a, level of 2, which is plotted in a vertical plane 
containing the Cr and C4 atoms, all the MOs are represented in the XOZ plane. Positive wave function contours are indicated by a solid line 
while negative contours are represented by a dashed line. 
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TABLE 4. Correlation table for 
D6,, to C?,, descent in symmetry 

0 6 1 ~  CZ h 

A,, A,, 
A2,. B,, B,, 
BI , ,  B I ,  B,, Bu 
B z ~ .  B z ~  As, A. 
I ,  I A, + B,. A,, + B. 
Ezgr E?,, Ag + B,, Au + Bu 

energy shift of 3-4 eV, the orbital pattern of 2 is to a large 
extent similar to that of 1 ,  the correlation for D6,, to CZl, descent 
in symmetry presented in Table 4 enabling a better comparison 
between the two systems. 

The ground-state configuration of 2 is 'A, (15a,)' (1 1bJ2 
(16a,)', with the sequence of predominantly metal 3d  orbitals 
15aS(3d,2-,2) 5 116,(3d,,) 5 16as(3d,!) 5 17a,(3d,,) 5 

126,(3d,,). This ordering is in perfect agreement with the result 
obtained for system 1, since the 3c2,(3d8) MO of 1 correlates 
with the 15a, and 116, MOs of 2, 4al,(3dcr) of 1 with 16a, of 
2 and 4e,,(3dn) of 1 with 17a, and 126, of 2. The 16a, MO of 
2 is thus the HOMO and 17a, the LUMO. However, the 
HOMO-LUMO energy gap is significantly smaller (by 1.07 
eV) in 2 than in 1. Inspection of Table 3 and Fig. 2 reveals a 
striking resemblance between 3e2, (1) and 15a, (2), 4al, (1) and 
16a, (2), 4el, (1) and 136, (2): 15a,, and to a lesser extent 1 1 6,. 
are strongly bonding through in-phase combinations of 3d8 
with ligand .sr orbitals and these two MOs play for system 2 the 
same role as 3e2, for 1 ,  with a metal character larger by about 
lo%, however. The relative stability of 15a, with respect to 
1 I 6, is due to the different types of carbon atoms involved in 
metal-ligand bonding: in 15a, the largest ligand contribution 
arises from the nearest C2 atom whereas in 1 16, the farther C4 
and C5 atoms contribute the most, which explains its slightly 
minor bonding character. Whereas the 16a, HOMO of 2 has 
exactly the same nonbonding character as the 4a,, HOMO of 1, 
it is interesting to examine in detail the nature of the anti- 
bonding 17a, and 126, MOs, which correlate with the 4el, level 
of system 1. As a general result, we see that, the ligand .sr* 156, 
and 1 la, MOs excepted, the low-lying virtual orbitals of 2 are 
considerably delocalized over the whole molecule and exhibit 
some antibonding character. Taking indeed the 17a, and 126, 
MOs as examples, their metal character is only 27% and 48%, 
respectively, as compared with 73% in their 4el, counterpart in 
1. Moreover, the antibonding characters of these two MOs are 
very different as shown in Fig. 2: whereas 126, is metal-C2 
antibonding, 17a, is mainly metal-(C5,C6) antibonding, with 
the result that 126, is much more antibonding than 17a,. This 
leads to a large destabilization of 126, with respect to 17a, 
(1.29 eV), the energy difference between these MOs being 
much larger than that between the bonding MOs 15a, and 1 16,. 
When comparing systems 1 and 2,  and this point will be dis- 
cussed in some detail further on, we may already point out that 
their different chemical properties are probably related to: (i) 
the important shift towards lower energies observed for all the 
MO levels of 2; (ii) the significantly smaller HOMO-LUMO 
energy difference in 2; and (iii) the larger delocalization of the 
LUMO and low-lying virtual levels of 2 over the whole com- 
pound. 

At lower energies. i.e. below the predominantly metal 3 d  
MOs, one finds the ligand-based levels which can be easily 

correlated with the corresponding levels of 1: 14a, and 106, 
correlate with 3el, as may be seen from Fig. 2, and their metal 
character is nearly the same as that of their congener in 1. The 
146,, and 100, MOs are almost pure ligand .rr levels and corre- 
spond to 4e,,, in 1 ,  whereas 9a, correlates with 4a2,. However, 
as there are 8 additional ligand .rr electrons and 28 additional 
ligand cr electrons in (q6-CloH8)?Cr as compared with 
( ~ l ~ - c ~ H ~ ) ~ C r ,  the orbital pattern of the former system is charac- 
terized by the presence of additional MOs. This is typically the 
case for 96, which has no counterpart in 1. Finally, looking at 
the low-lying valence levels of 2, it is seen that, as for system 
1,  there is no clear-cut separation between predominantly TT and 
cr ligand levels, but thehighest a levels intermingle with the 
lowest .sr orbitals. As for system 1,  the u framework of ligands 
in 2 contributes very little to the bonding in the complex and 
most of the covalent metal-ligand interactions involve Cr 3 d  
and ligand .sr orbitals. 

Concerning the origin of the stabilizing shift in orbital ener- 
gies between compounds 1 and 2,  one might conceivably attri- 
bute it to muffin-tin effects: due to the large intersphere volume 
in 2, as compared with 1 ,  the volume averaging in this region 
tends to significantly delocalize the charge density over the 
whole molecule, which in turn leads to a stabilization of the 
levels. However, according to our experience and to some test 
calculations we have recently performed for the anion I - ,  this 
spurious effect is likely not to exceed 1-2 eV in our case, 
which suggests that on a qualitative basis the stabilization of the 
energy levels of 2 with respect to 1 is a real effect which is due 
to the different nature of the ligands in both complexes. 

Table 5 presents the electronic configuration of the metal in 
the two complexes. The problem of charge partitioning has 
been solved by attributing both intersphere and outer sphere 
charges fully to the ligands. This procedure has been previously 
found to be adequate in the case of metallocenes (7, 9- 11) as 
it leads to (i) a reasonable charge of the order of +0.5 on metal; 
(ii) a total metal 3 d  participation of nearly 100% in each pair 
of bonding-antibonding MOs of the same symmetry, which is 
a good ~ ~ i t e r i o n  for the orthogonality of the wavefunctions. 
However, this scheme could be not very well suited to com- 
pound 2, which exhibits a large intersphere volume, and we 
decided to use also for both compounds another charge par- 
titioning procedure attributing to metal a large part of the inter- 
atomic charge. The results obtained using this alternative 
scheme do not change the main conclusions to be drawn from 
Table 5 and they will be summarized later on in this section. It 
is seen from Table 5 that 4s and 4p populations do not undergo 
great changes when going from system 1 to 2 and remain rather 
small, which indicates that the role of these orbitals in the 
bonding of the complexes is not important. However, substan- 
tial differences appear when comparing the populations of met- 
al 3 d  orbitals: the partial populations of all the 3d components 
are larger in 2, with the result that the total metal 3d  population 
in 2 is larger by 0.62e than the corresponding value in 1. A 
detailed analysis performed for all the occupied levels of the 
valence shell shows that: ( i )  the predominantly metal 3d  MOs 
(i.e. 4al, and 3e2, in 1, and their counterparts in 2) accommo- 
date 0.36 additional 3d  electrons in 2, with respect to 1; (ii) the 
ligand based MOs (i.e. all the occupied levels lying below 3ez, 
in 1 ,  and their counterparts in 2) contribute to the overall metal 
3d population by 0.26 additional electrons in 2, with respect to 
1. The increase in metal 3d population observed in 2 is there- 
fore due to a larger metal 3d  character exhibited by all the MOs 
of proper symmetry, the predominantly metal 3d  levels con- 
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TABLE 5. Metal configuration in the complexes 

Electron population on chromium" 

Metal 
Complex 4s 4p zZ x1 - Y 2  sy xz yz Total charge 

"The electron population of chromium atomic orbitals has been obtained by summing up over all the 
occupied MOs of the valence shell, with the intersphere, and outer sphere charge fully attributed to 
ligands. 

hThe x, y ,  and z axes are defined in structures 1 and 2. 

tributing the most. This leads ultimately to an almost neutral 
chromium atom in 2, whereas the charge on this atom is +0.60 
in 1. Actually, starting from a Cr free atom configuration 3d6, 
the chromium charge of +0.60 in 1 (resp. -0.04 in 2) results 
from: (i) a ligand-to-metal donation of 0.92e (resp. 1 .OOe) from 
the 2 p 1 ~  orbitals of ligand rings to metal 3d,, and 3d,, orbitals; 
(ii) a transfer of 0.70e (resp. 0.72e) from the 2p orbitals of the 
ligand rings to metal 4 s  and 4p orbitals; (iii) a back-bonding 
transfer of 2.22e (resp. 1.68e) from metal 3d,?, 3d,?-,2, and 
3drV orbitals to ligand 2p levels. We see thus that it is through 
the different balances between ligand-to-metal and metal-to- 
ligand donations that the effective charge on chromium is so 
different in both systems. As this feature is probably related to 
the different chemical properties of both systems, it is inter- 
esting to examine their ground-state electronic structures in 
more detail in order to seek an explanation for this difference 
in metal configurations. 

As the formal oxidation state of metal in both systems is 0,  
one may reasonably expect that the calculations will lead to a 
small effective charge on metal atom. This means that both 
ligand-to-metal and metal-to-ligand donations should roughly 
compensate, which is the case for system 2. When comparing 
the results obtained for systems 1 and 2, we see that the total 
ligand-to-metal charge donation is smaller in 1 by 0.24e. This 
is undoubtedly due to the fact that the highest occupied MOs of 
IT type lie at higher energies in naphthalene than in benzene, as 
exemplified by the first ionization energy of the two com- 
pounds: 8.15 eV for naphthalene (19) and 9.25 eV for benzene 
(20). This should lead for system 1 to a smaller admixture of 
metal 3d,, and 3dv, orbitals into the IT MOs of ligands and, 
ultimately, to a smaller ligand-to-metal donation. The larger 
back-bonding metal-to-ligand donation in 1 as compared with 
2 (0.40e) is slightly more difficult to explain. Indeed, accord- 
ing to the optical and uv absorption spectra of benzene and 
naphthalene (21), the energy gap between the IT HOMO and the 
IT* LUMO is larger in benzene by approximately 1 .O- 1.5 eV, 
i.e. the same amount as the difference in ionization energies, 
which means that on an absolute scale and ignoring their inter- 
action with the metal, the lowest virtual IT* levels of both 
systems should have roughly the same energy. According to 
this crude argument, they should thus mix equally with the 
metal 3d,?, 3dr2- ,:, and 3d,, orbitals and lead to the same 
amount of back-bonding transfer, which is obviously not the 
case. Instead, we suggest that the solution to our problem has 
to be found in the D6,, to C,,, descent in symmetry when going 
from 1 to 2: the virtual, predominantly ligand IT* MO of e,, 
symmetry which is the main source of back-bonding in 1 
through its significant metal 3dr2-,2, 3d,, character, correlates 
in system 2 with a pair of MOs a, + b,. Because they are 

allowed to interact with several other low-lying virtual MOs of 
the same symmetry, these MOs are found in system 2 at much 
higher energies than their counterpart in 1 ,  which results in a 
significantly lower admixture of metal 3dr?-?2, 3d,,, orbitals, 
and therefore to a smaller back-bonding donation in 2. 

As there is no unique way to distribute the intersphere charge 
among the muffin-tin spheres, we decided to check the above 
conclusions by using another charge partition scheme. In view 
of the large difference in intersphere volumes in both com- 
pounds, one may indeed ask whether the attribution of the 
whole intersphere charge to the ligands is a realistic procedure 
and, consequently, whether the different charges on metal ob- 
tained for 1 and 2 are not an artifact of the calculation. As 
another, significantly different, charge partition scheme, we 
decided to use the alternative of distributing for each MO the 
interatomic charge among all atoms in the molecule propor- 
tionally to the amount of orbital charge (originating from-this 
orbital) included in each sphere (6). This procedure leads to the 

1.e. Cr-0,52 following metal configurations: 3d5.66 4s0.34 4p0.5?-, ' 
for 1; 3d6.I4 4s0,36 4p0.54, i.e. Cr-I cu for 2. Though, as expected, 
the metal atom bears now a negative charge in both com- 
pounds, the same conclusions as before may be drawn: the 3 d  
shell is significantly more populated in 2 than in 1 (+0.48e), 
which leads to a larger electronic charge on metal in 2, the 
difference being -0.52e. In view of the drastic differences in 
the partition schemes used, one may expect that any other 
procedure would probably lead to metal populations and 
charges lying in between those obtained in our two calcu- 
lations. Therefore, one may safely conclude that the differ- 
ences in metal configurations obtained for the two compounds 
is a real trend which can be probably related to their different 
reactivity. 

Finally, we would like to make a few comments on the 
possible correlation between the differences in reactivity ex- 
hibited by compounds 1 and 2 and the main features of their 
electronic structures. As we have pointed out above, all the 
valence levels of 2 undergo a negative energy shift with respect 
to 1 ,  with the result that the energy of the LUMO is lowered by 
almost 5 eV. Obviously, the system 2 presents an appreciable 
electrophilic character. Furthermore, the coordinated arene 
rings in 2 are almost neutral, whereas each of the arene rings 
in 1 bears a charge of -0.3, and the low-lying virtual orbitals 
of 2 show appreciable C4-C5 IT antibonding character on the 
uncomplexed ring, as revealed by a detailed analysis of the 
distribution of charge of the 17a, and 15b, MOs. These features 
would favor reactions involving nucleophilic attack on the li- 
gand rings, followed by cleavage of the C4-C5 bond, or on the 
metal, contributing thus to the remarkable lability of 2 towards 
naphthalene displacements by two-electron donor ligands (22). 
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Coming back to system 1, the main difference is that it presents 
a significantly less electrophilic character because of its L U M O  
lying at a higher energy. It is therefore less reactive towards 
nucleophilic attack. However, to our knowledge, no reaction of 
nucleophilic addition to the arene rings in 1 or 2 has been 
reported. 

Among the other electronic factors susceptible to shed some 
light on the reactivity of the compounds, the electron density on 
metal should not be underestimated since it is known to possi- 
bly affect arene reactivity in metal complexes (23). The sub- 
stantial differences in metal charges between 1 and 2 (0.64e) 
indicates that the girdle of electron density around the Cr  atom 
is larger in 2 than in 1, resulting in different conditions for 
direct electrophilic and nucleophilic attacks at the metal and 
probably also at the ligand sites. Finally, both a large disruption 
of ligand T and T* levels and a shift towards lower energies of 
all the valence levels have been recently found in a series of 
tetraperoxo metal complexes to be possible indicators as to an 
enhanced reactivity of the system (24). 'The present results 
suggest that this statement could also apply to organometallic 
complexes with arene or condensed arene ligands. 
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C. MIJOULE, J.-M. LECLERCQ, S. ODIOT, and S. FLISZAR. Can. J. Chem. 63, 1741 (1985). 
An analysis of atomic charges is presented for simple alkanes. Basically, Mulliken's scheme is followed, except for the 

partitioning of CH overlap populations. This achieves a relative ordering of atomic charges which is independent of the basis 
sets used in nb inirio calculations. The absolute magnitude of atomic charges, however, is basis set dependent. Extensive 
geometry and scale factor optimizations yield the following results (in lo-' e units) for the carbon net charge in ethane: 69.4 
(STO-3G), 55.1 (STO-3G + CI), 42.8 (4-31G). and 37.8 (4-31G + CI). It appears that charge analyses converge toward the 
empirical result, 35.1 X lo-? e, provided they are carried out after configuration interaction involving reasonably large 
optimized basis sets. 

C. MIIOULE, J.-M. LECLERCQ, S. ODIOT et S. FLISZAR. Can. J. Chem. 63, 1741 ( 1  985). 
On rapporte une analyse des charges atomiques d'alcanes simples. On utilise principalement le schema de Mulliken, except& 

pour la rtpartition des recouvrements des populations de CH. Ceci permet d'Ctablir un ordre reIatif des charges atomiques qui 
est independant des ensembles de base utilisCs dans les calculs ab inirio. Toutefois, la valeur absolue des charges atomiques 
dCpend de I'ensemble de base utilisk. A la suite d'optimisations importantes dcs gComCtries et des facteurs d'echelle, on a pu 
obtenir les rCsuItats suivants (en unitCs lo-? e) pour la charge nctte du carbone de I'Cthane: 69,4 (STO-3G), 55,l (STO-3G 
+ CI), 42,8 (4-31G) et 37,8 (4-31G + CI). Si lcs analyses sont effcctuCes aprks des interactions de configurations impliquant 
des ensembles de bases optimisCs relativement Ctendus, les analyses convergent vers le rCsultat empirique de 35,l X lo-' e .  

[Traduit par le journal] 

Introduction 
The concept of atomic charge is popular in chemistry. The 

quantity which is referred to in most cases is the net charge qk 
= Z, - N(k), where Z, is the nuclear charge of center k and 
N(k) the number of electrons assigned to it. Numerous studies 
have dealt with the problem of charge partitioning, which are 
well reviewed (1): the disturbing fact is that charge results vary 
widely, depending on the methods involved in their calcu- 
lation. 

The question asked here is one concerning a realistic, phys- 
ically meaningful partitioning which will not defeat itself in 
applications and comparisons involving experimental results. 
Though limited in scope (as we are primarily discussing satur- 
ated hydrocarbons), this work attempts to show what level of 
calculation fulfills the requirements for achieving this goal, a 
task involving some kind of experimental assessment of the 
theoretical results. 

With this in mind, advantage is taken from earlier studies (2, 
3) indicating that the individual bond energies of ground-state 
molecules are (to a good approximation) linearly dependent on 
the charges of the bond-forming atoms,' i.e., 

[I] CJ = E: + a,jAq, + aj,Aqj 

The sum of the E,'S plus a small nonbonded contribution, AEnb 
= -Enb, yields the atomization energy of the molecule in its 
hypothetical vibrationless state at 0 K ,  

This expression, and comparison with experimental A E ~  val- 
ues, has the merit of permitting evaluations regarding the valid- 
ity of calculated charges because, evidently, the use of "wrong" 
charges in eq. [2] leads to incorrect estimates of AE:energies. 

As concerns the charges, two basic aspects need to be con- 
sidered, namely, (i) their relative ordering with respect to 
some arbitrarily selected reference and (ii) their absolute mag- 
nitude. Net charges deduced from Mulliken's analysis (4) do 
not satisfy eq. [2]. Indeed, when deduced from SCF (Hartree 
Fock) wave functions, this analysis yields charge results which 
are strongly basis set dependent (3, 5), both as regards their 
relative ordering and their magnitude. 

The relative ordering, however, is easily acted upon with the 
use of a generalized Mulliken scheme (6), i.e., in conventional 
notation, 

where A,,, lifts the constraint of halving overlap populations 
'Visiting scientists, on leave from the Centre de MCcanisue between dissimilar atoms (A = 1 in Mulliken's scheme). In 

~ndulatoire AppliquCe, Paris, France. terms of the difference between Mulliken charges and those 
'visiting scientist, on leave from the UniversitC P. et M. Curie given by eq. [3], it follows that 

(Paris VI), Paris, France. 
3That bond energies should depend on the charges of the bond- 

forming atoms comes as no surprise. Equation [ I ]  features the effects [41 q, = q r  + C pk, 
I * 1. . , ,. 

due to changes in net atomic charges ( ~ q ;  and Aqj) with respect to the where charge normalization is ensured by the condition plk = 
charges q)' and q; of the same atom pair in a reference bond with 
energy E:. The a, and a,; parameters, which are deduced from theory -p,,. For the saturated hydrocarbons under study, we approxi- 
(2, 3), measure the effect of unitary charge variations at atoms i mate IPCH = N~~~ where p is the the 
(bonded to j) and j (bonded to i ) ,  respectively. These parameters can halving of the CH overlap population for One CH and N~~ 
safely be treated as constants in the case of alkanes, namely, a,, = is the number of hydrogen atoms bonded to a given carbon 
-0.777, ac" = -0.394, and nbcc = - 1.007 au (2, 3). atom: eq. [4] simplifies to (6) 
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In this manner, with the use of an empirically determined p ,  
we may well achieve a correct ordering of charges in a relative 
scale but not necessarily converge toward good absolute 
values: in fact, the latter turn out to be basis set dependent, 
which is precisely the point investigated here. This point 
matters because if all the charges (now supposed to be correctly 
ordered) were in error by a certain multiplying factor, so would 
be the C,C,a,Aq, term of eq. [2] calculated for each individual 
molecule, thus revealing the extent of the discrepancy between 
theoretical charges and those satisfying eq. [2].4 

The present work concludes eventually that eqs. [5] and [6] 
are, indeed, satisfactory in conjunction with eq. [2] provided 
that charge analyses are carried out after configuration inter- 
action involving sufficiently large optimized basis sets. 

Relative ordering of net charges 
This problem is most conveniently discussed with the aid of 

general formulas (2, 5 ,6 )  expressing the net charges of selected 
alkanes in a relative scale. This scale is defined here with 
reference to the net charge of the ethane carbon atom, taken at 
1 arbitrary charge unit. Multiplication of these relative charges 
by the "true" value (in charge units) of the ethane carbon atom, 
&, yields the corresponding results in charge units.The relative 
ordering is defined by 11; determines the absolute magnitude. 
The important point is that Mulliken charges derived from any 
basis set satisfy these formulas5 (2, 5 ,  6), with n and values 
differing from one basis set to another. Moreover, the general 
formulas of Table 1 apply equally well to results deduced from 
eqs. [5] and [6]. 

For a given basis set SCF calculation, Let n M  and qy repre- 
sent the appropriate parameters corresponding to a Mulliken 
population analysis and let n and represent their counterparts 
for the more general solutions indicated in eqs. [5] and [6]. It 
has been shown (2, 6) that the following relationship holds: 

Accordingly, the connection with eqs. [5] and [6] is established 
by 

thus showing that the evaluation of the "true" 11 leads top ,  and 
vice versa. 

Let us examine an application involving STO-3G Mulliken 
charges corresponding to qy = -20.96 me (= lo-' electron 
units) and n M  = 1.3325 (Table 1). 'These charges enter eqs. [5] 
and [6] which, in turn, are introduced into eq. [2] with an 
undetermined multiplier intended to correct for a possible error 

'Using the carbon net charge of ethane (qg = 35.1 me) as reference 
in the evaluation of the Aq,'s, C,C,a,Aq, is 20.82 for butane and 60.6g 
kcal mol-' for cyclohexane (2, 3). If the assumed reference charge q, 
and, hence, all Aq,'s were in error by lo%,  the resulting errors would 
be, in these examples, 2.08 and 6.06 kcal mol-', respectively. The 
validity of the estimated ethane C net charge (35.1 me) is best illus- 
trated by the small avcrage deviation, -0.2 kcal mol-', between 
calculated and experimental AE: energies, covering a body of -150 
molecules. 

'This holds also true in semiempirical M O  calculations, e.g. ,  the 
extended Huckel method (2, 5).  

TABLE 1. Net charges of selected atoms: general formulas and com- 
parison with STO-3G results from Mulliken's analysis (5) 

Net charge (me) 

Molecule Atom Formula From formula" STO-3G 

Methane C 4(n + 1)/3n -48.92 -48.92 
Ethane C I -20.96 -20.96 
Propane C,,,,,, (3n + 0.55)/311 -23.84 -23.81 

C,,, (211 - 3.8)/3tl 5.95 5.94 

"Calculated with ,I = 1.3325, q E  = -20.96 me. For additional examples see 
ref. 5. 

in the absolute charge values used as input. A least-squares 
analysis involving experimental AE:'s leads t o p  = 30.3 f- 0.3  
me (2). On the other hand, the same set of charges correlate 
with "C nmr shifts with p = 30.12 me (6): the corresponding 
n is -4.4122. The 11 value deduced from these analyses holds 
independently of the LCAO-MO method selected for calcu- 
lating Mulliken charges because, evidently, the "physically 
true" relative ordering of charges is unique. Briefly, n .= -4.41 
satisfies energy calculations, eq. [2], correlations with "C nmr 
shifts, and ionization potentials of alkanes (7). This n value 
also follows from SCF-Xa-SW charge analyses (8) and, quite 
significantly, from Bader's virial partitioning method (9, 10). 
Moreover, this result is appealing because 11 = -4.41 describes 
a situation in which all changes in electron populations occur 
"most reluctantly", thus keeping them as small as possible 
(2,6). On these grounds, it seems reasonable to consider that 
the problem regarding the "relative ordering" of charges is 
adequately taken care of for the alkane molecules under scru- 
tiny. 

The real problem which now remains to be solved is that of 
the physically correct magnitude of net charges, i.e., that of the 
ethane carbon atom, q i ,  which serves as reference. From re- 
gression analyses involving experimental AEz's one finds g: = 
35.1 me4 (2). The disturbing circumstance is that present SCF 
charge analyses do not agree with this empirical result. For 
example, assuming now n = -4.4122 as a correct description 
of the relative ordering, eq. [7] predicts 4: = -4.4122 x 
(-20.96)/ 1.3325 = 69.40 me on the basis of fully optimized 
STO-3G calculations. Similarly, the 4:'s corresponding to 
7 ~ 3 ~ 1 3 s  and 6-31G calculations are 60 and 58 me, respectively 
(3). Clearly, it is now time to examine results derived from 
improved wave functions. 

Outline of calculations 
SCF calculations, as well as the computation of the bi- 

electronic integrals ( + i + j l + , + , )  used in the CI part, were 
carried out by means of the MONSTERGAUSS ab  iizitio pro- 
gram (1 1). Molecular geometries and scale factor exponents 
were optimized with a split valence 4-31G basis, using the 
Davidson optimally conditioned minimization technique (12), 
until the gradient length 

fell below 5 x mdyn. Optimization results are indicated 
in Appendix I.  

The configuration interaction following the optimized SCF 
calculation includes -250 configurations, i.e., mono- ( k  + v )  
and diexcited (k, k + v ,  v; k, k +  v ,  t; k, 1 + v ,  v ;  k ,  1 + v, 
t )  states representing five excitation classes, where k and 1 refer 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 2. Mulliken net charges from 4-31G and 4-31G + CI calculations, 
compared with those deduced from the formulas indicated in Table 1 

Mulliken net charge (me) 

Molecule Atom 4-31G tz = 39.45 4-31G + CI rz = 44.1 

Methane C -523.2 -523.2 -515.7 -515.7 
Ethane C -382.7 -382.7 -378.2 -378.2 
Propane C ,,,,,, -384.0 -384.5 -380.8 -379.8 

c,,, -244.9 -242.8 -243.4 -241.3 

to fundamental closed shells, and v ,  t refer to virtual orbitals. 
Details regarding the calculation of the CI matrix using S' 
eigenfunctions rather than single determinants are described 
elsewhere (13). The selection of monoexcited configurations, 
+"', was made on the basis of AE = (IJJ"'IHI+~") values and 
that of diexcited configurations also considered the value 
of the correlation at the second-order perturbation, A = 
- ($"'I H /I)('')~/(E, - EO). 

As regards the charge analysis, we proceed as follows. For 
a wave function represented by a single determinant, = $':', 
the matrix element of the monoelectronic density operator D,  
is defined as follows 

= 2 nici,civ 
;= l 

where X, and X, are atomic basis functions, and c,,, ci, are the 
expansion coefficients for x,, X, of the molecular orbital IJJ,. 

The occupation number of 4, is n; (0, 1 ,2) ,  and the summation 
is over all molecular orbitals. Mulliken's population matrix 
elements are then 

in which S,, is an element of the overlap matrix S. More 
generally, for a wave function developed over several deter- 
minants (a CI function), it is 

when the determinants 4"" and +(I' differ from one another in 
their spin orbitals (I,, and $I,,,; a is a coefficient given by Slater's 
rules. 

Results 

The charge results deduced from 4-31G and 4-3 1G + CI 
calculations are indicated in Table 2,  together with their coun- 
terparts corresponding to the formulas given in Table 1. Geom- 
etry and scale factor optimizations were carried out auto- 
matically, with reference to the gradient of the total energy. For 
propane, a slight but non negligible oscillation in the charge 
values was noted toward the end of the optimization, particu- 
larly for the secondary carbon and hydrogen atoms. The latter 
results are thus not as accurate as those deduced for methane 
and ethane. A similar behavior was also observed earlier in 
STO-3G calculations of propane (15). Indeed, significantly 
more refined optimizations of the 5's turned out to be necessary 
for the secondary C and H atoms (as compared with what is 
usually required) in order to ensure stabilization of the charge 
results for these atoms. In the present case, all 5 optimizations 
were uniformly carried out to the 4th significant figure. Addi- 
tional optimization cycles were not performed for propane 
because, in spite of the minor uncertainties affecting its the- 
oretical charges, the results are sufficiently clear to serve as an 
illustration for the general validity of the arguments leading to 
the formulas given in Table 1.  

For comparison, we have also studied the effect of intro- 
ducing configuration interaction at the level of optimized STO- 
3G calculations. The results are included in the following dis- 
cussion. 

In this case, the density matiix element, D,,, of the operator D Discussion 
must be redefined because D depends on the form of the wave 
function 4. The overlap matrix S, however, remains un- We now come to the main topic of this work, i.e., the value 

changed because it depends only on the atomic basis functions of the ethane carbon net atomic charge, q:, corresponding to 

X .  Finally, D,, is defined as follows the assumed correct ordering defined by 12 = -4.4122. This 
value is easily deduced from eq. 171 usinn the Mulliken net . - 2  

charges of methane and ethane carbons forcalculating nM (see 
Table 1). 

I = ,  I f  l 

where D:, is the matrix element associate! with the deter- From the optimized STO-3G results (nM = 1.3325 and qEM 
= -20.96 me), it follows that q: = 69.40 me. An optimized minants 4"' and I)"' of the density operator D. For k = 1, D:, 
STO-3G calculation + CI gives q: = -46.37 and -22.28 me 

is as indicated in eq. L9i. For # 1. defines an for methane and ethane, leading to n M  = 1,7828 
element of a transition density matrix, DL', constructed from 

and q: = 55.1 me, which is already significantly better than the 
determinants k and 1 (14). This D" matrix has nonzero elements value, 69.40 me, obtained without CI. At the 4.3 level ( n ~  
only when 4"' and $'" differ from one another by not more than 

= 39.4.3, it follows from eq. [7] that q: = 42.8 me. The 
One 'pin Equation [lo] expresses the idea that the improvement over the STOJG result is Finally, 
density matrix for a many-determinant wave function is simply 

applying now CI to the 4-31G calculations, it is found from tzM a weighted sum of "transition density matrices" connecting all 
= 44.1 that q: = 37.8 me. different pairs of determinants in the expansion. It is formu- 

lated as It is clear that improvements in the basis set descriptions, and 
the final touch provided by CI, yield charge results for the 

D i v  = ~ ( C , , ~ C , , , ~  + c r l V c I . ~  ethane carbon atom converging toward its empirical counter- 
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TABLE 3. Geometries obtained from optimiza- 
tions at the 4-31G level 

Molecule Parameter Calculated" 

Methane rcH 1.082 
Ethane ~ C C  1.528 

~ C H  1.084 
LHCH 107.67 

Propane rcc 1.528 
rcH (sec-sec) 1.086 
rcH (prim-prim a) 1.084 
rcH (prim-prim s) 1.083 
LCCC 112.63 
LH,,, C,,, H,,, 105.81 
LCcc  C,,,rn H,,,,,, 111.34 
LC,,, C,,,,, H,,,,. 110.93 
LHpr,rn, Cpr,tn HprLrna 107.91 

"Distances in A, angles in deg. 

TABLE 4. Optimization results for 5 

Molecule Method Parameter Standard Optimized 

Methane STO-3G 5~ (SK) 
~C(SL, P) 
5 H  (s) 

Ethane STO-3G <C (SK) 
<C(SL, p) 
5~ ($1 

Methane 4-3 1G 5~ (SK) 
5(sL, P') 
5c (s:, P") 
5~ (s') 
5~ (sf') 

Ethane 4-31G <C(SK) 
5c(sL, P') 
5c(s';, p") 
<H (s') 
5~ (s") 

Propane 4-3 1G <~,,i,,, (SK) 

Scprirn (sL, P) 
5cprim (sL9 P) 
<clCc (SKI 
<c,,,(sL, P ')  
5cscc (s:, p") 
<Hprirn\(sl) 
C ~ p r i r n s  (s") 
CHprirna (s') 
C ~ p r i r n a  (s") 
~ H S C C  (s t)  
S ~ s c c  (sf') 

part, 35.1 me, deduced with the help of the energy expression, 
eq. [2]. It is also clear that carbon atoms in saturated hydro- 
carbons are unmistakably slightly electron deficient (2, 3, 6) (a 
fact which is often forgotten or occasionally rediscovered in 
recent literature) and that the proposed value of 35.1 me for the 
ethane carbon presently represents the estimate which is best 
supported by theoretical and empirical arguments: this result is 
pivotal in numerous appplications of the energy expression, eq. 
[2], whose accuracy is abundantly illustrated by comparisons 
with experimental data (2). 

Finally, it seems important to have gained knowledge about 
realistic atomic charges and the inclusion of correlation effects 

TABLE 5. Calculated energies (au) from optimized bases 

Energy calculated for 

Method Methane Ethane Propane 

therein because of relevant implications in the interpretation of 
eqs. [ l]  and [2], namely, as regards correlations between tet- 
rahedrally localized orbitals. The familiar approximate empir- 
ical bond additivity of thermochemistry could lead us to expect 
that the valence shell correlation energies of molecules like 
CH,, C2H6, . . . would consist mainly of bond correlations. In 
contrast, the elegant analysis offered by Sinanoglu and Skutnik 
(15) reveals that correlations between neighboring tetrahedral 
orbitals contribute about twice as much to the valence shell 
correlation energy of methaneqas the correlation within the four I 

doubly occupied ("bonds") tetrahedral pairs. "Nonbonded 
interactions" are thus not negligible but may be an important 
part of the correlation energies of saturated molecules. (A more 
approximate semiempirical version of the theory for molecular 
correlation energies was also given and tested for a-electron 
systems (16).) While these studies analyze all-important the- 
oretical aspects related to the origin of correlation energies, the 
present use of eqs. [ l ]  and [2] involving charges obtained after 
configuration interaction implies that all contributions to cor- 
relation, including those due to nonbonded interactions, are 
already reflected in the Aq; charges. Consequently, a specific 
correlation energy contribution arising from nonbonded terms 
is not part of the Enb energy appearing in eq. [2]. Estimates of 
Enb, using Del Re's approximation (17), reveal that (in the 
sense of eq. [2]) nonbonded Coulomb interactions are minor, 
indeed, about 0.02-0.05% of AE:, whereas the true cor- 
relation energy, i.e., the difference between exact and 
Hartree-Fock energies, contains important contributions 
originating in terms other than those associated with chemical 
bonds. 
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Appendix 
The geometries obtained from an optimization at the 4-3 1G 

level are reported in Table 3. The corresponding optimized 5's 
are indicated in Table 4. Finally, we indicate the calculated 
energies in Table 5. 
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RENATO CONTRERAS and GILLES KLOPMAN. Can. J .  Chem. 63, 1746 (1985). 
The application of an extended version of the generalized Born formula including dielectric saturation effects, implemented 

within the SCF-CND0/2 approximation, provides a complete set of data concerning the thermodynamics of solvation of some 
ammonium ions in water. The calculated free energies of solvation are in good agreement with experimental data. An 
estimation of the entropy and enthalpy of solvation is also given and satisfactory qualitative trends are obtained. 

RENATO CONTRERAS et GILLES KLOPMAN. Can. J. Chem. 63, 1746 (1985). 
L'application d'une version Ctendue de la formule de Born gCnCralisCe incluant des effets de saturation diilectrique permet, 

dans le cadre de l'approximation SCF-CND0/2, I'obtention des fonctions thermodynamiques de solvatation d'un nombre 
d'ions ammoniums dans I'eau. Les valeurs d'Cnergie libre de solvatation obtenues par cettc mithode sont en bon accord avec 
I'expCrience. Une estimation de I'entropie et de I'enthalpie de solvatation est faite et les rksultats montrent une tendence 
qualitative satisfaisante. 

1. Introduction 
With the recently introduced ion cyclotron resonance tech- 

nique, measurement of gas-phase basicities of amines com- 
bined with heats of hydration and heats of protonation of these 
compounds in water have provided, for the first time, reliable 
thermochemical data concerning solvation of a large number of 
ammonium ions (1). Thermodynamics of ion solvation within 
this series has been found to play a key role in the "anomalous 
order" of amine basicities in aqueous solutions (2-4). Up to 
now, quantum mechanical calculations of solvation energies, 
including a wide variety of molecules and molecular ions, have 
been performed following three different general approaches: 
(a)  the well known supermolecule technique, suitable for the 
study of relatively small molecular system with a number of 
solvent molecules explicitly taken into account (5-7); (0) con- 
tinuum models based mainly on the generalized Born formula 
(8- 1 I), and (c) mixed continuum-supermolecule models (5, . - <  

12). 
In the supermolecule approach, the solvation energy is cal- 

culated as the solute-solvent interaction energy, which corre- 
sponds essentially to an enthalpy of solvation (13). A complete 
thermodynamic picture of the solvation process may be 
achieved only, within this approach, by including Monte Carlo 
simulation techniques in order to account for the temperature 
averaging effects (14). 

The second approach is based on the well-known Born equa- 
tion (15), which gives the change in electrostatic free energy 
that takes place when a charge Qo is transferred from a conduc- 
ting sphere of radius a ,  in vaccuum, to a sphere of equal radius 
in a polarizable medium characterized by its temperature- 
dependent bulk dielectric constant E,. It is written as 

Although in principle this model allows a complete thermo- 
dynamic picture of ion solvation (16, 17), it is well established 
that for monoatomic ions in water at 25"C, the values of the free 
energy, enthalpy, and entropy of solvation predicted by this 
model are too high ( 17, 18). The overestimation of these quan- 
tities is related mainly to two problems: (a)  the increase in the 

' To whom all correspondence should be addressed. 

crystallographic radii due to solvation and (b) the dielectric 
saturation in the vicinity of the solvated ions, reducing the 
effective dielectric constant of the medium. 

Equation [ I ]  has been generalized in order to allow the 
calculation of solvation energies (and other physico-chemical 
properties) in a wide variety of molecules and molecular ions 
within a quantum mechanical framework (8- 11). In this ap- 
proach, the solute-solvent interactions are treated within the 
framework of the reaction field (RF) theory and the solvation 
energies are expressed as a sum of Born-like terms, each one 
corresponding to the partially charged atomic centers of the 
solute molecule. For instance, within a CND0/2 type approx- 
imation, we write: 

which is the well-known Generalized Born Formula (GBF). It 
is expressed as a function of the net charges QA(P) associated 
with the atomic A-center of the solute, the two electron Cou- 
lomb integrals y,,, representing the solute-solvent interaction, 
and the bulk dielectric constant of the solvent ED. Although 
some confusion concerning the physical meaning of this energy 
has been made in the literature (19, 20), it has been emphasized 
recently (21, 22) that the quantity AEs represents the free ener- 
gy variation of the solute-solvent system, maintained at a 
given temperature, when the polarized solute is transferred 
from the gas phase to the solvent. 

As in the case of eq. [l], the application of the GBF yields 
free energies of solvation that are considerably overestimated 
when compared with experimental data. In a previous publica- 
tion (18). we have discussed this problem in detail, and we 
h a ~ e ' ~ r b p o s e d  an extension of the GBF, within the SCF- 
CND0/2 approximation, in order to account for local di- 
electric effects (LRF model hereafter). This approach allows 
simulation, within a continuum framework, of the mixed 
continuum-supermolecule model of solvent effects where at 
least the first solvation layer is explicitly taken into account. 

In this work, we present further development of this model 
that allows a complete thermodynamic picture of ion solvation 
to be obtained. As an illustration of the reliability of this ex- 
tended formalism, calculations of thermodynamic functions of 
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solvation of a number of ammonium ions in water were per- partitioned according to (21,  22): 
formed. 

2. Theory 
(a )  The modified GBF expressiorz 

'The LRF theory is based upon the classical model proposed 
by Beveridge and Schnuelle (23). In this approach, a general 
expression was deduced for the free energy of a charge distribu- 
tion imbedded in a spherical cavity S(O,a), surrounded by a 
local concentric region of thickness R, where a local dielectric 
value, EL < E D ,  was defined. This system is supposed to be 
immersed in the bulk solvent of dielectric constant EB. From 
this formalism, we have deduced the reaction field potential 
acting back on the charge distribution whose net charge is Qo 
(18).  In the framework of the effective charge approximation, 
it is written as a function of the local and bulk dielectric con- 
stant as follows, 

[3I VR(EL,  E B )  

= -(I - l / ~ ~ ) Q o l a  - ( 1 1 ~ ~  - ~ / E B ) Q O I ( ~  + Rs) 

which represents the reaction potential created by the polar- 
ization charges induced at the surfaces S(0,a) and S(O,n+Rs). 
These polarization charges are redefined here, without chang- 
ing the results of the previous formulation (18) ,  as: 

[4] Q , p ' ( ~ ~ ,  Qo)  = - ~ / E L ) Q o  

and 

[5] Q c p 1 ( € ~ ,  €8, Qo) =  E EL - ~ / E B ) Q o  

respectively. In this way, the reaction field potential may be 
conveniently divided into two contributions: one coming from 
the internal polarization charge distribution, Qip l ,  induced in 
the local region, and the other coming from the external polar- 
ization charge distribution, QcPO', induced in the bulk region. 
The solvation free energy AGS(eL, eB)  is then given by: 

Based on eq. [6] ,  the modified GBF may be written as a 
function of the density matrix P as: 

A B 

In this expression, y,,,' and T,,BC(Rs) are the internal and 
external polarization charge-electron interaction integrals, re- 
spectively. Details about the calculation of these quantities are 
given in the next section of this paper. 

(b)  Estimation of the entropy of solvation 
As was proposed recently (22) ,  the total free energy of the 

solute-solvent system is obtained by adding to the total energy 
of the isolated solute, the electrostatic solvation energy A G S ( ~ L ,  
EO,  P )  which corresponds to the free energy variation of the 
solute-solvent system, when the polarized solute is inserted 
isothermically into the solvent. This solvation term may be 

where E , 7 - z ( ~ L ,  E D ,  P )  (eq. [9] ) ,  is the electrostatic solute- 
solvent interaction energy and A E ~ ~ " ' ( E ~ ,  ED,  P )  is the solvent 
polarization energy. This last term represents the orientational 
entropy change induced by the opposite effects of the orienting 
electric field arising from the ionic charge and the averaging 
temperature effects. These two quantities are related by the 
expression: 

Within the RF model neglecting dielectric saturation, the 
solvent polarization is assumed to be entirely orientational and 
for a given temperature T ,  the following "incorrect" relation is 
then obtained: 

As a result, largely overestimated values of the term - T A S S ( ~ L ,  
E B ,  P )  are to be expected with this model. 

The consideration of local dielectric effects allows a more 
realistic evaluation of the entropic contribution to ion sol- 
vation. Indeed, starting from eq. [7] and using eqs. [8] and 
[ l o ] ,  the solvent polarization energy may be expressed as: 

+ (112) (116 ,  - ~ I E B )  C C Q A ( P ) Q B ( ~ ' ) ~ A O ~ ( R ~ )  
:I B 

The resulting eq. [I21 is consistent with the classical theory 
of dielectric polarization. In fact, as was proposed by Marcus 
(24) ,  the polarization of any dielectric medium may be 
regarded as consisting of electronic, atomic, and orientation 
contributions. Furthermore, if, as a first approximation, the 
atomic contribution is neglected, we may write the total polar- 
ization vector P,(r)  as: 

where the first term in eq. [13] represents the electronic polar- 
ization associated with the electronic motion of the solvent 
molecules. It is interesting to note that, following a quite differ- 
ent procedure, the module of this electronic term has been 
found by Jortner (25) to be identical to our "internal polar- 
ization charge" defined in eq. [4] .  In the same way, the module 
of the second term in eq. [13] representing the orientational 
polarization, is formally identical with our "external polar- 
ization charge" defined in eq. [5] .  The temperature-dependent 
orientation polarization given by the second term of eq. [I21 
may be assimilated, in the framework of the LRF theory, to the 
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orientational entropy change which, added to the solute- 
solvent interaction energy defined in eq. [9], gives the expres- 
sion of the solvation free energy (eq. [7]). 

Based on the above consideration we may write: 

= (112) (I/€, - 1 / ~ o )  C C Q,t(p)Qo(p)r,toc(Rs) 
A o 

Finally, combining eqs. [7] and [14], the following expres- 
sion for the enthalpy of solvation is obtained: 

[I51 AHs(EI, EB, P )  

3. Results and discussion 
The LRF model of solvent effects discussed in the previous 

section, was applied to the calculation of the thermodynamic 
functions of solvation of some ammonium ions in water. All 
bond angles were taken as 109.47. The following bond lengths 
were used: C-C = 1.52 A , C-N = 1.47 A, C-H = 1.09 
A, and N-H = 1 .OO A. 

The internal polarization charge-electron interation inte- 
grals yAol were calculated according to the parametrization sug- 
gested by Miertus and Kysel (19): that is, for AO's associated 
with the same atomic center as the polarization charge QA, y,' 
is given by l/r,t, where is the Pauling's Van der Waals radius 
of the particular atom (26). When the AO's and the internal 
polarization charges are associated with different atomic cen- 
ters, A and B, the internal solute-solvent interaction integrals 
were calculated as: 

where RAn is the interatomic distance calculated, as in our 
previous work in terms of the yAoi integrals, as (18): 

[18I r~o"(Rs) = l / [R~o + (112) ( ~/FAA~(RS)  + l/rooc(Rs)I 

respectively. 
The parameter Rs, measuring the extent of the local dielectric 

region, was taken as Rs = n dH,O (n = 1,2), wit) dHZO equal to 
the diameter of a water molecule (i.e., 2.80 A). Finally, as 
suggested in ref. 27 and based on previous calculations (18), 
we used the values EL = 5.0 and E, = 78.5. 

The results of the calculations of free energies, enthalpies 
and entropies of solvation for a number of ammonium ions in 
water are shown in Table 1. Examination of the calculated free 
energies of solvation reveals a significant agreement with ex- 
perimental data: within the primary ammonium ions series, 
alkylation of the NH,' ion results in a decrease of AGs in the 
order NH,' > MeNH,' > EtNH,' > n-PrNH,' > n-BuNH,'. 
With the only exception of Et3NHi, the same trend observed 
within the secondary and tertiary series are also satisfactorily 
accounted for by the LRF model. Methylation of the ion pyr- 
rolidinium resulted in a decrease of AGs of about 5.6 kcal/mol 
(for n = l ) ,  compared with an experimental value of 6.6 

TABLE I .  Thermodynamic functions of solvation of some selected 
ammonium ions in water" 

- 

Experimental1' Calculated" 

Solute AG AH -TAS AG AH - T A S  

NH,' 

MeNH,' 

EtNH,' 

n-PrNH3+ 

f z - ~ ~ ~ ~ 3 +  

Me2NH2' 

E ~ ~ N H ~ '  

n-Pr2NH2+ 

n-Bu,NH,' 

Me,NH' 

Et3NH' 

r1-Pr3NH' 

Pyrrolidinium 

N-Methyl 
pyrrolidinium 

"All values in kcal/mol. 
" From ref. I .  
"First value corresponds to RS = 2.80 A and the second one to RS = 

5.60 A.  

kcal/mol. 
It is interesting to notice that the best description of the AGs 

values are obtained with n = 1, which corresponds to Rs = 
2.80. This is approximately the value found by Laidler (28) and 
Conway (29) to be the critical distance from the ion where the 
dielectric saturation effects manifests itself. Furthermore, in a 
recent paper Kebarle et al. (30) concluded, from ion-solvent 
molecule equilibria studies, that relative solvation energies for 
ammonium ions can be obtained by considering the interaction 
of the ion and a few solvent molecules only. These results are 
consistent with our "one solvation layer" continuum model 
with n = 1 .  Recently, Kebarle's conclusions have been con- 
firmed by ab-initio calculations reported by Ikuta (31). 

Estimation of entropies of solvation using eq. [14] are also 
summarized in Table 1.  For NH,', a calculated value of 11.0 
kcal/mol is obtained compared with an experimental value of 
6.6 kcal/mol reported by Aue et al. (1). Although this property 
is not satisfactorily accounted for in quantitative terms, it may 
be seen that the general trends observed within the family of 
substituted ammonium ions is quite reasonable: within the pri- 
mary amine series, alkylation of the ammonium ions results in 
an increase of the -TASs contribution in the order MeNH,' < 
EtNH,' < n-PrNH,' < n-BuNH?.', in agreement with the 
observed data. In the same way, the variation of the entropy of 
solvation in the secondary amine series follows the order 
Me2NH2' < Et2NH,', n-Pr,NH,' < n-Bu2NHZ', compared 
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with the observed sequence Me2NHzt < EtzNHz6 < n-Pr2NHzt 
< n-Bu,NH,'. For the tertiary ammonium ions, although the 
order Me,NHb < Et,NHt is qualitatively reproduced (there is 
no experimental data available concerning n-Pr,NH '), the LRF 
model predicts a largely overestimated value of the entropy of 
solvation, and this, for both the Et3NH4 and n-Pr3NH1 ions. 
Finally, the decrease of -TAS, by methylation of the pyr- 
rolidinium ion is also qualitatively accounted for by the LRF 
model. 

The overestimation of the entropy of solvation for the tertiary 
amine series could be related to the fact that the solvent- 
solvent polarization energy has been represented, within this 
model, by the interaction of hard spheres of radius (r,, + R s ) .  
As a result, two (or more) atoms in the molecule are close 
enough so  that their cosphere overlap. In such a case, one 
would want some of the overlapping cosphere material to be 
displaced in a process in which the local dielectric material 
relaxes to the state of the normal bulk solvent (32). This effect 
which is expected to be even more pronounced when bulky 
substituents are incorporated into the molecule, is not 
accounted for in the present approach. Further developments of 
the present model, allowing for this steric hindrance effect to 
solvation to be included, is expected to improve the description 
of the entropy of solvation of sterically hindered molecular 
ions. 

Finally, taking into account the correct trends predicted for 
the -AGs contributions, it may be concluded that the some- 
what irregular order of the enthalpy of solvation predicted by 
eq.  [15] arises mainly from the overestimated -TASs con- 
tributions. This fact, as was discussed above, dramatically 
manifests itself in the tertiary ammonium ions. 

Concluding remarks 
The main conclusions that may be drawn from this work are 

the following: (a) The  quantum mechanical extension of the 
Born formalism including dielectric saturation effects appears 
to work reasonably well, at least qualitatively, in accounting 
for the variations of the thermodynamic functions of solvation 
associated with changes in size of ions and substituent effects. 
This has been shown for ammonium ions and may hopefully be 
applied to other molecular systems as well. (b) Since the meth- 
od necessarily involves a semi-empirical choice of E, and Rs, as  
well as a semi-empirical adjustment of the solute-solvent in- 
teraction integrals, we cannot consider the results obtained as 
quantitatively significant. 

In spite of the above considerations, the present approach 
represents a considerable progress with respect to the current 
quantum mechanical approaches based on the Born formula. 
For the first time, to our knowledge, a complete thermo- 
dynamic picture of solvation for molecular ions has been ob- 
tained. This could be particularly useful in connection with the 
theoretical study of acid-base equilibria in solution involving 
a wide variety of systems. 

Research Fund, administered by the American Chemical Soci- 
ety, for the support of this research (PRF 14100-AC4). 
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Triethylammonium halides, Et3NHX (X = C1, Br, I): simple structure, 
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MARGARET ANN JAMES, T .  STANLEY CAMERON, OSVALD KNOP, MURRAY NEUMAN, and MICHAEL FALK. Can. J. Chem. 
63, 1750 (1985). 

A crystal structure determination has shown that the ethyl groups in the three isostructural (P6,mc, Z = 2) triethylammonium 
halides, Et3NHX (X = CI, Br, I), at room temperature are orientationally disordered and the N-H...X groups are linear by 
symmetry. The unusual extent and complexity of the NH and ND stretching absorptions in the ir spectra of all three compounds 
between 10 and 293 K are discussed in terms of Fermi resonance interactions. The centroid v(NH) and v(ND) frequencies 
extracted from the spectra correlate with the HN...X distances. It is shown that if Fermi resonance is the sole cause of the 
complexity of the stretching absorptions, then these centroids represent the v(NH) and v(ND) frequencies unperturbed by Fermi 
resonance. The centroid frequencies in the three halides are unusually low, pointing to strong N-H... X hydrogen bonding. 

MARGARET ANN JAMES, T .  STANLEY CAMERON, OSVALD KNOP, MURRAY NEUMAN et MICHAEL FALK. Can. J .  Chem. 63, 
1750 (1985). 

Une dCtermination de structure cristalline a permis de montrer que, a la tempirature ambiante, les groupements Cthyles des 
trois halogCnures de triCthylammonium, Et3NHX (X = C1, Br, I), isostructuraux (P63mc, Z = 2) ne sont pas ordonnCs du point 
du vue de I'orientation et que les groupements N-H...X ont une symCtrie IinCaire. OpCrant a des tempkratures allant de 10 
a 293 K, on a mesurC les spectres infrarouges des trois composCs qui presentent des absorptions dlClongation NH et ND dont 
]'importance et la complexit6 sont inhabituelles; on en discute en fonction d'interactions de resonance de Fermi. On peut Ctablir 
une corrdation entre ies frCquences centroides v(NH) et v(ND) que I'on peut extraire des spectres et les distances HN...X . 
On dCmontre que, si la rksonance de Fermi est la seule cause de la complexitC des absorptions d'elongation, ces centroi'des 
reprksentent les frkquences v(NH) et v(ND) qui ne sont pas perturbCes par la rksonance de Fermi. Les frCquences centroi'des 
des trois halogCnures sont particulibrement basses et ce rksultat suggbre qu'il existe une liaison hydrogbne N-H...X 
importante. 

[Traduit par le journal] 

The N-H ... X bond in the three hexagonal Et3NHX halides 
is known (1, 2) to be on a threefold axis and fairly short; in the 
chloride d(N...X) - 3.11 A (2). The NH groups are all crys- 
t?llographically equivalent and well separated (d(N . . N) - 6 
A or longer). A single NH stretching absorption free from 
complications would thus be expected in the ir spectrum, and 
since the N-H...X bond is linear by symmetry, the three 
halides would seem to offer an excellent opportunity for cor- 
relating the N X and H ... X distances with the NH stretching 
frequency. However, the results of a number of ir studies of 
these compounds (3-7) are completely at variance with the 
expectation. The observed v(NH) absorption is not a single 
peak but a complex multicomponent absorption extending over 
at least 400 cm-' of the spectrum; the full extent and complex- 
ity of this absorption, and of the corresponding v(ND) absorp- 
tion in deuterated material, become evident at low temperatures 
(3, 6, 7). Similar observations have been made with other 
alkylammonium salts (8-14). While general explanations of 
this complexity have been advanced (4, 5 ,  8) (see below), the 
frequency-distance correlation was not pursued in any detail, 
both because of lack of accurate structural information on the 
three halides at the time and because of the uncertainty as to 
how to extract from each spectrum a single v(NH) or v(ND) 
frequency value to be used in such a correlation. 

In the present investigation we have attempted to contribute 

' NRCC No. 24020. 

toward a resolution of these problems in two ways. We have 
redetermined the crystal structure of the chloride and deter- 
mined the structures of the bromide and iodide. We have also 
obtained high-quality ir spectra, between 10 and 293 K, of the 
undeuterated and partially deuterated halides, from which we 
have derived frequency centroids of the NH and ND stretching 
absorptions to be used in the frequency-distance correlation. It 
is shown that if Fermi resonance is the sole cause of the com- 
plexity of the stretching absorption, then on certain assump- 
tions these centroids represent the v(NH) and v(ND) fre- 
quencies unperturbed by - ~ e r m i  resonance. 

Experimental 
The title compounds were prepared by neutralizing Et,N in aqueous 

solution with the appropriate aqueous HX. They were recrystallized 
from 50% EtOH. The crystal data of the three halides are listed in 
Table 1. 

Space group 
The lattice parameters are in reasonable agreement with those deter- 

mined previously (1, 2). In each case there are two formula units in 
the hexagonal unit cell, which requires the N atoms to be situated in 
special positions but not at centres of symmetry, as the cation is not 
centrosymmetric. The systematic absence of hkil reflections with-1 = 
2n_ + 1 is consistent with the space groups P31c C (P6?mc, P62c,  
P31c) C P6,/mmc. Unless it is assumed from the outset chat the 
cations are orientationally disordered, P6,/mmc, P62c, and P31 c can 
be ruled out, as none of these contains twofold equipoints compatible 
in symmetry with the stereochemistry of the cation. In the two remain- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JAMES ET AL 

TABLE 1 .  Crystal data of Et3NHX (X = C1, Br, I)* 

X = Clt X = Br X = l  

Formula 
fw 
a ,  A 
c, A 
c/o 
v, A3 
P., g/cm3 (1) 
PC, g/cm3 
PMC,. cm-' 
F(000), e 
Reflections: 
Total measured 
Unique total 
Unique used$ 
100R; IOOR, 

- - -  

*Mo Ka,,  A = 0.70926 A (graphite monochromator); 0-range, 
2-23". Space group, P6,rnc (no. 186); Z = z. 

t Reference 2: a = 8.38(2) A,  c = 7.07(2) A, c/o = 0.84, V = 429 
A', p,, = 1.01 g/cm'. 

$ I  > Iu(1). 
5 Reflections 002 and 004 omitted from refinement. 

ing groups the N and X atoms would be situated on threefold axes, in 
P6,mc with site symmetry 3m and in P31c with site symmetry 3. 
Since for structures _containing atoms in general positions the equal- 
ities IF(hk1)l = IF(hkl)l and IF(hkl)l = (F(hk1)l hold in P63rncbut not 
in P 3  1 c, the space-group ambiguity can, in principle, be resolved by 
comparing the appropriate JF,,~ values. Under this scrutiny the space 
group P63trtc adopted by both Hendricks (1) and Genet (2) has been 
confirmed. 

Structure detertninatiotl 
A CAD-4 four-circle diffractometer was used in the determination 

of the unit-cell dimensions and in the intensity collection. The inten- 
sities were reduced by routine procedures (15). Lorentz and polar- 
ization corrections were applied but not absorption or extinction cor- 
rections. The scattering factors for neutral atoms were taken from ref. 
16. The structures were solved by Patterson and Fourier methods using 
the SHELX system (17). To ensure proper convergence, tFe C-H 
bond lengths were constrained in the refinement to 1.08 A and the 
N-H to 1.03 A in the chloride, 1.025 A in the bromide, and 1.02 A 
in the iodide. The CH, and CH3 groups were refined as rigid bodies. 

The positional parameters are listed in Table 2, the thermal param- 
eters in Table 3,' structure factors in Tables 4-6,' and interatomic 
distances and bond angles in Table 7. 

Infrared spectra 
For the survey spectra, the finely ground sample powders were 

mulled in hydrocarbon or fluorocarbon oil and the mulls were held 
between CaF, windows. The spectra were recorded on a Perkin-Elmer 
model 180 grating spectrometer or a Bomem DA3.02 Fourier- 
transform ir spectrometer fitted with a closed-cycle He refrigerator 
(Displex model 202, Air Products and Chemicals Co.). For the more 
detailed study of the ND stretching band at isotopic dilution the salts 
were deposited as solid films on CaFz plates by forced evaporation of 
C2H50H or 5:95 CzH50D-CZHSOH solutions. The films were pre- 
pared in 0% D15% D pairs matched in thickness. Their spectra at room 
temperature were recorded on the Bomem spectrometer and the spec- 
tral profiles of the ND absorptions were obtained by digital subtraction 
of the spectra of the matched pairs. The centres of gravity were 
determined by integrating the digital spectra. 

'These tables have been deposited. Copies are available, at a nom- 
inal charge, from the Depository of Unpublished Data, CISTI, Nation- 
al Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. 

TABLE 2. Positional parameters ( x  loJ) of 
Et,NX* 

X = Clt X = Br X = l  
r r r 

Atom Y )I y 
7 

"The X atom is in 2(b) - <, :, 0 etc. of P 6 i ~ n ~ .  'The 
C and H atoms are in 12(d) - .ryz etc. with an oc- 
cupancy factor of 4 (see text). 

t Reference 2: N,  : = 0.440; C(I), s = 0.180, y = 
0.695, z = 0.488: C(2), n = 0.165, y = 0.865, 1 = 
0.40 1 .  

TABLE 7. Et3NHX: uncorrected interatomic distances (A) 
and bond angles (deg) 

Distances: 
N...X 
H(I)+.-X" 
N-C( I )  
C( I )-C(2) 
Angles: 
C(1)-N-H( I )  
N-C(1)-C(2) 
C(l)-N-C(1) 

"'To allow for the uncertainty introduced py constraining the 
N-H bond length (see Experimental), 0.01 A has been added to 
the esd's from the refinement. 

Results and discussion 
Crystal structures 

To be compatible with the crystal data (Table I) ,  the N and 
X atoms must be located in equipoint 2(b) - 4, {, z etc. 
Hendricks (1) in 1928 placed both carbons of the CzHs group 
in 6(c) - x ,  ;i., z etc . ,  i .e.  on the mirror plane. Genet (2) placed 
both carbons in the chloride in 12(d) - x ,  y, z etc.,  i.e. off the 
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FIG. 2. Variation of the mean linear unit-cell dimension a = 
(v/z)'" of Et3NHX and Me3NHX with the effective ionic radius of 
X- (left) and d(N . .ex)  (right). 

FIG. I .  Et3NH_C1: projections of a portion of the structure on (0001) 
(bottom) and (1010) (top). The two possible orientations of a CzH, 
group are distinguished by solid and broken lines, respectively. The 
N-H bonds are drawn as dash-dot lines, the shortest intermolecular 
Hc...Hc distances as dotted lines. The top projection shows the 
environment of a Et3NHCl unit oriented as per Table 2. 

mirror planes, which introduces twofold orientational disorder 
with respect to the mirrors; the final R was 0.10. 

In our refinements both models were tried as well as a third 
model, with C(l)  in 12(d) with half occupancy and C(2) in 
6(c). The lowest R values (anisotropic temperature factors, 
hydrogens not yet included) for all three halides were obtained 
with C(l)  and C(2) both disordered. This establishes that the 
three compounds are isostructural and the structure proposed 
for the chloride by Genet is correct. Inclusion of the H atoms 
lowered the R to 4.73% for the chloride, 3.01% for the bro- 
mide, and 5.04% for the iodide. 

Unlike the structures of some alkylammonium salts (13), in 
which the "ionic" (i.e. -NHt/anion containing) layers alter- 
nate with layers of the "fatty" alkyl residues, the Et3NHX 
structures consist of identically populated staggered layers 
11(0001) stacked in an ABAB. . . sequence (Fig. 1). Each layer 
contains both the -NEt3 groups (in a nearly flat conformation) 
and the X- ions. The vertical separation of these layers, c/2, 
is almost equal to the N X distance; the N-H - - - X bonds 
are parallel to c and thus perpendicular to the layers. 

'The Et groups, relative to the N-H bonds, are arranged 
indifferently in left-hahded and right-handed Et3NH units of C3 
symmetry. The structure may thus be regarded as a racemic 
crystal with a random distribution of the two chiralities. Genet 
(2) observed that, in the chloride, the minimum distances be- 
tween atoms of neighbouring cations are too large for an effec- 
tive interaction capable of giving rise to orientational ordering, 
at least at room temperature. Indeed, in Et3NHCl the shortest 
intermolecular distance between two ethyl hydrogens is 

H(23A)--.H(22M) - 2.37 A, followed by H(2 1C) ... H(22G) 
- 2.79 A and H(21C)-.-H(22K) - 2.96 A; all the other 
Hc - - - Hc distances are greater than 3.5 In the bromide and 
iodide the corresponding distances are at least 2.7 A. The 
structure thus has a considerable flexibility which increases 
from the chloride to the iodide. This is reflected in the esd's of 
the positional parameters (Table 2) and in the unusually large 
values of the thermal parameters in the iodide (Table 32). 

Comparison with Me3NHX 
Unlike the three Et3NHX halides, the three Me3NHX halides 

are not isostructural among themselves, even though they all 
have the same space-group symmetry, P2,/m (18-20), and 
they differ in important respects from the Et3NHX in the or- 
ganization of their structures. For Et3NHX the variation of the 
mean linear unit-cell dimension a = (v/2)'I3 with the effective 
ionic radius rvi  (X-) (Fig. 2) is linear (r2 = 0.999, cr = 0.009 
A), as would be expected for an isostructural salt series. In 
contrast, in the corresponding plot for Me3NHX the points for 
X = Br and X = I define a straight line almost parallel to that 
for Et3NHX, but the C1 point is significantly above this line. 
This is not unexpected: the structures of the chloride (19) and 
the iodide (20) are different, and while the structure of the 
bromide does not appear to have been determined, the unit-cell 
dimensions of that compound are similar to those of the iodide 
(18). 

The d(N- . -X)  in Et3NHX range from 3.11 to 3.60 A (Table 
7). These values are about 3% larger than the corresponding 
values for Me3NHC1 and Me3NHI. The N ... Cl distance in 
Me3NHCl is exceptionally small, about 10% smaller than the 
d(N...Cl) in simple cubic NH4C1, so that in ref. 19 the 
structure of Me3NHCl is regarded as consisting of neutral 
[Me3NH+Cl-] ion pairs. 

In the two trimethyl structures the N.-.X (and by impli- 
cation the N-H) vectors are arranged in parallel layers (Fig. 
3), within which they are antiferro-ordered. The minimum 
perpendicular s~paration of these vectors is 4.3 A in the chlo- 
ride and -4.5 A in the iodide. In the polar Et3NHX structures, 

'Symmetry code: A, x,  y, z; C, y - x, 1 - x, z; G, 1 - x, 1 - y, 
$ + z ; K , y , x , $ + z ; M , l  + x - y , 1 - y , $ + z .  
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FIG. 3. Orientation and minimum perpendicular separation of the 
N-X vectors in the structures of MelNHCI, Me3NHl, and Et3NHCI. 
The large circles represent CI or 1, the small circles represent N. 

on the other hand, the packing is such that the N-H vectors 
are all ferro-ordered within staggered layers parallel to (0001); 
the minimum perpendicular separation of the threefold axes on 
which the N-H vectors are located is 24 .8  A, while the 
minimum HN"'HN = N...N distance is -6 A or more. The 
considerably larger separation of the NH groups in Et,NHX has 
important implications for vibrational coupling (see below). 

Infrared spectra: previous studies 
In the ir spectra of trialkylammonium halides, absorptions 

due to the NH and ND stretching fundamentals can extend over 
several hundreds of cm-' and contain many sharp components. 
Sandorfy et al. (4, 5) and Lord and McDowell (3, 6,  7) made 
this observation with Et3NHX, and Ebsworth and Sheppard (8) 
with Me,NDI, some 25 years ago. The studies that have been 
published since, both on triethylammonium (10, 11, 14, 21, 
22), trimethylammonium (9, 23-25), and higher trialkyl- 
ammonium (21) halides bear witness to the continued interest 
in this phenomenon, and are not confined to the simple halides 
but include other alkylammonium salts as well (12, 13). The 
complex NH and ND stretching absorptions persist, with band 
sharpening and increased detail, down to liquid-helium tem- 
perature (3,6) and are observed also in solution spectra of these 
salts (9-11, 14, 21, 22). 

Sandorfy et al. (4, 5) interpreted the complexity of the NH 
stretching absorption in Et3NHX in terms of combination bands 

1 

Et, N H I  

1 

W A A 

FIG. 4. NH stretching absorption in the ir spectrum of the three 
Et3NHX halides at 10 K (0% D, fluorocarbon mulls). The absorbance 
was arbitrarily scaled to the same maximum peak height. 

involving mainly deformation vibrations, the ir intensity of 
which derives from electrical anharmonicities induced by the 
strong hydrogen bonds; Ebsworth and Sheppard (8) regarded 
the numerous strong absorption bands near the ND stretching 
fundamental of Me,NDt as overtone and combination bands 
interacting with the ND stretching fundamental through Fermi 
resonance. That Fermi resonance perturbations are responsible 
for the complexity has been concluded also from the obser- 
vation that the NH stretching absorption in the solution spectra 
of Et,NHt salts is independent of the solvent (1 1, 14) and from 
the study of the ir spectra of the trimethylammonium-pyridine 
and triethylammonium-pyridine complex cations (9, 10). On 
this view the complexity of the NH and ND stretching absorp- 
tions in Et3NHX arises from overtones and binary combinations 
of fundamental vibrations of the cations in the 1000-1500 
cm-' region, enhanced by extensive Fermi resonance with the 
NH or ND stretching fundamental. 

Infrared spectra: present work 
Such spectral changes as occur in the NH and ND stretching 

regions of the spectra of the three halides between 10 and 293 
K are gradual and do not point to the existence of phase transi- 
tions in this temperature interval. 

NH stretching absorption (Fig. 4). In undeuterated Et,NHCl 
the complex absorption extends from above 2800 cm-I, where 
it merges with the CH stretching fundamentals, to about 2100 
cm-', where absorption peaks become sparse and gradually 
vanish into the background. The spectra agree very well with 
those recorded by McDowell (7) at the two temperatures stud- 
ied, 80 and 300 K,  except for the somewhat better resolution 
of our spectrometers. 
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TABLE 8. Et,NHX: fine structure of the NH stretching fundamental 
(cm-'):!: 

2837 vw a 2833 vw a 2822 w 2818 
2816 vw 2810 2805 w 2802 2796 s 2793 
2790 vw -2786 2787 vw a 

2776 vw a 2774 vs 2767 
2774 vw a 2768 w a 2763 s 276 1 
2763 w a 2759 m 2756 2758 w a 
2740 m 2739 2740 m 2738 2741 m a 
2708 vw a 2708 vw a 

2695 w a 2689 vs 2681 
2683 vs 2677 -2682 w a 

2679 m -2666 
-2660 w a 

2655 s -2648 2654 w 2653 2649 w 2651 
-2651 rn a -2650 w a 

2638 w a -2631 vw a 
2629 vs 2622 -2626 vw a -2612 vw a 
2612 vs 2604 2608 nl 2600 2591 w 2584 
2575 m 2576 2571 w 2570 2565 w 2566 
2568 m 1 2557 vw a 2547 vw a 
2553 w a 2546 vw a -2539 vw a 
2534 s 2531 2530 w 2527 2521 w -2525 
2502 vs 2498 2495 s 2491 2481 s 2478 
2482 vw a 2477 vw a 
2467 vw -2463 2463 vw a 2456 w a 
2436 vw 2436 2433 vw 2431 2428 w 2428 
2359 w 2359 2354 w 2353 2347 w 2347 
2354 vw a -2341 vw a 
2280 vw 2275 2271 vw a 2264 vw a 
2254 vw 2251 2241 w 2236 2224 vw 2222 
2140 vw 2139 2133 vw 2132 2126 vw 2126 

"'a,  broadened and merged with other bands; vw, vcry weak; w, weak; m, 
medium; s ,  strong; vs, very strong; -, broader peaks or shoulders, position 
uncertain by morc than 1 c m - ' .  

More than 20 absorption peaks are clearly resolved at 10 K; 
w~th  increasing temperature they gradually broaden and co- 
alesce. The NH stretching absorptions of the undeuterated bro- 
mide and iodide yield complex patterns of peaks similar to 
those of Et,NHCI: sharp spectral features in the absorptions of 
the three compounds appear to correspond in relative intensity 
and temperature shift (Table 8). The positions of corresponding 
peaks tend to shift by a few cm-' to lower wavenumbers going 
from the chloride to the iodide. The correspondence is most 
obvious in the low-frequency wing and disappears toward the 
band centre. 

Assuming that the NH stretching absorption ends and the CH 
stretching absorption begins at 2850 cm-' ,  the frequency 
centroids of the NH stretching absorption are computed as 

Frequency centroid (crn-I) 

Temperature C1 B r 1 

10 K 26 1 l(2) 2685(2) 2740(2) 
293 K 2598(2) 2676(2) 2727(2) 

Examination of the effect of N-deuteration indicates that in fact 
the NH absorption extends somewhat beyond 2850 cm-' and 
allowance must be made for the NH/CH overlap, which in- 
creases from C1 to I. The true positions of the centroids are 

estimated to be -5 cm-' (CI), - I0 cm-' (Br), and -30 cm-' 
(I) higher than the respective above values. 

Two trends are clearly demonstrated in spite of our uncer- 
tainty about the absolute positions of the NH centroids: 

(i) 'The centroids shift to lower wavenumbers with increasing 
temperature. This agrees with the independent observation that 
most of the indivirlual component peaks also shift in this direc- 
tion (Table 8). 

(ii) The centroid frequencies increase from C1 to I; the shifts 
are much larger than the experimental uncertainty. 

ND stretching absorption (Figs. 5 and 6). As illustrated in 
Fig. 5 for the chloride, the ND absorption too extends over a 
wide range. The positions of the component peaks were found 
to be independent of the degree of deuteration. The ND spectra 
of the bromide and iodide resemble those of the chloride; their 
behaviour with temperature (Fig. 5) shows a close similarity to 
the NH spectra. 

Unlike for (C2H5),NHi, in (C2H5),NDb there is no inter- 
ference from the CH stretching absorptions. The positions of 
the frequency centroids of the ND absorption can therefore be 
determined with considerable accuracy, as the subtraction pro- 
cedure for the 0% Dl 5% D matched spectra cancels, to a good 
approximation, all spectral features except those due to the ND 
stretching. At room temperature the centres of gravity were 
2007(2) cnl-' for the chloride, 2062(2) cm-' for the bromide, 
and 2135(2) cm-' for the iodide. The above anion dependence 
of the NH centroids is thus confirmed beyond doubt.$ 

Infrarerl spectra: discussion 
Vibrational coupling. The positions (and to a large extent the 

widths) of the component NH and ND stretching absorptions 
are independent of the degree of deuteration. This points to the 
absence of any appreciable dynamic coupling of vibrations of 
neighbouring NH or ND groups in the Et,N(H, D)X crystals. 
Such coupling thus does not contribute to the spectral com- 
plexity of the NH and ND stretching absorptions. A similar 
observation has been made with (Et3NH)2SnC16 (12) and 
(Me3NH)2SnC16 and (Me,NH)2SnBr6 (13). However, evidence 
of vibrational coupling has been reported for Me,NHCI (24). 

The absence of vibrational coupling may be accounted for by 
the large separation of neighbouring NH groups in the crystal. 
In Me,NHCI, where cou~l ing appears to exist, the minimum 
N...N distance is 5.38 A, and in Me3NHI it is 2.42 A. In 
comparison, in Et3NHX it is at least -6 A, and in 
(Me3NH)2SnC16 (13) and (Me,NH),TeC16 (26) it is >6.2 A. 

The configuration of the N-X vectors (the direction of 
which in Me,NHX and Et,NHX coincides more or less with 
that of the N-H vectors) may also be a factor. The nearest- 
neighbour N-X vectors in all three structures, Me,NHCI, 
Me,NHI, and Et,NHX, are related by the operation of a two- 
fold screw axis. However, in the trimethyl compounds these 
vectors are in mirror planes perpendicular to the screw axis, 
whereas in Et,NHX they are parallel to it (Fig. 3). The layers 
containing the N-X vectors are parallel to (001) in Me,NHCI, 
to (100) in Me,NHI, and to (0001) in Et,NHX. The arrange- 
ment of the vectors in these layers is antiparallel in the tri- 
methyl compounds, but in Et3NHX the vectors are parallel and 
offset by the c/2 screw translation. In the triethyl compounds 
the N-X vectors are perpendicular to the layers, whereas they 

'If this were desired, thc NH/CH overlap problem in the NH 
centroid determination could be resolved by working from 
(C2D&NHX instead of (C2H&NHX spectra. 
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FIG. 5.  The central part of the ND stretching absorption in the ir 
spectrum of Et,NHCI (5% D) (fluorocarbon mull) at different tem- 
peratures. 

are canted in the trimethyl compounds, -85" relative to the 
layer in the chloride and -60" in the iodide. 

Frequency centroids. While the centres of gravity of the 
absorptions in the NH and ND stretching regions of Et,NHX 
can be determined with considerable confidence, the question 
remains as to how the frequency values so obtained are related 
to the single frequencies that would be observed in the absence 
of spectral complications and thus measure, unambiguously, 
the relative strength of the hydrogen bonding in Et,NHX. 

The subtraction procedure using matched 0% ~ 1 5 %  D pairs 
practically eliminates spurious peaks, so that each peak in the 
ND stretching region of the difference spectrum (Fig. 6) can be 
considered as involving the ND stretching fundamental. The 
stretching absorptions are insensitive to the degree of deu- 
teration, and the arbitrary choice of the cut-off limits of the 
integration interval cannot have a serious effect, as the peak 
intensities of the complex absorption fall off rapidly toward the 
limits of the interval. The centroid frequencies may thus be 
regarded as authentic spectral parameters of the three halides. 

What do the centroids represent? The answer depends on 
what is taken to be the cause of the spectral complexity. If it is 
assumed, with the majority of authors (8, 9, 11- 14, 24, 27), 
that the complex fine structure of the extensive stretching ab- 
sorption results entirely from Fermi resonance and that the 
participating combination and overtone levels have no inherent 
intensity, then it can be shown (see Appendix) that the centroid 
frequency represents the u(NH), or v(ND), frequency un- 

FIG. 6. Difference spectra of matched 0% D)5% D films of 
Et3NHX at room temperature (solid films on CaFz plates). Absorbance 
scaled as in Fig. 4. Arrows represent centroids of the ND stretching 
absorptions. 

perturbed by Fermi resorznnce and hence measures the relative 
strength of the N-H ... X hydrogen bond in this isostructural 
series. 

Sandorfy et 01. (4, 5) consider Fermi resonance involving a 
single NH (or ND) fundamental as unlikely to give rise, alone, 
to an absorption as extensive as observed in the Et3NHX spec- 
tra, although it may be operative close to the fundamental. 
However, the following observations support the view that 
Fermi resonance is the main cause of the complexity. 

In the spectra of (Me3NH)2SnX, (X = C1, Br) the fine struc- 
ture of the absorption in the region of the NH and ND stretching 
fundamentals undergoes changes that may be described as tem- 
perature and anion tuning: when the fundamental moves away, 
as a result of change of temperature or change of the anion, 
from the nearby overtone and combination levels, the intensity 
of these levels decreases drastically (13). This is typical of 
Fermi resonance. In (Me3NH),SnX6 the hydrogen bonding is 
weak and the fine structure extends over only about 100 cm-I. 
With increasing strength of the N-H X bond the ir absorp- 
tions in the u(NH) and u(ND) regions become more intense and 
the extent of the fine structure increases (13). In Et3NHX, 
where the hydrogen bonding is strong (see below), the fine 
structure extends over some 600 cm-I. Temperature shifts are 
small compared with this wavenumber interval and temperature 
tuning is not appreciable, but anion shifts are large and anion 
tuning is clearly observed: as the centroid of the u(NH) or 
u(ND) absorption moves to higher frequencies in the series 
C1-Br-I, the "corresponding" peaks in the low-frequency 
wing decrease in intensity, while those in the high-frequency 
wing increase in intensity (Figs. 4 and 6). These intensity 
changes are consistent with the participating overtone and com- 
bination levels borrowing much of their intensity from the 
fundamental by Fermi resonance, although it is not clear 
whether they also possess some inherent intensity independent 
of the resonance. 

Hydrogerz bondirzg and the frequency-distance correlatiorz. 
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FIG. 7. Plot of the centroid frequency of the ND stretching absorp- 
tion vs. d(H ..ax) in Et7NHX at room temperature. NH,X (X = F, C1, 
Br, I) and CsX:NH4 (X = CI, Br, I) are included for comparison. 

The quasi-normal distribution of intensity in the NH and ND 
stretching regions (Fig. 6) would seem to suggest that the ef fec~ 
of the perturbing factors will be the greatest near the un- 
perturbed v(NH) and v(ND) frequencies. Hence whatever the 
real reasons for the complexity, the centroid cannot be far from 
the unperturbed frequency, and if Fermi resonance is mainly 
responsible, then the centroid is a sufficient approximation to 
the unperturbed v(NH) and v(ND). 

The three points in the centroid frequency vs. d(H..-X) plot 
(Fig. 7) lie on a curve of the expected curvature, viz. the 
frequency tends to level off with increasing d(H . . . X). Com- 
pared with the NH,X halides and with NH,' dispersed at low 
concentration in CsX matrices, the centroid v(ND) frequencies 
are very low, in fact the lowest found for N-H...X (X = F, 
C1, Br, I) to date. The centroid v(ND) frequency in Et,NHI is 
lower than the isotopically isolated v(ND) frequency in NH,F, 
which is the lowest such frequency in ammonium halides, 
simple or complex; the N-H . -. F bond in NH4F is effectively 
linear and considered as strong. In contrast, in weakly deu- 
terated (Et,NH)2SnC16 (1 2) the complex v(ND) absorption cen- 
tres at -2320 cm-', and similar high values are observed in 
(Et,NH)PF6 and (Et,NH)BPh, (unpublished results). An uncer- 
tainty of say 50 cm-' in the Et,NHX centroid v(ND) frequency 
would not significantly affect the relative position of Et3NHX 
in this set of compounds. It must be concluded that the 
N-H...X bonds in Et3NHX are the strongest on record. If 
Et,NHF isostructural with Et,NHCl could be prepared, extrap- 
olation in Fig. 7 would suggest that its unperturbed v(ND) 
frequency would fall below 1900 cm-'. 

The absolute intensities of the v(NH) absorptions could not 
be determined because of uncertain film thickness. However, 
the ratios of the integrated intensities of the NH and CH 
stretching absorptions in the 10 K spectra (computed on the not 
completely valid assumption that the 2850 cm-' split corre- 
sponds to a clean separation of the two absorptions, see above) 
were found to increase from I to C1. Since the intensity of the 
CH stretching absorption is not likely to change much from one 
halide to another, it is concluded that the NH absorption itself 

increases in this direction, consistent with the observed shifts 
to lower wavenumbers and with a strengthening of the hydro- 
gen bond. The NH intensity changes from halide to halide are 
quite large and the trend is not affected by the uncertainties due 
to the NH/CH overlap. 

Comparison of the NH absorptions of Et3NHX in crystal arld in 
solutiorl 

Odinokov et al. (28) in a recently published paper report the 
ir spectra of solutions of triethylammonium salts in CHCl,.' 
These spectra, which presumably correspond to Et,NH ' I x -  ion 
pairs well separated by solvent molecules, invite comparison of 
the NH stretching fundamental in the solution spectra of the 
three halides (Fig. 1 and Table I of ref. 28) with that in the 
spectra of the corresponding crystals. 

(i) The absorption in the NH stretching region in the solution 
spectra consists of broad and complex bands extending over the 
same spectral region as in the spectra of the corresponding 
crystals. This confirms that the absorbing entities in both cases 
are the same, viz. strongly hydrogen-bonded Et3NH+Ix- ion 
pairs. 

(ii) The component peaks in the solution spectra are broader 
and far less well resolved than in the crystal spectra. Such 
broadening is characteristic of the spectra of liquids compared 
with those of crystals. 

(iii) The trends are the same for the solution spectra as for the 
crystal spectra: the centroids move to lower wavenumbers and 
relative intensities increase from 1 to CI. This is consistent with 
the H...X bonds becoming stronger, in that order, in solution 
as well as in the crystal. 

(iv) The NH stretching frequency centroids in the solution 
spectra are lower, relative to the crystal, by about 100 cm-' for 
the chloride, -75 cm-' for the bromide, and -40 cm-' for the 
iodide. This implies that the hydrogen bonding in the CHC1, 
solution is considerably stronger. Presumably the ideal 
hydrogen-bonding situation is more nearly achieved in solution 
that in the crystal, where the dominant factor determining the 
shortest cation-anion distances (i.e. N+-. .X-) is the electro- 
static lattice energy rather than the hydrogen-bonding energy. 
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Appendix 
Compensation for effect of Fertni resonance on observed 

vibrational frequencies 
Often, as in the present work, it is useful to correct measured 

ir frequencies for the effects of Fermi resonance. In the follow- 
ing we prove a simple rule that is helpful for that purpose. 

Fermi resonance causes important intensity transfers, as well 
as large frequency perturbations, among the transitions it af- 
fects. In the usual case, a single ir-active transition (commonly 
a fundamental) donates intensity, through the resonance inter- 
action, to one or more nearby transitions (commonly overtones 
or combinations) that would otherwise be essentially forbid- 
den. In this single-donor case the intensity transfer and the 
frequency perturbations turn out to be simply related, and it has 
been shown (29) how the unperturbed frequencies may be 
recovered from the observed frequencies and intensity ratio of 
a Fermi doublet. This rule has been expressed (13) in an 
especially convenient form: the observed centroid of the Fermi 
doublet coincides with the unperturbed frequency of the donor 

transition. Ad hoe extensions of the centroid rule to Fermi 
multiplets of order greater than two are found in numerous 
practical attempts (9- 1 1, 27) to deduce an unperturbed donor 
frequency. T o  furnish a theoretical footing for these gener- 
alizations, we undertake to prove that, for a Fermi multiplet of 
any order, the centroid of the observed multiplet coincides with 
the unperturbed donor frequency. We retain the assumption of 
a single donor transition; indeed, the theorem fails otherwise. 

According to "near-degenerate" perturbation theory (30) the 
perturbed wave functions and energy levels in an Nth-order 
resonance multiplet are governed (cf. ref. 31) by 

k = 1, . . . , N. Here EjO' is the energy of the j th  unperturbed 
state Ij'O'); V;, is the matrix element of the (anharmonic) per- 
turbation V mixing li"') and 1j1O'); the eigenvalue Ek is the 
energy of the kth perturbed state Ik); the c: forming the kth 
eigencolumn represent the projections of Ik) on the various 
li"'), with the understanding that the c: are normalized in the 
usual way so  that 

N 

C cip*cip = 1 
i.. 1 

for each k. For brevity we rewrite eq.  [ l ]  as 

with the obvious definition of the variables. H is an Hermitian 
matrix if V is an Hermitian operator. 

We suppose that Im'O') is the donor level. The matrix ele- 
ments for the actual transitions may be written 

N 

(Olplk) = C c,k (~Ipli'O') 
i =  l 

where p is the dipole moment operator and 10) the ground state 
from which all the transitions are supposed to arise. Since it 
was assumed that, among the various transitions 0 + i"' con- 
ceivable in the absence of resonance, only 0 + m"' has intrin- 
sic intensity, we  have (C~lpli '~')  = 0 for i # m. Hence 

The observed intensities of the several 0 + k are therefore, 
within a common multiple, just the respective values of Ic,J2. 

The centroid of the observed multiplet is given by the 
intensity-weighted average of the various transition energies Ek 
- Eo from the ground state, namely 

Since H is Hermitian it may be written in a "spectral 
representation" (32): 

where A is a diagonal matrix with the eigenvalues of H as 
diagonal elements, i.e. Aij = E,Zij; U is the unitary matrix 
formed by the orthonormal eigencolumns of H,  i.e. Ui, = c/ .  
Now 
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Hi C uia(Au?),  = C uia C &I UI,? or 2 cfc;' = Z i .  For i = j = m this gives 
k k I k 

I I k 

Since H ,,,,,, = E,,,'"' by definition, it follows that 
This incidentally shows that Fermi resonance preserves the 
original intrinsic intensity, merely redistributing it among the 
several 0 + k. Using eqs. [3] and [4] in eq. [2], we find 
= E,,,"' - Eo. This establishes what we set out to prove, namely 

Further, since U is unitary, its rows as well as its columns are that the observed centroid of the multiplet coincides with thk 

orthonormal: unperturbed frequency of 0 + m"'. A similar result has been 
derived previously (33) for Raman spectra perturbed by F e m i  

(UU?),, = (UU-I),, = Z , ,  resonance. 
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HIROsHl TSUBOMURA, YOSHIHIRO NAKATO, MASAHIRO HIRAMOTO, and HIROYUKI YANO. Can. J .  Chem. 63, 1759 (1985). 
Photoelectrochemical propcrties of p-'-n junction silicon electrodes, abbreviatcd as p+n-Si, coated with thin oxide films 

of titanium, tungstcn, or iron have been investigated in aqueous solutions of hydrogen iodide and iodine. The films were 
deposited by electron-beam evaporation of the mctal oxide sinters. The photocurrent in a p'n-Si elcctrodc coated with TiO' 
increased dramatically when it was heatcd at temperatures highcr than 500°C, though the O/Ti atomic ratio as determined by 
ESCA analysis was unchanged. The fill factor of the photovoltaic cell composcd of this clcctrode, a platinum counter electrode 
and an aqueous solution of 7.6 M HI and 0.03 M 1' was improvcd by coating with ruthcnium or its oxide. Thc photovoltaic 
cell attained a high solar to electrical cnergy convcrsion efficiency of 9.3% (AMI), with an opcn circuit photovoltage of 0.58 
V ,  a short circuit photocurrcnt of 26.6 mA cm-' and a fill factor of 0.61. The photocurrent was stable for 350 h. For the cases 
of electrodes coated with a FczO, or WO, film. high fill factors were obtained evcn without ruthenium coating. Thc effect of 
the nature of Si - metal oxide junctions, the donor density in the oxide, the relations between the flat band potential of the 
oxide and the redox potential of the solution, etc., on the conversion efficicncy was discussed. 

HlRos~l TSUBOMURA, YOSHIH~RO NAKATO, MASAHIRO HIRAMOTO et HIROYUKI YANO. Can. J .  Chcm. 63, 1759 (1985). 
Optrant dans des solutions aqueuscs d'iodurc d'hydrogene et d'iode, on a CtudiC Ics proprittts phototlcctrochimiqucs 

d'tlectrodes de silicium, a jonction p+-n rcprksentCes par p 'n-SI, recouvertes dc minces couches d'oxydes dc titane, de 
tungstkne ou de fer. On a dtpost les films en faisant appel i I'dvaporation par faisceaux d'dlectrons dc frittages d'oxydes de 
mCtaux. Le courant photoClectrique de I'Clectrode p+n-Si sur laquelle on a dtposd du TiOl augmcnte d'une f a ~ o n  dramatique 
lorsqu'on la chauffe i des temptraturcs suptrieurcs h 500°C; on obtient ce rCsultat meme si le rapport atomlque dc O/Ti, tcl 
que dCtermint par une analysc ESCA, dcmeure inchange. Le facteur de remplissage dc la cellule photovoltai'que composte 
de cette tlectrode, d'une contre-dlcctrode de platine et d'une solution aqueuse 7,6 M cn HI ct 0,03 M en I? augmente si 
I'on y dCposc du ruthCnium ou son oxyde On peut atteindre un haut dcgrd (9,3% AMI) d'cfficacitd pour la conversion de 
I'tnergie solaire en tncrgie Clcctrique SI I'on opkre avcc un photovoltage en circuit ouvcrt de 0,58 V ,  un photocourant dc court 
circuit de 26,6 m ~ c m - '  et un facteur de rcmplissage dc 0,61. Le photocourant s'cst avdrd stable pour 350 h. Dans les cas 
des Clectrodes sur IesqueIles on a dCposC dcs films de FeZO, ou de WO,, on a pu obtenir des factcurs dc remplissage tlevds 
sans mCme dCposer du ruthenium. On discutc dc I'cffct de la nature dcs jonctions Si - oxydcs mCtalliques. dc la densitd des 
donneurs dans I'oxyde, des relations entre la bandc dc potcntiel plane de I'oxyde ct Ic potentiel rcdox de la solution, etc sur 
I'efficacitt de la conversion. 

[Traduit par Ic journal] 

Introduction 
Photoelectrochemical cells provided with semiconductor 

electrodes are the most promising tools for direct conversion of 
solar energy into chemical energy. For practical purposes, 
however, we must solve the problem of how to prevent the 
corrosion of semiconductor electrodes. We reported many 
years ago that semiconductor electrodes such as Si and G a p  
could be stabilized by coating with noble metals (1). The noble 
metal coating also displayed catalytic activity to enhance elec- 
trode reactions (2). Later, the stabilization effect by surface 
layers of noble metals (3, 4),  metal oxides (5-I5), metal 
silicides (16, 17), and organic materials (18-25) has been 
studied. 

Recently, we reported that the decomposition of hydrogen 
iodide into hydrogen and iodine was achieved using a silicon 
single crystal electrode with a p+-n junction inside (abbrevi- 
ated as p-'n-Si) coated with platinum or  its silicide, achieving 
an approximately 8% conversion efficiency and 4500 h sta- 
bility (26-28). A similar efficiency has been obtained for 
hydrogen iodide decomposition using Pt-coated n ' p-Si elec- 
trodes (29). 

Although these results are very encouraging, further im- 
provements are desirable, because certain loss of the incident 
light energy is unavoidable by use of metal coatings. In this 

respect, we took up an approach to apply transparent metal 
oxide coatings. Although metal oxide coatings were studied by 
some workers, it appears that in many cases the mismatch in 
the electronic bands between the semiconductor and the oxide 
is troublesome. Bard and co-workers (6) studied the oxygen 
evolution reactions on Si,  CdS, InP, etc., coated with TiO,, 
and reported that the photocurrents arose only by the direct 
excitation of TiO,. Tomkiewicz and Woodall (7) reported the 
similar results. Morisaki et al.  (5) studied the oxygen evolving 
reaction on a pn-silicon electrode coated with TiO,, and 
reported that the photocurrent was observed only when both Si  
and TiOz were simultaneously excited. Morisaki et al.  (8, 9) 
and Nogami et al.  (10) reported that the Si  electrodes coated 
with iron oxide caused photocurrent by excitation of Si only. 
But the onset potential for it was close to that for the oxygen 
evolution on a platinum electrode. More recently, reports have 
been made for silicon electrodes with thin SiOa layers coated 
with conductive tin oxide or  indium - tin oxide films (12- 15), 
which gave fairly high photovoltages due to the MIS type 
junctions. 

In this paper, we will report on the p tn-S i  electrodes coated 
with metal oxide films in aqueous solutions of hydrogen iodide 
and iodine. It has been found that these electrodes successfully 
undergo photoelectrolysis with the excitation of silicon. 
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Experimental 
The p'n-Si wafers prepared by ion implantation of boron on the 

(100) surface of n-type Si wafers were providcd by Mitsubishi Electric 
Corp. The p-layer is ca. 0.9 km thick, with a high boron concentration 
of 2 X 10"' cm-', and has a metallic conductivity. 

The p+n-Si wafers were etched in 46% hydrogen fluoride solutions 
for 2 min, promptly evacuated and mctal oxide films were deposited 
on the p+ surface by electron beam evaporation of sintered discs of 
TiOz, or TiOz containing 6 wt.% Nbz05, or pressed discs of iron oxide 
or tungsten oxide. The average thicknesses of the metal oxide films, 
monitored with a quartz vibrator, were from 3 to 20 nm, the deposition 
speed being 0.01, 0.05, and 0.003 nm s - ' ,  respectively, for TiO2, 
W 0 3 ,  and Fez03. The temperature of the substrate, monitored with a 
chromcl-alumel thermocouple, reachcd 80°C during the deposition. 
In some cases, the substrate was heated to a temperature of 350 to 
450°C during the deposition. After the deposition, the wafers were in 
most cases heated at 400 to 600°C for 1 h under vacuum using a 
radiation heater, and were left in the vacuum till they cooled down to 
100°C. Ruthenium oxide or ruthenium was attached either by electron 
beam evaporation of ruthenium dioxide, or by spraying a 2-propanol 
solution of ruthenium trichloride on the sample placed on a hot plate 
of 100°C, followed by heating under vacuum. 

ESCA analysis (Electron Spectroscopy for Chemical Analysis) was 
performcd using a Shimadzu ESCA 750 instrument. The surface 
atomic composition was determined from the area under the ESCA 
peaks, corrected for the ionization cross sections. The depth profiles 
of the atomic compositions were obtained by combining the ESCA 
analysis with 2 keV argon ion beam sputtering, the rate of sputter 
being estimated to be 0.04 nm s- '  for Si and 0.03 nm s - '  for TiOZ. 

The electrodes were prepared by applying indium-gallium alloy on 
the back side of the wafer for ohmic contact. In some cases, the 
potentials of the P'-S~ surface and the TiOz layer were measured, by 
making ohmic contact with indium-gallium alloy for the former, and 
with a vacuum evaporated indium for the latter. A tungsten-halogen 
lamp or a Wacom solar simulater (AMI, 100 mW cm-') was used as 
the light source. The long term stability tests were carried out by 
cooling the electrochemical cells with circulating water. A saturated 
calomel electrode (SCE) was used as the reference electrode. 

Results 
Typical current density ( j)  - potential (U) curves for the 

p'n-Si photoanodes coated with 20 nm thick TiO, in a solution 
of HI/I, are shown in Fig. 1 .  The TiO, film contains a small 
amount of Nb oxide. Only weak photocurrent flowed even 
under strongly positive potential region in the electrode coated 
with TiO, under I X Torr (curve a ) ,  and the coated film 
peeled off partly during the measurement. When the TiO, 
coated electrode was heat-treated under 1.0 x Torr at 
500°C for I h, the photocurrent dramatically increased as 
shown by curve b. The onset potential also shifted extensively, 
to 0.45 V more negative than the redox potential of the 1,-/I- 
couple, E(1,-/I-). The heat treatment at 500 and 600°C was 
effective, but ineffective at 400°C. Curve c is for the case 
where TiO, was deposited under 1.0 x Torr with the 
silicon substrate heated at 350°C, followed by the same heat 
treatment as for curve b. The onset potential of the photocurrent 
in this case was shifted more to the negative. When the elec- 
trode, prepared in the same way as for the case of curve a ,  was 
coated with ruthenium by applying a 2-propanol solution of 
RuC1, and heating at 500°C under 1.0 x Tom for I h ,  the 
fill factor was further improved (curve d) .  The similar result 
was obtained when RuOz was electron beam evaporated. 

The similar results as mentioned above were obtained for 
TiOz films without containing Nb oxide, though the fill factor 
was a little smaller. Little photocurrent was obtained for elec- 
trodes coated with TiOz thinner than 5 nm. 

C I Potential vs. SCE , V 
-10 

FIG. 1. Photocurrent ( j)  - potential (U)  curves of TiOz-coated 
p'n-Si electrodes in a stirred solution of 7.6 M HI and 0.03 M I > ,  
illuminated with a Wacom solar simulator. 

U o  VS. SCE, V 

FIG. 2. Potential of the p'-Si layer, U(p'-Si), and that of the 
TiOz film, U(TiOz), against the potential of the silicon electrode, U,, 
controlled by a potentiostat in a stirred solution of 7.6 M HI and 
0.05 M Iz. ( A )  is for a TiOz-covered electrode and (B)  is for a 
Ru-Ti02-covered electrode. They are prepared in the same way as for 
the electrodes used for measurements of curves c and d in Fig. I .  

The result that the fill factor of the electrode coated with 
TiO, was greatly improved by a small amount of RuO, or Ru 
(Fig. I, b and d )  means that there is a high resistance at the 
interface between the Ti02 film and the solution. The electrode 
coated with TiO, and RuOz (or Ru) gave a j-U curve nearly as 
good as that for a Pt coated ptn-Si electrode (27). This implies 
that the pt-Si layer and the TiOz film are in ohmic contact. 
These were confirmed by the measurements of the potential of 
the pt -Si layer, that of the TiO, layer, and that of the electrode 
(Fig. 2). As shown in the figure, U(Ti0,) and U(pt-Si) are 
close to each other at any of the Uo value, irrespective of 
whether the electrode has Ru or not. The difference between 
U(Ti0,) and E(1,-/I-) corresponds to an overvoltage at the 
working state of the electrode. It is very small (ca. 0.02 V) in 
the case where ruthenium is applied on the surface of the 
electrode. Without ruthenium, it increases with Uo and reaches 
a constant value of 0.2 V, where the photocurrent becomes 
light intensity limited. 

Figure 3 shows a result of ESCA analysis of a ptn-Si 
surface covered with 20 nm TiOz and a small amount of RuO, 
and vacuum heated at 500°C for 1 h. 'The ratio of oxygen vs. 
titanium is a little higher than two in the region of the Ar' ion 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TSUBOMURA ET AL. 176 1 

0 300 600 900 

AT- ion etching time, s 

FIG. 3. Relative atomic concentrations as a function of Ar ion 
etching time, i.e., depth profile, of the p'n-Si surface covered with 
20 nm TiOz and RuOn, and heated at 500°C for 1 h under vacuum. 

t i m e .  h 

FIG. 4. A stability test for a p'n-Si electrode coated with TiOz and 
Ru, illuminated with a tungsten-halogen lamp. 'The small oscillatory 
change is probably due to light intensity fluctuation. 

etching time from 60 to 400 s.  This is considered to indicate 
that TiO, was formed by the electron beam evaporation of 
TiO?, if the unavoidable oxygen contamination is taken into 
account. The atomic profile was almost unchanged by the heat 
treatment. In the case where RuC1, solution was applied and the 
wafer vacuum heated, the Ru concentration at thesurface was 
almost equal to that of Ti and decreased toward the interior. 
The oxygen concentration at the surface was much lower than 
that expected from RuO, formed on TiO,, suggesting that Ru 
is present almost in the form of metal in this case. 

The best data were obtained from an electrode which was 
covered with a Ti02 layer 20 nm thick treated with a RuC1, 
solution and heated at 500°C under 1.0 X Torr for 1 h. The 
photocell composed of this electrode, a platinum counter- 
electrode and a solution of 7.6 M HI and 0.03 M I? showed an 
open circuit photovoltage of 0.58 V, a short-circuit photo- 
current of 26.6 mA crn-,, a fill factor of 0.6 1, and an energy 
conversion efficiency of 9.3% under AM1 radiation. This is 
nearly the same as the best value obtained by us with a 
platinum-covered p'n-Si electrode (27). 

The long-term stability of the above cell was tested with the 
Si and Pt electrodes connected through a 200R resistance. This 
load resistance was used because it gave a potential difference 
of the maximum power point. The photocurrent, 16 mA cm-', 
was quite stable for 350 h (Fig. 4). The j-U curve measured 
after the test agreed completely with that of the initial. The 
depth profile of the electrode did not change either. 

I Potential vs. SCE , V 
FIG. 5. Photocurrent-potential curves of p'n-Si electrodes under 

illumination with a Wacom solar simulator in a stirred solution of 7.6 
M HI and 0.03 M Iz. ( A )  is for an electrode coated with iron oxide and 
(B)  is for an electrode coated with tungsten oxide. For details see text. 

In Fig. 5 are given the results for coatings of diiron trioxide 
and tungsten trioxide. The solid line in Fig. 5A shows the j-U 
curve for an electrode on which iron oxide, 20 nm thick, was 
evaporated under 1.0 X Torr and vacuum heated at 500°C 
under 1.0 X Torr for 1 h. The solid lines in Fig. 5B are 
for the electrode on which 20 nm tungsten oxide was deposited 
under 1.0 X Torr while the Si substrate was heated at 
450°C, and heat-treated under 1.5 X 10-"orr at 450°C for 
1 h. For these cases also, the heat treatment after the vacuum 
deposition was effective for obtaining good electrode charac- 
teristics. In the case of tungsten oxide, the fill factor was much 
improved when the electrode was kept under -5.0 V vs. SCE 
for 10 min in an HI/I, solution (broken lines in Fig. 5B). In 
both cases of iron and tungsten oxides, the onset potentials are 
deeply negative and the fill factors are pretty high, comparable 
to those for electrodes coated with TiOz and Ru (Fig. 1, 
curve d). It is worthwhile to note that high fill factors are 
obtained in these cases even without Ru coatings. 

Discussion 
As described in the previous section, the ptn-Si electrode 

coated with TiO, and not heat-treated causes weak photo- 
current, and the TiO? film is liable to be removed. But the 
photocurrent is very much enhanced and the film becomes 
stable by heating under vacuum. Kaito et al. (30) reported on 
the basis of transmission electron microscopy that the TiO, film 
formed by deposition at room temperature was amorphous and 
it became crystalline by heating in air at 450 to 500°C for 
several hours. Their results seem to explain the stabilization in 
our case. In addition, as we heated the sample under vacuum, 
the film might have been reduced to some extent, yielding 
oxygen vacancies which make the film conductive, though this 
was not confirmed by our ESCA analysis because the change 
in the oxygen concentration was too small. 

The overall process of the photoreactions in the electrode is 
explained by the energy diagram shown in Fig. 6. From the 
known band positions of TiO, and Si, the conduction band of 
the former is estimated to be considerably higher than the 
valence band of the latter. Therefore, when the two are in 
contact, an energy barrier should be formed at the interface. 
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n-S i pf - ~ i  n-Ti02 solution 

FIG. 6. An energy level diagram for the p'n-Si electrode coated 
with TiOl in a H1/I2 solution under illumination. q denotes the over- 
potential, C.B. the conduction band, and V.B. the valcnce band. 

The results in Figs. 1 and 2 show, however, that the contact is 
ohmic. This can be explained by assuming that a reaction of the 
type, TiO, + Si -+ Ti0,-, + SiO,, occurs during the TiO, 
deposition and the heat treatment after that, forming interfacial 
TiO, having many 0 vacancies which warrants an ohmic con- 
tact between the TiO, film and the highly doped silicon. This 
assumption is supported by our ESCA analysis, which showed 
that a weak Si2p peak corresponding to Si oxide is present at 
the TiOz-Si interface after the TiO, deposition, slightly 
growing by the heat treatment. 

As the flat-band potential of 11-Ti0, is ca. 0.3 V more nega- 
tive than the redox potential of the I,-/]- couple, a Schottky 
barrier should be formed at the interface between TiO, and the 
solution, as shown in Fig. 6. Without RuO, or Ru, the fill 
factor of the j -U curve was small (Fig. I ) ,  indicating that the 
electron transfer reaction from iodide in the solution to TiO, is 
slow, in harmony with the above supposition. The great de- 
crease of the overpotential caused by applying RuO, or Ru can 
be explained by the disappearance of the barrier probably 
because the metallic RuO, or Ru makes ohmic contact with 
TiO,. Another factor is that the Ru species works as a good 
catalyst for the electron transfer reaction. 

It was reported in the previous section that a high fill factor 
was obtained for the case where Fez03 or W 0 3  was coated. The 
flat band potentials of these oxides are either nearly the same 
as or more positive than the redox potential of the 13-/1- 
couple, and hence no barrier should be formed at the interface 
between the oxides and the solution. In these cases an ohmic 
contact is expected to form, in agreement with the experimental 
results. That the short circuit photocurrents for these oxides 
were somewhat smaller than those for Ti0, can be explained by 
assuming that these oxide films are more liable to be reduced 
and the reduced films absorb near-infrared part of the radiation. 
It was confirmed that these oxides absorb in the near-infrared 
region when they are reduced. 

In conclusion, the silicon electrodes coated with metal 
oxides show high efficiencies and are promising for the chem- 
ical conversion of solar energy, in that they have high trans- 
parency and stability. It has been clarified in the present paper 

that the degree of crystallinity, that of reduction of the oxide, 
i.e., the donor density, and the relationship between the flat 
band potential of the oxide and the redox potential of the 
solution are the important factors in determining the per- 
formance of the photoelectrochemical cells. 
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W. DANIEL EDWARDS, and MICHAEL C. ZERNER. Can. J .  Chcm. 63, 1763 (I 985). 
A theoretical study is made of the electronic spectra of Mg(lI), Zn(II), and Co(II1) porphine and their TI cations using the 

INDOIS-CI spectroscopic model. Thc calculated electronic spectra for the neutral compounds compare wcll with experiment. 
The two low-lying TI cations, one of ' A , ,  and one of 'A,, symmetry are both examined for each of these systems. The ' A , ,  
cations are calculated to lie lower in energy than the 'A'. cations by only 4 kcal/mol, consistent with the findings that both 
ions are found depending on substituents and solvent. 

The visible region of the spectrum of the ' A , ,  species is predicted to consist of three separate bands decreasing in intensity 
with increasing energy, while that of the 'A'. species is calculated to consist of three allowed transitions of near equal intensity, 
in agreement with experimental findings. In general the Soret rcgion of the %,, ions is dominated by one transition, while at 
least three strong bands are calculated in the Soret region for the 'A2,, ions, again in reasonable accord with experiment. 
Charges, ionization energies, and spin densities are reported and discussed for all compounds. 

W. DANIEL EDWARDS et MICHAEL C.  ZERNER. Can. J .  Chem. 63, 1763 (1985). 
Faisant appel au modkle spectroscopique INDOIS-IC, on a effectuC une Ctude theorique des spectres Clectroniques des sels 

de Mg(Il), de Zn(1I) et de Co(II1) des porphines et de leurs cations pi. Les spectres Clectroniques calculCs pour les composCs 
neutres se comparent bien avec les resultats expkrimentaux. your chacun de ces systkmes, on a examine Ics deux cations pi 
de faible valence: I'un de symitrie ' A , ,  et I'autre de symetrie -A,,,. On a calculC que I'kncrgie des cations 'A , , ,  est plus faible 
que celle des cations 'A',, que la difference entre les deux Ctats n'est que 4 kcal/mol et que ccci est cn accord avec le fait observe 
que les deux ions dipendent des substituants et du solvant. 

On prCdit que la rCgion visible du spectre des espkces ' A , .  consistera en trois bandes sCparCes dont I'intensite decroit lorsque 
1'Cnergie croit; par ailleurs, on calcule que le spectre des espkces 'A2,  consistera en trois transitions permises d'intensitks i peu 
prks Cgale et ceci est en accord avec les faits expkrimentaux. En general, une transition domine la region Soret des ions 'A , , ;  
par ailleurs, on calcule qu'il existera au moins trois bandes fortes dans la region Soret des ions 'A,, et encore une fois ces 
prkdictions sont en accord avec les faits expkrimentaux. Pour chacun des composCs, on rapporte les charges, les Cnergies 
d'ionisation et les densitCs de spin pour tous les composes et on en discute. 

[Traduit par le journal] 

I. Introduction 
Based on the calculated electronic structure of magnesium 

porphine, we have proposed a possible mechanism for the 
initial photochemical event occurring in photosynthesis. This 
mechanism is outlined in Paper I (1). In a subsequent paper (2) 
we calculated the electronic structure of magnesium pheo- 
porphine - a closer analogue of chlorophyll - and found 
qualitatively the same features. 

However, independent of the exact nature of the initial 
photochemical event, all photosynthesis models predict the 
formation of reduced acceptor molecules and oxidized chloro- 
phyll molecules. It is therefore clear that the nature of chloro- 
phyll cations will play an important role in understanding 
photosynthesis. In this paper we present some preliminary 
work on the electronic structure of Co(III), Zn(II), and Mg(I1) 
porphine, Fig. I .  

One of the earliest and most successful models for explaining 
the electronic spectra of metallo porphines is the 4-orbital 
model proposed by Gouterman (3). In this picture, only the two 
highest occupied and two lowest unoccupied orbitals are con- 
sidered, Fig. 2. In D4,, symmetry, the Lowest Unoccupied 
Molecular Orbitals (LUMOs) are degenerate and of e , ( r )  sym- 
metry. The Highest Occupied Molecular Orbitals (HOMOs) 
are of a l , ( r )  and a Z U ( r )  symmetry, respectively. Since the a,, 
and a2, orbitals lie near in energy, electronic transitions from 
HOMOs to LLTMOs would also lie very close in energy and 
would be expected to interact strongly. This configuration 

interaction would raise the energy of one transition and lower 
the energy of the other. The oscillator strengths for these two 
transitions should reinforce each other for the higher energy 
transition and cancel each other for the lower. This would give 
rise to a weakly allowed transition in the visible and an intense 
transition in the uv. This is the pattern seen in nearly all metal- 
loporphyrins and is verified in nearly all calculations. 

It is clear from this picture that there should be two low 
energy cations of metalloporphines, one of 'A,, symmetry and 
one of 'Azu symmetry. (In certain metalloporphine systems, 
removal of an electron from a transition metal d orbital is also 
low lying.) The nature of these r cations in chlorophyll and in 
many related systems has been widely studied and character- 
ized through their optical spectra (4- 11) and magnetic reso- 
nance spectra ( 5 ,  6, 1 1 - 19). 

It is the purpose of this paper to examine the electronic 
properties of metalloporphine cations. The Co(II1) system is 
included since two different, well-characterized spectra exist 
for the cation that correspond to the 'A,, and 'A2, r cations 
(21-23). Zn porphine is examined as a simple, relatively 
stable system (experimentally) with an obvious relationship to 
Mg porphine. Finally Mg porphine is examined. All of these 
systems have at least C,,, symmetry, and this high symmetry is 
used to aid in these calculations. Closer analogues of chloro- 
phyll such as the Mg pheoporphine of our earlier studies (1, 2) 
are considerably more difficult to calculate accurately due to 
their lack of symmetry and will be considered in a subsequent 
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FIG. 1. The model and numbering for the compounds of this study. 
Shown is the [Co(III) porphineI2+ n cation with 2 chlorine atoms 
2.25 A above and below the porphine plane and two positive point 
charges 2.25 A f!om the chlorine atoms. For MgP and MgP' n cations 
the Mg is 0.40 A above the porphin plane. 

work. 
Previous calculations of the cation radicals of ethylchloro- 

phyllide a and ethyl bacteriochlorophyllide a have been per- 
formed by Petke, Maggiora, Shipman, and Christoffersen (20) 
using an ab initio technique and, where appropriate, we will 
compare their results with those reported here. Earlier calcu- 
lations of the Pariser-Parr-Pople .rr electron type were per- 
formed on "metal-like" porphine cations by Fajer, Borg, 
Forman, Dolphin, and Felton in which the potential importance 
of these .rr radical species in photosynthesis was stressed (24). 

11. Methods 
The calculations performed are of the INDOIS type, 

followed by configuration interaction (CI) (25, 26). The open 
shell systems are calculated using a restricted Hartree-Fock 
method (27), followed by a CI generated using Rumer diagram 
techniques (28, 29). Transition moments are calculated using 
the dipole length operator and keeping all one center terms. 

The-'molecules of this study have either C2v or D2,, Abelian 
subgroup symmetry, and this information is used to ease the CI 
calculation. After initial investigation with larger CI expan- 
sions, it was found that the calculated transitions in the visible 
and near uv region are reproduced with only about 400 config- 
urations (100 for each of the four irreducible representations in 
C2,,) and about 200 for the open shell calculation. In both sets 
of calculations only single excitations are included in the CI. 
Higher excitations do affect the Soret region by depressing the 
calculated energies, bringing the predicted transitions in closer 
accord to that observed, but the general features of the Soret 
region are not changed. In these calculations, the higher energy 
transitions (N, L, M) do require the higher excitations in the CI 
for a good description of the transition energies and a more 
proper description of the states involved. 

With these simplifications each of the closed shell calcula- 
tions take about 18 min and each of the open shell calculations 
90 min on the VAX 111780 computer. 

Geometries were based on symmetrized X-ray structure: 
(30). For Co(1II)P the C-N bond length was set to 1.976 A 

L AE S - A E - J + 2 K  CI OBS 
0 T-AE- J 

FIG. 2. The "four orbital model" consists of the configurational 
mixing of the two lowest singlet(s) states giving rise to the weakly 
allowed Q band and the strongly allowed B (Soret) band. As indicated 
in the synthesized spectrum, vibrational structure is often observed 
for the Q band. 

(31). For Zn(I1)P the Zn-N bond length was fixed at 2.042 A 
and both a planar structureo(32) and a non-planar structure with 
the Zn atom placed 0.37 A above the porphine plane (33, 34) 
were examined. For the Mg(I1)P calculations the symmetrized 
structure with a Mg-N bond lecgth of 2.092 A was used (35); 
the Mg atom was placed 0.40 A out of the porphine plane as 
suggested by the crystal structure of chlorophyll a (38). 

111. Spectrum of closed shell metalloporphines 
The electronic spectra of Zn(II), Mg(II), and Co(II1) por- 

phine have been calculated and are compared to experimental 
spectra in Tables 1, 2, and 3. It is clear from these tables that 
the Spectroscopic INDO method used is capable of accurately 
predicting transitions in the visible. For all three molecules, the 
lowest allowed transition is calculated within a few hundred 
wavenumbers of the experimentally observed band. Transi- 
tions which fall in the uv are not calculated as well and the 
average error for the Soret band is of the order of 5 000 cm-' . 
In these calculations the four orbital model is an accurate 
description for these compounds since in the CI wavefunction, 
greater than 97% of the visible band and 91% of the Soret (B) 
band are constructed from these four excitations. The inclusion 
of higher excitations in the CI as mentioned in Section I1 has 
been shown to affect the Soret prediction (37-41) and is the 
principle reason for the high energy prediction of bands in the 
uv using the truncated CI of this study. These results are similar 
in accuracy to those we obtained in the study of Mg pheopor- 
phine (2) where the energies and relative intensities of the Q, 
and Q, bands are accurately reproduced and the Soret band is 
calculated some 5000 cm-' higher than their observed values. 

Table 1 compares the calculated spectrum of both planar and 
non-planar Zn(I1)P structures with those observed for Zn(I1) 
octaethyI porphyrin (ZnOEP) (41). Very little difference is 
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TABLE 4. The calculated spectra of the 'A,. and 'A',, Zn porphine cations, in 1 000 cm-';  the 'A,,  
geometry of the neutral species is used for both cations 

''41" 'A'. 

Species In plane Out-of-Plane Species In plane Out-of-plane Experiment" 

'E, 30.6 (0.02) 
'E, 32.5 (3.85) 
'E, 37.0(1.37) 
'E, 40.5 (0.47) 

14.7 (broad) 
16.7 
17.7 
19.6 
22.9 (sh) 
24.4 (st) 
27.2 
32.2 

"Only states with calculated oscillators strength of greater than 0.01 are given if they lie above 15 000 cm-I. 
"From ref. 21, ZnTPP'CI0,-: see also ref. 18. 

Although INDO calculations have known deficiencies in the 
calculation of molecular geometries, a fully optimized calcu- 
lation on Zn(I1)P places the Zn atom 0.13 P\ above the mean 
porphine plane and suggests a very flat potential around this 
minimum for Zn out-of-plane motion. 

The calculated spectrum of Mg(I1)P is reported in Table 2 
and has much the same appearance as that of the non-planar 
Zn(I1)P of Table 1 .  The l ~ l u ( a l u  + M) is calculated to lie 
below the Soret band in the Mg complex, which may have 
significance in photosynthesis (2). We assign three separate 
allowed transitions to the N band region as suggested in Table 
2 (but only two for the ZnP case, Table 1). The calculations of 
Christoffersen (39) find two states of ' E  symmetry with a very 
similar intensity pattern in this region. 

In the Co(II1) porphine calculation, the position of two Cl 
atoms 2.25 P\ above and below the porphine plane, Fig. 1, 
determine the position of the d, + dz2 and d,, + ci;? Laporte 
transitions. The lowest of these is predicted at 12 400 cm-I. 
The same is true of the two low-lying charge transfer excita- 
tions predicted at 14 400 cm-I and 16 100 cm-I . The position 
of the metal d,z-,z orbital, however, is less sens~tive to those 
fifth and sixth position ligands, providing the metal atom 
remains in the mean plane of the four nitrogen atoms, and 
should be calculated reasonably well for an aqueous environ- 
ment. The charge transfer excitations ' ~ ~ , ( a ~ , ( . r r )  + d , ~ ,  ?) 

and ' ~ ~ ~ ( a ~ ~ ( . r r )  + dr2-,2), however, have no intensity of their 
own and are calculated to lie near the intense Soret band. 
Similarly the 'E,(d,+ d,>-,!) and 'AZg(d, ,  + d,2-, 2 )  Laporte 
transitions are calculated to lie in a region of allowed n - - 7 ~ ' ~  

transitions and therefore might not be observed. 

IV. Spectrum of Zn porphine cations 
The calculation of the spectrum of doublet ions is a more 

difficult task. For such molecules, an open shell ground state 
SCF calculation is performed and an open shell CI done on 
these states. Since there are two near-lying doublet states, both 
states must be calculated and comparable CI calculations done 
on each. The results for 'Alu and 'Az, Zn(I1)P' are presented 
in Table 4 as are the results from experiment (21). Again a 
planar and a non-planar structure are reported. Due to the large 
number of calculated lines, it is difficult td decide on the basis 
of transition energies alone which species is experimentally 
found. However, by examining the oscillator strengths, it is 
possible to deduce that the experimentally observed spectrum 
comes from the 'A2, ground state. (Note that above 15 000 

cm-I, only those bands with non-zero oscillator strengths are 
reported.) This supports the conclusions reached by Browett 
and Stillman on the basis of MCD experiments (21) and 
Dolphin et al. on the basis of the uv and esr spectra (23). 

It should be noted that these calculations predict the 'Alu state 
to be lower in energy, both at the SCF and at the CI level and 
both for the planar and non-planar structures. From the spectra 
of the Co(111) porphine cations discussed below, it is known 
that the two states must lie so close in energy that very weak 
perturbations and even solvent affects can reverse them. 

V. The spectrum of cobalt (111) porphine cations 
The electronic spectra of Co(II1) porphine and Co(II1) por- 

phine cations have been experimentally measured (21 -23) and 
are reproduced in Fig. 3 (43). Based on features in the spectrum 
and on the MCD results, it is concluded that the spectra of most 
metalloporphine cations arise from excitations from the 'A,, 
ground state. However, for the Co(II1) OEP porphine cations, 
the ground state symmetry apparently depends on the nature 
of the counter ion. If the counter ions are perchlorate, the 
spectrum shows a typical 'A2, absorption spectrum. If the per- 
chlorate ions are replaced by bromide ions, the spectrum 
changes dramatically and is best rationalized by assuming that 
the spectrum arises from an 'Alu ground state cation. 

The results of our calculations on Co(II1) porphine ions are 
presented in Table 5.  For these calculations (as well as for the 
closed shell Co(lI1) porphine) the fifth and sixth positicn 
ligands were replaced by chloride ions at a distance of 2.25 A. 
In order to maintain an appropriate charge on these chloride 
ions, positive point charges were also added at a distance of 
2.25 from each of the chloride ions. These point charges also 
served to improve the self consistent field convergence prop- 
erties of the calculations. The results in Table 5 are similar 
to those obtained for the Zn(II)Pf cases. The qIu calculated 
spectrum shows a single strong peak at 15 000 cm-' followed 
by a few weaker peaks at higher energy. The ' A , ,  calculated 
spectrum shows a series of peaks starting at 15 000 cm-I and 
increasing in intensity through the visible. The experimental 
spectra show similar trends. The bromide shows a moderately 
strong peak at 15 000 cm-I , followed by two weaker peaks at 
higher energy. These form a broad envelope of decreasing 
intensity. The perchlorate on the other hand shows a broad 
envelope of increasing intensity starting at 15 000 cm-I. At 
higher energy, the bromide shows three intense peaks between 
24 000 and 35 000 cm-I, while the perchlorate shows one 
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EDWARDS AND ZERNER 

TABLE 5. The calculated spectra of the 'A',, and 'AZ, [Co(lll) porphine]'' conlplex in 
1 000 cm-'; the neutral ' A , ,  geometry is assumed for both calculations; the oscillator 

strengths are given in parentheses 

' A I U  'A?,, 

Species Calcd Obsd(2BrC)" ' Species Calcd Obsd(2C 1 0,-)" 

'A'. 5.8 
'E, 15.l"O.095) 15.0(m) 
'A?, 17.3 (0.001) 16.6 (w) 
'E, 18.1 (0.041) 
A 18.3 (0.015) 18.3 (w) 
'E, 19.5(0.000) 
'E ,  31.3(1.908) 24.4(s) 
'E, 33.2 (0.209) 
'A', 37.6 (0.016) 
'E, 37.7 (1.234) 29.4 (s) 
'A', 38.9 (0.042) 
'E, 39.2 (0.805) 35.1 (s) 
%E, 41.8 (0.021) 

? A I U  - 1.4 
'E, 14.7" (0.006) 15.7 (w) 
'E, 15.5 (0.001) 
A 18.7(0.009) 19.4 (m) 
?E, 19.5 (0.003) 
'E, 28.1 (0.165) 
'E, 31.8(3.252) 25.3 (s) 
A 34.9 (0.029) 26.7 (sh) 
'E, 36.1 (0.021) 
'E, 37.2 (0.075) 30.8 (w) 
A 39.6 (0.009) 
'E, 40.8 (0.1 18) 

"From ref. 43. 
allowed bands above this value are given 

ABSORPTION 
CoOEP2+ ZBr- 

I 

300 400 500 600 700 
WAVELENGTH/ nm 

FIG. 3. The observed spectra of two Co(11l)'~ octaethylporphyin TI 
cations, ref. 43. The only chemical difference is the counterion. 

intense peak at 25 000 cm-' and two weaker shoulders at higher 
energy. The calculated spectra reproduce these features. The 
%,, spectrum is calculated to have three intense peaks, but 
suggests the first of these is the most intense. Experimentally, 
the second peak appears most intense, but the experimental 
asymmetry of the first peak makes this uncertain. The transition 
energies for the Soret region bands are again calculated to be 
too high by approximately 6 000 cm-' . 

Figure 4 shows pictorially the molecular orbital energies 
that we obtain for 'A,, - Co(III)Pc , 'A,, - Co(1II)P" , and 
'Azu - Co(III)P'+. There appears to be very little reorgani- 
zation among the orbitals upon the loss of an electron from 

either an a l u  or a?, orbital. These two MOs stay rather isolated 
from the next occupied MO of e,(.rr) symmetry and dominate 
the spectra of these species. 

There is an apparent failure of the autbau principal demon- 
strated here (and also for the Zn(lI)Pi  and Mg(II)Pt cases) for 
the ' A ~ ,  state, with a "hole" in the second highest occupied 
MO. Although relaxation in the SCF procedure is usually suf- 
ficient to reorder the orbital energies (especially among the 
highest lying occupied MOs when the orbitals involved contain 
no metal d character), this does not appear to be the case here. 
Since, however, the open shell orbital and the closed shell 
orbitals do not "see" quite the same (Fock) potential (27, 44, 
45) and orbital energies approximate ionization potentials via 
Koopmans' approximation only for our closed shell operator 
(the open shell orbital energy needs a small exchange cor- 
rection) we do not think there is any special significance in the 
observation of the single occupied a,, MO "below" the doubly 
occupied a,,  . Promotion of an electron from the a,,(T) MO to 
the azu(.rr) MO in the 'A2,, state, Fig. 4, leads to the 'A,, state 
estimated to lie 1 400 cm-' (0.17 eV) below the 'A ', refer- 
ences, Table 5. This difference in energy is less than the 5 800 
cm-' value (Table 5) calculated when starting from the 'Alu 
state and generating the orbital excitation a2,(.rr) -+ alu(.rr). 
This difference reflects the energy advantage the self consistent 
field calculation affords the reference state and would disap- 
pear with a large enough CI. 

Table 6 summarizes the nature of the excited states generated 
from the 'A,, and 'A?, cations of [Co(lll)P]", and they differ 
only in detail from the ZnP' and MgP' cases. In the neutraI 
species the visible and near-uv spectrum (Q and B bands) are 
dominated by a l u ( n )  -+ e,(.sr:%) and a2,(.rr) -+ e , ( + )  transi- 
tions (Fig. 2). The positive ion spectra is much more compli- 
cated, the more intense bands involving not only those transi- 
tions, but also transitions from the doubly occupied TMOS to 
the singly occupied a , , ( ~ )  or a2,(.rr) orbitals (Fig. 4). Note also 
the Rydberg-like transitions calculated at 17 300 cm-' for the 
'A,, ion and 18 700 cm-' for the 'A2,, ion. The apparent simi- 
larity of the single intense peak in the Soret region calculated 
at 31 800 cm-' for the 'A?, ion to that of the neutral species 
is misleading in the sense that the former has a considerable 
e g  (T) -+ a2,(T) component. 
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FIG. 4. The calculated molecular orbital energies of the 'A ,, state of [Co(lII)P]'Clz and the 'A ,. and 'A2. states of [CO(III)P]~+C~~, see Fig. 1 

VI. The spectrum of magnesium porphine cations 
The calculated spectra of 'Alu and lAzu Mg(II)P+ are pre- 

sented in Table 7,  where they are compared with the experi- 
mental results on Mg(II)OEP+ and Mg(I1)TPP' (45). The 
geometry was optimized for the 'AIu state and compared with 
a similar optimization for the 'AI, state of Mg(1I)P. The largest 
coordinate change was of the order of 0.006 A, and the total 
energy lowering amounted to only 6.7 kJ/mol relative to the 
closed-shell optimized geometry. For a molecule of this size, 
this implies that the 'Alu geometry is nearly identical to the 'A,, 
geometry. A similar conclusion is deduced from the X-ray 
crystallographic study of the Mg(II)TPP+ClO, cation by 
Barkigia, Spaulding, and Fajer (35). 

Mg(II)OEP+ is believed to be a 'A,, -n cation. Three separate 
peaks are observed in the visible with decreasing intensity upon 
increasing transition energy, in good agreement with these 
calculated results. In contrast the spectrum of Mg(II)TPP+ 
shows at least four less well-defined peaks in the visible. The 
apparent peak at 17 900 cm-I may correspond to the Q,o peak 
of non-oxidized Mg(I1)TPP. The position of the peak at 16 400 
cm-I may similarly be influenced by the weaker Qm band of 
Mg(I1)TPP. With these provisos, the calculated energies and 
their intensities are in excellent accord with the observed 
Mg(1I)TPP' spectrum. 

The 'Alu and 'A,, ions have predicted charge transfer exci- 
tations 'A?,(TX) and 'Al,(TX) calculated at 25 200 cm-' and 
25 500 cm-I , respectively. The experimental spectra both show 
bands at about 22 000 cm-I of the appropriate relative inten- 
sities to be assigned to these predicted transitions. States of this 

nature are not predicted to be present this low in energy in the 
Zn(II)P+ spectra and, if the assignment of these bands could be 
verified, would provide a check of the relative position of the 
calculated charge transfer bands in these systems. These pre- 
dictions require not only the correct positioning of the macro- 
cycle -n orbitals, but also of the Mg orbitals relative to these 
-n orbitals. In the neutral Mg(1I)P case, the charge transfer 
bands are predicted to lie under the Soret and no anomalous 
band is, in fact, seen. Confirmation of the assignment of the 
charge transfer assignment of the band observed at about 
22 000 cm-' makes the calculated position in the Mg(I1)P case 
firmer and the possible importance of this state in photo- 
synthesis more plausible (2). 

The Soret region for Mg(II)OEP+ has two intense peaks 
separated by about 1 100 cm-' , in reasonable accord with the 
calculated values at 29 700 cm-' and 30 700 cm-I . Although 
these peaks are overlapping, the experiment indicates that the 
first of these should be more intense than the second, in con- 
tradiction to the calculated prediction. Mg(II)TPP+ has one 
dominant peak at 24 400 cm-I which we assign to the calcu- 
lated 'E, state at 30 400 cm-I . Another broad strong peak is 
observed at 26 700 cm-' ,  which we assign to the 'E, state 
calculated at 33 400 cm-' .  The calculated spread of these two 
peaks of 3 000 cm-I is in reasonable accord with that observed 
of 2 300 cm-I. The Soret region of the Co(III)OEP2+ 'Alu 
cation spectrum is characterized by three distinct peaks, Fig. 3, 
some 11 000 cm-' from peak-to-peak. This region for the 
MgOEP' 2Alu cation spectrum is not as well resolved and 
perhaps contains four peaks, as suggested in Table 7. Assigned 
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TABLE 6. The nature of the low-lying states of [Co(lII) porphineI2+ complexes 

'A!, 'Az. 

Energy" Descriptionb Energy" Descriptionh 

- 1.4 A 0.9[al.(.rr+a2.(.rr)] 
14.7 'E, 0.7[e,(.rr+aZu(.rr)] 

0.2[a2,(.rr+e,(.rr*)] 
15.5 'E, 0.8[al,(.rr+e,(.rr*)] 
18.7 'Al, 0.9[a2.(m+a1,(4s)] 
19.5 'E, 0.5[a2,(.rr+e,(~*)] 

0.4~e,(.rr+a2"(.rr)I 
28.1 ' E ,  0.8[al,,(.rr+e,(.rr*)] 

0.1 [e,(.rr+a?,(.rr)l 
3 1.8" 'E, O.4[e,(.rr+a2.(.rr)] 

0.3[a2.(.rr+e,(.rr*)1 
0.2[al.(a+e,(n*)l 

"1 000 cm-I. 
'x[ ] represents X% of the transition designated in the brackets. 
'Beyond 30 000 cm-' only the more intense transitions are given 

TABLE 7. The calculated spectra of the 'A ,. and ' A ~ .  [Mg porphine]+ cations, in 
1 000 cm-I 

' A ~ .  M~OEP'' 'A Z, M~TPP+" 

'EE 17.9 (0.002) 
'A', (TX) 25.2 (0.032) 
'EE 29.7 (0.502) 
'4 30.7 (2.434) 
'Ea 34.2 (0.405) 
2 E ~  38.4 (0.850) 
'E, (TX) 4 1 .2 (0.264) 

ZE, 19.6 (0.01 1) 
'A,,(TX) 25.5(0.017) 
'E, 28.2 (0.268) 
'EE 30.4 (2.954) 
'E, 33.4 (0.412) 

PF 38.1 (0.062) 
E, 40.3 (0.595) 

'E,(TX) 41.6(0.818) 

14.8 
16.4 
17.9 (?) 
19.5 
22.5 
23.5 sh? 
24.4 st 
26.7 

"Only allowed bands above this energy are given. TX is charge transfer. 
%om ref. 46, in CH2CI2. 

to this region in the Mg(II)OEPt 'Alu case are four strong 
transitions. 

In the above discussions we have used the traditional D,,, 
symmetry labels even though the non-planar cases possess only 
C, ,  symmetry. This labelling seems appropriate except for the 
virtual molecular orbital localized to the Mg or Zn atom and 
which is responsible for the porphyrin to metal charge transfer 
bands. In the planar Zn(I1)P cases, this orbital is a,, with about 
65% 4 s  character. In the non-planar Zn(I1)P case, this orbital 
is a I with 56% 4 s  and 14% 4p,. In the non-planar Mg(I1)P case 
this a ,  orbital is calculated to be even morep,-like: 28% 3 s  and 
54% 3p,. The association between D,,, and C 4 ,  for the two 
low-lying T cations are 'A2, - 'Al and 'A,, t, 'Az 

VII. Ionization potentials 
'The calculated ionization potentials for all systems studied 

are summarized in TabIe 8. For comparison, ionization poten- 

tials for similar systems are reported at 6.25 to 6.80 eV (47) in 
very good agreement with the calculated values. For some 
systems a shoulder is reported about 0.13 eV higher in energy, 
which may correspond to the second ionization process (47). It 
is interesting to further note that the ionization potentials calcu- 
lated for our model Co(III)Pt are slightly lower than those 
of Zn(I1)P and Mg(II)P, even though the former complex is 
locally positive. Experimentally Mn(1I) trans-octaethylchlorin 
has an ionization potential about 0.27 eV less than that of free 
base octaethylchlorin (47). Non-planarity has very little effect 
on the calculated ionization potentials of ZnP. 

VIII. Charge and spin densities 
A summary of the charge and spin density obtained through 

a Mulliken population analysis is presented for [Co(III)P]+ and 
its two low-lying cations in Table 9. Spin density results for 
Zn(I1)P and Mg(I1)P and their cations are given in Table 10. 
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TABLE 8. Calculated ionization potentials for some mctalloporphines 
in eV 

ZnP 

Planar Non-planar MgP [Co(III)P]" 

Neutral 'A,, 0 0 0 0 
Kooprnans 'A2, 6.68 6.67 6.56 6.55 

'A ,,, 6.42 6.40 6.29 6.11 
SCF 'Azu 6.55 6.48 6.36 6.33 

A 6.30 6.23 6.10 5.92 
SCF-CI 'Az,, 6.21 6.14 6.10 (6.20)" 6.12 (5.93)" 

'A,,, 6.06 5.98 5.85 (6.38)' 5.72 (6.44)" 

"On {[Co(III)P]'CI,} plus two axial points 2 A above and below the CI 
atoms of +0.5 charge. 

"Calculated for the 'A I. state using the SCF of the ' A ? "  state as reference. 
'Calculated for the 'A ' .  state using the SCF of the 2 ,, state as reference. 

TABLE 9. The Mulliken charge (and spin) distribution 
calculated for the ground state of [Co(III)P]', and its 

two low-lying cations 

, A , g  ?A I ,, 'Azu 

Co total 
dr2 - ,.2 

dr2 

d, ,, 
4; and d,., 

N total 
'7T 

C I  total 
'7T 

Cz total 
'7T 

C, total 
'7T 

HI total 
Hz total 
C I  total 

Net charge 

The results for these three complexes are reasonably similar, 
except for the total charges on the metal atom, as noted in Table 
9. The net charge on the Co atom is about + 1.5 and is similar 
for all three states of the Co complex. The metal atoms in the 
'A2, cases have the greatest net charges, the neutral 'A,, cases 
the least, in keeping with intuition that all the atoms in the 
molecule share in the loss of this electron. Since the a', MO has 
some metal p ,  character, loss of an electron from this orbital 
removes more electrons from the central metal than loss of an 
electron from an a, ,  MO with two nodes through the metal. 

As noted in Tables 9 and 10, the 'A,, and 'A', states have 
quite different spin densities, and these have been used tradi- 
tionally to help characterize the nature of the ground states of 
these ions through EPR and ENDOR measurements (48). Most 
often for this purpose the hyperfine constants for protons are 
approximated through the McConnell relation (49) 

where p: is the IT spin density on the neighboring atom, and 
Q is a constant characteristic of that neighbor. Table 10 con- 
tains a comparison of the spin densities obtained by Fujita, 
Hanson, Walker, and Fajer (18) using the interative extended 
Hiickel (IEH) method for a Zn(II)Pk pyridine complex. The 

spin densities obtained from both methods for the 'A,, state are 
very similar; those obtained for the 'A2, state are somewhat 
different. For the 'A?, state, the INDOIS method used here 
places far more unpaired spin density on the methine bridge 
carbon atom C3 than it does on the chelating nitrogen atom. 

Table 10 also contains spin densities obtained from Pariser- 
Pam-Pople (PPP) IT electron calculations (24) for comparison. 
The 'A,, state results are again very similar to those we obtain 
here. The 'A2, results are essentially the same for the spin 
density on the nitrogen atom and for C,  and C2. The accumu- 
lated small differences are noted, however, on the methine 
bridge carbon, C3, with the INDOIS results of this study nearly 
the average of the PPP and IEH results. The small negative spin 
density of the PPP computation for C ,  are the result of an 
analysis of a C1 wave function. The INDOIS results reported 
in this study are from restricted calculations (all closed shell 
"electrons" are in spacially paired orbitals), and negative 
values cannot be obtained at the level of theory (Hartree-Fock) 
reported in this table. 

For further comparison, Petke, Maggiora, Shipman, and 
Christoffersen (20) obtain a ground state of the ethyl chloro- 
phyllide a and ethyl bacteriochlorophyllide a cations with an 
average spin density of 0.109 electrons on each of the 8 C, 
atoms (these atoms are not equivalent in the chlorophyll ana- 
logues calculated by Petke et al .) ,  clearly corresponding to the 
'A,, IT cation of this study. Although not definitive, the experi- 
mental spin densities obtained through McConnell's relation 
(16) seem in reasonable accord (20). The calculations of Petke 
et al. also suggest a low-lying singlet state (-5 000 cm-' for 
Et-chl-at and -7 000 cm-' for Et-Bchl-a') with an average of 
0.17 electrons on each of the four methine bridge C3 atoms and 
0.09 electrons on each of the chelating nitrogen atoms, corre- 
sponding to the 'A2, states of this study. The INDOIS calcu- 
lations suggest a greater spin delocalization in the 'A2, state 
(0.017e on each of 8 C? atoms) than either the ab  initio calcu- 
lations of Petke, Maggiora, Shipman, and Christoffersen (20) 
or the extended Hiickel calculations of Fujita et al. (18). 

Before concluding this section, we note (Table 10) that in the 
'A2, state there is a net spin density on the metal atom that is 
not present in the %,, ions, as expected from the model struc- 
ture of the half-filled MO that gives rise to the symmetries of 
these states. 

IX. Conclusions 
We report here the calculated spectra of the 'A,, and 'A2, IT 

cations of Mg(ll) ,  Zn(ll), and Co(II1) porphine, and the eIec- 
tron spin properties of these two near lying states. 

The 'A,, spectrum is calculated to have three allowed bands 
in the visible region of near equal intensity and a Soret region 
of at least three allowed bands, but the intensity of this region 
is dominated by but one of them. This seems to be in accord 
with experimental observations. In contrast, the 'A,, spectrum 
is calculated to have again three allowed transitions in the 
visible but with decreasing intensity with increasing transition 
energy, again in agreement with experiment. The Soret region 
is calculated to be characterized by at least four allowed bands 
spread some 10 000 cm-' .  In the Co(III)P2+ and Zn(II)Pt 
cases, three bands well separated are calculated to carry 
the intensity. The CO(III)TPP" experimental spectrum shows 
three well separated band peaks in the Soret region. We do not 
have access to experimental Zn(II)Pt 'A,, spectra. In the 
Mg(II)P+ 'A,, calculation, four transitions are calculated to 
carry the intensity. Experimentally four transitions can be dis- 
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EDWARDS AND ZERNER 

TABLE 10. Mulliken 7s spin densities for the cations of ZnP' and MgP' 

ZnP' MgP' MP" 

2'. 2 A l u  ?A?" ' A ~ ,  Z ~ 2 , ,  Z ~ I , ,  

"For ZnP' with a pyridine molecule in the fifth position. The values in paren- 
theses have been symmetrized from ref. 18, and are obtained from an iterative 
extended Hiickel calculation. The net spin density on the pyridine is 0.1 I electrons. 

hFor this calculation the Mg atom is out of plane. Even so, very little spin density 
is found in the u system except for a net 0.019 e in the Mg(3s). 

"For "metal" porphine from Pariser-Pam-Pople 7~ electron calculations, ref. 
24. 

TABLE 11. Net metal populations in the 
'A I,  stage of MgP, ZnP, and [Co(lII)P]+ 

and their 'A?, and 'A I .  cations 

Species ' A  I ,  ' ~ 2 "  'A 

MgP +0.62 +0.73 +0.70 
ZnP +0.90 +0.94 +0.93 
[Co(III)P]' + 1.52 + 1.54 + 1.54 

tinguished, but only the lower energy two are truly resolved. 
The spin properties of the 'A', and 'A,,, .rr cations of these 

systems are dominated by the nodal structure of the corre- 
sponding molecular orbitals, are relatively insensitive to central 
atom displacement and remain very diagnostic of these two 
possible ground states. 

Finally, our calculations suggest that at the optimized 'A,, 
geometry the 'A,, cation is lower in energy than the 'A ?,. This 
does not appear to be in accord with the more common situation 
for metal porphines, but is often observed, as discussed, for 
some [CO(III)P]", ZnP ' , MgP' , and RuP ' complexes. Pre- 
liminary studies show that while geometry optimization of the 
doublet ions lowers their energy by only a few kcal/mol it is 
not sufficient to reverse the 'A,,, 'A?,, but only brings them 
closer in energy. The ground state observed for Et-chl-a' and 
Et-Bchl-at (of considerably lower symmetry) probably also 
corresponds to the 'A,, states calculated here, and calculations 
on these more complex systems are currently underway. 
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D. P. CRAIG and T. THIRUNAMACHANDRAN. Can. J. Chem. 63, 1773 (1985). 
The adiabatic approximation to vibronic interactions, and its relation to the crude adiabatic and other methods, need careful 

scrutiny when applied to processes where both participating states belong to the same electronic manifold. The processes 
include vibrational transitions by both electronic and magnetic mechanisms, and the property of vibrational circular dichroism 
in chiral systems. When moments and properties are calculated, general questions of dependence on the chosen origin of 
coordinates have to be resolved. These problems are examined. 

D. P. CRAIG and T. THIRUNAMACHANDRAN. Can. J. Chem. 63, 1773 (1985). 
L'approximation adiabatique aux interactions vibroniques ainsi que sa relation a la mCthode adiabatique grossikre et autres 

ne doivent etre appliquer qu'avec circonspection aux processus dans lesquels les deux Ctats participants appartiennent au meme 
niveau Clectronique. Ces processes comprennent les transitions vibrationnelles tant par des mCcanismes Clectronique que 
magnktique ainsi que la propriCtC du dichroi'sme circulaire vibrationnel dans des systkmes chiraux. Quand on calcule les 
moments et les propriCtts, on doit rksoudre les questions gCnCrales de la dependance des coordonnCes sur I'origine choisie. 
On examine ces problkmes. 

[Traduit par le journal] 

Introduction 
In the early postwar years, when Camille Sandorfy was at the 

start of his career, the urgent problem in theoretical chemistry 
seemed to many of us to be how the principles of the theory of 
valency, enshrined for brevity in HLSP (Heitler-London- 
Slater-Pauling) and HMH (Hund-Mulliken-Hiickel), were 
to be applied to complex aromatic molecules. In the years since 
new challenges have appeared. In a surprising number, not 
least in Professor Sandorfy's notable contributions to spec- 
troscopy, interaction of nuclear and electronic motions is a 
central theme. His recent review (1) on vibrational spectra of 
hydrogen-bonded systems illustrates the point in transitions 
within the ground state manifold. 

The present paper is on this interaction, which is germane 
also to theories of chemical kinetics and molecular dynamics. 
In the study of the coupling between electronic and nuclear 
motions the adiabatic approximation has been the basis of al- 
most all work on vibronic interactions since its publication by 
Born and Oppenheimer (2). Very small molecules, H; and HZ, 
can be treated exactly (Kolos and Wolniewicz, ref. 3; Bishop 
and Cheung, ref. 4) and an interesting new approach has be& 
suggested by Lathouwers and van Leuven (5) but for larger 
molecules no alternative method has been found suitable for 
general use. 

The term adiabatic is used variously, and the adiabatic ap- 
proximation applied at different levels. We begin by outlining 
the main models, and then apply them to infrared absorption 
and to rotational strength in chiral molecules. Finally, noting 
that results of calculations made in this approximation may 
be dependent on the choice of coordinate origin, we analyse 

The adiabatic approximation 
The Hamiltonian for a molecule can be partitioned as 

where TN and Tc are the nuclear and electronic kinetic energy 
operators and U(q,  Q)  is the potential energy; q and Q are the 
electronic and nuclear coordinates. To solve the full Schrod- 
inger equation [2] 

we assume, in the adiabatic approximation, that the solutions 
of the electronic wave equation [3] 

with 

[41 H c = T c + U ( q , Q )  

are known for sets of fixed values of Q,  each set specifying a 
molecular configuration. With {+,,(q, Q)) as a basis set, we 
expand the total wavefunction *(q, Q) according to [5] (7,8), 

[51 W q ,  Q) = 2 x,,,(Q)+,,,(q, Q) 
rn 

where the expansion coefficients are clearly functions of Q. 
Substituting in [2], multiplying both sides by +,,(q, Q), and 
integrating over the electronic coordinates, we get 

the of origin-dependence, and give the conditions 
necessary for origin-independent results. = E Z ~ + , , ( ~ ,  Q ) L ( ~ ,  Q ) ~ ~ x . ( Q )  

We have not given any discussion of the diabatic approxi- ,,I 

mation (see e.g. Smith (6)), which is unlikely to be useful in so that, with [3], and the orthonormality of the electronic eigen- 
the lower vibronic levels of the ground electronic state. functions {+,,(q, Q)), 
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= E x , ~ ( Q )  The second term of [12] gives the coupling of electronic to 
nuclear motion caused by the nuclear momentum. It is usually 

Separating the diagonal terms from the sums and rearranging larger than the first, which is often neglected. In the simplest 

we find [8] case of the same vibrational force system in the coupled levels 
n and n ' ,  and unchanged molecular structure, the first term 

d 2  couples the states with the same vibrational quantum number. 
L8] ( T N  + E.(Q) - 5 b f : ( q ~  Q )  7 +,,(q, Q)dq  - E )  The second term couples states with v' = v + I .  

dQ- 

h2 The crude adiabatic approximation 
x xf1ca) = I: (J acq7 Q )  $a ... cs. Q ) ~ ~ ) ~ . ( Q )  

,,, 2 ,, In the crude adiabatic model, the electronic factors +I: = 
+,, ( q ,  Qo) are not functions of Q but apply to the equilibrium 

d nuclear configuration for state n. 'The partitioning of the total 
+ fi' C (J +.(q, Q )  a +.cq7 e m )  &x-(Q) is now given by !!I*,, 

Equations [8] are a set of coupled differential equations with n [ I3]  = T~ + Tc + ' ( 43  Qo) + ' ( q j  Q )  - '(97 Qo) 
taking different values according to [3]. The terms on the right = TN + H: + AU 
hand side of [8] represent the coupling between the electronic 
functions through nuclear motion. If these terms are set equal where 
to zero, the equations become uncoupled, giving [9] [141 HC" = Tc + U ( q ,  Q o )  

and 

[I51 AU = U ( q ,  Q )  - ucq ,  Q o )  

which can be written as 

where 

= 
The electronic eigenfunctions +,,(q, Qo)  of H: are now used 
as the basis set for expanding the complete wavefunction 

In eq. [lo], a further subscript v has been added to distinguish 
the different eigenvalues and eigenfunctions for a given n. 'The 
neglect of the terms on the right hand side of [8] is the basis of 
the adiabatic appr-oxitnation. In adiabatic motion, electrons do 
not make transitions from one state to another. Instead, the 
electron distribution adapts itself by following the nuclear dis- 
placements. The potential energy U,,(Q), given by [ l  11, serves 
as the potential for nuclear motion in [lo]. 

The adiabatic approximation may be distinguished from the 
original Born-Oppenheimer approximation (2) because the 
potential U,,(Q) for the latter is simply E,,(Q); that is, the 
expectation value of the nuclear kinetic energy over the elec- 
tronic wavefunction +,,(q, Q ) ,  given as the second term of [1  11, 
is neglected. This is a good approximation for many problems 
because of the small electron to nuclear mass ratio. In the 
Born-Oppenheimer approximation the potential is indepen- 
dent of the nuclear masses, and identical for different isotopes. 

Higher order corrections can be made in the adiabatic model 
by including the coupling between different electronic func- 
tions, which was neglected in the derivation of the wave equa- 
tion [lo] for nuclear motion. Thus with the adiabatic products 
as basis functions, the off-diagonal elements of the total 
Hamiltonian are 

After multiplying both sides of [16] by +,,(q, Qo) ,  integrating 
over the electron coordinates, and rearranging 

The crude adiabatic approximation involves setting the sum on 
the right hand side of [17] equal to zero. Thus the equation for 
nuclear motion is 

= E,>vx/l,,(Q) 

so that the potential for nuclear motion is 

= 1 +,l(q, Qo)HC+,,(q, Qo)dq 

'The vibrational wave functions found in the crude adiabatic 
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CRAIG A N D  THIRUNAMACHANDRAN 

method are not the same as in the adiabatic approximation, 
where they belong to the potential function [ I  I]. 

Herzberg-Teller coupling and adiabatic motion 
In the Herzberg-Teller model (12), the electronic wave- 

functions are the same as those used in the crude adiabatic 
model. They are the eigenfunctions of H:. With AU given by 
[I51 as the perturbation, the electronic wavefunction for state 
n, correct to first order, is 

and the electronic energy is 

- C 
>>,#,, E,,,O - E,,O 

Since H,  = H: + A U ,  the wavefunction [20] can be regarded 
as the adiabatic electronic wavefunction, correct to first order 
in A U .  It is of interest to note that if a product of the form 
+nHT(q, Q)X,l,!'T(Q) is chosen to describe the vibronic state 
I n,v), then x ,,,, (Q) satisfies eq. [22] 

where E,,HT(Q) of eq. [21] serves as the potential for nuclear 
motion. In obtaining [22], the effect of T N  on Q) has 
been ignored, as in the Born-Oppenheimer approximation. 
In contrast to the crude adiabatic potential [I91 for nuclear 
motion, E,,'IT(Q) includes the second order contribution (third 
term of [21]). Hence +,,t'T(q, Q ) x , , , ~ ~ ( Q )  may be considered to 
be a better approximation than +,,(q, Q,,)x,,,(Q). 

Off-diagonal terms in the adiabatic and crude 
adiabatic schemes 

A useful insight into the relation of the two approximations 
comes from considering the Taylor expansion of the adiabatic 
electronic wave function +,,(q, Q)  in terms of crude adiabatic 
functions, 

[23fll +,,(q, Q)  = +,,(,> Qo) 

where the second form (9) follows using 

so that, up to the term linear in Q, the adiabatic vibronic wave 

function for the state Itz, v> can be written as 

showing that the adiabatic wave function already includes cor- 
rections of a type which in the crude adiabatic have to be 
brought in as off-diagonal terms by use of first-order pertuba- 
tion theory. Also, terms [I21 which are off-diagonal in the 
adiabatic method do not appear at all in the crude adiabatic 
method, in which coupling by nuclear motion is not taken 
account of. 

In summary, the off-diagonal coupling between crude adi- 
abatic vibronic states is included in zero-order adiabatic states. 
Off-diagonal matrix elements between the latter states are typ- 
ically small. 

Transitions within the ground state vibrational manifold 
When the adiabatic approximation is applied to electric or 

magnetic transitions involving different electronic levels as in 
( m ,  v'( + (n, vl, the nuclear part of the transition moment 
operator does not contribute. This is because adiabatic elec- 
tronic wave functions belonging to different electronic energies 
are orthogonal for each set of values of the nuclear coordinates 
Q. However, infrared and vibrational Raman transitions, and 
transitions showing vibrational circular dichroism in chiral 
molecules, take place between different levels of the same 
(ground) electronic state. Both nuclear and electronic parts of 
the transition moment operator may contribute, and some inter- 
esting new problems have to dealt with. 

Let us consider the transition 10,l) + 10,O) and suppose that 
only one mode is active and that the levels are non-degenerate. 
n he wavefunctions can then be chosen to be real. with the 
adiabatic products 40(q, Q I x d Q )  and +o(q, Q)xol(Q) repre- 
senting the molecular states, the electric and magnetic dipole 
transition moments are 

where p and m are sums of nuclear and electronic terms. It is 
easily shown by integrating over electronic coordinates that the 
electronic contribution to the magnetic dipole transition mo- 
ment is zero. For the electric dipole transition moment both 
electronic and nuclear terms contribute. The electric dipoIe 
moment operator is given by 

where Zue is the charge on nucleus a and R(a)  is the position 
vector: r (a ,  5) is the position vector of electron 5 associated 
with nucleus a. In the case that the solutions to the electronic 
equation [3] are found in an all-electron nb itlitio framework the 
charges Zue are bare nuclear charges. In that case the large 
terms in the dipole moment [26] from the second term of [28] 
are at least partially cancelled by those from the first term, 
which is a sum over all electrons. In many calculations it is a 
good approximation to restrict the sum over electrons to va- 
lence electrons, and then the Zue must be treated as effective 
charges, with allowance for the screening by core electrons. In 
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that case the reduced nuclear contribution to [26] is set against 
a matching reduction in the electronic contribution. Thus in 
different models that may be set up for calculating the adiabatic 
wave functions, defined by a range of ~amiltonians at different 
levels of approximation, there are different partitions of the 
electric moment. We note later the special importance of model 
dependence in the treatment of the magnetic moment. 

In order to be able to use the electric moment operator [28] 
in [26] ,  we need to express Ri(a)  in terms of normalcoordinates 
Qk,  and r j ( a ,  5 )  in terms of relative coordinates q i (a ,  5 ) .  If 
R O ( a )  is the equilibrium position of nucleus a, then 

7N-6 

where k = 1 , 2 ,  . . . , (3N - 6 ) ,  after elimination of translational 

and rotational degrees of freedom. The coefficients lik satisfy 
the orthonormality conditions 

C lki (a)  li/ (a)  = 6kl 
I 

The coordinates q ( a ,  5 )  are defined by [30] 

With the use of [29] in [26] the nuclear contribution to the 
electric dipole transition moment follows immediately. To cal- 
culate the electronic contribution, a convenient starting point is 
the expansion of the electronic wavefunction about the equili- 
brium position in the active normal coordinate as in [23a] .  
Using [23a] in [26] the leading term of p is found to be 

The electronic integral depends on the ground state electronic wavefunction and its derivative evaluated at Qo. This form of the 
integrand, depending solely on the ground state wave function and its Q derivative, may be convenient from a computational point 
of view. An alternative form (9) involving the electronic excited states can be obtained using [24] .  The same result [31] can be 
obtained from the crude adiabatic approach. In this formalism, the wave function for the ground state 10,0), correct to first order, 
is 

A similar wavefunction holds for 10,l). The electric dipole transition moment is then found to be 

I X O I ( Q ) + O ( ~ ,  QO)Au+m(q, Qo)xmiQ)dqdQ 
- C x I ~ ~ ~ ~ ~ ( Q ) 6 , ~ ( q ~  Q o ) ~ ~ ~ ~ ~ ~ o ( ~ ~  QoIdqdQ 

tnv Ern, - EOI 

Expanding AU about Qo and retaining the leading terms, namely, ( Q  - Qo) ( I ~ U / ~ Q ) ~ ,  expression [33] simplifies to 

where the vibrational energy differences in the denominators have been neglected. Consequently, it has been possible to effect 
closure over the vibrational states associated with the intermediate state +,(q, Qo) .  The use of the relationship [24] in [34] leads 
to the result [31] obtained from the adiabatic approach. It must be noted that, in making this identification, it has been tacitly 
assumed that the vibrational wavefunctions in the adiabatic and the crude adiabatic formalisms are essentially the same. 

We now turn to the evaluation of the magnetic dipole transition moment. The electronic and nuclear parts of the magnetic dipole 
moment operator are given by 

where p and P are the electronic and nuclear momenta. The moments are taken about the centre of mass. In terms of q and Q, 
we have for the ith component 

In [36] the P l  (a)  are not canonically conjugate to Q l ( a ) .  They can be transformed according to 
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CRAIG AND THIRUNAMACHANDRAN 1777 

where Pk are the canonical conjugates of Qk. For the case where one mode only is active, the situation which we consider in this 
paper, the last term of [36] does not contribute. With zeroth-order adiabatic functions, the magnetic dipole transition is entirely 
made up of the nuclear contribution and is given by 

[381 (xoI(Q)I (L(~,  Q)mil+o(q, Q))~xoo(Q)) = ;€i, C ~ , " ' ~ , ~ ; ( a ) b ( a )  I xo~(Q)Pkxoo(Q)dQ 

In contrast, as seen earlier, the electric dipole transition moment has both electronic and nuclear contributions with zeroth-order 
adiabatic functions. 

Higher order contributions to transition moments 
In the adiabatic model, the wavefunctions corrected to first order are obtained using the coupling [12]. For 10,O) we get 

and a similar wavefunction for 10,l). With these wavefunctions, the corrections to the electric dipole transition moment are 
given by 

a a I x,n.(Q) I +,n(q,Q)a+o(q,Q)dqa~~o~(Q)dQ 
+ fi' C I x ~ ( Q ) P O " ( Q ) X ~ ~ ~ ~ ~ ( Q ) ~ Q  

m v E,,,v - Eor 

where 

To find the leading contribution from the first two terms, we approximate the electronic integral 

by the value at Qo, and also put pO"(Q) = pO'n(Qo). We then get 

If the vibrational energy differences in the denominators are neglected, then closure over the intermediate state vibrational 
wavefunctions may be effected to give 

The vibrational integrals within the braces are equal and opposite, so that the correction to this order is zero. However, if the 
vibrational energy differences are retained then there is a small residual term from [42]. 

The contribution from the last two terms of [40] is found in a similar manner. It is given by 

which is zero because of the orthogonality of the vibrational wavefunctions. 
The calculations for the magnetic dipole transition moment follow similar lines, with the important difference that mO'" = - mmo. 

The leading contribution from the analogues of the first two terms of [40] is 
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The analogues of the last two terms are zero as in the electric 
dipole case because of the orthogonality of vibrational wave- 
functions. 

The question of model dependence is here of special 
importance. Different model Hamiltonians involve values of 
nuclear charge Za chosen to accord with assumptions about 
which electrons are to be treated as part of a nuclear core. The 
nuclear contribution to the magnetic transition moment [38] is 
proportional to the Z,, and if the total moment is to be indepen- 
dent of model, there must be compensation by the electronic 
contribution. Since there is no electronic contribution in the 
same (zeroth) order, as in the electric moment, we look for 
compensation from the higher order terms [45]. It is essential 
to keep these perturbation corrections as small as possible, 
especially if only first order corrections are taken, and therefore 
essential to choose a model with the lowest realistic values of 
effective nuclear charge. 

Circular dichroism can appear in vibrational transitions of 
optically active molecules. The total transition rate for such a 
transition 10,l) + (0,O) is 

the plus and minus signs holding for right- and left-circularly 
polarized light, respectively. Circular dichroism is given by the 
difference in absorption rates: 

where I is energy density per unit frequency and 

Using the expressions for the electric and magnetic transition 
moments calculated in the previous sections, the expression for 
R0'." follows directly. 

Origin-dependence of transition moments and rotatory 
strength 

It is well known that the matrix elements of the electric 
dipole moment are origin-independent in neutral molecules. 
Writing the electric dipole moment operator as 

1491 p = C ear, 
U 

where the sum is over all the charged particles, and displacing 
the origin of the vectors r, by p, we find the change in dipole 
moment, A p  to be 

which vanishes if the net charge on the molecule is zero. 
Since the result applies to the dipole operator it holds for the 
matrix elements of the dipole moment in any basis, exact or 
approximate. 

The matrix elements of the magnetic dipole moment are, 
however, origin-dependent, even in an exact basis. Writing the 
magnetic dipole moment operator as 

the change caused in the matrix elements of tn by an origin 
displacement by p is 

If 10) and In) are exact eigenstates of the molecular Ham- 
iltonian, we can replace the matrix elements of p, by those of 

where E,,' is the transition energy. Substitution in [52] gives 

.'O - (5) p." 1541 Am"' = (2) rap x r. - 2ih 
a 

where pnO is the matrix element of the electric dipole transition 
moment. Thus m is origin-dependent since [54] is not, in gen- 
eral, zero. However, if the electric dipole transition moment is 
zero, then [54] vanishes and the magnetic dipole transition 
moment is origin-independent. Similarly, the electric quadru- 
pole transition moment, which is of the same order as the 
magnetic moment, can be shown to be origin-independent 
when the electric moment is zero. 

We next show that matrix elements for circular dichroism are 
origin-independent in an exact basis, but not generally. The 
optical rotatory strength for a transition tz + 0 is given by [55]. 

[55] R"O = Im pU" em"' 

If the origin is displaced by p the change in the rotatory strength 
is given by [56], taking account of the origin-independence 
of IJ- 

where the states are eigenstates of the molecular Hamiltonian 
[ I ] ,  we use the result [54] for the change in the magnetic 
moment and find for the change in the optical rotatory strength 

the zero coming from the symmetry of the dipole moment 
product to i, j interchange coupled with the antisymmetry of 
E jjl Thus for exact eigenfunctions, the pseudoscalar rotatory 
strength R"O is independent of choice of origin. However, if 
approximate wavefunctions are used to describe the states, 
then the relation [53] between p and r does not hold, and the 
calculated circular dichroism depends on the origin chosen. 

For many calculations the origin is mostly conveniently 
chosen at the centre of mass. Translational motion is then 
uncoupled, and rotational averages of transition rates for ran- 
domly oriented molecules, calculated for this origin, can be 
compared with experimental values. 

The minimal coupling Hamiltonian and origin dependence 
The problem of origin-dependence in calculated quantities 

may be analysed within a broader frame, including the radi- 
ation field as well as the molecule. Origin-dependence is then 
a property of observables such as transition rate, instead of 
molecular properties such as multipole moments. In the min- 
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CRAIG AND THIRUNAMACHANDRAN 1779 

imal coupling formalism, the total Hamiltonian may be par- 
titioned as 

where HmOI and Hrtld are the molecule and radiation Ham- 
iltonians and the radiation-molecule coupling Hi,,, correct to 
order e, is 

In [59] p,  is the momentum of the a t h  particle with charge e,, 
and a ( q a )  is the vector potential at the particle position q,. The  
matrix element for the transition n +- 0 is found, by the stan- 
dard procedure (10,  1 1) 

[601 M,,o = ( h / 2 ~ 0 c k ~ ) ' / '  C ( ea /ma)e - (n ip ,  exp (ik.q,)(O) 
u 

where k is the wavevector of the incident photon resonant with 
the transition frequency, 

[61] w = ck = (E,, - Eo) /h  

and e is the photon polarization vector. 
For many calculations it is sufficient to retain the leading 

term of [60] found by expanding the exponential term. Reten- 
tion of this term only corresponds to treating the vector poten- 
tial as uniform over the molecule; it is the electric dipole term 
and evidently origin-independent. However, for calculation of 
quantities such as the differential absorption rates, it is neces- 
sary to retain the following term containing the first derivative 
of the vector potential. This adds the electric quadrupole and 
the magnetic dipole terms in the multipolar formalism. The  
matrix element to this order is 

From the Fermi rule, it follows that the absorption rate T is 
proportional to the modulus square of the matrix element, so 
that the correction to the pure electric dipole contribution is 

In [63] the summation over the charges is implicit. The  cor- 
rection term arises from the interference between the pure elec- 
tric dipole term and the electric quadrupole and the magnetic 
dipole terms. Suppose we displace the origin by -p so that q 
-+ q + p. Then the change AT is proportional to 

which is clearly zero, as may be seen by interchanging the 
indices i and j in one of the terms. Thus the transition rate to 
this order is origin-independent and the result holds for any 
basis functions, exact or  approximate. 

A similar analysis within the multipolar framework leads to 
the result that observables such as absorption rates are, in 
general, origin-dependent if approximate wavefunctions are 
used for the calculations. With exact wavefunctions the rates 
are origin-independent. To illustrate the origin-dependence 
with approximate wavefunctions, we consider circular di- 
chroism which is proportional to the rotational strength R"' for 
a randomly oriented system. Recalling that 

[651 RUO = I,,, m n ~  - - Im (~lrl t l) .( tzlr  x p10) 
2m 

a change of origin by p gives rise to the additional term 

T o  keep the arguments simple, it is assumed that the wave- 
function for the ground state is exact and that for the excited 
state is approximate. The excited state wavefunction can be  
expanded according to [67] 

[671 I + , , )  = cttllm) 
"I 

where lm) are the eigenfunctions of H,,,,,. Then the p-dependent 
term [66] becomes 

using the identity [53] ,  the above term can be re-written as 

which is not necessarily zero, thus demonstrating the origin 
dependence of rotational strength calculated using approximate 
wavefunctions. 
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C. N. R. RAO, P. VISHNU KAMATH, K. PRABHAKARAN, and M. S. HEGDE. Can. J. Chem. 63, 1780 (1985). 
Adsorption of CO has been investigated on the surfaces of polycrystalline transition metals as well as alloys by employing 

electron energy loss spectroscopy (eels) and ultraviolet photoelectron spectroscopy (ups). CO adsorbs on polycrystalline 
transition metal surfaces with a multiplicity of sites, each being associated with a characteristic CO stretching frequency; the 
relative intensities vary with temperature as well as coverage. Whilst at low temperatures (80- 120 K), low coordination sites 
are stabilized, the higher coordination sites are stabilized at higher temperatures (270-300 K). Adsorption on surfaces of 
polycrystalline alloys gives characteristic stretching frequencies due to the constituent metal sites. Alloying, however, causes 
a shift in the stretching frequencies, indicating the effect of the band structure on the nature of adsorption. The up spectra 
provide confirmatory evidence for the existence of separate metal sites in the alloys as well as for the high-temperature and 
low-temperature phases of adsorbed CO. 

C. N. R. RAO, P. VISHNU KAMATH, K. PRABHAKARAN et M. S. HEGDE. Can. J. Chem. 63, 1780 (1985). 
Faisant appel i la spectroscopie par perte d'knergie Clectronique (spee) et i la spectroscopie photoklectronique ultraviolette 

(spu), on a CtudiC l'adsorption du CO sur des surfaces de mCtaux de transition polycristallins ainsi que sur des alliages. Le CO 
s'adsorbe sur les surfaces polycristallines des mCtaux de transition avec une multiplicitC de sites et chacun est associC i une 
frkquence dlClongation du CO qui est caracteristique; les intensitCs relatives varient avec la tempkrature ainsi qu'avec le niveau 
de couverture. Alors qu'i  basse temperature (80- 120 K) les sites de basse coordination sont stabilisks, les sites de coordination 
plus ClevCe sont stabilisks i de s  tempkratures plus ClevCes (270-300 K). L'adsorption sur des surfaces d'alliages polycristallins 
foumit des frkquences d'Clongation caractkristiques qui sont dues aux sites mktalliques qui les constituent. La formation 
d'alliages provoque toutefois un dCplacement dans les frkquences d'klongation et la SPU foumit des donnCes qui confirment 
I'existence de sites mCtalliques sCparCs dans les alliages ainsi que la presence de phases de haute ainsi que de basse tempkratures 
pour l'adsorption du CO. 

[Traduit par le journal] 

Introduction 
Adsorption of carbon monoxide on single crystal surfaces of 

transition metals has been investigated extensively by employ- 
ing ultraviolet photoelectron spectroscopy (ups) and electron 
energy loss spectroscopy (eels) (1 -5) .  We considered it most 
valuable to investigate the adsorption of CO on polycrystalline 
metal surfaces by employing eels and ups because of the simi- 
larity between polycrystalline surfaces and catalyst surfaces, 
and to compare the results with those obtained on single crystal 
surfaces. Since eels is especially sensitive to the geometry of 
the adsorption site, the study was expected to throw light on the 
available-sites on polycrystalline surfaces. We have carried out 
studies on several transition metals including Mn, Fe, Co, Ni, 
Cu, Pd, Pt, and Ag in order to compare the reactivity of the 
metals with respect to CO. After having obtained the informa- 
tion on the multiplicity of sites on polycrystalline metal sur- 
faces, we have examined the adsorption of CO on the surfaces 
of polycrystalline binary alloys of copper (Cu-Mn, Cu-Ni, 
and Cu-Pd) in order to compare the behaviour with that on 
pure metal surfaces. The study of adsorption on binary alloys 
is expected to be of relevance to the behaviour of bimetallic 
catalvsts. 

Band structure of alloys is a subject of great interest and has 
been investigated widely by employing photoelectron spec- 
troscopy (6-8). These studies have shown that while the d- 
bandsessentially behave as predicted by the coherent potential 

' Contribution No. 268 from the Solid State and Structural Chem- 
istry Unit. 

Author to whom all correspondence should be addressed. 

model, the s-bands mix and fall into a rigid band (9). The rigid 
band model has interesting consequences for the adsorption of 
molecules such as CO on alloy surfaces. Alloys composed of 
metals varying widely in their reactivities would be expected to 
show intermediate reactivities. The phenomenon of chem- 
isorption can thus be a potential tool for understanding the 
electron states of alloys. It was our interest to explore whether 
the reactivities of alloy surfaces could be designed to lie in 
between those of the constituent metal surfaces, and also to 
determine in what way the alloy reactivity depends on the alloy 
composition. 

Experimental 
All electron spectroscopic measurements were performed on the 

ESCA 111 Mark 2 and VG ESCALAB - EELS spectrometers of V.G. 
Scientific Ltd., England. Both the spectrometers are fitted with sam- 
ple preparation chambers and independent gas handling systems for 
canying out adsorption studies. The spectrometers have been de- 
scribed elsewhere (10, 1 1). 

Polycrystalline foils of metals and their alloys were mounted on 
special temperature-variable probes and cleaned by etching with argon 
ions. At no time was the temperature of the sample allowed to go 
beyond 500 K. The X-ray photoelectron signals of the various im- 
purity levels were monitored using AlKa radiation ( h v  = 1486.6 eV) 
to ensure sample purity. 

High purity CO gas was introduced into the chamber using precision 
leak valves and exposures were measured in Langmuirs (L) (1 Lang- 
muir = lo6 Torr-s; 1 Torr = 133.3 Pa). 

It is well known that the surface composition of alloys varies greatly 
from the bulk composition due to surface segregation on annealing at 
high temperatures. The sample temperature was therefore not allowed 
to go beyond 500 K. The metal core levels in the alloys were carefully 
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TABLE I .  Bulk and surface composition of the 
alloys" 

Nominal Surface 
(bulk) composition composition 

Alloy atom percentage atom percentage 

Cu-Pd 8.9 Pd 9 Pd 
Cu-Pd 24.6 Pd 25 Pd 10LCOIAg ( 1 2 0 ~ )  
CU-Pd 50 Pd 49 Pd 10LCO/Cu(300K) 

Cu-Mn 25 Mn 11.3 Mn 
Cu-Ni 80 Ni 75 Ni 
Cu-Ni 40 Ni 42 Ni 

"Sample temperatures were generally below 500 K and 
no alloy was annealed at higher temperatures. 

monitored in the XPS, throughout the experiment, to characterize the 
surface composition. The surface compositions were calculated by 0.2 L C o I C o ( 3 o o ~ )  

employing the method described in the literature (12, 13) and, in Table 1 LCOI CO(IZOK) 
I, we show the nominal (bulk) and surface compositions of the alloys 
studied by us. It was found that etching did not alter the surface 5LCOIFe ( 1 2 0 ~ )  

composition significantly. Throughout the text, we have shown only 5 0 L C O I F e ( 3 0 0 ~ )  
the nominal compositions. 

The loss peak arising from the CO stretching vibration was decom- 
posed into component peaks, each having a line shape identical to the 10LCOIMn 
shape of the elastic peak, by using a least-squares fit. The component I I (120K) - 
spectra were shifted with respect to one another until the best fit  o 800 1600 2400 

between the recorded spectrum and the constructed spectrum was 
3 ( ~ r n - ' )  obtained. We have found loss peaks as narrow as the elastic peaks on 

some metal surfaces, where invariably a single species is present. We FIG. I. Typical eel spectra of CO adsorbed on a series of first row 
have illustrated one such instance in Fig. 1. transition metal surfaces. In the inset is shown a comparison of the 

A similar treatment of the peak arising from the metal-C stretching elastic peak (full line) and the loss peak (dashed line) in the case of CO 
vibration could not be carried out, due to its close proximity to the adsorbed on cu (50 L) to illustrate that [he two have an identical line 
elastic peak. shape. 

Results and discussion 
Adsorption of CO on polycrystalline metal su$aces by electron 

energy loss spectroscopy 
Adsorption of CO on single crystal transition metal surfaces 

has been studied extensively and these results have been re- 
viewed in the literature (14). The eels of chemisorbed CO 
shows two characteristic vibration frequencies due to the 
metal-carbon and the carbon-oxygen bond stretching modes. 
The appearance of the latter in eels suggests that the CO axis 
may be nearly perpendicular to the metal surface (15) as indeed 
established by LEED and other studies (16, 17). 

CO binds to the metal site through its 5 u  non-bonding or- 
bital, while at the same time the metal back-donates substantial 
electron density into the 2n" level (18). This back-donation 
lowers the bond order in adsorbed CO, leading to a decreased 
stretching frequency. Depending on the strength of the metal 
-CO interaction, the CO stretching frequency lies in the ranges 
1992-21 10 cm-', 1850-1970 cm-', 1650-1850 cm-I. Shep- 
pard and Nguyen (19) have assigned these frequencies to CO 
in the linear, B, bridged, and B4 bridged species. At step and 
kink sites, values of CO stretching frequencies as low as 1530 
cm-' are found (20). These values correspond well with those 
of the analogous transition metal complexes. 

While the CO bond stretching frequency is known to vary 
with the change in the adsorption site, variation between the 
different single crystal surfaces is rather small for the same 
given site. Thus, while the B, bridged site and the linear on-top 
site show CO stretching frequencies of 1927 and 2064 cm-' 
respectively on a Ni(100) surface (15), the B2 bridged site on 
a Ni(ll1) surface shows a frequency of 191 1 cm-' (21). This 

shows that the effect of the surface structure of the adsorbent 
is secondary in nature. Similar conclusions have been derived 
by Broden et al. (23) in their systematic studies of the heats of 
adsorption of CO on transition metals. 

In Fig. 1 we show typical eel spectra of CO adsorbed on a 
series of polycrystalline transition metal surfaces. The loss 
peaks are generally much broader than the elastic peaks in all 
cases, suggesting the existence of a multiplicity of adsorbed 
CO species on the polycrystalline metal surfaces. We have 
therefore decomposed the loss peak due to the CO stretch into 
several components in each case and the results of these anal- 
yses are summarized in Table 2. The loss peaks shift on in- 
creasing exposure, indicating the existence of strong lateral 
interactions in the adsorbate layer. 

Polycrystalline Mn surfaces are extremely reactive to the 
adsorption of CO, on account of the very high enthalpy of 
formation of MnO and MnC (22). Accordingly, CO undergoes 
dissociative chemisorption on Mn at all temperatures ranging 
from 120-300 K and eel spectra show only a single loss peak 
in the low-energy range, corresponding to the Mn-0 and 
Mn-C stretching frequencies. 

Iron lies close to the border line (in the periodic table) sepa- 
rating metals which exhibit molecular adsorption of CO from 
those that exhibit dissociative adsorption (23). Consequently 
the behaviour of Fe is ambivalent and it adsorbs CO dis- 
sociatively at 300 K and molecularly at 120 K. In the low- 
temperature phase, the peak due to CO stretch is 60% broader 
than the elastic peak over the entire range of exposures, with a 
pronounced asymmetry on the lower~energy - side. Decom- 
position of this peak into three distinct components yields the 
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TABLE 2. Stretching frequencies of CO adsorbed on polycrystalline transition met- 
al surfacesa 

Metal Temp (K) v(M-C) (cm-I) v(C0) (cm-') 

"Values in parentheses are at high exposures. 

1680 1840 2000 
3 cc m-' ) 

Frc. 2. CO stretching bands in eels of CO adsorbed on Fe along 
with the component peaks. 

best fit between the recorded and the constructed spectra (Fig. 
2); the three stretching frequencies at 1790, 1895, and 1967 
cm-' can be assigned to the B4, B2, and on-top linear species 
respectively. These frequencies progressively shift to 1846, 
1935, and 2008 cm-I, with increasing exposure (up to 60 L). 
These shifts could be due to adsorbate-adsorbate interaction. 
The nature of the species essentially remains unchanged. The 
1895 cm-I peak is about 47% in intensity over the whole range 
of exposures. The on-top linear species gains marginally in 
intensity at the expense of the B4 species on increasing the 
exposure. 

Cobalt exhibits molecular chemisorption of CO over the 
entire range of temperatures from 120-300 K .  The nature of 
the species and their relative intensities, however, are different 
at 120 K and 300 K .  At 120 K ,  we can discern three species 
with CO stretching frequencies at 1863, 1967, and 2040 cm-'; 
the last of these, corresponding to the on-top linearly adsorbed 
species, grows rapidly with exposure to become the predom- 
inant species. At 300 K, the three peaks appear at 1822- 1887, 
1951, and 2016 cm-'; with increasing exposure, the species at 
1951 cm-I grows in intensity at the expense of the species at 
2016 cm-'. The former is clearly due to the B2 bridged CO 

while the latter is due to the linear on-top CO. While the on-top 
linear CO is the stable species at low temperatures (up to 120 
K), the B2 site appears to be the preferred site at 300 K .  

CO adsorption on polycrystalline Ni shows characteristics 
identical to those on single crystal Ni surfaces (15). At low 
temperature (120 K), we see two stretching frequencies at 1927 
and 2092 cm-I, respectively, due to the B2 bridged and linear 
on-top adsorption sites. In addition, a peak of low intensity is 
seen at 1790 cm-' ,  which can be assigned to a CO bound to a 
higher coordination site. However, at 273 K ,  we do not see any 
CO stretch below 1800 cm-I. At very low exposures (< 1 L), 
we see two distinct peaks at 1887 and 2024 cm-'. These two, 
however, merge at higher exposures to give a single broad peak 
with its maximum centred at 1967 cm-I. This change has been 
attributed to a surface phase transition in adsorbed CO, in 
which a compression of the adsorbed layer lattice occurs (15). 

Copper exhibits molecular chemisorption of CO at low tem- 
peratures (120-200 K) while at 300 K, even after prolonged 
exposure, no ad-layer pick-up is seen (Fig. 1). In the low- 
temperature phase, the peak due to the CO stretch is 20% 
broader than the elastic peak below 10 L exposure. The peak, 
however, gets progressively narrower and becomes as narrow 
as the elastic peak beyond 50 L; there is, however, no signifi- 
cant change in the peak position. We therefore sought to de- 
compose the peaks at low exposures into two component peaks 
(see Fig. 3a); the decomposition yields two peaks at 2056 cm-I 
and 2096 cm-', the intensity of the former progressively de- 
creasing with increasing exposure. Clearly, at low exposures 
the presence of a large number of vacant sites permits the 
adsorption of CO in more than one geometry. On increasing the 
exposure, however, one of the species grows at the expense of 
the other (Fig. 3b). 

CO adsorbs molecularly on Pd over the 120-300 K range 
forming a number of species. While the spectra at 300 K can 
be decomposed into three component peaks, spectra at 120 K 
show the existence of four peaks. The predominant peak at 300 
K appears at 1935 cm-I, having 50-60% of the total intensity, 
while the predominant peak at 120 K appears at 2000 cm-'. 
The 1935 cm-' peak is due to bridged B2 CO, while the 2000 
cm-' peak is due to on-top linear CO. The low-temperature 
phase shows the existence of yet another weakly bound termi- 
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FIG. 3. (a) The eels of CO adsorbed on Cu showing the two- 
component peaks. (b) Variation of the intensity of the two-component 
peaks (expressed as a percentage of the total intensity) with exposure 
(in Langmuirs). Curve (I)  is for the 2096 cm-' peak and curve (2) is 
for the 2056 cm-' peak. 

nal CO at 2080 cm-', which is absent in the spectra recorded 
at 300 K. The predominant species in the 300 K spectra appears 
as the second most intense peak in the low-temperature spectra. 
The B3 bridged CO at 1838 cm-' appears with 11 -25% in- 
tensity in the 300 K spectra, while at low temperature its 
intensity is -10% of the total intensity. These observations 
indicate that at low temperatures the lower-coordination spe- 
cies are preferred, while at higher temperatures the higher- 
coordination species are preferred. 

Pt also adsorbs CO molecularly at all temperatures from 
120-300 K. At low exposures ((0.1 L at 300 K and <0.5 L 
at 150 K), we see a single sharp peak at 2064 cm-'. On going 
to higher exposures, a second CO stretching peak at 1870 cm-' 
appears. But the relative proportions of the two peaks remain 
unchanged on further exposure up to 1000 L. These two peaks 
can be readily assigned to the on-top linear (2064 cm-') and the 
B2 bridge site (187 1 cm-') adsorption respectively (Fig. 4). The 
proportion of the bridged site species is approximately 10% at 
300 K and 16% at 150 K over a wide range of exposures. 

Ag does not show any ad-layer pick-up, even on prolonged 
exposure to CO over the entire temperature range of 80-300 K. 
However, physisorption of CO seems to occur on Ag at tem- 
peratures below 50 K (24). 

FIG. 4. The eel spectrum of CO adsorbed on polycrystalline Pt. 

FIG. 5. The eel spectra of CO adsorbed on CuMn alloy surfaces. 
Inset shows the eel spectrum of CO adsorbed on polycrystalline Mn. 

These studies of the adsorption of CO on polycrystalline 
metal surfaces suggest that the metal reactivity with respect to 
adsorption of CO varies in the order Mn = Fe (300 K) > Fe 
(120 K) - Co - Ni = Cu (120 K) > Cu (300 K) - Ag. At 
one end we see dissociative chemisorption, while at the other 
end we see no chemisorption. We therefore thought it in- 
structive to study the adsorption of CO on binary alloys of 
metals widely varying in their reactivities and also in the nature 
of adsorbed species they stabilize. 

Adsorption of CO on polycrystalline alloy surfaces by electron 
energy loss spectroscopy 

The eel spectrum of CO adsorbed on Cu-Mn alloys with 
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TABLE 3. Stretching frequencies for CO adsorbed on copper alloys 

Alloy Temp (K) v(M-C) (cm-') v(C0) (cm-') 

CuMn(25% Mn) 120 371; 596 - 
CuMn(40% Mn) 120 37 1 ; 596 - 

CuPd(9% Pd) 120 435 2032( 1887,2056)" 
300 - - 

CuPd(49% Pd) 120 306 1927; 2096 
300 338 191 1 ;  2056 

CuNi(80% Ni) 300 322 1854; 2032(1814,1935,2088) 

"Values in parentheses are peak positions observed at high exposures 

FIG. 6. The eel spectra of CO adsorbed on polycrystalline CuPd 
(9% Pd). Inset shows the peak due to the CO stretch. Vertical lines 
mark the peak positions. 

25% Mn and 40% Mn are shown in Fig. 5.  Two peaks at 371 
cm-' and 596 cm-' can be seen and there are no peaks in the 
energy range 1700-2100 cm-'. These two can be assigned to 
the meta1-C and metal-0 stretches of the mixed carbide- 
oxide layer arising from the dissociative chemisorption of CO 
on the alloy. 

CO adsorbed on Cu-Ni alloys shows peaks at 1814, 1935, 
and 2088 cm-' (Table 3), similar to those seen on Ni at low 
temperature (120 K). However, unlike those on pure Ni, the 
peaks do not merge at high exposures to give a single broad 
peak. It appears as though the Ni sites in Cu-Ni alloys are 
considerably different from those on pure Ni surface. Thus they 
exhibit features which are essentially those of Ni at low tem- 
peratures even at 273 K. It is, however, not clear if the Cu sites 
show adsorption at 273 K, for any such adsorption would lead 
to a peak at 2096 cm-' (which cannot be explicitly resolved). 
The peak at 2088 cm-I, however, has a much higher relative 
intensity in Cu-Ni alloys than in pure Ni, suggesting that the 

extra intensity could arise from the species adsorbed on the Cu 
sites of the alloy. We believe that the substantial changes found 
with the Cu-Ni alloys (compared to the parent metals) cannot 
be brought about by one of the metals merely acting as a spacer; 
this is particularly so in the Ni-rich alloys. 

Cuo91Pdo.09 does not show any ad-layer even after prolonged 
exposure to CO at 273 K. However, at lower temperatures (120 
K), it shows a single peak at 2030 cm-' at low exposures and 
two peaks at 1887 and 2056 cm-' at higher exposures (Fig. 6). 
These two peaks can be attributed to CO stretching vibrations 
arising from the CO bonded to the Pd and the Cu sites re- 
spectively. As mentioned earlier, we observe two kinds of 
linearly adsorbed CO species on the surface of pure Cu, with 
stretching frequencies of 2056 and 2096 cm-I. In CUO,~,P&.O~ 
alloy, although the Cu and Pd sites remain distinct, it is the 
2056 cm-' species that is stabilized. This is indicative of a 
certain degree of mixing of the Cu and Pd bands on alloying. 
The Pd site shows a peak at 1887 cm-l, which is different from 
those seen on pure Pd (Table 3). 

In C U ~ . ~ ~ P ~ ~ , ~ ~ ,  low-temperature (120 K) adsorption gives 
rise to peaks at 1927 and 2096 cm-', probably due to CO 
adsorbed on Pd and Cu sites, respectively. At 273 K,  there is 
a shift of the 2096 cm-' peak to 2056 cm-' ,  the latter corre- 
sponding to the peak found on Cu at low exposures (Fig. 7). It 
is noteworthy that on pure Cu there is no adsorption at 273 K. 

Ultraviolet photoelectron spectra of CO adsorbed on poly- 
crystalline metals and alloys 

The up spectra of adsorbed CO generally consist of two 
peaks arising from the (5u + IT) and 4 0  levels. This has been 
described in detail elsewhere (25). While CO adsorbed on Pd 
and Ni exhibits the characteristic two-peak spectrum in ups, 
CO adsorbed on Cu shows a complicated structure (Fig. 8) 
similar to that described by other workers (26). This distinct 
difference in the up spectra of CO adsorbed on Cu and other 
transition metals makes the study of CO adsorption on alloys 
feasible (Table 4). 

The up spectrum of CO adsorbed on Cu-Mn alloys shows 
only one prominent peak at 6 eV below the Fermi level. Such 
a spectrum is characteristic of photoionization from the O(2p) 
level of atomic oxygen. This clearly shows that CO adsorbs 
dissociatively on the CuMn alloy surfaces (as also shown by 
eels); Cu-Mn alloys behave essentially like pure Mn, even in 
Cu-rich compositions. 

The case of Cu-Pd alloys is more interesting. In Fig. 9 we 
show the up spectra of CO adsorbed on C U ~ , ~ , P & . ~ ~ ,  At low 
exposures at 100 K we see the two-peak structure characteristic 
of CO adsorbed on Pd sites, although the peaks are substan- 
tially broader than on pure Pd (27). On increasing the exposure, 
the spectrum becomes more complicated, like that of Cu. This 
is understandable from the point of view of metal reactivity to 
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RAO ET AL 

FIG. 7. The eel spectra of CO adsorbed on polycrystalline CuPd 
(49% Pd). Inset shows the peak due to CO stretch. Vertical lines mark 
the peak positions. 

FIG. 8. Typical He11 spectra of CO adsorbed on polycrystalline Cu 
and Ni. Vertical lines in the figure mark the peak positions of CO 
adsorbed on polycrystalline Pd (ref. 27). 

CO.  Pd, being more reactive, gets covered first, the Cu sites 
being occupied only at higher exposures. On heating the alloy 
surface to 200 K ,  the spectral features revert to those found on 
the Pd surface. The  high-temperature spectrum is much nar- 
rower and is shifted to lower energies. Such differences in the 

FIG. 9. Typical difference spectra for CO adsorbed on CuPd (9% 
Pd). For a description of the features marked A, B,  and C, see the text. 

TABLE 4. Electron states (in eV) of CO adsorbed on alloys'' 

Alloy (50 + In )  40 

CuPd(9% Pd) (80 K) 4.7(4.7) 9.5(9.5) 13(12.5; 13.9) 
(200 K) - 9.2 12.5 

CuPd(25% Pd) (80 K) 5.0 9.5 12.6 
(272K) 5.1 8.9 11.8 

CuNi(40% Ni) (80 K) 4.7(4.7) 9.4(9.4) 12.6(12.2; 14.4) 
(200 K) - 8.6 11.8 

CuNi(80% Ni) (80 K) 4.6 9.2 12.6 
(300 K) - 8.6 11.7 

CuMn(25% Mn) (80 K) - 8.5 - 

"The features around 5 eV may be due to a level derived from the 5u (CO) 
or a metal d 2 271* (CO) level. 

high-temperature and low-temperature phases have been ob- 
served earlier on C U ~ . ~ ~ N ~ ~ . ~ ~  alloy (28) and can be  attributed to 
adsorbate-adsorbate interactions. At 300 K ,  C U ~ , ~ , P ~ , , , ,  does 
not show any C O  pick-up, like Cu ,  while pure Pd metal adsorbs 
C O  at room temperature. 

T h e  region of the spectrum in the energy range 0-5  eV is 
extremely interesting. The valence band of clean Cuo.91Pdo.09 
alloy shows a new feature A,  in addition to the s-band and 
d-band of pure Cu; the latter is marked B in Fig. 9 .  Feature A 
is clearly the contribution of Pd to the alloy valence band. O n  
exposing the clean surface to C O ,  an additional feature marked 
C grows on the higher binding energy side of the alloy valence 
band. These peak shape changes are exemplified in the differ- 
ence spectra shown in Fig. 9 .  The region A,  where Pd con- 
tributes to the alloy valence band, clearly shows a depletion in 
electron density, while the region B clearly shows substantial 
remnant d-band electron density. The  feature C appearing at 
-4.8 eV is intense. W e  can conclude from these changes that 
the Pd sites are mainly responsible for electron transfer from 
the alloy to the adsorbed C O  molecule. While it is possible that 
the feature C could be  due to a So-metal (d) derived level, w e  
cannot preclude the possibility of its arising rom I),,,,, + 
I)271t(C0, type of levels, which are expected to lie close to the 
Fermi level (29,30) .  The  nature of the spectrum remains essen- 
tially unchanged in the high-temperature phases of adsorbed 
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FIG. 10. Typical He11 spectra of CO adsorbed on polycrystalline 
CuNi (80% Ni) alloy. 

CO, thus indicating that the nature of alloy-CO bonding also 
remains essentially unchanged. 

In adsorption characteristics of CO are identical 
to those seen in the case of pure Pd. There is, however, a small 
shift towards lower binding energy in the room temperature 
adsorbed phase compared to the low-temperature (80 K) ad- 
sorbed phase. The features in the 0-5 eV region remain similar 
to those observed in the case of Cuo.91Pdo,09 alloy. 

C U ~ . ~ ~ N ~ ~ . ~ ~  behaves similar to the in that it shows 
a two-peak spectrum characteristic of CO adsorbed on the Ni 
sites at low exposures, while at higher exposures a complex 
spectrum similar to that found on Cu surface is seen. Warming 
the surface gives back the two-peak (Ni-like) spectrum, which 
is shifted to lower energies by nearly 1 eV. 

Cuo,~oNio.80 shows the two-peak spectrum characteristic of 
CO adsorbed on Ni at all exposures and over the entire 80-300 
K range (see Fig. 10). There is, however, a 1-eV shift in the 
binding energies of the low- and high-temperature adsorbed 
phases, as in the case of the other alloys (see Fig. 11). The 
difference spectra with the Cu--Ni alloys show the existence of 
a third peak in the low-energy (0-5 eV) region similar to the 
one seen in the case of Cuo,91Pdo.09. The Ni d-band shows 
considerable depletion in electron density on adsorption of CO, 
showing thereby that Ni plays a role analogous to that of Pd in 
CuPd alloys. 

Although eels shows the existence of several species in met- 
als and alloys, ups seems to more clearly distinguish the differ- 

FIG. 11. Typical difference spectra for CO adsorbed on poly- 
crystalline CuNi (80% Ni) alloy. Inset shows the spectra of low and 
high temperature phases of adsorbed CO. 

ent metal sites in alloys. The eels also provides information 
about the stereochemistry of the various adsorbed species. 
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Potentiel d'erreur et seconde quantification: application a la correlation 

ALEXANDRE LAFORGUE 
Laboratoire de Mtcaniqire Ondulatoire Applique'e, B.P. 347, Utliversite' de Reims, 51062 Reims Cedex, France 

Requ le 20 aoDt 1984 

Cet article est dtdit  au Professeur Camille Sar~dorb ci 1'occa.siorz de son 65' arzniversaire 

ALEXANDRE LAFORGUE. Can. J .  Chem. 63, 1788 (1985). 
On soumet i un nouvel examen une mkthode reposant sur le concept de potentiel d'erreur. La correction perturbative de 

I'erreur est analyske sur l'exemple de la corrklation. On peut substituer i un ensemble d'opkrations dont le rksultat ne peut Ctre 
linkaire un opkrateur de "perturbation corrective de I'erreur" indick d'une configuration qui, lui, est linkaire dans tout I'espace 
des interactions. Sommant sur toutes les configurations, on parvient 6 un opkrateur de correction linkariske de I'erreur (Cle) 
indick du rang de la correction et dont l'itkration indkfinie rkalise I'interaction de configuration complkte, sans processus de 
diagonalisation. Une rkcurrence rapidement convergente permet la dktermination de cet opkrateur et son itkration rkalise un 
opkrateur de corrklation adapt6 i toutes les configurations de la base. La seconde quantification permet de dkvelopper en 
polynomes de creation-destruction tant la correction linkariske de I'erreur que la corrklation globale. L'une et I'autre peuvent 
faire I'objet d'un dkveloppement en grappes. La matrice d'excitation apparait alors comme la somme d'une skrie de matrices 
calculables par perturbation. 

ALEXANDRE LAFORGUE. Can. J. Chem. 63, 1788 (1985). 
We reexamine an error potential method. The so-called "perturbative error correction" is analysed on the pattern of the 

correlation problem. In the whole C.I. space the idea of a perturbation correction of each w.f., cannot lead to a linear operator. 
But a restriction of this process to the uncorrelated q-configurations only permits proposing a q-operator which is of linear form 
in the whole C.I. space. Summing over q we obtain a Cle, operator adapted to an r-repetitive method which performs the whole 
C.I. without diagonalization. On the other hand Cler is determined by a rapidly convergent, recurrent process. Its r-times 
product has as a limit a correlation operator adapted to all the electronic configurations. Now, the second quantization 
formalism expands under a polynomial form both the cle, and the correlation operator. Both these operators can be expanded 
in clusters. Then the excitation matrix appears to be a sum of an infinite sct of r-matrices which can be determined by an 
ordinary perturbation. 

I. Introduction 
I- 1 . Historique 

J'ai rencontre Camille Sandorfy a Paris des 1949 et il a guide 
mes premiers pas dans les calculs de la chimie quantique. C'est 
pourquoi je voudrais consacrer cet article B un nouvel examen 
d'un sujet que j'ai developpe a cette epoque. 

La thCorie la plus seduisante Ctait alors celle des chaines 
organiques conjugutes (1) et des cycles aromatiques, ou les 
approximations de Hiickel en methode des orbitales molecu- 
laires donnent un accord ttonnant avec l'experience. Mais 
l'introduction des heteroatomes itant un probleme ma1 resolu, 
je tentais, comme beaucoup (2), de developper une extension 
coherente (3-6). Dans notre cas, le concept d'approximations 
physiques successives corrigeant les contradictions du modkle 
(par exemple, modkration des moments polaires (7), ou, au 
contraire, apparition de moments polaires negliges en premiere 
approximation (8)) s'exprimait par l'emploi systematique de 
l'effet de charge (3), de l'effet de valence libre (4). I1 con- 
duisait B la recherche de l'erreur (9). 

L'interaction de configuration (10- 12) fournissait d'autre 
part un modele interessant de representation de l'erreur 
( 12- 14). L'une des configurations en effet, largement domi- 
nante en gCnCral, peut &re dite I'approximation non correllC et 
chacune des autres, si nombreuses soient-elles, n'est que l'une 
des composantes de I'erreur sur la fonction d'onde. Elle invite 
plus gkneralement encore 2 comparer toute approximation pro- 
posCe a la solution rigoureuse (15). 

1-2. Potentiel d'erreur 
La notion introduite 2 cette fin est trks simple et tres gtnerale 

(16-20). C'est le potentiel d'erreur que I'on doit ajouter au 
potentiel d'un systeme pour retrouver comme solution telle 
fonction approchie que l'on desire. I1 est defini dans I'espace 
de configuration mais r e~o i t  parfois une signification physique 

directe. 
Ce potentiel permet soit I'analyse de l'erreur, soit sa cor- 

rection (soit sur les structures, soit sur l'inergie) par des mi-  
thodes soit variationnelles soit perturbatives. 

Une correction perturbative par le potentiel d'erreur attache 
a toute fonction d'onde une autre "meilleure", cette qualit6 
Ctant prCcisCe par le calcul de l'erreur i craindre sur les diverses 
grandeurs physiques. On est donc conduit a une correction 
indCfinie de l'erreur. Par exemple on rCsoud le probleme de 
l'interaction de configuration, ce processus ayant pour effet de 
diagonaliser la matrice Hamiltonienne. 

On imagine enfin des algorithmes elargissant le domaine de 
recherche au fur et a mesure que l'on progresse vers la solution 
optimale (21). 

Les possibilites d'applications ne semblent pas limitees B un 
type Ctroit de problkmes. Le potentiel d'erreur intewient dans 
la comprkhension des forces quantiques (20), dans la dis- 
cussion de l'equation d'onde (21, 22), dans chacun des modes 
de construction des fonctions d'onde molCculaires. 

Ainsi, les effets de charge et de valence libre etaient expli- 
quCs, les consCquences de l'interaction de configurations 
Ctaient interpretees, mais surtout on pouvait conclure qu'un 
probleme essentiel de la chimie quantique etait rbolu: cons- 
truire par des algorithmes repetitifs des fonctions d'onde s'ap- 
prochant, autant qu'il est requis, de la solution exacte avec une 
incertitude calculable B I'avance sur une grandeur physique 
donnee. 

1-3. Discussion du potentiel d'erreur 
Or, trente ans plus tard, on constate que cette voie qui a pu 

seduire n'a pas ete generalement suivie. Pourtant des formes 
particulieres du potentiel d'erreur ont etC retrouvtes indepen- 
damment par differents auteurs de 1960 5 1980: potentiel de 
fluctuation de Sinanoglu (23a); developpements de Nesbet 
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(23b); methodes d'interaction de configuration basies sur la 
theorie, telle M R D C I (23c) ou C I P S I (23d); theorie des 
paires d'electrons couplCs de Cizek et Paldus (24a). D'autre 
part on assiste, dans la mCme periode, au diveloppement de la 
litterature sur le calcul d'erreur (voir par exemple la ref. 24b). 

Enfin on peut citer, a I'actif de la theorie, des filiations avec 
les pseudo-potentiels (voir la ref. 24c), et plus generalement 
avec les Hamiltoniens effectifs, avec les techniques iteratives 
de determination des structures molCculaires, avec l'analyse 
d'une fonction d'onde en orbitales de recouvrement maximum 
(24d), sans parler de 1'Cpistemologie de la chimie quantique. 

Certes en 1954, le calcul Clectronique (sous une forme qui 
nous semble tres archa'ique) commen~ait tout juste a Ctre mis en 
oeuvre en chimie quantique (3). 

Mais je ne vois qu'une seule raison intrinseque a la rarete 
d'utilisation de la theorie initiale: si nous envisageons, sous sa 
forme la plus directe, la perturbation corrigeant le potentiel 
d'erreur, l'optrateur qui la repre'sente globalement ne peut 2tre 
line'aire. Cette non-linearit6 contrarie les formalismes mathe- 
matiques usuels, les habitudes de pensee, entraine des diffi- 
cultis pratiques. 

1-4. Objet de cet article 
Dans ce travail, nous essayons d'une part de surmonter cet 

obstacle, d'autre part de rattacher I'idCe d'une correction per- 
turbative de l'erreur au developpement des methodes de se- 
conde quantification (24a, 25-27). Notre fil directeur sera la 
linearisation de cet operateur. Notre exemple privilegii sera 
celui de la correlation. 

On parvient d'abord a une formulation precise de cet ope- 
rateur implicite en se restreignant aux configurations pures, 
non correllees. Sommant sur ces configurations, on parviendra 

un operateur de "correction lineaire de I'erreur" (Cle). Une 
recurrence rapidement convergente determine ces operateurs. 

Cet operateur linearise s'exprime tres directement dans les 
termes de la seconde quantification. 11 en est de mCme du 
resultat d'une infinite d'iterations qui est un operateur de cor- 
relation adapt6 a toutes les configurations. L'un et I'autre pour- 
ront Ctre dtveloppes en grappes (expanded in clusters). La 
matrice d'excitation apparaitra alors comme la somme d'une 
skrie de matrices attachees aux corrections successives. Ce 
nouvel accks aux mithodes de seconde quantification kclaire 
leur signification physique, semble permettre une nouvelle 
analyse de leurs risultats et de leurs extensions possibles, sug- 
gere une methode alternative de calcul de la matrice d'ex- 
citation et donc des abaissements d'energie. 

11. Correction repktee du defaut de correlation 
par perturbation 

11- 1. Principe 
La chimie quantique construit frequemment des fonctions 

non correllees. 11 en resulte (17) un potentiel d'erreur. La 
correction perturbative de I'erreur representee par ce potentiel, 
puis par les potentiels d'erreur successifs attaches aux fonctions 
de plus en plus correllCes, constitue une mkthode de correction 
indefinie du dkfaut de correlation. 

Plus pricisement, considerons un ensemble U d'orbitales 
molCculaires orthonormkes l'ensemble Cj) des spinorbitales j 
correspondantes, l'ensemble {+) des fonctions determinants + 
construites sur ces spinorbitales, l'ensemble des fonctions de 
configuration r construites sur ces determinants et sous-tendant 
un espace %. On peut indicer les r de q = 0 a Q - 1, selon les 
valeurs croissantes de I'integrale 

deduite de IIHamiltonien h. A chaque valeur de q correspond, 
souvent sans ambiguyte, un etat propre IA, q) d: h appartenant 
a une Cnergie propre W,. La representation (H) de H dans % 
definit q)  et WiC par interaction de configuration (IC) dite 
complete. La suite Ir ,  q), E, est l'approximation non correllie 
de la suite /A", q), w,", elle-mCme approximation de la suite 
IA, q),  W,. I1 lui correspond la suite des potentiels d'erreur 

(Nous ecrivons ici ( r ,  q) parce qu'il s'agit de la forme ana- 
lytique de la fonction et non du vecteur d'etat.) 

Nous avons propose de representer un optrateur de cor- 
relation convenant a un Ctat q par le produit d'une suite infinie 
de corrections approchees. Daps % ces divers operateurs sont 
representes par des matrices (C,) de telle sorte que 

Ces corrections successives font intervenir une chaine de fonc- 
tions approchees I$, r )  depuis I r ,  q) jusqu'a IAIc, q): 

Par definition la "correction perturbative de I'erreur, pour le 
niveau q approche", est la perturbation par  un potentiel - "lf, 
- oppose' du potentiel d'erreur. Nous admettons ici que I$,, q )  
ne peut &tre une moins bonne approximation que I$,- ,, q). 
Dans une discussion plus complete, on introduit un coefficient 
modulant ce potentiel (17), et on demontre la proposition 
pr6cCdente. 

Le modele d'un espace des interactions de configuration 
ainsi construit va nous servir dans les chapitres I1 et 111, 
developper la theorie selon des formules independantes de 
I'idCe physique de correlation. La correlation proprement dite 
sera introduite au chapitre IV avec le formalisme de la seconde 
quantification. 

11-2. Rtalisation de la perturbation corrective de l'erreur pour 
le niveau q 

Pour effectuer la correction perturbative, nous avons suggere 
(17) d'utiliser formellement I'expressiqn de Schrodinger en 
rempla~ant la suite des ttats propres de H + "lf, par I'ensemble 
fini des I$,, q) obtenus pour les divers niveaux q. Cette base est 
donc variable avec le rang r de ]'iteration. 

Or la base obtenue par le perturbation seule, nkcessairement 
tronquee 2 un ordre fini, n'est pas orthogonale. Nous pouvons 
soit adapter la formule des perturbations a une base oblique 
(17, Note 50, paragraphe XIII, 4), soit construire une base 
orthogonale I$:, q) a partir d'une base oblique (Or, q) selon un 
processus connu: 

4 - 1  

[5al I$:, q) = (or, q)  + C CL;' lor, P) ($:,  PI$^, 4) 
r = O  

Normalisons: 

Les Q equations [5] dkfinissent les coefficients $ ( r )  La 
base construite I$,, q)  est la mCme pour I'btude de chaque 
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niveau q, bien que ne contenant gCnCralernent pas le,, q) si 
q * 0. 

On peut alors effectuer la perturbation par I'opposC du poten- 
tie1 d'erreur sur I$,, q): 

P + q A  

[7cl ~ ; = ( + , , p l H I $ , , q )  etc . . .  

0 H; 
pPq(r) = etc. . . H:;; - H; 

base orthogonale d: 

[8a] = ( r )  pfj(r) selon [5a,b] 

base oblique 93: 

Le potentiel d'erreur n'a ainsi servi que d'intermediaire de 
calcul (17). On vCrifie que dans le dCveloppernent 6,E, de 
l'knergie de perturbation, la perturbation premiere est nulle. 

Les vecteurs I$,, q) constituent les approximations succes- 
sives du vecteur IA", q). I1 rksulte de la discussion (17, 19) que 
le processus [7a], [5] dirninue l'erreur a craindre sur 1'Cnergie. 
D'autre part il ne se rarnene a l'opkrateur identit6 que si 

c'est-a-dire si l'on est parvenu a un vecteur propre de H. 
L'application de [7a], [6] aux divers niveaux rtsoud le pro- 

blerne de I'interaction de configuration complete en Cvitant la 
rksolution des systernes d'kquations IinCaires correspondantes 
rnais avec l'obligation de redCfinir une base d ou 93 de '% selon 
les Cquations [5], [6]. . . a chaque ClCvation de rang r. 

Nous allons vtrifier ces propriCtCs sur le rnodele a deux 
niveaux et dkterminer dans ce cas la vitesse de convergence. 

11-3. Modile a deux niveaux 
Soit la matrice Harniltonienne rCelle 

reprksentant f i  dans '% = IT, 0) @ IT, 1). Ses valeurs propres 
sont 

E o + E l  E o - E l  w;c = - -- 
2 2 cos w 

ses vecteurs propres sont 

IAIC, 0) = cos w IT, 0) + sin w Ir, 1) 
r9hl 
L -  - ., 

IA1', 1) = sin w Ir, 0) + cos co Ir, 1) 

en posant 

Retrouvons ces rksultats par la correction indCfinie de poten- 
tie1 d'erreur selon les forrnules [5], [6] et [7a,c]. Pour cela, 
utilisons le rtferentiel orthogonal mobile. L'itCration de rang r 
s'Ccrit, apres re-normalisation: 

[leal I$,, 0) = cos y, I+,, 0) + sin y, I*,, 1) 

[lob1 I$,, 1) = sin y, I$,, 0) + cos y, I*,, 1) 

en posant 

[ 1 0 ~ 1  tg y, = p:, (r) 

On observe que [IOU] est entierernent dCterminC par la per- 
turbation [7a] alors que [lob] est determine par l'ortho- 
gonalisation [6a, b]. On rernarque la diffkrence entre la formule 
[9c] qui dCtermine l'interaction de configuration et [IOc] qui 
determine la correction perturbative de l'erreur. A la premiere 
iteration 

Lorsque l'erreur est petite, 

El0 w=-- 
E l  - Eo - yo 

la premiere correction conduit tres pres de l'interaction de 
configuration complete, l'erreur Ctant donnee par 

Revenant au referentiel fixe Ir, O), ( r ,  1). 

I*,, 0) = Ir, 0) cos a, + Ir, 1) sin a, 
[I la1 

1) = -Ir, 0) sin a, + Ir, 1) cos a, 

Nous avons (17, Note 5 1 du paragraphe XVI, 5) la relation de 
rtcurrence, Cquivalente a [lOd] a la rotation pres du referentiel: 

et la suite a, ne peut diverger. 
Lor'sque I'itCration se poursuit 

m 

[ l l d ]  w = l i rna ,  = C y, 
r-m r = O  

lim 0) = IAIc, 0) lirn 1) = lAIc, 1) 
r - rn  r -P  

Posant a, - w = E,, on trouve par un developpernent limit6 
de [I lb], lorsque E, est suffisernrnent petit (ou par usage du 
rCsultat [IOe]) 

qui assure une convergence vers 0 par valeurs alternkes. Plus 
prCcisCrnent, cette convergence est analogue a celle de la suite 

[I 1 f ]  E, = (- l)r fi exp (-3') radian 

L'erreur correspondante sur 1'Cnergie est: 

AE = E: (Eo + E l )  
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LAFORGUE 

E, -- radian La relation qui dCfinit la normalisation [6a] est 

AE _ 10-74 [15d2] xy(r) = vyx:(r) 
0 3  (Eo + El) La relation de ricurrence est alors 

Si nous dCsignons un opCrateur de rotation dans le plan 8 par 
l'angle de rotation surmontC du symbole opCrateur, les Cqua- [15d3l x$"(r) = xy(r - 1) + C x:(r - 1) F:; I )  

tions [lOa, b], [ I  la]  et [9b] s'bcrivent encore pour p = 1,2 P "  v 
vy Ctant dCfini par [6b] 

[12al P) = P) 

[12bl l r ,  P) = (0 l r ,  P) [15d4] (v:)' C [x;(r)l2 = 1 

[12cl IL P) = IL P) Si le processus est convergent, 

Les angles y,, a,, w sont difinis respectivement par [lOc], [16al ,--= lim xy(r) = xy(Ic) 
[ I  1 b] et [9c] et vtrifient [ I  1 dl. 

Nous allons gtniraliser les transformations [12a, b,c]. [16b] IAIC, q) = C xy(IC) Ir, rn) 
m 

11-4. Modkle a plusieurs niveaux 
Compte tenu de la discussion du paragraphe 11-2 on peut v; = 1 

dans les deux options reprksenter la perturbation par l'ex- Pour Ctudier la convergence, posons 
pression dCduite de [7a], [7c]: 

5; (r) = xy(r) - xy(IC), 
[12dl I + ; + , ,  q) = q) + F: I+,, P) 

P * v S$'(r) -+ 0 11 -+ Co, b' q 

normalisie selon [6a, b]. La relation [15d] de recurrence devient [16c]: 
d: Si le rkferentiel mobile est orthogonalisC, selon [8a] 

[16c] ty(r) - cy(r - 1) = x (r(r  - 1) F ( ~ - "  
Pb',' = P;,(r) P*V P9 

&,,(r) rCsulte de [5a,b] et on pose en outre 

[I31 ~ ; > ~ ( r ) = o  

oG F&-" est defini par [14b] avec l'expression [15c] qui devi- 
ent pour r -+ m: 

93: Si le rkferentiel mobile n'est pas orthogonalisC, p:: 
rCsulte de [8b]; par construction - C C [xj:'(IC) Sk(r) + x$"(IC) Sb(r)l El,,, 

0 1 ,,I 

Ppv (r) = 
4 = 0 C C [xj,(Ic)x;(~c) - ~;(Ic)~;:(Ic)I El,,, 

Dans les deux bases on peut Ccrire: I ,,, 
et [8a] ou [8b], alors 

[I41 F: = ~ ; ( r )  + E ( 6  + ~ : ( r ) )  [pp1 ( r )  
m ~ b ' , '  - P,, 

(r) ( r )  
+ C Ppo PO", + . .] La discussion des signes montre, comme dans le cas des 

p + o + m  deux niveaux, une correction altemCe de l'erreur. La relation 

S,,, Ctant le symbole de Kronecker. [16c] s'tcrit, en module: 
Passant du rkferentiel mobile I+,, q) au rifkrentiel fixe Ir, q), 

l[y(r)l + ([y(r - 1)1 = C 1[:(r -  IF&-" 

F: itant dCfini par [14], p: prend la valeur [8a] ou [8b], Sr-l = sup 1Sy(r - 111 
l'expression [7c] devenant 

E = sup I El,,, I 
C C .$:~b;)Ec,, W = inf JW; - wFI 

I .I 

[15bl p;,(r) = On trouve 

x [x;(r)xy(r) - x ~ ( r ) x F ( r ) ] ~ ~ ~  
1 m 

2(Q - 1)'E 
S r  2 B 5;- 1 B = 1x7 

I* 

et la correction [8b] s'kcrivant 
Une suite majorante en module partir d'un certain rang est 

[ l5cl p:: = p;,(r) + (C c xzxb) ( I  - C C xrx: E~,,~)-' 
1 m 1 m 

B-' exp (-2') 

la matrice (El,,) Ctant (Z?) sur la base Ir, q): El,, = H!:). 

Les coordonntes sont initialiskes selon [3] par 

[15dll x$(o) = Sqn1 

Puisque selon [ I  1 f ]  la convergence peut &tre plus rapide, di- 
sons que la convergence est analogue a celle d'une suite pro- 
portionnelle a 

[16d] exp (-K') 2 5 K r 3 
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LAFORGUE 

TABLEAU 1 .  Expression des optrateurs d'excitation Bz de H: 

l'expression generale (ref. 25, eq. 2a) 

il faut et il suffit que 

= 6P1'4 
L'expression [22] est donc bien la seule correllant selon [2] 
toutes les configurmations Ir, 4). 

Les operateurs n cle, sous forme matricielle (xY(1C)) seront 
s = o  

utiles pour construire les operateurs de decorrelation et par suite 
d'ionisation et d'attachement (25). 

IV. Deveioppement en grappes de la correction linearisee 
de I'erreur de correlation 

IV-1 . Utilisation des ope'rateurs de seconde quantification 
Les operateurs de correlation ont essentiellement CtC dkve- 

loppes dans l'application des concepts de la seconde quan- 
tification a la chimie. I1 y a donc lieu de comparer l'optrateur 

m - 

Il cle, aux operateurs de corrClation auxquels conduit ce point 
s = o  
de vue. 

A. Modtle a deux niveaux. Moltcule H z  en base minimale 
Les orbitales moltculaires de symktrie l a ,  (respectivement 

la,) Ctant designees par i (resp. j), les deux configurations 
pures s'ecrivent avec des notations Cvidentes: 

Appelons X (resp. X') les opCrateurs de destruction (resp. 
creation) indices des spinorbitales. L'expression [23] s'ecrit 

[25a] 6 = i cos 0 + (x: X;X,X; - X' X' XjXj) sin 0 

Sont de cette forme les opCrateurs 

[25b] cle, = <, n = B, n cle, = &, 
s = o  s = 0 

Ils admettent donc la relation generale 

Nous gtneraliserons cette relation au modkle h plusieurs ni- 
veaux par le concept de dtveloppement en grappes. 

B. Modtle a quatre niveaux. H: liniaire symttrique en base 
minimale 

Les orbitales molCculaires de syrnktrie la,, 2a,, l a ,  d&- 
signees par u, v, w dCpendent d'un paramktre (coefficient de 
I'orbitale atomique mediane dans u) dont les valeurs re- 
marquables correspondent successivement aux orbitales de 

Hiickel, orbitales de recouvrernent maximum, orbitales na- 
turelles, orbitales de pseudo-symetrie, orbitales de champ auto- 
coherent (17, 21, 25, 28, 37). Les 4 configurations pures sont 
avec des notations Cvidentes (17, 25): 

Les operateurs d'excitation satisfaisant l'equation 

sont indiques par le tableau 1. 
Voici (cf. la ref. 25) l'expression de ces m&mes operateurs 

en fonction des ketbras de configuration: si 

si non 

Aprks avoir fait le calcul de l'interaction de configuration 
directement (31) ou indirectement selon [16b] 

3 

[26fl q) = 2 x;(lC) P) 
p = 0 

on connait bien Cvidemment un operateur de corrClation adapt6 
a la configuration IT, q) 

3 

[26g] 6, = 2 x:(IC) Bz 
p = o  

Voici I'expression de cet opCrateur en fonction lineaire des 
ketbras de configuration (compte tenu de [26 f]) 
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1794 CAN. J .  CHEM. VOL. 63. 1985 

Cet opCrateur est sensiblement different de l'operateur [22] 
adapt6 aux 4 configurations soit encore 

m 3 

C. Discussion de l'utilisation de l'algibre de seconde 
quanti$cation A 

On peut donc se proposer de remplacer l'ensemble des C, de 
m 

configuration particulikre par ll cle, valable pour toutes. 
s = 0 

On peut d'autre part chercher a construire cet opCrateur glo- 
bal de corrklation par multiplication des opkrateurs de cor- 
rection successifs. Cela nous a conduit dans le cas du modkle 
i deux niveaux (paragraphe IV-1A) a l'addition des angles y, 
successifs pour donner w. 

Or l'idCe du dCveloppement en grappes (24a, 29, 37) est la 
recherche d'un polynome des excitations T tel que eTsoit 1'opC- 
rateur de correlation. On pourrait donc se proposer de chercher 
un dCveloppement en grappe de mCme forme pour les opC- 
rateurs de correction de manikre que le produit des opCrateurs 
de correction soit exprim6 par l'addition d'un polynome partiel 
d'excitation attach6 a cette correction, de sorte que la matrice 
des excitations soit la somme de ces matrices successives at- 
tachCes a la correction. 

Toutefois I'opCrateur cle, que nous avons dCfini [17] n'a pas 
une forme identifiable a un dCveloppement en sCrie entikre. Par 
exemple son terme inexcitC est 

Pour calculer ces diverses expressions, la suite des matrices 
(x;(r)) et des coefficients de normalisation v: ainsi que leurs 
limites ((xY(1C)) et 1) resultent des Cquations [15d,-,] compte 
tenu de [14] et [15b, c] comme il a Cte indiquC au paragraphe 
11-5. 

Voici l'exemple du modkle a 4 niveaux de H: linkaire, 
symktrique: selon le tableau 1, le polynome Cle, ordonnC selon 
le nombre Z d'excitations se dCduit de [28e] 

A 

[30] Cle, = I + Cle,['] + ~le,['] 

les x Ctant donnCs par solution des Cquations de rkcurrence. 
Plus gknkralement chaque couple de configurations permet 

de dtfinir un nombre d'excitations 

[271 ~ = C v ~ I 9 , - ~ , q ) ( + , - ~ , q l  
[31al [ p ,  91 = Z 

4 On propose alors un dkveloppement, ordonne sur les couples 
D. Nouvelle forme de la correction lintarise'e de l'erreur lm et tronqui sur les couples P9. 
Si au contraire nous partons de I'opCrateur idempotent dCfini 

au chapitre 111-2, nous introduisons le nouvel opCrateur Cle,: [31 b] Cle, = j + 2 cleP1 
Z  

[28al Cler = C I*:, 9) (*,- I, ql 
9  . . 

Cet operateur ne satisfait pas 1'Cq. [2]. Mais pour toute confi- [ P , Q ] S Z  [ ~ I . / ] = z  

guration ( r ,  p) il existe un opkrateur proportionnel a Cle, qui la x;(r; Z) x;(r; Z) iy 
satisfait Les Cquations dkfinissant x;(r; Z) sont dCduites de [15d,,,], la 

normalisation [15d2,,] restant la mCme. 
[28bI Cler = I'h, P) ('br - I 7 P I  + C - I$r, 9) ('J'r - I 9 qI Les valeun seront initialiskes par 

q * p  

D'autre part cet opkrateur est reliC a celui CtudiC jusqu'i prksent 

[28c] cle, = Cle, . k 
Son dCveloppement fait apparaitre I'opCrateur unit6 

[28dl Cle, = j + C C F: I+.,p) (+., ql 
9  P ' 9  

[28e] Cle .= i  + 2 2 Ftx ,x i IT ,  l ) (T,  ml 
9  P * Y  

Le resultat de deux operations successives de correction sera 

On calculera donc de proche en proche 

La relation de rkcurrence sera tronquCe: 

IV-2. Utilisation du de'~e1oppement en grappes 
Dans le cas gCnCral ll Cle, est un optrateur de corrClation 

pouvant en particulier Flndre la forme [31 b] d'un polynorne 
de creation-destruction. On peut donc le comparer aux opC- 
rateurs Ccrits dans les mCthodes de seconde quantification (24a, 
25, 27-34). 

On sait que ces opCrateurs sont "developpCs en grappes". 
Convenons d'utiliser ce terme chaque fois qu'un opkrateur O 
rCsulte de l'exponentiation d'un polyn6me T de crkation- 
destruction dCfini a partir de ses Clements matriciels (t) selon 
les Cquations: 
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LAFORGUE 

33 

= C [(jyjyjl; I~le,[~]l j;  ji jj) 
r = O  

Nous pouvons dCvelopper en grappes, soit les opkrateurs de 
corr6lation, soit les opkrateurs de correction 1inCarisCe or- 
donnCs, 

[34] Cle, = ec.. 
m 

[35] n Cle, = er 
s = o  

L'opCrateur T gCnCralise I'opCrateur d'excitation dans la me- 
thode de Cizek (24a, 25). 

Les relations [34] et [35] entrainent: 
m 

[36] T = C G ,  r 
r = O  

m 

[371 T,  = C G,, r 
r = O  

D'autre part I'opCrateur G ,  r peut Etre dCterminC par 1'Cq. 
[34] en identifiant le developpement de Cle, ordonne en Z ,  avec 
un developpernent de la forme [33a,b,c] appliquC a G ,  r: 

1 Cle,[Z1 = G2, r + 3 ( G I ,  r)2 

[381 1 cle,['] = G3, r + G2, r - G I ,  r + - ( G I ,  r)' 
6 

1 1 + - G2, r . ( G I ,  r)? + - ( G I ,  r)4 etc. . . 2 24 

On en dCduit selon [37],  [39] 

1 + 7 (jl{ 1~1e)'~l ji) ( jy \ ~ l e ) ~ ] I  ji) C1e,[l1 j;)] etc. . . 

Ce sont les ClCments rnatriciels (t) et (g,r) qui definissent les 
optrateurs T et G ,  r;  ce sont les opkrateurs cle,[zl qui dCfi- 
nissent les elements (cle,[z1). 

Les Cquations [40] signifient que les ClCrnents matriciels de 
G,, r foment des sCries convergentes lorsque r + w dont la 
somme est 1'ClCment rnatriciel, de mEme forme, de I'opCrateur 
T .  Le terme gtnCral de chacune de ces series re~oit une expres- 
sion utilisant les termes du dtveloppement ordonne de Cle,. 

IV-3. Utilisation de llHamiltonien normal 
La forme "normale" de 1'Hamiltonien est (24a, 31): 

1,2,3,4 dCsignant les spinorbitales, N le produit normal, f con- 
tenant une partie de la repulsion interelectronique j selon une 
transformation citCe en reference (mtthode de Cizek). 

On en deduit selon [7c] la matrice que l'on tronquera en 
fonction de Z 

le calcul des tltrnents matriciels de fii;l renvoie a la mtthode 
diagramrnati ue (23,24,31,33) .  On dCduit p : , [ ~ ]  selon [15b] 9 et [15c],  F~ ' , [ z]  selon [14]. 11s sont egalement tronquCs en 
fonction de [ p ,  q ]  5 Z .  Cle, selon [28b] ordonne en creation- 
destruction selon [31b],  contient les B;" dCfinis par [26a], les 
coordonnCes x:(r; Z )  solutions des Cquations [32a], [32b] et 
[15d2,4]. La construction des Cle,[zl de creation-destruction 
permettra d'obtenir les (y,, r ) ,  d'ou les ( T ) .  

I1 faut souligner que l'expression [42] des elements matri- 
ciels d'energie d'excitation permet l'usage des diagrammes 
(24a) ou des tables qui les cornpilent (33). La diffkrence essen- 
tielle avec la mCthode utilisCe jusqu'a present est que la rbolu- 
tion de systernes d'tquations non lineaires ?I multiples incon- 
nues disparait. On rernarquera iussi que les concepts d'tnergie 
asyrnetrique et de pr6normalisation ne sont pas utilisis ici. 
Enfin on n'a pas particularist5 la configuration fondamentale. 

V. Conclusion 
V -  1 .  Ge'nkralisations possibles 

Nous nous bornerons a signaler une perspective, la transcrip- 
tion des calculs indiquks sur les fonctions d'onde en calculs sur 
les matrices densites qui les traduisent, puis sur la genera- 
lisation de ces matrices en "diagrammes rnolCculaires" (35) 
precisis par les "opkrateurs syrnktriques fondamentaux" (36).  
Mais surtout la thCorie prkcedente n'est pas limitte au problkrne 
de la correlation. 

V-2.  Rksultats acquis 
Parmi les diverses rntthodes ouvertes par le concept de po- 

tentiel d'erreur, la plus facile a exprimer sernble la correction 
perturbative de l'erreur par l'oppod de ce potentiel et sa cor- 
rection indkfinie. Rernarquant que les etats a corriger sont un 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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melange d'Ctats propres (ou vice versa) l'operateur qui ex- 
primerait cette correction dans tout l'espace des Ctats ne pour- 
rait Ctre lineaire. 

Mais d'autre part pour mettre en oeuvre une methode de 
perturbation s'inspirant de la formulation de Schrodinger, il 
faut associer 1'etat erron6 a un ensemble d'autres considCrCs 
comme consCquence d'une mCme erreur physique. Dks lors on 
ne peut corriger de cette erreur que les Ctats de la base. Mais 
on peut construire, sur l'ensemble des corrections ainsi defi- 
nies, un opCrateur de correction, linCaire dans tout l'espace de 
la base 

il peut Ctre appliqut autant de fois qu'il sera requis. I1 se ramkne 
llopCrateur identique a mesure que la correction devient nC- 

gligeable, les Ctats corrigCs Ctant devenus les Ctats propres. La 
discussion montre que la convergence est rapide, chaque cor- 
rection correspondant a la partie principale de l'erreur restant a 
corriger. 

L'espace des interactions de configuration a llintCrieur du- 
quel ce processus est convergent pourrait Ctre rendu mobile par 
rapport a l'espace des Ctats, a chaque correction partielle, per- 
mettant ainsi d'explorer ce dernier a la recherche de 1'Ctat 
propre. 

L'itCration de I'opCrateur de correction 1inCarisCe du defaut 
de correlation conduit a un opkrateur de correlation commun a 
toutes les configurations. De mCme que l'opkrateur de corrCla- 
tion, l'opkrateur de correction linkarise peut Ctre Ccrit comme 
un polyn6me de creation-destruction. L'un et l'autre peuvent 
se developper en grappes, c'est-a-dire qu'on peut en determiner 
un transform6 par inversion de l'exponentielle. On considkre 
ici le transform6 de la correction lineariske de l'erreur. Ses 
Clements matriciels successifs ont pour somme les ClCments de 
la matrice d'excitation. 11s sont calculables par perturbation en 
utilisant 1'Hamiltonien normal et l'analyse diagrammatique. 
On dispose ainsi d'un calcul d'erreur des methodes de seconde 
quantification qui doit permettre entre autres de discuter les 
extensions rkcemment proposCes (3 1, 32) et apparemment aus- 
si d'une mCthode alternative pour la pratique. 
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M. BENARD, W. G. LAIDLAW, and J .  PALDUS. Can. J .  Chem. 63, 1797 (1985). 
Crystallographic evidence indicates that the structure of the trisulfur trinitride anion, S3N,-, is planar with cqual S N  bond 

lengths. Although the recent literature contains a number of molecular orbital calculations of D,,, symmetry there arc also 
calculations which indicate inequivalent nitrogens, suggesting broken symmetry. The results of an investigation of 
Hartree-Fock instabilities of the ab initio molecular orbital description of this system are reported. The D3,, solution is indeed 
singlet stable but there are relatively close-lying C?,. broken-symmetry solutions. In the broken-symmetry solutions the n 
electron network encompasses only five centres; the sixth centre, essentially free of a charge, may be either a sulphur or a 
nitrogen, thus yielding two distinct broken-symmetry solutions. 

M.  BENARD, W. G. LAIDLAW et J .  PALDUS. Can. J .  Chem. 63, 1797 (1985). 
Les donnkes cristallographiques indiqucnt que I'anion trinitrurc de soufre, S,N3-, a une structure plane avec des longueurs 

de liaisons SN qui sont Cgales. Quoique I'on retrouve dans la littkrature rCcente un certain nombre de calculs d'orbitales 
molCculaires de symCtrie D,,,, on y trouve Cgalement des calculs qui indiquent des azotes non equivalents et ceci suggkre une 
rupture de la symCtrie. On rapporte les rtsultats d'une Ctude des instabilitks de Hartree-Fock pour la description ab ini~io de 
l'orbitale molCculaire de ce systkme. La solution D3,, est effectivement stable pour le singulet mais il y a des solutions de 
symCtrie rompue C?, qui y sont assez Ctroitement associCes. Dans les solutions de symCtrie rompue, le rCseau d'tlectrons n 
entoure seulemcnt cinq centres; le sixicme centre qui est essentiellement dkpourvue de charges n pourrait etre soit le soufre 
soit I'azote et ceci conduit donc B deux solutions distinctes de symktrie rompue. 

[Traduit par lc journal] 

I. Introduction 
There has been considerable interest in unsaturated SN com- 

pounds as the recent reviews by Roesky (1), Chivers and Oak- 
ley (2), and Gleiter (3) attest. There are rings, cages, chains, 
cations, anions, and neutral species; many of these were made 
in the last 10 years. The particular focus of this work is the 
planar S 3 N 3  anion first prepared by Bojes and Chivers in 1977 
(4). The tetrabutylammonium salt yields stable yellow crystals 
which have been analyzed structurally by X-ray diffraction to 
yield the ~esults depicted in Fig. 1. The bond lengths are 1.60 
? 0.02 A and the system is planar to within lo. A similar 
structure has been reported for this anion in (Tit)? (S,N3-) 
(S,N5-) ( 5 ) .  Consequently a reasonable representation of the 
~ o l e c u l a r  framework is a "hexagon" with bond lengths of 1.60 
A and internal angles of 120°, i.e., the symmetry point group 
of the nuclei is D,,,. The S3N,- anion has 34 valence electrons 
and, using a Hartree-Fock-Slater (HFS) single determinant 
wavefunction, Bojes et al. reported (6) that 10 of these were .rr 
electrons. Thus, the S3N1- anion is a .rr "electron-rich" system 
(7). The essential features of the eigenvalue manifold are given 
in Fig. 2 where it is to be noted that, in addition to the .rr 
"bonding orbitals", the degenerate antibonding .rr* orbitals 2e" 
are also fully occupied. Bojes et al.  (6) further characterized 
this anion in terms of bond orders and charge densities and all 
six SN bonds were found to be the same, all three nitrogens 
were equivalent, and all three sulphurs were equivalent. 

'To  whom all correspondence should be addressed. 

Following the appearance of the first analysis of S,N,- (6), 
Bhattacharya and Turner reported CND0/2 calculations (8) in 
which all three nitrogens were not equivalent, suggesting that 
S3N3- could be represented with a localized NSN .rr bond and 
a unique charged nitrogen. As such their calculation "broke 
symmetry" from D,, to C?,,. The ab itzitio HFS calculations (7, 
9) had, of course, shown no such tendency! Indeed a rather 
extensive investigation by Smith and co-workers (10) utilizing 
both a HFS scattered-wave procedure and the CNDO/2 method 
gave results indicating D3,, symmetry. Further a Hartree-Fock 
calculation by Nguyen and Ha (1 l) ,  using an extended basis 
set, also gave a solution with D,, symmetry. Other workers also 
reported only D3,, solutions to the SCF equations for a variety 
of calculational procedures (12). However, the question re- 
mained as to whether the Hartree-Fock results were stable to 
C,, perturbations, i.e., under what circumstances was sym- 
metry breaking possible. 

The past two decades have seen considerable interest in 
symmetry breaking (cf. the reviews by Fukutome (130) and by 
Lowdin et al. (13b)) and the problem has received steady 
attention since Lowdin formulated his "symmetry dilemma" 
(14) for the approximate variational wavefunctions in 1963. 
The response of the system to different variational parameters 
can provide a useful insight into the sources and mechanism of 
the Hartree-Fock instabilities. In earlier semiempirical work 
(15, 16) the ratio of the two- and one-electron interactions (i.e., 
the ratio yo/Po of the Coulomb and resonance integrals of the 
Pariser-Parr-Pople .rr-electron Hamiltonian), representing the 
coupling constant for these models, was used to drive a given 
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CAN. J .  CHEM. VOL. 63. 1985 

FIG. 1. Structure of the S3N3- anion (bond length in A). 

system to the instability, if present. Since the occurrence of 
broken-symmetry solutions is a direct consequence of the in- 
correct description of co-valent bond dissociation provided by 
the restricted Hartree-Fock method, the internuclear sepa- 
ration(~) can also serve in lieu of the coupling constant, partic- 
ularly when one employs an ab initio Hamiltonian approach 
(17). Clearly, a large value of the coupling constant enhances 
the importance of the long range Coulomb interaction relative 
to the short range chemical forces which are responsible for the 
chemical bond formation. Such an enhancement will occur 
automatically in electron-rich or electron-crowded .n-electron 
systems. Consequently, the 10.n electron S3N3- anion seems to 
be a good candidate for the occurrence of the Hartree-Fock 
instability, at least for the coupling constants (i.e., the SN bond 
length) which are in the vicinity of their proper equilibrium 
values. 

11. Broken symmetry 
In order to establish notation we will review briefly some of 

the notions associated with symmetry breaking of self-consist- 
ent Hartree-Fock wave functions. In the Born-Openheimer 
approximation, the symmetry operators which leave the nucle- 
ar framework invariant commute with the exact Hamiltonian, 
so that solutions of the Schroedinger equation form a basis for 
the irreducible representations of the symmetry group, i.e., 
they are symmetry adapted. Thus, 

[ l ]  H!? = E!? and [H, R] = 0 imply that R!? = A!? 

where R is a symmetry operator. 
However, the Hartree-Fock operator, HscF, is defined in 

terms of the self-consistent field given by a density distribution 
of electrons. It is a non local opeator and in principle need not 
commute with the point group operators of the nuclear frame- 
work. In turn, the calculated Hartree-Fock wave function need 
not be an eigenfunction of the symmetry operators. As a result 
the Hartree-Fock wavefunction may exhibit "broken sym- 
metry" - a lower symmetry than that of the nuclear frame- 
work. We should emphasize that this is not a Jahn-Teller 
symmetry distortion insofar as the HOMO-LUMO gap is non- 
zero; this is a symmetry breaking of the wavefunction, not of 
the nuclear framework. 

To see how this symmetry breaking arises recall that the 
variational procedure ensures that the solution is a stationary 
point of the energy, i.e., 

ORBITAL ENERGIES OF S,N; (a.u.) 

-0.8 L 
FIG. 2. Orbital energies of S3N3- (au) 

where 

However, this stationary point can have complex character, as, 
for example, pointed outin Fig. 3, the stationary point can be 
a maximum or a saddle point with reference to a wider class of 
variations. In this figure we depict an energy surface as a 
function of bond length and symmetry type. Imagine that this 
is the SN bond length R in S3N3- and as the figure indicates the 
surface has a local minimum at R, with respect to variations 
which break symmetry to C2,,. However, at Rb, a calculation in 
D,,, s y m m e t j  is in fact a saddle point and would break sym- 
metry to a lower CZv solution if permitted. The HF solution 
could break symmetry at the point Rb! 

To determine whether a solution would break svmmetrv one 
needs to caIculate S2E in the neighbourhood of the stationary 
point without imposing any symmetry restriction. If S2E > 0 
then the system is stable to the variation considered whereas if 
S'E < 0 the system is unstable; hence we need only the sign of 
S'E. 

The appropriate formulation of the problem dates back to the 
work of Thouless in 1961 (18) and a tractable method for ~, 

spin-independent Hamiltonians was developed by Cizek and 
Paldus (15) in the late sixties. 

One constructs a variational function, YTBS for the potentially 
broken-symmetry solution using, as a basis, the symmetry- 
adapted solutions obtained at the stationary point of interest. It 
is worth pointing out that a combination of symmetry-adapted 
orbitals, belonging to two different irreducible representations, 
really does allow symmetry breaking. Consider the combina- 
tion, depicted in Fig. 4, of two symmetry-adapted orbitals .n 
and .n* of a homonuclear diatomic. The combinations .n' = .n 
? .n* generate an orbital with density around one nucleus only; 
thus r' is certainly a broken-symmetry orbital. At the N- 
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BENARD ET AL. 

FIG. 3. A complex energy surface with potential for symmetry breaking. 

FIG. 4. Formation o f  a broken symmetry orbital. 

electron level such an orbital implies that a general broken- 
symmetry wavefunction, 'PBs,  can be expressed as a sum of the 
symmetry-adapted function, 'PsA,  and the functions 'P, and 'P2 
generated by single and double excitations TSA( i -+ j )  and 
'PsA(;zl /) .  Thus 

[51 'Pes = 'PSA + 'PI + 'P2 

where 

and 

The second variation, S'E, can be written as a quadratic form 
in dG 

[8] S'E = C{d,] dkr Ajjk, + (1 /2)d,7 dk,BuI,/ + ( 1 /2)di, dk/Bijar} 

where the matrix elements Aikl and BUkl are defined by 

where H is the Hamiltonian and EsA is the energy of the 
symmetry-adapted solution at the stationary point of interest. 

The sign of S'E can be determined by calculating the eigen- 
values A, of the characteristic matrix of the quadratic form 
given in eq. [8]. As shown by Cizek and Paldus (15) this 
problem can be broken into a number of subproblems de- 
pending on the constraints placed on the broken-symmetry 
solution. We require that the broken-symmetry solution be a 
singlet and write the singlet stability problem as 

where the elements of A and B are defined by eq. [9] and Di 
are vectors giving the mixing coefficients d, corresponding to 
the broken-symmetry solution 'PBs,;. A positive value of A, 
indicates stability of the symmetry-adapted solution whereas a 
negative A; indicates the existence of a broken-symmetry solu- 
tion of lower energy. 

Fock procedure with a minimal basis for the internal shells and 
a double 5 basis set for the valence shell. The basis sets used 
were those of Huzinaga (20); an 11.7 contracted to 5.3 for 
sulphur and a 9.5 contracted to 4.2 for nitrogen. The 
symmetry-adapted D,,, solut io~ gave a minimum in energy at 
the SN bond length of 1.72 A. The charges on sulphur and 
nitrogen were calculated to be qs = 0.6 and q, = -0.9 which 
are sbmewhat larger than expected but our orbital eigenvalue 
ordering is similar to that of Nguyen and Ha (1 1) and of Chivers 
et al. (7). Inclusion of a d orbital basis function (cf. Nguyen 
and H? (1 1)) can lower the distance for minimum HF energy to 
1.64 A so that our basis could certainly be improved; however, 
for purposes of probing stability it should suffice. In fact, 
~ a i r e e - ~ o c k  instability is induced by the large correlation 
effects associated with the dissociation of covalent bonds. 
These effects are not expected to be significantly basis- 
dependent. For instance, calculations carried out for the hexag- 
onal H6 model system (21) and for the ally1 ion did not produce 
significant changes as the basis sets were extended. For our 
stability calculations we employed the "Asterix routine" (22) 
and we considered excitations involving orbitals between 2E' 
(cf. Fig. 2) and 1 1 E' (a total of 41 MO's). 

We have calculated the D3$ solution at a number of bond 
lengths RsN from 1.6 to 2.4 A. In each calculation, all bond 
lengths RsN are the same, i.e., we consider a uniform expansion 
of all bonds and we always retain a D3,, nuclear framework. 
From the molecular orbitals in each case we generate the matrix 
elements A,B for the singlet stability problem outlined earlier. 
We then solved for the stability eigenvalues X i  and eigenvectors 
D,. If negative X i  are found we solved the HF equations for the 
broken-symmetry solutions, using the Di as a guide to construct 
the starting vector. 

The dependence of the lowest stability eigenvalues, on the 
internuclear separation R S N ,  is plotted in Fig. 5. All eigenvalues 
remain positive up to about 2.0 A. Thus the symmetry-adapted 
D,,, solution remains stable to all singlet symmetry-breaking 
variations up to this point. In fact the first negative eigenvalue 
arises in a subproblem leading to C2,, symmetry breaking rather 
than a C3,, symmetry even though C3,, is the aext lowest sym- 
metry to the D,,, starting point. At about 2.0 A one of the roots 
has crossed the zero axis, indicating that the stationary D,,, 
solution is no longer stable with reference to a C2v broken- 
symmetry solution. The critical value of R$ = 1.95 A is 
relatively close to the equilibrium bond distance of 1160 A - 
5ertainly much closer than is the critical value of ~ ' d ; t  - 2.40 
A in benzene (191 to the equilibrium bond distance of 1.4 An, 
or of R;;":, = 5.8 A to the equilibrium value of RHH = 1.92 A 
in H6 (17). 

11. Calculations In order to analyze the "driving force" for this instability we 
For our stability calculations we have utilized a Hartree- considered the stability of the n system separately, i.e., we 
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FIG. 5. Dependence of broken symmetry eigenvalues on inter- 
nuclear distance R S N  in S3N3-. 

Is '  Instability / 
root 4 

- I 

FIG. 6. Dependence of energy of symmetry adapted and broken 
symmetry HF solutions on internuclear distance R s N  in S1N3-. Both 
the CZ,(N), --- ,  and Cz, (S), -...., solutions arise from the first in- 
stability root. The solution denoted by ...-.-. 1s of C, symmetry and 
arises from the second instability root. 

considered only excitations of IT orbitals. In this case the eigen- 
values of the stability problem are much higher,*i.e., the sys- 
tem is more stable. For example at RsN = 1.60 A the stability 
eigenvalue was 0.28 but with u-IT interaction it was less than 
half this at 0.12 so that u-electron rearrangement helps to drive 
the stability eigenvalue towards its critical value of zero. Clear- 
ly both the u and IT interactions are responsible for the relative 

FIG. 7. Charges [ ] and bond overlap population ( ) in the Cz,. 
broken symmetry HF solution at R s N  = 2.40 A. (a)  The CZ,.(S) or 
sulphur n-hole solution; ( b )  the C,,.(N) or nitrogen n-hole solution. 

TABLE 1 .  Charges, q;, and bond overlap populations, p,,, at& 
= 2.40 A*: 

Value 

Cz,. Cz,. 
Parameter 0 3 1 ,  N "n-hole" S "T-hole" 

Energy (au) - 1353.4188 - 1353.5407 - 1353.4809 

"For designation of S l ,  N,, etc., see Fig. 1 .  

ease of symmetry breaking here. 
Perhaps more interesting is that the single CZv root leads to 

two different broken-symmetry solutions. We find that both Cz,. 
broken-symmetry solutions are 107r;electron systems and, as 
Fig. 6 shows, in the range 2.0 to 2.4 A they are lower in energy 
than the D,,, symmetry-adapJed solution, by as much as 35 and 
70 kcal/mol at RsN = 2.4 A. The difference between the two 
C2, solutions is intriguing also. Analysis of the orbital overlap 
populations given in Table 1, shows that in the lower of the Cz,, 
broken-symmetry solutions, C,,.(N), the 101~-electrons are 
largely confined to the five atom SNSNS system and the unique 
nitrogen does not participate in the IT system - it is an N 
IT-hole as depicted in Fig. 7(b). The other C,,. solution, C2,,(S), 
has the 101~-electron system confined to the five atom NSNSN 
chain and the unique sulphur does not participate in the IT 

system, it is an S T-hole as depicted in Fig. 7(a). Further the 
overlap populations (cf. Table 1) in the two are quite different. 
For example, at 2.40 A the N IT-hole system has a weak bond 
between the NSN and SNS fragments whereas the S IT-hole has 
very weak bond (see Fig. 7) between the unique sulphur and the 
rest of the system. 

111. Discussion 
The appearance of C2, as the lowest broken-symmetry solu- 

tion for S,N,- is, at first glance, unexpected. One might have 
expected that the scheme would follow the D,,, subgroup chain, 
namely: 
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dN,S a - fJ - - rN:i IfJ - 0- Q - A!+& S 
's' 

FIG. 8. Excitations generating CZ,. symmetry 

D3/, (symmetry adapted with six equivalent S N  bonds) 
+ C3/, (with 3 "double" and 3 "single" S N  bonds) 
+ C2, (with a unique nitrogen or  sulphur) 
4 C,7, etc. 

For example, the symmetry-breaking route in cyclic polyenes, 
such as benzene, is first to the next lowest symmetry, i .e . ,  for 
benzene the symmetry adapted D6,, breaks to D,,, (KekulC struc- 
tures). One can, however, explain this difference by recalling 
that S,N3- is a n  "electron-rich" system where both I e" and 2e" 
(cf. Fig. 2) are doubly occupied. Consequently the first low- 
lying available excitation is from 2e" -+ 2a2". As Fig. 8 indi- 
cates mixing a 2e" orbital with 2a; leads to broken-symmetry 
orbitals of CZv type. The mixing of I e" and 2e" would, as Fig. 
9 indicates, certainly result in C,,, type broken-symmetry solu- 
tions. However, since these orbitals are fully occupied in the 
I o n  S3N3- system these excitations do not occur! This is of 
course not the case in the 6 n  system of benzene where they 
would be available and where, as mentioned above, one does 
indeed g o  to the nearest symmetry type, D3/,. 

The lifting of the degeneracy for the C?,  problem is also 
different than the usual situation in cyclic polyenes where the 
plus and minus combination of symmetry-adapted orbitals re- 
main degenerate. As the illustrations in Fig. 8 indicate, the 
excitation 2e," -+ 2n2" giving either 2e," + c2a: o r  2e," - 
c2a: yield different solutions due to the nonequivalence of the 
S and N sites and it is just these excitations which generate the 
broken-symmetry C?,,(N) and C2\.(S) solutions in S,N,-. The 
1 e" + 2e" excitations yielding 1 e" 2 c2e" would, as Fig. 9 
shows, remain degenerate and this is what one sees in benzene 
and what one would see in S,N3- except that they are not 
available for symmetry breaking. 

The lower energy of the N n-hole broken-symmetry solution 
compared to the S n-hole can be explained by consideration of 
the a and n electron system. An analysis of Table 1 and Fig. 
7(b)  would show that N4 loses 1.8 n-electrons on going from 
D,,, to C2,.(N), (the 7~ population changes from 1.9 to 0 .  I). 
However, the total charge on N4 increases by 0.14 (i.e. -0.17 
to -0.3 1) indicating a gain of about 1.9 cr electrons. Thus the 
cr electrons "move" in the opposite direction to the n electrons 
on breaking symmetry from D,,, to C,,,(N). A similar com- 
parison of D,,, and C?,,(S) will show that the unique sulphur, S,, 
loses about 1.2 n electrons but gains about 0 . 9  cr electrons s o  
that here too the reorganization of u and n electrons is in 
"opposite directions". It is well known (23) that the a electro- 
negativity of nitrogen is greater than that of sulphur; con- 

FIG. 9. Excitations generating C3,z symmetry. 

sequently nitrogen is better able to accept the rather massive a 
charge required on the unique atom in the Cz, symmetry. 

Further investigation of the role of electronegativity differ- 
ences in controlling H F  instabilities is underway. 

IV. Implications 
The first and most obvious implication is that the 

Hartree-rock Djh solution is stable in the region of RsN = 
1.6- 1.8 A i.e. ,  in the neighbourhood of the experimental bond 
length. This supports the contention of Smith and co-workers 
(10) and our own remarks (9) that the solution obtained by 
Bhattacharya and Turner (8) is spurious and is not a reflection 
of symmetry breaking. On a more positive note our in- 
vestigations allow us to sketch the H F  energy surface as  in Fig. 
10. As this figure shows the H F  energy surface becomes more 
comglex as the nuclear framework is unifomjy stretched. At 
2.0 A the Djh solution is unstable and at 2 .4  A there are three 
close-lying 1 0 7 ~  electron systems indicating the inadequacy of 
the H F  representation. However, broken-symmetry solutions 
can, in such a case, give an indication of the preferred dis- 
tortions and or dissociations. In the lowest of the broken- 
symmetry solutions, the C,,, (N), one of the nitrogens does not 
even participate in the 1 0 n  system and the S N  bond between 
the NSN and SNS fragments is markedly weaker. These are 
indeed the fragments which have been proposed (24) in the 
thermal degradation of this system as 
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FIG. 10. Essential features of the HF encrgy surface in S,NI- 
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JOSEF PALDUS and JIRI CIZEK. Can. J .  Chem. 63, 1803 (1985). 
The Hartree-Fock stability problem, its relationship to the broken symmetry solutions, and the implications for a molecular 

nuclear framework distortion are briefly reviewed. The case where no nuclear framework distortion is possible is studied for 
the oxygen doubly negative ion, using an ab itzitio Slater-type orbital analytical approach, in order to illustrate other possible 
implications of the symmetry breaking in the independent particle models. It is shown that the existing pure singlet broken 
symmetry solutions for this ten electron ion, which were obtained earlier by ad hoc procedures, follows systematically and 
straightforwardly from the HF stability problem for the corresponding symmetry adapted solution which shows a strong singlet 
instability. The chemical and physical implications of this type of symmetry breaking are briefly discussed. 

JOSEF PALDUS et JIRI ~ I Z E K .  Can. J. Chem. 63, 1803 ((985). 
On passe brikvement en revue le problkme de la stabilitC des solutions des equations de Hartree-Fock. On a mis en evidence 

le rble des solutions de symktrie brisCe et les implications par rapport une distorsion du squelette nucliaire moleculaire. Dans 
le but d'illustrer d'autres implications possibles du bris de symktrie dans le modkle a particules independantes, on a utilisk une 
approche analytique ab irritio avec des orbitales du type de Slater pour Ctudier l'ion doublement nCgatif de I'oxygene, un cas 
ou il n'y a pas de possibilitC de distorsion du squelette nuclCaire. On dkmontre que, pour cet ion a dix Clectrons, les solutions 
de symCtrie brisCe correspondant ides  singulets purs, qui ont Ctt obtenues antirieurement par des procCdures nrl hoc, dCcoulent 
systkmatiquement et d'une facon directe du problkme de la stabilitt HF. La solution correspondante adaptCe pour la symCtrie 
posskde une instabilitk forte du type singulet. On discute brievement des implications chimiques et physiques de ce type de 
bris de symCtrie. 

[Traduit par le journal] 

Introduction 
About 15 years ago we introduced the concepts of singlet, 

non-singlet (triplet), and doublet stabilities (1, 2) for solutions 
to the restricted Hartree-Fock (RHF) equations, following the 
general stability criteria given by Thouless (3). This was just at 
the time when we had been privileged to establish personal 
contacts with Professor Camille Sandorfy, shortly after joining 
the University of Waterloo in 1968. Although we have been 
very fortunate to work at Waterloo, the time following our 
exodus from Czechoslovakia was rather difficult for us. Pro- 
fessor Sandorfy, who himself went through a similar ordeal 
earlier, took a deep interest in both our personal and profession- 
al problems, and we shall be forever grateful to him for his 
continued encouragement and friendship. W e  thus wish to ded- 
icate this paper to him on the occasion of his 65th birthday as 
a small token of our respect and gratitude. W e  chose this topic 
both for personal reasons and also because the topic is still very 
much alive today as we shall explain. 

It is well known that the exact wavefunction !P represents a 
simultaneous eigenstate of the (Born-Oppenheimer) Ham- 
iltonian H of an atomic or molecular system, and all of its 
constants of motion (we assume for simplicity that !P is non- 
degenerate). In other words, the exact wavefunction is auto- 
matically symmetry-adapted with respect to all symmetry oper- 
ations which leave H invariant. In contrast, for an approximate 
variational wavefunction a, the requirement of symmetry ad- 
aptation represents an additional constraint on the variational 
problem which can only raise the energy. Thus, one often finds 
a broken symmetry wavefunction 0' to yield a lower energy 
than the symmetry-adapted one. This fact was first clearly 
stated by Lowdin and is known as the symmetry dilemma (4). 
A physical or  chemical interpretation of the symmetry breaking 
is far from being straightforward: it may indeed imply a dis- 
tortion of the molecular framework, or the chemical reaction to 

proceed in certain ways, but it can also be only a signal of the 
inadequacy of the given approximation. T o  give general global 
criteria for a variational wavefunction to correspond to the 
absolute minimum of the energy hypersurface is extremely 
difficult (cf. e.g. ref. 5). W e  thus restrict ourselves to the 
requirement that at least locally a given variational solution 
corresponds to a minimum on the energy hypersurface. Such a 
solution is referred to as stable, while in the opposite case, 
when the solution is unstable,  we know that another solution 
with lower energy must exist. The mathematical formulation of 
the corresponding stability conditions is achieved in terms of 
the second variation, or  in the usual finite dimensional case in 
terms of the corresponding Hessian. For the H F  wavefunctions 
this was first done by Thouless (3) and for the Brueckner 
(maximum overlap) wavefunctions by Paldus, c i i e k ,  and 
Keating (6). 

The Hamiltonians encountered in the molecular electronic 
structyre detsrmination are generally spin-independent, so that 
both S; and S' operators represent an integral of motion. Using 
this fact we have formulated the multiplicity-preserving sta- 
bility conditions. Thus, in the one-determinantal closed shell 
singlet case we distinguish the singlet and the rlonsirzglet (trip- 
le t )  stability conditions (1): the former preserve the singlet 
character while the latter do not. Consequently, in case of 
instability, the former lead to pure singlet single-determinantal 
broken symmetry solutions (usually it is the space symmetry 
which gets broken) while the latter lead to the DODS (different 
orbitals for different spins)-type UHF (unrestricted Hartree- 
Fock) solutions. Similarly, we define doublet and non-doublet 
instabilities (2) in a simple open-shell case, etc. The stability 
is simply characterized by the vanishing index (the number of 
negative eigenvalues) of the pertinent Hessian. The eigenvector 
associated with the lowest negative eigenvalue, in case of an 
instability, can be shown to define the direction of the steepest 
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descent on the energy hypersurface. (A similar interpretation 
can be made for higher eigenvalues and corresponding eigen- 
vectors.) Following this direction one finds the wavefunction 
with lower energy which can be expected to be in the neigh- 
borhood of the corresponding broken-symmetry solution (sim- 
ilar to the "catchment regions" of Mezey (7)) and thus can 
conveniently be used as the starting approximation in iterating 
the HF equations. More general classification of the HF in- 
stabilities, in which not only the spin operators are considered 
but also the time-reversal (and spatial) symmetry, was given 
later by Fukutome (8). Stability conditions for RHF triplet 
states were also formulated (9). More recently, generalizations 
of projected HF schemes (10, 1 l ) ,  the formulations in terms of 
gap equations (12) as well as several other developments (13) 
have appeared. Presently, several excellent reviews are also 
available (10, 14, 15). We must also mention a close re- 
lationship of the HF stability criteria with other methodological 
developments, particularly with the RPA (random phase ap- 
proximation) or TDHF (time-dependent Hartree-Fock) ap- 
proaches (16, 17), and the polarization propagator and Green 
function approaches (18), but also with the MCSCF (multi- 
configuration self-consistent-field) method (19) and the con- 
vergence problem for various SCF schemes (20), as well as 
with other approaches such as the generator coordinate method 
(21), complex molecular orbital approach (22), cluster expan- 
sion method (23), and sudden polarization (24). 

For a large number of closed shell systems the symmetry- 
adapted RHF solutions are singlet-stable. However, for certain 
systems, particularly the so-called electron-rich systems, the 
symmetry-adapted RHF solution is singlet-unstable (the non- 
singlet instability is rather common and the UHF solutions for 
closed shell systems, which have a lower energy than the cor- 
responding RHF solution, have been known (25) before the 
non-singlet stability conditions were formulated). Often the 
pertinent Hessian has more than one negative eigenvalue so that 
several broken symmetry solutions with lower than RHF ener- 
gy can be found. The first systems for which the RHF ground 
state was found to be singlet unstable were cyclic polyene 
models CNHN, N = 4v + 2, (v = 1, 2 , .  . .) described by the 
semiempirical PPP (Pariser-Parr-Pop1e)-type Hamiltonians 
(1, 26). Later, a number of other T-systems have been exam- 
ined and various instabilities found (27-29). Similar in- 
stabilities were also found at the ab  irzitio level for the H, 
systems, modelling a linear hydrogen metal (30), as well as for 
a number of other systems (3 1 -37), even though the broken- 
symmetry solutions are often obtained without a prior exam- 
ination of the character of the symmetry-adapted RHF solution 
(38-40). The singlet instabilities proved to be particularly im- 
portant for transition metal complexes and systems containing 
multiple metal-metal bonds (34, 35, 41, 42), where one often 
finds the index of the pertinent Hessian, associated with the 
ground state symmetry-adapted RHF solution, to have very 
high values (-5). Thus, the stability conditions mentioned 
above have often been applied to various HF solutions 
(43-46), and broken-symmetry solutions are today known for 
many systems, both small and large, treated either at the ab  
initio or semiempirical levels (47). 

When an instability of a given HF solution is found, it 
implies the existence of a broken symmetry solution with lower 
energy (1, 2), as schematically indicated in Fig. l a .  Though 
the converse does not hold, and a broken symmetry solution 
with lower energy can exist even when thi RHF solution is 
stable (cf. Fig. I b), no such case is actually known except for 

FIG. 1 .  A schematic representation of the variational energy hyper- 
surface as a function of the variational parameters, indicating the basic 
possibilities for the relationship between the symmetry-adapted (SA) 
and broken-symmetry (BS) Hartree-Fock solutions. 

FIG. 2. A schematic representation of the HF potential energy sur- 
face as a function of the symmetry-breaking nuclear framework dis- 
tortion (or vibrational coordinate) A. The symmetry adapted solution 
(SA) can only be obtained for the undistorted structure characterized 
by A = 0.  The broken symmetry (BS) solutions for A = 0 are 
degenerate and each can be smoothly continued to A # 0. The energy 
of each solution decreases when the nuclear framework is distorted as 
suggested by the charge dens~ty wave of the BS solution (~n-phase 
distortion), both potential energy curves intersecting at the finite angle 
for undistorted (A = 0) structure. When out of phase distortion is 
made, the energy rises but the solution usually disappears for larger 
distortions as indicated by open circles. 

a simple one-electron model system studied by Katriel and 
Kventzel (48). The possible types of unstable (a)  and stable 
(b, C) RHF solutions with related broken-symmetry solutions 
are schematically illustrated in Fig. 1. Clearly, the possibility 
represented by Fig. 1 b cannot be a priori excluded. We must 
also stress that Fig. 1 depicts schematically the HF energy 
hypersurface as a function of variational parameters and not the 
potential energy surface of a given molecule. The latter may in 
fact possess a highly non-analytic character (as well as the 
former one, of course, see e.g. ref. 49) if the CDW (charge 
density wave) associated with the broken symmetry solution 
implies an actual distortion of the nuclear framework: designat- 
ing by A the parameter (or vibrational coordinate) which char- 
acterizes this-distortion (e.g., bond length alternation in long 
polyenes, asymmetric stretch in AB2 type systems, etc.), the 
behavior of the potential energy surface as a function of A is 
schematically shown in Fig. 2 (30, 31, 50). (For a general 
bifurcation structure of the potential energy surface see the last 
entry in ref. 8.) 
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The problem of a possible physical significance of various 
broken symmetry solutions has often been addressed but there 
is still no simple and universal answer available. Undoubtedly, 
the instability is often only an indication of the inadequacy of 
the IPM (independent particle model) picture and of the neces- 
sity to use more sophisticated, multi-reference, approaches. 
This seems particularly to be the case for most small molecular 
species, although even here the instability can persist to the MC 
SCF or even CI (configuration interaction) levels (40), and can 
in fact imply a distorted geometry for certain states or, at least, 
the existence of vibrational modes with a very flat potential 
(39), as it does for large and extended systems (see below). A 
general argument for the possibility of broken symmetry solu- 
tions to describe physical phenomena, based on the ideas of 
Peierls and Yoccoz (5 1) and BCS theory of superconductivity 
(52), was extensively discussed by Fukutome (14). A very 
interesting link between the singlet instabilities (or near- 
instabilities) and the existence of negative force constant for a 
normal coordinate along which the pseudo Jahn-Teller dis- 
tortion or the symmetry reduction may occur was recently 
established by Deguchi et a/. (53). In the case of the ener- 
getically more efficient spin-symmetry breaking there is also 
significant evidence for possible chemical or physical impli- 
cations, as was shown for example by Yamaguchi, Fueno, and 
collaborators (43, 54) in their classification of organic reaction 
mechanisms into the bi-radicaloid and non-radicaloid types. 
Finally, the symmetry breaking is of great importance for the 
electronic structure of extended systems, particularly for the 
organic polymers with conjugated double bonds. It is closely 
related with the so-called dimerization or Peierls' distortion 
found in linear chains (50, 55-57). These problems received a 
new impetus with the synthesis of polyacetylene films which 
show the most remarkable and promising electric, magnetic, 
optical, and other properties (58). Many important studies, 
both with semiempirical and ab  itlitio Hamiltonians have been 
carried out in this direction (55-57, 59-66). 

We can thus conclude that the existence of a singlet in- 
stability for closed shell ground states clearly indicates the need 
to investigate the studied system in higher approximation than 
the IPM. Even though the broken-symmetry solution, which 
inherently accounts for some part of the correlation error, will 
generally provide a better description of various properties than 
the RHF solution, great care must be exercised as far as actual 
distortion of the nuclear framework is concerned. Conversely, 
the instability may be present even when no space symmetry 
can be broken, say for the ABC-type triatomics and analogous 
polyatomic systems (e.g. CH2CH0, CH,CN etc.). In this case 
one can talk about the breaking of an approximate symmetry 
when the system is related with isoelectronic (AB2 type) sys- 
tem. In a number of cases, however, there is no natural vi- 
brational coordinate which can be related with the appearance 
of the instability, which thus must have other implications than 
the nuclear framework distortion. In such cases the instability 
is solely associated with the structure of the electronic cloud, 
as for example in the case of core-hole or valence-hole ionized 
diatomic species. Obviously, one should also have this possi- 
bility in mind even when considering polyatomic systems. The 
clearest form of this type of instability will be found in atomic 
systems, where no nuclear framework distortion is possible. 
We thus investigate such a case in this paper, considering the 
singlet instability of the oxygen doubly negative ion, 0 2 - ,  and 
the broken-symmetry solutions associated with it. One such 
broken-symmetry solution was found empirically by Prat (67). 

An exploitation of singlet instability conditions helped not only 
to recover this same solution, and to show that the situation 
characterized by Fig. l a  rather than Fig. 1 b takes place, but 
also to find yet another pure singlet broken-symmetry solution 
with even lower energy (68). We shall also see what physical 
implications, if any, have the instabilities involving solely the 
electronic cloud. 

Singlet and non-singlet stability conditions 
We first briefly recall the explicit form of stability conditions 

for the closed shell systems. Consider the spin-independent 
Hamiltonian H ,  

[I] H = Z +  V = x z j +  x v ,  
I ,<j 

and a single determinantal closed-shell RHF wavefunction a,,, 

where a and p are spin up and spin down functions, re- 
spectively, and +i ( i  = 1, . . . , n) are occupied RHF MO's. 
Designating the virtual MO's by primed indices, +;, and label- 
ing the monoexcitations i + j ' ,  arranged in some arbitrary but 
fixed order, by the single index I ! ,  u = u( i+  j ' ) ,  we can state 
the stability conditions as follows (1 ,  2). The HF solution [2] 
is singlet (x = s) or non-singlet (triplet) (x = t) stable, if the 
Hessian 

has only positive eigenvalues. The square matrices Ax, Bx (x = 
s, t), whose rows and columns are labeled with all possible 
monoexcitations u, have the form 

= E,. Sjalp - E; Sia - < kj' 1 G 1 il' > 

[4] A:,. = A:,,, + 2 ( k j 1 ( ;  I l ' i )  

where ei designate HF canonical orbital energies, ( i j l  c lkl) are 
the two-electron interaction matrix elements in the MO basis 
(+i+jl c/+,+,), and x designates the complex conjugate of X. 

When A h n d  B" (x = s,  t) are real, we can further factorize 
the Hessian [3] and instead consider the matrices (1, 2) 

The relationship between the eigenvectors of [3] and [5] is 
easily found (1,  2, 28). Finally, designating the eigenvector of 
[3] associated with the lowest eigenvalue A. by d = \ldj.+j.ll, the 
trial wavefunction @(K),  

with 

[7] $ i  = 4; + K C di,j.+js 
j' 

gives the direction of the steepest descent (Ao < 0) or the 
slowest ascent (A,, > 0) on the mean-energy hypersurface, 
given by 
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TABLE I.  Symmetry adapted and two broken symmetry pure singlet single determinantal analytic HF solutions for 02- using C ST0 basis (69) 

Symmetry adapted Broken symmetry D-type Broken symmetry P-type 

5 Cl c ? Cl., C? , Cl, CZ.~ 

Broken symmetry D-type 
Symmetry adapted 

Broken symmetry P-type 

5 C?, Cz,](m = * 1) Cr,,(m = 0) C2,(m = - I) CZp(m = 0) Czp(m = I) 

TABLE 2. Symmetry adapted and two broken symmetry pure singlet single determinantal analytic HF  solutions for 0" using H basis (70) 

Symmetry adapted Broken symmetry D-type Broken symmetry P-type 

5 Cl,, C?,r Cl 7 cz, Cl,< C?, 

Broken symmetry D-type 
Symmetry adapted 

5 C ,  cz, (m = * I) Cz,(m = 0) 

Broken symmetry P-type 

Cz,(tn = - I) Cz,,(m = 0)  Czp(m = I )  

as a function of the mixing parameter K .  In other words, the 
eigenvector components ~l, ,~,  = d,, give the ratios in which the 
virtual orbitals must be admixed to the occupied orbitals in 
order to obtain a trial function corresponding to the direction of 
the steepest descent (slowest ascent) at the studied point repre- 
sented by Qo ( I ,  2, 28). We shall exploit this procedure to find 
the starting point for the usual SCF iterative method, which will 
converge to the broken-symmetry solution associated with a 
given negative root of the singlet stability problem. 

Symmetry-adapted RHF solutions for 0'- 
We shall use analytic HF solutions with the orbitals (i.e., 

"molecular" orbitals) expressed as linear combinations of 
Slater-type orbitals (STO's). The Hartree-Fock-Roothaan 
equations are then used to determine the linear coefficients in 
this expansion. We shall exploit two different bases in order to 
be able to discern the basis dependence of our considerations as 
much as possible. The first basis is taken from an early study 
of Clementi and McLean (69) and will be designated as the 
C-basis for short. The second basis, referred to as the H-basis, 
is that of Huzinaga and collaborators (70). 

The HF problem for doubly negative ions has been often 
plagued with convergency problems, particularly when the 
usual SCF iterative procedure for solving of Hartree-Fock- 

Roothaan equations is employed (69, 71 -73). These problems 
are further amplified in the numerical integration schemes (74), 
where it is generally impossible to obtain a converged HF 
solution (75). 

We have encountered no difficulty in solving the pertinent 
Hartree-Fock-Roothaan SCF equations when we proceeded 
as follows. We have first increased the nuclear charge in order 
to obtain a neutral system and subsequently lowered the nuclear 
charge, in sufficiently small steps when necessary, always us- 
ing the converged solution for higher nuclear charge as the 
initial approximation. In the studied case we started with the Ne 
atom ( Z  = lo), proceeding via F- (Z = 9) and, after several 
steps, reaching 02- (Z  = 8). The converged solutions, given in 
Tables 1-3, are practically identical with those obtained earlier 
(70). 

Stability calculation and broken-symmetry solutions 
We have next applied the singlet and non-singlet stability 

conditions (see above) to the symmetry-adapted RHF solutions 
obtained for the 02- ion. The Hessians [5] can be further 
factorized using the spatial symmetry of the problem and the 
relevant subproblems can be conveniently labeled by the 
change in the magnetic quantum number m. Rather than to 
restrict ourselves to the ion 02-, it is instructive to follow a few 
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TABLE 3. Total HF energy (E), one- and two-particle HF energies (El  and E?) and orbital encrgies E, (all in au's) for the symmetry-adapted 
and broken-symmetry HF solutions for the 0" ion with both C and H ST0 bases (69, 70) 

Value 

C H 

Parameter S A D-type P-type S A D-type P-typc 

FIG. 3. The dependence of the first three triplet (1-3) and singlet 
(3-5) stability roots A as a function of the nuclear charge Z for the 
10-electron atomic system. The points Z = 8, 9, and 10 correspond 
to 0'-, F-,  and Ne atoms, respectively, as indicated at the top of the 
figure. Note that the third triplet stability root (A' + B') is identical to 
the lowest singlet stability root (A' + B'), both represented by the 
curve 3. The lowest singlet stability root (3) is triply degenerate and 
the second one (4) is quintuply degenerate. 

lowest roots of the stability problem as a function of the nuclear 
charge Z, 8 5 Z 5 10. While no negative roots are found for 
either the Ne or F- cases, the three lowest triplet instability 
roots cross zero and become negative at about Z - 8.6. These 
are immediately followed by the two lowest singlet instability 
roots. In fact, the lowest singlet instability root, arising from 
the (A' + B" subproblem, is identical to the third (A' + B') root 
(see Fig. 3). The lowest singlet instability root is triply degen- 
erate and occurs in the Am = 0 and Am = * 1 subproblems, 
while the second lowest root is quintuply degenerate, occurring 
in all Am = 0, + I ,  and ' 2  subproblems. Consequently, we 

FIG. 4. Dependence of the mean energy value E (in au) on the 
mixing parameter K ,  eqs. [6], [7], for 0'- with the C ST0 basis (69), 
for the singlet stability roots 3 and 4 of Fig. 3. 

refer to these roots, and to the corresponding broken-symmetry 
solutions, as being of the P and D type, respectively. 

In order to find the corresponding broken-symmetry solu- 
tions we first optimize the energy [8] as a function of the 
mixing parameter K, eqs. [6], [7]. This energy mean-value 
dependence is shown in Figs. 4 and 5 for the cases of C and H 
bases, respectively. The Hartree-Fock solution corresponding 
to the minimum energy is then used as the starting point in 
solving iteratively the Hartree-Fock-Roothaan equations 
(without any constraints placed on the individual orbitals). The 
convergence is often rather slow and over 100 iterations may be 
required to achieve the desired accuracy. The resulting broken 
symmetry solutions of both P and D types are given in Tables 
1-3. 

The D-type solution, associated with the second lowest root 
of the stability problem, is identical to the solution found earlier 
by Prat (67). In this solution, the m = + 1  and m = - 1 2p 
orbitals are still identical while the tn = 0 213 orbital is distinct. 
It is this unique orbital, whose orbital energy remains to be 
positive (note that all three (identical) 2p orbitals in the 
symmetry-adapted case have positive orbital energies). 

The lowest root of the Hessian [3] yields another broken 
symmetry solution, which is referred to as the P-type solution 
(see Tables 1-3). In this case all three 2p orbitals are distinct, 
even though there is a great similarity between the m = 0 and 
m = + 1 orbitals, while the m = - 1 orbital, which has again 
positive orbital energy, is unique. Clearly, using the eigen- 
vectors associated with other degenerate roots of the stability 
problem we could obtain analogous solutions characterized by 
other distribution of magnetic quantum numbers. 

Discussion 
We first briefly examine the character of obtained broken 

symmetry solutions. To get a better idea of the type and extent 
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-74.45 I I I I I I 

FIG. 5. Same as Fig. 4 for the H S T 0  basis (70) 

Symmetry adapted solution 

Broken symmetry solution (D-type. oblate) 
1.2 

1.2 -[ Broken symmetry solution (P-type . prolate) 
- 

P - - 
I P-,># I p,>+l PO>+ l P-,> 

0.8 - - 

- - 

0.4 -. - 

m = -1 (or +1) - __----- ---------_____ 
I I I I-, 

5 10 15 20 
r ( a u )  

FIG. 6. The radial charge distribution P, eq. [lo], as a function of 
the radial distance r (in au) for the symmetrv-adauted and broken- . & 

symmetry solutions of the prolate and oblate types (see the text for 
details). 

of the symmetry breaking involved, we first examine the radial 
density distribution for thep-orbitals in both symmetry-adapted 
and broken-symmetry cases (we present only the results 
obtained with the H basis, since the C basis results are very 
similar). Designating by y:,:d(r) the radial component of the 
one-density matrix y (1 1 1), 

2 
[9] ~: , :~(r)  = - C ~ r ) ~ 1 , , 1 ' ( 5 ~ 5 ~ ) ~ ' ~  rZ  exp [-(cp + cY)r] 

k," 
where c;' are pertinent expansion coefficients given in Table 
2, we have plotted the radial charge distribution P, 

as a function of the radial distance r ,  in Fig. 6. We thus find 
that compared to the symmetry-adapted solution, two 2p or- 

VOL. 63. 1985 

FIG. 7. Angular distribution of the electron density for the oblate 
D-type broken symmetry solution of the 0'- ion (with the H basis). 

FIG. 8. Same as Fig. 7 for the prolate P-type broken-symmetry 
solution. 

bitals for each broken symmetry solution contract while the 
third one becomes very diffuse. Depending on whether the 
diffuse orbital is associated with m = 0 or m + 0 2p orbital, 
we get two distinct types of the symmetry breaking, the latter 
one being slightly more efficient in the energy lowering. 

The angular distribution of the electron density for the two 
broken symmetry solutions is shown in Figs. 7 and 8. We see 
that the D-type broken-symmetry solution gives the electron 
distribution of the oblate-top type, while that of the lowest 
energy P-type solution can be characterized as being of the 
prolate-top type. In each case we see a clear tendency of elec- 
trons to "escape", and thus to lower the ionicity. Qualitatively, 
this escape would be expected to be more efficient energy-wise 
for the prolate-top deformation as is indeed the case (note, 
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modelled. The dielectric surrounding would have a similar 
effect as the truncation of the A 0  basis, since it would repre- 

-74.6 

E,,  x ,Oz  sent a barrier for the electronic cloud, thus effectively sta- 

EIau) ( au) bilizing the symmetry-adapted 0'- solutions. 
In concluding we would like to stress that the example stud- 

ied in this paper amply illustrates the usefulness of the H F  
/+ stability criteria, which are easy to apply, and which can pro- 

vide useful information about the possible broken-symmetry 
solutions as well as to facilitate their systematic determination. 74.7/7 

, l2 This research has Acknowledgements been supported by an NSERC Grant-in- 
Aid of Research which is hereby gratefully acknowledged. W e  
also wish to thank Dr. Chin Wong for helping with numerical 

o computations and to Dr. R.  F. Prat for stimulating discussions. 
0 5 10 - 15 

FIG. 9. Dependence of the total HF energy E (in au) and of the 
highest occupied HF orbital energy E, (in au) on the orbital exponent 
5 of the most diffuse ST0 in the basis, for the lowest energy broken 
symmetry solution of 0'- and the H basis (70) (for which 5 = 
0.1651966). 

however, that only the D-type solution possesses the exact 
rotational symmetry about the s axis). These broken symmetry 
solutions can thus be regarded as a clear indication of the 
physical instability of the 0'- ion, at least at the H F  level of 
approximation. This is also the reason why no convergence was 
achieved with the numerical H F  programs (74 ,75) ,  even when 
the nuclear charge was slowly decreased as explained above for 
the analytic-type solutions used here. While the F-  solution 
could be obtained without any difficulty, no converged solution 
was obtained for Z < 8.5, while the orbitals were showing a 
tendency to become plane waves (75). This tendency is clearly 
restricted by using a finite S T 0  basis of the analytic approach, 
which confines the electrons to a more or less limited part of the 
space. A very similar effect could be achieved by placing the 
ion into a spherical cavity in an infinite dielectric medium. 

In order to clearly demonstrate the tendency of electrons to 
"escape". we have performed a series of calculations with 
varying orbital exponents. In particular, varying the orbital 
exponent of the most diffuse orbital ([ = 0.165 1966 in the H 
basis), we observe that the electron pair occupying this orbital 
has a tendency to ionize. As Fig. 9 shows, the total energy 
decreases with increasing diffuse character of the highest or- 
bital, and its (positive) orbital energy gradually approaches 
zero as  [ does. We see already from Tables 2 and 3 that it is 
this most diffuse S T 0  which is by far the highest lying orbital 
with positive energy in both broken-symmetry solutions. This 
is a clear indication that 0'- wants to rid itself of both excess 
electrons, since we are within the closed shell formalism. 
Should the spin-symmetry breaking be allowed, only one elec- 
tron would leave leaving the stable 0- ion (68). 

W e  thus see that in this particular case the space symmetry 
breaking, as implied by the singlet instability (triplet instability 
implying a similar result, see e.g. ref. 68) is indicative of the 
physical instability of the system considered. The broken sym- 
metry solutions clearly show the tendency of the excess elec- 
trons to occupy free-electron, continuum states (73, 75). It 
would of course be interesting to study the H F  solutions of the 
0'- ion placed in the center of a spherical cavity in an infinite 
dielectric medium. In this way, the situation encountered in 
actual systems, be it a crystal lattice or a liquid, could be 
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S. HUZINAGA, M. KLOBUKOWSKI, and H. TATEWAKI. Can. J .  Chem. 63, 18 12 (1 985). 
We have started to prepare a new family of high-quality Gaussian-type function basis sets capable of producing near 

Hartree-Fock atomic and molecular wave functions. A conspicuous feature of the family of basis sets is that many of the 
exponent parameters are shared among s-, p-, d-,  andf-basis functions. In the present paper we report the first phase of the 
work covering atoms from Li to Ar, together with near Hartree-Fock calculations on Nz, CO, Naz, and P, as the applications. 
A modified form of Raffenetti's contraction scheme is used. 

S. HUZINAGA, M. KLOBUKOWSKI et H. TATEWAKI. Can. J .  Chem. 63, 18 12 (1 985). 
Nous avons cornrnencC a prCparer une nouvelle farnille d'ensembles de base, de haute qualiti et du type de fonction 

gaussienne qui nous permettent de produire des fonctions d'onde molCculaires et atorniques qui se rapprochent de celles de 
Hartree-Fock. Une caractkristique Cvidente de cette farnille d'ensernbles de base riside dans le fait que plusieurs parambtres 
exponentiels sont rkpartis entre des fonctions de base s, p,  d et f. Dans le prCsent travail, nous rapportons la premibre phase 
du travail couvrant les atomes allant du Li a I'argon ainsi que des calculs de Hartree-Fock sur le N,, le CO, le Na2 et Ie P2, 
comme applications. On a utilisC une forme rnodifiie du schtrna de contraction de Raffenetti. 

[Traduit par le journal] 

1. Introduction 
The Hartree-Fock approximation gives the lowest energy of 

a many-electron system within the framework of independent 
electron (orbital) model. Remaining errors in the energy and 
other properties are attributed to electron correlation. This 
conceptual picture has attractive clarity. If we obtain the 
Hartree-Fock wave functions for a molecule and for the con- 
stituent atoms, we may talk about changes from atoms to mol- 
ecules in the language of polarization, configurational change, 
electron transfer, etc. 

Unfortunately, the majority of ab initio calculations of mo- 
lecular electronic wave functions have been conducted using 
unsaturated Gaussian-type function (GTF) basis sets which d o  
not produce near Hartree-Fock results. The economics of 
computation prevails; the clear-cut conceptual picture is 
blurred and the language of theoretical interpretation becomes 
ambiguous. 

We are preparing a family of high-quality G T F  basis sets 
capable of producing near Hartree-Fock atomic and molecular 
wave functions. In the present paper we report the first phase 
of the work covering atoms from Li to Ar, together with near 
Hartree-Fock calculations on Nz, CO,  Na,, and P, as the 
applications. 

The basis set is termed as well-tempered (wohltemperierte). 
T o  illustrate the essential feature, t h e l l 6 ~ 1 3 ~ 8 d )  set'for Kr is 
shown in Table 1. There are 16 distinct exponent parameters in 
the set. For the s functions all sixteen of them are used. For the 
p functions thirteen of them (numbered as 4 ,  5, 6 ,  7 , .  . . , 16) 
and for the d function eight of them (numbered as 7 ,  8 ,  9 ,  . . . , 
14) are used. These eight exponent parameters are shared 
among the s ,  p ,  and d functions. 

2. Well-tempered GTF basis sets 
The "even-tempered" basis set was proposed by Raffenetti 

and Ruedenberg (1) in 1973. A set of even-tempered atomic 
basis functions is defined by 

where S1,,,(O, +) are nornialized real spherical harmonics, p = 
1 for S T F  and p = 2 for GTF. N/(</k) are normalization factors 
for the radial functions. The name "even-tempered" comes 
from the constraint imposed on  the choice of the exponent 
parameters 

{C/,> C/? 9 . . . , CIK,} 

That is to say, they form a geometric sequence, a / ,  a lp1 ,  
a lP12,  . . . . . There are only two parameters, al and PI, to  be  
optimized per group of atomic functions belonging to the same 
symmetry species. For example, for the ground states of B 
( l s ' 2 ~ ' 2 ~ ' ,  ' P )  through Ca  (1 s22s22p63s23p64s2, IS) only four 
parameters a o ,  Po, a l ,  and PI  are to be determined. For the first 
transition metal atoms there are six parameters a o ,  Po, a l ,  P I ,  
a ? ,  and p, to be optimized. 

Bardo and Ruedenberg (2) explored the possibility of using 
a common set of a and p for all 1; 

Clementi and Corongiu (3) combined this restricted form of 
even-temperedness with the idea of the universal basis set (4) 
and managed to cover all the way from H to S r  by using the 
following two geometric sequences: 

[I] a = 0.016, P = 3.0,  K = 20  

[11] a = 0.012,  P = 3.0, K = 20  

From the sequence [I], the small and the medium size sets were 
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HUZINAGA ET AL 

Tab le  1 .  K r  I S  ( 16s .13p .8d )  

T o t a l  energy V i r i a l  ( - P o t / K l n )  
-2752.040259 2.000009017 

Orb.  symmetry I s  2  s  3  s  4  s  
Orb.  energy  -520.16188 -69.901928 -10.848439 -1.1522443 

Orb.  exponent Expansion c o e f f i c i e n t s  

Orb .  symmetry 
Orb .  energy  

Orb.  exponent Expansion c o e f f i c i e n t s  

Orb .  syn~metry 3d 
Orb.  energy -3.8243211 

Orb.  exponent Expansion c o e f f i c i e n t s  

developed. In the small set (9s5p)  is chosen for Ne and 
(18sl l p 5 d )  for Sr. In the medium set (10s6p) for Ne and 
(18s12p7d) for Sr. From the sequence [I]] the large set 
( 1 3 . ~ 8 ~ )  for Ne is constructed. For Sr the largest set is 
(20s 13p8d) which gives -3 13 1.4824 au as the ground state 
energy. The Hartree-Fock value is -313 1.5379 au. 

In 1982, apparently unaware of either Bardo-Ruedenberg's 
work or Clementi-Corongiu's, Kosugi (5)  conceived a similar 
idea and started coding a molecular integral program based on 
the assumed availability of such basis sets that the GTF ex- 
ponents are shared among s,  p, d, and f functions. In response 
to Kosugi's request, we initiated a compilation of a new family 

of GTF basis sets, less ambitious than Clementi's and with 
different emphases. 

In order to attain high accuracy with smaller basis size, the 
universal character is not sought and in place of the even- 
tempered formula [2.3] a generalized formula, 

is used for generation of exponents which are then shared 
among radial functions with different 1. Here a, P, y, and 6 are 
the four parameters to be optimized through the energy calcu- 
lation of an individual atom. The generalized formula [2.4] 
shares with the even-tempered formula the ease of opti- 
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Table  2 .  The t o t a l  and o r b i t a l  e n e r g i e s  (a.u.  ) of atoms from L i  t o  Ar. 

a )  W Enerqy va lues  c a l c u l a t e d  u s i n q  t h e  well-tempered b a s i s  s e t .  

h) HF Near Hartree-Fock enerqy v a l u e s  q iven by Clement i  and R o e t t i .  

(Atomic Data and Nuclear Data Tab le s ,  5, 177 (1974)  1. 

mization. The (16s13p8d) set optimized through these four 
parameters gives -2752.0324 au as the ground state energy of 
Kr, while the largest (18s 13p8d) set of Clementi and Corongiu 
gives -2752.0026 au. The (5,) obtained through [2.4] were 
further individually optimized with the only constraint that they 
are still to be shared among s,  p ,  and d radial functions. The 
resulting (16s13p8d) set is shown in Table 1 and it gives 
-2752.0403 au which is fairly close to the Hartree-Fock value 
-2752.0546 au. 

On account of the parent well-tempered formula [2.4], the 

newly prepared basis sets may be called well-tempered because 
they are no longer "even-tempered" but still maintain averaged- 
out, well-spaced exponent values common for s, p, d ,  and f 
radial functions. 

Table 2 shows the total and orbital energies of the ground 
states of Li through Ar obtained by our well-tempered basis 
sets. Their basis set parameters are given in Tables 3- 18. 

3. SCF calculations on N,, CO, Na,, and P, 
The well-tempered GTF basis sets reported in the present 
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HUZINAGA ET AL. 

T a b l e  3 .  L i  25 ( 1 4 s )  

T o t a l  e n e r g y  V ~ r i a l  ( - P o t / K i n )  
- 7 . 4 3 2 7 2  1641 2 . 0 0 0 0 0 0 6 8 0  

O r b .  symmet ry  1  S 2  5  
O r b .  e n e r g y  - 2 . 4 7 7 7 3 5 2  - 0 . 1 9 6 3 2 2 4 1  

O r b .  e x p o n e n t  E x p a n s i o n  c o e f f i c i e n t s  

T a b l e  4 .  B e  15 ( 1 4 s )  

T o t a l  e n e r g y  V i r i a l  ( - P o t / K i n )  
- 1 4 . 5 7 3 0 1 0 4 9  2 . 0 0 0 0 0 0 9 3 0  

O r b .  symmet ry  1s 2  s 
O r b .  e n e r g y  - 3 . 7 3 2 6 6 0 4  - 0 . 3 0 9 2 6 5 7 9  

Orb' .  e x p o n e n t  E x p a n s i o n  c o e f f i c i e n t s  

paper are of near Hartree-Fock quality for atoms as seen in 
Table 2 .  We have tested their effectiveness as basis sets for 
molecular calculations by performing carefully controlled SCF 
calculations on NZ, CO, Na2, and Pp 

Raffenetti's general contraction scheme (6 )  is used through- 
out the work with a slight modification. Since we regard Raf- 
fenetti's contraction scheme as an integral part of our well- 
tempered basis sets, we shall explain the scheme using the 
(14s9p)  set for N given in Table 7. 

The minimal basis set obtained from the set by Raffenetti's 
scheme is composed of three distinct atomic radial functions, 

14 

S I ( ~ )  = C a1~.1&?~(5n;r)  
1 = 1  

14 

L2.5] s2(r) = C a ? ~ . I  gs(Ck; r )  
I =  I 

14 

= C a2p,kgp(Ck; r> 
1 = 6  

where g ,  and g, are normalized radial functions, 

gs(5; r )  = N5(5) exp (-0') 
L2.61 

g,(5; r )  = N,(5)r1 exp (-0') 
and the expansion coefficients and the well-tempered ex- 
ponents are given in Table 7. This minimal set may be denoted 
as (14 ,  1419). 

More flexible contracted basis sets can be generated by 
adding some primitive functions chosen from the original 
( 1 4 . ~ 9 ~ )  set to the above minimal set (14,1419). For example, 
the following four functions, 
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CAN. 1. CHEM. VOL. 63, 1985 

T a b l e  5 .  8 2P ( 1 4 s . 9 ~ )  

T o t a l  ene rgy  V i r i a l  ( - P o t / K i n )  
-24.52902873 2 .000000857 

Orb .  symmetry 1 s  2  s  
O r b .  e n e r g y  -7 .6953065  -0 .49468754 

Orb .  exponen t  Expans ion  c o e f f i c i e n t s  

O r b .  symmetry 2  P 
O r b .  e n e r g y  -0 .30985597  

Orb .  exponen t  Expans ion  c o e f f i c i e n t s  

Tab le  6 .  C 3P ( 1 4 5 . 9 ~ )  

T o t a l  e n e r g y  V i r i a l  ( - P o t / K i n )  
-37.68856236 2.000001012 

Orb .  symn~e t r y  1  s  2  s  
Orb .  e n e r g y  -11 .325485  -0 .70560544 

O r b .  exponen t  Expans ion  c o e f f i c i e n t s  

Orb .  symmetry 2  P 
Orb .  e n e r g y  -0 .43332521  

O r b .  exponen t  Expans ion  c o e f f i c i e n t s  
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HUZINAGA ET AL 

T a b l e  7 .  N 45 ( 1 4 s . 9 ~ )  

T o t a l  e n e r g y  V i r  i a l  ( - P o t / K i n )  
-54.40084206 2 .000001 166 

Orb .  symmetry I s  2s 
Orb .  e n e r g y  -15 629017 -0 .94529417 

Orb .  exponen t  E x p a n s ~ o n  c o e f f i c i e n t s  

Orb.  symmetry  2 P 
Orb .  e n e r g y  -0 .56756217  

Orb .  exponen t  Expans ion  c o e f f i c i e n t s  

T a b l e  8 .  0 3P ( 1 4 s . 9 ~ )  

T o t a l  e n e r g y  V I ~  i a l  ( - P o t / K i n )  
-74 .80924315  2 000002168 

O r b .  symmetry 1 s 2s 
Orb .  ene rgy  -20.668605 - 1  2442799 

Orb .  exponent  Expans ion  c o e f f i c i e n t s  

Orb .  symmetry 2P 
Orb .  ene rgy  -0 .63186693 

Orb .  exponent  Expans ion  c o e f f i c i e n t s  
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Table 9 .  F 2P ( 1 4 s . 9 ~ )  

T o t a l  energy V i l - i a l  ( - P o t j K i n )  
-99.409 1 1077 2.000003127 

Orb.  symmetry 1 s 2s 
Orb. energy -26.382702 -1.5724961 

Orb.  exponent Expansion c o e f f i c i e n t s  

Orb. synlmetry 2 P 
Orb. energy -0.72997019 

Orb. exponent Expansion c o e f f i c i e n t s  

Table 10. Ne I S  ( 1 4 s . 9 ~ )  

T o t a l  energy 
-128.5467125 

Orb. symmetry 
Orb. energy 

Orb. exponent 

Orb. symmetry 
Orb. energy 

Orb .  exponent 

Expansion c o e f f i c i e n t s  

Expansion c o e f f i c i e n t s  
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HUZINACA ET AL. 

T a b l e  1 1 .  Na 25 ( 1 6 s . 9 ~ )  

T o t a l  e n e r g y  V I ~  ~ a l  ( - P o t / K i n )  
- 1 6 1 . 8 5 8 5 2 5 5  2 . 0 0 0 0 0 1 9 5 9  

O r b .  s y m m e t r y  I s  2  s  
O r b .  e n e r g y  - 4 0 . 4 7 8 3 0 0  - 2 . 7 9 6 8 7 0 9  

O r b .  e x p o n e n t  E x p a n s i o n  c o e f f i c i e n t s  

IS 4 1 5 7 8 0 . 4 3  - f> .18211947E-04  0 . 4 4 4 8 2 9 9 4 E - 0 5  
I S  6 2 8 1 1 .  131 - 0 . 1 3 3 8 3 7 4 7 E - 0 3  0 . 3 5 1 1 4 2 9 2 E - 0 4  
1s 1 4 0 3 5 . 5 8 5  - 0 . 7 6 3 5 6 6 6 6 E - 0 3  0 . 1 8 6 7 0 7 7 3 E - 0 3  
IS 3 9 7 5 . 6 9 7 9  - 0 . ? 2 3 3 2 1 5 6 € - 0 2  0 . 7 9 1 2 5 5 4 8 E - 0 3  
I S  1 2 6 5 . 4 3 3 8  - 0 . 1 2 3 0 8 0 9 9 E - 0 1  0 . 3 0 3 5 6 4 2 7 E - 0 2  
I S  4 3 1 . 8 9 5 4 2  - n . 4 2 7 0 5 5 7 4 E - 0 1  0 . 1 0 7 0 1 7 4 8 E - 0 1  
IS 1 5 5 . 1 4 0 0 8  - 0  12723098 0 . 3 3 4 4 7 9 0 1 E - 0 1  
IS 5 8 . 7 4 2 7 9 4  -0  79200747 0 . 8 5 6 9 8 0 8 8 E - 0 1  
I S  2 3 . 3 3 6 1 4 2  - 0 . 4  1583913 0 .  16132142 
I S  9 . 6 6 4 0 2 1 3  - 0 . 2 3 4 2 6 2 6 6  0 . 1 4 3 6 5 1 3 9  
IS 4 . 0 1 7 4 1 6 7  - 0 . 2 2 7 0 7 8 8 7 E - 0 1  - 0 . 1 4 8 3 2 3 1 6  
I S  1 . 6 6 9 8 3 1 7  - 0 . 2 9 6 3 2 1 5 9 E - 0 2  - 0 . 5 1 5 4 9 2 1 5  
1s 0 . 6 9 3 2 7 9 5 9  0 55525517E-03  - 0 , 3 3 8 2 8 6 6 1  
IS 0 . 2 7 7 6 6 6 1 0  - 0 . 4 3 9 8 5 0 9 2 E - 0 3  - 0 . 6 4 2 8 8 8 6 4 E - 0 1  
I S  0 . 6 9 0 4 0 2 3 3 E - 0 1  0 . 1 3 7 9 3 3 9 1 E - 0 3  0 . 1 5 8 2 4 4 2 3 E - 0 2  
IS 0 . 2 6 5 1 7 2 1 6 E - 0 1  - 0 . 5 2 7 6 7 2 6 4 E - 0 4  - 0 . 7 5 5 0 2 4 6 8 E - 0 3  

O r b .  symnle t ry  
O r b .  e n e r g y  

O r b .  e x p o n e n t  

2 p  4 3 1 . 8 9 5 4 2  
2 p  1 5 5 .  14008 
2 p  5 8 . 7 4 2 7 9 4  
2 p  2 3 . 3 3 6 1 4 2  
2 p  9 . 6 6 3 0 2 1 4  
2 p  4 . 0 1 7 4 1 6 7  
2 p  1 .6698317 
2 p  0 . 6 9 3 2 7 9 5 9  
2 p  0 . 2 7 7 6 6 6 1 0  

E x p a n s i o n  c o e f f i c i e n t s  

- 0 . 6 6 3 6 1 7 6 2 E - 0 3  
- 0 . 2 6 0 3 9 6 0 8 E - 0 2  
- 0 . 1 2 8 8 8 2 6 1 E - 0 1  
- 0 . 3 5 8 3 1 5 0 5 E - 0 1  
- 0 . 1 3 5 8 2 6 2 7  
- 0 , 2 8 2 8 3 4 0 0  
- 3 . 3 7 7 0 1 2 4 4  
- 0 . 3 0 3 5 4 0 4 0  
- 0 . 9 1 6 0 6 3 9 4 E - 0 1  

T a b l e  12.  Mg 1S ( 1 6 s . 9 p )  

T o t a l  e n e r g y  V i r i a l  ( - P o t / K i n )  
- 1 9 9 . 6 1 4 0 1 8 9  2 . 0 0 0 0 0 6 7 7 3  

O r b .  s y m m e t r y  I s  2  s  3  s  
O r b .  e n e r g y  - 4 9  031697 - 3 . 7 6 7 6 8 8 0  - 0 . 2 5 3 0 2 5 3 0  

O r b .  e x p o n e n t  E x p a n s i o n  c o e f f i c i e n t s  

O r  s y m m e t r y  2P 
O r b .  e n e r g y  - 2 . 2 8 2 1 6 0 8  

O r b .  e x p o n e n t  Expar ls  i o n  c o e f f i c i e n t s  
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Tota 1 energy 
-241.8757152 

Orb. symmetry 
Orb. energy 

Orb. exponent 

Orb. symmetry 
Orb. energy 

Orb. exponent 

Table 13. A 1  2P (16s.11p) 

Expansion coefficients 

Expansion coefficients 

may be added to the basis functions in [2.5] and the resulting 
contracted basis set may be denoted as (14,14,1,1/9,1,1). Both 
sets, (14,1419) and (14,14,1,1/9,1,1), reproduce exactly the 
same total and orbital energies of the atom given in Table 2. 
There is no need of recalculating the atomic energies when a 
contracted basis set is generated from the original primitive 
(14s9p) set by Raffenetti's scheme. 

It is possible to make Raffenetti's basis set less bulky while 
retaining the same accuracy and convenience. By combining 
the following three contracted basis functions, 

with the four primitive functions in [2.7], we obtain a con- 
tracted basis set, (12,12,1,1/7,1,1). This modified contraction 
offers the same accuracy and flexibility as the original form 
(14,14,1,1/9,1,1) for atomic and molecular calculations. 

3.1. Nz 
We have performed a series of SCF calculations on N,, first 

without, then with polarization functions. Table 19 shows the 
total energy and orbital energies at the internuclear distance of 
2.068 au. The abbreviated designation of basis sets used in 
Table 19 corresponds to the one used in the previous section as 
follows, 

The basis set denoted as [5/4/3*] in Table 19 is the 
(1 1,11,1,1,1/6,l,l,l) set supplemented by the following three 
primitve d radial functions 

where 
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HUZINAGA ET AL. 

T a b l e  14.  S i  3P ( 1 6 s . l l p )  

T o t a l  ene rgy  V i r i a l  ( - P o t / K i n )  
-288.8533043 2.000009410 

Orb .  symmetry I s  2  s  3  s  
O rb .  ene rgy  -68 .812300 -6 .1563909 -0 .53969571 

Orb .  exponent  Expans ion  c o e f f i c i e n t s  

T o t a l  ene rgy  P o t e n t i a l  ene rgy  K i n e t i c  ene rgy  2 - e l e c t r o n  ene rgy  V i r i a l  ( - P o t / K i n )  
-397.5036947 -795.005089 1  397.5013944 15 1.8855842 2.000005787 

O r b i t a l  symmetry 
Energy 
Exponent 

I s  855633.84  
1s 129252.19 
1s 29011.892 
1s 8192.5384 
I s  2610.5195 
I s  877.87116 
I s  309.90741 
I s  116.30399 
I s  46 .201024 
1s 19 .065330 
I s  8.0369385 
I s  3.4830361 
I s  1.5449017 
I s  0.60342137 
1s 0.23776272 
I s  0.89861851E 

O r b i t a l  symmetry 
Energy 
Exponent  

2p 877.87116 
2p 309.90741 
2p 116.30399 
2p 46.201024 
2p 19 .065330 
2p 8.0369385 
2p 3.4830361 
2p 1.5449017 
2p 0 .60342 137 
2p 0.23776272 
2p 0.89861851E- 

and C,,, C I 2 ,  C I 3  are given in Table 7. The polarization functions 
used in [6/5/3*] and [7/6/3*] are the same as above. (In all 
calculations the 3s component of d orbitals is excluded.) 

As is shown in Table 7, the 2s and 2p atomic orbitals are 
mainly composed of the four outermost primitive GTFs. There- 
fore the set [6/5] gives a limit of splitting of the valence shell. 
Proceeding from [2/1] to [14/9], we find that all the quantities 
listed in Table 19 change considerably from [2/1] to [4/3], but 
moderately from [4/3] to [6/5] and they are almost constant 
from [6/5] to [14/9]. The change in the total energies from 
[6/5] to [14/9] is only 0.00008 au - 0.05 kcal/mol. Con- 
tribution to the chemical bonding from the core electrons is 
negligibly small. The results of [5/4/3*], [6/5/3*], and 
[7/6/3*] show the importance of the polarization functions. 

In this paragraph, the total energies and orbital energies 
given by the present work are compared with those of Cade, 
Sales, and Wahl (CSW) (7) who performed STF SCF calcu- 
lations of NZ Their basis set is basically composed of five s- 
and threep-type orbitals; they have, however, dropped one p a u  
orbital and have employed eight a,, seven a, ,  and three nu 
orbitals when the polarization functions are disregarded. The 

abbreviation for this set is (8 X 7 X 3) and the results are also 
shown in Table 19. The total energy by (8 x 7 X 3) at R = 
2.068 au is between [3/2] and [4/3], although the atomic total 
energy given by them is slightly lower than the present one. 
The disregard of one of the pu,  orbitals results in the rather 
shallow total energy of (8 x 7 x 3). Adding the 3du,, 3duL, 
3 d 4 ,  4fu,, 3duu, 3dn:, and 4fnu to (8 X 7 X 3), they have 
constructed the set of (12 X 8 X 6). The total energy calculated 
is - 108.9897 au which is only 0.0002 au lower than that by 
[6/5/3*]. The small difference between the two calculations 
may again be attributed to disregarding of one of the 2puu 
orbitals. These days, only very rarely are the exponential pa- 
rameters optimized in molecular calculations. In 1966 CSW 
performed careful exponent optimization which led to the sub- 
stantial energy lowering of 0.0031 au (see the final row in 
Table 19). 

The spectroscopic constants are summarized in Table 20. 
The sets [2/1] and [3/2] give the repulsive potential for the 
internuclear distance (r) 5 2.15 au, while others yield attrac- 
tive ones. All the constants calculated with the full valence 
shell splitting set [6/5] are close to those of [14/9]. This is in 
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Table 15 .  P 4 5  ( 1 6 5 . 1 1 ~ )  

Tota l  energy V i r i a l  ( - P o t / K i n )  
-340.7177301 2.000005486 

Orb.  symmetry 1 s 2 s 3 s 
O r b .  energy - 7 9 . 9 6 9 5 2 2  -7.5109365 -0.69626586 

Orb.  exponent Expansion c o e f f i c i e n t s  

Orb.  s y m m e t r y  2P 3P  
Orb.  energy -5.4007530 -0.39162039 

Orb.  exponent Expansion c o e f f i c i e n t s  

line with the cases of the total energies and orbital energies 
shown in Table 19. The spectroscopic constants given by the 
sets augmented with the polarization functions are quite similar 
to those of (12 x 8 X 6) except for v v , ~ ,  and D,. In this work, 
the spectroscopic constants have been calculated with the third 
degree polynomials (8), which might be too crude to evaluate 
wcxe The difference of -0.08 eV in D, arises from dis- 
regarding the f function in the present calculations. 

3.2. CO 
Total energies and orbital energies for CO calculated in this 

work are compared in Table 21 with those of McLean and 
Yoshimine (MY) (9) who employed five s-, four p-, one d-, 
and one f-type STFs. The values of the spectroscopic constants 
are collected in Table 22. The results of fully split valence shell 
set [6/5] in the two tables well simulate those of fully split set 
[14/9] as in the case of N2, although the effect of splitting the 
orbital of the 1s core is larger than the case of N2. The differ- 
ence in the total energy and dissociation energy between [6/5] 
and [14/9] is -0.36 kcal/mol, but it still remains in the accept- 

lower than that by the present set and exponent optimization 
performed by MY brings extra energy lowering of 0.0005 au; 
the main reason for the difference between the two calculations 
rests in disregarding the f-type polarization functions in the 
present work. 

Values of dipole moment as well as those of quadrupole 
moments at R = 2.132 au are presented in Table 23. They show 
the same tendency as the total energies, the orbital energies, 
and the spectroscopic constants. 

The set [7/6/3*] gives the dipole moment of -0.104 au 
(C 'O-)  which has the opposite sign to that of experiment. 
Table 24 shows the dipole moment at different values of the 
internuclear distance. The moment calculated is parallel to that 
of Huo (10). It is to be noted that the sign of the moment 
changes around R = 2.015 au (C-Ot), but according to the 
Mulliken population analysis ( 1  1) the molecule is still CtO- ,  
indicating that the population analysis is not adequate to ana- 
lyze the charge distribution of the CO molecule. 

3.3. Na2 
able error of 1 - 2 kcal/mol. The sets augmented with polar- Table 25 presents total energies and orbital energies obtained 
ization functions give almost the same results as those of in the SCF calculations at R(Na-Na) = 6 au using the basis 
McLean and Yoshimine. The larger differences between the set from Table 11. Basis set [3/1] (16,16,16/9) is the minimal 
two calculations are in the total energies and dissociation ener- basis set corresponding to (16s9p) basis of the sodium atom in 
gies (0.0024 au - 1.5 1 kcal/mol). The sum of the atomic total its ground state. The basis sets [4/ 11 and [5/ 11 have been 
energies of carbon and oxygen by (5s4p) of STF is 0.0002 au obtained by consecutively releasing the primitives Cl6 and 5,,. 
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HUZINAGA ET AL. 

T a b l e  16.  S 3P ( 1 6 s . l l p )  

T o t a l  e n e r g y  V l r l a l  ( - P o t / K i n )  
- 3 9 7 . 5 0 3 6 9 4 7  2  000005787 

O r b .  symmet ry  1s 2s  3 s  
O r b .  e n e r g y  -92  004223  - 9 . 0 0 4  1224 - 0  87936006 

O r b .  e x p o n e n t  E x p a n s i o n  c o e f f i c i e n t s  

O r b .  symmet ry  2  P  3P 
O r b .  e n e r g y  - 6  6822887 - 0 . 4 3 7 2 4 2 0 4  

O r b .  e x p o n e n t  E x p a n s i o n  c o e f f i c i e n t s  

T a b l e  17 C1 2P ( 1 6 s . l l p )  

T o t a l  e n e r g y  V i r  i a l  ( - P o t / K i n )  
- 4 5 9 . 4 8 0 6 2 7 1  2 . 0 0 0 0 0 5 6 3 1  

O r b .  symmet ry  1 s  2s  3 s  
O r b .  e n e r g y  - 1 0 4 . 8 8 4 1 7  -10 .607297  - 1.0727376 

O r b .  e x p o n e n t  

O r b .  symmet ry  2  P 3P 
O r b .  e n e r g y  - 8 . 0 7 1 9 8 0 4  - 0 . 5 0 6 2 5 2 2 4  

O r b .  e x p o n e n t  Expans i o n  

-0 .93454880E-03  
-0 .37919629E-02  
- 0 . 1 8 7 7 0 5 8 4 E - 0 1  
-0 .69422520E-01  
- 0 . 2 0 0 8 8 2 4 8  
- 0 . 3 7 5 1 3 4 4 7  
-0 38404423 
.O. 14485597 
-0 .97801932E-02  
-0 .12690389E-02  
-0 29956347E-03 

I c o e f f i c i e n t s  

-0 .25379837E-03  
-0 .10155453E-02  
-0 .51455765E-02  
-0 19082947E-01 
- 0 . 5 7 6 7 7 1 6 6 E - 0 1  
- 0 . 1 0 9 8 3 8 0 0  
- 0 . 1 2 6 2 4 2 7 0  
0 . 4 2 8 1  1923E-01 
0 . 3 9 1 6 5 3 1 1  
0 50052334 
0 . 2 2 3 7 8 0 6 3  
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Table  18 .  A r  1'5 ( 1 6 s .  t i p )  

T o t a l  energy 
- 5 2 6 . 8  158975 

Orb.  symmetry 
Orb.  energy 

Orb.  exponent 

Orb.  symmetry 
Orb.  energy 

Orb.  exponent 

V i r i a l  ( - P o t / K i n )  
2 .000005 163 

Expansion c o e f f i c i e n t s  

Expansion c o e f f i c i e n t s  

TABLE 19. Comparison of the total and orbital energies (au) of N2 molecule at R = 2.068 au" 

Basis T.E. lo, lo, 2us 20, 30, 1 rU 

"Atomic total energy by present basis set = -54.40084 au. 
hThe STF basis set without the polarization function; the numbers of STFs for a,, a., and nu are 8,  7, and 3, respectively. See 

ref. 7. 
'The STF basis set with the d and f polarization functions; the number of STFs for a,, a", and n, are 12, 8, and 6. See ref. 7. 
"The same basis set as the case c, but with all the exponents optimized. 
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TABLE 20. Comparison of spectroscopic constants of Nz 

D, Re 0, WC x, B a K 

Basis (eV) (au) (cm-I) (cm-I) (cm-I) (cm-I) (dyn/cm X lo-') 

[2/11 
[3/21 
[4/31 
[5/41 
[6/51 
[7/61 
~8171 
[ 14/91 
[5/4/3*1 
[6/5/3*1 
[7/6/3*] 
(12 X 8 X 6)" 
Exptl." 

Repulsive for R 5 2.15 au 

"From ref. 7. 

TABLE 21. Comparison of total and orbital energies (au) of CO at R = 2.132 au 

Basis T.E. 1 u 20 

[2/ 1 I 
[3/21 
[4/31 
[5 141 
[6/51 
~7161 
[8/71 
[ 14/91 
[5/4/3*1 
[6/5/3*1 
[7/6/3*1 
MCL-YOSH" 

"See ref. 9. 

TABLE 22. Comparison of spectroscopic constants of CO 

Dc R e  We Wc Xc B (Y K 

Basis (eV) (au) (cm-I) (cm-I) (cm-') (cm-I) (dyn/cm X lo-') 

[2/ 11 Repulsive for R 
[3/21 5.049 2.194 
[4/31 5.819 2.129 
[5/41 5.905 2.124 
[6/51 5.952 2.122 
~7161 5.964 2.121 
~8171 5.967 2.121 
[I4191 5.968 2.121 
[5/4/3*1 7.892 2.085 
[6/5/3*1 7.902 2.085 
[7/6/3*1 7.907 2.085 
MCL-YOSH" 7.971 2.083 
Exptl" 11.242" 2.132' 

"STF SCF calculation by McLean and Yoshimine: spectroscopic constants are calculated by the use of their 
energies. See ref. 9. 

Reference 20. 
" Reference 2 1 .  

The basis set [5/1 l*] has been obtained by adding one p-type quite close to the experimental value of 2.10 eV (12). In the 
GTF with 515 to improve the description of the p-space; simi- [6/22*] basis the s- andp-type GTFs with 513 are uncontracted 
larly, the [5/12*] basis contains both and 51, functions in the to improve flexibility of the basis functions in the 2s  and 2p 
p-space. (Addition of these two functions is important due to regions. Finally, the [5/12*/3*] basis set is obtained by adding 
the 3s-3p near-degeneracy.) Atomic calculations in the ex- three sets of 3d GTFs with exponents 513, < I 4 ,  and tI5. 
tended ( 1 6 ~ 9 ~ 2 ~ "  basis set give E('P) - E(2S) = 1.99 eV, The largest decrease of the total energy is obtained upon 
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TABLE 23. Dipole and quadruple moments of CO by various 
basis sets at R = 2.132 au 

Population 
Dipole Ouadru~ole 

Basis (au) (au) c o 
[2/ 1 1 -0.0838 -2.5044 f0.38 -0.38 

-0.1169 -2.4302 +O. 12 -0.12 
[4/31 -0.2001 -2.2278 f0.34 -0.34 

-0.2086 -2.2209 +0.32 -0.32 
[6/51 -0.2104 -2.2198 +0.32 -0.32 

-0.2105 -2.2195 +0.31 -0.31 
[8/71 -0.2104 -2.2194 f0.31 -0.31 
[14/9] -0.2100 -2.2193 +0.31 -0.31 
[5/4/3'] -0.1025 - 1.5246 f0.28 -0.28 
[6/5/3*] -0.1039 - 1.5193 +0.29 -0.29 
[7/6/3*] -0.1039 - 1.5174 f0 .34  -0.34 
Huo" -0.108 - 1.59 - - 

Exptl" 0.0441 - - - 
?0.0020 

"See ref. 10 The bass  set is (41311) for the a and n orb~tals of 
the oxygen atom wh~le they are (4121 1) and (4121 I /  1) for the a and 
n orbltals of the carbon atom 

"Reference 22. 

TABLE 24. Dipole moment (au) of CO at different 
values of R (au) by Huo and [6/5/3*] 

Population 

"See ref. 10. 

TABLE 25. Comparison of the total and 

inclusion of the first p-polarization function (0.004 au or 2.7 
kcal/mol). Polarization of 2s and 2p AOs due to the chemical 
bonding seems to be negligible. The role of the d polarization 
functions seems to be negligible on the SCF level. However, 
they have been included in view of the later MCSCF calcu- 
lations (vide infra). 

Table 26 presents the potential curve parameters calculated 
with various basis sets and compared with other available all- 
electron SCF results. Again, addition of the polarization func- 
tions is required to secure convergence of the calculated prop- 
erties. The Na2 molecule is unbound with respect to the limit of 
two isolated Na(2S) atoms. It seems that the bonding of 0.038 
eV calculated by Martin and Davidson (14) at 5.82 au probably 
results from the basis set superposition error (cf. the review 
article by Tatewaki in ref. 15). Our [5/12*/3*] values of both 
D, and R, are very close to the results of Partridge et al. (13). 
It should be noted (Table 25) that their SCF total energy at the 
internuclear distance of 6 au is about 0.025 au above the 
[5/ 12'k/3*] total energy. 

For the sodium dimer we have also performed preliminary 
MC SCF calculations using the ALIS system of programs (16) 
to optimize a wave function which had the same structure as the 
N9XC function of Konowalow et al. (17). The calculations 
have been done using the [5/12*/3*] basis set at the inter- 
nuclear distance of 6 au (close to the N9XC equilibrium dis- 
tance). The MC SCF procedure gave in eight iterations the total 
energy of -323.74294 1 au (stable to < au) which is only 
0.06 kcal/mol above the value of -323.743039 au obtained by 
Konowalow et al. using a large STF basis set (17). (No f 
functions were included in either calculation.) 

It is worth mentioning that calculation of integrals takes 
about 70% of the CPU time spent in the complete SCF calcu- 
lation; this, however, is reduced to less than 10% of the CPU 
time needed for complete MCSCF calculation. (The ALIS sys- 

orbital energies (au) of Na2 at R = 6.0 au 

Basis T.E. lo, 1 a, 2u, 20, 3ug 1 nu 1 n g  30, 40, 

" Reference 13. 

TABLE 26. Comparison of spectroscopic constants of Na2 

D, R, wc We X C  B (Y K 

Basis (eV) (au) (cm-I) (cm-I) (cm-I) (cm-l) (mdyn/A) 

[3/11 -0.154 6.042 156.3 0.53 0.1434 0.00032 0.16 
[4/ 1 1 -0.153 6.018 151.5 0.62 0.1446 0.00043 0.15 
[5/11 -0.146 6.027 150.5 0.63 0.1442 0.00043 0.15 
[5/ 1 1 *I -0.029 6.036 156.9 0.60 0.1437 0.00038 0.17 
[5/ 12*1 -0.028 6.039 156.5 0.61 0.1436 0.00040 0.17 
[6/22*1 -0.028 6.039 156.3 0.60 0.1436 0.00039 0.16 
[5/12*/3*] -0.020 6.043 156.7 0.61 0.1434 0.00039 0.17 

0 -0.01 6.047 
b 0.038 

"Reference 13. 
"~efe rence  14. The value has been obtained at the experimental bond length of 5.82 au. 
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HUZINACA ET AL. 

tem uses Raffenetti's BIGGMOLI integral program tailored for 
the general contraction scheme (6).) 

3.4. P2 
Table 27 shows the behaviour of the total energy and the 

orbital energies of P, at the internuclear distance of 3.4974 au. 
For comparison, the corresponding values from a large STF 
calculation by Mulliken and Liu (1 8) are also given. Complete 
releasing of the valence GTFs [I5, and [,,) is needed to 
obtain convergence of the total energy to au. Further 
releasing of [ I 3  in [7/6] basis set lowers the total energy by only 
0.0002 au. The [6/5] total energy is slightly lower (by about 
0.0004 au or 0.26 kcal/mol) than the value obtained with the 
corresponding (no polarization functions) STF basis set (see 
row a in Table 27). 

Inclusion of the d polarization functions brings about good 
agreement between the present orbital energies and the ones 
reported by Mulliken and Liu for STF basis with both d and f 
polarization functions. The relative ordering of the outer  IT, 
and 3u, orbitals of the almost degenerate set derived from the 
atomic 2p orbitals would probably require releasing of more 
GTFs. 

Convergence of the potential curve parameters is shown in 
Table 28. The [6/5] basis predicts that the P, molecule is 
unbound by 0.60 eV, quite close to the value of 0.66 eV 
obtained in STF calculations. Addition of the d polarization 
functions makes the P2 molecule bound with respect to two 
isolated P(4S) atoms by 1.58 eV. Slightly larger bonding (1.7 1 
eV) obtained by Mulliken and Liu is partly due to the presence 
of the f polarization functions in their basis set. Presence of the 
d polarization functions influences significantly the remaining 
parameters as well. The trends in the values as found using the 
STF basis set (without and with the polarization functions) are 
the same as found with the present GTF sets. 

4. Concluding remarks 
A quarter century ago, at the very beginning of the era of ab 

initio molecular calculations, the Chicago group produced the 
near Hartree-Fock wave functions for a number of basic di- 
atomic molecules using STF basis sets. It is truly remarkable 
that they conducted such careful numerical studies with com- 
puter resources which were extremely limited by today's stan- 
dard. 

The present authors feel strongly that the use of GTF basis 
sets should have been administered as carefully and critically as 
the Chicago group did with the use of STF. 

In the present paper we have shown that the high-quality 
well-tempered GTF basis sets can produce near Hartree-Fock 
wave functions for N2, CO, Naa, and P, without reoptimizing 
exponential parameters in molecules. These basis sets are ex- 
pensive to use on currently available computers and programs 
because the number of primitive functions is large. However, 
the number of distinct exponent values of a well-tempered GTF 
basis set is far smaller than that of conventional GTF basis set 
of comparable quality. 

This feature holds a great future potential for economizing 
the integral computations over the well-tempered GTF basis set 
especially when a molecular calculation involves the calcu- 
lation of gradient of the energy expression. We anticipate that 
a properly designed algorithm which takes advantage of the 
shared exponent parameters among symmetry species and the 
program implementation on next-generation computers (large 
and small) will make high-quality molecular calculations fea- 

""2280,g  , 
Z % m m m t - t -  t- 
-?"?"?"?"??"? "? 
0 0 0 0 0 0 0  0 
I I I I I I I  I  

m t - m m m Q \ Q I  m w c a w w  r4 

~ O O O O O O  o Z%?ZZZ Z 
I I I I I I I  I 

w r 4 o m d m m  m w t - w w m m  w w w w w - -  
=!=!=!=!=!=!? 
0 0 0 0 0 0 0  
I I I I I I I  

- r 4 m t - - t - -  
* m w m c w t -  m  
a ? a a ? g g  
m m m m m m m  m  
I I I I I I I  I 

- c o t - w - w w  
m m m  - c**$%?22  - 
?'??'?'?'?'? 
t-t-t-t-t-t-t- : 
I I I I I I I  I  

m w m t - o * t -  m m  m w m m  a * $ * * - -  2 
"'?'?'?'?'?'? '? 
t-t-t-t-t-t-t- t- 

I I I I I I I  I 

m w r 4 w m - 0  w m m m r - w m  w  
w m m m m w w  w  
'???=!=!=!=! 
o m m m m m m  2 w t - t - t - t - t - t -  t- 
I I I I I I I  I 

m m r 4 t - m - 0  w m m m t - w m  w  
w m m m m w w  w  y!z=!zzz z 
w t - t - t - t - t - t -  r- 
I I I I I I I  I  

- - - - - - - - -  
w w w w m m w w c a  
w w w w w w w w w  
I I I I I I I I I  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 63, 1985 

TABLE 28. Comparison of spectroscopic constants of P? 

D, Re We WC X C  B a K 

Basis (eV) (au) (cm-') (cm-') (cm-') (cm-') (mdyn/A) 

Dl21 No minimum for r 5 3.88 au 
[4/31 -0.67 3.689 815.0 4.15 0.2855 0.00107 6.06 
[5/41 -0.61 3.670 796.4 3.61 0.2886 0.00099 5.79 
[6/51 -0.60 3.667 796.5 3.66 0.2891 0.00101 5.79 

-0.66 3.663 799.2 3.97 0.2896 0.00107 5.83 
[6/5/3*1 1.58 3.505 914.6 4.04 0.3163 0.00106 7.63 

1.71 3.497 919.7 3.89 0.3178 0.00102 7.72 

"STF calculation, no polarization functions, ref. 18. 
"STF calculation, d and f polarization functions included, ref. 18. (Both a and b values were obtained by 

the third-degree polynomial fitting using points given in ref. 18, Table 111.) 

sible for a variety of chemically interesting molecules. 
Furthermore, in calculations which include electron cor- 

relation beyond the Hartree-Fock level the integral evaluation 
step takes only a minor part of the total computer time but the 
quality of the one-electron basis functions is of great im- 
portance. To quote I. Shavitt: "No amount of configuration 
interaction can remedy defects due to basis-set inadequacies in 
the underlying SCF calculation" (19). 
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Photoreluctant azoalkanes: 185-nm photolysis of E- and 2-diazacyclooct-2-ene 

WALDEMAR ADAM' AND THOMAS OPPENLANDER~ 
Institut fur Organische Chemie, Universitat Wiirzburg, Am Hubland. 0-8700 Wiirzburg, West Germany 

Received July 30, 1984 
This paper is dedicated to Professor Camille Sandorb on the occasion of his 65th birthday 

WALDEMAR ADAM and THOMAS OPPENLANDER. Can. J. Chem. 63, 1829 (1985). 
The 185-nm photolyses of E- and Z-1,2-diazacyclooct-I-enes (1) result mainly in denitrogenation, affording I-hexene and 

cyclohexane in a 2: 1 ratio. In comparison to the direct 350-nm photolyses the denitrogenation efficiencies are enhanced by 
42- and 26-fold for the E- and 2-isomers, respectively. It is proposed that the photoisomerization (350 nm) takes place from 
the Sl (n-,-rr*)-state and the photodenitrogenation (185 nm) out of the &-state. 

WALDEMAR ADAM et THOMAS OPPENLANDEK. Can. J .  Chem. 63, 1829 (1985). 
Les photolyses a 185 nm des diaza-1,2 cyclooctknesE et -Z (I) provoquent principalement des deazotations qui conduisent 

a I'hexkne-1 et au cyclohexane dans un rapport de 211. Par comparaison avec les photolyses directes a 350 nm, les efficacitts 
des dCazotations sont augmentties respectivement par des rapports de 42 et 26 pour les isomkres -E et -Z. On suggkre que la 
photoisomCrisation (350 nm) se produit a partir de l'ttat S, ( n  ,-rr*) alors que la photodtazotation (1 85 nm) se produit a partir 
de 1'Ctat Sz. 

[Traduit par le journal] 

The importance of azoalkanes in the mechanistic studies of 
radicals and diradicals (1) and in synthetic applications (2) has 
been amply demonstrated over a number of decades. Through 
these studies, however, a group of azoalkanes, namely the 
structure types shown, have become recognized to be reluctant 
in eliminating molecular nitrogen on thermal as well as photo- 
chemical activation. Those in the fourth category include 
bridgehead-centered (3) and cyclopropyl (4) groups. Reasons 
for photoreluctance include deactivation of the n,n*-excited 
states via fluorescence, radiationless decay, intramolecular cy- 
clization, hydrogen abstraction, phototautomerism and/or 
cis-trans isomerization (5). By means of photolysis in the gas 
phase or at elevated temperatures and introduction of radical- 
stabilizing substituents at the nitrogen-bearing carbons photo- 
reluctance can be in part counteracted (6). More effective for 
this purpose is photolysis at 185 nm in solution, as demon- 
strated for all the structure types above but the 1,2-diazo- 
cyclooctene (3, 7). 

For the latter, so far (8) only the direct and triplet-sensitized 
photolyses above 300 nm have been investigated, resulting in 
efficient cis-trans isomerization with merely <3% denitro- 
genation. It was, therefore, the purpose of this study to exam- 
ine the 185-nm photochemistry of the reluctant Z- and E-1,2- 
diazacyclooct-1-enes (1) and compare it with the established 
behavior at long wavelengths (A > 300 nm). While in the latter 
irradiations usually only n-,n*- excited states are involved (1), 
during excitation in the vacuum ultraviolet region (A < 200 
nm) higher excited states such as n, ,n*-, n ,n*- ,  n+ ,u*- and 
also molecular Rydberg states are feasible (Fig. 1) (9). In view 
of the distinct molecular symmetry of the Z- and E-isomers of 
1, the various possible excitations are of different probability 
and thus these isomers might show distinct photochemical be- 
havior on 185-nm irradiation. For example, while for both 
isomers the n ,n*-  transitions are allowed and thus intensive, 
for the E-isomer also the n,,n*- excitation and the n-,3p- 
Rydberg transitions are symmetry-allowed, but for the Z- 

FIG. 1. Allowed (+) and forbidden (-9) electronic transitions for 
cis- and trans-azoalkanes. 

isomer additionally only the n- ,3s-Rydberg excitation (Fig. 1). 
Nevertheless, at least a greater efficiency of denitrogenation 
compared to cis-trans isomerization is expected (3, 7) at 185 
nm compared to >300 nrn for the azoalkane 1. Herein we 
report the results of this study. 

Results 
' To whom all correspondence should be addressed. 
Doctoral Fellow (1982- 1984) of the Fonds der Chemischen The synthesis of 2-1 could be significantly improved (8) by 

lndustrie. This paper is part of the Doctoral Dissertation, University employing the copper complex method (reaction [l]) for gener- 
of Wiirzburg, July 1984. ating the azoalkane from its hydrazo derivative. 
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TABLE I .  Quantum yields for the 185-nm and the 350-nm photolyses of Z- and E- 
diazacyclooct- l -ene 

Photoproducts, 4," 

Substrate Photolysis conditions" &" 

n f 350 nm, 25C' 0.78 0.77 0.008 0.004 0.78 

I I 
N=N 185 nm, 25°C" 0.44 0.14 0.20 0.11 0.45 

350 nm, 25°C' 0.61 0.60 0.006 0.003 0.61 

185 nm, 25°C" 0.48 0.03 0.25 0.13 0.4 1 
- - -  

"All photolyses were performed in n-pentane. 
h + ~  = quantum y~eld of consumption of azoalkanes Z-1 and E - 1 ,  respectively. 
' $,,,, = quantum yield of the formation of isomerized azoalkane. 
"The experimental error corresponds to ca. 10- 15% of the stated values. 
"The benzophenone-sensitized photolyses ( X  > 300 nm) led after 20 h irradiation to photo- 

stationary state of 55% E-l and 15% 2-1. 
'[z-11 = 0.0177 M. 
'Aktinochrome R was used as actinometer (ref. 12). 
I ,  . CIS-!runs isomerization of cyclooctene was used as actinometer (ref. I I ) .  
' [ E - 1 ]  = 0.01 10 M. 

350nm. n-oentane 

. , -. 

I. KOH, i-PrOH 

[I1 
0 :: ? i 2  
N-N N=N + (91%) 

.i7 
I I CN 

With the copper complex method (10) higher yields and stereo- 
isomerically pure Z-1 were obtained. Photoisomerization at 
350 nm afforded the E-1 isomer (reaction [l]). Both isomers 
are stable at room temperature (ca. 20-25"C), but quite 
photolabile even on exposure to daylight leading to photo- 
isomerization. 

Photolysis at 185 nm in n-pentane (cf. Experimental Section 
for details) led also to significant cis-trans isomerization, to- 
gether with the denitrogenation products cyclohexane and 
I -hexene. Concentration-time profiles of a typical 185-nm 
photolysis for each isomer are given in Fig. 2. During the first 
20 min of photolysis the mass balance (C%) for both isomers 
was exceptionally high. 'The denitrogenation products cyclo- 
hexane and 1-hexene were, as expected, stable under the 
applied 185-nm photolysis conditions and were formed in a 
relative ratio of 2 :  1, as in the long wavelength (A > 300 nm) 
irradiations. 

The quantitative analyses were conducted by capillary gc 
using standardization plots and are summarized in Table 1. To 
assess the quantum yields for the 185-nm photolyses, the pre- 
viously established (1 1) actinometry (cis-trans cyclooctene 
isomerization) was employed. For comparison the 350-nm 
photolyses were also performed. For this purpose the recently 
published (12) Aktinochrome R actinometer proved especially 
advantageous for the determination of the quantum yields in the 
long wavelength irradiations. The determination of quantum 
yields at 350 nm was based on the quantitative description of 
the cis-trans isomerization process (11) and corrected for 
back-reaction according to [2]. 

where y = [Z]/[ZIo, fraction of Z-isomer; lo = absolute light 
intensity, determined by using Aktinochrome R (2481334) 
(12); 1 = pathlength (cm); V = sample volume ( I ) ;  F = D l  
(1 - e-D) = fraction of incident light absorbed, in which the 
optical density D = In loll = Col [EE + (EZ - E ~ ) Y ] ;  CO = [Z] 
+ [El = total concentration; E = molar absorption coefficient 
at 350 nm (M-' cm-I); and +E = quantum yield of E-isomer 
formation and +, = quantum yield of Z-isomer formation. 
Applying the steady-state conditions (dyldt = 0, t = m) and 
integration of eq. [2] leads to eq. [3]. 

= mt + constant 

where A = ([Z] - [Z],)/([Z]o - [Zlm), B = (€2 - EE)/EE, m 
= (lo+E+Z)/Vym, and +E--.Z = my;oNL/lOOO1O. The subscript 
indicates the photostationary state at infinite time and NL = 
6.023 x lo2' mol-I. 

To establish that lo = labs = (3.66 + 0.14) X 1016 quanta 
min-' cm-', the photolysis of Z-1 was performed at high con- 
centrations ([Z-l] = 0.229 M) in the region of total absorption. 
Using the slope m = (9.96 + 0.32) x M min-' of the plot 
of -f([Z]) versus t and y, = 0.363, the quantum yield of 
Z-isomer formation was determined to be +E,z = 0.60. From 
eq. [41, 

[4] +z - - .EEz[~ ;~]  = $E-z EE[EUI 
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FIG. 2. Concentration-time profile of the 185-nm photolyses of Z- 
and E-l,2-diazacyclooct-I-ene in n-pentane. 

it was possible to calculate +Z--rE = 0.77 with E? = 44.6, E? 
= 37.4, [Z], = 0.0831 M, and [El, = 0.128 M. 

The results in Table 1 reveal that on 350-nm irradiation the 
main photo-reaction by far is cis-trans isomerization (+,+, + 
+E+z = 1.37). However, at 185 nm this isomerization is sub- 
stantially reduced (+,, + +,, = 0.17) compared to de- 
nitrogenation (+NZ = 0.31 and 0.38, respectively, for 2 -  and 
E-isomers). Thus, photodenitrogenation at 185 nm was ca. 
26-fold more efficient than at 350 nm for the 2-isomer and ca. 
42-fold for the E-isomer. Formation of the E-isomer was more 
efficient than of the 2-isomer at both wavelengths. 

Discussion 
The mechanistic interpretation of the photochemical results 

in Table 1 are presented in eq. [5]. The percentages in paren- 
theses are for the 350-nm photolyses, the others at 185 nm. As 

already stated, at the short wavelengths the main photoprocess 
is denitrogenation, while at the long wavelengths it is cis-trans 
isomerization. Furthermore, photodenitrogenation at 185 nm is 
considerably more efficient for the E-isomer, i.e. 93% versus 
69%. Whether this enhanced photodenitrogenation of the E- 
isomer reflects the fact that for this isomer both the n , + -  and 
n + , a * -  excitations are symmetry-allowed (Fig. I), is at this 
point difficult to know with certainty because the vacuum ultra- 

FIG. 3. Qualitative state diagram for the photolysis of E- and Z- 
1.2-diazacyclooct-2-ene. 

violet spectroscopy of this system is still lacking. Besides, both 
isomers possess symmetry-allowed but distinct Rydberg transi- 
tions, namely (n-,3p)Ry and (n-,3s)Ry, respectively, for E-1 
and 2-1, so that a rigorous spectroscopic analysis would be 
complicated. Nevertheless, the greater efficiency of photo- 
denitrogenation at 185 nm for the E-isomer is at least consistent 
with symmetry-allowed n+,n* excitation. 

Irradiation at 350 nm leads to a photostationary state consis- 
ting of 60% E-isomer and 40% 2-isomer. This implies that 
for the potential energy surface that connects the SI-states of 
the excited E- and 2-isomers, the energy minimum is displaced 
in favor of the E-isomer (Fig. 3). We postulate that cis- 
tratzs isomerization of the azoalkane 1 occurs from the 
S,(n-,+)-state, while the S2-state is responsible for denitro- 
genation. The latter is reached on 185-nm excitation. Since 
radiationless deactivation (S2 + S,) is expected to compete 
with denitrogenation, the observed cis-trans isomerization in 
the 185-nm photolyses can be rationalized by population of the 
Sl (n- ,n*)-state via this pathway. However, a photostationary 
state in the 185-nm irradiations cannot be attained in view of 
competitive photodenitrogenation from the S2-state. As already 
stated, at this point it is not possible to define the electronic 
configuration of the S2-state that is generated in the 185-nm 
photolyses. 

An additional point of photomechanistic interest is the fact 
that the sum of the quantum yields for cis-trans isomerization 
at 350 nm does not correspond to unity, i.e., +Z+E + +E--rz = 
1.37. According to Hammond (13) this suggests that this 
photoisomerization does not involve a common intermediate. 
This feature supports the hypothesis made by Weiss and War- 
she1 (14) concerning the dynamics of photoisomerization. 

Experimental section 
General aspects 

All photolyses were performed in spectrograde n-pentane (I I) un- 
der nitrogen atmosphere at room temperature (25°C). Before photoly- 
sis, the solutions were deoxygenated by bubbling through a slow 
stream of purified nitrogen. During photolysis the mixture was stirred 
effectively by means of a magnetic stirring bar. 
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Light sources and quantum yields 
Photolyses above 300 nm were carried out on semi-preparative 

scale (150 rnL) using a Rayonet Photochemical Reactor with the 
appropriate light sources (RPR-350-nm lamps) and a quartz tube. 
Quantum yields at this wavelength were determined on an optical 
bench, equipped with a xenon high pressure lamp (XBO-1600W, 
Osram) connected to a monochromator (Schoeffel Instrument GmbH, 
Kratos, f/36) using a quartz cuvette (QS, Hellma, 2.5 mL). For 
chemical actinometry the Aktinochrome R (2481334)-system (Amko 
company) was used, following the detailed literature procedure (12). 
The light intensity of the xenon lamp at 334 nm was determined by this 
method to be I,, = (3.66 2 0.14) X 10" quanta min-I ~ m - ~ .  

Photolyses (185 nm) on preparative scale were carried out in a 
reaction vessel equipped with nitrogen inlet and a Suprasil tube, con- 
taining a low pressure mercury arc (HNS 10W/UoZ-Osram). During 
photolysis the 185-nm lamp was cooled by a slow stream of nitrogen. 
Quantitative 185-nm photolyses were performed by using a Suprasil 
cuvette (4 mL) with the nitrogen inlet placed directly in front of a 
sigmoidal low pressure mercury arc (15) (capillary lamp No. 4,  
Grantzel Co.,  Karlsruhe). Photoreactivity at 254 nm (the main output 
of the 185-nm light sources) was established by selecting the 254-nrn 
line (and higher wavelength) by means of a Vycor filter (M 235, 
Heraeus, Hanau). 

Quantum yields at 185 nm were determined as described previously 
( I  1) using the cis-trans isomerization of cyclooctene as actinometer. 
The light intensity of the capillary lamp was (6.56 ? 0.19) X 10'' 
quanta min-' cm-'. 

Product analysis 
All photoproducts were identified by 'H-nmr (60 MHz) spec- 

troscopy photolyzing 0.05 M solutions of the azoalkanes in CsF,4 
directly in a quartz nmr tube at 185 nm or 350 nm. In addition the 
photoproducts were characterized by cgc coinjection with authentic 
samples on two different capillary columns (50 m x 0.8 mm Carbo- 
wax 20 M and 50 m x 0.8 mm Apiezon L). Quantitative product 
analyses were performed using a Carlo Erba Model 2900 capillary gas 
chromatograph (FID) and a 50 m x 0.8 mm glass capillary column 
with nitrogen carrier gas flow = 0.6 mL/min, column, injector, and 
detector temperatures of 30, 150, and 175"C, respectively. After 12 
min, the column temperature was raised from 30°C up to 120°C 
(39"C/min). Calibration curves were constructed for the Z-1 and E-1 
azoalkanes and for the denitrogenation products I-hexene and cyclo- 
hexane affording calibration fac tors j  = 1.99 + 0.07, j = 1.75 2 
0.02,J = 2.01 2 0.04, a n d j  = 1.72 ? 0.04, respectively, against 
nonane as cgc standard. 

Materials 
Nonane (cgc standard), I-hexene, and cyclohexane were commer- 

cially available in purities better than 99%. 
(Z)-1,2-Diazacyclooct-I-ene. (1) (86) was synthesized in 99% 

purity (cgc) by refluxing a solution of 0.50 g (1.9 mmol) 1,2-bis- 
(ethoxycarbony1)-l,2-diazacyclooctane (86) and 0.50 g (8.9 mmol) 
potassium hydroxide in 2 mL of isopropanol under nitrogen atmo- 
sphere for 5 h. After cooling the reaction mixture to room temperature 
(ca. 20°C), 10 mL of distilled water were added, and the solution was 
neutralized using concentrated HCI. Then 10 mL of a saturated cop- 
per(I1) chloride solution were added and the reaction mixture was 
stirred for 6 h at ca. 20°C. The dark red precipitate was recovered by 
means of filtration and washed once with 10 mL of distilled water and 
with 10 mL of absolute ether. After drying over silica gel at 15 Torr, 
the copper complex was stirred with 5 mL of concentrated ammonia. 
Extraction of the blue solution with methylene chloride (4 x 10 mL) 
and washing the organic layer once with 10 mL saturated NaCl solu- 
tion and with 10 mL distilled water yielded after drying over MgS04 
a yellow solution. Evaporating the solvent in the dark at O°C/ 18 Torr 
afforded a yellow oil which was distilled at 42OCIO. 1 Torr to yield 
0.20 g (9 1 %) of a slight yellow oil. The infrared and 'H-nmr (90 MHz) 
data were in agreement with published data (8). Ultraviolet (n- 
pentane): A,,,,, (E) = 185 (2970), 254 (<5), 382 nm (158). 

(E)-1,2-Diazacyclooct-I-ene. (1) was synthesized according to the 

known procedure (8) by photoisomerization of a 0.05 M solution of 
azoalkane Z-1 in 11-pentane at 350 nm. Isolation and purification of the 
E-isomer was achieved by preparative gc, using a Carlo Erba 4200 gas 
chromatograph equipped with glass column (1.5 m X 8 mm) packed 
with 10% Apiezon L on Chromosorb WHP (60180 mesh) and a 
nitrogen carrier gas flow of 25 mL/min, column, injector, and de- 
tector temperatures of 80, 150, and 180°C, respectively. The 
azoalkane was obtained as a pale yellow oil in 99% purity (cgc). 
Infrared and 'H-nmr (90 MHz) data were in agreement with the pub- 
lished data (8). Ultraviolet (11-pentane): A,,,,, (E) = 185 (7880), 254 
(<5), 366 nm (48). 

254-nm corrections 
Control experiments at 254 nm (and higher wavelength) were per- 

formed using the capillary lamp directly connected to a Vycor filter by 
photolyzing 0.01 M solutions of the azoalkanes at this wavelength and 
analyzing at distinct time intervals by means of cgc. The optical 
density of the Vycor filter at 254 nm was greater than 90%. The same 
experiment was repeated without Vycor filter under the same condi- 
tions and concentrations were corrected according to eq. [6]. 
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HEINZ-PETER SCHUCHMANN and CLEMENS VON SONNTAC. Can. J .  Chem. 63, 1833 (1985). 
1.3-Dioxan photolytic destruction at 185 nm occurs with a quantum yield of about 0 .3  in the liquid phase. Of the 22 products 

determined, the major ones are n-propylformate ( 4  = 0. lo), formaldehyde (0.075), 1,3-diox-4-en (0.06), hydrogen (0.05), 
ethylene (0.04), and 3-methoxypropionaldehyde (0.04). A number of the minor products are of the general type B, 

some of which bear a hydroxyl function at the end of the side chain. NZO interacts with excited 1,3-dioxan, leading to the 
production of NZ. 

Some experiments have been carried out in the vapour phase, the results of which indicate that considerable fragmentation 
of hot primary intermediates and products into low-molecular-weight products occurs. The nature of these products cannot be 
linked directly to the primary photolytic processes inferred from the liquid-phase studies. 

Certain contrasts in the photolytic behaviour of 1,3-dioxan and 1,4-dioxan are discussed. 

HEINZ-PETER SCHUCHMANN et CLEMENS VON SONNTAC. Can. J .  Chem. 63, 1833 (1985). 
La destruction du dioxanne-1,3 lors de sa photolyse a 185 nm se produit avec un rendement quantique prks de 0,3 dans la 

phase liquide. Parmi les 22 produits mesurCs, le formiate de propyl ( 4  = 0,16), le formaldehyde (0.075), le diox-1,3-he-4 
(0,06), I'hydrogkne (0,05), I'Cthylkne (0,04) et le methoxy-3-propionaldthyde (0,04) sont les majeurs. Divers produits, 
mineurs, dont quelques-uns portent une fonction hydroxyl au bout de la chaine IatCrale, rcvetent la structure gCnCrale B. 

Le N,O interagit avec le dioxanne-1,3 excitt, ce qui mene i la production de N,. 
Quelques exptriences ont CtC faites en phase vapeur, dont les rtsultats indiquent une fragmentation considCrable des 

intermtdiaires et produits primaires, chauds. La nature des produits finaux ainsi form& ne peut pas &tre associee directement 
aux processus photolytiques primaires que I'on saurait reconnaitre moyennant les Ctudes faites en phase liquide. 

Certaines diffkrences entre le dioxanne-1,3 et le dioxanne-1,4, en ce qui concerne leur comportement photolytique, sont 
discuttes. 

Introduction 
Sandorfy (1) has shown that the first absorption band of 

saturated alcohols and ethers is due to an essentially 3 s  + n 
transition. Its band maximum is around 185 nm where the 
low-pressure Hg arc has a strong emission llne. Studies on the 
liquid-phase 185 nm photolysis of open-chain ethers have 
shown that the predominant process is the scission of a C-0 
linkage, a reaction the quantum yield of which can approach 
unity (2, 3). In cyclic ethers the same process also occurs, but 
the quantum yields are often considerably lower due to re- 
closure of the intermediate (singlet) diradical. A similar situ- 
ation prevails in the series of open-chain acetals (4-6) and 
cyclic acetals (7, 8).  Another member of this group is 
1,3-dioxan, whose photochemistry was of special interest to us 
because it is an isomer of 1,4-dioxan whose photochemistry 
(9- 13) and photophysics (1 3- 15) have so far been receiving 
more attention. 

Experimental 
1,3-Dioxan was prepared from 1,3-propanediol and para- 

formaldehyde (16). The fractionated product showed a gas chromato- 
graphic purity of 99.97% by flame ionization detection. 

Samples (2 mL) of the neat liquid contained in a suprasil cell (a 
photograph of the setup is shown and its use described in ref. 17) were 

deaerated by purging with argon for 30 min and irradiated with the 
unfiltered light of a low-pressure mercury lamp at a dose rate. deter- 
mined by means of the Farkas actinometer (2), of 4.0 x lo" quanta 
(185 nm) per min received by the sample. The 254 nm light is inactive 
in this system. 1,3-Dioxan begins to absorb near 200 nm. From its 
spectrum, measured on a cary model 14 spectrophotometer, molar 
extinction coefficients of 9 and 0.6 M-'  cm-' were calculated at 185 
and 193 nm, respectively. (A small shoulder was observed at the onset 
of the absorption, near 220 nm, when the absorbance of the material 
was measured in a 1 cm cell.) Some samples containing NZO at 
different concentrations were also photolyzed to investigate the influ- 
ence of this additive. Since photoexcited 1,4-dioxan shows a fluo- 
rescence in the condensed phase (10, 13- 15), it was decided to look 
for a similar fluorescence in liquid 1,3-dioxan also. This was done by 
exciting the compound with the 193 nm line of an ArF excimer laser 
(Spectra Physics). 

The products except formaldehyde were analyzed by gc and identi- 
fied by the use of reference material and/or their mass spectra 
obtained through gc-ms. Glass capillary columns were employed, the 
carrier gas being hydrogen. Non-derivatized. acetylated and benzo- 
ylated samples were analyzed on CW-20M, silylated ones on SE-30. 
Non-derivatized samples were also analyzed on PC-240 for better 
resolution of the more volatile products such as n-propanol, propyl 
formate, and 1.3-diox-4-en. Quantitative time-course studies were 
done only with non-derivatized samples. A levelling-off of the 
dose-yield curves of the products, in particular that of 1,3-diox-4-en, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1834 CAN. J .  CHEM. VOL. 63. 1985 

which is thought to have the highest extinction coefficient of all the 
products at 185 nm, was not observed even at maximum conversion 
which was of the order of lo-? Thus, photolysis of products is not 
expected to have been significant. The internal standard (18) was 
C,,H,,. The derivatized samples were prepared and analyzed in order 
to better recognize the nature of some of the photolysis products. 

The following derivatizations were carried out: ( a )  treatment of 
irradiated 1.3-dioxan with bis(trimethylsilyl)trifluoroacetamide in or- 
der to trimethvlsilvlate those products that contain a hvdroxvl func- . . . . 
tion; (6) treatment of the photolysis products, after evaporation of the 
1,3-dioxan, with acetic anhydride/sodium acetate to acetylate prod- 
ucts with a hydroxyl function; ( c )  esterification with benzoic 
anhydride/sodium benzoate; and ((1) hydrolysis of the photolysis 
products that contain an acetalic function, after evaporation of the 
remaining 1.3-dioxan, with hydrochloric acid at pH - 0.5 for two 
days at 60°C. neutralization and reduction of the hydrolysate with 
sodium borodeuteride overnight, removal of the boric acid after acid- 
ification by repeated evaporation with methanol, and trimethyl- 
silylation of the evaporation residue. 

The volatile products such as hydrogen, nitrogen (from NZO- 
containing samples), ethylene, and carbon oxides were analyzed after 
purging them from the irradiated liquid with a carrier gas, to be 
collected into a flask for aliquots to be taken (ethylene), or to be swept 
directly into the gas chromatograph (hydrogen and nitrogen). Hydro- 
gen and nitrogen were determined by thermal conductivity detection, 
ethylene, and carbon oxides (the latter after on-line catalytic reduction 
to methane) by flame ionisation detection. Formaldehyde was deter- 
mined photometrically using acetylacetone/ ammonium acetate re- 
agent (19). This procedure could be applied even though large 
amounts of 1,3-dioxan are present because 1,3-dioxan does not libe- 
rate formaldehyde under these conditions. For vapour phase photoly- 
sis experiments, liquid 1,3-dioxan was purged with argon, then kept 
at 10°C and the vapour transferred with a slow argon stream into a 
suprasil cell such as the above. After photolysis, the sample was 
expanded into a flask from which aliquots were taken and analyzed on 
an OV-225-coated capillary column, or alternatively on a column 
packed with activated alumina. 

Results 
In the photolysis of liquid 1,3-dioxan the major products are 

propyl formate, formaldehyde, ethylene, 3-methoxypropanal, 
1,3-diox-4-en, and hydrogen. Furthermore, there is a consid- 
erable number of higher-molecular-weight products. Table 1 
includes the most prominent ones. These are all formed in low 
yields, and structural determination has been carried only so far 
as to be able to identify their essential features. The yield of the 
products increased linearly with irrad~ation time, hence quan- 
tum yields could be calculated. They are based on +(H?) = 0.4 
for the Farkas actionometer (5 M ethanol in water) (2). 

The determination of the low-molecular-weight products 
was straightforward since reference material was available, 
while the assignment of the products of higher molecular 
weight deserves some comment. In cases where reference ma- 
terial was not readily synthesized or mass spectra were not 
interpretable unambiguously, derivatives were prepared and 
their mass spectra recorded. Thus, the mass spectra obtained 
from derivatized samples suggest the presence of the com- 
pounds referred to in Table 2. Derivatives were generated by 
trimethylsilylation, acetylation, and benzoylation, as well as 
hydrolysis/reduction/trimethylsilylation. Beside the deriva- 
tives obtained by the latter procedure, listed in Table 3 ,  there 
appears a number of lesser gc peaks at higher retention times 
whose mass spectra are suggestive of higher polyol tri- 
methylsilyl ethers, among the precursors of which one might 
expect compounds such as 1-111. 
The derivative TMSO-CHD-CH?-0-CH2-CH2- 

CH,-OTMS has not been seen, which seems to suggest that 
compound IV is not produced in the photolysis. There is also 
no hint of the deuterated derivative which would be formed on 
hydrolysis of compound V and reduction. 

Some experiments have been carried out in the gas phase. 
Only gaseous products have been measured. They are listed in 
Table 4. Values are normalized to the ethylene yield since 
quantum yields have not been determined. 

In our attempt to draw a comparison between 1,3-dioxan and 
1,4-dioxan, we decided to look for fluorescence in 1,3-dioxan, 
and found an emission (h,,,, - 285 nm) on laser excitation at 
193 nm. Although the experiments did not permit an accurate 
measurement of the fluorescence lifetime, a rough estimate of 
t l I 2  = 20 ns could be extracted by comparing the half-width of 
the signal to that of the laser pulse. This fluorescence is strong- 
ly quenched on saturation with 0 2 ,  but hardly if at all affected 
by N 2 0  (which is known to quench the fluorescence in 
1,4-dioxan) even at saturation where [N20] = 0.29 M. Ausloos 
et al. (13) did not detect direct fluorescence upon radiolysis of 
1,3-dioxan but found that methylnaphthalene was excited to 
fluoresce in that solvent. In view of these results we consider 
it not unlikely that the fluorescence seen in the present experi- 
ments could have been due to the intervention of an impurity 
whose signature might be the small shoulder which had been 
observed at the onset of the 1,3-dioxan absorption band. More- 
over, in a further experiment, the intensity of this fluorescence 
was measured as a function of the excitation wavelength (using 
a Xenon lamp), and it was found that the intensity began to 
increase strongly as the excitation wavelength went below 250 
nm, still far above the onset of absorption of the I,3-dioxan 
proper. 

Even though it does not quench the fluorescence, it is clear 
that in the 185 nm photolysis N 2 0  does indeed interact with an 
excited, 1,3-dioxan-derived species under formation of N2. 
The nitrogen quantum yields obtained at different N,O concen- 
trations are given in Table 5 and are corrected for a contribution 
from the direct N20  photolysis, assuming a quantum yield of 
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SCHUCHMANN AND VON SONNTAG 1835 

TABLE 1. Products" and quantum yields of the photolysis of liquid deacrated 1,3-dioxan (185 nm) 

Product Quantum yicld Product Quantum yield 

- LO 
22 ( H O - C H 2 C H 2 ~ ~ 2 - ~ - ~ ~ 2 ) 2 '  Absent (< 3 x 

"A combined gc-ms analysis was carried out to aid in the identification. (Products 10-22 are listed in the order of increasing gc elution times.) 
"~eference material was synthesized from propanol and formic acid. 
"Reference material was synthesized (20). 
"Reference material was synthesized (21). 
'Reference material was obtained through reduction of 3-methoxypropanal with sodium boranate in aqueous solution, or from sodium 

3-hydroxypropylate and methyl iodide. 
'Characteristic ms features: m / e  (%) 3 1 (loo), 87 (70), 59 (20), 41 (15), 1 17 = M - 1 ( I) .  
'Characteristic ms features: m / e  (%) 31 (loo), 87 (65), 28 (60), 45 (40). 57 (40), 29 (25), 117 = M - I ( I ) .  
,'Reference material was synthesized from 1,3-propanediol and formic acid. 
"Characteristic ms features: m / e  (%) 87 (loo), 31 (55), 59 (20), 41 (20). 40 (20), 145 = M - 1 (6), 102 (2), 103 (21, 1 16 (2). 
hl! Characteristic ms features: m / e  (%) 31 (100). 87 ( 9 3 ,  42 (70). 45 (60), 57 (60). 71 (55), 41 (45), 29 (40), 43 ( 3 3 ,  44 (30). 55 (25). 58 (25), 60 

(25), 115 (20), 116 ( lo) ,  128 (2), 145 = M - 1 ( I) .  
'Characteristic ms features: m / e  (%) 87 (loo), 31 (40), 59 (25). 45 (22). 41 (15), 1 18 ( lo) ,  175 (0.5), 176 = M (0.3). 
"Characteristic ms features: m / e  (%) 87 (loo), 31 ( 4 3 ,  59 (151, 41 ( lo) ,  43 (6), 45 (3), 100 ( I ) ,  101 ( I ) ,  175 = M - 1 (0.5). 

. . 
. . 'Reference material prepared by heating a mixture of ethylene glycol and 1,3-propanediol with a trace of iodine whereupon the various lower polyglycol 

. . . . .  ethers are formed (22). Gas chromatographic analysis of this mixture and comparison with the 1.3-dioxan photolysis products indicate that this compound 
is not formed. 

'Characteristic ms features m / e  (%) 31 (loo), 87 (60), 45 (60). 59 (40), 57 (3% 41 (30), 43 (27), 29 (55), 89 (15), 58 (15). 27 (1% 61 (10). 100 
(6), 101 (5). 102 (5). 

1. 11 Gas chromatograhic retention time and mass spectra of I and I1 are identical to those of reference material obtained in the Hg-sensitized photolysis 
of 1,3-dioxan, where dehydrodimers are expected as the main products. Characteristic ms features of I: rr~/e (%) 87 (loo), 31 (551, 59 ( 1 3 ,  41 ( lo) ,  
29 (10). 45 ( 3 ,  57 (5), 173 = M - 1 ( I ) ,  113 (0.5), 115 (0.5), 127 (0.5). 128 (0.5). Characteristic ms features of 11: a ~ / e  (%) 87 (loo), 31 (45). 59 
(15), 41 (10). 115 ( I ) ,  173 = M - 1 ( I ) .  

TABLE 2. 1,3-Dioxan photolysis. gc-ms analysis 
of der~vatized samples with respect to derivatives" 

of photoproducts" 

Products 

Precursor TMS-ether Acetate Benzoate 

11 - + - 

12, 14 - + ++  
13 - - - 
15, 18 + + ++  
17, 20 ++  ++ ++  
22 - - 

" - = none detected. + = one detected, ++ = both 
detected. 

"Numbering as in Table 1 

unity for N2 formation through the latter process, and bearing 
in mind that for N 2 0 ,  ~ ( 1 8 5 )  = 36 M - '  cm-' (23). As to its 
influence on the formation of the other products, it is note- 
worthy that the quantum yield of formaldehyde is doubled to 
0.15 and that of ethylene slightly lowered to 0.03 on saturation 
with N 2 0 .  The effect regarding the remaining products (Table 
I)  appears to be small and has not been followed quantitatively. 

Discussion 
With ~ ( 1 8 5  nm) = 9 M - '  cm- ' ,  1,3-dioxan is a liquid of a 

relatively low extinction coefficient, in line with other acetals 
(4, 5). Ethers tend to have a much higher extinction coefficient 
at this wavelength: cf. ~ ( 1 8 5  nm) (1,4-dioxan) = 2 x lo%-' 
cm- ' .  Also, the ionisation potentials of acetals tend to be  higher 
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TABLE 3. Compounds identified by gc-ms of 1,3-dioxan photolysis products (after hydrol- 
ysis, reduction with NaBD4 and trimethylsilylation), and their probable precursors 

Derivative Precursor 

CHz(0TMS)-CHz-CHZOTMS 

CHD(0TMS)-CHZ-CHZ-CH2OTMS 

c ~ ~ - C H ~ C H ~ C H ~ - O H  

CH2(OTMS)-CD(0TMS)-CHZOTMS Dihydroxyacetone (from trimerization of 
formaldehyde?) 

CHz(0TMS)-CH(0TMS)-CH2-CHzOTMS 0 s C H 2 - 0 - C H I C H I C H I - O H  

TABLE 4. Some products and their relative yields (ethyl- 
ene yield = 1) in the gas phase photolysis (at 185 nm) of 

1,3-dioxan: total pressure 1 atm, room temperature 

Product Relative yield Product Relative yield 

TABLE 5. NZ quantum yields from the 
185 nm photolysis of liquid 1,3-dioxan 

at different N20 concentrations 

0.29 0.31 0.2& 
0.087 0.11 0.084 
0.029 0.039 0.030 
0.0087 0.013 0.010 

" N2 quantum yields corrected for the ni- 
trogen formed through direct photolysis of 
NZO, assuming a quantum yield of unity 
for the latter process: I $ N ~ . ~ ~ ~  = I$N2(~d,ol X 

[dioxl + ~ ~ ~ o [ N 2 0 ] ) / € d , ~ ~ [ d i 0 ~ ]  - 

E N ~ O [ N ~ ~ I / E ~ ~ , , .  [diox]. 

than those of ethers: 10.15 eV for 1,3-dioxan vs. 9.47 eV for 
1,4-dioxan (24). It has been shown (13) that 185 nm light does 
not lead to ionization in the neat liquid dioxans: for 1,4-dioxan 
the threshold is at about 7.6 eV (165 nm); for 1,3-dioxan it 
must be higher still as the gas phase ionization potential of the 
latter compound lies above that of the former. 

In order to rationalize the major products propyl formate, 
formaldehyde, ethylene, 3-methoxypropanal, 1,3-dioxen, and 
hydrogen (cf. Table l ) ,  reactions [I]-[ll] are postulated 
(Scheme 1). Based on the results of the photolysis of other 
cyclic acetals (8) one assumes that the scission of the C-0 
bonds as exemplified by reactions [2] and [4] will play a major 
role. The resulting diradicals may disproportionate (reactions 
[8], [8a], and [ I  I]), thereby leading to products whose for- 
mation could also be envisioned through a rearrangement in the 
excited state (reactions [ l]  and [5]). A decision between these 
two types of processes cannot be made at present. Diradicals 

also undergo reclosure (reactions [-21 and [-41). In the 
present system such processes cannot be monitored because 
they lead back to the starting material, but with suitably substi- 
tuted cyclic acetals this type of reaction has been shown to 
occur (8). Although oxyl radicals are known to undergo 
P-fragmentation, reactions [9] and [lo] are not likely to occur 
in the liquid phase because the excess energy remaining in the 
diradical after ring-opening (ca. 60 kcal mol-I) is rapidly de- 
graded at liquid densities, as has been inferred from results 
obtained onother  cyclic systems (25), especially also from 
1,4-dioxan (see below). It is in fact likely that the fragment 
products result from a breakdown of the molecule in the excited 
state (cf. ref. 25). Besides, there is formation of some hydrogen 
and 1,3-dioxen, either concomitantly as written (reaction [6]), 
or in reactions involving H atoms and other radicals with sub- 
sequent disproportionation of the resulting 1,3-dioxanyl radi- 
cals. That some 1,3-dioxen is formed in processes other than 
reaction [6] is suggested by the fact that its quantum yield is 
somewhat higher than that of hydrogen. 

In the gas phase, fragmentation is more pronounced, and 
owing to a lack of easy deactivation a variety of secondary 
fragments arise (Table 5). We do not propose to explore the 
relationship between these fragments here. We do think that 
these phenomena in the gas phase are interesting in their own 
right, and that this liquid-phase study might serve as a starting 
point for such investigation. 

The ring-opened and fragmentation products found in the 
present system are reminiscent of those that occur in the photo- 
lysis of liquid 1,4-dioxan (10) (cf. Table 6), but in contrast to 
the latter, the photolysis of liquid 1,3-dioxan is further charac- 
terized by the formation of a relatively large number of prod- 
ucts with their molecular weight in the dimer range (Table 1). 
Their combined quantum yield does not approach that of the 
products in the monomer range. The complete identification of 
these products proves to be elusive, and insofar as their nature 
is uncertain the photolysis mechanism remains tentative. How- 
ever, the identification of these products is put on firmer 
ground by the additional information obtained through gc-ms 
analysis of their derivatives. It appears that the products in the 
dimer range fall into two categories (A and B): The products 
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[71 Further processes 

SCHEME 1. Asterisk denotes decomposition into ally1 alcohol and formaldehyde under the conditions of analysis. 

belonging to A might be formed via reactions [12]-[14] 

These products (dehydro-dimers) are relatively unimportant 
and present no interesting aspect compared to the 185 nm 
photolysis of other ethers carried out in the liquid phase (cf. ref. 
3 and references therein). 

The products of category B may be distinguished further 
(B 1, B2, B3, B4) whereby the experimental results (see tables) 
suggest that only those compounds that can be thought of 
formally as resulting from the insertion of an alkyl oxyl di- 
radical into a 1,3-dioxan C-H bond should be considered. 

Compounds of category B1 are observed, namely 17 and 20. 
Compounds of category B2, which are hemiacetals, should 
easily lose formaldehyde and yield products such as 15 and 18. 

The formation of n-propanol 7 and 3-hydroxypropylformate 
13 hints at the existence of at least one class B3 compound, VI,  

which is presumed to be particularly sensitive towards adven- 
titious moisture. It is not clear whether any compound of class 
B4 is formed. 
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TABLE 6. Comparison of the photolytic behaviour of deaerated neat liquid 1,3-dioxan and 1,4-dioxan when illuminated 
with 185 nm light in the liquid phase 

1,3-dioxan 1,4-dioxan 

Reaction Products Yield Products Yield 

Ring fragmentation 2 CH20  + CH2=CH2 0.04 2 CH2O + CH,=CH2 0.15 

CHZO + Po 0.04 

Disproportionation products CH3-CH2-CH2-0-CHO 0.10 HO-CH2CH2-0-CH 0.17 
CH,=CH-CH2-OCHzOH 0.01 
CH,O-CHr-CH2CHO 0.04 

II 
CHI 

H' and HZ elimination Hz 0.05 H2 0.04 

Further processes -0.05 

Total -0.3 -0.4 

The formation of such dimers recalls analogous compounds 
from the photolysis of tetrahydropyran (26) and oxepan (27). 
Particularly in the case of tetrahydropyran, the quantum yield 
of that product was so high (0.21) compared to that of the 
escape products that it appeared necessary to postulate (26, 27) 
a reaction such as [15] (X = CH2) rather than a reaction se- 
quence (such as [16]-[18]; X = CH,) involving a diradical; see 
Scheme 2. 

In the present case the situation seems less clearcut. The total 
dimer quantum yield is quite small, in absolute as well as in 
relative terms. The quantum yield of the dehydrodimers found, 
16 and 19, is not a lot smaller than that of the total dimers, and 
the glycol 22 is difficult to measure if present in only small 
amounts. Moreover, swift combination of the initial radical 
pair is favoured compared to the diffusion encounter pair case, 
since if the diradical is in the singlet state the ensuing radical 

pair would also be singlet, whereas an encounter pair would 
only have a 25% probability to be in this state. In fact, the 
product 3-methoxypropanol 11 might be most easily explained 
by a diradical mechanism ([16], [17], [20] X = 0 ;  see Scheme 
2) where one must, however, assume that the radical pair is 
created by the hot alkyl oxyl diradical. Thermalized alkoxyl 
radicals are expected to react by hydrogen abstraction, in this 
and in similar systems, with a rate constant of between lo5 and 
lo6 M-' s-' ,  cf. ref. 28. On the other hand, self-termination of 
singlet diradicals is supposed to be fast, with rate constants 
ranging from lo9 to 10" s-'  (29-3 1). Bearing in mind that in 
the present case the available hydrogen donor concentration 
(the substrate itself) is about 10 M one realizes that self- 
termination must predominate for the thermalized diradical. 

The comparison of the photobehaviour of 1,3-dioxan with 
that of 1,4-dioxan is phenomenological and therefore some- 
what unsatisfying. It & felt that a deeper penetration necessi- 
tates the application of quantum-chemical calculations to their 
photochemistry. Simpler heterosystems such as methanol and 
methylamine are already being tackled with some success (32, 
33). For the time being, such comparison reveals that fragmen- 
tation processes (see Table 6) occur about three times more 
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readily in 1,4-dioxan; products ascribable to direct ring cleav- 
age are formed on comparable scale. It has been suggested that 
the formation of small unsaturated product compounds, such as 
ethylene and formaldehyde in the photolysis of the dioxans, is 
due to the "unzipping" of initial diradical species (34). We 
prefer the concept of molecular fragmentation, avoiding the 
diradical intermediate in these processes. Arguments in favour 
of this supposition have been presented elsewhere (25). We 
consider the fact that the quantum yields of such fragmentation 
products contrast so strongly in the two dioxans (Table 6 ) ,  
culminating, in particular, in the absence of oxetane from 
1,3-dioxan, also supportive of our  concept. Dimer formation, 
not shown by 1,4-dioxan, results in a variety of products from 
1,3-dioxan. 

In I ,4-dioxan, fluorescence is observed at 250 nm (half-life 
about 2 ns (15)). Due to its large Stokes shift this fluorescence 
has been attributed to an eximer. This fluorescence is quenched 
by N,O; and N,, as well as oxygen atoms which insert into 
C-H bonds ( lo ) ,  are formed. N,O also interferes with an 
excited state of 1,3-dioxan, thereby producing N2. The yield of 
ethylene is also reduced, but that of  formaldehyde is increased. 
This observation can be rationalized by the hypothesis that 
oxygen atoms insert into the C-H bonds at position 4.  The 
resulting hemiacetal is expected to be unstable and to release 
formaldehyde under the conditions of the assay. 

The data shown in Table 5 indicate that the N,O-quenchable 
state might have a lifetime as short as 1 ns if one assumes that 
the reaction producing Nz in competition against the unim- 
olecular decay of the N20-quenchable state, has a second-order 
rate constant of 10' M - '  s-I. This estimate drops to 0 .  I ns if 
a rate constant of 10'' M - '  s- '  is assumed. 
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JEAN CLAUDE MERLIN, EMRYS W. THOMAS, and GUISLAINE PETIT. Can. J.  Chem. 63, 1840 (1985). 
Resonance Raman spectra and band assignments of some phenylhydrazonopropanedinitriles, including the 3-chloro and the 

2-carboxy derivatives, in the 900-2300 cm-'  spectral range are presented and discussed. "N and 'H isotopic shifts have been 
used to clarify the assignments, which have been made for both protonated and deprotonated forms of the compounds. The 
resonance Raman spectra of the protonated forms show strong coupling between NH deformation and hydrazone vibrations. 
This coupling is lost in the anionic forms, which are considered to have considerable carbanion character. By using the drastic 
changes between the resonance Raman spectra of protonated and deprotonated forms, the pK, value of the 2-carboxy derivative 
has been determined. 

JEAN CLAUDE MERLIN, EMRYS W. THOMAS et G U ~ S L A ~ N E  PETIT. Can. J .  Chem. 63, 1840 (1985). 
Les spectres Raman de rtsonance et I'attribution de leurs raies pour certains dtrivts du phtnylhydrazonopropanedinitrile 

comprenant les dtrivts 3-chloro et 2-carboxy, dans la rtgion spectrale 900-2300 cm-'  sont prtsentes et discutts. Les 
dCplacements isotopiques obtenus en utilisant "N et 'H ont permis de justifier I'attribution proposte a la fois pour les formes 
protontes et dtprotonees des composts. Le spectre Raman de rtsonance de la forme protonee indique qu'un fort couplage existe 
entre la dtformation du groupe NH et les vibrations du groupe hydrazone. Ce couplage disparait dans la forme anionique qui 
prtsente alors une structure avec un caractere carbanion trks marque. Les profondes modifications observtes dans les spectres 
Raman de resonance lors de la formation des formes protonees ou dtprotonkes ont permis de dtterminer la valeur du pK, du 
dt r iv t  me'ta-carboxylt. 

Introduction 
Substituted phenylhydrazonopropanedinitriles (also known 

as carbonylcyanide phenylhydrazones) display a range of bio- 
logical activities; they act as uncouplers of biological energy 
transducing systems ( l ) ,  have bacteriostatic and fungistatic 
properties (2), and react rapidly with thiols in aqueous solution 
(3). In view of the usefulness of resonance Raman spectroscopy 
in studying biomolecular interactions at high dilution, we have 
obtained resonance Raman spectra of a number of the title 
compounds, including phenylhydrazonopropanedinitrile, 3- 
chloro-phenylhydrazonopropanedinitrile, and 2-carboxy-phen- 
ylhydrazonopropanedinitrile (abbreviated as PHPD, (3-C1)- 
PHPD and (2-carboxy)-PHPD, respectively), together with 
selected I5N and 'H labelled analogues. The band assignments 
obtained lead to a clearer understanding of the protonic equi- 
libria displayed by these compounds, and also provide a firm 
basis for resonance Raman studies on their interactions in 
biological systems. 

Experimental 
Preparation of cornpounds 

All analogues were prepared by coupling the appropriate diazotized 
aromatic amine with malononitrile as described (4), and isolated by 
acidification of the reaction mixtures to pH 1, filtering, and washing 
with excess H'O. Samples were then recrystallized from either chloro- 

atom proximal to the aromatic ring, and designated PHPD-a "N, was 
prepared using aniline-IsN (95 atom%, BOC Limited, London, U.K.). 

A "N-labelled analogue of (3-CI)-PHPD, incorporating I5N in the 
nitrogen atom proximal to the propanedinitrile group, and designated 
(3-C1)-PHPD-P "N, were prepared by diazotization of 3-chloroaniline 
using N ~ N O ~ - " N  (99 atom%, BOC Limited). 

All compounds proved homogeneous by tlc, and had melting points 
agreeing with literature values (2). Mass spectral characterization of 
the "N-labelled analogues confirmed substitution by "N: PHPD; M+ 
170; PHPD-a "N : M +  17 1 ; (3-C1)-PHPD : M+ 204; (3-C1)-PHPD-P 
"N : M+ 205. 

Spectral measirrements 
Resonance Raman spectra were obtained using a DILOR RT.30 

spectrometer and an argon laser (Spectra Physics 164 AC) for ex- 
citation at 488 nm. Line frequencies were quoted to an accuracy of 2 2  
cm-'  by using plasma lines for calibration. Techniques and pre- 
cautions used in the acquisition of resonance Raman spectra were fully 
described in previous publications (5, 6). The pK, determination for 
(2-carboxy)-PHPD involved plotting the ratio of the intensities of the 
1368 cm-'  and 1250 cm-' lines (characteristic of the acid and basic 
forms of the molecule) against pH. When pH = pK,, the corres- 
ponding intensity ratio equaled the Raman cross-section ratio for the 
two lines. This latter value was obtained from spectra measured at pH 
5.7 and 12.0, using the 982 cm-'  line of NaZS04 as an internal 
standard. Visible absorption spectra were recorded using a Pye- 
Unicam SP 1800 Spectrophotometer. 

form or ethyl alcohol ;o constant melting point. Results and discussion A ring deuterated analogue of PHPD, designated PHPD-d,, was 
prepared using aniline-2,3,4,5,6-d5 (Aldrich Chemical Co.). In aqueous solution at pH 12, most of the compounds ex- 

A 'S~-labelled analogue of PHPD, incorporating ' s ~  in the nitrogen amined show intense (E = 2 X 1 0 % ~ '  cm-') absorption bands 
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I I I I I I I I 
1600 900 

PHPD- d5 

PHPD 

1600 900 c r n - I  
I I I I I I I 

FIG. 1. Resonance Rarnan spectra of PHPD derivatives at alkaline FIG. 2. Resonance Rarnan spectra of PHPD derivatives in the solid 
pH (approximately 3 X M in 0.01 M NaOH solution). Excitation state. Excitation wavelength at 488 nrn (50 rnW) and 5 crn-' spectral 
wavelength at 488 nrn (I00 rnW) and 6 crn-' spectral slit width. slit width. 

at about 390 nm originating from the anionic form of the 
compound in question. Thus PHPD had A,,,, 380 nm, E = 
1.97 X lo4 M-' cm-'; (3-C1)-PHPD had A,,, 378 nm, E = 2.37 
X 104M-' cm-I; (2-carboxy)-PHPD had A,,,, 376 nm, E = 2.3 1 
x lo%-' cm-I. In acidic media, protonated forms exist with 
bands near 360 nm: PHPD had A,,, 358 nm, E = 1.77 x 10' 
M - I  c m - l .  , (3-C1)-PHPD had A,,, 357 nm, E = 2.10 x 
lo4 M-'  cm-I; (2-carboxy)-PHPD had A,,, 365 nm, E = 2.05 
x lo4 M-'  cm-I. Spectrophotometric titrations in all cases 
(data not shown) indicated participation of just two ionic 
species in the studied pH range, with the equilibrium described 
by pK, value of =6 (7). (2-carboxy)-PHPD proved anomalous 
in this regard, displaying only a small (- 10 nm) spectral shift 
on ionization with an approximate pK, value of 9. Titration 
(results not shown) of (2-carboxy)-PHPD (in methanol/water, 
2 :  1 v/v) clearly indicated two separate ionizations: one, 
governed by a pK, values of about 3.75, is presumably due to 
the carboxyl group, while another ionization with pK, - I 1, is 
ascribed to the NH ionization (perturbed from the spectro- 
photometric pK, due to the high methanol concentration in the 
titration medium). 

With 488 nm excitation (in the pre-resonance region) good 
quality resonance-enhanced spectra were observed from low 
concentration solutions. Intense resonance Rarnan bands in the 
900- 1700 cm-' spectral range were observed from basic solu- 
tions of all compounds (Fig. l) ,  with two additional lines in the 
2200 cm-' region (data not shown). These spectra originated 
from the anionic forms. Resonance Raman spectra of solid 

samples (Fig. 2) were typical of the neutral protonated forms; 
good quality spectra were not easy to obtain from acidic solu- 
tions due to poor solubility, but we included representative 
spectra obtained at pH 5.7 for comparison purposes (Fig. 3). 

In the spectral range investigated, the following modes 
would be expected to be resonance Raman enhanced. ( I )  
benzene ring modes: C-C stretching vibrations and C-H 
in-plane bending vibrations; (2) stretching modes of the ring 
substituents coupled with benzenoid ring modes; (3) hydra- 
zonopropane group vibrations, strongly perturbed by proto- 
nation equilibria; and (4)  nitrile function vibrations. 

Tentative assignments for characteristic lines of the pro- 
tonated and deprotonated forms are shown in Table 1 ,  and 
merit discussion. 

Deprotonated forms 
( i )  Two vibrations, involving a symmetric and antisym- 

metric stretching of the nitrile groups, are observable in the 
21 50-2200 cm-' region. 

(ii) Benzene ring vibrational modes, using standard assign- 
ments (10, 1 l ) ,  are easily distinguishable on the basis of 
spectral shifts observed on ring deuteration or substitution. 

(iii) The Ph-N- stretching, coupled with phenyl ring vi- 
brations, and called "e" mode, should give an intense Raman 
band in the 1290- 1370 cm-' region (12, 13); this mode should 
be sensitive to both ring deuteration and a "N labelling. The 
1303 cm-' line in PHPD is accordingly assigned to the "e" 
(Ph-N-) mode; it shifts to lower frequencies on a I5N 
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1842 CAN. I. CHEM. VOL. 63, 1985 

FIG. 3. Resonance Raman spectra of some PHPD derivatives in 
phosphate buffer solution (pH 5.7). The saturated solutions used are 
approximately lo-' M. Excitation wavelength at 488 nm (350 mW) 
and 8 cm-' spectral slit width. B indicatcs the buffer lines. 

substitution, and disappears on ring deuteration. 
The ring modes perturbed by deuteration are not strongly 

coupled to the Ph-N- stretching mode, and the wavenumber 
of the "e" (Ph-N-) mode (now better described as a Ph-N- 
stretching) is expected to shift to higher values on ring deu- 
teration. This shifted line in the PHPD-d5 spectrum is pre- 
sumably overlapped by other spectral features (perhaps the 
1362 cm-' line) which are not perturbed by ring deuteration. 

(iv) The N-N stretching mode has been previously ob- 
served at 1202 cm-' for diazoaminobenzene (1 1) and in the 
1160- 1200 cm-' spectral range for other azobenzene deriva- 
tives in acid solution where hydrazone forms appear (6, 14, 
15), so it is expected between 1150 and 1210 cm-'. However, 
a and p I5N labelling unambiguously assigns the 1363 cm-' 
line in the PHPD spectrum as the N-N stretching; its re- 
latively high frequency in this case would indicate a corre- 
spondingly high N-N bond order. If the anionic forms are 
described by three hybrid structures (Scheme 1) in which form 
I11 predominates, the relatively high stretching frequency can 
be rationalized. 

(v) When comparing the resonance Raman spectra of 
(3-C1)-PHPD and (3-C1)-PHPD-P 15N, no other frequency 
shifts distinct from that noted in (iv) are observed, and accord- 
ingly the C=N stretching mode cannot be assigned. If, how- 
ever, as shown in Scheme l ,  the bond orders and the force 
constants for the N-N and C-N bonds are of the same 
magnitude, a characteristic vibration for each bond would not 
be expected. 

(vi) Two lines (1300 cm-'; and 1250 cm-' in PHPD spec- 

trum), insensitive to ring deuteration and both a and P I5N 
substitution, are assigned to symmetric and antisymmetric 
C-C stretching modes of the propanoid group. 

Protonated forms 
(i)  Resonance Raman spectra of both solid samples and 

aqueous solutions at pH 5.7 are dominated by a strong band in 
the 1270-1300 cm-' spectral range, assigned to the "e" 
(Ph-NH) mode. As this mode results from a coupling be- 
tween a ring mode and the Ph-NH stretching, 'H and a I5N 
isotope shifts are of the same magnitude. The P I5N shift of this 
band seen in the (3-C1)-PHPD-P I5N spectrum shows that this 
line is rather representative of an "e" (Ph-NH-N) mode; the 
force constants for the Ph-NH and N-N bonds should be of 
the same magnitude in this conjugated system. 

(ii) The significant shift (19 cm-') of the above discussed 
line on ionization is explicable by participation of the N-H 
deformation mode: strong coupling between N-H bending 
and Ph-NH stretching can be invoked. A similar coupling 
perturbed by deuterium exchange of a N-H group in an 
analogous system has been previously observed (6). 

(iii) Spectral shifts resulting from ring deuteration are differ- 
ent for the protonated and deprotonated forms. For protonated 
PHPD, deuterium substitution results in a shift of the "e" 
(Ph-NH-N) mode to lower frequency (1286 cm-' + 1273 
cm-I). For the deprotonated form, the corresponding shift of 
the "e" (Ph-N-) mode is to higher frequency (1303 cm-' + 
1362 cm-I). Again, changes in coupling of "e" modes with 
N-H deformation mode explain these shifts. Analogous re- 
sults have been previously obtained for phenylhydrazone func- 
tions developed when dimethylaminoazobenzene derivatives 
are examined in acid solution (15). 

(iv) The symmetrical and antisymmetrical nitrile stretching 
modes are affected by the pH change. The increase in wave- 
number (40 cm-') for the protonated forms is consistent with a 
decrease in conjugation within the protonated molecule (1 1) 
also manifested as a blue shift in the visible absorption band. 

(v) Phenyl ring vibrational modes are easily assigned on the 
basis of deuterium shift, except for the 1400- 1550 cm-' spec- 
tral range where C=N stretching and N-H deformation 
modes must be considered (13). It is difficult to precisely locate 
the bands in this region, but the N-H deformation mode can 
be attributed to the weak 1543 cm-' line in the PHPD spectrum, 
which shifts to 1532 cm-' in the PHPD-a I5N spectrum; these 
two lines are only observed for the solid state, probably being 
too weak to be seen in the solution spectra. The C=N stretch- 
ing vibration can be located at lower wavenumbers (16); for 
both solution and solid state, the single line at 1465 cm-' ,  
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TABLE 1. Line position (cm-') and tentative assignments of Raman bands of PHPD derivatives in the protonated (solid state) and deprotonated (alkaline solution) forms 

Basic form - aqueous solution Neutral form - solid state 

(3-CI)-PHPD PHPD (3-C1)-PHPD PHPD 
PHPD-d5 PHPD a - I 5 ~  (3-C1)-PHPD P-"N Tentative assignments p - I 5 ~  (3-CI)-PHPD a-"N PHPD PHPD-r15 

2196 (m) 2203 (m) 2202 (m) 2196 (m) 2194 (m) >C=N stretching 2230 (m) 2230 (m) 2232 (m) 2232 (m) 2233 (rn) 
2174 (m) 2185 (m) 2184 (m) 2175(m) 2174(rn) -t 2220 (rn) 2220 (m) 221 5 (m) 22 15 (m) 2216 (m) 
1560 (m) 1593 (s) 1594 (m) 1590 (s) 1604 (sh) 1604 (sh) 1607 (m) 1608 (sh) 1571 (sh) (') 3 8a,b ring modes 
1549 (sh) 1580 (sh) 1578 (sh) 1576 (sh) 1576 (sh) f 1589 (s) 1591 (s) 1599 (s) 1598 (s) 1563 (vs) 

1584 (w) 
NH deformation - 1536 (w) 1532 (vw) 1543 (vw) 1540 (vw) 

i 
l5Ol(m) 1501(m) 5 P 

1380 (sh) 1483 (w) 1483 (w) 1460 (w) 19a,b ring modes 1475 (m) 1487 (s) 1487 (m) 1488 (m) 1380 (s) 
1465 (w) 7 C=N stretching 1456 (w) 1333 (m) 1457 (w) 1457 (vw) 1427 (w) 1425 (w) 1475 (sh) 1473 (w) 1474 (w) 1338 (w) 

5 
1437 (w) 1440 (w) 1443 (w) 1443 (w) 1468 (w) 3 

> 
1364 (vs) 1363 (vs) 1350 (s) 1358 (vs) 1333 (vs) - N-N stretching r 
1286 (m) 1328 (s) 1322 (rn) - 14 ring mode -- 1340 (vw) 1342 (w) 

( 1  364) (vs) 1303 (vs) 1289 (vs) 131 7 (vs) 131 2 (vs) - e(Ph-N-) mode 
1302 (m) 1295 (sh) 1297 (sh) 1300 (sh) 1300 (sh)- C-CN stretching (as) -- 1307 (m) 1308 (s) 1296 (sh) 1299 (sh) - 

e(Ph-NH-N) mode - 1284 (vs) 1292 (vs) 1270 (vs) 1286 (vs) 1273 (vs) 
1 268 (w) 1267 (w) - e (Ph-CI) mode - 1268 (s) 1269 (s) 

1256 (w) 1258 (w) 1258 (w) 1252 (w) 1250 (w) - C-CN stretching (s) -- 1237 (s) 1242 (m) 1243 (m) 1245 (w) 1242 (w) 
1147(m) 1193(w) 1190(w) 1 189 (m) 1 188 (m) 1198 (w) 1199(w) 1193(vw) 1197(w) 1151(w) 
876 (w) 1 163 (s) 1 162 (s) I I60 (m) 1 160 (rn) 9a,b ring modes 1 1162 (w) 1 161 (w) 1 168 (m) 1 170 (m) 825 (w) 

1070 (vw) 1071 (w) - ring mode - 1026 (vw) 1027 (vw) 
960 (w) 998 (rn) 998 (m) 998 (s) 997 (m) - 12 ring mode - 994 (m) 996 (m) 997 (m) 997 (m) 955 (m) 
- 

'sh = shoulder, vw = very weak, w = weak, m = medium, s = strong, vs = very strong. The Wilson (8) and Kohlrausch (9) notations are used to describe the vibrational modes. 
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FIG. 4. Resonance Raman spectra of (2-carboxy)-PHPD in aqueous solution. Excitation wavelength at 488 nm (100 mW) and 6 cm-' spectral 
slit width. The solution are approximately 3 x M: (0) in phosphate buffer (pH 5.7), ( b )  in 0.01 M NaOH (pH 12.0). Insert: The titration 
curve obtained by non-linear least squares analysis and the structure of (2-carboxy)-PHPD at pH 5.7. 

observed in the PHPD-d, spectrum, is assigned to this mode, 
being also consistent with the P I5N shift observed in this region 
for (3-C1)-PHPD-(3 ISN. 

pK, value determination 
The dramatic differences in the resonance Raman spectra of 

the protonated and deprotonated forms, particularly for the "e" 
(Ph-NH) mode, allows a convenient assessment of pK, val- 
ues in those cases where spectrophotometric titration is not 
accurate (due to  small spectral shifts). (2-carboxy)-PHPD is 
such a case; the relevant resonance Raman spectra shown in 
Fig. 4 are very similar to  those of PHPD derivatives above 
discussed and indicate that the observed changes can be 
related to  the deprotonation of the NH group. A fitted plot of 
the relative intensities of the two strong lines (11368/11250) VS. 
pH allows the pK, determination. The relatively high pK, 
value (9.2) is obviously a consequence of an intramolecular 
interaction between the carboxyl and NH groups (Fig. 4). 

Conclusion 
The resonance Raman data, together with the 2H and I5N 

isotope shifts, allow assignment of most of the observed bands, 
and also allow the protonated and deprotonated forms to be 
clearly distinguished. A strong line attributed to  an "e" 
(Ph-NH-N) mode disappears at high pH due to ionization 
at N-H; the consequent increase in N-N bond order leads to 
a splitting whereby both "em (Ph-N-) and N-N stretching 
modes are observable in the spectra of the anionic form. This 
form is best defined by a resonance hybrid with strong car- 
banion character stabilized by the two electron-withdrawing 
nitrile groups. Such a structure explains well the chemical 
unreactivity of PHPD derivatives towards thiols at high pH (3) 

and also the instability of tetrahedral adducts of PHPD with 
thiols at high pH (3). The extensive charge delocalization with- 
in the anion is also relevant to its ability to  diffuse across lipid 
bilayers, and thereby act as an uncoupling agent. 
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Photochemistry of alkenes. 9. Medium-sized cycloalkenes' 
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PAUL J .  KROPP, J .  DEREK MASON, and GARDINER F. H. SMITH. Can. J .  Chem. 63, 1845 (1 985). 
The behavior of the three medium-sized cycloalkenes cyclooctene (lo), cyclodecene (17), and cyclododecene (21) on direct 

irradiation in pentane and methanol solution has been studied. The results are summarized in Tables 1-3. Irradiation of 
medium-sized cycloalkenes is a convenient procedure for the preparation of bicyclic products (cf. 13, 14, 19, 20, and 23) 
through transannular insertion reactions of carbene intermediates (cf. 11, 18, and 22) thought to arise from rearrangement of 
the '[-rr,R(3s)] state via a 1,2-hydrogen shift. The formation of trans-decalin (20) is in contrast to the reported formation of 
the cis isomer on base-initiated decomposition of the corresponding tosylhydrazone. None of the three cycloalkenes 10, 17, 
or 21 underwent competing nucleophilic trapping of the '[-rr,~(3s)] state in methanol, in contrast with other alkenes previously 
studied. However, cyclododecene (21) afforded the methyl ether 25, which apparently resulted from protonation of the '(-rr,-rr*) 
state, and the epoxide 26, which is thought to arise from electron transfer to oxygen by the '[-rr,R(3s)] state followed by 
protonation of the resulting superoxide ion and oxidation of unreacted cyclododecene (21). 

PAUL J .  KROPP, J .  DEREK MASON et GARDINER F. H. SMITH. Can. J. Chem. 63, 1845 (1985). 
Operant dans des solutions dans le pentane ainsi que dans le mCthanol, on a Ctudit le comportement, vis-a-vis de I'irradiation 

directe, des trois cycloalk&nes a cycles moyens suivants: cycloocttne (lo), cyclodCcbne (17) et cyclododCc6ne (21). On 
rapporte les rksultats dans les tableaux 1-3. L'irradiation des cycloalkknes a cycles moyens est une mCthode appropriCe de 
preparer des produits bicycliques (comme 13, 14, 19, 20 et 23) par le biais de rkactions intramol6culaires d'insertions 
transannulaires des carbenes intermkdiaires (comme 11, 18 et 22) qui proviendraient d'une transposition de 1'Ctat '[-rr,R(3s)] 
via un deplacement-1,2 d'hydrogene. La formation de la decaline-frat~s (20) est en opposition avec le fait que des auteurs ont 
rapport6 la formation de I'isombre cis lors de la dCcomposition, initCe par les bases, de la tosylhydrazone correspondante. Par 
opposition avec les rksultats obtenus avec les autres alkenes CtudiCs antkrieurement, aucun des trois cycloalkbnes 10, 17 ou 
21 ne subit de trappage nuclCophile de I'Ctat '[-rr,~(3s)] par le methanol. Toutefois, le cyclododCc&ne (21) conduit au methyl 
Cther 25, qui proviendrait de la protonation de l'ktat '(-rr,-rr*), ainsi qu'a I'Cpoxyde 26 qui proviendrait dans une premibre Ctape 
d'un transfert Clectronique par I'Ctat '[-rr,R(3s)] qui serait suivi d'une protonation de I'ion superoxyde qui en rCsulte et de 
l'oxydation du cyclododCcbne (21) qui n'a pas rCagi. 

[Traduit par le journal] 

Introduction 
Although theoretical and spectroscopic aspects of the 

Rydberg excited states of various organic c h r o ~ o p h o r e s  have 
long been studied, little attention has been given to the chem- 
ical properties of these species.' This is particularly surprising 
in thk case of a chromophore such as the carbon-carbon double 
bond, in which a Rydberg excited state is either the lowest 
lying or  close in energy to the lowest lying singlet excited 
state.4 As depicted in Scheme 1 for the case of 2,3-dimethyl- 
2-butene ( I ) ,  studies in these laboratories directed toward 
elucidating the chemical properties of the ' [ ~ , R ( 3 s ) ]  state of 
alkenes have shown that irradiation of alkenes in hydroxylic 
media results in the formation of a mixture of saturated and 
unsaturated ethers (6 and 7), which appear to  arise via nucleo- 
philic trapping of the ' [ ~ , R ( 3 s ) ]  state (2) followed by dis- 
proportionation of the resulting alkoxy radical (3) (4). 

In the absence of nucleophilic trapping the ' [ ~ , R ( 3 s ) ]  inter- 
mediate undergoes, instead, rearrangement via a carbene inter- 
mediate. Thus irradiation of 1 in non-hydroxylic media results 
in a mixture of the rearranged alkene 8 and the cyclopropane 9, 
the expected 1,2- and 1,3-insertion products from the carbene 
intermediate 5 ( 5 ) .  These two reactions, nucleophilic trapping 
in hydroxylic media and rearrangement via a carbene inter- 

' For Part 8, see ref. 1 . 
'Author to whom correspondence may be addressed. 
3Professor Sandorfy has been a leader in calling attention to the 

probable involvement of Rydberg intermediates in photochemical 
reactions. See, for example, ref. 2. 

For discussion of the excited states of alkenes see ref. 3. 

mediate in non-nucleophilic media, are apparently the first two 
observations of the chemical properties of the ' [ ~ , R ( 3 s ) ]  state. 
They have since been observed for a number of alkenes (for a 
review of the photobehavior of alkenes in solution see ref. 6). 

These processes occur in competition with E S Z isomer- 
ization of the alkene, which is not observable in the case of 1 
and probably involves the T,T* excited state (6 ) ,  and with 
double bond migration, which gives rise to  isomer 4 in the case 
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of 1 and apparently involves yet a third excited intermediate (7, 
8). In some cases reduction of the double bond is also ob- 
served, but it is not clear which excited state is involved in this 
process. 

Photorearrangement of alkenes via carbene intermediates 
has the potential of useful synthetic applications but has the 
drawback of competing double bond migration. One way of 
eliminating the loss of material due to this competing isomer- 
ization is to incorporate the double bond in a cyclic environ- 
ment such as that of cyclooctene ( lo) ,  cyclodecene (17), or 
cyclododecene (21), in which double bond migration is an 
identity process. Such medium-sized cycloalkenes offer a fur- 
ther potential for synthetic interest arising from their propensity 
for undergoing transannular reactions. We report here the pho- 
tobehavior of cycloalkenes 10, 17, and 21 induced by direct 
irradiation in solution. 

Results 
The results from irradiation of cycloalkenes 10, 17, and 21 

are summarized in Tables 1-3, respectively. In addition to 
undergoing E Z isomerization, each alkene afforded one or 
more bicyclic products (13, 14, 19, 20, and 23).' The product 

13 14 15 

from cyclododecene (21) is assigned the novel bicyclo[7.3.0]- 
dodecane structure 23 on the basis of its I3C nmr spectrum, as 
described in the experimental section, but the stereochemistry 
at the ring fusion is uncertain. Cyclooctene (10) afforded, in 
addition, the ring-contracted isomer 15. In several cases 
acyclic cleavage products were observed: 1-octene (16) from 
10 and 1-dodecene (29) and 1-dodecyne (30) from 21. Since 
these products underwent competing destruction under the 
irradiation conditions, their yields decreased on extended 
irradiation. Cyclododecene (21) also afforded the reduction 
product 24, the methyl ether 25, and, in some runs, the oxide 
26. This latter product apparently arose from residual dissolved 
oxygen since its formation ceased after a short time. 

Discussion 
As predicted, irradiation of medium-sized cycloalkenes is a 

50riginally 14 and 15, but not 13, were reported as products from 
irradiation of cyclooctene (10)  at 185 nm (9a) .  Since the initiation of 
our studies, 13 has also been reported ( 9 b ) .  

TABLE 1 .  Irradiation of cyclooctene (10)" 

Yield, %" 

Solvent T ime ,h  (2)-10 (E)-10 13 14 15 16 

"Irradiations were conducted as described in the experimental section using 
100-mL solutions 0.05 M in alkene (2)-10. 

"Determined by gas chromatographic analysis relative to an internal hydro- 
carbon standard. 

TABLE 2. Irradiation of cyclodecene (17)" 

Yield, %" 

Solvent Time, h (2)-17 (E)-17 19 20 

"Irradiations were conducted as described in the experimental 
section using 100-mL solutions 0.05 M in 17 that had an initial 
Z I E  ratio of 5 : I. 

"Determined by gas chromatographic analysis relative to an 
internal hydrocarbon standard. 

'Trace. 

convenient method for preparing bicylic isomers. The products 
13 and 14 from cyclooctene (10) are those expected for the 
carbene intermediate 11, which is reported to undergo com- 
peting 1,5-, 1,3-, and 1 ,2-insertion when generated by base- 
initiated decomposition of the corresponding tosylhydrazone to 
afford a mixture of 13, 14, and cyclooctene (10) (10). In the 
present case any cyclooctene (10) formed would, of course, 
simply have been recycled. The accompanying formation of 
methylenecycloheptane (15) implies that the carbene inter- 
mediate 12, which has previously been found to undergo com- 
peting 1,2- and 1,3-insertion to afford a mixture of 14 and 15 
(1 l ) ,  is also formed. Thus the '[~r,R(3s)] state of 10 apparently 
undergoes competing rearrangement via a 1,2-hydrogen shift to 
afford the carbene intermediate 11 and a 1,2-alkyl shift to 
afford 12. By contrast, only products arising from the carbene 
intermediates 18 and 22, formed via a 1,2-hydrogen shift, were 
observed for the larger-ring homologs 17 and 21. 
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TABLE 3. Irradiation of cyclododecene (21)" 

Yield, %" 

Solvent Time,h (2)-21 (E)-21 23 24 25 26 29 30 

"Irradiations were conducted as described in the experimental section using 100-mL solu- 
tions 0.05 M in 21 that had an initial Z/E ratio of 1 : 1.5. 

"Determined by gas chromatographic analysis relative to an internal hydrocarbon standard. 
'Trace. 
"None detected. 
' 100% do. 
'23% do, 70% d , ,  7% d2. 

23 

Generation of the C,, carbene intermediate 18 by base- 
initiated decomposition of the corresponding tosylhydrazone in 
aprotic media is reported to afford principally cis-bicyclo- 
[5.3 .O]decane (19), accompanied by (Z)- and (E)-cyclodecene 
(17) and cis-decalin (10). Medium-sized cyclic carbenes 
formed in this fashion generally afford cis-fused transannular 
cyclization products, presumably because they are formed in 
their singlet state and undergo concerted insertion into a trans- 
annular axial C-H bond (10). By contrast, irradiation of cy- 
clodecene (17) afforded only the trans isomer 20. This might 
suggest that the carbene intermediate 18 is formed photo- 
chemically in its triplet state, which undergoes a two-step in- 
sertion process via a radical intermediate that selectively closes 
to the thermodynamically more stable trans isomer 20.6 How- 
ever, such a process should similarly afford the thermo- 
dynamically more stable trans isomer of 19.' Perhaps the dif- 
ference simply lies in the carbene intermediate being generated 

in a different geometry or with a different amount of residual 
energy from the two routes. 

Generation of the C12 carbene intermediate 22 by base- 
initiated decomposition of the corresponding tosylhydrazone in 
aprotic media is reported to afford a mixture of (Z)- and 
(E)-cyclododecene (21) (14, 15) accompanied by a small 
amount of a bicyclic product, presumably 23, which was 
formed in insufficient quantity to be characterized (15). In the 
present case any cyclododecene (21) arising from reversion of 
the carbene intermediate 22 would have been recycled, thus 
permitting substantially greater accumulatiofi of the bicyclic 
product 23. Quite surprisingly, irradiation of cyclododecene 
(21) in methanol afforded the two oxygen-containing products 
25 and 26.' When the irradiation was conducted in methanol-d, 
ether 25 was formed with substantial incorporation of deu- 
terium, which was shown by 'H nmr spectroscopy not to be 
located a to the methoxyl group. The incorporation of deu- 
terium, along with the absence of any accompanying un- 
saturated ether, indicate that ether 25 does not arise via nucleo- 
philic trapping of the '[n,R(3s)] state 27 in analogy with the 
formation of ethers 6 and 7 from alkene 1. Indeed, it is note- 
worthy that none of the three cycloalkenes 10, 17, or 21 
afforded products from nucleophilic trapping of the '[n,R(3s)] 
state. It has previously been found that disubstituted derivatives 
of ethene undergo nucleophilic trapping very inefficiently rela- 

6For the relative stabilities of cis- and trans-decalin see ref. 12. Products having retention times corresponding to those of the C,O 
'The trans isomer of bicyclo[5.3.0]decane has been found to pre- homologs of 25 and 26 were obtained on irradiation of cyclodecene 

dominate at equilibrium, but only slightly; see ref. 13. (17), but in quantities insufficient for complete identification. 
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tive to rearrangement (6, 16). This behavior may be enhanced 
in medium-sized cycloalkene systems by steric encumbrance 
about the double bond, as previously observed with tert-butyl- 
substituted alkenes (I) .  

The lack of any detectable incorporation of deuterium in the 
a position also indicates that ether 25  does not arise via trap- 
ping of the carbene intermediate 22. This is not surprising since 
alkyl carbenes generally undergo intramolecular insertion more 
rapidly than intermolecular trapping. 

There remains a third alternative, which is consistent with 
the available data, that ether 25  arises via protonation of the 
' (n ,n*)  state, which is thought to have dipolar character once 
it has relaxed to an orthogonal geometry (17). Protonation of 
this state does not normally occur because internal conversion 
to the ground state and relaxation to the E or Z isomer is 
generally more rapid than intermolecular trapping. However, 
an orthogonal species might have a lifetime longer than usual 
in the case of cyclododecene (21), simply because of the inabil- 
ity of this medium-ring system to relax to either the E or  Z 
geometry without passing through large conformational bar- 
riers. Similar behavior was recently observed for tert-butyl- 
substituted alkenes (I) .  

The formation of oxides such as 26  on direct irradiation of 
alkenes has been observed previously (4), but no mechanism 
has been established. An attractive possibility involves initial 
reduction of oxygen to superoxide by electron transfer from the 
'[n,R(3s)] state (27) followed by attack on an unreacted mole- 
cule of cyclododecene (21). In methanol, protonation (18) and 
subsequent attack by the resulting hydroperoxy radical may be 
involved ( 1 9). 

Conclusions 
It is thus clear that irradiation of medium-sized cvcloalkenes 

is a convenient method for the formation of bicyclic isomers. 
The photocyclization process is stereospecific and, in some 
cases, yields stereoisomers not afforded by the corresponding 
carbene intermediate when generated by conventional meth- 
ods. The photochemical approach has the further advantage 
that competing reversion of the carbene intermediate to cy- 
cloalkene simply regenerates starting material, which is recy- 
cled. This is thus a useful illustration of the importance of 
Rydberg excited states in determining the photobehavior of an 
organic chromophore. 

Experimental 
General procedrtres 

Infrared spectra were obtained in carbon tetrachloride solution with 
a Beckman 4250 spectrophotometer. Gas chromatographic analyses 
were performed on a Hewlett-Packard 5750 instrument with 10 ft X 

0.125 in. stainless steel columns packed with either 20% (A) Carbo- 
wax 20M, (B) SF-96, or (C) P,P'-oxydiprop~onitrile on 60-80 mesh 
Chromosorb W. Preparative gas chromatographic separations were 
effected on a Varian Aerograph 90-P instrument with 10 ft X 0.25 in. 
stainless steel columns packed as described above. Melting points 
were determined on a Thomas-Hoover instrument and are un- 
corrected and uncalibrated. Nuclear magnetic resonance spectra were 
obtained in chloroform-d solution with a Varian XL-100 or Brucker 
WM-250 spectrometer. Isotopic compositions were calculated from 
mass spectra obtained on a VG Micromass 7070F spectrometer. 

Irradicztions 
Irradiations were conducted under an atmosphere of nitrogen on 

0.05 M solutions with the broad spectrum of a Hanovia 450-W 
medium-pressure mercury arc and either a water-cooled quartz im- 
mersion well or an Ace 7883 reflector and a quartz tube suspended in 

a water-cooled quartz immersion well. Before irradiation and after 
each aliquot was taken for analysis, nitrogen was bubbled through the 
solution for 10 min. After irradiation the solvent was removed by 
distillation through a Vigrcux column. 

Irradiation of (Zj-cyclooctene ((Z)-10) 
A commercial specimen was redistilled at 45-46°C (17 Torr; 1 Torr 

= 133.3 Pa)) prior to use. From the irradiations described in Table 1 
the following products were isolated by preparative gas chro- 
matography. 

cis-Bicyclo[3.3.O]ocmne (13) was isolated as a colorless liquid; 
v ,,,,,: 2955, 2870, 1455 cm-'; 'H nmr 6: 2.6 (br m, 2, CH- 1 and - 3 ,  
1.66(m,4), 1.5 (m,2) ,  1.19(m,4)(lit. (20) 'Hnmr6: 2.4, 1.7-1.1). 

cis-Bicyclo[5.1 .O]octatre (14) was isolated as a colorless liquid; 'H 
nmr 6: 2.1 1 (br m, 2, CH- l and -7), 1.74 (br, 2), 1.32 (br q, 4), 0.02 
(q, 1, axial cyclopropyl H) (lit. (21) 'H nmr 6: -0.06 (1)). 

Methylenecycloheptane (15) and 1-octene (16) were isolated as 
colorless liquids having infrared and nmr spectra similar to those of 
commercial specimens. 

(E)- a r ~ l  (Zj-cyclodecene ((E)- anti (Z)-10) 
A. Preparation 
In a modification of the procedure of Brown and Ham (22), 2.83 g 

(18.1 mmol) of cyclodecanol in 25 mL of dry pyridine was added with 
cooling to a solution of 3.79 g (19.9 mmol) of p-toluenesulfonyl 
chloride in 25 mL of dry pyridine. The mixture was stirred until 
homogeneous, cooled for 24 h, diluted with 75 mL of distilled water, 
and extracted with 2 x 50 mL of diethyl ether. The ether extracts were 
combined, washed with 5 X 25 mL of cold 5% HCI and 2 X 30 mL 
each of saturated sodium bicarbonate and saturated sodium chloride 
solutions, and then dried over anhydrous sodium sulfate. The ether 
was partially removed by rotary evaporation, and the remaining ether 
was allowed to evaporate overnight. The resulting liquid was placed 
in a vacuum desiccator at room temperature for 48 h, then dissolved 
in pentane, extracted with 2 x 25 mL each of saturated sodium 
bicarbonate solution and saturated sodium chloride solution, and dried 
over anhydrous sodium sulfate. Evaporation of the pentane and dis- 
tillation on a spinning band column gavc 2.10 g (84% yield) of a 1 :5 
mixture of (E)- and (2)-17 as a colorless liquid; bp 52-53°C (13 
Torr); v ,,,,,: 3010, 2920,2860,2680, 1650, 1481, 1452 c m ' ;  'H nmr 
6: 5.37 (t, 2, CH=CH), 2.23 (m, 4, C=C-CH,), 1.53 (s, 14)' (lit. 
(23) v ,,,,,: 2915, 2680, 1456 cm- ' ;  'H nmr 6: 5.36 (2, CH=CH), 1.5 
(14)). 

B. Irradiation 
From the irradiations described in Tablc 2 the following products 

were isolated by preparative gas chromatography. 
cis-Bicyclo[5.3.0]decane (19) was isolated as a colorless liquid; 

v ,,,,: 2925,2860, 1455 c m ' ;  'H nmr 6: 1.98 (br m, 2, CH-1 and -7), 
1.78 (br m, 4), 1.60 (br m, 4),  1.20 (m, 8); "C nmr 6: 43.5 (C- l and 
-7), 35.8 (C-2 and -6), 33.0 (C-8 and -lo), 31.7 (C-4), 29.7 (C-3 and 
- 3 ,  26.4 (C-9) (lit. (24) "C nmr 6: 43.6, 35.9, 33.1, 31.8, 29.8, 
26.1). 

trans-Decalitl (20) was isolated as a colorless liquid; 'H nmr 6: 1.66 
(br d, 4), 1.53 (br t, 4), 1.22 (br m, 4), 0.89 (br m, 6) (lit. (25) 'H 
nmr 6: 1.66 (4), 1.53 (4), 1.23 (4), 0.93 (4), 0.84 (2)). 

Irradiation of (E)- and (2)-cyclododecetze ((E)- and (2)-21) 
A commercial specimen which had an E/Z ratio of 1.5: 1 was 

employed. From the irradiations described in Table 3 the following 
products were isolated. 

Bicyclo[7.3.0]dodecane (23) was isolated as a colorless liquid; 
v,,,: 2920, 2866, 1441 cm-I; 'H nmr 6: 1.85 (br m, 2, CH-1 and -9), 
1.45 (br m, 20); "C nmr 6: 43.2 (C-1 and -9), 34.4 (C-2 and -8), 28.9 
(C-loand -12), 27.9 (C-3 and-7), 26.2 (C-II), 25.3 (C-4 and -6), and 
21.5 (C-5); mass spectrum, tn/e: 166.1720 (calcd. for CIZHZ2, 
166.1721). 166 (41), 110 (28), 109 ( 3 9 ,  97 (31), 96 (88), 95 (57), 

"Absorptions at 6 2.05 and 1.40 corresponding to (E)-10 were also 
observed. 
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83 (43), 82 (loo), 81 (72), 69 (40), 70 (46), 67 (90), 55 (77). 
Cyclododecatie (24) and rnethoxycyclododecane (25) were isolated 

as colorless liquids which exhibited spectral properties in agreement 
with those of specimens prepared independently as described below. 

13-0xabicyclo[10.1.O]tridecnne (26) was isolated as a colorless 
liquid that was characterized by comparison of its spectral properties 
with those of a commercial specimen. 

I-Dodecene (27) was Isolated as a colorless liquid; 'H nmr 6: 5.82 
(m, I ,  C=CH-C), 4.96 (br t, 2, C=CH2), 2.05 (m, 2, C=CH2), 
1.28 (m, 16), 0.88 (t, 3, CHI) (lit. (26) 'H nmr 6: 5.75 (m, I), 4.96 
(br t, 2), 2.00 (m, 2), 1.3 (s, 16), 0.88 (t, 3)). 

I-Dodecyne (28) was isolated as a colorless I~quid; v,,,.,,: 3335, 2130 
cm-'; 'H nmr 6: 2.18 (t of d, J = 3.7 and 7.5, -CHI-C-C), 1.93 
(t, I ,  J = 3.7, -C-CH), 1.28 (br S, 16, -CHr-), 0.88 (t, 3, J 
= 7.5, -CH3) (lit. (27) v ,,,.,,: 2120 cm-'; 'H nmr 6: 2 0-2.2 (m, 
CHr-C-C), 1.7 (t, -C-CH), 0.9 (t, -CH3)). 

From the irradiation conducted in methanol-d the specimen of ether 
25 which was isolated was found by mass spectral analysis to be 23% 
do, 70% d l ,  7% d2; 2H nmr 6: 1.58, 1.45. The specimen of 
bicyclo[7.3.O]dodecane (23) isolated showed no incorporation of deu- 
terium. 

Independent preparation of' cyclododecarie (24) 
A solution of 260 mg of a commercial mixture of (E)- and 

(Z)-cyclododecene ((E)- and (2)-21) in 30 mL of methanol was stirred 
with 21 mg of 10% pallad~um-on-charcoal under an atmosphere of 
hydrogen. Absorption ceased after the consumption of 1. I molar 
equiv. of hydrogen. Removal of the catalyst by filtration and of the 
solvent by dist~llation afforded a colorless oil which crystallized slow- 
ly on standing; mp 58-60°C; v,,,,,. 1463, 1441, 1340, 714 cm .'; 'H 
nmr 6: 1.34 (s) (lit. (28) mp 61°C; 11t. (29) v,,,,: 1343 (s), 7 14 (s)). 

Independent preparation of' rtlethoxycvclododecane (25) 
A solution of 1.84 g (10.0 mmol) of cyclododecanol in 30 mL of 

ether was treated with 480 mg (20 mmol) of sodium hydride, and the 
resulting mixture was stirred under an atmosphere of nitrogen for 
16 h. A solution of 7.10 g (50 mmol) of iodomethane in 30 mL of 
ether was then added and the reaction mixture was heated under reflux 
for 50 h. The excess sodium hydride was quenched by the careful 
addition of 5 mL of water and the resulting mixture was transferred to 
a separatory funnel. The ether layer was dried over 5 mL of saturated 
sodium chloride solution followed by anhydrous sodium sulfate and 
the solvent was removed by distillation through a Vigreux column. 
Gas chromatographic analysis of the residue revealed the formation of 
a single product in 69% yield and the continued presence of 30% of 
the starting alcohol. Isolation by preparative gas chromatography af- 
forded ether 25 as a colorless liquid; v,,,.,,: 147 1, 1447, 1094 cm-';  'H 
nmr 6: 3.33 (s, 4, CH- I and -OCH)), 1.35 (br s, 22) (lit. (30) 'H nmr 
6: 3.2 (?), 3.23). 
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GIUSEPPE DEL RE, ANDREA PELUSO, and CAMILLA MINICHINO. Can. J. Chem. 63, 1850 (1985). 
It is suggested that internal electron transfer in biomolecules such as multiheme proteins can take place along H- 

bridgelpeptide-link chains by a proton-relay process followed by radicalic return to the initial condition. The plausibility of 
such a process is assessed by (a) reference to published suggestions and evidence; (b) estimates of vibrational characteristics 
and of the free energies of the various states of a model system consisting of three H-bridges and one peptide group. It appears 
that the proposed mechanism is highly efficient and very fast, at least if the H-bonds formed by a peptide group evolve in a 
concerted manner. 

GIUSEPPE DEL RE, ANDREA PELUSO et CAMILLA MINICHINO. Can. J .  Chem. 63, 1850 (1985). 
On suggkre que le transfert Clectronique interne dans des biomolCcules, comme les protCines de multihkme, peut se produire 

le long des chaines ponts-H/liaisons-peptidiques par un processus de relais de protons qui serait suivi d'un retour radicalique 
a la condition initiale. On essaye de dCtermincr si un tel processus cst plausible en faisant appel 3. (a) des rCfCrences a des 
suggestions et 3. des donnCes expCrimentales publiees; (b) des &valuations des caractkristiques vibrationnelles et des Cnergies 
libres des divers Ctats d'un systkme modele comportant les trois ponts-H et un groupement peptidique. I1 semble que le 
mCcanisme proposC soit trks efficace et trks rapide, au moins si les liaisons H formCes par un groupement peptidique Cvoluent 
d'une manikre concertCe. 

[Traduit par le journal] 

1. "Assisted through-bond" ET mechanism 
l a .  When biomolecules containing several hemes par- 

ticipate in a redox process, intramolecular electron transfer 
(ET) between hemes is likely to be a feature of the overall 
phenomenon. The problem then arises of establishing the 
mechanism by which that interheme ET takes place ( I ) .  In 
general, the interheme distances and orbital overlaps have val- 
ues such that direct electron jumps from one macrocycle to 
another require resonance conditions, even if they proceed 
through bridge molecules (1). Therefore, alternative mech- 
anisms are worth investigating. In this paper an "assisted 
through-bond" E T  mechanism is proposed and discussed. An 
example of molecules to which it applies are the multiheme 
cytochromes. In molecules of that class it is possible that inter- 
nal ET takes place along a continuous H-bondlpeptide-link 
chain, involving a few peptide links and possibly a water 
molecule, and connecting the imidazole rings of two hemes: 
although structural details are still unreliable, published work 
indicates that the chain in question could start with a bridge 
between an imidazole and the oxygen of a peptide link and 
terminate with the same type of H-bridge in the opposite order 
(2). 

The ET mechanism to be associated with such a chain would 
consist in a proton-relay process followed by a radicalic rear- 
rangement: 

a:  e- + A , .  . H-B . . . H-C -+ A-. . . H-B . . . H-C 

0 

b:  A-H . . . B-H . . . C one or more steps 

A .  . . H-B . . . H-C 

( I b )  

In stage Ib  actual E T  takes place, because the hole on C attracts 
a proton plus one electron, and so  on until the initial situation 
is restored. 

I b. In order to assess the plausibility of mechanism I, two 
major questions must be answered. First: are such chains of 
H-bonds actually present in multiheme proteins? Second: is the 
proposed mechanism sufficiently fast and efficient? 

The first question requires consideration of the specific pro- 
tein structure (cf. section 2). In this paper we focus on the 
second question, by presenting a study of a model system 
which contains the most relevant features of a possible real 
system. A major drawback remains, in that highly reliable 
potential energy (PE) surfaces are difficult to obtain even for 
such a simplified system. Even ab  initio computations, due to 
basis effects and correlation errors, d o  not yield uniformly 
reliable barrier heights and vibrational frequencies (3, 4). For- 
tunately, fair estimates of free-energy profiles are sufficient for 
our purposes: what may be very important is that temperature 
dependent effects should be taken into account. 

2. A specific example: heme-heme ET 
2a. Consider, as a concrete example, the hemes of a multi- 

heme cytochrome in their oxidized state. They may be repre- 
-+ A-H.. . B-. . . H-C -+ A-H . . . B-H . . . C- 

sented by the abbreviated formulas 
-+A-H . . .  B-H . . .  C + e- 

H-Im--tFe(M1)-lm, H-Im--tFe(Mz)--Im 
(10) 

I1 
where the dot denotes an electron and the small circle a hole; 
and where Im stands for imidazolyl, M I  and M2 for the porphyrin 
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macrocycles; the arrows denote dative N-Fe bonds, the tution of a hydrogen atom by iron. Consider now the H- 
dashes ordinary (covalent) N-Fe bonds resulting from substi- bondlpeptide-bond chain: 

Note: the cis and trans positions are not realistic 

An electron-relay process of the type summarized by scheme I 
could take place (with MI acting as the electron acceptor and 
M2 as the electron donor) along the chain of scheme 111 accord- 
ing to the following sequence of events. 

A: An electron received by MI  is transferred to the right-hand 
Im ligand, which becomes negative. 

B: The resulting Im- ring attracts the proton of the neigh- 
boring peptide group, P I ,  which is initially in the en01 form. 

C: The negative charge now appearing on the end nitrogen 
of P, attracts the proton of P,, which then goes over to the en01 
form. 

D, E: Similar events take place at the water molecule and at 
P,. 

F: The second heme has now lost a proton, and has an 
imidazolate ion on its left-hand side. The negative charge is 
transferred to M?, so that a hole is localized on Im. 

G: M i  releases an electron to the external acceptor (or to 
another heme). 

H: The electron-deficient left-hand imidazole of M? recalls 
the lost proton together with an electron. 

I, J, K: The lost protons are taken back (with one electron) 
by P3, the water molecule, Pz, and PI  in succession. The left- 
hand heme thus loses the excess electron received at step A. 

The whole mechanism just described is set "in motion", of 
course, when there are both a source of electrons acting on the 
left and an electron acceptor which creates the "driving force" 
on the right. If the latter were missing, reduction of the first 
heme would cause protons to shift so as to create a negatively 
charged deprotonated peptide group P,; there would be no 
further motion because the high proton affinity of the OH- 
makes the water molecule a very effective barrier. 

2b. Aside from considerations specific to given protein 
structures, the following general questions must now be dealt 
with. 

I .  Is the oxidized-heme form I1 a reasonable assumption as 
compared with [H-Im-Fe(M)-Im-HI+? 

2. Is the assumption of a stable peptide bond in the en01 form 
chemically plausible and consistent with available informa- 
tion? 

3. Are the free-energy barriers involved in the charge-relay 
events A to G low enough? 

The first point is easily disposed of, since the essential differ- 
ence between the two cases is a normal covalent bond replacing 
a dative bond to iron, a proton being involved in any case in an 

H-bond connected to the imidazole, and one cannot see what 
should make that kind of bond less probable. In fact, the 
"deprotonated" oxidized form has been considered in several 
papers as a possible important feature of biological processes: 
"hydrogen bonding or actual deprotonation of imidazole li- 
gands provides a means whereby the tertiary structure of the 
protein could moderate the reactivity or redox potential of the 
iron center" (5). 

The second question requires a more detailed study. The en01 
form of the peptide bond is consistent with the rules of valency, 
but has never been observed. A theoretical study of the reaction 
formamide + water + formamidic acid + water suggests that 
the keto form has an energy ca. 60 kJ/mol lower than the en01 
form; the activation energy when a single water molecule plays 
the donor-acceptor role is ca. 100 kJ/mol. These results indi- 
cate that the energy changes involved in the keto-en01 isomer- 
ization of the peptide bond are high enough to control the 
kinetics, but not so high that the process should be forbidden. 
Moreover, the above results apply to the gas phase; the pres- 
ence of a special environment such as certainly exists close to 
a heme group may well bring about energy changes of the order 
of ca. I00 kJ/mol. The objection that peptide bonds per- 
manently in the en01 form would be detected by nmr does not 
apply to a typical protein of more than 100 aminoacid residues, 
since then only less than 4% of the peptide groups would be in 
the en01 form. 

As concerns energy barriers or, more generally, energy pro- 
files, it might seem that, at least for simple models, straight- 
forward ab initio calculations followed by evaluation of 
vibrational contributions is a safe procedure. Quite instructive 
papers (dealing, however, with energy differences between 
minima) have in fact been published according to this phil- 
osophy (6). Nevertheless, as has been mentioned, two orders of 
difficulties remain. First, without a fairly accurate study of the 
whole PE hypersurface the results lose much of their signifi- 
cance. Secondly, as has been extensively shown, in particular 
by Scheiner (7), the results for barriers are dramatically basis 
dependent. Scheiner has suggested that the 4.31 G basis should 
provide fairly reliable estimates, but he bases this conclusion 
on a few comparisons with 6.3 1 1 G t +  results corrected for 
correlation according to a special formula. Thus, for systems 
involving more than one hydrogen bond and a comparatively 
large number of atoms (as is the case with the model discussed 
below), a rigorous quantitative study of energy profiles is a 
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FIG. 1. Geometrical representation of model peptide residue. 

problem for the future. Less ambitious semiempirical calcu- 
lations are certainly open to many reservations. In the present 
context they are the most reasonable choice because of the 
above considerations, because, as will be seen, they give ac- 
ceptable results, and, most important, because all we really 
need is a semiquantitative description of the whole process 
under study. Moreover, as will be illustrated below, electronic 
calculations are in general just starting points for the evaluation 
of force constants, which require some kind of interpolation 
technique and the introduction of correction factors in all cases. 

With the above premises, we intend to suggest that the an- 
swer to question 3 above is positive; indeed, we proceed to 
introduce our simplified model and to discuss the various as- 
pects of the mechanism under study starting precisely with 
consideration of PE profiles. 

3. The model system 
3a. A system which appears to us to incorporate the critical 

features of I11 is the triple-bridge system 

I 

/R /O-,. 
HOT.. H-N .H 'H 

>c=o... \OH: 

R 

which undergoes charge recombination by proton shifts from 
right to left. The two terminal ions simulate the left-hand heme 
+ PI  system (after it has received an electron) and the right- 
hand heme, together with the virtual acceptor which creates the 
"driving force". Another feature characteristic of chain I11 is 
present, inasmuch as the recombined form contains a peptide 
group in the en01 form: 

H 
I 

/R 
.O 

HO-H ... N /dm. \H.. 

>C-0 'OHz 

R 

(IVb) 

As the model peptide unit we have chosen N-  
methylacetamide, in agreement with Del Bene (8), but for the 

geometry (cf. Fig. 1) we have used the standard data for a 
peptide residue (9). The valency angle for the C=O . . . H-0 
bridge has been taken to be 120°, in agreement with curreat 
estimates (JO). For the H-bond distances we have taken 2.68 A 
and 2.72 A for 0 .  . . 0  and N . . . 0 respectively. 

Semiempirical (MNDO, ref. 15) computations yield the ex- 
pected results for the Born-Oppenheimer (B.O.) potential en- 
ergy profile along the H-bond line. NO barrier is found for the 
end N . . . 0 and 0 .  . . 0  bonds. 

The absence of a barrier for the transition 

HOT.. H-N 
/ R  /R 

HO-H ... N- 
\ 

R /C=O R 

may appear somewhat surprising, the more so as the B.O. 
energy difference between Va and Vb of system I11 is predicted 
to be 249 kJ/mol (ca. 60 kcal/mol) in favor of Vb. In fact, 
neither S T 0  3G nor 4.3 1 G calculations predict a barrier at 2.8 
A (1 1, 12), and the greater stability of Vb is obviously related 
to the fact that the proton affinity of OH- is particularly high 
(13). 

The barrier to proton shift for the C=O . . . H-0 bond is 
82 kJ/mol in the right-to-left hand direction. This barrier in- 
cludes electron rearrangement in the peptide group, because it 
corresponds to the process 

System IV at stage VI is predicted to be less stable by only ca. 
27 kJ/mol than the preceding stages; this is probably a result 
of the stabilization of OH- by H,Ot, viz., a consequence of the 
"driving force" produced by the terminal ions. 

The absence of a barrier for the third bridge is in full agree- 
ment with the best fb initio results (14), which predict only ca. 
1 1  kJ/mol at 2.75 A for H,Oz-. This last step is characterized 
by the expected very large drop in energy, ca. 320 kJ/mol. 

In short, the B.O. energies obtained by the MNDO (15) 
calculations are entirely reasonable and sufficient for our pur- 
poses. Their physical significance, however, is worth a more 
detailed discussion in connection with mechanism I .  

What is somewhat puzzling is the physical meaning of hav- 
ing placed the two terminal ions so close to the central part of 
system IV. Had we selected distances 20% longer, at least the 
N . . . 0 bond would have shown a large B.O. barrier - as 4.31 
G calculations go. Of course, a more complete study of IV as 
such should include consideration of this possibility, since one 
could imagine that the OH- ion, for instance, slowly ap- 
proaches the rest of the system, in which case the protop could 
be exchanged already at distances larger than 2.68 A. (Al- 
though it may be noted that work by Brickmann (16), together 
with the results of ref. 7,  predicts that the ptoton transfer times 
become exceedingly long already at 2.95 A.) 

Our problem here, however, is related to a given rigid struc- 
ture, which relaxes very little upon reduction or oxidation (17). 
Therefore, it is correct to ignore relaxation and, especially, 
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situations where the terminal ions are initially far from their 
"equilibrium" positions. Indeed, we have to think that at least 
the left-hand one is formed in place, as happens to Im in 
mechanism 111. 

Thus, we must accept as a possibility the absence of barriers 
at the terminal H-bonds. The question then arises: how will the 
process take place in time? 

At first sight, one could expect that step V will take place 
upon formation of OH-, followed by step VI, which must be 
preliminary to the last one. If this were so, we should think of 
a stepwise mechanism as most probable. However, this picture 
ignores the possibility that step VI may be immediately 
switched on as the removal of the NH proton from N begins. 
This is revealed in a PE surface by the fact that a path where 
the protons move concertedly (cf. below) involves a lower 
barrier (MNDO: 3 1 kJ/mol). 

All this can be made somewhat more quantitative by consid- 
eration of thermodynamic characteristics of the process. As has 
been mentioned, the latter are the really significant quantities, 
not the Born-Oppenheimer potential energy in any degree of 
approximation. 

4. Vibrational analysis 
4a. As has been mentioned, the importance of vibrational 

contributions to physically significant quantities associated 
with the processes under consideration may be very large. This 
applies in particular to both terms of the free energy expression 

which must be estimated for the initial, activated, and final 
states of each reaction step. This can be done theoretically 
using the well-known rigid-rotator, harmonic-oscillator, and 
ideal-gas approximations, whereby eq. [I] can be cast into the 
form 

AE standing for the difference in interaction energies, AEZp 
standing for the corresponding zero-point vibrational energy, 
and other symbols having the standard meanings (18). The 
terms corresponding to rotations and translations could be eas- 
ily evaluated, if needed. In our case they play no role. On the 
other hand, evaluation of vibrational contributions is quite dif- 
ficult, especially if an activated state is also to be studied. 
Theoretical estimates of vibrational frequencies are necessary 
because of the lack of experimental data for transition and 
activated states. Calculation of a complete force field is then 
necessary for the equilibrium states as well, lest inconsistencies 
be introduced. 

For the reasons explained above, we have started from cur- 
rent semiempirical (MNDO) calculations, carried out for those 
equilibrium and activated states of the model system IV which 
correspond to (a) a stepwise mechanism where the protons 
move in succession along the H-bond lines; (b) a concerted 
mechanism where the protons also move along the H-bond 
lines, but cover simultaneously the same fraction of the dis- 
tance between their initial and final positions. In agreement 
with the scope of this study, the part of the computations 
devoted to vibrations has been carried out by treating as hydro- 
gens the methyl groups used for estimates of the PE profiles. 
This further simplification is justified because, whereas the 
methyl groups serve to fix the C-N and C=O equilibrium 
lengths at more realistic values, they have no important effect 
on the vibrational properties of H-bonds. 

The errors of "theoretical" force constants arise mainly from 
the basis set choice and lack of correlation in ab initio calcu- 
lations, and from the well-known drawbacks of the formulae in 
semiempirical calculations. Those errors can be eliminated to 
a large extent by transforming the Cartesian force constants to 
those associated with internal coordinates and applying suitable 
correction factors (19). Such correction factors can be deter- 
mined from equilibrium states, where also experimental values 
are known. For activated states the assumption that the same 
correction factors apply is obviously a daring one, but there 
seems to be no other way out. Very important support for this 
assumption comes from the fact that with the correction factors 
obtained below the activated states do show one negative eigen- 
value of the frequency matrix: this feature proves that the 
values used for the force constants are physically consistent. 
The six frequencies associated with rotations and translations 
are not exactly zero because (again to avoid not indispensable 
complications) we have not carried out a point-by-point opti- 
mization along the chosen reaction path. 

4b. The most important results (Table 1) of force constant 
calculations can be summarized as follows. The force constants 
associated with the intermolecular NH.  . . 0 and C-0-H 
. . . O  stretching modes are both negative (-0.05 and -0.16 
mdyn/A, respectively), no barrier being predicted in these 
cases (4.31 G calculations confirm this for the NH . . . 0 bond 
(12)). The force constant of the CO bond appears to increase 
when the proton comes closer to the oxygen atom, while the 
CN force constant behaves normally. This surprising result 
may be due to the fact that we have not allowed for relaxation 
of the heavy nuclei during proton motion, but further ad hoc 
studies are perhaps necessary. 

In agreement with experimental and theoretical results (26), 
our computations yield a comparatively high value of the force 
constant correspondingoto the interaction between CN and CO 
stretching (2.2 mdyn/A). This is in line with the expectation 
that the nitrogen lone pair is involved in the amide T-system. 

The intramolecular stretching force constants of NH . . . O ,  
CO . . . HO, and OH . . . 0 in the activated state for tbe con- 
certed mechanism are all found to be -1.9 mdyn/A. The 
NH . . intermolecular force constant is negative (-0.33 
mdyn/A), while the other two are positive (CO . . . HO: 0.29 
mdyn/A; O H . .  .O :  0.45 mdyn/,&). Of course, in the three 
activated states of the stepwise mechanism, the three inter- 
molecular force constants are all negative. 

4c. The corrected force constants have been used to compute 
the vibrational frequencies. The well-known GF method (20) 
has been used, the only variant being that, instead of computing 
the kinetic energy matrix G we have obtained the dynamical 
matrix by the expression 

where M is the (diagonal) matrix of the atomic masses, FR is 
the force constant matrix in the internal coordinates, and B is 
the matrix representing the transformation from the internal to 
the Cartesian coordinate system. 

Table 1 contains the results, including mode assignments. 
The modes indicated correspond to the initial geometry. We 
have also tried to refer to the same geometry the modes of the 
activated and final states, so as to facilitate interpretation of 
frequency shifts. Of course, this means that the description 
given is not as detailed as it could be without this restriction. 

The symbols used in the assignment of the intermolecular 
modes are in line with current literature (21). The inter- 
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TABLE 1 .  Vibrational frequencies (cm-') and normal modes of model system IVa (see Fig. 1) 

Initial Initial Activated Activated Final 
state* state** state* state** state 

- 

v, C=O . . HO + v, 0 .  . HO 
v, CO . . H-0 
v,, H2O. . H-OH2 
vb HO-H . . O=C 
v, N-H . . 0 
~b HzO . . H-OH2 
~b N-H . . 0 
N-C=O skeletal motions 
v, C=O . . H-0 
Out-of-plane C=O 
Out-of-plane N-H 
Bending N-C=O 
Bending H-N-C 
Out-of-plane HzO . . H-OH2 + N-H . . 0 

N-C/H skeletal motions 
No 

Stretch. C=O + C-N 
Bending NH 
Bending H20 
Bending H30+ 

Bending . . + /H 
HO\H 

Stretch. C-H 
Stretch. N-H . . 
Stretch. . . H-OH 
Stretch. N-H 

+ 
Stretch. H-OH2 

+ / H  Sym. stretch. . . HO 
\ H 

Stretch. . . HO 
\H + / H  

Asym. stretch. . . . HO 
\ H 

Asym. stretch. H-0 . . 

* Concerted mechanism. ** Stepwise mechanism. 
"Intermolecular modes (see text). 
"Not assignable. 
"v,, N-H.. 0 .  
dIntermolecular H-0 . . HN + 0 .  . . H-N. 

+ /H 'v, 0 .H-0 ' H ' 
'N-C=O skeletal motion. 
' + bending. 
"Bending H-0 . . HN 
'Asymmetric bending H30'. 
'Symmetric bending H30'. 
"tretching OH-. 

molecular wagging and torsional modes, which depend very 
weakly on the position of the proton in the bridge, have not 
been included in the table. 

Table 1 falls into two parts. The intermolecular modes range 
from 100 to 800 cm-'. The intramolecular modes range from 
1200 cm-' to 3800 cm-'. The intermolecular 0-H . . 0 
modes at 252 and 405 cm-' are in satisfactory agreement with 
the values found on the water dimer (272 and 483 cm-' re- 
spectively) (22) by a much more sophisticated method. 

In the range 1200- 1800 cm-' we have found the intra- 
molecular modes of the amide system, as expected. The bend- 

ing modes of the H 2 0  and H30+  groups fall in the range 
1800-2000 cm-', and are thus overestimated by -300 cm-' 
(22, 23, 25). The OH and NH stretching modes fall between 
3000 and 3800 cm-'. The predicted shifts for the intra- 
molecular OH and NH stretching modes are of ca. 350 cm-', 
in agreement with the experimental value of ca. 300 cm-' (24). 
Certain ab initio investigations (23) predict much lower intra- 
molecular frequency shifts, e.g. 53 cm-' for the stretching 
frequency of OH in an O H .  . . 0 bridge. 

We emphasize that, given the scope of our calculations, even 
refinements such as allowance for anharmonic corrections have 
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TABLE 2. Thermodynamic functions for concerted and stepwise mechanism at 300 K for 
recombination of system IVa 

States 

Parameters a b c b' a' a 

Partition function 11.25 4.82 18.65 8.19 10.37 11.25 
Vibrational AG -6 -4 -7 -5 - 6 - 6 
E'I' + AE 0 2 -551 -174 -240 0 

AG total -6 -2 -559 -179 -246 -6 
AG (a -, c) -553 
AG (a -, b: barrier) 6 
AG (e -, b': barrier) 67 

Notes. Energies in kJ/mol; a: initial state IVa; b, b': transition states for concerted and stepwise 
mechanisms, resp.; c: final state IVb. E" is the zero-point vibrational energy, AE the computed B. 0 .  
energy (cf. text); e: initial state . . . HOH . . . NR=CR-0-. . . of the first barrier crossing (scheme V). 

b been excluded. Suffice here to recall that they may be compara- Reoction coordinate 
tively important in connection with intermolecular modes. Fail- 
ure to take them into account might explain the grossly under- 
estimated values obtained in a b  initio calculations (22, 23). As 
concerns semiempirical calculations, we have not found exam- 
ples of anharmonic corrections in the literature; it is possible 
that the predicted values would be further increased, and thus 
become overestimated. 

4d.  In the activated state, one vibrational degree of freedom 
becomes a dissociative one. For the concerted mechanism our  c 

W 

calculations suggest that the major contribution to that dis- 
sociative mode comes from the C O  . . . H . . . 0 stretching mo- 
tion. There are still two frequencies (-300 and -900 cm-I) 
which correspond grosso modo to the proton motions along the 
0 .  . . H . . . 0 and N . . . H . . . 0 bridges, respectively. 

In the stepwise mechanism the situation is more clearcut, and 
the dissociative mode appears to be exclusively the stretching c 
one associated with the proton of the C = O .  . . H-0 bridge. FIG. 2. Calculated energy profilcs for proton motion in chain IV. 

5. Discussion and conclusion 
We are now in a position to g o  back to system I V  and obtain 

some feeling for the thermodynamical quantities relevant to its 
evolution from IVa to IVb. Under the assumption that relax- 
ation plays no decisive role, the relevant quantities have the 
values shown in Table 2.  As expected, the concerted mech- 
anism appears to be highly favored: the barrier is extremely 
low. Therefore the overall crossing time should be of the order 
of a vibration, i.e. very short as compared with diffusion times. 
The "yield" - which is the same in the stepwise mechanism, 
since it is measured by the equilibrium concentrations - is very 
large, due to the overall AG of more than 132 kcal/mol. Thus, 
at least in the concerted case, mechanism l a  (with a "driving 
force" comparable to that of system IV) is physically plausible. 
It stands to reason that relaxation could only make it more 
efficient; at any rate, the estimated switching time is so  short 
that, in fact, the assumption that relaxation is not important can 
be accepted. 

The crucial question regarding the en01 form of the peptide 
bond is also answered: the keto-en01 transition is very easy if 
it is synchronous to the motions of all the H-bridge protons. 

Of  course, many points remain open. Here we shall only 
comment on one of them: the alternative between the concerted 
and the stepwise mechanisms. 

The energy profiles obtained in our calculations are shown in 
Fig. 2 ,  where the various states are labelled as in Table 2. Note 
first of all that the initial state a lies at the bottom of a well only 

in the profile associated with the concerted mechanism (thick 
line): this means that in a suitable multidimensional potential- 
energy map a would lie at a saddle point. This is not surprising 
if the system is assumed to originate from loss of a proton by 
the water molecule parent of the leftmost hydroxyl ion of IVa ,  
since then it is clear that formation of OH- corresponds to an 
energy maximum as far as the first H-bridge is concerned. 
Indeed, the preference for the concerted mechanism might be 
just a consequence of having adopted the point of view of 
transition state theory. According to that theory, the stepwise 
mechanism must be decomposed into three steps (a-a ' ,  a ' -b ' ,  
6'-c), and the rate-determining step a'-b' has the character- 
istics shown in Table 2.  Now, this separation into three steps, 
each associated with a specific equilibrium, is not fully con- 
vincing in our  case. The initial state is essentially a highly 
energetic transition state itself; therefore, it would appear more 
reasonable to treat the energy profile for the stepwise mech- 
anism as if the first minimum at a '  did not exist. In fact, the 
kinetic energy of the system after descent to a '  cannot be 
ignored, at variance with what would happen if a were in turn 
at equilibrium with some previous stable species. 

In short, if we  assume that the minimum at a '  is occupied by 
vibrationally highly excited molecules, whatever the tem- 
perature, just because of energy transfer from potential energy 
of a to vibrational energy of a ' ,  we  have to assign to a '  a 
vibrational contribution much larger than the zero-point one. 
Then the stepwise mechanism may become a greatly favored 
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one. 'This conclusion may be important, because in large bio- 
molecules the perturbations produced by the tertiary structure 
and the solvent could make a concerted mechanism more un- 
likely. 

Acknowledgements 
This paper is dedicated by Giuseppe Del Re to Camille 

Sandorfy as a token of friendship and scientific exchange ex- 
tending over more than fifteen years. Support of the Italian 
CNR and Ministry of Education is acknowledged. Thanks are 
expressed to Dr. R. Haser (CRMCC, Marseille) for having 
pointed out the importance of the biochemical problem to 
which this paper refers and for many discussions and bibli- 
ographical indications. 

1. S. LARSSON. J. Chem. Soc. Faraday Trans. 2, 79, 1375 (1983). 
2. M. PIERROT, R. HASER, M. FREY, F. PAYAN, and J. P. ASTIER. 

J. Biol. Chem. 257, 14341 (1982). 
3. G. KARLSTROM, B. JONSSON, B. ROOS, and H. WENNERSTROM. 

J. Am. Chern. Soc. 98, 6850 (1976). 
4. P. PULAY, G. FOGARASI, F. PANG, and J. E. Boccs. J .  Am. 

Chem. Soc. 101, 2550 (1979). 
5. M. NAPPA, J. S. VALENTINE, and P. A. SNYDER. J .  Am. Chem. 

SOC. 99, 5799 (1977). 
6. P. HOBZA, F. MULDER, and C. SANDORFY. J. Am. Chern. Soc. 

103, 1360 (1981). 
7. S. SCHEINER. Int. J. Quantum Chern. 23, 753 (1983). 
8. J. DEL BENE. J. Am. Chem. Soc. 100, 1387 (1978). 
9. L. PAULING. The nature of the chemical bond. 3rd ed. Cornell 

Univ. Press, [thaca, NY. 1960. p. 282. 
10. S. SCHEINER and C. W. KERN. J. Am. Chern. Soc. 99, 7042 

(1977). 
11. F. ZUCCARELLO, A. RAUDINO, and G. BUEMI. J. Mol. Struct. 

(Theochem) 107, 215 (1984). 
12. S. SCHEINER and L. B. HARDING. Chern. Phys. Lett. 79, 39 

(1981). 
13. P. SCHUSTER. In Hydrogen bond - recent developments in theory 

and experiments. Edited by P. Schuster, G .  Zundel, and C. Sand- 
orfy. North Holland Publ. Co., Amsterdam. 1976. p. 27. 

14. S. SCHEINER, M. M. SZCZESNIAK, and L. D. BIGHAM. Int. J. 
Quantum Chem. 23, 739 (1983). 

15. M. J. S. DEWAR and W. THIEL. J. Am. Chern. Soc. 99, 4899 
(1977). 

16. J. BRICKMANN. In Hydrogen bond - recent developments in the- 
ory and experiments. Edited by P. Schuster, G .  Zundel, and C. 
Sandorfy. North Holland Publ. Co., Amsterdam. 1976. p. 217. 

17. A. WARSHEL. J. Phys. Chem. 86, 2218 (1982). 
18. M. M. SZCZESNISAK and P. HOBZA. J. Phys. Chern. 87, 2608 

(1983). 
19. C. E. BLOM and C. ALTONA. Mol. Phys. 31, 1377 (1976). 
20. E. B. WILSON, J. C. DECIUS, and P. C. CROSS. Molecular vi- 

bration. McGraw-Hill, New York. 1955. 
21. J. BERTIE and M. V. FALK. Can. J. Chem. 51, 1713 (1973). 
22. J. R. REIMERS and R. 0. WATTS. Chern. Phys. 85, 83 (1984). 
23. L. A. CURTISS and J. A. POPLE. J. Mol. Spectrosc. 55, 1 (1975). 
24. J. N. VlNOCRADOV and R. H. LINNELL. Hydrogen bonding. Van 

Nostrand, New York. 1971. 
25. A. J. TURSI and E. R. NIXON. J. Chem. Phys. 52, 1521 (1970). 
26. T. MIYAZAWA, T.  SHIMANOUCHI, and S. MIZUSHIMA. J. Chem. 

Phys. 29, 61 1 (1958). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Cluster expansion of the wavefunction. Potential energy curves of the ground, 
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This paper is dedicated to Professor Catnille Sandorfy on the occasion of his 65th birthday 

H. NAKATSUJI, J .  USHIO, and T. YONEZAWA. Can. J .  Chem. 63, 1857 (1985). 
The SAC (symmetry-adapted-cluster) and SAC-CI theories based on the cluster expansion of the wavefunction have been 

applied to the calculations of the potential energy curves of the ground, excited, and ionized states of the Li' molecule. The 
potential energy curves and the spectroscopic properties calculated agree well with the available experimental data and the 
previous theoretical results of Olson and Konowalow. For the 2'Cl state, our calculation is the first and predicts a bound state 
whose minimum is at R, = 6.8 bohr and 2.5 eV above the ground state. This state dissociates into 'P and 'S states of the Li 
atoms and has a hump which is higher than and outside of the hump of the ~ ' n ,  state. The long-range behavior of the states 
which dissociate into ' P  and 'S  states of the Li atom is well predicted by the resonance interaction theory. 

H. NAKATSUJI, J .  USHIO et T. YONEZAWA. Can. J .  Chem. 63, 1857 (1985). 
On a applique les thCories SAC et SAC-CI, qui sont basees sur une expansion de I'agglomCration de la fonction d'onde, 

au calcul des courbes d'energie potentielle des Ctats fondamental, excite et ionis6 de la molCcule Liz. Les courbes d'Cnergie 
potentielle et les propribtks spectroscopiques calculCes sont en bon accord avec les donnCes experimentales disponibles ainsi 
qu'avec les risultats thCoriques anttrieurs de Olson et Konowalow. Dans le cas de I'Ctat 2'C, , nos calculs correspondent a 
une prernikre et ils predisent un Ctat lie dont le minimun se trouverait a R,  = 6,8 bohr et a 2.5 eV au-dessus de 1'Ctat 
fondamental. Cet Ctat se dissocie dans les etats " et 'S de I'atome de Li et il presente un maximum qui est plus eleve que et 
en dehors du maximum de I'ttat B 'n , .  On peut facilement predire le comportement a long terme des Ctats qui se dissocient 
dans les Ctats 'P  et 'S  de I'atome de Li en faisant appel a la thCorie de I'interaction de resonance. 

[Traduit par le journaJ] 

Introduction 
Accurate information on the potential energy hypersurfaces 

and the electronic structures of molecules, especially those of 
excited states, are very important for the study of chemical 
reactions and the dynamic behavior of molecules in excited 
states. Professor Sandorfy, who has developed various aspects 
of chemical spectroscopy (1, 2), has accumulated detailed 
knowledge on excited states, especially those of Rydberg type 
(3). These activities have, at the same time, increased the need 
for accurate theoretical data on electronic structures and poten- 
tial energy hypersurfaces for excited-state molecules. 

So far, a practical method of calculating accurate wave- 
functions for molecules in excited states in a wide range of 
molecular configurations has been the CI method applied very 
carefully by experts. Buenker, Peyerimhoff, and their co- 
workers (4), for example, have been active in this field. The 
MC-SCF method has also been applied frequently, though the 
applicability is rather limited for higher excited states. 

Cluster expansions of the wavefunction give another effi- 
cient way of calculating accurate correlated wavefunctions for 
the ground state and the various excited states of molecules (5, 
6). We are currently using the Symmetry-Adapted Cluster 
(SAC) theory (7, 8) for calculations of the lowest closed-shell 
states, and the SAC-CI theory (8, 9) for calculations of the 
excited and ionized states generated therefrom. These theories 
have been successfully applied to the studies of molecular 
spectroscopy of valence and Rydberg excitations (10, 1 1) and 
ionizations of outer and inner valence electrons (1 1 - 13). The 
theory has also been applied to the study of the hyperfine 
splitting constants of doublet radicals in order to investigate the 
coupling of spin and electron correlations (14). 

For the closed-shell ground state, Bartlett, Purvis, and co- 
workers (15- 17) studied the applicability of the coupled- 

' To whom all correspondence should be addressed. 

cluster theory (18) to the potential curves of N2, Be + H, + 
BeH,, and the H 2 0  molecule with the elongated OH distance. 
They showed the superiority of the coupled-cluster theory in 
comparison with the ~1 theory including only single and double 
excitations from the Hartree-Fock configuration. Their con- 
clusion applies also to the present SAC theory because of the 
similarit; of the two methods. For moleculesincludine multi- - 
ple bonds, however, an ordinary single-reference coupled- 
cluster theory fails when the bond length is considerably elon- 
gated.   here, the multi-reference version of the theory be- 
comes necessary (1 9- 2 1). Recently, we have developed multi- 
reference (MR) SAC theory (22). It is exact and unique without 
imposing completeness on the multi-reference space. It gives 
accurate descriptions of not only ordinary goundstates but also 
quasi-degenerate states and excited states. This was confirmed 
from the calculations of the potential energy curves of the 
ground and excited states of the CO molecule (23). 

In this paper, we consider applications of the SAC and SAC- 
CI theories to calculations of the potential energy curves of the 
Li2 molecules in ground? excited,and ionized states. For the Liz 
molecule, the theory is capable of describing the proper dis- 
sociation of the ground and lower excited states. 

The potential energy curves of the ground state and the lower 
excited states of Li, have been studied extensively by Olson and 
Konowalow (24) by the MC-SCF method. They studied all the 
states leading to the lower two separated atom limits, i.e., 'S + 
'S and 2S + ' P ,  except for the 2 'Ci  and z3Cu+ states. Kutzelnigg 
et al .  (25) studied the potential curves of the ground and lowest 
'C: states. Kahn et al .  (26) studied the B ' n ,  potential energy 
curve. Davies and Jones (27) and Takada et al.  (28) calculated 

\ ,  \ ,  

the lower potential curves by the quasi-degenerate many body 
perturbation method. Uzer and co-workers (29) analyzed the 
photodissociation of Li, based on the theoretical potential ener- 
gy curve. Konowalow and Fish (30) recently studied the poten- 
tial energy curve of the 3 ' ~ :  state. We will calculate here the 
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potential energy curves and the spectroscopic constants of all 
the states which dissociate into the lower two separated atom 
limits, 'S + 'S and 'P + 'S, except for the 2'C: state. This is 
the first paper which clarifies the bound nature and the exis- 
tence of a hump in the 2'2; state. 

For the cation of Liz, Henderson et al. (31) reported the 
potential curves of low-lying states at the Hartree-Fock SCF 
level. Bottcher and Dalgarno (32) reported accurate model 
potential calculation. Miiller and Jungen (33) reported exten- 
sive calculations of the potential energy curves. We will study 
the potential curve of the lowest '2; state. 

TABLE 1 .  Dimensions of the linked operators in the 
SAC and SAC-CI calculations of Li, 

Space" 
State symmetry SE" DE" Total 

Ground s 77 234 312 
Singlet excited s 77 579 656 

a 76 562 638 
Triplet excited s 77 627 704 

a 76 707 783 
Ionized s 2 86 88 

a 1 77 78 

Method of selecting linked and unlinked operators 
The method of calculations in the SAC and SAC-CI theories 

has already been described in detail (9, 11). The dimension of 
the matrices to be diagonalized is the same as the number of the 
linked operators. In the present application, the linked operator 
includes the identity operator and the single and double ex- 
citation operators from the closed-shell Hartree-Fock config- 
urations. The triple and quadruple excitations are considered in 
the unlinked term. Even in this approximation, the number of 
linked operators easily becomes large even for moderate basis 
sets, so that we have adopted a systematic method of selection 
of linked operators (1 1). Further, since the calculation of the 
integrals for the unlinked terms is a time-consuming part, we 
have also adopted an appropriate method of selecting unlinked 
terms (1 1). However, in the calculations of the potential sur- 
face, an independent selection of operators for independent 
geometries may lead to a discontinuity of the potential curve 
and the properties. Therefore, we have adopted the following 
method of selections which we call the GSUM method. 

An essential point of the GSUM method is to take the group 
sum of the operators (linked and unlinked) selected for all the 
representative points in the nuclear configuration space. We 
first select several representative points in the nuclear config- 
uration space which cover the reaction under consideration. 
The Hartree-Fock MO's of each geometry are rearranged so as 
to have the same ordering as the MO's of the adjacent geome- 
tries. The linked and unlinked operators are selected for each 
geometry by the method described in ref. 1 1. We then take the 
group sum of these operators and the calculations are carried 
out at each geometry using the same set of this group sum of 
operators. This method is appropriate to study continuous 
changes in the potential energy curves and the properties along 
the change in nuclear configuration. 

CalcuIational details 
The molecular orbitals of Liz were calculated by the closed- 

shell Hartree-Fock-Roothaan method (34), using a slightly 
modified version of the HONDOG program (35). The HF 
MO's of the ground state were used as reference MO's for all 
the ground and excited states studied here. The basis set is 
(9s5p) GTO's of Huzinaga (36) contracted to (4s2p) set by 
Dunning (37) augmented with their derivative bases and one 
s-type GTO ( 5  = 0.01) as a Rydberg AO. This basis set con- 
sists of 74 CGTO's. The derivative bases,. which are p and d 
GTO's for the s and p GTO's, respectively, are best suited for 
describing the polarization of the electron cloud in the course 
of the reaction as studied previously (38, 39). In the Appendix, 
we have shown some important effects of these derivative bases 
on the spectroscopic properties of the ground and lower excited 
states of Liz. 

" s and a denote symmetric and antisymmetric, respectively, 
with respect to the reflection plane perpendicular to the molec- 
ular axis. 

"SE: single excitation, DE: double excitation. 

The SAC and SAC-CI calculations were carried out with the 
program coded by Nakatsuji. As active MO's, we have taken 
the energetically lowest 54 MO's at the experimental inter- 
nuclear distance and the corresponding MO's at any inter- 
nuclear distances. The excitation operators were selected by the 
method described in ref. 1 1. The values of the thresholds A, and 
A, are 1 X au. In the unlinked term, we have included all 
the double excitation operators whose coefficients are larger 
than 1 X in the SDCI of the ground state. We selected five 
representative points at 4.0, 5.05 1, 6.5, 8.0, and 12.0 bohr in 
the internuclear distances. We have selected the excitation 
operators at the individual geometries and took the group sum 
of them by the GSUM method to cover all the reaction path. 
The dimension of the calculation after the GSUM method is 
shown in Table 1. They are relatively small by virtue of the 
cluster expansion theory. The ground state was calculated by 
the SAC theory and the excited and ionized states were calcu- 
lated by the SAC-CI theory. 

Results 
The potential energy curves of the ground and lower excited 

states of Liz are displayed in Fig. 1. We have calculated all the 
singlet and triplet states of Li, which dissociate into the lowest 
two separated atom limits, 'S + 'S and 'P + 'S, except for the 
23C: state. Figure 2 shows the potential energy curves for the 
lowest ionized states. Table 2 is a summary of the energies of 
these Li? system at various internuclear distances. 

We show in Table 3 the spectroscopic constants of all the 
bound states of Li, studied here. The present theoretical values 
were calculated by the method of Dunham (40) from the poten- 
tial curves displayed in Fig. 1. The experimental values were 
cited from Huber and Herzberg (41), Kusch and Hessel (42), 
and others (43,44). In cases where the experimental values are 
not available, we have cited the theoretical values from Olson 
and Konowalow (24) for Li,, and from Miiller and Jungen (33) 
and Henderson et al. (31) for Liz*. 

For the ground and lower excited states of Liz, the general 
trends and the shapes of the potential energy curves shown in 
Fig. 1 are very similar to the results of the extensive MC-SCF 
calculations due to Olson and Konowalow (24). For the 2'2; 
state, the present result appears to be the first one reported. It 
shows an interesting potential curve which will be discussed in 
more detail later. The quality of the calculated potential curves 
is judged in detail by a comparison of the spectroscopic con- 
stants between theory and experiment (Table 3). For the x ' C ~ ,  
A'C;, and B 'It, states, the adiabatic excitation energy T,, equi- 
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FIG. 1. Potential energy curves of the ground and lower excited 
states of Li,. ---m \D 

-t-om * 
2 8 3 2  % 
09090909 1 ': 
2 2 2 2  2  
I I I I  I  

m m ~ m V 3 w  g g g 2 g 5  
0909r-yr": 
2 2 2 2 2 2  
I I I I I I  

librium length R,, and the vibrational frequency o, show excel- 
lent agreement between theory and experiment. For other states 
where experimental values are not available, the present results 
show very good agreement with the results of Olson and Kon- 
owalow, except for the a3C: state. This agreement is particu- 
larly excellent for the excitation energy, which is most reliable 
from the viewpoint of the data analysis. 

The long range behavior of the potential energy curve of the 
state which dissociates into the ' P  and 'S states of the Li atom 
is predicted from the resonance interaction theory for differ- 
ently excited like atoms (45-47). Between the 'P  and 'S states 
of Li atoms, the excitation energy is transferred in a resonant 
fashion and it gives rise to a first-order interaction which is 
written as 

t - o e o - a  
m V 3 m m N d  

= z 8 k z %  
090909':':': 
2 2 2 2 2 2  
I I I I I I  

mt-m N m -  w o -  
m * e m m w 

where the coefficient C, depends on the specific state under 
consideration. From the sign of the coefficient C, determined 
by Mulliken (47), we can predict the nature of the long-range 
interaction as follows. 

m N w N  
t- m \D 3 + r n  g 8 2 0  -w 09=!s=! * 2 2 2 2  
I I I I  Attractive: 'C: ,  3 C i ,  Ing, 311, 

rmi 
L L l  

Repulsive: ' X i ,  3Z: ,  'nu, 3ng 
Here we assumed for the C states that the resonance interaction 
predominates the valence-type interaction. 

Referring to Fig. 1 ,  we see that all the states calculated here 
follow the prediction given in eq. [2 ] .  The states l3IIU,  A'C:, 
b 3 C z ,  and l 'II approach the dissociation limit from below, but 8 the states 2 ' C , ,  B ' n , ,  and 13n, approach it from above. Fur- 
ther, since the 2 ' 2 ;  and B1IIU states have a minimum in the 
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TABLE 3. Spectroscopic constants for the ground, excited, and ionized states of Li2 

State Source T, (eV) R, (Bohr) D, (cm-') o, (cm-') w,x, (cm-') B, ( c m ' )  a, c m ' )  6, (lo-' cm-I)' 

xlc; 
A 'C: 

B 'nu 
2'C; 
I In, 
03c: 
l a :  

b3C: 

2C,' (Liz+) 

Present calc. 
Exptl." 

Present calc. 
E X P ~ I . ~  

Present calc. 
E ~ p t l . ~  

Present calc. 
Present calc. 

Previous calc.'"" 
Present calc. 

Previous calc.""' 
Present calc. 

Previous calc."" 
Present calc. 

Previous talc."." 
Present calc. 

Previous calc." 

"Values in the parentheses are the previous calculated results. 
Reference 4 1 .  

'Reference 24. 
"Reference 42. 
"Reference 43. 
'Reference 33. 
"Reference 3 1 .  
"Relative to the dissociation limit. 
'Relative to the top of the hump. 
ID, denotes the centrifugal distortion constant, which is entirely different from the binding energy (D,). 
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NAKATSUJI ET AL. 

TABLE 4 .  The hump of the B ' n ,  and 2'2:  states of Li, 

B 'nu state 

Theoretical 
2 ' 2 ;  state, 

Property Present Olson-Konowalow" Exotl. this work 

Height (cm-') 1056 65 6 523", 928' -2030 
Position (bohr) 9.73 10.43 - -11.6 

"Reference 24. 
" Reference 43. 
"Reference 44. 

Internuclear distance lbahr) 

FIG. 2. Potential energy CUNeS of the lowest ionized states 

shorter bond length region, the potential curves of these states 
should have a hump somewhere between the valence-type and 
resonance-type regions. For the B'II, state, the hump is at 10.1 
bohr and for the 2'2; state it is at about 11.7 bohr. In Table 4 
we have summarized the constants of these humps. Further 
from this consideration we expect that the shape of the hump 
is not symmetric with respect to the top position because the 
nature of the interaction is drastically different between shorter 
and longer regions. For the 1711, state our calculation didn't 
show any minimum. It is repulsive throughout. 

We now discuss each state separately. The ground state, 
X'S: was calculated by the SAC theory. It gives excellent 
results for the spectroscopic constants and shows a reasonable 
asymptotic behavior. In the calculation of the excited and ion- 
ized states, the electron correlation in this ground state was 
used as a starting point in the SAC-CI formalism (8, 9). 

The a7Z: state is only very weakly bound, as pointed out by 
Kutzelnigg et al. (25). The calculated equilibrium length is 
longer than those of Olson and Konowalow. Our potential is 
more attractive than theirs. However, since the number of 
sampling points is not enough in the region near the potential 
minimum, we are not definitive on this conclusion. 

The 1311u state was interesting due to its relation to the 
possibility of an alkali-dimer laser. Figure 1 shows that the 
IrIIu state potential curve is crossed by the a'2: potential curve 
at its repulsive limb. Therefore the present calculation supports 
the conclusion of Olson and Konowalow that the Li, laser is 
impossible (24). 

The B'II, state is an interesting state which has a hump. It 
is attractive at shorter range because of the valence-type force 
but repulsive at long range because of the resonance force as 
shown by eq. [2]. This is the origin of the hump, which is 
therefore strongly unsymmetric with respect to the position of 
the hump maximum. From Table 4,  the position of the hump 
maximum is at about 10.1 au. The hump height was calculated 

to be 981 cm-', which is closer to the experimental value of 
Velasco et al. (44). For the valence minimum, both the ad- 
iabatic excitation energy T, and the equilibrium length R, agree 
well with experiment (Table 3). The dissociation energy D, is 
2263 cm-', if it is relative to the dissociation limit. The value 
in parentheses, 3244 cm-I, is measured relative to the hump 
maximum. The latter one is closer to the experimental value 
(43). 

The 2°C; state is reported for the first time in this paper. It 
is a very interesting state which has a deeper valence-type 
minimum and higher hump than the B1IIU state. The origin of 
the hump is the same as for the B ' n ,  state. The maximum 
position and the height of the hump were analyzed to be 11.7 
bohr and 1900 cm-I, respectively, as shown in Table 4 .  How- 
ever, since the number of calculated points near the hump is 
small, these values should be considered to be only semi- 
quantitative. Near the valence minimum the potential is rather 
deep but flat. The dissociation energy is 2794 cm-', if it is 
measured relative to the dissociation limit, but is about 5300 
cm-' relative to the maximum of the hump. 

The 311, state is calculated to be repulsive throughout the 
internuclear distance but has a shoulder between 7.0 and 9.0 
bohr as seen from Fig. 1 .  This feature also corresponds well to 
the result of Olson and Konowalow. Further, they suggested 
that an addition of the n - 6  configurations to their calculations 
would lower the potential curve of this state at smaller inter- 
nuclear distances to produce a local minimum. However, 
despite the inclusion of the n - 6  configurations in our calcu- 
lation, the present potential curve does not have any local 
minimum throughout the calculated range. 

Lastly, we discuss the '2; state of the Liz cation. The calcu- 
lated potential curve is shown in Fig. 2 and the spectroscopic 
constants are given at the bottom of Table 3. Because of a loss 
of an electron from the bonding cr, orbital, the equilibrium bond 
length is elongated by about 0.8 au. The potential also becomes 
flatter near the equilibrium length. However, since the ioniz- 
ation enerqy of the Li atom, (5.39 eV (48)) is larger than that 
of the X'Z, state of Liz, (5.00 eV (41)), the dissociation energy 
of Li2+ is larger than that of Liz. 

Conclusion 
The SAC and SAC-CI theories based on the cluster expan- 

sion of the wavefunction have been applied to studies of the 
potential energy curves of the ground, excited, and ionized 
states of the Liz molecule. The calculated potential energy 
curves and spectroscopic properties agree well with available 
experimental data and with the previous theoretical results of 
Olson and Konowalow (24). For the 2'2; state, the present 
result is the first calculation. It is an interesting state which has 
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a deep valence minimum at 6 .8 bohr and 2.5 eV above the 
ground state. It also has a hump of about 1900 c m - '  high at 
about 11.7 bohr. The long-range behavior of the potential 
curves of the states which dissociate into the ' P  + 'S  states of 
the Li atom are well predicted from the first-order resonance 
interaction theory (45-47). 

For the bond involved in the ground state of the Liz mole- 
cule, the SAC theory is shown to give an excellent potential 
curve up to the dissociation limit. The SAC-CI theory is essen- 
tially a multi-reference type theory (9) so  that it gives a reason- 
able description of the excited and ionized states. Based on this 
research, the usefulness of the SAC and SAC-CI theory In the 
study of molecular excited states and molecular spectroscopy is 
extended. 

TABLE 5. Comparison of the spectroscopic constants of the ground 
and lower excited states of Li2 calculated with and without including 

the derivative bases 

State Source 

x'Z: Basis I 
Basis I1 
Exptl. 

A'Z,: Basis 1 
Basis 11 
Exptl. 

B'n, Basis I 
Basis I1 
Exptl. 

T, (eV) R, (au) 

0.0 5.165 
0.0 5.097 
0.0 5.051" 
1.62 5.980 
1.72 5.938 
1.74 5.873" 
2.66 5.877 
2.58 5.630 
2.53 5.546" 
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T. L. MATHERS, G. SCHOEFFLER, and S. P. MCGLYNN. Can. J .  Chem. 63, 1864 (1985). 
The temperature dependency of the phosphorescence properties of aromatic hydrocarbons in alcoholic glasses exhibits a 

number of phenomena that have not been described previously. Chief among thcse are the effects of added gases (Oz, N2, CzH6, 
Ar), some of which produce major changes in the luminescence characteristics. These are discussed, and rationalized in terms 
of a model which presumes that Oz and N2 can disrupt the normal hydrogen bonding process between alcohol molecules. 

T. L. MATHERS, G. SCHOEFFLER et S. P. MCGLYNN. Can. J .  Chem. 63, 1864 (1985). 
L'effet de la temptrature sur les proprittts de phosphorescence des hydrocarbures aromatiques dans des verres d'alcools 

prksente un certain nombre de phtnomknes inconnus jusqu'i maintenant. On peut souligner notamment I'effet des gaz ajoutts 
(02, N2, C2H6, Ar) dont certains provoquent des changements importants au niveau des caracttristiques de la luminescence. 
On discute de ces changements et on les rationalise en fonction d'un modele qui prtsume que le Oz et le N2 peuvent rompre 
les liaisons hydrogknes normales entre les moltcules d'alcool. 

[Traduit par le journal] 

Introduction 
The use of a luminescent probe to study a host system (i.e., 

crystal, glass, DNA, etc.) is well known (1). We have used this 
technique to study the effects of added gases on low-tem- 
perature ethanol matrices. Ethanol exhibits a well-known glass 
transition temperature and a well-defined crystalline form, and 
its properties are sensitively dependent (2-4) upon a strong 
hydrogen-bonding tendency that leads to dimers, trimers, and 
even polymeric chains at low temperatures. The present study 
indicates (5, 6) that certain nonpolar gases possess a heretofore 
unnoted quality, namely the ability to interfere with the hydro- 
gen bonds in low-temperature ethanol matrices and, therefore, 
with the onsets of the glassy and crystalline phases. 

In this work, the host was ethanol and the luminescent probe 
was phenanthrene. The two gases found to be especially effec- 
tive in disrupting normal behavior of the ethanol matrix were 
oxygen and nitrogen. These gases, as well as all others, were 
individually added to a degassed ethanolic solution of phen- 
anthrene which was then cooled to 77 K.  In all cases, the onset 
of luminescence loss in both the glassy and crystalline regions 
of 0,-doped and N,-doped ethanol initiated at significantly 
lower temperatures than normal. Conversely, the onset of the 
same luminescence losses in degassed ethanol occurred at 
higher temperatures than normal, normalcy in all instances 
being defined as the behavior of an ethanol system which had 
been equilibrated, prior to freezing, with ambient air at -1 
atm. Such large shifts were not observed upon the addition or 
removal of any other nonpolar gases. 

The signal used to define normalcy or abnormalcy was the 
phosphorescence of the phenanthrene guest. The intent of the 
work was to address three questions: (i) why degassing pro- 
duces such an unusual effect upon these systems; (ii) whether 
the well-known quenching ability of molecular oxygen can 
explain (i); and (iii) what is the nature of N,-quenching? Other 
workers have studied similar systems (7, 8) and have assumed 
that the answer to question (ii) was "yes"; however, our work 
leads to different conclusions, the salient finding being that 
nitrogen affects both phases, glass and crystal, almost as much 
as does oxygen. Thus, the imputation that the quenching effect 
of O2 is the pertinent (or dominant) characteristic is called into 
question. 

The present work reveals certain difficulties in some prior 

interpretations (e.g. that of ref. 8 where certain suppositions 
may require alteration). The work of Lesikar (2-4), however, 
remains inviolate and relevant: Lesikar's study of binary alco- 
holic mixtures clearly delineates the effects of the hydrogen 
bonding of ethanol on its glass-formation temperature. 

The relevance of this work to that of the Sandorfy school is 
tangential, yet pertinent. The Montreal investigations (9- 12) 
have uncovered a relationship between the hydrogen bond 
breaking (HBB) ability of fluorocarbons and their anaesthetic 
potency. This connectedness, if it continues to be significant, 
will undoubtedly beget new advances in anaesthesiology. The 
relevance of the present work lies in the finding that oxygen 
and nitrogen also disrupt hydrogen bonds in ethanol and that 
this HBB ability manifests itself in readily demonstrable lumi- 
nescence phenomena. Thus, in a most direct sense, we have 
shown, in conformity with Sandorfy, that rather subtle hydro- 
gen bonding effects can produce major consequences. While it 
is not inappropriate to point out the anaesthetic-like properties 
(13, 14) of N2 and the known toxicity of O?, both at high 
pressures, it certainly is premature to associate these latter 
properties with the HBB abilities of N, and 0 2 .  Such an ex- 
tension of the Sandorfy correlation is not warranted by our 
findings. Nonetheless, it is proper to stress the in vivo ubiquity 
of hydrogen bonding of oxygen and of nitrogen and to suggest 
that their interplay will be of some biological importance (15). 

Experimental 
All sample tubes were equipped with vacuum stopcocks and could 

sustain pressures of approximately 2 atm. All samples were degassed 
by a minimum of 10 freeze-evacuate-thaw cycles, the maximum 
pressure in the evacuation stage being 1 mTorr. 

The refrigeration apparatus consisted of a large-volume dewar, for 
better temperature stability, through which flowed chilled nitrogen 
vapors obtained by passing tank nitrogen through a copper coil im- 
mersed in liquid N2. Since the rate of cooling is an important param- 
eter in determining glass quality, average cooling rates of approxi- 
mately 20 K/min were maintained down to the glass temperature of 
ethanol (-100 K), whereupon the rate was slowed to less than 5 
K/min. These rates were sufficiently slow to produce uniform glasses 
and to minimize many of the effects noted by the French workers (8). 

Temperature measurements were made by taping a copper- 
constantan thermocouple onto the outside of the sample tube. The flow 
of nitrogen refrigerant was adjusted until a stable temperature was 
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TABLE 1. The temperatures observed for sudden phosphorescence in- 
crease (Ti) and loss (TI) in the glassy domain; the temperature ob- 
served for phosphorescence onset (T,), phosphorescence maximum 
(T,), and phosphorescence disappearance (T,) in the crystalline 

domain 

( a )  Ethanol 

T, (K) T, (K) T ,  (K) Tm (K) T, (K) 

Degassed 
1000 Tom Ar 
500 Tom Ethane 
Nondegassed 
02-saturated 
500 Tom 0 2  

500 mTom O2 
N2-saturated 
1000 Tom N2 

Nondegassed 89-9 1 91 - 100 
Degassed 89-91 102-122 
1026T01~Nz 89-91 102-120 

achieved and, after a wait of 5 min to permit thermal equilibration, 
observations proceeded. The average rate of warming during the 
course of a given set of measurements was approximately 1 K/min. 
The accuracy of the temperature measurement was ?2 K. 

Most of the phosphorescence work was performed on an Amino- 
Keirs Spectrophosphorimeter with excitation at 285 nm and emission 
at 500 nm. Phosphorescent lifetimes were obtained by shuttering the 
excitation source and monitoring the emission decay on an electro- 
meter-recorder system of 0.75 s inherent decay time. Polarization 
studies and fluorescence measurements were performed on an SLM 
Spectrofluorimeter (Model 4800). 

Results and discussion 
Glassy systems are notoriously difficult to control and their 

literature is beset with problems that originate in defects whose 
types and numbers are either irreproducible or reproducible 
only with utmost difficulty. Thus, one must exercise care in 
attempting to separate the real from the artifact, and one must 
be resigned to an almost endless repetition of experiment. By 
the same token, one must always remain wary of the urge to 
interpret. We believe we have satisfied both of these imper- 
atives. We also believe that many of our results are novel and 
that they can be interpreted in a self-consistent way. However, 
we also admit that certain of our observations do not yield to 
any conclusive interpretation and that a great deal more work 
will be required in order to unravel their complexity. For that 
reason, and in order to stress the empirical nature of the work, 
a rather unorthodox mode of presentation is adopted in this 
paper. Six sets of data, each pointing up a new class of ob- 
servation, have been chosen and each data set is discussed 
under the figure number that synopsizes that data set. Finally, 
parameters pertinent to all six data sets are collected in 
Table 1. 

The temperature range of most figures, 75- 160 K, covers 
two distinct ethanolic domains: ( i)  the glass domain which 
exhibits a normal transition range (3, 16) of 90- 100 K and (ii) 
the crystal domain which consists of crystalline ethanol, pos- 
sibly containing entrapped islets of phenanthrene, extending 

Frc. 1. Relative intensities and absolute lifetimes for the phos- 
phorescence of phenanthrene in ethanol as a function of temperature: 
nondegassed sample (squares) and degassed sample (circles). 

from 125 to 155 K with a maximum at some intermediate 
temperature. 

Figure I .  The phosphorescence intensities and lifetimes of 
nondegassed and degassed samples are compared in Fig. 1 .  
The onset of the low-temperature luminescence-loss for the 
non-degassed sample occurs in the region 90- 100 K and cor- 
responds well to the accepted values (3, 16) for the glass 
transition of ethanol. The primary observation is that the 
low-temperature onset in the degassed ethanol solution shifts 
upwards by + 15 to +20 K. However, it is not clear at this point 
(i.e., from Fig. 1) whether this shift arises solely from dimi- 
nution of oxygen quenching or from other unknown effects of 
air on the nature of the ethanol glass. 

The crystalline ethanol region (i.e., the high-temperature 
luminescence domain) also shifts to higher temperatures upon 
degassing. Since the diffusion of quenchers such as Oz is in- 
hibited in the crystalline ethanol matrix, it is not possible to 
explain this luminescence behavior by invoking an oxygen 
diffusion and quenching mechanism. The lifetime data of 
Fig. 1 reinforce this surmise. In the low-temperature glassy 
domain, the phosphorescence lifetime curves are excellent 
mimics of the intensity curves whereas, in the high-temperature 
crystalline domain, this mimicry is absent. Indeed, apart from 
some scatter that might be associable with the coupling of 
phonon modes, the lifetimes in this latter domain remain essen- 
tially constant and independent of both temperature and the 
degassed/nondegassed character of the ethanol. 

The interpretation is relatively straightforward: 
( i )  In the nondegassed sample, the quenching that occurs in 

the 95- 115 K region is attributable, in part at least, to both 
oxygen and triplet-triplet annihilation. In the same region of 
the degassed sample, the quenching is attributable, in large 
part, to triplet-triplet annihilation, a supposition bolstered 
by the increase of delayed fluorescence observed (8) as 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1866 CAN. J .  CHEM. VOL. 63. 1985 

7 

Temperature (K) 

FIG. 2. Phosphorescence intensities and polarization for phen- 
anthrene in ethanol: nondegassed samples (squares) and degassed 
sample (circles). The degassed sample was recooled and then re- 
warmed to check the reproducibility of results. The direction of the 
arrow indicates heating or cooling. 

phosphorescence diminishes. 
(ii) The intensity maximum observed in the region 125- 155 

K is associated with the formation of ethanol microcrystallites 
containing entrapped phenanthrene islets and their disap- 
pearance at higher temperatures. Indeed, the point of complete 
phosphorescence loss in the degassed sample (154 K) is quite 
consonant with the accepted melting point (17) of crystalline 
ethanol, namely 155 K. Thus, as the microcrystals grow, the 
intensity increases and, as they disappear, the intensity wanes. 
The lifetime, on the other hand, being characteristic of the 
crystal and independent of crystallite size or number remains 
unchanged throughout this region. 

(iii) The absence of any effect of degassing on the lifetime 
in the crystalline region implies immobilization of 0, in, or 
exclusion of 0, from this environment. Thus, the shift of the 
intensity curves in the crystalline region is taken to imply an 
inhibition of crystal growth in the nondegassed sample, a sup- 
position that will be discussed in some detail later. 

Figure 2. A new set of phenomena is shown in Fig. 2. 
These phenomena occur at random in various sample prep- 
arations. In the present instance, they have been purposely 
maximized and made non-random by directing the excitation 
beam through the vicinity of the meniscus, where stresses and 
void concentrations are highest. 

The low-temperature domain now splits into two subregions 

such that the constancy of intensity and polarization in the 
hard-glass, lower-temperature subregion is followed by a sud- 
den increase of both the intensity and polarization in the soft- 
glass, higher temperature subregion. The onset of this sudden 
increase is clearly connected to the glass transition temperature 
and is, we believe, caused by the "annealing-out" of scattering 
centers such as cracks and inhomogeneities and the "filling-in" 
of voids both internal to the glassy matrix and at the interface 
between the matrix and the sample tube surface. 

The absence of a crystalline region in Fig. 2 is noteworthy. 
The presence of a crystalline region is not always observed and 
its occurrence is in some way determined by the presence of 
appropriate seeding centers, whether in bulk or at the sample 
tube surface. In the present instance, both the ethanol and 
phenanthrene were highly-purified, fresh materials and it is 
probable that the absence of the crystalline region is associated 
with the purity and freshness of these materials. 

Despite all of these oddities (i.e., the splitting of the glassy 
domain into two subregions and the absence of a crystalline 
phase), the + 15 to +20 K differential of the quenching 
temperatures of the degassed and non-degassed samples is 
maintained, demonstrating the validity of this particular obser- 
vation for samples that exhibit very different behavior. 

Hysteresis of the degassed samples was also studied, one 
example being shown in Fig. 2, and was found to be sur- 
prisingly small. The reproducibility is taken to be indicative of 
a high degree of fidelity in reforming the meniscus region of the 
glass. The increase of polarization is taken to be supportive of 
an annealing mechanism that becomes operative prior to 
melting or hardening of the glass. 

The point of Fig. 2 is to emphasize a behavior that, because 
of its lack of hysteresis, might be thought to be real but which, 
in reality, is almost certainly artifact. By the word "artifact" we 
mean, in this case, that the observed effect is a function of both 
sample preparation and the part of the glass that is sampled by 
the excitation beam. 

Figure 3. The behavior of samples to which argon and 
ethane were added is shown in Fig. 3. In the low-temperature 
domain, the luminescence loss-mechanism for the degassed 
sample appears to lie -4 K to higher temperatures. However, 
since this increment lies within the experimental error range, it 
is difficult to confirm it experimentally. Consequently, we 
assert that, within the limits of error, all three samples exhibit 
similar glass behavior. 

The high temperature ranges for all three samples are 
also essentially identical. It seems that the crystal region, 
when observed, is fairly reproducible, the onset and the 
disappearance temperatures being especially so. 

The salient point is that all three samples, apart from certain, 
presumedly-artifactual details, behave identically, at least 
within experimental error, in both the glassy and crystalline 
domains. We conclude that argon and ethane have little 
or no effect on the luminophore or the glass/crystallite 
characteristics. 

We conclude from this behavior that, contrary to the effects 
of N, and 0 2 ,  both Ar and C2H6 produce only minor disruptive 
effects on the intermolecular H-bonding between the ethanol 
solvent molecules. 

Figure 4. The results for several oxygenated samples are 
presented in Fig. 4. The O2 "saturated" sample exhibits an 
extremely abrupt quenching in low-temperature domain, one 
whose onset lies well below the accepted glass transition tem- 
perature. In this same domain, the 500 Torr oxygen sample, 
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Temperature(K1 

FIG. 3. Phosphorescence intensities and lifetimes for phenanthrene 
in ethanol: degassed samples (circles), degassed sample + 1000 Torr 
Ar (crosses) and degassed sample + 500 Torr ethane (triangles). 

Temperature (K) 

FIG. 4. Phosphorescence intensities and lifetimes for phenanthrene 
in ethanol: degassed sample + 500 mTorr O2 (triangles), degassed 
sample + 500 Torr O2 (squares), and O2 "saturated" sample (circles). 
The O2 "saturated" sample refers to a nondegassed solution which had 
been bubbled with pure O2 until equilibrated at room temperature. 

Temperature (K) 

FIG. 5.  Phosphorescence intensities and lifetimes of phenanthrene 
in ethanol: degassed sample + 1000 Torr Ar (crosses). degassed 
sample + 1000 Torr N2 (circles), and N I  "saturated" sample (squares). 

apart from the presence of a strong Fig. 2-like characteristic, 
exhibits behavior intermediate between that of non-degassed 
and degassed samples. Finally, the 500 mTorr oxygen sample 
exhibits thermal characteristics which, within experimental 
error, are identical to those of the degassed sample. In the 
crystal domain, the O2 "saturated" sample exhibits a 15 K 
decrement of onset, maximum, and disappearance relative to 
the degassed sample. Again, the 500 Torr sample exhibits 
intermediate behavior between the saturated and 500 mTorr 
specimens. 

The interpretation of these data discords with current ideas 
(8). Firstly, in the 02-saturated sample, quenching does occur 
at temperatures below the normally-accepted rigid glass point, 
suggesting that O1 is mobile in ethanol glass even at tem- 
peratures below 80 K. Secondly, this sample also exhibits a 
shift of the crystal region to lower temperatures, suggesting 
both a decrease of the barrier to crystallite formation and a 
thermal destabilization of the crystalline region. It seems to us 
that the only reasonable interpretation of these data is that Oz 
interferes with intermolecular H-bonding between the ethanol 
molecules. 

Figure 5. Figure 5 shows two samples with nitrogen added 
and, for comparison, an Ar-added sample. In the low-tem- 
perature domain, both nitrogen samples exhibit large shifts 
relative to the argon sample. In the high-temperature domain, 
a remarkable similarity of the two nitrogen samples is evident 
and a consistent shift of - 10 K relative to the Ar-added sample 
is observed. Thus, regardless of certain small peculiarities, 
there is no doubt that the addition of nitrogen produces sig- 
nificant differences relative to either Ar-added or degassed 
samples. 

This figure demonstrates the distinctiveness of the N2-effect 
relative to the null behavior of argon. 

Figure 6.  Finally, we investigated a glass-forming solvent, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1868 CAN. J .  CHEM. 

Temperature (K) 

FIG. 6. Phosphorescence intensities and lifetimes for phenan- 
threne in 2,3-dimethylpentane: nondegassed sample (squares), de- 
gassed sample (circles), and degassed sample + 1026 Tom nitrogen 
(triangles). 

2,3-dimethylpentane, that does not contain hydrogen bonds. 
Unfortunately, this solvent does not exhibit a crystal region. 
Regardless, we compare nondegassed, degassed, and degassed 
plus 1026 Torr N2 samples in Fig. 6. The most interesting point 
is that the nitrogen-added and degassed samples are identical 
within experimental error. Furthermore, the point at which the 
sudden increase of intensity is observed (i.e., -90 K) is the 
same within experimental error for all three samples. 

We interpret these data in the following manner: 
(i) Since the solvent does not hydrogen bond, the dissolved 

air and nitrogen gases are not expected to affect the glass 
transition point other than indirectly through dilution effects. 
Such effects, because of the low concentrations of the dissolved 
gases, are expected to be small. 

(ii) The shift of the nondegassed sample relative to the 
nitrogen-added and the degassed samples is attributable to the 
dominance of oxygen quenching in the former sample and the 
imposed preference for T-T quenching in the latter samples. 

(iii) The point of intensity increase (-90 K) in the glassy 
region is common to all three samples, suggesting an associ- 
ation between this point and the true glass transition tem- 
perature (reportedly (16) 80-85 K). As with the interpretation 
under the discussion of Fig. 2, we believe that this increase is 
associated with extensive miniscus formation and severe vol- 
ume contraction exhibited by this solvent at its glass transition 
point. These effects, as well as the extensive strains, cracks and 
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inhomogeneities that they impose are thought to be responsible 
for this behavior in the glass region. 

Conclusion 
The original question that motivated this work has been 

answered. The shift of the phosphorescence intensity or phos- 
phorescence lifetime curves to higher temperatures caused by 
degassing is attributable to the removal of O2 quenchers and to 
an elevation of both glass transition and crystal region tem- 
peratures. The importance of the latter mechanism is predicated 
upon the results obtained in the N2-added systems as well as 
upon all data obtained for the crystalline regions. These results, 
in turn, are caused, we believe, by an interference of O2 and 
N?. with the dominant intermolecular interaction of ethanol, 
namely hydrogen bonding - oxygen being slightly more 
effective than nitrogen in this regard. 

The characteristics observed here may prove useful for the 
general study of glasses. In particular, while we have demon- 
strated the incorrectness of the Martinez (8) assumption that 
these phenomena are predicated solely on oxygen quenching, 
there remains little doubt that the work of these authors (8) is 
an invaluable addition to the study of heating and cooling rates 
on glasses. Indeed, their results, in conjunction with ours, point 
to the probability of multiple "glass" points. That is, while one 
degree of freedom may dominate the transition of liquid to 
glass, the possibility that other degrees of freedom, ones frozen 
into non-equilibrium configurations by rapid cooling, may 
become extremely important may not be disregarded. 

The only other glass-forming solvent investigated here 
(18), namely, isopropyl alcohol, exhibited little or no differ- 
ence between degassed, nondegassed, and oxygen-saturated 
samples. This result may be understood in light of Lesikar's 
finding that hydrogen bonding is much more important in 
normal alcohols than in branched alcohols, at least insofar as 
the determination of glass transition temperatures is concerned. 

The subsplitting of the glassy domain, attributed here to 
voids and other imperfections, requires elaboration. In par- 
ticular, alternative techniques (e.g., DTA; molecular beam 
studies of complexes between H-bonding and HBB molecules; 
theoretical calculations of alcohol clusters (19) with a single 
added molecule of an HBB entity, etc.) could provide con- 
siderable elaboration of the theses presented in this work. 
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Broadband v3 sub-Doppler spectrum of HCN: 
application of a color center laser optothermal molecular beam spectrometer 
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This paper is dedicated to Professor Camille SandorJji or1 the occasion oJ his 65th birthday 

E. K. KYRO, P. SHOJA-CHAGHERVAND, M. ELIADES, D. DANZEISER, S. G. LIEB, and J .  W. BEVAN. Can. J .  Chem. 63, 1870 
(1985). 

A broadband v, sub-Doppler spectrum of HCN has been recorded in the range 3340-3280 cm-' using a single frequency 
continuously scanable computer-controlled color center laser optothermal molecular beam spectrometer. Absolute frequencies 
for rovibrational transitions R(9) through P(9) have been determined to an accuracy 5 20 MHz or 2 parts in lo7. An 
unconstrained five-parameter fit to this datum results in molecular constants: B" = 1.47822146(182), D" = 2.881(23) x 
B' = 1.46779974(154), D' = 2.863(18) X 10-" and v ,  = 331 1.47758(2) cm-I, respectively. 

E. K. KYRO, P. SHOJA-CHAGHERVAND, M. ELIADES, D. DANZEISER, S. G. LIEB et J .  W. BEVAN. Can. J. Chem. 63, 1870 
(1985). 

Faisant appel a un spectromktre ii faisceau molCculaire optothermique utilisant un laser dont le centre lumineux est contrBlC 
par ordinateur et dont Ics frkquences individuelles sont balayCes d'une faqon continue, on a enregistrC le spectre sous-Doppler 
v, B bande large de la molCcule de HCN. On a dCterminC les frCquences absolues des transitions rovibrationnelles de R(9) B 
P(9) avec une precision 5 20 MHz, soit 2 parties dans lo7. Utilisant un ajustement sans contraintes B cinq paramktres de ces 
donnCes, on a pu obtenir les constantes molCculaires suivantes: B" = 1,47822146(182), D" = 2,881(23) X B' = 
I ,46779974(154), D' = 2,863(18) X et vo = 331 1,47758(2) cm -I. 

[Traduit par le journal] 

Introduction 
The rovibrational v, spectrum of HCN is an important sec- 

ondary frequency standard ( I )  in the 3 Fm region and for this 
reason has been the subject of numerous rovibrational analyses 
using both classical and laser spectroscopic methods (2-4). 
Although high resolution spectra do exist for isolated transi- 
tions in this band (5, 6), most previous studies have, however, 
been carried out in the gas phase under situations in which 
Doppler and pressure broadening often result in transition over- 
lap and consequently inaccuracies in frequency determination. 
Although very accurate ground and excited state microwave 
rotational spectra (7) are available for J 0 + 1; 1 + 2, 2 + 3,  
00'0 and J 0 + 1, 1 + 2, 2 + 3 and 3 + 4, 00°1, states 
absolute rovibrational transition frequencies accurate to 5 30 
MHz have not been determined for frequency calibration 
purposes. 

'The advent of broadly tunable single frequency color center 
laser optothermal molecular beam spectrometers (8) offer the 
opportunity of recording the broadband rovibrational spectrum 
of v, HCN at sub-Doppler resolution in the cold collisionless 
situation of seeded molecular beams. In this paper, we report 
the broadband sub-Doppler spectrum of v, HCN for rovibra- 
tional transitions R(9) through P(9). The absolute order and 
free spectral range of a highly stabilized Fabry-Perot etalon 
have been determined and used to calibrate the absolute fre- 
quencies of these transitions with an estimated accuracy of 5 

20 MHz. Rotational constants B", B'; distortional constants D", 
D' and band origin frequency, vo, have also been determined 
from this data and are compared with the precisely determined 
parameters evaluated from other spectroscopic studies. 

Experimental 
Spectra have been recorded using a simple computer-controlled 

con~inuously tunable single frequency color center laser optothermal 
molecular beam spectrometer assembled in our laboratory (8). A sche- 
matic of the components necessary to control and monitor continuous 
single frequency scanning of the laser spectrometer are shown in Fig. 

1. The system consists of a Kr' laser pumped Burleigh FCL-20 color 
center laser, diagnostic box, bolometric molecular beam detector (9), 
and a Micromation 2-64 microcomputer used to synchronously scan1 
the three tuning elements, (grating, 21.6 GHz internal etalon and 
folding mirror) of the color center laser necessary to provide broad- 
band single frequency scanning of the spectrometer. For these experi- 
ments, 0.9 W of 6471 A Kr' laser output was used to pump a RbCI: Li 
color center crystal producing 0.17-0.85 mW of continuously tunable 
single frequency laser output power from 3338-3284 cm-' which 
could be tuned over segments of 2 30 cm-' at a time. Although higher 
output power could have been obtained for continuous single fre- 
quency scans of shorter segments (approximately 2-3 cm-I), it ulti- 
mately led to mode instability and was not used. 3 GHz and 150 MHz 
FSR etalons were used to calibrate the transition frequency sepa- 
rations. The spectrometer utilized a 50 pm cw stainless steel nozzle 
with a 250 pm skimmer at approximately 0.8 cm distance and a 1.7 
K, 4 mm Ge:Ga bolometer (NEP 4.7 X lo-''' W ~ H Z - I )  at 60 cm. 
For the vz HCN transitions, scans of 30 cm-' took approximately 10 
to 12 h which corresponded to the hold time in the helium Dewar of 
the bolometer. The sub-Doppler v, spectrum was thus recorded in two 
segments with sufficient common transitions in each segment to en- 
sure accurate frequency determination. Seeded mixtures of HCN/He 
varying from 1 : 15 to 0.5: 100 were used with nozzle backing pres- 
sures of 0.4-7.7 atm. HCN was obtained from Fumico Inc., Ama- 
rillo. TX, and used without further purification. The laser output beam 
crossed the molecular beam orthogonally and was focussed by a CaF2 
FlOO lens to produce FWHM linewidths of 5 5.8 MHz in v, transi- 
tions of HCN (Fig. 2). The geometry of the spectrometer is expected 
to contribute 5 1.2 MHz of this linewidth. 'The remainder reflects 
transit time broadening but is primarily contributed by instabilities in 
the free running color center laser system. The incident infrared laser 
beam was modulated at 40 Hz, the bolometer signal amplified x 200 
and then detected using a HR-8 lock-in amplifier. A Doppler-limited 
vz HCN gas phase spectrum was simultaneously recorded to facilitate 
assignment and calibration of the spectrum. 

Our current laser system has no Michaelson interferometer to enable 
accurate absolute frequency determination of any of the transitions to 
5 30 MHz and no reference spectra exist within the continuous tuning 

' J.  W. Bevan et 01. Unpublished results. 
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TABLE 1. Absolute frequencies of HCN v, 

Obs. * Obs. - calcd/ Transition Obs." Obs. - calcd/ 
Transition freq/cm-I cm- x lo-' obs. freq/cm-I freq/cm-' cm-'  x 

*Estimated absolute accuracy 6.7 x lo-' cm-I. 

FIG. 2. A sub-Doppler spectrum of the R(5) v3 HCN transition. 
The 5.8 MHz sub-Doppler FWHM can be compared with a profile 
corresponding to the Doppler-limited transition. The etalon markers 
are separated by 149.666456(30) MHz; the glitch after every four 
etalon markers indicates the cavity reset. The etalon markers on the 
left of the spectrum have been compressed but are included to illustrate 
single mode scan over a larger range. The two spectra are not coin- 
cidental due to displaced recorder pen positions. 

range of the spectrometer with that accuracy. The problem was over- 
come by calibrating the absolute order number of the 150 MHz con- 
focal etalon and determining its free spectral range precisely using 
differences between rotational transition frequencies. The temperature 
of the etalon was stabilized to +0.0I0C using a Burleigh TC-I0 
temperature controller and the system evacuated with a small diffusion 
pump. The residual absolute pressure in the etalon was carefully 
monitored with a 220 BHS MKS Baratron gauge and the free spectral 
range (FSR) determined using the expression: 

where 

V', - - - V I - S I F I  vb - ~2 + 82F2 
mcr = - - - mb = - and F = 

Fa F,, ' Fb F h  4nv,,d 

for a confocal etalon. Av is the frequency separation between specific 
rovibrational transitions determined from highly accurate microwave 
rotational transition frequencies; n ,  - nh, Anr, = (II,, - n,.,J, Anb = 
(nb - n,,,) refer to refractive indices of dry air at etalon order numbers 
m ,  and mb occurring at frequencies v , ,  v,,, respectively. The absolute 
order number of the etalon was readily determined from available 
rovibrational spectroscopic data (4) using the above expressions. Am 
is the corresponding separation v, - v2 of the transition pair and 6 ,  = 
ml - m,>, 82 = m,, - m2 in FSR's. A weighted average of transition 
separations was used to improve the estimated accuracy of the FSR 
permitting frequency determination to 5 20 MHz. Corrections were 
applied to take into account non-linearities in laser scanning and the 
effects of I4N quadrupole coupling in HCN (6). 

Results 
The molecular beam sub-Doppler spectra of 19 P(J) and 

R(J) v3 HCN rovibrational transitions have been recorded in 
the frequency range 3340-3284 cm-I. The observed line- 
widths are r 5.8 MHz and we are able to determine absolute 
transition frequencies to within 20 MHz. A partial scan of the 
R(5) transition between absolute order numbers 666770 and 
666780 in Fig. 1 corresponds to a FSR = 149.666456(30) 
MHz. The absolute transition frequencies for all measured tran- 
sitions are given in Table 1. Also included in Table 2 are the 
results of a least-squares fit to the expression 

v ,  = vO + (B' + B")m + (B' - B" - D' + D")m2 

- 2(D' + D")m3 - (D' - D")m4 

where m = -J for P branch lines and J + 1 for R branch lines. 
The data were not considered sufficiently accurate for inclusion 
of H', H" constants in the fit. The results of the unconstrained 
five parameter fit are given in Table 2 and can be compared 
with molecular constants evaluated in previous spectroscopic 
studies (4, 7). The standard deviation in the frequency fit is 
1.56 x cm-I or 0.47 MHz for the 19 transitions consid- 
ered and reflects the influence of a number of instrumental 
factors. The reset of the color center laser cavity and in- 
stabilities associated with the scanning of the free running laser 
are considered primary contributors. Molecular constants de- 
termined from this restricted data set compare favorably with 
the most accurate currently available (4, 7) (Table 2). 

Conclusions 
In this investigation we were extremely fortunate that very 

precise rotational spectra were available in both 00'0 and 00'1 
states of HCN. This permitted us not only to determine the 
absolute order number of the confocal etalon but also enabled 
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TABLE 2. Molecular constants from least-squares-fit 

Value 

Constants*/cm-' This work Reference 4 Reference 7 

*Estimated errors 2 standard deviations to our fit 

us to calibrate its FSR and consequently rovibrational transition 
frequencies to 5 2 parts in lo7 without utilizing a Michaelson 
interferometer or a frequency standard of corresponding accu- 
racy. This method of determining absolute rovibrational transi- 
tion frequencies will become increasingly feasible in other 
molecules as more rotational transitions are investigated in 
vibrationally excited states by microwave infrared double reso- 
nance techniques. This approach does, however, place strin- 
gent instrumental requirements on broadband laser tunability 
and can only produce absolute transition frequencies of inter- 
mediate accuracy for spectral calibration. It appears, however, 
that this is the first time that the v, HCN rovibrational transition 
frequencies have been determined with an absolute accuracy of 
5 20 MHz. These v, HCN rovibrational transitions are very 
convenient secondary frequency standards for high resolution 
laser spectroscopy in the 3.0 pm region. We have recently used 
them to absolutely calibrate Doppler-limited and sub-Doppler 
transition frequencies in v ,  CH3C=CH, v ,  H-C=CH, v2 
HCN-- -HF,  and v 2  HCN---HCI. '  
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The y-alkylation of cyclic P-ketoesters via their enamine derivatives 
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DENIS GRAVEL and MARC LABELLE. Can. J .  Chem. 63, 1874 (1985). 
The y-alkylation - functionalization of cyclic P-ketoesters via their enamine derivatives is discussed with particular emphasis 

on their preparation from P-ketoesters and their reaction with various electrophiles such as electrophilic olefins, halogenoi'ds, 
and allylic and benzylic halides. Although the amine ring size does not appear to affect reactivity to a great extent, the reaction 
is very sensitive to P-ketoester ring size, with six-membered rings giving the best results. In the latter case the 
alkylation-functionalization is general and specific to the y-position and therefore provides an important complement to the 
dianion and related methodologies. 

DENIS GRAVEL et MARC LABELLE. Can. J .  Chem. 63, 1874 (1985). 
L'alkylation-fonctionnalisation en y des p-cCtoesters cycliques a partir de leurs derives Cnamines est discutte en regard de 

leur preparation a partir de p-cCtoesters et leur rCaction avec divers Clectrophiles tels que: les olefines Clectrophiliques, les 
halogCnoYdes et les halogCnures allyliques et benzyliques. Quoique la grandeur de cycle de l'amine ne semble pas influencer 
la reactivitk de faqon importante, celle-ci est trks sensible a la grandeur de cycle du p-cCtoester oil le cycle a six chainons donne 
les meilleurs rCsultats. Dans ce dernier cas, la rCaction d'alkylation-fonctionnalisation est gCnCrale et spCcifique a la position-y 
et donc constitue de toute Cvidence un complCment important a la mCthode des dianions et les autres mCthodologies relites. 

Introduction 
During the course of a synthetic investigation, we were con- 

fronted with the problem of gaining access to compounds of the 
l-carbalkoxy-3-methyl-9-oxobicyclo[3.3.l]non-2-ene (1) type. 
One of the original plans envisaged called for the specific 
alkylation at the y-position of a P-ketoester such as 2, using 
methacrolein or an equivalent as the electrophile. From a 

formal point of view, the problem reduces to finding ways of 
making the y-position more reactive than the a-position. Ex- 
amination of the literature revealed that this has been achieved 
in various ways and a number of methods of varying degrees 
of generality have become available. 

The first such method which showed some generality is that 
of the dianions (1). This procedure has allowed chemospecific 
y-alkylation with a number of different electrophiles such as: 
alkyl halides (2), a-chloroethers (3), esters (4), aldehydes and 
ketones ( 3 ,  nitroolefins (6), and a,o-dihaloalkanes (7). Fur- 
ther illustration of the efficiency of the method is provided in 
various multistep syntheses (8, 9) and an elegant solution (10) 
to the problem of regio-controlled access to the bicyclic alkene 
1 with R = Me and R '  = H, using a sulfur based equivalent of 
methacrolein (1 1) as alkylating agent. The same sequence was 
later applied in our own laboratory to test a selenium based 
equivalent of methacrolein which we developed (12) for this 

' Author to whom correspondence should be addressed. 
'Predoctoral fellow, Ministere de 1'Education du QuCbec and 

Natural Sciences and Engineering Research Council of Canada: 
1978- 1982. 

purpose. 
An alternative method to that of the dianions was developed 

later and involves the reaction of the corresponding neutral 
bis-trimethy lsilylenolethers (1 3,  14) or enamino trimethylsilyl- 
enolether (15) with various electrophiles such as: bromine, 
acid chlorides, aldehydes, ketones, acetals, a,P-unsaturated 
esters, and protected P-ketoaldehydes. 

A third method of directing electrophilic reactions at the 
y-position is based on the corresponding vinylogous carbamate 
anion which may be alkylated with various electrophiles (16, 
17). The method, however, appears to be much less satis- 
factory with cyclic P-ketoesters (IS), which are of prime im- 
portance in the present context. 

Aside from the above methods of controlled y-alkylation of 
P-ketoesters there are also other reported procedures which are 
of either limited applicability or which were isolated obser- 
vations. These include the sequence: a-alkylation, retro- 
Dieckmann, Dieckmann cyclization to the y-alkyl derivative 
(19), or many cases of a-functionalization followed by rear- 
rangement to the y-position. Some reactions which follow this 
pattern are: phenylselenenylation (20), bromination (21), di- 
alkylaminomethylation (22), and phenylsulfoxyethylation 
(23). Finally, other cases of y-functionalization have been 
observed and involve enamino derivatives of P-dicarbonyl 
compounds or equivalents thereof; these are the y-trimethyl- 
enedithiolation of the vinylogous carbamate of ethyl aceto- 
acetate (24) and many cases of enamine acylations that were 
found to yield the 1,3-diacyl derivative with reagents such as 
ethyl chloroformate (25), phenylisocyanate (26), phosgene 
(27), and methanesulfonyl chloride (28), which can be in- 
cluded in this category. 

A last interesting case is that reported by Colonna et al. (29), 
who, while searching for a chemical method to evaluate the 
relative amounts of conjugated versus non-conjugated forms of 
various enamino derivatives of P-ketoesters at equilibrium, 
found important proportions of y-functionalization using 
phenylisocyanate and diethyl azodicarboxylate, due to the dis- 
placement of the equilibrium as a result of the greater reactivity 
of the enamino form 3a over the vinylogous carbamate form 
3b. 
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In conclusion, it appeared that although the dianion method 
had allowed the synthesis of models (10, 12) of compound 1, 
neither this nor the other direct alkylation methods reviewed 
above were appropriate to the synthetic plan which involved the 
use of an intermediate sensitive to strong bases. Therefore, the 
problem at hand did not appear to have a ready solution and it 
seemed worthwhile to investigate the possibility of developing 
a mild method of y-alkylation of P-ketoesters, based on the 
reported observations of y-reactivity in their enamino deriva- 
tives (24-29). 

Results and discussion 
Preparation of tlze enamino derivatives of tlze cyclic 

P-ketoesters 
The most frequently used method is the acylation of the 

enamine derivative of the chosen ketone. However, this pro- 
cedure, although used throughout Colonna's work (29), was 
not retained for our experiments for various reasons: (i) widely 
varying yields (30), (ii) frequent formation of 1,3-diacylated 
products (25-28), and (iii) this method, starting from the 
enamine derivative at equilibrium, should not offer good 
prospects of regio-control in the case of 3-substituted ketone 
enamines. 

In the hope of having access to a more appropriate method 
to obtain these compounds we turned to the reverse sequence, 
which consists of first preparing the P-ketoester from the ke- 
tone and then generating the corresponding enamine derivative. 
Thus, the cyclic P-ketoesters (3 1) were treated under the usual 
enamination conditions (32) developed for cyclic ketones (33) 
and used generally for aliphatic P-ketoesters (34), but with 
some slight modification. Indeed, due to the extreme slowness 
of the reaction with our substrates, conditions had to be opti- 
mized for reaction temperature, amount of amine, and amount 
of p-toluenesulfonic acid using the piperidino enamine of 
2-carbomethoxycyclohexanone as model(see Experimental). 

y-Alkylation - futzctionalization of enamine derivatives of 
cyclic P-ketoesters 

Since it was well established following the definitive paper 
by Stork et al. (33) in 1963 that saturated alkyl halides do not 
give good yields in the alkylation of enamines, the present 
investigation was therefore restricted to some representative 
electrophilic olefins and allylic (and benzylic) halides which 
are efficient with enamines and offer the possibility of further 
functional elaboration; the same reason also applies to the 
bromination and phenylselenenylation reactions which were 
also examined in passing. Finally, acylation was not included 
in the study because a number of examples were already known 
in the literature through the acylation of enamine studies 
(25 -29, vide supra). 

The results obtained in the y-alkylation - functionalization 
of enamine derivatives of cyclic P-ketoesters are presented in 
Table 1. It should also be noted that the amine used, i.e. 
piperidine or pyrrolidine, is adjusted to the electrophilic re- 
- - 

agent based on known enamine reactivity (32). 
The first and most important observation to be made upon 

= electron withdrawing group, -M type. 

inspection of Table 1 is that electrophiles react with enamine 
derivatives of six-metnbered ring P-ketoesters to give only the 
y-functionalizedproduct in fair to quite good yields (cf. entries 
1 to 9), thus providing a useful completnetzt to the dianion and 
related methodologies which require the use of strong bases. A 
second observation for the same entries, except 2 and 3, is that 
the contact times involved are generally long compared to the 
corresponding unsubstituted enamine alkylations. The reason 
here must be very similar to that which explains the relative 
slowness of reaction in the case of enamines of 2-methylcyclo- 
hexanone (38) (see Scheme 1). Indeed it is known (39,40) that 
these, which exist under acid catalyzed equilibrium between 
the trisubstituted and the disfavored (A1.%train) (41) tetra- 
substituted forms, bear the methyl group in a quasi-axial posi- 
tion in the former in order to minimize A',' strain (41): this then 

> ,, 

causes electrophilic reaction to take place at a reduced rate 
because of developing 1,3 diaxial interactions in an axial attack 
(a) or of increasing steric interactions due to the intermediacy 
of a twist-boat conformation in an equatorial attack (b). 

On the other hand, axial attack (c) on the quasi-equatorial 
conformer should require a higher energy of activation than 
axial attack (a) on the quasi-axial conformer because of devel- 
oping A'.' interactions.' Finally, there is evidence which indi- 
cates that equatorial attack (d) is also less favored on the quasi- 
equatorial conformer than on the quasi-axial one (42). In the 
case of reaction with electrophilic olefins, however (see 
Scheme l ) ,  the reason for slowness of reaction is most probably 
(38) the involvement of the high energy intermediate (because 
of developing A'.' interactions) resulting from axial attack (c) 
on the enamine having a quasi-equatorial substituent, which in 

'In the case of ally1 halides, the reaction should proceed via N- 
alky lation followed by aza-Claisen rearrangement, and axial attack (a) 
for C-C bond formation should also be favored, see ref. 38, pp. 
2018-2020. 
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TABLE I. y-Alkylation - functionalization of enarnine derivatives of cyclic P-ketoesters 

Enarnine Electrophilic Contact time 
Entry derivative reagent and T ("C) y-Reaction product" % Yield" 

9 days 
70°C 

25 rnin 
- 110, -80°C 

Ph &CO2Et ah (X = Br) 

8 3 A = -  .F-WBr 
B = CHOAc 
R = Et 

77 

OAc 

13 

9 3 A = CH2 
B = CHOAc 

-+TI' 
0 

R = Et 

5 days 
101°C 
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GRAVEL AND LABELLE 

TABLE 1. (Continued) 

Enamine Electrophilic Contact t ime 
Entry derivative reagent and T ("C) y-Reaction product" % Yield" 

' l o  EtO 

19 

2.1 "' 
E ~ O  O (ref. 24) 

"Structures and regiochemistry follow mainly from spectroscopic data, see Experimental. Isolated after hydrolysis of 
the resulting vinylogous carbamate; it should be noted here that such hydrolyses are relatively difficult (35) compared 
to that of simple enamines and thus often require prolonged heating under acidic conditions. 

"Low yield is due mostly to the difficulty in separating the product from the methacrolein polymer. The structure and 
regiochemistry of alkylation follow, aside from nmr analysis and fragmentation in mass spectrometry, from conversion 
to the known bicyclo[3.3.1] derivative 1. 

"The ir spectrum corresponds with that reported in the literature (21 a )  for the same compound obtained by an alternate 
route. 

"The nmr spectrum observed is similar to that reported (20) for the carbomethoxy analog. 
"The product is isolated as a mixture of stereoisomers and tautomers after hydrolysis and no attempt was made to 

convert it quantitatively to the bicyclic aldol. 
'The electrophilic olefin is added in small portions throughout the reaction. 
"Higher yields upon prolonged heating are probably due to N-alkylation of the amine followed by a thermal [3.3] 

sigmatropic shift of the chain to the y-position in analogy to the case of simple enamines (36). 
"Filtration of the benzyl bromide over basic alumina gives a reaction which is very slow to begin but gradually 

accelerates; this indicates the beneficial influence of a trace of acid in probably catalyzing the enamine - vinylogous 
carbamate equilibrium. This was supported by observing the positive influence of a trace of p-toluenesulfonic acid in 
a reaction mixture where the benzyl bromide was filtered over basic alumina. 

'Obtained by integration of appropriate signals in the nmr spectrum of the hydrolyzed mixture because of difficulty 
of separation; the isolated yield was only 16%; see, however, entry 9. 

'From the outset, the reaction gives a mixture of numerous products. 
'Monitoring by vpc shows a simple chromatogram with disappearance of the starting material and appearance of a 

major product; hydrolysis, however, proved difficult (36 h, 10% HCI, 63°C) and yielded only 50% of the crude neutral 
fraction expected, from which only 27% of 17 and 2% of 18 were obtained. Attempts to prepare the piperidino enamine 
of the starting P-ketoester in order to examine its reactivity with methyl vinyl ketone failed. 

'This reaction which, contrary to the cyclic analogs, gives a-alkylation was already reported in 1916 by Robinson 
(37) under slightly different conditions. Attempted reaction of the piperidino derivative of the same P-ketoester with 
methyl vinyl ketone gave a complex mixture of products. 

"'This case, reported by Woodward er a/. (24), to our knowledge represents the only example of the 
y-functionalization of an enamine derivative of an aliphatic P-ketoester. 

an efficient and stereoelectronically controlled intramolecular 
axial proton transfer would go to product; on the other hand, 
equatorial attack (d) on the same form or axial (a) or equatorial 
(b) attack on the form having a quasi-axial substituent would 
yield intermediate zwitterions which would most often revert to 
starting enamine because of the unavailability of an axial intra- 
molecular proton for charge neutralization. Intermolecular pro- 
ton transfer, although available, should not be efficient under 

the normal dilution conditions generally used. 
A third observation which can be made upon inspection of 

Table 1 is that the enamine derivatives of five- and seven- 
membered ring P-ketoesters (entries 10, 11, 12) are not as 
uniformly reactive as their six-membered ring analogs. Howev- 
er, a trend favoring y-reactivity is apparent in those cases and 
the selective development of specific reaction conditions might 
be necessary in each case. Finally, it appears that the enamine 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1878 CAN. J .  CHEM. \ 

derivatives of aliphatic p-ketoesters (entries 13, 14) also do not 
form a uniformly reactive series, as y and a selectivity are both 
apparent depending on the electrophile and conditions. 

Preparatiotz of 1 -carbotnethoxy-3-methyl-9-oxobicyclo- 
[3.3.l]rzotz-2-ene (1, R = Me, R '  = H) 

Attempted tosylation of 4 (Table 1, entry 1) under standard 
conditions (43) for 15 days failed to give the desired product; 
mesylation (44), however, yielded up to a maximum of 40% of 
the corresponding mesylate 21. This suggested that the pyri- 
dine used in the reaction was causing a displacement of the 

aldol equilibrium to the open form, thus slowing down the 
mesylation reaction considerably and allowing side reactions to 
compete. The same reaction was then tried in acid medium 
using methanesulfonyl anhydride (45) but to no avail. Fortu- 
nately, however, we observed that the only way the acetate of 
ketol 4 could be prepared was by using pyridine in acetyl 
chloride, which are known ketene generating conditions (46). 
Also, we observed that the corresponding phenylcarbamate 
could easily be prepared from phenylisocyanate in acidic me- 
dium. These observations strongly suggested that the solution 
to the problem lay in using the corresponding sulfene as mes- 
ylating agent rather than methanesulfonyl chloride. Indeed, the 
reagent is linear, as are ketene and phenylisocyanate, as well as 
being very reactive. Therefore, by using a set of conditions 
inspired from the literature (47), we could obtain the desired 
mesylate 22 in the crystalline form and in a 70% yield. Various 
fruitless attempts were made to shorten the reaction time; for 
example, use of N, N, N-diethylmethyl methanesulfonyl ammo- 
nium ("Easy Mesyl"), recognized as a potent sulfene generator 
(48), failed to give the desired product (21) in good yield. It 
appears that use of these conditions with ketol 4 generates the 
sulfene too rapidly for uptake by the substrate, causing it to 
polymerize (49) and thus complicating isolation of the desired 
product (21). 

'The last step, i.e. the cis elimination, in the projected se- 
quence was achieved in a 70% yield by heating the mesylate 21 
in collidine (160°C) for 29 h. The 1-carbomethoxy-3-meth- 
yl-9-oxobicyclo[3.3.l]non-2-ene (1) thus obtained shows in 
the nmr a vinyl proton in the form of a broadened singlet at 5.38 
ppm, a sharp singlet at 3.78 ppm for the carbomethoxy group, 
and a broadened singlet at 1.82 ppm for the allylic methyl 
protons. These values are in accord with those reported in the 
literature (10) as well as those observed in our own laboratory 
(12)' for the same compound prepared by two additional differ- 
ent methods. 

Conclusion 
Although the present study is based on a limited number of 

enamine derivatives, electrophiles, and reaction conditions, it 
nevertheless provides a good cross section of the possibilities 

"Also, D. Gravel and D. Thoroval, unpublished results. 

of y-alkylation(-functionalization) of enamine derivatives of 
cyclic P-ketoesters. Thus, the method is very good for the 
y-alkylation or functionalization of P-ketoesters in the cy- 
clohexane series but its prospects appear much more limited in 
the cyclopentane and cycloheptane series as well as the ali- 
phatic series. The method is also applicable to substrates bear- 
ing base sensitive functionality, thus making it an important 
complement to the dianion and related methodologies which 
are usually not applicable in these cases. 

From the point of view of electrophiles, electrophilic olefins 
provide the best results, as is usually the case with simple 
ketone enamines (32, 34, 38, 50); the generality of halo- 
genation and phenylselenenylation, although assured in the 
six-membered ring series, remains to be tested in the other 
series. 

Finally, this study has been first and foremost an exploration 
into the possibilities of the enamine reaction (32, 33, 38, 50) 
for the y-alkylation (-functionalization) of P-ketoesters, with 
the aim of bringing out similarities and distinctions between 
P-ketoesters and simple ketones. As a result, a certain number 
of fundamental observations stand out from the preceding 
experiments. Thus, the chemoselectivity of alkylation in the 
six-membered ring series is noteworthy; the inertia of the vinyl- 
ogous carbamate form (36) towards a-alkylation is most proba- 
bly due to a weakness of conjugation or overlap of the amine 
lone pair with the double bond because of strong A',' inter- 
actions. This is supported by the fact that aliphatic vinylogous 
carbamates, where the amine and carbalkoxy groups are trans, 
show good reactivity in the a-position at least with alkyl 
halides (see entry 13, Table 1). Also, the observed selectivity 
for monoalkylation is most important from a synthetic meth- 
odology point of view and is probably due to the fact that the 
monoalkylated or functionalized product exists solely (29) in 
the now more stable and less reactive vinylogous carbamate 
form. 

A study of factors affecting the enamino versus the vinyl- 
ogous carbamate forms in enamine derivatives of P-ketoesters 
has been carried out and is reported in the accompanying paper. 

Experimental 
Melting points were taken on a Biichi apparatus and are un- 

corrected. The 'H nmr spectra were recorded, unless otherwise stated, 
in CDCI, using either a Bruker WH90 (90 MHz) or a Bruker WH400 
(400 MHz). Chemical shifts (6) are expressed in ppm with respect to 
tetramethylsilane (TMS) used as internal standard and multiplicities 
are expressed as "s" for singlet, "d" for doublet, "t" for triplet, "q" for 
quartet, "h" for heptuplet, and "m" for multiplet. Coupling constants 
are reported in Hz. 

Infrared spectra were recorded on a Perkin Elmer, model 710B, 
apparatus either in CDCI,, as pure liquid films, or in KBr pellets. High 
resolution mass spectra (EI) were taken on a AEI MS-902 apparatus 
and low resolution (EI or CI) were taken on a V.G. Micromass, model 
12- 12, apparatus. Homogeneity of all compounds prepared was ascer- 
tained by tlc or vpc, and 'H nmr. In many cases, I3C nmr spectra were 
recorded and are available in M. Labelle's Ph.D. thesis and partly in 
the following paper. 

The vpc analyses were done under the following conditions; injec- 
tion of 1 p,L of solution in a Varian model 1200 chromatograph with 
a flame ionization detector. The column used was 3.5 m X 3 mm and 
packed with 3% OV-l on 60-80 mesh Chromosorb W AW-DMCS 
and helium was used as carrier gas at a rate of 25 mL/min. Injector 
temperature was maintained at 23O0C and the detector at 300°C. Final- 
ly, relative peak areas were taken as relative product composition and 
the results obtained were sufficiently accurate for the present purpose. 

Thin-layer chromatography (tlc) was done on Merck Kieselgel 60 
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FZS4 using aluminium support and visualization was done by means of 
either uv light, iodine vapour, or sulfomolybdic mixture (51). Flash 
chromatography was done following the Still mcthod (52) using 
Merck 40- to 63-p mesh silica gel. 

Purification of solvents and reagents used in this study was done 
according to the methods described below and is specified in the 
Experimental with the appropriate Ictter, (A) to (E). A: product 
distilled under inert atmosphere. B: product distilled over a 
sodium-potassium (I : 1 w/w) liquid alloy and a little benzophenone 
under inert atmosphere. C: product distilled over calcium hydride 
under inert atmosphere. D: product filtered over basic alumina, activ- 
ity I, under inert atmosphere. E: product distilled over calcium hydride 
under inert atmosphere and received in a flask containing (approx. 1% 
w/w) hydroquinone. 

Preparation of erlamine derivatives of P-ketoesters 
Gerzeral procedure 
In a dry apparatus fitted with a Dean-Stark separator are introduced 

1 equiv. of the P-ketoester (prepared by the slightly modified pro- 
cedure of Ruest, Blouin, Deslongchamps (3 I)), 5 equiv. of the amine, 
and 0.05 equiv. of p-toluenesulfonic acid monohydrate. The mixture 
is then diluted with benzene, 20 mL per gram of P-ketoester, and the 
solution heated to reflux, using an oil bath at a temperature below 
100°C since higher terrlperatures often cause forrnatiorz of the corre- 
sponding P-ketoan~ide. The reaction is monitored by vpc and consid- 
ered complete when the P-ketoester and P-ketoamide (formed on the 
column) peaks have disappeared and when the stoichiometric amount 
of water has been formed. Isolation of the product is carried out by 
evaporation at 45OC under 15 Torr (1 Torr = 133.3 Pa), by co- 
evaporation with toluene at 45OC under 15 Torr, and by fractional 
distillation. The products may then be kept frozen under a pressure of 
approximately 25-50 psi of argon. 

Methyl-2-(I -piperidirlyl)-2 (ar~d -I)  -cyclohexenecarboxylate (30 and 
30, A = CH2, B = CH,, R = Mc) 

The reaction was carried out according to the general procedure. 
Reagents: methyl-2-0x0-cyclohexanecarboxylate (31) (3.0 g, 19.2 
mmol) and piperidine. The reaction was cornplcte after about 3 days 
of light reflux. Distillation: yellowish liquid, 2.73 g (64%) (79-86% 
with lower bath temperature), bp 78-79OC18.4 x lo-" Torr; ir (film) 
v.,,,: 1730, 1680, 1640, and 1550 cm-I; 'H nmr (90 MHz) 6: 4.89 (t, 
J = 4 Hz, 0.66H), 3.69 (s, 3H), and 3.33 (t broadencd, 0.66H). Mass 
spectrum (CI, CH,) m/e: 224 MH+, 208 M - CHS, 164 (100%) M 
- COOMe. Exact Mass calcd. for CI3HI,NO2: 223.1572; found: 
223.1569. 

Ethyl-2-(I-piperidiny1)-2 (and -1) -cyclol~exer~ecarboxylate (3a and 
3b, A = CH,, B = CH2, R = Et) 

The reaction was carried out according to the general procedure. 
Reagents: ethyl-2-0x0-cyclohexanecarboxylate (31, 53) (10.0 g, 59 
mmol) and piperidine. The reaction was complete after about 5 days 
of light reflux. Distillation: yellowish liquid, 9.68 g (70%), bp 
73-86OC13.6 x lo-" Torr; ir (CHCI,) v,;,,: 1720, and 1630 cm-'; 'H 
nmr (90 MHz) 6: 4.88 (t, J = 5 Hz, 0.85H), 4.15 (q, J = 7 Hz, 2H), 
3.30 (t broadened, 0.85H), and 1.26 (t, J = 7 Hz, 3H). Mass spectrum 
(El, 70 eV) m/e: 237 M+', 222 M - Me, 208 M - Et, 192 M - OEt, 
164 (100%) M - COOEt. Exact Mass calcd. for C14H23N02: 

J = 7 Hz, 2H), 3.25 (t broadencd, -4H), 2.96 (t broadened, 0.48H), 
2.41 (s, broad, -4H), and 1.26(t, J = 7 Hz, 3H). Mass spectrum (EI, 
70 eV) m/e: 223 M+', 208 (M - Me, 194 M - Et, 150 M - COOEt. 
Exact Mass calcd. for CI,H,,NOZ: 223.1572; found: 223.1576. These 
data are in good accord with those reported (29, 55) for thc same 
product. 

Ethyl-5-~1ceto.~y-2-(I-p~rrolidir1yl)-I-cyclohexerzecar0o.~yI~1te (30, 
A = -, B = CHOAc, R = Et) 

Thc reaction was carried out according to the gcneral procedure. 
Reagents: ethyl-5-acetoxy-2-0x0-cyclohexanecarboxyatc (30) (2.12 
g, 9.3 mmol) and pyrrolidine. The reaction was complete aftcr 1.5 h 
of light reflux. Distillation: very viscous greenish liquid, 2.13 g 
(8 I%), bp 123- 130°C/5.5 x lo-' Torr; ir (film) v,,,,,: 1720, 1660, 
and 1550 cm-'; 'H nmr (90 MHz) 6: 4.96 (m, IH), 4.1 1 (q, J = 7 Hz, 
2H), 2.05 (s, 3H), and 1.25 (t, J = 7 Hz, 3H). Mass spectrum (CI, 
CH4) m/e: 282 MH+, 236 M - OEt, 221 M - CH,COOH. 

Eth~ll-5-acetosy-2-(I -piperirlinyl)-2 (and -1) -cyclol1exer1ecar0o.rylate 
(30 and 30, A = CHI, B = CHOAc, R = Et) 

The reaction was carried out according to the general procedure. 
Reagents: ethyl-5-acetoxy-2-0x0-cyclohexanecarboxylate (30) (4.0 g, 
17.6 mmol) and piperidine. The reaction was complete after about 4 
days of light reflux. Distillation: yellowish liquid, 2.6 g (50%). bp 
105- 136"C/3.2 X Torr; ir (film) v,,,.,,: 1730, 1680, 1640, and 
1550 cm-';  'H nmr (90 MHz) 6: 5.0 (m, 1.82H), 4.17 and 4.13 (2q, 
J = 7 Hz, 2H), 3.47 (t broadencd, 0.82H), 2.04 and 2.03 (2s, 3H), 
and 1.26 (t, J = 7 Hz, 3H). Mass spectrum (El, 70 eV) m/e: 295 M+', 
235 M - CH3COOH, 162 (100%) M - CH3COOH - COOEt. 

Ethyl-2-(I -pyrrolidirlyl)-1 -cyclopenteriecar0ox~~late (30, A = --, B = 
-, R = Et) 

The reaction was carried out according to the general procedure. 
Reagents: ethyl-2-0x0-cyclopentanecarboxylate (3 1,53) (2.76 g, 17.7 
mmol) and pyrrolidinc. The reaction was complete after 2 h of light 
reflux. Distillation: yellowish liquid. 2.08 g (57%); an experiment 
where the temperature of the oil bath did not cxceed 98°C gave a 72% 
yield, bp 94-98OC16.2 X lo-" Torr; ir (film) v,,,,,: 1670 and 1560 
cm-'; 'H nmr (90 MHz) 6: 4. I 1 (q, J = 7 Hz, 2H), 3.44 (t broadened, 
4H), 2.62 and 2.61 (2t, J = 7 Hz, 4H), 1.86 and 1.74 (t, J = 7 Hz 
and q, J = 7 Hz, 6H), and 1.26 (t. J = 7 Hz, 3H). Mass spectrum (EI, 
70 eV) m/e: 209 M+', 180 M - Et, 164 M - OEt, 136 M - COOEt. 
These data are in accord with those reported in the literature (54) for 
the same product. 

Ethyl-2-(I-piperidir1yl)-I-cycloper1ter1ecar0oxylate (3b, A = CH,, 
B = - , R =  Et) 

The reaction was carried out according to the general procedure. 
Reagents: ethyl-2-0x0-cyclopentanecarboxylate (53) (2.76 g, 17.7 
rnmol) and piperidine. The reaction was complete after 16 h of light 
reflux. Distillation: yellowish liquid, 2.67 g (68%), bp 55-67OC16.2 
x lo-' Torr; ir (film) v,,,,: 1670 and 1560 cm-'; 'H nmr (90 MHz) 
6: 4.12 (q, J = 7 Hz, 2H), 3.34 (s broadened, 4H), 2.63 and 2.56 (2t, 
J = 7 Hz, 4H), 1.83 (t, J = 7 Hz, 2H), 1.61 (s broadened, 6H), and 
1.26 (t, J = 7 Hz, 3H). Mass spectrum (EI, 70 eV) m/e:  223 M+', 194 
M - Et, 178 M - OEt, 150 (100%) M - COOEt. Exact Mass calcd. 
for CI,H,,NO2: 223.1572; found: 223.1525. 

237.1728; found: 237.1732. These data are in good accord with those 
reported (29, 54) for the same product. Ethyl-2-(I -pyrrolidlnyl)-1 -cyclohepter~ecarboxylate (30, A = -, B = 

(CH,)?. R = Et) 
Ethyl-2-(I -pyrrolidinyl)-2 (and -I) -cyclohexenecarboxylate (30 and 

3b, A = -, B = CH2, R = Et) 
The reaction was carried out according to the general procedure. 

Reagents: ethyl-2-0x0-cyclohexanecarboxylate (31, 53) (3.0 g, 17.7 
mmol) and pyrrolidine. The reaction was complete after 4.5 h of light 
reflux. Distillation (Vigreux column): yellowish liquid, 2.04 g (52%). 
When the reaction was performed on a 6.0-g scale and omitting the 
Vigreux column for the distillation, the yield was raised to 85%, bp 
84-90"C/3.4 x lo-" Torr; ir (film) v,,,,,: 1730, 1670, and 1550cm-'; 
'H nmr (90 MHz) 6: 4.49 (t broadened, 0.12H), 4.12 (q, J = 7 Hz, 
2H), 3.25 (t broadened, -4H), 2.96 (t broadened, 0.12H). 4.12 (q, 

, 

The reaction was carried out according to the gencral procedure. 
Reagents: ethyl-2-0x0-cycloheptanecarboxylate (31, 53) (3.0 g, 16.3 
mmol) and pyrrolidine. The reaction was complete aftcr 27 h of light 
reflux. Distillation: yellowish liquid, 3.14 g (8 1 %), bp 88-98OC15.5 
x lo-" Torr. At - 15OC, this liquid solidifies to a white product which 
melts at 57-63°C; ir (film) v,,,:,,: 1650 and 1530 cm-I; 'H nrnr (90 
MHz) 6: 4.1 1 (q, J = 7 Hz, 2H), 3.30 (t broadened, 4H), 2.6 (m, 4H), 
1.85 (t broadened, 4H), 1.62 (m, 6H), and 1.25 (t, J = 7 Hz, 3H). 
Mass spectrum (CI, CH4) m/e: 238 MH+, 237 (100%) M+, 222 M - 
CH,, 208 M - Et, 192 M - OEt, 164 M - COOEt. Exact Mass 
calcd. for CI4HZ3NO2: 237.1728; found: 237.1700. 
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Ethyl-3-(1 -pyrrolidinyl)-2-b~~tat~oate (19) 
The reaction was carried out according to the general procedure. 

Reagents: ethyl-3-0x0-butanoate (6.5 g, 50 mmol) and pyrrolidine. 
The reaction was complete after 8 h of light reflux. Distillation: 
yellowish liquid, 6.83 g (7570), bp 105- l 10°C/l X lo-? Torr; ir 
(film) v,,,,,: 1670 and 1570 cm-I; 'H nmr (90 MHz) 8: 4.44 (s, IH), 
4.08 (q, J = 7 Hz, 2H), 3.29 (s broadened, 4H), 2.45 (s, 3H), 1.93 
(m, 4H), and 1.24 (t, J = 7 Hz, 3H). Exact Mass calcd. for 
CloHI,NO2: 183.1259; found: 183.1239. These data are identical to 
those reported in the literature (33). 

Methyl-2-hydroxy-3-methyl-bicyclo[3.3 l]nonan-9-one-1- 
carboxylate (4) 

Under dry and inert atmosphere, a solution of enamino derivative 
3, A = CHI, B = CH2, R = Me (6.1 g, 27.3 mmol) in dioxane (B) 
(100 mL) was heated with an oil bath at 70°C and treated with freshly 
distilled methacrolein (E) (8.5 g, 121 mmol). After 9 days of heatlng, 
the solvent was evaporated under vacuum at 50°C and the residue 
stirred wlth 10% HCI (50 mL) during 90 min. Extraction wlth ether 
and treatment under the usual conditions gave a semi-solid which was 
distilled at 125"C/4 X lo-? Torr In a Kugelrohr apparatus to yield a 
ycllowlsh solid (2.94 g, 48%), mp 88- 120°C. Recrystallization from 
CCI, gave a white solid, mp 122- 123°C; 'H nrnr (90 MHz) 6: 3.98 
(d, J = 10 Hz, IH), 3.79 (s, 3H), and 1.09 (d, J = 6 Hz, 3H). Exact 
M a ~ s  calcd. for CI2HIXO4: 226.1205; found: 226.1212. 

Ethyl-3-bromo-2-0x0-cyclohexanecarboxylte (5) 
Under dry and inert atmosphere, a solution (prepared at -20°C) of 

enamino derivative 3, A = CHZ, B = CHI, R = Et (500 mg, 2.1 1 
mmol) in CHZC12 (A) (20 mL) was treated at -20°C with tri- 
ethylamine (1.16 mL, 8.44 mmol) and the temperature lowered to 
-95°C. There was then added, over a 5-min period. a solution of 
bromine (338 mg, 2. l l mmol) in CHICI2 (10 mL). The yellow solu- 
tion was maintained at -95°C for 2 h after which the reaction was 
quenched with 5% HCI (6 mL). The mixture was left overnight under 
strong stirring and the organic phase decanted, dried, and evaporated 
under vacuum (40°C) to give an oil (656 mg) which distilled at 95"C/6 
X Torr in a Kugelrohr apparatus to yield a colorless liquid (338 
mg, 64%); ir (CDCI,) v,,.,: 1730, 1710, 1650, and 1610 cm-'; 'H nrnr 
(90 MHz) 6: 12.10 (s, 0.6H), 4.69 (t, broadened, 0.6H), 4.55 (t, 
broadened, 0.4H), 4.24 (q, J = 7 Hz, 2H), 3.4 (m, 0.4H), and 1.3 1 
and 1.29 (2t, J = 7 Hz, 3H). Exact Mass calcd. for C,H,,BrO,: 
250.0028; found: 250.0039. 

E t h y l - 3 - p h e n y l s e l e n e n y l - 2 - 0 x 0 - c y c l o h e x b l a t e  (6) 
Under dry and inert atmosphere a solution of enamino derivative 3, 

A = CHI, B = CHZ, R = Et (430 mg, 1.81 mmol) in THF (B) (10 
mL) was cooled to about - 1 10°C and treated, under stirring and over 
a 5-mln period, with a solution of phenylselencnyl chloride (356 mg, 
1.86 mmol) in THF (5 mL). The temperature was allowed to rise to 
-80°C (20 min) and the mlxture quenched with water (8 mL) and 
ether (10 mL). Gradual warming of the mixture to room temperature 
(3 h) was then followed by the addition of 5% HCI (1 mL) to complete 
the hydrolysis during 12 h. The aqueous phase was decanted and 
extracted with ether (10 mL). Treatment of the organic phases in the 
usual manner gave a yellow 011 (640 mg) whlch contained some 
diphenyldiselenide. Flash chromatography (ether-hexane, 3:97) pu- 
rification of a small portion gave a colorless liquid, relatively unstable 
in air; ir (film) v,,,,: 3025, 1730, 1700, 1640, and 1600 c m ' ;  'H nrnr 
(90MHz) 6: 12.32 (s, -1H), 7.65 and 7.29 (2m, 5H), 4.21 (q, J = 
7 Hz, 2H), 4.10 (t, broadened, lH), and 1.29 (t, J = 7 Hz, 3H). This 
spectrum corresponds very well with that of the methyl ester reported 
in the literature (20). Mass spectrum (El, 70 eV) m/e: 226, 224, 222 
and 220 M - CHICHI - COOEt, 168 M - PhSeH, 159, 157, 155 
and 153 PhSe+', 123 (100%) M - PhSeH - OEt. 

Ethyl-2-hydroxy-bicyclo[3.3.l]nonan-9-01 -carboxylate (7) and 
ethyl-3-(3-oxo-propyl)-2-oxo-cyclohexanecarboxylate (8)  

Under dry and inert atmosphere, a solution of the enamino deriva- 
tive 3, A = CH2, B = CHZ, R = Et (2.29 g, 9.6 mmol) and hydro- 
quinone (I00 mg) in dioxane (B) (50 mL) was heated to reflux (bath 

temp. 115°C) and treated with freshly distilled acrolein (E) (1.77 g, 
28.8 mmol). The reaction was monitored by vpc and, after 3.5 h, an 
additional amount of acrolein (E) (0.88 g, 14.4 mmol) was added and 
the reflux prolonged for an additional 5 .5  h. At the end of the reaction 
period, the excess acrolein was drawn away by a stream of argon 
during reflux. The dioxane was evaporated under vacuum (40°C) and 
the residue taken up in ether (50 mL). The organic phase was washed 
with 5% Na2CO3 (20 mL) and stirred vigorously with 5% HCI (I0  mL) 
during 8.5 h at room temperature. The organic phase was decanted and 
the aqueous phase diluted with brine ( I0  mL) and extracted twice with 
ether (2 x 25 mL). The organic phases were treated in the usual way 
to yield an oil (1.58 g) which was distilled: bp 97-98"C/6 X lo-' 
Torr to give a yellowish liquid (1.12 g, 51%) composed of a mixture 
of tautomers and isomers of the expected product; ir (film) v,,,,: 3400, 
2830, 1730, 1720, 1710, 1670, and 1630 cm-I; 'H nrnr (90 MHz) 6: 
12.44 (s, O.17H), 9.77 (m, 0.5H), 4.5 (m, 0.5H), 4.25 and 4.21 (q, 
J = 7 Hz, 2H), 3.4 (m, 0.33H), 3.05 (s, broad, 0.5H) shifts with 
change in concentration, and 1.32, 1.30, 1.28 and 1.26 (4t, J = 7 Hz, 
3H). Mass spectrum (EI, 70 eV) m/e: 208 M - HZO, 180 M - HZ0 
- EtOH, 170 M - CH2=CHCH0. 

Ethyl-2-oxo-3-(3-oxo-bu~l)-cyclohexatzecarboxylate (9) 
Under dry and inert atmosphere, a solution of the enamino deriva- 

tive 3, A = CH2, B = CHZ, R = Et (320 mg, 1.36 mmol) in dioxane 
(B) (3 mL) was treated with freshly distilled methylvinylketone (E) 
(1 14 mg, 1.63 mmol) and the mixture heated to reflux on a.n oil bath 
at 120°C. The reaction was monitored by vpc and in the present case 
required the addition of further methylvinyl ketone (E) (20 mg, 0.33 
mmol per addition) after 19,43, and 54 h in order to bring the reaction 
to completion after 66 h. Evaporation of the solvent and unreacted 
methylvinylketone under vacuum at 45°C gave a residue which was 
taken up in CHCI, (10 mL) and the resulting solution stirred 
vigorously for 90 min with 10% HCI (4 mL). After separation, the 
aqueous phase was reextracted with CHCI, (15 mL) and the organic 
phases treated in the usual manner to yield a residue (320 mg) which 
was distilled in a Kugelrohr apparatus at 85'C under 3.3 X lo-' Torr 
to give a slightly yellowish liquid (230 mg, 72%); ir (film) v,,,,: 1730, 
1710, 1630, and 1600 cm-I; 'H nrnr (90 MHz) 6: 12.43 (s, 0.33H), 
exchangeable with DZO, 4.21 (q, J = 7 Hz, 2H), 3.38 (m, 0.67 H), 
2.16 and 2.13 (2s, 3H), and 1.30, 1.28, and 1.27 (3t, J = 7 Hz, 3H). 
Mass spectrum (El, 70 eV) m/e: 222 M - HzO, 195 M - OEt, 
182 M - CH,COCH,, 168 M - CH3CHZCOCH3, 137 M - OEt - 
CH,COCH,. 

E t h y l - 3 - ( 2 - p r o p e n y l ) - 2 - o x o - c y c l o h e x ~ l a t e  (10) 
Under dry and inert atmosphere, a solution of the enamino deriva- 

tive 3, A = -, B = CH2, R = Et (850 mg, 3.81 mmol) in dioxane 
(B) (10 mL) was heated to reflux in an oil bath at 12YC and treated 
with 3-bromopropene (1.40 g, 11.4 mmol). Monitoring by vpc 
showed that the reaction was complete after I I h of reflux. The 
mixture was evaporated under vacuum (45"C), diluted with CHCI, (10 
mL), and stirred vigorously with 5% HC1 (5 mL) at 60°C; vpc mon- 
itoring showed the hydrolysis to be complete after 5 h.  he-organic 
phase was decanted and treated in the usual way to give a yellow oil 
(600 mg, 75%) of approximately 90% purity (vpc). A pure sample was 
prepared by flash chromatography (hexane-CHCI,, 6:4); ir (film) 
v,,,,: 3040, 1735, 1710, 1640, and 1600 cm-'; 'H nrnr (90 MHz) 6: 
12.44 (s, 0.55H), exchangeable with DZO, 5.8 (m, broad, IH), 5.10 
and 4.97 (2m, 2H), 4.21 (q, J = 7 Hz, 2H), 3.6 (m, 0.45H), ex- 
changeable with DzO, K2C03, 63"C, 15 min, and 1.30, 1.28, and 1.27 
(3t, J = 7 Hz, 3H). Mass spectrum (El, 70 eV) m/e: 210 M+', 181 
M - Et, 168 M - CHI=CHCH3, 164 M - CH3CHlOH, 137 M - 
COOEt. These data are in accord with those reported in the literature 
(2) for the corresponding methyl ester. 

Ethyl-3-benzyl-2-0x0-cyclohe.ranecarboxy1ate (11) 
Under dry and inert atmosphere, a solution of the enamino deriva- 

tive 3, A = -, B = CH2, R = Et (530 mg, 2.37 mmol) in dioxane 
(B) (10 mL) was treated with benzyl bromide (721 mg, 4.22 mmol) 
and then heated to 95'C. Monitoring by vpc showed the disappearance 
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of the enamino derivative after 97 h. The violet mixture was evapo- 
rated under vacuum (40°C) and the residue diluted with CHCI, (15 
mL) and stirred under reflux with 10% HCI (5 mL). Hydrolysis was 
complete (vpc) after 2.25 h. The aqueous phase was decanted, ex- 
tracted with CHCI, (15 mL), and the organic phases treated in the 
usual way to give a red oil. Distillation in a Kugelrohr apparatus at 
1 10°C/5.8 X 10-'Tom gave a colorless oil (385 mg, 64%); ir (film) 
v,,,,,: 3040, 1740, 17 10, 1640, and 1610 cm-';  'H nmr (90 MHz) 6: 
12.54 (s, 0.4H), 7.22 and 7.18 (2s, 5H), 4.22 (q, J = 7 Hz, 2H), 3.30 
(m, 1.6H), and 1.29 ( t ,  J = 7 Hz, 3H). Mass spectrum (El, 70 eV) 
mle: 260 M+', 242 M - HZO, 214 M - CHxCHrOH, 187 M - 
COOEt, 169 M - CH2Ph. 

. . . . : E t h y l - S - a c e t o x y - 3 - ( 2 - p r o p e n y l ) - 2 - o x o - c y ~ l a t e  (12) 
Under dry and inert atmosphere, a solution of enamino derivative 

3, A = -, B = CHOAc, R = Et (420 mg, 1.5 mmol) and p- 
toluenesulfonic acid monohydrate (6 mg, 0.03 mmol) in dioxane (B) 
(10 mL) was heated to reflux on an oil bath at I15OC and treated with 
allyl bromide (C) (I .09 g, 90 mmol). Monitoring (vpc) showed the 
reaction to be complete after 48 h of reflux. The mixture was evapo- 
rated under vacuum (4j°C), and the residue dissolved in CHCI, (10 
mL). The resulting solution was stirred vigorously at 63OC with 5% 
HCI (7 mL). After 2 h, the aqueous layer was decanted and extracted 
with CHCI,; the organic phases were treated in the usual manner to 
give an oil (301 mg) which was shown by nrnr to contain 81% of 
alkylated product, giving thus a yield of 67% for the reaction. Due to 
the similar chromatographic properties of the alkylated and non- 
alkylated products, purification was done by medium pressure liquid 
chromatography (I  m X I cm column, ether-hexane 2:8) and, de- 
spite those efforts, yielded only 49 mg (16%) of the pure product; ir 
(film) v,,,: 3050, 1730, 1640, and 1600 cm-'; 'H nmr (90 MHz) 6: 
12.53 and 12.49 (2s, IH), 6.0-4.7 (m, 4H), 4.21 (q, J = 7 Hz, 2H), 
2.06 and 2.05 (2s, 3H), and 1.30 (t, J = 7 Hz, 3H). Mass spectrum 
(CI, CH,) mle:  269 MH', 223 M - OEt, 209 (100%) M - OCOCH,. 

Ethyl-5-acetoxy-2-o.~o-3-(3-o.~o-bu~l)-cycloheanecarboxylate (13) 
Under dry and inert atmosphere, a solution of enamino derivative 

3, A = CH2, B = CHOAc, R = Et ( I  .O g, 3.05 mmol) in dioxane (B) 
(10 mL) was heated to reflux on an oil bath at 115OC and then treated 
with methylvinylketone (E) (425 mg, 6.1 mmol). Monitoring by vpc 
showed that after 36 h of reflux the reaction appeared about complete. 
The solvent was evaporated under vacuum (45°C) and the residue 
taken up in CHCIT (15 mL); hydrolysis took place by stlming vlgoro- 
usly with 5% HC1 (10 mL) for 10 h. The organlc phase was decanted 
and treated in the usual manner to give a yellow oil (900 mg). Flash 
chromatography (ether-hexane, I : I) gave a colorless oil (65 1 mg, 
77%); ir (film) v,,,: 1735, 1710, 1650, and 1610 cm-I; ' H  nmr (90 
MHz) 6: 12.52 and 12.47 (2s. IH), exchangeable with DzO, 5.07 (m, 
broad, IH), 4.21 (q, J = 7 Hz, 2H), 2.16 (s, 3H), 2.05 (s, 3H), and 
1.30 (t, J = 7 Hz, 3H). Mass spectrum (EI, 70 eV) m/e: 280 M - 
HzO, 238 M - CH7COOH, 220 M - CHTCOOH - H20. 

E t h y l - 3 - ( 2 - p r o p e t ~ y l ) - 2 - o x o - c y c l o p e n ~ t e  (14) and ethyl- 
bis-l,3-(2propet~yl)-2-oxo-~yclopentanecnrbo.ylare (15) 

Under dry and inert atmosphere, a solution of enamino derivative 
3, A = -, B = -, R = Et (560 mg, 2.68 mrnol) and p- 
toluenesulfonic acid monohydrate (25 mg, 0.13 mmol) in dioxane (B) 
(10 mL) was heated to reflux using an oil bath at 105°C and treated 
with allyl brom~de (C) (3.24 g, 26.8 mmol). Monitoring (vpc) showed 
that the reaction ceased progressing after 5 days. The reaction mixture, 
evaporated under vacuum (45°C) and co-evaporated with toluene un- 
der the same conditions, was taken up in CHCIT (12 mL) and hydro- 
l y ~ e d  by vigorous stlming with 10% HCI (3 mL) during 16 h. The 
aqueous phase was decanted and extracted twice with CHC17 (3 mL); 
the organic phases were treated in the usual manner to yield an oily 
residue (450 mg). Flash chromatography (ether-hexane, 1 : 9) gave 
the dialkylated product 15 as a yellowish oil (88 mg, 14%), the 
monoalkylated product 14 (70 mg, 13%), and some 2-carbethoxy- 
cyclopentanone (29 rng, 5%). 

Cornpound 14: ir (film) v,,,: 3060, 1745, 1720, and 1630 cm-I; 'H 

nrnr (90 MHz) 6: 5.7 (m, IH), 5.1 (m, 2H), 4.70 and 4.16 (2 q ,  J = 
7 Hz, 2H), and 1.28 and 1.25 (2t, J = 7 Hz, 3H). Mass spectrum (CI, 
CH,) m/e: 197 MH', 168 M - CH2=CH2, 15 1 M - OEt, 150 M 
- CH,CH20H. 

Compourld 15: ir (film) v,,,,,: 3060, 1745, 17 15, and 1630 cm-';  'H 
nrnr (90 MHz) 6: 5.7 (m, 2H), 5.1 (m, 4H), 4.15 (q, J = 7 Hz, 2H), 
and 1.25 (t, J = 7 Hz, 3H). Mass spectrum (C1, CH,) tn/e: 237 
(100%) MH', 208 M - CHz=CH2, 195 M - CHFH=CH2, 191 
M - OEt, 163 M - COOEt. 

Ethyl-2-oxo-3-(3-oxo-buyl)cy~.lopentat~ecarboxylate (16) 
Under dry and inert atmosphere, a solution of enamino derivative 

3, A = CH2, B = -, R = Et (520 mg, 2.33 mmol) and p- 
toluenesulfonic acid monohydrate (4 mg, 0.02 mrnol) in dioxane (B) 
(5 mL) was treated with methylvinylketone (E) (326 mg, 4.66 mmol) 
at room temperature. Monitoring by vpc showed the reaction to be 
complete after 30 h. Evaporation of the mixture under vacuum (40°C) 
and co-evaporation with toluene under the same conditions gave a 
residue which was taken up with CHCI, (10 mL) and stirred vigoro- 
usly with 5% HCI (2 mL) for 18 h (vpc monitoring). The aqueous 
phase was decanted, extracted twice with CHCI, (4 rnL), and the 
organic phases treated in the usual manner to give a residue which was 
separated by flash chromatography; elution with ether-hexane 
(20: 80) gave in the first fractions 2-carbethoxycyclopentanone (72 
mg); elution with ether-hexane (40:60) gave a yellowish liquid (300 
mg, 60%) which is the monoalkylated product; ir (film) v,,,: 1740 and 
1710 cm- ' ;  'H nrnr (90 MHz) 6: 4.19 and 4.18 (2q, J = 7 Hz, 2H), 
3.14 (m, IH), 2.60 and 2.57 (2t, J = 7 Hz, 2H), 2.15 (s, 3H), and 
1.28 (t, J = 7 Hz, 3H). Mass spectrum (El, 70 eV) m/e: 208 M - 
HZO, 181 M - OEt, 180 M - CH,CH20H, 169 M - CH,COCH,, 
156 M - CH2=CHCOCH3. 

Ethyl-3-(2-propenyl)-2-mo-cycloheptat~ecarboxylate (17) and ethyl- 
bis-1,3-(2-propenyl)-2-oxo-cycloheptmecarboxylate (18) 

Under dry and inert atmosphere, a solution of enamino derivative 
3, A = -, B = (CHZ)2, R = Et (480 mg, 2.02 mmol) and p- 
toluenesulfonic acid monohydrate (22 mg, 0 .  I mmol) in dioxane (B) 
(1 0 mL) was heated to 1 OO°C and treated with allyl bromide (C) (2.78 
g ,  20.2 mmol). Monitoring by vpc showed that the reaction ceased 
progressing after 19 h.  Evaporation of the solvent under vacuum 
(40°C) led to a residue which was taken up in CHCI, (10 mL) and 
hydrolyzed by vigorously stirring at 63°C for 3 h with 10% HC1 (3 
mL). The aqueous phase was then decanted and reextracted with 
CHCI, (4 mL). The organic phases were treated in the usual manner 
to yield a brown liquid (246 mg). Flash chromatography 
(ether-hexane, 5 :  95) gave in the first fractions the dialkylated prod- 
uct 18 (9 mg, 2%) and in later fractions the monoalkylated product 
(17) (100 mg, 27%) as a mixture of 2 stereoisomers. 

Cornpaund17: ir (film) v,,,: 3050, 1730, 1700, and 1630 cm-';  'H 
nmr(90 MHz) 6: 5.7 (m, IH), 5.0 (m, 2H), 4 .19and 4.15 (2q, J = 
7 Hz, 2H), 3.52 (m, I H), and 1.27 and 1.25 (2t, J = 7 Hz, 3H). Mass 
spectrum (CI, CH4) m/e: 225 (100%) MH+, 185 M - CH2CH=CHZ, 
179 M - OEt, 178 M - CH,CHzOH, 151 M - COOEt. 

Compoutld 18: ir (film) v,,,: 3050, 1725, 1700, and 1630 cm- ' ;  'H 
nrnr (90 MHz) 6: 5 .7  (m, 2H), 5.1 (m, 4H), 4.21 (q, J = 7 Hz, 2H), 
and 1.28 (t, J = 7 Hz, 3H). Mass spectrum (CI, CHj) m/e: 265 
(100%) MH', 219 M - OEt. 

Ethyl-2-aceyl-4-pentenoate (20) 
Under dry and inert atmosphere, a solution of enamino derivative 

19  (670 mg, 3.66 mmol) and p-toluenesulfonic acid monohydrate (26 
mg, 0.18 mmol) in dioxane (B) (10 IIIL) was heated to 100°C and 
treated with ally1 bromide (C) (3.3 g, 36.6 mmol). Monitoring by vpc 
showed the reaction to be complete after 17 h. The reaction mixture 
was evaporated under vacuum (40°C), the residue taken up in CHCI, 
(10 mL), and the solution stirred for I I h with 5% HC1 (vpc mon- 
itoring). The aqueous phase was decanted and extracted twice with 
CHCI, (4 mL); the organic phases were treated in the usual manner to 
yield a pale yellow liquid (560 mg, 90%) which showed only one peak 
by vpc; ir (film) v,,.,: 3050, 1730, 1710, and 1630 cm- ' ;  'H nrnr (90 
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MHz) 6: 5.7 (rn, lH), 5.1 1 (rn, 2H), 4.20 (q, J = 7 Hz, 2H), 3.53 15. T. H. CHAN and G. J. KANG. Tetrahedron Lett. 23, 3011 (1982). 
(t, J = 7 Hz, IH), 2.60 (t, broadened, 2H). 2.24 (s, 3H), and 1.27 16. M. YOSHIMOTO, N. ISHIDA, and T. HIRAOKA. Tetrahedron Lett. 
(t, J = 7 Hz, 3H). These data are in accord with those reported in the 39 (1973). 
literature (56). 17. (a)  R. B. GAMMILL and T. A. BRYSON. Synthesis, 401 (1976); 

Met/zyl-2-tr1ethatzes~r~or1ylo.~-3-methyl-9-o,ro-biqclo[3.3. I]tzonat~e- 
c,nrbo.yvlate (21) 

Under dry and inert atmosphere, a solution of ketol ester 4 (20 rng, 
88 pmol) in 400 pL of CDCI, (Merck) was treated with rneth- 
anesulfonyl chloride (A) (41 rng, 350 prnol) and pyridine (C) (16 rng, 
200 prnol) and progress of the reaction was monitored by nrnr. After 
5 days at room temperature, the reaction mixture was extracted with 
water (0. I rnL) and the aqueous phase reextracted with CHCI, (0.5 
rnL). The organic phases were combined and treated in the usual 
manner. The residue obtained was distilled in a Kugelrohr apparatus 
at 120°C/3.7 X lo-'' Torr to give a yellowish liquid (19 rng, 70%). 
In an alternate experiment, a crystalline product was obtained (rnp 
127- 128°C (CHCl,)) in a lower yield but showing the same spec- 
troscopic characteristics as the former; ir (CDCI,) v,,,,,: 1740, 1720, 
1340, and 1 170 crn I; 'H nrnr (90 MHz) 6: 5.25 (d, J = 10 Hz, IH), 
3.80 (s, 3H), 2.99 (s, 3H), and 1.19 (d, J = 6 Hz, 3H). Mass spectrum 
(CI, CH,) tn/e: 209 M - 0S02CH,, 208 M - CH3S0,H, 177 M - 
CHjSOlH - OCH,, 149 M - CHjS0,H - COOCH3. 

Metl~~~l-3-tnethyl-9-oxobicyclo[3.3. I]tzon-2-etzecarboxylate (2 )  
Under inert atmosphere, a solution of ketornesylate 21 (266 rng, 

0.87 rnrnol) in collidine (2 rnL) was heated to 160°C for 29 h. The 
solution was cooled and the solvent evaporated at room temperature 
(0.5 Torr) to give a black residue. The latter was taken up in ether (3 
rnL) and 10% HCI (I rnL). The aqueous phase was decanted and 
extracted 3 times with ether (3 rnL). The organic phases were treated 
in the usual manner to give a yellow oil (153 rng). Distillation in a 
Kugelrohr apparatus (75"C/4 x 10.' Torr) gave a colorless liquid 
(129 rng, 71%); ir (film) v,,;,,: 1735 and 1710 crn-'; 'H nrnr (400 
MHz) 6: 5.38 (s, broadened, IH), 3.78 (s. 3H), and 1.82 (s, 3H). 
Mass spectrum (CI, CH4) m/e: 209 MH'. E.ract Mass calcd. for 
CI2Hl6O3: 208.1 100; found: 208.1 101. These data correspond to those 
reported in the literature (10. 12) for the same compound. 
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Tautomeric equilibrium of cyclic P-ketoester enamines 
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MARC LABELLE and DENIS GRAVEL. Can. J .  Chem. 63, 1884 (1985). 
The conjugated-unconjugated tautomerism of P-ketoester enamines has been investigated. Enamines with different amine 

ring size, ketone ring size, and ester alkyl group have been prepared. Equilibrium ratios of the conjugated and unconjugated 
forms have been determined. A three-point rationalization is presented: (1) the relative instability of the conjugated form is 
due to a large steric interaction; (2) the ring size combination largely determines the equilibrium ratio because of energy 
differences between the resonance hybrid structures of the conjugated forms; (3) the ester alkyl group slightly affects the 
equilibrium ratio, through a difference in rotational freedom in the conjugated form. The degree of instability of double bonds 
exocyclic to 5-, and 6-, and 7-membered rings is discussed. 

MARC LABELLE et DENIS GRAVEL. Can. J .  Chem. 63, 1884 (1985). 
L'equilibre tautomkrique des formes conjuguCes et dCconjuguees des Cnamines de p-cCtoesters a CtC Ctudite. Plusieurs 

Cnamines de diverses grandeurs de cycle a I'amine et au cttoester et divers groupes alkyles I'ester ont CtC prCparCes. Les 
proportions de formes conjuguCes et dCconjuguCes a l'equilibre sont rapportCes. Les rksultats sont expliquCs 21 partir de trois 
effets: (I) llinstabilitC relative des formes conjuguCes est due a une importante interaction stkrique; (2) les proportions des deux 
formes sont surtout controlCes par la grandeur des cycles impliquCs, en raison de differences d'Cnergie entre les structures 
hybrides de rksonance; (3) la nature du groupe alkyle de I'ester influence le rapport des deux formes a cause d'une diffCrence 
de IibertC de rotation dans la forme conjuguCe. Le degre d'instabilitt des doubles liens exocycliques a des cycles a 5, 6 et 7 
chainons est discutC. 

In the course of our study on the scope and limitations of 
P-ketoester enamines in organic synthesis ( I ) ,  we became in- 
terested in investigating the factors which control the equi- 
librium between the conjugated and unconjugated forms in 
P-ketoester enamines (Scheme 1). An examination of the liter- 
ature revealed that the presence, at equilibrium, of significant 
amounts of the unconjugated form is not a phenomenon limited 
to P-ketoester enamines (2-4) but has also been observed with 
P-ketoamide enamines (5-7), P-diketone enamines (4, 8,  9), 
P-ketosulfone enamines (lo), and P-ketothioamide enamines 
(7). The presence of this equilibrium has also been frequently 
noted in the results of enamine acylations (3, 5, 8,  10, 1 1) 
which often give some 1,3-diacylated product, resulting from 
acylation of the unconjugated form of the monoacylated prod- 
uct. 

The only systematic study dealing with the equilibrium be- 
tween the conjugated and unconjugated forms in P-dicarbonyl 
enamines has been published by Colonna et al. (3). In this 
paper, the authors report the observed equilibrium proportions 
of conjugated and unconjugated forms for a number of 
P-dicarbonyl enamines, as well as the results of the reaction of 
these compounds with two electrophiles, namely phenyl- 
isocyanate and diethyl azodicarboxylate. A rationale for the 
equilibrium ratios, based on steric arguments (as in the case of 
2-methylcyclohexanone enamines (12)), inductive and reso- 
nance effects, and differences in the conjugating ability of the 
amine moiety, is proposed by the authors (3). 

In the present paper, we wish to report the results of a study 
focused on the case of P-ketoester enamines. The effect of both 
the ketone and the amine ring size, as well as that of the ester 
alkyl group have been examined. These new parameters should 
give a better characterization of the phenomenon and should 
allow a more accurate formulation of the factors responsible for 

' Holder of Natural Sciences and Engineering Research Council of 
Canada and FCAC (Quebec) fellowships, 1978- 1982. 

'Author to whom correspondence should be addressed. 

the proportions of conjugated and unconjugated forms in 
P-ketoester enamines. 

Synthesis of the enamine derivatives 
The enamines were synthesized as previously described ( I ) ,  

using a P-ketoester,' 5 equivalents of the amine, and 0.05 
equivalent of p-toluenesulfonic acid in gently refluxing ben- 
zene. The reactions are monitored by vpc, where disappearance 
of the P-ketoester and P-ketoamideQeaks, and appearance of 
the enamine peak could be observed. Interestingly, both the 
conjugated and unconjugated forms elute together in all the 
enamines studied, which indicates a rapid rate of equilibration 
between the two forms under the vpc conditions. 

The enamine purification involves a distillation under high 
vacuum. In a few cases, the distillate solidified to a waxy solid 
on standing. This phenomenon was observed only with 
enamines where the conjugated form largely dominates the 
equilibrium. In order to confirm that the solid product is the 
conjugated form alone, the oily solid ethyl 2-(I-pyrrolidinyl) 1- 
(and 2-)cyclohexenecarboxylate (I) ,  which is an 88 : 12 mixture 
of the conjugated and unconjugated forms at the equilibrium 
(CDCl,, 23"C), was dissolved in hexane and cooled to -78°C 
to precipitate a white powder. This treatment, repeated once 

'This approach to P-ketoester enamines required the preparation 
of several P-ketoesters as starting materials. For this purpose, a 
published preparation of methyl 2-oxocyclohexenecarboxylate (13) 
was used, which, with slight modifications, was extended into a fairly 
general method for generating P-ketoesters from cyclic ketones (see 
Experimental). 

4'The p-ketoamide is formed on the vpc column from the 
P-ketoester and the amine (see ref. 27). 
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FIG. 1.  'H nuclear magnetic resonance spectrum of compound 9. 

more, yielded a dry powder which, in a KBr emulsion at room 
temperature, showed only one set of ir bands, at 1670 and 1550 
cm-I, corresponding to vinylogous carbamate absorptions 
(14). 'This demonstrates that the solid form of the compound is 
indeed the vinylogous carbamate. 

Interestingly, when this same powder was melted (40°C) 
between NaCl plates, the 1730 cm-' enamine ir band appeared 
immediately, indicating that the compound had returned to the 
equilibrium mixture containing some unconjugated form. On 
cooling to room temperature, the compound did not solidify, 
and the ir spectrum was unchanged. This experiment shows 
that a rapid equilibration in the neat liquid phase is occurring 
for this particular enamine. As we shall see below, however, 
not all enamines equilibrate so rapidly at or around room tem- 
perature. 

Results 
The ratios of unconjugated to conjugated forms for the vari- 

ous enamines were determined by nmr. Typical spectra are 
shown in Figs. 1 and 2. The unconjugated form olefinic proton, 
when well separated (see Fig. 2), is a reliable source of quan- 
titative information. However, in the case of the pyrrolidino- 
enamines ethyl and isopropyl 2-(1-pyrrolidinyl) 2- (and 
I-)cyclohexenecarboxylate, 1 and 2, this olefinic proton signal 
was masked by another band, and the desired unconjugated- 
conjugated ratio was obtained through the relative integration 
of the protons on the carbon attached to the nitrogen in the 
amine ring. This signal displays a considerable difference in 
chemical shift depending on whether the enamine double bond 

is conjugated to the ester or not. 
Semi-quantitative support for the proton nmr derived ratios 

is obtained from the I3C nmr and ir spectra. The carbon nmr 
shows several signals attributable to either the unconjugated or 
conjugated form. Their relative intensity, or the absence of one 
of the sets of signals, is an indication of the equilibrium ratio. 
The ir spectra provide the same kind of support to the proton 
nmr integration, especially through the relative intensity of the 
carbonyl band (unconjugated around 1730 cm-', conjugated 
around 1680 cm-') and the olefin band (unconjugated around 
1640 cm-', conjugated around 1550 cm-I). 

A crucial aspect of these measurements is to make sure that 
the state of equilibrium has been reached when the ratio is 
measured. In some instances, especially for piperidino- 
enamines, the complete equilibration was rather slow. This was 
noticed when a careful fractional distillation of the enamine 3 
was done, leading to a significant enrichment in the more 
volatile unconjugated form. In such cases, an nmr spectrum 
recorded 10 min after distillation has given ratios up to 92: 8 in 
favor of the unconjugated form. The ratio of this solution, 
however, reached the equilibrium value of 75:25 within 3 
days. This control of the equilibration has been performed on 
several other enamines but the equilibration of enamines with 
ring size combinations other than 6,6 appears to be much 
faster. 

Table 1 represents the proportion of unconjugated form ob- 
tained for various enamines. Some of these compounds were 
already reported in the literature, as shown in Table 2.  Part of 
the discrepancies observed may be due to different equi- 
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I I 

FIG. 2. ' H  nuclear magnetic resonance spectrum of compound 3. 

TABLE I .  Percentage of unconjugated form in P-ketoester enarnines 

Amine 

4 R  = Me: <1% (5) R = Me: <5% 

9 R = Et: <1% (6) R = Et: <5% (7) R = Et: <5% 

8 R = Me: 5% (10) R = Me: 66% (12) R = Me: 25% 

1 R = Et: 12% (3) R = Et: 75% (13) R = Et: 36% 

2 R = iPr: 15% (11) R = iPr: 75% (14) R = iPr: 36% 

libration conditions, since these conditions were not always 
specified in the literature. 

In Table 1, one observes in the horizontal direction that the 
proportion of unconjugated form is smaller for a pyrrolidino- 
enamine than for a hexahydroazepino-enamine, which is smal- 
ler than that for a piperidino-enamine. The amine ring size 
therefore shows a 6 > 7 > 5 order for the tendency to uncon- 
jugation. 

In the vertical direction, the effect of the P-ketoester ring 

size on the tendency towards unconjugation seems to be the 
same as that for the amine, the cyclopentanone showing less 
unconjugated form than the cyclohexanone, and the cy- 
cloheptanone being somewhere in between (only one example, 
however). 

Within each ring size combination, the effect observed in 
varying the ester alkyl group is that a methyl ester shows less 
unconjugated form than the corresponding ethyl or isopropyl 
esters, which are about equal. 
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TABLE 2. P-Ketocster enamines reported in the literature 

% of unconjugated % of unconjugated 
Enamine form (this work) form (literature) Reference 

1 12 0 25 
15 3 
30 2 

3 75 73 3 
0 25 

8 5 10 3 
9 < 1 0 25 

10 66 5 1 3 

"The work reporting 0% of unconjugated form is based on "C nmr as only 
purity criterion, and the chemical shifts reported do not match ours. 

TABLE 3. Time required for the formation of ethyl 
P-ketoester enamines (hours) 

E = COOEt G = N-NH-COOEt ref. 3 
COOEt 

E = C N  G = CH, ref. 16 
E = CONHPh G = CH, ref. 50 

Aminc ring 
8-Ketoester SCHEME 3 

ring 5 6 7 

5 2 16 4 
6 4.5 125 47 
7 27 Very long" Very long" 

"Very slow reaction; only the competing P-ketoamide 
formation is observed. 

TABLE 4. Distance between O and H in the model and percentage of 
unconjugated form 

Amine/P-ketoester 
ring sizes 0-H distance (A) % of unconjugated form 

Discussion 
In order to carry out a more systematic study of the effect of 

both ring sizes on the conjugated-unconjugated ratios, the 
preparation of all 9 possible ring size combinations using the 
most common 5-, 6-, and 7-membered rings was attempted. 
Unfortunately, the piperidino and hexahydroazepino enamines 
of ethyl 2-0x0 cycloheptanecarboxylate (16) resisted all at- 
tempts of preparation by our method (1). Only starting material 
was recovered under normal conditions, and a higher reaction 
temperature resulted in the formation of P-ketoamide. Another 
method (l5), using TiC14 as the dehydrating agent, also failed, 
although it has been used successfully for difficult cases with 
normal ketones. These results suggest that these two enamines 
probably cannot be prepared by a simple P-ketoester and amine 
dehydrative condensation, and that some more indirect route 
will be necessary. 

This relative slowness of the 7-membered ring ketoesters to 
form the enamine is consistent with data from cycloheptanone 
enamines (16) as well as with the rest of our data. The time 
needed for the formation of the various enarnines is shown in 
Table 3. As seen from the first column, the P-ketoester ring 
size affects the rate of reaction in the order 5 faster than 6 ,  
faster than 7. On the other hand, the first two rows show that 
the 5-membered ring amine gives faster reactions than the 
7-membered ring analog, which is, this time, faster than the 

6-membered ring analog. From these trends, the two slowest 
reactions expected are precisely the two that did not work. The 
exact reason for this phenomenon is not known but one can 
safely speculate that it must be a combination of the difference 
in immonium ion energy and the rates of formation of the 
carbinolamines. Stork et 01. (17) have observed that both steps 
are important in determining the rate of formation of simple 
ketone enamines, and our results clearly cannot be rationalized 
in terms of a single common rate-limiting step. 

The equilibrium ratios of unconjugated and conjugated 
forms presented in Table 1 are rationalized by invoking three 
distinct factors. 

(1) The first factor, which explains the unexpected presence 
of the unconjugated form, is present in the conjugated form of 
all enamines. It is the high energy steric interaction (A'.3 strain) 
that would be present in the planar form required for optimal 
conjugation. The energy forcing this molecule out of the per- 
fect ~r-plane can be appreciated from Drieding models (Table 
4), which show very large van der Waals interactions between 
the carbonyl 0 and the amine H's (Scheme 2). This strain 
forces at least one of the conjugating groups out of plane, 
making the resonance stabilization of the conjugated form so 
weak that its energy is of the same order of magnitude as that 
of the unconjugated form, thus making the relative abundances 
of the two forms about equal. 

The steric, as opposed to electronic, nature of this interaction 
is supported by the very normal conjugation behavior of the 
closely related 6-alkyl systems (Scheme 3), which have a con- 
jugating and a non-conjugating substituent in both a-positions 
of the enamine. In this case, where the enamine can experience 
steric hindrance in or out of conjugation, the conjugated form 
is the only one detected. 

One could suggest that the magnitude of the steric interaction 
that would be encountered in the planar form could be related 
to the equilibrium ratio observed for the two forms. However, 
the 0-to-H distances in Drieding models (Scheme 2 ,  Table 4) 
and the unconjugated vs. conjugated form ratios do not cor- 
relate for all enarnines, even when only the stereochemically 
well-defined 5- and 6-membered rings are considered. The 
problem arises when the 615 combination, expected to show 
mostly the unconjugated form from the short 0-to-H distance 
in the model, actually exists in >95% in the conjugated form. 
The large equilibrium displacement from the expected "all 
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conjugated" situation brought about by steric interactions may 
still depend to a certain extent on the magnitude of that inter- 
action. However, the strain is certainly avoided by an out-of- 
plane rotation of the amine ring5 or of the carboxylate, and this 
type of strain relief is much less senstive to the exact size of the 
interacting groups, therefore contributing very little to the dif- 
ference in energy among the various enamines. 

(2) Since the first factor seems to affect all ring size combi- 
nations to a comparable extent, a second factor must be in- 
voked to explain the difference~ observed upon ring size vari- 
ation. It seems very plausible that the relative stability of the 
resonance hybrid (Scheme 4) is at the origin of the observed 
 trend^.^ In fact, it is known (18) that the energy difference 
between exocyclic and endocyclic double bonds varies with the 
ring size. Thus, the number of double bonds exocyclic to un- 
favorable rings (6-membered, and 7-membered to a lesser ex- 
tent) in the conjugated form (Scheme 4) could very well be 
related to the instability of that tautomer and therefore to its 
abundance at equilibrium. Table 5 illustrates this relationship. 
Assuming that an exocyclic double bond to a 7-membered ring 
is less stable than that to a 5-membered ring, but more than that 
to a 6-membered one, our results show an interesting cor- 
relation between the number of double bonds exocyclic to 
unfavorable rings and the position of the equilibrium between 
the two forms. 

This order of exocyclic double bond "instability" with the 
7-membered ring about halfway between the 5- and the 
6-membered ones is not a very well established concept, and 
will be further discussed below. 

(3) Finally, a third factor slightly alters the relative stabilities 
of the various alkyl esters. Our results indicate that the methyl 
esters have less tendency to unconjugation than the ethyl and 
isopropyl esters. The equivalence of the latter two alkyl groups 
suggests that the inductive effect of the alkyl group (3) cannot 
be the only cause of the greater instability of the ethyl and 
isopropyl conjugated forms. We therefore propose that the 
ethyl and isopropyl ester enamines, having the alkoxy chain 

-- 
'Rotation about the N-C bond of the less hindered trot~.\ aliphatic 

vinylogous carbarnates have AG' of the order of 10- 15 kcal/mol in 
refs. 14 and 26. 

"he stability of the unconjugated forms should also be considered 
in determing the expected ratio of the two forms, but since the conju- 
gation energy lnvolved in the conjugated form is much larger, the 
energy difference can be assumed to be mostly dependent on the 
energy of the conjugated forms. 

TABLE 5. Relation between the number of exocyclic double bonds 
and the percentage of unconjugated form in ethyl esters 

Number of 
exocyclic double 

bonds to various rings 
An~ine/P-ketoester % of 

ring sizes unconjugatcd form 5 7 6 

515 < 1 3 
615 < 5 2 1 
715 < 5 2 1 
517 < 5 1 2 
516 12 1 2 
716 36 I 2 
616 75 3 

one atom longer than the methyl ester, suffer a loss of rotational 
freedom (Scheme 5) in the electronically more stable cis-s- 
trans configuration (14) of the conjugated form, therefore 
slightly increasing the energy of that tautolner and thereby 
displacing the equilibrium towards the unconjugated form. 

Stability of double bonds exocyclic to 7-membered rings 
The Brown generalization (IS), despite early criticism, has 

been used successfully to explain many phenomena in organic 
chemistry. It specifies that exocycllc double bonds to 
5-membered rings (5mr) are less unstable than double bonds to 
6-membered rings (6mr). In the original paper, no mention of 
7-membered rings (7mr) was made. Shortly thereafter, Brown 
and Ichikawa (19) published kinetic data of the borohydride 
reduction of many cycloalkanones, as well as kinetics for sol- 
volysis of cycloaikyi chlorides and tosylates. The results, that 
7mr and 5mr are solvolysed more rapidly or reduced more 
slowly than 6mr, were interpreted in terms of I-strain differ- 
ences between the starting materials and the intermediates or - 
the products. These results cannot, however, be considered as 
definitive concerning the position of 7mr relative to 6mr and 
5mr in the relative exocyclic double bond instability, since 
other kinetic experiments have come to different conclusions. 
Thus, the exocyclic double bond instability order 6 >> 7 > 5 
was obtained from the solvolysis of I-alkyl cycloalkyl chlo- 
rides (20) and from the hydrolysis of lactams (21), whereas the 
oxygen exchange of cycloalkanones (22) gave an order of in- 
stability of 6 > 7 > 5 in acid and 6 > 5 = 7 in base. 

Another way of evaluating the relative instability of the 
various exocyclic double bonds is based on measurements of 
the equilibrium ratio for compounds which can exist with a 
double bond exo- or endocyclic to the ring, as a function of the 
ring size. To our knowledge, there are two such cases reported 
in the literature, where the 7 mr are described. 'They are 
presented in eqs. [ I ]  (ref. 23) and [2] (ref. 24). 

[2] VooR * 5 COOR 

In both cases, the exocyclic/endocyclic ratio follows the 
order 5 > 7 > 6. This order of ratio is also the one given by 
our data, and we believe that it represents the relative tendency 
of the various rings to bear an exocyclic double bond. Since our 
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TABLE 6. I3C nuclear magnetic resonance chemical shifts for P-ketoester enamines 

Compound 1U 1 C 3C 3U 4U 2C 5C 5 U 

"The carbon numbering system refers to Scheme 6. Chemical shifts labeled C are those attributed to the 
conjugated form, the ones labeled U belong to the unconjugated form. 

data on 7mr consist mainly of hexahydroazepine enamines, 
however, it is not absolutely certain that a cyclopentanone- 
cyclohexanone-cycloheptanone enamine series would yield 
the same result. The only case we have seems, however, to 
indicate that, at least, no major change in the expected trend 
has occurred. 

Conclusion 
This study has shed some light on the somewhat unusual 

tendency towards unconjugation observed in certain 
P-ketoester enamines. Although the rationale of the phenom- 
enon proposed by Colonna et al. (3) was basically correct, the 
present broader study has served to define more clearly the 
factors determining the proportions of the two tautomers of 
P-ketoester enamines at equilibrium. 'Three factors have been 
identified as influencing the position of this equilibrium. First- 
ly, all P-ketoester enamine conjugated forms suffer a large A'.' 
strain in their planar conformation, which reduces the conju- 
gative stabilization and makes both tautomers of roughly equal 
energies. Secondly, the stabilization energy of the resonance 
hybrid has partial double bonds exocyclic to the rings, and the 
stability of exocyclic double bonds varies with the ring size. 
Finally, a hindered 0-alkyl bond rotation in the conjugated 
form of esters larger than methyl slightly destabilizes them, 
thus increasing the amount of unconjugated form at the 
equilibrium. 

Experimental 
Melting points were recorded on a Biichi oil bath apparatus and are 

not corrected. Proton nmr spectra were recorded as CDCll solutions 
from a Bruker WH90 or Bruker WP80, and "C nmr spectra were 
recorded on the Bruker WP80. A Perkin-Elmer 710B was used to 
obtain ir spectra. Low resolution mass spectra were recorded on a 
V.G. Micromass 12-12, and mass analyses were performed on an AEI 
MS-902 updated with a V.G. console and a V.G. System 2000 com- 
puter. A Varian model 1200 vapor phase chromatograph with a 3 mm 
X 3.5 m glass 3% OV-l/Chromosorb W AW-DMCS column and 
flame ionization detector was used for vpc analyses. 

4 @OR ,q..* 

SCHEME 6 

Methyl 2-0x0 cyclopei~tarlecarboxylate (18) was obtained in 72% 
yield when the ketone was added over 60 min and the mixture refluxed 
for 30 min after the addition. Spectroscopic data match those reported 
in the literature (13). 

Ethyl 2-0x0 cyclohexanecarboxylate (19) was obtained in 88% 
yield. The ketone addition time was 75 min and the reflux time 30 
min. Spectroscopic data are as described in the literature (26). 

I.sopropy1 2-(>.TO c~~clohexnnecnrbo.~ylnte (20) was obtained in 78% 
yield. The ketone addition time was 210 min and the reflux time 90 
min. Colorless liquid, bp 63-65°C under 0.55 Torr (1 Torr = 133.3 
Pa); ir: 1730, 1710, 1640, 1600 cm-I; nmr: 12.36 (s, 0.88H), 5.09 
(septet, J = 6 Hz, lH), 3.34 ( t ,  0.12H). 1.28 (d, J = 6 Hz, 6H); ms: 
185, 143, 125. 

Ethyl 2-0x0 cycloheptanecnrbo.r~~lnte (21) was prepared in 90% 
yield with a ketone addition time of 60 min and a reflux time of 30 
min. Spectroscopic data match those described in the literature (26). 

Synthesis of the enntnines 
The following enamines were prepared as previously described (1): 

ethyl 2-( l-pyrrolidinyl) I-cyclopentenecarboxylate (9), ethyl 2-(1- 
piperidinyl) 1-cyclopentenecarboxylate (6), ethyl 2-(I-pyrrolidinyl) 
1-cyclohexenecarboxylate (I),  ethyl 2-(I-piperidinyl) I-cyclohexene- 
carboxylate (3), ethyl 2-(I-pyrrolidinyl) 1-cycloheptenecarboxylate 
(IS), and methyl 2-(1-piperidinyl) I- (and 2-)cyclohexenecarboxylate 
(10). The I3C nmr data for the enamines are reported in Table 6,  with 
the numbering system of Scheme 6. 

Methyl 2-(I-pyrrolidinyl) I-cyclopente~~ecnrboxylate (4) was pre- 
pared by the method previously described (I). using 21 mmol of 
methyl 2-0x0 cyclopentanecarboxylate (18) and pyrrolidine. A 1.85-g 
(45%) fraction distilled between 86 and 89°C under 3.3 x lo-' Torr. 
On cooling to - 15OC. this yellow oil solidified to a yellowish solid, 
mp 57-61°C (sealed tube); ir: 1670, 1560 cm-I; nmr: 3.64 (s, 3H), 
3.44 (t, 4H), 2.6 1 (t, J = 7 Hz, 4H); ms (El): 195, 180, 164, 136. 

Methyl 2-(1-piperidinyl) I-cyclopentenecnrbox~llnte (5) was pre- 
pared by the method previously described (I), using 19 mmol of 

Synthesis o j  the starting P-ketoesters methyl 2-0x0 cyclopen~anecarb~xylate (18) and piperidhe. A 2.21-g 
Ethyl 2-0x0 cyclopentanecarboxylate (16) is available from (56%) fraction of colorless liquid distilled between 76 and 80°C under 

Aldrich. Methyl 2-0x0 cyclohexanecarboxylate (17) was prepared in 3.3 x 10-~Torr;  ir: 1660, 1 5 5 0 c m 1 ;  nmr: 3.64 (s, 3H), 3.34 (s, 4H), 
92% yield as described by Ruest et al. (13). The other starting 2.62 (t, J = 7 Hz) and 2.54 (t, J = 7 Hz, 4H), 1.74 (q, J = 7 Hz), 
P-ketoesters were obtained following Ruest's procedure, but the ke- and 1.61 (s, 8H); ms (EI): 209, 194, 178, 166, 150. 
tone addition time and the reflux time were changed as described Ethyl 2-(1-hexnhydronzepityl) I-cyclopentenecnrbo.~y1nte (7) was 
below. prepared by the method previously described (1), using 17.7 mmol of 
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ethyl 2-0x0 cyclopentanecarboxylate (16) and hexahydroazepine. A 
3.10-g (74%) fraction of yellowish liquid distilled between 101 and 
1 10°C under 2 X lo-' Torr; lr: 1728, 1675. 1560 cm-I; nmr: 4.99 (t, 
<0.05H), 4.10 (q, J = 7 Hz, 2H), 3.48 (t, 4H), 2.63 (m, 4H), 1.74 
(m, 6H), 1.57 (s, 4H), 1.26 (t, J = 7 Hz, 3H) 

Methyl 2-(I-pyrroliditzyl) I -  (and 2-)cyclohe.retzecnrboxylate (8) 
was prepared by the method previously described (I). using 19.2 
mmol of methyl 2-0x0 cyclohexanecarboxylate (17) and pyrrolidine. 
A 2.81-g (70%) fraction of colorless liquid distilled between 90 and 
97°C under 8 X lo-' Torr. On standing, this liquid solidified to a 
white solid, mp 69-79°C (sealed tube). ir: 1720, 1660, 1610, 1540 
cm-I; nmr: 4.50 (t, J = 3 Hz, 0.05H), 3.67 (s, 3H), 3.26 (t, 4H), 2.41 
(t, 4H), 1.84 (m, 4H), 1.56 (m, 4H); ms (CI, CHI): 210, 194, 178, 
150. Exact Mass calcd.: 209.1415; found: 209.1401. 
Isopropyl2-(I-pyrroliditzyl) I -  (and 2-)cyclohe.xetzecarbo,ryIate (2) 

was prepared by the method previously dcscribed (I), using 16.3 
mmol of isopropyl 2-0x0 cyclohexanecarboxylate (20) and pyrrol- 
idine. A 3.08-g (80%) fraction of colorless liquid distilled between 80 
and 85°C under 9 X lo-' Torr. On standing, this liquid solidified to 
a white solid, mp 51 -57°C (sealed tube). ir: 1720, 1680, 1630, 1540 
c m ' ;  nmr7 4.99 (septet, J = 6 Hz, IH), 4.49 (t, J = 4 Hz, O.17H), 
3.24 (t, 3.3H). 2.96 (t, 0.7H). 2.40 (s, 4H), 1.23 (d, J = 6 Hz, 6H); 
ms (CI, CHI): 238, 178, 150. Exact Mass calcd.: 237.1728; found: 
237.1735. 

Isopropyl2-(I-piperiditzyl) I-  (and 2-)cyclohexetzecnr(luxylate (11) 
was prepared by the method previously described (I),  using 16.3 
mmol of isopropyl2-0x0 cyclohexanecarboxylate (20) and piperidine. 
A 2.68-g (72%) fraction of colorless liquid distilled betwccn 75 and 
77°C under 4.7 x Torr; ir: 1720, 1640 cm-'; n ~ n r : ~  5.02 (septet, 
J = 6 Hz, IH), 4.88 (t, J = 4 Hz, 0.79H), 3.25 (t, 0.79H), 1.26 (d, 
J = 6 Hz), and 1.23 (d, J = 6 Hz, 6H); ms (CI, CH,): 252, 192, 164. 
Exact Mass calcd.: 251.1848; found: 251.1885. 

Metlzyl2-(1-hexa~zydroazepir1yl) I - (and 2-)cyclokexe~~ecarboxylate 
(12) was prepared by the method previously described (I),  using 19.7 
mmol of methyl 2-0x0 cyclohexanecarboxylate (17) and hexa- 
hydroazepine. A 2.48-g (53%) fraction of colorless liquid distilled 
between 88 and 89°C under 8 X 10-4Torr; ir: 1725, 1670, 1630, 1540 
cm-'; r ~ m r : ~  4.64 (t, J = 4 Hz, 0.32H), 3.70 (s) and 3.67 (s, 3H), 3.2 
(m, 4H); ms (CI, CH4): 238, 222, 206, 178. Exact Mass calcd.: 
237.1728; found: 237.1711. 

Ethyl 2-(I-hexa!zydroazepinyl) I -  (and 2-)c~~clohexerzecarboxylate 
(13) was prepared by the method previously described (I),  using 17.7 
mmol of ethyl 2-0x0 cyclohexanecarboxylate (19) and hexa- 
hydroazepine. A 2.59-g (58%) fraction of yellowish liquid distilled 
between 76 and 80°C under 6 x 10-4Torr; ir: 1720, 1660, 1620, 1540 
cm-I; nmr:'4.63 (t, J = 4 Hz, 0.35H), 4.16 (q, J = 7 Hz) and4.13 
(q, J = 7 Hz, 2H), 3.17 (m, 4H), 1.26 (t, J = 7 Hz, 3H); ms (EI): 
251, 236, 222, 207, 178. Exact Mass calcd.: 251.1885; found: 
25 1.1908. 

lsopropyl 2-(1-hexatzydroazepit1yl) I -  (and 2-)cyclohe.rene- 
carboxylate (14) was prepared by the method previously described 
(I),  using 16.3 mmol of isopropyl2-0x0 cyclohexanecarboxylate (20) 
and hexahydroazepine. A 2.30-g (53%) fraction of yellowish liquid 
distilled between 82 and 90°C under 4.8 x 10-' Torr; ir: 1720, 1670, 
1630, 1550 cm-I; nmr: 5.03 (septet, J = 6 Hz) and 4.99 (septet, J = 
6 Hz, IH), 4.63 (t, J = 4 Hz, 0.36H), 3.1 (m, 4.4H), 1.23 (d, J = 
6 Hz, 6H); ms (CI, CH4): 266, 206, 178. Exact Ma.5~ calcd.: 
265.204 1; found: 265.2046. 

Proportions of enornine and vinylogous carbarnate 
The equilibrium proportions of unconjugated and conjugated forms 

in Table 1 were obtained from proton nmr spectra of CDCI3 solutions 
at 23°C. The ir and I3C nmr spectra used to secure the value obtained 

7 ~ h e  conjugated-unconjugated ratio discrepancy between Table I 
and this spectrum is due to the fact that this sample was not allowed 
to equilibrate fully before recording the spectrum. 

from this integration were also obtained from CDCl, at 23'C. 
In order to make sure that the ratios observed are really representa- 

tive of the equilibria under these conditions, random controls were 
performed in which an nmr tube containing the enamine solution under 
examination was sealed under vacuum and allowed to stand for several 
days at room temperature, in the dark. Under these conditions, con- 
stant ratios were obtained for all enamines tested. All equilibrations 
proved to be fast, except for that of alkyl 2-(I-piperidinyl) 1-  (and 
2-)cyclohexenecarboxylates 3, 10, and 11, which were complete with- 
in 3 days. 
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TATSUO IWASA, FUMIO TOKUNAGA, and TORU YOSHIZAWA. Can. J.  Chem. 63, 189 1 (1985). 
The photochemical reaction of purple membrane solubilized with Triton X- 100 (T-BR) was investigated by low temperature 

spectrophotometry. The batho- and meta-intermediates of T-BR were observed to resemble bacteriorhodopsin in native purple 
membrane. Two photoproducts characteristic of the T-BR system were found, which were named the "490-nm complex" and 
the "380-nm complex". The 490-nm complex was in thermal equilibrium with T-BR in the dark. Cooling T-BR to low 
temperature favoured the 490-nm complex, which was photoinsensitive. On the other hand, the 380-nm complex was produced 
by warming the batho-intermediate and reverted to the original T-BR. The meta-intermediate of T-BR may possibly be in 
thermal equilibrium with the 380-nm complex. On the basis of the above results, the possible role of the membrane structure 
was discussed. 

TATSUO IWASA, FUMIO TOKUNAGA et TORU YOSHIZAWA. Can. J. Chem. 63, 1891 (1985). 
Faisant appel a la spectrophotometrie a basse temperature, on a Ctudit la reaction photochimique de la membrane pourpre 

en solution dans le Triton X-100 (T-BR). Par example, on a observe les intermkdiaires batho et mCta du T-BR, comme la 
bactCriorhodospine dans la membrane pourpre naturelle. On a trouvC deux produits photochimiques qui sont caracteristiques 
du systkme T-BR; on leur a donnC les noms de "complexe 490 nm" et "complexe 380 nm". Dans I'obscuritC, le complexe 490 
nm est en Cquilibre thermique avec T-BR. Le refroidissement du T-BR favorise le complexe 490 nm qui est photosensible. 
Par ailleurs, le complexe 380 nm est obtenu en chauffant I'intermCdiaire batho et il se retransfornle en T-BR original. I1 est 
possible que I'intermCdiaire mCta du T-BR soit en Cquilibre thermique avec le complexe 380 nm. A partir de ces rksultats, on 
discute du r6le possible de la structure de la membrane. 

[Traduit par le journal] 

Introduction 
Bacteriorhodopsin (BR) is the sole protein in the purple 

membrane of Halobacterium halobium (1). Like animal rho- 
dopsin, BR has a retinal as its chromophore which binds to the 
€-amino group of lysine residue of the protein moiety through 
a Schiff base linkage (2, 3). The retinylidene chromophore of 
light-adapted BR (BRL) is in an all-trans form. On absorption 
of light, BRL (trans-bR) converts to several intermediates such 
as batho- (K), lumi- (L), and meta-trans-BR (M) and even- 
tually reverts to the original pigment (4, 5). This photochemical 
cycle forms an electrochemical gradient of protons across the 
membrane (1). 

According to an electron diffraction analysis, BR molecules 
form a trirner structure alignec in a hexagonal lattice with the 
lattice distance of about 62 A (6). The retinylidene chromo- 
phores of BR in the trimer exhibit a typical circular dichroic 
(cd) band owing to an exciton coupling. The purple membrane 
solubilized with Triton X-100 (T-BR), however, displays no 
exciton cd band because of dissociation of the trimer structure, 
though it has a small positive cd band due to an intrinsic one 
(7, 8). This indicates that T-BR should be in monomeric form 
(9). 

Now the question is whether or not such a lattice structure 
has any physiological meaning. To answer this question, we 
have tried to investigate the photoreaction of T-BR. Irradiation 

'A  part of this work was presented at the U.S.-Japan Cooperative 
Seminar on "The purple membrane of Halobacteria" held in May 1980 
in Japan. 

' ~ u t h o r  to whom all correspondence should be addressed. 

of T-BR produced photointermediates, similar to the batho- 
and meta-intermediates in purple membrane, but the meta- 
intermediate of T-BR was more stable than that in purple 
membrane. We also found two new molecular species named 
the "490-nm complex" and the "380-nm complex", which are 
characteristic of the T-BR system. 

Materials and methods 
The purple membrane was prepared from Halobacteriunz halobium 

R I  by a slight modification (5) of the method described by Oesterhelt 
and Stoeckenius ( lo ) ,  and suspended in 10 mM phosphate buffer (pH 
6.8). T o  solubilize the membrane, a Triton X-100 solution (10% v/v) 
was mixed with the membrane suspension to give a final concentration 
of 1% (v/v) (about lo3 moles/mole BR). The mixture (16 p M  BR) 
was used for spectroscopic and cd measurements at room temperature. 
The cd spectra were measured with a recording spectropolarimeter 
(Jasco 5-20), An optical cell containing the sample (10-mm light path; 
I OD) was placed close to the window of the detector to reduce the 
scattering of the measuring light. 

For low temperature spectrophotometry, glycerol in a final con- 
centration of 75% (v/v) was added to the mixture (160 p M  BR, 
50- 100 moles of Trixon X-100/mole BR) and a recording spectro- 
photometer (Hitachi 323, 320 or Shimadzu MPS 5000) was equipped 
with a cryostat described by Yoshizawa ( I  I) .  The sample was placed 
in an optical cell composed of two quartz plates and a rubber ring (1- 
or 2-mm light path; 1 OD) under dim red light and incubated in the 
dark at least for 8 h to be fully dark-adapted. The temperature of the 
sample was monitored continuously with a copper vs. constantan 
thermocouple attached to the sample holder made of copper. 

A 500-W xenon lamp (Ushio) was used as a light source for irra- 
diation of the sample. The wavelength of the actinic light was selected 
by a combination of interference and (or) cut-off filters (Toshiba). 
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Wavelength (nm) 

FIG. 1. (a) Photoreaction of T - B R ~  at 20°C. Curve I: T - B R ~  (--lo3 moles of Triton X-100/mole BR). Curves 2- 10: products of the 
successive irradiation of T - B R ~  at 500 nm for 10, 10, 20, 40, 80, 160, 320, 640, and 1280 s, respectively. Curve 10 is a mixture of T-BRL 
and the 380-nm complex. (b) Dark-reversion at 20°C. Curve 1: the mixture redrawn from curve 10 in (a). Curves 2-7: products of the successive 
dark incubation of the mixture. The spectra were measured at 5 ,  15, 40, 90, 585, and 955 rnin from the beginning of the dark incubation, 
respectively. Curve 8: a product of the dark incubation for more than 30 h. 

The extraction of the chromophoric retlnal from BR or T-BR was 
performed according to Tsuda et al., (12). The sample (nearly 1 OD) 
was mixed with an equivolume of CHrClz and the mixture was soni- 
cated for a total of 5 min in an ice bath. After addition of 3 volumes 
of petroleum ether, 10-20 pL of the upper phase was injected to the 
hplc system (Jasco Tri-Rotar 11 with porous silica gel SS-05 column). 
All procedures were carried out at O°C under dim red light and 
repeated 3 times. 

Results 
Photoreaction of dark-adapted T-BR and its thermal reversion; 

appearance of the "380-nm complex" 
Upon addition of Triton X-100 to dark-adapted BR (BRD, 

A,,,: 560 nm) the scattering of the measuring light decreased 
within 1 min, and the A,,, shifted to shorter wavelength (about 
10 nm) within 7 min (data not shown), probably owing to some 
destruction of the membrane structure. The time course of these 
changes depends on the molecular ratio of Triton X-100 to BR 
molecules (1 3). 

The dark-adapted T-BR (T-BR~)  thus obtained is shown in 
Fig. l a  as curve 1. An irradiation of T-BRD with 500-nm light 
for 40 s at 20°C caused a bathochromic shift of the A,,, from 
550 nm to 560 nm with a small decrease of absorbance at the 
A,,, (curves 2-4 in Fig. la). Since this spectral change can be 

regarded as that corresponding to the light-adaptation of the 
native BR, the product was designated as T-BRL. Further irra- 
diation with the same light caused a decrease of the absorbance 
around the A,,, and an increase in the wavelength region short- 
er than 440 nm, resulting in formation of a photoproduct having 
A,,, at 380 nm. Since the A,,, is located at a wavelength about 
10 nm longer than that of free all-trans retinal, the chromo- 
phore seems to attach to the protein moiety. It is plausible that 
the chromophore may be located in the binding site, because 
the subsequent dark incubation slowly recovered the ab- 
sorbance at 570 nm, with disappearance of the peak at 380 nm 
(Fig. 1 b). Therefore, we designated the product as the "380-nm 
complex". 

This slow "dark-reversion" is composed of two sequential 
reaction processes; one is the reversion from the 380-nm com- 
plex to T - B R ~  and the other is the dark-adaptation of T-BRL to 
T-BRD. The reason is that the spectrum of the early stage in the 
spectral change (curve 3 - curve 1 in Fig. lb) was similar in 
shape to that between the 380-nm complex and T-BRL (curve 
10 - curve 7 in Fig. la), indicating that the 380-nm complex 
reverted to T-BR1-. Also, the difference spectrum of the later 
stage (curve 7 - curve 4 in Fig. lb)  displayed a different shape 
from that of the early stage; the former showed the maximum 
in the shorter wavelength region and a smaller ratio of absorb- 
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Wavelength (nm) 

FIG. 2. Cooling effect on spectra of T-BR" and T-BRL. (a) T-BR' (- lo3 moles of Triton X- 100/mole BR). Curve 1 : 0°C. Curve 2: - 190°C. 
(b) T-BRL (- 10' moles of Triton X-100/mole BR). Curve 1: 0°C. Curve 2: - 190°C. (c) Spectral change of T-BRL on warming from - 190°C 
to 0°C. Curves 1-7 were measured at -30, -25, -20, - 15, - 10, -5, and O0C, respectively. 

ance between the maximum and minimum than the latter. In 
addition, the semi-log plot of the absorbance change at 550 nm 
against the incubation time did not display a single exponential 
curve but, rather, the kinetics composed of two sequential 
thermal reactions, i.e. dark-reversion of the 380-nm complex 
to T - B R ~  and dark-adaptation of T-BRL to T-BRD. The ab- 
sorption spectrum of the final product of the dark-reversion 
(curve 8 in Fig. lb) was smaller in absorbance than that of 
the initial one (curve 1 in Fig. la), presumably due to the 
destruction of the pigment during the slow dark-reversion. 

Cooling effrcts on spectra of T-BRD and T-BRL; appearance of 
the "490-nm complex" 

On cooling T-BRD to - 190°C, a shoulder around 490 nm 
appeared in the absorption spectrum (Fig. 2a). Upon warming 
to 0°C in the dark, the spectrum recovered its original shape. 
This spectral change was perfectly reversible. A similar ex- 
periment was performed on T-BRL which had been prepared by 
irradiating T-BRD with 500-nm light for 5 min at 0°C (Fig. 2b). 
It should be noted that the shoulder of T - B R ~  at - 190°C was 
more prominent than that of T - B R ~  (Figs. 2a and b). On 
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I I I I I I I I 

( b) 
0.9 - 

Q 
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0 - ,  I I I I I I I 
400 500 600 n 
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FIG. 3. Absorption spectra of mixtures composed of T-BRL, 
380-nm complex, and 490-nm complex. (a) Formation of the 380-nm 
complex by irradiation of T-BR~ (-10' moles of Triton X-100/mole 
BR) (curve 1) with 500-nm light for 17, 40, and 70 min (curves 2-4), 
respectively. (b) Low temperature spectra of the products. Each 
product was cooled to -190°C and then spectra were measured. 
Curves 2' and 4' show low temperature spectra of the products 
designated as curves 2 and 4 in (a), respectively. 

warming T-BRL above -30"C, the absorbance at the shoulder 
decreased, with formation of an isosbestic point at 505 nm 
(Fig. 2c). This result indicates the presence of a thermal equi- 
librium between T-BRL and a molecular species named the 
"490-nm complex"; low temperatures favoured the 490-nm 
complex. A similar spectral change was observed in warming 
T-BRD from - 190°C. The amount of 490-nm complex in the 
light-adapted sample was more than in dark-adapted one. The 
amount of 490-nm complex on cooling depends on the molar 
ratio of Triton X-100 to BR; the larger the ratio, the more 
490-nm complex is formed. 

A possibility that the 380-nm complex might convert to the 
490-nm complex on cooling was excluded by the following 
experiment: T-BRL was irradiated at 0°C for given periods in 
order to prepare the sample containing different amounts of 
380-nm complex (Fig. 3a), and then their spectra were mea- 
sured at - 190°C. As shown in Fig. 3b, the absorption band 
characteristic of the 380-nm complex shifted to around 400 nm 
at - 190°C. Thus it is clear that the 380-nm complex can not 
convert to the 490-nm complex on cooling. 

Photoreactions a t  - 1 90°C; formation of batho-intermediates 
The photoreaction of T-BR was first examined by use of the 

sample shown in Figs. 2 and 3. The spectral changes of T-BRL 
in the sample at - 190°C were very small because of the large 
amount of 490-nm complex, which was photo-insensitive or 
less photosensitive (see below), present in the sample. In order 
to reduce the amount of 490-nm complex in the sample, a lesser 
amount of Triton X-100 was added to the purple membrane 

suspension (about 50 moles of Triton X-100/mole BR). As 
shown in Figs. 4 and 5 ,  the amount of 490-nm complex in the 
sample was about 114 of that in Figs. 2 and 3. The shoulder 
around 520 nm seen in Figs. 4 and 5 was due to non-flatness 
of the baseline. It was confirmed that the shape of spectral 
change of photoreactions of T-BR at - 190°C was independent 
of the molar ratio of Triton X-100 to BR, except for the amount 
of the spectral change. 

Now the sample containing T-BRD was irradiated at - 190°C 
with light at 500 nm (curve 1 in Fig. 4a). The spectrum shifted 
to longer wavelengths. The absorbances in the range between 
410 nm and 563 nm decreased and simultaneously those at 
longer wavelengths than 563 nm increased (curves 2-8 in 
Fig. 4a), indicating formation of a bathochromic intermediate 
(T-batho-BRD). A prolonged irradiation yielded a photosteady- 
state mixture (curves 7 and 8 in Fig. 4a) designated as T-stateD. 
Then, another irradiation of T-stateD with red light at 718 nm, 
which was absorbed by mainly T-batho-BRD, caused it to revert 
to T-BRD (Fig. 4b). During the irradiation, the curve- 
intersection point of the spectra shifted from 585 nm to 550 nm 
(curves 1 - 10). On further irradiation with light of wavelengths 
longer than 640 nm (>640 nm), all the T-batho-BRD reverted 
to the original T-BRD (curve I I). 

In the case of irradiation of BRD in purple membrane at 
-190°C, two kinds of batho-intermediates, namely batho- 
trans-BR and batho-13-cis-BR, were formed (14), because 
BRD in purple membrane is an equimolar mixture of trans-BR 
and 13-cis-BR (15, 16). The same was true in the T-BRD 
system, because the hplc analysis of retinal isomers extracted 
from T-BRD revealed that T-BRD was a mixture of T-BR' (5 1.3 
? 3%) and T-BRI3 (48.7 ? 3%), though the spectral change 
did not display a clear distinction between the photoreaction 
due to trans-pigment (T-BR1) and that due to 13-cis-pigment 
(T-BR"). 
' In order to prepare T-BRL, the T-BRD (curve 11 in Fig. 4b) 
was warmed to 0°C and then irradiated with 500-nm light for 
5 min. After cooling it to - 190°C, the absorption spectrum was 
measured, which displayed A,,, at 568 nm and a shoulder due 
to the 490-nm complex (curve 1 in Fig. 5a). Irradiation of the 
preparation with 500-nm light caused a bathochromic shift with 
an isosbestic point at 584 nm (curves 2-7 in Fig. 5a), and 
finally reached a photosteady state, designated as T-stateL 
(curves 6 and 7 in Fig. 5a). Irradiation of T-stateL (curve 1 in 
Fig. 5b) with light at 7 18 nm caused a photoreversion to T - B R ~  
(curves 2-7 in Fig. 5b). For the complete reversion of the 
batho products, another irradiation with light of shorter wave- 
lengths (>640 nm) was required. The spectrum of the final 
photoproduct of the irradiation (curve 8 in Fig. 5b) was in good 
agreement with the original T-BRL (curve 1 in Fig. 5a). Thus, 
T-BRL showed a photoreversible change at - 190°C, like BRL 
in purple membrane. The curve-intersection points among a 
series of spectra, however, shifted from 590 nm to 570 nm 
(Fig. 5b), suggesting that T-BRL would be a mixture of T-BR' 
and T-BRI3. In fact, the hplc analysis of retinal isomers ex- 
tracted from T-BRL demonstrated that the amount of 13-cis 
retinal (13.0 ? 2% of total amount) in T-BRL was pretty large 
in comparison with that in BRL (8.9 ? 2% of the total amount). 

A question whether or not the 490-nm complex might be 
photosensitive was examined. The preparations containing 
the 490-nm complex (-lo3 or -50 moles of Triton X-loo/ 
mole BR) were irradiated at - 190°C with various lights of 
wavelengths shorter than 500 nm. Their spectral changes 
due to the photoreactions were calculated, and were similar to 
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400 500 600 700 
Wavelength (nm) 

FIG. 4. Photoreaction of T-BRD at - 190°C. (a) Curve 1: T-BRD (-50 moles of Triton X-100/mole BR) at - 190°C. Curves 2-8: products 
of the successive irradiations of T - B R ~  with 500-nm light for 5, 5, 10, 20, 40, 80, and 160 s, respectively. Curves 7 and 8 correspond to 
photosteady-state mixture designated as  state^. (b) Curve I :  p  state^ redrawn from curve 8 in (a). Curves 2- 10: products of the successive 
irradiations of T-stateD with light at 71 8 nm for 10, 10, 20, 40, 80, 160, 320, 640, and 1280 s, respectively. Curve 1 1 was a product of further 
irradiation with red light (>640 nm) for 5 min, and in good agreement with curve I in (a). 

those shown in Fig. 5. This fact indicates that the 490-nm 
complex at -190°C is photo-insensitive or has very low 
photosensitivity. 

Photoreaction at -50°C; formation of the meta-intermediate 
Irradiation of T-BRL at -50°C with orange light (>580 nm) 

yielded a meta-like intermediate designated as T-meta-BR', 
which was stable at -50°C in the dark; a prolonged irradiation 
converted all the T-BRL into T-meta-BRL (curve 1 in Fig. 6a). 
The formation of T-meta-BRL is composed of fast and slow 
phases. These results indicate that at -50°C the 490-nm com- 
plex slowly converted to T-BRL in the dark. It should be noted 
that meta-BR' (A,,,: 418 nm) in the purple membrane is not 
stable at -50°C under the same conditions (10 mM phosphate 
buffer, pH 6.8) (5). 

The thermal conversion of T-meta-BR' consisted of three 
elementary steps (Fig. 6). Warming from -50°C to -45°C 

decreased the absorbances around 410 nm and simultaneously 
increased those around 565 nm, forming an isosbestic point at 
458 nm (curves 1-3 in Fig. 6a and circles in Fig. 6b). The 
difference spectrum between curves 3 and 1 is similar to that 
between meta-BR' and BRL (5) except for the fact that the 
wavelengths of the maximum and minimum in the difference 
spectrum and the isosbestic point are shorter by about 10 nrn 
than those in the BR' system. This shift is comparable to the 
shift of A,,, on addition of Triton X-100. Therefore, this 
spectral change should be regarded as a decay of T-meta-BR' 
to T-BRL. 

On warming from -45°C to -35°C the absorbance around 
380 nm decreased and that around 565 nm increased (curves 
3-5 in Fig. 6a and triangles in Fig. 6b). The difference 
spectrum of this spectral change was similar in shape to that 
between the 380-nm complex and T-BRL shown in Fig. lb. In 
both spectra the isosbestic points were located at about 445 nm, 
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400 500 600 700 
Wavelength (nm) 

FIG. 5. The photoreaction of T-BRL at - 190°C. (a) Curve 1: T-BRL (-50 moles of Triton X-100/mole BR) at - 190°C. Curves 2-7: products 
of the successive irradiations of T-BRL with 500-nm light for 10, 10, 15, 20, 40, and 80 s, respectively. Curves 6 and 7 represent a 
photosteady-state mixture designated as ph state^. (b) Curve 1:  state^ redrawn from curve 7 in (a). Curves 2-7: products of the successive 
irradiations of T-stateL (curve 1) with 718-nm light for 10, 10, 20, 40, 80, and 160 s, respectively. Curve 8: a product of the further irradiation 
with red light (>640 nm) for 5 min. Curve 8 is in good agreement with curve 1 in (a). 

and the ratios in absorbance between the difference maximum 
and minimum were 0.37. These facts indicate that the spectral 
change may correspond to a conversion of the 380-nm 
complex to T-BRL. It is not clear yet whether the 380-nm 
complex may be formed from T-meta-BR1 or from other earlier 
intermediates. 

Above -25"C, the absorbance around 460 nm decreased and 
that around 565 nm increased (curves 7- 12 in Fig. 6a and 
squares in Fig. 6b). This spectral change should be due to the 
decay of the 490-nm complex, because both the shape of the 
spectral change and the temperature range in which it was 
observed were in good agreement with those of the change of 
490-nm complx to T-BRL (Fig. 2c). 

Discussion 
We have described several properties of the T-BR system 

different from the BR system: the formation of the 490-nm and 
380-nm complexes, and the stabilization of meta-inter- 
mediates. Needless to say, these differences can be attributed 
to the difference in the environment around the BR molecule. 
BR molecules in the purple membrane are in the lattice struc- 
ture and form a "trimer" structure. The molecules in the trimer 
interact with each other as demonstrated in the energy transfer 
(17), the exciton cd band (7, 8), and the rate of dark-adaptation 
(18). According to the cd measurements, the solubilization of 
purple membrane with a detergent causes the lattice structure to 
dissociate, resulting in loss of the interaction among the mole- 
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380 nm complex 
, I! & 

1 ! 
T-meta-6Rt ', 

1 
T-batho-6R13 

Y 

\U T - B R ' ~  @ T-BRt  '@' 
490 nm complex 

.*-a FIG. 7. A reaction cycle of T-BR. Trans-BR and 13-cis-BR in 

700 Triton X-100 solution, designated as T-BR' and T-BR", respectively, 
formed batho-intermediates, i.e., T-batho-BR'and T-batho-BR". The 

Wavelength (nm) 
FIG. 6. (a) The thermal decay of T-meta-BR' obtained by irra- 

diation of T-BRL at -50°C for 70 rnin wlth orange light (>580 nrn). 
T-meta-BR' was gradually warmed in the dark. The spectra were 
measured at -50, -48, -45°C (curves 1 ,  2, and 3) and then at 
intervals of 5°C (curves 4- 12). (b) Circles (0-0): the difference 
spectrum between the spectra measured at -45 and -50°C (3 - 1). 
Triangles (A-A): the difference spectrum between -35 and -45°C 
(5 - 3). Squares (m-m): the difference spectrum between 0 and 
-25°C (12 - 7). 

cules. An ultra-centrifugation experiment (9) showed that BR 
molecules in 2% Triton X-100 solution, probably in a micelle 
composed of Triton X- 100 and several lipids, were in a mono- 
meric form. Thus, the properties of T-BR different from the 
BR system mentioned above (see Fig. 7) should be attributed 
to some differences in lipid-protein, protein-protein, and 
detergent-protein interactions. 

The 380-nm complex 
The irradiation of T-BR brought an increase of absorbance at 

380 nm (refs. 18, 19, and the present work). If the formation 
of the 380-nm complex was an indication of destruction of the 
Schiff base linkage between retinal and the €-amino group of 
the lysine residue, the dark recovery would be a regeneration 
of T-BR from all-trans retinal and bacterioopsin. In order to 
test this possibility, all-trans retinal was mixed with bacterio- 
opsin in 1% Triton X-100 solution. No pigment formation was 
observed. Thus, the 380-nm complex is a product formed not 

meta-intermediate was formed only from T-BR'. Whether or not a 
lumi-like intermediate was formed has not yet been clarified, because 
the spectral complexity due to formation of the 490-nm complex. The 
490-nrn and 380-nm complexes are both characteristic of the T-BR 
photocycle. 

by destruction of the Schiff base linkage, but by deprotonation 
of the Schiff base by some change of the microenvironment 
around the chromophore. 

The 490-nm conzplex 
The 490-nrn complex was formed only by cooling to a tem- 

perature lower than 0°C. Its amount increased with decrease of 
temperature and reached a steady level at -40°C. The spectral 
change on cooling may possibly be due to change of pK value 
of a certain charged group or the phase transition of the 
glycerol-Triton-lipid rnicelle containing BR molecules. 

We did not observe a molecular species similar to the 
490-nm complex at 25OC in the pH range between 2.96 and 
10.65. Below pH 4 a decrease of absorbance at A,,,, an in- 
crease at longer wavelengths (-650 nrn), and an increase at 
shorter wavelengths (-360 nm) were observed. At pH higher 
than 9,  a decrease of the absorbance at X,,,, and an increase of 
that around 365 nm were observed. In the case of BR in purple 
membrane, an increase of absorbance around 470 nm can be 
observed in the pH region higher than 1 1, due to deprotonation 
of the Schiff base (20). However, such a molecular species 
having A,,,, around 470 nm has never been observed in pH 
titration experiments of Triton-treated BR. According to Lozier 
et al. (21), BR in a phospholipid vesicle at pH 8.6 displays the 
A,,, at 480 nrn. Such a blue shift of the A,,,, has never been 
observed in anv cell envelope vesicles. BR molecules in a 
phospholipid vesicle do not exhibit the exciton cd band, be- 
cause BR molecules become monomeric in a phospholipid 
vesicle under these conditions. Because of similarities between 
the 480-nm absorbing species and the 490-nm complex, in 
conditions for their formation and their absorption maxima, it 
is indicated that both pigments may have a retinylidene 
chromophore in a similar microenvironment. 

A few years ago, we reported the formation of a molecular 
species absorbing around 500 nm which was produced from 
acid-induced species with orange light irradiation (22). The 
isomeric form of the retinal extracted from this product was 
9-cis retinal. When 9-cis retinal was mixed with bacterioopsin 
under neutral pH conditions, no formation of the pigment was 
observed, as reported by Oesterhelt and Schuhmann (23). It is 
not plausible that the 490-nm complex has 9-cis retinal as its 
chromophore. Further information about the structure of these 
molecular species would give some clue to explaining the 
coloration of BR. 
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Another noteworthy point is that the amount of the 490-nm 
complex formed from T-BRL was larger than that from T-BRD 
(Fig. 2). In the case of BR in the purple membrane, BRL has 
only all-trans retinal as its chromophore but BRD has both 
all-trans and 13-cis retinals in equimolar amount (15, 16). The 
present experiment showed that the ratios of 13-cis to all-trans 
retinals in T-BRL and T-BRD were 13.0 2 2187.0 2 2 and 51.3 
t 3148.7 -C 3, respectively. It should be noted that a part of 
T-BRL has 13-cis retinal as its chromophore. The existence of 
13-cis retinal in T-BRL has already been reported by Casadio 
and Stoeckenius (18), but their result (38 ? 2% of the total 
amount) is much larger than ours. It is not yet clear why they 
are so different from each other. In any case, the species having 
all-trans retinal (T-BR') is more abundant in T - B R ~  than in 
T-BRD. Thus it may be safe to say that the 490-nm complex 
comes from T-BR1 rather than T-BR". 

Stabilization of the meta-intermediate 
The meta-intermediate was stabilized under several condi- 

tions: Oesterhelt and Hess (24) found that the 4 12-nm complex 
was easily formed by irradiating BR suspended in about 3.6 M 
NaCl solution saturated with ether, and mentioned that the 
ether could stabilize the 412-nm complex. Becher and Ebrey 
(25) reported that the high salt and high pH conditions (1 M 
NaCl, pH 10) could stabilize the meta-intermediate. Yoshida 
et al. (26) showed that guanidine hydrochloride prolonged the 
decay time of the meta-intermediate, and this effect depended 
on the concentration of guanidine hydrochloride. Even 8 M 
solution did not saturate this effect. Recently we investigated 
the photoreaction of tyrosine-iodinated BR at low temperature, 
and found meta-intermediates of tyrosine-iodinated BR stable 
at -65°C (27). As shown in the present paper and by Lam and 
Packer (28), the meta-intermediate also is more stable in Triton 
X-100 solution than under native conditions. The stabilization 
effects of guanidine hydrochloride, high salt - high pH condi- 
tions, and iodination of tyrosine on the meta-intermediate were 
probably due to change in the interaction between the reti- 
nylidene chromophore and charges on the bacterioopsin. This 
idea may be supported by the fact that the stabilization effect 
was also observed in replacement of guanidine hydrochloride 
by arginine hydrochloride. The effect resulting from ether or 
Triton X-100, however, was not explained clearly, because 
structural information about BR in both solutions is limited. 
The tertiary structure of the protein was changed with Triton 
X-100, as shown in the cd spectrum, and probably the second- 
ary structure would be changed. These structural changes 
would result in charge replacement which might stabilize the 
meta-intermediate. Whether or not such an explanation can be 
applied to the effect needs further investigation, in order to 
obtain detailed information on the structure of the meta- 
intermediate and the protein moiety in such a micelle structure 
or organic solvent. 

The investigation of solubilized BR revealed that the de- 
struction of the lattice structure resulted in formation of by- 
products of the photoreaction cycle of BR, such as the 490-nm 
and 380-nm complexes; the former is probably formed from 
T-BR', and the latter slowly reverts to the original pigment. It 
seems probable that the lattice structure can stabilize the BRL by 
preventing it from formation of by-products and can play a role 
in rapid rotation of the photoreaction cycle. Of course the 
possibility that the results mentioned above may be due to 
direct interaction between Triton X-100 molecule and BR 
rather than destruction of the lattice structure can not be ex- 

cluded. Further investigation of the structure of BR in the 
micelle must be made. Such investigation may provide 
important information regarding structure and function of 
membrane proteins extracted with the aid of detergents. 
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ALEXANDR S. DAVYDOV and IVAN I. UKRAINSKII. Can. J .  Chem. 63, 1899 (1985) 
It is shown that the concept of electron pairs may be introduced in conducting quasi-one-dimensional systems with electron 

delocalization such as (CH), and the stacks of molecule-donors and acceptors of electrons TMTSF, TIT, TCNQ, etc. The 
introduction of pairing proves to be useful and electronic structure and electronic processes can be easily visualized. The two 
causative factors in the appearance of pairs in a many-electron system with repulsion are pointed out. The first one is the 
electron Fermi-statistics that does not allow a spatial region to be occupied by more than two electrons. The second one is the 
interaction of electrons with a soft lattice. The first of these factors is important at large and intermediate electron densities 
p Z 1 ,  the second one dominates at p << 1.  The kink-type excitation parameters in (CH)., are considered with a non-linear 
potential obtained in an electron-pair approach for the many-electron wave function of (CH),. 

ALEXANDR S. DAVYDOV et IVAN I. UKRAINSKII. Can. J .  Chem. 63, 1899 (1985). 
On dCmontre que le concept des paires d'ilectrons peut &tre introduit dans les systkmes conducteurs quasi-unidimensionnels 

avec une dClocalisation Clectronique, comme (CH),, ou avec des empilements des molecules donneurs et accepteurs 
d'Clectrons, comme TMTSF, TIT, TCNQ, etc. L'introduction de pairages s'avere utile et les structures Clectroniques ainsi 
que les processus Clectroniques peuvent facilement itre visualisCs. On a mis en evidence les deux facteurs qui provoquent 
I'apparition de paires dans les systkmes a plusieurs electrons avec rkpulsion. Le premier est reliC aux statistiques de Fermi de 
I'Clectron qui font qu'une rCgion de I'espace ne peut &tre occupee par plus de deux electrons. Le deuxikme est l'interaction 
des Clectrons avec un rCseau douce. A des densitts Clectroniques ClevCes ou moyennes, p 1 ,  le premier de ces facteurs est 
important alors que le second domine lorsque p << 1 .  On considkre les paramktres d'excitation du type "kink" dans les groupes 
(CH), de concert avec un potentiel non-lineaire qui est obtenu dans une approche par paire d'electrons pour les fonctions d'onde 
a plusieurs Clectrons de (CH),. 

[Traduit par le journal] 

1. Introduction 
The recent decade has witnessed considerable progress in the 

physics and physical chemistry of quasi-one-dimensional sys- 
tems. The model of quasi-one-dimensional crystals that allows 
one to use the methods of solid-state theory seems to be the 
most suitable one for carrying out theoretical investigations of 
such systems. The most interesting for experimentalists and 
theorists are the properties inherent to quasi-one-dimensional 
crystals whose number of electrons per unit cell is odd. There- 
fore they have a metallic band structure. As examples of such 
quasi-one-dimensional systems we may cite the stacks of donor 
molecules or acceptor molecules in donor-acceptor molecular 
crystals, for example, crystals based on TCNQ, TTF, TTT 
molecules as well as their selenium and methyl derivatives, 
TMTTF, TST, etc. 

Another class of quasi-one-dimensional systems with a 
metal-like structure of the one-particle spectrum is represented 
by polymer chain molecules with conjugate bonds such as 
sulphur nitride (SN),, polyacetylenes (CH),, and poly- 
diacetylenes (=CR-C=C-CR=), . 

Of these polymers polyacetylenes (CH), have assumed ever 
increasing importance. Owing to their electronic structure both 
polyacetylenes and molecular stacks in donor-acceptor crys- 
tals are many-particle systems where electron delocalization is 
important. This makes the correct description of these systems 
complicated, since it requires an account of delocalization and 
correlation of electrons and also their interaction with the 
lattice. 

In molecules with saturated bonds the many-electron prob- 
lem is easier to solve since all the electrons are painvise local- 

pairs ( 1 , 2). 
Here we would like to show that the concept of electron pairs 

may also be introduced in quasi-one-dimensional systems with 
delocalization such as (CH)., and the stacks of donors and 
acceptors TMTSF, TTT etc. The electron pairs in this case are 
partially localized. However, the introduction of pairing proves 
to be useful and the electronic structure and electronic pro- 
cesses can be easily visualized. 

We can point out two causative factors in the appearance of 
pairs in a many-electron system with repulsion. The first one is 
the electron Fermi-statistics that does not allow a spatial region 
to be occupied by more than two electrons. The second one is 
the interaction of electrons with a soft lattice. The first of these 
factors is important at large and average densities of electrons 
p 5 1,  the second one dominates at p << 1 .  For a quantitative 
description, we introduce the Hamiltonian of our quasi-one- 
dimensional system. Using second quantization we write the 
Hamiltonian as 

ized in bonds and correlation is essential only in the electron 

'Revision received March 12, 1985. 
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t where C,,, is the operator for electron creation at point rn with 
spin a; p ,  p ' ,  y ,  y l  > 0, M is the molecular mass, x,, is the 
displacement of the rnth molecule from its equilibrium 
position. 

In [ l .  11 the first term describes the resonance jump of an 
electron between the molecular chain centers, the second and 
the third terms deal with the interaction of electrons and the last 
two correspond to the molecular vibrations in the chain. A 
Hamiltonian of type [ l .  11 whose parameters have been prop- 
erly chosen (3 -3 ,  describes well the properties of conjugate 
polymers and small molecules. It is also valid in studying 
donor-acceptor molecular crystals (6, 7). 

In quantum chemistry the Pople Hamiltonian is widely used 
(3). The electron part of the expression [ l .  11 is just the cut 
Pople Harniltonian. The important parameter for one- 
dimensional systems with the Harniltonian [ l .  11 is the density 
of electrons: 

where N,  is the total number of electrons in the chain of N + 
centers. 
We consider two cases p = 1 and p << 1. The first case 

corresponds to such systems as (CH),, polyacetylene while the 
second corresponds to stack molecular chains with p << 1 
(for example, crystal (TMTSF), C104). 

The case p << 1 is described in Section 2, and that of p = 
1 in Section 3. 

Notice that, in general, to the Hamiltonian [ l .  11 there corre- 
sponds the dispersion law of one-particle states. However, in 
the limit of small density p << 1, we can use the effective mass 
approximation, i.e., E, - k2. 

2. Electron pairing and the mass of current carriers 
at p << 1 

Let us consider small densities of the conduction electrons 
p << 1. 

In this limit the Harniltonian [ l .  11 can be replaced by its 
continuous analogue (see, for example, refs. 8- 15). 

We first examine one electron. The total Hamiltonian of the 
system as in [ l .  11 constitutes the sum of three terms, namely, 
the electron Harniltonian, the phonon Harniltonian, and the 
operator for their interaction: 

where 

R(x, t) is the phonon variable, a continuous analogue of points 
x ,  displacements in [ l .  11, +(x, t) is the normalized electron 
wave function 

The equations of motion are in the form of (8- 11) 

d h' d' i h -  + -- + [ d l  2t?ldx2 

Let us introduce the wave variable 

and assume p = p( t )  (11) and 

+(x, t) = + ( t )  exp {i(rnVx - (E + rnV2/2)t]/fi) 
~ 2 . 7 1  

p(x, t) = p( t )  

Then the system [2.5] reduces to a nonlinear Schrodinger equa- 
tion for + (8- l l) which has the soliton-type solutions 

L2.81 + ( t )  - l/cosh ( t / Q  

The soliton energy at sufficiently small velocities V << Vo is 
always less than that of zone electrons by the value 

where 

g = r n ~ ~ ~ ' / [ ~ i ~ ( l  - v2/vi) f i ]  

The effective size of a soliton (in the constant lattice units a )  
1 and its effective mass MSoI depend on the parameters rn, M, Vo, 
x ,  P, KO in P.51 (8, 9, 11) 

[2.10] 1 = 3KoP/x2 = 3 ~ ~ h ' / ( ~ ' r n a ' )  

[2.11] MsOl = rn,, + 4 X % / ( 2 7 ~ i ~ i ~ )  

An account must be taken of the fact that there is an infinitely 
large number of electrons in our molecular chain, however, 
their density (see [1.2]) is small 

We choose the wave function of the many electron system as 
an antisymmetrized product of the functions of electron pairs 
(geminals) 

M 

[2.12] 9 ( 1 , 2 , .  . . , 2 M  - 1 ,2M)  = i Gi(2i - 1 ,2 i )  
, = I  

where 2 is the antisymmetrization operator. Geminals have 
been introduced by Fock and his disciples in refs. 16 and 17. 

In the simplest case each geminal in [2.12] can be chosen in 
the form of a Slater determinant corresponding to the singlet 
state of the pair 

L2.131 Gi = Il+i(x~,-l)+i(x2i)a(2i - l)P(2i)ll 

As it is seen from [2.13], the spatial functions (orbitals) of 
electrons of every pair coincide. The condition of ortho- 
normalization 

is identical to that of a strong orthogonality of geminals Gi and 
G, which greatly simplifies the calculations (18). The relation 
[2.14] can also be satisfied with good accuracy for the case of 
[2.8] type soliton states. Let 
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Then the relation is strictly satisfied if the distance between 
solitons Ro >> 1, the soliton size, i.e. in the limit of small 
density 

[2.16] p = N,/N = 2/Ro << 1 

However, the expression [2.14] will be also fulfilled suf- 
ficiently accurately if Ro 7 41, i.e. 

[2.17] p = 2/Ro 5 1/21 = X 2 ~ m a 2 / ( ~ & 1 2 )  

In this case the wave function [2.12] corresponds to a one- 
dimensional lattice with a period Ro. 

A similar soliton lattice was first introduced in ref. 10. Our 
concept is most unique in that it allows electron-electron inter- 
action and that our soliton lattice can move as a whole with 
velocity V < Vo, transferring the charge eN,. Then the effective 
mass reads NcMsOl where MsoI corresponds to expression [2.11]. 
The binding energy of electron pairs in soliton states +,, gemi- 
nals G,,, exceeds the double value of the energy [2.9] since in 
the equation for p in [2.5] one should take into account the 
density of both electrons (19) which corresponds to the increase 
in the electron-phonon interaction constant x by a factor of 
fi. In this case the binding energy increases by a factor of 4. 
In our opinion, this is just the effect of electron pairing through 
the lattice. 

In order to determine the advantage attained by this pairing, 
we compare the energy gain g2/Z with the repulsion of elec- 
trons in the pair K. To calculate K, we restrict ourselves to the 
consideration of the first term in the interaction operator in 
[ l  .I], i.e. the Hubbard approximation: 

1 
~ ~ l - ~ l  = - C Y c,:~ Crnu Crrr, -u Cn,, -u 

1,tu 
or within a continuum model 

[2.18] H,I-,I = JJ dxldxz I + ,  ( X I ) ~ ' ~ + Z ( X ? ) ( ? ~ ( X I  - ~ 2 )  * y  

= r S dx+, (x)'+~(x)' = K 
Taking into account that for the pair 

+ I (x )  = + 2 ( ~ )  = cash-I (x/l) /V% 

we find 

Y 
[2.19] K = - I d x c o s h - ' ( x / l )  412 = y/31 

So, the electron pairing is advantageous if 

3. Electron pairs and the properties of carriers at p = 1 
To describe the ground state of a cyclic chain of N = 2M 

centers possessing N, = N electrons, we choose a variational 
function as (20) 

where the Fermi-operators j ;. and j i, correspond to the 
Wannier-type states 

1 jrltu = - C e-ikRln (COS Ok& + i sin 0k2iu) a \kl<kF 

1 
[3.2] En, = - e-jkRn' ( i  sin Ok& + cos 0k2ku) 

Inl<.iF 

where k is the wave number, cp and Ok are variational param- 
eters and the operators iik,, diagonalize the first term of the 
Hamiltonian [ l  . l ]  at x,,, = 0, 

At cp = 0 and Ok = 0 the function [3.1] transforms into the 
Slater determinant (20) 

p .51  +,,,(cp = 0 ,  On = 0) = n a t t  a i l  10) 
IkI<kF 

Hence, varying cp and Ok we obtain the corrections to the 
energy. 

The wave function [3.1] refers to the type of anti- 
symmetrized product of strongly orthogonal geminals (APSG). 
The geminals or two electron functions have been introduced 
into the theory by V. A. Fock and his disciples (16, 17). The 
APSG approximation was proposed in ref. 18. One of the 
authors has introduced the approximation [3.1]-[3.4] to calcu- 
late correlation effects in quasi-one-dimensional systems 
(20-22). We call this approximation the varied localized gem- 
inals (VLG) approximation since the geminals 

are partially localized. 
The VLG ground state [3.1] is doubly degenerate in the 

parameter 6 when x,, = 0 in [ l  . l ]  (see ref. 20). When 6 = + 112 
and the value of h in expression [3.4] tends to +0.5 the orbitals 
[3.2] become 

When 6 = - 112 and h = -0.5 we must replace the operator 
C2,,+ ,,, in this expression by C2 ,,,- ,,. So, the parameter 6 
determines the localization of orbitals [3.2]. At 6 = 112 they 
are localized on even C-C bonds and at 6 = - 1 /2 on the odd 
ones. 

Thus, the functions I J J ~ , ~ ( S  = 0.5) and +,,,(6 = -0.5) can 
be compared with the two resonant structures of polyacetylene 
. . . -C=C-C=. . . and . . . =C-C=C- . . . 

When all the displacements of atoms in [ l .  11 x,,, = 0, the 
VLG function has the form (22) 

and 101 = lb( ,  +vLG(*) = + V L G ( ~  = * 112). 
If we introduce the periodic Peierls-type deformation 

[3.8] x,, = x c o s ( Q m a +  cpo) 

where Q = 2kF then the weight of one of the structures in [3.7] 
goes to zero, and the total energy takes the form 

where 

r > 0 depends on the system parameters (21). From [3.9] it 
follows that for large systems (N + m) 

Minimizing the total energy [ l .  11 in the adiabatic approxi- 
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mation 1," = 0 we find the equilibrium amplitude of the Peierls 
deformation 

[3.12] xo = a / ~ ~  
where the two signs correspond to two resonant structures. 

Attention should be called to the analogy with the above 
consideration of solitons at p << 1. Each pair of electrons 
occupies geminal[3.6] and is localized on one of the bonds. In 
addition, this bond is reduced by 2xo. 

Besides purely qualitative analogy there is a formal one (see 
[2.5]), since the orbitals j, satisfy the variational equation 

The ground state of the system is degenerate in the sign of the 
deformation amplitude [3.12]. The dependence of the potential 
energy on x is of a characteristic form with two minima. In such 
a system soliton excitations of a specific nature, kinks, are 
possible (23-25). These states can be described in the VLG 
method. To do this, the structure of the function [3. I ]  near a 
kink is changed as follows 

The sign of the operators &,, [3.6] denotes their slight mod- 
ification in order to satisfy the strong orthogonality condition. 
The modification affects, actually, the state with ? 1, 5 2  and 
reduces to changing 

etc. 
Qualitatively the properties of the soliton described by [3.13] 

at y > 0 differ somewhat from those of the soliton in the 
approximation of noninteracting electrons (23-25): (1) the 
soliton is localized on 2-3 bonds with the parameters of the 
Hamiltoniano[l.l] characteristic for (CH), (6) P = 2.5 eV, 
p' = 4 eV/A, KO = 47 ev/A2, M = MCH; and (2) the energy 
of the electron transfer from the soliton level into the conduc- 
tion band is inside the forbidden zone of polyacetylene. 

The difference between our picture and the model of non- 
interacting electrons is that in our model the formation of neu- 
tral kinks is energetically advantageous compared with that of 
charged ones. This is supposed to be the unique fact able to 
explain the low conductivity of pure (CH), films PA a < 
(ohm cm)-' in the presence of paramagnetism x,.  

In the model of noninteracting electrons the number of 
charged kinks should approximately coincide with that of neu- 
tral kinks. 

Now some words about the mass of the kink-type soliton in 
(CH),. Up to now, there have been no rigorous calculations of 
this value in (CH),. Therefore we present the results of the 
model calculation. The model calculation of the kink dynamics 
consists in that a certain velocity V is given to a stationary kink 
without changing its form (23-25). 

One may also consider a model elastic chain with energy 

The potential U( y ) must have at least two minima. Using 
the expression [3.11] we obtain 

The parameters A and KO in th@ expression are caltulated in 
ref. 5 for (CH),: A = 1.8 eV/A and KO = 44 eV/A2. 

Within a continuous approach we can obtain from [3.15] and 
[3.16] the equation of motion 

[3.17] My,, - K,a2y,, + Koy - A sign ( y )  = 0 

This equation has a kink solution 

L3.181 Y =  YO(^ - exp (-a1[1)) sign (5) 
where yo = +-A / KO and 

[3.19] 5 = x - Vt, a2 = Ko/(2Kla2 - MV2) 

V is the kink velocity which should be less than a- = 

vo . 
Using eqs. [3.17] -[3.19] we can obtain the effective mass 

of kinks 

Since Kl -- KO (5) and the experjmental estimates (26, 27) 
yield 2xo = 2yo = 0.035A, a = 1.4A we find that Msol << MCH, 

Note that using the sine-Gordon form of the potential [3.16] 

we obtain nearly the same value of the kink mass 

Thus, solitons in (CH), are rather mobile 
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Characterization of DNA structures by infrared spectroscopy: double helical 
forms of poly(dG-dC) poly(dG-dC), poly(dD8G-dC) poly(dD8G-dC), and 

poly(dG-dm5C) poly(dG-dm5C) 
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J. A. TABOURY, J .  LIQUIER, and E. TAILLANDIER. Can. J. Chem. 63, 1904 (1985) 
Infrared spectroscopy in the 1750-700 cm-.' region is used to characterize the right- and left-handed helices of poly(dG-dC) . 

poly(dG-dC) with sodium counterions. The use of polymers selectively deuterated on the C8 of guanincs and methylated on 
the C5 of cytosines allows us to propose explanations for several spectroscopic modifications which occur under thc B + Z 
transition. Similar substitutions on nucleosides and nucleotides are used so as to assign base absorptions in poly(dG- 
dC).poly(dG-dC). A set of ir bands characteristic of DNA conformations, which can be used in studies of interactions with 
this polynucleotide and to identify the left handed Z conformation in more complex systems, is proposed. 

J .  A. TABOURY, J .  LIQUIER, et E. TAILLANDIER. Can. J .  Chem. 63, 1904 (1985). 
La spectroscopie infrarouge dans la region 1750-700 cm-' permet de caracttriser la forme droite et la forme gauche de la 

double hClice de poly(dG-dC) -poly(dG-dC). L'Ctude de dCrivCs du poly(dG-dC).poly(dG-dC) deutCrits sklectivement sur le 
C8 de la guanine ou mCthylCs sur le C5 de la cytosine permet d'expliquer diffkrentes modifications du spectre de ce 
polynuclCotide au cours de la transition B + Z. Des modifications similaires sur des nuclCotides ou nucltosides apportent 
Cgalement des informations pour I'attribution des bandes d'absorption des bases du poly(dG-dC).poly(dG-dC). Nous 
proposons un ensemble de bandes d'absorption caractkristiques des conformations de I'ADN. qui pourra 2tre utilisC pour 
1'Ctude d'interactions avec ce polynuclCotide ou pour la mise en evidence de la conformation en double hklice gauche dans 
des systkmes plus complexes. 

Introduction 
The DNA molecule, which for a long time had been consid- 

ered a rather rigid entity, is now known to be extremely flexible 
and capable of adopting a great variety of secondary structures. 
The study of purine-pyrimidine alternating copolymers has, 
moreover, shown that classical right-handed A and B helices 
can be turned into left-handed forms belonging to the so-called 
Z family. These novel structures were first characterized in the 
case of poly(dG-dC)-poly(dG-dC) by the modification of the 
uv absorbance spectrum and by the inversion of the cd (circular 
dichroism) signal (1). Their existence has been definitively 
proved by X-ray diffraction studies on d(C-G)3 crystals (2). 
Nuclear magnetic resonance (nmr) (3, 4) and Raman spec- 
troscopy (5-9) have also been used to investigate Z DNA. 
Thamann et al. (6) showed that the Raman spectrum of the Z 
DNA d(C-G), crystal is essentially identical to the high salt 
solution spectrum of poly(dG-dC).poly(dG-dC). Secondary 
structures of native or synthetic DNAs can be successfully 
studied by ir spectroscopy. A and B geometries and the B -, A 
conformational transition of DNA, alone or in the presence of 
polypeptides, proteins, or drugs, in highly concentrated con- 
ditions (hydrated films), have been characterized and followed 
by this technique (10-12). The left-handed Z structure of 
poly(dG-dC).poly(dG-dC) has also been investigated by ir 
spectroscopy (13- 17), and we have previously shown that, in 
films, the reversible B -, Z transition can be induced by 
varying the relative humidity (18). This conforrnational transi- 
tion has been identified by correlating the ir and uv absorbance 
spectroscopy results obtained on the same films, in the same 
salt and hydration conditions. In this work we present a detailed 
study of the ir spectra of both B and Z conformations of 
poly(dG-dC).poly(dG-dC) and two polynucleotides obtained 
by either selective deuteration of the C8 site of guanines or by 
methylation of the C5 site of cytosines. (The latter modification 
of cytosines is often encountered, in native systems and may 

play an important role in transcription.) The simultaneous 
study of these three DNAs allows us to assign many of the 
absorption bands in the ir spectrum. This work was undertaken 
to identify the ir wavenumbers and intensities characteristic of 
the B and Z conformations of poly(dG-dC) poly(dG-dC) in the 
vibrational region between 1750 and 700 cm-', both for deu- 
terated and nondeuterated samples, for use as a basis for further 
studies of interactions of these synthetic polynucleotides with 
drugs, metal ions, and proteins. 

Material and methods 
All the ir spectra, which will be discussed below were obtained 

using DNA films. The counterion content and the water content were 
rigorously controlled as these two parameters are essential to stabilize 
a given secondary structure of the polynucleotide. 

Poly(dG-dC).poly(dG-dC) and poly(dG-dm~).poly(dG-dmSC) 
were obtained from P. L. Biochemicals, dissolved in 0.1 M NaCl pH 
7, ethanol precipitated, washed so as to eliminate excess NaCl, depos- 
ited on the infrared plate (ZnSe), and gently dried so as to obtain 
homogeneous films. Known amounts of Na+ (usually 1 Na+ in excess 
per nucleotide) were added as a droplet allowed to diffuse in the film 
and then slowly dried. The films were then sealed in cells with con- 
trolled relative humidity (100-32% r.h.). The desired hydration was 
obtained by the introduction of small vessels containing saturated 
solutions of different salts. The exact amount of water contained in the 
film was determined directly on the ir spectrum by recording the water 
absorption bands around 3400 cm-' and 700 cm-I. The films were 
also exposed to saturated DzO solutions of previously dehydrated 
salts. The corresponding spectra, which in the text will be referred to 
as "in DzO, allow the infrared regions obscured by the intense H 2 0  
absorptions (especially the 1650 cm-' and 800 cm-' regions) to be 
investigated. Selective deuteration of the C8 of guanines has been 
obtained by incubation of the poly(dG-dC).poly(dG-dC) in 0. I M 
NaCl DzO at 80°C for 3 h. 

The ir spectra were recorded with a Perkin Elmer 180 double-beam 
ratio recorder spectrophotometer coupled to a Hewlett-Packard 9825 
A calculator. The stored data were treated in several ways: (I) the 
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TABOURY ET AL. 

FIG. 1. Ultraviolet absorption spectra of poly(dG-dC)-poly(dG-dC)-Na'. (a) Solution (0.1 M NaCI, 5 mM phosphate pH 7); (b) solution 
(4 M NaCI, 5 mM phosphate pH 7); (c) film 98% r.h. HzO; (d) film 86% r.h. H20 .  

baseline was corrected using previously recorded spectra of the sample 
cells, so as to eliminate any possible difference between sample and 
reference cells; (2) the polynucleotide spectrum was corrected for the 
water contribution by subtracting a previously stored water spectrum; 
(3) the spectra were smoothed using 3 or 5 points and drawn using a 
Hewlett-Packard 7825 A digital plotter. 

In the case of poly(dG-dC).poly(dG-dC), we controlled the in- 
duction of the B + Z transition in the films by recording the corre- 
sponding uv absorption spectra. The uv absorption spectrum of a 
highly hydrated (98% r.h.) film (Fig. Ic) is the same as that of a low 
salt solution (0.1 M NaCI) (Fig. la) reflecting a B-type conformation. 
If the relative humidity is decreased to 86% r.h., a slight redshift and 
a weak hypochromicity of the 260-nm band are detected, along with 
an importact hyperchromicity effect in the 295-nm region (Fig. Id). 
This new spectrum is similar to that observed for the high salt solution 
(4 M NaCI) (Fig. Ib) and correlated with the Z conformation. 

ResuIts and discussion 
The B + Z conformational transition of poly(dG-dC) - poly- 

(dG-dC) is induced in films by a decrease of the hydration, as 
shown by the parallel study performed on the same samples in 
the same relative humidity conditions by ir and uv absorption 
spectroscopy. Above 93% r.h., poly(dG-dC) . poly(dG-dC) 
and poly(dD8G-dC).poly(dD8G-dC) adopt a B conformation. 
Below 93% r.h., the secondary structure belongs to the Z- 
helical form. As regards the methylated polynucleotide, 
poly(dG-dm5C).poly(dG-dm5C), it is well known that C5- 
methylation of cytosines greatly favours the Z conformation 
(19, 20). Therefore, in condensed phase, the ir spectrum of the 
B form is not obtained, even by exposing the film to 100% 
relative humidity. The B form spectrum of poly(dG-dC). 
poly(dG-dC) and the Z form spectra of poly(dG-dC). poly(dG- 
dC), poly(dD8G-dC) . poly(dDxG-dC), and poly(dG-dm5C). 
poly(dG- dm5C) are presented in Fig. 2 between 1750 cm-' and 
700 cm-'. The wavenumbers of the main absorptions as well as 
their assignments are summarized in Table 1 .  We shall discuss 
in detail the different spectral regions using expanded figures 
corresponding mainly to the deoxyribose vibrations coupled to 
the G or C motions and involving the C-N glycosidic linkage 
(Fig. 3) and to the phosphodiester chain and out-of-plane base 
vibrations (Fig. 4). Below 1550 cm-', many of the base ab- 
sorptions of the polymer have been assigned by comparison 

with the spectra of 2'-deoxycytidine and 2'-deoxyguanosine- 
5'-phosphate (12, 21). Moreover, the effects of C5-methyl- 
ation of cytosines and C8-deuteration of guanines on poly(dG- 
dC)-poly(dG-dC) spectra have been correlated with similar 
effects on cytidine and 5'-dGMP spectra respectively. Con- 
tributions of the two bases can be distinguished in the ir 
spectrum of the polymer. Thus the 1294 cm-' and 1498 cm-' 
bands of poly(dG-dC)-poly(dG-dC) are due to cytosine vi- 
brations, while only a weak contribution of guanine is expected 
at 1482 cm-'. Both bases are involved in the absorptions 
located at 1527 cm-', 1420- 1409 cm-', and at 778 cm-'. 

1 .  In-plane double bond stretching vibrations of bases 
In H20,  after subtraction of the water contribution, the 

B + Z transition is detected by the shift of the 17 10 cm-' band 
(B form) to 1692 cm-' (Z form) and by the presence of an 
absorption at 1630 cm-' (Fig. 2a). The 1692 cm-' band may 
be assigned to a guanine double-bond in-plane stretching vibra- 
tion involving mainly the C6=06 carbonyl group, as in the Z 
form spectrum of d(C-Br8G-C-G-C-Br8G), this band is split 
into two components located at 1697 cm-' and 1680 cm-', 
reflecting the bromination effect on the initial and terminal 
guanines (22). 

In D20,  the two main absorptions of poly(dG-dC). poly(dG- 
dC) are shifted from 1681- 1649 cm-' in the B form to 
1666- 1635 cm-' in the Z form (Table 1). In the spectrum of 
the C5-methylated polymer in the Z form, these bands are 
found at higher wavenumbers, 1674- 1643 cm-' . Upon 
C5-methylation, a similar high wavenumber shift is also ob- 
served with 2'-deoxycytidine: the 1650 cm-' band in the 
2'-deoxycytidine spectrum is detected at 1666 cm-' for the 
methylated nucleoside. This suggests that cytosine double- 
bond vibrations are involved in the two 1666- 1635 cm-' 
bands in the spectrum of poly(dG-dC)-poly(dG-dC) in heavy 
water. The in-plane double bond vibration region had also been 
studied by Raman spectroscopy. In the case of the unmethy- 
lated polymer, the B + Z transition is detected by shifts of the 
Raman lines from 1688 cm-' and 1635 cm-' to 1662 cm-' and 
1634 cm-' (DZO solutions) and from 17 15 cm-' to 1695 cm-' 
(H20 solutions) (8). 

The 1750- 1550 cm-' spectral region is considered as being 
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FIG. 2. Infrared absorption spectra of: (a) poly(dG-dC)-poly(dG-dC)-Na'; -Z form (86% r.h. H20); --- B form (98% r.h. H20). The 
ir spectrum of the water present in the film has been subtracted; (b) po~~(d~~G-d~).poly(dD~G-dC)-Na' at 86% r.h. (H20), Z form; (c) 
poly(dG-dm5C).poly(dG-dm5C)-Na' at 86% r.h. (H20), Z form. The main bands assigned to the Z form have been shadowed. 

sensitive to base pairing and to base stacking (23, 24). It has 
been shown by X-Ray diffraction that the Z form is a double 
helix structure with Watson-Crick base pairing. The Z config- 
uration differs from the B one as cytosine bases are stacked on 
each other, while guanine bases are no longer stacked but in 
contact with the 0 1  '-oxygen atoms of the adjacent deoxyribose 
residues (2). In polynucleotides, the existence of transition 
dipole coupling for C=O stretching vibrations was first 
pointed out by Tsuboi et al. (23). As the base pair stacking is 
changed under the B + Z transition, the dipole interaction is 
modified, as can be detected by shifts of the ir absorption 
bands. 

2. dG, dC, and C-N glycosidic linkage vibrations 
The spectral region between 1550 and 1250 cm-' is useful to 

characterize the B and Z geometries of poly(dG-dC) . poly(dG- 
dC), as can be clearly observed in Fig. 3. The existence of the 
Z conformation of this polymer is reflected by the presence of 
two new absorptions at 1265 cm-' and 1318 cm-', by shifts of 
the 1374- 1364 cm-' doublet to 1364- 1354 cm-' , and of the 
1420 cm-' band to 1409 cm-'. Similar modifications are ob- 
served in the case of poly(dD8G-dC) -poly(dD8G-dC) upon the 
B + Z transition (Fig. 3c). The Z form spectrum of the methyl- 
ated derivative (Fig. 3d) shows only one intense band at 
1354 cm-', which may be interpreted as the sum of the shifted 
1364 cm-' band and of the 1354 cm-' band. The low wave- 
number shift of the 1364 cm-' band is due to C5-methylation 
of cytosines as, in a similar way, the corresponding band at 
1364 cm-' in 2'-deoxycytidine is shifted to 1356 cm-' upon 
C5-methylation (12). Therefore the 1364 cm-' absorption in 
the ir spectrum of poly(dG-dC)-poly(dG-dC) reflects a vibra- 

tional mode of cytosine. The 1354 cm-' band of Z form poly- 
(dG-dC) . poly(dG-dC) may be assigned to a guanine vibration, 
as selective bromination of this base in the case of the d- 
(C-BrBG-C-G-C-Br8G) hexamer in the Z form reveals a low 
frequency shift of the 1354 cm-' band to 1340 cm-' (22). The 
dG residue which is in an anti conformation in the B form 
adopts a syn conformation in the Z form. This geometry 
modification may be reflected by the 1374- 1354 cm-' band 
shift in poly(dG-dC) . poly(dG-dC) and poly(dDBG-dC) spoly- 
(dDBG-dC). This assignment is in agreement with the result of 
a theoretical calculation based on the GF-Wilson method per- 
formed on CpG and GpC sequences in B and Z geometries. The 
calculated results show that upon the B + Z transition, the 
important shifts from 1374 cm-' to 1354 cm-' (infrared bands) 
and from 685 cm-' to 625 cm-' (Raman lines) are essentially 
due to the anti + syn and C2'-endo -+ C3'-endo conforma- 
tional modifications of the guanine residue and its associated 
sugar (16). 

The band located at 1498 cm-' in the B form poly(dG- 
dC) .poly(dG-dC) spectrum (1496 cm-' in theZ form) (Fig. 3a, 
b) involves mainly cytosines with a weak contribution of gua- 
nines as previously mentioned. This can be deduced from the 
ir study of the methylation effect on cytosines: the shift of the 
1496 cm-' absorption (Fig. 3b) to 1491 cm-' in the methylated 
polymer (Fig. 3d) is quite comparable to the displacement of 
the 1490 cm-' band in 2'-deoxycytidine to 1485 cm-' in 
5-methylated 2'-deoxycytidine. The contribution of guanines 
to the absorption at 1498 cm-' can be evidenced in the follow- 
ing way. Deuteration of the C8 site of 5'-dGMP shifts the 1482 
cm-' band to 1460 cm-'. Similarly, selective deuteration of the 
C8 site of guanines in poly(dG-dC)-poly(dG-dC) shifts the 
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TABOURY ET AL. 

TABLE 1. Infrared wavenumbers and assignments of poly(dG-dC) . poly(dG-dC) infrared bands 

poly(dG-dC) . poly(dG-dC) 
poly(dD%-dC) - poly(dDHG-dC) 

B form Z form 

Wavenumber Wavenumber 
cm-' Intensity Assignment cm-' Intensity Assignment 

1710 S G 1692 S G 

168 1 * S C 1666" S C 
1649* S C 1635* S C 

1630 S 

1582* m 1582* m 
1564* m 1564* m 

1528 w G, C 1527 w (3, C 
1524** w DUG 

1504* m C 1500* m C 
1498 m C, Go 1496 m C, Go 
1467** w D'G 1467** w D ~ G  

1420 w 1409 w 
1387 w 1387 w 

1374 w d G 
1364 w d C 1364 w d C 

1354 w d G 

1318 w d G 
1294 w C 1292 w C 

1265 w 

1220 S v,,PO, 1215 S v,,PO,I 

1124 m d 
1115 sh 

1086 S v,PO, 1090 S v,PO, 
1050 S d 1054 S d 

1020 sh 1014 S d 
966 m 966 m 
930 w 925 m d 

893 890 
860-853* b 868 
830-828* w 835 w 

800* w 7 802* 7 w 

782-784* w G 
778 w G, C 778 w C 
740* w 745* w 
730* w 735-730* w 
703* w 710* w 

Z form 

Wavenumber 
cm-' Intensity Assignment 

Abbreviations: S: strong, m: medium, w: weak, sh: shoulder, d: deoxyribose, G:  guanine, C: cytosine, v: stretching vibration, m5C: 
5-methylcytosine; *: in D20;  **poly(dDBG-dC).poly(dDBG-dC). 

"Mainly cytosine, weak contribution of guanine. 
bDeoxyribose and phosphodiester backbone. 

guanine band, hidden by the presence of the strong cytosine 
component at 1498 cm-I, to 1467 cm-' (Fig. 3c). The 1467 
cm-' band, which is well isolated and not modified by the B + 
Z transition, involves the motion of the N7 atom of guanines. 
Modifications of the intensity or shifts of this band will be 
extremely useful to evidence any interaction with this site of the 
polynucleotide (1 7). 

3. Phosphodiester chain and out-of-plane base vibrations 
The spectral region below 1030 cm-' has been studied in 

D20 so as to avoid the important water contribution. In Fig. 4 
are presented the spectra of poly(dG-dC) poly(dG-dC) (B and 

Z forms) and of poly(dG-dm5C). poly(dG-dm5C) (Z  form) 
recorded in D,O. 

Important modifications can be detected due to the B + Z 
transition. The intensity of the 893 cm-I band is drastically 
decreased, whereas two absorptions at 925 cm-' and 1014 cm-I 
(1017 cm-' for the methylated polynucleotide) are now 
observed. These bands can be associated with deoxyribose 
vibrations coupled to backbone vibrations, their strong hyper- 
chromicity possibly reflecting the effect of the electronic polar- 
ization of the C-0-C deoxyribose atoms close to the 
guanine ring in the Z structure (2). The phosphodiester chain 
vibrations observed in D20 at 828 cm-' and 853 cm-I in the B 
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Absorption Absorption 

FIG. 3. Spectral region of base and deoxyribose-base vibration 
modes. Effect of the B + Z transition on the ir spectrum of poly(dG- 
dC) . poly(dG-dC)-Na'; (a) B form (98% r. h. H20); (b) Z form (86% 
r.h. HzO); Effect of specific substitutions. (c) At the C8 position of 
guanine in poly(dDXG-dC)~poly(dD%-dC)-~a'; Z form (86% r.h. 
H20); (d) At the C5 position of cytosine in poly(dG-ddC).poly- 
(dG-dm5C)-Na+; Z form (86% r.h. H20).  

form are shifted to 835 cm-' and 868 cm-' in the Z form 
(837 cm-' and 865 cm-' for poly(dG-dm5C) - poly(dG-dm5C)). 
Finally, the sharp band at 778 cm-' in the B form (Fig. 4a) is 
split into two components well separated in D20,  at 784 cm-' 
and 778 cm-', for Z form poly(dG-dC) poly(dG-dC) (Fig. 4b). 
Methylation of cytosines in Z form poly(dG-dm5C).poly- 
(dG-dm5C) induces a shift of the cytosine component from 
778 cm-' to 768 cm-' (Fig. 4c) (776 cm-' in H20,  Fig. 2c). In 
a similar way bromination of the guanines shifts the absorption 
located at 784 cm-' (22). 

Thus in the poly(dG-dC). poly(dG-dC) Z form spectrum the 
784 cm-' band is due to a guanine vibration while the 778 cm-' 
band is due to a cytosine vibration. These two absorptions are 
assigned to out-of-plane ring vibrations, possibly coupled to 
the glycosidic torsion and carbonyl out-of-plane motions; as on 
the polarized ir spectra of oriented samples, these two ab- 
sorptions remain parallelly polarized, whatever the DNA con- 
formation (18). The corresponding transition dipole moments 
are thus oriented parallelly to the helix axis. The Raman spec- 
trum in this region is also extremely sensitive to the B -, Z 
conformational transition. The different Raman lines have been 
discussed either in terms of vibrations of the phosphate groups 
and of the cytosines (8) or in terms of base vibrations (7). The 
infrared spectrum presents two sharp bands at 784-778 cm-' 
(bandwidth 8 cm-I) assigned to base vibrations. However, 

FIG. 4. Phosphodiester chain and out-of-plane base vibrations; (a) 
poly(dG-dC) .poly(dG-dC)-Na' B form (98% r.h. D20); (b) poly(dG- 
dC).poly(dG-dC)-Na' Z form (86% r.h. DZO); (c) poly(dG-dmsC) 
poly(dG-dm5C)-Na+ Z form (86% r.h. D20).  

deconvolution of this spectral region shows that a broad band 
located at 802 cm-' (40 cm-' bandwidth), probably due to a 
phosphate chain vibration mode, should be taken into account 
(12). 

In summary, our study allows us to propose a set of char- 
acteristic features of the Z conformation spectrum of poly- 
(dG-dC).poly(dG-dC) and to assign a number of absorptions 
by comparison with nucleosides, nucleotides, and modified 
polynucleotides (C8-deuteration of guanines and C5-methyl- 
ation of cytosines): the B -+ Z transition is reflected by: ( i)  new 
or enhanced absorptions: 1630 cm-', 13 18 cm-', 1265 cm-', 
1124 cm-', 1014 cm-', 925 cm-'; (ii) band shifts (in paren- 
theses are wavenumbers of the corresponding absorptions in 
the B form): 1409 cm-' (1420 cm-I), 1354 cm-' (1374 cm-'). 
In H20: 1692 cm-' (1710 cm-I). In D20: 1666 cm-' (1681 
cm-'), 1635 cm-' (1649 cm-I); (iii) band splitting: 784-778 
cm-' (778 cm-I); (iv) decrease of the intensity of the absorp- 
tion located at 893 cm-'. 

Besides, selective deuteration of C8 of guanines shifts 
the guanine contribution, overlapped by a cytosine band at 
1496 cm-', to 1467 cm-', allowing evidence of interactions on 
the N7 site of the base. 

These characteristic features of the ir spectrum of the Z 
conformation determined in the case of poly(dG-dC)-poly- 
(dG-dC) will be useful to help the detection of left-handed 
structures in other polynucleotides which have been theoret- 
ically predicted as able to adopt such conformations: regularly 
alternating purine-pyrimidine polymers such as poly(dA- 
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dC) . poly(dG-dT) and poly(dA-dT) . poly(dA-dT). The ab- 
sorptions which could therefore be used are those involving the 
deoxyribose phosphate backbone and, possibly, also bands 
common to the purine bases. In the high wavenumber range 
(double-bond stretching vibrations in the base plane), shifts to 
lower wavenumbers are expected, due to changes in base 
stacking during the B + Z transition. The displacement of the 
bands cannot be exactly predicted as it must depend both on 
nature of base and primary sequence of the alternating 
purine-pyrimidine DNA. The anti + syn transition of the 
purines should be reflected by a shift of the purine absorption 
coupled to the glycosyl linkage from 1374 cm-' to 1354 cm-'. 

Below 1000 cm-' native and synthetic DNA conformations 
may be distinguished by distinct sets of ir absorption bands. 
The right-handed geometries of the B family with a C2'-endo 
anti conformation of the nucleosides have been characterized 
by ir absorptions around 890 cm-' and 835 cm-', whereas the 
right-handed A family helices with a C3'-endo anti confor- 
mation of nucleosides are detected by ir absorptions at about 
890 cm-', 878 cm-', 860 cm-', and 805 cm-' (11, 25). 
The left-handed helices with C2'-erzdo arzti and C3'-endo syn 
alternating geometries may be identified, as in the case of 
poly(dG-dC).poly(dG-dC), by ir bands occurring around 
925 cm-' ,  868 cm-I, 835 cm-' , and 802 cm-' . 
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JOHN D. GODDARD. Can. J. Chern. 63, 1910 (1985). 
The structures of seven minima and five transition states of the So and T I  potential encrgy surfaces of thioforrnaldehyde have 

been located at the 3-21G" SCF level. Further calculations have been carried out to determine harmonic vibrational frequencies 
and to examine the effects of larger basis sets and of configuration interaction on cncrgy differences. The molecular dissociation 
limit of Hz and CS is thermodynamically accessible at the energy of the lowest n,n* excited states and thc singlet thio- 
hydroxyrnethylenes lie only slightly too high. However, there are large barriers of -85 to 90 kcal rnol-' to the molecular 
dissociation or to the 1,2-hydrogen shifts from thioforrnaldehyde to the thiohydroxyrnethylenes. The dissociation to H and HCS 
requires -85.4 kcal rnol-' on the ground singlet and faces a barrier of several kcal rnol-' relative to products on the triplet 
surface. Any unirnolecular photochemistry of thioforrnaldehyde is likely to require excitation to higher excited states than the 
lowest rl,n:'; states. 

JOHN D. GODDARD. Can. J.  Chern. 63, 1910 (1985). 
Les structures de sept minima et de cinq Ctats de transition des surfaces d'Cnergie potentielle So et TI du thioforrnaldChyde 

ont CtC IocalisCes au niveau autocohCrent 3-21Ga. On a effectuk d'autres calculs pour dkterrniner les frtquences vibrationnelles 
harrnoniques et pour examiner les effets d'ensernbles de base plus larges et d'intcractions de configuration sur les diffkrences 
d'knergie. La lirnite de dissociation rnoltculairc en Hz et CS est therrnodynarniquernent accessible au niveau d'Cnergie des Ctats 
excitCs n ,n*  les plus bas et les thiohydroxyrnCthyl2nes singulets sont situCs i un niveau ICgkrernent trop Clevt. Toutefois, les 
barrikres i la dissociation rnolCculaire ou aux transpositions- 1,2 d'hydrogknes du thioforrnaldkhyde au thiohydroxyrnCthyl2nes 
sont tr2s ClevCes, -85 B 90 kcal rnol-I. La dissociation en H et HCS nCcessite -85.4 kcal rnol-' au niveau fondarnental alors 
qu'au niveau de I'Ctat triplet il existe une barrikre de plusieurs kcal rnol-I par rapport aux produits. Toute photochirnie 
unirnoltculaire du thioformaldChyde dernandera probablernent une excitation i des &tats excitCs supCrieurs en Cnergie aux Ctats 
n,n* les plus bas. 

[Traduit par le journal] 

Introduction There has been a recent DZ*'!: S C F  and CI study ( I  1) on the 
The spectroscopy and photophysics of the thioforrnaldehyde thioformyl radical, HCS, which is one probable product of any 

molecule, H2CS, have recently been extensively studied by thioformaldehyde photochemistry. Most of the quantum chem- 
experimentalists and to a somewhat lesser degree by quantum ical studies on H,CS have focussed on the molecular structures 
chemists (1 -9). Much of the work on the electronic and and vibrational frequencies of the lowest triplet state (7, 8) or 
vibrational spectroscopies of thioformaldehyde in its ground the vertical electronic excitation energies (9). There have 
and lowest-lying excited states has recently been reviewed (1). been no quantum chemical studies on thioformaldehyde, inves- 
Spectroscopic studies aimed at determining the molecular con- tigating many features of the So and T,  potential energy sur- 
stants of the &'Al state have appeared (2) and are com- faces, as there have been, for example, for formaldehyde 
plemented to an extent by a DZ*;': S C F  quantum chemical study (12, 13). In particular, the isomerization of thioformaldehyde 
(8). The photophysics of H2CS in its lowest excited states has to thiohydroxymethylenes may be thermodynamically feasible 
attracted recent attention (3-6) and there have been some spec- 
ulations on the question of thioforrnaldehyde photochemistry 
(3, 5 ,  6). Some controversy exists as to whether thioformal- 
dehyde may dissociate into the molecular products, Hz + CS,  
on the So surface reached by internal conversion from an 
initially excited A ( ' A ~ )  state (5, 6). Such a process is well 
known in the oxygen analogue, formaldehyde, (10) and has 
been examined in detail by computational studies (e.g. refs. 
12, 13). Kawasaki e t  al.  (5) raise the possibility of the non- 
radiative decay of H2CS (A I&) to H, and C S  but this channel 
is dismissed by Bruno and Steer (6). The molecular products 
are probably thermodynamically accessible relative to the low- 
lying n , n *  states but there may be a large barrier to this dis- 
sociation (3, 6) if the formaldehyde molecule may serve as a 
guide (12, 13). The fact that the 3 . 'n ,n*  origins of thio- 
formaldehyde are at 14 614 cm- '  or 41.8 kcal mol-' and 
16 395 cm- '  or 46.9 kcal mol-I, as compared to 25 194 cm- '  
o r  72.0 kcal mol-' and 28 188 cm-' or 80.6 kcal mol-' for 
formaldehyde ( I ) ,  means that considerably less energy will be 
available for any unimolecular photochemical reactions of 
HzCS after excitation into its lowest excited electronic states. 

out of the lowest excited states (although the barrier height is 
unknown). In the case of formaldehyde, the hydroxymethylene 
isomer has received considerable attention from compu- 
tationalists (e.g. refs. 12, 14, 15) and has been invoked in the 
interpretation of certain experiments (16). 

The present study examines a number of minimum energy 
and transition state structures on the ground state, (So), and 
lowest triplet state, ( T I ) ,  surfaces of H2CS. All geometries 
were optimized using S C F  gradient methods and the 3-21G* 
basis set which includes 6-d type Gaussians on S .  The natures 
of all stationary structures (i.e. minima, transition states) were 
verified by calculating the harmonic vibrational frequencies 
using analytic second derivatives. Higher level calculations 
both in terms of basis sets (6-31G:I, 6-31G**) and electron 
correlation (3-21G:': CISD) were carried out at the 3-21G'" 
geometries. Potential energy surface features examined in- 
clude: H,CS (So and T I ) ,  cis- and trans-HCSH (thio- 
hydroxymethylenes So), the transition state for the internal 
rotation interconverting the singlet thiohydroxymethylenes, the 
rearrangement barrier from H,CS to trans-HCSH, the molecu- 
lar dissociation limit of H2 and C S  and the transition state for 
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GODDARD 191 1 

this pathway, the radical dissociation products of H + HCS, 
triplet thiohydroxymethylene, the transition structure for triplet 
H,CS rearranging to triplet HCSH, and the barrier for the 
dissociation of H,CS (TI) to H + HCS. 

Computational methods 
All computations were performed with the GAUSSIAN 82 

program system (17). Geometries were optimized at the SCF 
level using analytic gradient methods and the 3-21G* basis set 
(18, 19). Note that the 3-21G* basis set includes a set of 
6 d-type Gaussian functions only on S.  Harmonic vibrational 
frequencies were calculated for all stationary point structures 
using analytic second derivatives (20) at the 3-2 lG* SCF level. 
Basis set extension effects on energy differences at the SCF 
level were examined at the 3-21G* geometries with single point 
6-3 lG* (19, 21) and 6-31G** (21) computations. Recall that 
the 6-3 lG* basis involves sets of d-functions on C and S and 
that the 6-3 1G** augments the 6-3 lG* by adding p-functions 
on the hydrogens. Effects of electron correlation on energy 
differences were accounted for by singles and doubles config- 
uration interaction (3-21G* CISD) relative to the SCF refer- 
ence configuration with six frozen core MO (approximately the 
C 1s and S l s 2 s  2px2p,2pZ AO) excluded and all virtuals 
included. The effects of higher excitations were estimated by a 
size consistency correction (22). In the cases of the molecular 
(Hz + CS) and radical (H + HCS) limits, computations were 
done in the "supermolecule approximation" with the fragments 
separated by a large distance. Changes in thermal energies were 
calculated as in GAUSSIAN 82 with a rigid rotator/harmonic 
oscillator model (e.g. ref. 19) but using the calculated 3-21G:': 
SCF harmonic frequencies to determine zero point energy dif- 
ferences. Best estimates of energy differences were obtained by 
including the thermal corrections and assuming the additivity 
of polarization and correlation effects as has been shown to be 
approximately valid (23). 

Results and discussion 
The total energies as well as the energy differences relative 

to ground state thioformaldehyde at five levels of computation 
are presented in Table 1 for all twelve stationary points. 
Table 2 collects the 3-21G" SCF optimized geometries (re 
structures) for the seven minimum energy and five transition 
state structures. Table 3 displays the 3-21G* SCF harmonic 
vibrational frequencies in cm-' along with these values scaled 
by 0.9 (see below) and the symmetry label where appropriate. 
Note that all transition state structures have exactly one imag- 
inary frequency as required for a true transition state. Table 4 
presents an analysis of the results in Tables 1 and 3 to yield the 
best estimates of this study for the thermochemical energy 
changes or barrier heights to reaction. 

Energies 
Comparisons of the calculated energy differences with ex- 

periment are in order where spectroscopic or thermochemical 
data exist. Spectroscopy places the TI origin in thiofor- 
maldehyde at 14 614 cm-I or 41.8 kcal mol-I (I) ,  which is in 
quite good agreement with the computed value of 42.3 kcal 
mol-I (3-21G* CISD + size consistency correction (SCC)) or 
the estimate of 40.9 kcal mol-' (Table 4). The enthalpy differ- 
ence between ground state H F S  and the hydrogen molecule 
plus carbon monosulphide may be computed from thermo- 
chemical data (3, 24, 25) to be 31 2 7.6 kcal mol-I (a value 
of -40 kcal mol-' is used in Figs. 1 and 3 of refs. 3 and 6 

respectively), which agrees reasonably well with the result of 
this study, 34.9 kcal mol-'. As a partial test of the effects of 
using geometries optimized with correlated methods on the 
predicted energy differences, the Hz + CS and HzCS (So) 
structures were redetermined at the 3-21G'$ CISD level. At 
these CI geometries (and employing the thermal and basis set 
extension effects in Table 4), the energy change between 
ground state thioformaldehyde and the molecular dissociation 
limit is 36.5 kcal mol-' and thus differs from the prediction at 
the SCF optimized geometries by only 1.6 kcal mol-'. The 
enthalpy difference between So thioformaldehyde and a hydro- 
gen atom plus a thioformyl radical, HCS, is given as 90 t 24 
kcal mol-' from experiment (3, 25, 26), with the large uncer- 
tainty due to the heat of formation of HCS of 63 t 19 kcal 
mol-' (26). The calculated value, in this work, of 85.4 kcal 
mol-' for H,CS -, H + HCS is certainly reasonable. 

As the 3-2 IG* basis set is relatively small, it is quite possible 
that the SCF energy differences are slightly too large due to 
basis set superposition errors (BSSE). However, as only the 
H,CS minimum and the radical and molecular limits are of 
interest relative to experiment, it is unlikely that BSSE would 
be of very great significance on a scale of 34.9 or 85.4 kcal 
mol-I, the computed dissociation energies. Corrections for 
such errors could become highly important in an accurate treat- 
ment of all regions of the potential surface, including very 
weak interactions. 

For the other minimum energy species, the singlet and triplet 
thiohydroxymethylenes, no comparisons with experiment are 
possible. Some obvious and interesting comparisons with 
each other and with formaldehyde suggest themselves. Thio- 
hydroxymethylene is a singlet stable carbene as is expected for 
a methylene with a hydrogen replaced by a somewhat electro- 
negative substituent bearing lone pair electrons (27). The 
values in Table 4 place triplet HCSH -9.1 kcal mol-I higher 
in energy than singlet trans-HCSH. The comparable energy 
gap between trans-HCOH (So) and gauche-HCOH ( T I )  has 
been computed to be -25 kcal mol-I (14). For the singlet 
thiohydroxymethylenes the trans isomer is slightly (2 kcal 
mol-I) more stable than the cis form. In hydroxymethylene, 
HCOH, this difference is somewhat larger at 5.5 kcal mol-I 
( 12, 15). Relative to the oxygen analogues, there appears to be 
a "leveling effect" in the sulphur case with smaller energy gaps 
between the various thiohydroxymethylenes. 

Two final comparisons of energy differences between min- 
ima, namely, H,CS (So) vs. trans-HCSH (So) and HzCS (T,)  
vs. gauche-HCSH ( T I )  should be made. trans-Thiohydroxy- 
methylene singlet is predicted to be 52.3 kcal mol-' higher in 
energy than ground state thioformaldehyde. In the case of 
H,CO, the best calculated energy differences for the com- 
parable quantity are in the range 52.6 to 55.4 kcal mol-I 
(12, 15). gauche-Triplet thiohydroxymethylene lies - 19.2 
kcal mol-I above triplet thioformaldehyde while for the oxygen 
analogue this difference was calculated to be - 14 kcal mol-' 
(14b). The relative energies of H,CX and HCXH, singlet or 
triplet, are thus similar for X = 0 and S. 

Certain qualitative features regarding the heights of reaction 
barriers should first be noted. Considerations of orbital or state 
correlation diagrams (28) suggest that the dissociation of H,CS 
to H and HCS radicals on the So surface should face no barrier 
beyond the reaction endothermicity. A barrier to the dis- 
sociation of triplet thioformaldehyde to the same radicals is 
predicted (28) and such a feature was approximately located in 
SCF computations on H,CO (TI)  (29). A symmetry analysis of 
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TABLE I .  Total energies in hartree and energy differences relative to ground state thioformaldehyde in kcal mol-'. All calculations were carried 
out at the 3-21G" SCF optimized geometries 

3-21G" SCF 6-31Gi' SCF 6-3 1G"" SCF 3-21G" ClSD 3-21G* ClSD + SCC 

so E(+434) AE E(+436) AE E(+436) AE E(+434) AE E(+434) AE 

HzCS -0.446459 0.0 -0.506439 0.0 -0.509930 0.0 -0.666496 0.0 -0.687657 0.0 
trans-HCSH -0.363564 52.0 -0.429539 48.3 -0.435189 46.9 -0.572708 58.9 -0.592658 59.6 
cis-HCSH -0.361032 53.6 -0.425701 50.7 -0.43 1338 49.3 -0.570248 60.4 -0.590240 61.1 
HC(H)S rearrangement -0.280108 104.4 -0.344294 101.7 -0.354265 97.7 -0.506302 100.5 -0.531384 98.1 
HCSH internal 

rotation t.s. -0.312028 84.4 -0.376798 81.4 -0.382831 79.8 -0.516152 94.3 -0.535660 95.4 
Hz + CS -0.369035 48.6 -0.431 110 47.3 -0.435629 46.6 -0.593975 45.5 -0.617637 43.9 
Molecular limit 
Molecular 

dissociation t.s. -0.261 109 116.3 -0.323737 114.6 -0.334939 109.8 -0.498223 105.6 -0.527604 100.4 

HZCS -0.415546 19.4 -0.474316 20.2 -0.478190 19.9 -0.605476 38.3 -0.620324 42.3 
gauche-HCSH -0.382102 40.4 -0.439709 41.9 -0.445557 40.4 -0.569957 60.6 -0.584723 64.6 
HC(H)Srearrangement -0.314674 82.7 -0.376983 81.2 -0.385473 78.1 -0.514397 95.4 -0.532934 97.1 
H + HCS -0.322848 77.6 -0.381 163 78.6 -0.383203 79.5 -0.5 17869 93.3 -0.540821 92.1 
Radical limit 
Radical 

dissociation t.s. -0.310084 85.6 -0.369216 86.1 -0.371486 86.9 -0.513638 95.9 -0.534968 95.8 

the dissociation of formaldehyde to the molecular products, H, 
and CO, (e.g. ref. 30) suggests a high barrier and a transition 
state structure which may remain planar but is distorted from 
C,, symmetry. Similar results may hold for thioformaldehyde. 
Consideration of the highest occupied molecular orbital 
(HOMO) in the case of the 1,2-hydrogen shift from singlet 
HICO to singlet trans-HCOH (31) suggests a large barrier to 
such a rearrangement as H,CS (So) -+ trans-HCSH (So). 

Turning to the computational results in Tables 1 and 4,  the 
3-21G'VCF barrier to the molecular dissociation is very large 
at 11 6.3 kcal m o l l ,  relative to ground state thioformaldehyde. 
All the more elaborate calculations and the thermal correction 
act to decrease this barrier but it is still large at 87.1 kcal mol-' 
for a best estimate. The energy requirement is some 46.2 kcal 
mol-' above the calculated energy of the lowest excited n ,n*  
triplet state or -40 kcal mol-I above the experimental energy 
of the In,+ excited state. Relative to the molecular products 
of hydrogen molecule and carbon monosulphide the energy 
barrier is 52.2 kcal mol-' as the reaction H,CS (So) -+ H, + CS 
is overall endothermic by 34.9 kcal mol-'. By way of com- 
parison, the barrier in formaldehyde to dissociation to Hz 
and CO is calculated to be 80.6 + 3 kcal mol-' (13b). There 
has been a detailed discussion regarding the adequacy of a 
single reference configuration for this transition state in H,CO 
(13b). It is probable that for H,CS a multi-reference CISD or 
MCSCF + CI calculation would predict a lower barrier by 
perhaps 5 to 10 kcal mol-'. However, the barrier is certain to 
remain considerably greater than the energy available in the 
lowest n , n *  excited states of thioformaldehyde. 

The barrier to the 1,2-hydrogen shift linking singlet thio- 
formaldehyde to trans-thiohydroxymethylene is predicted to be 
85.9 kcal mol-' in Table 4. Thus, the reverse barrier from the 
trans-methylene to the aldehyde isomer is 33.6 kcal mol-'. 
These barriers are quite reminiscent of those in formaldehyde 
whose analogous rearrangements require 84.4 to 85.9 and 29.0 
to 30.0 kcal mol-' (12, 15). Once again, the effects considered 
beyond the 3-21G" SCF calculation (barrier 104.4 kcal mol-') 

all lowered the energy for rearrangement. This energy require- 
ment of 85.9 kcal mol-' for the hydrogen shift is very similar 
to that for the molecular dissociation of 87.1 kcal mol-' and 
to the dissociation energy to radicals on the So surfaces at 
85.4 kcal mol-'. 

The transition state for the triplet rearrangement from H,CS 
to gauche-HCSH requires 46 kcal mol-' relative to the al- 
dehyde isomer. The reverse reaction faces a barrier of 26 kcal 
mol-I. The analogous rearrangement of triplet formaldehyde 
has not been investigated. The 1,2-hydrogen shift from triplet 
vinylidene to triplet acetylene (32) has a large classical barrier 
of -55 kcal mol-I and proceeds through a decidedly nonplanar 
transition structure. 

The energy required for the internal rotation from trans- to 
cis-thiohydroxymethylene is calculated to be 33.6 kcal mol-' 
relative to trans or 31.6 kcal mol-I relative to cis. Such a 
barrier is, of course, large for an internal rotation about a single 
bond. However, the CS bond acquires considerable double 
bond character through donation of the lone pairs on S into the 
formally vacant carbene C p n  type orbital (12). This favour- 
able interaction is essentially lost at the transition state where 
the dihedral angle is nearly 90". In formaldehyde the com- 
parable barrier has been calculated to be -29 kcal mol-' 
(12, 15). 

The dissociation of triplet state thioformaldehyde to the 
ground states of H and HCS has been calculated to have a 
thermodynamic energy requirement of 43.2 kcal mol-I. 
However, as anticipated from symmetry arguments (28), there 
is an additional small barrier of -5 kcal mol-I relative to the 
dissociated radicals at infinite separation. The lowest triplet 
state of H,CO also has a similar small hump in the potential for 
the cleavage to radicals of -9 kcal mol-I at the small basis set 
SCF level (29). 

Structures 
The 3-21G* SCF r, geometries for So and TI thioformal- 

dehyde and for the molecular dissociation products, H2 and CS, 
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GODDARD 1913 

TABLE 2. 3-31G* SCF optimized geometries for stationary points on the S,, and T I  surfaces of H2CS; bond 
lengths ( r )  in angstrom and angles (a) in degrees. The Hz + CS molecular and H + HCS radical limit 
structures were determined in supermolecule calculations with the fragments separated by a large distance 

Species SO Species T I  

HC(H)S rearrangement 
t.s. 

HCSH internal rotation 
t.s. 

Hr + CS 
molecular limit 

Molecular dissociation 
t.S. 

r(CH) 
a(SCH) 
a (HCH) 

r(CS) 
r(CH) 
r(SH) 
a (SCH) 
a (CS H) 

r(CS) 
r(CH) 
r(SH) 
a (SCH) 
a (CSH) 

r(CS) 
r(CH) 
r(CH,) 
a(SCH,) 
a (SCH) 
T (HCSH,) 

r(CS) 
r(CH) 
r(SH) 
a(SCH) 
a (CSH) 
T (HCSH) 

r(C.9 
r(HH) 

HC(H)S rearrangement 
t.S. 

H + HCS 
radical limit 

Radical dissociation 
t.S. 

r(CS) 
r(CH) 
a (SCH) 
a(0op) 
a(HCH) 

r(CS) 
r(CH) 
r(SH) 
a(SCH) 
a(CSH) 
T (HCSH) 

r(CS) 
r(CH) 
r(H,S) 
a(SCH,) 
a (SCH) 
T (HCSH,) 

r(CS) 
r(CH) 
a (SCH) 

may be compared with experimental results. The 3-21G* SCF 
predictions for the structures of these species as well as for that 
of the thioformyl radical, HCS, may also be examined relative 
to earlier SCF calculations employing somewhat larger 
Gaussian basis sets. The experi~ental  results for r,(CS) and 
r, (CH) in XA , H2CS are 1.61 10 A and 1.0856 A (33), in very 
reasonable agreement with the-3-21G* SCF predictions from 
Table 2 of 1.594 A and 1.076 A. The a;(HCH) angle from the 
microwave spectrum is 116.2" (34) and is only 0.9" larger than 
the 3-21G* SCF value of 115.32". The predicted CS bond 
length of 1.720 A for 6 3A" thioformaldehyde is 0.037 A longer 
than the experimental r, value of 1.683 (8) A (35). Difficulties 
in predicting an acceptable SCF bond length in the lowest 
triplet state of HzCS have been discussed previously (7, 8). A 
similar problem may be noted in the SCF level CO bond length 
in the ln,~r* sta:e of formaldehyde (36). The values of 
r,(CH) = 1.072 A and a, (HCH) = 120.68" for the 3-21G* 
SCF geometry of T I  thioformaidehyde are in reasonable agree- 
ment with experiment, 1.082 A and 1 19.3" (35). Triplet H,CS 

is not calculated to be pyramidal enough with the 3-21G'VCF 
method as the experimental out-of-plane angle is - 12" (35). 
However, motion out-of-plane in the n,n* triplet state of thio- 
formaldehyde is along an exceedingly soft potential with an 
inversion barrier estimated to be 4.1 cm-' (35). Considerable 
sensitivity of the out-of-plane angle to basis set effects is under- 
standable (7, $). r,(CS) in carbon monosulphide is calculated 
to be 1.523 A (in a supermolecule along with Hz), whoich is 
slightly shorter than the experimental result of 1.534941 A (37) 
and nearly identical to a DZ* SCF result (1 1). Tpe hydrogen 
molecule bond length is predi~ted to be 0.735 A whilst the 
experimental result is 0.74144 A (37). The 3-21G* SCF clearly 
provides very reasonable representations relative to experiment 
of the molecular structures of a number of the species of inter- 
est in this study. 

Although the 3-2 1G" SCF geometries appear reasonable and 
adequate for present purposes, the geometries of ground state 
thioformaldehyde and of the H, + CS system were reoptimized 
at the 3-21G" CISD level. The predicted CISD bond lengths 
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TABLE 3. 3-21G'" SCF harmonic vibrational frequencies in cm-I. Frequencies for the molecular and radical limits were calculated in the 
supermolecule approximation. Symmetry designations are in parentheses along with the value of the frequency scaled by 0.9 to allow for 

anharmonicity and the SCF approximat~on 

So 

HzCS 
trans-HCSH 
cis-HCSH 
HC(H)S rearrangement 

t.s. 
HCSH internal 

rotation t.s. 
Hz + CS 

molecular limit 
Molecular dissociation 

t.s. 

- - 

3356 (3026,bz) 3274 ( 2 9 4 7 , ~ ~ )  1666 ( 1 4 9 9 , ~ ~ )  1190 (1071,al) 1172 (1055,bl) 1 1  12 (lOO1,bz) 
3129 ( 2 8 1 6 , ~ ' )  2871 (2584,a') 1273 (1 146,a') 1033 ( 930, a ' )  1000 ( 9 0 0 , ~ " )  870 ( 7 8 3 , ~ ' )  
3186(2867,a1) 2728(2455,a1) 1239 (1115,a') 1019 (917 , a ' )  9 7 3 ( 8 7 6 , a V )  836 ( 7 5 2 , ~ ' )  

4657 (4191, HH) 1419 (1277,CS) 

2690 (2421, a ' )  1528 (1375, a ' )  1147 (1032, a ' )  964 ( 868, a") 587 ( 528, a ' )  20691 (18621,~') 

HzCS 3436 (3092) 3312 (2981) 1520 (1368) 901 ( 811) 840 ( 756) 134 ( 121) 
gauche-HCSH 3355 (3020,a) 2827 ( 2 5 4 4 , ~ )  1038 ( 934,a) 974 ( 877, a )  855 ( 770,a) 361 ( 325,a) 
HC(H)S rearrangement 

t.s. 3370 ( 3 0 3 3 , ~ )  1867 ( 1 6 8 0 , ~ )  954 ( 859,n) 862 ( 776,n) 681 ( 613,a) 20451 (1841i,a) 
H + HCS radical 

limit 3357 (3021,a) 1032 ( 929,a) 947 ( 852,n) 
Radical dissociation 

t.s. 3347(3012,n) 1150(1035,a) 8 9 4 ( 8 0 5 , a )  7 2 9 ( 6 5 6 , a )  3 9 2 ( 3 5 3 , a )  851 i (766 i , a )  

TABLE 4. Energy differences relative to ground state HzCS in kcal mol-I at the 3-21G* SCF level; changes in 
these differences with corrcctions for (a) translation, rotation, and zero point vibration, (b) basis set extension 
(6-3IG** basis), and (c) correlation (3-21G* CISD + SCC); estimated energy difference assuming additivity of 

the effects 

SO 3-21G* SCF Thermal 6-3 IG:":" SCF 3-2 IG* CISD + SCC (Additivity) 

HzCS 0.0 0.0 0.0 0.0 0.0 
trans-HCSH 52.0 -2.2 -5.1 +7.6 52.3 
cis-HCSH 53.6 -2.5 -4.3 +7.5 54.3 
HC(H)S rearrangement 

t . ~ .  104.4 -5.5 -6.7 -6.3 85.9 
HCSH internal rotation 

t . ~ .  84.4 -4.5 -4.6 +11.0 86.3 
Hz + CS 

Molecular limit 48.6 -7.0 -2.0 -4.7 34.9 
Molecular dissociation 

t . ~ .  116.3 -6.8 -6.5 - 15.9 87.1 

HzCS 19.4 -1.9 +0.5 +22.9 40.9 
gauche-HCSH 40.4 -3.2 0.0 +24.2 61.4 
HC(H)S rearrangement 

t . ~ .  82.7 -5.7 -4.1 + 14.4 87.3 
H + HCS 

radical limit 77.6 -8.6 +1.9 + 14.5 85.4 
Radical dissociation 

t . ~ .  85.6 -7.3 +1.3 + 10.2 89.8 

in H2 and CS (experiments! values in parentheses) were: SCF values and are now in better agreement with e>perimental 
rc(HH) = 0.744 A (0.741 A (37)) and rc (CS) = 1.543 A results, although all are slightly (0.003 to 0.007 A) too long. 
(1.535 .& (37)). In thioformal{ehyde, the CISD parameters In light of recent studies on SO2 and SO3'- (40), it is possible 
were r,(CS) = 1.614 A (1.61 1 A (33)) and r,(CH) = 1.088 A that a more appropriate choice of d-function exponent (in the 
(1.0856 A (33)) and a,(HCH) = 116.4" ( 1  16.2" (34)). The 3-21G* basis) might yield yet shorter SCF bond lengths and 
CISD bond lengths have all increased relative to the optimum thus even better agreement with experiment when correlation is 
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GODDARD 1915 

included. However, such effects on CS bonds do not appear to markedly longer than in the singlet-thiohydroxymethylenes and 
be as large as those found in the case of the SO bonds (40). very similar to the calculatecl distance in HzCS (T,) .  The 

The 3-21G" basis set with 6 d-functions on S only is a fairly r,(SH) at 1.332 A is similar to the value in tray-HCSH (So) or 
compact basis set that may prove useful in studies of larger in H2S (38). The rc(CH) distance of 1.073 A is close to the 
thioketones. Therefore, comparison of the 3-2 IG* SCF geom- experimental value of 1.078 A in 'B, methylene (38). The SCH 
etries with those from 6-3 IG* calculations where 6 cl-functions angle of 130.46" is typical of a triplet carbene (e.g. 'B, CH, 
are also included on carbon (19) is of value.o The 6-3 1G'" 136" (38)) while the CSH angle of 98.79" is close to that in the 
SCFrc(CS) in carbon monosulphide is 1.520 A (19) within trans-thiohydroxymethylene singlet. 
0.003 A of the 3-21G'"esult in this work of 1.523 A. For The structures of the thioformaldehyde transition states may 
2 'A , H,CS, the 6-3 IG'VCF geometry (19) is r,(CS) = 1.597 be referenced to the reactants and products of the process con- 
A, r,(CH) = 1.078 A, and a, (HCH) = 1 1 5.S0, which is quite cerned, as well as to the calculations on formaldehyde (12, 13). 
close to the 3-21G:K SCF result of 1.594 A, 1.076 P\, and The transition state structure for the internal rotation con- 
115.32". In the case of the 6 jA2 state of thioformaldehyde, the necting the trans- and cis-HCSH singlet species occurs, as 
3-21G" SCF results of r,(CS) = 1.720 A and r(CH) = might be expected, at a dihedral angle close to 90" (!9.00°) and 
1.072 A compare f!vourably with the DZ." SCF values of with a significantly larger CS distance of 1.858 A. The CH 
1.732 A and 1.075 A (7). The geometry for the ground state of distance of 1.099 A and the SH distance of 1.333 A are close 
the thioform~l ~adical is (in theo supermolecule with H) to their values in trans-HCSH. With the much longer CS dis- 
rc(CS) = 1.588 A, rc(CH) = 1.072 A, and a,(SHC) = 135.62" tance the SCH angle closes down by -2" relative to the trans- 
while the IIZ"" SCF parameters are 1.559 P\, 1.080 A, and isomer to a value of 105.01" and the CSH angle decreases by 
134.8" (1 1). For those stationary point structures for which -go, relative to trans, to 90.79". 
comparisons with experiment or earlier calculations or both are The transition state structures for the rearrangements of 
possible, the 3-21G" SCF geometries are quite adequate. H?CS (So) to trntls-HCSH (So) and for H2CS (TI )  to gauche- 

The other minimum energy structures, namely the trans- and HCSH (TI )  make an interesting comparison. The hydrogen 
cis-thiohydroxymethylene singlets and the gauche-thiohy- that is migrating is labelled H, in Table 2. The singlet 
droxymethylene triplet, should be compared one with another rearrangement proceeds through a planar transition state 
as well as with the hydroxymethylenes (12, 14, 15). The most (7(HCSH,) = 180°), while in the triplet case this dihedral angle 
noteworthy structural features of the singlet thiohy- is 96.21". The r(CS) of the singlet transition state i! 1.693 A, 
droxy~ethylenes are the relatively short CS bond lengths of or 0.016 A greater than the product value qf 1.677 A in trczns- 
1.677 A (trans) or 1.657 A (cis). These short bond lengths are HCSH. The shifting hydrogen is 1.403 A from the C it is 
strong evidence of the partial double bond character created by leaving and 1.475 A from the S to which it will become bonded 
the donation of the sulphur lone pair electrons into the formally in the singlet transition state. The SCH, angle is 55.96". For the 
vacant carbene carbon p.rr orbital. Recall that typical CS triplet hydrogen shift, the CS distance in the transition structure 
singleobond distance in methanethiol is 1.819 A, or 0.13 to is only slightly longer than in triplet thioformaldehyde or thio; 
0.17 A greater than the CS distances in the singlet thiohy- hydroxymethyleae. The hydrogen which migrates is 1.436 A 
droxymethylenes. The CS distances are 0.063 to 0.083 A from C, 1.494 A from S, and forms an SCH, angle of 55.30" 
greater in the methylene isomer than for the double bond in in the triplet transition structure. The triplet transition state is 
ground state thioformaldehyde. The shorter CX distance in the thus slightly "looser" than the singlet one. The triplet torsional 
cis rather than the trans form has also been noted in singlet angle of 96.21" in the transition state will become 92.29" in the 
HCOH (12, 14, 15). The CH distances in the thio- product, gauche-thiohydroxymethylene. For the structural fea- 
hydroxymethylenes are 1.095 or 1.089 A, which are longer tures less directly invojved in the rearrangement, in the singlet 
than in H2CS but fairly typical of CH leqgths in singlet methyl- case r(CH) of 1.086 A is nearly exactly midway between the 
enes (e,g. in 'A, CH,, r(CH), is 1 . 1 1  A (38)). 'The r,(SH) of distance in H?CS (So) of 1.076 A and that in trans-HCSH (SO) 
1.328 A trans and 1.344 cis may be compared to the ro value of 1.095 A. The SCH angle of 119.60" in the singlet transition 
of 1.328 A in H,S (38a). The SH bond distance in the cis- state is -2.7" less than in thioformaldehyde, but -12.5" 
isomer is lengthened somewhat, presumably due to some steric greater than in tr~itzs-HCSH. The triplet rearrangement transi- 
crowding. The bond angles in the trans-isomer of SCH, tion structure has an SCH angle of 130.59", which is essentially 
107.08", and CSH, 99.90°, are -5" and 8" larger than corn- the final value in gauche-HCSH of 130.46". The r,(CH) of 
parable angles in singlet CH2 of 102.4" (38) and HIS of 92.2" 1.072 in the triplet transition geometry is nearly equal to that 
(38a). In the cis species, these angles open up considerably to in either the aldehyde or methylene triplet isomers. 
a,(SCH) = 114.26" and a,(CSH) = 107.81". A note of caution The transition state for the dissociation to molecular products 
regarding the optimized geometries for the singlet thio- is reminiscent of the formaldehyde case (12, 13). It is planar 
hydroxymethylenes should be struck. It has often been seen but highly distorted with both hydrogens on the same side of 
(e.g. ref. 39) that an improved description of the electronic the CS axis. One hydrogen (HI in T a b l ~  2) is at a very large 
structures and geometries of species such as methylenes or distance from the carbon, namely 1.588 A, while the other (H2) 
silylenes is given by a two-configuration SCF calculation rather is more modestly lengthened to r,(CH2) = 1.156 A. The HIH, 
than the usual single-configuration SCF employed here. This distance in the transition state structure is 1.036 A, much 
point is currently under investigation for the singlet thio- greaterothan its calculated value in the final product H2 of 
hydroxymethylenes. 0,735 A. 'The CS d~stance in the molecular dissociation transi- 

Triplet thiohydroxymethylene adopts a gauche conformation tion state is 1.565 A, which is modestly greater than the calcy- 
with 7(HCSH) = 92.29" since, with the carbene Cp.rr orbital lated value in the product, carbon monosulphide, of 1.523 A. 
singly occupied, any donation of the S lone pair electron On the basis of this transition state structure alone, strongly 
density into this orbital is inhibited. For a similardeason the vibrationally excited Hz but only modest vibrational excitation 
CS distance in triplet-HCSH increases to 1.723 A, a value in CS could be predicted for the molecular dissociation 
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products. 
On the TI potential energy surface, the transition structure 

for the dissociation to radicals is noteworthy. The departing 
hydrogen atom is quite far removed from the thiofopyl radical 
at the transition state with rc(CH2) = 2.032 A. The dis- 
sociating H is nearly perpendicular to the HCS fragment as 
ac(H2CHI) = 85.04" and ac(SCH2) = 105.02". In the thio- 
formyl group, the HICS angle of 136.06" is less than 0.5" from 
its final calculated value of 135.62". r,(CH,) at 1.073 A in the 
transition state is essentiallyoequal to the value in the product 
HCS. r,(CS) equals 1.573 A in the radical dissociation tran- 
sition state, which is 0.015 A shorter than in the product. A 
qualitatively similar transition state (particularly with regards 
to the near "perpendicularity" of the departing hydrogen atom) 
has been approximately located in the triplet radical dis- 
sociation of H2C0 (29). 

Vibrational frequencies 
The harmonic vibrational frequencies calculated at the 

3-21G* SCF level and collected in Table 3 verify the nature 
(minimum, transition state) of the stationary point structures 
found in the geometry optimizations. For the minima, these 
frequencies may be scaled (in parentheses in Table 3) to allow 
both for anharmonic effects and the SCF approximation (e.g. 
ref. 41) and then compared with experimental results for H,CS 
(So and TI) ,  H,, and CS. The scaled frequencies for the singlet 
and triplet thiohydroxymethylenes are first predictions of 
the vibrational spectra of these species. Inspection of the imag- 
inary frequency for the different transition state structures pro- 
vides additional information as to the nature of the reaction 
coordinate. 

The optimum value of a scaling factor for calculated 3-2 1G:" 
SCF harmonic frequencies is not known precisely but is 
likely to be -0.90, on the basis of 3-21G SCF results on a 
number of molecules containing only first row atoms (41) 
and of DZ** SCF frequencies for X ' A ,  H,CS and 'C CS 
(8, 11). Using a scale factor of 0.90 to give the frequencies in 
brackets in Table 3 and the experimental frequencies of 
ground state H,CS from ref. 1, the comparison is (scaled 
3-2 lG* SCFIexperiment): 302013024.6 b,, 29471297 1 a ' ,  
149911457.3 a , ,  1071/1059.2 a ' ,  10551990.2 b,,  and 1001/ 
991.0 The agreement is to within 65 cm-' in the worst case 
and averages 28 cm-' in magnitude. In the lowest triplet state, 
with experimental frequencies from refs. 1 and 2 or calculated 
and scaled DZ** SCF frequencies (8), if no experimental result 
is available after the slash the comparisons are (symmetry 
labels as in C2,,): 309213078 b2, 298 112962 a l  , 13681 1320 a , ,  
8101861.6 a , ,  7561762.3 b2, and 1211356 b,. Except for the 
out-of-plane bl mode, which is at any rate poorly described in 
any harmonic approximation (8), the agreement is satisfactory. 
The 3-21G" scaled frequency for CS is 1277 cm-' (in the 
supermolecule with H?) which compares nicely with the experi- 
mental w, of 1285.08 cm-' (37). The scaled frequency for the 
hydrogen molecule (21G description) is 4191 cm-I, which is 
not in quite so good agreement with experiment (4401.21, 
ref. 37). 

The predicted vibrational frequencies for the singlet and 
triplet thiohydroxymethylenes may aid in the identification of 
these species. In trans-HCSH (So), the modes which are pre- 
dominantly the CH and SH stretches are at 2816 cm-' and 
2854 cm-' respectively. The CH stretch shifts to slightly 
higher, 2867 cm-I, and the SH stretch to slightly lower, 
2455 cm-I, frequency in the cis-isomer, nicely reflective of the 

CH and SH bond length changes (Table 2). The CH stretches 
may be compared to the best calculated values in the oxy- 
carbenes of 3002 cm-' and 2912 cm-' (12). The SH stretches 
are at frequencies quite similar to that of the SH stretch in 
methanethiol of 2605 cm-I (42). The out-of-plane modes (a") 
in the thiohydroxymethylenes of 900 cm-' trans or 876 cm-' 
cis indicate clearly the stability of the planar forms. The modes 
which are largely CS stretches in the thiohydroxymethylenes 
have frequencies of 783 cm-' (trans) or 752 cm-I (cis), which 
are 27 to 30% less than the CS double bond stretch calculated 
for H,CS (So) at 1071 cm-' but greater than the observed CS 
single bond stretch in CH,SH of 710 cm-' (42). 

The CH stretch in triplet thiohydroxymethylene is predicted 
at 3020 cm-I, nearly 200 cm-' higher than in the singlets. The 
SH stretch at 2584 cm-' in the triplet is, however, quite similar 
to that in the singlets, especially the cis-isomer. The torsional 
mode for the triplet thiohydroxymethylene is fairly low at 
325 cm-' (although the harmonic approximation may not be 
a particularly good one for this mode). A mode dominated 
by the CS stretching is at 770 cm-' in the triplet thio- 
hydroxymethylene. 

The imaginary frequency for the transition state structures 
corresponding to motion along the reaction coordinate at that 
point is of particular interest, but so also are the values of 
certain other frequencies relative to reactants or products. In the 
singlet rearrangement transition state from H,CS (So) to trans- 
HCSH (So), the out-of-plane mode of 312 cm-' verifies the 
planarity of the transition state but is considerably softer than 
the comparable vibrations in thioformaldehyde, 1055 cm-I, or 
trans-thiohydroxymethylene, 900 cm-I. The CH stretch, 
which is not involved in the shift, is at 2870 cm-' or very nearly 
at the thiohydroxymethylene value of 28 16 cm-' and well be- 
low the CH stretches in thioformaldehyde at 3020 and 
2947 cm-I. The imaginary frequency of 2190i cm-' is rather 
high as it involves principally motion of a hydrogen. The imag- 
inary frequency for the 1,2-hydrogen shift transition state in the 
triplet case is 184 1 i cm-' . 'The CH stretch for the hydrogen not 
rearranging is 3033 cm-' and nearly equal to the value of 
3020 cm-I in gauche-HCSH. The mode at 613 cm-' is chiefly 
the torsion and is -160 cm-' less than in the product thio- 
hydroxymethylene. 

The distorted transition state for the dissociation to molecu- 
lar products is planar with an out-of-plane frequency (a") of 
868 cm-I, only some 200 cm-' less than the value in H,CS 
(So )  The mode which is principally a CS stretch occurs at 
1032 cm-' in this transition state, 1071 cm-I in the reactant 
thioformaldehyde, and 1277 cm-' in the product carbon mono- 
sulphide. The imaginary frequency of 1826i cm-' is associated 
with the motions of the two hydrogens swinging across the CS 
axis and coming together in an incipient formation of the H, 
product. 

The transition structure for the dissociation to radicals on the 
TI surface has an interesting pattern of vibrational frequencies. 
The CH stretch at 3012 cm-' is within 10 cm-' of its value 
in the thioformyl radical product, while the CS stretch at 
1035 cm-' and the bend at 805 cm-' are slightly further from 
their values in HCS of 929 cm-I and 852 cm-I. The imaginary 
frequency of 7661 cm-' is almost totally involved with the 
r(CH,) distance, with a small component of the angular vari- 
ables characterizing the near-dissociation hydrogen atom. 

Concluding remarks 
This fairly detailed examination of features on the So and TI 
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potential energy surfaces of thioformaldehyde has revealed 
many similarities to earlier results on the oxygen analogue, 
formaldehyde. Although still larger computations may change 
some of the energy differences of Table 4 by perhaps 5 kcal 
mol-I, nevertheless much has been learned of the energetics of 
reaction of thioformaldehyde. Notably, the rearrangement bar- 
riers from singlet or triplet thioformaldehyde to the respective 
thiohydroxymethylenes, the internal rotation interconverting 
trans- and cis-HCSH (So), the molecular dissociation transition 
state, and the radical dissociations on either the So or  T I  surfaces 
all require -85 to 9 0  kcal mol-' of energy relative to ground 
state H,CS. Thus, with respect to the first excited n , n *  triplet 
state the excess energy requirement is -40 to 45  kcal mol-I. 
Clearly, if thioformaldehyde is to react photochemically and 
unimolecularly, involvement of higher excited electronic states 
(e.g. experimentally the origin of the S2 state is at - 132 kcal 
mol-' (3)) will be required. 

As the calculations reported herein were nearing completion, 
Pope et al.  published a communication (43) dealing with the 
rearrangement and fragmentation of H2CS (So). The geome- 
tries determined at the triple-l; plus C and S d function SCF 
level are similar to the comparable 3-21G* SCF structures in 
this work. Their triple-l; plus two sets of d functions on C and 
S and p on H multireference CI  yielded energy differences 
generally slightly smaller than the best estimates of Table 4 .  
Their communication does not deal with cis-HCSH, the inter- 
nal rotation transition state connecting trans- and cis-HCSH, or 
any of the triplet state species. 
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BRYAN R. HOLLEBONE, COOPER H. LANGFORD, and ARAMICE Y. S. MALKHASIAN. Can. J .  Chem. 63, 1918 (1985). 
Magnetic circular dichroism spectra of several acidoamine cobalt(ll1) complexes are reported which reveal B terms for the 

spin allowed bands and A terms for the spin forbidden bands. It is shown that ligand field parameters derived from fitting of 
a full set of spin forbidden bands, including the quintet, gives Racah B and C electron repulsion parameters closer to those 
anticipated from theory than has been common using mainly the singlets and a single weak low energy absorption feature 
assigned to a triplet. The spectra indicate that the quintet which has figured in numerous photochemical speculations lies at 
relatively high energy. This conclusion is a consequence of both the recognition of an A term assignable to the quintet and the 
best fit ligand field parameters for all bands. 

BRYAN R. HOLLEBONE, COOPER H. LANGFORD, ~ ~ ' A R A M I c E  Y. S. MALKHASIAN. Can. J. Chem. 63, 1918 (1985). 
On a dCterminC les spectres mcd de plusieurs complexes d'acidoamine de cobalt(1ll) qui mettent en evidence les termes B 

des bandes permises de spin et les termes A des bandes interdites de spin. On montre que les paramktres de champs de ligand 
que I'on peut obtenir en ajustant un ensemble complet de bandes interdites de spin, y compris le quintuplet, donne des 
paramktres de rCpulsion Clectronique du type Racah B et C qui se rapprochent d'avantage de ceux que l'on a gCnCralement 
obtenus en faisant principalement appel aux singulets et ?I une caractkristique unique et faible d'absorption de basse Cnergie 
qui Ctait attribuCe Bun triplet. Les spectres indiquent que I'Cnergie du quintuplet que l'on invoque dan~-~ lus i eu r s  spCculations 
photochimiques se situe i un niveau relativement ClevC. Cette conclusion rksulte i la fois de la reconnaissance du terme A 
attribuable au quintuplet ainsi qu ' i  un meilleur ajustement des paramktres de champ du ligand pour toutes les bandes. 

[Traduit par le journal] 

Introduction 
The assignment of the ligand field states and appropriate 

ligand field parameters to complexes of the d6  Co(II1) acido 
amine complexes is a classic problem in ligand field theory (1).  
Yet it remains incomplete in the sense that empirical informa- 
tion on the spin forbidden states is sparse. 

This report concerns the gains in information which result 
from the use of magnetic circular dichroism (rncd) spectra. 
These are mainly a result of the very much greater relative 
intensities of the spin forbidden bands as compared to spin 
allowed bands in rncd (2). It proves possible to assign transi- 
tions to both of the triplet bands that are expected in octahedral 
d6 complexes and as well to assign the position of the pre- 
viously unreported quintet. These accomplishments in cobalt 
spectroscopy are not without precedent. In earlier work, it has 
proven possible to use rncd to resolve a spin forbidden ligand 
field band from under the tail of an allowed charge transfer 
transition (3) and to assign a doublet band which occurs be- 
tween the two spin allowed bands in the spectrum of an octa- 
hedral d 3  Cr(II1) complex (4). 

The bands are interpreted in terms of octahedral local split- 
t i ng~ .  Reductions in symmetry are not large enough to be well 
defined. With some misgiving, we retain O,, labels, but this 
should be understood as a way of emphasizing the limit on 
resolution in these spectra! 

It is perhaps useful to note that there is a current reason for 
renewed interest in this spectral problem. In the course of 
photochemical studies of chloroamine cobalt(lI1) complexes, 
we have found a complex pattern of wavelength dependence 

'Author to whom correspondence should be addressed. 

which requires consideration of intersystem crossing between 
singlet, triplet, and perhaps quintet excited states. 

Experimental 
The complexes were chloropentaminecobalt(III) chloride, cis and 

trans dichloro-bis(ethylenediamine)cobalt(llI) chloride, and cis chlo- 
roisothiocyanatobis(ethylenediamine)cobalt(lIl) chloride. These were 
all prepared by well-established methods (5-8). Solutions were pre- 
pared by weighing into small beakers (to the nearest 0.01 mg) an 
amount of the solid salt about three to four times the quantity needed 
to prepare solutions for conventional absorption spectroscopy. A few 
milliliters of ultrapure water (Millipore system) were added and the 
beakers warmed gently until all the salt was dissolved. The rncd 
spectra were recorded immediately. Conventional absorption spec- 
troscopy was carried out using a Perkin-Elmer 557. 

The rncd spectra were recorded on a custom-built spectrometer 
using in sequence a xenon 150-W lamp, Cary 14 monochromator, 
Glan-Taylor polarizer, Hind's International Piezooptical polarizer, 
Walker Engineering 2.2 T electromagnet, and Hamamatsu 955 photo- 
multiplier detector. The phototube DC current is kept constant by a 
feed-back circuit controlling a Hamamatsu power supply. The AC 
signal representing the 50-kHz rncd differential absorption is decou- 
pled at the preamplifier mounted in the phototube socket, filtered, and 
amplified in a PAR Model 124 lock-in amplifier. The output is digi- 
tized by a 12-bit A/D converter linked to a Motorola Exorcisor I1 
which automatically scans the spectrometer through the desired wave- 
length range under the desired signal-to-noise quality conditions. 
Baseline and spectrum data files are subsequently merged digitally and 
the resulting spectra plotted on a digital X-Y recorder. 

The final aspect of the assignment of mcd spectra is the location of 
the zero, since the experiment is inherently single beam. This requires 
the choice of " lock  frequencies where the signal is taken to be zero. 
The locks in these spectra are set at the long wavelength end where 
absorption spectra show features have been exhausted. The other lock 
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FIG. I .  The rncd spectrum of Co(NH3),C12+. Concentration 
0.0521 M. Lock points at 13 kK and 24 kK. 

FIG. 2. The rncd spectrum of trans-Coen2C1+. Concentration 
0.0371 M. Lock points at 14 kK and 28 kK. 

wavelength is set at the minimum point in the conventional absorption 
spectrum between the "B" terms associated with the singlets. This 
is a "debatable" choice and will involve some approximation in all 
cases. In consequence of the lack of a second lock point which is well 
defined, there will inevitably be some error in assignment of band 
centres. The sometimes poor agreement of "observed" with "calcu- 
lated" values in Table 1 is in part a result. The essential correctness 
of the choice of lock points is indicated by the agreement of the peak 
frequencies of the B terms which are assigned to the singlets with the 
frequencies assigned to the same singlets in the ordinary absorption 
spectra. 

Results 
The four spectra are presented in Figs. 1 through 4 and Table 

1. Assignments are indicated on the figures. The signal-to- 
noise ratio in these spectra is only slightly lower than the pen 
width indicates. Thus, the inflections indicating the presence of 
A terms are readily identified. However, this qualitative good 
resolution does not carry over into definition of band centres. 
The bands are broad, as expected, and it is difficult to identify 
peaks. The uncertainty in energies assigned is rather large! In 
addition to the lock point problems we call special attention to 
the width of the B terms. Precision in centre location is not 
much better than + 1.0 kK. These spectra are to be compared 
with early rncd spectra reported by McCaffry, Stephens, and 
Schatz in 1967 (9). The error bars shown in ref. 9 indicated 
that, as expected, developments in signal recording and pro- 

13 15 20 25 30 

(kK)  

FIG. 3. The rncd spectrum of cis-CoenzC1+. Concentration 
0.0285 M. Lock points at 14 kK and 27 kK. 

FIG. 4. The rncd spectrum of cis-Coen2(NCS)CI'. Concentration 
0.018 M. Lock points at 14 kK and 28 kK. 

cessing have allowed for much improved signal-to-noise in the 
current spectra. Thus, the spectra of ref. 9 do not reveal the A 
terms assigned in the figures. This lack of "resolution" also 
causes two problems. In the spectra of the cis dichloro ion, the 
"lock" point implied by the published spectrum (it is not explic- 
itly stated) does not correspond to the minimum in the absorp- 
tion spectrum. This leads to the assignment of two negative B 
terms which do not match peaks of the absorption spectrum. If 
the "lock" is placed at the minimum, the result is a single 
positive B term which does match the peak in the absorption 
spectrum. The negative features are revealed here to be a part 
of A terms. Similarly, there is a lock problem in the spectrum 
of the chloropentaamine complex shown in ref. 9. At the low 
energy end, the spectrum is brought to zero at too long a 
wavelength. The rough constancy of the spectrum from about 
16.5 kK to 13 kK shows that the last "peak" shown in ref. 9 is 
an artifact. The modification of the point has the consequence 
of changing the first B term to a positive term. The resulting 
peaks agree with the absorption maxima from the conventional 
absorption spectra within the uncertainty. 

Conventional absorption spectra determined with the present 
samples were in excellent agreement with earlier reports. These 
spectra are only summarized in the table, not plotted. 

The treatment of the specta is conventional first order (10). 
All parameter assignments are derived using the rncd spectra as 
input data. Values of the Racah B parameters are derived from 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 63. 1985 

TABLE 1. Spectra of Co(ll1) d%omplexes in approximate octahedral symmetry 

Magnetic 
circular 

Absorption dichroism Calculated n 
Complex Transition (kK) (kK ? I )  ( kK)  

"Calculated from LF parameters in Table 2. 
hAverage of the two lower symmetry components. 
'Band hidden under the CT tail. 
"There is some indication of this band in the spectrum but the centre cannot be placed 

TABLE 2. State energies and ligand field parameters 

Transition energies (ref. 10) 

E('T,,) - E('A,,) = A - c 
E ( ' T ~ ~ )  - = A +  1 6 B - C  
E('TI,) - = A - 3 C  
E(3Tz,) - = A + 8 B - 3 C  
E('TI,) - = 2A - 5B - 8C 

Parameters (kK) 

Complex B  C  C / B  

the singlet-singlet splittings. Values of C are determined from 
the average of values from two singlet-triplet splittings using 
the B previously obtained. The octahedral splitting parameter is 
then fit. Only in the case of the trans dichloro complex where 
one triplet is missing was a general iteration used. Better agree- 
ment of calculated spectra could be obtained using general 
interation in all cases, but our purpose is to demonstrate the 
qualitative success of the fit with minimal adjustment. The 
spectral precision does not warrant quantitative interpretation 
of A ,  B, and C. 

Discussion 
In the figures, the mcd bands are assigned as either A or B 

terms. A terms arise (9) from a transition between a non- 
degenerate ground state and a degenerate excited state. Thus, 
it is expected that all of the singlet to triplet or quintet transi- 

tions in Co(II1) ligand field spectra should correspond to A 
terms. B terms do not require a degeneracy. They involve the 
coupling of the states in the transition to all other states of the 
molecule in consequence of the perturbation produced by the 
magnetic field. It is therefore not surprising, and indeed consis- 
tent with results of ref. 9,  that all singlet-singlet bands are B 
terms. In ref. 9 ,  it was suggested that some of the splitting 
corresponding to the C4u, CZv, and D,,, symmetries of the mixed 
ligand complexes studied here could be resolved in mcd. Es- 
pecially, two B terms are reported for the T , ,  octahedral state 
of the cis dichloro ion. In point of fact, the resolution of these 
B terms exceeded the splittings that are seen in ordinary absorp- 
tion spectra! This is not expected. The "derivative" shape of an 
A term or a C term can aid in spectral resolution of overlapping 
bands. However, there is no inherent reason why B terms of the 
same sign should show improved resolution. As was noted 
above, the resolution reported in ref. 9 appears to have been an 
artifact of poorer signallnoise and a slightly unfortunate choice 
of a lock point. We assign one band as B and a lower energy 
band as an A term. With this change, all singlets are poorly 
resolved and there is no basis for treatment of the spectra in an 
effective symmetry lower than octahedral. Therefore, we have 
attached 0,, symmetry labels to all transitions as a reminder of 
this failure. 

In octahedral symmetry, the strong field treatment of the 
state energies yields the energies of the transitions collected in 
Table 2 (10). Using these expressions for the energies, the 
octahedral ligand field splitting parameter, A ,  and the Racah 
electron repulsion parameters, B and C, are calculated and 
collected in Table 2. Table 1 shows the calculated spectra using 
these parameters. 

The first point to note is that the A terms assigned to the 
lower triplets in these spectra are near the region of the spec- 
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trum where the well-characterized triplet of the hexaamine- 
cobalt(II1) ion which has been extensively discussed recently 
by Wilson and Solomon (1 1) is found. However, the small 
peaks at about 10.5 kK which have been recorded several times 
for halopentaaminecobalt(II1) ions are at much lower energy. 
Unfortunately, this region is not accessible to us. These low 
energy peaks have been assigned as ' T I ,  by several authors 
(10). This cannot be valid if the LF (ligand field) parameters 
calculated here are correct. That there is a problem is hinted by 
the fact that these bands appear at an energy more than 2 kK 
below the triplet of the hexaamine but do not vary with the 
ligand field strength of the halide ligand. If the triplets are 
lower, contribution by the halide to A would be the cause. Such 
a contribution has never been reported for the singlets ( lo),  nor 
is it seen for singlets found in mcd. The origin of the 10.5-kK 
feature may be the overtone of an -NH, vibration which was 
identified at this energy by Wilson and Solomon from the 
comparison of Co and Cr amine complexes and by deuteration. 
(The other possibility is that the band is a "hot" band of 
the hypersensitive type since the singlet-triplet transition is 
associated with a A J  = 2 (12).) 

An interesting specific feature of the -NCS complex is the 
reversal of the sign of the second B  term compared to all the 
others. This may be a reminder of the charge transfer mixing 
into this band. 

We now turn our attention to the parameters in Table 2. The 
values of the orbital splitting parameter, A,  are slightly smaller 
than those reported earlier (10). They are similarly ( 10) insen- 
sitive to the ligand field strength of the halide. 'This may simply 
reflect low resolution. However, it does seem that insensitivity 
to reduced symmetry is typical for Co(II1). The value of the 
mcd spectra is in the opportunity to observe spin forbidden 
bands. Earlier efforts to fit LF parameters to spin forbidden 
bands in acidoamine complexes (e.g. ref. 13) have produced 
rather odd values of the Racah parameters. The ratio C / B  is 
expected to be 4 (10). Values calculated were nearer 8. This is 
now seen to be the consequence of the assignment of the lowest 
triplet at approximately 10.5 kK. With the triplet as seen here, 
the expected ratio is, in fact, obtained. Thus, although the mcd 
spectra may involve unusually weak bands for spin allowed 

transitions with consequent large error in the location of band 
centres, they appear to give us qualitatively correct LF spectra 
and parameters. 

This leads to the point of photochemical significance (1 1, 
14). The quintet appears to be located between the two singlet 
bands. This conclusion is established by two distinct argu- 
ments: first, and most directly, by the assignment of the A 
terms in this region; second, by the fitted position using the 
qualitatively correct LF parameters. The photochemical dis- 
cussion has centered on the possibility that the quintet might be 
the lowest excited state. For this to be the case in the vertical 
excitation of absorption spectroscopy would require a value of 
the Racah parameter C  much too large to match expectations 
from the simple theory which appears to be quite adequate. 
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R~zsd  GASPAR and R ~ z s o  GASPAR, JR. Can. J. Chem. 63, 1922 (1985). 
Gaussian nonlocal pseudopotentials are introduced for the simplification of the description of second row elements. 

Pseudopotential parameters for P, S, and C1 are presented. The pseudopotential method is applied to HCI, H2S, and pH3. 
Substantial reduction in the dimension of the orbital basis set is achieved. Results on total valence energies, binding energies, 
ionization potentials, force constants, equilibrium bond angles, bond lengths, and dipole moments are presented and compared 
to experiment as well as to the results of calculations with other methods. 

R ~ z s o  GASPAR et R E Z S ~  GASPAR, JR. Can. J. Chem. 63, 1922 (1985). 
Dans le but de simplifier la description des elements de la deuxieme rangee, on introduit des pseudopotentiels gaussiens qui 

ne sont pas IocalisCs. On prisente les parametres de pseudopotentiel pour le P, le S et le CI. On applique la mCthode du 
pseudopotentiel au HCI, au H2S et au PH,. On reduit ainsi considerablement la dimension des ensembles de base des orbitales. 
On rapporte les rCsultats obtenus pour les Cnergies de valence totale, les Cnergies de fixation, les potentiels d'ionisation, les 
constantes de force, les angles d'kquilibre des liaisons, les longueurs des liaisons et les moments dipolaires et on les compare 
avec les rksultats experimentaux ainsi qu'avec les resultats obtenus par calculs a I'aide d'autres mkthodes. 

[Traduit par le journal] 

Introduction 
A recently described pseudopotential method suitable for the 

treatment of molecules containing first row elements (GBspBr 
(1)) has been extended to second row elements and applied 
to molecular calculations. Pseudo- and model-potential ap- 
proaches for second row elements of the periodic table have 
been published by Bonifacic and Huzinaga and by Topiol, 
Moskowitz, Melius, Newton, and Jafri (2). The perspective of 
the present method with respect to the general tendencies of the 
pseudopotential approach has been outlined in detail by Gaspar 
(1). The primary purpose of this article is to test the usefulness 
of the newly introduced pseudopotential parameters in molecu- 
lar calculations. The molecules that have been investigated are 
HCI, H2S, and PH,. 

The overall performance of the method in the molecular 
applications is satisfactory. Reasonable agreements have been 
obtained between bond lengths, bond angles, total valence 
energies, binding energies, and dipole moment values obtained 
by the pseudopotential calculations and by experiment. Results 
of calculations with other methods are also included for 
comparison. 

The reduction in computing requirements is substantial for 
second row elements, for there is no reference in the present 
scheme to basis functions representing the core states. Basis 
sets and computing times are reduced substantially. Mini-, 
micro-, and even well equipped professional personal com- 
puters may be used to get results on molecules with second row 
elements. Due to the special parametrization of the pseudo- 
potential, the core-valence electron correlation and relativistic 
effects are also taken into account implicitly by the present 
approach. 

The computations have been performed by the program 
PSEUSMALLOBE, a modified version of Shillady's 
SMALLOBE (3). 

All quantities in this paper are given in atomic units except 
when otherwise stated. 

Method and basis set 
For the pseudopotential treatment of second row elements 

the following form of the model pseudopotential has been 
chosen 

a ra a I = 0  

In formula [ I ]  Z" is the atomic number of the nucleus a at the 
position R,, N," is the number of electrons in the core a, and Z" 
- N," is the reduced atomic number. PP are the angular momen- 
tum projection operators with the center at R,, and ra = 
I r - Ra 1 .  The radial factor in eq. 111 has been selected to be 

m 

[2] Vl(r) = A ;  exp (-a;r2) 
i = l  

The above form of the potential has been successfully em- 
ployed in the pseudopotential description of first row elements 
(Gaspar ( I)). For first row elements only one term in eq. [2] has 
been retained. For second row elements the summation has 
been extended, m = 2 has been selected for 1 = 0, and m = 1 
for 1 = 1 and 1 = 2. In eq. [I] all terms with 1 > 1, + 1, where 
1, is the greatest of the 1 quantum numbers of the core electrons, 
have been dropped, the corresponding ionic terms being hydro- 
genic to the desired accuracy. 

For the determination of the pseudopotential parameters in 
eq. [2] a procedure, based on the numerical integration of the 
Schrodinger equation, has been described by Gaspfir (1). 
Pseudopotential parameters for the Li isoelectronic series and 
extrapolation formulae of the A. and a. pseudopotential param- 
eters have been published (Gaspar (1)). In the present calcu- 
lations the extrapolation formulae of A. and a. have been used 
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TABLE 1. Parameters of the pseudopotential Vl(r) = 2 A j  exp 

(-air2) for 1 = 0 ( m  = 2); 1 = 1 and 1 = 2 ( m  = 1)" 

Reduced 
Element atomic no. A; I 

"0 A;: 0; 

"For the determination of the A:,, a: parameters the extrapolation formulae 
published in Gispir ( I )  have been used. 

TABLE 2. Basis set generating Znl parameters of PSEUSMALLOBE 
and radii pi of the primitive Gaussians - centered on the nuclei - for 

the s states 

Reduced 
Element atomic no. Z 3 p  Z 4 s  Z 4 p  H Z l s  pl Pr 

to determine the A: and ad pseudopotential parameters of sec- 
ond row elements. The rest of the A;  and a;  parameters have 
been determined by the numerical procedure referred to above, 
and their values are displayed in Table 1 for P, S ,  and C1. 

The form of the pseudopotential outlined above has 
been introduced into molecular calculations and the 
PSEUSMALLOBE procedure has been established (Gaspar 
(1)). Spherical Gaussian orbitals (SGO) and linear combina- 
tions of SGOs are employed by the PSEUSMALLOBE method 
and, depending on the values of the Znl parameters, contracted 
basis sets are generated for the description of the atomic or- 
bitals. Individually positioned primitive Gaussians with radii p, 
may also be included in the orbital basis set of the molecule 
under investigation. In the present calculations the represen- 
tation of the s functions has been mainly solved by this latter 
option. Further details of the method are described by Shillady 
(3). In Table 2 values of the Znl parameters together with the 
radii of two primitive Gaussians, centered on the nuclei for the 
description of the s functions, may be found for P, S ,  and C1. 
The primitive Gaussian generated through 2 4 s  is also included 
in the s function description. Throughout the molecular calcu- 
lations presented in this paper the pseudopotential LCAO-MO- 
SCF procedure PSEUSMALLOBE with the parametrization 
represented by Tables 1 and 2 has been used. 

Results and discussion 
In Tables 3 and 4 results of pseudopotential LCAO-MO-SCF 

calculations using the proposed form of the pseudopotential 
with the numerical parameters of Table 1 are displayed for pH3, 
H,S, and HC1. For each molecule an orbital basis set, charac- 
teristic of the PSEUSMALLOBE procedure, has been gener- 
ated according to the Znl parameters of Table 2. 

At the beginning, a few calculations with preguessed basis 
sets were performed for orientation. Former calculations and 
experience on analogous molecules with heavier elements from 

TABLE 3. Calculated and experimental valence-only total energies 
E;, bond lengths r,, and bond angles +, of pH3, HZS, and HCI 

Molecule E: rC +e ( d e d  

pH3 Present work 
Expt. 

H2S Present work 
~ ~ ( 4 1 1 / 3 1 1 ) "  
MP(411/311)" 
Expt. 

HC1 Present work 
MP(411/311)" 
MP 411/311d 
V E '  
Expt. 

"Estimated value of total valence energy using experimental ionization po- 
tentials and bond energies. 

'See Sutton, Landolt-Borstein, and Vedeneyev et al.  (4). 
'See Gordon et a / .  (6). 
"See Sakai and Huzinaga (16). 
'See Pelissier and Durand (15). 

the first row of the periodic table have helped also substantially 
in the selection of the appropriate basis set. For H the standard 
basis set with HZ 1 s = 1.2 was used. It was observed also that 
the internuclear distances of the hydrides of P, S, and C1 are 
substantially larger than those of the corresponding molecules 
in the first row, and this made the basis set less sensitive to the 
central atom in the outer region. 

Many basis sets have been suggested for the elements in the 
second row of the periodic table (Pietro et al. (5), Gordon et al. 
(6), Gianolio and Clementi ( 12), McLean and Chandler ( 13)). 
The most detailed study on basis sets of H2S is given by Poirier 
et al. (14) and we select their Uniform Quality Basis Set 
UQ-5G s # p for discussion. This basis set contains 15 spher- 
ical Gaussians for the description of s states partitioning into 1 1 
Gaussians describing the (Is)'  (2s)' core states and the inner 
part of the 3s  valence state. For the outer part of 3s  and for the 
virtual excited orbitals only 4 Gaussians are left. We use only 
3 Gaussians for the description of the outer part of 3s. For the 
p states there are 3 X 10 Cartesian Gaussians, namely (7 and 
3) x 3 for the inner and outer regions respectively, and we use 
3 x 3 mimics for the p states in S. The pseudopotential is a 
one-electron operator and its effect on the computations with 
respect to time and storage is negligible. Its introduction per- 
mits a substantial reduction in the size of the orbital basis set 
and a great reduction in the number of two-electron integrals, 
together with a corresponding reduction in computer time and 
storage. 

Calculated and experimental values of interatomic distances, 
bond angles, valence-only total energies, and electric dipole 
moments, belonging to the minimum-energy geometry of the 
molecules, are presented in the tables. Table 4 also contains 
dipole moment values for PH,, H2S, and HC1 obtained by other 
calculational methods for comparison. 

Tables 5 and 6 present a comparison of the calculated and 
experimental binding energy spectra of pH3 and H2S. For H2S 
the results of single-zeta ab initio calculations using STOs, and 
calculations involving GTOs with the incorporation of diffuse 
low-exponent functions, are also available. In Table 5 the re- 
sults of these calculations have also been included. 

Recently the results of valence energy calculations involving 
the use of ab initio effective core potentials have been pub- 
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TABLE 4. Calculated and experimental electric dipole moments (Debyes)" 

Molecule ~ x ~ t .  Present work STO-3G//STO-3G' 4-3 1G//4-3 1GC 3-2 1~/ /3 -21G" vE" 

PHs 0.58 1.25 0.65 1.07 1.24 - 
H2S 0.97 1.60 1.03 1.78 1.83 - 
HCI 1.08 1.77 1.76 1.87 1.86 1.26 

"Nomenclature A//B indicates a calculation of a property at level A performed by using geometry which is 
optimum for level B. 

hExperimental, 3-21G results have been obtained from Pietro et al. (5). 
"See Gordon er al. (6). 
"Effective potential 111, basis set 5 s  5 p  Id  for chlorine. See Pelissier and Durand (15). 

TABLE 5. Calculated and experimental binding 
energy spectrum for pH3 

Orbital Expt." Present work 

5 a l  0.3896 0.4241 
2 e 0.4925 0.5696 
401 0.8085" 0.9651 

"See Cook et al. (7). 
hThe centro~d of all MFS (multiple flnal state) 

TABLE 6. Calculated and expermental binding energy spectrum for 
HzS 

Orbital Expt." Present work DG ".' ~ ~ 0 . "  

"See Cook et al. (7). 
hSingle-zeta ab initio calculation using STOs with the exponents of Clementi 

and Raimondi (8). 
"Calculation involving GTOs with the incorporation of diffuse low-exponent 

functions. 

lished for HCl by Hay et al. (9). The results of the above 
calculations, - 15.825 16 and - 15.669 18, are compared to the 
valence-only total energy of HCl, - 15.41042, provided by the 
pseudopotential approach of the present article. For HC1, ioni- 
zation potential and force constant values have been derived 
from the results of the pseudopotential calculations. The calcu- 
lated value of 0.48509 compares favourably with the experi- 
mental value of 0.46844 for the ionization potential of HCl (see 
Huber and Herzberg ( lo ) ,  p. 284). Similar good agreement has 
been found for the HC1 force constant, the calculated value 
being 0.479 dyn/cm X lo6 while the experimental value is 
0.516 dyn/cm X lo6. Unrestricted RHF calculations with dif- 
ferent basis sets resulted in force constant values in the range 
of 0.470-0.614 dyn/cm x lo6 (Sakai et al. (11)) and the 
model potential calculations of Sakai and Huzinaga (16) in the 
range of 0.497-0.563 dyn/cm X lo6. 
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R. A. DLUHY, D. MOFFAR, D. G. CAMERON, R. MENDELSOHN, and H. H. MANTSCH. Can. J. Chem. 63, 1925 (1985). 
Temperature-induced cooperative conformational transitions in biopolymers may be examined in aqueous solution by the 

use of Fourier transform infrared spectroscopy. The transition is described in terms of a two-state model with a fractional 
population parameter (which describes the degree of transition at various values intermediate between the two limiting cases) 
that can be generated by a least-squares technique. This procedure allows for calculation of a conformational index without 
assuming a linear dependence of the infrared parameter on the extent of transition. Calculations based on the Zimm-Bragg 
theory of cooperative conformational transitions allow thermodynamic quantities to be derived using the conformational index 
in conjunction with calorimetric measurements. 

The method is illustrated with data from the gel/liquid-crystalline phase transitions of binary phospholipid vesicles where 
the use of isotopic substitution allows the conformation of each component of the binary mixture to be independently 
monitored. The data suggest the coexistence of well-defined structural domains of phospholipid as well as the preferential 
clustering of one of the lipid components at the interface between the two phases. 

R. A. DLUHY, D. MOFFAR, D. G. CAMERON, R. MENDELSOHN et H. H. MANTSCH. Can. J. Chem. 63, 1925 (1985). 
On peut Ctudier les transitions conformationnelles coopCratives induites par la tempirature des biopolymkres en solution 

aqueuse en faisant appel B la spectroscopie infrarouge par transformation de Fourier. On peut dCcrire la transition en fonction 
d'un modkle a deux Ctats avec un paramktre de population fractionnaire (qui dtcrit le degrC de transition des diverses valeurs 
intermkdiaires entre les deux cas limites) que I'on peut gCnCrC par la technique des moindres c a d s .  Ce procCdC permet de 
calculer un indice conformationnel sans faire I'hypothkse qu'il existe une relation linkaire entre le paramktre infrarouge et le 
degri de transition. Des calculs basks sur la thtorie de Zimm-Bragg des transitions conformationnelles coopCratives permettent 
dlCvaluer des quantitks thermodynamiques a l'aide de l'indice conformationnel couplC a des mesures calorimCtriques. 

On illustre la mCthode avec des donnees provenant de transitions de phases gel/liquide cristallin de vCsicules de phos- 
pholipides binaires oij I'utilisation de la substitution isotopique permet de determiner d'une manikre indkpendante la con- 
formation de chacun des composants du mClange binaire. Les donnCes suggkrent qu'il y a une coexistence de domaines 
structuraux de phospholipides bien dCfinis ainsi qu'une aggregation prCfCrentielle de I'un des lipides composants a l'interface 
entre les deux phases. 

[Traduit par le journal] 

Introduction spectroscopy have provided detailed information about the mo- 
Recently, there have been numerous attempts to describe in lecular events that occur within biomolecules during con- 

detail the molecular events that occur during the cooperative formational transitions (7). Infrared spectroscopy, in particu- 
conformational transitions of biopolymers. Such models gener- lar, offers several advantages for the study of conformational 
ally rely on a statistical mechanical approach to characterize the transitions. Infrared Spectra are sensitive to displacements of 
phase transition. Thus, the contribution to the total energy of the dipole moment during vibrations which in turn depend upon 
the molecule from various internal forces can be estimated changes in conformation and configuration of the bonds mak- 
(I -4). ing up the normal mode of vibration (8). ldentification of a 

An alternative approach to describing the individual, micro- 
scopic molecular events of a conformational phase transition 
is to consider the biopolymer on a macroscopic phenom- 
enological level. In this approach, the phase transition is de- 
scribed as a simple order-disorder transition in which the two 
phases have considerably different thermodynamic parameters 
( 5 ,  6 ) .  

Spectroscopic methods have had considerable success in elu- 
cidating the conformational behavior of biomolecules. Tech- 
niques such as nmr, esr, fluorescence, infrared and Raman 

' NRCC No. 23642 

group frequency characteristic of a certain aspect of molecular 
conformation allows the observation of changes in con- 
formation as environmental conditions are varied without the 
use of perturbing probe molecules. The application of infrared 
techniques to the study of aqueous biophysical systems has 
been hindered mainly by the strong infrared absorptions of 
water. To this end, several techniques have been developed 
which partially overcome this handicap. Examples include sol- 
vent substitution (i.e., D20) and spectral data processing tech- 
niques (9, 10). 

The current study describes the use of FT-IR spectroscopy to 
monitor cooperative conformational phase transitions of bio- 
polymers. A simple two-state model is introduced in which 
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changes in a conformation-sensitive infrared spectral feature 
are related to a fractional conformation parameter. The use of 
a least-squares optimization procedure to generate this parame- 
ter removes the assumption that the observed infrared spectral 
changes are linear functions of the extent of the conformational 
transition. Such a refinement allows a more accurate calcu- 
lation of the degree of transition at intermediate values. Finally, 
the use of the two-state model in conjunction with calorimetric 
measurements allows calculation of thermodynamic parame- 
ters based on the Zimm-Bragg theory of cooperative con- 
formational transitions. 

'The method described here is illustrated using data from the 
temperature-induced gellliquid-crystalline phase transition of 
binary phospholipid mixtures. The deuteration of one com- 
ponent of the mixture shifts its conformation-sensitive spectral 
features to a region of the spectrum free from interfering ab- 
sorptions. Consequently, the conformation of each component 
of the binary mixture may be monitored separately throughout 
the conformational transition. 

Materials and methods 
Materials 

DPPC and perdeuterated DMPC (DMPC-&) were purchased from 
Avanti Biochemicals (Birmingham, AL). Lipids were stored in chlo- 
roform under nitrogen at -40°C. Lipid concentrations were deter- 
mined by phosphorous assay. Each lipid gave a single spot on TLC 
plates. 

Satnple preparation 
Multilamellar lipid vesicles were prepared as follows: aliquots of 

the lipid chloroform solution containing the desired amounts of lipid 
(either pure or binary mixtures) were placed in a test tube and incu- 
bated at 50°C for 10 min. Solvent was removed with a stream of dry 
nitrogen followed by overnight evacuation. The lipid film was re- 
hydrated in 50 mM Tris, pH 7.4 by vortexing. The lipid multilayers 
were heated above the phase transition and cooled to insure complete 
hydration and mixing. This cycle was repeated several times. The 
composition of the binary lipid vesicles was checked by gas chromato- 
graphy of the methyl esters of the lipid acyl chains. 

Fourier transform i n b r e d  spectroscopy 
Samples were prepared for infrared analysis in 25 p m  thick cells 

with CaF, windows. Spectra were recorded on a Digilab FTS-15 
Fourier transform infrared spectrometer equipped with a HgCdTe 
detector. Two hundred and fifty interferograms, collected with an 
optical velocity of 1.26 cm s- '  and a maximum optical retardation of 
0.25 cm, were coadded, apodized with a triangular function, and 
Fourier transformed with one level of zero filling to yield spectra with 
a resolution of 4 cm-' and data encoded every 2 cm-l. 

Temperatures were controlled by a thermostatted EtOH-H20 mix- 
ture flowing through a hollow cell mount and monitored by a 
copper-constantan thermocouple placed against the edge of the cell 
window (1 1). Frequencies were determined by computing the center 
of gravity of the C-H or C-D stretching bands from the topmost 
five data points; to remove baseline fluctuations due to the absorption 
of liquid water, all calculations were performed on derivative spectra 
(10). The use of special algorithms described elsewhere (12) permits 
the determination of the band maxima in a series of homologous 
infrared spectra with an uncertainty of less than 0.02 cm-' .  

Differential scanning calorimetry 
Calorimetry measurements were made on a Micro-cal MCI cal- 

orimeter. Sample volumes of 0.70 mL containing l .4-2.0 mg of the 
appropriate lipid mixture were injected into the calorimeter sample 
cell with the same volume of H 2 0  used as a reference. Samples were 
scanned at ca. 24' h-I starting at 4OC after a minimum of 2 h equi- 
libration. Onset and completion data were determined as described. 
Duplicate runs of the same sample gave onset and completion tem- 

0 30 6 0  

TEMPERATURE. OC 

WAVENUMBER, cm-' 

FIG. 1. Temperature dependence of the infrared spectra of 
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) in the region of 
the C-H stretching bands. The upper spectrum (solid line) represents 
DPPC in the gel phase at 10°C. The lower spectrum (dashed line) 
represents DPPC in the liquid-crystalline phase at 50°C. Inset: The 
relationship between frequency and temperature for the CH2 sym- 
metric stretching band of DPPC. 

peratures reproducible to ?0.2"C. Independent samples gave data 
reproducible to 0.5"C. Excess heat capacity data were calibrated with 
a standard electronic pulse. Typically, the value of the enthalpy for a 
multilamellar suspension of DPPC was AH = 7.1 ? 0.5  kcal mol-.'. 

Results 
Part  A .  Generation of an infrared fractional conformational 

parameter 
The procedure described here is developed for the case of a 

two-state transition where the molecule can exist only in the 
initial state, A, and the final state, B,  with no thermo- 
dynamically stable intermediates present. Many biophysically 
relevant transitions have been described as cooperative two- 
state processes. Examples include: (i) helix-coil transitions in 
polypeptides (5, 13), (ii) double helix-coil transitions of nu- 
cleic acids (14), (iii) thermal denaturation of proteins (6), and 
(iv) phospholipid gel to liquid-crystalline phase transitions 
(15-17). 

In the case of phospholipids, the infrared spectroscopic pa- 
rameters used to identify phase changes include band fre- 
quency, bandwidth, peak height, and integrated intensity (18). 
Figure 1 illustrates the temperature dependence of the infrared 
spectra of the conformation-sensitive C-H stretching region 
for 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). The 
spectral features arise from the asymmetric and symmetric CH3 
stretching modes near 2956 and 2872 cm-' (weak infrared 
bands), while the antisymmetric and symmetric CH2 stretching 
modes (strong infrared bands) are observed at 2920 and 2850 
cm-' (19). An increase in temperature results in reductions of 
peak height and integrated intensity, an increase in bandwidth 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DLUHY ET AL 

- TEMPERATURE, O C  

FIG. 2. Part A:  Generation of a calculated spectrum Sr,  from a linear combination of S7." and STB. Part B: Temperature-dependence of the CD2 
frequency of experimental (open symbols) and calculated (closed symbols) spectra (Sr) of a binary lipid mixture. 

and a shift in frequency to higher wavenumbers, with all the 
parameters showing discontinuities at the transition tem- 
perature. The temperature dependence of the band frequencies 
can be attributed on a molecular level to variations in the 
conformation of the mostly all-trans phospholipid acyl chains 
in the gel phase, with the introduction of gauche conformers at 
the characteristic phase transition temperature (20). As has 
been previously demonstrated (21) and illustrated in the inset in 
Fig. 1, the frequencies of the CH, stretching bands are sensitive 
indicators of the phospholipid gel to liquid-crystalline phase 
transition. The sensitivity of the C-H frequency to phase 
changes for various hydrocarbon systems has been attributed to 
changes in the interaction constants between adjacent CH2 
groups as the relative orientation of these groups changes with 
the introduction of gauche conformers (19). 

A two-state transition model rests on the assumption that the 
initial and final states have measurably different thermo- 
dynamic properties (22). To unambiguously characterize these 
states via infrared spectroscopy, they must also have mea- 
surably different spectral characteristics. As seen above for the 
case of a phospholipid two-state phase transition, measurable 
changes occur in frequency, bandwidth and/or intensity. Com- 
puter simulations have shown that when two Lorentzian line- 
shapes with differing bandwidths and frequencies (correspond- 
ing to the bandshape of a pure initial and pure final state) are 
summed in varying proportions, the resulting changes in fre- 
quency and bandwidth are not linearly correlated with the pro- 
portion of either component (21,23). This implies that changes 
in the commonly measured spectral parameters (e.g. fre- 
quency, bandwidth, etc.) are not linear indicators of the extent 
of transition due to the inherent spectral characteristics of over- 
lapping band contours. 

Efforts to quantitatively describe the extent of transition us- 
ing observable experimental parameters generally have as- 
sumed the following relation between the degree of transition, 
a ,  and the observable parameter, r 

where rA and rg are the values of the experimental parameter in 
states A and B, respectively (24). The disadvantage of this 
method is that it assumes a linear dependence of r on a .  Since 
this is not a reasonable assumption for a two-state cooperative 
transition characterized via infrared parameters (21), we have 
taken the following approach. For any two-state process, the 

infrared spectrum at a particular temperature, ST, is a super- 
position of two bandshapes that correspond to the initial state 
A, STA, and final state B, ST .  The proportion by which the two 
limiting-case bandshapes are added to generate the observed 
spectrum depends on a ,  the degree of transition. That is 

[I] S T = ( l - a ) S T A $ . a s T  

In order to generate bandshapes corresponding to the initiaI 
and final states at a particular temperature (i.e., STA and ST), 
the following procedure is employed. First, a conformation- 
sensitive vibrational feature is identified (e.g., the frequency of 
a C-H stretching band). Then, at each frequency, regression 
coefficients are generated by a linear least-squares fit of absorb- 
ance versus temperature. The resulting coefficients are used to 
calculate the pure component spectra STA and S T  in the region 
of the transition. At any particular temperature within the two- 
phase region, ST is estimated by a linear combination of STA and 
S p  (Fig. 2A) and the value of a is calculated to minimize the 
squared residual between the band contour of ST and the band 
contour of the experimental spectrum. Figure 2B compares the 
temperature dependence of the symmetric CD2 stretching fre- 
quency of experimental versus calculated spectra (ST) when the 
above procedure is applied to the infrared spectra of a binary 
mixture of DPPC : DMPC-d,,. The advantage of this procedure 
is that it removes the necessity for assuming a linear de- 
pendence of a on the experimental parameters and therefore 
gives a more accurate estimate of the degree of transition. 

Part  B. Description of the cooperative transition 
In this section, the fractional degree of transition derived 

from the infrared measurements in the previous section is used 
in conjunction with the theory of cooperative transitions devel- 
oped originally by Zimm and Bragg (13, 25) and widely ap- 
plied to biomolecules ( 13- 17). As the theory has been exten- 
sively discussed (26), only the results relevant to the present 
discussion will be described. 

This type of approach to conformational transitions assumes 
that the initial and final states exist in discrete temperature- 
dependent clusters or domains that coexist in dynamic equi- 
librium during the cooperative transition (15). The thermo- 
dynamic properties of the transition can be characterized by 
two parameters, a cooperativity parameter, IT, and a partition 
function, s (26). Since the cooperativity parameter is related to 
the interfacial free energy between the two domains, it is also 
possible to describe the fraction of molecules at the interfacial 
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region between the two domains (16). 
If a transition of the form 

is assumed and a degree of transition, a, defined as in Part A, 
then the apparent equilibrium constant for the transition is 

The temperature dependence of K is described by the van't 
Hoff equation: 

At the transition midpoint (T,), a = 1 and 

where AHvh is the van't Hoff enthalpy which corresponds to the 
enthalpy of transition of the cooperative unit. If the A B 
interconversion is represented as an equilibrium with an equi- 
librium constant K,  then a partition function, s ,  can be defined 
as 

S = z~ / z ,  

where z,, and zb are the molecular partition functions for mole- 
cules in states A and B, respectively (26), and s is equal to the 
partition function for a unit in state B relative to state A. Also, 
thermodynamically, 

[3] s = exp (AGOA,B/~T) 

where AGOA-, is the free energy change per molecule for the 
conversion of state A to state B. At the midpoint of the transi- 
tion, 

ACOA,B = 0 and s = 1 

From the relationship between the calorimetric enthalpy and 
the van't Hoff enthalpy, a cooperativity parameter, a ,  can be 
defined which essentially describes the steepness of the transi- 
tion: 

Also, u is defined as the factor by which the partition function 
is diminished by the addition of a unit of B; -RT In a then 
corresponds to the interfacial free energy between the micro- 
scopic domains (16, 26). Therefore: 

u = exp (AG"~,~/RT) 

and is defined as above. 
The total molecular partition function can be described (26) 

as 

Z = C (zb)lhz,n, U1l') 
",,,no.", 

where z,, zb, and u are as defined, and n,, n,, and n, correspond 
to the number of molecules in state A, B, and at the interface, 
respectively. 

It has been shown (16, 26) that the mean fraction of mole- 
cules in state B can be expressed as 

which reduces to 

FIG. 3. Calculated values for the derived parameters of the 
Zimm-Bragg cooperative transition model. A: Fraction of molecules 
in the final phase (i.e., degree of transition). B: Fraction of molecules 
at the interfacial region between the phase boundaries. C: Mean size 
of the initial and final phases. All three parameters are plotted against 
the normalized temperature parameter, s, for three different values of 
the cooperativity parmeter a, i.e., a = 10-' (-), a = (---) and 
a (- - -. - .-). 

Similarly, the mean fraction of molecules at the interfacial 
region between the two macroscopic domains, 7,  is expressed 
as 

1 a l n z  
7 = ; s  

and, by substitution 
20s  

[61 ' = (1 + s)  [(1 - s)' +  US]"' + (1 - s)' + 4 u s  

The analytical expressions for 0 and q thus depend upon a, a 
cooperativity parameter, and s,  a partition function. u can be 
experimentally determined by use of eq. [4]. Equation [3] 
shows that s is dependent on the free energy difference between 
the two macroscopic states. To calculate s ,  it is known that at 
Tm, AGOA,, = 0 and s = 1 .  For small deviations of s and Tm, 
a linear dependence of s with temperature is assumed (26) and 
a Taylor series expansion is performed about the midpoint Tm. 
Therefore, 
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DLUHY ET AL 

AH,,, for calculated transition curves and various quantities of the 
[7] s = - ( T  - T,) + 1 cooperativity parameter, a. Plotting these parameters versus s 

R T,? 
in effect normalizes the transition temperature for the various 

where AH,,, equals the calorimetrically determined enthalpy parameters since at T,, s = 1 (26). Figure 3A shows that for 
change of the transition. very non-cooperative transitions ( a  = lo-') the fraction of 

Given the mean fraction of molecules in state B and the mean molecules in state B increases very slowly and allows for the 
fraction of molecules in the interfacial region (eqs. [5] and [6] coexistence of the two phases over the transition range (Fig. 
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FIG. 4. A :  Temperature dependence of the C-H stretching region in the infrared spectra of the DPPC component of a 75 : 25 binary mixture 
of DPPC: DMPC-ds4. B: The C-D stretching region of the DMPC-d5, component of the same binary mixture as in A. For the purposes of 
display, linear baselines extending from 3000 to 2800 cm-' (in A) and 2300 to 2000 cm-' (in B) have been subtracted. Solid lines indicate low 
temperature (15°C) spectra while dashed lines indicate high temperature (45°C) spectra. C: Temperature induced variation in the frequency of 
the CH2 symmetric stretching band of DPPC (open symbols), along with the a values (closed symbols) calculated according to the procedure 
described in the text. D: Temperature induced variation in the frequency of the CD2 symmetric stretching band of DMPC-ds4 (open symbols) 
along with the calculated a values (closed symbols). 

TABLE 1. Calorimetric data for DPPC: DMPC-ds4 mixtures" above), it is possible to  express the relative size of the regions 
of state A and state B as  the mean number of molecules in that 

Mole ratio state per interfacial molecule (17). That is, for state B 
DPPC : DMPC-d54 Tonset T,,, Tcomp~  AH,,^^ oc 

0.85:0.15 
0 

35.2 39.0 40.4 7.04 4.96 x 10-4 [8I (vb) = l )  
0.67 :0.33 29.7 36.0 37.4 6.46 1 . 3 6 x 1 0 - '  
0.50:0.50 26.0 32.3 34.6 5.89 3.03 x lo-' and for state A 
0.33:0.67 22.6 25.3 29.8 5.37 2.22 x 
0.15:0.85 20.1 21.6 24.4 4.52 2.89 X lo-' 1 - 0  

[91 (v,)=- 
"Onset, midpoint, and completion temperatures in "C. rl 
"n kcal mol-'. 
'u was calculated by ( I )  first calculating AH,, by the equation AH,, = 6.9 In this fashion, the changes in the relative size of the two 

x (T,~/AT,,~) (38). (2 )  = ( A H ~ ~ ~ I A H ~ ~ ) ' .  domains throughout the transition may be monitored. 
Figure 3 illustrates the application of the above parameters 
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TABLE 2. Spectroscopic data for DPPC: DMPC-dr4 mixtures" 

DPPC DMPC-d5, 
Mole ratio 

DPPC : DMPC-d,, Ton,,, T,,, TC,,,,,,,~,,,,,,, ub Tomct Trn Tcomp~elion U" 

0.81:0.19 32.9 36.1 39.5 9.39 x lo-' 29.3 34.6 37.6 1.39 x lo-' 
0.62:0.38 28.5 33.0 38.0 1 .21x  lo-' 26.7 31.6 34.8 3 . 1 3 x  lo-" 
0.48:0.52 26.5 30.8 35.0 4 . 2 1 ~ 1 0 - "  25.2 29.4 32.6 4 . 7 8 ~ 1 0 - "  
0.37:0.63 23.8 27.4 31.6 1.96 X 23.0 26.1 30.3 8.20 X lo-' 
0.25:0.75 22.1 24.6 28.6 3.11 X lo-' 21.2 23.6 27.4 5.76 X lo-' 
0.14:0.86 20.9 23.0 26.3 7.7 X 10--0.7 22.7 25.7 2.3 X lo-' 

"Onset, midpoint, and completion temperatures in "C. 
"u  was calculated by ( I )  first calculating AH,t, according to eq. [2], (2) assuming = A H , , l . X , ,  (3) u = (AH, , , , , , /AH, , ) ' .  

FIG. 5. Fraction of molecules in the fluid phase (i.e., degree of 
transition) plotted against the normalized transition temperature, s, for 
various mole fractions of DPPC in DPPC: DMPC-dS4 binary mixtures. 
Mole fraction DPPC, 0.142 (-); 0.479 (---); and 0.808 ( - - - a - - - ) .  

3C). In addition, a low cooperativity transition has a high 
fraction of molecules at the phase boundaries between the two 
states (Fig. 3B). 

Part C. Application of the model to phospholipid binary 
mixtures 

The importance of the phospholipid phase transition to the 
structure and function of biological membranes has been exten- 
sively investigated in recent years (27); such processes as en- 
zyme activity, active transport, and ion permeability have been 
shown to be dependent on the lipid phase state (28). In addi- 
tion, in complex mixtures of lipids, the coexistence of laterally 
segregated domains of lipids differing in their physical struc- 
ture may provide a particular chemical environment conducive 
to functional properties (29-31). Since the majority of bio- 
physical membrane studies have focused on single lipid spe- 
cies, less information is available on the physical and chemical 
structure of binary lipid mixtures. Especially lacking is infor- 
mation concerning the cooperative nature of the transition for 
each component of the mixture and how that relates to the 
overall thermodynamic properties of the membrane. 

Infrared spectroscopy offers certain advantages for the study 

of binary mixtures. In particular, if one component of the 
mixture is isotopically labelled in its conformation-sensitive 
region, the conformation of each component may be monitored 
simultaneously. Such an approach has been applied to phos- 
pholipids (32), where the synthetic incorporation of per- 
deuterated acyl chains allows the monitoring of the 
conformation-sensitive C-D stretching modes in a manner 
analogous to that of non-labelled acyl chains (Part A). In addi- 
tion, for phospholipid mixtures, the C-D stretching modes of 
the deuterated chains occur in a spectral region free of inter- 
ference from other lipid vibrational bands and are easily mon- 
itored (21). The data presented here illustrate the application of 
the two-state cooperative transition model described above to 
binary mixtures of 1,2-dipalmitoyl-sn-glycero-3-phospho- 
choline (DPPC) and acyl chain perdeuterated 1,2-dimyristoyl- 
sn-glycero-3-phosphocholine (DMPC-d,,). These phospho- 
lipids differ only by two carbons in the length of their acyl 
chains and have been shown to form nearly ideal mixtures (33). 
As a consequence of the perdeuteration of the DMPC acyl 
chains, the conformation of both components of the mixture 
may be monitored. 

Figures 4A and 4B give the temperature dependence of the 
C-H and C-D stretching bands for a binary mixture of 
DPPC and DMPC-ds4 (DPPC:DMPC-dS4 mole ratio, 
0.75 :0.25). In the C-D stretching region (Fig. 4A), the CD, 
groups give rise to the weaker bands at 2212 (asymmetric 
stretch) and 2070 and 2156 cm-' (symmetric stretch) while the 
strong bands at 2194 and 2089 cm-' are the CD2 antisymmetric 
and symmetric stretching bands, respectively (21, 34-37). The 
spectral assignments for the features in the C-H region of the 
non-deuterated acyl chain DPPC are given in Part A. 

Figures 4 C  and 4 0  show the temperature-induced variation 
in the symmetric CD2 and CH2 frequencies for both com- 
ponents of the binary mixture. As expected for a binary system 
displaying miscibility (33), the frequency changes for the mix- 
tures occur over a wider temperature interval than that of a pure 
lipid (compare Fig. 4 and Fig. 1). A further confirmation of a 
broadened transition in the binary mixtures comes from the 
calorimetric data for various mole ratios of DPPC and DMPC- 
ds4 (Table 1). 

Table 2 describes the six binary mixtures of DPPC and 
DMPC-d,, that were used in the spectroscopic experiments. 
For each mixture, temperature-induced changes in the fre- 
quency of the C-H or C-D stretching bands were docu- 
mented as in Fig. 4. Then, in order to quantitate the degree of 
transition throughout the phase transition region for both com- 
ponents of the mixture, the melting profiles were analyzed 
according to eq. [ I ]  and the procedure described in Part B. 
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DLUHY ET AL 

MOLE F R A C T I O N  DPPC 

MOLE F R A C T I O N  OMPC 
N 

FIG. 6. Calculated values for the fraction of interfacial lipid, q, for each component of the six binary mixtures described in Table 2, plotted 
against the normalized transition temperature, s. q was calculated from eq. [6] and u from eq. [4]; the values of u are listed in Table 2. 

Representative results for the DPPC component of three 
binary mixtures are shown in Fig. 5 and may be compared with 
the calculated curves of Fig. 3. The data in Fig. 5 indicate that 
at a low mole fraction (0.142), DPPC acts in a highly cooper- 
ative manner while a high mole fraction (0.808) has a much 
more broadened transition. Equimolar DPPC acts in an inter- 
mediate fashion. The diagrammatic results of Fig. 5 are sum- 
marized in Table 2 by the cooperativity parameter u which was 
calculated using eq. [4]. Low mole fractions of DPPC result in 
the smallest values of u and hence melt more cooperatively. 
The trend is to increasing values of u with increasing mole 
fraction of DPPC. While not as great in magnitude, the same 
trend is observed for the u values of the DMPC-d,, component. 

The changes in the cooperative properties of the components 
of the binary lipid mixture with changes in their respective 
mole fractions has implications for the physical structure of the 
membrane. High cooperativity implies that one component has 
segregated into domains and that a lateral phase separation of 
the two components has occurred. Defects in crystal packing 
are likely to occur at the phase boundaries between the two 
domains and therefore, one of the components of the mixture 
might congregate specifically at the phase boundary. 

Evidence for the specific clustering of one of the lipid com- 
ponents at the phase boundary between segregated domains is 
presented in Fig. 6. These curves were generated using eq. [6] 
and correspond to the mean fraction of molecules of each 
component at the interface between the two macroscopic do- 
mains. At equimolar values of DPPC and DMPC-d5, 
(0.521 :0.479), both components are present at the interfacial 
regions in roughly equal amounts. Perturbing this equilibrium 
by increasing the mole fraction of one component causes the 
component in the minority to melt more cooperatively (com- 
pare the u values in Table 2) implying the beginning of a lateral 
phase separation process. The molecules of the component in 

excess then begin to populate the interfacial regions to a greater 
extent (Fig. 6). 

It should be emphasized that the process described above as 
lateral phase separation does not imply the existence of gel 
phase immiscibility in the two components. Calorimetric 
studies have shown DPPC and DMPC-dj, form nearly ideal 
mixtures (33). Rather, it suggests that ordered and fluid regions 
of lipid coexist in a dynamic equilibrium mediated by tem- 
perature and/or mole fraction. 

Using eqs. [8] and [9] from Part B ,  it is possible to calculate 
the relative sizes of the gel and liquid crystalline domains 
compared to the amount of interfacial lipid for each component 
of the mixture. This is plotted in Fig. 7 .  The curves in Fig. 7 
demonstrate that at low mole fraction, DPPC or DMPC-d,, tend 
to form clusters or domains, as suggested by Fig. 6. This 
tendency decreases at higher mole fractions, where the gel and 
liquid crystalline domains decrease in size relative to the 
amount of interfacial lipid, indicating a more monodisperse and 
homogeneous system, that coexists throughout the center of the 
transition. 

Summary 
The results from the previous sections have shown that moni- 

toring a conformation-sensitive infrared band during a cooper- 
ative phase transition allows the calculation of a fractional 
conformation parameter that describes the degree of transition. 
The use of this parameter in conjunction with calorimetric 
measurements leads to calculations that describe the detailed 
thermodynamic behaviour of the system. 

The application of this model to DPPC : DMPC-du phos- 
pholipid binary mixtures provides evidence for lateral phase 
separation and the coexistence of well-defined structural do- 
mains of phospholipid. In addition, the data suggest preferen- 
tial clustering of one of the lipid components at the interface 
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MOLE FRACTION DPPC 

MOLE FRACTION DMPC 

FIG. 7. Calculated values for the mean size of the gel and liquid crystalline domains for each component of the six binary mixtures described 
in Table 2, plotted against the normalized transition temperature, s. (v,) (closed symbols) and (vb) (open symbols), were calculated for each 
component using eq. [8] or [9], respectively. u was calculated using eq. [4] and is listed in Table 2. 

between the two phases. These results agree with recent experi- 
mental results which suggest that the compositional segregation 
of lipids at phase boundaries of binary lipid vesicles is re- 
sponsible for permeability phenomena (29, 31). 
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A study of the molecular-cellular interface in visual photoreceptors by 
light scattering photometry 
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T. BORYS, S. DESHPANDE, R. JONES, and E. W. ABRAHAMSON. Can. J. Chem. 63, 1933 (1985). 
The correlation of molecular events with structural changes within the cell requires a non-destructive relaxation technique 

that can be adapted to measure such cellular changes in a time range of milliseconds to minutes. Light scattering relaxation 
techniques have proved useful for such studies as they can often be measured simultaneously or in parallel with absorption or 
fluorescence spectral changes characterizing molecular or macromolecular processes. Such techniques are proving useful in 
the study of photobiological processes such as visual photoreception where specific cytological changes produced photo- 
chemically can be effected by alternate controlled perturbations such as osmotic shrinking or swelling of cell organelles and 
(or) whole cells. This paper illustrates how light scattering relaxation spectrophotometry can be applied to the correlation of 
molecular and cellular events in visual photoreceptors. 

T. BORYS, S. DESHPANDE, R. JONES et E. W. ABRAHAMSON. Can. J. Chem. 63, 1933 (1985). 
Pour Ctudier des corrklations d'Cvbnements se produisant au niveau rnolCculaire avec des changements de structure B 

I'intCrieur de la ceullule, il faut disposer d'une technique de relaxation non destructive que I'on peut modifier pour mesurer 
de tels changements cellulaires a des temps allant des millisecondes des minutes. Les techniques de relaxation de la lumikre 
diffusCe se rCvblent pratiques dans de telles Ctudes puisqu'on peut souvent les mesurer soit simultanCment soit en parallele 
avec des changements dans les spectres d'absorption ou de fluorescence qui caractkrisent les processus molCculaires ou 
macromolCculaires. De telles techniques se rCvelent utiles dans ['etude des processus photobiologiques comme la photo- 
reception visuelle au cours desquels des changements cytologiques sptcifiques produits photochimiquement peuvent Ctre 
affectks par des perturbations alternCes et contr61Ces, comme la contraction ou I'expansion osmotique d'organelles de cellules 
et/ou de cellules complbtes. Cette communication dCmontre que I'on peut utiliser la spectrophotomCtrie de relaxation par 
dispersion de la lumikre pour Ctablir une corrklation entre des comportements molCculaires et cellulaires dans les photo- 
rCcepteurs visuels. 

[Traduit par le journal] 

Introduction 
The interface of two organizational domains is a classic 

problem in the sciences and particularly in the biological sci- 
ences. Generally the study of such an interface presents prob- 
lems which are not easily anticipated and only appreciated as 
the study progresses. The study of visual transduction, i.e. the 
process beginning with the absorption of a photon of light by 
a visual pigment molecule and terminating with a hyper- 
polarization of the rod and (or) cone cell, in vertebrate photo- 
receptors is such a process. Since the mid 1950's the photo- 
chemistry of the macromolecular visual pigment, rhodopsin, 
has been studied (1, 2) by the flash photolysis technique, and 
the details of the primary photochemical process and the sub- 
sequent rapid dark reactions are gradually emerging through 
the study of rapid absorption spectral changes. These rapid 
spectral changes which monitor molecular chromophoric and 
macromolecular changes in rhodopsin, however, give us no 
clue as to what is occurring at the cellular level. Electro- 
physiological studies can monitor the rapid electrical changes 
within the photoreceptor rod cell and show that the cell is 
rapidly "hyperpolarized" within milliseconds after the absorp- 
tion of a photon by the visual pigment rhodopsin, but so far 
such studies have given only minor clues as to the sequence of 
processes that mediates light absorption and receptor potential 
generation. One looks for other cytological parameters such as 
size, shape, and electrical changes within the cell and its or- 
ganelles, i.e. the pigment containing thylakoid disks, and the 
rod outer segment, to reveal the coupling details of the pigment 
molecule-cell interface. 

For the study of the broad time range of intracellular 
changes, light-scattering techniques are coming into prominent 
use. In the present paper, by way of illustrating the potential of 

the method, we present an overview of the technique and a 
summary of the studies which our own laboratory has made to 
date using this technique to study "structural" changes in sus- 
pensions of vertebrate rod outer segments preceding and fol- 
lowing their flash illumination with actinic light. One will note 
a formal resemblance of this technique of "light scattering 
photometry" to the conventional flash photolysis technique 
wherein rapid changes in absorption and (or) fluorescence 
spectra of molecules are studied. 

Theory of light scattering 
The light scattering properties of molecules and particles fall 

into three size domains: (i) Rayleigh scattering in which the 
molecule or particle is less than A/20, where A is the wave- 
length of the scattered light, (ii) Rayleigh-Gans-Debye scat- 
tering where the size of the particle is in the range A120 to A/2, 
and (iii) Mie - van de Hulst scattering for particles with at least 
one dimension larger than A/2. Einstein (3) and Debye (4) 
developed eq. [ l ]  for application to particles of size less than 
A120 where IO is the intensity of light of wavelength scattered 
at angle 0 and I. is the incident intensity of the unpolarized 
light. The parameters r ,  M, c ,  and N are, respectively, the 
distance between the scattering particle and the detector, the 
molecular weight of the particle, the concentration of particles, 
and Avagadro's number. The derivative dnldc  is the differ- 
ential increase in refractive index, tz ,  with particle (solute) 
concentration. It is evident from eq. [I] that I ,  will depend on 
the size of the particle as measured by M, the concentration of 
the particles, c,  and the refractive index, n (real part). 

2nZ(dn/dc)'Mc(l + cosZ 0) 
[ l l  1, = I0 

N A4 r4 
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If the particle absorbs in addition to scattering radiation, this 
will have a pronounced effect on the scattering properties; the 
closer an absorption band is to the wavelengthof the scattered 
light, the larger will be the refractive index n. Thus if a change 
in the light absorption of a particle occurs during a light scatter- 
ing measurement there is acorresponding shift in the profile of 
the anomalous dispersion spectrum which markedly changes n 
and dnldc.  A hypsochromic (blue) shift in the absorption spec- 
trum will produce a corresponding hypsochromic shift in the 
anomalous dispersion spectrum, resulting in a decrease in n and 
dnldc  at wavelengths bathochromic (red) to the absorption 
band. 

Most solutions of macromolecules and small particles have 
at least one dimension which is larger than XI20 and so fall in 
the Rayleigh-Gans region. This situation gives rise to the 
phenomenon of destructive interference of the scattered light 
arising from different regions of the particle. Complete destruc- 
tive interference can set in when the particles approach X/2 in 
size. The angular dependence P(0) in this case is much more 
complex than the simple (1 + cos2 0) of Rayleigh scattering and 
is given by eq. [2]: 

where W = (4n/X) (sin2 012) RG, where RG is the radius of 
gyration of the particle, which varies markedly with shape. For 
example, in the case of a particle wiJh a molecular weight of 2 
X lo5 g,  RG is calculated to be 45 A for a sphere and 2500 A 
for a rod 10 A in diameter (5). 

Hofmann et al. (6) have used the Rayleigh-Gans treatment 
to interpret their light scattering data from disk preparations. 
Our own studies of suspensions of rod outer segments (ROS) 
which, though not strictly homogeneous in size, are, for the 
most part, whole ROS with perforated membranes, fall in the 
Mie - van de Hulst scattering range (7, 8). For particle sus- 
pensions in this size range (length of rod > X/2), 1, is de- 
pendent on size, shape, and internal structure of the rod and 
becomes a complicated function of X, 0, and m = npaniclc/nmcdium 
(9). 

Although the scattering and transmission of light by solu- 
tions or suspensions of biological particles are sensitive and 
convenient indicators of a variety of physiological processes, 
the complications described above have made it difficult to 
relate, theoretically, changes in light scattering intensity as a 
function of A and 0 to a particular physical or conformational 
change of (or within) the particle, e.g. a volume change (8). To 
identify the conformational change giving rise to any given 
change in the scattered light intensity therefore requires alter- 
nate experimental methods that clearly produce the same scat- 
tered light X and 0 intensity patterns. 

Osmotically induced volume changes in rod-like bacteria 
have been made by Bateman (10). He has measured scattered 
light intensity changes lo at 90' but his results, when fitted to 
Mie theory, gave only partial agreement with van de Hulst's 
treatment, as the optical changes proved to be very sensitive to 
particle size and suspension concentration. The latter parameter 
is particularly important as "multiple particle" scattering can 
occur and the onset of this complicating situation is a function 
not only of particle concentration but also of the shape and 
volume of the containing vessel. Reliable, interpretable data 
require that "single particle" scattering conditions be maintain- 
ed. A further complication arises if the particles are not 
"mono-dispersed", i.e. if they are not homogenous in size, 

I source light ie0-:- 
monochnxnator 1 lens 

filter cuvette filter detector 
FIG. 1 .  Schematic representation of the light scattering apparatus. 

shape, and internal structure. Thus meaningful light scattering 
measurements, from which interpretations of qualitative and 
quantitative structural changes in a particle can be made, de- 
pend on how carefully the conditions described above are met. 

Light scattering relaxation photometry 
For the measurement of light scattering transients an apparatus 

similar to a conventional flash photolysis unit can be used. In fact, 
such a unit can be constructed so as to measure absorption and scatter- 
ing changes simultaneously. Shown in Fig. I is a schematic of the unit 
we orginally used in our laboratory, which was designed to measure 
scattering changes only. 

A commercial PRA xenon flash unit provided pulsed flashes of 
actinic light (450-550 nm) of controlled intensity and duration (50 
FS). A tungsten lamp focused on the slit of a Bausch and Lomb 
monochromator (grating blased at 750 nm) served as a source of near 
infra-red radiation. The emergent parallel light was directed through 
a water (or occasionally air) thermostated cuvette containing an aque- 
ous ROS suspension. The scattered light detector was an EG&G 
photodiode (UV 44B) mounted on an adjustable protractor which 
could be set at the desired angle. 

A I-cm square quartz cuvette with four transparent optically clear 
faces served as the light scattering cell. This was mounted in a spher- 
ical transparent water thermostat. An air thermostat, which used a 
Cambion model 80 1-200 1-01 thermoelectric module for temperature 
regulation, was occasionally employed. The square cuvette limited the 
practical angular range of measurement from 0 to 30'. For larger 
angles a cylindrical cuvette was employed. 

Measurements were routinely made at 0 = 10" and at A = 810 nm. 
Scattered light intensity voltage signals from the photodiode detector 
were passed through a preamplifier and compensated to zero voltage 
and then collected and displayed on a Nicolet Explorer Ill digital 
storage oscilloscope; the signals were stored on floppy disks for visual 
comparison or printing on an Omnigraph XY recorder. 

Photoreceptor cell structure 
There are two morphologically and functionally distinct re- 

gions in the vertebrate rod photoreceptor cell (Fig. 2): (1) the 
inner segment (RIS) containing organelles concerned with met- 
abolic functions, such as the nucleus and the energy producing 
mitochondria, and (2) the outer segment (ROS), containing the 
visual pigment rhodopsin, which is connected to the RIS by a 
tubular ciliary process. The ROS consists of a stack of 500 to 
2000 disks (depending on the species) enveloped by a plasma 
membrane (1 1). In bovine cells the ROS are quite small; they 
are 1 p m  in diameter and up to 10 pm in length. The disks ar? 
flat saccules with a phospholipid bilayer membrane 60-70 A 
thick enclosing an aqueous space (lumen) from JO to 30 A in 
depth (12). A cytoplasmic region of about 150 A in thickness 
apparently containing a negatively charged gel-like poly- 
saccharide matrix (13) separates the disks one from another. 
Recent electron microscopic evidence points to the existence of 
filamentary connections between adjacent disks' and there is 

' M. L. Applebury, private communication. 
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OUTER 

D ISKS SEGMENT 

INNER 

MITOCHONDRIA 

L l GHT 0 
FIG. 2. Vertebrate rod outer segment (ROS), not drawn to scale. 

The arrow represents the direction of incident light. 

FIG. 3. The absorption spectrum of rhodopsin. The spectroscopy 
was carried out in 3% Ammonyx in 150 mM Pipes and 10 mM 
hydroxylamine. 

R H O D O P S  llV ( 4 9 8 n m )  

lo-ll 5 I hv  
BATHORHODOPSIN ( 5 4 8  nm) 

1 0 - 8 5  I 
LI IMIRHODOPSIN (497nm)  

I 

the further suggestion that direct connections exist between the l0.5 1 
disk rims and the region exterior to the plasma membrane (14). 
I METARHODOPSIN 1 1  ( 3 8 0 n m )  

I 
Rhodopsin and its photochemistry 

Vertebrate rhodopsin is a hydrophobic glycoprotein with a 
molecular weight of about 39 000 daltons. Its amino acid se- 
quence has recently been determined by two groups (15, 16). 
Hargrave (15) finds seven hydrophobic helical regions ranging 
from 21 to 28 amino acids which are oriented asymmetrically 
in serpentine transmembrane fashion in the disk membrane 
surface, the carboxyl terminal group at the cytoplasmic sur- 
face, and the amino terminus and carbohydrate moiety at the 
inner lumen surface. The retinylidene chromophore is attached 
to the €-amino group of a lysine residue in the interior of 
the membrane on helix number 7. There are approximately 
200 000 rhodopsin molecules in each bovine disk. 

The 1 1-cis retinylidene chromophore is joined to the €-amino 
group of lysine via a protonated Schiff base linkage (Fig. 3). 
Assuming the 7 helices are arranged in a cylindrical tertiary 
structure, tbe estimated diameter of the rhodopsin molecule is 
about 900 A. 

The absorption spectrum of rhodopsin (Fig. 3) has three 
characteristic regions: a principal long wavelength chromo- 
phoric band with a maximum in the vicinity of 500 nm, a 
weaker chromophoric (cis) band with a maximum near 350 nm, 
and a third apoprotein band whose maximum lies at 280 nm. 

The absorption of a photon in the chromophoric regions of 
the spectrum of the rhodopsin molecule initiates a series of 
intermediate processes characterized by spectral changes oc- 
curring over several time ranges varying from picoseconds to 
minutes (Fig. 4). The times shown in Fig. 4 are the approxi- 
mate transition times at 37°C. The initial very rapid primary 

OPS l N 

FIG. 4. The bleaching sequence of rhodopsin at 37OC. 

photochemical process involves a partial photoisomerization of 
the chromophore to its all-trans isomeric form, possibly linked 
to a displacement of a hydrogen bond at the Schiff base nitro- 
gen of the chromophore-protein linkage. Since visual trans- 
duction occurs in times of the order of 10 milliseconds, the 
latest process in the sequence shown in Fig. 4 that can be 
involved directly in this process is the metarhodopsin I + 
metarhodopsin I1 process. Significantly, this process is the first 
in the sequence that involves reaction with the environment, 
i.e. hydrogen ion uptake, and for this reason it is the process 
most likely to couple molecular with cellular domains. 

The bulk of our studies have been performed on Bovine 
(heifer) rod outer segments (ROS). The eyes were excised 
within a few minutes of the animal's death and stored on ice in 
the dark. The retina were harvested and the ROS were prepared 
by a sucrose density gradient technique (17). Following this the 
ROS suspensions were passed through a syringe needle packed 
with glass wool. This operation served to perforate the plasma 
membrane as indicated by electron micrographs. The prepara- 
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E X P A N D E D  S C A L E  

FIG. 5. The A ,  G,  and N signals as observed from our scattering apparatus. Note the expanded scale at the point of actinic illumination. 

tions were stored in plastic vials under liquid nitrogen until 
ready for use. This treatment had only a minimal effect on the 
scattering properties after several months of storage as com- 
pared to fresh preparations. 

To ensure that measurements would be made in the single 
particle scattering range, the density of the ROS suspension 
was maintained at less than 2 p M  rhodopsin. For the bulk of 
the studies flash intensities were such that less than 25% of the 
rhodopsin molecules were photobleached by a single flash. 

A number of distinct types of light scattering signals were 
observed in ROS suspensions under a variety of conditions. 
'The ones investigated in our laboratory are described below. 

The N signal 
The N signal (Fig. 5) describes the behavior of the relative 

scattered light intensity (-Al/I) at a given A and 0 as a function 
of time. It is a simple "step" function in which a sudden in- 
crease in (-Al/I) occurs contemporal with the light flash. It 
can be described as a summation of two processes: ( I )  internal, 
structural and electrical changes accompanying the meta- 
rhodopsin I + metarhodopsin I1 (MI/MII) process and (2) a 
hypsochromic shift of the anomalous dispersion spectral profile 
following the partial photobleaching of rhodopsin. These ef- 
fects produce substantial changes in the refractive index n and 
dnldc,  which result in marked light scattering changes in the 
Mie scattering region. 

The A signal 
The A signal (Fig. 5) arises when Mg-ATP is added to a 

buffered suspension of ROS. It is unique in that it shows both 
a dark-A,, and a light-stimulated component, AL (18). 

The dark AD signal is produced when varying amounts of 
Mg-ATP are added to an ROS suspension buffered at pH = 7.3 
with Tris-HC1. One observes a relative decrease in scattered 
light intensity (-Al/I) which reaches near saturation at room 
temperature in approximately 10 min. This decrease, plotted as 
an increase in -Al/I, accompanies an increase in inorganic 
phosphate (19), suggesting that ATP has been hydrolyzed via 
a Mg-ATPase contained in the disk membranes (18, 20). The 
fact that the A signal is insensitive to ouabain, and succinate 

dehydrogenase activity is negligible, indicates that the ATPase 
cannot be a N a t / K +  dependent arising from inner segment or 
mitochondria1 contamination. 

Summarizing our studies, we have found that the dark AD 
light scattering signal has the following properties (17-20). (i) 
It is substantially inhibited by the non-hydrolyzable ATP ana- 
logue AMP-PNP at concentrations comparable to ATP. Fur- 
thermore, GMP-PNP has no effect on AD. This suggests that 
the AD signal arises from a process mediated by a disk mem- 
brane bound ATPase. Furthermore, the ATPase appears to have 
multi-subunits as indicated by the sigmoid character of a plot 
of the maximum All1 amplitude versus ATP concentration. 

(ii) Calcium and vanadate ions at concentrations 1/ 10 that of 
Mg" exhibited substantial inhibitory effects on the AD. 

(iii) The nucleotide cGMP when present at 1110th the con- 
centration of ATP shows a substantial enhancement of AD. 

(iv) The AD signal is independent of the presence of "G" 
protein which has been identified as a disk associated GTPase; 
a low ionic strength extraction which removes "G" protein from 
the disks (4 mM Tris at 4°C) has no effect on AD. 

(v)The kinetics of AD is essentially first order in the presence 
of excess Mg-ATP. Its activation energy, E,, is estimated at 24 
kcal/mol in the temperature range 15-37°C. 

(vi) Comparison of the 0 dependency of the AD signal with 
that obtained from the controlled osmotic swelling of ROS 
suspension showed near identity of these patterns. It appears, 
theiefore, that the AD signal arises from theswelling of the disk 
matrix of the ROS. 

(vii) The AD signal is sensitive to the ROS particle concen- 
tration. In our apparatus, the single particle scattering range 
was between 0 and 2 p M  rhodopsin. Most of our experiments 
were performed at concentrations of rhodopsin of 1 p M  or less. 
There is essentially a linear increase in (-Al/I) with rhodopsin 
concentration at constant flash intensity and at 10 ? 1" of 
scattering angle. Measurements performed on ROS sus- 
pensions having rhodopsin concentration greater than 2 FM 
showed erratic behavior; there was an actual decrease in the 
amplitude -All1 versus particle concentration. The angular 
resolution is very important, particularly in the range 0- lo0, as 
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the variation of -All1 versus 0 varies sharply and shows bi- 
phasic behavior in this angular range. 

The light stimulated AL signal 
If, after allowing the development of the dark A, signal over 

a period of several minutes, the ROS suspension is flash illu- 
minated with actinic light (500-550 nm) there is an instanta- 
neous increase in the amplitude of (-AllI) similiar to that 
occurring in the N signal, save that it is much larger in ampli- 
tude. The initial portion (50 ms) is termed ALF. ALF is followed 
by a much slower increase in amplitude over a period of several 
seconds. This slower portion of the signal is designated as ALs. 

Kinetically, the ALs process, like AD is first order but with a 
much faster rate than AD which increases with the extent of 
photobleaching. At very low levels of photolysis the rate of ALs 
approaches that of AD. 

ALs in all its properties studied so far, save rate, duplicates 
those of AD (17). X and 0 dependencies of AL are the same as 
AD. The rate of inorganic phosphate appearance is enhanced 
over that of AD in the initial period following flash illumination 
consistent with the increased rate of ALs over AD (19). As in the 
case of AD, ALs is inhibited by calcium ions and enhanced by 
cGMP (17-20). Also similiar to AD is the variation in scatter- 
ing signal time profile of ALs at particle densities greater than 
the single particle range. 

The fast component of the AL signal, A,,, has much the same 
characteristics as that of the N signal with regard to X and 0 
dependencies, suggesting that the structural and the electrical 
changes in the ROS were essentially those occurring as a direct 
consequence of the photolysis of rhodopsin to metarhodopsin 
11. The properties of AD and ALs can be logically interpreted as 
a "swelling" of the ROS disks in consequence of the ATPase 
mediated pumping of ions into the disk lumen. Our studies of 
the ions being pumped are described below. 

Ion pumping accompanyitzg the A signal 
Cation pumping 
In the dark, the disk membranes in the absence of nucleo- 

tides are impermeable to most anions (21). However, as a 
consequence of the ATPase activity one might expect cation 
pumping to accompany the A signal. In order to ascertain 
whether such cation pumping did in fact occur, the effects of 
various ionophores on the AD and AL signals were investigated. 
Proton ionophores were unique in their behavior; the powerful 
mitochondria1 ATPase uncoupler, SF6847, at a concentration 
of 9 pM completely abolished the ALs signal and substantially 
reduced AD (17). Tributyl tin, an ionophore which exchanges 
OH- and C1- across membranes, gave A signals identical to N 
signals when present at a concentration of 9 pM (17). Iono- 
phores specific for cations other than protons did not show this 
behavior. 

The most direct confirmation of proton pumping activity 
associated with the ATPase-induced A signal, AD and ALS, is 
shown by the following experiment. When the ROS sus- 
pension, after incubation with Mg-ATP for several minutes, 
was sonicated to rupture the disks, protons were released into 
the aqueous media as indicated by a decrease in pH. No such 
decrease in pH was observed on sonicating a control sample in 
which no Mg-ATP was added. Therefore, pumping of protons 
into the disk lumen appears to be the primary activity of the 
ATPase-driven A signal. 

Anionic symport 
Anion symport generally accompanies ATPase cation pump- 

ing to maintain electrical neutrality. Usually the symported 

FIG. 6. Comparison of A, and AL versus the scattering angle. The 
(X) represents the A,, and the (A) represents the A,. 

anion is an impermeable one which requires a protein carrier 
closely coupled to the cation ATPase pump. A known blocking 
agent for such anion carriers is diisothiocyanostilbene sulfonic 
acid (DIDS). We found that DIDS substantially reduced the 
amplitude of the A signal. In the case of normally permeant 
anions such as SCN-, no protein carrier is required and we 
observed that when this anion, SCN, was present, the rates of 
both AD and ALs were enhanced relative to their rates when C1- 
was present alone. Of the normally impermeant anions, C1- 
appears to be the most effective. Bicarbonate anion, although 
it can replace C1-, yields an A signal whose amplitude is 
considerably reduced over the C1-, suggesting a buffering ac- 
tion of bicarbonate ion within the disk lumen that alters the 
MI/MII ratio in favour of MI. 

A physiological basis for- the A signal 
The A signal can also be observed in ROS preparations 

where the plasma membrane is intact. In such cases no ex- 
ogenous Mg-ATP is needed to produce either AD or AL. Appar- 
ently, what happens in such cases is that endogenous Mg-ATP 
is present in the ROS and begins to act as soon as the frozen 
ROS preparation is brought to room temperature by the addi- 
tion of the Tris buffer solution. Significantly, the AD and AL 
signals seen under these conditions are comparable to those 
observed in the presence of C 1  ions rather than bicarbonate 
ions. 'These observations point to the A signal as having a 
physiological basis and that the active anion in the rods in this 
case is the C1-. 

A molecular basis for the A signal 
It is clear from Fig. 6 that both AD and AL can be interpreted 

as disk swelling processes. Furthermore, their first-order kinet- 
ics and the dependence of the rate constants on the concen- 
tration of ATP, together with the proton ionophore experi- 
ments, point to the principal molecular process involved as an 
ATPase mediated pumping of protons into the disk lumen. This 
suggests that the physiological role of the AD and AL signals is 
to insure protonation of rhodopsin in preparation for the meta- 
rhodopsin I + metarhodopsin I1 process, i.e. to maintain a high 
ratio of MII/MI according to eq. [3]. 
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It is not possible from the kinetic studies made so far to 
determine the nature of the "saturation" of AD or A,; simple 
reversal of the pumping process and (or) mechanical limitations 
on the swelling could account for saturation. 

We have mentioned that the AL signal probably involves two 
processes: the hypsochromic shift in the anomalous dispersion 
spectrum and what can be interpreted as a rapid (20 ms) 
"shrinkage" of the disks. This shrinkage may possibly be ac- 
counted for by the rapid expulsion of cations from the disk 
lumen. The aforementioned proton ionophore experiments sug- 
gest that protons may be rapidly ejected from the lumen. But 
atomic absorption and specific ion electrode studies made in 
our laboratory indicate that Na and Ca ions are also ejected by 
light after dark incubation in the presence of ATP, suggesting 
that ATPases other than the proton ATPase are present in the 
disk (22). At the present time we have no data on the time 
course of the appearance of any of these cations. 

The G signal 
If one replaces exogenous Mg-ATP in a suspension of ROS 

with GTP along with a divalent cation (Mg2' ,  Ca", Mn") one 
observes on flash illumination a scattering signal (-AllI)  
which increases with time, approaching near saturation in 
about 30 sec. This is termed the G signal. Unlike the A signal, 
there is no dark signal associated with the G signal comparable 
to AD. Furthermore, the G signal is studied at levels of rho- 
dopsin bleaching less than lo%, compared to levels ap- 
proaching 25% usually used in the case of the A signal. There 
is no pronounced initial sharp amplitude increase in the G 
signal comparable to the N signal associated with A. Kuhn et 
al. (23) have studied the G signal under conditions of high 
multiple scattering concentrations and very low total levels of 
rhodopsin photobleaching (0.08%). At such high particle den- 
sities, the photobleaching will be highly inhomogenous and the 
scattering, as well as the photobleaching, should be limited to 
the outer layers of the suspension. Their scattering profiles are 
very much different than our G signals taken under conditions 
of single particle scattering (19). 

In addition to those differences mentioned above, the G 
signal differs from the A signal in the following respects. 

(i) The G signal is inhibited by the non-hydrolyzable ana- 
logue GMP-PNP but not by AMP-PNP. This is in contrast to 
the A signal, which is inhibited by AMP-PNP but not GMP- 
PNP. The two signals, A and G, therefore appear to be com- 
pletely independent, the A signal arising from an ATPase activ- 
ity and the G signal arising from a GTPase activity. 

(ii) The G signal requires the presence of a multi-subunit "G 
protein" associated with a GTPase as shown by Kuhn et al. 
(23). The A signal, on the other hand, as mentioned previously 
is independent of the presence of the "G protein". 

(iii) The G signal does not show Ca" ion inhibition as does 
the A signal. 

(iv) cGMP, when present in concentrations less than that of 
the GTP, inhibits the G signal. The A signal is enhanced by the 
presence of cGMP in comparable concentration ratios. 

(v) The G signal increases in amplitude with the extent of 
photobleaching, reaching saturation at about 10% photo- 
bleaching. The A signal does not show this saturation in ampli- 
tude. 

A molecular basis for the G signal 
The experimental evidence gathered in our laboratory indi- 

cates that the G signal is very complex; it cannot be interpreted 

FIG. 7. A simple molecular mechanism for the G signal. 

'G' protein 

MI I  - Mg-'GGTP 0 

0 3 
T ~ r n e  ( s )  

MD 

FIG. 8. A comparison of the A signals in control and dystrophic 
Royal College of Surgeons (RCS) rats. 

\'GcTp 

in terms of simple molecular processes as is the case for the A 
signal. Differences in kinetic reaction order as well as thermal 
and pH dependency are observed in different temporal regions 
of the overall signal. In addition, changes in 0 and A de- 
pendencies which suggest different structural changes appear in 
different regions of the overall signal. GTP hydrolysis does not 
occur until the latter stage of the process, as is indicated by the 
inhibition of this portion by GMP-PNP. At the present time we 
offer a provisional molecular mechanism underlying this com- 
plex molecular-cellular process (Fig. 7) based on our own 
studies, which is similar although not identical to that presented 
by others (23). 

The A and G signals in rat rod outer segmerzts 
The A and G scattering signals reflect complex physiological 

processes within the disk matrix in vertebrate ROS. They there- 
fore serve to monitor key facets of the vertebrate visual photo- 
reception process. With this thought in mind, we have been 
exploring the use of these signals in characterizing retinal dys- 
trophies in laboratory animals. Our studies so far have focused 
on a colony of RCS (Royal College of Surgeons) rats which 
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FIG. 9. A comparison of the G signals in control (C) and dystrophic 
(D) Royal College of Surgeons (RCS) rats. 

have retinal dystrophy, mimicking in some respects the human 
disease retinitis pigmentosa. In our studies so far, we have 
found that A and G signals can be elicited from ROS prepara- 
tions of both normal and dystrophic rats. In the dystrophic rat 
ROS, however, the progression of the disease is accompanied 
by the decrease in the amplitude of the A signal and the com- 
plete disappearance of the G signal (Figs. 8, 9). These pro- 
cesses are currently being studied in more detail (24). 
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J. F. BOCQUET, K. CHHOR, G. LUCAZEAU, and A. J. DIANOUX. Can. J. Chem. 63, 1940 (1985). 
Incoherent quasi-elastic neutron scattering experiments between 250-400 K and heat capacity measurements between 

10-310 K have been performed on polycrystalline samples of NH,SO,. It is concluded that NH, groups undergo jumps of 
21~13 and that the associated residence time is of 2 X lo- ' '  s at 300 K, while the activation energy is equal to 12 kJ mol-I. 
These results are compared with those in the literature, in particular, we point out that the frequency derived from the Arrhenius 
relation is in fair agreement with the torsional frequency measured in Raman spectroscopy (247 cm-') while the activation 
energy is similar to that found by nmr. Finally the relative magnitude of potential barriers deriving from intra- and inter- 
molecular interactions is estimated from potential calculation based on atom-atom potentials, the dominant terms are due to 
hydrogen bondings. 

J. F. BOCQUET, K. CHHOR, G. LUCAZEAU et A. J. DIANOUX. Can. J. Chem. 63, 1940 (1985). 
Un Cchantillon polycristallin d'acide sulphamique, NH,S03, a CtC CtudiC entre 250 et 450 K par diffusion quasi-Clastique 

de neutrons. La courbe de capacitC calorifique entre 10 et 310 K a Cgalement CtC obtenue. Les paramktres determinant la 
dynamique des groupements NH, ont CtC dCterminCs: les protons effectuent des sauts de 21~13 avec des temps de residence 
de 2 X lo-" s ?I 300 K; 1'Cnergie d'activation correspondante est Cgale a 12 kJ mol-I. Ces rksultats sont comparCs avec ceux 
de la 1ittCrature; la friquence d'attaque deduite de la relation d'ArrhCnius est en bon accord avec la frequence de torsion mesurCe 
en Raman (247 cm-I). L'Cnergie d'activation est trts proche de celle trouvte en rmn. La barritre de potentiel s'opposant B 
la rotation des NH3 a Cgalement CtC calculCe a partir de potentiels atome-atome; les termes dominants sont diis aux liaisons 
hydrogkne. 

I. Introduction 
This work is a part of a general study about reorientational 

processes which take place in inorganic molecular crystals. W e  
have systematically shown how the combination of neutron and 
Raman scattering and of heat capacity measurements can pin- 
point the mechanism of reorientational motions which take 
place in molecular crystals such as metallocenes (1 -3), arene 
metal carbonyls (4-8) or NH,(CH?),NH,MnCl, (9,lO) and to 
what extent they are responsible for phase transitions. The 
temperature dependence of the quasi-elastic neutron scattering 
function allows the determination of the activation energy 
which can generally be identified with the potential barrier 
hindering the reorientational motion, while the geometry of the 
motion can be derived from the Q dependence of the scattering 
function; for these reasons and because of the various resolu- 
tions available at ILL (Grenoble) the incoherent quasi-elastic 
neutron scattering (IQENS) can be considered the soundest 
technique of determining the parameters which characterize the 
hydrogen motions in a solid, specifically when several reor- 
ientational motions take place. 

In this article, we shall first present and interpret our neutron 
results. W e  shall then discuss and compare our results with 
those of the literature: Raman (1 1 ,  12), nmr (13), particularly 
in terms of potential barriers originating from intra- and inter- 
molecular interactions. Finally, we shall present some results 
of potential barrier calculations performed with the WMIN 
Busing's program (14) by using coulombian, Van der Waals, 
and hydrogen bonding atom-atom potentials.' A forthcoming 

'Unit6 AssociCe au C.N.R.S. No 453. 
'The computer program WMIN is capable of manipulating static 

and dynamic models of crystal or isolated molecules and calculating 
their energies from interatomic potential functions. 

paper, devoted to the discussion of the factors responsible for 
the Raman band broadening (reorientational motion, vibra- 
tional dephasing, anharmonicity) of the NH, torsion in sul- 
phamic acid will be based on the conclusions of the present 
paper and on the neutron diffraction results recently recorded 
for ten temperatures between 4 and 300 K (15). 

11. Experimental conditions 
Satnple 

Sulphamic acid NH3S03 was commercially obtained. The sample 
was purified by repeated recrystallizations from water-methanol 
mixture and dried in high vacuum. For heat capacity experiments, 
13.99 g of the sample was used and loaded in the calorimetric vessel 
in which air was replaced with a few kPa of helium gas at 300 K. For 
IQENS experiments, powder samples were contained in circular thin- 
walled aluminum cans (5 cm in diameter). The thickness of the sample 
was adjusted to ensure a transmission of about 90%. Samples were 
examined by infrared analysis before and after experiments in order to 
check that no decomposition process had taken place. 

Neutron scattering 
Neutron experiments were performed at the lnstitut Laue-Langevin 

(I.L.L. Grenoble) with the time of flight (TOF) IN6 instrument. The 
angle between the sample plane and the incident neutron beam was 
taken equal to 135: for incident wavelength A. = 5.1 A and equal to 
45" for A. = 5.9 A. 

Ten temperatures ranging from 250 to 443 K were investigated. We 
used a heating and cooling loop device which operates between 77 and 
700 K. However, due to a bad thermal contact between the sample 
holder and the loop, some of our measured temperatures may be in 
error by as much as 10 K. The average resolution for A = 5.1 and 
5.9 A are IO! and 53 peV, respectively, while the Q range investi- 
gated at 5.1 A is between 0.25 and 2.21 A- ' .  

Angles that were contaminated by Bragg reflections were elimi- 
nated from the data. The spectra were corrected by standard ILL 
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FIG. 1. Structural data on sulphamic acid: (a), projection of the 
crystal structure on (100) plane, 114 of the unit cell is represented; 
(b ) ,  view along N-S axis of an NH3S03 molecule. Net atomic 
charges from ref. 18 are given in parentheses; (c), view along N-S 
axis of the nearest neighbouring atoms of an NH, group. The inter- 
atomic distances from refs. 18 and 13 are given in parentheses. 

programs for detector efficiency, sample container efficiency, scat- 
tering absorption and self-shielding. All the TOF spectra were nor- 
malized to the elastic scattering from vanadium. 

Calorirnerric procedure 
Heat capacity measurements were performed on an automatic 

adiabatic calorimeter from 10 to 310 K. Thermodynamic functions 
and C, values will be reported in a separate paper. 

The calorimeter and computer-operated adiabatic assembly is de- 
scribed elsewhere (16). Temperatures were determined by a ger- 
manium or a platinum thermometer in the ranges 10-30 K and 
30-3 10 K ,  respectively. 

The thermal analysis between 300-450 K was performed on a 
differential scanning calorimeter (M.C.B. Arion Grenoble, France) 
the heating and cooling rates were 0.5 K min-' and the sample used 
was about 400 mg. 

111. Structural data 
The crystal structure is described by the Pbca space group 

with eight molecules per unit cell (Fig. la) .  The atomic posi- 
tions have been reported at 300 K and 78 K from X-ray (17) and 
neutron (18) diffraction measurements. The intra- and inter- 
molecular bond distances are reported on Fig. l b  and lc, re- 
spectively. The three H atoms of a given NH, group are in- 
volved in three short NH---0 hydrogen bonds and two long 
NH---0 bonds. The atomic positions of ref. 18 were used in our 
potential calculations. The electron density has been deter- 
mined from X-N maps (18). The S-N and S-0 bonds 
have been found to be similar to bonds between first row 
atoms. The S-0 doubleobond character has been deduced 
from its shopening (1.44 A) with respect to the S-0 single 
bond (1.69 A). The net atomic charges reported in ref. 18 are 
given in Fig. Ib. 

IV. Heat capacity results 
Neither the heat capacity curve (Fig. 2) (10-310 K) nor the 

DTA curve (300-450 K) exhibit any anomaly which could 
indicate the presence of static disorder. In other words, the 
protons do not occupy distinguishable sites which could create 
an entropy increment: AS = R In N observable on the C, curve. 
Thus, we can ignore the presence of subminima (for instance 
at 2 ~ 1 6 )  and safely assume that the approximate local threefold 
symmetry of a molecule as found by neutron diffraction (18) at 
78 K is preserved at higher temperature. In this case we must 
consider that the potential function governing the NH, motion 
around the N-S bond has three deep minima which are essen- 
tially occupied between 10 and 310 K and that no drastic 
potential modification occurs in this temperature range. 

V. Neutron scattering 
V.1. Theoretical backgrourzd 

The neutron incoherent scattering law for a random motion 
of a uniaxial rotator in an N-fold cosine potential has been 
derived by Dianoux and Volino (19). They have shown that 
when the relative barrier height 

1 vo Y = 5 E  
is large (in practice > 1.2) the scattering function S (Q,w) can 
be written as in the case of instantaneous jumps between defi- 
nite sites (20). In the present case, the experiments have been 
performed at about 300 K and we expect that the potential 
barrier is larger or equal to 12 kJ mol-I, thus y is larger or equal 
to 2.5 and the above condition is fulfilled. 

The scattering law S (Q,w) is obtained from the time Fourier 
transform of the intermediate scattering function ls(Q,t), for 
one mobile particule: 

[I] I,(Q,t) = b:, ]]g(ro) dro eiQ(r-rO) G s( r, ro, t) d r  

in which Gs (r, ro, t) is the probability function to find the 
particle at r at time t if it was at ro at time zero, with the 
probability distribution g(ro) of initial position r, as a weighting 
factor. In the rotational jump model the integral over initial 
positions (dr,) is replaced by a summation over the three 
positions that a given proton can occupy; the integral over 
instantaneous positions is replaced by a summation over equi- 
librium positions of the proton. The Gs function writes 

2 6 ( r  - rij)Pj(t) in which Pj(t) measures the time dependent 
i 
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FIG. 2. Heat capacity curve of crystalline sulphamic acid. 

probability of finding the proton at the site r, if it was at r, at 
t = 0 ,  the jump distance r,, being equal to r, - r , .  Moreover, E.1.S.F 
for NH3S03 the three sites have an equal population and the 
jump rate from i to j is equal to that from j to i. Under these 
conditions, for an uniaxial rotation on a circle of radius R, and 
for a sample in a powdered form, the rotational scattering law 
takes the form: 

1 N - l  
[21 s'" (Q.w) = Ao(Q)S(w) + , E A l(Q) L ( K 1 )  

1 = 1  

where 

bility 1 / ~  can be identified with the rotational diffusion coef- 
ficient Dr .  The term A, (Q) in eq. [2] represents the elastic 
incoherent structure factor (EISF): it is the fraction of the in- 
tensity due to mobile protons, that is contained in the purely 
elastic peak. The EISF is directly related to the geometry of the 
molecular motion. It is thus useful to measure the EISF as a 
function of Q and compare it with the calculated one for dif- 
ferent models. In the present case a jump angle of 2n/3  is the 
most probable for uniaxial rotational motion and we have con- 
sidered that in th? average each proton describes a circle of 
radius R = 0.97 A around the SN axis. 

The quasi-elastic peak intensity increases with the Q . R 
product. Figure 3 shows this enhancement while conversely 
one observes the decrease of the pure elastic peak. 

1 refers to the different jumps, j refers to the N-allowed sites. 
jo is the spherical Bessel function of the first kind of order zero 
( j o  (x) = sin x/x) and L(T;') is the Lorentzian function, 

[4] ~ ( 7 ; ' )  = T] / ( I  + W'T;) 

in which is the half-width at half-maximum (hwhm) and the 

V.2. Results 
Figures 4 ,  5 and 6 show some typical corrected spectra of 

NH,S03 obtained on the time of flight IN6 spectrometer. The 
Q dependence of the relative fraction of elastic to the total 
elastic + quasi-elastic intensity (EISF) is represented and com- 
pared to the theoretical curves in Fig. 3. Figure 7 shows the 
variation of the mean residence time on a site against reciprocal 
temperature. 

The EISF values reported in Fig. 3 have been extracted by 
fitting the corrected spectra in the 250-400 K temperature 
range to a single Lorentzian plus an elastic peak folded with the 
instrumental resolution. One cannot choose between the 
models corresponding to reorientational jumps of 2n /3  or 

characteristic times are given by 

[5] T I  = 7,/2 sin' ( n l / ~ )  0 .o 

'\ 

where T, is the correlation time (residence time) between two 0.0 1 .O 2 .O 3.0 Q&-') 
successive jumps of a proton. It has been shown that the first 
broadened term in the summation over all the possible jumps FIG. 3. Elastic incoherent structure factor: solid line, theoretical 
gives the largest contribution and, therefore, the experimental curve for the 27~13 jump model; dotted line, theoretical curve for 
hwhm of the quasi-elastic peak may be sometimes approxi- the 2x16 jump model. S9me experimental opoints (f,~.,,,,,/f,,,,~l are 

mated by 1 / ~  , ;  moreover in the limit N + a, the jump proba- reported: e, 400 K ,  5.1 A; A, 333 K ,  5.1 A; 0, 403 K ,  5.9 A. 
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BOCQUET ET AL 

FIG. 4. Corrected quasi-elastic neutron scattering spectra for poly- 
crystalline~sample of NH3SO3 at 400 K for an incident wavelength 
X, = 5.1 A. The quasi-elastic contribution is represented by a dotted 
line in order to show its Q dependence. 

2 ~ 1 6 .  A broader Q range should be necessary, this would 
imply smaller incident wavelength. As a consequence the reso- 
lution would be smaller and the precision on the EISF deter- 
mination would be very poor. Note that the 2 ~ / 6  jump model 
almost corresponds to the diffusive case (2 1) in the observed Q 
range. 

V.2.1. Determination of the residence times and of the 
activation energy 

We have fitted the corrected spectra with those calculated by 
folding the scattering law for uniaxial rotational motions of 
protons with the instrumental resolutions for each angle. 

The parameters used in the fitting procedure have been de- 
scribed elsewhere (4). Among these is T,', which governs the 
width of the Lorentzian function appearing in the scattering 
function (see eq. [2]). In the case of 2n/3  jump model there is 
a single 7 ,  value and thus from eq. [5] the correlation time 7, 

is found equal to 1.57,. The two other parameters of im- 
portance are the radius of gyration R,  which was fixed to 0.94 
A and the proportion of the non mobile protons p found to tend 
towards zero whatever the 2 ~ / 3  or 21~16 jump model is intro- 
duced to fit the data. The fitting procedure has been performed 
on 10 angles simultaneously. The result of these fittings are 
reproduced in Table 1. This shows that at 406 K the fwhm 
(27;') is two to four times larger than the experimental resolu- 
tions and therefore in such a favorable situation the dispersion 
of the points in Fig. 7 can only be explained by bad temperature 
measurements as indicated in the Experimental section. 

The slope of the straight line (Fig. 7) representing the Arrhe- 
nius variation of 7, as function of temperature gives a measure 
of the activation energy of the jump process, and is found equal 
to E ,  = 12 + 2 kJ mol-'. 

FIG. 5. Corrected quasi-elastic neutron scattering spectra ofd poly- 
crystalline NH3S03 at 400 K for an incident wavelength of 5.9 A. The 
quasi-elastic contribution is represented by dotted line. 

TABLE I .  Correlation times deduced from the different fits within the 
2 ~ / 3  jump model of NH, in sulphamic acid* 

Incident 
Configuration h, (A) T (K) 1/71 (keV) 7, x lo1* (s) 

250 26.7 36.96 
273 35.7 27.66 
293 47.4 20.82 

135" 5.1 333 138 7.15 
374 203 4.86 
400 265 3.72 
443 410 2.41 
253 46.9 21.05 

45" 5.9 I 2 3  104 9.48 
406 171 5.77 

*(T,)-' is a direct measure of the width of the Lorentzian function appearing 
in the quasi-elastic part of the spectra. 

V.2.2. Conclusiotz relative to the tzelrtrotz scattering 
experiments 

The dynamics of the NH, groups is associated with 2x13 
or 2 n / 6  rotational jumps characterized by a residence time 

3 W K  = 
7, 2.1 x lo-" s at room temperature and an activation 
energy of 12 + 2 kJ mol-I. 

VI. Discussion and comparison with literature results 
- The Raman band observed at about 247 cm-' at 300 K 

which shifts to 274 cm-' at 30 K and which is characterized by 
an H/D isotopic ratio of 1.35 was assigned to an NH, torsional 
motion in which the SO1 groups are weakly involved, the ratio 
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FIG. 6. Corrected quasi-elastic neutron scattering s~ectra of poly- 
crystalline NH,SO, for an incident wavelength of 5.1 A at Q = 1.95 
P\-' for different temperatures. 

FIG. 7. Arrhenius plot of the mean resoidence time (7,) against re- 
ciprocal temperature; ., 5.9 A; A ,  5.1 A. The slope of the straight 
line gives an activation energy of 12 kJ mol-'. 

of square roots of reduced moment of inertia HID (equal to 
1.39, see Table V in ref. 11) being very near to the experi- 
mental frequency ratio. If the libration around S-N bond of 
the molecule as a whole was involved, the isotopic ratio would 
tend towards 1.02 (the corresponding libration band Ru was 
reported at about 90 cm-I). Thus under these conditions where 
the SO, group libration amplitude is very small even at 300 K, 
a potential barrier V: of 14.6 kJ mol-' at 300 K was derived 
through the assumption that the potential hindering the NH, 

rotation is of threefold order and that it can be written V = 
( ~ : / 2 )  (1 - cos 30) where 0 is the rotational coordinate of one 
proton. By subtracting the zero point energy, the rotational 
energy is equal to 11.9 kJ mol-I. In the case where a sixfold 
potential V6 is considered the barrier is four times lower. The 
perfect agreement of the V: barrier corrected from zero point 
energy with the neutron activation energy is thus in favor of the 
three-fold order as suggested by the heat capacity mea- 
surements. 

Finally, the preexponential term of the Arrhenius relation 
can be derived from our neutron data; at 293 K it is equal to 

0 
7, = 1.55 X lo-', s, thus its inverse which represents the 
attempt frequency, v o  = 215 cm-I, is in fair agreement with the 
torsional frequency measured in Rarnan. 

It is worthwhile to notice that the torsional motion in 
NH3S0, in the above model is considered as an Einstein oscil- 
lator. Actually this is not a bad approximation. The coupling of 
this mode between the eight molecules in a unit cell gives rise 
to only four Raman frequencies spreading between 244 and 
25 1 cm-I. Moreover the density of states spectra deduced from 
inelastic neutron scattering (22) is sufficiently narrow (-30 
cm-I) to accept the above approximation. However, the dis- 
persion of frequencies being smaller at k = 0 (-7 cm-I for 
Raman modesjit appears preferable to consider correlated NH, 
in phase rotations for calculating potential barriers from 
atom-atom interactions (see last section). This remark allows 
us to account for a difference between the activation energy 
measured in neutron or nmr and the Raman potential barrier 
when the torsional mode is dispersive. 

A second cause of discrepancy can also be due to the fact that 
the three-fold potential considered above is only an approxi- 
mation. Strictly speaking, the NH, groups occupy general crys- 
tallographic positions and the general expression of the poten- 
tial should be written: 

Vl v, 
V = - (1  - cos 0) + 2 (1 - cos 20) 2 

v3 + - (1 - cos 30) + 2 
The neglect of V, and V2 terms is only based on qualitative 
local geometry considerations. In this respect Ratcliffe et al. 
(13) have underlined that the distribution of neighbouring oxy- 
gen atoms around NH, group is near a five-fold environment. 
If this were a perfect pentagon the first term to contribute would 
be (V,,/2) (1 - cos 15 0), i.e., it would generate a quasi-free 
rotation at room temperature. Actually, the slight distortion is 
sufficient to avoid the cancellation of the V, terms. Ratcliffe et 
al.,  assuming that the three-fold interaction potential between 
the three protons of one NH3 group and a neighbouring oxygen 
atom is the same for the five oxygens and is equal to VI;, have 
written that the total potential is 

v = 3 2 [5 - 5 i =  l cos 3 (0-,;)I 

where qi are the angular positions of surrounding oxygens. The 
corresponding barrier height given by V (0 = 0)  - V(O = 
2 ~ 1 6 )  is found equal to be 0.65 Vi;. If the r); angles were 
multiples of 2 ~ / 5  (instead of crystallographic values), this 
barrier would be zero, and it would be necessary to consider 
higher order terms such as V,,. One of the aims of the last 
section is thus to see to what extent similar conclusions can be 
obtained when the number of surrounding atoms is substan- 
tially increased. The second aim is to try to estimate the con- 
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TABLE 2. Comparison of activation energies, potential barriers, and correlation times for NH, reorientation in NH,SO,.' 

lQEN.5 ( 2 ~ 1 3 )  Nmr ( 2 ~ 1 3 )  Raman ( 2 ~ 1 3 )  

E;, 7, VO E;, 7, V<! VO v: V ;  - ZPE f f 

T (K) (kJ mol-I) (s) (cm-') (kJ mol-') (s) (cm-I) (cm-') (kJ mol-I) (kJ mol-I) 

300-500 12" 2x lo- ' '  215 247' 12.9 11.7 
NH'SO3 80-260 11.3" 6 . 2 ~  lo-"' 444 

20-80 274 15.9 14.6 
MnPDA 280-300 26.6" 1 x lo-' '  1 . 4 ~  10.~ 31 1 '  20.1 19.4 

"This work. 
"From ref. 13. 
'From ref. I I. 
"From ref. 10. 
'From ref. 9. 
'Values obtained at 300 K. 

I 
PMnPDA: NH,(CH2),NH,MnC14; ZPE: zero point cncrgy = 7 hv,,; for IQENS, the attempt frequency in some cases (c.g., NH,SO,) compares well with - 

vibrational frequency, however, it cannot be systematically identified with it (c.g. MnPDA). The activation energies deduced from nmr and IQENS are in a general 
agreement with the local barrier potential. In most cases thesc two quantities are in a close agreement. 

tribution of intra- and intermolecular interactions to the total 
bamer or alternatively to analyse the relative weight of con- 
formational isomerism and of matrix effects. In if 
one assumes that the interaction potential between the NH, 
rotor with the three oxygens belonging to the same molecule is 
V; and that the intra term can be written V = (3V;/2) (1  - cos 
30), one finds a potential barrier equal to 3Vj. The relative 
magnitude of Vj and VI; is difficult to estimate a priori, al- 
though Ratcliffe et al. consider that the total torsional barrie? 
can be decomposed as V: ",,, = 8.6 kJ mol-' and V: ,,,, = 4.7 kJ 
mol-I, i.e. V3 = 7.2 kJ mol-' and V1; = 2.9 kJ mol-I, in other 
terms, the intermolecular potential of the NH, group with sur- 
rounding atoms is larger than the intramolecular one. 

Nuclear magnetic resonance spin lattice relaxation mea- 
surements in NH,SO, (13) have been interpreted in terms of 
NH, reorientations. An activation energy E, of 11.3 kJ mol-' 
is reported while a preexponential factor 71: = 7.5 X lo- ' '  s is 
given. Thus a nice agreement between the energetic parameters 
is found between neutron and nmr measurements. However, 
the preexponential factor when converted gives 400 cm-', i.e. 
a frequency far from the torsional one, and consequently the 
corresponding residence time at 300 K,  7, = 71: exp (E,/kn,  is 
twice as large as that obtained in our neutron study. Because 
this correlation time is directly given by the fwhm of the quasi- 
elastic contribution we think that this value is more reliable. 
Table 2 illustrates this discussion; a comparison with NH3 
reorientation in NH,(CH2),NH3MnCI, (10j is also given. In 
this last compound the NH, group is hydrogen bonded to only 
three chlorine atoms and as stated above, it is not surprising to 
find that the potential barrier is higher than for NH,SO,. 

VII. Calculation of potential functions hindering the 
rotation of NH3 group and NH3S03 as a whole 

The present calculation consists in computer simulating a 
postulated type of motion and evaluating the intermolecular 
interaction along the path of motion. Thus in the case of libra- 
tional motion of NH, and S o 3  groups the pair wise interactions 
given by the expression 

'The intermolecular oxygen interactions are not taken into consider- 
ation due to the small amplitudes of SO3 groups in the torsional mode. 

which combines coulombian, Van der Waals, repulsion, and 
hydrogen bonding potentials, are added for each orientation of 
the groups of atoms and a curve referred to below as a torsional 
or librational potential is constructed. The WMIN Busing's 
program was used, as stated before it gives the advantage of 
considering correlated displacements and the main difference 
with similar approaches (e.g. Goldberg (23)) is that the neigh- 
bouring hydrogen atoms are not stationary. In other words, the 
potential curve reported in Fig. 8 corresponds to the relative 
variations of the potential energy when the eight NH, groups 
belonging to one unit cell are rotated in order to respect the cell 
symmetry and the NH, groups in neighbouring cells are rotated 
by the same angle that the congruent groups of the unit cell at 
the origin. 

We are interested only in the relative variations of the tor- 
sional or librational potential energy and because no direct 
comparison with thermodynamic data such as lattice energy 
was possible (24), we have not attempted to adjust all the 
potential parameters by minimizing the energy, but we have 
only tried to adjust the most sensitive ones, in order to derive 
a potential curve compatible with the constraints listed below. 
The tests of convergence of Coulomb and Van der Waals enec- 
gies in bqth direct and reciprocal spaces have shown that 7 A 
and 0.4 A-' represent the corresponding limits for which ?o 
relative energy change larger than lo-, was obtained. For 7 A, 
669 pair interactions were considered. 

VII. I .  Potentials used in the calculations 
We have considered the same pair potentials for compounds 

in which NH---0 (25), 0 - - -0 ,  N---H, N---N, S---S interactions 
were reported (26) and which were fitted in a WMIN calcu- 
lation without the addition of electrostatic terms such as those 
reported by Righini et al. for crystalline ammonia (27). 

( a )  For the coulombian interactions, the net charges de- 
duced from X-N data (18) and reported in Fig. l b  were 
introduced in 

(b) The Van der Waals attractive potential was written as 

where the parameters C were taken from ref. 23. For S-H 
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FIG. 8. Potential curves for the NH, rotation around the N-S axis 
in sulphamic acid. (a), calculated with coulombian interactions be- 
tween net atomic charges and with Van der Waals and repulsion 
potentials; (b), calculated with the same parameters as in (a) plus a 
specific potential (represented on the right part) for the hydrogen 
bonds. Only the relative variations are reported; (c), potential curve 
for the rotation of the NH,SO, molecule as a whole. 

interactions we have considered the geometric average of SO 
and OH parameters. 

(c) The repulsions were represented by the expression: 

a, exp (- bij rij) v R = + x  11 

'1 rij 
and the a ,  b, and d parameters were chosen in the same manner 
as C parameters. 

(d) However, for hydrogen and oxygen atoms directly con- 
nected by a hydrogen bond, a specific Morse-like potential was 
introduced in s u ~ h  a way that it is zero for H---Oodistances 
larger than 2.2 A and present a minimum at 1.92 A (experi- 

mental average value). 'The depth of this minimum has been 
varied between 4 and 12.5 kJ mol-'. The simple electrostatic 
H-I---0- potential combined with a repulsive potential was not 
appropriate to generate a three fold order external potential 
(intermolecular) hindering the NH, rotation. In the literature, 
this difficulty has been overcome by using similar potentials 
(28). The Schroeder's model of a bent NH---0 was not con- 
sidered; the wide range of directions covered by the interatomic 
contacts giving an indirect account of the angle dependence. 
The expression given belpw gave satisfactory results; the re- 
pulsive part for r < 1.85 A is not involved in the NH3 rotation, 
the H---0 contacts being all larger than this value. 

All H---0 interactions are taken into account. This means that 
a given H can interact with several oxygens. H?wever, the 
contributions of interactions for r larger than 2.5 A are negli- 
gible and it is observed that for all configurations there are at 
maximum two H--0 contacts for a given H which contribute to 
the energy. 

(e) In order to examine the conformational isomerism of an 
isolated NH3S03 molecule and to see at what extent the stag- 
gered conformation in the isolated molecule can be stabilized, 
we have also considered that the electrons of NH and SO bonds 
can interact with each other and with all the other charges. 
Their mutual interaction could be described by using a multi- 
pole expansion (28), but because of the lack of data on the local 
quadmpoles and octopoles of NH and SO bonds, the electro- 
static interaction between two charge distributions were re- 
duced to the Coulombian form given below: 

The a i  and P k  parameters are for electronic charges of NH and 
SO bonds respectively, while qj are for net atomic charges and 
rij, rkj, r ,k are the inter-charge distances. The a ,  P parameters 
are introduced as formal charges located at the mid point of the 
NH and SO bonds. This potential was calculated for the iso- 
lated molecule and for the crystal. The polarization forces 
which are weaker than Van der Waals and electrostatic forces 
have been neglected, moreover, the induced dipole-dipole 
interactions being attractive, they cannot contribute to the sta- 
bilization of the staggered conformation, the existence of 
which is questioned here. 

VII.2. Corzstrairzts 
The different constraints that we introduced in our calcu- 

lations are the following: 
(a) The minima of the total potential function must be 

located at 0 = 0, 2 ~ 1 3 ,  4 ~ / 3  where 0 = 0 corresponds to 
the crystallographic position of one proton. Subminima are 
allowed but their energy must be high enough for their oc- 
cupation factor at 300 K is negligible. 

(b) The maxima are also distant of 2 ~ / 3  and the corres- 
ponding barrier is equal to 12 kJ mol-I. 

(c) The repulsive and attractive Van der Waals parameters 
for 0 - - 0 ,  0---H, N---0, N---H interactions are fixed to the 
literature values derived for atoms involved in similar inter- 
actions. 'The other interactions are varied (the initial values are 
taken as geometric average). 

(d) The coulombian charges on atoms are taken from X-N 
data (18). 

(e) The potential barrier hindering the NH,SO, rotation as a 
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BOCQUET ET AL 

TABLE 3 .  Van der Waals and repulsion potential 
constants (in kJ mol-') 

Interaction 

"Reference 23. 
"Reference 26. 
"Obtained by taking the geometrical mean of the relevant 

homonuclear interaction parameters. 

whole must be much larger than that associated to the torsion; 
it is expected to be larger than 50 kJ mol-I.' 

V11.3. Results 
Four stages have been developped in our calculation: 
(a) The net atomic charges and the set of parameters given 

in Table 3 are entered in the calculation and a sixfold potential 
function is obtained (Fig. 8a). The coulombian terms in the 
energy and thus its relative variations are the leading terms. 
The 0---H Van der Waals attractions or repulsions terms inside 
a given molecule playing a negligibl~ role because of the long 
interatomic distances (d l ,  .o > 2.67 A), thus the intermolecular 
potential is mainly coulombian. The interactions between 
bonded atoms are entered but do not contribute to the relative 
variations of the potential. 

(b) In order to satisfy the constraint mentionned in (a), a 
specific potential for hydrogen bonds (see VII-1-(I) is added to 
the above set of parameters and a three-fold potential function 
is obtained. Its depth can be varied by adjusting the D param- 
eters. For D = -8.4 kJ mol-' and y = 15.35 the potential 
barrier is found equal to 13.4 kJ rnol-' Fig. 8b. The minimum 
at 2 n / 3  is slightly higher than that at 0°, but their energy 
difference is sufficiently small for their occupation being equal 
above 200 K. The subminimum at 2n/6  is much higher in 
agreement with the constraint (a) .  

(c) The coulo~nbian interactions involving the NH and SO 
electronic charges were introduced. 

Arbitrary values of bond charges a ~ , ,  and PNFl were used. 
Figure 9 represents the variation of the intramolecular electro- 
static energy : for a = 0. I ,  P = 0.1 and for a = 0.1, P = 1 
in both cases the staggered conformation is favored and the 
energy variation is less than 1.7 kJ mol-'. This is due to the fact 
that the sums C l lr , , ,  C l/rL,, C l l r , ,  do not vary appreciably 

'The value 50 kJ mol-' is obtained from the libration frequency 
observed at R: - 80 cm-' (1  1 ) .  Assuming a threefold order sinusoidal 
potential, the rclation: 

(where I, = 97 uma A' is the inertla moment of the molcculc around 
its long axis) gives a crude approximation of the barricr hindering thc 
rotation of the molecule. This model considers that the bottom of the 
potential function can be osculated by a parabola. It is cornpletcly false 
for large angles for which strong repulsions can occur. 

FIG. 9. Intramolecular potential curve for the torsion of NH, in an 
"isolated" molecule. The electrostatic interactions between nct atomic 
charges 9, and charges a and P placed in thc middle of the NH and 
SO bonds, respectively, are considered. (a), a = P = -0. I ;  thc 
total electrostatic cnergy varics betwcen - 1343.8 for 0 = 0" and 
-1345kJmol~'for0=60°,i.e.,AE= 1.2;(b).a= -0.1,P = - 1 ;  
the total electrostatic energy varies between 1162.3 for 0 = 0" and 
1160.6 kJ mol-' for 0 = 60°, i.e., AE = 1.7 kJ mol-I. 

when NH3 is rotated. One can conclude that the electrostatic 
interactions do not contribute significantly to the intra- 
molecular torsional barrier. Moreover the overlap between S 
and 0 orbitals which could contribute to the torsional energy is 
expected weaker than in molecules such as ethane (the NH3S0, 
molecule is not stable in the gas phase) and the intramolecular 
torsional potential barrier is likely much smaller than 4.2 kJ 
mol-' and can be ignored. 

(4 The NH3S03 molecules were rotated as a whole. Figure 
8c represents the variation of the energy calculated with the set 
of parameters of Table 3 plus the hydrogen-bond potential, the 
total potential function is of three-fold order the associated V, 
barrier is found equal to 500 kJ mol-I, this value is mainly 
determined by the repulsive part of the hydrogea-bond poten- 
tial, actually there are 0---H distances of 1.78 A for 8 = 60°, 
thus when varying the form of the potential we could decrease 
this barrier at a large extent. However, as already stated it must 
remain high enough for keeping the oxygen atoms fixed in the 
lattice and we think that the hydrogen-bond potential of Fig. 86 
is not far from the actual situation. 

VIII. Conclusions 
The reorientation of the NH3S03 molecules as a whole is 

strongly hindered by 0---H and at a smaller extent by 0 - - - 0  
repulsions; a potential barrier of 300 kJ mol-' was derived. 

The contributions of intermolecular H---H interactions to the 
relative variations of V' and V" were found negligible and thus 
taking into account the correlated NH3 motions does not change 
the potential results which could be obtained with a rigid 
lattice. 

The staggered configuration is not generated by intra- 
molecular interactions but rather by intermolecular 0---H 
hydrogen bonding attractions. 

The total potential function hindering the NH, reorientations 
has been derived, it presents minima separated by 2n/3 ,  the 
H---0 interactions were chosen to give a potential barrier of 12 
kJ mol-'. The subminima found in the potential are not pro- 
nounced and can be considered as anharmonic contributions 
explaining the broadness of the Raman torsional band at 300 K. 
This point will be discussed in a forthcoming paper. 

'The coulombian and hydrogen bonding interactions domi- 
nate the relative potential variations and this can be related to 
the fact that the staggered form of NH,SO, is only stabilized in 
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the crystal or solvents in which hydrogen bonds can be estab- 
lished (28). 

Finally, this paper shows how the conjunction of heat capac- 
ity measurements, Raman and neutron scattering (29) delivers 
sufficiently sound experimental data which can be used as  a 
basis before undertaking potential calculations. The calcu- 
lations reported here are highly empirical, however they have 
the merit to show that the relative variations of the potential 
barrier are mainly determined by NH---0 hydrogen bonds. 
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ECKART RUHL, HANS-WERNER JOCHIMS, and HELMUT BAUMGARTEL. Can. J. Chem. 63, 1949 (1985). 
The gas phase absorption spectra of 2-chloro- I ,  l -difluoroethene, cis- and trc1t1.s- l -chloro- l,2-difluoroethene have been 

measured in the photon energy range from 6.5 to 25 eV. The IT + IT:': transition is assigned to bands centered around 7.17- 
7.20 eV for all three isomers. Four Rydberg series are obscrved in all the spectra, converging to the IT ionization potential: 
two np-type Rydberg series, one ns, and one nd series are assigned. 'The convergence limits are: 9.84 eV (2-chloro-I, l -  
difluoroethene), 9.86 e v  (cis-I-chloro-l,2-difluoroethene), and 9.85 eV (trans-I-chloro-l,2-difluoroethene). In the case of 
2-chloro-l,l-difluoroethene four additional Rydberg series are found converging to the nCl ionization potential. The con- 
vergence limit of these series is 12.15 eV. 

Above 12 eV broad absorption bands dominate the spectra. 

ECKART RUHL, HANS-WERNER JOCHIMS et HELMUT BAUMGARTEL. Can. J. Chem. 63, 1949 (1985). 
OpCrant ?I des Cnergies photoniques allant de 6,5 i 25 eV. on a rnesurC les spectres d'absorption cn phase gazeuse du chloro-2 

difluoro- I ,  1 Cthkne et des chloro- I difluoro- 1,2 Cthknes-cis et -trans. On attribue les bandes que I'on retrouve autour de 7,17 
B 7,20 eV dans chacun de ces produits h la transition n + n:? Dans chacun des spectres, on a observt quatre sCries de bandes 
de Rydberg; e lks  convergent vers le potentiel d'ionisation IT: deux sCrics de bandes de Rydberg du type np, une stric du type 
ns et une sCrie du type nd. Les limites de convergence sont Ies suivantes: 9,84 eV (chloro-2 difluoro- I ,  l Cthkne), 9,86 eV 
(chloro- 1 difluoro- 1,2 Cthkne-cis) et 9,85 eV (chloro- 1 difluoro- 1.2 Cthkne-tr(~n.s). 

Dans le cas dichloro-2 difluoro-l ,I  Cthkne, on a trouvC quatre autres sCries de bandes de Rydberg qui convergent vers le 
potentiel d'ionisation du nC1. La limite de convergence de cette strie est Cgale a 12.15 eV. 

Au-dessus de 12 eV, les bandes d'absorption dominent le spectre. 
[Traduit par le journal] 

Introduction 
The vacuum ultraviolet (vuv) absorption spectra of ethene 

and its halogen derivatives have long been of interest since a 
variety of excitations have been observed: e.g. Rydberg series, 
containing vibrational progressions, associated with the 
n-bond and halogen lone-pair excitations. 

The vuv spectra of fluoroethenes, chloroethenes, and some 
chlorofluoroethenes have been studied between 6 eV and 12 eV 
(1). In particular, the influence of the substitution scheme on 
the vuv spectra was examined for dichloroethenes (I), difluoro- 
ethenes (2), and dibromoethenes (17). In these cases it was 
possible to apply the dipole selection rules to the observed 
electronic transitions. As the haloethenes studied in the present 
paper have C,-symmetry no restrictions concerning dipole 
selection rules are expected (5). 

Experimental 
The experimental system consists of a I m normal incidence mono- 

chromator (McPherson 225) equipped with a single bcam absorption 
cell behind the exit slit. Light detection was provided by a photo- 
multiplier. Synchrotron radiation from the Berlin electron storage 
ring BESSY was used as a light source. In the 6.5 eV to I I eV energy 
range the absorption cell was isolated from the monochromator by a 
lithium fluoride window, thus suppressing the higher order spectra and 
allowing exact pressure measurement by means of a capacitance 
manometer (Baratron 22). In the region above 9 eV the window was 
not used and the calibration of the absorption coefficient scale was 
provided by fitting the curves to the absolutely measured spectra in the 
overlapping region between 9 and 1 1  eV. This leads to an estimated 
overall uncertainty of about 15% in the absorption coefficient. All the 
spectra have been measured with about 0.1 nm wavelength resolution. 

Syntheses 
1,2-Difluoro-l , I ,2-trichloroethane was prepared in 35% yield by 

reduction of 1,2-difluoro-l , l,2,2-tetrachloroethane with LiAIH4 re- 
fluxing in absolute ether ( I  8). The distilled product was dehalogenated 
with zinc dust in ethanol at 78OC yielding 75% of a mixture of cis- and 

trans- 1 -chloro- l,2-difluoroethene ( 15). The stereoisomers were sepa- 
rated by gas chromatography in two steps, in which the trans isomer 
was eluted first ( I  I) .  ( I  ) Preseparation: two columns packed with 15% 
squalane (length: 4 m each) at -6'C and O"C, respectively; and ( 2 )  
final separation: first column packed with KelF (length: 4 m) at O°C, 
second column packed with 15% squalane (length: 4 m) at - IO°C. 
After drying ovcr Sicapent (Merck, Darmstadt) the cls- and trans- 
isomers were obtalned in a purity exceeding 99.985%. The isomers 
were identified by means of their infrared spectra (1 1). 

The 2-chloro- I ,  I-difluoroethene sample was purchased from PCR 
Inc., U.S.A. Gas chromatographic analysis showed no significant 
impurities. 

Results and discussion 
The spectra are presented in Figs. 1-7. Origins and vibra- 

tional excitations of Rydberg states are indicated by arrows. 
The corresponding numerical values are listed in Tables 1-4. 

Many sharp bands appearing in the spectrum can be assigned 
according to the Rydberg formula: 

where E is the excitation energy of the observed transition, 
IP(n) is the corresponding ionization potential, 6 is the quan- 
tum defect, and tz is the principal quantum number. Several 
vibrational excitations have been observed which belong to 
Rydberg transitions with low principal quantum numbers. They 
have been assigned through comparison of vibrationally 
resolved photoelectron bands in 2-chloro- 1 , I  -difluoroethene 
and with the aid of the fundamental vibrations (10, 11). Be- 
sides the sharp bands broader ones are observed and will be 
discussed below in connection with the Rydberg transitions 
belonging to higher ionization potentials. Reliable adiabatic 
ionization potentials are obtained from photoelectron spectra 
(PES) (geminal isomer (7)) or photoionization-mass-spectro- 
metry (PIMS) (vicitzal isomers (4)). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1950 CAN. J .  CHEM. VOL. 63. 1955 

I I I 

7 8 9 

P H O T O N  E N E R G Y  [ e V  I 

FIG. 1 .  Absorption spectrum of 2-chloro- I ,  I-difluoroethene in the 
energy range 6.5- 10 eV. 

0 1 I I I I 

7 8 9 

P H O T O N  E N E R G Y  [ e V  I 

FIG. 2. Absorption spectrum of cis-l -chloro-l,2-difluoroethene in 
the energy range 6.5- 10 eV. 

1. The 6.5 - 10 eV region 
A. 2-Chloro-1,1 -difZuoroethene 

The first band which peaks at 7.17 eV is assigned to the 
IT -+ IT* transition in agreement with the interpretation given 
by Scott and Russell (3). It shows the broad and intense struc- 
ture typical for the IT -+  ransit sit ion of all the haloethenes 
(1). Superimposed on this band are peaks resulting from vibra- 
tional excitations of the totally symmetric C=C stretching 
mode in the IT* state. The vibrational spacings (see Table 1) are 
significantly reduced compared to the ground state vibration 
(1745 cm-I) (10). In the gas phase absorption spectrum in 
general no other valence transitions have been observed, but 
in fluoroethenes IT -+ u:* transitions have been identified by 
comparison with solid state and Kr matrix absorption spectra 

I I I 

7 8 9 

P H O T O N  E N E R G Y  I e V  I 

FIG. 3. Absorption spectrum of tratls- I-chloro- l ,2-difluoroethene 
in the energy range 6.5- 10 eV. 

0  L I I I I I I I 
10  11 1 2  

P H O T O N  E N E R G Y  [ e V  I 

FIG. 4. Absorption spectrum of 2-chloro-l , I-difluoroethene in the 
energy range 9.5-13 eV. 

between 6.5 and 7.5 eV (6). 
Four Rydberg series located in this energy region can be 

readily assigned to IT -+ np, nd, and ns transitions (Fig. 1 ) .  
They all converge to 9.83 eV. Only the first members of each 
series reveal resolvable vibrational fine structure, with the ex- 
ception of the IT -+ nd transitions. Two p type Rydberg series 
(6 = 0.57 and 6 = 0.44) can be clearly identified. In analogy 
to diatomic molecules the two p series may be related to pu and 
PIT subseries (13). The spectra of chloroethenes (1) and bromo- 
ethenes (16, 17) also show more than one electronic origin 
belonging to IT -+ 3p Rydberg transitions. In fluoroethenes 
only one IT -+ 3p transition is observed (1). Three fundamentaI 
vibrations belonging to the IT -+ np transitions are observed 
(Table 1): ( i )  v2 = 1510- 1560 cm-' (C=C stretching, 1745 
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I 

1 2  1 6  2 0  2  4 
P H O T O N  E N E R G Y  [ e V  1 

FIG. 5. Absorption spectrum of 2-chloro-1, I-difluoroethene in thc 
energy range 10-25 eV. 

1 2  1 6  2  0 2  4 

P H O T O N  E N E R G Y  [ e V I  

FIG. 6. Absorption spectrum of cis- 1-chloro- 1,2-difluoroethene in 
the energy range 10-25 eV. 

cm-' in the ground state), (ii) v6 = 815-860 cm-' ( C - C l  
stretching, 845 cm-' in the ground state), (iii) v, = 420-460 
cm-' ( C - C l  bending, 433 cm-' in the ground state). The 
assignment of these vibrations is based on ir data (10); the 
description of the normal modes follows Craig et al. (1 1). 
Compared to the vibrations in the electronic ground state only 
the C - C  stretching mode is red-shifted, which confirms the 
assignment of the Rydberg series. The vibrational spacings of 
the Rydberg transitions reported here correlate well with those 
of molecular ions observed in PES spectra, as was pointed out 
by Wittel et al. (9). 

The 7~ + nd Rydberg series begins with the weak a --, 3 d  
transition (6 = 0.08) at 8.225 eV (Table 1). A five membered 
progression in vl belongs to the a --, 3cl Rydberg state. Vibra- 
tions are also observed in the a --, 4 d  and a --, 5 d  states. 

P H O T O N  E N E R G Y  l e v 1  

FIG. 7.  Absorption spectrum of trans- 1 -chloro- l,2-difluoroethene 
in the energy range 10-25 eV. 

The first member of the a --, ns Rydberg series observed 
here is the a + 4s  transition. Vibrational progressions in v2 
belong to this transition are found. The a --, 3s  Rydberg state 
is not observed here, probably because of coupling with the a* 
valence state. 

There are two broad and intense pairs of structures at about 
8.8 and 9.7 eV. The intense band at 8.8 eV was assigned to the 
7~ + 4s  transition by Scott and Russell (3). Due to the high 
oscillator strength and the corresponding term value (27 600 
cm-')  we believe this band has to be assigned instead to an 
excitation of the a '  chlorine lone-pair electron. Therefore this 
transition is assigned to nC1+ 3s. The splitting of the absorp- 
tion band is well correlated with that of the corresponding PES 
band. Following the arguments of Wittel and Bock (8) the PES 
band at 12.29 eV has to be interpreted as a vibrational excita- 
tion of the A-state of the molecular cation. A splitting of about 
1100 cm-' between these photoelectron peaks might be due to 
S(C-H) excitation as observed in the PES spectrum of chloro- 
ethene (8). In 2-chloro- I ,  1-difluoroethene it cannot be decided 
whether the S(C-H) vibration or the a(C-F) stretching 
causes this splitting (ground state vibrations: S(C-H) = 1333 
cm- ' ,  a(C-F str.) = 1199 cm-I). Similarly the 9.7 eV 
absorption band also shows a splitting of 1100 cm-' which 
results from vibrational excitation. The term value is 20 300 
cm-' which is typical for the so called D-bands (1). Therefore 
we assign this band to the rlCl + 3p  transition. 

B. cis- and trans-1 -Chloro-1 ,2-difluoroethene 
Based on several similarities of the absorption spectra (Figs. 

2, 3) a parallel treatment in interpretation is suggested. 
In both isomers the a --, a:* transition is located at nearly 

the same energy (Table 2). Compared to the geminal isomer no 
characteristic shift of this transition is observable. This indi- 
cates a negligible influence of substitution in contrast to the 
observation made in the case of difluoroethenes and dichloro- 
ethenes (1). Weak superimposed structures are assigned to the 
C=C- stretching mode of 1380- 1480 cm-' , which may be 
compared with the molecular values of 1716 cm-' (cis) and 
1708 cm-' (trans) (1 l ) ,  the decreased frequencies resulting 
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TABLE 1. Valence transitions and Rydberg progressions of 2-chloro-I, 1-difluoroethene converging to the 
first IP at 9.84 eV 

Energy Energy 
(eV) 6 Assignment Av (cm-I) (eV) 6 Assignment Av (cm-I) 

6.985 7r - T* Origin 
7.174 1528 
7.385 148 1 

0.57 -rr - 3pu Origin 
441 

84 1 
1560 

439 
860 

1555 
446 

0.44 7r + 3p-n Origin 
8 18 

1519 
843 

1508 
830 

1486 
825 

1436 
822 

0.08 - 7 ~  - 3d Origin 
1527 
1538 
1546 
1550 

8.310 1.02 7r-4s Origin 
8.366 45 3 
8.414 842 

Origin 
Origin 

Origin 
1532 
1525 
1516 

Origin 
Origin 
Origin 

Origin 
1533 

Origin 
Origin 
Origin 
Origin 
Origin 

from the lowering of the C=C bond strength in the anti- 
bonding n *  state. 

On the high energy side of the n + n": band, two n + 3p 
Rydberg subseries can be discerned. However, the corre- 
sponding quantum defects are decreased with respect to the 
value for the geminal isomer, indicating a decreased perturba- 
tion of the n-system by the substituents. There are pronounced 
vibrational progressions ranging from 1450 to 1550 cm-I. 
They are assigned to the symmetrical C=C stretching mode 
in analogy to the geminal isomer. In contrast to the n + n *  
transition these stretching frequencies are less reduced in the 
Rydberg transitions, indicating a stronger C=C bond in the 
Rydberg state than in the antibonding n *  state. Weak vibra- 
tions of about 367-377 cm-' (cis) and 364-417 cm-I (trans) 
are observed. These intervals correspond to the C 4 1  bending 
frequency in the Rydberg state. From ir spectra the ground state 
vibrations are 361 cm-' (cis), 397 cm-' (trans) (1 1). The 
C - 4 1  bending mode remains unchanged in both electronic 
states. Weak vibrations are found which correspond to the 
antisymmetric (C-F) bending mode: 490-492 cm-I (cis), 
565-584 cm-I (trans). These vibrations also remain essen- 
tially unchanged (ground state: 480 cm-' (cis), 578 cm-I 
(trans), indicating that the excitation of the .rr electron does not 
seriously perturb the C 4 I  and C-F bonds. 

There are two weaker structures that are assigned to n + nd 
(6 = 0.1) and n + ns (6 = 1 .O) transitions. Only the n + 3 d  

and n + 4 s  transitions exhibit C=C stretching vibrations 
(1530- 1550 cm-I). Weaker vibrations are not revealed since 
several Rydberg transitions with vibrational excitations overlap 
in this energy region. Again, a n + 3s transition which is 
expected to be at 6.36 eV, is not observed. The ionization 
potentials obtained from series convergence are 9.86 eV (cis) 
and 9.85 eV (trans). These values agree well with those found 
by photoionization spectrometry (PI) (9.86 eV (cis), 9.84 eV 
(trans) (4). 

Instead of the split band observed at 8.8 eV for 2-chloro- 1 , l -  
difluoroethene, a new band occurs centered around 9.4 eV 
(cis) and 9.5 eV (trans). As in the case of the geminal isomer 
these broad and structureless bands are assigned to nC1+ 3s  
transitions. This predicts an A photoelectron band which is 
blue-shifted relative to the PES band of the geminal isomer at 
12.16 eV. The broad bands lying at 10.4 eV should be due 
to the nC1 + 3p transition (D band) or a Rydberg transition 
belonging to a higher ionization potential. The band shapes 
suggest that the corresponding PES bands should be broad and 
structureless as well. 

2. The 10 eV - 25 eV region 
A .  2-Chloro-l , 1 -dq2uoroethene 
In the region between the first and the second ionization 

potentials (9.83- 12.15 eV) there are pronounced structural 
features belonging to a set of Rydberg series converging to 
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TABLE 2. Valence transitions and Rydberg progressions of cis- and trans- 1-chloro- 1,2-difluoro- 
ethene converging to the first IP at 9.86 eV and 9.85 eV. respectively 

cis- 1-Chloro- 1,2-difluoroethene trans- 1 -Chloro- l,2-difluoroethene 

Energy Energy 
(eV) 6 Assignment Av (cm-') (eV) 6 Assignment Av (cm-') 

6.985 a + a *  Origin 7.025 a + + O r i g i n  
7.156 1382 7.208 1482 
7.312 1255 7.377 1382 

0.46 a + 3pu Origin 
369 

492 
1525 

360 
490 

1520 
367 

Origin 7.903 
7.953 

1531 8.094 
8.143 

1495 8.276 
8.325 

1478 8.459 
1452 

Origin 8.221 
1523 8.413 
1522 8.591 
1522 
1512 

Origin 8.353 
1547 8.547 
1526 8.739 
1529 8.920 

Origin 8.760 
Origin 8.840 
Origin 8.960 
Origin 9.017 
Origin 9.180 
Origin 9.218 
Origin 9.296 
Origin 9.331 

0.45 a + 3pu Origin 
402 

565 
1533 

402 
584 

1482 
404 

584 
1479 

0.35 a + 3pa Origin 
409 

1534 
402 

1471 
392 

1480 

0.11 a + 3d Origin 
1547 
1440 

Origin 
1567 
1549 
1458 

Origin 
Origin 
Origin 
Origin 
Origin 
Origin 
Origin 
Origin 

the second IP (Fig. 4). As the A photoelectron band is sharp 
and split, the Rydberg transitions also exhibit these features. As 
in the 6.5- 10 eV region, four Rydberg series are assigned 
(Table 3): two slightly separated np series (6 = 0.56 and 6 = 

0.63), one ns series (6 = 1.03- 1. lo), and only one weak nd 
series (6 = 0.23). All series start with a principal quantum 
number of three if one includes the strong absorption bands at 
8.8 eV and 9.8 eV. This agrees well with generalized term 
value rules (1, 12). The typical vibrational excitation in this 
energy range is 1100 cm-' to 1140 cm-' which is assigned to 
the C-H bending or antisymmetric C-F stretching modes. 
The convergence limit of all Rydberg series coincides at 
12.16 eV in excellent agreement with the value 12.15 eV 
obtained from the photoelectron spectrum (7). 

The absorption spectrum at energies exceeding the second 
IP shows only flat and broad structures superimposed on an 
intense ionization continuum (Fig. 5). We cannot give a 
straightforward interpretation of these weak structures. Some 
of these may be assigned to D bands associated with higher 
chlorine ionization potentials (1). A similar interpretation is 
given by Sandorfy and co-workers for chlorofluoromethanes 
(14). Due to the rapid decrease of intensity only the first or 
second Rydberg members remain observable. A tentative inter- 
pretation of these structures using the Rydberg formula is given 
in Table 4. 

Above 16 eV no significant structure is observed. Beyond 
20 eV the absorption coefficient decreases continuously. This 
is commonly observed in photoabsorption spectra when the 
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TABLE 3. Rydberg progressions of 2-chloro- 
1,l-difluoroethene converging to the second 

IP at 12.16 eV 

Energy 
(eV) 6 Assignment Av (cm-') 

8.743 1.01 nC1 + 3s Origin 
8.884 1137 
9.648 0.67 nC1 + 3p Origin 
9.788 1127 

10.393 0.23 nC1 -, 3d Origin 
10.523 1109 
10.614 1.03 nC1 + 4s Origin 
10.75 1 1108 
10.963 0.63 nC1 + 4pu Origin 
11.100 1108 
11.015 0.56 nC1 + 4p1~ Origin 
11.153 1109 
11.197 0.24 nC1 + 4d Origin 
11.335 1109 
11.268 1.10 nC1+ 5s Origin 
11.408 1128 
11.453 0.63 nC1 + 5pu Origin 
1 1.589 1099 
11.473 0.56 nCl+ 5p7r Origin 
11.611 1119 
1 1.568 0.22 rzCl + 5d Origin 
11.597 1.10 nCI + 6s Origin 
11.836 1119 
11.690 0.63 nC1 + 6pu Origin 
11.701 0.57 nC1+ 6p1~ Origin 
11.773 1.09 nC1 + 7s Origin 
11.831 0.60 nC1 + 7p Origin 
11.877 1.10 nC1+8s Origin 
11.913 0.63 nC1 + 8p Origin 
11.945 1.10 nC1+9s Origin 
11.968 0.64 nC1+ 9p Origin 
11.991 1.09 nCl+IOs Origin 
12.006 0.67 nC1 + 10p Origin 
12.025 1.06 nC1 + 11s Origin 
12.047 1.13 nC1+ 12s Origin 
12.065 1.19 nC1 + 13s Origin 

ionization quantum efficiency approaches unity. 
B. cis- and trans-I-Chloro-1,2-dzjluoroethene 
Unlike the gemirzal isomer absorption spectrum, for the 

vicinal isomers there are no sharp structures that unambigu- 
ously correspond to Rydberg series (Figs. 6, 7). Obviously a 
geminal fluorine substitution distorts the non-bonding charac- 
ter of the a' chlorine lone-pair orbital. 

The lack of PES data impedes a straightforward assignment 
of the absorption bands in this energy region. Comparison of 
photoionization mass spectra with vuv spectra may elucidate 
the influence of preionization as was pointed out by Momigny 
(4). Moreover, predissociation that leads to fragment ions is 
expected to correlate with the absorption bands found in the 
vuv spectra. 

Conclusions 
In this investigation on all the chlorodifluoroethenes a 

number of new Rydberg series and vibronic excitations have 
been assigned for the first time. The effect of substitution on 

TABLE 4. Rydberg states of 2-chloro- 
1,l-difluoroethene above 12.5 eV 

Energy 
(eV) 6 Assignment 

electronic transitions has been discussed in connection with 
quantum defects and term value arguments. As there exist no 
experimental data for haloethenes in the energy range from 11 
to 25 eV an assignment of these absorption bands remains 
somewhat tentative. Further theoretical studies and more 
experimental data may help to overcome this drawback. 
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ANDRE JULG and ODERE JULG. Can. J. Chem. 63, 1955 (1985). 
With an accuracy of 0.1 eV, all the electron transitions in any 3d transition element and in the corresponding ions, isolated 

or inside a crystal, can be obtained with the Hartree-Fock model by using hydrogen d orbitals with suitable effective charges 
5 .  When the ion is embedded in a crystal, the value of 5 is generally weaker than that in the isolated state. For a given ion, 
the value of the reduction factor depends on the nature of the crystal. This phenomenon is explained by the boundaries imposed 
on the ion by the presence of the first neighboring ions (box effect). The application to some crystals (oxides and carbonates) 
corroborates this interpretation. An empirical relationship between the size of the ion and that of the cavity in which it is 
confined is proposed. 

ANDRE JULG et ODERE JULG. Can. J. Chem. 63, 1955 (1985). 
A la precision de 0.1 eV, toutes les Cnergies de transition des ClCments de transition 3d et de leurs ions, i 1'Ctat is016 ou 

dans un cristal, peuvent Ctre obtenues dans le cadre de Hartree-Fock en utilisant des orbitales hydrogino'ides d de charge 
effective 5 convenable. La valeur de 5 pour un ion dans un cristal est en gCn6ral plus petite que celle i I'Ctat libre. Pour un 
ion donnC, la valeur du facteur de reduction depend de la nature du cristal. Le phCnomkne est explique par les limites imposees 
a I'ion par la prCsence des ions voisins (effet de boite). L'application a divers cristaux (oxydes et carbonates) confirme cette 
interpretation. Une formule empirique est proposee pour calculer le facteur de rkduction en fonction de la taille de I'ion et de 
celle de la cavit6 dans laquelle i l  est enfermi. 

The interpretation of the spectra of atoms and ions, in the 
isolated state and inside a complex or a crystal, is often consid- 
ered one of the greatest successes of quantum mechanics. In 
fact, the quantitative interpretation of these spectra necessitates 
the replacing of the exactly calculated values of the various 
terms which appear in the calculation of the transition energies, 
by values fitted to experiment (Slater-Condon integrals, 
Racah parameters) (1). Moreover, the Coulomb parameters 
corresponding to an ion in a complex or a crystal are, in 
general, weaker than those corresponding to the isolated state 
(1, 2). In order to explain this reduction, a partial covalency is 
often invoked (2, 3). Certain authors have also envisaged a 
modification in the form of the atomic orbitals (4, 5). We shall 
see that another factor, essentially geometric in origin, can also 
be invoked. Whatever that may be, it would be very helpful to 
the chemist (non specialist in sophisticated quantum calcula- 
tions) to know the reduction factor directly. Indeed, the a priori 
knowledge of the absorption spectrum not only permits the 
identification of impurities inside the minerals, but also helps 
to lead the experimentalist in preparing inorganic compounds 
which possess well-determined optical properties (artificial 
gems (6), colored filters, and lasers). 

Some results concerning atoms in the isotated state 
and within a crystal field 

In order to simplify the discussion, we shall consider 3dn  
ions only, the core-electrons being assumed to be completely 
localized around the nucleus. Since the reduction we propose 
to study brings modifications in energy for various levels much 
more important (ca. 100 times) than the splittings between the 
components of a given multiplet arising from the spin-orbit 
coupling, the latter will be neglected. The actual levels corre- 
sponding to a given ' S t ' X  term (leaving J out of account) will 
be replaced by their center of gravity. 

Using the Hartree-Fock model, the various states are de- 
scribed by linear combinations of Slater determinants, built up 

from the d-atomic orbitals. Their energies appear as follows 

[ I ]  E = n l + C  

where I  corresponds to the monoelectronic terms of the Hamil- 
tonian (kinetic energy + core-attraction energy) and C is the 
total electron repulsion energy. The term 1  is the same for all 
dn-states, so that it does not play any role in the d-transitions. 
The term C can be expressed as a linear function of the Cou- 
lomb and exchange integrals (in Slater's notation, F and G, 
respectively (7), or in SCF molecular methods (8), J and K). 
If we assume that all the d-orbitals possess the same radial 
function f ( r ) ,  these integrals can be exqressed as linear func- 
tions of three of them, so that, in fact, C depends only on three 
parameters. For convenience, Racah proposed to replace the 
F and G Slater integrals by three linear combinations of these 
F and G: A ,  B,  and C(9). In fact, the d-transition energies 
depend only on the B and C parameters, with the A parameters 
canceling out in the calculations. 

The J and K, or F and G, or B and C parameters are calcu- 
lable from the analytic expression for f(r) .  Unfortunately, the 
exact expression for f ( r )  is unknown. If we utilize hydrogenic 
functions with an effective charge I,,, determined by the mini- - 
mization of the ground state energy, or with charge i,, given by 
Slater's rules (10) (both values are very close), the energies 
obtained for the transitions are too small (80% of the experi- 
mental values only), from which one concludes that the the- 
oretical values have to be replaced by values fitted to experi- 
ment, without making the exact form of the orbitals precise. In 
the general case, two parameters (e.g. B and C)  have to be 
determined. If we assume that f (r) corresponds to a hydrogenic 
function, the ratio B / C  is fixed (ca. 0.25), so that only one 
arbitrary parameter remains: B, for instance, or the single or- 
bital Coulomb integral J = (d'l r-'Id') (the same for all the real 
d-orbitals). A priori, fitting by means of two parameters must 
lead to a better agreement with experiment than a one- 
parameter fit. In fact, if we are content with an accuracy of 
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TABLE 1 .  Values of J  fitted to experiment ( I  I )  and values of the 
effective charge 5 ,  assuming the orbitals are hydrogenic ( J  = 2.51 

5 ev)  

0.1 eV for all the energy levels of the transition elements and 
their ions, the use of one parameter (e.g. J )  is sufficient. In 
Table 1, we have listed the smoothed values of J ,  and the 
values of 5 corresponding to the hydrogen cl-orbitals, which 
are, of course, equivalent to Slater-type orbitals for the present 
case ( 3 4 .  

The situation is the same when the atom is embedded inside 
a crystal. Within the same 0.1 eV accuracy, it is possible to 
reproduce the spectrum using, on the one hand, only one 
Coulomb parameter, J ,  and, on the other, parameters linked to 
the intensity and the symmetry of the crystal field. As an 
example, we show the case of the Ni" ion, in the isolated state, 
and inside a MgO matrix (Table 2). 

The fact that it is possible to reproduce the spectra of an ion 
using the Hartree-Fock model, in the isolated state or inside 
a crystal, by means of a unique Coulomb parameter J ,  means 
that, with the accuracy of 0.1 eV for the energy, (i) explicit 
treatment of electron correlation can be neglected due to the 
parametric approach; and ( i i )  for the calculation of the Cou- 
lomb interaction, at least, it is possible to replace the actual 
orbitals by hydrogen-like functions with suitable effective 
charges. 

With respect to the isolated state, the decrease in the Cou- 
lomb repulsion energy in a crystal can be interpreted as arising 
from a modification of the orbitals, which can be (formally at 
least) simulated by a simple 5 variation. We will completely 
neglect the question why, for the p-orbitals, Slater or optimum 
effective 5's give larger J values than experiment (12, 13), 

values for the molecular transition energies. Given that, in this 
case, the bond-effect plays the main role, we are led to think 
that in crystals another factor must necessarily be introduced. 
As we have recalled in the Introduction, certain authors have 
envisaged a modification in the form of the atomic orbitals 
designed to take into account the boundary conditions assigned 
to the electron density by the surrounding ions. 

The case of C?i in MgO is very significant concerning the 
importance of the boundary conditions. The reduction indeed is 
greater than that for the other ions. The phenomeno! is cer- 
tainly connected with the small radius of Cr3' (0.55 A) which 
provokes a local relaxation of the lattice with a reduction of the 
RCro distance, whereas no relaxation appears for Nix and CoZt 
in M g 0  (3, 14), Ni" in NiO, and Mn" in MnO. We will come 
back to the case of Cr3' in MgO later on. Moreover, in the 
planar T-systems, the electron density is essentially located 
above and below the plane of the molecule, i.e. within domains 
where no hindrance exists. All these remarks lead us to exam- 
ine the eventual effect of the confinement of an atom inside a 
box. 

The box effect 

In order to study the problem in a detailed manner, we will 
consider the simple case of a helium atom located at the center 
of a spherical box of radius R. The case of a hydrogen atom 
(21) and that of various atoms belonging to the first row (31) 
in such a situation has been considered by many authors using 
various methods. The problem of the Coulomb repulsion does 
not seem to have been explicitly considered. 

As for the case of ions in a crystal, we will remain within the 
Hartree-Fock framework. In order to simplify the calcula- 
tions, we will consider the particular case for which the radius 
R is such that the product R5 is equal to 2. The solution is then 
obvious. 

The kinetic, nuclear repulsion, and Coulomb repulsion inte- 
grals are, respectively, equal to 

(T) = 1.4105', ( r - ' )  = 1.5355 and (r ,:)  = 1.0465 au 

whereas, for the d-orbitals, these same 5's give smaller values. If R is infinite (free atom), these integrals are respectively equal 
Our purpose, indeed, is only to study the difference in behavior to 5'12, 5, and (5/8)5 au. 
of an ion in the isolated state and inside a crystal. Inside the box, the energy of the atom is 

The reduction of the Coulomb interaction inside E = 2.8205' - 6.1405 + 1.0465 

an ionic crystaI The condition dElt35 = 0 determines 5 (and consequently 
According to Table 2 concerning the Ni" ion in an MgO R), and the repulsion energy: 

matrix, we see that it is necessary to reduce J by the factor 
A = 0.87. In Table 3, the reader will find other examples for 
which we have calculated the reduction factor A from experi- 
mental spectra published by various authors. Consequently, we 
find the same phenomenon as in the complex ions in solution. 
The interpretation of the spectra of these compounds, indeed, 
necessitates a reduction of Coulomb parameters (1, 20), 
adapted to the case under consideration. 

In these ions, the reduction of the Coulomb interaction is 
usually explained by invoking a covalency effect (2, 3). Never- 
theless, the question is far from being very clear, owing to the 
fact that in the molecular semiempirical T-methods - Parr- 
Pariser method ( 12) or the improved LCAO method (1 3) - the 
Coulomb parameters fitted to isolated atoms, lead to excellent 

5 = 0.903; R = 2.215 au; C = 0.945 au 

If R = a;, 5 = 1.698 and C = 1.055 au. Consequently within 
a box of a finite radius, the average electron repulsion is weaker 
than that for an isolated atom (the validity of this conclusion 
has been verified for various values of R). In the present case, 
where R = 2.2 15 au, A = 0.90. More generally, for a He-like 
ion of a nuclear charge equal to Z, we have 

0.5702 - 0.195 
A = 

0.6252 - 0.195 

Practically, whatever Z may be, A always remains very close to 
0.9. 

At first sight, this reduction can appear as surprising, given 
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JULG AND JULG 

TABLE 2. Absorption spectrum of Ni", isolated and in MgO 

(a )  In the isolated state* 

Transition Exp. (13) Calculated from c,,, = 7.37,J = 20.5 eV, B = 1100, and C = 4120 cm-' 

*<,, corresponds to J = 18.5 eV. 

(b) In MgO 

Transition Exp. (3) Calculated from J = 17.8 eV and A = 1.08 eV* 

' A ~  + 'T2, 1.07 eV 
T I  1.78 
'TI, 3.04 
' E ,  1.66 

*A = Crystal field parameter ( O h  symmetry). 

TABLE 3. Reduction factor A = J/J (5 corresponding to the crystal and J to the 
isolated ion); ionic radius, r M ;  distance from the nearest-neighboring atoms without 

relaxation, RMo (values in parentheses are those with relaxation) 

M2+ Crystal h T M  (18) RMO (19) hcalcd from [2] 

NiZ' MgO (3) 0.87 0.69 A 2.1 1 A 0.87 
CoZ' MgO (14) 0.85 0.72 2.11 0.85 
C8' MgO(15) 0.80 0.55 2.11 (1.8) 0.93 (0.81) 
NiZ' NiO (16) 0.86 0.69 2.08 0.86 
MnZ+ MnO (17) 0.86 0.80 2.22 0.86 

that on the average the electrons are nearer to each other inside 
a box than in the free state. In fact, the decrease in the average 
distance enhances the mutual screening effects, so that 5 
decreases. 

This result can be applied qualitatively to our problem. We 
will remark, first, that if the sphere inside which the atom is 
confined, is uniformly charged, inside this sphere the potential 
is modified only by an additive constant, which does not 
change the result. Moreover, as a first approximation, we can 
approximate the field created by the atoms surrounding the 
central ion by that created by a continuous charge distribution. 

Practically, we can say, of course, that the reduction of the 
Coulomb interaction arises from a modification in the radial 
function of the atomic orbitals, arising from boundary condi- 
tions. Nevertheless, the direction of the variation is not that 
which Sugano et al. have proposed (2). These authors, indeed, 
suggested that the radial functions are expanded towards the 
ligands. Our calculation can better be compared with attempts 
made by certain authors which take the presence of the neigh- 
boring atoms into account to evaluate the characteristics of the 
central ion. Kleiner, for instance, cuts the radial functions of 
the central atom at a certain distance from the nucleus (4). For 
his part, Watson, treating an Mn" ion surrounded by six point 
charges, obtains F and G terms slightly greater (by about 2%) 
than in the free ion (5). 

which can be simulated by a simple reduction of the effective 
nuclear charges 5 of the atomic orbitals. Independent of any 
eventual covalent effect, the box effect has to be taken into 
account. 

In numerous cases, both of these effects can seem to be 
connected with each other, a large interionic distance corre- 
sponding to a weak bond-order, i.e. to a weak electron transfer 
from the anions to the cations. For instance, in cubic oxides 
(MgO, NiO, MnO): the net charges Q - 1.6- 1.8 and 
RM0 - 2.0 - 2.2 A, whereas in D y  carbonates (CaCO,, 
FeC0,): Q - 1.9 and RMo - 3.2-3.5 A (22-23). In MgC03 
and MnCO,, hoyever, Q is weaker (1.6 and 1.4 respectively) 
although R > 3 A, so that the connection between the ionicity 
and the geometrical parameters is not obvious. In order to 
evaluate the relative contribution of both effects, we will con- 
sider various carbonates, pure or containing ionic impurities, 
namely: CaC0, with Fe2+, Fe3+, Ni2+, MgC0, with Ni2+, 
FeC0, and MnC03. This series corresponds to lattices in which 
the box effect should not interfere, owing to the large size of 
the cavity in which the chromophore ion is located. In other 
terms, A = 1. In contrast, the degrees of covalency vary in a 
large range from 1.4 in MnCO, to 1.9 in CaC03. 

In a first stage, we shall neglect any covalency effect, i.e. we 
will adopt the effective charges 5 which correspond to the 
isolated ions (Table 1). 

Practical consequences Remark on the practical calculation of the crystal 
The previous calculation shows that, within the simple field potential 

Hartree-Fock model, the confinement of an ion inside a crys- The calculation of the transition energies in a crystal requires 
tal lattice provokes a reduction of the Coulomb interaction not only the knowledge of the J integral corresponding to the 
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TABLE 4. Corrections to the orbital energies arising from the crystal field (net charges of crystal 
assumed equal to 2)" 

Crystal Symmetry Corrections Se (in eV) 

MgO o,, 
NiO 01, 
MnO 01, 

* I = d :-, q. 2 = d .: . . 3 = d,,; 4 = d,.; 5 = d,?-,?; for 01, symmetry; 6e,  = 6,, = 36; 6e l  = 6e3 = 6e4 = -26 
(56 = A); for D,, symmetry; Sel = Se, and 6e4 = 6eS ( B e ,  = 0).  

TABLE 5. Transition energies (in eV) for various ions in cubic oxides and rhombohedra1 carbonates; numbers in parentheses 
are wavelengths in nm, when the transition is located in the visible (400-780 nm); Q = net charge of the crystal (22) 

Energy 

Ion Crystal A Q Calculated Observed 

~ n ' +  
Fe" 
Fe3' 
Fe" 
Ni" 
Ni" 
Mn2+ 

MgO 
NiO 

MnO 
CaC0, 
CaC03 
FeCO, 
CaC03 
MgCO, 
MnC03 

1.1/1.7(730)/1.8(600)/2.7(460)/ 
3.1(410)/3.5/4.3 
1.1/2.3(540)/2.4(520) 
I. I / 1.7(730)/1.8(690)/2.7(460) 
= yellow + green 
2.1(590)/2.5(500)/2.8(440)/3.4 
1.8(690) = green-blue 
2.3(540)/2.2(560)/3.2(390) 
1.6(780) = practically colorless 
1.9(650)/3.0(410) = yellow 
1.7(720)/2.7(460) = green 
2.2(560)/2.3(540)/3.2(390) 
= red-purple 

1.1/1.7/1.8/2.7/3.0/3.5/4.3 green (3) 

1.1/2.3/2.5 light-pink (14) 
Yellow -green* ( 1  6) 

2.0/2.5/2.7/3.5 green* (16, 17) 
Green- blue 
Brown 
Colorless (26) 
Lemon- yellow (27) 
Light-green (28) 
ca. 2.313.1 (29) 
red -rose 

*Color of crystals indicated in ref. 16. 

central ion, but also that of the values of the crystal field 
parameters. Using a one-electron potential, these latter terms 
are easily calculable, on the one hand, from the analytical 
expression of the atomic orbitals, and, on the other, from the 
positions and the values of the charges which create the field. 
Although the charges carried by the first nearest-neighboring 
ions bring a contribution greater than 80% to the actual field 
(24), it is more advisable to utilize a multipole development. In 
this paper, we will utilize the method we have previously 
described (25). 

Practically, the coefficients A,, of the multipoles P ,  are ob- 
tained by writing that the potential V = XA,,P,, is equal to the 
Madelung potential at the point where the chromophore ion is 
located, and that V = 0 for a certain number of points, deter- 
mined by symmetry (e.g., in 0, symmetry: a /2 ,0 ,0 ;  a/2,  a/2,  
a/2; etc., a being the value of the distance between the nearest- 
neighboring ions). In order to obtain the coefficients of the N 
first multipoles, we must consider (N - 1) points for which 
V = 0. It follows that the variation of the orbital energy e is 
equal to 6 e  = XA,, ( d l  ~ , , l d )  = Xa,,( -". Table 4 gives the 
results corresponding to various crystals. 

An important point is the following. According to the Slater 
rules ( lo),  the electron transfer modifies the effective charges 
(. For instance, a transfer equal to 0.2 electron leads to a 
decrease of 0.2 x 0.35 = 0.07 which corresponds to a relative 
decrease in the transition energies of 1%, i.e. to 0.02-0.03 eV 
in the visible. Such a correction is much less than the accuracy 

(0.1 eV) of the model. For this reason, we will use the effective 
charges of the isolated ions to calculate the electronic Coulomb 
interactions. On the contrary, the electron transfers can play a 
non-negligible role in the evaluation of the crystal field. The 
electric potential, indeed, is proportional to the charges which 
create it. This effect has to be taken into account. 

Results concerning Oh oxides and D,, carbonates 
In Table 4,  we give the expressions of the terms arising from 

the crystal field, and in Table 5, the results corresponding to the 
spectra. When the spectrum is not determined experimentally, 
we indicate the color of the mineral. 

Manifestly, the agreement with experiment is excellent. But 
the most remarkable point is that the spectra of carbonates can 
be interpreted from the effective charges ( of the isolated ions 
(h = 1) without introducing any covalent effect. The fact is all 
the more interesting since the degree of covalency varies in this 
series from 5 to 30%, whereas for oxides this degree varies 
from 15 to 20% only. In other terms, in the cases under con- 
sideration, the box effect does play a more important role than 
the covalency effect. 

An empirical relationship between the reduction factor 
and the geometrical parameters 

Independent of any theoretical consideration we can try to 
connect the reduction factor h with the size of the cavity and the 
radius of the ion r. The following relationship 
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JULG AND JULG 1959 

[2] A = 1 - 0.40 ( - 1.1 
( r  and RMO in A) 

leads to very satisfying results. The calculated values corre- 
sponding to oxides are listed in Table 3. For the carbonates, A 
is practically equal to 1 .  Moreover, we have previously re- 
marked that the reduction factor for Cr3' in MgO is weaker 
(0.80) than the factors corresponding to the other cases (Table 
3) and we have thought that the difference might arise from the 
small size of C?' which would provoke a local relaxation. If 
y e  admit that Cr3' is in contact with the oxygen ions (R - 1.8 
A), formula [2] gives A = 0.8 1 ,  i .e.,  a value very close to the 
actual value (0.80). 

Another example which corroborates our interpretation is 
that of lizardite (Mg, Ni)7Si205(OH)4 In this mineral a certain 
proportion of Mg2' ions is substitutedo by Ni2' ions. The NiO 
distances are practically equal to 2.1 A, i.e. to the value in an 
MgO matrix. The reduction factor is equal to 0.87-0.88, i.e. 
practically equal to that calculated for ~ i ? +  in MgO, even 
though lizardite presents a notable degree of covalency (30). 
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KENNETH L. GALLAHER, DOROTHY LUKCO, and JEANETTE G. GRASSELLI. Can. J. Chem. 63, 1960 (1985). 
Polyfumaronitrile exhibits a band at 2190 cm-'  which has at various times been associated with a p-aminonitrile, an 

iminonitrile, or with C=N in an a-pyrrolenine ring. This band is of particular interest because it sometimes appears in 
degraded polyacrylonitrile and nitrile-containing resins. The previous conflicting assignments were made on the basis of ir, 
uv, 'H nmr, and chemical results. This paper reports new infrared, esr, and solid-state carbon nmr results which indicate that 
the 2190 cm-'  band is most likely due to a p-aminonitrile functionality. The close spectral similarity with 3-amino crotonitrile 
is particularly noted. A mechanism is proposed which would explain the presence of such a nitrile in polyfumaronitrile. 

KENNETH L. GALLAHER, DOROTHY LUKCO et JEANETTE G.  GRASSELLI. Can. J. Chem. 63, 1960 (1985). 
Le spectre du polyfumaronitrile presente une bande 2190 cm- '  qui a CtC attribuk, par divers auteurs, soit i un 

P-aminonitrile, soit un iminonitrile ou a un C=N en a d'un cycle pyrrolenine. Cette bande prksente un intCrCt particulier i 
cause du fait qu'elle apparait quelquefois dans les spectres de resines contenant des nitriles ou des polyacrylonitriles degradks. 
Les attributions divergentes anterieures ont t t t  faites sur la base de spectres ir, uv ou rmn du 'H  ainsi que sur des resultats 
chimiques. Dans le present travail, on rapporte les rksultats de nouvelles mesures en ir, en rpe et en rmn du "C I'ktat solide; 
ces rksultats indiquent que la bande a 2190 cm-'  est probablement due a un groupe P-aminonitrile. On note particulikrement 
la trbs grande ressemblance avec I'amino-3 crotonitrile. On propose un mecanisme qui pourrait expliquer la presence d'un tel 
nitrile dans le polyfumaronitrile. 

[Traduit par le journal] 

Introduction 
Polyfumaronitrile (poly (trans-l,2-dicyanoethylene)), PFN, 

exhibits an absorbance at about 2190 cm-' in its infrared spec- 
trum. This band, which has at various times been associated 
with a p-aminonitrile, an iminonitrile, or with C=N in an 
a-pyrrolenine ring (Table l) ,  also sometimes appears in 
acrylonitrile-containing polymers as well as in degraded poly- 
acrylonitrile. The most detailed study of PFN by Liepins et al. 
( l ) ,  using ir, uv, 'H nmr, and a number of chemical tests, 
concluded that only the a-pyrrolenine structure was present and 
that a nitrile functionality was not present in the polymer. 

Part of Liepins' argument was that 2190 cm-' is low for a 
nitrile absorption and, indeed, Bellamy (2, 3) quotes the range 
in which nitriles absorb as between 2215 and 2260 cm-'. How- 
ever, there are a number of examples of nitrile-containing com- 
pounds which absorb considerably below 2200 cm-' (4). This 
fact places some doubt on Liepins' interpretation, along with 
the fact that Liepins did not propose any alternative assignment 
except to state that the 2190 cm-' band was "characteristic" of 
the structure he proposed. In order to better determine the true 
structure of polyfumaronitrile, further work was done using 
some new spectroscopic techniques such as carbon-13 nrnr and 
carbon-1 3 solid-state nmr, which Liepins did not have readily 
available. 

Experimental 
Synthesis of the PFN was done according to Liepins' published 

method ( I ) .  Approximately 1 g of fumaronitrile was placedin a glass 
bottle with di-tert-butyl peroxide and reacted at 160°C in a metal 
bomb. It was determined that lower temperature and (or) shorter 
reaction time decreased molecular weight and increased solubility. 
Solubility was essential in order for any liquid phase nmr work to be 
done. But the reduced time and temperature also reduced the yield to 
as low as 1% in some cases. Residual fumaronitrile was removed by 

' Author to whom correspondence may be addressed. 

TABLE I.  Proposed assignment for 2190 cm-' infrared band 

I 1 (?-Aminonitrile 
H N-C=C-CEN 2 (enaminonitrile) 

I I 
HN=C-CH-C=N Iminonitrilc 

vacuum sublimation. This avoided the solvent contamination prob- 
lems Liepins reported; however, it also reduced the yield of product 
since high speed gpc indicated that sublimation induced a nearly 
two-fold decrease in molecular weight and depolymerization back to 
the monomer in low molecular weight polymers. The polymer 
obtained ranged from a brown powder for lower molecular wieght 
material to a black shiny powder in the high molecular weight 
samples. Elemental analyses gave an empirical formula close to that 
of fumaronitrile with about 3% by weight oxygen. However, there was 
also as much as 10% " a s h  which could either have been inorganic 
contaminants or graphite-type materials not fully consumed by the 
CHN analyzer. 

All infrared spectra were obtained on a Nicolet 7199 FT-IR spec- 
trometer. Sample spectra were obtained as KBr pellets. The KBr was 
not ground in order to minimize water contamination. The 'H nmr 
spectra were obtained on a Varian EM-390 CW NMR with a Nicolet 
1180 data system. Liquid "C nmr spectra were obtained on a Varian 
XL-100 with Nicolet multinuclear probe and data system. Solid state 
nmr spectra were obtained on a Nicolet S-100 instrument. 

Results and discussion 
A. Infrared 

The ir spectra contained a number of surprises. The high and 
low molecular weight polymers are clearly quite different (Fig. 
1). The spectra show many differences in band intensities and 
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LOU HOLECULRR UE I GHT 
POLYFUflRRONITRILE 

I 

bob0 36b0 32bo z sbo  29bo 2obo i s b o  12bo ebo 9bo 

H I  GH MOLECULRR WE I GHT 
POLYFUflRRONITflILE 

KBR PELLET 

J 

4obo ssbo szbo zebo a b o  2obo lsbo 12bo sbo 9 bo 
uov- 

FIG.  1 .  Infrared spectra of polyfumaronitrile. (a) Low molecular weight; (b) High molecular weight. 

position. The low molecular weight polymer in particular ap- 
pears to contain primary amine. There are three fairly well 
resolved bands at 3442, 3359, and 3233 cm-', which are most 
likely due to N-H stretch. The strongest band in the spectrum 
has its maximum at 1648 cm-' and could well be due to NH 
deformation in a primary amine. The sloping background be- 
tween 900 and 500 cm-' is also evidence for amine. This is, of 
course, completely contrary to the a-pyrrolenine structure, 

which contains only olefinic hydrogens. The high molecular 
weight polymer still shows absorption in the 3600-3000 region 
but it is less well resolved. The 1648 maximum has either 
disappeared or moved down to 1621 cm-I. This shift could be 
due to increased conjugation, similar to that observed in azide- 
or aldehyde-substituted polyenes. Long chain polyenes all have 
a complex C=C absorption in the 1650-1600 cm-' region 
with the strongest band always at 1650 cm-'. However, when 
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0 
0 

3 - R f l I N O  CROTONITRILE  CH3 H 
\ 

C = C  

NH*' \ 
0 C =N 

I 

4 o b o  3660 32bo 2 e b o  znbo zobo 1 6 6 0  1 2 b 0  ebo nbo 
URVENUMBERS 

1 (b) LOU ROLECULRR UC I C H T  
0 
0 

POLYFUMRRONITRILE 

I 

4 o b o  36bo 32bo zabo 2 4 b 0  20b0 1 6 b 0  i2bo ebo nbo 
WRVENUMBERS 

FIG. 2. (a) Infrared spectrum of 3-amino crotonitrile. (b) Infrared spectrum of low molecular weight polyfumaronitrile. 

substituted with another kind of unsaturated functionality like bands are present, along with the 1650 cm-' band and the 
an aldehyde or azide, the C=C vibration shifts to weaker bands at 1415 and 1520 cm-I. The nitrile peak position 
progressively lower frequency as the number of bonds in the is 2185 cm-'. 
conjugation increases (5). The "2190 cm-'" band itself also The spectral feature worthy of note in the low and high 
moves. In the high molecular weight material the vibration is molecular weight polymers is the broadness of the 2190 cm-'  
at 2195 cm-I, while in the low molecular weight material it is bands, which are nearly twice the width of the typically sharp 
at 2206 cm-I. nitrile vibraflun. There is also an upward sloping background 

Another piece of data which tends to support some of these in the high energy end of the ir spectra, especially in that of the 
interpretations is the ir spectrum of 3-amino crotonitrile (1- high molecular weight polymer. Even extensively ground sam- 
cyano 2-amino propylene) (Fig. 2). The overall resemblance to ples show this background, and so it is believed to be real, and 
the low molecular weight PFN is striking. The N- H stretch not due to light scattering. A group of compounds which ex- 
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GALLAHER ET AL. 

FIG. 3 .  Solid state I3c nrnr spectrum of high molecular weight polyfumaronitrile. 

hibit similar spectral characteristics are 7,7,8,8-tetracyano- 
quinodimethane (TCNQ) and its salts (6) .  Most widely known 
for the high conductivity of its salts, TCNQ itself shows a 
narrow nitrile vibration at about 2220 cm-' ,  while the corre- 
sponding band in the triethyl ammonium salt is considerably 
broadened and is between 2175 and 2198 cm-I. Further, the 
salts show a broad near-ir band with a maximum at about 8000 
cm-' which is ascribed to electronic rather than vibrational 
absorption. 

B .  'H and l3C nuclear magrzetic resonance 
Efforts were also made to obtain good liquid nrnr spectra. 

High molecular weight PFN is totally insoluble in a wide vari- 
ety of solvents. Low molecular weight PFN appeared to dis- 
solve in DMSO-d, to give a very dark, slightly viscous solu- 
tion. However, the proton and carbon nrnr spectra which were 
obtained were very weak and clearly not representative of the 
total material in thk nrnr tube. It is possible that the sample was 
not really as soluble as it appeared, or that free electrons might 
have seriously broadened the spectra. 

The next step was to analyze the samples by esr (electron 
spin resonance), since if free electrons were present in large 
numbers they may well broaden an nmr spectrum; however, 
they will be observable by esr. There are a number of examples 
which suggest that the existence of free electrons in PFN is 
reasonable. For example, Rieger et al. (7) found that dissolving 
some polycyanocarbons in DMF was sufficient to produce an- 
ion radicals. Also tetracyanoethylene readily forms ion-radical 
salts with an esr spectrum that shows all ofthe 20 lines due to 
I3C splitting as well as the nine lines expected from four equiv- 
alent nitrogens. Further, two nitrile bands are observed in these 
salts. one at 2210 and the other at 2180 cm-I. Unlike TCNO . 
salts, these salts are not semiconductors. As one would expect, 
the high conductivity TCNQ salts do exhibit strong esr spectra. 

Liepins himself reports that PFN has an esr spectrum and that 
its conductivity is in the semiconductor range. This implies 
extended conjugation in the polymer. However, no temperature 
study was done to determine if the polymer was truly a semi- 
conductor. Liepins does not interpret this data, which makes 
the meaningfulness of his own (unpublished) 'H nrnr data ques- 
tionable. 

The esr spectra were obtained on both a low molecular 
weight PFN sample dissolved in DMSO-d6 and also on a finely 
ground high molecular weight polymer. A large broad signal 
was obtained in both cases, indicating enough free electrons to 
possibly explain the lack of nrnr signal if the unpaired electrons 
are widely diffused over the molecule. This is similar to what 
Liepins found. He apparently went to some lengths to observe 
coupling in the esr spectrum but, similar to our results, he 
found none. 

C. Solid state nuclear magnetic resorzarzce 
In spite of the esr results, an attempt was made to obtain a 

solid state nrnr spectrum. PFN is far from the ideal polymer to 
examine via solid state nmr. One can expect long relaxation 
times due to its rigid nature, and poor sensitivity because of the 
few hydrogens present, possibly none of which are on a carbon. 
There has also been discussion of broadening effects due to I4N 
coupling. However, the spectrum shown in Fig. 3 was obtained 
for a high molecular weight PFN, although it required an un- 
usually long (24 h) acquisition time. 

In order to determine if this spectrum was reasonable, the 
proton and carbon nrnr spectra of amino crotonitrile were close- 
ly examined. The 'H nrnr spectrum looks like a roughly 50:50 
mixture of cis and trans compound (Fig. 4a). The ratio of the 
exchangeable protons to the olefin to the methyl is 2 :  1 :3. 
There is no evidence for imine formation, although the strong 
upfield shift of the olefin certainly indicates a strong amine 
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FIG. 4. Nuclear magnetic resonance spectra of 3-amino crotonitrile; (a) ' H  nmr; (b) I3C nmr. 

interaction. The higher field of the two olefin peaks no doubt 
corresponds to the isomer with the amino group trans to the 
olefinic hydrogen, both because one expects the trans inter- 
action to be stronger and because the greater linewidth indicates 
coupling with the NH. 

The "C spectrum can be interpreted similarly (Fig. 4b). The 
chemical shifts indicate a strong tendency towards the imine 
form, but no shift of hydrogen. The amine substituted carbon 

is pushed far downfield in the direction of the C=N bonded 
carbon, the nitrile and methyl carbons are in nearly normal 
positions, and the nitrile-substituted carbon is far upfield. Sin- 
gle frequency off-resonance decoupling experiments confirm 
no hydrogen transfer. 

The PFN solid nmr resonance centered at 120 ppm could 
indeed be due in part to nitrile, while the resonance at 150 ppm 
could be due to olefin. There is little or no saturated carbon. 
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GALLAHER ET AL. 1965 

D. Possible PFN mechanism This intermediate could then rearrange to give more stable 
How could a polyfumaronitrile that would contain enam- structures. 

inonitrile functionality form? The following mechanism has At low temperatures a simple proton shift could easily occur, 
been postulated. In the initiation step, the fumaronitrile is at- so as to give a conjugated nitrile system: 
tacked by a free radical, .R (e.g. -CH3, .0C(CH3)1): 

/ The .N=C then becomes the propagating radical, instead of 
.R to give \ 

H 
H R At higher temperatures, ring cleavage will occur. The probable 

product would be the highly stable ladder structure with six- 
membered rings. Following the formation of this ladder struc- 

I I ture, the same proton shift would occur to give a conjugated 
CN H H CN nitrile system. 

What is the assignment of the 2190 cm-' band in PFN? The 
resemblance of the low molecular weight PFN ir spectrum to 
that of amino crotonitrile is so strong that it is hard to assign the 
2205 cm-' band to anything but the nitrile absorption in an 
enaminonitrile. The comparison with the 'H and "C spectra of 
amino crotonitrile further confirms that it is an enaminonitrile 
rather than an iminonitrile. 

The 2195 cm-' band is harder to assign. There still appears 
to be NH present, and it is easy to believe that more extended 
conjugation lowers the nitrile band 10 cm-'. There are known 
nitrile compounds with even lower nitrile vibrations. Further, 
there is solid state nmr evidence for a structure much like that 
of amino crotonitrile in the high molecular weight (2195 cm-') 
material as well. However, the structure shown above cannot 
be completely correct since the solid's nrnr shows so little 
aliphatic carbon. Further aromatization must be occurring. 

Several possible structures for polyfumaronitrile have been 
proposed, some more reasonable than others. The a-pyrro- 
lenine structure cannot be eliminated as being one component 
of the polymer. PFN is not a single homogeneous material. An 
initial structure is formed which is high in enaminonitrile func- 
tionality. As is observed in many other cyano polymers, in- 
creased reaction time results in further cyclization and (or) 
conjugation with loss or change of nitrile and NH. 

The proposed structure must allow for extended conjugation 
and free electrons to explain the observed esr spectra and the 
high conductivity. A ladder structure like that of the ideal black 
Orlon with a polyene backbone might explain the high thermal 
stability and insolubility. The proposed reaction mechanism 
given above for the formation of polyfumaronitrile also sup- 
ports a ladder-like structure composed of conjugated nitrile 
rings. 
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LIONEL P. MURRAY and ROBERT R. BIRCE. Can. J .  Chem. 63, 1967 (1985). 
The two-photon excitation spectrum of all-trans-N-retinylidene-n-butylamine (ATRSB) in EPA at 77 K is obtained over the 

wavelength region from 370 to 455 nm (A,,/2) using linearly polarized light. The two-photon excitation maximum is observed 
at -422 nm (A,,/2) and is red shifted -2800 cm-' from the one-photon absorption maximum at -377 nm. We assign the 
two-photon excitation spectrum to the "'A,*-" +So transition which indicates that the "'A,:vm a a ' "  state lies below the 
"'B,*+" a a *  state in ATRSB. Comparisons of the one-photon absorption, two-photon excitation, and fluorescence spectra 
of ATRSB with the corresponding spectra of all-trarls-retinal are presented. PPP-CISD calculations correctly predict the 
directions but not the magnitudes of the blue shifts of thc a a *  excited state transition energies in going from all-trans-retinal 
to ATRSB. We postulate that the "'A,*-" a a *  state is preferentially stabilized relative to both the ground state and the nearby 
"'B,*+" state by hydrogen bonding to solvent molecules. Comparison of the spectra reported here with the two-photon spectra 
of rhodopsin provides further evidence that the chromophore in rhodopsin is protonated. 

LIONEL P. MURRAY et ROBERT R. BIRCE. Can. J .  Chem. 63, I967 (1985) 
Faisant appel B de la lumikre polarisCe linkairement, opCrant des longueurs d'onde allant de 370 a 455 nm (A,,/2) et i~ 

une temptrature de 77 K ,  on a mesurt le spectre d'excitation a deux photons de la N-rktinylidkne n-butylamine complktement 
rrans (ATRSB) dans I'EPA. L'absorption maximale pour l'excitation ii deux photons se produit vers 422 nm (A,,/2) et est 
dCplacCe vers le rouge -2800 cm-' par comparaison avec l'absorption maximale a un photon qui est observee vers -377 nm. 
On attribue le spectre d'excitation a deux photons a la transition '"A,"" +So; ceci indique que, dans I'ATRSB, I'Cnergie 
de I'ttat "'A,*-" a a *  est plus faible que celle de I'Ctat " 'B,,*+" aa:" On rapporte des comparaisons des spectres d'absorption 
a un photon, d'excitation j. deux photons et de fluorescence de I'ATRSB avec les spectres correspondants du retinal 
complktement trans. Des calculs PPP-CISD permettent de prCdire correctement les directions, mais non les amplitudes, des 
dCplacements vers le bleu des Cnergies de transition de I'Ctat excite -KT* lorsqu'on passe du retinal complktement trans au 
ATRSB. Nous postulons que, par rapport tant B 1'Ctat fondamental qu'h I'Ctat voisin "'B,*+", 1'Ctat '"A,*-" a n *  est stabilise 
d'une f a ~ o n  prCfCrentielle par des liaisons hydrogknes avec des molCcules de solvant. Une comparaison des spectres rapportCs 
ici avec ceux des spectres i deux photons de la rhodopsine fournit des preuves supplCmentaires que le chromophore de la 
rhodopsine est protone. 

[Traduit par le journal] 

I. Introduction 
The level ordering of the low-lying excited singlet states of 

the visual chromophores has been the subject of extensive 
theoretical and spectroscopic study (1 -27).' It is now recog- 
nized that polyenes possess two low-lying excited singlet 
states, a strongly one-photon allowed excited state of 'Bu*+ 
parentage and a canonically forbidden excited state of 'A,*- 
parentage (1 -7, 28 -32). In long-chain linear polyenes, the 
forbidden 'A,*- state is the lowest-lying excited state (1-7, 
28-32). The presence of this lowest-lying forbidden state is 
responsible for many of the   anomalous'^ spectroscopic and 
photochemical properties that long-chain polyenes exhibit 
(1  - 7, 3 1 ). This level ordering, however, is not directly trans- 
ferrable to the visual chromophores because the level ordering 
in these molecules is dependent upon molecular conformation, 
polarity, and solvent environment (1). 

The location of the low-lying "forbidden" 'A,*--like .rr.rr* 
state in the visual chromophores is now recognized to be of 
importance in defining the photochemical properties of these 
molecules (1, 2). This is particularly relevant in the case of 
rhodopsin where calculations indicate that the interaction of 
this state with a lowest-lying "'BU*+" state may be directly 
responsible for producing a barrierless excited state potential 
energy surface for cis-trans isomerization (1, 6 ,  33). The 

'To whom all correspondence should be addressed 
'For relevant reviews, see refs. 1-5. 

extremely rapid formation of bathorhodopsin may therefore be 
a consequence of the photochemical lability of the "'A,*-" 
state (1, 6). Excited state level ordering is also important in 
defining the photochemical properties of the visual chromo- 
phores in solution (1, 2, 18, 34, 35). 

Previous two-photon investigations have shown that both 
all-trans-retinol (24) and all-trans-retinal (25) possess lowest 
lying 'A,*--like states. More recent studies, however, indicate 
that thisievel-ordering may be reversed in the protonated Schiff 
bases and in the chromophore in rhodopsin (5). The present 
two-photon study of the n-butylamine Schiff base of all-trans- 
retinal was motivated by a desire to better understand how 
molecular and environmental perturbations influence the level 
ordering of these two states. A knowledge of the level ordering 
in the Schiff base of all-trans-retinal is important if we are to 
understand the electronic origin of the level ordering inversion 
observed for the chromophore in rhodopsin (5). 

11. Experimental 
All-trans-N-retinylidene-11-butylamine (ATRSB) was made by 

reacting all-trans-retinal (ATR) under nitrogen in freshly distilled 
n-butylamine in the presence of 3A molecular sieves at O°C for 6 h 
following the procedures of Christensen et al. (12). The 11-butylamine 
is added in molar excess (50: 1) and then removed by rotary evapo- 
ration upon completion of the reaction. 

Low temperature (77 K) absorption spectra were obtained using a 
Varian Cary 17D spectrophotometer using an optical Dewar assembly 
filled with liquid nitrogen. Uncorrected emission spectra were ob- 
tained using a Spex Fluorolog spectrofluorimeter also equipped with 
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. . i  dl-trmm Retinal 
-2MK) em-1 

0.0 - , , . Bchiif Bue (xPA.TIK) 

90 28 26 24 22 20 18 18 - - 

WAVENUMBER ( k K )  

tro-photon / \ \ /  

WAVENUMBER ( k K )  

FIG. 1. Comparison of the two-photon excitation spectra with the one-photon absorption and fluorescence spectra of ATRSB (top) and ATR 
(bottom) in EPA solvent at 77 K. The two-photon data are plotted as a function of (laser excitation wavelength)/2. 

all-trans-Retinal (ATR) 

- - 

all-trans-N-Retinylidene-n-butylamine (ATRSB) 

an optical Dewar assembly. Fluorescence was monitored per- 
pendicular to the excitation beam. 

The two-photon excitation spectrum was obtained using the ap- 
paratus described in ref. 25. Laser excitation from a nitrogen-pumped 
dye laser was focussed using an 85 mm achromatic lens into a cylin- 
drical quartz cell containing ATRSB (1 X lo-%) in degassed EPA 
(diethyl ether - isopentane - ethyl alcohol, 5 : 5 : 2  v/v) immersed in 
liquid nitrogen (77 K). The two-photon induced fluorescence of 
ATRSB was monitored perpendicular to the iaser excitation beam 
through a Corning 4-65 glass filter in series with a 5 cm cell containing 
a nearly saturated (1.1 M )  solution of CuS04 (see Fig. 19 of ref. 36). 
Although the transmission maximum of this filter combination 
(A,,,, - 490 nm) is to the blue of the emission maximum of ATRSB 
(A,,, - 570 nm), this filter combination is effective in blocking 
scattered laser light in the wavelength range 650-950 nm. The use of 
an RCA 1P28 photomultiplier to detect the fluorescence further 
improves discrimination of the scattered laser light because this photo- 
multiplier exhibits a very low quantum efficiency above 700 nm. 

The two-photon character of the observed fluorescence signal was 
verified by determining the slope of the log (Ir) vs. log (I,) at selected 
wavelengths using neutral density filters to attenuate the laser 
excitation beam (see ref. 36, pp. 165- 167). At the two-photon ex- 
citation maximum (A,, = 843 nm) the slope was observed to be 
1.85 2 0.36. 

111. Theoretical 
Wave functions for the ground and excited electronic states 

of ATRSB were calculated using PPP-CISD molecular orbital 
procedures (15). The restricted T-electron PPP-CISD pro- 
cedures included all 36 single and all 666 double excitations in 
the C1 Hamiltonian. Repulsion integrals were calculated using 
the Ohno formula (37). Resonance integrals were calculated 
using the Roos and Skancke relationship (38). The semi- 
empirical parameters listed in refs. 15 and 39 were adopted. 

The two-photon properties of the excited states were calcu- 
lated using the procedures described by Birge and Pierce (15). 
The basis set of intermediate states contained the ten lowest 
electronic states (N = 10 in eqs. 1, 2, 4-7 of ref. 15). 
Although the initial and final states should be formally included 
in the summation over intermediate states (see ref. 40), they 
were not included in the calculations reported here. We 
neglected these contributions because they are proportional to 
the changes in the dipole moment upon excitation. The PPP- 
CISD calculations do not include the entire retinyl framework 
and usually underestimate the dipole moments in both the 
ground and excited states. We believe that the accuracy of 
two-photon absorptivity calculations is decreased by the 
inclusion of the initial and final states when PPP-CISD calcu- 
lations are used to generate the dipole moments. 

IV. Results and discussion 
The two-photon excitation spectrum of ATRSB in EPA 

(77 K) is compared to the one-photon absorption spectrum and 
the uncorrected fluorescence spectrum in the upper portion of 
Fig. 1. The two-photon excitation spectrum was obtained using 
linearly polarized laser excitation and is plotted as a function of 
(laser excitation wavelength)/2 to facilitate comparison with 
the one-photon absorption spectrum. Analogous spectra of all- 
trans-retinal in the same solvent environment at 77 K are 
shown in the lower portion of Fig. 1 for comparison. 

( A )  Analysis of one-photon and two-photon spectra 
Both the one-photon absorption spectrum and the two- 

photon excitation spectrum are broad and unstructured, a spec- 
troscopic property associated with severe inhomogeneous 
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TABLE 1. Comparison of observed (EPA, 77 K) and calculated (PPP-CISD) one-photon and two-photon properties of 
the "'A,*-" and "'B:+" r r *  excited states of all-trans-retinal and its Schiff base 

all-trans-Retinal 
all-trans- Schiff base 

Property (Units) Retinal (ATR)" (ATRSB)" A(ATRSB - ATR)" 

AE(" ' B:+" c So) (eV) (obsd)" 
AE(" ' B,*+ " c So) (eV) (calcd) 
AE("'A,*-" c So) (eV) (obsd)" 
AE("'A,*-" c So) (eV) (calcd) 
AAE("'B,*+" - "'A,*-") (cm-') ( o b ~ d ) ~  
AAE("'B,*+" - "'A,*-") (cm-') (calcd) 
f ("'B,*+" c So) (obsd) 
f ("'B,*+" c So) (calcd) 
f ("'A,*-" c So) (calcd) 
6,,,("('~,*+" c So)") (Marias) (caIcd)' 
6 ("IA,*-,," 

"lax c So) (Marias) (calcd)" 
p,(So) (D) (calcd)' 
p,(L' I B,*+ ") (D) ( ~ a l c d ) ~  
p,(" 'A:-") (D) (calcd)/ 
A p,(" ' B:+" - So) (D) (calcd)/ 
A p,("'A:-'' - SO) (D) ( ~ a l c d ) ~  

"Experimental data for all-trans-retinal in EPA (77 K) from ref. 25. 
hExperimental data for all-trans-N-retinylidene-n-butylamine (ATRSB) in EPA (77 K). 
'Change in given property in going from all-trans-retinal (ATR) to its n-butylamine Schiff base (ATRSB). 
"Observed transition energies (AE) and state scparations (AAE) are assigned using the absorption and/or excitation 

(Franck-Condon) maxima. 
'Two-photon absorptivity at maximum in Marias (I .O X IO-'' cm4s molecule-' photon-') for two linearly polarized photons of equal 

polarization and energy. 
'Ground and excited state dipole moments are for the T-system only and are predicted to underestimate the total molecular dipole 

moments. 

broadening (27). This observation precludes accurate assign- 
ment of the system origins of the electronic states. The two- 
photon excitation maximum lies approximately 2800 cm-' 
below the one-photon absorption maximum. We assign the 
two-photon excitation spectrum to the "'A,*-" excited T T : ~  

state based on arguments analogous to those used to assign the 
two-photon spectrum of all-trans-retinal (25). Accordingly, 
ATRSB has a lowest-lying "'A,*-" state. Our level ordering 
assignment agrees with that of Das et al. ( 17). 

As noted by one of the referees of this paper, the two-photon 
excitation spectrum and the fluorescence spectrum display an 
anomalously large overlap in the region of the system origins. 
This prompted the referee to suggest the possibility that the 
fluorescence might originate from the higher energy 'Bu*+-like 
excited state. The low symmetry of the molecule and the close 
proximity of the two low-lying excited states suggests that the 
vast majority of the emission is occurring from the lowest-lying 
'A,"--like state. The anomalous overlap is best explained as 
resulting from an inhomogeneous distribution of lowest-lying 
excited states involving varying degrees of hydrogen bonding 
between the solute and the solvent. In particular, we have noted 
that the shape of the fluorescence spectrum reversibly changes 
with temperature with the maximum shifting to lower energy 
with decreasing temperature. (An analogous study of the two- 
photon excitation spectrum was not possible, however, because 
the quantum yield of emission drops dramatically with in- 
creasing temperature preventing acquisition of a reliable two- 
photon excitation signal at temperatures above -90 K.) The 

stabilized than the 'Bu*+-like state by the hydrogen bonding 
solvent, a conclusion which is discussed in greater detail 
below. 

A comparison of the observed and calculated one-photon and 
two-photon properties of the low-lying TT* excited states of 
all-trans-retinal and its Schiff base are presented in Table 1 .  
The following observations can be made by reference to this 
table. Formation of the Schiff base linkage generates a blue 
shift in the Franck-Condon maxima of both the "'A,*-" state 
and the "'Bu'o "state. The blue shift of the allowed state was 
predicted in earlier theoretical studies (see ref. 9). The present 
PPP-CISD calculations correctly predict the observed trends 
although the calculations significantly overestimate the ob- 
served blue shift in the "'A,*-" state (see below). Accordingly, 
the observed increase in the separation of the two TT* low- 
lying states in going from retinal to its Schiff base is not 
accurately simulated in the PPP-CISD calculations. In particu- 
lar, we observe an increase of approximately 400 cm-' in 
the Franck-Condon separations, whereas the calculations pre- 
dict that the Schiff base should actually have a smaller 
L'IA,*->> - ' L I B  *+  ,, separation. In analyzing this discrepancy, 

we must recognize that the calculations are for a molecule in a 
vacuum whereas our experimental observations are for polar 
molecules in a polar solvent environment. Given the small 
energy differences involved, a major portion of the discrepancy 
between experiment and theory may be due to solvent induced 
shifts rather than intrinsic electronic properties of the chromo- 
phore in vacuum. This possibility would appear to gain support 

one-photon absorption spectrum does not show a large tem- from a casual inspection of the calculated dipole moments 
perature effect suggesting that the one-photon absorbing state which are shown at the bottom of Table 1 for the ground and 
is not the state responsible for the emission spectrum. These two lowest-lying TT* states. In particular, we note that the 
observations coupled with the solvent effect studies described ground and excited state dipole moments of all-trans-retinal are 
in ref. 17 suggest that the 'A,*--like state is more energetically larger than those of the corresponding states in the Schiff base. 
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Furthermore the change in dipole moments upon excitation, 
which will determine the magnitude of the solvent-induced red 
shift, are much larger in all-trans-retinal than in its Schiff base. 
The relative differences predicted by the PPP-CISD calcu- 
lations agree with the experimental measurements of Corsetti 
and Kohler (41). These authors measured ground state dipole 
moments for ATR and ATRSB of 4.6 D and 2.1 D, 
respectively. The corresponding excited ("'B,* ' ") state dipole 
moments were observed to fall in the ranges 7- 10.3 D (ATR) 
and 4.7-6.4 D (ATRSB) (see Table V1 of ref. 41). Ac- 
cordingly, the PPP-CISD calculations appear to underestimate 
the dipole moments in both the ground and excited states, but 
correctly reproduce the observed trends in going from all-trans- 
retinal to its Schiff base. A closer examination of the calculated 
results, when analyzed in terms of the prevailing theories of 
electrostatic solvent shifts (see ref. 41 and references therein), 
suggest that the "'A,*-" state in all-trans-retinal should be 
red-shifted by solvent polarity to a larger degree than the cor- 
responding state in the Schiff base. Furthermore, analogous 
arguments can be used to predict that level separation should be 
enhanced in all-trans-retinal relative to its Schiff base based on 
electrostatic solvent shifts. (These arguments assume, of 
course, identical solvent environments.) We conclude that 
electrostatic solvent shifts do not explain the failure of the 
PPP-CISD calculations to accurately predict the observed in- 
crease in the level separation in going from all-trans-retinal to 
its Schiff base. 

Dispersive solvent shift effects will also tend to increase the 
observed level separation in all-trans-retinal versus the Schiff 
base. This is due to the fact that the low-lying "'A,:v" state has 
a larger calcuIated oscillator strength in all-trans-retinal than in 
its Schiff base (see Table 1). Accordingly the magnitude of the 
dispersive red shift for the " 'A,:"-" state in all-trans-retinal will 
be greater than that for the corresponding state in the Schiff 
base and this will also enhance the level separation in all-trans- 
retinal relative to its Schiff base. 

There are a number of possible explanations for the observed 
failure of the PPP-CISD calculations to properly reproduce the 
observed increase in the excited state level separation in going 
from ATR to ATRSB. We suggest the following as the most 
likely possibility based on an analysis of the data presented in 
Table I and inspection of the spectra shown in Fig. 1.  We note 
first of all that the PPP-CISD calculations accurately reproduce 
the "!B,*+" transition energies in going from all-trans-retinal 
to the Schiff base. In contrast the PPP-CISD calculations 
greatly overestimate the blue shift in the '"A,*-" state. The 
solvent environment appears to be stabilizing the '"A,'v-" in the 
Schiff base by an anomalous amount. This observation is sup- 
ported by the experimental work of Das and co-workers (17) 
who studied the all-trans-retinal Schiff base in both 
3-methylpentane and EPA at 77 K. They noted that the 
emission maximum dramatically red-shifted in going from 
3-methylpentane to EPA, whereas the absorption maximum 
red-shifted by a much smaller amount. A comparison of their 
results with our two-photon excitation data suggests that the 
Schiff base in EPA forms a hydrogen-bonded complex with the 
solvent and that this hydrogen-bonded complex is responsible 
for the anomalous red shift in both the "'A,*-" excitation 
maximum as well as the fluorescence maximum. (Note that 
fluorescence originates from the "'A,*-" state.) Analysis of 
Fig. I supports this conclusion in that the spectra of ATRSB are 
much broader than the spectra of ATR and suggest that the 
Schiff base in EPA is in a very inhomogeneous environment. 

We propose that the inhomogeneity, which induces an in- 
creased-broadness in the absomtion. excitation. and fluo- . , 

rescence spectra, is associated with hydrogen-bonding which 
tends to lower the energy of the excited state relative to the 
ground state. A range of species are therefore present in solu- 
tion with varying degrees of hydrogen bonding and corres- 
pondingly different excitation energies. 

The detailed calculations of Favrot et a / .  (20) and LeClercq 
and Sandorfy (42) demonstrate that hydrogen bonding to a 
Schiff base will red shift the absorption maximum of the 
"!B,*+"  state. Our experimental results suggest that the 
'"A,*-" state experiences a similar but slightly larger red shift 
upon hydrogen-bonding. This experimental observation is indi- 
rectly supported by the PPP-CISD calculations which indicate 
that the "'A,*-" state has a more negative nitrogen atom 
(-0.242) than the " ' B , : ~ "  state (-0.233). 

( B )  Implications for the binding site of rhodopsitl 
Theoretical calculations suggest that protonation of the 

Schiff base will induce a level inversion and generate a lowest- 
lying "'B,* ' " state (1, 6, 15). Recent two-photon studies on 
the protonated Schiff base of all-trans-retinal support this con- 
clusion ( 5 )  although it appears that the calculations over- 
estimate the extent of the level reversal. A recent two-photon 
thermal lens study of rhodopsin indicates that the " 'B,:!"" state 
lies approximately 2000 cm-' below the '"A,*-" state in the 
protein bound chromophore (5). The present work indicates 
that hydrogen-bonding tends to preferentially stabilize the 
"'A,*-" state. If the chromophore in rhodopsin were a 
hydrogen-bonded Schiff base, rather than a protonated Schiff 
base, the "'A,*-" state would lie below the "'B,*+" state. 

We are differentiating between two energetically possible 
situations. In one model, a neutral Schiff base chromophore is 
stabilized by hydrogen bonding to a residue with an "acidic" 
hydrogen near the Schiff base nitrogen atom. In the second 
model, a protonated Schiff base chromophore is stabilized by 
a negatively charged residue in the vicinity of the nitrogen 
atom. Based on these definitions, we can conclude from our 
present spectroscopic study that the chromophore in rhodopsin 
must be protonated. 
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PAUL G. MEZEY. Can. J. Chem. 63, 1972 (1985). 
It is shown that the family of all possible reaction mechanisms on a given potential energy hypersurface, which reaction 

mechanisms are constrained by a local stability criterion, has an algebraic structure. 'The fundamental relations among all such 
"A-constrained" reaction mechanisms are described in terms of a group, the one dimensional homotopy group 71.1 (Y). In contrast 
with the energy-depet~dent group -rrI ( F )  offrtndarner~tal reaction mechanisms, proposed earlier for the low energy domains F 
of potential energy hypersurfaces, the new group -rr,(Y) is fully determined by the distribution of catchtnerzt regions, 
representing chenzical species on the potential energy hypersurface. 

PAUL G. MEZEY. Can. J. Chem. 63, 1972 (1985). 
On dCmontre que I'ensemble de tous les mkcanismes de rkaction possibles apparaissant sur une hypersurface donnke 

d'knergie potentielle et circonscris par un crit2re rle stabilite' locale est regi par une structure algkbrique. Les relations 
fondamentales entre tous ces mkcanismes de reaction "A-circonscris" peut &tre dkcrit en fonction d'un groupe, le groupe 
homotopie unidimensionnel -rr,(Y). Par opposition avec le groupe dtpetzdant de l'tnergie -rrl(F) des mkcanismes de rkactions 
fondamentales, propost? antkrieurement pour les clomaines rle basse tnergie F des hypersurfaces d'knergie potentielle, le 
nouveau groupe -rrl ( Y )  est complbtement determink par la distribution cles rtgions d'attachemetzt, qui reprtsente les espices 
chimiqrles sur I'hypersurface d'knergie potentielle. 

[Traduit par le journal] 

Introduction 
Theoretical models, suitable for the description of entire 

families of molecules within a single mathematical framework, 
are powerful tools for the study of general trends and funda- 
mental relations among chemical species (1, 2). The most 
fundamental relations often take the form of an algebraic struc- 
ture. This has been the case in reaction topology, suitable for 
the quantum chemical description of all interconversion 
reactions of all chemical species composed from a given set of 
nuclei and a given number k of electrons, confined to a given 
potential energy hypersurface. (For recent reviews of reac- 
tion topology see refs. 3 and 4.) As it has been shown (5), 
by identifying quantum chemical reaction mechanisms with 
classes of homotopically equivalent reaction paths (that is, by 
equivalence classes of paths where within each class the reac- 
tion paths are continuously deformable into one another, below 
some energy limit A), the family of all fundamental reaction 
mechanisms on the potential surface form a group, the funda- 
mental group of reaction mechanistns (5). Whereas this termi- 
nology is in part inherited from the homotopy theoretical con- 
cept of fundamental group (one dimensional homotopy group) 
of the relevant topological space (6), it also expresses the 
chemical significance of this algebraic structure. This group is 
indeed of fundamental role in the chemistry along the given 
potential energy hypersurface, as it describes the relations 
among all reaction mechanisms which are distinguishable at 
some energy bound A (5). 

The fundamental group of reaction mechanisms has been 
defined in terms of a level set F of the nuclear configuration 
space M, i.e. in terms of a collection of nuclear configurations 
where the energy does not exceed some fixed value A (5). By 
a suitable choice of A the analysis can be restricted to the 
chemically most important low energy regions of the hyper- 
surface, however, the method is general and the analysis is 
applicable for any choice of A. Such level sets reflect a global 
energy criterion (7), relevant to the global stability of various 
chemical species on the hypersurface. However, local stability 
is also of chemical importance, that may also serve as a basis 

for an analysis of reaction paths and reaction mechanisms. 
Local stability (8, 9), in turn, has been shown to be related to 
index A of catchment regions C(A, i) of the potential energy 
hypersurface E ( K )  (10). Catchment regions with higher A 
indices, A 2 2, are of little direct importance in chemistry, 
however, chemical species represented by catchment regions of 
lower indices (A = 0, and A = 1)  are of major importance: these 
are the stable molecules and transition structures. Hence, it is 
of some importance to study reaction paths and reaction mech- 
anisms which are cotzstrainerl to a collection of C(A, i) catch- 
ment regions of small X indices. 

In this study we shall describe the algebraic structure (a 
group) of A-constrained reaction mechanisms, reflecting the 
local stability properties of various domains of the potential 
energy hypersurface. Pictorially, two reaction paths having 
common origin (beginning) and common extremity (end) will 
be regarded to belong to the same A-constrained reaction mech- 
anism, if they can be continuously deformed into each other 
without involving any highly unstable formal species, repre- 
sented by a C(A, i) of high index A. Reaction paths fulfilling 
this condition are chemically equivalent in the following sense: 
they both lead from a given reactant to a given product, through 
the same "passes" or "bottlenecks" of the hypersurface, as 
defined by a local stability condition. Otherwise, the difference 
between the two reaction paths will be regarded as essential, 
and the two paths to belong to two different A-constrained 
reaction mechanism. The precise definition of A-constrained 
reaction mechanisms as homotopy equivalence classes of reac- 
tion paths will simplify the problem to a remarkable extent. The 
direct analysis of all possible trajectories is an intractable prob- 
lem, however, each homotopy class contains infinitely many 
reaction paths, hence using these classes as fundamental enti- 
ties, formally the problem becomes infinitely simpler. It will be 
shown that the family of these constrained reaction mech- 
anisms has an algebraic structure: a groupoid, containing a 
group. Some relations to the "reaction polyhedron", generated 
by a mapping to a compact manifold (1 l ) ,  and to the relevant 
homology and cohomology groups will be pointed out. 
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MEZE 

A-constrained reaction mechanisms 
First we shall recall some of the basic concepts of reaction 

topology (3,4),  necessary for the introduction of A-constrained 
reaction mechanisms. For a given collection of N atomic nuclei 
the 3N - 6 dimensional reduced nuclear configuration space M 
is the quotient space (space of equivalence classes) obtained 
from the 3N dimensional euclidean nuclear configuration space 
spanned by the mass-weighted cartesian coordinates of the N 
nuclei (4). This quotient space is defined with respect to the 
laboratory-frame equivalence of nuclear configurations related 
by rigid translation and rigid rotation. M is a metric space with 
a well-defined metric d (4). The energy expectation value func- 
tional E(K),  K E M, with respect to some specified electronic 
state, defines an energy hypersurface E over M. With respect 
to any given E the catchment regions C(A, i) of M are given as 
the collections of all those points K from where a formal steep- 
est descent path leads to a common extremity K(A, i), that 
extremity is, typically, a critical point of E.  Index A is the 
number of negative canonical curvatures of E at K(A, i), i is an 
index of ordering. A catchment region C(A, i) represents a 
stable molecular species if A = 0, a transition structure if A = 
1, and an unstable, formal "species" if A r 2, which latter 
formal "species" must also be considered for a complete par- 
titioning of the nuclear configuration space M. The family of 
these catchment regions and their closures in the metric d 
serves as the defining subbase for the unique reaction topology 
Tc on M,  associated with the given energy hypersurface E .  

In practice it is often sufficient to consider, instead of the full 
space M, only a suitable connected subset X C M,  e.g. when 
disregarding the internal motions of nuclei within a methyl 
group. Catchment regions defined within X lead to an anal- 
ogous topologization of X, that topology is in fact the relative 
topology (10) on X C M, defined by Tc of M. Hence, we shall 
use the same notations, C(A, i)  and Tc within X with the under- 
standing that only a subset X C M is considered throughout this 
study. However, in the special case of X = M, the original 
topological space (M, Tc) is obtained. 

In order to give a precise definition and to establish the 
relations between various A-constrained reaction mechanisms, 
we consider the following subset of X: 

Whereas the case of A'  = 0, A" = 1 is the most relevant to the 
usual pictorial interpretation of semiclassical nuclear rear- 
rangements (restricting the analysis to formal stable molecular 
species and transition structures), other index choices within 
the general model [ l ]  are also of certain theoretical interest 
(e.g., in boundary-network relations (12)), hence we shall con- 
sider the above general case throughout. The chemically most 
important choices for X, A ' ,  and A" are those which lead to a 
connected set Y. If, however, Y is disconnected, then the fol- 
lowing analysis is applicable for each maximum connected 
component YA of Y separately. In the following Y will denote the 
union defined by eq. [I], if it is connected, or one of the Y, 
components, if the union is disconnected. 

Our next task is to define A-constrained configl~ration-to- 
configuration reaction mechanisms within set Y. Evidently, 
any reaction path, hence also any reaction mechanism within Y 
is, by definition, A-constrained: A '  5 A 5 A". Each path p in 
Y is parametrized by the unit interval I = [O, I], points p(0) and 
p(1) being the origin and extremity of p ,  respectively. It is 
convenient to regard each p as a mapping from I to Y 

We denote the family of all paths within Y by p(Y) or in short, 
by p .  Any two paths p ,  p '  E p are homotopically equivalent, 
p - p ' ,  if p(0) = pl(0),  p(1) = p l ( l )  (that is, their endpoints 
coincide) and if they are continuously deformable into each 
other within Y. Due to the definition of set Y, this is precisely 
the condition used in the introduction for the classification of 
reaction paths in terms of local stability, since for A'  = 0 and 
A" = 1 p - p' implies that there is no highly unstable C(A, i) ,  
(A r 2) formal species separating reaction paths p and p ' .  
Hence the p - p '  homotopy equivalence does, indeed, reflect 
a well-defined chemical equivalence of reaction paths p and p'.  

The following step is a straightforward application of homo- 
topy theory to se tp  of Y, that nonetheless, leads to a remarkable 
simplification of the chemical problem. We denote the class of 
all paths of p which are hotnotopically equivalent to p by [p]. 
All of the following relations and results are independent of 
which actual path p from class [p] is used to represent this class 
in the notation. Each class [p] can then be regarded to 
represent a A-constmined reaction mechanism leading from 
configl~ration p(0) to corzfiguratiorz p( l ) .  These endpoints 
themselves can be regarded as "single point" paths (or, as 
constant mappings): 

[3] L*(p) E p ,  L"(p): I + Y, L*(p) ( I )  = p(0) 

[4] R*(p) E p ,  R*(p): I + Y, R*(p) (I) = p(1) 

where the left unit L*(p) [right unit R*(p)] of path p is itself 
a path in Y, hence an element of p ,  which path maps the entire 
unit interval I onto the single point p(0) [ p ( l ) ,  respectively]. 
Interpreting these left and right units as some "degenerate" 
paths, rather than simply points, is essential in the following 
algebraic constructions. 

The fundamental group of A-constrained 
reaction mechanisms 

The product pq of any two paths p ,  9 E p ,  for which the 
condition 

holds, is defined as the unique path obtained by joining q to p 
(continuing p by q). In particular, 

This product exists if and only if [5]  is fulfilled, hence product 
exists only for some ordered pairs of paths. The inverse p - '  of 
path p runs through the same points of Y as does p ,  but in 
reversed order, in particular, 

Using the above algebraic concepts for individual reaction 
paths, similar algebraic concepts can be defined for their equiv- 
alence classes, that is, for reaction mechanisms. The product of 
A-constrained reaction r~techanisms and [q] is defined as 
the A-constrained reaction mechanism [pq], 

that is, the homotopy class containing the product path pq, that 
product exists if and only if pq exists (condition [5]). The 
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product [pI([pr;l[p"] is evidently associative, whenever it ex- 
ists, since for the product of reaction paths (ppl)p" - p(plp"). 
Left unit L([p]) and right unit R([p]) of reaction mechanism 
[p]  are defined similarly: 

that is, as the homotopy classes of all paths which are homo- 
topically equivalent to (in fact, contractible to) single point 
paths L*(p) and R'yp)), respectively. The inverse of A-con- 
strained reaction mechanisms [p] is defined as 

Whereas the product pp-' is not in general a unit element 
L*(p), the homotopy equivalence within [pp-'1 ensures that 
the product [pII is necessarily a unit element 

This is the very reason why reaction nzechanisms (equivalence 
classes) have superior algebraic properties, a s  compared to 
individual reaction paths. 

As follows from a general result of homotopy theory (6) the 
above listed properties guarantee that the family 

of all A-constrained reaction mechanism has an algebraic 
structure: n(Y) is a groupoid, that is, an associative algebraic 
structure with inverse and unit elements, but not in general with 
the closure property. Hence n(Y) is not in a group. 

Groupoid n(Y) of A-constrained configuration-to-configura- 
tion reaction mechanisms is much simpler than the set of all 
possible reaction paths p, since each [p] is a collection of 
infinitely many paths p E p which paths occur in none of the 
other A-constrained mechanisms, p E [q] if [q] # [p]. Hence 
in a formal sense n(Y) is infinitely simpler than set p of all 
reaction paths within Y. Furthermore, p has no useful algebraic 
structure of its own, whereas n(Y) is a groupoid with the 
"usual" relations between units and inverses. 

By its construction, n(Y) is the fundamental groupoid of the 
topological space (Y, d) .  Hence, as every fundamental group- 
oid, it contains an important subgroupoid that is also a group 
(6): the fundamental group n I ( Y )  In the following we shall 
consider a chemical interpretation of the fundamental group 
..l(Y). 

Consider a special subset n,  (Y, KO) of n(Y): 

which is the family of all A-constrained circular (or "loop") 
reaction mechanisms having their left and right units identical 
and common, which unit [pol contains the unique constant path 
(single point path) po at point KO E Y. 

nl(Y, KO) is also a groupoid, a subgroupoid of n(Y), but 
much more is true. Evidently, within nI(Y,  KO) all left and right 
units are identical to [pol, hence there exists a unique unit 
element in n l (Y,  KO). Furthermore, the product exists for any 
two A-constrained reaction mechanisms from n,(Y, KO), since 
condition [5] is necessarily valid for all choices. This implies, 
that besides a unique unit element, nl(Y, KO) also has the clo- 
sure property with respect to product defined by [lo]. Associ- 
ativity and unique inverse for each element have been inherited 

from groupoid n(Y), hence .rrl(Y, KO) is a group, thefitnda- 
mental group of topological space (Y, d). 

This group, henceforth referred to as the fundamental group 
of A-constrained reaction mechanisms, is of particular interest 
to us. Since any A-constrained reaction mechanism [q] E n(Y) 
can be extended to a "loop" mechanism (a circular chemical 
process) E nl (Y,  KO), therefore segments of mechanisms 
from group nl (Y,  KO) represent all possible A-constrained 
mechanisms within Y. Consequently, group n l (Y ,  KO) (or the 
family of groups nl(Yk, Kk) of the maximum connected com- 
ponents Y, of a disconnected set Y) expresses the interrelations 
among all A-constrained reaction mechanisms within set 
X C M. Similarly to the group n I ( F )  of fundamental reaction 
mechanisms on a connected level set F (5), a typical group 
n,(Y, KO) of a potential surface is a finitely generated free 
group, where the finite set of group generators, the generator 
mechanisms for Y, are  sufficient to generate any A-constrained 
reaction mechanism in X. 

There is one apparent property of group n,  (Y, KO) that seems 
to be contrary to the underlying feature of Reaction Topology, 
of replacing individlial nuclear configurations by open sets of 
configurations. Group nl(Y, KO) implies a direct reference to an 
individual point KO E Y. However, this apparent inconsistency 
is precisely that: only an apparent one, and can be removed 
easily. As follows from a general invariance property of funda- 
mental groups (6), within any connected set Y, i.e., in any 
connected union of A-constrained catchment regions C(A, i) ,  
the fundamental group of A-constrained reaction mechanisms, 
as an abstract group, is invariant to the choice of reference 
point KO E Y. Hence, as far as the general relations between 
reaction mechanisms are concerned, the specification of KO is 
unnecessary. KO can be replaced by a reference to a given 
chemical species (catchment region) C(A, i) ,  A' 5 A 5 A". The 
actual group nl (Y,  C(A, i)) then formally refers to all circular 
A-constrained reaction mechanisms passing through chemical 
species C(A, i). In the extreme case, all reference to individual 
points and individual chemical species can be omitted, since 
the abstract fundamental group of A-constrained reaction 
mechanisms, n l (Y)  is isomorphic to any concrete group given 
as n l (Y ,  KO), KO E Y or nl(Y, C(A, i)), C(A, i) C Y. In fact, 
T](Y) is a topological invariant, being the same for any union 
Y of catchment regions on the same or even on two different 
potential energy hypersurfaces, as long as the two sets Y and 
Y' are topologically equivalent, that is, if there exists a homeo- 
morphism (one-to-one and onto mapping with a continuous 
inverse) between Y and Y'. Hence, fundamental groups are 
convenient devices for a classification of large families of 
seemingly unrelated potential surfaces, as these groups reflect 
the fundamental similarities between systems of reaction mech- 
anisms, even if they involve very different molecular species, 
of different stoichiometries. In this context we note that a more 
detailed classification of families of potential energy hyper- 
surfaces is possible by their mappings to compact manifolds 
(1 1 ), e.g. to hyperspheres or to more complicated manifolds. 
Since the energy hypersurface is then defined on the manifold, 
the catchment region partitioning on the manifold can be repre- 
sented by an abstract polyhedron. For example, in the simple 
case of a two dimensional sphere the energy functional is anal- 
ogous to the geographical concept of elevation above the sea 
level on the globe. The partitioning of the surface of the globe 
by the actual geographical watersheds and catchment regions is 
topologically equivalent to the polyhedron, with faces, edges 
and vertices corresponding to geographical catchment regions, 
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mountain ridges and hilltops, respectively. Such abstract 
"reaction polyhedra" in the general, multidimensional case, 
are useful to establish relations between the numbers of various 
stable molecular species and interconversion processes (1 1). 
Whereas the fundamental groups n , ( F )  (5) and .rr,(Y) of the 
present study lead to an intuitively straightforward classi- 
fication of various potential energy hypersurfaces, a more de- 
tailed classification is possible using multidimensional reaction 
polyhedra. As any polyhedra, reaction polyhedra obtained by 
compactification of nuclear configuration spaces ( 1  I), can be 
characterized in terms of homology groups and cohomology 
groups (6) of homology theory. These groups are topological 
(and also homotopical) invariants. Some of the topological 
invariants of simple homology groups have already been used 
for the estimation of the number of different chemical species 
on a hypersurface (ref. 11 and references therein). The reaction 
polyhedron model and the relative merits on the relevant ho- 
mology groups and cohomology groups, as compared to the 
.rr,(F) and .rr,(Y) homotopy groups of ref. 5 and of the present 
study, will be discussed elsewhere in more detail (13). 

The chemical significance of groups .rr, (Y) of reaction mech- 
anism is illustrated by the following two problems: (i) knowing 
the existence of some reaction mechanisms within some 
domain X of a potential surface, how can one predict the 
existence of further reaction mechanisms? (ii) How to obtain a 
concise representation of all the relations among all reaction 
mechanisms controlled by a given potential energy hyper- 
surface, that representation is suitable for applications in 
computer-based synthesis design? 

The algebraic relations among elements of group .rr, (Y) pro- 
vide a convenient test for problem (i). Unless the known reac- 
tion mechanisms already form a set of loop mechanisms of a 
subgroup of .rr,(Y), the extension of the known mechanisms to 
loops and subsequent generation of group products does lead to 
new reaction mechanisms. 

The group .rr,(Y) over a given X domain (where X can be M, 
the full nuclear configuration space) represents all the essential 
relations among all reaction mechanisms. These relations may 
appear rather simple for two and three dimensional problems, 
where one may rely on simple visualization of "mountain 
passes" and "bottlenecks". However, no such visualization is 
possible for higher dimensional potential energy hyper- 

surfaces, and one must rely on formal mathematical relations. 
With the rapid progress in supercomputer technology, 
computer-based synthesis design (relying on multidimensional 
potential surfaces) is expected to become feasible in the near 
future. The groups .rrl(Y) of reaction mechanisms serve as an 
algebraic framework for the quantum chemical analysis of 
large families of reaction mechanisms. This algebraic frame- 
work has the potential to aid the discovery of new reaction 
mechanisms and the development of computer-based molecu- 
lar design. 
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D. W. URRY, T. L. TRAPANE, C. M.  VENKATACHALAM, and K.  U. PRASAD. Can. J .  Chem. 63, 1976 (1985). 
By means of carbon-13 nuclear magnetic resonance, carbonyl carbon ion-induced chemical shifts of the Gramicidin A 

channel are determined at 70°C and analyzed as a function of potassium ion concentration and as a function of thallium ion 
concentration. In both cases two binding processes are observed. The estimated binding constants for potassium ion binding 
are 28/M and 2.4/M for the tight (single ion occupancy) and weak (double ion occupancy) sites, respectively, and for thallium 
ion binding are of the order of 1 0 ~ 1 ~  for the tight site and approximately 70/M for the weak site. 'These studies, which utilize 
a 90% enriched carbonyl carbon within the binding site of the channel to monitor ion interaction, argue for the presence of 
two ions in the channel for conditions under which planar bilayer transport studies are commonly carried out. 

D. W. URRY, T. L. TRAPANE, C. M. VENKATACHALAM et K. U. PRASAD. Can. J .  Chem. 63, 1976 (1985). 
Utilisant la resonance magnktique nucltaire du "C et opCrant a 70°C, on a dCterminC I'effet d'induction ionique sur les 

dtplacements chimiques des carbones de la fonction carbonyle du canal de la Gramicidine A et on les a analyst en fonction 
de la concentration en ion potassium et aussi en fonction de la concentration en ion thallium. Dans chacun de ces cas, on a 
observe deux processus de fixation. On a tvalut les constantes de fixation du potassium qui sont respectivement 28/M et 2,4/M 
pour les sites compacts (comportant un seul ion) et pour les sites faibles (comportant deux ions); celles du thallium sont de 
I'ordre de 1 0 ' 1 ~  pour le site compact et environ 70/M pour le site faible. Ces ttudes, qui utilisent des carbones enrichis B 
90% a I'intCrieur du site d'association du canal pour reptrer les interactions ioniques, suggkrent la prtsence de deux ions dans 
le canal pour les conditions dans lesquelles les ttudes de transport de doubles couches sont gtntralement effectukes. 

[Traduit par le journal] 

Introduction 
It has been shown that heat incubation of Grarnicidin A, 

HCO-L - Val1-Gly2-L . Ala3-D Leu4-L A1a'-D va16-L Val7- 
D v a l X - ~ .  ~ r p " ~ .  Leu1"-L. ~ r p " - D .  Leu"-L. ~ r p ' " ~ .  LeuI4- 
L.Trpl'-NHCH,CHZOH (I) ,  with lysolecithin results in chan- 
nel formation (2, 3). Sodium-23 (4, 5) and lithium-7 (6) nu- 
clear magnetic resonance (nmr) and dielectric relaxation (7) 
studies have been carried out on this system to provide esti- 
mates of binding constants and rate constants, and these con- 
stants in the case of sodium ion have been shown to be capable 
of calculating single channel currents over wide ranges of ion 
activity and of applied potential when Eyring rate theory is 
utilized to introduce voltage dependence to the rate constants 
derived in the absence of an applied field (5, 8). It is useful, 
however, to have verification that the ion-nrnr-derived binding 
constants are indeed due to ion binding within the channel and 
not due to interaction with lipid components. 

As a series of Gramicidin A syntheses (in each of which a 
single carbonyl carbon has been 90% enriched) have been 
carried out to locate the ion binding sites within the channel (9), 
the ion-induced carbonyl carbon chemical shift of an enriched 
residue at a binding site may also be followed as a function of 
ion concentration to provide an estimate of binding constants. 
Such a study would be unequivocal with respect to ion inter- 
action with the channel since a channel site is used for mon- 
itoring and as the magnitude of ion induced chemical shift 
indicates direct binding of ion with carbonyl oxygen. 

In the present effort carbon-13 nmr of (l-'3C)Trp1'- 
Grarnicidin A (GA) and (1-I3C) T r p I 3 - G ~  as a function of ion 
concentration is used to follow the binding of potassium ion 
and of thallium ion to the GA transmembrane channel. In both 
cases, and most dramatically and unambiguously with thallium 
ion, two binding processes are observed with binding constants 
which differ by more than an order of magnitude. 

Experimental 
Sample preparation anrl handling 

The samples used to determine potassium and thallium ion binding 
by following the carbonyl carbon chemical shift were prepared from 
I-'" enriched TrpI3-GA and (I-"C)Trpl'-GA which were synthe- 
sized and characterized in this laboratory (10). The conversion of 
( I - ' ~ C ) T ~ ~ " - G A  to thc malonyl dimer was as previously described 
(5). Gramicidin channels were packaged into lysolecithin structures in 
'Hz0 using the sonication and heat incubation procedure previously 
established (2). L-a-lysolecithin containing 75% palmitic and 25% 
stearic acids was purchased from Avanti Polar Lipids, Inc., 
Birmingham, AL. The purity of the lipid was confirmed by carbon-13 
nmr and thin layer chromatography and was used without further 
purification. During sample preparation, the lipid to channel ratio was 
30: I and the ion concentration was 0.5 mM NaCI. This concentration 
of NaCl causes a negligible carbon-13 carbonyl chemical shift, but it 
is included to assess completion of channel formation as monitored by 
the sodium-23 chemical shift which is a sensitive indicator of channel 
concentration. After incubation, the samples were centrifuged to re- 
move any peptide which had not been packaged into the lipid, and the 
supernatants were taken for the nmr studies. A small aliquot of each 
supernatant was lyophilized and resuspended in methanol in order to 
determine the concentration of channels associated with the lipid by 
observing the ultraviolet spectrum. Using an extinction coefficient in 
methanol of E , , ~  = 45 000 L/mol-cm for the Gramicidin dimer, 
channel concentrations in the 1-"C enriched Gramicidin samples were 
found to be 2.9 mM for each of the samples used for the potassium ion 
and the thallium ion binding studies. Verification of the ion- 
interacting channel state was achieved by observing the circular di- 
chroism spectrum and by determining the ion nmr chemical shift at 
30°C. The CD spectra for both preparations are given in Fig. 1. For 
the ( I - ' ~ C ) T ~ ~ " - G A  samples the chemical shift for 0.5 mM sodium 
ion in the presence of 2.9 mM channels was found to be - 11.7 ppm 
(i.e. upfield) from the (10 mM NaCl in ' ~ ~ 0 )  reference for the potas- 
sium ion titration and - 12.2 ppm for the thallium ion binding study. 
These results indicate essentially complete channel formation (5, 8, 
I I). The potassium ion titrations were carried out by addition of dry 
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URRY ET AL. 

FIG. 1. Circular dichroism spectra in H 2 0  of I-13C enriched TrpI3 
Gramicidin A packaged into L-a-lysolecithin. These preparations 
were used for the potassium ion binding studies (A)  and for the 
thallium ion binding studies (B). Both spectra indicate that the peptide 
has been properly incorporated as the channel state. When gramicidin 
has been completely packaged into the lipid in the proper ion- 
interacting conformation, a spectra, such as the one represented by the 
solid curve, is obtained. The dashed curves are due to a lysolecithin 
- Gramicidin A associated state which has insignificant interaction 
with cations. Conversion from the lipid-associated state to incorpo- 
ration as the channel state is achieved by heating for 20 h at 70°C. 

KC1 (J. T .  Baker Chemical Co., Phillipsburg, NJ, analytically certi- 
fied ULTREX Lot 307081) to a fixed volume of sample in the nmr 
tube. Thallium acetate (Alfa Products, MA, Lot No. 031 177) was 
added from a 200 mM stock solution up to 7 mM TlAc. Above this 
concentration the increments were greater and TlAc could be added 
dry. 

Both heating of Gramicidin A with L-a-lysolecithin to form lipid 
bilayers (12, 13) and carbon-13 nmr observation of the enriched car- 
bony1 carbon are carried out at 70°C. It is necessary, therefore, to be 
assured of sample stability during these extended periods of heating. 
Thin layer chromatography (tlc) using chloroform/methanol/water 
(65: 25 :4) and carbon-13 nmr were used to demonstrate the purity of 
the lipid after prolonged heating at 70°C. These methods, e.g. ,  tlc, 
using chloroform/methanol/acetic acid (85 : 15 : 3), as well as circular 
dichroism, were utilized to demonstrate the absence of detectable 
Gramicidin A breakdown. In all, some nine samples have been suc- 
cessfully titrated at 70°C; a tenth effort using sodium ion was not 
successful due to growth of a thermophilic organism. Thallium ion, of 
course, is a toxic substance and care should be taken to avoid contact 
with the skin and to avoid inhalation of the dry powder. 

Nuclear magnetic resonance 
The ( I  -"C)Trpl'-GA and the mal(l-13C)Trp' I-GA carbonyl carbon 

chemical shifts were measured on a JEOL FX-100 nuclear magnetic 
resonance spectrometer equipped with a 10 mm multinuclear brobe 
operating at 25 MHz under conditions of complete proton noise decou- 
pling and internal deuterium lock. The spectra were accumulated at 
70°C in order to facilitate observation of the broad signal of the 
enriched peptide carbonyl. Spectra of the lysolecithin packaged chan- 
nel are given in Fig. 2 where the ~ r p "  carbonyl carbon is seen as the 
broad resonance just upfield from the sharp signal of the lysolecithin 
carbonyl carbon at 174 ppm. 

~ h ~ n  incorporated into lysolecithin-Gramicidin bilayers, the 
chemical shifts of the enriched Trp" and TrpI3 labels in the presence 
of negligible ion concentration (0.5 mM NaCI) at 70°C are 170.23 and 
170.16 ppm, respectively, from external hexamethyldisiloxane. (In 
practice measurement is from the --(CH?),, resonance of the fatty 
acid which is found to be 29.1 ppm from external hexamethyldi- 
siloxane.) These values were obtained from the spectra of three differ- 
ent incorporations of the (I-"C)Trp1I-Gramicidin and five incorpo- 
rations with eight separate nmr samples of the (I-13C)~rp13-Grami- 
cidin and are reported with a standard deviation of 20 .06  ppm. This 
provides a measure of the precision with which the enriched carbonyl 

FIG. 2. Carbon-13 nuclear magnetic resonance spectra at 25 MHz 
and 70°C of the carbonyl region of lysolecithin packaged I-I3C en- 
riched TrpI3 Gramicidin A. The broad upfield resonance is from the 
enriched peptide label and the sharp resonance at 174 ppm is from the 
lipid carbonyl. Two spectra are overlaid -one without (curve a )  and 
one with (curve b) potassium ion present - showing the change in the 
chemical shift of the ~ r p ' ~  carbonyl carbon upon addition of 800 mM 
KCI. 

carbon chemical shift values may be determined in this system. Upon 
addition of ion, the change in chemical shift of the peptide carbonyl 
was determined by overlaying the lineshapes of the Trpt3 or Trp" 
signals in the presence of potassium or thallium ion with a reference 
spectrum taken without any potassium or thallium ion present. With 
this overlay the difference between the sharp lipid carbonyl signals 
(which did not exhibit a change in chemical shift upon addition of ion) 
becomes the ion-induced chemical shift. 

Data analysis 
From the dependence of the "C chemical shift on the KC1 and TlAc 

concentrations, binding constants and the values of the chemical shifts 
due to site occupancy may be derived by fitting the titration curves 
according to the correct occupancy model. It has been demonstrated 
that there are two sites related by two-fold symmetry (refs. 9, 14 and 
see Discussion below). The method of analysis for studying ion nmr 
data has been already discussed in detail elsewhere (4-6, 8).  Slight 
modification in procedure is required for analyzing the "C chemical 
shifts. The procedure is given for the two-site case. Taking 6, to be the 
observed "C chemical shift in the absence of ion binding, 6, to be the 
chemical shift when one ion is in the channel and exchanging rapidly 
between the two sites, and 6, to be the chemical shift at the high ion 
concentration limit, i.e., the chemical shift when the second site is 
also occupied, the observed chemical shift, 6, will be given by 

Co C I  Cr 
[ I ]  6 = - 6' + - 6, + - 6, C?. CT C?. 

where, Co, C I  and C1 are, respectively, the concentrations of empty, 
singly occupied, and doubly occupied channel molecules. If only one 
site is occupied, the two carbons experience the same chemical shift 
due to rapid exchange (i.e. xo S ox). The concentration ratios appear- 
ing in this equation are dependent on the binding constants K: and KF 
(see eqs. A3, A4, A5, and A6 in ref. 4). Measuring only the change 
in the "C chemical shift on addition of ion gives a 1 3 ~  = 0. Then, eq. 
[ I ]  reduces to 
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where CT is the total channel concentration. 
The activity coefficients were obtained for KC1 at 70°C for the 

concentration range of 5 mM to 1 M by taking into account the experi- 
mental activities at 25°C for various concentrations (Table 12-2-2A of 
ref. 15), the temperature dependence of activity coefficient (eq. 
12-4-3 of ref. 15) and the low concentration dependence (eq. 12- 1-9 
and Table 12-1-3A of ref. 15). The activity coefficients so obtained 
were found to be reproduced by the following equation: 

1978 CAN. J .  CHEM. VOL. 63. 1985 

[3] log (activity coeff.) = - 
0.57 V% 

+ 0.021 rn 
1 + 1.32 V% 

where rn is the molality. 
The fitting procedure employed to obtain binding constants is as 

follows: the concentrations of the various species, such as ion-free 
channel, free ions, singly- and doubly-bound channel are dependent 
on the binding constants, K; and K,", and the total ion and channel 
concentrations. For the two-site model these dependences are given by 
eqs. A l  to A8 of ref. 4 .  An iterative procedure (4) is employed for 

- 

_ j s d = t ~ ~ ~ p p m  

- 

,.,, 

[ K C I ]  (rnolor concentrotion) 
0.2 0.4 0 6 08 1.0 

solving these equations to obtain the complex concentrations from the 
binding constants and the total channel and ion concentrations. The 
curve fitting procedure consisted of adjusting the binding constants, 
K: and Kz,  and the chemical shifts, 6, and 6, of eq. [2], so as to 
minimize the sum of squares of differences between observed and 
calculated chemical shifts for various total ion concentrations. The 
binding constants were systematically varied in a step-wise manner; 
for a given pair of values of the binding constants, the chemical shifts, 
6, and 6,, were optimized using a quasi-Newton algorithm to min- 
imize the residual. This procedure was repeated for various values of 
K: and K r  in a wide region in the KL-K," lattice until the lowest 
residual was obtained. 

1.4 
14 

, -0 ' 
.,6.. 

.:6 0 ; 
M ~ I - ( ' ~ C - T ~ ~ "  G A )  

0 13c- Trp"  G A  

Results 

a 1.0 
0 

I 1 I I I I I I 
_---*  

- .----- 

. .  . .  

0.2 

Potassium ion binding 
Non-linear least squares analysis of the observed variation of 

the "C chemical shift, 6, with KC1 activity, using eq. [2], 
yielded the following values for the various constants: K: = 
28/M, K," = 2.4/M, 6, = 0.75 ppm and 6, = 2.48 ppm. Figure 
3 gives the experimental points and the theoretically calculated 
curve (dashed line). The agreement is very good. 

- r6' 

I 1 1  1 1 1 1  1 1 1 1 1 1 1 1 1  I I l l l l l l l  I I l l  

single site binding (Kb = 100/M) with a maximal chemical shift of 
about 1.5 ppm. For this curve to be reasonable the error near 3 mM 
TlAc would have to be as great as 0.3 ppm which is five times greater 
than the standard deviation for the measurements. The greater curva- 
ture of the experimental data at low ion concentration is considered in 
the Discussion. 

1.0 10.0 100.0 
I I I 1 I 

0 2 0 3 
log [ T I A C ]  ( m M )  

0 1 0 4  0 5 
[KCI]  (mo la r  oct iv~ty)  FIG. 4. Carbon-13 chemical shift dependence on thallium ion con- 

FIG. 3. Experimental data for the enriched carbonyl carbon chem- centration for (I-"C)Trpl' mal-GA (a) and (I-"C)Trpl'-GA (0) 
ical shift dependence on potassium ion concentration for the T r p ~ - 7  

carbonyl carbons of the gramicidin channel. The data are plotted as a 

carbonyl carbon of the gramic.din channel. The dashed curve is calcu- function of log TlAc concentration so that the low concentration range 
. . lated for a two site model which gives very good agreement to the and the two sigmoid curves - delineating the two channel binding 

. . . 

shifts. The solid curve is the best fit which may be obtained sites - may be clearly seen. The standard deviation (sd) for deter- 
assuming a single binding site in the channel which can be seen to mining chemical shift as discussed in the Experimental is given as a 

correspond very poorly to the experimental data. bar denoting k0 .06  ppm. The dashed curve represents a calculated fit 
to the data for a two site channel. The solid curve is that reauired for 

That it is necessary to invoke multiple occupancy in the 
channel in order to successfully analyze these data, may best be 
demonstrated by a further fitting of the data assuming K," = 0, 
i.e. by disallowing a second ion to bind a singly occupied 
channel. The best fit obtained holding K," = 0, i.e. for single 
occupancy only, is shown in Fig. 3 as the solid curve. The 
optimum values for this fitting are Kb = 6.6 M-' and 6, = 1.5 1 
ppm. It is readily apparent that the agreement with experi- 
mental data is not satisfactory for a situation limited to single 
occupancy. The observed data, showing a steep rise at low ion 
concentration, i.e. up to 150 mM, and a slow increase con- 
tinuing to 1000 mM, is inconsistent with a single occupancy 
model. This provides evidence for two binding sites in the 
channel with both of them being occupied to an appreciable 
fraction at high ion concentrations. The presence of two sepa- 
rate binding processes is even more apparent for thallium ion 
(see below). 

Thallium ion binding 
The thallium ion induced carbonyl carbon chemical shifts for 

(1-"C)Trp13-GA and for mal(l-'3C)Trp"-GA are plotted in Fig. 
4 as a function of log [TlAc]. The two sets of data are plotted 
together to show clearly the close similarity between data ob- 
tained on both GA and mal-GA and to show the extent of 
scatter within a given titration. Two sigmoid curves are clearly 
seen within the two sets of data and within the scatter for each. 
One sigmoid curve is centered between 1.5 mM and 2 mM 
TlAc and the second near 20 mM TIAc. While there is more 
scatter in these latter data, there could be a suggestion that the 
second binding process is slightly weaker for mal-GA than for 
GA as was found for sodium ion (5, 8). What is apparent when 
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W I R E  MODEL AND ION BINDING SITES OF THE 

G R A M I C I D I N  A T R A N S M E M B R A N E  C H A N N E L  

FIG. 5 .  Molecular structure of the Gramicidin A transmembrane 
channel. A .  Space filling model in channel view showing peptide 
carbonyl oxygens of residues 15, 13, and I1 directed outward into 
solution. B. Channel side view showing two molecules associated 
head-to-head (formyl end to formyl end) with the formyl hydrogens in 
contact at center. Reproduced with permission from ref. 21. 

following the channel itself is that there are two binding pro- 
cesses, one with a binding constant of the order of 103/M or 
greater and a second which is weaker by an order of magnitude 
or more. The dashed curve in Fig. 4 was calculated using eq. 
[2] with Kb = 5000/M, K r  = 70/M, 6, = 0.8 ppm and 6, = 
1.4 ppm. An intriguing feature of the data is the sharpness of 
curvature coming into the first sigmoid near 1 mM TlAc which 
cannot be fit even with a tight binding constant of 5000/M. 
Additional experiments have been run to check this sharpness 
and indeed it is very reproducible. This feature is discussed 
below in terms of an ion induced disaggregation of channels 
giving rise to a positive cooperativity. 

Discussion 
While there have been a number of structural motifs sug- 

gested for the Gramicidin A channel (14-18), it is now well- 
established, both in planar bilayers (19) and in suspensions of 
channels (9, 20), that the structure is as proposed in 197 1 (1 4) 
and as given in Fig. 5. This is a head-to-head (formyl end to 
formyl end) hydrogen bonded dimer of two left-handed, single 
stranded - ~ , 6  : - helices (2 1). Ion-induced carbonyl carbon 
chemical shifts observed in a set of single residue (I-"C) 
enriched syntheses (10) are seen in Fig. 6. In the upper part of 
the figure is a wire model, including backbone atoms and 
P-carbons of the channel structure, and plotted below it are the 
ion-induced carbonyl carbon chemical shifts which demon- 
strate two ion binding sites related by a two-fold symmetry axis 
and separated by about 22 A. This two-fold symmetry is re- 
sponsible for the symmetric current/voltage curves exhibited 
by single channels (22) which requires that the free energy 
profile for ion movement through the channel be symmetric 
about the midpoint (3). Thus the activity of the malonyl dimer 
(14, 23) in which the formyl moiety is removed from each of 
two GA molecules and the two molecules are covalently 
bridged by the -CO-CH,-CO- moiety in itself, is 
demonstration of the structure in Fig. 5. The issue is now one 
of ionic mechanism, and the already demonstrated location of 
ion binding sites is an important step in determining mech- 
anism. As shown in this report, the ion-induced carbonyl car- 

C o r b o n y l  Oxygen  P o s i t i o n  

FIG. 6. Above: Wire model of the Gramicidin transmembrane 
channel displayed with the two forrnyl moieties at center as in Fig. 5B. 
Below: Plotted with respect to the carbonyls of the wire model above 
are the ion induced carbonyl carbon chemical shifts for thallium ion 
and for sodium ion. The observed chemical shift for TI' is larger than 
for Na' because at the ion concentrations used there was greater 
occupancy for TI' than Na+. Plotted on the left hand ordinate are the 
downfield chemical shifts exhibited by the Laresidue carbonyl car- 
bons showing two well-defined and localized binding sites with two- 
fold symmetry. The chemical shifts due to the D.Va18 and D.Leul' 
residues (given as x ' s )  are plotted on the right hand ordinate. 'The shift 
exhibited by the D a ~ e u "  residue but not by the D .va lx  residue 
demonstrates that the structure is that of a left-handed helix. Re- 
produced with permission from ref. 3. 

bon chemical shifts of a carbonyl at the binding site can also be 
used to estimate the magnitude of binding constants and to 
determine the conditions for single and double ion occupancy. - - 

An estimate of the expected magnitude of carbonyl carbon 
chemical shift resulting from monovalent cation binding can be 
obtained from a carbon- 13 nmr study of potassium ion binding 
to enniatin B (24). The crystal structure of the enniatin B-K+ 
complex has been determined; the direct binding of carbonyls 
with K+ has been demonstrated; and the relative orientation of 
K+ and carbonyls is known (25). In analogy to Gramicidin A, 
enniatin B has an alternating L-D sequence; being a cyclic 
hexapeptide it has six residues in a cycle. This is analogous to 
the GA channel with 6.3 residues/turn. Accordingly mono- 
valent cation binding would be very similar. The enniatin 
B-K' complex may be considered to be the cyclic con- 
formational correlate of the cation containing Gramicidin A 
channel; and the chemical shifts exhibited by enniatin B car- 
bonyls on binding K+ of 1.5 to 2 ppm (24) can provide an 
estimate of the expected carbonyl carbon chemical shift on 
complete occupancy of a GA channel binding site. Since the 
magnitude of the observed carbonyl carbon chemical shift is 
proportional to the ion concentration and the resonance line 
width does not vary significantly through the titration, the sites 
are under conditions of rapid exchange. This being the case, 
one ion in the channel would be equivalent to half occupancy 
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of the two structurally equivalent sites and the expected chem- 
ical shift for one ion in the channel would be 0.7 to 1 ppm. Two 
ions in the channel, one at each site, would be expected to 
result in a chemical shift of 1.5 to 2 pprn As is apparent in the 
Results section (see Fig. 3 and the corresponding analysis), 6, 
for potassium is 0.75 ppm. The chemical shift due to complete 
occupancy, S,,, is 2.48 ppm, i.e. close to the maximum ex- 
pected for the enniatin B-K+ study (24). For the thallium ion 
binding study the two binding processes are easily resolved and 
the obvious break in the titration curve near 0.8 ppm on the 
chemical shift axis and 4 mM on the ion concenttation axis 
defines completion of the titration for entry of the first ion in 
the channel. Above this concentration double occupancy is 
occurring. Thus it is clear that, at ion concentrations where 
single channel conductances are commonly measured in the 
planar bilayer studies, substantial double ion occupancy would 
be occurring at 70°C. 

Since conductance studies are normally carried out at lower 
temperatures, it is useful to have some understanding as to the 
temperature dependence of the ion binding constant; This has 
been done by determining ion binding to the malonyl GA 
channel at 30°C, 45"C, 60°C, and 75°C by means of sodium-23 
nmr longitudinal relaxation rate studies. Over this temperature 
range AH and AS are found to be quite small and the-binding 
constant for the tight site (single ion occupancy) changes by 
less than a factor of three (Urry, Trapane, and Venkatachalam, 
to be published). It has also been found, using potassium-39 
nmr longitudinal relaxation rate studies, that the binding con- 
stant for the weak site at 30°C is approximately 3.5/M which 
is essentially the same as obtained from analysis of the data in 
Fig. 3 (i.e. 2.4/M). Thus it is not unreasonable to consider the 
data of Figs. 3 and 4 to be relevant to conductance by the 
Gramicidin transmembrane channel as measured by planar bi- 
layer studies and to be similar to data obtained at 25 to 30°C. 

Before considering estimates of binding constants from pla- 
nar bilayer studies, it is useful to note an additional feature that 
is apparent in the TIt titration of Fig. 4 when the tight binding 
constant is of the order of 103/M. The sharpness of the curva- 
ture of the titration curve between 0.6 and 2 mM TlAc suggests 
a positive cooperativity, that is, a process whereby the binding 
constant increases with increasing concentration. Such an ef- 
fect could result from an ion induced structural change from a 
low binding state to a higher binding state. It is relevant to note 
that the channels incorporated into lysolecithin bilayers, as 
described in the Experimental section, results in particles being 
seen in freeze fracture electron microscopy studies indicative of 
clusturing of channels, possibly up to a-hexameric aggregate 
(26). Thus the early ion binding could be weak until sufficient 
binding occurs to result in disaggregation at which point the 
tight binding site is formed. 

The working hypothesis is that ion binding is weak when the 
channel is aggregated, that initial ion binding causes disaggre- 
gation and that ion binding to the dispersed channel is stronger. 
Freeze fracture electron microscopy studies are underway to 
examine the incorporated state of the channel as a function of 
ion concentration. Preliminary results indicate an absence of 
observable aggregates when thallium ion concentration is 10% 
greater than the channel concentration (I. Pasquali-Ronchetti, 
L. Masotti, and D. W. Urry, unpublished data). 

On the basis of the preceding several paragraphs, the binding 
constants obtained in this study may now be compared to pre- 
vious studies of channels in suspensions and to studies in- 
volving fitting of conductances observed in planar bilayer stud- 

ies. The estimates obtained here for the binding constants for 
potassium ion binding to the Gramicidin A channel are 28/M 
for the tight site (single ion occupancy) and 2.4/M for the weak 
site (double ion occupancy). These values may be compared 
with those obtained from conductance studies by Eisenman et 
al.  (27) of 40/M and 1.5/M and by Urban et al.  (28) of 410/M 
and 0.7/M, respectively for the tight and weak sites. More 
recent values of Eisenman and Sandblom give 12/M for the 
tight site (29). The correspondence with the data of Eisenman 
et al .  is quite satisfactory. 

While for thallium ion the apparent positive cooperativity 
must yet be properly analyzed, it is reasonable to consider 
values of - 1000/M for the tight site. For this site Veatch and 
Durkin'(30) report values of 500 to 1000/M using equilibrium 
dialysis with dimyristoyl phosphatidylcholine vesicles, and 
Hinton et al .  (31, 32) report a value of 900/M using the same 
system as studied here but following binding by thallium-205 
nrnr chemical shift. Values derived from planar bilayer conduc- 
tance have ranged from 500/M to 3600/M due to studies of 
Eisenman et al.  (29,33) and 9000/M due to Hladky et al. (34). 
Part of this variation could be due to the need to consider 
properly the positive cooperativity apparent in Fig. 4. 
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Molecular and electronic structure of ozone and thiozone from LCAO local 
density calculations 
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MARIO MORIN, ANIKO E. FOTI, and DENNIS R. SALAHUB. Can. J .  Chem. 63, 1982 (1985). 
LCAO local de!sity calculations for ozone yield a ground state geometry in good agreement with experiment (R = 

1.27 A vs. 1.278 A (exp.), 0 117.5" vs. 116.8" (exp.)). A second local minimum is found about 45 kcal/mol higher for 
a cyclic geometry (R = 1.44 A, 8 = 60"). For S, the calculations predict a bent ground state (R = 2.00 A, 0 = 1 16") with 
the cyclic geometry (R = 2.125 A, 0 = 58") about 15 kcal/mol higher. 

MARIO MORIN, ANIKO E. FOTI et DENNIS R. SALAHUB. Can. J .  Chem. 63, 1982 (1985). 
Des rCsultats de calculs du type LCAO densit6 locale sont en bon accord avec I'expCrience pour la gComCtrie de I'ttat 

fondamental de I'ozone (R = 1.27A vs. 1.278 A (exp.); 0 = 117.5" vs. 116.8" (exp.)). Un deuxikme minimum local pour 
une gComCtrie cyclique (R = 1.44 A, 0 = 60'1 est prCdit a une Cnergie plus 6levCe d'environ 45 kcal/mol. Pour S3 les calcujs 
prkdisent une gComCtrie ouverte (R = 2.00 A, 0 = 116") pour I'Ctat fondamental avec la forme cyclique (R = 2.125 A, 
0 = 58") i peu prks 15 kcal/mol plus haute. 

Introduction 
The ozone molecule has been the object of numerous experi- 

mental (1-6) and theoretical (7- 13) studies. Because of its 
high biradical character (7, 9,  11, 12) it has become a classic 
example of a case where single determinantal Hartree-Fock 
theory is inadequate. In the usual wave function theory at least 
two determinants must be mixed to achieve a reasonable qual- 
itative description. On the other hand, X a  (14-16) calcu- 
lations, which should be viewed as approximate applications of 
density functional theory (17, 18), have yielded the correct 
singlet ground state and accurate values for the ionization po- 
tentials and many low-lying excitation energies (8, 13). These 
X a  calculations were performed with either the scattered-wave 
(16) or LCAO (Gaussian) (19, 20) version of the method and 
only the equilibrium geometry was considered. A direct opti- 
mization of the geometry was carried out by Laidlaw and 
Trsic (10) using the discrete variational (21, 22) X a  
(Hartree-Fock-Slater) method. 'Their results were discour- 
aging in that a closed geometry having a bond angle near 60" 
and involving six n electrons was predicted to lie lower in 
energy than the experimentally observed open form (8 = 1 17") 
which involves four n electrons. 

Ozone's third row congener thiozone is less well charac- 
terized. Although S1 has been observed in sulfur vapour and 
liquid and its ionization potential is known (23) its structure has 
not been experimentally determined. Only a few electronic 
structure calculations have been performed for S3. The Xa-SW 
method was applied (24) to the study of structural changes 
accompanying oxidation or reduction. Examination of the or- 
bital energies and wave functions led to the suggestion that an 
open form with an angle of about 120" would be a reasonable 
choice for the ground state. Hartree-Fock calculations (25) 
using a double 5 basis set predict the closed form as the lowest 
energy conformer although the authors point out, by analogy 
with more accurate calculations for ozone, that correlation and 
polarization effects would likely reverse the order and place the 
open form lower. The DVM-Xa (HFS) calculations of Laidlaw 
and Trsic (10) also predict the closed form as the more stable 
conformer. However, as mentioned above, similar calculations 
for ozone yield erroneous results. 

In this paper results of LCAO local density calculations for 

0, and S1 are reported. The study was undertaken: ( i)  to deter- 
mine whether the false energetic ordering of the closed and 
open forms of O1 (and perhaps S1) found in the DVM study (10) 
represents an intrinsic failure of local density functional theory 
or rather is due to inaccuracies in the particular method chosen 
to solve the local density equations; (ii) to complement our 
previous Xa-SW (8) and LCAO-Xa (13) studies of O3 by 
optimizing the geometries of both open and closed forms; (iii) 
to complement our previous Xa-SW study of S3 (24) with total 
energy results; (iv) to provide a further comparison (26-29) of 
X a  results with those obtained using a more accurate treatment 
of correlation in the underlying calculations on the homoge- 
neous electron gas (30); and (v) to check for the possibility of 
broken-symmetry (antiferromagnetic) solutions (29) which 
might be suspected for the case of a singlet biradical. 

Our calculations indicate that: (i) for both O3 and S3 the open 
form is more stable. This is in contrast to the published DVM 
results but agrees with a more recent study (31) using a tran- 
sition state approach to the binding energy. The latter approach 
is thought to be more accurate; (ii) the calculated geometry of 
ozone is in good agreement with experiment; (iii) the rough 
geometry prediction for S3 based on Xa-SW calculations (24) 
is borne out by the LCAO-Xa total energy results; (iv) X a  and 
VWN (30) potentials yield very similar results for S3; and (v) 
the symmetry-adapted (Cz,) solutions are stable with respect 
to broken-symmetry (C,) configurations of biradical (anti- 
ferromagnetic) character. 

Computational details 
The calculations were performed with the LCAO-Xa code of 

Dunlap et al. (20) slightly modified to permit the use of dif- 
ferent approximations for the exchange-correlation potential 
and energy. Those employed here are X a  with the value of a 
taken from Schwarz's compilation (32) and the correlated po- 
tential of Vosko, Wilk, and Nusair (30). The latter represents 
an accurate interpolation-extrapolation of Monte-Carlo calcu- 
lations (33) on the correlated homogeneous electron gas which 
are thought to be nearly exact. Hence, if the local density 
equations are solved to high accuracy using the VWN potential, 
any remaining errors should be ascribed to non-local effects. 

The (9s /5p)  orbital basis set for 0 was taken from Huzinaga 
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I I I I I I 
60" 90" 1 2 0 "  150" 186 

8 

FIG. 1. LCAO-LD (VWN) Walsh Diagram (orbital energy vs. 
bond angle, 0) for R = 1.27 A. The HOMO is marked by an X .  For 
0 = 90" double occupation of either the uppermost b2 or b, level led 
to violation of Fermi statistics so the values shown are for single 
occupation of each of these levels. The slight lack of degeneracy for 
the lower T, level at 0 = 180" arises since the calculations were 
performed with CZ, symmetry constraints and the exchange fitting grid 
is not exactly cylindrically symmetric. 

(34) and either augmented or not with a set of d functions of 
exponent 0.8. For S we have used the Veillard (35) ( 1 2 ~ 1 9 ~ )  
basis again either augmented or not with d polarization func- 
tions (exponent 0.8). Some tests were made for S with a 
slightly more diffuse d function (exponent 0.6). While this led 
to a slight lowering of the total energy (-6 kcal/mol for each 
point considered) the equilibrium geometry was negligibly af- 
fected. These basis sets, including the polarization functions, 
are very similar to those used by Huzinaga and Yoshimine (36) 
for calculations on SO,. The significance of the d functions will 
be addressed later. 

Auxiliary basis sets to fit the charge density and the 
exchange-correlation potential and energy were constructed as 
suggested by Dunlap et al. (20) including the use of bond- 
centered s functions (exponents 1.0 and 0.25). Tests for the 
cyclic form of ozone, in which zero, two or three bond- 
centered fitting functions were employed showed their effect to 
be negligible (<0.2 kcal/mol). 

Results and discussion 
Ozone 

Two regions of the potential energy surface are of particular 
interest. The ground state equilibrium geometry has a bond 

FIG. 2. Schematic diagram for the one-electron orbital wave func- 
tions of 0, and S, for 0 = 60, 120, and 180". The orbitals are not 
shown in energetic order for the 60" column but rather are aligned with 
the Cz,, orbital to which they correspond. The orbital energies may be 
found in Figs. 1 and 4. For degenerate orbitals both symmetry com- 
ponents of the orbital are given. The T orbitals are designated by 
circles. Black indicates positive and white negative values of wave 
function. 

length of 1.278 A and an p n g l ~  0 4 1  16.8' (J). The electronic 
configuration ( . . . 1 b: 2b; 3a; l a ;  3b: 4 a , )  involves four T 
(b,  and a,) electrons. A second local minimurrf exists in the 
region of 60" and its configuration (3a: lb: 2b;4a: la: 2b:) 
has six T electrons. The rationale for the configuration change 
may be readily gleaned from the Walsh diagram shown in Fig. 
1 and sketches of the MOs (Fig. 2). Briefly stated, if one starts 
with the equilateral form, then both the bonding (b,  (a; under 
D,,)) and antibonding (a, and b, (e" under D,,,)) T orbitals 
are occupied. The anti-bonding (b, (a; under D,,)) a level is 
empty. Opening the angle stabilizes the a level (relieving the 
1-3 antibonding interaction) and destabilizes the b, component 
of the upper T level which is 1-3 bonding, leading to the 
configuration change. While this qualitative aspect of ozone's 
electronic structure seems straightforward enough, the question 
of the relative stabilities of the two forms is a quantitative one 
and rather delicate. It can serve as a stringent test of a quantum 
chemical method. 

The salient results of our calculations using the VWN cor- 
related potential are gathered in Table 1. We first note that with 
the polarized basis set agreement with the experimental geom- 
etry is excellent. The closed form is predicted to lie about 
46 kcal/mol above the ground state. This may be compared 
with the value of 28 kcal/mol derived from the configuration 
interaction calculations of Hay and Dunning (9). After the 
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TABLE 1. Calculated LCAO-LD (VWN) and experimental geometries and energies for O3 

R e E AE;,,, AE:-= 
Basis (A) (deg) (hartree) (kcal/mol) (kcal/rnol) 

Exp. 1.278' 116.8" 
Open (9s/5p/Id)  1.27 1 17.5 -223.9459925 

form 41.6 
( 9 ~ 1 5 ~ )  1.35 119 -223.8798338 

Closed (9s /5p / ld )  1.44 60 -223.8723637 46.3 
form 40.9 

( 9 s / 5 ~ )  1.50 6 1 -223.8072955 45.6 

"Effect of d polarization functions on energies. 
'Energy difference between open and closed forms. 
'Reference 1. 

FIG. 3. Orbital energies for ozone relative to that of the HOMO 
(Er) for: (a )  the ( 9 ~ 1 . 5 ~ )  basis, VWN potential, R = 1.27 4, 0 = 
117.5"; (b) the (9s/5p/ ld)  basis, VWN potential, R = 1.27 A, 0 = 
117.5"; (c)  the Xa-SW results read from Fig. 1 of ref. 8. R = 1.278 
A, 0 = 116.8". The values of E, are (a )  -6.4 eV, (b) -6.1 eV, and 
(c) -8.1 eV. 

original version of this paper was submitted, results were re- 
ported of an extensive C1 study including ~ 6 0 0  000 config- 
urations by the Moiler-Plesset barycenter method. Feng et al. 
(41) find the closed form 38 kcal/mol above the open form. In 
their transition state DVM calculations, Laidlaw and Trsic (3 1) 
find an open-closed separation of 21 kcal/mol, thus reversing 
their previous conclusion (10) about the energetic order of the 
two forms within the HFS(Xa) model. While the agreement 
between the two techniques (DVM and LCAO (Gaussian)) of 
solving the Xa equations is improved by the new calculations, 
there remains a discrepancy of about 25 kcal/mol. To our 
knowledge there is no experimental information on the energy 

position or the geometry of the closed form. 
Consistent with the experience from ab initio calculations (9) 

we find that the ( 9 ~ 1 . 5 ~ )  basis leads to significant errors in the 
bond lengths. The polarized basis yields shorter bonds by 
0.08 A and 0.06 A for the open and closed geometries, 
respectively. The energy lowerings (including the effects of 
geometry relaxation) are nearly identical for the open and 
closed forms. Hence, the open-closed energy difference is 
correctly predicted by the sp-basis even though the sp geome- 
tries are seriously in error. The effect of the d functions on the 
orbital energies at the equilibrium geometry is shown in Fig. 3. 
The HOMO'S have been aligned, which involves a shift of 
0.3 eV. Once this is done the positions of the levels with and 
without polarization functions agree to within 0.25 eV, an 
adequate-precision for spectral assignments (13). However, for 
quantitative results, it is clear that the widely used ( 9 ~ 1 5 ~ )  
basis should be augmented with polarization functions. 

We also show in Fig. 3 the orbital eigenvalues from Xa-SW 
calculations (8). Comparison of these results, which involve 
the muffin-tin approximation, with those of the LCAO method 
will serve to quantify the errors in the former. We note first, as 
has been previously pointed out (13) that the uppermost a,  and 
b2 levels are inverted, the LCAO results following the experi- 
mental order. However, since these levels lie very close to each 
other this should not be viewed as a serious condemnation of 
the SW results. In addition the a, 7~ level is significantly more 
stable in the LCAO results. The same is true of the lower-lying 
b ,  7~ level, the differential shift being about 1 eV. The relative 
positions of the lower-lying al  and b2 a levels are also signifi- 
cantly different in the two methods. While the general features 
of the ozone electronic structure are reasonably given by the 
SW approach and the ionization potentials and several ex- 
citation energies involving the upper three occupied orbitals are 
of a useful accuracy (8), the comparison provided by Fig. 3 
should make it clear that interpretations based on finer details 
of the SW results for a molecule such as this should be viewed 
with caution. 

Thiozone 
Not surprisingly the Walsh diagram for S3 (Fig. 4) has a 

similar structure to that of 0,. There is some noticeable differ- 
ence in the behaviour of the unoccupied a l  level in the region 
near the linear geometry. For S3 it proved impossible to satisfy 
the Fermi statistics for this geometry, the a, and IT, levels being 
nearly degenerate; whereas for 0, the a, level is about 0.8 eV 
above nu. Figure 4 is also quite similar to that previously 
generated by the Xa-SW method (Fig. 2 of ref. 24). Again the 
detailed behaviour of the unoccupied a ,  level differs between 
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MORIN ET AL. 

TABLE 2. Calculated LCAO-LD (VWN and Xa) geometries and energies for S3 

R 0 E A E;,,I A E ~ - ~  
Basis (A) (deg) (hartree) (kcal/rnol) (kcal/mol) 

VWN 
Open (12s/9p/ld)  2.00 116 -1190.520476 

form 40.5 
( 1 2 ~ / 9 ~ )  2.11 116 -1190.456167 

Closed (12s/9p/ld) 2.125 58 - 1190.498012 14.1 
form 35.2 

( 1 2 ~ / 9 ~ )  2.27 61 -1190.442064 8.9 

Xa 
Open (12s/9p/ld) 1.99 116 -1192.809771 

form 41.9 
( 1 2 ~ / 9 ~ )  2.11 116 -1192.743089 

Closed (12s/9p/ld) 2.125 58 - 1192.785316 15.4 
form 36.2 

( 1 2 s / 9 ~ )  2.26 61 - 1 192.727739 9.7 

8 

Frc. 4. LCAO-Xa Walsh diagram o(orbital energy vs. bond 
angle, 0) for S, calculated for R = 1.99 A. The HOMO is marked by 
an X .  For 0 = 90" double occupation of either the uppermost bz  or b l  
level led to violation of Fermi statistics so the values shown are for 
single occupation of each of these levels. For 0 = 180" the Fermi 
statistics are not satisfied, .rr. is empty - see text. 

the two methods. This may be due to muffin-tin errors, the lack 
of d waves in the SW calculation and/or an inadequacy of the 
LCAO basis set for this higher-lying orbital. Since the orbital 
is empty for the physically interesting geometries we will not 
dwell on the matter. 

The geometry and total energy results are summarized in 
Table 2. We first point out that the Xcx and VWN potentials 
yield nearly identical geometries and energy differences. As 

was the case for ozone, the ground state of thiozone is found 
to be the open form, with a bond angle of 116". The closed 
form lies about 15 kcal/mol higher. This may be compared 
with the value 17 kcal/mol from the very recent CI calculations 
of Feng et al. (41) and with the DVM transition state (3 1) value 
of 11 kcal/mol. Once again the d polarization functions have 
a large effect. They accqunt for a shrinking of the bond length 
of about a tenth of an Angstrom for all cases. The effect of 
polarization functions on the relative energies of the closed and 
open forms is considerably more marked for S, than was the 
case for 0 3 ;  the open-closed separation increases by about 
5 kcal/mol when d functions are added to the basis. 

The effect of the d functions and the choice of exchange- 
correlation potential on the orbital energies is shown in Fig. 5 .  
After a uniform shift of 0.6 eV the (relative) Xcx and VWN 
eigenvalues are practically identical. The differential shifts due 
to the d functions are again quite small, the largest being about 
0.25 eV. 

Comparison with the SW results follows similar lines as for 
ozone. The muffin-tin calculation correctly interprets the gen- 
eral features; however once again the .rr levels are destabilized 
relative to the LCAO results and there is a significant change 
in the spacing of the lower lying u levels. 

Symmetry breaking 
Ab initio calculations (7, 9- 12) have shown that ozone has 

a high biradical character. Within the Generalized Valence 
Bond (GVB) approach (7) this can be interpreted in terms of 
partially localized orbitals which result from strong "left- 
right" correlation. Proper space- and spin-symmetry adapted 
many electron wave functions are then constructed from these 
broken-symmetry orbitals. The simplest reasonable wave func- 
tion consists of two determinants, the first having an up-spin n 
electron localized primarily on one terminal atom and a down- 
spin n electron localized on the other. The second determinant 
is the mirror image of the first. A somewhat analogous situation 
arises in the antiferromagnetic transition metal dimers (29) and 
here it has been found that localization of the Local Spin Den- 
sity (LSD) orbitals is an important aspect of the calculations. 

We have therefore examined the possibility of symmetry- 
breaking for O3 and S3. Spin-polarized calculations were 
started by arranging the exchange-correlation fitting coeffi- 
cients to be fully polarized in an antiferromagnetic manner and 
imposing C, symmetry constraints. For both molecules the 
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1 Xa Xa VWN VWN Xa-SW 

FIG. 5. Orbital energies for thiozone relative to that of the HOMO 
(EF) for (a )  the ( 1 2 ~ 1 9 ~ )  basis, Xa potential, R = 2.) 1 A, 0 = 116"; 
(b) the (12s/9p/ld)  basis, Xa  potential, R = 1.99 A ,  0 = 116"; ( 6 )  

the (12s/9p/ 1 d)  basis, VWN potential, R = 2 . 9  A, 0 = 1 16"; (d)  
the (12s/9p) basis, VWN potential, R = 2.00 A, 0 = 116"; (e) the 
Xa-SW overlapping spheres results from ref. 24, R = 1.98 A, 0 = 
120". Thevalues ofEfare (a)  -6.0eV, (b) -5.99eV, ( c )  -6.60eV, 
(d) -6.60 eV, (e) -6.60 eV. 

calculations converged back to the fully symmetry-adapted 
(C2,,) situation. W e  also performed similar tests for bond angles 
increased to as much as 150" which should favour localization. 
In all cases fully delocalized orbitals resulted. The situation is 
somewhat analogous to that found for H2 (37), Na2 (38), o r  Cu2 
(39) where LSD calculations yield delocalized orbitals in the 
region of the equilibrium geometry. The orbital localization 
which is necessary for correct dissociation only occurs at much 
longer R. GVB orbitals for H2 (40) are already partially local- 
ized at the equilibrium distance and the situation would un- 
doubtedly be similar for Na2 or  Cup In all of these cases the 
local density approach yields very satisfactory values of R, 
and o,.' 

Concluding remarks 
Contrary to  the impression which may have been created by 

ref. 10 the present results for ozone show that local density 
functional theory is capable of furnishing accurate geometrical 
information for molecules of this type. The ozone results also 
allow us to  state with confidence that thiozone is bent withoa 
bond angle of about 116" and an S S  distance of about 2.00 A. 
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F. GREIN. Can. J .  Chem. 63, 1988 (1985). 
Using gradient optimization techniques with 4-31G basis sets, the geometries of methanol, the three fluoromethanols, and 

their protonated species were optimized. Protonation on oxygen and fluorine was considered. The calculated proton affinities 
(PA) in kcal/mol are 181 .O/ 178.1 for CH2FOH, 162.3/162.6 for CHF,OH, and 148.0/142.5 for CF30H, the first number 
for 0 -  and the second for F-protonation. 

F. GREIN. Can. J .  Chem. 63, 1988 (1985). 
Utilisant des techniques d'optimisation des gradients avec des ensembles de base 4-31G, on a optimist les gtomttries du 

mtthanol, les trois fluoromtthanols ainsi que celles de leurs especes protontes. On a considtrt la protonation de I'oxygkne 
ainsi que celle du fluor. Les affinitCs pour le proton (AP), calcultes en kcal/mol, sont de 18 1,0/178,1 pour le CH2FOH, de 
162,31162.6 pour le CHF,OH et de 148,0/142,5 pour le CF30H. Les premieres valeurs correspondent aux fluoromtthanols 
non protonts sur le 0 tandis que les secondes co&espondent aux protonations sur le fluor. 

[Traduit par le journal] 

Introduction 
a-Fluoro alcohols are difficult to synthesize due to elimi- 

nation of HF. Trifluoromethanol CF30H has recently been 
prepared by Kloter and Seppelt (1) at low temperature. It has 
a boiling point of -20°C, and decomposes to CF?O and HF at 
room temperature. The protonated form of H,FCOH has been 
reported by Olah and Mateescu (2). The structure was identi- 
fied by nmr. Attempts to isolate the free alcohol failed due to 
the loss of HF. Protonated difluoromethanol, HF2COH-Hi, 
has been identified by Clair and McMahon (3). It is known that 
the proton affinity (PA) of HF,COH is smaller than that of 
water (4). 

Preparations to obtain all protonated fluoromethanols and to 
measure their proton affinities by ion cyclotron resonance 
(ICR) spectroscopy techniques are under way (4), and some 
more information should be available soon. 

In aiding the experimental work, the equilibrium structures 
of the three fluoromethanols and their protonated species have 
been calculated by quantum chemical ab  initio methods, and 
their proton affinities predicted from the energy differences of 
the optimized structures. 

Methods 
All geometry optimizations (SCF gradient methods) were 

performed using the 4-31G basis set and modified versions of 
the HONDO5 ( 5 )  and an IBM version (6a) of the 
GAUSSIAN80 (66) computer programs. Usually, geometries 
were first optimized by the STO-3G basis set, providing the 
starting geometry for the (more expensive) 4-31G opti- 
mizations. All geometry parameters, both distances and angles, 
were allowed to vary, although in some cases one angle had to 
be fixed, as will be outlined. Protonation both on oxygen and 
fluorine was considered. 

Results 
Methanol 

The proton affinity of methanol was calculated by Del Bene 
et al. (7) to be 194.9 kcal/mol (185.8 kcal/mol if zero-point 
energy differences and perturbation estimates of the correlation 
energy are included), using a 6-31G** basis set for both the 
parent and the protonated species. The most recent experi- 

mental value of the PA is 182.2 + 2 kcal/mol obtained by ICR 
spectroscopy (8). Del Bene et al. found a large increase of the 
C-0 bond length upon protonation (from 1.400 to 1.5 1 1 A), 
indicating a possible dissociation to H20  + CH,'. 

Although there is no need to repeat the geometry opti- 
mization of CH,OH and its protonated species by the 4-31G 
basis set, it was found to be useful for comparisons. The opti- 
mized geometries are shown in structures I and 11, and given 
in Tables 1 and 2. The energies including PA are found in Table 
4. Comparison with the experimental geomctry of methanol (9) 
shows bond distance deviations up to 0.02 A which are consid- 
ered to be acceptable. Due to the inclusion of polarization 
functions, the optimized CO distance of Del Bene et ul. is too 
short. On the other hand, the CO length increases upon pro- 
tonation by about the same amount (from 1.430 to 1.542 A in 
this work). Our calculated proton affinity is 200.0 kcal/mol, 
about 5 kcal/mol higher than the 6-31G*'"alue obtained by 
Del Bene et al. Therefore, 4-31G calculations on the more 
difficult fluoromethanols are considered to be a reasonable 
compromise between accuracy obtained and effort made. Due 
to the emphasis placed in this paper on proton affinities, other 
theoretical treatments of methanol only will be ignored. 

+ H-X Y 
\ \ 

C-0 C-0 Y'Y BH 
z z' \ H 

111 IV 

Mono~uoromethanol 
For this molecule and the following members of the series, 

protonation on both oxygen and fluorine is possible, and it 
would be difficult from qualitative arguments to predict the 
preferred protonation site. Therefore, both types of protonation 
have been included in the calculations. The neutral species of 
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GREIN 

TABLE 1. Optimized 4-31G geometries of fluoromethanols, structure I," distances in A, angles in deg 

Distance Angle 

XYzCOH C-0 0-H C-X C-Y C-0-H X-C-0 Y-C-0 

HHzCOH 1.430 0.951 1.080 1.083 113.2 109.0 111.7 
expt , ref .9  1.428 0.967 1.098 1.098 107.3 

FHzCOH" 1.384 0.952 1.407 1.070 114.5 110.7 107.3 
HFzCOH 1.352 0.955 1.065 1.376 115.4 109.9 1 1 1 .O 
FFzCOH 1.338 0.954 1.357 1.346 115.9 112.1 110.7 

ref. 11 1.346 0.947 1.347 1.347 115.6 110.9 110.9 

"As described in the text, FHzCOH optimizes with OH staggered between CF and CH,. The distance C-H, 
is 1.070 A, as given in the table, whereas C-Hh is 1.076 A. The angle Ha-C-0 is 107.3", and Hh-C-0 
is 112.7". The energy is 6.5 kcal lower than the energy of the optimized structure I. 

TABLE 2. Optimized 4-31G geometries of fluoromethanols, protonated on 0, structure 11, distances in A, angles in deg 

Distance Angle 

XYzCOH2+ C-0 0-H C-X C-Y C-0-H X-C-0 Y-C-0 C-0-A H-0-H 

"Point A in structure I1 is a reference point, lying in the X-C-0 plane. such that OA bisects the HOH angle. 

TABLE 3. Optimized 4-31G geometries of fluoromethanols protonated on F, structure 111," distances in A, angles in deg 

Distance Angle 

(H'X)YZCOH C-0 0-H C-X C-Y C-Z X-H+ C-0-H X-C-0 Y-C-0 Z-C-0 C-F-H+ 

"The YZCOH fragments optimized to be nearly planar. Deviations from planarity are not given 
*Not allowed to optimize. 

TABLE 4. Energies (in hartree) of fluoromethanols and their protonated species, 
structures I to 111; predicted proton affinities (PA) in kcal/mol 

Molecule Neutral 0-protonated F-protonated PA-0 PA-F 

H3COH -1 14.87150 - 115.19017 200.0 
H2FCOH -213.61221 -213.90052 -213.89595 181.0 178.1 
HFrCOH -312.36022 -312.61877 -312.61933 162.3 162.6 
FsCOH -41 1.09844 -41 1.33418 -41 1.32552 148.0 142.5 

fluoromethanol is described by structure I, the 0-protonated 
species by structure 11, and the F-protonated species by struc- 
ture 111. In structure 111, YZCOH is nearly planar, with CZ and 
OH in cis positions. The optimized geometries are given in 
Tables 1 to 3, and the energies in Table 4. 

One would assume neutral monofluoromethanol to have 
structure I, with 0-H trans to C-F (C, symmetry). How- 
ever, it was found that a geometry with the dihedral angle of 
0-H 60.2" relative to C-F, starting from a cis- 
conformation, or 0-H in staggered position between C-F 
and C-H, leads to a lower energy (-213.61221 vs. 
-213.60192 hartree), with an energy difference of 6.5 
kcal/mol. This indicates less repulsion with (the more distant) 
fluorine than with a methyl hydrogen. An explanation based on 
the anomeric effect will be given later. The geometry parame- 
ters given in Table 1 are for the F/H staggered conformation. 

Optimization for structure I, imposing C, syymetry, leads to 
slightly different bond lengths (Rcg = 1.398 A, RoH = 0.95 1 
A, RCF = 1.386 A, RCH = 1.077 A). 

For 0-protonation (Table 2), the C-0 distance incre!ses by 
0.16 A, whereas the C-F distance decreases by 0.06 A. The 
C-H and 0-H distances remain nearly unchanged. The 
F-protonated molecul~ is characterized by the very large C-F 
bond length of 2.275 A, indicating the formation of the molec- 
ular complex HF-..H,COH'. Indeed, as will be shown later, 
the geometry of the complex is very close to the geometries of 
the individual components. The C-0 distance shortens by 
0.14 A. 

The calculated proton affinities are 18 1.0 and 178.1 kcal, for 
the 0- and F-protonated species, respectively. 'They are re- 
markably close together. Protonation on oxygen is preferred, in 
agreement with the analysis of protonated monofluoromethanol 
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TABLE 5. Optimized 4-3!G geometries and energies of (planar) YZCOH' cations, structure IV; 
distances in A, angles in deg, energy E in hartree, AE in k~al/mol".~ 

Distance 

YZCOH' C-0 0-H C-Y C-Z LC-0-H E AE 

H2COH' 1.246 0.967 1.072 1.075 124.6 - 113.98129 17.2 
FHCOH' 1.235 0.973 1.289 1.071 126.6 -212.70217 18.8 
F,COH' 1.232 0.973 1.270 1.282 127.2 -31 1.40526 20.7 

"AE is the stabilization energy of the molecular complex HF...YZCOH+ . 
"HF has a 4-31G optimized distance of 0.922 A with an energy of -99.88728 hartree. 

done by Olah and Mateescu (2). These authors found a triplet 
pmr spectrum for OHz, consistent with structure 11, but not 
with structure 111. 

Difluoromethanol 
The optimized geometry for the neutral molecule is given in 

Table 1, and for the 0 -  and F-protonated species in Tables 2 
and 3. 

Protonation ?n 0 leads to an increase in the C-0 bond 
length by 0.17 A. The difference to monofluoromethanol arises 
mainly from the shorter C-0 bond in HF2COH, which under- 
standably decreases with increasing flu$rine substitution. The 
C-F bond length decreases by 0.05 A. 

In the case of F-protonation, the proton could be attached to 
either one fluorine, or to two, being then located on the axis 
bisecting the FCF angle. Optimization leads to attachment to 
one fluorine, again resulting in a molecular complex consisting 
of HF and HFCOH' (structure 111). This geometry is ener- 
getically more favourable than that of the proton interacting 
with two fluorines, who could not both seGrate from the re- 
mainder of the molecule. A similar observation was made in 
the case of the protonation of F,CS (lo), where a molecular 
complex of the form HF -. FCSi. is preferred to a symmetric 
interaction of the proton with both fluorine atoms. 

The calculated proton affinities (162.3 vs. 162.6 kcal/mol) 
give a slight preference to the F-protonation site. However, 
such small energy differences are beyond the accuracy ex- 
pected from Hartree-Fock calculations, and the only important - - 
conclusion to be drawn is that the proton affinities are very 
similar. McMahon (4) found the PA of HFzCOH to be smaller 
than that of water. Our result obtained for HF,COH is about 8 
kcal/mol lower than the experimental PA of H20 (170.3 2 2 
kcal/mol) (8). 

TriJi4oromethanol 
The optimized geometry of the neutral molecule is compared 

in Table 1 with that of Olsen and Howell (1 1). The slight 
differences, combined with the lower energy obtained here (the 
energy of ref. I1 is -41 1.0982), suggest that Olsen and How- 
ell forced the oxygen to lie on the C3 symmetry axis defined by 
the symmetric CF, group. In our case, structure I is allowed to 
be "nonaxial", as can be seen in Table 1. For methanol and its 
trifluoro derivative the distances C-X, C-Y and the angles 
X-C-0 and Y-C-0 are allowed to be unequal. 

The 0-protonated F,COH is again characterized by an in- 
crease in tbe CO (by 0.15 A) and a decrease in the CF distance 
(by 0.03 A). When allowing for F-protonation, the complex 
HF..-F2COH' has the lowest energy, rather than a cation 
where H-' interacts with two or even three negatively charged 
fluorines. The complex has a slightly smaller PA than the 
0-protonated molecule (142.5 vs. 148 kcal/mol); however, the 
two numbers are still quite close. 

Molecular complexes 
In Table 5, the stabilization energies AE of the complexes 

HF..-YZCOHt are given. These are the energy differences 
between the F-protonated fluoromethanols, Tables 3 and 4,  and 
the separate HF plus YZCOHt fragments. Positive values of 
AE indicate that the complex is more stable than the separate 
parts, in agreement with the automatic geometry optimization 
which settles on a definite CF distance rather than leading to 
dissociation. 

The geometry of HF and the three YZCOHt cations were 
optimized separately. All cations (structure IV) are planar. The 
geometry parameters are included in Table 5. 

The stabilization energies range from 17.2 to 20.2 kcal/mol, 
similar to those of the HF-..YCSt systems of ref. 10 (17.2 
kcal/mol for HF... HCS' and 14.9 kcal/mol for HF... FCS'). 

The geometries of the YZCOHt cations (Table 5) are close 
to the geometries of the cations in the ~omplex  (Table 3). 
Differences in bond distances are 0.005 A or less. 

Discussion 
For the three fluorides of methanol, protonation on oxygen 

leads to very similar proton affinities as protonation on F. 
These values decrease with increasing fluorination, and range 
from 181.0 to 148 kcal/mol for the (usually slightly more 
stable) protonation on oxygen. According to the analysis done 
by Del Bene et al. (7), the calculated PA of methanol is reduced 
both by the zero-point energy correction and by differences in 
correlation energy. For methanol, the zero-point energy cor- 
rection is 8.3 and the correlation correction 0.8 kcal/mol, for 
a total correction of 9.1 kcal/mol. Corrections with a similar 
trend would have to be expected for the fluoromethanols, 
although no quantitative values are available. One could argue 
that the correlation correction should be larger for F- 
protonation than for 0-protonation, due to the larger changes in 
the C-F distances. Indeed, examples can be found in ref. 7 to 
support this argument. On the other hand, larger distance 
changes result in smaller zero-point energy corrections (see ref. 
7 again for examples), which will partly or fully compensate 
for the increased correlation corrections. Therefore, in the 
absence of detailed correction energies for the molecules stud- 
ied here, no general arguments can be applied to support higher 
corrections to the PA values in the case of F-protonation. 

Protonation on F always leads to a molecular complex con- 
sisting of HF and YZCOH', having a long CF bond of 2.2 to 
2.3 A. The complex stabilization energies are typically 20 
kcal/mol, and dissociation with the elimination of HF should 
be easily possible. In all 0-protonated fluorides, the C-0 
distance increases by 0.15 to 0.17 A. 

The optimized geometries contain no surprises except for the 
structure of neutral monofluoromethanol. Here, the 0-H hy- 
drogen optimizes in a staggered position between C-F and 
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C-H, and not between the two C-H bonds of the methyl 
group as one would expect. Apparently, the nonsymmetrical 
structure has a lower repulsion between the 0-H hydrogen 
and the CH?F group, and the larger number of electrons on 
fluorine is compensated for by the larger CF distance. Actually, 
the structure obtained is another example of the anomeric effect 
( 12). If one considers oxygen to be sp3 hybridized, then one of 
the oxygen lone pairs is antiperiplanar (trans) to the polar 
C-F bond. This model results in a dihedral angle of 60" for 
the 0-H group relative to C-F, in agreement with the calcu- 
lations. 

A brief check on the stability of neutral fluoromethanols with 
regard to decomposition into HF and formaldehyde or its fluo- 
rides showed that electronically the fluoromethanols are more 
stable than their dissociation products by 17 to 20 kcal/mol. 
The observed dissociation at normal temperatures should there- 
fore be an entropy effect, in qualitative agreement with the 
synthesis of CF30H at low temperature, and its observed dis- 
sociation at higher temperatures (1). 

Conclusion 
The proton affinities of the fluoromethanols were predicted 

using quantum chemical Hartree-Fock methods with the 
4-31G basis set. The geometries of the neutral, as well as O- 
and F-protonated species were optimized. From the energy 
differences, proton affinities, uncorrected for both zero-point 
vibrational energy and correlation energy, were obtained. The 
PA's decrease with increasing fluorine substitution. Pro- 
tonation on oxygen is slightly preferred, although the differ- 
ence in energy is never more than 5.5 kcal/mol. Protonation on 
fluorine leads to molecular complexes where HF has a large 
distance from the remaining cation. Since zero-point energy 
corrections would give a slight preference to the more loosely 
bound F-protonated species, F-protonation is expected to be in 
strong competition with 0-protonation. For neutral mono- 
fluoromethanol, a conformation where the OH hydrogen is 

staggered between CF  and CH has been found to have the 
lowest energy, in agreement with the concept of the anomeric 
effect. 
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GEZA B ~ c z o .  Can. J .  Chem. 63, 1992 (1985). 
The history of Bloch's and Tamm's states is sketched. The present stage in the theory of the bounded infinite polymers and 

crystals and strange electronic states is outlined. To lay the foundations of the SCF LCAO bounded crystal orbital (BCO) 
method applicable for surface electronic problems, the direct recursion (transfer matrix) method (DRM) is formulated for 
perfect cyclic polymers and crystals. A simple combination of block-decomposition and matrix transpositions is applied to 
calculate U - '  directly from the blocks of U, the similarity transformation bringing the recursion matrix T into its normal form. 
Several forms are given for the auxiliary and fundamental equation of the DRM. The crystal orbitals are derived by the DRM. 
Full matrix expression is presented for the resolvent (Green) matrix of perfect cyclic polymers, the unperturbed system in the 
SCF local-density approach of Ladik and Seel. The formulae of the charge-bond order matrix are derived both by the DRM 
and the indirect (Green matrix) recursion method (IRM). 

GEZA Blczo. Can. J .  Chem. 63, 1992 (1985). 
On prCsente une revue de I'histoire des Ctats de Bloch et de Tamm. On prCsente 1'Ctat actuel de la thCorie relative aux 

polymeres infinis qui sont liCs et aux cristaux ainsi qu'aux Ctats Clectroniques particuliers. Dans le but d'Ctablir les bases de 
la mCthode LCAO-SCF des orbitales cristallines likes (BCO) pour des polymeres et des cristaux parfaits, on a dCveloppC une 
mCthode de rCcurrence directe (matrice de transfert) (DRM) qui serait applicable aux problemes de la structure Clectronique 
des surfaces. On utilise une combinaison simple de dCcompositions en blocs et de transpositions de matrices pour calculer U '  
directement h partir des blocs de U; la transformation de similarit6 transforme la matrice de rCcurrence T e n  sa forme normale. 
On prCsente plusieurs formes pour les Cquations auxiliaire et fondamentale de la DRM. Utilisant la DRM, on a dCduit les 
orbitales du cristal. On prCsente une expression pour la matrice complete de Green de polymkres cycliques parfaits, le systkme 
non perturb6 dans I'approche ii densit6 locale en champ auto-cohtrent de Ladik et Seel. Utilisant la DRM et la mCthode de 
recurrence indirecte (matrice de Green) (IRM), on a dCduit les formules de la matrice des charges et des ordres de liaison. 

[Traduit par le journal] 

1. Introduction 
The purpose of this series is threefold: ( i )  To demonstrate the 

power of the direct recursion (transfer matrix) method (DRM) 
for the solution of various problems, from bulk to strange 
electronic states. ( i i )  To present a novel full matrix self- 
consistent field linear combination of atomic orbitals bounded 
crystal orbital (SCF LCAO BCO) formalism for bounded crys- 
tals in the infinite size limit. (iii) To point out possible experi- 
mental indications for the existence of intermediate (electronic) 
states (IS). 

The important ideas and interrelationships are introduced 
below in six points. Namely, the history of Bloch's and 
Tamm's states (I, II), the present stage in the theory of bounded 
infinite crystals (III), the physical significance (IV), and the 
history (V) of the IS are recapitulated and finally a futuristic 
question is posed (VI). 

(I) Forty five years elapsed between the discovery of 
Floquet's theorem in 1883 (1) and its application to the bulk 
electronic states of crystalline solids by Bloch (2) and another 
period of 39 years until its general fill1 matrix ab initio SCF 
LCAO CO (Hartree-Fock-Roothaan-type (3)) formulation in 
1967 for 3-dimensional perfect infinite crystals (4, 5), although 
a 2-dimensional (not ab initio) version was applied to graphite 
8 years earlier (6). Note that even today, 17 years later, no 
similar formulation exists to include electronic correlation. 

(11) Bloch's theorem was immediately applied to interpret 
the observed properties of solids. On the contrary, only the 

'Permanent address. 

very recent advent of high vacuum science has led to the ex- 
perimental verification of Tamm's theoretical prediction of 
1932 (7) concerning the existence of surface states itz half- 
infinite crystalline solids. This happened more than three de- 
cades later! 

(111) The theory of half-infinite crystals is not yet at the 1967 
stage of Bloch's theory. To proceed towards that general full 
matrix ab initio SCF LCAO BCO level, first its key term, the 
charge-bond order matrix was derived for bounded polymers 
and solids in the infinite size limit by DRM. The main results 
were published in ref. 8 and detailed in an unpublished preprint 
(Preprint TCG- 1-77, CRIC HAS, Budapest, March, 1977, 
available by direct request). This formulation has completely 
described the bulk state distortion (BSD), the dotninating SCF 
effect. It was given, however, only for simple (non- 
overlapping) energy band systems. The next paper (9), written 
with the same aim, presented an indirect (exact) perturbational 
method (IPM), a full matrix Koster-Slater-type (10) resolvent 
(Green's function) approach. The BSD, however, was not 
taken into account there. Nevertheless, the more advanced 
versions (1 1- 13) of the SCF local-impurity formalism (14) 
developed for linear polymers already include the BSD and 
show how to generalize them for surface problems. (For further 
details concerning the other, more approximate but also SCF 
IPM calculations, see the references in refs. 1 1 - 14.) 

(IV) The possible physical significatzce of the third notable 
electronic state of the finite crystalline solids, besides the well 
understood delocalized (bulk) and localized (surface, impurity, 
etc.) states, was studied only very recently (8, 15-20). This 
state is neither localized, as the surface states are, nor is it 
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BIC 

uniformly delocalized, as for the bulk states. Therefore, it may 
be called an intermediate state, 1s. The 1s is a one-electron 
state of zero probability as compared to the other two, the bulk 
and the localized states, at least at first sight (15). It may appear 
under the fulfilment of special boundary conditions with one- 
electron energies lying at the centers of resonance (Van Hove 
singularities) and band edges (15, 16). 'The existence of a 
critical energy interval around the sharp energy of the 1s was 
proved where any one-electron state becomes very similar to 
the central IS (17, 18). These almost IS (AIS) already have 
non-zero probability of appearance which is very advantageous 
with respect to their observability. All these were reviewed in 
a symposium paper (18), together with other considerations 
such as the effect of vibrations, possible host systems for IS, 
etc. The above statements are merely theoretical predictions. 

(V) The history of the above third kind of solutions con- 
cerning its mathematical treatment was recently reviewed (21). 
At least two authors, however, are omitted in this review. 
Fairbairn (22) has mentioned the appearance of the above solu- 
tions. Unfortunately, he relegated the problem to a footnote, 
saying that it is simpler to consider the new kind of solution as 
a limiting case of the others than to treat it separately. Most 
correctly, Cottey has always treated separately the band edge 
states (BES) (23-26) which are special cases of the IS. He 
studied almost exclusively symmetrical models, when he re- 
fined the theory of the quantum size effect (QSE) (25a-f, 
26a,  b ) ,  solving the one-dimensional Schrodinger equation for 
a periodic potential terminated by two infinite abrupt potential 
barriers. The symmetrical models, however, can produce only 
bulk-like, uniformly delocalized states. Only a brief section is 
given on unsymmetric layers and their equation (25d). In a 
detailed paper (24), he has observed the linear variation in the 
amplitude of the BES leading to the intermediate character of 
the IS. He has also concluded that a BES cannot be a real 
physical state in an infinite or even in a semi-infinite crystal but 
only that of a finite one (250). 

Cottey's considerations (260) strongly support the con- 
tention that certain observed structures in the tunnelling current 
through an oxide layer into a thin metal layer are due to the 
one-electron QSE levels. Naturally, some of the QSE levels 
may be IS or, rather, AlS. Thus they must be observable from 
the structure of the above tunnelling current curve, from certain 
well observable shoulders in the absorption spectrum, and from 
the characteristic structures appearing in photoelectric yield 
spectra. Experiments focused on the observation of the IS were 
proposed (19, 20). 

(VI) Finally, with special attention to point (11) above, one 
can ask the poetic question. How many years will elapse until 
the acceptable experimental verification or complete rejection 
of the very recent theoretical predictions concerning the exis- 
tence of strange electronic states, say, IS? This period is sig- 
nificantly lengthened by the sensitivity and other exceptional 
properties (15, 18) of these states. Our intention is to decrease 
the length of the period in question by presenting this paper. 

2. Crystal orbitals by DRM 
This section is devoted to introducing some technical details 

of the DRM. For this reason, the simplest full matrix problem, 
that of a perfect cyclic polymer is treated in the first neigh- 
bour's interaction approximation. Recurrence relations and 
boundary conditions (I), fundamental equation (II), auxiliary 
equations (111), a novel easy calculation of the inverse matrix 
in the similarity transformation (IV), spectral resolution (V), 

other forms of the fundamental equation (VI), and charge-bond 
order matrix (V11) are given. 

(1) The transfer matrix approach was originally formulated 
for vibrational problems (27-32). Its use was later extended to 
the treatment of, e.g., LEED experiments (33-36), bulk and 
surface electronic structures (8, 15 -20, 37-47), disordered 
systems (1 -5, 48-50), structure factor calculations (5 l) ,  and 
even random resistor networks (52). (See also the references in 
the papers quoted above.) 

According to the nomenclature introduced by Grimley (53), 
the transfer matrix method is a DRM since it solves the matrix 
representation of the Schrodinger equation directly, utilizing 
the translational symmetry shown by the blocks of the 
Hamiltonian hypermatrix from a certain block on (41~1, 44, 
47). The indirect methods determine first the resolvent (or 
Green) matrix and then use it as a basis for all further calcu- 
lations. The oldest class of indirect methods is the IPM already 
mentioned in point 1.111. The IPM is an exact perturbational 
method because of the absence of the series expansion. Its 
advantage is the easy calculation of the resolvent for the perfect 
bulk polymer as an unperturbed system (refs. 9- 14, 53-58, 
and references therein). The indirect recursion methods (1RM) 
represents the newer class (58-65) and are the realizations of 
an old idea (66). They utilize the recurrence relations valid for 
the matrix blocks of the total resolvent describing the whole 
(possibly perturbed) system. The connection of the IRM and 
the DRM was already clarified (41 a ) .  In an actual ZnO (1010) 
surface calculation, a special DRM was faster than a Koster- 
Slater-type IPM (10) by about a factor of 11 (42n). 

Using the LCAO method' and the nearest neighbour approx- 
imation one can characterize intra- and inter-cell interactions 
by the matrices A = FlI - ASll and B = F12  - ASlZ of, say, 
order n. They contain the block of form FJp for the Fock matrix 
elements of the electronic Hamiltonian between the atomic 
basis functions, SJk for the overlap integrals and A is the one- 
electron energy. F = {Fjp), the Fock hypermatrix of the whole 
perfect cyclic polymer reflects the symmetry of the system: 
F j j = F I l  a n d F j j k I  = F 1 2 f o r j =  1 , 2 , .  . . , N ( w h e n j =  N, the 
value 1 must be used for index j + 1 instead of N + I), if it 
consists of N monomers ("cells"). The same is valid for the 
overlap hypermatrix S = {SJk). The eigenvalue problem of the 
whole system has the usual form 

which can be rewritten in a more convenient way as 

The prime means transposition and the blank spaces are zero 
blocks. The jth block row of [2] reads as 

[3] B'c,-, + Ac, + Bcj+, = 0 

'This equation is valid for all j = 1, . . . , N, if the cyclic bound- 
ary condition 

[4] c o = c N  and C N ~ ~ = C I  

'A special version of, but sometimes the LCAO method itself is 
called the tight binding method in solid state physics. 
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is introduced. One can decide before executing the next step on 
the use of either the older Schmidt-Hori-Asahi-type DRM (8, 
27-32, 37-43, 45-46) or the newer inversion free DRM (IF 
DRM, 44, 47, 71). The former is applicable only when B is 
nonsingular and the latter for arbitrary B. Restricting the treat- 
ment here to the former case, one can premultiply [3] by B - ' :  

where D = - B- 'B'  and G = - B- 'A.  Completing this equa- 
tion with the identity 

and defining the recursion (transfer) matrix (27, 28) 

and the column vector of two consecutive column vector blocks 
c,_,  and cj from the hyper-columnvector c  of eq. [l], [2] 

one can write [3] and [4] as 

and 

The recurrence relation [6] will have this form for perturbed 
and non-perfect polymers, too, only T will depend also on the 
index of the actual cell, T = T, must be written in [6]. The 
boundary condition [7] will have various forms for different 
problems. 

(11) Contracting eq. [6], [7] by successive substitutions one 
obtains the fundamental equation 

This is its first form. It is a homogeneous linear equation for 
matrix T N  - I which is a function of A .  It has non-trivial 
solutions at and only at the eigenvalues of the original gener- 
alized eigenvalue problem [I], where its determinant vanishes: 

This characteristic equation is of order 2n. For its evaluation, 
however, some auxiliary equations or the spectral resolution of 
T must be used because of the appearance of a high or even 
infinite power of T .  

(111) The spectral properties of the recursion matrix T play a 
very important role in the determination of the characteristic 
properties of the eigensolutions of [I]. For example, the ap- 
pearance of Jordan blocks in the normal form of T are 
responsible for the creation of certain strange electronic states 
(8, 15-20,41 b). In perfectly periodic systems, however, these 
are not allowed states (24, 25a). At this point, therefore, one 
can accept Fairbairn's strategy restricting the treatment to the 
principal case when T is semisimple. In this case both the left 
and the right eigenvalue problems of T have complete systems 
of eigenvectors which can be used to form the non-singular 
matrices U and Q .  These eigenvalue problems, which are our 
auxiliary equations, have the compact form 

and 

[ I l l  T Q  = QT 

where the diagonal matrix T contains the eigenvalues of T in 
the order of their absolute values (8). Namely, for 

< IF11 = l,.L?l 5 . . . 5 \p,,l s /v,,l 5 . . . 5 lv21 5 /v'I 

the following relationship holds 

Equation [12] is a direct consequence of the fact that T and T - '  
(compare [5] and [34] on the left side of [lo] and the right side 
of [l 11 eigenvalue equations of T )  have the same characteristic 
equation (8, 41a). It has already been shown (41a) that the 
B-'-free reduced forms of auxiliary equations [lo], [ l l ]  are 
related to the fundamental equation of the Fromm-Kouteckf 
IRM by a similarity transformation. 

(IV) It is well known that a Hermitian matrix H can be 
diagonalized by a unitary matrix U as UHU' = X ,  where x is 
diagonal, + means adjoint and U - '  = U-'- can be determined 
simply by forming the adjoint. One might think, at first sight, 
that such a computationally advantageous procedure is impos- 
sible for T ,  owing to its non-symmetrical structure. The more 
symmetrical form of the reduced auxiliary equations (41 a ) ,  
however suggests that a more or less similar procedure must 
exist for the blocks of U and Q.  It will be shown here that this 
is the case. 

Let YB- '  = E and ZB- '  = H. Then the upper block com- 
ponents of [lo] lead to 

[14] -EB1 = p X  

or, by [12], X = -vEB1 and X - EA = pY or, by elimi- 
nating X through [14], 

[15] EB' + p E A  + p2EB = 0 

By analogy (X,  Y, p correspond to W, Z, and v ) ,  

[16] W = - p H B '  

and 

[i7] HB' + VHA + V?HB = o 
One can similarly split eq. [ l  11 

[18] L = J p  

[19] B'J + A J p  + B J p 2  = 0 

[20] M = K v  

and 

[21] B'K + AKv + BKv2 = 0 

Transposing, rearranging and postmultiplying [15] by v2  = 
p-2 (see [12]), one obtains the same equation [21] for E' as 
was obtained for K above. In the above assumed principal case 
(semi-simple T ) ,  however, the eigenvectors of [lo], [ l  11 are 
determined up to a free constant factor. Thus 

[22] K = E'y  

[lo] UT = TU where y  is a diagonal matrix of order n containing half the free 
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fundamental eauation is verv convenient from the block-wise 
spectral resolution, the second expression in [32], when 
bounded polymers or crystals are studied with free boundary 
conditions, as will be seen later. However, its application here 
would unnecessarily complicate the p r o b l e m . ~ t  the same 
time, the usual spectral resolution given in the first expression 
of [32] yields again [37]. Its decomposition is trivial in the 
semisimple case: 

[41] ( p N  - I)dN = 0 and ( v N  - I ) d l  = 0 

or, premultiplying the latter by - p N ,  

where dN and d l  mean the upper and the lower component of 
Ux,. One fact must be observed here that one can always 
reformulate the blocks of the block-decomposed fundamental 
equation so that they contain only p ,  i.e., only those eigen- 
values of the recursion matrix which have absolute value not 
greater than 1. This was already shown for the auxiliary equa- 
tion after eq. [21] and this possibility leads to the IF DRM 
(41a, 44, 47, 71). 

(VII) The charge-bond order matrix will be derived by two 
different approaches: a DRM ( i )  and an IRM (ii). 

( i )  In point (VI) above, p,,, and v,,, were distinguished by 
definition. This will be important later when bounded systems 
will be studied. Here, for the cyclic system, it is simpler to treat 
them on the same footing permitting q to run from 1 to N when 
eq. [38] is used as is common in band theories. Thus one can 
get all the linearly independent solutions to [l], if only one 
non-zero component is kept in U x , ,  say, (Ux,),, or (Uxl),,,+,,. 
In the latter case J (q)  is also used for the K of eq. [21] and 
T,,, = ~ , , , ( q )  = eiK ( K  = 2 ~ r q I N )  for p,,, or v ,,,. NOW the less 
compact but most common eigenvalue equation form of [19] 
and [21] will be applied as one single equation 

where J,,, means the mth column vector of the n by n matrix 
J .  Multiplying [43] with T,;', using K as the variable instead of 
q (0 < K 5 2 ~ r )  and the definitions of A and B one obtains 

into [46], then 

In the simplest closed shell case, the charge-bond order matrix 
has the blocks 

OCC 

[491 p,, = e ' n ; [ j - ~ c , / ~  2 C * , , , ( ~ T ~ ~ I N ) C * , , , ( ~ T ~ / N )  
q =  I I 

for finite N and 
OCC 

[ ~ O I  pjk = % /2"'e;[j-*'~ 2 c.,,~(K)c~,,(K) d r  
0 " I  

in the infinite size limit (N + a). Here "occ." on the sum- 
mation means that just the labels nz of the occupied bands have 
to be included. 

( i i)  The relation (69) 

will be used here to derive the charge-bond order matrix. The 
factor two is due to the double occupancy which is assumed 
here. The abbreviation Im means imaginary part, hF is the 
Fermi level, the resolvent (Green) hypermatrix R is defined as 

it has the blocks R,,(z) (z = x + iy) of order n ,  and the 
superscript 0 indicates that first Im [R,,(x + iy)] must be 
integrated for a positive y which afterwards approaches zero. 

Generalizing the idea of McIntosh et al. (32) for the full 
matrix case, just the DRM will be applied here to determine R 
from [52]. This is the precise meaning that an IRM is used to 
calculate P. Note that such an approach was already used to 
study the Green function method (G. Biczo, preprint TCG-1-77 
quoted in point 1.111 and ref. 39) and will be published in detail 
elsewhere (72). 

Now 

[441 (Fl2e-l" + F I I  + F1?e1" ) J , , , , (~ )  is the block-decomposed form of [52] for j ,  k = 1, . . . , N if 
= h(S  ;2 e-'" + S I  I + S I 2  elK) J*,,,(K) j ,  k = 0 or N + 1 corresponds to N or 1 ,  respectively, and h = 

z = x + iy is substituted in the definition of A and B. Com- 
This is just the LCAO CO equation of finite or paring [52], [53] with [2], [3], one can observe two essential 
even infinite one-dimensional crystals if K is regarded as con- differences. First, that matrix blocks now occupy the places of 
tinuous (4-6). the column vectors c, of [3] and second that, contrary to [2], 

Now [6] and [32] yield 1.521 represents a set of inhomogeneous linear matrix equations 
[45] x,., = T J x 1  = Q7'UxI and  not a homogeneous equation. Accordingly, 

and, with the above modified notations, 

[46] cj = J , , , , (K)~""  d 

follows from the upper component of [45], d being the actual 
non-zero component of Ux, .  It is convenient to use the nor- 
malized eigenvector block 

[471 C,,,,(K) = l J* , , l (~) l - l  J,,,,(K) 

where I I denotes the absolute value of the vector in question 
defined through the metric matrix 

as IvI = ( v  + S V ) " ~  where v is a column vector. If the 
hypereigenvector c is normalized to 1 and [47] is substituted 

replaces x,, I and the boundary condition is similar to [7]: 

[541 rN+ I = r~ 

Naturally, [6] will be somewhat modified: 

[55] r,+ , = Tr, + 4 * b  with - b  = (:-I) 
The fundamental equation comes from [54] and [55]: 

r,,, = Tr,  + b = T k r l  + b = T k r N + ,  = TNr,+,  + b 

or in a more explicit form 
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This is valid independent of the actual value of k. For example, 
if k = N, then 

holds for j = 1, . . . , N - 1 giving all blocks of R either directly 
or by transposition and cyclic permutation of the blocks. 

The second, block-decomposed form follows from equations 
[22]- [25], [32], [55]- [57]: 

being valid for j = 0, . . . , N .  
It is evident that outside the allowed continuous spectrum 

belonging to [I], T cannot have eigenvalues of absolute value 
1. This is the case for real A = z = ?r by definition. Otherwise, 
supposing A = z = x + iy and y f 0 ,  the existence of at least 
one such eigenvalue, say e'", would warrant [44] to be a 
Hermitian generalized eigenvalue problem with a pure real 
spectrum for A. This contradicts with the supposition y # 0. 

As a consequence of the above fact and the very definition 
of eigenvalues p,,,, their absolute values are all less than 1. 
Thus, in the infinite size limit N --, m, pN approaches 0 and 
[58] will be largely simplified: 

- E'6  pk-'H for j 5 k 
[591 RJi = / - H1Gp'-% for k 5 j 

where 6 is given by [24], E and H satisfy [15] and [17], while 
[29] warrants the equality of the two different expressions in 
[59] for the case of j = k. 

Both the conceptual and computational advantages of the 
purely algebraic expression [59] are striking when it is com- 
pared with the usual integral expression (69) 

which is evaluated by the use of the Dirac identity for l / z  and 
other relations for the delta functions, by integral trans- 
formations and the Kramers-Kronig relation, and by numerical 
integration techniques with a particular approach near the band 
edge singularities (12). Here the superscript * means complex 
conjugation, [44] and [47] define the eigenvectors C,,,,(K) and 
the eigenvalues A,,,(K) belonging to the mth band and to K,  the 
latter being proportional to the wave vector. 

To point out the differences between [59] and [60] more 
markedly, one can pose an exercise; namely, to prove the 
equality 

1 " e ;~ ( t - j )  pl,-jl 

[611 % 1" z - a  - 2 6 ~ 0 s ~  dK = 
b(v - p )  

where z = x + iy, a and b are constants, k and j are non- 
negative integers, p = minabs [w 5 (w' - I)"'] = v-I, w = 
(Z - a ) / 2 b  and minabs means that one has to choose one 
which is smaller in absolute value. The whole arsenal of the 
theory of complex functions must be applied to evaluate the left 
side of eq. [61], arriving finally at the compact algebraic ex- 
pression of the right side, if we do not know the background of 
the problem. A numerical test of [61] would also be more 
tedious for the left than for the right side, because of the 
possibly singular integrand. At the same time, it is now evident 

that [61] is nothing but GjI(z) of the simplest one-atomic chain 
( F I I  = a , S I I  = l , A  = a - A,S12  = 0, a n d B  = F12 = b) 
written in two different forms [60] and [59]. 

It has to be pointed out that one can work with expression 
[59] purely on the real axis of the complex energy plane. 
Instead of executing a limiting process y + +0,  one can calcu- 
late everything listed after eq. [59] just for the real values of 
z = A, i.e., by substituting y = 0. Expression [59] so-obtained 
correctly displays the well-known characteristics of the re- 
solvent, producing imaginary contributions inside the bands 
and singularities at the band edges and at the other Van Hove 
sites, and remaining purely real outside the bands (69). (Singu- 
larities caused usually by the discrete spectrum are naturally 
absent here in the cyclic problem.) 

To be more explicit, expression [59] for R,, will be decom- 
posed as 

,I 

[5ga] RjI = 2 R!" /I = ~ b " "  ,I + + f x p  
/ k  

1" = I 

where 

[59b] R"' / k  = -6  ,,,,,, p,,,lk-jl R"' 

[59c] R1 = { , f o r j 5 k  

H ,  E l  , for k < j 

and 
lk,"I+ 1 

[59e] RftP = C Rrk 
,,I 

Now 

follows from [24]. The decomposed forms 

and 

of eqs. [15] and [17] (for the derivation, compare them with 
[44]) have the common characteristic equation IB't- '  + A + 
Btl = 0. This is equivalent to the characteristic equation of [lo] 
and [I I]. Its reciprocal character was already mentioned after 
[13]. In addition, it is a real algebraic equation of order 2n for 
the variable t. This means that a real algebraic equation of order 
n determines t + t-' = x. One can distinguish three cases when 
its solutions are classified. 

(i) It1 = 1 if and only if x is a real number and 1x1 5 2, 
defining by this way the allowed energy bands. Then t-I = t*, 
or, for an actual eigenvalue: v,, = p;:. 

(ii) (ti # 1 and t is real if and only if x is real and 1x1 > 2. 
Here I p,,, 1 < 1, 1 v,,, 1 > 1 and both are real. 

(iii) It( # 1 and t is not real if and only ifx is not real. In this 
case, however, due to the fundamental theorem of algebra, x*  
is also a root of the above real algebraic equation of order n. 
Evidently, if just p,,, + v,,, = X, then x'" p,,,, + v,,,,, m1 f m, 
p,,,, = p f  , and v,,,, = vf . The latter two cases lead to ex- 
ponentially varying quantities outside the allowed bands. 

In case (i),  the complex conjugated form of [15a] is just 
equivalent to [17a], therefore H,,, , = El,, :. Then [24a] yields 
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[24bl 6 ,,,,,, = [E,,,,(Bp,,, - V,,B')(E,,,:,)+I-' 

which is now purely imaginary, because B p,,, - v,,,B1 is anti- 
hermitian. Consequently, [59d] represents the complex con- 
tributions of the bands having non-zero imaginary part, where 
the specific form 

of eq. [59c] is valid. Strikingly, R"' defined by [59 f ]  has real 
diagonal elements. Thus the diagonal elements in [59d] are 
purely imaginary for j = k and are complex otherwise. 

In case (ii), both [15a] and [17a] give real solutions war- 
ranting the reality of the other quantities concerned here. 

In case (iii), eqs. [15a] and [17a] written for index m' are 
equivalent to their complex conjugated forms stated for m. 
Therefore, El,,., = E,,,:, H,,,., = H,,,:, etc., for all the other 
appearing quantities in [59b], [59c], and [59e]. In this way the 
sum of the pairs' contributions is always real. 

Consequently, RY:' of [59e] is purely real, too. 
The second form of the charge-bond matrix mentioned above 

follows from [51], [59], and [59a]-[59 f]. 

m TAP 
L " r  band 

[62a] PI, = (P,)' = -- 1 Im (R,, ,.,,)dx n -32 

I m [ 6  ,,,,,, ~,,,I '-J(E III :# ) 'E nz " d x  * 

where 6 ,,,,,, is given by [24b], p,,, = elKm1 and E,,: = J*,,,(K,,,) 
is just the solution of the LCAO CO eq. [44]. 

Note that in actual calculations one can always choose the 
more convenient one from the two dual forms [19] (or particu- 
larly [43]) and [44] of the auxiliary equation (41a). 

Namely, [19] is a generalized polynomial eigenvalue prob- 
lem (68) with eigenvalues p,,, (T,,,) for any fixed value of A. The 
use of a standard routine to its solution is very advantageous if 
the size of the elementary cell ( n )  is large. Otherwise one can 
obtain its solutions with a standard eigenvalue routine from the 
original auxiliary equation [ l l ] ,  too. The latter is, however, a 
real but essentially asymmetrical eigenvalue problem. At the 
same time, it contains the complete information on both 
"band"- and "expn-like solutions. 

The other "dual" form [44] is a generalized Hermitian eigen- 
value problem with eigenvalue A for any fixed value of K taken 
from the interval (0, n ) .  Whenever a band structure calculation 
is given, in fact, one has its solutions. To have the "exp"-like 
solutions, however, one has to use the original T,,, of [43] in [44] 
instead of elK, when [44] becomes a genuinely asymmetrical 
(real or complex) generalized eigenvalue problem. 

It is quite evident that the DRM has led to the simpler 
expression of the charge-bond order matrix [50], although [62] 
is already much simpler than the "pure IPM" expression would 
be from the combination of eqs. [51] and [60]. One can expect, 
therefore, significant simplifications in the calculation of 
several other physical quantities when the DRM, or at least the 
IRM is applied instead of the IPM. 

It is interesting to note finally that eq. [44] is just one com- 
ponent for the block-diagonalized form of the starting eigen- 
value problem [I]. Namely, reverting from K = 2.rrqlN to the 
original integer variable q,  collecting the column vectors [47] 
for rn = 1 , .  . . ,tz in matrix C(q)  and defining the hyper- 
matrices C = {6,,C(q)} and fl = {flpl} of order N with blocks 
C(q)  and cR,, = N-"'I exp (2n ip j lN)  of order n ,  the unitary 

matrix fl just block diagonalizes [ I ]  and the unitary matrices 
C(q)  diagonalize the blocks, as is well-known (4-6, 70): 
C t f l t F f l C  = C t f l t S f l C A  is the completely diagonal 
form, fl + Ffl and fl 'Sfl are block diagonal, A = {8,,A(q)} 
(p, q = I , .  . . , N )  and A(q) = {6,,,,A,n(q)}(k,m = 1 , .  . . , tz). 
Here the DRM has led to both forms in one step. The block- 
diagonalization technique was learned from a special evalu- 
ation method of cyclic determinants in ref. 4 although the use 
of group theory is the most common. 

3. Summary 

More and more new problems arise when the simplest per- 
fect infinite periodic models of polymers and crystals are com- 
plicated by boundaries and various other perturbations step by 
step. To make their description and understanding simpler, 
these problems were treated (and will be studied in the forth- 
coming papers) immediately at that step in which these first 
appear. 

Deriving several forms for the fundamental and the auxiliary 
equations of the DRM, a simple combination of block- 
decomposition and transpositions was applied to calculate U- '  
directly from the blocks of U, the similarity transformation 
bringing the recursion matrix T into its normal form T. Full- 
matrix expressions were given for the blocks of the resolvent 
(Green) matrix of perfect cyclic systems which can largely 
simplify the SCF local-impurity approach (1 1 - 14), where 
these blocks play a central role. Expressions for the charge- 
bond order matrix were derived both by the DRM and the IRM, 
providing a deeper insight into the relation of these methods. 
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J .  R. DURIC, J .  F. SULLIVAN, D. T. DURIG, and STEPHEN CRADOCK. Can. J .  Chem. 63, 2000 (1985). 
The infrared (3500 to 300 cm-I) spectra of methylisothiocyanate, ethylisothiocyanate, isopropylisothiocyanate, and cyclo- 

propylisothiocyanate isolated in argon and nitrogen matrices have been recorded. In general, the spectra were more complex 
in the nitrogen matrices and, for ethylisothiocyanate, nearly all of the fundamentals appeared as doublets in the nitrogen matrix 
but for the most part as single bands in the argon matrix. No evidence could be found for a second conformer for either 
ethylisothiocyanate or isopropylisothiocyanate. Even though cyclopropylisothiocyanate has been shown to exist as the cis and 
trans conformers at ambient temperature, little conclusive evidence could be found for two isomers in the infrared matrix 
material. The complex spectra observed in the NCS antisymmetric stretching region as well as in the 520 cm-' region appear 
to arise in part from combinations involving the low-frequency large amplitude CNC bend or asymmetric torsion of these 
organoisothiocyanate molecules. It appears that the vibrational spectra of these molecules are not sensitive to the orientation 
of the NCS moiety. 

J .  R. DURIC, J .  F. SULLIVAN, D. T. DURIC et STEPHEN CRADOCK. Can. J .  Chem. 63, 2000 (1985). 
On a enregistrC les spectres infrarouges (3500 a 300 cm-I) des isothiocyanates de mCthyle, d'Cthyle, d'isopropyle et de 

cyclopropyle isolCs dans des matrices d'argon et d'azote. D'une f a ~ o n  gCnCrale, les spectres enregistrCs dans des matrices 
d'azote sont plus complexes que ceux enregistrts dans des matrices d'argon; dans le cas de I'isothiocyanate d'Cthyle, 
pratiquement ioutes les fondamentales se prtsentent sous forme de doublets dans la matrice d'azote alors qu'elles se prksentent 
gCnCralement sous forme de singulets dans la matrice d'argon. On n'a pas pu mettre en Cvidence I'existence d'un deuxikme 
conformere dans les isothiocyanates d'Cthyle ou d'isopropyle. M&me s'il est connu que I'isothiocyanate de cyclopropyle existe 
sous les conformations cis et trans a la temperature ambiante, on n'a pas obtenu de donnCes fermes relativement a la prksence 
de ces deux conformeres dans les matrices examinCes par infrarouge. Le spectre complexe que I'on observe dans la rigion de 
vibration de valence antisymttrique du NCS ainsi que dans la region de 520 cm-' semble rCsulter en partie de combinaisons 
impliquant soit la vibration de deformation angulaire du CNC de basse frequence et de forte amplitude soit la vibration de 
torsion asymCtrique de ces molCcules d'organoisothiocyanates. I1 semble que les spectres vibrationnels de ces molCcules ne 
soient pas sensibles a I'orientation de la portion NCS. 

[Traduit par le journal] 

Introduction based on the assignment of two bands at 2199 and 2154 cm-' 
We recently reported (1) the mid-infrared spectra of matrix in the infrared spectrum of the solid as the NCS antisymmetric 

isolated ethylisothiocyanate in a nitrogen matrix and observed stretches of the gauche and trans conformers. The most inter- 
that several of the fundamentals appeared as doublets. Since esting spectral region is the 2080 to 2250 cm-' region where 
only one matrix material was utilized it was not possible to unusual intensity changes and frequency shifts have been pre- 
ascertain whether these doublets were due to two different viously observed with changes in physical state or solvents. 
matrix sites or whether the molecule was being trapped in two Although Kniseley et al. (3) agreed that a portion of the com- 
different conformations. The other vibrational data could be plexity in the spectral region is due to the overtone of the NCS 
readily explained on the basis of a single conformer with C, symmetric stretch being in Fermi resonance with the anti- 
symmetry (cis conformer) with the i~othioc~anate group eclips- 
ing the methyl group. The major lines in the microwave spec- 
trum could be explained (2) on the basis of this single con- 
former although there were additional microwave lines which 
were not assigned. The earlier conclusions (3) that ethyl- 
isothiocyanate exists as two conformers at low temperature was 

' Taken in part from the thesis of D. T. Durig which will be submit- 
ted to the Department of Chemistry in partial fulfillment of his Ph.D. 
degree requirement. 

'I had the pleasure of serving with Camille Sandorfy for a number 
of years on the IUPAC Commission 1.5 on Molecular Structure and 
Spectroscopy and Camille always did more than his share of the work. 
He was a delightful colleague and always contributed significantly to 
our biannual meetings. As Chairman of this Commission, I would like 
to indicate on behalf of all the members that we shall surely miss his 
guidance, counsel, and overall contributions at our next meeting in 
1985. 

symmetric mode, the fact that they observed four strong bands 
in the infrared spectrum of the solid led them (3) to conclude 
that two conformers are present in the solid state. In order to 
provide additional data for this spectral region, we recorded (4) 
the vibrational spectra of methylisothiocyanate and methyl- 
d,-isothiocyanate where no conformers can exist and found 
three infrared bands in this spectral region of the solid. Addi- 
tionally, unusual intensity changes were found in going from 
the gas or liquid to the solid state, but the frequency shifts or 
intensity changes could be readily explained on the basis that 
the lower frequency band in the Fermi doublet in the gas phase 
has a significantly larger amount of the antisymmetric NCS 
stretch whereas in the solid state the higher frequency band has 
a predominance of this fundamental (4). The third band was 
assigned as a combination band of the methyl deformation with 
the C,-N stretch. 

In order to provide additional spectral data on the NCS 
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DURlG ET AL. 

TABLE 1. Observed" bands (cm-') in the infrared spectra of gaseous and matrix isolated methylisoth~ocyanate 

Gas6 Rel. ~ n t .  Ar matrix Rel. int. N2 matrix Rel. int. v, Assignment' 

2983 vw 2998 w 3000 w, bd v6 C H  antisymmetric stretch 
2953 w 2952 s 2955 s 

295 1 w,  sh v ,  C H  symmetric stretch 
2900 vw 2887 w 2v7 2910 
2823 vw 28 18 vw 2v3 2842 
2789 vw 279 1 m 279 1 m v2 + us s 2787 

2256 w 2242 w 
2236 w 2235 w v2 + v I o  2232 
2217 m, sh 

2224 s 221 1 s 2209 s 2v4 = 2212 (Fermi resonance with v2) 
21 11 VS 

2126 VVS 

2089 VVS 21 18 vvs 2135 vvs v 2  NCS antisymmetric stretch 
2085 m 2072 w v3 + v5 = 2084 (argon) 
1459 m 1458 m, bd 

- 1460 vw 1452 m 1453 m, bd v, CH3 antisymmetric deformation 
1421 VVS 1422 vvs 

1424 ms 1420 sh 1418 VVS v, CH3 symmetric deformation 
-1 142 vw v, CHI rock 

1109 w, sh 
11 10 vw 1106 s 1103 s v, NCS symmetric stretch 
676 vw 668 s 662 vw vs C-N stretch 

66 1 s 652 s,  bd 
530 w ~9 + vlo 521 
41 1 mw 459 m 45 1 m v9 NCS bend 

mw 
80 

v l o  CNC bend 

"Abbreviations used: s ,  strong; m,  medium; w ,  weak; v, very; sh, shoulder; and bd, broad. 
"Data for the gas taken from ref. 4. 
'.We have kept the numbering of the fundamentals the same as in ref. 4 which is for a molecule with a quasi-linear heavy atom skeleton 

with C,.. symmetry although v, through v l o  should be doublets for a molecule with C, symmetry. 

antisymmetric stretching mode, we have recorded the infrared 
spectra of some matrix isolated organoisothiocyanates. For the 
ethylisothiocyanate molecule, we were interested in whether 
the previously observed doubling of the fundamentals in the 
nitrogen matrix is due to the presence of conformers or to 
matrix site effects. Additionally, we have investigated the cy- 
clopropylisothiocyanate molecule in order to determine if con- 
formers can be identified from the vibrational data of the iso- 
thiocyanate molecules since we have found two conformers for 
this molecule at ambient temperature from a microwave study 
(5 ) .  However, from the previous vibrational study (6) of this 
molecule the authors assigned the observed spectra on the basis 
of a single conformer. The results of the study of the infrared 
spectra of matrix isolated methylisothiocyanate, ethylisothio- 
cyanate, isopropylisothiocyanate, and cyclopropylisothio- 
cyanate are reported herein. 

Experimental 
All the compounds were obtained from commercial sources and 

purified by low-temperature fractionation on a vacuum sublimation 
column. The infrared spectra of the samples isolated in either an Ar 
or N2 matrix at ratios varying from 400: 1 to 1000: 1 were recorded 
with a Perkin-Elmer model 225 grating spectrophotometer between 
3500 and 300 cm-I. The matrix samples were prepared by the 
"pulsed-deposition" method on a CsI window held at - 10 K by an Air 
Products model CS-202 microrefrigerator. Samples were annealed to 
30-35 K ,  but no significant changes in the spectra were noted except 
for the appearance of greater amounts of aggregated molecules. 

Results 
In order to ascertain the matrix effect on the normal modes 

of these organoisothiocyanates, we recorded the infrared spec- 
tra in both argon and nitrogen matrices. For the most part the 
argon matrices gave sharper bands and there certainly was less 
doubling of the fundamentals, except in the case of cy- 
clopropylisothiocyanate. Therefore, for each molecule, we 
shall discuss the results obtained in the argon matrix and then 
compare them to those obtained in the nitrogen matrix. 

Methylisothiocyanate 
In Table 1, we have listed the frequencies for the normal 

modes of methylisothiocyanate which had previously been ob- 
tained (4) for the gas along with the observed frequencies in the 
two different matrices. For the most part there is reasonable 
agreement between the gas phase frequencies and those ob- 
tained in the matrix except for a few gas phase bands where it 
was difficult to ascertain the band centers because of the 
breadth of the bands. For example, the CH3 antisymmetric 
stretch is found at 2998 cm-' in the spectra of the matrices 
which is probably more nearly the band center in the gas phase 
rather than the lower frequency of 2983 cm-' which was re- 
ported earlier (4). However, there was no indication that this 
band is split as it should be if the molecule has effective C,r 
symmetry at this low temperature. There are three other bands 
in this same general region at 2887, 28 18, and 2791 which are 
as strong as the v6 fundamental but are obviously due to two 
combination bands and an overtone band. These same three 
bands were observed in the spectrum of the gas although 2v7 
appears to have a lower frequency in the matrix, but it could 
well be due to the breadth of this band in the gas phase and the 
difficulty in choosing the band center. 

There are a few differences between the gas phase fre- 
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quencies and those obtained in the matrices which should be 
noted. In particular the v, fundamental, the NCS bend, is broad 
in the gas with the maximum occurring at about 41 1 cm-' and 
certainly not higher than 4 18 cm-' but, in the argon matrix, this 
fundamental appears at 459 cm-I, and at 451 cm-' in the 
nitrogen matrix. This significant shift to higher frequency is 
attributed to the added constraints placed on the molecule by 
the matrix. The C,-N stretch, v5, has a shift in the opposite 
direction where it is found at 676 cm-I in the gas, as a doublet 
at 668 and 661 cm-' in the argon matrix, and 652 cm-' in the 
nitrogen matrix. The third fundamental which is significantly 
affected is the NCS antisymmetric stretch which shifts from 
2089 cm-' in the gas to a doublet at 2126 and 21 18 cm-' in the 
argon matrix but a single band at 2135 cm-' in the nitrogen 
matrix. Overall, it appears that the nitrogen matrix has a greater 
effect on the fundamentals than the argon matrix. For example 
the CH3 symmetric deformation, v3, appears as an intense dou- 
blet at 1422 and 1418 cm-' in the nitrogen matrix whereas the 
same mode in the argon matrix appears at 1421 cm-' with a 
possible shoulder at 1420 cm-I. Although the CH, anti- 
symmetric deformation, v7, appears as a sharp doublet at 1459 
and 1452 cm-' in the argon matrix (Fig. 1) the two correspond- 
ing bands at 1458 and 1453 cm-' in the nitrogen matrix are very 
broad and each appears to contain at least two or possibly more 
bands. This is really the only mode which would be expected 
to be degenerate for a quasi-linear heavy atom skeleton that 
shows doubling in the spectrum of the matrix isolated material. 

The most interesting spectral region is the 2100 cm-' region 
where the NCS antisymmetric stretch, v,, appears. In the spec- 
trum of the argon matrix this fundamental can readily be as- 
signed to the doublet at 2 126 and 2 1 18 cm- ', and to the single 
band at 21 35 cm-' in the nitrogen matrix. The overtone of the 
NCS symmetric stretch is significantly weaker than the v2 fun- 
damental but again it appears as a doublet at 2217 and 221 1 
cm-' in the argon matrix and as a single band at 2209 cm-' in 
the nitrogen matrix. A third set of bands appear as doublets at 
225612236 cm-' in argon and 224212235 cm-' in nitrogen 
which have been assigned as the combination of v2 +' v,,. 
These bands were not previously observed in either the infrared 
spectrum of the gas or solid. For further support of this assign- 
ment we annealed both matrices to 35 K and the bands became 
quite broad. This behavior is exactly what would be expected 
for the combination of v, + v,,. It should also be noted that 
with annealing the NCS bend, v9, shifted to lower frequency, 
i.e., -435 cm-I, and it became quite broad. The remaining 
fundamentals showed little change upon annealing except for 
the NCS antisymmetric stretch which developed a number of 
bands on the high frequency side where there had been a shoul- 
der, but these bands are undoubtedly due to aggregate bands. 
The remaining band in this region is at 2085 cm-' in the argon 
matrix and 2072 cm-' in the nitrogen matrix. We believe this 
band is due to a combination of v3 + v5 which would be 
predicted to be about 12 cm-' lower in the nitrogen matrix since 
v5 is 12 cm-' lower in this matrix compared to the value in 
argon. The higher intensity of this band in the argon matrix 
may be due to greater Fermi resonance with v2 since it has a 
value closer to this fundamental in the argon matrix. With these 
assignments for the bands in this spectral region for the 
methylisothiocyanate molecule, we believe that we can provide 
a better explanation for the bands observed in this spectral 
region for the other simple organoisothiocyanate molecules. 

Based on these studies in both the argon and nitrogen matri- 
ces, it should be noted that great care needs to be exercised in 

3200 2000 1400 1050 600 400 

WAVENUMBER (cm-') 

FIG. 1. Infrared spectrum of rnethylisothiocyanate isolated in an 
argon matrix. The indicated abscissa intervals below 1500 cm-' are 
100 cm-'. 

attempting to identify conformers from infrared matrix studies 
of organoisothiocyanate molecules. It appears that the argon 
matrix is better for this purpose but, even for this matrix, the 
v2, v5. and v, fundamentals of methylisothiocyanate appeared 
as doublets with nearly equal intensities whereas only v7 should 
be split if the effective symmetry is C, rather than C3,,. 

Ethylisothiocyanate 
In the initial study (1) of matrix isolated ethylisothiocyanate, 

nitrogen was used as the host and practically all of the funda- 
mentals were doublets and it was not possible to ascertain 
whether this doubling was due to matrix effects or the presence 
of a second conformer. Therefore we have recorded the in- 
frared spectrum of this molecule in an argon matrix. There is 
a striking difference between the results for the two matrices for 
most of the fundamentals with the exception of the NCS anti- 
symmetric stretch. In the nitrogen matrix most of the funda- 
mentals appear as doublets whereas for the argon matrix most 
of the fundamentals are single bands. Therefore we have con- 
cluded that the doubling in the nitrogen matrix is due to matrix 
effects, i.e., the molecule is sitting on two different sites, or 
some other orientational effect relative to the matrix lattice is 
occurring. The absence of this doubling in argon is particularly 
noteworthy for the carbon-hydrogen bending modes. 

For the most part there is reasonable agreement among the 
fundamental frequencies in the gas and the two matrices. No- 
table differences occur for the NCS bend(s), the NCS anti- 
symmetric stretch, and the C-C stretch. The first two vi- 
brations also showed significant differences in frequencies be- 
tween the gas and matrices for the corresponding methyl com- 
pound. For example, the NCS bend in methylisothiocyanate is 
found at 41 1 cm-' in the gas, but it is 40 cm-I higher in the 
nitrogen matrix and 48 cm-' higher in argon whereas for the 
ethyl compound these differences are 37 and 47 cm-I, re- 
spectively. However, for the NCS antisymmetric stretch in 
methylisothiocyanate, the nitrogen matrix gives the highest 
frequency whereas for the ethyl compound it is the argon ma- 
trix. However, it should be noted that for the overtone of the 
symmetric NCS stretch as well as the two combination bands 
which appear in this region for CH3NCS the highest fre- 
quencies appear in the argon matrix. One other similarity in this 
region should also be noted. In the argon matrix, both the 
overtone of the symmetric NCS stretch as well as the anti- 
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DURlG ET AL. 

TABLE 2. Observed" bands (cm-') in the infrared spectra of gaseous and matrix isolated ethylisothiocyanate 
- - 

Gasb Rel. int. Ar matrix Rel. int. N2 matrix Rel. int. ui Assignment 

ms 
m 

W 

mw 
S 

VVS 

W 

mw 

mw 

S 

W 

W 

mw 
mw 

W 

m 
W 

W 

VVW 

mw 
W 

W 

W 

W 

VVW 

VS 

VS 

VS 

VS 

m 
m 
m 
m 

m 

m 

VS 

W 

VW 

W 

vw, sh 
W 

w, sh 
S 

m 
m 
m 
w, sh 
m 

W 

W 

W 

CH3 antisymmetric stretch 
CH2 antisymmetric stretch 
CH3 symmetric stretch 
CH, symmetric stretch 

NCS antisymmetric stretch and 
2v2 in Fermi resonance with v, 

U S  + ~ 1 2  ' 2105 

uy + 1 1 1 1  2065 

CH3 antisymmetric deformation 

CH, antisymmetric deformation 
CH, deformation 
CH, symmetric deformation 

CHI wag 
CH2 twist 

CH3 rock 

CH3 rock 

NCS symmetric stretch 
C-C stretch 

CH2 rock 
C-N stretch 

u13 + u15 
NCS bends 

CCN bend 
CH, torsion 
CNC bend 

"See Table I for an explanation for the abbreviations used. 
'Data for gas and nitrogen matrix taken from ref. I ;  bands in parentheses are taken from the spectrum of the solid. 

symmetric NCS stretch show doubling in the argon matrix 
whereas these bands are single bands in the nitrogen matrix for 
both ethyl- and methylisothiocyanate. In general the argon 
matrix leads to a more complex pattern in this spectral region. 

Since the symmetric NCS stretch is at a lower frequency 
(1065 cm-') in ethylisothiocyanate than in the methyl com- 
pound (1 106 cm-') the overtone is nearly coincident with the 
NCS antisymmetric stretch so that the Fermi resonance gives 
two bands in the 2100 cm-' region of equal intensity and it is 
not possible to identify a particular band as the v4 fundamental. 
Additionally, the C,-N stretch with the CH3 or CH, defor- 
mations give combination frequencies in this same general 
region and it is probable that one of these combinations is also 
in Fermi resonance with the NCS antisymmetric stretch which 
gives rise to the other very strong band in this region. There are 
numerous combination bands, including those with the CNC 
bend or the asymmetric torsion with v4, which fall slightly 
higher in frequency than the NCS antisymmetric stretch which 

can explain the other weaker bands in this spectral region. The 
spectral assignments are summarized in Table 2. 

The greater complexity in this spectral region compared to 
the methyl compound is apparently part of the reason why in 
the earlier studies it was concluded that two conformers exist 
in the solid state (3). Since the antisymmetric NCS stretch 
shifts to higher frequency by more than 100 cm-' with solidi- 
fication, the relative amounts of Fermi interaction with specific 
combinations or overtones vary with physical state. Addi- 
tionally it should be noted that the symmetric NCS stretch shifts 
only slightly to lower frequency with solidification so that the 
overtone of this mode is expected to be at nearly the same 
frequency in the various physical states. This gives rise to 
significant alterations in intensity depending on the degree of 
Fermi resonance with the NCS antisymmetric stretch. 

Isopropylisothiocyanate 
We (7) recently reported the rotational and vibrational spec- 
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TABLE 3. Observedu bands (cm-I) in the infrared spectra of gaseous and matrix isolated isopropylisothiocyanate 

Gash Rel. int. Ar matrix Rel. int. NZ matrix Rel. int. vj Assignment 

CH3 antisymmetric stretches 
CH, antisymmetric stretch, CH stretch 
CH, antisymmetric and symmetric stretch 
CH, symmetric stretch 

v l l  + v12 = 2141 (Fermi resonance withv5) 
or vs + v,, = 2167 

NCS antisymmetric stretch 

vs, sh 

CH, antisymmetric deformation 
CH3 antisymmetric deformation 

CH, antisymmetric deformation 
CH, symmetric deformation 
CH, symmetric deformation 

CH bend 

CH bend 

CH, rock 

C-C-C antisymmetric stretch 
CH3 rock 
NCS symmetric stretch 

CH, rock 
CH3 rock 
C-C-C symmetric stretch 
C-N stretch 

CCz deformation 

NCS bend 
CCz twist 
CC2 wag 
CH, torsion 
CH, torsion 
CNC bend 
Asymmetric torsion 

"See Table 1 for an explanation for the abbreviations used. 
% ~ a  for the gas taken from ref. 7; bands in parentheses are taken from the spectrum of the solid and the bands in brackets are from the Raman 

spectrum of the gas or solid. 

tra of isopropylisothiocyanate and the microwave spectrum 
could be interpreted on the basis of a single conformer where 
the sum of the B and C rotational constants is consistent with 
the skew conformer with the NCS moiety eclipsing one of the 
methyl groups. Additionally, there was no evidence for a sec- 
ond conformer from the vibrational data. Similarly, for the 
spectrum of the matrix isolated material, there is no convincing 
evidence for the presence of a second conformer, since there is 
no consistent pattern of doubling in either the nitrogen or argon 

matrices. For example, the C,-N stretch appears as a doublet 
in the argon matrix but a single band in the nitrogen matrix, 
whereas the CC2 antisymmetric stretch appears as a doublet in 
the argon matrix but a single band in the nitrogen matrix. The 
CC2 symmetric stretch shows no doubling in either spectrum. 

The same complications observed in the NCS antisymmetric 
stretching region as observed for the methyl and ethyl com- 
pounds are also observed in the matrix isolated spectra of 
isopropylisothiocyanate. In these cases, v5 appears at 2065 
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DURIG ET AL. 2005 

TABLE 4. Observed" bands (cm-') in the infrared spectra of gaseous and matrix isolated cyclopropylisothiocyanate 

Gasb Rel. int. Ar matrix Rel. int. N2 matrix Rel. int. vi Assignment 

3107 
(3078) 
(3036) 
3036 

223 1 

2190 

2146 

2076 Q 

1456 Q 
(1410) 

1359 ctr 
1211 ctr 

1169 Q 
(1081) 

(1048) 

1031 

1018 ctr 

918 Q 

860 ctr 
(812) 

773 Q 
749 Q 

640 

520 
-470 
-450 

382 

374 Q 

337 
104 

W 

W 

w, sh 

mw, sh 

m, sh 

VVVS 

VW 

m 
W 

W 

sh 

mw 

w, bd 

VW 

W 

W 

w,  bd 

S 

m 
W 

W 

m 

W 

m 

m 
m 
W 

br 
S 

m 
VS 

m 
VVS 

m 
br 
W 

W 

m 
m 
m 
m 
S 

sh 
W 

W 

m 
m 
m 
m 
m 
m 

m 
W 

W 

m 
m 
VW 

W 

W 

W 

W 

VW 

m 
m 
m 
W 

W 

W 

W 

sh 
br, w V I  I 

m V z 4  

W v13 
br, w 

W v25 
W v14 

br, w V2h 

br, m V I S  

v16 

CH2 antisymmetric stretch 
CH, antisymmetric stretch 
CH stretch 
CH, symmetric stretch 

vj + v2, 2150? 

NCS antisymmetric stretch 

CH, deformation 
CH2 deformation 

CH bend 
Ring breathing 

CH, twist 
CH, twist 

CHZ wag 

CHI wag 

NCS symmetric stretch 
CH bend 
Ring deformation 

Ring deformation 
CH2 rock 

CHZ rock 

C-N stretch 

V l j  + 1116 550 
NCS bend 
NCS bend 

CCN bend 

CCN bend 

CNC bend 

"See Table 1 for an explanation for the abbreviations used. 
bData for the gas taken from ref. 6; bands in parentheses are from the solid. The CH, twist, v,, has not been observed or assigned. 

cm-' and shifts to 2087 cm-' in argon and to 2122 cm-' in the argon matrix spectra in the NCS bending region. For this mol- 
nitrogen matrix. However, for this molecule, one particular ecule there does not appear to be any significant shift among 
band appears to be stronger than the other ones and we have the gas phase or matrix frequencies for this mode as was found 
chosen it as the fundamental. Nevertheless, there are combina- for the methyl and ethyl compounds, but in the nitrogen matrix 
tion and overtone bands which also appear to be relatively this mode appears as a doublet whereas in the argon matrix it 
strong in this spectral region. is a single band but the combination band of this fundamental 

There is a significant difference between the nitrogen and with the CNC bend is clearly observed in the argon matrix. We 
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can not provide any reasonable explanation for these obser- 
vations but it is quite evident that the different matrices have a 
profound effect on the frequency and number of bands for the 
motions associated with the NCS moiety for all of these 
organoisothiocyanate molecules. 

The spectral data obtained from the matrices support, for the 
most part, the assignment previously given for isopropyliso- 
thiocyanate with the exception of two fundamentals. The 
matrix-isolated spectra indicate that one of the CH, anti- 
symmetric deformations should be assigned at 1423 cm-' and 
there is an indication that the 127 1 cm-' band could be assigned 
as a fundamental, possibly as one of the CH bending motions. 
However, this frequency fits that expected for 2v,, and we have 
tentatively assigned it as such. It should also be noted that the 
CC2 deformation, which was previously observed only in the 
Raman spectrum, was not observed in the infrared matrix iso- 
lated spectra. The assignment is summarized in Table 3. 

Cyclopropylisothiocyatzate 
We were particularly interested in the cyclopropylisothio- 

cyanate molecule since in the initial investigation of the vi- 
brational spectrum of this molecule the investigators (6) con- 
cluded that there is only one conformer present at ambient 
temperature but we (5) found both the cis and trans conformers 
present from a microwave study. Therefore we expected to find 
doublets for the CCN bends as well as the modes associated 
with the NCS moiety in the spectra of both matrices. An 
inspection of the data in Table 4 shows that most of these 
fundamentals are doublets in the spectrum of the argon matrix 
isolated material but in the nitrogen matrix many of these 
fundamentals appear as single bands, i.e., v,,, v,,, v2,, and v2& 
Although many more of the fundamentals appear as doublets, 
particularly in the argon matrix, there really is no strong evi- 
dence for the presence of two conformers. The major difference 
in the spectrum of this molecule compared to the other three is 
the presence of two NCS bending modes and greater complex- 
ity in the NCS antisymmetric stretching region. It should also 
be noted that there appears to be little change in the frequencies 
of the NCS bends in the matrix material from those in the gas 
phase although it is much easier to obtain the band centers from 
the spectrum of the matrix compared to the broad nondescript 
bands found in the gas phase. 

It is not possible to give very convincing assignments for the 
larger number of bands found in the NCS antisymmetric 
stretching region. Since the overtone of the NCS symmetric 
stretch falls at a lower frequency than in the methyl and ethyl 
compounds, it does not appear to be in Fermi resonance with 
the antisymmetric mode. It is possible that the band at 2162 
cm-' (argon matrix) is due to the combination of the NCS 
antisymmetric stretch with the asymmetric torsion. 'This por- 
tion of the spectrum appears to be very similar to that found in 
this region for the isopropylisothiocyanate molecule so that 
similar assignments should be appropriate for these two mole- 
cules. Thus, there is no reason to believe that the second strong 
band in this region is due to the second conformer. 

We have made only two minor changes in the vibrational 
assignment (Table 4) from that previously proposed (6). The 
CH2 twisting mode was not assigned earlier but it is very 
probable that this mode should be assigned to the 1081 cm-' 
band and that the CH out-of-plane bend corresponds to the 

weak band observed at 970 cm-I in the argon matrix. Finally, 
it should be noted that we followed the same assignment for the u 

520 cm-' band as that given for the other isothiocyanate mole- 
cules where we believe this band arises from the combination 
of the NCS bend with the CNC bend. This particular band 
appears to be present in all of the organoi~othibc~anate mole- 
cules where it is relatively strong in the gas but weak in the 
spectrum of the solid and usually not observed in the spectrum 
of the matrix isolated material. 

Conclusions 
'The infrared spectra of the matrix isolated organoisothio- 

cyanate molecules make it possible to obtain the band centers 
of the fundamentals, many of which are very broad and non- 
descript in the gas phase. The spectrum of the methylisothio- 
cyanate molecule could be interpreted on the basis of a quasi- 
linear molecule with effective C,,. symmetry. The previously 
reported (1) doubling of the fundamentals of ethylisothio- 
cyanate in the nitrogen matrix is due to matrix effects and not 
due to the presence of a second conformer since comparable 
doubling was not found in the argon matrix. No evidence was 
found for a second conformer for isopropylisothiocyanate, and 
conclusive evidence for a second conformer of cyclopropyliso- 
thiocyanate could not be found even though this molecule has 
been found to exist at ambient temperature as the cis and trans 
conformers from a microwave study (5 ) .  Therefore it is con- 
cluded that the vibrational spectra of these molecules are not 
sensitive to the orientation of the NCS moiety and other tech- 
niques must be used to establish the presence of conformers in 
the organoisothiocyanate molecules. All these molecules give 
complex spectra in the NCS antisymmetric stretching region 
which is partly due to the overtone of the symmetric mode as 
well as possible combinations of the CNC bend or asymmetric 
torsion with this stretch. Certainly the large amplitude motions 
of the two low frequency fundamentals give rise to a complex 
band structure in the 570 cm-' region which appears to be in 
combination with the NCS bend(s), and probably also con- 
tribute to the complex spectra in the NCS antisymmetric 
stretching region. 
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DELANO P. CHONG. Can. J .  Chem. 63, 2007 (1985). 
The Gelius intensity model has been adapted in the semiempirical HAM13 method to calculate the valence ionization 

energies and intensities in XPS. Both semiempirical and nb initio Hartree-Fock-Slater atomic photoionization cross-sections 
can be used. Results presented for C2HZ, C1H4, NZ, H20.  CH30H, and CH2FZ demonstrate that the present method can facilitate 
the interpretation of experimental XPS. 

DELANO P. CHONG. Can. J .  Chem. 63, 2007 (1985). 
On a adapt6 le modele d'intensitC de GClius dans la mCthode semi-empirique HAM13 pour calculer les Cnergies d'ionisation 

et les intensitCs de XPS. On peut utiliser aussi bien des sections droites de photoionisation atomique semi-empirique que les 
valeurs nb initio de Hartree-Fock-Slater. Les rksultats rapport& pour les moltcules de CrH2, C2H4, N2, H20 ,  CH30H et 
CH2FZ dimontrent que la prCsente mCthode peut faciliter I1interprCtation de XPS expCrimentaux. 

[Traduit par le journal] 

The Gelius intensity model 
A model for calculating relative intensities in the valence 

region of X-ray photoelectron spectra (XPS) was presented by 
Gelius (1) over ten years ago. According to this model, the 
relative intensity for ionization from molecular orbital j is given 
by 

A 0  1~ = [2 + ;] C ,X P,, a,, 
A A 

where p is the asymmetry parameter, PA,, is the gross atomic 
population on atomA from atomic orbital A in molecular orbital 
j, and a;: is the relative photoionization cross-section of atom- 
ic orbital Ah. The asymmetry parameter was set to 2 except for 
.sr orbitals of linear molecules, in which case P = - 1 was used. 
For MgKa radiation, Gelius gave values of a: for the 2s and 
2p orbitals of C,  N, 0 ,  F, and Ne, and for the 3s and 3p orbitals 
of S and Ar. The model was successfully applied to the XPS of 
C6H6, C4H40, C4H4S, CF4, SFs, C30z, and Nz, despite the 
preliminary nature of the cross-section ratios. 

Several changes have been made since then. A few relative 
A 0  cross-sections a,, were changed (2,3).  The asymmetry param- 

eter was altered to P = 0 for .rr orbitals of linear molecules (3). 
Finally, PA,, was taken to mean the net atomic population (3). 

Adaptation of the Gelius model to the 
semiempirical HAM13 method 

The net atomic population is simply c:,,. In the semi- 
empirical HAM13 computer program (4), an additional set of 
orbital coefficients C,,, is available and is associated with the 
basis set of Lowdin ~rthogonalized~atomic orbitals. The rela- 
tive intensities obtained by using C;,, and C;,, are similar and 
only the results from C:,, will be presented below. 

In addition to the semiempirical relative cross-sections of the 
Gelius model (I-3), we have also incorporated the ab initio 
relative cross-sections for both MgKa (1253.6 eV) and AlKa 
(1486.6 eV) radiation of Nefedov et al. (5) based on the 
Hartree-Fock-Slater method. A complete list of a:: values 
used in this work is given in Table 1. The results from semi- 
empirical and ab initio cross-sections are similar and only the 
relative intensities from ab initio cross-sections are presented in 
the figures. 

Finally, since our version of the HAM13 program (6) has 
been extended to include configuration-interaction (CI) calcu- 
lations for valence-electron shake-up (VESU) satellite bands, 
the XPS intensities have likewise been extended. It was demon- 
strated (6) that the VESU results from HAM13 can compete 
with those from two-particle-hole Tamm-Dancoff approxi- 
mation (2ph-TDA) within the Green's function (GF) approach, 
especially when a truncated set of molecular orbitals and/or a 
limited set of atomic orbitals are used. 

Results and discussion 
The new version of the HAM13 program was used to calcu- 

late the XPS of CzH2, C,H,, N?, HaO, CH,OH, and CHaF2. 
These molecules were chosen partly because their gas-phase 
XPS are available and partly because HAM13 can only handle 
molecules containing those five elements. The experimental 
equilibrium geometries for these molecules (7, 8) were used. 

In Tables 2 to 7 ,  we summarize the results of the com- 
putations. The vertical ionization potentials listed under PES 
and under VESU come from the runs excluding and including 
shake-up satellites, respectively. The column heading a = 1 
refers to the uniform in-phase non-interfering cross-section ap- 
proximation, which was used previously (6) and corresponds to 
the so-called spectroscopic factor (9). Finally, the calculated 
results using ab irlitio atomic cross-sections are compared with 
the experimental spectra (10-14) in Figs. 1 to 5. In Figs. 2 to 
5,  contamination by the MgKa3,4 satellite line(s) is present as 
discussed by the experimental workers. 

In Fig. 1, the calculated intensity of the shake-up band at 28 
eV appears to be too low. However, the correct interpretation 
of the observed XPS of acetylene is still unclear. Neither CI 
(10) nor GF (14) calculations produce the experimental pattern 
around 27 eV. The latest synchrotron results (15) reconfirmed 
the difficulties of the interpretation, suggesting two different 
origins of the borrowed intensities for the VESU bands at 26.5 
eV and 28 eV, as well as a new peak at 31.0 eV (all in 
agreement with the present results). 

In Fig. 2, the VESU peak at 27 eV is given a new inter- 
pretation. The presence of two VESU states in this energy 
region of the XPS of ethylene is supported by GF results (16). 
These two cases show that the present HAM13 approach is 
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TABLE 1. Relative photoionization cross-sections (rela- 
tive to C 2s) used in this work 

Atomic orbital Gelius MgKa 

Nefedov et ~ 1 . ~  

MgKa 

0.0102 
1 
0.0389 
1.78 1 
0.1048 
2.848 
0.2307 
4.229 
0.4505 

AlKa 

"Reference 1 .  
"Reference 2. 
' Reference 3.  
"Reference 5. 

TABLE 2. Semiempirical HAM13 results for the XPS of C2H2 excited 
by AlKa with and without VESU 

Rel. intensity Rel. intensity 
PES VESU 

State (eV) Gelius Nefedov (eV) u = l Gelius Nefedov 

'nu 11.59 0.060 0.043 11.57 1.999 0.060 0.043 
30 20 10 

'C, 17.18 0.036 0.030 16.94 0.982 0.036 0.030 Electron Volts 
'2. 19.70 0.322 0.323 19.12 0.946 0.305 0.305 FIG. 1 .  Comparison of experimental (10) and calculated AlKa 
2C, 24.12 0.766 0.767 23.59 0.886 0.677 0.678 photoelectron spectrum of CZHZ. 
'C, 26.91 0.082 0.063 0.063 
'c; 
2Cg 

28'53 0'036 0'012 TABLE 4. Semiempirical HAM13 results for the XPS of NZ excited by 
30.96 0.050 0.027 0.027 

'C, 33.01 0.012 0.004 0.004 
AlKa with and without VESU 

Rel. intensity Rel. intensity 

TABLE 3. Semiempirical HAM13 results for the XPS of C2H4 excited PES VESU 

by MgKa with and without VESU 
State (eV) Gelius Nefedov (eV) u = 1 Gelius Nefedov 

Rel. intensity 
PES 

State (eV) Gelius Nefedov 

'B,, 10.53 0.045 0.039 
'Ble 13.20 0.025 0.026 
'A, 14.84 0.053 0.050 
' ~ 2 .  16.28 0.028 0.028 
'B~, 19.84 0.341 0.345 
'A g 

'A, 24.29 0.630 0.633 
'AF 

Rel. intensity 
VESU 
(eV) u = 1 Gelius Nefedov 

10.49 0.999 0.045 0.039 
12.95 0.978 0.024 0.025 
14.74 0.993 0.052 0.050 
15.76 0.910 0.025 0.025 
19.35 0.908 0.310 0.313 
23.36 0.075 0.026 0.026 
23.66 0.807 0.508 0.510 
25.55 0.100 0.063 0.063 
28.22 0.098 0.059 0.059 

moderately successful. It is in the next example that the short- 
coming of our limited configurational space is more evident. 

In Fig. 3 ,  the weak peak at 32 eV is missing in the calculated 
spectrum because it is due to 2-particle-3-hole contributions 
(9), which are completely absent in our VESU configuration 
interaction as well as in 2ph-TDA GF calculations (17, 18). 
The interpretation of the peak at 27 eV in the XPS of N, is also 
quite complicated (9, 19). In fact, there are many significant 
VESU satellites in the inner valence region of N2, as shown by 
the work of Nyholm et al. (20) and the present HAM13 picture 
is undoubtedly an oversimplification. 

In the next three cases, the present method works very well, 
providing grounds for its use. 

TABLE 5. Semiempirical HAM13 results for the XPS of H20 excited 
by MgKa with and without VESU 

Rel. intensity Rel. intensity 
PES VESU 

State (eV) Gelius Nefedov (eV) u = 1 

0.148 0.231 12.87 0.997 
0.234 0.438 15.35 0.999 
0.107 0.170 18.24 0.998 
0.872 1.913 31.30 0.521 

34.01 0.435 
37.98 0.015 
40.93 0.025 

Gelius 

0.148 
0.234 
0.107 
0.455 
0.379 
0.013 
0.022 

Nefedov 

The XPS of H 2 0  and CH30H are presented in Fig. 4. The 
HAM/3 results obtained in this work can reproduce the experi- 
mental spectra very well. More elaborate calculations have 
been performed on these molecules using the 2ph-TDA GF 
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'P' If 3u 

I 

C2H4 

30 20 10 
Electron Volts 

F a .  2. Comparison of experimental (1 1) and calculated MgKa 
photoelectron spectrum of C2H4. 

TABLE 6. Semiempirical HAM13 results for the XPS of CH,OH ex- 40 30 20 10 
cited by MgKa with and without VESU Electron Volts 

Rel. intensity Rel. intensity FIG. 3. Comparison of experimental (12) and calculated AlKa 
PES VESU photoelectron spectrum of Nz. 

State (eV) Gelius Nefedov (eV) u = l Gelius Nefedov 

method (21-23) but the relative intensities in those calcu- 
lations are based on the u = 1 model. 

Finally, the HAM13 results on CH2F2 are compared with the 
observed spectrum in Fig. 5 .  The outer-valence photoelectron 
spectrum of CH,F, is well understood (24). The inner-valence 
region has been studied by the 2ph-TDA GF method (25) but 
the ionization energies and spectroscopic factors are inferior to 
the present results. 

By relying heavily on Slater's screening concept, the semi- 

TABLE 7. Semiempirical HAM13 results for the XPS of CH2F2 ex- 
cited by MgKa with and without VESU 

Rel. intensity Rel. intensity 
PES VESU 

State (eV) Gelius Nefedov (eV) u = l Gelius Nefedov 

empirical HAM13 method simplifies the true situation by using 
a minimal basis set. The present version of the program also 
limits the configurational space for cationic C1 to determinants 
with either one or three singly occupied molecular orbitals. 
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40 30 20 10 40 30 20 10 

Electron Volts Electron Volts 
FIG. 4. Comparison of experimental (13) and calculated MgKa photoelectron spectra of H20 and CH,OH. The asterisk indicates contam- 

ination by M ~ K c x ~ , ~ .  

Electron Volts 
FIG. 5. Comparison of experimental (14) and calculated MgKa 

photoelectron spectrum of CH2F2. The asterisk indicates contamina- 
tion by MgKa,,,. 

Nevertheless, this version of the HAM13 program performs 
remarkably well. The six molecules studied in this work re- 
quired a total of 15 s of CPU time on an Amdahl V/8 computer. 

In principle, the 2ph-TDA GF approach can be more re- 

liable. In practice, however, severe truncation of the atomic 
orbital basis set and the molecular orbital space has led to 
considerable loss of accuracy. Moreover, most of the GF pa- 
pers give spectroscopic factors rather than XPS intensities. 
Related to the present study is the work of Honjou et al. (26) 
who computed ab  initio photoionization cross-sections with the 
plane-wave approximation, but their ionization energies tend to 
be less reliable because they use minimal Slater-type orbitals as 
basis set. 

Other semiempirical approaches should be mentioned. Bige- 
low based his calculations on CNDO (27) and Schulz et al. (28) 
compared CNDO with MNDO and LNDO. In both cases, only 
the spectroscopic factors are obtained. 

In summary, in spite of its simplicity, the present version of 
HAM13 can provide useful calculated XPS to facilitate the 
interpretation of experimental spectra. 
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Structure of bacteriorhodopsin in the acidified membrane and at high ionic strength: 
resonance Raman study 
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G. MASSIG, M. STOCKBURGER, and TH.  ALSHUTH. Can. J .  Chem. 63, 2012 (1985). 
Resonance Raman (RR) spectra of the retinylidene Schiff's base (SB) chromophore of bacteriorhodopsin (BR) were obtained 

from purple membrane (PM) suspensions of Halobacferium halobium in three different equilibrium states: (1) the native state 
at neutral pH; (2) BR-605, the acidified membrane at pH 2; (3) BR-565(CI-) or BR-545 (F-),  at low pH and high ionic 
strength. In the native state the retinyl chromophore is stabilized by an ion-pair complex of the protonated SB group with a 
negative carboxylate counterion (A-) of the protein, giving SBH'---A-. In the acidic form, BR-605, it is inferred from the 
RR spectra that the chromophore is immobilized. This is ascribed to a breakdown of the ionic interaction by protonation of 
A-. In the two (3) forms the RR spectra show that the original structure of the chromophore in the native state is reestablished, 
which is attributed to the formation of SBH'---C1-(F-) complexes with the anions. It thus turns out from RR spectroscopic 
evidence that the retinyl chromophore in BR is largely governed by the SBH'---A- ion-pair formation, which is stabilized 
by surrounding water molecules. 

G. MASSIC, M. STOCKBURGER et TH. ALSHUTH. Can. J .  Chem. 63, 2012 (1985). 
On a obtenu les spectres de resonance Raman (RR) du chromophore de la bacttriorhodopsine (BR) de la base de Schiff (BS) 

du rttinylidkne, a partir de suspensions de la membrane pourpre (MP) du Halobacterium halobium dans trois Ctats dlCquilibre 
differents: ( I )  1'Ctat naturel a pH neutre; (2) BR-605, la membrane acidifite a un pH de 2; (3) BR-565 (Cl-) ou BR-545 (F-) 
a des pH faibles et a une force ionique t levte.  A I'ttat naturel, le chromophore rCtinyle est stabilist par un complexe form6 
d'une paire d'ions du groupe BS proton6 par l'ion carboxylate (A-) de la prottine en donnant le BSH'---A-. Sur la base du 
spectre RR de la forme acidifiCe, BR-605, on dtduit que le chromophore est immobilist. On attribue ceci a une rupture de 
I'interaction ionique par suite de la protonation de A-. Dans les deux formes (3), le spectre RR indique que la structure originale 
du chromophore a I'ttat naturel est retablie. On attribue ceci a la formation de complexes SBH'---C1- (F-) avec les anions. 
I1 ressort donc des donntes spectroscopiques que le chromophore rttinyle de la BR depend fortement de la formation de la paire 
d'ions SBH'---A- qui est stabilisee par les molecules d'eau environnantes. 

[Traduit par le journal] 

Introduction 
Bacteriorhodopsin (BR) is a retinal-binding protein in the 

cell membrane of Halobacteriz~m halobium. In the so-called 
purple membrane (PM) fraction it forms two-dimensional reg- 
ular arrays and acts as a light-driven proton pump (1). This 
function is controlled by a chromophoric center which contains 
retinal bound to the protein via a Schiff's base (SB) linkage (for 
a review, see ref. 2). In the dark BR exists in a nearly I : 1 ratio 
of two forms with retinal in the all-trans (BR-570) and 13-cis 
(BR-548) configuration, respectively (Fig. 1) (3, 4). In the 
light the equilibrium is shifted towards the all-trans com- 
ponent, BR-570, the initial state of a light-induced cyclic 
process which induces BR's function as a proton pump (Fig. 2) 
(2). 

'The colour of a BR chromophore is largely determined by 
the state of protonation of the SB group. Thus protonation at 
the SB nitrogen induces a big red-shift (5, 6). As will be 
outlined below, the positive charge at the SB group interacts 
strongly with a negative counterion in the side group of an 
amino acid residue. The absorption maximum (A,,,,,) of a BR 
chromophore largely depends on the strength of this ionic inter- 
action (5). 

It was reported that A,,, of the light-adapted PM shifts from 
570 to 605 nm when the pH value is decreased from 7 to 2. In 
more systematic titration experiments with hydrochloric acid it 
was found by Mowery et al. (7) that this transition to a new 
state, BR-605, can be described by a pK value of 2.9. When 
the pH value is decreased below 2 by addition of hydrochloric 

'Author to whom all correspondence should be addressed. 

FIG. 1. In the BR chromophore retinal is bound to the €-amino 
group of a lysine residue via a Schiff's base linkage; (a) native chro- 
mophore BR-570: all-trans retinal, 15-anti protonated SB group (2 1); 
(b) native chromophore BR-548: 13-cis retinal, 15-syn protonated SB 
group (2 1). 

BR-548 BR -570 

5 m s (  )hv  

Intermed. 

FIG. 2.  Photoreactions of native bacteriorhodopsin. Light adaption 
shifts the equilibrium to BR-570, which runs through a photo- 
chemically induced cyclic process. The time constants refer to room 
temperature. 
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I I I complexes BR-565(C1-) and BR-545(F-). In an RR experi- 
ment the chromophoric site is selectively probed and one 

1.0 - - obtains from the vibrational spectra information on the config- 
uration of the retinal chain or the state of protonation of the SB 
group. The analysis of the RR spectra therefore provides de- 
tailed information on the modified chromophoric species and 
consequently also on the structure of the native chromophore. 

Experimental 
In order to prevent aggregation of purple membranes arising at low 

pH values or at high ionic strength the PM patches were embedded 
into polyacrylamide gels. The gels were prepared as described in 
ref. 8 and PM was added to the gel at a concentration of 3 X 10-'M. 
T o  adjust the pH value and (or) ionic strength and to exchange H 2 0  
for DZO the gel preparation was immersed in an aqueous reference 
solution and kept there several hours for equilibration. T o  record 
absorption spectra the gel was polymerized into a Plexiglass cuvette 
with apertures in the side walls to enable diffusional equilibration with 
the reference solution. 

For resonance Raman measurements a demountable spinning cell of 
cylindrical shape made of Plexiglass was used (10). The cylinder had 
an inner diameter of 40 mm and a length of 5 mm. The cell was only 

600 700 
half filled with liquid gel suspension and then rotated so that the liquid 

LOO 500 was pressed against the cylindrical wall. Rotation was continued until 
hlnm polymerization was complete, leaving behind a gel layer of a few 

3. ~ b ~ ~ ~ ~ i ~ ~  spectra from purple membranes embedded in millimeters in thickness. For equilibration with the reference solution 
polyacrylamide gels. BR-570: neutral pH value. BR-605: equilibrated the cell was demounted and the cylindrical wall with the gel layer was 
with HCI solution at pH 2. BR-565(C1-): equilibrated with HCI solu- immersed in the solvent. 

tion at pHO. BR-545(F-): equilibrated with solution of 0.67 M hydro- For excitation of Raman scattering the beam of a CW ion laser 
fluoric acid and 0.33 M NaF, at pH 2.2. All absorption spectra refer (argon or krypton) was aligned in the gel layer ~ara l le l  to the cylin- 
to the same concentration of PM. drical wall. The beam was focussed with a 200-mm lens into the 

middle of the cell, giving a focal diameter of 70 Fm.  The cell was 
rotated at a repetition rate of 50 s - ' .  The conversion of a photolabile 

acid, a second equilibrium state with A,,,, at 565 nm is estab- species is determined by the product /,,At, where 1 ,  is the rate of the 
lished (Fig. 3). While the first transition to BR-605 obviously photoreaction which is proportional to the irradiation power and At is 
involves a proton transfer reaction, it could be demonstrated by the transit time of a molecule across the focal area of the beam (1 1).  
Fischer and Oesterhelt (8) that the second transition is catalyzed This "photoconversion parameter" was kept below 0.2 for the native 
by chloride or fluoride anions leading to final states with A,,, chromophore and for BR-605, which means that less than 10% of 

H + Cl-, F-. BR-565(CI-) 
photoproducts are probed by the laser beam (1 1). For RR mea- 

[ l ]  BR-570 e BR-605 - surements with BR-565(CI-) and BR-545(F-) this parameter was 
I , { BR-545(F-) elevated by a factor of three, since up to this value no photo- 

at 565 and 545 nm, respectively (Fig. 3). Equilibrium constants 
of 1 M[Cl-] and 0.1 M[F-] were estimated for the anion- 
induced transitions (8). 

The following view of the molecular mechanism of the reac- 
tions in eq. [I] was given by Fischer and Oesterhelt (8). In the 
parent chromophore, BR-570, the positively charged SB group 
interacts with a negative counterion giving SBH+---A-. When 
the environmental proton concentration is increased, A- be- 
comes protonated from the outside. The pK value of 2.9 for this 
reaction argues that A- might be a carboxylate group of an 
aspartic or glutamic acid residue. Such a group presumably is 
located in close vicinity to the chromophore. This is supported 
by the observation that a carboxylate anion in the protein be- 
comes protonated and deprotonated synchronously with inter- 
mediates of the photochemical cycle (9). Once the intrinsic 
anion is protonated, the original ion-pair interaction is inter- 
rupted giving (SBH', AH), which corresponds to the red- 
shifted species BR-605. When the ion strength is further 
increased, the role of the intrinsic anion can be taken over by 
extrinsically introduced anions like C1- or F-, reestablishing 
ion-pair interaction of the form SBH+---C1- (F-) and shifting 
A,,, back to the blue. 

In the present paper we have studied resonance Raman (RR) 
spectra of the acidified chromophore BR-605 and the two anion 

intermediates were found. 
Raman scattering was monitored perpendicular to the laser probe 

beam. The spectra were recorded by conventional equipment as de- 
scribed previously (12) using a spectral bandwidth of 3.7 cm- ' .  The 
RR spectra of the unphotolyzed chromophores BR-570 and BR-548 
were obtained from light- and dark-adapted PM in aqueous suspension 
as described previously (1 1-13). In all experiments the temperature 
was 25°C. 

Purple membranes were isolated from Halobacterium halobium 
cells in the conventional way (14). 

Results 
At pH values between 5 and 7 the RR spectra obtained from 

gel-suspended PM were identical with the spectra from aque- 
ous solution. In the following the solution spectra of the 
unphotolyzed species BR-570 and BR-548 will be taken as 
reference and therefore a brief account of the vibrationaI 
assignments will be given in advance. The characteristic bands 
of the terminal SB group can easily be inferred from a com- 
parison of the spectra in H 2 0  and D20 ,  since upon solvent 
exchange the proton at the nitrogen is replaced by a deuteron. 
From the spectra of BR-570 in Fig. 4 ,  therefore, it follows that 
the band at 1641 cm-' can be assigned to the C=N stretching 
motion of the HC=NH+ group. This band shifts to 1624 cm-' 
for the HC=ND+ group. Similarly the bands at 1349 cm-' in 
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FIG. 4. Resonance Raman spectra of BR-570 from aqueous sus- 
pension of PM, excited at 514 nm. 

H20 and at 976 cm-' in D20 can be assigned to a vibrational 
mode whose main component is the N-H or N-D in-plane 
bending motion. A qualitative assignment of the vibrational 
bands of the retinal moiety can be made on the basis of normal 
mode calculations of retinal (15- 17). Thus the strongest band 
in the spectra at 1529 cm-' refers to an "in-phase" stretching 
motion along the various C-C double bonds. The frequency 
of this "C=C stretch" varies as the inverse of A,,,, of a chromo- 
phore and therefore is a measure of IT-electron distribution 
along the retinal chain (1 1, 12, 18). The group of fairly strong 
bands between 1150 and 1220 cm-' corresponds to vibrations 
which mainly involve a C-C single bond stretching com- 
ponent which, however, is strongly coupled with the C-H 
(N-H) in-plane (i.p.) bending motion. Such normal modes 
are fairly delocalized and therefore are sensitive to structural 
changes. The group of bands between 1 150 and 1220 cm-' thus 
constitutes a fingerprint for the configuration of the retinal 
moiety. Similarly the weaker bands between 1250 and 
1400 cm-', which involve the C-H (N-H) in-plane bending 
motion as a principal component which is coupled to C-C 
single bond stretches, are also characteristic of the structure of 
retinal. C-H (N-H) out-of-plane modes lie between 800 and 
1000 cm-'. The appearance of intense RR bands in this region 
has been interpreted as a sign for considerable conformational 
distortion (13, 19, 20). In the spectra of BR-570 a few weak 
bands of this type are observed between 820 and 960 cm-' . The 
fairly strong band at 1008 cm-', however, obtains its intensity 
mostly from the in-phase in-plane bending mode of the two 
methyl groups at the C(9) and C(13) position of the retinal 
chain (15). 

The spectra of the dark-adapted PM in aqueous solution 
which consists of a 1 : 1 mixture of BR-570 and the 13-cis 

FIG. 5. Resonance Raman spectra from dark-adapted aqueous sus- 
pensions of PM, excited at 5 14 nm. 

chromophore BR-548 are depicted in Fig. 5. The contribution 
of BR-548 is reflected by a number of new vibrational features. 
Thus a new C=C stretch appears at 1537 cm-', which corre- 
sponds to the shift of A,,, to 548 nm. In the fingerprint region 
a new band arises at 1182 cm-' while in the H,O spectrum 
intensity decreases at 1214 cm-'. The fairly distinct feature at 
800 cm-' has been attributed to the Cl,-H out-of-plane (0.p.) 
bending mode (16). The characteristic vibrations of the SB 
group can be inferred from isotope effects in Fig. 5. The rather 
strong band at 1344 cm-' was assigned to a coupled i.p. 
bending mode of the two SB hydrogens from which the C15-H 
component appears as a clear feature at 1414 cm-' in the D20 
spectrum (13). The corresponding CIS-H O. p. bending mode 
was assigned to the 988 cm-' band in the D,O spectrum (13). 
It must be noted that the band at 1210 cm-' in D20 has been 
recently assigned to a C-C single bond stretch. In H,O this is 
coupled to the N-H i. p. bend and therefore shifts down to 
1160 cm-' (20). It thus appears that the characteristic bands of 
the SB group are different for the two chromophores BR-570 
and BR-548. This can be ascribed to the fact that the two SB 
hydrogens are in anti and syn position, respectively (Fig. 1) 
(21). A "pure" spectrum of BR-548 was obtained by sub- 
tracting the contribution of BR-570 (13). 

The RR spectra obtained from a PM containing poly- 
acrylamide gel at a pH value of 2 are shown in Fig. 6. Although 
the BR concentration was as low as 3 X M, the resonantly 
enhanced scattering from the chromophore was about five 
times more intense than Raman scattering from the gel alone, 
whose contribution therefore could be easily subtracted. It is 
known that the chromophore established at pH 2, BR-605, is 
photolabile (22,24). It also runs through a photochemical cycle 
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FIG. 6.  Resonance Raman spectra of BR-605 excited at 568 nm. 
BR-605: PM in polyacrylamide gel equilibrated with HCI at pH 2. 

with intermediates comparable to K-590 and L-550 of the na- 
tive chromophore BR-570 (24). For the "L" intermediate a 
lifetime >700 k s  is reported (24). In our RR experiments with 
a spinning cell it is estimated that less than 20% of photo- 
products are formed during the transit of sample across the 
beam. However, since in the gel the BR molecules are in a 
fixed position, photointermediates or products whose lifetime 
is longer than the 20-ms cyclic period of the spinning cell might 
be accumulated. In the spectra of Fig. 6 the C=C stretch lies 
at 1521 cm-', which correlates with A,,,, at 605 nm. This is 
strong evidence that in our RR experiment the unphotolyzed 
species BR-605 predominantly was probed. It is interesting to 
note that a second C=C stretch at 1533 cm-' increases in 
intensity at the expense of the 1521 cm-' line when the wave- 
lengths of the Raman probe beam are tuned below 500 nm and 
therefore are out of resonance with BR-605. It may be that the 
1533 cm-I line belongs to the "L" intermediate of BR-605 
whose RR scattering is resonantly enhanced in the blue-green 
region and therefore can be detected even at low concentration. 
Another possibility would be that the 1533 cm-' line reflects 
the 9-cis photoproduct of BR-605, which also absorbs in the 
blue-green region (22, 23). Finally, it must be noted that after 
10 min of irradiation under the conditions of our RR experi- 
ment a 3% bleaching of BR-605 and a concomitant decrease of 
its RR intensity are observed. 

The spectra of BR-605 in Fig. 6 can now be compared with 
the spectra of the native membrane in Figs. 4 and 5. First of all, 
it can be concluded from isotopic shifts that the SB group in 
BR-605 is protonated. In the fingerprint region the intensity 
ratio of the two diagnostic bands at 1187 and 1215 cm-' is 
similar to that in the dark-adapted membrane in H 2 0  sus- 
pension (Fig. 5A), suggesting that in BR-605 a mixture of 
all-trans and 13-cis retinal is established. This conclusion is in 
line with biochemical extraction experiments in which a nearly 
equal amount of the two isomers was found in the light- and 

dark-adapted state of the acidified membrane at pH 2 (7). On 
the other hand, the characteristic hydrogen bending modes of 
the SB group in the 13-cis/ 15-syn component of the dark- 
adapted membrane (799 and 1344 cm-' in H20 ;  807, 988, and 
1210 cm-I in D,O), giving rise to well-resolved vibrational 
features in the spectra of Fig. 5 ,  cannot be identified in the 
spectra of BR-605. This implies that the SB group in the 13-cis 
component of BR-605 does not have the same structure as in 
the 13-cis component of the dark-adapted membrane. In this 
respect it is interesting to compare also other bands of the SB 
group of BR-605 with related bands of the dark-adapted mem- 
brane. Thus the band at 975 cm-' in the spectrum of the acid 
membrane (Fig. 6B), which refers to the N-D i. p. bending 
mode of the all-trans/ 15-anti component, is much broader 
than the related band at 976 cm-'  in the spectra of the native 
membrane (Figs. 4B, 5B). This broadening obviously reflects 
an inhomogeneous structural distribution of the SB group. The 
C=N stretch in BR-605 is reflected by a fairly weak and broad 
feature at 1628 cm-I (Fig. 6A) that in D,O shifts to 1616 cm-'. 
In the dark-adapted membrane this vibration gives rise to a 
much narrower band with higher peak intensity at I637 cm-'. 
Therefore the C=N stretch of BR-605 at 1628 cm-I cannot be 
simply obtained by superposition of all-trans/ 15-anti and 
13-cisll5-syn components as they occur in the native mem- 
brane, but rather reflects also a variety of different structures of 
the SB group. 

Finally we consider the C=C stretch of the acidified mem- 
brane that peaks at 1621 cm-' (Fig. 6). The width of this band 
is 27 cm-' (FWHH) which is large compared with the width of 
the C=C stretch of the all-trans component in the native 
membrane, which is 15 cm-I (Fig. 4). While in the spectra of 
the dark-adapted membrane the two components can be easily 
distinguished by two peaks at 1529 and 1537 cm-', only a 
single peak is observed in the spectra of BR-605. This is 
another clear indication that the BR-605 state is not a pure 
superposition of the two components of the native membrane. 

On the basis of spectroscopic evidence the following picture 
is obtained. In the native membrane the chromophore is kept in 
a rather fixed position by interaction with the protein, giving 
rise to two stable components with all-trans/l5-anti and 
13-cis/ 15-syn configuration. In the acidified membrane at pH 
2 the all-trans and 13-cis configuration of the retinal moiety is 
preserved whiIe the fixed structure of the SB group is lost. In 
particular, the "15-syn" structure of this group as it is observed 
in the dark-adapted native membrane is no longer identified. It 
thus appears that in BR-605 the SB group obtains more struc- 
tural mobility than in the native state. 

Following the arguments of Fischer and Oesterhelt (8), the 
transition from BR-605 to a second equilibrium state is due to 
the increase of the ionic strength. In the present study RR 
spectra were obtained from two different samples. The first 
sample was equilibrated with 1 M HC1 solution at a pH value 
of 0,  the second sample with a solution of 0.67 M HF and 
0.33 M NaF at a pH value of 2.2. The RR spectra in Fig. 7 from 
the two different samples are nearly identical, which implies 
that it is not the decrease in pH from 2 to 0 but the increase in 
ionic strength which is responsible for the transition I1 (eq. [i]). 
No indication was found for a long-lived photointermediate, so 
that the spectra in Fig. 7 represent the unphotolyzed species. 

The spectra of the two species, BR-565(C1-) and BR- 
545(F-), in Fig. 7 differ in many details from the spectrum of 
BR-605. Thus the C=C stretches at 1531 and 1536 cm-I are 
narrow compared with BR-605. The C=NH stretch corre- 
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FIG. 7. Resonance Raman spectra from PM embedded in poly- 
acrylamide gels, excited at 514 nm. BR-565(C1-): equilibrated with 
HC1 solution at pH 0. BR-545(F-): equilibrated with solution of 
0.67 M HF and 0.33 M NaF at pH 2.2. 

sponds now to bands at 1638 and 1640 cm-I, which are nar- 
rower and higher in peak intensity than in the spectra of 
BR-605. Bands at 1348 and 1350 cm-' can be clearly identified 
as N-H i. p. bending modes, which in D 2 0  move to 
975 cm-'. These bands correspond in all details to the SB group 
vibrations of the native chromophore BR-570. But, on the other 
hand, weak bands at 987, 1415, 800, and 809 cm-' are found 
in Fig. 7,  which correspond to SB group vibrations of BR-548. 
From spectroscopic evidence it is thus concluded that in 
BR-565 (C1-) and BR-545 (F-) the all-trans/ 15-anti config- 
uration dominates, while a minor fraction is in the 13- 
cisll5-syn form. On the basis of a 1 : 1 ratio of these two 
components in the spectra of the dark-adapted membrane 
(Fig. 5), a 85: 15 ratio is estimated from the spectra of 
BR-545(FW). 

No evidence is obtained from absorption spectra at high ionic 
strength for a differentiation into light- and dark-adapted states 
as in the native chromophore (8). Obviously there is no prefer- 
ential unidirectional phototransition which could establish a 
light-adapted state. The 85: 15 ratio stated above therefore 
reflects the thermal equilibrium between the two components. 

The spectra in Fig. 7 as a whole closely resemble the spectra 
of BR-570 in Fig. 4. This is in support of the above conclusion 
that at high ionic strength the all-trans (15-anti) component 
dominates. The similarity holds even for weak vibrational fea- 
tures like the two bands between 1570 and 1600 cm-' in the 
C=C stretching region or the bands at 959 and 884 cm-' in the 
o. p. bending region. This suggests that the structure of the 
relevant species is similar even with respect to conformational 
distortions of the retinal chain. It further appears that in- 
homogeneous broadening of the C=C and C=N stretching 
bands is much less pronounced in the spectra of Fig. 7 than was 
observed for BR-605. This suggests that in the states 
BR-565(C1-) and BR-545(F-), at high ionic strength, the 
retinyl chromophore is immobilized in a similar way as in 
BR-570. It is important to note that analogous conclusions are 
suggested from circular dichroism studies (7). 

Conclusions 
It was proposed in a previous study that the interaction 

between the positively charged SB group and its negative coun- 
terion in native BR chromophores is stabilized by water mole- 
cules which are located in the immediate vicinity of the SB 
group (25). One important piece of evidence had been inferred 
from the fact that the width of the C=N stretch is narrowed 
when H 2 0  as a solvent is replaced by D20.  This effect was 
ascribed to the strong interaction between the C=N stretch and 
the nearly degenerate bending mode of neighbouring H 2 0  mol- 
ecules. This interaction contributes to the width of the C=N 
band at 1641 cm-' in H 2 0  but vanishes for D20  where the 
frequency match is no longer valid (see also Figs. 4 and 5). 

From the spectra of Figs. 6 and 7 it is suggested that also at 
low pH and high ionic strength water molecules are closely 
attached to the SB group. Thus in the spectra of BR-605 the 
C=N stretch at 1616 cm-' in D20  is narrower and has a higher 
peak intensity than the corresponding band at 1628 cm-' in 
H20.  The same holds for the bands at 1640 and 1623 cm-' in 
the spectra of BR-545(F-). In the spectra of BR-565(C1-) this 
effect is less pronounced although a slight increase in peak 
intensity of the C=N stretch in D 2 0  (1624 cm-') is observed. 
For interpreting the results of the present study the influence of 
water molecules therefore has to be taken into account. 

The most important phenomenon we observed is the for- 
mation of stable BR chromophores with the extrinsic anions 
C1- and F- from the solution. It could be demonstrated that the 
structure of such complexes is very similar to that of the native 
species BR-570. It seems that the formation of BR-605 has to 
anticipate the formation of the Cl-(F-) complexes. In this 
respect a recent paper of Kimura et al. (26) is of interest, in 
which is demonstrated that BR-605 is also established by de- 
ionization of the membrane. 

The fact that such different anions as the intrinsic carbox- 
ylate group and C1- or F- from the solution form nearly iden- 
tical chromophoric complexes can be better understood when 
water is considered as a common structural feature. It thus 
appears that the stability of SBH+---A- complexes is largely 
determined by the water molecules sitting between the ionic 
species. It is conceivable that a few water molecules in the 
electrostatic field of the two ions form microstructures which 
stabilize the ion-pair complex. Indeed, it could be concluded 
from RR spectra of dehydrated membranes that the influence of 
water is restricted to the terminal SB group and that the retinal 
chain is in a more hydrophobic environment (25). 

In conclusion, the results of the present paper confirm that 
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the terminal ion-pair complex is largely responsible for the 
structure and stability of the retinylidene chromophore in BR. 
This structure probably is important for BR's function as a 
light-driven proton pump. 
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Structures of Van der Waals complexes are predicted by a simple model based on electrostatic interaction between the 

monomers. Point multipoles are assigned to the atoms and embedded in hard spheres to represent short-range repulsions. 
Structures deduced for some 29 complexes are in agreement with experiment, and numerous predictions are made. 
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On peut prtdire les structures des complexes de Van der Waals a l'aide d'un modele simple qui est bast sur les interactions 

Clectrostatiques entre les monomeres. On attribue des multip6les ponctuels aux atomes que l'on inclut dans des spheres rigides 
pour reprtsenter les rCpulsions de faible portte. Les structures prtvues pour 29 complexes sont en accord avec les donntes 
exptrimentales. 

[Traduit par le journal] 

Introduction 
In recent years Van der Waals complexes have been at the 

focus of much experimental and theoretical effort. The struc- 
tures of many complexes, particularly those of the H-bonded 
type, have been determined by high-resolution spectroscopy 
(1-3). A b  initio calculations have been used to predict or 
confirm structures of small complexes with some success, e.g., 
refs. 4-6. Although quantitative details of a Van der Waals 
complex may result from sophisticated and expensive super- 
molecule calculations, there is a need for simpler theoretical 
approaches which enable us to understand the complex in terms 
of the properties of the monomers and the long-range forces 
between them (7). 

Of the various components of the long-range interaction 
energy, the electrostatic contribution is known to be important 
in hydrogen bonding (4, 8, 9) and in particular in the angle 
dependence of the H bond potential energy (4, 9- 11). This 
suggests that it should be possible to construct a simple phys- 
ical model, involving electrostatic interactions and short-range 
repulsions, to predict equilibrium geometries of H-bonded 
complexes from the charge distributions of the isolated mole- 
cules. Such a model has been proposed (12) and is discussed 
further in the present paper. 

Having reduced the problem from the supermolecule to the 
monomers, we can find the charge density of any particular 
monomer from accurate ab initio calculations of manageable 
size. In order to keep the model computationally simple the 
continuous charge densities are replaced by point multipoles. 

2. The model 
Each monomer charge distribution is described by sets of 

point multipoles - charges, dipoles, and quadrupoles - with 
values determined by distributed multipole arzalysis (= DMA) 
(13) of an ab initio wavefunction. 'The multipoles are located 
on the atoms and, in some cases, additionally at bond mid- 
points. They describe departures from local spherical sym- 

'Present address: Department of Theoretical Chemistry, University 
Chemical Laboratory, Lensfield Road, Cambridge CB2 IEW, U.K. 

metry in the molecular charge distribution and are often easily 
interpreted in terms of familiar concepts from valence theory. 
Thus a bonding pair or single lone pair can give rise to an 
atomic dipole, whereas the lone pairs on 0 in H 2 0  or H2C0 
give an atomic quadrupole. An anisotropic bonding density 
such as the .rr cloud in C,H, is represented by a quadrupole 
moment at the bond centre. 

As well as satisfying chemical intuition, this multicentre 
representation of the charge distribution shows superior con- 
vergence behaviour to the one-centre molecular multipoles in 
calculations of the electrostatic potential around a molecule 
(13, 14). A DMA with a sensible choice of multipole sites is 
a compact summary of the information contained in the 
electronic wavefunction or in an electrostatic potential map 
in a form suitable for calculation of electrostatic interaction 
energies. 

The wavefunctions we use have generally been calculated at 
the SCF level with large basis sets. Inclusion of electron cor- 
relation is known to affect multipole moments, e.g., typically 
decreasing the dipole moment by 5- 10% (15) but is not ex- 
pected to cause qualitative changes in our predicted structures. 
One example where correlation might be expected to be im- 
portant, the CO molecule, has been examined at both SCF and 
Moller- Plesset levels. Although second-order Moller-Plesset 
correlation corrections reverse the small SCF dipole moment, 
the predicted structures of complexes containing CO at SCF 
and MP levels agree with each other and with experiment, as 
we show later in this paper. 

The second important ingredient of the model is the way it 
treats the shapes of the monomer molecules. When two closed- 
shell molecules are sufficiently close that their charge clouds 
have appreciable overlap they experience a short-range re- 
pulsive force, which effectively defines the size and shape of 
each molecule. In our present molecule hard spheres are placed 
on the atomic centres to simulate this effect. 

For heavy atoms the Van der Waals radii are taken from 
Pauling (16) without modification. CH, and CH3 groups are 
treattd as spheres of radius 2 A. Pauling assigns a radius of 
1.2 A to H but, while useful for hydrocarbons, this is not 
appropriate for hydrogen-bonded complexes. A study of the 
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TABLE 1. An approximation for hydrogen bond lengths; the ex- 
perimental distance R(X ... H-Y) between the X and Y atoms is 
compared with the sum of the heavy-atom Van der Waals radii u(X) 

+ u(Y) for a number of H-bonded complexes 

R(X.. .H-Y) 
Complex (A) u(X) + u(Y) Reference 

H2CO.. .HF 2.66 2.75 41 
H20 ... HF 2.66 2.75 3 
OC ... HF 3.05 3.05 60 
OC. ..HCN 3.67 3.40 63 
HCN ... HF 2.80 2.85 57 

distances R(X.. .H-Y) in hydrogen-bonded Van der Waals 
complexes shows t h ~ t  the X...Y distance is usually approxi- 
mated to within 0.1 A by assuming that the heavy-atom spheres 
are in contact, 

R(X ... H-Y) = u(X) + u(Y) 

and that the proton is inside the Van der Waals sphere of its Y 
partner. Some examples are given in Table 1. When Y is 
electronegative we expect that withdrawal of electron density 
from around H in the H-Y bond leads to a smaller effective 
Van der Waals radius for H. The small size of H,  lacking an 
inner core of electrons, has been noted as a distinguishing 
feature of the hydrogen bond (7). It is perhaps significant that 
the only example in Table 1 where R(X.. .H-Y) is greater 
than the sum of the Van der Waals radii is for Y = C, i.e., 
when Y is not very electronegative. 

The equilibrium structure of a complex A.. .B is predicted by 
a constrained minimization of the electrostatic interaction of 
two assemblies of point multipoles (7). The total energy is a 
sum of pair terms, 

where 

R is the vector from site a in monomer A to site b in monomer 
B and q, p, 0 are site charge, dipole and quadrupole moments, 
respectively. The minimization is subject to the condition that 
no atoms are allowed to be closer than the sum of their hard- 
sphere radii, 

R 2 u ( a )  + u(b)  for all a E A, b E B 

One simple procedure is to place the monomers in contact and 
allow one molecule to roll over the other until a minimum in U 
is found. This is repeated for all possible contacts to find the 
global minimum in U .  

XY = HF, HC1, HCN, Fz, Clz; 01 = LCOX; O2 = LOXY 

HX = HF, HC1, HCN; A = 0 ,  S; 0, = LAHX 
2 

XY = HF, HC1, HCN, Fz, Clr, H-CCH, CIF; A = N, P 
3 

X = F, C1, CN; 0 ,  = LSOH; 02 = LOHX 

6 

X = F, C1, CN; 0 ,  = LCFX; 0, = LFXH 

70 76 
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3. Predictions of complex geometries 
In a previous paper (12) we reported distributed multipoles 

for seven small molecules. Tables 2 and 3 give results for an 
extended list of eighteen molecules obtained at the SCF level 
using the HONDO/CADPAC program (17). In all cases the 
basis set was of at least double-zeta-plus-polarization quality. 
Bond-centre functions were added for F,, N2, CI2, CO, and 
SO,. The total SCF energy and molecular moments are gener- 
ally close to the Hartree-Fock limit. For instance, the SCF 
energy of SO2 of -547.21081Eh is the lowest so far achieved 
(cf. ref. 18). 

In Table 2 the value of p,(H) in HCN is -0.288 au, cor- 
recting a misprint in (12). For C2H4 the hydrogen multipoles 
were moved to the nearest carbon to give the more manageable 
three-centre DMA shown in Table 3. 

A large number of Van der Waals complexes may be con- 
structed by taking any pair of monomers from this list and 
Table 4 lists the minimum energy structures predicted for a 
selection of them. Many of these complexes have been ob- 
served and, in all cases but one, where an experimental struc- 

TABLE 2. Monomer geometries and multipole moments (in au) for 
linear molecules; * is a bond midpoint; the origin is taken as the 
centre-of-mass of the commonest isotopomer; the DMA point multi- 

poles are origin independent 

Molecule z 9 P-: 0,: Reference 

HF F 0.087 -0.540 
H -1.645 0.540 

HCI C1 0.068 0.324 
* - 1.137 -0.537 
H -2.341 0.213 

HCN N 1.125 -0.389 
C -1.055 0.322 
H -3.068 0.068 

CO C 1.218 0.366 
* 0.152 -0.516 
0 -0.914 0.150 

Nz N 1.037 0 
Fz F 1.340 0 
Clz C1 1.878 0.259 

* 0.0 -0.518 
CIF Cl 1.407 0.158 

* -0.132 0.560 
F -1.670 -0.718 

C 0 2 C  0.0 1.609 
* 1.097 -0.454 
0 2.194 -0.351 

CzH? * 0 - 1.428 
C 1.137 0.809 
H 3.140 -0.095 

ture is known for a complex in Table 4,  the model reproduces 
it qualitatively and often quantitatively. Thus the model dis- 
tinguishes correctly between alternative H-bonded structures, 
e.g. finding that H20..  .HF is more stable than HF.. .H20, and 
HF.. .HCl than HCl.. .HF. It predicts details of the molecular 
shape, e.g., that (HF)? is bent whereas OC.. .HF is linear, and 
that H3N.. .HX and H3P.. .HX complexes have C3,, symmetry. 
In many cases the angles predicted for complexes of lower 
symmetry are in quantitative agreement with experiment. The 
angles for H2C0.. .HF and H2S.. .HF are striking examples of 
this. 

Some of the results in Table 4 appeared in ref. 12. An error 
affecting H,S complexes has been corrected, leading to small 
changes in the predicted angles for HIS.. .HF and H2S ... HCl, 
but more importantly to a reversal of the relative stability of 
H2S.. .HCN and HCN.. .H2S. The H2S.. .HX form is now pre- 
dicted to be more stable for HX = HF, HCl, and HCN, in 
agreement with experimental results (19, 20). The structures of 
HX.. .H2S and other secondary minima in the electrostatic ener- 
gy surfaces are given in Table 5. Some of these less stable 
forms of Van der Waals complex have been observed when 
formed in inert gas matrices. For example, in an argon matrix 
at 12 K nonlinear HF.. .HCN is the preferred product but is 
converted to the more stable linear HCN ... HF on warming 
above 20 K (21). Under similar conditions the antiparallel 
CH3CN/HCN is formed but is converted on annealing to the 
C3" CH3CN.. .HCN (22). 

The complexes SO 2...HX appear in both Tables 4 and 5 as 
HX may form a nearly linear H bond to 0 at two different 
angles, approximating to the directions of the two oxygen lone 
pairs, with HF and HCl preferring one direction, HCN the 
other. Although as mentioned above the DMA calculation on 
SO2 is probably the best done so far, the details of the charge 
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BUCKINCHAM AND FOWLER 

TABLE 3. Monomer geometries and multipole moments (in au) for some nonlinear molecules; a bond 
midpoint 

Molecule x z 4 CL, P: 8, 8 :; 8.,, Reference 

distribution may not be well enough known to decide if the 
apparent switch in structure is significant. A supermolecule 
calculation on SO 2...HF using a much smaller basis (23) 
predicted a near-linear S-0 ... H-F arrangement, midway 
between our two structures. 

Perhaps the most interesting of the secondary structures are 
the bridged complexes H2CO/HCN and CH,F/HCN. The 
HCN molecule can act as both H donor and H acceptor and is 
long enough to form two H-bonding interactions with other 
ambidentate molecules. The cyclic structures correspond to an 
antiparallel arrangement of dipoles but the angles for the H 
bonds depart from the usual linear HCN..H-X which may 
explain why the double interaction is not the primary stable 
structure. 

The complexes between CHIF and HX are found to have a 
minimum energy when X-H.. .F-C-H define a plane, HF 
and HCI preferring the staggered structure 7a and HCN the 
eclipsed 7b. In fact the energy varies very little as HX moves 
on a cone around C-F, e.g., CH3F.. .HF has an energy of U 
= -0.01064 au in conformation 7a which increases to U = 

-0.01058 au in 76. It is therefore likely that the complex will 
exhibit internal rotation of the HX subunit. Propyne.. .HF is an 
example of a Van der Waals molecule where internal rotational 
motion of HF has been studied (24). 

Based on the available evidence, Table 4 strongly suggests 
that our model is successful in predicting the structures of 
hydrogen-bonded complexes. Some regularities emerge when 
the results for different complexes are compared. In hydrogen 
bonds Z-Y.. .H-X the direction of approach of the proton 
donor H-X varies with the nature of the proton acceptor Y. 
Thus when Y = N as in Nz, HCN, NHl the complex has axial 
symmetry but when Y is a halogen the Y...H-X atoms are 
approximately collinear and lie at an angle to the Z-Y sym- 
metry axis. A rationalization of this behaviour has been pro- 
posed by Legon and Millen (3). Their rule for H-bonded geom- 
etries is that HX attaches along the line of a nonbonded pair on 
the Y atom or, in the absence of a lone pair, perpendicular to 
the .rr cloud in a .rr-bonded system. A simple hybridization 
picture suggests that the direction of attack would then be: axial 
for Z-N (sp), at 120" to the Z-0 axis for 0(sp2) in H,CO, 

at the tetrahedral angle for 0(sp3) in H20  or F in HF. Devi- 
ations from these angles could be explained, in qualitative 
terms, by differential repulsion between lone and bonding 
pairs, using valence-shell-electron-pair repulsion (VSEPR) 
arguments. 

The essence of the Legon-Millen rule is that a hydrogen 
bond forms to a region of high electron density in the proton 
acceptor. It is therefore a qualitative electrostatic model of H 
bonding. As our model incorporates a description of lone pair, 
u and .rr bonding distributions through the point multipoles we 
obtain results which may be rationalized in the same way. Our 
model has the additional advantages that it predicts deviations 
from the idealized angles of the hybridization model, for in- 
stance that LCOF in H,CO. .HF is 1 10" and not 1 20°, decides 
between alternative H-bonded structures, e.g. H3N ... HF 
vs. HF ... H3N, and has a wider application to non-H-bonded 
complexes. 

Although most of the complexes in Table 4 contain a hydro- 
gen bond, some molecules of other types are included. 
H2C0 ... F2 and complexes of Fz, C1, and ClF with NH3 have 
been studied by ab initio calculation (25) and found to have 
structures in line with the predictions of the electrostatic model. 
Decomposition of the SCF energy shows significant electro- 
static and charge-transfer interaction energies in the equi- 
librium geometry (25) but the angular shape of the complex is 
largely determined by variation of the electrostatic component 
(10, 25). Halogen dimers and mixed dimers are predicted in 
Table 4 to have floppy "L" structures, consistent with the 
structure of solid C1, (26) and molecular beam data (27). The 
very simplest electrostatic model, of a point quadrupole for 
each molecule, would predict a " T  structure for these dimers, 
but a representation of the spatial distribution of the lone pair 
density produces the "L" structure, 9 (10). In Kollman's (10) 
model this was achieved by a system of point charges, in ours 
by atomic quadrupoles. 

A contrasting example is the CO, dimer. Once thought to 
have a polar "T" structure, there is experimental and theoretical 
evidence suggesting that it is nonpolar (28-30). Again two 
point molecular quadrupoles held at fixed distance apart favour 
a "T" shape but our model predicts the nonpolar skew parallel 
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TABLE 4. Predicted structures of Van der Waals complexes; U is the total electrostatic interaction energy; the angles e l ,  Oz are defined differently for the various structures 1 to 12. In 1, 
0, is LCOX and O2 is LOXY; in 2 0, is LAHX; in 6, e l  is LSOH and Oz is LOHX; in 7 OZ is LFXH and 8, is LCFX 

Structure Complex Prediction U/au Experiment Reference Structure Complex Prediction U/au Experiment Reference 

1 H2C0 ... HF 
H2C0.. .HCI 
H2CO.. .HCN 
H2CO ... F2 
H2C0.. .C12 

2 H 2 0  ... HF 
H20 ... HC1 
H I 0  ... HCN 
H2S.. .HF 
H2S ... HCI 
H2S ... HCN 

3 H3N ... HF 
H,N ... HCI 
H3N.. .HCN 
H3N. ..HCCH 
H3N ... F2 
H,N.. .C12 
H,N ... CIF 
H3P ... HF 
H3P.. .HCI 
H3P.. .HCN 
H,P.. .HCCH 

4 HsC2 ... HF 
HAC2 ... HCI 
HdC2 ... HCN 

5 H2C 2...HF 
HZC2.. .HCI 
H2C2.. .HCN 

6 SO2 ... HF 
S O  ,... HC1 
SO, ... HCN 

7a CH,F ... HF 
CH3F.. .HCI 

76 CH,F ... HCN 
8 N2...HF 

N2 ... HCI 
N2...HCN 
N2...F2 
N2 ... C12 
HCN ... HF 
HCN. ..HCI 
HCN.. .HCN 
HCN ... F2 
HCN ... C12 
OC ... HF 
OC ... HCI 
OC. ..HCN 

9 HF ... HF 
HF ... HCI 
HCI.. .HCI 

01=68", 02=7" 
66", 4" 
50". 4" 
Linear 
Linear 
Linear 
Linear 
Linear 
Linear 
Linear 
Linear 
Linear 
Linear 
Linear 
Linear 
Linear 
0,=72", 02=7" 
72", 6" 
87", 5" 

Linear 
Linear 
Linear 

Linear 
Linear 
Linear 

Linear 
Linear 
Linear 
0,  =60° to 70" 
0,=50° (estimate) 
0,=83", 02-2" 

(ab irlitio) 
0,-90" (estimate) 

F2 ... HF 
F2...HCI 
CI,.. .HF 
CI ,... FH 
CI2 ... HCI 
F2 ... F2 
C12 ... CI, 
CI2 ... F2 
CIF.. .CIF 

LIL,  

Cz,. HX at 90" to plane 
C2,. HX at 90" to plane 
C2,, HX at 90" to plane 
CZI., planar 
C2,., planar 
C,,., planar 
01=1 ISo, 02=160° 
120°, 168" 
230". 178" 

As predicted 
As predicted 
As predicted 
C2,., planar 
CZ,,, planar 
C2,., planar 
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BUCKINGHAM AND FOWLER 

TABLE 5. Secondary structures of Van der Waals complexes; these structures represent 
local minima in the electrostatic interaction energy U. The planar structures of the first six 

entries are 

Complex Structure Ulau 

HF.. .H20 
HCI.. H20 
HCN ... Hz0 
HF ... H2S 
HCI..H2S 
HCN. .H2S 
HF.. .H,N 
HCI. .H3N 
F2.. .H3N 
SOz. .HF 
S02. .HCl 
SO2. .HCN 
H2CO/HCN 
CH3F/HCN 
HF.. .HCN 
HCI. .HF 

Planar 0, =LAHX= 166", 0?=LHXH= 100" 
166", 87" 
182", 172" 
175", 114" 
175", 97" 
180°, 180" 

C,,., HX below N 
C3,,, HX below N 
C,.., HX below N 
Asin60,=234" ,  02=1800 

232", 180" 
135", 169" 

Bridged as in 11, LOCN=98", LCOH=97" 
Bridged as in 12, LFCN =84", LCFH = 1 18" 
As in 9, 0,=54", 0?=5" 

88", 7" 

TABLE 6. Effect of electron correlation on the multipole moments of CO; all quantities are 
in au; the origin of coordinates is the centre of mass of '2C'60. The total molecular moments 
are p,(SCF) = 0.1007, 0,,(SCF) = - 1.4981, p,(SCF+MP2) = -0.1681, 0,,(SCF+MP2) 

= -1.5013 au 

Centre z SCF + MP2 SCF +MP2 SCF +MP2 

TABLE 7. Effect of electron correlation in CO 
on the electrostatic energy of CO complexes 

Ulau 

Complex SCF +MP2 

OC.. . HF -0.00649 -0.00816 
CO ... HF -0.00521 -0.00280 
CO.. .HC1 - 0.00424 -0.00540 
OC ... HC1 -0.00348 -0.00179 

structure, 10, with LO=C ... 0 = 110". The same structure 
was predicted by Barton, Chablo, and Howard (28) using a 
hard dumb-bell molecular shape plus central point quadru- 
poles. Thus in this case the key factor is the inclusion of 
molecular shape in the model rather than an improved 
description of the electron density. 

Taken together, these examples show that both ingredients 
of the model (namely, electrostatics and size and shape) are 
needed for a successful description of noncovalent interactions. 
An accurate representation of the electron density and hence of 
the electrostatic potential in the region of space around a mol- 
ecule may be constructed in a number of ways. Bentley (31) 
has derived atomic multipoles by fitting to total molecular 
multipoles. Kollman (1 1) and Brobjer and Murrell(32, 33) use 
arrays of point charges with magnitudes and positions 

mimicing bonding and lone pairs. The DMA method offers 
advantages in that it is completely ab initio and therefore 
capable of systematic improvement and is easily implemented 
in a standard SCF or CI package (13, 17). The hard-sphere 
model of molecular shape is extremely simple but appears 
adequate in most cases. A possible refinement would be to use 
a transferable empirical repulsive potential based on crystal- 
lographic data. An alternative approach uses experimental 
intermolecular separations (32, 33) but this cannot predict 
structures of complexes not yet observed in experiment. 

Having shown the successes of our simple model, it is appro- 
priate to enquire into its limitations. The DMA point multipoles 
were obtained in the SCF approximation. One case where the 
SCF multipoles might be unreliable is the CO molecule. In 
Table 6 we show the DMA for CO at SCF and second-order 
Moiler-Plesset (i.e. uncorrelated and correlated) levels (34) 
and in Table 7 compare the predictions of both sets for the 
CO/HF and CO/HCl complexes. Inclusion of correlation 
changes the molecular dipole from 0.1007 au (C'O-) to 0.1681 
au (C-Ot), so significant changes occur in the DMA, leading 
to changes in the calculated electrostatic interaction energy. 
However, although correlation enhances the relative stability of 
OC ... HX over CO ... HX by factors of more than four, the 
qualitative prediction of which form is the more stable is the 
same at SCF and MP levels, and both agree with experiment. 
As CO might be considered as a "worst case" for the effect of 
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correlation this is an encouraging result. 
A second limitation is our use of the sum of Van der Waals 

radii to set the intermolecular distances in the calculation. If the 
experimental structure has a much shorter distance our model 
may be inappropriate (35). At first sight a shortened distance 
might be taken to imply a "chemical" rather than a physical 
electrostatic explanation of the binding. One example of inter- 
est is the complex between C1F and H F  (35). From experiment 
this has the "anti-hydrogen-bonded" structure HF.. .ClF (36). If 
we apply our model using Van der Waals radii of u(C1) = 1.80 
A and u(F) = 1.35 A we find that the H-bonded structure with 
L C l F F  = logo, L F F H  = 5" has U = -0.00443 au while the 
HF. .  .ClF structure with L F C l F  = 172", LClFH = 125" has 
U = -0.00243 au. Similarly the H-bonded ClF.. .HC1 is pre- 
dicted to be more stable than FC1 ... ClH. However the Cl.. . F  
distance in H F  ... ClF is not 3 .15 A,  which is the sum of the 
Van der Waals radii, but only 2.76 A (36). When a smaller 
separation is used the electrostatic energy switches in favour of 
H F  ... C1F at a distance close to 2.75 A.  In large-basis super- 
molecule calculations (25) the electrostatic energy favours the 
experimental structure and is the factor which discriminates 
between the hydrogen-bonded and "anti-hydrogen-bonded" 
forms (9). Thus although the electrostatic energy still explains 
the bonding, the assumption of hard-sphere distances needs 
modification in this case. Similar arguments apply to HF.. .Cl,, 
which is found from experiments to be "anti-hydrogen-bonded" 
(68) but is predicted to be H-bonded (Table 4) when the F.. .Cl 
distance is fixed at 3 .15 A). 

W e  have shown that a very simple model incorporating elec- 
trostatic interactions and hard-sphere repulsions has consid- 
erable success in describing the structures of many Van der  
Waals complexes. The model also enables predictions of new 
structures to be made, and permits the evaluation of relative 
stabilities of tautomeric forms of a complex and of barrier 
heights for transitions between these tautomers. But repre- 
sentation of the repulsive potential by an infinite step function 
is a gross approximation which will be inadequate in some 
cases. The hard-sphere model does not permit the repulsive 
forces to moderate the binding energy. And in its present form 
the theory excludes the mutual distortion of the interacting 
molecules, and therefore lacks the (attractive) induction and 
dispersion contributions to the well-depth. The net effect of 
these approximations is usually to exaggerate the well-depth, 
particularly in the case of hydrogen-bonded complexes. 

Refinements to the basic model will be explored in later 
work. 
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N'SUAVI Kossr N'SOUKPOE and ROGER M. LEBLANC. Can. J .  Chem. 63, 2026 (1985). 
Triton X- 100 purified rhodopsin has been incorporated into lipid bilayer membranes prepared by the combined lifting-and- 

touching method. The illumination of the membranes with white light and monochromatic light of A = 498 nm resulted in a 
high selective increase of Ca2' diffusion through the lipid bilayers compared to Na+ and K+. The stoichiometric ratios of 
photoinduced ion diffusion were found to be more than 888 Ca" Rh*-' s - '  and 166 Na+ Rh*-' s-' at 290 K using the white 
light, and 1 277 Ca2+ Rh*-' s-I, 96 K' Rh*-' s- ' ,  and 50 Na+ Rh*-' s-' at 276 K using the monochromatic light. It was 
inferred that Ca2' is an excellent candidate as internal transmitter in the visual photo-transduction. 

N'SUAVI Kossl N'SOUKPOE et ROGER M. LEBLANC. Can. J .  Chem. 63, 2026 (1985). 
On a incorpork de la rhodopsine purifiCe au Triton X- I00 dans des membranes de doubles couches de lipides prCparCes par 

la mtthode combinant le soulkvement et le toucher. L'illumination des membranes par de la lumikre blanche et de la lumikre 
monochromatique de A = 498 nm provoque une augmentation importante, si on la compare aux ions Na' et K + ,  de la diffusion 
selective du Ca2+ a travers les doubles couches de lipides. On a trouvC que les valeurs des rapports stoYchiomt5triques de 
diffusion ionique photoinduite sont Cgales B 888 Ca" Rh*-' s- '  et 166 Na' Rh*-' s- ' ,  ti 290 K et sous I'influence de la lumikre 
blanche, et 1277 Ca2+ Rh*-' s-I, 96 K+ Rh*-' s- '  et 50 Na+ ~ h * - '  s-I, a 276 K et sous I'influence de la lumikre 
monochromatique. On en deduit que le ~ a "  est un excellent candidat comme transmetteur interne dans la photo-transduction 
visuelle. 

[Traduit par le journal] 

Introduction 
All the vertebrate photoreceptors share the ability to respond 

to light absorption by a change in ionic conductance of the 
plasma membrane. 

If we consider the vertebrate rods, there exists a steady 
electric current in the darkness, the "dark current", which en- 
ters the outer segment, flows axially through the cytoplasm of 
the outer and inner segments, the nuclear and synapse regions, 
and returns to the outer segment via the intercellular space 
(1-4). 

Membrane potential recordings (5-8) have revealed that 
light causes the plasma membrane to hyperpolarize from -40 
mV to -60 mV. The "dark current" seems to be carried by Na+ 
since the photo-response is suppressed by a complete removal 
of Nat  from the external medium (9, 10) and the "dark current" 
is reduced in the presence of ouabain (3, 10). Most researchers 
agree that the effect of light, most likely, is to cause reduction 
of the sodium conductance ( 5 , 9 ,  10, 1 I )  by means of liberation 
of an internal transmitter which can block sodium channels 
present in the plasma membrane (10, 12, 13). The efficiency of 
light is so great that a single absorbed photon can transiently 
reduce a rod's "dark current" by about 3 %  (14). The very 
nature of the transmitter has not yet been clearly established. 
Experimental data are accumulating and there is a sounding 
indication that Ca2' is the internal transmitter (15-24). But 
there also exists a possibility that c-GMP could be the internal 
transmitter (25-3 1). This point is not quite clear as yet. All that 
we know for sure is that (i) the presence of a transmitter is 
necessary for connecting the disc membrane (the site of ex- 
citation of the visual pigment) with the plasma membrane (the 
site of the electric response), disc and plasma membranes being 
structurally (32), osmotically (33), and electrically (14, 34) 
uncoupled and (ii) the transmitter should be released at a rate 
of - 10' molecules per excited pigment per second ( 3 3 ,  may 
be less, -10' (10). 

In a previous paper (36) we have described an especial ex- 

perimental procedure for preparing rhodopsin-lipid bilayer 
membranes by the monolayer technique. We have also 
presented the application of these lipid bilayers to the study of  
the ionic aspects of the visual process. Here, we  are giving 
more details about the results obtained in relevance to the 
possible involvement of Ca" as an internal transmitter in the 
visual transduction. 

Materials 
Chemicals 

Ethanol is purchased from Fisher Chem. Co., Montreal, Qu&. Phos- 
phatidylethanolamine (PE), phosphatidylcholine (PC), and phos- 
phatidylserine (PS) extracted from bovine tissues are used as bought 
from Applied Sci. Lab., State College, PA, without further puri- 
fication. Cholesterol is supplied by Sigma Co., St. Louis, MO. Fresh 
bovine eyes, obtained from a local slaughter-house, are dark-adapted 
for whole night at 277 K and the retinae dissected and kept frozen at 
253 K until use. Water for the monolayer work is deionized and 
distilled through a quartz double distillation system (Brinkman Instru- 
ments Can. Ltd., Toronto, Ont.): the specific resistivity is greater than 
18 M a  cm and surface tension higher than 71 mN m- '  at 298 K. 

Ion d~ffusion system 
The ion diffusion measurements have been performed in a double 

compartment system (36) composed of two beakers connected togeth- 
er with Teflon joints, the contacts of which are sealed with O-rings and 
vacuum silicone grease. The whole device is carefully shielded against 
light with black tape except for the light-irradiation window (5 cm in 
diameter) on the side of compartment-I. The ionic activities are to be 
measured in compartment-11, using Orion ion specific electrodes 
(Fisher Sci. Co., Montreal, QuC.) connected with a pH meter (type 
PHM26, Radiometer, Copenhagen, Denmark), set as closer as possi- 
ble to the membrane that will be placed between the two compart- 
ments. The capacity of compartment-1 is 135 cm3 and that of 
compartment-11 is 75 cm3. 

Methods 
Extraction and purification of rhodopsin 

The rod outer segments (ROS) are isolated from the dark-adapted 
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N'SOUKPOE AND LEBLANC 

/ . \- Dipping Motor ( ) 

FIG. 1. Schematical representation of the combined lifting-and-touching method. (A): The adsorption device is immersed in the subphase 
(Tris-HC1, 2 X lo-' mol dm-3, pH: 7.2) while the rhodopsin-lipid monolayer is formed at the air-aqueous interface. (B): The adsorption of 
the first monolayer is shown during the lifting process. We see the hydrophilic adsorbing surface of the porous disc in broken line. (C): The 
touching process illustrates the formation of the bilayer (issued from ref. 36). 

retinae using the sucrose gradient method described by Applebury et 
al. (37). The purified ROS are solubilized over a night by gentle 
agitation in 2% solution of Triton X-100 in Tris-HC1 buffer (2 X lo-' 
mol dm-3, pH: 7.2). Rhodopsin solution is then centrifuged for 1 h at 
40 000 g. The clear supernatant is adsorbed on top of an Ecteola 
cellulose column according to Osborne, Sardet, and Helenius (38). 
Purified rhodopsin is eluted with 2% solution of Triton X-100, Tris- 
HC1 2 X mol dm-3, NaCl 0. I mol dm-', pH: 7.2. The purified 
rhodopsin solution is then diluted I : I with buffer and reconcentrated 
by the aid of an Immersible Molecular Separator Kit (Millipore, Mis- 
sissauga, Ont.). This procedure repeated two or three times is aimed 
to remove a large amount of Triton X-100 from the rhodopsin solu- 
tion. Then, the final removal of the detergent is effected by adsorption 
on bio-beads SM-2 using the inversion method as described by Hol- 
loway (39). Since rhodopsin is practically insoluble in water, it is 
important not to eliminate Triton X-100 over a certain critical point at 
which the pigment precipitates and most of the time gets denatured. 
The bio-beads treatment is accomplished stepwise in the sense that, 
after 1 h of continuous adsorption on bio-beads, the procedure is 
pursued at intervals of 2 min, measuring the elimination of the de- 
tergent by its absorption spectrum and simultaneously testing the 
surface pressure (II) at the air-aqueous interface of a monolayer trough 
until the spreading of 100 p L  of the rhodopsin solution does not show 
a significant initial surface pressure (i.e., II < 1 mN m-'). Usually, 
the solution is then centrifuged 30 min at 40 000 g to eliminate any 
small suspended particles in the solution. 

Purified rhodopsin at air-aqueous interface 
The "detergent-free" rhodopsin is spread at air-aqueous interface of 

a Langmuir type film balance (40), by means of the glass rod method 
described by Trurnit (41), the subphase being Tris-HCI 2 x mol 
dm-', pH: 7.2. This spreading technique lessens the loss of material 
in the subphase. About 100 p L  of rhodopsin solution 10-" lo-.' mol 
dm-3 are used at a time. The concentration of rhodopsin is concur- 
rently determined using the absorbance change (AA,,, .,,) before and 
after complete bleaching of the pigment, and by protein content mea- 
surement by Bio-Rad Protein Assay (Bio Rad Laboratories Canada, 
Ltd, Mississauga, Ont.).' The spread moleculesnare compressed uni- 
formly and continuously at a speed of 17 X 10' A' min-' with a glass 

' Issued from Bio-Radiations, No. 25, September 1977, p. 4 .  

barrier moved by an electric compression motor provided with a 
rheostat for speed control. The limiting molecular area value has been 
used to evaluate rhodopsin cross section at the air-aqueous interface. 

Preparation of the rhodopsin-containing lipid bilayers 
The lipid bilayer membranes have been prepared by the combined 

lifting-and-touching method. An especially designed adsorption de- 
vice has been used for this purpose. The device composed of a porous 
disc which was fixed to a Teflon block with a Teflon ring such as to 
expose one face of the porous disc to the preparation of the bilayer. 
The rhodopsin-lipid solutions used were prepared in 8% ethanoI 
(v/v) according to their weight ratios in the native bovine rod outer 
segment disc membranes (42), i.e., 50.0% rhodopsin, 23.0% PE, 
12.5% PC, 6.5% PS, and 8.0% cholesterol. The procedure for the 
preparation of the membrane is described by Kossi and Leblanc (36). 
Briefly, a porous disc made of triacetate cellulose, supported by a 
Teflon block (Fig. 1) was immersed in the subphase of a Langmuir 
trough which consisted of Tris buffer 2 X mol dm-', pH: 7.2. 
The rhodopsin-lipid monolayer was spread at the air-aqueous inter- 
face and compressed at constant speed of 17 X 1 0 q 2  min-' to a 
pressure of 32 mN m-I. The adsorption device was then lifted slowly 
and simultaneously compressing the monolayer to counterbalance the 
drop of the surface pressure due to the adsorption of a monolayer on 
the surface of the porous disc. After 5 min stabilization, the adsorption 
device was set parallel to the air-aqueous interfacial monolayer and 
allowed to come into contact with the monolayer horizontally. By 
raising the adsorption device, a second monolayer was adsorbed on 
the first one in a tail-to-tail fashion. Lipid bilayer membranes incorpo- 
rated with rhodopsin prepared by this combined lifting-and-touching 
method have been used to study the photoinduced ion diffusion. Note 
that the membranes were prepared and transferred into the diffusion 
system under a dim red light. This technique makes it possible to 
obtain large membranes (14.82 cm'). 

Ionic permeabilit~ experiments 
The artificial membrane supported by the porous disc was inserted 

in between a double compartment system which was sealed with 
vacuum silicone grease and filled with Tris-HC1 (2 X lo-' mol dm-', 
pH: 7.2). To measure the net photoinduced ion diffusion, the experi- 
ments have been performed in three irradiation conditions: ( i )  at 290 
K by irradiating the membranes with an incandescent white light (300 
W) placed at a distance of 60 cm away from the diffusion apparatus; 
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Monolayer properties of the purified rhodop.rirz 
When working with rhodopsin monolayer, it is of extreme 

FIG. 2. Surface pressure-area isotherms of purified rhodopsin. 
The subphase is Tris-HCI buffer 2 X lo-' mol dm-'; pH: 7.2; T = 
290 K. Curve 1 (a) is the isotherm obtained when using AA,," .,, 
to calculate rhodopsin concentration. Curve 2 (0) is the isotherm 
obtained when using protein content values for rhodopsin concen- 
tration. 

(ii) at 290 K by irradiating with the samc light source filtered through 
a Corning colour filter (No. 2-61, Esco Products, Oak Ridge, NJ) the 
absorbance of which is 2 for A 5 607 nm; the purpose of using this 
safety light of A 2 607 nm is to test an eventual heating effect of the 
light source on the ion diffusion; and (iii) at 276 K by irradiating with 
a monochromatic light (A = 498 * 2 nm) by means of a mono- 
chromator (Ser. No. 665 Am. ISA Inc., Metuchers, NJ). The light 
intensity was 2 X 10" photons cm-' s- '  as measured by a power 
meter (Model 21A, Optikon Ltd., Sci. Instr., Waterloo, Ont.). The 
membranes contained 3.5 * 0.1 x lOI3  rhodopsin moIecules (23.6 x 
10" Rh cm-') as determined by the deposition ratios. The irradiation 
started 3 min after the ion under study was added to compartment-I, 
the ionic concentration of which was made 18.51 X lo-' mol dm-'. 
Both compartments were buffered with Tris-HC12 x lo-' mol dm-3, 
pH: 7.2. The illumination was kept on continuously through the mea- 
surements. The ionic activity resulting from photoinduced ion dif- 
fusion was measured in compartment-I1 using ion selective electrodes. 
A minimum of three measurements were run for each ion (i.e., Na+, 
K+, and Ca") on three different membranes. The mean ion flux was 
plotted against time for the kinetic study of the ion diffusion induced 
by monochromatic beam (A = 498 nm). 

Results 
Spectral properties of the purified rhodopsin 

The Triton X-100 purification yielded lo- ' -  mol dm-3 
rhodopsin solutions as calculated from the absorbance differ- 
ence at 498 nm before and after bleaching, using E~~~ nm = 

40 600 dm' mol-' cm-' (43). The spectral ratio nm/A498 nm 

was 2.0 k 0.2, with 2 phospholipids per rhodopsin molecule 
as revealed by the phosphorus determination method developed 
by Fiske and Subbarow (44). The removal of the detergent 
proved very satisfactory as can be seen from the surface 
pressure-area isotherm (11-A curves) of rhodopsin at 
air-aqueous interface (Fig. 2). This point will be elaborated in 
the following section. 

importance to characterize the behaviour of this pigment at the 
air-water interface. The spreading of aqueous rhodopsin at 
air-water interface needs a special care in order to avoid loss 
of material in the subphase. The method developed by Trurnit 
(41) is suitable for rhodopsin solution nearly free from deter- 
gent. Indeed, we did not find any solubilization effect of rho- 
dopsin in the subphase on the n-A curves shown in Fig. 2. The 
n-A curves rise monotonously as the molecules are gradually 
compressed. In Fig. 2, curve 1 is obtained by calculating rho- 
dopsin concentration from the absorption data (i.e., AA498 nm, 
E~~~ nn, = 40 600 dm3 mol-' cm-'), and curve 2 was plotted 
using the protein content of rhodopsin solution. The extrapo- 
lation of the steep region of the 11-A curves to pressure:ero 
gives the limiting molecular area which is 2 400 + 120 A' in 
the case of curve 1 and 2 000 ? 100 A' for curve 2. Assuming 
that the cross section of rhodopsin at the air-aqueous interface 
is a circle as it seems to be by our own electron microscope 
observation (unpublished data) and from the literature (45, 46), 
and neglecting the contribution of the remaining Triton X-100 
and phospholipids to the measured limiting area because of 
their small size compfred to that of rh?dopsin, the diameter 
would be 55.3 + 1.3 A and 50.4 * 1.2 A, respectively, when 
employing the former ando latter l i ~ i t i n g  molecular areas. 
Values ranging between 40 A and 80 A have been obtained for 
rhodopsin diameter by Heller (46), Blasie et al. (45) and Dars- 
zon et al. (47). Many other works have been done on rhodopsin 
at air-aqueous interface (48-53) but the n-A curve of rho- 
dopsin appeared only in two papers: that of Hyono et al. (48) 
and that of Azuma and Takagi (49). The 11-A curve reported 
by Hyono et al. (48) was in arbitrary units, and accordingly, is 
useless for comparison. In Azuma and Takagi paper (49), the 
minimum extrapolated m?lecular area, oktained on pure water 
was found to be 4 000 A2 giving 71.3 A for the diameter of 
rhodopsin; this work was performed with membrane frag- 
ments. Other works (54, 55)have shown that rhodopsin can be 
somewhat elongated. 

Now, there is a significant difference between the limiting 
molecular areas when using the AA,,, ,, or the protein content 
determination methods to calculate the concentration of rho- 
dopsin solutions. It makes clear that some bleaching of rho- 
doisin occurs during the numerous manipulations related to the 
purification of rhodopsin and to the removal of the detergent. 
This bleaching is possibly due to the elimination of the deter- 

- - 

gent since the use of Ecteola cellulose should have separated 
rhodopsin from contaminating opsin during the purification. 

We can estimate rhodopsin activity in terms of spectral activ- 
ity by the ratio of the two values for the limiting molecular 
areas (2 00012 400) that gives 0.83. Therefore, any quan- 
titative work involving the biological activity of rhodopsin 
should be based on its absorbance difference whereas size 
measurements are to be done on the basis of protein content 
analysis as far as monolayer work is concerned. The actual 
cross section of rhodopsin molecule should be equated to 2 000 
A' according to our determinations. 

Photoinduced ion diffusion through the artificial membranes 
From the light-effect experiments, it was observed as general 

features that, the white light and the monochromatic light of X 
= 498 nm triggered the permeability of rhodopsin-containing 
lipid bilayers to ions, whereas light of X > 607 nm, not ab- 
sorbed by rhodopsin, had no detectable effect on the ion dif- 
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N'SOUKPOE AND LEBLANC 

TABLE 1. Effect of light on the ion fluxes (+) (number of ions per second) 

+Nu+ x 10-.17 + K +  x 10- l7  x 10-17 

t (s) White light h = 498 nm White light h = 498 nm White light h = 498 n m  

0 
60 

120 
180 (hv) 
240 
300 
360 
420 
480 
540 
600 
660 
720 

T I  ME I N  SECOND , t x lo-' 

FIG. 3. Photoinduced ion diffusion curves using monochromatic 
light (h = 498 nm) at 276 K for Na' flux (A), K+ flux (W). and Ca" 
flux (.). 

fusion. 
The mean ion fluxes are shown in Table 1; t measures the 

time (s) after the ion to be used was added to compartment-I. 
We can note that the variation of the fluxes with time is very 
irregular for Na+ and Ca2+ ions with white light, and that only 
dark leakage of K+ occurred in these conditions. The irregu- 
larity of the flux with the white light could simply be due to 
variations in the intensity of the incandescent lamp. The irra- 
diation with monochromatic light (A = 498 nm), most repre- 
sentative for bovine rhodopsin (A,,, = 498 nm), evoked a 
constant rate diffusion of Na' and K' as shown in Fig. 3. It 
could be also observed that Ca2+ flux curve clearly stands out 
from the others. It is concluded that the illumination of the 
membranes selectively increases the permeability to Ca2+ com- 
pared to Na+ and K'. The ion flux for Ca2+ (Fig. 3) presents 
an important jump at the beginning followed by an exponential 

decrease until electrochemical equilibrium is reached. The ion 
diffusion evoked by the 498 nm beam indicates that the ex- 
citation of rhodopsin is responsible for the effect observed. 

The initial slopes of the diffusion curves (Fig. 3) can be used 
to calculate the stoichiometric ratios of the photoinduced ion 
diffusion. In our experiments, it was not possible to measure 
the exact number of rhodopsin molecules bleached during the 
irradiation because the porous disc is not transparent. To give 
an idea of the stoichiometry of the ion diffusion, we have 
assumed that most of rhodopsin molecules were bleached at the 
very beginning of the illumination. Based on this assumption, 
the white light induced ion diffusion rates were 166 Na' Rh*-I 
s- ' ,  and 888 Ca2' Rh*-' s-' at 290 K; at 276 K,  the stoichio- 
metric rates for the ion diffusion induced by the monochromatic 
light (A = 498 nm) were found to be: 1 277 Ca2+ Rh*-' s - ' ,  96 
K+ Rh*-' s-' and 50 Na+ Rh*-' s-'. The mean relative error 
is 10%. Since it is more likely that the number of molecules of 
rhodopsin effectively bleached is less than what has been as- 
sumed, the stoichiometric ratios reported here should be con- 
sidered as minimum values. 

To summarize, the results show that (i) light that does not 
excite rhodopsin (A 2 607 nm) has no effect on the lipid bilayer 
permeability; (ii) rhodopsin-exciting light (A = 498 nm) causes 
the lipid bilayer permeability to increase for Na ', K' , and Ca2+ 
(except for Ki at 290 K), with a marked selectivity for Ca2+. 
This selectivity at 498 nm is 13: 1 at 276 K for Ca2' as com- 
pared with its nearest neighbour (i.e., K'). 'The absorption of 
light energy by rhodopsin therefore does selectively evoke ion 
diffusion through the artificial membranes prepared by the 
combined lifting-and-touching method. Preliminary obser- 
vations about ion diffusion through the porous disc alone do not 
show any apparent selectivity for the ions studied. Thus it 
clearly appears that the selectivity observed comes from rho- 
dopsin present in the lipid bilayer. 

Discussion 
The conservation of the structural and physiological in- 

tegrity, and the purification of extracted membrane proteins 
have long been a hard task. The common practice is not only 
to solubilize the membrane in a strong solvent such as deter- 
gents but also in a non-denaturing detergent so as to lessen the 
damage to the protein, which presents some problems. These 
problems are further complicated by the tension-interfering 
effect of detergents as far as monolayer work is concerned. 
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Thus, not only are we to choose a detergent which can highly 
purify the lipoprotein, rhodopsin, but also a detergent which 
would not affect much the structure and activity of rhodopsin, 
and above all, a detergent which can be removed easily to allow 
the air-aqueous interface experiments. 

Many detergents have been used for these purposes such as 
digitonin (56-60), Emulphogene BC (61), cholic acid (62), 
and Triton X- 100 (63, 64). We have chosen Triton X- 100 for 
its removability and for the ease of following its removal by the 
absorbance decrease at 275 nm. The 17% loss of rhodopsin 
activity following the removal of Triton X-100, though not 
dramatic but significant, is unavoidable since we absolutely 
need a very low level of Triton X-100 in the rhodopsin solution 
for the monolayer work to be possible. However, the purity is 
good as indicated by nm = 2.0 rt 0.2 and by the 
II-A curves with a calculated diameter 0f~50.4  rt 1 .? A in 
accordance with other results, e.g. 40-50 A ( 4 3 ,  46 A (46). 
Rhodopsin prepared in this way is stable for a few days to a 
week and should not be frozen in order to avoid precipitation. 
Note that our rhodopsin monolayer films contained traces of 
phospholipids (2 molecules of phospholipid per molecule of 
rhodopsin) and of Triton X-100. Accordingly, the calculated 
diameter which has been equated with that of rhodopsin repre- 
sents a maximum value. However, the discrepancy from the 
true value should be negligible due to the small dimension of 
the contaminating molecules which are expected to act as space 
filler for rhodopsin molecules. 

The results obtained from the light-effect experiments are 
quite encouraging. The bleaching of a single molecule of active 
rhodopsin is responsible for the diffusion of at least 50 Na', 96 
Kt ,  and 1 277 Ca2' ions per second at 276 K with 498 nm 
beam. This selective and amplified response could not but 
support the functional integrity of the pigment extracted. The 
lack of light-effect on Kt diffusion at 290 K could be due to 
masking effect of Kt diffusion induced by traces of all-trans 
retinal (50, 65, 66), which is not the case at 276 K since t l l z  for 
the transition Metarhodopsin-I -+ Metarhodopsin-I1 is 160 min 
at 277 K (67). These results agree well with those obtained 
elsewhere on rhodopsin-containing vesicles: short light flashes 
promoted a steady release of Ca2' from preloaded vesicles (23, 
24), the diffusion of about 184 Na ' per bleached rhodopsin and 
a greater stoichiometric ratio for Ca2' (19). We have observed 
for the photoinduced ion diffusion, a latency of about 60 s. This 
latency should be considered as an apparent one mostly due to 
the delay time of the electrode response and to the distance to 
be run by the ions before reaching the electrodes. 

Now, that light induces Ca2+ diffusion up to a rate of 1 277 
ions per bleached rhodopsin per second is of great importance 
for the hypothesis that Ca2' is the internal transmitter for the 
visual process. Cone (35) stated that the internal transmitter 
should have a stoichiometric release of 10' molecules per 
bleached rhodopsin per second. The high Ca2' diffusion rate 
obtained here strongly suggests that Ca" is an excellent candi- 
date for the internal transmitter. Thus, on the absorption of a 
photon, a single rhodopsin molecule among lo6-lo9 in the 
vertebrate rod will form a unimolecular transmembrane chan- 
nel (68) releasing over 10' Ca2' per second that will diffuse to 
the plasma membrane where they will block sodium channels. 
The overall results will be a 3% reduction of the dark current 
(14). The Ca" will then be reconcentrated in the discs by 
means of a Ca2' activated pump (69). 

As such, the results obtained on artificial membranes are 
very suggestive for the Ca2+ hypothesis. The only disagreement 

is the varying and very low stoichiometry of Ca" photoinduced 
diffusion observed for isolated rod outer segments (1  5, 16, 2 1 , 
70, 71) and for isolated rod outer segment discs (20). Could 
this be due to the difficulties encountered in integral isolation 
(i.e., without loss of Ca2' before the illumination) of these 
sub-cellular structures, or to some difference between the struc- 
tural state of rhodopsin in these sub-cellular fractions and that 
in model systems? One thing is remarkable. Most of sub- 
cellular structures, if not all, show very small and slow photo- 
induced Ca2' flux while model systems as this and others (19, 
23, 24) present a steady and large Ca2' flux evoked by illy- 
mination except one on rhodopsin-containing vesicles (72). If 
swelling of discs occurs during isolation as it is usually the case 
(73), one may question the physiological intactness of the iso- 
lated structures since disc membranes may be partially dis- 
rupted, probably releasing a great amount of their Ca2' content. 
Isolation of rod outer segments might meet with the same 
problem too. On the othei hand, rhohopsin in artificial mem- 
branes does respond to light by a large Ca" diffusion in accord- 
ance with the Ca2' hypothesis, except for the delay time in 
some cases. Montal, Darszon, and Trissl(74) observed a laten- 
cy of ca. 100 s which they attributed to the time required for 
different rhodopsin molecules to aggregate and form 
"multimolecular" channels for ion flux. This delav time will 
become shorter as rhodopsin molecules get more concentrated 
in the membranes. In our experiments, some 60 s delay was 
sometimes observed which is due, not only to the diffusion 
through the lipid bilayer, but much more to the distance sepa- 
rating the ion selective electrode from the bilayer. If one could 
record the ionic activity immediately on release of the ca- 
tion from these artificial membranes, the latency would then 
shorten enough to be of physiological relevance. 

If the role of rhodopsin on bleaching is to trigger the release 
of Ca2', then the visual pigment seems to work better in model 
systems than in sub-cellular ones: which looks strange. It ap- 
pears necessary to find out what could be the cause of such a 
discrepancy. We are waiting for studies on the structural state 
of rhodopsin in our bilayer membranes to compare with that in 
vivo, and on the physiological intactness of the isolated struc- 
tures used in calcium photoinduced diffusion experiments. The 
work done by George and Hagins (75) is noteworthy. They 
observed a large photoinduced Ca" release from isolated rod 
outer segment discs exceeding 10 000 ions in some trials in 
90 s,  in accordance with the Ca" hypothesis. 

Conclusion 
We have demonstrated the possibility to study the ionic 

aspects of the visual process on a new lipid bilayer model 
membrane obtained by the combined lifting-and-touching 
method. The effect of light resulted in a high increase of ion 
diffusion with a marked selectivity for Ca2' relatively to Na' 
and K', suggesting that Ca2' is the internal transmitter. We 
hope that these positive results obtained on artificial systems 
will encourage pursuing the work on living systems in order to 
confirm the Ca" hypothesis in the visual transduction process. 
Further work is required to elucidate the very mechanism of 
release of this transmitter. 
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This paper is dedicated to Professor Camille Sandorfy on the occasion of his 65th birthday 

M. B. ROBIN. Can. J .  Chem. 63, 2032 (1985). 
This paper discusses the role of a* antibonding valence MO's in the electronic spectra of large molecules. Using the term 

value and antishielding concepts, molecular absorption patterns terminating at a* MO's are systematized and rationalized; the 
frequencies of such excitations correlate with the ground-state bond strengths of the bonds giving rise to the a* MO's. In 
unsaturated systems, the 7~ + a* and np + a* excitations can be distinguished on the basis of their term values. Confusion 
in the past regarding the existence of excitations to a* relates to the fact that a* MO's often can be totally mixed into the 
surrounding sea of Rydberg levels of the same symmetry, and for all practical purposes can cease to exist except as 
perturbations on the Rydberg levels. For nonpenetrating Rydberg manifolds there is little or no mixing with a* MO's of the 
same symmetry, setting the stage for the appearance of valence-shell excitations to a* in high-symmetry molecules which are 
analogous to the d + f inner-well giant resonances of atomic spectroscopy. 

M. B. ROBIN. Can. J .  Chem. 63, 2032 (1985). 
Dans ce travail, on discute du r61e des OM de valence antiliante a* dans les spectres Clectroniques des grosses molCcules. 

Utilisant les concepts de valeur de terme et d'antiblindage, on systimatise et on rationalise les types d'absorptions molCculaires 
qui se terminent au niveau des OM a*; il existe une correlation entre les frCquences de telles excitations et les longueurs de 
liaisons dans I'Ctat atomique fondamental qui donne lieu aux OM a*. Dans les systkmes non-saturCs, on peut distinguer les 
excitations 7~ + a* des excitations np + a* en se basant sur leurs valeurs de terme. La confusion qui a CtC observte dans 
le passe relativement a I'existence d'excitations vers les niveaux a* provient du fait que les OM u* peuvent souvent Ctre 
complktement confondues avec les niveaux de Rydberg de m&me symCtrie qui les entourent et, a toutes fins pratiques, elles 
cessent d'exister, except6 comme perturbations des niveaux de Rydberg. Pour les Ctats non-pCnCtrants de Rydberg, il y peu 
ou pas du tout de mtlange avec les OM a* de mCme symCtrie et ceci permet, dans les molCcules de haute symCtrie, de noter 
]'apparition d'excitations des couches de valence vers les Ctats a* qui sont semblables aux rksonances @antes d + f de la 
spectroscopie atomique. 

[Traduit par le journal] 

I. Introduction 
All molecules - from Hz to DNA - have one aspect in 

common: a u bond between two or more atoms, where "u" 
expresses the local symmetry of the bonding orbital. In a mo- 
lecular orbital description of the bonding, these u bonding 
MO's unavoidably have valence-shell u* antibonding MO's 
associated with them, many of which are unoccupied in the 
ground state. Spectroscopic intuition suggests that transitions 
terminating at the various vacant u : W O ' s  can be among the 
most intense electronic transitions in molecules, should appear 
in both the vapor-phase and condensed-phase spectra of all 
molecules regardless of size, polarity, geometry or degree of 
unsaturation, and will be intimately involved in every mole- 
cule's photochemistry. In this we include not only u + u* 
excitations but those originating at -rr and np lone-pair orbitals 
as well. 

Being an unavoidable component of every molecule's elec- 
tronic spectrum, transitions to u* should have the highest prior- 
ity for study by spectroscopists, photochemists, and theorists. 
Strange then that so  very little is known about valence-shell 
transitions terminating at u* in molecules. In a spectroscopic 
literature replete with experimental and theoretical papers on -rr 
+ -rr* and Rydberg excitations, the transitions to u* orbitals 
are only indirectly mentioned, if at all. Indeed, there is a gaping 
hole in our understanding of molecular excited states which is 
both embarrassing to admit and tempting to jump into for the 
new insights it might yield. Chemists have hesitated to jump for 
two reasons: (1) those far from the field consider the situation 
obvious and so  would not bother with it and (2) those close to 
the field consider it opaque and too difficult to deal with. As 
always, the truth lies somewhere in between, in this case, 
closer to point (2) than to point (1). 

In this paper, I attempt to sketch the big picture for molecular 
excitations terminating at u* MO's. For this, an outline is 
constructed which uses the byproducts of many other studies, 
most often carried out for other reasons. Because we are inter- 
preting very incomplete data, the approach used here is a qual- 
itative one,  aimed at better-defining the problems rather than 
rigorously solving them. Hopefully, others will pursue these 
qualitative ideas and test them more fully. The material dis- 
cussed here is abstracted from a larger study ( I ) ,  and the inter- 
ested reader is referred to that work for more details. Since one 
of the few serious attempts at understanding the u spectra of 
polyatomic molecules was that of Camille Sandorfy ( 2 ) ,  and 
because a large volume of work on the problem has since come 
out of his laboratory, it is fitting that this paper is dedicated to 
him on his 65th birthday. 

Our discussion centers upon a description of the spectral 
properties of the valence-shell excitations terminating at u* 
MO's called A bands. W e  focus first upon A bands, for the data 
are relatively copious here and trustworthy; much of what is 
learned from studying the A bands then is transferable to other 
transitions terminating at u* . 

11. A-bands and term values 
1I.A. Definitions 

The A bands of the alkyl halides are the best known molec- 
ular excitations inyplving u* MO's. The prototypical A band in 
the molecule R-X is due.t.0 the excitation of an electron from 
the np lone-pair orbital on X to the u* (R-X) antibonding M O  
involving the halogen and the radical bound to it, Fig. 1. 
Simply termed an A band in the past (3,4), we now classify this 
excitation as an A (np, u*) band. W e  further broaden the A-band 
definition by including as A bands the outer-shell valence ex- 
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FIG. 1. Definition of the A-band term value in alkyl halides. 

citations originating at nonbonding lone-pair orbitals in any 
system having suchan orbital (e.g., trimethyl arsine, acetone, 
hexachlorobenzene, trimethylene sulfide, etc.). lnasmuch as 
all inner-shell orbitals in a spectroscopic sense are nonbonding 
and so also are lone pairs, all inner-shell valence transitions 
terminating at a *  are hereby deemed to be A bands. In contrast 
to the A bands in which the originating orbital is essentially 
nonbonding and localized, the originating orbitals for T + T* 
and a + &* types of valence-shell bands are strongly bonding 
and delocalized; for these we maintain the time-honored N + 

V,, designation of Mulliken. See Section ll.F for a discussion of 
A-bandterminology in unsaturated systems. 

Very early on, Mulliken (5) recognized the close similarity 
in nodal patterns between certain antibonding valence-shell 
orbitals and the lowest Rydberg orbitals of the same symmetry. 
Thus for example, the a l a *  valence and 3sal  Rydberg orbitals 
of methane both are totally symmetric with each having two 
radial nodes while in ethylene for example, the T* valence and 
3d,r, Rydberg orbitals each have two nodal planes 
and no radial nodes. Though Mulliken's point of view has been 
that the differences between such look-alike pairs of Rydberg 
and valence-shell orbitals is only a semantic one, we consider 
configurations such as (+, 3sal)  and (+, a l a * )  to be distinct 
zero-order functions, with transitions imaginable to each sepa- 
rately or to their linear combinations if they are mixed. (See 
Section 1II.A for a short discussion on this point.) Pairs of 
terminating orbitals such as a l a *  and 3sal  are called 
"Rydberg/valence-shell conjugates" (1,4).  The A(+,, u*) lev- 
els of interest in this paper are the valence conjugates to either 
the (+i, ns), (+i> np), (+i, nd) or (+i, nf) Rydberg config- 
urations of the system, depending upon the symmetry of a 
particular u* . 

In attempting to gain some understanding of A-band spectra, 
we use an approach which has proved to be quite successful for 
identifying and correlating molecular Rydberg transitions: that 
of the molecular term value. In the case of Rydberg transitions, 
this approach is natural since the term value, ~ / ( n  - 6)', 
appears prominently in the Rydberg formula describing the 

energetics of Rydberg series members. In this expression, R is 
the Rydberg constant, n is the principal quantum number of the 
Rydberg orbital, and 6 in the quantum defect. Alternatively, 
being the difference between the ground-state ionization poten- 
tial and the Rydberg excitation energy, the Rydberg term value 
can be interpreted as the Rydberg excited-state ionization po- 
tential. For a valence excited state (+;,a*'), the term value has 
no meaning in the Rydberg sense since there is no convergent 
series of valence-shell states. However, the band 
term value as defined in Fig. 1 (the difference between the +-' 
ionization potential of energy E t  and the A(+;,U:~) band ex- 
citation energy E*) does have meaning when viewed as the 
ionization potential of an electron in a" when promoted from 
+,. Thus we hope to learn something about &"orbitals by 
comparing their ionization potentials in groups of related (ex- 
cited) molecules. 

Data on A-band frequencies and term values in several class- 
es of molecules are assembled in Tables 1, 2, and 3(1). Pems- 
ing this data, it is obvious that there is considerable regularity 
among the term values even though the transition is valence 
shell rather than Rydberg. In some cases the term-value trends 
parallel those of Rydberg excitations, while in others the trends 
are opposite. The A-band data in the tables lead to several 
conclusions, as discussed in the following sections. 

1I.B. Term-value trends and bond strengths 
It is readily seen from Table 1 that the term values for the 

A(np,a*) outer-shell transitions in the alkyl halides vary in a 
regular manner as one halide is replaced by another. For pur- 
poses of identifying such A bands in more complex systems, it 
is useful to note that the chloroalkane term values are in the 
30 000 - 38 000 cm-' range, with the bromo and iodoalkane 
term values some 3 000-6 000 cm-' higher. In all cases, the 
A-band term value of a particular alkyl halide increases with 
increasing halogenation. Both this and the term-value increase 
in the C1, Br, 1 monohalide series are counter to the trends 
observed for the conjugate (np,(n + 1)s) Rydberg excitations 
(4). These two trends of opposite sign cross between F and C1, 
so that in the alkyl halides RCl, RBr, and RI the level ordering 
is A-band-below-conjugate-Rydberg, whereas in RF the order- 
ing is conjugate-Rydberg-below-A-band. Other A-band term- 
value trends are discussed in Sections 1I.C and 1I.D. 

As shown in Fig. 1, the interaction between the a orbitals on 
R and X upon forming the R-X bond elevates a * ,  thereby 
reducing the A(np,a*) term value. Since the a *  level is raised 
more, the stronger the R-X bond, one expects the A(tzp,a*) 
term values to vary inversely with the R-X bond strengths 
within a class of closely related molecules. Looking first at the 
methyl halides, Fig. 2, one notes the increasing (np,a*) term 
values in the series CH3Cl, CH3Br, and CH31, whereas the 
C-X bond strengths are decreasing in the same order. From 
this simple relationship we can extrapolate to a (2p,u*) term 
value of 26 800 cm-'  in CH3F. Inasmuch as the (2p,3s) 
Rydberg term value is 33 000 cm-' in CH3F, it is now clear 
why A bands are not observed in the alkyl fluorides: the C-F 
bonds are so strong that u* lies within the thicket of Rydberg 
excitations. Again, there is a monotonic increase of the lowest 
(np,u*) term value as one goes from CH3X to CX4 for X = C1, 
Br, and I, in inverse order of their C-X bond strengths. 

A trend identical to that of the outer-shell term values is seen 
as well in the inner-shell (lsc,a'" term values of the methyl 
halides, Fig. 2, with the (1sC,u*) term value for a particular 
compound approximately 8 000 cm-' larger than that for 
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TABLE 1. Outer-shell A(np,u*)-band term values in saturated, 
halide-containing molecules ( I )  

Ionization 
Frequency, potential, Term 

Molecule cm-' cm-' value, cm-' 

"No  ionization potential data available; value taken from X-a scattered 
wave calculation. 

(np,u*). The extrapolated (lsc,u*) term value for methyl flu- 
oride is 36 500 cm-', a value which is very close to that for the 
(lsc,3s) inner-shell Rydberg state. Thus it is not surprise that 
these conjugate levels are found to be nearly degenerate in the 
inner-shell spectrum of CH3F (1). 

The influence of bond strength on the A-band frequencies 
also appears prominently in the spectra of the Group IV tetra- 
chlorides MCl,, Fig. 3, where A(3p,u*) bands are readily 
observed in CCl,, GeCl,, and SnCI,, but not in SiC1, (6). In this 

group, the M-Cl bond is especially strong in SiCl, (88 
kcal/mol) compared to the others (ca. 72 kcal/mol), thereby 
elevating the 3p + u* excitations of SiCl, among the Rydberg 
excitations where they are lost from view. At the opposite 
extreme, the Sn-Cl bond strength in SnCI, is only 68 
kcal/mol, and its A(3p,uS) bands are at the lowest frequencies 
observed for tetrachlorides. 

Because the bond strength in BF3 is very large (153 
kcal/mol), the A(lsB,u*) term value is so far diminished as to 
become negative. That is, the IsB + cr* excitation in BF, is at 
higher frequency than the 1sB-I ionization potential (by 18 500 
cm-I), and consequently appears as a shape resonance (7). 
There is a strong possibility that the outer shell A(2pF,u*) band 
of BF, also will lie above the 2pF-' ionization limit. At the 
opposite extreme, in a molecule such as NF, (4) where the 
N-F bond strength is only 67 kcal/mol, the A(2pN,u*) term 
value is correspondingly elevated to 40 100 cm-', so that the 
A band precedes the Rydberg parade. In the 1 sN and 1 SF spectra 
of NF,, the ( ls ,u*)  term values of the A bands increase to 
52 000 cm-', as anticipated from the antishielding argument 
(Section 1I.D). 

Whereas the term value of the (np,(n + 1)s) Rydberg con- 
figuration is understandable in terms of the core penetration of 
an essentially nonbonding ( n  + 1)s Rydberg orbital, in the case 
of the (np,u*) conjugate configuration the term value will 
strongly reflect the antibonding nature of the u* MO and there- 
with, the strength of the relevant u bond. 

II.C. Alkylation and fluorination effects on term values 
The larger the R group in RX, the weaker the R-X bond. 

As in Section 1I.B above, this would tend to increase the 
(np,u*) term value. On the other hand, large R groups strongly 
stabilize the np-' ionic state by hyperconjugation, thereby de- 
creasing the (np,u*) term value. The latter factor is dominant. 
The effects of alkylation on the (np,u*) term value are seen 
most clearly in the iodides, Table 1. The A(Sp,u*) band falls 
consistently at 38 500 cm-' in the alkyl iodides while the 
ionization potential decreases from 77 030 cm-' in methyl 
iodide to 71 860 cm-' in cyclohexyl iodide. As a result of this 
overwhelming stabilization of the cation by the hyper- 
conjugative alkyl groups, the (5p,u*) term value steadily drops 
from a value of 38 500 cm-' in methyl iodide to 33 360 cm-' 
in cyclohexyl iodide. In the alkyl chlorides, the same trend is 
evident, though with a smaller slope. The depressing effect of 
the alkyl group on A-band term values is evident as well in the 
inner-shell term values of HCl (2pcl, 47 500 cm-I), CH3Cl 
(Isc, 40 000 cm-I), and C2H5Cl (Isc, 38 700 cm-I). This trend 
parallels that for the corresponding conjugate Rydberg absorp- 
tions. 

Fluorination of an alkyl halide acts in a direction opposite to 
that of alkylation, increasing the (np,u*) term values, as is also 
the case with the conjugate Rydberg excitations. The term- 
value effects of replacing hydrogen by fluorine on several va- 
lence excitations are summarized in Table 2. One sees that in 
the case of the halide A bands, fluorination shifts the outer-shell 
A band term value to higher frequencies by up to 12 000 cm-I, 
but an average value is more like ca. 8 000 cm-'. A similar 
positive increment applies to the inner-shell (2p,u*) term val- 
ues in the SiH4/SiF, pair, the only one for which inner-shell 
data is available. A sampling of spectroscopic frequencies in 
highly fluorinated hypervalent species such as SF6, XeF6, etc., 
reveals A-band term values as large as 80 000 cm-I for inner- 
shell transitions, consonant with the low M-F bond energies 
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,d( $i ,u*) TERM VALUE, ~ m - '  X lo3 

FIG. 2. Variation of the A(np,u*) term values with C-X bond strength in 
the methyl halides. 

TABLE 2. Fluorination effects on valence shell A-band term values (1) 

Upper-state Term value, Term value, 
configuration H compound cm-' F compound cm-' 

(~PW*) SiH, 35 000 SiF, 45 500 
'(a,a*) HzC=CHZ 49 950 FzC=CF2 47 200 
'(a,+? HZC=CHz 23 050 F>C=CF2 13 600 
'(a,a*) HzC=CHCI 49 200 FzC=CFC1 47 400 
'(a,a*) HzC=CHCI 26 700 F2C=CFCI 20 200 
(~P~U*) CH,CI 31 000 CFrHCl 35 400 

CF,CI 39 500 
(~PP*) CHzClz 35 900 CFzClz 43 100 
(3p7u*) CHCI, 36 000 CFCI, 40 400 
(~PP*) CZHSCI 30 000 CHKFzCI 36 900 

CzF5Cl 37 800 
(~PP*) CH3Br 34 000 CF'Br 46 800 
(~PP*) CHzBrz 40 000 CFzBrz 46 200 
(5~7u*) CH'I 39 000 CFJ 46 200 
(ls,a*) CH,CH=CHCH, 46 000 CF,CF=CFCF, 54 800 

in these molecules. It appears that the (np,a*) term-value de- effective nuclear charge for a 2p orbital on C+ in the outer-shell 
crease on alkylation of an alkyl halide is due largely to the alkyl configuration ls22s22p is 3.25 according to Slater's rules 
group's effect on the np-' ionization energy, whereas the in- whereas for a 2p orbital in the ls2s22p2 inner-shell config- 
crease of this term value on fluorination is due to the inductive uration, it is 3.75. This increased binding of the optical electron 
lowering of the a *  level. as the hole descends to a lower level we call "antishielding". 

The antishielding increment for inner-shell excitation over 
1I.D. Antishielding in the inner-shell spectra outer-shell excitation will be much larger for a a'W0 than for 

The ionization energy (term value) in an A(+,,a*) config- a Rydberg orbital since a" MO's are more penetrating. Ex- 
uration will depend not only upon the a - a*  split as evidenced change effects also contribute somewhat to the larger term 
by the bond strength, but also upon the effective nuclear values of inner-shell A bands (8). 
charges of the AO's in the a *  MO. In the A-band upper state, One sees in Table 3 that for excitation from the various 
the optical electron is electrostatically bound to the core due to halogen AO's into a*(C-X) of the halomethanes, the (+,,a*) 
the imperfect shielding of the nucleus by the valence electrons. term value indeed drops as the energy of +, descends, in accord 
The shielding of the a *  orbital from the nucleus is more effi- with the antishielding concept. Moreover, a hole in Isc is about 
ciently performed by the inner-shell electrons (1s) than the equivalent in antishielding to a hole in 2p,,, but is much less 
outer-shell electrons (2s and 2p) because the inner-shell or- antishielding than when +, is 2sc, or Is,,. For a given inner- 
bitals are less easily penetrated by an electron in a* .  Con- shell originating orbital +,, there is also an increase of the 
sequently, when the electronic configuration is changed from (+,,a*) term value as the methane molecule is successively 
an outer-shell one such as (2p,aX) to an inner-shell one such as chlorinated, Table 3. This can be explained as due in part to a 
(ls,a*) the shielding of the a *  orbital from the nucleus de- weakening of the C-Cl bond with chlorination and also to 
creases and the term value rises. Looked at another way, the C-Cl/C-Cl interactions which split the a*(C-Cl) man- 
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TABLE 3. A(+,,a:':)-band term values in the halomethanes, CH,X,-, ( 1 )  

- 

CH3F 36 500" - - - 26 800" - 
CH3CI 40 000 45 500 44 000 42 400 32 200 - 

CHzClz 41 100 - 53 500 42 200 34 000 - 

CHCI, 46 800 - 58 400 49 600 36 000 - 

CCI, 50 800 - 57 600 51 200 38 000 - 

CH3Br 42 700 - - - 35 000 44 400' 
CH,I 45 600 - - - 38 530 48 800" 

"The highest filled halogen lone-pair orbital is assigned quantum number n.  
"Extrapolated values from Fig. 2. 
'Term value for the A(3d,,ue:) band. 
"Average of the two (4dl,u") spin-orbit components having term values of 49 200 and 48 400 cm-I. 

WAVELENGTH, 
2200 2000 1800 1600 1400 1200 1000 

FREQUENCY,  cm-' x lo3 
FIG. 3. Assignments of the outer-shell spectra of the Group IV 

tetrachlorides (redrawn from ref. 6). 

ifold into several components, the lowest of which is 
progressively stabilized upon further chlorination. This sta- 
bilization is most evident in the valence temporary-negative- 
ion (TNI) resonances of the chloromethanes, in which a reso- 
nance measures the energy necessary to attach an electron to 
the molecule via the u : W O ' s  (9). Thus between CH,Cl and 

CCl, there is a monotonic decrease of the lowest valence TNI 
resonance frequency from 27 800 cm-' to a figure which is 
actually just slightly negative. The antishielding enhancement 
of inner-shell term values is dramatically illustrated by the case 
of SiCl,, where the A(2psi,u*) band is prominent as the lowest 
excitation, having a 51 000 cm-' term value (4), in strong 
contrast to the A(3pcl,u*) band of the outer shell which is lost 
among the Rydberg bands and so must have a term value which 
is less than 25 000 cm-'. 

II.E. A Bnnds in nonhnlide systems 
All of the A-band trends quoted above are deduced from data 

on the ql&yl halides. What now if the halogen and its loqg pair 
in R-X are replaced by one of the groups -OH, -SCH,, 
-NH2, etc., so as to form alcohols, thioethers, amines, etc.? 
There is no choice but to follow the scheme of Fig. 1 and to 
consider A(iip,u*) and A(ls,u'" bands in these substances as 
well. Though these systems are cheinically different from the 
alkyl halides, one expects that their A(np,u*) bands nonethe- 
less will behave spectroscopically as described above, with the 
understanding however, that they will not necessarily lie below 
the Rydberg manifold. From this point of view, it is clear for 
example, that the weak transition in CF,OF having a term value 
of 55 000 cm-' with respect to the 2po-' ionization potential 
(10) is an A(2po,u*) band of extraordinarily large te& value 
thanks to an 0-F bond strength of only 43.5 kcal/mol . In 
H202, where the 0-0 bond strength is only 37 kcal/mol, a 
low-lying A(2po,u*) band absorption likely is responsible for 
the observed dissociation into OH radicals with unit quantum 
yield at 2537 A. However, given molecules having more nor- 
mal bond strengths, one most often does not find A(np,u*) 
bands in the outer-shell spectra of molecules bearing lone pairs 
on 0 ,  S ,  N, P, etc. For this, one must go to the X-ray spectra, 
thereby taking advantage of the inner-shell antishielding which 
increases the A-band term value (Section I1.D). We defer dis- 
cussion of the fate of outer-shell A bands in the nonhalides to 
Section 111. B. 

Since the antishielding effect operates more strongly on va- 
lence states than on Rydberg states, and more strongly in the 
inner-shell spectra than in the outer shell, A(I$~,u*) bands are 
more often visible below their Rydberg conjugates in the inner- 
shell spectrum. The relative ease of spotting A bands in the 
inner-shell spectra is also promoted by the fact that outer-shell 
A(np,u*) excitations for overlap reasons are among the weaker 
transitions in the outer-shell spectrum. Consequently such 
bands are visible only when their terms values are much larger 
than those of the similarly weak but far-more-numerous 
Rydberg bands in the same spectral region. On the other hand, 
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PHOTON ENERGY, e V  

FIG. 4. Development of the A(3p,u* )  band in the isoelectronic 
series Ar, HCI, H?S (redrawn from ref. I 1). 

A(ls,u*) bands are among the most intense in the inner-shell 
spectrum, again for reasons of overlap between the originating 
and terminating orbitals. 

It is easiest to see how a *  MO's influence molecular spectra 
by comparing the inner-shell spectra of several molecular 
hydrides with that of their isoelectronic united atom. Thus in 
Fig. 4 ,  the 2p molecular spectra of HCl and H2S are compared 
with that of Ar (see, for example, ref. 1 l) ,  revealing a number 
of differences. Interpretation of these spectra requires an allow- 
ance for the 2p312-2p,lz spin-orbit splitting of the core in each 
case. First, we note that the very broad transitions about 50 000 
cm-' below the 2p-' ionization limits in the molecular spectra 

do not appear in the spectrum of the isoelectronic atom, and 
hence must involve molecular a:': MO's, which is to say, these 
are A(2p,cFk) bands. Next, the sharp 2p + 4s transition of the 
atom is barely detectable in the molecular spectra, suggesting 
appreciable mixing between the (2p,alu*) and (2p,4sal) con- 
jugate configurations such that the former is intensified and the 
latter diminished. Finally, whereas the 2p + 4p transition is 
absolutely forbidden in the atom, it is an allowed transition in 
the molecular case. Once beyond the transitions to 4p, the 
Rydberg spectra of the Ar atom and its isoelectronic molecular 
hydrides are quite comparable, except for certain small core 
splittings in the latter. The 2p spectra of PH, and SiH4 closely 
follow the pattern of molecular transitions described above for 
HCl and H2S; however, the outer-shell transitions to u:"n PH, 
and SiH4 do not precede the lowest Rydberg excitations, con- 
trary to the ordering for HC1 and H2S in the outer-shell spectra. 

1I.F. A band varieties in unsaturatecf systems 
When the group bearing the lone paireis bonded directly to 

an unsaturated center as in H,C=CHX, the A-band possi- 
bilities are manifold. As in alkyl halides, there is an A(rzp,u*) 
band present. However the A ( ~ ~ , U ' ~ )  band in unsaturated sys- 
tems generally is not the lowest-frequency A band, for there 
generally are occupied -n MO's above rzp in these compounds. 
In such a case, the lowest A band is A(-rr,u*) in an obvious 
notation. A(np,u'" and A(T,u'~) bands appear in the outer- 
shell spectrum with separations nearly equal to the difference 
of tzp-' and T- '  ionization potentials, with each occupied .rr 
MO in the molecule responsible for a specific A(.rr,ue) band. 
Two other transitions are possible here: .rr + .rr:"nd tzp + T*.  

Since both of these are encompassed in the well-known V,, 
notation of -n + T:': excitations, they have not been renamed to 
fit into the A-band scheme. The inner-shell spectra of such 
unsaturated systems will commence with 4; +  IT'^ transitions, 
followed by 4; + uZk and Rydberg excitations. 

By way of example, note that the 43 500-cm-' band of 
tetrachloroethylene must be valence shell as witnessed by its 
frequency and by its behavior in condensed phases (12), and 
involves either 3p.rrcl or r (C=C) as originating MO's and 
either .rr*(C=C) or U'YC-C1) as terminating MO's. Since the 
-rr(C=C) MO is above the uppermost 3p.rrcl MO by 17 000 
cm-' in tetrachloroethylene, one concludes that the lowest 
valence transition in tetrachl~roeth~lene will originate at 
-rr(C=C). Since the -n + T* assignment is preempted by the 
intense band at 47 600 cm-I, we must assign the 43 500-cm-' 
band of tetrachloroethylene as originating at .rr(C=C) and 
terminating at u'"C-Cl), i.e., it is an A(.rr,u'':) band anal- 
ogous to those of the fluoroethylenes in the 55 000 - 57 000 
cm-' region. Another likely A band appears in tetra- 
chloroethylene at 61 900 cm-' as a sharp but unstructured 
feature. Dauber and Brith (8) observed this band clearly in the 
neat crystal and in a Kr matrix where it is shifted to the low- 
frequency side of the vapor-phase band, as is the -n + + 
valence-shell band at 47 600 cm-'. By contrast, the -n + 4 s  
Rydberg excitation between 50 000 and 57 000 cm-' is high- 
frequency shifted in a Kr matrix, and does not appear at all in 
the spectrum of the neat crystal. Though it is clear from this that 
the 61 900-cm-' band of tetrachloroethylene is a valence ex- 
citation, it can be assigned as either 3pcl + T* or 3pcl + u:li. 
We note, however, that the A(.rr,u'':) and A(np,uQ) band term 
values of the haloethylenes are quite constant (28 000 f 1 500 
cm-I), irrespective of the halogen's atomic number or the ex- 
tent of halogenation (1). Assignment of the 61 900-cm-' fea- 
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ture of tetrachloroethylene as an A(tip,u*) band results in a 
30 000 cm-' term value, just equal to that of theA(n,u*) band. 
Looked at from the point of view of the ground state, the 
transitions to (n,u*) and to (3p,u:@) differ by exactly the differ- 
ence between the --' and 3p-' ionization potentials. The im- 
plication from such simple one-electron-like behavior of the A 
band energies is that such states are much better described at 
the Hartree-Fock level (along with n + n *  and Rydberg 
excitations) than are the singlet configurations (n,n*) and 
(u,u*). 

II. G. A bands in transition-metal complexes 
The arguments of previous sections also apply to the case 

where the central atom is a transition metal and the ligands 
again carry lone-pair electrons as in WF6 or Cr02C12. For octa- 
hedral or tetrahedral symmetry, the virtual nd valence orbitals 
split into n *  and a *  sets with n *  lower. The lowest transitions 
originating at np will be np + n* ,  but these will be followed 
by A(np,u*) bands. For transitions terminating at n*,  the spec- 
tral splittings closely reflect those among the np orbitals as 
observed in the photoelectron spectrum (I) ,  which is to say, the 
(np,n*) term values are constant; similar splittings appear 
among the A band transitions to u*. The difference of (np,n*) 
and (tzp,u*) term values relates closely to lODq in these com- 
pounds. 

Note that in the case of WF6 for example, the lowest nd 
orbitals (n = 5) of W are involved in bonding to the F atoms, 
and so are part of the virtual + /a*  valence-orbital set, thereby 
making (n + l)d the lowest d-type Rydberg orbital. In SF, 
however, the lcwest nd orbitals (ti = 3) do not participate in the 
bonding of the ground state and so the 3d orbitals are part of 
the Rydberg manifold instead. 

1I.H. General factors influencing observation of A bands 
In a practical sense, the largest difficulty with spectroscopy 

terminating at u* is that the spectral bands are continuous and 
so are both difficult to separate from other continua in the same 
region and do not allow for vibronic or rotational analysis. For 
theA(np,uX) transitions, the excitation can be phrased in terms 
of valence-bond structures 

R . . X  2 R.:;;( 

which clearly show why the upper state is dissociative. In fact, 
there are no knownA(np,u*) band excitations which show any 
vibronic structure whatsoever. On the other hand, for u + a *  
excitation the appropriate valence-bond structures are: 

the upper state of which is not necessarily dissociative consid- 
ering the Coulomb attraction between the R and X fragments. 
Indeed, the u + a" excitations of the hydrogen halides (1 3) are 
highly nonvertical but vibrationally structured! 

In general, one can say that A bands involving a *  can be 
observed in inner- and outer-shell spectra when the single bond 
of interest is weak (bond strength less than 85 kcal/mol) so that 
the A band falls below the Rydberg traffic, or is very strong 
(approximately 125 kcal/mol or more) so that it lies above the 
ionization limit. Most interesting is the intermediate situation 
appropriate to molecules such as CH,, CF,, H,O, PF,, and BC13 
in which the transitions to u* fall among the Rydberg ex- 
citations originating at the same lone pair MO. The rami- 
fications of this situation are discussed in the next Section. 

111. Valence miscibility with the Rydberg sea 
1II.A. Reality and coexistence of valence/Rydberg conjugates 

The question of the mixing of valence/Rydberg conjugate 
orbitals and the real or imagined existence of such conjugate 
pairs remains unsettled in the literature (14- 17), however, it is 
our position that pairs of conjugate orbitals do coexist. In 
support of the simultaneous reality of conjugate Rydberg and 
valence-shell states, we first quote the numerous highly accu- 
rate calculations on a variety of molecules which predict their 
existence. Thus for example, in HF, Bettendorf et al. (18) 
calculate that the valence A(2pn,u*) band will be centered at 
84 040 cm-' with the upper state being repulsive, whereas the 
conjugate Rydberg transition to (2pn,3s) is predicted to fall at 
105 400 cm-' with a bound upper-state surface. These pre- 
dicted transitions of HF are closely parallel to the A(5pn,u*) 
and Rydberg 5 p n  -+ 6s conjugate bands of methyl iodide, 
about which there is no question. Interestingly, X-a calcu- 
lations on HIS which do not employ the LCAO format at all 
nonetheless predict the separate existence of (5a,,u*) and 
(5al,3pu) conjugate excited states (19). Finally, we mention 
that the inner-shell spectra of several second-row hydrides 
(Fig. 4,  for example) clearly and indisputably show that conju- 
gate valence shell and Rydberg excitations are seen in the same 
spectrum. Note also that conjugate valence shell and Rydberg 
excitations are well-documented in atomic spectra (20). Of 
course, the observation of both A(np,u*) valence-shell bands 
and np + (n + 1)s Rydberg bands in a huge number of alkyl 
halides (cf. Table 1, for example) is even better evidence for 
the simultaneous existence of conjugate upper states. 

1II.B. Conjugate mixing and its consequetices 
Having stated our point of view as regards the reality of 

distinct valence-shell and Rydberg conjugate states, we next 
consider the possibility of their mixing. Unfortunately, the 
most revealing calculations on this point involve n *  upper 
orbitals rather than u*, however we believe the phenomenon 
applies to both and so present a discussion of the former as 
illustrative of the latter. Buenker and Peyerimhoff (21, 22) 
explain that in ethylene the (n,n*) valence state and the conju- 
gate (n,3dr2) Rydberg state are mixed so that each becomes an 
approximately 50: 50 mixture. The higher component in which 
(n ,n*)  and (n,3dXz) are out-of-phase, in a sense is the valence 
conjugate of the (7r,4dX,) Rydberg level and again there is 
strong mixing between these. In this way, significant (.rr,n*) 
valence character is dispersed throughout the entire (.rr,ndx,) 
Rydberg manifold. In the above example, the lowest level 
retains sufficient (.rr,.rr*) character after mixing to be labelled as 
such, however, this is not necessarily always the case. As a 
counterexample, the (1 b l , a lu*)  valence configuration of water 
is calculated to be so thoroughly mixed into the (1 b,,ns) levels 
of the Rydberg sea (23) that it no longer contributes enough to 
any one state to merit calling that state "(lbl,alu*)". This 
extreme miscibility of the valence-shell level and its conjugate 
Rydberg manifold is most apparent in the outer-shell spectra of 
the first-row and second-row hydrides, excepting the hydrogen 
halides. Note too that the miscibility of u* valence orbitals with 
the conjugate Rydberg sea can be selective, for in H2S, the 
a l u *  MO is totally miscible (as in H20), whereas the b2u* MO 
is not. 

It is a fascinating question as to when an interloping valence 
level will be totally dissolved in the Rydberg sea and when it 
is only dampened by it. It is our experience that the miscibility 
of a valence level with its conjugate Rydberg sea is governed 
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by two factors: energy and symmetry. Looking at the spectra 
and calculations, it appears that the distinct transitions to such 
valence-shell levels still appear when they are energetically at 
the edges of the sea and so only get their feet wet, i.e., when 
the interlopers precede the Rydberg parade (as in the alkyl 
halides), and when they follow it as shape resonances (as in 
BF,). In the intermediate region, valence levels find themselves 
in a high density of symmetry-compatible Rydberg levels and 
so might readily lose their valence identity through mixing. 
This is reasonable in light of the inherently small mixing ele- 
ment that exists between large-radius Rydberg and small-radius 
valence-shell wavefunctions, meaning that wavefunction mix- 
ing can be effective only when the levels are near-degenerate. 
Because the valence interloper will fall below the Rydberg 
parade when its term value is significantly larger than that of 
the lowest conjugate Rydberg level, weak u bonds, fluo- 
rination of the molecule or exciting from inner-shell orbitals 
will promote the appearance of such A bands. 

Symmetry is the second important factor in determining the 
miscibility of a valence level with the conjugate Rydberg sea. 
Note that the valence/Rydberg mixing occurs at the MO level, 
and so will depend upon the overlap of these orbitals. If a 
particular manifold of Rydberg orbitals has a very high angular 
momentum then the orbitals will not penetrate the core and so 
will have a greatly diminished tendency to mix with the conju- 
gate antibonding valence MO. Generalizing, an antibonding 
valence MO of s symmetry will be most likely to dissolve in the 
conjugate ns Rydberg sea when dipped into it, whereas p- 
symmetry and d-symmetry antibonding valence MO's will be 
much less apt to dissolve in their less-penetrating Rydberg 
manifolds. Thus we have a natural explanation for why the 
(1 b l  , a l  a* )  valence configuration of water dissolves completely 
in the conjugate (IbI,rzsal) Rydberg manifold whereas the 
(IT,IT*) valence configuration of ethylene does not dissolve 
completely in the conjugate (1~,3rl,,) Rydberg manifold. An 
antibonding MO off symmetry offers the extreme case, for the 
nf Rydberg orbitals are quite nonpenetrating and there will be 
very little tendency indeed for overlap and dissolution. How- 
ever, the symmetry of the molecule also must be high if the 
f-type valence orbital is to retain totally its valence character, 
for only in high-symmetry systems will the more-penetrating ns 
and np Rydberg seas have symmetry representations different 
from that of one or more components of nf. Examples of these 
principles at work are discussed below (cf. Section 1II.D). 

Yet another factor working in the same direction as sym- 
metry is that of the width of the Rydberg sea. Since this is 
typically 35 000 cm-' for the rzs Rydberg manifold but only 
6 400 cm-' for nf, one sees that the near-degeneracy criterion 
for strong mixing will be easier to fulfill for u* levels of s 
symmetry than for u* levels off  symmetry. 

Consideration of the two factors discussed above leads to the 
conclusion that complete miscibility of the valence level (aa*) 
with the conjugate Rydberg sea occurs when a totally sym- 
metric valence level falls within a sea which is both totally 
symmetric and penetrating (nsa). In this case, the a *  level no 
longer is a distinct entity, but exists only as a perturbation of 
the conjugate Rydberg orbitals. If the valence level is either 
above or below the Rydberg manifold and/or has a symmetry 
such that its conjugate Rydberg levels are less penetrating, as 
with np, nd, or nf orbitals, then the mixing is correspondingly 
reduced and a distinct u*  valence-shell level exists. 

Experimental proof of the complete dissolution of a valence 
orbital in the Rydberg sea will be difficult, for it is not easy to 

ascertain if a distinct u*  level still exists among the Rydberg 
levels, or if it exists above them as a shape resonance. Perhaps 
only a high-quality calculation can settle the question in any 
particular case. Note however that the valence/Rydberg nature 
of a nominally valence-shell configuration cannot be assessed 
correctly by dalculation unless thebasis set is rather complete 
in the conjugate Rydberg orbitals. This is in contrast to the 
approach often used of implementing the Rydberg basis only 
when concerned directly with calculating the higher Rydberg 
states. 

Because the properties of Rydberg and valence-shell states 
are so different, mixing of these two types of configurations 
can produce profound effects. The consequences of 
Rydberglvalence shell mixing are best illustrated by calcu- 
lations on the '(IT,IT*) and '(1~,3d,,) configurations of ethylene 
(22, 24). Again, these are presented a s  illustrative of-what 
effects Rydberglvalence miscibility might have on transitions 
to a *  orbitals. Calculations show that the mixing matrix ele- 
ment between Rydberg and valence-shell configurations gener- 
ally is largest when the two configurations differ by a one- 
electron promotion, i.e., when they are conjugate. In the case 
of ethylene, mixing with the '(.rr,nd,,) manifold lowers the 
'(.rr,.rr'" frequency by ca. 7 000 cm-', and results in a final 
V-state orbital which has 45-50% Rydberg character. For rea- 
sons of spatial overlap, the .rr + IT" valence excitation of 
ethylene is far more intense than the conjugate IT -+ nd,, 
Rydberg excitations, and consequently the calculated f value 
for the IT -+ IT* excitation decreases from 0.485 to 0.293 upon 
admitting nd,, orbitals into the calculation. Though the 
"missing" oscillator strength is donated to the Rydberg ex- 
citations, it is not very noticeable in any one of them since it 
is distributed among all of the IT + nd,, transitions. The im- 
portance of Rydbergl valence-shell mixing on the f values in 
atoms also has been noted (20). 

As expected, the values of (x ' )  for the out-of-plane x  coordi- 
nate computed for valence shell and Rydberg MO's in planar 
molecules vary sharply depending upon orbital type. Thus for 
the T* valence MO in the "IT,+) state of ethylen:, ( x 2 )  is 
3.88ai, while for 3d,; in '(1~,3d,:) it swells to 53.6a;; the IT:{: 

* has the intermediate value MO o?f mixed character in '(IT,IT, ) 
24.3ai. Another measure of spatial extent is offered by the 
Coulomb self-energy integral J, in the (+i,+j) configuration; 
the value of J, decreases with increasing +j orbital size, and in 
fact can be used as a criterion on which to base a Rydberg/ 
valence-shell assignment. One sees that valence-shell ex- 
citations terminating both at IT* and a* have computed upper 
orbital self-energies in the 70 000 - 95 000 cm-' range whereas 
the Rydberg orbital self-energies occupy the 0 - 32 000 cm-' 
range, depending upon their term values (1). Interestingly, the 
IT* self-energy of the '(IT,IT*) valence-shell configuration after 
mixing, 32 500 cm-', is far below that normally assigned to 
valence-shell states, but at the top of the Rydberg range, a clear 
indication of its heavy Rydberg admixture. In contrast, the IT* 
self-energy for the '(~s,IT*) level of ethylene, 93 600 cm-', is 
solidly in the valence-shell camp, as appropriate for a purely 
valence configuration. With the exception of the '(IT,IT*) 
level, the J, self-energies of (+i,+j) configurations of ethylene 
are very much independent of the open-shell orbital 4,. 

It is generally true that the Franck-Condon envelopes of the 
lowest Rydberg excitation in a molecule and the corresponding 
photoelectron band are identical (4). However, if a (+;,a*) 
valence level is strongly mixed with the (+;,ns) conjugate 
Rydberg levels such that they are dissociative and rapidly 
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FIG. 5. lnner and outer wclls and their wavefunctions. 

deRydbergize with distance whereas the 4,-' ion is not so 
mixed, then the vibronic envelopes for the 4, + 3s and +, + 
a transitions will be noticeably different. Thus, for example, 
the extreme differences of the 4, + 3s Rydberg and +,-I 

photoelectron band profiles in H20 ,  CH,, HIS, and HCOOH 
result from the strong mixing of their lowest Rydberg levels 
with their valence conjugates. On the other hand, such mixing 
is much weaker in NH? and effectively nonexistent in the alkyl 
chlorides, bromides, and iodides, for example. 

If the 4, + a Iu 'k  excitation is not observed below the 
Rydberg bands originating at +,, and does not mix with them 
as evidenced by the close similarity of the 4, + 3s and +,-' 
band shapes, then it seems safe to conclude that a l u *  is sus- 
pended in the 4,- ' ionization continuum as a shape resonance. 
This argument does not hold for u* MO's which are less than 
totally symmetric, for these cases the conjugate Rydberg or- 
bitals are only weakly penetrating and do not mix very well 
with u" regardless of their relative frequencies. 

1II.C. Conj~igate unrrlixing 
Provided the Rydberglvalence-shell mixing is not too ex- 

treme, it is possible to experimentally deperturb these levels. 
Thus any of the well-known external perturbations which are so 
effective in helping to distinguish valence-shell from Rydberg 
excitations (4) also are effective in removing the effects of 
Rydberg perturbations on valence-shell transitions. Interacting 
Rydberg and valence-shell levels also can be deperturbed by 
first producing an inner-shell hole which then shifts the offend- 

ing Rydberg levels of the resulting ion far out of resonance with 
the valence-shell level of interest. 

In addition to configurational mixing, it is now well docu- 
mented that the mixing and unmixing of Rydberg and valence 
conjugates in molecules can be induced by changes of inter- 
nuclear distance. Thus, for example, in each of the hydrides 
CH,, C2H,, SiH,, NH3, pH3, CH3, and H,O it has been com- 
puted that at the ground-state geometry, the first excited state 
of the same spin multiplicity is overwhelmingly Rydberg, as 
measured by any criterion. However, as either a hydrogen atom 
or a hydrogen molecule leaves the molecule, the Rydberg state 
in question rapidly evolves into a valence-shell state of the 
system, passing through all degrees of mixture on the way to 
total separation (deRydbergization). In this case, the increasing 
bond length leads to a decreasing u + a *  split. Consequently, 
the u:' level quickly drops below the band of conjugate 
Rydberg levels, the mixing is turned off, and the eventual 
dissociation products have valence-shell configurations (17). It 
may also happen that at the ground-state equilibrium geometry, 
the a'!' valence MO is above the block of Rydberg levels so that 
+i+ u:': is a shape resonance. In this case, as the relevant bond 
is lengthened, uii: first comes into resonance with the Rydberg 
sea and assumes a strong Rydberg character before passing out 
the other side and becoming valence again at very large dis- 
tances. These aspects of Rydberglvalence shell mixing are of 
extreme importance to a discussion of photochemistry in the 
vacuum ultraviolet, and the interested reader is referred to a 
number of papers in which the subject is explored in depth (17, 
25-28). The rapidly changing Rydberglvalence-shell charac- 
ter of a potential surface raises a question of semantics for the 
photochemist who is concerned with its broadest reaches, how- 
ever this is not as confounding for the spectroscopist who 
works closely in the vicinity of the ground-state R,. None- 
theless, we must emphasize that even at R, the mixing may be 
such that neither "valence" nor "Rydberg" designations are 
adequate. 

1II.D. Molecular giant resonances as nzan~festations of u:': 
immiscibility 

There is a fascinating development taking form in atomic 
spectroscopy which not only appears to have strong parallels in 
the area of molecular Rydberglvalence mixing, but impacts 
directly on the question of observing u + ~'"alence shell 
excitations in saturated molecules. Consider the effective radial 
potential in an atom (VcII) as consisting of a Coulombic term 
( -  1/r) and a centrifugal term l(1 + l ) /r2 as plotted in Fig. 5 
for the 4f orbital of lanthanum in the [Xe]6s5d4f config- 
uration. As Connerade explains (29, 30), in region A the Cou- 
lombic part of the potential is dominant, however as r de- 
creases,-the centrifugal effect acts to raise the potential, as in 
region B. Once into region B however, the electron then is able 
to penetrate the core more effectively, thereby experiencing a 
higher effective nuclear charge and so lowering the potential 
again, as in region C. Finally, at very short distances, region 
D, the l / r2  dependence of the centrifugal potential overcomes 
the - l / r  dependence of the Coulombic potential and Vcrr rises 
abruptly.   he net result of these two competing potential terms 
in the case of atomic orbitals having I 2 is a double-well 
effective potential. 'The hump in region I1 is called the centrif- 
ugal barrier, but in fairness it must be noted that it is due 
equally to the effect of penetration, and does not even appear 
in the hydrogen atom where penetration is not possible. 

Figure 5 shows the double-well V,, for 4f orbitals in the 
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excited states of both the lanthanum and barium atoms, and as 
expected for neighboring atoms in the periodic table, the curves 
are semiquantitatively alike. What is most surprising to see is 
that the corresponding 4 f wavefunctions are exceedingly dif- 
ferent, with that in the [Xe]6s4 f configuration of Ba occupying 
the outer well and peaked at ca. 15ao, whereas that in the 
[Xe]6s5d4 f configuration of La occupies the inner well and is 
peaked at less than la,,!! The 4 f orbital in the Ba excited state 
is properly termed a Rydberg orbital due to its size and due to 
the fact that its energy is dictated largely by the - l l r  part of 
the potential. On the other hand, this is clearly not the case for 
the 4 f orbital of La trapped in the inner well of region C ,  and 
so this is termed a "nonRydbergM orbital (29). Moreover, as is 
known for double-well potentials in general, even slight differ- 
ences between the two well profiles are sufficient to shift the 
electron from one well to the other. Wavefunction collapse 
results from the transfer of the electron from the outer to the 
inner well. Only with very fine tuning is one able to get the 
wavefunction to occupy both wells simultaneously. Consid- 
erable theoretical and experimental work on atoms is now 
available to support the notion of large-1 wavefunction collapse 
under relatively small perturbation. 

In our attempt to apply this type of reasoning to molecules 
we first must discard the centrifugal potential because we wish 
to apply the double-well concept to states where 1 may equal 
zero or to low-syn~n~etry molecules in which the angular mo- 
mentum is quenched (31). In its place, we invoke a spatial 
modulation of the potential due to the spatially extended nature 
of the molecular core. In the molecular case, the repulsive 
hump comes not from the combination of centrifugal force and 
penetration, but from the orthogonality to the molecular bonds 
in the core. Depending upon the details of the potential, the 
lowest level may be strongly compressed ( q l )  or expanded 
(q I l ) ;  after proper orthogonalization to the occupied core or- 
bitals, these functions are seen to be antibonding valence-shell 
orbitals (u*, nl:, 6:?, etc., depending upon unspecified angular 
factors) and their Rydberg conjugates (ns, tzpn, nd6, etc.), 
respectively. Arguing as in the atomic case, we expect that 
relatively small changes of potential will suffice to change 
drastically the nature of the lowest bound level, and in certain 
conditions can lead to a wavefunctlon which is a linear combi- 
nation of ql and q I 1 .  

We have forced a parallel between the atomic and molecular 
potentials and then argued for analogous behavior in the two 
models largely because there are notable similarities in the 
experimental observations on RydbergInonRydberg spectra in 
atoms and on Rydberglvalence-shell mixing and ordering in 
molecules. Following the description of the atomic spectra 
given by Connerade (29) we note the following analogies: 

(i) In atoms, the two states of the double-well potential are 
small radius (nonRydberg) and large radius (Rydberg). In mol- 
ecules, the two states of the double-well potential are small 
radius (antibonding valence shell) and large radius (Rydberg). 

(ii) As the effective potential for an atom is vaiied, the 
lowest level in the outer well may collapse into the inner well. 
As the M-H bond in a molecule is continuously lengthened, 
the lowest Rydberg level may be rapidly transformed 
(deRydbergized) into an antibonding valence level. 

(iii) Atomic resonances to inner-well levels (giant reso- 
nances) are much more intense than transitions to outer-well 
levels (Rydberg excitations) for reasons of spatial overlap be- 
tween the originating and terminating orbitals. Inner-shell mo- 
lecular transitions to valence levels are much more intense than 

transitions to Rydberg levels for reasons of spatial overlap. 
(iv) Atomic transitions to inner-well levels (giant reso- 

nances) appear in solids whereas those to outer-well Rydberg 
levels generally do not. This parallels exactly the behavior of 
valence-shell and Rydberg upper states in molecules. 

(v) When the outer-well wavefunction in an atom collapses 
to the inner well, the next higher outer-well level moves down 
and then plays the role of the lowest outer-well level. Ener- 
getically, this lowest level can be close to the position of the 
lowest level before collapse, however, by its node count it is 
one higher. Thus there is a semantic problem as to whether the 
lowest outer-well function after collapse should be assigned 
principal quantum number n or n + 1.  Exactly the same prob- 
lem has been pointed out in regard the numbering of Rydberg 
levels when preceded by a conjugate valence level (cf. ref. 4 ,  
p. 26, for example). 

(vi) In atoms, the inner-well levels may be below (bound 
levels) or above the relevant ionization limit (resonantly local- 
ized continuun~ levels). A similar situation holds for the va- 
lence states of molecules. 

In view of the many similarities between the atomic and 
molecular cases, it is important to point out an essential differ- 
ence as well. In the atomic case, a double-well effective poten- 
tial is inappropriate for s or p symmetries because of their zero 
or small 1 values. In contrast, s and p electrons in molecules 
may move in a double-well effective potential with distinct 
inner-well and outer-well wavefunctions provided the inner- 
well wavefunction does not dissolve completely in the sea of 
outer-well functions. 

Much of what we are saying here is either explicitly or 
implicitly contained in Dehmer's original discussion (32) of the 
double-well model for molecular excited states. What we want 
to emphasize is that the inner well is associated with anti- 
bonding valence MO's and that relatively small differences of 
the shape of the effective potential can make the lowest level 
appear as Rydberg, antibonding valence, or a mixture of these. 

By way of example, let us now apply this to a molecular 
system. In certain hydrides (alkanes) of high symmetry, there 
can be an antibonding valence MO with symmetry conjugate 
only to one of the tzfRydberg orbitals, which orbitals in turn are 
notoriously poor at penetration. In these cases the inner-well 
antibonding MO (x*) will not be mixed with its conjugate 
Rydberg levels even if quasi-degenerate with them. In this 
case, the allowed electric-dipole excitations to the x ' ~  level 
must originate at an MO (x) having a d  orbital or g orbital nodal 
pattern, and will be very intense compared to the Rydberg 
transitions terminating at the conjugate tzf Rydberg orbitals for 
reasons of spatial overlap. Additionally, such x -+ x:"d + f )  
n~olecular giant resonance will not be perturbed on going from 
the vapor to a condensed phase since the terminating level does 
not have an expanded wavefunction. We must point out how 
unusual this situation is, for virtually all discrete absorptions in 
alkanes have been assigned successfully as Rydberg transitions 
(1, 4). 

Just such a giant resonance can be found in the D,, molecule 
cyclopropane. 'The uppermost filled MO of cyclopropane has 
E' symmetry and a few of the lower 3e' + tzs and 3e'  -+ tlp 
Rydberg excitations have been identified in the 50 000 - 70 000 
cm-' region (33), Fig. 6.  Following these, there is a broad and 
very intense feature centered at 82 000 cm-' which has been 
calculated to be a valence shell 3e' + la;  excitation. We note 
here that the oscillator strength of 0.7 observed for this band is 
unusually high in the extreme for an alkane (the absorption 
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I C Y C L O P R O P A N E  

2 0 

FIG. 6. The assignment of giant molecular resonances in the spec- 
tra of cyclopropane and cyclohexane (34). 

cross section at the maximum is 68 Mb), and that spectra of thin 
films of cyclopropane, Fig. 6, show the band in question shift- 
ed slightly to 80 000 cm-' but otherwise unperturbed. Finally, 
the X* MO of a; symmetry belongs to a representation which 
is unique to f orbitals in D,,,, whereas the 3e' MO has the 
symmetry of an atomic d orbital. Thus we see that the 
82 000-cm-' excitation of cyclopropane has the nodal proper- 
ties of a d -+ f transition, however, since the a; terminating 
orbital is of the inner-well type the transition appears as a 
molecular giant resonance and is nonRydberg, i.e., valence 
shell. It is amazing that the molecular analog of the d + f giant 
resonance of lanthanum at ca. 100 eV is to be found in cy- 
clopropane at 10 eV! It also may be significant that both are 
found centered just at or above the ionization thresholds of the 
originating orbitals. 

Arguing backward, the key features leading to a giant reso- 
nance in a polyatomic molecule are seen to be: 

( 1 )  The presence of an antibonding valence-shell orbital in 
the molecule which transforms like one of the components of 
the nf orbital manifold. 

(2) Sufficiently high molecular symmetry so that the com- 
ponents of the ns, np, and nd Rydberg manifolds have sym- 
metries different from that of the f-like antibonding valence- 
shell orbital and hence cannot mix with it. 

(3) An originating valence MO of d-like atomic symmetry, 
thereby resulting in intense d -+ f dipole excitation. 

Using the above criteria, we have searched for other d -+ f 

giant resonances in polyatomic molecules, and feel that others 
exist in cyclohexane (Fig. 6) and uranium hexafluoride (34). 

III.E. Other cases of low-lying a *  orbitals 
We have established the idea that excitations to a *  levels 

will lie below the Rydberg manifold and not be mixed with it 
provided the u -+ a *  split is not too large. This comes about 
not only when the M-X bond is inherently weak, but also 
when the molecule is severely strained. Thus a low-lying a -+ 

a *  excitation of strong valence character is expected in a mol- 
ecule such as quadricyclane with its very long base bonds. 
There is no spectral data available as yet on systems such as 
this. 

Yet another mechanism by which u ' k a n  be made relatively 
low-lying is by fluorinating a planar unsaturated system. In this 
case, the perfluoro effect (35) acts to dramatically lower the a 
and a:'; manifolds with respect to a and a * .  This relative shift 
of ca. 2 eV between the centers of gravity of the a / a *  and 
a / a *  orbital sets is enough to bring a* a:'; out of the Rydberg 
woods and into the open. As examples, we note the prominent 
a -+ a *  valence-shell bands in the spectra of the fluoro- 
ethylenes and in the fluorobenzenes ( l ,36) .  Note however, that 
if the system is nonplanar, as in CH3-containing olefins for 
example, both the a / a ' b n d  u / a *  manifolds are depressed 
upon fluorination, with little or no depression of the a -t a *  
interval. 

A rare but well-documented example of a a -+ a *  excitation 
in a polyatomic molecule is the 30, -+ 3 a t  transition of acetyl- 
ene at 107 500 cm-'. In this case, the transition is just below 
the conjugate (3a,, np) Rydberg levels, and though it must be 
mixed somewhat with them, it has resisted total dissolution for 
reasons having to do both with frequency and symmetry. Less 
well-documented as u -+ a:%xcitations are the intense transi- 
tions in the longer perfluoroalkanes (4); solid-film spectra of 
these systems would be most interesting. In a-electron sys- 
tems, the fate of u -+ a:': excitations is especially cloudy 
inasmuch as there is strong mixing of (a,@) configurations 
with the highly polar (a ,+)  configurations, as discussed by 
Mulliken (37). 

IV. Conclusions 
Our overall study of excitations to u:Vead us to a number of 

conclusions: 
(i) Term values are of great use in correlating A-band transi- 

tions terminating at a * ,  even though these are valence ex- 
citations and the concept usually is reserved for Rydberg ex- 
citations. 

(ii) The A-band term value is strongly dependent upon the 
strength of the a bond appropriate to a * .  

(iii) The A-band term values of the outer shell are enhanced 
in the inner-shell spectra by antishielding, i.e., an enhanced 
effective nuclear charge for a *  in the inner-shell spectra. 

(iv) There is considerable evidence in favor of the simulta- 
neous existence of both valence-shell states terminating at a *  
and their Rydberg conjugates. 

(v) Contrary to expectations, A bands do not always appear 
in molecular spectra. Their appearance is strongly affected by 
the extent of valence/Rydberg miscibility, which in turn de- 
pends upon how closely the A band and Rydberg manifold 
match in frequency, and upon the ability of the Rydberg levels 
to overlap the valence level via penetration. 

(v i )  The a -+ a *  valence excitations are rare, but can appear 
as giant resonances in certain molecules of high symmetry. 
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WILLIAM G. LAIDLAW and MILAN TRSIC. Can. J. Chern. 63, 2044 (1985). 
The relative energy of the closed and open forms of ozone and thiozone are calculated using the HFS DVM transition state 

method. For ozone the open form is lower by some 21 kcal/mol and for thiozone the open form is some 1 1  kcal/rnol lower. 

WILLIAM G. LAIDLAW et MILAN TRsIC. Can. J .  Chem. 63, 2044 (1985). 
Utilisant la mCthode de I'Ctat de transition de HFS DVM, on a calculC les energies relatives des forrnes ouvertes et fermtes 

de I'ozone et de la thiozone. Les niveaux CnergCtiques des forrnes ouvertes de I'ozone et de la thiozone sont respectivement 
21 kcal/rnol et I I kcal/rnol plus faibles que ceux des forrnes fermCes. 

[Traduit par le journal] 

Introduction 
By the mid 1970's the Hartree Fock Slater (HFS) method had 

been applied, with considerable success, to the calculation of 
ionization energies, electron excitation energies, and other one- 
electron properties (1). In 1978 we explored the use of the HFS 
"total statistical energy" as a measure of the expectation value 
of the hamiltonian by calculating the single determinant statis- 
tical energy for various conformations of ozone and thiozone 
(2). We utilized a S T 0  double 5 basis set (3) augmented with 
a 3 d  orbital on sulfur (exponent 1.7 1 (2)) and employed several 
calculational techniques such as diophantine numerical integra- 
tion and a fitting procedure for the electron density which had 
been pioneered by Ziegler, Baerends, and co-workers ( la-d).  
We refer to this algorithm as the HFS DVM scheme and utilize 
an exchange coupling of ci = 0.7. The energy contributions 
which appeared sensitive to the numerical integration steps 
were calculated analytically following a method of Baerends 
and Ros (4). Our results indicated that the closed form (all three 
nuclei equidistant from one another) of both ozone and thio- 
zone were lower in energy than the open form by some 40 
kcal/mol. This result for ozone was certainly at variance with 
its known conformation ( 5 ) .  However, our results were com- 
parable to rather good quality HF single determinant calcu- 
lations which also predicted the closed form for these mole- 
cules (6). We concluded that the HFS statistical energy was at 
least as good a predictor as the Hartree Fock energy. 

In the past half dozen years the evaluation of the energy in 
the Hartree Fock Slater context has received additional atten- 
tion. The transition state method of Ziegler and co-workers (7) 
has shown great promise, especially for larger systems (8). 
Most recently the calculations of Morin, Foti, and Salahub (9) 
for the statistical energy of ozone and thiozone, using their HFS 
(LCAO-Xci and LCAO-Local Density (10)) procedures; re- 
newed our interest in the problem. Consequently we have in- 
vestigated the conformational energy of ozone and thiozone 
using, now, the transition state method (7). 

other words, one does not calculate separately the energy of 
molecule and the energy of its reference and then subtract the 
two. Rather one derives an expression for the energy difference 
and calculates this directly. The critical step in this procedure, 
for a molecule AB, is the introduction of the atomic (i.e. 
fragment) densities pA and p,, the molecular density p~ and a 
transition state density 

Since the statistical energy (the HFS representation of the 
expectation value of the hamiltonian H) is a functional of the 
-density, the energy difference, AE = EAB - (EA + EB), is a 
direct function of pA, p,, and p a .  Ziegler and Rauk (7) have 
shown that 

[ l ]  A E = - E , , - A E c , - ~ F j , A P , l  
'I 

where E,, is the classical electronic energy of two distributions 
p, and p, and their associated nuclear repulsions, AE,, is the 
difference between the HFS exchange interaction of p, and 
that of pA and p, and Fi, is a Taylor expansion around the 
transition state of matrix elements of the one-electron HFS 
hamiltonian operator h. The result given in eq. [ l]  is correct to 
third order in a Taylor expansion around the transition state 
density p ~ .  

Results 
Using the same basis set and the same frozen core approxi- 

mation as in our earlier work we calculated the bond energy AE 
of eq. [ l ]  directly for both thiozone and ozone. Two electronic 

8 ? 4 4  configurations ayai bf bi and a ,  a,  b ,  b, were considered and 
both the bond lengths and the bond angles were varied within 
C," symmetry to obtain the minimum bond energy AE (note, 
AE is negative). The result obtained for ozone showed that the 
minimum AE for the open form, 

The transition state method a:aibfb: = la: 16; 2at 2b: lb: 3a: la: 36; 4aT (i.e., 4 r )  
The essence of the transition state method for bond energy is 

the direct calculation of the difference in energy of the mole- is obtained at a central angle of 120" and bond length 1.30 A 
cule and the chosen reference fragments (usually atoms). In whereas the minimum AE for the closed form 
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?as obtained for an equilateral form with a bond length of 1.45 
A. The open form is the lower by some 21 kcal/mol. The 
recent calculation by Morin et al.  (9) using their versions of the 
HFS procedure favours the open form of ozone by some 45 
kcal/mol whereas rather sophisticated CI treatments give the 
open form as lower by some 21 ? 5 kcal/mol (1 l a )  or 28 
kcal/mol (1 l b) or 38 kcal/mol (1 lc). 'The bond length 1.30 A 
and bond angle 120" for the open form of ozone a<e to be 
compared to the experimental values in the range 1.28 A for the 
bond lengths and 117" for the central angle (5). For thiozone a 
similar calculation for the minimum AE yields an open form, 

a!aib7b: = la: 16: 20: 2bi lbf  3af la: 3b; 4 4  

with a bondlength of 1.95 A and central angle of 120" whereas 
the closed form 

~ i n i m u m  has the equilateral form with a bond length of 2.06 
A. The open form of thiozone is lower than the closed form by 
some 11 kcal/mol which may be compared with 15 kcal/mol 
obtained by Morin et al. (9) and with the 17 kcal/mol results 
given in recent CI calculations (I 1 c). 

These results are in contrast to that reported in our earlier 
calculation (2) and are in contrast to the HF single determinant 
results, cf. ref. 6.  However, they show the same preference for 
the open form given recently by Morin et al. (9) using their 
version of the HFS approach and of course are consistent with 
the known form for ozone (5) and with C1 calculations for 
ozone ( I  l a ,  1 l b )  and for thiozone (1 lc) .  

Discussion 
The HFS SCF DVM scheme represents the molecular or- 

bitals as an expansion in a chosen basis set (e.g. the Double < 
STOs) and develops the variational SCF problem in terms of 
the chosen basis set. However, for the sake of efficiency (a 
major consideration in the large molecules to which this pro- 
cedure has been applied (8)) the density is always fitted by a 
least-squares procedure to a set of "fit functions". Further, the 
integrations required in the HFS SCF procedure are obtained 
numerically (diophantine point selection). We referred to this 
routine as the HFS DVM procedure. 

It is relatively straightforward to increase the number of 
points in a numerical integration until stability is ensured and 
typically 1000 points per atom is sufficient for stability of 
one-electron properties. The generation of the best fit func- 
tions, although less direct, can be accomplished by using a 
family of S T 0  s, p,d, etc. orbitals on each center with ex- 
ponents chosen to span the space from diffuse to contracted. 
Again the precise choice does not materially affect one-electron 
properties. However, the numerical integration and fitting pro- 
cedure do have serious implications for the calculation of the 
total energy of the system. 

In 1978, Baerends and Ros (4) pointed out that the sensitivity 
to the number of points in the numerical integration can be 
overcome by evaluating all terms in the SCF energy except the 
exchange contribution by analytical rather than numerical inte- 
gration. That is, the SCF electron density is fitted using the fit 
functions and inserted into the integrals contributing to the 
energy and these terms are then evaluated analytically. This 
reduces the sensitivity such that again about 1000 points per 
atom is sufficient for stability of the numerical integration. The 

sensitivity of the total statistical energy to the choice of fit 
functions can not so easily be removed since there is no straight 
forward criteria which can be applied, a priori, for all mole- 
cules. Consequently calculations of the total statistical energy 
by both Baerends and Ros (4) and by ourselves (2) were limited 
and all that appeared possible was that the results for total 
statistical energy using the HFS DVM algorithm were at least 
comparable to the Hartree Fock results. 

However, the picture is much more positive using the transi- 
tion state approach with the HFS DVM. We have already 
observed that certain terms in the total energy viz., the ex- 
change term, AE,,, were relatively insensitive to the numerical 
integration and fitting procedures. So also Ziegler and Rauk (7) 
found that the additional terms which are generated by the 
Taylor expansion in AE,  i.e. the terms F,, in eq. [l], are 
relatively insensitive to the number of points in the numerical 
integration (in all cases tested 1000 points per atom achieved an 
accuracy to within 2 kcal per mol).' 

The sensitivity to fit functions arises primarily through the 
term E,,. In the case of the transition state method, with atoms 
as fragments, E,] requires only atomic distributions. It is always 
easy to obtain optimum fit functions for atomic distributions 
(for the fit functions are generated automatically within the 
suite of programs and they are always s-type as befits a spher- 
ical distribution). The additional requirements that the molecu- 
lar situation places on fit functions are not nearly as severe with 
the transition state calculation of AE as they were for the total 
statistical energy E. Nevertheless, we have augmented the stan- 
dard fit set referred to above with fit functions including sets of 
p and d orbitals on each centre to generate an "extended molec- 
ular fit set". We have added yet more fit functions to our 
extended fit set and found no change in AE and we have deleted 
fit functions (e.g., d) and found some change (e.g., for thio- 
zone deletion of d fit functions changed AE from -256 to 
-258 kcal/mol for the open form and from AE = -247 to 
-257 kcal/mol for the closed form for a change of about 4% 
in AE for the highly strained closed form where clearly the 
added flexibility of the expended fit set is necessary). We 
concluded that an extended set of fit functions are still essential 
and that our extended molecular fit set was approaching an 
optimal choice for thiozone. 

This leaves choice of basis functions and the truncation pro- 
cedure itself. Certainly the basis must be chosen with some care 
and perhaps the best criteria is comparison of experimental and 
calculated results. For diatomics the comparison of even just a 
DZ HFS basis vs. extended basis HF calculations as against 
experimental results is in favour of the HFS procedure and of 
course an extended basis HFS is normally an improvement (see 
Table 2 of ref. 7 for calculation results with DZ, and extended 
basis and comparison to HF and experimental results). In the 
calculations reported here the basis set is of DZ quality aug- 
mented by d functions. 

Turning to the truncation procedure itself, perhaps the most 
telling point of the efficacy of the transition state method is 

' See Table 1 of ref. 7 for calculations using lo', lo4, lo5 points for 
F?. These results show that the term E,, is responsible for slow con- 
vergence and that the remaining terms in eq. [l] stabilize with, of the 
order of, 10' points. Our own tests, on thiozone with 1000, 2000, and 
4000 points per atom gaye values of AE of -247, -246, and -247 
kcal/mol at Rss = 2.1 A for the closed form and -256, -255, and 
-256 kcal/mol at Rss = 2.0 A for the open form. This is a variation 
of AE of less than 2 kcal/mol. 
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comparison to experimental results for a variety of molecules. 
Rauk and Ziegler have shown in a number of cases, that the 
transition state method provides accurate representations of the 
bond energy when complete schemes, such as the HF,  d o  not 
give the correct answer (see Table 2 of ref. 7 and also ref. 8). 
Indeed our calculation, giving the open form of ozone lower 
than the closed form by some 21 kcal/mol, compares favour- 
ably with the results of an extended CI calculation (1 l a ) .  Con- 
sequently the truncation scheme appears to be satisfactory. 

With these comments on numerical integration, fit functions, 
basis sets and truncation, in mind, we believe that eq. [ l ]  is an 
appropriate representation of the bond energy, AE, in the HFS 
DVM scheme. That it is an adequate HFS probe of con- 
formational energy is demonstrated by noting that it predicts 
that the open form is lower in energy than the closed for both 
thiozone and ozone - a result qualitatively similar to that of 
Salahub and co-workers (9) using their version of the HFS 
procedure. 
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S. BRATOS and G. TARJUS. Can. J .  Chem. 63, 2047 (1985). 
Recent investigations of collective vibrational motions in pure van der Waals liquids and in their isotopic mixtures are 

reviewed. Experimental data are enumerated first. The theory is presented later, separately, for non-composite and composite 
bands of both isotropic and anisotropic Raman spectra. It is shown that isotropic Raman processes are partially coherent and 
contain information about collective vibrational motions in liquids. In turn, anisotropic Raman processes are incoherent in the 
zero-order description and their study is less important in the present context. 

S. BRATOS et G. TARJUS. Can. J .  Chem. 63, 2047 (1985). 
Les ttudes ricentes des mouvements vibrationnels collectifs dans des liquides de van der Waals purs et dans leurs mClanges 

isotopiques sont examinkes. Les donnkes expirimentales sont dtcrites d'abord. La thCorie est prCsentCe ensuite, sCparCment 
pour les bandes Raman composCes et pour les bandes Raman non-composCes, tant isotropes qu'anisotropes. On montre que 
les processus Raman isotropes sont partiellement cohCrents et qu'ils contiennent des informations relatives aux mouvements 
vibrationnels collectifs dans les liquides. Par contre, les processus Raman anisotropes sont incohkrents, dans la description 
d'ordre zCro au moins, et leur Ctude est moins importante dans le prksent contexte. 

[Traduit par le journal] 

1. Introduction 
Considerable interest has been manifested over the last de- 

cade in studying collective vibrational and rotational motions in 
liquids by Raman spectroscopy. The possibilities offered by 
this technique were not immediately recognized. In fact, the 
phases of molecular vibrations in dense fluids were considered 
in the early work to be randomly distributed, an assumption 
called the random phase assumption. A Raman process was 
thus believed to be intrinsically incoherent, incapable of giving 
any information about collective motions in liquids. However, 
recent investigations have shown that these processes may, 
in fact, be partially coherent. Raman spectroscopy was thus 
adopted, over the last few years, by scientists studying this 
problem. The purpose of the present paper is to review this 
subject, currently in rapid evolution. It will be shown that, 
although considerable progress has been made, the field still is 
far from maturity. For general reviews on vibrational spec- 
troscopy of dense fluids see, e.g., refs. 1 and 2. 

2. Experimental data 
It is convenient to start this discussion by briefly presenting 

the basic experimental material submitted to a theoretical anal- 
ysis in later sections. In the early work, collective vibrational 
effects were studied by diluting the liquid progressively in the 
usual "chemical" solvents (3- 10). Unfortunately, diluting a 
liquid modifies the force law and the answer is rarely non- 
ambiguous. All modem work thus employs the isotopic dilu- 
tion technique, which is free of this complication (1 1-19). 
Progress has been accelerated by the existence of theories 
which influenced the proper choice of experiment. The main 
experimental data collected in this way are described below. 
They refer to pure liquids and to their isotopic solutions, if not 
stated otherwise. 

The main characteristics of isotropic spectra are enumerated 

'This paper was presented to the EMLG conference "Beyond the 
Monomolecular Approach" which took place in Nice, from September 
3 to 8, 1984. 

Equipe AssociCe au CNRS. 

first. (i) Their bands are broader in pure liquids than in dilute 
solutions. This was shown quantitatively by Oehme and 
Klostermann (20) for the v HBr and v DBr bands in mixtures 
HBr/DBr and by Pinan-LucarrC (21) for the v, band of CD31 in 
mixtures CD31/CH31; see also ref. 22. (ii) The position of an 
isotropic Raman band is a linear function of concentration of 
the active species, whereas its half-width may exhibit a non- 
linear concentration dependence. First discovered in 
"chemical" solvents by Bondarev and Mardaeva (23), Fu- 
jiyama et al. (24), Arndt and co-workers (25-27), Yarwood, 
Ackroyd et al. (28), and Scheibe (29), it was also reported by 
Kamoun and Mirone (30), Doge et al. (3 1 ), and Oehme and 
Klostermann (20) in the case of isotopic solutions. (iii) The 
half-width of an isotropic Raman band varies with temperature, 
but no simple rule seems to exist. The constant pressure and 
variable temperature experiment by Doge et al. (32) on the v,, 
v2, and v3 bands of liquids CH31 showed that some bands 
narrow with increasing temperature, whereas some others 
broaden. 

As far as the anisotropic spectra are concerned, they show a 
noticeably different behavior. (i) Little broadening of these 
bands takes place when going from dilute solutions to pure 
liquids. This observation due to Pinan-Luccark and to Oehme 
and Klostermann was described in the papers cited earlier. (ii) 
The peak frequency of an anisotropic Raman band is much less 
concentration dependent than the peak frequency of the corre- 
sponding isotropic Raman band (20). (iii) The isotropic and 
anisotropic Raman bands do not coincide; this effect is called 
the "non-coincidence effect". First observed in pure liquids by 
Schwartz and Wang (33), it was studied in liquids and binary 
mixtures by Fini and Mirone (34), Perchard and Perchard ( 3 3 ,  
Korsunskii et al. (36), Mirone and Fini (37), and by Desbat and 
Huong (38); to our knowledge, it has not yet been examined in 
isotopic mixtures. The result from these data is that resonant 
interactions in pure liquids and isotopic mixtures affect differ- 
ently the isotropic and anisotropic Raman spectra. For some 
reason, their action is quenched to a considerable extent in the 
latter case. One of the tasks with which the theory is confronted 
is to explain this difference. 
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3. Theory. Non-composite Raman bands of pure liquids 
(a) Generalities 

Although the essential role of the resonant intermolecular 
coupling was correctly understood as early as 1960 (39), the 
theory of Raman bands of pure van der Waals liquids really 
started only thirteen years later. The first contribution was due 
to Doge, who proposed a crude picture of vibrational exciton 
transfer effects in Raman spectra (40). Later, Lynden-Bell 
showed how these effects are influenced by the symmetry of 
molecular vibrations (41). Analytical theories of band shapes 
appeared in 1977- 1978, proposed nearly simultaneously by 
Wang (42), Wertheimer (43), and Oxtoby (1). They all concern 
the case of rapidly modulated isotropic Raman bands. Comput- 
er simulation techniques were introduced in this field in 1978 
by Oxtoby et al. (44). Finally, the theory was extended in 198 1 
by Bratos and Tarjus (45); it applies to isotropic Raman spectra 
of arbitrary modulation speed and to anisotropic Raman spec- 
tra. These theories will be discussed in the present paper by 
taking the Bratos-Tarjus theory as a basis of discussion. In 
fact, this theory is general enough to encompass all previous 
work. 

(b) Method of calclilation 
(1) The theory to be presented concerns a diatomic molecular 

liquid, the simplest prototype of molecular liquids. This choice 
is imposed by the need to eliminate, in a first analysis, such 
complicating features as harmonic and anharmonic coupling 
between various molecular vibrators, existence of different en- 
ergy relaxation mechanisms, etc. A proper account of these 
effects seems beyond the scope of the majority of cases. 

If an electromagnetic wave of frequency wo is scattered from 
such a system, the isotropic and the anisotropic Raman differ- 
ential cross-sections may be written 

1 -I-= 

[ la]  [ = K d t  e-iw' 2 (ag'(0) a;)(t)) 
-s i . j  

In these formulas, a:', a:, &I, a t  represent spherical com- 
ponents of the Raman polarizability tensors of various mole- 
cules. Moreover, w is the difference between the frequencies of 
the scattered and incident light. Equations [ l a ,  b] represent the 
basis of the subsequent discussion. 

(2) The following model is used in this section. (i) The 
molecules are executing anharmonic vibrations described by 
internal vibrational coordinates r = ( r , ,  r?, . . . , r,). They are 
perturbed by a stochastic potential V(r,t) expressing molecular 
interactions. The corresponding semi-classical Hamiltonian 
can be written: 

Vi(t), Vii(t), Vii,(t), etc. give rise to environmental fluctuations 
of vibrational frequency whereas V,(t), Vijk(t), etc. describe the 
resonant intermolecular coupling. (ii) The molecules of the 
liquid are executing stochastic reorientations and translations. 
(iii) The correlation between vibrations and rotations, although 
present, is weak. (iv) There is no collision-induced scattering. 

The validity of these assumptions merits discussion. The 
assumptions (i) and (ii) are of general use in the spectroscopy 
of liquids and are justified in the majority of cases of practical 
interest. The assumption (iii) is much more questionable. It 
was studied by Levesque et al. who employed molecular dy- 
namics techniques (46) and by Tarjus and Bratos who used 
analytical methods (47). These investigations showed that the 
simple product approximation is surprisingly accurate and that 
the use of assumption (iii) is legitimate. Unfortunately, no 
definite statement can be made about assumption (iv). The 
error .introduced by treating collision-induced processes sepa- 
rately is totally unknown. 

(3) The central part of the present problem is to calculate the 
vibrations of a set of N-coupled vibrators evolving in a spatially 
and temporally disordered medium. Its counterpart in the or- 
dered crystalline phase has been carefully examined by Born 
and Huang, Davidov, and many others. The basic equations are 
the Heisenberg equations of motion for the variables ri. Then, 
(i) choosing a basic set composed of non-excited and mono- 
excited anharmonic vibrator wave functions, (ii) defining a 
frequency matrix where h a,, = (slvlt) - S,, (OIVIO), (iii) 
suppressing in the Hamiltonian matrix all elements which con- 
nect vibrational states of different degree of excitation, and (iv) 
considering the basic equations [ l a ,  b] of the theory, there 
results: 

+ i[ d r  C ((~:(0,(0)) ~:(0,(t))) (ajk(r) - (a,,))) (expo [ i f '  f l ( ~ d ] ) ~  + . . .] 
ijk 

= G('O)(t) + G(211(t) + . . . 

In these equations ~ : ' ( 0 )  are elements of the Wigner rotation terms have their usual meaning. One notices that G"'(t), con- 
matrix D'2'(0), a is the mean Raman polarizability and P the trary to G(O1(t), appears in the form of a series. Its leading term 
Raman anisotropy of a diatomic molecule, whereas all other is the well-known product of rotational and vibrational func- 
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BRATOS AND TARJUS 2049 

tions, whereas the remaining terms provide a higher-order de- 
scription of the rotation-vibration correlation effects. The as- 
sumption (iii) reduces the expansion of G"'(t) to G"O'(t) and 
the subsequent theory is a zero-order theory. It should be em- 
phasized, however, that the terms which couple rotations and 
vibrations are still present in the Hamiltonian and affect even 
this zero-order theory. 

(4) The expressions [3a, b] contain ordered exponentials, 
objects which are difficult to handle. However, a considerable 
simplification is obtained by using symmetry arguments. In 
fact, a sample of pure liquid transforms into itself if two, three, 
or several molecules are permuted. The exact Hamiltonian of 
such a system is thus invariant under the operations of the full 
N-symmetric group; this is also true, mutatis mutandis, for the 
approximate Hamiltonian of eq. [2]. It then turns out that all 
ensemble-average matrices which enter into the calculation 
commute. They can always be diagonalized, whatever their 
order. The presence of this symmetry thus makes calculations 
practicable. 

The theoretical method to be employed depends on the 
strength of molecular interactions. If they are weak, as for 
example in van der Waals liquids, the following procedure may 
be adopted. Vibrational correlation functions contained in eqs. 

[3a, b] are calculated by applying the cumulant expansion tech- 
niques (48, 49). Their use is particularly simple in the present 
case where all matrices commute after averaging. Thus gener- 
alized cumulants may be replaced by ordered cumulants and 
ordered exponentials by ordinary exponentials. In turn, rota- 
tional correlation functions involved in eq. [3b] are determined 
by supposing that the composite variable A = ( D ~ ) ( O ~ ) ,  
D$)(o~), . . . , DE(0,)) obeys a simple Langevin equation with 
a constant N x N friction matrix. The following results are then 
found, valid for all modulation speeds: 

(0' [4c] G D  (t) = 

In these equations the subscripts S ,  D indicate the self- and 
distinct pair components, respectively, of G'O'(t), G"O'(t), ARC 
= R, - (a,),  and p2 is the (N - I)-fold degenerate root of the 
friction matrix. X I  (t) then represents the cumulant series de- 
scribing collective vibrations in liquids and A2(t) is its self- 
vibration analogue. All these equations are valid in the thermo- 
dynamic limit N + a ~ ,  V + a, N / V  = p, where p is a finite 
quantity. 

If molecular interactions are strong enough, as for example 
in hydrogen bonded liquids, the convergence of the cumulant 
series is slow and may even become doubtful. Equations 
[4a-g] then break down and entirely different methods must be 
invented in order to carry out the averaging of ordered ex- 
ponential~ in eqs. [3a, b]. This problem, particularly acute in 
the presence of molecular associations, is currently under ac- 
tive investigation.' 

(c) Results and discussion 
(1) Spectral properties of isotropic Raman spectra may be 

described either by the correlation function G'O'(t) or by its 
Fourier transform; compare with eqs. [4a], [4b], [4c], [4 f] ,  
[4g]. The following conclusions, valid for a diatomic molecu- 
lar liquid, may be reached theoretically. ( i )  The isotropic 
Raman process is a partially coherent process. This can be seen 
by noticing that, in eq. [4c], the distinct pair correlation func- 
tion, G;'(t), is generally non-vanishing. This result is prior to 

'D. E. Logan, private communication. 

the Bratos-Tarjus theory. Implicit in papers by Valiev (39), 
Tokuhiro and Rothschild (IS), Rothschild (5 l ) ,  and Doge (40, 
52), the coherence effect was treated explicitly in papers by 
Vincent-Geisse (53), Lynden-Bell (41, 54), Wang (42), Wert- 
heimer (43, 55), and Oxtoby (I); see also the coherent exciton 
scattering approach due to Knapp (56). Its existence was con- 
firmed by computer simulation studies due to Oxtoby and co- 
workers (44,46). (ii) Distinct pair correlation functions give no 
contribution to the integrated intensity of an isotropic Raman 
band. This statement, due to Wang (42), can be proven by 
considering eq. [4c] and by noticing that the integrated in- 
tensity is proportional to G'O'(0). (iii) The temperature variation 
of an isotropic Raman band depends on that of A,(t). More 
specifically, according to Wang, its half-width decreases with 
increasing temperature if the modulation is fast (42). All these 
predictions are in excellent agreement with experimental data 
enumerated in Section 2. 

(2) Anisotropic Raman band profiles are described by eqs. 
[4d], [4e], [4 f] ,  and [4g]. The theory leads to the following 
conclusions. (i) In the zero-order approximation, an aniso- 
tropic Raman process is completely incoherent. This can be 
shown by noticing that the distinct pair correlation function, 
G P ( t ) ,  vanishes in this approximation. However, a small 
amount of coherence is reintroduced in higher order approxi- 
mations (57). (ii) Only minor changes of the band shape are 
expected when going from a dilute isotopic solution to a pure 
liquid. In fact, not only does the distinct pair correlation func- 
tion vanish, but also the self-contribution is virtually unaffected 
by dilution. This latter statement can be proven by assuming 
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the potential energy V of the system to be pair additive, V = 
X vij Then 

i < j  

[6a] ( A n l  ( t ' )  A n , ,  ( t " ) )  = ~ ( A o y ; ( t ' )  Ao:;(tu)) 

+ N?(Aw:,F(~') A ~ F ; F ( ~ " ) )  

where W: describe the effect of environmental fluctuations of 
the transition frequency, whereas w y  take account of the reso- 
nant transfer of the vibrational energy. As for all diatomics, the 
anharmonicity of the diatomic vibrator makes o:Fs about an 
order of magnitude larger than oys and, in addition, 
(Af l12( t f )  AaI2( t " ) )  is quadratic in wys, the object [6b] is quite 
small as compared with the object [6a] ,  which proves the 
statement (57). (iii) The isotropic and anisotropic Raman bands 
of liquids do not coincide. In the lowest order description, their 
first moments differ by N ( a I 2 ) .  The exact expressions for 
those, and the second, spectral moments are available as well 
and are due to Wang and McHale (58) and McHale (59). ( iv)  
The difference in the action of resonant coupling mechanisms 
in isotropic and anisotropic Raman spectra has its ultimate 
origin in the permutational symmetry of the liquid sample. For 
preliminary work on this problem, see the papers by Doge (40, 
52) and Lynden-Bell (41). All these theoretical predictions are 
in an excellent agreement with the experimental data of Section 
2. It is even astonishing that the zero-order theory can do so 
much. 

(3)  This section may be concluded by examining the possi- 
bility of an experimental determination of self- and distinct pair 
correlation functions. Two different procedures may be envis- 
aged in the frame of the present theory. ( i )  In the first procedure 
the isotropic Raman spectrum is recorded for a pure liquid; its 
Fourier transform gives GC0'(t) .  Next, the isotropic and aniso- 
tropic Raman spectra of a dilute isotopic solution are measured. 
Applying standard VV-VH separation techniques and Fourier 
transforming the result gives the vibrational and rotational cor- 
relation functions of the active molecule in solution. The latter 
is equal to that of the pure liquid if rotational motions are not 
altered by the isotopic substitution. Finally, the anisotropic 
Raman spectrum of a pure liquid is experimentally determined 
and is Fourier transformed. Dividing by the rotational cor- 
relation function of the solution then gives G?(t). ( i i )  In the 
second method, the isotropic Raman spectrum is recorded for 
a pure liquid and for a dilute isotopic solution. Then the Fourier 
inverted solution spectrum gives G:'(t) whereas the Fourier 
inverted liquid-solution difference spectrum gives G',O1(t). The 
second procedure is much simpler, but relies on the identi- 
fication of the vibrational correlation function of the dissolved 
molecule with the vibrational self-correlation function of the 
pure liquid. No assumption of this sort is required in the first 
procedure. At the present time, the practical use of either of 
these methods is handicapped by difficulties encountered in 
measuring weak Raman spectra of dilute solutions. 

4. Theory. Non-composite Raman bands of 
isotopic mixtures 

(a) Generalities 
The study of this problem was initiated in 1973 by Bondarev 

and Mardaeva (23) and, later, by Fujiyama et al. (24) who 
proposed a simple model in which spectral effects in binary 
mixtures were interpreted in terms of concentration fluctuation 
of particles on a fictitious space lattice. More recently, in 1978, 
Knauss (60) and Wertheimer (61) examined the same problem 
in the framework of the Zwanzig-Mori theory of Brownian 
motion. Limited to the fast modulation regime, these theories 
emphasize the role of structure breaking in the usual solvents 
and its absence in isotopic solvents. Finally, in 1982, Knapp 
and Fischer (62) elaborated a kinetic model which accounts for 
both static and dynamic properties of the system and for con- 
centration fluctuations around the reference molecule. All this 
work led to a partial analysis of Raman processes in binary 
mixtures. For reasons explained earlier in this paper, the sub- 
sequent discussion remains limited, basically, to the isotopic 
mixtures, and the usual "chemical" mixtures will be only brief- 
ly mentioned. Here again, the description is based on the 
Bratos-Tarjus theory (63) which encompasses, and gener- 
alizes, the results reached by previous authors. 

(b) Method of calculation 
The system under consideration contains NA and NB diatomic 

molecules of isotopic species A and B, respectively, NA + NB 
= N. Moreover, this mixture is such that there is no overlap of 
Raman bands of these isotopic species. This choice permits us 
to eliminate all complications due to the intra- or intermolecular 
energy relaxation, the anharmonic coupling of normal modes, 
etc. Equations [ l a ,  b ]  still remain basic equations of the theory, 
as do the assumptions of the model described in Section 3b(2). 
However, they apply now to that one of the two isotopic spe- 
cies which is submitted to spectral examination. The potential 
energy V ( r ,  t )  of an isotopic mixture is the same as that of a 
pure liquid; this is a consequence of the well-known 
Bom-Oppenheimer theorem. Finally, the only difference is 
that the frequency matrix a ( t )  has the dimension NA X NA 
rather than N x N,  supposing the species A has been chosen for 
spectral investigation. The elements of this frequency matrix, 
both diagonal and non-diagonal, coincide with the correspond- 
ing elements of the frequency matrix of the pure liquid. Equa- 
tions [4a-h] can then readily be modified to apply to isotopic 
mixtures. It is sufficient to replace N by NA = CAN, where cA 
is the number density of the isotopic species A. The following 
results are easily obtainable in this way: 
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BRATOS AND TARJUS 205 1 

[7g] A2(cA, t) = i r  dt' {[(fill(t'))]} + i2[dt' ['dtl' {[(Afi~~(t ' )Afi~~(t"))I  + ~~[N(Afi12(t ' )Afi12(t . , )U + . . . 
0 

Similar equations are valid for the isotopic species B. It should ories of the band shape in dilute solutions were proposed as 
be stressed that there is no hidden concentration dependence well; review papers are given in refs. 65 and 66. Contrasting 
through the pair and three-body time-dependent distribution with this situation is that relative to the composite Raman bands 
functions that are needed to calculate the correlation functions of pure van der Waals liquids and of their isotopic mixtures. 
of eqs. [7a-g]. This is due to the absence of structure breaking The quantitative experimental work is virtually non-existent 
in an isotopic dilution process. and only a few theories have been published. They are due to 

(c) Results and discussion 
The above zero-order theory of Raman processes in isotopic 

mixtures leads to the following results. (i) The peak frequency 
of an isotropic Raman band is a linear function of the concen- 
tration of the active species. This result, prior to the 
Bratos-Tarjus theory, is due to Wertheimer (61). On the other 
hand, the position of an anisotropic Raman band is independent 
of concentration. (ii) The variation of the half-width of an 
isotropic Raman band with concentration strongly depends on 
the speed of vibrational modulation. If it is fast. the half-width 
is a Guadratic function of the concentration; if it is slow, it 
depends on the square root of this function. The former of these 
limits has already been discussed by Wertheimer (61) and 
Knauss (60), and the latter in the model due to Bondarev and 
Mardaeva (23) and Fujiyama et al. (24); see also Knapp and 
Fischer (62). (iii) The half-width of an anisotropic Raman band 
is a linear function of concentration if the vibrational modu- 
lation is fast and it depends on the square root of this function 
if it is slow. (iv) The c: term of AI(cA, t) and the cA term of 
A2(cA, t) are expected to be small for all diatomics. The argu- 
ment is the same as that of Section 3c(2). The half-width of an 
anisotropic Raman band is thus virtually independent of the 
concentration. These theoretical predictions conform to the 
data of Section 2. 

The present discussion may be closed with some brief com- 
ments relative to non-isotopic mixtures. In this case, the fluctu- 
ation of the chemical composition of the first solvation shell of 
the reference molecule is the main source of the additional band 
broadening. Both AI(cA, t) and A2(cA, t) contain large c: de- 
pendent terms. Moreover, when the liquid is progressively 
diluted, the structure breaking occurs; the distribution functions 
may be strongly concentration dependent, particularly if the 
two species differ much in their dimensions and in their chem- 
ical properties. The models by Bondarev and Mardaeva (23), 
Fujiyama et al. (24), and Knapp and Fischer (62) describe this 
complicated situation in a rough manner. The only quantitative 
approach is due to Knauss (60), but its application remains 
difficult. Finally, the vibrational dephasing of Raman active 
ions in aqueous electrolyte solutions was studied by Kato (64). 

5. Theory. Composite Raman bands of liquids and 
isotopic mixtures 

(a) Generalities 
The study of composite bands was initiated fifty years ago by 

analysing the structure of v OH bands in hydrogen bonded 
liquids. Their properties were examined experimentally in 
several thousands of publications. Moreover, statistical the- 

wertheher (61, 67, 68) and to ~ c ~ a l e  and wang (69) who 
examined, between 1978 and 1980, three types of composite 
bands: hot bands corresponding to the transitions 0 + v and v' 
+ v' + v (67, 68), doublets produced by the Fermi resonance 
(69), and interacting fundamentals 0 + p and 0 + v of a given 
mode in isotopic mixtures (61). At the present time, the cov- 
erage of this field is fragmentary. The importance of these 
problems should by no means be underestimated: the majority 
of Raman bands of polyatomic molecules are overlapping com- 
posite bands. 

(b) Method of calculation 
The theories for this group are quantum mechanical in prin- 

ciple although, in practice, non-vibrational degrees of freedom 
are treated classically. The following model is used in these 
theories. (i) The Hamiltonian of a pure liquid is written H = 

H K I N  + HPOT + H V I B  where H K I N  represents the translational and 
rotational kinetic energy of the fluid, HpoT describes molecular 
interactions, whereas HvlB is the Hamiltonian of a system of 
non-interacting vibrators. The Hamiltonian of an isotopic bina- 
ry mixture is written similarly, the indices J ,K distinguishing 
its various components: 

2 2 7 

[8I H = C + C ~ ' d , " ~  + C H:,, 
J =  1 J . K =  I J =  1 

(ii) Thermal fluctuations of the bath are fast on the time scale 
of the experiment. (iii) Collision-induced contributions to the 
mean polarizability are neglected. 

The assumptions (i) and (iii) above, as well as that postu- 
lating a classical thermal bath, were already examined in Sec- 
tion 3b(2) and do not need to be reexamined. On the contrary, 
assumption (ii) is new and limits the theory to rapidly modu- 
lated Raman processes. This restriction means that, in practice, 
only weakly interacting van der Waals liquids may be treated 
by the above theories. It should also be emphasized that, in 
polyatomic molecules, assigning a small set of transitions to a 
given composite band generally represents an approximation. It 
is in fact difficult to take into account all secondary energy and 
phase relaxation mechanisms contributing to the profile. 

The calculation employs the Zwanzig-Mori theory of 
Brownian motion. The basic set of dynamical variables ai(t) is 
that of collective vibrational transition operators between the 
states to which the band is assigned. For example, in the prob- 
lem of two overlapping fundamentals of an isotopic mixture, 
one has: 
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In eqs. [9], cr; is the transition operator for the 0 + p transi- 
tion of jth molecule of the species 1, crik that for the 0 + v 
transition of kth molecule of the species 2,  N the total number 
of molecules, and c , ,  c, the concentrations of the two species. 
Furthermore, in refs. 61, 67, and 68 the frequency and the 
memory matrix were calculated by suppressing Hpor in the 
expressions for the density matrix and the projected propaga- 
tor. Finally, simple models were employed in estimating the 
role of various band shaping exchange mechanisms. 

(c) Results and discltssiorl 
The following results may be reached from these theories. 

As far as the 0 + v,  v '  + v + v' isotropic Raman bands are 
concerned (67, 68), the theory showed that the interaction 
between individual resonances originates essentially in inter- 
molecular vibrational correlations. Moreover, various energy 
redistribution processes are spectrally active and may involve 
both low and high vibrational energy levels. The coupling 
mechanism produces a frequency shift, a broadening or nar- 
rowing, and an asymmetry of individual vibrational lines. It 
also leads to a redistribution of spectral intensity among various 
components. All these processes are thermally activated and 
vanish at low temperatures. Similar problems were investigated 
by Harris, Shelby and Cornelius (70, 71)  and by Abbot and 
Oxtoby (50). However, the resonant interaction between mole- 
cules was not explicitly included in their calculations. 

Intermolecular couplings were also introduced, in addition to 
intramolecular couplings, into the theory of the Fermi- 
resonance doublet (69). According to this theory, the spectral 
behavior is strongly concentration dependent. If the Fermi res- 
onance is weak, the peaks of the coupled bands shift in opposite 
directions as the concentration is increased. If it is strong, the 
Fermi interaction parameter has a non-linear concentration de- 
pendence. This mechanism was also studied by Abbot and 
oxtoby (50) in the case of dilute solutions. 

Finally, it was found in isotropic Raman spectra of binary 
isotopic mixtures (61) that vibrational motions of different mo- 
lecular species may be significantly coupled. This is due to the 
action of distinct vibrational correlations. The coupling, how- 
ever, occurs only for weakly separated or overlapping bands. 
Moreover, the correlation time of vibrational self-coorelation 
functions turns out to be essentially independent of concen- 
tration. This result has its origin in the fact that the nearly 
resonant transfer between molecules of different types is almost 
as fast as the resonant transfer between molecules of the same 
species. A similar behavior of isolated isotropic Raman bands 
was discussed in Section 3c(2). It is probable that the majority 
of results cited here are of general validity, although the the- 
ories of this section are fast-modulation theories. 

6. Conclusions 
A first important conclusion of this review is that the random 

phase approximation can not be retained in its simple form. 
Intermolecular forces introduce a correlation between phases of 
individual vibrators and, in the absence of any complicating 
factor, distinct pair vibrational correlation functions survive. 
This is why isotropic Raman processes are partially coherent. 
However, though they are collective, rotational motions de- 
stroy these correlations if the rotation-vibration coupling is 
small enough. The coherence of anisotropic Raman processes, 
which can only be transmitted by this mechanism, thus remains 
small and resonance transfer effects are quenched correspond- 
ingly. 

A second conclusion concerns the nature of collective pro- 
cesses accessible to a study by Raman spectroscopy. As shown 
earlier, isotropic Raman spectroscopy permits an analysis of a 
variety of dephasing and energy relaxation processes. The 
former can most conveniently be examined in the case of high 
frequency fundamentals where they alone are present. On the 
other hand, both phase and energy relaxation processes affect 
composite bands and cannot easily be disentangled from each 
other; the theory still remains fragmentary at this point. Reso- 
nance transfer and environmental fluctuation processes never 
act independently of each other; their interference in fact is 
usually the main source of the band broadening when going 
from dilute isotopic solutions to pure liquids. Using "chemical" 
solvents complicates the analysis to a considerable extent. 
Three new effects appear in this case: change of the force law, 
breaking of the liquid structure in the dilution process, and 
concentration fluctuations modifying the local chemical com- 
position of the solution. From the other side, anisotropic 
Raman spectroscopy is not well adapted, by its nature, to the 
study of collective vibrational and rotational processes in liq- 
uids; it can be employed, however, to separate collective and 
monomolecular motions from one another. As a whole, the 
field is still far from maturity. 

Finally, it is interesting to ask why spectacular spectroscopic 
features observed in quasi-elastic light scattering spectra, fea- 
tures such as the Rayleigh-Brillouin triplet or those resulting 
from the reorientation - shear wave coupling, have never been 
reported for non-elastic Raman spectra. The reasons for this 
non-observation are not known. However, the coherence of 
isotropic Raman spectra may not be sufficient to guarantee the 
existence of similar effects; this is still more true for the aniso- 
tropic Raman spectra. A further study of this problem certainly 
merits attention. 
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F R A N ~ O I S  ALLAIRE, MICHEL SIMARD, and ANDRE L. BEAUCHAMP. Can. J. Chem. 63, 2054 (1985) 
The xanthosine (H2Xan) complexes (CH3Hg)(HXan) and (CH3Hg)?(Xan) have been studied in (CD3),S0 solution at room 

temperature by 'H  (90 MHz) and "C nmr (20.1 MHz) spectroscopy. For (CH3Hg)?(Xan), where the NI-H and N3-H protons 
have been substituted by CH3Hg' groups, individual 'H and "C resonances from the unequivalent CH7Hg+ groups indicate 
that these cations do not exchange rapidly between the two sites. For solutions of (CH3Hg)(HXan), in which only one of the 
N-H protons has been substituted, both types of spectra show two sets of resonances for the purine unit as well as for the 
CH3Hg' groups. This indicates that the 1 : 1 complex exists as two linkage isomers (N3-H, NI-Hg) and (N3-Hg, NI-H) 
in slow exchange. These two isomers are formed-in equal amounts. When free xanthosine is added, the N3-mercurated complex 
exchanges rapidly with the free ligand, whereas the NI-mercurated complex does not exchange. 

F R A N ~ O I S  ALLAIRE, MICHEL SIMARD et ANDRE L. BEAUCHAMP. Can. 3 .  Chem. 63, 2054 (1985). 
Les complexes (CH,Hg)(HXan) et (CH3Hg),(Xan) de la xanthosine (H?Xan) ont CtC CtudiCs en solution dans (CD,)?SO h 

tempkrature ambiante par rmn 'H (90 MHz) et "C (20.1 MHz). Pour (CH,Hg)?(Xan), composC dans lequel les protons N I-H 
et N3-H ont CtC substituks par des groupes CH,Hg', les deux groupes CH3Hg' non equivalents produisent des rCsonances 'H  
et "C distinctes, ce qui indique que ces cations ne ~'Cchangent pas rapidement entre les deux sites. Dans le cas des solutions 
de (CH3Hg)(HXan), ou un seul proton N-H a CtC substituC. les deux sortes de spectres comportent deux sCries de signaux 
tant pour le rCsidu purinique que pour les groupes CH,Hg'. Ceci montre que le complexe I : I existe sous f o m e  de deux 
isomkres de liaison (N3-H, NI-Hg) et (N3-Hg, NI-H) en Cchange lent. Ces deux isombres se foment  en quantitCs 
Cgales. Si I'on ajoute de la xanthosine libre B la solution, on constate que le compose mercuriC en N3 s7Cchange rapidement 
avec le ligand libre, tandis que le composC mercurie en NI ne s'Cchangc pas. 

Introduction 
Our laboratory has been examining the reactions of the 

CH,Hgi. cation with DNA constituents for several years. In a 
recent report ( 1 ) ,  we described and structurally characterized a 
series of CH,Hg' complexes of xanthine, a nucleobase related 
to guanine. That work was being extended to the analog nu- 
cleoside xanthosine (HzXan), A,  when we became aware that 
a similar study was underway in another laboratory. The latter 
study by Buncel, Norris, and co-workers (2) has now been 
published. These authors have prepared a number of xan- 
thosine compounds in which the CH,Hg~,. cation has been 
shown to react by coordination of the N7 lone pair and by 
substitution of the Nl-H and N3-H protons. These workers also 
obtained C8-methylmercurated derivatives. In our preliminary 
work on the CH,Hgt-xanthosine system, we had already iso- 
lated by slightly different methods the neutral (CH,Hg)(HXan) 
and (CH,Hg),(Xan) compounds and unusual peak splitting had 
been noted in the 'H and ',C nmr spectra of these compounds 
in (CD,),SO. These observations have now been confirmed and 
they reveal interesting details pertaining to the exchange of the 

CH,Hgi. cation in these systems. These results are discussed in 
the present paper. 

ExperimentaI section 
Xanthosine (Aldrich) and CH3HgOH (Alfa, I M aqueous solution) 

were used without further purification. C, H, and N were analyzed by 
Schwarzkopf Laboratories, New York. The CH,Hg+ group was 
titrated potentiometrically with 0.05 M KC1 (Ag/AgCl electrode) in 
an ethanol-water mixture, as described earlier ( I ,  3) .  

Nuclear rrlagrleric resonance rnetzszrrernerlts 
The 'H nmr spectra were recorded with a Bruker WH-90 instrument 

and the '?C spectra with a Bruker WH-80 instrument operating at 20.1 
MHz, both at ambient probe temperature (28°C). Me,Si was used as 
internal reference. In all cases, the compounds were dissolved in 
(CD2)2S0 (Merck, Sharp and Dohme, Canada). The solutions were 
prepared by dissolving - 150 mg of complex per mL. 

Preparatiorls 
The methylmercury complexes were first reported by Buncel, Nor- 

ris, and co-workers (2). 'They are prepared here by slightly different 
methods, yielding hydrated forms. 

H, ,~(6) 
N(1) '~(5)'~q C5'H20H 

I I / O \  I 11 C(8)-H R =  Cl' H C4' 
C(2) C(4) / 

@ \ 'N(9) nB 
00) N(3) ~ 2 ~ ~ 3 '  

I ' n  
I I 

OH HO 

' To whom all correspondence should be addressed. 
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TABLE I .  'H nmr results for xanthosine and its CH3Hg' complexes" 

8 (ppm) 

Complex N I -H C8-H CH3(Hg) ' J  ('H-'"H~)" 

HzXan (A) 10.94 7.91 - - 
(CH,Hg)(HXan) (N 1, Ca)  - 7.80 0.78 196 
(CH,Hg)(HXan) (N3, Cb) 10.77 7.88 0.82 220 
(CH,Hg)z(Xan) (B) - 7.65 0.83 220 (N3) 

0.74 195 (Nl)  

"In (CD3)?SO, referenced to internal Me4Si, 298 K ,  90 MHz. 
"J coupling constant in Hz. 

(CH,Hg)2(Xatl).H20, B. Xanthosine A (0.64 g, 2.0 mmol) was 
dissolved in a boiling mixture of 4.0 mL of 1 M CH,HgOH and 60 mL 
of water. The hot solution was stirred for 1 h and allowed to cool. 
After 3 days, the solid was filtered, washed with ethanol, and dried at 
room temperature in vacuo. Yield: 1.26 g, 85%. The solid dried under 
these conditions 1s a monohydrate. Anal. calcd. for CI2HIXHg2N4O7: 
Hg 54.84, C 19.70, H 2.48, N 7.66; found: Hg 54.86, C 19.79, H 
2.18, N 7.86. Substitution of both the Nl-H and N3-H protons in this 
compound is evidenced from the shift of the whole carbonyl infrared 
absorption of xanthosine from - 1700 cm-' to - 1635 cm-',  as noted 
when the same two sites of xanthine are substituted (1). 

(CH,Hg)(HXan) .2H20, C. Xanthosine A (0.64 g, 2.0 mmol) was 
dissolved in a boiling mixture of 2.0 mL of 1 M CH,HgOH and 60 mL 
of water, and subsequently treated in the same way as above. Yield: 
0.30 g, 28%. Anal. calcd. for C I I H I ~ H g N 4 0 X :  Hg 37.50; found: Hg 
37.73. The ir spectrum shows carbonyl bands at -1690 and -1640 
cm-', indicating that substitution has taken place at only one of the 
N-H sites, as found for an analogous substitution pattern in xanthine 
(1). 

Results and discussion 
Xanthosine ( A )  

The free nucleobase A contains two acidic protons attached 
to the pyrimidine ring. The N3-H proton dissociates first, with 
a pk, values of 5.6, whereas the N1-H proton is less acidic (pk, 
= 9.9) (4, 5). 

The 'H nmr data for xanthosine in (CD,),SO (Table 1 and 
Fig. 1 d )  are in good agreement with those previously reported 
(2). The C8-H proton produces a sharp resonance at 7.91 ppm. 
The spectrum also contains signals for the ribose protons, 
which will not be discussed here. At low field, a broad signal 
at 10.94 ppm, integrating for one proton, is due to Nl-H (6). 
The N3-H proton should also give a resonance at still lower 
field, but it is not observed in this case. A similar situation was 
encountered for the N7-H proton of xanthine (pk, = 7.7) (I) ,  
which was found to appear in the spectra of very dry (CD3),S0, 
but to disappear when the amount of water in (CD,),SO in- 
creased, owing to exchange with the protons of water (6). The 
N3-H proton of xanthosine is more acidic and, therefore, 
probably more labile than the N7-H proton of xanthine, so that 
the absence of the N3-H resonance here is likely to result from 
fast exchange with water. 

The I3C spectrum of xanthosine (Table 2 and Fig. 2d) is in 
accord with the previous report (2). 

(cH.~Hg)dXan) (B)  
In this compound, two CH3Hg+ groups have substituted the 

Nl-H and N3-H protons of xanthosine. Structure B is support- 
ed by the carbonyl stretching region of the ir infrared spectrum, 
which is similar to those observed for xanthine complexes in 
which both pyrimidine protons had been substituted (1). 

FIG. 1. C8-H (left) and CH3Hgf (right) regions of the 'H nmr 
spectra in (CD,)?SO at room temperature. Chemical shifts referenced 
to Me4Si. (a) (CH3Hg)?(Xan) (B); (b) (CH,Hg)(HXan) (C); (c) 30:70 
mixture of xanthosine (A) and (CH,Hg)(HXan) (C); and (d) xan- 
thosine (A). 

In agreement with this structure, the N 1-H signal is absent from 
the 'H spectrum of the complex. The C8-H signal has shifted 
upfield by 0.26 ppm compared to xanthosine (Fig. l a  and 
Table I). 
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TABLE 2. "C nmr results for xanthosine and its CH,Hg+ complexes" 

Complex 
- - - -- 

C2 C4 C5 C6 C8 CH,(Hg) Cl '  C2' C3' C4' C5' 

H2Xan (A) 150.4 139.3 116.2 157.7 135.6 - 88.7 73.9 70.8 86.1 61.3 
(CH,Hg)(HXan) (NI, Ca) 157.2" 143.1 116.2 161.7 134.1 1.4 87.4 73.8 70.4 86.1 61.3 
(CH,Hg)(HXan) (N3, Cb) 154.2 144.5 116.2 158.1" 134.1 -0.4 87.4 73.8 70.4 86.1 61.3 
(CH3Hg)~(Xan) (B) 160.3 146.9 118.1 161.8 132.4 1.3 (NI) 86.3 74.2 70.2 86.3 61.1 

-0.7 (N3) 

"In  (CD,),SO, referenced to internal MeSi, 298 K ,  20.11 MHz. 
"Assignments for these two signals could be interchanged. 

FIG. 2. Purine (left) and CH3Hg' (right) regions of the "C nmr 
spectra in (CD,)?SO at room temperature. Chemical shifts referenced 
to Me,Si. ( a )  (CH3Hg)2(Xan) (B); (b) (CH,Hg)(HXan) (C); (c) 30: 70 
mixture of xanthosine (A) and (CH,Hg)(HXan) (C); and (d) xan- 
thosine (A). 

The most unusual feature of this spectrum is found in the 
high-field region, where the resonances for the CH3Hgt groups 
appear (Fig. la) .  The methyl signal centered at 0.78 pprn is 
broader than usually found for similar systems (1, 8- 12). The 
presence of two unresolved signals under this broad peak is 
indicated by the shape of the satellites due to coupling between 
the methyl protons and lYyHg (17% abundance). Figure l a  
clearly shows that the satellite at low field contains two equal 
components. This region can be interpreted in terms of a first 
resonance at 0.74 ppm with a 'J('H-"'H~) constant of 195 
Hz, and a second component with the same intensity at 0.83 
pprn with a 'J constant of 220 Hz. This particular combination 
of chemical shifts and coupling constants produces two distinct 

peaks for the low-field satellites, but accidental coincidence of 
the components for the high-field satellites. 

The presence of two distinct signals for N-bonded CH3Hg+ 
groups is unusual, since purine and pyrimidine complexes con- 
taining more than one type of CH,Hg+ groups commonly show 
only a single sharp resonance due to fast exchange of the 
CH3Hge groups between the various sites at room temperature 
(1, 7- 12). The presence of two signals has been observed by 
Buncel, Norris, and co-workers (2, 8, 10- 12) when N-bonded 
and C-bonded CH3Hgt groups are simultaneously present, the 
latter being known to be non-labile. The presence of C-bonded 
groups in the present case can be ruled out, as this type of group 
should produce a resonance at higher field (-0.55 pprn) with 
a 'J coupling constant of - 157 Hz (2, 8, 12). Therefore, in 
contrast by most similar systems, the two CH3Hgf groups in 
the present compound do not exchange rapidly between the two 
coordination sites. 

This interpretation is supported by the I3C spectrum (Fig. 2a 
and Table 2), which also contains two resolved resonanees at 
1.3 and -0.7 ppm for the methyl carbons of CH3Hg+ groups 
in slow exchange. The remaining "C signals are in good agree- 
ment with those reported earlier (2), except for the weak C2 
signal, which we have found to occur 2 ppm downfield from 
the reported value. The large downfield shifts of 9.9, 7.6, and 
4.1 ppm on C2, C4, and C6, respectively, confirm the substi- 
tution of the NI-H and N3-H protons. 

Rabenstein (1 3) examined CH,HgL complexes with a series 
of ligands L by 'H nmr spectroscopy and found that the 'J 
coupling constant decreases linearly as a function of log K 
(where K is the formation constant of CH,HgL). In fact, the 
"log K" term is used as a measure of the nucleophilic character 
of L with respect to the CH3Hgf ion. Other workers (1 1, 14) 
have proposed a similar relation between 'J and, this time, the 
pk, value (where k, is the ordinary dissociation constant of the 
ligand conjugated acid HL), which also measures the nucleo- 
philic character of L, but with respect to H'. The 'J value was 
shown to decrease as the pk, of the conjugated acid increased. 
This dependence of 'J on the pk, allows us to assign the signal 
at 0.74 ppm ('J = 195 Hz) (Table 1) to the N1-bound CH3Hg+ 
group, whereas the other resonance at 0.83 pprn (2J = 220 Hz) 
is due to the N3-bound group. In a second step, the I3C signals 
for the CH,Hg+ groups can be assigned, since Buncel, Norris, 
and co-workers (2) have shown that the I3C chemical shift 
increases as the 'J constant decreases. Therefore, the I3C signal 
at 1.3 ppm (Table 2) is assigned to the Nl-bound CH3Hg+ 
group, while the -0.7 ppm resonance is due to the N3-bound 
group. 

(CH3Hg)(HXan) (C) 
The high-field regions of the 'H and I3C nmr spectra (Figs. 
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Ib  and 2b, respectively) indicate that two types of slowly 
exchanging CH3Hgt groups are again present. The I3C spec- 
trum exhibits two resolved signals. In some high-quality 'H 
spectra, small splitting of the main signal at 0.81 pprn could be 
detected, but the presence of two unequivalent CH3Hgt groups 
is evidenced mainly, as in the previous case, from the two 
components of the low-field satellite for ' H - ' ~ ' H ~  coupling. 
The chemical shifts and coupling constants are close to those 
found for (CH3Hg),(Xan), indicating that the slowly ex- 
changing CH3Hgt groups are probably similar to those identi- 
fied in B. However, the present system differs markedly from 
the previous case by the fact that the ligand signals provide 
evidence for two types of differently coordinated xanthosines 
in slow exchange. For instance, the C8-H resonance (Fig. 1 b) 

exists as two discrete signals of roughly equal intensities at 
7.80 and 7.88 ppm. The 'H spectrum also includes a broad 
peak at 10.77 ppm (Table I), whose integration corresponds to 
only one half of the combined integrations of both C8-H sig- 
nals. This broad signal is very likely due to the N 1-H proton in 
a species representing only one half of total xanthosine present. 
In the I3C spectrum (Fig. 2b), the peaks for C5 and C8 at 1 16.2 
and 134.1 ppm, respectively, are not split, but a total of six 
signals are found above 140 ppm, where only the ligand C2, 
C4, and C6 resonances are expected. 

At first, it was believed that one set of signals could originate 
from (CH3Hg),(Xan) impurity. However, this assumption was 
ruled out, since the C8-H signal of B should occur at 7.65 ppm 
(Table 1). I3C spectra of solutions of C containing added B led 

to the same conclusion. 
Our results can be explained if the (CH,Hg)(HXan) complex 

exists as two linkage isomers, labelled C a  and Cb, correspond- 
ing to the two possible distributions of one Ht and one CH3Hgt 
ions on N 1 and N3. The 'H and I3C resonances for the CH,Hgt 
groups were interpreted by comparison with those deduced 
above for B. The broad signal at 10.77 pprn was assigned to the 
N 1-H proton of Cb, whereas the analog N3-H resonance for C a  
is believed to be absent from the spectrum, as for xanthosine, 
because of fast exchange with the protons of the water present 
in (CD,),SO. The remaining 'H signals and the I3C resonances, 
except those of C8 and C5 which were unsplit, could not be 
unambiguously assigned at this stage. However, spectra of 
(CH,Hg)(HXan) in presence of uncomplexed xanthosine al- 
lowed us to remove this ambiguity because the two isomer 
exchange differently with free xanthosine. 

Adding xanthosine A to a solution of C did not introduce a 
new set of I3C peaks at the positions already observed in the 
spectrum of A. However, most of the purine resonances of C 
were displaced (Fig. 2c). Therefore, some exchange process 
involving free and complexed xanthosine must take place to 
produce signal averaging. Figure 2c corresponds to a 30 : 35 : 35 
mixture of A, C a  and Cb. The signal observed at 152.9 ppm 
for the mixture results from averaging of the C2 resonances of 
xanthosine and one of the isomers of C in fast exchange. The 
fast-exchanging isomer will be identified as C b  later. The 
expected average chemical shift (30 x 150.4 + 35 x 
154.2)/65 = 152.4 ppm) is in good agreement with the ob- 
served chemical shift. However, this exchange process cannot 
involve the other isomer, since the C6 resonance of C at 161.7 
ppm is not displaced in the presence of free xanthosine, but 
simply loses intensity. This resonance is assigned to the non- 
exchanging isomer, to be later identified as Ca.  The remaining 
signals above 130 ppm all contain overlapping peaks originat- 

ing from C a  and the averaged signal for (A + Cb).  For in- 
stance, the (A + Cb)  signal for C6 expected to occur at 157.9 
pprn and the C2 resonance of C a  at 157.2 pprn produce a broad 
signal at 157.9 ppm. Similarly, the (A + Cb) signals expected 
at 142.1 (C4) and 134.8 ppm (C8) are too close to the corre- 
sponding resonances of C a  (143.1 and 134.1 ppm, re- 
spectively) to give resolved peaks, and the mixture gives broad 
resonances centered at 142.7 and 134.7 pprn (Fig. 2c). As to 
the C5 signals, they occur at 116.2 pprn for the three species 
and they are not sensitive to exchange. 

The 'H spectrum (Fig. l c )  is consistent with the above inter- 
pretation. The C8-H peak at 7.80 pprn is assigned to C a ,  since 
it occurs at the same position before and after the addition of 
free xanthosine. In the spectrum of the mixture, the 7.80 pprn 
peak is much weaker than the broad 7.88 pprn resonance due 
to (A + Cb).  

The above discussion allowed us to distribute the 'H and I3C 
resonances observed in the spectrum of C (Figs. l b  and 2b) 
into two sets corresponding to a fast-exchanging isomer and a 
slow-exchanging isomer, respectively. However, the corre- 
spondence between each set and one isomer of C was not yet 
established. Final identification was based on the I3C chemical 
shifts. It has been shown that substitution of an N-H proton 
by a CH,Hgt ion in molecules of this type leads to large 
downfield shifts on both adjacent carbons (1, 8, 9). No clear 
conclusions could be drawn from the resonance of C2 (Table 
2), which is adjacent to both N1 and N3. The C4 signal was 
affected almost to the same extent in both complexes and could 
not provide direct evidence. However, the C6 resonance of 
xanthosine was displaced downfield by 4.0 ppm for the non- 
exchanging isomer and remained essentially unmoved for the 
other. Therefore, the non-exchanging isomer must have C6 
adjacent to the substituted N-H proton, and it is formally 
identified as Ca.  
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Concluding remarks 
'H and "C nmr spectroscopy shows that in contrast with 

most other systems containing more than one type of N-bonded 
CH3HgF ions, the neutral (CH3Hg)?(Xan) compound gives rise 
to slow exchange of the CH,Hg+ groups on the nmr time scale 
at room temperature (90 MHz 'H and 20.1 MHz "C). The 
(CH,Hg)(HXan) complex exists as two linkage isomers Ca and 
Cb because exchange of the CH,Hg ' groups between the N1 
and N3 positions is also slow. However, the N3-Hg/Nl-H 
isomer Cb exchanges rapidly with uncomplexed xanthosine, 
whereas the Nl-Hg/N3-H isomer Ca does not. The greater 
lability of the N3-bound CH,Hg+ group is in good correlation 
with the fact mentioned earlier that the N3-H proton is more 
labile than the Nl-H proton. 

Another peculiar result revealed by this study is the constant 
values for the chemical shifts (both 'H and "C) and ' J  coupling 
constants for CH,Hg+ groups bonded to a given site, no matter 
if the other site is occupied by another CH3Hgt group or by a 
proton. For instance, the 'H resonance of the N3-bound 
CH,Hg+ group occurs at 0.82 ppm with a 2J coupling constant 
of 220 Hz for both B and Cb, in spite of the fact that the Nl-H 
proton is present in Cb but substituted by another CH,Hgt 
group in B. This suggests that at least in this system, the 
electronegativity difference between H and Hg does not lead to 
dramatic changes in electron distribution and basicity for the 
other coordination sites in the purine moiety. 

Acknowledgments 
We are grateful to E. Buncel and A. R. Norris for providing 

preprints of their work on the CH,Hg ' complexes with xan- 

thosine (ref. 2) and other ligands. We wish to thank R. Mayer 
for his technical assistance in recording the nmr spectra. The 
financial support of the Natural Sciences and Engineering Re- 
search Council of Canada and the Ministkre de ]'Education du 
Quebec is gratefully acknowledged. 

I. F. ALLAIRE and A. L. BEAUCHAMP. Can. J .  Chern. 62, 2249 
(1984). 

2. E. BUNCEL, B. K. HUNTER, R.  KUMAR, and A. R. NORRIS. 
J .  Inorg. Biochern. 20, 171 (1984). 

3. F. BELANGER-GARIEPY. M.Sc. Thesis, University of Montreal, 
Montreal, P.Q. 198 1. 

4. J. J. CHRISTENSEN, J. H. RYTTING, and R. M. IZATT. Biochem- 
istry, 9, 4907 (1970); R. R. REDDY, K. W. REDDY, and M. M. 
T. KHAN. J .  Inorg. Nucl. Chern. 38, 1923 (1976); 40, 1265 
(1978). 

5. D. LICHTENBERG, F. BERGMANN, and Z. NEIMAN. J. Chern. Soc. 
C, 1676 (1971). 

6. L. M. TWANMOH, H. B. WOOD, JR. ,  and J. S. DRISCOLL. Hetero- 
cyclic Chern. 10, 187 (1973). 

7. L. PRIZANT, R. RIVEST, and A. L. BEAUCHAMP. Can. J .  Chern. 
59, 2290 (1981). 

8. A. R. NORRIS, R. KUMAR, E. BUNCEL, and A. L. BEAUCHAMP. 
J. Inorg. Biochern. 21, 277 (1984). 

9. J. P. CHARLAND and A. L. BEAUCHAMP. In preparation. 
10. A. R. NORRIS, E. BUNCEL, and S. E. TAYLOR. J .  Inorg. Bio- 

chern. 16, 279 (1982). 
I I. S. E. TAYLOR, E. BUNCEL, and A. R.  NORRIS. J. Inorg. Bio- 

chern. 15, 131 (1981). 
12. E. BUNCEL, A. R. NORRIS, W. J. RACZ, and S. E. TAYLOR. 

Inorg. Chem. 20, 98 (198 1). 
13. D. L. RABENSTEIN. ACC. Chern. Res. 11, 100 (1978). 
14. A. J. CANTY and A. MARKER. Inorg. Chern. 15, 425 (1976). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Vibrational intensities in molecules with strained bonds: cyclopropane 

M. G u s s o ~ ~  
CNR, Utlita' di Sperrro.scopia Molecolare in Milano tlell' lstitrrro tli Chirnicn Fisictl Applicum (lei Mnterinli rli Get~ova, 

Politecriico di Milano, Piazza L. rln Virlci, 32. Milano, Itctly 

AND 

C. CASTIGLIONI A N D  G. ZEKBI 
Dipartirnento di Ckimica 1nrlu.striale e Ir~gegrlericr Chinlien, Politecrlico di Milatlo. Pi~rzztr L. tlrl Vinci, 32. Milano, Ittrly 

Received October 25, 1984 

This paper is derlicnted to Prof.ssor Cnrnille Sntlrlor/j on the occcrsiorl of'his 65th Dirdzdtry 

M. G u s s o ~ ~ ,  C.  CASTIGLIONI, and G. ZERBI. Can. J .  Chem. 63, 2059 (1985). 
Static and dynamic electronic chargcs in cyclopropane are derived from infrared intensities using parametric methods already 

successfully tested on many other organic molecules. Rigorous and somewhat simpler methods are adopted and the results 
compared. It is shown that, because of the presence of strained CC bonds in thc molecule, the clcctrical bchaviour of the C-H 
groups approaches that of C-H bonds in =CH2 groups. Comparison of data from cyclopropanc and ethylene oxidc is made. 

M. GUSSONI, C.  CAST~GLIONI et G. ZERBI. Can. J .  Chem. 63, 2059 (1985). 
Utilisant dcs mkthodes paramktriqucs que I'on a dCji vCrifitcs avec succks sur d'autres moldcules organiqucs et sc basant 

sur les intensites des bandcs infrarouges, on a calculC les chargcs Clcctroniqucs statiqucs ainsi que dynamiques du cyclo- 
propane. Des mtthodes rigoureuses et quelque pcu plus simplcs ont CtC adaptCcs ct I'on compare Ics rCsultats. On dCrnontre 
que, i cause dc la prCsence dans le cyclopropanc de liaisons CC tenducs, Ic cornportcmcnt Clcctriquc dcs groupemcnts C-H 
ressemble i celui des liaisons C-H des groupements =CHZ.  On prCscnte une cornparaison dcs tlonnCes relatives au - .  

cyclopropane et h I'oxyde d'kthylkne. 
[Traduit par lc journal] 

1. Introduction 
The study of infrared intensities is a powerful tool to derive 

an e,rperimentnl distribution (static and dynamic) of the elec- 
tronic charge in molecules (I). The success of the use of 
infrared intensities in understanding the electrical behaviour of 
molecules heavily depends on the model adopted in the analysis 
of the experimental data. Of the various models proposed in the 
past few years the one based on the so-called electrooptical 
parameters (EOP) (2), seems to provide the most acceptable 
results. In the EOP model, the molecular dipole moment M is 
expressed as a sum of bond contributions, according to a 
valence representation: 

Here is the bond dipole moment of the kth bond, whose 
direction is that of the unit vector e l . '  Under this assumption it 
is possible to derive a set of electrooptical parameters such as 
the equilibrium d~pole moments (k:) and their derivatives with 
respect to any internal or symmetry coordinate (dFA/d R,) from 
the intensities of the fundamental bands.' 

From EOP it is also possible to derive, uneql~ivocally, 
another set of parameters, even more meaningful, namely the 
equilibrium atomic charges (q:) and charge fluxes (dq,/dR,) 
(ECCF) (3). Due to their localization. EOP (and ECCF) are the 
parameters most suitable to be transferred from molecule to 
molecule and have been shown to be very useful in predicting 
spectra (4, 5). Moreover, it seems that they have a sound 
physical meaning (6) from the evidence so far collected; indeed 

they correlate with various experimental physical quantities 
indkpendent of ir intensities (6) and allow the understanding of 
phenomena related to intra- and intermolecular electrical inter- 
actions (7- 1 1 ). 

Unfortunately, the derivation of EOP from ir intensities is 
not immediate: their derivation requires several intermediate 
steps (and assumptions) that sometimes undermine the reli- 
ability of the resulting parameters. The basic requirements to 
be fulfilled in order to derive "good" parameters are the fol- 
lowing (5): ( i )  very accurate measurements of absolute inten- 
sities (A,) must be carried out of all fundamental ir bands, and, 
possibly, of various isotopic derivatives: (ii) a reliable force 
field must be used; and (iii) safe procedures in the determi- 
nation of the signs of dM/dQ, (Ai = 1 dM/dQ, 1 ' )  must be 
adopted, including the comparison of quantum mechanical cal- 
culations. 

When the above requirements are satisfied the set dM/dSi 
( S i  = symmetry coordinate) is definitively determined. How- 
ever, there is still another important weakness in the deter- 
mination of EOP. In general, the number of EOP exceeds the 
number of experimental data. The problem is then to choose 
among the va;ious sets, the set of EOP which is more likely to 
describe the characteristics of the molecular charge distri- 
bution. This difficulty can be overcome by the simultaneous 
analysis of the intensities of large classes of molecules: the 
parameters relative to the same atomic groups in similar or in 
different molecular environments must be compared and the 
"trends" suggested by EOP in relation to physical and chemical 
known properties must be analyzed. 

Several sets of reliable EOP have been determined this way 
for several molecules. An extensive work has been carried 

'The assumption that the bond dipole lies on the internuclcar axis 
is the most naive, but i t  is ncccssary In order to avoid an arbitrary out in the case of hydrocarbons with or without substituents 

(5- 14). From these studies a detailed understanding of the 
splitting of I*.: ,>,,,, ,,,,,,".,I and I*.: ,.,,,,,,,,, 

'R, are vibrational coordinates such as bond stretching, angle &for- electrical properties of C-H bonds at equilibrium and during 
mation, or torsion about a bond. Linear combinations of R, dictated vibration has been obtained. Some conclusions of general 
by symmetry, arc also used. validity are as follows: 
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(i) All the hydrogens involved in C-H bonds are posi- 
tive. This means that the carbon atom, when forming the 
bond, withdraws electrons from H. (See Appendix for a further 
discussion .) 

(ii) q: is very sensitive to the state of hybridization of the 
adjacent carbon atom q:, in -CH bonds is more positive than 
that in =CH2 bonds; q; in =CH2 bonds is more positive than 
that in >CH2 and -CH3 bonds; q: in hyperconjugated methyl 
groups (such as in propylene, propyne, acetone) have inter- 
mediate values. 

(iii) The charge flux on the hydrogen, when the C-H 
bond strttches, is negative and practically the same (dqH/dr = 
-0.2 e A-') for all the H atoms bonded to carbons both in sp2 
and sp3 hybridization. 

(iv) In the presence of IT electrons there are relevant charge 
fluxes with in-plane bending motions, one order of magnitude 
larger than those in unsaturated compounds. This fact has been 
shown to be relevant in the interpretation of the spectra of a 
number of molecules (8, 14). 

Recently we have proposed simple rules for deriving directly 
some qualitative information on EOP from the intensity pat- 
tern of bands and not just from single isolated bands. It has 
been shown that in the case of H atoms bonded to C(sp2) or 
C(sp3) the sum of the C-H stretching intensities per C-H 
(EIS"CH) increases when q; decreases, while the sum of 
bending intensities per C-H (Eldcr/CH) decreases when q; 
decreases. This has been found and rationalized in a number of 
cases and is thoroughly discussed in refs. 9 and 14. These 
criteria have been very useful in the study of those cases where 
only "limited" intensity data were available, namely, when 
overlapped bands need to be measured, when a reliable force 
field is not available or when it is im~ossible to measure the 
absolute intensities of the bands. Recently, the use of the quan- 
tity has allowed the problem of lack of experimental 
data on absolute intensities to be bypassed and has provided 
good results in the study of complex molecules such as poly- 
acetylene. Finally, XIdc'/Elgr seems to be a very sensitive 
indicator of the differences in the charge distribution in the 
various C-H bonds. 

On these grounds we discuss in this paper the infrared inten- 
sities of cyclopropane (15) and derive a set of EOP. The objec- 
tives of this paper are (i) to clarify the influence of the presence 
of strained CC bonds on the charge distribution in the C-H 
bonds and (ii) to show the importance of the parallel use of 
qualitative information such as intensity ratios, together with 
the detailed analysis of EOP (see discussion above). 

2. Cyclopropane 
The infrared intensities of C3H6 and C3D6 have been accu- 

rately determined by Levin and Pearce (LP) (15). On the basis 
of the highly reliable force field of Duncan and Bums (16), 
using the isotopic invariance criterion and a comparison with 
quantum mechanical calculations for the choice of the signs of 
the dM/dQi, LP derive the experimental dM/dSi and the cor- 
responding atomic polar tensor (APT) for cyclopropane. Our 
analysis is based both on the direct use of the experimental 
intensities and on the EOP that can be derived. Geometry, axes 
and definition of coordinates are the same as those reported in 
ref. 15.3 

'Except for the (internal and symmetry) bending coordinates that 
we define in radians and not, as in ref. 15, in A. :AH = 1.082 A should 
be used for the conversion. 

TABLE 1 . Obsemed (1 5) in- 
frared intensities of cyclo- 

propane 

vObS ~ o b s  

(cm- ') (darks) 

3 100.7 r- 3021 
854 P 49.5 

3024.4 r+ 3853 
1437.7 a 18 1 
1028.4 W 2032 
868.5 R 3114 

TABLE 2. Comparison of experimental data of pro- 
pane (CH?), cyclopropane, and ethylene 

Value 

Parameter Propane Cyclopropane Ethylene 

CI"'/CHa 28 12' 1 146' 960" 
Z ~ ' / C H "  409' 896l 225 1" 
cl".'/Cl.'r 0.14 0.78 2.38 

16 

'CH 2920 3056 3055 
0 d 

'CH 1.109 1.085 1.085 
~ H C H  106.1 116.5 117.4 

"Sum of the CH stretching intensities per CH bond. Units 
are darks. 

'Sum of bending intensities per CH bond. Units are darks. 
"Isolated CH stretching frequency, derived by selective 

deuteration ( 1  8). 
"~nteratomic CH distances. Units are in  A. 
'Reference 20. 
'Reference 15. 
"Reference 19. 

In Table 1, we have reported the observed (15) infrared 
intensities of C3H6. The first step is to compare infrared 
intensities of C3H6 with those of n-paraffins and those of ethyl- 
ene since it turns out from quantum chemistry (17) that the 
orbitals of C3H6 possess intermediate properties. In Table 2 the 
sum of the CH stretching intensities per C-H bond (EI"'/CH) 
and the sum of CH bending intensities per C-H bond 
(Eldcr/CH) of propane, cyclopropane, and ethylene are 
reported. It becomes apparent that the intensities of cyclo- 
propane have an intermediate behaviour between propane and 
ethylene. Moreover, EIar/CH suggests that the charge distri- 
bution of CH bonds in cyclopropane is more similar to that of 
ethylene; this agrees with other experimental data, such as 
isolated CH frequency and interatomic CH distance. The latter 
have been shown (18) to be very sensitive to the electrical 
nature of the bond. If we compare E1""EldCr for cyclopro- 
pane, ethylene, and propane (see Table 2), we conclude that 
~ L ( C ~ H , )  > q ; ( c 3 ~ 6 )  > ~OH(C~H~) (see Introduction). 

In Table 3 we report the expressions of dM/dS, of cyclo- 
propane as a function of EOP. For a direct comparison, it is 
useful to introduce in these expressions the values of the elec- 
trooptical parameters of ethylene and of propane (see Table 4). 
In Table 5 the resulting (dM/dSi)'""* and the corresponding 
infrared intensities A:""* are reported and compared with the 
experimental values. It is apparent that dM/dS, predicted from 
propane is too large; therefore EAt:,c, predicted from C3H8 is 
also too large. This indicates that the q; transferred from pro- 
pane is too small (see Introduction). The same trend is sug- 
gested by the small values calculated for dM/dSlo and for 
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GUSSONI ET AL 

TABLE 3. Analytical expressions for the dM/dSi of cyclopropane as a function of electro- 
optical parameters; see drawings for the definition of the parameters 

~ M ' I ~ s ~  = 4 5  (ap/ar  - ap/ar l )  sin (a121 = -0.809 D A-' 
a ~ ' / a s ,  = ( 2 ~ 3  sin ( a / 2 ) a p / a ~  - 1.102 p0 = -0.094 D 

a ~ " / a s ~  = -v? (ap/ar  + ap/ar t )  cos (a121 + (3/2)aM/ar = 0.731 D A-'  
a ~ " / a s ~  = - ~ 3  cos (a121 ap/aa  - (312) a ~ / a a  + 0.663 p0 = 0.01 I D 

a ~ ~ / a s , , ,  = - ( V ~ / V ~ ) ~ M / ~ W - ~ . I ~ O ~ ~ ~  = -0.926 D 

a ~ " / a s ~ ,  = V2 a ~ / a ~ '  - 0.248 pO/rO = -1.881 D A - '  

CA;,';,. Opposite characteristics are shown by the values cal- 
culated from ethylene; while the values of (dM/dSs,,)c"cd are 
comparable with the experimental ones, as confirmed by the 
calculated values of stretching intensities, the CA:::,, is very 
large, due to the large values assumed by (dM/dSIO)'"ICd and 
(dM/dSy)"'cd. The leading term in dM/dS18 and dM/dSy is the 
C-H equilibrium dipole moment, that is qH rEH . In conclusion 
also a detailed transferring of EOP indicates that ~;(c,H,) < 
q ; ( ~ 3 ~ 6 )  < ~ : ( C ~ H ~ ) .  From Table 5 one can observe that 
dM/dSII is heavily underestimated in both calculations: this 
indicates a large value of dMCC/dR' in C3H6, suggesting the 
presence of a very mobile charge along the C-C bonds. It is 
also interesting to note that the values of the bending dM/dS; 
calculated from propane (i  = 7, 9, 10) have the same order of 
magnitude. On the contrary, the corresponding experimental 
dM/dSi have very different values (compare dM/dSlo with 
dM/dS7, dM/dSy). Experimental dM/dSi show similar behav- 
iour as those calculated from ethylene. As the following will 
show, this behaviour can be ascribed to the presence of relevant 
charge fluxes on the hydrogens during bending motions, both 
in C3H6 and in C2H4. 

We now proceed to derive a set of electrooptical parameters 
for C3H6. At this stage of the work some remarks on the 
determination of dM/dSi for cyclopropane are required. The 
positive sign chosen by LP for dM/dS7 is anomalous when 
compared with the corresponding quantity in several other 
hydrocarbons: the sign of dM/dSi (Si = bending coordinate) 
turns out to be the same as the sign of the deformation contri- 
bution. This also happens in C3H6 for all the bending dM/dSi 
determined by LP for the E species. We would therefore expect 
a negative sign for dM/dS,. In the analysis of the problem we 
found that the L-' matrix for the A species, used and published 

TABLE 4. Experimental electrooptical parameters of ethylene (13) 
and propane (1 2) 

Value 

Parameter Ethylene Propane Unit 

by LP, seems incorrect; the correct one is reported in Table 6. 
As it can be seen in Table 6,  the use of the correct L-' matrix 
modifies the results of the test of the isotopic invariance, indi- 
cating a preference, even if very slight, for the negative sign. 

Our analysis starts then from the dM/dS, derived by LP for 
the E species and from those derived for the A species with our 
sign choice. We work with nine unknown parameters (see 
Table 3), while there are only six experimental data. In general 
this problem is overcome by neglecting some parameters. Let 
us consider the bending dM/dS,. As a first approximation let 
us retain only the terms containing p,'. We thus have only one 
unknown in three equations, which turn out to be strongly 
incompatible (dM/dS, provides p0 = 0.112 D; dM/dSy pro- 
vides p,' = 0.016 D, and dM/dSlo provides p,' = 0.424 D). 
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TABLE 5. Comparison between the experimental aM/dSi and the 
infrared intensities A, of cyclopropane and the same quantities ca l~u-  
lated by transferring EOP from ethylene and propane; units are D A-'  
for dM/dS, (i = 6, 8, I I )  and D for dM/dSj (i = 7, 9, 10); intensitics 

are in darks 

From ethylene Cyclopropane From propane 
1 (~M/~s~)C"'" '  (dM/asi)'"p ( ~ M / ~ ~ ~ ) ' " ' " '  

From cthylene Cyclopropane 
I A:.;,lCd A;"" 

TABLE 6. Application of isotopic invariance criterion for the A 
species 

s b  S7 

Qs 0.9476 -0.0047 
L & ~  (A species) = 

Q7 0.0713 0.8407 

This fact indicates that angular fluxes are relevant in cyclo- 
propane. as already suggested by previous comparison with 
ethylene. However, we have five angular EOP ( k O ,  d p / d P ,  
d p / d a ,  dMCC/da,  dMCC/dW) and three experimental data 
(dM/dS, ,  d M / a S 9 ,  d M / a S I O ) .  d M / d S l o  depends only on p0 
and dMCc/rlW. The wagging motion (W)  of cyclopropane is 
similar to the out-of-plane CH deformation in ethylene, which, 
for symmetry reasons, is independent of any charge flux 
parameter. It then seems reasonable to assume that d M / d S l o  
(C,H6) is due to a pure deformation. With this assumption 
p0(C3H6) = 0.425 D and therefore q : l ( ~ , ~ 6 )  = 0.082 e .  It is 
important to verify whether the assumption dMCc/rl W = 0 is 
reasonable. In Table 7 we have compared the values of the 
equilibrium hydrogen charges of several hydrocarbons with 
CAdCr/CA"'. It becomes apparent that q:: and C A d C r / C ~ ' "  
indicate the same trend; notice that also cl:l = 0.082 e of 
cyclopropane is perfectly in agreement with this trend. 

In Table 8 we report EOP and ECCF derived using qF1 = 

TABLE 7. Comparison of experimental 
equilibrium hydrogen charge and in- 
tensity ratios for several hydrocarbons, 

charges are in electrons 

Compound 

C2H6 
CH4 
CH3CHCH2 
C3H6 
CH3CCH 
CsH6 
C2H4 
C3H4 

0.082 e .  From dM/dSo we have derivcd two possible sets 
of charge fluxes with angular a deformation; the correct solu- 
tion is, probably, intermediate. However, we notice that all 
the angular fluxes are relevant (compare with the values of 
ethylene and of propane in Table 4): this is a peculiar character- 
istic of systems containing n electrons (8). Moreover, 
d ~ " ~ / d R '  is very high, as expected. As for the C H  stretching 
dM/dSi ( i  = 6, 8), we have two experimental data and three 
parameters to be determined. We choose to set dMCC/drCH to 
0 ,  because the alternative solution (i;pk/dr)) = 0 provides a too 
low value of dCLk/dr, (= -0.389 e A-I). This implies a charge 
flux dqH/drc,,  = -0.150 e k' ,  which is low with respect to 
the standard value for hydrocarbons (aqH/drCF, = -0.2 e &I). 

In conclusion, the EOP derived for cyclopropane are in 
agreement with the general ideas obtained from direct analysis 
of the intensity data; they suggest that, in the presence of 
strained C C  bonds, the C-H bonds behave almost as =CH1 
bonds. 

3. Comparison with ethylene oxide 
We feel that this work may add more confidence in the direct 

use of intensity data to detect some general electrical character- 
istics of the C-H bonds. Using the same criteria it might even 
be possible to have an idea of the electrical behaviour of C-H 
bonds in other cyclic compounds. In Table 9 we report the ratio 
Cldcr/CI"'  for some cyclic hydrocarbons. It is apparent that 
only cyclopropane has CIdCr/CI"' very different from the typi- 
cal values of tz-alkanes (see also Table 7). Also from this view 
point we conclude that the behaviour of the infrared intensities 
of cyclopropane, very similar to that of ethylene, is due to the 
occurrence of strained C C  bonds. 

It might be even more interesting to extend these consid- 
erations to compounds with electron-withdrawing substituents. 
Let us compare the intensities of cyclopropane with those of 
ethylene oxide (23). We have already faced the same question 
comparing ethylene and formaldehyde. In formaldehyde the 
presence of the oxygen alters the charge distribution in the 
C-H bonds; ~ : , ( c H ~ o )  is less positive than ~ ; , ( C ~ H ~ )  due to 
the back-donation of electronic charge from the oxygen lone 
pairs. The effect (see Table 10) is a weakening of C-H bonds 
of C H I O  (see r!,,  v';Y,, kCH) and an enhancement of the C H  
stretching intensities as a consequence of the decrease in q; 
(see Discussion). From Table 10 one derives the indication of 
back-donation from oxygen lone pairs also in the case of 
ethylene oxide. The C H  stretching intensities per C H  of C 2 H J 0  
is twice as large as that of C3H6; bond length and C H  force 
constant are respectively larger and smaller in ethylene oxide 
than in cyclopropane. Therefore, we expect ~ ; , ( C ~ H , O )  to be 
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Appendix 
The fact that all &, are positive is unequivocal if the signs 

indicated for aM/aS i  by isotopic invariance (and by "ab initio" 
calculations) for a large number of saturated and unsaturated 
hydrocarbons is assumed and if the hypothesis of alignment of  
the bond dipole moment with the internuclear axis is retained. 
Recently Wiberg (27), using the method of Bader, has pointed 
out that "ab initio" calculations d o  not confirm the validity of 
this approximation: they say that a component of the bond 
dipole perpendicular to the bond may exist. On this assump- 
tion, even a positive aM/aSk,, may be split into a negative 
p,iH and a positive flux of charge perpendicular to the bond. 
We are aware of this new line in the interpretation of the 
aM/aS i  and we  are grateful to the referee who has explicitly 
required a mention to this problem. Since Wiberg's approach 
so  far has been applied only to a few molecules (ethylene, 
acetylene) with a somewhat arbitrary localization of the 
charges forming the bond dipoles, we  believe that a larger 
number of molecules should be studied before introducing 
these concepts also in a phenomenological approach such as  
ours. In this case one  should drop the assumption reported in 
the first paragraph of the Introduction and use also Fkran,,,,s,. h However, let us stress that the approach based on only klongiludinal 
has allowed us to explain successfully several inter- and intra- 
molecular properties (5, 6, 10, 1 I).  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
8.

22
4.

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Magnesium-nucleotide interaction. 
I Synthesis, structure, H, 13C nuclear magnetic resonance and Fourier transform 

infrared studies of Mg-inosine-5'-monophosphate complexes 
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H. A. TAJMIR-RIARI and T .  THEOPHANIDES. Can. J .  Chem. 63, 2065 (1985). 
The reaction of inosine-5'-monophosphate acid (IMPH') with hydrated magnesium chloride MgCII.6H20 gives complexes 

of the type Mg(IMP).5Hz0 and Mg2(IMP)s. 15H20. The FT-IR spectra of Mg(IMP).5H20 in the region 1800-400 cm- '  
showed marked similarities with that of the structurally characterized N7-bound Ni(1MP) 5 H z 0  and Co(1MP) 5 H 2 0  com- 
plexes, while Mg2(IMP)s- 15H20 exhibited distinct spectral similarities with the known Cd2(IMP)s- 12H20 and Ca(1MP). 
6.5H20 compounds, where a direct metal-phosphate and metal-sugar binding as well as metal-N7-coordination has been 
shown crystallographically. The Mg(I1) ion in Mg(IMP).5H20 is N7-bound with an indirect metal-phosphate and 
metal-carbonyl interaction through a coordinated water molecule and in the Mg,(IMP)?. 15H20 compound it binds directly 
to the phosphate and to the sugar moiety as well as to the N7-site of the purine ring system. 

H. A. TAJMIR-RIARI et T.  THEOPHANIDES. Can. .I. Chem. 63, 2065 (1985). 
La reaction de l'acide inosinemonophosphate-5' (IMPH') avec le chlorure de magnesium hydrate (MgC12-6H20) conduit 

a la formation de complexes des types Mg(1MP). 5H20  et Mg2(IMP)s. 15Hz0. Le spectre IR par transformation de Fourier du 
complexe Mg(IMP).5H20 dans la region de 1800 ?i 400 cm-I presente des similitudes marquees avec ceux des complexes 
Ni(1MP). 5 H 2 0  et Co(IMP) .5H20  qui sont lies par le N7 et qui ont Cte caractCrists du point de vue de la structure; par ailleurs 
le spectre du complexe Mg2(IMP)s. 15H20 prCsente des similaritts spectrales distinctes avec les composes connus 
Cd2(IMP),. 12H20 et Ca(IMP).6,5H20 pour lesquels il a kt6 dCmontrC par cristallographie qu'il existe des liaisons directes 
metal-phosphate et metal-sucre ainsi qu'une coordination metal-N7. L'ion Mg(I1) du Mg(IMP).5H20 est lie au N7 par le 
biais d'une interaction indirecte metal-phosphate et metal-carbonyl impliquant une molCcule d'eau coordonee; par ailleurs, 
dans le composC Mg2(IMP)s. 15H10, le Mg(I1) se lie directement au phosphate ainsi qu'au sucre et au site N7 du systeme 
cyclique de la purine. 

[Traduit par le journal] 

Introduction 
There is little information on magnesium-IMP complexes. 

Our recent reports (1  -5) showed that the Mg(I1) ion behaves as 
a "soft" and "hard" acid by binding to the N,-atom or to the 
phosphate oxygen atoms of guanosine-5'-monophosphate 
(GMP), deoxyguanosine-5'-monophosphate (dGMP), aden- 
osine-5'-monophosphate (AMP), and xanthosine-5'-mono- 
phosphate (XMP) molecules under different chemical reaction 
conditions. 

In the present work we describe the isolation and character- 
ization of two Mg-IMP complexes synthesized at neutral pH 
values and we analyse the 'H, I3C nmr and Fourier Transform 
Infrared (FT-IR) spectra. Furthermore, having at our dispo- 
sal unambiguous structural information on Ni(1MP)-5H20 
(6), CO(IMP).~HZO (61, [Cu(IMP)I, (7), [Zn(IMP)I,, (0, 
Cd2(IMP)3 - 12H20 (9), and Ca(1MP) - 6.5H20 (10) we have 
examined the FT-IR spectra of these compounds hoping to 
detect characteristic features for the two structural types of 
Mg-complexes. In addition, we have established a correlation 
between spectral changes and coordination sites. The structure 
and the numbering scheme for 5'-IMPH, is shown below: 

' To whom all correspondence should be addressed. 

Experimental 
Materials 

The IMP acid and sodium salt were purchased from Sigma Chem- 
ical Company. D 2 0  (99.8%) and DMSO-d, (99.8%) were from Cam- 
bridge Isotope Laboratories. Hydrated magnesium chloride was from 
Baker Chemical Company. All the other chemicals were reagent grade 
and were used as supplied. 

Preparation of magnesium complexes 
A water solution of MgClz. 6H20  (1 mmol) was added to a solution 

of IMPH2 (1 mmol) in H20.  The pH of the solution was adjusted to 
7.5 by addition of NaOH. An ethanolic solution was then used to 
precipitate the complex formed which was washed with alcohol sever- 
al times and dried over CaC1'. Anal. calcd. for Mg(IMP).5HzO: C 
26.05, H4 .56 ,  N 12.16, Mg5.32;found: C26.56,  H5.03,  N 11.50, 
Mg, 5.15. In another attempt MgCI2.6H2O (2 mmol) in water was 
added to a solution of IMPH2 (1 mmol) in H 2 0  and the pH was again 
adjusted to 7.5 with NaOH. The solution was left at room temperature 
for a week. Colourless crystals were separated, which were filtered off 
and washed with cold water and dried over CaC12. Anal. calcd. for 
Mgz(IMP)s. 15H20 (it should be noted that one of the IMP molecules 
is in the form of IMPNa2): C 25.68, H 4.44, N I 1.98, Mg 3.49; found: 
C 24.94, H 4.30, N 11.71, Mg 3.40. The two compounds are soluble 
in hot water and slightly soluble in hot DMSO, but are not soluble in 
other common organic solvents. The molar conductivities 120-200 
mol-' X'  cm' were obtained in H 2 0  solutions and are indicative of 
2 : 2 electrolytes. 

The structurally known complexes, Ni(1MP)-5H20, Co(IMP). 
5H20,  [Cu(IMP)],,, [Zn(IMP)],,, Cd2(IMP)3. 1 2H20,  and Ca(1MP) - 
6.5H20 were prepared and recrystallized as reported (6- 10). 

'H and '"c nuclear magnetic resonance spectra 
The spectra were recorded on a Bruker WP-80 spectrometer. Rou- 

tine 'H nmr spectra for analytical purposes were taken on a Varian EM 
360-60 MHz. The solutions were D 2 0  and DMSO-d6 containing 
Me,Si or DDS as references (6 = 0.00 ppm). 
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TABLE 1. "C and 'H nmr chemical shifts of 5'-IMPH? and its metal adducts in D 2 0  and DMSO solutions 

cb c5 c4 '22 cI ,  Cz. C3. C4, Cr, Compound" Cs 

Compound" Hx Hz H I '  Compound" Hx Hz NH H I .  

"In D20 solution. 
"In DMSO solution. 
'Structurally known compound; 5'-IMPNa? is not soluble in DMSO 

Fourier trarlsform irqrared spectra (FT-IR) 
Infrared spectra were recorded on a DIGILAB FTS-I5C/D Fourier 

transform infrared interferometer equipped with HgCdTe detector (In- 
frared Associates, New Brunswick, NJ), a beam splitter, and a Globar 
source. The spectra were obtained as KBr pellets with a resolution of 
4 to 2 cm- ' .  

X-ray powder diagrarns 
These were taken for comparative purposes by using a powder 

camera (Philips, Debye, Schemer) with Kc,-radiation and nickel filters. 

Corlductance rneasurernents 
The conductivity was measured with a Conductoscop E365B 

METROHM. 

Elemental analysis 
Mg(l1) content was determined gravimetrically. C ,  H, and N were 

analysed at Schwarzkopf Microanalytical Laboratories (USA). 

ResuIts and discussion 
Nuclear magnetic resonance spectra 

The I3C and 'H nmr chemical shifts for 5'-IMPH2 and some 
of its metal adducts in D,O and DMSO solutions are given in 
Table 1. Unfortunately, the Na-, Mg-, and Ca-IMP com- 
pounds are not very soluble in DMSO to obtain their I3C nmr 
spectra. The other structurally known divalent, Co-, Ni-, 
Cu-, Zn-, and Cd-IMP complexes (recrystallized from acidic 
solutions, pH = 4.5-3.8) are also not soluble in D 2 0  or DMSO 
for proton and carbon nmr spectra. We have therefore, com- 
pared the nmr spectra of only the soluble Mg-IMP compounds 
with the nmr spectra of the structurally characterized, 
Ca(1MP) .6.5H20 compound (Table 1). The nmr assignments 
shown here are in agreement with previously published reports 
(1 1 ,  12). Recently (5, 13, 141, "C and 'H nmr spectroscopy 
was often used to characterize the nature of the interactions of 
alkaline-earth metals with nucleotides. The I3C nmr results in 
D,O (Table 1) showed that metalation (Na, Mg, and Ca) of 
5'-IMPH, produces almost similar effects on the base and the 
sugar spectra. The largest chemical shifts observed (1 to 1.5 
ppm) are for C8, C6, Cs, CZr,  C,', and C,, in the Na-, Mg-, and 
Ca-IMP compounds. On the other hand, X-ray structural anal- 
ysis showed that IMPH, is N7-protonated (15), while in 
IMPNa2 (16) and IMPHNa (17) the Nai ions are coordinated to 

H 2 0  molecules and to the sugar hydroxyl groups. The N7-site 
and the carbonyl group (C6=O) are hydrogen bonded to coor- 
dinated water molecules. It has been also shown by X-ray 
crystal structure analysis (9) that the Ca(I1) ion in 
Ca(1MP) 6.5H20 is directly bound to the N7-atom of the purine 
ring and to the sugar hydroxyls, as well as, to water molecules. 

The small chemical shifts observed for C,, C6, C5, C,,, C3,, 
C,,, and the marked nmr spectral similarities of IMPNa, (which 
is not N7-coordinated in the solid state) with that of Mg(I1)- and 
Ca-IMP complexes are indicative of coordination of these 
metal cations to water molecules in aqueous solution. The 
Ca-IMP is N7-bound in the solid state; however, in water 
solution the "C nmr spectra show that it is similar to IMPNa,. 
The Ca-N7 bond must be dynamic and reversible. It is also 
interesting to note that the 'H nmr results in D,O did not show 
considerable changes for the H, chemical shift in the 
metal-IMP complexes (Table 1) and this is consistent with the 
13C nmr results. 

The important feature of 'H nmr results is the large down- 
field shift of the H, resonance when the spectra of the free acid 
(IMPH,) are compared to those of the metalated species (Table 
1). The proton downfield shift observed for H, in the free acid 
is mainly due to the protonation of the N7-site of the purine 
ring. This is consistent with the presence of a zwitterionic form 
in the free acid both in solid state shown by crystallography 
(15) and in aqueous solution here. The results show a strong 
N7-proton interaction in aqueous solution in contrast to the 
corresponding hydrated metal compounds. In DMSO solutions 
the H8 resonance shows considerable downfield shift for the 
Mg(l1)- and Ca(I1)-IMP compounds compared to the free acid 
(IMPH,). The large shift observed is consistent with a direct 
strong N7-metal interaction for both Mg(I1) and Ca(I1) com- 
plexes (Table 1). The greater stability of the N7-metal inter- 
action in DMSO compared to the stability of the same species 
in aqueous solution (Table 1) is a solvent effect. In DMSO 
solution protonation of the N,-site (ionization of the phosphate 
group) does not occur, while such protonation was easily ob- 
served in D 2 0  solutions (Table 1). 

The NIH chemical shift at 12.40 ppm did not show major 
changes in the nmr spectra of Mg(I1)- and Ca(I1)-IMP com- 
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pounds (Table 1) which suggests that the NIH group is not bending vibration of the free base was observed at 1590 cm-' 
ionized and that it does not participate in metal-ligand bond- and showed only slight changes in the spectra of the N7-bonded 
ing. More conclusive evidence regarding the nature of the complexes. In the spectrum of the IMPH, (acid) this band is not 
metal-IMP interaction here is given from infrared spec- observable (Table 2). The absence of this band in the free acid 
troscopic studies discussed in the following section. spectrum (N7-protonated) could be due to the strong and broad 

carbonyl absorption frequency which obscures the NH bending 
FT-IR spectra vibration or to the strong hydrogen bonding of the NH group in 

Structurally known Ni(IMP). SH,O and CO(IMP). SH,O the crystal structure of the free acld (15) which could shift the 
complexes showed (6) that Ni(I1) and Co(11) are directly bound NH bending towards higher frequencies and fall under the 
to the N7-atom of the purine ring and coordinated to five H,O carbony1 band. The slight change of the NH bending in the 
molecules. The carbonyl and the phosphate groups are indi- spectral of Ca(II)- and Mg(II)-IMP compounds is consistent 
rectly bound to the metal ions through coordinated water mol- with the 'H  nmr chemical shifts of the N,H group obtained in 

ecules by hydrogen bonding (5). On the other hand, X-ray DMSO solution for the free acid (12.40 P P ~ ) ,  calcium (12.50 
structural analysis of the complexes, [Zn(IMP)],, (7) and ppm) and magnesium (12.50 P P ~ )  n~ononucleotide complexes 
[CU(IMP:I],, (8) showed that the Zn(I1) and Cu(I1) ions are (Table 1). It is worth noting that deprotonation of the NH group 

directly linked to the oxygen atoms of the phosphate group in inosine at a pH = 9- 10 showed (21) disappearance of the 
and to the N7-site of the ring system, In the correspond- NH stretching at 3300 cm-' and the NH bending at 1590 cm-'. 

ing, Cd2(IMP)? 12H20 (9) and Ca(1MP) - 6.5H20 (10) metaI The absorption bands at 1550 and 1519 cm-' in the spectra of 
complexes the metals exhibited direct metal-phosphate, the free IMPNa2 assigned to ring skeletal vibrations (18-20) 
metal-N7, and metal-sugar (02.H and O,.H) binding. Further- showed a small shifting upon ligand metalation (Fig. 1 and 
more, X-ray crystal structural studies on IMPH~ (15) and its Table 2). The shifts are mainly due to protonation or metalation 

sodium salts (IMPNa2-7H20 and IMPHNa.6H,0) (16, 17) of the N7-site of the purine ring which perturbs the electronic 
showed that the free acid exists in the zwitterionic form, pro- distribution within the ring system and alters the ring skeletal 
tonated at N7 and with a negative charge on a phosphate oxygen frequencies. 
atom. In the disodium salt structure of IMP2- the sodium ions The medium intensity band at 148 1 cm-' in the spectrum of 
are sugar and water coordinated (16, 17), whereas the N7-site, IMPNa2 shifted to lower frequencies at about 1475- 1450 cm-' 
the carbony1 group and the phosphate group are hydrogen upon nucleotide complexation. Since this absorption band Was 
bonded with water molecules (17). The R - I R  spectra of the tentatively assigned (22) to the purine ring N7-C8 stretching 
above Cd, Ca, and Na, complexes have been recorded in the and C,--H bending vibrations N7-metalation or protonation 
region 4000-400 cm-' and compared with the corresponding perturbs these vibrations. The frequency changes observed (Ac 
Mg(I1) compounds prepared in this work. The result of the = 5-30 cm-I) are diagnostic of N7-coordination of the im- 
spectroscopic analysis is described here. idazol ring to the metal, shown from crystallographic analysis 

In the region 3500 to 2500 cm-' due to the presence of the (6- 10). The N7-binding of the Mg(II) ion was also demon- 
strong hydrogen bonding network in the free nucleotide (15) strated by proton nmr results obtained in DMSO solution. The 
and its metal-complexes (6- 10) it is very difficult to draw chemical shifts of the Ha of the purine ring in Mg-IMP com- 
conclusions on the nature of the metal-ligand bonding. The pounds were similar to those of the corresponding N7-coordi- 
symmetric and asymmetric stretching vibrations of NH, OH,  nated, C ~ ( I M P ) .  6.5H20 compound (Table 1 ). 
CH, and CH2 groups of the free nucleotide occur in this region The bands centered at about 1370, 1360, 1350, 1250, 1238, 
(1 8-20) and show no considerable changes upon nucleotide- and 12 16 cm-' in the free base spectrum assigned to the purine 
metal complexation. ring vibrational frequencies (20, 23) exhibited major intensity 

In the region 1800-400 cm-' one finds drastic spectral changes and shifting in the spectra of the N7-coordinated com- 
changes in the spectra of the complexes, which are discussed plexes (Fig. 1 and Table 2). The assignment of the above bands 
below: (a)  pyrimidine and purine ring vibrations, (b) phos- to N7-C5, N7-C,, N9-C,, N9-sugar stretchings and 
phate vibrations, and (c) sugar vibrational frequencies. Cx-H bending motion is in agreement with previous assign- 

(a)  Pyrimidine and purine ring vibratiolzs. A broad and ments (1 -4). However, it seems that the N7-electrophile bound 
strong absorption band at 1682 in the spectra of IMPNa, assign- perturbs the electron distribution in the ring system, where 
ed to the C6=0 stretching frequency (18-20) slightly shifted the vibrations are mostly localized and causes a distortion of 
to higher frequencies in the spectra of Mg(1I) and Ni(I1) metal the imidazol ring. These vibrations are also diagnostic of 
complexes except for Cd- and Ca-IMP compounds, where N7-coordination. 
this band appeared at 1663 and 1674 cm-' , respectively (Fig. The ring breathing mode at 692 cm-' (20) in the spectrum of 
1 and Table 2). X-ray structural analysis of the known com- the sodium salt shifts to lower or higher frequencies depending 
plexes showed that the carbonyl group was hydrogen bonded on the nature of interaction, ie., metal-N7, metal-phosphate, 
with outersphere coordinated water molecules (M-OH2 - -  - or metal-sugar interaction (Table 2). This band is sensitive to 
0=C6). The small shift of the C6=0  stretching frequency by the nature of N7-coordination and to the sugar conformational 
A i  = 10-20 cm-' is attributed to hydrogen bonded carbonyl geometry (24). 
or crystal packing effects. Similar spectral changes were ob- (6) The phosphate vibrations. Recently we have reported 
served in the spectra of the new Mg-IMP compounds syn- (1) the vibrational frequencies of the PO:- in mononucleotides. 
thesized here. The infrared spectrum of 5'-IMPNa2 shows five absorption 

'The medium intensity band at about 1640 cm-I in all the bands in the region of 1100-400 cm-' which are characteristic 
spectra of N7-bonded complexes which is not present in the of the phosphate group (16, 19). The degenerate and symmetric 
spectrum of the sodium salt, most likely masked by the carbon- stretchings of PO:;- are observed as sharp and strong absorption 
yl band, could be assigned to the skeletal C,=C, double bond bands at I090 and 977 cm-I, respectively, while the P-0 
stretching and to H 2 0  bending vibration (18-20). The NH asymmetric stretching occurs at about 800-700 cm-'. The 
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CAN. J .  CHEM. VOL. 63. 1985 

FIG. 1. IT-IR spectra of 5'-IMPNa2 and its metal complexes in the region 1800-400 cm-' for a, 5'-IMPNa2; b, Ca(IMP)-6.5H20; 
c ,  Mg(IMP) 5H20; d, Mg2(IMP),. 15H20; e, Cd2(IMP),. 12H20; and f, Ni(1MP) .5H20. 
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URVENUMBERS 

FIG.  1 (Concluded) 
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h) 

TABLE 2. FT-IR absorption bands (cm- ') of the free 5-IMP and its metal complexes" 0 
4 
0 

FT-IR absorption band 
Possiblc assignments 

~ ' - I M P N ~ ~ . ~ H ~ O  5'-IMPH2 Ni(IMP)-5Hz0 [Cu(IMP)],, Cd2(1MP),. 12H20 Ca(lMP).6.5H20 Mg(lMP).5H20 Mg2(1Mp), 1 5 ~ ~ 0  (18-20, 22, 23, 27) 

vC~,=C~,  8H20 
SNH vC4-Cs + 

uCd-N, + v C ~ - N ~  
vN7-c~ + 
vCx-H 
SCHz + SCH 
vN7-C5 + 
vN7-Cx 

vC-0 (sugar) n J: 

PO:- deg. 
f 
< 
2 

Ribose-phosphate str. rn LJ 

VPO:- sym. 

Ribose-phosphate str. 

Ribose-phosphate str. 

up-0 
NH out-of plane vibration 
Ring breathing mode 

Skeletal def, 

P O :  symmetric def. 
Ribose def. 
P O :  deg. def. 

" s, strong; b, broad; rn, medium; w, weak; v, very; s, strong; v, stretching; 6, bending. 
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TAJMIR-RIARI AND THEOPHANIDES 207 1 

other two bands are observed at 530 and 470 cn1-' and are 
assigned to the PO:- symmetric and degenerate deformation 
modes, respectively (1). The two bands at 1090 and 977 cm-' 
show major modifications (shifting and splitting) upon direct 
metal-phosphate bonding. In the spectra of [Cu(IMP)],,, 
[Zn(IMP:,],,, Cd2(IMP)3. 12H,O, and Ca(1MP) - 6.5H20 com- 
plexes which by X-ray structural analysis (7- 10) showed direct 
metal-phosphate binding, the bands at 1090 and 977 cm-' 
exhibited shifting and splitting as well as major intensity 
changes (Fig. 1 and Table 2). The above bands did not show 
considerabIe changes in the spectra of Ni(IMP).SH,O and 
Co(IMP).5H20 complexes, where an indirect metal-phos- 
phate interaction via two coordinated water molecules (P-0 
-..H?O-M-OH2-..~-P) was shown by X-ray analysis (6) 
(Fig. 1 and Table 2). The phosphate vibrational frequencies in 
the spectra of Mg2(IMP),. 15H,O showed marked similarities 
with the spectra of the crystallographically studied Cd(II), 
Ca(II), Zn(II), and Cu-IMP complexes (Fig. 1 and TabIe 2). 
This is indicative of a direct Mg-phosphate binding for 
Mgl(IMP),- 15H20, whereas the spectrum of Mg(IMP).5H20 
exhibited distinct spectral similarities with the spectra of the 
corresponding Ni(I1) and Co(I1) compounds.(Fig. 1) which 
contain an indirect metal-phosphate linkage through coordi- 
nated water molecules. Similar observations ( I )  were made for 
the PO:- vibrational frequencies at 1090 and 977 cm-' in the 
spectra of Cu3(GMP), . 8Hz0,  where a direct Cu-phosphate 
binding as well as, N7-coordination were reported from X-ray 
crystal analysis (25). On the other hand, no considerable 
changes were observed for these vibrational frequencies in the 
spectra ( I) of Ni(GMP). 5H20 and Co(GMP). 5H,O complexes 
(26). 

(c)  Sugar vibrational frequencies. The symmetric and 
asymmetric stretching vibrations of the sugar OH, CH, and 
CH, groups in mononucleotides have been observed (1 8,  19, 
27) in the region 3600-2700 cm-' overlapping with the NH, 
NH2 stretchings of the base moiety and the H,O of the metal- 
hydrated water molecules. Other vibrational frequencies re- 
lated to the ribose ring are also appearing as sharp and fine 
absorption bands in the region 1400-400 cm-' which are also 
obscured by the strong and broad absorption bands of the phos- 
phate group and the base moiety. The assignment of the absorp- 
tion bands related to the sugar frequencies is a difficult task. 
Metalation of the phosphate group in mononucleotides was 
found to be helpful in assigning the phosphate vibrational fre- 
quencies (1 -4). The sodium ions in both IMPNaz and IMPHNa 

(16, 17) are bound directly to O?.H and 03 ,H of the sugar 
hydroxyl groups and to four water molecules (no direct inter- 
action with the phosphate group or the N7-atom of the base 
moiety exists here). The Cd(I1) and Ca(I1) cations are directly 
bound to the O,,H and O,.H hydroxyl groups as well as to the 
N7-site and the phosphate oxygen atoms in Cd2(IMP)3 - 12H20 
and Ca(IMP).6.5H20 compIexes (9, 10). On comparison of 
the infrared spectra of the Na-, Cd-, and Ca-IMP compounds 
with the corresponding Ni and Co complexes they showed no 
metal-sugar interaction (6). One can see the presence of a 
strong absorption band at 1120 cm-' in the spectrum of the 
sodium salt which is not present in the spectra of Ni- and 
Co-IMP compounds. This band splits into two strong com- 
ponents in the spectra of the Cd- and Ca-IMP compounds 
(Fig. I). The shifting and splitting of this band in the spectra 
of Cd and Ca complexes is characteristic of sugar coordination 
and thus the band at 1 120 cm-' is assigned to the sugar C-0 
stretching frequency. It is interesting to note that the infrared 
spectra of Mg2(1MP)3. 15H20 showed marked similarities with 
the corresponding Cd complex (shifting and splitting of the 
band at 1 120 cm-' to 1 153 and l 1 l l cm-') indicating a direct 
Mg-sugar interaction, through the hydroxyl groups. On the 
other hand in the spectra of the Mg(IiVIP).5H,O compound 
only the strong and broad absorption band of the PO:- degen- 
erate frequency was observed (Fig. 1) as in the case of the 
Ni(IMP).5HI0 which contains no metal-sugar interaction. 
Other sugar-phosphate bands (27) in the region 900-600 cm-' 
also exhibited splitting and shifting as well as intensity changes 
(Fig. 1 and Table 2) depending upon the nature of metal- 
ligand bonding (N7-, phosphate or sugar). 'These changes can 
be related to conformational changes in the sugar ring upon 
complexation (24). It should be added that the infrared spectra 
of Co(IMP).5H20 was similar to that of Ni(IMP),-5H2O and 
that of [Zn(IMP)],, was similar to [Cu(IMP)],, also studied in 
this work. 

The proposed coordination of the Mg(I1) ion in Mg(1MP)- 
5H20 is similar to the well known Ni(IMP).5H20 and 
Co(IMP).5H20 complexes. The Mg2(IMP)3- 15H20 com- 
pound is similar to crystallographically known Cd2(1MP),. 
I2H,O. One Mg(l1) ion binds to two N7-atoms and to a phos- 
phate oxygen atom as well as to H,O molecules, whereas the 
second Mg(I1) ion is linked directly to the O,,H and O3.H sugar 
hydroxyl groups and to the N7-atom as well and to water mol- 
ecules as in the case of Cd (9). 

The reactions of MgC12-6H20 with IMPH? are summarized 
as follows: 

Summary 
Correlation between X-ray structural information and in- 

frared spectroscopic changes in the Ni-, Co-, Cu-, Zn-, Cd-, 
Ca- (N7-coordinated) and Na- IMP (free from N7-coordin- 
ation) compounds investigated here allow assignment of the 
vibrational frequencies in IMP2-. It is known that the purine 
ring vibrational frequencies are strongly coupled and that an 
individual assignment of each band is difficult to make. How- 
ever, the unambiguous X-ray structural resuIts of several 

N7-metal coordinated compounds together with their spectra 
helped us to make the following findings: 

(1) The N7-metal bound IMP" anion shows considerable 
changes in the bands centered around 1480- 1217 cm-' which 
originate from the purine ring vibrational frequencies, 

(2) The indirect metal-carbonyl interaction via a inetal- 
coordinated water molecule only slightly shifts the carbonyl 
stretching frequency to lower frequencies, 

(3) The direct coordination of the phosphate oxygen atoms 
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to the metal ion causes shifting and splitting of the phosphate 
bands at 1090 and 977 cm-I, while the indirect metal-phos- 
phate interaction through metal-coordinated water molecules 
does not perturb considerably the positions of these absorption 
bands, 

(4) The absorption band at 1120 cm-' in the spectrum of 
IMPNa? is definitely assigned to the sugar C-0 stretching 
frequency, and 

(5) The X-ray powder diagrams of the Mg-IMP complexes 
showed no isomorphic features with that of the corresponding 
Ca-compound. This is most likely due to the smaller coordi- 
nation number (28) of the Mg(I1) ion (C.N. = 6) in the above 
compound compared to the Ca(1I) ion (C.N. = 8). On the other 
hand, there were marked similarities between the X-ray powder 
diagrams of Mg2(1MP)?. 15H20 with that of the Cd2(IMP)?. 
12H20,  indicating similar coordination environments in these 
metal complexes. 
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Uzr EVEN, JOSHUA JORTNER, and ZIVA BERKOVITCH-YELLIN. Can. J .  Chem. 63, 2073 (1985). 
In this paper we report on the excited-state energetics of the two lowest-lying intravalence electronic excitations So -+ S," 

and So -+ S l y  of a large van der Waals complex, consisting of Ar bound to free-base porphine (HIP). HIP. Ar,, complexes were 
synthesized and interrogated by laser-induced fluorescence in seeded supersonic expansions of Ar and He/Ar. Diagnostic 
methods, which were based on the dependence of the intensity of the spectral features on the stagnation pressure and on 
spectroscopy in He(99%)/Ar(l%) mixtures, were utilized for the identification of the vibrationless electronic excitations of 
H,P.Ar,. The spectroscopic data were supplemented by model calculations of the potential surface, which demonstrate that 
the single equilibrium configuration of H2P.RI (R = Ne, Ar, Kr, and Xe) corresponds to the R atom being located at the 
twofold symmetry axis perpendicular to the porphyrin ring. While the intense S,, -+ S l y  transition of HzP. Ar, exhibits a red, 
dispersive, microscopic solvent shift (6v = -24 cm-I), the So -+ SI" transition is characterized by a blue microscopic spectral 
shift (6v = + 8  cm-I), which provides a unique example for excited-state destabilization, originating from intramolecular 
configurational changes induced by van der Waals binding in a large complex. 

UZI EVEN, JOSHUA JORTNER et ZIVA BERKOVITCH-YELLIN. Can. J .  Chem. 63, 2073 (1985) 
On a dCterminC les niveaux dlCnergie de 1'Ctat excitC des deux excitations Clectroniques intravalence ayant les plus bases 

energies, soit So -+ S I X  et So -+ Sly ,  d'un vaste complexe de van der Waals qui comprend du Ar l iC a de la porphine (H2P) 
existant sous une forme libre. On a synthetise les complexes H2P-Ar,, et on les a examink I'aide de fluorescence induite par 
un laser dans des expansions supersoniques ensemencees de Ar et de He/Ar. Dans le but d'identifier les excitations Clectro- 
niques sans vibrations de H2P.Ar1, on a utilisC des mCthodes d'kvaluation qui sont basCes sur la relation qui existe entre 
I'intensitC des caractCristiques spectrales et la pression de stagnation ainsi que sur la spectroscopie dans des mClanges 2 99% 
He/]% Ar. On a utilisC les donnCes spectrales de concert avec des calculs modkles de la surface de potentiel qui dimontrent 
que la seule configuration dlCquilibre du H2P.RI (R = Ne, Ar, Kr et Xe) correspond a celle dans laquelle l'atome R se trouve 
au niveau de I'axe de symCtrie binaire qui est perpendiculaire au noyau de la porphyrine. Alors que la transition intense So + 
Sly du H,P.Ar, prCsente un dCplacement microscopique dC au solvant qui soit dispersif et qui se dCplace vers le rouge (6v = 
-24 cm-I), la transition So -+ S," est caractCrisCe par un dCplacement spectral microscopique vers le bleu (6v = + 8  cm-I); 
ces rksultats correspondent a un exemple unique de d~stabilisation de 1'Ctat excitC provenant de changements configurationnels 
intramolCculaires qui sont induits par un couplage de van der Waals dans un vaste complexe. 

[Traduit par le journal] 

I. Introduction lecular ligands (5) resulted in a wealth of information regarding 
We have recently explored the excited-state energetics and 

dynamics of large van der Waals (vdW) complexes (M-R,,), 
consisting of rare-gas (R) atom(s) bound to a large aromatic 
hydrocarbon (M), which were synthesized and interrogated in 
supersonic expansions (1 -4). The microscopic solvent shift 
(I) ,  6v, for the electronic origin of the So + S, intravalence 
TIT* transition of such vdW complexes originates from the 
following additive effects (1-4): (1) dispersive interactions, 
providing an extra stabilization of S, which results in a red 
spectral shift. These are exhibited for vdW complexes con- 
taining the heavy rare gases, e.g., Ne, Ar, Kr, and Xe; (2) 
short-range repulsive interactions which result in a blue spec- 
tral shift. This effect dominates the spectral shifts of M - H e  
complexes for which the effects of dispersive interactions are 
minor. 

The complexing of porphyrins and the elucidation of micro- 
scopic solvent effects on their excited-state energetics and dy- 
namics is a subject of considerable physical, chemical, and 
biophysical interest. With this goal in mind, we have extended 
our studies of vdW complexes to investigate the electronic- 
vibrational excitations of complexes of porphyrins with molec- 
ular ligands (5) and with rare-gas atoms. Our studies of the 
electronic excitations of the complexes of porphyrins with mo- 

microscopic spectral shifts. From the point of view of general 
methodology, the elucidation of the spectroscopy of porphyrin 
- rare-gas complexes will be of considerable interest. In this 
paper we report on the two lowest-lying electronic excitations 
of the H2P-Ar complex, consisting of Ar bound to free-base 
porphine (H,P). This system is of interest for several reasons. 
Firstly, from the spectroscopic point of view, H,P is the most 
interesting porphyrin, so that spectroscopic studies of its vdW 
complexes are pertinent. Secondly, spectroscopy of large vdW 
complexes combined with theoretical simulations of their po- 
tential surfaces (2, 3) are expected to provide information per- 
taining to the structure of these complexes and bears on the 
question of the existence of chemical isomers of large vdW 
molecules (1-3). It will be interesting to extend the scope of 
previous studies for aromatic hydrocarbons to porphyrins. 
Thirdly, the energetics of the electronic excitations of 
porphyrin-R complexes will result in novel information on 
microscopic solvent spectral shifts. 

11. Experimental 
We have studied the laser-induced fluorescence (LIF) excitation 

spectra of H2P and its Ar complexes in pulsed, seeded, supersonic 
expansions of He, Ar, and He + Ar mixtures, utilizing the techniques 
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WAVELENGTH (i) > 
FIG. I. The LIF spectrum in the region 5970-6160 A of the HZP I- - 

molecule seeded in pulsed supersonic expansions of He. HIP was V) 

heated in the nozzle chamber to 330"C, seeded in He at p = 2000 Torr, Z 
and expanded through the 0.06-cm nozzle. The exciting dye laser W 

crossed the jet at I2 mm down the nozzle. I- 
Z - 

P ( A r ) = 3 0 0 T O R R  

6070 6090 6110 6130 6150 6170 
WAVELENGTH 6) 

> 
k 
ln 
z 
W + 
Z - 

4 9 0 0  4950 5000 5050 5100 FIG. 3. The LIF spectra of H2P in the range 6070-6170 A in pulsed 
WAVELENGTH jets of Ar. The stagnation pressures of Ar are indicated on the spectra. 

FIG, 2, ~h~ LIF spectrum in the region 4900-5 100 A of ~~p in All other experimental conditions as in Fig. I .  The So+ S," electronic 

pulsed supersonic expansions of H ~ ,  ~ ~ ~ ~ ~ i ~ ~ ~ ~ ~ l  conditions as in origin of the bare molecule is labelled 0-0. The spectral feature (IR) 
Fig. I. corresponds to a hot band and the spectral features (I and 2) attributed 

to the So + S,' transition of HIP- Ar,, ( n  = 1, 2) are marked. 

previously described (6-8). A solid sample of HIP (commercially 
obtained from Porphyrin Products, U , S , A , )  was heated in the nozzle preparation method allows for effective internal cooling of the vdW 

chamber to 330°C (vapor pressure 0.2 Torr (9); ( 1  Torr = 133.3 Pa). complex. 

The HZP molecule could effectively be cooled in supersonic expan- 
sions of Ar at the stagnation pressure p = 100- 150 Torr and in He at 111. The So i. S,"ransition of the H,P . Ar, complex 
p = 1500-2500 Torr, with the nozzle diameter being D = 600 km. The lowering of the D,,, symmetry of the porphyrin ring by 
The LIF spectra obtained under these conditions correspond to the bare the H ... H proton axis in H,P results in the splitting of the Q 
H2P molecule, rather than to rare-gas - H,P vdW complexes, as the band into two electronic transitions, ie., the So i. S,' transition 
spectra were identical in He and Ar. NO spectroscopic evidence was ('he Q,, band) and the So i. S,' transition (the Q,, band) (1 1). 
obtained for the formation of He-H2P vdW complexes under our ~i~~~~~ 1 and 2 portions of the LIF spectrum 
experimental conditions. Ar-H2P vdW complexes were synthesized of in the spectral ranges 5970-6140 A and 4900-5050 A, 
in the following jets: ( I )  seeded expansions of Ar at p = 150- 1500 
Torr, and (2) seeded expansions of Ar + He mixtures containing which exhibit the electronic origin of the So i. S," transition 

1 -  10% Ar expanded at p = 1500-2200 Tom, This preparation rneth. (Fig. l )  at 320 cnl-' and the of the So i. 
od results in the formation of H2P.Ar,, V ~ W  complexes with a low Sly transition (Fig. 2) located at 19 884 cm-', together with the 
coordination number n, yielding preferably to complexes with n = 1. lowest vibrational excitations in these two electronic States. 
In addition, work on other large complexes (10) indicates that this Figure 3 shows the LIF spectrum of HIP in Ar atp = 100-400 

, I I 

0 - 0  
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EVEN ET AL 

TABLE 1. Excitation energies 6v" and relative intensities I" for the 0-0 So --t S l r  excitations of H2P.Ar,, 
complexes 

Ar 
6vd H e + A r ( I % )  

Label" (cm-I) p = 2200 Torr p = 200 Tom p = 300 Tom p = 400 Tom Assignment 

1 R - 10.6 I = 0.08 I = 0.10 

1 +8.0 I = 0.07 I = 0.06 I = 0.15 I = 0.40 H2P. Ar I 

Broad background 

2 + 13.3 I = 0.16 I = 0.71 HZP.Ar2 (?) 

"6v: energy relat~ve to the electronic origin of the Sn+ SI' transltlon of the bare H?P molecule. Accuracy of 6 v  is 2 I c m ' .  
"I: peak intensity of the spectral feature of the complex relative to the peak intens~ty of the or~gin  of the bare molecule. 

Accuracy of I is 225%. 
' S e e  Fig. 3. 
" ~ o s i t i v e  and negative values of 6 v  refer to blue and red spectral shifts, respect~vely. 

6110 

WAVELENGTH (i) 4 the absence of any type 1 absorption on the low energy side 
of the bare molecule cooled in He + Ar. The absence of type 

FIG. 4. The LIF spectrum of H2P in pulsed jets of He (upper spec- 1 absorption in the He + Ar diluent provides some additional 
trum) and in a mixture of He (99%) + Ar (1%) (lower spectrum). The support to the assignment of this structureless low-energy ab- 
SO -, S I T  origin of H,P.Ar, is marked n = 1. sorption in Ar to sequence and (or) hot bands of H,P.Ar,, 

complexes. The cooling accomplished in the He + Ar (1 %) at 
Torr over the range 6050-6170 A. At p = 100 Torr only the p = 2200 Torr mixture is more efficient in precluding the 
electronic origin of the So -t S I C  transitiod of the bare H,P appearance of these sequence and (or) hot bands. 
molecule is exhibited. With increasing stagnation pressure new On the basis of the identification of the spectral feature of the 
spectral features are exhibited in Fig. 3, which involve the HIP.Arl complex in He + Ar (1%) diluent, we can assign the 
following two distinct types. excitation of this vdW complex in pure Ar (Fig. 3 and Table 1). 

1. A low-energy absorption, which is red-shifted relative to 
the 0-0, whose relative intensity depends very weakly on the 
stagnation pressure (Table I). Such low-energy absorption, 
which is almost devoid of any pronounced structure except a 
feature at Sv = - 10.6 cm-' ,  is tentatively attributed to se- 
quence bands and (or) hot bands of the complexes. This low- 
energy absorption becomes somewhat more pronounced at 
higher stagnation pressures of Ar due to local heating effects 
accompanying the formation of H,P.Ar,, complexes. 

2. Satellite bands appearing on the high-energy side of the 
electronic origin. These distinct spectral features (Fig. 3) are 
characterized by the following features: ( i )  their intensities 
depend strongly on the stagnation pressure; (ii) at higher pres- 
sures the spectral features at higher energies become more 
prominent. These properties are characteristic of vdW com- 

0 
I 

plexes. Accordingly, the high-energy satellite bands (Table 1) 
are attributed to the electronic origins of the So- S , '  transitions 
of H,P.Ar,, vdW complexes, where the H,P molecule within 
the complex is retained in its vibrationless state. 

The spectroscopic data in Ar jets are insufficient to provide 
information concerning the composition of the H,P.Ar,, vdW 
complexes. A conclusive spectroscopic identification of the 
spectral features of the H,P.Ar, complex was obtained from 
the spectra of H,P seeded supersonic expansions of 99% He 
plus 1 % Ar. From Fig. 4 it is evident that a new spectral feature 
at the high energy side of the electronic origin of the bare 
molecule is exhibited in the He + Ar mixture, which is absent 

He(99%)+Ar(l%o) 
in the bare molecule spectrum. As this new spectral feature 
appears in an He-Ar diluent of low Ar content (I%), it is 
attributed to the H,P-Ar, complex. As is apparent from Table 
1, the energy of this spectral feature, corresponding to H2P Ar, 
synthesized in an He + Ar mixture, coincides within experi- 
mental uncertainty with the energy of the lowest-lying ex- 

I I citation of the H,P-Ar,, complexes of an unidentified com- 
6120 6130 6140 position observed in the pure Ar diluent. We also note in Fig. 

0 

H,P+Ar 

so -s: 
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P(Ar)= IOOTORR 

5000 5020 5040 5060 5080 
WAVELENGTH 6) 

FIG. 5. The LIF spectrum of HIP in the range 5000-5080 A in 
pulsed jets of Ar. The Ar stagnation pressures are indicated on the 
spectra. The SO - Sly electronic origin of the bare molecule is labelled 
0-0. n = 1 marks the spectral features attributed to the So - Sly 
excitation of HIP - Ar, . 

The spectra of H,P in Ar (Fig. 3) reveal additional satellite 
bands (Fig. 3 and Table 1) on the high energy side of the 
H,P. Ar, excitation, which are due to H,P. Ar, complexes with 
a higher n > 1,  as yet unspecified, coordination number. A 
serious problem, which precludes the identification of the elec- 
tronic origins of the So -+ S l r  transition of H2P - Ar, complexes 
(n > 1) in the Ar diluent, involves the excessive line broad- 
ening of their spectral features relative to the origin of the bare 
molecule (Fig. 3). This line broadening of the spectral features 
of the So + Sl '  transition of H2P-Ar,, complexes originates 
from: ( I )  rotational broadening effects, which are not expected 
to differ significantly from those of the bare molecule; (2) 
sequence and hot vibrational transitions involving the inter- 
molecular low frequency vibrations of the Ar atoms(s) relative 
to the H2P ring. The internal cooling of the intermolecular 

vibrational degrees of freedom of the complexes in the Ar 
diluent is insufficient to eliminate this thermal inhomogeneous 
broadening. It appears that the internal cooling in the He + Ar 
diluent (Fig. 4) is superior, providing a safe assignment of the 
electronic origin of H,P Arl . 

The identification of the spectral feature of the origin of the 
So + SIX transition of H2P-Arl (Table 1) leads to the following 
conclusions: (a) only a single spectral feature is exhibited; (b) 
the microscopic solvent shift of the electronic origin of the 
So + SIX transition of H,P in the H,P.Arl complex relative to 
the bare molecule is 6v = +8 2 1 cm-I towards higher ener- 
gies. Before alluding to the nature of this blue spectral shift, it 
is imperative to obtain supplementary information about the 
energetics of the electronicorigin of the So + Sly  second elec- 
tronic excitation of H,P Arl . 

IV. The So + Sly transition of the H2P.Ar, and 
higher complexes 

The electronic-vibrational excitations within the SIY man- 
ifold of bare HIP exhibit appreciable line broadening due to 
intramolecular S ly  + S," electronic relaxation, the homoge- 
neous linewidth of the electronic origin being 6 = 1 1  cm-', 
which corresponds to an intramolecular relaxation lifetime of 
0.5 ps (8). This homogeneous relaxation line broadening is 
expected to be exhibited also for the So + Sly transition of 
H,P.Ar, complexes and may mask the spectral features of 
these vdW molecules. Fortunately, we have found that the 
energetic separation between the electronic origin of the So + 
Sly transition of bare H2P and its complexes with Ar is suf- 
ficiently large relative to 6, so that well-characterized spectral 
features of the So + S? transition of H,P.Ar,, complexes are 
amenable to observation and analysis. 

In Figs. 5 and 6,  we present the LIF spectra of H2P in the 
vicinity of the electronic origin of the So+ S ly  transition. These 
spectra of HIP in Ar jets (Fig. 5) and in He + Ar jets (Fig. 6) 
clearly exhibit new spectral features on the low energy side of 
the electronic origin of the bare molecule, which are attributed 
to the vibrationless So -+ Sly excitation of H2P. Ar,, complexes. 
The intensities of these spectral features exhibit a strong de- 
pendence on the stagnation pressure, p ,  in Ar jets (Fig. 5) and 
on the partial pressure of Ar, p(Ar), in He + Ar jets. This 
pressure dependence enabled us to identify and characterize 
these well-resolved spectral features. 

The two highest-energy spectral features corresponding to 
the So + S,' vibrationless excitations of H2P Ar,, complexes are 
located at the energies -24 + 1 cm-I and -34 1 cm-I below 
the electronic origin of the bare molecule (Figs. 5 and 6 and 
Table 2). As is apparent from Fig. 7,  the peak intensity, I, of 
the prominent spectral feature at -24 cm-I relative to the peak 
intensity of the 0-0 transition of the bare molecule is given by 
the simple relations I a p' for pure Ar and I a p(Ar) for the He 
+ Ar diluent. Accordingly, the -24-cm-' feature, labelled as 
vdW(l), is attributed to the H,P. Ar, complex, which is formed 
by the three-body collision process 

[I] H2P + Ar + Ar - H2P.Arl + Ar 

in pure Ar, and 

[2] HIP + Ar + He- H2P.ARI + He 

in He + Ar. The weaker spectral feature at -34 cm-I, labelled 
as vdW(2), seems to exhibit qualitatively the same dependence 
on the stagnation pressure as vdW(1) (Fig. 7), and is tentatively 
also attributed to H2P.Arl (Table 2). At high pressures of the 
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EVEN ET AL. 2077 

WAVELENGTH 
Frc. 6. The LIF spectra of H,P in pulsed jets of He and of He/Ar 

mixtures at the compositions marked on the spectra. Labelling of the 
spectral features as in Fig. 5. 

Ar diluent the lower energy features become more prominent 
(Fig. 8). At p = 300 Torr (Fig. 8) spectral structures due to 
excitations of individual H2P- Ar,, complexes are well ex- 
hibited. On the basis of its order of appearance (1, 2), we 
tentatively attribute the spectral feature at -42 cm-' below the 
electronic origin of bare H2P to the HIP.Arl complex. At 
higher pressures of Ar, p = 600- 1200 Torr (Fig. 8), extensive 
complexing with Ar is exhibited, as is evident from the disap- 
pearance of the 0-0 excitation of the bare molecule. The spec- 
tra in this high p range are broad and structureless. The max- 
imum of the broad band shifts gradually to lower energies with 
increasing p (Table 2). These spectra are attributed to large 
H2P.Ar,, clusters with a high (n > 2) coordination number. The 
excessive line broadening originates from three causes: ( I )  
inhomogeneous broadening originating from the overlap of 
spectral features of a variety of HIP.Ar,, complexes with vari- 
ous coordination numbers; (2) homogeneous broadening due to 
phonon broadening effects of the absorption of H2P. Ar,, mole- 
cules with a well-characterized structure and coordination num- 
ber n; (3) homogeneous broadening due to intramolecular re- 

0.1 -- 
100 ZOO 300 400 7080 100 ZOO 

FIG. 7.  'The dependence of the peak intensities of the spectral fea- 
tures, which correspond to the So + S l y  electronic excitations of 
H,P-Ar,, complexes on the stagnation pressure of Ar (in Ar jets) and 
on the partial stagnation pressure of Ar (in He + Ar) jets. The pressure 
dependence of both features (vdW(1)) and vdW(2)) is identical. 

TABLE 2. So + S I T  excitation energies of 
H,P . Ar,, complexes 

Diluent 6 v  (cm-')'I Assignment 

He + Ar (4%) - 24 vdW(1) 
p = 2000 Torr - 35 vdW(2) 

He + Ar (10%) -24 vdW(1) 
p = 2000 Torr - 35 vdW(2) 

Ar - 24 vdW(1) 
p = 150 Torr - 35 vdW(2) 

Ar - 24 vdW(1) 
p = 200 Torr -35 vdW(2) 

Ar - 24 vdW(1) 
p = 250 Torr - 35 vdW(2) 

Ar - 24 vdW(1) 
p = 300 Torr -35 vdW(2) 

-41 

Ar -59 HIP. Ar,,' 
p = 600 Torr Broad band 

Ar -112 H,P Ar,,' 
p = 900 Torr Broad band 

Ar - 147 H2P . ~ r , , '  
p = 1200 Torr Broad band 

"Accuracy 2 I cm-I. 
"Large vdW complexes of unspecified coordination 

number n. 
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FIG. 9. Contour map for H2P.Ar l  poicntial in the plane parallel to 
the porphyrin ring at a distance z = 3.2 A from it. Distance points are 
given in A units. Energies arc given in kcal/mol. Points A ,  B ,  and C 
constitute the three points of minimum energy with point A being 
characterized by the lowest energy (see Table 4). 

Jortner and co-workers (2, 3), provide information on the equi- 
librium configuration and ground-state binding energy of 
H2P.Rl complexes and establish the energetic stability of 
chemical H,P- Rl isomers with geometrically inequivalent sites 
for the R atom. The potential energy, V, for the nuclear motion 
of Ar in the H,P.R, complex was constructed as a super- 
position of pairwise atom-atom potentials between each of the 
C, N, and H atoms of H,P and the R atom (3) 

WAVELENGTH (i) [3] V({rP)) = 2 AP{-rp-'j + [(rp0)6/2] r*p- '2}  
FIG. 8 .  The  LIF spectra in thc rangc 5000-5080 A of H2P in Ar jets P 

at high stagnation pressures of Ar. Extensive cornplcxing of Ar around where rP = ( r - rp I is the distance between the R atom located 
H,P is exhibited for p(Ar) = 600- 1200 Torr. at the position r ,  and the P-th atom of H2P, which is located at 

rp. Three sets of potential parameters for Ap and r: were used: 
laxation of H2P in the complex. At present we cannot dis- Set I :  The R-C pair potential (PP) was taken from the heats 
tinguish between the intermolecular contributions (1) and (2) of absorption of rare-gas atoms on graphite. The R-N PP was 
and the intramolecular contribution (3) in these large clusters. taken to be equal to the Ar-C PP. The Ar-H PPs were taken 

V. Potential surfaces for H2P - rare-gas complexes 
The vibrationless So - S;' transition of H,P.Ar, exhibits a 

single spectral feature, while the 0-0 So - Sly transition of this 
molecule reveals two spectral features. On the basis of these 
spectroscopic data we were unable to infer whether the multiple 
spectrum of the vibrationless So - StS transition of H,P.Arl 
originates from the presence of two nearly isoenergetic chem- 
ical isomers, whose spectra overlap in the case of the So -+ S," 
transition, or is due, rather, to other causes (2, 3). One ap- 
proach towards the elucidation of the structure of large vdW 
molecules, which bears on the existence of chemical isomers, 
rests on model calculations of the ground state intermolecular 
potential surfaces. 

We have constructed the potential surfaces for vdW com- 
plexes between H,P and the rare-gas atoms R(Ne, Ar, Kr, and 
Xe). These model calculations, which rest on the procedure of 

from our previous work (3). 
Set 2: Using the Buckingham PP for H-H and C-C given 

by Mirsky (12) and the R-R potential (13), we have estimated 
the R-C and R-H PP using the combination rules (13). The 
N-R PP was taken to be equal to that of the C-R PP. 

Set 3: The same as Set I for the C-R and the H-Ar PPs. 
The N-R potential was estimated from the N-N PP param- 
eters of Hill (14) .  

The geometry of the H,P ring was taken from crys- 
tallographic data. The two internal protons were assumed to be 
located in the porphyrin plane. 

Figure 9 shows the potential surface o t  H,P Ar, parallel to 
the H,P xy plane at a distance of z = 3.2 A from it, which was 
calculated by using Set 1 of the PPs. As is apparent from Fig. 
9, three points of minimum energy are ~xhibited, which are 
labelled as A, B,  and C. At this z = 3.2 A distance, the points 
A, B,  and C correspond to the absolute energy minima for the 
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TABLE 3. Test of potential parameters for HZP.Arl by the 
calculation of the three points of minimum energy on the 

potential surface 

Set 1 Set 2 Set 3 

Point A 
Energy (kcal/mol-I) 

x ( 4 )  
Y ( 6 )  
z (A) 

Point B 
Energy (kcal/mol-I) 

,y ( 4 )  
Y ( 6 )  
z (A) 

Point C 
Energy (kcal/mol -I) 

x ( 4 )  
Y ( 6 )  
z (A) 

three-dimensional potential. Point A corresponds to the Ar 
atom located on the central twofold symmetry axis of the por- 
phyrin ring, while points B and C are located between the 
pyrole rings and the meso C-H group. To assess the sensi- 
tivity of the energetic data for H,P.Ar, to the PPs, we present 
in Table 3 the energies and positions of the minimum energy 
points A, B,  and C. It is apparent that the gross features of the 
potential surfaces, the energetic data, and the geometries for 
H,P. Ar, are similar for the three sets of the PPs. In view of the 
uncertainty in the assignment of PPs for the N-Ar (and 
N-R) interaction, we are somewhat reluctant to use Set 3, 
which considers explicitly this interaction. Accordingly, all 
subsequent calculations reported in the present paper were con- 
ducted by using Set I. 

From the calculations of the potential surfaces of H,P.R, 
complexes, the following conclusions emerge. 

1. For all H2P.Rl complexes there are three points of min- 
imum energy on each side of the porphyrin ring (Fig. 9 and 
Table 4). 

2. There is a single minimum point of lowest energy (point 
A) on each side of the ring. 

3. The energies of the points B and C,  which correspond to 
the two local minima (Fig. 9 and Table 4), are considerably 
higher than the energy of point A. The energy difference AEAB 
between points A and B is AEAB = 94 cm-' for Ne, AEAB = 
241 cm-' for Ar, AEAB = 262 cm-' for Kr, and AEAB = 405 
cm-' for Xe, while the energy difference, AEAc, between 
points A and C is AEAc = 137 cm-' for Ne, AEAc = 273 cm-' 
for Ar, AEAc = 3 18 cm-' for Kr, and AEAB = 437 cm-' for Xe. 

4. The energy differences AEAB and AEAc considerably ex- 
ceed the translational energies kT, = 2-5 K (15) and the intra- 
molecular vibrational energies kTv < 10-20 K (lo),  which 
prevail in the seeded supersonic expansions utilized in our 
experiments. Accordingly, we expect that only a single isomer 
of H2P.Rl corresponding to the localization of the R atom 
around point A is energetically stable. No other isomers, i.e., 
conformers corresponding to vibrationally excited states, are 
expected to be accessible via thermal excitation. 

5. The binding energies of the H,P-R, moIecules are 310 
cm-' for H2P.Nel, 666 cm-' for HIP.ArI, 796 cm-I for 

TABLE 4. Points of minimum energy on the HZP. R, potential surfrdce 

Point A 
Energy (kcal/moP1) 

x ( 4 )  
Y ( 6 )  
2 (A) 

Point B 
Energy (kcal/mol-I) 

x ( 4 )  
Y ( 6 )  
2 (A) 

Point C 
Energy (kcal/mol-I) 

x ( 4 )  
Y ( 6 )  

(A) 

Point D 
Energy (kcal/mol-'I) 

x ( 4 )  
Y (6) 
z (A) 

H2P. Kr, ,  and 990 cm-' for H,P.Xe,. Although the exact nu- 
merical values are only approximate, they indicate relatively 
large binding energies of an R atom to large aromatic hydro- 
carbons. 

6. 'The equilibrium configuration of H,P. Rl complexes cor- 
responds to the R atom located at the twofold symmetry axis 
perpendicular to the porphyrin !ing. The equilibriym distances 
are z = 2:9 A for Ne, z = 3.2 A for Ar, z = 3.3 A for Kr, and 
z = 3.4 A for Xe. 

The only serious sin of omission inherent in these mode1 
calculations pertains to the role of the two internal H atoms, 
which were taken to be located in the porphyrin plane. In the 
bare HIP molecule the two protons may be displaced out of the 
porphyrin plane. It is possible that the binding of an R atom to 
H,P will modify the intramolecular equilibrium configuration 
of these two protons. 

VI. Concluding remarks 
Our spectroscopic studies provide quite extensive informa- 

tion on the So + SI.' and So + Sly  transitions of the H,P.Ar, 
complex with the porphyrin ring in the complex undergoing 
vibrationless electronic excitations. The information on micro- 
scopic spectral shifts induced by an Ar atom on the vi- 
brationless excitations of H,P pertains both to structural and 
energetic information. The facts are (1) a single spectral feature 
for the So + S,.' transition of H2P.Ar, was observed; (2) mul- 
tiple spectra for the So + Sly transition of H2P. Ar, were ex- 
hibited, revealing two spectral features; (3) the spectral fea- 
tures of the So + SIX transition are blue shifted, being located 
at Sv = + 8  ? 1 cm-I; (4) the two spectral features of the So 
+ Sly  transition of H2P. Ar, are red shifted relative to the 0-0 
of the bare molecule, being located at Sv = -24 2 1 cm-' and 
at -35 + 1 cm-'. The main spectral feature is located at -24 
cm-', while the -35-cm-' feature is weaker, with a relative 
peak intensity of 25%. The observation of a single spectral 
feature for the So + SI.' transition provides (observation ( I ) )  
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spectroscopic evidence for the existence of a single ener- 
getically stable structure of the H2P-Arl  complex. This conclu- 
sion is compatible with the results of our model calculations of 
the potential surface, which indicate the stability of the single 
configuration of this complex. Accordingly, we are reluctant to 
attribute the multiple spectrum consisting of two spectral fea- 

- - 

tures separated by 1 1  cm-' for the So -+ SIv  transition (obser- 
vation (2)) as originating from the excitation of two nearly 
isoenergetic isomers of H2P-Ar, ,  because such a picture is 
incompatible with the results of the model calculation, as well 
as with observation (1). It should be borne in mind, however, 
that our model calculations disregarded the possibility of a 
configurational change of the H,P induced by the binding of 
Ar, which may involve a displacement of the central H atoms. 
One may argue that the multiple spectrum of the Q,, band of 
H2P.Ar1 originates from the contribution of two nearly iso- 
energetic isomers, where in both cases the Ar is located on the 
twofold axis of H2P but differs in the configuration of the two 
protons. Obviously, observation (1) cannot easily be recon- 
ciled with such an assumption. The nature of the relatively 
weak satellite vdW(2) feature of the So -+ Sly  transition of 
H2P. Arl requires further study. 

The qualitative difference in the signs of the microscopic 
solvent shifts for the So -+ SI-' and So -+ Sly transitions of 
H2P.Arl (observations (3) and (4)) is of considerable interest. 
The spectral shift of the So -+ Sly transition of the complex is 
Sv = -24 cm-I. Such a red shift is characteristic of dispersive 
interactions, being ubiquitous in complexes of large organic 
molecules with heavy rare gases. The dispersive contribution to 
the spectral shift is expected to be determined by the polar- 
izability a, of R, and by the oscillator strength, f, for the 
corresponding electronic transition (4), i.e., Sv = -a,(a + 
bf), where a and b are constants. The So --+ S,"transition of 
H,P, which is characterized by a moderately large oscillator 
strength (f = 0.06) (8, 1 I), is expected to exhibit an ordinary 
red spectral shift, being dominated by the dispersive con- 
tribution. On the other hand, the oscillator strength for the So 
-+ SI.' transition is low (f = 0.01) (8, 1 1), and the contribution 
of the dispersive excited-state stabilization to the spectral shift 
for this transition in H,P.Ar, is expected to be small. The 
occurrence of a blue microscopic spectral shift Sv = + 8  cm-I 
for the So+ S I  ' transition of H ~ P .  ~ r ,  clearly demonstrates that 
the microscopic solvent shift in this complex is not dominated 
by dispersive interactions. This blue spectral shift constitutes 
the first case of energetic destabilization of the excited state of 
a large vdW complex containing a heavy (Ar) R atom. The blue 
microscopic spectral shift for the So -+ SIX origin of H,P- Arl is 
attributed to configurational changes within the H,P molecule 
induced by the binding of an ~r atom, which presumably 
involves a displacement of the central H atoms. The man- 

ifestation of this configurational change on the energetic de- 
stabilization of the electronically excited state is not masked by 
dispersive interactions, which are small in the present case. We 
were able to provide a unique example for a new contribution 
to a microscopic solvent spectral shift, which is due to intra- 
molecular configurational changes induced by vdW binding in 
a large complex. 

All the spectroscopic data for large vdW complexes reported 
to date pertain to intravalence electronic excitation of such 
systems. The extension of these studies for the interrogation of 
extravalence, Rydberg-type, electronic excitations of these 
large complexes will be of considerable interest. In this case, 
the major contribution to the microscopic spectral shift will 
originate from short-range excited-state repulsive interactions, 
unveiling novel features of solvent perturbations of excited- 
state energetics, nuclear dynamics, and intramolecular dynam- 
ics of extravalence molecular excitations. In this context, the 
search for Rydberg excitations of porphyrins and their vdW 
complexes will be of considerable intrinsic interest. It is ex- 
pected that the novel spectroscopic methods in seeded super- 
sonic jets will unveil the mystery of the Rydberg states of 
porphyrins, which constitute an important research area pio- 
neered by Sandorfy and co-workers (16). 
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J .  W. LEWIS and R .  V.  NAUMAN. Can. J .  Chem. 63, 2081 (1985). 
The ambient temperature ultraviolet absorption and the 77 K luminescence spectra of a series of four hydrocarbon derivatives 

of azulene in sulfuric acid solution are presented and discussed in detail. CNDO/S calculations have been carried out and the 
calculational results are compared with the experimental results. The phosphorescences of these cationic species are reported 
for the first time. The present results suggest that an inversion in the order of electronic states is perhaps responsible for the 
normal emissions of the protonated species and the anomalous emissions of the parent molecules. 

J. W. LEWIS et R. V.  NAUMAN. Can. J .  Chem. 63, 2081 (1985). 
Optrant en solution dans de I'acide sulfurique, on a mesurt les spectres d'absorption ultraviolette 6 la tempkrature ambiante 

et les spectres de luminescence B 77 K d'une strie de 4 hydrocarbures dtrivant de I'azulene; on en discute en dttail. On a rtalist 
des calculs CNDO/S et on les a compart avec les rksultats exptrimentaux. On rapportc pour le premier fois I'observation de 
phosphorescence de ces especes cationiques. Les rtsultats actuels suggercnt qu'une inversion dans I'ordre des ttats 
tlectroniques est peut-&tre responsable des tmissions norrnales des espkces protontes et des tmissions anormales des 
moltcules meres. 

[Traduit par le journal] 

Introduction 
The structure of azulene in strongly acidic medium has been 

studied for several years. Frey ( I )  in 1956 first attempted to use 
nuclear magnetic resonance (nmr) to determine the structure of 
the azulenium cation. Since that time several groups (2-9) 

have, by means of nmr, established that the site of protonation 
is position one of the azulene nucleus (or, alternatively, posi- 
tion three of 1-substituted azulenes is protonated). These 
studies of the ground state structure show that the chemical 
shifts of protons two and three are only slightly altered by the 
protonation. On the other hand, those of the protons on the 
seven-membered ring are appreciably altered. The authors con- 
cluded that the electron deficiency is localized in the seven- 
membered ring and is shared almost equally throughout the 
ring. It is also generally established that only monoprotonation 
of all the hydrocarbon derivatives of azulene occurs. There is 
no firm evidence to support the existence of a doubly charged 
cation. 

The azulenium cation has also been investigated the- 
oretically and the electronic absorption spectrum was inter- 
preted with the help of a "molecule in molecule" calculational 
model (10, 1 I). These calculations predict transitions at 352. I ,  
323.6, 259.1, 227.3, and 21 1.9 nm. These authors concluded 
that the lowest energy singlet-singlet transition has at least 
60% charge-transfer character. 

The luminescence of azulenium cations has not been system- 
atically investigated previously. Heilbronner et al. (10, 12) 
have reported some fluorscence spectra in connection with 
studies of the ground and first excited singlet state p K  values 
and of Droton dissociation of the cations in the first excited 
singlet state. In addition, two other papers concerned with the 
emission of protonated azulenes have appeared (1 3,  14). The  
emissions reported in the literature (14) are normal S,  -+ So 

fluorescences and they appear to be broad, structureless bands 
in the spectra recorded from room temperature solutions. There 
are no reports of the phosphorescence of the azulenium cations. 

In the present work we present absorption and emission 
spectra of the cations of four hydrocarbon derivatives of 
azulene. W e  also present and discuss low temperature emission 
spectra of these cations and report for the- first time phos- 
phorescences of the cations. Finally, CNDO/S calculations 
have been carried out and the calculational results are compared 
with the experimental results. The calculational results appear 
to indicate that an inversion in the order of the two lowest 
energy unoccupied singlet orbitals of azulene is the most im- 
portant result of protonation. The inversion in the order of these 
molecular orbitals is perhaps intimately related to the normal 
emissions of the protonated species and to the anomalous emis- 
sions of the parent species. 

The  CNDO/S program employed for these studies is 
a modified version of the modified CNDO method 
((CNDOIS-CI), J .  Del Bene and H.  H. Jaffe, QCPE 174). This 
program has been modified in-house to accommodate 200 basic 
members and 99  atomic centers (as opposed to the 9 9  basic 
members and 31 atomic centers specified in the original 
version). 

The azulene and 4,6,8-trimethylazulene used in these studies are 
commercial products of Rutgenverke A. G. and were prepared in 
1959. The samples were subjected to three or more chromatographic 
separations (absorptive filtration), three crystallizations from purified 
hexane, and three to five vacuum sublimations. The samples treated 
in this manner gave no indication of the presence of naphthalene, a 
known photochemical product of azulene. 2-Phenylazulene was pre- 
pared by means of a modification of a literature procedure (15). 
6-Phenylazulene was also prepared by means of a modification of a 
literature procedure (16. 17). Thcse modifications are described in 
detail elsewhere (18). 2-Phenyl- and 6-phenylazulene were also sub- 
jected to the three different methods of purification employed above 
for azulene and were found to be spectroscopically homogeneous. 

Thc absorption spcctra wcrc rncasurcd by mcitns of a Cary 14 
recording spcctrophotomctcr. Thc cmission spcctra wcrc rccordcd by 
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FIG. I .  Absorption spectra of the azulene derivatives in 60% 
H2S04. The vertical lines represent the calculated transition energies 
(see text). The concentrations are: Azulene - 1.69 X 10--'M, €351 ,,,,, 
(1.26 x lo4), €258 nm (2.71 x lo4), ez2? ,,,,, ( I  .8I x lo4); tri- 
rnethylazulene - 1.41 x lo-' M, €353 .,, (1.50 X lo4), E ? ~ ~  ,,,,, 
(3.83 x 1 04), ezz4 n,,, (2.52 X 1 04); 6-phenylazulenc - 3.00 X lo-' 
M, ~ 3 8 ~  ",,, (2.44 X l 04), € 3 1 ~  .,,, (I . I3  X lo4), €259 .,,, (2.82 X loJ); and 
2-phenylazulene - 4.70 X I O - ~  M E~~~ .,,, (3.23 X lo'). 

means of a home-built spectrometer systen~ which is descsibcd else- 
where (19). A rotating dual bladc phosphoroscopc was installcd on thc 
spectrometer in order to obtain pure phosphorcsccncc spectra. 'The 
reported enlission spectra are not corrected for. photon~ultiplier 
response. variation in the intensity of thc exciting sourec. nor for the 
eharactcristies of thc excitation and emission monochromators. 
Excitation was front surface for all the fluorcsccnce measurcments ant1 
was at 180 degrees to observation for all the phosphorcscencc mca- 
surcmcnts. 

Thc analytical solutions of these azulcnc derivativcs were prepared 
immediately prior to measurement in order to avoid some long-time 
chemical degradation which occurs in strongly acidic solution. The 
solvent in all cascs consisted of 60 vol.% sulfuric acid. The solvent 
gave no emissions at the excitation wavelengths employed in this 
study. The solvent formed a partially transparent. cracked glass at 
77 K.  

Results 
The absorption spectra recorded from ambient temperature 

solutions of azulene, 4,6,8-trimethylazulene (TMA), 2-phenyl- 
azulene (2-PA), and 6-phenylazulene (6-PA) in 60% sulfuric 
acid are reproduced in Fig. I .  The vertical lines shown in most 
of the spectra represent the position and relative oscillator 
strengths of the calculated transitions. The model chosen for 
the calculations is a somewhat restricted one in that the bond 
angles and bond distances used for the cations are identical to 

. , those of the unprotonated parent molecules. The only differ- 
ences between the present model and that of the unprotonated 
parent molecules are rehybridization of the carbon atom at 
position one and delocalization of the positive charge. 

The luminescence spectra recorded from solutions, main- 
tained at 77 K,  of the azulene derivatives in 60% sulfuric acid 
are reproduced in Fig. 2 .  It should be noted that the phos- 
phorescences of the cations are much weaker than the tluo- 
rescences. The relative intensities of the two emissions are 
shown in the spectra of the azulenium cation. On the same scale 
as the tluorescence. the phosphorescence is seen as a slight 
bump in the baseline. (In alcoholic hydrochlor~c and hydro- 

4.6.8-TRIMETHYL 
AZULENIUM 

> I . . . . . . . .  I J . . . . . . . . I I . . .  

Jj 6-PHENYL 
AZULENIUM 

FIG. 2. Luminescence spectra of azulene derivatives in 60% 
H2S04. 'The spectra are those from solutions in cracked glasses at 
77 K .  The concentration of each derivative is identical with that listed 
for the absorption spectrum. The phosphorescence appears on the left 
in each spectrum. 

bromic acid solutions of azulene, the intensity of the phos- 
phorescence increases appreciably.) 

In Fig. 3 are shown the calculated transitions of three cations 
in the form of a transition correlation diagram. In this figure the 
dashed lines connect transitions of similar orbital character. In 
general, it can be seen that the theoretical transition energies 
are in excellent agreement with the experimental energies 
although the former are higher in every case. 

Discussioii 
The model chosen for the CNDO/S calculations is, in some 

ways, a somewhat restricted one. The bond angles and bond 
distances of the protonated species are limited to those of the 
neutral parent molecules. The selected model should therefore 
by justified. 

The azulene - azulenium cation equilibriuni in solutions of 
various acid concentrations has been investigated by Long and 
Schulze (6-8) and by Challis and Long (9). In addition, 
Heilbronner et al. ( I  I )  have studied the proton dissociation of 
the azulenium cation in the first excited singlet state by means 
of flash photolytic techniques. These experiments demon- 
strated that one of the products produced by a flash is azulene 
in its ground state. A series of tlashes leads to a distortion of 
the azulene - azulenium cation equilibrium which may be 
conveniently measured by monitoring the absorbance of the 
solution at some wavelength which corresponds to the position 
of the lowest energy absorption band of azulene. At higher 
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LEWIS AND N A U M A N  

TABLE 1. Calculated transitions and oscillator strengths 

Ion Transition wavelength in nm (oscillator strength) 

Azulenium 345(0.141) 323(0.015) 248(0.112) 241(0.552) 213(0.105) 194(0.315) 
6-Phenylazulenium 367(01.48) 345(0.135) 289(0.418) 277(0.074) 233(0.178) 227(0.199) 
2-Phenylazulenium 399(0.3 15) 356(0.065) 270(0.2 13) 250(0.199) 228(0.237) 2 16(0.146) 

FIG. 3. Correlation diagram of the calculated transition energies of 
the azulenium, 6-phenylazulenium, and 2-phenylazulenium cations. 

concentrations of acid, the reprotonation of azulene became too 
fast to measure with the equipment employed. The point, how- 
ever, is that proton dissociation in the lowest energy excited 
state of the azulenium cation probably occurs even in very 
strongly acidic solutions, although the azulene nlolecule is not 
observed by means of conventional flash techniques. Since the 
neutral azulene molecule is produced from an excited azule- 
nium cation by proton dissociation, it appears logical that the 
equilibrium geometry of the excited azulenium cation should 
be adequately represented by the ground state geometry of the 
azulene molecule. We realize, however, that this choice is not 
equally satisfactory for the ground state azulenium cation since 
the bond angles and bond distances, perhaps even the planarity, 
of the cation are probably relaxed upon protonation. On the 
other hand, the relaxed geometry of the ground state cation is 
not really satisfactory for the excited state cation so that a 
choice had to be made. The changes should have an effect only 
on the transition energies and not on the order of the transitions. 
The reasonable values of the calculated transitions and their 
close correspondence to the earlier values of Heilbronner et a/. 
(10, 12) seem to justify the present choice of a model for the 
azulenium cations. 

The general characteristics of the lowest energy absorption 
bands of all four of the hydrocarbon derivatives of azulene are 
very similar. The shapes of these bands in the various spectra 
are consistent with the presence of two electronic transitions in 
this wavelength region. The theoretical calculations also pre- 

dict two transitions. The theoretical transitions and oscillator 
strengths are listed in Table I. Comparison of thcse oscillator 
strengths for the pairs of transitions demonstrates that the 
higher energy transitions have the snlallcr oscillator strengths, 
thus the correct shape of the lowest energy absorption bands is 
also predicted by the restricted model. All thesc results arc in 
excellent accord with the results of the earlier "nlolecule in 
nlolecule" calculations of Heilbronner ct (11. (10, 1 1 ) .  The 
pairing of transitions throughout the calculated spectrum 
appears to be a general phenonlenon in all the azulene deriva- 
tives studied in this work. This effect was also predicted by the 
calculations of Heilbronner et (11. 

Although the spectra are not shown, there is a considerable 
difference between the locations of the wavelength maxima in 
the ambient temperature absorption and fluorescence excitation 
spectra of the azulenium and 2-phenylazulenium cations. The 
fluorescence excitation maximum of the first electronic transi- 
tion of the azuleniurn cation shifts 940 cnl-I to lower energy 
relative to the maximum in the absorption spectrum and that of 
the 2-phenylazuleniun~ cation shifts 825 cnl-' to lower energy. 
Ideally, of course, the fluorescence excitation maximum 
should be identical with the absorption nlaxin~unl. Large shifts 
such as those listed here are normally indicative of substantial 
changes in geometry of the emitting species relative to that of 
the absorbing species. In view of our arguments given above, 
this latter result is entirely expected. 

There is also a sizable blue shift of the fluorescence maxima 
of the cations as the temperature decreases. For example, the 
wavelength nlaximum of thc ambient temperature azulenium 
fluorescence occurs at 428 nm, while that at 77 K occurs at 398 
nm, which corresponds to an 1800 cm-' blue shift. The shift of 
the fluorescence nlaximunl of the 2-phenylazulenium cation is 
from 5 10 nm at room temperature to 475 nm at 77 K .  This 
change corresponds to a 1450 cm-' blue shift. In strongly 
acidic solution at room temperature azulene may be viewed as 
an ionic species that has a rather flexible structure and con- 
sequently gives rise to the structureless absorption and fluo- 
rescence spectra. At 77 K the structure is rigidly fixed by the 
solvent matrix. This rigidity is clearly demonstrated by the 
dramatic shift of the fluorescence to higher energy and by the 
increase in vibrational structure of' the f uorescence. 

It is found that the cations of the hydrocarbon derivatives of 
azulene fluoresce even more strongly at 77 K than they do at 
room temperature. The 77 K fluorescences have not been 
reported previously. Our room temperature fluorescence of 
azulene in 60% sulfuric acid agrees with that reported in the 
literature (14). The cations also exhibit phosphorescence at 
77 K. Both these emissions originate from the lowest energy 
excited state of the appropriate multiplicity in contrast to the 
behavior of the parent molecules which fluoresce exclusively 
from the second excited singlet state (both S? + S I  and S? + 
So emissions are observed). These emissions that originate from 
the lowest excited singlet and triplet states would appear to 
suggest that the excited states of the cations are greatly different 
from the excited states of the parent molecules. However, an 
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FIG. 4. The highest occupied (HOMO) and lowest unoccupied 
(LUMO) orbitals of azulene. Orbitals 19-24 are the HOMOs. 

examination of the available information suggests that the ex- 
cited singlet states of the cations and the parent molecules are 
somewhat similar, although the ordering of the states may be 
inverted. The present theoretical data indicate that a sufficient 
condition for normal Kasha's rule fluorescence is that the order 
of the two lowest energy unoccupied singlet states of azulene 
be reversed. 

It is apparent that the association of an orbital transition, 
such as LUMO +- HOMO, with an electronic transition is a 
rather severe approximation. The incorporation of config- 
uration interaction, such as is done in the CNDO/S procedure, 
somewhat lessens the severity of the approximation. The 
orbital representations obtained by the CNDO/S procedure are 
thus only an aid in the assignment of electronic transitions; 
however, within this degree of approximation the present 
calculations yield some interesting insights. Compare, for 
example, the orbital representations in Figs. 4 and 5. The 
orbitals labelled 25 and 26 represent the two lowest energy 
unoccupied orbitals of both the cation (Fig. 5) and the parent 
molecule (Fig. 4). The essential difference between the azulene 
orbital labelled 26 and the azulenium cation orbital labelled 
25 is a small amount of electron density at positions 2 and 6 of 
the azulenium cation. Conversely, the azulene orbital labelled 
25 is very similar to the azulenium cation orbital labelled 26. 
Thus, the present calculational results suggest that the order of 
the two lowest energy excited states of azulene is inverted upon 
protonation. If such is the case, then the emitting state of both 
species has the same orbital character and the inversion in the 
order of the states may explain the normal, Kasha's rule, emis- 
sions of the cations. 

If one compares the absorption spectra of the azulenium ion 
with that of azulene (see Fig. 6), one finds that there is an 
amazing similarity between all the transitions, except that the 
first transition either does not appear in the spectrum of the 
azulenium ion or appears as a weak shoulder at about 320 nm 
in accord with the orbital inversion argument of the previous 
section. Very similar results are found in the spectra of all the 
hydrocarbon derivatives of azulene (1 8). This comparison sug- 

FIG. 5. The highest occupied (HOMO) and lowest unoccupied 
(LUMO) orbitals of the azulenium cation. Orbitals 18-24 are the 
HOMOs. 

FIG. 6. Comparison of the absorption spectra of azulene (- - -) in 
3-methylpentane solution (2.51 X lo-' M and azulene (-) in 60% 
H2S04 solution (1.69 X lo-' M). The vertical scales for the two 
spectra are not the same. 

gests that the higher energy states of azulene may have geom- 
etries and charge distributions similar to those of the states of 
the azulenium ion and that only the first transition in azulene is 
unique. 

In conclusion, it seems that the fluorescence emitting states 
of azulene and azulenium ion are very similar; perhaps the 
emission of azulene is not anomalous but it is the unusual first 
absorption that should be considered to be anomalous. 
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LEWIS AND NAUMAN 2085 

Although the photophysics of  azulene has been reconsidered 
many times in the last twenty years, the similarity between the 
second excited singlet state of  azulene and the first excited 
singlet state of  the azulenium ion suggests that many phenom- 
ena  should be  reinvestigated; for  example,  is the first excited 
singlet state of  azulene dissociative, predissociative, o r  an  effi- 
cient sensitizer of  a dissociative triplet state? Resonance Raman 
studies should lead to  some  clarification of  these phenomena. 
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COMMUNICATION 

Pressure broadening effects in the far-infrared vibration-rotation spectra of 
several alkylamines and alkylethersl 

D. J .  GERSON 
IBM Instrurnetzts Inc., Orchard Park, Danbury, CT,  06810, USA 

AND 

W .  G .  FATELEY 
Kansas State University, Department of Chemistty, Manhattan, KS, 66506, USA 

Received August 1, 1984 

This paper is dedicated to Professor Camille Sandorb on the occasion of his 65th birthday 

D. J.  GERSON and W. G. FATELEY. Can. J. Chem. 63, 2086 (1985) 
The far-infrared vibration-rotation spectra of the infrared-active internal rotation mode of dimethylether, dimethylamine, 

methylamine, and ethylamine have been recorded at several vapor pressures. The effect of pressure broadening on the I c 0 
torsional transition has been experimentally determined. It was found that the Van Vleck - Weisskopf model gave the best fit 
to these experimental results. It was also found that pressure broadening of the 1 +- 0 transition did not overlap the next 
transition in the series at sample vapor pressures less than 50 Tom. 

D. J .  GERSON et W. G. FATELEY. Can. J .  Chem. 63, 2086 (1985) 
OpCrant plusieurs tensions de vapeur, on a determink les spectres de vibration-rotation dans le proche infrarouge du mode 

de rotation interne, actif dans I'infrarouge, du dimkthylkther, de la dimkthylamine, de la mkthylamine ainsi que de 1'Cthy- 
lamine. On a dkterminC expkrimentalement I'effet d'elargissement dQ a la pression sur la transition de torsion 1 + 0. On a 
aussi trouvC que, dans ces stries et a des tensions de vapeur infkrieures a 50 Tom, I'klargissement dfi la pression de la transition 
1 +- 0 ne sc superpose pas a la transition suivante. 

[Traduit par le journal] 

Introduct ion 

Recently, Durig and co-workers have presented a series of 
papers which have investigated the effect of top-top coupling 
o n  the observed vibration-rotation spectrum of molecules with 
two internal C,,, rotors (1). T o  obtain good spectra, these stud- 
ies were performed using sample vapor pressures in excess of 
100 Torr. At these pressures, significant amounts of vibrational 
fine structure is obscured by pressure broadening (2). Since the 
observable internal rotation torsional transitions are very nar- 
row, the disappearance of bands due to pressure broadening 
could alter the vibrational assignment of the transitions and the 
subsequent potential function. Cooke and co-workers have 
shown that this occurs in dimethylether (3). 

In an effort to determine the maximum vapor pressure of 
sample which maintains a well resolved vibration-rotation 
spectrum, the far-infrared spectra of dimethylether, dimethyl- 
amine, methylamine, and ethylamine were recorded at several 
sample vapor pressures. The resultant degradations in resolu- 
tion with increased vapor pressure were compared to those 
expected from theory (4), and the results of these comparisons 
are reported herein. 

vapor pressures used in the analyses varied from I Torr to 750 Torr. 
The spectra were obtained using an IBM instruments IR/98 vacuum 

spectrometer equipped with mercury arc source, 500 lineslinch metaI 
mesh beamsplitter and liquid helium cooled germanium bolometer 
operating below the Iambda point. The samples were contained in a 
Wilks multipass gas cell equipped with polyethylene window lenses 
and vacuum fittings as supplied by IBM Instruments. The cell path- 
length was fixed at 2.75 m for all spectra recorded for this study. The 
spectra were transformed from 5 12 coadded interferograms, boxcar 
apodized, to give an effective resolution of 0.022 cm-'. 

Calculations were performed using an IBM System 9001 computer 
system. Data analysis programs written in S9000 Pascal were used to 
analyze the experimental and theoretical data. The experimental data 
were transferred to the S9000 using standard RS232 protocol from the 
Aspect data system of the FTIR spectrometer.' 

Results 

The  effect of increasing the sample vapor pressure on the 
resolution of the torsional fine structure of dimethyl ether is 
displayed graphically in Fig. 1. It can be seen that almost all of 
the observable fine structure disappears by 100 Torr of sample 
vapor pressure. Figure 2 shows this effect in the region of 10 
+ 00 transition. 

Experimental  The theoretical derivation of the Debye intensity for hard 
collisions between fixed dipoles has been given by Van Vleck 

The samples of dimethylether, dimethylamine, methylamine, and 
ethylamine were purchased from Matheson, Inc. (East Rutherford, and Weisskopf (4). In general, the net absorption coefficient, 

NJ). Samples were purified by low temperature fractional distillation 7' is 'pan the dipo1e of the transition* Fii, 

and cold-trapping over 4A sieves prior to the acquisition of their and the (eq. [ I ] ) .  
spectra (5). The samples were then passed through activated molecular 
sieves at room temperature into the infrared vapor cell. Typical sample 'Program CHBOUT, ABACUS User Group (1982), as suppIied by 

Bruker Spectrospin, Zurich, Switzerland, and Program PRTPTS, 
' Presented in part at the 1983 Pittsburgh Conference on Analytical IBM User Group (1982), as supplied by IBM Instruments, Inc., 

Chemistry and Applied Spectroscopy, paper 627. Danbury, CT. 
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COMMUNICATION 

FIG. 1. Far-infrared spectral region from 242 to 239 cm-' of dimethylether in the region of the torsion frequencies, v2,. ( A )  1 Tom; (B) 10 
Tom; (C) 100 Tom. A Wilks multipass gas cell equipped with polyethylene lens windows was used. 

+ 1 

(V + V0' + (1 /2'iTT)' 
where 

J 

At low pressures, ~ I T T  << VO, and the first term in eq. [I] 
predominates. If the observations are limited to the region near 
vo, eq. [ l ]  reduces to: 

provided Av << vo. Under these conditions, the integrated line 
intensity becomes 

and the halfwidth, Av, is proportional to the sample pressure, 
(1 / ~ ) I T T ,  for low pressures. 

For the molecules examined in this study, the experimentally 
observed halfwidth, FWHH, and the integrated intensity, (the 
calculated values of the halfwidth and the relative error) are 
also presented in Table 1. As shown in Table 1 ,  the differences 
between the calculated and observed values for the FWHH are 

WAVENUMBERS (cm-'1 

FIG. 2. Far-infrared spectrum of dimethyl ether in the region of the 
10 + 00 transition. The same experimental conditions as in Fig. 1 are 
present here. The top spectrum is 100 Tom, middle spectrum is 10 
Torr and the bottom spectrum is 3 Tom pressure of dimethylene. 
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Rearrangement de thiophenobishomotropones en naphto[l,8-bclthiophene et 
benzo[2,3-blthiophene; etudes spectroscopique et mecanistique 

BERNARD HANQUET, MICHEL FARNIER ET ROGER GUILARD' 
Laboratoire de Synthise et d'Electrosynthise Organome'tallique associe' au C.N.R.S. (UA 33), 

Faculte' des Sciences "Gabriel", 6, Bd Gabriel, 21100 Dijon, France 

CLAUDE LECOMTE ET YVES DUSAUSOY 
Laboratoire de Mintralogie et Cristallographie, Equipe de recherche associe'e au C.N.R.S. no 162, Faculte' des Sciences, 

Centre de 2"" Cycle, Boite Postale no 239, 54506 Vandoeuvre les Nancy, France 

R e ~ u  le 25 juillet 1984 

BERNARD HANQUET, MICHEL FARNIER, ROGER GUILARD, CLAUDE LECOMTE et YVES DUSAUSOY. Can. J. Chem. 63, 2089 
(1 985). 

OpposCes h l'kthanedithiol, les thiophCno[c] et [b]bishomotropones subissent un rkarrangement original conduisant a un 
naphto[l,8-bclthiophbne et (ou) a un benzo[b]thiophkne. La structure des produits obtenus est dCterminCe par marquage 
isotopique, examen comparatif des spectres de rmn protonique, et dans le cas du diphknyl-5,6 naphto[l,8-bclthiophkne par 
analyse cristallographique. Un mCcanisme reactionnel est proposC impliquant au stade determinant un transfert Clectronique 
entre un nuclCophile "doux" et un acide "dur". 

BERNARD HANQUET, MICHEL FARNIER, ROGER GUILARD, CLAUDE LECOMTE, and YVES DUSAUSOY. Can. J. Chem. 63, 2089 
(1985). 

A non classical rearrangement is observed when thiopheno[c] and [b]bishomotropones react with ethanedithiol, leading to 
a naphtho[l,8-bclthiophene and (or) a benzo[b]thiophene. The structure of the products is supported by deuterium labelling, 
'H nmr spectra, and X-ray analysis of 5,6-diphenyl naphtho[l,8-bclthiophene. A mechanism is proposed which implies an 
electronic transfer between a "soft" nucleophile and a "hard" acid, in the key step. 

Introduction 
Dans un article antCrieur nous avons dCcrit la rCactivitC sin- 

guli5re de la thiophCnomonohomotropone 1 lorsqu'on l'oppose 
aux thiols (1). Nous avons montrC en particulier qu'en prCsence 
dYCthanedithiol et d'acide paratoluknesulfonique (APTS), le 
dCrivC homotroponique 1 subit un rkarrangement original et 
conduit h un composC benzothiophCnique porteur d'un grou- 
pement aldChyde hrotCgC par un reste diihiolanne. ~e mC- 
canisme de ce rkarrangement implique entre autres la rupture 
d'une double liaison carbone-carbone rCsultant de l'action 
conjuguCe de 1'Cthanedithiol - nuclCophile "doux" - et du 
groupe carbonyle proton6 - acide "dur". 

Or lors de la synthkse des thiophCnohomotropones (2) on 
observe parallelement h la formation de monohomotropones 1 
celle de bishomotropones 2. 11 nous est apparu intiressant 
d'Ctudier le comportement de ces demiers composCs vis-h-vis 
de 1'Cthanedithiol pour prkciser le r6le jouC par la prksence d'un 
second motif cyclopropanique et de verifier si le rearrangement 
original observC dans le cas de dCrivCs thiophCnomono- 
homotroponiques pouvait &tre Ctendu aux thiophCnobishomo- 
tropones. 

Nous dCcrivons dans le prCsent mCmoire les rksultats de cette 
Ctude et, sur la base des diverses donnkes expkrimentales et 
spectroscopiques, nous discutons le mCcanisme rendant 
compte de la formation du produit de rkarrangement obtenu. 

' Auteur a qui adresser la correspondance. 

RG. 1. Vue ORTEP de la structure cristalline de 3. 

Resultats 
En opposant la thiophCno[c]bishomotropone 2a h 1'Cthane- 

dithiol-1,2 en prksence d'acide paratoluenesulfonique dans le 
tolukne h reflux, on acckde h un composk 3. Les donnCes du 
spectre de masse et l'analyse du spectre de rmn protonique 
n'apportent pas d'C1Cments dCcisifs pour la ditermination de la 
structure. Nous avons alors kt6 conduits h effectuer un examen 
radiocristallographique de 3. 

La conformation molkculaire est reprksentke par la fig. 1. 
Les distances et les angles de la molCcule sont consignks dans 
le tableau 1. Les atomes constituant les trois cycles ortho- 
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TABLEAU 1. Distances et angles 

Liaison Distance (A) Liaisons Angle (deg) 

Moyenne des liaisons des cycles: Moyenne des angles des cycles: 

. . . . .  . . . . .  C(9). C(14) 1,382(6) C(9). C(14) 119,6(5) 
. . . .  C(18). . . . .  .C(23) 1,384(5) C(18). .C(23) 119,6(4) 

TABLEAU 2. Plans moyens et angles entre plans 

Plan no 1 dtfini par S,C(l), C(2), C(3), C(4), C(5), C(6), C(7), C(8), C(15), C(16), C(17) 
S(0,Ol A) C(l) (-0,04) C(2) (0,Ol) C(3) (0,Ol) C(4) (0,OO) 
C(5) (0,04) C(6) (0,OO) C(7) (-0,07) C(8) (0,Ol) C(15) (0,06) 
C(16) (0,OO) C(17) (-0,04) C(9) (-0,26) C(18) (0,28) 
Cquation -0,23591~ + 2,73996~ + 0,364602 = 6,36001 

Plan no 2 dCfini par C(9), C(10), C(l l), C(12), C(13), C(14) 
C(9) (0,Ol) C(10) (0,OO) C(11) (-0,Ol) C(12) (0,Ol) 
C(13) (0,OO) C(14) (-0,Ol) 
Cquation -0,57348~ + 0,72773~ + 1,400272 = 12,31549 

Plan no 3 dCfini par C(18), C(19), C(20), C(21), C(22), C(23) 
C(18) (-0,Ol) C(19) (0,Ol) C(20) (0,OO) 
C(21) (-0,Ol) C(22) (0,Ol) C(23) (0,Ol) 
Cquation - 1,12901~ + 0,72262~ + 1,002412 = 10,45987 

Angle plan 1 plan 2 plan 3 
plan 1 55,3" 55,8" 
plan 2 23,5" 

condensCs forment un pl!n; 1'Ccart maximum d'un atome au 
plan moyen est de 0,07 A. Dans le cycle a cinq chainons, les 
liaisons communes aux deux cytles C(3)-C(4) et C(3)-C(2) 
sont de 1,417(6) et 1,391(6) A. La liaison C(1)-C(2) est 
simple: 1,580(7) A. Compte tenu de la valeur des Ccart-types 
et de l'agitation themique la diffkrence obsewke entre les deux 
liaisons S-C est tout juste significative. Dans les deux cycles 
?I six chainons orthocondensCs la moyenne de la longueur est de 
1,398(6) A. Toutefois, on remarque une pseudosymktrie par 
rapport ii C(3)-C(8): trois liaisons longues autour de C(8), 
deux liaisons courtes C(4)-C(17) et C(2)-C(5), deux liai- 

sons Cquivalentes C(6)-C(7) et C(15)-C(16), deux autres 
trks proches C(5)-C(6) et C(16)-C(17). Les atomes C(9) et 
C(18) des deux groupes phCnyles s1Ccarten! de part et d'autre 
du plan moyen molCculaire de 0,27 A et les liaisons 
C(15)-C(18) et C(7)-C(9) ne sont pas parallbles mais for- 
ment un angle de 16" (voir tableau 2). Ces deux Ccarts la 
gComCtrie idCale correspondant ?I une hybridation sp2 de C(7) 
et C(15), rksultent de I'empCchement stCrique entre les deux 
noyaux phCnyle. Ces derniers forment un angle de 23,5" et sont 
inclinks dans le mCme sens d'un angle de 55" par rapport-aux 
trois cycles orthocondends. 
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HANQUET ET AL. 

I I 
7 6 8 P P ~  

FIG. 2. Spectres rmn 'H (100 MHz, (CD&CO) du naphto[l,8-bclthiophtne 3. 

S ,  TO:;:;;^ @ /PI'S , 
Tolubne i reflux 

I Bcn2ne ii 
reflux 

La structure de 3 Ctant Ctablie, l'analyse de son spectre de 
rmn est alors trks aisCe (voir fig. 2). 

Si la structure de ce naphto[l,8-bclthiophkne (3) 3 Ctait 
Ctablie sans ambigu'itk, il convenait toutefois d'expliquer sa 
formation au dCpart de la thiophCno[c]bishomotropone et de 
proposer un mCcanisme rkactionnel rendant compte de cette 
transformation originale. 

~ t u d e  expe'rimentale de la transformation des thiophe'nobis- 
homotropones 

Nous avons abordC 1'Ctude du mCcanisme conduisant 2 la 
formation du naphtothiophene 3 selon trois directions prin- 
cipales: (i) en ttudiant l'influence des modalitCs opCratoires sur 
1'Cvolution de la reaction; (ii) en mettant en oeuvre la 
thiophCno[b]bishomotropone 2b isomere de 2a; (iii) en pro- 
cCdant au dCpart d'analogues deutCriCs de 2. 

(a) Influences de la tempe'rature et du solvant 
Ces deux paramktres semblent jouer un r6le important: si on 

remplace le tolukne par le benzkne, on isole un mClange de 
deux produits 4 et 5 (proportions relatives 84 et 16%) diffkrents 
du naphtothiophkne 3 obtenu dans le tolukne 2 reflux (voir 
schCma 1). La structure de 4 est d6terminCe par examen critique 
des ses donnCes spectroscopiques. En infra-rouge on note la 
prCsence d'une bande d'intensitC faible 2 2570 cm-I carac- 
tCristique d'un reste -SH et celle d'une vibration carbonyle i 
1700 cm-I. L'augmentation de la frCquence de ce vibrateur 
carbonyle par rapport 2 celle du composC de dCpart traduit la 
rupture d'un des cycles 5 trois chainons, consCcutive h l'ad- 
dition d'une molCcule dYCthanedithiol. Le spectre de masse 
conforte Cgalement cette hypothkse (voir partie expkrimentale). 

L'analyse du spectre de rmn protonique apparait plus dCli- 
cate. La partie la plus dCblindCe du spectre se prCsente sous la 
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RG. 3. (a) Spectre rmn 'H expirimental du composC 4 (100 MHz, CDCI,). (b) Spectre simule (la partie -SCH2CH2SH a CtC volontairement 
omise). 

forme d'un massif complexe (6 - 6,90-7,45 ppm) et corres- 
pond aux 12 protons des restes phCnyle et du noyau thio- 
phCnique. Dans le domaine 1,00 a 5,00 ppm (voir fig. 3a) 
apparaissent Cgalement les signaux de 12 protons: un systkme 
AMX correspond a un motif cyclopropanique, un massif com- 
plexe de 4 protons attribuable au reste -SCH2CH2S- et un 
unique proton -SH. Enfin les signaux relatifs aux quatre pro- 
tons H6, H7mdo, H7exo et Hs ont CtC analysCs. Le spectre calculC 
coincide parfaitement avec le spectre expkrimental (4) (voir 
fig. 3b). I1 apparait donc que 4 est l'adduit de Michael entre la 
thiophCno[c]homotropone et l'ethanedithiol- l,2. Une telle rt- 
action est classique dans la sCrie des &tones a,@-CthylCniques 
(5); dans notre cas le cycle a trois chainons peut Ctre assimilC 
a une double liaison. 

Le composC 5 qui apparaft simultankment avec 4 prCsente 
certaines analogies spectroscopiques avec ce dernier: on obser- 
ve une vibration -SH a 2562 cm-' et I'absence de vibration 
associCe a un reste carbonyle. Sur le spectre de masse de 5 le 
pic molCculaire diffkre de 18 par rapport a celui de 4 par perte 
d'une molCcule d'eau et on note la perte d'un reste (CH2SH),. 
Le spectre de rmn (voir fig. 4) permet d'individualiser trois 

protons aromatiques: H3 et H4 couplks en ortho et H, qui 
prisente un couplage ?i longue distance ('5 = 1,98 Hz) avec le 
proton rksonant ?i 3,81 ppm. Pour ce dernier signal on note 
Cgalement deux autres couplages, comparables a ceux obsewCs 
pour le proton H8 de 4. De mCme le massif a 4,39 ppm est 
attribuable a un proton -CHPh- (pour 4, 6 H, = 4,49 ppm). 
Pour le compost 5 aucun signal n'apparait dans le domaine de 
rksonance des protons cyclopropaniques alors que trois massifs 
(intensitks respectives 4, 2 et 1) sont prksents sur les spectres 
de 4 et de 5. Ces signaux sont respectivement attribuables au 
motif -SCH2CH2S-, au mCthylkne "intracyclique" et enfin 
au proton -SH resonant a haut champ. 

La structure proposCe est celle d'un dihydronaphto[l ,8-bc]- 
thiophkne dont le squelette n'est pas sans rappeler celui de 3 
obtenu dans le tolukne 2 reflux. 

Pour prkciser l'influence du paramktre thermique sur 
l'kolution de la riaction nous avons tent6 au depart de 4 
d'accCder au naphtothiophkne 3. En chauffant 4 au reflux du 
tolukne en presence d'APTS ce compost reste inalttrk, mais en 
revanche 5 conduit a 3 dans ces conditions de temp6rature et 
d'aciditC. 
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HANQUET ET AL. 

FIG. 4. Spectre rmn 'H (100 MHz, CDCl,) du compost 5. 

(b) Synthtses au dtpart de la thiophe'no[b]bishomotropone 
Comme nous l'avons indiquC plus haut il Ctait intkressant de 

vCrifier si une variation structurale opCrCe au niveau du substrat 
de dCpart pouvait conduire a des produits de rkarrangement 
diffkrents. 

Aprks chauffage de la thiophCno[b]bishomotropone 2b 
isomkre de 2a dans le tolukne a reflux en prCsence d'APTS on 
isole le naphto[l,8-bclthiophkne 3 et un second produit 6 (pro- 
portions relatives: 4 et 96%; voir schCma 2). 

L'analyse du spectre de masse de 6 suggkre I'incorporation 
d'une molCcule d'kthanedithiol (M' = 418), confirmCe par la 
presence d'un fragment 324 [M - (CH2SH),]+. Le spectre 
infra-rouge ne prksente plus la vibration associCe au carbonyle 
et l'absence de vibration -SH laisse supposer l'existence d'un 
aldehyde ou d'une cCtone prottgee sous forrne de dithiolanne. 
Cette hypothbe a CtC vCrifiCe en libtrant le groupe aldChyde 
par traitement de 6 ti l'aide d'un sel mercurique (voir schCma 
2). Le produit majoritaire 7 obtenu prCsente une bande intense 
i 1724 cm-' caractkristique d'un aldChyde aliphatique. De plus 
la dCsulfuration totale de 6 par le nickel de Raney permet 
d'acctder a 8 prksentant en rmn protonique deux groupements 
Cthyle. L'un de ces restes provient de la reduction du motif 
dithiolanne, l'autre de la chaine carbonCe du cycle thio- 
phCnique suggCrant la prksence d'un cycle benzo[b]thio- 
phCnique. 

L'examen du spectre rmn de 6 permet de prkciser la structure 
de ce composk: dans la partie situCe ti haut champ on distingue 
8 protons: un massif complexe de quatre protons 
(-SCH2CH2S-), un multiplet de deux protons (-CH2-) et 
deux protons HI, et H,,; dans la partie aromatique (voir fig. 5a) 
l'existence d'un motif a,P-thiophtnique (respectivement H2 et 
H,) et d'un couplage orthobenzCnique (H., et H5) confirme le 
squelette benzo[b]thiophCnique disubstituk. 

L'examen attentif du signal i 7,60 ppm (voir fig. 5b) rCvkle 
l'existence de deux protons a-thiophkniques diffkrents: le si- 
gnal le plus intense (85%) est un doublet ( J  = 5,47 Hz) et 

correspond au proton H2 de 6a. Sur l'autre signal (15%) 
apparait un couplage supplCmentaire de 0,53 Hz avec le proton 
H, de l'isomkre 6b. 

La structure de chacun des produits isolts lors des synthkses 
exposCes plus haut Ctant connue, il convenait de prkciser le 
mCcanisme de rkarrangement des thiophtno[c] et [blbishomo- 
tropones; aussi avons-nous mis en oeuvre des analogues deu- 
tCriCs de ces diffkrents substrats. 

(c) Synthtses au de'part d'analogues deute'rits de 2 
Au dCpart de la thiophCno[c]bishomotropone D-3b,D-6a 

(2a') et en travaillant dans un milieu deutCriC (APTS-OD, D20) 
on acckde, dans le tolukne a reflux, au dCrivC 3' (voir schCma 
3). L'examen comparatif des spectres rmn de 3 et 3' montre 
que les deux systkmes AB se simplifient en deux singulets 
Clargis (couplage ,JH,). On note Cgalement que le mCthylkne 
benzylique a subi, dans le milieu, une incorporation partielle de 
deutCrium. Les atomes de deutCrium initialement prCsents dans 
2a' se retrouvent en position 3 et 8 du naphtothiophkne 3': ce 
resultat sera mis a profit dans 1'Ctablissement du mkcanisme de 
rkarrangement . 

Si la rCaction est conduite dans le tolukne en prksence d'AP- 
TS non deutCriC, on constate la perte totale des deux atomes de 
deutCrium et on isole 3 et non 3'. Cette donnCe n'est pas en 
contradiction avec l'observation prtckdente si 1'Cchange pro- 
tonique avec le milieu rkactionnel intervient lors d'un stade 
ultime du rkarrangement. Toutefois, lors du chauffage de 3 
dans le tolukne en prCsence d'APTS-OD, D20, aucune incor- 
poration de deutCrium n'est constatCe. L'echange H/D ne con- 
cerne donc pas le naphtothiophkne lors d'un processus rker- 
sible. 

En proctdant au depart des mCmes reactifs on acckde, dans 
le benzkne a reflux, au dCrivC 4' analogue de 4. Sur le spectre 
de rmn de l'adduit 4' on note la conservation des deux atomes 
de deutkrium dans les positions indiquCes ainsi que l'in- 
corporation partielle de deutCrium au niveau du motif 
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T) 

6 6 
isomere mimrilaire 

FIG. 5. Spectre rmn 'H (400 MHz, (CD&CO) des composCs 6a et 6b. 

S 

(cH2sH)2yApTs . @ + 
+ 

Toldne i reflux 
2 

Ph Ph H 
ph2' 

-CHPh- (voir schCma 3). 
Nous avons Cgalement mis en oeuvre les composCs 2b' et 2b" 

analogues monodeutCriCs de la thiophCno[b]bishomotropone 
2b (voir schCma 4). 

Au dCpart de chacun de ces composCs on isole le 
benzo[b]thiophkne monodeutCriC attendu (l'autre isomkre 
n'apparait qu'h 1'Ctat de traces) mais le naphtothiophkne obtenu 
conjointement ne contient pas de deutCron. Les composCs ben- 
zothiophCniques sont des intermkdiaires monodeutCriCs, ce- 
pendant, comme pour l'isomkre [c], la thiophCno[b]bishomo- 
tropone subit, 5 un stade avancC du rkarrangement, un Cchange 
isotopique D/H avec le milieu acide. 

De ]'ensemble de ces observations expCrimentales, nous 

HgC12/CdC03 

pensons pouvoir dCgager trois points importants qui vont orien- 
ter notre analyse du mCcanisme: (i) la thiophCno[c]bishomo- 
tropone livre - dans des conditions voisines - trois produits 
dont la formation rCsulte de processus successifs et compCtitifs, 
mettant en jeu un ou deux groupes cyclopropaniques; (ii) la 
thiophCno[b]bishomotropone donne des produits ayant pour 
origine des rkactions intkressant les deux sites cyclopropa- 
niques de la molCcule; (iii) l'analyse des rksultats des rkactions 
mettant en oeuvre des composCs deutCriCs apporte des indi- 
cations prkcieuses pour la formulation du mkcanisme. 

Ni Raney 

MCcanisme du rearrangement 
A lYCvidence la formation de I'adduit de Michael 4 intervient 
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HANQUET ET AL. 

Tolutne L 

(CH2SHl2, APTS 
Tolutne Lreflux ' 

Ph Ph 
Ph 

26' 6a' 3 

I lors des premieres ttapes du rtarrangement (voir schtma 5): 
aprks protonation de la bishomotropone et addition de l'tthane- 
dithiol, l'intermtdiaire (a) subit une prototropie et 1'61101 pro- 
ton6 (b) s'equilibre en la cttone protonte (c). Aprks le dtpart 
d'un proton on obtient l'adduit 4. 

L'intermtdiaire (c) peut tvoluer difftremment vers (d): l'a- 
tome de soufre peut attaquer l'atome de carbone 8 et le transfert 
du doublet de la liaison C8-C8, vers C5 induit le retour du 
doublet du carbonyle. Cette migration transannulaire d'une 
liaison a serait favoriste par l'attaque nucltophile du thiol et le 
caractkre attracteur de l'ion oxonium. Une autre possibilitt fait 
intervenir le cycle thiophtnique qui agirait d'abord comme 
nucltophile. A titre d'exemple nous avons represent6 sur le 
schtma 6 l'tvolution de la thioph~no[c]bishomotropone dans 
cette hypothkse. Pour Cvaluer au dtpart de (d) le comportement 
sptcifique de chacun des substrats lors des ttapes ulttrieures 
nous avons fait figurer les trois isomkres sur le schtma 5: 
l'isom2re thiophtno[c]bishomotroponique (voie A) se dts- 
hydrate avec ouverture simultante du cycle 2 trois chainons 
pour conduire 2 un benzo[c]thiophkne non isolt. La cyclisation 
de ce demier livre le naphto[l,8-bclthiophkne 3; l'isombe 
thiophtno[b]bishomotroponique conduit selon la voie B au 
benzo[b]thiophkne 6b qui se transforme in situ presque entik- 

I rement en naphto[l,8-bclthiophkne 3; si I'attaque initiale a 
concern6 l'autre motif cyclopropanique, la voie C conduit au 
benzo[b]thiophkne 6a isomkre du prtctdent qui ne peut se 
cycliser en naphto[l,8-bclthiophkne. 

La difference de rtactivitt observte entre les deux series 
isomkres concerne essentiellement le passage (c) -t (d). Lors 

de cette ttape la rupture au niveau de l'htttrocycle inttresse le 
sommet p pour la voie A alors que cette rupture conceme le 
sommet a pour la voie C. La rtactivitt difftrente entre les 
positions a et p thiophtniques est bien connue; elle explique 
que la thiophtno[b]bishomotropone subit une attaque plus 
aiste sur un des deux sites cyclopropaniques, conduisant 
prtftrentiellement 2 6a: la voie C est priviltgite par rapport 2 
la voie B. 

I1 reste 2 prtciser pourquoi la transformation conduite en 
milieu deuttrit permet la conservation totale des deuttrons, 
alors que ces demiers sont substituts lors de la demikre ttape 
dans un milieu protique. Ce rksultat est la constquence d'un 
tchange lors de la cyclisation conduisant 2 3. Un tel phtno- 
mkne a dtj2 t t t  0 b s e ~ t  par Cox et al. (6) lors de la cyclisation 
photochimique d'un thiobenzoylnaphtalkne. 

Conclusion 
Le comportement des thiophtno[c] et [b]bishomotropones 

vis-8-vis de I'tthanedithiol en milieu acide apparait trks origi- 
nal. Le compost prtsentant un groupement carbonyle prottgt 
n'apparait jamais et suivant les conditions optratoires on ob- 
tient soit un adduit de Michael, soit un dtrivt benzo- 
thiophtnique, soit un naphtothiophkne. 

L'analyse du mtcanisme de formation de ces dtrivts a t t t  
rendue possible par la mise en oeuvre de substrats deuttrib. 

Ce rtarrangement non classique fait apparaltre - au stade 
dtterminant - un transfert tlectronique concert6 entre un nu- 
cltophile doux et un acide dur. 

L'analyse comparative des spectres de rmn des produits et de 
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26 R', R2 = H 
2b' R' = D, R2 = H 

2a' R', R2 = D 2b" R1 = H, R2 = D 

4 R', R2 = H 
4' R1, R2 = D 

\ 6b R', R2 = H 3 R1, R2 = H 

leurs analogues deutCriCs s'est r6velCe trks precieuse et a permis Bruker WM 400. Un Cchantillon de 5 mg est - sauf indication con- 
de conforter de nombreuses etapes du mecanisme propose. traire - dissous dans 0,2 cm3 de CDCI,. Les dCplacements chimiques 

sont donnCs en ppm par rapport 2 SiMea et les constantes de couplage 
Partie experimentale en Hz. Les multiplicitCs sont indiquCes comme suit: s (singulet), d 

Les analyses ClCmentaires ont CtC effectukes par le Service Central (doublet), t (triplet), q (quadruplet), m (multiplet). Les spectres infra- 
d'Analyse du C.N.R.S. Les spectres de rmn 'H ont CtC enregistrks 2 rouge ont CtC relevCs sur un appareil Perkin-Elmer 580 (2 mg de 
100 MHz sur un appareil Jwl FX 100 et 2 400 MHz sur un appareil produit en suspension dans 200 mg de KBr). Les spectres de masse ont 
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HANQUET ET AL. 

CtC obtenus par impact Clectronique (30-70 eV) a l'aide d'un appareil 
Finnigan 3300. 

Thiophtnotropones deuttrites 
Diphtnyl-5,7 cyclohepta[c]thiophtnone-6 (0-4, 0-8) 
La prCparation a CtC dCcrite dans un article anttrieur (1). 
Diphtnyl-5,7 cyclohepta[b]thioph&none-6 (0-4) et diphtnyl-5,7 

cyclohepta[b]thiophtnone-6 (0-8) 
On procbde comme dans le cas precedent respectivement au dCpart 

de diformyl-2,3 thiophene (CDO-3) ou (CDO-2). Rdts = 68 et 79%, 
F = 138 et 138°C. 

Thiophtnobishomotropones 
trans Diphe'nyl-4aJa tttrahydro-4,4~.6,6~ 3bH,5aH-dicyclopro- 
pa[3,4:6,7]cyclohepta[l,2-clthiophtnone-5 (0-36, D-6a), 2a' 

On procbde comme pour son analogue non deutCriC (2), au dipart 
de la thiophCnotropone correspondante. Rdt = 62%, F = 208°C; rmn 
6: 1,43 (d, H4exo et Hs,,, J = 6,30 Hz), 2,10 (d, b e n d o  et HSCMIO, J 
= 6,30 Hz), 7,lO-7,40 (m, 12H, arom.). 

trans Diphtnyl-4aJa tttrahydro-4,4~.6,6~ 3bH,5aH-dicyclopro- 
pa[3,4:6,7]cyclohepta[l,2-b]thiophtnone-5, 2 b 

On procbde comme pour l'isombre [c] (2). Rdt = 74%, F = 190°C; 
I rmn 6: 1,44 (dd, J = 4,49 et 8,89 Hz), 1,49 (dd, K,,, J = 4 3 7  

et 9,08 HZ), 2,06 (dd, H6endor J = 4,49 et 6,20 HZ), 2,22 (dd, &-,,do, 
J = 4 3 7  et 6,64 Hz), 2,73 (dd, Hjb, J = 6,64 et 9,08 Hz), 2,86 (dd, 
H6,, J = 6,20et8,89Hz), 6,92(d, H3, J = 5,13Hz), 7,08 (d, Hz, 

I 
I J = 5,13 HZ), - 7,30 (m, 2-C6H5). 

trans Diphtnyl-4aJa tttrahydro-4,4a,6,6a 3bH,5aH-dicyclopro- 
pa[3,4:6,7]cyclohepta[l,2-blthiophtnone-5 (0-36). 2b' 

On procbde comme pour 26. Rdt = 59%, F = 189°C; rmn 6: 1,44 
(dd, H6exo, J = 5,08 et 8,91 HZ), 1,53 (d, hCxo ,  J = 5,40 HZ), 2,05 
(dd, Hscnd0, J = 5,08 et 6,29 Hz), 2,22 (d, Kc,,,, J = 5,40 Hz), 2,86 
(dd,H6,,J = 6,29et8,91 Hz),6,91 (d,H3, J = 5,19Hz), 7,08(d, 
Hz, J = 5,19 Hz), - 7,30 (m, 2-C6H5). 

trans Diphtnyl-4a,5a tttrahydro-4,4~,6,6~ 3bHJaH-dicyclopro- 
pa[3,4:6,7]cyclohepta[l,2-blthiophtnone-5 (D-6a), 2b" 

On procbde comme prCcCdemment. Rdt = 62%, F = 184°C; rmn 
6: 1,44(d, H6,,,J = 5,09Hz), 1,48(dd,K J = 5,22et9,11 Hz), 
2,07 (d, H6rndor J = 5,09 HZ), 2,20 (dd, Kmdo, J = 5,22 et 6,64 HZ), 
2,74 (dd, J = 6,64 et 9,11 Hz), 6,91 (d, H3, J = 5,19 Hz), 7,08 
(d, HZ, J = 5,19 Hz), - 7,30 (m, 2-C6H5). 

Rtactions de l'tthanedithiol et des thiophtno[c]bishomotropones 
Diphtnyl-5,6 2 H-naphto[l,8-bclthiophdne, 3 
On porte a reflux pendant 18 h 1,7 1 g (5 mmol) de bishomotropone 

2a, 0,95 g (5 mmol) d'acidep-tolubnesulfonique (APTS) et 1,26 cm3 
(15 mmol) d'kthanedithiol-1,2 dans 50 cm3 de tolubne anhydre. Le 
milieu se colore progressivement en he-de-vin. Apres refroidisse- 

I ment, on jette le mClange reactionnel sur 100 cm7 de soude 2 N, extrait 
I a l'Cther, lave les phases organiques rCunies a I'eau jusqu'a neutralitC. 
I Aprbs sCchage les solvants sont CvaporCs sous pression rCduite et 

l'huile rksiduelle est chromatographiCe sur acide silicique (Cluant: 
chlorure de mCthylbneIhexane 1 : 1). Les premibres fractions d'Clution 
- fortement colorCes en rouge-violet - sont rCunies et CvaporCes. Elles 
abandonnent 0,61 g (Rdt = 38%) du composC 3 par recristallisation 
dans 1'Cther diisopropylique; F = 17 1°C; Ir (cm-I): 3052, 301 9, 1579, 
1501, 1491, 1441, 1412, 1348, 1183, 1173, 1093, 1073, 1031, 896, 
836, 820, 794, 758, 701; rmn 6 ((CD3)~CO): 5,09 (d, -CH2-, J = 

1,47 HZ), 6,86 (s, -C6H5), 7,08 (s, -C6H5), 7,4 1 (d, H4, J = 7,5 1 
HZ), 7,50 (d, H,, J = 7,51 HZ), 7,54 (d, H7, J = 7,39 Hz), 7,71 (dt, 
H,, J = 7,39et 1,47 Hz); m/e: 324(M), 323 (M - H), 247 (M - 
C6H5), 202 (247 - CHS). Anal. calc. pour C2,H16S: C 85,14, H 497 ,  
S 9,88; trouvC: C 85,13, H 4,95, S 9,79. 

Diphtnyl-5,6 2H-naphto[l,8-bc]thiophdne (0-3, 0-8), 3' 
La prtparation de 3' est identique a celle de 3 mais elle est conduite 

en prksence d'APTS-OD prCparC en dissolvant 0,19 g (I mmol) d'AP- 
TS dans 50 cm3 de toluene anhydre et 5 cm3 d'eau lourde. Aprbs 15 
min dlCchange a 50°C I'eau est entrainCe sous forme d'aztotrope. 
L'opCration d'Cchange isotopique est renouvelCe trois fois. On ajoute 
ensuite 0,31 g (1 mmol) de la bishomotropone 2a' et 1 cm3 
dlCthanedithiol-1,2 (12 mmol). Aprbs traitement, on isole 0,02 g de 
3'. Rdt = 7%, F = 170°C; ir (cm-I): 3050, 3018, 1558, 1492, 1441, 
1396, 1348, 1072,904, 754,700; rmn 6 ((CD3)2CO): 5,08 (s Clargi, 
-CHz-), 7,05 (s, -CsH5), 7,07 (s, -C6H5)r 7,41 (s, H4), 7 3 4  (s, 
H7); m/e: 326 (M), 249 (M - C6H5). 

Diphtnyl-4a.6 (Pthanedithiolylj-8 hexahydro-4,4a.5,6,7,8 3bH- 
cyclopropa[3,4]cycloocta[l,2-c]thiophtnone-5, 4 et dipht- 
nyl-5,6 (tthanedithiolylj-8 dihydro-6,7 8H-naphto[l,8-bc]- 
thiophdne, 5 

Aprbs 12 h de chauffage a reflux de 1,02 g (3 mmol) de 2a, 0,57 
g (3 mmol) d'APTS et de 1,26 cm' (15 mmol) d'kthanedithiol dans 30 
cm3 de benzbne anhydre, on obtient un mClange de deux composCs 
principaux, sCparCs par chromatographie sur acide silicique (chlorure 
de mtthylbne/hexane 1 :2). Les premibres fractions d'tlution con- 
tiennent 0,05 g (Rdt = 4%, F = 90°C) de 5, les dernibres fractions 
abandonnent 0,28 g (Rdt = 21%, F = 128- 134°C) de 4. Compost4: 
ir (cm-I): 3096,3086,2568, 1702, 1492, 1060,802,698; rmn 6: 1,25 
(dd, H4exo, J = 4,11 et 8,30Hz), 1,63 (t,-SH, J = 7,94Hz), 2,12 
(dd, H4<,,do, J = 4,1 I et 5,98 HZ), 2,28 (ddd, H7rx0, J = 3,22, 6,51 
et 13,72 HZ), 2,48 (ddd, H7<,,do, J = 2,68, 1 1,97 et 13,72 HZ), -2,70 
(m, -SCH2CHzS-), 3,22 (ddd, H,,, J = 1,46, 5,98 et 8,30 Hz), 
4,33(dd, H8,J = 2,68et6,51 Hz),4,49(dd, H6,J = 3,22et 11,97 
Hz), 6,90-7,45 (m, 12H, arom.); m/e: 436 (M), 375 (M - 
CH2CH2SH), 342 (M - (CH2SH)2). Anal. calc. pour Cz5Hz40S3: C 
68,76, H 534 ,  0 3,66, S 22,03; trouvC: C 68,96, H 5,58, 04 ,17 ,  S 
21,28. Compost 5: ir (cm-I): 3058, 3026, 2562, 1493, 1449, 1439, 
824, 778, 763, 700; rmn 6: 1,62 (t, -SH, J = 8,00 Hz), 2,35 (m, 
CH2(7)), 2,65 (m, -SCH2CH2S-), 3,81 (ddd, H,, J = 1,98, 4,39 
et 6,37 Hz), 4,39(t, H6, J = 3 3 1  HZ), 6,70-7,20(m, 10H,arom.), 
7,29 (d, H3, J = 8,57 HZ), 7,46 (d, H,, J = 1,98 HZ), 7,83 (d, Hq, 
J = 8,57 Hz); m/e: 418 (M), 324 (M - (CHzSH)2), 247 (324 - 
CsH5). 

Diphtnyl-4~,6 (tthanedithiolylj-8 hexahydro-4,4a.5,6,7,8 
3bH-cyclopropa[3,4]cycloocta[l,2-clthiophtnone-5 (D-3a, 
0-6 ,  08)  4' 

Aprbs Cchange isotopique au dCpart de 0,19 g (1 mmol) d'APTS 
dans 50 cm3 de benzbne, on ajoute au milieu rkactionnel 0,34 g 
(1 mmol) de 2a' et 1 cm3 (12 mmol) d'kthanedithiol-l,2. Les quan- 
titCs mises en jeu ne permettent d'isoler que 0,21 g de 4' analogue 
deutCriC de 4. Rdt = 48%, F = 136- 138°C; ir (cm-I): 2940, 2910, 
2560,2300, 1696, 1498, 1492, 1037,760,698; rmn 6: 1,23 (d, K,,, 
J = 4,03 HZ), 1,62 (t, -SH, J = 7,69 HZ), 2,11 (d, H4endor J = 4,03 
HZ), 2,25 (d, H7ex0, J = 13,79 HZ), 2,46 (d, H7<,,do, J = 13,79 HZ), - 2,70 (m, -SCH2CHzS-), 6,90 - 7,45 (m, 12H, arom.). Anal. 
calc. pour CzSHz1D30S3: C 68,32, 0 3,64, S 21,84; trouvC: C 68,30, 
0 4,39, S 21,36. 
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Reactions de l'ethanedithiol et des thiophkno[b]bishomotropones 
PhCnyl-6 (phenyl-I' dithiolannyl-3' n-propy1)-7 benzo[c]thio- 

phkne, 6a, phenyl-5 (phenyl-I' dithiolannyl-3' n-propyl)4 
benzo[c]thiophtne 6b et 2H-naphto[l,8-bclthiophkne, 3 

Au dCpart de 1,71 g (5 rnrnol) de la bishornotropone 26, de 0,95 g 
(5 rnrnol) d'APTS et de 2,O crn3 (25 rnrnol) d'kthanedithiol-1,2 dans 
60 crn3 de tolutne ?i reflux pendant 12 h, on isole aprks traiternent 
0,02 g du compose 3 precCdernrnent dtcrit ( F  = 17 1°C, Rdt -2%) et 
1,18 g du melange 6a + 66 ( F  = 132"C, Rdt = 56%); ir (crn-I): 
3080,3055,3023, 1494, 1447, 1438,820,746,720,700; rmn 6 (400 
MHz, (CD,)2CO): 2,75 (rn, -CH2-), -3,lO (rn,-SCH2CH2S-), 
4,13 (dd, H3,, J = 5,74 et 8,42 Hz), 4,84 (dd, HI.,  J = 6,71 et 8,91 
Hz), 7,00 - 7,40 (rn, ]OH, arorn.), 7,30 (d, H5, J = 8,11 Hz), 7,45 
(d, H3, J = 5,47 Hz), 7 3 9  (dd, H2 (66), J = 0,53 et 5,47 Hz), 7,60 
(d,H2(6a),J=5,47Hz),7,86(d,H4,J=8,11Hz);m/e:418(M), 
324 (M - (CH2SH)2), 300 (M - C4HaS2), 105 (C3H5S2). Anal. calc. 
pour 6a + 66, C25H22S3: C 71,72, H 5,30, S 22,98; trouvC: C 71 3 6 ,  
H 5,45, S 22,92. 

Phenyl-6 (phenyl-I' dithiolannyl-3' n-propy1)-7 benzo[b]thiophtne 
( 0 4 ) .  6a' 

On optre cornrne dans le cas precedent: au dtpart de 1,71 g (5 
rnrnol) de 26' on isole successivernent 0,008 g de 3 (Rdt -0,5%) et 
0,46 g de 6a' ( F  = 132"C, Rdt = 22%); rmn 6: 2,75 (rn, -CH2-), 
-3,OO (rn, -SCH2CH2S-), 4,15 (dd, H3,, J = 5,80 et 8,36 Hz), 
4,83 (dd, HI., J = 6,74 et 8,70 Hz), 7,O-7,3 (rn, 13H, arorn.); m/e: 
419 (M), 325 (M - (CHzSH),), 301 (M - C4HaS2), 105 (C3H5S2). 

I Anal. calc. pour CZ5HZ1DS3: C 71,59, S 22,89; trouve: C 72,02, S 
22,82. 1 Phenyl-6 (phenyl-I' dithiolannyl-3' n-propyf)-7 benzo[b]thioph2ne 

- ~~ 

(0-3'), %a" 
De rnCrne 1,71 g (5 rnrnol) de 26" conduisent a 0,025 g de 3 (Rdt 

- 1,5%) et 1,l  l g de 6a" ( F  = 132"C, Rdt = 53%). rmn 6: 2,75 (rn, 
-CH2-), -3,OO (rn, -SCH2CH2S-), 4,84 (dd, HI, ,  J = 6,65 et 
8,72Hz),7,0-7,3(rn, 13H,arorn.),7,75(d,&,J= 8,06Hz);m/e: 
419 (M), 325 (M - (CHZSH),), 301 (M - C4HaS2), 106 (C3H4DSz). 
Anal. calc. pour G5H2,DS3: C 71,59, S 22,89; trouvC: C 71,65, S 
22,60. 

Transformations au depart des composes 6a et 6b 
PhCnyl-6 (phtnyl-I' 0x0-3' n-propy1)-7 benzo[b]thiophtne, 7 
Suivant la procedure de Wolfrorn (7), on agite B la temperature 

arnbiante 0,42 g (1 rnrnol) du rnClange des dithiolannes 6a + 66, 8,00 
g (30 mmol) de chlorure rnercurique dans 60 crn3 d'acktone et 10 crn3 
d'eau distillte. On ajoute ensuite, en quatre fractions, 8,00 g (46 
mmol) de carbonate de cadmium toutes les deux heures. Aprks trai- 
ternent le rCsidu obtenu est chromatographi6 sur acide silicique (chlo- 
rure de mCthylknelhexane 1 : 1). La transformation n'est pas totale, 
elle permet d'isoler 0,03 g de I'aldChyde rnajoritaire 7 ( F  = 133"C, 
Rdt = 10%); ir (crn-I): 3094,3054,1724,1450,1087,752,720,698; 
rmn 6: 3,18 (ddd, J = 1.96, 7,30 et 16,80 Hz), 3,48 (ddd, Hz,,,, 
J =  2,42, 8,07et 16,80Hz),5,24(dd,HI, ,J= 7,30et8,07Hz),7,0 
-7,3 (rn, 13H, arorn.), 7,75 (d, H4, J = 8,05 Hz), 9 3 5  (dd,-CHO, 
J = 1,96 et 2,42 Hz); m/e: 342 (M), 324 (M - H20), 298 (M - 
C2H40). Anal. calc. pour CZ3HlsOS: C 80,67, H 5,30,O 4,67, S 9,36; 
trouvC: C 81,17, H 5,18, 0 5,08, S 8,81. 

Phtnyl-1 e'thyl4 (phtnyl-I' n-propy1)-2 benztne, 8 
On prepare le nickel de Raney au depart de 8 g d'alliage et de 30 

crn3 de lessive de soude i. 30%. On agite rnagnktiquernent 0,35 g (0,83 
mmol) du melange des dithiolannes 6a + 66 en presence du cata- 
lyseur, dans 40 crn3 d'tthanol. Aprks 16 h de reflux on Clirnine le 
nickel et on Cvapore le solvant. Aprts chromatographie sur acide 
silicique (chlorure de rnCthylkne/hexane 1 : I), on isole un liquide (Rf 
- 0,3), Rdt = 80%; u (crn-I): 3058, 3025,2963,2931,2872, 1600, 
1494, 1482, 1451, 1009, 830, 763,700; rmn 6: 0,70 (t, CH3(3'), J = 
7,40 Hz), 1,19 (t, CH3(2"), J = 7,60 Hz), 1,92 (quintuplet, CH2(2'), 
J = 7,40 HZ), 2,60 (q, CH2(lU), J = 7,60 Hz), 3,86 (t, CH(I1), J = 
7,40 Hz), 6,8 -7,2 (rn, 13H, arorn.); m/e: 300 (M), 271 (M - C2H5), 
193 (271 - C6H6). Anal. calc. pour C23H24: C 91,95, H 8,05; trouvC: 
C 90,83, H 8,02. 

TABLEAU 3. CoordonnCes fractionnaires ( X  lo4) et agi- 
tation therrnique Cquivalente 

Atorne x Y z B e ,  

Paramitres cristallins et groupe spatial de 3 
cz3H16S rn-= 324 
Monoclinique, a = 11,71!(4), 6 = 9,707(6), c = 15,452(9) A, P = 
109,41(4)', V = 1652,6 A3, Z = 4, D, = 1,30, F(000) = 680 e-, 
CuK, (A = 1,54051 A), groupe d'espace P2, lc .  Un cristal de dirnen- 
sions 0,2 X 0,  l X 0,2 rnm a CtC utilisC pour cette analyse. Les rnesures 
ont CtC effectuCes sur un diffractornktre autornatique Nonius CAD4F 
avec un contrGle de derive realis6 sur trois taches rnesurkes toutes les 
cent rnesures. Les intensites de 3159 reflexions (1 < 0 < 60") ont Ct6 
enregistrees selon la technique de balayage 8/20 et 21 18 d'entre elles 
ont CtC utiliskes (I > 2 0  (1)). La structure a Cte resolue par la rnCthode 
de dkterrnination autornatique des phases i I'aide du programme 
MULTAN (8). Elle a kt6 affinCe par une rnCthode de rnoindres carrCs 
avec matrice cornplkte (SHELX) (9). Les valeurs des facteurs de 
diffusion atornique sont celles de "International Tables for X-ray 
Crystallography". Les corrections d'extinction n'ont pas CtC effec- 
tuCes et I'absorption a kt6 negligee cornpte tenu de la taille du cristal 
(coefficient IinCaire p, = 13 crn-I). Dans I'affinernent par rnoindres 
carrCs la ponderation w est rnaintenue 6gale i 1. La densite Clectro- 
nique difference observCe sur la carte finale est de 0,45 e/A3. Les 
coordonnCes des atornes d'hydrogkne ont CtC determinkes B partir de 
section difference puis affinCes avec un facteur d'agitation therrnique 
isotrope bloquC Cgal B celui du carbone auquel il est attachb. ~ e s  
valeurs des differentes coordonnCes fractionnaires et le pararnktre 
d'agitation thermique Cquivalent sont donnts dans le Tableau 3. Le 
facteur de reliabilitk sans ponderation est R(F) = 0,059. Les arnpli- 
tudes des facteurs de structure, les coordonntes fractionnaires des 
atornes d'hydrogkne et les facteurs d'agitation therrnique anisotropes 
des atornes lourds sont disponible~.~ 

1. B. HANQUET, Y. DUSAUSOY et R. GUILARD. J. Chem. Soc. Perkin 
Trans. 1. Sous presse. 

2. B. HANQUET, R. GUILARD et P. FOURNARI. Bull. Soc. Chirn. Fr. 
571 (1977). 

Ces donnCes ont CtC deposCes et peuvent Ctre obtenues h un prix 
nominal, en s'adressant au DCpGt de donnCes non publiCes, ICIST, 
Conseil national de recherches du Canada, Ottawa, Ont., Canada 
KIA 0S2. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HANQUET ET AL. 2099 

3. (a) P. FRIEDLANDER et N. W o ~ o s ~ z o w .  Justus Liebigs Ann. 
Chem. 1 (1912); (b) L. F. FIBER et V. DESREUX. J. Am. Chem. 
Soc. 60, 2255 (1938); (c) D. G. HAWTHORNE et Q. N. PORTER. 
Aust. J. Chem. 19, 1909 (1966); (d) U. FOLLI, D. IAROSSI et 
F. TADDEI. J. Chem. Soc. Perkin Trans. 2, 933 (1974). 

4. PANIC. Parameter Adjustment in NMR by iterative calculation. 
Programme Bruker Version 820601.2. 

5. B. H. NICOLET. J. Am. Chem. Soc. 53, 3066 (1931). 
6. A. Cox, D. R. KEMP, R. LAPOUYADE, P. DE MAYO, J. JOUSSOT- 

DUBIEN et R. BONNEAU. Can. J .  Chem. 53, 2386 (1975). 
7. M. L. WOLFROM. J. Am. Chem. Soc. 51, 2188 (1929). 
8. P. MAIN, S. E. HULL, L. LESSINGER, G. GERMAIN, J. P. LECLERCQ 

et M. M. WOOLFSON. MULTAN 78. A system of computer pro- 
grams for the automatic solution of crystal structures from X-ray 
diffraction data. UniversitCs de York et de Louvain. 

9. G. M. SHELDRICK. SHELX 76. A program for crystal structure 
determination. UniversitC de Cambridge. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Towards a complete account of diastereotopic hydrogen isotope exchange of carbon 
acids. 111. Base-catalyzed exchange of sulfoxides. Evidence for exchange by inversion 
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NICK HENRY WERSTIUK and SUJIT BANERJEE. Can. J .  Chem. 63, 2100 (1985). 
The rate constants for deuteroxide and hydroxide catalyzed H + D and D + H exchange of benzodihydrothiophene oxide 

. . .  
( l a )  and several of its deuterated analogs lb ,  l c ,  and Id  at 30.00 ? 0.05"C are reported along with the rate constants for D 

....... , . . . . . . , . 7  . . . . .  . .  . . . .  
+ H exchange of deuterated benzyl methyl sulfoxides 2b and 2c. Application of the steady-state assumption to schemes 

. . . , . .  . . . . . . . . . . .  .. . . . . involving equilibrating pyramidal anions yield equations which are used to fit experimentally determined (kf/ks)H+D and 
(kf/ks)D'H ratios. The analysis supports our view that exchange of the diastereotopic protons (deuterons) occurs by inversion. 
The inversion component contributes significantly to exchange of the "slow" proton (deuteron) of a diastereotopic pair and this 
accounts for the observation that (kf/ks)D'H < (kf/ks)H-rD. This study establishes an upper limit of 6 kcal for the barrier to 
inversion of the carbanions derivable from 1 and 2, if pyramidal anions are formed. 

NICK HENRY WERSTIUK et SUJIT BANERJEE. Can. J. Chem. 63, 2100 (1985). 
OpCrant 30,00 ? 0,05"C et en prCsence de deutkroxyde et d'hydroxyde comme catalyseurs, on a mesurC les constantes 

de vitesse des rkactions d'tchange H + D et D + H, de I'oxyde de benzodihydrothiophkne et de plusieurs de ses analogues 
deutCrCs (lb,  l c  et Id)  ainsi que les constantes de vitesse des rkactions d'Cchange D + H des benzylmCthylesulfoxydes 
deut6rCs 2b et 2c. Si on applique l'hypothkse de 1'Ctat stationnaire aux processus impliquant un Cquilibre des anions 
pyramidaux, on obtient des equations que I'on peut utiliser pour Ctablir une corrdation avec les rapports (kr/k,)H+D et 
(kf/k,)D'H obtenus expCrimentalement. L'analyse est en accord avec notre hypothkse selon laquelle 1'Cchange des protons 
(deutkrons) diastCrCotopes se fait par inversion. La composante de I'inversion contribue d'une fa~on importante ?i 1'Cchange 

I du proton (deuteron) "lent" d'une paire diastCrCotope et ceci tient compte du fait que (kf/k,)D'H < (kf/k,)H+D. S'il se forme 
des anions pyramidaux, cette Ctude a permis d'Ctablir B 6 kcal la limite supCrieure pour la barriere d'inversion des carbanions 

1 provenant des composCs 1 et 2. 
I 

I [Traduit par le journal] 

I 
! Introduction 
I 

The stereochemistry of base-catalyzed hydrogen isotope ex- 
change of carbon acids other than ketones has commanded 
considerable interest over the past two decades, and there have 
been documented numerous studies of the rates of "fast" 
and "slow" exchange of diastereotopic protons of sulfoxides 
(1 - 19,33), sulfones (20-28), sulfonium salts (29-34), nitro- 
soamines (35-37), and other carbon acids (38, 39). Re- 
searchers were primarily interested in establishing the nature of 
the intermediate carbanions - planar or rapidly equilibrating - 
and the factors which control their stability. 

By studying H + D and D + H exchange of bicyclo[2.2. I ]- 
heptan-2-one we established that exchange of diastereotopic 
protons (deuterons) is quite complex - exchange of the "slow" 
proton (deuteron) by inversion is very important and is manifest 
in a (k Jks)D'H ratio which is considerably smaller than the 
(kf/ks)H'O ratio (40). We assumed that a common enolate was 
generated by abstraction of a fast (exo) proton or slow (endo) 
proton and developed equations which related the observed rate 
ratios, (kf/k,)H-D and (kf/k,)D'H, to the intrinsic selectivity, the 

. ., 
. . . . .  . . . . . , . . 

primary and secondary kinetic isotope effects (KIEs) for de- 
. . . . . . . , . . . ,  . . . .  . . . . . . . 

protonation and protonation, and the solvent isotope effects 
I (SIES) (41). 

In this paper we deal with more complex exchange schemes 
which include pyramidal diastereotopic carbanions as inter- 
mediates. We report the rate constants for H+D and D+H 
exchange of benzodihydrothiophene oxide ( l a )  and several of 
its deuterated analogs l b ,  l c ,  and I d ,  the rate constants for 
D + H exchange of benzyl methyl sulfoxide-d,,, and consider 
exchange data for labelled benzyl methyl sulfoxides published 

'Present address: Safety and Environmental Protection Division, 
Brookhaven National Laboratory, Upton, New York 11973. 

by Fraser and Ng (18). It is clear, based on our analysis, 
that exchange of the slow proton of sulfoxides also occurs by 
inversion to a considerable extenL2 We place an upper limit 

2For the purposes of simplicity our treatment ignores the fact that 
exchange of the fast proton must also occur by inversion to a very 
minor extent. This relates to k:'kEd kF+H used in subsequent 
derivations. Also, when kr >> k,, k ,,,, = k, VD. 
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WERSTIUK AND BANERJEE 2101 

FIG. 1. (A) Plot of In % <o-sulfoxide versus time for exchange of l a  in 0.0064 M NaOD-D20 at 30.00 k 0.05"C. (B) Plot of In % 
d4-sulfoxide versus time for exchange of l b  in 0.0233 M NaOH-H20 at 30.00 ? 0.05"C. (C) Plot of In % d,-sulfoxide versus time for exchange 
of l a  in 0.0064 M NaOD-D20 at 30.00 k 0.05"C after a 4-min interval. (D) Plot of In % d2-sulfoxide versus time for exchange of l b  in 0.0233 
M NaOH-H20 at 30.00 5 0.05"C after a 40-min interval. 

TABLE 1. Second-order rate constants for hydroxide 
(deuteroxide)-catalyzed hydrogen isotope exchange of 

benzodihydrothiophene oxide at 30.00 ? 0.05"C 

k (M-' min-')b 
Exchangea Per H(D) kr/ks 

- -- 

trans H + D (la)' 19.54k0.57 59.2k3.5 
cis H+ D (ld)* 0.33?0.01 
trans D+ H (lb)' 2'94k0'01 17.322.3 
cis D+ H ( 1 ~ ) ~  0.17r0.01 

"Exchange cis and trans to the sulfoxide oxygen. 
bErrors given are twice the standard deviation. 
'[Base] = 0.0064 M ;  average of two determinations. 
d[Base] = 0.0064 M ;  average of two determinations. 
'[Base] = 0.0233 M ;  average of three determinations. 
'[Base] = 0.0233 M ;  average of two determinations. 

on the barrier to inversion of diastereotopic anions if they 
are generated from 1 or 2. Our analysis, however, points to 
involvement of a single intermediate in the exchange of 1 
and 2. 

Results 
The kinetics of H -+ D and D + H exchange of benzo- 

dihydrothiophene oxide ( l a )  and its deuterated analogs l b ,  l c ,  
and I d  were studied in NaOD-D20 and NaOH-H20 
solutions, respectively, at 30.00 + 0.05"C. D + H ex- 
change studies of benzyl methyl sulfoxide-d2 and benzyl 
methyl sulfoxide-d, were also undertaken. The sulfoxides were 
dissolved in the appropriate base solution; aliquots were with- 
drawn at suitable intervals, quenched by a buffer, and extracted 
with ether. Deuterium analyses were carried out mass spectro- 

TABLE 2. Second-order rate constants for hydroxide- 
catalyzed D + H exchange of deuterated benzyl methyl 

sulfoxides at 30.00 2 0.05"C 

Substrate k (M-' min-') x 102a.b (kr/ks)IhH 

"Exchanges were carried out in 0.68 M  NaOH-H20. 
*Errors are expressed as twice the standard deviation. 
'Average of two determinations. 
dSingle determination. 

metrically at low voltage and the rate data were uncorrected for 
dilution due to exchange (42). The results for l a ,  l b ,  l c ,  and 
I d  are given in Table 1 along with the (ki/ks)H"D and 
(ki/k,)D'H ratios, which are 59.2 + 3.5 and 17.3 -C 2.3, re- 
spectively. Figures 1(A) and 1(B) show typical computer- 
generated plots, including the linear-least-square lines, for 
trans H + D exchange of l a  and D + H exchange of l b .  
Figures 1(C) and 1(D) show the plots for cis H + D and D + 
H exchange of l c  and I d ,  respectively. Our value of 59.2 -C 
3.5 for (ki/ks)H"D compares favourably with the value of 67 at 
5°C reported by King and du Manoir, who established that the 
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FIG. 2. (A) Plot of In % d2-sulfoxide versus time for exchange of 2a in 0.68 M NaOH-HzO at 30.00 O.OS°C. (B) Plot of In % dl-sulfoxide 
versus time for exchange of 2b in 0.68 M NaOH-H20 at 30.00 2 O.OS°C after a 100-rnin interval. 

hydrogens trans to the oxygen of l a  exchange faster than the - kt:, -- kg.  However, if the barrier to inversion is low and 
cis hydrogens (15). Table 2 gives the data for exchange of 2b  k3 is comparable to or larger than k2, then I, given by eq. [4], 
and 2c and (kf/ks)D'H that is 10.8 t 1.3. Figures 2(A)  and 2(B) corresponds basically to an inversion component of slow 
are typical computer-generated plots for exchange of 2b  and proton (deuteron) exchange and makes a substantial contri- 

b D  2c,  respectively. In 2 it is the pro-R hydrogen of S that ex- bution to k,,,, with the result that k,!zD > k6. Clearly, under 
changes faster than the pro-S hydrogen (7). The (kf/ks)D+H 
ratios determined by ourselves and Fraser and Ng (9.9 t 0.03) [4] I = k ,  [1 - 
(1 8) compare very favourably . I k3 

C + - (k;k5)  
k2 

Discussion .and conclusions 
Derivations of equations for H-D exchange 

If Scheme 1 (F-G = functional group) is considered for H 4 

D exchange of a carbon acid involving diastereotopic pyr- 
amidal anions as intermediates, then a steady-state treatment 
using AHf, AH,, and D ,  as steady-state intermediates yields the 
expression given in eq. [ l ]  for ksH+D.3 Rewriting eq. [I] with 
C given by eq. [2] yields eq. [3]. 

these circumstances, (kf /k , )yzD does not provide an accurate 
measure of the intrinsic selectivity. If SD is the intrinsic selec- 
tivity in deuterated medium, V ,  and L,  are the primary KIEs 
for "fast" and "slow" deprotonations, Vb and Lb are the prima- 
ry KIEs for protonation, and v ,  and l ,  are the secondary KIEs, 
then the following relationships obtain: 

If two terms a ,  and bD defined as a ,  = k3/k2Vb and b D  = 
k4/k;Lb are used, then b D  = aDSD. Substitution of the appro- 
priate terms into eq. [I], and simplification, yields eq. [5]. 

When k3/k2 is small - the barrier to inversion of AHf is high Since k6 = k5~D/SD1~ -- ~ I V D / S D ~ D  and k:', = ~ I V D ,  eq. [5] 
yields eq. [612 that can be rewritten as eq. [7] since b D  = aDSD. 

As discussed in our preceding paper (41), it is likely that more 1 
co:plex alternatives, perhaps more quantitative analyses of the ex- [61 kkzD ,:D kk;'{= 
change of diastereotopic protons (deuterons, tritons), are possible. 
However, in our view, our analysis is a viable approach when k ,  >> 

+ %[ 
~ D S D L D  

k ,  and D, and H ,  can be considered as steady-state intermediates. V D  SD(bDLDLb + aDVbLD + LD + bDvDLb 1 1 
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[8]  ( 2 ) H - D = l D S D  s obs 

If a D  is small ( k 3  << k2) or equal to 0 - the barrier to 
inversion is high or non-inverting anions are formed - then eq. 
[7]  simplifies into eq. [ 8 ] ,  exactly what would be expected if 
diastereomeric anions were formed and fast and slow exchange 
occurred only by retention. 

In the case where a D  is large - the barrier to inversion is 
considerably smaller than the barrier to protonation - and SD 
> VD > v,, eq. [9]  obtains. 

191 (:)H-D I ~ D L ~ , S D  
s obs v f, L f ,  + - 1 ,  

V D  
That eq. [9]  is exactly what is obtained in a simpler treatment 
when only a single intermediate is considered, i.e., ketones 
(40 ,  41 ) ,  provides support for the validity of our analysis: the 
case where a D  is large ( k 3  >> k2) is equivalent to the case where 
a single intermediate is generated. If the deprotonation and 
protonation KIEs are similar in magnitude - V D  = V f ,  - LD = 
L f ,  - and set equal to i  and the secondary KIEs are = 1 ,  eq. 
[9]  simplifies to eq. [ l o ] .  

Presently there is no information available on the relative 
magnitudes of the isotope effects although it is expected that 
the protonation KIEs should be equal to or less than the de- 
protonation KIEs. Limited data available for ketones (41) in- 
dicate that the protonation KIEs are equal to or less than the 
deprotonation KIEs. 

Derivation of equations for D + H exchange 
If Scheme 2 is considered for D + H exchange of a carbon 

acid where diastereotopic pyramidal carbanions are inter- 
mediates, then a steady-state treatment involving ADr, AD,, 
and H s  as steady-state intermediates yields expression [ l l ]  for 

D-H 
. 

If C' is the collection of constants given by eq. [12 ] ,  then 
eq. [ 1 1 ]  can be rewritten as eq. [13 ] .  

When the barrier to inversion of ADr is high - k,/k2 is small 
- then k,"zH - k6.  However, if the barrier to inversion is low 
and k3 >> k2,  then k,"zH > k6. If SH is the intrinsic selectivity, 
V H  and L H  are the primary KIEs for fast and slow depro- 
tonation, respectively, in non-deuterated medium, v ,  and 1 ,  
are the corresponding secondary KIEs, and, given that SH 
'. k4k2LH/k3k;vH '. k l v H / k ; l H  L- k s V ~ / k ~ L ~ ,  kS I- k l v H / V H ,  
a~ = k3vH/k2 ,  b H  = k41H/k;, and b H  = a H S H ,  eq. [14] obtains. 

Since SH - kSVH/k6LH and kS - klvH/VH, eq. [I41 can be rewritten as eq. [15 ] .  

Since k l  - kP+HVH, eq. [15] can be rewritten as eq. [16] .2  
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TABLE 3. Hydrogen isotope exchange of benzyl methyl sulfoxidea 

Substrate Medium H D T 

NaOH - H20 
(0.04 M) 

"Taken from ref. 18. 
bExchange actually occurs on the Dr substituted species because k r  = 21.6 k,. 

If the barrier to inversion of mi is high (k3 << k2 and a, 
approaches 0) or exchange occurs only by retention, then eq. 
[16] reduces to eq. [17]. The result is exactly what would be 
expected for those cases. When a, is large - the barrier to 

inversion is considerably smaller than the barrier to protonation 
- and SH is larger than the KIEs, eq. [17] reduces to eq. [IS]. 
If the deprotonation and protonation KIEs 

are similar in magnitude and set equal to i and the secondary 
KIEs -- 1, eq. [18] further reduces to eq. [19]. 

That eqs. [18] and [19] are identical to the equations for 
(kf/ks)fLH obtained previously, utilizing a scheme where a 
single intermediate (40, 41) is generated, i.e., from ketones, 
establishes the validity of our approach and the equations 
generated therefrom. 

When a ratio of [10]/[19] is taken, eq. [20] results. 

(3)H+D S D ~ D  

Since SD = SH and iD = iH are set equal to i, eq. [20] reduces 
to eq. [21]. 

3.41 +- 0.66, a reasonable value for i (vide infra). In Table 3 
are listed data for hydrogen isotope exchange of benzyl methyl 
sulfoxide and its deuterated and tritiated analogs published by 
Fraser and Ng (18). The (kf/ks)H'D, (kf/ks)D+H, (kf/ks)H'T, and 
(kf/ks)T"H ratios calculated from the data are 22.9 +- 0.7, 
9.9 +- 0.03, 21.8 +- 0.2, and 10.0 +- 0.02, respectively. The 
H + DID + H ratio for 2 is 2.31 5 0.14. Since (kH/kT)( = 
2.99, application of the Swain-Schaad relationship yields a 
value of 2.2 for (kH/kD)f. Since (kH/kD)r = i, the correlation 
between the value of the ratio (i)  given by eq. [21] and the 
experimentally obtained isotope effect for 2 is noteworthy and 
confirms the validity of our treatment. 

Since eq. [22] holds for fast exchange of 2 in deuterated and 
non-deuterated medium (SIE, = SIE,) 

and V, = VD = 2.2, and v, the secondary KIE in non- 
deuterated medium should fall in the range of 1.1 - 1.2, SIEf 
can range from 1.8 1 - 1.5 1, mid-range being around 1.6. The 
range evaluated for SIEr is reasonable, based on the solvent 
isotope effects4 that have been determined for a variety of 
carbon acids. The analysis also establishes that the secondary 
KIE for fast deprotonation (vD) is in the range expected for an 
sP3 + "sp2-like" process. A mid-range value of 1.15 will be 
used in subsequent discussions and calculations and it is as- 
sumed that v D  = 1, = v, = 1,. Since klD', is obtained from 
exchange of l b  that has two P-deuterons, assuming that the 
P-KIEs are cumulative, the H + DID + H ratio for 1 is given 
by eq. [23]. 

(?)YID 4 ~ h e  SIEs for hydroxide-catalyzed reactions of nitroethane, 2-nitro- 

[211 - = i propane, acetone, phenylacetylene, tert-butylmalononitrile, 9-fluor0- 

(?)::, enylmethane, and 1 ,4-dicyano-2-butene are 1.40, 1.35, 1.47, 1.33, 
1.72, 1.49, and 1.38, respectively (43). Based on our analysis, values 
of 1.4 and 2 .4  reported by Rauk et al. (44) for the secondary KIE and 

From the data in Table 1 the ratio given by eq. [21] for 1 is SIE, respectively, seem unusually high. 
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Since vHP should range between 1 and 1.1, VH for 1 should 
fall in the range of 3.6-3.0 assuming that SIEr = 1.6 (vide 
supra). The correlation between VH evaluated using eq. [23] 
and i obtained from eq. [21] is significant and provides addi- 
tional support for the validity of this treatment. There is a 
significant inversion component to the exchange of the slow 
proton (deuteron or triton) of a diastereotopic pair. 

between the (kf/ks)H'D and (kf/ks)D'H ratios, it is necessary, in 
principle, to include solvent isotope effects for fast and slow 
exchange to obtain a more accurate measure of the intrinsic 
selectivity. It should be noted, however, that the effect on the 
rate ratio is minimal if SIEf -- SIE,, which is most likely in 
these cases because the fast-slow reactivities for 1 and 2 are 
not vastly different. Given the expressions for SD developed for 
H + D exchange (vide supra) and since SIEl = SIE6 and SIES 
= SIEl, assuming that the SIEs for inversion of the diastereo- 

Derivation of equations for H + D exchange including solvent meric anions are negligibly small, substitution of the appro- 
isotope effects priate terms for SD, aD,  and bD, which now include the SIES,~ 

Although our analysis adequately accounts for the difference into eq. [ l ]  yields eq. [24]. If a, is small - the barrier to in- 

U~V~SIE:SIE; aDVDLASIEISIE6 
(LDSD) (~DLASDSIE:  + sIE2 + SIE:SIE; + 

[24] (;) ,)"" = L D 

s O ~ S  aDVbSIEISIE;SIE6 U ~ V ~ L A S I E :  a D I D ~ ~ ~ D ~ ~ ~ : ~ ~ ~ ;  
aDLASDSIEISIE6 + 

SIE2 
+ SIElSIE;SIE6 + + 

LD VDSIE2 

version is high or two non-inverting anions are generated - then eq. [24] reduces to eq. [25], 

[25] = 
1DSDSIEl 

s O ~ S  SIE, 
exactly what would be expected for those cases. If a D  is large - the barrier to inversion is less than the barrier to protonation - 
and SD > VA, LA, SIE,, SIE,, or v,, eq. [24] simplifies to eq. [26]. 

From eqs. [IS] and [26] we obtain eq. [27]. 

SIEISIE; 
k H-D k D-H 

[271 (t) (i) = 
[L' + (q!Is1~6 [ SHLHvH 

I LDLASDSIEI VH(LH~H + V H ~ )  I 
Since SIEl = SIEf, on the assumption that VD = VA = LA = 
LH, and lD, v,, and 1, = 1, and SIEl = SIE,, SIE, = SIE;, eq. 
[27] can be transformed into eq. [28] using eq. [23]. Since SIEl 
= SIEf was shown to be in the region of 1.6 (vide supra) and 

K s 

SIEl = SIE,, and since kf and k, are not vastly different, 
k?-D/k?'H, given by eq. [28], should be in the region of 
1.8-2.2 if v, is set equal to 1.15 and vHP lies between 1 and 
1.1. The experimental values of the ratio for 1 and 2, 1.94 * 
0.19 and 1.73, respectively, are in excellent agreement with the 
predicted value. If exchange of the slow proton (deuteron) 
occurs only by retention, then the k?-rD/k,D'H ratio derived 
from eq. [29] - a ratio of eqs. [17] and [25] - would be 
expected to be considerably larger than the value predicted by 
our analysis. Given eq. [22], eq. [29] can be rearranged into 

\k,l 
- 

SIE, 
[291 /kr\D'H - SULU 

eq. [30] (SH = SD). Using a value of 1.15 for L D ,  2.2 for V,, 

1, H-rD r CTP 

and 1.6 for SIE,, we calculate a ratio of 3.1 for 2 if exchange 
occurs only by retention. For 1, since V, = 3.3, the ratio is 
predicted to be near 4.6. 

By neglecting solvent isotope effects, using eqs. [8] and [17] 
for the cases where exchange occurs only by retention, and eqs. 
[7], [9], [16], and [18] for the cases where exchange by in- 
version is included, it is possible to evaluate the intrinsic selec- 
tivities and (kf/ks)D'H ratios from the (kf/ks)fLD ratios. The 
experimental value for (kf/ks)H"D, the KIEs, and the inversion 
protonation parameters a, and a, were used to calculate SR 
(selectivity calculated using eq. [8] assuming exchange with 
retention), S, (selectivity calculated using eq. [7] including 
inversion), RR ((kf/ks)D'H calculating using eq. [17] assuming 
exchange with retention), and R1 ((kr/ks)D'H calculated using 
eq. [16] assuming exchange by inversion). The data for 1, 
using (kf/ks)fzD = 59.2, are given in Table 4. As expected, SR 
and RR are invariant with a D  and a,, and it is clear that the 
calculated (kf/ks)D'H ratio (R1 = 16.1) corresponds closely to 

'SD = k4k,VASIE;/k,k;LASIE, = ~IVDSIE~ /~~LDSIEI  = 
k5vDSIE6/k6lDSIE,, aD  = k,SIE2/k2VA and bD = k4SIE;/k;LA and 
bD = uDSD. 
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TABLE 4. Calculated intrinsic selectivity and (kr/kJbH 
for exchange of benzodehydrothiopene oxide 

Calculated Calculated 
selectivity (kr/k,)*H 

a D S KO S1" R R".h ~ 1 " . ~  

51.5 51.5 44.8 44.7 
lo-5 51.5 51.5 44.8 44.6 
lo-4 51.5 51.8 44.8 42.9 
lo4 51.5 54.2 44.8 32.9 

51.5 63.4 44.8 19.2 
lo-' 5 1.5 68.3 44.8 16.4 

1 51.5 69.0 44.8 16.1 
10 51.5 69.1 44.8 16.1 

100 51.5 69.1 44.8 16.1 
1000 51.5 69.1 44.8 16.1 

"The constants used to evaluate the parameters were 
(kl/k,)wD (59.2), V,, L,, Vb, Lb, VH, and LH (all set at 3.3). 
vD, lD, V H ,  and 1, (all sets at 1.15). 

'It can be shown (vide supra) that a. = 3.8 X a, for 1 if VD 
= 3.3 and vH = 1.15. A value of 3.8 x a, was used to evaluate 
R R  and R , .  

the observed value (17.3 + 2.3) when inversion is included and 
a, 2 0.1. This is not the case if exchange is assumed to occur 
only with retention - (kf/ks)D'H would have a much larger 
value of 44.8. Based on our analysis, the intrinsic selectivity is 
in the region of 68,35% larger than the value of 51.5 calculated 
on the assumption that exchange occurs only with retention. An 
identical analysis carried out for 2 yielded the data listed in 
Table 5. As in the case of 1, the calculated (kf/ks)D'H ratio R, 
(9.8-9.4) corresponds closely to the experimentally observed 
values of 10.8 + 1.3 (this work) and 9.9 + 0.03 (Fraser and 
Ng) when a, 2 0.1. The analysis establishes that the intrinsic 
selectivity for hydrogen isotope exchange of the diastereotopic 
protons of 2 is =29, approximately 45% larger than the value 
(19.9) which is obtained on the assumption that exchange oc- 
curs only with retention. 'That the calculated selectivity S1 and 
the (kf/ks)D"H ratio RI are not sensitive to the values for the 
protonation isotope effects VA and LA was established by using 
VA = LA = 2.5 and 3.8 for 2 and VA = LA = 1.5 and 3.0 for 
1. The differences in the calculated values were minimal. It is 
important to note that for both 1 and 2 SI approaches Sobs and 
R, approaches (kf/ks),"cH when a, 2 0.1. Consequently, when 
the barrier to inversion is comparable to the barrier to pro- 
tonation, exchange of diastereotopic protons (deuterons) by 
inversion cannot be distinguished from a mechanism where a 
single intermediate is involved. 

From the intrinsic selectivities for 1 (68) and 2 (29), the 
primary and secondary KIEs and the inversion-protonation 
parameters a, and a,, it is possible to calculate expected 
(kr/ks)H'D and (kf/ks)D'H ratios. Using eq. [I], a value of 3.3 
for V,, VA, L,, and Lf,, a value of 1.15 for v, and l,, we 
calculated (kf/ks)H'D ratios for values of a, which ranged from 

to lo3. A plot of the calculated values as a function of a, 
given in Fig. 3(A) illustrates the variation of the observed rate 
ratio with a variation in the barrier to inversion. Similar cal- 
culations using eq. [16], values of 3.3 for V, and L, and 
1.15 for v, and lH, and aH6 that ranged from 3.8 x to 
3.8 x lo3 were carried out to obtain (kf/ks)D'H. A plot is given 

6 ~ t  can be shown thataH = 3.8 X aD for 1 and 2.2 X a, for 2 (vide 
supra). 

TABLE 5. Calculated intrinsic selectivities and 
rate ratios for D -+ H exchange of benzyl methyl 

sulfoxide 

Calculated Calculated 
selectivity" (kf/ks)-H bL 

a D Sr R I  

19.9 17.3 
1 o - ~  19.9 17.3 

20.0 17.2 
lo-' 20.4 16.4 

23.4 13.2 
lo-'. 28.5 9.8 

1 29.7 9.4 
10 29.8 9 .4  

100 29.8 9 .4  
lo00 29.8 9 .4  

"The other parameter S R  had the value 19.9. 
bThe other parameter R R  had the value 17.3. 
'It can be shown (vide supra) that a ,  = 2.5 x a, 

for 2 when Vb = 2.2 and v ,  = 1.15. A value of 2.5 
X a, was used for a, in the calculation of R , .  

in Fig. 3(B). Identical calculations were carried out for 2 using 
the appropriate parameters - V, = Vf, = L, = Lf, = V, = L, 
= 2.2, v, = 1, = 1, = 1.15, a, ranging from to and 
a, ranging from 2.5 X to 2.5 x lo3. Plots of the calcu- 
lated (kf/ks)H'D and (kf/ks)D"H values versus a, and a,, re- 
spectively, are shown in Figs. 4(A) and (B). That the observed 
rate ratios plateau when aD(aH) values are large and small is 
quite clear. The calculated values for (kdk,),', and (kf/kS),', 
for 1 and 2 correspond closely to the observed values when 
aD(aH) 2 0.1. 

While it would be interesting to compare the rate ratios for 
H+D and D+H exchange of a carbon acid where diastereo- 
topic anions with a high barrier to inversion (a, < are 
generated, in practice it will be difficult to obtain such a sub- 
strate. Even 4-membered-ring sulfones have ke/k, values 
around 1. For example, thietane-1 , 1-dioxide 3 exhibits a k,/k, 
of 0.60-0.67 in (CH3)3COD-(CH3)3COK (26) and 2-halo- 
geno-3-morpholinothietane-l ,l-dioxides of the type 4 exhibit 
ke/k, values around 1 in CD3CN-D,O (28). 

Again, it is noteworthy that our analysis yields values of 
(kf/ks)D'H for 1 and 2 that compare very well with the experi- 
mental values when the inversion-protonation parameter a, is 
= 0.1. This result is in accord with stereochemical studies of 
hydrogen isotope exchange of 5 (21) and 6 (14) where rates of 
exchange and racemization can be determined directly. For the 
R-R and R-S diastereomers of 5 the k,/k, ratios are 1.2 and 
3.6, respectively, in (CH&COK- (CH,),COH at 60°C. For 6, 
that is a particularly good model for 1 and 2, k,/k, = 1.3 in 
NaOD-D20 at 56°C. Since a ke/k, value of less than 2 
signifies that inversion occurs more rapidly than reprotonation 
of the anion, the results establish the validity of our analysis 
and show that the stereochemical aspects of exchange of 1 and 
2 are similar to 6. From a, it is possible to set an upper limit 
to the barrier of inversion of the diastereotopic anions, if they 
are intermediates. By using the Arrhenius equation and the fact 
that k3(inv)/k2(pro0 = aDV;), eqs. [31] and [32] obtain. 

-Einv - 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



WERSTIUK AND BANERJEE 2107 

-6 -5 - 4  -3 -2  - 1  0 1 2 3 
L O G  I N U E R S I O N - P R O T O N A T I O N  P A R A M E T E R  

FIG. 3. (A) Plot of the calculated (kf/ks)H'D ratio versus a D  for exchange of l a .  The bold-faced arrow indicates the experimentally determined 
value. (B) Plot of the calculated (kf/ks)-H ratio versus a H  for exchange of l b .  The bold-faced arrow indicates the experimentally determined 
value. 

I 1 1 1  1 1 1 1 1 1 1 1  

-6 -5 - 4  -3 -2  - 1  0 1 2 3 
L O G  I N V E R S I O N - P R O T O N A T I O N  P A R A M E T E R  

-6  -5 -4  -3  -2  - 1  0 1 2 3 
L O G  I N U E R S I O N - P R O T O N h T I O N  P A H H M E T E R  

1 1 1 1 1 1 1 1 1 1 1 1  

-6 -5 - 4  -3 -2  - 1  0 1 2 3 
L O G  I N U E R S I O N - P R O T O N A T I O N  P A R A M E T E R  

Frc. 4. (A) Plot of the calculated (kr/k,)H'D ratio versus a D  for exchange of 2a. The bold-faced arrow indicates the experimentally determined 
value. (B) Plot of the calculated (kr/ks)-H ratio versus a H  for exchange of 2b. The bold-faced arrow indicates the experimentally determined 
value. 

TABLE 6. Estimated inversion barriers for anions at 
30°C 

Calculated 
inversion 

barrier (kcal) 
Protonation 

barrier (kcal) kpro, (M-' s-') 1 2 

E pro, 
[32] Einv = RT(1n Ainv - In A,,, + RT - 1n aDVA) 

With a D  = 0.1, VA = 3.3 and 2.2 for 1 and 2, respectively, T 
= 303, and estimates for E,,,, Ainv (- 1 X loi4) (45, 46), and 
A,,, (-3 X 10") (45, 46),' E,, can be obtained (Table 6). If 
k,, for the carbanions derived from 1 and 2 is r lo8 (47) and 
if pyramidal diastereotopic anions are involved as inter- 
mediates in the exchange of 1 and 2, then the inversion barriers 
must be 5 6  kcal. This is in keeping with current views on the 
barriers to inversion of carbanions (48). 

'These are average values for the frequency factors for first-order 
and second-order processes. 

It is clear from our analysis8 that the diastereotopic 
hydrogens of 1 and 2 undergo exchange by inversion and that 
the inversion component contributes significantly to k,H"D 
and k,D'H, yielding a (ki/ks)D'H ratio that is substantially less 
than (kf/k,)H'D. Consequently, the Streitweiser-Swain 
method (49, 50) used to determine the extent of internal return 
for H + D(T) exchange of carbon acids should be applied with 
caution to cases where diastereotopic hydrogens, deuterons, or 
tritons are exchanged. This is so because k?, k:, and kd used 
to obtain kH/kT and kD/kT can be significantly affected by the 
inversion component (vide supra), and the determination of the 
degree of internal return is particularly sensitive to the kH/kT 
and k ~ / k ~  values. 

To illustrate the problem, consider the data (Table 3) for 2 
accumulated by Fraser and Ng and used to establish that there 
is 3% and 12% internal return for exchange of the fast and slow 
protons, respectively. The only way we can reasonably account 
for the fact that kT(,, (0.392 2 0.004) for exchange of 2-HrTs 
in NaOH-H20 is greater than kT(s, (0.330 + 0.004) for 2-DrTs 
in NaOD-D20 is to invoke a larger component of inversion to 
exchange of 2-Hr-Ts,9 a reasonable consideration since kH(f,/ 

'All derivations of equations have been deposited as Supplementary 
Material. Copies may be obtained, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Ont., Canada, KIA 0S2. 

'Since SIE = 1.6 and the secondary KIE = 1.15, kT(s) for 2-DrT, 
should be 1.4 times larger than kT(s) for 2-HrT,. In the case of fast 
exchange of 2, kT(f) for 2-TrH, in NaOD-D20 is, as expected, 
approximately 1.6 X 1.15 times as fast as kT(r) for 2-TrD, in 
NaOH-H20). 
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kD,f, = 2.2. The alternative is to assume that SIE, = 1 .O,  an 1. E. BUNCEL, E. A. SYMONS, and A. W. ZABEL. Chem. Commun. 
unlikely situation because k, and k, are not vastly different. The  173 (1965). 
transition states should not differ greatly and the degree of 2. A. RAUK, E. BUNCEL, R. V. MOIR, and S. WOLFE. J.  Am. Chem. 

solvation of the base, the substrate, and the transition states SOC. 87, 5448 (1965). 

should be comparable in each case. 3. S. WOLFE and A. RAUK. Chem. Commun. 778 (1966). 
4. R. STEWART and J. R. JONES. J. Am. Chem. Soc. 87. 5069 

ExperimentaI 
Preparation of substrates 

Benzodihydrothiophene oxide ( l a )  was prepared according to the 
method described by King and du Manior (15). 

The tetradeuterated oxide l b  was prepared by exchange of l a  (1 g) 
in 0.1 M NaOD-D20 (25 mL) at 50°C for 1 h. The reaction mixture 
was extracted with ether (5 x 10 mL), the combined extracts were 
dried over MgS04, and the solvent was removed on the rotatory 
evaporator. Recrystallization of the residue from benzene-pentane 
gave l b  (0.8 g), mp 89-90°C. Mass spectral analysis showed that the 
d4-species constituted 90.9% of the mixture. 

Deuterated benzyl methyl sulfoxide 2b was prepared by treating 2a 
(0.25 g) in 1 M NaOD-D20 for 3 h at 70°C. The mixture was cooled 
and extracted with methylene chloride (4 x 2 mL). The combined 
extracts were dried over MgS04, the solvent was removed on the 
rotatory evaporator, and the residue was sublimed under aspirator 
vacuum to yield 2b (0.16 g), mp 52-53°C. Mass spectral analysis 
established that the d2-species constituted 75.9% of the mixture. 

Exchange kinetics 
Benzodihydrothiophene oxide 
To obtain the rate constant for trans-H + D (fast) exchange of l a ,  

l a  (5- 10 mg) was dissolved in 1.5 mL of 0.0064 M NaOH-H20 that 
was equilibrated in a constant temperature bath maintained at 30.00 + 
0.05"C, and 5-7 aliquots (-0.1 mL) were removed at appropriate 
intervals and quenched in 1.5 mL of a dipotassium hydrogen phos- 
phate buffer of pH 7.0 and ether (2 mL). The aliquots were extracted 
by repeatedly withdrawing and expelling the ether layer through the 
aqueous layer with a Pasteur pipette. The ether layer was dried, the 
solvent was evaporated, and the decrease in do-species was monitored 
mass spectrometrically at low voltage (12-15 eV). The peak in- 
tensities for each aliquot were obtained as an average of at least three 
scans. 

To obtain the rate constant for cis-H 4 D (slow) exchange of Id ,  
l a  was exchanged as described above and the decrease of dz-species 
was monitored mass spectrometrically by withdrawing aliquots after 
a 4-min interval. 

The rate constant for trans-D 4 H (fast) exchange was obtained by 
exchanging l b  (3-5 mg) in 1.5 mL of 0.0233 M NaOH-H20 and 
the decrease in d4-species with time was monitored mass spectro- 
metrically in the usual manner. 

To obtain the rate constant for cis-D 4 H (slow) exchange, l b  
was exchanged in 0.0233 M NaOH-H20 as described above and 
the decrease of dl-species with time was monitored mass spectro- 
metrically after a 40-min interval. 

Benzyl methyl sulfoxide 
To obtain the rate constant for fast D 4 H exchange of dideuterated 

benzyl methyl sulfoxide 2b, 2b (10- 15 mg) was dissolved in 1.5 mL 
of 0.6 M NaOH-H20 at 30.00 2 0.05"C and aliquots were removed 
at appropriate periods, quenched with dipotassium hydrogen phos- 
phate buffer (2 mL), and extracted with ether (2 mL). The decrease 
in dz-species with time was monitored mass spectrometrically as 
described above. 

The rate constant for slow D + H was obtained by exchanging 2b. 
Aliquots (5-6) were removed after an interval of -100 min and the 
decrease in dl-species with time was monitored mass spectro- 
metrically as described above. 
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Fractionation of organic extracts of environmental water samples by low pressure 
column chromatography and high performance liquid chromatography techniques 
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R. A. MOORE and F. W. KARASEK. Can. J. Chem. 63, 21 10 (1985). 
Prefractionation procedures based on high performance liquid chromatography (hplc) and low pressure column chro- 

matography (Ipcc) were developed and applied to the separation of components in extracts of environmental samples. Effective 
fractionation was obtained using solvent systems based on hexane, carbon tetrachloride, dichloromethane, and ether for elution 
on lpcc Florisil and hplc silica columns. This facilitated the identification of over thirty compounds consisting mainly of 
aliphatic and polyaromatic hydrocarbons, phthalate esters, phenols, and pesticides in environmental samples extracted from 
water. Chromatographic background levels were minimized, and compounds whose chromatographic peaks were unresolved 
before fractionation were isolated into separate fractions. This afforded more highly reliable gc/ms identifications. Pre- 
fractionation also served to retard the rapid degradation of capillary columns which was caused by the injection of un- 
fractionated samples. 

R. A. MOORE et F. W. KARASEK. Can. J.  Chem. 63, 21 10 (1985). 
On a mis au point des mCthodes de prtfractionnement basCes sur la chromatographie liquide B haute performance (clhp) et 

sur la chromatographie sur colonne B basse pression (ccbp) et on les a utilisCes pour fractionner des extraits d'tchantillons 
provenant de I'environnement. On a pu faire des separations efficaces en utilisant des systkmes de solvants comportant de 
I'hexane, du tttrachlorure de carbone, du dichloromCthane et de 1'Cther comme Cluants pour des colonnes de Florisile en ccbp 
et de silice en clhp. Ceci facilite l'ideritification de plus de trente composCs constituts principalement d'hydrocarbures 
aliphatiques et polyaromatiques, de phtalates, de phtnols et de pesticides dans des tchantillons provenant de I'environnement 
et extraits de I'eau. On a minimis6 les niveaux chromatographiques de base et on a obtenu des fractions stpartes pour des 
composts dont les pics chromatographiques nlCtaient pas r6solus avant le fractionnement. Le prkfractionnement permet 
Cgalement de retarder la dCgradation rapide des colonnes capillaires qui est provoqute par l'injection d'Cchantillons non 
fractionnts. 

[Traduit par le journal] 

Introduction 
Organic extracts of water samples are often directly analyzed 

by gas chromatography (gc), and combined gas chromatog- 
raphy - mass spectrometry (gc/ms) techniques without prior 
sample clean-up. However, the analysis of complex water sam- 
ples is greatly simplified through the application of some form 
of fractionation to separate compounds into similar groups 
prior to the final determinative step. This approach overcomes 
difficulties caused by overlapping chromatographic peaks of 
the complex mixture, which make quantitation inaccurate and 
lead to ambiguities in mass spectral identifications. 

One of the earliest classification procedures employed for 
environmental water samples separated the complex ether ex- 
tract of organic material, which had been previously concen- 
trated onto carbon filters, into groups consisting of neutral, 
basic, acidic, amphoteric, and phenolic compounds ( l , 2 ) .  This 
was accomplished through a series of solvent extractions under 
various conditions. 

Rosen and Middleton (3) applied a fractionation procedure 
based on adsorption chromatography to the neutral extract of 
surface waters polluted by refinery wastes. The concentrated 
neutral fraction was adsorbed onto the top of a silica gel column 
which was sequentially eluted with isooctane, benzene, and a 
chloroform-methanol mixture. The isooctane fraction contain- 
ed aliphatic hydrocarbons, aromatic hydrocarbons eluted in the 
benzene fraction, and the chloroform-methanol fraction con- 

hydrocarbons were recovered in the isooctane fraction and aro- 
matic compounds were present in the isooctane-benzene frac- 
tion. The other two fractions contained several oxygenated 
compounds. 

Leenheer and Huffman developed a procedure called 
"dissolved organic carbon (DOC)" fractionation analysis, 
whereby organic solutes are concentrated and fractionated by 
non-ionic and ion-exchange resin adsorbents into hydrophobic- 
base, -acid, and -neutral fractions ( 5 ,  6). An anion-exchange 
resin prepared by chloromethylation of Amberlite XAD-4 resin 
was used by Richard and Fritz to isolate acidic organic material 
from other organics in aqueous solutions (7). Both hydrophilic 
and hydrophobic acids were recovered using this resin. 

The applicability of high performance liquid chroma- 
tography (hplc) as an efficient means of separating organics in 
extracts of water samples into various polarity groups was 
demonstrated by Thruston (8). He employed p-Porasil columns 
and gradient elution with hexane and chloroform to obtain three 
major fractions from tap-water samples. A first fraction con- 
tained polynuclear aromatic hydrocarbons, chlorinated hydro- 
carbons, and aliphatic hydrocarbons, the second fraction con- 
tained several oxygenated compounds, and the final fraction 
contained mainly phthalate esters. 

During studies of trace organics in river water samples from 
Trinidad it was noted that direct analysis of concentrated ex- 
tracts frequently resulted in complex chromatograms in which 

tained oxygenated compounds. Shinohara et al. described a many peaks were only partly resolved and steeply rising base- 
similar fractionation technique for the neutral brganic fraction lines were evident (9). The lack of resolution often resulted in 
of extracts from tap-water samples (4). The silica gel column ambiguous spectral interpretations. Several of these extracts 
was eluted with isooctane, isooctane-benzene (1 : l ) ,  benzene were also shown to cause rapid deterioration of the capillary 
- ethyl acetate (1 : l ) ,  and benzene-methanol (1 : 1). Aliphatic columns used for chromatographic analysis. Prefractionation 

procedures based on low pressure column chromatography 
' Author to whom correspondence may be addressed. (Ipcc) and hplc were developed in order to overcome these 
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MOORE AND KARASEK 

TABLE I. Florisil fractionation of standard test solution using hexane - carbon tetrachloride - 
ether eluting system 

Total % 
Pk. no." Compound % in hexane % in CCI, % in ether recoveredh 

n-Hexyl benzene 
Ethyl phenol 
Biphenyl 
Methyl hendecanoate 
Dimethyl naphthalene 
Dimethyl naphthalene 
Dimethyl naphthalene 
Phenyl phenol 
Methyl tetradecanoate 
I -Naphthol 
a-BHC 
Benzyl benzoate 
Phenanthrene 
.I-BHC 
Aldrin 
Dibutyl phthalate 
Fluoranthene 
Dieldrin 
Endrin 
o,p DDT 
Methoxychlor 

"Peak number as shown in Fig. I .  
"Average relative standard deviation from mean of triplicate analysis = 7%; range = 4-9%. 
'When 150 mL ether used, recovery of I-naphthol = 54%; with 200 pL ether, recovery of 81% obtained. 

difficulties. Effective fractionations were obtained using sol- 
vent systems based on hexane, carbon tetrachloride, dichlo- 
romethane, and ether for elution on lpcc Florisil columns and 
hplc silica columns. These fractionation procedures as applied 
to a standard mixture and to extracts of river water samples are 
the subject of this report. 

Experimental 
Solvents and standards 

All solvents were "Distilled in Glass, UV grade" (Caledon Labora- 
tories, Canada). Standard compounds used in the development of the 
fractionation procedure were obtained from U.S. Environmental Pro- 
tection Agency Reference Standards Repository; Polyscience Cor- 
poration, U.S.A.; Chem. Service Inc. Pa; and Aldrich Chemical Com- 
pany, Inc., Wisconsin, U.S.A. A standard test solution was prepared 
as described in a previous paper (10). 

Low pressure column chromatographic fractlonation 
Florisil(60- 100 mesh, Fisher Scientific Co., U.S. A,) and alumina 

(neutral, 80-100 mesh, Woelm Pharma, GmbH & Co., West Ger- 
many) adsorbents were heated at 300°C for 6 h prior to use. Glass 
columns (25 cm length id 1.0 cm), fitted with Teflon stopcocks, were 
dry packed with the adsorbents such that adsorbent columns of 9 cm 
length were obtained. Plugs of silanized glass wool which were pre- 
extracted with the eluting solvents were used at the top and bottom of 

, the adsorbent columns. The column was pre-wet with the first eluting 
solvent prior to introduction of sample or standard to the top of the 
column with a Hamilton microsyringe. Fractionation was effected by 
the sequential addition of the required volume of each eluting solvent 
to the column, the solvent being allowed to percolate through the 
column under gravity flow. Fractions were collected in 250-mL glass 
round-bottom flasks and evaporated to 0.1 mL by rotary evaporation 
under vacuum followed by final volume reduction with a stream of 
high-purity nitrogen. 

High performance liquid chromatographic fractionation 
A Spectra-Physics SP-8000 high performance liquid chromatograph 

equipped with an SP-8400 uv-visible detector and SP-4100 integrator 

was used. The hplc column was a Spherisorb silica column (250 mm 
X 9.4 mm id, Terochem, Canada). A sample loop of 140 pL volume 
was employed for sample introduction into the hplc and a wavelength 
of 254 nm was used throughout for monitoring of the hplc effluent. 
The collected fractions were treated in the same manner as described 
for lpcc above, then subjected to gc and gc/ms analyses. 

Gas chromatographic and mass spectral analyses 
Quantitative gas chromatographic analyses were performed with a 

Hewlett-Packard (HP) 5880A gas chromatograph equipped with a 
level 4 integrator, a flame ionization detector, cool on-column injec- 
tion system, and a widebore (0.32 mm X 30 m) DB-1701 fused silica 
capillary column (J & W Scientific Inc. Rancho Cardova, CA., 
U.S.A.). The gc conditions were: injection port 40°C; column tem- 
perature programmed from 40°C to 250°C at a rate of 4OC/min.; 
detector temperature 300°C; helium carrier gas flow rate measured at 
40°C, 2 mL/min; injection volume 0.6 pL. 

Capillary gc/ms analysis employing a Hewlett-Packard 5992A 
gc/ms calculator equipped with the same column was used to verify 
the identities of compounds corresponding to each gas chromato- 
graphic peak. 

Results and discussion 
Fractionation by low pressure column chromatography 

In preliminary experiments, both alumina and Florisil were 
employed as adsorbents for lpcc fractionation of the test solu- 
tion. However, use of alumina columns resulted in less effec- 
tive overall fractionation and lower recovery of the more polar 
compounds compared to Florisil, for similar eluting conditions. 
It was therefore decided to restrict lpcc fractionation to Florisil 
adsorbent. 

Use of hexane followed by carbon tetrachloride and ether for 
elution proved to be an effective method for fractionation of the 
test solution. Table 1 shows the results of fractionation employ- 
ing this solvent sequence (50 mL of each solvent) and Florisil 
columns. Chromatograms of the three fractions are shown in 
Fig. 1. 
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FIG. 1 .  Gas chromatograms of fractions obtained from lpcc sepa- 
ration of standard mixture. (i) Unfractionated solution. (ii) Hexane 
fraction. (iii) Carbon tetrachloride fraction. (iv) Ether fraction. 

The phenols were confined exclusively to the ether fraction. 
The recovery of naphthol was, however, low (38%). The 
carbon tetrachloride fraction contained the major portion of 
endrin, dieldrin, benzyl benzoate, and the esters methyl tetra- 
decanoate and methyl hendecanoate, and all of the methoxy- 

chlor appeared in this fraction. Fluoranthene was almost equal- 
ly distributed between the hexane and carbon tetrachloride frac- 
tions. Aldrin, o,p DDT, a-BHC, dimethyl naphthalene, bi- 
phenyl, and n-hexyl benzene were confined to the hexane frac- 
tion; most of the phenanthrene (88%) and y-BHC (79%) also 
appeared in this fraction. 

Further optimization of the fractionation on Florisil required 
improvement in the low recovery of 1-naphthol. Increasing the 
volume of ether used for elution by a factor of three resulted in 
an improvement in the recovery of I-naphthol from 38% to 
64%, and a further increase to 79% was obtained on elution 
with 200 mL ether. Ether was replaced by acetone as the third 
eluting solvent but no compounds were recovered in the ace- 
tone. Attempts to use methanol as the third eluting solvent 
decreased the recovery of 1-naphthol as well as the other phe- 
nolic compounds. Severe peak distortion was also noted in the 
gc analysis of the methanol fraction. The system employing 
hexane, carbon tetrachloride, and ether was therefore adopted 
as our optimal low pressure chromatography fractionation pro- 
cedure and applied to extracts of samples from Trinidad water 
systems. 

Fractionation by high pe$ormance liquid chromatography 
The eluting system of hexane - carbon tetrachloride - ether 

in a ternary gradient, which was effective for fractionation on 
Florisil, was investigated for the hplc fractionation of the test 
solution on a silica column. Use of ether as the third eluting 
solvent proved, however, to be unsuitable. Bubbles tended to 
form in the hplc system, thereby impairing the performance of 
the pump and impeding the flow of solvent. Further, no com- 
pounds were recovered in the ether fraction. Therefore, meth- 
ylene chloride was substituted for ether as the third eluting 
solvent. 

The gradient program illustrated in Fig. 2(i) yielded the 
recoveries shown in Table 2 for six collected fractions. With 
the exception of 1 -naphthol, excellent recoveries were obtained 
for all compounds and the elution patterns of Table 2 indicated 
that a fractionation scheme based on this eluting system was 
feasible. It was apparent that combination of some fractions 
and modification of the solvent gradients could improve the 
overall efficiency of the hplc separation procedure. Therefore, 
the gradient program of Fig. 2(ii) was employed and three 
fractions collected at the times indicated. This scheme was very 
effective and yielded the results shown in Table 3. High re- 
producibility of fractionation was obtained and separation of 
compounds into fractions was very distinct, with little cross- 
contamination. Hexyl benzene, biphenyl, dimethyl naph- 
thalane, phenanthrene, aldrin, fluoranthene, and o,p DDT were 
confined to the hexane fraction (fraction 1). The esters - benzyl 
benzoate, methyl hendecanocate, and methyl tetradecanoate, 
and methoxychlor, dieldrin, endrin, a-BHC, and y-BHC elut- 
ed in fraction 2. a-BHC seemed to elute just at the beginning 
of fraction 2 with the result that a small increase in the volume 
of hexane (5 mL) causes it to elute in the first fraction. The 
phenolic compounds, o-ethyl phenol, phenyl phenol, and 
1-naphthol together with dibutyl phthalate were eluted in frac- 
tion 3. The recovery of 1-naphthol increased from 36% to 57% 
as the volume of methylene chloride was increased from 75 rnL 
(Table 2) to --I50 mL (Table 3). Further increase in the meth- 
ylene chloride to 200 mL improved the recovery of 1-naphthol 
to 81%. 
Fractionation of extracts of environmental samples 

The optimized lpcc and hplc fractionation schemes were 
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(ii) 

MINUTES b:Cq FRACTION I - FRACTION 4 
2 3 

100°/o HEXANE 3 

lOO0/0 CC14 - 

100°/o CH2C12 

1 I 

5 10 15 2 0  2 5  3 0  3 5  40 4 5  5 0  5 5  

MINUTES 

RG. 2. Gradient programs for hplc fractionation of standard mixture. 
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TABLE 2. High performance liquid chromatographic fractionation ( I )  of standard test solution using gradient program of Fig. 2(i) 

% Recovered 
Total % 

Pk. no." Compound Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 Fraction 6 Recovered 

n-Hexyl benzene 
o-Ethyl phenol 
Biphenyl 
Methyl hendecanoate 
Dimethyl naphthalene 
Dimethyl naphthalene 
Dimethyl naphthalene 
Phenyl phenol 
Methyl tetradecanoate 
1-Naphthol 
a-BHC 
Benzyl benzoate 
Phenanthrene 
y-BHC 
Aldrin 
Dibutyl phthalate 
Fluoranthene 
Dieldrin 
Endrin 
o,p DDT 
Methoxychlor 

"Peak number as shown in Fig. 1 .  

TABLE 3. High performance liquid chromatographic fractionation of standard test solu- 
tion using solvent gradient program of Fig. 2(ii) 

% Recovered 

Pk. no." Compound Fraction 1 Fraction 2 Fraction 3 Totalb 

1 n-Hexyl benzene 50 - - 50 
2 o-Ethyl phenol - - 67 67 
3 Biphenyl 69 - - 69 
4 Methyl hendecanoate - 80 - 80 
5 Dimethyl naphthalene 70 - - 70 
6 Dimethy l naphthalene 7 1 - - 7 1 
7 Dimethyl naphthalene 74 A - 74 
8 Phenyl phenol - 2 1 63 84 
9 Methyl tetradecanoate - 95 - 95 

10 1-Naphthol - - 57 57 
11 a-BHC 11 82 - 93 
12 Benzyl benzoate - 103 - 103 
13 Phenanthrene 89 - - 89 
14 y-BHC - 96 - 96 
15 Aldrin 93 - - 93 
17 Dibutyl phthalate - - 88 88 
18 Fluorant hene 97 - - 97 
19 Dieldrin 14 82 - 96 
20 Endrin 16 77 - 93 
21 o,p DDT 102 - - 102 
22 Methoxychlor - 105 - 105 

"Peak number as shown in Fig. 1 .  
bAverage relative standard deviation from mean of triplicate analysis = 6%; range 4-7%. 

applied to the fractionation of organic extracts of water samples in fraction 3 of the hplc technique. These included the phenols, 
from Mausica River, Trinidad (9). Figure 3 shows chromato- phthalates, benzothiazole, 6-chloro-3,4-dimethylphenol n- 
grams of the fractions of the hplc procedure. The chromato- methyl carbamate, 1-(3H)-isobenzofuranone, and 1,6-dimeth- 
grams obtained for the lpcc fractionation were similar to those yl 4-isopropyl naphthalene. The lpcc carbon tetrachloride 
of hplc. The hexane fraction in both cases contained the fraction and hplc fraction 2 contained virtually no compounds 
alkanes. Most of the other constituents of the unfractionated except for a small amount of phenols which occurred in the lpcc 
samples occurred in the ether fraction of the lpcc method and carbon tetrachloride fraction. 
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b 5 10 IS 20 25 Y) 35 40 i s  40 4s co 
MINUTES 

FIG. 3. Gas chromatograms of fractions obtained from hplc separation of organic extract of Mausica River sample. (i) Fraction I .  (ii) Fraction 
3. (iii) Unfractionated Extract. Gradient program of Fig. 2(ii) employed. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. 1. CHEM. VOL. 63, 1985 

TABLE 4. Estimated recoveries of constituents of Mausica River extract after lpcc and hplc fractionation 

Florisil fractionation Hplc fractionation 

Pk. no." Compound CZHIZ CC14 EtzO Total C ~ H I ~  Et20 Total 

1 2-Ethyl- I-hexanol 
2 a-Terpineol 35 35 48 48 
3 Benzothiazole 25 25 48 48 
4 Unidentified 
5 Unidentified 42 42 
6 Unidentified 
7 Unidentified 
8 I -(3H)-Isobenzofuranone 37 37 
9 6-Chloro-3,4-dimethyl phenol n-methyl carbamate 5 35 40 

10 2,4-Dimethyl, 6-t-butyl phenol (or isomer) 10 40 50 
1 1  Diethyl phthalate 68 68 
12 p-Propoxy phenol J 49 49 
13 Unidentified 44 44 
14 p-Nonyl phenol or isomers 15 50 65 
15 Unidentified J J 
16 4-(2,2,3,3-Tetramethyl butyl) phenol or isomers 15 57 72 
17 Dodecyl phenol or isomer 
18 Eicosane J 
19 1,6-Dimethyl 4-isopropyl naphthalene 

J 
J 

20 S-Hydrindacene L ,  1,4,5,6,8-hexamethyl J 
2 1 Dibutyl phthalate 44 44 
22 2-Hydroxy-benzothiazole 
23 Heneicosane (CZ1 alkane) 84 84 79 79 
24 I-Naphthyl-n methyl carbamate J 
25 Docosane 75 75 88 88 
26 Unidentified 
27 Tricosane 73 73 9 1 9 1 
28 2,6-di-t-butyl-4 mercaptophenol 
29 Unidentified 
30 2,6-Dinonyl phenol or isomers 
3 1 2,6,10-Trimethyl tetradecane 
32 Tetracosane 76 76 90 90 
33 1 1-Cyclohexyl heneicosane 
34 9-Cyclohexyl heptadecane 
35 1-Phenanthrene carboxylic acid, 1,2,3,4,4a, 

9,10,10a-octahydro-1,4a-dimethyl-7- 
(I-methylethyl)-methyl ester 

36 Pentacosane 77 77 95 95 
37 3-Hydroxy 4-isopropyl 5,lO-dimethyl decalone- 1 
38 Hexacosane 78 78 101 101 
39 Heptacosane 72 72 99 99 
40 Di(2-ethylhexy1)phthalate 
41 Octacosane 70 70 98 98 
42 Unidentified J 99 99 

"Peak number as shown in Fig. 3(iii); J - present, but no estimate can be given. 

Recoveries for some of the compounds in the various frac- 
tions are given in Table 4. These values are based on the 
integrated peak areas of the fractions compared with the corre- 
sponding peak areas of the unfractionated sample injected un- 

I 
der the same conditions. The errors in these estimates for the 
peaks at retention times greater than 20 min (Fig. 3) are ex- 

I pected to be fairly high as a result of the low resolution of 
several peaks in this region of the chromatogram. The recov- 
eries of several compounds in the ether fraction of the lpcc 
fractionation and fraction 3 of the hplc method were low. 
Increasing the volume of these eluents above the 50 mL volume 
which was used can be expected to result in improved recov- 
eries. 

Nonetheless, the fractionation schemes were effective in 
simplifying the sample extract and served to improve the re- 

liability of mass spectral identifications. Compounds identified 
in extracts from the Mausica River are detailed in Table 4. 
Several of these compounds could not be identified from the 
mass spectra of the unfractionated samples because of peak 
overlap and high backgrounds. Their identification was facili- 
tated by application of the fractionation procedures. Much of 
the unresolved "hump" evident in the chromatogram of the 
unfractionated sample was not seen in the chromatograms of 
the fractions (Fig. 3). 

A further benefit of hplc and lpcc fractionation is the preser- 
vation of the chromatographic column. Figure 4 depicts the 
effect on the column performance of a single injection of the 
unfractionated sample. The lower trace represents a chromato- 
gram of the test solution used in the earlier fractionation experi- 
ments, prior to the injection of the unfractionated sample. The 
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MOORE AND KARASEK 

Frc. 4. Chromatograms illustrating the effect of unfractionated extracts of samples on column performance. (i) Standard mixture before 
injection of unfractionated extract. (ii) Standard mixture following one injection of unfractionated extract. 

upper trace is the chromatogram obtained for the test solution 
injected immediately after the completion of the chromato- 
graphic run of the sample. The column efficiency is severely 
affected, as is evident from the broad tailing peaks. A portion 
of the front of the column had to be removed in order to restore 
the column performance to the original level. Column deterio- 
riation was much slower when samples were subjected to frac- 
tionation prior to gc analysis. 

gradation of the capillary columns. The hplc fractionation was 
faster and more highly reproducible than the lpcc technique. 
The effectiveness of methylene chloride for separation of the 
more polar components in the hplc method is advantageous 
compared to the lpcc method which required ether, since dieth- 
yl ether must be purified prior to being used. The lpcc method 
has the advantage of lower cost owing to the very simple 
apparatus that is required for its application. 

Conclusion Acknowledgements 
The hplc and lpcc techniques were effectively used for frac- This work was supported by a grant from the International 

tionation of environmental water samples prior to gc and gc/ms Research Centre (l.D.R.C.). 
analysis. This prefractionation afforded more highly reliable 1. H. BRAUS, F. M. MIDDLETON, and G .  WALTON, Anal. Chem. 23, 
gc/ms identification of sample components and lessened de- 1160 (1951). 
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Novel hydrogen bonding in crystalline tetra-n-butylammonium salts 
of catechol halides1 

MASOOD A. KHAN, ARCHIBALD W. MCCULLOCH, AND A. GAVIN MCINNES 
Atlantic Research Laboratory, National Research Council of Canada, 1411 Oxford Street, Hal*, N.S., Canada B3H 321 
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MASOOD A. KHAN, ARCHIBALD W. MCCULMCH, and A. GAVIN MCINNES. Can. J .  Chem. 63, 21 19 (1985). 
The crystal structures of [N(n-C4H&] [catechol ... C!] (1) and [N(n-C4H9)41 [catechol ... Br] (2) have been determined by 

X-ray analysis which showed that the two structures are isomorphous, with the orthorhombic space group Pbca, Z = 8. The 
cell dimensions and final R-values are: (1) a = 15.323(2), b = I$. 166(2), c = 19.713(2) A, R = 0.048 for 1361 observed 
reflections; (2) a = 15.432(1), b = 16.244(2), c = 19.824(1) A, R = 0.041 for 1958 observed reflections. The crystal 
structures consist of discrete tetra-n-butylammonium cations and catechol halide anions. Catechol forms two strong hydrogen 
bonds to a single halide ion giving a pattern of hydrogen bonding unique for such systems. 

MASOOD A. KHAN, ARCHIBALD W. MCCULLOCH et A. GAVIN MCINNES. Can. J. Chem. 63, 21 19 (1985). 
Faisant appel h la diffraction des rayons-X, on a determine les structures cristallines du [N(n-C4H9)4] [catkchol ... Cl] (1) et 

du [N(n-C4H9)4] [catechol ... Br] (2) qui sont isomorphes, avec un groupe d'espace orthorhombique Pbca et 2 = 8. Les 
dimensions de la maille et les valeurs finales de R sont: (1) a = 15,323(2), b = 16,166(2), c = 19,713(2) A, R = 0,048 pour 
136 1 reflexions observees; (2) a = 15,432(1), b = 16,244(2), c = 19,824(1) A, R = 0,041 pour 1958 reflexions observkes. 
Les structures cristallines comportent des cations tetra-n-butylammonium ainsi que des anions haloginures de catecho1 
individuels. Le catecho1 forme deux liaisons hydrogtnes fortes avec un seul ion haloginure et ceci provoque la formation d'un 
type de liaisons hydrogknes qui est unique pour de tels systtmes. 

[Traduit par le journal] 

Introduction TABLE 1. Summary of crystal data, intensity collections, and struc- 

During recent investigations of the use of the tetrabutyl- tural refinement for 6 2 2 ~ ~ 2 ~ 1 ~ 0 2  (1) and C22H42BrN02 (2) 

I ammonium salt of the silicon-catechol complex in silicon 
Parameters 1 analysis we isolated a crystalline 2: 1 complex of catechol and 

1 2 

tetrabutylammonium hydroxide. A recent communication from 
this laboratory reported the synthesis and structural study of 
this and a series of other complexes of aromatic hydroxy com- 
pounds with ammonium salts and amines, and the existence 
of novel hydrogen-bonding networks in these compounds (1). 
We now report the preparation, characterization, and crystal 
structures of the tetra-n-butylammonium salts of catechol 
chloride 1 and catechol bromide 2. 

Experimental 
The 'H (80 MHz) and I3C (20 MHz) nmr spectra were recorded in 

CDC13 on a Varian FT-80A spectrometer with internal 2~ lock to the 
solvent and a temperature of 35°C. Conditions for the 'H spectra were 
SW 1000 Hz, AT 4.1 s (data accuracy -CO. 1 Hz), FA 90". The I3C 
spectra were acquired with SW 4132 Hz, AT 0.99 or 1.982 s (data 
accuracy k0 .5  or k0 .3  Hz), FA 23" or 45", 'H irradiation at 80 Hz, 
(a) yH2/2n - 4000 Hz, modulation bandwidth 2000 Hz (broadband 
decoupling), (b) as for (a) but irradiating for 2.0 s between data 
acquisitions only to retain nOe (HR spectra). The infrared spectra 
were recorded on a BOMEM DA 3.02 FTIR spectrophotometer, the 
samples being in the form of fluorocarbon mulls sandwiched between 
KBr windows. 

Preparation of complexes 
I 1: A solution of tetra-n-butylammonium chloride (1.39 g) in water 
I (15 mL) was added to a solution of 1,2-benzenediol(0.55 g) in water 

(10 mL). After a few minutes the aqueous mixture was extracted with 
I 

CH2C12 (4 x 20 mL). Drying and evaporation followed by recrystal- 

1 lization from petroleum ether (bp 60-8O0C)/ethyl acetate gave 1 
I as colorless prisms, mp 74-75°C; v,,,: most intense absorption at 

3135 cm-I; 8": 0.95 (12H, m), 1.40 (16H, m), 3.14 (8H, m), 6.76 
(4H, centroid of AA'XX' m), 8.57 (2H, s); Sc: 13.62 (qm), 19.57 

' (bt),23.83(bt),58.46(bt),116.97(dm,157.7),120.14(dd,160.4, 
8.5), 145.16 (m). 

'NRCC No. 24148. 

fw 
Cell constants 
(ha a 
at 22°C b 

C 

v (A3) 
Dc (g ~ m - ~ )  
P (cm-'1 
Crystal dimensions 

(mm) 
Min/max abs. 

correct 
2 0 angle ("): 

Cell const. 
Data collection 
Reflections measd. 

(h ,  k ,  1 )  
Reflections used 
R = [Z(IFoI - 

l~cl)/ZlFol) 
R ,  = [Zw(F, - 

F ~ ) ~ / w F , ~ ] ' / ~  
s = [Z(F, - F,)'/ 

"The cell constants were derived by least-squares analysis of the diffrac- 
tometer setting of 24 well-centered high-angle reflections. 

2: The corresponding bromide was prepared by analogous reaction 
of tetra-n-butylammonium bromide (16.14 g) and 1,2-benzenediol 
(5.50 g). Recrystallization from petroleum etherlethyl acetate gave 2 
as colorless prisms, mp 84-85°C; v,,,: most intense absorption at 
3216 cm-I; 6": 0.96 (12H, m), 1.47 (16H, m), 3.19 (8H, m), 6.81 
(4H, centroid of AA'XX' m), 7.68 (2H, s); Sc: 13.57 (qm), 19.61 
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TABLE 2a. Atomic parameters x, y, z and Be," for 1 (e.s.dls refer to 
the last digit printed) 

Atom x Y z Be,, A2 

FIG. 1.  Packing diagram for 1. For clarity only one carbon atom of 
each butyl group is shown. Labelled atoms have the symmetry equiv- 
alent positions of 0.5 - x, 0.5 + y, 1 + z for the catechol moiety and 
0.5 - x, -0.5 + y, I + z for the cation. 

TABLE 2b. Atomic parameters 2 

Atom x Y z B e ,  

(bt), 24.01 (bt), 58.80 (bt), 116.62 (dm, 158.2), 120.22 (dd, 160.4, 
8.7), 145.01 (m). 

Crystallography 
Crystals of 1 and 2 are orthorhombic, space group Pbca (from 

single-crystal photographs and diffractometry), Z = 8. Suitable speci- 
mens were mounted on glass fibers for data collection. The relative 
intensities of the independent reflections were measured with a Picker 
four-circle diffractometer, using Ni-filtered CuK, radiation (hKal = 
1.54056 A). The 8-28 scan method was used, and individual reflec- 
tion profiles were analysed as described by Grant and Gabe (2). The 
intensities of the three monitor reflections did not change significantly 
during data collection. The standard deviations were evaluated from 
the counting statistics, and only the reflections with I,,, > 2u(I,,,) 
were used in the subsequent analysis. Absorption correction (Gaussian 
integration) was applied to the intensities. 

The structures were solved by the heavy atom method and refined 
by block-diagonalleast squares, minimizing CW(F, - kF,)' where 
w = [02(F,) + 0 . 0 0 0 3 ~ ~ 1 - I .  Positional and thermal parameters (an- 
isotropic thermal motion was assumed for all non-hydrogen atoms) 
were refined for all the atoms, except methylene and phenyl 
hydrogen atoms, which were included in the idealized position (C-H 
= 1.08 A) and only an individual isotropic temperature factor was 
refined for them. 

The computer programs used for calculation have been described by 
Larson and Gabe (3). The atomic scattering factors2 were taken from 
International Tables, Vol. IV (ref. 4). 

Crystal data and some details of refinement are given in Table 1, 
and atomic coordinates in Table 2. Bond lengths and angles are given 
in Table 3, and details of hydpgpn-bond interactions in Table 4. 
Tables of structure factors, anisotropi~ thermal parameters, hydrogen 
atom coordinates are available as supplementary data.3 

'Neutral scattering curves were used for C1 and Br. 
'Complete set of data is available upon request, at a nominal charge, 

from the Depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada KlS  0A2. 
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TABLE 3a. Bond distances (A) and angles (") for catechol 

Distances 1 2 

TABLE 4. Hydrogen-bonded interactions 

1 2 

Angles 
C(1)-O(1)-HO(1) 122(2) 120(3) 
C(2)-O(2)-HO(2) 121(3) 1 17(3) 
O(1)-C(1)-C(2) 123.8(4) 123.4(4) 
O(1)-C(1)-C(6) 116.8(4) 117.0(4) 
C(2)-C( I)-C(6) 119.4(4) 119.6(4) 
O(2)-C(2)-C(1) 122.2(4) 123.9(4) 
O(2)-C(2)-C(3) 118.5(4) 116.8(4) 
C(1)-C(2)-C(3) 119.3(5) 119.4(5) 
C(2)-C(3)-C(4) 120.5(5) 120.2(5) 
C(3)-C(4)-C(5) 119.1(5) 1 19.5(4) 
C(4)-C(5)-C(6) 119.9(5) 120.1(5) 
C(1)-C(6)-C(5) 121.9(5) 121.3(5) 

TABLE 36. Bond distances (A) and angles ( O )  for the cation 

Distances 1 2 

N-C(1 I) 1.511(5) 1.528(5) 
N-C(21) 1.541(5) 1.533(5) 
N-C(3 1) 1.513(6) 1.519(5) 
N-C(41) 1.5 17(5) 1.519(5) 
C(11)-C(12) 1.5 14(6) 1.507(6) 
C(12)-C(13) 1.540(6) 1.523(6) 
C(13)-C(14) 1.502(8) 1 .502(8) 
C(21)-C(22) 1.513(7) 1.514(7) 
C(22)-C(23) 1.521(6) 1.493(7) 
C(23)-C(24) 1 .507(8) 1.480(8) 
C(3 1)-C(32) 1.515(6) 1.515(6) 
C(32)-C(33) 1.523(7) 1.5 17(6) 
C(33)-C(34) 1.533(7) 1.512(8) 
C(41)-C(42) 1.504(6) 1.504(7) 
C(42)-C(43) 1.513(7) 1.509(7) 
C(43)-C(44) 1.503(9) 1.502(9) 

Angles 
C(l1)-N-C(21) 
C(11)-N-C(3 1) 
C(11)-N-C(41) 
C(21)-N-C(3 1) 
C(21)-N-C(41) 
C(3 1)-N-C(4 1) 
N-C(11)-C(12) 
C(l1)-C(l2)-C(l3) 
C(12)-C(l3)-C(14) 
N-C(21)-C(22) 
C(2 1)-C(22)-C(23) 
C(22)-C(23)-C(24) 
N-C(3 1)-C(32) 
C(3 1)-C(32)-C(33) 
C(32)-C(33)-C(34) 
N-C(4 1)-C(42) 
C(4 1)-C(42)-C(43) 
C(42)-C(43)-C(44) 

Results and discussion 
The X-ray analysis of compounds 1 and 2 established that 

they are isomorphous and that the crystal structures consist of 
discrete tetra-n-butylammonium cations and catechol halide 
anions (Fig. 1). The structure of the tetra-n-butylammonium 
cation is normal and calls for no special comments (Table 3b). 

The halide ion accepts two essentially linear hydrogen bonds 
from the same catechol (Fig. 1; Table 4). The 0 . .  .C1 distances 
are at the lower end of the range of reported values (3.045(3)- 
3.317(2) A (5)), while t!e O...Br distances are in the usual 
range (3.19(1)-3.22(1) A (6, 7)). These distances are smaller 
than the corresponding sums of van der Waals radii (3.27 A for 
1, 3.37 A for 2 (8)); the differences are 0.24 and 0.26 A for 1, 
and 0.16 and 0.19 A for 2. These results indicate that hydrogen 
bonding is stronger in 1 than in 2. This is substantiated by their 
ir spectra which are identical except in the region of the OH 
stretching modes. The OH stretching absorption band for 2 
occurs at 3216 cm-', and that for 1 at 3135 cm-', 81 cm-' 
lower. 

The pattern of hydrogen bonding found in 1 and 2 appears to 
be unique for such systems. In a number of catecholamine 
halides (refs. 6, 9-11) the hydroxyl groups are hydrogen 
bonded to two different halogens, as in 3. Moreover, in these 

compounds, as in native catechol (12), and in the tetraethyl- 
ammonium salt (I), one hydrogen atom lies outside the sector 
bounded by the C-0 vectors, while the other lies inside, often 
forming an intramolecular bond (see, 3). The pattern of hydro- 
gen bonding in 1 and 2, in which the halide ion accepts two 
bonds from the same catechol, requires that both hydrogen 
atoms lie inside the sector (Fi8. 1) with unusually s h ~ r t  non- 
bonded distances of 2.10(6) A for 1 and 2.09(7) A for 2. 
Crystal packing may be the determining factor for such an 
unusual hydrogen-bond configuration, since it would otherwise 
be unstable, because of the repulsion of the similarly charged 
hydrogen atoms (13). This repulsion causes the oxygen 
atoms to be farther apart than they would otherwise be, 
with an increase of the C(1)-C(2)-O(2) and C(2)- 
C(1)-O(1) angles (Fig. 1; 122.2(4) to 123.9(4)'), and a 
decrease of the C(3)-C(2)-O(2) and C(6)-C(1)-O(1) 
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angles (1 16.8(4) to 118.5(4)") from the ideal value of 120". 
Our studies of hydrogen bonding in these complexes are 

continuing. If indeed crystal packing forces dictate the unusual 
pattern observed in 1 and 2, substitution of a smaller cation 
may result in restoration of the more usual hydrogen-bonding 
network. We are also studying the nature of hydrogen bonding 
of 1 and 2 in solution. 
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The reaction of 3-methyltricarballylic acid with acetic anhydride: three products 
of acylative decarboxylationl 
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GEORGE M. STRUNZ, GESSIE BRISARD, and PIERRE GIGUERE. Can. J. Chem. 63, 2123 (1985). 
'Three products, 2-acetonyl-2-methylsuccinic anhydride (S), 2,7-dioxa-1,5-dimethylbicyclo[3.2.l]octane-3,6-dione (6), and 

3-acetonyl-3,5-dimethyl-2(3H) furanone (7) were identified from the base-catalysed reaction of 3-methyltricarballylic acid 
with acetic anhydride. These compounds arise as a result of acylative decarboxylation of 3-methyltricarballylic acid. 

GEORGE M. STRUNZ, GESSIE BRISARD et PIERRE GIGUERE. Can. J .  Chem. 63, 2123 (1985). 
On a identifik trois produits de la rCaction de I'acide tricarballylique-3-mCthyle avec I'anhydride acCtique sous catalyse 

basique: I'anhydride succinique acCtonyl-2 mkthyl-2 (5),  le bicyclo[3.2. I] octane dioxa-2,7 dickto-3,6 dimCthyl-1,5 (6), et le 
2(3H) furanone acCtonyl-3 dimethyl-3,5 (7). Ces composCs rksultent de la dCcarboxylation acylative de I'acide tricarballylique- 
3-mithyle. 

In 1901, Rudolph Fittig reported that reaction of the sodium 
salt of tricarballylic acid with acid anhydrides afforded bis- 
lactones of structure 1 (1). We have been interested in the 
potential of these compounds (and of the spiro bislactone 2) as 
precursors for the synthesis of 1 ,Cdiketones, hence of substi- 
tuted cyclopentenones (2, 3). 

In contemplating the mechanism by which the bislactones 1 
are formed, Fittig (1) recognized that acylation of tricarballylic 
acid (or a derivative) at C-3 would afford a P-ketoacid which 
could readily undergo decarboxylation to a ketodicarboxylic 
acid capable of cyclization to 1. To test whether this was indeed 
the course of the transformation, he selected a tricarballylic 
acid derivative, camphoronic acid 3 (R = CH,), which could 
not undergo direct acylation at C-3 prior to decarboxylation, 
and subjected its salt similarly to reaction wih acetic anhydride. 
The isolation in low yield of a crystalline product, which he 
considered to be the bislactone 4, led Fittig to propose that the 

reaction proceeded instead by extrusion of carbon dioxide from 
a mixed anhydride, involving the carboxyl group at C-3 
(Fig. 1). The first mechanism, which can be formulated in 
several essentially equivalent ways (e.g., Scheme 1 (R = H)3.4; 
cf. ref. 4) appears to provide a more plausible pathway to the 
bislactones (I),  notwithstanding its inability to account for the 
formation of 4 from camphoronic acid. We report herein our 
parallel studies on the reaction of the related, simpler and more 
readily available5 3-methyltricarballylic acid 3 (R = H) with 
acetic anhydride. The results suggest an alternative inter- 
pretation of Fittig's observations in the camphoronic acid ex- 
periment. 

In his pioneering studies, Fittig obtained optimum results 
when he treated the sodium salt of tricarballylic acid with 1.5 
equivalents of anhydride (1). Later workers found that en- 
hanced yields of the bislactones were obtained when the free 
acid was used with a larger excess of anhydride (5), particularly 
in the presence of powdered soft glass or employing a reaction 
vessel which was previously washed with a strongly alkaline 
detergent (6). Our own studies demonstrated that pyridine can 
be an effective catalyst for the process (2). 

When 3-methyltricarballylic acid 3 (R = H) was heated 
under reflux with an excess of acetic anhydride in the presence 
of a catalytic amount of pyridine, evolution of carbon dioxide 
was sluggish. A more expeditious reaction occurred when 
4-dimethylaminopyridine (7) was employed as catalyst. The 
attendant, initially vigorous, evolution of carbon dioxide mod- 
erated with time, and was quite slow after 4.5 h, when the 
reaction was terminated by removal of volatile material under 
reduced pressure. After charcoal treatment, the crude residue 
solidified, and afforded a pure product, A, by crystallization 
from ethyl acetate. Flash chromatography (8) of the mother 
liquor augmented the yield of A (total 42%), and gave two 
additional (incompletely resolved) products, designated B and 
C in order of increasing chromatographic mobility. Product B 
could be isolated by crystallization of material from the appro- 
priate chromatographic fractions, while the minor component 
C required further chromatographic purification. 

' Acylation might be intermolecular, but a possible mode of intra- 
' Presented in part at the CAN-AM Chemical Congress, Montreal, molecular acylation is shown in Scheme 1. 

June 6, 1984. We thank a referee for suggesting modifications to the mechanistic 
2Undergraduate cooperative program participant from Universitt scheme originally depicted. 

de Sherbrooke. Commercially available. 
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bands at 1793 and 1721 cm-' , respectively (9). In the 200-MHz 
'Hmr spectrum, the hydrogens of the angular methyl group and 
methyl ketone give rise to singlets at 6 1.29 and 2.11, re- 
spectively. The vinylic methyl group is represented by a three- 
proton doublet at 6 2.00, displaying coupling ( J  1.5 Hz) with 
the vinyl hydrogen at 6 5.16 (q, J 1.5 Hz). The geminal meth- 
ylene protons a to the ketone appear as an AB quartet at 6 2.83 
([JAB[ 17.9 Hz; Av = 21.5 Hz). The mass spectrum (m/e 168 
(Mf) ;  1 1  1 ( M  - C3H50)+; 83 (M - C3H50 and CO)' base 
peak) is in accord with the assigned structure. 

The formation of C (7), may be rationalized in terms of a 
double acylation-decarboxylation process leading to 4-carb- 
oxy-4-methyl-heptane-2,6-dione or  an acid anhydride thereof, 
which cyclizes to the en01 lactone product. 

Although the substrate and conditions examined in the 
present study differ from those investigated by Fittig, we  note 
that homologues of 5 and 6, bearing gem-dimethyl groups at 
the appropriate position, (C-3 and C-4, respectively) could in 
principle be  formed by similar acylative decarboxylation of 
camphoronic acid. Such compounds are isomeric with the puta- 
tive bislactone 4, and the three structures could not readily have 
been distinguished on the basis of the data and methodology 
available to Fittig. 

Experimental 
Melting points were determined on a hot-stage apparatus and are 

uncorrected. Infrared spectra were recorded on a Beckman Acculab 2 
spectrophotometer. Nuclear magnetic resonance spectra were run on 
a Varian XL-200 instrument. Mass spectra were obtained with an 
Hitachi Perkin Elmer RMU-6D mass spectrometer. High resolution 
mass spectra were provided by Mr. A. I. Budd, University of Alberta. 
Microanalyses were performed by Spang Microanalytical laboratory, 
Eagle Harbor, MI. 

Reaction of 3-methyltr~carballylic acid with acetic anhydride 
To freshly distilled acetic anhydride (20 mL) containing 4-dimeth- 

ylaminopyridine (200 mg, 1.64 mmol) was added 3-methyltri- 

carballylic acid (1.95 g, 10.26 mmol). The solution was heated under 
reflux, and C 0 2  evolution was periodically monitored by the precip- 
itation of carbonate from a solution of barium hydroxide. The initially 
fairly vigorous evolution of COz moderated with time, and was quite 
slow after 4.5 h, when the reaction was terminated by distillation of 
the volatile material under reduced pressure (water pump; bath tem- 
perature ambient to 95°C). (In some runs, the mixture was allowed to 
cool and set aside for several hours before distillation.) The dark 
brown residue was dissolved in ethyl acetate and treated with activated 
charcoal. After removal of the charcoal by filtration, evaporation of 
the solvent in vacuo yielded an orange-colored residue. Crystallization 
from ethyl acetate afforded almost colorless crystals of A, con- 
taminated by a small amount of a second product. Compound A (5) 
was rendered colorless and pure by recrystallization from ethyl ace- 
tate, dimorphic crystals, mp 1 12- 1 17°C and 149- 15 1°C; ir (CHC13), 
inter alia: 1864, 1787, 17 18 and 1010 cm-'; nmr (CDC13, 200 MHz), 
see Fig. 2; mass spectrum (inter alia), m/e  (relative intensity) (ion): 
170.0577 (7) (CXHl0O4)t (Mt), 142.0632 (1 1) ( C ~ H I O O ~ ) ~ ,  128.0484 
(24) (CsHgO,)?, 126.0680 (9) (C7H,o02)+ 124.0524 (12) (C7Hg02)+, 
1 13.0245 (26) (C&O,)+, 1 1 1.0453 (44) (C6H70z)+, 98.0733 (100) 
(C6HloO)';, 83.05 10 (56) (CsH70)', 82.0434 (33) (C5HhO)';, 
69.0344 (9) (C4HsO)+. 58.0448 (1 5) C3H60):. 55.0572 (34) 
(C4H7)+. Anal. calcd. for CxH1004: C 56.46, H 5.92; found: C 56.88, 
H 6.08. 

The yield of A was augmented to a total of 738 mg (42%) by 
additional material obtained from flash chromatography (8) of the 
mother liquor. The eluent was chloroform - ethyl acetate in a stepwise 
gradient from 95 : 5 to 88 : 12. 

Earlier fractions from the chromatography contained components B 
(6) and C (7) which were not completely resolved. Fractions richest 
in component B were combined and evaporated to dryness in vacuo. 
Crystallization from cyclohexane-toluene yielded 130 mg (7.4%) of 
bislactone B (6), mp 10 1 - 103°C. A sample recrystallized from tolu- 
ene had mp 102- 104°C; ir (KBr): 3000, 2965, 2945, 2925, 2885, 
1812 (s), 1792, 1760(s), 1455, 1412, 1390, 1350, 1322, 1290, 1265, 
1172, 1142, 1122, 1077, 1034, 986, 974, 925, 902, 894, 800, and 
735 cm-'; nmr (CDCI,, 200 MHz), see text; mass spectrum (inter 
alia), m / e  (relative intensity) (ion): 171.0662 (0.65) (CgH1104)' 
(MH+), 170.0563 (0.24) (C,HIo04)" (Mt), 126.0682 (75) 
(C7HIOOz):, 1 11.0446 (5) (CsH702)+, 100.0524 (8) (C5Hs02)+, 
98.0732 (100) (C6H,oO)', 83.0499 (54) (c~H70)+ .  69.0343 (13) 
(C4H50)', 55.0566 (23) (C4H7)+. Anal. calcd. for CBHI0O4: C 56.46, 
H 5.92; found: C 56.54, H 5.96. 

Mother liquors from crystallization of B were combined with the 
chromatographic fractions containing C, and the resulting mixture was 
chromatographed on a column of Lichroprep Si 60 (Merck), eluting 
with hexane - ethyl acetate (7:3) under a pressure of 0.2 kg cm-', 
flow rate 2 mL min-I. The olefin C (7) was obtained in about 1% yield 
as a pale yellow oil which set on standing to a soft white solid. The 
product resisted further purification attempts by recrystallization or 
preparative layer chromatography and the persistence of some minor 
contaminants could be detected in the mass and nmr spectra, as well 
as by gc: ir (CHCl,), inter alia: 1793, 172 1 cm-I; nmr (CDC13, 200 
MHz), see text; mass spectrum, m / e  (relative intensity) (ion), inter 
alia: 208.0733 (2.4) (CIIHI20,  - contaminant), 194.0573 (1.4) 
(C10H1004 - contaminant), 168.0784 (6.9) (C9HI2O3)+ (MZ), 
153.0550 (2) (CgHgO,)', 125.0604 (33) (C7H902)+, 124.0890 (32) 
(C8HI20)t,  11 1.0444 (36) (C6~702)+, 109.0654 (19) (C7HsO)+, 
98.0730 (22) (C6~loO) ' ,  97.0653 (16) (C&O)+, 83.0498 (100) 
(C5H7O)'. 

Interconversion of bislactone 6 and anhydride 5 
The bislactone 6 (65.0 mg, 0.38 mmol) was suspended in distilled 

water (20 mL) and the system was gradually brought to reflux tem- 
perature. At about 50°C all solid material had dissolved, and test paper 
indicated a pH of approximately 5, which dropped to about 3 as the 
temperature increased. The solution was heated under reflux for 3 h, 
after which it was evaporated to dryness under reduced pressure. To 
the resulting crude ketodiacid was added toluene (30 mL) and p- 
toluenesulfonic acid (3.0 mg), and the solution was heated under 
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reflux with a Dean-Stark water separator for 3 h. Preparative layer 
chromatography of the product afforded 26 mg of the anhydride 5, 
identified by comparison with an authentic sample, and 12 mg of 
regenerated bislactone 6. Similar results were obtained with the 
ketodiacid obtained from hydrolysis of the anhydride 5. 
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The kinetics of the reactions of atomic hydrogen with halo-ethylenes 
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MAHMOODA G. AHMED and WILLIAM E. JONES. Can. J. Chem. 63, 2127 (1985). 
The absolute rate constants for the addition of H atoms to CzH,F, 1, 1-CZHZFZ, CZHFI, CzH3C1, 1,1-CzHzC12, CzHC13, and 

C2H3Br have been determined at 298 ? 2 K over the pressure range 0.70- 1.35 Torr. For each of the compounds, the rate 
constants are found to undergo a modest increase with pressure. At 1 .OO Torr the values determined for the rate constants are: 
C2H3F, (8.86 -1- 1.12) x 10-14; I,I-C2H2Fz, (8.16 * 0.66) X 10-14; C2HF3, (6.21 * 0.53) X 10-l~;  CzH3C1, (27.0 ? 0.5) 
x 10-14; I,l-C2H2C12, (59.6 -+ 3.4) x 10-14; C,HCI,, (10.4 ? 0.8) X 10-14; C2HIBr, (27.8 ? 2.5) X 10 - l~ ;  in units of cm3 
molecule-' s- I .  

MAHMOODA G. AHMED et WILLIAM E. JONES. Can. J. Chem. 63, 2127 (1985). 
OpCrant 298 ? 2 K et a des pressions allant de 0,70 ?I 1,35 Torr, on a determink les constantes absolues des vitesses 

d'additions d'atomes de H aux C2H3F, C2HzF2-I, I ,  C2HF3, CzH3C1, CzH2C12-I, I ,  C2HC13 et CzH,Br. Pour chacun des 
composCs, on a trouvC que les constantes de vitesse augmentent ICgkrement avec une augmentation de la pression. A 1,00 Torr, 
les valeurs dCterminCes pour les constantes de vitesse sont les suivantes: C2HIF, (8,86 -f- 1,12) X 10-14; C2H2F2-I , I ,  (8,16 
? 0,66) x 10-14; C2HF3, (6,21 ? 0,53) x 10-14; C2H3CI, (27,O ? 0,5) X 10-14; C ~ H ~ C I Z - ~ , ~ ,  (59,6 2 3,4) X 10-14; C2HC13, 
(10,4 ? 0,8) x 10-14; C2H3Br, (27,8 * 2,5) X 10-14; les unitCs Ctant cm3 molCcule-' s-I. 

[Traduit par le journal] 

Introduction 
While much work has been published on the reactions of 

hydrogen atoms with ethylene (1, 2), there have been few 
reports on the kinetics of the reactions of hydrogen atoms with 
halo-substituted ethylenes. 

Teng and Jones (3, 4) have discussed in detail the mech- 
anisms for the reactions of H atoms with fluoro-ethylene and 
1,l  -difluoro-ethylene. From an analysis of the products formed 
in a normal fast flow system and using computer simulation, 
they calculated rate constants for each of the steps in the mech- 
anisms of these reactions. The absolute rate constants for the 
addition of H atoms to ethylene and fluorinated ethylenes have 
been reported by Sugawara et al. (5). They observed a decrease 
in the value of the absolute rate constant as the substitution bv 
fluorine increased. A similar trend was observed by Kilcoyne 
and Jennings (6), in their study of the relative rates of the 
addition of hydrogen atoms to fluorinated ethylenes. However, 
work by Penzhorn and Sandoval (7) did not indicate the same 
regular increase in relative rates from ethylene to tetrafluoro- 
ethvlene. 

To date, there have been two studies reported on the reaction 
of atomic hydrogen with chloro-substituted ethylenes. Rennert 
and Wijnen (S), from their study of the reaction with vinyl 
chloride suggested that the abstraction of a chlorine from the 
vinyl chloride was faster than the addition of an hydrogen atom 
to the vinyl chloride. Tanner and Jamieson (9), by trapping 
products formed in a flow system, determined independent rate 
constants for the formation of HC1 and hydrocarbons (C2H4 and 
C2H6). 

In the present study, the absolute rate constants for the 
addition of hydrogen atoms to chloro-ethylene, 1, l-dichloro- 
ethylene, and trichloro-ethylene have been measured using a 
fast flow vacuum system coupled to a mass spectrometer.-ln 
addition, the reaction of H atoms with vinyl fluoride, 1,l-  
difluoro-ethylene, and trifluoro-ethylene have been measured 
and are reported for comparison with previous measurements 

'Present address: Department of Chemistry, Jahangimagar Uni- 
versity, Savar Dhaka, Bangladesh. 

and with the chloro compounds. The absolute rate constant for 
the addition of H atoms to vinyl bromide has also been mea- 
sured and is reported for the first time. Each of the rates have 
been measured for at least three pressures and a definite 
dependence on pressure is indicated. 

Experimental 
The reactions were studied in a typical fast flow vacuum system 

coupled to a mass spectrometer. A portion of the reaction mixture 
passed directly into the mass spectrometer ionization chamber through 
a line of sight double pinhole system. Details of the flow system, the 
pinhole region, the mass spectrometer, and the data acquisition system 
are described elsewhere (10). 

Hydrogen atoms were produced by passing a mixture of molecular 
hydrogen and helium through a 2450-MHz electrodeless discharge 
sustained by a 100-W Kiva MPG-2 generator. Typical flow conditions 
were: He, 3 x mol s-I; Hz, 1.8 X mo1 s-I. The reaction 
tube was coated with ortho-phosphoric acid, in order to minimize 
heterogeneous wall recombination. 

'The concentration of hydrogen atoms was measured by NO2 ti- 
tration. An excess of NO2 at a known pressure was introduced to the 
stream of H atoms. The decay of NOz+ (m/z = 46) was then followed 
with time as the flow of NO2 was allowed to decrease. The end point 
was determined as the flow of NOz at which the NOz+ signal became 
constant or was essentially zero. A typical titration curve is shown in 
Fig. 1. The flow rate of H atoms was determined from the flow rate 
of NO2 at the end point on the assumption that [H]/[N02] = 1 : 1.5 
(1 1). The usual correcticn for the NOz/Nz04 equilibrium was applied 
to the calculation of the flow rate of NO2. 

The concentration of H atoms was also determined directly from the 
extent of Hz conversion to H by monitoring the change in the molec- 
ular H2 peak height when the microwave discharge was on and off. 
The maximum deviation between the direct measurement and the 
titration method was approximately 8%. The change in the con- 
centration of hydrogen atoms along the reaction tube was found to be 
less than 3% as calculated by the titration method at different reactant 
inlet jets. 

Helium and molecular hydrogen were obtained from Linde. Vinyl 
fluoride, vinyl chloride, vinyl bromide, and NOz were obtained 
from Matheson of Canada Ltd. All condensable gases were purified 
by bulb-to-bulb distillation, until no impurity could be detected 
mass spectrometrically. NOz was treated with molecular oxygen and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2128 CAN. J .  CHEM. VOL. 63. 1985 

d j : , , , , , , , , ! : , , , , , , , , , , , , , ~  
0 ' 100 ' 200 ' 300 400 500 

Time (seconds) 

FIG. 1. A typical titration curve for the determination of the con- 
centration of atomic hydrogen with NOz. The curve indicates the 
decay of NOz' as the flow of NO, is decreased regularly with time. 

purified by trap-to-trap distillation in vacuo. 
Since the present experiments required very low concentrations of 

halo-ethylene, about 1% of the H atom concentration, a mixture of 1% 
halo-ethylene in helium was prepared and admitted through the reac- 
tant inlet at a flow rate which provided the required concentration of 
halo-ethylene. This procedure also prevented back diffusion of H 
atoms into the reactant inlet which might have occurred if very low 
flow rates of halo-ethylene had been added directly. 

Room temperature, 298 2 K, was used for all experiments. The 
heat generated in the experiment was considered to be negligible since 
the halo-ethylene concentration was small relative to the amount of gas 
flowing in the tube. The reaction pressure was measured by a mercury 
McLeod gauge. The axial gradient in the reactor was less than 
2% of the total pressure. The pressure in the mass spectrometer was 
approximately 2 X Torr (1 Torr = 133.3 Pa). The ionization 
voltage was maintained at 50 eV. The reaction time was calculated 
from the distance between the point of mixing of the reactants and the 
glass pinhole, on the assumption that the reaction stopped when the 
pressure dropped to approximately 5 x lo-' Torr at this point. Under 
the experimental conditions used, a plug flow condition could be 
assumed and the time was calculated as t = d/v ,  where v is the linear 
flow velocity of reactant gases, and d is the distance from the reactant 
jet to the glass pinhole. The halo-ethylene molecular ion peak was 
monitored as the halo-ethylene was admitted to the stream of H atoms 
through each reactant inlet. From these measurements the variation 
of the concentration of the halo-ethylene with reaction time was 
obtained. 

Results 
A simplified scheme for the bimolecular reaction between 

hydrogen atoms and halo-ethylenes, RX, may be represented 
as 

H + RX -+ products 

On the assumption that the H atom concentration is constant, 
the integrated rate expression for this reaction is given by 

In [RX] , = -k[H] t + In [RX], 

where k is the apparent bimolecular rate constant, and [RX], 
and [RX], are the concentrations of halo-ethylene at time t 
and 0, respectively. Under pseudo-first-order conditions, i.e., 
[HI >> [RX], the integrated equation becomes; 

I I I I I I I 

8 16 24 
Distance ( cm ) 

FIG. 2. A sample plot showing the variation of In (peak height) of 
the halo-ethylene molecular ion peak with distance of the inlet from 
the sampling pinhole. (Vinyl chloride is the sample halo-ethylene.) 

1.35 Torr FH = 7.35 X mol s-I; k = 2.87 X lo-" cm3 
molecule-' s-'. 1 .OO Torr FH = 6.88 X mol s- I; k = 2.63 
X 10-l3 cm3 molecule-' s-I. A 0.70 Torr F H  = 7.54 X lop6 moi s-I; 
k = 2.14 X lo-" cm3 molecule-' s-'. 

In [RX], = -kobst + In [RX], 

where kobs is the pseudo-first-order rate constant. It is assumed 
in this equation that the rate constant k,,, is independent of the 
mode of loss of H atoms and that halo-ethylene is lost only 
through its reaction with H atoms and is not consumed or 
regenerated in subsequent reactions. These assumptions have 
been verified for all the halo-ethylenes used. The concentration 
of halo-ethylene was varied threefold and the rate constant was 
found to be independent of the initial concentration of the 
halo-ethylene. Analysis of the products also showed that the 
halo-ethylene was not consumed in secondary reactions. 

A plot of -In [RX] vs. time t gives the pseudo-first-order 
rate constant k,,,. The value of k is then calculated using the 
value of [HI. 

The variation with distance (equivalent to reaction time) of 
In (peak height) of the molecular ion of the halo-ethylene was 
monitored using computer assisted data acquisition. A sample 
plot for vinyl chloride is shown in Fig. 2. After conversion 
of the distance axis to time, the slope of the line provides 
the pseudo-first-order rate constant. From the concentration 
of the H atoms, the apparent bimolecular rate constant k is 
determined. 

The values for the bimolecular rate constant for each of the 
reactants C2H3Cl, C2H2C12, C2HC13, C2H3F, C2H2F2, C2HF3, 
and C2H3Br are given in Table 1. 

Discussion 
A comparison of the products resulting from the reaction of 

hydrogen atoms with the various halo-ethylenes indicated that 
a general mechanism analogous to that for the reaction of H 
atoms with ethylene (3, 4) may be applicable to the H atom - 
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AHMED AND JONES 

TABLE 1. Apparent bimolecular rate constants for the addition of hydrogen atoms (temperature 298 2 2 K) 

Reactant (k in units of c m ~ o l e c u l e - '  s-I X lOI4) 
Pressure 
(Tom) C2H3FU 1, 1 - c ~ H ~ F /  C~HF? C2H3CIU I, I -C2H2C1/ C2HC13r CzH3Bra 

NOTE: For C2CI4 an upper limit for k at 1.30 Torr was found to 
"Twenty determinations at each pressure. 
bTen determinations at each pressure. 
'Five determinations at each pressure. 

halo-ethylene reaction as follows: 
k l 

[ l ]  H + RX + RHX* 
k2 

[2] RHX* + RX + H 
k3 

[3] RHX* + M + RHX + M 

7 k 4 7  

[4] H + RHX + RHZX + RH + HX 

where RX is the halo-ethylene molecule with X as F, C1, or Br 
and M is a third body. The addition of an H atom to RX 
produces a vibrationally excited RHX* radical which can de- 
compose to H and RX, or to be stabilized through collision as in 
eq. [3]. The stabilized radical can react with an H atom as in 
eq. [4] to produce an excited molecule which will decompose 
to produce RH and HX. 

Applying the steady state treatment to the above mechanism, 
the rate of disappearance of RX may be shown to be: 

which gives the apparent bimolecular rate constant k as: 

If k2 = 0 or if k2 << k3[M], k is equal to k, at any pressure. 
If neither of these conditions exists, the value of k will increase 
with pressure. 

The experimental values of k for the addition of H atoms to 
C2H3F, 1 , 1 -C2H2F2, C2HF3, C2H3Cl, 1,l  -C2H2C12, C2HC13, and 
C2H3Br presented in Table 1 show a modest increase with 
increasing pressure over the limited pressure range 0.7- 1.35 
Torr used in this work. 

The value of the rate constant for the addition of H atoms 
to C2H3F at a pressure of 1.00 Torr is 8.82 -t 1.12 X 10-l4 
cm3 molecule-' s-I, which is in reasonable agreement with 
the value 4.53 X 10-l4 determined by Teng and Jones (3). 
Sugawara et al. (5) obtained a value of 5.2 X 10-l3 cm3 
molecule-' s-' at a pressure greater than 180 Torr. From the 
steady state treatment it can be seen that a plot of k-' against 
P-' or [MI-' should be linear. An extrapolation of this plot to 
180 Torr gives a value of approximately 2 X 10-l3 which, at 
about half the value of Sugawara et al., is quite satisfactory 
agreement considering the length of the extrapolation. 

Successive substitution of F atoms for H atoms in ethylene 
1 has been found to decrease the rate constant for the additioh of 

H atoms to the resulting fluoro-ethylene (4-6). A sinlilar 
trend has been observed in the present study, as may be seen 
in Table 1. 

The only value available for the rate constant for the addition 
of H atoms to C2H3Cl is 6.90 X 10-l4 cm3 molecule-' s-' as 

be 1.3 X 10-l4 c d  molecule-' s-I. 

given by Rennert and Wijnen (8), which is somewhat smaller 
than the value calculated in the present work. 

To our knowledge, there is no previous report in the litera- 
ture which gives the rate constant for the reaction of H atoms 
with C2H3Br. 

The values of the rate constants given in Table 1 for C2H3F, 
C2H3Cl, and C2H3Br tend to increase from C2H3F to C2H3Br. A 
similar trend in reactivity has been observed for the reaction of 
0 atoms with these same molecules (12- 15). This has been 
explained by considering two opposing influences created by 
the substituted halogen atom on the reactivity of the olefin. 
These influences can be attributed to the strong negative in- 
ductive effect (-I) due to the electronegativity of the halogen, 
and the positive inductive effect (+I) as a result of the re- 
pulsion of .rr electrons present in the p orbitals of the halogen 
atom and the mesomeric (+M) effect, as distinguished by 
Clark et al. (16). When an F atom is substituted in C2H4, a 
deactivation of the double bond occurs due to the combined 
effects described above, and the reaction of H atoms with 
C2H3F becomes slower than that for the reaction with the C2H4 
molecule. 

The donation of the unshared electrons from the substituted 
halogen to the double bond increases along the series H < 
F < C1< Br while the electronegativities of the atoms decrease 
along the series F > C1 > Br > H. These combined effects 
cause a change in the reactivity when F is substituted for C1 or 
Br. A change in the reactivity is also observed with an increase 
in the number of substituents (4-6). The rate constants 
presented in Table 1 indicate that as fluorine substitution in- 
creases the rate constants decrease. For chlorine substitution, 
an increase in the rate constants occurs between C2H3Cl and 
1, 1-C2H2C12, but substitution of a third C1 atom decreases 
the rate constant. Preliminary results indicate that further 
substitution by a C1 atom further decreases the rate constant. 
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Organic reactions in liquid crystalline solvents. 1. The thermal cis-trans 
isomerization of a bulky olefin in cholesteric liquid crystalline solvents 
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WILLIAM J. LEIGH, DEBBIE T. FRENDO, and PAUL J .  KLAWUNN. Can. J. Chem. 63, 213 1 (1985). 
The effect of cholesteric liquid crystalline solvents on the energetics of rotational thermal cis-trans isomerization of olefins 

has been examined. Rate constants have been obtained over a 70-degree temperature range for isomerization of trans-] ,2-di- 
(4-cyanopheny1)-l,2-diphenylethylene in two isotropic solvents and three cholesteric liquid crystals and the Arrhenius param- 
eters determined. The rates of isomerization are found to be consistently slower in the liquid crystalline phases compared to 
the isotropic solvents. The Arrhenius parameters for isomerization of the olefin in the isotropic solvents (E, = 34.8 2 0.3 
kcal/mol; A S Z  = - 1.5 + 0.5 e.u.) compare favourably with reported values for its isomerization in benzene solution. In the 
cholesteric phases, E, is consistently 1 - 1.5 kcal/mol higher and A S Z  slightly more positive than the corresponding values for 
the isotropic solvents. The results are tentatively rationalized in terms of disruption of liquid crystalline order as the olefin twists 
from its pseudo-planar, ground state geometry through the globular, twisted transition state. The magnitude of this effect is 
proposed to depend on both the difference in steric bulk of the ground and transition states and the "tightness" of the solvation 
shell seen by the isomerizing molecule. It is believed that in the present case the observed effects are somewhat truncated as 
a result of rather poor solvation of the bulky olefin in the liquid crystalline phases. 

WILLIAM J. LEIGH, DEBBIE T. FRENDO et PAUL J .  KLAWUNN. Can. J .  Chem. 63, 213 1 (1985). 
On a CtudiC I'effet des solvants cholestCriques cristaux-liquides sur les niveaux CnergCtiques de I'isomCrisation cis-trans 

thermique de rotation des olCfines. Operant sur une plage de tempkrature de 70 degrCs, on a obtenu les constantes de vitesse 
d'isomCrisation du di-(cyano-4 phCnyl)-1,2 diphCnyl-I ,2 Cthylkne dans deux solvants isotropes ainsi que dans trois cristaux 
liquides cholestCriques et on a aussi dCterminC les paramktres d'ArrhCnius. On a trouvC que les vitesses d'isomCrisation sont 
systCmatiquement plus lentes dans les phases de cristaux liquides que dans les solvants isotropes. Les paramktres d'ArrhCnius 
pour I'isomCrisation de I'olCfine dans les solvants isotropes (E, = 34,8 k 0,3 kcal/mol; AS* = - 1,5 k 0,5 u.e.) se comparent 
favorablement avec les valeurs rapportCes antkrieurement pour son isomCrisation en solution dans le benzkne. Dans les phases 
cholestCriques, les valeurs de E, sont systimatiquement de 1 i 1,5 kcal/mol plus ClevCes et la valeur du AS* est 1Cgkrement 
plus positive que les valeurs correspondantes pour les solvants isotropes. D'une fa~on preliminaire, on rationalise les rCsultats 
en fonction d'une dislocation de I'ordre du liquide cristallin alors que I'olCfine se dCplace de la gComCtrie pseudo-planaire de 
son Ctat fondamental vers 1'Ctat de transition globulaire qui a subi une torsion. On croit que I'amplitude de cet effet depend 
i la fois de la difference entre les encombrements des Ctats fondamental et de transition et de la nature compacte du noyau de 
solvatation ressenti par la molCcule qui s'isomCrise. Dans le cas prksent, on croit que les effets observ6s sont un peu tronquCs 
ii cause de la mauvaise solvatation de I'olCfine encombrCe dans les phases liquides cristallines. 

[Traduit par le journal] 

Introduction 
The use of thermotropic liquid crystals as solvents for 

thermal and photochemical reactions has been the subject of 
numerous reports in recent years ( 1 - 1 3 ) .  Most commonly, 
these investigations have examined the effects of these materi- 
als on unimolecular processes which involve some degree of 
distortion of an oriented solute's molecular framework. Exam- 
ples include the Claisen rearrangement in nematic solvents ( I ) ,  
intramolecular excimer formation in cholesterics (2), and the 
Norrish Type I1 reaction in cholesteric and smectic solvents (3). 
The common thread in each of these examples is that the 
reaction or process in question involves cyclization of an ori- 
ented, rod-like solute; if this results in disruption of liquid 
crystalline order, then some effect on the rate of the process is 

1 generally observed. 
Increasing attention is being focussed on the effects of liquid 

crystalline solvents on the dynamics of bimolecular reactions 
( 4 - 8 ) ,  and Samori and co-workers have noted that the largest 

1 effects on reactivity are to be expected for reactions whose 
energetics are dominated by entropy factors ( 8 ) ,  that is, in 
reactions which are subject to rather severe orientational con- 

I 

' Author to whom correspondence may be addressed. 
'Natural Sciences and Engineering Research Council Summer 

Student, 1984. 

straints in the transition state. The systems which have been 
investigated to date have used liquid crystals to control the 
mutual orientations of the reactive solutes, the idea being that 
reaction efficiency should be greater when the reactive moieties 
are held in the optimum mutual orientation for interaction. 
Examples include the photodimerizations of acenapthylene (6) 
and tetraphenylbutatriene ( 4 ) ,  pyrene excimer and exciplex 
formation (7), and sulfonate ester rearrangements ( 8 ) .  

Several years ago, Nerbonne and Weiss reported an in- 
vestigation of the effects of cholesteric liquid crystalline sol- 
vents on the energetics of the thermal cis-trans isomerization 
of azobenzene ( 9 a ) ,  in an attempt to elucidate the mechanism 
of this process, whether via bond rotation or nitrogen inversion. 
The transition states for these two mechanisms differ consid- 
erably in their shapes, and thus might be expected to be sol- 
vated somewhat differently in a liquid crystal. It was suggested 
that isomerization by bond rotation should be impeded in a 
liquid crystalline solvent as a result of the disruptive effects of 
the bulky, globular transition state on solvent order. Isomer- 
ization by nitrogen inversion, on the other hand, should not be 
affected by liquid crystalline solvents, since passage through 
this transition state involves a change in solute geometry which 
is more compatible with the macroscopic solvent "structure". 
This idea that transition states of different steric shape might be 
solvated somewhat differently in a liquid crystalline solvent is 
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TABLE I .  Transition temperatures for pure and doped cholesteric liquid crystals" 

Liquid crystal Wt.% 1 K +  Chb Ch+ I' 

Cholesteryl benzoate (CB) 

Cholesteryl 4-chlorobenzoate (CCB) 

Cholesteryl 6-methoxy-2-naphthoate (CMN) 

Cholestanyl 4-methylbenzoate (CT) 

"In "C, corrected; measured by thermal microscc 
bSolid to cholesteric transition. 
' Cholesteric to isotropic transition. 

directly analogous to the known behaviour of liquid crystals 
with respect to the differences in their ability to solvate planar 
or rod-like solutes and non-planar or globular ones (14). The 
result that both the activation energy and entropy for the isom- 
erization of azobenzene were significantly more positive in a 
cholesteric liquid crystal compared to isotropic solvents was 
taken as evidence for the bond rotation mechanism for this 
isomerization (9a). Since that time, a number of studies have 
provided rather convincing evidence in favour of the bond 
inversion mechanism (15). Otruba and Weiss have recently 
reported a correction to their earlier report (9b). They have 

I 
i found that the energetics of the thermal cis-trans isomerization ~ of azobenzene and a series of substituted derivatives are in fact 

not at all affected by liquid crystalline solvents; they conclude 
I that azobenzene must therefore isomerize via the more widely 

accepted (15) nitrogen inversion mechanism. 
The proposal that a liquid crystalline solvent might be able 

to distinguish between rotational and inversion transition states 
1 in the azobenzene isomerization, while seemingly viable, re- 

mains unproven. No reliable indication exists of the potential 
magnitude of the effect on the energetics of rotational cis-trans 
isomerization of olefins by liquid crystalline solvents. A report 
of a two-fold enhancement in the rate of thermal cis-trans 
isomerization of cis-stilbene in a nematic solvent relative to that 
in isotropic media (16) must be viewed as suspect, since at the 
temperature examined (156"C), the isomerization rates are 
grossly incompatible with the known activation parameters for 
the uncatalysed thermal isomerization of this olefin (17). 

We wish to report the results of our study of the kinetics of 
the thermal cis-trans isomerization of 1,2-di-(4-cyanophen- 
y1)-1 ,2-diphenylethylene (1) in cholesteric liquid crystalline 

and isotropic solvents. Our results suggest that cholesteric liq- 
uid crystals are indeed capable of affecting the energetics of 
rotational cis-trans isomerization, although the observed 
effect is small and it is difficult to derive definitive conclusions 
with regard to its origins. The magnitude of the effect which is 
observed in this system can be explained as being the result of 

several factors, all of which derive from the manner in which 
this solute is solvated in the liquid crystalline environment. 

Results 
Transition temperatures for the liquid crystalline materials 

used in this study were measured by thermal microscopy for 
both the pure materials and the doped mixtures used in the 
kinetic studies. These are collected in Table 1. The 1-doped 
samples were prepared by evaporation of methylene chloride 
solutions of 1 and the aromatic esters under vacuum to ensure 
intimate mixing of the two components. While the substantial 
effects on both the K + Ch and Ch + I transition temperatures 
indicate that the olefin is, presumably, soluble in each of the 
mesophases employed, this was further corroborated by simple 
monitoring of the dissolution of a small crystal of trans-1 in the 
cholesteric phase of each of these materials by thermal micro- 
scopy. In each case, dissolution appeared to be complete within 
ca. 5 min at a temperature ca. 10°C above that of the K +  Ch 
transition. 

The rates of isomerization of trans-1 were measured over the 
temperature range 170-245°C as the rates of approach to equi- 
librium, according to published procedures (1 SJ. The data were 
analysed according to eq. [I], in which Xi ,  X, , and X: are the 
mole fractions of the trans-isomer initially, at time t, and at 

equilibrium, respectively, and k represents the sum of the rate 
constants for the forward and reverse reactions. Equilibrium 
compositions were established from both directions in order to 
ensure complete equilibration. At a given temperature, the 
equilibrium composition for 1 did not vary significantly as a 
function of solvent. Rate and equilibrium data for the thermal 
isomerization of 1 as 0.5 or 1.0 wt.% solutions in cholesteryl 
benzoate (CB), 3P-cholestanyl 4-toluate (CT), cholesteryl 
4-chlorobenzoate (CCB), cholesteryl 6-methoxy-2-naphthoate 
(CMN), and n-decyl4-anisoate (DA) are collected in Table 2. 
The quoted errors in the rate constants have been estimated as 
the standard deviations, obtained from weighted linear least- 
squares analyses of the data according to eq. [I]. Representa- 
tive plots are shown in Fig. 1 for the isomerization of trans-1 
in the cholesteric phase of CCB and the isotropic phase of CB 
at 200°C. 

Kinetic runs using DA and CMN as solvents were performed 
simultaneously at each temperature; thus, differences in the 
rate constants at each temperature are more meaningful for 
these two solvents than for the other three. The runs using CB, 
CT, and CCB as solvents were done separately, and the tem- 
perature varied by k 1" from run to run. While the temperatures 
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LEIGH ET AL. 

TABLE 2. Rates and equilibria for the thermal cis-trans isomerization of trans-1 in 
various solvents" 

Temperature ("c)~ DA CMN CB CT CCB Kc 

"In units of lo-" s - ' .  Errors quoted as k u .  
+l.O°C. 
'K, = k,,,/k,,, = l/XT - 1 .  The values represent the average of all measurements at a single 

temperature; the measured values varied by less than k0 .05  from solvent to solvent. 

I 2 3 4 5 
time 1103~ 

FIG. 1 .  Mole fraction vs. time data, plotted according to eq. [I], 
for the thermal cis-trans isomerization of trans-1 in CB (a, isotropic) 
and CCB (A, cholesteric) at 200°C. 

recorded in Table 2 do not reveal these minor differences, they 
were in fact incorporated in the Arrhenius plots and calcu- 
lations discussed below. 

A sample of DA was heated at 230°C for 35 h and examined 
by 'Hmr spectroscopy in order to ensure that solvent decom- 

TABLE 3. Transition temperatures and rate constants for 
thermal isomerization of trans-1 in cholesteric CMN at 

210°C as a function of concentration 

Transition temperature ("C)" 

"Measured by thermal microscopy. 

position does not occur to any significant extent at these tem- 
peratures during the times required for the kinetic analyses. 
p-Anisic acid could not be detected in the nrnr spectrum of DA 
after being subjected to this treatment. 

Mesophase stability over the time periods necessary for the 
kinetic analyses was verified for each of the liquid crystals 
employed, by visual inspection of 1-doped samples in a thermal 
microscope held at 240°C (220°C for CT) for 3 h. 

The rates of isomerization of trans-1 in CMN at 210°C were 
measured using samples containing 0.2,0.5, 1 .O, and 2.0 wt.% 
1. These data are collected in Table 3, along with the measured 
transition temperatures for each of the mixtures. 

Arrhenius plots for our data are shown in Figs. 2 and 3. 
Least-squares analysis of each yielded the Arrhenius parame- 
ters collected in Table 4. The insert in Fig. 3 shows a plot 
which illustrates the dependence of the ratio of the rate con- 
stants in isotropic DA and cholesteric CMN on inverse tem- 
perature; such a plot gives a better indication of the differences 
in the Arrhenius parameters obtained, along with the estimated 
errors in these differences. Least-squares analysis of this plot 
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TABLE 4. Arrhenius parameters for the thermal cis-trans isomerization of 1 in 
cholesteric and isotropic media" 

Solvent Phase E,b In A' AS' (200°)d 

CB 
CCB 

CB/CT/CCB 
CB/CT/CCB 

DA 
CMN 

Benzenee 

Isotropic 35.0 + 0.6 28.56 + 0.64 -1.4 + 0.6 
Cholesteric 36.4 5 0.8 29.79 t 0.93 -0.2 ? 0.9 
lsotropic 34.8 + 0.2 28.42 + 0.53 -1.5 + 0.5 
Cholesteric 36.0 + 0.3 30.41 1- 0.61 -0.5 5 0.6 
lsotropic 34.6 + 0.5 27.95 * 0.56 -2.0 ? 0.5 
Cholesteric 36.3 + 0.6 29.45 + 0.63 -0.5 + 0.6 
Isotropic 35.0 r 0.5 28.25 + 0.56 -1.7 + 0.5 

"Errors quoted as fa. 
*In kcal/mol. J 

'In s-I. 
"'In e.u. 
'Calculated from the rate constant data in ref. 18, using our linear least-squares program. 

yields the differences in the Arrhenius parameters for isomer- 
ization of 1 in the two solvents: AE, = 2.5 +- 1.2 kcal/mol and 
A(AS*) = 2 +- 2 e.u. (R2 = -0.83). 

Discussion 
Liquid crystals are ordered fluids, with properties inter- 

mediate between those of an isotropic liquid and a crystalline 
solid, and are characterized according to the degree and type of 
orientational and translational ordering of their constituent mol- 
ecules ( 1 9 ~ ) . ~  The primary requirement met by all thermotropic 
liquid crystals (with the exception of discotics) is that the mo- 
lecular shape of the component molecules be rod-like (19). The 
order in nematic liquid crystals is purely orientational; the 
constituent molecules are, on the average, oriented with their 
long molecular axes parallel to one another. Unlike the more 
highly ordered smectic types, there is no translational ordering 
in nematics, and hence these are the most fluid type of liquid 
crystalline phase. 

Cholesteric phases are formed by optically active molecules 
(such as cholesteryl esters) or by nematics doped with an opti- 
cally active solute (20). The structure of cholesterics is best 
described as "twisted nematic"; that is, the ordering is nematic, 
with a gradual twist in the orientational alignment (character- 
ized by the director, n) as one proceeds through the bulk of the 
sample (21). This gradual twist in the director describes a helix, 
the period of which typically proceeds over a few thousand 
angstroms, and this imparts a macroscopic chirality to the liq- 
uid crystal. Cholesterics are widely described as being layered, 
consisting of a series of nematic "sheets" which are stacked 
such that the director twists slightly upon proceeding from layer 
to layer (2,20b). While this description of cholesterics perhaps 
aids in the visualization of the nature of their optical activity, 
it must be emphasized that it is only an approximation (21), 
insofar as crystallographic studies do not substantiate the pres- 
ence of discrete layers in these  material^.^ 

Solubilization of solutes in liquid crystals occurs so as to 
incorporate the solute with a minimal amount of disruption of 
the surrounding crystalline lattice, and appears to be governed 
primarily by steric factors (14, 19).5 A solute whose molecular 
shape is similar to that of the solvent molecules is more effec- 
tively solubilized and creates less disruption of liquid crys- 

For comprehensive descriptions of the structure and properties of 
liquid crystals, see ref. 19a-c. 

4~eference 196, Chapt. 5.2, and references cited therein; cf. how- 
ever, ref. 22. 

Reference 196, Chapt. 9.1, and references cited therein. 

FIG. 2. Arrhenius plots for the thermal cis-trans isomerization of 
1 in the isotropic and cholesteric phases of CB (chol. 0; isot. O), CT 
(chol. A; isot. A), and CCB (chol. 0). The lines drawn represent 
those obtained from least-squares analysis of the two sets of the 
combined data. 

talline order than one which is grossly dissimilar in structure 
(14).' If the solute undergoes some unimolecular reaction 
which involves a change in shape as it proceeds through the 
transition state, then some effect on the energetics of the reac- 
tion is expected as a result of the necessary disruption of the 
ordered solvation shell. The magnitude of this effect will de- 
pend on how tightly the solute (in its ground state geometry) is 
solubilized in the liquid crystal, as well as the degree of dis- 
tortion which the molecule must undergo (and hence the extent 
of disruption it imposes on solvent order) in order to reach the 
transition state. 

A number of examples of the effects of liquid crystalline 
order on the energetics of unimolecular reactions have been 
reported (1-3, 9- 13), and it is clear that the effects on reac- 
tivity are greatest when the solute is well oriented in the liquid 
crystal (12). For rod-like reactants, the solvation shell is rea- 
sonably tight, and reaction involves "dragging" portions of the 
solute's framework out of their solvent-induced orientations. 
Reactivity is affected as a result of the solvent's ability to orient 
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F ~ G .  3. Arrhenius plots for the thermal cis-trans isomerization of 
1 in isotropic DA (A) and cholesteric CMN (a). Insert: Arrhenius- 
type plot using the ratios of the rate constants in CMN and DA 
( ~ c H / ~ I s ) .  

I 
1 the solute and inhibit molecular motions which deviate from ' that orientation. Tetraphenylethylene is disc-like in shape, and ' therefore is expected to be oriented in a cholesteric phase with 

its molecular plane parallel to the long molecular axes of the 
surrounding solvent molecules (23). As a result of its disc-like 
shape, it will not be as tightly solvated in a cholesteric phase 
as would be a rod-like solute. Nevertheless, twisting about the 

i double bond in the course of cis-trans isomerization does 
involve rather substantial changes in molecular shape, and this 
should result in disruption of whatever solvent order exists in, 
or surrounding, the primary solvation shell. 

There is a slight variation in the rate of isomerization of 1 as 
a function of solvent for the two isotropic solvents examined, 
n-decyl anisoate (DA) and cholesteryl benzoate (CB) (see 
Table 2), the rates being consistently slower in the former at 
each of the temperatures examined. The origin of this solvent 
effect, if it is real, is not clear. It is not the result of differences 
in solvent polarity, since the rates in the more polar DA cor- 
relate better with those in benzene (calculated from the publish- 
ed Arrhenius parameters). It is possible that the somewhat 
faster rates in CB are the result of catalysis by trace impurities, 
although the rate of isomerization of 1 at 220°C did not vary 
using a more rigorously purified sample of that solvent. 

It is important to note that the rates of isomerization of 1 in 
isotropic CB agree rather well with those in isotropic choles- 

1 tanyl toluate (CT) (>22S°C). Furthermore, the rates of isomer- 
ization in the cholesteric phases of CT (<22S°C) and CB 
(170°C) are identical to those in cholesteric CCB at the same 
temperatures. Thus, the rate data for isomerization of 1 in CB, 

1 CT, and CCB, at least, appear to be internally consistent. 
It is well known that the density and viscosity of a liquid 

crystalline phase vary significantly over the temperature range 
at which it exists; hence for a particular liquid crystal, the 
mesophase will be more "rigid" the closer it is to its K + Ch 
transition temperature (i.e., the lower its solvent reduced tem- 
perature, TIT,, where TI represents the mesophase + isotropic 

transition temperat~re).~ Furthermore, mesogens of similar 
structure tend to show the same dependencies on reduced tem- 
perature with respect to these properties and other properties 
related to them (24). We wondered if the magnitude of the 
effect of cholesteric order on the rate of isomerization of 1 
would depend on the "rigidity" of the liquid crystalline phase, 
and the three cholesterics used in the present study were chosen 
with this in mind. Thus, CT (chol. 172-228°C (25)), CCB 
(chol. 169-248°C (26)), and CMN (chol. 182-290°C (27)) 
were chosen so as to provide cholesteric phases which are at the 
upper end, in the middle, and at the lower end of their meso- 
phase temperature ranges, respectively, over the temperature 
range at which our rate measurements were carried out. While 
the significantly slower rates of isomerization in CMN may 
indicate that there is in fact some dependence of rate on meso- 
phase rigidity, this interpretation must be viewed with caution. 
Firstly, if it is correct, then a significant difference is expected 
in the rates of isomerization of 1 in CB and CCB at 170°C 
(these two are at the extreme high and low ends of their meso- 
phase ranges, respectively, at this temperature). This is clearly 
not the case. We note that the differences in the rates in CMN 
relative to CT and CCB are of a similar magnitude to those 
observed for the isotropic solvents DA and CB. Thus, it ap- 
pears likely that the same sort of solvent effect responsible for 
the difference in the rates of isomerization of 1 in DA and CB 
is operating in the cholesteric phases as well. For the purposes 
of discussion, it seems prudent to restrict comparison of the 
data in CMN to those in DA, and consider the CB/CT/CCB 
rate data as a separate set. 

The data in Table 2 demonstrate that at every temperature, 
the rate of thermal cis-trans isomerization of 1 is significantly 
(and reproducibly) slower in the cholesteric solvents than in the 
corresponding model isotropic solvents throughout the tem- 
perature range examined, by 10-35%. Clearly, rotation about 
the carbon-carbon double bond in this olefin is inhibited in the 
ordered liquid crystalline phases relative to isotropic media. 

The Arrhenius plots in Fig. 2 demonstrate more clearly the 
relationship between the measured rates of isomerization of 1 
in CB, CT, and CCB. The lines drawn in Fig. 2 represent those 
obtained from least-squares analysis of the combined data for 
these three solvents. Analysis of the data for the isotropic 
solvents yields E, = 34.8 ? 0.3 kcal/mol and AS' (200") = 
- 1.5 + 0.5 e.u., in excellent agreement with the parameters 
reported previously for isomerization of this olefin in benzene 
solution (18). Similar analysis of the data for the cholesteric 
phases of CB, CT, and CCB yields E, = 36.0 + 0.2 kcal/mol 
and AS' (200") = -0.5 ? 0.6 e.u. The correlation coefficients 
for the two analyses were better than 0.999 in both cases. 
Figure 3 shows the Arrhenius plots for DA and CMN, and the 
calculated Arrhenius parameters for these solvents are collected 
in Table 4. 

While these plots clearly demonstrate that there is some 
difference between the energetics of cis-trans isomerization in 
the cholesteric and isotropic solvents, it is difficult to get a clear 
idea of the origin of this effect (whether enthalpic, entropic, or 
both) from the calculated Arrhenius parameters, considering 
the magnitude of the errors. The differences in AS' certainly 
cannot be considered to be significant. An Arrhenius-type plot 
using the ratios of the rate constants in cholesteric CMN and 
isotropic DA, shown as an insert in Fig. 3, gives a somewhat 
more sensitive indication of the significance of the differences 

6Reference 196, chapt. 8, and references cited therein. 
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in the Arrhenius parameters. Keeping in mind that the errors in 
the calculated rate ratios are much larger than those in the rate 
constants themselves, the trend in the plot is clearly consistent 
with a slightly higher activation energy for isomerization of 1 
in the cholesteric phase relative to the isotropic solvent. 

It is tempting to ascribe the slightly higher activation energy 
for thermal isomerization of 1 in the cholesteric phases to the 
effects of liquid crystalline order on the transition state for 
cis-trans isomerization. If the change in shape from the 
"plate-like" ground state geometry of 1 to the globular 
90"-twisted transition state is accompanied by some disruption 
of local solvent order, then increases in both the energy and 
entropy of activation for the process relative to their values in 
isotropic solvents are expected. Considering the sizeable differ- 
ence in the shapes of the "planar" and twisted geometries of 1, 
the magnitude of the observed effect in the present case is, 
however, clearly not large. The reason for this can be ration- 
alized on the basis of how effectively 1 is expected to be 
solvated in the cholesteric phases examined. 

Crystallographic data show that tetraphenylethylene is a 
rather bulky molecule in its ground state geometry. The phenyl 
groups are situated in a propeller-like arrangement, and the 
double bond is twisted by ca. 8" (28). As the data in Table 1 
show, incorporation of as little as 0.5 wt.% (ca. 0.015 M) 
trans-1 has a fairly substantial effect on the Ch + I transition 
temperatures of each of the cholesterics employed in the 
present study. Thus, the presence of 1 in even low concen- 
trations disrupts cholesteric order to a significant extent, with 
the result that 1 is rather poorly solvated in these liquid crystals. 
Indeed, while the bulk mixtures remain liquid crystalline even 
at olefin concentrations up to 2%, it i ~ -~os s ib l e  that local 
disruption of solvent order is so severe that the effective sol- 
vation of individual solute molecules is almost isotropic. Fur- 
ther support for this idea derives from the lack of variation in 
the rate of isomerization of 1 as a function of either its concen- 
tration (Table 3) in the cholesteric phases or the rigidity of the 
me~ophase.~ Thus, as 1 isomerizes, any further disruption of 
solvent order is of a secondary nature, and the isomerization is 
inhibited to only a small extent. 

Intimately related to this explanation is the possibility that 
the observed differences are the result of viscosity effects. 
Liquid crystals are highly viscous fluids in the bulk, and on a 
microscopic level their viscosity is highly anisotropic (19). The 
hindered rotation about the double bond in 1 in the cholesteric 
phases might then be attributed to viscous drag effects. How- 
ever, to the extent that overcoming this viscous drag must 
involve disruption of solvent order, such a distinction seems 
superfluous. There is, nonetheless, another possible expla- 
nation for the observed effect, which is based on solvent vis- 
cosity arguments. It is reasonable to expect that the viscosity in 
an isotropic "microdroplet" which is surrounded by an ordered 
environment might be considerably higher than that in the bulk 
isotropic phase. The primary solvation shell of 1 in a choles- 
teric liquid crystal might then be viewed as a highly viscous, 
isotropic solvent, and it is this high effective viscosity which 
inhibits the isomerization, not the necessity of disrupting sol- 
vent order beyond the primary solvation shell. In order to 
account for the observed rate effects, the effective viscosity in 
the isotropic microdomains containing the solute must then be 
several orders of magnitude larger than that in the bulk iso- 
tropic phase, since the ~rrhenius parameters for isomerization 

We thank one of the referees for pointing this out. 

of 1 in the isotropic phase of cholesteryl benzoate are the same 
as those reported for that in benzene solution, and the bulk 
viscosities of these two solvents differ by at least two orders of 
magnitude at 1 80°C (29). 

The "twisted nematic" description of the macroscopic order 
in cholesterics, insofar as it implies overall nematic order with 
no discrete solvent layering (30), leads to the expectation that 
1 is oriented in the liquid crystal with its molecular plane held 
(on the average) parallel to the long molecular axes of the 
surrounding solvent molecules (23). The same orientation is 
expected in nematic and smectic liquid crystals. According to 
this picture, one would then expect that any liquid crystalline 
phase should produce an effect on the energetics of thermal 
isomerization of 1, with the magnitude of the effect correlating 
with the degree of mesophase order. Thus, it would be predict- 
ed that nematic phases should produce an effect similar to that 
of cholesterics on the Arrhenius parameters for isomerization 
of 1, while the effect of smectic phases might be somewhat 
greater owing to their higher degree of order and rigidity. The 
reported effect of a nematic solvent on the rate of isomerization 
of cis-stilbene (16) is consistent with this idea. Unfortunately, 
it is difficult to test this hypothesis with the present system, 
owing to the unavailability of nematic and smectic solvents in 
the temperature range required to observe the isomerization of 
1 .  These ideas clearly deserve systematic investigation.' 

Despite our uncertainties with respect to the precise nature of 
the effect of cholesteric solvation on the energetics of cis-trans 
isomerization of 1, the fact that an effect i s  observed at all 
indicates that cholesteric liquid crystals are indeed capable of 
inhibiting processes which involve a substantial change in mo- 
lecular shape in the transition state, even for solutes which are 
not particularly well solvated in the liquid crystal. In the case 
of azobenzene, which is incorporated much more effectively in 
these media (32), it is probable that rotational cis-trans isom- 
erization, if it occurred, could in fact be detected in cholesteric 
liquid crystalline solvents. We believe that the result that the 
energetics of isomerization of azobenzene are unaffected in 
cholesteric liquid crystals relative to their magnitude in iso- 
tropic solvents (9b) indicates that the bond inversion mech- 
anism is indeed the operative mechanism for cis-trans isom- 
erization of this molecule. However, it is difficult to predict 
what magnitude of an effect would obtain for bond rotation in 
this system, if it did occur. While azobenzene is solubilized 
more effectively than 1 in a liquid crystal (allowing potentially 
more disruption of solvent order in the course of bond rotation), 
the change in its shape as it approaches the rotational transition 
state is much less substantial. 

Our observation that cholesteric liquid crystalline solvents 
are able to affect the dynamics of a solute's unimolecular reac- 
tion involving formation of a globular transition state from a 
relatively poorly solvated, discrlike ground state may illustrate 
the potential of these media towards controlling chemical reac- 
tivity in a useful manner. For example, it may be possible to 
use liquid crystals to exert stereochemical control on bi- 
molecular reactions which normally yield some variety of prod- 
ucts through transition states of grossly different shape, as a 
result of differences in liquid crystalline transition state sol- 
vation. Work in this area is currently in progress and will be 
reported in the near future. 

While this paper was being reviewed, a report appeared describing 
substantial inhibition of bond rotation in 4-(dimethy1amino)pyrimi- 
dine in a nematic solvent (see ref. 31). 
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Experimental 
Melting points and transition temperatures were measured on a 

Reichert micro-hot stage microscope with polarizing lenses and are 
corrected. The 'Hmr spectra were recorded in deuteriochloroform 
solution on a Varian EM390 nmr spectrometer. A Jumo-MS D.B.P. 
mercury thermoregulator, a Fisher Model 32 transistor relay, and an 
insulated silicon oil (Dow Coming 710) bath were used for tem- 
perature control in the kinetic studies. Temperatures were recorded 
with a Leeds & Northrup Model 8692 temperature potentiometer and 
a copper-constantan thermocouple, or a Cole-Parmer Model 
81 10-10 Type K thermocouple thermometer, and did not vary by more 

. .  . . . . . . .  . . . . .  than 0.4"C during any particular run. Temperatures are considered 
..... , . . . . . . . . . . .  . .  . . . . . . . . . , . , . . . . accurate to ? 1 .O°C. 

. . Analyses of mixtures of cis- and trans-1 were performed using a 
Gilson isocratic hplc (high performance liquid chromatography) sys- 
tem, consisting of a Model 302 pump, Model 802B manometric mod- 
ule, Holochrome variable wavelength detector, a Rheodyne Model 
7125 loop injection valve, and a Varian Model A-6 strip chart record- 
er, in conjunction with a 25 X 0.46 cm Merck Hibar Si60 (10 k)  
analytical column. Dichloromethane was used as eluant, with a flow 

. . rate of 1.0 mL/min, and an analytical wavelength of 300 nm was used 
. . 

. . for all analyses. Preparative lc (liquid chromatography) was per- 
formed using the same system, in conjunction with 24 x 1.1 cm or 31 

. . .  
. . .  , . . .  . . . 

. . . .  . .  
X 2.5 cm Merck Lobar Si60 (40-63 k)  glass columns. The detector 

. .  . .  . . . . .  . . . .  was interfaced to a Unitron microcomputer via an Adalab data 
acquisition/control card (Interactive Microware, Inc.), after ampli- 
fication of the 10-mV signal with an Adaamp analog amplifier. Chro- 
matogram acquisition, analysis, and storage were performed using the 
Chromatochart (Interactive Microware, Inc.) software. Apparent mole 

! fractions of the trans isomer so obtained were then converted to true 
mole fractions with a working curve, constructed with eleven standard 
solutions of accurately weighed mixtures of pure cis- and trans-1. 

I n-Decanol was used as received from BDH Chemicals, Ltd. 
Cholesterol (BDH) was recrystallized once from 95% ethanol. 

! 3P-Cholestanol (Aldrich) was recrystallized once from 95% ethanol. 
! Cholesteryl benzoate (Aldrich) was recrystallized twice from n- 
I pentanol (33), and finally from ligroin/ethanol. A more highly puri- 
i fied sample was prepared by column chromatography (silica gel; hex- 
! anes) followed by one further recrystallization from ligroin/ethanol. 

Dichloromethane was Caledon HPLC grade and used as received. 
Hexanes (Caledon reagent grade) was distilled before use. 

4-Anisoyl chloride, 4-toluoyl chloride, 4-chlorobenzoyl chloride, 
and 6-methoxy-2-naphthoyl chloride were prepared by refluxing the 
corresponding carboxylic acid in thionyl chloride for 2-8 h, followed 
by removal of excess thionyl chloride by vacuum distillation. The acid 
chlorides were used without further purification. 6-Methoxy-2- 
naphthoic 'acid was synthesized according to published procedures 
(34), and was recrystallized thrice from 95% ethanol (mp 197- 198°C 

. , . . . .  ., 
(lit. (34) mp 202°C)). 

n-Decyl anisoate (DA) was prepared by refluxing n-decanol (16 g, 
0.1 mol) and 4-anisoyl chloride (17 g, 0.1 mol) in freshly distilled 
N,N-dimethylaniline (60 mL) for 3 h (27). After cooling, the reaction 
mixture was poured onto crushed ice, and extracted with ether (5 X 
50 mL). The combined ether extracts were washed with 5% aqueous 
hydrochloric acid (7 X 30 mL), 10% aqueous sodium hydroxide (5 x 

. .  . . . . . .  
30 mL), and water (5 X 30 mL). Drying over anhydrous magnesium 

. . . i  
. .. .. sulfate, followed by evaporation of solvent, afforded a brown oil 
. . . . . . . : I  

which was chromatographed on silica gel, using hexanes as the eluant, 
! to yield a yellow oil which subsequently crystallized. Two re- 

crystallizations from methanol afforded colourless crystals (7.5 g, 
0.026 mol, 26%) of n-decyl anisoate (mp 28-29°C; bp 155- 156°C 

I ~ (0.01 Torr; 1 Torr = 133.3 Pa)), assigned on the basis of its 'Hmr and 
infrared spectra. 

Cholesteryl 6-methoxy-2-naphthoate (CMN) was prepared in simi- 
lar fashion, and was obtained in 21% yield after four recrystallizations 

! from chloroform/ethanol (1 : 1). The product was further purified by 
preparative Ic, using hexanes as the eluant, followed by one further 
recrystallization from chloroform/ethanol, yielding colourless crys- 
tals. Transition temperatures are listed in Table 1 (lit. (27): K + Ch, 

183°C; Ch + I, 302.S°C). Better yields (>80%) were obtained using 
pyridine as solvent in the preparation, according to the procedure 
outlined below for CCB and CT. 

Cholesteryl4-chlorobenzoate (CCB) and cholestanyl4-toluate (CT) 
were prepared by heating mixtures of cholesterol and 3P-cholestanol, 
respectively, with the appropriate acid chloride in pyridine for I2 h at 
50-60°C. The reaction mixtures were quenched with water, extracted 
with dichloromethane, and the organic extracts were washed succes- 
sively with 5% aqueous HCl, 10% aqueous sodium hydroxide, and 
water (five times each). The solutions were dried over anhydrous 
magnesium sulfate and the solvent was evaporated. The resulting 
solids were then chromatographed on silica gel using hexanes as 
eluant. CCB was further purified by recrystallization from ethanol, 
n-pentanol, and again from ethanol to yield colourless crystals (22%), 
the transition temperatures for which are listed in Table 1 (lit. (26): 
K + Ch, 165°C; Ch + I, 240°C). CT was further purified by re- 
crystallization from n-pentanol, preparative Ic (hexanes as eluant), and 
final recrystallization from chloroform/ethanol (1 :2), to yield col- 
ourless crystals (18%). The transition temperatures are listed in Table 
1 (lit. (25): K + Ch, 172°C; Ch + I, 225°C). 

The stability of these materials towards thermolysis at the tem- 
peratures employed in the kinetic studies was examined by heating a 
sample of DA in a sealed tube at 230°C for 35 h. The 'Hmr spectrum 
of the contents of the tube had not changed perceptibly from that 
recorded before this treatment. 

The cis- and trans-1 were prepared according to the published 
procedure (18). The crude yellow solid obtained from the preparation 
was chromatographed on a silica gel column, eluting with 
hexanelbenzene (1 :9). The mixture of olefins obtained as the first 
fraction from this column was then separated by semi-preparative Ic, 
using dichloromethane as eluant. 'The first component collected was 
recrystallized from chloroform/ethanol, affording trans-1 as slightly 
yellow needles (mp 204-206°C (lit. (18) mp 203-204°C)). The 
second component collected was recrystallized as well from 
chloroform/ethanol to yield slightly yellow needles of cis-1 (mp 
247-249°C (lit. (18) mp 247-249°C)). The hplc analyses of the two 
indicated them to be >99% isomerically pure in each case. 

Solutions of cis- and trans-1 for the kinetic measurements were 
prepared by adding an appropriate aliquot of a 0.1 M solution of the 
olefin in benzene to 0.6-g portions of each of the esters, dissolving the 
mixtures in dichloromethane, evaporating the solvent on the rotary 
evaporator, and finally pumping on the mixtures under high vacuum 
for 3 h to remove final traces of volatile solvents. Portions (5-7 mg) 
were placed in 7-mm Pyrex tubes (soaked in 10% sodium hydroxide 
(2 h), rinsed four times with distilled water, and finally oven-dried), 
the tubes were evacuated on a vacuum line to ca. Torr, cooled 
in liquid nitrogen, and sealed. 

Eight or nine tubes containing the trans-isomer, and one containing 
the cis, were then placed simultaneously in the preset insulated kinetic 
bath. In runs carried out above 210°C, the tubes were prewarmed 
briefly (ca. 1 min) in another oil bath set at 150°C before placing them 
in the kinetic bath, in order to prevent drastic temperature fluctuation. 
The temperature of the kinetic bath did not vary by more than lo  during 
the addition of the sample tubes, and recovered to its original value 
within 1.5 min. Samples were removed after suitable time intervals, 
quenched in an ice-bath, opened, and the contents were dissolved in 
benzene or dichloromethane and analysed by hplc. In all cases, the 
esteric solvents eluted well before the isomeric olefins, and their 
presence in such large quantities was shown to have no effect on the 
relative peak areas of cis- and trans-1 by injection of standard mix- 
tures. In no case did the hplc traces of the heated mixtures change 
during the course of a run, other than in the relative amounts of the 
isomeric olefins. Several of the unheated sealed tubes were used to 
check the initial composition of the samples to ensure that no acci- 
dental heating had occurred during the seaiing process. The cis sample 
and one of the trans sam~les were heated for extended ~eriods of time 
to evaluate the equilibrium composition in each solvent at each tem- 
perature examined. The equilibrium constants recorded in Table 2 are 
the average of all determinations at a given temperature. 
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Rate constants (k,,, + k,-,.) were determined by weighted linear 
least-squares analyses of the mole fraction vs. time data according to 
eq. [l], and are collected in Table 2. Arrhenius parameters were 
determined by linear least-squares analyses of the rate data according 
to the Arrhenius equation, and are collected in Table 4. 
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Synthetic study on N-hydroxyaspartic acid 
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T. KOLASA. Can. J .  Chem. 63, 2139 (1985). 
The synthesis of N-acyl derivatives of N-hydroxyaspartic acid was achieved by use of N-benzyloxyaspartic acid esters as 

starting material. The preparation of N-benzyloxyaspartic acid is described. 

T. KOLASA. Can. J. Chem. 63, 2139 (1985). 
Utilisant des esters de l'acide N-benzoyloxyaspartique comme produit de dCpart, on a rCussi la synthkse de dCrivCs N-acylCs 

de l'acide N-hydroxyaspartique. On dCcrit la preparation de l'acide N-benzyloxyaspartique. 
[Traduit par le journal] 

Introduction 
The naturally occurring hydroxamic acids are N-acyl deriv- 

atives of N-hydroxyamino acids. Although free N-hydroxy- 
amino acids have not been found in living cells, these 
compounds have been isolated from the parent hydroxamic 
acids after hydrolysis. 

In this manner, the most frequently isolated N-hydroxy- 
amino acids are o-N-hydroxyamino acids, such as E-N-hy- 
droxylysine and 6-N-hydroxyornithine (1). The a-N-hydroxy- 
amino acids appear very rarely, and until now the presence 
of only a few a-N-hydroxyamino acids in nature has been 
confirmed. These include N-hydroxyglycine in hadacidin (2), 
a-N-hydroxytyrosine and a-N-hydroxyalanine in mycelian- 
amide (3), a-N-hydroxyisoleucine in aspergillic acid (4), a-N- 
hydroxyleucine in pulcherrimin ( 3 ,  and N-hydroxyaspartic 
acid in peptide hydroxamates isolated from cultures of Cory- 
nebacterium kutscheri (6) and Mycobacterium avium (7). 

Several experimental approaches to the synthesis of a-N- 
hydroxyamino acids have been developed (8- 1 1). While most 
a-N-hydroxyamino acids, including many naturally occurring 
derivatives have been prepared, N-hydroxyaspartic acid has not 
been synthesized previously. 

Emery (12) showed that enzyme extracts from Bacillus 
cadaveris or Proteus vulgaris synthesize N-hydroxyaspartic 
acid from fumaric acid and hydroxylamine. Unfortunately, in 
spite of unquestionable confirmation of the appearance of that 
amino acid, an extensive effort to isolate and purify it was 
unsuccessful. Similarly, attempted chemical syntheses of N- 
hydroxyaspartic acid by the reaction of ~bromosuccinic acid 
with hydroxylamine and the reaction of hydroxylamine with 
fumaric acid were unsuccessful. Furthermore, efforts to syn- 
thesize N-hydroxyaspartic acid acyl derivatives have not 
been successful. In addition, the attempted isolation of N- 
hydroxyaspartic acid through acidic hydrolysis of the naturally 
occurring dipeptide, L-a-asparaginyl-L-a-(N-hydroxy)aspara- 
gine, was also unsuccessful (7). 

The problems described above, plus the unique structure of 
the peptide hydroxamates isolated by McCullough and Merkal 
(6, 7) prompted our synthetic studies. 

Results and discussion 
This work describes the synthesis of N-hydroxyaspartic acid 

derivatives through an application of the benzyl group for 
protection of the hydroxylamine moiety. 

'Present address: Department of Chemistry, University of Notre 
Dame, Notre Dame, Indiana 46556, U.S.A. 

The synthesis of a-N-benzyloxyamino acids (10) and their 
application to the synthesis of N-acyl-a-N-hydroxyamino acids 
(1 3) and a-N-hydroxypeptides (14) has been described earlier. 
Thus, treatment of bromosuccinic acid with O-benzylhydroxyl- 
amine was anticipated to provide N-benzyloxyaspartic acid. 
Unfortunately, instead of the desired material, two other 
products were isolated. First, compound A, mp 160- 16 l a c ,  
precipitated from aqueous solution at pH 4, while the second 
compound B, mp 1 10- 1 12°C separated at pH 3. Compound 
A was the main product of the reaction. 

The nrnr spectra of both compounds were identical and the 
elementary analyses indicated the same formulas. A com- 
parison of the ir spectra of both products indicated that 
compound A is characterized by two carbonyl absorption bands 
at 1710 and 1670 cm-I, while compound B has only one 
carbonyl absorption band at 1715 cm-'. Furthermore, the 
hydrogenolysis of compound A gave a hydroxamic acid (pos- 
itive FeC1, test), while a product of the hydrogenolysis of 
compound B appeared to have an N-hydroxyamine group 
(positive AgN0, test). 

Structural assignment of the compounds based on elemental 
analysis, ir and 'H nmr spectroscopy, as well as chemical 
properties, showed that compound A is a P-N-benzyloxyamide 
of malic acid and compound B is N-benzyloxyaspartic acid. 
Hence the reaction of bromosuccinic acid with O-benzyl- 
hydroxylamine can be represented by Scheme 1. 

The literature (15, 16) describes many examples of for- 
mation of the P-hydroxyacid amides during the reaction of 
P-bromoacids with ammonia and suggests that they are formed 
from intermediate p-lactones. Recently, the p-lactones of 
malic acid were used in the process of synthesis of the p-lactam 
ring (17, 18). It has also been shown that the p-lactone of 
N-protected threonine reacts very smoothly with O-benzyl- 
hydroxylamine to provide the N-benzyloxyamide (19). 

These results suggested that protection of the carbonyl 
groups was necessary. Indeed, the reaction of bromosuccinic 
acid esters with 0-benzylhydroxylamine gave the desired prod- 
ucts, N-benzyloxyaspartic acid esters, with good yields. Thus, 
the dimethyl, diethyl, and di-tert-butyl esters of N-benzyl- 
oxyaspartic acid were obtained from bromosuccinic acid as 
well as 0-tosyl malic acid diesters. In addition, the free N- 
benzyloxyaspartic acid is a stable compound and can be easily 
prepared from the di-tert-butyl esters. The N-hydroxyaspartic 
acid, obtained from N-benzyloxyaspartic acid by hydro- 
genolysis, is very unstable. Efforts to isolate and purify it were 
unsuccessful, as were the attempts of Emery (12). Unlike the 
unstable free N-hydroxyaspartic acid, the di-tert-butyl ester is 
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COOH 
I I 

CH2 / HOOC-CH-CH2-COOH 

1 + C6HSCH20NH2 
CH-Br (compound B) 

I 
COOH 

(compound A) 

COOR 
I CH2-COOR 

CH2 
I 

I + X-NH-CH2-CO-Y + X-NH-CH2-CO-N-CH-COOR 
CH-NHOCH2C6H5 
I 2 

I 
0CH2C6HS 

COOR 

l a  R = CH3 X = C6H5CH20C0 or 3a X = phthaloyl, R = CH, 
l b  R = C2Hs phthaloyl 3b X = phthaloyl, R = C2Hs 
l c  R = C(CH3), 3c X = phthaloyl, R = C(CH,), 

Y = C1 or 3d X = C6HsCH20C0, R C(CH,), 
00COCH2CH(CH,)2 or + 
OCH=N(CH3),CI- 1 

4a X = phthaloyl, R = CH3 
4b X = phthaloyl, R = C2H5 
4c X = phthaloyl, R = C(CH3), 

COO-Na+ COOH 
I I 

,CH CH-NHOCH~C~H~ 

O \ b  
+ C6HSCH20NH2 HCl + 1 + 2 NaCl 

HO-CH 
I I 

stable and can be stored at room temperature. 
According to Emery (12), the synthesis of N-hydroxy- 

aspartic acid N-acyl derivatives through acylation of free N- 
hydroxyaspartic acid did not give the desired products. There- 
fore, direct use of N-benzyloxyaspartic acid diesters as the 
starting materials seemed to be more attractive. Based on the 
above considerations, the N-formyl and N-acetyl-N-hydroxy- 
aspartic acid diesters were synthesized earlier (13). Described 
here are the syntheses of the N-hydroxypeptides (Scheme 2). 

As has been shown earlier (14), the preparation of N-benzyl- 
oxypeptides with N-terminal glycine proceeds with good 
yields, but with other N-terminal amino acids the yields are 
very low. Therefore, a new method was utilized for the syn- 
thesis of N-benzyloxyamides (20). Use of iminochlorides as 

activating agents of the carboxyl groups afforded the N-benzyl- 
oxypeptides in good yields. The N-benzyloxypeptides can be 
readily converted to the corresponding N-hydroxypeptides by 
hydrogenation. 

Additionally, threo-P-hydroxy-N-benzyloxyaspartic acid has 
been synthesized by the reaction of cis-epoxysuccinic acid with 
0-benzylhydroxylamine (Scheme 3). Initially, the direct prep- 
aration of P-hydroxy-N-hydroxyaspartic acid was attempted by 
reaction of hydroxylamine hydrochloride with the disodium 
salt of cis-epoxysuccinic acid. Unfortunately, although many 
products were found, none was the desired one, probably be- 
cause of decomposition. Also, the attempted isolation of the 
product of hydrogenolysis of P-hydroxy-N-benzyloxyaspartic 
acid was unsuccessful. 
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Experimental 
All melting points are uncorrected. The nmr spectra were obtained 

with a Tesla BS 487 spectrometer 80 MHz. The L- and D-bromosuc- 
cinic acids were prepared from the corresponding aspartic acids 
according to the procedure of Testa et al. (21). 

p-N-Benzyloxyamide of malic acid 
To a solution of bromosuccinic acid (19.7 g, 0.1 mol) in ethanol 

(100 mL) was added 0-benzylhydroxylamine (61.5 g, 0.5 mol). The 
reaction mixture was kept at room temperature for 10 days and then 
concentrated in vacuo. The residue was dissolved in ethyl ether and 
washed several times with 10% NaHCO,. 'The water solution was 
acidified with 2 N HCI to pH 4, to precipitate 19.1 g of compound A 
(80%), mp 160- 161°C (EtOH); 'H nmr (in DMSO-d,) 6: 2.5 (2H, d, 
J = 7 Hz, -CH2-), 4.2 ( lH,  m, -CHO-), 4.82 (2H, s,  
-CH20-), 7.38 (5H, s,  aromatic). Anal. calcd. for CIIHI,N05: 
C 55.23, H 5.44; N 5.86%; found: C 55.57, H 5.09, N 6.07%. Further 
acidification to pH 3 gave a compound B (1.2 g, 5%), mp 
1 10- 1 12°C; 'H nrnr (in DMSO-d,) 6: 2.66 (2H, dd, J = 7 Hz, 3 Hz, 
-CHz-), 4.0 (lH, t, J = 7 HZ, -CHN-), 4.72 (2H, s, 
-CH20-), 7.38 (5H, s,  aromatic). Anal. calcd. for CIIHI3NO5: 
C 55.23, H 5.44, N 5.86%; found: C 54.89, H 5.24, N 5.66%. 

N-Benzyloxyaspartic acid esters 1 a, 1 b, and 1 c 
To a solution of bromosuccinic acid (or 0-tosyl malic acid) esters 

(0.1 mol) in 100 mL of ethanol was added 0-benzylhydroxylamine 
(0.3 mol). The reaction was kept at room temperature for 10 days. 
Then the solution was concentrated in vacuo, dissolved in ethyl ether, 
and washed with 2 N HCI (or 5% citric acid in the case of tert-butyl 
esters) and water. The organic layer was dried (MgS04) and concen- 
trated in vacuo. The oily residue was treated with an ethereal solution 
of HCI (in the case of tert-butyl esters, silica gel column chro- 
matography with benzene as eluent was used); after cooling, the 
hydrochlorides were filtered off and crystallized from EtOH-Et20. 
The yields and properties are given below. 

N-Benzyloxy-D-aspartic acid dimethyl ester was prepared from 
L-bromosuccinic acid dimethyl ester in 87% yield, [a]: +2.0 (c  7, 
CH30H); mp (hydrochloride) 115-1 16°C; 'H nmr (in DMSO-d6) 6: 
3.1 (2H, d, J = 7 HZ, -CH2-), 3.72 (3H, S, -OCH,), 3.85 
(3H, S, -OCH,), 4.58 (lH, t, J = 7 HZ, -CHN-), 5.12 (2H, s,  
-CH20-), 7.5 (5H, s,  aromatic), 10.05 (2H, broad s,  NH2'). Anal. 
calcd. for Cl3Hl8NO5CI: C 51.40, H 5.92, N 4.61%; found: C 51.12, 
H 6.07, N 4.89%. 

This compound has also been synthesized from 0-tosyl-L-malic 
acid dimethyl ester in 80% yield, [a]: +2.3 (c 7,  CH,OH); mp 
(hydrochloride) 113- 115°C. Anal. calcd. for CI3Hl8NO5C1: N 4.61; 
found: N 4.65%. 

N-Benzyloxy-L-aspartic acid dimethyl ester was synthesized from 
D-bromosuccinic acid dimethyl ester in 93% yield, [a]$ = -2.7 (c 7,  
CH30H); mp (hydrochloride) 116- 117°C; 'H nmr (in DMSO-d6) 6: 
3.05 (2H, d, J = 7 Hz, -CH2-), 3.7 (3H, s,  -OCH,), 3.8 (3H, 
S, -OCH,), 4.5 (lH, t, J = 7 HZ, -CHN-), 5.03 (2H, S, 
-CH20-), 7.43 (5H, s,  aromatic), 11.23 (2H, broad s, NH2'). 
Anal. calcd. for C1,Hl8NO5C1: N 4.61%; found: N 4.72%. 

N-Benzyloxy-DL-aspartic acid dimethyl ester was prepared from O- 
tosyl-DL-malic acid dimethyl ester in 82% yield, mp (hydrochloride) 
108-110°C; 'H nmr (in TFA) 6: 3.1 (2H, m, -CH2-), 3.42 (3H, 
s,  -OCH,), 3.6 (3H, s,  -OCH,), 4.8 (1 H, m, -CHN-), 5.2 (2H, 
s,  -CH20-), 7.3 (5H, s, aromatic). Anal. calcd. for ClsH18N05CI: 
N 4.61%; found: N 4.44%. 

N-Benzyloxy-DL-aspartic acid diethyl ester was synthesized from 
0-tosyl-DL-malic acid diethyl ester in 78% yield, mp (hydrochloride) 
98-100°C; 'H nmr (in DMSO-d6) 6: 1.3 (6H, q, J = 7 Hz, 2 X 

-CH,), 3.08 (2H, d, J = 7 HZ, -CH2-), 4.24 (4H, dt, J = 7 HZ, 
2 x -OCH2-), 4.53 ( lH,  m, -CHN-), 5.13 (2H, s,  benzylic), 
7.5 (5H, s, aromatic), 11.0 (2H, broad s, NH2+). Anal. calcd. for 
C15H22N05Cl: C 54.29, H 6.64, N 4.22%; found: C 53.98, H 6.39, 
N 4.46%. 

This compound was also prepared from DL-bromosuccinic acid 
diethyl ester in 88% yield, mp (hydrochloride) 103- 105°C; 'H nrnr 

.ASA 2141 

(in CDCI,) 6: 1.0 (6H, q,  J = 7 Hz, 2 x -CH,), 3.0 (2H, m, 
-CH2-), 3.95 (4H, dt, J = 7 HZ, 2 x -0CH2-), 4.52 (IH, m, 
-CHN-), 5.18 (2H, s,  benzylic), 7.13 (5H, s,  aromatic), 8.85 (2H, 
broad s,  NH2'). Anal. calcd. for C15H22N05C1: N 4.22%; found: N 
4.48%. 

N-Benzyloxy-D-aspartic acid di-tert-butyl ester was obtained from 
L-bromosuccinic acid d2itert-butyl ester in 74% yield, mp (hydro- 
chloride) 73-75°C; [a], +6.0 (c 6, CH2C12); 'H nrnr (in CDCI,) 6: 
1.3 (9H, S, -C(CH,),), 1.36 (9H, S, -C(CH,),), 2.4 (2H, dd, J = 
7 HZ, 4 HZ, -CH2-), 3.75 (IH, q, J = 7 HZ, -CHN-), 5.05 
(2H, S, -CH2O-), 6.08 (lH, d, J = 7 HZ, -NH-) 7.17 (5H, s,  
aromatic). Anal. calcd. for CI9Hz9NO5: C 64.96, H 8.26, N 3.99%; 
found: C 64.68, H 8.40, N 4.20%. 

N-Benzyloxy-L-aspartic acid di-tert-butyl ester was synthesized 
from D-bromosuccinic acid di-tert-butyl ester in 72% yield, mp (hy- 
drochloride) 78-80°C; [a]: -5.6 (c  6, CH2C12); 'H nmr (in CDC1,) 
6: 1.3 (18H, s ,  2 x -C(CH,),), 2.4 (2H, dd, J = 7 HZ, 4 HZ, 
-CH2-), 3.72 (IH, q, J = 7 HZ, -CHN-), 5.0 (2H, S, 
-CH20-), 6.05 (lH, d, J = 7 Hz, -NH-), 7.25 (5H. s,  aro- 
matic). Anal. calcd. for C19H29N05: N 3.99%; found: N 4.07%. 

N-Benzyloxy-DL-aspartic acid di-tert-butyl ester was prepared from 
DL-bromosuccinic acid in 63% yield, mp (hydrochloride) 69-71°C; 
'H nmr (in CDCI,) 6: 1.42 (18H, s,  2 x -C(CH,),), 2.66 (2H, dd, 
J = 7 HZ, 3 HZ, -CH2-), 4.0 (IH, t, J = 7 HZ, -CHN-), 5.34 
(2H, s,  -CH20-), 7.0 (IH, broad s,  -NH-), 7.65 (5H, s,  
aromatic). Anal. calcd. for C19H29N05: N 3.99%; found: N 4.39%. 

N-Benzyloxy-D-aspartic acid 
To N-benzyloxy-D-aspartic acid di-tert-butyl ester (3.51 g, 10 

mmol) was added 4 mL of trifluoroacetic acid and after 30 min the 
reaction mixture was concentrated in vacuo. To the residue, 10 mL of 
water was added and the solution was cooled in an ice bath. The 
solution was then filtered, and washed with cold water to give the 
product (2.1 g, 90%), mp 120-121°C (EtOH-H20); [a]: +6.3 
(c  6,  MeOH); 'H nrnr (in DMSO-d6) 6: 2.68 (2H, dd, J = 7 Hz, 4 Hz, 
-CH2-), 3.97 ( lH,  t, J = 7 HZ, -CHN-), 4.7 (2H, S, 
-CH20-), 7.4 (5H, s,  aromatic). Anal. calcd. for CllHl,NO5: 
N 5.86%; found: N 5.82%. 

N-Hydroxy-DL-aspartic acid di-tert-butyl ester 
To a solution of N-benzyloxy-DL-aspartic acid di-tert-butyl ester 

(1.76 g, 5 mmol) in ethanol (10 mL) was added 10% Pd/C (50 mg) 
and hydrogen was passed through the solution for 1 h. Then the 
filtered solution was evaporated to dryness, redissolved in chloroform, 
and purified on a silica gel column, using CHC1,-MeOH (9: 1) as 
eluent to give an oily product (2.07 g, 83%); 'H nmr (in CDCI,) 6: 1.3 
(9H, S, -C(CH,),), 1.33 (9H, S, -C(CH,),), 2.58 (2H, d, J = 7 HZ, 
-CH2-), 3.75 (IH, t, J = 7 Hz, -CHN-). Anal. calcd. for 
C12Hz3N05: N 5.37%; found: N 5.62%. 

N-Carbobenzoxy-N-benzy1oxy-o~-aspartic acid 
To a solution of N-benzyloxy-DL-aspartic acid di-tert-butyl ester 

(3.51 g, 10 mmol) in CH2C12 (20 mL) was added solid NaHC03 (1.26 
g, 15 mmol) and I I mmol of carbobenzoxy chloride. The reaction 
mixture was stirred at room temperature overnight, and then was 
washed with'water, dried (MgS04), and concentrated in vacuo. Then 
3 mL of trifluoroacetic acid was added and after 30 min the solvent 
was evaporated to dryness. The residue was dissolved in ethyl ether 
and washed with 10% NaHCO,. The water solution was acidified to 
pH 4 and the precipitated product filtered off to provide a white 
powder (2 g, 54%), mp 123-125°C (EtOAc - petroleum ether 
30-60°C); 'H nmr (in DMSO-d6) 6: 3.0 (2H, dd, J = 7 Hz, 4 Hz, 
-CH2-), 4.82 ( lH,  t, J = 7 HZ, -CHN-), 4.97 (2H, S, 
-CH20-), 5.3 (2H, s,  -CH20-), 7.35 (5H, s,  aromatic), 7.44 
(5H, s,  aromatic). Anal. calcd. for CI9Hl9NO7: N 3.75%; found: 
N 3.99%. 

threo-P-Hydroxy-N-benzy1oxy-o~-aspartic acid was obtained in 
60% yield, according to the known procedure for preparation of 
(3-hydroxyaspartic acid (22,23), mp 150- 152°C; 'H n m  (in TFA) 6: 
5.3 (2H, s ,  -CH-CH-), 5.4 (2H, s,  -CH20-), 7.6 (5H, S, 
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aromatic). Anal. calcd. for CI  ,H13N06: N 5.49%; found: N 5.40%. 
N-Phthaloylglycyl-N-benzyloxyaspartic acid esters 3a, 3b,  3 c  were 

synthesized according to the standard procedures already used for the 
preparation of N-benzyloxypeptides (14). 

N-Phthaloylglycyl-N-benzyloxy-o-aspartic acid dimethyl ester was 
prepared by the acid chloride method in 66% yield, mp 58-59°C 
(EtOAc - pet. ether 30-6O0C), [a]: -6.0 (c 6,  CHC1,); 'H nmr (in 
CDCI,) 6: 2.83 (2H, t, J 7 HZ, -CH2-), 3.45 (3H, S, --OCH,), 
3.53 (3H, S, -OCH,), 4.38 (2H, S, -CH2N-), 4.9 (2H, S, 
-CH2O-), 5.05 ( I  H, t, J = 7 HZ, -CHN-), 7.1 (5H, S, XO- 

matic), 7.5 (4H, m, aromatic). Anal. calcd. for C23H22N208: C 60.79, 
H 4.84, N 6.17%; found: C 61.02, H 4.98, N 6.50%. 

N-Phthaloylglycyl-N-benzyloxy-DL-aspartic acid diethyl ester was 
synthesized as an oily compound in 85% yield by the acid chloride 
method and in 78% yield by the mixed anhydride method; 'H nmr (in 
CDCI3) 6: 1.05 (6H, dt, J = 7 HZ, 3 HZ, 2 x -CH,), 2.87 (2H, t, 
J = 7 HZ, -CHI--), 4.0 (4H, dq, J = 7 Hz, 3 HZ, 2 X -CH20-), 
4.35 (2H, s, -CH2N--), 4.9 (2H, s, benzylic), 5.0 (lH, t, J = 7 Hz, 
-CHN-), 7.2 (5H, s, aromatic), 7.5 (4H, s,  aromatic). Anal. calcd. 
for C2SH26N208: C 62.24, H 5.39, N 5.81 %; found: C 62.03, H 5.13, 
N 5.84%. 

N-Phthaloylglycyl-N-benzyloxy-DL-aspartic acid di-tert-butyl ester 
was obtained by the acid chloride method in 63% yield, mp 72-73°C 
(EtOAc - pet. ether 30-60°C); 'H nmr (in CDCI?) 6: 1.32 (18H, s,  
2 X -C(CH,),), 2.78 (2H, t, J = 7 HZ, -CH2-), 4.38 (2H, S, 
-CHIN-), 4.92 (3H, s + m, -CH20-, -CHN-), 7.3 (SH, s,  
aromatic), 7.58 (4H, m, aromatic). Anal. calcd. for C29H34N208: C 
64.68, H6.32, N 5.20%;found: C64.33, H6.58, N5.40%. 

N-Phthaloylglycyl-N-benzyloxy-D-aspartic acid di-tert-butyl ester 
was prepared by the acid chloride meJ)od in 65% yield, mp 69-70°C 
(EtOAc - pet. ether 30-60°C), [a], + 11.0 (c 4, acetone); 'H nmr 
(in CDCI,) 6: 1.3 (18H, s,  2 x -C(CH3),), 2.73 (lH, d, J = 7 Hz, 
112 X -CH2-), 2.9 (IH, d, J = 7 HZ, 112 X -CHI-), 4.37 (2H, 
s, -CHIN-), 4.97 (3H, s + m, -CH20-, -CHN-), 7.27 (SH, 
s,  aromatic), 7.6 (4H, m, aromatic). Anal. calcd. for C29H34Nz08: N 
5.20%; found: N 5.37%. 

N-Carbobenzoxyglycyl-N-benzyloxy-DL-aspartic acid di-tert-butyl 
ester I d  was synthesized by the mixed anhydride method as an oily 
compound in 76% yield; 'H nmr (in CDCl,) 6: 1.27 (18H, s, 2 X 

-C(CH,),), 2.7 (lH, d, J = 7 HZ, 112 X -CH2-), 2.85 (IH, d, 
J = 7 Hz, 112 X -CH2-), 4.0 (2H, m, -CHIN-), 4.8 (2H, s,  
-CH20-), 4.95 (2H, s, -CH20-), 5.2 (2H, m, -CHN--), 
7.17 (SH, s,  aromatic), 7.22 (SH, s, aromatic). Anal. calcd. for 
C29H38N208: C 64.20, H 7.01, N 5.16%; found: C 63.93, H 7.23, N 
5.26%. 

This compound was also prepared by the iminochloride method (20) 
in 82% yield. Anal. calcd. for C29H38N20~: C 64.20, H 7.01, N 
5.16%; found: C 64.01, H 7.12, N 5.13%. 

N-Phthaloylglycyl-N-hydroxyaspartic acid esters 4a, 4b, 4 c  were 
synthesized by hydrogenation of N-benzyloxypeptides according to an 
earlier described procedure (14). 

N-Phthaloylglycyl-N-hydroxy-D-aspartic acid dimethyl ester was 
obtained in 9z92 yield, mp 172- 173°C (EtOAc - pet. ether 
30-60°C), [a], -9.0 (c 4, acetone-DMF 4: 1); 'H nmr (in CDCI, 
+ a few drops of TFA) 6: 3.05 (2H, d, J = 7 Hz, -CH2-), 3.6 (3H, 
S, -OCH,), 3.67 (3H, S, --OCH,), 4.75 (2H, S, -CH2N-), 5.5 
( lH,  t, J = 7 Hz, -CHN-), 7.65 (4H, m, aromatic). Anal. calcd. 
for C I ~ H I ~ N ~ O ~ :  N 7.69%; found: N 7.94%. 

N-Phthaloylglycyl-N-hydroxy-DL-aspartic acid diethyl ester was 
prepared in 82% yield, mp 108-109°C (EtOAc - pet. ether 
30-60°C); 'H nmr (in CDCI,) 6: 1.12 (6H, dt, J = 7 Hz, 3 Hz, 2 x 
-CH,), 2.85 (2H, d, J = 7 HZ, -CH2--), 4.05 (4H, dq, J = 7 HZ, 
3 HZ, 2 X -CH2O-), 4.65 (2H, S, -CH2N-), 5.3 (IH, t, J = 
7 Hz, -CHN-), 7.68 (4H, m, aromatic). Anal. calcd. for 
C18H20N~O~: N 7.18%; found: N 6.91%. 

N-Phthaloylglycyl-N-hydr0xy-o~-aspartic acid di-tert-butyl ester 
was isolated in 90% yield, mp 167-168°C (EtOAc - pet. ether 
30-60°C); 'H nmr (in DMSO-d6) 6: 1.3 (18H, s,  2 X -C(CH,),), 
2.95 (2H, d, J = 7 HZ, -CH2--), 4.8 (2H, S, -CH,N-), 5.25 
( lH,  t, J = 7 Hz, -CHN-), 7.62 (4H, m, aromatic). Anal. calcd. 

for C28H28NZ08: N 6.25%; found: N 6.13%. 
Glycyl-N-hydroxy-DL-aspartic acid was obtained from N-carbo- 

benzoxyglycyl-N-benzyloxy-DL-aspartic acid di-tert-butyl ester as de- 
scribed earlier (14) (by removing tert-butyl groups with trifluoroacetic 
acid, followed by simultaneous hydrogenation of the carbobenzoxy 
and benzyl groups) in 72% yield; mp 164- 167°C dec. (H20-EtOH); 
'H nmr (in D20) 6: 2.97 (2H, d, J = 7 Hz, -CH2-), 4.1 (2H, s,  
-CH2N-), 5.2 (lH, t, J = 7 Hz, -CHN-). Anal. calcd. for 
C6HION2O6: N 13.59%; found: 13.33%. 

N-Forrnyl-N-hydroxy-~-alanyl-N-hydroxy-~-aspartic acid dimethyl 
ester 

To a solution of absolute DMF (9.2 mL, 0.12 mol) in dry CH2C12 
(50 mL) was added dropwise at - 10 to -S°C freshly distilled oxalyl 
chloride (4 mL, 0.048 mol). After 15 min, the N-formyl-N-benzyloxy- 
L-alanine (6.6 g, 30 mmol) was added. The reaction mixture was 
stirred for 30 min at - 15 to -S°C and then N-benzyloxy-L-aspartic 
acid dimethyl ester hydrochloride (9.1 g, 30 mmol) in pyridine (22 
mL, 0.25 mol) was added. After 2 h at -5 to 0°C and 2 h at room 
temperature water was added and the methylene chloride solution was 
separated. The organic layer was washed with water, dried (MgSOJ, 
and concentrated in vacuo. The oily residue was dissolved in MeOH, 
10% Pd/C (100 mg) was added, and hydrogen was passed through the 
solution for 2 h. After filtration and removing methanol under reduced 
pressure, the product was purified on a silica gel column using 
CHC1,-MeOH (8: 1) as the eluent to yield an oily product (4.5 g, 
52%); 'H nmr (in CDCI,) 6: 1.25 (3H, m, -CH,), 2.84 (2H, d, J = 
7 Hz, -CH2-), 3.46 (6H, s, 2 X -OCH,), 4.4 ( lH,  m, 
-CHN-), 4.9 (1 H, t, J = 7 HZ, -CHN-), 7.93 (0.5H, S, 112 X 
H-C=O), 8.1 (0.5H, s, 112 x H-C=O). Anal. calcd. for 
C I O H I ~ N ~ O ~ :  N 9.59; found: N 9.40%. 
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G .  W. BUCHANAN, J .  W.  BOVENKAMP, A. RODRIGUE, R. A. B. BANNARD, and R. Y. MOIR. Can. J .  Chem. 63,2143 (1985). 
Low temperature "C nuclear magnetic resonance spectroscopy has been employed to obtain the chemical shifts and to 

examine the conformational equilibria of the four chlorohydrins and bromohydrins of 3-methoxycyclohexene. The correspond- 
ing acetates and the unsubstituted halohydrins have also been examined. The observed chemical shifts were compared with 
those calculated from additivity considerations. Limitations of this approach are discussed. Relative peak area measurements 
have been used to obtain conformational free energies in favourable cases. 

I 

G. W. BUCHANAN, J. W. BOVENKAMP, A. RODRIGUE, R. A. B. BANNARD et R. Y.  MOIR. Can. J. Chem. 63,2143 (1985). 
On a fait appel a rksonance magnCtique nucltaire du "C pour dkterminer les dCplacements chimiques et pour Cvaluer 

I 

I 1'Cquilibre conformationnel de quatre chlorohydrines et bromohydrines du mkthoxy-3 cyclohexbne. On a aussi examink les 
I spectres des acetates correspondants ainsi que ceux des halohydrines qui ne sont pas subst~tutes. On a compare les dC- 

I placements chimiques observCs avec ceux calculCs a I'aide de considCrations d'additivite. On discute des limitations de cette 
I approche. Dans des cas favorables, on a utilisC des mesures dlintensitCs relatives des pics pour obtenir les Cnergies libres 
I conformationnelles. 
I 

[Traduit par le journaJ] 

1 Introduction 
I 
; The compounds shown in Fig. 1 have been the subject of 

several previous investigations (1,2). The most recent work (1) 
I involved a study of the kinetics of formation of the cis- and 
; trans-3-methoxycyclohexane epoxides from the halohydrins 3, 

8, 5, and 10 and 2, 7,  4, and 9, respectively, as well as the 
kinetics of scission of these epoxides by hydrogen chloride. 
Earlier studies were concerned with elaboration of the regio- 
and stereochemistry of the latter reactions, by the separation 
and characterization of isomeric chlorohydrins 2-5 and iso- 
meric bromohydrins 7-10. Structural proofs for these com- 
pounds relied very heavily on the use of the splitting pattern of 

. ' the methine protons in the proton magnetic resonance spectra 
of the corresponding acetates 12-15 and 17-20 (3-5). 

In this paper, a low-temperature I3C nmr study of the four 
trans-chlorohydrins (2-5) and the four trans-bromohydrins 
(7-10) derived from 3-methoxycyclohexene is described. 
Results for the unsubstituted halohydrins (1 and 6), as well as 

: those for the corresponding acetates (11-20), are also re- . .. . .  . . . .  . . . . . . . i  
. . . . .- . .  . . ported. Predicted I3C chemical shifts calculated from additivity 

. .  . .  . considerations derived from monosubstituted cyclohexanes are 

1 compared with the observed chemical shifts. The equilibrium 
; constants, from which the conformational free energy dif- 

ferences were calculated, were obtained from the relative peak 
1 area measurements of the resonances of individual conformers I 
I at 178 K. 

Results and discussion 

I 
The structures and numbering schemes for the twenty com- 

'Authors to whom correspondence should be addressed. 

pounds studied are depicted in Fig. 1. Tables 1-4 contain the 
I3C nmr chemical shifts observed at room temperature as well 
as those for individual conformations A and B, obtained at 178 
K. Parenthesized values denote ambiguous assignments, while 
A and B describe the less and more stable conformations, 
respectively. For the all trans-substituted compounds 2, 7, 12, 
1 7 , 5 ,  10, 15, and 20, only conformer B could be detected. We 
estimate our detection limit as 1%. 

(a) Resonance assignments 
A variety of techniques were used for I3C signal assign- 

ments. Resonances for CH3, CH2, CH, and quaternary carbons 
were distinguished by single frequency off-resonance 'H de- 
coupling or AFT (6) experiments. Distinction between CH 
carbons bonded to OMe, OH, and OAc was made via selective 
'H decoupling, since the methine proton resonances are well 
separated, and have characteristic chemical shifts (7). For 
compounds such as 1, the assignment of room temperature 
methylene carbon resonances was made unambiguously via 
two-dimensional, double quantum coherence spectra, i.e. 2D- 
INADEQUATE experiments (8). 

In order to aid assignments of pairs of resonances due to 
conformational isomers, detailed studies of the spectra near 
the coalescence temperatures (typically 200-233 K) were 
carried out. Extensive use was made of the fact that the larger 
the chemical shift difference between an exchanging pair of 
resonances, the higher will be the observed coalescence 
temperature. 

(b) Chemical shifs 
A model compound approach can be successfully used to 

predict the resonance positions for unsubstituted ring carbons 
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.Q:'"' TABLE 2. "C chemical shifts for bromohydrins 6-10 (?jc from TMS 
+ 0.01)$ 

OR Compound C-1 C-2 C-3 C-4 C-5 C-6 0CH3 
l X = C l , R = H  2 X = C l , R = H  
6 X = B r , R = H  7 X = B r , R = H  6 75.57 62.25 36.69 27.00 24.47 34.13 

11 X = C1, R = Ac 1 2 X  = C1, R = Ac 6A* 69.03 n.0.t n.0.t 20.46 19.57 n.0.t 

16 X = Br, R = Ac 17 X = Br, R = Ac 6B* 75.11 61.92 36.75 26.90 24.40 34.55 
7 83.58 79.09 55.85 36.51 23.66 28.99 57.54 

X OR 

3 X = C l , R = H  4 X = C l , R = H  
8 X = B r , R = H  9 X = B r , R = H  

13 X = C1, R = Ac 14 X = C1, R = Ac 
18 X = Br, R = Ac 19 X = Br, R = Ac 

.@:'"' 
X 

5 X = C l , R = H  
10 X = Br, R = H 
15 X = C1, R = Ac 
20 X = Br, R = Ac 

FIG. 1. Structures and numbering schemes for 1-20. 

TABLE 1. "C chemical shifts for chlorohydrins 1-5 (?jc from TMS 
+ 0.01)* 

Compound C-1 C-2 C-3 C-4 C-5 C-6 OCH, 

1 75.49 67.69 35.58 25.93 24.31 33.67 
lA* n.0.t n.0.t 28.05 (19.80) (19.80) n.0.t 
lB* 74.95 67.15 35.75 25.81 24.27 34.14 
2 83.47 79.09 63.20 35.47 22.26 28.75 57.39 
2A* n.0.t n.0.t n.0.t n.0.t n.0.t n.0.t n.0.t 
2B* 83.19 77.84 63.37 35.24 21.87 28.21 57.28 
3 79.14 75.21 62.54 33.72 19.55 26.55 56.83 
3A* 76.69 69.02 60.54 27.19 18.69 24.56 56.25 
3B* 79.80 76.29 63.24 35.64 19.56 26.04 56.68 
4 79.40 70.93 68.41 32.21 18.58 27.81 57.21 
4A* 75.71 61.24 70.72 25.50 18.60 25.47 55.81 
4B* 80.00 70.13 69.36 34.23 18.22 27.18 56.86 
5 82.50 71.14 74.19 32.61 19.54 30.28 
5A* n.0.t n.0.t n.0.t n.0.t n.0.t n.0.t 
5B* 81.94 71.98 73.78 32.72 19.58 29.94 

*At 178.0 + 2.0 K. 
tn.0. = not observable. 
$0.8 M solutions in CD2CI2. 

to within + 1.0 ppm, on the average, of those observed for both 
major and minor conformations. Available I3C data (9- 11) for 
individual conformers of monosubstituted cyclohexanes (Table 
5) were employed along with additivity considerations to give 
the calculated ring carbon chemical shifts shown in Table 6. If 
one regards substitution of a group X as depicted below, one 

*At 178.0 + 2.0 K. 
tn.0. = not observable. 
$0.8 M solutions in CD2CI2. 

can then employ the known substituent induced shifts for a,,, 
(Yeq, Pax, Peq, Yax, Yeq, sax, and Seq sites, for X = C1, Br, OAc, 
OH, and OMe (9-11). 

The additivity approach is illustrated below for the C-3 and 
C-4 sites of the major conformation of 1, starting with a shift 

of 27.7 ppm for cyclohexane itself. Thus, for C-3, one predicts 
Sc = 27.7 + Peq(C1) + y,,(OH); i.e. Sc = 27.7 + 10.5 - 2.7 
= 35.5. The observed shift is 35.75, in excellent agreement 
with that predicted. Similarly for C-4 one predicts Sc = 27.7 
+ y,(Cl) + S,,(OH) = 27.7 - 0.6 - 2.0 = 25.1, ingood 
agreement with the observed chemical shift of 25.81 ppm. 

For substituted ring carbons, one cannot reliably employ 
such a pairwise additivity approach. Table 7 illustrates the 
differences between calculated and observed I3C shieldings for 
a typical series 4, 9, 14, and 19, depicted in Fig. 1. Clearly the 
agreement between calculated and observed shifts for a par- 
ticular carbon depends on the stereochemistry. This is most 
dramatically apparent at C-2, the halogenated carbon. 

The additivity approach fails to take into account the y- 
gauche interactions between the vicinal substituents, which are 
expected to lead to observed shifts which are upfield from those 
predicted (i.e. positive differences in Table 7). There is ample 
literature precedent for this observation (12, 13). Also, the 
additivity approach assumes that the addition of a polar group 
to cyclohexane would cause the same chemical shift effect as 
the addition of a polar group to a cyclohexane ring in which 
the ring carbons are subjected to the inductive effect of ex- 
isting substituents. Note that although the values in Table 7 are 
generally positive, some negative values are also present. 

Recently, Schneider et al. (14) have studied a series of 
vicinally substituted dihalocyclohexanes. In agreement with 
our findings, they observe differences of up to ca. 9 ppm 
between the observed I3C shifts, and those calculated from 
pairwise additivity for the halogenated carbons. They interpret 
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BUCHANAN ET AL. 

TABLE 3. '" chemical shifts for 11-15 (Sc from TMS ? 0.01)$ 

0 

Compound C-1 C-2 C-3 C-4 C-5 C-6 0CH3 
II 
C-CH3 

*At 178.0 rt 2.0 K. 
tn.0.t = not observable. 
$0.8 M solutions in CD2C12. 

TABLE 4. I3C chemical shifts for 16-20 (Sc from TMS * 0.01)$ 

0 

Compound C-1 C-2 C-3 C-4 C-5 C-6 0CH3 
II 
C-CH3 

*At 178.0 f 2.0 K. 
tn.0. = not observable. 
$0.8 M solutions in CDF12. 

their results in terms of a linear electric field theory (15) for I3c 
shielding, in which enhanced electron flow to the carbon 
bearing the substituent of highest polarizability is predicted. 
The calculations of Schneider et a1.'(14), however, lead to the 
conclusion that carbons bearing the substituents of highest 
polarizability are in fact deshielded, rather than shielded, as 
one might expect on the basis of intuitive electron density 
arguments. 

Applying such an approach to our compounds, one would 
then suggest that the halogenated carbons should show the 
lowest positive values in Table 7, since halogens are more 
polarizable than oxygen. In the conformers "B" of Table 7, this 
is indeed true, i.e. C-2 shows the lowest +'ve difference. 

In the "A" conformers of Table 7, however, just the opposite 
result is found, with the halogenated carbon showing the largest 
positive deviation between calculated and observed I3C shifts. 

It is evident that several factors must be contributing to the 
observed I3C shifts in these 1,2,3-trisubstituted cyclohexanes. 
It would be valuable to examine 1,3-disubstituted cyclohexanes 
in the future, to delineate the role of 1,3 interactions to the 
observed shifts. 

In addition to ring carbon chemical shift differences between 
conformational isomers, the methoxyl carbon resonances show 
consistent stereochemical dependence. For the series of materi- 
als 3,8,13,  and 18 the "A" isomers (below) all have equatorial 
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TABLE 5. Stereochemical dependence (9- 11) of substituent induced 
chemical shifts* (in ppm from cyclohexane; 6c = 27.7) 

S &Xu ax m x  
eq 

X Conformation a P Y 6 

C1 ax 
eq 

Br ax 
eq 

OCHs ax 
eq 

OAc ax 
eq 

OH ax 
eq 

*Positive sign denotes downfield shift; negative sign denotes upfield shift. 

TABLE 6. Calculated (from additivity) ring carbon chemical shifts 
(ac from TMS) 

Conformation C-1 C-2 C-3 C-4 C-5 C-6 

1A 27.5 20.2 19.4 
1B 80.8 68.0 35.5 25.1 22.8 35.1 
2B 86.9 85.3 65.2 33.7 22.3 27.3 
3A 77.5 76.6 62.3 25.7 17.4 23.9 

OCH, groups which are shielded by 0.39-0.50 ppm relative to 
the axial 0CH3 functions of the "B" isomers respectively. 

Similarly in the series 4,9 ,  14, and 19, the equatorial OCH, 
groups of the "A" isomers are again shielded relative to 
their axial counterparts, the differences ranging from 1.05 to 
1.51 ppm. 

VOL. 63, 1985 

TABLE 7. Calculated minus observed I3C chemical shifts for the 
methine ring carbons of 4, 9, 14, and 19* 

"A" "B" 

C- 1 C-2 C-3 

A B A B A B  

4 X = C1, R = H +3.6 +2.6 +8.4 -0.3 -1.4 +4.2 
9 X = Br, R = H +4.5 +2.9 $8.2 -1.9 -1.2 +4.0 

14 X = Cl, R = Ac 1-4.0 +3.2 +9.1 +2.2 +1.2 +4.6 
19 X = Br, R = Ac +5.0 +3.8 +9.7 +1.5 +1.2 +5.6 

Average +4.3 +3.1 +8.9 +0.4 -0.1 +4.6 

*A positive sign denotes that the observed shift is upfield from that calcu- 
lated. 

TABLE 8. Equilibrium constants* and conformational free energiest 

Number of 
Compound K(AeB) determinations -AGO (kcal/mol) 

1,2,3-Trisubstituted (methoxyl cis to adjacent OH or OAc) 
3 4.7 7 0.55t0.04 
8 5.0 6 0.5740.07 

13 5.3 5 0.59*0.10 
18 6.2 6 0.6550.06 

1,2,3-Trisubstituted (methoxyl cis to adjacent C1 or Br) 
4 3.0 4 0.39t0.07 
9 3.0 5 0.39k0.05 

14 3.2 6 0.41 k0.03 
19 1.8 7 0.2350.02 

*The equilibrium constants for 2, 7, 12, 17, and 5, 10, 15, and 20 were 
>99.0. 

tAt 178.0 + 2.0 K. 

It is interesting to note that for methoxycyclohexane itself (9) 
the axial and equatorial 0CH3 groups were found to have iden- 
tical chemical shifts (ac = 55.05) at 180 K in CF2C12 solvent. 

Separate carbonyl carbon resonances for 0-acetyl groups for 
both conformations were observed for compounds 11, 13, 14, 
18, and 19. For compounds bearing methoxyl groups, the car- 
bony1 carbon of the axial OAc is shielded relative to its equa- 
torial counterpart. In 11, however, the carbonyl carbon of 
the equatorial OAc group is more shielded, by 1.13 ppm. 
For acetoxycyclohexane itself at 180 K, no chemical shift 
difference between conformers was detected (9). 

In the case of the CH, groups of the OAc moieties, we were 
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unable to detect separate resonances for axial and equatorial 
substituents, in accord with previous observations for acetoxy- 
cyclohexane (9). 

(c) Conformational free energies 
The equilibrium constants collected in Table 8 were calcu- 

lated from relative peak area measurements of resonances for 
individual conformers. Values for -AGO, the conformational 
free energy difference, were subsequently calculated using the 
equation -AGO = RT In K. Error limits in -AGO were ob- 
tained from the standard deviations in the equilibrium constants 
derived from individual resonances. 

Initially, in discussing the -AGO data, it is important to note 
that relatively concentrated solutions (0.8 M in CD2C12) are 
necessary for this work. As a result, materials in which there 
can be intermolecular association (such as alcohols) will tend 
to show a larger preference for the equatorial OH conformation 
(especially for alcohols without significant y-gauche inter- 
actions) than would be the case at lower solute concentrations. 
This is due to the higher spatial accessibility of an equatorial 
OH relative to its axial counterpart for intermolecular hydrogen 
bonding. 

The low temperature I3C results for cyclohexanol itself illus- 
trate this point. To date, we have not been able to detect I3C 
resonances for the axial conformer (under the conditions used 
for the other compounds in this study), presumably due to the 
above-mentioned dimerization effects which stabilize the equa- 
torial conformation. Since our limit of detection is ca. l%, we 
estimate K for cyclohexanol itself to exceed 99 under the 
present experimental conditions. Schneider and Hoppen (9) 
also were not able to detect the axial conformer in CF2C12, 
although Subbotin and Sergeyev (1 1) succeeded in detecting it 
in CS2 solution. 

It is interesting for both trans halohydrins 1 and 6, that the 
minor diaxial conformers can be detected by I3C nmr at low 
temperature. The increased preference for the "A" confor- 
mations, bearing two axial substituents, may be due to de- 
stabilization of the "B" conformers resulting from dipole- 
dipole repulsion between the neighbouring polar groups. Such 

dipolar effects are well known in trans-l,2-dibromocyclo- 
hexane and lead to a preference for the diaxial form in CCI, and 
benzene solution (16). Also, the spatial accessibility of the 
equatorial OH and thus its capability to take part in inter- 
molecular hydrogen bonding is probably reduced by the y- 
gauche interaction with the chlorine substituent. 

For the corresponding acetates 11 and 16, the equilibria are 
further biased towards the diaxial conformer (reductions of 
0.43 kcal/mol in -AGO for both comparisons). Since the con- 
formational free energies of OH and OAc are expected to be 
close (17), the main reason for this is presumed to be that 
intermolecular hydrogen bonding stabilizes the diequatorial 
conformers of the alcohols but not those of the acetates. 

For the second series of molecules depicted in Fig. 1, i.e. 2, 
7, 12, and 17, no spectra of the minor conformations were 
obtainable. 

Introduction of a methoxyl group cis to the OR function, 

as in the series 3, 8, 13, and 18 (Fig. 1 and Table 8), con- 
siderably enhances the amount of conformer A present in the 
equilibrium. Since the y-gauche interaction (depicted above) 
between an equatorial methoxyl and an axial OR is expected to 
be essentially the same as that between an axial methoxyl and 
an equatorial OH, the conformational free energy difference 
between pairs of conformers (e.g., -AGO for 1 minus -AGo 
for 3) is expected to be approximately 0.75 kcal/mol (9) on 
the introduction of the methoxyl group in 3, 8, 13, and 18. 
(The same argument holds for 4, 9, 14, and 19 where the 
methoxyl is introduced cis to the halogen.) The other inter- 
actions involving halogen and OR with each other and with 
the remainder of the ring are expected to cancel when the 
-AGO values of corresponding compounds in Table 7 with and 
without methoxyl are subtracted. 

For the alcohols 3 and 8, as compared to 1 and 6 respec- 
tively, the -AGO values decrease by 0.90 and 1.03 kcal/mol. 
These larger than expected differences in -AGO values require 
comment. A possible interpretation might involve intramo- 
lecular hydrogen bonding between the methoxyl and the cis 
hydroxyl. However, even larger differences in -AGO values 
are found when 4 and 9 are compared with 1 and 6 and in 
these comparisons hydrogen bonding differences are unlikely 
to be significant (vide infra). For the acetates 13 and 18, as 
compared to 11 and 16, respectively, the -AGO values de- 
crease by 0.43 and 0.52 kcal/mol. These are smaller than the 
0.75 kcal/mol decrease expected. 

The equilibria of 4 ,9 ,  14, and 19 exhibit more conformer A 
than any of the other compounds shown in Fig. 1. In these 
cases, the methoxyl is introduced cis to the halogen and again 
the approximate difference in -AGO values from the corre- 
sponding compounds without the methoxyl group (1, 6, 11, 
and 16) should be about 0.75 kcal/mol. The actual differences 
are 1.06, 1.21, 0.61, and 0.94 kcal/mol respectively. Again, 
it is the chloro- and bromohydrins which have the largest dif- 
ferences in -AGO values. As pointed out above, the addition 
of a methoxyl cis to the halogen should not interfere with the 
hydrogen bonding characteristics of the halohydrins. 

Finally, it is interesting to note that the bromoacetate 19 has 
significantly more conformer A than the chloroacetate 14, 
whereas in the other two pairs of acetates (i.e. 11 vs. 16 and 13 
vs. 18) it is the chloroacetate which has relatively more A 
conformer present. 

To summarize, it is evident that I3C nmr represents an in- 
teresting addition to available techniques for examining stereo- 
chemical properties of these molecule's. It is also clear, how- 
ever, that further efforts in this field will be necessary in order 
to delineate more properly the influences of hydrogen bonding 
and dipolar effects on the observed I3C chemical shifts and 
conformational equilibria. 

To these ends, other series of appropriately 1,2 and 1,3-di- 
substituted cyclohexanes are under examination. 

Experimental 
(a) Spectra 

The "C spectra were obtained at 50.3 MHz using a Varian XL-200 
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spectrometer. Sample concentrations were 0.8 M in CD2C12 solutions 
contained in 10-mm od tubes. Routinely, spectra were obtained with 
complete 'H noise decoupling. Normal conditions were as follows: 
sweep width = 10 000 Hz, number of data points = 32 000, pulse 
width = 7.0 ps (4S0), acquisition time = 1.6 s,  and repetition rate = 
1.0 s. The number of accumulations for the low temperature spectra 
was typically 2000. 

The equilibrium constants were calculated from relative peak area 
measurements, which were made electronically. No significant dif- 
ference in K values resulted from spectra obtained with the above 
conditions as opposed to those recorded under suppressed 'H-"C 
nuclear Overhauser effect conditions. 

The 2D INADEQUATE spectra (8) were obtained using the 
CCC2D pulse sequence of the XL-200 software. For 1 the sweep 
width in each domain was 3741 Hz. A 560 x 256 data point matrix 
was used, transforming 1024 and 5 12 points respectively. 

(b) Materials 
The compounds 1-20, which were available (1 -5) from previous 

studies, were redistilled or recrystallized before use. Purities were 
determined by gas-liquid chromatography (Perkin-Elmer model 
Sigma IB, equipped with a thermal conductivity detector (250°C) and 
dedicated computer with built-in recorder; column: 10-ft glass (2-mm 
id) packed with 10% UCW-98 on Gas-Chrom. Q 80/100 mesh; flow 
rate of carrier gas (He) was 20 mL/min; oven temperature was 
150°C). The purities were determined as: 99.9% (1, 3, 10, 12, 15, 
and 20), 99.8% (2 and 7), 99.7% (6, 8, and 17), 99.6% (5, 11, and 
16), 99.2% (14), 99.1% (13), 98.6% (18), 98.3% (19), and 97.8% 
(4 and 9). See ref. 18 for a detailed analysis of the glc retention time 
behaviour of these compounds. 
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Synthesis and biological activity of nucleoside analogs involving modifications 
in the carbohydrate ring 

WALTER A. SZAREK, B .  MARIO PINTO, AND MASAHARU IWAKAWA 
Carbohydrate Research Institute and Department of Chemistry, Queen's University, Kingston, Ont . ,  Canada K7L 3N6 
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WALTER A. SZAREK, B. MARIO PINTO, and MASAHARU IWAKAWA. Can. J. Chem. 63, 2149 (1985). 
The synthesis of a variety of nucleoside analogs involving modifications in the carbohydrate ring is described. In particular, 

6-substituted purin-9-yl derivatives of 1-oxa-4-thiacyclohexane and 1,4-dioxacyclohexane have been synthesized. A number 
of 6-chloropurin-9-yl derivatives of substituted I-oxa-4-thiacyclohexane have also been derived from the parent compounds 
by way of a Pummerer rearrangement. A route to nucleoside analogs of I-oxa-4-thiacyclohexane from naturally occurring 
nucleosides is illustrated for the case of inosine. A route to nucleoside analogs in which the carbohydrate moiety is replaced 
by an acyclic moiety bearing a,P-unsaturated esters is also illustrated for the case of uridine. The results of biological screening 
of these analogs and others previously synthesized in our program against leukemia L-1210 cells in vitro are presented; some 
of these compounds showed marginal antitumor activity. The screening results of selected compounds against the human HeLa 
cell line in vitro are also presented; none of the compounds that were tested showed significant inhibitory activity of cell growth. 

WALTER A. SZAREK, B. MARIO PINTO et MASAHARU IWAKAWA. Can. J. Chem. 63, 2 149 (1 985). 
On dCcrit une synthkse de divers analogues des nuclCosides qui fait appel i des modifications du cycle du sucre. On a ainsi 

synthCtisC des dCrivCs purinyl-9 substituCs en position 6 de I'oxa-1 thia-4 cyclohexane et du dioxa-1,4 cyclohexane. Une 
transformation de Pummerer sur des composCs apparent& permet d'obtenir des dCrivCs chloro-6 purinyl-9 de I'oxa-l thia-4 
cyclohexane substitu6. Utilisant I'inosine comme exemple, on illustre une voie d'accks aux analogues oxa-l thio-4 cy- 
clohexanes des nuclCosides en faisant appel i des nuclCosides rtactionnels comme produits de dipart. Utilisant I'uridine comme 
exemple, on propose une mCthode d'obtenir des analogues de nuclCosides dans lesquels on a remplacC I'unitC d'hydrate de 
carbone par une unit6 acyclique comportant une unit6 d'esters a , p  insaturCs. On pr6sente les rCsultats obtenus lors d'une 
Cvaluation biologique in vitro de ces analogues et d'autres synthCtisCs anterieurement au cours de notre programme contre les 
cellules L-1210 de la leudmie. Quelques uns de ces composCs prtsentent une activitC anti-tumorale faible. On prCsente 
Cgalement les r6sultats obtenus lors d'Cvaluations in vitro de composCs choisis pour leur activitC contre la lignCe de cellules 
HeLa humaines. Les composCs CtudiCs ne montrent aucune activitC inhibitrice significative sur la croissance des cellules. 

[Traduit par le journal] 

I 
I Introduction 

In recent years an active area of research in this laboratory 
1 has been the synthesis of nucleoside analogs involving mod- 

ifications in the carbohydrate ring. As part of this program, the 
synthesis of nucleoside analogs containing more than one het- 
eroatom in the "carbohydrate" ring has been undertaken. The 
stimulus for this aspect of nucleoside chemistry was provided 
by the reported biological activity of the adduct of periodate- 
oxidized adenosine with isonicotinic acid hydrazide (1) and the 
interesting biological properties exhibited by ribonucleoside 
dialdehydes themselves (2). The latter compounds exist in 
solution as several hydrated species, one of which possesses a 
1,4-dioxacyclohexane structure (3). Thus far, reports (4) from 
this laboratory have described the synthesis of 6-substituted 
purin-9-yl derivatives of 1-oxa-4-thiacyclohexane, 1,4-dithia- 
cyclohexane, 1,4-dioxacyclohexane, 1 -oxa-4-azacyclohexane, 
and 1 -thia-4-azacyclohexane (1- lo),  and of some correspond- 

l ing pyrimidine derivatives. In addition, the synthesis of nucleo- 
side analogs in which the sugar moiety is replaced by thi- 
azolidine derivatives (11, 12) has also been reported (5). Since 
that time, McCormick and McElhinney have reported (6) the 

I synthesis of nucleoside analogs of 6-substituted purinyl deriva- 
tives in which the carbohydrate moiety is replaced by substi- 

I tuted 1-thia-4-azacyclohexane derivatives and Dvonch and 
I Album (7) have reported the synthesis and antileukemic activ- 
I ity of nucleoside analogs derived from the reaction of ethanol 

or methanol with periodate-oxidized inosine, adenosine, or 
cytidine. The latter compounds possess 1 ,4-dioxane structures. 
Furthermore, periodate-oxidized 5'-deoxyinosine has recently 

' Revision received July 26, 1984. 

1  X = O , Y = S , R = C I  
2 Xu  0 , Y  = S , R =  NH, 

3 X r O , Y = S , R = S H  

4 X = S . Y = O , R = C I  

8 X = Y = O ,  R * C I  

9 X *  0 ,  Y=N-Bz.R=CI 

1 0  X=S.Y.N-Bz,R=CI  

1 3  X= S ,  Y=O,Rm NH, 
1 4  X = S . Y = O . R = S H  
1 5  X= Y = O ,  R = N H 2  

1 6  X=  Y =  0 ,  R = S H  
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22 

been reported (8) to be a more potent antitumor agent than 
inosine dialdehvde. 

As a furthe; extension, we now report the synthesis of 
9-(1-oxa-4-thiacyclohexan-3-y1)adenine (13) and 9-(1-oxa-4- 
thiacyclohexan-3-yl)-9H-purine-6(lH)-thione (14) from 4 and 
of 9-(1,4-dioxacyclohexan-2-y1)adenine (15) and 9-(1,4-di- 
oxacyclohexan-2-yl)-9H-purine-6(1 H)-thione (16) from 8. In 
addition, a number of 6-chloropurin-9-yl derivatives of substi- 
tuted 1-oxa-4-thia~~clohexanehave been synthesized from 1 
and 4 in order to evaluate the effects of substituents, if any, on 
the biological activity of these compounds. Furthermore, a 
general route to nucleoside analogs of 1-oxa-4-thiacyclohexane 
from naturally occurring nucleosides is illustrated for the case 
of inosine; this approach is patterned after the work of Foster 
and co-workers (9) on the conversion of suitably protected 
glycopyranosides into derivatives of 2-hydroxy-1-oxa-4-thia- 
cyclohexane. 

Since inosine dialdehyde has been shown (10) to contain two 
aldehyde groups which can cross-link protein molecules, the 
synthesis of nucleoside analogs bearing functionality that is 
capable of reacting in similar fashion with functional groups in 
proteins is also of interest. A route to novel nucleoside analogs 
bearing such functionality is illustrated, therefore, for the case 
of uridine. 

We also now report the results of biological screening of 
some of the nucleoside analogs synthesized in our program. 

Results and discussion 
(a) Synthesis 

Treatment of 4 with methanolic ammonia gave crystalline 
9-(1-oxa-4-thiacyclohexan-3-y1)adenine (13) in 83% yield 
whereas the use of methanolic potassium hydrosulfide afforded 
crystalline 9-(1 -oxa-4-thiacyclohexan-3-y1)-9H-purine-6(1 H)- 
thione (14) in 87% yield. Similarly, compound 8 was converted 
into crystalline 9-(1,4-dioxacyclohexan-2-y1)adenine (15) in 
81% yield and into crystalline 9-(1,4-dioxacyclohexan-2-y1)- 
9H-purine-6(1 H)-thione (16) in 92% yield. Compounds 13,14 
and 15,16 exhibited conformational behaviour that was similar 
to that observed (1 1) for the parent, 6-chloro derivatives, 4 and 
8, respectively. 

6-Chloro-9-(l-oxa-4-thiacyclohexan-2-yl)-9H-purine (1) 
was converted into a mixture of isomeric sulfoxides (17a, 17b) 
by oxidation with sodium metaperiodate according to the 
method of Leonard and Johnson (12) (Scheme 1). The 'H nmr 
spectrum indicated the presence of two isomeric sulfoxides in 
a ratio of 3.2: 1, as estimated by integration of the correspond- 
ing signals for H-2'. Recrystallization from ethanol resulted in 

a mixture that was highly enriched in the major isomer (17a). 
The major and minor isomers were assigned the trans and cis 
stereochemistry, respectively, on the basis of their nmr spectra. 
The detailed examination of the configurations and con- 
formations of these derivatives and others reported below will 
be described in a subsequent paper (13). 

Oxidation of 6-chloro-9-(1-oxa-4-thiacyclohexan-3-y1)-9H- 
purine (4) with sodium metaperiodate afforded a mixture of the 
isomeric sulfoxides 18a and 18b in a ratio of 1.2: 1, as indi- 
cated by its 'H nmr spectrum (Scheme 1). Recrystallization 
from ethanol-hexane afforded white prisms which were shown 
by 'H nmr spectroscopy to consist predominantly of the major 
isomer (18a); thus, the unambiguous assignment of signals to 
the two isomers 18a and 18b could be made in the 'H nmr and 
I3C nmr spectra of the isomeric mixture of sulfoxides. Com- 
pound 18a was assigned the cis stereochemistry and 18b was 
assigned the trans stereochemistry (1 3). 

Treatment of a mixture of the isomeric sulfoxides 17 with an 
excess of acetic anhydride in benzene containing a trace of 
p-toluenesulfonic acid monohydrate at 60-70°C afforded a 
mixture of four components, two of which were identified as 
being acetoxy derivatives and two of which were identified as 
being the products of elimination reactions (see Scheme 2). The 
structures of the olefins were readily established by nmr 
spectroscopy and the compounds were identified as being 
6-chloro-9-(1-oxa-4-thiacyclohex-5-en-2-yl)-9H-purine (19) 
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and 6-chloro-9-(l-oxa-4-thiacyclohex-2-en-2-yl)-9H-purine 
(20). The constitution and stereochemistry of the acetoxy 
derivatives were also established by nmr spectroscopy (13). 
Compound 21 was identified as being cis-6-chloro-9-(3-acet- 
oxy- 1 -oxa-4-thiacyclohexan-2-yl)-9H-purine and compound 
22 was identified as being trans-6-chloro-9-(5-acetoxy-1-oxa- 
4-thiacyclohexan-2-y1)-9H-purine (13). The cis-3'-acetoxy de- 
rivative (21), the trans-5'-acetoxy derivative (22), the 2',3'- 
olefin (20), and the 5',6'-olefin (19) were obtained from the 
Pummerer reaction of 17 in a ratio of 12:2:2.4: 1, re- 
spectively. 

Treatment of a mixture of isomeric sulfoxides 18 with an 
excess of acetic anhydride in benzene containing a trace of 
p-toluenesulfonic acid monohydrate at 60-70°C afforded a 
solid which was revealed by tlc, after multiple development of 
the plate, to consist of four components (see Scheme 3). The 
individual components were isolated after tedious preparative 
thin-layer chromatography in which the plate was subjected to 
multiple development. 'The two faster-moving components 
were readily identified by means of 'H nrnr spectroscopy as 
being the unsaturated compounds, namely 6-chloro-9-(1-oxa- 
4-thiacyclohex-5-en-3-yl)-9H-purine (23), and 6-chloro-9-(1- 
oxa-4-thiacyclohex-2-en-3-yl)-9H-purine (24) (see Scheme 3). 
The two slower-moving components were isolated as crys- 
talline solids and were identified as being the cis- and trans-5'- 
acetoxy derivatives by nmr spectroscopy (1 3). 

Treatment of the acetate 21 with sodium borohydride in 
methanol afforded a solid which was identified as being a 
mixture of cis- and trans-6-chloro-9-(3-hydroxy-1-oxa-4- 
thiacyclohexan-2-y1)-9H-purine, 27 and 28, respectively (see 
Scheme 4). 

Treatment of the regioisomeric acetate 22 with sodium bor- 
ohydride in methanol afforded a solid which was identified as 
being a mixture of cis- and trans-6-chloro-9-(5-hydroxy- l-oxa- 
4-thiacyclohexan-2-y1)-9H-purine, 29 and 30, respectively 
(see Scheme 4). 

Treatment of a mixture of cis- and trans-6-chloro-9-(5- 
acetoxy- 1 -oxa-4-thiacyclohexan-3-yl)-9H-purine (25,26) with 
sodium borohydride did not furnish the expected hydroxy de- 
rivatives. Thin-layer chromatography indicated the absence of 
uv-active components other than that at the origin. Presumably, 
the products decompose with loss of 6-chloropurine. 

Thus far, the synthesis of nucleoside analogs from non- 
carbohydrate precursors has been described. The method has 
consisted, therefore, of the appropriate functionalization of the 
saturated heterocycle and the subsequent coupling of this prod- 
uct with an appropriate nucleoside base. Modifications of the 
nucleoside base and of the saturated heterocyclic moiety itself 

have then been effected. It would be advantageous, however, 
to have a route to compounds of this type which would cir- 
cumvent the coupling step. In particular, a synthesis which 
employed naturally occurring nucleosides as starting materials 
would be particularly useful. An entry into nucleoside analogs 
of 1 -oxa-4-thiacyclohexanes starting from naturally occurring 
nucleosides is described below. The method is illustrated for 
the case of inosine as the starting nucleoside. A merit of using 
this starting material is that the hypoxanthine moiety can be 
readily modified to give 6-chloro, 6-amino, or 6-thiono deriv- 
atives (see, for example, ref. 14). 

Treatment of inosine (31) with benzyl chloride and sodium 
hydrogen carbonate in N,N-dimethylformamide, by mod- 
ification of the method of Shaw (15), afforded 1-benzylinosine 
(32) as a white crystalline solid. Protection of N-1 was consid- 
ered necessary in order to obviate its participation in sub- 
sequent reactions. For example, it is known (16) that attempted 
iodination of 2',3'-0-isopropylideneinosine using methyltri- 
phenoxyphosphonium iodide gives 2',3'-0-isopropylidene- 
3,5'-cycloinosine as the major product. Moreover, Holmes and 
Robins (17) have shown that 5'-0-p-tolylsulfonyl-2',3'-0-iso- 
propylideneinosine is also converted into the cyclonucleoside 
in refluxing dioxane, and Hampton et al. (18) have shown that 
cyclonucleoside formation accompanies bimolecular displace- 
ment reactions at C-5' of the p-tolylsulfonyl derivative. Com- 
pound 32 was then treated with 1.1 equivalents of tert-butyl- 
dimethylsilyl chloride in dry N,N-dimethylformamide contain- 
ing imidazole (19, 20) to give crystalline 1-benzyl-5'-0-tert- 
butyldimethylsilylinosine (33) (see Scheme 5). The selectivity 
of this reagent for reaction at the 5'-position of ribonucleosides 
is well documented (19). 

Oxidation of 33 with sodium metaperiodate in a mixture of 
ethanol and water followed by borohydride reduction of the 
resulting "dialdehyde" 34 afforded the diol 35 (see Scheme 6). 
The functionalization of the diol 35 proved to be much more 
difficult than had been anticipated. Thus, treatment of 35 with 
an excess of p-toluenesulfonyl chloride in pyridine for an ex- 
tended time period afforded a mixture of the ditosylate 36 and 
the monotosylate 37 in low yield (Scheme 6) but yielded mostly 
unreacted starting material. Other attempts to convert the hy- 
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droxyl functions into suitable leaving groups did not offer a 
significant improvement of yield. For instance, attempts to 
form the dimesylate using methanesulfonyl chloride in pyridine 
afforded mostly starting material, even with prolonged reaction 
times at room temperature. Attempts to synthesize the corre- 
sponding dichloride with thionyl chloride or the corresponding 
dibromide using carbon tetrabromide and triphenylphosphine 
(21) were also unsuccessful and yielded mostly unreacted 
starting material. Attempted conversion of the hydroxyl func- 
tions into trifluoromethanesulfonic esters using triflic anhy- 
dride in a mixture of pyridine and methylene chloride (22) gave 
a product distribution similar to that observed in the reaction 
with p-toluenesulfonyl chloride. It is noteworthy that Dailey 
and Fuchs (23) have recently reported a similar problematic 
situation involving the conversion of the hydroxyl group of a 
"neopentyl" alcohol into a suitable leaving group. Some of the 
methods described above were also applied in this system, 
although without much success. 

Treatment of the ditosylate 36 with sodium sulfide in re- 
fluxing ethanol afforded, after chromatography, a small 
amount of a white foam that was identified as being the desired 
1-oxa-4-thiacyclohexane derivative 38 by means of nmr spec- 
troscopy. Compound 38 is assigned the conformation in which 
both the purine moiety and the silyloxymethyl function adopt 
equatorial orientations since the signal for H-2' in the 'H nmr 
spectrum appears as a doublet of doublets having a value for 
1J2,,32 4- J2',3" 1 of 13 HZ, a value that is typical for an axial proton 
coupled to the axial and equatorial protons of a vicinal methyl- 

ene group, and since the sequence of reactions is expected to 
proceed with retention of configuration at C-I' and C-4' of 
inosine (31). The apparently low yield of 38 was accounted for 
by isolation of a second, more polar component that was iden- 
tified as being the alcohol 39 resulting from desilylation of 38. 
Compound 39 was also obtained as a white foam from the silyl 
ether 38 by treatment with tetra-n-butylammonium fluoride in 
tetrahydrofuran (20) (Scheme 7). The structure of 39 was un- 
ambiguously established by complete assignment of its 'H nrnr 
spectrum recorded in chloroform-d at 220 MHz (13). 

The sequence of reactions outlined above could, presum- 
ably, be extended to other naturally occumng nucleosides to 
furnish both purine and pyrimidine derivatives of 1,Coxa- 
thiane. 

In view of the promising antitumor activity exhibited (2d, 
24) by inosine dialdehyde and in view of its ability to cross-link 
proteins (lo), it was felt that the synthesis of nucleoside 
analogs bearing functionality that could react in a similar 
fashion with certain functional groups in proteins would also be 
of interest. A synthetic scheme employing naturally occumng 
nucleosides as substrates would be particularly desirable. A 
general route to such nucleoside analogs is illustrated below for 
the case of uridine as the starting material. The route is anal- 
ogous to that employed by Ireson et al. (25) in the synthesis of 
diolefins from methyl 4,6-0-benzylidene-a-D-glucopyran- 
oside. 

Treatment of uridine (40) with tert-butyldimethylsilyl chlo- 
ride and imidazole in N,N-dimethylformamide (19, 20) af- 
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I forded solid 5'-0-tert-butyldimethylsilyluridine (41) (Scheme 
I 8). Periodate oxidation of 41 yielded the "dialdehyde" 42 

which was used without further purification. Treatment of 42 
with the Wittig reagent, carbethoxymethylenetriphenylphos- 
phorane, in N,N-dimethylformamide at 95OC for 3 h (Scheme 
8) afforded a syrup that was purified by high performance 
liquid chromatography. Compound 43 was obtained as white 
needles from ether-hexane. It was identified as being the 
(2E,7E), (4R,6S) isomer (13). 

Treatment of 43 with tetra-n-butylammonium fluoride in 
tetrahydrofuran (20) afforded the alcohol 44 as a white foam. 
Its 'H nrnr spectrum recorded at 60 MHz in chloroform-d was 
similar to that of the silyl ether 43; chemical shift assignments 
were made, therefore, by analogy with those (13) in the spec- 
trum of 43. 

The a,P-unsaturated esters in compound 44 should be capa- 
ble of functioning as alkylating agents since they should readily 
undergo conjugate addition with different nucleophiles (see ref. 
25). 

The route outlined above should be applicable to other suit- 
ably protected, naturally occurring nucleosides. Furthermore, 
this type of analog offers entry into a variety of nucleoside 
analogs of substituted 1-oxa-4-thiacyclohexanes and l-oxa-4- 
azacyclohexanes via double conjugate addition of sodium sul- 
fide or ammonia, respectively, as exemplified by the work of 
Ireson et al. (25). 

I (b) Biological activity 
The inhibitory effects of the nucleoside analogs synthesized 

in this program on the growth of various mammalian tumor cell 
lines in vitro and on bacterial cells were investigated. The 
biological activity against the murine L-1210 tumor cell line, 
the human HeLa cell line, and the bacterial strains was evalu- 
ated by Dr. A. Bloch and co-workers of the Department of 
Experimental Therapeutics, Grace Cancer Drug Center at the 
Ros-well Park Memorial Institute. The protocol, methodology, 
and testing conditions have been previously reported (26-28). 

The inhibitory effects that these agents exerted on the in vitro 
growth of murine L-1210 tumor cells are shown in Table 1. The 
activities of 6-chloro-9-(tetrahydropyran-2-yl)-9H-purine (45), 
2'-azido-2'-deoxyarabinosylcytosine (46), and 2'-amino-2'- 
deoxyarabinosylcytosine (47) in the same test system are also 
documented for the purposes of comparison. Compounds 46 
and 47 were synthesized by Bloch and co-workers (29) and 
have been screened under conditions identical to those used for 
the nucleoside analogs synthesized in this program. Compound 
45 was prepared by the method of Robins et al. (30); this 
compound has been reported (3 1) to show significant antitumor 
activity. 
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TABLE 1. Inhibitory effects of nucleoside analogs 
on the growth of murine leukemia L-1210 cells in 

vitro" 

Molar concentration for 50% 
Compound inhibition of growthh 

1 5 x 
2 
3 6 X 
4 4 x lo-" 
5 5 x 1 0 - ~  
6 9 x lo-5 
7 x x 1 0 - ~  
8 8 X 

9 5 x lo-5 
10 
11 
12 8 X lo-' 
13 
14 
15 > 
16 
17 
18 4 x 
20 
21 I x I O - ~  
22 2 x lo-5 
24 6 X 

25, 26 3 x lo-5 
27, 28 3 x 1 0 - ~  
29, 30 2 x 

39 
44 3 x 1 0 - ~  
45" 8 X 

46 6 X lo-'/ 
47 4 x 

6-Chloropurine > 

"The culture conditions used have been published in 
ref. 28. 

bAverage value from multiple tests. 
'Compound was insufficiently soluble in 10% di- 

methylsulfoxide in water to be tested. 
"Prepared by the method of Robins et al. (30). 
'Value from ref. 31. 
'Values from ref. 29. 

As shown in Table 1, the nucleoside analogs inhibit the 
growth of leukemia L-1210 cells in vitro at concentrations 
ranging from 1 X M to > M. In comparison, the 
tetrahydropyran-2-yl derivative 45 exerts its effect at a concen- 
tration of 8 X M for 50% inhibition of growth, and 
2'-azido- and 2'-amino-2'-deoxyarabinosylcytosine exert a 
similar effect at concentrations of 6 x lo-' M and 4 x M, 
respectively. Comparison of the anti-proliferative activities of 
the 6-substituted purin-9-yl derivatives of unsubstituted 
1,4-oxathiane, 1,4-dioxane, and 1,4-dithiane indicates that, in 
general, the 6-chloropurinyl derivatives inhibit cell prolif- 
eration more than their 6-amino and 6-thio analogs. In addition, 
the 6-amino derivatives, with the exception of the dithiane 
derivative 6 ,  show inhibitory effects at concentrations greater 
than M and are considered, therefore, to be inactive. Since 
6-chloropurine itself has been reported to show significant an- 
titumor activity (14b) and 6-mercaptopurine is used for the 
treatment of acute leukemia (32), and in view of the fact that 
the 6-amino derivatives are inactive, it is conceivable that the 
activity of the 6-chloro and the 6-thio derivatives is mediated 

via release of the purine base. The proposed mode of action 
would then require metabolic activation of the nucleoside anal- 
ogs to give the free bases which could either inhibit utilization 
of free purines or, alternatively, could be incorporated into 
aberrant nucleotides which could then inhibit a number of vital 
metabolic reactions. Within this context the nucleoside analogs 
could be considered to be functioning as prodrugs. p ow ever, 
the mechanisms by which the compounds bring about cell death 
are not clear, and it is also possible that the intact nucleoside 
analogs act as inhibitors of metabolic functions. There is ample 
evidence in the literature in support of both modes of action of 
related nucleoside analogs. 

For example, the ribonucleosides containing 6-mercapto- 
purine, 6-thioguanine, and 5-fluorouracil exert effects similar 
to the free bases, mainly as a result of extensive cleavage of the 
nucleosides to the bases (33). The bases then undergo meta- 
bolic activation through phosphorylation and subsequent incor- 
poration into nucleotides. However, the depot forms of the 
aberrant bases are sometimes advantageous in that they can 
provide for longer survival times (34) or can result in reduced 
toxicity (35) relative to the free bases. The point is further 
illustrated by the biological activities (36, 37) of 5-fluorouracil 
(5-FU) and (R,S)-1-(tetrahydrofuran-2-y1)-5-fluorouracil (ftor- 
afur or FT) (48). Ftorafur has shown significant antitumor 

activity with a spectrum of activity similar to that of 5-FU, but 
it is less toxic than 5-FU (36). Lin et al. (37) have also reported 
that 3'- and 4'-hydroxyftorafur (hydroxylated FT metabolites 
that have also been isolated from patients' urine after FT ad- 
ministration (38)) exert inhibitory effects on HeLa cell growth 
equal to that of FT. These workers have suggested that the 
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AcO 

TABLE 2. Inhibitory effects of nucleoside analogs 
o n  the growth of human HeLa tumor cells in vitro" 

Molar concentration for 50% 
Compound inhibition of growthb 

4 > (40% inhibition at  M )  
8 >lo-" (35% inhibition at M )  

18 > 1 o - ~  
21 > l V 4  (30% inhibition at  M )  
22 (40% inhibition at  M )  
24 > 

25, 26 
27, 28 > 
29, 30 > 

46 2 x lo-'" 
47 3 x 

"The culture conditions used have been oublished in 

metabolic conversion of FT into 5-FU may involve hydroxy- ref. 28. 
'Average value from multiple tests. 

lation and, in particular, hydroxylation at C-2' or C-5', which 'Values from ref 29 
leads to the liberation of 5-fluorouracil, as indicated in Scheme 
9. The possibility that formation of such hemiacetals or hemi- 
ketals can lead to the liberation of the base moiety is supported 
by one of the results presented in the preceding section. Thus, 
the attempted reduction of the acetoxy compounds (25 and 26) 
resulted in the liberation of 6-chloropurine. One could envisage 

i the loss of the purine base from the hemiacetal49 as proceeding 
I by a mechanism analogous to that proposed by Lin et al. (37) 

(see Scheme 10). 
I 

I In contrast, there is evidence that certain nucleoside analogs 

1 might exert their effects by mechanisms other than those in- 
, volving the loss of the aberrant bases. For instance, 9-methyl- 
I 6-thioguanine and 9-(n-buty1)-6-thioguanine are active against 

tumor cell lines that are resistant to 6-thioguanine (39a, b). 

I Moreover, it has been shown that 9-(n-buty1)-6-thioguanine is 
I neither dealkvlated nor incomorated into nucleic acid in the 

mouse, and that the compound may exert its effect by inter- 
ference of utilization of preformed adenine for DNA synthesis 
(39b, c). In addition, a number of 9-alkyl derivatives of 6-thio- 
purine are reported to be active against 6-thiopurine-resistant 
tumor cell lines (40). These results suggest that the inhibitory 
activity of the 9-alkyl-6-substituted purines is not mediated by 
release of the free bases; alternatively, these compounds may 
act upon enzymes which have been deleted in the resistant 
strains (41). Similarly, 6-thio-9-(P-D-erythrofuranosy1)purine 
has been reported (42) to retain its activity against a strain of 
S. faecium that was resistant to the effects of 6-thiopurine or 
6-thioinosine, an observation that provides evidence for a mode 
of action not involving liberation of 6-thiopurine. 

Table 1 also shows that the concentration of 6-chloropurine 
required for 50% inhibition of cell growth is greater than 

M. It would appear, therefore, that the saturated hetero- 
I cyclic moieties in the nucleoside analogs do make a significant 
1 contribution to the activity of certain derivatives. This is partic- ' ularly evident in the case of 9-(1,4-dithian-2-y1)adenine (6) 

which shows an ID,, of 9 X M. The latter result is remi- 
niscent of the reported activity of 9-(tetrahydrofuran-2-y1)- 
adenine against Adenocarcinoma 755 (43). 

Interestingly, the 6-chloropurin-9-yl derivative of 4-ben- 
zoyl- 1 -oxa-4-azacyclohexane (9) inhibits cell proliferation at 
a concentration of 5 X 10-'M whereas the corresponding 
4-benzoyl-I-thia-4-azacyclohexane analog (10) is inactive. 

The introduction of acetoxy or hydroxy substituents into the 
! 1,4-oxathiane ring of the nucleoside analogs does not appear to 

affect the biological activity appreciably; the molar concen- 
trations required for 50% inhibition of growth range from 1 x 
1 O-' to 3 x 1 0e5. Moreover, the presence of an acetoxy group 
in place of a hydroxy group does not lead to any marked 
difference in activity of the corresponding nucleoside analogs. 
It is interesting to note that the acylation of nucleosides has 
sometimes led to an improvement of their therapeutic effec- 
tiveness (for a discussion, see ref. 44). The improvement may 
be attributed to the increased stabilization of the acylated com- 
pounds towards metabolic degradation as well as to their in- 
creased lipophilicity . 

The introduction of unsaturation into the 1,4-oxathiane ring 
provides an interesting result. Thus, 6-chloro-9-(I-oxa-4-thia- 
cyclohex-2-en-3-yl)-9H-purine (24) inhibits the growth of 
leukemia L- 12 10 cells in vitro at a concentration of 6 x M 
whereas the regioisomer, namely 6-chloro-9-(1-oxa-4-thia- 
cyclohex-2-en-2-y1)-9H-purine (20), is inactive. 

Oxidation of the 1,4-oxathiane moiety to give the sulfoxides 
furnishes nucleoside analogs which show inhibitory activity 
that is comparable to that of the parent compound. The result 
is only available for 18 since the regioisomer 17 was insuf- 
ficiently soluble in 10% dimethylsulfoxide in water to be 
tested. 

The acyclic, uracil-base nucleoside analog 44 shows an IDSo 
of 3 x 10-'M. 

The substituted thiazolidine derivative 12 containing 
6-chloropurine inhibits the growth of L- 12 10 cells at a concen- 
tration of 8 X lo-' M whereas the derivative 11 containing 
6-benzamidopurine is inactive. 

The encouraging activity exhibited by various of the nucleo- 
side analogs against leukemia L- 12 10 cells in vitro prompted 
the screening of selected compounds in the human HeLa tumor 
cell line in vitro. As indicated in Table 2, none of the nucleo- 
side analogs synthesized in this program that were tested 
showed significant inhibitory activity of the cell growth of 
HeLa cells in vitro although these compounds displayed 
activity in the leukemia L- 1210 test system. In comparison, 
2'-azido-2'-deoxyarabinosylcytosine (46) and 2'-amino-2'-de- 
oxyarabinosylcytosine (47) inhibit the growth of HeLa cells in 
vitro at concentrations of 2 x lo-' M and 3 X M, 
respectively. 

Various nucleoside analogs synthesized in this program were 
also subjected to screening against several bacterial strains, 
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namely Streptococcus faecium, E. coli K-  12, and E. coli B. 
However, none of the compounds tested showed significant 
activity in these bacterial systems. 

Experimental 
Melting points were determined with a Fisher-Johns apparatus and 

are uncorrected. Mass spectra were recorded on a CEC 21-104 mass 
spectrometer under electron-impact conditions at 70 eV ionizing volt- 
age. Proton magnetic resonance ('H nmr) spectra were recorded on a 
Bruker HX-60 or Varian HR-220 spectrometer. Carbon- 13 magnetic 
resonance ("C nmr) spectra were recorded on a Bruker HX-60 spec- 
trometer equipped with a FT60M Fourier transform accessory at 15.09 
MHz. Chemical shifts are given in ppm downfield from tetra- 
methylsilane (TMS). Ultraviolet (uv) spectra were measured on a 
Unicam SP 800. 

Analytical thin-layer chromatography (tlc) was performed on pre- 
coated glass plates with Merck silica gel 60F-254 as the adsorbent 
(layer thickness 0.25 mm). The developed plates were air-dried and 
exposed to uv light and (or) sprayed with a solution of cerium sulfate 
(1%) and molybdic acid (1.5%) in 10% aqueous sulfuric acid, and 
heated at 150°C. Preparative thin-layer chromatography was per- 
formed on pre-coated glass plates with Merck silica gel 60F-254 as the 
adsorbent (layer thickness 2 mm). Column chromatography was 
performed on Brinkman silica gel (70-235 mesh, E. Merck). High 
performance liquid chromatography was performed on a Waters 
Associates Prep/LC System 500. The chromatographic solvents (v/v) 
employed in this work are as follows: (A) benzene - ethyl acetate, 
1 : 1; (B) 2: 1; (C) n-propanol- ethyl acetate - water, 3: 1 : 1; (D) ethyl 
acetate - ethanol, 20: 1; (E) toluene - ethyl acetate, 1 : 1; (F) 1 :2; (G) 
benzene - ethyl acetate, 3: 1; (H) ethyl acetate. 

Solvents were evaporated under reduced pressure and below 40°C. 

6-Chloro-9-(I-oxa-4-thiacyclohexan-3-yl)-9H-purine (4) 
The title compound was prepared from 3-hydroxy-I-oxa-4-thia- 

cyclohexane by treatment with diethyl azodicarboxylate, methyldi- 
phenylphosphine, and 6-chloropurine, by the method of Szarek et al. 
(4c, 5, 45, 46).' 

9-(I -0xa-4-thiacyclohexan-3-y1)adenine (13) 
A solution of 6-chloro-9-(l-oxa-4-thiacyclohexan-3-yl)-9H-purine 

(4) (0.25 g, 0.97 mmol) in methanolic ammonia (10 mL, 10%) was 
heated at 90°C in a sealed glass tube for 4 h. The mixture was cooled 
to room temperature and then to 0°C. The crystals were removed by 
filtration and were identified as being 9-(1-oxa-4-thiacyclohexan- 
3-y1)adenine (13) (0.192 g, 83%), mp 199-202°C; uv A,,, (ethanol): 
260 nm (E 7,912), 229.5 (E 1,846); A,,, (ethanol containing a trace of 
acid, pH 2): 260 nm (E 7,912), 233 nm (E 3,516); A,,, (ethanol 
containing a trace of sodium hydroxide, pH 10): 260 nm (E 8,352), 
232 nm (E 2,593); 'H nmr data (60 MHz, DMSO-d6) 6: 2.62 (IH, d 
of m, J = 14 Hz, H-5'e), 3.08 (IH, m, H-5'a), 3.64-4.70 (4H, m's, 
2H-2"s, 2H-6"~), 5.53 (IH, t, 1~3e.2, + J3'.2"I = 6.1 HZ, H-39, 7.29 
(2H, br s, NH,), 8.17, 8.48 (2H, s's, H-2, H-8). Anal. calcd. for 
CyHllN50S: C 45.56, H 4.67, N 29.52, S 13.51; found: C 45.57, H 
4.81, N 29.39, S 13.33. 

9-(I -0xa-4-thiacyclohexan-3-y1)-9H-purine-6(1 H)-thione (14) 
To a solution of 6-chloro-9-(l-oxa-4-thiacyclohexan-3-yl)-9H- 

purine (4) (0.31 g, 1.21 mmol) in methanol (7 mL) was added 2 mL 
of methanolic potassium hydrosulfide (prepared by saturating a solu- 
tion of potassium hydroxide (0.3 g) in methanol (3 mL) with hydrogen 
sulfide at O°C), and the mixture was heated at reflux temperature for 
20 min. The mixture was cooled to room temperature and then to 0°C. 
The crystals were collected, and washed with cold methanol and 
water. The crystals were dried under vacuum over phosphorus pentox- 
ide and were identified as being 9-(l-oxa-4-thiacyclohexan-3-y1)-9H- 
purine-6(1H)-thione (14) (0.267 g, 87%), mp 215°C (discoloring), 
257°C (dec.); 'H nmr data (60 MHz, DMSO-d6) 6: 2.58 (lH, d of m, 

'Also, M. C. Depew and W. A. Szarek, unpublished results. 

J = 14 Hz, H-5'e), 3.10 (IH, m, H-5'a), 3.5-4.25 (2H, m's, 
2H-6"s), 4.15 (lH, d of d, J = 2.7, 12.4 Hz, H-2'e), 4.47 (lH, d of 
d, J = 2.9, 12.4 Hz, H-2'a), 5.5 (IH, t, IJ3z.2z + J.1'.2"1 = 6.0 Hz, 
H-39, 8.24, 8.59 (2H, s's, H-2, H-8). Anal. calcd. for CyHION40S2: 
C42.50, H3.96, N22.03, S25.14;found:C42.64, H4.11, N21.85, 
S 24.99. 

9-(1,4-Dioxacyclohexan-2-y1)adenine (15) 
A solution of 6-chloro-9-(I ,4-dioxacyclohexan-2-yl)-9H-purine (8) 

(0.25 g, 1.04 mmol), prepared by the method of Szarek et al. (4b), 
in methanolic ammonia (10 mL, 10%) was heated at 90°C in a sealed 
glass tube for 4 h. The mixture was cooled to room temperature and 
then to 0°C. The crystals were obtained by filtration and were identi- 
fied as being 9-(1,4-dioxacyclohexan-2-y1)adenine (15) (0.186 g, 
81 %), mp 185- 186°C; uv A,,, (ethanol): 259.5 nm (E 14 136), 226 
nm (E 137 1); A,,, (ethanol containing a trace of hydrochloric acid, pH 
2): 259.5 nm (E 14 136), 230 nm (E 3,246); A,,, (ethanol containing 
a trace of sodium hydroxide, pH 10): 260 nm (E 14 450), 232 nm (E 
4,293); 'H nmr data (60 MHz, DMSO-d,) 6: 3.80 (4H, m, 2H-5"s, 
2H-6"s), 3.83-4.5 (2H, m's, 2H-3"s), 5.82 (IH, d of d, J = 3.4, 
6.8 Hz, IJ2'.3' + ~ ~ ~ . ~ 1  = 10.2 HZ, H-27, 7.30 (2H, br s, NH2), 8.17, 
8.35 (2H, s's, H-2, H-8). Anal. calcd. for CYHllN5O2: C 48.86, H 
5.01, N 31.66; found: C 49.20, H 5.24, N 31.38. 

9-(1,4-Dioxacyclohexan-2-yl)-9H-purine-6(1 H)-thione (16) 
To a solution of 6-chloro-9-(l,4-dioxacyclohexan-2-yl)-9H-purine 

(8) (0.31 g, 1.29 mmol) in methanol (6 mL) was added 1.5 mL of 
methanolic potassium hydrosulfide (prepared by saturating a solution 
of potassium hydroxide (0.3 g) in methanol (3 mL) with hydrogen 
sulfide at O°C), and the mixture was heated at reflux temperature for 
20 min. The mixture was cooled and the crystals were collected, and 
washed with cold methanol and water. The crystals were dried under 
vacuum over phosphorus pentoxide and were identified as being 
9-(1,4-dioxacyclohexan-2-y1)-9H-purine-6(1 H)-thione (16) (0.285 g, 
92%), mp 240°C (dec.); 'H nmr data (60 MHz, DMSO-d6) 6: 3.80 
(4H, m, 2H-5"s, 2H-6"s), 3.83-4.42 (2H, m's, 2H-3"s), 5.83 (IH, 
d of d, J = 3.9, 6.1 HZ, IJ2e.3' + Jr.71 = 9.8 HZ, H-27, 8.23, 8.49 
(2H, s's, H-2, H-8). Anal. calcd. for GHI~N402S:  C 45.37, H 4.23, 
N 23.51, S 13.46; found: C 45.32, H 4.24, N 23.43, S 13.37. 

Cis- and trans-6-chloro-9-(l-oxa4-oxo-4-thiacyclohexan-2-yl)-9H- 
purine (17a, 17b) 

A solution of 6-chloro-9-(l-oxa-4-thiacyclohexan-2-yl)-9H-purine 
(1) (0.896 g, 3.49 mmol), prepared by the method of Szarek et al. 
(4b), in methanol (50 mL) was added dropwise over a period of 0.5 
h to a solution of sodium metaperiodate (0.822 g, 3.84 mmol) in water 
(40 mL) at 0°C. The mixture was stirred at 0°C for 8 h and then 
filtered. The methanol was evaporated, and the resulting aqueous 
solution was continuously extracted with chloroform (200 mL) for 4 
h. The extracts were dried over anhydrous sodium sulfate, and concen- 
trated to give a solid (0.926 g, 97%). Thin-layer chromatography 
(Solvent A) indicated the absence of starting material (Rr0.56) and the 
presence of a component at the origin. 'The 'H nmr spectrum indicated 
the presence of two isomeric sulfoxides in a ratio of 3.2: 1. Re- 
crystallization from ethanol afforded white crystals which were shown 
by 'H nmr spectroscopy to consist of a mixture that was enriched in 
the major isomer 17a, mp 173-185°C (dec.). Compound 17a was 
identified as being trans-6-chloro-9-(l-oxa-4-oxo-4-thiacyclohexan- 
2-y1)-9H-purine; 'H nmr data (60 MHz, DMSO-d,) 6: 2.83-5.0 (6H, 
m's, 2H-3"s, 2H-5"s, 2H-6"s), 6.53 (IH, d of d, J = 2.1, 10.6 Hz, 
IJ2*,3, + ~ 2 , . 3 ~ )  = 12.7 HZ, H-29, 8.83, 8.93 (2H, s's, H-2, H-8). 
Compound 17b was identified as being cis-6-chloro-9-(4-0x0-1-oxa- 
4-thiacyclohexan-2-yl)-9H-purine; 'H nmr data (60 MHz, DMSO-d,) 
6: 2.83-5.0 (6H, m's, 2H-3"s, 2H-5"s, 2H-6"s), 6.15 (lH, d of d, 
IJ2'.3' + JT.Y~ = 8.3 Hz, H-27, 8.83, 9.07 (2H, s's, H-2, H-8). Anal. 
calcd. for CYHyN4O2SC1: C 39.64, H 3.33, N 20.54, S 11.76; found: 
C 39.45, H 3.59, N 20.38, S 11.64. 

Cis- and trans-6-chloro-9-(I -oxa4-oxo4-thiacyclohexan-3-yl)-9H- 
purine (18a, 18b) 

A solution of 6-chloro-9-(I-oxa-4-thiacyclohexan-3-yl)-9H-purine 
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mixture of 25 and 26): C 41.77, H 3.43, N 17.78, S 10.24. 

Cis- and trans-6-chloro-9-(3-hydroxy-l-oxa-4-thiacyclohexan-2-yl)- 
9H-purine (27, 28) 

Sodium borohydride (0.02 g, 0.53 mmol) was added to an ice- 
cooled solution of the acetate 21 (0.167 g, 0.53 mmol) in dry methanol 
(40 mL). The mixture was warmed to room temperature and was 
stirred for 12 h. The mixture was neutralized with moist Amberlite 
IRC 50 (H), the resin was removed by filtration, and the solution was 
concentrated to give a solid. Thin-layer chromatography (Solvent A) 
revealed the absence of starting material (Rr 0.53) and the presence of 
a component having an Rr value of 0.44. Preparative thin-layer chro- 
matography using Solvent A as eluant afforded a white solid which 
was identified as being a mixture of cis- and trans-6-chloro-9-(3- 
hydroxy-l-oxa-4-thiacyclohexan-2-yl)-9H-purine (27, 28) (0.097 g, 
67%), mp 135- 137°C; ir (KBr): 3410, 3200 (br OH), 1590, 1560, 
1480 (purine ring) cm-'; 'H nmr data (60 MHz, CDC1, with D20,300 
K) cis-isomer 27, 6: 2.33 (IH, d oft ,  H-5'e), 3.40 (IH, d of q, J = 
14, 11, 4.8 Hz, H-5"a), 3.85-4.7 (2H, m's, 2H-6"s), 4.98 (IH, br 
S, H-3'), 6.28 (IH, d, Jz*,,, = 1.2 HZ, H-2'),8.60, 8.66(2H, S'S, H-2, 
H-8); trans-isomer 28, 6: 5.34 (IH, d, J 2 . 3 ,  = 8 Hz, H-2' or H-3'), 
5.87 (IH, J 2 . 3 ,  = 8 Hz, H-3' or H-2'); ratio of 27:28 = 3.25: 1; (60 
MHz, DMSO-d6 with D20, 300 K), cis-isomer 27, 6: 4.95 (IH, br s, 
H-37, 6.23 (IH, br s, H-2'), 8.66, 8.80 (2H, s's, H-2, H-8); trans- 
isomer 28, 6: 5.49 (IH, d, J2 ' .3 '  = 8.3 Hz, H-2' or H-3'), 5.83 (IH, 
d, J2*,,, = 8.3 Hz, H-3' or H-2'), 8.83, 8.92 (2H, s's, H-2, H-8); ratio 
of 27:28 = 1.3: 1; 60 MHz, DMSO-d6 with D20, 340 K), cis-isomer 
27,6:4.95(lH,br~,H-3'),6.23(lH,d,J~~.~~ = 1.5Hz,H-2'),8.65, 
8.78 (2H, s's, H-2, H-8); trans-isomer 28, 6: 5.49, 5.83 (2H, d's, 
J2,,,, = 8.3 Hz, H-2', H-3'), 8.81, 8.85 (2H, s's, H-2, H-8). Ratio of 
27:28 = 2.6: I. The '" nmr data (DMSO-d6) 27, 6: 20.77 (C-5'), 
67.50 (C-3'), 70.86 (C-6'), 83.74 (C-2'), 145.09, 145.87, 151.76 
(purine); 28, 6: 28.60 (C-57, 69.38 (C-37, 69.76 (C-67, 86.33 (C- 
2'); ratio of 27 : 28 1 : 1 ; (DMSO-d6 + CDCl,), 27, 6: 2 1.4 1 (C-5'), 
68.29 (C-3'), 7 1.27 (C-6'), 83.88 (C-2'), 144.35, 145.0, 151.53, 
151.85 (purine); 28, 6: 28.97 (C-5'), 69.91 (C-3'), 70.43 (C-67, 
86.66 (C-2'); ratio of 27:28 = 2: 1. Anal. calcd. for C,HyOZSCI: C 
39.64, H 3.33, N 20.54, S 1 1.76; found: C 39.77, H 3.44, N 19.68, 
S 11.83. 

Cis- and trans-6-chloro-9-(5-hydroxy-1 -oxa-4-thiacyclohexan-2-y1)- 
9H-purine (29, 30) 

Sodium borohydride (0.015 g, 0.39 mmol) was added to an ice- 
cooled solution of the acetate 22 (0.122 g, 0.39 mmol) in dry methanol 
(30 mL). The mixture was warmed to room temperature and was 
stirred for 15 h. The mixture was neutralized with moist Amberlite 
IRC 50 (H), filtered, and the solvent was evaporated to give a syrup. 
Thin-layer chromatography (Solvent B) indicated the absence of start- 
ing material (Rr 0.25) and the presence of another component having 
an Rr value of 0.08. Preparative thin-layer chromatography using 
Solvent A as eluant afforded a white solid which was identified as 
being a mixture of cis- and trans-6-chloro-9-(5-hydroxy-I-oxa-4- 
thiacyclohexan-2-y1)-9H-purine (29, 30) (0.53 g, 50%), mp 
164- 166°C (dec.); ir (KBr): 3370, 3290 (br, OH), 1598, 1560, 1488 
(purine ring) cm-'; 'H nmr data (60 MHz, CDCl,, 300 K), cis-isomer 
29 only, 6: 2.83 (IH, d of d, J = 13, 2.2 Hz, H-3'e), 3.25-4.6 (3H, 
m's, H-Ya, 2H-6"s), 4.85 (IH, m, I~5'.6' + J5,.h..l = 5 Hz, H-5'), 6.13 
(lH, d of d, J = 10.5, 2.2 Hz, I J z ' . '  + Jz*,yl = 12.7 HZ, H-2'), 8.50, 
8.76 (2H, s's, H-2, H-8); (60 MHz, DMSO-d6 with D20, -300 K), 
cis-isomer 29, 6: 2.89 (IH, d of d, J = 13, 2 Hz, H-3'e), 3.5-4.4 
(3H, m's, H-3"a, 2H-6"s), 4.77 (lH, m, (JS'.~' + ~ ~ , . 6 " 1  = 4.5 HZ, 
H-5'), 6.09 (lH, d of d, J = 10.8, 2.2 HZ, IJ~'.,' + ~z,.-rrrl = 13.0 HZ, 
H-27, 8.83, 8.92 (2H, s's, H-2, H-8); trans- isomer 30, 6: 4.97 (1 H, 
d of d, J = 7.5, 3.2 Hz, )J~.,. + J~ . . .~ I  = 10.7 HZ, H-5'), 6.18 (IH, 
m, I J ~ , . , .  + ~2..3"1 = 9 HZ, partially obscured by H-2' of 29, H-2'); 
ratio of 29: 30 = 2.7: 1; (DMSO-d6 with DzO, 340 K), cis-isomer 29, 
6: 4.77 (IH, m, \ J ~ , . ~ , +  J5..6.( = 5.2Hz,H-5'),6.10(1H, dof d, J 
= 10.2, 2.2Hz, I J ~ ' . , '  + J2'.3"1 = 12.4Hz,H-2'), 8.80, 8.83(2H, S'S, 
H-2, H-8); trans-isomer 30, 6: 5.0 (IH, d of d, J = 7.3, 3.2 Hz, ( ~ 5 ' . 6 '  

+ = 10.5 HZ, H-5'), -6.2 (IH, m, H-2'); ratio of 29:30 = 

2.2: 1; (DMSO-d6 with DzO, 400 K), cis-isomer 29, 6: 4.77 (IH, m 
( ~ ~ z . 6 '  + Js,.6'.1 = 5.2 HZ, H-5'), 6.10 (IH, d of d, J = 2.4, 10.2 HZ, 
1J2,.3 '  + J ~ T . ~ " \  = 12.7 HZ, H-27, 8.74 (2H, S, H-2, H-8); trans-isomer 
30, 6: 5.02 (IH, d of d, J = 3.9, 7.3 HZ, IJsf.6f + Js,.,v = 11.2 HZ, 
H-5'), -6.2 (IH, d of d, I J ~ , . ?  + J2..3"l = 7-8 Hz, partially obscured 
by H-2' of 29, H-2'); ratio of 29:30 = 2.7: 1; "C nmr data (DMSO- 
ds) 29, 6: 24.53 (C-3'), 66.01 (C-5'), 72.20 (C-6'), 81.48 (C-2'), 
130.86, 145.16, 151.76 (purine); 30, 6: 28.41 (C-3'), 68.22 (C-5'), 
72.61 (C-6'), 80.44 (C-2'). Anal. calcd. for CYH9N4SO2C1: C 39.64, 
H3.33,N20.54,S11.76;found:C39.53,H3.45,N20.35,S11.8I. 

Attempted reduction of cis- and trans-6-chloro-9-(5-acetoxy-1-oxa4- 
thiacyclohexan-3-y1)-9H-purine (25, 26) 

Sodium borohydride (0.01 1 g, 0.3 mmol) was added to an ice- 
cooled solution of a mixture of the acetates 25 and 26 (0.09 g, 0.29 
mmol) in dry methanol (25 mL). The mixture was warmed to room 
temperature and was stirred for 12 h. Thin-layer chromatography 
(Solvent A) indicated that the main uv-active component was present 
at the origin. The mixture was neutralized with Rexyn 102 (H), the 
resin was removed by filtration, and the solvent was evaporated to 
give a syrup; tlc indicated the absence of a uv-active component other 
than that at the origin (6-chloropurine). 

1 -Benzylinosine (32) 
Inosine (31) (8.36 g, 0.031 mol) was dissolved with heating in 

N,N-dimethylformamide (240 mL). Sodium hydrogen carbonate (8.4 
g, 0.1 mol) and benzyl chloride (8.5 mL, 0.074 mol) were added and 
the mixture was heated at 90°C for 6 h. The solvent was removed 
under reduced pressure to give a solid. Water (250 mL) was added to 
the residue and, after trituration, was removed under reduced pres- 
sure. The process was repeated. The residue was triturated with warm 
water (I50 mL) and the remaining solid was collected (10.2 g, 85%), 
mp 21 5-220°C. Thin-layer chromatography (Solvent C) indicated the 
presence of one component having an Rr value of 0.71. Re- 
crystallization from 95% ethanol afforded white crystals which were 
identified as being I-benzylinosine (32), mp 221 -222°C; lit. (15) mp 
219-222°C; 'H nmr data (60 MHz, DMSO-d6) 6: 3.45 (br peak, OH), 
3.74 (2H, m, H-5', H-5"), 3.85-4.38 (2H, m's, H-3', H-4'), 4.57 
(IH, m, H-2'), 5.2 (br peak, OH), 5.23 (2H, s, CH2Ph), 5.91 (IH, 
d, J = 5 Hz, H-l'), 7.35 (5H, s, Ph), 8.40, 8.66 (two 1H s's, H-2, 
H-8). 

1 -Benzyl-5'-0-tert-butyldimethylsilylinosine (33) 
To a mixture of 1-benzylinosine (32) (5.85 g, 0.015 mol) and 

imidazole (2.15 g, 0.031 mol) in amine-free, dry N,N-dimethyl- 
formamide (250 mL) was added tert-butyldimethylsilyl chloride (2.72 
g, 0.018 mol) with stirring. The mixture was let stand at room tem- 
perature for 12 h, after which the solvent was removed under reduced 
pressure. The residue was triturated with water (125 mL) and the water 
was carefully decanted. The process was repeated. The gummy resi- 
due was treated with ethanol (40 mL) and the remaining solid was 
collected. This was identified as being unreacted material (32) (0.46 
g). The filtrate was concentrated to give a solid (6.98 g, 98%). Thin- 
layer chromatography (Solvent C) indicated the absence of starting 
material and the presence of a faster-moving component. Compound 
33 was obtained from methanol as white needles, mp 204.5-206.5"C. 
'H nmr data (60 MHz, DMSO-d6) 6: 0.05 (6H, s, 2-Me), 0.87 (9H, 
s, t-Bu), 3.7-4.33 (m's, H-3', H-4', OH), 4.5 (IH, m, H-2'), 5.24 
(2H,s,CH2Ph),5.62(lH,d,J= 5.8Hz,OH),5 .90(IH,d ,J=  4.6 
Hz, H-l '), 7.31 (5H, s, Ph), 8.27, 8.61 (two lH s's, H-2, H-8). Anal. 
calcd. for C23H32N405Si: C 58.45, H 6.83, N 1 1.86; found: C 58.63, 
H 6.88, N 11.99. 

I -Benzyl-6-0x0-9-[(1 R,3R)-1,3-bis(p-tolylsulfonyloxymethyl)4-tert- 
butyldimethylsilyloxy-2-oxabutyl]-9H-purine (36) 

To a solution of I-benzyl-5'-0-tert-butyldimethylsilylinosine (33) 
(3.0 g, 6.35 mmol) in ethanol (250 mL) at O°C was added a solution 
of sodium metaperiodate (1.63 g, 7.62 mmol) in water (60 mL) with 
stirring. The mixture was warmed to room temperature and stirring 
was continued for 24 h. Barium chloride solution (10%) was added to 
precipitate iodate and periodate ions. The mixture was cooled and the 
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salts were removed by filtration. The filtrate was concentrated to 
afford a solid which was dissolved in methanol (60 mL) and water (30 
mL). The solution was cooled to 0°C and sodium borohydride (0.722 
g, 19.1 mmol) was added in portions; the flask was protected from 
light. The mixture was gradually warmed to room temperature and 
stirring was continued for 12 h. The mixture was brought to pH 8 by 
addition of wet Amberlite IRC 50 (H). The resin was removed by 
filtration and the filtrate was concentrated. The residue was repeatedly 
concentrated from methanol to remove boric acid, and the resulting 
white foam was dried under vacuum. Thin-layer chromatography 
(Solvent D) indicated the presence of one component having an Rr 
value of 0.22. The foam was dissolved in pyridine and the solution 
was cooled to 0°C. p-Toluenesulfonyl chloride (4.0 g, 0.02 mol) was 
added in portions. The mixture was gradually warmed to room tem- 
perature and was stirred for 72 h. The mixture was poured into ice and 
was then extracted with methylene chloride (3 X 100 mL). The ex- 
tracts were washed with sodium hydrogen carbonate solution (100 
mL) and water (I00 mL), and dried over anhydrous magnesium sul- 
fate. Evaporation of the solvent afforded a foam. Thin-layer chro- 
matography (Solvent A) indicated the presence of two major com- 
ponents having Rr values of 0.45 and 0.34 as well as a large amount 
of unreacted diol 35. The foam was chromatographed on silica gel 
using Solvent E as eluant initially and then Solvent F as eluant. The 
component having an Rf value of 0.45 was obtained as a foam and was 
identified as being the ditosylate 36 (0.82 g, 17%); 'H nmr data 
(CDCl,, 60 MHz) 6: 0.02 (6H, s, SiMe2), 0.87 (9H, s,  t-Bu), 2.55, 
2.60 (two 3 H s's, 2-Me), 3.08-4.83 (7H, m's, 2-CH20Ts, CH20Si, 
H-3'),5.37(2H,s,CH2Ph),6.12(IH, t , J=5.2Hz,H-11) ,7 .42(5H,  
s, Ph), 7.33, 7.73 (two IH d's, J = 8 Hz, Ar), 7.42, 7.90 (two 1H 
d's, J = 8 Hz, Ar), 7.90, 8.15 (two 1H s's, H-2, H-8). Anal. calcd. 
for C37H46N409S2Si: C 56.75, H 5.92, N 7.16, S 8.19; found: C 
56.88, H 6.04, N 7.66, S 7.95. 

The component having an Rr value of 0.34 was obtained as a syrup 
and was identified as being the monotosylate 37 (0.125 g, 3%); 'H 
nmr data (CDCl,, 60 MHz) 6: 0.1 (6H, s, SiMe,), 0.84 (9H, s, t-Bu), 
2.48 (3H, s, Me), 3.34-4.05 (SH, m's, CH20Si, CH20H, H-37, 
4.52 (2H, d, J = 5.8 HZ, CH~OTS), 5.27 (2H, "s", CHZPh), 6.24 (1 H, 
t, J = 5.8 Hz, H-l'), 7.26, 7.67 (two 1H d's, J = 8 Hz, Ar), 7.38 
(SH, S, Ph), 7.92, 8.01 (two 1H S'S, H-2, H-8). 

l-Benzyl-6-oxo-9-[(2R,6R)-6-tert-bu@ldimethylsilyloxymethyl-l- 
oxa-4-thiacyclohexan-2-yl]-9H-purine (38) 

To a refluxing solution of the ditosylate 36 (0.578 g, 0.74 mmol) 
in 95% ethanol (100 mL) was added a solution of sodium sulfide 
(0.087 g, 1.1 1 mmol) (freshly recrystallized from ethanol) in hot 95% 
ethanol (60 mL) dropwise over a period of I h. After 5 h tlc (Solvent 
A) indicated the presence of starting material as well as a slower- 
moving component having an Rr value of 0.39. Sodium sulfide (0.060 
g) was added and refluxing was continued. After 12 h tlc (Solvent A) 
still showed the presence of starting material. An additional amount of 
sodium sulfide (0.030 g) was added and refluxing was continued for 
24 h. Thin-layer chromatography indicated that the major component 
present was that having an Rr value of 0.39. Dry Ice was added to 
neutralize the mixture and the ethanol was evaporated. The residue 
was partitioned between methylene chloride and sodium hydrogen 
carbonate (150 mL/100 mL). The methylene chloride layer was dried 
over anhydrous sodium sulfate, and concentrated to give a syrup 
which was chromatographed on silica gel using Solvent E as eluant. 
The component having an Rr value of 0.39 was obtained as a white 
foam and was identified as being compound 38 (0.031 g, 9%); 'H nmr 
data (CDCI,, 60 MHz) 6: 0.02 (6H, s, 2-Me), 0.87 (9H, s, t-Bu), 
2.47-3.17 (4H, m's, H-3', H-3", H-St, H-Y), 3.17-4.2 (3H, m's, 
H-6', CH20Si), 5.18 (2H, "s", CH2Ph), 5.80 (lH, d of d, JZ.,.. = 3 
HZ, Jy.yu = 10 HZ, H-27, 7.23 (SH, S, Ph), 7.79, 7.90 (two 1H s's, 
H-2, H-8); I3C nmr data (in CDC13) 6: 5.37 (Me), 25.80 (t-Bu), 27.87 
(C-St), 31.17 (C-3'), 49.22 (CH20Si), 65.32 (CH2Ph), 81.36 (C-6'), 
82.39 (C-2'), 128.05, 128.96, 135.88, 137.17, 147.07, 156.38 (Ar), 
204.3 (CO). Anal. calcd. for C Z ~ H ~ ~ N ~ O ~ S S ~ :  C 58.44, H 6.83, N 
11.85, S 6.78; found: C 58.79, H 7.22, N 10.84, S 6.67. Mol. Wt. 

calcd. for CZ,H32N403SSi: 472.7; found: m/e 415 (M" - t-Bu), 358 
(M+' - t-BuMe2Si). 

After compound 38 was isolated, the column was eluted with Sol- 
vent D to yield a component having an Rr value of 0.25 (Solvent D). 
This component was obtained as a white foam and was identified as 
being the alcohol 39 resulting from desilylation of 38 (0.39, 49%). 

I-Benzyl-6-oxo-9-[(2R,6R)-6-hydroxymethyl-l-oxa-4-thiacyclo- 
hexan-2-yl]-9H-purine (39) 

The silyl ether 38 (0.038 g, 0.8 mmol) was treated with tetra-n- 
butylammonium fluoride (2 mL, 1.3 N in tetrahydrofuran) for 12 h. 
Thin-layer chromatography (Solvent D) indicated the absence of start- 
ing material and the presence of a more polar component having an Rr 
value of 0.25. The solvent was evaporated and the residue was par- 
titioned between methylene chloride and water (20 mL/10 mL). The 
organic layer was dried over anhydrous sodium sulfate, and concen- 
trated to afford a syrup. Preparative thin-layer chromatography using 
Solvent D as eluant yielded compound 39 as a white foam (0.026 g, 
90%); 'H nmr data (CDCl,, 220 MHz) 6: 2.39 (IH, br d, J,,, = 14 
Hz, WIIZ = 5 Hz, H-5'e), 2.72 (lH, br d, J,,, = 13-15 Hz, W112 = 
5 Hz, H-3'e), 2.76 ( lH,  d of d, J,,, = 14 Hz, Jy,.,y = I I Hz, H-5"a), 
3.17(1H, d o f d ,  J,,, = 13Hz, Jy,.Zr = 11 Hz, H-3'a), 3.67(2H, m, 
CH20H), 4.15 (lH, octet, H-6'),5.23 (2H ABq, J = 14 Hz, CH2Ph), 
5.90 ( lH,  d of d, JZ,.~,,  = 1.8 HZ, J,.y, = 10.8 HZ, I ~ 7 . y  + Jy.y1 = 
12.6 Hz, H-2'), 7.39 (5H, s, Ph), 7.99, 8.08 (two 1H s's, H-2, H-8). 

5'-0-tert-Butyldimethylsilyluridine (41) 
To a solution of uridine (40) (0.5 g, 2.05 mmol) and imidazole 

(0.31 g, 4.51 mmol) in amine-free, dry N,N-dimethylformamide (40 
mL) at room temperature was added tert-butyldimethylsilyl chloride 
(0.34 g, 2.25 mmol). The mixture was stirred for 1 h. The solvent was 
evaporated under reduced pressure and water was added to the residue. 
The solid that formed was collected and washed with water. Com- 
pound 41 was obtained as a white solid from methanol-water (0.7 g, 
95%), mp 85-88°C; 'H nmr data (DMSO-d6, 60 MHz) 6: 0.08 (6H, 
s,  2-Me), 0.91 (9H, s,  t-Bu), 3.3-4.47 (6H, m, H-2', H-3', H-4', 
H-5', H-5", OH), 5.59 (lH, d, J = 8.4 HZ, H-6), 5.81 ( lH,  d, J = 
4Hz,H-11),7.84(1H,d,J=8.4Hz,H-5), 11.42(1H, brpeak,NH). 

5'-0-tert-Buryldimethy lsilyluridine "dialdehyde" (42) 
To a stirred solution of tert-butyldimethylsilyluridine (41) (1.0 g, 

2.79 mmol) in methanol (60 mL) at 0°C was added sodium meta- 
periodate (0.72 g, 3.35 mmol) in water (30 mL). The mixture was 
gradually warmed to room temperature and was stirred for 12 h. The 
solution was concentrated to a volume of 40 mL. Ethanol (100 mL) 
was added and the mixture was stirred for 15 min. The salts were 
removed by filtration and the filtrate was concentrated to afford a 
solid. 

1 -[(2 E, 7E), (4R,6S)-Diethyl 6-tert-bu@ldimethylsilyloxyrnethyl-5- 
oxanona-2,7-dienoate-4-yl]uracil (43) 

A solution of the "dialdehyde" 42 (0.55 g, 1.53 mmol) and car- 
bethoxymethylenetriphenylphosphorane (1.6 g, 4.59 mmol) in 
N,N-dimethylformamide (50 mL) was heated at 95°C for 3 h. The 
solvent was removed under reduced pressure to yield a syrup. Thin- 
layer chromatography (Solvent B) indicated the presence of one major 
component having an Rr value of 0.38. High performance liquid 
chromatography using Solvent G as eluant afforded a white solid (0.5 1 
g, 67%). Recrystallization from ether-hexane yielded compound 43 
as white needles, mp 105.5- 106.S°C; 'H nmr data (CDCl,, 220 MHz) 
6: 0.045 (6H, s,  2-Me), 0.86 (9H, s,  t-Bu), 1.32, 1.33 (two 3H t's, 
2-Me), 3.66 (2H, AB pattern, CH20Si), 4.24, 4.26 (two 2H q's, 
2-CH2CH3), -4.21 (lH, m, (obscured by CH2CH3 signals), H-6'), 
5.81 ( 1 H , d o f d , J 6 . 5 = 8 H z , 4 ~ 6 , 4 ~ = 2 H z , H - 6 ) , 6 . 1 1 ( 1 H , d o f d ,  
J8v.7z = 16 Hz, 4~,,.6* = 1.1 HZ, H-St), 6.31 ( lH,  d of d, J7'.8' = 15.7 
HZ, J7'.6' = 2 HZ, H-7'), 6.39 (lH, d of d, J4..3s = 3.9 Hz, 4~&.6 = 
~ H z ,  H-4'), 6.77 ( lH,  d of d, J 2 a , , a  = 15.7 HZ, 4J2.,4, = 1.1 HZ, H-2'), 
6.79 ( lH,  d of d, J3,.2, = 15.8 HZ, J3,,4, = 3.9 HZ, H-37, 7.35 (lH, 
d, 55.6 = 8 HZ, H-5), 9.46 ( lH,  br s,  NH). Anal. calcd. for 
C23H36N208Si: C 55.62, H 7.31, N 5.64; found: C 55.56, H 7.51, N 
5.41. 
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1 -[(2 E, 7E), (4R,6S)-Diethyl6-hydroxymethyl-5-oxanona-2,7- 
dieneoate4-ylluracil (44) 

The silyl ether 43 (0.183 g, 0.37 mmol) was treated with tetra-n- 
butylammonium fluoride (1.5 mL, 1.3 N in tetrahydrofuran) for 2 h. 
Thin-layer chromatography (Solvent H) indicated the presence of one 
component having an Rr value of 0.34. The solvent was evaporated 
and the residue was partitioned between methylene chloride and water 
(20 mL/10 mL). The organic layer was dried over anhydrous mag- 
nesium sulfate, and concentrated to afford a syrup. Chromatography 
on silica gel using Solvent H as eluant gave a white foam which was 
identified as being compound 44 (0.13 g, 92%); 'H nmr data (CDCI,, 
60 MHz) 6: 1.30, 1.32 (two 3H t's, 2-Me), 3.68 (2H, m, CH20H), 
4.17,4.23 (two 2H q's, 2-CH2CH3), -4.2 ( lH,  m (partially obscured 
by CH2 signals), H-67, 5.73 (lH, d, J = 8 Hz, H-6), 6.1 ( lH,  d, J 
= 16 Hz, H-8'), 6.3 (lH, d, J = 16 Hz, H-77, 6.38 ( lH,  d, J .= 4 
Hz,H-4'),6.78(1H,d,J- 1 6 H z , H - 2 ' ) , 6 . 8 3 ( l H , b r d , J =  16Hz, 
H-3'), 7.42 (lH, d, J = 8 Hz, H-5), 10.62 (lH, br s, NH). Anal. 
calcd. for C17H2208N2: C 53.40, H 5.80, N 7.33; found: C 53.38, H 
6.30. N 6.93. 
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Nucleoside analogs involving modifications in the carbohydrate ring: 
nuclear magnetic resonance spectroscopic studies 
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WALTER A. SZAREK, B. MARIO PINTO, and MASAHARU IWAKAWA. Can. J. Chem. 63, 2162 (1985). 
The concomitant use of 'H nmr and "C nrnr spectroscopy as a probe of structure, stereochernistry, and conformation of 

several nucleoside analogs derived from 1-oxa-4-thiacyclohexane is described. The 'H nmr spectroscopic properties of an 
acyclic nucleoside analog derived from uridine are also described. 

WALTER A. SZAREK, B. MARIO PINTO et MASAHARU IWAKAWA. Can. J. Chem. 63, 2162 (1985). 
On dCcrit l'utilisation concornitante de la spectroscopie rmn du 'H et du "C comme mCthode pour determiner la structure, 

la st6Cochimie et la conformation de plusieurs analogues nuclCosides dCrivant de I'oxa-l thia-4 cyclohexane. On dCcrit aussi 
les propriCtCs spectroscopiques, en rmn du 'H, d'un analogue acyclique nuclCoside dtrivt d'une uridine. 

[Traduit par le journal] 

Introduction .PI 
In recent years an active area of research in this laboratory 

has been the synthesis (1) and conformational analysis (2) of 
nucleoside analogs involving modifications in the carbohydrate 
ring. As part of this program we have recently reported (3) the 

&rN-N 
$ l o , b  

synthesis and biological activity of the nucleoside analogs 
1-12. In this paper we describe their nuclear magnetic reso- 
nance spectroscopic properties. The concomitant use of 'H nrnr 
and I3C nmr spectroscopy has proved invaluable in the proof of 
structure and in the investigation of stereochemistry and con- 
formation of these compounds. (xr 3 

Results and discussion 
The isomeric sulfoxides l a ,  l b  were obtained by oxidation 

of 6-chloro-9-(l-oxa-4-thiacyclohexan-2-yl)-9H-purine (13) 
with sodium metaperiodate (3). The 'H nrnr spectrum indicated 
the presence of two isomeric sulfoxides in a ratio of 3.2 : 1, as 
estimated by integration of the corresponding signals for H-2'. 
Recrystallization from ethanol resulted in a mixture that was 
highly enriched in the major isomer (la).  The H-2' signal in the 
spectrum of l a  appeared as a doublet of doublets (1J2,,32 + J2r,3"1 
= 12.7 Hz) at 6 6.53 whereas that for l b  appeared at 6 6.15 
as a doublet of doublets ((JzS.3' + ~ ~ , , ~ 1  = 8.3 Hz). The assign- 
ment of stereochemistry and conformation in l a  and l b  was 
made on the basis of the signs and magnitudes of the sulfox- 
idation chemical-shift increments (Aswi = 6H.iS-0 - 6H.iS) of 
H-2' signals in the 'H nmr spectra of the two isomers. Exam- 
ination of the spectra of 13 and l a  shows that the H-2' signal 
in the spectrum of l a  is shifted downfield by 0.5 ppm relative 
to the corresponding signal in the spectrum of the sulfide 13. 
This deshielding has been ascribed to electric-field effects and 
(or) the acetylene-like anisotropy of the S=O bond, and is 
consistent with a syn-axial relationship of H-2' to the sulfinyl 
group (4-7). This assignment is supported by the observed 
value for (J2'.3'  + J2,,3") which suggests a preponderance of the 
conformation in which the purine moiety is equatorially orient- 
ed. Compound l a  is identified, therefore, as being trans-6- 
chloro-9-(1-oxa-4-oxo-4-thiacyclohexan-2-yl)-9H-purine (see 
Fig. 1). In contrast, the H-2' signal in the spectrum of l b  is 
shifted downfield by only 0.12 ppm relative to the correspond- 
ing signal in the spectrum of 13, and is consistent with the 
assignment of the cis-stereochemistry to this compound. The 

' Revision received November 22, 1984. 

M b  

M b  

12 
c o p  c o p  

value obtained for I J ~ ' , ~ '  + J2,,3"1 is also indicative of a prepon- 
derance of the conformer in which both the sulfinyl group and 
the purine moiety adopt the axial orientation (see Fig. 1). The 
strong preference for the axial orientation of the sulfinyl group 
in related sulfoxides is well documented (2a, 2b,.4-8). Com- 
pound l b  is identified, therefore, as being cis-6-chloro-941- 
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TABLE 1. Carbon-13 chemical-shift data" for 
saturated-ring carbons in 6-chloropurin-9-yl 
derivatives of I-oxa-4-thiacyclohexane and 

I -oxa-4-thiacyclohexane I -oxide 

Carbon 

Compoundh C-2' C-3' C-5' C-6' 

14 71.1 49.4 24.1 68.1 
2a 60.8 62.1 44.8 57.4 
2b 64.1 68.0 47.4 61.3 

"In ppm downfield from internal TMS; the spec- 
trum of 14 was obtained in chloroform-d solution; 
the spectra of 2a, 2b were obtained in dimethyl- 
sulfoxide-d, solution. 

"Chemical-shift data for 1,4-oxathiane are as fol- 
lows: 6cIx11 27.0 (C-3, C-5), 68.5 (C-2, C-6); corre- 
sponding data for 1,4-oxathiane 4-oxide are: GcIxl3 
46.2 (C-3, C-5), 59.0 (C-2, C-6) (2a). 

1 b 
0 

FIG. 1. Conformational equilibria of the isomeric sulfoxides l a  T' 
and l b .  

oxa-4-oxo-4-thiacyclohexan-2-yl)-9H-purine. Unfortunately, 20 
the sulfoxides 1 were insufficiently soluble to permit the 

H i  

1 recording of their "C nmr spectra. 
- pgHi Hz" 

1 Oxidation of 6-chloro-9-(l-oxa-4-thiacyclohexan-3-yl)-9H- 
purine (14) with sodium metaperiodate (3) afforded a mixture 
of the isomeric sulfoxides 2a and 2b in a ratio of 1.2: 1, as 
indicated by its 'H nmr spectrum. Recrystallization from 
ethanol-hexane afforded white prisms which were shown by 
'H nmr spectroscopy to consist of predominantly the major 
isomer (2a); this permitted the unambiguous assignment of 
signals to the two isomers 2a and 2b in the 'H nmr and I3C nmr 
spectra of the isomeric mixture of sulfoxides. The H-3' signal 
in the spectrum of 2a appeared as a doublet of doublets (1J3s,28 
+ ~ ~ ~ , ~ , ~ 1  = 14.1 HZ) at 6 5.99 whereas the corresponding signal 
in the spectrum of 2b appeared as a doublet of doublets ((J3,,2, 
+ J3r,2"( = 10.5 HZ) at 6 5.58. The observed value of ) J ~ , . ~ ,  + 
J3,.2"1 in the spectrum of 2a is most certainly indicative of a 
conformation in which the purine moiety is almost exclusively 
equatorially oriented whereas that observed for 2b suggests a 

I preponderance of a conformation in which the purine moiety is 
I equatorial, although not nearly to the extent as is present in 2a. 

It is noteworthy that the H-3' signal in the 'H nmr spectrum of 
2a is shifted downfield by 0.42 pprn relative to the correspond- 
ing signal in the spectrum of the parent sulfide (14) whereas the 

I H-3' signal in the spectrum of 2b appears at virtually the same 
chemical shift as that in the spectrum of 14. Examination of the 

I 13C nmr spectrum of 2a indicates that C-2' and C-6' are 
shielded by -10 pprn and C-3' and C-5' are deshielded by 12.7 
pprn and 20.7 ppm, respectively, relative to the corresponding 
carbons in the parent sulfide 14 (see Table 1). The magnitude 
of the shielding of the P-carbons in six-membered, cyclic sulf- 

FIG. 2. Conformational equilibria of the isomeric sulfoxides 2a 
and 2b. 

oxides relative to those in the corresponding sulfides is associ- 
ated with an axial disposition of the sulfinyl oxygen in the 
sulfoxides (2a, 2b, 7-9). The I3C nmr data for 2a are consis- 
tent, therefore, with the preponderance of a conformation in 
which the sulfinyl group is axially disposed, and compound 2a 
is identified as being cis-6-chloro-9-(l-oxa-4-oxo-4-thia- 
cyclohexan-3-y1)-9H-purine (see Fig. 2). Consequently, com- 
pound 2b is assigned the trans stereochemistry. Examination of 
the I3C nmr spectrum of 2b shows that C-2' and C-6' are 
shielded by -7 pprn and C-3' and C-5' are deshielded by 18.6 
pprn and 23.3 ppm, respectively, relative to the corresponding 
carbons in 14 (Table 1). The lesser shielding of C-2' and C-6' 
in 2b as compared to that in 2a (relative to C-2' and C-6' in 14) 
can be taken as evidence for a lesser proportion of the con- 
formation in which the sulfinyl group is axial in the former 
case. It should be noted that the equatorial disposition of the 
sulfinyl group in six-membered, cyclic sulfoxides also results 
in shielding of the P-carbons relative to those in the parent 
sulfides, although the magnitude of the shielding is consid- 
erably smaller than that observed in the corresponding systems 
having axially-disposed sulfinyl groups (7-9). It is not clear 
whether this is yet another example of shielding as a result of 
a y-anti substituent effect (10, 11). Additional information 
about the conformational behaviour of 2b may be obtained by 
comparison of the chemical-shift differences of the signals for 
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3 R' = 6-chloropurin-9-yl; 
15 R' = 6-chloropurin-9-yl; 
4 R' = 6-chloropurin-9-yl; 

16 R '  = 6-chloropurin-9-yl; 
5 R2 = 6-chloropurin-9-yl; 
6 R2 = 6-chloropurin-9-yl; 
7 R' = 6-chloropurin-9-yl; 
8 R1 = 6-chloropurin-9-yl; 
9 R1 = 6-chloropurin-9-yl; 

10 R' = 6-chloropurin-9-yl; 
All other substituents, R 

R" OAc; X = 0; Y = S 
R4 = OAc; X = 0; Y = S 
R6 = OAc; X = 0; Y = S 
R5 = OAc; X = 0; Y = S 
RX = OAc; X = S; Y = 0 
R7 = OAc; X = S; Y = 0 
R" OH; X = 0; Y = S 
R4 = OH; X = 0; Y = S 
Rs = OH; X = 0; Y = S 
R6 = OH; X = 0; Y = S 

= H 

F I G .  3 .  Possible configurational and conformational isomers o f  
6-chloro-9-(3-acetoxy-1-oxa-4-thiacyclohexan-2-yl)-9H-purine (3a 
and 3b, 15a and 15b), 6-chloro-9-(5-acetoxy-1-oxa-4-thiacyclo- 
hexan-2-yl)-9H-purine (4a and 4b, 16a and 16b), 6-chloro-9-(5- 
acetoxy-l-oxa-4-thiacyclohexan-3-yl)-9H-purine (5a and 5b,  6a and 
6b) ,  6-chloro-9-(3-hydroxy-1-oxa-4-thiacyclohexan-2-yl)-9H-purine 
(7a and 7 b ,  8a and 8b) ,  and 6-chloro-9-(5-hydroxy-1-oxa-4-thia- 
cyclohexan-2-y1)-9H-purine (9a and 9b, 10a and lob) .  

the (3-carbons in the isomeric sulfoxides, 2a and 2b, with the 
corresponding differences in appropriate isomeric sulfoxides. 
Thus, for example, As,.,. is 3.9 ppm for 2a and 2b whereas the 
corresponding chemical-shift difference for the C-2 or C-6 
signals in the spectra of axial and equatorial 1,4-oxathiane 
4-oxides is 7.02 ppm (8), and the chemical-shift difference for 
the C-2 signals in the spectra of trans-hexahydro-1,4- 
benzoxathiane 4-oxides is 5.96 ppm (7). This evidence sug- 
gests that trans-6-chloro-9-(l-oxa-4-oxo-4-thiacyclohexan-3- 
y1)-9H-purine (2b) exists as a mixture of conformers which 
contains a significant amount of the conformer in which the 
sulfinyl moiety is axially oriented (see Fig. 2). It is possible to 
estimate approximately the extent of this equilibrium provided 
that values of I Jz.,,. + J ~ , ~ ~  1 in conformationally-locked systems 
are available. Using approximate values for 1J2,,,, + J2",3'1 for 
the two conformations in which the purine moiety is either axial 
or equatorial (2c), one estimates that 2b exists in the con- 
formation in which the purine moiety and sulfinyl group are 
both equatorial to the extent of 63%. 'The slight equatorial 
preference of the purine moiety in 2b and the almost exclusive 
equatorial orientation of the purine moiety in 2a contrast with 
the conformational behaviour of the parent sulfide (14). The 
latter compound exhibits a marked preference for the con- 
formation in which the purine moiety is axial (89%) (2c). 

The acetoxy derivatives 3 and 4 were obtained from the 
Pummerer reaction of the isomeric sulfoxides 1 (3); their con- 
stitution and stereochemistry were established as follows. The 
'H nmr spectrum of the major product of the reaction, 3, 
showed the presence of two mutually-coupled doublets at 6 
6.13 and 6 6.29 (J  = 5.6 Hz), a result that is consistent with 
the presence of the acetoxy group at the 3'-position. The value 
of J2',32 further suggests that compound 3 is unlikely to exist to 
a great extent in a conformation in which H-2'. and H-3' are 
trans-diaxially disposed (see 15a and 15b in Fig. 3). The pos- 
sible configurational and conformational isomers for 3 are 

TABLE 2 .  Carbon-13 chemical-shift dataa for 
saturated-ring carbons in 6-chloropurin-9-yl deriva- 
tives of some substituted 1-oxa-4-thiacyclohexanes 

Carbon 

Compound C-2' C-3' C-5' C-6' 

"In ppm downfield from internal TMS in chlorofom-d. 

shown in Fig. 3. Examination of the I3C nmr spectral data 
(Table 2) for 3 permitted the assignment of stereochemistry and 
preferred conformation. The chemical-shift assignments were 
facilitated by consideration of the substitutent effects on the I3C 
chemical shifts in related compounds (2) and by means of 
gated-decoupling experiments. One would anticipate that a pre- 
ferred conformation in which the acetoxy group was axially 
oriented would be manifested in a shielding of C-5' by virtue 
of a y-gauche interaction (2, 12). The data presented in Table 
2 indicate that the signal for C-5' in the spectrum of 3 appears 
at virtually the same chemical shift as the corresponding signal 
in the spectrum of 13. This result is, therefore, inconsistent 
with the preference for a conformation in which the acetoxy 
group is axially disposed. Furthermore, the signal for C-6' in 
the spectrum of 3 is shifted upfield by 4.32 ppm relative to the 
corresponding signal in the spectrum of 13. This may be attrib- 
uted to a y-gauche interaction between the purine moiety and 
C-6' (2, 12) in 3. In contrast, the signal for C-6' in the spectrum 
of 13 (which has been shown (2) to exist preponderantly in the 
conformation in which the purine moiety is equatorial) is 
shifted downfield by 1.7 ppm relative to C-2 and C-6 in 
1,4-oxathiane. Compound 3 is assigned, therefore, a prepon- 
derant conformation in which the acetoxy group is equatorial 
and the purine moiety is axial (see 3a), and is identified as 
being cis-6-chloro-9-(3-acetoxy- 1 -oxa-4-thiacyclohexan-2-y1)- 
9H-purine. It is noteworthy that the conformational preference 
of the purine moiety in 3 contrasts with that observed for 13 in 
which the purine moiety is predominantly equatorial (2), and 
the conformational preference of the acetoxy group contrasts 
with previous examples of the anomeric effect in sulfur hetero- 
cycles (13- 15). However, the preference for a gauche arrange- 
ment of atoms within the 1,2-disubstituted ethane-type frag- 
ment is maintained. 

The structure of the second acetoxy derivative 4 was deduced 
in an analogous manner to that described above. The 'H nrnr 
spectrum of 4 showed the presence of two ABX systems, a 
result that is consistent only with the presence of the acetoxy 
group at the 5'-position. The possible configurational and con- 
formational isomers for a 5'-acetoxy derivative are shown in 
Fig. 3. Examination of the 'H nmr spectrum of 4 indicated that 
the signals for the methine protons appeared as triplets at 6 5.69 
( 1 ~ ~ ~  + ~~~l = 6.75 Hz) and 6 6.36 ( 1 ~ ~ ~  + JBxl = 8.25 Hz). 
Since the signals for the methylene protons are readily assigned 
to H-3', H-3" and H-6', H-6,  the signals at 6 5.79 and 6 6.36 
are assigned to H-5' and H-2', respectively, on the basis of the 
difference in coupling constants between these protons and the 
corresponding methylene protons. Furthermore, examination 
of the AB portions of both ABX patterns indicates that all of the 
coupling constants to H-5' or H-2' are small (2.75-4.5 Hz). 
This suggests a preponderance of a conformation in which both 
methine protons are equatorially oriented (see 4a in Fig. 3); the 
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conclusion is supported by the values of 1J2s.3, + J2r,3"1 = 8.25 TABLE 3. Carbon-13 chemical-shift data" for 
Hz and 1J5s,6s + J5r,6t4 = 6.75 HZ (2c). Compound 4 is assigned, saturated-ring carbons in 6-chloropurin-9-yl de- 
therefore, a preferred conformation in which both the acetoxy rivatives of hydroxy-substituted 1-oxa-4-thiacyclo- 

group and thk purine moiety are axially disposed, and is iden- 
tified as being trans-6-chloro-9-(5-acetoxy- 1 -oxa-4-thiacyclo- 
hexan-2-v1)-9H-purine. The assignment is further corroborated 

hexanes 

Carbon 

by the l3? nmr iata for 4 whichare presented in Table 2; the Compound C-2' C-3' C-5' C-6' 
chemical shift assignments were made as previously described. 
Thus, the signals for C-3' and C-6' in the spectrum of 4 are 
shifted upfield by 5.2 ppm and 5.0 ppm, respectively, relative 
to the corresponding signals in the spectrum of 13. This result 
is consistent with the axial orientation of both the acetoxv 
group and the purine moiety, a situation which should be man- 
ifested in a shielding of C-3' and C-6', respectively, by virtue 
of the y-gauche interactions (2, 12). The axial preference of the 
purine moiety in 4 contrasts with that observed for 13 in which 
the purine moiety adopts an equatorial orientation in the pre- 
ferred conformation, but the axial preference of the acetoxy 
group is consistent with expectations based on knowledge of 
the anomeric effect in sulfur heterocycles (13- 15). 

The structures of the acetoxy derivatives 5 and 6, obtained 
from the isomeric sulfoxides 2 (3), were deduced as follows. 
The possible configurational and conformational isomers are 
shown in Fig. 3. Examination of the 'H nmr spectrum of the 
less polar (tlc) of the two acetoxy derivatives indicated that the 
signals for H-3' and H-5' overlapped to give a narrow multiplet 
at 6 5.75 whose width at half-height was 7 Hz. The value of 
WIl2 is indicative of a preponderance of a conformation in 
which both H-3' and H-5' are equatorially oriented. This com- 
ponent is assigned, therefore, the cis-stereochemistry (see 5b in 
Fig. 3) and is identified as being cis-6-chloro-9-(5-acetoxy-1- 
oxa-4-thiacyclohexan-3-yl)-9H-purine (5). The more polar of 
the two acetoxy compounds is assigned, consequently, the 
trans-stereochemistry. The signal for H-3' in the 'H nmr spec- 
trum of this component appears at 6 5.79 as a triplet whose 
width at half-height ( IJ~ ' ,~ '  + ~ ~ ~ , ~ " 1 )  is 4.5 Hz whereas the signal 
for H-5' appears at 6 6.19 as a doublet of doublets (1J52,6r + 
J5j,6"1 = 12.6 Hz). The values of lJAX + JBX( are indicative of 
a preponderance of a conformation in which the acetoxy group 
is equatorial and the purine moiety is axial (see 6b in Fig. 3) 
and are consistent, therefore, with the assignment of the trans- 
stereochemistry to this compound. The assignment is further 
corroborated by the 13C nmr data for this compound. The I3C 
nmr spectrum shows a signal at 6 49.18 and three signals at 6 
71.12, 70.73, and 70.15 for the saturated-ring carbons. The 
signal at 6 49.18 is assigned to C-3' by analogy with the 
chemical shift of C-3' (6 49.4) in the spectrum of 14 (2) but the 
latter group of signals could not be assigned to the respective 
carbons with certainty. However, it is obvious that the signal 
for C-2' appears at virtually the same chemical shift as does the 
corresponding signal (6 71.1) in the spectrum of 14. This is 
consistent with a preponderant conformation in which the ace- 
toxy group is equatorial since an axial orientation of the 
5'-acetoxy substituent would be expected to be manifested in 
an upfield shift of the C-2' signal by virtue of the y-gauche 
effect (2, 12). The more polar of the two acetoxy compounds 
is identified, therefore, as being trans-6-chloro-9-(5-acetoxy- 
l-oxa-4-thiacyclohexan-3-yl)-9H-purine (6b). It is noteworthy 
that the purine moiety adopts an axial orientation in the prepon- 
derant conformations of both 5 and 6, a preference that is also 
manifested in the predominant conformation of the parent com- 
pound 14. 

Treatment of the acetate 3 with sodium borohydride (3) 

"In ppm downfield from internal TMS in dimethyl- 
sulfoxide-d6. 

afforded a mixture of cis- and trans-6-chloro-9-(3-hydroxy- 1 - 
oxa-4-thiacyclohexan-2-yl)-9H-purine, 7 and 8, respectively. 
The possible configurational and conformational isomers for 
the 3'-hydroxy derivative are shown in Fig. 3. The elucidation 
of stereochemistry and preferred conformations of 7 and 8 was 
effected in the following manner. Examination of the 'H nmr 
spectrum that was obtained in chloroform-d containing a trace 
of deuterium oxide, at 300 K, revealed the presence of two sets 
of signals corresponding to the methine hydrogens in 7 and 8,  
one set being of greater intensity than the other (3.25: 1). The 
signals attributable to the major isomer appeared as a broad- 
ened singlet at 6 4.98 and a doublet at 6 6.28 (J = 1.2 Hz) 
whereas the corresponding signals for the minor isomer appear- 
ed as two mutually-coupled doublets at 6 5.34 and 6 5.87 with 
a coupling constant of 8 Hz. The value of 8 Hz obtained for 
(J2p.3r1 in the minor isomer is indicative of a preponderant con- 
formation in which H-2' and H-3' are trans-diaxially disposed 
(see 8b in Fig. 3). The minor isomer is identified, therefore, as 
being trans-6-chloro-9-(3-hydroxy-1-oxa-4-thiacyclohexan-2- 
y1)-9H-purine (8). The major isomer must be, therefore, cis-6- 
chloro-9-(3-hydroxy- 1 -oxa-4-thiacyclohexan-2-yl)-9H-purine 
(7) (the magnitude of ( J ~ , ~ ,  1 in this isomer is unusually small for 
J,, coupling). When the 'H nmr spectrum of the mixture of 
alcohols was obtained in dimethylsulfoxide-d6 instead of 
chloroform-d, at 300 K, the ratio of the two isomers 7 : s  was 
observed to change to a value of 1.3 : 1, thereby suggesting that 
equilibration of the two isomers was taking place by way of the 
intermediate aldehyde. Moreover, the spectrum of the mixture 
that was obtained in dimethylsulfoxide-d6 at 340 K indicated 
the presence of 7 and 8 in a ratio of 2.6: 1. 

The carbon-13 nmr data for the saturated-ring carbons in 7 
and 8 are presented in Table 3. The I3C nmr spectrum, obtained 
in dimethylsulfoxide-d6 at 300 K, showed the presence of two 
sets of peaks in a ratio of -1 : 1. Chemical-shift assignments 
were facilitated by obtaining the spectrum in a mixture of 
chloroform-d and dimethylsulfoxide-d6 in which the ratio of 
7 : 8 was found to be 2 : 1. (The compounds were insufficiently 
soluble in chloroform-d alone to permit the recording of the I3C 
spectrum in this solvent.) The chemical-shift assignments were 
confirmed by means of gated-decoupling experiments. In- 
spection of the I3C nmr data for 7 (Table 3) and 13 (Table 2) 
indicates that the signal for C-5' in the spectrum of 7 is shifted 
upfield by 5.1 ppm relative to the corresponding signal in the 
spectrum of 13. This is consistent with a preponderant con- 
formation in which the hydroxyl group is axial (see 7b in Fig. 
3) since a shielding of C-5' in 7b as compared to C-5' in 13, 
by virtue of the y-gauche effect, would then be predicted. The 
nearly identical chemical shifts of the C-6' signals in the spec- 
tra of 7 and 13 also suggest that the purine moiety is equatorial 
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FIG. 4. The 'H nmr spectrum of 12 recorded at 220 MHz in chloroform-d. 

in the preferred conformation. The I3C nmr data, therefore, 
support the earlier assignment of cis-stereochemistry in the 
major isomer. Similarly, the I3C nmr data for 8 are also consis- 
tent with the assignment of a predominant conformation in 
which both the hydroxyl group and the purine moiety are equa- 
torially oriented. For instance, the signal for C-6' in the spec- 
trum of 8 appears at virtually the same chemical shift as the 
corresponding signal in the spectrum of 13, thereby suggesting 
an equatorial orientation of the purine moiety in the preferred 
conformation. It should be noted, however, that C-5' in 8 is 
deshielded by 2.7 ppm relative to C-5' in 13. This result re- 
mains an anomaly in view of what is known about the y-anti 
substituent effect in related systems (1 1, 16). Of particular 
relevance is the fact that C-5 in 2-methy1-1,4-dioxane-2~,3e- 
diol (in which the 3-OH group is anti to C-5) is shielded by 1.8 
ppm relative to C-2 in 1,4-dioxane (16). 

It is interesting to note that the cis-isomer 7 is preferred over 
the trans-isomer 8. It is possible that this preference is brought 

about by the manifestation of the reverse anomeric effect which 
favours the equatorial orientation of the purine moiety, the 
anomeric effect which favours the axial orientation of the 
hydroxyl group, and an attractive gauche effect within the 
1,2-disubstituted ethane-type fragment. Since all three con- 
formational effects (2b, c) act in such a manner as to stabilize 
7b, it would be the preferred conformation. However, by use 
of similar arguments it would also have been predicted that the 
corresponding acetoxy derivative 3 would exist preferentially 
in a conformation in which the purine moiety was equatorial 
and the acetoxy group was axial. As described earlier, exactly 
the opposite conformational behaviour was observed for 3.The 
conformational preference of the trans-3'-hydroxy derivative 8 
reflects the strong preference of the purine moiety to adopt an 
equatorial orientation, a preference that overrides the anomeric 
effect at the hemiacetal centre. 

Treatment of the regioisomeric acetate 4 with sodium boro- 
hydride (3) afforded a mixture of cis- and trans-6-chloro-9-(5- 
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hydroxy- 1 -oxa-4-thiacyclohexan-2-yl)-9H-purine, 9 and 10, 
respectively. The possible configurational and conformational 
isomers for the 5'-hydroxy derivative are shown in Fig. 3. 
Examination of the 'H nrnr spectrum of the mixture that was 
obtained in chloroform-d at 300 K indicated the presence of 
only one isomer. Thus, the signal for H-5' appeared as a poorly 
resolved multiplet at 6 4.85 (lJSz 6' + JS, 6"l = 5 Hz) and the 
signal for H-2' appeared as a doublet of doublets at 6 6.13 
( IJ~ ' .~ '  + = 12.7 Hz). 'The values of IJA, + ~~~l are 
consistent with the predominance of a conformation in which 
the purine moiety is equatorial and the hydroxyl group is axial 
(see 9b in Fig. 3). Once again, the conformational preference 
is consistent with that which would be predicted on the basis of 
the reverse anomeric effect and the anomeric effect. This iso- 
mer is identified, therefore, as being cis-6-chloro-9-(5-hydroxy- 
1 -oxa-4-thiacyclohexan-2-yl)-9H-purine (9). In contrast, the 
'H nrnr spectrum of the mixture in dimethylsulfoxide-d6 con- 
taining deuterium oxide, at 300 K, indicated the presence of 
two isomers, 9 and 10, in a ratio of 2.7: 1.  The signal for H-5' 
in the minor isomer 10 appeared as a doublet of doublets at 6 
4.97 (1 J ~ ' . ~ '  + J5, 6"1 = 10.7 HZ) and the signal for H-2' appeared 
as a multiplet at 6.18 that was partially obscured by the signal 
for H-2' of the cis-isomer 9. The value for 1 J2,.3* + J2, 3" 1 was 
estimated, consequently, as being approximately 9 Hz. The 
values of I JAx + J ~ ~ (  suggest that there is a predominance of the 
conformation in which both the purine moiety and the hydroxyl 

1 group are equatorial (see l o b  in Fig. 3), although there is a 
I significant contribution to the conformational equilibrium from 

/ the alternate conformation 10a. Thus, in the case of 10, the 
reverse anomeric effect and anomeric effect oppose one anoth- 

I er in exerting their influence on the conformational preference. 
Compound 10 is identified, therefore, as being trans-6-chloro- 
9-(5-hydroxy- 1 -oxa-4-thiacyclohexan-2-yl)-9H-purine. The 'H 

I 
nrnr spectra in dimethylsulfoxide-d6 at higher temperatures 

I showed slight changes in the ratio of cis- and trans-isomers as 
I well as slight changes in the positions of the conformational 

equilibria of the two isomers. 

I The carbon-13 nmr data for the isomeric hydroxy derivatives 
9,  10 are presented in Table 3. Comparison of the I3C nrnr data 

I for 9 and for 13 (Table 2) indicates that the C-3' in 9 experi- 
ences a shielding of 6.6 ppm relative to C-3' in the parent 
compound 13. The shielding is attributable to a y-gauche inter- 
action and is consistent, therefore, with the previous assign- 
ment of the hydroxyl group being in the axial orientation in the 
preferred conformation of 9. The assignment of the con- 
formational behaviour of the trans-isomer 10 on the basis of 'H 
nrnr spectroscopic evidence is further supported by the I3C nrnr 
data for 10. For instance, the signal for C-3' in the spectrum of 
10 is shifted upfield by 2.7 ppm relative to the corresponding 
signal in the spectrum of 13. The magnitude of the shielding 
can be attributed to the operation of the y-anti substituent effect 

i of the hydroxyl group in conformation l o b  (1 1, 16). For exam- 
ple, examination of the I3C nrnr data for methyl-substituted 
derivatives of 1,4-dioxacyclohexane-2,3-diols (16) indicates 

' that the y-anti substituent effect of hydroxyl, acting across the 
I ring oxygen atom, is shielding by 1.8 ppm. Should con- 
! 

formation 10a exist to an appreciable extent in the con- 
I formational equilibrium, there would result also a shielding of 
I C-3' in 10 relative to that in 13 by virtue of the y-gauche effect. 
I Thus, the overall effect of having a conformational equilibrium 

which is biased in favour of l o b  but which contains an appre- 
ciable amount of 10a should be manifested in a slight shielding 
of C-3' in 10 relative to C-3' in 13. The shielding of C-6' in 10 

relative to C-6' in 9 can also be taken as evidence for the 
presence of a significant amount of 10a in the conformational 
equilibrium, given that 9 exists almost exclusively in con- 
formation 9b and assuming that the magnitudes of the y-anti 
substituent effects in 9b and l o b  are approximately equal. 

Since the parent nucleoside analogs 13 and 14 that were used 
for the elaboration of the substituted compounds, as discussed 
in the preceding section, were racemic mixtures, it follows that 
the compounds derived from 13 and 14 will also be mixtures of 
enantiomers. In the preceding discussion, only one en- 
antiomeric form for each of 1-10 has been shown; however, 
these structures should be viewed as enantiomeric pairs of 
compounds. It should be noted also that chair conformations 
have been assumed to be the most stable conformations of the 
6-chloropurin-9-yl derivatives described in the preceding sec- 
tions, although it is recognized that bond-angle and torsional- 
angle distortion will undoubtedly be present in these com- 
pounds and will result, consequently, in some distortion of the 
six-membered ring. 

It is clear from the preceding section that the concomitant use 
of 'H nrnr and I3C nrnr spectroscopy provides an extremely 
useful tool for the investigation of stereochemistry and con- 
formation in substituted 1,4-diheterocyclohexanes. In particu- 
lar, it should be noted that substituent effects on I3C shieldings 
in substituted diheterocyclohexanes are at least qualitatively the 
same as in substituted cyclohexanes, as indicated also by the 
work of Ayras (16) on substituted I ,4-dioxanes. The use of the 
y-gauche and y-anti substituent effects as probes of stereo- 
chemistry and conformation is especially noteworthy. 

The structure of compound 11 was unambiguously assigned 
by complete assignment of its 'H nrnr spectrum recorded in 
chloroform-d at 220 MHz (3). The values of (J,.,,, + J,,,,.) (12.6 
Hz) and J,,,,, (1 1 Hz) leave no doubt that compound 11 exists 
in a conformation in which both the purine moiety and the 
hydroxymethyl function adopt equatorial orientations. The 
(2'R,6'R) stereochemistry is consistent with retention of con- 
figuration at these centres in the course of the reactions (3). 

The partial 'H nrnr spectrum of 12 recorded at 220 MHz in 
chloroform-d is shown in Fig. 4. Chemical-shift assignments 
were readily made by first-order analysis of the spectrum and 
by matching of signals attributable to mutually-coupled pro- 
tons; the assignments have been documented previously (3). 
An interesting feature of the spectrum is the appearance of the 
H-6 signal of the uracil moiety as a doublet of doublets. There 
is no doubt about the assignment since decoupling of this signal 
resulted in collapse of the low field doublet appearing at 6 7.35; 
the latter signal is assigned to H-5 of the uracil moiety. The 
coupling of 2 Hz in the signal for H-6 is attributed, therefore, 
to long-range four-bond coupling interactions between H-4' 
and H-6; the signal for H-4' at 6 6.39 also shows a coupling of 
2 Hz. Long-range four-bond coupling interactions between H- 
8' and H-6' (4J8,,6' = 1.1 HZ) and between H-2' and H-4' (4J2.,. 
= 1.1 Hz) are also observed. The 'H nrnr spectrum further 
indicates that J2 , ,3 ,  and J,!.,. are about 16 Hz; this value is typical 
for coupling of olefinic protons having an anti relationship to 
one another (17). Compound 12 is identified, therefore, as 
being the (2E,7E), (4R,6S) isomer. 

Experimental 
All compounds were prepared as described previously (3). Proton 

magnetic resonance ('H nmr) spectra were recorded on a Bruker 
HX-60 or Varian HR-220 spectrometer. Carbon-13 magnetic reso- 
nance (I3c nmr) spectra were recorded on a Bruker HX-60 spec- 
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trometer equipped with a FT60M Fourier transform accessory at 15.09 
MHz. Chemical shifts are given in ppm downfield from tetra- 
methylsilane (TMS). The complete nmr spectral data have been pre- 
viously documented (3). 
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The structure and resonance Raman spectra - structure correlations for 
N-benzoyl-DL-alanine ethyl dithioester' 

R. H.  ANGUS, P. R. CAREY,' H. LEE, A.  C .  STORER, AND K. I. VARUGHESE 
Division of Biological Sciences, National Research Council of Canada, Ottawa, Ont., Canada K I A  OR6 

Received August 9, 1984 

R. H. ANGUS, P. R. CAREY, H. LEE, A. C. STORER, and K. I. VARUGHESE. Can. J. Chem. 63, 2169 (1985). 
An X-ray crystallographic analysis of N-benzoyl-DL-alanine ethyl dithioester demonstrates that it takes up a B-type con- 

formation comparable to that found for N-acylglycine dithioesters in the crystalline state. B-conformations are characterized 
by small N-C-C-S(thio1) torsional angles resulting from an N.-.S(thiol) interaction. In the present case the N- 
C-C-S torsional angle is -23" and the N...S distance 2.830 A. A Raman spectroscopic study of a single crystal and a 
resonance Raman (RR) spectroscopic study of powdered N-benzoyl-DL-alanine ethyl dithioester establish the RR signature for 
the compound in its B-form. The RR spectra of the dithioester in CC14 and H20/CH3CN, aided by I3C=S substitution, provide 
information on the RR signatures of B, A, and CS type conformers in solution. The A and CS signatures for the N-acylalanine 
dithioester resemble closely those for an N-acylglycine dithioester but the B signature is perturbed markedly compared to that 
of a glycine analog. 

R. H. ANGUS, P. R. CAREY, H. LEE, A. C. STORER, and K. I. VARUGHESE. Can. J. Chem. 63, 2169 (1985). 
Une analyse des donnCes cristallographiques obtenues par diffraction des rayons-X sur le dithioester Cthylique de la 

N-benzoyl DL-alanine dCmontre que ce composC existe sous une conformation du type B comparable h celle, trouvCe h 1'Ctat 
cristallin, des dithioesters de la N-acylglycine. Les conformations de type B sont caractCrisCes par de petits angles de torsion 
N-C-C-S(thio1) qui proviennent d'une interaction N - - -  S(thiol). Dans le cas prksent, I'angle de torsion N-C-C-S 
est Cgal i -23" et la distance N S est Cgale h 2,830 A. Une Ctude par spectroscopie Raman sur un cristal unique et une Ctude 
par spectroscopie Raman de rksonance (RR) sur le dithioester Cthylique de la N-benzoyl DL-alanine en poudre ont permis 
d'Ctablir la signature RR du composC sous sa forme B. Les spectres RR du dithioester, dans le CC14 ainsi que dans un melange 
H20/CH3CN, couplCs h des substitutions "C=S ont permis d'obtenir de I'information sur les signatures RR des conformhes 
des types B, A et C5 en solution. Les signatures des conformations A et CS du dithioester de la N-acylalanine ressemblent 
beaucoup h celles d'un dithioester de la N-acylglycine; toutefois la signature de la conformation B differe passablement de celle 
de I'analogue de la glycine. 

[Traduit par le journal] 

Introduction 
By reacting thionoesters, of the form RC(=O)NHCH,C- 

(=S)OCH3, with cysteine proteinases such as papain it is 
possible to generate transient acyl-enzyme intermediates RC- 
(=O)NHCH2(=S)S-papain, where the substrate is linked to 
the enzyme by the thiol sulfur of cysteine 25. These inter- 
mediates have an intense electronic absorption band near 3 15 
nm due to the dithioester chromophore that affords the oppor- 
tunity of obtaining the resonance Raman (RR) spectrum of the 
dithioester group and the adjacent bonds ( I ) .  Thus, we are able 
to  observe the vibrational spectrum of the group undergoing 
transformation in the active site and, by combining R R  and 
other techniques, a m v e  at a detailed description of conforma- 
tional events during enzymolysis. 

Interpretation of the R R  spectra of  the enzyme-substrate 
intermediates has been greatly facilitated by joint Raman X-ray 
crystallographic studies on model compounds of the type 
RC(=O)NHCH2C(=S)SC2H5, which have led to  a set of pre- 
cise spectra-structure correlations (2,3). It has also been 
necessary to undertake an analysis of the conformational pro- 
perties of these dithioesters in solution by Raman, RR,  and 
FTIR spectroscopy (4). Taking the crystallographic and spec- 
troscopic results together, the findings are that in non-hydrogen 
bonding solvents such as CC1, the glycine-based dithioesters 
exist in a major populational state known as  C5 in which the 
N-H forms a hydrogen bond to the thiono sulfur and the 
resultant five-membered ring is essentially planar (Fig. I).  
There is a minor population of a state known as conformer B 
in CCl, and this is  the predominant form in H-bonding solvents 

I NRCC No. 242 1 1. 
'Author to whom correspondence may be addressed. 

such as H 2 0 .  The B-form is also shown in Fig. 1 and has the 
N atom cis to the thiol sulfur as a consequence of a N...S 
interaction. This form is essentially unique to dithio- and thiol- 
esters (5) and is of importance for the dithioacyl enzymes since 
it is the sole conformational state in native RC(=O)NHCH2C- 
(=S)S-papains (6) and other plant cysteine proteinases (7). 
Returning to the model compounds, there is another conforma- 
tional state found in hydrogen bonding solvents. This is the 
A-form shown in Fig. 1; it is converted to the C5 conformer by 
a 90" rotation about the NH-CHI bond, and the N-H group - - 
participates in H-bonding to solvent rather than bonding intra- 
molecularly to the thiono sulfur (2,4). 

T o  date, our studies have dealt with substrates and their 
corresponding model compounds based on glycine derivatives. 
Glycine is atypical among the amino acids in having a fairly 
unhindered conformational space (8). Moreover, it has been 
known for some time from kinetic studies that the reactivity of 
papain towards substrates based on other amino acid deriva- 
tives may vary markedly (9). Thus, it is of obvious importance 
to  explore the conformational properties of non-glycine dithio- 
esters both as  model compounds and as enzyme-substrate 
intermediates. In the present work we show that N-benzoyl- 
DL-alanine ethyl dithioester takes up  a conformation in the 
crystalline state resembling very closely the B-conformation 
that has such importance for glycine dithioesters. In addition, 
we  establish R R  spectra - structure correlations for the alanine 
dithioester. 

ExperimentaI 
Materials 

The D and L mixtures of PhC(=O)NHCH(CH3)C(=S)SC2Hs and 
P~C(=O)NHCH(CH,)"C(=S)SC~H~ were prepared from their re- 
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RG. 1. The three types of c~nformations taken up by glycine-based 
dithio esters. 

. . . 
. . . . .  

. . ,  

. . 

spective nitriles as described by Storer et al. (10). The N-benzoyl 
a-aminopropionitriles were obtained by modifying the synthesis of 
DL-alanine (1 1). For the unlabelled derivative, acetaldehyde (0.1 
equiv.) was reacted with a mixture of ammonium chloride and an ice 
cold solution of sodium cyanide. (For the [I3c] substituted nitrile, 
sodium ["C] cyanide (99 at.%, Merck, Sharp and Dohme, Canada) 
was used and the preparation was scaled down five-fold.) The mixture 
was brought to room temperature and stirred for 4 h. The light yellow 
mixture was placed in an Erlenmeyer flask, cooled, and titrated with 

. .  .. .~ 
5 N NaOH to pH 10- 11. Benzoyl chloride (0.1 equiv.), dissolved in 

.. ...... ; .. . ~ . . ,  
. .. .. . . .  ether (10% solution), was added dropwise while the pH of the mixture 

I , 

. .  
was maintained at 10- 11. After addition was complete, the mixture 
was stirred for 30 min at O°C, then for 1 h at room temperature, while 

I the ether was removed by a stream of air. 'The nitrile separated out as 
a slightly yellow solid, which was collected by filtration, washed with 
cold water, and dried. 

The nitrile (1.74 g, 0.01 mol) was added to a 250-mL round bottom 
flask with 50 mL CH2C12 and ethanethiol (1.86 g, 0.03 mol) then 
cooled to O°C. Dry HCI (gas) was bubbled through this mixture for 20 
min. The thioimido ester hydrochloride was precipitated by addition 
of anhydrous ether. The gummy solid adhered to the sides of the flask 
so the ethereal solution was decanted and the solid was dried under 
vacuum in a desiccator, as these salts are extremely hygroscopic. 

Fyridine (15 mL), cooled to O°C and saturated with HIS (gas), was 
added to the flask containing the precipitated thioimido ester, then HIS 
(gas) was passed through the cooled (O°C), deep yellow solution for 
no more than 15 min after which the solution was allowed to stand 
stoppered for 5 min. The cooled solution was then treated with 2 N 
HCI to neutralize the pyridine and produce a pH of approximately 1. 
The oily mixture was extracted with ether, then the ethereal solution 
was washed with I N HCI, H20, saturated NaCl solution, then dried 
over NaZS04. The solution was then filtered and the ether removed by 
rotary evaporation. The dithioester was purified by passage down a 
silica gel column using ether/acetonitrile 9: 1. The purity of the 
sample was checked by nmr and elemental analysis. The yield was 
0.127 g (5% of theoretical yield based on nitrile), for the unlabelled 
material. 

Crystal data 
ClzHIsONSz fw = 253.38 
Orthorhombic, Pca2,,  a = 9.522 (2), b = 6.587 (I),  c = z1.025 (4) 
A, z = 4, p, = 1.278 g cm-', A (Mo K,) = 0.7107 A, p (Mo 
K,) = 3.75 cm-I. 

Yellow crystals of N-benzoyl-DL-alanine ethyl dithioester were ob- 
tained by diffusing hexane into a solution of the compound in ether. 
The data were measured at room temperature on an Enraf-Nonius 
CAD-4 diffractometer using a crystal of dimensions 0.70 X 0.40 
x 0.15 mm with Zr-filtered Mo K, radiation. The unit cell dirnen- 
sions were determined using 22 well-centered reflections in the 28 
range 26-38", The intensity data were measured to a 28 limit of 60" 
by the o / 8  scan mode (Ao = 0.80 + 0.25 tan 8") with a prescan 
speed of 3 113" per minute and the final scan with a time limit of 60 s. 
An empirical 6 absorption correction was applied making use of 
measurements on two reflections with x - 90". A total of 1969 unique 
reflections were measured of which 1641 had intensities greater than 
2u(I). 

The structure was solved using the computer program MULTAN 80 
(12) and refined using a block diagonal least-squares procedure. 
Weights for individual reflections were assigned from counting statis- 
tics. All the hydrogen atoms were located from the difference electron 
density map and were refined assigning isotropic thermal parameters, 
while non-hydrogen atoms were refined anisotropically. The scat- 
tering factors were taken from "international Tables" (13). All the 
1969 unique reflections measured were used in the refinement, the 
finalR(C I AF I/C I F ,  I) = 0.052, R(Cw ( AF I/Cw I F, 1) = 0.046, and 
the final electron density map was essentially featureless. The shift to 
u ratios jn the last cycle were all less than 0.1 and S[CwAFZ/ 
(m - n)]? = 1.05 

Spectral data 
The 647.1-nm excited Raman spectrum of a single crystal of N- 

benzoyl-DL-alanine ethyl dithioester was obtained using a Jarrell- Ash 
25-400 spectrometer-based system (14); approximately 50 mW of 
laser power and a spectral slit of 8 cm-' were used. The 324-nm 
excited RR spectra of N-benzoyl-DL-alanine ethyl dithioester in a 
powdered form were obtained using a multichannel system described 
recently (15). The solid material was used to coat the inside of a 
spinning quartz nmr tube and examined in the backscattering geom- 
etry. The RR spectra of N-benzoyl-DL-alanine ethyl dithioester in 
solution were obtained from 1-2 rnL of solution contained in a quartz 
cuvette. The solution was stirred by a small Teflon-coated magnetic 
stirrer to obviate problems associated with photodecomposition or 
photo-isornerization (15), and examined in the normal 90" excitation- 
observation geometry. The RR spectra were obtained using approxi- 
mately 70 mW of 324-nm Kr' excitation and a spectral slit of 
12 cm-'. 

Results and discussion 
The crystal structure of N-benzoyl-DL-alanine ethyl dithioester 

Both the D and L forms of the dithioester occur in the crystal 
but since the cysteine proteinases exhibit a specificity for the L 
form of amino acid substrates the discussion will be concerned 
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ANGUS ET AL. 

TABLE ](a). Positional and thermal parameters of non- 
hydrogen atoms for the L species of N-benzoyl-DL- 

alanine ethyl dithioestef 

Code x/a ~ / b  z/c Be, 

"The fractional coordinates of sulfur atoms are multiplied by 
8n2 lo5, the rest by lo4. B ,  is calculated as 7 (VI I + U2? + UU). 

TABLE l(b). Positional and thermal parameters of hydrogen atoms 
and the bond lengths associated with thema 

x/a ~ / b  z/c B 

H(I) 674(3) -35(4) 544(1) 1.5 
H(2) 955(9) 248(12) 328(4) 6.5 
H(3) 958(4) 68(5) 317(2) 2.8 
H(4) 922(7) 210(8) 264(3) 4.9 
H(5) 716(7) 20(9) 301(3) 4.8 
H(6) 707(5) 257(7) 316(2) 4.0 
H(7) 791(4) -345(6) 492(2) 2.8 
H(8) 581(4) -450(5) 454(2) 2.8 
H(9) 516(3) -254(4) 472(1) 1.8 
H(10) 564(3) -398(4) 526(1) 1.7 
H(11) 688(4) 295(6) 567(2) 3.0 
H(12) 721(4) 570(5) 636(2) 3.0 
H(13) 889(9) 551(11) 714(4) 6.1 
H(14) 1030(7) 290(9) 730(3) 5.3 
H(15) 101 l(5) 18(7) 660(2) 3.7 

"The fractional coordinates are multiplied by 10'. 

Bonded 
to 

N( 1) 
C(1) 
C(1) 
C(1) 
C(2) 
C(2) 
C(4) 
C(5) 
C(5) 
C(5) 
C(8) 
C(9) 
C(10) 
C(11) 
C(12) 

Bond 
len~th 

(A) 

0.77(3) 
0.81(8) 
0.84(4) 
0.96(6) 
1.02(6) 
0.96(5) 
0.86(4) 
0.90(4) 
0.97(3) 
0.96(3) 
1.02(4) 
0.96(4) 
0.86(8) 
0.94(6) 
0.88(5) 

primarily with the L enantiomer. In the crystal structure the L 
and D forms are symmetry related. 'The positional parameters, 
the torsion angles, etc. reported in this paper are for the L form. 
The positional and thermal parameters of non-hydrogen atoms 
and hydrogen atoms in the N-benzoyl-L-alanine ethyl dithio- 
ester are shown in Tables la and lb,3 respectively, and its 
structure is depicted in Fig. 2. Some relevant torsional angles 
are given in Table 2 and bond distances and bond angles are 
given in Fig. 3. 

An important finding is that the N-benzoyl-DL-alanine ethyl 
dithioester assumes a B-type conformation. The characteristics 
of a B conformer are a small N-C-C-S(thio1) torsional 

3Tables of observed and calculated structure factors and aniso- 
tropic temperature factors are available at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Ont., Canada KIA OS2. 

FIG. 2. The thermal ellipsoid plot of N-benzoyl-L-alanine ethyl 
dithioester. 

TABLE 2. Selected torsional angles (deg) for 
the L species of N-benzoyl-DL-alanine ethyl 

dithioester 

Angles Deg 

FIG. 3. (a) Bond lengths and (b) angles for N-benzoyl-L-alanine 
ethyl dithioester. 

angle resulting from an N...S interaction, and nearly ortho- 
gonal amide and ester planes. The N-C(4)-C(3)-S(l) (+I) 
and C(6)-N-C(4)-C(3) (+I) torsional angles are -23.F0 
and -84.0°, respectively, and the N S distance is 2.830 A. 
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FIG. 4. The 0 plot. The contours represent A0 (deviations from 
0 minimum = 20. 1") of 0.5", 1 .OO, and 2.0". The open circles repre- 
sent the a',+' values for four glycine dithioesters. The a',+ point for 
N-benzoyl-L-alanine ethyl dithioester is marked as 8. 

B-type conformations are a favored conformational state of 
dithio- and thiol-esters of glycine but are essentially absent for 
glycine dioxygen esters (5). The pertinent structural parameters 
for N-benzoyl-DL-alanine ethyl dithioester are compared to 
those for various glycine dithio- and thiol-esters in Table 3. It 
is seen that the $' , +' angles, the N . S distance, and the bond 
lengths around the dithioester chromophore fall within, or close 
to, the range delineated for glycine dithioesters. Therefore, 
alanine dithioesters (and in all likelihood alanine thiolesters) 
can take up a B-type conformation very similar to that found 
for glycine based dithioesters and thiolesters. This finding is 
significant in view of the fact that substitution at the a carbon 
atom greatly restricts the conformational space available to 
dipeptides and depsipeptides (8). 

In a recent publication (3) it was shown that the + I ,  $' angles 
of four glycine dithioesters are correlated, a plot of +' vs. $' 
for the four dithioesters lying close to a straight line. These 
results demonstrated that there is a strongly preferred line of 
approach of the nitrogen to the thiol sulfur atom, which is 
retained over a fairly wide range of values for 4' and $'. The 
correlation is illustrated in Fig. 4 which also plots the contours 
for 0, which is defined as the angle between the N-. .S direc- 
tion and the normal to the amide plane at the nitrogen atom (3). 
On purely geometrical grounds it can be shown that the small- 
est value of 0 possible is about 20. lo, and Fig. 4 demonstrates 
that the glycine dithioester points all lie close to the 0 mini- 
mum. For the present structure the +', $' point lies slightly off 
the line defined by the glycine dithioester conformations (Fig. 
4). However, the deviation from Bmi, is less than 3" and clearly 
the line of approach of N to S (thiol) is very similar in the 
present alanine case to that found for the glycine dithioesters. 
This small deviation is most probably due to the steric effect of 
introducing the P CH3 group in the alanine case. Further evi- 

dence for a strong . S interaction is found in the N . . . S 
distance of 2.830 A (Table 3). This is the shortest N...S 
distance found to date, in this class of compound, and shoul! 
be compared to the sum of the van der Waals radii of 3.35 A 
(16). 

For N-benzoyl-DL-alanine ethyl dithioester the benzene ring 
is tilted by about 35" from the plane of the carbonyl. The 
C(1)-C(2) bond is essentially gauche with respect to the 
C(3)-S(1) bond; the torsional angle C(1)-C(2)-S(1)- 
C(3) is -84.8". Values close to +80", -80", and 180" have 
been found for this angle in dithio- and thiol-esters and are 
probably selected by crystal packing forces. The bonds meeting 
at C(3) and at C(6) are planar and thus there is no evidence for 
pyramidalization at either atom. As is normal for molecules 
containing the peptide linkage, there is an intermolec~l~ar 
N-H...O hydrogen bond. Th? N-H distance is 0.77(3) A, 
the N-. .O distance 2.941(3) A, and the N-H...O angle 
161(5)". 

Resonance Raman signatures for N-benzoyl-DL-alanine ethyl 
dithioester in its B and non-B conformations 

The RR signature for N-benzoyl-DL-alanine ethyl dithioester 
in its B form can be obtained by comparing the Raman spec- 
trum of a single crystal of the compound (Fig. 5) with the RR 
spectrum of the powdered material (Fig. 6). Under the experi- 
mental conditions employed in this work, the Raman, or RR, 
spectrum of the D form is identical to the spectrum of the L 
form.Thus, the spectral data for the DL mixture may be cor- 
related immediately to the structure of the L form given empha- 
sis here. The Raman spectrum was obtained from the same 
crystal used for X-ray crystallographic analysis and the con- 
formationally sensitive bands in the RR spectrum at 1091,683, 
and 566 cm-' in all likelihood correspond to the bands seen in 
the Raman spectrum at 1086, 680, and 562 cm-'. 'The corre- 
spondence between the Raman spectrum of the single crystal 
and the RR spectrum of the powdered material is supported by 
the results for the PhC(=O)NHCHCH3'3C(=S)SC2H, com- 
pound. The RR results (Fig. 6) indicate that the 1091 cm-' 
band is a composite feature, the most intense part of which 
shifts to 1063 cm-'. Similarly the feature at 1086 cm-' in the 
single crystal spectrum (Fig. 5) is probably made up of more 
than one band and its major contributor shifts to 1066 cm-' 
upon I3C=S substitution (data not shown). The band near 682 
cm-' is unshifted in both the Raman and RR spectra upon 
I3C=S substitution and the band near 504 cm-' shifts to lower 
frequency by 4-5 cm-' in both cases. Since the single crystal 
is known to be in the B-form, the correspondence between the 
Raman and RR spectra establishes that the powdered material 
is also in the B form and that the RR B-signature of N-benzoyl- 
DL-alanine ethyl dithioester is that seen in Fig. 6. 

The relationship between RR spectral signature and con- 
formations is fairly well understood for glycine-based dithio- 
esters (1-4). This class of molecules in the B-form has an 
intense RR band near 1130 cm-', designated Band I1 (lo), 
which has major contributions from vc=, and v c - ~  (from the 
C-C(=S) linkage) motions. For the alanine derivative, the 
28 cm-' shift seen in the 1091 cm-' band upon I3C=S substi- 
tution (Fig. 6) makes it probable that the 1091 cm-' feature 
corresponds to Band I1 for this molecule. The 1169 cm-' 
feature (Fig. 6) is probably analogous to the highly delocalized 
mode seen in this region in glycine derivatives (3). RR features 
are also seen near 1040 and 685 cm-' for both glycine and 
alanine dithioesters (Figs. 5 and 6, and ref. 3) and it is likely 
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TABLE 3. Pertinent structural and Raman data for N-acylglycine dithioesters and thiolesters and N-benzoyl-L-alanine ethyl dithioester 

Compound Conformer N So C-Cb C=S C-Sd S-C' 4)' $' Band I1 vc-sf vs-cR C-S-C-C 

glycine ethyl 
dithioester (ref. 2) A 3.043 1.516(4) A 1.615(3) A 1.727(3) A 1.791(4) A -86.2" -171.7" 1169' 660 680 -83.9 

N-benzoylglycine 
ethyl dithioester I 
(ref. 3) B 2.866 1.522(3) 1.615(3) 1.710(3) 1.804(3) -78.7 -15.5 1120 600 700 - 176.1 

N-benzoylglycine 
ethyl dithioester I1 
(ref. 3) B 2.846 1.522(3) 1.624(3) 1.711(3) 1.804(3) -83.5 -10.5 1120 600 700 +178.8 

N-(p-chlorobenzoyl) 
glycine ethyl > 
dithioester (ref. 3) B 2.851 1.518(3) 1.618(3) 1.710(3) 1.820(3) -97.1 +9.5 1124 587 681 -88.7 3 

N-acetylglycine ethyl 5 
dithioester (ref. 2) B 2.891 1.504(11) 1.635(5) 1.700(6) 1.807(9) -76.3 -22.2 1143 584 698 - 168.5 3 > 

N-benzoyl-L-alanine r 
ethyl dithioester B 2.830 1.530(4) 1.614(3) 1.718(3) 1.807(3) -84.0 -23.0 1086 562 680 -84.8 

N-benzoylglycyine 
ethyl thiolester (ref. 5) B 2.879 1.521(7) - 1.722(5) 1.802(5) - 88.7 +5.4 - 621h 678h -79.0 

N-(P-phenylpropionyl) 
glycine ethyl 
thiolester (ref. 5) B 2.930 1.492(4) - 1.764(4) 1.809(4) -84.8 - 15.4 - 606h 672h +79.1 

"Sulfur cis to N. In conformer A it is thione and for the remaining it is thiol. 
bC-C(=~) bond. 
'Band I, band positions are for crystalline form. 
"(=S)-S bond. 
' S-C2Hs. 
'vc-s is an intense mode in the RR spectrum which contains contributions from stretching motions of the C-C(=S)-S group. 
xvs-c is a fairly localized motion of the S-C linkage. 
*Unpublished work, this laboratory. C
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FIG. 5 .  The 654.1-nm excited Raman spectrum of a single crystal of N-benzoyl-DL-alanine ethyl dithioester. 

FIG. 6 .  Resonance Raman spectra of powdered N-benzoyl-DL- 
alanine ethyl dithioester. The quartz of the sample tube makes a 
contribution in the regions marked with an asterisk. 

that the latter band has a major contribution from v,-, (from 
the S-CHI bond) in both cases. The RR peak near 565 cm-' 
(Figs. 5, 6) probably corresponds to the conformationally 
sensitive mode seen near 600 cm-' for glycine dithioesters (4), 
neither feature being very sensitive to I3C=S substitution. 
Thus, both the conformationally sensitive features, one in the 
1100 and the other in the 600 cm-' region, appear at approxi- 
mately 30 cm-' lower in the alanine case. Since the crys- 
tallographic results indicate that bond lengths are very similar 
in the glycine and alanine derivatives, it is unlikely that the 
frequency differences are due to a change in bond order. 

FIG. 7 .  Resonance Raman spectra (324-nm excitation) of -2 X 

M N-benzoyl-DL-alanine ethyl dithioester in CH3CN/H20 
(1 :200 v/v). The feature marked with an asterisk is due to CH3CN. 

Rather, it is likely that the lowering of the frequencies is 
brought about by the change in the potential energy distribution 
as a consequence of the insertion of the methyl group at the a 
carbon. In this regard, it is noteworthy that the most intense 
features in the RR spectra of ethyl dithiotrimethyl acetate occur 
at atypically low frequencies for a dialkyl dithioester, namely 
at 1108 and 573 cm-' (17). 

Figure 7 demonstrates that the B-signature, and thus the 
conformation, is similar in H20/CH3CN solution to that in the 
solid phase. The conformationally sensitive B-markers occur at 
1098 and 566 cm-' in CH3CN/H20, close to the 1091 and 566 
cm-' values found for the solid. Moreover, the 25 cm-' shift 
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derivatives in CCl, and it is suggested that it has some v c - ~  
character from the C,-CH3 bond. 

It follows from the above discussion that vibrational cou- 
pling involving the C,-CH3 group modifies the RR signature 
of the B conformer, but not the C5 (and probably not the A )  
form. Thus, considering a Newman projection along C4-C3 
the potential energy distribution is modified for 

conformer B 

but not for 

s 
conformer Cs 

One outcome of the present work will be that the charac- 
teristic signatures for C5 (and A)  and B type conformers of the 
alanine dithioester established here can be used in future inves- 
tigations of acyl-papains in which the alanine moiety is bound 
to cysteine-25 in papain's active site. 
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Structure and nuclear magnetic resonance spectra of 
6-bromo-3,3',4' ,5,7-penta-0-methylcatechin 

F. W. B. EINSTEIN,~ E. KIEHLMANN,' AND E. K. WOLOWIDNYK 
Department of Chemistry, Simon Fraser University, Burnaby, B.C., Canada V5A IS6 

Received September 12, 1984 

F. W. B. EINSTEIN, E. KIEHLMANN, and E. K. WOLOWIDNYK. Can. J. Chem. 63, 2176 (1985). 
The title compound has been synthesized by selective debromination of 6,8-dibromocatechin and indirect methylation of the 

resulting 6-bromocatechin via its pentaacetate. The structure of C20H23B106 has been {etermined by X-ray crystallography. 
The compound crystallizes in the space group P 1 with a = 9.589(3) A, b = 11.576(3) A, c = 11.326(3) A, a = 118.80(3)", 
p = 93.23(3)", y = 11 1.44(3)", p, = 1.481 g ~ m - ~ ,  and Z = 2. Intensities were measured for 2584 independent reflections 
(20 < 45") of which 2213 were observed (1 > 3.0u(1)) and used in subsequent refinement (final R values were R  = 0.0268 
and R ,  = 0.0344). Crystallographic and pmr data c o n f i  the position of the bromine atom at C-6, the trans-diaxial 
arrangement of H-2/H-3 and the quasi-equatorial orientation of the 3,4-dimethoxyphenyl group (ring B). The two heterocyclic 
ring conformations are consistent with the expected flexibility of the molecule. 

F. W. B. EINSTEIN, E. KIEHLMANN et E. K. WOLOWIDNYK. Can. J. Chem. 63, 2176 (1985). 
On a synthCtisC le composC mentionnk dans le titre par une dibromation de la dibromo-6,8 catkchine et par une methylation 

indirecte de la bromo-6 catichine qui en rksulte, via son pentaacktate. On a dCtermint la structure du composC C20H23B106 
par diffraction des rayons x. Le composC cristallise dans le groupe d'espace P l ,  avec a = 9,589(3) A, b = 11,576(3) A, 
c = 11,326(3) A, a = 118,80(3)", P = 93,23(3)", y = 11 1,44(3)", p, = 1,481 g cm-3 et Z = 2. On a mesurC les intensitCs 
pour 2584 riflexions indkpendantes (20 < 45") desquelles 2213 ont Cti observkes (1 > 3u(l)) et utilistes pour I'affinement 
jusqu'ii des valeurs finales de R = 0,0268 et R ,  = 0,0344. Les donnCes cristallographiques et de rmn du 'H confirment la 
position de I'atome de brome en C-6, I'arrangement trans-diaxial des H-2/H-3 et I'orientation quasi-Cquatoriale du groupement 
dimtthoxy-3,4 phtnyle (cycle B). Les conformations des deux hCtCrocycles sont en accord avec la flexibiliti attendue d e  la 
molCcule. 

[Traduit par le journal] 

Introduction 
The regiochemistry of electrophilic substitution of the 

phloroglucinol ring (ring A) of flavan-3,5,7-triols continues 
to attract attention in view of its importance in determining 
the structure and conformations of condensed tannins. The 
first halogenations of catechin derivatives were reported by 
Liebermann and Tauchert (1) who obtained monochloro- and 
monobromocatechin pentaacetates from catechin pentaacetate 
and molecular halogen in glacial acetic acid, and by Kostanecki 
and co-workers (2) and Freudenberg and co-workers (3) who 
halogenated methylated catechins by the same procedure. 

Weinges and co-workers (4) claimed in 1968 that electrophilic 
substitution occurs preferentially at C-8; however, the tech- 
niques of structure determination available at that time did not 
permit a clear distinction between two regio-isomeric mono- 
substitution products. It was not until 1977 that the config- 
uration of 8-bromo-tetra-0-methylcatechin was proven by X- 
ray structure analysis ( 3 ,  the prnr parameters of a series of 
chemically correlated 8-substituted catechins were recorded 
and the first 6-bromo derivative was synthesized by partial 
debromination of the corresponding 6,8-dibromo compound 
(6), as shown in route a of reaction [ l]  

(1) benzylation ~~~$fy~~, (1) Hz0 

Meoqy iH  / (2) BuLi Br (2) H21Pd ' 
(route a)  Br 

Fr OMe M e 0  

\ (1) MeI/Ag20 
(1) D20, 
(2) BULI M e O r n ~ ~  

(2) BuLi (3) Hz0 ' 
(route 6) Li D 

'To whom correspondehce may be addressed. 
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TABLE 1. Atomic parameters and Beq's of non-hydrogen atoms; esd's refer to the last digit printed* 

Atom x Y z B eq Atom x Y z B eq 

* B ,  is the arithmetic mean of the principal axes of the thermal ellipsoid. 

In this reaction, lithiation was postulated to occur regio- 
selectively at the sterically less hindered C-8 position, based on 
the measured pmr parameters of 1, though Weinges, in a re- 
lated study (7), had claimed lithiation at C-6 of 6,8-dibromo- 
penta-0-methylcatechin under comparable conditions (reaction 
[I], route b). To resolve this discrepancy, rule out epi- 
merization as competing reaction and to obtain an authentic 
sample of a 6-substituted catechin for chemical and spectral 
correlation, we decided to prepare 6-bromopenta-0-methyl- 
catechin by a new route and determine its structure by X-ray 
diffraction. 

Discussion 
6-Bromocatechin was synthesized by regioselective debro- 

mination of 6,8-dibromocatechin as described in the literature 
(10). Although direct pentamethylation with methyl iodide 
and silver oxide (11) is possible, we chose Freudenberg's 
acetylation-methylation sequence (12) in order to compare the 
pmr parameters of the resulting intermediates with published 
literature values. In the event, we found reasonable agreement 
for 6-bromocatechin pentaacetate and excellent agreement of 
the chemical shifts and coupling constants reported for 6-bro- 
motetra-0-methylcatechin (13). Since the latter compound has 
been previously prepared under much milder reaction condi- 
tions, i.e., methylation of 6-bromocatechin with diazomethane 
(13) and catalytic hydrogenolysis of the coriesponding 3-0- 
benzyl ether (6b), our results demonstrate that epimerization is 
not a significant side reaction in the conversion of 6-bro- 
mocatechin pentaacetate to 6-bromo-tetra-0-methylcatechitl 
with dimethyl sulfate and strong base. This procedure may, 

therefore, be used to derivatize flavanoids which give low 
yields and/or mixtures of partially methylated products with 
diazomethane or dimethyl sulfate/potassium carbonate. 6- 
Bromo-3',4',5(or 7)-tri-0-methyl-7(or 5)-0-acetylcatechin was 
identified as byproduct. 

While the major product of partial debromination of 3-0- 
benzyl-6,8-dibromo-3',4',5,7-tetra-O-methylcatechin with n- 
butyl lithium, followed by protonation of the lithiated in- 
termediate (reaction [I], route a) and chromatographic 
purification (6), is indeed 3-0-benzyl-6-bromo-3',4',5,7-tetra- 
0-methylcatechin as evidenced by the identity (melting point, 
pmr) of its hydrogenolysis product with the 6-bromotetra-O- 
methylcatechin prepared independently by the afore-mentioned 
route, the 8-bromo isomer is also formed but retained longer on 
the chromatography column. Thus, the isolation of 6-deutero- 
8-bromopenta-0-methylcatechin (2) from the partial lithiation 
and deuteration of 6,8-dibromopenta-0-methylcatechin (re- 
action [I], route b) by Weinges et al. (7) appears to be simply 
a consequence of its lower solubility in ethanol (relative to the 
6-bromo isomer). It may, therefore, be concluded that the 6- 
and 8-position of alkylated 6,8-dibromocatechins do not differ 
significantly in their reactivity toward n-butyl lithium. Our 
finding that catechin pentaacetate undergoes predominantly 
6-bromination provides further proof that steric accessibility 
(favoring C-8 over C-6) is not the only factor determining 
the orientation in substitution reactions of ring A of catechin 
derivatives. 

Methylation of the 3-hydroxy group was achieved by 
Purdie's method (1 l), thus completing the synthesis of this new 
compound (reaction [2]). 
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FIG. 1. Snoopi diagram showing molecule A viewed normal to the fused ring system 

Detailed analysis of the prnr spectrum (in CDC13) of 6- 
bromopenta-O-methylcatechin (3), including computer simu- 
lation, permitted for the first time the assignment of all res- 
onances to specific protons with the exception of the two 
methoxy peaks of ring B. 'The heterocyclic ring protons absorb 
at 4.892 (H-2), 3.689 (H-3), 3.05 1 (H-4 equatorial) and 2.770 
(H-4 axial) ppm, with coupling constants of 7.2 (J23), 5.0 
(J3&), 7.7 (J34a), and 16.3 Hz (J,). The large values for JZ3 and 
J34a are indicative of trans-diaxial arrangements in a half-chair 
conformation. Decoupling experiments showed that H-2 is 
long-range coupled to H-4a ( J  = 0.4 Hz) and H-6' ( J  = 0.6 
Hz), and that both H-4a and H-4e are weakly coupled to H-8 
(line broadening). The aromatic protons of ring B resonate at 
6.895 (H-27, 6.876 (H-57, and 6.941 pprn (H-67, with 
coupling constants of 2.0 (J2,#) and 8.2 Hz (55'6'); the line 
widths of the H-2' and H-5' signals indicate weak para 
coupling. Irradiation of H-8 (6 6.379 ppm) leads to NOE en- 
hancement of the singlet at 3.828 pprn which can, therefore, be 
assigned to the methoxy group at C-7 (14). Line shape analysis 
reveals that of the five methoxy peaks only three are broadened 
due to long-range spin coupling to the respective ortho- 
hydrogens ( J  approx. 0.2 Hz) thus permitting their assignment 
to Me0-7 (3.828 ppm) and Me0-3' ,4' (3.887 and 3.875 ppm) 
and the assignment of the singlets at 3.817 and 3.251 pprn to 
Me0-5 and Me0-3, respectively. 

The unit cell contains two molecules which differ in the 
conformation of the heterocyclic ring.2 While C-2 is above and 

'The complete set of data can be purchased from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada KIA 0S2. 

C-3 below the plane of ring A in both molecules, the heavy 
atoms attached at these two positions (C-11 at C-2 and 0 at 
C-3) are located above this plane in molecule B ("sofa") and 
below in molecule A ("half-chair"), indicating a high degree of 
conformational flexibility (see Tables 4 and 5) (Fig. 1). The 
dihedral angles measured for the "sofa" conformation are very 
close to the values reported in the literature (5) for 8-bromo- 
tetra-O-methylcatechin. The O/C-2/C-3/C-4 dihedral angle of 
60" shows the trans-diaxial arrangement of H-2 and H-3 and 
the quasi-equatorial position of ring B in both molecules. 

Experimental 
Mass spectra were recorded on an HP-5985 quadmpole instrument, 

nmr spectra on a Bmker spectrometer (400 MHz); chemical shifts (in 
CDC13) are reported in ppm downfield from TMS. 

6-Bromocatechin was prepared as described in the literature (10) 
and acetylated with acetic anhydride and pyridine (13). The penta- 
acetate (290 mg), mp 146- 149°C (lit. (13) 149- 15 1°C) was dis- 
solved in methanol (1.5 mL) and methylated with dimethyl sulphate 
(0.70 mL) and 50% aqueous KOH (added dropwise over a I-h period) 
according to Freudenberg's procedure (12). The usual workup gave a 
mixture (133 mg) containing 6-bromotetra-O-rnethylcatechin (1) as 
major product, with melting point (126- 128°C) and pmr spectrum of 
a purified sample identical to the values reported in the literature (6, 
13), and 6-bromo-3',4',5(or 7)-tri-O-methyl-7(or 5)-O-acetylcatechin 
as minor product, identified by its pmr parameters: 6 6.980/6.936/ 
6.894 (3H, dd/d/d, J = 2.0 and 8.2 Hz, H-2'/5'/6'), 6.454 (s, H-8), 
4.653 (d, J = 8.6 Hz, H-2), 4.06 (m, H-3), 3.88713.821 (s, 9H, 3 X 

OMe), 2.9712.62 (m, 2H, H-4), and 2.360 (s, 3H, OAc). 
Exhaustive methylation (1 1) of the mixture (42 mg) in DMF (0.40 

mL) with silver oxide (50 rng) and methyl iodide (0.16 mL, added in 
four portions over a period of six days) gave the title compound in 93% 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



EINSTEIN ET AL. 2179 

TABLE 2. Bond distances 

Distance (A) 

Bonds Molecule A Molecule B 

yield, mp 140- 142°C after recrystallization from EtOH. Anal. calcd. 
for C20HZ3BrO6: C 54.68, H 5.28; found: C 54.47, H 5.28. Mass 
spectrum (70 eV): molecular ion at m/e 438 (4.0) and 440 (3.3), 289 
(7.2), 287 (7.0), 195 (1 IS) ,  194 (loo), 179 (16.0), and 151 (7.0). 
Cmr (100.6 MHz) 6 25.0 (C-4), 56.0, 56.4, 57.4 (ArOMe), 60.2 
(ROMe), 76.5 (C-3), 80.0 (C-2), 96.9 (C-8), 98.2 (C-6), 107.7 
(C-lo), 110.1, 111.4 (C-2', C-5'), 119.4 (C-6'), 131.3 (C-l'), 149.2 
(C-3', C-4'), 154.7, 156.0 (C-5, C-7), and 156.5 (C-9). 

Structure determination 
Crystal data fw = 439.14 
C ~ O H ~ ~ B ~ S  
Triclinic P 1, a = 9.589(3) A, b = 11.576(3) A, c = 11.326(3)J, 
a = 118.80(3)", P = 93.23(3)", y = 111.44(3)", V = 982.8 A3, 
Q ,  = 1.481 g ~ m - ~ ,  Z = 2, p = 20.998 cm-I, -y (MoKa,) = 0.70930 
A, F(000) = 45 1.94. 

A colourless rectangular shaped crystal (0.28 X 0.22 x 0.40 mm) 
was mounted on a Nonius CAD4F diffractometer with a graphite 
monochromator. Cell dimensions were determined using 25 inde- 
pendent reflections (20 = 17-31"). The take-off angle was 2.9" and 
a symmetrical 0-20 scan of (1.3 + 0.692 tan 0)" was used. Intensity 
data were collected in the 20 5 45" region at a variable speed (min- 
imum 2% min-'). The intensities of two standards were measured 
every 100 reflections and they were used to scale the data (+3.5%). 
Amongst 2584 independent reflections, 2213 were observed ( I  > 
3.0u(I)), and the structure analysis is based on them. Analytical 
absorption corrections were applied by the method of Tompa (7 = 
0.524-0.659) (8a). 

Conventional Patterson and Fourier methods were used to solve the 
structure. Refinement by full-matrix least-squares proceeded slowly. 
The chirality of the molecule was confirmed prior to inclusion of the 
hydrogen atoms and anisotropic refinement of the lighter atoms. 
Several cycles of refinement, not including anomalous scattering, 

TABLE 3. Bond angles 

Angle (deg) 

Bonds Molecule A Molecule B 

were followed by two independent refinements (for each band), the 
difference in results being R = 0.0617, R., = 0.0685 and GOF = 9.53 
for the correct (indicated) model and R = 0.0629, R,. = 0.0703 and 
GOF = 9.78 for the alternative. R = EIIF,~ - ~F,~(/ZIF,I, R ,  = 

[Cw(IFol - IF,~)~/Z, .IF,)~I~/~,  and GOF = (Z..((F,I - (F,1)2/(Nobs - 
N,,,))"~. Hydrogen atoms were mostly located from electron density 
difference maps and in all cases recalculated with a C--H distance of 
0.95 A. The temperature f!ctors assigned were 7.1 1 A' for methyl 
hydrogen atoms and 4.74 for the remainder. 

Final full-matrix least-squares refinement was carried out for all 
non-hydrogen atoms (anisotropic temperature factors). The final 
agreement was R = 0.0268 and R,. = 0.034 and GOF = 1.48 for 484 
variables. A weighting scheme of the form w = I/(u2(F,) + k ~ : )  was 
applied (where k = 0.0004) and did not show any systematic trends 
as a function of JF,~, sin 0/A or h, k, 1. The final difference map had, 
as its only major feature, six peaks and troughs (max. 0.38(5), 
-0.22(5) e/A3) around the bromine atoms. 

The atomic scattering factors, including anomalous scattering, were 
taken from ref. 9. The computer programs used are those from ref. 8. 
Final coordinates are listed in Table 1, and interatomic distances and 
angles are listed in Tables 2 and 3. 
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TABLE 4.  Deviations of heterocyclic ring atoms from the mean plane 
of the fused benzene ring 

( a )  Equations of the best planes 

Plane Equation xZ 

( b )  Deviations from the best plane (A) 

Deviation 

Plane (I)  Plane ( 2 )  
Atom Molecule A Molecule B 

TABLE 5.  Dihedral angles in heterocyclic ring 

Angle (deg) 

Bonds Molecule A Molecule B 

VOL. 63. 1985 
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A vanadium-51 nuclear magnetic resonance investigation of vanadate oxyanions in a 
lyotropic liquid crystalline bilayer system 
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ALAN S. TRACEY and KEITH RADLEY. Can. J. Chem. 63, 2181 (1985). 
The vanadate ion V04H2- and two of its polymeric forms contained in mixed lyotropic mesophase prepared from potassium 

dodecanoateln-alkyltrimethylammonium bromide in water have been investigated by "V nuclear magnetic resonance spec- 
troscopy. The results indicate that the tetrahedral ion interacts with the micellar surface through the hydrating water associated 
with this ion. The ion undergoes strong interactions with the carboxylate headgroup of the dodecanoate as well as with the 
headgroup of the alkyltrimethylammonium detergent, which of course is of opposite charge. The other two species investigated 
have previously been assigned by various workers to V2074- and its cyclic dimer V40124-. The results obtained here are not 
consistent with those assignments but rather with more symmetrical compounds such as the tetrahedral uncharged molecule 
V4010 and a higher analogue of this, respectively. The nmr spectra from these latter species show that they undergo, at best, 
extremely weak interactions with the cationic surface but strong interactions with an anionic one. The behaviour of the 
quadrupole splittings observed is consistent with specific interactions to the carboxylate moiety. The observation of an induced 
chemical shift separation between vanadium resonances from the same highly symmetric species confirms that binding of this 
compound is very strong. 

ALAN S. TRACEY et KEITH RADLEY. Can. J. Chem. 63, 2181 (1985) 
Faisant appel 21 la nnn du "V, on a CtudiC l'ion vanadate V04H2- et deux de ses formes polymCriques contenus dans une 

mksophase lyotrope prkparte ?i partir de dodecanoate de potassium/bromure de n-alkyltrimCthylammonium dans de I'eau. Les 
ksultats indiquent que I'ion tCtraCdrique interagit avec la surface micellaire par le biais de l'eau hydratante qui est associCe 
avec cet ion. L'ion subit de fortes interactions du groupe carboxylate du dodtcanoate de mCme que du groupe alkyl- 
himtthylammonium du dCtergent qui est de charge opposCe. Pour les deux autres esptces ttudiees, divers auteurs leurs avaient 
anterieurement attribuC les structures suivantes: V2074- et son dimtre cyclique V40124-. Les rksultats obtenus dans notre travail 
ne sont pas en accord avec ces attributions; ils favorisent plutBt des structures plus symetriques comme celles d'une molCcule 
tCtraCdrique ne portant pas de charge, V4010, ainsi que celle d'un de ses analogues superieurs. Les spectres nnn de ces esptces 
montrent que, dans les meilleures conditions, ils ne subissent que de faibles interactions avec la surface cationique alors qu'ils 
subissent de fortes interactions avec la surface anionique. Le comportement observe pour les couplages quadrupolaires est en 
accord avec les interactions specifiques de la portion carboxylate. La presence d'une separation induite par le dkplacement 
chimique, entre les diverses rtsonances du vanadium des mCmes esptces hautement symetriques, confirme que la coordination 
de ce compost est trts forte. 

[Traduit par le journal] 

Introduction 
The oxyanions of vanadium (V) display a complex chemistry 

in aqueous solution, forming an extensive array of anionic 
forms varying from the monomeric V02- to the polymeric 
decavanadate Vlo0286-. These ions have been investigated by 
5'V nuclear magnetic resonance (nmr) spectroscopic techniques 
and structures have been assigned to most of the observed 
resonances (1 -6). 

Vanadate oxyanions are of great importance to the life pro- 
cesses of biological systems, vanadium apparently being an 
essential nutrient which appears to have its major effect on 
the action of enzymes (7). However, its function is not well 
understood. 

In view of both the intrinsic interest in vanadate anions 
themselves and of their importance in living systems, it was 
decided to investigate the behaviour of these ions in the liquid 
crystalline bilayer system prepared from potassium dodecan- 
oateln-alkyltrimethylammonium bromide combined in various 
proportions in DzO. This system is particularly useful since the 
charge on the bilayer surface can be varied as desired. Details 
of ion binding interactions not otherwise readily available can 
be obtained via the nuclear quadrupole splitting (8, 9). 

Vanadium-51 is a spin 712 nucleus and therefore has an 
electric nuclear quadrupole moment. As a consequence of the 
quadrupole moment, 51V provides nmr spectra characterized by 

'Author to whom correspondence may be addressed. 

a chemical shift and a quadrupole splitting when contained in 
an anisotropic solvent. The quadrupole splitting, Av, is de- 
pendent on the partial alignment of the quadrupolar nucleus 
with respect to the applied magnetic field of the nmr spec- 
trometer, so that eq. [ l ]  is obtained, where Q, is the quadrupole 
coupling constant for 51V in the chemical species of interest and 

I is the nuclear spin (10). q is a measure of the asymmetry in 
QV and this term is not imporlit for the highly symmetrical 
species investigated here. The various Stii are order parameters 
describing the partial alignment of the molecular fixed electric 
field gradients, which alignment gives rise to the quadrupole 
splitting. The SJii can be written in terms of a molecular based 
coordinate system but this transformation is not necessary for 
this study. 

Quadrupole splittings from molecular or ionic species with 
tetrahedral or higher symmetry can only arise by distorting the 
highly symmetric shape to lower symmetry. Specific inter- 
actions (1 1, 12) including those resulting from ion binding (1 1) 
can cause distortions, therefore giving rise to such splittings. If 
the molecule being investigated has symmetry lower than tet- 
rahedral, the forces within the liquid crystal will impose a 
partial alignment and quadrupole splittings will be obtained. 
The imposition of alignment may be taken to represent the fact 
that the three spatial coordinate axes are not equivalent. The 
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TABLE 1. Mesophase compositions and observed quadrupole splittings from the various components in this liquid crys- 
talline system 

Compositiona Spectral parameters (Hz) 

X K Dodec" T D T M A B ~ ~  DTMABr' Decanol hv  (D) bv (Na) AvI (V) Av, (V) SW, (V) 

"Compositions are given in mg. The amount of DzO used was 880 mg for each sample (DzO contained 7.5 wt.% CsCl and 2.5 wt.% 
Na,VO,). X is the mole fraction of potassium dodecanoate in total detergent. 

bAv (x) gives the quadrupole splittings observed for the nucleus x, while SWz gives the spectral width observed for the vanadium 
resonance of species 2. 

'Potassium dodecanoate. 
~etradecylhimethylammonium bromide. 
'Decyltrirnethylammonium bromide. 

liquid crystalline materials used here have a unique axis, the 
optic axis. 

At the vanadate concentration and pH of the solutions in- 
vestigated here three species are observable. The two major 
components correspond in chemical shift to those ions assigned 
to V04H2- and V2074- while the minor component corresponds 
to V40,,4- (3-5). V04H2- is the monoprotonated derivative of 
the tetrahedral ion V043- while V2074- and V40,24- are the 
dimer and tetramer of this ion, the vanadium atoms being 
linked through oxygen. 

Experimental 
The liquid crystalline materials used in this study have been de- 

scribed elsewhere and the procedure used here differs little from that 
previously reported (8, 9, 13). The compositions for the various 
mesophases studied are given in Table 1.  ''V and 170 nmr spectra 
were obtained at 30°C from a 400-MHz broadband nmr spectrometer 
operating unlocked in the FT mode at ambient temperature. 

The assignment of 51V resonances in the liquid crystal spectra was 
carried out by comparison of those spectra to spectra from aqueous 
solutions of varying composition and pH. The relevant spectra were 
distinguished only by minor differences from those given in ref. 4. 
No significant chemical shift differences between isotropic and 
anisotropic spectra were observed. 

Spectra were also obtained from solutions similar to those of the 
bottom entry of Table I,  except that decanol was not included in the 
preparation so that the solution was isotropic. The two major 5 1 ~  

signals were studied as a function of vanadate concentration. 
A solution similar to the top entry of Table 1 was prepared using 170 

enriched H,O (15 at.% 170) but with no decanol, so that the solution 
was isotropic. Several 51V and 170 spectra were obtained and carefully 
integrated. The requisite quantity of decanol was then added to the 
sample so as to form the nematic material. Further 170 and a ''v 
spectrum were obtained. 170 assignments were taken frorn ref. 4. 

Vanadium chemical shifts are reported relative to VOC13 prepared 
as an external reference, while oxygen shifts are relative to the 170 of 
the water. 

ResuIts and discussion 
The results of this study are summarized in Table 1. 

Figure I shows the various vanadium spectra obtained on pro- 

FIG. 1. The 51V nmr spectra obtained from the vanadate species as 
the mole fraction, X, of anionic detergent in total detergent was varied 
frorn X = 0 to X = 1. 

ceeding through the series of mesophases starting with 100% 
anionic amphiphile (potassium dodecanoate) to 100% cationic 
amphiphile (tetradecyltrimethylammonium bromide). There 
are various puzzling features of these spectra which must be 
explained. 

Turning first to the quadrupole splittings for Naf and D 2 0  
contained in the various samples (Table l ) ,  it is observed that 
the values are typical for these materials (8, 9, 13). Some minor 
problems were encountered with the formation of 50 and 60 
mol% phases, as seen in Fig. 1, but this is not important here. 
It is important to note that quadrupole splittings of up to several 
kHz were induced in the nominally spherical hydrated sodium 
ion by interactions with the anisotropic solvent. 

From Fig. 1 it is observed that one vanadate species provides 
quadmpole splittings throughout the range of compositions. 
From its chemical shift, -537.5 ppm, and from dilution and 
pH studies in aqueous solution this resonance is assigned to 
V04H2-, which is in agreement with the detailed work of other 
groups (2-6). The magnitude of the quadrupole splittings is 
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I .  
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

MOLE FRACTION POTASSIUM DODECANOATE 

FIG. 2.  The variation in the "V quadrupole splitting from the 
vO~H'- ion throughout the range of compositions of mesophases 
employed in this study. The dashed line has no theoretical 
significance. 

small, as expected from a vanadium nucleus in a tetrahedral 
environment. In fact the magnitude of the splitting is consistent 
with an ion that is very close to perfectly tetrahedral, which 
indicates that the proton of this ion, V04H2-, is probably only 
associated with the ion through the waters of hydration, so that 
tetrahedral symmetry is not lost. 

Figure 2 shows the variation of quadrupole splitting from the 
V04H2- ion as the charge on the micellar surface is varied from 
fully positive, X = 0, to fully negative, X = 1 .O. The jog in the 
figure at X = 0.5 and X = 0.6 is associated with mesophase 
formation problems, probably a result of the alkaline condi- 
tions employed. On proceeding from the anionic mesophase 
X = 1 to X = 0.7 there is a gradual decrease in the quadrupole 
splitting. A minimum is reached between X = 0.5 and 0.6, at 
which point the splitting begins to increase, reaching a max- 
imum at X = 0, the cationic mesophase. The magnitude of the 
maximum change in quadrupole splittings, about a factor of 
two, is not indicative of major changes in the mechanism of 
binding to the interface. The presence of a minimum in the 
curve may indicate that this ion, although carrying a negative 
charge, undergoes positive interactions with both the cationic 
and the anionic surfaces, although three-site binding cannot be 
ruled out. It has previously been found that the negatively 
charged aluminum ion, Al(OH)4-, interacts strongly in a posi- 
tive manner with carboxylate groups (8). It was suggested in 
that case that binding to the carboxylates occurred through the 
hydrating water. A similar mechanism may be operative here. 

On turning to Fig. 1 it is clear that the second resonance 
investigated here, which occurs at -552.1 ppm, shows a much 
different behaviour from that of the vanadate ion. This reso- 
nance corresponds to that which has been assigned to the 
V2074- ion. Because of the low symmetry of such an ion the 
forces of the anisotropic solvent should easily align it to give 
quadrupole splittings, particularly in the cationic mesophase. 
"V quadrupole splittings not only are not observed in that 
mesophase but the measured linewidths are not significantly 
different from those in normal aqueous medium, being about 
60 Hz in either case. Furthermore, quadrupole splittings, as 
evidenced by increasing linewidth, for this species arise only 
when a signitficant proportion ( ~ 4 0 % )  of cationic amphiphile 
has been replaced by the anionic material. Since quadrupole 
splittings were not resolved in the majority of the spectra, 
Fig. 3 shows the total linewidth of this resonance as a function 
of the mole fraction of potassium dodecanoate. The spectral 
width when corrected for the linewidth of a single transition, 

I .  

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
MOLE FRACTION POTASSIUM DODECANOATE 

FIG. 3. The spectral width variation of the "V resonance from the 
second component observed in this study. No theoretical significance 
should be attached to the dashed line. 

then divided by six, is a reasonable approximation to the 
quadrupole splitting, as is easily verified from Table 1. 

It is possible to provide rational arguments, based on struc- 
ture and orientation, to explain the absence of "V quadrupole 
splittings from this ion. Such arguments cannot simultaneously 
account for the absence of dipolar couplings between the two 
vanadium nuclei. In addition the 170 spectrum from an 
170-enriched sample showed no quadrupole splitting from the 
oxygens of this ion. It can only be that the ion is not being 
aligned by the anisotropic forces of the cationic solvent. It is 
extremely difficult to rationalize this conclusion in terms of the 
V2O7,- ion. Some information concerning this species is pro- 
vided by comparing oxygen and vanadium spectra of an iso- 
tropic solution prepared according to the composition of the top 
entry of Table 1, but without the decanol. From several inde- 
pendent vanadium spectra, a ratio of intensities for the -537 
and -562-ppm resonances of 1 :0.82 ? 0.02 was obtained. 
The corresponding ratio in the oxygen spectrum was 1 : 0.54 2 
0.02, where the errors represent the maximum deviation from 
the mean. From these values and assuming that V04H2- is the 
correct structural assignment for the -537 and 574.5-ppm res- 
onances of the vanadium and oxygen spectra, respectively, a 
ratio of 2: 5.3 k 0.2 for V to 0 is obtained. This provides the 
possible formulae n(V20S) and n(V40, ,). Interestingly enough, 
if it is assumed that the species presumed to be VO, is actually 
VOs, then a ratio of vanadium to oxygen for the second species 
of 1 : 4.0 + 0.2 is obtained. The oxygen signal of this second 
compound occurs at 696.8 ppm. Two other signals are ob- 
served which occur at 407 and 713 ppm. The former has 
previously been assigned to the bridging oxygen of V2074-, 
the latter has not previously been reported. It is not clear that 
either are associated with the much more intense 696.8-ppm 
resonance. The 7 13-ppm 170 resonance may be associated with 
the low intensity ''V signal not yet discussed. 

The third "V species investigated in this study, occurring at 
-573.1 ppm but not seen in Fig. 1 because of its low con- 
centration, also shows no quadrupole splittings in the X = 0 to 
X = 0.3 range of the nematic solutions. This latter species has 
been tentatively identified as the cyclic tetramer V40124- (4). 
Again, the absence of partial alignment is difficult to accept. 
There are various lines of evidence which point to the high 
symmetry of the species giving rise to the -562. I-ppm "V 
resonance. They include the "V linewidth of about 60 HZ, 
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which is comparable to that of the -537.5 ppm (V04H2-) 
resonance. Narrow linewidths derive from inefficient quadru- 
pole relaxation, a consequence of high symmetry. The most 
compelling evidence for high symmetry is the fact that there is 
no alignment of this compound in the cationic liquid crystalline 
solution. No compound of other than tetrahedral or higher 
symmetry has been observed not to align in a liquid crystalline 
medium and even such highly symmetrical species almost in- 
variably give rise to quadrupole or dipole splittings because of 
distortion forces. In this vanadium case, we have not one but 
two species which are not aligned yet have been assigned 
structures not compatible with that finding. It is therefore pro- 
posed that the second species being observed is V4Ol0, the 
tetrahedral uncharged dimer of V2074-, while the third species 
is a higher analogue. V4Ol0 will have vanadium at the vertices 
of a tetrahedron with linkages occurring through oxygen. Like 
other tetrahedral species, quadrupole splittings can only be 
observed if the molecule is distorted from its high symmetry by 
interactions with the solvent. 

Irrespective of identity, it is clear that this compound under- 
goes extremely weak if not repulsive interactions with the pos- 
itively charged surface and only begins interacting with the 
interface when about 40% of the amphiphilic headgroups in the 
interface are carboxylates. There follows an approximately 
linear increase in quadrupole splitting with dodecanoate con- 
centration, which indicates that specific interactions between 
the carboxylate groups of potassium dodecanoate and this 
vanadate species occur. An important aspect of the signal is the 
apparent lack of resolution until high concentrations of carbox- 
ylate are employed, at which point not seven but eight transi- 
tions occurring in pairs of equal intensity were obtained. This 
behaviour can be seen, although not clearly, in Fig. 1. Such a 
spectrum can only be ascribed to two superimposed, equally 
intense spectra chemically shifted from each other by about one 
quadrupole splitting. Spectra simulation served to confirm this 
conclusion. Heating the sample until it became isotropic 
(337 K) caused collapse of the spectrum to a single transition. 
Furthermore, preparation of samples similar to the bottom 
entry of Table 1 for which the composition was unchanged, 
except for the absence of decanol (thus providing an isotropic 
solution), also provided a single transition for this species. 
From this it is apparent that collapse of this spectrum to a single 
transition results from the loss of an induced shift because of 
the change to isotropic medium. Liquid crystals can induce 
chemical shifts because the shift is a tensor quantity and, like 
quadrupole splittings, is orientation dependent (14, 15). 

It is clear from these results that this species interacts very 
strongly with the carboxylate headgroups of the bilayer inter- 
face. The binding is sufficient to slow exchange enough to see 
signals from two types of vanadium nuclei in the same mole- 
cule via an induced chemical shift. These nuclei would be 
identical if the molecule was not bound. This accounts for the 
broadness of the transitions in the intermediate regions of 
Fig. 1, where exchange occurs at a rate comparable to chemical 
shift. 

Dilution studies were carried out for preparations in which 
decanol was not included. While the other components were 

kept at constant proportions the vanadate concentration was 
decreased by factors of 2 to a total change of 64. The relative 
proportions of the two components were obtained from the nmr 
spectra. Comparison of these proportions with those calculated 
from a simple equilibrium expression indicated the presence of 
an equilibrium of the type 3VI * 2V2, where V, corresponds 
to vanadium resonance 1 and V2 to resonance 2. These results 
apparently rule out an equilibrium of the type 4Vo4 S. V4Ol0 
and may indicate that resonance 1, ascribed to V04H2-, has 
been incorrectly described. 

The results of this dilution study are ambiguous, the situation 
no doubt being complicated by the presence of potassium do- 
decanoate. Considerably more work is required for this vana- 
date system, particularly in an aqueous system free from the 
complicating influence of detergents and electrolytes. The 
species assigned here and by others as V04H2- must be un- 
equivocally identified. Independent evidence for the structure 
of V4Ol0 is also required since the results here, although in- 
dicating a highly symmetric species, do not specify the number 
of vanadium nuclei in that compound. Work aimed at pro- 
viding an unambiguous identification of these and the various 
other vanadium resonances observed in aqueous solution is in 
progress. 
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A. LACHAPELLE and M. ST-JACQUES. Can. J. Chem. 63, 2185 (1985). 
The conformational properties of 8,ll-dimethyl-5,6-benzo-2-0x0- 1,3,2-dioxathiepin (5) and of 4,4-dimethyl-5,6-benzo-2- 

I 

0x0-1,3,2-dioxathiepin (6) have been investigated using 'H and "C dnmr as well as ir spectroscopy. Analysis of low 
I temperature nmr spectra (down to - 148°C) and of S=O stretching vibrations in room temperature ir spectra indicates that 

the most stable conformations detected for solutions in CHF2CI/CD2C12 (80:20) are TB (83%) and C-a (17%) for 5 and only 
the TB 7 for 6. Substituent effects of methyl groups at the peri and the benzylic positions on the conformational properties 
of the seven-membered sulfites are discussed. 

A. LACHAPELLE et M. ST-JACQUES. Can. J. Chem. 63, 2185 (1985). 
Les propriktks conformationnnelles de la dimkthyl-8,1l-benzo-5,6-oxo-2-dioxathi$ine-l,3,2 (5) et de la dimkthyl-4,4- 

benzo-5,6-0x0-2-dioxathikpine-1,3,2 (6) ont Ctk Ctudiks h I'aide de la spectroscopie rmn dynamique 'H et "C, ainsi que de 
la spectroscopie ir. L'analyse des spectres de la rmn i basse tempbature (jusqu'h - 148°C) et des frtquences de vibration 
d'klongation du lien S=O ti tempkrature de la pikce indique que les conformations les plus stables en solution dans un mklange 
CHF2CI/CD2C12 (80: 20) sont TB (83%) et C-a (17%) pour le composk 5 et seulement la forme TB 7 pour le composk 6. Les 
effets de groupements mkthyles en position pCri ou benzylique sur les propriCtCs conformationnelles des sulfites h sept chainons 
sont discutks. 

Introduction 
I The conformational properties of six-membered cyclic sul- 

fites have been thoroughly studied during the last two decades 
; (1-8), while those of seven-membered and larger ring homo- 
I logs were scarcely investigated (9- 15). Recently, St-Jacques 
I and co-workers (15) showed that enlargement from six to 
) seven-membered ring, resulting from the replacement of the 5 

methylene unit in 2-0x0-l,3,2-dioxathiane (1) by a benzo 
group, led to a change from the single C-a form, observed for 
1, to a 1 : 1 mixture (C-a TB) for 2, in CHF,Cl, at - 100°C. ' Further investigations (16) of methyl derivatives of 2, using 

I room temperature ir as well as low temperature 'H and I3C nmr 
methods, indicated that the presence of a methyl group, at the 
4 position, cis to the S=O double bond (3), shifted the equi- 
librium toward the TB form (96% TB-c-Me, and 4% TB-c-Me: 
in CHF2Cl, at -80°C) because of severe 1,3-diaxial inter- 
actions in the C-a form. In contrast, a methyl group trans to the 
S=O double bond, at the same 4 position (4), unexpectedly 
shifted the equilibrium toward the C-a form (82% C-a and 18% 
TB-t-Me: in CHF2Cl, at -80°C). 

TABLE 1. Infrared spectral data for the S=O stretching band of com- 
pounds 2, 5, and 6 in CS2 and in CH3CN 

(S=O) stretching Relative 
Compound Solvent band (cm-I) integration (%) 

"The data for this compound were taken from ref. 16. 
bThe letters S and M refer to strong and medium intensities respectively. 

investigate the conformational properties of 8,ll-dimethyl- 
5,6-benzo-1,3,2-dioxathiepin (5) and of 4,4-dimethyl-5,6- 
benzo-1,3,2-dioxathiepin (6), which combine some of the 
structural characteristics of both compounds 3 and 4. The addi- 
tional data obtained shed some light into the nature of the 
interactions of methyl groups situated near the junction of the 
seven-membered and the aromatic rings. 

II 
Results 

s Infrared spectra 
The ir spectra of 0.05 M solutions of compounds 5 and 6 

1 were recorded both in CS2 and in CH3CN; they showed charac- 
2 R 1 = R Z = ~ 3 = H  

I 3 R' = CH3, R2 = R3 = H (cis) 
1 4 R' = CH3, RZ = R3 = H (trans) 

5 R' = R2 = H, R3 = CH3 
6 R' = RZ = CH3, R3 = H 

These results, together with our general interest in the con- 
formational properties of seven-membered rings, led us to 

' Author to whom correspondence should be addressed. 
'The letters "c" and "t" refer to the cis and trans relations between 

the methyl group and the S=O double bond, while the letters "a" and 
"e", placed as subscript after Me, refer to the equatorial and axial 
orientations of the methyl groups in the various conformations. 

teristic stretching vibrations for the S=O bond in the 
1 175 - 1230 cm-' region, as reported in Table 1. Compound 5 
showed two bands of unequal intensity in both solvents, a 
strong band at 1222 cm-I and a weaker band at 1184 cm-' in 
CS2 in the ratio 70 : 30, while in CH3CN the relative proportions 
of the strong band at 1213 cm-I and of the weaker band at 1182 
cm-I are 81 : 19. Compound 6 ,  on the other hand, showed only 
a single strong band at 1217 cm-' in CS,; it shifted to 1208 
cm-' in CH3CN. 

Nuclear magnetic resonance spectra 
High field 'H (400 MHz) and I3C (100 MHz) nmr spectra of 

compounds 5 and 6 were taken at different temperatures be- 
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TABLE 2. Carbon- 13 chemical shifts and dynamic data for compounds 5 and 6 at high and low temperatures" 

Temperature C-4 
Compound ("C) (ppm) C-5 C-6 C-7 C-8 C-9 C-10 C-11 CH3 AG # (kcal/mol) 

5 -20 60.75 135.10h 135.10b 60.75 135.32h 131.23 131.23 1 3 5 . 3 2 ~  19.93 
9.5 ? 0.3 
(-58°C) 

-80 61.87" 1 3 4 . 2 9 ~  1 3 4 . 2 9 ~  61.87 134.54h 130.73 130.73 134.54b 20.26" 
57.71 137.40h 137.40b 57.71 136.68h 132.19 132.19 136.68b 20.3d 

- 125 <, e 1 3 4 . 1 9 ~  134.19b " 1 3 4 . 6 7 ~  130.75 130.75 1 3 4 . 6 7 ~  20.48' 
57.85 1 3 6 . 8 5 ~  1 3 6 . 8 5 ~  57.85 137.29h 132.29 132.29 137.29h 2 0 S d  

6.5 ? 0.3 
(- 125°C) 

-148f 64.02' - - 60.30 - - - - 

"Unless otherwise mentioned, the spectra were recorded at 100.62 MHz in CHFICl (SO%)/CD,CI, (20%) with internal TMS. 
"he assignment of peaks may be reversed. 
'The first row of chemical shifts corresponds to the most intense set of signals. 
"his peak is hidden under the major methyl peak. 
'Very broad line centered at 62 ppm. 
'The spectrum was recorded at 20.13 MHz. 

TABLE 3. 'H nuclear magnetic resonance spectral parameters of the benzylic and methyl protons for compounds 5 and 6 at 
high and low temperatures" 

Temperature H-4 H-4' H-7 H-7' 544' '577. CH3 
Compound ("C) (ppm) ( P P ~ )  ( P P ~ )  ( P P ~ )  (Hz) (Hz) (ppm) AGf(kcal/mol) 

"The spectra were recorded at 400 MHz in CHF2CI (80%)/CD2C12 (20%) with internal TMS. 
bThe first row of chemical shifts corresponds to the less intense set of signals. 
'The presence of broad peaks does not allow determination of the coupling constants. 

tween - 15 and - 140°C. Tables 2 and 3 summarize the perti- 
nent parameters. 

Compound 5 revealed two spectral modifications in both 'H 
and I3C spectra recorded in a CHF2Cl/CD2C12 solvent mixture 
(80:20) at low temperatures, as shown in Fig. 1. The I3C 
spectrum at -20°C shows five well-resolved signals (chemical 
shifts are given in Table 2), most of which were assigned from 
a consideration of methyl substituent effects on the parameters 
of the parent compound 2 (16). All carbon signals broaden at 
lower temperatures and give at -80°C two sets of signals in the 
ratio 83: 17 (the letter "b" identifies the set of taller signals 
while the letter "c" refers to the set of weaker signals). The free 
activation energy for the underlying process is estimated at 9.5 
+ 0.3 kcal/mol (40 * 1 kJ/mol) at -.58OC, using standard 
equations (17) and a transmission coefficient of 1. 

At - 125"C, all the minor "c" signals remain sharp, while 
appreciable broadening occurs for one of the major "b" qua- 
ternary carbons signals (134.54 ppm at -80°C) as well as for 
the major "b" benzylic carbon signal (6 1.87 ppm). This last 
signal, when recorded at 20 MHz down to - 148OC, splits into 
two lines of equal intensities, as shown in the inset of Fig. 1. 

A free activation energy of 6.5 + 0.3 kcal/mol (27 + 1 
kJ/mol) at -125°C was estimated for that second process, 
using a method similar to that for the higher energy process. 

The 'H spectrum of compound 5 at - 10°C, on the right hand 
side of Fig. 1, reveals a low-field averaged AX pattern (H-4 
and H-7 methylene protons) and a high-field singlet (methyl 
protons) whose parameters are given in Table 3. The AX pat- 
tern undergoes two major modifications at lower temperatures. 
First, a process transforms the four methylene lines into eight 
lines at -85°C consisting of a minor AX pattern, labelled "c", 
and a major AB pattern labelled "b". The left side of that AB 
pattern further broadens at lower temperatures to give, at 
- 140°C, two broadened peaks at 5.9 and 5.1 ppm, as illus- 
trated by the splitting diagram. The signal at 5.1 ppm is par- 
tially obscured from overlap with the right half of the AB 
pattern observed at -85°C and which has only broadened at 
- 140°C. A free activation energy of 6.3 + 0.3 kcal/mol (26 
+ 1 kJ/mol) was estimated for that last process at - 130°C. 

In contrast, the 'H methyl signal undergoes only one spectral 
change at lower temperatures, whereby the singlet at -20°C 
splits into two lines (also labelled " b  and "c") of unequal 
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intensities at -85°C. A free activation energy of 9.8 + 0.3 
kcal/mol (41 k 1 kJ/mol) was estimated for the underlying 
process at -70°C. Further lowering of the temperature down to 
- 140°C only broadens these two unequal lines. 

By comparison, compound 6 showed no spectral mod- 
ification down to - 125"C, for both 'H and I3C spectra taken in 
a CHF2C1/CD2C12 solvent mixture (80 : 20). The "C spectrum 
at - 10°C reveals ten signals which were readily identified 
using the same procedure as for compound 5. Table 2 contains 
the pertinent I3C chemical shift parameters. The 'H spectrum of 
6 at -15°C shows a low-field AX pattern (H-7 methylene 
protons) and two high-field singlets (methyl protons). All 
signals broadened at low temperature, but no 'H spectral split- 
ting was observed down to -125°C. Table 3 contains the 
pertinent 'H parameters. 

Discussion 
Ring conformation from infrared spectra 

Extensive infrared investigations of six-membered cyclic 
sulfites revealed that specific frequency domains, associated 
with the S=O stretching vibration, are characteristic of each 
of the three possible spatial arrangements for the sulfite moiety 
(axial, isoclinal, or equatorial) (I). This relation holds only 
when molecular association effects are negligible, as for con- 
centrations of 0.05 M or less. These frequency domains later 
proved to be equally applicable to seven-membered cyclic sul- 
fites (1 1, 15) for which the straightforward observation of the 
S=O stretching bands in the 1150- 1300 cm-' region consti- 
tutes a direct probe for the conformational disposition of the 
sulfite moiety. This information then permits unambiguous 
identification of chair (C) or twist-boat (TB) ring geometries. 

The ir spectra of 5, for example, reveal two bands in both 
CS2 and CH3CN, as summarized in Table 1. The most intense 
band (1222 cm-I in CS2), is characteristic of an isoclinally 
oriented sulfite moiety (TB form) while the less intense band at 
1184 cm-I, in the same solvent, is characteristic of an axially 
oriented sulfite moiety (C-a or B-a form). Previous results for 
2 (15) indicate that the B-a form is not likely to exist in such 
a system. The induced solvent shifts of 9 cm-' (major band) 
and of 2 cm-I (minor band) on going from CS2 to CH3CN 
follow trends similar to those observed in six-membered rings 
(1) for TB and C-a forms respectively. Finally, the increase in 
the population of the major band (TB) in a more polar solvent 
(CH3CN) confirms the above conformational assignments be- 
cause TB is more polar than C-a (15). 

The presence of only one band at 1217 cm-' in the ir spec- 
trum of 6 ,  in CS2, and the induced solvent shift of 9 cm-' on 
going from CS2 to CH3CN identifies the TB form as the only 
detectable conformation for this compound. It is, however, 
important to point out that the geminal methyl groups of com- 
pound 6 can be located at two different benzylic positions in the 
TB conformation, that is, either anti (7) or syn (8) to the S=O 
double bond. Although ir methods fail to distinguish between 
these two possibilities, 'H and I3C nmr techniques provide 
parameters capable of probing the difference between 7 and 8 
and thereby complement the conformational information de- 
duced from the ir spectra. 

Conformational features from nmr spectra 
Proton and carbon- 13 nmr parameters have been used exten- 

sively to define the orientation of the sulfite moiety as well as 
the spatial arrangement of nearby substituents. Data for each 
nucleus derive their utility from different characteristics of the 

sulfite function, which affect nearby nuclei. 
Proton nmr, for example, can help differentiate between 

axial, isoclinal, and equatorial orientations of the S=O double 
bond through anisotropy effects on adjacent methylene pro- 
tons. The effect decreases with a change of the S=O position 
from axial to equatorial in the chair form of six-membered 
cyclic sulfites (6). 'The chemical shift difference between gem- 
inal protons y to the S=O double bond can therefore act as a 
useful conformational probe. By comparison, I3C nmr parame- 
ters, especially through the y effect (which represents the shift 
produced by the S=O bond on the y carbon), can be utilized 
to deduce stereochemical relationships and thereby discrimi- 
nate between various orientations of the S=O bond in the 
different conformations possible. 

The averaged 'H and I3C spectra (Fig. 1) of 5 at - 10°C have 
changed, at intermediate temperatures (-80°C for 'H and 
-85°C for I3C), into two sets of signals of unequal intensities. 
The minor set (labelled "c") remains unchanged down to 
-148°C; this observation is consistent with a rigid con- 
formation possessing a plane of symmetry, most probably the 
chair form. Moreover, the large 'H chemical shift difference 
(A6 = 1.67 ppm) observed at -85°C between the two geminal 
benzylic protons (H-4 or H-7) of that minor C form indicates 
a large S=O anisotropy effect. Furthermore, the chair geome- 
try explains the highly shielded C-4,7 carbon- 13 signals (57.7 1 
ppm at -80°C) relative to 76.25 ppm for the same carbons in 
5,6-benzo- 1,3-dioxepin (18). This large upfield shift (18.54 
ppm) cannot be accounted for solely by the y effect of the peri 
methyl groups as indicated by the fact that a similar y effect in 
1-methylnaphthalene is only 3.7 ppm (19). Such a high degree 
of shielding must also involve a gauche effect relative to the 
S=O band. These combined arguments, together with the 
symmetrical nature of the conformation, support the conclusion 
that C-a is the minor conformation of 5, as was deduced from 
ir data. 

The major sets of signals, labelled "b" both in the 'H spec- 
trum at -85°C and in the I3C spectrum at -80°C, undergo 
additional changes as the temperature is lowered. The low-field 
half of the 'H "b" pattern broadens extensively, splits, and 
gives, at -140°C, two distinct but broadened "b" peaks as 
illustrated by the splitting diagram. These two peaks, together 
with the high-field signal labelled "bb" which has only broad- 
ened at - 140°C, indicate that the underlying conformation has 
at least three (and very likely four) chemically non-equivalent 
benzylic protons. This result suggests that the major con- 
formation of 5 lacks a plane of symmetry, and is therefore a TB 
form. This conclusion is confirmed by the observation at 
- 148°C of two chemically non-equivalent benzylic carbon- 13 
signals for the major conformation (Fig. 1, inset), again charac- 
teristic of the TB form. 

Symmetry arguments, however, cannot be used for com- 
pound 6 because all conformations possible are inherently 
devoid of symmetry. Proton and carbon-13 nmr data can, how- 
ever, be used to distinguish between the two possible TB 
forms, namely 7 or 8. 

The absence of change noted for the 'H and I3C spectra of 6 
down to - 125°C can be explained in one of the two following 
ways: either only one TB form (7 or 8) exists very predom- 
inantly or, alternatively, compound 6 exists as a mixture of 7 
and 8 still undergoing rapid pseudorotation at - 125°C. Close 
examination of results for related compounds helps resolve this 
ambiguity. First, St-Jacques and co-workers (16) have found 
that the C-7 signals for the TB forms of cis-4-methyl-5,6- 
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benzo- 1,3 ,Z-dioxathiepin (9) and of trans-4-methyl-5,6-benzo- 
1,3,2-dioxathiepin (10) have distinct chemical shifts at 
- 125°C (63.9 1 and 67.19 pprn respectively). Next, the exam- 
ination of structures 7, 8, 9, and 10 indicates that the 7-9 pair 
and the 8-10 pair differ only by the addition of an axial methyl 
group at C-4 to 9 and 10. Molecular models show that these 
axial methyl groups are quite remote from C-7, so that the C-7 
chemical shifts obtained for 9 and 10 could be used as probes 
for the geometry of the TB form of 6 (7 or 8). The observation 
that the chemical shift of the C-7 signal of 6, (64.30 pprn at 
- 125°C) lies fairly close to the C-7 chemical shift of 9 (63.9 1 
pprn at - 125°C) (16) therefore points to the TB form 7. 

The above suggestion is further corroborated by the proton 
spectrum of 6 at - 125OC, which reveals a chemical shift differ- 
ence of 1.63 pprn for the two H-7 methylene protons. Corre- 
sponding values (15) for the benzylic protons of the TB form 
of 2 show that striking differences exist between the chemical 
shift difference of the CH2 group syn (A6 = 1.2 ppm) and anti 
(A6 = 0.3 ppm) to the S=O bond, as a consequence of a 
stronger anisotropy effect for the syn CH2 group. Therefore, the 
value (A6 = 1.63 ppm) obtained for the geminal H-7 protons 
of 6 not only points to 7 as the preferred TB form for compound 
6, but also suggests the existence of some distortion around the 
syn C-7 carbon, which would lead to a stronger anisotropy 
effect in 7 than in 2, and also in 9, for which A6 = 1.33 pprn 
(16). 

Characteristics of methyl interactions 
Although the results thus far presented for compounds 5 and 

6 indicate a similar shift towards the TB form (relative to the 
50:50 C-a/TB conformational equilibrium of compound 2 
(15)), the methyl interactions governing those conformational 
preferences differ significantly for the two compounds on 
hand. 

For example, compound 6 can exist as four possible con- 
formers: two TB forms (7 and 8), a C-a form (11) and a C-e 
form (12). Among them, the C-a form 11 and the TB form 8 
exhibit severe steric interactions between the axial methyl 
group (pseudoaxial in 8) and the S=O bond. The C-e form 12, 
on the other hand, is destabilized by an unfavorable electronic 
arrangement of the sulfite function (15) and by a 1,5 steric 
interaction between the axial methyl group and the axial H-7 
proton. These unfavorable interactions in 8, 11, and 12 there- 
fore explain the fact that the TB form 7 is found to be most 
stable for compound 6. 

In contrast, compound 5 exhibits particular methyl hydrogen 
interactions involving the two rings of the molecule. Molecular 
models show that the introduction of methyl groups at positions 
8 and 11 of the parent compound 2 creates strong interactions 
between those methyl groups and one of the adjacent benzylic 
protons. Furthermore, examination of the C(4)-C(5)-C(8) 
plane of the same models indicates that the angle between the 
peri-methyl group and the equatorial H-4 proton is smaller in 
the C-a form (13) than in the TB form (14). This should result 
in a significantly stronger steric CH3-H-4, interaction in the 
C-a form than in the TB form. Consequently, the changes in the 
I3C data whereby the y' methyl effect on C(4) (or C(7)) is 
greater for the C-a form (-4.72 ppm) than for the TB form 
(-2.59 ppm) are compatible with the above. 

Similar increases in TB population were also noted upon 
introduction of methyl groups at the peri positions of other 
closely related systems (20),3 namely 5,6-benzo-1,2,3-trithia- 
cycloheptene (15) and 5,6-benzo-1,3-dioxepin (16). The above 
arguments suggest that these molecules should also exhibit 
stronger peri interactions in the C-a form. 

Finally, it is informative to analyse the conformational effect 
associated with a "reverse" peri interaction, involving an equa- 
torial benzylic methyl group and a peri aromatic proton. Com- 
pound 4, for example, provides such a case. Even though I3C 
parameters (16) suggest that the interaction between the methyl 
group and the peri aromatic proton is stronger in the C-a form 
that in the TB form, compound 4 unexpectedly favours the C-a 
form. The nature of the CH3---H interaction is either not simple 
or solely operative in 4 so that the concept of "reversibility" is 
not applicable in such circumstances. 

Experimental 
Melting points are uncorrected and were determined using a Buchi 

melting point apparatus. High resolution spectra at 70 eV were re- 
corded using a modified MS-9 spectrometer. Flash chromatography 
was performed on 230-400 mesh silica gel under standard conditions 
described by Still and co-workers (21). Anhydrous ether was taken 
directly from a freshly opened sealed can (Fisher), while thionyl 
chloride was distilled from quinoline, and triethylamine from calcium 
oxide. 

The ir spectra of compounds 5 and 6 were taken as 0.05 M solutions 
in CS2 and in CH3CN, using a 0.05-mm KBr cell (nominal value), and 
were recorded on a Digilab FTS-I5C/D Fourier transform infrared 
spectrometer, equipped with a wide-range photoconductive mercury 

13 Also, R.  St-Amour and M. St-Jacques, unpublished results. 
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cadmium telluride detector, a KBr beam splitter, and a Lobar source. 
The instrument was purged with nitrogen before use. Typically, 200 
interferograms of 2096 points each, recorded with a maximum optical 
retardation of 0.50 cm-' and an optical velocity of 1.2 cm-', were 
co-added, apodized with a triangular function, and Fourier trans- 
formed with 8 levels of zero filling, resulting in a spectral resolution 
of 2 cm-'. The base line was corrected using multiple linear least- 
square functions. Integrations were performed using a PEAKAREA 
program (Digilab), which leads to approximate values in the case of 
partially overlapping peaks. 

Routine 'H nmr spectra were taken on a Bruker WH-90 spec- 
trometer: solutions were typically 10% (w/v) in CDC1, containing 
Me4% as reference. The following abbreviations will be used to de- 
scribe the peaks: s = singlet, m = multiplet, br = broad. Routine I3C 
nmr spectra were taken on a Bruker WP-80 spectrometer; solutions 
were typically 15% (w/v) in CDCl, containing Me4Si as reference. 

The variable temperature 'H nmr spectra at 400 MHz and ',c nmr 
spectra at 100.62 MHz were obtained using a Bruker WH-400 spec- 
trometer equipped with a variable temperature unit B-VT-1000. Cali- 
bration using a thermocouple inside a solvent-containing nmr tube 
indicates that the low temperatures reported are exact within 2°C. 

The 'H spectra were recorded as solutions in chlorodifluoromethane 
(10 mg in 0.55 mL of solution) containing MeaSi and about 15-20% 
of CD2C12 (for locking purposes), in standard 5-mm tubes which had 
been degassed and sealed. The following parameters were used: flip 
angle: 60-65"; SW = 4000 Hz; pulse delay = none; data size 4K; 
acquistion time = 0.5 12 s. The I3C spectra were recorded with proton 
noise decoupling for solutions in chlorodifluoromethane (150 mg in 
2.2 mL of solution) containing Me4Si and about 15-20% of CD2C12, 
as locking agent, in standard 10-mm tubes which were degassed and 
sealed. The following instrumental parameters were used: flip angle = 
65-70"; SW = 17 000 - 22 000 Hz; data size = 16K; acquisition time 
= 0.323-0.482 s; pulse delay = none. 

The rate constants were determined at the coalescence temperature 
using the equation k = TAV fi for singlet to doublet splitting in 'H 
(methyl signal of 5) and I3C nmr spectra (the equation provides an 
acceptable estimate for lines of unequal intensity (22)). 'The free 
energy barriers were calculated from standard equations (17) using a 
transmission coefficient of 1. 

2,5-Dimethylphthalic anhydride 
This compound was prepared by a Diels-Alder reaction between 

2,5-dimethylfuran (Aldrich) and maleic anhydride, followed by dehy- 
dration with concentrated sulfuric acid, as described by Newman and 
Lord (23). The white solid was characterized by its melting point 
(139-142"C), which was identical with that published, and by its 'H 
nmr (90 MHz, CDCl3) spectrum: 6 2.67 (s, 6H), 7.53 (s, 2H). 

2.5-Dimethyl-(0)-benzenedimethanol 
To a mixture of 2.5 g LiAIH4 in 30 mL of boiling anhydrous THF 

was added dropwise, under argon, a solution of 7.0 g of 
2,5-dimethylphthalic anhydride in 70 mL of anhydrous THF. The 
resultant solution was refluxed during 48 h and then cooled to room 
temperature. The excess hydride was decomposed cautiously with 5 
mL of 10% and filtered through sintered glass. The filtrate was 
then evaporated, giving 3.8 g (58% yield) of a white solid, which was 
characterized by its melting point (69-70°C), identical with that 
published (24), and by its 'H nmr (90 MHz, CDCI,) spectrum: 6 2.37 
(s, 6H), 3.25 (br, 2H, exchangeable with D20), 4.71 (s, 4H), 7.05 
(s, 2H). 

8,11-Dirnethyl-5,6-benzo-2-oxo-1,3,2-dioxathiepin (5) 
To a mixture of 1.5 g of 2,5-dimethyl-(0)-benzenedimethanol, and 

2.8 mL of triethylamine (2 equiv.) in 20 mL of anhydrous ether, at 
O°C, was added dropwise, under argon, a solution of 0.72 mL 
(1 equiv.) of thionyl chloride in 20 mL of anhydrous ether. A white 
precipitate (triethylammonium chloride) appeared at the beginning of 
the addition and became more abundant as the reaction proceeded. 
After the addition was completed, the solution was stirred an addi- 
tional 1.5 h, warmed to room temperature, then filtered on a Biichner 

funnel and evaporated, giving an oil which was triturated in hexane: 
1.0 g (52% yield) of a white powder was thus obtained. This crude 
material was purified by flash chromatography on silica gel, using 
CH2C12 as eluent, giving, in the media fraction, analytically pure 
white crystals (mp 48°C). The 'H and I3C nmr spectra (Tables 2 and 
3), as well as the high resolution mass spectrum confirm its identity. 
Mol. Wt. calcd. for 5, CIOHI2O3S: 212.0507; found (mass spectrum at 
70 eV): 212.0510. 

a,a-Dimethyl-o-xylene a,al-diol 
This compound was prepared from phthalide (Aldrich) by a pro- 

cedure similar to the one of Goldschmidt and Zoebelein (25) in 58% 
yield. Analytically pure material was obtained by distillation under 
reduced pressure (I00°C/0.3 Torr; 1 Torr = 133.3 Pa), giving an oil 
which crystallized on standing (mp 62-63°C); 'H nmr (90 MHz, 
CDCI,): 6 1.59 (s, 6H), 4.71 (s, 4H), two of which are exchangeable 
with D20,  7.22 (m, 4H, aromatic protons). 

4,4-Dimethyl-5,6-benzo-2-0~0-1,3,2-dioxathiepin (6) 
To a mixture of 1.5 g of a,a-dimethyl-o-xylene a,af-diol, and 6.3 

mL (5 equiv.) of triethylamine in 25 mL of anhydrous ether, at O°C, 
was added dropwise a solution of 0.7 mL (1 equiv.) of thionyl chloride 
in 25 mL of anhydrous ether. The solution was then allowed to warm 
at room temperature, and stirred during 96 h. Filtration of the salts 
followed by evaporation under reduced pressure yielded 1.42 g (74% 
yield) of a yellow oil. Flash column chromatography on 40-63 p,m 
silica gel (Merck no. 9385) using dichloromethane as solvent gave, in 
the middle fractions, pure 6 as a white powder (mp 48°C). Its identity 
was later confirmed by its 'H and I3C nmr spectra (Tables 2 and 3) as 
well as by its high resolution mass spectrum. Mol. Wt. calcd. for 6, 
CloHI2O3S: 212.0507; found (mass spectrum at 70 eV): 212.0500. 
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R E N ~  LAPOUYADE, CLAUDE MANIGAND, and AZIZ NOURMAMODE. Can. J. Chem. 63, 2192 (1985). 
The photochemistry of five- to eight-membered ring containing 2-cycloalkenyl biphenyls was examined under direct and 

sensitized irradiation. From the singlet excited state only trans 9,lO-cycloalkyl-9,lO-dihydrophenanthrenes were obtained. 
From the triplet state the trans isomer was exclusively formed from 2-cyclopentenyl and 2-cyclohexenyl biphenyls while the 
cis isomer also appeared with 2-cycloheptenyl and 2-cyclooctenyl biphenyls. We propose that the cis isomers resulted from 
the cyclization of the perpendicular triplet of cycloheptenyl biphenyl and from the perpendicular and trans triplet of cyclo- 
octenyl biphenyl. Whereas thephotocyclization of 2-vinylbiphenyls was regarded as a singlet-state reaction, the quantum yields 
of reaction of 2-cycloalkenyl biphenyls, from both singlet and triplet states, were high (Qs = 0.20-0.26; mT = 0.15-0.46). 

R E N ~  LAPOUYADE, CLAUDE MANIGAND et Azrz NOURMAMODE. Can. J. Chem. 63, 2192 (1985). 
On a CtudiC, par irradiation directe et sensibiliske, la photorCactivit6 de quatre cycloalcCny1-2 biphCnyles oh le groupe 

cycloalcene varie du cyclopenttne au cyclooct&ne. Par 1'Ctat excitC singulet, il ne se forme que les cycloalkyl-9,10 dihydro-9,10 
phknanthrtnes trans. Par 1'Ctat triplet, I'isombre trans est obtenu seul dans le cas des cyclopentCnyl-2 et cyclohexCnyl-2 
biphCnyles, alors que I'isomtre cis apparait avec les cycloheptCny1-2 et cyclooctCnyl-2 biphtnyles. Les isomhes cis sont 
attribuCs i la cyclisation des cycloalctnes perpendiculaires et du cyclooctCnyl trans i~ 1'Ctat triplet. Alors que la cyclisation des 
vinyl-2 biphtnyles Ctait considCr6e comme une rkaction de 1'Ctat singulet, les rendements quantiques de rkaction sont ClevCs, 
aussi bien par le triplet que par le singulet (ms = 0,20-0,26; mT = 0,15-0,46). 

Introduction 
Mechanistic interpretations of the complicated photochem- 

istry of conjugated hexatrienes have been discussed recently 
(1). The number of reactive pathways was dramatically re- 
duced by incorporating two consecutive double bonds in ben- 
zene rings; namely, with 2-vinylbiphenyls only cis-trans 
photo-izomerization and -cyclization were observed. With 
Z(E)-1-biphenyl-2-yl-1-phenylpropene 1 we reported (2) a 
stereoselective singlet cyclization, as anticipated for a con- 
certed conrotatory [ 6 ~ ]  electrocyclic ring closure, and a non- 
stereoselective triplet cyclization which was no less expected, 
since in order to be concerted a triplet electrocyclic reaction 
either would have to produce a triplet product or possess a 
mechanism for efficient intersystem crossing to the ground 
state of the product (3). We interpreted the unchanged stereo- 
chemistry of the triplet cyclization, whatever the isomer irra- 
diated by a cyclization through a common intermediate, as 
possibly a perpendicular triplet state. 

But it has now been established that a fast equilibrium be- 
tween the planar and perpendicular triplet states occurs with 
stilbene, and naphthyl- and biphenyl-substituted olefines 
(4-6), so that the identical stereochemistry of triplet cy- 
clization of 1E  and lZ could also be explained by a cyclization 
from planar triplets 1E  and lZ in equilibrium. 

With a view to determining at which point along the excited 
singlet and triplet surfaces the new bond is made, we have now 
measured the efficiency and determined the stereochemistry of 
cyclization of a series of 2-vinylbiphenyls where the double 
bond is inserted in five- to eight-membered rings whose effect 
on the geometry of the triplet state we have previously 
discussed for a-naphthyl (6) and P-naphthyl (7) ethylene 
derivatives. 

Results 
I. Synthesis of photochemical reactants 

Compound 1 was prepared from 2-benzoylbiphenyl by a 

Wittig reaction with the "instant ylide" ethyltriphenyl- 
phosphonium bromide - sodium amide, developed by 
Schlosser and Schaub (8): the two isomers (9) were formed in 
equal amounts and separated by flash chromatography (10). 
1-(2-Biphenyl)-cycloalkenes (2-5) (1 1) were obtained by reac- 
tion of 2-lithiobiphenyl with appropriate cycloalkanones and 
dehydration of the resulting alcohols with thionyl chloride in 
pyridine (12) (Scheme 1). Only the cyclopentyl derivative was 
not satisfactorily dehydrated by this method, and P2O5 in CCI, 
was used. When an acidic dehydrating agent was employed, 
the desired products were contaminated with the corresponding 
spirocycloalkane fluorenes (13). We verified that compounds 
2-5 were quantitatively cyclized to spirocycloalkane fluorenes 
by refluxing a benzene solution with a catalytic amount of 
p-toluenesulfonic acid (Scheme 1). 

11. Photolysis of 2-5 and identification of the photoproducts 
1. Direct irradiation 
Under preparative conditions the direct irradiation (313 nm) 

of degassed cyclohexane solutions of 2 and 3 (5 X M )  
afforded only one isomer of the corresponding 9,lO-cycloalkyl- 
9,lO-dihydrophenanthrenes. Irradiation of argon degassed 
solutions of 4 and 5 gave the two isomers in a ratio of 86: 14 
for 4 and 80: 20 for 5. But by adding piperylene M )  the 
previously minor isomer disappeared completely for 4 while 
5% remained with the irradiation of 5. The ratio of the photo- 
products was not altered by an extended irradiation. 

2. Isomerization of the photoproducts and assignment of 
their configuration 

We assigned a trans configuration to the single isomers 
obtained by direct irradiations of 2-5 for the following reasons: 

(a) A conrotatory ring closure followed by a suprafacial 
[1,5] sigmatropic hydrogen shift is the accepted mechanism of 
the singlet cyclization of 2-vinylbiphenyls. It has accounted for 
the stereoselectivity observed by several authors (2, 14) 
(Scheme 2). 
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LAPOUYADE ET AL. 

SCHEME 1. Synthesis of 1 -(2-biphedy1)-cycloalkenes. 

2 - 5  TRANS 6 - 9  

SCHEME 2. Singlet cyclization of 1-(2-biphenyl)-cycloalkenes. 

(b) We have isomerized the photoproducts via the carbanion 
generated with nBuli in diethyl ether with six equivalents of 
HMPA. Rabideau and Harvey (15) had already observed a 
100% cis stereoselectivity for the protonation from the pseudo- 
axial direction of 9,lO-dialkyl-9-lithio-9,lO-dihydrophenan- 
threnes, while the vicinal alkyl group assumed the relatively 
unhindered axial position. We thought that with a fully HMPA 
solvated cation the axial protonation of the planar carbanion 
might be favoured (16-19), while the large solvated cation, 

maintained in the vicinity of the anion by the low polarity of the 
solvent, could add to the penhydrogen interaction to favour an 
axial position for the vicinal cycloalkyl substitution and, as a 
consequence, the cis isomer would result (Scheme 3). In fact, 
the photoisomers were all converted to the other isomers, 
which became predominant. Since the reaction mixture is not 
equilibrating, the observed ratios of isomers do not reflect the 
relative thermodynamic stability but, rather, the stereo- 
chemistry of kinetic protonation of the unstable carbanions. 

TRANS 6 - 9  

C I S  6 - 9  

Reactants Products (%) 

trans 6 
trans 7 
trans 8 
trans 9 

trans 6 (25), cis 6 (75) 
trans 7 (36.5), cis 7 (63.5) 
trans 8 (7), cis 8 (93) 
trans 9 (13), cis 9 (87) 

SCHEME 3. trans-cis Isomerization of 9,lO-cycloalkyl-9,lO-dihydrophenanthrenes with nBuli in ether-HMPA. 
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(c) Since direct irradiation of 2-5 gave only one isomer of 
6-9 but base isomerization afforded the other isomer we were 
able to compare the properties of configurational isomers for 
each couple. The nrnr analysis of the benzylic hydrogen signals 
of 9,lO-dihydrophenanthrenes has proved useful for config- 
urational and conformational studies (18, 20) but extension to 
compounds 6-9 was not straightforward, since if one could 
assume that the cis isomers (Scheme 3) were rapidly inter- 
converting and averaging the axial and equatorial benzylic hy- 
drogens, after inspection of molecular models it appeared that 
the trans isomers could only present the saturated ring bis- 
equatorially fused to the 9,10 bond (Scheme 3), whereas 
Harvey showed that trans-9,lO-dialkyl-9, lo-dihydrophenan- 
threnes preferred the diaxial conformation. Furthermore, axial 
and equatorial hydrogens cannot be distinguished on the basis 
of chemical shift alone and coupling constants are not easily 
available for these structurally (cis) or dynamically (trans) 
symmetrically substituted 9,lO-dihydrophenanthrenes. Never- 
theless we observed a complete homogeneity from 6 to 9 for the 
chemical shift of benzylic hydrogens: the photoproducts (trans 
isomers, axial hydrogens) are shielded relative to their isomers 
(cis isomers, axial and equatorial hydrogens) (see Experi- 
mental). 

The photoproducts are eluted after their isomers on silica gel, 
and have a longer retention time on gas chromatography with 
a column of 3% OV1 on Chromosorb W-HP. 

Dehydrogenation of dihydroaromatic hydrocarbons over 
10% Pd/C in refluxing diglyme has already been observed to 
be slower for the isomer where the substituents interfere with 
adsorption on the catalyst surface (21). In this regard we ex- 
pected a faster dehydrogenation for the cis isomer, where one 
face presents the two hydrogens accessible to the catalyst. In 
fact, after 2 h of reflux an equivalent mixture of cis- and trans-7 
has been transformed to triphenylene and unaffected trans-7. 

3. Sensitized cyclization 
In contrast to direct irradiations, xanthone (2 X 10-3 M) 

sensitized irradiations of nitrogen degassed benzenic solutions 
of 2-5 (2.25 X 10-3 M) led to a different stereochemistry of 
cyclization, depending on the size of the cycloalkene ring: 
with cyclopentene (2) and cyclohexene (3) only one isomer was 
formed, which was identical with the one obtained by direct 
irradiation, consequently the trans-isomer; with cycloheptene 
(4) the trans isomer was predominant (65%) but the cis was 
also formed (35%); and with cyclooctene, at the beginning of 
the irradiation (see quantum yields) the ratio cisltrans was 
54:46, while further irradiation increased the cis proportion, 
which reached 85 : 15 when the cyclization was complete. 

We also observed a reduced proportion of cis-8 when the 
irradiated acetonitrile solution of 4 was saturated with air or 
oxygen: translcis = 65 : 35 (nitrogen saturated), 67 : 33 (air 
saturated), 73 : 27 (oxygen saturated) when the conversion was 
approximately 20%. 

As for direct excitation, prolonged irradiations did not 
change the ratio of the photoproduct isomers. 

4. Quantum yields of direct and sensitized photocyclizations 
Quantum yields (Tables 1 and 2) were determined using an 

optical bench with a 2-kW xenon lamp and a Jobin-Yvon HL 
monochromator. Aberchrome 540 (+ = 0.20) (22) was used to 
measure the intensity of the incident light at 315 nm (direct 
irradiations) and 340 nm (sensitized irradiations). The concen- 
trations of 2-5 were such that more than 98% of the incident 
light was absorbed (direct irradiations, concentration = 5 x 
lo-' M) or complete triplet quenching of the sensitizer oc- 

VOL. 63, 1985 

TABLE 1 .  Quantum yields for direct irradiations 

Quantum yields of photoproducts 

Compounds Additive trans cis trans + cis 

2 - 
2 Piperylene 
3 - 
3 Piperylene 
4 - 
4 Piperylene 
5 - 
5 Piperylene 

A,,,i, = 315 nm; solvent: acetonitrile; 2-5 conc. = 5 X IO-'M, nitrogen 
degassed. 

TABLE 2. Quantum yields for xanthone sensitized cyclizations 

Quantum yields of photoproducts 

Compounds trans cis trans + cis 

= 340 nm; solvent: acetonitrile; 2-5 conc. 5 X M, xanthone 
conc. = 4 X M, degassing with four freeze-thaw cycles. 

curred (sensitized reactions, concentration = 5 x lo-' M). 
After irradiation, the degree of reaction and the amount of 
photoproducts were determined by vapor phase chromatog- 
raphy using a 25-m fused silica capillary column packed with 
CP Sil 8 CB. The internal standard was m- or p-terphenyl. The 
conversions never exceeded 2%. 

Interpretative discussion 
Singlet cyclization 

The stereochemistry of the singlet cyclization of 
2-vinylbiphenyls was well accounted for by a concerted con- 
rotatory ring closure followed by a suprafacial 1,5 hydrogen 
shift (2, 14, 23-25). From 2-cycloalkenylbiphenyls 2-4, 
which are only stable in the cis configuration in the ground 
state, the exclusive formation of the trans photoproducts, as 
also the relatively constant quantum yields, denote a cy- 
clization from the cis isomer without a concurrent isomer- 
ization in the excited state. The cis photoproduct (-5%) ob- 
tained with 5 could arise from a small amount of trans-5 
already present before irradiation. We shall not discuss further 
the singlet cyclization of these compounds since we have now 
observed a biexponential decay of their fluorescence, so that 
the principle of nonequilibration of excited rotamers (26) 
(NEER) should apply and the quantum yield of reaction should 
be highly dependent on the reactive conformer proportion. 

Triplet cyclization 
We have not yet been able to differentiate the triplet state 

conformers but if the NEER principle is maintained during the 
triplet lifetime, as we have shown in the P-naphthalene series 
(7), we might emphasize the high efficiency of the sensitized 
reactions, since the quantum yield of cyclization of the reactive 
conformer would be still higher than the measured quantum 
yield. As for the singlet cyclization, it is possible that differ- 
ential population of the conformers contributes to the observed 
quantum yield trends, but in the triplet state the appearance of 
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cis photoproduct is indicative of an initial photoisomerization; 
therefore we will discuss the relation between the size of the 
cycloalkene and the efficiency and the stereochemistry of the 
cyclization. Biphenyl has an intermediate triplet energy 
(65-66 kcal mol-I), between fluorene (68 kcal mol-') and 
naphthalene (61 kcal mol-I) (27). Thus at room temperature, 
we could anticipate a fast interconversion between planar and 
perpendicular conformations of the triplet state for 2-vinyl- 
biphenyls, as directly observed by Tokumaru and co-workers 
with unreactive 4-vinylbiphenyls (5). For 2-cycloalkenyl bi- 
phenyls the relative populations of planar and perpendicular 
triplets might be in the order of those described for 
1-cycloalkenyl naphthalenes (6), with perhaps an increase in 
the percentage of the perpendicular triplets as a result of the 
higher triplet energy of biphenyl vs. naphthalene. Thus one 
may expect an exclusively planar triplet for 2 and 3 and a fast 
equilibrium between planar and perpendicular triplet for 4. 
With 5 a trans triplet can also be expected. The observed 
increase in efficiency of the cyclization~ with the hindering of 
isomerization from 5 to 2, is consistent with an efficient cy- 
clization from a planar triplet in competition with a decay from 
twisted configurations with the latter becoming faster with in- 
creasing size of the cycloalkene. The stereochemistry of the 
reaction of 2 and 3 is the same as that observed from the singlet 
state; a concerted mechanism and consequently perhaps adi- 
abatic cyclization from a planar cis triplet can be inferred. 

The formation of the cis photoproducts from 4 can only be 
explained by a cyclization from the perpendicular triplet state 
since a trans triplet state is not expected on energetic grounds 
(6), and a trans ground state, if it cyclized thermally, would 
give the trans photoproduct by disrotatory cyclization. 

With 5 the cis photoproduct can also result from the cy- 
clization of the perpendicular triplet but the increase of the cis 
proportion with conversion indicates the participation of a con- 
certed cyclization following excitation of the trans ground 
state. 

Depending on the size of the cycloalkenes, we have found 
products resulting from the cyclization of three different triplet 
conformations: (i) with smaller cycloalkenes, 2 and 3,  an effi- 
cient cyclization occurs from the planar cis triplet state; (ii) 
with the cycloheptenyl derivative 4, the perpendicular triplet 
state is attainable and can explain the appearance of the cis 
photoproduct; the trans photoproduct could result from the 
cyclization of the planar cis and the perpendicular triplet con- 
formers; (iii) the stereochemistry of cyclization of the cy- 
clooctenyl derivative 5 is accounted for by the participation of 
the three triplet conformers (cis, perpendicular, and trans). 

For unstrained acyclic 2-vinylbiphenyls, we can foresee a 
fast equilibrium between the three conformers of the triplet 
state consistent with the unchanged stereochemistry of 
cyclization, whatever the isomer irradiated (2), but the discov- 
ery of the more reactive conformers must await further 
investigations. 

Experimental 
The 'H nmr spectra were recorded on either Hitachi-Perkin-Elmer 

R 24 B (60 MHz) or Briicker WH 90 (90 MHz) Instruments. Chemical 
shifts were given in 6 (ppm) relative to tetramethylsilane (TMS) as the 
internal reference. Mass spectra were taken on a VG Micromass 16 F. 
The "C nmr spectra were obtained on a B ~ k e r  WP 60 (15.08 MHz) 
spectrometer equipped with a Nicolet BNC 12 calculator (4K 
programme, 8K acquisition) using 10-15% (w/v) solutions in 
chloroform-d containing 0.5% TMS. The individual carbon shieldings 
were measured from noise-decoupled spectra. nBuli from Aldrich was 

used as received. Dieth 1 ether was dried over sodium and stored 
under nitrogen over 4 1 molecular sieves. Hexamethylphosphoric 
triamide (HMFT) was distilled over calcium hydride and stored over 
4 A molecular sieves. All reactions were stirred magnetically and 
carried out under an atmosphere of nitrogen in flame dried glassware. 

I -(2-Bipheny 1)-cycloalcenes 
1-(2-Biphenyl)-cyclopentene, 2, and I-(2-biphenyl)-cyclohexene, 

3, were known (1 1); we prepared these compounds according to the 
procedure described for 4. 

I -(2-Biphenyl)-cycloheptene, 4 
To 2-biphenyllithium, prepared from 2-bromobiphenyl (1.11 g, 

5 x mol) in ether (50 mL) and a 1.5 M solution of n-butyllithium 
(5 mL) was added slowly at 0°C a solution of cycloheptanone 
(0.84 g, 7.5 x mol) in ether (20 mL). The mixture was stirred 
for 1 h at room temperature, refluxed for 3 h ,  hydrolyzed with cold 
aqueous 10% ammonium chloride (50 mL), and extracted with ether 
(2 x 20 mL). The residue from evaporation of the dried (magnesium 
sulfate) ethereal extracts was chromatographed on a silica gel column. 
Petroleum ether elution gave 110 mg of biphenyl and diethylether 
elution gave 950 mg of an oil. This oil was dissolved in 30 mL of dry 
pyridine, chilled to -5"C, and 3 mL of thionylchloride was added. 
The mixture was allowed to stand at 10°C for 4 h, and then poured into 
ice water. The oily mixture was extracted with 100 mL of ether, the 
extract was washed with saturated saline solution, and dried and 
evaporated under reduced pressure. Chromatography on a silica gel 
column and elution with petroleum ether of the residue gave 760 mg 
(64%) of 1-(2-biphenyl)-cycloheptene in oil; nmr (CCI,): 1-2.4 
(m, IOH), 5.8 (t, lH, J = 6.8 Hz), 7.1-7.5 (m, 9H). Anal. calcd. 
for CI9Hzo: C 91.93, H.8.06; found: C 91.66, H 7.89. 

I-(2-Biphenyl)-cyclooctene, 5 
According to the procedure given for 4, we obtained 820 mg (65%) 

of 5 (oil); nmr (CCL,): 1.1-2.47 (m, 12H), 5.7 (t, lH, J = 7.8 Hz), 
7.03-7.48 (m, 9H). Anal. calcd. for G0HZ2: C 91.6, H 8.41; found: 
C 91.48, H 8.28. 

Spiro[cycloalkane-9,9 fluorenes] 
All I-(2-biphenyl)-cycloalkenes gave quantitatively the corre- 

sponding spiro[cycloalkane-9,9 fluorenes] when treated as described 
for the cyclohexenyl derivative. 

Spiro[cyclohexane-9.9 fluorene] 
1-(2-Biphenyl)-cyclohexene, 3 (234 mg), was refluxed in benzene 

(1 h) with a catalytic amount of paratoluene sulfonic acid. Thin-layer 
chromatography on silica gel developed with light petroleum ether 
showed only one spot in uv light with a slightly shorter RF than 3. 
Chromatography on a silica gel column gave 198 mg (84%) of 
spiro[cyclohexane-9,9 fluorene] (13) which was recrystallized from 
95% ethanol to afford white crystals, mp 82-83°C; 'H nmr (CCL): 
0.8-2.16 (m, lOH), 7.16-7.87 (m, 8H); "C nmr (CDCI3): 153.036 
(C,,,), 139.525 (Cga,ga), 126.682 (C2.3.6.7)~ 124.248 (C1,8), 119.622 
(C4.51, 50.116 (Cg), 35.509 ( C I O . ~ ~ ) ,  25.466 (CIZ), 22.545 (cl1.13); 
mass spectra m/e (calcd. for ClsH,,: 234): 235 (12.8, M + I) ,  
234 (68, M), 191 (41, M - (CH2=CH2 + 'CH3), 178 (100, M - 
2CH2=CH2, phenanthrene). 

General procedure for preparative irradiations 
Preparative irradiations were carried out in a Rayonet RPR-100 

reactor at 300 nm with a quartz tube for direct 'irradiations, or at 
350 nm in a Pyrex vessel for sensitized reactions with xanthone. In 
direct photolysis, solutions of I -(2-biphenyl)-cycloalkenes (5 X 
lo-' M) in cyclohexane (100 mL) were purged with argon for 
30 min and irradiated 4 h. Sensitized reactions were conducted in 
degassed benzene solution (100 mL) with 2.25 X M of reactant 
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YUAN L. CHOW, THOMAS W. MOJELSKY, LEON J. MAGDZINSKI, and M. TICHL. Can. J. Chem. 63, 2197 (1985). 
Model bromamides were photolysed to investigate the reactivity of intramolecular C-5 hydrogen abstraction (from the 

nitrogen atom) of the corresponding amidyl radicals and of the cyclization of the resulting C-bromides. The observed results 
are discussed in terms of stereoelectronic as well as energetic considerations. In the former C-5 hydrogen abstraction, the 
reactivity difference between semi-rigid trans and cis-oriented reaction centers is only slightly in favor of the latter; the small 
difference is interpreted as due to the planar ground state II amidyl radical structure with a low N-CO twisting barrier (4-5 
kcal/mol). This interpretation is supported by the efficient C-5 hydrogen abstraction in N-bromo-N-alkyltoluamides, since a 
rigid planar amidyl radical does not allow the methyl C-H bond to colinearly approach the II orbital. In marked contrast, 
there are large reactivity differences in the cyclization of C-bromides derived from these intramolecular H-Br exchanges; 
these arise from the requirement of colinearity of the approaching and departing bonds. Thus this requires the coplanar 
orientation of the C-CH3 and C-CO bonds and this is the source of the reactivity differences. 

YUAN L. CHOW, THOMAS W. MOJELSKY, LEON J .  MAGDZINSKI et M. TICHY. Can. J .  Chem. 63, 2197 (1985). 
On a effectuk la photolyse de bromamides modkles dans le but d'ktudier la rkactivitk, vis-a-vis de I'enltvement intra- 

molkculaire de I'hydrogtne en C-5 (par rapport a I'atome d'azote), des radicaux amidyles correspondants ainsi que la 
cyclisation des C-bromures qui en rksultent. On discute des resultats observks en fonction de considkrations tant stkrko- 
klectroniques qu'knergktiques. Dans le cas de I'enltvement des hydrogtnes en position C-5, la difference de rkactivitk entre 
les centres rkactionnels semi-rkgides orientks en cis ou en trans ne favorise que lkgtrement les premiers; on peut interprkter 
la diffkrence minime en supposant que I'ktat fondamental planaire II de la structure radicalaire amidyle comporte une barrikre 
i la rotation N-CO qui est faible (environ 4 a 5 kcal/mol). Cette interprktation est en accord avec le fait que I'enlkvement 
des hydrogknes en position C-5 des N-bromo N-alkyltoluamides est une reaction efficace et que ce rksultat est dQ I'existence 
d'un radical amidyle planaire rigide qui ne permet pas a la liaison C-H du methyle de s'approcher colinkairement de I'orbitale 
II. Par opposition, il existe de grandes diffkrences dans la rkactivitk des cyclisations des C-bromures qui dkrivent de ces 
kchanges H-Br intramolkculaires; ces diffkrences proviennent du fait qu'il doit y avoir une colinkaritk entre les liens qui 
approchent et ceux qui partent. Ceci requiert donc une orientation coplanaire des liaisons C-CH, et C-CO et ceci est la 
source des diffkrences dans les rkactivitks. 

[Traduit par le journal] 

Amidyl radicals, RCONR' (for reviews, see ref. l), may 
have the I: or II electronic configurations as shown in A and B, 
assuming a sp2 hybridization of the nitrogen atom. An N-CO 
bond twisted structure from B (II configuration) is shown in D. 
If sp hybridization of the nitrogen atom is assumed, three 
non-bonded electrons are located in two p-orbitals as in C, 
which structurally resembles the 2 configuration. 

About 15 years ago, we (2) showed that arnidyl radicals do 
not react from the 0-centered radical, but rather from the N- 
centered radical, and that amidyl radicals preferentially abstract 

' Author to whom correspondence may be addressed. 

the C-5 hydrogen (from the N-center) from t i e  alkyl side chain 
rather than from the acyl side chain (3-5). On the basis of the 
II electronic configuration of amidyl radicals indicated by esr 
(electron spin resonance) (6) and I3C CIDNP (7) evidence we 
have proposed, after extensive model analyses, that amidyl 
radicals can twist around the N-CO bond with a small energy 
barrier (8) which causes the observed preference in intra- 
molecular H-abstraction from the alkyl side chain. Later, using 
stereochemical considerations to explain the intramolecular ad- 
ditions of amidyl radicals to olefinic (9) and aryl groups (10, 
1 l ) ,  others proposed the I: (or 11) electronic configuration for 
the reactive state of amidyl radicals, which is generally the 
ground state unless special conditions prevail. While the- 
oretical calculations on this question have been inconclusive 
(12, 13), detailed esr studies by Ingold's group (14-16) have 
finally confirmed that simple amidyl radicals have the II radical 
ground state, which has either a planar or a twisted N-CO 
conformation with a low energy barrier (14). The latter had 
previously been generally neglected in considering the stereo- 
chemical implications of amidyl radical additions (9- 11). As 
it is now possible to present a definite discussion, we deem it 
worthwhile to publish these old results describing intra- 
molecular H-abstraction reactivities involving acyl chains as 
related to the amidyl radical configurations. 
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Results 
The plan of this investigation was to generate the amidyl 

radicals by photolysis of N-bromamides 2, 7, and 14 and to 
examine the facility of intramolecular H-abstraction by product 
pattern analysis. Each amidyl radical should undergo intra- 
molecular H-abstraction preferentially from the CH3 group 
located at the C-5 position in the acyl side chains. Their effi- 
ciencies are expected to be controlled by the geometry of the 
methyl and carboxamide groups attached on rigid or semi-rigid 
ring systems. 

The N-tert-butyl carboxamides l a  and 6a of trans- and cis- 
2-methylcyclohexane carboxylic acids were brominated with 
tert-butylhypobromite and the bromamides 2a and 7a were 
photolyzed in benzene by a procedure similar to that described 
before (8). In contrast to the excellent yields of bromide 3a 
from trans-bromamide 2a, the irradiation of cis-bromamide 7a 
gave more than 14 compounds; among them were amide 6a 
(33%) and iminolactones 9a, 11, and 12. These iminolactones 
were not isolated in pure states, but lactone 10 was obtained 
after vigorous hydrolysis of a mixture of iminolactones. The 

Series a R = H; series b R = t-Bu 

C-bromide 3a did not cyclize on heating but did so under the 
effect of hot t-BuOK to give lactam 4a, which was reduced to 
give pyrrolidin derivative 5a; this proved the lactam formation 
instead of the iminolactone formation which has been shown to 
be facile in acyclic bromamide photolysis (4, 8). The formation 
of iminolactones 11 and 12 and the complexity of the product 
pattern indicate that the cis-1 ,Zdisubstituted cyclohexane ring 
must have a substantial population of the alternate chair con- 
formation in which the t-BuN(X)CO group takes the axial 
c~nformation,~ allowing H-abstraction from the C(3)-axial and 
C(5)-axial hydrogen to occur (see Discussion). 

The use of 4-tert-butyl group substituted semi-rigid carbox- 
amides l b  and 6b prevented the ring inversion to occur and 
gave cleaner results; in these models the cyclohexane ring is 
anchored on one side but the opposite side is flexible enough 

'Using cis-ethyl-4-methylcyclohexane carboxylate as an approxi- 
mate model, the population of the conformational isomer correspond- 
ing to 6a (or 7a) is 28% (17). 

to do flattening and puckering. Photolysis of bromamide 2b 
gave a stable C-bromide 3 in about 90% yield, with small 
amounts of l b  and three by-products. Photolysis of cis- 
bromamide 7b gave more than 92% of the hydrobromide of 
iminolactone 9, obviously formed from the primary photo- 
product C-bromide 8b, and gave the free base 9 on neutral- 
ization. The structures of both 3b and 9b were decided by the 
fact that the nrnr signals of the methyl groups in the starting 
bromamides were replaced by CH2 signals with magnetically 
nonequivalent protons at the expected chemical shifts. 

Either bromamides 14a or 14b, derived from N-methyl- or 
N-tert-butyltoluamides, were photolyzed in benzene or ben- 
zene containing 10% cyclohexane to give essentially quan- 
titative yields of iminolactones 16a and 16b via the inter- 
mediacy of unisolated C-bromides 15a and 15b. In the 
presence or absence of a bromine atom and bromine scavenger, 
the product patterns were not affected, indicating that intra- 
molecular hydrogen abstraction by the amidyl radicals from the 
ortho-methyl group is extremely efficient and operates cleanly. 
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TABLE I .  Competitive inter- and intramolecular hydrogen abstraction 
by the amido radicals 17 and 18 

% Recovered amides (% of products)" 
Solvent: % (v/v) 

cyclohexane in benzene trans-lb (% 3b)" cis-6b (% 9b)" 

"The yields of the products were taken as (100% - % of recovered amides) 
and were also checked against their vpc peaks. These are shown in the brackets. 

bThe % yields of the products were determined from the isolation and 
confirmed by vpc analysis. 

The competitive inter- versus intra-molecular H-abstraction 
of the amidyl radicals 17 and 18 (R = tert-butyl) generated 
from cis- and trans-bromamides 2b and 7b was investigated in 
solvent mixtures of cyclohexane-benzene. With increasing 
amounts of cyclohexane, intermolecular H-abstraction in- 
creased to afford more parent amides l b  and 6b in competition 
with the formation of 3b and 8b (i.e., 9b, see Table 1). The 
extent of the formation of these products should vary depending 
on the energetics (or the geometry) of the transition states in 
H-abstraction. In addition, the extent of the former, l b  and 6b, 
also depends on the concentrations of cyclohexane. Since 
quantitative gc analysis of 3b and 9b was frustrated by the 
broad and unsymmetrical peaks, the % yields of the parent 
amides l b  and-6b were analysed against an internal standard. 

q;<; + q Br + @Q, 
0 NHR N-R 

1 3 X = H  15 16 
14 X = Br 1 

phthalide 

Series a R = CH3; series b R = (CH,),C- 

The photolysis conditions were kept constant except for solvent 
variations, and the starting bromamides were examined with ir 
to make sure no starting amides were left unbrominated. The 
lack of the starting materials prevented us from getting more 
points, but each point was repeated twice to give average val- 
ues. Because of many steps taken in working up to give gc 
analytical samples, estimations of degree of accuracy were not 
easy. But the trend of decreases could be easily discerned. 

Discussion 
While intramolecular H-abstraction from the C-5 hydrogen 

of the acyl side chain in acyclic flexible amidyl radicals is 
relatively ineffective (3, 4, 8), the model amidyl radicals 17 
and 18 generated from 1 and 6 in the present case undergo such 
H-abstraction very efficiently, at least in benzene, a poor H- 

atom donating solvent. This efficiency no doubt arises from the 
fact that the reacting carboxamide and methyl groups are held 
in a semi-rigid framework and that p-elimination, which has 
been shown to occur more readily than this type of intra- 
molecular H-abstraction (3, 8), is blocked. Similar intra- 
molecular H-abstraction in the aromatic amidyl radicals 20 
generated from 13 is more efficient-since even where the 
p-elimination is not blocked (with -N-CH3 from 13a) and 
intermolecular H-abstraction is possible, the intramolecularH- 
abstraction has prevailed over other possibilities. That func- 
tionalization at the methyl group of toluamide does not arise 
from a bromine atom chain reaction is demonstrated by the lack 
of effects on the pattern of the reaction in the presence of a 
bromine atom (or Br2) scavenger, tert-butylethylene. 

Table 1 shows the comparison of the efficiency of the intra- 
molecular H-abstraction in trans- and cis-amidyl radicals 17b 
and 18b (k, and kc) using the independent competitions against 
intermolecular H-abstraction from cyclohexane (ki[cyclo- 
hexane]) as the standard. This comparison is based on the 
assumption that intermolecular H-abstractions from cyclo- 
hexane by 17b and 18b occur with approximately the same rate 
constant, as both N-tert-butyl carboxamide groups have 
approximately, but not exactly, the same environment. This 
assumption is reasonable since the steric effects of the N-tert- 
butyl group exert such overwhelming influences on inter- 
molecular H-abstraction that those of others become insignif- 
icant. While the difference in the intramolecular H-abstractions 
in 17b and 18b are small, 18b with the cis-configuration does 
so more efficiently, as shown by the two trends in Table 1. The 
smallness of the observed difference is a critical phenomenon 
which requires discussion. 

The intramolecular H-transfers between an alkoxy (1 8-2 1) 
or aminium (22) radical and a C-5 hydrogen bond are generally 
evaluated with the 0. . C (or N+. .. C) distance in an appropri- 
ate conformation. Owing to the definite structure assumed, and 

accepted, in amidyl radicals, the orientation of the interacting 
orbital containing the unpaired electron and the C-H bond has 
to be considered in various probable conformations. Studies of 
Dreiding models have indicated that should amidyl radicals 
react in the 2 configuration, the observed small reactivity dif- 
ference could be interpreted readily: in either trans-17b or 
cis-18b, the carboxamide and methyl groups could rotate to 
orient the sp2-orbital and a C-H bond in a N-- .C distance of 
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2.5-2.6 A with near colinear orientation without imposing 
much strain on the cyclohexane ring. Undoubtedly, similar 
considerations in the intramolecular addition reaction had led 
other groups to come to the conclusion that amidyl radicals 
might have the reactive state 2 configuration (9). This would 
be reasonable if the esr results were not known (14), since in 
the II-configuration such close proximity and colinearity of the 
interacting centers could not be achieved. Model studies of the 
more rigid aromatic amidyl radical 20 shows these features 
more clearly; the II radical has no chance for intramolecular 
H-transfer. But, this argument is faulty in assuming that the II 
configuration is planar and rigid, or planar and having an 
energy barrier of twisting higher than the activation energy of 
intramolecular H-abstraction. 

Electron spin resonance evidence from Ingold's group leaves 
no doubt that amidyl radicals, RCONR', have the II ground 
state configuration (14). If twisting of the N-CO bond with 
a low energy barrier (8, 14) is accepted for the II-radicals, it is 
readily seen that the intramolecular H-transfer in models 17 and 
18 occurs without perceivable efficiency difference between 
the cis- and trans-configurations. Dreiding models show the 
interacting orbit$ can be near colinear, with the N- . -C  dis- 
tance about 2.5 A, by twisting the N-CO bond for both. Early 
esr work also established that the delocalization of the unpaired 
electron to a CO or electron-withdrawing group in various 
radicals is minimal (6, 23); thus a low energy barrier (of 
N-CO twisting) and, also, the lack of the 0-radical behavior 
for amidyl radicals are supported. Experimental activation en- 
ergies (16) may be used to estimate the N-CO twisting energy 
barrier. We have proposed that the overwhelming preference 
(by a factor of at least 100) for abstraction of an acyl C-5 
hydrogen over an alkyl C-5 hydrogen in an intramolecular 
competition arises primarily from the requirement to twist the 
N-CO out of the plane (8); this assumption has led us to 
estimate the energy barrier of twisting to be 3-4 kcal/mol. The 
difference of activation energies (16) in the two types of intra- 
molecular H-abstractions is 1.4 kcal/mol, probably the lower 
limit of the twisting barrier; the necessity for this barrier to be 
lower than the activation energy of acyl C-5 hydrogen abstrac- 
tion (9.1 kcal/mol) (16) can place the upper limit of this barrier 
at this figure. Thus, 4-5 kcal/mol for the N-CO twisting 
barrier is reasonable and surprisingly low in comparison to the 
N-CO twisting barrier of amides, determined to be =16-22 
kcal/mol by variable temperature nmr studies (24).3 

We now consider the slightly more efficient intramolecular 
C-5 hydrogen abstraction in cis-18 than in trans-17. The tran- 
sition state of the intramolecular H-abstraction can be facili- 
tated by moving the C-CH3 and C-CO bonds in the 
e,e-orientation in trans-17b and those in the e,a-orientation in 
cis-18b closer from the normal dihedral angles of 65" and 55", 
re~pectively.~ This motion is possible in cis-18b since it causes 
flattening of the cyclohexane ring, but it is prohibited in trans- 
17b since the motion causes the puckering of the ring (25). 
Thus, the smallness in the efficiency difference between two 
series of experiments (Table 1) indicates that coplanarity (21, 
22) of these two bonds is not important; otherwise the differ- 
ence will be substantial, as shown in the ring closure of C- 
bromides 3b and 8b  discussed below. 

In the transition state of radical H-abstraction from a C-5 hydro- 
gen, coplanarity requirements are also considered (see refs. 1 9  and 
23). 

The great efficiency difference in the ring closure of 3b and 
8b  to the iminolactones is a nice contrast to the intramolecular 
H-abstraction discussed above. For the iminolactone for- 
mation, the C=O has to approach the rear end of the C-Br 
bond in the transition state in which the colinearity of the 
interacting orbitals is the best geometry, minimizing the energy 
requirement. Similar Dreiding model studies show that such 
transition states require bringing the C-CO and C-CH2Br 
bond close to coplanar orientation, which means the puckering 
of the cyclohexane ring in 3b (compare 17b). As this motion 
requires a large energy expenditure, the corresponding im- 
inolactone is not formed even under forced conditions. Similar 
coplanarity requirements in 8b  mean the flattening of the cyclo- 
hexane ring (compare 18b), which demands a relatively small 
energy expenditure (<lo kcal/mol), thus the facile formation 
of iminolactone 9b  from 8b  (25). For the unisolated aromatic 
C-bromide 15 from 14, the cyclization is even more facile since 
the two relevant bonds are already held in coplanar orientation; 
the ring closure is spontaneous. 

Though iminolactones 11 and 12 have not been isolated, 
their formation on irradiation of 7 a  is certain. From the consid- 
eration of conformation free energies, the alternative con- 
formation to 6a and 7 a  should exist to a certain extent (17) and 
should generate amidyl radical 19 which undergoes intra- 
molecular H-abstraction from the C(3)- and C(5)-axial hydro- 
gens as discussed above. In the present H-abstraction, since the 
C-H bonds are semi-rigid, the requirement of the N-CO 
twisting in the II amidyl radical is more obvious than ever. It 
should be noted that the cyclohexane ring inversion 18a S 19 
is quite likely much slower than intramolecular H-abstraction 
from energetic considerations. The activation energies of the 
latter have been shown to be 9.1 kcal/mol in acyclic amidyl 
radicals (16) and, in the present case, probably <9.0 kcal/mol 
because of semi-rigid model 6a.  In contrast, the activation 
energies for the former are generally =I0 kcal/mol(25) and in 
18a $ 19 it should be higher than this value because of the 
eclipsing of 1,2-disubstituents in the transition state. 

The small difference in intramolecular H-abstraction be- 
tween trans-17b and cis-18b is surprising and has been ex- 
plained by the II amidyl radical configuration having a low 
energy barrier for twisting around the N-CO bond; un- 
doubtedly, the esr results (14- 16) provide us some confidence 
in arriving at this conclusion. However, another explanation is 
possible, though more speculative in nature. For this, we as- 
sume that ll and C radical configurations (i.e., B and A) as the 
ground and lowest excited state electronic configurations of 
amidyl radicals, and that the energy split between the two states 
is fairly small, say < 9.1 kcal/mol, in other words, much less 
than the activation energy for intramolecular H-abstraction 
from acyl chains (16). Under such a circumstance, intra- 
molecular H-abstraction from acyl chains must involve the 
transition of the II radical configuration B to the C radical 
configuration A. As such, no significant stereoelectronic con- 
trol of the intramolecular H-abstraction can be observed with 
the model amidyl radicals used in the present study. 

While the model systems adapted in the present study are 
inadequate to give us a finite solution, they have led us to 
recognize immensely intricate electronic configurations of ami- 
dyl radicals in their static and dynamic (reactive) states. The 
challenge led us to extend considerations to other reactive rad- 
icals with possibilities of delocalization, such as carboxyl and 
nitrogen dioxide radicals. 
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Experimental 
The conditions and equipment are the same as those given in ref. 8. 

The samples of trans-4-tert-butyl-trans-2-methylcyclohexanecar- 
boxylic acid and its cis isomer were obtained from the synthetic 
scheme published previously (26). The carboxylic acids were treated 
with SOC12 followed by tert-butylamine to afford the N-tert- 
butylcarboxamides l b  and 6b. 

Photolysis of trans-bromamide 2b  
To a 25-mL aluminum foil-protected Erlenmeyer flask was added 

the t-BuOBr solution (5 mL) and l b  (0.148 g), which were stirred for 
2 h at 0°C. After 2 h reaction, an aliquot was tested by ir spectroscopy 
for the absence of the 1500 cm-I peak. The resulting crude solid was ' dissolved in anhydrous benzene (120 mL) placed a Pyrex photocell 
kept at 20°C. A 200-W medium pressure Hanovia lamp was used as 
the irradiation source. The vhotolvsis was carried out for 45 min but 
the reaction was essentially complete in 30 min, as shown by 
KI-AcOH tests. The benzene solution was concentrated to give a 
solid residue (0.220 g); ir: 3430 (m), 3300 (m), 1665, 1505 (m) cm-I; 
nmr: 5.7 (b, lH), 4.5 (bs, 2H), 1.4 (s), 0.9 (s) ppm. Vapor phase 
chromatography (vpc) showed that the product had one major peak 
(90%) and four small peaks, of which one was the amide l b .  

A portion (0.180 g) of this photoproduct was subjected to prepara- 
tive tlc on silica gel plates with 2% CH30H in CHC1, as the eluting 
solvent. The appropriate portion of the plates was scraped off and the 
silica gel was extracted with 15 mL CH30H for 1 h. The material 
recovered from the CH30H solution was taken up in CHC13 (2 mL) 
and was filtered through a short column containing neutral alumina (2 
g) and further eluted with CHC13 (100 mL). Evaporation of CHC13 left 
a solid (0.130 g) which was recrystallized from acetone/petroleum 
ether (1 :9) to give white crystals of 3b, mp 134- 135°C; ir: 3430 (m), 
1665, 1505 (m) cm-I; ms m/e: 333 (M+, 27), 331 (M+, 27), 318 (18), 
316 (18), 276 (64), 274 (59 ,252  (100). Anal. calcd. f ~ r c ~ ~ H ~ ~ N o B r ;  
C 57.84, H 9.10, N 4.22; found: C 57.78, H 9.04, N 4.25. 

Compound 3b (30 mg) was refluxed in 20 mL benzene for 2 h. No 
change was observed in the ir spectrum of the residue. 

Photolysis of cis-bromamide 7b 
The N-bromamide was prepared from 6b (0.147 g) and t-BuOBr in 

the usual manner to give 7b as a yellow solid (0.232 g). This material 
was dissolved in anhydrous benzene (120 mL) and photolyzed in the 
usual manner for 45 min. The photolysate was evaporated to give the 
solid HBr salt of 9b (0.233 g); ir: 3350 (m), 2950, 2860, 2750, 2670 
(m), 1675, 1510 (w) cm-I; nmr: 7.0 (bs, lH), 4.7 (m, lH), 3.9 (m, 
1 H), 2.7 (m, 1 H), 1.55 (s), 0.9 (s) ppm. Irradiation at ca. 1.7 ppm 
changed the 4.7 and 3.9 ppm signals to an unsymmetrical AB quartet 
( J  = 17 Hz). 

The photoproducts (0.160 g) were taken up in 25 mL saturated 
Na2C03 solution which was extracted with CHCI3 (3 X 10 mL). The 
combined organic extracts were worked up to give, upon evaporation, 
a solid (0.076 g), which on gc showed one major peak (>92%) and 
three minor peaks, none of which corresponded to the starting amide 
6b. The solid was subjected to preparative tlc on silica gel with 2% 
CH30H - CHC13 as eluent. After the usual extraction process, it gave 
a solid residue (0.06 g) which was recrystallized from CHC13/acetone 
(3: 1) mixture to yield 9b, mp 92-93°C; ir: 1700, 1505, 1235, 1010 
cm-I; ms mle: 251 (M+, lo), 237 (54), 236 (loo), 194 (15), 180 (1 I), 
84 (47). Anal. calcd. for C16H29NO: C 76.44, H 11.63, N 5.57; found: 
C 76.71, H 11.65, N 5.39. 

Quantitative analysis of cis- and trans-bromamide photolyses 
Amide l b  or 6b (50.0 mg) and the tert-butylhypobromite solution 

(4 mL) were reacted as described before. After 2 h reaction time, a 
sample was taken for ir spectrum examination. Once the absence of 
absorption at 1500 cm-' had been confirmed, the solution was concen- 
trated at 0°C to a constant weight of residue while taking precautions 
to avoid exposure to light. The solid was then dissolved in the solvent 
mixture (120 mL) and was photolyzed under the conditions previously 
described. 

For the photolysate obtained from amide l b ,  0.2 mL of the internal 
standard (N-tert-butyltoluamide 9.7 mg/5.0 mL CHCI,) and suf- 
ficient photolysate were mixed to make exactly 5.0 mL solution, 
which was then concentrated on the rotary evaporator (15°C water bath 
temperature) until all the solvent was removed. Then 0.25 mL CHC1, 
was added and the resulting solution was analyzed by vpc (15% DEGS 
column at 180°C). The ratio of the area for amide l b  to internal 
standard was calculated and, with the assistance of a previously pre- 
pared calibration curve, the quantity of l b  in the solution was deter- 
mined. 

The photolysate obtained from amide 6b was treated with Na2C03 
solution. After drying, 5.0 mL of the photolysate was withdrawn and 
concentrated on the rotary evaporator (water bath at 15°C). To the 
residue was added 0.25 mL 2-phenylpropanone internal standard solu- 
tion (concentration 0.268 mg/mL). The solution was analysed by vpc 
as above. 

Photolysis of trans-bromamide 2a 
Sodium and isoamyl alcohol reduction of o-toluic acid according to 

the published method (27) gave trans-2-methylcyclohexanecarboxylic 
acid, mp 41 -43°C; anilide mp 147- 148°C (lit. (27) mp 148°C). The 
N-tert-butylamide 19 was recrystallized from aqueous ethanol; mp 
159- 160°C; ir (CCL): 3455, 1670, 15 10 cm-I; nmr: 0.87 (d, J = 5 
Hz, 3H), 1.27 (s, 9H) ppm. Anal. calcd. for CI2H2,NO: C 73.04, H 
11.75, N7.10; found: C72.96, H 11.55, N7.23. 

The usual bromination of l a  with t-BuOBr afforded bromamide 2a; 
ir (CC14): 1664, 1450 cm-I; nmr: 0.93 (d, J = 6 Hz, 3H), 1.45 (s, 
9H). This bromamide (870 mg) in benzene (30 mL) was photolyzed 
for 30 min, and the photolysate was evaporated under vacuum. The 
residue was chromatographed on silicic acid to give amide l a  (33 mg) 
and impure C-bromo compound 3a (662 mg); ir: 3440, 1640, 1510 
cm-I; nmr: 3.41 (bd, 2H); ms m/e: 377, 375, 260, 262, 220, 222, 
203, 205, 196, 140, 95. Heating of the latter fraction in benzene 
caused darkening of the solution and gave 3a on work-up. 

The residue obtained from photolysis of 2a (652 mg) was refluxed 
with t-BuOK (230 mg) in t-BuOH (6 mL) for 2 h. The product was 
analyzed by vpc showing 4 (66%, RT 7 min), l a  (16%, RT 4.8 min), 
and some unreacted 3a. Silicic acid chromatography of the product 
gave lactam 4 (196 mg); ir: 1690, 1400, 1365 cm-I; nmr: 1.37 (s, 9H), 
3.39 (dd, J = 9 and 5.5 Hz, lH), 2.98 (dd, J = 9 and 2 Hz, l H) ppm; 
ms mle: 195 (M+, 16), 180 (loo), 178 (55), 152 (53), 58 (19). 

The lactam 4 was reduced with LAH to pyrrolidine 5 which gave 
a picrate, mp 155- 157°C. Anal. calcd. for C18H26N407: C 52.68, H 
6.39, N 13.65; found: C 52.83, H 6.44, N 13.58. 

Photolysis of cis-bromamide 7a 
Hydrogenation of o-toluic acid in the presence of Pt02 in acetic acid 

followed by fractional distillation (28) gave a fraction boiling at 
106- 108"C/0.5 Ton  (1 Ton = 133.3 Pa). The methyl ester of the 
fraction was analyzed by vpc showing the presence of 95% of cis-2- 
methylcyclohexanecarboxylic acid and 5% of the trans isomer. The 
corresponding amide had mp 151 - 152°C (lit. (28) mp 15 1 - 153°C); 
ir: 3360, 3180, 1660, 1620; nmr: 0.91 (d, J = 6 Hz, 3H), 2.57 (m, 
WIl2 = 15 HZ, 1H) ppm. The corresponding anilide had mp 
119- 122°C (lit. (28) mp 68°C); ir: 3325, 1655, 1600, 1520. N-tert- 
butylamide 6a was recrystallized from a pet. ether - benzene mixture 
giving white crystals, mp 11 1- 112°C; ir: 3320, 1645, 1550 cm-I; 
nmr: 0.92 (d, J = 7 Hz, 3H), 1.38 (s, 9H) ppm. Anal. calcd. for 
Cl2HZ3NO: C 73.04, H 11.75, N 7.10; found: C 73.01, H 11.68, N 
" - 0  
I .LO.  

Amide 6a (0.5 g) was brominated and photolyzed as described 
above. The crude product showed more than 10 spots on tlc analysis. 
The crude product was separated by silicic acid chromatograph to give 
fractions 1 (228 mg), 2 (192 mg), and 3 (50 mg). Fraction 1 contained 
the parent amide 6a (33% overall estimated from peak areas) and 
several minor components as shown by vpc. Fraction 2 was re- 
chromatographed to give an amorphous solid; ir: 1705, 1460, 1310, 
1140; nmr: 4.67 (t, J = 4), 4.35 (W112 = 7 HZ), 3.25 (W1/2 = 7 HZ), 
2 . 3 3 ( W 1 / 2 = 8 H ~ ) , 0 . 9 7 ( d , J = 6 . 5 H ~ ) ,  1 .02(d , J=6 .5Hz)ppm.  
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This amorphous solid was assumed to be a mixture of iminolactones 
11 and 12. On attempted recrystallization from a benzene-ethanol 
mixture, the ir and nmr of the recovered solid exhibited patterns 
similar to those of fraction 3, which was believed to be an isomeric 
mixture of hydrolysis products of 11 and 12. Another portion obtained 
from this chromatography exhibited the nmr signal at 4.1 (dd, J = 9 
and 3.5 Hz) and 4.0 (J  = 9 and 2 Hz) ppm due to 9a. 

A combined fraction 2 (626 mg) was hydrolyzed in hot 4 N HCI 
solution for 20 h. The product was separated into an acidic fraction 
(126 mg) and a neutral fraction (310 mg). The acidic fraction was 
chromatographed on silicic acid to afford lactone 10 (66 mg); ir: 2875, 
1780, 1140,950 cm-I; nmr: 4.09 (dd, J = 9 and 4 Hz, lH), 3.80 (dd, 
J = 9 and 1 Hz, 1H) ppm. An authentic lactone 10 was synthesized 
from LAH reduction of cis-l,2-cyclohexanedicarboxylic acid and 
showed identical ir and nmr spectra with those obtained from the 
photolysis sample. 

Photolysis of N-bromo-N-methyltoluamide 14a 
The toluamide 13a (0.23 g) and t-BuOBr (6 mL) were reacted to 

give a bromamide 14a (0.37 g) which was taken up in benzene (120 
mL) and irradiated as above at 20°C for 1 h. The photolysate was 
evaporated to afford a residue (0.3 1 g) which was recrystallized three 
times from CHC13-acetone (1 :3) to give the hydrobromide of im- 
inolactone 16a, mp 205-206°C; ir: 3460 (m), 2700 (m), 1700; nmr 
(D20): 7.9 (4H, m), 6.0 (2H, s), 3.4 (3H, s) ppm. Anal. calcd. for 
C9HloNOBr: C 47.39, H 4.42, N 6.14; found: C 47.47, H 4.51, N 
6.25. 

The residue from the mother liquor was treated with saturated 
Na2C03 solution (20 mL) and extracted with CH2C12. Work-up of the 
extracts gave iminolactone 16a (0.1 13 g); ir: 1700 cm-I; nmr: 7.5 
(4H, m), 5.3 (2H, s), 3.18 (3H, s) ppm; ms m/e (%): 148 (M', 16), 
147 (loo), 146 (84), 118 (77). The solid in pet. ether was chro- 
matographed on neutral alumina to give, as the only solid, phthalide, 
mp 69-71°C (lit. (29) mp 72-73°C); ir and nmr spectra were identical 
with those of another sample. 

In a separate experiment, bromamide 14a (0.32 g) was photolyzed 
in 5% cyclohexane - benzene (120 mL) containing 3 drops of tert- 
butylethylene. The crude product before or after basification, or after 
chromatography, did not yield the starting amide 13a. 

Photolysis of N-bromo-N-tert-butyltoluamide 14b 
The parent amide, 13b, (0.22 g) was treated with t-BuOBr (6 mL) 

to give N-bromamide 146 (0.33 g) which was photolyzed as above for 
1 h at 20°C and evaporated to give a residue (0.25 g). Part of this 
(0.13 g) was recrystallized fiom acetone-CHC13 (3: 1) to give the 
hydrobromide of iminolactone 16b, mp 110- 11 1°C; ir: 1675 cm-'; 
nmr: 7.8 (4H, m), 5.9 (2H, s), 1.75 (9H, s) ppm. The residue (0.12 
g) was treated with saturated Na2C03 solution (10 mL) and extracted 
with CH2C12 to give iminolactone 16b (0.07 g); ir: 1700, 1650 cm-I; 
nmr: 7.8 (4H, m), 5.25 (2H, s), 1.4 (9H, s); ms m/e (%): 189 (M', 
12), 174 (loo), 134 (71). 

Attempts to reduce iminolactone 16b with an excess of LAH gave 
only 16b. Iminolactone 16b (0.05 g) in 20% H2S04 was refluxed for 
3 h. The solution was extracted with CHC13. The extracts were evap- 
orated to give phthalide (0.03 g), mp 72-73°C (29), as the only peak 
shown in gc analysis. 

In a separate experiment, bromamide 14b (0.22 g) was photolyzed 
in 5% cyclohexane - benzene containing 3 drops of tert-butylethylene. 
The photolysate was neutralized, extracted, and worked up to give 
iminolactone 16b without contamination. 
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Chemistry of amidyl radicals: intramolecular reactivities of alkenyl amidyl radicals 
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YUAN L. CHOW and RICHARD A. PERRY. Can. J. Chem. 63, 2203 (1985). 
Amidyl radicals possessing A4.', A'.6, and A6.' double bonds were generated from the photodecomposition of nitrosamides 

and chloramides and the products were identified. Dichotomies of amidyl radical reactivities were discovered and compared 
with published kinetic rate constants. In complete reversal to intermolecular reactivities, intramolecularly the alkenyl amidyl 
radicals preferentially add to the double bonds rather than abstract a C-5 hydrogen even if it is allylic. In intramolecular 
competition, amidyl radicals add to an acyl side chain double bond more efficiently than to an alkyl one; this is just the opposite 
to intramolecular H-abstraction of amidyl radicals. Taken together with the published results, it is established that, in 
intramolecular attacks of double bonds, amidyl radicals selectively undergo the propia-addition to generate an exo-cyclic 
radical rather than the longa-addition to an endo-cyclic radical: this rule should replace the old one that amidyl radicals 
preferentially cyclize to form five-membered rings if choices are available. 

YUAN L. CHOW et RICHARD A. PERRY. Can. J. Chem. 63, 2203 (1985). . . 

On a gCntre des radicaux amidyles possedant des doubles liaisons A4.', k5.6 et A6.7 en faisant appel B la photodCcornposition 
de nitrosamides et de chloramides et on a identifiC les produits obtenus. On a dCcouvert les dichotomies des rCactivitCs des 
radicaux amidyles et on les a compare avec les constantes de vitesses cinitiques publikes anterieurement. En opposition 
cornplkte avec les rCactivitCs intermolCculaires, les radicaux amidyles alkCnyles s'additionnent prCfCrentiellement d'une f a~on  
intramolCculaire sur les doubles liaisons plut8t que d'enlever un hydrogkne en C-5, m&me s'il est allylique. Dans une 
compttition intramolCculaire, les radicaux amidyles s'additionnent plus facilement B une double liaison d'une chaine lattrale 
acyle qu'h une chaine alkyle; ce rCsultat est justement I'oppusC de ce qui se produit lors d'un enlkvement intramolCculaire de 
H des radicaux amidyles. Si I'on prend ces rCsultats avec ceux qui ont CtC publies anterieurement, on peut Ctablir que, lors 
d'attaques intramolCculaires sur des doubles liaisons, les radicaux amidyles subissent sklectivement une addition propia 
conduisant B un radical cyclique exo plut8t qu'une addition longa conduisant ?i un radical cyclique endo: cette rkgle devrait 
remplacer la rkgle antCrieure selon laquelle les radicaux amidyles se cyclisent prkferentiellement pour former des cycles B cinq 
chainons, s'ils en ont le choix. 

[Traduit par le journal] 

Chemistry of amidyl radicals has attracted much attention in allows us to discuss our old results more intelligently. We wish 
the last two decades (1 - 11) and been reviewed (1 -4). The to publish this work now. 
major interest has been the electronic configuration from which 
amidyl radicals (RCONR) (12-20) react with substrates and its Results 
relation to amidyl radical reactivities. Fifteen years ago, we The general plan was to generate amidyl radicals carrying a 
found that N-alkylamidyl radicals interact with an olefin (e.g., A4.', A5x6, or A6-' (from the N center) olefinic bond either in 
1,3-pentadiene and cyclohexene) by exclusive allylic hydrogen 
abstraction but no addition (21, 22);3 this preference was totally 
reversed in intramolecular reactivity, e.g., addition to the 
C(5)-atom of the olefinic bond prevailed over H-abstraction 
from the C(5)-allylic hydrogen (24). These observations have 
led us to an extensive investigation of the intramolecular reac- 
tivity of amidyl radicals (25). In the meantime, while argu- 
ments on the 2 and n amidyl radical configurations continued 
inconclusively, several works (14- 18) on intramolecular reac- 
tivities, in particular cyclizations of alkenyl amidyl radicals, 
were published and interpreted in favor of 2 and (or) I I  elec- 
tronic configurations as the reactive state. Theoretical calcu- 
lations (19, 20) on the 2-n structure of amidyl radicals have 
not been able to give a definitive answer (19). Recently, 
Ingold's group (26-29) has extended the esr observations 
reported earlier by Danen and Gellert (12), and proven con- 
vincingly that amidyl radicals (RCONR) possess n structure in 

N-alkyl or N-acyl chains and investigate competing intra- 
molecular H-abstraction from the C(5)-hydrogens and addi- 
tions to the double bonds. It should be noted that intra- 
molecularly, amidyl radicals preferentially abstract the C-5 
hydrogens on the alkyl side chain of the N-center rather than 
those from the acyl side chain (9, 14), and do so from the 
nitrogen center but not from the amide oxygen center (14, 15). 

The required amides la-6a  were prepared by the usual 
reactions and the details of their preparation have been de- 
scribed in the thesis submitted by one of the authors (25). 
Nitrosamides lb-6b were prepared by nitrosation with either 
NaN02 in AcOH-Ac20 or N204 in CH2C12 and the crude prod- 
ucts were utilized in photolysis without purification since nitro- 
samides are generally sensitive to heat and light (9, 30). By 
either method, one of the side reactions was the addition of 
N204 or N203 to the double bond. While this addition was 
slower than the nitrosamide formations in general, some of 

their gound state; they have also determined many valuable these nitrosamides were contaminated with ;small amount of 
rate constants of amidyl radical reactions by kinetic esr spectro- the addition products (see Table 1). In the preparation of 4b  and 
scopy (27, 29). The availability of these finite parameters 6b  the contaminants amounted to as much as 15% and were 

clearly observable in the nmr and ir spectra. Therefore, all 

' Author to whom correspondence may be addressed. these nitrosamide samples were closely monitored with ir and 
'present address: Merck Sharpe & Dohm, Stable Isotopes, P.O. nmr spectra before photolysis and the light source was filtered 

Box 899, Point Clair - Dorval, P.Q., Canada H9R 4P7. with NaNO, - sodium naphthalate filter solution to cut off the 
'A similar phenomenon was also observed, see ref. 23. energy <400 nm in order to avoid excitation of nitro or nitrite 
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TABLE 1 .  Spectral data of N-nitrosamides and N-chloramides 

Nuclear magnetic resonance 
(ppm in CDCI3) Infrared 

(liquid film) 
Compound CH=CH CH-CONH-CH (cm- ') Ultraviolet (in benzene) nm (E) 

l b  5.70(m) 3.80(m) 3.10(s) 1725, 1500 428(90), 408(85), 392(60), 375(50) 
1 c 5.77(m) 3.10(m) 3.40(s) 1660,1440' - 
26 5.82(m) 4.40(m) 3.10(s) 1725, 1500' 422(50), 403(55), 387(40), 372(25) 
36 3.75(m) 3.33(m) 3.08(s) 1725, 1500 423(95), 404(90), 385(55), 374(40) 
46 5.67(m)b 3.15(fd) 3.12(s) 1720, 1500' 421 (go), 402(80), 386(60), 370(20)" 
56 5.57(1n)~ 2.79(s) 3.72(bd) 1725, 1640' 426(90), 407(85), 39 1 (50), 376(30) 
6b  5.71 (m)b 2.66(s) 4.30(m) 1730, 1515' 423(6), 405(55), 390(40), 366(25) 
6c 5.61(1n)~ 2.24(s) 4.55(m) 1670 - 

"This uv spectrum was taken in CCI,. 
'The integrations were less than 2H due to addition reaction. 
'Weak absorptions due to the parent amides (=I640 and =I550 cm-') were observed. 

groups. The filter system allows us to selectively excite the 
n -+ T* transition band of nitrosamides and gives cleaner 
product formation, as demonstrated in earlier studies (30). The 
preparation of nitrosamides lb-6b and chloramides l c  and 6c 
was described in the thesis (25). Their physical data are given 
in Table 1. 

Photolysis of nitrosamides under nitrogen generally gives the 
C-nitroso compounds as the primary photoproducts that are in 
equilibrium with their dimer and also tautomerize to the corre- 
sponding syn- and anti-oximes4 with a slower rate. Depending 
on the photolysis conditions, the C-nitroso dimer absorption in 
the 300-nm region can be observed and the dimers can be 
isolated if the photolysates are worked up quickly (9). In gen- 
eral, the photolysates were kept at room temperature for a long 
time to allow their tautomerization to oximes as shown below. 
The structures and stereochemistrv of svn- and anti-oximes 
were determined from chemical shkts and coupling patterns of 
the neighboring protons (e.g., N-CH,, N-CH, etc.) and 
characteristic ir absorptions; the correlations were well estab- 
lished from our previous work (31). 

RRCH 
\ /"O 

2 RRCH-NO 

0 'Y 
RRC=N-OH 

Photolysis of l b  in benzene under nitrogen gave anti- and 
syn-oximes 6 (2: 1 ratio, up to 68%), ketolactam 7 (18%), and 
a mixture of syn- and anti-enone oximes 11 (6%); about 4% of 
nitratolactam 9 was also detected. The crude product contained 
the corresponding C-nitroso dimer and could be hydrolysed by 
sodium bisulfite to give ketolactam 7 in 56% yield. As syn-6 
was slowly isomerized to anti-6 on standing, a sample of 
syn-oxime was obtained as a mixture with anti-6. Their con- 
figurations were clearly indicated by the N-CH and N-CH, 
protons at 3.90 and 2.82 pprn for anti-6 as compared to those 
at 4.65 and 2.89 pprn for syn-6. The ketolactam 7 was reduced 
with NaBH, to endo- and exo-hydroxylactams 10, and with 
LAH followed by Jones' oxidation to aminoketone 8, the struc- 
ture of which was established previously (32). Enone oxime 11 

could not be separated to its syn and anti isomers, but showed 
ir absorptions at 1670 and 1550 cm-' for a secondary amide and 
the chemical shifts of the olefinic protons at 6.3 and 5.8 pprn 
regions assignable to such conjugated oximes (33). 

Photolysis of l b  under oxygen, other conditions being the 
same, was straightfonvard, giving the exo- and endo-isomeric 
pair of nitratolactams 9 (5 1%) and that of hydroxylactams 10 
in addition to nitrolactams as the minor products, in agreement 
with the oxidative photoreaction of nitrosamides shown pre- 
viously (30). The nitrolactams were obtained in only small 
amounts and could not be isolated. The structures of 9 and 
10 were related to ketolactam 7 and arninoketone 8 by a series 
of hydrolysis, reduction, and oxidation as described in the 
Experimental. The endo- and exo-nitratolactarns 9 showed the 
expected ir bands at 1690, 1630, 1280, and 860 cm-' and 
similar ms fragmentation patterns; the endo and exo config- 
urations were confirmed by the proton signals of CH-ONO,; 
the former gave a double doublet at 5.1 pprn ( J  = 9 and 7 Hz) 
for the axial H and the latter a narrow signal at 5.26 pprn 
( W l 1 2  = 9 Hz) for the equatorial H. 

Photolysis of chloramide l c  was also investigated under 
nitrogen to give endo- and exo-chlorolactams 12 (33 and 39% 
isolated yields), both of which showed well-defined nmr spec- 
tra and the same ms pattern; the former showed an axial proton 
(for CHCl) at 4.25 pprn (ddd with J = 9, 7 and 1 Hz) and the 
latter an equatorial proton at 4.32 (dd, with J = 6 and 3 Hz). 
Chlorolactams 12 were easily reduced to chloroamines 14, but 
only endo-14 could be isolated. The exo-14 was unstable and 
reduced by LAH much more rapidly (than endo-14) to the 
known amine 13 (34), due to the efficient participation of the 
amine in displacing the chloride; the intermediate, aziridinium 
ion, was obviously reduced to give the azabicyclic[3.2.1] 
system as in 13. 

Photolysis of nitrosamide 2b under nitrogen gave syn-P- 
lactam oxime 15 (44%) and the corresponding keto-P-lactam 
(7%); a p-lactam was indicated by the ir peak at 1725 cm-'. By 
decoupling experiments, the low-field doublet (C(1)-H) and 
triplet (C(6)-H) were shown to be coupled to each other with 
J = 5 Hz, in analogy to nmr data of a cis-fused lactam ring 
system (35). This, together with the fact that the C(1)-H is 
shown not to be coupled to other high-field protons, virtually 
eliminates the alternate structure 16 as the product. The as- 

4Fiollowing the previous definition (30), the syn-oxime is the one signment of the syn orientation was based on the low chemical 
possessing the oximino OH on the side of the lactam ring and the shift of C(1)-H at 4.05 pprn and relatively high chemical shift 
anti-oxime is the one possessing that on the opposite side. of C(3)-equatorial hydrogen at 2.6 ppm in accordance with the 
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CHOW AND PERRY 

previous correlation (31). The keto-P-lactam was not isolated 
in the pure state. 

Successful use of BrCCl, as a radical trapping agent (32) led 
us to photolyze nitrosamide 3b in BrCCl, whereby single exo- 
bromolactam 17 was isolated in 89% yield. In the process, 
CC1,NO was also formed, as shown by the uv absorption (32) 
at 580 nm. The nmr spectrum became well separated on addi- 
tion of Eu(fod),; decoupling experiments on this spectrum (see 
Experimental) clarified the coupling patterns of the protons. 
The coupling constants of JI,, = 8 Hz and J1,* = 1.5 HZ are in 
good agreement with other azabicyclo[3.3.0] derivatives (36) 
and confirm the exo-bromo orientation in 17. LAH reduction of 
17 to the known amine 18 completed the proof of the structure 
(37). 

The preparation of nitrosamide 4b was accompanied by 
N204 addition to the double bond. The best sample contained 
a small amount of the starting amide 4a and some N204 adducts 
(ca. 10%); this material was used in the photolysis under 
nitrogen. The crude product was a complex mixture but gave 
anti-oxime 19 (25%) and a fraction tentatively assigned to 
enone oxime 21 ( ~ 7 % )  after extensive chromatography. The 
anti-oxime 19 was the only tertiary amide obtained, showing 
a low amide CO stretching frequency at 1605 cm-' and the OH 
signal at 10 ppm. The nmr triplet at 3.85 ppm indicated a more 
symmetrical skeleton of the [3.3.1] system than the [4.2.1] 
system. This chemical shift, together with the multiplet at 

3.25 ppm for the equatorial C(7)- H, indicated the anti-oxime 
configuration. The ketolactam was reduced with LAH and ox- 
idized by Jones' reagent to give aminoketone 22.5 All other 
fractions were secondary amides (ca. 1640, 1550 cm-I) that did 
not show typical olefinic proton signals, except for one which 
exhibited ir absorptions at 1635 and 1550 cm-I, and olefinic 
proton signals for an enone oxime (33) at the 6.2 and 6.8 ppm 
regions. This compound could be the oxime 21. Various 
difficulties prevented us from continuing the work. 

Photolysis of 5b under nitrogen gave syn- and anti-oximino- 
amides 23 (49%) and ketoamide 24 (14%). The C-nitroso 
dimer was also detected during irradiation (A,,, 295 nm) and 
tautomerized slowly to the oximes. In spite of extensive search 
for enone oximes, only the starting amide 5a (8%) was ob- 
tained from the crude product. The syn-oxime 23 was not 
isolated in the pure state but as a mixture with anti-23. This 
mixture was hydrolysed to ketoamide 24 as the only product. 
The oximes anti-23 and syn-23 exhibited the expected nmr 
signals(31)fortheC(l)-Hat4.39ppm(dd, J =  5.5 and 1 Hz) 
and 5.40 ppm (broad d, J = 5 . 9 ,  respectively. 

Nitrosation of acetamide 6a was contaminated with ca. 10% 
of the N204 addition products as the best sample ever obtained. 

'It should be mentioned that aminium radicals preferentially add to 
a double bond, either in intermolecular or intramolecular reactions 
(38). 
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range after photolysis. As in neither photolysis was a bicyclic 
acetamide detected, the work was not pursued further. 

Discussion 
Three general conclusions can be drawn from the intra- 

molecular reactions presented here and published in the litera- 
ture (17, 18). First of all, in contrast to the intermolecular 
reactivities reported before (21 -23), intramolecular addition 
of amidyl radicals preferentially occurs to suitably located dou- 
ble bonds (e.g. A3v4, Ads5, and A5z6 from nitrogen) either in acyl 
or alkyl side chains to form 4, 5, and 6-membered rings, rather 
than to abstract C-5 hydrogens, even if these hydrogens are 
allylic. Secondly, the attack on these double bonds always 
occurs specifically in thepropia-mode (i.e. attack at the nearest 
end of the double bond) to generate exo-cyclic C-radicals rather 
than in the longa-mode (i.e. attack at the further removed end 
of the double bond).6 It is now established that for amidyl 

This sample decomposed slowly in benzene in the dark. 
?he new term propia-longa addition is derived from the Latin Photol~sis of this showed no formation of C-nitroso adjectives propius (near) and longus (far) to describe the p i n t  of 

and the crude product gave 6a (37%) and 4-ace- attack during the course of reactions. This term is preferred over that 
tox~c~clohexene (9%) in addition to many minor~roducts. The of the exo-erulo cyclization (refs. 29 and 39) since conceptually the 
preparation and photolysis of N-chloramide 6c were even more latter can give alternative pathways and cause ambiguity in the 
complicated, giving at least 14 compounds in the 5- 10% yield formation of polycyclic systems. 
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radicals propia-cyclization takes precedence over ring size con- 
siderations: e.g., A4v5, A5*6, and A6v7-alkenyl amidyl radicals 
cyclize to give four, five, and six-membered rings, re- 
spectively. Similar preference for propia-addition has been 
reported for the kinetically controlled cyclization of alkenyl 
C-radicals (39). Thirdly, the propia-cyclization of amidyl 
radicals involving the acyl chain occurs more efficiently than 
that involving an alkyl chain; this is in sharp contrast to the 
pattern of the intramolecular H-abstraction reactivity of amidyl 
radicals (14). 

These conclusions can be expanded for individual cases with 
reference to kinetic data reported for intramolecular reactions 
of amidyl radicals (27,29). As these kinetic data were obtained 
with open chain amidyl models, comparisons with them have 
to take into account semi-flexible cyclic alkenyl groups in the 
amidyl models used in these studies. 

The activation energy for intramolecular H-abstraction is 
6-9 kcal/mol ranging from C-5 allylic to C-5 methyl hydro- 
gen, and that for the propia-cyclic addition 5-8 kcal/mol in 
the addition to C-5 and C-6 olefinic carbons (29); it is expected 
that corresponding reactions in intermolecular modes will re- 
quire even higher activation energies, as their rate constants of 
H-abstraction by arnidyl radicals suggest (-lo4 M-' s-I) (21, 
29). As some cyclohexene derivatives are shown to have the 
activation energy of inversion (e.g. 25 $26) of 5-6 kcal/mol 
(40), the cyclohexene ring inversion can be faster than any 

inter- and intramolecular reactions. As such, the requirement 
for the axial orientation of the amidyl radical side chain as in 
26 would not be expected to be the rate limiting factor in the 
intramolecular reactions. 

The second conclusion is best illustrated by cycloaddition of 
2b, where a strained p-lactam is formed without a trace of a 
y-lactam, and is also shown in the N-chloramide cyclizations of 
27 and 28 reported by Kuehne and Home (18). The cyclization 
in 28 to a four-membered ring obviously requires so high 
an activation energy that intermolecular reactions supersede 
the overall pattern; unfortunately, H-abstraction from C-5 
allylic hydrogen was not carefully investigated. With two dis- 

hv 
-F No cyclization 

~ 1 '  'COCH~ 

tinct exceptions involving bicyclo[3.3.l]non-6-en-3-y1 amidyl 
radical systems, chromous chloride promoted cyclization of 
N-chloramides mostly follows this rule (41), indicating that 
chromous ions may have not changed the behavior of amidyl 
radicals by coordination. 

The first conclusion is amply substantiated by l b ,  l c ,  and 
5 b  in this paper and other chloramides reported by others (17, 
18): intramolecular addition to the C-5 olefinic carbon always 
occurs preferentially over H-abstraction from the C-5 allylic 
hydrogen. The published kinetic data on open chain amidyl 
radical reactions (29) show that the ratio of rate constants for 
the former addition to the latter H-abstraction is 2 2  in the 
competition involving acyl chains. A similar ratio for the com- 
petition involving alkyl chains is estimated7 to be 5 X 104/1 X 
lo7 = 11200, which is dramatically different from the nil 
H-abstraction observed in 5 b  and similar N-chloramide 
decompositions (17, 18). The kinetic data (29) also indicate the 
rate constant ratio of addition to the C-6 of a A6-7 olefinic bond 
to H-abstraction from a C-5 allylic hydrogen to be 1 X 106/5 
X lo6 = 1/51, when involving acyl chain reactions. The ob- 
served results from the decompositions of 4b and N-chloramide 
29 are just the reverse, e.g., the addition to form the six- 
membered ring occurs preferentially over H-abstraction from 
the allylic C-5 hydrogens in acyl chain reactions (though less 
efficiently than A5v6 cyclization in l b  and l c ) .  There is a 
curious lack of H-abstraction from the C-5 allylic hydrogens 
located on the alkyl side of amidyl radicals generated from 
N-chloramide 30, even when the addition to the A6p7 double 
bond does not occur ( 17). 

The third conclusion is demonstrated by the better yields of 
the cyclization products from l b  and l c  in comparison to the 
poorer yield of those from 5b. This is more dramatically dem- 
onstrated in the benzoyl peroxide initiated decomposition of 
three series of N-chloramides (e.g. 29 vs. 30) previously're- 
ported (17), and is also supported by kinetic data (29). It is 
noteworthy that amidyl radical intramolecular H-abstraction 
from C-5 hydrogen is far more (at least 100 times) efficient 
with those hydrogens in an alkyl chain than those in an acyl 
chain (14), just the reverse of the observed intramolecular 
addition reactivity. 

While the diverse reactivity differences described above 
should be intrinsically related to the 2-II radical structures of 
amidyl radicals, it is difficult to provide convincing expla- 
nations for all cases. As suggested by Waegel, Lessard, and 
co-workers (17), the C configuration of the amidyl radical 
could provide some rationale, albeit weak, for the observed 
geometry of the cyclizations. The esr results of the 
II-configuration with twisting of the N-CO bond open up 

'The rate constant of intramolecular hydrogen abstraction by amidyl 
radicals from C-5 allylic -CHp-- in alkyl side chains is estimated 
from ref. 29 as follows. The rate ratio of abstraction from C-5 methyl 
hydrogens in alkyl side chains to those in acyl side chains is calculated 
to be 2.5. The multiplication of this ratio with the rate constant of 
intramolecular hydrogen abstraction from C-5 allylic (CH2) hydrogen 
in an acyl side chain (5 x lo6 M-' s-I) is taken as the corresponding 
rate constant involving an alkyl side chain. 
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wide possibilities for interpretation and they indicate that the 
model amides used in this and other investigations (17) are 
utterly powerless to correlate the reactivities with electronic 
configurations. Nevertheless, one suggestion can be made to 
rationalize the amidyl radical intramolecular reactivities, i.e., 
preference in addition over H-abstraction and that for acyl over 
alkyl side chains. It is envisaged that the amide carbonyl, being 
scarcely conjugated (42), may have some attractive interaction 
with a suitably located double bond to facilitate intramolecular 
addition of the nitrogen radical center. T h e  CO group in 5 and 
30 apparently has difficulties in assuming a favored con- 
formation for such interactions; this may arise from the small 
barrier required for the N-CO bond twisting as proposed 
before (14). 

The observed reactivity discrepancy between esr kinetic re- 
sults (28,29) and the results from product analysis (vide supra) 
could arise from the fact that the rate constants are determined 
for individual model compounds and their comparisons are 
intermolecular, i.e., between two different compounds. In this 
study, the comparisons involve intramolecular competitions in 
which conditions are the same for addition and abstraction 
reactivities. Indeed, in the kinetic studies by esr signal decays, 
Ingold's group (28, 29) has concluded that intramolecular reac- 
tions of amidyl radicals are very sensitive to steric factors that 
may still be  significant over surprisingly large distances. If so, 
comparisons of amidyl radical reactivities even by intra- 
molecular competitions within a molecular framework, such as 
in 1,4, or  5, may also be  subject to subtle remote steric effects. 
Therefore, even if these results from product analysis are ex- 
perimentally meaningful, their interpretations are beyond our 
present understanding. In short, the flexible and semi-flexible 
models utilized so  far in this paper and others (17, 18), al- 
though synthetically useful, are not adequate to  elucidate the 
details of the transition state in amidyl radical reactions and are 
likewise powerless to  probe the electronic configurations of 
amidyl radicals. 

Experimental 
Unless otherwise specified, nmr spectra were recorded with a 

Varian A56160 spectrometer in CDC13 using TMS as the internal 
standard. Infrared spectra were recorded as Nujol mulls or neat liquids 
with a Perkin Elmer model 457 grating spectrophotometer, uv spectra 
with a Unicam SP800 spectrometer, and mass spectra with a Hitachi- 
Perkin-Elmer RMU-6E instrument at 80 eV. Melting points were 
recorded with a Fisher Johns hot stage apparatus and were uncor- 
rected. Microanalyses were performed by Mr. M. K. Yang, Depart- 
ment of Biological Sciences, Simon Fraser University. 

Preparation of nitrosamides and chloramides 
The required amides la-6a were prepared by the usual methods 

and described in the thesis (25). Nitrosation of amides followed pub- 
lished methods (9, 32, 38) using NaNO, in AcOH-Ac20 or N204 in 
CH2C12. In certain cases, the addition of N204 to the alkenyl bonds 
also occurred to give nitrosamides contaminated by such by-products. 
The nitrosamides lb-66 obtained from the preparation were exam- 
ined with ir and nmr spectroscopy to see the extent of the addition to 
double bond. These crude nitrosamide specimens were characterized 
by spectroscopic data (Table 1) and were used without purification. 

N-Chloramides were prepared by standard procedure using sodium 
hypochlorite (or Purfex bleach) (5, 14) and the spectroscopic data are 
given in Table 1. The crude products were used for photolysis without 
purification. 

Photolysis of alkenyl nitrosamides 
A nitrosamide (1- 15 mmol) in redistilled benzene (230 mL) was 

irradiated with a Hanovia medium pressure Hg lamp through a NaN02 

- sodium naphthalate filter solution (<400-nm cut-off) (30) while the 
solution was purged with dry nitrogen and cooled externally with an 
ice bath. At intervals, samples were taken to examine decreases of the 
absorption at the 405-nm region; in some cases, the intense absorption 
of the dimer of the C-nitroso compounds at A,,, 290 nm appeared. In 
all cases, a small sample was set in a dark place at the same tem- 
perature as the dark reaction; no decrease of the uv absorption was 
observed. When the 405-nm absorption disappeared (1-4 h), the 
photolysates were evaporated and crude products were chro- 
matographed or treated further accordingly. 

1. N-Nitroso-N-methyl-3-cylcohexene-1 -carboxamide (1 b) 
(a) Under nitrogen 
Nitrosamide l b  prepared from 19 (2.2 g) in benzene (230 mL) was 

photolyzed to give a crude product which contained a C-nitroso dimer 
(ir 1220 cm-' , A,,, 295 nm, and an nmr singlet at 2.91 ppm). On 
standing, the dimer disappeared. Recrystallization from EtOH-H20 
gave a solid (730 mg) which was recrystallized to give anti-oxime 6, 
mp 203-205°C; ir (KBr): 3300 (b), 3100 (m), 1670, 1230, 950, 
920 cm-'; nmr (pyridine-ds): 4.09 (lH, dd, J = 5.5 and 1 Hz), 
3.6-3.3(1H,m),2.74(3H,8),2.52(1H,m),2.2-1.6(5H,m)ppm; 
ms (130°C), m/e (%): 168(M', 14), 152(14), 151(100), 123(14), 
1 10(37), 98(26), 94(14), 42(40). Exact Mass calcd. for C8HI2N2O2: 
168.0898; found (ms): 168.0882. Anal. calcd. for C8HI2N2O2: C 
57.14, H 7.14, N 16.67; found: C57.27,  H 7.17, N 16.60. De- 
coupling experiments showed that neither signal at 4.08 and 2.52 ppm 
was coupled to the equatorial C(3)-H at 3.5 ppm. 

In a separate experiment, the crude residue obtained from photoly- 
sis of nitrosamide l b  (amide l a ,  2 g, as the starting material) was 
heated in 50% EtOH (60 mL) with sodium bisulfite (35 g). The 
solution was made basic (pH 9), and was extracted with CH2C12 and 
chromatographed on alumina to give the first fraction, which was 
distilled at 84-85"C/5 Torr (1 Torr = 133.3 Pa) to give ketolactam 
7 (1.23 g); ir (CCL): 1735 (sh), 1715, 1645, 1400 cm-I; nmr: 3.70 
( lH,  dd, J = 5 and 2 Hz), 2.86 (3H, s), 2.8- 1.85 (7H, m) ppm; ms 
(30°C), m/e (%): 153(M', 64), 137(1 I ) ,  125 (44). 110(22), 109(17), 
97(100), 96(44), 80(28), 79(22), 69(67), 68(42), 42(92). Exact Mass 
calcd. for C8HIIN02: 153.0789; found (ms): 153.0744. The ke- 
tolactam 7 (1.03 g) in ether (150 mL) was refluxed with LAH (2 g, 
0.05 mol) for 48 h. The ether extracts were carefully distilled with a 
Vigreux column to afford the corresponding volatile alcohols (32). 
The alcohol mixture (150 mg) was oxidized with a Jones' reagent for 
20 min to give, after work-up, aminoketone 8 (90 mg); the ir, nmr, and 
mass spectra were identical with those of the authentic sample (32). 
Ketolactam 7 was reduced by NaBH4 to give a mixture of exo- and 
endo-hydroxylactam 10 (vide infra). 

A crude residue (2.4 g) from another photolysis was chro- 
matographed on basic alumina (120 g) in the CH2C12-MeOH solvent 
system. Ketolactam 7 (510 mg) contaminated by a small amount of 
nitratolactams 9 was eluted with CH2C12. The second fraction (80 mg) 
was a mixture of syn- and anti-oxime 11; ir: 3400 (b), 1670 (s), 1550 
(m), 1400, 1070 (m), 1050 (m); nmr: ~ 6 . 3  ( lH,  m), 5.75 (lH, m), 
3.8-3.3 (2H, m), 2.79 (3H, s); ms (30°C), m/e (%): 168(M', 67), 
137(90), 109(27), 96(67), 80(87), 79(100), 55(33), 42(47). The third 
fraction (430 mg) was a complex mixture containing the C-nitroso 
dimer, 6, and 11. The fourth fraction eluted with 2-3% MeOH - 
CH2C12 was anti-oxime 6 (310 mg). The following fractions (810 mg) 
were mixtures of syn-oxime 6 (4.65 and 2.89 ppm) and anti-oxime 6 
(3.90 and 2.82 ppm). A mixture of the oximes 6 (120 mg) was treated 
with sodium bisulfite in ethanol to afford ketolactam 7 (105 mg). 

(b) Under oxygen 
Crude nitrosamide 1 6  prepared from 1.2 g amide l a  was irradiated 

in benzene (230 mL) as above except that oxygen, instead of nitrogen, 
was bubbled through the solution. No uv absorption of the C-nitroso 
dimer at 295 nm was observed. The photolysate was evaporated and 
the crude oil chromatographed on neutral silica (65 g) eluted with 
0.5% MeOH - CH2C12 to afford a mixture (970 mg) of endo- and 
exo-nitratolactam 9 (2: 1 ratio) contaminated with l a  (8%): nmr sin- 
glets at 2.95, 2.92, and 2.81 ppm. The second fraction (200 mg) was 
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a mixture of exo- and endo-hydroxylactams 10; ir: 3400 (b), 1670, 
1070 cm-I; nmr: 4.3 (m), 3.9 (m), 2.86 (s), 2.83 (s) ppm. 'The last 
fraction (500 mg) was mainly 10 contaminated by nitro compounds, 
as shown by ir absorptions at 1680, 1550; m/e at 184; and nmr 
multiplet at 4.7 ppm. A portion of this fraction (90 mg) was oxidized 
with Jones' reagent and chromatographed to give ketolactam 7, but 
nitrolactam could not be isolated. The first fraction was chromato- 
graphed again to afford two nitratolactams: 

Exo-9; ir: 1690, 1630, 1280, 860 cm-I; nmr: 5.26 (lH, m, W = 

9 Hz), 3.82 (H, m), 2.92 (3H, s), 3.0- 1.5 (8H, m) ppm; ms (80°C), 
m/e(%): 200(M', I), 168(4), 154(52), 138(19), 126(17), 110(89), 
98(81), 81(22), 69(33), 55(33), 42(100). 

Endo-9 has the same ir pattern as exo-9; nrnr: 5.10 (IH, dd, J = 9 
and 7 Hz), 3.85 (lH, bd, J = 6), 2.95 (3H, s), 2.8- 1.4 (8H, m) ppm; 
ms (75"C), m/e(%): 154(58), 138(17), 126(17), 110(100), 98(89), 
83(17), 8 1(17), 69(33), 55(28), 42(100); ms(70°C), m/e(%): 
200(M', l ) ,  154(63). 

Hydrolysis of a mixture of exo- and endo-9 with dilute NaOH in 
EtOH-H20 (0.1 N) gave a mixture of exo- and endo-10 which was 
oxidized by Jones' reagent to ketolactam 7. A mixture of exo- and 
endo-9 was reduced by LAH in ether for 48 h, followed by oxidation 
with Jones' reagent to give aminoketone 8. 

N-Nitroso-N-methyl-2-cyclohexene-1 -carboxamide (2 a) 
The crude nitrosamide (obtained from 450 mg of 2a without puri- 

fication) was photolyzed as above under nitrogen to give a residue 
(450 mg) which was recrystallized from benzene twice to give syn- 
oxime 15 (150 mg), mp 145- 150°C (dec.); ir (KBr): 3200 (b), 3080 
(m), 1725 (s), 1650 (m), 1440, 935 cm-I; nmr: 8.7 (OH), 4.02 (lH, 
d,J=5Hz),3.55(1H,t,J=5Hz),2.82(3H,s),2.8-1.3(6H,m) 
ppm; ms (100°C). m/e(%): 169(M' + 1, 7), 168(M', 4), 151(5), 
140(5), 112(36), 1 11 (loo), 110(27), 94(48), 67(39), 66(63), 42(36); 
ms (30°C), m/e(%): 169(M' + 1, 2), 168(M', 9). Exact Mass 
calcd. for C8HI2N2O2: 168.0899; found (ms): 168.0856. Anal. calcd. 
for C8HI2N2O2: C 57.13, H 7.19, N 16.66; found: C 56.94, H 7.36, 
N 16.86. 

The mother liquor was chromatographed on neutral alumina eluted 
with 0-0.5% CH30H-CH2C12 to give the first fraction (100 mg) 
containing 2a and the ketolactam of 15 (ir 1745 cm-I, and nmr 3.6 (m) 
and 1.90 (s) ppm). Elution with 5-20% MeOH - CH2C12 gave 
syn-oxime 15 (90 mg). Hydrolysis of 15 with sodium bisulfite gave a 
complex mixture. 

N-Nitroso-N-methyl-(2-cyclopenten-1-y1)acetamide (3b) 
Crude nitrosamide 36 (640 mg) in BrCCl, (230 mL) was photolyzed 

under nitrogen in the usual manner. The distilled solvent showed a uv 
absorption at 580 nm due to CC13N0. The residue was chro- 
matographed to give 3a and exo-bromolactam 17 (730 mg) which was 
distilled; ir: 1685 (s), 1400 (s), 1255 (s), 600 (m); nmr: 4.2 (2H, m), 
2.92 (3H, s), 3.15-1.8 (6H, m), 1.5 (lH, m) ppm: gc-ms m/e(%): 
219(M', 37), 217(37), 138(10), 110(100), 96(25), 82(16), 68(23), 
42(29). Exact Mass calcd. for C8HI2NOBr: 217.0103; found (ms): 
217.0054. LAH reduction of 17 gave the amine 18; the picrate from 
ethanol, mp 204-207°C (dec.) (lit. (37) mp 207°C). 

Exo-bromolactam 17 (20 mg) and Eu(fod) (3 mg) in CDC13 ex- 
hibited a well-separated spectrum shown in the thesis (25). Irradiation 
of C(5)-H (4.6 ppm) collapsed C(1)-H (6.25 ppm) to singlet and the 
endo- and exo-C(4)-H (7.1 and 8.15 ppm) to an AB quartet (J  = 18.5 
Hz); the C(6)-H (3.15 and 3.75 ppm) coupling patterns were also 
changed. Irradiation of the endo-C(4)-H changed the exo-C(4)-H to 
a doublet (10 Hz) and C(5)-H to doublet of quartet ( J  = 8.9 and 3 
Hz). Irradiation of exo-C(7)-H (3.0 ppm) changed endo-C(8)-H 
(6.05 ppm) to a double doublet ( J  = 3.5 and 1.5 Hz). 

ing no double bond (290 mg) as the first fraction. The second fraction 
eluted with 1% MeOH - CH2C12 was recrystallized from acetone to 
give anti-oxime 19 (250 mg), mp 165- 167°C (dec.); ir (CCL): 3200 
(b), 3100 (b), 1605, 930 cm-I; nmr: 10.0 (OH), 3.85 (lH, t, J = 3 
Hz), 3.25 ( lH, m), 2.88 (3H, s), 2.85-1.2(9H, m);ms (llO°C), 
m/e(%): 182(M', lo), 165(60), 150(40), 123(35), 110(35), 108(50), 
95(10), 73(100), 58(35). Anal. calcd. for C9HI4N2O2: C 59.32, 
H 7.74, N 15.37; found: C 59.50, H 7.80, N 15.27. The remaining 
fractions showed ir bands at 1640 and 1550 cm-' and only one nmr 
signal in the 6.0-5.0 ppm region. This fraction (75 mg) was con- 
taminated by other components and showed ir peaks at 3300 (b), 1635, 
1550, 985, 970 cm-I; nmr: ~ 6 . 8  (m), 6.2 (m), 2.78 (d, on addition 
of D20 collapsed to singlet); ms (18O0C), m/e(%): 182(5), 165(32), 
151(21), 134(21), 124(32), 106(100), 91(86), 79(36), 77(36), 73(79), 
58(68), 45(36). It decomposed to a complex mixture on attempted 
bulb-to-bulb distillation at =10O0C. 

The anti-oxime 19 (80 mg) was treated with sodium bisulfite in 
aqueous ethanol to give ketolactam 20; ir: 1720, 1625, 1395 cm-I; ms 
(65"C), m/e(%): 167(M', 34), 139(20), 123(5 l), 110(100), 82(24), 
73(17), 68(20), 59(37), 57(29), 42(37). Ketolactam (50 mg) was 
reduced in ether with LAH (150 mg) and the residue was oxidized with 
Jones' reagent to give the known (38) aminoketone 22 (28 mg): the 
picrate mp 205-210°C; an identical ir spectrum with that of an au- 
thentic sample (38). 

N-Nitroso-N-(3-cyclohexen-1 -ylmethyl)acetamide (5b) 
Crude nitrosamide (1.25 g) in benzene was irradiated for 1.75 h 

under normal conditions to show a C-nitroso dimer uv absorption at 
ca. 300 nm. The crude product was chromatographed on basic alumi- 
na. The parent amide 5a and ketoamide 24 were eluted as mixtures 
with 0.5-1% MeOH - CH2C12: this was rechromatographed to give 
l a  (75 mg) and 24 (200 mg) which was distilled at 1 Torr; ir: 1725 (s), 
1630 (s); nmr: 4.14 (d, J = 6 Hz), 3.65 (d, J = 3 Hz), 6.57 (bs, WIl2 
= 5 Hz); ms (lOO°C), m/e(%): 167(M', 28), 139(25), 126(50), 
110(50), 68(100), 43(56). The remaining fractions (580 mg) were 
mixtures of anti- and syn-oxime 23 (4: 1 ratio). The anti-oxime 23 was 
recrystallized from acetone, mp 160-163°C (dec.); ir (KBr): 3300 
(b), 1615 (s), 1460, 1420, 955, 940 cm-I; nmr: 9.5 (OH), 4.39 (lH, 
bd, J = 5.5 Hz), 3.51 (lH, m), 2.55 (lH, m), 2.07 (3H, s), 2.4-1.4 
(6H, m); ms (90°C), m/e(%): 182(M', 25), 165(8), 123(100), 85(40), 
83(52), 80(17), 68(17), 59(33), 43(54). Exact Mass calcd. for 
C9HI4N2O2: 182.1055; found (ms): 182.1009. Anal. calcd. for 
C9HI4N2O2: C 59.32, H 7.74, N 15.37; found: C 59.18, H 7.80, N 
15.40. Rechromatography of the residue gave a fraction containing 
syn-oxime 23 as the major component (ca. 80%) and showed an nmr 
doublet at 5.40 ( J  = 5.5 Hz). 

A mixture of syn- and anti-oxime 23 in 6 N HCI (20 mL) was heated 
on a water bath for 5 h. The crude products were chromatographed to 
give ketoamide 24 (60 mg) and the starting oximes (25 mg). 

Photolysis of N-chloro-N-methyl-3-cyclohexene-1 -carboxamide (1 c) 
N-Chloramide l c  (1.2 g) in benzene (250 mL) was photolyzed 

through a Vycor filter under nitrogen for 4 h. The crude product 
showed an nrnr singlet at 3.05 (endo-12), 2.88 (exo-12), and 2.81 (for 
l a )  in a ratio of 41 :53:6 and three gc peaks at 5.7, 5.0, and 3.5 min 
(for l a )  in a ratio of 44:49: 7. The crude product (1.4 g) was chro- 
matographed on silicic acid (50 g) eluted with 0-3% MeOH - 
CH2C12 to give an oil which was distilled at 5 Torr to give exo- 
chlorolactam 12 (700 mg); ir: 1690, 1450, 815 cm-'; nmr: 4.32 (lH, 
dd, J = 6.0and3.0Hz), 3.70(1H, t, J = 4Hz), 2.88 (3H, s), 2.5 
(lH, bm, W112 = 7 HZ), 2.45-1.5 (6H, m) ppm; ms (lOO°C), 
m/e(%): 175(M', 23), 173(M', 67), 138(68), 110(100), 96(64), 
83(22), 68(30), 53(29), 42(42). Exact Mass calcd. for C ~ H  12~03SCI:  
173.0607; found (ms): 173.0602. The fractions eluted with 3% MeOH 

N-Nitroso-N-methyl-(3-cyclohexen-1 -yl)acetamide (4b) - CH2C12 (700 mg) contained endo-chlorolactam 12 and l a  and were 
A crude nitrosamide 46 contained by-products (ca. 15%) arising rechromatographed to give endo-12; ir: 1690, 1450, 765, 750 cm-'; 

from the addition of N2O4 to the double bond, as shown by the nmr nmr: 4.25 (1 H, ddd, J = 9, 7, and 1 Hz), 3.86 (lH, dd, J = 5.5 and 
and ir spectra. This nitrosamide (1.39 g) in benzene was photolyzed 1 Hz), 3.05 (3H, s), 2.5- 1.5 (7H, m) ppm; ms showed the same 
as shown above. The crude product was chromatographed on neutral pattern as that of exo-12. 
alumina to afford a mixture of unidentified secondary amides contain- An ether solution of exo-12 (100 mg) and LAH (0.8 g) in ether was 
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set aside for 5 days. The crude oil obtained was treated with picric acid 
in benzene; the precipitate was recrystallized from EtOH to afford the 
picrate of bicyclic amine 13, mp 255°C (dec.) (lit. (34) mp 250°C). 
Anal. calcd. for CI4Hl8N4O7: C 47.46, H 5.08, N 15.82; found: 
C 47.69, H 5.12, N 15.59. 

A crude product (1.2 g) containing exo-12, endo-12, and l a  in a 
ratio of 48:42: 10 in ether was stirred with LAH (3 g) and aliquots 
were removed at intervals for work-up and examined with gc. In 
10 h, the above three peaks disappeared and were replaced by peaks 
at 1.7 (13), 1.8 (methyl-3-cyclohexenylmethylamine), and 3.5 (endo- 
chloramine 14) min. After this, the peak of 13 gradually increased at 
the expense of the peak of endo-14. In 30 h, the latter disappeared to 
give only the former peak. LAH reduction of a crude product was 
stopped at 10 h, and the reaction was worked up to give a crude 
product that was chromatographed to give endo-chloramine 14 (360 
mg); ir: 1450,780 cm-I; nmr: 3.2 (h, ddd, J = 9 , 7  and 1.5 Hz), 2.96 
(2H,m),2.52(3H,s),2.45(1H,b, W,,,= 5),2.7-1.2(7H,m)ppm; 
ms (10O0C), m/e(%): 161(M+, 12), 159(M+, 32), 124(22), 96(32), 
82(100), 67(16), 55(18), 42(50). The ir and nmr spectra were super- 
imposable with an authentic sample (42). Further elution afforded 
amine 12 and N-(3-cyc1ohexenyl)methylmethylamine. 

When exo-chlorolactam 12 (180 mg) was reduced with LAH (1 g) 
for 5 h in ether, it gave 13 and what appeared to be the exo-chloramine 
14 as a 1:3 mixture; ir: 1450, 760 cm-I; nmr: 4.3 (2H, m), 2.8 
( lH,  m), 2.43 (3H, s), 2.5-1.1 pprn (8H, m) ppm. This compound 
decomposed on standing at room temperature. 
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Shielding anisotropy in tin compounds: spectroscopic studies of alkyltin cations in 
strong acid solutions 
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THOMAS BlRCHALL and VEERAGATHY MANIVANNAN. Can. J. Chem. 63, 221 1 (1985). 
We have observed that the 'I9Sn nmr spectra of dialkyltin cationic species in highly acidic solutions are strongly field 

dependent. Relaxation time measurements at three different magnetic fields have established that the dominant spin-lattice 
relaxation mechanism for these species at high magnetic field is shielding anisotropy. A comparison of TI- '  and T2-I values 
indicates that at room temperature a rapid chemical exchange process is occurring. In the case of the (CH3),Sn(S03F),- 
HS03F system variable temperature Il9Sn nmr reveals the presence of three tin species which are involved in this exchange 
process. 

THOMAS BIRCHALL et VEERAGATHY MANIVANNAN. Can. J. Chem. 63, 221 1 (1985). 
On a observe que les spectres rmn du Il9Sn d'esptces cationiques dialkyletain, en solutions dans des milieux fortement 

acides, dependent beaucoup du champ. Des mesures de temps de relaxation a trois champs magnktiques diffkrents ont permis 
d'ktablir que, pour ces esptces soumises a un champ magnetique eleve, le mecanisme principal de relaxation spin-reseau est 
I'anisotropie de blindage. Une comparaison des valeurs de T!-' et T2-' indique que, temperature ambiante, il se produit un 
processus rapide d'tchange chimique. Dans le cas du systtme (CH3)2Sn(S03F)2-HS03F, la rmn du "'Sn i temperature 
variable permet de reveler la presence de trois esptces d'etain qui sont impliqukes dans ce processus d'echange. 

[Traduit par le journal] 

Introduction 
A number of dimethyl- and trimethyl-tin derivatives of sub- 

stituted sulphuric acids have been isolated as solids and charac- 
terized by Mossbauer and vibrational spectroscopy (1, 2). In 
one case, dimethyltin(1V) fluorosulphate, an X-ray crystal 
structure has been reported (3). The nature of these species in 
solution prior to crystallization has been studied by 'H nmr and 
frozen solution 'I9Sn Mossbauer spectroscopy and the struc- 
tures in solution inferred from this data (4). This present study 
was initially aimed at measuring one-bond spin-spin coupling 
constants, 'J119S,-13C, in order to correlate these values with the 
Mossbauer data for these species. In so doing we observed that 
the 'I9Sn nmr signal line width increased dramatically with the 
field of the instrument used to make the measurements. This 
led us to c a m  out relaxation time measurements at three differ- 
ent magnetic fields. There have been relatively few reports of 
relaxation time measurements on the Il9Sn nucleus and most of 
these studies have been made on relatively small and nearly 
symmetrical molecules (5, 6a). In these latter cases the domi- 
nant relaxation mechanisms are dipolar, spin-rotation, and 
scalar relaxation. Recently Blunden et al. (6b) have measured 
Il9Sn spin lattice relaxation times, and nuclear Overhauser en- 
hancement (nOe) factors, for some organotin compounds. Al- 
though their T I  and r) values for BU,S~(OAC)~ were found to be 
field-dependent, they attributed this to an exchange process. 
Here we present data which shows that for the [(CH3),SnI2+ 
species shielding anisotropy (SA) is the dominant relaxation 
mechanism in 'I9Sn nmr at high magnetic field. The complete 
dominance of the SA mechanism has been observed for several 
heavy nuclei such as 195Pt (7), '99Hg (8), '05T1 (9), and '07Pb 
(lo), particularly in cases where there is a large asymmetry at 
the nucleus of interest. Also we have been able to observe, by 
variable temperature Il9Sn nmr, the presence of three tin spe- 
cies in solution that are involved in an exchange process. 

'Author to whom correspondence may be addressed. 
'Revision received January 17, 1985. 

Experimental 
Dimethyl- and trimethyl-tin species in sulphuric acid were prepared 

following the published procedure (4). The diethyltin species in sul- 
phuric acid was prepared by the dissolution of diethyltin dichloride in 
100% H2S04 at room temperature (RT). The triethyltin species in 
fluorosulphuric acid was prepared by the reaction of tetraethyltin in 
HSO3F at -30°C. The dibutyltin species was obtained by reacting 
(n-C4H&,Sn2 with 100% H2S04 at room temperature. 

Tin-1 19 nmr spectra were recorded at operating frequencies of 
33.56, 93.27, and 149.21 MHz on Bruker WH-90, WM-250, and 
WH-400 instruments respectively. Samples were contained in 10-mm 
(od) round bottomed tubes without a lock substance on the WM-250 
and WH-400 instruments. For spectra recorded on the WH-90, 
samples were contained in an 8-mm (od) round bottomed tube which 
was placed concentrically into a 10-mm outer tube containing D20 as 
the lock substance. Chemical shifts were measured relative to an 
external reference of neat (CH3),Sn. 

All spin-lattice relaxation times were measured using the inversion 
recovery technique and calculated using a three-parameter fitting pro- 
cedure (I 1). The lengths of the 90" pulses used were 36 ps (WH-90), 
28 ps (WM-250), and 29 ps (WH-400). The operating temperatures 
were 24°C and 22°C for the WM-250 and WH-400, respectively 
except for the variable temperature work. The estimated errors in TI 
measurements are less than 10%. The nOe measurements were ob- 
tained on the WH-90 by the gated decoupling technique with a min- 
imum delay of 10 TI. All samples were degassed by bubbling dry 
nitrogen through the sample. 

Results and discussion 
Dialkyltin sulphates have been produced by the solvolysis of 

%Sn, R3SnX, or R2SnX2 with sulphuric or substituted sul- 
phuric acids (1). The compounds isolated from these solutions 
have been examined by a variety of spectroscopic methods, and 
it was concluded that the tin environment was distorted octa- 
hedral with four equatorial oxygens, from sulphate groups, and 
trans axial alkyl groups completing the coordination (1, 2). 
This has been confirmed for (CH3)2Sn(S03F)2 (3). Frozen 
solution Il9Sn Mossbauer data and 'H nmr spectroscopy, of 
solutions of these species in strong acids, suggested that this 
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TABLE 1. 'I9Sn line widths and relaxation time measurements for dialkyltinsulphates in 100% 
sulphuric acid 

TI TI-' T& Ti: z Tz-I 
Compound 1): (s) q ( s )  (s-I) (s-I) (Hz) (s-') 

(CH3)2Sn(Sq4) 1126.3 0.054 -0.20 18.5 2.7 15.8 85* 267 
0.8 M L- 8699.3 0.009 109.9 (0.2) (109.7) 450* 1414 

22263.6 0.0056 178.5 (0.1) (178.5) 990* 3110 

(C2H5)2Sn(S04) 1126.3 0.035 -0.29 28.5 7.4 21.1 75t 236 
1.20 M L-' 8699.3 0.0087 114.9 - (114.9) 670t 2105 

22263.6 0.0063 158.7 - (158.7) 720t 2262 

(C4H9),Sn(S04) 1126.3 0.0038 -0.27 26.3 - - 
0.4 M L-' 22263.6 0.0064 156.2 - - 

NOTE: All measurements were made at room temperature. 
*These measurements were carried out at a concentration of 1.2 M L-I. Linewidths are fined using 

"Numarit: Iterative N.M.R. Spectral Analysis Program", K.  M. Worvill and J .  S .  Martin (1975), a 
development of NUMAR (ref. 16). 

tFull width at half height. 

(Fig. 1). It was not, however, possible to observe the "C 
satellite peaks in the hydrogen decoupled spectrum, and 
1J119sn-13c values were subsequently obtained from the I3C spec- 
tra. In an attempt to obtain better spectra, 'I9Sn nmr data were 
recorded at higher magnetic fields (5.872 T and 9.40 T). This 
had the effect of broadening the Il9Sn lines so that the 
spin-spin coupling of the protons to the tin nucleus was ob- 
scured, Fig. 1. It became obvious that an accurate measure of 
both TI and T2, the spin-lattice and spin-spin relaxation times, 
would be necessary before a satisfactory explanation of these 
spectra could be obtained. 

There are several possible mechanisms which contribute to 
spin-lattice relaxation, namely (i) dipole-dipole, T&,; (ii) 
spin-rotation, T<;,; (i!) scalar relaxation T(&; and (iv) 
shielding anisotropy (12). Of these, the spin-rotation 
mechanism is likely to be a minor contributor because of the 
large size of these solvated tin cations. Scalar relaxation usually 
occurs through a modulation of the scalar coupling via inter- 
action with a nucleus having a short relaxation time, usually a 
quadrupolar nucleus. This leaves dipole-dipole and SA as the 
main line-broadening mechanisms, eq. [ I ] ,  and these have 
been measured and tabulated in Table 1. From these data it is 
clear that TI for all three species is field dependent and de- 

500 HI / DIVISION 

FIG. 1. "9Sn nrnr spectra of 0.8 M-' [(CH3),Sn:I[S04] in 100% 
HzS04 at field strengths of 2.11 T ,  5.87 T ,  and 9.40 T .  

geometry was preserved in solution (4). Since Mossbauer 
isomer shifts (6) measure the s electron density at the tin nu- 
cleus, the participation of s electrons in the tin-ligand bonds 
will be reflected in a change in these isomer shifts (8). In the 
nrnr experiment one might expect the 'I9Sn- I3C coupling con- 
stant to be sensitive to the s character of the tin-carbon bond, 
if the Fermi contact term is the dominant contributor. Therefore 
there should be a relationship between 6 and 1J119sn-13c. With 
this in mind we set out to measure 1J119Sn-13C for a series of 
alkyltin species in an attempt to correlate these values with 
lI9Sn Mossbauer data. Tin-119 nmr spectra of the sulphuric 
acid solutions, recorded at 33.56 MHz (2.114 T), showed the 
expected multiplet patterns due to coupling with the protons 
from the alkyl groups, though the individual lines were broad 

creases with increasing field strength. It is interesting to note 
that at 2.1 14 T the relaxation time of the methyl species is much 
longer than for either the ethyl or butyl species, but as the field 
strength increases the difference decreases, until at 9.40 T the 
ethyl-and butyl have longer relaxation times than the methyl 
species. 

In order to obtain an estimate of T;' nOe measurements 
were made. The nOe is defined as &:'ratio of the double 
resonance intensity to the single resonance intensity and, since 
Il9Sn has a negative magnetogyric ratio, this results in a dimi- 
nution of this nOe ratio (12). The nOe operates by cross relax- 
ation between the two spin systems and the main contributor is 
from dipole-dipole coupling, except when there can be scalar 
coupling modulated by chemical exchange. Since, in these 
systems, the alkyl groups are not directly involved in any 
exchange process, scalar coupling can be eliminated. 

Figure 2 shows plots of TI-' versus v: for the dimethyl and 
diethyl species in 100% H2SO4: the TI-' values, at zero field (v,, 
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BIRCHALL AND MANIVANNAN 2213 

RG. 2. Plots of T I - '  versus uo2 for: (a) [(CH3)2Sn][S04] (L.H.S.) 
and (b) [(CzHs)2Snl[S04] (R.H.S.) in 100% 

= 0) are obtained by extrapolation. When Bo approaches zero 
field strength, the effect of SA is negligible and the main 
contributors to the relaxation can only be dipolar, since the spin 
rotation mechanism can be neglected because of the large size 
of the solvated cation. Therefore, for the dimethyltin species at 
zero field, TI-' = T;:,, = 3.3 s-' and the corresponding value 
for the diethyltin species is 15.0 s-I. Under extreme narrowing 
conditions, the relaxation rate of spin I, due to intramolecular 
dipole-dipole interactions with spin S, T;:,, (intra) is inde- 
pendent of frequency and is given by eq. [!l] (12). 

2 2  2 2  

[2] T;:,, (intra) = 
Po YI Ys h S(S + 1) 

7, 

12.rr2 C rfsi 
i 

where is the permeability of a vacuum, h is Planck's con- 
stant, rlsi is the internuclear distance between nucleus of spin I 
and Si, and T, is the molecular tumbling correlation time. 

Using eq. [2], and the above values for T;:,,, 3 is estimated 
to be 3.0 X lo-' s and 1.3 x lo-' s for the dimethyltin and 
diethyltin species respectively. With these T, values the mag- 
nitudes of (W~T,)~ ,  at three different fields 2.1 14 T, 5.872 T and 
9.401 T, were found to be (CH3)2Sn2t: 0.40, 3.09, 7.91; 
(C2~5)2Sn2+: 7.50, 58.04, 148.50, respectively. From these 
values it is clear that these systems deviate from the extreme 
narrowing condition even at 2.114 T, and the general equation 
must be used to calculate T&,. 

Werbelow (13) has established an expression for the fre- 
quency dependence of the nOe effect for coupled nuclei with 
gyromagnetic ratios of opposite sign. Using the equation given 
in this reference (13), qm, can be calculated using the esti- 
mated T, for the dimethyltin and diethyltin species at 2.114 T. 
From the experimentally measured nOe factors at 2.1 14 T, 
T;:,, was calculated using eq. [3] 

TI 
[3] nOe = 1 + q, q = qmm- 

TI,,,) 
The T;:,, values at zero field are different from those at 

2.1 14 T. This difference is expected since these systems are 
outside the extreme narrowing condition. 

The increased dipolar contribution in the diethyl species 
compared to the dimethyl may be attributed to its lower mobil- 
ity, longer T,, and to the contribution from the additional 
protons. For the di-n-butyl case, we believe that its effective 
solvated size may not be very different from that of the diethyl 
species in these solutions and the increased number of protons 
in the former case will have little additional effect due to the r-6 
dependence. Spin-lattice relaxation time and nOe measure- 
ments, made for the dimethyltin species in D2S04 solution, 
were found to be the same as in H2S04, indicating that inter- 
molecular dipole-dipole relaxation is not significant in this 
system. 

At 9.40 T we were unable to detect a nOe effect, indicating 
that the SA mechanism is the dominant one at high magnetic 
fields, whereas at lower fields dipolar mechanisms play a sig- 
nificant role for these species. Therefore it is reasonable to 
assume, at 5.872 T and 9.40 T, that the measured TI-' is equal 
to  TI,^^,. Note the large increase in SA contribution as the field 
is increased from 2.1 14 T through 5.872 T to 9.40 T. 

To our knowledge this is the first documented case of SA for 
the '"Sn nucleus, though the effect has been noted for I9*Pt (7), 
Ig9Hg (8). 205T1 (9), and 207Pb (10). In these latter cases the 
molecules studied are quite asymmetric and it is under these 
situations that nmr spectra obtained at high magnetic fields will 
be broadened due to SA. For the dialkyltin species the effect is 
dramatic (Fig. 1) and no useful spin-spin coupling informa- 
tion could be obtained by recording spectra at high fields. 
However, this broadening is augmented considerably by chem- 
ical exchange processes, which are discussed in the next sec- 
tion. That these molecules are very asymmetric at the tin nucle- 
us has been demonstrated by "'Sn Mossbauer measurements, 
which show very large quadrupole splittings (4). When the 
molecules are less asymmetric the broadening at high field is 
less serious and, for the triethyltin species in fluorosulphuric 
acid at 5.872 T, some spin-spin coupling can be resolved. 
Mossbauer measurements show that the trialkyltin compounds 
have a smaller quadrupole splitting than the corresponding 
(trans) dialkyltin molecules (4). 

The SA contibution to TI is given by eq. [4] 

where A u  is the shielding anisotropy. Using the above value 
for T, and the "'Sn TI measured at 9.40 T, for the (CH3)2Sn2+ 
and diethyl species, one arrives at values of 2005 ppm and 
4478 ppm respectively for Au.  These values are not unreasori- 
able considering the large range for 'I9Sn chemical shifts. They 
may be compared with the values obtained for other cases, e.g. 
(CH3),Hg A u  = 6100 ppm (8). However, care should be taken 
in considering the magnitude of this value since the rotational 
correlation time may not be the same as that which modulates 
the SA. This estimate is further klouded by the fact that the tin 
is involved in a chemical exchdnge process (see below). For 
some cobalt systems it has been suggested that this correlation 
time is associated with the lifetime of hydrogen bonded second 
sphere complexes (14), and there is no doubt that hydrogen 
bonding will be extensive in our systems, between the coordi- 
nated sulphate groups and the solvent. 

From the simple theory of the SA effect under extreme 
narrowing conditions one would have expected a linear plot of 
T& versus vo (2). However, our experimental data do not 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. I. CHEM. VOL. 63, 1985 

TABLE 2. Concentration and temperature dependence of the 'I9Sn chemical 
shifts and line widths for dialkyltinsulphonates in 100% HSOSX (X = OH, F) 

Concentration Temperature ti* Awl12 
Compound (M L-') ("c) ( P P ~ )  (Hz) 

*Measured at v, = 149.21 MHz. 
tFitted line width. 
$Because of the high freezing point of 100% H2S04 (10.657'C) it was not possible to 

record spectra at low temperature. 

TABLE 3. 'I9Sn nuclear magnetic resonance chemical shifts and spin-spin coupling constants for 
alkyltinsulphonates in acid solutions 

Concentration Temperature 'J* 'J 3~ 

Compound (M L-') ("c) ( P P ~ )  (Hz) (Hz) (Hz) (Hz) 

( C H ~ ) Z S ~ ( S O ~ F ) ~  
(at 93.2 MHz) 

0.96 0 
1.2 Amb 
1.2 Amb 

1.4 - 20 
1.4 Amb 

0 
- 20 
- 60 
- 80 
-85 

1.16 Amb 
- 20 
-40 
-60 
-70 

(CH3)tSn(S03F)2 
(at 149.2 MHz) 

*Measured from the 'H decoupled "C spectra. The " '~n and 'I9Sn satellite peaks were not resolved and this 
3 is the average coupling. 'J = J119,~-13,; 2J = 5119~ n-C- J = J I I ~ ~ , , - ~ - ~ - ~ ~ .  
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follow a straight line (Fig. 2) because, for the systems studied 
here, the conditions for extreme narrowing do not apply at the 
higher magnetic field. 

Chemical exchange 
The measured line widths of the 'I9Sn signals in 100% H2SO4 

varied considerably with applied magnetic field (Table 1). 
These measured widths at half height are inversely proportional 
to the spin-spin relaxation times T2 (A Wl12 = 1 /.rrT2) so that 
it is possible to estimate T2-' after allowance has been made for 
2J119sn-c-lH. Even though there are large errors associated with 
these estimates, it is apparent that T2-' is much larger than T,-' 
in all cases. There are three possible sources for these differ- 
ences, namely (i) scalar relaxation, which is not possible here 
for the reasons given above; (ii) SA, which would lead to 
differences between TI-' and T2-'. Since these systems are 
outside the extreme narrowing condition, T&, is estimated 
using the general equation (12). This leads to values of 
73.1 s-', 434.8 s-I, and 1021.0 s-I for the dimethyltin species 
at 2.1 14 T, 5.872 T, and 9.40 T respectively. The differences 
observed between TI-' and T,-' are much greater than can be 
accounted for by the SA contribution. This leaves (iii) chem- 
ical exchange broadening as the source of the difference be- 
tween TI and T2. 

Tin-1 19 nmr spectra for the dimethyltin and diethyltin spe- 
cies in 100% &So4 were recorded at three different magnetic 
fields and at two or three different concentrations. Spectra for 
the dibutyltin species were obtained at 9.40 T at two concen- 
trations. The line widths and chemical shifts are recorded in 
Table 2. It is apparent that, in addition to the increased line 
broadening with field, there is also a marked increase in line 
width with increasing dilution, with the exception of the di- 
butyltin case where no significant change was observed. These 
changes with dilution support the idea that chemical exchange 
is occurring and that the rate of exchange is dependent upon the 
nature of the alkyl group. As the size of the alkyl group in- 
creases, the width at half height of the lI9Sn resonance de- 
creases. Since there is only one tin signal observed in these 
solutions, these line width changes suggest that the rate of 
exchange is faster for the butyl than for the ethyl derivative and 
that the dimethyltin species is involved in the slowest exchange 
process. 

Solutions in 100% sulphuric acid are not very suitable for 
variable temperature nmr studies, since these solutions freeze 
at -lO°C, but fluorosulphuric acid solutions can be studied 
down to --90°C. A solution of the dimethyltin species in 
fluorosulphuric acid was examined at 5.872 T and a single 
broadened resonance was observed 6 = - 106 ppm (Table 3). 
On cooling to -70°C a new tin resonance appeared at -8.2 
ppm, which increased in intensity on further cooling. By 
-80°C a third broad resonance was clearly visible at 
-5 ppm. During this cooling the intensity of the high field 
signal decreased as the signals at lower field increased in in- 
tensity (Fig. 3). Cooling to -90°C produced no further changes 
and the sample was frozen below this temperature. These ob- 
servations clearly confirm that an exchange process (or pro- 
cesses) is involved in these solutions. At 9.40 T the spectra are 
very similar, except that at -90°C the high field signal has now 
disappeared and only two broad signals remain. From these 
observations it is apparent that there are at least three distinct 
dimethyltin species present. For a solution of the diethyltin 
species in HS03F only one broad Il9Sn resonance was ever 
observed, even at -80°C. This is consistent with the earlier 

FIG. 3. "'Sn nmr spectra of a 1.16 M-I solution of [(CH,),Sn] 
[SOP] in HS03F at (a) 24"C, (b) -7S°C, and (c) -90°C at a mag- 

netic field strength of 5.87 T. 

discussion, and confirms that the exchange process is faster for 
the diethyl- than for the dimethyltin case. 

The concentration and temperature dependence of 'J13c-,19sn 
was found by recording I3C nmr spectra (see Table 3). A small 
increase of -15 Hz is noted over the temperature range 
studied. Under these conditions the 'I9sn spectra indicate the 
presence of three tin species, but at the I3C resonance frequency 
these three species are not resolvable and only an average 
1J117.119Sn-13C is measurable. Since this increase in the spin-spin 
coupling is only -2.5% we conclude that the exchanging tin 
species have very similar geometries. Changes in the tin envi- 
ronment produce substantial changes in 'JI 1 7 , 1  19Sn- !3c. For exam- 
ple (CH3),Sn has 1J119sn-13c~ = 335 Hz, five-coordinate tin has a 
coupling of -400 Hz, while for six-coordinate tin the value is 
often in excess of 600 Hz. These trends are in qualitative 
agreement with an increasing s character to the C-Sn bonds, 
i.e. from sp3 in %Sn, through sp2 in [R3Sn]+, to sp in [R2SnI2+ 
in the solvated cationic species. The 2Jl19sn-crl, couplings fol- 
low the same trend. For the ethyl derivative it is interesting to 
note that 3Jl 19sn-C-C- l H  is much larger in magnitude than 

I though these probably have opposite signs (15). The Zl9Sn-C-  H 
Sn chemical shifts and 'J119sn713C coupling constants found for 

the trialkyl- and dialkyltin species in strong acids are consistent 
with the idea that these species are strongly solvated and have 
trigonal bipyramidal and trans octahedral geometries re- 
spectively in solution (4). Dimethyltin(1V) fluorosulphate in 
the solid state has been shown to have an octahedral geometry 
with trans CH3 groups (3). It had been concluded earlier (4) 
that this trans octahedral geometry was preserved in solution. 

Since the Il9Sn nmr shows that more than one tin species is 
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present in the low temperature HS03F solutions, we decided to 
reexamine the frozen solutions by more careful Mossbauer 
measurements. A two-line spectrum was observed, but the two 
lines do not have the same intensity or width. Many reasons 
exist for such spectra but, in view of the nmr evidence, we 
conclude that these spectra arise from overlapping quadrupole 
split doublets. However, we were only able to fit two doublets 
to the absorption envelopes 1.94 mm s-I; A!, 5.5 1 mm s f ' ;  
6,, 1.73 mm s-I; A2, 5.08 mm s-I, where 6 is the Mossbauer 
isomer shift, relative to CaSn03, and A is the quadrupole 
splitting parameter). The sets of parameters indicate that the 
two tin environments are very similar to that found for 
(CH3)2Sn(S03F)2 in the solid state (3). These two overlapping 
spectra must arise from the two tin species which dominate the 
low temperature Il9Sn nmr spectrum shown in Fig. 3. Pre- 
sumably the tin species, giving rise to the highest field nmr 
resonance at more elevated temperatures, is no longer present 
in the frozen Mossbauer samples. 

Clearly there are at least three different tin species present 
in these strong acid solutions that are involved in equilibria 
which, on the nmr time scale, average fie tin environments. 
Aubke and co-workers (2) have shown that dimethyltin sul- 
phonates, in the parent acid, are not completely ionized ac- 
cording to eq. [5] even in dilute solution. Both nmr and 
Mossbauer evidence indicate that the tin species in these solu- 

tions are six coordinate, and eq. [5] should perhaps be rewritten 
as eq. [6] 

[61 (CH3)2Sn(HS04)2(H2SO4)2 + 2H2S04 
I1 

with the equilibrium lying heavily to the left. Since proton 
transfer processes are extremely fast it is unlikely that cooling, 
even to -90°C, will result in resolvable signals for I1 and 111, 
but the equilibrium would be displaced towards I1 and account 

for the shift of the Il9Sn nmr signal to higher magnetic field, I1 
being more shielded than 111. This would also be consistent 
with the observation that the tin-1 19 nmr line widths become 
broader on dilution. 

At low temperature, species less shielded than I1 are present 
and since the 1J117.119Sn-13C values change only marginally, the 
difference in shielding must come from a redistribution of 
electron density from the sulphonate ligands. We believe that 
I1 is an isolated species linked to other units or solvent by 
hydrogen bonding and that each [SO3XIM or HS03X ligand is 
monodentate. At lower temperatures these weak hydrogen 
bonded interactions must be converted to stronger linkages via 
sulphonate bridges, and result in the deshielding observed. We 
suggest that the peak in the "9Sn nmr spectrum at -4 ppm 
arises from a polymeric species IV while that at lowest 
field, -29 ppm, has the polymeric units of IV cross linked to 
give V, which is the structure observed in the solid state for 
(CH3)2Sn(S03F)2 (3). The two Il9Sn Mossbauer doublets ob- 
served in the frozen solution of (CH3)2Sn(S03F)2 in HS03F we 
attribute to species IV and V. 
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5 J(CH3,SH) as a negative proximate or as a positive a-lsr coupling in 
2-methylthiophenol derivatives 
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TED SCHAEFER, JAMES PEELING, RUDY SEBASTIAN, and JAMES D. BALUA. Can. J. Chem. 63, 2217 (1985). 
Analyses of the 'H nmr spectra of 6-chloro-2-methylthiophenol and of 4-tert-butyl-2-methylthiophenol in CCI, solution, 

together with double irradiation experiments, show that 'J(CH5,SH) in the former compound is -0.66 Hz and is +0.47 Hz 
in the latter. In the chloro compound, the sulfhydryl group spends relatively little time in out-of-plane conformations at 300 
K. The negative coupling is a consequence of a through-space or proximate coupling mechanism. In the other compound, the 
sulfhydryl group samples many out-of-plane conformations but relatively few in which the S-H bond lies near the methyl 
group. Therefore 'J(CH3,sH) is now dominated by a a-IT electron mechanism and is positive. Probably by coincidence, 
'J(H,SH) in this compound is equal in magnitude but opposite in sign to 'J(CH3,SH). 

TED SCHAEFER, JAMES PEELING, RUDY SEBASTIAN et JAMES D. BALWA. Can. J. Chem. 63, 2217 (1985). 
L'analyse des spectres rmn du 'H du chloro-6 methyl-2 thiophtnol et du tert-butyl-4 methyl-2 thiophenol, en solutions dans 

du CCI, et faite de concert avec des experiences de double irradiation, permet de montrer que la valeur de 'J(CH5,sH) dans 
le premier compose est Cgale B -0,66 Hz alors qu'elle est tgale h +0,47 dans le dernier compost. A 300 K, 1e groupement 
sulfhydryle du compose chlort n'est pratiquement jamais dans le conformation hors-plan. La constante de couplage ntgative 
serait une consequence d'une mtcanisme de couplage B travers I'espace ou par proximite. Dans I'autre compose, le groupement 
sulfhydryle pourrait occuper plusieurs conformations hors-plan; toutefois, il en existe relativement peu dans lesquelles la liaison 
S-H se situerait prks du groupement mtthyle. Donc, le couplage 'J(CH,,SH) est domint par un mtcanisme tlectronique a-IT 
et il est positif. Probablement dO B une cohcidence, la valeur de ,J(H,sH) dans ce compost est d'amplitude tgale mais de 
signe oppost B la valeur de 'J(CH3,SH). 

[Traduit par le journal] 

Introduction 
The long-range spin-spin coupling constants, "J(H,SH), 

between the sulfhydryl and ring protons in thiophenol and 
various of its derivatives are moderately well understood as 
conformational indicators (1 -6). 6J(H,SH), involving the para  
proton, depends on sin2 0, where 0 is the angle by which the 
S-H bond twists out of the benzene plane, and is therefore a 
so-called a-n coupling. 'J(H,SH) is a composite of a - n ,  
depending on sin2 0, and a ,  proportional to sin2 (0/2), inter- 
actions among nuclear and electronic angular momenta. Such 
couplings can be employed in the derivation of expectation 
values of the angular functions which, in turn, can be related 
to the internal barrier to rotation about the C-S bond. The 
assumption that 4J(H,SH) is also predominantly a a-n 
coupling allows a reasonable description of the change in in- 
ternal banier caused by electronic perturbations from the para  
substituent in a number of thiophenol derivatives (3, 5). 

One test for a predominant a-n mechanism relies on the 
"methyl group replacement" technique (7), in which a ring 
hydrogen is replaced by a methyl group. The test implies, for 
example, that 6J(H,CH3) = -'J(CH3,CH3) = -0.62 Hz in 
toluene andp-xylene if a a-n mechanism accounts for 6J. This 
equality is borne out by experiment (8, 9). However, the corre- 
sponding relationship does not hold for o-xylene (8,9) in which 
'J(CH3,CH3) is +0.45(2) Hz (9), whereas 4J(H,CH3) is 
-0.75(3) Hz in toluene (10). Of course, it might appear that 
the a-n component of 4J(H,CH3) is -0.45 Hz. This ap- 
pearance is very likely misleading, primarily because of the 
likelihood of a "through-space" or proximate coupling com- 
ponent in 'J(CH3,CH3). A proximate mechanism implies spin 
polarization transmitted via interactions between electron or- 
bitals in proximate bonds or even between orbitals centered on 
the coupled nuclei (1 1). Therefore, 'J(CH3,CH3) may measure 

a composite of a-n and proximate mechanisms. Judging from 
a proximate coupling like 'J(H,CH,) in anisole (12- 14), the 
proximate component of 'J(cH~,cH~) in o-xylene may well be 
negative, implying a rather larger a-n component of 
4J(H,CH3) than would be deduced from an uncritical use of the 
methyl replacement procedure. Computations of 'J(CH3,CH3) 
support (15) the existence of a proximate component but, 
probably because of the local threefold symmetry of each 
methyl group and the concomitant averaging over so many 
couplings (three protons in each group), experimental proof of 
its existence has not been forthcoming. 

If one of the methyl groups is replaced by a sulfhydryl group 
and if the latter can be held at various orientations with respect 
to the methyl moiety (preferred 0 values), then the existence of 
a a-n component in 'J(CH3,SH), having a maximum at 0 = 
90°, and of a proximate component, with a maximum mag- 
nitude (perhaps of opposite sign to the a-n component) when 
the S-H bond lies near the methyl group, may be demon- 
strable. In this paper we show that 'J(SH,CH3) is negative in 
6-chloro-2-methylthiophenol, 1, and is positive in 2-methyl-4- 
tert-butylthiophenol, 2. 

'University of Petroleum and Minerals, Saudi Arabia. 
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TABLE 1. The 'H nmr spectral parameters for 6-chloro-2-methylthiophenol, 1, and 2-methyl- 
4-tert-butylthiophenol, 2, in CCl4 solution 

Value Value 

Parameter la 2 Parameter la 2 

"For a 2.5 mol% solution in CCI,, containing some cyclohexane-dl* and at 300 K. 
hFor a 3.0 mo1% solution in CCI,, containing some tetramethylsilane and at 305 K. 
'The shifts are given in Hz at 300.135 MHz relative to internal TMS for 1 and at 100.001 MHz 

(centerband) for 2. 
d ~ o r  1 the numbers in parentheses are probable errors while for 2 they are standard deviations. 

Experimental 
6-Chloro-2-methylthiophenol, 1, from Fairfield Chem. Co. was 

prepared as a 2.5 mol% solution in CCL, which also contained 
0.6 mol% cyclohexane-d12. A 3.0 mol% solution of 2-methyl-4-tert- 
butylthiophenol, 2, from Aldrich, in CCI, contained some tetrameth- 
ylsilane. These samples were transferred to 5-mm od nmr tubes, which 
were degassed by numerous freeze-pump-thaw cycles and were 
then flame-sealed. 

The 'H nmr spectrum of 2 was calibrated by a procedure previously 
described (16) on an HAIOO spectrometer at a probe temperature of 
305 K. Because the existence of small, unresolvable couplings be- 
tween the protons of the tert-butyl group and the ring protons led to 
increased linewidths for the peaks of H-3 and H-5, the calibration 
procedure was performed during irradiation of the tert-butyl proton 
peak at 8 1.268. The calibration gave peak frequencies with standard 
deviations of 50 .02  Hz. 

The 'H nmr spectrum of 1 was obtained on an AM300 spectrometer 
at a probe temperature of 300 K. Typically, 8 scans were acquired 
using quadrature detection. In order to obtain a digital resolution of 
0.01 Hz/point, narrow sweepwidths, say 300 Hz, and acquisition 
times of 27.3 s were used. 

The signs of 5 ~ ( ~ ~ 3 , S H )  in 1 and 2 were obtained by weak double FIG. 1. The 'H nmr spectrum of the sulfhydryl proton at 300.135 
irradiation methods. For 1 it proved most convenient to record the CH3 MHz and 300 K for a 2.5 mol% solution of 6-chloro-2-meth~l- 
peaks while perturbing selected in the H-3 multiplet, A~~~~ thiophenol in CCl4 solution. The smallest splitting has a magnitude of 
other sign ratios so determined, it was shown that 5 ~ ( ~  ,sH)/ 0.097(2) Hz and represents the coupling between the s u l f i ~ d ~ l  Proton 
5J(CH3,SH) < 0. 5J(H,SH) is positive (2). For 2, irradiation of se- and H-47 six bonds away. 
lected peaks in the CH3 multiplet led to perturbations of certain peaks 
in the H-6 region, which showed that 4J(H,SH)/5J(CH3,SH) < 0. illustrating resolution of the smallest proton-proton coupling 
4J(H,SH) is negative (2). The positive sign of 5J(CH3,SH) was con- in 
firmed by experiments in which 4J(H,SH) and 5J(H,SH) had their The 'H nmr spectrum of 2 was analyzed with the program 
signs determined relative to those of the long-range couplings between LAME (22, 23), having been calibrated in the cw mode at 100 
the methyl and ring protons. The latter are known (17). MHz while irradiating the transitions of the tert-butyl protons. 

S T 0  3G MO com~utations (18) were performed with the geometry The ring protons are fairly tightly coupled, leading to some- 
optimization algorithm of the Program hIoNSTERGAUSS (19). what lower precision in the spectral parameters in Table 1 than 
INDO MO FPT (20, 21) calculations of coupling constants assumed for 1, which displayed an essentially first-order spectrum at 
the S T 0  3G MO geometries. 300 MHz. 

Results and discussion Both analyses assumed signs of coupling constants con- 
sistent with the double resonance experiments described above. 

Spectral analysis 
Because almost all the expected peaks in the 'H nmr spec- 'J(CH3SH) in 6-chloro-2-methylthiophenol, I 

trum of 1 at 300 MHz were resolved, the analysis with the If 6J(H,SH) were zero, then a discussion in terms of planar 
program PANIC (part of the software on the AM300) was conformations l a  and l c  would be adequate. In fact, 6J(H,SH) 
straightforward. The spectral parameters are given in Table 1. vanishes or is very small in 2,6-dichlorothiophenol (3), in 
Figure 1 displays the 'H nmr spectrum of the sulfhydryl proton, which intramolecular hydrogen bonding may help to stabilize 
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the planar conformation, and is -0.97 Hz in 2-hydroxy- 
thiophenol (4), where the S-H bond is held in a plane nearly 
perpendicular to the molecular plane by a stereospecific 
0-H.. .S hydrogen bond involving the 3p lone-pair on sulfur. 
These data are consistent with a a-IT mechanism for 
6J(H,SH), obeying -0.97 ( sin2 O), angular brackets indicating 
an average over all the populated hindered rotor states of the 
S-H group. Then the observed 6J(H,SH) of -0.097 Hz in 
1 implies (sin2 0) as 0.10. If the barrier to rotation about 
the C-S bond in 1 were twofold, then its magnitude would 
be about 16 kJ/mol (5, 24) and a discussion in terms of a 
l a  @ l c  equilibrium would be adequate at 300 K, V2 being 
much larger than kT. 

Of course, a substantial V, component exists, as indicated by 
the relative magnitudes of 'J(H,SH) in 1. In terms of the 
two-site equilibrium, one may write (3) dG300 = -RT In K = 
-RT In (0.53110.247) = -1.9 kJ/mol, favoring l a  (K = 
2.1,). A proper treatment would involve computations of the 
change in (sin2 0) caused by the presence of V,, yielding a 
correction to V2. However, because V2 is nearly an order of 
magnitude larger than V,, the perturbation would be small, as 
would the correction to V, caused by a finite (sin2 0). 

Because (4) 4J(H,SH) is near - 1.1 Hz at 0 = 90°, it follows 
that as a a-IT coupling its value would be about -0.11 Hz in 
the hypothetical molecule containing no methyl group but oth- 
erwise obeying the approximate potential function derived 
from 6J(H,SH) and ,J(H,SH). Hence ,J(CH3,SH) would be 
about +O. 11 Hz if it were measuring the a-IT component of 
4J(H,SH). The actual value of 'J(CH3,SH) is -0.65(1) Hz 
in 1. 

The most likely source of this large negative coupling is the 
proximate coupling mechanism. The following approach was 
taken to the computation of the proximate interaction. The 
optimized geometry of 2-methylthiophenol, 3, obtained from 

S T 0  3G MO computations, was used to calculate 'J(CH3,SH) 
by the LNDO MO FPT approach. For 0 = 98.0" and + = 
114.9", the computations gave 'J(CH3,SH) as - 1.28 Hz. An 
increase of 2" in + resulted in a calculated coupling of - 1.73 
Hz whereas a decrease of 2" in 0 yielded -1.52 Hz. For 
the planar trans form of 2-methylthiophenol, the optimized 
geometry yielded 'J(CH3,SH) as 0.21 Hz. In 1, the latter 
conformation is about 68% abundant. Therefore, a naive ap- 
proach yields 'J(CH3,SH) as 0.68 (0.21) + 0.32 (- I .28) or 
-0.28 Hz. Of course, the ortho chlorine substituent will very 
likely cause a somewhat more compressed geometry of the SH 
and CH3 groups in l c  than in 2-methylthiophenol, leading to a 
larger magnitude of the coupling. Furthermore, the coupling 1 
contains some nonplanar populations, l b .  It seein bootless to 
compute further in an attempt to match the computed coupling 
in 1 to its observed value of -0.65 Hz, but it is also eminently 
reasonable that this sizeable negative number is indeed the 
consequence of a proximate mechanism. The discussion now 
turns to the coupling in 2, in which the large populations of 
conformers containing out-of-plane SH groups should entail a 
dominant a-IT mechanism and hence a positive sign. 

'J(CH3,SH) in 2-methyl-4-tert-butylthiophenol, 2 
To within experimental error, 4J(H,SH) and ' J (CH3,S~)  are 

equal and opposite in sign, as expected if 4J(H,SH) is a a-IT 
coupling and 'J(CH3,SH) is now also a a-IT coupling, in 
contrast to the situation in 1. In 2, nonplanar SH conformations 
are predominant, in contrast to 1,  and (sin2 0) is 0.43 because 
4J(H,SH) is - 1.1 Hz at 0 = 90" (4, 5). Consequently, it is a 
poor approximation to employ 'J(H,SH) in the estimation of an 
equilibrium between planar conformations, as was done for 1 
above. For nonplanar conformations, 'J(H,SH) has a sig- 
nificant a-IT component (5), varying as sin2 0, while the a 
component varies as sinZ (012). Hence ,J(H-5,SH) may be 
appreciable in 2 (it is 0.29 Hz compared to 0.42 Hz for 
'J(H-3,SH)) without the necessity for a significant population 
of type l c .  

The S T 0  3G MO computations on 2-methylthiophenol, 
when corrected for the fact that they overestimate the twofold 
barrier in thiophenol by about 10 kJ/mol(4), imply that the SH 
group spends only 10% of its time in conformations char- 
acterized by 120" < 0 < 180". Consequently, the negative 
proximate component of 'J(CH3,SH) will be small. 

On the other hand, the conformation with 0 = 0" is of lowest 
energy and the computed coupling at this angle is 0.21 Hz (see 
previous section). Therefore it is difficult to disentangle the 
components of 'J(CH3,SH) in 2 and its observed equality in 
magnitude with 4 J ( ~ , S H )  must be regarded as a coincidence. 
Nevertheless, the large magnitude of the coupling strongly 
suggests a major a-IT component and is compatible with the 
large out-of-plane excursions of the SH bond predicted by the 
MO results. 
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PAK-TSUN HO and SrMMlE WONG. Can. J .  Chem. 63, 2221 (1985). 
Marine antibiotic (-)-malyngolide has been stereospecifically synthesized in about 25% overall yield from 2,3-0-isopropyl- 

idene-D-apiose, easily prepared from D-mannose. 

PAK-TSUN HO et SIMMIE WONG. Can. J. Chem. 63, 2221 (1985). 
Utilisant comme produit de depart 1'0-isopropylidkne-2,3-D-apiose que I'on peut facilement prkparer a partir du D-mannose, 

on a rkalisk une synthkse stkrkosp6cifique (rendement global de 25%) de I'antibiotique marin, (-)-malyngolide. 
[Traduit par le journal] 

Marine antibiotic (-)-malyngolide 1, which was isolated in 
1979 by Moore and co-workers (1) from a variety of the alga 
Lyngbya majuscula, exhibits significant activity against My- 
cobacterium smegmatis and Streptococcus pyogenes (2). A 
number of syntheses of malyngolide have been recently re- 
corded (3), since its structure determination was reported (1). 

In connection with our interest in the use of branched-chain 
sugars as chiral synthons for the asymmetric synthesis of 
natural products (4), we consider that the configuration at C-5 
of (-)-malyngolide is derived from a C-3-hydroxymethyl 
branched-chain sugar as illustrated by the analysis in Scheme 
1. Thus, bond disconnection at C-2 and C-3 of (-)-malyn- 
golide generates a D-apiose derivative. Our synthesis started 
with D-mannose and converged to 2-C-(hydroxymethy1)- 
2,3-0-isopropylidene-D-mannofuranose 2, which has been pre- 
pared by a one-step methodology developed in our laboratory 
(5). Transformation of 2 to 2,3-0-isopropylidene-D-apiose 3 
has been accomplished in a simple one-pot operation in excel- 
lent yield (6). 

Reaction of compound 3 with tosyl chloride (1 equiv.) in 
dichloromethane in the presence of pyridine at 5OC gave the 
crystalline tosylate 4 in quantitative yield, mp 104°C. Treat- 
ment of compound 4 with p-toluenesulfonic acid (20% by 
weight) in anhydrous methanol at refluxing temperature for 24 
days, followed by addition of methanolic potassium hydroxide 
to pH 10 at ice temperature, led to the formation of the epoxide 
5 in 80% yield after chromatographic purification. 'The proton 
nuclear magnetic resonance spectrum of the substance fully 
corroborated the structural assignment (see experimental 
section). 

The stage was set for the attachment of the hydrocarbon side 
chain by a cuprous iodide catalyzed Grignard reaction. Reac- 
tion of the epoxide 5 with octylmagnesium bromide (2.5 
equiv.) in the presence of 10% cuprous iodide in tetrahydro- 
furan at -40°C afforded quantitatively the tertiary alcohol 6. 
The use of tetrahydrofuran as the solvent for this reaction is 
essential. Any other solvent, such as diethyl ether or DME, 
used for this reaction gave either extremely low yield or no 
formation of the desired product. 

Completion of the synthesis of the marine antibiotic required 
removal of the hydroxyl function at the C-2 carbon of com- 
pound 6. Conversion of the diol 6 to compound 7 was ac- 
complished in 89% overall yield by standard procedures, 

'Author to whom correspondence may be addressed at: Penninsula 
Laboratories Inc., 61 1 Taylor Way, Belmont, CA 94002, U.S.A. 

acetylation of the secondary alcohol (acetic anhydride, pyri- 
dine, room temperature), formation of the methylthiomethyl 
ether (acetic anhydride, dimethyl sulfoxide, room tem- 
perature), and generation of the secondary alcohol by mild 
alkali hydrolysis. Thiocarbonylation of compound 7 with thio- 
carbonyl diimidazole in tetrahydrofuran at 600C afforded the 
thiocarbonate 8. When this material was allowed to react with 
excess of tri-n-butyltin hydride (2 equiv.) in benzene in the 
presence of a catalytic amount of radical initiator a,ar-azobis- 
isobutyronitrile at refluxing temperature, the deoxygenated 
product 9 was smoothly formed in 82% yield (7). Exposure of 
compound 9 to acidic conditions (in aqueous hydrochloric acid, 
acetone) resulted in the isolation of the desired furanose deriv- 
ative 10 in 75% yield after purification. 

Further elaboration of the cyclic hemiacetal 10 was accom- 
plished in the following way. Wittig reaction of 10 with car- 
bethoxyethylidene triphenylphosphorane (2 equiv.) in ace- 
tonitrile at 500C yielded presumably the trans isomer 11 as the 
sole product in 72% yield. Its proton nuclear magnetic reso- 
nance spectrum shows a broad triplet ( J  = 10 Hz) at 6 6.97, a 
doublet ( J  = 10 Hz) at 6 2.40, and a broad singlet at 6 1.87. 
These values are in agreement with the assigned structure. The 
unsaturated ester was hydrogenated in quantitative yield to a 
diastereoisomeric mixture of the esters 12 in a ratio of 1 : 1 
based on steric reasoning and its proton nuclear magnetic reso- 
nance spectrum and these two isomers were not separated at 
this stage. The corresponding acids 13 were obtained quan- 
titatively by reaction of compunds 12 with potassium hydrox- 
ide in aqueous methanol at room temperature. Finally, the acids 
13, on treatment with either dicyclohexylcarbodiimide and 
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Thus, the synthesis of (-)-malyngolide was stereospecific. 

9 R = Me, R' = CH2SMe 
1 0 R = R f = H  

pyridine in benzene at room temperature (8), or dipyridyl di- 
sulfide and triphenylphosphine in benzene at room temperature 
(9), were converted in 90% yield to the epimeric lactones 14 
and 1, easily separable by chromatography on silica gel (5% 
acetone in hexane and dichloromethane). The proton nuclear 
magnetic resonance spectrum of the lactone 1 exhibits a pair of 
doublets (J = 12 Hz) at 6 3.7 and 6 3.47 ppm for the isolated 
hydroxymethyl and is completely identical with the spectrum 
reported for the naturally occurring (-)-malyngolide, [a], 
- 12.8" ( c  0.8, chloroform) (lit. (1) [a], - 13" ( c  2, chloro- 
form)). Compound 14, which is (+)-epimalyngolide, shows a 
broad singlet at 6 3.61 ppm for the methylene of the isolated 
primary alcohol in its proton nuclear magnetic resonance 
spectrum and exhibits a specific rotation of [a], + 17.6" ( c  1.1, 
chloroform) (lit. (3) [a], + 17"). The epimalyngolide, on treat- 
ment with potassium tert-butoxide in dimethylsulfoxide (3), 
has been easily epimerized to the natural (-)-malyngolide. 

Experimental 
General 

Melting points were determined on a Reichert hot stage apparatus 
and are uncorrected. Optical rotations were determined by a 
Karl-Zeiss model LEP 370740 polarimeter at 546 and 578 nm at 
room temperature. Infrared spectra were recorded on a Beckmann 
model IR- 10 spectrometer using chloroform as solvent. Proton nuclear 
magnetic resonance ('H nmr) spectra were measured with Bruker 
spectrometers, models WP-80 or WH-400, using deuteriochloroform 
with tetramethylsilane as internal standard unless otherwise specified. 
Thin layer and preparative layer chromatography were done using 
silica gel containing fluorescent indicator (GZ.4. 

Tosylation of 2.3-0-isopropylidene-D-apiose 3 
To a stirred solution of compound 3 (13.7 g, 7.2 mmol) and anhy- 

drous pyridine (27 mL, 21.6 mmol) in anhydrous dichloromethane 
(150 rnL) at 5"C, tosyl chloride (14.8 g, 7.8 mmol) was added. The 
mixture was left overnight at the same temperature, after which time 
the mixture was diluted with diethyl ether (300 mL). A standard 
work-up gave the crystalline tosylate 4 in quantitative yield, mp 
104°C; [a], -43" ( c  2.0, chloroform); ir (chloroform): 3500 (hy- 
droxyl) cm-'; 'H nmr 6: 7.81 and 7.35 (2d, 4H, aromatic protons), 
5.34 (s, lH, C-1 proton), 4.30 (s, IH, C-2 proton), 4.22 (s, 2H, C-4 
protons), 3.93 (s, 2H, C-3' protons), 2.44 (s, 3H, methyl), 1.3 and 
1.40 (2s, 6H, 2 methyls). Anal. calcd. for C15 Hz007S: C 52.31, H 
5.86; found: C 52.26, H 5.92. 

Preparation of the epoxide 5 
A solution of compound 4 (17.3 g, 50.3 mmol) and p-toluene- 

sulfonic acid (3.4 g, 20% by weight) in anhydrous methanol (500 mL) 
was refluxed for 24 days. The reaction mixture was then cooled to 0°C 
and methanolic potassium hydroxide was added until the solution 
became pH 10. The mixture was stirred at room temperature for 2 h, 
after which time it was carefully neutralized with p-toluenesulfonic 
acid. Removal of the white precipitates and evaporation of the solvent 
gave a residue. Flash chromatography of the crude product on silica 
gel using 10% diethyl ether in chloroform as solvent afforded the 
epoxide 5 (5.88 g, 80%) as a homogeneous syrup, [a], -95" (c 1.13, 
chloroform); ir (chloroform): 3500 (hydroxyl) cm-'; 'H nmr 6: 4.97 
(s, 1 H, C- 1 proton), 4.06 (q, 2H, J = 13 Hz, C-4 protons), 3.94 (s, 
IH, C-2 proton), 3.41 (s, 3H, methoxyl), 3.06 (dd, 2H, J = 8 Hz, 
epoxide). Anal. calcd. for CsHl0O4: C 49.31, H 6.89; found: C 49.36, 
H 6.87. 

Preparation of compound 6 
Cuprous iodide (0.1 g, 0.51 mmol) was added to the well-stirred 

Grignard reagent prepared from octyl bromide (0.99 g, 5.14 mmol) 
and magnesium metal (0.13 g, 5.15 mmol) in 20 mL of dry tetra- 
hydrofuran at -40°C under argon. The mixture was stirred at the same 
temperature for 2 hand the solution of compound 5 (0.3 g, 2.05 mmol) 
in 10 mL of tetrahydrofuran was added dropwise over a period of 
30 min. The resulting yellow solution was warmed up to room tem- 
perature and stirred for 15 min. Saturated aqueous ammonium chlo- 
ride and ether were added successively and the layers were separated. 
The aqueous layer was extracted with ether and the combined extracts 
were washed with saturated aqueous ammonium chloride and dried 
over anhydrous magnesium sulfate. Removal of the solvent provided 
an oil which was purified by flash chromatography on silica gel to give 
the desired product 6 in quantitative yield; [a], -74" (c 1.18, chloro- 
form); ir (chloroform): 3500 (hydroxyl) cm-'; 'H nmr 6: 4.85 (s, lH,  
C-1 proton), 3.95 (s, lH, C-2 proton), 3.85 (s, 2H, C-4 proton), 1.25 
(m, 16H, methylene protons), 0.88 (t, 3H, methyl). Anal. calcd. for 
C14H2804: C 64.58, H 10.84; found: C 64.59, H 10.82. 

Preparation of the hydroxyl methylthiomethyl ether 7 
Acetylation of compound 6 (1.12 g, 4.55 mmol) under standard 

conditions gave the hydroxyl acetate in quantitative yield; 'H nrnr 6: 
4.90 (s, 2H, C-1 and C-2 protons), 3.86 (s, 2H, C-4 protons), 3.37 
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(s, 3H, methoxyl), 2.13 (s, 3H, acetate), 1.25 (m, 16H, methylene 
protons), 0.88 (t, 3H, methyl). 

The hydroxyl acetate was mixed with dimethyl sulfoxide (5 mL) 
and acetic anhydride (5 mL). The mixture was stirred at room tem- 
perature for 3 days, after which time removal of the solvents under 
vacuum gave an oily material. This material was dissolved in 10% 
aqueous methanol (5 mL), followed by the addition of potassium 
carbonate (0.25 g). The solution was stirred at room temperature for 
5 h and 10 mL of water was added. The reaction mixture was extracted 
with ether (3 x 4.0 mL) and the combined extracts were washed with 
brine water, dried over anhydrous magnesium sulfate, and concen- 
trated to a syrup. Chromatography of the crude product 7 on silica gel 
yielded a pure product 7 ( I  .23 g, 89%); [a], -57" (c 1.3, chloroform); 
ir (chloroform): 3500 (hydroxyl) cm-I; 'H nmr 6: 4.84 (broad s, lH, 
C-1 proton), 4.64 (s, 2H, -0-CH2-S-), 3.96 (dd, 2H, J = 
16 Hz, C-4 protons), 3.85 (br s, lH, C-2 proton), 3.37 (s, 3H, 
methoxyl), 2.17 (s, 3H, methyl), 1.25 (m, 16H, methylene protons), 
0.88 (t, 3H, methyl). Anal. calcd. for C16H3204S: C 59.94, H 10.10; 
found: C 59.90, H 10.18. 

Thiocarbonylation of compound 7 to compound 8 
Compound 7 (1.07 g, 3.5 mmol) and 1,l'-thiocarbonyl diimidazole 

(0.75 g, 7 mmol) were dissolved in 20 mL of anhydrous tetrahydro- 
furan. The solution was heated under reflux for 1 h, after which time 
removal of the solvent gave a yellow residue. Flash chromatography 
of the yellow material on silica gel using 5% diethyl ether in dichlo- 
romethane as solvent yielded compound 8 (1.27 g, 87%) as a homoge- 
neous syrup, [a], -24" (c 1.8, chloroform); 'H nmr 6: 7.33 (br s, lH, 
imidazole proton), 7.10 (br s, lH, imidazole proton), 5.73 (s, lH,  C-2 
protons), 5.10 (s, lH, C-1 proton), 4.58 (s, 2H, -0-CHI-S-), 
4.15 (dd, 2H, J = 16 Hz, C-4 protons), 3.37 (s, 3H, methoxyl), 2.17 
(s, 3H, methyl), 1.25 (m, 16H, methylene protons), 0.88 (t, 3H, 
methyl). Anal. calcd. for C20H3404S2N2: C 55.79, H 7.97; found: C 
55.68, H 7.92. 

Deoxygenation of compound 8 to compound 9 
To a hot (80°C) stirred solution of tri-n-butyltin hydride (0.25 mL, 

1.02 mmol) and a catalytic amount of a,a'-azobisisobutyronitrile in 
anhydrous benzene (5 mL) under an atmosphere of argon was added 
dropwise a solution of the thiocarbonate 8 (0.282 g, 0.68 mmol) in 
20 mL of anhydrous benzene. The solution was stirred under reflux for 
additional f h and concentrated under vacuum to an oily material. The 
crude product was purified by flash chromatography on silica gel using 
5% ethyl acetate in hexane as eluant to afford the desired product 9 
(0.181 g, 82%) as a homogeneous syrup; [a], -56.5" (c 1.2, chloro- 
form); 'H nmr 6: 5.07 (m, lH, C-1 proton), 4.47 (s, 2H, -0- 
CH2-S-), 3.86 (dd, 2H, J = 14 Hz, C-4 protons), 3.37 (s, 3H, 
methoxyl), 2.17 (s, 3H, methyl), 1.87 (m, 2H, C-2 protons), 1.25 (m, 
16H, methylene protons), 0.88 (t, 3H, methyl). Anal. calcd. for 
C16H3203S: C 63.12, H 10.60; found: C 63.11, H 10.63. 

Hydrolysis of compound 9 to furanose derivative I 0  
A solution of compound 9 (0.2 g, 0.69 mmol) in 5 mL of 1 N 

aqueous hydrochloric acid and 8 mL of acetone was stirred at 70°C for 
2; h. The reaction mixture was neutralized with aqueous sodium 
bicarbonate to pH 7. Removal of the solvent gave a residue which was 
extracted with dichloromethane. The combined extracts were dried 
over anhydrous magnesium sulfate and concentrated to a syrup. Chro- 
matography of the syrup on silica gel using 3% methanol, 27% ether, 
and 70% dichloromethane as eluant yielded the desired product 10 as 
a homogeneous syrup (0.1 13 g, 75%); [a], +21° (c 1 .O, chloroform); 
ir (chloroform): 3550-3480 (hydroxyl) cm-I; 'H nmr 6: 5.43 (br t, 
lH,  C-1 proton), 3.82 (dd, 2H, J = 18 Hz, C-4 protons), 2.00 (br m, 
2H, C-2 protons), 1.25 (m, 16H, methylene protons), 0.88 (br t, 3H, 
methyl). Anal. calcd. for C13H26O3: C 67.79, H 11.38; found: C 
67.73, H 11.29. 

Preparation of the hydroxyl unsaturated ester 11 
A solution of compound 10 (87 mg, 0.38 mmol) and carbo- 

ethoxyethylidene triphenylphosphorane (274 mg, 0.76 mmol) in 5 mL 
of anhydrous acetonitrile was stirred at 50°C under argon for 24 h. 

After removal of the solvent, flash chromatography of the crude prod- 
uct on silica gel using 10% acetone in chloroform as eluant afforded 
the pure unsaturated ester 11 (85 mg, 72%) as a homogeneous syrup; 
[a], -2.5" (c  1.0, chloroform); ir (chloroform): 3500-3300 (hy- 
droxyl), 1720 (unsaturated ester) cm-'; 'H nmr 6: 6.97 (br t, lH,  J = 
10 Hz, vinyl proton), 4.27 (dd, 2H, J = 8 Hz, -CH2-0-CO-), 
3.53 (s, 2H, hydroxymethylene), 2.40 (d, 2H, J = 10 Hz, allylic 
protons), 1.87 (br s, 3H, methyl), 1.25 (m, 16H, methylene protons), 
0.88 (t, 3H, methyl). Anal. calcd. for CIBH3404: C 68.74, H 10.91; 
found: C 68.72, H 10.93. 

Hydrogenation of compound 11 to the saturated esters I2 
A solution of compound 11 (76 mg, 0.24 mmol) in 6 mL of ethanol 

in the presence of 10% palladium on activated carbon (10 mg) was 
hydrogenated at atmospheric pressure for 3 h. Removal of the catalyst 
and solvent yielded a pair of the diastereoisomeric esters 12 in quan- 
titative yield; ir (chloroform): 3500-3300 (hydroxyl), 1731 (ester) 
cm-~.  , I H nmr 6: 4.13 (q, 2H, J = 8 Hz, -CH2-0-CO-), 3.40 

(br s, 2H, hydroxymethylene), 1.25 (m, 19H, methylene and methyl), 
0.88 (t, 3H, methyl). Anal. calcd. for CIsH3604: C 68.31, H 11.47; 
found: C 68.39, H 11.44. 

Formation of the hydroxyl carboxylic acid 13 
The ester 12 (68 mg, 0.22 mmol) was hydrolyzed in 50% aqueous 

methanol (5 mL) with potassium hydroxide (0.3 g) at room tem- 
perature for 3 h. The solution was then acidified to pH 3 with aqueous 
hydrochloric acid and extracted with dichloromethane (3 x 10 mL). 
The combined extracts were dried over anhydrous magnesium sulfate 
and removal of the solvent afforded the desired product 13 in quan- 
titative yield; ir (chloroform): 3500-2500 and 1710 (carboxylic acid) 
cm-'; 'H nmr 6: 3.47 (br s, 2H, hydroxymethylene), 1.25 (m, 23 H, 
methylene and methyl), 0.88 (t, 3H, methyl). Anal. calcd. for 
C16H3204: C 66.61, H 11.20; found: C 66.58, H 11.12. 

Preparation of (-)-malyngolide I and (+)-epimalyngolide 14 
(a) A solution of compound 13 (56 mg, 0.20 mmol), triphenyl- 

phosphine (79 mg, 0.3 mmol), and 2,2'-dipyridyldisulfide (66 mg, 
0.3 mmol) in benzene (3 mL) was stirred at room temperature for 
3 h. Removal of the solvent gave the epimeric lactones (ratio 1 : l ) ,  
which were separated with preparative tlc on silica gel using 5% 
acetone in hexane and dichloromethane (50:50) as solvent to yield 
(-)-malyngolide 1 and its epimeric lactone 14 (52 mg, 90%). 

(b) When a solution of compound 13 (56 mg, 0.20 mmol), di- 
cyclohexylcarbodiimide (62 mg, 0.3 mmol), and pyridine (32 mg, 
0.4 mmol) in 3 mL of anhydrous benzene was stirred at room tem- 
perature overnight, a similar result was obtained. 

(-)-Malyngolide exhibited infrared and 'H nmr spectra identical 
with those of the natural product; [a], - 12.8" (c 0.8, chloroform); ir 
(chloroform): 3500-3400 (hydroxyl), 1731 (lactone) cm-'; 'H nmr 6: 
3.71 and 3.47 (2d, 2H, J = 12 Hz, hydroxymethylene), 2.41 (m, IH, 

I 
- CH-CO-), 2.20- 1.45 (m, 4H, methylene protons), 1.25 (m, 
19H, methylene and methyl), 0.88 (t, 3H, methyl). Anal. calcd. for 
C16H30O3: C 71.07, H 11.18; found: C 71.01, H 11.26. (+)-Epi- 
malyngolide: [a], + 17.5" (c 1.1, chloroform); ir (chloroform): 
3500-3400 (hydroxyl), 1731 (lactone) cm-I; 'H nmr 6: 3.60 (s, 2H, 

I 
hydroxymethylene), 2.45 (m, lH,  - CH-CO-), 2.10- 1.45 (m, 
4H, methylene protons), 1.25 (m, l9H, methylene and methyl), 0.86 
(t, 3H, methyl). Anal. calcd. for C16H3003: C 71.07, H 11.18; found: 
C 70.98. H 11.09. 
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A nuclear magnetic resonance study of the equilibria and kinetics of the reaction of 
penicillamine with cystine and related disulfides 
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YVON THERIAULT and DALLAS L. RABENSTEIN. Can. J .  Chem. 63, 2225 (1985). 
The thiol/disulfide exchange reactions of penicillamine (PSH) with cystine and several related disulfides (RSSR) have been 

studied by 'H nmr. The reactions take place in two steps: 

PSH + RSSR 2 PSSR + RSH 

PSH + PSSR S PSSP + RSH 

The equilibria and kinetics of the reactions of PSH with cystine were characterized over the pH range 5-8, while the reactions 
with the disulfides of cysteamine, homocysteine, 2-mercaptoethanol, mercaptoacetic acid, 3-mercaptopropionic acid, and 
mercaptosuccinic acid were studied at neutral pH. From the pH dependence of the rate of the reaction of PSH with cystine, 
the reactive species are identified as penicillamine with its amino group protonated and its thiol group deprotonated and cystine 
and penicillamine-cysteine mixed disulfide with their amino groups protonated. For all the disulfides studied, the extent to 
which the first reaction occurs is within a factor of 2-3 of that predicted by a random distribution, while the extent to which 
the second reaction occurs is considerably less than for a random distribution. This is attributed to steric effects due to the two 
methyl groups next to the sulfur of penicillamine. 

YVON THERIAULT et DALLAS L. RABENSTEIN. Can. J. Chem. 63, 2225 (1985). 
Faisant appel B la rmn du 'H, on a Ctudik les rkactions d'kchange thiol/disulfure de la pinicillamine (PSH) avec la cystkine 

et plusieurs disulfures (RSSR). Les rkactions se produisent en deux ktapes 

PSH + RSSR S PSSR + RSH 

PSH + PSSR S PSSP + RSH 

On a caractkrisi les kquilibres et les cinitiques des rkactions de la PSH avec la cystkine dans un intervalle de pH allant de 5 
2i 8 tandis qu'on a Ctudik les kactions avec les disulfures de la cystiamine, de I'homocystkine, du mercapto-2 ethanol, de I'acide 
mercaptoacktique, de l'acide mercapto-3 propionique et de I'acide mercaptosuccinique 2 des pH neutres. L'effet du pH sur la 
vitesse de rkaction de la PSH avec la cystkine a permis d'identifier, comme espkces kactives, la pinicillamine avec son groupe 
amino protonk et son groupe thiol dkprotonk ainsi que le disulfure mixte p6nicillamine-cystkine avec leur groupe amino 
protonk. Pour tous les disulfures ktudiis, une comparaison des taux de rkactions observks avec les taux pkvus en se basant 
sur une distribution au hasard indique que dans le cas de la premikre rkaction le facteur est kgal i 2-3 alors que pour la deuxikme 
rkaction, le taux est beaucoup plus faible que celui prkvu sur cette base. On attribue ceci aux effets stkriques des deux groupes 
mkthyles prksents au voisinak du soufre-de la pk&cillamine. 

[Traduit par le journal] 

Introduction 
Penicillamine (PSH, I) ,  is widely used in medicine ( l , 2 )  for 

the treatment of cystinuria (3), Wilson's disease (4), heavy 
metal poisoning (5, 6), and rheumatoid arthritis (7- 10). In the 
treatment of cystinuria, the mechanism of action is the reaction 
of penicillamine with relatively insoluble cystine2 (CSSC, 2) to 
form penicillamine-cysteine mixed disulfide (PSSC, 3). 

hH [I] PSH + CSSC 2 PSSC + CSH 

1 A second thiol/disulfide exchange can also take place, yielding 

Because PSSC is somewhat more soluble than CSSC, treat- the symmetrical disulfide PSSP. 

ment with penicillamine results in decreased formation of cys- [2] PSH + PSSC * PSSP + CSH 
tine stones-in the kidneys of cystinuric patients (1, 3). 

- 

Penicillamine reacts with CSSC to form PSSC by the These thiol/disulfide exchange reactions are important not only 

thiol/disulfide exchange reaction: because they form the basis for the treatment of cystinuria with 
penicillamine, but also because they represent a major pathway 

l ~ ~ ~ h ~ ~  to whom correspondence may be addressed at the D,,- by which penicillamine is metabolized in all patients who are 
partment of Chemistry, University of California-Riverside, River- given penicillamine (lo). 
side, CA 92521, U.S.A. In this paper, we report the results of a detailed study of 

'CSSC has a solubility of 2.8 x M at pH 6.95 and 25°C (1 1). the reaction of PSH with cystine and several related disul- 
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fides. Equilibrium and kinetic data were obtained by 'H 
nuclear magnetic resonance (nrnr) spectroscopy over a wide pH 
range. Resolved resonances were obtained for the various 
penicillamine-containing species, making it possible to charac- 
terize separately the two steps in the thiol/disulfide exchange. 
From the pH dependence of the equilibrium and kinetic data, 
the reactive species are identified and pH independent equi- 
librium and rate constants are evaluated. 

Experimental 
D-Penicillamine and cysteine were obtained from Sigma Chemical 

Co. D-Penicillamine disulfide, 2-hydroxyethyldisulfide, cystamine, 
and cysteamine were obtained from Aldrich Chemical Co. Cystine and 
homocystine were from ICN Pharmaceuticals, and homocysteine was 
from Nutritional Biochemical Corp. For most experiments, the thiols 
and disulfides were used as received. In several experiments, solutions 
of penicillamine were electrolyzed over a Hg pool electrode (12) to 
reduce traces (< 1 %) of penicillamine disulfide. 

'The pH measurements were made at 25OC with a Fisher Accumet 
pH meter equipped with a standard glass electrode and a fiber-tipped, 
saturated calomel reference electrode, or a microcombination elec- 
trode. The 'H nmr spectra were rneasured at 200 MHz and 25°C on a 
Bruker WH-200 nmr spectrometer operating in the pulse/Fourier 
transform mode. All nmr spectra were measured on aqueous solutions. 
To avoid the dynamic range problem, the water resonance was 
reduced in intensity by saturating it with a decoupler pulse applied at 
the water resonance frequency for 2 s prior to the observation pulse. 
The spectrometer was run in the unlocked mode. The 'H chemical 
shifts were measured relative to the methyl resonance of tert-butanol 
(TBA) which was added to the solutions at a concentration of 
0.001 -0.01 M, depending on the thiol and disulfide concentrations. 
Chemical shifts are reported relative to the methyl resonance of 
sodium-2,2-dimethyl-2-silapentane-5-sulfonate (DSS). So that quan- 
titative information could be obtained from resonance intensities, 
the repetition time was at least 5 times the longest T I  of the 
methyl resonances of interest. T I  values were rneasured by the 
inversion-recovery method. 

Solutions were prepared in water which had been purified by dis- 
tilling it twice and then passing it through a Bamstead D8902 Ultra- 
pure mixed-bed ion exchange resin. KC1 (1 M) and EDTA (0.003 M) 
were added for ionic strength control and to complex traces of heavy 
metals which would catalyze the air oxidation of thiols (13). The 
solvent mixture was deoxygenated by bubbling with argon or nitrogen 
before addition of thiol to minimize oxidation by dissolved oxygen. 
Inert gas was blown over the solution during adjustment of pH, and 
nmr tubes were flushed with gas before transfer of an aliquot of 
solution to the tube. For solutions which required more than several 
hours to come to equilibrium, the solution was degassed by taking it, 
in an nmr tube, through at least three freeze-pump-thaw cycles on 
a vacuum line. The nmr tube was then sealed while still on the vacuum 
line. 

Results 
Reaction of penicillamine with cystine 

In Fig. 1 are shown 'H nmr spectra of PSH (A), CSSC (B), 
CSH (D), and PSSP (E), and of a solution prepared from PSH 
and CSSC (C). The 'H nmr spectrum of PSH consists of a 
singlet at 3.29 ppm from the methine proton on C,, and two 
singlets at 1.27 and 1.55 ppm from the two methyl groups. The 
two methyl groups give two separate resonances due to the 
asymmetric carbon at C,. The resonance at 1.2397 ppm in 
spectrum A is from TBA. The same assignment applies to the 
resonances in the spectrum of PSSP. The spectrum of CSH 
consists of an ABX pattern. The AB part is centered at 2.8 ppm 
and is from the two nonequivalent methylene protons on Cp, 
while the X part from the methine proton on C, is centered at 

C S S C  

PSSP 

4.0 3.0 2.0 1.0 

PPM ' 

FIG. 1. The 200-MHz 'H nrnr spectra of (A) 0.20 M PSH, (B) 0.18 
M CSSC, (C) a solution which contained initially 0.10 M PSH and 
0.090 M CSSC, (D) 0.45 M CSH, and (E) 0.010 M PSSP at 23OC. All 
solutions were in DzO and contained tert-butanol. pH = 10.0. 

3.50 ppm. The spectrum for CSSC also consists of an ABX 
pattern, and the assignment is the same. 

In spectrum C,  there are resonances in addition to those from 
PSH and CSSC. These are assigned to PSSC and CSH, the 
products of the thiol/disulfide exchange reaction between PSH 
and CSSC. Under these solution conditions, there is negligible 
reaction of PSSC with PSH to form PSSP. There is consid- 
erable overlap of the resonances in the ABX patterns of CSH, 
CSSC, and PSSC. However, the singlet methine and methyl 
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I I I I I I l I I I I I I I I I I  - PSH - PSSP - PSSC 

FQG. 2. Chemical shifts of the methine (top) and methyl (bottom) 
protons of PSH, PSSP, and the PSH part of PSSC as a function of pH. 

resonances of PSH, PSSP, and PSSC are resolved over a wide 
pH range, as shown by the chemical shift data plotted in 
Fig. 2. The equilibria and kinetics of the thiol/disulfide ex- 
change reactions were characterized using the methine and 
methyl resonances. 

The reaction of PSH with CSSC takes place in two steps: 
kl,  

[3] PSH, + CSSC, ++ PSSC, + CSH, 

k3c 

[4] PSH, + PSSC, ++ PSSP, + CSH, 
k4c 

where PSH,, PSSC,, etc. represent the total concentrations of 
the various protonated forms of PSH, PSSC, etc., at a par- 
ticular pH, and k, ,  - kk are conditional rate constants, i.e. rate 
constants for the thiol/disulfide exchange reactions for those 
conditions. The two stepwise reactions are described by the 
conditional equilibrium constants, K, ,  and K2,, which are de- 
fined as: 

The conditional equilibrium constants were determined over a 
wide range of solution pH from the intensities of the methyl 
resonances in solutions prepared from PSH and CSSC. First, 
the concentrations of PSH, PSSC, and PSSP, if present, were 
calculated from the initial PSH concentration and the relative 
areas of the methyl resonances, and then the concentrations of 

ID RABENSTEIN 2227 

TABLE 1. Conditional equilibrium constants for penicillamine- 
cystine thiol/disulfide exchange reactions" 

[PSH]" [CSSC]" 
PH (mM) (mM) K I ~  K2c 

"25°C; 1 M KCI; 0.003 M EDTA. 
'Initial concentrations. 

L 

PSH I 
PSH 

13 

5 min 

FIG. 3. The 200-MHz 'H nmr spectra of the methyl groups in a 
solution which contained initially 0.00504 M PSH and 0.00297 M 
CSSC as a function of time. 1 M KCI, 0.003 M EDTA. pH = 5.94, 
24°C. 

CSH and CSSC were obtained by difference. To minimize air 
oxidation of thiol, the solutions were contained in nmr tubes 
which were degassed and sealed under vacuum. Spectra were 
obtained for each solution at intervals of 2-3 days until there 
were no further changes in resonance intensities. The concen- 
trations of PSH and CSSC used and the conditional equilibrium 
constants obtained are given in Table 1. The conditional equi- 
librium constants for the reaction of PSH with CSSC at pH 7.4 
and 37°C have also been estimated by Eldjarn and Hambraeus 
(15) using radioactive isotope tracer methods. They estimated 
K, ,  to be 0.13 and K2, to be -0.01, both of which differ 
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t 

PSH 
PSS P PSSC 

RG. 4. The 200-MHz 'H nmr spectra of the methine (left) and methyl (right) protons of PSH, PSSP, and PSSC in a solution which contained 
initially 0.102 M CSH and 0.100 M PSSP. The reaction was run at pH = 12.44, aliquots were quenched by lowering the pH to -0.5, and 
then the pH was raised to -9 when nmr spectra were run so that resolved resonances would be obtained for the various species. The pH was 
not identical for each nmr sample. 

considerably from the values determined in the present work. 
The large differences may result from their experimental 
method which used radioactively-labelled cystine. Products of 
the reaction of PSH with labelled CSSC were separated by 
electrophoresis and then CSSC, PSSC, and CSH were deter- 
mined by measuring the radioactivity. However, there was 
uncertainty in the results because CSSC and PSSC migrated 
together, and also the concentration of PSSP, which our work 
shows to be very small, had to be calculated by taking the 
difference between larger numbers of similar magnitude. 

Spectra measured as a function of time in the equilibrium 
study indicate that the reaction of PSH with CSSC (eq. [3]) is 
much faster than the subsequent reaction of PSH with PSSC 
(eq. [4]). Thus, the kinetics of the two reactions were charac- 
terized separately. Figure 3 shows spectra obtained in a typical 
kinetics experiment. Rate constant k,, was obtained by fitting 
time course data of this type by nonlinear least-squares calcu- 
lations (14) to eq. [7], which is the integrated form of the rate 
expression for a second order, reversible reaction. 

Xe(Ao + Bo) - AoBo 1 + exp (y)) I 
where 

X and Xe are the concentrations of PSSC at time t and at 

TABLE 2. Conditional rate constants for the reaction of PSH with 
CSSC" 

[PSHIO~ [cssc],,~ klcC 
PH (mM) (mM) (M-' min-' ) 

"25°C; 1 M KCI; 0.003 M EDTA. 
bInitial concentrations. 
'Uncertainties are the linear estimate of the standard deviation from the 

nonlinear least-squares fits. 

equilibrium, and A. and Bo are the initial concentrations of PSH 
and CSSC. k,, and Xe were both treated as unkrfowns in the 
nonlinear least-squares calculations. The experimental condi- 
tions and the values obtained for k,, from kinetic data covering 
the pH range 5-8 are given in Table 2. 

The rate of the reaction of CSH with PSSP is slow. and to 
bring it onto a time scale convenient for study a combination of 
high pH (pH 10- 12) and high reactant concentrations was 
used. Typical time course data are shown in Fig. 4. The con- 
centration of PSSC was obtained from the methine resonances 
while the concentration of PSH was obtained from the methyl 
resonances. The values obtained by the initial slope method for 
k, from time course data of this type are (pH, k,): 10.39, 
0.0052 M-' min-'; 10.73, 0.0037 M-' min-'; 11.95, 0.0033 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



THERIAULT AND RABENSTEIN 2229 

TABLE 3. Conditional equilibrium and rate constants for the reaction of penicillamine with selected disulfides at pH 7.4" 

AEO',' , ' 
RSSR PH K I ~  Ktc K3e (v) (M-' min-') (M-' min-') 

Cysteamine disulfide 
Homocysteine disulfide 
2-Mercaptoethanol disulfide 
Mercaptoacetic acid disulfide 
3-Mercaptopropionic acid disulfide 
Mercaptosuccinic acid disulfide 
Cystinef 
Glutathione disulfide * 

"25°C; I M KCI; 0.003 M EDTA. 
bpH at which K,, and K,, measured experimentally. 
'EO.SSR/RSH - E%SP/PSH; eq. [17]. 
duncertainties are linear estimates of the standard deviations from the nonlinear least-squares fits 
'Calculated from KI, and k,,; kzc = kl,/K,,. 
/Values listed for K,,, K2, and kl, were calculated from pH-independent constants given in text. 
'Reference 23. 

M-' min-I; 12.44, 0.0029 M-I min-I. The initial concen- 
trations of CSH and PSSP in the four experiments were 
0.102 M and 0.100 M respectively. 

Reaction of penicillamine with other disulfides 
The conditional equilibrium constants KIc and K2, and the 

conditional rate constant klc were measured for the reaction of 
PSH with the disulfides of cysteamine (CySSCy), homo- 
cysteine (HSSH), 2-mercaptoethanol (ESSE), mercaptoacetic 
acid (MSSM), 3-mercaptopropionic acid (PrSSPr), and mer- 
captosuccinic acid (SuSSSu) at pH values in the pH range 7-8. 
The equilibrium data were obtained from solutions which were 
degassed in the nmr tube by the freeze-pump-thaw method 
and then the nmr tube was sealed. Spectra were measured at 
various times up to 200 h after mixing to ensure that the two 
thiol/disulfide exchange reactions had come to equilibrium. 
The conditional equilibrium constants at pH 7.4 calculated 
from the intensities of the methyl resonances by the methods 
described in the previous section are given in Table 3. 

Conditional rate constant k,, was also determined for these 
thiols by fitting the concentrations of the mixed disulfides, 
RSSP, as determined from the relative intensities of the methyl 
resonances for PSH and RSSP as a function of time, to eq. [7]. 
The reaction of PSH with RSSP is much slower than its reac- 
tion with RSSR, and the collection of kinetic data was stopped 
before detectable PSSP had formed. The k,, values, and the 
values calculated for k2, from k,, and KIc, at pH 7.4, are also 
given in Table 3. 

Discussion 
Thiol/disulfide exchange reactions proceed via the thiolate 

anion (1 1, 15-23). For PSH, there are two thiolate anioii 
species possible: PS-, in which the thiol group is deprotonated 
and the ammonium group protonated, and PS2-, in which both 
groups are deprotonated. Both are present at low concen- 
trations over the pH range 5-8; however, the dependence of 
their concentrations on pH is different. The logarithms of the 
fractional concentrations (a) of these two species, as calculated 
from pKA values for PSH (24), are plotted as a function of pH 
over the pH range 5-8 in Fig. 5. The slope of the log aps- vs. 
pH plot is one, over the pH range 5-7, while that of the log 
a p s 2 -  VS. pH plot is two. Also plotted in Fig. 5 is log k,, for the 
reaction of PSH with cystine (Table 2) vs. pH. The parallel 
dependence of log k,, and log ap,- on pH indicates PS- to be 
the reactive species. 

FIG. 5.  The logarithm of the fractional concentration, a, of penicil- 
lamine in the amino-protonated, thiol-deprotonated (PS-) and amino- 
deprotonated, thiol-deprotonated (PS2-) forms and 6f the conditional 
rate constant kl, for the reaction of PSH with CSSC as a function of 
pH. The solid curve through the experimental points is the theoretical 
curve predicted by a single pH-independent rate constant. See text for 
details. 

The pH-independent rate constant for the reaction of PS- 
with cystine is related to k,, by eq. [9]. 

[91 klc = kl ( ka12aH 
aH2 + ~ H K A Z  + K A ~ K A ~  

where KA2 and KA3 are acid dissociation constants for PSH and 
a~ is activity of hydrogen as calculated directly from the pH 
meter reading. ka12 is the microscopic acid dissociation constant 
for the deprotonation of the thiol group of the PSH species in 
which both the amino and thiol groups are protonated (24). A 
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value of 1090 + 53 M-' min-' was obtained for k, by a 
nonlinear least-squares fit (14) of the data in Table 2 to eq. [9]. 
The straight line through the experimental data in Fig. 5 is the 
theoretical curve predicted by this value for k,. 

There is also the possibility that the rate constant depends on 
the protonation state of CSSC. However, the excellent agree- 
ment between the experimental data in Fig. 5 and the 
theoretical curve predicted by a single rate constant, k,, indi- 
cates that either there is no dependence of klc on the protonation 
state of CSSC over the pH range 5-8 or the fractional concen- 
tration of the reactive CSSC species is constant over this pH 
range. The fractional concentration of the carboxylate- 
deprotonated, amino-protonated form, CSSCO, varies from 1 to 
0.4 over this pH range, while that of the species having only 
one amino group protonated, CSSC-, varies from 0.001 to 0.6. 
The good fit of the experimental data in Fig. 5 to a single rate 
constant suggests that the rate constants for the reaction of PS- 
with CSSC" and CSSC- are similar. 

Assuming the reactive PSH species in the other 
thiol/disulfide exchange reactions to also be PS-, pH- 
independent rate constants can be calculated using eq. [9]. 
The results are: CySSCy, kl = 800 + 230 M-' min-I; ESSE, 
kl = 63.3 + 3.OM-' min-'; MSSM, kl = 230 2 27 M-' min-I; 
PrSSPr, kl = 92 + 6 M-I min-I; SuSSSu, k, = 0.95 ? 0.05 
M-' min-'. 

The equilibrium constants in Tables 1 and 3 are pH- 
dependent conditional equilibrium constants in terms of all the 
species present at the particular pH values. pH-independent 
equilibrium constants, KI and K2, for the PSH-cystine 
thiol/disulfide exchange reactions in terms of the reactive 
species, eq. [lo]-[13], 

[lo] ps- + CSSC" * PSSC" + cs- 
[ l l ]  ps- + PSSC" * PSSP" + cs- 

[12] Kl = 
[PSSCOl [CS -1 
[PS-II [CSSCO] 

are related to the values for KIc and K2, by eqs  [14] and [15]. 

where al is the fraction of PSSC, that is in the form PSSCO, CQ 
and a3 the fractions of CSH, and PSH, that are in the amino- 
protonated, thiol-deprotonated forms, and a4 and a5 the frac- 
tions of CSSC, and PSSP,, respectively, that are in the CSSCO 
and PSSPO forms. a,-a5 were calculated from the acid dis- 
sociation constants of the different species (25). Values of 
5.36 + 0.42 and 0.0198 0.0028 were obtained for K1 and K2 
by fitting the KIc and K2c values in Table 1 to eqs. [14] and [15]. 
pH-independent equilibrium constants for the reactions written 
in terms of all the reactants and products in their fully de- 
protonated forms can also be calculated from the results in 
Table 1. The values obtained are 12.0 + 1.5 and 0.099 + 
0.012 for the first and second reactions, respectively. 

The pH-independent equilibrium constants for the reactions 
written in terms of the reactive species cannot be calculated 
from the conditional equilibrium constants in Table 3 for the 

other disulfides studied because the acid dissociation constants 
of the various mixed disulfides are not known. 

The equilibrium constant for the overall reaction of PSH with 
CSSC, K3, is calculated to be 0.106 using the relation 

[16] 2PS- + CSSC" * PSSP" + 2CS- 

K3 = KIK2. If the equilibrium positions in the two stepwise 
reactions were governed by random distribution, KI and K2 
would be 2 and 0.5, respectively, and K3 would be 1. The 
values obtained for the analogous thiol/disulfide exchange 
reactions involving penicillamine and glutathione disulfide are 
Kl = 0.56 + 0.02, K2 = 0.0143 2 0.0014, andK3 = 8.0 X 

(23). For both systems, KI differs from the random distri- 
bution value of 2 by a factor of 2-3, although in opposite 
directions, whereas K2 and K3 are considerably less than the 
random distribution values. In contrast, KI = 1.27, K2 = 0.27, 
and K3 = 0.34 for the analogous thiol/disulfide exchange reac- 
tions involving cysteine and glutathione disulfide (20). These 
results, along with the values for Kk in Table 3, indicate that 
PSH has considerably less tendency to react with its mixed 
disulfides to form the symmetrical disulfide PSSP than pre- 
dicted by random distribution. As compared to cysteine, this is 
presumably due to steric effects from the replacement of the 
two hydrogens on the P carbon of cysteine by the two methyl 
groups of PSH. Similar steric effects have been reported pre- 
viously for thiol/disulfide exchange reactions involving a 
series of alkyl thiols and disulfides (26), a series of substituted 
2-aminoethane thiols and 4,4'-dithiobis(benzene sulfonate) 
(19) and glutathione reacting with a series of mercap- 
toalkane-cysteine mixed disulfides (27). 

The values listed in Table 3 for the conditional equilibrium 
constant KIc for the reaction of PSH with the eight disulfides are 
quite similar, as are the eight values for K2c. However, the 
values for the conditional rate constant klc cover a wide range, 
with that for mercaptosuccinic acid disulfide a factor of approx- 
imately 1000 less than those for cystine and cysteamine disul- 
fide. It is not possible to identify the factors which govern the 
rates of reaction from these results, although they do suggest 
that the total charge on the disulfide is important; mer- 
captosuccinic acid disulfide has a charge of -4 at pH 
7.4, whereas the disulfides for which klc is in the intermediate 
range have total charges of -2 or 0 at this pH, and cystine 
and cysteamine disulfide have total charges of 0 and +2, 
respectively. Since the pH is the same, the reactive penicil- 
lamine species in each reaction is presumably the same, with a 
charge of - 1. 

The values in Table 3 for the overall equilibrium constant K3c 
are related to the differences between the formal electrode 
potential EO' for the various RSSRIRSH redox couples and that 
of the PSSP/PSH couple according to eq. [17]. 

Listed in Table 3 are the differences, AEO', calculated from the 
values determined for K3c. The values for A,??" are all negative, 
indicating that the thiol forms of all seven molecules have 
slightly greater reducing power at physiological pH than does 
PSH. The small values for K2c indicate that the smaller overall 
reducing power of PSH is due to its much smaller tendency to 
form its symmetrical disulfide. The values for AE"' for the 
seven thiols are similar, indicating that they have similar 
reducing strength at physiological pH. However, for this to be 
the case, their intrinsic reducing strengths must increase in the 
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order 3-mercaptopropionic acid > mercaptosuccinic acid > 9. E. MUNTHE (Editor). Penicillamine research in rheumatoid dis- 
mercaptoethanol > glutathione > cystearnine - cysteine, i.e. ease. Fabritius and Sonner, Oslo. 1976. 
the order in which the thio] pKA values decrease (24), since the 10. I. A. JAFFE. In Penicillamine research in rheumatoid disease. 
thiolate species is the active form in the reduction of disulfide Edited by E. Munthe. Fabritius and Sonner, Oslo. 1976. p. 11. 

by thiol. 11. I. M. KOLTHOFF, W. STRICKS, and R. C. KAPOOR. J. Am. Chem. 
SOC. 77. 4733 (1955). 
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Synthesis and I3C nuclear magnetic resonance assignments of cannithrene 1: 
a cannabis constituent 
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FAROUK S. EL-FERALY, STEVE F. CHEATHAM, and JAMES D. MCCHESNEY. Can. J. Chem. 63, 2232 (1985). 
Two synthetic approaches to cannithrene 1 (1) have been explored. One-pot annelation of 6,8-dimethoxytetralone by first 

forming a P-keto sulfoxide, then addition of methyl vinyl ketone, gave, unexpectedly, after elimination of the sulfoxide, the 
naphthol (10). The successful route to cannithrene 1 (1) involved regiospecific demethylation of 6,8-dimethoxytetralone, then 
its conversion to enone 16. Pyridinium bromide perbromide provided the necessary aromatization to give cannithrene 1 (1) after 
deprotection by hydrogenolysis. The I3C n m  assignments of 1 were made. 

FAROUK S. EL-FERALY, STEVE F. CHEATHAM et JAMES D. MCCHESNEY. Can. J. Chem. 63, 2232 (1985). 
On a tvalut deux approches difftrentes pour la synthtse du cannithrkne 1 (1). D'une f a ~ o n  surprenante, l'annellation dans 

un seul rtcipient de la dimtthoxy-6,8 tttralone impliquant en premier lieu la formation d'un P-cttosulfoxyde, puis I'addition 
de mtthylvinylcttone ne conduit, aprts l'tlimination du sulfoxyde, qu'au naphtol 10. La f a ~ o n  d'obtenir le cannithrkne 1 (1) 
implique une dtmtthylation rtgiosptcifique de la dimCthoxy-6,8 tttralone, puis sa conversion en inone 16. Aprts une 
dtprotection par hydrogtnolyse, l'aromatisation conduisant au cannithrtne 1 (1) se fait sous I'influence du perbromure du 
bromure de pyridinium. On a fait les attributions des carbones du compost 1 dans le spectre rmn du I3C. 

[Traduit par le journal] 

Cannabis sativa (marihuana) contains a group of dihydrostil- 
benes (1 -3) like dihydroreserveratrole (2) and its monomethyl 
ether 3 which seem to be important precursors to various 
other stilbenoid derivatives. Thus, biogenetic phenol-phenol 
coupling could lead to cannabispiradienone (4) and cannabis- 
piran (5) and its dehydro analog 6 and also could possibly lead 

The synthetic plan for cannithrene 1 (1) depended upon first 
synthesizing 6,8-dimethoxytetralone (7), followed by addition 
of the mono oxygenated aromatic ring by a Robinson-type 
annelation. Thus, commercially available 3,5-dimethoxycin- 
namic acid was catalytically hydrogenated to its dihydro 
derivative, which was converted to the acid chloride by 
treatment with oxalyl chloride. Arndt-Eistert homologation 
of the acid chloride furnished the methyl ester which was 
hydrolyzed to the free acid 8, then cyclized to 6,8-dimethoxy- 
tetralone (7) using polyphosphoric acid.3 

The most appropriate conditions for the annelation of 7 ap- 
peared to be the one-pot annelation conditions reported by 
Boger et al. (6). This annelation sequence involved first 
forming the P-keto phenyl sulfene 9 by sulfenylating the lith- 
ium enolate of 7 with diphenyldisulfide. The product 9 was 

" ' O F  " " I q  MEOy) -O% 

OH OH OH 
COOH 

ME0 OR 0 
0 0 0 8 7, R = CHs 

4 5 6 12;R = H 

biogenetically to cannithrene 1 (I), another cannabis constitu- 
ent. Indeed, Crombie et al. (4) have shown that heating 4 above 
its melting point caused the dienone-phenol rearrangement to 
give cannithrene 1 (1). 

Cannithrene 1 (1) was obtained in only 4 mg per kg yield 
from Cannabis. Because of its structural similarity to the orchid 
phytoalexins (5), a study of its antimicrobial (especially its 
antifungal) properties was deemed important. This necessitated 
the development of an unambiguous synthetic route to this 
compound. Furthermore, a readily available supply of 1 was 
expected to make it possible to evaluate it biologically for many 
of the pharmacologic effects of marihuana.' 

'Author to whom correspondence may be addressed. 
'The results of screening cannithrene 1 (1) for antimicrobial and 

antiglaucoma activities will be reported elsewhere. 

S-PH 
ME0 0 

oxidized to the sulfoxide with sodium periodate and then 
reacted immediately with methyl vinyl ketone in the presence 
of sodium methoxide. Unfortunately, the isolated phenolic 
product turned out to be the naphthol 10 and not cannithrene 1 
(1). The structure of 10 was established, based on its spec- 

3Direct rearrangement of the diazo ketone to the free acid was 
possible using silver oxide in aqueous dioxane, but the yield was lower 
than the overall yield obtained by rearrangement in methanol and 
subsequent hydrolysis of the resulting ester. 
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BZO 

mOv ' + some 16 

BZO BZO 0 

0 0 

a: BCI,/CH,CI, (77%); b: benzylbromide/K,CO, (95%); c: elhylfomate/NaOCH, (100%); d: methyl vinyl ketone/N(Et), (100%); e: NaOCH,; 
f: NaH (60% from 14) 

SCHEME 2 

troscopic properties (see Experimental) including its I3C nrnr 
signals (see structure 10 in Scheme 1). The unexpected for- 
mation of 10 may be rationalized by a consideration of the 
reaction conditions and the mechanism proposed by Boger 
et al. (6) for the annelation reaction. For a dihydrophenan- 
threne to be formed, aldolization should precede the sulfoxide 
elimination. Apparently the reverse took place and this led to 
the formation of the naphthol 10. The driving force for the 
facile elimination of the sulfoxide group in 11 is probably the 
formation of the aromatic system (Scheme 1). 

The successful synthetic approach to cannithrene 1 (1) de- 
pended on, first, regiospecific demethylation of 6,8-dimeth- 
oxytetralone (7) to 8-hydroxy-6-methoxytetralone (12) using 
boron trichloride in methylene chloride. The ir spectrum of the 
product 12, when compared to that of the starting material 7, 
showed that the carbonyl peak had shifted approximately 

30 cm-I, from 1654 cm-I in 7 to 1623 cm-' in 11, which is 
consistent with the formation of an intramolecular hydrogen 
bond. Protection of the hydroxyl group in 12 by benzylation, 
and formylation using ethyl formate and excess sodium meth- 
oxide, provided the intermediate 13. Crude 13 was treated with 
methyl vinyl ketone to give the alkylated product 14 quan- 
titatively. Smooth cyclization of 14 was accomplished after 
considerable experimentation by first briefly treating 14 with 
sodium ethoxide to give 15, and usually a small amount of 16, 
followed by treatment of the mixture with sodium hydride to 
furnish 16 (Scheme 2). 

The aromatization of 16 to a dihydrophenanthrene proved to 
be a formidable task. Treatment with 2,3-dichloro-5,6- 
dicyano-1 ,4-benzoquinone (DDQ), chloranil (tetrachloro-1,4- 
benzoquinone), or Pd/C did not yield the desired product. 
Treatment with pyridinium bromide perbromide (7), on the 
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a: Pyridinium bromide perbromide; b: 10% Pd/C (90%) 

other hand, gave a mixture of benzyl cannithrene 1 (17) and the 
corresponding phenanthrene 18 as based on 'H nmr analysis of 
the mixture. Hydrogenation of this mixture using 10% palla- 
dium on carbon as catalyst gave a single product identical with 
cannithrene 1 (I), based on spectral comparisons. 

The previously unreported I3C nmr assignments for canni- 
threne 1 (1) are listed in Scheme 3. The I3C nmr assignments 
were made by inspecting the coupled spectrum. Cannithrene 1 
(1) exhibited three oxygenated aromatic signals at 6 160.0, 
156.5, and 156.1. The signal at 6 160.0 appeared as a quartet 
( J  = 2.0 Hz) in the coupled spectrum because of three-bond 
coupling to the methoxy protons. This confirmed that the signal 
at 6 160.0 was due to C-7. The signal at 6 156.5 appeared as 
a singlet (no three-bond coupling) and was assigned to C-5, 
leaving the signal at 6 156.1 (partially masked by the signal 
at 6 156.5) to be assigned to C-3. Of the aromatic singlets in 
the off-resonance spectrum, carbon-8a has no three-bond 
couplings and is the singlet at 6 142.6. Carbon4a occurred as 
a doublet ( J  = 6.8 Hz) in the coupled spectrum at 6 139.4 due 
to three-bond coupling to H-1 . The signal at 6 129.0 is a triplet 
( J  = 6.8 Hz) in the coupled spectrum and was unambiguously 
assigned to C-lOa due to three-bond coupling to both H-2 and 
H-4. The final aromatic singlet occurred at 6 115.7 and ap- 
peared as a multiplet in the coupled spectrum and was assigned 
to C-4b. Most of the aromatic doublets in the off-resonance 
spectrum could also be assigned by inspection of the coupled 
spectrum. The signal at 6 128.5 was a doublet ( J  = 156 Hz) 
with no further three-bond couplings and was assigned to C-1. 
The other two off-resonance doublets which could be assigned 
based on the coupled data were the signals at 6 106.2 and 
101.6, ascribed to C-8 and C-6, respectively. This assignment 
was consistent with the former signal being a doublet ( J  = 158 
Hz) with unresolved three-bond coupling (to H-6 and C-9 pro- 
tons), while the latter was only three-bond coupled to H-8 and 
appeared as a sharp double doublet ( J  = 158, 4.9 Hz). The 
assignments of C-8 and C-6 were also consistent with their 
chemical shift values, as the more shielded of the two (C-6) is 
ortho to two oxygen functions, while the other (C-8) is ortho 
to only one oxygen function. The signals at 6 115.8 and 113.0 

could not be assigned on the basis of the coupled data and 
assignments were made by selective proton decoupling. Irra- 
diation at 6 7.94 (H-4) caused the carbon signal at 6 1 15.8 to 
collapse to a singlet, whereas the signal at 6 1 13.0 remained a 
doublet. Likewise, irradiation at 6 6.58 caused the signal at 
6 113.0 to collapse, while the signal at 6 115.8 remained a 
doublet. This confirmed the assignment of C-2 to the signal at 
6 113.0 and C-4 to the signal at 6 115.8. 

In addition to the above signals, the methoxy carbon was 
found to resonate at 6 55.3, and the two methylene triplets, 
which could not be distinguished, resonated at 6 32.0 and 29.4. 

Experimental 
Melting points (mp, "C) were determined on a Thomas-Hoover 

melting point apparatus and are uncorrected. The ir spectra (cm-') 
were obtained on a Perkin-Elmer 281B spectrophotometer and mea- 
sured in a KBr disk or as 10% solution in CHCI,. The 'H nmr spectra 
were recorded on JEOL C-60 HL, Varian EM-390, and JEOL JNM- 
FX 60 spectrometers using tetramethylsilane (TMS) as internal 
standard; chemical shifts were reported in 6 (ppm) units. The I3C n m  
spectra were taken on a JEOL JNM-FX 60 (15.03 MHz) and the 
chemical shifts are also reported in 6 (ppm) units. Coupled spectra 
were recorded using gated decoupling with 16K data points (decoupler 
off during data aquisition) and integrations recorded with decoupler 
on during data aquisitions and long pulse delays. Mass spectral data 
were obtained on a Finnigan 3200 spectrometer with an INCOS 
data system. 

4-(3,5-Dimethoxypheny1)butyric acid (8) and its methyl ester 
The acid chloride of 3-(3,5-dimethoxyphenyl) propionic acid (8) 

was prepared by dissolving the acid (5 g, 22.3 mrnol) in 50 mL of 
benzene containing four drops of DMF, followed by the addition of 
10 mL of oxalyl chloride (54.15 mmol). The mixture was stirred at 
room temperature for 0.5 h. Removal of the benzene left the crude 
acid chloride which was dissolved in 25 mL of ether and added to 
250 mL of an ethereal solution of diazomethane (excess). Evaporation 
of the ether left the diazoketone as a reddish oil which was dissolved 
in MeOH (400 mL) and stirred for 3 h at 60°C with freshly prepared 
Ag20, prepared by adding 10 mL of 25% aqueous KOH to 2.5 g of 
AgNO, in 10 mL of H20. Filtration and evaporation of the MeOH 
phase left a black oil that was dissolved in CHC13 and filtered over a 
short column of Si02. Evaporation of CHC1, left 4.93 (87%) of the 
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methyl ester of 8 as a pale yellow oil; ir (CHCl,): 1730, 1600; 'H nmr 
(CDCl,): 1.97 (m, 2H), 2.34 (t, 2H, J = 7.0 Hz), 2.60 (t, 2H, J = 
7.0 Hz), 3.67 (s, 3H), 3.77 (s, 6H), 6.33 (s, 3H); I3C nmr (CDCI,): 
173.8 (s), 161.1 (s), 143.9(s), 106.8(d),98.4(d), 55.2(q),51.3(q), 
35.4 (t), 33.4 (t), 26.3 (t); ms: M' at m / z  238 (28%). Anal. calcd. for 
C13H1804 (238): C 65.53, H 7.61; found: C 65.66, H 7.89. 

The same reaction was tried following a general literature (9) pro- 
cedure starting with 0.5 g of the above acid chloride, but the rear- 
rangement of the acid chloride was carried out in aqueous dioxane and 
the product crystallized from ether-hexane to give colorless needles 
of 8 (290 mg, 55%), mp 64-65°C; ir (CHCI,): 3300-2400, 1708, 
1593; 'H nmr (CDCI,): 1.98 (m, 2H), 2.37 (t, 2H, J = 7.0 Hz), 2.62 
(t, 2H, J = 7.0 Hz), 3.76 (s, 6H), 6.34 (s, 3H), 9.77 (br s, ex- 
changeable); I3C nmr (CDCI,): 179.2 (s), 161.0 (s), 143.7 (s), 106.8 
(d), 98.3 (d), 55.2 (q), 35.3 (t), 33.3 (t), 26.1 (t); ms: M' m / z  224 
(34%). Anal. calcd. for CI2HI6o4 (224): C 64.27, H 7.19; found: 
C 64.50, H 7.37. 

The same acid was obtained by stirring for 3 h under N2 a solution 
of the ester obtained above (4.8 g) in MeOH (50 mL) to which was 
added a solution of KOH (5 g) in 15 mL of H20. Removal of the 
MeOH and CHC1, extraction of the acidified residue gave 4.33 g 
(96%) of this acid. 

6,8-Dimethoxytetralone (7 )  
The acid 8 (3.76 g) was added with stirring to polyphosphoric acid 

(60 g) heated to 100- 110°C and stirring continued for 4 h. Work-up 
by addition of ice and CHCI, extraction furnished a product that was 
subjected to flash chromatography (10) using acetone-CH2C12 (1 :9) 
as solvent to give 3.0 g (87%) of 6,8-dimethoxytetralone (7), crys- 
tallizing as yellow plates from ether-hexane, mp 64-65°C (lit. (1 1) 
mp 65°C); ir (CHCI,): 2920, 1654, 1592; 'H nmr (CDCI,): 1.71 (m, 
2H),2.56(t,2H,J=6.5Hz),2.88(t,2H,J=6.5Hz),3.83(~,3H), 
3.87 (s, 3H), 6.33 (s, 2H); "C nmr (CDCl,): 195.3 (s), 163.9 (s), 
162.6(s), 149.1 (s), 116.5(s), 104.9(d),97.3(d),55.9(q),55.3(q), 
40.8 (t), 31.5 (t), 22.9 (t); ms: M' m / z  206 (60%). 

Sulfenylation of 6.8-dimethoxytetralone (7 )  to 9 
Diisopropylamine (0.25 mL) was added to a flame dried flask under 

N2 in a Dry Ice - acetone bath. Dry THF (1 mL) was added, followed 
by 1.2 mL of 1.6 M n-butyllithium in cyclohexane. This mixture was 
stirred for 0.25 h, then 200 mg of 6,8-dimethoxytetralone (7) in 1 mL 
of THF was added. Stirring was continued for 1 h, then a solution of 
425 mg of diphenyldisulfide in 1 mL of THF was added. Stirring was 
continued for 2 h in a Dry Ice - CCL bath and for 1 h at room 
temperature. After normal work-up and flash chromatography (10) of 
the crude product using acetone-CHC1, (1 :9) as solvent, 237 mg 
(78%) of 9 were obtained as an oil, homogenous on tlc (one spot, Rr 
0.52 on Si02 plates using 10% acetone in CHCl, as solvent); ir 
(CHCI,): 3000, 1660; 'H nmr (CDCI,): 2.0-3.43 (m, 4H), 3.82 (s, 
3H),3.86(~,3H),4.03(dd, I H , J = 7 . 5 , 4 . 0 H z ) , 6 . 3 0 ( 2 H , J =  1.0 
Hz), and the 5 aromatic protons from 7.2 to 7.6; ',C nmr (CDCI,): 
191.5 (s), 164.3 (s), 163.4 (s), 147.6 (s), 134.4 (s), 132.3 (d), 128.9 
(d) , 127.3 (d), 1 15.4 (s) , 104.8 (d), 97.7 (d), 56.0 (q) , 55.4 (q) , 29.1 
(t), 28.3 (t); ms: M' m / z  314 (5%). Anal. calcd. forCl8HI8O3 (314): 
C 68.77, H 8.39, S 10.20; found: C 68.60, H 8.59, S 10.49. 

Attempted annelation of 9; isolation of I0 
The sulfenylated ketone 9 (265 mg) was dissolved in MeOH (4 mL) 

and chilled in an ice bath. Sodium periodate (174 mg) in a minimum 
amount of H20 was added. After 22.5 h, when the reaction went to 
completion, the mixture was filtered and MeOH was evaporated, 
leaving 300 mg of a residue which was dissolved in 10 mL of 
THF-MeOH (1 : I), and 0.04 mL of a 25% NaOCH, solution in 
MeOH was added. Methyl vinyl ketone (0.1 mL) was added to the 
mixture which was chilled to 0°C for 24 h. Excess NaOCH, solution 
was added (0.25 mL) and stimng continued for 31 h. The usual 
work-up and extraction of the product with CHCl, furnished 286 mg 
of a dark oil that was chromatographed over 50 g of Si02 using 1% 
acetone in CHCI, as solvent to give 48 mg (23%) of 10, as an oil that 
was homogeneous on tlc; ir (CHCI,): 3400, 1708, 1630, 1590; 'H nmr 

(CDCI,): 2.10 (s, 3H), 2.90 (m, 4H), 3.88 (s, 3H), 4.01 (s, 3H), 6.47 
(d, 1 H , J =  2.5Hz),6.70(d, 1 H , J =  2.5Hz),7.10(d, 1 H , J =  8.0 
Hz), 7.23 (d, IH, J = 8.0 Hz), 9.30 (s, IH, exchangeable); "C nmr 
(CDCI,): see structure 10; ms: M' m / z  274 (40%). Mol. Wt .  calcd. 
for Ct6H180,: 274.1205; found: 274.1207. 

8-Hydroxy-6-methoxytetralone 
6,8-Dimethoxytetralone (7) (2.0 g) was dissolved in 20 mL CH2C12 

under N2 and the solution was cooled to -78°C. BCI, (30 mL of a 
1 M solution in CH2C12) was added dropwise to the solution. The Dry 
Ice - acetone bath was then removed, and the solution stirred 0.5 h 
while returning to room temperature. Work-up and extraction with 
ethyl acetate provided 1.44 g (77%) of 8-hydroxy-6-methoxy- 
tetralone, which crystallized from ether-hexane to give the analytical 
sample, mp 68-69°C; ir (CHCI,): 3250-3020, 1623; 'H nmr 
(CDCI,): 2.02 (m, 2H), 2.61 (t, 2H, J = 6.0 Hz), 2.84 (t, 2H, J = 
6.0 Hz), 3.79 (s, 3H), 6.24 (s, 2H), 12.83 (s, 1H exchangeable); "C 
nmr (CDCI,): 202.9 (s), 165.8 (s), 165.6 (s), 147.2 (s), 11 1.6 (s), 
106.6 (d), 98.8 (d), 55.4 (q), 38.5 (t), 29.8 (t), 22.9 (t); ms: M' m / z  
192 (80%). Anal. calcd. for CllHI20,: C 70.58, H 5.92; found: 
C 70.34, H 5.76. 

The'hy&oxy tetralone obtained above (1.6 g) was benzylated by 
refluxing for 24 h in acetone solution (150 mL) in the presence of 
K2C0, (12.9 g) and benzylbromide (3.20 g). Work-up and chro- 
matography of the product on Si02 using CHC13 as solvent provided 
2.23 g (95%) of the benzyloxy derivative as an oil; ir (CHCI,): 1663, 
1595; 'H nmr (CDCI,): 2.00 (m, 2H), 2.59 (t, 2H, J = 7.0 Hz), 2.87 
(t, 2H, J = 7.0 Hz), 3.76 (s, 3H), 5.12 (s, 2H), 6.29 (d, IH, J = 
2.0 Hz), 6.33 (d, lH, J = 2.0 Hz), 7.20-7.70 (m, 5H); "C nmr 
(CDCI,): 195.4 (s), 163.8 (s), 161.6 (s), 149.1 (s), 137.0 (s), 128.5 
(d), 127.6(d), 126.8(d), 117.2(s), 105.5 (d),99.3 (d),70.7(t),55.3 
(q), 40.9 (t), 31.6 (t), 22.9 (t); ms: M' m / z  282 (14%). Anal. calcd. 
for CI8Hl8O3: C 76.57, H 6.43; found: C 76.39, H 6.76. 

Hydroxymethylation of 8-benzyloxy-6-methoxytetralone to 13 
A solution of 8-benzyloxy-5-methoxytetralone (2.58 g) in ethyl 

formate (5 mL) was stirred overnight with a mixture of solid NaOCH, 
(2.5 g) and dried ethyl formate (20 mL). Acidification and chloroform 
extraction gave 2.89 g (100%) of 13, which crystallized from MeOH 
to afford slightly yellow clusters, mp 96-99°C; ir (CHCI,): 2370, 
1630, 1595; 'H nmr (CDCI,): 2.42 (t, 2H, J = 7.0 Hz), 2.82 (t, 2H, 
J = 7.0 Hz), 3.80 (s, 3H), 5.20 (s, 2H), 6.34 (d, IH, J = 2.5 Hz), 
6.43 (d, lH, J = 2.5 Hz), 7.24-7.76 (m, 5H), 8.10 (bs, IH), 14.6 
(bs, exchangeable); "C nmr (CDCI,): 185.7 (s), 172.2 (d), 163.8 (s), 
146.8 (s), 136.5 (s), 128.6 (d), 127.9 (d), 126.9 (d), 105.8 (d), 99.3 
(d), 70.8 (t), 55.4 (q), 31.1 (t), 23.1 (t); ms: M' m/z 310 (1%). 
Mol. Wt .  calcd. for C19H1804: 310.1205; found: 310.1200. 

Alkylation of 13 to 14 
The crude ketone 13 (1.2 g) was dissolved in benzene (12 mL) and 

stirred for 7 days with methyl vinyl ketone (0.5 mL) and 0.3 mL of 
triethylamine. The usual work-up using benzene gave 1.5 g (100%) of 
adduct 14 that proved to be unstable; ir (CHCI,): 1710, 1648; 'H nmr 
(CDCI,): 1.68-2.57 (m, 7H), 2.07 (s, 3H), 3.77 (s, 3H), 5.16 (s, 
2H), 6.26 (d, lH, J = 2.5 Hz), 6.38 (d, lH, J = 2.5 Hz), 7.25-7.67 
(m, SH), 9.71 (s, IH); "C nmr (CDC13): 207.0 (s), 201.7 (d), 193.7 
(s) due to the 3 carbonyl groups. Thematerial was used in the next step 
without further purification. 

Cyclization of 14 to 16 using NaOEt-NaH 
To a solution of 980 mg of crude 14 in absolute EtOH (20 mL) 

cooled in an ice bath was added 180 mg NaOEt in 20 mL of absolute 
EtOH. After stimng for 3 h, 0.3 mL of CH3COOH was added and 
EtOH removed. The usual work-up and chromatography of the crude 
product on Si02 using 20% ethyl acetate in benzene produced: (a) 16 
(41 mg) as colorless needles, mp 94-95°C; ir (CHCI,): 1634, 1592, 
1570; 'H nmr (CDCI,): 1.33-2.97 (m, 9H), 3.70 (s, 3H), 5.10 (s, 
2H),6.28(d, lH, J =  2.5Hz),6.38(d, 1H,J  = 2.5Hz),7.37(bs, 
5H); "C nmr (CDC13): 200.6 (s), 161.2 (s), 160.3 (s), 155.4 (s), 
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143.9 (s), 136.4 (s), 128.6 (d), 128.0 (d), 127.1 (d), 125.6 (d), 115.6 
(s), 106.2 (d), 99.2 (d), 70.9 (d), 55.2 (q), 37.8 (d), 37.3 (t), 3 1.4 (t), 
30.5 (t), 30.3 (t); ms: M+ m/z 334 (1%). Anal. calcd. for Cz2Hzz03: 
C 79.02, H 6.63; found: C 79.30, H 6.60. (b) 15 (615 mg), crys- 
tallized from MeOH, mp 93-94°C; ir (CHCI,): 1704, 1658, 1593; 'H 
nrnr (CDCI,): 1.58-2.64 (m, 7H), 2.24 (s, 3H), 2.97 (dd, 2H, J = 
7.2, 4.8 Hz), 3.78 (s, 3H), 5.14 (s, 2H), 6.24 (d, lH, J = 3.0 Hz), 
6.69 (d, lH, J = 3.0 Hz), 7.24-7.71 (m, 5H); "C nmr (CDCI,): 
208.8 (s), 197.6 (s), 163.5 (s), 161.4 (s), 148.3 (s), 136.9 (s), 128.6 
(d), 127.6 (d), 126.8 (d), 116.8 (s), 105.1 (d), 99.2 (d), 70.5 (t), 55.3 
(q), 48.0 (d), 41.5 (t), 30.0 (t), 29.8 (q), 28.7 (t), 24.7 (t); ms: M+ 
m/z 352 (3%). Anal. calcd. for C22H2404: C 74.98, H 6.86; found: 
C 75.02, H 6.76. 

In all later runs the mixture was not separated but directly treated 
with NaH as follows. The mixture (3.8 g) was dissolved in THF 
(50 rnL) and added to 240 mg of NaH in 50 mL of THF. After stirring 
for 24 h, the usual work-up and flash chromatography of the product 
gave 3.15 g of 16 (60%), identical to the material obtained above. 

Cannithrene 1 ( I  )4 

The enone 16 (1.0 g) was dissolved in acetic acid (300 rnL) and 
pyridinium bromide perbromide (1.19 g) was added slowly with vigo- 
rous stirring for 10 min. The mixture was allowed to stand for 0.5 h, 
then evaporated. The usual work-up produced 0.94 g of a red oil that 
was flash chromatographed on Si02 using 4% ethyl acetate in benzene 
to give back 0.19 g of 16 and 0.48 g (50%) of a mixture of 17 and the 
corresponding phenanthrene 18. Without further purification, this 
mixture was dissolved in 40 mL EtOH and hydrogenated in the pres- 
ence of 70 mg of 10% Pd/C. After 16 h, tlc revealed the presence of 
a single compound, Rr 0.24 on Si02 plate using 20% ethyl acetate in 
benzene as solvent. The usual work-up provided 0.35 g (100%) of a 
chromatographically homogeneous light tan oil that crystallized re- 
luctantly from ether-hexane to give 0.27 g (38% from 16) of can- 
nithrene I (1) as colorless needles, mp 175- 180°C with darkening 

4Conditions for the aromatization of 16 were worked out using as 
a model compound the analog 9,10,10a-3(2H)-tetrahydrophenan- 
threne, synthesized from commercially available a-tetralone. Pyridin- 
ium bromide perbromide dehydrogenated it to 3-hydroxydihydrophen- 
anthrene in 75% yield with a 14% yield of the analogous 2-bromo 
derivative. 

(lit. (3) mp 189°C with darkening). The 'H nmr (CD,COCD,) spec- 
trum of synthetic cannithrene 1 (1) was identical to that of the natural 
material, showing signals at 6 2.67 (s, 4H), 3.75 (s, 3H), 6.38 (d, lH, 
J = 2.5Hz), 6.47(d, 1H,J  = 2.5Hz), 6.62(dd, 1H, J  = 8.0,2.5 
Hz), 7.04 (d, lH, J = 8.0 Hz), 8.0 (d, lH, J = 2.5 Hz), 8.72 (s, 1H 
exchangeable); ir (CHCI,): 3320, 1600 cm-'; the "C nmr assignments 
are shown in Scheme 3; ms: M at m/z 242 (100%). Anal. calcd. for 
CI5HI4o3: C 74.36, H 5.82; found: C 74.31, H 6.03. 
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ALLAN K. COLTER, A. GREGG PARSONS, and KAREN FOOHEY. Can. J. Chem. 63, 2237 (1985). 
The kinetics of oxidation of 10-methyl-9-phenylacridan (l(H)) and 9-deuterio-10-methyl-9-phenylacridan (l(D)) to 

10-methyl-9-phenylacridinium ion (3) by eight oxidants have been investigated. The oxidants included the IT-acceptors 
1,4-benzoquinone (BQ), 7,7,8,8-tetracyanoquinodimethane (TCNQ), p-bromanil (BA), p-chloranil (CA), tetracyanoethylene 
(TCNE), 2,3-dicyano-l,4-benzoquinone (DCBQ) and 2,3-dichloro-5,6-dicyano-l,4-benzoquinone (DDQ) in acetonitrile 
(AN), BQ in 50:50 (v/v) AN-water, and the one-electron oxidant tris(2,2'-bipyridyl)cobalt(III), co(bipy):', in AN. The 
seven IT acceptors cover a lo9-fold range of reactivity from BQ to DDQ and the deuterium kinetic isotope effect varies from 
11.9 (BQ in AN) to 5.8 (DDQ). For n acceptors (BQ, TCNQ, CA, TCNE, and DCBQ) previously investigated with 
10-methylacridan (NMA), 1(H) is less reactive than NMA by factors ranging from 9.1 (BQ) to 1.7 x lo2 (TCNE). The isotope 
effects and relative reactivities for the IT acceptor oxidations are most simply explained by a one-step hydride transfer 
mechanism. 

ALLAN K. COLTER, A. GREGG PARSONS et KAREN FOOHEY. Can. J. Chem. 63, 2237 (1985). 
On a CtudiC les cinCtiques d'oxydation, sous I'influence de huit oxydants, du methyl-10 phtnyl-9 acridane (l(H)) et du 

deutCro-9 methyl-10 phCnyl-9 acridane (l(D)) en ion methyl-10 phCnyl-9 acridinium (3). Les oxydants comprennent des 
accepteurs IT comme la benzoquinone-1,4 (BQ), le tktracyano-7,7,8,8 quinodimethane (TCNQ), le p-bromanil (BA), le 
p-chloranil (CA), le tCtracyanoCthyl5ne (TCNE), la dicyano-2,3 benzoquinone-1,4 (DCBQ) et la dichloro-2,3 dicyano-5,6 
benzoquinone-1,4 (DDQ) dans I'acCtonitrile (AN), la BQ 9:s un mClange 50: 50 (v/v) de AN-eau ainsi que par un oxydant 
h un Clectron, le tris(bipyridy1-2,2') cobalt(III), Co(bipy), , dans du AN. Les sept accepteurs IT couvrent un domaine de 
rCactivitC de I'ordre de lo3 allant de la BQ a la DDQ; I'effet isotopique cinCtique varie de 11,9 (BQ dans AN) a 5,8 (DDQ). 
Pour les accepteurs IT (BQ, TCNQ, CA, TCNE et DCBQ) CtudiCs antkrieurement avec le mCthyl-10 acridane (NMA), le 
composC 1(H) est moins rkactif que le NMA par des facteurs allant de 9 , l  (BQ) a 1,7 X 1O2(TCNE). La plus simple explication 
des effets isotopiques et des rCactivitCs relatives lors d'oxydations par des accepteurs IT fait appel h un mecanisme de transfert 
d'hydrure en une Ctape. 

[Traduit par le journal] 

Introduction 
The detailed mechanisms of hydride transfer reactions of 

nicotinamide coenzyme models, particularly the possibility of 
stepwise mechanisms initiated by a single electron transfer 
(SET), continue to attract considerable attention (refs. 1, 2 and 
references cited). In earlier papers in this series (1, 3, 4) we 
have examined substituent, solvent, and kinetic isotope effects 
in oxidation of 10-alkylacridans with a number of quinone and 
dicyanomethylene 7~ acceptors. The general characteristics of 
these oxidations remain remarkably similar in spite of rate 
variations of greater than 10'-fold. Most of these results are 
most economically accommodated by a one-step hydride trans- 
fer mechanism, eq. [I], although the responses of the rate to 
changes in structure or solvent expected for eq. [l] and for a 
three-step e-, H', e- mechanism in which the proton transfer 
is rate-determining, eq. [2], are very similar. 

-Hi 
[ I ]  DH + A - D+ + AH- 

- -H' - 
-e -e 

[2] DH + A  G DH? A; - D-AH. - D+ +AH- 
slow fast 

As part of an effort aimed at defining the range of mech- 
anisms possible for hydride transfers from dihydropyridines 
and related compounds to n acceptors we have investigated the 
oxidation of 10-methyl-9-phenylacridan (1) by a series of n 
acceptors and a one-electron oxidant. This study was prompted 

by the following considerations: A 9-phenyl group might be 
expected to favor a stepwise mechanism by steric inhibition of 
direct hydride transfer relative to electron transfer and, by 
stabilization of the intermediate 9-phenyl-9-acridanyl radical 
(D., 2). This radical is long-lived, and has been produced by 
uv irradiation of rnethanolic solutions of 10-methyl-9-phenyl- 
acridinium chloride (6). The fact that 1 has a single 9-H greatly 
simplifies measurement of the primary kinetic deuterium 
isotope effect. 

(DH = hydride donor, A = IT acceptor oxidant) Results 
While the radical cation -radical anion intermediate, DH: A;, The oxidants investigated in this work included 5 benzo- 
of eq. [2] can be excluded on energetic grounds forp-chloranil quinones (4-8), two cyanomethylene acceptors (9 and lo), 
(CA) and quinones of lower reduction potential (4), a SET- and the one-electron oxidant tris(2,2'-bipyridyl)cobalt(III), 
initiated stepwise mechanism such as eq. [2] should become co(bipy):+. BA was included to compare two different benzo- 
increasingly feasible with increasing acceptor reduction poten- quinones (BA and CA) of nearly identical oxidizing strength 
tial (2, 4, 5). but different steric requirements. The lower reactivity of 1 
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TABLE 1. Rates of oxidation of 1(H) and l(D)" 

k(M-' s - ' ) ~  

Oxidant E', Vc [Oxidant], M 1(H) I@) ~ H / ~ I J  ~ N M A / ~ I ( H ) ~  

BQ' -0.51' 
BQ'. -0.51" 
TCNQ 0. 19h 
B A 0.OO8 
C A 0.01' 
TCNE 0.24h 
DCBQ 0.30' 
DDQ 0.50" 
~o(bipy):+ 0.235' 

(1.50- 1.60) X lo-' 6.25 + 0.18 X 5.24 + 0.16 X 11.9 -C 0.5 9.1 
1.14 X lo-' 2.45 + 0.09 X 2.55 + 0.08 X 9.6 -C 0.5 10 

(8.28-13.5) X 3.57 -C 0.11 X lo-' 5.70 -C 0.41 X 6.3 + 0.5 66 
6.83 X 3.19 t 0.10 X lo-' 3.00 2 0.09 X lo-' 10.6 -C 0.5 - 

(5.15-1 1.6) X lo-' 5.92 + 0.30 X lo-' 5.68 + 0.28 X lo-' 10.4 + 0.7 20 
(6.05-25.7) X 6.37 zk 0.21 X lo-' 1.08 zk 0.04 X lo-' 5.9 -C 0.3 1.7 X 10' 
(2.22-9.35) X 8.68 2 0.80 X 10' 1.09 -C 0.11 X 10' 8.0 + 1.1 13 
(9.60-31.0) x 7.53 r 0.62 x lo4 1.29 r 0.12 x lo4 5.8 =k 0.7 ca. 25k 
(7.60-10.2) X 1.05 ? 0.02 X lo-' 0.96 + 0.02 X lo-' 1.08 + 0.01 24 

"Temperature 25.0°C. Solvent acetonitrile unless otherwise specified. [l] = (2-6) X M. 
bAverage of 3 to 8 determinations with standard deviations. 
'Standard one-electron reduction potential in AN vs. SCE. 
dReactivity of N-methylacridan ( 1 )  relative to that of l(H). 
'0.01 M acetic acid added. 
'50: 50 (v/v) AN- water. 
RReference 10, 0.1 M tetraethylammonium perchlorate. 
hReference I I ,  0.1 M tetraethylammonium perchlorate. 
'Reference 12, 0 .  l M LiC104. 
'Reference 13, 5 X lo-' M tetraethylammonium perchlorate. 
'Calculated from a value of 2 . 9  t 0.1 X lo5 M - '  s- '  for 9,9-dideuterio-NMA (G. Saito, unpublished work) and the rate constant for 1(D), assuming 

a secondary deuterium isotope effect of 1 . 1  (3). 

4, BQ 5,BA 6, CA 7, DCBQ 

NC, ,CN 

8, DDQ 

C 
NC' 'CN 

9, TCNQ 

NC, ,CN 
/c=c 

NC \CN 

10, TCNE 

compared to 10-methylacridan (NMA) made it possible to ex- 
tend the kinetic measurements to DDQ. The other six oxidants 
have been investigated earlier with NMA (3, 7). 

The reactions of 1 with the oxidants included in this study are 
identical to the corresponding reactions of NMA (1, 3, 7, 8). 
Quantitative oxidation of 1 to 3 was confirmed by uv-visible 
spectral examination of kinetic solutions for all oxidants except 
TCNQ, where the spectrum of 3 is masked by that of the radical 
ion TCNQ;, produced in equimolar quantities to the 1 con- 
sumed. The oxidation product, 3, was also isolated in greater 
than 90% yields as the perchlorate or chloride salt using DDQ 
oxidant. As discussed earlier (1, 3,4), the reduction product of 
the n acceptors, as well as the overall stoichiometry, depends 
on the extent to which the rapid reaction of the product of 
hydride transfer, AH-, with unreacted acceptor (2AH- + A &? 

AH2 + 2A;) occurs. This reaction occurs to a slight extent with 
CA and BA, and essentially completely with DCBQ and DDQ. 

The kinetic results for reaction of 1(H) and 1(D) with the 
eight oxidants in acetonitrile (AN) and with BQ in 50: 50 v/v 
AN-water are summarized in Table 1. Rate measurements 
with all oxidants except BA and co(bipy):+ were carried out 
under pseudo first-order conditions using a 30-fold or greater 

excess of oxidant. With BA and co(bipy):+, lower molar ratios 
of oxidant to 1 were used and the data analyzed using 
the appropriate second-order rate equation. A first-order 
dependence on both acridan and oxidant concentrations is 
well established by this and earlier work (1, 3, 4) for the n 
acceptors. 

With co(bipy):+ a second-order rate law was again observed 
under the conditions investigated. The results of our studies of 
oxidation of NMA by co(bipy):+ are consistent with a mech- 
anism involving rate-determining SET with subsequent or con- 
current loss of H + .  This mechanism (I), which is analogous to 
that suggested by Bmice and co-workers (9) for oxidation of 
dihydropyridine analogs with F~(cN)~- ,  allows, in principle, 
for retardation of the rate by ~o(bipy):+ produced in the reac- 
tion. At (2-4) x M 1, however, no measurable deviation 
from second-order behavior was observed. Added co(bipy):+ 
at concentrations of 2 x M or higher does produce mea- 
surable decreases in rate but the interpretation of these effects 
is complicated by a negative salt effect. Consequently, we were 
unable to obtain a reliable estimate of the ratio of the rate 
constants for the proton-transfer and reverse electron-transfer 
steps, or of the deuterium isotope effect for the proton-transfer 
step (9). 

At the beginning of this investigation we planned to examine 
the symmetrical hydride transfer between 1 and 3 (to regenerate 
1 and 3) for evidence for a stepwise mechanism, using esr 
spectroscopy to detect any D-  and nmr spectroscopy to detect 
any HID exchange at the 9-position in AN-D,O solvent. How- 
ever, using l with a I4CH3 label and a procedure similar to that 
of Powell and Bmice (2), we found the hydride transfer from 
1 to 3 to be too slow (at least lo3 times slower than that between 
NMA and 10-methylacridinium ion (2)) to make such experi- 
ments practical. 

Discussion 
The primary deuterium kinetic isotope effects (kie's) (Table 

1) are remarkably similar to those observed for oxidation of 
NMA with the same n acceptors (3). Where there are signifi- 
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cant differences, the kie is marginally greater for 1 (viz., 10.4 
? 0.7 vs. 7.7 + 0.4 with CA, 5.9 + 0.3 vs. 4.8 + 0.3 with 
TCNE, 8.0 + 1.1 vs. 5.4 + 0.4 with DCBQ). Furthermore the 
trends are identical, the kie decreasing from AN to AN-water 
with BQ and with increasing oxidizing strength within a series 
of structurally-related oxidants. Any differences in the steric 
requirements of BA and CA are not great enough to have a 
measurable effect on the kie. 

An earlier analysis (4) led to the conclusion that the radical 
cation - radical anion pair intermediate, DHf A;, of a SET- 
initiated mechanism is energetically inaccessible in oxidation 
with BQ or CA (EO = -0.51 V and 0.01 V, respectively). 
These arguments lead to the same conclusion for 1, whose 
one-electron oxidation potential should be slightly greater than 
that of NMA (below). The same analysis was used earlier by 
Verhoeven and co-workers (5) to exclude SET-initiated mech- 
anisms in oxidation of N-benzyl-l,4-dihydronicotinamide 
(BNAH) by CA in AN. More recently Miller and co-workers 
(14) have investigated the kinetics of oxidation of NADH by a 
series of ferrocinium cation one-electron oxidants in aqueous 
1-propanol. Their results enable them to estimate E0 for one- 
electron oxidation of NADH in aqueous solution, and from it 
the rate constant for formation of the DHf A; intermediate in 
oxidation of NADH by BQ. The calculated rate constant was 
4 x lo4 times smaller than the experimental rate constant, 
leading to the conclusion that oxidation of NADH by BQ in 
water cannot occur by a SET-initiated pathway. 

Although a SET-initiated mechanism cannot be excluded by 
the same arguments for DCBQ (EO = 0.30 V), the relative 
reactivities of 2- and 3-methoxy-N-methoxyacridans (1) and of 
NMA and 10,10'-dimethy1-9,9'-biacridany1 (7) strongly indi- 
cate a synchronous mechanism for this acceptor as well. The 
kie in reaction of 1 with DDQ (EO = 0.50 V) remains large and 
is not out of line with that expected from the kie's of the less 
reactive benzoquinones. Consequently, although the extent of 
C-H bond breaking, C-0 bond making, and degree of 
charge transfer (1) must change in a regular way from BQ to 
DDQ, the kie's for the benzoquinones are most simply accom- 
modated by a mechanism in which electron and proton transfer 
are strongly coupled, that is, essentially a one-step hydride 
transfer. 

It is interesting to compare the kie's observed in this work 
with those reported in two recent related studies. Kreevoy and 
co-workers (15) have reported primary kie's of 5.7 1 and 5.45, 
respectively, in oxidation of 9,9'-dideuterio-NMA by N- 
methyl- and N-(4-trifluoromethylbenzy1)-3-cyanoquinolinium 
ions in 4:  1 2-propanol - water at 25°C. The measured equi- 
librium constants for the two oxidations are 0.70 and 28, re- 
spectively, and therefore these kie's would be expected to be 
close to the theoretical maximum. Interestingly, several of the 
kie's observed in oxidation of 1 and NMA (3) by uncharged n 
acceptors in AN are considerably larger. Further work is re- 
quired to determine the reasons for these differences. 

In a second related study Tanaka and co-workers (16) mea- 
sured kie's in oxidation of BNAH with a series of benzo- 
quinones ranging in reactivity from trimethyl-1,Cbenzo- 
quinone (EO = -0.75 V, kH/kD = 5.61) to DDQ (EO = 0.51 
V, kH/kD = 1.5) in AN at 25°C. A bell-shaped dependence of 
the kie on E0 was observed, with a maximum at BQ (EO = 
-0.50 V, kH/kD = 6.2). The results were interpreted in terms 
of a proton transfer within the ion pair intermediate, 
BNAHf A;, and the maximum kie for BQ taken to mean that 
the pK,'s of BNAHf and BQH- are approximately equal, i.e. 

that AGO for the proton transfer step is approximately zero. 
Aside from the prohibitively high energy expected for the 
BNAHCBQ; intermediate (5) there is another problem with 
this explanation. The pK, of the semiquinone radical BQH- is 
around 4.0 ? 0.1 in water (17, 18) while that of BNAHf has 
been estimated as -4 in AN (19) and as -3.5 in water (14). 
Clearly, BNAHC is close to lo7 times as acidic as BQH. in 
water and the difference will surely be much greater in AN 
because BQ; is more strongly solvated by hydrogen bonding in 
water than BNA. (20). It is clear, therefore, that the proton 
transfer within a BNAHf A; intermediate would be highly exo- 
ergic for BQ, and likely for all of the quinones investigated. 

In contrast to the n acceptor results, the kie in the e - ,  H', 
e- oxidation by co(bipy):' indicates only minor C-H bond 
weakening in the transition state for the rate-determining elec- 
tron transfer step. For this particular system we have not been 
successful in determining the kie for the proton transfer step, as 
has recently been accomplished for several similar F~(cN):- 
oxidations (9). Further efforts along these lines are planned. 

The reactivities of 1 relative to NMA (Table 1) reflect a more 
complex combination of effects. NMA is more rapidly ox- 
idized than 1 with all oxidants studied, relative reactivities 
varying from 9.1 to 1.7 x lo2. A hydride transfer transition 
state is expected to be much more sensitive to the steric require- 
ments of a C-9 substituent than an electron transfer transition 
state. In apparent contradiction to this expectation, the relative 
reactivities of NMA and 1 are nearly identical for CA and 
co(bipy);', which are known to react by one-step hydride 
transfer and stepwise e - ,  H', e- mechanisms, respectively. In 
attempting to understand these relative reactivities it is useful 
to first consider the expected electronic effect of the 9-phenyl 
substituent in relation to transition state structure. 

The pKR+ values of N-methylacridinium ion (NMA') and 3 
(25"C, ionic strength 0.1) (eq. [3]) are, respectively, 10.03 and 
1 1.0 1 (2 1). The 9-phenyl substituent therefore increases the 
stability of the acridinium ion oxidation product relative to the 
acridan, and, if the transition state resembles the acridinium 
ion, the electronic effect of the 9-phenyl should result in a rate 

increase. A linear relationship between log k (oxidation) and 
pKR+ was demonstrated in oxidation of a series of N- 
(substituted benzy1)acridans by BQ, TCNQ, CA, TCNE, and 
DCBQ (4). Using these relationships and the pKR+ values for 
NMA' and 3, the electronic effect of a 9-phenyl substituent 
should make 1 more reactive than NMA by factors of about 2.3 
(BQ, AN), 3.9 (BQ, 50:50 AN-H20), 6.3 (TCNQ), 4.9 
(CA), and 5.0 (DCBQ). In agreement with expectation, NMA' 
reacts 31 times as fast as 3 as a hydride acceptor with 
1 -benzyl- l,4-dihydronicotinamide (AN, 20°C) (22), though 
this difference is undoubtedly partly steric in origin. 

In contrast, the anodic peak potential for (essentially revers- 
ible) one-electron oxidation of 9,9-diphenyl-NMA in AN 
occurs at 0.13 V higher potential than that of 9,9-dimethyl- 
NMA (23). From the u, values of H, CH3, and phenyl (0.00, 
-0.04, and 0.10, respectively (ref. 20, p. 98)), we estimate 
that replacement of a single 9-H by phenyl should result in an 
increase in the one-electron oxidation potential of ca. (0.1312) 
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X (0.10/0.14) = 4.6 X V. If the full influence o n  AGO the reaction was followed at the 10-methyl-9-phenylacridinium ion 
for electrochemical oxidation is felt in AG+ for oxidation by maximum at 361 nm (22) for all oxidants except TCNQ, where the 
co(bipy):+, the electronic effect of the 9-phenyl substituent formation of TCNQ; was followed at 680 or 740 nm. Measurements 

would lead to a rate decrease of ca. 6-fold. were carried out under pseudo first-order conditions using a 30-fold 
or greater excess of oxidant over acridan with all oxidants except BA For the benzoquinones the rate ratios (NMA vs' are ap- and co(bipy):+, where lower ratios (Table 1) were used and the 

proximately 'Onstant (within a factor of about 2). Given the data analyzed using the appropriate second-order rate equation (1). 
other evidence for a one-step mechanism for tbese oxidations Co(bipy);+ rates were run under N2 atmosphere after degassing. 
(above), these ratios are believed to reflect a combination of 
electronic rate enhancement and steric retardation by the Acknowledgements 
9-phenyl substituent. The estimates of electronic rate enhance- 
ments (above) lead to estimates of steric retardation factors of Financial support from the Natural Sciences and Engineering 

9.1 2.3 = 21 (BQ), 98 (CA), and 65 (DCBQ). The reac- Research Council of Canada is gratefully acknowledged. W e  

tivities of NMA relative to toward TCNQ and TCNE are wish to  thank R. E. B e n y  for technical assistance and R. J. 

larger, leading by the same procedure to estimates of steric Balahura for the use of stopped flow equipment. 

retardation factors of ca' 4'2 lo2 (TCNQ) and 5*6 lo2 1, A. K. COLTER, P. PLANK, J ,  P. BERGSMA, R, LAHTI, A. A. 
(TCNE). The larger steric effects with the dicyanomethylene QUESNEL, and A. G. PARSONS. Can. J. Chem. 62, 1780 (1984). 

may be a Of greater requirements Of a 2. M. F. POWELL and T. C. BRUICE. J. Am. Chem. Soc. 105,7 139 
dicyanomethylene carbon vs. a carbonyl oxygen. The  observed (1983). 
rate ratio with Co(bipy);+ reflects both electronic and steric 3. A. K. COLTER, G. SAITO, and F. J. SHAROM. Can. J. Chem. 55, 
retardation so  that the steric retardation factor is estimated to be  2741 (1977). 
around 2416 = 4. More systematic investigations of steric 4. A. K. COLTER, C. C. LAI, T. W. WILLIAMSON, and R. E. BERRY. 
effects in hydride transfer reactions and their use in defining the Can. J. Chem. 61, 2544 (1983). 
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and TH. J. DEBOER. Tetrahedron. 34. 443 (1978). 

Experimental 
Melting points were measured in open capillary tubes and are un- 

corrected. Proton nmr spectra were measured using a Varian EM-360 
spectrometer. Chemical shifts are reported in 6 units, with tetra- 
methylsilane as internal standard. Ultraviolet-visible spectra were 
obtained using a Cary 118C spectrophotometer and mass spectra with 
a VG 7070G spectrometer. Elemental microanalyses were performed 
by Guelph Chemical Laboratories, Guelph, Ontario. 

Reagents and solvents 
BQ, TCNQ, CA, TCNE, DCBQ, and C0(bipy),(ClO~)~-3H~O 

were obtained and purified as described earlier (1, 3). BA was pre- 
pared from hydroquinone following Torrey and Hunter (24) and puri- 
fied by crystallization from benzene, mp 304-305°C (lit. (25) mp 
300°C). DDQ (Aldrich) was purified by crystallization from benzene 
followed by-dj ing under vacuum, mp i15-217"~  (lit. (26) mp 
215-217°C). 
10-~eth~i-9-~hen~lacridan (l(H)) was obtained, along with vari- 

able amounts of 10,101-dimethyl-9,9'-biacridanyl by reaction of N- 
methylacridinium iodide (3) with phenylmagnesium bromide in anhy- 
drous ether (27) and purified by recrystallizing twice from ethanol, mp 
104- 106°C (lit. (27) mp 104°C); nmr (CDCI,) 6: 3.3 (s, 3H, N-CH,), 
5.10 (s, lH, 9-H), 6.67-7.32 (m, 13H, aromatic). Mass spectrum 
(mle): 271 (M+), 194 (M+ - phenyl). Anal. calcd. for C2,,H17N: C 
88.52, H 6.31, N 5.16; found: 88.54, H 6.25, N 5.30. 

9-Deuterio-10-methyl-9-phenylacridan (l(D)) was obtained by re- 
duction of 10-methyl-9-phenylacridinium perchlorate with sodium 
borodeuteride (min. 98 at.% D) as described earlier for reduction of 
N-methylacridinium perchlorate (3) and purified by recrystallizing 3 
times from absolute ethanol, mp 107- 108°C. The yield of purified 
product was 37%. Its nmr spectrum indicated about 5% H at the 9 
position. 10-Methyl-9-phenylacridinium perchlorate was obtained in 
yields over 90% by oxidation of 1 with DDQ in ether solution as 
described earlier for oxidation of NMA (3). 

\ ,  

6. A. CASTELLANO, J. P. CATTEAU,  and.^. LEBLANCHE-COMBIER. 
J. Phys. Chem. 80, 2614 (1976). 

7. A. K. COLTER, C. C. LAI, A. G. PARSONS, N. B. RAMSEY, and 
G. SAITO. Can. J. Chem. 63,445 (1985). 

8. G. SAITO and A. K. COLTER. Tetrahedron Lett. 38, 3325 (1977). 
9. M. F. POWELL, J. C. WU, and T. C. BRUICE. J. Am. Chem. Soc. 

106, 3850 (1984). 
10. M. E. PEOVER. J. Chem. Soc. 4540 (1962). 
1 1. M. E. PEOVER. Trans. Faraday Soc. 58, 2370 (1962). 

R. M. SCRIBNER. J. Org. ~ h e k .  31, 3671 (1966). 
N. TANAKA and Y. SATO. Bull. Chem. Soc. Jpn. 41, 2059 
(1968). 
(a) B. W. CARLSON and L. L. MILLER. J. Am. Chem. Soc. 105, 
7453 (1983); (b) B. W. CARLSON, L. L. MILLER, P. NETA, and 
J. GRODKOWSKI. J. Am. Chem. Soc. 106, 7233 (1984). 
D. OSTOVI~,  R. M. G. ROBERTS, and M. M. KREEVOY. J. Am. 
Chem. Soc. 105, 7629 (1983). 
S. FUKUZUMI, N. NISHIZAWA, and T. TANAKA. J. Org. Chem. 
49, 3571 (1984). 
K. B. PATEL and R. L. WILLSON. J. Chem. Soc. Faraday Trans. 
1, 69, 814 (1973). 
D. VELTWISCH and K.-D. ASMUS. J. Chem. Soc. Perkin Trans. 
2, 1147 (1982). 
F. M. MARTENS and J. W. VERHOEVEN. Recl. Trav. Chim. Pays- 
Bas, 100, 229 (1981). 
J. HINE. Structural effects on equilibria in organic chemistry. 
John Wiley and Sons, New York, NY. 1975. p. 133. 
J. W. BUNTING and W. G. MEATHRELL. Can. J. Chem. 51, 1965 
(1973). 
A. VAN LAAR, H. J. VAN RAMESDONK, and J. W. VERHOEVEN. 
Recl. Trav. Chim. Pays-Bas, 102, 157 (1983). 
H. STURM, H. KIESELE, and E. DALTROZZO. Chem. Ber. 111, 
227 (1978). 
H. A. TORREY and W. H. HUNTER. J. Am. Chem. Soc. 34,702 
(1914). 

Kinetic measurements 25. C. G ~ A E B E  and L. WELTNER. Ann. 263, 31 (1891). 
Kinetics of oxidation were measured spectrophotometrically using 26. P. W. D. MITCHELL. Can. J. Chem. 41, 550 (1963). 

methods and instrumentation described earlier ( I ,  3). The progress of 27. M. FREUND and G. BODE. Ber. 42, 1746 (1909). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Stkeochimie de la reduction des a-iminocetones. etude de I'effet des substituants par 
une approche quantitative des facteurs gouvernant la stereoselectivite 
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R e ~ u  le 21 septembre 1984 

BENITO ALCAIDE, CARMEN L. MARDOMINGO, RAFAEL EREZ-OSSORIO, JOAQU~N PLUMET, ROGER PHAN-TAN-LUU et 
MICHELLE SARGENT. Can. J. Chem. 63, 2241 (1985). 

A partir du rapport RR,SS/RS,SR des 2-aminoCthanols isombres obtenus par rkduction de 24 a-iminocCtones (LiAlH4) les 
auteurs ont CtudiC l'influence des substituants sur la stCrCochimie de la rCaction en postulant un modble mathkmatique ii 7 
coefficients. Les valeurs de ces coefficients calculCes par regression multilinCaire sont d'accord avec le mkcanisme de rCduction 
post1116 prCcCdemment et mettent en Cvidence quelques conclusions additionnelles. L'application des mCthodes modernes de 
construction de matrices d'expkriences permet d'en choisir 10 d'un ensemble de 24 expCriences et montre que ce sous-ensemble 
permet d'extraire des informations de la m6me qualitC. 

BENITO ALCAIDE, CARMEN L. MARDOMINGO, RAFAEL EREZ-OSSORIO, JOAQU~N PLUMET, ROGER PHAN-TAN-LUU, and 
MICHELLE SARGENT. Can. J. Chem. 63, 2241 (1985). 

Using the isomeric ratio of RR,SS to RS,SR of a series of 2-aminoethanols obtained by the LiAIH., reduction of 24 
a-iminoketones we propose a mathematical model with 7 coefficients for the effect of substituent on the stereochemical course 
of the reaction. The values of these coefficients obtained by multilinear regression analysis are in agreement with the previously 
proposed mechanism for reduction but allow for some additional conclusions. The use of modern methods for the construction 
of experimental matrices allows us to choose 10 from a total of 24 experiments and shows that information of the same quality 
can be obtained from this subset. 

[Journal translation] 

Introduction 
La reduction des a-irninocttones par l'action de l'hydmre de 

lithium-aluminium (HAL) conduit 2 la formation de rntlanges 
de 2-aminotthanols sttrtoisornbres (1, 2). 

L'ttude du cours du processus permet d'ttablir que la stkrto- 
chimie de la rtaction est le rtsultat d'une compttition entre 
deux chernins rtactionnels formults dans la fig. 1. Le chemin 
a est le rtsultat de l'attaque prtalable du groupernent carbonyle 
conduisant 2 l'isornbre RR,SS, et le chernin b, issu de l'attaque 
prtalable du groupement imino conduisant 2 l'isornbre RS,SR. 
Cette simplification fondte sur les donntes exptrirnentales 
dans le cas des a-iminocttones dtrivtes des systbrnes 
benzyliques2 et raisonnablement ttendue aux autres a-irnino- 
cttones3 a t t t  expliqut prtctdemment 2 l'aide des rnodbles 
sttrtochimiques qui rendent cornpte du rtsultat du processus 
(2). 

L'objectif de ce travail est de dtduire une tquation multi- 
paramttrique, en utilisant les donntes expirimentales dis- 
ponibles et qui nous permettra d'ttablir quantitativernent l'in- 
fluence de la modification stmcturelle des a-iminocttones sur 
la sttrtochirnie de la rtduction. Dans ce but, nous avons fait 
varier les substituants R1 et R2 (Ph ou Me, fig. I), et R3 par le 
changernent de la nature et de la position (m ou p) du substi- 
tuant arornatique X. Pour caracttriser ce substituant, nous 
avons choisi deux pararnbtres tledtroniques qui dtcrivent les 

' Auteurs auquels la correspondence peut Etre adressCe. 
'L'hydrogCnation catalytique d'iminocCtones benzyliques et la r6- 

duction ultCrieure des aminocCtones intermediaires avec HAL conduit 
exclusivement 21 I'isombre RS,SR (3, 4). 
' B. Alcaide, R. PCrez-Ossorio et J. Plumet: rCsultats non publiCs. 

effets inductif et de rksonance que nous voulons considkrer. 
Finalernent nous effectuerons une critique methodologique "a 
posteriori" de la dtmarche suivie dans le traiternent du 
problbme. 

Modkle mathtmatique 
Notre modble rnathkrnatique est une Quation dont la rtponse 

ttudite est le pourcentage du sttrtoisombre RR,SS, et qui com- 
prend quatre termes du premier degrt, traduisant l'effet global 
des variables ttudites et deux termes d'inttraction qui tiennent 
cornpte de la possibilitk de que l'effet de la nature du substi- 
tuant R3 n'est pas ind6pendant de la nature du sub9ituant R2. 
L'effet global de R3 est dtcrit par les pararnbtres uo et ul (5). 

Le rnodble peut donc s'ecrire: 

Nous avons rtuni l'ensernble de 24 rnoltcules dont on a 
ttudit la rtduction avec HAL/Et2D dans le tableau 1, ainsi que 
les valeurs des variables correspondantes et la rtponse exptri- 
rnentale obtenue. Pour tviter le danger d'une interprttation du 
rnodble exprirnt avec des variables naturelles, nous utilisons 
pour le facteur R3 des variables codtes (6) qui sont obtenues 2 
partir de la transformation: 

[2] variable codte = (variable naturelle - centre)/pas 

Pour chaque variable, le centre choisi est la valeur rntdiane 
et le pas de variation est tel que la variable codte est comprise 
entre + 1 et - 1. Le tableau 2 rtsurne les valeurs du centre et 
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TABLEAU 1. Reaction de kduction de a-iminocktones avec 
HAL/Et20. Paramttres descripteurs du substituant R3 

pas choisies pour chaque variable. 
L'Cquation [l] peut alors s'tcrire: 

[3] Y = bo + blxl + b2~2 + b3x3 + b4~4 + b23~2~3 

+ b24~2~4 

Nous donnons dans le tableau 3 la matrice d'expkriences 
exprimCe en variables codCes. 

Les valeurs trouvCes pour les facteurs d'inflation4 Ctant satis- 
faisantes (tableau 4), nous pouvons calculer par la mCthode des 
moindres carrCs des estimations valables des coefficients du 
modele: 

Interprktation 
Nous pouvons constater la faible influence de la variable XI  

(b, = - 1 ,I). Les autres coefficients b2, b3 et b,, res- 
pectivement Cgaux ?I +27,9, -6,5 et -1,5 ne peuvent Ctre 
interprCtCs seuls, les effets des variables x2, x3 et x4 n'Ctant pas 
indkpendants par hypothese (interactions x2x3 et x2x4). D'autre 
part, la haute valeur du coefficient b23 (- 11,6) et la petite 
valeur (-3,2) de bZ4 sont significatives. L'intkraction la plus 
importante, b23, correspond aux variables (R2): (a: de X) ce qui 
signifie que les effets des substituants en position 3 sur la 
rCponse CtudiCe ne sont pas additifs, c'est-2-dire, l'influence de 
a: de X sur %RR, SS n'est pas la mCme suivant la nature de R2 
(Me ou Ph). Ceci peut Ctre visualis6 facilement en reprtsentant 
la rCpons'e Y en fonction de a: de X (fig. 2). 

Nous en dCduisons que l'influence de a: de X sur la stCrCo- 
chimie de la rCaction est beaucoup plus importante dans le cas 

On entend par facteur d'inflation le terme diagonal de la matrice 
inverse de la matrice de corr6lation. Voir rkf. 7. 

Pour la dkfinition de R: voir ref. 12. 

OAIH; 0 
1 I 3 1 11 

R-CH-C=N-R R-C-CH-N AIH; 
I 
R~ 

I I 3 
R - C H - C H - N H R  

I 
R 

FIG. 1 

TABLEAU 2. Centre et pas de variation des 
variables 

Variable Variable 
codCea naturelle Centre Pas 

x3 a: de X 0,26 0,26 
x4 a, de X 0,23 0,28 

Oxj = - 1 pour R' = Me; xj = + 1 pour R' = 
P h U =  1, 2). 

TABLEAU 3. Matrice d'expkriences compltte (variables 
codCes) 
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ALCAIDE ET AL. 

TABLEAU 4. Facteurs d'inflation pour 1'Cq. [3] avec la tota- 
lit6 de molCcules (colonne a) avec la matrice optirnale-D, 

N = I0 (colonne b) 

Coeff. Facteur d'inflation (a) Facteur d'inflation (b) 

6 1  1,60 1,40 
b? 1,68 1,45 
b3 1,09 1,09 
b4 1,06 1,07 
b23 1,13 1,06 
b, 1,06 1,05 

FIG. 2. La riponse (Y) en fonction de a: de X. 

de monoimines dCrivCes du benzyl (expkriences 1 - 10, corres- 
pondant i la prksence d'un groupement phtnyl en position 2) 
que dans le cas ou R2 est un groupement methyl, expCriences 
1 1-24 pour lesquelles I'influence de cr: est pratiquement nulle. 

Conclusion du point de vue chimique 
L'Ctude de la rCaction de reduction rCalisCe sur I'ensemble de 

24 a-iminocktones et celle du modkle confirment le schCma 
rkactionnel proposC (fig. 1) et mettent en Cvidence le change- 
ment de mCcanisme en passant des composCs avec R2 = Ph aux 
composCs avec R2 = Me. 

Pour les molCcules 1 - 10. le chemin de rkaction a est choisi 
de prtfirence au chemin b: les caractkristiques tlectroniques du 
groupement phCnyl en position 2 provoquent un "durcis- 
sement" du groupement carbonyle (chemin a) et donc I'aug- 
mentation du pourcentage de I'isomke RR,SS (voir fig. I). 
Ceci implique que la cCtone n'est pas conjugCe au groupe 
imino, ce qui a CtC confirm6 pour ces composts par analyse au 
rayons-X (8) et rmn du carbone- 13 (9). 

Dans le premier groupe de molCcules I'influence de la nature 
Clectronique de R3 est confirmCe (2). Plus le substituant R3 est 
Clectrodonneur plus la conjugaison augmente, c'est-i-dire, 
plus grande est la planarit6 entre groupements aromatique R3 et 
imino. Par consequent il y a une augmentation du pourcentage 
de I'isomkre RR.SS. 

Par contre ceie influence est nulle pour le deuxikme sous- 
ensemble d'iminocetones (1 1-24, R2 = Me). Nous constatons 
que la substitution d'un methyl par un phCnyl en position 1, et 
le caractkre inductif du substituant R3 n'ont pas d'influence sur 
la stereochimie de la rkduction de ce genre de composts. 

Prksentation d'une strategie optimale 
Les donnCes que nous avons utilisees dans la premikre partie 

FIG. 3. La valeur du determinant lM( en fonction de N. 

de cette Ctude ont CtC obtenues sans suivre une strategie bien 
dtfinie, le probleme se prkcisant au fur et i mesure de I'avan- 
cement du travail. 

Nous allons illustrer I'application de la MCthodologie de la 
RCcherche ExpCrimentale (10) i notre problkme en supposant 
qu'aucune expCrience n'a CtC faite. Nous avons i notre disposi- 
tion 24 molecules candidates. 

1. Cet ensemble de molkcules contient-il assez d'in- 
formation? 

Les valeurs des coefficients d'inflation permettent de dire 
que cet ensemble est bien structurC et que les informations 
obtenues sont de bonne qualitk. Rappelons que les facteurs 
d'inflation peuvent &tre calculCs avant d'avoir effectuC des 
expkriences. 

2. Peut-on rkduire le nombre d7expCriences sans affecter 
sensiblement la qualit6 des informations fournies? 

Nous avons extrait de I'ensemble de 24 points candidats le 
meilleur sous-ensemble permettant d'Ctudier le modkle pos- 
tulC. Le critkre choisi est le crit2re d'optimalitk-D (maxi- 
misation du dkterminant de la matrice d'information normte 
IMI). Pour diffkrentes valeurs de N (N = nombre de molCcules) 
nous avons calculC la matrice d'expkriences optimale-D. Dans 
la fig. 3, nous montrons la variation de [MI en fonction de N. 
On peut constater I'existence d'un maximum pour N = 10. La 
matrice d'expkriences correspondente comporte les molCcules 
donntes dans le tableau 5. La valeur du dtterminant norm6 
dCcroit rCgulikrement de N = 10 i N = 24 (fig. 3). Les valeurs 
des facteurs d'inflation sont satisfaisantes pour la matrice d'ex- 
pCriences optimale-D (tableau 4). 

Nous avons calculC les coefficients du modkle (Cq. [3]) par 
la mCthode des moindres cants en utilisant le sous-ensemble 
des 10 molCcules. Les valeurs de ces coefficients ne different 
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TABLEAU 5. Matrice d'exphiences 
optimale-D (IX'XI = 1 329 000, 
IMI = 0,1329, trace (XIX)- '  = 1,06) 

N R1 R2 R3 

TABLEAU 6. Estimation des coeffi- 
cients obtenus par la mtthode des moin- 
dres cants avec I'ensemble des 24 ex- 
pkriences (coeff. 1 )  et avec le sous- 

ensemble i 10 mol&ules (coeff. 2) 

i de bi Coeff. l a  Coeff. 2b 

1 -1,l -0,9 
2 27,9 27,5 
3 -6,9 -5,4 
4 -1,s -1,4 

23 -11,6 - 10,9 
24 -3,2 -3,3 

"Coefficient de regression multiple ajusti 
R: = 0,96. 

bCoefficient de regression multiple ajusti 
R: = 0,95. 

pas significativement de celles que nous avons calculkes plus 
haut avec la totalitk de molCcules (tableau 6). 

Dans le tableau 7, nous avons rkuni les valeurs expCri- 
mentales (%RR,SS) et les valeurs de la rkponse calculkes B 
partir des modbles h 24 et B 10 expkriences. L'accord entre ces 
valeurs est satisfaisant. 

Matrice d'exptriences robuste 
La structure de la matrice d'exgriences optimale n'est va- 

lable que pour le modble formulk. Si nous changeons de mo- 
dde, il est kvident que la matrice d'expkriences sera modifike, 
les informations nkcessaires n'ktant pas les memes. 

Dans une deuxibme demarche, nous envisageons le cas ou 
nous ne faisons aucune hypothbse sur le modkle. Nous avons 
utilisk une demarche analoge h celle de Kennard et Stone (1 1) 
qui propose une rkpartition uniforme de points dans le domaine 
expkrimental. La prockdure originale est insuffisante h certain 
niveau: elle ne donne que l'ordre d'apparition des points mais 
ne permet pas de mettre en kvidence des arrangements de points 
constituants des structures optimales que nous appelons 
"stables". Nous avons utilisk un algorithme modifik mettant en 
Cvidence ces structures. Ceci nous permet de selectionner un 
sous-ensemble de points qui nous donne suffisamment d'in- 
formation pour envisager une interpolation ultkrieure. La meil- 
leure distribution de points donnant une structure stable est 
celle donnCe dans le tableau 8. 

Les deux matrices obtenues comportent de nombreux points 
communs. Notons la proximitk topologique des points 19 et 20. 

TABLEAU 7 .  Valeurs de %RR,SS exptrimentales et calcultes 
par le modkle avec I'ensemble des 24 exptriences (a) et avec le 

sous-ensemble i 10 moltcules (b) 

No Y (%RR,SS) exp. Y calculte (a) Y calculte (b) 

1 63,9 67,9 70,2 
2 89,6 83,4 82,9 
3 74,4 74,s 74,8 
4 81,O 71,7 72,6 
5 56, I 69,8 71,l 
6 95 ,O 92,6 91,5 
7 79,6 75,8 77,3 
8 97,s 103,9 101,8 
9 55,9 59,9 62,3 

10 75,l 6 8 3  71,O 
1 1  31,O 30,O 31,s 
12 25,9 27,9 29,2 

19 28,l 29,l 29,6 
20 30,l 31,4 32,3 
2 1 31,O 32,O 33,O 
22 32,l 32,4 33,4 
23 28,l 26,4 26,s 
24 23,7 23,2 22,7 

TABLEAU 8. Matrice d'expkriences 
robuste ((X'XI = 1 287 500, 

IMI = 0,12875) 
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~ t u d e  cinetique de l'ouverture thermique de la liaison C-C d'aziridines et 
d'epoxydes dipbles-1'3 potentiels: I. Methode d'etude experimentale 

AICHA DERDOUR ET FERNAND TEXIER 
Laboratoire de synthLse organique, ONRS 7581033, Institut de Chimie, Universitt d'Oran, Es-Se'nia, Alge'rie 

R e ~ u  le 25 septembre 1984 

1 AICHA DERDOUR et FERNAND TEXIER. Can. J. Chem. 63, 2245 (1985). 

I Les cyano-2 aziridines 1, les alcoxy carbonyl-2 aziridines 2, les aroyl-2 aziridines 3 et les dicyano-2,2 aryl-3 oxiranes 4 
s'ouvrent thermiquement entre les deux carbones pour donner respectivement un ylure dlazomCthine et un ylure de carbonyle. 
La rkactibh de ces ylures d'azomkthine avec I'ACDM (acCtyl8ne dicarboxylate de mCthyle) conduit ?i une pyrroline-3 qui 
Cvolue, selon Ies substituants, en pyrroline-2 ou en pyrrole. L'addition des ylures de carbonyle donne des dihydrofuranes. Le 
traitemerit cinttique de l'addition de ces hCtCrocycles 1 ?i 4 ?i I'ACDM permet la dktermination de la constante de vitesse 
d'ouverture de la liaison C-C (k,). La rkaction est suivie ii l'aide de I'ir dans le cas des aziridines 1 et de la hplc dans tous 
les autres cas. La constante expirimentale de vitesse (k,) est toujours d'ordre 1 par rapport ?i I'hCtCrocycle. Dans le cas des 
N-cyclohexyl cyano-2 alkyl-3 aziridines et de la N-cyclohexyl carbomtthoxy-2 phknyl-3 aziridine, k,, depend de la concen- 
tration en ACDM, ce qui implique que la cycloaddition de l'ylure d'azomCthine et sa refermeture en aziridine ont des vitesses 
comparables. Dans les autres cas, k., est indtpendante de la concentration en ACDM, ce qui correspond ii une lente 
transformation de I'hCtCrocycle en dip6le-1,3 suivie d'une cycloaddition rapide, k., = k,. 

A~CHA DERDOUR and FERNAND TEXIER. Can. J. Chem. 63, 2245 (1985). 
The thermolysis of the 2-cyanoaziridines (I), 2-alkoxycarbonylaziridines (2), 2-arylaziridines (3), and 2,2-dicyano-3- 

aryloxiranes (4) leads to a rupture of the carbon-carboh bond yielding an azomethine ylide and the ylide of a carbonyl. The 
reaction of these ylides of azomethine with methyl acetylene dicarboxylate (MADC) leads to the formation of a 3-pyroline, 
which is transformed, according to the substituants, to a 2-pyrroline or to pyrrole. The addition of the ylides of cafbonyl leads 
to the formation of dihydrofurans. 'Through the kinetic treatment of the addition of these heterocyclic compounds (1 to 4) to 
MADC, it is possible to determine the rate constants for the opening of the C-C bond (k,). In the case of the aziridines 1, 
the rates have been determined by ir while hplc has been used in the other cases. Relative to the heterocyclic compounds, the 
order of the experimental rate constants (k,) is always equal to one. In the cases of the N-cyclohexyl-2-cyano-3-alkylaziridines 
and of the N-cyclohexyl-2-carbomethoxy-3-phenylaziridine, k,, varies with the concentration of MADC and this implies that 
the rate constants for the cycloaddition of the ylide of azomethine and its reclosing to give aziridine are similar. In the other 
cases, k., is independent of the concentration of MADC and this implies that the heterocyclic compounds are slowly 
transformed into 1,3-dipoles, followed by a rapid cycloaddition, k,, = kl. 

[Journal translation] 

Introduction R v  R w  R v h  P X P ~ ~ C N  

Les aziridines et Cpoxydes convenablement substituCs s'ou- 
I vrent therrniquement entre les deux carbones (1, 2). Les H N '"R' H N R' H ' N H  H 0 CN 

dip6les-1,3 ainsi forrnCs ne sont pas isolb,  mais ils peuvent I 
R 

I 
R 

I 
Ctre additionnts ti differents dipolarophiles perrnettant ainsi la R 

synthbse d'hCttrocycles h cinq chainons variCs (schCma 1). 1 2 3 4 
Malgrt la diversit6 des rkactions de cycloaddition d'ylures 

d'azomtthine et d'ylures de carbonyle obtenus par therrnolyse 
du petit cycle h trois chainons correspondant, 1'Ctude cinttique 
de ces rCactions n'a CtC que partiellement abordke (3, 4) et le 
but recherchC par ces auteurs n'Ctait pas 1'Ctude des facteurs qui 
favorisent l'ouverture Clectrocyclique. 

La stCrCochimie de l'ouverture de ces petits cycles en 
dip61es-1,3 est bien expliquCe par les rkgles de Woodward et 
Hoffmann (5). Par contre, les facteurs qui favorisent ces rCac- 
tions ne semblent pas avoir CtC clairement dCgagCs malgrC 
quelques tentatives faites par Epiotis (6) et Carpenter (7); r t-  
cernment, l'un d'entre nous a tent6 dYinterprCter la rCactivitC 
pCricyclique des cycles h trois chainons h l'aide de la mtthode 
des relaxations (8). C'est pourquoi, nous nous sommes pro- 
posCs d'Ctudier la vitesse d'ouverture des aziridines 1, 2 et 3 
substitutes respectivement en 2 par un nitrile, un ester ou une 
cCtone, et des Cpoxydes 4 substituts en 2 par deux nitriles; en 
effet, selon la littkrature, l'ouverture pCricyclique des azi- 
ridines et Cpoxydes est facilitte par des substituants Clectro- 
attracteurs sur les carbones (1, 2, 8): 

1. Position du probBme 
Les ylures d'azomkthine ainsi que les ylures de carbonyle 

obtenus par ouverture therrnique des hCtCrocycles h trois chai- 
nons correspondants sont des interrntdiaires rkactionnels qui ne 
sont mis en Cvidence que par leurs produits de cycloaddition. 
L'Cquilibre aziridine z 3  ylure d'azomCthine est consid6 
rablement dCplacC vers I'aziridine (9), de telle sorte que les 
ylures dlazomCthine ne sont pas dktectables par les mCthodes 
spectroscopiques usuelles. Cependant, il peut Ctre dCmontrC, 
grdce a des ttudes cinktiques, que l'addition d'une aziridine, ou 

kl ' c C '  -b \ -4e- C/ +d=e d-e ' 'z" 7 , - \ I  I, 
-c,z'c- 

Z = N-R: ylure d'azomCthine 
Z = 0: ylure de carbonyle 1 
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d'un Cpoxyde, 2 un dipolarophile est prCcCdCe de la formation 
rkversible d'un intermkdiaire d'Cnergie ClevCe (3, 9, 10). C'est 
la raison pour laquelle nous avons CtudiC la cinCtique de l'ad- 
dition des aziridines 1 2 3 et des Cpoxydes 4 h I'acCtylkne 
dicarboxylate de mCthyle (ACDM) afin de dCterminer les cons- 
tantes de vitesse correspondant h l'ouverture thermique de la 
liaison C-C. 

D'une manikre gCnCrale, l'addition d'une aziridine ylure 
d'azomkthine potentiel 2 un dipolarophile peut Ctre schCmatisCe 
comme suit (schCma 2): 

raison pour laquelle nous avons utilisC I'ACDM qui est l'un des 
meilleurs dipolarophiles vis-2-vis des ylures d'azomkthine et de 
carbonyle. Dans ces conditions l'ouverture thermique des azi- 
ridines peut se mettre sous la forme: 

k~ k2 
AZ Y1 + Di-P 

k- l 

Az: aziridine; Y1: ylure d'azomkthine; Di: dipolarophile; P: 
produit d'addition. 

La vitesse de la rCaction s'exprime de la manikre suivante: 

N F! 
Rl. AX H\ h e - d  AX En appliquant le principe de 1'Ctat stationnaire au rkactif 

,,C-C. .C-C.. 
.'H ~ 1 . .  

intermkdiaire (ylure), on obtient 1'Cq. [2] 
H ' .H 

AZ. cis AZ. trans d p  kl k2 [AzI [Di] [2] v = + - =  
dt k- + k2 [Di] 

k l l ~ - l  .;TI; Cette expression de la vitesse peut slCcrire: 

d P 
R R [3] v  = + - = kex [Az] 
I I 

dt 

Y1. trans Y 1. cis 

N 
HI/ \AX 

C. 
1 

d-e d-e 

P. trans P. cis 

k l ,  kl :  constantes cinCtiques d'ouverture des aziridines 
k- k',: constantes cinktiques de refermeture des ylures 
kZrrans, kzciS: constantes cinCtiques de la cycloaddition 
ki ,  k-i: constantes d'isomkrisation 
PC,, P,,,,: produits d'addition 
Di = dipolarophile (d=e) 
Az: aziridine 
Y1: ylure d'azomCthine 

Si l'on considkre une aziridine cis, son ouverture con- 
rotatoire,' dont la constante de vitesse est kl, conduit 2 l'ylure 
d'azomkthine trans. En l'absence de dipolarophile, l'ylure 
trans peut s'isomCriser en ylure cis; ce dernier peut se cycliser 
en aziridine trans. Ce phCnomttne explique I'isomCrisation 

avec 

La constante expkrimentale de vitesse correspond h une 
rCaction du pseudo ordre 1 et varie avec la concentration en 
ACDM. La courbe reprisentant kex = f (kex/[Di]) est une droite 
de pente k-,/k2 et d'ordonnCe h l'origine k,, la constante cinC- 
tique d'ouverture de l'aziridine. 

L'expression de la vitesse peut encore Ctre simplifiCe lorsque 
k-, << k2[Di], c'est-h-dire dans le cas oh la vitesse de re- 
fermeture de I'ylure en aziridine est faible devant la vitesse de 
cycloaddition. 

La vitesse s'exprime alors par: 

Dans ce cas, la constante cinCtique de la rCaction n'est autre 
que la constante d'ouverture kl de l'aziridine. Celle-ci est alors 
indkpendante de la concentration en dipolarophile. 

2. Methode d'etude 
La dktermination des constantes d'ouverture (kl) des hCtCro- 

cycles 1 2 4 se rCsume donc h suivre la vitesse de disparition de 
l'aziridine ou de 1'Cpoxyde lors de sa rCaction avec !'ACDM et 
d'appliquer, selon le cas, 1'Cq. [3] ou [4]. La cinCtique d'ouver- 
ture des cyano-2 aziridines 1 a CtC suivie h l'aide de l'ir (infra- 
rouge), dans les autres cas, nous avons utilisC la chromato- 
graphie en phase liquide (cpl). 

thermique des aziridines ylures d'azomkthine potentiels 2.1. Utilisation de l'infra-rouge 
(10- 12). En prksence d'un dipolarophile si la cycloaddition est L'addition des ylures d'azomithine 5 rksultant de l'ouverture 
rapide par rapport 2 I'isomCrisation, c'est-h-dire lorsque k2 [Di] thermique des cyano-2 aziridines 1, 2 I'ACDM, conduit 2 des 
>> ki, I'isomCrisation de l'ylure peut Ctre ignorke. C'est la pyrroles 7 qui proviennent de 1'Climination spontanke de HCN 

2 partir du produit de cycloaddition 6, une pyrroline-3 (12) 
I L'ouverture conrotatoire peut se faire a priori de deux manikres (schCma 3). 

differentes conduisant i deux isomkres conformationnels de l'ylure Aprks avoir vCrifiC que les aziridines 1 suivent la loi de 
dlazomCthine (10, 13). Lambert-Beer, nous avons suivi la disparition de 1 en me- 
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k 
1 , Ylure +ACDM 

Az  - 
k-l AzomCthine k2 

R 
8 (Y = C02R' ou COPh) 

k 
1 , Ylure p ~ ~ h +  

-k_l Carbonyle k2 H' 'CN 

surant la transmission de la bande d'absorption VCSN vers 
2240 cm-'; HCN absorbe a 2095 cm-' et il n'y a pas de 
chevauchement des bandes de l'aziridine et des produits for- 
mCs. La constante expkrimentale de vitesse k,, est dCterminCe 
graphiquement, aprks avoir fait pour chaque pointe un mini- 
mum de trois mesures de la transmission. La precision de la 
mesure de la transmission Ctant de 1% (voir la partie expCri- 
mentale pour l'appareillage), k, est dCterminCe avec une prC- 
cision de l'ordre de 10% aprks calcul de rkgression linCaire. 
MalgrC l'importance relative de l'erreur commise sur kl (ceci 
Ctant dfi a la mCthode utilisCe), les valeurs obtenues avec les 
aziridines diversement substitukes sont suffisamment diffC- 
rentes pour qu'elles puissent &tre discutCes. 

2 .2 .  Utilisation de la chromatographie en phase liquide 
L'addition des aziridines 2 et 3 et des Cpoxydes 4 conduit 

respectivement ?I des pyrrolines-3 8 (1, 11, 15), qui parfois sont 
isomCrisCes en pyrrolines-2, et ii des dihydrofuranes 9 (16). 
(schCma 4). 

Une Ctude ir et uv (ultraviolet) s'est avCrCe impossible a 
cause des chevauchements des bandes d'absorption des pro- 
duits initiaux et des produits formCs, c'est pourquoi nous avons 
suivi la vitesse de disparition des composCs 2, 3 et 4 en les 
dosant tout au long de la rkaction a l'aide de la cpl. Les cons- 
tantes expCrimentales de vitesse sont obtenues avec un pour- 
centage d'erreur infkrieur ?I 5%. 

Nous avons vCrifiC que les constantes de vitesse ainsi ob- 
tenues sont tout h fait comparables ?I celles obtenues par ir, 
comme le montre l'exemple de l'aziridine l a ;  les valeurs ob- 
tenues sont pratiquement les m&mes, compte tenu des pour- 
centages d'erreur inhCrents 5 chaque mCthode. 

3. Resultats et discussion 
Les diffkrents Cpoxydes et aziridines dipBles-1,3 potentiels 

TABLEAU 1. RCpertoire des aziridines 1, 2 ,  3 utilisCes au cours de ce 
travail 

RICH-C(R~) (Y)  

'1'1: Y = CN 
2: Y = C0,R' 
3: Y = COPh 

No ComposC R R1 R~ MCthodea Reference 

l a  (cis) 
1 b (cis) 
l c  (cis) 
Id (cis) 
l e  (cis) 
1 f (cis) 
l g  (cis) 
l h  (cis) 
1 i 
l i  
l k  
2a 
2b (trans) 
2c 
3a (cis) 
3b (trans) 
3c (trans) 
3d (trans) 

Ph 
pClPh 
p MeOPh 
p NOzPh 
pCNPh 
pBrPh 
pMezNPh 
Me2CH- 
Me 
H 
H 
Ph 
Ph 
C02Me 
Ph 
Ph 
Ph 
Ph 

"A: MCthode de Cromwell; B: mCthode de Southwick; C: thermolyse de la 
triazoline; D: mCthode de Deyrup. 

Ce travail. 
'Ester Cthylique R' = Et. 
dY = COPhpOMe. 
'Y = COPhpN02. 

TABLEAU 1 bis. Repertoire des Cpoxydes 17 uti- 
lises au cours de ce travail (22) 

PhCH- 
\N/cHcN 

Solvant: tolukne; 

kl (ir) 
1 29,O X s-I 

C6Hll T = 121,s c 0,I0C 
l a  

kl @ P I )  
28,8 X 10-5s -1  

CtudiCs au cours de ce travail sont rCpertoriCs dans les tableaux 
1 et 1 bis; ils sont prCparCs en utilisant des mtthodes connues 
et dCcrites dans la litttrature. 

Toutes les aziridines 1 utilisCes au cours de ce travail n'ont 
pas CtC CtudiCes prCcCdemment, c'est pourquoi, avant 1'Ctude 
cinCtique, nous avons vtrifiC que l'addition ?I 17ACDM conduit 
dans chaque cas a un pyrrole 7 (14) selon la rCaction dCcrite par 
Merah et Texier (12). 

La rkactivitt des Cpoxydes 4 vis-a-vis de I'ACDM a Ctt 
CtudiCe par Robert et al. (16); toutefois, celle de 1'Cpoxyde 4d 
(X = NOz) est si faible que le produit d'addition n'avait pas CtC 
isolC. Nous avons vCrifiC que la rkaction conduit bien au dihy- 
drofurane correspondant 9 d  (X = NOz) que nous avons isolt et 
purifiC. Les caractCristiques des nouveaux pyrroles 7 et du 
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TABLEAU 2. Influence de la concentration en ACDM TABLEAU 4. Influence de la concentration en ACDM sur k,, 
sur k,, (cas des aziridines lh ,  l i  et l j ,  T = 121,5 + (cas des Cpoxydes 4a B 4d; T = 121,5 + O.l°C, solvant: 

0, I°C, solvant: tolukne) cCl4) 

ComposC R1 kla [ACDMIb kexa [ACDM] X 10' (mol L- ') 

l h  CH(Me)z 0,10 8,16 0,16 2 4 6 
16,32 0,23 
24,48 0,29 Epoxyde kl X lo5 (s-I) k,, x lo5 (s-') 

1~ H 3.50 8,16 0,60 
28,6 1,70 
36,7 1,90 
45,3 2,38 

"kl :  105 S K I ;  k,: 105 S-I. 
[ACDM]: lo2 mol L-' . 

TABLEAU 3. Influence de la concentration en ACDM sur k,, (cas des 
aziridines l a  B l g  et lk ,  T = 121,5 ? O,I°C, solvant: tolukne) 

[ACDM] x 10' (mol L-') 

TABLEAU 5. Constantes de vitesse d'ouverture kl mesu- 
rees en cinCtique initiale de I'aziridine 2b B diffkrentes 

tempCraturesa 

8,16 16,32 24,48 32,64 "K: constante de vitesse globale d'isomt5risation; kI et k-I 
constantes directe et inverse d'isomirisation. 

Aziridine k, (lo5 s-I) k,, (105 s-I) 

l a  
l b  
l c  
Id 
l e  
I f  
l g  
l k  
3a cis 
3b trans 
3c trans 
3d trans 

compost 9d sont rassemblCes dans la partie expkrimentale. 
Pour toutes les aziridines 1 et 3, I'isomCrisation de l'ylure 

d'azomkthine peut Etre nCgligte (k2/[D,] >> k,). Les Cpoxydes 
4 portent deux substituants identiques sur le carbone 2 et le 
probleme d'isomCrisation ne se pose pas. 

Lorsque R et R1 sont des alkyles (composCs l h  h j), la 
constante expirimentale de vitesse kex dCpend de la concen- 
tration en ACDM (tableau 2) et la constante kl est dCterminCe 
graphiquement en rksolvant 1'Cq. [3]. Ces rksultats montrent 
que dans ces cas, la cycloaddition de l'ylure d'azomkthine et sa 
refermeture en aziridine ont des vitesses comparables. 

Lorsque R ou R' est un aryle, la constante expkrimentale de 
vitesse kex est pratiquement indkpendante de la concentration en 
ACDM, comme le montrent les rksultats rassemblCs dans les 
tableaux 3 et 4. Ceci correspond au fait que k-, << k2 [ACDM]; 
dans ces conditions, kex = kl,  la constante d'ouverture de 
1'hCtCrocycle. Ces rCsultats impliquent une lente transfor- 
mation de I'hCtCrocycle en dip81e-1,3 suivie d'une cyclo- 
addition rapide. 

Les aziridines 2 (Y = CO2Rr) ont un comportement particu- 
lier. La vitesse d'isomCrisation des composCs 2a et 2b est du 
mCme ordre de grandeur que la vitesse d'addition de l'ylure 
d'azomkthine h I'ACDM et de ce fait, elle ne peut Ctre nCgli- 

gCe. A titre d'exemple, nous avons rassemblC dans le tableau 
5 les constantes de vitesse globale d'isomCrisation de l'azi- 
ridine 2b cis. La constante kl doit donc Ctre dCterminCe en 
cinCtique initiale h partir de 1'Cquation: 

d [P trans] v, = dt = k2 [Yl . trans] [ACDM] 

De plus, la constante kex (dCterminCe en vitesse initiale) de 
l'aziridine 2a (R = C6Hll) dtpend de la concentration en 
ACDM, k l  est obtenue en tracant la courbe kex = f(kex/ 
[ACDM]). Dans le cas des composts 2b et 2c, 1'Cq. [6] est 
applicable, kex = kl . Avec l'aziridine 2c nous avons observk un 
phCnomene particulier, la cycloaddition est rCversible2 et l'ad- 
dition de l'aziridine h I'ACDM est CquilibrCe, ce qui explique 
que, dans les conditions de synthkse, le rendement en 
pyrroline-3 est toujours mCdiocre (23). La constante de vitesse 
doit donc Ctre dCterminCe Cgalement en vitesse initiale; les 
diffkrentes constantes de vitesse ainsi obtenues sont rassem- 
blCes dans le tableau 6. 

Une partie des effets de substituant a CtC discutCe dans deux 
courtes communications (24). Une discussion dCtaillCe est ef- 
fectuCe dans l'article suivant, h partir des paramares d'ac- 
tivation dCterminCs aprks avoir mesurC la constante d'ouverture 
k, ?i diffkrentes tempkratures. 

Partie experimentale 
Les aziridines l a ,  l j ,  l k ,  2 et 3 et les $oxydes 4 sont connus. 11s 

sont prCparCs selon le mode optratoire dCcrit dans la rCf6rence corres- 
pondante du tableau 1. 

Les aziridines l b  B l i  sont obtenues en appliquant la mCthode de 
Cromwell, selon le mode operatoire decrit par Merah et Texier pour 

'La riversibilitk de la cycloaddition dipblaire-1,3 a CtC observCe 
avec divers dipbles-1,3 (26) parmi lesquels les ylures d'azomtthine, 
mais B notre connaissance, aucune rationalisation de ces rksultats n'a 
CtC tentCe. 
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DERDOUR ET TEXIER 

TABLEAU 6. Influence de la concentration en ACDM sur k, (cas des aziridines 
esters 2a i 2c; T = 1213 2 0,loC, solvant: tolukne) 

[ACDM] x 10' (mol L-') 

Aziridine kl X lo5 (s-') k,, x lo5 (s-I) 

TABLEAU 7. Pourcentage relatif aziridine llenamine 11; solvant: 
benzkne 

% Rel." 65:35 57:43 73:27 61:39 70:30 70:30 

"Dosage a I'aide de la rmn du produit brut de la rtaction. 

la synthkse de I'aziridine l a  (12). 
Deux Cquivalents de cyclohexylamine (R = C6Hl,) sont ajoutts 

goutte i goutte aux oltfines a-bromks 10, en solution dans le benztne 
ou I'tther lorsque R'  est un aroyle (soit 0 , l  mol de cyclohexylamine 
dans 100 mL de solvant), dans I'acttonitrile lorsque R1 est un alkyle. 
La temperature est maintenue entre 5 et 10°C. Le mtlange est alors 
abandonnt i la temptrature ambiante, dans I'obscuritt. L'ttat d'avan- 
cement de la rtaction est suivi par pesee du bromhydrate qui prtcipite. 
Finalement, le solvant est Cvapork et le rtsidu est recristallist dans 
I'tthanol i 95%. L'aziridine l b a  Ctk purifite par chromatographie sur 
colonne d'alumine (80 g/ l  g d'huile) avec Ctherltther de pttrole 
50: 50 comme tluant. 

La synthkse des cyano-2 aziridines pour lesquelles R' est un substi- 
tuant aromatique s'accompagne toujours de la formation d'tnamines 
11 isomkres (12). Dans tous les cas, I'aziridine prtcipite en premier, 
et par recristallisation fractionnte dans I'tthanol i 95"C, on obtient 
parfois I'tnamine qui prtcipite i partir du 3kme jet de cristallisation. 
Le pourcentage relatif aziridineltnamine, dttermint par analyse rmn 

(resonance magnttique nuclkaire) du produit brut rkactionnel, est don- 
nt dans le tableau 7, mais nous n'avons pas chercht i isoler et purifier 
I'tnamine 11 dans tous les cas. 

FN 
pXPhCH=C + 2RNH2 -+ pXPhCH-CH-CN 

' ~ r  'N' 

10 I R 

1 

P X P ~ \  
+ C=CH-CN + RNH3 + BF 

R-NH / 1 

11 

Toutes les aziridines 1 ainsi obtenues pour lesquelles R' est un 
substituant aryle ont la configuration cis (R' par rapport 21 CN). Les 
caracttristiques physiques des aziridines ainsi que les rendements en 
produits isolts sont rassemblts dans le tableau 8, les rtsultats des 
analyses centtsimales figurent au tableau 9. 

SynthPse des pyrroles 7 
L'aziridine 1 (1 g) et I'ACDM en quantitt stoechiomttrique sont 

portts i I'tbullition dans 30 cm3 de tolukne anhydre, pendant 24 h. Le 

TABLEAU 8. Proprittts physicochimiques des aziridines 

Resonance magnttique nucltaire 
F (OC) Infrarouge (CHC13) (CDCI,); 8 (TMS) 

Durte ou vC=N ou 
No Rdt%' Cjour) Eb ( " C l T ~ r r ) ~  vC=O HA HB Me JH*H~ 

lh"  43 28 
l i b  61 28 

Multiplet entre 1 et 2 ppm 

3c 75 28 133 1645 3,58 3,58 3,88 
3d  64 28 126 1655 3 3 5  3 3 5  

"L'aziridine l h  a t t t  purifite par chromatographie sur colonne d'alumine (80 g / l  g d'huile), eluant: Ctherltther de 
pttrole (50: 50). 

bLes protons cycliques et ceux du cyclohexyle rtsonnent entre 1 et 2 ppm. 
'Les rendements sont calcults par rapport au pourcentage relatif en aziridine ( l a  a l g )  donnt par rmn. Pour les 

aziridines l h  et l i  par rapport h l'oltfine a bromte. 
1 Tom = 133.3 Pa. 
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TABLEAU 9. Analyse centksimale des aziridines 

C% N% H% 0 %  

N" Formule brute Calc. Tr. Calc. Tr. Calc. Tr. Calc. Tr. 

TABLEAU 10. Caractkristiques des pyrroles 7 (R2 = H) 

Resonance magnetique nuclkaire 
(CDCI,); 6 (TMS) 

lnfrarouge (cm-I) 
No R R '  R2 Rdt" (%) F (OC) vC=O Me(esters) H(cyc1.) 

76 C ~ H I I  pClPh H 84 128- 129 1715 (3,62; 3,75) (7,221 
7c  C6Hll p~eOPh 'C)  H 87 100- 101 1690 (3,80; 3,90) (7,211 
7d C6Hll p(O2N)Ph H 87 180 1700 (3,72; 3,88) (7,381 
7e  C6Hll pNCPh H 88 147- 148 1713 (3,65; 3,80) (7,301 
7 f  C6Hll pBrPh H 86 129- 130 1702 (3,65; 3,83) (7,251 
7g C6Hll p(Me)~Nph H 89 168 1710 (3,72; 3,83) (7,301 

"L'analyse rmn du produit riactionnel brut montre que la reaction est pratiquement quantitative. Les rendements indiques dans le 
tableau sont les rendements en produit rCcupCr6 et recristallisb. 

TABLEAU I I. Analyse centesimale des pyrroles 7 

C% H% N% 0 %  

Formule brute 

CzoHzz04NC1 
C21H2505N 
CzoHzz06Nz 
C2 1 H2204N2 
C2oHzz04NBr 
CzzH2804N~ 
C15H1504N 

Calc. Calc. Tr. Calc. Tr. 

5,79 3,73 3,82 
6,79 3,77 3,69 
5,82 7,25 7,27 
5,94 7,65 7,72 
5,21 3,33 3,50 
7,28 7.29 7,17 
5,55 5,13 4,76 

Calc. 

17,42 
21,56 
24,87 
17,48 
15,23 
16,66 
23,44 

TABLEAU 12. Conditions expkrimentales utilistes pour le dosage des aziridines et tpoxydes 1 i 4 par hplc 

Compost 

Concentration 
initiale 
(lo4 mol L-I) 70 60 40 70 30 30 30 25 20 30 25 20 
Eluant n-hexane MeOH MeOH/eau MeOH/eau MeOH MeOH THF THF THF THF THF THF 

(50 : 50) (80 : 20) 
Vitesse d'klution 2,O 0,5 1 ,o 1 ,o 1 ,o 1,O 1,0 1,0 2,O 2,O 2,O 2,O 
(mL/min) 
Rtftrences 
des colonnesa 

B B B B C C C C  

"A: Bondapak - CN; +: 3,9 mm; B: Bondapak - CIS; +: 3.9 mm; C: Styragel de 100 A, 500 A, 10' A, lo4 A, placCes en sbrie; + = 7,8 mm. 

solvant est distill6 et le residu dissous dans le minimum de methanol. Synthise du dihydrofurane 9d (X = NOz) 
Par refroidissement, le produit d'addition cristallise; il est essork, lave L'kpoxyde 4d (1 g) est additionnk i 0,66 g d'ACDM dans 30 cm3 
puis stche. Les caracteristiques des pyrroles ainsi que les rendements de xylkne anhydre. La solution est portte i reflux pendant 30 h. Aprks 
sont consignks dans le tableau 10; leurs analyses centtsimales sont distillation du solvant, le rksidu est dissous dans le minimum de 
rassemblkes dans le tableau 1 1. mkthanol chaud. Par refroidissement, le dihydrofurane 9d precipite. 
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Aprbs recristallisation dans le methanol, il fond a 124- 125°C; ir: 1744 
et 1758 cm-' (vC=O ester), 2250 (vCEN); m n  (CDCI,): 3,85 et 
4,05 (s, methyles ester), 6,95 (H, s). Anal. calc. pour C16Hl ]N3O7: C 
53,78, N 11,77, 0 31,37; tr.: C 53,50, N 11,70, 0 31,48. 

Solvants et ACDM 
Les solvants utilisCs pour les etudes cinetiques sont purifies selon 

les mCthodes dCcrites dans la IittCrature (25) et utilisCs fraichement 
distillCs. 

L'ACDM est un produit commercial Fluka purissimum. 

Mtthodes d'analyse 
L'infra-rouge 
L'appareil utilisC est un spectrophotombtre Perkin-Elmer 457 h 

double faisceau. La longueur d'onde est celle de la bande d'absorption 
du nitrile, vers 2240 cm-'. 

Aprbs avoir vCrifiC que les aziridines 1 suivent la loi de 
Lambert-Beer, une courbe dlCtalonnage est Ctablie pour chaque cas. 

La solution est prCparCe par dissolution de I'aziridine dans 9 cm3 de 
solvant contenant I'ACDM h la concentration de 8 X mol L-'. 
La concentration initiale en aziridine est mesurCe par ir, elle est dC- 
duite de la courbe d'ktalonnage, elle est choisie de f a ~ o n  a obtenir une 
densite optique initiale Do voisine de 0,75. Suivant I'aziridine, la 
concentration varie de 0,2 a 0,4 X mol L-' .  Cette solution est 
partagCe en 10 fractions qui sont placCes dans des tubes en verre de 2 
cm3. Ces derniers sont scellCs et places au temps t = 0 dans un bain 
themostat.5. Les tubes, prClevCs au cours du temps sont refroidis 
immkdiatement dans I'azote liquide et dosCs par ir.3 

Nous avons vCrifiC pour chaque aziridine qu'elle ne se degrade pas 
au cours du temps a la temperature de I'exp5rience. Pour celh, I'azi- 
ridine est placCe dans un tube tCmoin, sans ACDM, dans les mimes 
conditions de T ("C), concentration et solvant. Le dosage ir permet de 
s'assurer que la dCgradation est nCgligeable aux temperatures utiliskes. 

Dttermination exptrimentale de k, 
La vitesse globale de la rkaction d'ouverture est d'ordre 1 par 

rapport a la concentration en aziridine, elle s'exprime h I'aide de 
1'Cq. [3] 

A I'instant t = 0, [Az] = [AzIo et I'expression peut s'Ccrire: 

En appliquant la loi de Beer-Lambert, nous pouvons Ccrire: 

[6] log D = log E 1 + log [Az] 

D Ctant la densite optique, E le coefficient d'extinction, et 1 la largeur 
de la cuve. A t = 0: 

[7] log DO = log E 1 + log [Az], 

En comparant les Cquations [5] et [7], on en dCduit 1'Cq. [8]. 

[81 log Do - log D = kc, t 

La constante expkrimentale de vitesse est dCterminCe graphique- 
ment partir de la pente de la droite -log D = f(t); elle est prCcisCe 
par un calcul de regression linkaire. Dans tous les cas, le coefficient 
de correlation est de I'ordre de 0,999. 

'L'ouverture des aziridines 1 en ylures dlazomCthine est nCgli- 
geable a la temperature ambiante, I'addition a I'ACDM ne se produit 
que lorsque la solution est mise dans le bain themostate. Aussi, aprbs 
refroidissement, la solution peut &tre conservCe au froid plusieurs 
heures avant d'effectuer le dosage ir. 

TABLEAU 13. Determination des constantes globales 
d'equilibre de l'addition de 2c a 1'ACDM h diffkrentes 

temperatures 
KI 

2c + ACDM + pyrroline-3 
K-I 

T ("C): 60 78,5 105 121,2 138,5 

Mtthode chromatographique 
L'appareil utilisC est un Waters 440, ayant un systbme de dCtection 

uv a 254 nm. Les rCfCrences des colonnes utilisCes, de longueur 30 
cm, ainsi que les Cluants sont donnCs dans le tableau 12. 

Le facteur de sensibilitC de l'appareil est donnC par la relation [9], 
il est determink pour chaque produit. 

m,: masse du composC p (g), mi: masse de 1'Ctalon interne, A,: surface 
de pic du composC, Ai: surface de pic de 1'Ctalon interne. Connaissant 
diffkrentes masses mi, m, et leurs surfaces correspondantes, on en 
dCduit f,. 

La quantitC d'aziridine (tableau 12) pesCe exactement est dissoute 
dans 5 cm3 de solution, 0,5 c m h s t  utilisC comme r6fCrence et dans 
le reste de la solution, on ajoute en excCs (10: 1) la quantitC d'ACDM. 
Cette solution est rkpartie dans 10 tubes en verre qui sont scellCs et 
plongCs a t = 0 dans un bain thermostat6 a la tempkrature dCsir6e. 

Les tubes sont prClevCs a diffkrents temps et refroidis dans I'azote 
liquide. Ensuite ils sont doses aprbs y avoir ajoutC une quantitC bien 
dCterminCe d'Ctalon interne. 

Notre choix s'est port6 sur le mCthacrylate de dodCcyle qui a un 
volume de rktention trbs diffkrent des produits rCactionnels. Nous 
avons prCfCr6 ajouter 1'Ctalon interne aprbs rCaction pour Cviter de 
fausser I'effet du solvant. Mais il est vrai que les erreurs engendrCes 
par cette manibre d'opCrer ne sont pas nCgligeables, et nous avons 
compar.6 la prCcision des mesures a celle obtenue par un dosage 
statistique (injection d'une mime quantitC de solution a plusieurs 
reprises) en mesurant directement la surface du pic. I1 s'est avCrC, 
aprbs calcul de rkgression lineaire, que la prCcision des mesures par 
ces deux mCthodes Ctait comparable. 

Cas particulier: L'addition de I'ACDM a I'aziridine 2c est r6ver- 
sible et CquilibrCe. Dans le tableau 13 nous avons rassemblC les cons- 
tantes d'kquilibre a diffkrentes tempkratures. La variaiton de -log 
[Az] = f (t) permet d'obtenir k, en prenant la tangente a I'origine de 
la courbe reprksentative. La variation de log [Az],/[Az, - Az] = f (t) 
pemet de calculer k-,, qui correspond a la constante de vitesse de 
cyclorCversion. 
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Six-bond 'H,'H and 'H,19F spin coupling constants as indicators of geometry in 
aniline and p-fluoroaniline 
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TED SCHAEFER and GLENN H. PENNER. Can. J. Chem. 63, 2253 (1985). 
The long-range coupling constants between amino protons and the ring proton or fluorine nucleus in the para position of 

aniline and p-fluoroaniline imply that, in benzene solution, the geometry at the amino group is very similar in the two 
compounds. The ratio of the two coupling constants is consistent with potential functions for inversion at nitrogen derived from 
far infrared data, but inconsistent with microwave spectra which indicate that the angle defining the intersection of the amino 
and benzene planes differs by 9" in these two compounds. 

TED SCHAEFER et GLENN H. PENNER. Can. J.  Chem. 63, 2253 (1985). 
Les constantes longue distance entre les protons du groupe amino et les protons du cycle ou les noyaux de fluor en position 

para de l'aniline et de la p-fluoroaniline impliquent que, en solution dans le benzene, la gComCtrie du groupe amino de chacun 
de ces deux composCs est trks semblable. Le rapport entre les deux constantes de couplage est en accord avec les fonctions 
de potentiel pour I'inversion au niveau de I'azote que l'on peut dtriver a partir de donnCes obtenues par des spectres dans 
l'infrarouge lointain; toutefois le rapport n'est pas en accord avec les spectres de microondes qui indiquent que I'angle dCfini 
par l'intersection entre le plan du groupe amino et celui du benzene differe de 9" dans ces deux composCs. 

[Traduit par le journal] 

Introduction 
The nonplanarity of aniline, 1, is well established (1-6). 

Considered as a derivative of pyramidal ammonia, this non- 
planarity is entirely reasonable and can be defined by the angle 
in l a ,  measuring the intersection between the HNH and ben- 
zene planes. The corresponding angle in ammonia itself is 

53. 8",'corresponding to the equilibrium configuration (7). Con- 
jugation of the lone pair on nitrogen with the n electron system 
of the aromatic nucleus leads to a decrease of + relative to its 
value in ammonia. A rather full substitution structure for ani- 
line in the gas phase yields + as 37.5 +- 2", the error indicating 
the difficulty with which the amino hydrogen atoms are deter- 
mined from microwave spectroscopy (4). Ultraviolet absorp- 
tion (2) and fluorescence (3) spectra of aniline imply 47" and 
42", respectively, for +, and the spectra for aniline in argon 
matrices suggest a lowering of +. Far infrared gas spectra of 
aniline (5) are used to deduce a + of 42.2", together with a 
potential for the inversion at nitrogen. The barrier to inversion 
of 6.3 kJ/mol agrees very well with that obtained from another 
study of the far infrared spectrum (6). 

The presence of a substituent in the para position should 
alter the extent of conjugation across the C-N bond in aniline 
and therefore should cause a change in +. Fluorine is a n 
electron donor. Consequently, in p-fluoroaniline, 2, + should 
be larger than in aniline and, indeed, the microwave spectra of 
this compound (8) and its NHD isotopic derivative are inter- 
preted to mean that + is 46.4". This corresponds to a change of 
9" relative to aniline and, at first sight, appears rather large. 
The far infrared spectrum (5) yields + as 42.7"; in the same 
work that gave 42.2" for aniline. By way of comparison, the 
microwave spectra of six isotopic species of p-chloroaniline 
imply + as 42.5" (9). A study ofp-bromoaniline partly oriented 
in a nematic solvent suggests that + is 40.2" and that it is 33.4" 
for p-nitroaniline (10). ST0 3G MO calculations indicate very 

small differences in + for aniline and p-fluoroaniline (1 I). Our 
own optimized geometries yield + near 52" for 1 and 2. It is 
well known that rather larger basis sets are needed if a correct 
geometry is to be calculated at nitrogen in ammonia and its 
derivatives (12, 13). 

MIND0 computations indicate that + increases by 3" in the 
presence of a p-fluoro substituent (14). A correlation of 
'J('H,ISN) values and the N-H stretching frequencies places 
p-fluoroaniline well on the regression line (15). However, 
when its microwave geometry is used to calculate the bond 
order of the N-H bond, p-fluoroaniline deviates significantly 
from the correlation between the bond order and 'J('H,"N). 
This result is reasonable because 'J('H,ISN) is -78.6 + 0.2 Hz 
for aniline in chloroform solution (16) and -78.9 Hz in ben- 
zene solution (17), and changes very little, to -77.8 k 0.2 Hz 
(16) for p-fluoroaniline in chloroform solution, the same value 
we measure in benzene solution. 'J('H,ISN) is linearly related 
to the hybridization at nitrogen (18), % s character = -0.43 
'J('H,"N) - 6, so that the couplings imply only a small change 
in geometry at nitrogen in 1 and 2. 

Long-range couplings and amino group geometry 
Because of the disagreement among the various approaches 

to the determination of + and because the geometry may well 
be different in solution and the vapor phase, it appears useful 
to examine other molecular properties which depend on the 
geometry of the molecule. One such property is the long-range 
coupling interaction between nuclei, transmitted by the inter- 
vening electrons. 

For example, in toluene the coupling over six formal bonds 
between methyl protons and the ring proton in the para posi- 
tion, 6JH9H, is -0.62 Hz (19). It can be written (20) as 6JH.H = 
6 H H  J,' (sin2 0), where 6J90 is the value at 0 = 90" in 3 and 
(sin2 0) is the expectation value of sin2 0. This quantity can be 

X = C, N, etc. 

H 
e f i  ------- x ----- -- rr plane 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2254 CAN. J .  CHEM. \ 

calculated, classically or quantum mechanically (21), if the 
potential function for the internal rotation about the exocyclic 
C-C bond is known. Alternatively, if 6 ~ z H  is known and 6JH,H 
is measured, then (sin2 8) can be used to find the internal 
barrier. In toluene the latter is only 0.058 kJ/mol, (sin2 8) 
becomes 0.5 at ambient temperatures, and 6J90 is therefore 
- 1.24 HZ. 

In p-fluorotoluene, 6 ~ H , F  is 1.15 HZ (22, 23). Because 6JH.H 
and 6JH.F are examples of a-.rr couplings (23), they can be 
expressed as 6JH.H a Q ! ~ ~  Q : ~  and 6JH,F a Q : ~ ~  QEF. In these 
expressions, Q:, represents the hyperfine coupling parameter 
(spin polarization) determining the magnitude of the interaction 
between an electron spin in the .rr system and the proton in the 
C-H bond, Q:, is the analogous quantity for a C-F bond, 
and QECH represents the p-interaction for the CH bond in the 
sidechain with the .rr electrons. It is the latter quantity which 
introduces the 8 dependence of 6J. For toluene and p-fluoro- 
toluene, then, 6JH3H/JH.F = -0.621 1.15 = -0.539 a QcH/QcF. 
A similar result should hold for 1 and 2. A study of radicals 
containing aniline and p-fluoroaniline adducts suggests Q:, - 
- 2 ~ : ~  (24). In 1 in benzene-d6 solution (17), 6JH.H is 
-0.137(3) Hz while 6JH.F for 2 in benzene-d6 solution is 
+0.26(2) Hz; both numbers are measured at 305 K. Their ratio 
is -0.523, a hint that perhaps the ground state geometry is very 
similar for the two molecules in benzene solution. 

A more quantitative approach goes as follows. The angle + 
is related to the angle 8 to a good approximation by tan 8 = ctn 
(+/2) sin + in which + is the HNH bond angle (12). Now, 
because the barrier to rotation about the C-N bond in 1 and 
2 is near 21 kJ/mol ( 3 ,  the dependence of (sin2 8) on torsion 
about this bond is very small at 305 K (21). Accordingly, we 
calculate (sin2 8) for the available potential functions given by 
Larsen et al. (5). These are V ( + )  (kJ mol-I) = 138.8(1 - cos 
+) X 46.8(1 - cos 2+) for aniline and 148.8(1 - cos +) - 
50.6(1 - cos 2 +) for p-fluoroaniline. These functions are 
evaluated at intervals of 5" and a classical averaging procedure 
yields (sin2 8) as 0. 1484 and 0.154, for 1 and 2, respectively, 
at 350 K. The value of 8 is derived for a given + from the above 
formula and + is estimated from a fit of values of + and + 
known at + = 0,38,46,  and 53.8". The fit is + = 120.6 - 4.44 
X lo-' +2 and is sufficiently accurate for our purposes. 

The ratio of the (sin2 8) values is 0.963 and implicitly as- 
sumes values of + of 42.2" and 42.7" at the minimum of the 
potentials above. Again, the corresponding ratio involving 
6JHvH and 'JH3' is ( 6 ~ H , H / ~ H , F )  (6~zF/6~:Hb = (-0.13710.264) 
(2.301- 1.24) = 0.963. Here 6~:F/6~&H is equivalent to 
Q:,/Q:, and is derived from toluene, as discussed above. 

The good agreement is emphasized by the following com- 
parison. If it were assumed that the equilibrium + values of 
42.2" and 42.7" for 1 and 2 defined rigid molecules, then sin2 
8 would be 0.166, and 0.170,. These numbers are about 10% 
larger than the more precise (sin2 8) values found from the 
averaging procedure. If the + values for 1 and 2 differed by 9" 
in solution, then (using 38" and 46") an estimated corrected 
ratio of (sin2 8) values for the two molecules would be 0.664 
and not 0.963. 

Now, the present arguments are not meant to imply that + is 
nearly 42" for both molecules in solution, only that + must have 
very similar values in solution. A full substitution structure for 
p-fluoroaniline in the gas phase would be of interest. 

A check on the a-.rr nature of 6JH,H and 6JH3F, which should 
vanish at 8 = 0°, is available from the unobservable 6JH,H in 
2,6-dibromoaniline (25), the k0.08 ? 0.02 Hz for 6 ~ H , F  in 

2,4,6-trifluoroaniline (see below), and the unobservable 6JH.F 
in 2,6-dibromo-4-fluoroaniline. The ortho substituents cause a 
flattening of the pyramid at nitrogen, as indicated by 
'J( 'H, I5N), probably because of intramolecular hydrogen bond- 
ing. The difference of 1 Hz in the 'J( 'H,'~N) in the two mole- 
cules can be accommodated by a difference of 0.4 in the % s 
character at nitrogen (18), corresponding to a change of 0.6" in 
the HNH bond angle, which, in the vicinity of 40°, translates 
into a change of 1.5" in +. That is, 'J('H,I5N) is consistent with 
only a slightly larger value of + in p-fluoroaniline. The far 
infrared spectra in the gas phase imply a difference of 0.5" in 
+. Both these values are consistent with 6JH.H and 6 ~ H . F .  

Also consistent with similar + values in the two compounds 
are the ,JH., of 0.296(3) and 0.300(2) Hz in aniline and p- 
fluoroaniline. It is very likely that 5 ~ H 5 H  can be written as A (sin2 
8) + B (sin2 8/2), just as for toluene (26) and thiophenol (27). 
Consequently a difference of 9" in + should yield rather differ- 
ent 5JH.H numbers because 8 changes by 4" for such a change 
in +. Near + = 40°, the ratio of the (sin2 8) values would be 
0.76 and a significant difference in ,JHTH would be expected. 
Similar remarks hold for the 4JH.H values of -0.189(3) and 
-0.209(2) Hz for 1 and 2, although the 8 dependence of 4JH3H 
is somewhat more ambiguous. 

Finally, it may be noted that our INDO MO FPT com- 
putations of 6JH.H in 1 and of 6JH'F in 2 yield a sin2 0 dependence 
and that 6 ~ z H  is - 1.08 _+ 0.10 HZ for a statistical fit and 6 ~ z F  
is 1.68 k 0.05 Hz. The (sin2 8) value of 0. 14$,obtained for 1 
from the potential functions above implies a 6J,d of - 1.08 Hz. 
For 2 (sin2 8) was found as 0. 1541 above and suggests a 6 ~ z F  
of 0.26210.154 or 1.70 Hz, probably in accidental agreement 
with the INDO result because INDO MO FPT calculations 
underestimate 6 ~ 2 F  in p-fluorotoluene (20). 

Conclusions 
The long-range nuclear spin-spin coupling constants for 

aniline and p-fluoroaniline in benzene-d6 solution imply very 
similar amino group geometries in the two molecules. This 
result is consistent with the interpretation of the far infrared 
spectra of these molecules in the gas phase and, in quantitative 
detail, with the potential functions for inversion derived from 
the infrared data. Apparently, intermolecular association or 
perturbations in solution do not significantly alter the geometry 
nor the inversion rates, perhaps because the nuclear (proton) 
motions involved in the inversion can proceed with minimal 
changes in the effective volume of the molecules. 

However, the microwave spectrum of p-fluoroaniline sug- 
gests rather a large change in the geometry at nitrogen relative 
to aniline. If a full substitution structure were to bear out this 
suggestion, then the agreement between nmr and infrared data 
above would presumably be coincidental. 

Experimental 
p-Fluoroaniline, 2, 2,4,6-trifluoroaniline, 4, and 2,4-difluoro- 

aniline came from Aldrich Chemical Co. Bromination of the latter 
compounds yielded 2-bromo-4,6-difluoroaniline, 5. Solutions (5 
mol%) of 2, 4, and 5 were prepared in benzene-d6 solution. Inter- 
molecular amino proton exchange was retarded as described pre- 
viously (17). Samples contained a drop of tetramethylsilane and were 
transferred to 5-mm od nmr tubes. The samples were degassed by the 
freeze-pump-thaw procedure and were flame sealed. 

The 'H and I9F nmr spectra were recorded with a Bruker WH-90-DS 
at a probe temperature of 305 K and in a manner recently described 
in detail (28). The sign of 6 ~ H . F  in 2 was determined by weak I9F {'HI 
irradiation experiments (29) which showed that 6JH.F/5~H.NH > 0. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SCHAEFER AND PENNER 2255 

TABLE 1. The 'H and "F spectral parameters for a 5 mol% solution 9. A. NONAT, A. BOUCHY, andG. Roussy. J. M O ~ .  struct. 116,227 
of p-fluoroaniline, 2, in benzene-d6 at 305 K (1 984). 

10. G. FRONZA, R. MONDELLI, F. LELI, E. W. RANDALL, and C. A. 
Parameter Value Parameter Value VERACINI. J. Maan. Reson. 37, 275 (1980). 

V ,  300.0 4 H.NH J - 0.209(2) 
V2 = v,5 546.569(1)" 5 J ~ ~  

5 H.NH 
0.357(1) 

vg = vg 603.656(1)O J 
6 F.NH 

0.300(2) 
3J23 8 .743(2)b J 0.262(2) 
3J34 8.523(2) Transitions calcd. 256 
"J24 4.474(2) Transitions assigned 189 
4J26 2.990(2) Largest difference 0.028 
4 J 3 ~  2.987(2) Root mean square error 0.010 

"In Hz at 90.023 MHz relative to internal TMS. The I9F spectrum was 
recorded at 84.700 MHz. 

bThe numbers in parentheses are the standard deviations from the 
NUMARIT analysis. No amino proton transitions were assigned, of course. 

5 H.NH . J is positive (30). For 4, decoupling experiments and linewidth 
simulations demonstrated that 6 ~ H , F  = 20.08 5 0.01 Hz. For 5 no 
broadening of the F-4 spectrum due to 6 ~ H . F  could be detected and 
6 H F  J . must be less than 0.05 Hz in magn~tude. 

The 'H and I9F nmr spectra of 2, 4, and 5 were analyzed with the 
computer programs LAME (31, 32) and NUMARIT (33). Table 1 
gives the spectral data for 2 and shows the precision obtained in the 
analyses. Amino proton transitions were not assigned in any of the 
analyses because the 'H nmr spectra of these protons are broad bands 
caused by intermediate rates of spin-lattice relaxation of the quadru- 
polar "N nucleus. 
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The conformational behaviour of 2-fluoro and of 2,6-difluoroacetophenone implied by 
proximate spin-spin coupling constants and MO calculations 
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TED SCHAEFER, GLENN H. PENNER, TIMOTHY A. WILDMAN, and JAMES PEELING. Can. J.  Chern. 63, 2256 (1985). 
The temperature dependence of 5 ~ ! . C H 3  = 5 ~ ,  the nuclear spin-spin coupling constant over five formal bonds between the 

methyl protons and the "F nucleus in 2-fluoroacetophenone and 2,6-difluoroacetophenone, is modelled on the assumption that 
'J is a proximate coupling and that the ST0 3G MO potential functions describe the population distributions of the rotamers 
defined by rotation about the exocyclic sp2-sp2 carbon-carbon bond. It is assumed that 'J has a cos4 0 dependence between 
0 and 90°, where 0 is the angle by which the acetyl group twists out of the plane of the benzene plane. The potential function 
is obtained from extensive geometry optimization procedures for a range of 0 values. At 305 K, noriplanar conformations are 
substantially populated in 2-fluoroacetophenone, according to this model, which is also consistent with the idea that the 
2,6-difluoro derivative has a markedly nonplanar ground state. The model reproduces the large 5J in the monofluoro relative 
to the difluoro compound, as well as the much larger temperature dependence in the former. 

TED SCHAEFER, GLENN H. PENNER, TIMOTHY A. WILDMAN et JAMES PEELING. Can. J.  Chem. 63, 2256 (1985). 
On explique I'effet de la temperature sur les constantes de couplage nucltaire = ' J ,  i travers 5 liaisons formelles 

entre les protons du rntthyle et le noyau de I9F de la fluoro-2 acttophtnone et de la difluoro-2,6 acCtophCnone, en se basant 
sur I'hypothkse que 'J est un couplage dO a un effet de proximite et que les fonctions de potentiel des orbitales molCculaires 
S T 0  3G dtcrivent bien les distributions de population des rotamkres dCfinis par la rotation autour de la liaison exocyclique 
carbone-carbone sp2-sp2. On suppose que, entre 0 et 90°, il existe une relation entre 5J et le cos4 0, ou 0 est I'angle form6 
par le plan du groupe acttyle et le plan du benzkne. On obtient la fvnction de potentiel i partir de mtthodes Ctendues 
d'optimisation de la gComCtrie pour une large Cchelle de valeurs de 0. A 305 K, ce modkle suggkre que les proportions de 
fluoro-acCtophCnone qui existent dans des conformations qui ne sont pas planes sont assez importantes; ceci est Cgalement en 
accord avec I'idCe que 1'Ctat fondamental du dCrivC difluoro-2,6 est nettement non planaire. Le modkle reproduit I'importante 
valeur de 'J du compost monofluor6 par rapport au composC difluorC ainsi que I'effet beaucoup plus grand de la ternpkrature 
dans le cas du composC monofluorC. 

[Traduit par le journal] 

Introduction 
The conformational preference of the acetyl group in 

2-fluoroacetophenone, 2, has been discussed extensively 
(1 -7). For the parent compound, 1, an adequate discussion has 
been done in terms of a l a  l b  equilibrium (8- 1 1) at ambient 
or lower temperatures. The barrier to rotation about the 

0 = 1800 e = oO 
a b 

Csp2-Csp2 exocyclic bond is estimated as 13 W/mol from 
torsional frequencies in the vapor (12) and as 22.4 kJ/mol from 
dynamic nmr experiments in solution (13). For 2, various tech- 
niques purport to find preferences ranging from all a (I), 
through markedly nonplanar froms (5a, b) intermediate be- 
tween a and b, to a possibly all b (3, 7). A recent paper (7) 
reviews the previous work and, on the basis of dipole moment 
and Kerr constant measurements in CCl, solution, concludes 
that b is present to the extent of 95 * 5% at 298 K and that the 
angle of,twist, 0, about the exocyclic Csp2-Csp2 bond is 10 
* 10". This conclusion assumes the same out-of-plane angles 
in a and b. 

For 2,6-difluoroacetophenone, an estimate of 40" for 8 is 
based on I9F nmr chemical shifts (5a), but is predicated on a 

value of 33 to 40" for 0 in 4-fluoroacetophenone. The latter 
value is intuitively doubtful in that the n electron donating 
fluorine substituent should increase the double bond character 
of the exocyclic C-C bond. Now, one of the most striking 
properties of the 'H nmr spectrum of 2 is the large magnitude 
of the formally five-bond coupling, 5~:.CH3, between the methyl 
protons and the ortho I9F nucleus. It is reported as 4.80 Hz at 
305 K in CDC13, C6D6, and C6D3CD3 S O ~ U ~ ~ O ~ S ,  and as 4.20 HZ 
in DMSO at 305 K (14). In C6D5CD3 solution, 'JYH3 is 6.50 
Hz at 203 K and 4.20 Hz at 383 K (15). It is also reported as 
6.2 Hz at 210 K and 4.1 Hz at 423 K, but it is unclear in what 
solvent these couplings were obtained (4). In a 30 mol% solu- 
tion in (CH3),C=0, 5~7CH3 is 4.72 Hz (2) at about 300 K. 

5~:3CH3 = 5J in 2 is assumed (14) to be a "through-space" or 
proximate coupling. Such couplings are remarkably sensitive 
to the distance between the bonds carrying the coupled nuclei 
(16, 17) and hence 5J is taken as evidence for a preponderance 
of b in the a/b equilibrium (2, 4, 15). It is also suggested (15) 
that the observed 5J is a measure of this equilibrium, although 
5J, and 'Jb are as yet unknown. 

One difficulty with the application of such an assumption is 
the distance sensitivity of proximate coupling mechanisms. 
Thus, a thorough theoretical study (18) of the proximate cou- 
pling, 5~yxCH3,  in anisole and its comparison with experiment 
(18, 19) shows that its magnitude drops rapidly as the methyl 
group twists out of the benzene plane. When the angle of twist 

is very about the Csp2-0 bond reaches about 60a, 5 ~ y . C H 3  ' 

nearly zero. If 5~:'CH3 behaves in a similar manner, then a 
simple a l b  equilibrium no longer suffices as a model because 

I Present address, University of Petroleum and Minerals, Saudi val;es of 0 oiher than zero, as in b, and 180°, as in a ,  must 
Arabia. surely be represented at temperatures above absolute zero. 
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In this paper, certain assumptions about the 0 dependence of 
5J together with MO calculations of V(0), the potential function 
for the conformation of the acetyl group, are combined with the 
observed temperature dependence of 5J, to show that a simple 
a lb  equilibrium is an inadequate description for 2. True, b is 
the low-energy form for 2, but many other conformers corre- 
sponding to various 0 values are appreciably populated at tem- 
Deratures between 180 and 423 K. For 3. similar considerations 
also provide an estimate of 0 for the preferred nonplanar con- 
formation of the acetyl moiety. 

Experimental 
Unlabelled and methyl-'3C-enriched 2-fluoroacetophenone were 

obtained by addition (20) of 2-fluorobenzaldehyde (Aldrich) to ethe- 
real methyl magnesium iodide to yield 1-(2-fluorophenyl) ethanol. A 
solution of the crude alcohol in CH2C12 was added to a mixture of 
pyridinium chlorochromate (21) in CH2C12, and the crude product of 
2-fluoroacetophenone, 2, was chromatographed on silica gel plates 
with hexanes containing a small amount of ether. The product contain- 
ed some residual 2-fluorobenzaldehyde, but was used without further 
purification, spectral analysis proceeding without difficulties. The 
2,6-difluoroacetophenone, 3, came from Maybridge and the 
2,3,4,5,6-pentafluoroacetophenone from Fairfield. Methyl iodide 
(95% I3C) was obtained from Stohler. 

Solutions for nrnr analysis were prepared by weight in acetone-d,, 
were transferred to 5-mm od nrnr tubes by filtering through cotton 
wool, and were degassed by eight freeze-pump-thaw cycles before 
the tubes were flame sealed. 

The 'H nrnr spectrum of a 4.9 mol% solution of 2-fluoroacetophen- 
one-a-13C was calibrated at a probe temperature of 305 K on an 
HA100 nmr spectrometer by a procedure whose details have been 
described (22). The 'H nmr spectrum of a 5.3 mol% solution of 
2-fluoroacetophenone was accumulated on a pulsed Bruker WH90 
instrument at 305 K, again by methods previously described (22). 

Weak double irradiation experiments (23) on the enriched 2, in 
which the 'H nmr peaks of the methyl protons were perturbed while 
observing the 19F nrnr spectrum, demonstrated that 'J('H,13C)/4J('3C, 
"F) > 0. Since IJ( 'H, '~C) is positive (24), so is 4J('3C,'T). A second 
set of experiments involved the observation of the methyl 13C nrnr 
spectrum while the transitions of the methyl 'H nrnr spectrum were 
weakly perturbed. It followed that 4J('3C,19F)/5J('H,'9F) was posi- 
tive. Consequently the proximate coupling 5J(1H,'yF) = 5 ~ E ' C H 3  = 5~ 

is positive. 
'The 'H spectrum of a 3 mol% solution of 2,6-difluoroaceto- 

phenone, 3, was accumulated at 90 MHz and at a probe temperature 
of 305 K. The lYF nmr spectrum was also recorded. 

Variable temperature experiments employed the Bruker B- 
ST100/700 temperature controller and the digital resolution was about 
0.05 Hz/real point. Samples were equilibriated for at least 15 min at 
each temperature. The temperature control unit was calibrated with a 
copper-constantan thermocouple immersed in CH2C12 between 170 
and 305 K. 

ST0 3G MO computations (25) utilized an Amdahl470/V8 system 
with the program MONSTERGAUSS (26). INDO MO FPT calcu- 
lations (27) of spin-spin coupling constants were also performed 
using the program FINDO,' a version (28) of CNIND0/74 (29) con- 
taining numerous options including the modification of Fock matrix 
elements. 

Results and discussion 
Spectral analyses 

The 'H nmr spectra of 2 at 90 and 100 MHz were both 
analyzed with the computer program LAME (30,31). As many 
as 873 transitions were assigned in these analyses, the standard 
deviations in the spectral parameters all being below 0.005 Hz. 

TABLE 1. 5~y' = 5J at various temperatures for 
2-fluoroacetophenone-a-I3C, 2, and 2,6-difluoro- 

acetophenone, 3 

"Accurate to at least I K. 
For a 4.9 mol% solution in acetone-d6. 

'For a 3 mol% solution in acetone-d6. 
dThese numbers are reproduced by the equation 5J (HZ) = 

8.152 - 0.0121 T ( r  = 0.9971). 
'These numbers are reproduced by '5 (HZ) = 2.1 1 - 

1.839 X lo-' T (r = 0.9971). 
IFor a 4.7 mol% solution of pentafluoroacetophenone in 

acetone-d6, '5 is 1.887, 1.861, 1.823, and 1.777 Hz at 280, 
290, 305, 315, and 325 K, respectively. These numbers are 
reproduced by 5J (HZ) = 2.57' - 2.417 X lo-' T (r = 
0.9996). 

These parameters are not reproduced here because previous 
values are available (4). However, 'J was +4.48(2) Hz for the 
enriched sample and 4.510(1) Hz for the unenriched. The 
former gave 'J('H,I3C) as 128.246(2) Hz, while ' J(H-~ ,I3C) 
and 4J(H-6,13C) were * 0.399(2) and +O. 105(2) Hz, re- 
spectively, and of the same sign, as determined by 'H{'H) 
experiments. 

The 'H and I9F nmr spectra of 3 were analyzed, assigning a 
total of 474 transitions. Only 5~:'F differed by more than 0.1 Hz 
from a previous analysis (32), the present value being 
- 1.183(2) Hz. For the 3 mol% solution in acetone-d6, the I9F 
chemical shift is 50.15 ppm to low field of internal C6F6 at 
305 K. 

The analyses confirm that the identification of 5J with the 
observed splitting of the methyl 'H nmr peaks in 2 and 3 is valid 
and therefore that the measured temperature dependence of 5J 
from splittings is reliable. 

The temperature dependence of 'J = ' ~ z ~ ~ ~  
Table 1 presents 'J as a function of temperature for 2 and 3. 

The coupling increases as the temperature decreases, as antici- 
pated for a proximate coupling if the drop in temperature entails 
a decreased average distance between the methyl group and the 
C-F bond. The simplest approach to the data for 2 assumes 
a two-site equilibrium, say a lb ,  with a temperature indepen- 
dent energy difference between a and b. A good fit3 of 5J to K- '  
is found, with a rms deviation of 0.0l1 Hz for 13 points be- 
tween 182 and 305 K. The model yields a value of 3. l 4  + 0.2, 
kl/mol for the energetic preference of conformer b, an intu- 
itively reasonable value. However, it also gives 'J as 7.49 f 
0.2, Hz for b and -5.& 5 0.34 Hz for a (90% confidence 
level). This latter number is most likely absurd and emphasizes 
the inadequacy of the model. Accordingly it is rejected, even 
though the energy difference obtained from it happens to agree 
with the ab initio MO calculations below. Furthermore, a two- 

Using the computer program, THERMO, by R. Laatikainen; un- 
published. ' R. Laatikainen, unpublished. 
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TABLE 2. INDO MO FPT computations of ' J  = ' J ~ ' ~ " '  in 
2-fluoroacetophenone" 

' J  (Hz) 

0 (deg)b Total' No F,CH3d No CF' No HF' 

0 0.18* -0.56 -0.45 5.84 
4.81" -0.95 -0.67 3.11 
2.14' -0.36 -0.64 7.21 

15 -2.47 -0.48 -6.00 4.64 
30 -4.79 -0.29 -6.23 2.36 
45 -2.93 -0.02 -3.31 0.91 
60 -0.75 0.23 -0.80 0.45 
75 0.16 0.39 0.18 0.42 
90 0.41 0.46 0.42 0.45 

120 0.32 0.33 0.33 0.33 
150 0.13 0.14 0.13 0.14 
180 0.03 0.03 0.02 0.03 

"The geometry is near that from a partially optimized structure for 
b (see text) with bond lengths in pm as CIC (153.1), CCa(154.3), 
CaH(108.6), C0(139.1), CIC2(140.0), CIC6(140.0), C2F(135.6) 
and bond angles in degrees as CICCa(118.8), CIC0(120.0), 
C2ClC(120.0), CCaH(IIO.I), FC2C1(120.0), H6C6C1(120.0). 

'The angle by which the acetyl group twists about the Csp2-Csp2 
bond. At 0 = 180" the methyl group lies trans to the C-F bond. 

"No off-diagonal Fock matrix elements are omitted. 
"11 off-diagonal Fock matrix elements between orbitals on F and 

the methyl group are set to zero. 
'No Fock elements between orbitals on F and the methyl C. 
'No Fock elements between orbitals on F and methyl H. 

It is known that one C-H bond of the methyl group lies in the 
plane of the benzene ring, pointing away from the orrho C-H 
(C-F) bond (9). The value of 0.18 Hz is the average over the three 
C-H bonds. 

*For the proton in the C-H in the plane of the ring and pointing 
away from C-F. 

'For the other two C-H bonds. 

site model for 3 is hardly sensible, yet 5J in 3 also depends 
temperature. 

be transmitted directly between orbitals centered on fluorine 
and those centered on the atoms of the methyl group. Up to a 
point, these numbers yield the couplings transmitted via the 
intervening bonds. In the fourth column, all elements between 
the orbitals on fluorine and the methyl carbon are forced to 
vanish. The large negative 5J numbers for small 8 imply that it 
is H,F interactions which are incorrectly given by theory. In- 
deed, in the last column of Table 2 large positive 5J numbers 
appear when the Fock matrix elements involving fluorine and 
methyl hydrogen orbitals are absent. Furthermore, 5J drops 
rapidly from 5.84 Hz at 8 = 0" to 0.45 Hz at 8 = 60°, qual- 
itatively as expected for a proximate coupling. 

The results are reminiscent of those obtained in a detailed 
study of 5 ~ y . C H 3  in anisole (18), in which the observed negative 
and proximate coupling is uantitatively reproduced by the 

a . C H 3  INDO MO FPT approach. 5J0 , as calculated, very closely 
approximates a cos4 8 function. 

The assumption is now made that 5J in 2 also follows cos4 8 
as in 5~ = 5J0 cos4 8 (defined for 0 5 8 5 90°), where 'JO is that 
at 8 = 0. The 5J values at 8 = 0 in Table 2 are not reliable in 
view of the above discussion. A more reliable 'J,  must be 
sought in experiment. For 2 in Table 1, 5J is given as 8. 152 - 
0.012, T ( r  = 0.997). This empirical linear dependence on 
temperature is assumed to give 5J0 as 8. 152 Hz. 

A potential function for the rotation of the acetyl group in 2 
was obtained via the geometry optimization routine in the pro- 
gram MONSTERGAUSS. Bond lengths and bond angles were 
optimized as 8 changed in steps of 15" between 0 and 180" with 
the proviso, however, that the benzene core remain a hexagon. 
The calculated energies can be fitted to give V(8) (kl) = (3.0 
? 0.2) sin2 (812) + (9.9 k 0.3) sin2 8 - (1.4 k 0.3) sin2 (28) 
at the 95% confidence interval. In other words, b is more stable 
than a by 3.0 kJ/mol, rather close to the 3.1 kJ/mol predicted 
by the inadequate 2-site model above. It is clear, however, that 

on V(8) implies substantial populations of nonplanar forms at the 
temperatures given in Table 1, although conformer b is con- 
firmed as that of lowest energy. 

An n-site model 
A rigorous description of the variation of 5J with temperature 

demands a knowledge of the potential energy surface for the 
movement of the acetyl group relative to the benzene ring 
considered as a frame (including rotational and vibrational mo- 
tion of the methyl group), of how this surface changes with 
temperature in the presence of solvent molecules, and of how 
5J depends on this potential surface. Here we take a simple 
approach designed to reproduce semiquantitatively, first, the 
large magnitude of 5J in 2 relative to 3 and, second, the larger 
absolute changes in 5J in 2 caused by temperature changes. 

Evidence that 'J is a proximate coupling can be adduced via 
INDO MO FPT computations as follows, in spite of the well- 
known failures (33-36) of this technique for certain proximate 
H,F couplings. In Table 2 such computations of 5J are found. 
As expected from calculations of couplings with a large prox- 
imate component in other molecules, such as 2-fluorotoluene 
(35) and 2-methylbenzoylfluoride (34), 5J is calculated as 
either very small or as large and negative when the methyl 
group lies near the C-F bond, that is, for small 8 values. 
Using Barfield's procedure (37), in which certain off-diagonal 
matrix elements in the Fock matrices are held at zero through- 
out the iterative cycles, one may attempt to identify the source 
of the qualitative discrepancy between theory and experiment. 
For example, in Table 2 the third column represents the cou- 
plings computed when no spin state information is allowed to 

A simple calculation of 5J at a given temperature proceeds by 
weighting each 5J at a given 8 with the population implied by 
V(8) and the appropriate Boltzmann factor. In Table 3 the 
results of this procedure applied to 2 are given at three tem- 
peratures. At 305 K, 5J is calculated as 4.88 Hz, the observed 
value being 4.51 Hz. At 240 K, the calculated and measured 
values are 5.37 and 5.2 1 Hz, respectively, while at 182 K they 
are 6.08 and 5.99 Hz. The agreement between the model and 
experiment improves at the lower temperatures. The im- 
provement is not to be taken as proof that the model is correct 
at lower temperatures. An adjustment of V(8), no doubt itself 
a function of temperature in solution, and (or) of 5J0 could be 
made so as to produce a better match between observed and 
model-derived 5J values at the 13 temperatures in Table 1. Such 
adjustments were abjured because even an exact fit would not 
prove the cos4 8 dependence of 5J nor its 5J0 value, nor, for that 
matter, the exactness of V(8). 

That V(8) is dependent on solvent is indicated by the solvent 
dependence of 5J,  described above. Using the V(8) above and 
5~ (8 = 0) as 8.15, Hz, the calculated 5J at 203, 305, and 383 
K becomes 5.79, 4.88, and 4.23 Hz, respectively. The ob- 
served values in toluene solution are 6.50, 4.80, and 4.20 Hz 
at these temperatures (15). In this solvent the calculated and 
observed couplings agree better at higher temperatures, in con- 
trast to the acetone solution above. At 305 K, 5~ is 4.80 Hz in 
CDCl,, toluene, and benzene solutions (14). 
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SCHAEFER ET AL. 

TABLE 3. The ST0 3G MO energies, populations, and 5J values as a function of 0 
for 2-fluoroacetophenone, 2 

P (elc ' ~ ( 0 )  x ~ ( 0 )  ( H Z ) ~  

0 (deg)" E (kJ)b 305 K 240 K 182 K 305 K 240 K 182 K 

0 0.00 0.280 0.332 0.399 2.28 2.71 3.26 
15 0.39 0.240 0.273 0.309 1.70 1.94 2.19 
30 1.78 0.139 0.136 0.123 0.64 0.62 0.57 
45 4.06 0.057 0.043 0.027 0.16 0.09 0.06 
60 6.76 0.019 0.011 0.005 0.01 0.01 0.00 
75 9.88 0.006 0.002 0.001 0.00 0.00 0.00 
90 11.48 0.003 0.001 0.000 0.00 0.00 0.00 

105 10.83 0.004 0.001 0.000 - - - 
120 8.77 0.009 0.004 0.001 - - - 
135 6.31 0.023 0.014 0.006 - - - 
150 4.17 0.054 0.041 0.025 - - - 
165 3.14 0.081 0.069 0.050 - - - 

180 3.06 0.084 0.072 0.053 - - - 

"The angle of twist about the Csp2-Csp2 bond, and 0 = 0 defines the conformation b in the 
text in which the methyl group lies nearest the C-F bond. 

bThe energy of the conformer with 0 = 0 is -475,165,556 hartrees. The relative energies 
of the other conformers are from the actual S T 0  3G values. 

'Fractional populations based on a Boltzmann distribution using the E values in the second 
column. 

d S ~ ( 0 )  is not tabulated and is calculated from '5YH3 = '5 (HZ) = 8.152 cos4 0, defined 
between 0 = 0 and 90". '5 is assumed to be zero for 0 > 90". 

TABLE 4. The ST0 3G energies, populations, and 5J values for 
2,6-difluoroacetophenone, 3 

P (0)" '~ (0 )  x ~ ( 0 )  ( H Z ) ~  

0 (deg)" E (kJ)b 305 K 192 K 305 Kf 192 Kf 

0 1.9 0.117 0.092 0.96 0.75 
15 1.1 0.161 0.152 1.14 1.08 
30 0.0' 0.248 0.303 1.14 1.39 
45 0.1 0.239 0.285 0.49 0.58 
60 1.4 0.143 0.126 0.07 0.06 
75 3.8 0.056 0.028 0.00 0.00 
90 4.9 0.036 0.014 0.00 0.00 

"For 0 = 0 the molecule has all heavy atoms in a plane. 
bThe energy at 0 = 30" is -572,622,066 hartrees. 
'Calculated as explained in Table 3. 
dCalculated as in Table 3 with '5, = 8.152 HZ. 
'The minimum energy occurs at 39" for the fitted equation in the text, 

but note the small difference in the calculated energies at 0 = 30 and 45". 
The equation in the text yields the energy at 39" as 0.3 2 0.3 kJ/mol lower 
than at 30". 

'Note that the sum of the '5 values must be divided by two to make a 
comparison with the observed 55. 

Another test of the model may be had in the temperature 
dependence of 5J in 2,6-difluoroacetophenone, 3. The ST0 3G 
optimized energies yield V(0) (kT) = 1.8 + (3.0 + 0.2) sin2 0 
- (3.4 2 0.2) sin2 (20) at the 95% confidence level. Clearly, 
the (flat) minimum in energy occurs in the vicinity of 39", a 
distinctly nonplanar conformation. Table 4 gives the actual 
calculated energies as a function of 0 as well as the calculations 
of 5~ by the procedure used for 2. At 305 K the calculated and 
observed values are 1.90 and 1.56 Hz, respectively; they are 
1.93 and 1.77 Hz at 192 K. The important point is that the 
model predicts small 5J values, relative to 2, and also a much 
smaller temperature dependence of 5J than in 2; both predic- 
tions are correct. 

The observed temperature dependence of 5J in Table 1 for 3 

is empirically given by 5J = 2.1 l 1  - 1.839 X T (r = 
0.997,). The value of 2.11 Hz is reproduced by the cos4 0 
dependence at 0 = 44.5", yielding 2.8 1 Hz at 40" and 1.39 Hz 
at 50". The computed V(0) is flat in this region, differing by 
only 0.1 kJ/mol between 0 = 30 and 45". The model is consis- 
tent with the idea that 3 is a nonplanar molecule and that the 
preferred value of 0 lies in the vicinity of 45". 

Although V(0) was not calculated for pentafluoroaceto- 
phenone, its 5J values between 280 and 325 K (Table 1) are 
given by 5~ (HZ) = 2.571 - 2.44, X T (r = 0.99g6), 
implying that its nonplanarity is not quite as pronounced as for 
3. The empirical 5J dependence on 0 implies 0 as 41" when 5~ 

is 2.57 Hz. The para fluorine substituent should act to increase 
the conjugation of the acetyl group with the n system of the 
ring, thereby decreasing the expectation value of 0 (13), but the 
meta substituents may act in the opposite direction. 

The vapor pressure of 2-fluoroacetophenone at ambient tem- 
peratures is very small because its normal boiling point lies 
near 473 K. Nevertheless, an 'H nrnr gas phase spectrum was 
obtained on a Bruker AM300 spectrometer from a sample con- 
taining some gaseous TMS and sufficient SF6 to give a total gas 
pressure of 2500 to 3000 Torr (1 Torr = 133.3 Pa). The 
presence of the SF6 increased T2 (38) sufficiently to produce a 
linewidth at half height of 1.1 Hz for the TMS peak. Under 
these conditions, the linewidth of the methyl proton resonance 
was 2.5 Hz. Naturally, the intrinsic linewidth of the methyl 
proton resonance need not be the same as the TMS resonance, 
and may well be larger. Nevertheless, an upper limit of not 
more than 1.5 Hz for 5J(F,CH3) is indicated by these results. 

It follows from the present coupling model that the molecule 
is no longer planar in its conformation of lowest energy. A 
rough estimate is that the angle of twist, 0, for the acetyl group 
lies in the vicinity of 50". In that event, the conjugational 
energy of the acetyl group with the n system of the benzene 
nucleus is reduced by about 50%. Indeed, our measurements 
indicate that the shift range of the ring protons is about 0.2 
ppm, as compared to 0.6 ppm in acetone-d6 solution. 
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Furthermore, the available data for acetophenone indicate an 
internal barrier of 13 kJ/mol in the gas phase (39) and 22.4 
kJ/mol in solution (40). Then, perhaps, the present gas phase 
data for 2-fluoroacetophenone become less puzzling. Indeed, 
speculations about solvent-assisted charge separation are 
tempting and suggest a number of measurements o n  other 
molecules. 
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Rhenium and manganese carbonyl compounds incorporating tridentate chelating 
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BRENDA M. LOUIE, STEVEN J.  RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 63, 2261 (1985). 
The coordinating properties of a variety of unsymmetrical uninegative tridentate chelating "pyrazolylgallate" ligands have 

been studied using the tricarbonyl moieties "M(C0)3", where M = Mn or Re, as acceptor species. A series of monomeric, 
pseudo octahedral complexes has been characterized and a fac mode of coordination established for the tridentate gallate ligands 
from 'H nmr, ir measurements, and X-ray structure determinations. Nitrosylation of a selection of the rhenium tricarbonyl 
compounds has yielded a number of cationic rhenium mononitrosyl dicarbonyl species. The reactivity of these cations towards 
reducing agents has been investigated. 

BRENDA M. LOUIE, STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J.  Chem. 63, 2261 (1985). 
On a CtudiC les propriCtCes coordinantes d'une varitte de ligands chklatants, tridentates, univalents et non-symCtriques du 

type "pyrazolylgallate" en utilisant des unitts tricarbonyles "M(CO)3", dans lesquelles M = Mn ou Re, comme accepteurs. 
On a caractCrisC une sCrie de complexes monom&res, pseudooctaCdriques et, faisant appel a des mesures ir et rmn du 'H ainsi 
que des determinations de structures par diffraction des rayons X, on a Ctabli que le mode de coordination est fac. La 
nitrosylation de composCs rhCnium tricarbonyles choisis conduit a un certain nombre d'esptces cationiques rhenium mono- 
nitrosyle dicarbonyles. On a CtudiC la rCactivitC de ces cations avec des agents de rkductions. 

[Traduit par le journal] 

Introduction 
In our continuing investigations of anionic tridentate chelat- 

ing pyrazolylgallate ligands a number of new rhenium and 
manganese carbonyl derivatives have been prepared using a 
variety of three atom donor ligands of the general formula: 

Me, ,N-N\ 

Me /Ga\ X 4, 
I I 

X = 0 or S; Y = NMe, or NH,; R' = H; R = H or Me 
X = 0 ;  Y = SEt or SPh; R' = H; R = Me 
X = 0 ;  Y = NH2; R' = Me or Et; R = Me 

This report introduces the ligands where X = S ,  and the 
ligands incorporating the chiral amino alcohols (R' = M e  or  
Et), for the first time. In addition to the complexes bearing the 
ligands 1, the complex [MeGa(N2C3H3)3]Re(CO)3 has been 
prepared and characterized. The configuration of the tridentate 
- - 

ligands in the complexes has been determined from infrared 
and 'H nmr measurements, and the reactivity of a selection of 
the R e  tricarbonyl compounds towards nitrosylation and 
subsequent reduction procedures has been probed. Definitive 
X-ray structural results are presented for four representative 
compounds. 

Experimental 
Starting materials 

Air-sensitive materials were handled in oxygen-free dry nitrogen. 
Tetrahydrofuran (THF) and benzene were dried by refluxing over 
sodium/benzophenone and molten potassium, respectively. Methyl- 
ene chloride and acetonitrile were each dried over P205 prior to distil- 
lation. All distilled solvents were stored under dry nitrogen following 
distillation. Mn(C0)sBr ( I )  and [Re(C0)4C1]2 (2) were prepared from 

the corresponding [M(CO)5]2 compounds (M = Mn or Re) (Strem) 
by standard routes. L-2-amino- 1 -propano1 (Aldrich), d-2-amino- l -  
butanol (Aldrich), 1-2-amino-l-butanol (Aldrich), nitryl hexafluoro- 
phosphate (Alpha), and nitrosyl tetrafluoroborate were used as sup- 
plied. Nitrosyl hexafluorophosphate (Alpha) was dried in vacuo 
over P205 before use. Iodosobenzene (ICN) was used as supplied. 
Lithium triethylborohydride and potassium tri-sec-butylborohydride 
were purchased as 1 M solutions in THF (Aldrich) and used as 
supplied. 

Ligand synthesis 
All the ligands 1 were prepared as standard solutions in THF. The 

ligands involving (X = 0 ;  Y = NH,; R' = Me or Et) and (X = S; Y 
= NH2 or NMe2) were prepared by refluxing Na+[Me3Ga(N2C3~,)]- 
or Na+[Me3Ga(N2C5H7)]- with the appropriate chiral amino alcohol 
or amino thiol in THF until cessation of methane evolution. The 
resulting ligand solution was then made up to standard volume and 
aliquots used in subsequent reactions. The remaining ligands 1 and 
the ligand Na'[MeGa(N2C3H,)3]- were prepared as described earlier 
(3-6). 

Preparation of manganese and rhenium tricarbonyl complexes 
The general method employed for the preparation of the com- 

plexes 1-16 listed in Table 1, together with analytical and ir data, 
and the complex 17 [MeGa(N2C3H3)3]Re(CO)3 (Anal. calcd. for 
[MeGa(N2C3H3)3]Re(CO)3: C 28.06, H 2.16, N 15.11; found: C 
27.95, H 2.13, N 14.90. vco 2028, 1918 cm-' (cyclohexane). 'H nmr 
(C6D6), T = 10.04s (Ga-Me), 4.20t (pz-H4), 3.09d (pz-H5), 2.22d 
(pz-H3) (T values refer to T c ~ H ~  = 2.84 ppm, pz = pyrazolyl, N2C3H3, 
J H c C H  = -2 HZ for pz protons), was to react one or two molar 
equivalents of the appropriate ligand with -0.5 g of Mn(CO)5Br or 
[Re(CO),CI]2, respectively, dissolved in -75 mL THF. The mixture 
was refluxed overnight and the THF subsequently removed in vacuo. 
The solid remaining was then extracted with -20 mL benzene and the 
mixture filtered. Slow evaporation of the benzene from the filtrate 
resulted in either well-formed crystalline products or amorphous solids 
in -55-80% yields. The latter were either recrystallized from 
benzene/CH2C12 mixtures or dried by pumping in vacuo at --50°C. 
'H nmr data for the complexes are collected in Tables 2 and 3. 

Nitrosylation of selected rhenium tricarbonyl complexes 
In general a slight excess of N02PF6 dissolved in CH2C12/aceto- 

nitrile was added dropwise to -0.3 g of LRe(COl3 {L = 
[MeGa(N,C3H3)31, [Me,Ga(N2C3H3)(OCH2CH2NMe2)]. or [Me2Ga- 
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Melting points, analytical and ir data for 

Melting Calculated (70) Found (70) vco (cm-') 
point 

NO. M R R' X Y ("c) C H N C H N CfiH 12 

NH2 
NMeZ 
NH2 
NMeZ 
NH2 
NMeZ 
NH2 
NMe2 
NHz 
NMe2 
NH2 
NMe2 
S P h  
SEt 
NHz 
NH2 

*Decomposes before melting. 
tcalculated for [Me2Ga(N2C5H,)(SCH2CH2NMe2)]Mn(CO)3. H20. 
$Starting amino alcohol = L-2-amino-I-propanol. 
&Starting amino alcohol = d-2-amino-1-butanol. 
llStarting amino alcohol = I-2-amino-I-butanol. 

T (ppm) in CfiDfi* 

No. M R R' X Y G a  - M e  H4 R Y 

NHz 
NMe2 
NH2 
NMe2 
NH2 
NMeZ 
NHz 
NMeZ 
SPh 
SEt 

*TC*,, = 2.84 ppm; s = singlet, d = doublet ( J  -2 Hz), t = triplet ( J  -2 Hz), m = multiplet. 
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LOUIE ET AL. 

nmr data for 

Approximate Predicted T (ppm) in C6D6* 
isomer position 

No. R R' ratio of R' t  Ga-Me R H4 Ha Hb Hc R ' N-H2 

15 Me Me 3 trans 9.76s 10.22s 7.69s 7.99s 4.30s 6.34ddS 7.12t9 8.43mll 10.01d 8.58111 8.93m 
1 cis 9.60s 10.08s 7.77s 7.99s 4.30s 6.74ddS 7.45t9 7 10.13d 11 

16 Me Et 3 trans 9.74s 10.20s 7.67s 8.00s 4.31s 6.18ddS 7.10t9 8.42m 9.81t -8.51m 8.75m 
-9.65m 

1 cis 9.58s 10.09s 7.76s 8.00s 4.31s 6.61ddS 7.29t9 7 9.83t 7 
-9.65m 

* T C ~ H ,  = 2.84 ppm; s = singlet, d = doublet, t = triplet, dd = doublet of doublets, m = multiplet. 
?trans = position on opposite side of metal as pyrazolyl group, cis = position on same side of metal as pyrazolyl group. 
$Jab = 11.2 Hz, J,. = 4.0 Hz. 
§Jba= 11.2Hz,Jk = 11.2Hz. 
(IJ,. = 4.0 Hz, Jcb = 11.2 HZ, Jc.NH2 - 4 HZ, Jc.Ms = 7.2 Hz. 
lINot discernible. 

(N2CsH7)(OCH2CH2NMe2)]} dissolved in -50 mL CH2CI2. The addi- 
tion caused rapid evolution of CO and a change of the solution from 
colorless to brown. After stirring the reaction mixture for 5 min -200 
mL of anhydrous Et20 was added resulting in the immediate precip- 
itation of a dark orange-brown solid. The solvents were decanted off 
and the solid dried for -12 h in vacuo at --50°C. When L = 
[MeGa(N2C3H3)3] the very air-sensitive nitrosylated product formed 
in 20% yield. For the remaining two tridentate ligands yields varied 
between 30 and 70%. 

NOPF6 and NOBF4 could also be used as nitrosylating agents 
but longer reaction times of -8 h were necessary. Physical data for 
the rhenium nitrosyl cations prepared, as well as for the starting 
tricarbonyl complexes in the same solvents, are tabulated in Table 4. 

Spectra 
Mass spectra were recorded on either a Varian MAT CH4B (Mn 

complexes) or AES MS 50 (Kratos) (Re complexes) spectrometer 
operating at 70 eV. Representative data for three of the complexes 
together with typical assignments are tabulated in Table 5. Infrared 
spectra were recorded on a Perkin-Elmer 598 spectrometer. 'H nmr 
spectra were obtained on either a Varian XL-100 or Bruker WP80 
instrument using FT techniques. 

X-ray crystallographic analyses of 
[Me2Ga(N2C5H7#OCH2CH2NMe2)]Re(CO)3, 8,  
[Me2Ga(N2C5H7)(0CH2CH2SPh)]Re(CO)3, 13, 
[M~zG~(NzC~H~)(OCHZC(H)E~NH~)]R~(CO)~, 16, and 
[ M ~ G ~ ( N Z C ~ H ~ ) ~ I R ~ ( C O ) ~ ,  17 

Crystallographic.?iata are presented in Table 6. Unit-cell parameters 
were refined by least-squares on 2 sin 0/A values for 25 reflections 
with 20 = 40-50" measured with Mo-K,, radiation. The intensities 
of three standard reflections, measured every hour throughout the data 
collections, showed only small random fluctuations in each case. The 
data were processed1 and corrected for absorption using the Gaussian 
integration method (7,8) for compounds 8,16, and 17 (224,208, and 
216 integration points, respectively) and the analytical method (7, 9) 
for compound 13. 

'The computer programs used include locally written programs 
for data processing and locally modified versions of the following: 
ORFLS, full-matrix least-squares, and ORFFE, function and errors, 
by W. R. Busing, K. 0 .  Martin and H. A. Levy; Patterson and Fourier 
syntheses, by A. Zalkin; ORTEP 11, illustrations, by C. K. Johnson. 

The structure of 13 is isomorphous with that of the manganese 
analog (lo), the refinement initiated with the coordinates of non- 
hydrogen atoms determined for [Me2Ga(N2C5H7)(0CH2CH,SPh)]- 
Mn(CO)3 (10). The three remaining structures were solved by con- 
ventional heavy-atom methods, the Re and Ga coordinates being de- 
termined from the Patterson functions and those of the remaining 
non-hydrogen atoms from subsequent difference maps. In the case of 
17, the non-centrosymmetric space group Pn2 , a  was indicated by 
E-statistics and by the Patterson function. In each case the non- 
hydrogen atoms were refined (full-matrix) with anisotropic thermal 
parameters. For 8, 13, and 17 the hydrogen atoms were included as 
fixed contributors in idealized positions (based on 2bserved positions 
with C(sp2)-H = 0.97 and C(sp3)-H = 0.98 A). The scattering 
factors of ref. 1 I were used for the non-hydrogen atoms and those of 
ref. 12 for hydrogen atoms. Anomalous scattering corrections (13) 
were applied for Re, Ga, and S atoms. The absolute configuration of 
16 is determined by that known for the chiral starting material. In the 
case of 17 attempts to determine the polarity by parallel refinement 
were unsuccessful. 

The final positional and equivalent isotropic thermal parameters 
for non-hydrogen atoms appear in Table 7. Bond lengths, bond 
angles, and intra-annular torsion angles are given in Tables 8- 10, 
respectively. Calculated hydrogen parameters, anisotropic thermai 
parameters, and complete listings of torsion angles (Tables 11 - 13) 
have been placed in the Depository for Unpublished Data2 along 
with measured and calculated structure factor amplitudes for the 
four compounds. 

Results and discussion 
Analysis of mass spectral, ir, and 'H nmr data for the 

complexes listed in Table 1 and also for the compound 
[MeGa(N2C3H3)3]Re(CO)3 qoints to the monomeric octahedral 
structures for the whole senes of compounds studied. Unlike 
the [MeGa(N2C3H3)3]- ligand (5) and the related pyrazolyl- 
borate ligands, [RB(N2C3H3)3] (R = H, alkyl, aryl) (14- 16), 
which coordinate exclusively in a fac conformation due to 

?he structure factor tables and other material mentioned in the text 
are available, at a nominal charge, from the Depository of Unpub- 
lished Data, CISTI, National Research Council of Canada, Ottawa, 
Ont., Canada KIA 0S2. 
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CAN. 1. CHEM. VOL. 63, 1985 

Mass spectral data 

Relative intensities 

(i) (ii) (iii) 
M = R e  M = R e  M = M n  

Assignment X = O  X = S  X = S  

P' 25.0 18.0 5.6 
P - Me+ 100.0 100.0 2.6 
P - CO+ 2.3 0.0 0.0 
P - Me - CO+ 0.9 1.4 Trace* 
P - 2CO+ 2.0 0.0 0.0 
P - Me - 2CO+ 4.5 7.3 3.9 
P - 3CO+ Trace 2.4 100.0 
P - Me - 3CO+ 1.4 3.1 8.7 
P - 2Me - 3CO+ Trace 1.5 2.2 
P - Me - 3C0 - pz+ Trace 73 .O 81.8 
M + Trace Trace 4.0 
Me2Ga+ 10.5 30.3 16.1 
Ga + 11.1 24.4 38.2 
pzH+ 1.7 3.6 4.7 

*Trace = <0.5. 

geometric constraints, the unsymmetric ligands 1 can poten- 
tially coordinate in either a fac or mer configuration (4, 17). 
However, in each of the complexes described in this paper, the 
transition metal is coordinated entirely by a fac arrangement of 
1. This arrangement of the ligating atoms is evident from both 
the ir and the 'H nrnr results and has been confirmed by crystal 
structure determinations for complexes 8, 13, 16, and 17 (see 
below). 

[Me2Ga(N2C3HR2)(XCH2CH2NR",)lM(CO), (R,  R" = H or Me; 
X = 0 or S; M = Re) or  (R ,  R" = H or Me; X = S; 
M = Mn) 

Three strong bands in the vco region (see Table 1) for each 
of the complexes 1-16 indicate that the pyrazolylgallate tri- 
dentate ligand occupies three facial positions in the octahedral 
structures, with the three CO groups occupying the remaining 
set of facial positions. A mer arrangement for the unsym- 
metrical pyrazolylgallate ligand in these complexes would lead 
to two weak vco bands and one strong vco band in the ir of 
the complexes (18). The 'H nmr spectra for the complexes 
(Table 2) also supports the fac conformation for the chelating 
ligands in the complexes with two sharp Ga-Me signals ob- 
served in each case. A mer arrangement would make the two 
Ga-Me groups equivalent and hence just one signal would be 
observed in this region of the spectrum. The X-ray crystal 
structure of the complex where R = R" = Me, X = 0, and 
M = Re is shown in Fig. 1. 

Mass spectral data obtained for the complexes (Table 5) 
reveal interesting behavioural differences between the Re and 
Mn derivatives. Although the fragmentation patterns appear 
veiy similar for the three complexes the relative intensities of 
the signals differ sharply. Thus while the strongest signal is 
assignable to the P - Me' ion (P = parent) for the Re com- 
pounds, this signal is of much lower intensity for the valence 
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LOUIE ET AL. 

TABLE 6. Crystallographic data* 

Parameter L1Re(CO)3 L2Re(CO)? L3Re(CO), L4Re(C0)3 

Formula 
fw. 
Crystal system 
Space group 
a 
b 
c (A) 
a 

P 
Y (deg) 
v (A3) 
z 
Dc (g/cm3) 
F (000) 
p(Mo-K,) cm-' 
Crystal dimensions (mm) 
Transmission factors 
Scan type 
Scan range (deg in w) 
Scan speed (deglmin) 
Data collected 
20,,, (deg) 
Unique reflections 
Reflections with I23u(I)  
Number of variables 
R 
R ". 
S 
Mean A/u (final cycle) 
Max A/u (final cycle) 
Residual density (e/A3)II 

CI4HZ3GaN3O4Re 
553.27 

Monoclinic 
P21/c 

7.8271(4) 
9.7730(3) 

24.6403(13) 
90 
92.302(3) 
90 

1883.3(2) 
4 
1.95 1 

1064 
79.6 

0.13XO. 16X0.52 
0.176-0.476 
w-20 
0.65+0.35tan0 
0.69- 10.06 
+h,  +k, k1 

60 
5458 
309 1 
208 

0.043 
0.050 
0.936 
0.02 
0.13 
-3.8 to +3.8 

C 8H22GaN204ReS 
618.37 

Triclinic 
p i  

10.4892(14) 
11.630(2) 
9.5855(13) 

11 1.508(7) 
97.567(9) 
86.217(10) 

C 1~H23GaN~0~Re 
553.27 

Orthorhombic 
P212121 

7.3661(3) 
14.7287(5) 
17.8928(13) 
90 
90 
90 

1941.2(2) 
4 
1.893 

1064 

C 13H 12GaN~0,Re 
556.20 

Orthorhombic 
P r ~ 2 ~ a Q  

13.8978(5) 
15.4267(5) 
8.0228(2) 

90 
90 
90 

1720.0(1) 
4 
2.148 

1048 
87.1 

0.42X0.45X0.50 
0.036-0.110 
w-20 
0.80+0.35tan0 
1.55- 10.06 
+h, +k, +1  

60 
2579 
1856 
216 

0.053 
0.059 
2.519 
0.04 
0.14 
-7.6 to +3.3 

*Temperature 22"C, Enraf-Nonius CAD4-F diffractometer, Mo-K. radiation (AKml = 0.70930, A,=, = 0.71359 A), graphite 
monochromator, takeoff angle 2.7", aperture (2.00 + tan 0) X 4.0 mm at a distance of 173 mm from the crystal, scan range extended 
by 25% on both sides for background measurement, a'([) = S + 2B + [0.04(S - B)]' (S = scan count, B = normalized background 
count), function minimized Xw(j~, l  - J F ~ ~ ) ;  where w = I/u2(F), R = C.IIF,I - (F,IIIC.IF,I, R,. = (C.w(lF,I - ( F , ~ ) ~ I C . W ~ F , ~ ~ ) " ~ ,  S 
= (Zw(lF,I - IF,I)2/(m - n))' '. Values gtven for R, R,,  and S are based on those reflections with I 2 3u(I). 

tL1  = [Me2Ga(N2C5H7)(0CH2CH2NMe2)], L' = [MelGa(N2CsH7)(OCH2CHflh)], L3 = [Me2Ga(N2C5H7)(0CH2C(H)EtNH2)], 
L4 = [MeGa(N2C3H3)3]. 

$Reduced cell, conventional orientation. 
BNon-standard setting of PnaZI, equivalent positions: (x, y, z; -x, 112 + y, -2; 112 - x, 112 + y, 112 + z; 112 + x, y, 

112 - 2 ) .  

l l ~ a r ~ e s t  peaks near Re atoms in every case, the maps were essentially featureless away from the heavy atoms. 

FIG. 1.  Stereoscopic view of the [Me2Ga(N2C5H7)(0CH2CH2NMe2)1Re(CO)3 molecule. 50% probability thermal ellipsoids are shown for the 
non-hydrogen atoms. 
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2266 CAN. J. CHEM. VOL. 63, 1985 

TABLE 7. Final positional (fractional X lo4; Re, Ga, and S X lo5) and isotropic thermal parameters ( U  X lo3 W2) with estimated standard 
deviations in parentheses* 

Atom x Y z ue, Atom x Y z u e ,  

= (113) trace Ud,.g. 

isoelectronic Mn compound, which displays as its most intense 
signal that arising from the P - 3COt ion. 'This difference in 
behaviour reflects stronger M-CO bonds for the Re com- 
plexes when compared to the Mn species. In support of this 
conjecture an examination of the vco stretching frequencies for 
the compounds (Table 1) reveals repeatedly lower vco values 
for the Re complexes than the corresponding Mn compounds. 
This can only result from stronger back bonding to the carbonyl 

ligands in the Re species, which leads to stronger "Re-CO" 
bonds. 

Three general points can be made from a comparison of the 
complexes 1-12 and the four related Mn compounds where 
X = 0 ;  R, R" = H or Me (19). Firstly, complexes where 
M = Re are air-stable while the corresponding complexes 
where M = Mn tend to be air-sensitive. Secondly, complexes 
where X = 0 show greater air stability than the corresponding 
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LOUIE ET AL. 2267 

TABLE 8. Bond lengths (A) with estimated standard deviations in 
parentheses 

Bond Length (A) Bond Length (A) 

complexes where X = S. In addition, the presence of an alkyl 
group at the R and R positions of the tridentate ligand also 
resulted in some stabilization of the complexes, an effect 
observed in'other compounds incorporating this type of ligand 
(19, 20). 

[Me2Ga(N2C5H7)(OCH2CH2SR"')]Re(CO), (R"' = Et or Ph) 
The complexation of the tridentate "SR""' ligands to various 

transition metal moieties has been detailed previously (6, 10). 
These ligands reacted readily with [Re(C0)4C1]2 forming col- 
orless crystalline tricarbonyl complexes (Tables 1 and 2). The 
mass spectra of both the "S-Et" and "S-Ph" species were 
dominated, like the Re complexes discussed above, by the 
signal attributable to the P - Me' ion (100%). The highest m/e 
signals recorded corresponded to the parent ions (P', 20%), 
with weak signals (<3%) assignable to successive loss of CO 
from both the P' and P - Me' ions being recorded. The X-ray 
crystal structure of the complex where R"' = Ph is shown in 
Fig. 2. 

[Me2Ga(N2C5H7)(OCH2C(H)R'NH2)]Re(CO)3 (R' = Me or Et) 
A chiral carbon centre was incorporated into the unsym- 

metric pyrazolylgallate ligand by reacting the appropriate chiral 
amino alcohols with Na'[Me3Ga(N2C5H7)]-. The resulting li- 
gands reacted readily with [Re(C0)4C1]2 to form air-stable, 
crystalline, monomeric products. The resulting tricarbonyl 
complexes may be formed as two possible diastereoisomers 
(see Fig. 3). These have been designated "cis' when the R' 
group is on the same side of the transition metal as the 
"pyrazolyl" group and "trans" when the R' group is on the 
opposite side. The 'H data for these complexes are tabulated in 
Table 3. 'The assignment of the aminoalcohol protons was 
established by double resonance experiments. From steric 
arguments the "trans" isomer is favored over the "cis" isomer 
and indeed a crystal structure determination (R' = Et) has 
confirmed this arrangement in the solid state (Fig. 4). The 
'H nrnr results suggest a mixture of isomers to be present in 
solution with the ratio varying with the solvent. Thus, dis- 
solving the sample used for the X-ray crystal structure deter- 
mination in C6D6, resulted in two sets of signals in the ratio of 
-3 : 1. In d,-acetone the ratio was - 10: 1. It is conjectured that 
the predominant isomer in solution is the trans isomer and that 
interconversion between this isomer and the cis form may result 
from initial breaking of the Re-N bond to give a five coor- 
dinate intermediate followed by inversion about the oxygen 
atom, and reforming of the Re-N bond. A relatively weak 
"M-N bond (M = transition metal) has been suggested in 
several other related complexes containing unsymmetric pyr- 
azolylgallate ligands, complexes which also exhibit fluxional 
behaviour in solution (6, 20-22). 

[MeGa(N2C3H3)3lRe(C0)3 
This tricarbonyl complex containing the symmetric methyl 

tris(1-pyrazolyl) gallate ligand crystallized as large colorless 
cubic crystals from benzene. The facial coordination of the 
gallate ligand and the three CO groups was evident from the vco 
vibrations which consisted of two bands in the predicted in- 
tensity pattern for such an octahedral complex (18). An X-ray 
crystal structure determination has confirmed this arrangement 
in the solid state (Fig. 5). The mass spectrum of the complex 
displayed a prominent signal due to the parent ion, P' (50%), 
with other strong signals due to the ions P - Me' (92%), 
P - CO' (27%), P - 2CO' (24%), P - 3CO' (loo%), 
P - Me - 3CO' (9%), and Ga' (30%). 
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TABLE 9. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle (deg) Bonds Angle (deg) Bonds Angle (deg) Bonds Angle (deg) 
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LOUIE ET AL. 

FIG. 2. Stereoscopic view of the [Me2Ga(N2C5H,)(OCH2CH2SPh)] 
non-hydrogen atoms. 

c i s  trans 

FIG. 3. Diastereoisomers formed in octahedral complexes incorpo- 
rating facial tridentate pyrazolyl gallate ligands derived from chiral 
amino alcohols. 

Reactivity of selected LRe(CO)3 complexes {L = [MeGa- 
( N z C ~ H ~ ) ~ I  or [M~ZG~~NZC~HRZ)~~CHZCHZNM~Z)I 
(R = H or Me)) 

(a) Nitrosylation 
The reactions of the selected LRe(C0)3 complexes with 

N02PF6, NOW6, or NOBF4 resulted in air-sensitive orange- 
brown powders of the corresponding nitrosyl cations LRe- 
(C0)2(NO)+ in variable yields. These cations differ from their 
air-stable cyclopentadienyl analogs, (q5-C5H5)Re(C0),(NO)+, 
which can be prepared in near quantitative yields by similar 
reaction procedures (23, 24). 

The LRe(CO),(NO)+ cations were shown to be fluxional in 
d6-acetone solution by variable temperature 'H nmr experi- 
ments. When L = [MeGa(N2C3H3)3] two different types of 
pyrazolyl rings should be evident in a ratio of 2: 1 for a rigid 
species as observed for the isoelectronic complexes [MeGa- 
(N2C3H3)3]M(C0)2(NO) (where M = Mo or W) (5). However, 
the 'H nmr spectrum of [MeGa(N2C3H3)3]Re(CO)2(NO)+ dis- 
played only one set of pyrazolyl resonances in d6-acetone at 
room temperature. These resonances showed considerable 
broadening at lower temperatures (Fig. 6) but no clear splitting 
of the signals was observed. The room temperature spectrum 
can be explained by a rapid rotation of the tridentate ligand 
about the Re ... Ga axis or alternatively by a rapid ligand re- 
arrangement occurring via a 5-coordinate intermediate in which 
the chelating ligand coordinates in a bidentate fashion. A 
similar mechanism has been proposed recently to account for 

IRe(CO), molecule. 50% probability thermal ellipsoids are shown for the 

the solution behaviour of [B(N2C3H3),]Rh(diene), (where diene 
= duroquinone, 1,5-cyclooctadiene or norbornadiene) (25). 

The nitrosylation of LRe(C0)3 when L is an unsymmetrical 
ligand can occur theoretically at any one of the three possible 
sites A, B, C in Fig. 7. For any rigid isomer produced, the 'H 
nmr spectrum should display two equally intense Ga-Me 
singlets, giving a maximum of six Ga-Me singlets if all three 
isomers are formed. The actual room temperature 'H nmr 
spectra of the two complexes LRe(CO),(NO)+ {L = [Me2Ga- 
(N2C3HR2)(0CH2CH2NMe2:)] where R = H or Me) both 
display but one Ga-Me singlet, which, although broadened at 
-70°C, could not be resolved into separate signals. The room 
temperature spectra can be explained by the presence of a 
fluxional species in solution which interconverts via a 5-coor- 
dinate intermediate as shown in Fig. 8. 'Thus in the 5-coor- 
dinate intermediate the Ga-Me groups become equivalent, 
producing one signal in the 'H nmr spectra. This explanation 
presumes that the nitrosylation has occurred solely at position 
C (Fig. 7) since substitution at the A or B positions would leave 
the Ga-Me groups inequivalent even in the proposed 5-coor- 
dinate intermediate unless a concomitant scrambling of the 
nitrosyl and carbonyl groups was also occurring. 

(b) Attempted hydride reduction of a coordinated carbonyl 
ligand 

Recently the ability of the (q5-C5H5)Re(CO)2(NO)+ cation to 
be converted into unusually stable complexes having coordi- 
nated organic functional groups has been recognized (23, 24, 
26, 27). Thus the hydride reduction of the cation results in a 
series of relatively stable neutral complexes (23), i.e. 

It has been suggested earlier that hydride reduced metal car- 
bony1 species should become more stabilized by increasing the 
electron density on the transition metal centre in the precursor 
species (24, 27). It is well known that pyrazolylgallate ligands 
have a greater propensity to fulfill this function than the cyclo- 
pentadienyl ligand in metal carbonyl species (5, 19), as re- 
flected in lower vco stretching frequencies for the former 
complexes. Thus it was anticipated that the LRe(CO),(NO)+ 
cations produced in this study might well undergo ready 
conversion to stable, neutral organo rhenium derivatives. How- 
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CAN. I. CHEM. VOL. 63, 1985 

FIG. 4. Stereoscopic view of the [Me2Ga(N2CsH7)(OCH2C(H)EtNH2]Re(CO)3 molecule. 50% probability thermal ellipsoids are shown for the 
non-hydrogen atoms. 

Frc. 5.  Stereoscopic view of the [MeGa(N2C3H3)3]Re(CO)3 molecule. 50% probability thermal ellipsoids are shown for the non-hydrogen 
atoms. 

ever, despite repeated attempts with a variety of reducing 
agents (e.g., LiEt3BH, K(sec-Bu),BH) at -78°C to room 
temperature no organo rhenium species was identified. Indeed 
ir and 'H nrnr measurements did not indicate the presence 
of either a reduced coordinated carbonyl ligand or a rhenium 
hydride species. It appeared instead that the pyrazolyl- 
gallate ligands themselves were unstable under the reaction 
conditions. 

(c) Attempted substitution of a carbonyl with a tertiary 
phosphine 

(r15-C5H5)Re(C0)2(PPh3) can be prepared by the uv irradi- 
ation of (q5-C5H5)Re(CO), and PPh3 in THF (28). The sub- 
stituted nitrosyl cations (r15-C5~5)Mn(CO)(NO)(L11)+ and ($- 

I C5H5)Re(CO)(NO)(L")+ (where L" = a neutral two-electron 
donor ligand) have been prepared by refluxing ($-C5H5)- 
M(CO),(NO)+ (M = Mn or Re), and L" in the presence of 
Et3N/acetone (29) or iodosobenzene/MeCN (24), respec- 
tively. In contrast to these results it was found that the carbonyl 
ligands in both the LRe(CO), and LRe(CO),(yO): complexes 
were inert with respect to substitution with PR, (R = Ph, OPh 
or OMe). This observed non-lability of the coordinated car- 
bony1 groups may result from the superior electron-donating 
strength of pyrazolylgallate ligands compared to the cyclopen- 
tadienyl ligand (5, 19). 

Crystal structures of 8, 13, 16, and 17 
In each of the four molecules the tridentate gallate ligand is 

facially coordinated, the geometry about the rhenium atom 
being irregular octahedral. Deviations from "ideal" geometry 
are smallest for 17 in which no five-membered chelate rings are 
formed. The average D-Re-D (D = N, 0 or S), 
OC-Re-CO, cis- and trans-D-Re-CO angles are 82.9, 
86.4,95.3 and 175.7" for8; 81.7,88.6,94.8 and 174.8" for 13; 
80.7, 88.4, 95.3 and 174.7" for 16; 88.2, 88.9, 91.5 and 
177.8" for 17. All bond distances involving Re lie within the 
normal ranges. The Re-0 and Re-N(pz) distances in 8, 13, 
and 16 are equal within experimental error, the mean values 
(with rms deviations $om the mean in parentheses) being 
2.154(3) and 2.184(5) A, respectively. The mean Re-N(pz) 
distance of 2.165(7) A in 17, involving unsubstituted pyrazolyl 
groups, is 9arginally (2u) shorter. The mean Re-CO distance 
of 1.94(2) A in 17 is -2u longer than !he corresponding values 
of 1.905(6), 1.910(4), and 1.87(1) A in 8, 13, and 16, re- 
spectively. The Re-S distance in 13 is 2.509(1) 4 and, as 
expected, the "Re-NMe," distance of 2.300(7) A in 8 is 
longer than the "Re-NH? distance of 2.254(11) A in 16. 
With the exception of parameters involving the poorly defined 
(and possibly disordered) ethyl side chain in 16, bond lengths 
and angles in all four structures are as expected. 
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LOUIE ET AL. 

TABLE 10. Intra-annular torsion angles (deg) with 
standard deviations in parentheses 

Atoms Angle (deg) 

[Me2Ga(N2C5H7)(0CH2CH2NMe2)]Re(CO)3 
N(1)-Re -0(4)-Ga -31.5(3) 
N(2)-Ga -0(4)-Re 34.5(3) 
O(4)-Ga -N(2)-N(l) - 24.0(6) 
Re -N(l)-N(2)-Ga 4.8(8) 
O(4)-Re -N(l)-N(2) 15.3(5) 
N(3)-Re -0(4)-C(9) 19.7(6) 
Re -0(4)-C(9)-C(10) -46.9(9) 
O(4)-C(9)-C(10)-N(3) 58.5(10) 
Re -N(3)-C(10)-C(9) -38.1(9) 
O(4)-Re -N(3)-C(10) 10.6(6) 

Pyrazolyl and phenyl rings are all planar within experimental 
error ( X 2  = 0.2-4.3). The five-membered chelate rings in 8, 
13, and 16 are all significantly non-planar and have either 
envelope or irregular puckered conformations (see Table 10). 
The three six-membered chelate rings in 17 have slightly ir- 
regular boat conformations. The non-bonded Re - -. Ga sepf- 
rations are 3.459(1), 3.4780(6), 3.459(1), and 3.592(3) A, 
respectively, for 8, 13, 16, and 17. 

FIG. 6. Variable temperature 80 MHz 'H nmr spectra of [MeGa- 
(N2C3H3)3]Re(C0)2(NO)+ in d6-acetone (pyrazolyl protons only). 

FIG. 7. Three possible sites (A, B, C) for carbonyl substitution in 
LRe(CO)3 complexes (L = unsymmetrical tridentate ligand). 

FIG. 8. Proposed fluxional behaviour of nitrosyl cations in solution 
at room temperature. 

The structure of 8 consists of discrete molecules, all intermo- 
lecular distances being greater than the sum of van der Waals 
radii. In 13 and 17 there are possible weak intermolecular 
interactions: C(lO)-H(lOa)--oS(l - x ,  2 - y, 1 - z) (HS..S 
= 3.00, C...S = 3.905(6) A, C-H..-S = 153") in 13; 
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The preparation of bis(perfluoroethy1) tellurium difluoride and dichloride, 
trans perfluoroethyl tellurium monochloride tetrafluoride, trans bis(perfluoroethy1) 

tellurium tetrafluoride; and the preparation and X-ray crystal structure 
of perfluoroethyl tellurium trifluoride 

CLEMENT LAU, JACK PASSMORE, E. KEITH RICHARDSON, TOM K. WHIDDEN, AND PETER S. WHITE 
Department of Chemistry, University of New Brunswick, Fredericton, N.B., Canada E3B 6E2 

Received August 13, 1984 

CLEMENT LAU, JACK PASSMORE, E. KEITH RICHARDSON, TOM K. WHIDDEN, and PETER S. WHITE. Can. J. Chem. 63,2273 
(1985). 

The reaction of (C2F5),Te and XeF, in a sluny of S02ClF yielded (C2F5),TeF2 essentially quantitatively. Chlorine and 
(C2F5),Te gave (C2F5)2TeC12. Both (C2F5),TeF2 and (C2F5),TeC12 were assigned a trigonal bipyramidal geometry, on the basis 
of their I? nmr and vibrational spectra, with the lone pair and C2F5 groups in equatorial, and the halogens in the axial positions. 
Perfluoroethyl tellurium trifluoride was prepared essentially quantitatively by the reaction of C2F5TeTeC2F5 and XeF, in liquid 
S02F2. The generally inert S02ClF was found to react with C2F5TeTeC2F5 to give C2F5TeCl,F3-, and sulphur dioxide. The 
structure of C2F5TeF3 was determined by X-ray diffraction. The crystals are tetragonal with a = 10.129(4), c = 25.561(6) 
A, and Z = 16. The structure was refined in space group 14,la to a conventional R factor of 0.051 for 901 observed reflections 
with I 2 3u(I). Each tellurium atom is surrounded by two terminal fluorine atoms and two bridging fluorine atoms and a C2F5 
group in an axial position around the apex of a distorted square pyramid. The square-pyramidal units are linked by symmetrical 
cis bridging atoms into endless chains with bridging angles of 180" and 177". The geometry of the (C2F5TeF4) group is 
consistent with steric activity of the non-bonded electron pair. The I? nmr and Raman spectra of C2F5TeF3 were recorded and 
the Raman spectrum assigned. trans-C2F5TeC1F4 was prepared by the reaction of C2F5TeTeC2F5, and an excess of ClF. The 
trans octahedral geometry of C2F5TeCIF4 was unambiguously assigned from its "F nmr and vibrational spectra. A mixture of 
trans-(C2F5),TeF4 and trans-C2F5TeC1F4 was obtained from the reaction of (C2F5),Te and an excess of ClF. Trans geometry 
of (C2F5),TeF4 was unambiguously assigned from its I9F nmr spectrum. 

CLEMENT LAU, JACK PASSMORE, E. KEITH RICHARDSON, TOM K. WHIDDEN et PETER S. WH1TE.Can. J. Chem. 63, 2273 
(1985). 

La rkaction du (C2F5),Te et du XeF, dans une pite de S02ClF donne du (C2F5),TeF2 avec un rendement essentiellement 
quantitatif. Le chlore et le (C2F5),Te donnent du (C2F5)2TeC12. En se basant sur leurs spectres de rmn du I? et sur leurs spectres 
vibrationnels, on attribue une gComCtrie pyramidale trigonales aux composCs (C2F5),TeF2 et (C2F5)2TeC12; le doublet libre et 
les groupes C2F5 seraient en position Cquatoriale, alors que les halogknes seraient en position axiale. On a prepark le trifluorure 
du perfluroCthyle de tellure avec un rendement essentiellement quantitatif en faisant rCagir le C2F5TeTeC2F5 avec le XeF2 dans 
du S02F2 liquide. On a trouvC que le S02ClF, gCnCralement inerte, rCagit avec le C2F5TeTeFs pour donner du C2FsTeCI,F3-, 
et du bioxyde de soufre. On a dCterminC la structure du C2F5TeF3 par diffraction de rayons X. Les cristaux sont tktragonaux, 
avec a = 10,129(4), c = 25,561(6) A et Z = 16. On a affinC la structure dans le groupe d'espace 141/a jusqu'i un facteur 
conventionnel R de 0,051 pour 901 rkflexions observCes avec I 2 3u(I). Chaque atome de tellure est entour6 par deux atomes 
terminaux de fluor, deux atomes de fluor en position de pont et un groupe C2F5 en position axiale autour du sommet d'une 
pyramide carrCe dCformC. Les unites pyramides carrCes sont likes par des atomes cis symktriques en position de pont dans des 
chaines sans fin avec des angles de liaison de 180" et de 177". La gComCtrie du groupe C2FsTeF4 est en accord avec une activitk 
sttrique de la paire d'Clectrons non liCs. On a enregistre les spectres de rmn du I? et les spectres Raman du C2F5TeF3 et on 
a attribuC les pics du spectre Raman. On a prCpar6 le C2F5TeC1F4-trans par rCaction du C2F5TeTeC2F5 avec un excks de CIF. 
On lui a attribuC sans Cquivoque une gComCtrie octakdrique en se basant sur son spectre de rmn du I? et sur son spectre 
vibrationnel. On a obtenu un mClange de (C2F5),TeF4 trans et de C2F5TeClF4 trans en faisant rCagir le (C2F5),Te avec un excks 
de CIF. Les spectres de rmn du 1 9 ~  et Raman ont permis d'attribuer sans Cquivoque une gComCtrie trans au (C2F5),TeF4. 

[Traduit par le journal] 

Introduction 
In the course of our investigations of the chemistry of homo- 

polyatomic cations of sulphur, selenium, and tellurium (1 -4), 
we found that (C2F5),Ten (n = 1, 2) could be prepared in 
reasonable yields by the reaction of Te4(AsF6), and C2F4. The 
only report of a perfluoroalkyl of tellurium prior to this work 
was (CF3),Te, (5), prepared in small amounts by the reaction of 
CF3 radicals with a tellurium film. Perfluoroalkyl derivatives of 
sulphur and selenium tetrafluorides and hexafluorides had been 
readily prepared in good yield by the oxidations of (C2F5)2Sen 
(n = 1 , 2 )  (6), and RfSn (n = 1 ,2 )  (R, various perfluoroalkyls) 
(7, 8) with chlorine monofluoride. Perfluoroalkyl derivatives 
of tellurium tetrafluoride and hexafluoride were unknown and 
therefore (C2F5),Te,, (n = 1, 2) were reacted with the fluo- 
rinating agents chlorine monofluoride and xenon difluoride, 
leading to compounds listed in the title. A preliminary report of 
this work has been published (9) and a full account is given 

below. trans-CzF5TeC1F4 and trans-(C2F5),TeF4 are the only 
known organic derivatives of TeF6. The related cis- and trans- 
(MeO)TeClF4 have been prepared (1 0). Since our preliminary 
report was published, (CF3),Te, (n = 1 ,2 )  have been prepared 
by a variety of routes (1 1 - 14). Bis(perfluoromethy1) telluride 
has been oxidised to (CF3),TeF, (15), (CF3),TeX, (X = C1, Br 
(12, 16) and CF3TeX3 (X = C1, Br (17)). 

Diorganotellurium(IV) dihalides of the type R,TeX, (X = F, 
C1, Br), e.g. (c6H5),TeX2 (X = F, C1, Br), (CH3),TeC1,, 
(C12H80)2TeC12 are established as having simple molecular 
structures with some tellurium-halogen intermolecular associ- 
ation (18, 19). The structure of the difluoride appears to 
show the least secondary interactions, and it is therefore 
not surprising that the structures of (C2F,),TeF2 (below) and 
(CF3),TeF2 (15) are readily assigned in V .S .E.P.R. terms 
(20) as having AX2Y,E geometries on the basis of their vi- 
brational spectra and I9F nrnr spectroscopy, with two fluorine 
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TABLE I. Vibrational spectrum (C2F5),TeF; 
- 

Raman 

Single crystal Liquid Infraredb Tentative assignments 

1384 w, br 

1334 w, br 

1206 w, dp 

1124 w, dp 

11 10 w, dp 
942 w, dp 
924 w, p 

1 
912 w, dp 
746 s, p 
629 w, p 

1 
592 vw, dp 

540 s, p 
500 s, br, p' 

436 vw, dp 
385 vw, dp 

(368 w, p 
303 s, dp 
287 w, p 

(268 sh 

250 m, dp 

235 s, p 

211 s, dp 

174 vw 

129 sh ? 
113 m, p 

1320 s 
C-F stretching and 

1252 s combination modes 
1229 s 

1140 m 

1 C-C stretch 

912 s) 
745 m (C2F5) def. 
620 vw (C2F5) def. 

565 s Te-F asym. str. 
540 m Te-F sym. str. 

9 

i C2F5 rock 

Te-C asym. str. 

Te-C sym. str. 

Te-C str. 

TeF sym. bend? 
? 

"Frequencies are quoted in cm-': m = medium, s = strong, w = weak, 
sh = shoulder, br = broad, p = polarised, dp = depolarised, vw = very weak, 
vs = very strong. 

*Infrared of gas obtained in a 10 cm cell equipped with AgCl windows. 
'The broad peak spans the range 450-520 cm-' and may be indication of 

intramolecular fluorine bridging in the liquid state. 

atoms occupying axial positions of the trigonal bipyramid. The 
organo tellurium trichlorides, RTeCI, (R = C6H5, 0C6&, 
C1CH2CH3) have chlorine bridged polymeric structures (18), 
tellurium tetrafluoride (21) is an associated cis-bridged poly- 
mer and the properties of C2F5TeF3 suggested it was also 
polymeric. The structure of C2F5TeF3 was not unambiguously 
deduced from its vibrational spectrum, or I9F nrnr. We there- 
fore determined the single crystal X-ray structure of this com- 
pound and the results are reported below. As far as we are 
aware, this is the first report of an X-ray structural deter- 
mination of a perfluoro-organic derivative of TeF,, and the first 
report of a structure of an organic derivative of the type RTeF,. 

Experimental 
Apparatus and techniques have been described (4, 6). (C2F5),Ten 

n = 1, 2, were prepared according to ref. 4, and their purity estab- 
lished by vpc and mass spectra. The ditelluride decomposes into the 
monotelluride and elemental tellurium on exposure to light, therefore 
(C2F5)2Te2 was stored in the dark at -78°C and experiments involving 

TABLE 2. I9F nmr data of perfluoroethyl tellurium compounds 

Coup1 ing 
Compound Chemical shift (ppm)" constant (Hz) 

(C2F42TeClzb sCF1 = -77.4(3)' 
scF2 = -93.17 

(C2F5),TeCIFb sCF3 = -78.6(6) (d) 
sc, = -97.4(4) (d) 
~ T ~ F  = -87.8(1) (t, q) 

( C Z F ~ ) Z T ~ F Z ~  8cF3 = -80.2(3) (t) 
8 c F 2  = - 100.8(2) (t) 
~ T C F ~  = -1  16.9(1) (p, S) 

C2F5TeF3d ~ C F ]  = -80(3) (t) 
S C F ~  = - 1 14(2) (q?) 
~ T ~ F J  = -78(3) 

trans-(C~F5)2TeF4~ ECF1 = -80.4(3) (t, p) 
~ C F ?  = -96.7(2) (q, p) 
S T ~ F ~  = -67.2(2) (p, s) 

t r a n ~ - C ~ F ~ T e C l F ~ ~  sc~,  = -80.6(3) (t, p) 
~ C F ?  = -96.32) (q, p) 

= - 11.92(4) (t, q) 

"Chemical shifts are quoted relative to CC13F, signs are in accordance with 
IUPAC convention. 

bFreon 1 1  is used as a solvent and internal standard. 
'Values in parentheses stand for area under the peak; t = triplet, q = quartet, 

p = pentet, and s = septet. 
dS02  solvent, CC1,F external standard. 

this compound carried out in the dark. XeF2 was prepared photo- 
themically (22). The SOzF2, S02CIF, and CCI3F were stored over 3 
A molecular sieves prior to use. Reactions were carried out in glass 
vessels connected to a metal vacuum line via a 1KS4 stainless steel 
Whitey valve. Volumes of vessels containing XeF, as a reagent were 
such that the final pressure was less than 4 atm. Xenon was sometimes 
removed prior to the addition of the final aliquots of telluride. Caution 
must be exercised in a11 these reactions to prevent overheating and 
subsequent explosions. 

Preparation of (C2F5)2TeF2 
In a typical reaction (C2F5),Te (2.67 g, 7.30 mmol) was condensed 

onto a slurry of XeF2 (1.13 g, 6.67 mmol) and S02CIF (1.60 g) in six 
aliquots. The mixture was kept at -4S°C for 1 h prior to the addition 
of the next aliquot. After complete addition of Te(C2F5), the mixture 
was allowed to warm slowly from -45°C to room temperature over 
a period of 12 h. The materials, volatile at -95OC (0.75 g), -22OC 
(1.85 g), and room temperature (0.30 g), were mixtures of Xe, 
S02CIF, and C2F6; C2F6, C2F5CI, (C2F5),Te, (C2F5)2TeF2, and S02F2; 
and (C2F5),TeF2 with traces of (C2F5),Te, respectively. The remaining 
product 2.56 g (6.34 mmol assuming (C2F5),TeF2) was a white highly 
crystalline solid, mp 57"C, shown to be pure by I9F nmr spectroscopy. 
The vibrational spectrum is given in Table 1, and the l 9  F nmr spectral 
results sumrnarised in Table 2. Sizable single translucent crystals were 
obtained in low yield in a similar reaction with CH3CN replacing 
S02CIF as solvent. 

Preparation of (C2F5)2TeC12 
Chlorine (0.251 g, 3.54 mmol) was condensed on Te(C2F5)? 

(0.941 g, 2.57 mmol) in six aliquots. The vessel was held at -78OC 
for 15 min, and then warmed to room temperature prior to the addition 
of the next aliquot. A crystalline white solid (1.07 g, 2.45 mmol 
assuming (C2F5)2TeC12), and a yellow volatile liquid (0.085 g), 
C2F5CI and C1, were obtained. Sublimation of the solid in vacuo at 
40°C led to a highly crystalline product. The solid had a small vapour 
pressure at room temperature and a melting point of 45°C. Anal. calcd. 
for (C2F5)2TeC12: C 11.00, F 43.53, Te 29.23, CI 16.14; found: 
C 11.24, F 43.85, Te 28.82, C1 16.01. The Raman spectrum is 
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LAU ET AL 

TABLE 3. Vibrational spectrum of (CzF5),TeCIz 

Infrared Raman 
(cm-I)" I (cm-I)* I Tentative assignment 

1328 
1310 s C-F stretching and 
1215 s 121 1 combination modes 
1130 ms 1135 2 vw 
1105 s 1104 2 vw 
905 vw 909 
880 s 879 vw} C-C stretching vibrations 5 w 
740 s 742 

73 1 
622 m 622 ' c2F5 deformation 
590 vw 590 1 vw 
542 w 540 3 vw 

435 
370 : :;} C2F5 rocking 
300 6 w 
285 100 vs TeCI,, sym. str. 
267 4vw TeCI,,asym.str.(?) 
237 26 m C-Te str. (?) 
226 23 m C-Te str. (?) 
154 45 m C-Te-C deform. (?) 
127 15 m CI-Te-CI bend (?) 

"Solid between AgCl plates. 
bThe Raman spectrum of single crystals was similar to that of the powder. 

The spectra were not of high quality. 

given in Table 3, and the I9F nmr spectral results are summarised in 
Table 2. 

Preparation of C2FSTeF3 
In a typical experiment, (CzF5)2TeZ (0.784 g, 1.59 mmol) was 

condensed in two aliquots onto a slurry of XeFz (0.730 g, 4.3 1 mmol) 
and SOZFz (5.53 g) in a Monel vessel (vol. ca. 50 mL) and held at 
-45°C after the addition of each aliquot, and finally allowed to slowly 
warm to room temperature over a period of 12 h. The volatiles 
(5.86 g) contained S02F2, Xe, unreacted (C2F5),Tez, and traces of 
CzF6. The remaining solid (0.65 g) (2.14 mmol assuming CzF5TeF3) 
was identified as CzF5TeF3 by its Raman and "F nmr spectra and 
melting point. 

In another experiment (CzF&Te2 (1.07 g, 2.16 mmol) was con- 
densed into a slurry of XeFz (1.06 g, or 6.26 mmol) and SOzCIF 
(1.54 g) in a glass vessel in three aliquots and treated as described 
above. The volatiles (2.43 g) contained Xe, SOZCIF, and traces of SOz 
and C2F6. The white microcrystalline solid 1.23 g (4.05 mmol as- 
suming CZF5TeF3) was identified as such by I9F nmr and Raman 
spectroscopy. A saturated solution of C2F5TeF3 in SOz when left for 
2 h yielding rectangular crystals. The solution was decanted into a 
separate vessel and traces of solvent removed by evacuation. Some of 
these white translucent crystals were mounted in Pyrex capillaries in 
a Vacuum Atmosphere Dry-Box and flame sealed. A suitable single 
crystal was then chosen for the X-ray diffraction studies. Anal. calcd. 
for CzF5TeF3; C 7.90, F 50.06, Te 42.03; found (bulk material): 
C 7.66, F 49.68, Te 42.42. The Raman spectrum is listed in Table 4 
and I9F nrnr spectrum in Table 2. The mp of the single crystals 
(142- 143"C), ir, and Raman spectra, and 19F nmr of the crystals in 
SOz solution were identical to those of the bulk material produced in 
both reactions (SOZFz and SOzCIF as dilutents for XeF2). 

Reaction of SOzClF and (C2Fs)2Te2 
Sulphuryl chlorofluoride (1.71 g, 14.45 mmol) was condensed onto 

(CzF&Te2 (0.191 g, 0.38 mrnol) in a glass vessel giving a red-brown 
solution. After 1 h, small amounts of white precipitate were observed, 
and after 12 h, a clear solution over a white solid. 'The volatile material 
was SO, and SOzCIF (ir, I9F nmr) and the white solid (0.252 g) was 

19 C2F5TeCl,F3-, (ir, Raman, F nmr and mp). The experiment was 
repeated under conditions identical to those of the synthesis of 

TABLE 4. Raman spectrum of CzF5TeF3 

Raman single 
crystala Tentative assignments 

1320 vw, vbr 
I214 w, vbr C-F stretching and 

combination bonds 
1118 m, br 
944 m, br C-C stretch 

750 s 

632 s 

594 m, br 
540 m 
399 sh, w 
371 m 
354 vw 
316 vw 
287 w 
260 vs 
240 w 
220 m, w 

I C2F5 def. 

I 

1 TeF stretches 

TeF stretches 
C2F5 def. 

I C2F5 rock and/or TeF, 
bridging sym. and 
asym. stretch 

C2F5 rock 
C2F5 rock 
CzF5 rock 
Sym. Te-C stretch 

"Similar to that of a bulk sample. 

CzF5TeF3 using SOzCIF as a diluent for XeF,. Ninety percent of the 
(C2F5)2Te2 was recovered from the reaction, 10% had reacted to give 
traces of SO, (ir, Raman) and (CzF5)TeCI,F,-3. 

Preparation of trans-CzFsTeC1F4 
(a)  By the reaction of (CzF5),TeZ with an excess of CIF. In a typical 

experiment CIF (0.95 g, 17.5 mmol) was reacted with (CZF5),Te2 
(0.67 g, 1.36 mmol) in eight aliquots in a Kel-F vessel of ca. 20 mL 
volume. The mixture was held at -78'C for about 10 min arid then the 
vessel warmed in order to let any solid materials on the sides of the 
vessel, or on the top of the reactants, melt prior to the addition of 
the next aliquot. A white solid was formed when the ratio of 
CIF:(CZF5)2Tez was about 6: 1. 'The solid remained on further addi- 
tions of CIF aliquots. The solid gradually disappeared, and the product 
became a yellow liquid, on standing at room temperature for 3 h. The 
volatile material at -78OC contained Clz, CzF6, CzF5Cl, TeCIF5, 
trans-CzF5TeC1F5, and CIF. The involatile fraction melted to a clear 
liquid (0.95 g) at room temperature, consisting of trans-C2F5TeC1F4 
and small amounts of TeCIF, and CzF5CI. Pure trans-CzF5TeC1F4 was 
obtained from the least volatile fraction of this mixture. Anal. calcd. 
for CzF5TeCIF4: C 6.70, F 47.7, Te 35.64, CI 9.90; found: C 6.53, 
F 45.98, Te 35.07, C1 10.07. The clear colourless liquid has a vapour 
pressure of ca. 70 Torr at room temperature. At -78°C it is a gel-like 
solid. It was stable in a Kel-F vessel at room temperature over several 
months. The ir and Raman spectra are listed in Table 5, and I9F nmr 
spectral data given in Table 2. 

It is noted that in order for a good yield of trans-CzF5TeC1F4, CIF 
must be added in small aliquots and the temperature raised slowly. 
Reaction with addition of a large amount of CIF and held at room 
temperature was extremely exothermic. In a reaction of (C2F5),Te2 
(1.39 g, 2.82 mmol) and CIF (1.46 g, 26.8 mmol) were condensed 
into a Monel vessel held at room temperature overnight. The vessel 
bomb initially becomes hot to the touch and the products were identi- 
fied as CzF6 and TeF, (1.75 g) (ir) and a solid mixture of TeCI, and 
TeF4 (ca. 1.1 g) (Raman). 
(6) By the reaction of CzF5TeCI,F3-, (1 > x > 0) with CIF. 

Chlorine monofluoride (0.26 g, 4.8 mmol) was added in one aliquot 
onto CzF5TeC13F3-, (0.34 g). The solid gradually disappeared on 
standing at room temperature giving a yellow liquid after 4 h. The 
materials volatile at -7g°C, contained C2F4, CF4, CzF5CI, TeClF5 (ir, 
19 F nmr), and probably C12. The material volatile at room temperature 
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TABLE 5. Vibrational spectrum of trans-C2F5TeC1F4 

Infrared Raman 

Frequency Frequency 
(crn- l) I (cm-') I pol. 1 I) Tentative assignments 

1322 rn 1324 vw dp( 1 .O) 
1305 w, sh 
1252 s I C-F stretching and 
1232 s 1227 vw dp(0.75) combination modes 
1203 m 
1128 m 1128 vw dp( 1 .O) 
942 m 940 vw dp(0.9) C-C stretch 
752 w 750 w p(0.10) C2F5 deformation 
682 vs 683 w ~ (0 .1 )  v asym. TeF4 
630 vw, sh 629 w p(0.50) C2F5 deformation 
612 w 606 vs p(0.03) v sym. TeF, 
590 vw 589 vw ~ (0 .6 )  C2F5 deformation 

569 vvw dp(0.9) TeF4 out-of-phase 
535 vw 54 1 vw ~ ( 0 . 3 )  C2F5 deformation 

440 vw dp(0.80) C2F5 rock 
414 m Te-"CI 
407 w ~ ( 0 . 2 )  ~e-~ 'Cl  
365 vw p(0.15) C2F5 rock 
306 m ~(0 .5)  TeF, out-of-plane 
290 vw dp(0.9) C P 5  rock 
274 vw d ~ ( l  .O) Sym. TeF, in-plane 
25 1 w dp(0.8) Asym. TeF, in-plane 
219 s ~ ( 0 . 3 )  C-Te? 
133 vw ~ ( 0 . 5 )  C2F5 rock. + ClTeF,? 
93 vw dp(0.9) C2F5 torsion? 

contained mainly trans-C2F5TeC1F4, traces of TeCIFS and some 
unidentified material as indicated by the I9F nmr spectrum. 

Preparation of a mixture of trans-C2FSTeC1F4 and t r a n ~ - ( C ~ F ~ ) ~ T e F ~  
In typical reaction, CIF (0.59 g 10.8 mmol) was reacted in eight 

aliquots with (C2F5)2Te (0.76 g, 2.08 mmol) in a Kel-F vessel. On 
addition of each aliquot the mixture was held at -7S°C for a few 
minutes and then briefly allowed to warm to room temperature to 
enable the solid product to melt. Finally the vessel was left standing 
for I h at room temperature. The volatile material at -78°C contained 
C2F6, C2F5Cl, FC102 (impurity in the CIF), and small amounts of 
TeCIF5 and trans-C2F5TeC1F5 (ir) and probably chlorine. The material 
volatile at room temperature (0.90 g) contained a 2: 1 mixture of 
trans-C2F5TeC1Fs and tran~-(C~F~)~TeF, and traces of CzF5CI and 
TeCIF5. The 19F nmr data for t r a n ~ - ( C ~ F ~ ) ~ T e F ~  is given in Table 2. 
In other similar reactions, the ratios of trans-C2F5TeC1F4 and trans- 
(C2F5),TeF4 varied, and small amounts of other unidentified species 
were also detected by 19F nmr. 

Reactions of trans-C2FSTeC1F4 with ClF 
Chlorine monofluoride (0.08 g, 1.4 mmol) was reacted with trans- 

C2FsTeCIF4 (0.40 g, 1.1 mmol) in a Monel vessel at 90°C overnight. 
The products were trans-C2F5TeC1F4, a small amount of TeClF5 (ir, 
19 F nmr) and an unidentified material. Chlorine monofluoride and 
C2F5TeCIF5 did not appear to react at room temperature. 

X-ray crystal structure of C2FSTeF3 
Preliminary precession photographs showed the space group to be 

14'/a (hkl, h + k + 1 = 2n; hkO, h = 2n and k = 2n; hh1, 1 = 2n; 
001, 1 = 4n). The crystal was mounted on a Picker FACS-I diffrac- 
tometer equipped with graphite monochromated MoKa radiation. Cell 
data and an orientation matrix were obtained from a least squares fit 
to the coordinates of 15 Friedel pairs of centered reflections in the 
range 30 5 28 1 40". Intensity data were collected using an o-28 
scan, for 28 5 55". The background intensity was estimated by stand- 
ing counts of 1/10 of the scan time at each end of the scan; if the 
reflection was considered significant (I > 2u(I)) the scan profile was 

TABLE 6. Fractional atomic coordinates (esd's in 
parentheses) 

Atom X I 0  Y I ~  z/c 

analysed to provide a better estimate of the background. The relevant 
crystallographic data are: 
C2F5TeF3 fw = 303.6 
Tetragonal, space group 14, /a, a = 10.129(4), c = 25.56 l(6) A, V 
= 2622(3) A3, Z = 16, F(OO0) = 2032, D~~~~~ = 3.076 Mg m-3, 
crystal size 0.26 X 0b25 X 0.14 mm, p(MoKa) = 4.82 mm-', 
A(MoKa) = 0.71069 A. Number of unique reflections measured = 
1516, number observed (I 2 3u(I)) reflections = 901 (59%). 

The structure was solved using the MULTAN (23) direct methods 
program, correction for absorption (transmission factors 0.30-0.48) 
and initial refinement was performed using Larson and Gabe's 
program (24) for the PDP8/A computer. Final full-matrix least- 
squares refinement was performed on a Wicat Systems computer using 
SHELX-76 (25). Scattering factors were taken from the International 
tables for X-ray crystallography (26) and were corrected for anoma- 
lous dispersion. The final agreement factors were R = CIAFI/XIFI = 
0.051 and R ,  = CW"~IAF~/CW~'~~FI = 0.056 with weights based on 
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counter statistics. A difference synthesis showed no unexpected fea- 
tures and had a maximum electron density of 1.18 e-/A3 at a position 
0.7 A from the tellurium. The final atomic coordinates are given in 
Table 6.' 

Results and discussion 
Prepamtion and characterisation of (C2F5)2TeF2 and 

fC2F5)2TeC12 
Careful addition of (C2F&Te in small aliquots to XeF2 in a 

slurry of S02ClF according to eq. [l] led to (C2F&TeF2 in 
essentially quantitative yield. 

SOZCIF 
[ I ]  (C2F5)2Te + XeF2 (C2F5)~TeF2 + Xe 

low temp 

Single crystals of (C2F5)2TeF2 had a melting point of 57°C. 
In our preliminary communication we had reported (C2F5)2TeF2 
to be a liquid (9). This material was in fact a mixture of 
(C2F5)2TeF2, (C2F5)2TeClF, and (C2F5)2TeC12. We note that the 
melting point of (CF3),TeF2 is reported to be 185- 195°C (15), 
higher than that (130°C (27)) of TeF4. 

The I9F nmr spectrum of (C2F5),TeF2 (Table 2) is consistent 
with the presence of two equivalent fluorine atoms and two 
equivalent C2F5 groups. The spectrum is first order and indica- 
tive of free rotation of the C2F5 groups about the tellurium 
atom, in contrast to the I9F nmr spectrum of (C2F5)2SeF2 which 
is more complicated and may suggest restricted rotation of C2F5 
about the selenium-carbon bond (7). The vibration spectrum 
of liquid and solid (C2F&TeF2 (Table 1) showed peaks attri- 
butable to C2F5 that were similar to (C2F5)2SeF2 (6), in addition 
peaks at ca. 520 and 500 cm-' (see Table 1) that are reasonably 
assigned to asymmetric and symmetric axial F-Te-F 
stretches by comparison with monomeric TeF4 in a solid N2 
matrix (axial F-Te-F asym. 587, sym. 572) (28). The vi- 
brational spectrum of (CF3),TeF2 (15) had peaks (ir 485, 
Raman 493, 542) in a similar region that are likely similar 
tellurium-fluorine stretching frequencies. The structure of 
(C2F5)2TeF2 may therefore reasonably be assigned as 1 with the 
two fluorine atoms in the axial positions. Bis(perfluoroethy1) 
tellurium difluoride has a sufficient vapour pressure at room 
temperature to allow an infrared spectrum to be recorded 
(Table 1). Thus, its physical properties, I9F nmr and vibrational 
spectrum, indicate that (C2F5),TeF2 has the molecular structure 
(I), although some weak intermolecular association cannot be 
ruled out. 

Bis(perfluoroethy1) tellurium dichloride was prepared essen- 
tially quantitatively by the careful addition of chlorine to 
(C$&Te, and was purified by sublimation. It was char- 
acterised by chemical analyses and I9F nmr (Table 2). The 
strong peak in the Raman spectrum at 284 cm-' is indicative of 
a Cl-Te-Cl axial symmetric stretch, by comparison with the 
vibrational spectrum of (CH3)2TeC12 (27) and (CF3),TeC12 (16). 

'Tables of anisotropic thermal parameters, and observed and calcu- 
lated structure factors are available, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Ont., Canada K I A  0S2. 

Attempts to prepare (C2F5),TeF2 by the reaction of (C2F5),Te 
and chlorine monofluoride under a variety of conditions, 
led to mixtures of (C2F5)~TeF2, (C2F5)2TeC1F, (C2F5)2TeC12, 
C2F5TeCl,F3-,, C2F5Cl, TeClF5, and trans-C2F5TeC1F4. 

The reaction of (CF3),Te and chlorine monofluoride (15) in 
a diluent at -78°C led to a mixture of (CF3)2TeCl,F2-, (x = 0, 
1,2). Our reaction of (C2F&Te and chlorine monofluoride was 
carried out under less mild conditions, i.e., in a neat reaction, 
with some cleavage of tellurium-carbon bonds and oxidation 
of tellurium to Te(V1). 

We note that the analogous reactions of (C2F5)2Se and 
(C2F5Se)2 and chlorine monofluoride at room temperature were 
much less exothermic than the tellurium reactions, and led 
quantitatively to (C2F5),SeF2 and C2F5SeF3, respectively. At 
80°C (C2F5),SeF2 and C2F5SeF3 reacted with chlorine mono- 
fluoride giving trans-C,F5SeC1F4 in good yield (6). 

Preparation and characterisation of C2F5TeF3 
Perfluoroethyl tellurium trifluoride was prepared essentially 

quantitatively by the careful addition of (C2F.&Te2 to XeF2 in 
a slurry of S02F2 according to reaction [2]. 

A similar experiment, but using SO2C1F as a slurry for XeF2, 
led to some SO2 in the product. A blank reaction of S02C1F 
and (C2F&Te2 led to reaction of 10% of the ditelluride with 
foimation of a C2F5Cl,F3-, mixture according to reaction [3]. 

[3] (C2F5)2Te2 + 3SOzC1F + 3SO2 + 2CzF5TeC1,F3-, 
(average x = 1.5) 

S02C1F is generally chemically very inert and is used as 
an unreactive solvent. However it has been used to convert 
R3P=X (R = alkyl or alkoxy, X = S) to fluorinated organo- 
phosphorus compounds (29). The C2F5TeF3 produced in the 
presence of S02ClF appeared to be identical to that with S02F2. 
It is therefore likely that reaction [2] was faster than reaction 
[3]. It is possible that reaction [3] proceeds via the TeC2F5 
radical in equilibrium with (C2F&Te2 or by the direct reaction 
of SO2C1F and (C2FJ2Te2. 

The melting point of C2F5TeF3 is 142- 143°C. The material 
we previously reported as C2F5TeF3 (mp ca. 95°C (9)) was in 
fact C2F5TeFXCl3-,. The I9F nmr of C2F5TeF3 in SO2 solution 
(Table 2) showed the presence of C2Fs and Te-F, but no 
coupling was observed presumably due to exchange. The 
Raman spectrum of solid C2F5TeF3 (Table 3) shows peaks 
attributable to C2F5, and tellurium-fluorine stretches (632(s), 
594 m(br)), that are similar to those assigned to the equatorial 
tellurium-fluorine stretches (621 msh, 603 ms, 572 ms) in 
TeF4 (28). This is consistent with the X-ray structure of 
C2F5TeF3 (see below). 

Attempts to prepare pure C2F5TeF3 by the reaction of 
(C2F5),TeX x = 1, 2 and ClF under a variety of conditions, lead 
to C2F5TeC13F3-,, CZFSCl, and trans-C2FSTeC1F4. 

The preparation and characterisation of trans-C2F5TeC1F4 and 
t r a n ~ - ( C ~ F ~ ) ~ T e F ~  

The colourless liquid trans-C2F5TeC1F4 is prepared by the 
careful addition of ClF in a number of small aliquots at low 
temperature to (C2F5)2Te2 in ca. 90% yield according to reac- 
tion [4] 

It can also be prepared from C2F5TeCl,F3-, presumably accord- 
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TABLE 7. Bond distances (A) for CzFsTeF3 
(esd's in parentheses) 

TABLE 8. Relevant bond angles (deg) in 
C2FsTeF3 (esd's in parentheses) 

Atoms 

Te-Fl 
Te-F2 
Te-F3 
Te-F4 
Te-CI 
C1-Fl 1 
C1-F12 
C 1 -C2 
C2-F21 
C2-F22 

Distance 

2.190(1) 
1.874(7) 
1.870(7) 
2.196(8) 
2.20(2) 
1.37(2) 
1.43(2) 
1.46(3) 
1.38(2) 
1.27(4) 

Atoms 

F 1 -Te-F2 
F3 
F4 

Angle 

163.2(4) 
85.4(3) 
99.9(5) 
79.4(5) 
85.8(6) 
85.1(6) 
86.3(7) 

164.2(3) 
90.9(8) 
75.7(7) 

C2-F23 1.37(3) 

Intermolecular 5 3.0 A 
Te-F3' 3.168(9) 

Intramolecular non-bonded 5 3.0 A 
Te-Fl 1 2.928(9) 
Te-F12 2.976(12) 

ing to reactions [5] and [6]. 

[6] CzFsTeF, + CIF + C2FsTeCIF4 

The minor products C2F5CI and TeClF, are also observed. 
trans-C2F,TeC1F4 and ClF do not react at room temperature. 
Chlorine monofluoride does react with TeF, and TeCl, at room 
temperature to yield TeClF, (31). It is possible that TeClF, and 
C2F5Cl are formed by reactions of chlorine with peffluoroethyl 
tellurium species, e.g., according to reactions [7] - [9]. 

Intermolecular 
F3-Te-C1 

F11 

Bridging 
Te-Fl -Tel 
Te-F4-Te' 

[9] TeF4 + CIF + TeCIFS respectively. Solid C2F5TeF3, like TeF, (21), has a cis-fluorine 
bridged polymeric structure, but unlike TeF,, the structure con- The analogous reactions of chlorine with CF3TeCl3 has been sists of mutually perpendicular polymeric chains (see Fig. reported (17) to proceed according to reaction [lo]. Each tellurium, in VSEPR terms (20), has an AX4YE geometry 

[lo] CF3TeCI3 + CIZ + TeC14 + CCIF, (X = F, Y = C2F5, E, lone pair), see Figs. 2 and 3. The four 

The octahedral trans-C2F5TeC1F4 symmetry 2 is readily as- 
signed by means of I9F nrnr (Table 2) and from vibration 
spectra (Table 5). A comparison, and assignment, of the 
ClTeF, vibrational frequencies in trans-C2F5TeC1F4, TeCIF,, 
and trans-CH30TeC1F, have been given in ref. 10. 

A careful reaction at low temperature of (C2F5)2Te and chlo- 
rine monofluoride in a 1 : 5 mole ratio led to a 2: 1 ratio of 
trans-C2F5TeC1F4 (2), 

and tran~-(C~F,)~TeF~ (3). The products were unambiguously 
identified by their I9F nmr spectra (Table 2), although pure 
t ran~-(C~F,)~TeF~ was not isolated. 

Crystal structure of C2F5TeF3 
The crystal packing of C2F5TeF3 is illustrated in Fig. 1, and 

the coordination of atoms around tellurium are shown in Fig. 
2. Bond distances and angles are given in Tables 7 and 8, 

fluorine atoms are planar within +0.13 A, and the lone pair is 
trans to the C2F5 group. Consistently, the four fluorine atoms 
are b ~ n t  back from the lone pair, with the tellurium atom 
0.26 A above the plane of the four fluorine atoms. The geom- 
etries of the atoms around tellurium in C2F5TeF3 and TeF, are 
similar, with the C2F5 group of C2F5TeF3, in the position of the 
axial fluorine atom in TeF,, and are compared in Fig. 3. The 
tellurium atoms in C2F,TeF3 are linked by two essentially linear 
(see Table 8 and Fig. 2) cis-fluorine bridges, giving the chains 
a square wave shape (Fig. 1). The fluorine bridges in TeF, 
are neither linear (TeFTe 159(2.>)" (21)), nor symmetrical 
(TeF (bridging) 2.08(3), 2.26(3) A). Thus, C2F,TeF3 is more 
nearly polymeric, and TeF, more nearly a strong interacting 
molecular solid. Consistently, the melting point of C2F,TeF3 
(142- 143°C) is higher than that of TeF, (130°C). The CzF5 
groups and lone pairs in adjacent C2F5TeF4 groups, and axial 
fluorine atoms and lone pairs in TeF,, are trans to one another. 
Chains are linked by a weak tellurium fluorine interaction 
(Te-?3', 3.168(9) A, sum of van der Waals radii (Pauling) 
3.55 A) illustrated in Fig. 2. Chains i~ TeF,, are linked by two 
stronger contacts (2.94(3), 3.01(3) A), reflecting the greater 
partial positive charge on the tellurium atom, in tellurium tet- 
rafluoride. The geometries of various related RTeX, (X = 
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TABLE 9. Selected tellurium-carbon distances 

Compound/species Te-C (A) Reference 

CzF5TeF3+ . 2.20(2) This work 
Te(CH3)3 in Te(CH3),BPh, 2.14(1) (mean) 33 
(CH3)~Te14 2.14(1) (mean) 34 
(CH3)~TeC12 2.09(3) (mean) 35 
a-(CH3)2Te12 2.12(3) (mean) 34 
CICzH4TeC13 2.16(1) 36 

C1(18), Br(30), I(31)) have been determined, and discussed. 
The average equatorial tellurium-fluoripe terminal and 

bridging bonds in TeF4 (1.90(2), 2.17(3) A) and C2FSTeF3 
( 1.872(7), 2.193(5) A) are similar in length. The average FTeF 
angles within the equatorial TeF4 base, are also similar in TeF4 
(88.8(2.4)" and C2F5TeF4 89.0(6)"). If the lone pair in 
C2F5TeF3 were perfectly opposite the C2F5 group, then the 

- angles within the TeF4 base would be determined solely by the 
strengths of the tellurium fluorine bonds, and in the order 

FIG. I .  Crystal packing in C2F5TeF3. F2TeF3 > F3TeFl = F2TeF4 > F4TeFl. This is not the case, 
and presumably the lone pair is displaced towards F4 and 
F1, reflecting a contribution of the valence bond structures 
C2F5TeF2F3+F4- and C2FSTeF2F3 +F 1 - , to the overall bonding 
in the polymer. The average ClTeF (basal) angle of 83.2(6)" is 
similar to the average F (axial) TeF (basal) (82.0(2.3)") angle 
in TeF4. Both are less than 90" consistent with the pre'sence of 
a lone pair opposite the axial ligand. ClTeF (bridging) angles 
are, as anticipated by VSEPR (20) theory, smaller than ClTeF 
(terminal) angles. The two terminal fluorine bond distances, 
and, the two bridging bond distances are essentially equal, 
therefore it would be expected that ClTeF2 would equal 
ClTeF3, and C lTeF4 equal C 1TeFl. However, this is not the 
case (see Fig. 3). 

The tellurium carbon bond distance (2.20(2) A) is likely 
longer than that reported for other tellurium carbon bond dis- 
tances (see Table 9, and refs. 18, 30-32). Oberhammer (36) 
has examined the effect of substitution of methyl by perfluoro- 
methyl in 0(CH3)2, S(CH3)2, N(CH3)3, and P(CH3),, and con- 
cluded that lengthening occurs when the central atom has an 
electronegativity less than 2.5 (Pauling scale). Tellurium has 

FIG. 2. The structure of C2F5TeF3. an electronegativity on the Pauling scale of 2.34, and length- 

FIG. 3. A comparison of the geometries about tellurium in TeF4 and C2F5TeF3. Bond distances in A. 
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, F22 6. C. LAU and J. PASSMORE. J. Fluorine Chern. 7, 261 (1976). 

RG. 4. View of the C2FSTeF3 moiety projected along the CI-Te 
bond. 

ening is therefore expected. 
Figure 4 shows a view of the C2F5TeF, moiety as projected 

along the Cl-Te bond. The fluorine atoms of the C2F5 
group and those of the basal TeF, are staggered relative to one 
another. The two fluorine atoms of the CF2 groups have 
contacts to tellurium (2.93(9), 2.98(1), that are considerably 
less than the sum of the corresponding van der Waals radii 
(3.55 A), and likely represent very weakly bonding inter- 
actions. The high standard deviations, and high thermal param- 
eters of the atoms of the C2F5 group do  not allow a detailed 
comparison with related molecules (e.g. C2F51 (37), trans- 
PtC1C2F5(PMePh2)2 (38)). The TeC 1C2 angle (123(2)"), which 
is substantially larger than the expected tetrahedral angle of 
109" (28), is similar to that observed in a variety of related 
compounds (ref. 38 and references quoted therein) including 
C2H5 derivatives of transition metals, and it has been suggested 
that the opening of the MClC2  angle may be caused by 
ligand-ligand interaction and/or molecular packing forces. 
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The photoreactions of 2-isopropoxy-1,4-naphthoquinone in the presence of cobalt 
acetylacetonate and other organometallics: an esr and CIDEP study 
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M. CATHERINE DEPEW, B. B. ADELEKE, ALLISON RUTTER, and J. K. S. WAN. Can. J .  Chem. 63, 2281 (1985). 
2-Isopropoxy-1 ,Cnaphthoquinone has been used as a photoredox reagent in non-silver imaging process. The present study 

showed that the photoreactions of this quinone are very sensitive to solvent due to the competing intramolecular hydrogen 
abstraction from the isopropoxy group. The presence of cobalt acetylacetonate often modifies the reactions which leads to a 
very high quantum efficiency of producing the radical intermediates. The ether oxygen in the Zsubstituent provides a further 
coordinating site for organometallic compounds and the quinone behaves as a 1,2-quinone when interacting with metals. 

M. CATHERINE DEPEW, B. B. ADELEKE, ALLISON R ~ E R  et J .  K. S. WAN. Can. J.  Chem. 63, 2281 (1985). 
On a utilisk I'isopropoxy-2 naphtoquinone-1,4 comme agent photorCducteur dans un processus de formation d'image 

n'impliquant pas I'argent. Notre Ctude a dCmontrC que les photorCactions de cette quinone sont trks sensibles i la nature du 
solvant et ce fait est dQ i une reaction compttitive d'enlkvement intramolCculaire d'hydrogkne du groupe isopropoxyle. La 
prCsence d'acCtylacCtonate de cobalt modifie souvent les rkactions et ceci conduit i une efficacitC quantique trks ClevCe pour 
la production dYintermCdiaires radicalaires. L'oxygkne de I'Cther du substituant en position 2 foumit un nouveau site de 
coordination pour les composCs organomCtalliques et la quinone se comporte comme une quinone-1,2 lorsqu'elle interagit avec 
les mCtaux. 

[Traduit par le journal] 

Introduction ments the transient spin-polarised radicals were produced by laser 

~h~ photochemistry of quinones has long been a subject of photolysis using a ~olec i ron  I MW nitrogen laser and dc deiection. 
The CIDEP apparatus and the method of estimating T I  from the 

many studies. Much the has been experimental data were described previously in detail (6) .  
utilized when we initiated quinones as model systems for 
CIDEP (chemically induced-dynamic electron polarization) 
and CIDNP (chemically induced dynamic nuclear polarization) 
studies (1). As well, quinones have been extensively explored 
as reagents to interact with metal ions and organometallics 
(2, 3). In recent years the use of some substituted quinones as 
photoredox agents in non-silver imaging processes has led to 
the development of a novel high gain photothermographic 
imaging process by the Eastman Kodak Company (4,5). In this 
paper we report some of esr and CIDEP results of the photo- 
redox reactions of 2-isopropoxy-1,4-naphthoquinone and the 
subsequent interactions with cobalt compounds and other 
organometallics. The photochemical reactions of this quinone 
are strongly solvent dependent; the presence of the Co(II1)- 
acetylacetonate often modifies the esr observations of the qui- 
none radical intermediates by secondary redox reactions. With 
the 2-isopropoxy substituent, the 1,4-quinone behaves effi- 
ciently as a 1,2-quinone in which the ether oxygen serves as an 
additional coordinating site with a number of organometallic 
compounds, including the manganese and rhenium carbonyls. 
The results will shed some light on the extremely high quantum 
efficiency of this quinone in the photothermographic imaging 
process. 

Experimental 
2-Isopropoxy-l,4-naphthoquinone (INQ) and 3-chloro-2-isopro- 

poxy-l,4-naphthoquinone (CINQ) were gifts from Dr. Thap Dominh 
of the Eastman Kodak Company. Cobalt salts and many of the 
organometallics used were supplied by Aldrich Chemicals. Organic 
solvents were purified by appropriate methods before use. Sample 
solutions were all deoxygenated by purging with nitrogen gas immedi- 
ately before use. In cw experiments samples were irradiated with a 
super pressure mercury lamp with Pyrex optics directly within the 
microwave cavity of an X-band esr spectrophotometer with a 100 kHz 
field modulation. Microwave frequency was monitored by a Hewlett 
Packard 5432 frequency counter and the magnetic field was measured 
by a Bruker nmr oscillator calibrated against DPPH. In CIDEP experi- 

Results and discussion 

1 .  Photolysis of lNQ and CtNQ in benzene solution 
The photolysis of INQ in benzene solution at room tem- 

perature produced a well resolved esr spectrum of a radical 
intermediate which can be assigned to the following structure 
(1): 

0 I  0 I  

The photolysis of CINQ led to the observation of radical 11. 
The assignments of both radicals I and I1 are given in Table 1. 

It is obvious that both radicals are necessarily the result of 
some secondary photochemical reactions. In benzene solution 
the only primary photochemical reactions of INQ and CINQ are 
the intramolecular hydrogen abstraction from the 2-isopropoxy 
group. Similar photochemical reactions of 2-substituted qui- 
nones have been well characterized (7-9). The photolysis of 
INQ in acetic anhydride led to the formation of the rearranged 
product I11 (10): 

Thus it is reasonable that radical I is formed as shown in the 
following scheme: 
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TABLE 1. The esr parameters of INQ radicals generated in the photol- 
ysis of INQ in various solvents at 23OC 

Proton 
hyperfine coupling 

Radical Solvent g-factor constants* (G) 

Benzene 

*Refer to diagrams in text for proton positions. 

benzene 
[I] INQ + hv - ~ I N Q ) *  

[3] 3(INQ)* + IV d Radical i *  + INQH' 

where 3(INQ)* indicates a spin-polarized triplet. Photolysis of 
CINQ would be expected to result in the formation of radical 
I1 in an analogous fashion. This reaction scheme is further 
supported by two sets of experiments. In the first set, the 
addition of some di-t-butylperoxide to the photolysed INQ ben- 
zene solution greatly enhanced the esr intensity of radical I,  due 
to the efficient reaction 

[4] RO + IV + I + ROH 

In the second set of experiments, flash laser photolysis was 
employed in the CIDEP mode of detection. When a fresh 
benzene solution of INQ was flash photolysed, no radicals 
could be observed. However, when the solution was pre- 
irradiated for 3 min and then subjected to laser flash photolysis, 
radical I was immediately detected in a totally emissive mode. 
The polarization was strong at room temperature and can be 
accounted for by the triplet mechanism associated with inter- 
system crossing and subsequent reaction of the spin-polarized 
triplet in reactions [l] and [3]. The T,  of radical I in benzene 
solution at room temperature was estimated at 2.8 ps. 

Similar polarization of radical I1 was observed when CINQ 
in benzene was photolysed. As expected the T I  of radical I1 is 
similar to that of radical I. 

The rearrangement in reaction [2] presumably involves a 
biradical intermediate as proposed by Farid (8). In the photo- 

reaction of t-butyl-p-benzoquinone, Farid (8) has used sulfur 
dioxide to trap the biradical which led to the formation of 
sultone (V) as the major product. In the photolysis of some 
cyclic ketones believed to involve a biradical as an inter- 
mediate, Scaiano ( 1  I) has successfully trapped such biradicals 
with nitric oxide to yield a relatively persistent nitroxide radi- 
cal. In our experiments, when a benzene solution of INQ satur- 
ated with nitric oxide was photolysed, the formation of radical 
I was quenched and in its place a nitroxide radical was ob- 
served. The new nitroxide radical had the following spectral 
parameters: g = 2.0064; a~ = 11.6 G. Consistent with Farid's 
(8) observation, we have tentatively assigned the nitroxide rad- 
ical to the structure VI. Prolonged irradiation further led to the 

observation of an additional triplet with a larger splitting of 
29.9 G which is characteristic of an iminoxy type of radical. 
The identity of this second radical remains uncertain. How- 
ever, identical experiments performed with l ,4-naphtho- 
quinone did not yield any nitroxide radicals; this result is not 
unexpected since no biradical intermediates would have been 
involved. 

2.  The effect of addition of Co(II1) acetylacetonate 
Radicals I and I1 generated during the photolysis at room 

temperature disappeared immediately upon termination of irra- 
diation. When Co(II1) acetylacetonate was added to the ben- 
zene solution of INQ and photolysed, the esr spectrum of the 
radical could be observed hours after the light was turned off. 
In a typical experiment, the photolysis of a benzene solution 
containing CINQ, Co(II1) acetylacetonate greatly enhanced the 
steady state esr signal intensity of radical 11. A complementary 
examination of the photolyzed solution by uv-visible spec- 
trometry showed a new absorption band at 490 nm. The experi- 
mental results can be explained by the following cycle, similar 
to that proposed by DoMinh (4) in his photothermographic 
imaging process: 

151 @&' + Co(II1) - Radical 1i + [ H  . . . Co(II), 
C1 / 

The new absorption band at 490 nm can be associated with the 
Co(I1) complex with the protonated CINQ which further under- 
goes a redox reaction to yield Co(II1) and the product VII to 
complete the cycle. Experimentally, the initial effect on the 
magnitude of radical enhancement was found to depend upon 
the concentration of Co(II1) added. The cycle can continue in 
the dark to "maintain" the concentration of radicals for esr 
observation many hours after the termination of irradiation. In 
effect, the quantum yield of the radical formation was greatly 
magnified. 
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DEPEW ET AL. 

3. Photolysis of INQ in an EPA solution 
A mixed solvent system containing ether, isopentane, and 

ethanol (EPA, 2:2:5 by volume) was used in the low tem- 
perature photolysis of INQ because of its good optical quality 
in the glassy state. The purpose of the experiment, carried out 
at 77 K,  was to trap the biradical intermediate of the INQ for 
direct esr observation. The experiment was not successful, as 
neither the M ,  = 2 nor the M = I transitions could be detected. 

However, when INQ was photolysed in EPA solution at 
room temperature, a well-resolved esr spectrum was observed. 
The spectrum cannot be ascribed to the same radical I formed 
in benzene. Furthermore, the spectrum exhibited total emission 
immediately upon laser flash photolysis. This observation indi- 
cates that the radical is a primary polarized intermediate re- 
sulting directly from the reaction of a spin-polarized INQ triplet 
with the solvents. The esr parameters of this radical (given in 
Table 1) can be assigned to the semiquinone radical VIII with 
polarization being accounted for by the following mechanism: 

ISC 
[I]  INQ + hv v ~ I N Q ) *  

[6] '(INQ)* + RH (EPA solvent) + 

VIII 

Under the experimental conditions, the counter radical R. was 
not observed. It is therefore not known which component of the 
EPA system reacted with the INQ triplet. However, abstraction 
of a hydrogen atom from ethers by quinone triplets has been 
observed in other systems (12). 

Because of the strong polarization observed in radical VIII, 
it follows that reaction [6] must have taken place faster than the 
spin lattice relaxation time of the polarized INQ triplet, which 
in liauid solution is normallv in the order of s. Further- 
more, since radical I was not observed simultaneously during 
the cw photolysis of INQ in EPA solvent, it appears that reac- 
tion [6] competes favorably with the intramolecular hydrogen 
abstraction, in reaction [2]. 

The photolysis of INQ was also carried out at room tem- 
perature in a number of different solvents, which can react 
directly with the excited triplet INQ. In THF solvent, the pre- 
dominant radical intermediate was the radical anion of INQ, 
which also exhibited strong polarization in the emissive mode. 
In 2-propanol solvent, the abstraction reaction was not ex- 
pected to be as fast and only a weak esr signal of the radical 
VIII was observed in cw photolysis. The CIDEP data showed 
that the radical VIII in alcoholic solvents possessed a longer 
spin lattice relaxation time (3.5 ~ s )  compared to that of radical 
I in benzene (2.8 ps). This difference, however, is not due to 
the structural variations between the two radicals. Rather. the 
difference is mainly due to the different nature of the so1"ents 
with the alcoholic solvents being capable of forming hydrogen 
bonds with the radical VIII. 

FIG. 1. Electron spin resonance spectrum obtained during cw pho- 
tolysis of INQ in benzene at 23OC. ClDEP experiments showed that 
all hyperfine lines in the spectrum were in the emissive mode. 

TABLE 2. Electron spin resonance parameters of some metal carbonyl 
radical adducts of INQ and CINQ in benzene at 23OC 

Metal 
Metal hyperfine 

carbony 1 Organic moiety g-factor couplings (G) 

Re(CO),, 1 : 1 INQ 2.0032 a ~ , = 1 5 . 6 9  
CINQ 2.0035 a,, = 15.71 
1,2-Naphthoquinone 2.0030 a,, = 24.2 

Re(C0)4, 1 : 2 INQ 2.0025 
CINQ 2.0035 

INQ 
CINQ 

C ~ H ~ M O ( C O ) ~  1NQ 
CINQ 

a,,, = 35.2 
up.,, = 37.8 

1,4-quinones they possess a 2-isopropoxy substituent. The re- 
sults indicate that the 2-ether oxygen participates efficiently in 
the coordination and both INQ and CINQ thus both behave as 
1,2-quinones towards the formation and stabilization of 
organometallic radical adducts. However, a significantly dif- 
ferent behavior was observed between 1,2-naphthoquinone and 
INQ when they reacted with Re(CO),. Our previous studies 
(13, 14) of rhenium carbonyl - quinone (or diketone) radical 
adducts showed that only 1 : 1 adducts were observed. In only 
one case, when 1 ,lo-phenanthroline was used, was a 1 : 2 rad- 
ical complex formed. In the present system using INQ, both the 
1: 1 and the 1 : 2  radical complexes were simultaneously 
formed and observed during the photolysis. The relative in- 
tensities of the two radical complexes followed the relative 
concentrations of the two reagents, INQ and Re(CO),,,. It is 
therefore rather simple to assign the two spectra to the re- 
spective radical complexes. Although relatively persistent 
compared to the other INQ-organometallic adducts formed in 
this study, these rhenium-INQ radical adducts were still not 

4. Organometallic radical adducts of INQ and CINQ sufficiently long-lived for isolation and further character- 
Photolysis of a number of organometallic compounds in ization. The spectral parameters for these and several other 

benzene in the presence of either INQ or CINQ led to the organometallic radical adducts are given in Table 2. 
formation of corresponding radical-quinone adducts. It is well Laser flash photolysis experiments were also carried out in 
known that for 1 ,2-quinones the two carbonyl oxygens both these systems where the organometallic radical adducts were 
participate in the coordination. Although INQ and CINQ are formed. No CIDEP was observed in any of the radical adducts. 
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Mechanism of the oxidation of triphenyl derivatives of P, As, and Sb 
by peroxodiphosphate 
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C. SRINIVASAN and K. PITCHUMANI. Can. J. Chem. 63, 2285 (1985). 
Rate coefficients have been determined for the oxidation of Ph3M (M = P, As, Sb) by potassium peroxodiphosphate. The 

reaction is found to follow second-order kinetics, first order in each in the oxidant and Ph3M. [H+] has a pronounced 
accelerating effect on the reaction rate. An interesting dependence of the active species on the nature of the substrate has been 
observed. The reaction rate is influenced by changing the ionic strength of the medium. Acrylonitrile has no effect on the rate 
of oxidation. On the basis of the kinetic evidence, a general mechanism involving a biomolecular nucleophilic displacement 
of the substrate on the peroxo ion has been proposed. The relative rate order is found to be Ph3P > Ph,Sb > Ph3As and an 
explanation has been offered for the transposition of Ph3Sb and Ph3As. 

C. SRINIVASAN et K. PITCHUMANI. Can. J. Chem. 63, 2285 (1985). 
On a dCterminC les coefficients de vitesse pour les reactions d'oxydation des Ph3M (M = P, As, Sb) par le peroxodiphosphate 

de potassium. On a trouvC que la cinCtique de la rkaction est du deuxikme ordre, soit du premier ordre dans chacun des rCactifs 
(oxydant et Ph3M). La concentration en H+ provoque une accClCration importante de la vitesse. On a observe une relation 
intCressante entre les espbces actives et la nature du substrat. La rkaction est influencCe par des changements dans la force 
ionique du milieu rkactionnel. L'acrylonitrile n'a pas d'effet sur la vitesse de la rkaction. Si on se base sur les donnCes 
cinktiques, on peut proposer une mCcanisme gCnCral impliquant une substitution nuclCophile bimolCculaire du substrat sur l'ion 
peroxo. On a trouvC que les vitesses relatives de rkaction sont Ph3P > Ph3Sb > Ph3As et on offre une explication pour la 
transposition du Ph3Sb et du Ph3As. 

[Traduit par le journal] 

Introduction 
The reactions of organic peroxides with triphenyl derivatives 

of Group V elements have been the subject of several in- 
vestigations (1-3). They depend on the nature of both the 
peroxide and of the element. Though there are some kinetic 
studies on the oxidation of Ph3M (M = P, As, Sb) by organic 
peroxides, notably by Hiatt et al. (4, 5), more investigations 
with inorganic peroxo compounds are desirable. Recently we 
have reported on the kinetics and mechanism of per- 
oxodisulfate (PS) oxidation of Ph3M in acetonitrile-water mix- 
ture (7), and on the substituent effect in the PS oxidation of 
triphenylarsines (8). The present paper summarizes the results 
of our kinetic studies of the oxidation of triphenyl derivatives 
of P, As, and Sb by potassium peroxodiphosphate (PP). 

Experimental 
Materials 

Triphenylphosphine (Riedel, Prosynth) and triphenylarsine (Fluka, 
Purum) were recrystallized from ethanol. Triphenylstibine was pre- 
pared by the Grignard addition of phenyl magnesium bromide to 
antimony trichloride (9) and recrystallized from ethanol. Tetra- 
potassium peroxodiphosphate (FMC corporation) was used after re- 
peated recrystallization from methanol-water mixture. A commercial 
sample of acetonitrile was purified by standard procedure. All the 
other chemicals used were of AnalaR grade. 

Kinetics 
Rate coefficients have been determined for the oxidation of Ph3M 

(M = P, As, Sb) in 60% acetonitrile - 40% water (v/v) mixture at 
constant ionic strength (maintained by the addition of sodium 
perchlorate) and at constant [H+] under pseudo first-order conditions 
with a large excess of the oxidant concentration. The reaction was 
followed by estimating the unreacted triphenylphosphine (TPP) or 
triphenylarsine (TPA) by an iodometric method (10, 11). In the case 
of triphenylstibine (TPS), since it does not undergo instantaneous 
reactibn with iodine, a spectrophotometric method was adopted. Rates 
were determined by monitoring the disappearance of the uv absorption 
characteristic of TPS (A,,, = 255 nm) using a Perkin-Elmer model 

402 uv-visible spectrophotometer provided with thermostated silica 
cells. The alkalinity of PP was always taken into account in the 
calculation of [H+]. Reactions were generally followed to >60% 
completions; reproducible results giving good first-order plots (cor- 
relation coefficient r > 0.995) were obtained for reactions run in 
duplicate or triplicate. Rate constants were calculated by the least- 
squares technique using a Micro 2200 computer (Hindustan Comput- 
ers Ltd.,). The precision of k values is given in terms of 95% con- 
fidence limit, calculated with "Student t". 

Product studies 
The reaction mixture was monitored by tlc (silica gel). The product 

of the reaction was found to be the respective oxide in the case of TPP 
and TPA oxidations. Oxidations of TPS gave only a crystalline anti- 
mony product that does not melt even after heating to 280°C and 
liberates free iodine from potassium iodide in glacial acetic acid. This 
is consistent with the characteristics of a polymeric material (oxide) 
produced by the oxidation of TPS by hydrogen peroxide (12) and not 
the monomeric triphenylstibine oxide prepared by McEwen et al. 
(13). In the reaction of TPS with tert-butylhydroperoxide, a polymeric 
product is also obtained (6, 14). 

The product studies were also confirmed by the uv absorption 
characteristics of the respective oxides (15), as the products gave 
peaks similar to those obtained for authentic samples of the respective 
oxides. 

Results and discussion 
Rate coefficients for different concentrations of PP and Ph,M 

at constant ionic strength and [H'] are presented in Table 1. 
Plots of log [Ph3M] versus time yield good straight lines, from 
the slopes of which k ,  are calculated (Fig. 1). The linearity of 
the rate profiles indicates that the reaction is first order in 
substrate. From the double logarithmic plots of the initial rate 
versus initial concentrations of PP, the order with respect to PP 
has also been evaluated and is found to be unity in ali the three 
cases. 

TPP: slope = 0.99 + 0.02, r = 0.999, s = 0.002 
TPA: slope = 1.01 + 0.08, r = 0.999, s = 0.01 
TPS: slope = 1.06 + 0.17, r = 0.996, s = 0.02 
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TABLE 1. Effect of varying [PP] and [Ph3M] on the reaction rate in 
60% acetonitrile - 40% water (v/v) mixture 

[PPIo [PhMI k ~ $  k2 $ 
(10' mol/L) (lo4 mol/L) (lo5 s-I) (lo3 L mol-' s-') 

TPP* 
1 .OO 10.0 5.50 2 0.09 5.50 5 0.09 
1.50 10.0 8.23 2 0.24 5.49 t 0.16 
2.00 10.0 10.9 t 0.08 5.45 t 0.04 
2.50 10.0 13.5 t 0.40 5.40 + 0.16 

TlME ( r n ~ n l  

TP A TIME ( r n ~ n )  

0.507 5.00 13.4 t 0.74 26.8 2 1.5 
0.75 5.00 20.4 + 0.54 27.2 t 0.72 

FIG. 1. Pseudo first-order plot for the oxidation of Ph3M by PP. 

1 .OO 5.00 27.6 -+ 1.7 27.6 t 1.7 
TPP: Plot of log (a-x) versus time. [PP] = 0.03 M, [TPP] = 

1.25 5.00 33.7 + 1.1 27.0 + 0.88 
0.001 M, I = 0.36 M, t = 40°C. TPA: Plot of log (a-x) versus time. 

2.505 5.00 4.56 ? 0.15 
[PP] = 0.0075 M, [TPA] = 0.0005 M, I = 0.2 M, [H+] = 0.02 M, 

1.82 t 0.06 
2.50 10.0 4.44 + 0.14 1.78 + 0.06 t = 40°C. TPS: Plot of log O.D. versus time. [PP] = 0.003 M, [TPS] 

2.50 15.0 4.33 t 0.06 1.73 2 0.02 
= 0.0001 M, I = 0.1 M, [H+] = 0.006M, t = 35°C. 

. . . . . . ,  2.50 20.0 4.29 t 0.03 1.72 t 0.01 
2.50 25.0 4.20 5 0.02 1.68 t 0.01 

I TPS II 
0.10 1 .OO 6.17 t 0.26 61.7 2 2.6 ~ 0.15 1 .OO 9.51 5 0.13 63.4 t 0.87 
0.20 1 .OO 12.3 t 0.21 61.5 2 1.1 
0.25 1 .OO 17.3 * 1.4 69.2 t 5.6 

I 0.30 1 .OO 19.2 2 0.57 64.0 2 1.9 
! 0.30 1.50 18.3 ? 0.78 61.0 t 2.6 
~ 0.30 2.00 18.8 5 0.53 62.7 t 1.8 ~ 0.30 2.50 18.5 t 0.37 61.7 + 1.2 ~ 0.30 3.00 19.2 t 0.30 64.0 t 1.0 

*I = 0.36 M ;  [H'] = 0.00 M ;  t = 40°C. 
T I  = 0.2 M ;  [H+] = 0.02 M ;  I = 40°C. 

I 
$The error quoted in k is the 95% confidence limit of the "Student t". 
$1 = 0.36 M ;  [H'] = 0.01 M ;  I = 40°C. 
1 1 1  = 0.1 M ;  [H+] = 0.006 M ;  I = 35°C. 

In each substrate the plot of k, versus [PP] gives a good straight 
line passing through the origin (TPP: r = 0.999, TPA: r = 
0.999, TPS: r = 0.993) showing the second-order nature of the 
reaction, which is also confirmed by the constancy of second- 
order rate constants obtained from the pseudo first-order rate 
constants as k2 = kl/[PP] (Table 1). 

Hydrogen ion dependence and active species 
The rate of oxidation of Ph3M by PP increases significantly 

with increase in [H'] at constant ionic strength. The results are 
presented in Table 2. 

A plot of log k, against log [H'] gave a good straight line 
I with a slope of 0.94 i 0.03 ( r  = 0.999, s = 0.003) (Fig. 2) 

showing the near first-order dependence in [H'] in the oxi- 
dation of TPP. It is also confirmed from the constant values of 

I the third-order rate constants (k3). A plot of k, against [H'] is 
linear (r  = 0.999) with an intercept indicating the presence of 
uncatalysed oxidation (Fig. 3). 

In the oxidation of TPA, a second-order dependence in [H'] 
was observed when the log k, values are plotted against the log 
[H'] values (slope = 1.99 + 0.03, r = 0.999, s = 0.01) 
(Fig. 2). Further, an excellent correlation is found to exist 
between k, and [H'I2 (r = 0.999) and the linear plot passes 

through the origin (Fig. 3). The constant values of k,/[H+I2 
(Table 2) also indicate the second-order dependence on [H']. 

In the oxidation of TPS, a slope of 1.03 i 0.09 ( r  = 0.998, 
s = 0.02) is obtained from the log-log plot of rate constants 
and [H'] (Fig. 2). Constant values of third-order rate constants 
are obtained, thus confirming the first-order dependence in 
[H'] (Table 2). Further, a good straight line ( r  = 0.998) pass- 
ing almost through the origin is obtained (Fig. 3), showing that 
the reaction is completely acid dependent. 

Active species 
Peroxodiphosphate anion is tetranegative and is extensively 

protonated in acid medium. Hence, the various species' which 
are likely to be present are P20s4-, HP20g3-, H2P20s2-, 
H3P2O8-, and H4P208, and their relative concentration as a 
function of pH has been discussed by Crutchfield (16). In the 
present study, the pH has been maintained in the range 1-3, in 
which the three species, viz., H2P20s2-, H3P2O8-, and H4P2O8 
may be present (16, 17) in solution. Hence the total concen- 
tration of PP is given by eq. [I]: 

If all the three species are considered to contribute to the rate 
with respect to PP, the rate expression for the disappearance of 
PP can be represented (16- 19) by eq. [2]. 

(ki + k;Kl [H'] + k ; ~ ,  K~[H']~) 
= [PPIT 

1 + K, [H'] + K, K2 [H'12 

where ki, k;, and k; are the rate constants for the disappearance 
of H2P202-, H3P2O8-, and H4P208 respectively, and K, and K2 
represent the equilibrium constants for the protonation of 
H2P202- and H3P208- respectively. 

It is possible (18) to simplify the rate expression into eq. [3] 
by neglecting the second and third terms in the denominator in 
comparison to unity (17- 19). Hence 

' It is presumed that the same trend of pK, values will be maintained 
in acetonitrile - water mixture as in water. 
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SRINIVASAN AND PITCHUMANI 

TABLE 2. Effect of [H'] on the oxidation of Ph3M 

[H+] (lo3 mol/L) 

Rate constants 0.00 5.00 10.0 15.0 18.0 

TPP* 
k, (lo5 S-') 6.12 5 0.23 27.3 -1- 0.99 53.1 + 0.98 76.7 5 1.0 91.6 + 1.1 
k3 (10' L2 r n ~ l - ~  s-I) 5 .465  0.20 5.31 20 .98  5.11 20 .68  5.09 + 0.61 

Tpst 
k, (lo5 S-I)  6.18 + 0.24 12.0 + 0.21 18.1 + 0.57 27.9 + 1.4 37.8 + 0.99 57.1 5 1.3 
k3 (10' LZ rnolW2 s-') 1.03 5 0.04 1.01 rt- 0.02 1.07 + 0.03 1.16 + 0.06 1.05 + 0.03 1.06 + 0.02 

*General reaction conditions: [PP], = 0.01 M and [Ph,M] = 0.001 M in 60% acetonitrile - 40% water (v/v) mixture at 40°C at I = 0.2 M. 
t [PPl0 = 0.03 M, [TPS] = 0.0001 M at I = 0.1 M in 60% acetonitrile - 40% water (v/v) mixture at 35'C. 

FIG. 2. Order plot for [H']. TPP: slope = 0.94 + 0.03; r = 0.999; 
s = 0.003. TPA: slope = 1.99 + 0.03; r = 0.999; s = 0.01. TPS: 
slope = 1.03 + 0.09; r = 0.998; s = 0.02. 

[PP1 = [Pp], (ki + k;K, [H*] + k; K, K2[Ht]') [31 - - dt 

= [PP], k, at constant [H*] 

where k, is the pseudo first-order rate constant. 
An interesting feature has been noticed here, viz., the active 

species in each case depends on the nature of the substrate. The 
nature of the active species of PP may be arrived at on the basis 
of the dependence of the reaction rate on [H'] and also from the 
plots of k, versus [H'] or [H'I2. The plot of k, versus [H*] (Fig. 
3) gives a straight line with a finite intercept and eq. [3] indi- 
cates that H2P20:- and H3P208- are the active species in the 
oxidation of TPP. Similar analysis with Fig. 3 and eq. [3] 
indicates that H4P208 is the active species in the oxidation of 
TPA. However, in the oxidation of TPS, as the least-squares 
analysis gives an intercept of 1.35 X for the plot of k, 
versus [H*], the major active species will be H3P208- with a 
minor contribution from H2P20,2-. 

An analysis of the dependence on [H'] and the nature of the 
active species of PP involved in the oxidation reveals the rela- 

FIG. 3. Variation of kl with [H+] or [H+]~. TPP: r = 0.999. TPA: 
r = 0.999. TPS: r = 0.998. 

tive rates of oxidation2 are TPP > TPS > TPA. An explanation 
for this anomalous behaviour is offered (vide infra). 

EfSect of ionic strength 
In the case of TPP, there is no appreciable effect on the rate 

when the ionic strength is varied, while in the case of TPA and 
TPS the logarithm of the rate constants decreases linearly with 
an increase in the ionic strength of the medium (Fig. 4). The 
overall effect of ionic strength would be determined by eqs. 
[4]-[6] (vide infra). Steps [4] and [5] in the mechanism predict 
a decrease in rate with increasing ionic strength while the 
second-order rate constant of the.rate-limiting step [6] may not 
be very sensitive to the change in the ionic strength since it 
involves a neutral species. 

In the case of TPP, H2P20;- is the main oxidizing species. 
Hence the protonation equilibria [4] and [5] do not play any 
role, therebyrendering the reaction insensitive to ionic strength 
variation. In TPA and TPS oxidations, H4P208 and H3P20g- 

We have studied the rates of oxidation of Ph3M under identical 
conditions (Table 3) and the results also reveal that the relative rates 
of oxidation follows the same order TPP > TPS > TPA. 
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TABLE 3. Effect of temperature on the rate* of oxidation and activa- I (M) 
0.1 5 tion parameters 0.10 0.05 

kZ (103 L mol-I s-I) - OL 

t0C TPP TPA TPS 1.0 - 
- 0.7 

20 20.2 + 1.8 m 
1 

N 

25 39.4 + 3.3 9.00 2 0.58 19.0 k 0.50 1 

30 
Gl Gl 

73.3 + 3.6 13.0 + 0.80 34.7 + 1.6 2 0 8  - - 1.0 2 
35 20.8 k 1.2 64.0 ' 1.9 m m 

A H f  t 
(kJ mol-I) 92.4 + 10.9 61.3 + 6.54 90.1 + 5.20 
ASf t 0-6 - 

- . .  
60% acetonitrile - 40% water (v/v) mixture. 

t The precision of A H i  and A S i  values was calculated using the method of FIG. 4. Influence of ionic strength on PP oxidation of Ph3M. TPA; 
Petersen et al. (26). r = 0.993. TPS: r = 0.978. 

respectively (formed by the protonation equilibrium steps [4] 
and [5]) are the active species of PP involved in the oxidation. 
Here the protonation constants K, and K2 may decrease with 
increasing ionic strength, setting the same trend for the com- 
bined constants k;K, and kl K, K2 (18, 19). 

The rate constants for the oxidation of Ph3M (M = P, As, 
Sb) are unaffected by the presence of acrylonitrile (AN), indi- 
cating that the oxidations of Ph,M do not involve any free 
radical intermediates. Since AN was found to undergo poly- 
merization in the presence of TPP (20), an indirect method has 
been resorted to in order to study the effect of AN on the 
oxidation of TPP by PP. A blank run without PP and another 
with PP, TPP, and AN were carried out. Using the rate 
expression 

- dX - = k[TPP] [PP] + k; [TPP] [AN] 
d t 

the rate constant k was calculated. This compares well with the 
second-order rate constant obtained in the absence of AN under 
identical conditions. Hence it is concluded that the effect of AN 
on the oxidation of TPP by PP is negligible and a free-radical 
mechanism is ruled out. 

The dependence of rate constants on temperature at constant 
[H'] and ionic strength was measured at three temperatures 
(Table 3). The activation parameters are calculated and are 
listed. 

Mechanism and rate law 
On the basis of the foregoing kinetic evidence, a general 

polar mechanism may be envisaged for all the triphenyl deriv- 
atives of Group V elements: 

k' 
[6] ph3M + H4-,P2OSn- slow and 

t 

rate-determining 

H z 0  
Intermediate Products 

where n = 0, 1, or 2. For example, when n = 2, 

k' 
[7] ph3M + H2P2Os2- slow and 

b 

rate-determining 

The proposed mechanism involves a bimolecular nucleophilic 
displacement of the substrate on the peroxide molecule in the 
rate-determining step [7], resulting in the formation of inter- 
mediate I, which then may decompose to give the oxide by the 
attack of water as indicated in step [8] or [9]. The question 
regarding the origin of the oxide oxygen, whether from solvent 
water or from PP, has not been solved. In a recent study (21) 
of the PS oxidation of TPP where the product triphenyl- 
phosphine oxide was analysed by using the ''0 isotope effect 
in "P nmr spectroscopy, it has been shown that the oxygen 
originates from PS. 

The proposed mechanism accounts for (i) the second-order 
nature of the reaction at constant [H'] and ionic strength, (ii) 
the dependence of rate on the variation of [H'], and (iii) the 
lack of hfluence of acrylonitrile on the rate of oxidation. The 
rate law can be written as 

at constant [H']. The stoichiometry of the reaction was found 
to be 1 : 1 and the stoichiometric equation can be represented as 

[I I ]  PhjM + H4 - nPZ08n- + PhsMO + 2H3 - ,Po4"- + n H+ 

The stoichiometric studies also confirm the proposed mech- 
anism of the oxidation studies. 
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Relative reactivities 
The observed order of reactivity (Table 3), TPP > TPS > 

TPA, is interesting because of the transposition of TPA and 
TPS. In the reactions of tert-butylhydroperoxide with Ph3M (5, 
14) and also in the PS oxidation (7) the same order of reactivity 
has been observed. Hiatt et al. (14) attribute this order to two 
conflicting trends, availability of d orbitals for +IT-bonding with 
peroxide oxygen and the Group V element-to-oxygen bond 
strength. The reactivity order in PS oxidation (7) has also been 
attributed to the above two conflicting trends. 

The simultaneous considerations of the shift of electron den- 
sity from the phenyl group towards the P, As, and Sb atoms via 
their d orbitals (which increases with the atomic number of M 
in Ph3M) (22, 23) and the strength of the M-to-oxygen bond 
(the P-0 bond is strong and both the As-0 and Sb-0 
bonds are weak) (24) will account for the trend of the reactivity 
pattern observed in the PP oxidation. The reactivity is also in 
agreement with the charge density on the heteroatom in Ph3M 
(25). We have determined the activation parameters under 
identical conditions (Table 3). The same trend of AH* and AS* 
values with TPP and TPS may be due to the involvement of the 
same active species in these oxidations. The repulsion between 
the negatively charged oxygen atom of the active species (see 
mechanism) and the +IT-electrons of the phenyl rings in the 
transition state may presumably be the cause of the positive 
entropy of activation. The absence of such a repulsion in the 
reaction of TPA with &P208 leads to a negative entropy of 
activation. 
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L. V. HALEY, T. A. MATTIOLI, and D. R. WILES. Can. J.  Chem. 63, 2290 (1985). 
The effects of coprecipitated K' and Fe3+ ions on the nature of freshly precipitated BaS04 were studied. The presence of 

K' in the precipitate is seen to have a pronounced effect on crystal habit and increases the specific surface area of the crystals. 
Micro-Raman measurements show a progressive shift in the SO:- v ,  band for precipitates doped with potassium. This shift 
is seen to be a linear approach toward the v ,  frequency of &SO,. X-ray diffraction studies indicate no marked changes in cell 
parameters but do reveal changes in relative intensities in the diffraction patterns of potassium-doped precipitates. In the 
concentration ranges studied, ferric ions show no marked changes in any of the above properties. The changes are interpreted 
as being due to the formation of solid solution of potassium with barium sulphate, while iron is adsorbed onto the crystal 
surfaces. This is seen as a novel use of micro-Raman spectroscopy in the study of doped crystals. 

L. V. HALEY, T. A. MATTIOLI et D. R. WILES. Can. J. Chem. 63, 2290 (1985). 
On a CtudiC les effets des ions K' et Fe3+ coprCcipitCs sur la nature du BaS04 fraichement prCcipitC. La presence de K' 

dans le prCcipitC semble provoquer un effet important sur les habitudes des cristaux et semble augmenter la surface spCcifique 
des cristaux. Des mesures de micro-Raman permettent de mettre en Cvidence un dkplacement progressif de la bande v ,  des 
SO4'- dans les prCcipitCs dopCs au potassium. On croit que ce dCplacement prCsente une approche linCaire avec la frtquence 
v ,  du K2SO4. Des Ctudes par diffraction des rayons-X n'indiquent pas de changements importants dans les paramktres de la 
cellule; on note toutefois des changements dans les intensitCs relatives des patrons de diffraction des prCcipitCs dopCs au 
potassium. A I'inttrieur des limites de concentration CtudiCes, les ions ferriques ne semblent pas provoquer des changements 
importants dans les propriCtCs mentionnCes plus haut. On interprete les changements en fonction d'une formation de solutions 
solides de potassium avec le sulfate de baryum alors que le fer serait adsorb6 sur les surfaces cristallines. On croit que ceci 
est une nouvelle mCthode d'utiliser la spectroscopie micro-Raman pour Ctudier des cristaux dopts. 

[Traduit par le journal] 

Introduction 
Recent studies on the use of BaSO, as a carrier in 230Th 

determination have shown that BaSO, is an effective carrier for 
traces of thorium (I) ,  but only if a sufficient quantity of po- 
tassium is present in the precipitation solution. preliminary 
studies have shown (2) that both surface area and surface ac- 
tivity were affected by the presence of K' in the crystals them- 
selves. The effect of ferric ions on the carrying of thorium with 
BaSO, was shown ( I )  to be one of suppression but up until now 
the properties of iron-doped BaSO, have not been studied in 
order to account for this interference. The present study applies 
Raman spectroscopy in a novel fashion, as well as electron 
microscopy and X-ray diffraction, to assist in discovering the 
nature of the influences of Kt and Fe". 

It is known that Kt ions and Fe3+ (and Fe2+) ions co- 
precipitate with barium sulphate (3,4). If this is so, then clearly 
the nature of the resultant precipitate will be altered as it will 
possess physical and chemical properties different from those 
of the pure precipitate. For instance, it is generally accepted 
that the coprecipitation of Kt with barium sulphate is probably 
due to mixed crystal formation (3) while the Fe3+ coprecipitates 
with barium sulphate via adsorption processes (4). ~ h e ~ o s s i -  
bility that potassium forms mixed crystals with barium sulphate 
was also recognized by Walton and Walden (5) using precision 
X-ray diffraction techniques and also by Ambe and~ ie se r  (6) 
who were studying the coprecipitation of Kt and Th4+ with 
BaSO,. 

With these different coprecipitation mechanisms, the effects 
of each cation upon certain properties of barium sulphate are 
not expected to be similar or occur to the same extent. For 
instance, a cation which is actually incorporated into the crystal 
lattice is expected to change the properties of the resulting 
precipitate markedly since its incorporation will cause struc- 
tural changes in the crystal. The same cannot be said for im- 

purities which are merely adsorbed or occluded in the crystal 
since they should not affect the fundamental structure of lattice. 

The present study attempts to show that the analytical and 
other effects of potassium in BaS0, are symptoms of a more 
fundamental change in the crystal lattice. 'The formation of 
mixed crystals of K' with BaSO, results in changes in the 
precipitate's crystal habit, surface area, X-ray diffraction pat- 
terns, and Raman s?ectral properties. The coprecipitation of 
Fe3' ions with BaS0, results in very small, if any, observable 
changes in the above mentioned properties. This is consistent 
with an adsorption or occlusion mechanism. The results of 
studies on other properties such as isotopic exchange behaviour 
(7) and Kt and Fe3+ coprecipitation behaviour (8) are con- 
sistent with those presented here but are discussed elsewhere. 

During the course of this study, we have investigated the 
effects of a solid solute on the Raman spectrum of a solid. This 
novel application of micro-Raman spectroscopy shows promise 
of being widely applicable to the study of coprecipitation 
phenomena. 

Experimental 
Materials 

All reagents used were of the highest available purity and were used 
without further purification. Barium sulphate crystals were prepared 
by the addition of 50 mg Ba2' and 2.0 mL of 9 M HzSO4 to a stirred 
100 mL solution 0.1 M in HNO,, and held constant at 25.0°C. The 
crystals were filtered on a 0.45 ym membrane (Gelman DM-450) and 
washed with 0.1 M HN03 and with distilled water. Potassium and 
ferric ion was added as needed to the solution prior to the addition of 
H2S04. The concentrations of potassium and iron in the crystals were 
determined by direct analysis (7). 

Raman spectroscopy 
The spectroscopic studies were doae on small samples mounted on 

a microscope slide under the 4880.0 A beam of an argon ion laser. The 
beam was focussed through a Zeiss-Winkel microscope down to a 
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TABLE 1. Lattice parameters of BaS04 precipitates* 

FIG. I .  Electron micrographs (X 3000) of BaS04 crystals freshly 
precipitated from 0.1 M HN03 plus (a) nothing, (b) K' 5 X M, 
(c) Fe" 5 x M, (d) K' and Fe3', both 5 x lo-". 

diameter of about 1 Km. This gave the opportunity to scan various 
regions of small crystals which, though not essential to the present 
work, enabled us to examine several portions of the crystals to check 
for inhomogeneities. The technique is more fully described elsewhere 
(9, 10). 

The v, band of SO:- was selected for this study because of its 
prominence and because it was found to display an obvious de- 
pendence on potassium concentration. Quantitative determination of 
the spectral parameters was done using a Hewlett-Packard 91 11A 
graphics digit tablet connected to a Hewlett-Packard 9836 mini- 
computer. 

Results and discussion 
Crystal habit 

It is well known that the conditions of precipitation of an 
ionic solid greatly affect the appearance or habit of the crystals 
formed. Particularly, it is known (1 1) that the presence of 
foreign ions influences crystal habit. It has been pointed out by 

I Walton (12) that foreign ions which are known to form mixed 
crystals with the precipitate being formed caused definite 
changes in habit modification and that, in general, ions which 

I are only adsorbed onto the crystal surface do not cause major 
changes in habit. 

Scanning electron micrographs show quite clearly that potas- 
sium ions have a pronounced effect upon the morphology of 
BaSO, crystals (2). This has been confirmed in the present 
work. Fig. l a  shows a representative electron micrograph of 

b Volume 
Sample a (50.01 A) c ( r 0 . 5  A') 

*Sample descriptions: I ,  BaSO, - 10 mg of Ba" in 100 mL 0.1 M HNO, 
precipitated with 2 mL of 9 M HSO,; 2, same as I except p[K+] = 1.5; 3, same 
as I except p[K+] = 0.0; 4, same as 1 except p[Fe3+] = 2.3; 5, same as 1 except 
p[~e'+] = 1.5; 6, same as 1 except p[Fe3+] = 0.0; 7, N.B.S. standard: BaCO, 
treated with H,S04; excess HzSO, was fumed off and the sample was annealed 
overnight at 690°C. 

barium sulphate crystals precipitated from 0.1 M HN03 solu- 
tion (10 mg Ba2+ per 100 mL of solution). The crystal habit is 
the same as that reported by Fischer and Rheinehammer (1 1) 
for the precipitation conditions used. The effect of potassium 
ions at pK+ = 2.3 is seen in Fig. 1 b to increase lateral growth 
from the main axis of the crystal. It also appears that dendritic 
growth is increased as well as particle size and, perhaps, 
specific surface area. 

The effect of ferric ions is not as pronounced as those of 
potassium. The electron micrograph in Fig. l c  shows BaSO, 
crystals precipitated in the presence of ferric ions. Here the 
Fe(II1) concentrations were comparable to those of potassium 
ions in the solution from which the crystals in Fin. 1 b were 
formed. The precipitate formed in the presence offferric ions 
(p[Fe3+] = 3.0 in solution) closely resembles the precipitate 
formed in the absence of K+ and Fe3+ ions, and in fact, are 
almost indistinguishable. It is interesting to note that at the 
same concentration of potassium ions (i.e. p[K+] = 3.0 in 
solution) Burk and Wiles (2) were still able to observe changes 
in the crystal habit. 

As a note of further interest, the effects of the ferric ions on 
morphology may be examined in a different manner. When 
both K+ and Fe3+ are present in solution, the crystal of the 
resulting precipitate (Fig. 1d) is changed in the manner con- 
sistent with potassium ions (Fig. 1 b), although it is seen that 
the change in crystal habit due to potassium ions is not as 
pronounced when ferric ions are also present in solution. 

Surface area measurement 
As we previously mentioned, the potassium-doped BaS0, 

crystals appeared on visual inspection of the photomicrographs 
to possess a greater specific area than did the undoped crystals. 
To confirm this visual observation, the surface area of various 
BaS04 preparations were measured. The results are given 
below: 

Sample Surface area (mZ g-I) 

BaS04 (no added K' or Fe3') 1.9k0.2 
BaS04 (p[K'l = 1.6) 3.6?0.1 
BaS04 (p[Fe3'l = 2.0) 1.850.2 

The values in the parentheses indicate the cation concen- 
tration in the precipitation solution. Measurements were made 
using the Micrometrics Model 2200 High Speed Surface 
Analyser employing the BET method. Purified N2 gas was used 
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FIG. 2. (a) X-ray diffract ion patterns for K'-doped BaS04. The values of p[K'] in the precipitating solutions and given in the Figure. 
(b) X-ray diffraction patterns for the Fe3'-doped BaS04. The values of p[Fe3'] in the precipitating solutions are given in the figure. 

as the adsorbent. 
The above data clearly show that the presence of potassium 

results in a precipitate with greater surface area, while the 
presence of ferric ions is seen to have only a negligible effect 
on the surface area. 

X-ray diffraction study 
The X-ray diffraction patterns obtained for various barium 

sulphate precipitates containing potassium and femc ions 
showed no lines other than those of barium sulphate. This 
corroborates observations made by Ambe and Lieser (6). Table 
1 lists the observed lattice parameters and unit cell volumes of 
various barium sulphate precipitates. 

Since K+o ions have nearly the same ionic radii as barium 
ions, 1.33 A and 1.34 A, respectively, one would expect the 
lattice parameters of the potassium-doped barium sulphate to 
remain essentially the same if the simplistic replacement of one 
K+ for one Ba2+ is assumed. For ferric ion, however, the ionic 
radius is considerably sma!ler than that of barium (0.64 A for 
Fe" as compared to 1.34 A for Ba2+). Thus, if Fe3+ ions were 
becoming incorporated into the BaS04 lattice, one would 
expect changes in the lattice parameters. 

It is clear from Table 1 that no trend is shown in the lattice 
parameters for the iron-doped precipitates. Any variation is 
within the expected uncertainty limits. While no conclusion 
can be drawn with any confidence, the results are again con- 
sistent with the anticipated effects of potassium ions being in 

the lattice, but not iron. 
The respective diffraction patterns are given for visual com- 

parison in Fig. 2. Although new lines were not observed, 
changes in their relative intensities are quite evident for those 
precipitates containing potassium (Fig. 2a). The iron-doped 
precipitates, on the other hand, gave patterns whose relative 
intensities did not show marked changes (Fig. 2b). To prove 
that the changes in relative intensities were not due to sample 
preparation, two separate samples were prepared and each-sam- 
ple was rotated 90" within the diffractometer. These pre- 
cautions did not change the relative intensities of the pattern 
lines, verifying that the observed effect was not an artifact 
introduced through the sample preparation. 

Structure factors were calculated for those p!anes which, 
according to Fig. 2a, seemed to show significant changes in 
intensity. These structure factors did not reveal any structural 
regularity and thus failed to indicate preference of certain 
planes for potassium substitution. The intensity changes were 
therefore interpreted as being due to changes in crystal habit. 
This interpretation is supported by the electron micrographs 
which were discussed above. The virtual absence of fluctu- 
ations in line intensities of the iron-doped precipitates is also 
consistent with this interpretation. Isotopic-exchange data (2, 
7) indicate that the number of Ba2+ exchange sites in K+-doped 
BaS04 is greater than can be explained by the increase in 
surface area which suggests crystallographic faces which are 
rich in Ba2+ sites are being exposed to greater degrees. 
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FIG. 3. Raman frequencies of the SO4'- v ,  lines in BaS04 crystals 
as a function of mole percent K+ and ~ e ~ + .  See the text for a brief 
discussion of the anomalous point. 

Micro-Raman spectroscopy study 
Line frequencies in the Raman spectrum of an ion such as 

SO4'- will be sensitive to the electrostatic environment in the 
lattice which, in turn, will depend on the extent of randomly 
spaced substitute cations. While a mixture of BaS04 and K2S04 
crystals will give the two superimposed spectra, the spectrum 
of a true solid solution of K2S04 in BaS04 should show the 
effect of a weighted average lattice. One can envisage various 
types of behaviour of the line frequency as a function of con- 
centration. Most simply is the direct linear relationship as in 
this study. More likely, especially if the ionic sizes are less 
closely similar, will be a positive or negative deviation from the 
straight line. Furthermore, one can expect discontinuous be- 
haviour when the limit of solid solubility has been exceeded 
with probable strong deviations just before and after the dis- 
continuity. Finally, one can expect no change in the Raman 
frequencies in cases where the impurity remains in a phase 
distinct from the major lattice. 

The observed Raman spectra for potassium-doped BaS04 
crystals showed a marked shift in the frequency of the v l  vi- 
brational mode of the SO:- ion. The shift appeared to be essen- 
tially a linear function of the concentration of potassium present 
in the crystals for the concentration ranges studied. The results 
for the iron-doped BaS0, crystals were quite different, in 
that the v ,  band frequency was essentially unaffected by the 
presence of Fe3+ in the precipitate. 

These frequency data are plotted in Fig. 3. In this figure, 
three hypothetical straight lines are given which join the SO:- 
v ,  frequencies of pure BaSO, with those in pure K2S04, 
FeS0,. H20 and Fe2(S04)3. H20, respectively. It is evident from 
this diagram that the relationship is convincingly linear for the 
BaS04-K2S04 system. The Ba(Fe)S04 data, on the other 
hand, show no distinct change of frequency and are not at all 
close to the BaS04-FeS04 line or to the BaS04-Fe2(S04)3 
line. It is clear, therefore, that the two dopant ions interact 
differently with the lattice, in agreement with conclusions 
drawn from other experiments as described above. Potassium 
seems to be present in the lattice as a direct replacement for 
Ba2+ while Fe3+ is not. The only conjecture which can be made 
about the iron is that it may be adsorbed on the surface, or 
perhaps occluded as a separate impurity phase. 

We wish to draw attention to the one point in Fig. 3 whose 

value puts it well below the straight line. That particular sample 
showed anomalous behaviour in several ways and tempted us 
to look for a sharp discontinuity at this composition. Since the 
data on both sides are directly on the proper straight line, it may 
rather be that the analytical data are in error. For the present we 
can only speculate as to whether the point as it is shown is real 
or not. 

If the effect described here is general, and it is found that 
mixed crystals produced by coprecipitation always display a 
Raman spectrum whose line frequencies are simple functions 
of the mole fraction of impurity cations, then a new method 
will be available to investigate the nature of coprecipitated 
ions. This will be of considerable interest in analytical chem- 
istry, radiochemistry, preparative inorganic chemistry, miner- 
alogy, and in other areas of solid state chemistry. We expect to 
publish further reports on this subject in the near future. 

Summary 
Precipitates of barium sulphate containing potassium show 

changes in properties such as morphology and specific surface 
area whereas those containing iron do not, at least to the same 
extent, under the conditions used. 

Raman data show structural changes in potassium-doped 
BaS04 which X-ray diffraction data could not. The progressive 
shift in the v l  frequency of the SO:- ion suggests that mixed 
crystal formation is occurring. The invariance of the v ,  fre- 
quency for iron-doped precipitates indicates that iron is present 
in such a manner which does not detectably affect the SO:- 
environment and that solid solution is not occurring. It is sug- 
gested that this provides a new tool for the study of doped or 
contaminated crystals. 

The state of the iron impurities is less certain than that of 
potassium. It can be said, however, that iron is present in such 
a manner as not to alter the SO:- environment in the lattice 
which excludes the possibility of mixed crystal formation or 
incorporation into the BaS04 lattice. We conclude that the iron 
is adsorbed or occluded within the crystals. 
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PETER DE WIT, HANS CERFONTAIN, and ALFRED FISCHER. Can. J .  Chem. 63, 2294 (1985). 
The mono- and di-sulfonation of the 1,8-alkano- and 1,8:4,5-dialkano-naphthalenes 1-5 with SO3 in dioxane and nitro- 

methane as solvent have been studied and the results compared with those of 1,8-di- (6) and 1,4,5,8-tetramethylnaphthalene 
(7). The most reactive position of 1,8-ethano- (I), 1,8-propano-naphthalene (2), and 6 is the 4-position. Sulfonation adjacent 
to the 1,8-ethano bridge can be effected with SO3 in dioxane as reagent, whereas sulfonation ortho to the longer alkano bridges 
requires the more reactive reagent SO3 in nitromethane. Disulfonation of the 1,8:4,5-dialkanonaphthalenes 3-5 leads to the 
predominant formation of the "noncrossed" (i.e. the 2,7-) disulfonic acid due to the substituent effect of the 2-sulfonic acid 
group. The isomer distribution data for the sulfonation of the arenes and their monosulfonic acids show that the steric hindrance 
increases in the order ethano << propano 5 butano and propano < peri dimethyl. 

PETER DE WIT, HANS CERFONTAIN et ALFRED FISCHER. Can. J .  Chem. 63, 2294 (1985). 
OpCrant dans le dioxanne et dans le nitromCthane comme solvants, on a CtudiC les mono- et di-sulfonations des alkano-1,8 

et dialkano-1,8:4,5 naphtalknes (1-5) par le SO3; on compare les risultats avec ceux obtenus antkrieurement avec les 
dimCthyl-1,8 et t6tramCthyl-l,4,5,8 naphtalknes (6 et 7). La position la plus rCactive des Cthano-1,8 (I), propano-1,8 (2) et 
dimCthyl-1,8 (6) naphtalknes est la position 4. On peut effectuer une sulfonation sur la position adjacente du pont Cthano-1,8 
si I'on opkre avec du SO3 dans le dioxanne; toutefois, pour effectuer des sulfonations en ortho des ponts alkano plus longs 
on doit utiliser du SO3 dans le nitromtthane qui est un rCactif plus Cnergique. La disulfonation des dialkano- 1,8 :4,5 naphtalknes 
3-5 conduit a la formation prCfCrentielle de I'acide disulfonique "non croisC" (comme le -2,7) a cause de I'effet de substituant 
du groupement acide sulfonique-2. Les donnCes sur la distribution des isomkres pour la sulfonation des arknes et de leurs acides 
monosulfoniques montre que l'empechement stkrique augmente dans I'ordre suivant: Cthano << propano 5 butano et propano 
< ptri-dimCthyle. 

[Traduit par le journal] 

On disulfonation of 1,4-di-, 13-di-, 1,4,5-tri-, and 1,4,5,8- 
tetramethylnaphthalene there is a strong preference for the for- 
mation of the "noncrossed" 2,7-disulfonic acid over the 
"crossed" 2,6-disulfonic acid (2, 3). This was explained in 
terms of a larger degree of destabilization of the u-complex for 
the sulfonation of the 6- than of the 7-position of the 2-sulfonic 
acid, due to the strong electron-withdrawing effect of the sulfo 
group (3,4). In order to obtain more information on the factors 
governing the formation of the "crossed" and "noncrossed" 
disulfonic acids, we have extended our studies on the sul- 
fonation of polymethylnaphthalenes (2, 3) to a series of alkano- 
naphthalenes, viz. acenaphthene (I), perinaphthane (2), 
1,2,3,6,7,8-hexahydropyrene (3), 5,6,7,8-tetrahydrocyclo- 
hepta-acenaphthene (4), and 1,2,3,4,7,8,9,10-octahydrodi- 
cyclohepta[de,ij]naphthalene (5).3 

nmr data listed in Table 1. The sulfonic acid product com- 
positions for the various sulfonations are collected in Table 2, 
together with those of 1,8-dimethylnaphthalene (6) (2) for 
comparison. The very predominant formation of the 
2,7-disulfonic acid with 4 and 5 was further substantiated by 
250-MHz I3C nmr spectroscopy of the isolated dipotassium 
salts. The disulfonate of 5 showed ten signals (viz. at 139.9, 
139.3, 139.1, 137.5, 137.0, 125.4, 33.5,29.6,25.7, and25.0 
ppm), whereas the 2,6-isomer would exhibit only nine signals. 
Similarly the disulfonate of 4 exhibits nine signals (viz. at 
145.8, 143.1, 141.9, 136.3, 135.8, 127.7, 34.4, 33.1, and 
28.8), illustrating the formation of a "non-crossed" disulfonate 
(the "crossed" isomer would exhibit sixteen signals). In view of 
steric hindrance (see later), the sulfonation will be very much 
slower adjacent to the seven- than to the five-membered ring, 

Results 
The hydrocarbons 1-5 have been sulfonated with SO, in 

[2H8]dioxane and (or) [2H3]nitromethane or nitromethane. The 
resulting sulfo products were assigned on the basis of the 'H 6 

4 
' Aromatic sulfonation, part 95. Preceding paper: see ref. I .  
Author to whom correspondence may be addressed. 
In view of the objective of the present study, the compounds 1-5 

1 n = O  3 nzrn.1 6 R = H  
are considered substituted naphthalenes. For reasons of convenience, 
the aromatic ring positions of the sulfonic acid products have been 2 n = l  4 n = O : r n = 2  7 R = M e  

numbered as for the parent alkanonaphthalenes. 5 n.rn.2 
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TABLE 1. 'H nuclear magnetic resonance chemical shifts (ppm) of the potassium sulfonates of 1-5a.b 

Methylene hydrogens Aromatic hydrogens 
Position 

Hydrocarbon ofS03- la lb 4a 4b 5a 5b 8a 8b 2 3 4 5 6 7 

1 2 3.52 3.37 7.78 7.55 7.48 
4 3.16 3.16 7.30 7.97 8.15 7.61 7.19 
2,4 3.30 2.72 8.41 8.03 7.33 6.72 
2,5 3.30 2.72 8.03 8.33 7.91 6.79 

2,4,7 3.74 3.74 8.59 d d 

2 4 2.82 1.73 2.82 7.16 7.80 8.25 7.38 7.07 
2,4 3.23 1.68 2.64 8.42 8.25 7.36 7.01 
2,5 3.23 1.68 2.64 7.83 8.40 7.95 6.94 

3 2 3.44 1.98 2.80 1.80 2.66 2.92 7.73 7.23 7.58 
2,6 3.53 2.08 3.10 2.08 3.53 3.10 7.88 7.88 
2,7 3.60 2.20 2.92 1.80 2.92 3.60 7.88 7.88 

4 2 3.76 3.39 2.19 3.39 2.19 3.50 7.67 7.43 7.36 
3 7.86 
2,7 3.30 2.65 1.51 2.65 1.51 3.30 7.25 7.25 

5 2,6 3.20 1.70 2.86 1.47 3.20 1.70 2.86 1.47 7.53 7.53 
2,7 3.23 1.70 2.64 1.47 2.64 1.47 3.32 1.70 7.49 7.49 

"[2H2]0 was used as solvent, except for the 2-sulfonic acid of 4 which was recorded in [2H,]dioxane. 
bThe J,,2 coupling constants for the methylene hydrogens were 6.0-7.0 Hz and for the aromatic ones 8.0-9.0 Hz. 
'The 6- and 7-H absorb in the region of the 2- and 7-H of the 5-sulfonate. 
dThe 5- and 6-H absorb in the region of the low field signals of the 2,4- and 2,5-disulfonates. 

TABLE 2. Sulfonic acid product composition for the sulfonation of 1-6 

Reagenta Temp Reaction Reaction Substrate 
Substrate (equiv.) ("C) time (min) conditionsb conversion (%) Product composition (%)' 

1 A (1.0) 15 60 P >98 2(20) 4(80) 
B (1.0) 10 300 P 81 2(<2) 4(76) 2,4(11) 2,5(13) 
B(3.0) 20 45 P >98 2,4(42) 2,5(55) 2,4,7(3) 
D(l.O) 20 10 R >95 2(12) 4(88) 

2 A (1.0) 25 50 P 5 4(>96) 
1400 P 44 4(>96) 

A(4.0) 25 50 P 35 4(>96) 
1600 P 97 4(>96) 2,5(13) 

C (1.0) 0 30 R 85 4(83) 2,4(3) 2,5(14) 
C (4.0) 0 20 R >95 2,4(27) 2,5(73) 

3 c (1.0) 0 30 Q 57 2(25) 2,6(8) 2,7(67) 
C (1.9) 0 30 Q >95 2(7) 2,6(10) 2,7(83) 

4 A(2.0) 25 30 P 95 2(>97) 3(0.7) 
C(4.0) 25 30 R >95 2,6(<2) 2,7(>98) 

5 C(4.0) 25 30 R >95 2,6(13) 2,7(87) 
6d B (1.0) 0 50 4(95) 

B (3.0) 12 50 2,4(20) 4,7(80) 

"A-D stand for SO, in ['H,]dioxane, SO, in nitromethane, SO, in [2~,]nitromethane, and trimethylsilyl chlorosulfate (5), respectively. 
P, Q, and R stand for homogeneous, heterogeneous due to the limited substrate solubility, and heterogenous due to precipitation of sulfonic acid products. 

'The first number gives the position(s) of the sulfo substituent(s) and the one in parentheses the relative yield in %. 
dSee ref. 2. 

rendering the formation of the 3,6-disulfonate as alternative for 
the assigned 2,7-isomer highly improbable. 

'The substrates 3 and 5 did not react with SO3 in dioxane at 
25°C over a period of 27 h. 

The isomer distributions of the disulfonic acids on sul- 
fonation of the various arenemonosulfonic acids, estimated 
from the product composition of Table 2, are collected in Table 
3, together with reported data for 1,8-dimethylnaphthalene- 
4-sulfonic acid and 1,4,5,8-tetramethylnaphthalene-2-sulfonic 
acid. 

Discussion 
Arenemonosulfonation 

, The partial rate factor ratio&/$, for the sulfonation of ace- 

naphthene (1) with S o 3  in dioxane as reagent is 0.25 and with 
trimethylsilyl chlorosulfate 0.14 (Table 2). These values are 
comparable to the value obtained with chlorosulfuric acid in 
nitrobenzene at 0°C (-0.3, based on 75% of isolated 4-sulfonic 
acid) (refs. 6-8), but are significantly smaller than that obtain- 
ed using 95% H2S04 as reagent at 25°C (2.1) (ref. 8).4 The 
large dependence of thef2/f4 ratio on the nature of the reagent 
was also observed for the bromination of 1 ,  the degree of 
2-substitution varying from 3.2 to 32.4% (ref. 11). The higher 
reactivity of the 4- as compared with the 2-position was also 
observed in protiodetritiation, f2/f4 being 0.37 (refs. 12- 14), 

4For toluene, fZ/f4 is also much greater for 95.8% H2S04 as reagent 
(1.69) (ref. 9) than for SO3 in nitromethane (0.13) (ref. 10). 
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TABLE 3. Isomer distribution of the disulfonic acids 
formed by sulfonation of the sulfonic acids of 1-6" 

Substrate 

1 -2 - so3~  
I-4-S03H 
2-4-S03H 
3-2-SOXH 
4-2-SOXH 
5-2-SO3H 
6-4-SO3H' 
7-2-S03Hd 

Sulfonation isomer distribution ( % ) b  

"For the sulfonation conditions, see Table 2. 
b.'See footnotes c and d of Table 2, respectively. 
dSee ref. 4. 

for which reaction there is no evidence whatsoever of any steric 
hindrance (15), and was further observed in the nitration with 
nitric acid and in acetic anhydride (16) and the chlorination 
with chlorine in carbon tetrachloride - acetic acid (17). The 

ratios are rather similar for the chlorination (17) of 1, 2, 
and 6, as are thef,/f, ratios for the bromination of these three 
substrates (1 1). 

The absence of sulfonation of the 2-position with 2 and 6 is 
ascribed to steric hindran~e,~ the C(1a)-C(1)-C(2) angle of 
1 and 6 being 132.8 and 1 16.2" respectively (1 1), whereas that 
of 2 is in between these two extremes (12). 

The argument of steric hindrance also explains the obser- 
vation that SO3 in dioxane leads to Zsubstitution - i.e. adjacent 
to the alkano bridge - only with 1 and 4, both of which contain 
an 1,8-ethano bridge. In fact, 3 and 5 are unreactive towards 
SO3 in dioxane, and 2 gives only 4-substitution. Sulfonation 
adjacent to the 1,8-propano and 1,8-butano bridges is inhibited 
due to steric hindrance, but can be effected using the more 
reactive SO, in nitromethane. 

Reaction of 1 with 1.0 equiv. of SO3 in dioxane yields only 
monosulfonic acids, but by using 1.0 equiv. of the more reac- 
tive SO3 in nitromethane a substantial amount of disulfonic 
acids (19%) is obtained. The yield of disulfonic acids is far 
more pronounced in the (heterogeneous) sulfonation of 3 with 
1.0 equiv. of SO3 in nitromethane (43%). The formation of 
disulfonic acids under conditions of monosulfonation was ob- 
served before with some polymethylnaphthalenes (3), poly- 
methylphenanthrenes (19), pyrene and perylene (20), using 
SO, in nitromethane, and for azulene and 1,3-di-tert-butyl- 
azulene with SO, in dioxane as reagent (21). It may be explain- 
ed in terms of the mixing-disguised competitive, consecutive 
reaction model advanced by Rys (22), as discussed before 
(19-21). The higher yield of disulfonation of 3 may be ex- 
plained in part by assuming that the rate of sulfonation of the 
monosulfonic acid is higher than the rate of dissolving of the 
substrate. 

Arenesulfonic acid sulfonation 
With the monosulfonic acids of 1 ,2 ,  and 6, the very substan- 

tial degree of sulfonation of the ring containing the original 
sulfo substituent is remarkable in view of the strong deacti- 
vating effect of the primary sulfonic acid substituent, which is 
only partially of conjugative origin (23). In fact, with the two 
naphthalenesulfonic acids, the sulfonation in the ring contain- 

5The steric requirements for substitution increase in the order hy- 
drogen exchange << chlorination < nitration < bromination < sul- 
fonation (15, 18). 

ing the primary sulfo group is at best very low.6 Apparently the 
selectivity of the sulfonation is reduced as a result of the activa- 
ting 1,8-alkano and 1,8-dimethyl substituents. The content of 
the 2,4-disulfonic acid product decreases in the substrate order 
1-4-S03H > 2-4-S03H > 6-4-S03H. This order reflects the 
enhanced steric restrictions for sulfonating the Zposition (see 
before), as the &If4 ratio for protiodetritiation of the parent 
hydrocarbons - which reaction is devoid of steric hindrance 
(15) - exhibits a different order, viz. 6 > 1 = 2 (ref. 12). 

The disulfonation of the symmetrically substituted 
1,8 : 4,5-dialkanonaphthalenes 3 and 5 leads very predom- 
inantly to the "non-crossed" disulfonic acids, the 2,6- to 
2,7-disulfonic acid ratio being 0.12 and 0.15, respectively. The 
preference for the "noncrossed disulfonic acid may be ex- 
plained in terms of the higher energy content of the a-complex 
for the 7- as compared with the 6-substitution, due to the larger 
degree of destabilization by the initial sulfonic acid substituent 
of which the sulfur is electropositive toward the surrounding 
oxygens, as discussed at length elsewhere (4). 

The&/& ratios are somewhat greater for the 2-sulfonic acids 
of 3 (0.12) and 5 (0.15) than for that of 1,4,5,8-tetramethyl- 
naphthalene (7) (0.08) (ref. 3). The lower ratio for the latter 
sulfonic acid is ascribed to a relative increase in the rate of 
7-substitution, as will now be discussed. The steric hindrance 
for sulfodeprotonation of the 2-position of the alkylated naph- 
thalenes is greater for 7 than for 3 and 5 (see before). Accord- 
ingly, the steric strain in the 2-sulfonic acid of 7 is greater than 
in those of 3 and 5. To accommodate (part of) the ortho and 
peri strain in the 2-sulfonic acid, C(1a) will be bent out of the 
plane of the naphthalene skeleton in the opposite direction to 
the adjacent 2-S03H and C(8a).' The steric hindrance for sul- 
fonation of the 7-position will thus be more reduced for the 
2-sulfonic acid of 7 than for those of 3 and 5, leading to a higher 

f6/f7 ratio for 7-2-S03H, as observed. 
The f6/f7 ratio is very much smaller for the 2-sulfonic acid of 

4 (<0.02) than for that of 5 (0.15), due to the lesser steric 
hindrance for sulfonating the 7-position - i.e. adjacent to the 
five-membered ring - of the former sulfonic acid. 

We have indicated before, for the sulfonation of poly- 
methylnaphthalenes with SO,, that the alternative for the direct 
sulfodeprotonation, viz. initial ipso-attack, followed by a 
1,2-sulfo shift, can not be excluded (2, 3). Again in this study 
there is no evidence in favour of this additional sulfonation 
route, but it is of interest that Fischer and Leonard observed 
ipso-attack in the nitration of 3 and 4 with nitric acid in acetic 
anhydride (27). 

Experimental 
Materials 

Acenaphthene was Puriss grade (Riitgerswerke, FRG), 2 (28) and 
4 (29) were prepared by known procedures, 3 was obtained as a gift, 
and the synthesis of 5 was described before (30). 

6Sulfonation of naphthalene-1-sulfonic acid in 98.5% H2S04 at 
25°C does not yield any detectable amount of 1,3-disulfonic acid, 
whereas the 2-sulfonic acid yields only 4% of that isomer (24). Sul- 
fonation of naphthalene with 1.0 equiv. of SO3 in nitromethane yields 
2.90% 1- and = 10% 2-sulfonic acid and, with 4.0 equiv. of SO3, 48% 
1,6-, 25% 1,5-, and 5% 1,7-disulfonic acid with, as additional prod- 
ucts, the 1,3-, 2,6-, and 2,7-disulfonic acids and (possibly some) 
1,3,6- and 1,3,7-trisulfonic acids (P. de Wit and H. Cerfontain, un- 
published results). 

'The methyls of octamethylnaphthalene (25) and the methyl and 
sulfonate groups of dipotasisum mesitylenedisulfonate (26) are dis- 
placed alternately above and below the mean molecular plane. 
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Sulfonations 14. B. N. MCMASTER, M. C. A. OPIE, and G. J. WRIGHT. Tet- 
The procedures of the sulfonation with SO3, the working up of the rahedron Lett. 22, 2191 (1972). 

reaction mixture, and the product analyses were performed as de- 15. R. BAKER, C. EABORN, and R. TAYLOR. J. Chem. Soc. 4927 
scribed previously (21, 31). The sulfonation of acenaphthene with (1961). 
trimethylsilylchlorosulfate (Fluka) was carried out following the stan- 16. G. T. MORGAN and H. A. HARRISON. J.  Soc. Chem. lnd. 49, 
dard procedure (5). 413T (1930). 
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MARTINE BISSONNET~E, HOA LE THANH, and DANIEL VOCELLE. Can. J. Chem. 63, 2298 (1985). 
The state of protonation of a Schiff base, trans-trans-heptadienylidene tert-butylamine (HBA) was evaluated by uv and 'H 

nmr spectroscopies. Using three strong acids, HCl, HBr, HI and by taking spectra at low temperatures, it was found that in 
a non-polar solvent like chloroform (or CDC13), no proton exchange occurred between the iminium ion and the halide anion. 
In contrast, CD30H induced a leveling effect and some proton transfer occurred between the iminium ion and the solvent for 
the HBr and HI salts. No proton exchange was present for the HBA : HCI salt. The interaction of trichloroacetic acid with HBA 
was also studied: full proton exchange occurred between the iminium ion and CD30H. In CDCI?, proton transfer was also 
present between the iminium ion and the carboxylate anion. These facts are discussed in relation with the controversy 
surrounding the true state of protonation of rhodopsin. 

MARTINE BISSONNET~E, HOA LE THANH et DANIEL VOCELLE. Can. J. Chem. 63, 2298 (1985). 
La protonation d'une base de Schiff, la trans-trans-heptadiCnylid6ne tert-butylamine (HBA) a CtC Ctudite par les spec- 

troscopies ultraviolette et de rksonance magnCtique nuclCaire. Par l'emploi de trois acides forts, HCl, HBr, HI et par I'obtention 
de spectres h basses temperatures, il est dCmontrC qu'aucun Cchange de proton entre l'ion iminium et I'anion halogenure se 
produit lorsque le solvant est le chloroforme. Par contre, lorsque CD,OH est utilisC comme solvant, un debut d'Cchange 
protonique entre le solvant et I'ion iminium peut Ctre notC. Toutefois, pour HCl, aucun Cchange a pu Ctre obsewk. Finalement, 
lorsque l'acide trichloroacCtique a Ctt utilisC en conjonction avec HBA, la prCsence d'un transfert complet de proton a pu &tre 
obsewC entre l'ion iminium et CD,OH. Dans le CDCl,, un Cchange de proton est Cgalement prCsent mais cette fois-ci, entre 
l'ion iminium et l'anion carboxylate. Ces obsewations sont discutCes en relation avec le probkme concernant 1'Ctat de 
protonation de la rhodopsine. 

Introduction 
In the photoconversion of rhodopsin to bathorhodopsin the 

question of the protonation of the retinal Schiff base is still 
problematic (1). The most accepted model concerning the 
structure of rhodopsin's chromophore is the external point 
charge theory proposed by Nakanishi (2). 

Recently, we have developed our own model of rhodopsin 
consisting of a dienylidene Schiff base (e.g. RCH=CH- 
CH=CH-CH=N-R') and substituted acetic acids 
(XCH2C02H). When studied by uv and 'H nmr spectroscopies, 
this simple model indicated, among other things, that an equi- 
librium such as the one shown in reaction [ l ]  was possible for 
certain carboxylic acids in a non-polar solvent like chloroform. 

fully protonate the azomethine without the help of an external 
point charge. Two solvents were used: chloroform (or CDC13) 
for a non-polar solvent and methanol (or CD30H) for a more 
polar one. 

Experimental 
Blatz and co-workers (4) have previously studied the interactions of 

these acids with N-retinylidene n-butylamine (NRBA) in the same two 
solvents. They concluded from their studies in CHC1, that the A,,, of 
NRBA depended on the distance between the protonated Schiff base 
nitrogen and the counter-ion. In methanol, there was a leveling effect 
which meant that all data in that solvent were identical. It became 
interesting, then, to use our model with the same acids and to study 
the nmr spectra and in particular, the behavior of H7 (see Table 1 
for the numbering of the hydrogens in HBA), the aldimine hy- 
drogen -CH=N-, when the Schiff base is fully protonated. 
For an unprotonated HBA, H7 appears as a doublet because of the 

H 
I 

-CH=C-C=N- system; for a protonated HBA, H7 should 
I 
H 

become a doublet of doublets (5). The splitting of H7 is then related 
to the state of protonation of the Schiff base and as such should give 
precious information on this vital problem in the chemistry of visual 
pigments (I). 

Was this equilibrium possible because of the presence of the 
X group of acetic acid (similar to the point charge proposed by 
Nakanishi) or could it exist without it? Since acetic acid or 
propionic acid cannot protonate a Schiff base like trans-trans- 
2,4-heptadienylidene tert-butylamine (HBA) (3), we thought 
using strong mineral acids like HCl, HBr, and HI which could 

- - 

'TO whom all correspondence should be addressed. 

Materials and methods 
Preparation and purification of trans-trans-2,4-heptadienylidene 

tert-butylamine (HBA) have been described before (3). Preparation of 
the salts was easy: it consisted in the bubbling gazeous HCI, HBr, and 
HI, respectively, into an ether solution of HBA. The salt was filtered, 
washed with ether, and dried in vacuo. Gazeous HBr and HI were 
prepared according to classical methods (6). Solutions of the salts in 
chloroform or in methanol are somewhat unstable to oxygen, light and 
especially water. Fresh solutions are mandatory and special pre- 
cautions must be taken such as working in an anhydrous atmosphere 
(dry box). Concentrations were always in the same range: M for 
uv studies and 10-I M for nmr. Chloroform was first percolated in a 
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TABLE 1. Chemical shifts of H3 to H7 of HBA and its salts in CDCl, and CD,OH; values of the 
deshielding due to the acids used are in parentheses 

H4 H6 

CH$H~*,N#, 

H3 Hs H7 

Solvent Compounds H7 Hs Hs H4 Hs 

HBA 8.04 6.32 6.85 6.33 6.16 

CDsOH HBA/HCl 8.68(0.64) 6.69(0.37) 7.73(0.88) 6.62(0.29) 6.79(0.63) 
HBA/HBr 8.72(0.68) 6.69(0.37) 7.77(0.92) 6.69(0.29) 6.80(0.64) 
HBA/HI 8.67(0.63) 6.62(0.30) 7.74(0.89) 6.63(0.30) 6.80(0.64) 
HBA/TCA 8.64(0.60) 6.66(0.34) 7.69(0.84) 6.60(0.27) 6.77(0.61) 

HBA 7.87 6.26 6.57 6.18 5.95 

CDCl, HBA/HCl 8.19(0.32) 7.26(1.00) 7.35(0.78) 6.37(0.19) 6.49(0.54) 
HBA/HBr 8.15(0.28) 7.38(1.12) 7.38(0.81) 6.44(0.26) 6.55(0.60) 
HBA/HI 8.41(0.54) 7.36(1.10) 7.61(1.24) 6.46(0.28) 6.69(0.74) 
HBA/TCA 7.97(0.10) 6.94(0.68) 7.19(0.62) 6.35(0.17) 6.44(0.49) 

FIG. 1. Ultraviolet spectra of the hydrochloride, hydrobromide, 
and hydroiodide salts of HBA in chloroform. 

basic alumina column and then dried over 4A molecular sieves. With 
this procedure, chloroform is perfectly dried and free from ethanol. 
The purity of this solvent was checked by gas chromatography (Varian 
instrument, model 3700 equipped with an 8 foot OV-101 column). 
Since it is extremely difficult to have completely dry methanol, 
CDsOH obtained from Merck, Sharp and Dohme, was used in both uv 
and nmr studies. 

Ultraviolet studies were made on a Cary 17 instrument while 'H nmr 
spectra were recorded on a Bruker WH 400/DS (400 MHz) instru- 
ment. Assignments of chemical shifts to proper ethylenic hydrogens 
were done using double resonance technique. 

Results and discussion 
The electronic spectra of the HBA salts are simple: they 

consist of a single band with absorption maxima ranging from 
306 to 317 nm depending on the counter-ion and the solvent 
used. Figure 1 shows the spectra of HBA with HCl, HBr, and 
HI in chloroform. 

These results indicate full protonation and are in agreement 
with those obtained by Blatz (4) which noted the same order in 
the red shift of NRBA salts: iodide having a bigger shift than 
bromide than chloride. In methanol (CD30H), NRBA salts 
gave uv spectra consisting of a single band with A,, at 306, 
307, and 306 nm for the iodide, bromide, and chloride anions, 
respectively. This last result indicates a leveling effect by 
methanol. The same effect has been noted previously by Blatz 
(4) and also by us (3). 

The nmr spectra are far more interesting. Figure 2 a and b 
show the 400 MHz nmr spectra of HBA and of its hydro- 
chloride salt in CDC13 while Table 1 gives the chemical shifts 
of all ethylenic hydrogens (H3 to H7) of HBA salts in CDCl, and 
CD30H. The data for equimolar concentrations of trichloro- 
acetic acid and HBA are also given for reasons which will be 
discussed later on. 

It will be noted by looking at Fig. 2 a and b that the acids are 
inducing a pronounced deshielding especially on H5 and H6 in 
CDC13 and H6 in CD30H. Nuclear magnetic resonance tech- 
niques are thus very revealing of the interactions of an acid on 
the hydrogens of a Schiff base. From Table 1, it is readily 
noticeable that a leveling effect is present in CD30H since the 
chemical shifts are all very similar, thus confirming the uv 
spectral data. On the basis of this effect and following Blatz's 
(4) explanations, it follows that the protonated azomethine is 
separated from the anion (Cl-, Br-, I-) by at least one molecule 
of CD,OH. Solvation of protonated HBA means that there must 
exist a rapid exchange between the hydrogens of the solvent 
and the acidic proton (5) as in reaction [2] and H7 should appear 
as a doublet. 

H* 

Figure 3a shows the splitting of H7, in CD30H, for the three 
salts and for the TCA: HBA system. 

The hydrochloride salt of HBA indicates a doublet of 
doublets for H7 while for the hydrobromide and hydroiodide, it 
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( a )  ( a )  

HBA : HCI 

HBA : HBr 

FIG. 2. 'H nmr (400 MHz) spectra of (a )  HBA in CDC13 and (b) 
HBA . HCI salt in CDC13. 

is a poorly resolved multiplet. By comparison, TCA produces 
a well-defined doublet for H7 and yet it has the same chemical 
shift (Table 1) and the same uv spectral data (for a 1 : 1 ratio of 
HBA and TCA, uv spectrum indicates one single band with a 
A,, = 307 nm) as with the mineral acids. 

To understand more fully the significance of these results, 
the hydroiodide solution and the TCA : HBA system were 
studied by nrnr at different temperatures. Figure 4 a and b 
shows the results. 

By lowering the temperature, H7 for the H1:HBA system 
becomes a doublet of doublets at a temperature of 5°C while for 
TCA:HBA, it must reach -30°C. A doublet of doublets sig- 
nifies that a proton is located on the nitrogen of the azomethine 
while a doublet means that a rapid exchange is present. At 
room temperature then, the hydroiodide and hydrobromide are 
exchanging protons with the solvent while the hydrochloride is 
not. With TCA, the exchange is more complete (faster) than 
with the hydroiodide and a well-defined doublet is obtained. 
From these results and explanations and remembering that all 
acids (including HCl) induce almost identical deshielding on 
the hydrogens of HBA, it must be inferred that in methanol: ( a )  
with HCl, a tight-ion pair must exist between the chloride anion 
and the solvated cation so that proton exchange is minimal; 
(b) with HBr and HI, the ion pair is more loosely held together 
and some proton exchange is present; and (c) with TCA, there 
is no ion pair and both the anion and cation are fully solvated 
and proton exchange occurs readily. 

HBA : H I  

La+#- - 
8.4 8.2 8.0 

FIG. 3. Spin-spin couplings of H7 for HBA salts: (a) in CD30H 
and (b) in CDC13. 

In deuterated chloroform, the solvent being non-polar and 
having a low dielectric constant, ion pairs must be expected. 
Table 1 shows that the chemical shifts are different and thus, 
no leveling effects seems to exist. Acids cause a pronounced 
deshielding on H6 and this deshielding vary according to the 
size of the anion as anticipated (4). Figure 3b  shows the 
splitting of H7 in CDC13. The three strong acids protonate fully 
the Schiff base and the acidic proton sits on the nitrogen 
without proton exchange, so that a doublet of doublets is the 
results. However, TCA is protonating fully HBA as shown by 
the uv spectrum (one band only with a A,, = 310 nm) and yet 
H7 appears as a doublet. This can be explained by invoking an 
equilibrium between unprotonated and protonated HBA (see 
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I I 
8.8 8.8 8.4 82 8.0 8.8 8.6 M 82 (LO 

FIG. 4. Spin-spin couplings of H, for (a) HBA:HI, (b) TCA:HBA at different temperatures in CD30H 

I 

reaction [I]). Nuclear magnetic resonance spectra in CDC13 at 
different temperatures show the same pattern as before in 
CD30H (Fig. 4). At -25"C, a doublet of doublets is obtained. 
In our previous work with halogenated carboxylic acids (3), 
similar conclusions were drawn. In deuterated chloroform, 

I acids like the mono-, di-, and tri-halogenated acetic acids in- 
duced a pronounced deshielding on H5 and H6 while H7 always 
appeared as a doublet. By increasing the proportion of acid 
toward the imine, a doublet of doublets was obtained for HI. 
This result is analogous to the one reported here by lowering 
the temperature of the TCA-imine system and it confirms the 

fact that in chloroform, th6acidic proton is wandering between 
the carboxylate anion and the Schiff base. Surprisingly enough, 
uv spectroscopy is insensitive to the proton transfer. 

In conclusion, this study shows that the acidic proton on a 
protonated Schiff base is very labile and moves constantly 
between the imine group and the solvating species (if the me- 
dium is polar) or the counter-ion if it is a carboxylate anion and 
the milieu is non-polar. Extrapolation of our results to rho- 
dopsin is too risky to be done since it was shown, quite re- 
cently, by two-proton spectroscopic measurements (ref. 7a, for 
a comment of one of the referees, see ref. 7b) that the degree 
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of protonation did vary according to the existing milieu. This (c)  S. MORDECHAI and K. NAKANISHI. J. Am. Chem. Soc. 105, 
fact seems also verified by I3C nmr studies done on samples of 4033 (1983).  
bacteriorhodopsin whose preparations were different (8). This 3.  ( a )  M. BISSONNETTE and D. VOCELLE. Spectrosc. Int. J. 2, 120 
being the case, it is nevertheless interesting to note the great (1983); ( b )  M. BISSONNET~E, H. LETHANH, and D. VOCELLE. 
lability of the acidic proton in our model and the effect of Can. J. Chem. 62, 1459 (1984). 
lowering the temperature which freezes the proton exchange 4 .  ( a )  J .  0 .  ERICKSON and P. E. BLATZ. Vision ~ e s .  8, 1367 (1968); 
and permits the acidic proton to be located solely on the Schiff ( b )  P. E. BLATZ, J. H. MOHLER, and H. V. NAVANGUL. 

base nitrogen. Biochemistry, 11, 848 (1972); (c)  P. E. BLATZ and J. H. 
MOHLER. Biochemistry, 14, 2304 (1975); ( d )  P. E. BLATZ and 
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A Raman spectroscopic study of the equilibria in aqueous solutions of Hg(I1) chloride 
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PATRICE B. BENTHAM, CYNTHIA G. ROMAK, and HERBERT F. SHURVELL. Can. J. Chem. 63, 2303 (1985). 
The techniques of factor analysis (principal component analysis) and band contour resolution have been applied to Raman 

spectra obtained from seven aqueous solutions of HgC12 with various amounts of HCI added to increase the chloride to mercury 
ratio. The digitized spectra of the Hg-CI stretching region (200-380 cm-I) were subjected to baseline fitting and removal, 
and normalization using the v2 band of C1O4- (380-530 cm-') as an internal intensity standard. Factor analysis indicated the 
presence of three scattering components in the Hg-CI stretching band envelope. Band resolution gave the positions of peaks 
assigned to HgCI,, HgC13-, and H ~ C ~ ~ ~ -  at 320, 290, and 269 cm-', respectively. Approximate values for equilibrium 
constants for the equilibria present in the system have been calculated from the resolved band areas. 

PATRICE B. BENTHAM, CYNTHIA G. ROMAK et HERBERT F. SHURVELL. Can. J. Chem. 63, 2303 (1985). 
On a appliquC les techniques d'analyse factorielle (analyse du composant principal) et de rCsolution du coutour de la bande 

aux spectres Raman obtenus a partir de sept solutions aqueuses de HgCI, dans lesquelles on a ajoutC diverses quantitCs de HCI 
dans le but d'augmenter le rapport chlorure/mercure. On a soumis les spectres digitalisks de la rkgion d'ilongation Hg-CI 
(200-380 cm-') a un ajustement et une Climination de la ligne de base, puis une normalisation faisant appel a la bande v2 
du C1O4- (380-530 cm-I) comme standard interne. Dan: I'enveloppe de la bande dlClongation Hg-CI, I'analyse factorielle 
suggkre la prCsence de trois composantes qui diffusent. A I'aide de la rCsolution des bandes, on a pu attribuer les bandes a 
320, 290 et 269 cm-' respectivement aux entitCs HgCI2, HgCI3- et HgCI4'-. En se basant sur les bandes rCsolues, on a 
dkterrniner les valeurs approximatives des constantes d'kquilibre pour l'equilibre present dans le systkme. 

[Traduit par le journal] 

Introduction TABLE 1. Position of the symmetric stretching vibration of 

Factor analysis (or principal component analysis) and band 
contour resolution techniques have been useful in the infrared 
studies of various equilibria in CCI, solutions (1, 2). The meth- 
od was later adapted for Raman studies, and successfully used 
in the investigation of aqueous In(II1) chloride solutions (3) and 
aqueous Zn(I1) chloride solutions (4). A review of the pro- 
cedure with applications has been published (5). As a further 
extension of the method, it was decided to examine the Raman 
spectra of aqueous Hg(I1) chloride solutions with chloride 
added to vary the C1- to Hg ratio. 

Aqueous mercury(I1) chloride solutions have been the sub- 
ject of numerous investigations (6- 19). It is generally agreed 
that the main aquated species present in aqueous solutions of 
mercury(I1) chloride with concentrations of free chloride in the 
range lo-' to 1 M, are HgC12, HgC13-, and HgC1;-. There is 
some disagreement in the literature over the assignment of the 
Hg-C1 stretching frequencies of the various complexes. The 
reported wavenumbers are compared in Tables 1, 2, and 3. 

Detailed resolution of the Hg-Cl stretching band in aque- 
ous mercury(I1) chloride solutions using modem computing 
methods has not been attempted previously and it was felt that 
such a study would provide useful information on this system. 

In the present study, we have recorded digitally the Hg-C1 
stretching band of solutions with various R (chloride: mercury) 
ratios. By means of factor analysis and band resolution tech- 
niques, it has been possible to identify the complexed species, 
obtain wavenumbers for the symmetric Hg-C1 stretching 
modes of these species, and obtain approximate values for the 
equilibrium constants of the following reactions: 

'TO whom all correspondence should be addressed. 

~ ~ ~ l ~ ' f o r  various solventsand R (chloride :mercury ratios) 

Solvent" R vl ( ~ m - ' ) ~  

Aqueous (10) 2.3 
Aqueous (17) 0.34 
Aqueous (15) 2.3 
Aqueous (this work) 2-4.64 
TBP (10) 2 
TBP (18) - 

TBP (19) - 
Melt (12) 2 
Melt (1 1) 2 
Dioxane (1 3) 2 
Benzene (13) 2 
Methanol (1 6) 2-3 

"Reference numbers in parentheses. 
bs = strong, p = polarized, w = weak, br = broad. 

Experimental 
Reagent grade mercuric chloride (Pfaltz and Bauer) was used to 

prepare a near-saturated aqueous stock solution. This was filtered to 
remove suspended particles and solutions containing 0.172 M HgC12, 
1.59 M HC1O4, and varying concentrations of HCI were prepared. 
Details of the seven solutions used are given in Table 4. 

Raman spectra of the seven solutions were recorded at 22 r 1°C 
using a Jarrell-Ash 25-100 double Czerny-Turner monochromator, a 
RCA 30032-02 photomultiplier tube together with photon counting 
electronics. Raman spectra were excited by the 514.5 nm line of a 
Spectra-Physics Model 171 Ion laser. Laser powers between 200 and 
500 mW at the sample were used. The sample was contained in a 
5 mm x 5 mm x 50 mm silica cell. Two regions were scanned during 
the course of the study: 200 cm-' to 380 cm-' (the Hg-CI stretching 
region) and 380 cm-' to 500 cm-' (the v2 region of the C1O4- ion used 
as an internal intensity standard). Duplicate spectra were recorded. 
Any spectra showing intensity variations greater than 1% between 
consecutive scans were rejected. The spectra were calibrated using 
emission lines from a neon lamp and the wavenumbers reported from 
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TABLE 2. Position of the symmetric stretching vibration of the 
HgC13- ion for various solvents and R (chloride: mercury ratios) 

Solventa R v, (cm- ') Proposed structure 

Aqueous (15) 2.8 285-288 w 
Aqueous (this work) 2-4.64 290 s, p Planar 
TBP (10) 3.22 2 9 4 s , p  Planar 
TBP (18) - 294 s, p 
TBP (19) 3 296 vs, p 
Melt (12)' - 282 s, p Planar 
Methanol (16) 2.5-3 292- 

"Reference numbers in parentheses. 
bv = very, s = strong, p = polarized, w = weak. 
'v3 = 287 cm-I, v, = 210 cm-I. 

TABLE 3. Position of the symmetric stretching vibration 
of the HgC1,'- ion for various solvents and R (chloride: 

mercury ratios) 

Solvent" R V I  ( ~ m - ' ) ~  

Aqueous (lo) 3.22 269 s, d-272 s, p 
Aqueous (14) 8.0 269 - 
Aqueous (15) 2.88-9.0 270-275 s, p 
Aqueous (this work) 2-4.64 269 s, p 
TBP extract of 

halogen acid (18) ? 272 s, p 
Melt (12)' ? 267 - 
Methanol (16) 2.5-6.0 268 - 

"Reference numbers in parentheses. 
bs = strong, d = diffuse, p = polarized, w = weak. 
'v2 = 100 cm-I, v, = 276 cm-I, v, = 192 cm-I. 

the present work in Tables 1, 2, and 3 are believed to be accurate to 
within +1 cm-'. 

Computing methods 
( i )  Digitization 
All spectra were digitized by computer. The output from the photon 

counting system was interfaced to a PDPll computer. Spectra re- 
corded in this manner were permanently stored on floppy disks as well 
as being transferred to the IBM 4341 computer for further processing. 

(ii) Baseline removal 
Duplicate spectra were averaged. A plot of a typical raw spectrum 

obtained in this study is shown in Fig. 1. Removal of the baseline was 
accomplished using a revised version of the program BSLINE (20). 
Three types of baseline fits were used, either an exponential baseline 
was fitted across the entire spectrum, or the spectrum was arbitrarily 
divided at 380 cm-' and a linear baseline fitted to the reference peak, 
while an exponential-quadratic baseline was fitted to the band en- 
velope. These three types of fits are illustrated in Figs. 1, 2 and 3a,  
respectively. The fitted baselines were subtracted from the raw spectra 
to give the baseline removed spectra. An example is shown in Fig. 3b. 

(iii) Treatment of spectra 
The seven baseline removed spectra were subjected to factor anal- 

ysis (principal component analysis) using the program CHISQ (5). 
Band resolution was accomplished using a version of the program 
PC1 16 originally written by Jones et al.  (21), but modified here for 
fitting Raman bands. Details of the modifications are available from 
the authors on request. Areas of the component bands were determined 
and used to calculate the equilibrium constants. 

Results and discussions 
( i )  Factor analysis 

Factor analysis (principal component analysis) (1, 5) has 
been applied to the Raman band envelope in the Hg-Cl 

TABLE 4. Composition of the seven samples" 

Solution Added [Cl-] Total [Cl-] R 
number from HCI (M) (MI ( [ a - I  : [Hg2+l) 

"Each solution was 0.17 M in HgCI, and 1.59 M in HCIO,. Total volume of 
each solution was 10.0 mL. 

TABLE 5. Results of the square root of 
variance test 

Square root 
of variance Eigenvalues 

TABLE 6. Factor analysis of seven solutions of HgC12; comparison of 
observed and regenerated transmittance matrix 

Distribution of misfits (number of points) 

Number of standard 
Number of 

x2 
deviations 

eigenvectors Expectation 
( m )  0-1 1-2 2-3 >3 Calcd. value 

stretching region of the seven solutions of 0.172 M HgC12 with 
added HCl, listed in Table 4. The analysis indicates that there 
are three scattering components contributing to the band 
envelope. 

In principal component analysis, the matrix Q = Iq, where 
I is the Raman intensity matrix and IT, its transpose, is formed. 
The number of scattering components is taken to be the number 
of non-zero eigenvalues of Q. Due to experimental and com- 
putational errors, statistical tests must be employed to deter- 
mine which eigenvalues are really non-zero. 

One criterion is the square root of variance test. The number 
of scattering components is taken as the number of eigenvalues 
greater than the square root of their variance. The results of this 
criterion are shown in Table 5, where it is seen that the first 
three eigenvalues are larger than their variance. 

Two further criteria are the regeneration of the intensity 
matrix using the minimum number of eigenvectors and the 
estimation of When m equals the number of components, 
Xi should have a value near the expectation value (22) which, 
in the present case, is given by (Nw - m) (Ns - m) (23), where 
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550 500 450 400 350 300 250 200 150 
W A  VENUMBERS (ern-') 

FIG. 1 .  The raw spectrum from sample 6 (R = 3.86) with a fitted exponential baseline. 

0 

I 
540 520 500 480 460 440 420 400 380 

W A  VENUMBERS (crn-'1 

FIG. 2. A linear baseline fitted to the reference band (v2 of C10,) from sample 1. 

Nw is the number of digitized points in the spectrum and Ns the 
number of solutions. The results of these two criteria are given 
in Table 6. 

It can be seen that three eigenvectors are needed to regen- 
erate the intensity matrix with 1272 out of 1274 points within 
three standard deviations of the experimental values. Thf x2 
test also indicates three components, since the calculated x2 for 
two components is greater than the expectation value, while 
is comparable to the expectation value. 

Band resolution 
Band resolution of the seven spectra was carried out. The 

results for solution 3 ( R  = 2.99) and solution 7 ( R  = 4.64) are 
shown in Figs. 4 and 5. It was found that the three bands 
required by the factor analysis were centered at 320 cm-I, 
290 cm-I, and 269 cm-'. The band at 320 cm-I, which pre- 

dominates at low chloride to mercury ratios was assigned to 
HgC12. The band at 269 cm-' which predominates at high R  
values was assigned to HgCL2-. The middle band, centered at 
290 cm-I, was assigned to HgC13-. 

Calculation of equilibrium corwtants 
The equilibrium constants for the reactions HgCl, + C1- 

HgC13-, HgC13- + C1- e HgC&-, and HgC12 + 2C1- e 
HgC1;- may be calculated from the following equations: 
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I :  1 

400 380 360 340 320 300 280 260 240 220 200 
WA VENUMBERS (cm-I ) 

FIG. 3. The Hg-Cl stretching band from sample 2 (R = 2.66): 
( a )  with a fitted exponential-quadratic baseline, ( b )  the baseline- 
removed band. 

where the square brackets represent the concentrations of the 
respective species. Concentrations (C;) may be related to re- 
solved band areas (A;) by the relationship: 

where Ji is a molar scattering coefficient. An approximate 

TABLE 7. Results of band fitting and C1- ion-selective electrode 
measurements 

Area Area Area 
Solution (320 band) (290 band) (269 band) [Cl-] (M) 

2 498.31 313.90 113.93 0.007 
3 449.85 327.95 242.13 0.004 
4 674.57 469.79 532.98 0.046 
5 489.84 553.84 859.51 0.064 
6 321.00 562.09 963.66 0.072 
7 167.62 435.62 1079.06 0.121 

calculation of equilibrium constants can be made if it is as- 
sumed that the molar scattering coefficients (J,) for the sym- 
metric stretching bands of HgCl,, HgC13-, and HgC1:- are 
equal. In this case, we replace the concentrations in eqs. [4], 
[5], and [6] by resolved normalized band areas. The concen- 
tration of the free C1- ion was measured independently using a 
C1- ion-selective electrode. Table 7 lists the areas of the vari- 
ous bands as well as the free C1- ion concentration, as mea- 
sured by the ion-selective electrode for each solution. All activ- 
ity coefficients were assumed to be unity in this work. 

Table 8 compares the values of log,, K for the various step- 
wise equilibria present in the Hg(II)/Cl- system studied in this 
work with those obtained by other workers. Sillen and Ciavatta 
used electrochemical techniques, while Marcus employed a 
solvent (benzene) distribution method. The values determined 
here, for the equilibrium constants (eqs. [4], [5], and [6]) listed 
in Table 8, are somewhat higher than the literature values. 
However, our values would be a little lower and hence closer 
to the literature values if we were to make the assumption that 
the molar scattering coefficients (J,) are in the ratio 2:3:4 
rather than 1 : 1 : 1. This is not an unreasonable assumption, 
since the Ji could increase with increasing number of HgCl 
bonds. 

Conclusions 
Principal component analysis and Raman band contour reso- 

lution has shown that three scattering species are present in 

I : 4 
400 380 360 340 320 300 280 260 240 220 200 

WA VENUMBERS (cm-1) 

FIG. 4.  The fitted Hg-Cl stretching band envelope for sample 3 (R = 2.99). 
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360 360 340 320 300 2.30 260 240 220 200 ieo 
WA VENUMBERS (cm-1) 

FIG. 5. The fitted Hg-CI stretching band envelope for sample 7 (R = 4.64). 

TABLE 8. Values of loglo K for various stepwise equilibria in Hg2+ system with added C1- 

SillCn (6) Marcus (8) Ciavatta (9) This work 
Reaction Constant (25°C) (25°C) (25°C) (22 + 1°C) 

Hg2+ + C1- = HgCl+ log K I 6.7320.018 - 6.72k0.02 - 
HgCI' + C1- = HgC12 1% K2 - 6.30k0.02 - - 

HgCl2 + C1- = HgCI3- log K3 0.85k0.15 0.95k0.03 l.OOkO.01 1.29k0.25 
HgCls + C1- = ~ g C l a -  log K4 - - - 1.3620.25 
HgCl2 + 2C1- = HgCla- log K3K4 0.8550.05 2.002 0.05 1.97k0.025 2.65k0.50 

solutions of HgC12 containing added chloride ion. It is con- 
cluded that the three species are HgC12, HgC13-, and HgCL2-. 
The totally symmetric stretching frequencies of these species 
are 320 cm-', 290 cm-I, and 269 cm-I, respectively. 

A value of 1.29 + 0.25 was obtained for loglo K3, 1.36 + 
0.25 for loglo K4, and 2.65 + 0.50 for loglo K3K4. These values 
are somewhat higher than literature values. The  discrepancies 
are most probably due to the assumptions that the molar 
scattering coefficients of the symmetric stretching modes of the 
three species were equal and that all activity coefficients were 
unity. The different techniques employed and different concen- 
tration ranges studied also may have contributed to the differ- 
ences between our values and previous values for the equi- 
librium constants. 
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JACK M. MILLER and ADRIAN FULCHER. Can. J. Chem. 63, 2308 (1985). 
The positive ion fast atom bombardment (FAB) mass spectra of a series of group IV organometallic halides, (~heny1)~MCl 

(M = Ge, Sn, Pb), (~heny1)~PbX (X = C1, Br, I) and Sn(phenyl),C14-, are reported in a sulfolane matrix, and compared to 
their corresponding EI spectra. The use of other matrix liquids such as glycerol thioglycerol, diamylphenol, 18-crown-6/tetra- 
glyme, and p-nitrophenyloctylether are discussed. Disappointingly FAB, like EI, does not produce significant parent ions for 
group IV organometallics. The FAB and EI spectra are remarkably similar with one major exception. In EI, the loss of a phenyl 
is preferred over the loss of a halide, while in FAB the reverse is the case, strongly suggesting that the primary ionization occurs 
in the condensed phase. 

JACK M. MILLER et ADRIAN FULCHER. Can. J. Chem. 63, 2308 (1985). 
Opirant dans des matrices de sulfolane, on a dCtenninC les spectres de masse, par bombardement avec des atomes rapides 

d'ions positifs, d'une sCrie d'halogCnures de composCs organomCtalliques du groupe IV, soit les (~hCnyl)~MCl (M = Ge, Sn, 
Pb), les (~hCny1)~PbX (X = C1, Br, I) et les SN(phCnyl),CL-.; on compare les spectres obtenus grice i cette technique avec 
ceux obtenus par IE. On discute aussi de l'utilisation d'autres liquides matriciels comme le glycCrol, le thioglycCro1, le 
diamylphCnol, 1'Cther 18-couronne-6/tCtraglyme et 1'Cther p-nitrophinoxyoctane. Les spectres obtenus ?i l'aide de cette 
technique modeme sont dCsappointants puisque les quantitCs d'ions parents qui sont obtenues sont aussi faibles que celles 
obtenues sous IE et que les deux series de spectres sont trts semblables, i une exception prks. Dans les spectres sous IE, la 
perte du phknyle se fait plus facilement que celle de llhalogCnure alors que c'est l'inverse dans les spectres par bombardement 
avec des atomes rapides; ceci suggkre fortement que l'ionisation primaire se produit dans la phase condenske. 

[Traduit par le joumal] 

Introduction 
While the use of fast atom bombardment (FAB) mass spec- 

trometry by organic and biochemists grew rapidly immediately 
after the discovery of the technique, inorganic and organo- 
metallic chemists have been slower to apply this important new 
soft ionization technique - even though at first glance the 
method should solve many problems associated with thermally 
labile, unstable, or relatively involatile organometallics. One 
of the drawbacks is that, unlike polar biochemical species 
which have an excellent chance of yielding good FAB spectra 
in a glycerol or thioglycerol matrix, organornetallics, with a 
wide range of polarities, reactivities, Lewis acidities, and sus- 
ceptibility to hydrolysis do not automatically yield a molecular 
or quasi-molecular ion on the first try in FAB with the most 
common and easily used matrix liquids. In addition, just as 
applications of EI mass spectrometry to organometallics lagged 
behind application to organics because it was difficult for 
organometallic chemists to gain access to instruments and 
because there are more complex rules for understanding the 
spectra, application of FAB to organometallics is also being 
delayed for the same reasons. The new very high mass (10 000 
Daltons and higher) mass spectrometers now becoming avail- 
able, have for the most part been installed in labs with a 
biomedical orientation and have been less accessible to the 
inorganic chemist. 

However, inorganic, organometallic, and coordination 
chemical applications of FAB are now multiplying (1, 2). Al- 
though papers have been published on transition metal organo- 
metallics also containing group IV elements (3, 4), no details 
of a systematic FAB study on simple group IV organometallics 
have been reported in the primary literature (5). We present 
such a study here. The EI spectra of many of these compounds 
have previously been reported by Glockling and co-workers 
(6, 7) or obtained by us as part of an earlier EI study of some 
HMPA adducts (8, 9), but with one exception, they are 
repeated here so that we have comparisons on the same samples 

run in EI and FAB on the same instrument with the same 
geometry and under the same experimental conditions. 

Experimental 
Samples used were commercially available organometallics (Alfa). 

They were used without further purification if the melting points 
corresponded with those in the literature and if the mass spectra were 
free of obvious impurity peaks. The matrix liquids, sulfolane, di- 
amylphenol, thiogl ycerol, 18-crown-6, tetraglyme (Aldrich), glycerol 
(BDH), and p-nitrophenyloctylether (Fluka) were used without further 
purification. 

Mass spectra were obtained on a Kratos (AEI) MS30 mass spec- 
trometer, interfaced to a Kratos DS55 data system. EI spectra were 
obtained from beam 2 of the MS30 with a source temperature of 
180°C, samples being evaporated from a direct insertion probe heated 
just enough to maintain adequate sample pressure. A 4 kV accelerating 
voltage was used at resolution 1000, with a 300 pA regulated trap 
current. The FAB source was a Kratos retrofit to beam 1 of the MS30, 
involving the addition of fast pumping for the source, an Ion Tech Fast 
Atom Gun in place of the normal direct insertion lock, and a modified 
source endplate with a rear entry lock for the FAB probe. Argon, or 
preferably xenon, was used as the bombarding gas with atom gun 
energies of 6-8 kV and a gun current of approximately 1 mA, and a 
source pressure with bombarding gas flowing and evaporating matrix 
liquid of 1-2 x Torr. Samples dissolved in the, matrix liquid 
were placed on the 2 mm diameter beveled stainless steel probe tips. 
The source was operated at room temperature, with the same resolu- 
tion and accelerating voltage as for the EI spectra. The data system 
was calibrated with PFK (perfluorokerosine) for the EI spectra with 
real time, time to mass conversion. For FAB, perfluoroheptatriazine 
was used for the calibration, and data were acquired as time files and 
converted to mass off line, since we were not certain of having a lock 
mass. The matrix background could be subtracted by the data system, 
leaving the spectrum of the organometallic. At low masses in par- 
ticular, the matrix subtraction did not always completely remove the 
matrix peaks, a result of the variation of the matrix spectrum with 
concentration. The data presented are for metal-containing ions only, 
normalized to 100%. Ion intensities are summed over all isotopic 
contributions. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MILLER AND FULCHER 2309 

TABLE 1. Comparison of the EI and FAB mass spectra of 
(~henyl)~MCl (M = Ge, Sn, Pb)* 

TABLE 2. Comparison of the EI and FAB mass spectra of 
(~henyl)~PbX (X = C1, Br, I)* 

Ion abundance as % of total 
metal-containing ions 

M = Pb M = Sn M = Ge 

Ion+ EI FAB EI FAB EI FAB 

Ion abundance as % of total 
metal-containing ions 

X = C1 X = Br X = I  

Ion+ El FAB EI FAB EI FAB 

M2(phenyl)~ 
Molecular ion 
M(phenyl)3Sulf2 
M(phenyl)3Sulf 
M(pheny1)s 
M(pheny l)2C1Sulf 
M(~heny1)~Cl 
M(phen~1)~ - H 
M(pheny1)Sulf 
M(pheny 1) 
MClSulf 
MCI 
MSulf 
M 

*Sulf = sulfolane, the FAB matrix liquid. 

For the bulk of the study in sulfolane matrix, the matrix solutions 
were saturated with the organometallic. For the comparison of the 
various matrix liquids, samples were prepared with 100 mg of organo- 
metallic dissolved in 100 pL of matrix liquid. 

Results and discussion 
a .  Comparisons of EI mass spectra with FAB mass spectra in 

sulfolane 
In the first series of EI/FAB comparisons, Table 1 shows the 

differences occurring when the group IV metal is changed from 
lead, to tin, and then to germanium, for their respective tri- 
phenylmetalchloride derivatives. Two things stand out immedi- 
ately. FAB mass spectra of these group IV organometallics 
show no molecular ions, quasi-molecular ions, or molecular 
ions coordinated to a molecule of the matrix liquid, and thus 
appear to be somewhat of a disappointment to those who hoped 
for a soft ionization technique which would readily provide a 
molecular ion for species such as the group IV organometallics 
which have notoriously weak, or absent parent ions. Only the 
EI spectra of the tin and germanium derivatives showed weak 
molecular ions. The FAB spectrum in the germanium case 
showed a digermanium species, presumably as a result of ion/ 
molecule reactions occurring immediately on sputtering in the 
region near the matrix surface where the concentration of ions 
and molecules is quite high. 

Two obvious differences are quickly apparent on comparison 
of these FAB and EI data. First there is the presence in FAB of 
ions involving a molecule (or even two molecules) of matrix 
liquid coordinated to an ion fragment, which is itself observed 
in both EI and FAB, the unsolvated fragment always being of 
greater intensity than the solvated one. The second striking 
difference is the relatively low abundance of organometallic 
ions containing the chloride, or metal chloride ions for that 
matter, in FAB compared to EI. Basically it appears that in 
FAB mass spectra of these derivatives, chloride is lost in 
preference to a phenyl group, whereas in EI the phenyl is lost 
preferentially. This might suggest that there is a pre-equili- 
brium or pre-ionization step in solution. Examples of pre-ioniz- 
ation could include protonation, i.e. a pseudo chemical ioniz- 

(Phenyl)2PbXSulf 
(Phen~1)~PbX 
(Phen~1)~PbSulf 
(Pheny03Pb 
(Pheny1)PbX - H 
(Pheny1)PbSulf 
(Pheny1)Pb 
(Su1f)zPbX 
(Su1f)PbX 
PbX 
PbSulf 
Pb 

*Sulf = sulfolane, the FAB matrix liquid. 

ation. A R3MXH+ ion thus formed could readily lose HX. 
Alternately, a molecule of matrix liquid could displace a halide 
ion giving R3MMat+. Under these circumstances, with energy 
supplied to the solution by the bombarding atoms, a cation can 
be formed directly by chloride loss from the parent molecule. 
A chloride ion might be more readily lost in solution (with a 
polar matrix molecule being available to solvate it) than would 
a phenyl anion or radical. Phenyl loss would still require a 
subsequent ionization step for the remaining organometallic 
radical species. In EI, however, in the gas phase ionization 
process, there is simple competition between the strength of the 
metal carbon and metal halogen bonds without any possibility 
of solvation entering the picture. 

This relative halidelphenyl loss is most apparent for the 
triphenyl-metal ions vs. diphenyl - metal-chloride ions, 
where, for each metal, the FAB abundances of the former ions 
are virtually interchangeable with the EI intensities of the latter. 
The metal chloride ions themselves are also greatly reduced in 
FAB, to the extent of being absent for germanium. The simple 
phenyl M ion is reasonably consistent between EI and FAB and 
for each metal. The bare metal ions themselves are only ob- 
served for lead and tin, the FAB/EI ratio being reversed for the 
two metals. Germanium ions are absent. Another ion of interest 
is that due to the loss of a benzene molecule from the triphenyl 
germanium and tin ions. This species, appearing one mass unit 
below the expected mass of the essentially absent diphenyl- 
metal species, is observed in the EI spectrum of the tin and 
germanium derivatives; it being much stronger in the latter, 
which also shows this species as an abundant ion in its FAB 
spectrum. 

A similar comparison on changing the halide from chloride 
to bromide to iodide is shown in Table 2 for the triphenyllead 
halides. Again we do not see parent ions in either EI or FAB, 
and again some preference for loss of halide is observed in FAB 
in comparison to the EI loss of phenyl, though this difference 
is less for the bromide than for the chloride. In the case of the 
iodide, this behavior is not apparent for the organometallic 
species, but still prevails for the simple lead iodide. For much 
of the data, the chlorides and bromides behave very much 
alike. With the exception of the species corresponding to 
tri-coordinate lead, the trends observed in the EI spectra are 
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TABLE 3. Comparison of the EI and FAB mass spectra of (phenyl),SnCI,-,, 
(n = 1-4)* 

Ion abundance as % of total metal-containing ions 

n = 4  n = 3  n = 2 n = l  

Ion+ EI FABS EI FAB El FAB EI FAB 

Molecular ion 0.1 - 0 .4  - 9.6 - 15.4 
Molecular ion - H 2.1 - - - - - - 

Sn(phenyl)3Sulf - 9.3 - 2.0 - - - 
Sn(phenyI), 42.3 35.9 2.7 50.6 - 1.9 - 
Sn(phenyl)2C1Suif - - - 3.2 - 18.2 - 
Sn(phenyl),Cl - - 45.4 10.6 9.1 24.3 - 

Sn(pheny1)~ 16.7 - - - - - - 
Sn(phenyl), - H 1.5 2.2 2.4 - - - - 
SnCI3Sulf - - - - - - - 
SnCI3 - - - - - 1 . 1  
Sn(phenyl)C12Sulf - - - - - 10.0 - 
Sn(phenyl)Cl, - - - - 12.9 4.4 21.7 
Sn(pheny1)Cl - - - - 18.5 - 1.8 
Sn(pheny1)Sulf - 4 .6  - - - 4.2 - 
Sn(pheny1) 17.5 31.4 12.9 13.2 3.6 7.5 2.5 
SnC1, - - - - - - 2.1 
SnCl(Sulf), - - - - 6.2 - 
SnClSulf - - 2.5 - 11.9 - 
SnCl - - 28.5 2.5 39.0 7.5 40.5 
Sn 18.6 10.4 5.7 15.4 7.3 47 9.5 

*Sulf = sulfolane, the FAB matrix liquid. 
?Tin ions are partially masked by sulfolane matrix, values calculated from 'I6Sn. 
$Taken from ref. 6 .  

reflected in the FAB data. Formation of free lead cations is 
twice as probable in the EI spectra as in the FAB, and is not 
dependent on the halide. 

As a potential analytical technique for this series of com- 
pounds, there is nothing to choose between the two ionization 
techniques. Essentially all important ions seen by one tech- 
nique are seen by the other, with the exception of the coordina- 
tion of matrix molecules. As the matrix is known, these are 
easily predictable. 

When we look at a series in which the number of phenyls on 
tin is varied from four down to one, we observe the data shown 
in Table 3. The EI spectra all show parent ions, with intensities 
increasing as the chloride content rises, all of them quite weak 
except for the trichloride. In the latter case the FAB spectrum 
as well shows a parent molecular ion, though only two thirds 
the intensity of that observed in the EI spectrum. In the case of 
the trihalide, the generalization made above about loss of halide 
for the FAB spectrum in comparison with the EI spectrum 
breaks down to some extent, tin trichloride species in FAB 
being more abundant than in EI, but so too are the diphenyltin 
chloride containing ions. Interestingly, though FAB usually 
seems to lead to the loss of a halide in preference to a phenyl, 
the presence of three chlorides leads to the observation of a 
molecular ion. It is also interesting to note that it is a true 
molecular ion, not a quasi-molecular ion that is observed in the 
FAB spectrum. 

FAB spectra show more metal-containing ions than the cor- 
responding EI spectra except for the case of the tetraphenyl 
derivative. This difference is usually due to the presence of ions 
solvated by the matrix sulfolane. 

b. Comparisons of various matrix liquids 
In Table 4 we show the effect of changing the matrix liquid 

on the FAB spectra of triphenyl tin chloride. Since the concen- 
tration was kept approximately constant for the comparison of 
the various matrix liquids, the sulfolane data are repeated, once 
as the saturated solution, and once as a slightly more dilute 
sample. There is some variation, rather more than might be 
expected on repeat runs of an EI spectra, but there are no 
significant inversions of ion intensities. All the spectra in the 
matrix comparison were run on the same day with identical 
instrument settings, source and atom gun conditions, and with 
the same operator. The EI data are presented in the first column 
for comparison purposes. There is really no single matrix liquid 
which gives a FAB spectrum most closely resembling the EI 
spectrum, though the glycerol spectrum is clearly the farthest 
from the EI. 

The data are presented with the matrix liquids in approx- 
imately decreasing order of polarity, with the three having 
acidic protons being presented first. Of these thioclycerol gave 
the triphenyltin cation as the base peak, i.e. not just the most 
intense metal-containing ion, but the most intense ion in the 
whole spectrum, i.e. including matrix peaks, and one to two 
orders of magnitude greater than that observed h r  diamyl- 
phenol or glycerol itself. The thioglycerol had few simple 
matrix ions in the spectrum, but did have some unidentified 
high mass species. Of the non-protic matrix liquids, only the 
sulfolane gave the triphenyltin cation as the base peak, with 
both the nitrophenyloctylether and crown ethers having low 
mass matrix fragments as the base peaks. Thioglycerine and 
sulfolane give remarkably similar spectra. As one moves across 
the table, with the exception of "Dap", the triphenyltin cation 
relative abundance decreases, and the diphenyltinchloride ion 
increases, though only for NPOE does the intensity invert, with 
the halide being more intense. In this sense, perhaps the NPOE 
matrix most closely resembles the EI data. 
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TABLE 4. Comparison of the EI and FAB mass spectra of (C6H5)3SnCI in various matrix 
liquids* 

GI Dap Thio Sulf Sulft NPOE Crown 
Ion+ EI FAB FAB FAB FAB FAB FAB FAB 

(C6H5)3SnCI 
(C6H5)3SnMat 
(C6Hs)Sn 
(C6H5),SnC1Mat 
(C6H5)2SnCI 
(c6H5)~Sn - H 
SnClMat 
SnCl 
C6H5SnMat 
C6H5Sn 
SnMat 
Sn 

R3Sn+/base peak 
Base peak, mlz 
Absolute R3Sn order 

*Mat = coordinated matrix liquid, GI = glycerol, Dap = di-r-amylphenol, Thio = thiophenol, 
Sulf = sulfolane, NPOE = 2-nitrophenyloctylether, Crown = 18-crown-6/tetraglyme. 

tThe second sulfolane run was at a slightly reduced concentration, such that the same approximate 
concentration was used for all the samples in this run, which were run the same day with the same 
operator, with the same instrument settings, gain etc. 

SR,Sn. 

TABLE 5. Positive ion FAB mass spectrum in a 
glycerol matrix of (C6H5)3SnEC6F5, E = 0 ,  S, for 

metal-containing ions* 

0 S 

EI FAB lon+ EI FAB 

TABLE 6. Comparison of the positive FAB of (ben~yl)~SnCl~ and 
(phenyl),SnCI, in sulfolane 

Intensity 

R=Benzyl R=Phenyl 

8.1 - RSn(~ulfolane)~ 
6.2 - R3Sn(sulfolane) - a redistribution ion 

17.8 18.2 R2SnCl(sulfolane) 
16.7 1.9 R3Sn - a redistribution ion 
7.6 24.3 R2SnCI 
- 10.0 RSnC12(sulfolane) 
- 4.4 RSnC1, 
5.4 4.2 RSn(sulfo1ane) 
- 6.2 SnCl(~ulfolane)~ 
12.9 1 1.9 SnCl(sulfolane) 
21.8 7.5 RSn 
- 7.5 SnCl 
- 4. Sn 

0.6 - M 0.2 - 
- 0.5 (M+2G1-2H) - - 

55.1 60.1 Ph3Sn 55.7 60.3 
7.5 1.2 Ph2Sn 5.2 - 

18.9 26.8 PhSn 21.6 25.5 
17.9 7.9 Sn 17.2 14.2 
- 3.9 (Sn+GI - H) - - 

*GI = glycerol matrix. 

Though the sulfolane spectrum gave the triphenyltin ion as 
the overall base peak, in absolute intensity (counts of the digi- 
tizer) terms, it was more intense in both the thioglvcerol and 
crown matrices. In terms of apearance, the NPOE-(&~~ 5th in 
R3Sn+ intensity) and Crown (2nd) gave spectra more readily 

In Table 6 we compare the effect of changing the organic 
group from phenyl to benzyl in the R,SnCl, system using a 
sulfolane matrix. The benzyl group appears to redistribute in 
the matrix under FAB conditions much more so than does a 
phenyl group. Loss of halide is also much more prevalent in the 
benzyl case. These data suggest that a study of organic ex- 
change reactions by FAB may well be feasible if the ligands are 
sufficiently labile. 

In conclusion, FAB appears to be a useful way to study 

interpretable at a glance than did either sulfolane (3rd) or thio- 
glycerol (1st in absolute intensity). However, these factors do 
not appear to seriously affect the actual ion intensities, the 
consistencv rather than the differences between the matrix 
liquids beihg the more remarkable. There are differences due to 
solvation, and ionic equilibria, but on the whole they are less 
than the differences between the EI and FAB data. 

c.  Other systems 
Though for the halide systems, glycerol was the worst matrix 

investigated, we show in Table 5 that for a non-halogenated tin, 
glycerol is an adequate matrix for organometallics. The EI (10) 
and FAB spectra are compared for the triphenyltin derivatives 
of pentafluorophenol and pentafluorothiophenol. If we com- 
pare the metal-containing species in both cases, the EI and FAB 
data are remarkably similar. 

group IV organometallici.~lt is, in fact, somewhat worse than 
EI mass spectrometry, in observing a molecular ion of the 
species of interest, a notoriously difficult problem for com- 
pounds of this type. However, the fragmentation appears to be 
similar to, though not exactly the same as, that observed in EI 
spectra. Thus FAB can be used for identification of known 
species or investigation of unknowns, especially systems not 
likely to be volatile or thermally stable in conventional EI inlet 
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systems. Certainly FAB is complementary to EI data. The 3. M. BARBER, R. S. BARDOLI, and R. D. SEDGWICK. In Soft 
matrix liquids have some effect on the spectrum, but basically, ionization biological mass spectrometry. Edited by H. R.  Morris. 
if a spectrum is obtainable, the data are interpretable. Protic Heyden, London. 1981. p. 137. 

matrix liquids do not cause particularly serious problems with 4. M. BARBER, R. S. BARDOLI, R. D. SEDGWIcK, and A. N. TYLER. 

halides that are potentially hydrolytically unstable. Nature, London, 293, 270 (1981). 
5. J. M. MILLER. Paper presented at the Conference on the 
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selenosulfonation of acetylenes. Formation of enamine sulfones' 
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THOMAS G. BACK, SCOR COLLINS, and KWOK-WAI LAW. Can. J. Chem. 63, 2313 (1985). 
f3-(Phenylseleno)vinyI sulfones 2 were prepared from the selenosulfonation of acetylenes and were oxidized to the corre- 

sponding selenoxides 3. These were treated in situ with morpholine (4) or pyrrolidine (5) to afford the corresponding enamine 
sulfones 6 and, in those cases where 3 were derived from terminal acetylenes, their selenenylated analogues 7. The formation 
of the latter was enhanced by adding benzeneselenenyl chloride to the reaction mixture, and suppressed by the presence of 
selenenic acid scavengers such as enamine 10 or ethyl vinyl ether. In several instances the enamine sulfones were hydrolyzed 
to f3-keto sulfones prior to work-up. A mechanistic rationale for the formation of 6 and 7 is presented. Selenoxide 3 f behaved 
anomalously when treated with pyrrolidine and underwent isomerization to an allyl selenoxide, followed by [2,3] sigmatropic 
rearrangement to produce allyl alcohol 18. Selenoxide 3 f was reduced by N,N-dimethylhydrazine to the selenide 2 f. 

THOMAS G. BACK, S c o n  COLLINS et KWOK-WAI LAW. Can. J. Chem. 63, 2313 (1985). 
La sClCnosulfonation des acktyltnes a fourni les f3-(phCnylsC1Cno)sulfones 2 qui ont CtC oxydCs en sClCnoxydes 3. Le 

traitement de ces derniers composts in situ avec la morpholine (4) ou la pyrrolidine (5) a donnC les tnamines sulfones 6 et, 
dans les cas oh les sClCnoxydes 3 ont CtC dCrivCs des acCtyltnes monosubstitds, les analogues sClCniCs 7. Les rendements de 
7 ont 6th augment& par I'addition du chlorure benztnesC1CnCnique au mClange de la rCaction et diminuCs par la prksence des 
agents de trappement de I'acide benz&nesCICnCnique, comme 1'Cther Cthylique vinylique ou 1'Cnamine 10. Dans quelques cas, 
les Cnamines sulfones 6 ont CtC hydrolystes en sulfones f3-cCtoniques avant I'isolation. Une explication mCcanique pour la 
formation de 6 et 7 est presentke. Le comportement du sClCnoxyde 3f en presence de la pyrrolidine Ctait anomal. Une 
isomCrisation en sClCnoxyde allylique, suivie par un rkarrangement [2,3] sigmatropique, a produit I'alcool allylique 18. Le 
m&me sClCnoxyde 3f a CtC rkduit par la N,N-dimCthylhydrazine en sClCniure 2f. 

Introduction 
R'OH R'O OR' 

The free-radical additions of selenosulfonates to olefins 
(1-3), allenes (4), diazomethane (5), and acetylenes (6-8) 

Rxy + R'OH WAr 
i31 bas R'o R 

have recently been reported. In particular, the selenosul- 
fonation of acetylenes with Se-phenyl p-tolueneselenosulfonate 
(1) provides an efficient route to P-(phenylse1eno)vinyl sul- 
fones 2, which can in turn be oxidized to the corresponding 
selenoxides 3 (6-8) (eq. [I]). As part of our studies of seleno- 
sulfonation and its synthetic applications, we have been in- 
terested in the reactions of 2 and 3 with nucleophiles. For 
instance, selenides 2 undergo substitution with alkyl sele- 
nocuprates (9) (eq. [2]), and selenoxides 3 react with alcohols 
via Michael addition (6) to form en01 ethers or ketals (eq. [3]). 

1 
(Ar =p-tolyl) 2 

/ 

PhSe RxF"' 
b 

'Taken in part from the Ph.D. Thesis of S. Collins, University of 
Calgary, 1983. 

'Author to whom correspondence should be addressed. 
3Recipient of an NSERC Postgraduate Scholarship and an Honorary 

Killam Scholarship. 

The present work is concerned with the extension of these 
studies to the reactions of selenoxides 3 with amines such as 
morpholine (4), pyrrolidine (5), and several related nucleo- 
philes. By analogy with eqs. [2] and [3], the expected products 
are enamine sulfones 6 (eq. [4]). These compounds are, with 
some exceptions (lo), unavailable from the condensation of 
amines with P-keto sulfones, as the latter undergo facile base- 
catalyzed C-C bond cleavage (1 1). Alternatively, the for- 
mation of enamine sulfones has been previously noted from the 
addition of amines to acetylenic sulfones (12-14), and from 
their reactions with 2-chlorovinyl(15) or 2,2-dichloroethyl sul- 
fones (16). We now report that the aminolysis of selenoxides 
3 provides enamine sulfones 6, their selenenylated products 7, 
or the corresponding P-keto sulfones, depending upon the sub- 
strate and conditions. 

HN-o u 

I41 Rxyir - 4 
PhSe or 

'"0 
3 

HO 
5 

Ar = p-tolyl 
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TABLE 1. Reaction of selenoxides 3 with amines and enamines 

Products (% yield)b 

~ h ~ e '  'R' 

\o R SOz& R SOzAr 

3 
Nucleophile Method" '\N#R' '\NXSePh 

Entry No. R R' (equiv.) (time, h) ' 6 ' 7 

"All experiments were conducted at room temperature. Method A: THF solvent. Method B: (i) THF solvent, (ii) 
excess PhSeCl added. Method C: THF solvent in presence of excess ethyl vinyl ether. Method D: (i) Et20 solvent; (ii) 
H,O'. 

bIsolated yields reported. 
'Isolated as the P-keto sulfone. 
dProduct 18 (eq. [S]) was isolated in 70% yield. 

Results and discussion the reaction mixture was further treated with benzeneselenenyl 
The results of the reactions of selenoxides 3a-3 f with mor- chloride (PhSeCl), or when pyrrolidine was employed instead 

pholine (4) and pyrrolidine (5) are summarized in Table 1. of morpholine (entries 2 and 3). A plausible mechanism for 
Selenoxide 3a reacted rapidly with morpholine to afford 6 and these transformations is shown in path A of Scheme 1, in which 
7 (R = R' = H) as the minor and major products, respectively 34 undergoes Michael addition of the amine to the vinyl sul- 
(entry 1). Only the selenenylated product 7 was obtained when fone moiety (17), followed by selenoxide elimination (18) to 

PhSe Hx? 

\o 
3a 

(Ar = p-tolyl) 
\ 

path B L H- =--S02Ar + PhSeOH 

8 

+\ 
N SePh 

6 + PhSeOH + 

(or PhSeC1) 
HxS02Ar + H20 

7 

3 PhSeOH PhSeSePh + PhSe02H + H20 
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--b H- = -S02Ar + PhSeOH --b H-= -S02Ar + PhSeOH 
PhSe. PhSe. 

PhSeOH + HN/' $ PhseNA' + H 2 0  
\t '> 

afford 6 and benzeneselenenic acid (PhSeOH). Selenoxides 
such as 3a,  where R' = H, are known to eliminate particularly 
rapidly under base-catalyzed conditions (6). It is therefore pos- 
sible that in such systems elimination precedes Michael addi- 
tion (path B) and involves intermediate acetylenic sulfones 8, 
which are known to produce enamine sulfones in the presence 
of amines (12- 14). Clearly the latter mode of reaction is pre- 
cluded for those selenoxides in Table 1 where R' # H, as the 
absence of a vinylic hydrogen atom prevents elimination from 
becoming the initial step. The by-product selenenic acid (19) or 
a related electrophile such as the corresponding anhydride 
PhSeOSePh (20) can then react with the enamine sulfone to 
afford the selenenylated product 7. Similar reactions of other 
enamines with selenenic electrophiles have been previously 
reported (21) and provide a precedent for this step. Any sele- 
nenic acid not consumed by the transformation of 6 to 7 
disproportionates to benzeneseleninic acid and diphenyl di- 
selenide (19), with the latter observed as a minor by-product. 
The addition of an excess of a selenenylating agent such as 
PhSeCl after the initial reaction effects the complete conversion 
of 6 to 7 (entry 2). 

An alternative mechanism for the formation of 7 must also 
be considered. The selenenic acid which is produced together 
with the acetylenic sulfone 8 during the fragmentation of sele- 
noxide 3a is expected to react with the amine to generate 
selenenamide 9 (22) (Scheme 2). The further reaction of this 
species with 8 would then afford the selenenylated product 7 
via a sequential Michael addition and intramolecular sele- 
nenylation, analogous to the reactions of selenenamides with 
enones (22) and dimethyl acetylenedicarboxylate (23) pre- 
viously reported by Reich et al. However, when the reaction in 
entry 1 was carefully monitored by 'H nmr spectroscopy, it 
became evident that the enamine sulfone 6 is formed first and 
that the selenenylated product 7 arises subsequently at its ex- 
pense. This observation is more consistent with Scheme 1, 
where 6 is the direct precursor of 7, than with Scheme 2 where 
the formation of 6 and 7 proceeds independently. 

The reaction of selenoxide 3a with excess 1-(N-morpho- 
1ino)cyclohexene (10) was also investigated. Previous workers 
had demonstrated the additions of several enamines to vinyl 
sulfones (24), and the analogous process was expected to 
produce the corresponding y-sulfonyl enone 13 in the present 
instance. Instead, however, the principal products were the 
enamine sulfone 6 and 2-phenylselenocyclohexanone 12, each 
formed in 83% yield based on 3a (Scheme 3 and entry 4, 

Table 1). This suggests that enamine 10 reacts not with sele- 
noxide 3a,  but rather with the benzeneselenenic acid produced 
during the fragmentation of 3a to the acetylenic sulfone 8. 
Hydrolysis of the resulting intermediate 11 in situ then affords 
the a-seleno ketone 12, and simultaneously liberates mor- 
pholine which adds to 8 in the usual manner to provide 6. When 
the reaction was reoeated under anhvdrous conditions in the 
presence of magnesium sulfate to remove liberated water, it 
proceeded more slowly and the y-sulfonyl enone 13 was ob- 
tained in a low yield of 16%; however, the previous products 
6 and 12 continued to dominate. Thus, although the reactions 
of selenoxides 3 with enamines do not appear promising as a 
practical route to enones such as 13, the present example did 
furnish the originally sought enamine sulfone 6. Other attempts 
to efficiently convert 3a to 6 by blocking the subsequent 
selenenylation step through the in situ removal of the benzene- 
selenenic acid with a large excess of amine (25), or by its 
further oxidation to the corresponding seleninic acid (25), 
proved unsuccessful. 

Entries 5 and 6 in Table 1 further illustrate the effect of a 
selenenic acid scavenger. The reaction of selenoxide 3b with 
morpholine (4 )  in THF produced the selenenylated enamine 7 
as the only isolable product. However, whenthe reaction was 
repeated in the presence of a large excess of ethyl vinyl ether, 
the enamine sulfone 6 was obtained in excellent yield. It 
therefore appears that the nucleophilic en01 ether, like enamine 
10 in entry 4, is an effective trapping agent for the selenenic 
acid and prevents the further selenenylation of the enamine 
sulfone 6. 
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The stereochemistry of addition of amines to acetylenic sul- 
fones has been studied in detail by Truce et al. (12) and Stirling 
and co-workers (13, 14). When secondary amines (except azi- 
ridine) are employed, the product enamine sulfones are formed 
by cis addition to afford exclusively products with the E- 
configuration. It has been demonstrated that Z-products are 
formed kinetically, but isomerize readily to their E-counter- 
parts, which are favoured because of the opposing dipoles and 
absence of nonbonded interactions between the amino and sul- 
fone groups (14). The additions of secondary amines 4 and 5 
to selenoxides 3 in Table 1 also proceed in a highly stereo- 
selective manner, producing in each case only one geometric 
isomer of the corresponding enamine sulfone 6. The con- 
figuration of the product 6 obtained from selenoxide 3 a  and 
morpholine is unequivocally established as E o n  the basis of the 
large vinylic coupling constant of 13 Hz. Unambiguous evi- 
dence for the configurational assignment of the other enamine 
sulfones in Table 1 is lacking as a result of the unavailability 
of both isomers for comparison. However, on the basis of the 
previous arguments, it is reasonable to assume that they too 
are the E-isomers. The selenenylated products 7 were also 
formed in a highly stereoselective manner and similar lines of 
reasoning suggest that they might possess the 2-configuration, 
where the amino group and sulfone moiety are once again 
trans-oriented. Such conclusions are tentative, however, in the 
absence of more concrete evidence. 

Selenoxide 3 c  reacted with pyrrolidine to produce the ex- 
pected mixture of the corresponding products 6 and 7 (entry 8,  
Table 1). The presence of the former compound was clearly 
evident from a vinylic signal at 6 4.8 in the 'H nmr spectrum 
of the reaction mixture. However, the products could not be 
separated by crystallization and underwent partial hydrolysis to 
the corresponding P-keto sulfones 14 and 15 upon flash, col- 
umn, or preparative thin-layer chromatography on either silica 
gel or alumina. Consequently the hydrolysis was deliberately 
allowed to proceed to completion and Table 1 lists the yields of 
the resulting P-keto sulfones. The crude enamine sulfone from 
selenoxide 3 d  (entry 9) also proved difficult to purify and so 
was similarly converted to P-keto sulfone 16 prior to isolation. 

14 R = n-CsH17; R' = H 
S02Ar 15 R = n-CsH17; R' = SePH 

16 R = n-Bu = R' 
R' 

An anomalous, though not entirely surprising result occurred 
when selenoxide 3f was treated with pyrrolidine (entry 11, 
Table 1). Base-catalyzed isomerization of 3 f to the correspond- 
ing allylic selenoxide 17, followed by [2,3] sigmatropic rear- 
rangement, afforded the allylic alcdhol 18 (eq. [5]). The same 
product has been previously observed (7) when 3 f was allowed 
to react with KOH and 18-crown-6. 

The reaction of selenoxide 3f with N,N-dimethylhydrazine 
was also investigated. Instead of addition, a redox process 
occurred which resulted in the formation of the corresponding 
selenide in nearly quantitative yield (eq. (61). Several other 
oxidations of nitrogenous compounds with selenoxides are 
known (26). 

Ph, ,S02Ar 
[6] 3f + Me2NNH2 + 

PhSe 

These experiments indicate that acetylenes can in many 
instances be efficiently converted to enamine sulfones 6 by 
the sequence of selenosulfonation, oxidation, and aminolysis. 
When terminal acetylenes are employed as precursors, sele- 
nenylated enamines 7 generally dominate unless steps are taken 
to trap the electrophilic by-product, benzeneselenenic acid, as 
it is formed. 

Experimental 
Melting points were obtained on an A. H. Thomas hot-stage 

apparatus and are uncorrected. The ir spectra were recorded on a 
Perkin-Elmer 467 spectrometer. The nmr spectra were obtained on a 
Hitachi Perkin-Elmer R24B or a Varian XL-200 spectrometer. All 
nmr spectra were run in CDCI, solution and are reported in ppm 
downfield from tetramethylsilane. Mass spectra were recorded on a 
Varian MAT CH5 or a Kratos MS 80 instrument. Preparative tlc was 
performed on Analtech 20 X 20 cm glass plates coated with silica gel 
GF (1000 km) unless otherwise noted. Ether and THF solvents were 
dried over LiAIH4; morpholine and pyrrolidine were distilled when 
discolouration was apparent and were stored over KOH or molecular 
sieves. All other reagents, unless otherwise noted, were purchased 
from commercial sources and used without further purification. 

Preparation of selenides 2 
Selenides 2a-2d and 2f were prepared from the selenosulfonation 

of the corresponding acetylenes as described previously (6, 7). Sele- 
nide 2c, formerly reported as an oil (6), was crystallized from hexane, 
mp 38-40°C. 

Selenide 2 e 
Dimethyl acetylenedicarboxylate (1.42 g, 10 mmol) and Se-phenyl 

p-tolueneselenosulfonate 1 (27) (1.56 g, 5 mmol) were refluxed 48 h 
in 15 mL of benzene. Several portions (ca. 5 mg each) of azobis(iso- 
butyronitrile) were added during this time. The product was evapo- 
rated in vacuo and crystallized from chloroform-hexane to afford 
1.59 g (70%) of 2e, mp 172- 173.S°C; ir (Nujol): 1730, 1689, 1595, 
1307, 1160 cm-I; nmr: 7.8-7.0 (complex 9H), 3.60 (s, 3H), 3.08 (s, 
3H), 2.28 (s, 3H); mass spectrum, m/e (relative intensity, %): 454 
(Mf , "Se, 22), 452 (M+, 7?3e, 12). Anal. calcd. for C19Hlg06SSe: 
C 50.33, H 4.00, S 7.06; found: C 50.26, H 3.98, S 6.95. 

Preparation of selenoxides 3 a-3 f 
Selenoxides 3a-3f were prepared on a scale of 0.5- 1 .O mmol in 

situ just prior to use by treating the corresponding selenides 2a-2f 
with a small excess (10-20%) of m-chloroperbenzoic acid (MCPBA) 
in THF or ether; tlc analysis after ca. 10 min indicated complete 
consumption of the selenide. In some cases the by-product m- 
chlorobenzoic acid was removed prior to use by washing the solution 
with aqueous K2CO3. 

Reactions of selenoxides 3 with amines (See Table I) 
Selenoxide 3a with morpholine (4) (entry I and 2) 
(a) Selenoxide 3a (0.50 mmol) and morpholine (104 mg, 1.20 

mmol) were stirred for 1 h in 10 mL of THF. The solution was diluted 
with ether, washed with aqueous NaCI, dried over anhydrous MgS04, 
and concentrated in vacuo. Preparative tlc in 5% methanol- benzene 
provided 37 mg (28%) of E-1-(N-morpholino)-2-(p-toluenesu1fonyl)- 
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Multicomponent diffusion of aqueous sodium carbonate and aqueous 
sodium bicarbonate 
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DEREK G. LEAIST, and ROBERT A. NOULTY. Can. J .  Chem. 63, 23 19 (1985). 
Diffusion coefficients of Na2C03 + H 2 0  and NaHC03 + H20 have been measured by a conductimetric technique at 

25°C. Above 0. I mol L-', diffusion of aqueous Na2C03 is typical of a simple binary electrolyte. At lower concentrations a 
significant proportion of the Na2C03 component diffuses as NaHC03 and NaOH produced by hydrolysis: Na2C03 + 
H20 * NaHC03 + NaOH. Because OH- is more mobile than HC03-, binary Na2C03 + H20 solutions undergoing diffusion 
separate spontaneously into two ternary solutions: Na2C03 + NaOH + H20 ahead of the diffusion boundary and Na2C03 + 
NaHC03 + H20 left behind the boundary. A procedure is developed for measuring multicomponent diffusion coefficients of 
hydrolyzing salts. Results for Na2C03 are in satisfactory agreement with predicted ternary values. As a consequence of the 
disproportionation reaction: 2NaHC03 * C 0 2  + Na2C03 + H20, diffusion of aqueous NaHC03 is formally a ternary process. 
However, because reactants and products have similar mobilities and because only about 1% of the salt disporportionates, 
diffusion of aqueous NaHC03 is effectively binary. 

DEREK G. LEAIST et ROBERT A. NOULTY. Can. J. Chem. 63, 23 19 (1985). 
Utilisant une technique de conductimCtrie i 25"C, on a mesure les coefficients de diffusion du Na2C03 + H 2 0  et du 

NaHC03 + H20. A!-dessus d'une concentration de 0, l  mol/L, la diffusion du Na2C03 aqueux est typique d'un Clectro- 
lyte binaire simple. A une concentration plus faible, une proportion notable de Na2C03 diffuse sous la forme de NaHC03 et 
de NaOH produits par I'hydrolyse Na2C03 + H20 * NaHC03 + NaOH. Puisque l'ion OH- est plus labile que l'ion HC03-, 
les solutions binaires de Na2C03 + H20 subissent une diffusion et se sCparent spontanCment en deux solutions ternaires, 
Na2C03 + NaOH + H20 en avant de la frontikre de diffusion et Na2C03 + NaHCO3 + H20 en arrikre de cette frontikre. On 
a mis au point une mCthode de mesure des coefficients de diffusion dans des systkmes i plusieurs composants de sels subissant 
une hydrolyse. Les rksultats obtenus avec le Na2COs s'accordent de f a ~ o n  satisfaisante avec les valeurs ternaires prCvues. La 
rkaction de dismutation 2NaHC03 C 0 2  + Na2C03 + H20 implique que la diffusion du NaHC03 aqueux est formellement 
un processus ternaire. Cependant, en raison du fait que les rCactifs et les produits ont des mobilitCs analogues et en raison du 
fait que seulement 1% du sel se dismute, la diffusion du NaHCOs aqueux est effectivement un processus binaire. 

[Traduit par le journal] 

1. Introduction 
Aqueous solutions containing carbonate and bicarbonate 

salts are of biological, geological, and practical interest. Dif- 
fusion data for these electrolytes are thus essential in order to 
understand the transport properties of many important systems. 
Nevertheless, reliable diffusivities for carbonates or bicar- 
bonates have not been published ( l a ,  2, 3). 

This study was undertaken to determine accurate diffusion 
coefficients of Na2C03 + H 2 0  and NaHCO, + H 2 0 .  The 
sodium salts were chosen because of their general importance. 
Recently, activity coefficients for these systems were reported 
over wide ranges of composition (4, 5) .  With activity data, a 
more detailed interpretation of diffusion is possible. 

Like many other important electrolytes, dilute carbonates are 
extensively hydrolyzed ( 5 )  

[I] CO:- + H 2 0  * HCO, + OH- 

Kh(250C) = 2.15 X mol L-' 

Hydroxide is several times more mobile than bicarbonate. 
Therefore, when Na2C03 diffuses in water, the total flow of 
NaOH should exceed the equimolar flows of NaHCO, and 
NaOH that are transported as the hydrolyzed portion of the 
Na2C03 component. These considerations have led to specu- 
lation that isothermal diffusion in "binary" Na2C03 + H 2 0  
solutions is actually a multicomponent process described by a 
flow of partially hydrolyzed Na2C03 together with a coupled 
flow of NaOH (6). Diffusion of Na2C03 + H 2 0  would then be 
governed by ternary equations 

'To whom correspondence should be addressed. 

rather than simpler binary expressions such as - J = DVc used 
previously ( 1  a ) .  

This paper presents an experimental procedure for measuring 
multicomponent diffusion coefficients of hydrolyzing salts. 
Results for aqueous sodium carbonate are used to establish by 
experiment whether or not diffusion of a hydrolyzing salt is a 
ternary process. 

The effects of the disproportionation reaction (5 )  

[11] 2HCO; * C 0 2  + CO:- + H z 0  

K(25"C) = 1.04 X 

on diffusion of aqueous sodium bicarbonate are also discussed. 

2. Experimental 
Diffusion coefficients were measured at 25°C using a simplified 

version of Harned's conductimetric procedure (7). Initial concen- 
trations were formed by injecting 0.1-0.4 mL of electrolyte solution 
into the bottom of a solution-filled channel (12.70 mm diameter, 
45.63 + 0.02 mm height). Diffusion was followed for 5-6 days by 
monitoring changes in electrical conductance at levels one-sixth of the 
distance from the top and bottom of the channel. Details of the equip- 
ment and procedure have been described (7 -9). 

The conductimetric technique was chosen so that measurements 
could be made at low concentrations where hydrolysis of Na2C03 is 
extensive. Until very recently this technique was unreliable for studies 
of alkaline solutions because of errors caused by adsorption of OH- 
(10) or leaching (11) of glass diffusion cells (7) during the long 
experiments. To avoid these problems, the cells used in this work were 
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TABLE 1 .  Comparison of observed and predicted diffusion coefficients of aqueous 
NaHC03 at 25°C 

c D Dcalcd 
mol L-I) m2 s-I) (lo-' m2 s-I) (AI + A>)" -c d In y,/dc 

"Calculated with a = 4 X lo-" m for the 

constructed from high density polyethylene and fitted with very small 
(1 mm diameter) platinum electrodes (8, 9). 

Binary diffusion coefficients 
Conductances were measured five or six times per day. By pairing 

each reading with the corresponding reading taken on the following 
day, 18-24 values of the binary diffusion coefficient were calculated 
for each experiment using the difference relation (7, 9, 12, 13) 

in which A is the length of the diffusion channel, r = k B / k T  is the ratio 
of cell constants of the bottom (B) and top (T) electrode pairs, and K B  
and KT denote conductances measured at time t .  

For each NaHC03 experiment and for each Na2C03 experiment 
above 0.1 mol L-' , the standard deviation of the D values calculated 
from eq. [3] was 0.1-0.2%. The absence of a discernible trend in 
D over 5-6 days indicated that the measured diffusion coefficients 
corresponded to binary differential values at the final cell composition 
(12, 13). 

Ternary diffusion 
On the other hand, values of D computed from eg. [3] for dilute 

Na2C03 solutions drifted downward by several percent over the dura- 
tion of each experiment. The trend was most pronounced at 0.005 m ~ l  
L-' , the lowest concentration studied. This behavior was consistent 
with anticipated ternary diffusion (6): the apparent rate of diffusion of 
dilute Na2C03 was initially high as NaOH produced by hydrolysis 
diffused rapidly along the column, while diffusion of slower Na2C0, 
dominated the later stages of the experiment. Accordingly, diffusion 
of dilute Na2C03 solutions was also analyzed as ternary diffusion of 
Na2C03(cl)  + NaOH(c2 = 0) + H 2 0  mixtures. 

In order to measure ternary diffusion of this system it was necessary 
to run experiments with the initial gradient in the NaOH component 
(7, 9) for average cell compositions Na2C03 + H 2 0  free of added 
NaOH. This was accomplished by introducing Na2C03 + NaOH 
solutions into the bottom of diffusion channels filled with NaZC03 + 
NaHC03 solutions. The concentrations were adjusted to that the 
amount of added NaOH component introduced into the cell at the start 
of the experiment was identical to the amount of added NaHC03 
component initially in the cell above the injected layer. As the 
two solutions interdiffused, the neutralization reaction NaHC03 + 
NaOH 8 2Na2C03 ensured that the final solution in the cell had 
binary composition Na2C03 + H 2 0 .  At 0.0500 mol L-'  Na2C03, 
for example, 0.250 mL of solution containing 0.0100 mol L-' 
Na2C03 and 0.924 mol L-' NaOH was injected into a cell filled 
with 5.53 mL of solution containing 0.0100 mol L- '  Na2C03 and 
0.0418 mol L-'  NaHC03; after diffusion, the final composition of 
solution in the cell was 0.050 mol L-' Na2C03. 

At the same final cell composition, experiments were also run with 
the initial gradient in the Na2C03 component. The conductance decay 

mean distance of closest approach of the ions. 

curves for the Na2C03-gradient and the NaOH-gradient experiments 
were analyzed for ternary diffusion by an eigenvalue procedure. 
Details of this procedure have been reported (9). Each ternary experi- 
ment was run in triplicate. 

Reagents 
Na2C03 and NaHCO, were A.C.S. reagent grade. Solutions of the 

salts were freshly prepared by weight prior to each run. Solutions of 
sodium hydroxide were prepared by dilution of highly pure saturated 
solutions. Winkler analyses indicated that the purified product con- 
tained negligible carbonate (<0.05% Na2C03 based on total alkali). 
Hydroxide solutions were stored in polyethylene containers that were 
protected from atmospheric carbon dioxide. Concentrations of NaOH 
were determined by titration of potassium hydrogen phthalate. 

3. Results and discussion 
Aqueous sodium bicarbonate 

The mean diffusion coefficients determined for this system 
are given in Table 1 .  Although the precision of D values from 
each run was 0 .1  to 0.2% uncertainties in both the cell constant 
ratio and the length of the diffusion channel limited the repro- 
ducibility from run to run to +0.5%. 

At low ionic strengths the concentration-dependence of the 
diffusion coefficient of a strong 1 : 1 electrolyte is described by 
the Onsager-Fuoss equation (14, 15) 

where y ,  is the mean ionic activity coefficient on the molar 
concentration scale and Do is the limiting diffusion coefficient 
calculated from limiting ionic conductances and Nernst's 
expression 

Allowance is made for the effects of ion-ion interactions using 
first and second order electrophoretic corrections calculated 
from (15) 
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LEAIST AND NOULTY 

TABLE 2. Diffusion coefficients of 
aqueous Na2C03 at 25°C 

c D 
(mol L-') (lo-' m2 s-I) p 

FIG. 1. Comparison of observed and predicted diffusion coeffi- 
cients of aqueous NaHCO, solutions at 25'C. 

in which 

The remaining symbols appearing in eqs. [4]-[6] follow 
accepted electrochemical usage (15). 

From the limiting ionic conductances (16a, 17-19) 
A;(N~') = 0.005010and AO(HCO;) = 0.00445 m2S equiv.-I 
we obtain Do = 1.255 X m2 s-' for the limiting diffusion 
coefficient of aqueous sodium bicarbonate at 25°C and infinite 
dilution. The thermodynamic term c d In y ,/dc was evaluated 
using activity coefficients derived by Pitzer and Peiper (4) from 
electrochemical-cell data. The reported molal activity coef- 
ficients (y,) were converted to molar activity coefficients 
required here using published densities (1 b) and the relation 
(16b) 

where m is the molality and do is the density of pure water. 
Calculated values of the thermodynamic term are listed in 
Table 1. 

In Table 1 observed diffusion coefficients for NaHC03 
are compared with values predicted by eq. [4]. As shown in 
Fig. 1, agreement is especially good below 0.02 mol L-I. In 
this region predictions made by the Onsager-Fuoss equation 
for 1 : 1 salts are generally reliable. At higher concentrations the 
observed diffusion coefficients are about 0.5% lower than the 
predicted curve. However, the discrepancy is small. 

Vinograd and McBain (2) have used a porous diaphragm cell 
technique to measure diffusion of aqueous NaHC03. For 0.1 
mol L-I NaHC03 diffusing into pure water at 25"C, they report 
the integral diffusion coefficient 1.22 x m2 s-I. The 
present conductimetric results over this range are consistent 
with an integral coefficient of about 1.16 m2 s f ' ,  a value 
5% lower. However, the diaphragm cell measurements were 
made before reliable procedures for calibration or stirring had 
been developed (20, 21). Also, diaphragm cell measurements 
on dilute solutions generally lead to high values of D (3). The 

"Apparent values. 

conductimetric results are probably more reliable. 
In addition to Naf and HCO,, aqueous solutions of sodium 

bicarbonate contain small amounts of C O ~ -  and C02 produced 
by disproportionation (reaction [If]). The conditions of electro- 
neutrality and local chemical equilibrium place two restrictions 
on fluxes of the four solute species. Nevertheless, two solute 
fluxes are independent. Therefore, strictly speaking, iso- 
thermal diffusion in aqueous solutions of sodium bicarbon- 
ate is a ternary process. In practice though, only about 1% 
(-K' /~)  of the salt disproportionates (5). Furthermore, reac- 
tants and products have similar diffusivities (16a, 17- 19, 22, 
23): D(Na+) = 1.33 x D(HC0;) = 1.18 X 

D(CO:-) = 0.92 x andD(C02) = -1.9 x m2 s-I. 
For these two reasons disproportionation is not expected to 
have significant effects on diffusion of sodium bicarbonate. 
The excellent agreement between observed diffusion coeffi- 
cients and predicted binary values supports the idea that dif- 
fusion in aqueous sodium bicarbonate solutions is effectively a 
binary process. 

Aqueous sodium carbonate 
Diffusion coefficients were measured for Na2C03 solutions 

over the range 0.005-0.5 mol L-'. The results are listed in 
Table 2. Values for the degree of hydrolysis of the salt (5) 

[OH-] 
[lo] ' = [co:-] + [OH-] 

are also tabulated. D drops steadily with concentration. This 
behavior has been observed for aqueous Na2S04 and other 
strong electrolytes of the 2: 1 or 1 : 2 category (3). 

In order to determine the effects of hydrolysis on the dif- 
fusional properties of the salt, it is informative to compare the 
measured diffusion coefficients with values predicted under 
the assumption of hydrolysis-free conditions. In the absence 
of hydrolysis or ion association, the diffusion coefficient of 
a dilute, unsymmetrical electrolyte is given by the expres- 
sion (15) 

(Following Stokes (15), the second order electrophoretic term, 
A,, has been omitted for reasons of self-consistency.) Upon 
substitution into eq. [5] of A!(co:-) = 0.00693 m2 s-I 
equiv.-I (16a, 23) and the value of A; (N~+)  quoted pre- 
viously, we obtain Do = 1.162 X m2 s-I for the limiting 
diffusion coefficient of a hypothetical solution of unhydrolyzed 
Na2C03 at 25°C. 

Goldberg (24) has derived activity coefficients of aqueous 
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 TABLE^. Ternary diffusion coefficients of dilute aqueous 
Na2C03(cl) + NaOH(cz=O) at 25OCU 

Value 

1.0420.02 
0.90 

-0.53+0.10 
-0.60 

obsd. 0.22-1-0.04 
D2' {calcd. 0.48 

obsd. 3.06*0.15 
D22 {calcd. 3.22 

"Units: c, in mol L-', D, in m2 s-'. 

1 112 K I(mol L- 1 
FIG. 2. Diffusion coefficients of aqueous Na2C03 solutions at 

25°C. Upper curve: observed values. Lower curve: predicted by 
eq. [I I ]  for hydrolysis-free salt. 

I 
I Na2C03 from isospiestic measurements. Since hydrolysis was 

omitted from the analysis, diffusion coefficients of hydrolysis- 
free Na2C03 can be estimated by evaluating the thermo- 
dynamic term in eq. [ l l ]  using Goldberg's activity data. 1 The results of the calculations are given by the lower curve in 

I Fig. 2. 
It is evident from Fig. 2 that measured values of D are larger 

than anticipated for the unhydrolyzed salt. Although data above 
I 0.1 mol L-' appear to extrapolate to a limiting value close to 

1.16 X m2 s-' , results obtained below this limit curve 
sharply upward. In this region hydrolysis produces a significant 

1 proportion of highly mobile hydroxide ion (D = 5.28 X 

m2 S-I). 
Precise binary diffusion coefficients could not be determined 

at concentrations below 0.1 mol L-' . For those solutions, D 
computed from eq. [3] was not a well-defined diffusion coeffi- 
cient, but rather a time-dependent apparent binary diffusion 
coefficient of the mixed electrolyte Na2C03 + NaHCO, + 
NaOH. Although the apparent molar conductance of dilute 
Na2C03 can be interpreted by the relation (10) 

I 

. . 
no simple additive rule exists to interpret the apparent diffusion 

. .  . . I  
' . . :  ! 

8 
coefficient of the partially hydrolyzed salt (6). 

8 . . .  . . .  . . . . ,  Diffusion of aqueous Na2C03 produces fluxes of four solute 
species: Na' , CO:-, HCO, , and OH-. After electroneutrality 

i and local chemical equilibrium of the hydrolysis reaction are 
taken into account, two solute flows must be specified to give 

I a precise description of isothermal diffusion in aqueous solu- 
tions of the salt. We will analyze the diffusional properties of 

I the system in terms of the molar flux JI of the partially hydro- 
lyzed Na,CO, component and molar flux J2 of the NaOH 
component (6). (Note that J2 is the flux of NaOH in excess of 
NaOH transported with NaHCO, as the hydrolyzed fraction of 
the Na2C03 component, not the total NaOH flux.) The ternary 

diffusion coefficients of the components are defined by eqs. [ I ]  
and [2]. Cross-coefficient D2, measures the flux of the NaOH 
component produced per unit gradient in concentration of the 
Na2C03 component. 

Ternary diffusion coefficients were measured at three com- 
positions: 0.005,0.01, and 0.05 mol L-' Na2C03. The results 
of the experiments are summarized in Table 3. Although D2, 
is zero within experimental error at 0.05 mol L-' Na2C03, the 
highest concentration studied, positive values of DZ1 observed 
at lower concentrations confirm that diffusion of dilute 
Na2C03 generates concurrent transport of NaOH. 

At 0.005 rnol L-' Na2C03 the magnitude of D2, is about 
one-fifth that of D I , the main diffusion coefficient of the 
Na2C03 component. This means that the initial gradient in 
Na2C03 produces a simultaneous flow of NaOH that is one- 
fifth as large as the flow of Na2C03 even though the solution 
is free of added NaOH. Because the conductance of NaOH is 
large, the experimectal procedure used in the present study is 
well-suited to the task of measuring the coupled flow of NaOH. 
The measurements demonstrate conclusively the ternary nature 
of diffusion in dilute Na2C03 solutions. 

The observed values of DZ2, the main diffusion coefficient 
of the NaOH in aqueous Na2C03, range from 3.0-3.7 X lo-' 
m2 s-' . At equivalent ionic strengths the binary diffusion coef- 
ficient of NaOH + H 2 0  solutions is significantly lower: 
1.9-2.0 x m2 s-' (25,26). In binary solutions, however, 
OH- is constrained by electroneutrality to diffuse at the same 
rate as less-mobile Na'. This restriction does not apply to 
diffusion of NaOH in aqueous Na2C03 since OH- is able to 
diffuse more rapidly than Na' while still maintaining electro- 
neutrality by generating coupled flows of CO:- and HCO; 
in the opposite direction. In this instance the electric field set 
up by diffusion of NaOH which slows down highly mobile 
OH- also drives countertransport of CO:- and HCO; . Cross- 
coefficient Dl, which determines the coupled flow of the 
Na2C03 component produced per unit gradient in NaOH is thus 
large and negative. 

A procedure has been developed for predicting multi- 
component diffusion coefficients of hydrolyzing salts (6). 
First, knowledge of the concentrations and diffusion coeffi- 
cients of the various solute species is used to estimate Onsager 
transport coefficients defined by the flow equations 
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TABLE 4 .  Parameters used to predict ternary diffusion coefficients of 
aqueous Na2C03 ( c , )  + NaOH(c2 = 0 )  at 25OC 

Value 

Parameter c l  = 0.005 c l  = 0.010 c l  = 0.050 

RTL,: I 2.62 4.85 21.3 
I RTL12b -1.86 -2.63 -5.37 

R T L ~ ~ ~  -1.86 -2.63 -5.37 
1 RTL2zb 5.05 7.16 14.6 
1 (ap, /acl) /RTr 0.557 0.267 0.0486 
j ( a p l / a c 2 ) / ~ r  0.300 0.134 0.0246 
' (ap2/acl)/RTr 0.300 0.134 0.0246 

(ap2/ac2)/RTC 0.748 0.499 0.223 

"Un~ts: c, In mol L-I, RTL,, In lo9 mol m-' s - ' ,  ( a p , / a s ) / R T  in m' mol-I. 
bEquations [29]-[3 I], ref 6 
'Reference 5. 

Diffusion coefficients of the components are then estimated 
from the relation 

[14] Dtk = C LtmdPtnIdck 
tn 

I 
Table 4 lists calculated values of Ltk and d P r n / d c k .  The  latter 

I 

were derived from activity coefficients reported by Peiper and 
Pitzer (5). (Hydrolysis was included in their analysis.) 

Observed and predicted ternary diffusion coefficients of 
dilute N a 2 C 0 3  solutions are compared in Table 3. Since it is 

1 difficult to make accurate predictions of transport coefficients 
i for unsymmetric mixtures (15 ,27)  (especially for systems such 

as  the one under discussion in which the ions have widely 
different mobilities (28)), agreement can be  considered satis- 
factory. The agreement lends support to  the correctness of the 1 measured ternary diffusion coefficients. 

I 
Bearing in mind that diffusion is usually regarded as a 

mixing process, it is noteworthy that diffusion causes binary I N a 2 C 0 3  + H 2 0  solutions to spontaneously separate into two 1 
ternary solutions: N a 2 C 0 3  + NaOH + H 2 0  ahead of the dif- 
fusion boundary and N a 2 C 0 3  + N a H C 0 3  + H 2 0  remaining 
behind the boundary. Although ternary diffusion of N a 2 C 0 3  
is important only for relatively dilute solutions, strongly 
hydrolyzing electrolytes such as phosphates and salts of transi- 
tion metals should display ternary behavior at much higher 
concentrations. 
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Studies of infrared multiphoton dissociation rates of protonated 
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ALEXANDER BALDWIN YOUNG, RAYMOND EVANS MARCH, and RICHARD JAMES HUGHES. Can. J. Chem. 63, 2324 (1985). 
'The rates of photodissociation induced by absorption of infrared radiation of protonated dimers of 2-propanol and its 

deuterated analogues are reported. Protonated alcohol dimer ions created in a quadrupole ion store (QUISTOR) were irradiated 
in isolation and as a function of parent gas pressure and added collision gas (N2). The relative weights and nature of ionic 
photoproducts were determined by mass spectrometry. The effect upon photolysis of collisions both prior to and during 
irradiation were examined. Photodissociation rates were defined by UD, which is the measured photodissociation rate constant 
normalized to the laser intensity. Nascent dimer ions which can possess up to 130 kJ mol-' internal energy dissociated readily 
with uD of 15.8 x lo-" cm2 extrapolated to collision-free conditions. Photodissociation products from nascent dimer ions were 
produced via two major reaction channels. As the number of collisions suffered by the nascent dimer ion prior to irradiation 
was increased, the value of uD diminished and a single reaction channel became more prevalent. After some 270 collisions 
the ions appear to be collisionally relaxed prior to photolysis. The value of uD of 13.1 X lo-" cm2extrapolated to collision-free 
conditions was obtained. The products from photodissociation of relaxed ions were obtained from a single reaction channel. 
An increase in uD values obtained with added nitrogen collision gas indicated a blockage or "bottleneck" in multiphoton 
absorption which is attributed to rotational population depletion. 'Three deuterated analogues of 2-propanol showed similar 
behaviour to that of 2-propanol with the exception that deuteron-bound dimers formed from 2-propanol (OD) and perdeutero- 
2-propanol failed to show rotational population depletion. The apparent lack of a "bottleneck" in multiphoton absorption by 
deuteron bound dimers is attributed to the diminished spacings between rotational levels of these species compared with the 
rotational level spacings for proton-bound dimers. Proton-bound ethanol dimers were selected for the examination of tem- 
perature effects upon photodissociation rates. While values for UD, extrapolated to collision-free conditions, of 15.6 x lo-" 
cm2 at 321 K (in agreement with the 2-propanol results obtained solely at this temperature) and 8.55 X lo-'' cm2 at 293 K 
were obtained, the precise interpretation of such a marked temperature effect is not immediately obvious. 

ALEXANDER BALDWIN YOUNG, RAYMOND EVANS MARCH et RICHARD JAMES HUGHES. Can. J. Chem. 63, 2324 (1985). 
On a mesurt les vitesses de photodissociations, induites par adsorption de radiation infrarouge, de dimkres protonts du 

propanol-2 et de ses analogues deutCrCs. OpCrant d'une manikre isolCe ainsi qu'en fonction de la pression du gaz parent et du 
gaz additionnt (N2), on a irradit des ions dimkres d'alcool proton6 crCCs dans un pikge d'ions quadrupolaires. Faisant appel 
i la spectroscopie de masse, on a dCterminC les masses relatives ainsi que la nature des photoproduits ioniques. On a CvaluC 
I'effet sur la photolyse de collisions qui prkckdent l'irradiation ou qui lui sont concurrentes. On a dCfini les vitesses de 
photodissociations par a,, qui est la constante de vitesse de photodissociation mesurCe normaliste pour I'intensitC du laser. Les 
ions dimkres naissants, qui peuvent possCder jusqu'i 130 kJ mol-' d'Cnergie interne, se dissocient facilement avec un uD de 
15,8 X lo-" cm2 si l'on extrapole aux conditions ou il n'y a pas de collisions. Les produits de photodissociations des ions 
dimkres naissants proviennent de deux voies rCactionnelles principales. Lorsqu'on augmente le nombre des collisions aux- 
quelles sont soumis les ions dimkres naissants avant l'irradiation, la valeur de uD diminue et une voie rCactionnelle devient 
alors plus prkvalente. Aprks environ 270 collisions, les ions semblent avoir atteint un ttat de relaxation complkte avant la 
photolyse. On a obtenu une valeur de uD de 13,l X lo-'' cm2 par extrapolation i d e s  conditions oh il n'y a pas de collisions. 
Les produits de photodissociations des ions dans un Ctat de relaxation complkte ont CtC obtenus pour une seule voie rCac- 
tionnelle. Par addition azote, il se produit une augmentation des valeurs de UD provenant de collisions avec le gaz et indiquant 
un bloquage ou un "ttranglement" dans l'absorption multiphoton qui est attribuC i une diminution de la population rota- 
tionnelle. Trois analogues deutCrCs du propanol-2 prCsentent des comportements similaires i celui du propanol-2, i I'exception 
du fait que les dimkres liCs par un deutCrium et formts a partir du propanol-2 (OD) et du perdeutCropropano1-2 ne prCsentent 
pas de diminution de la population rotationnelle. On attribue ce manque apparent d"'ttrang1ement" dans I'absorption multi- 
photon par des dimhes lies par des deutCrium i des diminutions dans les Ccarts entre les niveaux rotationnels de ces espkces 
comparkes avec les Ccarts entre les niveaux rotationnels dans les dimkres lits par des protons. On a choisi les dimkres d'tthanol 
lies par des protons pour examiner l'effet de la temperature sur les vitesses de photodissociations. Les valeurs de UD, extrapoltes 
h des conditions oh il n'y a pas de collisions, sont de 15,6 x lo-" cm2 i 321 K (en accord avec les valeurs obtenues avec 
le propanol-2 ?i cette tempkrature) et de 8,55 X lo-" cm2 i 293 K; I'interprttation precise d'un tel effet marquC de la 
temp&ature n'est pas irnmkdiatement evident. a 

[Traduit par le journal] 

Introduction istry induced by multiphoton absorption can only be ascer- 

Single species photochemistry of a molecule or ion cannot be tained unambiguously when the overall rate of photoexcitation 
1 ascertained unambiguously unless the mean time between and unimolecular dissociation exceeds that of a known col- 

I collisions is greater than that required for excitation and lision rate. A novel dimension is added when the ion of interest 

unimolecular decomposition. Likewise, single species chem- is generated in situ through exoergic ion/molecule reactions, 
wherein the nascent ion can contain some 130 kJ mol-' of 

l ~ ~ ~ i ~ ~ ~ ~ ~ d  in the p h . ~ .  programme in chemistry of ~~~~~l~ 
internal energy as prevails for the protonated dimers of ali- 

University, Kingston, Ont., Canada. phatic alcohols (1). Previous studies employing slow Infrared 
'~djunct  Professor, Department of Chemistry, Queen's University, Multiphoton Dissociation (IRMPD) as a probe of activation 

Kingston. Ont., Canada. energy hierarchies in the gas phase photolysis of proton-bound 
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YOUNG ET AL. 2325 

FIG. 1. Master equation approach to IRMPD. 

dimers have been carried out with each of 2-propanol (2-5), 
ethanol (6), and I-butanol (7). It has been shown that the 
relative weights of reaction pathways followed by an ion ex- 
cited through the absorption of several photons change with the 
number of collisions suffered by the nascent ion prior to irra- 
diation. We have set out to explore the effects of collisional 
deactivation prior to and during irradiation through variation of 
parent molecule pressure, added collision gas pressure and 
relaxation time. 

A simple physical model (8) for Infrared Multiphoton Dis- 
sociation (IRMPD) is depicted in Fig. 1, wherein the rates of 
population of excited levels of the specie, M, compete with the 
rates of depopulation. For levels with internal energy in excess 
of the unimolecular dissociation threshold (E,, 3 yhv) depop- 
ulation can also occur via product formation with rate constant 
kd(y). The difficulty in applying this treatment to experimental 
data from IRMPD lies in the lack of knowledge of the individ- 
ual rate constants required to solve the master equation. In 
IRMPD the dissociation yield is measured as a function of 
fluence at a specified pressure and wavelength (pulsed C02 
laser) or as a function of irradiation time at a specified pressure, 
wavelength and intensity (CW C02 laser). 

It has been demonstrated (9, 10) that absorption involving 
only incoherent, single photon transitions between vibrational 
levels leads to an overall rate of dissociation which can be 
adequately described by a unimolecular rate law. Large poly- 
atomic species exhibit such absorption processes due to the 
proximity of the quasi-continuum region of vibrational states to 
the ground vibrational state at ambient temperature. In these 
species the rate of photon absorption is much sIower than the 
rate of intramolecular v + v transfer and the internal energy 
distribution can be described as ergodic, or characterized by a 
mean vibrational temperature (8, 9). At internal energy levels 
above the threshold for dissociation, the relative magnitudes of 
the overall rate of excitation and the rate of unimolecular dis- 
sociation affect the extent of further photon absorption of a 
species prior to dissociation. Quack (1 1) examined the case 
where the rate of excitation << rate of dissociation and devel- 
oped the equation: 

where k:ni is the steady state, unimolecular dissociation rate 
constant; FD is the fraction of molecules or ions decomposed by 
the laser; I is the measured laser intensity, and t is the duration 
of irradiation. Equation [l] predicts that a plot of -In (1 - FD) 
vs. fluence (I x t) should produce a straight line of slope kgi; 
deviations from linearity are regarded by Quack as evidence 

that a steady state condition does not exist. In the experiments 
to be described, the CW C02 laser intensity is constant; the 
extent of IRMPD of the protonated alcohol dimer is measured 
as a function of irradiation time. In these experiments, a plot of 
- In (1 - FD) vs. time produces a straight line of slope k:ni. The 
rate constant may also be expressed (8, 9, 12, 13) as: 

where @ is the photon flux and uD is a phenomenologically 
defined photon absorption cross-section. The photon flux is 
calculated: 

where A is the wavelength of the laser, h is Planck's constant, 
and c is the speed of light. 'The uD values are thus proportional 
to the unimolecular rate constant, krn,, normalized to the laser 
intensities employed. 

Experimental 
Although the apparatus has been described in detail previously 

(2-4) some modifications have been made. 
In the experiments described, a square wave generator (Heathkit). 

was employed to drive a mechanical chopper (PAR 222), typically 
with a 1: 1 wheel and phase-locked to the input signal. The output 
signal from the chopper triggers the creation pulse (Hewlett-Packard 
214A; typically +60 V/100 ps) which was applied to a gate biased 
at -100 V to bar filament electrons (-70 V) from the trap. The 
creation pulse was used to trigger a linear gatelscan delay generator 
combination (Ortec Brookdeal 9415 and 9425A), and the output pulse 
from the scan delay generator triggered an extraction pulse (Hewlett- 
Packard 214B; typically -40 V/5 ps) concomitantly with the de- 
tection pulse. The scan delay generator was operated via an 
ISAACIAPPLE IIe interface and the signal intensity of the ion of 
interest signal averaged and displayed on an XY recorder. 

In the experiments described the signal intensity of the protonated 
alcohol dimer was monitored with concomitant resonance ejection 
(14, 15) (QRE) of the protonated parent alcohol. Four sweeps were 
averaged from 50 to 100 ms with and without the laser (944 cm-I). 
Laser power was measured both before and after the experiment 
(Optical Engineering, Laser Power Probe). Pressures were measured 
via a capacitance manometer (MKS Baratron). 

In those experiments which examined the extent of laser-wrought 
dissociation of the protonated dimer in the presence of added buffer 
gas (N2), a heated inlet system connected to a 6 L glass bulb with a 
septum attachment was employed. Buffer gas quantities were mea- 
sured by an aneroid pressure gauge (Matheson); alcohol volumes were 
measured via syringe and the corresponding pressure increment 
recorded. The bulb temperature was maintained at a temperature iden- 
tical to that of the heated sidearm inlet system (50°C) used for pure 
alcohol introduction. In these ethanol experiments labelled "cold", the 
sidearm and tank were maintained at ambient temperature (-20°C). 
All other experiments were performed with a heated tank (48°C). 

The laser power within the QUISTOR was measured via a cali- 
brated homemade thermocouple. Reported photodissociation cross- 
sections were corrected for laser intensity losses due to the NaCl 
entrance window and the 3.0 rnm aperture in the ring electrode of the 
QUISTOR. 

Results and discussion 
Protonated alcohols are formed in the gas phase via proton 

transfers between primary ionic fragments and the neutral alco- 
hol. In the 2-propanol system, a-cleavage of the molecuIar ion 
produces protonated ethanal: 
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- Q R E  rnlz47 -1 

FIG. 2. Single ion monitoring trace of the protonated dimer of 
ethanol (mlz 93) with concomitant resonance ejection of the precur- 
sor protonated alcohol (mlz 47). Two experiments are depicted: laser 
on refers to 50 ms of laser irradiation at 944 cm-I; in the other trace 
the laser is blocked. 

which transfers a proton to the neutral alcohol (1.6): 

[ 5 ]  CHsCHOH+ + (CH3)zCHOH + CH3CH0 

+ (CH3)2CHOH2+ (mlz 61) 

The protonated parent alcohol reacts with another neutral alco- 
hol, forming an excited proton-bound dimer, which may then 
be collisionally or radiatively relaxed: 

Three reaction channels are available to the relaxed dimer: 

No activation energy in excess of reaction endothermicity is 
expected for reaction [7]; the reported AH of - 130 kJ mol-' (1) 
corresponds to the absorption of 12 photons of wavelength 
10.6 km. The enthalpies of reactions [8] and [9] may be cal- 
culated from thermodynamic data (17), and are 92 kJ mol-' 
and 79 kJ mol-I, respectively. The corresponding activation 
energies are unknown. 

The analogous reactions leading to dimer formation in deu- 
terated 2-propanols resulted in a proton-bound dimer for 
2-dl-2-propanol and deuteron-bound dimers for 2-propanol 
(OD) and perdeutero-2-propanol. The proton-bound dimer de- 
rived from ethanol exhibited solely the reactions analogous to 
[7] and [9] upon photolysis. 

Ethanol 
A typical experiment is shown in Fig. 2; the resulting plot of 

-In (1 - FD) vs. time is depicted in Fig. 3. Least-squares 
linear regression analysis is used to calculate the slope of the 
best fit straight line through the data (krni). The calibrated laser 
(944 cm-') intensity within the QUISTOR (beam diameter of 
3 mm) is employed to calculate the phenomenologically de- 
fined photodissociation cross section, UD. In Table 1, values of 

FIG. 3. Plot of -In (I - FD) vs. time of the experimental data of 
Fig. 2. 

TABLE 1 .  UD values and experimental parameters for IRMPD of pro- 
tonated ethanol dimers 

Thermal Dehmelt 
Pressure collision collision uo X lo2' Correlation 

(Pa) rate (ms-I) rate (ms-I) (cmZ) factor 

H O ~  6 . 7 ~  
1 . 9 ~ 1 0 - ~  
2.7X 
3.5 x 10-3 
5 . 3 ~  1 0 - ~  

Cold 2 . 7 ~  
1 . 3 x l O - ~  
2 . 7 ~  

UD versus pressure and collision rate are listed for a series of hot 
(48°C) and cold (20°C) tank experiments. 

The collision rate and number of collisions prior to photol- 
ysis are calculated using Dehmelt velocities and a cross-section 
of 1 nm2. The actual velocities of the trapped ions in the 
QUISTOR are not known precisely, however a Dehmelt poten- 
tial well calculation (18) indicates that initial, collision-free ion 
velocities are approximately five times those derived ther- 
mally. A more recent study (8) showed that approximately 
80 collisions were required to remove 5 100 kJ mol-I of excess 
internal energy by resonant v t v transfer which suggests that 
the thermal collision rate and number of collisions should be 
increased by at least a factor of 2 in light of the relaxation 
studies on the protonated dimer of 2-propanol (vide infra). 

In Fig. 4, it can be seen that UD for the ethanol protonated 
dimer decreases with increasing collision rate. Furthermore, at 
low collision rates, the rate of a, increase is greater than for the 
cold experiments. 

The results are difficult to rationalize as calculations of the 
thermal energy contribution to the internal energy of the 
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YOUNG ET AL. 

TABLE 2. UD values and experimental parameters for IRMPD of protonated 2-propanol dimers 

Pressure (Pa) Collisions 
Experimental Collision prior to UD x lo2' Correlation 

conditions Alcohol Total rate (ms-I) photolysis (cm2) factor 

100 ms total 
50 ms L (944 cm-') 
2-propanol only 

100 ms total 
50 ms L (944 cm-I) 
2-propanol/N2 (1 : 1) 

200 ms total 
40 ms L (944 cm-I) 
2-propanol only 

COLLISIONS PRIOR TO PHOTOLYSIS 

- a s * ;  I:l with N, 

.200ms;40rns  L I 

1 
5 10 15 

COLLISION RATE (ms-'1 

COLLISIONS PRIOR TO PHOTOLYSIS 

FIG. 5. Plot of oD vs. number of collisions prior to photolysis for 
(2-PrOH)zH'. FIG. 4. Plot of o~ vs. collision rate and number of collisions prior 

to photolysis for (EtOH)2H+. 
continuum (23) by absorption initially via the P branch of the 
mode. The subsequent 2 photons may be absorbed in the Q and 
R branches, respectively; however, due to the small internal 
energy difference between the dimers at the two temperatures, 

proton-bound dimer show -9 kJ mol-' average vibrational 
energy is contributed at 293 K and -12 kJ mol-' at 321 K. The 
latter amount is the equivalent of the absorption of one photon 
at 944 cm-': however. this is insufficient to   lace the dimer in 

this ~ossibility seems tenuous. 
Best fit straight lines through the data points give u, values 

in the absence of collisions when extrapolated, yielding values 
of 15.6 x cm2 and 8.55 X cm2 for the "hot" and 

the quasi-continuum prior to photolysis. Calculations per- 
formed using the well-known Whitten-Rabinovitch approxi- 
mation (19, 20) and the frequencies for ethanol (21) with fre- "cold" proton-bound ethanol dimers, respectively. 
quencies for the proton bridge derived from the study of 
Bowers and co-workers (22) predict that the density of vi- 
brational states corresponding to the absorption of 1 photon is 
5.0 X lo-' stateslcm-'. Using the assumption of Beauchamp 
and co-workers (13) that the quasi-continuum is not attained 
until the density of vibrational states 5 lo3 stateslcm-' due to 
the narrow line width of the CW C02 laser, this condition is 

2-Propanol 
Three sets of experiments, all performed at 321 K, are re- 

ported. The first two sets comprised 50 ms of dark period 
followed by 50 ms of laser irradiation (944 cm-I); one series 
examining protonated dimers formed in a pure alcohol system, 
the other protonated dimers formed in a 1 : 1 mixture of alcohol 
and nitrogen. The third series of experiments employed a dark 
period of 160 ms followed by 40 ms of laser irradiation. The 
protonated dimers were formed in an alcohol only system. In 
Table 2 measured a, values are reported. The data in Table 2 
are plotted as UD vs. collisions prior to photolysis and UD VS. 

fulfilled for the proton bound dimer of ethanol only after the 
absorption of four 944 cm-' photons whereupon the density of 
vibrational states is 2.1 X lo3 stateslcm-'. Anharmonicity in 
the vibrational mode (944 cm-') may be more easily overcome 
when only 3 photons are required to populate the quasi- 
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c 
OO 5 10 15 

COLLISION RATE (ms-'1 

- 

FIG. 6. Plot of UD vs. collision rate for IRMPD of (2-PrOH),H+. 

2-PrOH . looms; 50ms L 

. as.; l:l with N, 

collision rate in Figs. 5 and 6, respectively. The data obtained 
from the alcohol : N2 (1 : 1) experiments are plotted as a function 
of Dehmelt collision rates (corrected for molecular flow) of the 
dimer and the neutral alcohol only. 

In Fig. 5, the data for the 100 ms experiments employing the 
alcohol only exhibit a linear dependence of a, with the number 
of collisions prior to photolysis, albeit divided into two regions. 
At few collisions of the dimer before laser irradiation, the data 
extrapolate to a collision-free a, value of 15.8 X cm2; 
here, the dimer population has suffered too few collisions prior 
to the photolysis to be fully relaxed. The steep decrease in a, 
with the number of collisions in this region is attributed to an 
increase in the number of photons required to effect dis- 
sociation in competition with increasing collisional deacti- 
vation (Fig. 6). 

At more than about 250 collisions (vide infra), the dimer is 
fully relaxed and the path of lowest Ea is followed exclusively. 
The decrease in a, is attributed to collisional deactivation 
during photolysis (Fig. 6). The data in this region extrapolate 
to a collision-free a, of 8.0 X cm2. 

Three of the data points from the 200 ms experiments were 
also fitted to a straight line and extrapolated to a collision-free 
a, value of 13.1 X cm2. Photodissociation product anal- 
ysis revealed the protonated diisopropyl ether as the dominant 
(-95%) product from three experiments. A small amount 
(-5%) of protonated alcohol was also produced -presumably 
via photolysis of the hot protonated ether (4, 24). The lowest 
Ea pathway only is accessed by the laser in these experiments 
(24), and the proton-bound dimer ions are fully collisionally 
relaxed at the onset of irradiation. Although product analysis 
was not performed for the data point corresponding to a, = 
13.3 X cm2, previous work (4) showed that 250 to 300 
collisions prior to photolysis were required to relax fully the 
dimer as shown in Fig. 7. From the data in Table 2, the 
requisite number of collisions have not occurred for the latter 
dimer, hence it was not included in the calculation of the best 
fit straight line. The fully relaxed data from the 200 ms experi- 
ments are obtained at lower collision rates than those from the 
100 ms experiments (Fig. 6); the data from the former are 
expected to extrapolate to a higher collision-free a, value. The 
roughly parallel nature of the decrease of a, with the increase 
in the number of collisions is due to the fact that at identical 

m 200ms; 40ms L 

10 

1. . \. \. 
5 

COLLISIONS PRIOR TO PHOTOLYSIS 

"0 5 0 100 

RELAXATION (ms) 

FIG. 7. Plot of IRMPD product % yield vs. relaxation time prior to 
photolysis of the proton-bound dimer of 2-propanol. M / z  103 is the 
protonated diisopropyl ether product; m / z  61 is the protonated parent 
alcohol. The data are extrapolated, assuming a linear fit to the yields 
observed in an ICR cell (24) at differing relaxation times and numbers 
of collisions than those employed in this study. The ICR cell yields are 
depicted as open symbols and are attributed to photolysis of fully 
relaxed dimer ions. 

numbers of collisions prior to photolysis, the fully relaxed 
dimers from the 100 ms experiments have experienced a three- 
fold increase in the collision rate during photolysis. The 
decrease in a, with increasing numbers of collisions in both 
cases is due to an increase in collisional deactivation during 
photolysis, while displacement of the 200 ms results from those 
at 100 ms reflects the greater collision rate during photolysis of 
the latter resulting in a correspondingly reduced total energy 
increment supplied by the laser. 

The data obtained from photodissociation of dimers formed 
in a 1 : 1 mixture of 2-propanol and nitrogen are plotted as a, 
vs. the number of collisions of the dimer with the neutral 
alcohol only. If nitrogen has no effect upon the photo- 
dissociation of the protonated dimers, then the data points 
obtained experimentally should mimic the behaviour of those 
obtained from the 100 ms experiments utilizing solely 
2-propanol. The data are characterized by a decreased a, value 
at low numbers of collisions and enhanced a, values at higher 
collision values. 

Similar behaviour has been previously reported (25-27). 
The enhancement has been attributed to collisional re- 
population of rotational levels depleted by laser-pumping ef- 
fected by collisions with the buffer gas. The data indicate that 
the bottleneck occurs at a low level of internal excitation of the 
dimer i.e. after the dimer has experienced a large number of 
collisions prior to photolysis. 

In Fig. 6, the effect upon a, of the collision rate during 
photolysis is examined. The data obtained in the 100 ms experi- 
ments using 2-propanol only are fitted to two straight lines 
according to the rationale outlined previously. The steep por- 
tion of the slope corresponds to proton-bound dimers with low 
collision rates during photolysis and excess (6 131 kJ mol-') 
(1) internal energy. The rapid decrease of a, with increasing 
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TABLE 3. Calculated dissociation rates for the reaction pathway of 
lowest E, of the proton-bound dimer of 2-propanol 

n m s o (s-I) k (s-I) 

I I I 
M,H' E H' MH' 
A 

I 
I 
I 

10 10 69 2.83X 10" 22.5 
a 1 1  10 69 2 . 8 3 ~  10" 216 

I I 1 1  1 1  69 2.83X lot3  3.2 
12 1 1  69 2.83X 10'' 33.1 

log k(E) 
12 12 69 2.83x 10" 4.8X lo-' 

< however, laser-pumping starts at differing levels of internal 
t energy of the dimer above ground state. 

The collision-free a, value derived for fully relaxed 
( 

2-propanol dimers and leading to the protonated ether product 
E I I solely is 13.1 X lo-" cm2. This value corresponds to a unimo- 

I I lecular dissociation rate constant of 29 s-' calculated from 

T eq. [2]; this rate constant may then be expressed using the 
I I Kassel form of RRKM theory (20) as: 

log k(E) 

FIG. 8. Plot of log k(E) vs. internal energy for the two reaction 
pathways of (~-PIOH)~H+ upon photolysis. The symbols used are 
defined as follows: M2H+, protonated dimer; MH+ protonated alcohol 
(mlz 61); EH+, protonated ether (mlz 103); AE, total energy sup- 
plied by the laser. 

collision rates is due to both collisional deactivation during and 
diminished internal energy at the onset of photolysis. At higher 
( 2 5  ms-') collision rates, the decrease in a, is less pro- 
nounced. This is attributed to a fully relaxed dimer population 
at the onset of irradiation; thus laser-pumping starts at the same 
level of internal excitation. Furthermore, as the lowest E, path- 
way only is accessed, the sole variable in the data is that of 
collisional deactivation which is proportional to the collision 
rate. 

For the 200 ms results, only those experiments which pro- 
duced the lowest E, pathway exclusively were used to calculate 
a best fit straight line (vide supra). The data indicate a greater 
decline of a, with collision rates ( c 5  ms-') than the data 
derived from fully relaxed dimers in the 100 ms experiments at 
higher collision rates (>5 ms-I). Complete relaxation of the 
protonated dimers at the onset of irradiation in the two sets of 
experiments is supported by the similarity in u, values (within 
the limits of experimental error) at identical collision rates of 
6 ms-', despite a threefold difference in the number of col- 
lisions prior to photolysis (Fig. 5). 

In Fig. 8, the variation of log k(E) is plotted as a function 
of internal energy, E (28, 29). The curves as drawn are of a 
qualitative nature and the corresponding energy spacings in the 
proton-bound dimer are depicted above. Case (a)  corresponds 
to the fully relaxed situation wherein the collision rate during 
photolysis affects the overall energy increment (AE) supplied 
by the laser. Case ( b )  depicts a constant total energy increment; 

n!(n - m + s - l ) !  
[lo] Rate = w 

(n - m)!(n + s - l ) !  

where n is the total number of photons absorbed by the ion, m 
is the number of photons required for reaction, s is the number 
of vibrational degrees of freedom of the ion, and w is the laser 
photon frequency. For the proton-bound 2-propanol dimer, s is 
equal to 69, and when kdiss is assumed to be much greater than 
the overall rate of multiphoton excitation, n is equal to m. 
The photon employed corresponds to a frequency of 2.83 x 
lOI3 s-'. In Table 3, calculated values for the rate constant are 
given, along with the values of n, s, m, and o used for the 
calculation. 

Comparison of the calculated rate constants in Table 3 with 
the experimental value of 29 s f '  suggests an E, for the dehy- 
dration reaction: 

[l 11 (~-PIOH)~H+ + mhv + 2-Pr20H+ + H20 

of 10 or 1 1 photons, of energy 1 1.3 kJ mol-' . The E, thus lies 
in the range 113 to 124 kJ mol-'. In comparison, Bowers et al. 
(22) calculated an activation energy for the reaction: 

Deuterated 2-propanols 
The observed increase in UD in the dimer derived from 

2-propanol with added N2 has been attributed to collisional 
repopulation of rotational levels which are resonant with the 
laser photon employed. As previously noted (25-27) such 
behaviour has been observed in other molecules upon ir laser 
photolysis. When a depletion of rotational levels which are 
resonant with the laser leads to a bottleneck in the IRMPD 
process, then the rotational level spacings should have an effect 
upon the magnitude of the bottleneck. Substitution of deu- 
terium for hydrogen reduces the rotational level spacing, thus 
the effect of added N2 upon UD values obtained from the 
IRMPD of vaiious deuterated 2-propanols was investigated. In 
the experiments with a mixture of alcohol and nitrogen, the 
collision rates pertain only to collisions between the neutral 
alcohol and the protonated dimer. If nitrogen has no effect upon 
UD, then the data should mimic that obtained from the alcohol- 
only experiments. 
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COLLISIONS PRIOR TO PHOTOLYSIS 

2 5 
2-PrOD 

a 100mr;SOm~ L 

COLLISION RATE (ms-'1 

FIG. 9. Plot of UL, vs. collision rate and number of collisions prior 
to photolysis for the protonated dimer of 2-propanol (OD), 2-PrOD. 

2-Propanol (OD) 
In Fig. 9, the results from two sets of experiments are shown 

as oD vs. collision rate. The data from the added N2 experi- 
ments are plotted as a function of collisions of the dimer with 
the neutral alcohol only. 

In the alcohol-only system, the decline in UD at low (G5 
ms-') collision rates is due to both the decrease in internal 
energy content of the dimer prior to and the increase in 
collisional deactivation during photolysis. At collision rates 
2 5  ms-' , the dimers have experienced the requisite number 
of collisions for complete relaxation prior to irradiation and the 
gentler decline of UD with the increased collision rate results 
from collisional deactivation during photolysis. The collision- 
free UD value is 10.25 X cm2. 

The UD values obtained in the alcohol and nitrogen experi- 
ments ( I :  1) show a small enhancement at collision rates 
2 5  ms-' . At a collision rate of 5 ms-I, the deuteronated dimers 
have suffered an average of 250 resonant collisions prior to 
photolysis. Evidence from the 2-propanol system suggests that 
these dimers are fully relaxed prior to irradiation. The 
alcohol/N2 experiments indicate a smaller bottleneck than in 
the 2-propanol system which occurs at or near the ground state 
of the dimer. 

2-d,-2-Propanol 
Three sets of experiments were performed and the results are 

plotted as UD vs. collision rate in Fig. 10. Despite fewer data 
points, the observed decrease of UD with increasing collision 
rate in the alcohol-only system is qualitatively similar to that 
observed in the previous alcohol dimers. The collision-free UD 
value is 16.1 X cm2. 

The 1: 1 mixture of alcohol and nitrogen exhibits a large 
increase in UD indicating a blockage of IRMPD in the pro- 
tonated alcohol dimer. The bottleneck appears to occur at or 
near the ground state of the dimer. 

The 1 : 4  mixture of alcohol and nitrogen shows essentially 
no enhancement of UD. As the data correspond to only 70 and 
140 resonant collisions with the neutral alcohol, the dimers 
have excess internal energy and are being pumped from a level 
above the bottleneck. 

No allowance for collisional deactivation of the dimers by 
non-resonant processes involving N2 has been made. Such an 

COLLISIONS PRIOR TO PHOTOLYSIS 

,250 500 

2-d,-2-PrOH 

0 100mr;SOrnr L 

n a ~ o .  1:lwith N, 

A oro;l:dwith N, 

5- 

0 
0 5 10 15 

COLLISION RATE (ms-') 

FIG. 10. Plot of uL, vs. collision rate and number of collisions prior 
to photolysis for the protonated dimer of 2-d,-2-propanol. 

COLLISIONS PRIOR TO PHOTOLYSIS 

I 
O 0 5 10 15 

COLLISION RATE (ms-') 

FIG. 11. Plot of aD vs. collision rate and number of collisions prior 
to photolysis for the protonated dimer of perdeutero-2-propanol. 

allowance would shift the data points to higher collision rates. 
Perdeutero-2 -propano1 
The results of two sets of experiments are shown in Fig. 11. 

Proton-bound dimers produced in the alcohol-only system ex- 
hibit the usual initial steep decrease of UD at low collision rates 
and a very gentle decrease of UD at higher collision rates. The 
collision-free UD is 10.5 X cm2. 

Dimers produced in a 1 : 1 mixture of alcohol and nitrogen 
show a small increase in ul, at collision rates = 5 ms-'. Such 
behaviour indicates a small bottleneck in the IRMPD process 
occurring at or near the ground state of the deuteronated dimer. 

Conclusion 
Based on the results of the IRMPD studies, the four 

2-propanols may be divided into two groups: those with proton- 
bound dimers and those with deuteron-bound dimers. The latter 
group exhibit both smaller collision-free UD values and smaller 
increases in UD when nitrogen is added to the system. 
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The  lower collision-free uD value is attributed to  a decrease 
in the rate constants for both the dehydration and scission 
reactions due to deuterium substitution in an active vibrational 
mode for product formation (30). 

The smaller increase in uD of the deuteron-bound dimers 
when nitrogen is added is presumably due to a decrease in the 
spacing of rotational levels by deuterium substitution in the 
mode being pumped by the laser. The most probable identity of 
the vibrational mode initially pumped by the laser is the O H  in 
plane bend at  -1385 to 1250 cm-I in primary and secondary 
aliphatic alcohols (3 1). This mode shifts by  a factor of approx- 
imately ( f i 1 - I  upon the substitution of D for H in perdeutero 
and 2-propanol (OD); such a "red" shift moves the O D  in plane 
bend into resonance with the laser operating at 944 cm- ' ,  and 
the smaller rotational spacings provide less of an impediment 
to IRMPD via anharmonic energy mismatching. 

In the IRMPD of the protonated dimer of 2-propanol RRKM 
calculations employing the simple quantum Kassel equation 
suggested an activation energy of 113 to 124 kJ mol-I for the 
reaction pathway leading to the production of protonated di- 
isopropyl ether. 
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The stereochemistry of some 7-hydroxyindene dimers: 
applications of 'H nuclear magnetic resonance relaxation pathway analysis 
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WALTER J. CHAZIN, LAWRENCE D. COLEBROOK, BRIAN R. DAVIS, I. ROSS N. MCCORMICK, and STEPHEN J. JOHNSON. Can. 
J. Chem. 63, 2332 (1985). 

'H spin-lattice relaxation rates and nuclear Overhauser effect difference spectra have been measured (at 400 MHz) for six 
dimers derived from methyl-substituted 7-hydroxyindenes. Used in combination, these measurements identify the relaxation 
pathways available to all of the protons in the molecules. Analysis of these pathways has permitted assignment of all chemical 
shifts, and identification of the relative stereochemistry at all chiral centres. 

WALTER J. CHAZIN, LAWRENCE D. COLEBROOK, BRIAN R. DAVIS, I. ROSS N. MCCORMICK et STEPHEN J. JOHNSON. Can. 
J. Chem. 63, 2332 (1985). 

On a mesurt les vitesses de relaxation spin-rtseau du 'H et les diffkrences d'effet Overhauser nucltaire dans les speches, 
400 MHz, de six dimkres obtenus a partir d'hydroxy-7 indhnes substituts par des groupes mithyles. Si on les combine, ces 

mesures permettent d'identifier les diverses voies de relaxation de tous les protons de ces moltcules. Une analyse de ces 
diverses voies de relaxation a permis d'attribuer tous les dkplacements chimiques et d'identifier les sttriochimies relatives de 
tous les centres chiraux. 

[Traduit par le journal] 

Introduction 
The analysis of 'H nuclear magnetic resonance spin-lattice 

relaxation parameters, which can be conveniently and effi- 
ciently measured using a modem pulse Fourier transform nmr 
spectrometer, can provide a significant amount of information 
about the structure and stereochemistry of organic molecules 
(1 -3). In this report, we describe the solution structure deter- 
mination of a series of methyl-substituted 7-hydroxyindene 
dimers, 1-6, by nmr analysis of their 'H relaxation pathways. 

I 
CH3 

l l b  
- 

1 P 
2 a 
3 P 
4 P 
5 a 
6 a 

' Author to whom correspondence should be addressed. 
Revision received December 14, 1984. 

One of these compounds, 5, was originally obtained as a 
mixture with its C-1 1 epimer, together with the expected ter- 
tiary alcohol, on the treatment of 3,4-dimethyl-7-hydroxy- 
indan-1-one with methylmagnesium iodide. The structure of 5 
was initially assigned (4) on the basis of its 60-MHz 'H nmr 
spectrum, and was confirmed by an X-ray diffraction study of 
its 8-bromo derivative (5). Subsequent investigation resulted in 
the synthesis and isolation of the remaining compounds (6). In 
general, the dimers were prepared by treatment of the relevant 
indene (7 or 8) in chloroform with 0.5% trifluoroacetic acid. Of 
the tetramethyl dimers, 1 and 2, prepared from 7,  1 was the 
kinetic product, and 2 the thermodynamic product of the dimer- 
ization reaction. Compounds 1 and 2 were readily separated by 
chromatography. The hexamethyl dimers, 3-6, prepared from 
8, were obtained as the kinetic product, 3, and the successive 
isomerization products, 4, 5, and 6, on longer acid treatment. 
Fractional crystallization was employed to separate 4 from 3, 
and 6 from 5. 

Preliminary stereochemical assignments were made largely 
on the basis of the I3C nmr spectra, by considering the effects 
of adding methyl groups, e.g. y -gauche and 6-synaxial ef- 
fects. The I3C chemical shift assignments were made by com- 
parison between the two series (tetra- and hexamethyl), by 
experiments in which the 1-methyl of the hydroxyindene was 
enriched in I3C, and by the analysis of spectra of some mixed 
dimers in which an n-butyl group was substituted for the 
6a-methyl group. These assignments were in complete agree- 
ment with the X-ray crystallographic analysis of the 8-bromo 
derivative of 5, and have been verified by the present study. 
Details of these related studies will be published elsewhere (7). 

The dimeric nature of these compounds creates difficulties in 
the application of standard 'H nmr techniques to their un- 
ambiguous structure determination. In particular, the assign- 
ment of 'H chemical shifts to corresponding protons in each 
half of the dimer is difficult because of only very slight differ- 
ences in shielding. High field 'H spectra (Fig. 1) were neces- 
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8 7 6 5 4 3 2 1 0 

RG. 1 .  The 400-MHz 'H nmr spectrum of 3, 0.1 M in CDCI,. 

sary to provide sufficient chemical shift dispersion to resolve 
all of the signals, while relaxation pathway analysis was critical 
for chemical shift assignment, and for the determination of 
stereochemistry at the chiral centres. Complete analysis of the 
spectral parameters of all proton signals, including differ- 
entiation of all methylene signals, and identification of the 
stereochemistry at all (three or five) chiral centres, has been 
achieved. The solution structure and stereochemistry of 5, as 
determined by nrnr techniques, was completely consistent with 
the X-ray crystallographic structure determination of the bromo 
derivative (5). 
Relaxation pathway analysis 

Proton spin-lattice relaxation in molecules of m.wt. < 1000 
d, in 0.1 M solution in a non-viscous perdeuterated solvent, 
occurs predominantly by intramolecular dipolar interactions 
with other protons. The dipolar relaxation rate (Rid) of a proton 
depends on the numbers of other protons in the molecule, and 
their distances, according to eq. [I]: 

K is a constant, y is the magnetogyric ratio for the proton, rij 
is the distance between protons i and j, and 7,;. is the rotational 
correlation time for the ij interproton vector. +he T, term in eq. 
[ I ]  contains contributions associated with segmental motion, 
e.g. of methyl groups, in addition to the effects of tumbling of 
the molecule as a whole. When a molecule tumbles iso- 
tropically, the values of T, are all equivalent, and a very simple 
relationship exists between Rl values for any two protons: 

A related parameter is the nuclear Overhauser effect (nOe) 
enhancement (8), which is a measure of the efficiency of the 
dipolar interaction between two specific nuclei. Relative nOe 
enhancements may be predicted in a similar manner, by calcu- 
lating the contribution of each (l/rij)6 term to the overall sum. 

The inverse sixth power dependence on internuclear distance 
implies that relaxation contributions are significant only for the 
nearest neighbors of a particular proton. In consequence, R, 
values and nOe enhancement factors are extremely sensitive to 
local structure and stereochemistry. Due to the unique location 
of each proton in the molecule, there is a unique set of relax- 
ation pathways which characterize each proton. The various 
relaxation pathways to and from a particular proton can be 
found through the use of nOe and Rl measurements, thereby 
establishing its identity. 

In a relaxation pathway analysis of a complex molecule, 
some form of modelling is required to aid in interpretation of 
the data. The simple model employed uses interproton dis- 
tances measured from Dreiding molecular models of possible 
molecular structures, and the assumption that molecular tum- 
bling is isotropic. The latter is a reasonable approximation for 
these molecules at the semi-quantitative level of the analysis. 
This approach had worked well for some strychnos alkaloids 
(3). Due to the difficulties in accurately predicting the relax- 
ation contributions from the numerous methyl groups in these 
molecules, calculations could only be used as a qualitative 
guide to the interpretation of the data. 

Prediction of nOe enhancements provided guidance in the 
selection of key nOe experiments necessary to assign stereo- 
chemistry and corroborate chemical shift assignments. The 
qualitative outcome of such experiments could, in all cases, be 
adequately interpreted by inspection of molecular models. The 
small differences in chemical shifts of corresponding reso- 
nances in each half of the dimer required that subsaturating 
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TABLE 1. 7-Hydroxy indene dimer 'H R I  valuesa TABLE 2. Selected nOe enhancements which provide 
stereochemical information for cis-fused dimers 

(1, 3, 4) 

Compound I 2 3 4 5 6 Irradiated proton Observed enhancements" 

H-la 
H-IP 
H-2a 
CH3-2a 
H-2P 
CH,-2P 
CH,-3 
H-4 
H-5 
CH,-6aP 
OH-7 
H-8 
H-9 
CH3- 10 
H-l la 
H-IIP 
CH,-IIP 
H-1 lap 
CH3- I lba 
CHX-1 I bp 

"R,  values are calculated by two-parameter non-linear regressional analysis, 
to a precision of -C0.01 s-' .  

b ~ I  determined by the null point method because of signal overlap. 
a = alpha face, P = beta face. 

power levels (soft experiments) be used in the nOe experiments 
in order to achieve adequate selectivity. This restriction pro- 
hibited quantitative comparisons between calculated and ex- 
perimental nOe enhancements, and hence the measurement of 
interproton distances. 

Results and discussion 
The strategy adopted in this study was to first carry out 

non-selective 'H spin-lattice relaxation measurements, then to 
use selected nOe difference (nOed) (9- 1 measurements to 
identify specific relaxation pathways. 

Relaxation measurements provide a fast, efficient aid to the 
assignment of proton chemical shifts, since the Rl value of a 
particular proton is strongly dependent on its environment. The 
relatively isolated, and hence slowly relaxing, OH and aro- 
matic protons have the lowest R1 values (0.3-0.4 and 0.3-0.5 
s-', respectively). The other methine protons relax more effi- 
ciently since they have a larger number of near neighbors (Rl 
values of 0.7- 1 .O s-I). Due to their close proximity, the meth- 
ylene protons relax each other very efficiently, and have higher 
Rl values (1.1-2.0 s-I). Under most circumstances, methyl 
group relaxation is also dominated by dipolar effects. Since the 
methyl group protons are close to each other, they relax so 
efficiently that they experience little dipolar relaxation from 
other protons in the molecule. Interpretation of methyl group RI 
values can, therefore, be based on analysis of motional effects. 
This implies that, for any particular molecule, differences in 
methyl R, values can be attributed to different rates of methyl 

I rotation. The aryl methyl groups, which are relatively free to 
rotate about the C-CH3 bond axis, have RI values of 0.7- 1 .O 
s-'. In contrast, the alkyl methyl groups, whose rotation is 
evidently more restricted in these compounds, relax more effi- 
ciently, with RI values of 1.3-2.1 s-'. 

3Also, W. J. Chazin and L. D. Colebrook, this laboratory. 

"The substituents at 2 and I I vary from compound to com- 
pound, so the enhancements are indicated by position only. 

TABLE 3. Selected nOe enhancements which provide 
stereochemical information for trans-fused dimers 

(2, 5, 6) 

Irradiated proton Observed enhancementsa 

"The substituents at 2 and I I vary from compound to com- 
pound, so the enhancements are indicated by position only. 

Stereochemical determinations 
Differentiation of methine from methylene protons at C-1, 

C-2, C-1 1, and C-1 la was easily made by consideration of 'H 
RI values (Table I), since methylene protons in these com- 
pounds generally relax about twice as fast as the methine pro- 
tons. Tentative assignments were made by consideration of 
chemical shifts and coupling constants, assisted by spin- 
decoupling experiments. The stereochemistry at positions 1, 2, 
1 1, 1 la, and 1 lb  was then determined relative to that of the 
methyl group at position 6a (designated as being located on the 
upper (p) face of the molecules (5)), by relaxation pathway 
analysis. In all cases, H-1 la was on the same (p) side of the 
molecule as CH3-6aP, as evidenced by the substantial nOe 
enhancements between the two (Figs. 2 and 3, Tables 2 and 3). 
In a similar manner, the relative stereochemistry at position 1 lb  
could be determined from the magnitudes of nuclear Over- 
hauser effects between CH3-1 1 b and H-1 lap. A large nOe 
established the ring fusion as cis (compounds 1,3 ,  and 4, Fig. 
2); a small nOe, determined under similar conditions, estab- 
lished the ring fusion as trans (compounds 2, 5, and 6, Fig. 3). 
The proton or methyl group in the p-position at C-11 was 
clearly distinguished from the a-position substituent by signifi- 
cant nOe enhancements to and from both H-llap and 
CH3-6aP. For all hexamethyl dimers, the 1 1-methyl group was 
identified as having P-stereochemistry. 

The assignments at C-1 and C-2 were carried out in a similar 
manner, but required more careful consideration of the relax- 
ation data and close inspection of molecular models. For the 
compounds which have trans-geometry of rings B and D (2,5, 
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I 
FIG. 2. Relaxation pathways (arrows), and partial nOed spectra used to determine ring fusion in cis-fused compounds. Transitions irradiated 

are indicated {). 

FIG. 4. Relaxation pathways (arrows), and partial nOed spectra 
used to determine C-1 and C-2 stereochemistry in a trans-fused com- 
pound, 6. Transitions irradiated are indicated {). I FIG. 3.  Relaxation pathways (arrows), and partial nOed spectra 

! used to determine ring fusion in trans-fused compounds. Transitions 
irradiated are indicated 1). ents and the previously assigned C-11 substituents corroborate 

these assignments. The assignments at C-2 were then made by 
relaying the stereochemical assignments at C-1 through the 
relative magnitudes of the nOe enhancements (large values for 
adjacent substituents on the same face of the molecule, Fig. 4). 

For compounds with cis-geometry of rings B and D (1, 3, 

I 

and 6), the relaxation pathway between CH,-1 lba  and the C-1 
proton on the same side of the molecule serves to distinguish 
between the two C-1 protons (see Fig. 4). The relative mag- 
nitudes of the nOe enhancement to and from the C- 1 substitu- 
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TABLE 4. 'H chemical shifts" of compounds 1-6 

FIG. 5. Relaxation pathways (arrows), and partial nOed spectra 
used to determine C-1 and C-2 stereochemistry in a cis-fused com- 
pound, 4. Transitions irradiated are indicated {}. 

Chemical shift 

Proton l b  2C 3b 4b g C  6' 

"In ppm from TMS. a = lower face, P = upper face. 
beis Fusion of rings B and C. 
'trans Fusion of rings B and C. 

and 4), the relaxation pathway between CH3-1 1 bp and the C-1 was trivial, so chemical shifts of all aromatic resonances were 

protons (Fig. 5) clearly differentiates between the two protons. assigned. 

In these molecules, there is also a significant nOe between the With this information, the structural analysis was complete, 
substituents in the a-positions of C-1 and C-11, verifying the and the set of assignments of the parameters be 
assignment and reflecting the folded geometry of the mole- made. These were refined by computer simulation when neces- 

cules. The assignments at C-2 were again made by relaying the sary, and are listed in Table 4. The stereochemistry of all six 

stereochemistry established at C-1, through the magnitudes of was consistent with the 'Onstants mea- 

the nOe enhancements. sured directly, or obtained using computer simulation. 

Assignments in aromatic rings 
The signals (400 MHz) arising from ring A protons could be 

distinguished from the corresponding ring E signals by a com- 
- - 

bination of chemical shift arguments, double resonance, and, 
in particular, by relaxation pathway analysis. The hydroxyl 
proton signals were readily identified as the slowly relaxing 
singlets at 6.1-6.8 ppm. H-8 may be distinguished from H-9, 
and H-4 from H-5 on the basis of the greater shielding effect in 
the ortho position from the oxygen substituents (OH-7 and 
OR-5a), and by the higher relaxation rates of the 4 and 9 
protons resulting from significant contributions from the adja- 
cent 3 and 10 methyl groups. 

A definitive distinction between the ring A and ring E aro- 
matic signals was established by identification, through nOed 
experiments, of consecutive relaxation pathways originating on 
the previously assigned C-2 and C-1 1 protons. Saturation of the 
H- 1 l a  resonance gave an enhancement of CH3- 10, while irra- 
diation of the H-2a and (or) H-2P transitions gave an enhance- 
ment of CH3-3 (Fig. 6). Since the chemical shifts of the two 
methyl resonances were very different (AS = 0.2 ppm), these 
nOe enhancements gave the methyl assignments unam- 
biguously. The H-4 and H-9 resonances could then be assigned 
from the nOe enhancements observed upon irradiation of 
CH3-3 and CH3-10, respectively (Fig. 6). The completion of 
the aromatic proton relaxation sequences to the 8 and 5 protons: 

Conclusion 
By utilizing the relaxation pathway analysis technique out- 

lined in the Introduction, it was possible to assign all the signals 
in the 'H nmr spectrum of the six 7-hydroxyindene dimers, 
including the diastereotopic methylene protons. In addition, by 
careful analysis of nOe enhancements with the aid of molecular 
models, it was possible to determine ring fusion, and to assign 
the stereochem>stry at all three or five chiral centres. This 
report demonstrates the power of the relaxation pathway tech- 
nique for the analysis of the solution structure of organic mol- 
ecules, even in situations where detailed quantitative analysis 
is not possible. 

Experimental 
Solutions for nrnr studies were made 0.1 M in CDCI,, without 

degassing, since this has been shown to be unnecessary for qualitative 
studies of this type (2). Spectra (eight transients) were acquired into 
32K (standard spectra and RI measurements) or 16K (nOed spectra) 
data blocks over a spectral range of 3800 Hz on a Bruker WH-400 
spectrometer (Montreal Regional High Field NMR Laboratory). All 
spectra were acquired at ambient temperature (292 K). Spectral simu- 
lations were carried out on a Hewlett-Packard 1000 computer, using 
a modified LAOCOON 111 (12) program. 

RI values were measured using the standard inversion-recovery 
pulse sequence (13). The 180" pulse-width was checked at the begin- 
ning of each experiment. R I  data within the initial slope region (14) 
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CHAZIN ET AL 

FIG. 6. Relaxation pathways (arrows), and partial nOed spectra used to distinguish between aromatic ring signals in 4. Transitions irradiated 
are indicated {I. 

were calculated by two-parameter, non-linear regressional analysis on 
the HP-1000 computer. The absolute accuracy of RI  measurements is 
typically k 10% but, within a single experiment, the relative RI  values 
can be determined to a precision of better than 55%.  

Theoretical RI  values and nOe enhancements were calculated for 
the model described by eq. [2], using the HP-1000 computer. 

The nOe enhancements were measured by the sensitive difference 
method using a modification, which has been described previously 
(3), of the procedure reported by Hall and Sanders (9). A full 5 X T I  
preparation period was allowed before each scan, although it is now 
firmly established that the use of a 1-3 x T I  preparation period is 
more efficient when carrying out qualitative studies (1 1). In several of 
the nOe difference experiments, the use of subsaturating power levels 
(soft experiments) was not sufficient to ensure selectivity. In these 
cases, additional experiments were carried out to determine the influ- 
ence of decoupler power and decoupler frequency offset on observed 
nOe enhancements, thereby verifying the origin of the enhancements. 
Although the nOed technique has been shown to be sensitive down to 
the order of a few tenths of a percent ( I  I), in those instances when 
irradiation selectivity was a problem, only relatively large enhance- 
ments (>I%) were considered to be sufficiently reliable. 

Mass spectra were recorded at 12 or 70 eV. Peak positions (mle) 
are followed by relative abundances in parentheses. 

Synthetic procedures 
(6a~,lla~,llb~)-1,2,6a,ll,lla,llb-Hexahydro-3,6a,10,llb- 

tetramethyldiindeno[7,1 -bc:2', 1 '-elpyran-7-01 (I) 
A solution of trifluoroacetic acid in chloroform (5% v/v, 0.02 mL) 

was added to indenol 7 (100 mg) in chloroform (0.5 mL) at room 
temperature. After 90 min .the mixture was worked up to give the 
crude product (100 mg) which was purified by preparative thin-layer 
chromatography (ptlc) to give the dimer 1 (60 mg), mp 130- 130.5"C 
(from n-pentane); m/e (12 eV): 320 (6, M'), 160 (34), 159 (100). 
Anal. calcd. for C22H2402: C 82.5, H 7.6; found: C 82.4, H 7.7. 

(6a~,lla~,llba)-l,2,6a,ll,lla,llb-Hexahydro-3,6a,10,llb- 
tetramethyldijndeno[7,1 -bc:2',11-elpyran--1 (2) 

Trifluoroacetic acid (0.025 mL) was added to the indenol 7 (100 
mg) in chloroform (0.5 mL) at room temperature. After 30 min the 
mixture was diluted with ether and worked up to give crude product 
(100 mg). Chromatography and recrystallization gave the dimer 2 (60 
mg), mp 157- 158°C (from n-hexane); m/e (12 eV): 320 (3, M+), 160 
(53), 159 (100). Anal. calcd. for C22H2402: C 82.5, H 7.6; found: C 
82.6, H 7.5. 

(2~,6a~,ll~,lla~,llb~)-1,2,6a,ll,lla,llb-Hexahydro-2,3,6a, 
l 0 , l l  ,11 b-hexamethyldiindeno[7,1 -bc:2', 1 ' - e r a - 7 -  (3) 

A solution of trifluoroacetic acid in carbon tetrachloride (5% v/v, 
0.1 mL) was added to indene 8 (0.30 g) in chloroform (2.5 mL). After 
35 min the solution was diluted with ether (25 mL), shaken with 5% 
sodium bicarbonate solution (20 mL), and worked up to give the crude 
product (0.30 g). Purification by ptlc gave the main component (0.20 
g) which was recrystallized from n-hexane to give dimer 3 (0.17 g, 
57%), mp 155- 157°C; m/e (12 eV): 348 (4, M'), 174 (100); (70 eV): 
348 (2, M+), 175 (50), 174 (72), 159 (100). Anal. calcd. for 
C24H2802: C 82.72, H 8.10; found: C 82.97, H 8.36. The residue from 
the crystallization (approximately 0.03 g) was a 2: 1 mixture of dimer 
3 and the C-2 epimer, dimer 4. 

(2a,6a~,ll~,lla~,llb~)-1,2,6a,ll,lla,llb-Hexahydro-2,3,6a, 
1 0 , l l  , I  1 b-hexamethyldiindeno[7,1 -bc:2',1'-e]pyran-7-01 (4) 

The indene 8 (250 mg) in chloroform (1 mL) was mixed with 
trifluoroacetic acid (0.01 mL) in chloroform (1 mL) at room tem- 
perature. After 1 h, work-up gave a product mixture (250 mg) which 
was separated by ptlc to give a fraction containing dimer 5 (60 mg) and 
a lower Rr fraction consisting of a 1 : 1 mixture of dimers 3 and 4 (150 
mg). Recrystallization of this mixture from n-pentane gave crystals 
enriched in dimer 3. Successive fractional recrystallizations were per- 
formed. and when the concentration of dimer 4 in the residue exceeded 
65%, this dimer became concentrated in the crystals and eventually 
dimer 4 was obtained pure, mp 131-132.5"C; m/e (12 eV): 348 (12, 
M+), 174 (100). Anal. calcd. for C24H2802: C 82.72, H 8.10; found: 
C 82.89, H 8.16. 

(2a,6a~,ll~,lla~,llba)-1,2,6a,ll,lla,llb-Hexahydro-2,3,6a, 
l 0 , l l  ,11 b-hexamethyldiindeno[7,1 -bc:2', 1'-elpyran-7-01 (5) 

Trifluoroacetic acid (0.025 mL) was added to the indene 8 (75 mg) 
in chloroform (0.5 mL). Work-up of the reaction mixture after 30 min 
and separation by ptlc gave the main component (40 mg, 54%), a 10: 1 
mixture of dimer 5 and the C-2 epimer, dimer 6. Recrystallization 
gave pure dimer 5, mp 167- 169°C (from n-hexane); m/e (12 eV): 348 
(5, M+), 175 (30), 174 (100); (70 eV): 348 (3, M'), 175 (loo), 174 
(go), 159 (43). Anal. calcd. for C24H2802: C 82.72, H 8.10; found: C 
82.56, H 8.02. 

(2P,6ap, l l  P, l lap, l lba)-1,2,6a, l l  ,lla,llb-Hexahydro-2,3,6a, 
1 0 , l l  , l  lb-hexamethyldiindeno[7,1 -bc:2',11-elpyran-7-01 (6) 

Trifluoroacetic acid (0.2 mL) was added to the dimer 5 (0.50 g) in 
chloroform (5 mL) and the dark red solution was heated under reflux 
for 2 h. Work-up and ptlc gave a 1 : I mixture of dimers 5 and 6 (0.30 
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g) and a 1 : 1 mixture of dimers 3 and 4 (0.04 g). The mixture of dimers 
5 and 6 (0.30 g) in methanol (20 mL) was mixed with trifluoroacetic 
acid (1 mL) and the solution was heated under reflux for 30 min. 
Work-up and ptlc gave a 1 :7 mixture of dimers 5 and 6 (90 mg). 
Recrystallization gave pure dimer 6, mp 173-174°C; m l e  (12 eV): 
348 (14, M'), 175 (68), 174 (loo), 159 (20); (70 eV): 348 (7.5, M'), 
175 (loo), 174 (53 ,  159 (47). Anal. calcd. for C24H2802: C 82.72, H 
8.10; found: C 83.10, H 8.41. 
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COMMUNICATIONS 

A laser interferometric study of sessile drop shape and contact angle 

R. N. O'BRIEN AND PAUL SAVILLE 
Department of Chemistry, University of Victoria, Victoria, B.C. ,  Canada V8W 2Y2 
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R. N. O'BRIEN and PAUL SAVILLE. Can. J.  Chem. 63, 2339 (1985). 
Small contact angles, such as water on glass, have been shown to be measurable interferometrically using fringes of equal 

thickness after the fashion of Newton's rings. The measured angle for the water on glass system was 0.049 & 0.006 degrees 
of arc. 

R. N. O'BRIEN et PAUL SAVILLE. Can. J .  Chem. 63, 2339 (1985). 
On montre qu'on peut faire appel a llinterfCromCtrie pour mesurer les petits angles de contact, tel celui de l'eau avec le verre, 

en utilisant des franges d'Cgale Cpaisseur a la manihre des anneaux de Newton. L'angle de contact de l'eau avec le verre est 
de 0,049 & 0,006. 

[Traduit par le journal] 

The contact angle of pure water on clean smooth glass has 
been the subject of investigation by many methods and over 
many years (1, 2). Contact angles are important for many 
reasons, not the least of which are those related to adhesion and 
biological aspects. 

Probably the contact angle of water (on a variety of sub- 
strates) has been most often studied and especially on glass and 
siliceous materials generally (3, 4). For this reason it was 
decided to attempt to obtain the profile of a sessile drop on glass 
by interferometric means. A first trial was made using holo- 
graphic interferometry. The interferogram was measurable but 
of poor quality. The technique was difficult and time con- 
suming, and the measurements made from them were not to- 
tally convincing. A simpler method using fringes of equal 
thickness after the fashion of Newton's rings (Fig. I(a)) where 
instead of a thin lens convex side down there was a "thin" drop 
of water convex side up. All of the other optical arrangements 
in Fig. 1 produced Fresnel fringes as well as true interference 
fringes but the Fresnel fringes are of so much greater definition 
(contrast between constructive and destructive interference) 
that the true interference fringe system was unusable. Figure 2 
is an example of such a combined system produced by the 
optical system in Fig. I(b). Fresnel fringes should have a bright 
spot in the centre and the fringes should be at r (the radius) = 
~, fi, fi etc. (5). Figure 2 clearly does not show this type 
of periodicity and this will be the subject of further research. 

A series of interferograms made using the optical arrange- 
ment in Fig. I(a) is shown in Fig. 3. These interferograms 
were taken with a 35 mm camera. The whole sequence was also 
recorded with a color video-recorderlcamera and the monitor 
then photographed for measuring and reproduction. The inter- 
ferograms were taken with a guard ring to avoid stray air 
currents and unsymmetrical evaporation (which was observed) 
and at room temperature (22°C + 0.5). The parallel straight 
fringes interrupted by the drop's fringes are the result of the 
non-parallel sides of the glass flat. 

A series of 12 drops were measured from opposite sides, that 
is the distance between fringes was measured. Each successive 
fringe from the edge of the drop (which could be un- 
ambiguously located) was located and the results averaged. 
The glass was float glass, expected to be 114 A flat over 3 mm 
cleaned with Sparkleen laboratory detergent. The water was 
NANOpure water. 

FIG. 1. Schematic diagrams of four candidate optical arrangements 
for interferometric determination of drop contours; ( a )  and ( b )  results 
are shown in Figs. 2 and 3, ( c )  and ( d )  produced similar results to ( b ) .  
The parts are labelled L for laser (He Ne gas laser nominal 5 mW), C 
for camera (35 mm or video), M for first surface mirror, D for drop, 
and G for glass flat. 

The measured contact angle was 0.049 + 0.006 deg of arc. 
This agrees reasonably well with Irons (3) and Stepanov et al. 
(4) and with the general consensus that the contact angle is very 
small. There are even those (6) who say the angle is a 
"non-angle". The textbook approach is that the angle is zero or 
so close to it that any measurement is suspect as likely to be 
within the uncertainty of measurement with previously avail- 
able methods. To the best of our knowledge this is the first 
measurement where the value is not obscured by the uncer- 
tainty of measurement. 

Further work is planned in which specially prepared glass 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2340 CAN. J .  CHEM. VOL. 63, 1985 

FIG. 3. An interferogram made using the optical arrangement in 
Fig. l(b) containing a bright Fresnel diffraction pattern obscuring the 
fringes of equal thickness shown in Fig. 2. 

flats with a minimum surface roughness will be used. Specially 
purified water will be tested with controlled amounts of various 
solutes and an attempt to add to a drop as  well as to allow it to  
evaporate to measure advancing and retreating drop edges. 

1. A. W. ADAMSON. Physical chemistry of surfaces. 4th ed. Wiley, 
New York. p. 338 et seq. 

2. G. E. P. ELLIOTT and S. C. RIDDIFORD. Contact angles in recent 
progress in surface science #2. Edited by J. F. Danielle, T. G. H. 
Parkhurst, and A. E. Riddiford. Academic, New York. 1964. 
p. 11 1 et seq. 

3. E. J. IRONS. Philos. Mag. 34, 614 (1943). 
4. V. G. STEPANOV, L. D. VOLYAK, and Yu. V. TARLAKOV. J. Eng. 

FIG. 2. Two interferograms photographed from the video monitor Phys. 32, 646 (1977). 
at the times shown after drop deposit from a drawn capillary. Note 5. J. MORGAN. Introduction to geometrical and physical optics. 
these are 5 fringes in the top frame and 4 in. in the bottom, or the drop McGraw-Hill, New York. 1953. p. 268. 
depth has decreased by A/2 or 3 16.4 nm approximately. 6. D. M. GANS. J. Phys. Chem. 49, 165 (1945). 

Radical ions in photochemistry. 16. The photosensitized (electron transfer) 
carbon-carbon bond-cleavage reaction of radical cations 

AKlO OKAMOTO' AND DONALD R. ARNOLD~ 
Department of Chemistry, Dalhousie University, Hal*, N.S., Canada B3H 453 

Received January 14, 1985 

AKIO OKAMOTO and DONALD R. ARNOLD. Can. J. Chem. 63, 2340 (1985). 
The photosensitized (electron transfer) carbon-carbon bond cleavage of 1,1,2,2-tetraphenylethane ( lb) ,  2-(4-methoxy- 

pheny1)-1 , l-diphenyl-2-methylpropane (lc),  1,1,2-triphenyl-2-methylpropane (Id), and 2-(4-trifluoromethylphenyl)-I, l-di- 
phenyl-2-methylpropane ( le)  has been studied with 1,4-dicyanobenzene (2) sewing as the electron-accepting sensitizer. The 
oxidation potential of lb-e have been measured by cyclic voltammetry. Estimation of the free-energy associated with the 
electron transfer between these donors (lb-e) and the first excited singlet state of 2, using the Weller equation, indicates the 
process is favorable in every case. There is, in every case, a one-to-one correspondence of products derived from reaction of 
the carbocation fragment and from the carbanion derived from the initially f o h e d  radical fragment. The efficiency of the 
reaction of l b ,  which gives a good yield of diphenylmethane (3) and methyl diphenylmethyl ether, has been studied as a 
function of temperature. The observed activation energy (7.2 kcal mol-') is equated to the bond dissociation energy of the 
central bond of the radical cation (lb+'). The ratio of products from the unsymmetric compounds is dependent upon the redox 
potentials of the fragment radicals and carbocations. 

' On leave from the Institute of Interdisciplinary Research, Faculty of Engineering, University of Tokyo, Tokyo, Japan. 
To whom all correspondence should be addressed. 
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COMMUNICATIONS 

AKIO OKAMOTO et DONALD R. ARNOLD. Can. J. Chem. 63, 2340 (1985). 
Utilisant le dicyano-1,4 benzene (2) comme sensibilisateur accepteur d'tlectrons, on a CtudiC la reaction photosensibiliste 

(transfert d'tlectrons) de clivage de la liaison carbone-carbone du tCtraphCny1-1,1.2,2 Cthane (lb),  du (mCthoxy-4 phtny1)-2 
diphCnyl-1,l mCthyl-2 propane (Id) et du (trifluoromtthyl-4 phCny1)-2 diphtnyl-1 , l  mkthyl-2 propane (le).  On a mesurk les 
potentiels d'oxydo-rCduction des composts (lb-e) par voltamktrie cyclique. L7Cvaluation, i l'aide de 1'Cquation de Weller, 
de 1'Cnergie libre associCe au transfert d'Clectron entre ces donneurs lb-e et le premier Ctat singulet excite indique que dans 
tous les cas le processus est favorist. Dans chaque cas, il y a une correspondance du type I i 1 des produits provenant d'une 
part de la rCaction de la portion carbocationique et d'autre part du carbanion issu du fragment radicalaire qui se forme 
initialement. On a Ctudit, en fonction de la tempkrature, I'efficacitC de la rCaction du compost ( lb )  qui donne avec un bon 
rendement du diphCnylmtthane (3) et du mtthoxydiphCnylmCthane. La valeur de I'Cnergie d'activation (7,2 kcal mol-I) est 
Cgale i I'Cnergie de dissociation de la liaison centrale du cation radicalaire lb+'.  Le rapport des produits provenant des 
composCs asymktriques dtpend des potentiels rtdox respectifs des fragments radicalaire et carbocationique. 

[Traduit par le journal] 

hv Cleavage of radical cations to the fragments, radical and fa] sens. (A) + A* 
carbocation, is an important general reaction, not only in the 
gas phase where it accounts for most of the fragments in a mass [b] A* + R-R' + A-' + R-Re' 
spectrum, but also in solution (1-4). Our interest in this area 
stems from the observed cleavage of the radical cation of [c] R-R"'+ R' + R" 
methyl 2,2-diphenylethyl ether ( la )  generated by photo- 
sensitization (electron transfer) using electron-accepting sensi- R' + R" * R' + R" 

tizers, e.g., 1 ,Cdicyanobenzene (2) (reaction [I]). The good 
yield of diphenylmethane and the acetal of formaldehyde were [el R" + Nu- + R'-Nu 

[f] K + A - ' + R - + A  
hv (sens. (2)) 

[ 1 I (C~H~)ZCHCHZOCH~ (C.d,)zCHz 
CH3CN/CH30H ' [g] R- + H+ + R-H 

l a  3 

+ CH30CHzOCH3 SCHEME 1 
4 

( 1 )  there is a one-to-one correspondence between product de- 
accounted for by Scheme 1, involving the diphenylmethyl rad- rived from the carbocation and that derived from the anion via 
ical (R') and the a-oxycarbocation fragments (R' = CH20CH3) the radical; (2) cleavage of the radical cation can be a thermally 
(I). We have now extended this study to a series of compounds activated process; and, (3) the product ratio is dependent upon 
which have in common the diphenylmethyl fragment (reaction the relative redox potential of the fragment radical and carbo- 
[2]). The results, which are summarized in Table 1, indicate: cation. 

In this series, l b  represents the standard; this molecule is 
symmetric so only two fragments can be formed (Scheme 1, 
step c). Although l b  is not cleaved upon irradiation at 10°C, 
reaction does produce diphenylmethane and methyl diphenyl- 
methyl ether in essentially quantitative yield at 33% conversion 
after irradiation for 18 h at 80°C.3 Plotting the relative effi- 
ciency of this reaction as a function of temperature, between 

There is no reaction at 80°C without irradiation or upon irradiation 
without the photosensitizer. 

The photosensitized (electron transfer) irradiation of l b  in oxygen- 
ated acetonitrile at ca. 40°C gives benzophenone (2a). The mech- 
anism of this reaction may be more complex than simply reaction of 
the diphenylmethyl radical with some oxygen species. 

Flash photolysis studies (temperature unspecified) involving the 
radical cation of l b  indicate formation of a transient with an intense 
absorption band at 330 nm which was attributed to the diphenylmethyl 
radical (2b). The radical formed by deprotonation of the radical cation 
should, however, have a similar absorption spectrum. 

50-80°C, we derived an activation energy of 7.2 kcal/mol 
(r = 0.989) for the rate-determining step. We suggest that this 
represents a minimum value, close to the bond dissociation 
energy for the central carbon-carbon bond in the radical cation 
of l b .  

NOTE ADDED IN PROOF: The kinetic analysis used to estimate 
the activation energy requires several assumptions (that the 
temperature dependence reflects a variation in the rate of the 
cleavage process, that the maximum quantum yield is one, and 
that the actual quantum yield is low). A more thorough analysis 
is in progress. 

Using the oxidation potentails of la-e, listed in Table 2, in 
the Weller equation (5), gives an indication that electron trans- 
fer between these donors and the first excited singlet state of 2 
as the acceptor is favorable in every case. The results also 
suggest that changing the singly occupied molecular orbital 
from the diphenylmethyl moiety in I d  and l e  to the methoxy- 
substituted ring in l c  has no effect. 
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TABLE 1 .  The photosensitized bond-cleavage reaction of (C6H5),CH-R'" 

Conversion% Product ratiob 

Product 10°C 80°C (C6H5)2CH2 : CH30Rf : (C6H5)2CHOCH3 : HR' 

l b  0 30 1 - 1 - 
1 c 90 100 1 1 0 0 
Id 40 65 1 1 Trace Trace 
l e  40 50 1 1 1 1 

"All irradiations were carried out on nitrogen-purged CH3CN/CH30H (311) solutions of 
(C6H5)2CH-R' (0.2 M) and (2) (0.05 M) in Pyrex tubes using a 450-W medium-pressure mercury 
vapor lamp (Hanovia) through Pyrex glass filters for 18 h. Extent of reaction and the product ratio 
were determined by 'H nmr and are accurate to 5%. Essentially all the starting material consumed was 
accounted for by the products listed. 

bThe efficiency of the cleavage is temperature dependent but the ratio of products is not. 

TABLE 2 .  Oxidation potentials measured by 
cyclic voltammetry" 

Compound EIl2/V VS. sce 

"In acetonitrile containing 0.1 M tetraethyl- 
ammonium perchlorate. The anodic process is irre- 
versible; this accounts for EIl2 being taken as 0.03 V 
cathodic from the anodic peak position. 

Reference 1. 

While the oxidation potentials of the intermediate radicals 
are not known, it seems likely that the substituent effect on the 
carbocation (6) is greater than that on the radical (7); the oxi- 
dation potentials for the intermediate cumyl radicals should 
therefore increase in the order para-methoxy < unsubstituted 
< para-trifluoromethyl (8). We see (Table 1) that the product 
ratios depend upon the difference in the oxidation potentials of 
the two fragment radicals. If electron transfer rapidly equili- 
brated the radicals and carbocations (Scheme 1, step d) so that 
the product ratio would depend upon the relative rate of reac- 
tion of the two possible carbocations with the nucleophile, the 
less stable carbocation would react more rapidly (9); such is 

obviously not the case. 
We will investigate further the kinetics of the photo- 

sensitized (electron transfer) bond-cleavage reaction and also 
attempt to measure the oxidation potentials of the intermediate 
radicals to compare with the product ratios. ' 
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Interaction entre le groupe carbonyle et les heteroatomes des acetates d'ethyle 
a-substitues 

GEORGES GUIHBNEUF,' CHRISTIAN BBNARD ET ABDEUALIL LACHKAR 
Laboratoire de Chimie Physique Organique, Universitk Cadi Ayyad, BP S15, Marrakech, Maroc 

ET 

MARYVONNE LUGON 
Laboratoire de Spectrochimie Mole'culaire, Universite' de Nantes, 44072 Nantes Ckdex, France 

R e p  le 26 avril 19842 

GEORGES GUIHENEUF, CHRISTIAN BENARD, ABDELJALIL LACHKAR et MARWONNE LUGON. Can. J. Chem. 63,2343 (1985). 
Les spectres infrarouges des a-aminoacktates d'Cthyle prksentent trois bandes dans la region vco. Les effets de solvant ont 

montrC qu'il ne s'agit pas de rCsonance de Fermi. Ces spectres ont CtC interprCtCs i partir d'un modkle qui tient compte des 
interactions entre le doublet des electrons non liCs de l'azote et le groupe carbonyle. On prCvoit l'existence d'Cquilibres entre 
les conformkres rksultant de l'orientation variable du doublet de l'azote par rapport au groupe CO. Ce modkle a permis 
I'interprCtation des absorptions vco des acCtates d'Cthyle substituCs en a par les groupes mCthoxy et Cthoxy. 

GEORGES GUIHENEUF, CHRISTIAN BENARD, ABDELJALIL LACHKAR, and MARYVONNE LUGON. Can. J. Chem. 63, 2343 
(1985). 

Infrared spectra of ethyl a-aminoacetates show three bands in the carbonyl region. Solvent effects show that this is not due 
to Fermi resonance. These spectra can be interpreted using a model that considers the interactions between the nitrogen lone 
pair and the carbonyl group. The existence of an equilibrium between the conformers caused by the different orientations of 
the nitrogen lone pair with respect to the carbonyl group can be forecast. This model enables the interpretation of the carbonyl 
absorptions of the a-substituted (methoxy and ethoxy) ethyl acetates. 

[Journal translation] 

Les spectres infrarouges des composts carbonylts a-halo- 
gCnts prisentent un didoublement de la band vco. Ce phino- 
mbne, tgalement observt avec les a-aminocttones (1, 2), 
a-mCthoxy et a-mCthylthiocCtones (3, 4), a Ctt interprttt ?i 
partir de l'existence de deux conformations tnergttiquement 
favoristes, rtsultant de la rotation du groupe CH2X par rapport 
?i la liaison C(carbonyle)- Ca (1 - 13). 

Nous avons constati l'apparition de trois bandes dans le 
domaine d'absorption vco de cinq a-aminoacttates d'Cthyle. 
L'analyse des effets de solvant sur ces spectres nous a permis 
de mettre en evidence un tquilibre conformationnel et de pro- 
poser un modble d'interaction applicable ?i d'autres types de 
substituants. 

RCsultats 
Les spectres infrarouges des cinq a-aminoacttates d'Cthyle 

suivants: a-N, N dimtthylamino (I), a-N, N ditthylamino (2), 
a-piptridino (3), a-morpholino (4), et a-pyrrolidino (5) ont 
t t t  enregistrts en solution dans divers solvants entre 1900 et 
1650 cm-' . Quelques enregistrements sont reproduits sur les 
figures 1 et 2. 

En raison de la proximitt des trois pics d'absorption, il est 
prtftrable de proctder ?i une dtcomposition de la bande com- 
plexe. Cette sCparation a t t t  rtaliste en utilisant la proctdure 
proposte par Pitha et Jones (14); le profil des bandes corres- 
pond au produit d'une fonction de Cauchy par une fonction de 
Gauss. On obtient ainsi les valeurs des maxima d'absorption de 1780 1740 17 
chaque bande et les intensitts relatives (caracttristes par l'ab- - 
somtion au maximum de chacune d'elles). rtunies dans le v1cm-l 

, . 
tableau 1. Pour comparaison, les frtquences vm de l'acttate 
d'tthyle, du propionate d'tthyle, des a-fluoro, a-chloro et FIG. 1. Spectres de l'a-N,N diethylamino acCtate d'kthyle, 2, en 

solution dans divers solvants. a-iodo acCtates d'tthvle. dtterminCes dans les m&mes condi- , , 

tions, sont rassembltes dans le tableau 2. rtes varie avec l'importance de leur recouvrement. L'accord 
La prtcision des positions et des intensitts des bandes stpa- entre les absorptions exptrimentales et calcultes est caracttrist 

par 1'Ccart moyen et par l'tcart maximum entre ces deux gran- 
'Auteur h qui adresser la correspondance. deurs. L'Ccart moyen est compris entre 3 X et unit6 
2Revision r e y e  le 19 octobre 1984. de densitt optique; l'tcart maximum est toujours inftrieur ?i 
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TABLEAU 1 .  Frtquences v (crn-I) et intensitts relatives I" des absorptions vco des a-N,N dirntthylarnino (I), 
a-N,N ditthylamino (2), a-piptridino (3), a-morpholino (4), a-pyrrolidino (5) acetates d'tthyle 

Solvants 

"Pour chaque solvant, I'intensitC de la bande v, est prise comme rCfCrence. 
"Clange d'isomkres du pertluoro-n-propyloxane. 

TABLEAU 2. Frtquences vco (crn-I) des composts XCH2COOC2H~ 

Solvants 

FC.75" 
C ~ H I ~  
C7H16 
CCI, 
CS2 
CH3CN 

"MClange d'isombres du pertluoro-n-propyloxane. 
'Apr2s sCparation des deux bandes. 

2 x lo-' unit6 de densitk optique. Le spectre expkrimental est 
donc reproduit avec une bonne prkcision. Nous avons vkrifik 
que le choix des parametres initiaux, nkcessaires au calcul, 
n'influait pas sur les rksultats. Les tests effectuks ont montre 
que les positions des maxima d'absorption sont reproductibles 
B mieux que 0,5 cm-' pres et que l'kcart sur les intensitks est 
infkrieur B 10%. 

Bien que des dkcompositions totalement indkpendantes 
conduisent B des positions de maxima d'absorption tres voi- 

sines pour les cinq composCs, il n'est pas exclu qu'une dCcom- 
position puisse accidentellement introduire une erreur supk- 
rieure B la limite de 0,5 cm-' . C'est pourquoi un rksultat n'est 
jamais exploit6 isolkment. Seules les variations progressives 
sont prises en considkration. 

Pour les cinq a-aminoacktates d'Cthyle nous avons retenu la 
prksence de trois bandes, m&me si, parfois, il Ctait possible, au 
vu des spectres, de se limiter ti deux. Les calculs dans cette 
hypothkse donnent les rksultats suivants: la position de la bande 
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GUIHENEUF ET AL. 2345 

FIG. 2. Spectres des a-N,N dimCthylamino (I), a-N,N diethyla- 
mino (2), a-pipiridin0 (3), a-morpholino (4), a-pyrrolidino (5) ace- 
tates d'kthyle, en solution dans le cyclohexane. 

de plus haute frkquence n'est pas modifiCe mais la largeur a 
mi-hauteur de la deuxikme bande est supCrieure aux largeurs 
habituellement observCes et son maximum aprks decompo- 
sition est plus proche de la premikre bande que le maximum 
apparent alors que l'on doit toujours obtenir l'inverse. Le pas- 
sage a trois bandes permet d'Climiner ces anomalies. 

Discussion 
Dans un solvant donne, les intensitCs relatives des absorp- 

tions varient d'un compod ti l'autre; mais dans les solvants 
apolaires (hydrocarbures et CCl,) les maxima d'absorption 
des cinq composCs se retrouvent pratiquement aux mCmes 
frkquences. 

Nous dCsignerons par VA la bande de plus haute frkquence, 
par V B  celle de frkquence intermkdiaire et par v, la bande dont 
la frkquence est la plus basse. En solution dans l'heptane, par 
exemple, la bande v, est proche, pour les cinq composes, de 
1763 cm-'; V B  est voisine de 1748 cm-I; la dernikre, vc, se 
situe vers 1740 cm-' , a I'exception de 2 pour lequel la valeur 
est 1Cgkrement infkrieure. 

Cette homogCnCitC ne peut Ctre fortuite et nous conduit a une 
premibe remarque: le m2me phknomene doit @tre ci l'origine de 
l'apparition des trois bandes pour les cinq produits ktudie's. 

En solution dans l'adtonitrile, l'accord entre les positions 
des bandes V B  et v, est moins bon. Dans ce cas, les interactions 
solutC-solvant sont fortes. La structure des substituants. en 

TABLEAU 3. Coefficients de corrklation des relations entre les frC- 
quences vco dans les diffkrents solvants: a-N,N dimtthylamino (I), 
a-N,N diethylamino (2), a-pipkridino (3), a-morpholino (4), a-pyrro- 

lidino (5) acetates d'ethyle 

Correlation de: 1 2 3 4 5 

v8 avec v, 0,987 0,999 0,97 0,994 0,988 
vc avec v, 0,995 0,998 0,99 0,985 0,96 
VA avec V C H ~ C O O C ~ H ~  0,965 0,99 0,987 0,99 0,987 

et les intensitCs relatives des bandes sont indtpendantes des 
concentrations. Nous pouvons donc exclure 1'CventualitC d'as- 
sociations intermolCculaires. Trois hypothkses peuvent alors 
Ctre formulCes pour expliquer cette multiplicitC: (a) une double 
rtsonance de Fermi entre la transition vco et deux transitions 
interdites (15- 17); (b) un Cquilibre conformationnel entre deux 
formes. associC a une rCsonance de Fermi affectant la transition 
vco d'un seul des conformkres; (c) un Cquilibre faisant inter- 
venir trois conformations. 

1. Hypotheses faisant intervenir une rbonance de Fermi 
Les frequences vco d'un composC quelconque, en solution 

dans une sCrie de solvants, sont linkairement relikes aux frC- 
quences v o  d'un produit de rCfCrence, en solution dans les 
mCmes solvants (18-20). Une resonance de Fermi entraine, 
pour l'une des bandes, des dCviations systCmatiques a la rela- 
tion linCaire et, en gCnCral, I'absence totale de relation pour les 
autres (16, 17, 21). I1 n'existe pas de relation entre les frkquen- 
ces des bandes du composC considCrC. 

En prenant 1'acCtate d7Cthyle pour rCfCrence, chaque bande 
suit une relation satisfaisante et pour chaque composC les frC- 
quences des bandes sont likes entre elles (tableau 3). 

Ces rCsultats vont donc a l'encontre de l'hypothkse d'une . - 

rksonance de Fermi. 
L'analyse qualitative des variations des intensites relatives 

des bandes avec le solvant va dans le mCme sens: dans le cas 
d'une resonance de Fermi, la bande qui comporte la plus forte 
contribution de la transition fondamentale est la plus intense. 
L'origine de la multiplicitC Ctant la mCme pour tous les pro- 
duits, cette absorption, dans un solvant donnC, devrait s'identi- 
fier a une mCme bande: VA, V, ou v,. Or la bande la plus 
intense est tant6t v,, tant6t vv, et parfois v,. Ces observations 
sont incompatibles avec l'hypothkse d'une rksonance de Fermi 
simple ou double. I1 faut donc attribuer l'origine de la multipli- 
citC vco 2 un Cquilibre entre trois conformkres. 

2. Hypothese d'un kquilibre conformationnel 
~ e s  Cquilibres habituellement retenus dans le cas des molC- 

cules XCH,COR sont les suivants3 (fig. 3): 
Les conformations ou la liaison C-X, ou une liaison 

C-H, Cclipse la liaison C=O sont plus stables que les confor- 
mations dCcalCes (22-24): si, a 1'Ctat gazeux, la forme anti est 
prkpondkrante pour le chloroacCtaldChyde (25) et la fluoroad- 
tone (26), seules les conformations gauche et syn apparaissent 
lorsque les molCcules XCH,COR (X = haloghe) sont en 
solution (3- 13, 25). 

L'effet du substituant NR,, en fonction de son orientation, 
peut Ctre analysC uniquement a partir des interactions orbita- 
laires, spatiales ou a travers les liaisons, et de l'hyperconjugai- 
son du NR, avec le systkme .rr du carbonyle. I1 est possible 

particulier leur encombrement, peut modifier sensiblement ces 
interactions et, en consCquence, les frkquences v, et v , .  'Nous avons prefer6 les appellations syn et anti ?i s-cis et s-trans, 

Pour tous les solvants, les solutions utilisCes sont trks diluCes souvent utilisees. 
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FIG. 3. Conformations privilCgites des composCs XCH2COR. 

d'expliquer ainsi les dkplacements de la transition n - n des 
a-aminocttones (24). Les diffkrences d'Cnergie entre les con- 
formkres, dans 1'Ctat fondamental, sont faibles et jusqu'a prk- 
sent on a prCfCrC se rCferer aux effets inductifs et interactions 
dipolaires et d'hyperconjugaison pour interpreter les variations 
de la frCquence v o .  I1 faut remarquer que, qualitativement, les 
conclusions ne dependent pas du modele choisi. 

Rkcemment, l'importance de l'hyperconjugaison de X avec 
le systkme n du carbonyle a CtC soulignCe, dans le cas des 
cCtones XCH,COCH, (3). Ainsi, la variation de la frkquence 
v o  de 1720 cm-I a 1717 cm-' et a 1713 cm-' dans la serie 
X = CH,, NMe,, I a CtC attribuke, pour l'essentiel, a I'hyper- 
conjugaison. I1 ne semble pas nkcessaire de prendre cet effet en 
considkration dans la sCrie XCH,COOC,H,. Pour les trois 
m&mes substituants, on relkve les valeurs suivantes: 1739,5; 
1734,5 et 1739,5 cm-' . La comparaison des deux sCries montre 
que le r6le de l'hyperconjugaison est trks certainement secon- 
daire dans les acCtates d'Cthyle a-substituks. 

L'interaction dipolaire entre les groupes CO et CX est donc 
le facteur primordial; elle varie avec I'orientation relative des 
deux dip6les et provoque le dkdoublement de la bande v o  . Cet 
effet esi maximum pour le conformkre syn: la bande vco de 
cette forme doit &tre situCe a une frkquence supCrieure a celle 
de l'ester non substituC. Par ailleurs, la proportion de ce confor- 
mere doit augmenter avec la polarit6 du solvant (6, 13). Au 
contraire, l'interaction est faible dans la conformation gauche 
et la frkquence vco doit &tre pratiquement celle de la molCcule 
non substituke. 

Ces remarques pourraient nous permettre de proceder aux 
corrklations suivantes: v, et syn, V, et gauche, vc et anti; mais 
les attributions de la bande v, a la forme gauche et de la bande 
vc a la forme anti sont en ~ontradicti~n avec les effets de 
solvant. La forme gauche Ctant plus polaire que la forme anti, 
I'intensitC relative de la bande correspondante (v,) devrait 
croitre avec la polarit6 du solvant. L'inverse est observC. La 
considCration de formes dCcalCes parfois proposCes (fig. 4) ne 
saurait apporter une solution satisfaisante puisqu'elles impli- 
quent des frkquences v o  supkrieures ou kgales a celle de la 
forme gauche. L'hyperconjugaison maximum pour B pourrait 
provoquer un abaissement de la frCquence v o ,  mais nous 
avons montrC prCcCdemment que cet effet est ntgligeable. 

Devant I'insuffisance de ces modkles, nous proposons 
l'introduction d'un nouveau facteur: l'orientation du doublet 
d'Clectrons non l i b  de l'azote par rapport au carbonyle. Le 
dip6le du groupe C-X rCsulte de la combinaison du dip6le de 
la liaison C-X et du dipale dQ aux klectrons non liCs de X. 

FIG. 4. Conformations dCcalCes des composCs XCH2COR. 

FIG. 5.  Conformations des amino acCtates d'Cthyle. 

, ,,)--J( 
-1 

OEt 

FIG. 6. Effet transannulaire dans les composts carbonylts 
a-amints. 

Lorsque X est un halogkne, ce dip6le est dirigC selon l'axe de 
la liaison C-X. Ce n'est plus le cas pour X = NR,; de plus, 
le dip6le form6 par la liaison C-N est faible; en effet, la 
difference d'ClectronCgativitC entre l'atome d'azote et le car- 
bone substituC est diminuCe par le groupe CO attracteur. Le 
moment dipolaire du group C-NR, est donc essentiellement 
liC 2 l'orientation du doublet non liant de l'azote. Si, a partir 
des conformations syn et gauche, on envisage les diverses 
orientations4 du groupe NR, par rapport a la liaison C-N, on 

4Ces orientations peuvent &tre obtenues par rotation du groupe 
amino autour de la liaison C-N ou par inversion de I'azote; nos 
conclusions ne s'en trouvent pas modifites. 
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FIG. 7. Conformations des composCs 6 : CHsOCH2COOC2H5 et 7 : C2HsOCH2COOC2H5. 

aboutit aux Cquilibres suivants (fig. 5) entre les quatre con- 
formkres I a 1V: Nous avons retenu des conformations dCca- 
ltes pour legroupe CH2NH2 par analogie avec les rCsultats 
obtenus avec les amines (27), les a-aminocktones et les 
a-aminoaldChydes (24). 

3.  Test de validitt du modkle 
Deux facteurs doivent Etre pris en considCration: la direction 

relative des dip6les et leur distance (28). Le dip6le C-N Ctant 
ntgligeable, l'interaction est maximale pour le conformkre I: 
en effet, l'angle dikdre entre le doublet et la liaison C=O est 
nu1 et la distance entre les deux groupes est minimale. Ce 
conformkre est celui qui posskde le moment dipolaire global 
le plus grand. Nous prCvoyons que la frCquence v o  de 1 sera 
la plus tlevte et qu'en passant d'un solvant apolaire a un 
solvant polaire la proportion de ce conformkre augmentera, 
entrainant un accroissement de l'intensitk relative de la bande 
correspondante. 

Le doublet non liant de l'azote. dans la conformation I1 est 
dirigC quasi-perpendiculairement au groupe CO et la distance 
est plus grande que dans I. On n'attend pas d'interaction pour 
cette forme. Le moment dipolaire de 11 sera plus faible que 
celui de 1. Le mCme raisonnement s'applique a 111, la distance 
entre les dip6les ttant encore plus importante. Nous ne pouvons 
pas espCrer distinguer ces deux conformations. Les frkquences 
vco de I1 et 111 doivent etre confondues et semblables a celle 
de I'acCtate d'Cthyle. Par ailleurs, I'intensitC relative de cette 
bande doit dirninuer avec la polarit6 du solvant. Enfin, l'inte- 
raction dipolaire sera faible dans la forme IV, mais ce confor- 
mkre prCsente la particularit6 d'autoriser un effet transannulaire 
(29) (fig. 6), dCja envisagC pour les a-morpholino et pipCri- 
dinoacCtophCnone (2) et prCvu dans le modkle des interactions 
orbitalaires spatiales (24). I1 en rCsulte un abaissement de la 
bande vco correspondante par rapport a celle de I'acCtate 
d'Cthyle et la polarit6 attendue doit etre supCrieure ti celle de I1 
ou 111. 

Sur la base de ce modele nous pouvons donc attetldre trois 
bandes vco distinctes: 

La premiere, due aux conformations I1 et 111, sera situCe a 
la mCme frCquence que celle de I'acttate dlCthyle. 
La seconde, situke a une frCquence supkrieure, correspondra 

la conformation I. 
La troisikme, de plus basse frCquence, sera attribute a IV. 

L'intensitC relative de la bande intermkdiaire devra diminuer 
lorsque la polarit6 du solvant augmentera. Les intensitCs des 
bandes extremes devront varier dans une faible proportion, 
celle de plus haute frkquence Ctant probablement favoriste par 
les solvants les plus polaires. 

La confrontation de nos risultats expkrimentaux avec ces 
prtvisions montre une bonne concordance et justifie l'utilisa- 
tion de ce modkle. La bande v, peut Ctre attribuie a la con- 
formation I, la band v, aux conformations I1 et IV, et la bande 
v c  a la conformation 111. L'Cvolution des intensitts relatives de 
ces bandes en fonction du solvant confirme ces attributions: 
quel que soit le substrat, on note un accroissement des bandes 
v, et v c  par rapport a v, lorsque la polaritt du solvant aug- 
rnente. Dans certains cas la bande v, est pratiquement absente. 
On note aussi que v, augmente 1Cgkrement plus que vc. 

4. Extension aux substituants mtthoxy et tthoxy 
Le modkle que nous proposons doit pouvoir s'appliquer a 

d'autres types de substituants, en particulier aux groupes 
-OCH3 ou -OC2HS. Les conformations a envisager doivent 
tenir cornpte de I'existence de deux doublets non liQ sur 
l'atome d'oxygkne (fig. 7). 

Le moment dipolaire du conformkre V est particulikrement 
Clevt et, cornpte tenu des rksultats obtenus pour les composQ 
1 et 2, il est peu vraisemblable que la bande correspondante 
apparaisse, mCme dans les solvants les plus polaires. Les 
conformations VI et VII sont de ce point de vue Cquivalentes, 
de rneme que VIII et IX, avec une possibilitk d'un effet transan- 
nulaire. I1 n'existe pas de conformkre analogue a 11, c'est-a-dire 
syn, sans interaction dipolaire. Enfin, dans le conformkre X 
il existe une contrainte assez forte entre les groupes CH, ou 
C2HS et l'oxygkne de l'ester: cette forme est vraisemblable- 
ment dtfavorisCe. 

En condquence, nous prCvoyons deux bandes principales 
pour les a-rnCthoxy (6) et a-Cthoxy (7) acCtates dlCthyle. La 
premikre est due aux conformkres VI et V11: en nkgligeant le 
dip6le de liaison C-0 et l'effet du doublet perpendiculaire au 
groupe C=O, nous attendons cette bande la mime position 
que la bande v, des a-aminoacktates d'Cthyle. La seconde doit 
Etre situCe a une friquence infkrieure celle de la molCcule non 
substituCe. Toutefois le caractkre donneur de l'oxygkne est 
rnoins marqut que celui de l'azote et I'effet transannulaire doit 
Ctre moindre. L'abaissernent de friquence sera moins irnpor- 
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TABLEAU 4. FrCquences (cm-') et intensitiCs relatives" des absorptions vco des composCs 6 et 7" 

Solvants 

ComposCs Paramktres FC.75b C5H12 C7H16 C6HIZ CzC14 CCl4 CS2 CHICN 

"Pour chaque solvant, I'intensitC de la bande v, est prise comme rCf6rence. 
bMClange d'isornkres du perfluoro-n-propyloxane. 
'ComposC 6: CH,OCH,COOC,H,; composC 7: C2HsOCH,COOC2Hs. 

tant que pour les substituants amino. Par ailleurs I'influence des 
solvants doit Ctre comparable i celle que nous observons pour 
les bandes v, et vc des derives amines. 

Les resultats experimentaux pour 6 et 7 sont conformes i 
cette attente et apportent une confirmation satisfaisante au mo- 
dkle retenu (tableau 4). 

Partie experimentale 
Tous les produits sont commerciaux, a I'exception de 3, 4 et 5 qui 

ont CtC preparks par les mCthodes habituelles. 11s ont CtC purifits 
immidiatement avant usage (30). 

Les deux spectrophotomktres utilisCs pour I'enregistrement des 
spectres ont CtC CtalonnCs, dans la gamme 1600-1800 cm-' par 
rapport au spectre de la vapeur d'eau. Les Ccarts sont infkrieurs a 
0,2 cm-' pour le spectrophotomktre Beckman IR 9 et 0,5 cm-' pour 
le Perkin-Elmer 683. Les reproductibilitCs des nombres d'ondes sont 
respectivement de 0, l et 0,2 cm-' . 

Les spectres sont enregistrks en double faisceau, le solvant Ctant 
place en reference. Les concentrations des produits dans les solutions 
varient de 2 X a 5 x 10-3 mol L-' . Les Cpaisseurs des cellules, 
CquipCes de fenCtres KBr ou NaCI, sont comprises entre 0,25 et 1 mm. 
Les conditions de concentration et dlCpaisseur de cellule sont determi- 
nCes par la solubilitC du produit et la transparence du solvant dans le 
domaine spectral CtudiC. 

Des cellules a Cpaisseur variable (0-6 mm) ont ttt utilisCes pour 
I'Ctude de I'effet des concentrations (lo-' a mol L- ' )  sur l'ab- 
sorption vco. 
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The mechanism of the oxidative deamination and decarboxylation of serine and 
threonine by periodate in acid medium 
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ROSA PASCUAL and MIGUEL A. HERRAEZ. Can. J. Chem. 63, 2349 (1985). 
The kinetics of oxidation of serine and threonine by periodate have been investigated in acid medium at 10°C. The reaction 

rate is first order in both periodate and amino acid, and the overall reaction follows second-order kinetics. The rates decrease 
with increase in [H']. A catalytic effect of the buffers was not observed in the oxidation process. An analysis of the dependence 
of the rate on [H'] reveals that the reactive species under the experimental conditions are periodate monoanion and dianion 
and the dipolar form of the amino acid. The mechanism proposed and the derived rate law are consistent with the observed 
kinetics. The rate constants predicted using the derived rate law are in agreement with the observed rate constants, thus 
justifying this rate law and hence the proposed mechanistic scheme. 

ROSA PASCUAL et MIGUEL A. HERRAEZ. Can. J. Chem. 63, 2349 (1985). 
Operant h 10°C et dans un milieu acide, on a CtudiC la cinCtique de l'oxydation de la sCrine et de la thrkonine par le periodate. 

La rkaction est du premier ordre tant en periodate qu'en acide aminC et I'ensemble de la rkaction est du deuxibme ordre. Les 
vitesses diminuent avec une augmentation de I'aciditt. On n'a pas observk d'effet catalytique des tampons sur les processus 
d'oxydation. Une analyse de la relation entre les vitesses de rkaction et la concentration en H' rCvble que les espkces rCactives 
dans ces conditions expkrimentales sont les monoanion et dianion du periodate et la forme dipolaire de I'acide aminC. Le 
mCcanisme proposC ainsi que I'Cquation de vitesse qui en dCrive sont en accord avec les cinCtiques observCes. Les constantes 
de vitesse que I'on peut prCvoir en se basant sur I'Cquation de vitesse que I'on a obtenu sont en accord avec les constantes de 
vitesses observ6es et ces rksultats justifient cette Cquation de vitesse et donc le schCma mtcanistique proposC. 

[Traduit par le journal] 

Introduction was used to prepare all solutions. In each series of experiments the 

It is known that periodate is used for identifying compoun~s initial pH was maintained constant throughout each reaction by use of 
I 

1 acetate or chloroacetate buffers. The ionic strength of the system was which have hydroxyl, carbony 1, or amino groups on adjacent kept at a constant value (0.20 by the addition of sodium 
and it is a 'lean and reagent perchlorate. Standard stock solutions of amino acids were prepared by 

for their oxidative carbon-carbon cleavage. The literature on dissolving accurately weighed amino acid in buffer solution, sodium 
the kinetics of the periodic acid oxidation of glycols (1, 2) is periodate solution was prepared in water and titrated (9) with sodium 
quite extensive but the kinetics of the periodate oxidation of arsenite. 
amino alcohols (3), dicarbonyl compounds (4), and amino 
acids ( 5 ) ,  however, has received much less attention. Although 

1 the oxidative capacity of this reagent has been widely utilized 

I for the quantitative determination of serine and threonine, no 
kinetic investigation has been attempted in order to understand 
the mechanistic aspects of these reactions. It has been reported 
(6-8) that the reaction between periodate and serine or threo- 
nine follows the scheme: 

Because serine and threonine contain groups toward which 
periodate is highly specific and because of the various possi- 
bilities for reaction between the different species of both per- 
iodate and amino acid that can exist in aqueous solution, it 
seemed that an investigation of the oxidation of P-hydroxy-a- 
amino acids would be of interest. 

Experimental 
Materials 

All the chemicals were obtained from Merck, and all were of 
analytical grade. Doubly distilled water from alkaline permanganate 

'Author to whom correspondence should be addressed. 
'Revision received January 23, 1985. 

Kinetic method 
Reaction rates were measured by following the decrease of per- 

iodate concentration with time. 'The iodometric determination method 
of unreacted periodate in a measured aliquot of the reaction mixture 
at different intervals of time was found unsatisfactory. Therefore a 
spectrophotometric procedure was utilized and the reactions were 
followed by measuring the absorbance of the unreacted periodate from 
time to time at 310 nm, using a Pye-Unicam SP600 UV instrument. 
Although the absorption maximum of periodate (10) is at 222 nm, this 
wavelength was not of practical use because of interfering absorption 
by other compounds in the reaction mixture. The molar absorptivities 
at 310 nm were obtained at all pHs used in the experiments. Reactions 
were followed to ca. 80-90% conversion of the initial periodate 
concentration. In all cases 2-3 runs were carried out. 

Stoichiometry 
Varying ratios of periodate to amino acid, keeping [periodate] > 

[amino acid] in all buffers, were allowed to stand until the completion 
of the reaction. Estimation of residual oxidant showed that 2 moles of 
periodate are consumed per mole of amino acid. Formaldehyde was 
detected among the reaction products of serine (1 1). Since glyoxylic 
acid has been detected as an intermediate during the periodic acid 
oxidation of serine and threonine (12), the stoichiometry of the 
periodate-glyoxylic reaction was determined through the same 
procedure3 and it was found to be 1 : 1. Carbon dioxide and formic acid 
were detected (13) in the reaction mixture. It was observed that no 
visible polymerization occurs in the presence of acrylonitrile during 
the course of reactions. Thus, the presence of free-radical inter- 
mediates is unlikely. 

'E. Calle, R. Pascual, and M. A. Herraez. Unpublished results. 
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CAN. J .  CHEM. VOL. 63, 1985 

TABLE I. Effect of varying reactant concentration on the reaction rate" 

Serine Threonine 

10' [Per], 10' [AA], 104 k& 10' k: lo4 kb 1 0 '  kU4, 
(M) (M) (s-I) (L mol-' s-I) (s-') (L moI-' s- ') 

"Temperature 10°C; pH 4.00; ionic strength 0.20 M 

Results 
The kinetics of oxidation of serine and threonine by per- 

iodate was investigated at several initial concentrations of the 1.6 - 
reactants in acid media at pH 2.1-5.0. 

At constant pH with the amino acid in excess, plots of log 
[periodate],/[periodate] vs. time were linear, indicating that 1.4 - 

the reactions are first-order in periodate concentration [Per]. 
The pseudo first-order rate constants, k; ,  are given in Table 1. 1.2- 
This was also confirmed by varying the periodate concen- 

- &  
tration, which did not show any change in the pseudo first- ; 
order rate constants (Table 1). The values of k ;  increase with 9 

amino acid concentration. Plots of log k;  vs. log [amino acid], < 
are linear (Fig. 1) with a slope of unity in both cases, thus 
indicating a first-order dependence on the amino acid concen- 
tration [AA]. Under these conditions the constancy of the 
second-order rate constants, k:, was checked. Plots of k;  
against the amino acid concentration were linear with intercepts 
close to zero, and their slopes gave the second-order rate con- 
stants for oxidation of the amino acids. It was observed that pH 
changes have a marked effect on the rates of oxidation of the 
amino acids. The rate increases with increase in pH of the 
system. The plot of the observed rate constants as a function of 0.9 1.1 1.3 1.5 1.7 1.9 2.1 

pH is shown in Fig. 2. In this pH range the rate is unaffected 3 +log   min no acid] ,  
by general acids or bases. This was verified by showing that the 
rate of oxidation of amino acids in chloroacetate or acetate FIG. 1. Plot of log k& vs. log [amino acid],; [I04Na], = 8.00 x 
buffers at constant pH, is independent of the buffer concen- lo-' M; pH = 4.00; 1 = 0.20 M; temperature = 1 0 " ~ ;  0 serine; 

tration (Table 2). threonine. 

Discussion 
Aliphatic amino acids in water are known (14) to exist al- 

most entirely in the dipolar ionic form. The equilibrium in- 
volved in acidic media is: 

In acid aqueous periodate solutions, equilibria: 

have been detected (10) and the several equilibrium constants 
determined. 

The results suggest that the oxidation of serine and threonine 
by periodic acid involves multisteps. The first-order depen- 
dence of the rate on amino acid and periodate concentration, 
suggests the interaction between the effective species of the 
reactants in the rate-limiting step. 
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TABLE 2. Absence of buffer catalysis in the oxidation of amino acids" 

I0 [CH,-CO,] (M) 0.112 0.224 0.448 1.12 1.41 1.79 
I0 [CH,-C02H] (M) 0.448 0.869 1.79 4.48 5.64 7.17 
lo2 k; (ser) (L mol-' s-') 2.80 2.78 2.82 2.81 2.77 2.79 
10' k; (thre) (L mol-' s-') 3.95 3.97 3.93 3.94 3.96 3.96 
10 (CICHZ-CO;] (M) 0.161 0.326 0.643 1.01 1.41 1.91 
I0 [CICHz-C02H] (M) 0.333 0.674 1.33 2.08 2.91 3.95 
10" k; (ser) (L mol-' sC1) 4.54 4.52 4.50 4.56 4.51 4.55 
10' k; (thre) (L mol-' s-') 6.96 6.98 6.97 6.94 6.95 6.98 

"[Per] = 8.00 x M; [AA] = 4.00 X lo-' M; I = 0.20 M; temperature = 10°C. 

I I  TABLE 3. Equilibrium constants 

Periodic acid Serine Threonine 

KI(molL- ')  1 . 5 2 x 1 0 - ~  - - 

Kz (mol L-I) 4.79 x lo-' - - 
KD 15.1 - - 

K, (L mol-I) - 10-2-2' 10-2.15 

TABLE 4. Rate constants for the periodate oxidation of amino acids" 

Aminoacid 102k-(Lmol-Is- ' )  10 -2kZ- (Lmol~ ' s - ' )  

Serine 1.60 & 0.08 2.04 & 0.12 
Threonine 2.50 ? 0.23 2.52 * 0.18 

~ "Mean values calculated from those reported in the text 

addition, if C ,  decomposes to products so rapidly that the rate 
of reaction is formation of C, ;  i.e., k, >> k-, the kinetics 

1 ) expression for the reaction is: 
I I 

2 3 4 pH d[Per] 
[9] - ---- - - k [AA] [Per] 

d t  
FIG. 2. Dependence of second-order rate constants on pH; se- 

rine; A threonine. [Per] = 8.00 x 10-'M; [AA] = 4.00 x 10-'M; 
I = 0.20 M, temperature = 10°C. 

For the purpose of the kinetic treatment, the following 
scheme can be proposed: 

k 
[5] AA + Per CI 

k- 
k l 

[6] CI + Gly + aldehyde + NH3 + 1Od-I 

kz 
[7] Gly + Per e C2 

k-2 

(Per represents the totality of periodic acid and its anions.) We 
assume that the amino acid and periodate can reversibly form 
a complex (C,) which decomposes giving the intermediate gly- 
oxylic acid (Gly), the aldehyde (formaldehyde or acetaldehyde 
from serine and threonine respectively), ammonia, and iodate. 
Glyoxylic acid has been detected as an intermediate during the 
periodic acid oxidation of serine and threonine (12), and it has 
been reported (15) that the reaction between glyoxylic acid and 
periodate leads to a cyclic intermediate which undergoes dis- 
proportionation to give the products. 

The observation of overall second-order kinetics under all 
conditions tested can be interpreted as an indication that there 
is not accumulation of a periodate - amino acid complex. We 
accept that the concentrations of C , ,  Gly, and C2 are low and 
that we can apply the steady-state approximation to them. In 

In order to understand the process by which periodate ox- 
idizes serine and threonine, it is necessary to know what spe- 
cies of periodate are active in these reactions. The observation 
that the rate of oxidation increases with decrease in pK, value 
of amino acid led us to consider the dipolar ionic form of the 
substrate as its reactive species. The pH-rate profiles for the 
reactions (Fig. 2), together with the pK values of Table 3, 
suggest that, around pH 5,  the decline in rate constant as we get 
to higher acidities must be due to the periodate dianion, which 
declines in significance in that region. In the lower pH range 
the oxidation of substrate must be brought about by the per- 
iodate monoanion, and the rate of this reaction should be lower 
than the rate of reaction of periodate dianion. Then, moving 
further to lower pH, the second steep decline in rate constant 
around pH 2 can only be due to the beginning of the decline in 
the zwitterions of the substrates. 

In analyzing the variation of reaction rate with pH, we con- 
sider that the effective reactants are the monoanion (H4106 + 
10;) and dianion (H,IO;-) of periodate and the dipolar ionic 
form of the amino acid. Thus, for the overall rate equation, we 
can write: 

[ lo] k$ [Per][AA] = [k- (Per-) + k2- (Pe?)] [AA'] 

where (Per-) and (Per2-) represent the various periodate spe- 
cies for the charges represented, and k- and k2- the rate con- 
stants for reaction between dipolar amino acid and periodate 
monoanion and dianion respectively. 

In formulating eq. [lo], we assume that the rate of reaction 
between the undissociated periodic acid (Pero) and dipolar ami- 
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Synthese d'aryl nitronorbornenes par cycloaddition de Diels- Alder entre les 
aryl-nitroethylenes et le cyclopentadiene. Justification de la stereochimie et de la 

reactivite relative observees par la methode CNDOIII. Obtention d'aryl 
aminonorbornenes 

JEAN BOURGUIGNON, GILLES LE NARD ET GUY QUEGUINER' 
Laboratoire de Chimie Organique Hktkrocyclique, Institut National Supkrieur de Chimie Industrielle de Rouen, 

76130 - Mont Saint Aignan, France 

Re~u  le 23 mai 19842 

JEAN BOURGUIGNON, GILLES LE NARD et GUY QUEGUINER. Can. J. Chem. 63, 2354 (1985). 
Les synthkses d'un certain nombre d'aryl-2 nitroCthylknes (nitrostyrknes) ont ttt optimisCes. Les nitrostyrknes ont CtC 

opposts au cyclopentadikne dans des cycloadditions de type Diels-Alder, et les aryl-3 nitro-2 norbornknes obtenus ont CtC 
rCduits en aryl-3 amino-2 norbornknes. Ces composCs sont susceptibles de possCder une activit6 dopaminergique. La stCrCo- 
chimie des adduits obtenus dans les rtactions de Diels- Alder a CtC dCterminCe par rmn de 'H. Ce rksultat et la rtactivitC relative 
des nitrostyrknes vis-a-vis du cyclopentadikne ont Ct6 confirmks par des calculs thCoriques basks sur la mCthode CNDO/II. 

JEAN BOURGUIGNON, GILLES LE NARD, and GUY QUEGUINER. Can. J. Chem. 63, 2354 (1985). 
Syntheses of numerous 2-aryl nitroethylenes (nitrostyrenes) have been optimized. The nitrostyrenes have been reacted with 

cyclopentadiene in Diels-Alder cycloadditions and the 3-aryl 2-nitronorbornenes obtained have been reduced into 3-aryl 
2-aminonorbornenes. These compounds are potentially dopaminergic molecules. The stereochemistry of the adducts obtained 
in the Diels-Alder reaction has been determined by 'H nmr. The stereochemistry and the relative reactivity of the nitrostyrenes 
versus cyclopentadiene have been confirmed by theoretical calculations based on the CNDO/II method. 

Les aryl-2 nitrotthylknes 1 ou nitrostyrknes sont facilement 
priparts par action de nitroalcanes sur des aldChydes aroma- 
tiques. Les produits ainsi obtenus, opposCs au cyclopenta- 
dikne dans les reactions de type Diels-Alder, conduisent 8 des 
aryl-3 nitro-2 bicyclo[2,2,l]heptknes-5 ou aryl-3 nitro-2 nor- 
bornknes 2. La reduction du groupe nitro de ces composts 
fournit les arnines correspondantes 3 qui posskdent l'enchaine- 
ment Ar-C-C-N susceptible de leur confkrer une activitC 
antiparkinsonienne (I).' 

-H20 
ArCHO + CH2-NO2 -+ ARCH-CH-NO2 - 

I I I 

Le premier .@-nitrostyrkne a Ctt prCparC en 1884 par deshy- 
dratation du nitroalcool rksultant de la condensation du benzal- 
dChyde et du nitromethane (2). Depuis, cette rCaction a CtC 
effectute dans des conditions trks variCes: utilisation de cataly- 
seurs basiques divers pour rkaliser la condensation, deshydrata- 
tion dans des conditions trks diffkrentes les unes des autres, 
etc. . . . (3). Les rendements sont parfois faibles ou les pro- 
cCdCs quelquefois difficiles 8 mettre en oeuvre: nous avons 

simplifiC et amCliorC les mCthodes permettant de prtparer les 
aryl-2 nitroCthylknes que nous souhaitions obtenir. 

La rkaction de Diels-Alder conduisant aux aryl nitronor- 
bornknes 2 est une reaction stCrCospCcifique. Au depart d'un 
nitrostyrkne de configuration donde ,  elle peut donner plu- 
sieurs isomkres selon la position des substituants par rapport au 
systkme bicyclique pontt: une ttude spectroscopique nous a 
permis de prkciser la structure des produits obtenus. 

Nous avons par ailleurs constat6 expkrimentalement une 
rCactivitC trks diffkrente des nitrostyrknes vis-8-vis du cyclo- 
pentadikne. Ceci nous a incitC 8 effectuer une Ctude thCorique 
(utilisant la mCthode CNDO/II). Cette Ctude montre une excel- 
lente corrklation entre les calculs et les rtsultats observks. De 
plus, la thCorie permet aussi de justifier la stkreochimie de la 
rkaction. 

Enfin la reduction des nitronorbornknes 2 en aryl amino 
norbornknes 3 a CtC rCaliste par I'intermCdiaire de LiAlH, qui 
laisse intacte la double liaison du norbornkne. 

I. Synthese des aryl-2 nitrokthylenes, aryl nitro et aryl 
amino norbornenes - 

+ A@ 1. Aryl-2 nitrokthyl2nes 1 

02N H2N ArCHO + CH3N02 + ArCH=CH-NO2 + H 2 0  

'Auteur a qui adresser la correspondance. 
'Revision r epe  le 8 fkvrier 1985. 
3Les amines seront testtes au laboratoire dl1 Professeur Costentin de 

la Facult6 de Pharmacie dt: Rouen. 

Au dCpart du nitromkthane les aryl-2 nitroCthylknes (ou 
nitrostyrknes) ont CtC obtenus par l'une des trois mCthodes 
suivantes: passage par un intermediaire nitronate transform6 
"in situ" en nitrostyrkne (m6thode A (4)); formation d'une 
imine et obtention de la double liaison en milieu tamponnC 
(mCthode B (5a, 5b)); mise en oeuvre de mCthodes particu- 
likres pour les aldehydes pyridiniques (mCthode C (voir partie 
experimentale)). 

Les rendements obtenus par l'une ou l'autre mCthode sont en 
gCntral supCrieurs a ceux donnCs dans la littCrature. En sCrie 
pyridinique nous avons considtrablement amtliort les mC- 
thodes dCcrites: la reaction a lieu en quelques heures au lieu de  
plusieurs jours (6). Les produits obtenus sont rassemblCs dans 
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3NON ET AL. 2355 

1e tableau 1 ., 
A partir du nitrotthane, nous avons prepark des P-mtthyl 

P-nitrostyrbnes (ou aryl-3 nitro-2 propenes-2) par une mtthode 
trbs voisine de la methode B (voir partie expkrimentale). 

CH3 
I 

ArCHO + CH3CH2N02 -+ ArCH=C-NO2 

Ar = phenyle- I :  lo;  thienyle-2: lp 

Le manque de rCactivitC de ces composts lors des cycloaddi- 
tions de Diels-Alder ne nous a pas incite 2 prtparer d'autres 
composts de ce type. 

Les nitrostyrbnes obtenus sont facilement identifits en spec- 
troscopie ir et rmn de 'H. On observe en effet un couplage de 
14 Hz entre les protons tthyltniques caracttristique de la confi- 
guration E. Par ailleurs, l'attribution au proton tthyltnique 
voisin du cycle aromatique du dkplacement chimique le plus 
tlevt a Ctt faite: (i) par comparaison avec le dtplacement 
chimique du proton en a du cycle des P-mtthyl P-nitrostyrbnes 
Ar-C=C-NO2; (ii) par application de la formule de 

I I 
H CH3 

Pascual (7a, b) 6 (C=C-H) = 5,28 + XZ, qui permet de 
prtvoir les dkplacements chimiques du proton CthylCnique 
selon la configuration de la double liaison (XZ, ttant la somme 
des increments des divers groupements voisins du proton 
Ctudie). 

2. Aryl nitronorborntnes 2 

2 
Les conditions experimentales mises en jeu pour rCaliser la 

cycloaddition sont de deux types: Cattgorie A: rtaction tem- 
ptrature ambiante; Cattgorie B: rtaction vers 110 120°C. 
Certains composts n'ont pas rCagi, nous les avons rangt dans 
la cattgorie C. 

Remarque: La rCaction de Diels-Alder est une reaction rCver- 
sible (retro Diels-Alder) lorsqu'on tleve la temptrature. Ceci 
nous a post des problbmes pour purifier certains adduits par 
distillation (voir partie exptrimentale). 

Lors de la cycloaddition, la configuration s-trans de la partie 
de l'adduit correspondante au nitrostyrbne peut donner deux 
structures difftrentes selon que le groupe nitro par exemple est 
en position "endow ou "exo" par rapport au systbme bicyclique 
pontC. 

Noland et al. (10) ont effectut une ttude dttaillte des 
spectres de rmn de 'H des deux isombres endo et exo dans le cas 
du nitro-2 phtnyl-3 bicyclo[2,2,1]heptbne-5 2a. 11s n'ont pas 
attribuC tous les signaux observts mais il apparait cependant 
que le signal du proton Hz permet de reptrer sans ambigui'tt 
les deux isombres: dans le compost "endow, il se prksente sous 
la forme d'un triplet possCdant un dkplacement chimique de 
4,18 ppm alors que dans l'isombre "exo" il se prCsente sous 
forme d'un quadruplet a 4,41 ppm. 

L'examen de la courbe d'inttgration du produit obtenu direc- 

4Les produits prepares sont reperes par une lettre indiquCe en indice 
aprks le numCro du compose. Cette lettre est utilisee pour dCsigner le 
groupe AI et sert a identifier les divers composCs 1, 2 et 3. 

tement a partir du milieu rtactionnel brut de reaction nous a 
permis de prtciser les pourcentages des deux isombres obtenus 
(Tableau 1). 

Remarque: Nous avons utilist deux solvants diffkrents, le 
tolubne et l'acide acktique. Nous n'avons pas trouvC de diffC- 
rence entre les pourcentages des deux isombres endo et exo. 

On remarque que l'on obtient de manibre prtpondtrante 
l'isombre nitro "endow. GCntralement aprbs purification l'iso- 
mbre minoritaire est CliminC. Jusqu'a prtsent on expliquait 
cette prtpondtrance de l'isombre nitro "endo" par le fait que le 
groupement nitro est plus petit que le groupement phtnyle (1 1). 
Nous verrons plus loin que l'on peut confirmer ce rtsultat par 
le calcul. 

3. Aryl aminonorborntnes 3 
La reduction du groupement nitro des aryl nitronorbornbnes 

donne lieu a des moltcules possbdant l'enchainement Ar- 
C-C-NH2. Les composts posskdant cet enchainement, en 
particulier sous la forme "s-trans", sont connus pour ~josstder 
frtquemment des activitts dopaminergiques et notamment anti- 
parkinsonienne. Citons, par exemple, les plus connues de ces 
molCcules: la dopamine, l'apomorphine, . . . 

Nous avons effectut la rtduction du groupe nitro en utilisant 
LiAlH,. La rtaction ne pose gubre de problbmes. 

Les reductions ont t t t  effectutes dans l'tther Cthylique ou 
dans le tttrahydrofuranne (THF) suivant la solubilitt des rtac- 
tifs nitrts (Tableau 1). 

L'hydrolyse du mtlange rtactionnel a t t t  effectuCe selon la 
stquence suivante: eau, puis soude, puis eau. L'hydroxyde 
d'aluminium est ainsi filtrC facilement et la solution est Cvapo- 
ree laissant un produit purifiable soit par distillation, soit par 
chromatographie sur colonne. 

Tous les produits obtenus prtsentent en spectroscopie infra- 
rouge une bande intense environ 3400 cm-' correspondant a 
la vibration du groupe NH,. En spectroscopie de resonance 
magnttique nucltaire du proton, on note le glissement d'envi- 
ron 1,5 ppm vers les champs forts du proton H, par rapport au 
dtplacement chimique du m&me proton dans le composC nitrC 
initial (adjacent au nitro, puis aprbs rtduction a l'amino). 

11. ~ t u d e  de la reactivite et de la stereospecifite lors de 
la reaction de Diels-Alder par la methode CNDO/II 

1. Introduction 
La rtaction de Diels-Alder est une cycloaddition qui fait 

intervenir un dibne et un ditnophile. L'Ctude des mCcanismes 
de cette rtaction a t t t  fortement influencCe par les rbgles de 
Woodward-Hoffmann (8). La rtaction se passe en gtntral 
sous contr6le orbitalaire frontalier: la plus haute orbitale occu- 
pte (H.O.) de l'un des rkactifs interagit en gCnCral avec la plus 
basse vacante (B.V.) de l'autre rkactif. Dans certains cas les 
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2356 CAN. J. CHEM. 

TABLEAU I .  Nitrostyrenes, nitro et aminonorbornknes 

VOL. 63, 1985 

(a) 

A v l - 2  
nitro Arylnitro Arylamino 

ethylknes norbornknes norbornknes 
(*I (t) ($1 

Substituant lndice 1 2 3 

*MCthode d'obtention du nitrostyrtne. 
tconditions dans laquelle la reaction de Diels-Alder a kt6 effectuCe et 

pourcentage d'isomtre "endow. 
SSolvant dans lequel la reduction a CtC effectuCe. A: Cther B: THF. 

deux H.O. et B.V. de chacun des deux composCs peuvent 
interagir si le dikne et le diCnophile ont des orbitales frontikres 
de niveau d'knergie voisins (9). 

La cycloaddition fait intemenir les carbones 1 et 4 du dikne 
et les carbones 1 et 2 du ditnophile (voir schCma 1). L'Cquation 
simplifiCe ci-dessous exprime les interactions orbitalaires: 

(CI H.O. ' CI B.V. P1.l + C4 H.O. ' C2 B.V.  P4.2l2 AE = - EH.0. (ditnc) E B . V  (diCnophilcT 

+ (CI B.V.  ' CI H.O. Pl.1 + C2 H.O. . C4 B . V .  P'2.4)2 
EH.0. (dibophilc) - E ~ . ~ .  (dibnc) 

C, ,,,.: coefficient de l'orbitale atomique du carbone 1 dans 
l'orbitale H.O. et P,, , : intkgrale de rksonance. 

Lorsqu'on ttudie le comportement d'un dikne unique vis-i- 
vis d'une sCrie homogkne de diCnophiles on peut alors simpli- 

fier encore AE jusqu'h l'expression ci-dessous (9): 

La rCaction de Diels-Alder que nous etudions est probable- 
ment du type dit "normal". Ce diCnophile comprend un groupe 
Clectroattracteur (le groupe nitro) et un cycle aromatique qui 
Ctend la conjugaison. Le niveau CnergCtique des orbitales va- 
cantes doit donc Ctre normalement considtrablement abaissC. 
C'est ce que nous nous proposons de montrer par le calcul. 

La connaissance du terme EH.,. - EB,v, doit donc nous per- 
mettre en plus de comparer la rCactivitC de divers nitrostyrknes 
vis-i-vis du cyclopentadikne. 

En ce qui concerne l'aspect stCrique de la rCaction, on sait 
que dans le cas des diknes cycliques le composC obtenu. est 
majoritairement le composC "endow. On justifie ce rCsultat en 
examinant les interactions secondaires qui peuvent se produire 
i cat6 des interactions primaires responsables de la cycloaddi- 
tion. Dans le cas de la rCaction CtudiCe ici, ces interactions 
secondaires peuvent concerner soit l'azote Nb du groupe nitro 
soit le carbone C, du cycle aromatique du nitrostyrene. 

Le terme reprksentant cette interaction secondaire se trouve 
cette fois au numCrateur de 1'Cquation dCveloppCe initiale. 
L7Cnergie de perturbation sera d'autant plus importante que le 
coefficient orbitalaire de l'atome considtrk du diknophile (C, 
ou Nb) sera plus ClevC. 

Pour Cvaluer ces diffkrents termes nous permettant de rt- 
pondre aux questions posCes concernant la rCactivitC des divers 
nitrostyrknes et la stCrCochimie de la rCaction, nous avons 
effectuC les calculs par la mCthode CNDO/II: dans le cas d'une 
famille homogene, cette mCthode fournit d'excellents ClCments 
de comparaison ( 1 2). 

On peut ntgliger le r61e du solvant car c'est une rCaction 
concertke ( 1 3). 

2. RCsultats 
A partir des donnCes gComCtriques fournies par la 1ittCrature 

(14) le calcul donne par exemple les rksultats suivants dans le 
cas du composC l m  et du cyclopentadikne. 
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BOURGUIGNON ET AL. 

Coefficients des orbitales frontibres: 

B.V.: C, = 0,2172 C, = 0,4828 H.O.: C, = -0,5778 C2 = -0,4078 
C2 = -0,3673 Nb = -0,3702 C3 = 0,4078 C 4 =  0,5778 

H.O.: C, = 0,0199 C, = -0,0145 
C2 = -0,0189 Nb = 0,0087 

3. Discussion 
La diffkrence EH,o,-EB,v, la plus faible en valeur absolue est 

obtenue en faisant intervenir (comme prevu) la B.V. du nitros- 
tyrkne et la H.O. du cyclopentadikne: 12,85 eV contre 
15,81 eV dans l'autre cas. On confirme ainsi que l'on a affaire 
a une rkaction de Diels-Alder "normale" (9). 

Par ailleurs, on observe que le coefficient orbitalaire de 
I'azote Nb dans le B.V. du diCnophile est plus klevk que celui 
du carbone C,. L'interaction secondaire attractive avec le car- 
bone C2 (ou C3) du cyclopentadibne sera donc plus forte si on 
considkre I'azote Nb et il est donc normal que l'on obtienne 
~rkfkrentiellement l'isomkre "endo" nitro. 

Remarque: Ce rksultat est confirm6 par l'examen des coeffi- 
cients de I'azote Nb et du carbone C, dans l'orbitale H.O. du 
diknophile: dans ce cas on observe que le coefficient du.car- 
bone C, est plus klevk en valeur absolue que celui de l'azote Nb. 
L'interaction secondaire repulsive est donc plus forte si on 
considkre le carbone C, ce qui dkfavorise l'obtention de l'iso- 
mkre "endow aryl (15). 

Nous donnons dans le tableau 2, la valeur EH,O,-EB,V, cal- 
culke pour tous les nitrostyrbnes ainsi que les valeurs absolues 
des coefficients orbitalaires de l'azote Nb et du carbone C, dans 
les orbitales B .V. et H.O. du diknophile. 

Les valeurs de EH,o,-EB.v, permettent de dkduire 1'Cchelle de 
rkactivitk suivante: 

Cette skquence permet de justifier les observations expkri- 
mentales concernant les conditions dans lesquelles les divers 
nitrostyrknes pouvaient reagir avec le cyclopentadikne. 

On peut en effet remarquer que les composCs l a ,  lb ,  l e ,  11, 
lm et In qui rkagissent a temperature ordinaire sont ceux pour 
lesquels EH,O.-EB.V. < 12,91 (catkgorie A). 

Les nitrostyrknes lg ,  l h  et l i  qui rkagissent a 110- 120°C 
sont ceux pour lesquels 12,91 < EH.o,-EB,v. < 13,07 (catk- 
gone B). 

Les nitrostyrbnes lj et lk n'ont pas rkagi dans les condi- 
tions utiliskes. Pour lj cela peut sembler anormal (EH.O.- 
EB.v. = 13,Ol) mais pour lk  cela parait tout fait justifik 
(EH.o.-EB.v. = 13939). 

On peut donc dire que mis a part le composk lj on constate 
qu'il existe une trbs bonne corrklation entre les valeurs cal- 
culCes et les rbsultats expkrimentaux. 

Nous avons pu vkrifier la validite de la mkthode en l'appli- 
quant au dkrivk N-acCtylk du composk lk  qui rkagit avec le 

cyclopentadikne uniquement a tempkrature elevke comme 
l'ont montrk Royer et Beugelmans-Verrier (16). Le calcul de 
EH,o,-EB,v, donne une valeur de 13,06 eV ce qui place bien ce 
composk dans la categorie B. 

Enfin dans le cas du P-methyl P-nitrostyrkne l o  le calcul de 
EH,O,-EB,V, montre que l'on obtient sensiblement la meme 
valeur lorsqu'on fait intervenir les orbitales H.O. et B.V. du 
dibne ou du diknophile (12,90 et 13,Ol eV respectivement). La 
reaction est alors "a demande neutre en Clectrons" et elle est 
plus difficile a rkaliser (9). Ceci explique que nous n'ayons pas 
obtenu d'adduit avec le cyclopentadikne. 

Partie experimentale 
Les points de fusion ont CtC determinks sur un banc de Kofler et 

n'ont pas CtC corrigCs. 
Les spectres ir ont CtC enregistrks soit avec un spectrographe 

Perkin-Elmer 237 soit avec un spectrographe Beckman IR 4250: les 
solides sont dispersCs dans du KBr sous forme de pastilles et les 
liquides sont insCrCs dans des fenCtres de NaCl sous forme de film. 

Les spectres de rmn de 'H ont CtC enregistrks sur un appareil Varian 
A60 ou Varian T60. La double irradiation a CtC effectuCe sur un 
appareil Bruker WH 90D par Mme Chapelle du Service Commun de 
1'UniversitC de Rouen que nous remercions i cette occasion. 

Les microanalyses ont CtC rCalis6es sur un appareil Technicon. Dans 
les tableaux rkcapitulatifs, les produits pour lesquels la formule brute 
est donnCe ont fourni des rCsultats corrects a I'analyse. 

A. Synthise des nitrostyrines 
I. Me'thode A: rne'thode a froid 
Dans un tricol muni d'une agitation et d'un thermomktre, on intro- 

duit 200 mL de mCthanol, 61 g ( 1  mol) de CH3N02 et 2 mL d'une 
solution de soude 10,5 M. On ajoute ensuite goutte i goutte i l'aide 
d'une ampoule de coulte, 1 mol d'aldkhyde en maintenant la tempC- 
rature infkrieure ou tgale a 10°C. On abaisse alors la temptrature du 
mClange i 5"C, puis on introduit goutte a goutte 98 mL de soude 
10,5 M en maintenant la tempCrature infkrieure i 15°C. I1 se forme 
alors un prCcipitC de plus en plus Cpais (un ajout de mCthanol peut &tre 
nkcessaire pour rendre le milieu plus fluide). 

Aprks 30 min d'agitation, on introduit 350 mL d'un mClange eau- 
glace qui fait passer la plte en solution. Celle-ci est alors ajoutCe 
goutte i goutte a 100 mL d'acide chlorhydrique concentrC et 150 mL 
d'eau. 11 se forme un prCcipitC qui est filtrC, puis lave i l'eau jusqu'i 
disparition de 1'aciditC. On recristallise dans 1'Cthanol. 

11. ~ e ' t h o d e  B: me'thode ri chaud 
Dans un ballon de 250 mL, on introduit 24,4 g (0,4 mol) de nitro- 

mCthane, 0,4 mol dlaldChyde, 50 mL d'isopropanol puis 2,8 g de 
benzylamine et 2,4 g d'acide acCtique glacial. Le mClange est port6 
1 h a reflux. I1 y a apparition d'un prkcipitt que I'on filtre et qui est 
recristallisC dans 1'Cthanol. Dans le cas du N-mtthyl formyl-2 pyrrole 
~t du formyl-3 indole, le mode opCratoire a CtC modifiC comme suit: 
A 200 mL de nitromethane sont ajoutCs 0,1 mol d'aldihyde et 4 g 
d'acCtate d'ammonium. Le melange est alors portC, sous agitation, i 
la tempCrature de reflux pendant une demi-heure, puis refroidi. Le 
nitrostyrkne est alors filtrC, puis recristallisC dans 1'Cthanol absolu. 

111. Me'thode C: me'thodes particuliires 
1. Synthtse de la (nitro-2 Cthe'ny1)-3 pyridine l m  
Dans un tricol muni d'une agitation, on introduit successivement 

25 mL d'Cthanol absolu, 8,6 g (0,14 mol) de nitromethane, 0,2 g de 
chlorhydrate de mCthylamine et 0,04 g de carbonate de sodium 
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TABLEAU 2. EH.O, - EB,V. et valeurs absolues des coefficients orbita- 
laires de I'azote Nb et du carbone C, dans la B.V. et la H.O. du 

diCnophile 
- - - - - - - -- 

Orbitale B.V. Orbitale H.O. 
E H . ~ .  

Nitrostyrkne - E Nb ca Nb ca 

TABLEAU 3. Nitrostyrknes 

F ("C) 

Ar = (R = H) MCthode Rdt TrouvC Litt. 

anhydre. On ajoute alors a cette solution vigoureusement agitCe 15 g 
(0,14 mol) de formyl-3 pyridine. Trois jours plus tard, le melange 
refroidi est filtrC. Le solide jaune est alors lavC avec de 1'Cther sulfu- 
rique puis sCchC dans un dessiccateur. On obtient ainsi 11,6 g de 
(nitro-2 Cth6nyl)-3 pyridine l m .  F = 141°C. Rendement = 55%; 
cristaux jaunes. 

2. Synthtse de la (nitro-2 tthtny1)-2 pyridine I1 
(a) Dans un ballon contenant 180 mL de nitromkthane refroidi par 

un bain de glace, on ajoute 53,8 g (0,5 mol) de formyl-2 pyridine. Le 
mClange est agitC vigoureusement, et ]'on ajoute 2,7 g de carbonate de 
potassium. On laisse rCagir 15 h a 0°C puis I'on ajoute 200 a 300 mL 
d'Cthanol absolu. On fait alors passer dans la solution un courant 
d'acide chlorhydrique sec, provoquant la prkcipitation du chlorhydrate 
de (nitro-2 Cthanol-1)-2 pyridine qui est filtrt et sCchC sous vide. F = 
138°C: Rendement = 85%. 

(b) A une solution de 50 mL d'anhydride acCtique contenant 20,4 g 
(0,l mol) de chlorhydrate de (nitro-2 Cthanol-I)-2 pyridine, .on ajoute 
16,4 g (0,2 mol) d'acktate de sodium. Le mClange est agitC et placC 
dans un bain de glace pendant 24 h. I1 est ensuite verst dans 300 mL 
d'eau glacte et extrait au chloroforme. Les phases organiques rassem- 
bltes sont lavtes avec une solution saturCe en hydrogCnocarbonate de 
sodium, puis avec de l'eau. Elles sont ensuite stchCes sur sulfate de 
magnCsium et CvaporCes sous vide ?I temperature ambiante. Le solide 
ainsi recueilli est dissous dans du tktrachlorure de carbone et la solu- 
tion est filtrCe deux fois sur charbon actif, puis CvaporCe a sec laissant 
8,5 g d'un solide jaune: la (nitro-2 CthCny1)-2 pyridine 11. F = 73°C. 
Rendement = 57%; rendement global = 48%. 

3. Synthkse de la (nitro-2 tthtny1)-4 pyridine I n  
(a) A une solution de 100 mL de nitromethane contenant 30 g 

(0,28 mol) de formyl-4 pyridine fraichement distillee, on ajoute 1,5 g 
de carbonate de potassium en agitant fortement. La tempkrature monte 
?I environ 35°C et le mClange est alors placC 30 min dans un bain de 
glace tout en maintenant l'agitation. Le solide blanc form6 est alors 
extrait dans du mCthanol, plus filtrC. La solution recueillie est Cvapo- 
rCe a sec 2 tempkature ambiante laissant 41 g d'un solide blanc: la 
(nitro-2 ethanol-1)-4 pyridine. F = 95°C. Rendement = 90%. 

(b) A 10 g (0,06 mol) de (nitro-2 Cthanol-I)-4 pyridine en suspen- 
sion dans 50 mL d'anhydride acCtique sont ajoutts 9,8 g (0,12 mol) 
d'acttate de sodium. Le mtlange est agitt fortement sur bain de glace 
pendant quelques heures, puis verse dans 250 mL d'eau glack. La 
solution obtenue est extraite au chloroforme, les phases organiques 
rassemblCes sont lavCes i I'eau, stchCes sur sulfate de magnCsium et 
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BOURGUIGNON ET AL. 

TABLEAU 4. Arylnitronorbornknes 

Litt. ou 
MCthode microanaly ses 

Rdt 
rmn 'H du cycle norbornkne 

de (voir 
Ar CatCgorie purification (%) F I E  tableau 6) HI Hz H3 H4 H5 H6 H7H71 Solvant 

2(CC14) 57 Huile C17H15N02 3,79 4,92 3,41 3,12 6,47 6,02 1,68 

2(Et20) 68 Gel C13H13N03 3,50 5,30 3,13 2,93 6,60 6,08 1,63 

2(Et20) 72 Huile CI4Hl3NO4 3,40 5,27 3,12 2,88 5,97 6,45 1,63 

NOTES: Spectres de rmn: Cchantillons mis en solution dans CCI, (a), CDCI, (b), DMSO-d6 (c). 

CvaporCe sous vide i temperature ambiante, laissant 6,84 g de cristaux I .  Cattgorie A 
bruns. Rendement = 76,5%; rendement global = 69%. Dans un erlen muni d'une agitation magnCtique, on verse succes- 

sivement 100 mL de tolukne, 0 , l  rnol de nitrostyrkne et 0 , l  rnol de 

IV. SynthPses des P-mtthyl P-nitrostyrPnes 
Dans un ballon de 250 mL on introduit 30 g (0,4 mol) de nitro- 

ethane, 0,4 rnol d'aldChyde, 50 mL d'isopropanol, puis 1,9 g de 
n-butylamine et 2,4 g d'acide acCtique glacial. Le melange est port6 
i reflux pendant une nuit, puis refroidi. Le solide form6 est filtrC, lave 
i 1'Cthanol puis recristallisC dans du mCthanol. 

Les caractkristiques des nitrostyrknes prepares sont indiquees dans 
le tableau 3. 

B .  SynthPse des aryl-3 nitro-2 bicyclo[2,2,l]heptPnes-5 ou arylnitro- 
norbornPnes 

Remarque: dans un souci de coherence et de simplicitC nous avons 
systematiquement placC le cycle avant le nitro dans I'appellation des 
arylnitronorbornknes sans tenir compte de I'ordre alphabCtique. 

Les nitrostyrknes peuvent Ctre classes en trois categories: 

cyclopentadikne fraichement distillC. Le flacon ;st bouchC hermeti- 
quement et le melange agitC est IaissC rCagir pendant un temps variant 
de une journCe i trois jours suivant le nitrostyrkne de depart. Le 
tolukne est alors CliminC sous vide et le rCsidu est purifiCe par I'une des 
trois methodes suivantes dans le but d'obtenir les arylnitronorbornknes 
purs: 

mCthode 1 : distillation sous vide 
mCthode 2 : chromatographie sur colonne 
mCthode 3 : filtration 
11. Cattgorie B 
Dans un tricol muni d'une agitation et d'un refrigCrant, on verse 

100 mL de tolubne ou d'acide acetique, 0 , l  mol de nitrostyrkne et 
0 , l  rnol de cyclopentadikne fraichement prepark. Le melange est port6 
i Cbullition pendant environ 20 h. Le solvant est alors Cvapork et la 
solution obtenue est traitee par distillation ou chromatographie sur 
colonne d'alumine. 
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TABLEAU 5. Aminonorborntnes 

Litt. ou 
microanalyses rmn 'H du cycle norborntne 

MCthode de Rdt (voir 
Ar purification (%) FIE tableau 6) HI H2 H3 H4 H5 H6 H7H7' Solvant 

1 92 EI=114 19a 

3b 2(cc14) 85 Huile C I ~ H I ~ N  

2(MeOH) 65 Huile Cl3HI3Cl2N 
CI 3c 

aCl 3d 
2(MeOH) 62 Huile C13H 13Cl2N 

C1 

3i 2(CHC13) 86 Huile C12H14N2 

@ 3, 2(CHC13) 90 Huile CI2HI4N2 

3g 2(Et20/CHC13) 72 Gel CIsHlsNO 
HO 

3h 
2(Et20) 78 Gel 19b 

M e 0  

6x2' 3, 
2(Et20/CHC13) 75 Gel C I ~ H I S N O ~  

Spectres de m n :  Cchantillons rnis en solution dans CDClj (a) ou DMSO (b). 

111. Catkgorie C 
Les nitrostyrknes suivants n'ont pas reagi dans les conditions ci- TABLEAU 6. Microanalyses des arylnitro et aminonorbornknes 

dessus 
Valeurs calculCes Valeurs trouvCes 

Ar R Compose ComposC % C  % H  % N  % C  % H  % N  

GL H lj 2b C17H15N02 76,98 5,66 5,28 77,l 5,7 5,l 

I 21 ClZHI2N202 66,66 5,55 12,96 66,9 5,2 13,2 

CH3 
2m CI2Hl2NZO2 66,66 5,55 12,96 66,4 5,3 13,O 

ArwR 2n C12H12NZ02 66,66 5,55 12,96 66,7 5,3 12,8 

OJJ' 2g C13H13N03 70,59 5,88 6,33 70,7 5,9 6,4 
l k  /7 2h CI4HI5N03 68,57 6,12 5,71 68,8 6,O 5,7 

H H NOz 2i CI4Hl3NO4 64,86 5,02 5,41 64,9 5,O 5,5 

3n CIZHl4N2 84,70 8,24 16,47 84,7 8,1 16,5 
C. SynthPse des aryl-3 amino-2 bicyclo[2,2,1]heptPnes-5 ou aryl 

aminonorborn2nes 
3g CI3Hl5NO 77,61 7,46 6,97 78,O 7,5 6,7 
3i CI4Hl5NO2 73,36 6,55 6,11 73,4 6,6 6,O 

Dans un ballon tricol muni d'une agitation et d'un condenseur, on 
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IN ET AL. 236 1 

verse 500 mL d'Cther Cthylique (ou de titrahydrofuranne). L'ensemble 
est placC dans un bain de glace et I'on introduit 5,7 g (0,15 mol) 
d'hydrure d'aluminium en poudre. 

On fait alors couler goutte ?i goutte, ?i l'aide d'une ampoule i 
brome, 0, l  mol de nitrostyrkne dissous dans 100 mL de solvant. La 
temperature est maintenue infkrieure ?i 30°C. On laisse alors rCagir 
30 min supplCmentaires, puis on introduit successivement, avec prC- 
caution, 5,7 mL d'eau, 5,7 mL de soude ?i 15% et 17,1 mL d'eau. 
La solution est alors filtrCe, sCchCe sur sulfate de magntsium et Cva- 
porCe sous vide. Le produit obtenu est alors purifie soit par dis- 
tillation (mCthode 1) soit par chromatographie sur colonne d'alumine 
(mCthode 2). 
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Some reactions of 1-methyl-1,2-dihydropyridines with organic azides. Synthesis and 
reactions of 1,2,5,6-tetrahydropyridylidene-2-cyan(sulfon)amides and 

piperidylidene-2-cyan(su1fon)amides 
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THEODORE A. ONDRUS, PURUSHOTTAM R. PEDNEKAR, and EDWARD E. KNAUS. Can. J. Chem. 63, 2362 (1985). 
The regiospecific 1,3-dipolar cycloaddition reaction of 1,2-dihydropyridines 2 with organic azides 3 affords 2,7-diaza- 

bicyclo[4.I.O]hept-4-enes 4. Treatment of 4a with neutral aluminum oxide opened the aziridine ring to afford the 
1,2,5,6-tetrahydropyridylidene-2-cyanamide 5. Catalytic hydrogenation of 4 and 5 using palladiuin-on-charcoal and hydrogen 
yielded the 1-methyl-2-piperidylidenes 6. Oxidation of l-methyl- 1,2,5,6-tetrahydropyridylidene-2-cyanamide (5) with alkaline 
hydrogen peroxide yielded the oxirane 7 arising from epoxidation of the 3,4-olefenic bond, whereas oxidation of the bicyclic 
aziridine 4a with m-chloroperbenzoic acid resulted in epoxidation of the 4,s-olefenic bond and opening of the aziridine ring 
to give the oxirane 3-methyl-3-aza-7-oxabicyclo[4.1 .O]heptylidene-4-cyanamide (10). Base-catalyzed abstraction of the C-3 
proton of I-methyl-2-piperidylidenes 6 yielded the 3-lithio analogs which, after bromination, were converted to the target 
compounds 18 upon condensation with 4-[(2-aminoethyl)thiomethyI]-5-methylimidazole. 

THEODORE A. ONDRUS, PURUSHOTTAM R. PEDNEKAR et EDWARD E. KNAUS. Can. J .  Chem. 63, 2362 (1985). 

. . 
La reaction de cycloaddition dipolaire-1,3 rtgiosptcifique des dihydro-1,2 pyridines 2 avec les azotures organiques 3 conduit 

. . , 
aux diaza-2,7 bicyclo[4.l .O]heptknes-4 4. L'alumine neutre provoque I'ouverture du cycle de I'aziridine du composC 4a et 
conduit au tetrahydro-1,2,5,6 pyridylidenecyanamide-2 5. L'hydrogCnation catalytique des composCs 4 et 5 en prtsence de 
palladium dCposC. sur du charbon permet d'accCder aux mCthyl-1 piptridylknes-2 6. L'oxydation du methyl-1 tetrahydro- 
1,2,5,6 pyridylknecyanamide-2 5 par de l'eau oxygtnte en milieu alcalin conduit a I'oxirane 7 qui provient de I'tpoxydation 

i de la liaison oltfinique en positions 3 et 4 tandis que I'oxydation de I'aziridine bicyclique 4a par I'acide m-chloroperbenzoique 

! conduit i l'tpoxydation de la liaison olCfinique en positions 4 et 5 et I'ouverture du cycle de I'aziridine donne I'oxirane mtthyl-3 
aza-3 oxa-7 bicyc]o[4.1 .O]heptylidknecyanamide-2 (10). L'enlevement d'un proton en C-3 des mtthyl-l pipkrylidknes-2 6, 

1 catalysC par une base, fournit les analogues lithies-3 qui, aprks bromation et condensation sur le [(amino-2 kthyl)thiomtthyl]-4 
mCthyl-5 imidazole, conduisent aux composCs 18 attendus. 

I [Traduit par le journal] 

The discovery of histamine Hz-receptor antagonists led to the 
1 

development of cimetidine ( l a ) ,  which is used widely as a 
clinically effective inhibitor of gastric acid secretion in the 
treatment of duodenal ulcers and related conditions (1, 2). 
More recently, the development of etintidine ( l b )  (3), oxmeti- 
dine ( l c )  (4), and the 3,4-diamino-l,2,5-thiadiazole 1-oxide 
analog ( Id)  (5) has demonstrated the potential for an increase 
in potency relative to cimetidine while still maintaining high 
H,-receptor specificity. 

Mem CH2SCH2CH2R 

H N , / J  N-CN 
II 

1 II 
a R = -NHCNHMe 

N-CN 

d R =  -NH n NHMe 

N\,/N 

In an earlier study, we showed that the regiospecific 
1,3-dipolar cycloaddition reaction of 2-substituted- l,2-dihy- 
dropyridines with azides afforded ~diazabicycl0[4.1 .O]hept-4- 

'Author to whom correspondence should be addressed. 

enes in quantitative yield (6). It was therefore of interest to 
investigate the 1,3-dipolar cycloaddition reaction of l-methyl- 
1,2-dihydropyridines 2 with selected organic azides 3 as a 
method for the synthesis of 2-methyl-2,7-diazabicyclo[4.1.0]- 
hept-4-enes 4 for elaboration to 1 -methyl- l,2,5,6-tetrahydro- 
pyridylidene-2-cyanamide 5 and 1-methyl-2-piperidylidenes 
6a-d. The piperidylidenes 5 and 6 a  bear some structural 
similarity to the cyanoguanidine (a,  b), isocytosine (c), and 
arninothiazole (d)  R-moieties of 1. It was therefore of interest 
to prepare compounds of general structure 1 utilizing 5 and 6 
as potential heterocyclic pharmacophores of a-d. We now 
describe some chemical studies directed toward the utilization 
of 5 and 6 as novel heterocyclic pharmacophores for the 
synthesis of new heterocycles with potential H,-receptor antag- 
onistic activity. 

Reaction of 1-methyl-l,2-dihydropyridines 2 with organic 
azides 3 proceeded rapidly at O°C with evolution of nitrogen to 
yield 2-methyl-2,7-diazabicyclo[4.1 .O]hept-4-enes (4) in good 
yield (see Scheme I) .  Treatment of 4a  with neutral aluminum 
oxide (Brockman Activity 1) in methylene chloride at 25°C 
afforded 5 (82%). Hydrogenation of either 1-methyl-1,2,5,6- 
tetrahydropyridylidene-2-cyanamide (5) or 2-methyl-2,7-dia- 
zabicyclo[4.1 .O]hept-2-enes (4a-d) using 10% palladium- 
on-charcoal and hydrogen gas at 35 psi (1 psi = 6.9 kPa) 
afforded the respective 1-methyl-2-piperidylidenes 6a-d in 
quantitative yield. 

Treatment of 5 with alkaline hydrogen peroxide afforded the 
bicyclic oxirane 3-methyl-3-aza-7-oxabicyclo[4.1 .O]heptyli- 
dene-2-cyanamide (7) in 99% yield. In contrast, reaction of 5 
with m-chloroperbenzoic acid in methylene chloride gave only 
a trace yield of 7 along with unreacted 5. Reaction of 7 with 
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ONDRUS ET AL 

a R' = H ,  R ' =  CN 
b R' = Me, R' = CN 
c R' = H ,  R' = PhS02 
d R' = H ,  R' = CFXSO' 

pyrrolidine as solvent and nucleophile yielded the expected 
trans-aminoalcohol8 in 95% yield due to regiospecific nucleo- 
philic attack at the more electropositive C-1 position. The 
trans-aminoalcohol8 exhibited a J3,4 coupling constant of 3.75 
Hz, which is consistent with either a J3,4  eq-eq or ax-eq 
coupling (7). On this basis, it was expected that 7 would serve 
as a useful intermediate for incorporation of the 5-methyl- 
imidazol-4-ylmethylthioethylamino moiety into the C-1 posi- 
tion of 7. However, reaction of 7 with the less reactive 4-[(2- 
aminoethyl)thiomethyl]-5-methylimidazole in tetrahydrofuran 
at reflux temperature did not occur and 7 was recovered un- 
changed. The Michael reaction of n-butyllithium with 5 yielded 
9 (89%) (see Scheme 2). 

Oxidation of 4a with meta-chloroperbenzoic acid yielded the 
bicyclic oxirane 10 (93%) (see Scheme 3). The allylic alcohol 
11 (98%) was obtained when a solution of 10 in methanol 
containing suspended neutral aluminum oxide was stirred at 
25°C for 18 h. This reaction represents an alternative procedure 
to effect the oxirane-to-allylic alcohol transformation (8). The 
C-4 cyanamide substitutent of 10 exerts an influence in this 
transformation, presumably by increasing the acidity of the C-5 
methylene protons, since treatment of the bicyclic oxirane 7 

a R 1  = H ,  R2 = CN 
b R 1  = Me, R' = CN 
c R' = H ,  R' = PhSOz 
d R' = H ,  R' = CF3SO2 

with neutral aluminum oxide in methylene chloride gave a 
complex mixture of at least five products. Reaction of 10 with 
sodium thiophenolate gave 12a and 13a in a ratio of 1 : 1. When 
the more nucleophilic sodium thiophenolate is used, 12 may be 
formed by either a Michael addition to 11 or by nucleophilic 
attack at the C-6 position of 10. Compound 13 is formed by 
nucleophilic attack at the C-1 position of 10. A similar reaction 
of 10 with morpholine in tetrahydrofuran at 25°C afforded a 
mixture of 12b and 13b (88%) which could not be separated by 
tlc. The bicyclic oxirane 10 is much more reactive to mor- 
pholine than is the bicyclic oxirane 7, since 7 did not react in 
refluxing tetrahydrofuran. 

It was expected that the C-3 position of l-methyl-2- 
piperidylidenes 6 would be an active methylene. Incorporation 
of a suitable C-3 substituent would provide the required inter- 
mediates for condensation with 4-[(2-aminoethyl)thiomethyl]- 
5-methylimidazole to prepare the target compounds. Thus, 
reaction of 6a with n-butyllithium and quenching with deu- 
terium oxide yielded 14a, having a C-3 deuterium substituent 
(see Scheme 4). Addition of the 3-lithio derivative of 6a, 
obtained from the reaction of 6a with n-butyllithium, to a 
solution of N-bromosuccinimide at -77OC yielded the 3-bromo 
derivative 14b (7 1 %) together with the dimeric product 15 
(22%). A similar reaction using molecular bromine afforded 
14b (67%) and 15 (12%). The temperature and mode of ad- 
dition influence the product ratios since addition of N-bromo- 
succinimide to the 3-lithio analog of 6a at O°C gave 14b (15%) 
and 15 (79%). The 3-bromo derivatives 14c (91%) and 14d 
(90%) were prepared from 6c and 6d respectively, using N- 
bromosuccinimide. The dimeric product 15 likely arises from 
the subsequent reaction of 14b with 1-methyl-3-lithiopiperidyl- 
idene-2-cyanamide. 

The preparation of 1 -methyl-3-aminopiperidylidene-2-cyan- 
amide (14, R1 = NH2, R2 = CN) was investigated, since the 
3-amino substituent would be amenable to condensation with a 
variety of 5-methylimidazol-4-ylmethylthioethyl agents having 
a good leaving substituent at the terminal position of the ethyl 
chain. Several attempts to prepare 14 (R' = NH,, R2 = CN) by 
reaction of the corresponding 3-lithio derivative with chloro- 
amine, methoxylamine, or hydroxylamine-0-sulfonic acid 
were unsuccessful. On the other hand, reaction of the 3-bromo 
derivative 14b with sodium azide afforded the 3-azido analog 
16 (100%). The reduction of the 3-azido substituent of 16 using 
lithium aluminum hydride or 10% palladium-on-charcoal and 
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Me 

% CN-N 
I 

Me 
15 

a R1 = D, R2 = CN MemCH2SCH2CH2NH2 
b R' = Br, R2 = CN 
c R1 = Br, R2 = PhSO' H N w N  

d R' = Br, R' = CF3S02 \ NaH 

H2 gas at 35 psi proceeded rapidly to afford a complex mixture aminoethyl)thiomethyl]-5-methylimidazoledihydrobromide and 
of products from which tht: desired 3-amino product could not excess sodium hydride was investigated, since nucleophilic 
be isolated. displacement of the 3-bromo substituent of 14b would provide 

The reaction of the 3-bromo derivative 14b with 4-[(2- the target compound in one step. When this reaction was per- 
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formed, a product which exhibited spectral and microanalytical 
data consistent with structure 17 (90%) was obtained. The ir 
spectrum of 17 did not show an absorption due to nitrile stretch- 
ing but it did exhibit two C=N absorptions at 1595 and 1645 
cm-', indicating that the cyano moiety had participated in the 
reaction. Kosasayama et al. have reported that the bicyclic 
compound 20 may be formed by intramolecular addition of the 
hydroxy substituent to the cyanamide moiety of 19 (9). The 
3-bromopiperidylidenes 14c (R' = PhSO2) and 14d (R2 = 
CF,SOz) were therefore prepared in order that the undesired 
reaction involving the cyano group of 14b could be precluded. 

Condensation of 14c and 14d with 4-[(2-aminoethy1)thio- 
methyl]-5-methylimidazole in ethanol at reflux afforded the 
target compounds 18a (43%) and 18b (36%) respectively. 

The benzenesulfonyl analog 18a was evaluated as an antag- 
onist of the positive chronotropic action of histamine in the 
isolated guinea pig right atrium, which is a standard assay for 
histamine Hz-receptor antagonists, and was found to be inactive 
at a concentration of 3 X molar. 

I Experimental 
Melting points were determined with a Biichi capillary apparatus 

and are uncorrected. Infrared spectra (potassium bromide unless other- 
wise noted) were taken on a Unicam SP 1000 or Nicolet 5DX lT 
spectrometer. Nuclear magnetic resonance spectra were determined 
for solutions in deuterochloroform, unless otherwise stated, with a 
Bruker AM 300, WH 200, or Varian EM 360A spectrometer and these 
exact mass measurements are in some instances used in lieu of elemen- 
tal analysis. All of the products described gave rise to a single spot on 
tlc, using a solvent system less polar and more polar than the specific 
solvent system described for purification of the reaction mixture. No 
residue remained after combustion of the products purified by chro- 
matographic procedures. Mass spectra were measured on an AEI 
MS-50 mass spectrometer. Preparative high pressure liquid chro- 
matography was performed using a Water's Prep LC/System 500 A 
using Prep Pak-500 silica cartridges. 1,2-D~hydropyridines 2a,b were 
prepared according to the procedure of Fowler (10). The azides 3b,c 
were prepared from the reaction of th2 respective sulfonyl chloride 
with five equivalents sodium azide in acetonitrile. Warning: 
Cyanogen azide is a hazardous material. It should be handled only 
in solution. Concentration to pure material will result in violent 
detonation by heat or shock ( 1  I).  

2-Methyl-7-cyano-2,7-diazabicyclo[4 .I .O]hept-4-ene (4a) 
A solution of 1-methyl-l,2-d~hydropyridine (2a, 6.18 g, 65 mmol) 

in 100 mL of dry ether was added slowly with stirring to a solution of 
cyanogen azide (65 mmol), prepared from cyanogen bromide (6.89 g, 
65 mmol) and sodium azide (22.1 g, 0.325 mol), as reported pre- 
viously (6), in 150 mL of acetonitrile under a nitrogen atmosphere at 
0°C. The reaction mixture was allowed to warm to 25°C during 15 
min. Removal of the solvent in vacuo gave a solid which was redis- 
solved in 200 mL of methylene chloride. This solution was washed 
with water (2 x 75 mL) and the water washes were extracted with 
75 mL of methylene chloride. The combined organic extracts were 
dried (MgSO,) and the solvent removed in vacuo to give a pale brown 

: solid which on recrystallization from ether-methanol (4: 1 v/v) 
afforded 4a (7.11 g, 81%); mp 118°C; ir: 1560 (C=C), 2160 (CN) 
cm-~.  , 1 H nrnr 6: 3.18 (s, 3H, Me), 3.41 (m, 2H, H-1, H-6), 4.06 

(m, 2H, H-3), 5.83 (m, 2H, H-4, H-5). Exact Mass calcd. for C7HyN3: 
135.0796; found (high resolution ms): 135.0796. 

2,5-Dimethyl-7-cyano-2,7-diazabicyclo[4.1.0]hept-4-ene (4b) 
Reaction of 26 (9.69 g, 65 mmol) with cyanogen azide (5.1 g, 

75 mmol), using the procedure outlined for the preparation of 4a, gave 
4b, yield (76%); mp 117°C; ir: 2175 (CN) cm-'; 'H nmr 6: 1.8 (s, 3H, 
C(5)-Me), 3.17 (s, 3H, N-Me), 3.3 (m, 2H, H-1, H-6), 4.01 (m, 2H, 
H-3), 5.52 (m, lH, H-4). Exact Mass calcd. for C8Hl 149.0953; 
found (high resolution ms): 149.0951. 

2-Methyl-7-benzenesuIfonyl-2,7-diazabicyclo[4. I .O]hept-4-ene (4c) 
A solution of 2a (20 mmol) in 100 mL of ether was added to a 

solution of 3b (20 mmol) in 5 mL of ether and the reaction was 
completed as outlined for the preparation of 4a, to give a red viscous 
product (5.4 g). The product was purified by preparative tlc, using 
eleven 200 X 200 mm silica gel G plates, 1.0 mm in thickness, with 
benzene - ethyl acetate (1 : 1 v/v) as development solvent. Extraction 
of the band having R r  0.45 yielded 4c (2.58 g, 51%); mp 78°C; ir: 
1570 (C=C) cm-'; 'H nmr 6: 3.08 (s, 3H, Me), 3.6 (m, 2H, H-I, 
H-6), 3.95 (m, 2H, H-3), 5.7 (m, 2H, H-4, H-5), 7.5 (m, 3H, meta 
and para phenyl hydrogens), 8.0 (m, 2H, ortho phenyl hydrogens). 
Exact Mass calcd. for ClzH14NZOZS: 250.0756; found (high resolution 
ms): 250.0766. 

2-Methyl-7-trifZuoromethanesulfonyl-2,7-diazabicyclo[4.l .O]hept- 
4-ene (4d) 
Reaction of 2a (20 mmol) with 3c (30 mmol), using the pro- 

cedure outlined for the preparation of 4a, gave a red viscous oil (3.35 
g) which was purified by preparative tlc using twelve 200 x 200 mm 
silica gel G plates, 0.75 mm in thickness, with benzene - ethyl 
acetate (1 : 1 v/v) as development solvent. Extraction of the band 
having R I  0.6 yielded 4d (2.0 g, 41%); mp 70°C; ir: 1605 (C=C) 
cm-'; 'H nmr 6: 3.25 (s, 3H, Me), 3.66 (m, 2H, H-1, H-6), 4.17 
(m, 2H, H-3), 5.86 (m, 2H, H-4, H-5). Exact Mass calcd. for 
C7H,NZOzSF3: 242.0337; found (high resolution ms): 242.0332. 

1 -Methyl-1,2,5,6-tetrahydropyridylidene-2-cyanamide (5) 
A mixture of 4a (2.0 g, 14.8 mmol) and neutral aluminum oxide 

(10 g, Brockman Activity 1) suspended in 50 mL of methylene chlo- 
ride was stirred for 24 h at 25°C. 'The alumina was filtered and washed 
with 200 mL of ethyl acetate. Removal of the solvent from the com- 
bined organic extracts in vacuo afforded a white solid (I .6 g) which 
was shown by 'H nmr to consist of 82% 5 and 18% 4a as determined 
from the integrals of H-4 and H-5 at 5.83 6 for 4a and of H-3 and H-4 
at 6.63 6 for 5. A pure sample of 5 was obtained by preparative hplc 
(1.55 g reaction mixture) using ethyl acetate - methylene chloride 
(1 : 9 v/v) as eluant at a flow rate of 250 mL min-'. Collection of the 
first 1500 mL eluant gave 5 (0.53 1 g); mp 66°C; ir: 2150 (CN), 1555 
(C=N) cm-'; 'H nmr 6: 2.53 (m, 2H, H-5), 3.13 (s, 3H, Me), 3.57 
(m, 2H, H-6), 6.63 (m, 2H, H-3, H-4). ExactMass calcd. for C7HyN3: 
135.0797; found (high resolution ms): 135.0797. Collection of the 
1500 to 2500-mL eluant gave 0.848 g of a mixture of 5 and 4a in a 
ratio of 4.55: 1, as determined by 'H nmr integrals. The 2500 to 
3500-mL fraction gave 0.145 g of a mixture of 5 and 4a in a ratio of 
1.6: 1, as determined by 'H nmr integrals. 

1 -Methylpiperidylidene-2-cyanamide (6a) 
Method A 
Hydrogenation of 5 (0.0675 g, 0.5 mmol) in 75 mL of methanol 

using 30 mg of 10% palladium-on-charcoal and hydrogen gas at 35 psi 
for 4 h at 25"C, followed by filtration and removal of the solvent in 
vacuo, afforded 6 a  (68.5 mg, 100%); mp 98°C; ir: 2160 (CN) and 
1590 (C=N) cm-'; 'H nmr 6: 1.9 (m, 4H, H-4, H-5), 2.82 (m, 2H, 
H-3), 3.13 (s, 3H, Me), 3.47 (m, 2H, H-6). Exact Mass calcd. for 
C7HllN3: 137.0952; found (high resolution ms): 137.0952. 

A similar hydrogenation of the mixture 4a and 5, obtained by 
treatment of 4a with neutral aluminum oxide as described above, also 
yielded 6 a  in quantitative yield. 
Method B 
Hydrogenation of 4a (0.135 g, 1 mmol) in 25 mL of methanol using 
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50 mg of 10% palladium-on-charcoal and hydrogen gas at 35 psi for 
4 h at 25"C, as described in Method A above, also afforded 6a 
(0.137 g, 100%). 

1,4-Dimethylpiperidylidene-2-cyanamide (6b) 
Reduction of 4b (2.23 g, I5 mmol) in 50 mL of methanol using 

400 mg of 10% palladium-on-charcoal and hydrogen gas at 35 psi for 
24 h, as described in Method A, gave 6b (2.26 g, 100%) as a white 
solid; mp 94°C; ir: 2180 (CN) and 1598 (C=N) cm-'; 'H nmr 6: 1.04 
(d, J = 5 Hz, 3H, C(4)-Me), 1.2-2.15 (m, 3H, H-4, H-5), 2.35 (m, 
IH, H-3), 2.9 (m, I H, H-3), 3.05 (s, 3H, N-Me), 3.44 (m, 2H, H-6). 
Exact Mass calcd. for CsHI IN3: 15 1.1 109; found (high resolution ms): 
151.1107. 

I-Methylpiperidylidene-2-benzenesulfonamide (6c) 
The reduction of 4c (76 mg, 0.304 mmol) in 25 mL of methanol 

using 50 mg of 10% palladium-on-charcoal and hydrogen gas at 35 psi 
for 3 h at 25"C, as outlined in Method A, yielded 6c (77 mg, 100%) 
as a white solid; mp 104°C; ir: 1580 (C=N) cm-'; 'H nmr 6: 
1.6-1.89 (m, 4H, H-4, H-5), 2.89-3.2 (m, 5H, H-3, Me), 3.2-3.5 
(m, 2H, H-6), 7.48 (m, 3H, meta and para phenyl hydrogens), 7.96 
(m, 2H, ortho phenyl hydrogens). Anal. calcd. for CI2Hl6N202S: 
C 57.12, H 6.39, N 11.10; found: C 56.80, H 6.57, N 11.14. Exact 
Mass calcd. for CI2HI6N2O2S: 250.0767; found (high resolution ms): 
250.0766. 

I-Methylpiperidylidene-2-trifluoromethylsuomide (6d) 
Hydrogenation of 4d (0.3 g, 1.24 mmol) in 50 mL of methanol 

using 100 mg of 10% palladium-on-charcoal and hydrogen gas at 35 
psi for 3 h, as described in Method A, afforded 6d  (0.303 g, 100%) 
as a colorless oil; mp = 20°C; ir: 1600 (C=N) cm-'; 'H nmr 6: 1.82 
(m, 4H, H-4, H-5), 3.0 (m, 2H, H-3), 3.12 (s, 3H, Me), 3.5 (m, 2H, 
H-6). Exact Mass calcd. for C7Hl lN202SF3: 244.0493; found (high 
resolution ms): 244.0493. 

3-Methyl-3-aza-7-oxabicyclo[4 . I  .O]heptylidene-2-cyanamide (7) 
Hydrogen peroxide (1.3 mL of 30%, 1 1.6 mmol) was added slowly 

with stirring to a solution of 5 (1.05 g, 7.7 mmol) in 50 mL of 
methanol at O°C. A solution of sodium hydroxide (3.85 mL of 1 M, 
3.85 mmol) was added slowly with stirring and the reaction mixture 
was stirred for 15 min at O°C prior to pouring onto 100 mL of ice 
water. The mixture was neutralized (38.5 mL of 0.1 N hydrochloric 
acid), extracted with methylene chloride (3 x 100 mL), the extract 
dried (MgS04), and the solvent removed in vacuo to afford 7 as a 
white solid (I .  14 g, 99%); mp 11 1°C; ir: 2200 (CN) and 1595 (C=N) 
c m - ~ .  , I H nmr 6: 1.85-2.75 (complex m, 2H, H-5), 3.13 (s, 3H, Me), 

3.0-3.75 (complex m, 2H, H-4), 3.82 (m, IH, H-6), 4.22 (d, 51.6 
= 4 Hz, l H, H- I). Exact Mass calcd. for C7HyN30: I5 1.0746; found 
(high resolution ms): 15 1.0747. 

trans-] -Methyl-3-(I -pyrrolidinyl)-4-hydroxypiperidylidene-2- 
cyanamide (8) 

A solution of 7 (0.151 g, 1 mmol) in 50 mL of pyrrolidine was 
heated at reflux for 20 h and the solvent was removed in vacuo to yield 
a yellow semi-solid. The reaction product was purified on four 200 X 

200 mm silica gel G plates, 1.0 mm in thickness, with methylene 
chloride - methanol (19: 1 v/v) as development solvent. Extraction 
of the fraction having Rr 0.49 yielded 8 (0.193 g, 95%); mp 105°C; 
ir: 3305 (OH), 2210 (CN), and 1598 (C=N) cm-'; 'H nmr 6: 1.75 
(m, 4H, H-3 and H-4 of pyrrolidine ring), 2.0-2.6 (m, 2H, H-5), 
2.6-3.0 (m, 4H, H-2 and H-5 of pyrrolidine ring), 3.1 (s, 3H, Me), 
3.51 (m, 2H, H-6), 3.88 (d, J3.4 = 3.75 Hz, IH, H-3), 4.3 (m, IH, 
H-4, coupled to C(4)-OH), 4.53 (br s, IH, OH, exchanges with 
deuterium oxide). Exact Mass calcd. for Cl IH1,N40: 222.1480; found 
(high resolution ms): 222.1479. 

I-Methyl-4-n-butylpiperidylidene-2-cyanamide (9) 
A solution of 5 (0.162 g, 1 mmol) in 10 mL of dry tetrahydrofuran 

was added slowly with stirring to a solution of n-butyllithium (1 
mmol) in 25 mL of dry tetrahydrofuran under a nitrogen atmosphere 
at -77°C. The reaction mixture was allowed to warm to 25OC during 
20 min and then 50 mL of water was added. Extraction with methylene 

chloride (2 X 50 mL), drying the organic extract (MgS04), and 
removal of the solvent in vacuo afforded an orange oil. Preparative 
silica gel G tlc on four 200 mm X 200 mm plates, 1.0 mm in 
thickness, was performed using methylene chloride - methanol (19: 1 
v/v) as development solvent. Extraction of the band having Rr 0.81 
yielded 9 as a colorless oil (0.145 g, 89%); ir (film): 2185 (CN) and 
1598 (C=N) cm-'; 'H nmr 6: 0.9 (t, J = 7 Hz, 3H, -(CH,),CH,), 
1.32 (m, 6H, -(CH2),CH,), 1.5-2.2 (m, 3H, H-4, H-5), 2.37 (m, 
IH, H-3), 3.1 (s, 3H, N-Me), 2.85-3.2(m, IH, H-3), 3.43 (m, 
2H, H-6). Exact Mass calcd. for CI  'HI,N3: 193.1579; found (high 
resolution ms): 193.1580. 

3-Methy 1-3-aza-7-oxabicyclo[4. I .O]heptylidene-4-cyanamide (1 0)  
The bicyclic compound 4a (0.54 g, 4 mmol) was added to a sus- 

pension of meta-chloroperbenzoic acid (2.43 g of 85%, 12 mmol) in 
75 mL of methylene chloride at 25OC with stirring. The reaction 
mixture was heated at reflux for 72 h and, after cooling, the stoppered 
vessel and contents were placed in the freezer for 2 h. The reaction 
mixture was filtered to remove the acids present (1.21 g). The filtrate 
was evaporated in vacuo to give a pale yellow solid, which was 
partitioned between 75 mL of ether and 75 mL of water. The aqueous 
fraction was extracted with a further 75 mL of ether and the combined 
ether extracts were washed with water. Removal of the water from the 
aqueous fraction in vacuo (<4OoC) afforded a yellow product, which 
was dissolved in methylene chloride (5 mL) and the solvent removed 
in vacuo to yield 10 as a pale yellow solid (0.559 g, 93%); mp 106°C; 
ir: 21 80 (CN) and 1603 (C=N) cm- ' ; 'H nmr 6: 3.02 (m, Js,,,,, = 20 
Hz, 1 H, H-5), 3.07 (s, 3H, N-Me), 3.5 (m, 2H, H- I, H-6), 3.63 (m, 
JSRc,,, = 20 HZ, IH, H-57, 3.78 (m, J2 ,,,, = 15 Hz, IH, H-2), 3.88 
(m, J2 ,,,,, = 15 Hz, 1 H, H-2'). Exact Mass calcd. for C,HyN30: 
15 1.0746; found (high resolution ms): 15 1.0742. 

I-Methyl-5-hydroxy-I ,2,5,6-tetrahydropyrilidee-2cyaamide (11) 
A solution of 10 (0.151 g, 1 mmol) in 5 mL of methanol was added 

to a suspension of neutral aluminum oxide (5 g, Brockman Activity 1) 
in 25 mL of methanol with stirring. The mixture was stirred for 18 h 
at 25"C, filtered, and the solvent removed in vacuo to yield a white 
solid. Dissolution in 10 mL of methylene chloride, filtration, and 
removal of the solvent in vacuo afforded 11 as a pale yellow solid 
(0.148 g, 98%); mp 141°C; ir: 3340 (OH), 2090 (CN), 1655 (C=C), 
and 1585 (C=N) cm-'; 'H nmr (DMSO-d,) 6: 3.03 (s, 3H, Me), 3.51 
(m, 2H, H-6), 4.32 (d, J,,,, = 6 Hz of d, J5.6 = 5 Hz of d, J4., = 
4.5 Hz, lH, H-5), 5.59 (d, J 5 . 0 H  = 6 HZ, JH, OH, exchanges with 
deuterium oxide), 6.42 (d, J,., = 10 Hz, IH, H-3), 6.8 (d, J3.4 = 
10 Hz of d, J4., = 4.5 Hz, IH, H-4). Exact Mass calcd. for C7HyN30: 
15 1.0746; found (high resolution ms): 151.0743. 

trans-] -Methyl-4-phenylthio-5-hydroxypiperidylidene-2-cyanamide 
(12a) and trans-1 -methyl-4-hydroxy-5-phenylthiopiperidylidene- 
2-cyanamide (13a) 

A solution of 10 (0.151 g, 1 mmol) in 2 mL of dry tetrahydrofuran 
was added slowly with stirring to a suspension of sodium thiophen- 
olate (1.1 mmol) in 25 mL of tetrahydrofuran at -77°C under a 
nitrogen atmosphere. After 30 min, the reaction mixture was allowed 
to warm to 25OC during 30 min, at which time all material dissolved. 
The reaction mixture was acidified (1 1 mL of 0.1 N HCI) and the 
solvent removed in vacuo to yield a semi-solid. Extraction with 5 mL 
of methylene chloride, filtration, and removal of the solvent in vacuo 
afforded a solid, which was purified by preparative silica gel G tlc on 
three 200 x 200 mm plates, 1.0 mm in thickness, with ether-methanol 
(10: 1 v/v) as development solvent. Extraction of the band having 
R 1  0.41 yielded 12a (0.159 g, 49%); mp 135°C; ir: 3345 (OH), 2195 
(CN), and 1615 (C=N) cm-I; 'H nmr (DMSO-d6) 6: 2.96 (s, 3H, 
N-Me), 2.4-4.08 (complex m, 5H, H-3, H-5, H-6), 4.12 (m, 1 H, 
H-4), 5.72 (m, IH, OH, exchanges with deuterium oxide), 7.4 (m, 
5H, Ph). Anal. calcd. for Cl3HISN3OS: C 59.75, H 5.78, N 16.08; 
found: C 59.35, H 5.65, N 16.14. Extraction of the fraction having 
Rr 0.58 afforded 13a (0.168 g, 51%); mp 98°C; ir: 3430 (OH), 2180 
(CN), and 1603 (C=N) cm-I; 'H nmr 6: 3.03 (s, 3H, N-Me), 
2.58-3.32 (m, 2H, H-3), 3.32-3.82 (m, 3H, H-5, H-6), 3.97 (m, 
IH, H-4), 4.8 (br s, IH, OH, exchanges with deuterium oxide), 7.38 
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(m, 5H, Ph). Anal. calcd. for CIlH15N,0S: C59.75, H 5.78, N 16.08; 
found: C 59.73, H 5.63, N 16.17. 

trans-1 -Methyl-4-(4-morpholino)-5-hydroxypiperidylidene-2- 
cyanamide (12 b) and trans-1 -methyl-4-hydroxy-5- 
(4-morpho1ino)piperidylidene-2-cyanamide (13b) 

Morpholine (0.18 mL, 2 mmol) was added to a solution of 10 
(0.15 1 g, 1 mmol) in 50 mL of dry tetrahydrofuran with stirring. The 
reaction was allowed to proceed for 25 h at 25°C. Removal of the 
solvent in vacuo gave an oily brown solid, which was subjected to 
preparative silica gel G tlc on four 200 X 200 mm plates, 1.0 mm in 
thickness, with methylene chloride - methanol (15: 1 v/v) as devel- 
opment solvent. Extraction of the band having Rf 0.25 gave a mixture 
of 12b and 13b (0.21 g, 88%); mp 135- 139°C; ir: 3380 (OH), 2095 
(CN), and 1601 (C=N) cm-'; 'H nmr (300 MHz) 6: 2.63 (m, mor- 
pholino H-3, H-5), 3.08 and 3.10 (two singlets, 3: 1 ratio, 3H, N-Me), 
3.73 (m, 4H, morpholino H-2, H-6), 3.97 (br s, lH, OH, exchanges 
with deuterium oxide), 3.15-4.37 (complex m, 5H, H-3, H-4, H-5, 
H-6). The "Cmr spectrum (CDCl,) exhibited dual resonances at 26.74 
and 28.81 (3: 1 ratio), 48.7 and 50.4 (3: 1 ratio), 54.43 and 55.2 (1 : 3  
ratio), and 66.89 and 67.13 (1 : 3  ratio), which indicates the product 
was a mixture of 12b and 13b. Exact Mass calcd. for CI  IHj8N,02: 
238.1429; found (high resolution ms): 238.1427. 

I-Methyl-3-deuteriopiperidylidene-2-cyanamide (14a) 
n-Butyllithium (2 mmol) in hexane (0.82 mL) was added dropwise 

to a suspension of 6 a  (0.274 g, 2 mmol) in 50 mL of dry tetra- 
hydrofuran at -77°C under a nitrogen atmosphere with stirring. The 
resulting solution was maintained at -77OC for 10 min prior to warm- 
ing to 0°C during 10 min and addition of deuterium oxide (0.4 mL, 20 
mmol). The reaction mixture was allowed to warm to 25°C and 50 mL 
of water was added. Extraction with methylene chloride (3 X 50 mL), 
drying (MgS04), and removal of the solvent in vacuo yielded 14a 
(0.257 g, 93%); 'H nmr 6: 1.87 (m, 4H, H-4, H-5), 2.82 (m, lH, 
H-3), 3.10 (s, 3H, Me), 3.42 (m, 2H, H-6). 

1-Methyl-3-bromopiperidylidene-2-cyanamide (14b) and 3,3'- 
bis(1 -methylpiperidylidene-2-cyanamide (15) 

Method A 
n-Butyllithium (2 mmol) in hexane (0.83 mL) was added to a 

suspension of 6 a  (0.274 g, 2 mmol) in 50 mL of dry tetrahydrofuran 
at -77°C under a nitrogen atmosphere with stirring and the reaction 
was allowed to proceed for 10 min. N-Bromosuccinimide (0.356 g, 
2 mmol) was dissolved in 50 mL of dry tetrahydrofuran under a 
nitrogen atmosphere and the solution was cooled to -77°C. The 
former solution of the organolithium reagent was added slowly during 
20 min, with stirring at -77"C, to the N-bromosuccinimide solution. 
'The reaction was allowed to warm to 25OC and 50 mL of water was 
added. Extraction with methylene chloride (2 X 75 mL), washing the 
organic extract with 50 mL of water, drying the organic extract 
(MgSO,), and removal of the solvent in vacuo afforded a pale yellow 
solid. The products were purified by preparative silica gel G tlc using 
four 200 X 200 mm plates, 1.0 mm in thickness, with methylene 
chloride - methanol (15: 1 v/v) as development solvent. Extraction 
of the band having Rr 0.68 with 50 mL of methanol afforded 14b 
(0.231 g, 71%); mp 116- 118°C; ir: 2160 (CN) and 1600 (C=N) 
cm-'; 'H nmr 6: 1.7-2.45 (m, 4H, H-4, H-5), 3.12 (s, 3H, Me), 3.56 
(m, 2H, H-6), 5.1 1 (m, lH, H-3, collapses to a singlet upon irra- 
diation of H-4 and H-5 at 2.2 6). Exact Mass calcd. for C7Hlo~379Br:  
215.0058; found (high resolution ms): 215.0055. Extraction of the 
band having Rr 0.54 gave 15 (0.045 g, 22%); mp 219°C (dec.); ir: 
2170 (CN) and 1605 (C=N) cm-'; 'H nmr 6: 1.7-2.7 (m, 8H, H-4, 
H-5, H-4', H-5'), 3.1 (s, 6H, Me), 3.15-4.05 (m, 6H, H-3, H-3', 
H-6, H-6'). Exact Mass calcd. for CI4HZON6: 272.1749; found (high 
resolution ms): 272.175 I. 

Method B 
A solution of the organolithium reagent (2 mmol) in 50 mL of 

tetrahydrofuran was added slowly to a solution of bromine (0.5 12 mL, 
10 mmol) in 25 mL of dry tetrahydrofuran at -77°C under nitrogen 
with stirring, as described in Method A. The reaction was allowed to 

proceed at -77°C for 15 min prior to warming to 25°C. The reaction 
was completed according to Method A. The orange oil obtained was 
dissolved in 100 mL of methylene chloride, washed with water (2 X 

100 mL), and the solvent from the organic fraction was removed 
in vacuo to give an orange semi-solid. Purification, as outlined in 
Method A, using methylene chloride - absolute ethanol (15: 1 v/v) 
was performed. Extraction of the band having Rf 0.55 gave 14b 
(0.125 g, 67%) and Rf0 .3  yielded 15 (0.014 g, 12%), which exhibited 
the same physical and spectral properties as 14b and 15 obtained by 
Method A. 

1 -Methyl-3-bromopiperidylidene-2-benzenesulfonamide (14c) 
Addition of the organolithium reagent, prepared by reaction of 6c 

(2 mmol) with n-butyllithium (2 mmol), to a solution of N-bromosuc- 
cinimide (2 mmol) and completion of the reaction as outlined in 
Method A for the preparation of 14b gave a yellow semi-solid. Prep- 
arative silica gel G tlc was effected on ten 200 x 200 mm plates, 
0.75 mm in thickness, with methylene chloride - methanol (19: 1 
v/v) as development solvent. Extraction of the band having Rf  0.83 
afforded 14c (0.491 g, 91%); mp 94-96°C; ir: 1580 (C=N) cm-'; 
'H nmr 6: 1.6-2.7 (m, 4H, H-4, H-5), 2.95 (s, 3H, Me), 3.5 (m, 2H, 
H-6), 6.05 (m, lH, H-3), 7.46 (m, 3H, meta andpara phenyl hydro- 
gens), 7.95 (m, 2H, ortho phenyl hydrogens). Exact Mass calcd. for 
C12H,,N202SBr: 330.0064; found (high resolution ms): 330.0025. 

I-Methyl-3-bromopiperidylidene-2-~lf2uoromethanesuIfo~mide (14d) 
Addition of the organolithium reagent, prepared by reaction of 6 d  

(2 mmol) with n-butyllithium (2 mmol) to a solution of N-bromosuc- 
cinimide (2 mmol) in dry tetrahydrofuran (50 mL) and completion of 
the reaction as outlined in Method A for the preparation of 14b gave 
a yellow oil. Silica gel flash chromatography using ethyl acetate - 
petroleum oil (1 : 1 v/v) as eluant afforded 14d (0.581 g, 90%); mp 
134°C; ir: 1605 (C=N) cm-'; 'H nmr 6: 2.2 (m, 2H, H-4, H-5), 3.12 
(s, 3H, N-Me), 3.6 (m, 2H, H-6), 5.75 (m, 1H, H-3). Exact Mass 
calcd. for C7HloN202SBrF3: 321.9605; found (high resolution ms): 
321.9606. 

1 -Methyl-3-azidopiperidylidene-2-cyanamide (16) 
Sodium azide (0.326 g, 5 mmol) was added to a solution of 14b 

(0.216 g, 1 mmol) in 50 mL of dry acetonitrile and the reaction was 
allowed to proceed for 20 h at 25°C with stirring. 'The fine solid was 
filtered and the solvent removed in vacuo to yield a yellow oil contain- 
ing a white suspended solid. This was extracted with 5 mL of methyl- 
ene chloride, filtered, and the solvent removed in vacuo to give 16 as 
a yellow oil that solidified (0.178 g, 100%); mp 62°C; ir (neat): 2190 
(CN), 21 15 (N,), and 1605 (C=N) cm- '; 'H nmr 6: 2.03 (m, 4H, 
H-4, H-5), 3.1 (s, 3H, Me), 3.48 (m, 2H, H-6), 4.81 (m, IH, H-3). 
Exact Mass calcd. for C7HION6: 178.0967; found (high resolution ms): 
178.0969. 

N-[2-(1 -Methyl-3-bromo-2-piperidylidene)]-N'- 
[2-[(5-methylimidazol-4-yl)methylthio]ethyl]guanidine (17) 

Sodium hydride (0.24 g, 5 mmol) was added to a solution of 4- 
[(2-aminoethy 1)thiomethy 11-5-methylimidazole dihydrobromide (1 2) 
(0.832 g, 2.5 mmol) in 100 mL of dry tetrahydrofuran with stirring 
and the reaction mixture was heated at reflux for 2 h. After cooling to 
25°C a solution of 14b (0.54 g, 2.5 mmol) in 100 mL of dry tetra- 
hydrofuran was added and the reaction was heated at reflux for 24 h. 
Removal of the solvent in vacuo yielded 1.6 g of crude material, 
which was purified by preparative silica gel G tlc. Chromatography 
was performed using eighteen plates 200 x 200 mm, 1.0 mm in 
thickness, with methylene chloride - methanol (3: 1 v/v) as devel- 
opment solvent. Extraction of the fraction having Rf 0.56-0.61 af- 
forded 17 (0.87 g, 90%); mp 248°C (dec.); ir: 3 120 and 3240 (NH), 
1645, and 1595 (C=N) cm-'; 'H nmr (DMSO-d,) 6: 1.4 (m, IH, 
H-4), 1.9 (m, 2H, H-5), 2.16 (s, 3H, F M ~ ) ,  2.46 (m, lH, H-4'), 
2.72 (m, 2H, SCH2CH2N), 3.12 (s, 3H, N-Me), 3.48 (m, 2H, H-6), 
2.56 (m, 1H, SCH (H1)CH2N), 3.74 (s, 2H, $--CH2-S), 3.83 (m, 
IH, SCHf(H)CH2N), 4.7 (d, J3.4 = 11 HZ of d, J3.6 = 6.5 HZ, IH, 
H-3), 7.48 (s, IH, H-2 of imidazole), 8.95 and 9.7 (br s,  2H, NH, 
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exchange with deuterium oxide). These assignments were confirmed 
by double resonance studies. Anal, calcd. for C14H23N6SBr: C 43.4, 
H 6.0, N 21.7, S 8.3, Br 20.6; found: C 43.22, H 5.89, N 21.63, 
S 8.38, Br 20.64. 

I -Methyl-3-[(5-methylimidazol-4-yl)methylthioethylamino)]- 
piperidylidene-2-benzensulfonamide (18a) 

Potassium carbonate (20 mL of a 25% v/v solution) was added with 
stirring to a solution of 4-[(2-aminoethyl)thiomethyl]-5-methylimi- 
dazole dihydrobromide (5.0 g, 15 mmol) in 25 mL of water. The 
solvent was removed in vacuo at 45'C and the residue was extracted 
with 50 mL of isopropanol. Filtration and removal of the solvent in 
vacuo gave a white solid (4.1 g), which was purified by silica gel flash 
chromatography with isopropanol-methanol (4: 1 v/v) as eluant to 
give pure 4-[(2-aminoethyl)thiomethyl]-5-methylimidazoe A solu- 
tion of the latter (0.171 g, 1 mmol) in 20 mL of ethanol was added to 
a solution of 14c (0.331 g, 1 mmol) in 35 mL of ethanol and the 
reaction mixture was heated at reflux for 24 h with stirring. Removal 
of the solvent in vacuo gave a brown oil, which was purified by silica 
gel flash chromatography with ethyl acetate - methanol ( 1  : l v/v) as 
eluant to afford 18a (0.179 g, 43%); IH nmr (DMSO-d6) 6: 1.61 and 
1.82 (m, 2H each, H-4, H-5 of piperidine), 2.1 (s, 3H, imidazole C-5 
Me), 2.44 (m, 2H, SCH2CH2NH), 2.66 (m, 2H, SCH2CHzNH), 2.96 
(s, 3H, N-Me), 3.47 (m, 2H, H-6 of piperidine), 3.62 (s, 2H, 
FCH2-S-) ,  4.23 (m, IH, H-3 of piperidine), 7.38 (s, IH, H-2 

of imidazole), 7.53 (m, 3H, meta and para phenyl hydrogens), 7.82 
(d, 2H, ortho phenyl hydrogens), 8.78 (m, lH, imidazole NH, ex- 
changes with deuterium oxide). Exact Mass calcd. for C19H27NS02S2: 
421.1644; found (high resolution ms): 421.1641. Anal. calcd. for 
CIUH27Ns02S~.H2C1~Pt: C 27.44, H 3.49, N 8.42; found: C 28.22, 
H 3.49, N 8.46. 

1 -Methyl-3-[(5-methylimidazol-4-ylmethylthioethylamino)]- 
piperidylidene-2-trifluorornethanesulfonamide (18b) 

A solution of 4-[(2-aminoethyl)thiomethyl]-5-methylimidazole 
(0.17 1 g, I mmol) in 20 mL of absolute ethanol, prepared as described 
in the synthesis of 18a, was added to a solution of 14d (0.323 g, 1 
mmol) in 35 mL of absolute ethanol with stirring and then the reaction 
mixture was heated at reflux for 24 h. Removal of the solvent in vacuo 
gave a brown oil. Purification by flash silica gel column chro- 
matography with ethyl acetate - methanol ( I :  I v/v) as eluant 

afforded 186 (0.149 g, 36%); 'H nmr (DMSO-d6) 6: 1.92 (m, 4H, 
H-4, H-5 of piperidine), 2.23 (s, 3H, $--CH3), 2.73 (m, 2H, 
SCH2CH2NH), 2.84 (m, 2H, SCH2CH2NH), 3.18 (s, 3H, NMe), 3.5 
(m, 2H, H-6), 3.78 (s, 2H, $-cH2-S), 4.08 (m, lH, H-3 of 
piperidine), 5.8 (m, 2H, NH, exchanges with deuterium oxide), 7.63 
(s, IH, H-2 of imidazole). Exact Mass calcd. for CI4Hz2NsO2S2F3: 
413.1 167; found (high resolution ms): 413.1223. Compound 176 was 
quite unstable, as it decomposed slowly upon standing under nitrogen 
at freezer temperature. 
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JEAN PAQUETTE and WARWICK E. LAWRENCE. Can. J. Chem. 63, 2369 (1985). 
Spectroelectrochemistry at an optically transparent electrode, in conjunction with controlled potential coulometry, has been 

used to study the Tc(IV)/Tc(III) redox couple in aqueous bicarbonate solutions. The complexation provided by 
bicarbonate/carbonate ions was found to stabilize both Tc(IV) and Tc(II1). The uv-visible absorption spectra for tech- 
netium(II1) and technetium(1V) carbonate complexes are described. 'The redox potential for the Tc(IV)/Tc(III) couple, as well 
as the number of electrons, the number of carbonate groups, and the number of hydroxyl groups exchanged during the redox 
process in bicarbonate media are reported. 

JEAN PAQUE-ITE et WARWICK E. LAWRENCE. Can. J.  Chem. 63, 2369 (1985). 
Nous avons utilisC des mesures spectroClectrochimiques, ainsi que la coulomCtr~e i potentiel controlC, pour Ctudier le couple 

oxydo-rkducteur Tc(IV)/Tc(III) en milieu aqueux contenant des ions bicarbonates. On a trouvC que la complexation par les 
ions carbonates stabilise le Tc(IV) et le Tc(II1). Les spectres d'absorbtion uv-visible du technCtium(II1) et (IV) sont dCcrits. 
Le potentiel oxido-reducteur du couple Tc(IV)/Tc(III), ainsi que le nombre dlClectrons, le nombre d'ions carbonates et le 
nombre d'ions hydroxyles CchangCs lors de la reduction en milieu bicarbonate sont rapportCs. 

Introduction 
Despite the wide use of 99mTc in nuclear medicine, the aque- 

ous chemistry of technetium remains poorly understood, partic- 
ularly in its lower oxidation states. In the past few years, the 
need for reliable chemical data for compounds and complexes 
of this element has increased, as attempts are made to assess the 
probable behaviour of encapsulated high-level radioactive 
wastes, in contact with groundwater in deep underground dis- 
posal vaults. Such facilities would contain relatively large 
quantities of the long-lived isotope 99Tc. 

Deep groundwater systems are often reducing. Although 
there are reports in the literature of the existence of complexes 
of reduced technetium with simple inorganic ions such as fluo- 
ride, chloride, sulphate, and phosphate ( I ) ,  there is no report 
of the occurrence of complexes between reduced technetium 
and the geochemically important carbonate/bicarbonate ions. 
As part of a broader radioactive waste management program 
(2), we have examined the chemistry of technetium in its 
low oxidation states in bicarbonate media using spectro- 
electrochemical techniques. Spectral and electrochemical in- 
formation on the various oxidation states of technetium in these 
media is critical to both the qualitative and quantitative under- 
standing of its behaviour in geological environments being 
considered for nuclear waste disposal. 

Experimental 
Electrodes 

I An optically transparent electrode was made from 10 pore-per-inch 
reticulated vitreous carbon (RVC), obtained from Normar Industries, 
Anaheim, California. RVC is a glassy carbon material with a porous 
three-dimensional structure and good electrochemical properties. It 
has a free void volume of over 95% and a surface area of about 

I 

60 cm2/cm3. Due to the weak light absorption of the solutions used I in this study, a 1-cm thick slice was used instead of the more typical 
1-2 mm thickness. The RVC was fitted into a square 1-cm spec- 
trophotometric quartz cell (Helma 100-QS). Electrical contact was 
made by means of a platinum wire attached to the electrode with 
conducting glue. The reference electrode was a miniature Ag/AgCI 

'Issued as AECL-8529. 

flexible electrode (-0.044 V vs. SCE) from Microelectrodes Inc., 
modified by replacing the ceramic junction with a Vycor plug. 'The 
counter-electrode was a platinum mesh enclosed in Teflon tubing, and 
separated from the solution by a Vycor plug. The resistance between 
the reference and the working electrode was about 3 k a .  The cell had 
provisions for gas purging. All potentials will be quoted versus 
the SCE. 

Apparatus 
Electrochemical measurements were performed with an EG&G 

Princeton Applied Research Model 1731179 potentiostat/coulometer 
coupled to a Hewlett-Packard Model 7100B recorder. The pH mea- 
surements were made with an Orion Model 701A ionalyzer and a 
Microelectrodes Inc. microcombination pH electrode. Spectra were 
recorded in digital form, using a Hewlett-Packard Model 8450A 
double-beam diode array uv-visible spectrophotometer. 

Reagents 
The "TC was obtained from New England Nuclear as a 0.33 mol 

dm-3 NH4Tc04 solution. The ammonium pertechnetate was converted 
to the potassium salt, which was purified by recrystallization from 
water, according to the procedure described by Boyd (3). A 0.1 mol 
dm-' stock solution was then prepared and used in all experiments. 
Other stock solutions were made from standard ACS-grade reagents, 
and distilled, deionized water, without further purification. The C02 
and Ar gases, from Canadian Liquid Air, were passed through a solid 
catalyst (Oxy-trap, Alltech Associates) to remove oxygen, and then 
through a water saturator. 

Procedure 
The ionic strength was maintained constant at 1.0 mol dm-', using 

sodium trifluoromethanesulfonate; the more customary sodium 
perchlorate and sodium nitrate salts were found to reoxidize reduced 
technetium. The solutions were purged with a C02-Ar mixture. The 
partial pressure of C 0 2  needed to maintain a given [H'] and total 
carbonate concentration can be calculated from 

which is valid for [H'] between lo-' and lo-' mol dm-'. Here KH 
is the Henry's law constant for C 0 2  solubility, K ,  is the first acidity 
constant for carbonic acid, and CT is the total carbonate concentration. 
The two constants depend on the ionic strength and on the medium 
used. Since their values are not known accurately for a CF3S0,Na 
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FIG. 1. Number of electrons transferred as a function of the applied 
potential, for a 1.2 X mol dm-' TcO; solution in 0.5 mol dm-' 
HCO; medium, pH 8, at a RVC electrode. 

medium, the following approach was used. A solution containing a 
mixture of NaHC03 and CF3S03Na at an initial pH of 8 was equili- 
brated at a fixed partial pressure of C02 for 72 h. The hydrogen-ion 
concentration was then measured and the total carbonate concentration 
was obtained by titration with CF3S03H, allowing the determination 
of K ,  KH, using eq. [I]. This value of K ,  KH was then used to calculate 
the required pCO7 for various [HCO,] and [H'] values. 

The optically transparent cell, with all electrodes in place, was fitted 
in the light path of the spectrophotometer and purged with the appro- 
priate mixture of Ar and C02. An identical cell was placed on the 
reference side of the instrument, and the baseline recorded. Typically, 
2 cm3 of carefully purged HCO,/TcO, solution was transferred to the 
sample cell. The reference cell was similarly filled with a bicarbonate 
solution at the same concentration. Reducing potentials were applied 
to the sample cell, and the current, as well as the spectrum of the 
solution in the region between 200 and 800 nm, were monitored as a 
function of time and applied potential. Forty spectra were obtained and 
averaged at each potential. 

Results and discussion 
The three-dimensional structure of RVC permits a large elec- 

trode surface/solution volume ratio, and thus complete elec- 
trolysis of an electroactive species can be accomplished in a 
short time. Due to its open pore structure, RVC is optically 
transparent, with an essentially constant transmittance through- 
out the entire uv-visible spectral region. These properties 
make RVC a very useful material for in situ spectral monitoring 
of electrochemical reactions, and for the study of a variety of 
oxidation-reduction systems (4). 

With solutions initially 1.2 x mol dm-3 in TcO, and 
0.5 mol dm-) in HCO, (pH adjusted to 8.00), no significant 
current was observed at the RVC electrode for applied poten- 
tials above -0.62 V. At potentials below -0.70 V, the solu- 
tion rapidly turned pink and then pale blue, indicating a chem- 
ical transformation. The number of electrons (n)  transferred 
during the reduction was measured coulometrically as a func- 
tion of the electrode potential. The results are shown in Fig. 1. 
The curve of n against applied potential displays a plateau from 
-0.76 to -0.82 V, corresponding to a transfer of 4.1 elec- 
trons. At more reducing n increases rapidly due to 
catalytic hydrogen evolution. 

The reduced solution was found to be very sensitive to air 
oxidation, turning rapidly from blue to pink upon brief ex- 
posure to air. The same behaviour was observed on applying 
-0.4 V to the electrode. The number of electrons exchanged 
during the reoxidation was 0.9. The pink solution could be 

WAVELENGTH (nm) 

FIG. 2. Ultraviolet-visible absorption spectra for TcO, (full line), 
Tc(IV), Tc(II1) (dashed line), all at 1.2 x mol dm-' in 
0.5 rnol dm-' HCO, medium, pH 8. 

rereduced at a potential of -0.75 V, with acolor change to blue 
and an n value of 1.1. 

Similar behaviour was observed at a mercury electrode. This 
behaviour is consistent with TcO, being reduced to Tc(II1) at 
RVC and mercury electrodes in bicarbonate media. This agrees 
with previous observations for a mercury electrode in various 
phosphate, EDTA, and DTPA solutions near neutral pH (5). 

Reduction of pertechnetate at a pH of 8,  in the absence of 
bicarbonate ions, results in precipitation of TcO,. 2H20. Tech- 
netium(III), obtained by reduction at a pH value of one, dis- 
proportionate~ if the pH is raised above a value of three. Thus, 
soluble reduced species obtained in bicarbonate media are 
very likely bicarbonate/carbonate complexes of reduced 
technetium. 

The uv-visible absorption spectra for the reduced bicar- 
bonate species are shown in Fig. 2, together with the spectrum 
for TcO,. The fine-structured charge transfer bands at 240 nm 
and 290 nm, characteristic of TcO,, are replaced by intense 
bands with maxima below 230 nm. Both reduced species show 
a shoulder at 280 nm, which is more obvious for Tc(1V). The 
reduced species also display weaker bands in the visible, which 
are responsible for the color of the solutions. These are located 
at 512 nm for Tc(IV) and at 470 nm and 630 nm for Tc(II1). 

The bands in the uv region of the spectrum have high in- 
tensities and most likely belong to charge-transfer transitions. 
The bands in the visible region have extinction coefficients of 
about 800 dm3 mol-I cm-', which is too high a value for a d-d 
transition in a complex having a high degree of symmetry, such 
as octahedral or tetrahedral. If these bands were due to intra- 
subshell d-d transitions, then the complexes should possess a 
low symmetry, i.e. no center of inversion, or adistorted square 
planar symmetry. 

The kinetics of reduction of TcO, to Tc(II1) in 0.5 mol dm-3 
HCO,, at a pH value of 8,  have been followed in situ by 
applying a potential of -0.76 V to the RVC electrode and 
recording the spectra between 210 and 800 nm as a function of 
time. The matrix multicomponent analysis routine resident in 
the HP-8450A spectrophotometer was then used, together with 
the spectra for TcO,, Tc(III), and Tc(IV), to calculate the 
concentration of the three species as a function of time. The 
results are shown in Fig. 3. 

Since the RVC electrode does not have a well-defined geom- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



rND LAWRENCE PAQUETTE P 

1.4 

0.0 
0.0 9.0 18.0 27.0 36.0 45.0 54.0 

TIME ( 1 o 2  s) 

FIG. 3.  Kinetics of reduction of TcO, at a RVC electrode in 
0.5 mol dm-' HCO, medium, pH 8. 

etry, a quantitative calculation of the kinetic parameters was 
not attempted. However, some qualitative conclusions can be 
drawn. The concentration of TcO; decreases with time, where- 
as the concentration of Tc(11I) increases. The concentration 
of Tc(IV) goes through a maximum. This is typical of an A + 
B + C mechanism. The reduction of TcO; appears to be 
diffusion controlled, i.e. a plot of the concentration of TcO; 
against the square root of time is linear, for times up to 10 min. 
Figure 3 confirms the visual observation of the color changes 
during the reduction process (colorless to pink to blue) and 
indicates that the rate of reduction of Tc(IV) to Tc(II1) is faster 
than the overall rate of reduction of TcO; to Tc(1V). No spec- 
tral change was observed on mixing TcO, with Tc(III), ruling 
out a reaction between them as a source of Tc(1V). 

Figure 4 shows spectra obtained by successive application of 
a series of potentials, from -0.5 V down to -0.78 V, to a 
1.2 x mol dm-' Tc(IV) solution at a pH value of 8, in 
0.5 mol dm-' bicarbonate medium. About 20 min were re- 
quired at each potential to obtain a stable spectrum. The ab- 
sorbance at 512 nm decreased, while that at 630 nm increased, 
with decreasing potential. Well-defined isobestic points could 
be observed at 470 and 560 nm. The spectra were found to be 
linearly dependent. That is, for the function 

where A,.,; are absorbances at fixed wavelength A and potential 
Ei,  there exists a value of b, for each possible combination of 
three spectra, that makes 6 equal to zero, within experimental 
error, at all wavelengths except the isobestic points. In other 
words, any one spectrum at a particular potential is a linear 
combination of any two other spectra at two different poten- 
tials. This, together with the presence of isobestic points, is an 
indication that only two interrelated light-absorbing species are 
present (6), and that no significant loss of materials is occurring 
through precipitation or plating on the electrode. 

The above behaviour implies a reversible or quasi-reversible 
electrochemical system, in which case the Nernst equation can 
be written as (7) 

0.059 A2 - A I  [3] E = E ~ + -  log - n A, - A2 

WAVELENGTH (nm) 

FIG. 4. Visible spectra obtained by successive application of a 
series of potentials from -0.5 V down to -0.78 V to a 1.2 x 
mol dm-' Tc(1V) solution at a pH of 8, in 0.5 mol dm-"CO, 
medium. Arrows indicate the directions the peaks moved with de- 
creasing potential. 

In eq. [3], E is the applied potential, E'' is the formal reduction 
potential, n is the number of electrons exchanged, Al  is the 
absorbance for the reduced form, A, is the absorbance for the 
oxidized form, and A2 is the absorbance for the mixture of 
reduced and oxidized forms. A plot of the applied potential, E ,  

A2 - A ,  
against log A should be a straight line with a slope of 

7 A? 
0.059/n and-'an intercept of EO'. Figure 5 shows plots of 

A2 - Al  E versus log - obtained by starting with a potential at 
A, - A7 

which only thedoxidiied form (Tc(1V)) was present, and then 
decreasing the potential stepwise to generate the reduced form. 
The plots are linear as expected from eq. [3]. The slopes corre- 
spond to an n value of 0.9 * 0.1, as expected from the cou- 
lometric measurements, and the intercept is -0.625 V. 

At constant pH and bicarbonate concentration, the redox 
equilibrium can be written as 

and the electrochemical potential as 

[5] E = EO' + 0.059 log ";I 

rI [Tc/(l1I)lk 
11= 1 

where i, j, k, and 1 are stoichiometric coefficients, and m and 
n are the number of Tc(1V) and Tc(11I) species present. The 
experimentally accessible variable is the absorbance of the 
solutions, given by 

where A,,,,, is the total absorbance at wavelength A, and E, , , , ,  

and E,,, are the extinction coefficients for species m and n at 
wavelength A. The fact that a plot using eq. [3] gives a straight 
line with a reasonable intercept and with the expected slope of 
0.059 is a good indication that only one oxidized and one 
reduced species are present in the system, and that both of these 
species are mononuclear. This conclusion is consistent with the 
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a 
FIG. 5. Plots of applied potential against log [Tc(IV)]/[Tc(lIl)] for 

the spectra in Fig. 4. Data obtained at: + = 512 nm; 0 = 630 nm. 0.04 

presence of isobestic points. The existence of only two mono- 
nuclear species was further demonstrated by increasing the 
initial Tc concentration from 1.2 x lo-" mol dm-3 to 3.5 x 

mol dm-' and repeating the step reduction at the same pH 
and bicarbonate concentration. The same values for t7 and EO' 
were obtained at the higher concentration. Also, the isobestic 
points remained at the same wavelengths. Furthermore, the 
initial Tc(IV) and the final Tc(II1) absorbances were equal, 
within experimental error, to 2.9 times the low concentration 
absorbance, over the 210 to 800-nm wavelength range. 

For variable pH and carbonate concentration, the redox equi- 
librium is then given by 

The complexes could also be written as Tc(OH),(CO,),.. By 
using a spectroelectrochemical method only, one cannot, 
from a mathematical viewpoint, distinguish between the two 
entities. We have chosen to use the first notation for con- 
venience. The electrochemical potential can be rewritten as 

[8] E = Eo + 0.059 log 
[Tc(OH),(CO,),I[C0~lr 

[Tc(OH),, ,,,(CO?),, rII[Ht1"' 

where: 

[lo] Eo' = Eo + 0.059(r log [co;'] + mpH) 

A plot of EO' as a function of log [co,'], at constant pH, 
should have a slope of 0.059r. Similarly, a plot of Eo' as a 
function of pH, at constant [co,'], should have a slope of 
0.059m. Combining the results from the two plots allows the 
calculation of EO.  The value of EO' was found to be independent 
of the bicarbonate concentration, at a constant pH of 8 and a 
constant ionic strength of 1 mol dm-3. Hence, r is equal to 
zero, i.e. the two species contain the same number of carbonate 
ions per molecule. The slope of E"' against pH at constant 
bicarbonate concentration is 0.0585, giving a value of 0.99 for 
m. Hence, the Tc(II1) bicarbonate species contains one more 
hydroxyl group than the Tc(IV) species. In that case, com- 
bining eqs. [6] and [8] gives 

FIG. 6. Absorbance vs. applied potential at a pH value of 8. The 
curves have been calculated with E" = - 1.13 1 V in eq. [ I  I]. Open 
symbols are data obtained at 512 nm. Closed symbols are data ob- 
tained at 630 nm. Bicarbonate concentrations: 0, 0.5 rnol dm-'; V, 
0.625 mol dm-'; *, 0, 0.8 rnol dm-'; 0, A,  1.0 mol dm-'. 

where [Tc] is the total technetium concentration, is the 
extinction coefficient for the Tc(IV) species at wavelength A ,  
and E ~ ~ ~ . ~  is the extinction coefficient for the Tc(II1) species at 
wavelength A .  

The experimental data, plotted in Fig. 6 as absorbance vs. 
applied potential, fall, within experimental error, on single 
curves, confirming the validity of the model. A non-linear, 
least-squares-fitting routine was used to calculate Eo and the 
extinction coefficients, giving: E0 = - 1.131 V; E I V . S I ~  = 680; 
€111.512 = 120; €1~.630 = 14; and E111.63o = 430. 

Using the above determined potential, it can be calculated 
that, in carbonated groundwater with a pH of 8 and a redox 
potential of -0.300 V (a reasonable value, if the redox poten- 
tial is controlled by the Fe(III)/Fe(ll) mineral equilibria), the 
ratio [Tc(llI)]/[Tc(IV)] would be equal to Thus, soluble 
Tc(ll1) carbonate species are not expected to be important in the 
transport of technetium in groundwater. 

The charge sign of the Tc(1V) carbonate complex was deter- 
mined using a simple electromigration technique. An H-shaped 
cell with three compartments separated by glass frits was used. 
The two outer compartments were fitted with platinum elec- 
trodes and filled with bicarbonate solution. The central com- 
partment contained a Tc(IV) bicarbonate solution. A potential 
of 15 V was applied between the two platinum electrodes, and 
the two outer compartments were analyzed for Tc by liquid 
scintillation counting. Tests with TcOS showed that, in the 
absence of an applied potential, natural migration is insignif- 
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PAQUETTE AND LAWRENCE 2373 

icant over a period of 24 h ,  but that TcO, migrates rapidly to 
the anode side when a potential of IS V is applied. In all cases, 
the Tc(IV) carbonate complex migrated to the anode; no mi- 
gration to the cathode occurred. Thus, the Tc(IV) complex is 
negativeIy charged. This was confirmed using ion-exchange 
resins. Technetium(1V) was quickly removed from bicarbonate 
solutions by an anion-exchange resin (DOWEX IX8), but 
not by a cation-exchange resin (AG-SOW-X8). Thus, p + 2q 
in eq. [7] and following is greater than four. Unfortunately, the 
sign of the Tc(II1) complex could not be measured reliably due 
to its rapid oxidation to Tc(1V). 

Conclusions 
Spectroelectrochemical techniques have been found useful 

for elucidation of the behaviour of reduced technetium in bicar- 
bonate solutions. The existence of a reversible, o r  quasi- 
reversible, Tc(IV)/Tc(lll)  couple in these media was demon- 
strated. The redox potential for the couple and also the number 
of carbonate and hydroxyl ions exchanged during the reduction 
were determined. The redox equilibrium is 

where p + 2q is greater than four. It appears that soluble 
Tc(1V) carbonate species would be more important than Tc(II1) 
carbonate species in the transport of technetium in ground- 
water. Experiments to determine the stoichiometry and the 
stability of the complexes are underway. 
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L. K.  COHEN and H. 0. PRITCHARD. Can. J.  Chem. 63, 2374 (1985). 
It is shown that there will be strong orienting effects in the collision of two radicals which will invalidate attempts to calculate 

disproportionation-recombination ratios by simple geometric arguments. 

L. K. COHEN et H. 0 .  PRITCHARD. Can. J.  Chem. 63, 2374 (1985). 
On dCmontre qu'il existe des effets directifs importants dans la collision de deux radicaux et que ces effets rendent invalides 

tous les essais de calculer les rapports de disproportionation-recombinaison par des arguments gtornCtriques simples. 
[Traduit par le journal] 

It is possible to take two extreme views of the disproportion- 
ation process which occurs between a pair of alkyl radicals, 
e.g. 

CH3 + CF2H + CH4 + CF2 

At one extreme, one can consider that the methyl radical ab- 
stracts a hydrogen atom from the difluoromethyl radical (1); at 
the other extreme, that the products are the "dissociated" spe- 
cies in a chemical activation process, with the recombined 
product (C2H4F2 in this case) being the "stabilised" fraction of 
the initial flux (2). It is the purpose of this note to throw some 
light on the mechanisms of these processes by performing 
trajectory calculations for the approach of two bodies under the 
influence of a strongly directional attractive potential, such as 
is characteristic of a p-orbital in an aliphatic free radical. We 
find that in such collisions, provided that the radicals are not 
rotating too strongly, there is a propensity for them to orient 
themselves so that they are "facing" each other. Thus, rather 
like a pair of dancers, they remain facing each other during the 
whole of the intimate encounter, regaining independent rota- 
tional motion only after they have receded beyond a critical 
value of the interparticle separation; however (to continue with 
the dancing analogy), collisions in which one radical "turns its 
back" on the other are not entirely excluded. These obser- 
vations complicate attempts, such as those of Benson recently 
(3), to calculate disproportionation-recombination ratios by 
simple geometric arguments based on the spatial characteristics 
of the radicals. 

We are faced with a multitude of possible disproportionation 
reactions (4) and so, for our first examination of this problem, 
we restrict ourselves to a carefully chosen model of the col- 
lision between two methyl radicals which retains, we believe, 
sufficient physical reality to enable the salient physical effects 
to be discerned; extension to real reactive systems is then only 
a matter of detail and of computational complexity. 

The model and the potential 
The dominant interactions are the bonding attraction be- 

tween the two radical centres, and the non-bonded repulsions 
between the valence-saturated atoms in the system. For the 
attractive potential we chose, simulating ethane, a Morse curve 

[ l a ]  V-(r) = De{exp [-2a ( r  - re)] - 2 exp [-a(r  - re)]} 

with De = 88.6 kcal mol-', re = 1.54 A, and a = 1.885 k', 
derived from Do = 87.2 kcal mol-I and a vibration frequency 
of 995 cm-I (5, 6). 

The repulsive potential was chosen in such a way that there 
wa? little or no repulsion beyond interparticle dis!ances (r,) of 
5 A, but a strong repulsion occurred for ri 5 2 A: the simple 
form 

[Ib] V+(ri) = 0.25 D, {exp [-a(r, - re)]} 

gave rise to an empirical potential which was qualitatively 
satisfactory. 

In order to test our conjecture that most, if not all, of the 
initial rotational angular momentum is converted into overall 
angular momentum during closest approach, it is not necessary 
to perform a full three-dimensional calculation with two radi- 
cals: the physical picture remains the same if one of the radicals 
is replaced by an atom and, further, there is no loss of physical 
insight if the motion is confined to two dimensions. Figure 1 
shows the final mechanical system used in these model calcu- 
lations: one methyl radical is splayed out flat with a mass of 12 
amu at t!e centre, and three masses each of 1 amu located at 
1 = 1.1 A away, disposed at in12 (i = 1, 2, 3) with respect to 
the centreline of the nascent C-C bond, and it is considered 
to be rigid; the other methyl radical is replaced by a structure- 
less mass of 15 amu. The total potential is then 

[].I V(r, 4 )  = V-(r) + 2 V+(r;) 
I 

where 
r, = [r2 + 1' + 2rl  sin ( 4  + in/2)]"' 

and in which 4 ,  the angle of alignment, is the difference of the 
two inertial angular coordinates +-0; some sections of V(r, 4 )  
are shown in Fig. 2 for three different values of the distance 
between the bonding centres. In the repulsive region, there are 
two minima which actually become weakly attractive at some 
distances: we regard this as reasonable, since the tetrahedral 
methyl group will exert strong replusions along the lines of the 
C-H bonds, but in the angles between each pair the repul- 
sions will be weaker, and in the basin lying symmetrically 
between the three C-H bonds; also, the real potential be- 
comes weakly attrractive in some non-bonding orientations, 
corresponding to the existence of Van der Waals forces. If our 
model did not exhibit these secondary minima in directions 
away from the bonding axis, then every collision would be 
oriented;' an oriented collision is defined as one in which the 
closest approach occurs for values of -n /2  < 4 < n / 2  i.e. in 
the sector containing the normal C-C bond direction. 

' Except at very high rotational rates, c.f. discussion of Fig. 5. 
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COHEN AND 1 PRITCHARD 2375 

RG. I. Definition of the model collision system. The left-hand 
(distributed) particle consists of four mass points, one of 12 amu-at the 
centre and three, each of 1 amu, held rigidly at adistance of 1. I A with 
a ~ r / 2  separation between them; the right-hand particle M is a point 
mass of 15 amu. Particle M interacts with the distributed particle via 
an attractive potential with the 12 amu mass point (eq. [ I  a]) and a 
repulsive potential with each of the 1 arnu mass points (eq. [Ib]). An 
additional simplification of the algorithm was achieved by considering 
that the mass of the three light particles was*uniformly distributed on 
the circumference of a circle of radius 1.1 A leaving only their force 
centres at the positions shown; this causes the centre of mass of the 
distributed particle to coincide with the position of the heavy mass 
point. 

The equations of motion 
In the centre-of-mass coordinates, the Hamiltonian is 

where p is the linear momentum, p is the reduced mass of the 
system, s is the rotational quantum number of the methyl rad- 
ical, I is its moment of inertia, and V(r, +) is as already 
defined. The canonical coordinate pairs for the system are 
(r ,  P) and where 

with the primes denoting differentiation with respect to time. 
The use of the Hamiltonian H, = s ( s  + l)h2/21 for the angular 
component of the motion leads, with s = I+' /h,  to 

which does not have a simple solution; however, by making the 
usual classical approximation (7) that H, = s2h2/21, then 

which integrates readily to j2/21, and so j = s and Of = j l / I .  
With this simplification, ell the derivatives in [3] can be eval- 
uated analytically from [l]  and [2] and the integration becomes 
straightforward. 

Integration and selection of trajectories 
The integration was performed by using a third-order 

Runge-Kutta method. in combination with a 5-point Adams- 
Moulton predictor-corrector procedure. Conservation of ener- 

Yo 90 I80 

ang le  $ 

FIG. 2. Three se!tions through the potential surface, eq. [I], at r = 
1.65, 1.9, and 3.0 A; notice that for all angles -n/2 < $ < ~ / 2 ,  the 
torque is such as to pull the system towards $ = 0 where the potential 
is a minimum. The scale of the vertical axis is 1.0 = D,. 

gy was required to within 6 X kcal mol-', which leads to 
the requirement of step lengths in the range 4 X 10-l6 to 3 X 
10-l4 s; the total angular momentum, i.e. 

was conserved to within 10-4h, always. 
Initial trajectories were chosen to sample the important re- 

gions of phase space for the recombination of two methyl 
radicals at 300 K, and some 2000 trajectories were examined; 
only integral values of s were used in the starting conditions. 
Figure 3 shows two typical trajectories, one in which the ex- 
pected orientation occurs, and one in which it does not; the 
incoming segment of each trajectory is shown as a solid line, 
the departure path after encounter is shown broken and the 
dotted lines separate regions of + corresponding to alignment 
or non-alignment, as we have defined it. A qualitative time 
scale is shown on each trajectory, each marker denoting the 
time at which completed free rotations would have occurred in 
the absence of any fields; thus, the straight line sections of 
these graphs correspond to free rotation of the radical. It can be 
seen that the rota!ion is essentially free until a distance of 
between 5 and 6 A is reached. The interaction begins to take 
effect at this separation and the particles are pulled towards 
each other; those which make their closest approach in the ban! 
direction generally reach a turning point of within 1.2- 1.3 A 
of each other (depending of course upon the initial relative 
energy), but those which make their closest approach in a 
!on-bonding direction do not often approach closer than 1.95 
A. There is no requirement in this calculation that the final 
rotational motion shall be quantised, but it is clear that these 
two trajectories are essentially elastic. 

Since we spent most of our effort in probing the dividing 
lines between the aligned and the non-aligned collisions, we 
encountered a significant number of unusual trajectories, two 
of which are shown in Fig. 4: partial trapping occurs in one of 
these two trajectories, and it is much more inelastic, with an 
interconversion of translational and rotational energy taking 
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separation ~ n  A s e p a r a t i o n  i n  A 
FIG. 3. A pair of typical trajectories: approach is represented by FIG. 4. A pair of atypical trajectories: see legend to Fig. 3 for 

solid lines and departure by dashed lines; markers on the trajectories further details. 
represent the time scale, the space between each marker representing 
the time taken for one free revolution of the distributed particle, given 
its initial angular momentum. The right-hand ordinate shows a 
schematic representation of the potential, with repulsion to the left and 
attraction to the right, and the regions in which the torque pulls 
towards + = 0 or 7~/2 < + < 37~12 are separated by dotted lines. The I= 0.5, 

initial conditions for all trajectories are: velocity v, = C (the average 0 
relative velocity for particles of mass 15 amu at 300 K); angular '1 

4J 
momentum for distributed particle = 9 h. 0 

0 

place; the other is a double colli~ion.~ 
Figure 5 shows, for a fixed initial approach velocity equal to 

be average value for 300 K, the fraction of non-aligned col- 
lisions as a function of the initial rotational quantum number s 
of the radical, in the interesting range of values of s. For the 
rotationless radical, s = 0, the probabilities of alignment and 
non-alignment are equal because the potential has maxima at $ 
=  IT/^. On the other hand, for exceedingly large values of s, 
usually s > 50, no collisions lead to close encounters because 
the radical is rotating so quickly that the attractive part of the 
potential does not have time to draw the particles significantly 
closer together before the next repulsive impulse occurs. In the 
important region, however (most probable value of s = 3), 
significant preference for oriented collisions appears, in the 
sense that about 70% of the collisions occur in the bonding 
direction and about 30% in the non-bonding direction. Results 
are similar at other approach velocities, with the exception of 
very low ones (vo 5 V/4) where the graph exhibits considerable 
structure. Table 1 shows for each initial approach velocity, vo, 
the mean fraction of repulsive collisions, obtained from dia- 

i n i  t i  a 1  angu la r  m o m e n t u m  

FIG. 5. Plot of the fraction of non-aligned collisions for initial 
approach velocity 5, as a function of initial angular momentum in the 
distributed particle. The physically interesting range at 300 K is 0 5 
s < 10; note that as s + 03, the curve will tend to a limiting value of 
unity, as explained in the text. All points on this graph are determined 
to better than +0.001. 

'Trajectories which were even more complex than this were found, 
but we do not reproduce them here; one, for example was initially grams analogous to Fig. 5 by integrating over the normal distri- 
similar to the non-aligned trtjectory in Fig. 4, but on outward path, at bution of rotational quantum numbers of 300 K in this system; 
a separation of about 4.5 A, it was turned completely around an$ although the details of these curves differ somewhat with vo, the 
entered the alignment region again, approaching to within 1.3 A fraction of repulsive collisions remains remarkably constant. 
before receding finally. Thus, when averaged over the appropriate Boltzmann distri- 
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TABLE I. Fraction of non-aligned 
collisions as a function of initial 

approach velocity* 

vo Fraction 

V/4 0.218 
V/2 0.274 

F / V ~  0.296 
- 
v 0.320 

1.31 V 0.323 
1.61V 0.369 
2.06V 0.393 

* V is the average approach velocity for 
a pair of masses of 15 amu at 300 K,  and 
the fraction is averaged over the rota- 
tional distribution for that temperature. 

bution of approach fluxes, we find that oriented collisions are 
favoured in the ratio of 2.17 to 1, whereas the phase-space 
theory of Benson (3) would distribute the collisions equally 
between oriented and non-oriented. Notice that the insensitivity 
of the rotationally averaged alignment ratio to the initial 
approach velocity (in conjunction with the broad nature of the 
minimum found in Fig. 5 and others like it) means that the 
overall alignment ratio will change very little with temperature, 
which is a 'reasonable result. 

Conclusions 
Arguments concerning the ratio of disproportionation to re- 

combination in alkyl radical systems cannot be based solely 
upon geometric considerations, since there is a strong pro- 
pensity for colliding radicals to orient themselves in the bond- 
ing configuration. We have chosen a very simple model as an 
illustration of this point. More realistic calculations would take 

into consideration the three-dimensional quality of the real 
problem, and should allow for the fact that the radicals may 
deform under the influence of neighbouring particles. This is 
especially so in the case of methyl radicals: we have chosen to 
mimic the behaviour as though the methyl radical were fixed 
rigidly in its tetrahedral configuration (so that our conclusions 
would apply more generally to most radical systems), but the 
methyl radical is free to invert itself; our model is too simple 
to deal with this problem, for it would lead to the conclusion 
that every collision would be oriented at reasonable values of 
v, and s (the only exception being at very high rotational rates, 
as already explained in the preceding paragraph). 

Unfortunately, at the present level of oversimplification, 
these calculations do not permit us to eliminate either of the two 
models of disproportionation mentioned in the Introduction: if 
approaches in the non-bonding directions are allowed, then 
abstraction is possible, but if deformation were to be so easy as 
to preclude such approaches, then elimination would be the 
only permissible mechanism. 
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Substituent effects on benzylic radical hydrogen hyperfine coupling constants. Part 4. 
The effect of branching of the alkyl substituent 
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DANIAL D. M. WAYNER and DONALD R. ARNOLD. Can. J .  Chem. 63, 2378 (1985). 
The effects of substituents in the meta and para positions of the benzyl radical on the a-hydrogen hyperfine coupling 

constants (hfc's) are discussed. The electron spin resonance (esr) spectra of the para-methyl, ethyl, isopropyl, and tert-butyl 
substituted benzyl and cumyl radicals are analysed. Hyperconjugation involving the C-C bond is 40-60% as effective as 
C-H hyperconjugation for delocalizing spin density. This conclusion is supported by INDO molecular orbital calculations. 
Similar analysis of the '"mr spectra of the para-alkyl substituted cumyl carbocations provides evidence that C-C hyper- 
conjugation is 75-90% as effective as C-H hyperconjugation for delocalizing charge density. 

DANIAL D. M. WAYNER et DONALD R. ARNOLD. Can. J .  Chem. 63, 2378 (1985). 
On discute des effets des substituants en positions me'ta et para des radicaux benzyles sur les constantes de couplage hyperfin 

(chf) des hydrogknes en a. On a analyst les spectres de rCsonance paramagnktique Clectronique (rpe) des radicaux cumyles 
et benzyles substituCs en position para par des groupements mCthyle, tthyle, isopropyle ou tert-butyle. L'efficacitC de 
I'hyperconjugaison impliquant la liaison C-C n'est que 40-60% de celle de I'hyperconjugaison C-H pour relocaliser la 
densitt de spin. Cette conclusion est en accord avec des calculs d'orbitales molCculaires INDO. Une analyse similaire des 
spectres rmn du "C de carbocations cumyles substituks en position para par des substituants alkyles suggkre que I'efficacitC 
de l'hyperconjugaison C-C est environ 75590% de celle de l'hyperconjugaison C-H pour dClocaliser la densit6 de charge. 

[Traduit par le journal] 

Introduction 
The variation in carbocation stability as a function of the 

degree of branching of an adjacent alkyl group has received 
considerable attention over a period extending back more than 
fifty years, to the original proposal of hyperconjugation (1). 
The problem, of course, is assessing the relative importance of 
steric and electronic effects from relative rate data (2). In addi- 
tion, both C-H and C-C hyperconjugation are possible and 
sorting out the relative contributions of each of these effects has 
created some controversy (3 - 5). 

In comparison, little is known about the effect of variation in 
alkyl branching on the stability of an adjacent radical centre. 
This may be a result of the justifiable realization that the effect 
of adjacent alkyl branching on the rate of most free radical 
reactions will be small, too small, perhaps, to be accurately 
measured by kinetic methods. For example, the variation in 
activation energy for decomposition of the symmetric 
azoalkanes from azo-2-methyl-2-propane to azo-2-tert-butyl-2- 
propane is too small to be critically analysed in view of the 
rather large experimental error (6). 

The study of para-substituted benzyl and cumyl radicals 
avoids many of the difficulties, such as steric and anchimeric 
effects, associated with systems which have the substituent 
directly bonded to the reaction centre. The a-H hyperfine coup- 
ling (a-hfc) in substituted benzyl radicals has been used to 
define a substituent parameter (eq. [ I ] ,  Table 1) which reflects 
the effect of the substituent on the spin density at the benzylic 
position (7). It is generally believed that the extent of spin 
delocalization away from the benzylic position should be re- 
flected in decreased reactivity (i.e. increased stability). This 
reasoning has now been applied to determine the effect of 
branching of a para-alkyl substituent on the delocalization of 
spin density in-benzyl and cumyl radicals. These results are 

'Present address: National Research Council of Canada, Ottawa, 
Ont., Canada KIA 0R6. 

'Author to whom correspondence may be addressed. 

then compared to the effect of para-alkyl substituents on the 
charge density of the cumyl carbocation. 

Results 
The observed hyperfine coupling constants (hfc's) for sev- 

eral alkyl substituted benzyl and cumyl radicals are shown in 
Table 2. The radicals were generated by hydrogen atom ab- 
straction from the corresponding toluene or by bromine atom 
abstraction from the corresponding benzylic bromide. The 
hfc's were estimated by initial measurement of the line posi- 
tions from the signal averager and refined by computer simu- 
lation (8). 

The observed I3Cmr chemical shifts of the para-alkyl substi- 
tuted cumyl carbocations are shown in Table 3. The ions were 
generated from the cumyl chlorides in a mixture of SbF,/ 
FSO3H/SO2C1F at -40°C as outlined by Kelly and Brown (9). 

Discussion 
There are some general features of the a- scale which give 

valuable insight into the mode of interaction of substituents 
with the benzylic radical center. 

Most of the para substituents delocalize spin density more 
effectively than the unsubstituted radical ( a -  > 0). These sub- 
stituents fall into two classes. Those with non-bonding lone 
pairs can interact by donating an electron (Fig. la). In this case, 
the substituent is a P-spin donor. Unsaturated substituents, on 
the other hand, can interact by accepting an electron (Fig. lb). 
In this case, the substituent is an a-spin acceptor. The orbital 
interactions can be represented using simple perturbation 
molecular orbital theory. For the P-spin donors, the orbital 
interactions are two-orbital, three-electron interactions and 
lead to a net one-electron stabilization (10). For the a-spin 
acceptors, the orbital interactions are three-electron, three- 
orbital interactions and lead to a net two-electron stabilization 
(10). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



WAYNER AND ARNOLD 2379 

TABLE I .  u: values" TABLE 3. I3C magnetic resonance chemical shifts of 4-alkylcumyl 
carbocations in S~FS/FSO~H/SO~CIF at -40°C".h 

Substituent 0;' Substituent oh. 

"Calculated from eq. I .  ref. 7 .  

"Chemical shifts are 0 . 1  ppm downfield from external TMS. 
'Similar data have been reported by Brown et a/.  (ref. 23). 
'C' is the carbon atom(s) of the 4-alkyl substituent. 

TABLE 2. Hyperfine coupling constants for alkyl substituted benzyl FIG. I. Substituent interactions in benzyl radicals; (a) P-spin and cumyl radicals at -4O0C' donating substituent; (b) P-spin accepting substituent. 

Radical X a,, a,,, 

Benzyl H 
3-Me 
4-Me 
4-Et 
4-i-Pr 
4-t-BU 

Cumyl" H 
4-Me 
4-Et 
4-i-Pr 
4-t-BU 

"All values in G .  The uncertainty is 50 .03  G. 
'am for benzyl radical, a@ for cumyl radicals. 
'p Hydrogen(s) of alkyl substituents. 
"From ref. 20. 
'ax = 2.25 at -60°C. 

From this simple treatment, some qualitative predictions can 
be made. For the P-spin donors, the stabilization energy will 
depend on the energy of the lone pair. As the energy of the lone 
pair decreases, the ionization potential increases, and the con- 
tribution of the valence bond structure in Fig. la will decrease. 
This rationale leads to the prediction that the order of increasing 
spin delocalization should be -F < -C1 < -OR < -SR, 
which is the order observed. 

Similarly, as the energy of the IT (or u)-orbital of the a -  
acceptors decreases, spin delocalization in the benzyl radical 
also should decrease. This, again, leads to the correct qualita- 
tive prediction that, for these substituents, spin delocalization 
should increase in the order -CF3 < -CH3 < -CN < 
-COR. The para-CF3 and para-CH3 substituents are consid- 
ered to be a-acceptors since interaction with filled u-orbitals is 
possible. In this case, the stabilizing effect of course will be 
much smaller since the energy separation between these or- 
bitals is much greater (1 1). 

This approach assumes that hydrogen as a substituent has no 
stabilizing effect. As a result, the relative stabilization of the 
benzyl radical by a para substituent can be predicted, but it is 

impossible to predict a priori where hydrogen will fit in the 
series. Furthermore, it is not possible to rank the relative effect 
of the P-spin donors against the a-spin acceptors. 

So far, only effects on the IT-system have been considered; 
effects on unpaired electron delocalization through the u- 
framework have been ignored. Since the meta substituents do 
not interact directly with the benzylic carbon through the 
IT-system, these substituted radicals can be used to assess the 
effect of substitution on delocalization in the u-framework. 

Most of the meta substituents delocalize spin density less 
effectively than the unsubstituted benzyl radical (u: < 0). This 
can be explained in terms of an inductive effect. Correlation of 
the a-H hfc's with u,,, in fact, gives a straight line with a slope 
of 0.6 having a correlation coefficient ( r )  of 0.927 with the 
ten available points (Fig. 2). The correlation of the meta- 
substituted derivatives with u,, also was noted by Creary from 
his study of the rearrangement of 2-aryl-3,3-dimethylmethyl- 
enecyclopropanes (12). This correlation can be related to the 
electrophilii nature of the radical. 

The decreased delocalization by inductive withdrawal of 
electrons must not be unique to the meta substituents. The three 
para substituents which lead to decreased delocalization (rela- 
tive to the unsubstituted radical) are all inductively with- 
drawing substituents; the u values for para-CF3, para-F, and 
para-0COCH3 are 0.53, 0.15, and 0.3 1 respectively (1 3). 
Certainly, in the case of para-F and para-CF3, delocalization 
involving the IT-system is expected to be small (14). 

The decrease in spin delocalization as substituents become 
more electron withdrawing in nature should not come as a 
complete surprise. The electrophilic nature of the benzylic rad- 
ical is well known (15) and, while this has often been con- 
sidered to be a transition state polar effect (16), it is not unrea- 
sonable that the benzyl radical should be intrinsically electron 
deficient. 

The mechanism bv which the inductive withdrawal of elec- 
tron density can lead to a decrease in spin delocalization is not 
so easily visualized. There is an excess of P-charge density at 
the meta position in the benzyl radical. Inductive withdrawal of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. 1. CHEM. VOL. 63. 1985 

TABLE 4. Calculated (INDO) hyperfine coupling constants for some substituted 
benzyl radicals" 

Substituent a1 a2 a3 a4 a5 a6 

"The ratio of the experimental hfc to the calculated hfc is in parentheses. 
'These hfc's depends on the preferred conformation of the C-H bond with respect to the aryl 

ring. 

Cy-H hfc 

(G) 1 
I V N  

OPh 1 cH, :/om, 

the observed "meta effect", it cannot be used to rationalize the 
effect of the three para substituents with negative a,'values. If, 
however, the McConnell relationship applies to the entire 
series of benzyl radicals, the usefulness of the a,' scale as a 
reactivity parameter is not diminished, since relative reactivity 
will be proportional to the a-spin density (in the absence of 
transition state polar effects). 

'The calculated (INDO) hfc's for several meta- and para- 
substituted benzyl radicals are shown in Table 4. The ratio of 
the experimental hfc to the calculated hfc is approximately 
constant for most of the radicals. It is clear, however, that the 
spin distribution in the benzyl radical is not adequately re- 
produced for quantitative evaluation of the effects. The general 
trends are reproduced, but the meta effect is underestimated 
and the decreased delocalization in the para-fluorobenzyl radi- 
cal is not predicted. 

One of the difficulties with the molecular orbital approach is 
that complete geometry optimization of each structure is not 
feasible. The inductive withdrawal of electron density from the 
a-framework may have the effect of lengthening the bond 
between the benzylic carbon and the aryl ring. This of course 
would lead to a decreased orbital overlap between the carbons 
and, consequently, a larger a-H hfc. It has been found, using 
ab initio calculations (STO-3G), that small variations in this 
carbon-carbon bond length have a negligible effect on the 

FIG. 2. Plot of a-H hfc versus a,,, for the meta-substituted benzyl 
radicals. electronic energy of the benzyl radical, but a large effect on the 

spin densitv on the benzylic carbon.' Therefore, there is a 

an excess of p-,-harge density by a substituent can lead to a net possibility ;hat the induciive withdrawal of electron density 

donation of pcharge density by the benzylic carbon into the will result in increased localization of a-spin density at the 
ring. In this case, the apparent decrease in spin delocalization benz~lic position either by decreasing the overlap between the 
would be because of a net withdrawal of P-charge density from interacting centres or by increasing the energy separation be- 
the benzylic position. For inductively donating substituents tween the interacting systems. In other words, the electron- 
such as meta-CH3, the apparent increase in spin delocalization withdrawing groups will lower the energy of the aromatic 
could then be the result of a net increase in P-charge density at n-system (i.e. increase the ionization ~otential), which, from 
the benzylic carbon. 

It should be noted that while this explanation accommodates 3A. M. de P. Nicholas and D. R.  Arnold, Unpublished results. 
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WAYNER AND ARNOLD 238 1 

simple PMO theory, results in a decreased interaction between 
the benzylic carbon and the aromatic system (1 1). This alterna- 
tive explanation should be general for both meta and para 
substitution. 

Other MO calculations by Gey et al. also using model geom- 
etries, failed to adequately reproduce the experimentally deter- 
mined spin distribution or substituent effect (17). Inclusion of 
configuration interaction improved the agreement with experi- 
mental results only slightly. 

While there have been numerous studies of esr spectra of 
alkyl radicals (5, 18), most of these studies have been directed 
towards the investigation of conformational preferences, which 
are influenced by both steric and hyperconjugative interactions. 
While some studies have specifically addressed the question of 
the effect of substitution at the P-carbon on spin delocalization 
( 19), the effect of branching at the a-carbon of an alkyl substit- 
uent on spin delocalization in benzylic radicals is not known. 

TABLE 5. Hyperconjugative interactions of C-H and C-C bonds 
from INDO calculations 

Spin density on the p-atom 

0 (degrees) Ha C Ratio' 

0.0 0.001 1 0.001 1 - 
30.0 0.0072 0.0052 0.67 
60.0 0.0 193 0.0127 0.64 
90.0 0.0255 0.0 163 0.62 

"Hydrogens of the methyl group in the 4-methylbenzyl radical. 
'Carbons of the terr-butyl group in the 4-tert-butylbenzyl radical. 
"Calculated by subtracting the spin density from the spin polarization mech- 

anism (0 = 0) from the spin density on the atom. The ratio of the difference 
is an estimate of the relative contribution of hyperconjugation. 

This understanding is important since many free radical reac- - - -  hR, - - - --+- -- - - plane of 
tions involve this type of intermediate, and since comparison of r lng 

the effect of alkyl substituents on the spin density at the ben- R 
R 

zylic carbon in the radicals to the effect on charge density (as A B 
measured by "Cmr) at the benzylic carbon in the carbocations 
can be made. 

The order of decreasing spin delocalization by a para-alkyl 
substituent in benzyl and cumyl radicals is methyl > ethyl > 
isopropyl > tert-butyl, in accord with the Baker-Nathan order 
of stabilization (Table 2). Similar results have been reported for ' the alkyl substituted cyclopentadienyl radicals ( 19). 

The substituent effects on the P-H hfc in the cumyl radicals 
I (20) are only just outside the quoted experimental uncertainty 
I (k0.03 G) for the entire range (para-methyl to para-tert- ~ butyl). It is, therefore, difficult to draw firm conclusions from 

the differences between, for example, para-methyl and para- 
ethyl or para-ethyl and para-isopropyl. The range of a-H hfc 

I for the benzyl radicals is larger (0.12 G) but, even here, com- ' parisons between adjacent members in the series is difficult. It 
is clear, however, that the difference (>O. 1 G) between para- 

I methyl and para-tert-butyl in both radicals is real. 
It is tempting to attribute all of this effect to a difference in 

hyperconjugative interactions with a C-C bond relative to a 
C-H bond. This, certainly, will not be the case since, as we 
have discussed above, there must be some inductive inter- 
actions. The inductive effects, however, will be comparatively 
small. For example, the increased delocalization, relative to the 
unsubstituted benzyl radical, by a meta-methyl substituent is 
only 0.03 G. If the plot of a-hfc versus u, for the meta- 
substituted derivatives is extrapolated, the predicted a-hfc for 
the meta-tert-butylbenzyl radical is only 0.05 G less than for 
the unsubstituted benzyl radical. Therefore, the ratio of a-hfc 
(tert-butyl)/a-hfc (methyl) will slightly overestimate the rela- 
tive effectiveness of C-C versus C-H hyperconjugation. By 
taking the difference between the para- and the meta- 
substituted derivatives, the ratio of these differences is approx- 
imately 40%, compared to 60% obtained when correction for 

, the inductive effect is not included. A similar upper limit is 
predicted for the cumyl radicals. 

It is also possible to assess the relative importance of C-C 
and C-H hyperconjugation in benzyl radicals from the INDO 
calculations. The calculated spin densities on the carbon atoms 
of the tert-butyl group in the para-tert-butylbenzyl radical and 
on the hydrogens of the methyl group in the para-methylbenzyl 
radical are shown in Table 5. The contribution from spin polar- 
ization is estimated from the spin density at a dihedral angle of 

FIG. 3. Conformational preferences of para-alkyl substituents. (a) 
0 = 90" (b) 0 = 0". 

0" (measured as the angle between the C-X bond and the 
plane of the ring), since there will be no contribution from 
hyperconjugation in this conformation. The results in Table 5 
lead to the prediction that C-C hyperconjugation is about 
65% as effective as C-H hyperconjugation. This compares 
favourably with the ratio estimated from the esr data. 

Hyperfine coupling to the hydrogens of the alkyl substituents 
can give information about the conformational preference of 
the substituent. While the barrier to rotation of the alkyl groups 
is probably small, there will be preferred conformations which 
balance the steric interactions between the P-methyl groups and 
the meta ring hydrogens against the favourable hyper- 
conjugative interactions (21). The magnitude of the P-hfc (of 
the benzylic hydrogens on the alkyl group) follows a sin2 0 
relationship (22), where 0 is the angle between the C-H bond 
and the plane of the ring. Two conformations are generally 
considered (Fig. 3). If an average angle of 45" for the para- 
methyl substituent is used, an approximate equation for the 
P-hfc can be determined (eq. [2]) for the cumyl radicals. 

From this equation an average angle (0) of 30" is estimated for 
the para-ethyl group (at -40°C). This implies that conforma- 
tion A is preferred for this substituent. For the para-isopropyl 
group, an average angle (0) of 27" is calculated. The para- 
isopropyl benzyl radical shows a small but positive temperature 
coefficient (P-H hfc is 2.35 G at -40°C and 2.25 G at -60°C), 
which implies that, for the isopropyl group, conformation B is 
preferred (i .e. 0,,, decreases as the temperature decreases). 

A comparison of the alkyl substituted cumyl radicals to the 
carbocations is now possible. Recently, Brown et al. have 
published the "Crnr spectra of several para-alkyl substituted 
cumyl carbocations, including -methyl, -ethyl, -isopropyl, and 
-tert-butyl (23). It was found that, in contrast to gas phase 
studies (4, 5) in solution, the stabilization by alkyl substituents 
follows the Baker-Nathan order. The differences between the 
gas phase and solution studies were attributed to a greater 
inductive contribution to the stabilization of the carbocation in 
the gas phase. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2382 CAN. I.  CHEM. \ 'OL. 63, 1985 

TABLE 6. I3C-SCS of aryl ring carbons in 4-alkyl cumyl carbocations 
and monoalkyl benzenes" 

Substituent 
Aryl ring 

carbon H Me Et i-Pr t-Bu 

C,  Cumyl 
benzene 
I3C-SCS 

C2.6 Cumyl 
benzene 
13C-SCS 

C3.5 Cumyl 
benzene 
I3C-SCS 

C4 Cumyl 
benzene 
I3C-SCS 

"Data for monoalkylbenzenes taken from ref. 24. For clarity the aryl carbons 
are numbered such that the substituent is bound to C4. 

The "Cmr spectra of the para-methyl, para-ethyl, para- 
isopropyl, and para-tert-butyl cumyl carbocations had also 
been measured in this laboratory. The observed chemical shifts 
are similar to those reported by Brown et al. (Table 3). How- 

l ever, our measurements were performed at -40°C, the same 
temperature used in the esr study. While we agree with the 
conclusions drawn by Brown and his co-workers, i.e., the 

, Baker-Nathan order of stabilization is followed for the cumyl 
I carbocations, there are other features of the 13Cmr spectra 
1 which are noteworthy. 

If the chemical shifts of the meta-methyl and meta-tert-butyl 
groups are interpolated from the plot of F1% versus ui, treat- 

I ment similar to that used above for the radical indicates that 
C-C hyperconjugation is 75-90% as effective as C-H hy- 
perconjugation. This compares very well with the 80% esti- 
mated by Brown et al. in their previous study of the solvolysis 
of cumyl chlorides (3). 

Although the upfield shift of the C+ chemical shift indicates 
that the cumyl carbon is becoming more shielded from para- 
tert-butyl to para-methyl, the effects on the ring carbon chem- 
ical shifts in some cases are in the opposite direction. The 
I3C-SCS (substituent chemical shift) for the ring carbons of 
the cumyl carbocations and the monosubstituted alkyl ben- 
zenes (24), relative to the respective unsubstituted deriva- 
tives, are shown in Table 6. The differences between the two 
sets of numbers reveal an interesting trend. For C, and C2,$ the 
differences indicate that there is no substituent effect on the 
carbocation beyond that expected by substitution of an alkyl 
group alone. On the other hand, C 3 ,  shows an increasing effect 
while C, shows a decreasing effect. Furthermore, the differ- 
ence in I3C-SCS at C4 is between 8 and 10 ppm, with methyl 
causing the greatest downfield shift and the other alkyl groups 
causing progressively smaller downfield shifts. These effects 
are another indication that C-H hyperconjugation is more 
effective than C-C hyperconjugation; in fact, this appears to 

I be an even more sensitive probe than the chemical shift at C+. 
I As the I3C-SCS at C4 decreases from methyl to tert-butyl, the 

chemical shifts of the alkyl carbons shift downfield. This also 
indicates that hyperconjugation to hydrogen is more effective 
than to carbon, since increasing the number of P-methyl groups 
results in less charge delocalization from C',, thus causing a 
downfield shift. The increased charge at C', would certainly be 
transmitted to CIS. 

Conclusions 
The substituent effects on benzyl radical hfc's can be ration- 

alized by simple perturbation molecular orbital theory. The 
interactions in the para-position will be predominantly either 
two-orbital, three-electron interactions, if the substituent has a 
lone pair of electrons; or three-orbital, three-electron inter- 
actions, if the substituent is unsaturated. With substitution in 
the meta position, the a-H hfc's correlate positively with a,,,,, 
indicating that the benzyl radical is intrinsically electrophilic. 

The esr spectra of the para-alkyl substituted cumyl radicals 
indicate that the Baker-Nathan order of stabilization is fol- 
lowed. It is suggested that C-C hyperconjugation is from 
40-60% as effective as C-H hyperconjugation for de- 
localizing spin density. 

From the "Cmr spectra of the para-alkyl substituted cumyl 
carbocations, it is found that the-~aker -~a than  order of sta- 
bility is followed and that C-C hyperconjugation is 75-90% 
as effective as C-H. 

Experimental 
General information 

The esr spectra were recorded on a Varian Associates E 109 B 
electron paramagnetic resonance spectrometer equipped with a liquid 
nitrogen variable temperature accessory. All spectra were recorded 
with the aid of the Nicolet 1170 signal averager. Typically, sixteen 
spectra were averaged (2 min per spectrum). Coupling constants were 
measured directly from the oscilloscope and refined by computer 
simulation (8) using the IBM-PC. All spectra were reproducible with- 
in the experimental uncertainty. The estimated uncertainty of k0.03 
G is the limit of resolution of the recording device used to plot the 
experimental spectra and the simulations. The 'Hmr spectra were 
recorded on a Varian T-60 spectrometer and are reported in parts per 
million downfield from TMS. The I3Cmr spectra of the cumyl cations 
were referenced with respect to external acetone-da, which has a 
chemical shift of 207.1 ppm downfield from TMS at -40°C. All 
13 Cmr spectra were measured with the Atlantic Region Magnetic 

Resonance Centre Nicolet 360-MHz nmr spectrometer. 
Di-tert-butyl peroxide (DTBP) and triethylsilane were obtained 

from Pfaltz and Bauer Inc. and were used without further purification. 
Hexamethylditin was obtained from Alpha Products and used without 
further purification. para-Methoxyacetophenone (PMA) was obtained 
from Aldrich Chemical Company Inc. and was recrystallized twice 
from 95% ethanol prior to use. Chlorobenzene (J. T. Baker Chemicals 
Inc.) was stirred over concentrated sulphuric acid, washed succes- 
sively with water, saturated sodium bicarbonate, and water, dried over 
anhydrous magnesium sulphate, and distilled through a Vigreux 
column. 

Preparation of benzyl bromides 
The method of Grice and Owen (25) was used for the conversion of 

substituted benzyl alcohols to the bromides. Typically, the benzyl 
alcohol (0.02 mol) was dissolved in benzene (100 mL). Hydrogen 
bromide gas was passed through the solution for 1 h or until the 
solution was saturated. The reactants were heated to reflux and the 
water which formed was removed via a Dean-Stark trap. The solution 
was then dried over anhydrous magnesium sulphate, filtered, and the 
solvent removed at reduced pressure. The bromide was then purified 
by sublimation. Preparation and purification of the cumyl bromides 
have been described previously (7, 10). 

para-Ethylbenzylbromide 
The crude product was purified by vacuum distillation (88°C at 1 

Torr; 1 Torr = 133.3 Pa) to give a 70% yield of the bromide (26); 
'Hmr (CDCI,): 7.18 (m, 4H), 3.80 (s, 2H), 2.65 (q, 2H), 1.23 (t, 3H). 
para-(2-Propy1)benzylbromide 
The product was purified by vacuum distillation (62°C at 0.02 Torr) 

to give a 73% yield of the bromide (27); 'Hmr (CDCI3): 7.17 (m, 4H), 
4.38 (s, 2H), 2.87 (m, IH), 1.22 (d, 6H). 
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WAYNER AND ARNOLD 2383 

Electron spin resonance experiments 
Toluenes 
A static solution of DTBP (0.5 mL) and the toluene (100 mg) with 

PMA (45 mg) was irradiated in the esr spectrometer cavity using a 
filtered (methanol in a quartz tube) 1-kW Xe-Hg high-pressure lamp. 
Temperatures were controlled between 20°C and -60°C (depending 
on the solubility), with the majority of the samples examined at 
-40°C. All samples were purged with nitrogen for 5 min prior to 
irradiation. 

Benzylbromides 
Two methods were used to generate the benzyl radicals from the 

bromides. In method 1, a static solution of DTBP (0.2 mL), triethyl- 
silane (0.2 mL), and the bromide (50- 100 mg), diluted if necessary 
with chlorobenzene, was purged with nitrogen and irradiated as de- 
scribed above in the esr spectrometer cavity. In method 2, a solution 
of the bromide (50- 100 mg) in tert-butylbenzene or chlorobenzene 
was continuously purged while hexamethylditin (0.1 rnL) was injected 
via the nitrogen purge tube. It was necessary to have a glass wool plug 
in the purge tube to filter the hexamethylditin. This solution was 
irradiated as described above. The use of chlorobenzene allowed cool- 
ing of the sample to temperatures as low as -20°C without precipita- 
tion of the hexamethylditin. 
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JOSYANE GHARBI-BENAROUS, MARTHA S. MORALES-RIOS ET GILBERT DANA' 
Laboratoire de Sttrtochirnie Rtactionnelle, Brit. F, Universitt Pierre et Marie Curie, 

4 place Jussieu, 75230 Paris Ctdex 05,  France 

R e p  le 12 septembre 1984 

JOSYANE GHARBI-BENAROUS, MARTHA S. MORALES-RIOS et GILBERT DANA. Can. J. Chem. 63, 2384 (1985). 
A partir de dtrivCs dihydro-2,3 furanniques, on prtpare successivement les bromhydrines et les bromobutyrolactones 

correspondantes. Une mtthode d'tquilibration de ces dernikres par solvolyse dans le DMF est dtcrite. Les divers sttrCo- 
isomtres sont sCparts et CtudiCs a I'ttat pur. Une rtaction d'tlimination catalyske par les bases faibles (LiBr) conduit au 
buttnolide correspondant avec un excellent rendement lorsqhe la lactone comporte un substituant en CP. La rtaction se produit 
quelle que soit la configuration de l'isomkre de dtpart. Une application de la reaction est dCcrite avec la synthkse stCrtostlective 
du y-diol du titre avec un rendement total supCrieur a 85%. 

JOSYANE GHARBI-BENAROUS, MARTHA S. MORALES-RIOS, and GILBERT DANA. Can. J. Chem. 63, 2384 (1985). 
Starting from 2,3-dihydrofuranic compounds, we prepare the corresponding a-bromohydrines and a-bromo-butyrolactones. 

A solvolytic method of equilibration of these bromolactones in DMF is described. All the stereoisomers are separated and 
studied. With a CP substituant, the elimination promoted by a weak base (LiBr) gives the A2 butenolide in good yield, whatever 
the starting isomer configuration may be. An application is given with the stereoselective synthesis of a trisubstitued ethylenic 
y-diol with a Z configuration. 

Au cours de nos ttudes concernant la dtshydratation des 
a-diols tthyltniques, nous avons montrt que les diols du type 
1 peuvent conduire de f a~on  quasi-exclusive (1) a des com- 
posts dihydro-2,5 furanniques 2. Rtcemment, nous avons mis 
en tvidence l'existence d'un intermtdiaire rtactionnel, l'a-diol 
tthyltnique 3 de configuration E, isomkre de 1 (2) dont la 
formation semble nkcessiter le passage par un y-diol insaturt, 
de type 4,Z ou 4,E. 

Suivant sa configuration, ce diol 4 pourrait &tre un prtcur- 
seur direct de 2 (isomkre 2 )  ou un prtcurseur de 3 qui Cvolue 
ensuite en 2 (2). Dans le present memoire nous dtcrivons une 
synthbe stlective et aiste du mtthyl-2 phtnyl-1 butkne-2 diol- 
1,4 (4, Ar = C6H5) de configuration Z. 

Cette synthkse consiste principalement a prtparer, i partir 
des deux dtrivts dihydro-2,3 furanniques 5 et 6 (3, 4), le 
buttnolide 7 (schtma 1): on forme d'abord les bromhydrines 
correspondant aux dtrivQ dihydrofuranniques 5 et 6; par oxy- 
dation ces bromhydrines donnent acces h des butyrolactones 

( a-bromtes dont la dtbromhydratation en A'-butholide s'est 
avtrte facile. La rtduction de ce buttnolide en diol4 de confi- 

I 
guration 2 ,  a t t t  rtaliste par action de LiAlH4. 

Nous discuterons la sttrtochimie des difftrentes &apes de 
I f a~on  21 montrer comment, partant du mtlange des deux dtrivts 

dihydrofuranniques 5 et 6 et obtenant successivement un me- 
lange de 8 bromhydrines et de 4 bromolactones, nous avons pu 
prtparer dans de bonnes conditions le buttnolide 7 et, donc he 
f a~on  rapide, efficace et sttrtos~lective, le diol 4,Z. 

' Auteur a qui adresser la correspondance. 

LiBr LiAIH. - 4,z 

I .  Prkparation des bromhydrines 
Le N-bromosuccinimide (NBS), en solution dans le 

dimethyl-sulfoxyde (DMSO) anhydre (5) rtagit habituellement 
sur les oltfines pour former des dtrivts dibromts. En prtsence 
d'humiditt, le DMSO intervenant comme rtactif (6) en m&me 
temps que solvant, conduit gtneralement par addition anti aux 
bromhydrines correspondantes, de f a~on  sttrtostlective (6,7). 

Avec les dtrivts dihydrofuranniques 5 et 6, le NBS en solu- 
tion dans le DMSO humide conduit au melange des cis et trans 
bromhydrines (schtmas 2 et 3). 

L'ion bromonium intermtdiaire est en effet en tquilibre avec 
un carbocation fortement stabilist par les doublets libres de 
l'oxygkne. La sttrtochimie de la rtaction rappelle tout a fait 
celle observte lors de l'ttude d'autres additions tlectrophiles 
sur des tthers d'tnols, lintaires (8) ou cycliques (9, 10). 
Comme pour les cas analogues de l'addition du chlore ou du 
brome (9, 1 l ) ,  l'entrte initiale du rtactif tlectrophile se fait de 
f a~on  largement prtpondtrante par la face a ,  opposte au noyau 
benztnique (-90%). Finalement chacun des composts dihy- 
drofuranniques 5 et 6 conduit 21 un mtlange ou prtdominent 
deux bromhydrines tpimkres (8a et 8b  pour 5 et 10a et l o b  
pour 6 ,  schtma 3). 

La rtaction est effectute i temperature ambiante sur le com- 
post dihydrofurannique 5 pur (4) ou sur des mtlanges 5 et 6 (3) 
diversement enrichis en 6 (50 i 70%). Les bilans sont ttablis 
par rmn du proton 80 MHz sur les produits bmts de la 
rtaction; les spectres de certains isomeres purs ont t t t  repris i 
250 MHz (tableau 1). 
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GHARBI-BENAROUS ET AL. 2385 

Me Me Me Me 
DMSO 

Ph Ph 
5 + 6  

N.B.: Nous designerons par a les substituants sur la face opposCe au 
phCnyle et par P les substituants sur la mCme face que le phCnyle: a, 
X = OHP; b, X = OHa 

Par cristallisation (Cther de pCtrole), on isole aisCment la 
bromhydrine 10a (F = 132°C). Les diffkrents isombres peu- 
vent Ctre &parks par chromatographie en couche mince (ccm) 
sur silice, aprbs acktylation. Les spectres rmn de chaque bro- 
mhydrine et de son acCtate sont discernables principalement par 
le diplacement chimique du proton H2, plus dCblindC de 0.7 2 
1 ppm dans les acCtates (tableau 1). 

L'attribution des structures des differentes bromhydrines est 
effectuCe d'une part grhce a l'analyse des couplages observCs 
en rmn du proton (9, 12) et d'autre part grhce 2 1'Ctude des 
lactones prCparCes pour 1'Ctape suivante de la synthbse. Nous 
verrons que cette oxydation supprime le centre asymktrique 
hCmiacCtalique sans altCrer la configuration du carbone voisin, 
porteur du brome; l'analyse du melange de lactones obtenues 
(schCma 5) indique donc directement I'importance relative des 
attaques tlectrophiles par la face opposCe au phCnyle (face a )  
ou du c6tt du phCnyle (face P), pour chacun des composCs 
dihydrofuranniques 5 ou 6 .  I1 apparait que 10% environ d'en- 
trCe de 1'Clectrophile BrC se fait par la face P du dihydro- 
furanne, quelle que soit I'orientation du mCthyle en 3. I1 peut 
paraitre surprenant que la prksence du mCthyle sur l'une ou 
l'autre face du cycle dihydrofurannique intervienne aussi peu 
au cours de I'etape d'approche du rCactif Clectrophile. 

I1 nous a alors paru intkressant d'examiner le cas du dCrivC 
dihydrofurannique 12, non mCthylC en 3. On obtient de nou- 
veau un mtlange de 4 bromhydrines (schtma 4) puis de deux 
lactones (schCma 5 )  plus facilement analysable par rmn. On 
note alors que la lactone rksultant de l'approche de 1'Clec- 
trophile par la face la plus encombrke 20 reprksente 25% du 
mklange. Apparemment, le methyle en 3 intervient de fason 
complexe dans le problkme de l'approche des rCactifs, modi- 
fiant par un effet conformationnel, I'orientation du phCnyle. 

I I .  Prkparation des lactones bromkes 
Aprbs extraction a l'Cther, le melange brut des bromhydrines 

est oxydC a I'aide du rCactif de Jones (13). On obtient avec un 

fiBr aBIH 
DMSO 

Ph Ph 0 OH Ph 

rendement de 96 2 98% par rapport aux dCrivCs dihydro- 
furanniques 5 et 6 de depart, un melange de lactones bromCes 
stparables par ccm. La composition du mClange reflbte a la fois 
celle des dihydrofurannes 5 et 6 de dCpart et, pour chacun, le 
pourcentage d'attaque Clectrophile par l'une ou I'autre face du 
cycle dihydrofurannique. Nous avons pu en effet montrer que 
les bromhydrines 8 B 11 donnent respectivement les lactones 15 
a 18. 

Au cours de 1'Ctape suivante de la synthbse (dibromhy- 
dratation des lactones), nous avons mis en Cvidence une me- 
thode simple d'kquilibration de ces bromolactones par Cpi- 
mCrisation du brome en a du carbonyle. Cette rCaction permet 
d'acctder aux isombres 16 et 18 en quantitC notable et de 
connaitre la composition des mClanges a I'Cquilibre (16/15 = 
23 :77 et 18/17 = 56 :44). Nous avons pu alors vtrifier que 
I'oxydation par le reactif de Jones de bromhydrines pures ou 
diversement enrichies donne bien les lactones correspondantes 
et que ces lactones, hors d'equilibre, n'Cvoluent pas dans le 
milieu rCactionne1 . 

Les structures de ces lactones sont Ctablies par rmn du proton 
(interprktation des dCplacements chimiques et des couplages) 
(tableau 2). 

Un certain nombre d'analyses cristallographiques de 
y-lactones (14) a montrC que I'hCtCrocycle adopte une con- 
formation enveloppe dans laquelle le carbonyle, I'oxygkne 
httCrocyclique ainsi que les deux carbones voisins (C2 et C4) 
sont coplanaires. Si la m&me situation prCvaut dans notre cas, 
les lactones 15 a 18, en solution, doivent se trouver dans un Ctat 
d'tquilibre conformationnel entre deux formes enveloppes non 
Cquivalentes. 

L'Ctude des constantes de couplage vicinal J(H2H3) et 
J(H3H4) en rmn du proton, 1'Ctude du diplacement chimique 
de l'hydrogkne H4 ethu mCthyle 3 permettent, en mCme temps 
que la confirmation de structure des diffkrentes lactones bro- 
mCes, le choix Cventuel des conformations privilCgiCes. 

Lorsque le mCthyle est cis par rapport au phhyle, son dC- 
placement chimique est de I'ordre de 0,7 a 0,8 ppm alors que 
pour les isombres trans, le mtthyle apparait au dessus de 1 
ppm. Ceci est sans doute liC, comme dans le cas des dCrivCs 
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dihydro (15) et tktrahydrofuranniques (16) analogues, B l'ani- 
sotropie du phCnyle dont la rotation est gCnCe par la proximitk 
des substituants en 3. Pour la mCme raison, I'hydrogkne H4 est 
simultankment dCplacC en sens inverse (tableau 2). On peut 
alors noter que dans cette sCrie de lactones bromtes le couplage 
J(H3H4) cis est plus petit que J(H3H4) trans indeendamment 
de I'orientation du brome, ce qui rCsulte probablement d'une 
abondance relativement grande des conformations 17a et 18a 
(fig. 1) comportant deux hydrogknes H3 et H4 trans diaxiaux. 

En ce qui concerne le couplage J(H2H3), une grande valeur 
(1 1,5 Hz pour 18) peut Ctre associte B une orientation diaxiale 
des deux hydrogknes trans alors qu'une petite valeur (3,5 Hz 
pour 15) peut Ctre associCe leur orientation biequatoriale (fig. 
1). Les valeurs de couplages cis (de type Cquatorial-axial) sont 
intermtdiaires (tableau 2). I1 est donc probable que la lactone 
15 se trouve dans la conformation 15a prkdominante dans 
laquelle le phCnyle Cquatorial, en raison de son encombrement 
stCrique et le brome axial, en raison des effets dipolaires (17) 
sont ie plus B l'aise; le mCthyle doit alors s'accommoder d'une 
orientation axiale. De mCme, la lactone 18 doit Ctre dans la 
conformation 18a predominante avec phCnyle et mCthyle Cqua- 
toriaux, le brome devant alors s'accommoder d'une orientation 
pseudo-tquatoriale. Pour les deux autres lactones, la rmn ne 
permet pas de choisir une conformation prCpondCrante. On 
peut nCanmoins penser que la lactone 17 se trouve dans sa 
conformation 17a de fason probablement exclusive, ayant a la 
fois les substituants volumineux phCnyle et mCthyle, Cqua- 
toriaux (J(H3H4) grand) et le substituant polaire brome, en c-w 
du carbonyle, axial. Dans le cas de la lactone 16, il est probable 
que les deux conformations participent B 1'Cquilibre. 

I1 rCsulte de cette analyse que l'on doit s'attendre a ce que la 
lactone 17 et dans une moindre mesure, 16 (grice a sa con- 
formation 16b) soient les isomkres les plus aptes B subir 
1'Climination E2. 

III. Obtention du butknolide 7 
11 Ctait alors important de trouver des conditions Cqui- 

librantes de dkbromhydratation, de fason que les isomkres 15 
et 18 ne soient pas perdus pour la synthkse. 

Les sels de lithium (LiCl, LiBr. . .) employCs comme nu- 
clCophiles dans des solvants polaires aprotiques permettent 
d'accCder B des doubles liaisons conjuguCes Q des groupes 
attracteurs par un mecanisme dlClimination bimolCculaire (1 8). 

Or il est connu que certains solvants aprotiques sont capables 
d'Cpimtriser une bromocCtone en milieu non Cnolisant (17) et 
que le DMF est le meilleur solvant pour les solvolyses en 
milieu aprotique (18b, 18c). 

Nous avons donc soumis le melange des bromolactones 
prCcCdentes, en solution dans le DMF anhydre, h l'action de 
LiBr et obtenu le A2 butCnolide correspondant 7, facilement 
identifiable par ses propriCtCs spectroscopiques (ir, rmn) (19). 
Le procCde est rapide et efficace puisque le butCnolide est 
obtenu avec un rendement de 95% en I h B 120°C, indtpen- 
damment de la configuration de la bromolactone de dCpart. Le 
produit brut de la reaction d'oxydation par le rCactif de Jones 
peut donc Ctre utilisC sans inconvinients. 

I1 Ctait alors intCressant d'examiner le comportement de cha- 
cun des isomkres des bromolactones (sCparCs par ccm) dans le 
mCme milieu (solution dans le DMF), B 60 ou 70°C en prt- 
sence ou en l'absence de LiBr. 

En l'absence de LiBr, on observe que les deux couples de 
lactones (15, 16 d'une part et 17, 18 d'autre part) ont des 
rCactivitts nettement diffkrentes. L'Cquilibre 15 G 16 s'Ctablit 
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GHARBI-BENAROUS ET AL 

TABLEAU 2. Spectres rmn ('H) des brornolactones effectuCs h 80 MHz en solution dans CDCI3 (TMS 
interne, 6 en pprn, J en Hz) 

plus lentement et il faut attendre environ 5 jours 60°C pour (20) ou la variCtC de leur proprietks physiologiques (21). Un 
atteindre une composition voisine de 1'Cquilibre: 15/16 = certain nombre d'halolactones (22) prisentent Cgalement un 
80:20 2 partir de 15 ou 15/16 = 74:26 a partir de 16. Au grand intCrCt au point de vue synthkse. Nous avons, quant a 
contraire 1'Cquilibre 17 18 est atteint en moins de 12 h a nous, utilisC le butCnolide 7 pour prkparer le y-diol 4, de 
60°C: 17/18 = 42 : 58 a partir de 18 et 17/18 = 45 : 55 a partir configuration Z .  
de 17. Cette kquilibration dans le DMF peut en fait -s9ac- 
compagner d'une lente Climination en butknolide 7. On observe 
que cette nouvelle reaction est plus rapide pour les lactones 15 
et 16 que pour 17 et 18. C'est ainsi qu'a 70°C, en 1 jour, 15 
et 16 ont donnC 44% de butCnolide alors que 17 et 18 n'en ont 
donnCe que 6%. 

En prksence de LiBr, on observe les mCmes rCactions 
d'kquilibration et d'klimination; la rkactivitk relative des diffC- 
rents isomkres reste la mCme qu'en l'absence de LiBr, avec 
toutefois des vitesses fortement accrues par la prksence du 
catalyseur. Ainsi, avec une solution environ 0,15 molaire de 
LiBr dans le DMF, a 70°C en 1 h, les isomkres 15 ou 16 ont 
donnC 35% de butknolide alors que 17 ou 18 n'en ont donnk que 
8%, les lactones rCsiduelles Ctant dans un rapport 15/16 = 
70 : 30 dans le premier cas et 17/18 = 60 : 40 dans le deuxikme 
cas, it partir de chacun des quatre isomkres purs. 

On peut donc penser que dans le DMF pur, seules les rCac- 
tions de solvolyse ont lieu, alors qu'en presence des ions Br- 
apparait la possibilitk supplCmentaire des rkactions bimo- 
ltculaires SN2 et E2. 

Une Ctude plus dCtaillCe sur le mCcanisme de l'klimination et 
de I'isomCrisation des bromolactones sera prksentte dans un 
prochain mtmoire. Nous y dkcrirons notamment les difficultks 
rencontrkes dans le cas des lactones non mCthylkes 19 et 20. 

En conclusion, pour ce qui concerne la prkparation du 
A2-butknolide 7, nous avons pu en realiser une synthkse intk- 
ressante en trois Ctapes simples et quantitatives, ne nkcessitant 
pas la purification ou la s6paration des produits intermkdiaires. 
On sait tout 1'intCrCt que suscite ce type de molCcules en raison 
de l'abondance des butknolides parmi les substances naturelles 

IV.  Prkparation du y-diol4,Z (Ar = C6H5) 
Par analogie avec la rkduction d'autres y-lactones (23) la 

rtduction du butCnolide 7 par LiAlH, en suspension dans 
1'Cther nous a fourni de f a ~ o n  tout a fait selective le y-diol 
insaturC 4 de configuration Z ,  avec un rendement de 90%. Le 
diol est purifiC par cristallisation dans le mClange benzkne - 
Cther de petrole (10:90) ( F  = 75°C) et caractCrisC par ses 
propriCtCs spectroscopiques. Son isomkre E ( F  = 122- 125°C) 
a CtC rCcemment isolk et dCcrit (24). 

Le diol de configuration Z obtenu se distingue aisCment de 
son sttrCoisom&re E par le fait que les deux protons du groupe 
CH20H terminal ne sont pas magnktiquement Cquivalents en 
rmn. Le centre asymktrique Ctant skparC du CH2 par la double 
liaison, on assiste a un phCnomkne de diastCrkotopie lointain 
qui tient sans doute a la possibilitC d'une liaison hydrogkne 
forte. 

Cette structure ne peut Cvidemment pas exister pour l'iso- 
mere E (24). Le spectre ir, effectuC en solution 5 X 

molaire dans CC14 montre une raie fine a 3625 cm-' et une 
bande large a 3460 cm-', l'aspect du spectre Ctant tout a fait 
analogue a celui des y-diols saturks dkja dkcrits (25). 
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En spectrographie de masse, on note Cgalement des diffC- 
rences spectaculaires dans les spectres d e  fragmentations des 
isomkres Z et E. Alors que l'isomere E est dCcrit (24) comme 
ne prksentant pas d e  pic a m l e  = M - 18, nous trouvons pour 
l'isomkre Z que ce fragment donne le pic d e  base ( m l e  = 
160: 100%). D'autres pics intenses (159, 145, 116, 115, 105) 
n'existent pas pour l'fsomere E et nous avons montrC par fi- 
liation (dCfocalisation d e  mktastables) qu'ils proviennent du 
fragment M - 18. 

Partie experimentale 
Ce travail a CtC effectut a I'aide du mattriel de spectroscopie et du 

Laboratoire de Microanalyse du Centre de Spectrochimie de Paris- 
Centre. 

Les spectres rmn 'H et I7C ont Mt effectuts sur spectrographe 
Bruker WP-80 et WP 250, en solution dans CDCI?. Les dtplacements 
chimiques sont exprimts en 6 par rapport au tttramtthylsilane utilist 
comme rtftrence interne. Les constantes de couplage sont exprimees 
en hertz. 

Les spectres de masse ont kt6 rtalists avec le spectromktre Kratos 
MS50, les pourcentages des difftrents ions ttant exprimes en % 
d'abondance relative. Les spectres ir sont faits en film liquide a l'ttat 
pur, ou en pastille KBr sur un spectrographe Perkin-Elmer modkle 
357. Les points de fusion ont Ctt dttermints sur le bloc Kofler. 

Pr<paration des bromhydrines 
A une solution refroidie a 10°C de 1 g (6,2 mmol) du mtlange 

environ I :  l des dtrivts dihydrofuranniques 5 + 6 (3) dans 5 mL de 
DMSO additionnt de 223 mg d'eau (2 equivalents), on ajoute sous 
atmosphkre d'azote et sous agitation tnergique, en une fois, 2,2 g de 
NBS. Au bout de 2 h 3 min, la solution s'tchauffe ltgkrement et 
devient progressivement jaune puis orange. L'agitation est maintenue 
I0 a 15 min. On ajoute alors une douzaine de mL d'eau bicarbonatte. 
La solution s'tclaircit. On I'extrait a I'tther. Aprks stchage et tvapo- 
ration de I'tther, le produit obtenu (1,57 g; rendement 98%) sera 
utilist pour I'oxydation en lactone. 

Le rendement est analogue a partir du dtrivt dihydrofurannique cis 
6 pur (4). 

Hydroxy-2P bromo-3a me'thyl-4a phtnyl-5P te'trahydrofuranne 
(ZOa), F = 132°C 

On dissout dans 5 mL d'tther, 850 mg de bromhydrines obtenues 
a partir du mtlange 5 + 6. Par addition progressive d'tther de petrole, 
on obtient un prtcipitt que l'on filtre (280 mg) et recristallise dans le 
m&me solvant: c'est I'isomkre 10a ( F  = 132°C); ir: les bromhydrines 
prksentent toujours une bande caracttristique VOH = 3400 cm-' in- 
tense; rmn 'H: tableau 1; "C: 12,4 (Me), 103,2 (C2), 60,s (C3), 43,8 
(C4), 87,3 (CS), 128,3 (C,), 127,l et 128,s (C,, .); masse mle: 256 
et 258 (Mz: 2%), 177 (29%), 77 (48%), 7 1 (100%). Anal. calc. pour 
CIIHI3OZBr: C 51,36, H 5,09, Br 31,lO; tr.: C 50,92, H 5,19, 
Br 30,79%. 

Pre'paration des ace'tates des bromhydrines 
On dissout 200 mg des bromhydrines dans le mtlange anhydride 

acktique - pyridine (2 mL: 1 mL). Aprks 12 h a temperature ambiante, 
on hydrolyse et on extrait a I'tther. Les acetates ont Ctt purifits par 
ccm (Ctherltther de pttrole 20:80). L'isomkre 10c (X = OAcP) 
cristallise (Cther de pttroleltther, F = 93°C). 

Acetoxy-2P bromo-3a me'thyl-4a phe'nyl-5P te'trahydrofuranne 
(lOc), F = 93°C; ir (cm-I): 1750 (vc=o), 1270 (vCPO); rmn 'H: 
tableau 1; masse mle: 239 et 241 (7%: M t  - 61), 131 (88%), 91 
(35%), 71 (55%), 43 (100%). Anal. calc. pour CI3Hl5O3Br: C 52,18, 
H 5,05, Br 26,70; tr.: C 52,12, H 5,12, Br 26,56%. 

Les bromhydrines dCrivtes de 12 sont prepartes de la m&me f a ~ o n  
et avec des rendements analogues. 

Hydroxy-2P bromo-3a phe'nyl-5P tktrahydrofuranne (13a), F = 
80°C; rmn 'H: 5,65 (H2a), 4,32 (H3P), 2,62 (H4a), 2,58 (H4P), 5,45 
(H5a), 7,35 (H(Ph)), J(H2H3) = 0; J(H3H4a) = 0,s; J(H3H4P) = 
4,25; J(H4aH4P) = - 14,2; J(H5H4a) = 5,9; J(H5H4P) = 10,l.  
Anal. calc. pour CloHI102Br: C49,38, H 4 3 3 ,  Br 32,92; tr.: C 49,48, 

H 4,85, Br 32,62%. 
Acetoxy-2P bromo-3a phinyl-5P tktrahydrofuranne (13c) 
Cet ester est obtenu h partir de la bromhydrine cristalliste prtct- 

dente; rmn 'H: 6,s  (H2), 4,42 (H3), 2,65 (H4a), 2,55 (H4P), 5,55 
(H5), 7,2 (H(Ph)), 2,08 (H(0Ac)); J(H2H3) = 0,6; J(H3H4a) = 0,4; 
J(H3H4P) = 4,25; J(H4aH4P) = -14,4; J(H5H4a) = 5,8; 
J(H5H4P) = 10,2. Anal. calc. pourCI2HI3O3Br: C 50,53, H 4,56, Br 
28,07; tr.: C 50,21, H 4,69, Br 27,75%. 

Pre'paration des bromo-lactones 
Le mtlange des bromhydrines (137 g) obtenu sous forme d'une 

huile claire h partir de 5 + 6 est dissous dans 30 mL d'acttone, puis 
refroidi ?I 0°C. On ajoute alors goutte a goutte, sous agitation, le rtactif 
de Jones (13) (solution de 10,3 g Cr03 dans 30 mL d'eau B laquelle 
on additionne dans la glace 8,7 mL H2S04, d = 1,839) jusqu'h 
coloration rouge persistante. On laisse agiter 10 min puis on ajoute le 
minimum d'isopropanol pour revenir a la coloration verte. L'acttone 
est tvaporte et le rtsidu solide, repris dans I'eau est extrait B I'tther. 
La solution tthtrte est neutraliste (solution de bicarbonate), IavCe, 
stchte et tvaporte. Le produit huileux obtenu (1,56 g) apparait par 
rmn et par ccm comme un mtlange trks propre de quatre lactones bien 
discernables (rendement 97% par rapport a 5 + 6). I1 est utilisable 
directement pour prtparer le buttnolide 7. 

Le mtlange obtenu comporte deux isomkres largement prtdomi- 
nants 15 (dtrivt de 5) et 17 (derive de 6) et cristallise spontantment 
pour donner I'isomkre 15 solide ( F  = 92°C). 

Par isomtrisation dans le DMF, on peut obtenir les deux autres 
lactones 16 et 18 purifiables par ccm sur silice (tther - tther de pttrole 
30:70). 

La formule exacte des difftrentes bromolactones a t t t  confirmte 
par la mesure de la masse exacte de I'ion moltculaire en spec- 
trographie de masse; ir: le spectre ir montre bien la disparition de la 
bande hydroxyle et la presence d'une bande double attribuable au 
groupe carbonyle d'une lactone a halogtnte (26): 1770- 1790 cm-'; 
rmn: tableau 2. 

De la m&me faqon, le dtrivt dihydrofurannique 12 conduit au 
mtlange des deux bromolactones 19 et 20  stparables par ccm. L'iso- 
mkre 19 cristallise aprks purification. A partir de 500 mg de 12, on 
obtient 770 mg de lactones dont on extrait environ 550 mg de cristaux 
( F  = 79°C). 

Pre'paration du me'thyl-3 phe'nyl-4 A2"'-butyrolactone (7) 
Une solution de I g de LiBr dans 8 mL de DMF a Ctt ajoutte B la 

solution de 1,56 g des bromo-lactones prkctdentes dans 35 mL de 
DMF. La solution est agitte pendant 1 h dans un bain d'huile B 120°C, 
sous atmosphkre d'argon. Puis le mtlange rtactionnel est dilut avec 
5 mL d'eau. Le buttnolide extrait h I'tther (l,03 g) est pur. Aprks ccm 
(tther de gtrole  - tther Cthylique 50:50), il reste liquide (rendement 
final 95% par rapport au mtlange 5 + 6 de dtpart); ir: 1760, 1645 
cm-'; rmn 'H: 1,80 (m, 3H), 5 3 7  (m, 1H),5,77 (m, IH); J(H2H4) 
= 0,6 Hz mesurt par dtcouplage du mtthyle. Anal. calc. pour 
CllHI0O2: C 75,86, H 5,74; tr.: C 75,77, H 5,86%. 

Le mime buttnolide a t t t  obtenu partir de 6 pur: a partir de 500 
mg de derive dihydrofurannique 6 de dtpart, on obtient 518 mg de 
buttnolide 7. 

Priparation du phe'nyl-l methyl-2 but2ne-2 diol-1.4 (4) (isomkre Z) 
Une solution de 100 mg de buttnolide 7 dans I'tther anhydre est 

ajoutte lentement a 20 mg d'hydrure de lithium et d'aluminium en 
suspension dans 8 mL d'tther anhydre 0°C. On chauffe 2-3 h a 
reflux sous agitation puis on hydrolyse. L'extraction a I'tther donne 
98 mg du y-diol 4 que I'on recristallise dans le mtlange benzkne - 
tther de pttrole ( F  = 7S°C, rendement: 90% par rapport au mtlange 
5 + 6 de depart). Le m&me rendement a t t t  obtenu sur une preparation 
de 4 g; ir (KBr): 1600 (vCSC); 3360 (voH). Le spectre en solution 
dilute dans CCI, a CtC discutt plus haut; rmn 'H (a 250 MHz, CDC13): 
I ,60 (H(Me), s), 3,O (H(OH), bande large), 4,18 et 4,41 (H4 et H4'), 
5,61 (H3), 5,68 (HI, s), 7,30 (H(Ph)). Les protons H3, H4' foment 
un systkme AMX, 5 250 MHz, avec J(H4H4') = 12 Hz, J(H4H3) = 
6 Hzet 8 Hz; massem/e: 178 (M?: I%), 160(100%), 147 (14%), 145 
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(75%), 131 (47%), 129 (46%), 117 (32%), 115 (28%), 107 (41%), 
105 (85%), 91 (40%); spectre de masse de I'isomkre E (24): 178 (3%), 
147 (18%), 131 (1 I%), 107 (24%), 105 (loo%), 79 (28%), 77 (26%), 
69 (1 I%), 51 (I 1%). Anal. calc. pour ClIHl4O2: C 74,12, H 7.91; tr.: 
C 74,10, H 7,89%. 
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@so Nitration. XXVI.' Nitration of 1,2-dimethyl-4-nitrobenzene. Formation and 
reactions of adducts2 
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ALFRED RSCHER, GEORGE N. HENDERSON, and LOKANATHAN M. IYER. Can. J .  Chem. 63, 2390 (1985). 
Nitration of 1,2-dimethyl-4-nitrobenzene in a mixture of acetic anhydride and trifluoroacetic anhydride gives the di- 

astereoisomers of 4,5-dimethyl-2,4-dinitrocyclohexa-2,5-die acetate (50%), in addition to the 1,2-dimethyldinitrobenzenes. 
In moderate and more strongly acid conditions the adduct gives 4-nitro-, 3,4-dinitro-, and 3,5-dinitro-o-xylene. In neutral and 
weakly acid solutions 4-nitro- and 3,5-dinitro-o-xylene are formed by a radical and a sigmatropic pathway. 'The adduct reacts 
facilely with nucleophiles by allylic substitution to give a 5,6-dimethyl-6-nitrocyclohexa-2,4-dienyl derivative which, in many 
instances, undergoes a second allylic substitution to a new 4,5-dimethyl-2,4-dinitrocyclohexa-2,5-die derivative. De- 
pending on the nature of the introduced substituent, these 2,4- and 2,5-dienyl products may eliminate nitrous acid, under 
the reaction conditions, to give the corresponding aromatic compound. The dienyl acetates undergo acid-catalysed trans- 
esterification to the corresponding dienols. 

ALFRED FISCHER, GEORGE N. HENDERSON et LOKANATHAN M. IYER. Can. J.  Chem. 63, 2390 (1985). 
La nitration du dimtthyl-1,2 nitro-4 benzkne dans un mtlange d'anhydride acCtique et d'anhydride trifluoroacCtique conduit, 

en plus des dimtthyl-1,2 dinitrobenzknes, a la formation des diasttrtoisomkres de I'acktate du dirnkthyl-4,5 dinitro-2,4 
cyclohexadikne-2,5 yle (50%). Dans des milieux modtrtment et plus forternent acides, I'adduit conduit aux nitro-4, dinitro-3,4 
et dinitro-3,5 o-xylknes. Dans des milieux neutre ou Itgkrement acide, les nitro-4 et dinitro-3,5 o-xylknes se foment par un 
mtcanisme radicalaire suivi d'une transposition sigmatropique. Par substitution allylique, I'adduit rtagit facilement avec les 
nucltophiles et il conduit un dtrivt dimtthyl-5,6 nitro-o cyclohexadikne-2,4 yle qui, dans plusieurs cas, subit une deuxikme 
substitution allylique pour conduire i un nouveau dtrivt dirntthyl-4,5 dinitro-2,4 cyclohexadikne-2,5 yle. Dtpendant de la 
nature des substituants introduits, ces produits dikne-2,4 (ou -2,5) yles peuvent Climiner de I'acide nitreux dans les conditions 
de la rkaction &in de conduire i la formation du compost aromatique correspondant. Les acttates de dienyles subissent des 
transesttrifications acido-catalystes conduisant aux ditnols correspondants. 

[Traduit par le journal] 

Nitration at a substituted position, ipso nitration (3), is com- 
petitive with nitration at an unsubstituted position in many 
aromatic compounds. The resulting ipso-nitrocyclohexadienyl 
cation is captured as a relatively stable acetate ester in acetic 
anhydride and can be isolated. In previous work the adduct 
from 3,4-dimethybenzonitrile has been obtained (4). The nitro 
group has directing and deactivating effects similar to those of 
the cyano group and it was anticipated that nitration of 
1,2-dimethyl-4-nitrobenzene (4-nitro-o-xylene) would occur at 
the 2 position, ipso to methyl, to form an adduct. 

Results and discussion 
4-Nitro-o-xylene did not react at all when it was treated with 

nitric acid (5 mol ratio) in acetic anhydride (10 mol ratio) at 0°C 
for 48 h. Substituent constant data indicate that the nitro group 
is more electron withdrawing than the cyano group and this 
accounts for the reduced reactivity of the nitroxylene compared 
with the cyanoxylene. Addition of trifluoroacetic anhydride 
increased the reactivity of the nitrating mixture and the 
4-nitro-o-xylene was then readily nitrated to form 3,4-dinitro- 
(16%), 4,Sdinitro- (12%), and 3,5-dinitro-o-xylene (22%), 
and the diastereoisomers of 4,5-dimethyl-2,4-dinitrocyclo- 
hexa-2,5-dienyl acetate ( l am)  (40% and 10%). The reaction 
products were isolated by chromatography on silica and recrys- 
tallization of appropriate fractions. 

Trifluoroacetic anhydride is a very effective catalyst for the 
nitration reaction and makes possible the nitration of deacti- 
vated substrates. 4-Nitro-o-xylene does not react at all in its 

'For Part XXV, see ref. 1. 
'For a preliminary communication, see ref. 2. 
"uthor to whom correspondence may be addressed. 

absence, and the less deactivated 3,4-dimethylbenzonitrile, 
which reacts with nitric acid in acetic anhydride to the extent 
of 60% in 24 h,  reacts to the extent of 85% in 1 h when 
trifluoroacetic anhydride is added.4 In acetic anhydride nitric 
acid is converted into acetyl nitrate and this is accompanied by 
the formation of acetic acid. The trifluoroacetic anhydride 
would convert the acetic acid into the mixed anhydride and 
release trifluoroacetic acid. Since the nitration reaction is sub- 
ject to acid catalysis ( 3 ,  replacing the weaker acetic acid by the 
stronger trifluoroacetic acid would increase the rate of the reac- 
tion. Alternatively, trifluoroacetyl nitrate might be formed 
which would transfer nitronium ion more rapidly to the sub- 
strate and (or) exist in equilibrium with a higher concentration 
of nitronium ions, which react with the substrate. 

Infrared, nuclear magnetic resonance, and elemental analyt- 
ical data confirmed the presence of the substituents and func- 
tionalities depicted in structure lam. The ultraviolet absorption 
maxima (E-lam 225 nm; Z-lam 227 nm) demonstrated that the 

a X = NOz m Y = OAc 
b X = H  n Y = O M e  
c X = C N  o Y = O H  
d X = A c  p Y = N O z  
e X = B z  q Y = C N  

4D. L. Fyles and A. Fischer. Unpublished work. 
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TABLE 1. Relative gradients (gradient I-OCOCH, = 1.00) of proton 
chemical shifts for diene adducts from the addition of E~(['H~]fod)~ 

Compound 1-H 3-H 4-CH3/4-H 5-CH, 6-H/CH3 

E- lam 1.62 0.24 0.16 0.03 0.70 
Z- 1 am 1.57 0.28 0.09 0.06 0.69 
12m 1.73 0.34 0.22 0.16 0.50 

adducts are non-conjugated cyclohexadienes. Conjugated cy- 
clohexadienes absorb above 250 nm (6). There are three pos- 
sible locations for the double bonds in a non-conjugated cy- 
clohexadiene derived from 4-nitro-o-xylene, the structures for 
which may be described, using the enumeration of the nitro- 
xylene, as 1,4-, 2,5-, and 3,6-dienes. The 2,5-diene would 
have adjacent vinylic protons (5-H and 6-H) and these would 
exhibit a 10-Hz coupling which was not observed in either 
diene isomer. In the 1,4-diene the methyl groups would have 
similar magnetic environments in that each is attached to a 
vinylic carbon of the 1,2 double bond and each vinylic carbon 
is also attached to a tetrahedral carbon bearing a single hydro- 
gen. Both methyl groups would be expected to be similarly 
coupled. However, only one methyl group in each isomer was 
split. Furthermore, the low-field proton, the 5-H in the 
1,4-diene (attached to the other end of the 4,5 double bond to 
which the nitro group is attached), should exhibit a three-bond 
allylic coupling to the adjacent proton ( J  3 2.6 Hz (7)). How- 
ever, in both isomers the low-field proton appeared as a singlet. 
Thus only the 3,6-diene arrangement of the double bonds, that 
shown in structure lam, accounts for the 'H nmr. Furthermore, 
only the 3,6-diene structure is in accord with the I3C nmr 
spectra which exhibited absorptions at 61.4 and 88.9 ppm (E), 
and 60.9 and 87.7 ppm (Z) for the two diastereomers. These 
are characteristic absorptions for saturated carbon atoms. In the 
gated spectra the higher-field absorptions (61.4 and 60.9 ppm) 
were split into doublets ( J  = 155 Hz), indicating that in each 
isomer one of the atoms attached to the higher-field carbon is 
hydrogen, while the lower-field absorptions remained as sin- 
glets, indicating that there is no hydrogen atom attached to the 
lower-field saturated carbon atom. The 1,2-diene structure has 
one hydrogen on both saturated carbon atoms, while in the 
2,5-diene neither carbon has an attached hdyrogen. Although 
the structure, in which the positions of the nitro and acetate are 
interchanged from those depicted in lam, would also account 
for the 'H nmr spectra, it would not account for the I3C nmr 
spectra, which showed that the higher-field carbon atom, and 
therefore the one with acetate rather than nitro attached, is the 
one also attached to the hydrogen. This structure can also be 
rejected on the grounds that, being a secondary nitro com- 
pound, it would eliminate acetic acid exceedingly readily on 
treatment with base and, even if formed, would not have sur- 
vived the work-up process. 

The stereochemistry of the diastereoisomers was assigned 
on the basis of shift reagent effects. Addition of tris- 
( 1,1,1,2,2,3,3 - heptafluoro- 7,7 - [2H,]dimethyl -4,6-[2H3]o~- 
tanedionato)europium(III) shifted the peaks of all protons to 
lower fields (Table 1). In both isomers the magnitude of the 
downfield shift followed the sequence 1-H > OCOCH, > 6-H 
> 3-H > 4-CH3 > 5-CH, in accord with the expectation that 
the magnitude of the shift is a function of the inverse of the 
distance between the europium ion, attached to the acetate 
function, and the proton in question, and supporting the struc- 
tural assignment discussed above. The shift of the 4-CH, pro- 
tons in the major isomer (mp 95"C, eluted first) was markedly 

greater than that of the same protons in the minor isomer (mp 
115"C, eluted second), and thus the E configuration (OAc cis 
to 4-CH,) was assigned to the former and the Z configuration 
(OAc trans to 4-CH,) to the latter. 

Addition of nitronium ion to the 2 position of the substrate 
nitroxylene is the dominant nitration process. This is in accord 
with expectation since the nitro group is meta directing and, in 
o-xylene itself, ipso addition predominates over attack at an 
unsubstituted position (8). ~ h u s ,  that ipso position which is 
meta to the nitro group is expected, and found, to be the most 
reactive site in 4-nitro-o-xylene. Calculations based on the 
assumed additivity of substituent effects, and using the relative 
partial rate factors for the nitration of toluene in acetic anhy- 
dride (9), and the isomer distribution for nitration of nitro- 
benzene in mixed acid (lo), give the following relative extents 
of attack (parenthesized) at the indicated nuclear positions of 
4-nitro-o-xylene: 1 (3), 2 (64), 3 (2), 4 (O), 5 (2), 6 (29). The 
observed order 2 > 6 > 3 = 5 follows that calculated, but the 
3 and 5 positions are much more reactive than predicted. Part 
of the difference between observation and calculation may lie 
in the fact that data for the isomer distribution for nitration of 
nitrobenzene in acetic anhydride is not available and data for 
mixed acid are used instead. However, it also appears that 
substituent effects in nitration are additive to only a rough 
approximation, at best (1 1, 12). 

Reactions of diene lam with acids 
Previous studies of ipso-nitrocyclohexadienyl acetates have 

shown that the dominant reactions involve, in the initial step, 
either the acid-catalysed loss of acetate to (re)generate the 
ipso-nitrocyclohexadienyl cation, or the solvolysis of the nitro 
group, which departs as nitrite, to generate an acetoxycyclo- 
hexadienyl cation (13- 16). Although the loss of nitrite is also 
reported to be acid-catalysed (16, 17), it is less sensitive to such 
catalysis than is the loss of acetate. Thus, strongly acidic con- 
ditions favour the formation of the nitrocyclohexadienyl cation, 
while weakly acidic, or neutral, ionizing conditions favour the 
formation of the acetoxycyclohexadienyl cation. The com- 
petitive balance between these two reaction pathways should be 
markedly affected by other substituents present in the cy- 
clohexadiene ring. 'The presence of an electron-withdrawing 
substituent at the position meta to the ipso-nitro position results 
in the formation of the nitrocyclohexadienyl cation being com- 
petitive with the formation of the acetoxycyclohexadienyl 
cation down to lower acidity levels. The relevant cations in the 
case of l am are 2a and 3a.cation 3a is destabilized to a much 
greater extent by the presence of the substituent nitro group 
(attached to a formally positively charged centre in 3a) than 
cation 2a (in which the nitro goup is not attached to one of the 
formally positively charged centres). Similarly, the transition 
state leading to 3a  is more destabilized than that leading to 2a. 
Thus the competitive balance between the two initial cation- 
forming reactions that exists when X = H is altered, when 
X = NO2, in favour of the formation of 2a. In fact, cation 3 a  
is so destabilized by the presence of the substituent nitro group 
that even at the lowest acidity levels it was not formed (none 
of its deprotonation product 2-nitro-4,5-dimethylphenyl acetate 
was detected) as other reactions intervened (vide infra). 

Reaction of lam with boron trifluoride-etherate or with tri- 
fluoroacetic acid gave the nitroxylene 6 (75%) plus the Ginitro- 
xylenes 8 and 9 (Table 2). These products arise from cation 2a 
by loss of nitronium ion, and by a sequence of 1,2 nitro shifts 
followed by deprotonation, respectively (Scheme 1). Myhre 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 63, 1985 

Me NO2 Me 

+H+ (+ )  ~'5 - MeaNo2 - 0 2 N  
NO2 

-HOAc NO2 
H OAc O2N 

lam 2a 

H O A c  Me&No2 - 
NO2 O2N NO2 O2N 

H OAc H OAc 

Me&N02 1 . 1  + Me& + AcON02 
NO2 

H OAc 
NO2 

6 
SCHEME 2 

has shown that in the ipso-nitro cation from o-xylene 2b  ( 2 a  
and 4 are the 5-nitro and 4-nitro derivatives, respectively, of 
this cation) migration of the nitro group to the adjacent substi- 
tuted position is fifty times faster than migration to the adjacent 
unsubstituted position (18). If the migration of the nitro group 
between the ipso positions of 2a and 4 is similarly favoured 
over migration to the ortho positions, then 2a and 4 should 
be quasi-equilibrated. At equilibrium 2a should be favoured 
because of the electronic effect of the substituent nitro group. 
On the other hand. the conversion of 2a to 7 should be inhibited 
by the substituent nitro group, whereas the conversion of 4 to 
5 should be favoured. Thus 4, at a lower concentration, will 
rearrange with a higher rate constant to 5, whereas 2a ,  at a 
higher concentration, will rearrange with a smaller rate con- 
stant to 7. The combined effect results in the rates of formation 
of 5 and 7 being comparable, and thus similar amounts of 8  and 
9 were obtained. Confirmation that an intermediate nitrocyclo- 
hexadienyl cation was involved in these reactions with acids 
was provided by repeating the reaction with boron trifluoride- 
etherate in the presence of mesitylene. The mesitylene captured 

I cation 2a almost quantitatively to form the biphenyl 10 (19). 
The effect of the substituent in determining the reaction product 
of reactions camed out at a fixed acidity is nicely illustrated by 
reactions in trifluoroacetic acid. Whereas diene 1  am gives the 
(di)nitroxylenes by loss of acetic acid, dienes l cm,  ldm,  and 
l e m  give the aryl acetate by loss of nitrous acid (4, 20). 

Reaction of lam with hydrogen bromide in ether (which was 
not investigated in detail by glc) gave 4-nitro-o-xylene as the 
major product. In trifluoromethanesulfonic acid all three 
dinitro-o-xylenes were formed, in addition to a reduced amount 

of 4-nitro-o-xylene. An initial reaction would lead to 6 ,8 ,  and 
9, as in Scheme 1. In the strong acid, renitration of 6  can occur 
by the nitric acid liberated. If it is assumed that 6, 8, and 9 are 
initially formed in the same ratio as the average ratio of the 
trifluoroacetic and boron trifluoride catalysed reactions (75%, 
14%, 11%) and that 44 of the 75% of 6  is renitrated to the 
dinitroxylenes 8, 9, and 11 in the same ratio that these are 
formed on nitration of 6  in trifluoroacetic anhydride - acetic 
anhydride (32 : 44 : 24), then the calculated product distribution 
of 6  : 8  : 9 : 11 is 3 1 : 28 : 30 : 1 1. The similarity to the observed 
ratio of 3 1 : 25 : 3 1 : 13 supports the proposed interpretation. 

Diene lam was stable to acetic acid at ambient temperature 
but rearomatized on heating to give 6  and 9 in nearly equal 
amounts. The same two products were obtained, although in a 
different ratio, when l am was heated in toluene or pyrolyzed 
in the inlet of a gas chromatograph. These thermolytic reactions 
appear to share a common pathway. The 3,5-dinitroxylene 9 is 
obtained by a formal 1,3 shift of the nitro group. Such 1,3 shifts 
have also been observed in the rearomatization of diene adducts 
from dimethylbenzonitriles (4). We have shown that the 
adduct from 3,4-dimethylbenzonitrile ( l c m )  rearranges via a 
sigmatropic 1,3 nitro shift to a 2-cyano-6-nitrocyclohexa- 
2,4-dienyl acetate which readily eliminates acetic acid to form 
the 5-nitrobenzonitrile (21). The same mechanism, which also 
provides for the possibility of a minor contribution to the rear- 
rangement reaction from a radical process, and which accounts 
for the formation of 6  and 9, is applied to l am in Scheme 2. 
In the presence of hydroquinone the reaction of l a m  in acetic 
acid gave more 6  (68%) and less 9 (32%). Hydroquinone would 
act as a radical scavenger and the result suggests that a portion 
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lam 12 l a p  

 NO^  NO^ 
11 

SCHEME 3 

of the rearrangement reaction involves the radical pathway. In benzonitrile, should be favoured, although reaction of lcm 
earlier work we suggested that such 1,3 nitro shifts occur in the under these conditions was not investigated. The acyl-dienes 
ipso-nitro cation (4). Formal 1,3 nitro shifts do occur in ldm and lem gave the 2-acyl-4,5-dimethylphenyl acetate on 
the cation, as illustrated by the formation of 9 from lam rearomatization in neutral and weakly acid solution (i.e. on 
(Scheme l),  but these are a combination of successive 1,2 heating under reflux in toluene, acetic acid, or on standing in 
shifts and are accompanied, where possible, by the formation acetic acid (20)). No products were detected from a sigmatropic 
of the 1,2 shift product. No 3,4-dinitroxylene 8 (the 1,2 shift and (or) radical process, as illustrated in Scheme 2. The acyl 
product) was obtained in the thermolytic reactions of lam and, groups are less electron-withdrawing than cyano (up-NOI = 
likewise, no 3,4-dimethyl-2-nitrobenzonitrile was obtained on 0.78, U,-CN = 0.66, up-,, = 0.50 (22)) and the cations 3 d  and 
the thermolysis of lcm, which gave 3,4-dimethylbenzonitrile, 3e should be more stable than 3c. At high acidities (boron 
3,4-dimethyl-5-nitrobenzonitrile, and a trace amount of 2- trifluoride-etherate, 78% sufuric acid, 50% sufuric acid in ace- 
cyano-3,4-dimethylphenyl acetate. It is now clear that the con- tic acid) these adducts rearomatized via cations 2d or 2e to 
ditions used for the thermolytic reactions are too weakly acidic form the 3,4-dimethylphenyl ketone and its 2-nitro and 5-nitro 
for the formation of the nitrocyclohexadienyl cation at a suf- derivatives. 
ficient concentration for it to be the source of the aromatization 
products. 

Reaction of lam with 5% sulfuric acid in methanol resulted 
in transesterification and the formation of the ipso-nitrodienol 
l ao .  Because of the deactivating effect of the nitro substituent 
the normal AAL1 cleavage to form 2a, which would give the 
dienyl methyl ether l an  and (or) 12n, is not competitive with 
AAc2 reaction leading to the dienol. The stereochemistry at the 
AL chiral centre is preserved in the AAc2 reaction and thus we 
were able to assign the configuration of the diastereoisomeric 
dienols lao :  E-lam gives E-lao and 2-lam gives 2-lao. 

Mention was made above of the effect of acidity on the 
competition between the formation of the ions 2a and 3a  and 
that-it appears that 3a  is not formed even under the most 
favourable conditions (low acidity, ionizing solvent). Thus sol- 
volysis of lam in aqueous methanol gave 6 as the major 
product and no 4,5-dimethyl-2-nitrophenyl acetate (the de- 
protonation product of 3a)  was obtained. As the acidity is 
reduced and formation of 2a becomes slower, lam reacts by 
the radical and sigmatropic pathways, shown in Scheme 2, and 
by allylic substitution (vide infra). With less powerful electron- 
withdrawing groups than nitro, formation of the acetoxy- 
cyclohexadienyl cation 3 is more favoured and the product 
from this (the 2-X-3,4-dimethylphenyl acetate) begins to ap- 
pear at low acidities. Thus a small amount of 2-cyano- 
3,4-dimethylphenyl acetate was present in the products of ther- 
molysis of lcm and, as the acidity was increased and conditions 
made more favourable for ionic reactions, the amount of the 
aryl acetate increased, becoming the major product in tri- 
fluoroacetic acid. Of course, in strongly acidic conditions the 
product of acetate loss and nitro migration, the dimethyl- 

Reactions with nucleophiles 
Diene lam is unusual among nitronium acetate adducts in 

that it reacts with nucleophiles. The first such reaction was 
observed when we attempted to acetylate dienol l a o  using the 
acetic anhydride - pyridine reagent conventionally employed 
for the acetylation of hydroxyl groups (23), whence 1,2- 
dimethyl-4,5-dinitrobenzene (11) was obtained. The dienol 
itself was stable to pyridine, indicating that acetylation pre- 
ceded aromatization, and this was confirmed by reacting the 
dienyl acetate lam with neat pyridine to give 11 in close to 
quantitative yield. The reaction of lam with pyridine provides 
a useful synthetic route to 11. 

The mechanism shown in Scheme 3 involving consecutive 
SN2' processes accounts for the apparent 1,4 migration of the 
nitro group (2). In the first step a general nucleophile adds at 
the 3 position of lam, allylic to the acetate group which simul- 
taneously departs as an anion. In the second step the general 
nucleophile is itself substituted at the new allylic position by 
the nitrite anion. For each substitution the normally unreactive 
(towards nucleophiles) vinyl carbon is activated by conjugation 
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lam 

min. A more detailed nmr investigation of the reaction of 
dienol lao with acetic anhydride and pyridine at 0°C showed 
that acetylation to lam was complete within 6 min and was 
accompanied by partial isomerization to give 12m. Formation 
of 11 then occurred and it was substantially complete in 1 h, 
during which time the intermediate formation of 12m was quite 
apparent. When 2,6-dimethylpyridine was used as the catalyst, 
both the acetylation and the aromatization reactions were much 
slower. After 24 h only 3% of 11 had been formed and the 
major compounds present were dienes lam and 12m. 

Generally, reaction of lam with nucleophiles (Table 2) gave 
yields of 11 ranging from significant to substantial and indi- 
cating that nitrite anion is a very competitive nucleophile 
towards 12. Thus, reaction of lam in acetonitrile with hydrox- 
ide, tert-butoxide, phenoxide, acetate, thiocyanate, and-halide 
ions, all gave high yields of 11. Most notably in the reaction 
carried out with potassium bromide for a shorter reaction time, 
but also in. some of the other reactions. the intermediate for- 
mation of 12m was apparent, supporting the mechanism out- 
lined in Scheme 3. Thiophenoxide was an effective competitor 
for intermediate 12m in acetonitrile. Reaction of lam with 
sodium thiophenoxide gave 4,5-dimethyl-2-nitrophenyl phenyl 
sulfide (99%). tert-Butylamine on reaction with lam in chloro- 
form gave a 19% yield of a compound tentatively identified 
as N-tert-butyl-4,s-dimethyl-2-nitroaniline and presumably 
formed by attack of the amine on 12m, although 11 was the 
major product (60%). Since acetate appears to play the role of 
the nucleophile in the first substitution step of many of the 
above reactions, it is possible that this step may involve an 
internal concerted 1,3 migration of the ester acetate function, 
instigated by the addition of a nucleophile to the carbonyl 
carbon and thus converting the carbonyl oxygen into the more 
nucleophilic alkoxide. When cyanide ion was used as the nu- 
cleophile some 11 was formed, but 2,3-dimethyl-6-nitro- 
benzonitrile (14) was the major product (Scheme 4). We as- 
sume that in this case the cyanide ion successfully competes 
with acetate for the 3 position of lam, giving 124. The hydro- 
gen atom a to the cyanide group in 124 is acidic and should be 
readily lost to give the corresponding anion 13 which would 
rearomatize by loss of nitrite. Cyanide is a poorer leaving group 
than acetate and this is another factor which would inhibit the 
allylic substitution of nitrite for cyanide in 124, which would 
lead to 11. 

Acetate is liberated in the formation of 11 from lam 
(Scheme 3) and is thus available in solution as a potential 
nucleophile. A striking feature of the competition between 
a ~ e t a t ~ a n d  nitrite as nucleophiles is that, whereas acetate is the 
more effective nucleophile towards lam (no intermediate 12p 
was detected, not even when lam was reacted with potassium 
nitrite), nitrite is much more effective as a nucleophiie towards 
12m, as shown by the fact that reaction of lam with potassium 
acetate in acetonitrile gave only 11. Diene 12p, if formed, 
might be expected to rearomatize rapidly to 8, but yields of this 
product in the nucleophilic reactions were at most very small 
and it is likely that these small amounts were formed by some 

other pathway. 'The 3 position in lam, which is susceptible to 
nucleophilic attack, is flanked by methyl and nitro substituents 
at the quaternary centre, on one side, and by a nitro group 
attached to the so2 carbon on the other. These would hinder the 
approach of the'bulky nitrite ion (with nitrogen acting as the 
nucleophilic centre). Even if this ion did add to give 12p it is 
possible that the latter would undergo rapid allylic substitution, 
rather than deprotonation to an anion and rearomatization to 8, 
since this rearomatization process would require the newly 
introduced nitro group to move into the plane of the ring with 
increased steric interaction with the flanking groups. 1n con- 
trast to nitrite, the linear (and therefore less subject to hin- 
drance) cyanide ion readily attacked the 3 position of lam, and 
the resulting 124 was readily deprotonated. 

In reactions carried out in methanol there was more effective 
competition with nitrite for the intermediate 12. The major 
product (-50%) in the reactions with potassium bromide, 
fluoride, and iodide was 4,5-dimethyl-2,4-dinitrocylohexa- 
2,5-dienyl methyl ether (lan). It seems likely that the reac- 
tivity of nitrite as a nucleophile is reduced in methanol by 
hydrogen bonding or protonation, which allows methoxide ion 
or methanol to compete for the intermediate 12m with the small 
amount of available nitrite. In accordance with this suggestion, 
the reactions with potassium halides in methanol w& much 
slower than reactions with potassium halides in acetonitrile. 
Again in these reactions the formation of 12m as an inter- 
mediate was apparent in the nrnr spectra. Reaction of lam with 
potassium nitrite in methanol did give 11 quantitatively, as did 
the reaction with potassium thiocyanate. Reaction of lam with 
sodium methoxide in methanol at 0°C gave 12n in less than 
5 min. 

Reaction of lam with potassium bromide in acetic anhydride 
proved to be an effective means of preparing 12m. In this 
solvent the further reaction of 12m with nitrite was suppressed, 
presumably by protonation or acetylation of the latter, and the 
reaction stopped at the intermediate stage. Reactions in which 
the conjugated diene 12m and its analogue 12n were used as 
substrates gave products in accord with the mechanisms out- 
lined above (Table 3). Reaction of 12m with sodium methoxide 
in methanol gave the allylic substitution product lan (77%) and 
12n (23%). Presumably 12n is formed from lan by a second 
allylic substitution. Reaction of potassium cyanide in methanol 
with 12m gave 4,5-dimethyl-2-nitrobenzonitrile and a small 
amount of 11. Here the cyanide ion is able to compete ef- 
fectively with nitrite (or methoxide) in the allylic substitution 
and the resulting laq, like lap, readily aromatizes by base- 
catalysed elimination of nitrous acid (cf. Scheme 3). Reaction 
of 12n with pyridine in chloroform, and with potassium iodide 
in acetonitrile, gave 11. Reaction with potassium nitrite in 
methanol also gave 11 but, surprisingly, a substantial yield of 
6 as well. Reaction with potassium cyanide in acetonitrile gave 
4,5-dimethyl-2-nitrobenzonitrile and a further reaction prod- 
uct, 4,5-dimethyl- l,2-benzenedicarbonitrile. 

Reaction of the cyanodiene lcm (4) with potassium cyanide 
in acetonitrile gave 2-cyano-4,5-dimethylphenyl acetate (15) 
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TABLE 3. Yields of products from reactions of lao,  1 2 4  and 12m (mol%) 

Reagent T("C) r(h) 6 8 9 11 1 12 Other 

4% H2S04" 35 
A c ~ O  

CsDsN/Ac2OU 0 
Me2CsH3NU 0 

A c ~ O  
MeI/Ag2OG 20 
BF3OEtzC 20 
CSDSN"" 20 

CDCll 
KI/MeCNt'. " 20 
KCN/MeCN'.h 0 
KN02/MeODe. 20 
glce 260 
5% HzS04' 20 

MeOH 
NaOMe/MeOHK. ' 0 
KCN/M~OD' .~  0 
KI/MeOD"'.h 0 

"Substrate l a o ;  analysis by 'H nmr. 
" lam.  
'12m. 
" l a n ,  reaction is stereospecific. 
'Substrate 12n. 
'2,3-Dimethyl-6-nitroanisole. 
R N u c l e ~  magnetic resonance analysis only. 
'Containing 18-crown-6. 
'4,5-Dimethyl-2-nitrobenzonitrile. 
'4,5-Dimethyl- l,2-benzenedicarbonitrile. 
*2,3-Dimethyl-6-nitroanisole. 
'Substrate 12m. 
"'120. 
"Unidentified aromatic products. 
" l a n .  
"12n. 

5,6-Dimethyl-2,6-dinitrocyclohexa-2,4-dienyl methyl ether 
(12n) reacted over 7 days with boron trifluoride-etherate, at 
20°C, to give 6  and 2,3-dimethyl-6-nitro anisole. Methoxide is 
a poorer leaving group than acetate and the loss of nitrite 
from 12n, leading to the anisole, is competitive with loss of 
methoxide to form 2a and thence 6 .  Pyrolysis of 12n gave 
mainly 6 .  
5,6-Dimethy1-2,6-dinitrocyclohexa-2,4-dienyl acetate ( l 2 m )  

underwent transesterification to the corresponding dienol(120) 
on treatment with sulfuric acid in methanol. 

lcrn 

and its corresponding phenol 16 (Scheme 5 ) .  Evidently the 1,4 
elimination of nitrous acid is preferred over the allylic substi- 
tution that occurs in l am,  most likely because the cyano group 
is less activating than nitro towards the Michael addition. Elim- 
ination to 15 also occurred, over two weeks, on reaction with 
sodium nitrite in methanol at 20°C. No reaction occurred be- 
tween lcrn and pyridine in chloroform, at 20°C, over 1 week. 

Experimental 
The ir spectra, calibrated with polystyrene, were recorded as Nujol 

mulls or as potassium bromide discs, for solids, and as thin films 
between sodium chloride plates for oils, using a Pye-Unicam SP1000 
or a Perkin-Elmer 283 spectrometer. The 'H nmr spectra were 
recorded on Perkin-Elmer R32 (90 MHz) and Perkin-Elmer 
R12A (60 MHz) instruments. Spectra were routinely recorded in 
[2H]chloroform, with tetramethylsilane as an internal standard. The 
13 C nmr spectra were obtained in [2H]chloroform, with tetra- 
methylsilane as an internal reference, on a Nicolet TT14 (15.1 MHz) 
spectrometer. The uv spectra were recorded on a Cary-17 spec- 
trometer, with methanol as solvent. Mass spectra were recorded on a 
Hitachi Perkin-Elmer RMU7 spectrometer at 70 eV. The glc analyses 
were performed on a Varian Aerograph 2400, using a 1.3 m X 3 mm 
column of 3% SE-30 on Chromosorb P at 180°C. A Finnegan 3300 
system was used for combined gas chromatography and mass spec- 
trometry of mixtures. A Waters Associates Prep LC/System 500 was 
employed for liquid chromatography. 

1,2-Dimethyl-4-nitrobenzene was from Aldrich. Acetic anhydride 

Other reactions 
Reaction of dienol l a o  with sulfuric acid in acetic anhydride 

gave mainly 6 ,  together with 8 and 9 .  Presumably cation 2a is 
formed as an intermediate, either directly, by acid-catalysed 
loss of hydroxyl, or by acetylation of l ao  to l am followed by 
protonation and loss of acetic acid. Each of the diastereo- 
isomers of l a o  was stereospecifically methylated with methyl 
iodide and silver oxide to its corresponding methyl ether. Since 
the stereochemistry of the dienols l a o  was established by the 
stereospecific transesterification of the acetates l am (vide su- 
pra), the stereochemistry of the ethers was able to be deter- 
mined: E-lao gives E-lan and Z-lao gives Z-lan. 
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was certified ACS, Fisher, and trifluoroacetic anhydride was Aldrich 
Gold Label (99+%). Nitric acid (300 cm3, fuming, Fisher) was puri- 
fied by distilling at 1 Torr (1 Torr = 133.3 Pa) from urea (10 g, 
reagent, Fisher) and sulfuric acid (500 cm3) and stored at -25OC. 
Solvents used for chromatography including pentane (reagent, 
Fisher), anhydrous ether (reagent, Amachem), and benzene (reagent, 
Amachem) were further purified by drying over sodium followed by 
distillation and storage over molecular sieves. Non-deuterated sol- 
vents employed for spectroscopy were certified ACS, spectranalyzed 
(Fisher), and deuterated solvents were obtained from Merck, Sharp 
and Dohme. Silica gel (60-200 mesh) was Davison commercial grade 
H and neutral alumina (Camag, Activity I), deactivated with 3% of 
distilled water, was used. 

In order to optimize the reaction conditions to obtain the maximum 
extent of diene formation on nitration, a series of reactions was carried 
out on a small scale (1 mmol of substrate). The reaction mixture was 
prepared at -78"C, the temperature then raised to O°C, and aliquots 
were withdrawn at regular intervals. The 'H nmr spectra of these 
samples were determined at -20°C. Each sample was then added to 
ether and neutralized with aqueous sodium bicarbonate. The ether 
extract was washed and dried (MgS04), the ether evaporated, and the 
'H nmr spectrum of the residue determined in [2H]chloroform. 

Small scale (nmr tube) reactions of the dienes were worked up by 
transferring the contents of the tube to a flask (25 cm3), rinsing with 
ether, and neutralizing (where necessary) at low temperature with 
ammonia (for acidic reagents) or hydrochloric acid (for basic 
reagents). After washing with water the ether extract was dried and the 
ether evaporated, at 15OC, on a rotary evaporator. The product mixture 
was analysed by 'H nmr and by glc-ms. Some reactions were only 
examined by 'H nmr and this is indicated in the text. 

Nitration of 4-nitro-o-qlene 
Nitric acid (32 g, 0.51 mol) at -20DC was added cautiously and in 

small portions, with stirring, to a mixture of acetic anhydride (80 g) 
and trifluoroacetic anhydride (100 g) at - 7 8 ' ~ . ~  The temperature of 
the mixture was raised to 0°C for 5 min to ensure complete reaction, 
and then lowered to -78°C. This nitrating mixture was added drop- 
wise, over 10 min, to a solution of 4-nitro-o-xylene (6) (15 g, 0.1 mol) 
in acetic anhydride (20 g) at -78°C. The reaction temperature was 
then raised to 0°C and maintained for 2 h with stirring. At the end of 
this period, the reaction mixture was poured into a beaker containing 
ice (800 g) and ether (800 cm3). Sodium bicarbonate was added to the 
stirred mixture until the latter was mildly alkaline (pH 8). The ether 
was separated and the aqueous phase extracted with ether. The com- 
bined extract was washed with water (2 X 600 cm3), dried (MgSOd), 
and evaporated at 15OC. Integration of the 'H nmr spectrum of the 
crude reaction product showed that the diene adducts constituted ca. 
50% of the total mixture. 

The product was chromatographed on silica gel, at -40°C, using 
pentane-ether mixtures as eluent. Fractions eluted with up to 40% 
ether in pentane gave 1,2-dimethyl-3,5-dinitrobenzene (9) as the prin- 
cipal product, mp 75°C (lit. (24) mp 77°C); ir (KBr): 1520 and 1348 
(NOz) cm-'; 'H nmr (90 MHz, CDCI,) 6: 2.46 (s, 3, I-CH3), 2.5 1 
(s, 3, 2-CH3), 8.18 (d, I ,  6-H), 8.35 (d, 1, 4-H) ppm, J6 = 2 HZ; 
ms (70 eV) m / e  (relative intensity): 196 (40, M), 180 (15), 179 (100, 
M - OH), 133 (27), 132 (13), 104 (26), 103 (36), 91 (24), 78 (19), 
77 (34), metastable peak at 163.5 corresponding to 196 -+ 179. 

The 45% and 50% ether-pentane fractions gave a mixture con- 
taining 1,2-dimethyl-4,Sdinitrobenzene (11) (ca. 20%) and diene ad- 
ducts (ca. 80%), which, on recrystallization from ether at -20°C, 
gave the E diastereomer of 4,5-dimethyl-2,4-dinitrocyclohexa-2,5- 
dienyl acetate ( E - l a m ) ,  mp 95°C; uv (CH30H): 225 (775), 194 nrn 
(1540 mZ mol-'); ir (Nujol): 1238 and 1742 (OCOCH,), 1560 
(NOz) cm-'; 'H nmr (90 MHz, CDCI,) 6: 1.88 (t, 3, 5-CH,), 1.95 
(s, 3, 4-CH3), 2.06 (s, 3, 0COCH3), 5.98 (m, 1, 6-H), 6.46 (m, I ,  
1-H), 7.44 (s, 1, 3-H) ppm, J1.5 = 4, J6.5.~e = 1.5, J I . ~ . M ~  = 1.3 HZ. 

5Caution: the nitrating mixture of nitric acid in acetic anhydride and 
trifluoroacetic anhydride must be prepared carefully since it can spon- 
taneously react violently. 

On a 300 Hz expanded spectrum, the peak due to 5-CH3 appeared as 
a triplet (overlapping doublets) and the peak due to 1-H appeared as 
a multiplet. Irradiation of the methyl resonance at 6 1.88 collapsed the 
peaks at 6 5.98 and 6 6.46 ppm to two doublets. Irradiation at either 
6 5.98 or 6 6.46 resulted in the collapse of 5-CH3 to a doublet; I3c nmr 
(CDCI,) 6c: 17.4 (5-CH3), 20.6 (OCOCH,), 23.4 (4-CH,), 61.4 
(C-1), 88.9 (C-4), 124.3 (C-6), 133.6 (C-3), 134.8 (C-5), 148.3 
(C-2), 169.5 (OCOCH3) ppm. Anal. calcd. for CIOHIZN~06: C 46.88, 
H 4.72, N 10.93; found: C 47.02, H 4.70, N 10.82. 

The mother liquor from these fractions was subjected to another 
recrystallization to give 11, which was further recrystallized from 
ethanol and then had mp 118°C (lit. (24) mp 118°C); ir (KBr): 1528, 
1548, 1378, and 1338 cm-'; 'H nmr (90 MHz, CDC13) 6: 2.37 (s, 6, 
I-CH3 and 2-CH3), 7.63 (s, 2, 3-H and 6-H); ms (70 eV) m / e  
(relative intensity): 197 (12), 196 (100, M), 180 (20), 150 (14, M - 
NOz), 108 (48), 103 (24), 92 (14), 91 (79), 80 (24), 79 (26), 78 (21), 
77 (45). 

The 55% ether-pentane column fraction gave a mixture of 11, 
1,2-dimethyl-3,4-dinitrobenzene (8), and the diene adducts in the ratio 
1 :4:5. This fraction was recrystallized from ether at -20°C to give 
the 2-diastereomer of l a m ,  mp 115°C (dec.); uv (CH30H): 227 (830), 
195 nm (1620 mZ mol- I); ir (Nujol): 1240 and 1750 (OCOCH,), 1560 
(NOz) cm-'; 'H nmr (90 MHz, CDC13) 6: 1.86 (br s,  6, 4-CH3 and 
5-CH3), 2.04 (s, 3, OCOCH,), 5.96 (m, 1, 6-H), 6.34 (d, 1, 1-H), 
7.34 (s, 1, 3-H), J I ~  = 4 HZ, J.5.5.~~ = 1.5 HZ. Expansion of the 
spectrum and double resonance studies as described from E-lam en- 
abled the coupling constants to be determined; "C nrnr (CDC13) &: 
17.4 (5-CH,), 20.6 (OCOCH,), 24.1 (4-CHs), 60.9 (C-1), 87.7 
(C-4), 124.3 (C-6), 132.8 (C-3), 133.9 (C-5), 148.4 (C-2), 169.8 
(OCOCH3). Anal calcd. for CIOH12N206: C 46.88, H 4.72, N 10.93; 
found: C 46.70, H 4.72, N 10.65. 

Further elution with 60% ether-pentane, followed by recrys- 
tallization of the residue from the eluate from carbon tetrachloride, 
gave 8, which was further recrystallized from ethanol and then had mp 
82°C (lit. (24) mp 82°C); ir (KBr): 1352 and 1540 (NOz) cm-'; 'H nmr 
(90 MHz, CDCL) 6: 2.22 (s, 3, I-CH,), 2.41 (s, 3, 2-CH,), 7.41 
(d, 1, 5-H), 7.92 (d, 1, 6-H), J56 = 8.5 Hz; ms (70 eV) m / e  (relative 
intensity): 196 (57, M), 180 (16), 179 (100, M - OH), 148 (13), 150 
(96, M - NOz), 105 (1 l),  104 (14), 103 (23), 92 (13), 91 (63), 
79 (12), 78 (27), metastable peak at 163.5 corresponding to 196 -, 
179. 

The separation of the diene adducts from each other and from the 
aromatic compounds was greatly improved using benzene as eluent at 
5- 10°C. The diene adducts were readily separated on the Waters 
liquid chromatograph. 

Reactions of dienes 1 am, 12m, and 12n with acids 
Boron trifluoride-etherate 
Boron trifluoride-etherate solution (300 mm3), at -7g°C, was 

added to diene l a m  (100 mg) in an nmr tube, also at -78'C. The 
temperature was raised to O°C, whereupon the diene dissolved and 
reacted within 5 min. After work-up the products were identified as 6 
(78%, m / e  151, M), 9 (8%, m / e  196, M), and8 (14%, m / e  196, M). 
Diene 12n was treated similarly with boron trifluoride-etherate. No 
reaction occurred over 72 h. The mixture was worked up after 20 days 
at 20°C to give 6 (58%, m / e  151, M) and 2,3-dimethyl-6-nitroanisole 
(42%; m / e  181, M); 'H nmr (90 MHz, CDC13) 6: 2.22 (s, 3, 2-CH3), 
2.29 (s, 3, 3-CHs), 3.82 (s, 3, OCHs), 6.95 (d, 1, 4-H), 7.54 (d, 1, 
5-H), 545 = 9 HZ. 

Boron trifluoride-etherate and mesitylene 
Cold BF3-etherate solution (250 mm3) was added to a solution of the 

diene l a m  (100 mg, 0.39 mmol) and mesitylene (250 mg, 2.1 mrnol) 
in methylene chloride (250 mm3) at -78'C. The solution was allowed 
to warm to 20°C and left to stand for 1 h. After work-up, the 
composition of the product was 6 (1%; m l e  151) and 
2-nitro-2',4,4',5,6'-pentamethylbiphenyl (99%, m / e  269.143 
(M,('ZC17'H19'4~'hOZ) = 269.143); 'H nmr (90 MHz, CDCI3) 6: 1.88 
(s, 6, 2'-CH3 and 6'-CH3), 2.25 (s, 6, 4-CH3 and 4'-CH3), 2.28 
(s, 3, 5-CH3), 6.81 (s, 2, 3'-H and 5'-H), 6.90 (s, 1, 6-H), 7.73 
(s, 1, 3-H) ppm. 
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Trl$uoroacetic acid 
Cold trifluoroacetic acid (450 mm3) was added to diene lam 

(64 mg) in an nrnr tube at -78OC. No reaction occurred over 1 h after 
raising the temperature to 0°C. At 20°C partial rearomatization oc- 
curred over 4 h. The reaction mixture was left at 20°C for 18 h and then 
worked up to give a mixture of 6 (72%, m/e 151, M), 9 (13%, m/e,  
196, M), and 8 (15%, m/e 196, M). 

5% Sulfuric acid in methanol 
Cold 5% sulfuric acid in methanol (25 cm7) was added to diene 

E-lam (600 mg), at O°C. The mixture was allowed to warm to 20°C 
and the solution stirred for 18 h. The product was transferred with 
ether (25 cml) to a two-necked flask and neutralized with liquid 
ammonia at -78OC. The solution was filtered and the solvent removed 
from the filtrate at 0°C. The product was dissolved in ether (50 cm3) 
and washed with water (2 X 25 cm3). The ether extract was dried over 
anhydrous magnesium sulfate, filtered, and the solvent removed 
at 0°C to give E-4,5-dimethyl-2,4-dinitrocyclohexa-2,5-dien-l-ol 
(E-lao); ir (film): 3400 and 1050 (OH), 1555 (NOz) cm-'; 'H nrnr 
(90 MHz, CDC13) 6: 1.84 (d, 3, 5-CH,), 1.89 (s, 3, 4-CHI), 3.42 
(s, 1, OH), 5.25 (d, I ,  I-H), 5.94 (m, 1, 6-H), 7.19 (s, 1, 3-H) ppm, 
516 = 4, J6.5.Me = 1.40 HZ; I3C nrnr (CDC1,) Sc: 17.5 (5-CH3), 23.5 
(4-CH,), 60.3 (C-I), 89.1 (C-4), 127.5 (C-6), 131.2 (C-3), 132.8 
(C-5), 151.6 (C-2) ppm. 

Under similar conditions, acetate 2-lam gave dienol 2- lao;  ir 
(film): 3420 and 1053 (OH), 1550 (NO2) cm-'; 'H nrnr (90 MHz, 
CDCI3) 6: 1.82 (s, 6, 4-CHI and 5-CH,), 3.42 (s, 1, OH), 5.18 
(d, 1, I-H), 6.00 (m, 1, 6-H), 7.17 (s, 1, 3-H) ppm, J16 = 4, 
J6.5.Me = 1.40 HZ; I3C nmr (CDCI,) Sc: 17.4 (5-CH,), 23.9 (4-CHI), 
60.2 (C-1), 88.3 (C-4), 127.6 (C-6), 130.4 (C-3), 132.5 (C-5), 151.6 
(C-2) ppm. 

The same reaction on diene 12m gave 5,6-dimethyl-2,6-dinitro- 
cyclohexa-2,4-dien-1-01 (120); 'H nmr (90 MHz, CDCI,) 6: 1.85 
(s, 3, 6-CHI), 2.06 (d, 1, 5-CH3), 3.80 (s, 1, OH), 5.43 (s, 1, I-H), 
6.26 (dd, 1, 3-H), 7.30 (d, 1, 4-H) ppm. A small amount (ca. 10%) 
of aromatic products was also formed. The dienol 120 was not very 
stable, and on vacuum drying decomposed extensively with evolution 
of brown fumes. It also decomposed when an attempt was made to 
methylate it with methyl iodide and silver oxide. 

Tr~$uoromethanesulfonic acid 
Cold trifluoromethanesulfonic acid (300 mm3) was added to the 

diene lam (90 mg) in an nmr tube at -78OC and the temperature was 
then raised to -20°C. The diene had decomposed completely in 5 min 
( 'H  nmr). After work-up, the product composition was 6 (31%, m/e 
151, M), 9(31%, m/e 196, M), 8 (25%, m/e 196, M), and 11 (1376, 
m/e 196, M). 

Hydrogen bromide in ether 
Cold ether (500 mm3), saturated with hydrogen bromide, was added 

to the diene lam (64 mg) at -78°C. The temperature was raised to 0°C 
and, after 90 min, the 'H nrnr spectrum indicated partial rearo- 
matization. After 18 h at O°C, followed by work-up, 6 (95%) and 11 
(5%) were obtained ( 'H nmr only). 

Acetic acid 
Acetic acid (450 mml) was added to the diene lam (70 mg) at 20°C. 

The 'H nrnr of the reaction mixture was unchanged after 30 days at 
20°C. The solution was heated for 15 min at 100°C when brown fumes 
were evolved and after which the 'H nmr indicated that the rearo- 
matization was complete. After work-up the product composition was 
6 (49%, m/e 151, M) and 9 (51%, m/e 196, M). 

A solution of 10% (v/v) acetic anhydride in acetic acid (320 mm3) 
was heated to 100°C for 10 min, cooled to 20°C, and diene lam 
(50 mg) added. The solution was heated to 100°C for 10 min after 
which time 'H nmr indicated complete rearomatization. After work- 
up, a mixture of 6 (44%, m/e 151, M) and 9 (56%, m/e 196, M) was 
obtained. 

A solution of the diene lam (64 mg, 0.25 mmol) and hydroquinone 
(28 mg, 0.25 mmol) in acetic acid (400 mm3) was heated for 20 min 
at 100°C. After work-up, the product composition was 6 (68%, m/e 
151, M) and 9 (32%, m/e 196, M). 

Reaction of dienes lam, with nucleophiles 
Pyridine and 2,6-dimethylpyridine 
Cold [2H5]pyridine (315 mm3) was added to the diene lam (70 mg) 

in an nrnr tube at -78OC. The solution turned orange-red. The tem- 
perature of the mixture was raised to 0°C and 'H nmr, after 2 min, 
indicated complete rearomatization. After work-up, the product com- 
position was 6 (3%, m/e 151, M), 8 (5%, m/e 196, M), and 11 (92%, 
m/e 196, M). With 2,6-dimethylpyridine rearomatization was com- 
plete after 15 min and 6 (28 ,  m/e 151, M), 8 (4%, m/e 196, M), and 
11 (94%, m/e 196, M) were obtained. 

The reaction was also carried out by adding [2H5]pyridine (21 mm3) 
to a solution of the diene lam (64 mg) in [2H]chloroform (290 mm3) 
at -60°C. The temperature was raised to 0°C (in 10" intervals) and the 
progress of the reaction monitored by 'H nmr for 2 h. The conversion 
of the diene to 11 proceeded smoothly; time(min), % dienes, % arene: 
30,63,37; 60,43,57; 120, 36,64. The reaction mixture was worked 
up after 18 hat O°C and the product composition was then 6 (2%, m/e 
151, M), 8 (3%, m/e 196, M), and 11 (95%, m/e 196, M). Reaction 
of diene 12n with pyridine in chloroform for 48 h likewise gave 11 
(- 100%). 

Cold 2,6-dimethylpyridine (58 mm7) was added to a solution of 
diene lam (64 mg) in [2H]chloroform (290 mm3) at -60°C. The 
temperature of the mixture was raised to O°C and maintained for 2 h 
at this temperature. After work-up, the product composition was 
shown ( 'H  nrnr) to be 11 (15%), diene lam (67%), and 5,6-dimethyl- 
2,6-dinitrocyclohexa-2,4-dienyl acetate (12m) (17%). 

tert-Butylamine 
Cold tert-butylamine (26 mm3) was added to a solution of l am in 

[2H]chloroform. The reaction mixture was worked up after 18 h at 
0°C. The product composition was 6 (4%, m/e 151, M), 9 (7%, m/e 
196, M), 8 (lo%, m/e 196, M), 11 (60%, m/e 196, M), and a 
compound tentatively identified as N-tert-butyl-4,5-dimethyl-2- 
nitroaniline (19%, 'H nmr 6 1.48 ppm (C(CH3)3), m/e 222, M). 

Sodium methoxide in methanol 
Sodium methoxide (42 mg, 0.78 mmol) was added to a solution of 

the diene E-lam (100 mg, 0.39 mmol) in methanol (350 mm3) at 
-78°C. The mixture went orange-red. The temperature of the mixture 
was raised to O°C for 2 h to ensure complete reaction. After work-up, 
the product was identified by 'H nrnr as one diastereomer of 
5,6-dimethyl-2,6-dinitrocyclohexa-2,4-die methyl ether (12n). 
The reaction was repeated under similar conditions on the di- 
astereoisomer 2-lam, whereupon the same diastereomer of 12n was 
obtained. 

Ether 12n was made using the crude nitration product of 6 (4 g, 
containing ca. 50% diene adducts). After reaction with sodium meth- 
oxide and work-up, the product was separated by hplc (Waters) using 
benzene as solvent. The first fraction contained mainly a mixture of 
aromatic compounds, present in the nitration product. The second 
fraction, after recrystallization from ether at -20°C, gave 12n, mp 
69°C; uv (CH30H) 328 (595), 203 nm (950 m2 mol-I); ir (Nujol): 
1555 (NO2), 1090 (C-0-C) cm-'; 'H nrnr (90 MHz, CDC13).6: 
1.88 (s, 3, 6-CH,), 2.19 (d, 3, 5-CHI), 3.55 (s, 3, OCH,), 5.12 
(s, 1, I-H), 6.25 (dd, 1, 4-H), 7.38 (d, 1, 3-H) ppm, J34 = 6, 
J4.5-Me = 1.5 HZ. Irradiation of the 5-CH3 (d) resonance resulted in the 
collapse of the 4-H (dd) resonance to a doublet. Irradiation of the 3-H 
(d) resonance resulted in the collapse of the 4-H (dd) resonance to a 
different doublet; I3C nmr (CDCI,) tic: 19.6 (6-CH,), 20.0 (5-CH,), 
60.5 (OCH,), 75.1 (C-I), 91.6 (C-6), 123.4 (C-4), 129.6 (C-3), 
142.8 (C-5), 146.0 (C-2). Anal. calcd. for CUHI2N2O5: C 47.37, 
H 5.30, N 12.27; found: C 47.55, H 5.24, N 12.14. 

Acetate 12m was reacted similarly with sodium methoxide in meth- 
anol and gave, after work-up ( 'H nmr), one diastereomer of ether 12n 
(23%) and both diastereomers of ether lan (77%). The ratio of the 
diastereomers E-lan/Z-lan was 9 : 1, by integration of the methoxy 
peaks. 

Sodium thiophenoxide 
Sodium thiophenoxide (50 mg, 0.38 mmol) was added to a solution 

of diene lam (64 mg, 0.25 mmol) in acetonitrile (400 mm3) at -40°C 
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[ZH5]Pyr~d~ne and acetlc anhydrrde 
Cold [2H5]pyrid~ne (300 mm3) was added to the diene l a o  (90 mg) 

at -78°C. The solutlon was warmed to O°C and 'H nmr, after 18 h, 
showed that no reaction had occurred. Cold acetlc anhydride 
(450 mm') was added. The mlxture lmmedlately turned dark brown 
and 'H nmr showed that no diene remained. Work-up gave (by 'H 
nmr) 11 (- 100%). 

Cold [2H5]pyr~dine (40 mm3, 0.5 mmol) was added to a solution of 
the dlene l a o  (70 mg, 0.33 mmol) in acetic anhydride (300 mm') at 
-40°C. The temperature was raised to O°C and the 'H nmr recorded. 

I The acetylatlon of l a o  to l am was complete withln 6 min, although 
partlal lsomerization to 12m (ca. 5%) was also observed. After 18 h 
at 0°C 11 was obtained on work-up ( 'H nmr). 

When 2,6-dimethylpyridine was used instead of pyridine, 50% of 
l a o  was acetylated after 150 mln. Work-up after 18 h at 0°C gave 
('H nmr) 11 (3%), l am (40%), and 12m (57%). 

Methyl iodide and moist s~lver ox~de 
Molst silver oxide was freshly prepared as follows. Aqueous 

sodium hydroxide (10 cm3, 0.05 mol) was added to a solution of silver 
nitrate (3.38 g) in distilled water (5 cm3). The precipitate of sllver 
oxide was filtered under suction and washed with distilled water (5 X 

20 cm3) to remove excess alkali. 
A mixture of silver oxlde (1.90 g), methyl iodide (7 cm3), potas- 

sium hydroxide (0 01 g), and the diene E-lao (0.52 g) was stlrred for 
5 h at 20°C. The mlxture was then filtered and the residue washed with 
ether (5 x 60 cm3). The ether extract was drled (MgS04) and the ether 
and excess methyl iodide evaporated at 15°C. The product, after 
vacuum drying, was found to be one dlastereomer of 43-dimethyl- 

I 2,4-d1n1trocyclohexa-2,5-dienyl methyl ether (E-lan); 'H nmr 
(90 MHz, CDC13) 6: 1.86 (d, 3, 5-CH3), 1 89 (s, 3, 4-CH3), 3.35 
(s, 3, 0CH3), 4.99 (d, 1, I-H), 6.04 (m, 1, 6-H), 7.18 (s, 1, 3-H) 

I ppm, 516 = 4, J6 CH, = 1.35 Hz; I3C nmr (CDCI,) 6". 17.6 (5-CH3), 
23.3 (4-CH,), 56.8 (OCH,), 68.0 (C-I), 88.9 (C-4), 125.5 (C-6), 
131.6 (C-3), 133.6 (C-5), 150.4 (C-2) ppm. 

The reaction was repeated on diene Z-lao to give Z-lan; 'H nmr (90 
MHz, CDC13) 6: 1.86 (s, 6, 5-CH3 and 4-CH'), 3.30 (s, 3, OCH,), 
4.99 (d, 1, I-H), 5 96 (m, 1, 6-H), 7.15 (s, 1, 3-H) ppm, J16 = 4 HZ; 
"C nmr (CDC13) Ec. 18 7 (5-CH3), 23.9 (4-CH3), 54.9 (OCH3), 67.1 
(C-1), 88.1 (C-4), 125.9 (C-6), 131.4 (C-3), 133.7 (C-5), 150.3 
(C-2) ppm. 

Shift reagent stud~es 
Eu(fod), was added In small increments (5- 10 mg) to a solutlon of 

the diene (35-50 mg) in [2~]chloroform at O°C The welght of the 
reagent added and the 'H nmr spectrum (tetramethylsllane reference) 
were determined after each addition. The volume ~ncrease resulting on 
addition of the reagent was ignored. 
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Surface photochemistry: silica gel as a medium for photochemical cycloaddition 
of enones to allene' 
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VINOD DAVE, RAJEEV FARWAHA, PAUL DE MAYO, and J .  B. STOTHERS. Can. J.  Chem. 63, 2401 (1985). 
The photocycloaddition of allene to the steroidal enone l a ,  normally occurring from the (less hindered) a side, has been 

directed in part to the (more hindered) P side by adsorption on the surface of sllica gel. For a series of cyclic enone-allene 
photocycloadditions it is shown that the normally favored formation of the P,y-regioisomeric adduct in homogeneous systems 
can be shifted to favor the y,S adduct on a silica gel surface. 

VINOD DAVE, RAJEEV FARWAHA, PAUL DE MAYO et J.  B .  STOTHERS. Can. J.  Chem. 63, 2401 (1985). 
La photocycloaddition de I'allkne sur I'Cnone steroi'dale ( la) ,  qui se produit normalement par la face a (la moins emptchCe) 

peut &tre amente i se produire en partie par la face P (la plus empCchte) par adsorption sur une surface de gel de silice. On 
a montrC, pour une sCrie de photocycloadditions cycliques Cnone-allhe, que la formation de I'adduit rtgioisomkre-P,y, qui 
est normalement favorisCe dans les systkmes homogknes, peut etre dCplacCe en faveur de I'adduit y,S si I'on ophre sur une 
surface de gel de silice. 

[Traduit par le journal] 

Introduction 
Photochemical cycloaddition between an alkene and an 

a,P-unsaturated cyclic ketone has proved to be a very useful 
tool for the synthesis of alicyclic compounds (1). Its application 

I has been limited, however, by the lack of regio- and stereo- 
selectivity in the reaction. 

I 
It has been known for some time that if the two faces of the ' double bond in the enone are stereochemically non-equivalent 

the major product generally arises by reaction of the olefin from 
the less hindered side of the enone (ref. 2, see, however, ref. 
4). Recently it has been shown that such photocycloadditions 
can be induced on dry silica gel (3) using steroidal enones as 

I substrates. With these compounds the a face is less hindered ' than the p face and thus this face is preferentially adsorbed on 
the gel, rendering the P face relatively more prone to attack by 
the olefin. 

Some years ago, Wiesner and co-workers (4) proposed that 
the stereochemistry of the enone photocycloaddition could be 
predicted from the conformational posture of the enone excited 
state. It was postulated that the configuration of the photo- 
adduct is controlled by a species which is trigonal in the a- and 
pyramidal in the P-position. This species was assumed to select 
the more stable configuration and thus to determine the config- 
uration of the adduct: this resultant stereochemistry might or 
might not derive from the steric ease of approach of the olefin. 
According to the proposal, the a carbon is slightly positive in 
comparison to the p carbon in the transition state and an over- 
lap of the P orbital with the terminal position of allene would 
be required for bond formation. Since allene addition always 
results in the formation of a cis-fused adduct, one cannot, from 
the stereochemistry, discuss whether a or P bond formation 
occurred first ( l a ,  5). The question of whether the biradical 
intermediate is formed by initial bond formation at C, or Cp is 
not well resolved, although there is evidence that the initial 
bond formation can be at C, or Cp, depending upon the struc- 
ture of enone and alkene involved (ref. 6; see also refs. 1 a and 

1 d). Several exceptions to the Wiesner proposal have recently 
appeared (7). 

As a test for his predictive guide Wiesner camed out the 
photocycloaddition of allene to 1 and 2 at -78OC. It was 
expected (4c) that 1 should undergo reaction on the a face, and 
it indeed did so, giving 3a (together with 4). On the other hand, 
2 was predicted to react from the P face, but the reaction could 
be inhibited by steric hindrance: in fact, the reaction was found 
to be very sluggish. 

Such substances as 1 and 2 seemed of interest to test the 
efficiency of adsorption on silica gel for directing cy- 
cloaddition. Specifically, we were interested to know if such 
adsorption for 1 could lead to the formation of the hindered P 
adduct. This, as reported below, was found to be the case. In 
addition, a regioselective difference in the mode of addition to 
allene was observed between heterogeneous and homogeneous 
systems, and for this reason the study was extended to include 
several other enones. 

Results and discussion 
The photocycloaddition of 3~-acetoxy-A8~9-cholesten-7-one 

(1) and allene adsorbed on silica gel was carried out using a 
450-W medium-pressure mercury lamp. The irradiation prod- 
uct was chromatographed to give the previously reported rear- 
rangement product 4 and a adduct 3a (4c) in 10% and 20% 
yields, respectively. In addition to these known adducts, a 
mixture of three isomeric cycloadducts was also obtained in 
70% yield. The complex mixture was not well resolved on tlc 
and was therefore converted to the corresponding alcohols by 
hydrolysis with methanolic KOH. There was obtained a new 
adduct as a crystalline solid4 and a 1 : 1 mixture of alcohols 
identified below as 5 and 6. This mixture was separated by 
flash chromatography, giving a solid and a liquid adduct. That 
one photoproduct, 6, was an allene adduct followed from the 
mass spectrum ( m l e  440); 'Hmr (6 4.49, C=CH2) and I3Cmr 
(&: 106.3, =CH2). The head-to-head regiochemistry was re- 

' Publication No. 340 from the Photochemistry Unit, Department of 'See also K. Wiesner, as cited by Cargill et al. (ref. 7a, footnote 
Chemistry, The University of Western Ontario, London, Ontario, 12), and ref. le. 

I Canada N6A 5B7. 4The X-ray structure determination of its derived diol will be re- 
' Authors to whom correspondence may be addressed. ported later. 
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vealed by its medium intensity uv maximum at 290 nm (E 96), 
characteristic of a P,y-unsaturated ketone (8). The photo- 
cycloadduct 5 was also an allene adduct, as judged from the 
mass spectrum (mle 440); the 'Hmr (6 5.17 brs, 1H and 4.93 
m, lH, -C=CH2) and I3Cmr (Sc: 110.7 =CH2). Cyclo- 
adduct 5 showed a very weak uv absorption maximum at 290 

I nm (E 39), characteristic of an unperturbed carbonyl group, 
I indicating it to be an y,S-unsaturated ketone. The stereo- 

chemistry of addition in 5 and 6 became apparent from their ~ I3Cmr spectra upon comparison with that for 3b. In addition to 
the signals for the side-chain carbons in each, there were sever- 
al similarities in the spectra of 3b and 5 but very few for 3b and 

I 6. For 3b and 5 the signals for five methylene, two methine, 
I and a quaternary centre differ by less than 0.1 ppm in the two 

spectra while the angular methyl, another methylene, and qua- 
ternary signals fall within 0.2 pprn (see Experimental). Thus, 
12 of the 17 signals for the skeletal carbons are remarkably 
similar. In contrast, only a single methylene absorption for 
compound 6 is found within 0.1 pprn of any of those for 
compounds 3b and 5; the quaternary centres differ by 3-8 
ppm, the methines by 3- 10 ppm, and the angular methyls by 
1-2 ppm. On the basis of the I3Cmr data, combined with the 
above mentioned uv absorption, it is concluded that 5 is the 
regioisomeric a-adduct with y,S-unsaturation and 6 is the 
P-adduct of the P,y-unsaturated ketone. 

It has been suggested that an overlap of the P orbital of the 
a,P-unsaturated ketone with the terminal allene carbon is re- 
quired for the formation of a P,y allene cycloadduct (4). Fur- 
thermore, it is known that ethyl, methyl, and isopropyl radicals 
add exclusively to the terminal carbon of allene (9). By analogy 
with this radical-like transition state, and assuming that attack 
at the terminal position of allene is unaffected by adsorption on 
silica gel, the formation of the y,S regioisomeric adduct 5 can 
be explained by assuming that initial bond formation occurs at 
the a carbon of the steroidal a,P-unsaturated ketone. 

'The photocycloaddition of 3~-acetoxy-A8~9-cholesten-11- 
one (2) and allene in methylene chloride was carried out using 
the reported procedure (4c). Thin-layer chromatography of the 
crude product showed the presence of mainly unreacted starting 
unsaturated ketone, together with a minor compound (<5%) 
less polar than 2, as previously reported. Repeating this reac- 
tion on silica gel did not reveal any noticeable change. 

The use of silica gel has thus induced photocycloaddition to 
the p face of the 8 :9  double bond and, more importantly, in 
reasonable amount; P photoadduct 6 represents about one-third 

of the allene adducts formed. In addition to the exceptions 
reported for homogeneous systems, it appears that the proposed 
stereochemical rule (4) should also be applied to heterogeneous 
systems with caution. 

The formation of the head-to-tail adduct 5 on silica gel in the 
photocycloaddition of steroidal enone 1 to allene encouraged us 
to examine the photocycloaddition reactions of some simple 
cyclic enones to allene under heterogeneous conditions to de- 
termine the limits and utility of the reaction. The compounds 
chosen for photocycloaddition were cyclohexenone (disub- 
stituted olefin), isophorone (trisubstituted), and four bicyclic 
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TABLE 1. "C shielding data" for photoadducts 

Compound CH2=C- CH2=C- C=O 

"In ppm from internal 'TMS in CDCI3. 

ketones 11, 13, 15, 17 (tetrasubstituted). Their photocyclo- 
addition reactions with allene were carried out in solution 
(CH2C12) and on dry silica gel. Except for the isophorone- 
allene cycloadduct mixture, which could be resolved on tlc, no 
other adduct mixtures could be resolved by glc or tlc to permit 

I the determination of the ratio of the two regioisomeric adducts: 
the head-to-head (H/H)/head-to-tail (HIT) ratios in these mix- 
tures were determined by integration of suitable signals in the 
I3Crnr spectrum. The most reliable signal for this integration 

I was the sp2 carbon (=CH2) in each of the two adducts. 
I It is clear from the literature (Id) that the major product 

formed by photocycloaddition of allene to simple cyclo- 
pentenones and cyclohexenones in solution is the head-to-head 
adduct with a cis ring junction. Using this as a guide, the 
carbon spectra of the six unsaturated ketone-allene photo- 

I 
cycloaddition products were examined. For the total reaction 
products from solution irradiations the spectra showed the 
presence of two peaks, one of high and the other of low in- 
tensity, in the region 6 104- 109 ppm. These were assigned to 
the =CH2 signals of the major P,y-unsaturated ketone and the 
minor 7,s-unsaturated ketone, respectively (see Table 1). 
These two peaks were carefully integrated to give the ratio of 
P,y (head-to-head) and y,S (head-to-tail) adducts from the 
unsaturated ketones (7, 9, 11, 13, 15, and 17) by solution 
irradiation (Table 2). The same two peaks were also integrated 
for the product mixtures derived from ketone-allene 
irradiation on dry silica gel. The ratios obtained are listed in 
Table 2. 

The photocycloaddition of allene to isophorone 9 in methyl- 
ene chloride and on silica gel gave two cycloadducts (10a and 
lob). The~r regiochemistry was easily ascertained from their 
'Hrnr spectra since the vinyl protons appeared as a multiplet at 
-6 5.0 in 10a and as two triplets at 6 4.82 and 6 4.71 in the 
case of lob. The P,y adduct (10a) showed a low-field proton 
signal at 6 3.2, attributed to the methine proton at C-2: an 
indication of head-to-head (H/H) regiochemistry. In contrast, 
for lob no low-field signal was detected near 3.0 ppm, which 
indicated head-to-tail (HIT) regiochemistry. Additional con- 
firmation of this assignment was obtained from the I3Cmr spec- 
tra of the two isomeric adducts. The assignment was made by 
comparisons with the data for similar analogues (Table 1). 

The photocycloaddition of enones (7,9, 11,13, 15, and 17) 
to allene in methylene chloride gave (H/H) regioisomers as 
major photoadducts with the (HIT) regioisomers present in 
small amounts, as shown by I3Cmr. In contrast, irradiation of 
these enones and allene on silica produced a pronounced shift 

TABLE 2. Conditions and the results of the photocyclo- 
addition of enones to allene 

Regioisomer ( % ) b  

Enone System" Product H/H H/T 

"A,  methylene chloride solution; B ,  dry silica gel. 
hAnalysed by "Cmr (see text), estimated precision f 5%. 
"Relative ratio of isolated adducts. 

towards H/T adduct formation. The formation of the H/T 
product indicates a preference for reaction of the a position of 
the enone with the terminal allene position, or reaction at the 
p position of the enone with the central position of the allene. 
Presumably the change is caused by changes in electron distri- 
bution induced by adsorption onto the silica gel surface, but no 
evidence is presently available to distinguish between these 
possibilities. In any event the ability to change the adduct 
composition may be of synthetic utility. 

In the photocycloaddition of bicyclo[4.4.0]dec-l(6)-en-one 
(11) on silica gel there was obtained, in addition to the expected 
adducts 12a and 12b, -5% of a minor compound with the 
molecular formula C,3H,80, i.e., isomeric with 12a and 12b. 
It appeared to contain a four-membered ring ketone since it 
exhibited carbonyl absorption at 1760 cm-'. The I3Cmr spec- 
trum showed signals for a carbonyl carbon, two methine car- 
bons, two quaternary carbons, and eight methylene carbons. 
The 'Hmr spectrum contained a one-proton doublet at 6 2.7 
ppm ( J  = 8 Hz, 1H) and a two-proton multiplet at S 2.67-3.0 
ppm (JAB = 18 Hz, JAx = -2.5 Hz). To determine the origin 
of this product, a mixture of photocycloadducts 12a and 12b 
was irradiated on silica gel. The irradiation mixture was found 
to contain major amounts of the starting adducts 12a and 12b 
with 5- 10% of the cyclobutanone. Thus, this compound is an 
over-irradiation product of 12a or 12b. Formation of this novel 
rearrangement product from 12a or 12b can be readily ration- 
alized (see Scheme 1) and the structure arrived at is compatible 
with all the available data (but is not rigorously required by 
them). 

Type I cleavage of 12a, followed by an intramolecular hy- 
drogen transfer gives a ketene intermediate, which can sub- 
sequently undergo an allowed thermal (2nS + 2 ~ , )  cyclo- 
addition to give the cycloadduct 12c. An equivalent structure 
can be written derived from 12b. Close analogy with this ther- 
mal intramolecular cycloaddition has been reported (lo), see 
Scheme 2. 

Experimental 
Apparatus 

Ultraviolet spectra were recorded on a Varian Cary 219 spectro- 
photometer. The 'Hmr spectra were recorded on a Varian XL-100 
(100 MHz) or an XL-200 (200 MHz). The latter instrument was used 
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to record the I3C spectra (50.3 MHz), and comparison of the fully 
decoupled spectra with those obtained with either the APT (1 1) or 
INEPT (12) sequence served to identify the methyl, methylene, meth- 
ine, and quaternary signals. Chemical shifts are reported in parts per 
million (ppm) on the 6 scale relative to (CH,),Si as internal standard. 
The proportions of H/H and H/T isomers in the product mixtures 
from irradiations of 7, 9, 11,13,15, and 17 were obtained from the 
relative integrated intensities of the exo-methylene carbon signals. 
Measurements from spectra obtained for the same sample with 20' and 
30" pulses showed good agreement (*2%); thus, the precision of the 
ratios is judged to be 25%. Infrared spectra were recorded with a 
Beckman-Acculab 4 spectrophotometer. Mass spectra were obtained 
on a Varian MAT 31 1A system at 70 eV (direct inlet). Melting points 
were measured on a Reichert hot-stage apparatus and are uncorrected. 

Materials 
Methylene chloride was dried over CaH2, Spectral grade methanol 

was used. Thin-layer chromatography (tlc) was on Kiesel gel DF-5 
(Camag) plates and flash chromatography (FC) columns were pre- 
pared as described (13). Merck silica gel 60 (E. M.  Merck, 35-70 
mesh) was used in all irradiation experiments. The following com- 
pounds were prepared by known methods and gave satisfactory 
physical and spectral data: 3~-acetoxy-As~9-cholesten-7-one (1) (14), 
3~-acetoxy-A8~9-cholesten- I 1 -one (2) (1 5), bicyclo[4.4.0]dec-l(6)- 
en-one (11) (16), bicyclo[0.3.3]-A'-octen- 1-one 13 (16), 4,5,6,7- 
tetrahydroindan-1-one (15) (16), and Ax-hydrindenone (17) (16). Al- 
lene (Canadian Liquid Air) was used as supplied. 

Procedure for sample preparation and irradiation on dry silica 
A preweighed sample of silica gel (-6 g) was introduced into a 

Pyrex tube equipped with a side arm in apparatus described elsewhere 
(17), and to it was added a sample of steroidal enone 1 (-0.45 mmol). 
The silica gel was dried at 200°C (3 h; 0.3 Torr) (1 Torr = 133.3 Pa). 
The silica gel was then allowed to cool to room temperature under 
vacuum, the enone was dropped onto the gel, and dry methylene 
chloride (30 mL) was condensed on to the gel by cooling the Pyrex 
cylinder containing the silica gel to -78°C. The slurry was shaken 
well in order to dissolve the enone and the methylene chloride was 
removed by distillation back to the original container. The silica gel 
was further dried in vacuum for 6 h. In the case of liquid enones 7, 
9, 11, 13, 15, and 17, a preweighed sample (-1.0 mmol) was con- 
densed into the Pyrex cylinder containing silica gel cooled to -78°C. 
The allene gas was introduced at 1 Torr (133.3 Pa) pressure into the 
Pyrex cylinder, containing gel and an enone, of total capacity -43 mL 
at 0°C. The Pyrex cylinder was then sealed and rotated on its long 

axis in front of a 450-W medium-pressure Hg lamp. Irradiation times 
varied considerably depending upon the substrate and conversion 
required. 

Sample analysis 
The silica gel was extracted with ether and with methanol. The 

adduct products, except in the case of 1 and 2, were analysed by I3Cmr 
using the sp2 carbon atoms (=CH2) as probes. 

Solution irradiations 
A solution of enone (-0.05 M) in methylene chloride was irradiated 

while a continuous stream of allene was bubbled through the solution. 

Photocycloaddition of 3P-a~etony-A~~~-cholesten-7-one (1) to allene 
Irradiation of 1 (200 mg, 0.45 mmol) and allene on 6 g of silica gave 

190 mg of yellow oil which was purified by ptlc (6:4 (v/v) hexane- 
ether, 7 developments). The band at R f  0.81 gave 12.3 mg of col- 
ourless solid. One recrystallization from ether-methanol gave 7.6 mg 
of 4: mp 175.5- 177°C (lit. (4c) mp 177- 178°C). The band at Rr 0.74 
gave 23 mg of reported (4c) a adduct 3a, mp 1 16- 1 18°C (lit. (4c) mp 
119.5- 120.5"C); derived hydroxy ketone 3b I3Cmr (CDC13) ijc: 22.8, 
22.6, 19.1, 15.8, 12.2(5 XCH3),45.3,39.5,38.1,37.3,36.1,34.7, 
30.9, 30.3, 27.6, 25.4, 23.8, 20.3 (12 X CH2), 70.3, 55.4, 55.4, 
36.0,33.9, 28.0(6 X CH), 60.3,47.9,40.3, 38.5(4 X quat. C), 
103.1 (CHZ=C-), 151.2 (CHZ=C-), 211.9 (C=O). 

The band at Rr 0.65 gave 87 mg of colorless oil (a mixture of three 
adducts). This material was hydrolyzed with methanolic KOH at room 
temperature for 1 h. The usual work-up gave an oily solid. To this was 
added ether and the supernatant liquid was pipetted out leaving 21.3 
mg of an unidentified adduct4 as a colourless crystalline solid, mp 
183- 185°C; ir (CHCI,) v,,,: 3400-3500, 1710 cm-I; 'Hmr 6: 3.52 
(m, 1H); "Cmr (CDCI,) tic: 22.8, 22.6, 19.5, 19.1, 1 1.7 (5 X CH,), 
49.54,48.04,42.5,41.8,39.5,38.1,36.1,35.1,32.1,26.7,23.8, 
22.1, 19 .6 (13XCH2) ,68 .3 ,57 .9 ,55 .8 ,44 .3 ,35 .7 ,28 .0 (6XCH) ,  
56.7, 56.6, 49.0, 43.1, 42.5 (5 X quat. C), 215.7 (C=O). Exact 
Mass calcd. for C30H4802: 440.3654; found: 440.3651. 'The ether 
soluble material (56 mg) was purified by ptlc (64: 36 hexane-EtOAc, 
4 developments). 'The band at Rr 0.51 gave 36 mg of a mixture of 
alcohols 5 and 6 as a colourless viscous oil. The band at Rr 0.44 gave 
9.8 mg of the same unidentified cycloadd~ct.~ 

The acetate of the above hydroxyketone4 was made in the usual 
way, giving the acetoxyketone derivative as colourless granules, mp 
105-.108"C (from CH,OH); ir (CHCI,) v,,,: 1710 cm-I; 'Hmr 
(CDCI,) 6: 2.04 (s, 3H), 4.67 (m, IH). Exact Mass calcd. for 
C32H5002: 482.3759; found: 482.3759. 

The above acetoxyketone (33 mg, 0.07 mmol) was reduced with 60 
mg (1.5 mmol)'of lithium aluminium hydride in 10 mL of ether. The 
usual work-up gave 28 mg of diol as an oily solid. This oily solid was 
purified by ptlc (76:24 hexane-EtOAc, 3 developments). The band 
at Rr 0.53 gave 20 mg of colourless diol, mp 154°C (dec. from Et20 
- petroleum ether); ir (CHCI,) v,,,: 3600, 3400 cm-I; ' ~ m r  (CDCI,) 
6: 4.08-4.1 (d, J = 6 Hz, IH), 3.46-3.6 (m, 2H); "Cmr (CDCl,) tic: 
23.1,22.8,20.2, 19.4, 13.0(5 X CH3),54.1,45.8,44.1,43.9,40.3, 
39.0, 36.8, 36.5, 33.2, 30.6, 24.5, 23,7, 21.7 (13 X CH3, 72.5, 
68.4,61.4,57.5,45.3,36.7,28.7(7 x CH),54.6,51.8,47.6,47.1, 
42.8 (5 X quat. C). ExactMass calcd. for C30H5002: 442.381 1; found: 
442.3798. 

A -50:50 mixture of alcohols (53 mg) 5 and 6 was purified using 
flash column chromatography on Si02 (Et20 - petroleum ether, 
70:30) to give 10 mg of 6 (mp 143-146°C; ir (CHCI,) v,.,: 
3600-3400, 1705 cm-I; uv (CH30H) A,,,: 290 nm (E 96 M-' cm-I); 
'Hmr (CDCI,) 6: 4.49 (brs, 2H), 3.37 (m, 1H); I3Cmr (CDCI,) 6c: 
22.8,22.6, 18.8, 13.4, 11.4(5 X CH3),43.0,39.5,38.4,37.6,36.2, 
36.17, 31.3, 29.6, 28.5, 27.3, 25.5, 23.7 (12 X CH2), 66.6, 54.8, 
52.7, 46.2, 35.6, 28.0 (6 X CH), 54.8, 53.6, 48.6,45.6 (4 X quat. 
C), 106.3 (CH2=C-), 152.4 (CH2=C-), 210.5 (C=O). Exact 
Mass calcd. for C30H4802: 440.3654; found: 440.3652), together with 
36 mg of mixed isomers, and 8 mg of 5 as a colourless viscous oil; ir 
(CHCI,) v,,,: 3400-3600, 1690 cm-I; uv (CH30H) A,,,: 290 nm (E 
38.5 M - I  cm-I); [a]25 (CHCI,) -23.1"; 'Hmr (CDCI,) 6: 5.17 (brs, 
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lH), 4.93 (m, lH), 3.04 (m, 1H); "Cmr (CDCI?) Sc: 22.8, 22.6, 
19.0, 15.5, 12.5(5 X CH,) ,44.7,44.2,39.5,38.4,37.3,36.1,30.9,  
30.4, 27.6, 24.8, 23,7, 20.2(12 X CH2),70.2, 57.4, 55.5, 36.3, 
35.9, 28.0 (6 x CH), 62,3, 50.5, 40.7, 38.7 (4 x quat. C), 110.7 
(CH2=C-), 150.2 (CH2=C-), 213 4 (C=O). Exact Mass calcd. 
for C?OH4n02: 440.3654; found: 440.3661. 

Irradzation of 3~-acetoxy-Ax9-cholesten-11-one (2) and allene on 
I silica gel 

Irradiation of 3 mg of 2 and allene on 300 mg of silica gel was 
performed as described previously. The tlc of the crude silica irra- 

I diation product was found to be identical with the irradiation of 2 in 
I methylene chloride at room temperature. 

Irradiation of isophorone (9) and allene on sllica gel 
Irradiation of 9 (150 mg, 1.08 mmol) and allene on 6 g of silica gave 

170 mg of oil. Chromatography of the crude irradiation product by ptlc 
(eluent: benzene, 4 developments) gave 78 mg of 10a as a colourless 
oil; 'Hmr (CDCI?) 6: 5.0-4.9 (m, 2H), 3.3-3.1 (brs, lH), 1.3 (s, 
3H), 1.12 (s, 3H), 0.85 (s, 3H); '3Cmr (CDCI?) Sc: 30.9, 30.3, 27.7 
(3 x CH?), 59.7 (quat. C), 108.2 (CH2=C-), 142.3 (CH2=C-), 
209.9 (C=O). Exact Mass calcd. for C12HlxO: 178.1357; found: 
178.1362; and 55 mg of lob as a colorless oil: 'Hmr (CDCI,) 6: 
4.90-4.78 (t, J  = 2 Hz, lH), 4.78-4.62 (t, J  = 2 Hz, IH), 1.4 (s, 
3H), 1.0 (s, 6H); "Cmr (CDCI,) Sc: 30.4, 29.45, 29.3 (3 x CH,), 
47.6 (quat. C), 103.5 (CH2=C-), 156.1 (CH2=C-), 214.2 
(C=O). ExactMass calcd. for Cl2HI80: 178.1357; found: 178.1357. 

Irradiation of bicyclo[4.4.0]dec-I(6)-en-one (11) and allene on silica 
gel 

I 
Irradiation of 11 (150 mg, 0.79 mmol) and allene on 5 g of silica 

gave 140 mg of crude oil. Chromatography of the crude oil gave 60 
I 

mg of a mixture of photocycloadducts 12a and 126; the '"nu data are 
collected in Table 2. Exact Mass calcd. for C13HlxO: 190.1357; found: 
190.1362. Also obtained was 7 mg of 12c as a colourless oil. A total 

~ of 33.5 mg of this materlal was collected from several reactions and 
purified by ptlc (hexane - ethyl acetate, 96:4, 3 developments) to give 

I 20 mg of rearrangement product 12c as an oil; ir (CHCI,) v,,,: 1760 
I cm-'; 'Hmr (CDCI,) 6: 3.44 (d, J  = 8 Hz, 1H) 3.0-2.67 (m, JAB = 

18Hz,JA,=-2.5H~);'~C11~6c:48.8,37.6, 30.5,29.6,27.7,25.0, 
22.4,21.6(8 x CH2),69.6, 32.0(2 x CH),51.0,45.9(2 x quat. 
C), 212.6 (C=O). Exact Mass calcd. for CI?HlnO: 190.1357; found: 
190.1355; oxime mp 72-82°C. Exact Mass calcd. for C13H190N: 
205.1466; found: 205.1469. 

Irradiation of 11 and allene in methylene chloride was performed as 
described previously and no rearrangement product 12c was detected. 

Photocycloaddition of 7, 9, 11, 13, 15, and 17 to allene 
The photocycloaddition of the enones 7, 9, 11, 13, 15, and 17 in 

methylene chloride and on silica gel was performed as previously 
described and products analysed by "Cmr (see Tables 1 and 2). The 
molecular formulae were confirmed by mass spectrometry, results for 
which are as follows. Mixture of 8a and 86: Exact Mass calcd. for 
C9HI20: 136.0888; found 136.0893; 10a and lob: Exact Mass calcd. 
for CI2HI80: 178.1357; found 178.1362; 12a and 126: Exact Mass 
calcd. for CI3Hl80: 190.1357; found 190.1362; 14a and 146: Exact 
Mass calcd. for CllHI40:  162.1044; found 162.1040; 16a and 166: 

Exact Mass calcd. for Cl2HI6O: 176.1201; found 176.1201; 18a and 
186: Exact Mass calcd. for C12Hl&: 176.1201; found 176.1200. 
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Novel sterols from the finger sponge Haliclona oculata 
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JOHN A. FINDLAY and ASHOK D. PATIL. Can. J. Chem. 63, 2406 (1985). 
From the finger sponge, Haliclona oculata (Linnaeus), six new polar sterols have been isolated and their structures 

determined by chemical and spectroscopic means. These are 3P-hydroxy-cholesta-5,25-dien-24-one (2), 3P-hydroxy-24-meth- 
ylene-5-cholesten-7-one (6), 24-methylene-5-cholesten-3P,7P-diol (9), 24-methylcholesta-5,22-dien-3P,7P-diol ( l l ) ,  24- 
methylene-5-cholesten-3P,7a-diol (12), and 5~,6-epoxy-24-methylene-cholestan-3~-ol(16). Also shown to be present are the 
known monohydroxysterols (22E,24S)-24-methylcholesta-5,22-dien-3P-ol (I),  (22Z)-24-norcholesta-5,22-dien-3P-ol, 24- 
methylene-5-cholesten-3p-01, 24-isoethylidene-5-cholesten-3P-01, (22E)-24-norcholesta-5,22-dien-3P-ol and (23E)-cholesta- 
5.23-dien-3P,25-diol. The structure 14 is tentatively proposed for a novel CZ4 sterol and 8 is suggested for the structure of a 
compound accompanying 6. 

JOHN A. FINDLAY et ASHOK D. PATIL. Can. J. Chem. 63, 2406 (1985). 
On a is016 six nouveaux sttrols polaires de 1'Cponge Haliclona oculata (Linnaeus) et on a determink leurs structures par des 

mCthodes chimiques et spectroscopiques. I1 s'agit de I'hydroxy-3P cholestadikne-5,25 one-24 (2), de l'hydroxy-3P mCthyl2ne- 
24 cholesti?ne-5 one-7 (6), du mCthylkne-24 cholestkne-5 diol-3P,7P (9), du mCthyl-24 cholestadi6ne-5,22 diol-3P,7P (11), 
du mCthylkne-24 cholestkne-5 diol-3P,7a (12) et de 1'Cpoxy-5P,6 mCthyl2ne-24 cholestanol-3P (16). On a aussi montrC que 
les monohydroxystCrols connus (22E,24S) mCthyl-24 cholestadikne-5,22 01-3P (I),  (222) nor-24 cholestadi6ne-5,22 01-3P, 
mCthylkne-24 cholestkne-5 01-3P, isoCthylid6ne-24 cholestene-5 01-3P, (22E) nor-24 cholestadikne-5,22 01-3P et (23E) 
cholestadikne-5,23 diol-3P,25 sont aussi prCsents. Sur une base prkliminaire, on a attribuC la structure 14 k un nouveau stir01 
en C24 et la structure 8 i un composC accompagnant le composC 6. 

[Traduit par le journal] 

Chemical studies on sponges have shown that they often are 
a source of novel sterols of biogenetic interest (1, 2). As part 
of a continuing study of marine natural products from Bay of 
Fundy organisms, we have examined the sterols of the abun- 
dant finger sponge Haliclona oculata (Linnaeus) and now re- 
port our findings. 

Thin-layer chromatography (tlc) of fractions from silica gel 
column chromatography of a methanol extract of H.  oculata 
showed the presence of substantial amounts of compounds 
more polar than the monohydroxylated sterol fraction. The five 
major monohydroxylated sterols were separated and identified 
by comparison of their spectral characteristics with literature 
data. The major sterol (85%) of this fraction proved to be 
(22E,24S)-24-methylcholesta-5,22-dien-3P-ol (22-dehydro- 
campesterol), 1 (3, 4), while other components were identified 
as (22Z)-24-norcholesta-5,22-dien-3P-ol(4) (1.5%), 24-meth- 
ylene-5-cholesten-3P-01 (5) (2.4%), 24-isoethylidene-5-chol- 
esten-3P-01 (isofucosterol) (4) (2.9%), and (22E)-24-nor- 
cholesta-5,22-dien-3P-01 (4) (0.8%). 

Purification of the more polar sterols was achieved by a 
combination of column chromatography, preparative tlc, and 
high pressure liquid chromatography (hplc) on silica gel and 
reverse phase systems. In some cases it was necessary to sepa- 
rate mixtures after acetylation. In this manner we have suc- 
ceeded in isolating and characterizing the six new sterols 2, 6, 
9, 11, 12, and 16, plus the previously reported diene diol4 (6). 

The novel ketone 2 was purified as its acetate 3 whose ir 
spectrum (CHCl,) displays strong bands at 1730 and 1670 cm-' 
attributed to the ester and a,P-unsaturated ketone, respec- 
tively. The uv spectrum showing A,,, (C2H,0H) 223 (E 1 1 440) 
allows placement of the enone in the sidechain. The mass 
spectrum of 2 shows a molecular ion m / e  398 (C27&202) and 
the base peak, m / e  271, is attributed to loss of the sidechain 
plus two hydrogens. An abundant ion m / e  314 results from 

' Revision received January 24, 1985. 14. R = H IS, R = ~c 16 
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TABLE I .  Chemical shifts, multiplicities" 

Compounds 

Carbon 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
2 2  
2 3  
24 
2 5  
26 
27  
28 

"As determined by DEFT analysis. 
'~ssignments after Wright et al. (3). 
'.".'Assignments may be interchanged. 

cleavage of the C22-C23 bond, together with a hydrogen 
transfer. Both of these fragments are typical of sterols pos- 
sessing a cholesterol nucleus plus a double bond in the side- 
chain (7, 8). Confirmation of the assigned structure is available 
from the 200-MHz 'H nmr spectrum, which shows signals 
consistent with the cholesterol nucleus plus additional methyl 
signals at S 0.95 (d, J = 6 Hz) and S 1.95 (s) assigned to the 
21CH3 and 27CH3, respectively. The vinylic protons at C26 
appear as singlets at S 5.78 and S 5.98 ppm. 

The diene diol 4 displays in its mass spectrum a molecular 
ion m l e  400 (C27H4402) plus a series of fragments m l e  271, 
255, and 213 consistent with its nuclear and sidechain features 
(7, 8). Other prominent ions m l e  382 (M - H20), 385 (M - 
CH,), 367 (M - H 2 0  - CH3), 349 (M - 2H20 - CH3) support 
the functionality and composition of 4. The 'H nmr spectrum 
displays a sharp singlet at S 1.34 (6H) assigned to the terminal 
methyls, while the secondary methyl is seen at S 0.92 ppm ( J  
= 6.5 Hz). Irradiation of the allylic region (- S 2.0) caused the 
sidechain vinylic proton multiplet to collapse to an AB quartet 
(JAB = 15.5 HZ), while the multiplicity of the 21CH3 was 
unchanged and the 3CH signal was transformed to a less com- 
plex multiplet. Thus the placement of all functional groups and 
the AZ3 geometry are established. Diene diol 4 on acetylation 
provided the monoacetate 5 whose infrared spectrum featured 
a band at 3600 cm-' (tertiary OH). Comparison of the I3C nrnr 
spectrum of 4 with that of the known (3) 22-dehydro- 
campesterol 1 (see Table 1) provides detailed corroboration of 
the structure and stereochemistry of 4, which was previously 

isolated from marine sources, characterized as its acetate, and 
designated trans-liagosterol (6). 

A major component of the polar sterol fraction proved to be 
the novel dienone 6, which was inseparable from a minor 
isomer tentatively assigned structure 8, in view of the presence 
of a multiplet at S 5.25 similar in pattern to the A22,23 proton 
signals in 1. The enone feature was inferred from the infrared 
(CHCI,) spectral features (1655 and 1640 cm-') and its ultra- 
violet spectrum (A,,, (C2H50H) 238.5 (E 15 600)). The mass 
spectrum exhibits a strong molecular ion m l e  412 (CZ8H44O2), 
while an abundant ion m l e  269 results from dehydration plus 
loss of the sidechain from C20. An ion mle  310 is accounted 
for by McLafferty rearrangement of a dehydrated species. The 
'H nmr spectrum displays singlets at 6 4.65, 4.76, and 5.64 
ppm, assigned to the C24 methylene protons and the C6H, 
respectively, while other signals confirm the presence of two 
tertiary and three secondary methyls in field positions in accord 
with expectation (9). Distortionless enhancement bipolari- 
zation transfer (DEPT) analysis of the I3C nmr spectrum of the 
acetate 7 of alcohol 6 shows that twenty-four of the thirty 
carbon atoms bear protons and, of these, eight are primary, ten 
are secondary, and six are tertiary. Table 1 provides assign- 
ments for the I3C signals and a detailed corroboration for struc- 
tures 6 and 7. The chemical shift assignments are in close 
agreement with the corresponding assignments for the nuclear 
carbon atoms of 3P-acetoxy-cholest-5-en-7-one (12). 

Hydrolysis of acetate 7 with 5% ethanolic KOH furnished 
the trienone 13, which shows infrared absorption bands at 
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1650, 1620, and 1590 cm-' and A,,, (C2H50H) 280.5 (E 
15 560) in its ultraviolet spectrum, establishing the conjugated 
dienone features. The mass spectrum, predictably, shows 
prominent ions at m/e 269 and 310 (vide supra) while the 'H 
nrnr spectrum features a singlet at 6 5.63 (C6H) and multiplets 
at 6 6.08-6.28 (2H) assigned to the C3 and C4 hydrogens. The 
spectroscopic data are consistent with those for cholesta-3,5- 
dien-7-one (10) and other sterols possessing the same dienone 
system (1 1). A multiplet at 6 5.26 (0.3 H) similar in pattern to 
the A22.23 signal in the 'H nrnr spectrum of 1 suggests the 
presence (- 15%) of compound 8. 

The novel diol 9 was characterized as its diacetate 10. The 
mass spectrum of 9 displays a molecular ion m/e 414 
(C28H4602). A prominent ion at m/e 253 is ascribed to a 
3,5,7-triene fragment derived by loss of two molecules of water 
plus the sidechain, thus placing both hydroxyls in the nucleus. 
The relationship of functional groups in the nucleus was dem- 
onstrated by 'H nrnr experiments. Irradiation of C3H at 6 3.56 
removed a coupling to the allylic hydrogen signals at 6 2.32, 
while irradiation at 6 1.38 (C8H) changed the C7H doublet at 
6 3.84 ( J  = 8 Hz) to a broad singlet, thus supporting the 
assignment of an a configuration to the C7H. Other 'H nrnr 
signals are consistent with the indicated sidechain and nucleus 
stereochemistry. The "C nrnr spectrum and DEFT analysis 
confirmed the number and substitution of carbon atoms in 
alcohol 9, and chemical shift assignments based on compara- 
tive data for the related compound 1, with the same skeletal 
ring junction stereochemistry, are given in Table 1.  

The spectral characteristics of diene diol 12 are very similar 
to those of its C7 epimer 9, except for the 'H nrnr signals for 
C6H and C7H, which appear as a doublet at 6 5.62 ( J  = 6 Hz) 
and a broad singlet at 6 3.80 (Wl12 = 1 1 Hz), respectively. 

The diol 11 showed a molecular ion m/e 4 16 (C28f&802) and 
a fragmentation pattern consistent with its assigned structure. 
The 'H nrnr spectrum displayed signals for C3H, C6H, and 
C8H, virtually identical with those of 9, while the 28CH3 gave 
rise to a doublet at 8 0.88 ppm, as does the corresponding 
28CH, in the known compound 1 (3,4).  

The most remarkable of the polar sterols isolated from H. 
oculata, albeit in trace amounts, has the composition C24H3802 
and features only three methyl groups, two being tertiary and 
giving rise to 'H nrnr signals at 6 0.68 and 6 0.96, while the 
third shows as a doublet at 6 0.96 ( J  = 6.5 Hz). These values 
are typical for C18, CI9, and C21 methyls of the cholesterol 
nucleus. The absence of additional methyls, together with the 
elemental composition, led us to assign structure 14 to this 
compound on a tentative basis. The compound was converted 
into a monoacetate 15 whose infrared showed the presence of 
hydroxyl absorption. 

The mass spectrum of epoxide 16 showed a molecular ion 
m/e 412 in confirmation of the composition C28H4602 deduced 
by analysis of I3C nmr data (Table 1). The ion m/e 287, due to 
loss of sidechain with transfer of 2 hydrogens, and the charac- 
teristic ion at m/e 330, formed as a result of McLafferty rear- 

I 
rangement, confirm the presence of an additional oxygen in the 
nucleus. This is incorporated as a 5P,6-epoxide in view of 'H 
nrnr, which displays a broad singlet at 6 3.06 assigned to C6H 
and a multiplet 6 3.74 due to the C3H. The latter is found at 
lower field than usual due to its proximity to the epoxide. Other 
'H nrnr features were consistent with the assigned structure, 
and the good correlation of I3C nmr chemical shifts with related 
compounds in Table 1 provides compelling evidence in favour 
of structure 16. Location of the epoxide at the 4,5-position was 

excluded by double irradiation experiments, and assignment of 
configuration is based on comparison of I3C nrnr chemical shift 
data with that of other 5P,6-epoxides (13).2 

Experimental 
General 

Low resolution mass spectra were recorded with an Hitachi 
Perkin-Elmer RMU 6D mass spectrometer and high resolution mass 
spectra on an AEI-MS 50 instrument using homogeneous samples as 
determined by hplc and 'H nmr. The 'H and '" nmr spectra were 
recorded in CDC13 solution on a Varian XL200 instrument. 

The hplc was carried out on a Waters system employing 440 absorb- 
ance and R401 refractive index detectors and using a p-Porasil column 
(30 cm X 3.9 mm). Analytical and preparative tlc was performed with 
precoated silica gel G (Kieselgel60, F-254) and reverse phase (KC18F) 
plates. Infrared spectra were recorded on a Perkin-Elmer 598 spec- 
trophotometer. Ultraviolet spectra were recorded on a Beckman 25 
instrument and optical rotations were measured in chloroform solution 
using a Perkin-Elmer 241 polarimeter. 

Extractions and separations 
The sponge Haliclona oculata (Linnaeus) (3.5 kg wet weight) was 

collected in Passamaquoddy Bay, New Brunswick, Canada, in early 
spring 1982. The organisms were chopped, partially freeze-dried, and 
extracted in a Soxhlet with methanol. The methanolic extract (45 g), 
after evaporation, was chromatographed on a silica gel column (400 
g, 70-200 mesh) using methanol/chloroform (1 :5). Early fractions 
containing lipids and fats were discarded. Later fractions containing 
sterols and polar sterols were combined (4.5 g) and rechromato- 
graphed on a silica gel G column prepared in hexane. The free sterol 
fraction (1.62 g) eluted with hexanelethyl acetate (7:3) was crys- 
tallized from methanol and acetylated with acetic anhydridelpyridine 
at room temperature. The steryl acetate mixture thus obtained was 
separated on a column of AgN03-impregnated silica gel using hexane 
and hexanelbenzene ( 1  : 1). The individual acetates were hydrolysed 
with 5% ethanolic KOH to provide five known sterols which were 
identified by comparison of their spectral characteristics with literature 
data. These were: (22E,24S)-24-methylcholesta-5,22-dien-3P-ol, 1 
(22-dehydrocampesterol) (85%); (222)-24-norchoIesta-5,22-dien-3P- 
01 (1.5%); 24-methylene-5-cholesten-3P-01 (2.4%); 24-isoethylidene- 
5-cholesten-3P-01 (2.9%) and (22E)-24-norcholesta-5,22-dien-3P-ol 
(0.8%). 

Further elution of the silica gel G column using increasing per- 
centages of methanol in chloroform furnished several fractions which 
were monitored by tlc (silica gel and reverse phase). Final puri- 
fications were effected using ptlc and hplc and, in some cases, via 
acetates. 

Compound 14 (6 mg) was eluted with methanol/chloroform (3 : 97) 
followed by 2 (23 mg), whose acetate was purified by ptlc (Rf0.35 on 
silica gel using ethyl acetatelhexane, 1 : 10) and hplc (silica gel using 
ethyl acetate/chloroform, 3:97) to give pure 3P-acetoxy-cholesta- 
5,22-dien-24-one, 3 (26 mg) which was hydrolysed with 5% ethanolic 
KOH to give pure 2 (19 mg). 

Other fractions also eluted with methanol/chloroform (3 : 97), after 
purification by ptlc (R, 0.45 on silica gel using etherlhexane, 4: 6), 
afforded 24-methylene-5-cholesten-3P-01 (47 mg). 

Fractions eluted with methanol/chloroform (4:96) (53 mg), after 
purification via ptlc (Rr 0.50, on silica gel, methanol/chloroform, 
5 : 95) gave pure (23E)-cholesta-5,23-dien-3P,25-diol, 4 (31 mg). 
Compound 16, eluted immediately following 4, was purified in simi- 
lar manner. 

Elution with methanol/chloroform (6:94) provided a fraction (1  69 
mg) which after double purification by ptlc (Rr 0.43 on silica gel 
methanol/chloroform (9:91) and Rr 0.74 on reverse phase with ethyl 
acetatelether (4:6)) afforded 3P-hydroxy-24-methylene-5-cholesten- 
7-one, 6 ( I  19 mg), together with traces of the minor isomer 8. Further 

'The authors are grateful to a referee for drawing attention to this 
paper. 
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elution with this solvent gave a fraction (79 mg) which was acetylated 
and purified by ptlc (silica gel with acetonelbenzene, 1 :9) and hydro- 
lysed with 5% ethanolic KOH to give a mixture of 9 (28 mg) and 11 
(35 rng), separated by ptlc (reverse phase with ethyl acetatelether, 
3:7). The last fraction (37 mg) was purified on reverse phase ptlc 
(ethyl acetatelether, I : I) to provide compound 12 (29 mg) in crys- 
talline form. 
3P-Hydroxy-cholesta-5,25-dien-24-one, 2: ir (CHCl3) v,,,: 3600, 

2950, 1695, 1670, 1450, 1370 cm-'; 'H nrnr 8 ~ ~ s :  0.70 (s, 3H, 
18CH3), 0.94 (d, 3H, J = 6 Hz, 21CH3), 1.04 (s, 3H, 19CH3), 1.95 
(s, 3H, 27CH3), 3.56 (m, l H, 3CH), 5.40 (bd, l H, J = 4.5 Hz, 6CH), 
5.78 (s, I H, 26H), 5.98 (s, 1 H, 26H); ms mle: 398.3 182 (20, M+), 
383 (13), 382 (13), 314 (9, M - CsH70 + H), 297 (lo), 271 (100, 
M - CsH130 - 2H), 255 (33), 213 (49). 

3P-Acetoxy-cholesta-5.25-dien-24-one, 3: ir (CHC13) v,,,: 2950, 
1730, 1670, 1630 cm-'; uv (EtOH) A,,,: 223 nm (E 1 1  440); 'H nrnr 
8 ~ ~ s :  0.68 (s, 3H, 1 8CH3), 0.95 (d, 3H, J = 6 HZ, 2 1CH3), 1.04 (s, 
3H, IgCH,), 1.95 (s, 3H, 27CH,), 2.04 (s, 3H, CH3CO), 4.61 (m, 
IH, 3CH),5.40(bd, 1H,J = 4Hz,C6H),5 .78(~ ,  IH,26CH),5.98 
(s, IH, 26CH); ms mle: 440 (1 1, M'), 398 (63, M - C2H20), 380 
(100, M - CH3COOH), 368 (31), 353 (39), 326 (5), 314 (63, 398 - 
CsH70 + H), 27 1 (86, 398 - C8H130 - 2H), 213 (54). 

(23E)-Cholesta-5,23-dien-3P,25-diol, 4: ir (CHC13) v,,,: 3600, 
3440, 2910, 1665, 1450, 1370 cm-'; 'H nrnr ~TMS: 0.70 (s, 3H, 
18CH3), 0.92 (d, 3H, J = 6 HZ, 21CH3), 1.02 (s, 3H, IgCHs), 1.34 
(s, 6H, 26CH3/27CH3), 3.56 (m, IH, 3CH), 5.38 (bd, IH, J = 4.5 
Hz, C6H), 5.61 (rn, 2H, 23H124H); ms mle: 400 (80, M+), 385 (18, 
M - CH3), 382 (27, M - HzO), 367 (10, M - Hz0 - CH3), 349 (5), 
3 17 (6), 300 (25), 283 (50), 27 1 (100, M - sidechain - 2H), 255 (8), 
213 (14), 159 (31), 145 (29), 133 (34), 81 (46). 

(23E)-3~-Acetoxy-cholesta-5,23-dien-25-ol, 5: ir (CHCI3) v,,,: 
3600, 3430,2930, 1725, 1670, 1460, 1375 cm-'; 'H nrnr 8TMs: 0.69 
(s, 3H, 18CH3), 0.9 1 (d, 3H, J = 6 Hz, 21CH,), 1.03 (s, 3H, 19CH3), 
1.32 (s, 6H, 26CH3/27CH3), 2.04 (s, 3H, CH3CO), 4.64 (rn, lH,. 
3CH), 5.39 (bd, IH, J = 4 Hz, 6CH), 6.60 (rn, 2H, 23H124H); rns 
m/e: 442 (5, M+), 400 (22, M - C2H20), 382 (16, M - CH3COOH), 
367 (8, M - CHsCOOH - CH3), 349 (9, M - CH3COOH - H20 
- CH,), 317 (6), 300 (39), 283 (45), 271 (100, 400 - sidechain - 
2H), 253 (4, 271 - HzO), 213 (1 I), 159 (28), 145 (41), 133 (33). 
3~-Hydroxy-24-methylene-5-cholesten-7-one, 6: ir (CHC13) urnax: 

3450,2900, 1655, 1640, 1450, 1379 cm-'; uv (EtOH) A,,,: 238.5 nm 
(E 15 620); 'H nmr 8TMS: 0.73 (s, 3H, 18CH3), 0.97 (d, 3H, J = 6 Hz, 
21CH3), 1.04 (d, 6H, J = 6 HZ, 26CH,/27CH3), 1.20 (s, 3H, 
19CH3), 3.61 (m, IH, 3CH), 4.65 (s, IH, 28CH), 4.76 (s, lH, 
28CH), 5.64 (s, IH, 6CH); ms mle: 412 (5, M+), 397 (39, M - 15), 
394 (100, M - HzO), 379 (42, M - Hz0 - CH3), 366 (34), 310 (26, 
M - H20 - C6HI2), 269 (22), 185 (5). 
3~-Acetoxy-24-methylene-5-cholesten-7-one, 7: ir (CHC13) urnax: 

2950,1725, 1655, 1645, 1445, 1370 cm-'; 'H nrnr 8 ~ ~ s :  0.70 (s, 3H, 
18CH3), 0.98 (d, 3H, J = 6.5 HZ, 21CH3), 1.06 (d, 6H, J = 6 Hz, 
26CH3/27CH3), 1.23 (s, 3H, 19CH3), 2.08 (s, 3H, CH,CO), 4.68 (s, 
lH, 28CH), 4.75 (m, lH, 3CH), 4.78 (s, lH, 28CH), 5.72 (s, lH, 
6CH); ms m/e: 454.3426 (4, M+), 394 (41, M - H20), 382 (41), 379 
(8, M - CHsCOOH - CHs), 310 (65, M - CHsCOOH - C6H12), 
296 (33), 269 (63), 187 (83). 

24-Methylenecholesta-3,5-dien-7-one, 13 
Hydrolysis of 7 (25 mg) employing 5% ethanolic KOH (5 mL) at 

reflux for 2 h afforded, after work-up and ptlc purification, compound 
13 (17 mg): ir (CHC13) v,,,: 2950, 1650, 1620, 1590, 146:, 1380, 
1330, 1290 cm-'; uv (EtOH) A,,,: 280.5 nm (E 15 560); [a], -163" 
(c 0.20, CHC13); 'H nmr 8,,,: 0.73 (s, 3H, 18CH3), 0.98 (d, 6H, J 
= 6.5 Hz; 26CH3/27CH,), 1.05 (d, 3H, J = 6 Hz, 21CH3), 1.13 (s, 
3H, 19CH3), 4.69 (s, IH, 28CH), 4.74 (s, lH, 28CH), 5.63 (s, lH, 
6CH), 6.08-6.28 (m, 2H, 3CHl4CH); ms mle: 394 (100, M+), 379 

2~~kth~lene-5-cholesten-3f3,7~-diol ,  9: mp 149-151°C; ir 
(CHCI,) v,,,: 3600,3450,2900, 1640, 1460 cm-'; 'H nrnr 8TMS: 0.66 
(s, 3H, 18CH3), 0.96 (d, 3H, J = 6.5 Hz, 21CH3), 1.04 (d, 6H, J = 

6 Hz, 26/27CH,), 1.06 (s, 3H, 19CH,), 2.32 (m, 2H, 4CH2), 3.56 
(m, IH, 3CH), 3.84 (bd, lH, J = 8 Hz, C7H), 4.68 (s, IH, 28CH), 
4.74 (s, IH, 28CH), 5.32 (s, IH, 6CH); ms mle: 414.3493 (12, M+), 
396 (100, M - HZO), 384 (27), 382 (20), 312 (1 1, M - H20 - 
CsH12). 
24-Methylene-5-cholesten-3P,7P-diol diacetate, 10: ir (CHCI,) 

v,,,: 2950, 1725, 1640, 1430, 1370 cm-'; 'H nrnr i3TMS: 0.70 (s, 3H, 
18CH3), 0.98 (d, 6H, J = 6.5 Hz, 26CH,/27CH,), 1.02 (d, 3H, J = 
6 Hz, 21CH,), 1.08 (s, 3H, 19CH3), 2.02 (s, 3H, CH,CO), 2.03 (s, 
3H, CH3CO), 4.62 (m, IH, 7CH), 4.67 (s, IH, 28CH), 4.72 (s, IH, 
28CH), 5.02 (m, IH, 3CH), 5.24 (bs, IH, 6CH), 5.26 (m, 0.5H, 
22H/23H of diacetate of 11); ms mle: 456 (12, M+), 414 (8, M - 
C2H20), 396 (100, M - CH3COOH), 384 (49), 365 (9), 312 (21, M 
- CH3COOH - C~HIZ) ,  199 (10). 
24-Methylcholesta-5.22-dien-3P,7P-diol, 11: [a]: -87. lo (c 0.66, 

CHCI,); 'H nrnr ~TMS: 0.67 (s, 3H, 18CHz), 0.88 (d, 3H, J = 6 Hz, 
28CH4, 0.97 (d, 6H, J = 6 HZ, 26CH,/27CH3), 1.03 (d, 3H, J = 
6.5 Hz, 21CH3), 1.06 (s, 3H, 19CH,), 3.54 (m, IH, 3CH), 3.86 (m, 
IH, 7CH), 5.32 (bs, IH, 6CH); ms mle: 414.3523 (21, M+), 396 
(100, M - H20), 384 (34), 382 (32), 312 (16), 271 (lo), 269 (17), 
21 1 (6). 
24-Methylene-5-cholesten-3P, 7a-diol, 12: rnp 129- 13 1 "C; ir 

(CHCl3) v,,,: 3600, 3460, 2900, 1460 crn- '; [a]: + 1.5" (c 1.38, 
CHC13); 'H nrnr 8TMs: 0.69 (s, 3H, 18CH3), 0.96 (d, 3H, J = 6.5 HZ, 
21CH3), 1.01 (s, 3H, IgCHs), 1.03 (d, 6H, J = 6 HZ, 26/27CH3), 
3.61 (m, IH, 3CH), 3.84 (bd, IH, 7CH), 4.74 (s, IH, 28CH), 4.68 
(s, IH, 28CH), 5.62 (d, IH, J = 6 Hz, 6CH); ms mle: 414.3495 (13, 
M+), 396 (100, M - H2O), 384 (25), 382 (31), 312 (10, M - Hz0 
- CsH12). 

Compound 14: ir (CHCI,) v,,,: 3600, 3460, 2980 cm-'; [a]: 
- 1.4" (C 0.5, CHCI3); 'H nrnr 8 - r ~ ~ :  0.68 (s, 3H, I8CH3), 0.96 (d, 
3H, J = 6.5 Hz, 21CH3), 1.02 (s, 3H, 19CH,), 3.62 (m, IH, 3CH), 
5.38 (d, IH, J = 4.5 Hz, C6H); ms mle: 358 (8, M+), 343 (15, M 
- 15), 340(100, M - HzO), 325 (11, M - H20 - CH3), 312(4), 
255 (9), 232 (12), 212 (lo), 201 (14), 145 (23), 107 (26), 105 (24), 
81 (34). Monoacetate 15: ir (CHCI?) v,,,: 3660, 2910, 1725, 1450, 
1360 cm-'; 'H nmr 8,,,: 0.68 (s, 3H, 18CH3), 0.93 (d, 3H, J = 6.5 
Hz, 21CH3), 1.02 (s, 3H, 19CH3), 2.04 (s, 3H, CH,CO), 4.61 (m, 
IH, 3CH), 5.39 (d, lH, J = 4.5 Hz, C6H); ms mle: 358 (16, M - 
CzHzO), 340 (100, M - CzHzO - HzO), 325 (80, 340 - CH3), 307 
(18, 325 - H20). 
5P,6-Epoxy-24-methylenecholestan-3~-ol, 16: ir (CHCI,) v,,,: 

3450, 2980, 1460, 1380 cm-'; [a]: -0.3" (c 0.75, CHCI,); 'H nrnr 
i3TMS: 0.64 (s, 3H, 18CH3), 0.92 (d, 6H, J = 6.5 HZ, 26CH3/27CH3), 
1.02 (s, 3H, 19CH3), 1.04 (d, 3H, J = 6 Hz, 21CH3), 3.06 (bs, lH, 
6CH), 3.74 (m, 1 H, 3CH), 4.66 (s, 1 H, 28CH), 4.7 1 (s, lH,  28CH); 
ms mle: 414.3521 (20, M+), 399 (5, M - HzO), 396 (4, M - H20), 
386 (9), 330 (68, M - C6HI2), 287 (24, M - sidechain), 190 (29). 
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(S)-2,2,5,5-Tetramethylthiazolidine-4-carboxylic acid: a compound which exists in the 
amino acid rather than the zwitterion form 
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HELEN ELAINE HOWARD-LOCK, COLIN JAMES LYNE LOCK, and PHILIP STUART SMALLEY. Can. J. Chem. 63, 241 1 (1985). 
The X-ray crystal structure of (S)-2,2,5,5-tetramethylthiazolidine-4-caboxyic acid, b, has been determined. Crystals are 

monoclinic, P 2 , ,  with cell dimensions a = 11.351(4) b = 8.303(2), c = 11.969(3) A, P = 116.69(2)", and Z = 4. The 
structure was solved by standard methods and refined to RI = 0.0774, R2 = 0.0670 for 2388 independent reflections. 
Compound 1 exists in the amino-acid form as shown by two distinctly different C-0 bond lengths, 1.209 and 1.309 A, typical 
of the COOH group, and by the positions of the hydrogen atoms. The amino-acid form of 1 found in the solid also exists in 
solution as shown by infrared and Raman spectra. 'The mass spectra, and 'H and "C nmr spectra are reported, as well as detailed 
infrared and Raman spectra for the title compound and several deuterated species. 

HELEN ELAINE HOWARD-LOCK, COLIN JAMES LYNE LOCK et PHILIP STUART SMALLEY. Can. J.  Chem. 63, 241 1 (1985). 
Faisant appel 8 la diffraction des rayons-X, on a determine la structure cristalline de I'acide (S)-tetramethyl-2,2,5,5 

thiazolidineca~boxylique-4, 1. Les cristaux sont monocliniques, groupe d'espace P2 ' ,  avec a = 11,351(4), b = 8,303(2), c 
= 1 1,969(3) A, P = 1 16,69(2)" et Z = 4. On a rksolu la structure par des mCthodes directes et on I'a affinke jusqu'8 des valeurs 
de RI = 0,0774 et Rz = 0,0670 pour 2388 riflexions indkpendantes. Le compose 1 existe sous la forme de I'acide aminC 
reprisentk; ceci est dkmontrk par deux longueurs bien distinctes pour les liaisons C-0, 1,209 et 1,309 A, qui sont typiques 
du groupe COOH ainsi que par les positions des atomes d'hydrogknes. La forme acide amink de 1 que l'on trouve dans la forme 
solide se retrouverait aussi en solution si l'on se base sur les spectres infrarouge et Raman. On rapporte aussi les spectres de 
masse, les spectres rmn du 'H et du "C ainsi que les spectres infrarouge et Raman dCtaillCs du compose mentionnk dans le 
titre ainsi que de plusieurs de ses dCrivCs deutkres. 

[Traduit par le journal] 

Introduction 
D-Penicillamine has been used increasingly in the treatment 

of many diseases, of which Wilson's disease (I),  rheumatoid 
arthritis (2), and cystinuria (3) are the best-known of several 
diseases (4). We have been investigating its use in rheumatoid 
arthritis, and establishing the spectroscopic properties and 
structures of its reaction products. The modes of therapeutic 
action and adverse side effects of the drug are based on three 
types of biochemical reactions: (i)  the ability to form thiazo- 
lidine rings with compounds containing carbonyl groups such 
as ketones and aldehydes, (ii) the oxidation of the sulfhydryl 
group with the consequent formation of disulfide links, and 
(iii) the ability to chelate metals. It is reaction (i), formation of 
thiazolidine rings, which is the basis for the suggested use of 
D-penicillamine as an alcohol detoxicant (5), and for treatment 
of scleroderma, morphea, keloid formation, and of vitreous 
and scleral scarring of the eye. Interference with collagen syn- 
thesis may be responsible for reported cases of hyperexten- 
sibility of young children treated with D-penicillamine, and for 
a similar reason D-penicillamine has been suggested as a pos- 
sible teratogen (4). Formation of thiazolidine rings is also the 
probable mode of action of D-penicillamine as a vitamin B6 
antagonist (4, 6). 

We have, therefore, been investigating (S)-2,2,5,5-tetra- 
methylthiazolidine-4-carboxylic acid, which we first isolated 
when attempting to prepare crystals of D-penicillamine. Our 
interest was aroused because vibrational spectra suggested that 
the solid contained the amino-acid form rather than the zwit- 
terion form, and that the amino-acid form existed in significant 
amounts in aqueous solution. 

Amino acids generally exist in the zwitterion form, at least 
in aqueous solution. This is because the pK, of the -COOH 
group is typically 2.0 and the pK, of the -NH: group is 

' ~ u t h o r  to whom correspondence may be addressed. 

-10.0. Under these circumstances only about 0.01% of the 
compound exists as the amino-acid form in solution. We 
decided to investigate the problem further, particularly since 
the presence of the amino-acid form was not detected either in 
the solid state or in solution for the parent thiazolidine-4- 
carboxylic acid (7, 8).2 

Experimental 
(S)-2,2,5,5-tetramethylthiazolidine4-carboxylic acid, 1 

D-(-)-Penicillamine of reagent grade was supplied by Sigma 
Chemical Co., St. Louis, Missouri. To a saturated water solution of 
D-penicillamine (1.5 g, in 15 mL) was added 40 mL acetone. The 
mixture was evaporated under nitrogen to near dryness and filtered. 
The white solid (I) was recrystallized from acetone, and air dried. 
Yield 88%, mp (in air) 172- 174°C (dec). The same procedure was 
repeated with acetone-d6 to produce (S)-2,2-bis(trideuteromethy1)- 
53-dimethylthiazolidine-4-carboxylic acid (2). Compounds (1) and 
(2) were recrystallized from D,O and acetone to produce (S)-3- 
deutero-2,2,5,5-tetramethylthiazolidine-4-carboxylic acid (-OD), 3, 
and (S)-3-deutero-2,2-bis(trideuteromethyl)-5,5-dimethylthiazoli- 
dine-4-carboxylic acid (-OD), 4. Crystals of 1 suitable for X-ray 
studies were slowly precipitated from an aqueous solution by vapour 
diffusion of acetone. ThepKs of the -COOH and=NH groups were 
measured by titration of an aqueous solution of 1 against 0.1 N NaOH. 
The pHs were measured with a Coming Model 130 pH meter which 
was standardized with Coming potassium hydrogen phthalate buffer 
(pH = 4.00), BDH pH 7.00 buffer, and Fisher potassium carbonate/ 
potassium borate/potassium hydroxide buffer (pH 10.00). The pKs of 
1 were 2.8 (-C02H) and 5.5 (-NH-). 

'There is ambiguity in this paper about whether the structure of the 
(R) or (S) form was determined. There are statements "crystal struc- 
ture for L-thiazolidine-4-carboxylic acid" and "values reported for 
L-thiazolidine-4-carboxylic acid" as compared to "the crystal structure 
of (S)-thiazolidine-4-carboxylic acid was determined" and the config- 
uration shown is S. As correctly shown by Loscalzo et al., the config- 
uration of L-thiazolidine-4-carboxylic acid is R. 
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TABLE 1. Crystal data for 2,2,5,5-tetramethylthiazolidine-4-carboxyc acid, CxHI5NO2S 

Parameter Value 

Formula weight 
Crystal size (mm) 
Space group 
Systematic absences 
Unit cell 

p (calcd.) 
P (obs.1 
Linear absorption coefficient 
Max 20 
Reflections measured 
Standrd reflections (esd) 

Temperature 
Number of independent reflections 
Number of reflections ( I  > 0) 
Number of variables last cycle 
Final R ,  , (R2)" 
Highest peak, location 
Lowest valley, location 
Weighting, w = (u2 + (0.03 F,)')-'; 

error in an observation of unit weight 

189.27 
Plate 0.17 x 0.30 x 0.37 

P 2 ,  (No. 4) 
OkO, k = 2n + 1 

a = 11.351(4), b = 8.303(2), 
c = 11.969(3) a, p , 116.69 (2)"; 

V = 1007.9(5) AS, 2 = 4 
1.24 g cm-3 

1.26(1) g cm-' 
2.40 cm- ' 

45" 
h, r k ,  21 

-4 -2 -1 (0.013) 
-4 -2 -3 (0.014) 

22°C 
2555 
2388 
157 

0.0774 (0.0670) 
0.6 0.34, 0.08, 0.68 

0.4 eA-3, 0.06, 0.02, -0.04 

Spectral measurements 
Solutions for nmr studies were prepared in D20 and concentrations 

I 
were about 100 mg (solid) m ~ - I  of solvent. External TMS was used 
as the reference. Proton nmr spectra were recorded on a Varian T60 

I spectrometer and I3C nmr spectra were recorded on a Bruker WP-80 

I 
spectrometer operating at 20.115 MHz. Mass spectra were obtained 

~ with a VG Micromass 7070F mass spectrometer with use of direct 
probe introduction and an Ion source temperature of 200-220°C, 
electron potential of 70 eV, and an ionizing current of 100 A. 

Infrared spectra were recorded on both Nicolet 7199 FT-IR and 
Perkin-Elmer Model 283 spectrophotometers. The samples were 
ground with KBr at a concentration of approx. I % by weight and then 
pressed into pellets. To confirm that certain peaks were real, and not 
manifestations of the pelleting procedure, the spectra of certain 
samples were also run in Nujol and again In hexachlorobutadiene. For 
D20 solution spectra, AgCl windows were used. Spectra were cali- 
brated with polystyrene. For the region 500- 100 cm-I, the samples 
were prepared as Nujol mulls on polyethyJene plates. Raman spectra 
were excited by means of the A = 5145 A radiation from a Spectra- 
Physics Model 164-02 argon ion laser and recorded on a Spex 1401 8 
double monochromator. Solid samples were contained in glass melt- 
ing point tubes, and solutions in nmr tubes. The spectrometer was 
calibrated regularly against an indene standard and had prev~ously 
been calibrated with a neon lamp; the wavelength readout scale was 
found not to change (2 1-2 cm-I). 

Collection of the X-ray diffraction data 
A plate-like single crystal was sealed in a Lindemann capillary for 

the X-ray studies. Precession photographs showed that the crystals of 
1 were monoclinic. Unit cell parameters were obtained from least- 
squares f i t  of X ,  $, and 20 for 15 reflections in the range 19. lo < 20 
< 31.8" measured on a Nicolet P3 diffractornet:~ having graphite- 
monochromated MoKa radiation (A = 0.70926 A at 22OC). Crystal 
data and other numbers related to data collection are summarized in 
Table 1. The density of the crystals was measured by flotation in a 
benzene-bromoform mixture. Intensities were also measured with 
use of the Nicolet P3 diffractometer and a coupled 0 (crystal) - 20 
(counter) scan. 'The methods of selection of scan rates and initial data 
treatment have been described (9, 10). Corrections were made for 

Lorentz polarization effects but not for absorption. This will make a 
maximum error in F ,  of 1.0%. 

Solution of the structure 
The sulfur atom was found from a three-dimensional Pat- 

terson synthesis and all other atoms were found from electron 
density difference maps. Hydrogen atoms were given tem- 
perature factors of about twice those of the atoms to which they 
were attached, but were not refined at this stage. Temperature 
factors for sulfur and oxygen atoms and adjacent carbon atoms 
were made anisotropic. The significance of the additional 
parameters was tested at each stage (1  1). Refinement, which 
minimized Xw((F,I - IF,l)', was continued until the maximum 
shiftlerror was 0.1. At this point, in addition to variation of all 
parameters for non-hydrogen atoms, x, y, z for hydrogen atoms 
were varied for one cycle to give a rough estimate of the 
hydrogen atom errors. Refinement was terminated after one 
further cycle with variation of only the parameters for non- 
hydrogen atoms. No corrections were needed for secondary 
extinction. Scattering curves were taken from Cromer and 
Waber (12) and anomalous dispersion corrections were taken 
from Cromer (13) and applied to the curves for S, N, 0, and 
C. The atom parameters are listed in Table 2.3.4 

'Tables of anisotropic temperature factors, H atom positions, di- 
hedral and torsional angles, moduli of F, and F,, and mass spectral 
fragmentation patterns of 1 and 2 are available, at a nominal charge, 
from the Depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada KIA OS7. 

4All calculations were carried out on a CYBER 1701730 computer. 
Programs from the XRAY 76 package (14). The structure was solved 
by means of SHELX (15). The internally written programs CUDLS 
(Stephens, J.S.) and SYMFOU (Rutherford, J.S.) were used for final 
full-matrix least-squares and difference syntheses. The least-squares 
planes calculations used NRC-22 (16) and diagrams were prepared 
with use of ORTEP-I1 (17). 
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HOWARD-LOCK ET AL 

TABLE 2. Atomic positional parameters and temperature fattors for 
(S)-2,2,5,5-tetramethylthiazolidine-4-carboxylic acid ( A ~ )  

x Y z U or U,,*" 
Atom ( X  lo4) ( X  lo4) ( X  lo4) ( X  lo3) 

S 1208(2) o(0) 303(2) %(I)* 
c(2) 2388(6) 1696(8) 570(6) 37(4)* 
N 3630(4) 884(6) 765(4) 34(1) 
(34) 3283(5) -489(7) -101(5) 31(1) 
C(5) 2203(6) - 15 15(9) 9(6) 40(4)* 
c (  1) 4543(7) - 1423(9) 164(7) 42(4)* 
(31) 5497(5) - 1453(7) 1 139(4) 61 (3)* 
o(2) 4403(5) -2245(6) - 843(4) 53(3) 
C(21) 1881(7) 2770(8) -578(6) 49(2) 
C(22) 26 18(7) 2630(9) 1734(6) 56(2) 
C(5 1) 138 l(7) -2328(9) - 1 198(6) 53(2) 
C(52) 2778(7) -2712(8) 1107(6) 55(2) 
Sf 1136(2) -1641(3) 5135(2) 64(1)* 
c(2') 1977(6) -33 14(8) 4759(6) 38(4)* 
N' 2980(4) -2548(7) 4486(4) 35( 1) 
C(4') 3544(6) - 1 18 1 (7) 534 1 (5) 31(1) 
C(5') 2412(6) - 130(9) 5326(6) 40(4)* 
C(1') 4438(6) - 242(9) 4956(6) 34(4)* 
O(1') 4344(4) -255(6) 39 1 l(4) 54(3)* 
O(2') 5308(4) 599(6) 5882(4) 54(3)* 
C(21') 2573(7) -4454(9) 5877(6) 59(2) 
C(22') 1014(7) -4219(10) 360 l(6) 64(2) 
C(5 1 ') 2804(8) 779(11) 6546(7) 74(2) 
C(52') 1830(7) 1056(9) 4237(6) 62(2) 

"U,, = 1/3(U11 + u22 + U l l  + 2 U I )  COS p). 

Discussion 
There are two independent molecules in the unit cell, but 

they are very similar. One molecule is illustrated in Fig. 1, and 
selected interatomic distances and angles are given in Table 3. 
The surprising feature is that 1 has the amino-acid form rather 
than the zwitterion form. The carboxylate hydrogen atoms 
were clearly located and the presence of the hydroxyl groupis 
reflected in the differences in the C?0 (1.183(8), 1.206(7) A) 
and C-OH (1.33 1(8), 1.307(7) A) bond lengths. This is in 
contrast to thiazolidine-4-carboxylic acid, where the zwitterion 
is found in the solid state (7, 8). The hydrogen atoms were not 
detected in this case but the zwitterion form was confirmed by 
the near tquivalence of the C-0 bond lengths (1.240(8), 
1.248(8) A). It appeared that the amino-acid form of 1 might 
be caused by the steric hindrance of the methyl groups, but 
models show that it would be possible to coordinate an extra 
hydrogen atom at N. Further, there is strong hydrogen bonding 
between the carboxylic acid of one molecule and the nitrogen 
atom of another. The zwitterion form would be obtained if this 
hydrogen atom moved only 0.6 from the oxygen atom to- 
wards the nitrogen atom. The question arises as to whether the 
observed molecular structure is an artifact of the solid state or 
whether significant amounts of the amino-acid form exist in 
solution. Vibrational spectroscopy (see below) shows that 
small but significant amounts of 1 are present in solution. This 
should be reflected in the pK's of the -CO,H and -NH:-- 
sites. The fact that the pK of the -NH:- group in the 
thiazolidine-4-carboxylic acid was shifted to 6.24 from the 
value of I0 usually found in amino acids was interpreted in 
terms of strain preventing the necessary sp3 hybridization at 
nitrogen (18). Even greater strain is present in 1, and this may 
cause the lower -NH:- pK of 5.5. At the same time the 
extra methyl groups in 1 (compared to thiazolidine-4-car- 

FIG. 1. The first molecule of (S)-2,2,5,5-tetramethylthiazolidine- 
4-carboxylic acid showing the atom numbering. Hydrogen atoms are 
indicated by affixes only in smaller letters and numbers. 

I I I I I I 
2000 1800 1600 1400 I200 1000 

Wovenumber (cm") 

FIG. 2. Infrared spectra in the region 2000- 1000 cm-I: (a) 
thiazolidine-4-carboxylic acid, saturated D20 solution, AgCl win- 
dows; (b) 2,2,5,5-tetramethylthiazolidine-4-carboxyc acid, D20 
solution, AgCl windows; (c) 2,2,5,5-tetramethylthiazolidine-4- 
carboxylic acid, solid KBr disc. 

boxylic acid) have the normal inductive effect on the carboxylic 
acid function and raise its pK from 1.63 in thiazolidine-4- 
carboxylic acid to 2.8 in 1. From these pK values we calculate 
that for thiazolidine-4-carboxylic acid, in aqueous solution, 
about 0.5% is present as the amino-acid form. This is a much 
greater amount than is present in most amino acids, but it is still 
undetectable by vibrational spectroscopy. As can be seen in 
Fig. 2a, there is no detectable carboxylic acid peak at - 1700- 
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TABLE 3. Selected interatomic distances (A) and angles (deg) for (S)-2,2,5,5-tetramethylthiazolidine-4-carboxyic acid 

Bond Length" Bond Length 

Hydrogen bonds 
O(2)-. .Na 2.687(7) O(2)-H 1.1(1) H . . . N ~  1.6(1) 156(5) 
O(2'). . . N' 2.666(7) O(2')-H' 0.9(1) H ' . . - N r b  1.8(1) 1 50(5) 

Bond Anglec Bond Angle 

" . b ~ h e  atom is related to those given in Table 2 by the transformation, a, 1 - x ,  y - 112, -z; b,  1 - x ,  112 + y, 
1 - z. 

'The second column of numbers after each bond length or angle relates to the molecule of which the atoms are designated 
by a prime in Table 2. 

1730 cm-' but the v, and v, CO; peaks of the carboxylate group 
are clearly visible at 1638 and 1400 cm-I. For 1, however, 
about 5% should be present as the amino acid in aqueous 
solution, which is detectable by infrared (D20 solution) spec- 
troscopy, as shown by the weak band at 1700 cm-', Fig. 2b. 
Using these pK values, we calculate that the free energy of 
amino acid to zwitterion transition for thiazolidine-4-carbox- 
ylic acid is about -3.2 kcal mol-', whereas for 1 it is only 
- 1.8 kcal mol-I. This energy difference in the two forms of 1 
is considerably smaller than the lattice energies, particularly in 
a structure in which strong hydrogen bonding is present, and 
we assume that the lattice energy of the amino-acid form is 
greater for 1, allowing isolation of the crystalline product. 

Most bond lengths and angles within the two molecules of 
1 are normal. Theo C-S distances (mean 1.850, range 
1.827(7)-1.869(6) A) are larger than those found in ( R ) -  
thiazolidine-4-carboxylic acid (mean 1.799 A) and the 
C-S-C angles are also larger (95.4(3), 94.5(3) vs. 89.4(4)") 
(7). These differences are apparently caused by the steric re- 
quirements of the methyl groups. Similar differences in other 
D-penicillamine vs. L-cysteine derivatives have been noted pre- 
viously. The presence of the methyl groups also affects the 
conformation of the thiazolidine ring. In thiazolidine-4- 
carboxylic acid the con~ormation of the ring was an envelope 
with the S atom 0.843 A out of the best CNCC plane (7). In 1 
the conformation is less regular and the ring flatter, but it can 
best be pi$tured as a plane defiaed by C(5a)SC(2)) with N 
(0.382(4) A) and C(4) (0.269(5) A) asymmetrically twisted out 
of the plane on opposite sides of the plane (corresponding 
distances f9r the prime molecule: N' (0.346(4) A), C(4') 
(0.296(5) A). Alternatively it can be considered, less patis- 
factorily, as an envelope with the nitrogen atom 0.563(4) A out 
of the plane formed by C(2)SC(5)C(4). This is a consequence 
of the steric effects of the methyl groups. Figure 3 illustrates 

FIG. 3. Torsional angles in 1. In (a) and (b) torsion angles are about 
the C(l), C(4) and C(4), C(5) bonds respectively. In (c) the torsion 
angles are for the two adjacent bonds about the bond to which the 
figures are affixed. In any pair of values, the upper refers to molecule 
one and the lower to molecule two (prime). 

important dihedral angles in the structure. As can be seen, the 
two independent molecules have almost identical conforma- 
tions. Very often in amino acids and particularly in derivatives 
of cysteine, the O(l)C(l)C(4)N-equivalent torsion angles are 
very small. The angles for 1 of 26.4(7) and 23.7(6)" are consid- 
erably larger than normal. Large angles have been observed 
previously in penicillamine (19) and its derivatives (20,21) and 
have been explained in terms of non-bonding steric inter- 
actions. Similar interactions of the carboxylate group and the 
5-methyl groups appear to be present here. 

The packing in the unit cell is shown in Fig. 4. The chains 
of molecules up the 2, axes at x = 112 and z = 0,112 comprise 
the dominant feature of the structure. The molecules are held 
together by the strong hydrogen bond between the carboxylic 
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HOWARD-LOCK ET AL. 2415 

acid group of one molecule and the amine group of the next. A 
question arises as to why there are two molecules in the asym- 
metric unit. An examination of the layers at z = 0,112 shows 
that the ring parts of the molecule are almost identical, except 
that the NH group is interchanged with the CH group. The 
difference lies in the COOH groups. At x = 0 they are arranged 
so that the hydrogen bonding network spirals down the 2' axis 
whereas at x = 112 the hydrogen bonding network spirals up 
the 21 axis. The CH-NH interchange, noted above, means 
that N-H points at the carboxyl group of an adjacent molecule 
whereas Nr--Hr points at the sulfur atom of an adjacent mol- 
ecule. In neither case is there any hydrogen bonding present, 
however. All other interactions are weak van der Waals forces. 
In the a direction the oxygen atoms interact with the methyl 
groups and in the c direction, the interactions are between 
sulfur atoms and methyl groups. 

The title compound 1 is a secondary a-amino acid that is a 
five-membered heterocyclic molecule having no symmetry ele- 
ments. There is very little published work relating to the vibra- 
tional spectra of thiazolidine-4-carboxylic acids. Some isolated 
C-S bond frequencies are listed by Freeman (22) for various 
cyclic sulfides. A study of the vibrational spectra of thiazo- 
lidine and ND thiazolidine has been reported, followed by a 
similar study of three monomethyl thiazolidines substituted at 
the C(2), C(4), and C(5) positions (23). These studies did not 
include work on the 4-carboxylic acids. The infrared spectra of 
some chelates of thiazolidine acids, including the spectra of 
free ligands 2-methyl-, 2,2-dimethyl-, 2,2,5,5-tetramethyl-, 
and 2-benzyl-thiazolidine-4-carboxylic acid have been reported 
for the range 4000-400 cm-I (24). Our spectra of these ligands 
cover a greater cm-' range, and they differ in many details. A 
detailed study of the spectra of D(-)-penicillamine and its 
deuterated derivatives. in solid and solution. both acid and 
zwitterion forms, has been reported recently (19). 

The vibrational spectra and assignments for compounds 1-4 
are shown in Table 4. The mode descriptions should be con- 
sidered approximate since force constant analyses usually show 
considerable coupling of vibrations, particularly in the middle 
frequency region (800- 1600 cm-I). The spectra show many 
similarities to those for D-penicillamine and its deuterated de- 
rivatives, the main differences being (i) absence of v S-H and 
6 S-H bands; (ii) replacement of bands of the NH: group by 
those of the NH group, and (iii) the presence of the three 
unique ring deformations 13 CSC, 6 CNC, and 6 NCS, which 
are not present in D-penicillamine. 

The assignment of v N-H is unambiguous with a sharp, 
single band at 3262-3265 cm-' in 1 and 2. In 3 and 4 a band 
is observed at 2420 cm-I. The isotopic shift ratio is 1.35, which 
is close to average for v N-H/v N-D ratios. 

Strong, broad bands in the infrared spectrum at 2500 and 
1930 cm-', which are little affected by deuterium substitution, 
are typical of fairly strong 0-H.-.N bonding. These bands 
appear only in the infrared, and not in the  am$ spectra. They 
are present in all samples, whether prepared as KBr discs or 
Nujol or hexachlorobutadiene mulls (and thus are not spurious 
bands from moisture in KBr). 

The strong infrared bands at 1724, 1330, and 1190- 1215 
cm-I are assigned as v C=O, 6 OH, and v C-0 respectively 
(see Fig. 2c). These assignments are consistent with the find- 
ings of the X-ray work indicating that 1 exists in the solid in the 
strongly hydrogen-bonded acid form. Deuterium exchange 
seems to weaken this hydrogen bonding, however, with a new 
band appearing at 1612 cm-' (infrared); such a band in 

D-penicillamine was asigned to v, COY, and would only occur 
for the zwitterionic species. 

The ring stretching modes can be described only very rough- 
ly as 2 v C-S, 2 v C-N, and v C-C, with asymmetric 
stretches being more intense in the infrared, and symmetric 
(e.g., "ring-breathing") more intense in the Raman spectra. 

We assign the strong Raman band at 580 cm-' (1) to v C-S; 
this band shows a downward shift in 2 to 537 cm-', apparently 
a mass effect of the CD3 group, the isotopic ratio being 1.07. 
These bands also show a splitting which is attributed to Fermi 
resonance with the overtone of 6 CCS at 294 cm-I in 1, 270 
cm-I in 2. The medium intensity band at 506 cm-' is assigned 
to the asymmetric v C-S. These assignments are unusual and 
deserve discussion. Two major effects may be expected to 
affect the v (C-S) frequencies. Ring strain may be expected 
to affect the C-S bond lengths, the C-S-C angle, and 
hence the C-S stretching vibrational frequency. Secondly, 
the C-S stretching frequency may be reduced by steric hin- 
drance; substitution of hydrogen atoms adjacent to a C-S-C 
system reduces C-S stretches from 672-720 cm-I (Raman, 
highly polarized, p = 0.05-0.15) in tetrahydrothiophene and 
thiazolidine to 582 cm-' in di(tert-butyl)sulfide, 513 cm-' in 
hexamethyl-S-trithiane(trithioacetone), and 547 cm-' in 5-thia- 
l0,ll-diazadispiro[3.1.3.2.]undecane (22). In 1 the two ef- 
fects are not independent. The substitution of the C(5) and C(2) 
centres with bulky methyl groups affects the conformation of 
the molecule 1, in a way that seems to be a combination of the 
following effects: (I) the C-S bonds are lengthened as com- 
pared with both thiazolidine and D-penicillamine; (2) the 
C-S-C angle is increased compared to unsubstituted thi- 
azolidine; (3) the C(2) and C(5) atoms rotate in opposite direc- 
tions to minimize the C-S-C angle, for which 90" is the 
preferred equilibrium value. 

Both the substitution and the long C-S bonds suggest that 
v (C-S) should be lower than the normal range in cyclic 
sulfides (670-720 cm-I) (22). The observed wave numbers are 
lower for one band but not as low as one would expect. Thus 
one (C-S) in 1 is higher than in D-penicillamine (580 vs. 548 
cm-I), close to the value for di(tert-buty1)sulfide. We assume 
the lowering effects are partially balanced by excess ring strain 
in 1. The assignment of the second C-S band to 506 cm-' is 
as expected for tetra-substituted carbons flanking the S. The 
assignment is supported by a weak side band of position and 
intensity expected for 34S, which occurs on both the 506 and 
473 cm-I bands. 

The assigned ring deformations are 6 CNC at 376 cm-I, 6 
NCS at 294 cm-', and 6 CSC at 188 cm-'. The deformations 
involving the,S atom are all intense in the Raman spectrum, and 
all show an isotopic shift (adjacent CD3 groups) of 1.06 to 
1.07. The strong Raman band at 294 cm-', 1; 270 cm-' , 2 is 
not observed in unsubstituted thiazolidine-4-carboxylic acid 
and is therefore assigned as a 6 NCS, deformation of the 
N-C(CH3),-S moiety. This assignment is supported by the 
larger isotopic shift ratio of 1.09 for 2. 

The other assignments of bands for the methyl groups are 
straightforward and very similar to those for D-penicillamine. 
The isotopic shifts show the usual value: for the stretches they 
are in the range 1.33- 1.40; for the deformations 6, and 6, they 
are 1.38 and 1.35, and for the rocks, - 1.2. An isotopic shift 
of 1.085 occurs for coupled vibrations of the C-CH3 and 
C-CD3 moieties. 

The mass spectra of 1 and 2 are shown in Fig. 5. Under 
electron impact conditions the title compound shows a signifi- 
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TABLE 4. Vibrational bands of 2,2,5,5-tetramethylthiazolidine-4-carboxylic acid (I), its deuterated derivatives 2,2-di('H3)-methyl-5,5- 
dimethylthiazolidine-4-carboxylic acid (2), and 1 and 2 crystallized from DzO (3) and (4) 

Infrared" Ramanb Infrared Raman Infrared Raman Infrared 

v NH 
associated 
v, CH3 
several components 

0-H .. . N bonding 
v ND, p = 1.35 (3262) 
v, CD3, p = 1.33 (2990) 
v, CD3, p = 1.33 (2976) 
v, CD,, p = 1.33 (2972) 

v, CD3, p = 1.36 (2958) 
v, CD3, p = 1.39 (2934) 
v, CD3, p = 1.40 (2920) 
0-H N bonding 
v C=O 

6, CH3, out-of-phase 

6, CH3, in-phase 

6 OH 
v, coz- 
v CCN + 6 NH 
v CCN + r CH3 
v CO 

v CNC 

v CNC, p = 1.05 
v CCN + r CH3 
v CCN + r CD3, p = 1.017 

v C-CH3 
6 ND, p = 1.27 (1290) 
6, CD3, p = 1.35 
(1376,1370) 
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HOWARD-LOCK ET AL. 2417 

TABLE 4. (Concluded) 

1 2 3 4 

Infrared" Ramanb Infrared Raman Infrared Raman Infrared Assignment/remarksc 

998,59 (996 sh) 998,45 r CH2 
970,34 966,24 950,sh 963,18 965,24 965,15 7 NH 

956,sh 955,sh 
940,sh 942,20 944,79 943,13 940,sh 940,24 948 v C-CD2, p = 1.085 

934 (1042), r CH, 
928,100 928,lO 930,82 936,sh 920,97 924,14 92 8 v C-CH, + r CH, 

855,85 858,12 850 6 0-D---N 
846,96 846,19 832,67,shp 835,12 840,86 845,lO 845,m v CN + CH,, p = 1.017 

832, m 
823,72 822,sh 815,83 817,17 812,82 812,17 820,m Ring breathing 
815,sh 818,17 

780,30 781,5,br 780,w r CD2, p = 1.28 (998) 
762,7 1 761,s 6 COZ 

756,17 759 
754,94 754,12 756,100 750,sh 745,96 7453 r CH2 

749,sh 738,3 
728,sh 726,s 723,sh y ND 

676,92 672,ll 662,100 663,15 665,85 6683 668,s 6 COOH 
650,sh 650,21 650,sh 646,sh 650,12 650,sh 

628,53 630,m r CD,, p = 1.21 
602,91,18 599,60,13 595,100,18 6 COH, acid 

575,6 580,98,'20 568,lO 565,7 567,63,22 v C-S, FR '2 X 294, "2 X 270 
545,98 550,sh 

546,8 537,100" 540,12 532,vw,sh 535,111 v C-S, p = 1.07 (580) 
520,sh, 19 520 

508, w 506,33 470,15,br 473,34 510,20 500,27 475,w v C-S, p = 1.07 (506) 
482,7 490,6 480,8 
445,20 448,22 444,17 440,13 440,23 8 CCC, p = 1.05 (448) 

425,30 425,13 428,18 
387,79 388,25 382 sh 380,ll 386,80 388,20 381,ms 6 NCCO 

374,16 376,62 361,46 shp 372,13 376,s 6 CNC, p 1.036 
(366 m) 

356,26 355,26 354,sh 
347,28 3543 sh 337 335,9 345,27 336,111s 
330,12 330,62,12 323,m 330,ll 330,51 323 ,S 6 (CH,)zCS, p = 1.06 
310 vw 313 m 31 1,21 309,m 313,s 
300,22 283,m 300,m 6 CCS, ring 

294,51,15 273,w 270,49,18 288,25 292,43,18 282,m 6 NCS p = 1.09 
258,19,br 256,3 255 255,m 

249 249,ms 
234,lO 232,6 219,4 235,5 219 p = 1.06 

197 197,m 
191,52 188,28 182 177,20 190,s 188,23 182,s 6 CSC p = 1.06 
169,28 160,4 br 160,12 
150,55 150 150,s 150,s 
142 142 143 142,ms 

125 
116,24 110,9 112 112 

102,37 103,34 104 97,25 102,w 102,24 105,s 
91,9 

76,19 75,12 
67,61 70.40 

"Infrared notations: bands in cm-', intensities relative to strongest band = 100, half width at half maximum in cm-'; s = strong, m = medium, w = weak, 
v = very, sh = shoulder, br = broad, shp = sharp. 

bRaman intensities relative to the strongest Raman band with arbitrary intensity 100. 
'Assigned notations: v = stretching frequency, a = antisymmetric, s = symmetric, 6 = deformation, r = rock, y = out-of-plane deformation; FR = Fermi 

resonance; p = isotopic shift ratio.', ++ show which overtone bands contribute to FR. 
dMeasured from sample in D20 solution. 

cant molecular ion peak (M) at mlz = 189, I = 39% (mlz = 2 (Fig. 5b), where only an M - 18 peak (loss of CD3) at 
195, I = 23%, 2). Loss of a methyl group is shown by an mlz = 177 (14%) is observed and not an M - 15. 
M - 15 peak (mlz = 174, I = 21%). That this loss is solely Ring fragmentation patterns for thiazolidines have been 
from C(2), and not from C(5), is confirmed by the spectrum of studied previously and it has been found that the dominant 
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FIG. 4. The packing within the unit cell. a and c* are parallel to the bottom and side of the page respectively and the view is down b. Hydrogen 
bonds are shown as dotted lines. 

FIG. 5 .  The mass spectra of (S)-2,2,5,5-tetramethylthiazolidine-4- 
carboxylic acid and (S)-2,2-da-dimethyl-5,5-dimethylthiazolidine-4- 
carboxylic acid. 

fragmentation patterns are 1,4- and 2,5-ring cleavages, with 
the 1 ,4-cleavage preferred (25). The spectrum of 1 alone does 
not allow differentiation between the two cleavages, but the 
spectrum of 2, the deuterated analogue, shows that the 1 ,4-ring 
cleavage is highly favoured. There is a pattern of three rela- 
tively intense peaks (mlz = 115, 97, 69 in 1; 121, 103, 75 in 
2) which arises from this 1 ,4-cleavage. Loss of (CH3), C=S 
leads to the intense M - 74 peaks at m/z = 115, 1 and 121, 
2. In 2, there is very little loss of (CD3), C=S (M - 80, 
m/z = 115, 4%), which arises from 2,5-cleavage. Further 
fragmentation of the ions (cx,)c=&H-6~-CO,H (X = H, 
m/z = 115, 1; X = D, m/z = 121, 2) derived from the 1,4- 
cleavage appears to be a two-step process, with loss of water 

+ 
giving (cx~)~c=N=cH-~=o (m/z = 97,48%, 1; m/z = . + 
103, 49%, 2) followed by loss of CO to give (CX3),C-Nr 

CH(m/z = 69, loo%, 1; m/z = 75, loo%, 2). 
In both 1 and 2 the M - 74 peak is accompanied by an 

M - 75 peak (mlz = 114, 16% 1; m/z = 120, 14%, 2). 
Hydrogen transfer to give the ( cx~) ,~sH  fragment of mass 75 
comes mainly from either NH or C02H, since very little D 
transfer is apparent (m/z = 119, I = 4%) in 2. 

A 1,2-cleavage (loss of (CX3)2C, mass 42 or 48) must also 
occur, giving rise to a very unstable ion. No peaks were ob- 
served at m/z = 147 (M - 42, 1; M - 48, 2), b+ut fragments 
giving peaks at m/z = 87 (CH3-C-CH=NH) and 55 

II 
+ S 

(CH2=CH-CH-NH) (further loss of S) for both 1 and 2 can 
be derived from this cleavage. Two other fragmentation pat- 
terns observed for both 1 and 2 are explained by the loss of 
COOH from the molecular ion (M - 45 peak at m/z = 144, 
3%, 1; 150, 3%, 2) and the loss of SH (M - 33 peak at m/z 
= 156, 8%, 1; 162, 5%, 2). 

Other peaks in the spectra can be assigned tentatively as 
subsequent fragmentation of the ions at m/z = 115, 121; for 
example, loss of COOH, gives m/z = 70, 42%, 1; 76, 20%, 
2. The+ remaining significant peaks at m/z = 59 

+ 
(CH2=C-SH) 1 and 2 and 58, 1, 64, 2 ((CH3),C=NH2, 
(CD3),C=NH2) are presumably derived from further decom- 
position of one of the 1,4 fragments. The various fragments 
suggested in the above discussion have the requisite masses and 
are reasonable, although other arrangements are possible. 

The 'H and I3C nmr spectra for 1 and 2 and the assignments 
are given in Table 5. The four methyl peaks in the 'H spectrum 
of 1 are resolved into two pairs (at C(2) and C(5)) by deuiera- 
tion of the C(2) methyl groups. The assignment of the two 
peaks attached to C(5) is based on an assumed analogy to 
penicillin. Cooper and co-workers (26) have employed nOe 
experiments to study thiazolidine ring conformations in penicil- 
lin derivatives in solution and have found that the pro R methyl 
protons are always to high field of the pro S methyl protons. On 
this basis we assign the highest field resonance of 1 to the 
C(52), pro R ,  methyl group and the next highest to the C(5 l) ,  
pro S, methyl group. The only assignment left uncertain is the 
identity of the peaks arising from the methyl groups attached to 
C(2). In DMSO-d6, all resonances are shifted to low field, but 
by unequal amounts, so that the peaks for both C(21) and C(22) 
methyl groups overlap. 

The I3C nmr spectrum of 1 also showed overlap. The normal 
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HOWARD-LOCK ET AL. 

TABLE 5. The 'H and "C nmr spectra of (S)-2,2,5,5-tetramethylthiazolidine-4-caboxylic acid, 1, and 
(S)-2,2-bis(trideuteromethyl)-5,5-dimethylthiazolidine-4-caboxylic acid, 2 

'H "C 

Functional group 1 in D20 1 in DMSO-d6 2 in D,O 1 in DMSO-d6 2 in DMSO-d, 

Pro R, C(52)H3 
Pro S, C(5 1)H3 WXF: or) 

C(5) 
C(2) 
C(4)-H(4) 
COOH/NH (exchanging) 
0-C(l)=O 

1.35 (3H) I. 19 (3H) 1.35 (3H) 28.52 (q) 28.56 
1.58 (3H) 1.44 (3H) 1.58 (3H) 29.61 (q) 29.63 
1.68 (3H) 1.55 (6H) 32.24 (q) 
1.74 (3H) 34.36 (q) 

61.62 (s) 61.62 
73.46 (s) 73.18 

4.26 (1H) 3.73 (H) 4.26 (1H) 73.46 (d) 73.47 
br 7.64 (2H) 

171.31 (s) 171.40 

I proton decoupled spectrum consisted of seven lines for the 
eight carbon atoms. The resonance at 73.46 ppm was much 
more intense than the others, so we assumed it was two peaks 
overlapping. Comparison with benzoylpenicillin showed that 
C(2) and C(4) of the thiazolidine ring are very close in chemical 
shift. Since C(2) is a quaternary carbon atom and C(4) is a 
tertiary carbon atom, it was possible to assign these peaks by 
an off-resonance experiment. The overlap of C(2) and C(4) 
peaks also occurred in the spectrum of 2. The two deuterated 
methyl groups induce a small upfield isotope shift of (6 X 0.25) 

i ppm (27) but the resulting resonance of 74.68 ppm is still close 

i enough to overlap the non-deuterated C(2) resonance at 73.46 

I PPm. 
I 
I The I3C methyl groups were again assigned by deuteration 

j and comparison with penicillin spectra. The overall effect of 
deuteration is to greatly reduce the peak intensity of the deu- 
terated carbon atoms because of decreased nOe enhancement, 
increased relaxation time, and dispersal of the intensity into 

, multiplets caused by coupling between I3C and 2H. The results 
show that the resonances from the C(5) methyl groups are 

I 
upfield from those on C(2), and this is presumably caused by 
the y-shielding effect of the C 0 2 H  on the C(5) methyls (27). 
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MICHEL RINGUET and JACQUES GAGNON. Can. J .  Chem. 63, 2420 (1985). 
A meso-unsubstituted surfactant porphyrin has been synthesized. Spectroscopic studies show that intermolecular protonation 

occurs between the side-chain carboxyl groups and the inner nitrogen atoms of the porphyrin, leading to the formation of a 
porphyrin dication. In 5 X lo-' M chloroform solution, 27% of the porphyrin molecules are in the dicationic form and they 
are self-associated with some remaining molecules in the free base form. 

MICHEL RINGUET et JACQUES GAGNON. Can. J .  Chem. 63, 2420 (1985). 
On a rtalisC la synthkse d'une porphyrine tensio-active qui n'est pas substituke en position meso. Des Ctudes spec- 

troscopiques dCmontrent que la protonation intermoltculaire se produit entre les groupements carboxyliques des chaines 
latCrales et les atomes d'azote du coeur de la porphyrine; ceci conduit ?i la formation d'un dication porphyrine. En solution 
?i 5 X 10-'M dans du chloroforme, 27% des molecules de porphyrine existent sous la forme de dications et elles sont 
auto-assocites avec quelques-unes des molCcules qui restent sous la forme de bases libres. 

[Traduit par le journal] 

Introduction 
\ 

The potential catalytic importance of porphyrins incorpo- 
rated into synthetic organized molecular systems has stimulated ROOC 
considerable interest in the syntheses of surfactant porphyrins 
(1 -4). These products are usually obtained by alkylation of a 
functionalized meso-tetraarylporphyrin (1 -7), or esterification 
of natural carboxyporphyrins (8). COOR 

As part of our work on the development of a synthetic model 
which would mimic the primary events of green plant photo- 
synthesis (9), the synthesis of a meso-unsubstituted carboxy- 
porphyrin seemed more pertinent. This substrate would show 
an etio-type absorption spectrum, similar to the ones observed 
for most natural porphyrins (lo), and would have the ionizable I R = H  
functional group needed for further studies in organized media. 2 R = CH3 
Hence we wish to report here the synthesis and a spectroscopic 
study of the protonation of a new type of surface-active por- 
phyrin, dioctadecyldeuteroporphyrin 11, 1. Our data are consis- 
tent with an intermolecular exchange of protons between the 
side-chain carboxyl group of a porphyrin molecule and the H 
inner nitrogen atom of another porphyrin ring. The nature and 
the extent of protonation were determined. 

R R' R 'I 
Results and discussion 

Synthesis 
The porphyrin 1 is synthesized by formation and in situ 

coupling of the properly substituted 5-methyl-5'-carboxy- 
dipyrromethene, a method first reported by Chang (1 1). 

A modification of the procedure of Clezy et al. (12) for the 
lead tetraacetate oxidation of pyrrole 3 gives the 5-formyl- 
pyrrole 4. The long-chain substituted pyrrole 6 is prepared by 
acylation of pyrrole 5 with stearoyl chloride in the presence of 
stannic chloride. Diborane reduction of 6 affords the surfactant 

3 CH3 

4 CHO 

5 CH3 

6 CH3 

7 CH3 
8 CH3 
9 CHO 

10 CH3 

pyrr0le which is transbenz~lated to give pyrrole '. The Over- of long-chain substrates. Repeating the series with hexy]- 
yield pyrrole ' is 48%. Hydr0geno1ysis of pyrroles rather than octadecyl-pyrrole led to a 25% yield in the last 

and ' gives the ca rbox~~~r ro l e s  and lo which step. Hydrolysis of 2 in a mixture of water and tetrahydrofuran 
are mixed in equimolar quantities in hot formic acid and treated gives 
with hydrobromic acid to afford the crude dipyrromethene. 
Self-coupling of the latter in hot formic acid in the presence of Spectrophotometric studies 
excess bromine leads to a mixture of the dicarboxyporphyrin 1, Absorption spectra of porphyrins 1 and 2 in protophylic 
its diester 2, and the monoacid monoester. The mixture is then solvents such as THF are etio-type (10) and follow the 
esterified to give porphyrin 2 in 8% yield from pyrrole 10. This Beer-Lambert law over the range of concentration studied 
relatively low yield is due to the well-known lack of reactivity (lo-' to M). In protophobic solvents, such as chloroform 
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AND GAGNON 242 1 

I I I 
450 550 650 

WAVELENGTH / nm 
FIG. 1 .  Concentration dependence of the absorption spectrum of 

compound 1 in CHCI,. 

and xylene, the diester porphyrin 2 still acts in accordance with 
the Beer-Lambert law but the dicarboxyporphyrin 1 does not. 
The four maxima observed for chloroform solutions of por- 
phyrin 1 show a concentration dependence, and a new max- 
imum at 595 nm appears as the concentration is increased 
(Fig. 1). 

Two different types of fluorescence spectrum are obtained 
by exciting a 3 X M solution of compound 1 in chloro- 
form. Excitation at 400, 485, 535, or 620 nm produces a 
four-band spectrum with maxima at 624, 656, 674, and 690 
nm. This spectrum is similar to the ones obtained by exciting 
at any wavelength the to M chloroform solutions of 
porphyrin 2 and the M chloroform solution of porphyrin 
1. The to M solutions of porphyrins 1 and 2 in THF 
give the same type of spectrum. These spectra are typical of 
free base porphyrins (13). The other type of spectrum has 
maxima at 604,624,664, and 690 nm and is obtained when the 
3 X M chloroform solution of compound 1 is excited at 
420, 558, or 598 nm. These results suggest that there are two 
species in this solution, i.e. the free base and the protonated 
porphyrin, as will be shown later. This protonation is not due 
to HCl contamination in the chloroform since, if this was so, 
the protonation would also occur in the M chloroform 
solution of porphyrin 1 and in the chloroform solution of por- 
phyrin 2. In addition, the aggregation of a carboxyporphyrin 
has been reported to give intermolecular protonation (4). A 
spectrophotometric titration from 450 to 650 nm was done with 

450 500 550 6b0 650 
WAVELENGTH I nm 

FIG. 2. Absorption spectra of a 5 X lo-' M solution of compound 
1 in chloroform (---), when titrated with triethylamine (-), and with 
acetic acid (. . . . . .). 

triethylamine (TEA) and glacial acetic acid (GAA) to identify 
the protonated species. Mixtures of 0.01 -0.1% TEA in chloro- 
form show the free base porphyrin spectrum, as expected. The 
spectrum of compound 1 was independent of solvent com- 
position for mixtures of 0.1- 10% GAA in chloroform and was 
also identical to the free base spectrum. At high (up to 100%) 
GAA concentrations, the spectra are characteristic of the por- 
phyrin monocation, as usually found in GAA (14), with max- 
ima at 530,558, and 598 nm (Fig. 2). At 30% GAA in chloro- 
form, the spectrum of compound 1 is quite similar to the one 
obtained with the chloroform solution. 

However, the difference spectra of the chloroform solution 
of compound 1 relative to a solution of the free base form of the 
same porphyrin show the two-band spectrum typical of the 
dication (10). The same difference spectra for the 30% GAA in 
chloroform solution clearly show the three-band spectrum of 
the porphyrin monocation (Fig. 3). Therefore the protonated 
porphyrin species in the chloroform solution, a dication, is 
different than the monocation found in the 30% GAA in chlo- 
roform solution. 

Spectrophotometric titrations with trifluoroacetic acid 
(TFAA) led to the formation of the dication. They were done 
with chloroform solutions of compound 1 to determine the 
percentage of dication in the solutions. These series of spectra 
are isosbestically related (Fig. 4). Using the method of Grigg 
et al. (14) the ratios (cp/cB) of the respective concentrations of 
the protonated and free base forms of compound 1 in chloro- 
form were determined by eq. [I]: 

where A, AB, and Ap are the absorbance, at a particular wave- 
length, of a fixed concentration of the porphyrin in chloroform, 
in 0.1 % TEA in chloroform (i.e. free base), and in 1 % TFAA 
in chloroform (i.e. dication) respectively. The ratios were ob- 
tained for five wavelengths corresponding to the absorption 
maxima of either the free base (500, 530, and 622 nm) or the 
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TABLE 1 .  Extent of protonation of compound 1 in 5 X lo-' M solutions 

Absorbance 

A (nm) 1% TFAA-CHC13 0.1% TEA-CHCl, CHC13 ( c ~ / c a )  

450 500 550 600 650 
WAVELENGTH / nm 

WAVELENGTH /nm 

FIG. 3.  Difference spectra, against free base porphyrin 1 for 5 X 

M solutions of porphyrin 1 in 30% GAA in CHC13 (A), and in 
CHC13 (B). Absorption spectra of porphyrin 1 monocation (C) and 
dication (D). 

dication (555 and 595 nm). Table 1 shows that 27 k 3% of the 
I porphyrin is in the dication form in the 5 X 10-5 M solution. ~ Uniformity of the calculated ratios definitely supports the 

above conclusion that this chloroform solution contains an 
I equilibrium mixture of the free base and the dication. If the 
I same calculation is made with the monocation as the protonated 

reference species the ratios are sporadic. The ratios were also 
determined for 5 X M and 5 X M solutions in chlo- 
roform, which resulted in 29% and 0% dication respectively. 

Molecular models show that intramolecular protonation of 
the inner nitrogen atoms by the side-chain carboxyl groups is 
not possible. So, according to our results, an aggregation phe- 

FIG. 4. Absorption spectra of a 5 X M solution of compound 
1 in chloroform (-.-), when titrated with triethylamine (-), and with 
trifluoroacetic acid (. . . . . .). 

nomenon which occurs at concentrations over 5 X lop5 M in 
chloroform leads to intermolecular protonation, the aggregates 
being held as ion pairs. When acetic acid is added in low 
concentration to the solution, the porphyrin aggregates are bro- 
ken and only the free base form is observed. Neither was 
protonation detected in other protophylic solvents. It is note- 
worthy that protophobic solvents favor the ionic form while 
polar solvents (methanol, 10% GAA in chloroform) do not. 
This is in agreement with Menger's observation of a large rate 
enhancement for proton exchange of benzyl alcohol when cata- 
lysed by amines in benzene solvent as compared to DMSO 
(15). Thus, in polar solvents, the solvation of the carboxyl 
group by the polar solvent keeps this group from forming a 
hydrogen bond with the amino group which would hence lead 
to the ion pair. 

The proximity of the porphyrin rings in the aggregates allows 
for the formation of the porphyrin dication, which is thermo- 
dynamically favored over the monocation but is not usually 
found in weak carboxylic acid solutions (10). Additional evi- 
dence of aggregation is given by vapor phase osomometry. 
This method gives an average molecular weight of 1313 -+ 53 
for porphyrin 1 in chloroform M) as compared to a mono- 
mer molecular weight of 1016 determined by mass spec- 
trometry. These data suggest a 1 :2  dimer/monomer ratio at 
high porphyrin concentrations in chloroform. Assuming that 
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the dimer is made of a dicationic porphyrin aggregated with a 
free base porphyrin, then this 1 :2  ratio would be consistent 
with the approximate 1 : 3  dicationlfree base ratio found by 
absorption spectroscopy. 

It is also noticeable that the spectrum of the chloroform 
solution, in which compound 1 exists as an equilibrium mixture 
of the free base and the dication, is isosbestically related to the 
set of spectra observed for the free base - monocation equi- 
librium. In this specific case one cannot rely on the isosbestic 
set of spectra to affirm that only two species are present in the 
mixture. Work is in progress to study this aggregation phenom- 
enon in organized media. Preliminary results on surface pres- 
sure and surface potential of porphyrin 1 at the air-water 
interface show the surface properties of a surfactant. 

Experimental 
Instruments and method 

The normal conditions and instruments for the spectra quoted in the 
experimental section are: uv, tetrahydrofuran solutions (E,, in 
parentheses), Cary 17D or Perkin Elmer 553; ir, Perkin Elmer 1430 
or 597; nmr solutions with internal TMS standard, Varian EM 360L. 
Elemental analyses and vapor phase osmometry were by Schwarz- 
kopf, New York, mass spectrometry by UniversitC de MontrCal. The 
solvents used in the titration study were Spectrograde and freshly 
distilled. Stock solutions of the porphyrin in chloroform were prepared 
and diluted by volume with the required solvent mixture. Only the 
visible region of the spectrum was retained for this study. Difference 
spectra were obtained by placing in the reference beam of the spec- 
trophotometer a solution of compound 1 in its free base form (1% TEA 
in chloroform) at the concentration required to cancel the 500-nm 
band. 

Benzyl51formyl-4-(2'-methoxycarbonylethyl)-3-methylpyrrole-2- 
carboxylate 4 

The dimethylpyrrole 3 was prepared following essentially the pro- 
cedure of Johnson et al. (16), yield 61%, mp 99-101°C (lit. (16) mp 
99-101°C). Anal. calcd. for CI8H2,NO4: C 68.55, H 6.71, N 4.35; 
found: C 68.56, H 6.69, N 4.44. Pyrrole 3 was then treated with lead 
tetraacetate according to Clezy et al. (1 2). Filtration over Celite of the 
reaction mixture before work-up led to a product which crystallized on 
standing. Recrystallization from etherlhexane 1 : 1 gave pyrrole 4, 
yield 65%, mp 80-81°C (lit. (16) mp 78-79°C). Anal. calcd. for 
Cl8HI9NO5: C'65.64, H 5.81, N 4.25; found: C 65.57, H 5.88, N 
4.05. 

Ethyl 3,5-dimethyl-4-(l'-oxooctadecyl)pyrrole-2-carboxylate 6 
The pyrrole 5 was prepared following the procedure of Kleinspehn 

(17), yield 59%, mp 124-125°C (lit. (17) mp 124-125.5"C). To 
pyrrole 5 (10.0 g, 60 mmol) in dry benzene (10 mL) under nitrogen 
was added stearoyl chloride (22.5 mL, 66 mmol). The flask contents 
were cooled to, and maintained at, 0°C while stannic chloride (10.5 
mL, 90 mmol) was added drop by drop. The mixture was stirred for 
2 h, 10% hydrochloric acid (40 mL) was added, and stirring was 
continued for 15 min. Chloroform extraction and recrystallization 
from acetone gave the pyrrole 6 (20.4 g, 47 mmol, 78%), mp 
94-95°C; VKB~: 3280, 2910, 2840, 1655, 1645, 1265; 6 (CCl4): 0.85 
(bt, 3H, H-18'), 1.25 (m, 30H, H-3' to 17'), 1.30 (t, 3H, J = 7 Hz, 
-OCHZCH3), 2.50 (s, 6H, 2 X -CH3), 2.62 (t, 2H, J = 7 HZ, 
H-2'),4.23 (q, 2H, J = 7 Hz, -OCH2-), 9.80 (bs, lH, NH). Anal. 
calcd. for C27H47N03: C 74.78, H 10.92, N 3.23; found: C 74.91, H 
10.75, N 3.25. 

Ethyl 3,5-dimethyl-4-octadecylpyrrole-2-carboxylate 7 
Pyrrole 6 (5 g, 11.5 mmol) was added to a 1 M solution of borane 

in tetrahydrofuran (60 mL, 60 mmol). The mixture was stirred under 
nitrogen for 12 h. Methanol was slowly added until gas formation 
ceased. The mixture was evaporated to dryness, methanol (60 mL) 
was added, and the flask contents were refluxed for 5 min. Evapo- 

mmol, 99%), mp 93.5-94°C; VKB,: 3300, 2910, 2860, 1655, 1265; 
6(CC14): 0.90 (bt, 3H, H-18'), 1.25 (m, 32H, H-2' to 17'), 1.30 (t, 
3H, J = 7 HZ, -OCH2CH,), 2.20 (s, 6H, 2 X -CH,), 2.25 (bt, 2H, 
H- 1 '), 4.25 (q, 2H, J = 7 Hz, -OCH2-), 9.00 (bs, 1 H, NH). Anal. 
calcd. for C27H49N02: C 77.27, H 1 1.77, N 3.34; found: C 77.13, H 
11.93, N 3.18. 

Benzyl3,5-dimethyl-4-octadecylpyrrole-2-carboxylate 8 
To pyrrole 7 (5.0 g, 12 mmol) in benzyl alcohol (16 mL) was added 

sodium (65 mg, 3 mmol) and the mixture was heated to 80°C under 
reduced pressure (10 mm Hg, 1.3 kPa) for 4 h. The solvent was 
removed under reduced pressure. An ethanol solution of the residue 
was washed with water, dried, and evaporated. Recrystallization from 
methanol gave pyrrole 8 (3.5 g, 7.2 mmol, 61%), mp 105-106°C; 
VKB~:  3280, 3030, 2910, 2840, 1660, 1610, 1265; 6 (CCl4): 0.85 (bt, 
3H, H-18'), 1.25 (m, 32H, H-2' to 17'), 2.20 (s, 6H, 2 X -CH3), 
2.30 (bt, 2H, H- l '), 5.20 (s, 2H, -OCH2-), 7.30 (s, 5H, -C6H5), 
9.00 (bs, lH, NH). Anal. calcd. for C32H51N02: C 79.78, H 10.67, 
N 2.91; found: 80.09, H 10.18, N 2.70. 

Dioctadecyldeuteroporphyrin 11 dimethyl ester 2 
The pyrrole 4 (2.9 g, 8.8 mmol) was hydrogenated at 162 kPa (1.6 

atm) for 30 min in tetrahydrofuran (50 mL) containing triethylamine 
(0.05 mL) and 5% Pd on activated charcoal (100 mg). The mixture 
was filtrated over Celite and the Celite was washed with methanol 
(20 mL) and acetonitrile (40 mL). 

The pyrrole 8 (4.3 g, 8.7 mmol) was hydrogenated as described 
above, with similar work-up. The two resulting solutions were mixed 
together and evaporated at 25°C. The residue was taken up in hot 
formic acid (75 mL). The mixture was stirred vigorously and 31% 
hydrobromic acid in glacial acetic acid (4.5 mL) was added. The 
mixture was refluxed for 1 h and the temperature was lowered to 25"C, 
bromine (1.1 mL) was added, and the reflux was continued for 2 h. 
The solvent was evaporated by heating under an air stream. Methanol 
(50 mL) containing 5% sulfuric acid was added and the mixture was 
stirred for 12 h. Methanol (40 mL) was evaporated from the mixture 
and chloroform extraction gave a dark oil which was chromatographed 
over silica gel. Recrystallization from chloroform/methanol 1 : 20 of 
the red fraction gave porphyrin 2 (720 mg, 0.7 mmol, 8%), mp 
91-92°C; A,,,: 398 (120), 498 (9.8), 530 (6.2), 568 (5.7), 595 (0.8), 
622 (3.8); VKB,: 3300, 2950, 2800, 1730, 1550, 1165; 6(CDC13): 
-4.30 (bs, 2H, NH), 0.70 (m, 6H, H-18'), 1.08 (m, 60H, H-3' to 
17'), 2.15 (bt, 4H, H-2'), 3.28 (bt, 4H, -CH2CO-), 3.30 (s, 12H, 
C-CH,), 3.45 (s, 6H, -OCH3), 3.67 (bt, 4H, C(2)-CH2, C(6)-CHZ), 
4.01 (bt, 4H, C(4)-CH2, C(8)-CH2), 9.55, 9.65 (s's, 4H, meso pro- 
tons). Anal. calcd. for C ~ L I H I O ~ N ~ O ~ :  C 78.26, H 10.24, N 5.37; found: 
C 77.95, H 9.95, N 5.66. 

Dioctadecyldeuteroporphyrin 11 I 
Porphyrin 2 (104 mg, 0.1 mmol) was added to a mixture of tet- 

rahydrofuran (10 mL) and 6 N hydrochloric acid (10 mL). The mix- 
ture was stirred in the dark for 48 h. Brine (100 mL) was added and 
extraction with tetrahydrofuran gave a residue which was purified by 
preparative tlc on cellulose plates to give 1 (79 mg, 0.078 mmol, 
78%), mp90-91°C; A,,,: 398 (140), 498 (1 1.0), 535 (7.7), 567 (5.4), 
595 (0.7), 623 (4.8); VKB~:  3300, 3100, 2950, 2920, 2800, 1715; 
6 (CDC13): -3.10 (bs, =2H, NH), 0.70 (m, 6H, H-18'), 1.08 (m, 
60H, H-3' to 17'), 2.15 (bt, 4H, H-29, 3.30 (bt, 4H, -CH2CO-), 
3.32 (s, 12H, C-CH,), 3.67 (bt, 4H, C(2)-CH2, C(6)-CHZ), 4.00 (bt, 
4H, C(4)-CH2, C(8)-CH,), 9.60 (bs, 4H, meso protons); mle (FAB, 
crown ether): 1016. Anal. calcd. ~ O ~ C ~ ~ H I ~ Z N ~ O ~ :  C 78.06, H 10.12, 
N 5.52; found: C 77.69, H 9.86, N 5.89. 
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Synthesis and nuclear magnetic resonance spectra of platinum compounds with 
thiourea derivatives 
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F. D. ROCHON, J. BARIYANGA, and P. C. KONG. Can. J.  Chem. 63, 2425 (1985). 
Compounds of the type trans-[PtL2T2]C12 where L = NH3, methylamine, dimethylamine, pyridine, and 2-aminopyrimidine 

and T = N-methylthiourea and N,N1-dimethy lthiourea and where L = NH3 and T = N,N,N1,N'-tetramethylthiourea have been 
synthesized. The 'H nmr spectra have shown that the thiourea derivatives are bonded to platinum by the sulfur atom. The methyl 
protons of N-methylthiourea and one methyl group protons of N,Nf-dimethylthiourea in the complexes, where L is aromatic, 
showed resonance at higher field after coordination to the metal. This was explained by an intramolecular interaction between 
the methyl group and the aromatic ring. The nmr spectra of the [PtT4]C12 compounds were also measured. 

F. D. ROCHON, J.  BARIYANGA et P. C. KONG. Can. J.  Chem. 63, 2425 (1985). 
Les complexes de type trans-[PtL2T2]C12 ou L = NH3, mCthylamine, dimithylamine, pyridine et amino-2 pyrimidine et T 

= N-mCthylthiourCe, et N,N'-dimtthylthiourCe ainsi que L = NH, et T = N,N,N1,N'-tCtramCthylthiourCe ont CtC synthCtisCs. 
Les spectres de resonance magnttique nuclCaire 'H ont montrC que les derives de la thiourke Ctaient lies au platine par I'atome 
de soufre. Les protons de N-mCthylthiourCe et d'un groupement methyle de N,Nf-dimCthylthiourie dans les complexes ou L 
est aromatique, ont montrC un blindage lorsque ces ligands Ctaient coordinCs au mCtal. Ce blindage a CtC expliquC par une 
association intramolCculaire entre le groupement mCthyle de T et le noyau aromatique. Les spectres rmn des trois composis 
[PtT4]C12 ont Cgalement CtC mesurks. 

Introduction 
Infrared studies of thiourea (tu) and its N-alkyl derivatives 

(T) have been reported (1, 2). The interpretation of the spectra 
is not easy since many absorption bands result from a mixture 
of vibrations. The C-N bond of thiourea and its derivatives 
has an appreciable double bond character. Therefore thiourea 
derivatives can have different conformations where the thio- 
amide hydrogen atom and the thiocarbonyl bond are cis or 
trans. For N-alkylthiourea, there are two isomers, trans and 
cis, whereas for N,N '-dialkylthiourea, there are three isomers, 
trans- trans, cis-cis, and cis- trans. 

gested that the coordination site was N. They also assigned a 
new band around 350 cm-' to the vibration v(Pt-N). A year 
later, Gosavi et al. (9) showed that TMT was coordinated to 
platinum through its sulfur atom. 

The structures of thiourea and some of its derivatives were 
determined. The C-N and C-S bond distaqces are shown on 
Table 1. The average q-N distance is 1.33 A and the average 
C-S distance is 1.70 A. The four atoms SCNN are in the same 
plane. These results confirm the double bond character of the 
C-N bond and show that the order of the C-S bond is less 
than two. The rotation around the C-N bond is partly hin- 
dered, resulting in the formation of the isomers discussed 

9 /H /R above. 
H-N\ R-N\. H-N. 

C=S C z S  \c-s The crystal structure of several metallic complexes have 

H-NH H-N= H-N( /. shown that the binding site of thiourea and its derivatives was 
'H 'H R the sulfur atom. The C-S and C-N bond distanfes are 

trans cis trans- trans 
shown on Table 1. The average C-No distance is 1.3 1 A while 
the average C-S distance is 1.73 A. The C-N bond dis- 

cis-cis cis- trans 

Lane et al. (3) studied the infrared spectra of several thiourea 
derivatives in the solid state. He found that N,N1-dimethyl- 
thiourea and N,N1-diethylthiourea were trans-trans isomers. 
N,N1-di-t-butylthiourea showed both structures cis and trans. 
But the authors were not able to determine whether it was the 
cis-trans isomer or a mixture of the cis-cis and trans-trans 
compounds. Methylthiourea was identified as the trans isomer. 

Several infrared studies of [Pt(t~)~]Cl, (4-7) have shown 
that thiourea was bonded to platinum through its S atom. A 
band between 205 and 298 cm-' was assigned to the stretching 
Pt-S vibration. Belluco et al. (8) studied the infrared spectra 
of several platinum complexes with thiourea derivatives 
[PtT4]C12 where T = N,N1-dimethylthiourea (DMT), methyl- 
thiourea (MT), and tetramethylthiourea (TMT). They observe 
a decrease of the frequency of v(N-H) and therefore sug- 

tances seem slightly shorter (0.02 A) than in the free ligand 
while the C-S bond is longer (0.03 A). These differences are 
relatively small but they seem significant. Therefore upon co- 
ordination, the bond order of S-C is reduced while that of 
C-N is slightly increased. 

Very few platinum compounds of thiourea derivatives (T) 
have been reported. We have now synthesized several com- 
plexes of the type trans-[PtL2T2]C12 (where L = nitrogen 
ligand) and [PtT4]Cl,. We have measured the infrared spectra 
of these compounds in the solid state, and the nrnr spectra in 
D20. These results are reported below. 

Experimental 
trans-[PtL2C12] 

The compounds trans-[PtL2C12] where L = NH3, methylamine 
(MA), dimethylamine (DMA), and pyridine (Py) were synthesized by 
the method described by Kauffman (22,23). The compound with L = 
2-aminopyrimidine (AP) was prepared by the method described by 
Kong and Rochon (24). 

trans-[PtL2T2]C12 
The compound ~ ~ ~ ~ S - [ P ~ ( N H ~ ) ~ ( M T ) ~ ] C I ~  where MT = N-methyl- 
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TABLE 1. C-N and C-S bond distances (A) in thiourea and its 
compounds 

Bond distance 

Compound C-N 

/ NHz 
S-C 1.33(2) 

\ N H ~  
/NHCH:, 

S-C 1.32(1) 
\ N H ~  
/ NH-CHz 

S-C I .32(1) 
\,,-AH, 
/NH-CHI\ 

S-C /CHI 1.33(1) 

'NH-CH~ 

/ NH-CHI-CH=CHz 
S-C 1.36(2) 

\ N H ~  

Average 1.33 

[ P ~ ( ~ u ) ~ I C ~ Z  1.30(1) 
[Pt(DMT)41Clz 1.33(1) 
[Pt(ET)4lC12* 1.31(3) 
[Ag(MT)sCll 1.32(1) 
[CU(DMT)~C~]+ 1.30(1) 
[Co(TMT)z(N03)21 I.33(1) 

Average 1.31 

C-S Reference 

*ET = ethylthiourea. 

thiourea was prepared by the following method. t ran~-[Pt(NH~)~Cl~] 
(I mm) was suspended in 5 mL of water. An aqueous solution of MT 
(4 mm in 5 mL H20) was added. The mixture was stirred at room 
temperature and after 30 min became clear. The yellow solution was 
filtered and evaporated to dryness under vacuum. The residue was 
washed with acetone and dried under vacuum for 12 h. Yield: 77%. 
Dec. 187-204°C. IR: 3310br, 1630s, 1550s, 970s cm-I. 

~ ~ ~ ~ S - [ P ~ ( N H ~ ) ~ ( D M T ) ~ ] C ~ ~  was prepared as follows. trans- 
[Pt(NH3)2CIz] (1 mm) was dissolved in 15 mL of DMF and filtered. 
DMT (2 mm) was added to the solution and stirred for 2 days at room 
temperature. The solution was kept in a refrigerator at night. More 
DMT (2 mm) was then added and stirred. Two hours later the precip- 
itate was filtered and dissolved in water. The solution was filtered and 
evaporated to dryness under vacuum. The residue was washed with 
ether and dried under vacuum overnight. Yield: 50%. Dec. 
195-215°C. IR: 3409m,3325s, 3200br, 1585s, 1500s, 1275m cm-I. 

tran~-[Pt(NH~)2(TMT)~lCl~ was prepared by the following method. 
t ran~-[Pt(NH~)~Cl~] (1 mm) was dissolved in 15 mL DMF and filtered. 
TMT (4 mm) was added and the mixture was stirred for 24 h. Ether 
(20 mL) was then added and the precipitate was filtered and washed 
with ether. The compound was then dissolved in water and the solu- 
tion was filtered and evaporated to dryness under vacuum. The residue 
was washed with ether and dried under vacuum overnight. Yield: 
30%. Dec. 190-204°C. IR: 3250br, 3120br, 1550s, 1095s cm-I. 

The compounds trans-[PtLzTz]Clz where L = MA, DMA, and Py 
and T = MT and DMT were prepared as follows. The compound 
trans-[PtLzClz] (1 mm) was dissolved in 10 mL of DMF and filtered. 
An excess of T (3 mm) was added and the solution stirred until a pale 
yellow precipitate was obtained. After filtration, the precipitate was 
washed with ether and dissolved in water. The solution was filtered 
and evaporated to dryness under vacuum. The yellow residue was 
washed with ether and dried under vacuum for 12 h. 

tran~-[Pt(MA)~(MT)~lCl~: Yield: 50%. Dec. 138 - 160°C. IR: 3340s, 
3320s, 3185br, 1665w, 1644,  1556s, 973w cm-'. 

~ ~ ~ ~ S - [ P ~ ( M A ) ~ ( D M T ) ~ ] C I ~ :  Yield: 50%. Dec. 165-195°C. IR: 
3244sh, 3170br, 3100br, 1595s, 1576s, 1495s, 1285m, 125611-1 cm-I. 
~ ~ ~ ~ S - [ P ~ ( D M A ) ~ ( M T ) ~ ] C ~ ~ :  Yield: 75%. Dec. 170-202°C. IR: 
3334s, 3242s, 3200sh, 3127s, 1605s, 966m cm-I. 
trans-[Pt(DMA)z(DMT)2]C12: Yield: 60%. Dec. 190- 235°C. IR: 
3195s, 3110s, 1578s, 1490s, 1283111 cm-'. 
tran~-[Pt(Py)~(MT)~]Cl~: Yield: 60%. Dec. 190- 195°C. IR: 3260br, 
3170br, 1621s, 1603sh, 1556s, 95811-1 cm-I. 
tran~-[Pt(Py)~(DMT)z]C1~: Yield: 50%. Dec. 203 -215°C. IR: 
3120br, 1603sh, 1570s, 1270s cm-I. 

Complexes of the type t ran~-[Pt(AP)~T~]Cl~ were synthesized ac- 
cording to the method described by Kong and Rochon (24). trans- 
[Pt(AP)2(MT)2]C12: Yield, 70%. Dec. 200-208°C. IR: 3300br, 
3160br, 1610s, 1580~1, 1554s, 971111, 961m cm-I. trans- 
[Pt(AP)2(DMT)2]C12: Yield: 40%. Dec. 224-240°C. IR: 3320s, 
3120br, 1615s, 1570s, 1550s, 1490s, 1270s cm-I. 

[ P ~ T ~ I C ~ Z  
The complexes where T = MT and DMT were prepared by the 

method described by Kukushkin et al. (25) and Kurnakov (26). 
Yields: 60%. mp [Pt(MT)4]Clz: 160°C, [Pt(DMT)4]C12: 200°C. 

[Pt(TMT)4]C1z was prepared as follows. KzPtC14 (1 mm) was dis- 
solved in 10 mL of water containing 3 drops of concentrated HCl. An 
ethanol solution of TMT (0.55 g in 5 mL ethanol) was added and 
stirred for 40 min. The solution was then filtered and the yellow 
solution was evaporated to dryness under vacuum. The residue was 
washed with ether and redissolved in ethanol. After filtration, the 
solution was evaporated to dryness under vacuum. The compound was 
dried at 80°C under vacuum for 12 h. Yield: 80%. Dec. 290-300°C. 

The infrared spectra were measured as Nujol mulls on a P.E. 621 
spectrometer. A 60 MHz Varian EM 360C was used to record the 'H 
nmr spectra. The spectra were measured at 30°C in DzO (-0.2 M) and 
a very small quantity of DSS was used as internal standard. 

Discussion 
The reaction between complexes of the type trans-[PtLCl,] 

where L = NH,, MA, DMA, Py, and AP and thiourea deriva- 
tives, MT, DMT, and TMT was studied. The reaction was as 
follows: 

Hz0 
trans-[PtLzClZ] + 2T - trans-[PtL2T2]C12 

or DMF 

tran~-[Pt(NH,)~(MT)~lCl~ was synthesized in water while all 
other complexes were synthesized in DMF. It was not possible 
to isolate complexes tran~-[PtL,(TMT)~]C12 for L = MA, 
DMA, Py, and AP probably because of steric hindrance 
reasons. 

Compounds [PtT4]C12 where T = MT, DMT, and TMT were 
also prepared. 

The results of the elemental analyses of all the compounds 
are shown on Table 2. 

The infrared spectra of the compounds trans-[PtL2T2]C12 
were measured. The most important bands are shown in the 
Experimental section. Since most of the infrared bands of the 
thiourea derivatives are caused by combination vibrations and 
since there are also numerous amine bands, it was not possible 
to assign the vibrations observed in the infrared spectra of the 
compounds. Infrared spectroscopy is not an adequate method 
to identify the nature of the metal-ligand bond in this type of 
compounds. It was not possible to differentiate the -NH and 
-NH2 vibrations of the T ligands from those of the amines 
(L). Therefore the binding site of the thiourea derivatives could 
not be determined by this method. Most compounds showed 
some weak bands between 230 and 300 cm-I which might be 
assigned to v(Pt-S), but the T ligands also showed some weak 
absorption in this region. 
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T A B L E  2. Elemental analysis of the complexes* 

Analysis (%) 

Compound C H C1 

*Calculated values in the first rows. 

Nuclear magnetic resonance spectroscopy was found much 
more useful. The nmr spectra of the ligands and complexes 
where L = NH3, MA, and DMA are shown on Table 3. All the 
methyl protons are shifted towards lower field upon coordi- 
nation, the amine being more affected than T. 'The methyl 
protons in the amine couple with I9'R with a coupling constant 
of about 40 Hz. The splitting of the DMA peaks in all the 
complexes is caused by steric hindrance of four bulky groups, 
which prevents the free rotation around the Pt-N and Pt-S 
bonds. Therefore the environment around the two methyl 
groups in bonded DMA is different. For the same reasons, the 
DMT signals are split into two peaks in all the complexes. 
There is no coupling between I9'Pt and the methyl protons of T. 
Therefore the binding site of T is not the N atom, but the S 
atom. 

The nmr spectral data of the complexes containing aromatic 
amines (Py and AP) are shown in Table 3. In the pyridine 
complexes, the H2.6 values are shifted to a lower field by 
0.7 ppm, the H3,5 values by 0.3 pprn, and the H4 values by 
0.45 pprn. If we consider only the distances between the pro- 
tons and the bonded pair of electrons on N, the sequence of 
deshielding should be > H3,5 > H4. But upon coordination, 
there is a rearrangement of the molecular orbitals and the ortho 
and para positions are more affected than the meta position 
(27). A coupling constant of 36 Hz was observed between I9'R 
and 

For 2-aminopyrimidine, H6 was most affected by the coordi- 
nation to platinum, being shifted to a lower field by 0.6 ppm. 

FIG. 1 .  ( a )  Interaction between D M F  and benzene as suggested in 
ref. 28; ( b )  partial charges in D M T ;  (c)  suggested structure for t rans-  
[Pt(Py)2(DMT)2I2'.  

'The shifts of H5 and H4 were 0.25 and 0.2 ppm, respectively. 
H6 is coupled with I9'Pt (coupling constant of 36 Hz) showing 
that the binding site of AP is Nl.  This is in agreement with the 
results obtained from the study of tran~-[Pt(AP)~(tu)~]Cl~ where 
AP was bonded to Pt through Nl (24). 

The protons of MT and of one methyl group of DMT are 
shifted to a higher field upon coordination to platinum. The 
shifts vary from 0.20 to 0.48 pprn. This observed shielding can 
be explained assuming the methyl group of MT and one methyl 
group of DMT are in the close environment of the aromatic ring 
of the amine. For steric reasons, the rotations around the R-S 
and Pt-N bonded are hindered and the methyl protons of T 
would be influenced by the IT electrons of Py or AP. 

A similar observation was made by Hatton and Richards (28) 
in a nmr study of DMF in benzene or phenol. When DMF was 
diluted in these solvents, the signals of the methyl protons were 
shifted to higher fields. This shift was explained on the base on 
some interaction (Fig. 1 a )  between the methyl groups of DMF 
and the solvent (benzene or phenol). In a similar manner, the 
methyl groups of MT and DMT of the platinum complexes can 
interact with the aromatic ring of Py and AP. Infrared and 
X-ray diffraction structures have confirmed the double bond 
character of the C-N bond, while the order of the C-S bond 
was considerably reduced. Therefore there is some partial 
charge on the T ligand, similarly to DMF (Fig. 1 b). Therefore 
a close interaction between T and Py or AP would be favored 
because of the positive partial charge on the N atom. The 
structures of the compounds trans-[PtLT2]C12 where L = Py 
and AP and T = MT and DMT are suggested to be as on 
Fig. l c .  In this hypothesis, MT would have the trans con- 
formation, while DMT could be either trans-trans or 
trans-cis. 

The nmr spectra of the complexes were measured at different 
concentration in D20 in order to confirm that these interactions 
were not intermolecular. There was no concentration effect on 
the positions of the methyl protons of MT and DMT. There- 
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TABLE 3. Nuclear magnetic resonance spectral data of trans-[PtL2T2]C12 

6 ( P P ~ )  

Compound L T 

L T Free Complexed J p I - ~  (HZ) Free Complexed 

NH3 
MA 

DMA 

DMT 

DMT 

DMT DMA 

TMT 
MT 

DMT 

DMT 

TABLE 4. Nuclear magnetic resonance spectrum (6 ppm) of trans- 
[Pt(4,)2(DMT)2]CI, at different temperatures 

TABLE 5. Nuclear magnetic resonance 
spectra of T and [PtT4]C12 

MT 2.90 
[Pt(MT)4lClz 2.92 
DMT 2.90 
[Pt(DMT)4ICIz 2.95 
TMT 3.05 
[Pt(TMT)4]CI 3.26 

C atoms (0.02,0.05, and 0.21 ppm). All the peaks are singlets, 
even for the TMT complex indicating that the environment of 
all the methyl groups is identical. 

fore, the interactions between the methyl groups of T and the 
aromatic ring are of intramolecular nature. 

The nmr spectrum of tran~-[Pt(Py)~(DMT)~]Cl~ was mea- 
sured at temperatures from 22 to 80°C. Because of the small 
solubility of the complex, it was not possible to record the 
spectrum at lower temperature. All the peaks were shifted to 
lower fields as the temperature increased (Table 4). The two 
-CH3 peaks of DMT became wider, but remained distinct. 

More work is needed to confirm our hypothesis on the struc- 
tures of trans-[PtLT2]Cl2 where L = Py and AP. We intend to 
synthesize compounds with T containing some aromatic rings, 
for example diphenylthiourea. We would be interested to know 
if the methyl groups of L could be affected by the close envi- 
ronment of an aromatic ring. This work is presently being 
done, but compounds with diphenylthiourea seem difficult to 
synthesize. 

The nrnr spectra of the [PtT4]C12 compounds were also mea- 
sured (Table 5). All the peaks are shifted to lower field upon 
coordination. The shift seemed to increase with the number of 
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ALAN P. ARNOLD, ALLAN J. CANTY, R. STEPHEN REID, and DALLAS L. RABENSTEIN. Can. J.  Chem. 63, 2430 (1985). 
Complexation of methylmercury, CH3Hg(II), by 2,3-dimercaptosuccinic acid (DMSA), 2,3-dimercaptopropanesulfonate 

(DMPS, Unithiol), dithioerythritol (DTE), and 2,3-dimercaptopropanol (British AntiLewisite, BAL) has been studied by 'H 
nuclear magnetic resonance spectroscopy and by potentiometric titration. In the nmr study, the equilibrium constants for 
displacement of mercaptoacetate from its CH3Hg(II) complex by the dithiols were determined over a wide pH range, from 
mercaptoacetate chemical shift data. Similar competition reactions between the dithiols and mercaptoethanol were used in the 
potentiometric study. Using previously determined CH3Hg(II) formation constants for the competing ligands, equilibrium 
constants for the formation of mono- and bis-CH3Hg(II) complexes with the dithiols have been determined. The formation 
constants for the mono-CH3Hg(II) complexes with the vicinal dithiols BAL and DMPS are significantly higher than expected 
by consideration of the basicity of the sulfhydryl donors, in comparison with those for DMSA, non-vicinal DTE, and 
monothiols. We interpret this to indicate chelation of CH3Hg(II) by BAL and DMPS but not by DMSA. The conditional 
formation constants at physiological pH are discussed with reference to the effectiveness of BAL, DMPS, and DMSA as 
antidotes for methylmercury poisoning. In particular, the constants obtained indicate that, for dithiol antidotes at concentrations 
greater than that of methylmercury(II), methylmercury(I1) complexes formed at physiological pH are of 1 : 1 stoichiometry. For 
BAL, a substantial proportion of the complex will be in the neutral form, in contrast to DMPS and DMSA which form anionic 
species only. 

ALAN P. ARNOLD, ALLAN J. CANTY, R. STEPHEN REID et DALLAS L. RABENSTEIN. Can. J. Chem. 63, 2430 (1985). 
Faisant appel 21 la rmn du 'H et i des titrages potentiomCtriques, on a CtudiC la complexation du mCthylmercure, CH3Hg(II), 

par les composCs suivantes: I'acide dimercaptosuccinique (ADMS), le dimercapto-2,3 propanesulfonate (DMPS, Unithiol), le 
dithioCrythritol (DTE) et le dimercapto-2,3 propanol (British AntiLewisite, BAL). A partir des donntes de dkplacement 
chimique du mercaptoacetate en rmn du 'H, on a determine, sur un large intervalle de pH, les constantes d'Cquilibre des 
rkactions de dCplacement, par les dithiols, du mercaptoacCtate de son complexe de CH3Hg(II). On a Cgalement utilisC des 
rkactions de compCtitions du mCme type entre des dithiols et le mercaptoCthanol, lors de 1'Ctude potentiomktrique. Faisant appel 
a des constantes de formation du CH3Hg(II) qui ont CtC dCterminCes anterieurement pour les ligands entrant en competition, 
on a dCterminC les constantes dlCquilibre de formation des complexes mono- et bis-CH3Hg avec les dithiols. Si on les compare 
avec les constantes de I'ADMS, du DTE (qui sont des dithiols qui ne sont pas vicinaux) ou avec celles des monothiols, les 
constantes de formation des complexes de mono-CH3Hg(II) avec les dithiols vicinaux BAL et DMPS sont nettement plus 
ClevCes que celles prCvues en tenant compte de la basicit6 des sulfhydryles donneurs. Pour interprkter ces rCsultats, nous 
suggCrons la prksence d'une chClation du CH,Hg(II) par le BAL et le DMPS qui n'existerait pas dans le cas de I'ADMS. On 
discute des constantes de formation conditionnelles, a pH physiologique, en fonction d'une utilisation possible du BAL, de 
I'ADMS et du DMPS comme antidotes dans les empoisonnements par le mCthylmercure. En particulier, les constantes obtenues 
indiquent que, pour des antidotes du type dithiols agissant a des concentrations suptrieures a celles de mCthylmercure(II), les 
complexes de mCthylmercure formCs des pH physiologiques son1 du type 1 : 1 .  Dans le cas du BAL, une proportion importante 
du complexe existe sous la forme neutre, contrairement au DMPS et a I'ADMS qui foment uniquement des espbces anioniques. 

[Traduit par le journal] 

Introduction 
Methylmercury, CH3Hg(II), forms very stable complexes 

with monothiols (1, 2), with the result that CH3Hg(II) is 
thought to be  essentially all thiol-bound in biological systems. 
For  example, in human erythrocytes, CH3Hg(II) is bound 
almost entirely to glutathione (ca. 5 1 %) and hemoglobin (ca. 
49%) (3, 4). Complexation therapy, using monothiols such as 
D-penicillamine (5) or N-acetyl-D,L-penicillamine (s), is one  of  
several techniques used for treatment of CH3Hg(II) poisoning; 
however dithiols, such as 2,3-dimercaptosuccinic acid (DMSA) 
(6) and 2,3-dimercaptopropanesulfonate (DMPS, Unithiol) (7) 
are more effective antidotes. The non-sulfonated analog of  
DMPS, 2,3-dimercaptopropanol (British Anti-Lewisite, BAL), 

'To whom correspondence should be addressed. 

is contraindicated as an antidote for CH3Hg(II) poisoning 
because it causes rapid redistribution of the metal into the 
brain (8). 

Although the term "chelation therapy" is often used for such 
treatment, there has been n o  evidence that CH3Hg(II) binds 
simultaneously to  adjacent sulfhydryl sites of these vicinal 
dithiols, although similar binding is found in the solid state in 
the 2: 1 CH3Hg(II) complex of sterically rigid toluene-3,4- 
dithiol (9). 

W e  have measured the equilibrium constants for the binding 
of  CH,Hg(II) by the vicinal dithiols BAL, DMPS, and DMSA 
and by non-vicinal dithioerythritol (DTE) by 'H nmr and poten- 
tiometric titration methods. The results provide evidence that 
BAL and DMPS d o  indeed chelate CH3Hg(II) in solution, 
whereas DMSA and DTE do not. 
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TABLE I .  Acid dissociation constants of dithiols and methylmercury(I1)-dithiol complexes 

Acid 

Acid 
Abbreviated dissociation 

name constant PK 

DMSA K3 
K4 
k 1' 

kz" 

DMPS, K I 
Unithiol Kz 

DTE K I 

K2 
k 
k c  

ks 

"0.3 M KNO,; 25°C. Uncertainties are the standard error of the estimate obtained from KINET fits. 
'Literature values: pK1 = 8.89, pK, = 10.79, 25"C, 0.1 M KNO, (23); pK, = 9.68, pK, = 11.14, 20°C, 0.1 M KC1 

(24); pK3 = 9.44, pK, = 11.82, 2OoC, 0.1 M KC1 (25). 
"Microscopic constant as defined in Fig. 5. 
'0. I M KNO,; 25°C. Uncertainties are one standard deviation obtained from MINIQUAD fits. 
'Literature values: pK, = 8.69, pK, = 10.79, 25"C, 0.1 M NaCl (26); pK, = 8.616, pK, = 10.567, 25°C (27). 
'~iterature values: pKl = 8.84, pK, = 11.20 (28); pK, = 8.65 (2), pK, = 11.91 (4), 25"C, 0.1 M KC1 (29). 

Experimental Results 
Chemicals Acid dissociation constants for the dithiols were determined 

Methylmercuric iodide (Alfa Products, Morton Thiokol Inc.) was potentiometrically in the ionic strength medium appropriate for 
converted to stock solutions of methylmercuric hydroxide for use in ' H  subsequent determination of C H ~ H ~ ( I I )  formation constants by 
nmr (1) and potentiometric titration (2) experiments. The stock soh- IH nmr (1) or potentiometric titration (2). particular care was 
tions were standardized as described previously. Mercaptoacetic acid, taken to preclude carbonate of the titrant base, 2,3-dimercaptopropanol (Aldrich), and 2-mercaptoethanol (Koch- 
Light) were fractionally distilled under reduced nitrogen pressure. and to use values of pK, determined under our experimental 
Meso-2,3-dimercaptosuccinic acid (Sigma Chemical Co.), 2,3-dimer- conditions. Both of these parameters significantly affect PK, 
captopropanesulfonic acid, sodium salt (Aldrich and Hey1 and Co., which are determined data PH Acid 
Chem.-Pharm. Fabrik, Berlin), and dithioerythritol (Aldrich) were dissociation Constants determined for the dithiols are listed in 
used as received. All thiols were stored under inert atmosphere Table 1. 
below -4°C. 

'H nmr determination of formation constants 
pH measurements Formation constants for the CH3Hg(II) complexes of DMSA 

For the 'H nmr study, all pH measurements were made at 25 2 1°C and DTE were determined from the exchange-averaged ,-hem- 
with an Orion Model 701 meter equipped with either a standard glass ical shift of the mercaptoacetic acid (MAA) resonance in 
electrode - porous ceramic junction reference electrode pair, or a 
microcombination electrode, in solutions containing 0.3 M KN03 (1). solutions containing MAA, CH3Hg(II), and the dithiol. The 

For the equilibrium potentiometric titrations, pH measurements were procedure was similar to that used to determine formation con- 
made at 25 2 0.02"C with an Orion Model 701.4 meter equipped with Stants for m o n o t h i o l - C ~ ~ ~ ~ ( ~ ~ )  complexes (1). chemical 
a Philips glass electrode (GAT130) and glass sleeve double-junction shift titration data are shown in Fig. 1 for ( A )  a solution con- 
calomel reference electrode (R44/2-SD/l) in solutions containing taining only MAA, (B) a solution containing the CH3Hg(II)- 
0.1 M KNOs (2). MAA complex, and (C) a solution containing equimolar 

' H  nuclear magnetic resonance measurements concentrations of MAA, CH3Hg(II), and DMSA. C U N ~  C lies 

Proton nmr spectra were recorded on a Varian A60D spectrometer between curves A and B, indicating displacement of some of 

at a probe temperature of 25 5 1°C with a sweep rate of 0.1 Hz/s. the complexed MAA by DMSA and fast exchange MAA 
Chemical shifts were measured relative to either the central resonance between its free and com~lexed forms. The exchange-averaged 
of the triplet of tetramethylammonium ion or the singlet for 1,4-di- chemical shift of MAA yields directly P, ,  the proportion of 
oxane. Chemical shifts are reported relative to the methyl resonance uncomplexed MAA (I), from which the formation constant 
of sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS). Km, defined by eq. [I], 
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FIG. I. pH dependence of the chemical shift of the exchange- 
averaged MAA resonance in solutions containing ( A )  0.10 M MAA, 
(B) 0.10 M MAA and 0.10 M CH3Hg(II), (C) as in (B) plus 1 mole 
equivalent of DMSA, (D) as in (B) plus 0.5 mole equivalent of DMPS 
(-9-9- experimental and --- calculated using formation constants 
determined by potentiometry), and (E) MAA : CH3Hg(lI) : DTE of 
2 : l : l .  

n n 
[I] CH3Hg' + -S SH e CH3HgS SH 

km = 
[cH3HgfiH] 

[cH,H~+][ -~sH]  
can be calculated with eq. [212., 

where C,, CMAA, and CDithiol are the total concentrations of 
CH,Hg(II), MAA, and dithiol, and [MI is the concentration of 
free CH3Hg+. [MI = (1 - PI)/(PfaMAAKMAA) where KmAA is 
the formation constant of the CH3Hg(II) - MAA complex and a 
= K~MAA/([H] + Ka,AA); KaMAA the acid dissociation constant 
for the thiol group of MAA (I). The equilibrium constants k3 
and Kdp are defined by eqs. [3] and [4].' 

n n 
[3] CH3HgS SH @ CH3HgS S- + H+ 

n -. 
k3 = 

[CH,HgS S 1[H+l 

n n 
[cH3Hg=H] 
n 

[41 CH3HgS S- + CH3HgS SH & CH3HgS SHgCH3 
+ HS S- 

[ c H ~ H ~ S ? ~ H ~ C H ~ ]  [ H ~ s - ]  
Kdp = 

[cH~H~~"s- ] [cH~H~~?;H]  

2 n HS SH, -S SH, and -S S- represent dithiol, singly deprotonzed 
dithiol, and doubly deprotonated dithiol, respectively. CH3HgS SH 

n 
and CH3HgS S- represent the 1 : 1 CH3Hg(II) complexes with singly 
and doubly deprotonated dithiol and CH~H~SH~CH~ the 2: 1 
complex with doubly deprotonated dithiol. 

3 ~ o w e r  case k's are used to represent microscopic (site specific) 
acid-dissociation and complex formation constants. 

TABLE 2. Formation constants for methylmercury(I1)-dithiol com- 
plexes 

1% 
Formation (formation 

Ligand constant constant) 

"Determined by nmr; 25"C, 0.3 M KNO,. Uncertainties are the standard 
error of the estimate obtained from KINET fits. 

b~ ic roscop ic  constant as defined in Fig. 5.  
'Determined by potentiometric titration; 25°C. 0.1 M KN03. Uncertainties 

are one standard deviation obtained from MINIQUAD fits. 

'The constants k3 and Kdp were determined by titrating an equi- 
molar mixture of CH,Hg(II) and DMSA at high pH with acid, 
until incipient precipitation (pH 4). A nonlinear least-squares 
fit of the titration data, using the rigorously weighted algorithm 
in KINET (lo), to the algebraic model obtained from the equi- 
librium and mass balance equations, gave the values pk3 = 
9.86 f 0.06 and Kdp = 0.6 + 0.2 for DMSA. The titration data 
could not be fitted to a simple model involving only protonated 
and deprotonated 1 : 1 complex (eq. [3]) because the uncom- 
plexed sulfhydryl group of the 1 : 1 complex still has a very high 
affinity for CH3Hg(II) so that, even at 1 : 1 CH3Hg(II):dithiol 
ratios, a significant amount of 2 : 1 complex is present. 

Direct substitution of the P f  values obtained from the 
chemical shift titration data into eq. [2] and using these values 
for k3 and Kdp yielded a value of log kw = 17.16 f 0.05. 
The formation constants calculated for the deprotonated 1 : I 
complex and the 2: 1 complex (eqs. [5] and [6])2 

[CH3Hgs S H ~ C H ~ ]  
Kn = 

[cH~H~+][cH~H~~"s-]  
using these values are listed in Table 2. 

For DTE, precipitate formation in the presence of CH3Hg(II) 
precluded the measurement of a chemical shift titration 
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I I I I I I I I I I I  

-1 -0.2 0.6 1.4 2.2 3.0 

rnrnol H + /  rnrnol DMPS3- 

FIG. 2. Potentiometric titration curves for the CH,Hg(ll)-DMPS 
system. (A) with and (B) without ME competition. The fitted curves 
are calculated using the constants in Tables 1 and 2. (A) 1.186 X lo-' 
M CH,Hg(II), 1.134 x lo-' M DMPS, 3.799 x lo-' M H+ (total 
titratable), 1.178 X lo-' M ME, (B) 2.563 x lo-' M CH'Hg(II), 
1.250 X lo-' M DMPS, 3.168 X M HH+ (total titratable). 

curve. However, replicate measurements on a 2 : 1 : 1 MAA : 
CH3Hg(II) : DTE solution at pH 12.2 gave a value for log km of 
16.6. The value used for k3 in this calculation (Table 1) was 
calculated from pH data for the titration of an equimolar solu- 
tion of DTE and CH3Hg(II) from high pH to pH 9, using a value 
of 0.6 for Kdp. 

Curve D in Fig. 1 is chemical shift titration data for MAA in 
a solution containing MAA, CH3Hg(II), and DMPS. The inter- 
mediate chemical shift again indicates displacement of MAA 
by the dithiol, but because DMPS is not symmetrical, it was 
not possible to derive an algebraic model such as that for 
DMSA. However, since the MAA shift lies closer to that of 
CH3Hg(II)-MAA, it can be concluded that the conditional 
formation constant, defined by eq. [7], 

[71 Kfc 
- - [CH3Hg(II) complexed by dithiol] 

[uncomplexed CH3Hg(II)][uncomplexed dithiol SH] 

is less, under these conditions, than that for the CH3Hg(II)- 
DMSA system. 

Potentiometric determination of formation constants 
Formation constants for the CH3Hg(II) complexes of DMPS 

and BAL were determined by potentiometric titration. It has 
been demonstrated previously (2) that protons cannot compete 
effectively with CH3Hg(II) in the presence of monothiols, 
necessitating the use of a competitive ligand such as iodide, in 
order to use the potentiometric titration method. In this work, 
2-mercaptoethanol (ME) was used to compete with the dithiols 
for CH3Hg(II). The CH3Hg(II) complex of ME has been char- 
acterized previously (log Kf = 16.13 (2), 16.12 (1 I)), and has 
no acid-base behavior, which keeps the number of species in 
the competition complexation model to a minimum. Repre- 

FIG. 3. Correlation between the microscopic log Krof CH'Hg(I1)- 
thiol complexes and the microscopic pK, of the thiol groups. 
ME, MAA, BAL, DMPS, DMSA, and DTE are defined in the text. 
0-MAA is 0-methylmercaptoacetate, PSH-, CYS-, and GSH2- 
the amino-protonated, thiol-deprotonated and PSHZ-, CYSZ-, and 
GSH" the completely deprotonated forms of penicillamine, cysteine, 
and glutathione, respectively, NAPA is N-acetylpenieillamine and 
MSA is mercaptosuccinic acid. Data for the monothiols are from 
[I],  P I ,  and [41. 

sentative titration data for the CH,H~(II)-DMPS system 
are shown in Fig. 2. Equilibrium constants were obtained 
from titration data using a version of MINIQUAD (12) by 
procedures described previously (2). 

Potentiometric titration curves for mixtures containing equi- 
molar amounts of BAL or DMPS and CH3Hg(II) and ME could 
be fitted very well to a simple model involving only protonated 
and deprotonated 1 : 1 CH3Hg(II)-dithiol complexes along 
with the complex of ME. The values obtained for Km, K3, and 
Kfl ,  eqs. [I], [3], and [5], are listed in Tables 1 and 2. 

The formation constants for the 2: 1 complexes of BAL and 
DMPS, eq. [6], were obtained from titration data of 2: 1 
CH3Hg(II) : dithiol mixtures in the absence of ME. Under these 
conditions, the first sulfhydryl group is always complexed and, 
because of the lower affinity of the second sulfhydryl group for 
CH3Hg(II), the proton can compete effectively with CH3Hg(II) 
for this binding site. It is convenient to consider the 1 : 1 com- 
plex as a ligand in the presence of CH3Hg(II). The values 
obtained for K ,  for the BAL and DMPS systems are listed in 
Table 2. 

The equilibrium constants obtained potentiometrically for 
the CH3Hg(II)-DMPS complexes have been used to predict 
the chemical shift titration CUNe for MAA in the mixture used 
in the nmr study of the CH3Hg(II)-DMPS system. The ex- 
perimental and predicted curves are shown in Fig. 1, and 
the similarity between the two indicates good agreement be- 
tween the nmr and potentiometric methods, considering the 
differences in experimental conditions. 
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SHOCH, 

FIG. 4. Microscopic acid-base and complexation equilibria for the thiol groups of DMSA and DTE in solutions containing CH,Hg(II). 

Attempts were made to determine formation constants for 
the CH3Hg(lI)-DMSA complexes by potentiometry. How- 
ever, even in equimolar CH3Hg(II) : dithiol solutions containing 
an excess of ME, significant amounts of 2: 1 CH3Hg(II) : dithioI 
complex are present because of the high affinity of the second 
sulfhydryl of DMSA for CH3Hg(II). It was not possible to 
refine the equilibrium constants in this system with MINI- 
QUAD because they are too highly correlated. However, ti- 
tration curves calculated with equilibrium constants obtained 
from the nmr study gave a good fit to the experimental pH 
titration curves. 

Discussion 
The results in Tables 1 and 2 provide evidence for chelation 

in the sulfhydryl-deprotonated 1 : 1 CH3Hg(II) complexes of 
BAL and DMPS but not in those of DMSA and DTE. Chelation 
is indicated by the formation constants of the 1 : 1 deprotonated 
complexes, Kr,, which are significantly higher for the DMPS 
and BAL complexes than for the DMSA and DTE complexes. 
Figure 3 shows the relationship between the microscopic for- 
mation constant, krl, and the microscopic sulfhydryl acid dis- 
sociation constant for the CH3Hg(II) complexes of a series of 
monothiols (1, 2, 4) and the symmetrical dithiols DMSA and 
DTE. The microscopic acid dissociation and formation con- 
stants for DMSA and DTE are defined in Fig. 4, and for DMSA 
are related to the macroscopic constants by k, = K3/2, kz = 
2K4, krl = Krl/2, and k, = 2K,. While it was not possible to 
obtain the analogous microscopic constants for unsymmetrical 
BAL and DMPS, limits can be determined from the macro- 
scopic constants and these are plotted in Fig. 3. 

The monothiols and DMSA and DTE show the expected (1, 
13) linear correlation between log Kr of their CH3Hg(II) com- 
plex and the pKA of the coordinating group. However, it is 
apparent that the CH3Hg(II) complexes of BAL and DMPS are 
considerably more stable than would be expected by consid- 
eration of the basicity of the donor sulfur alone. We interpret 
this to be evidence for chelation of CH,Hg(II) in the de- 
protonated 1: 1 complexes of BAL and DMPS. Chelation is 
also consistent with the lower sulfhydryl basicity in the de- 
protonated 1 : 1 complexes compared with once-protonated 
uncomplexed dithiol; for the protonated BAL and DMPS com- 
plexes pK3 is significantly less than pKl for the doubly 
protonated dithiols whereas for the protonated DMSA and DTE 
compiexes pK3 is slightly larger. Proton displacement followed 

FIG. 5 .  Percent of total CH3Hg(II) in the various complexed forms, 
Mn,LIHh where m, I ,  and h are given by three numbers by each curve, 
as a function of pH in solutions containing 0.001 M CH3Hg(II) and 
0.001 M dithiol. Calculated using the constants in Tables 1 and 2. 

I00 

- - 90- = 80- 
IS, 

by chelation lowers pK3 for the BAL and DMPS complexes. 
Alcock, Lampe, and Moore (9) have shown that CH3Hg(II) is 
chelated by sterically rigid vicinal dithiols in the solid state. 

It seems reasonable to suggest that chelation is not present in 
the 1 : 1 complex of DMSA, despite the vicinal sulfhydryl 
groups, because of the resultant unfavorable proximity of the 
two deprotonated carboxylate groups which would result in this 
case. 

In this complex, the two sulfhydryl groups act more indepen- 
dently than is the case for the analogous complexes of BAL and 
DMPS. This is indicated by the stepwise formation constant, 
log K,, which for the addition of the second CH3Hg(II) cation 
to DMSA is 16.9 but is reduced to 10.46 and 10.26 in the BAL 
and DMPS complexes by chelation in the 1 : 1 complexes. 

The large differences in the relative magnitudes of Krl, K,, 
and Km for the DMSA, BAL, and DMPS complexes result in 
quite different distributions of CH3Hg(II) among the possible 

I 
DMPS 

- 
2 50- 
0 

I- - 40- 
0 
+. 
c 30- 
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2 20- 
0, a 
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&so3- 
DMPS 

CH3HgS S- CH3HgS SH CH3HgS SHgCH, 

complexes, as illustrated by the species distribution diagrams 
in Fig. 5 for the DMSA and DMPS complexes. For the DMSA 
system, a large fraction of the CH3Hg(II) is present as the 2: 1 

13 complex whereas, for the DMPS system, the 2: 1 complex 
represents <O. 1% for the conditions in Fig. 5. 

BAL 

CH3HgS S- CH3HgS SH CH3HgS SHgCH3 

39% 61% 0% 

I I I I I I  - 

- DMSA 

- 0 2 c ~ c 0 2 -  

-02cHco2- -02cHco2- 
DMSA 

CH3HgS S- CH3HgS SH CH3HgS SHgCH3 

0.5% 97.5% 2% 

Since BAL, DMPS, and DMSA have all been used as anti- 
dotes for various forms of heavy-metal poisoning, it is appro- 
priate to consider the nature of the CH3Hg(II)-dithiol species 
expected to be present under physiological conditions. Using 
the equilibrium constants determined in this study, and a 2 

[dithiol] : [CH3Hg(II)] ratio of 20 : 1, the following complexed 
dithiol species are expected at pH 7.4: 

Mono-CH3Hg(II) species dominate for all the dithiols. For 
BAL and DMPS, about half of the complexed dithiol has a 
deprotonated sulfhydryl, while for DMSA, the analogous site 
is almost completely protonated. For DMSA and DMPS, all the 
major species are negatively charged. This is consistent with 
observed removal of CH3Hg(II) via the kidney by these dithiols 
(6, 7, 14). It is also known that these dithiols do not cross the 
red blood cell membrane, but do rapidly mobilize intracellular 
CH3Hg(II) (15 and footnote 4). Both are effective antidotes for 
CH3Hg(II) poisoning (6, 7, 15). 

On the other hand, a large fraction of CH3Hg(II) complexed 
BAL is in the form of a neutral species under these conditions. 
Consistent with the expected lipophilic character of neutral 
BAL complexes, 1-octanol/water partition coefficients, [CH3- 
Hg(II)],c,a,,I/[CH3Hg(II)]WalCr for [dithiol] : [CH3Hg(II)] ratios of 
1 : 1 at pH 6.9, are ca. lo4 greater for BAL than for DMSA and 
DMPS (16). Although this dithiol is an effective antidote for 
many other metals, including inorganic Hg(II), it redistributes 
CH3Hg(II) across the blood-brain barrier into the brain, and is 
contraindicated in cases of CH3Hg(II) toxicity. 

The effectiveness of DMSA and DMPS as antidotes for 
CH,Hg(II) toxicity when administered orally with food, as 
judged by the removal of CH3Hg(II) from the brain and blood 
of mice, is DMSA > DMPS (14). Although factors other than 
formation constants are expected to be important in the effec- 
tiveness of antidotes, e.g. metabolism of antidotes and their 
CH3Hg(II) complexes, and the solubility properties of com- 
plexes discussed above, it is appropriate to consider possible 
effects of the constants determined in this study. 

FIG. 6. pH and concentration dependence of the conditional 
formation constants for the CH3Hg(II)-dithiol complexes and pH 
dependence of the conditional formation constant for the CH,Hg(II)- 
GSH complex (A)  0.001 M CH3Hg(II), 0.01 M dithiol, (B) 0.001 M 
CH3Hg(II), 0.001 M dithiol. (A) and (B) were calculated with con- 
stants in Tables 1 and 2, the GSH curve ( C )  was calculated with 
constants in 141. 

brane bound sulfhydryl groups and those of antidote molecules 
according to an equilibrium model. If so, the relative effec- 
tiveness of DMSA and DMPS as antidotes may be related to the 
conditional formation constants, defined by eq. [7], of their 
CH3Hg(II) complexes and those of endogenous thiols at phys- 
iological pH. The dependence of the conditional formation 
constants of the DMSA and DMPS complexes on dithiol: 
CH3Hg(II) ratio is shown in Fig. 6, together with log Krc for the 
CH3Hg(II) complexes of glutathione (GSH). Glutathione is the 
most abundant nonprotein thiol in biological systems (I8), and 
has been identified as CH3Hg(II) binding site in red blood cells 
(3, 19) and liver cytosol(20), and 30% of rat cerebral soluble 
CH3Hg(II) is in a GSH complex (21). The curves illustrate the 
complexity of the situation, since at high dithiol:CH,Hg(II) 
ratios such as those expected under antidotal conditions, log 
Kfc(DMPS) > log K,(DMSA) > log Krc(GSH) but at low ratios 
the order is altered to log Krc(DMSA) > log K,(GSH) > log 
K,(DMPS). At low dithiol : CH3Hg(II) ratios, 'H nmr studies of 
the removal of CH3Hg(II) from hemolyzed human erythrocytes 
(22) indicate that DMSA competes more effectively with 
intracellular thiols for CH,Hg(II) than DMPS. 
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R. G. BARRADAS, D. A. RENNIE, and T. J .  VANDERNOOT. Can. J .  Chem. 63, 2437 (1985). 
Linear potential sweeps and potentiostatic pulse perturbations have been employed to investigate the influence of the 

expander ammonium lignosulphonate, on the anodic formation of PbS04 on lead amalgam electrodes in sulphuric acid solutions 
at 24°C. It was found that the expander strongly adsorbs onto the clean amalgam surface thus affecting the formation of the 
PbS0, film. The expander increased the charge necessary for passivation, inhibited the cathodic reduction of the film, and 
produced a more porous film. Evidence is given for the presence of an optimum concentration of expander. Some speculations 
concerning the mode of action of the expander onto the amalgam surface are presented. 

R. G. BARRADAS, D. A. RENNIE et T. J.  VANDERNOOT. Can. J .  Chem. 63, 2437 (1985). 
Optrant i 24°C et dans des solutions d'acide sulfurique, on a utilisC des balayages linkaires de potentiel ainsi que des 

perturbations potentiostatiques pulstes pour ttudier l'influence du lignosulfate d'ammonium sur la formation anodique du 
PbS0, sur des Clectrodes d'amalgame de plomb. On a trouvC que I'expanseur s'adsorbe fortement sur la surface propre 
d'amalgame et que ceci affecte la formation du film de PbS0,. L'expanseur augmente la charge nCcessaire i la passivation, 
inhibe la rkduction cathodique du film et provoque la production d'un film plus poreux. On prCsente des donnCes suggCrant 
la prCsence d'une concentration optimale d'expanseur. On prksente aussi quelques spCculations sur le mode d'action de 
I'expanseur sur la surface d'amalgame. 

[Traduit par le journal] 

Introduction 
Much of the previous work in the literature relating to the 

formation of PbS0, in sulphuric acid in the presence of 
expanders has dealt with solid lead electrodes. During the dis- 
charge process, the expander affects the PbSO, film formed 
making it more porous (1 - 3). The PbSO, crystals were more 
loosely attached and they extended further from the electrode 
surface (1). 'The size of the PbS04 crystals was also reduced 
due to the adsorption of the expander onto the growing PbS0, 
crystal (3). It was also found that the expander increased the 
amount of charge required for passivation (3-5). The expander 
inhibited the cathodic reduction of the PbS04 film (3, 4, 6, 7). 

Amalgam electrodes are advantageous in that they give re- 
producible smooth fresh surfaces which are free from surface 
defects and have accurately known areas. Amalgam electrodes 
have been employed in studies of PbS0, formation (6, 8) with 
and without battery expander. In the present article, the effect 
of the organic additive, ammonium lignosulphonate, as an ex- 
pander on the formation of PbSO, on a lead amalgam electrode 
in sulphuric acid solutions was investigated at 24°C. An exten- 
sive set of results from sweep and step perturbations are 
presented for various concentrations of expander. Double layer 
capacitance measurements have been used to show the adsorp- 
tion of the expander onto the amalgam surface. As well, the 
capacitance and resistance of completed PbS04 films formed in 
the presence of the expander have been used to make inferences 
concerning the film structure. 

Experimental 
A lead amalgam of 1.26% by weight of lead was prepared by 

dissolving lead beads (99.999%, Cominco of Canada Ltd.) in ultra- 
pure mercury (99.9998% Alfa lnorganics). One millilitre of a very 
dilute solution of perchloric acid was kept over the amalgam to main- 
tain it free of organic contaminants prior to use. 

All solutions were prepared with ARISTAR sulphuric acid and 
triply distilled water. Separate deoxygenated solutions of 0.0, 0.72, 
7.89, 17.45, and 76.60 ppm of ammonium lignosulphonate (Lignosol 

C-16, Lignosol Chemicals Ltd., Quebec) in 1.30 molal sulphuric acid 
were prepared. The concentrations (in ppm) are with respect to the 
weight of the 1.30 molal sulphuric acid solution. The composition of 
ammonium lignosulphonate may be found in ref. 9. 'The solutions 
were deaerated for 15 min prior to the commencement of the experi- 
ment with purified nitrogen and deaeration was continued throughout 
the experiment. All experiments were carried out at 24OC. 

The cell body and lid were cylindrical and machined from Teflon. 
A hole in the bottom of the cell allowed a syringe to be inserted into 
the cell body. The cell body and lid were cleaned using a solution of 
potassium hydroxide, rinsed with thrice distilled water, and then left 
to soak in concentrated sulphuric acid. Prior to use, they were thor- 
oughly rinsed again with triply distilled water followed by further 
cleaning in a nitrogen plasma whereby the free nitrogen radicals attack 
any existing organic contaminants on the surface of the cell. 

The reference electrode was a Hg/Hg2S04 electrode in the same 
acidic solution and all potentials are quoted with respect to it. A 
Luggin capillary was used to minimize uncompensated solution 
resistance. 

The counter electrode was a cylindrical Pt gauze that completely 
surrounded the working amalgam electrode. 

'The needle from a glass capillary syringe (Hamilton gas tight, 
50 pL) was removed and the end pulled to a very fine tip whose inner 
diameter was 331 pm. The working electrode consisted of a small 
amalgam drop that was extruded on the upturned tip. Prior to an 
experiment, the tip was thoroughly cleaned in potassium hydroxide, 
dilute nitric acid, followed by a thorough rinse in triply distilled water, 
and further cleansing in a nitrogen plasma. After cleaning the tip, it 
was rendered hydrophobic to avoid solution creepage into the tip by 
soaking in a solution of dimethyldichlorosilane in CC14. The plunger 
of the syringe was controlled by a micrometer (Moore and Wright, 
Sheffield, England) which was securely attached to the body of the 
syringe. The Teflon tip on the plunger of the syringe was cut away to 
expose the tip of the stainless steel plunger. This allowed electrical 
contact to be made with the amalgam electrode. Each drop was main- 
tained at - 1100 mV before a linear potential sweep or potential step 
was carried out. 

The potentiostat was a Stonehart BC 1200 used in conjunction with 
a PAR model 175 programmer. An HP model 3310B function gener- 
ator was used to supply a 3.98 mV rms sinusoidal signal to the 
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22 1, CAPACITANCE 1°F c K 2  

FIG. 1. A plot of the double layer capacitance as a function of time 
for a fresh amalgam drop in 17.45 ppm of expander. The capacitance 
was measured at - 1100 mV vs. Hg/Hg2S04. 

electrode and the in-phase and out-of-phase components of admittance 
were measured using a PAR model 128A Lockin Amplifier. The 
current transients in response to potential sweeps or steps were 
recorded on a Nicolet 3091 digital oscilloscope and then plotted on an 
HP model 7047A x-y plotter. A Harrick model PDC-3XG plasma 
cleaner was used for cleaning. 

The size of the amalgam drop was accurately determined from a 
calibration curve of the double layer capacitance of the drop as a 
function of drop size. When the drop was dislodged, the amalgam 
would break off inside the capillary of the tip. A new drop was slowly 

I extruded and the capacitance recorded as a function of micrometer 
I travel. The capacitance was relatively constant while the amalgam was 
I still inside the capillary, and increased sharply as the drop began to 

form on the tip. The point when the capacitance changed sharply was 
taken to be the capacitance of a hemisphere of amalgam which could 
subsequently be employed to obtain the area of a spherical sessile 
drop. A calibration curve was obtained for each solution used. Fresh 

I amalgam drops were used for each individual measurement and were 
all of the same approximate area (4.5 x lo-? cm2) in order to give a 
consistent geometry of the drop and capillary tip. The sessile drops 
were assumed to be sections of a sphere. 

The expander was found to adsorb onto the electrode surface 
causing a change in the double layer capacitance of the drop. It was 
therefore necessary to wait a sufficient period of time to let the ex- 
pander adsorb onto the electrode surface to its equilibrium value 
before the transients were obtained. This occurred when the double 
layer capacitance became constant. For 0.72 ppm the amount of ad- 
sorption was so small, and so slow that it was essentially equivalent 
to no expander being present. Therefore, for 0.0 and 0.72 ppm the 
transients were recorded ~mmediately after extrusion of a drop. The 
higher concentrations of expander had appreciable amounts of ad- 
sorption which occurred fairly quickly. For these solutions the drops 
were maintained at - 1100 mV until adsorption was complete. 

The uncompensated resistance, Ru, was measured by applying a 
50 kHz sinusoidal voltage input (3.98 mV rms) to the drop and 
recording the in-phase current using the lockin amplifier. The uncom- 
pensated resistance included the resistance of the Hg in the syringe. 
The value of Ru was checked independently by observing at what 
value of ohmic compensation the potentiostat began oscillating. Any 
overcompensation would have been obvious had it been present. 

~ Results and discussion 

(a) Adsorption of expander 
The double layer capacitance of a drop was measured as a 

function of time at - 1100 mV to determine what effect the 
addition of the expander had on the amalgam electrode. Figure 
1 illustrates that the double layer capacitance decreases with 
time in a solution containing 17.45 ppm of expander. A de- 

crease in the double layer capacitance with time in the presence 
of an expander has been reported previously (4, 7). It has been 
suggested (4, 7, 10) that the decrease in the double layer 
capacitance is due to the presence of an adsorbed layer of the 
expander on the electrode surface. At higher concentrations of 
expander, the double layer capacitance decreases much more 
quickly indicating that the rate at which the expander adsorbed 
onto the electrode was increased. In 1.30 molal sulphuric acid 
with no expander, the double layer capacitance was constant 
with time, and in 0.72 ppm there was a very slow decrease in 
the double layer capacitance. The final double layer capaci- 
tance decreased from 17 pF cm-2 for 0.0 ppm to 8 pF  cmP2 for 
76.60 ppm of expander. It has been suggested (4, 5, 10) that 
the expander forms thick multilayers on the surface of the 
electrode with increasing concentration, and our observations 
are consistent with multilayer adsorption of the expander onto 
the amalgam surface. 

(b) Potential step dependence 
The geometric models for 2D and 3D nucleation and growth 

of anodic films that have been developed (1 1, 12) treat the 
growth kinetics in terms of two growth rates and the nucleation 
rate. The growth rates involved are the lateral growth rate, kl, 
representing the crystal growth parallel to the plane surface of 
the electrode, and the vertical growth rate, k2, describing the 
growth perpendicular to the electrode surface. 

The potential dependence of the kinetics of nucleation and 
growth of the PbSO, film on the amalgam electrode in the 
presence of the expander has been investigated by potential 
steps. The equation describing the current response due to the 
nucleation and growth of a 3D deposit is (12) 

[ l ]  i = nFk2[1 - exp (--nM2k:~t3/3p2)] 
[ - n ~ f ~ ~ ~ t 3 1  

X exp 

where i is the current, n is the number of electrons, F is 
Faraday's constant, k2 is the vertical growth rate, M is the 
molecular weight, kl is the lateral growth rate, A is the nucle- 
ation rate, t is the time, and p is the density of the deposit. 
Experimental transients can be analyzed to give values for the 
parameters k2 and k : ~  from the current maximum in the tran- 
sient, i,, and the time to the current maximum, t,. For 3D 
nucleation and growth the equations for i, and t, are, (12) 

There have been some discussions concerning the validity of 
certain aspects of the 3D model (13) but this article will not deal 
with this question. 

A sample transient where the potential was stepped from 
-1 100 to -874 mV in 7.89 ppm solution is given in Fig. 2. 
The falling currents before the maximum are due to lead dis- 
solution and plots of i versus t-If2 are linear. The shape of the 
transient is characteristic for that of 3D nucleation and growth 
electrocrystallisation processes since the charges passed are too 
large for 2D monolayer formation. As the concentration of the 
expander was increased, the transient broadened and the tail 
became longer as demonstrated in the reduced variable plot of 
Fig. 3. The trend observed for the various concentrations of 
expander in Fig. 3 was also observed in the formation of thick 
layers of PbC12 on a lead amalgam (9). The trend may result 
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BARRADAS ET AL 

FIG. 2. A sample potential step transient where the potential was 
stepped from - 1 100 to - 874 mV in 7.89 ppm of expander. Note the 
large initial lead dissolution current before the onset of electro- 
crystallisation. 

- 

110- 

9 0  - 

IfmA cm-2 

from changes in the nucleation rate, or the lateral growth rate, 
or both. However, at times greater than t,, the nucleation in 
terms of centres that could grow to an appreciable size is 
effectively over. Therefore, beyond t, the growth of the al- 
ready existing centres predominates. Since the shape of the 
rising portions of the curves before t, are essentially the same 
for all concentrations of expander, the nucleation rate is proba- 
bly unaltered by the expander. But, the tails of the transients 
are vastly different which suggests that the lateral growth rate 
must be affected by the expander. 

The semilog plot of the maximum current, i,, as a function 
of potential, E, is given in Fig. 4. From eq. [2] it can be seen 
that i, is a function of the vertical growth rate. At low over- 

7 0  - 

5 0  - 

3 0  - 

10 - 
TIME /s 

0 I 2 3 4 5 6 

1.0 . 

0.8 - 

0.6 - 

0.4 - 

0.2- 

potentiostatic transients. The numbers beside the curves represent the 
expander concentrations. 

FIG. 4. A semilog plot of the maximum current, i,, as a function 
of potential, E, for the potentiostatic transients. The numbers beside 
the curves represent the expander concentrations. 

I 

1.0- - 
0.6-  

0 - - 
0.2- 

-0.2 - 

-0.6 - 

-1.0- 

0.2 1.0 1.8 2.6 3.2 

potentials there is not a large change in the i, values with 
different concentrations of expander. However, the effect is 
more severe at higher overpotentials and concentrations of ex- 
pander. This suggests that the expander does have some effect 
on the vertical growth rate and its dependence on potential at 
higher overpotentials and concentrations of expander. 

Equation [3] shows that the time at which the maximum 
current occurs, t,, is inversely proportional to the square of the 
lateral growth rate times the nucleation rate. Figure 5 illustrates 
that for a given potential, for example, -845 mV, the expander 

t/tm 
-1.4 - 

FIG. 3.  Potentiostatic current-time transients plotted in non- -1.8 - 
dimensional form. The numbers at the end of the curves are the 
expander concentrations in ppm. The curve for 0.0 ppm is not shown -2.2 - 
because it was essentially the same as that for 0.72 ppm. A single E / ~ V  
curve for the rising portion of the transients was drawn rather than the 
separate curves for each concentration since these portions of the -865 -855 -845 -835 -825 
transients were all very close to one another. 

FIG. 5.  A semilog plot of t ,  as a function of potential, E, for the 
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FIG. 6. A linear potential sweep at 20  mV s-'  in 1.30 molal 
with no expander added. The potential was swept anodically from 
- 1100 to -850 mV, reversed and swept cathodically back to - 1100 
mV. Only the potential range from - 1040 to -870 mV has been 
shown in the diagram. 

has a greater dependence on t ,  than on i,, thus affecting the 
lateral growth rate of the PbSO, film and/or the nucleation rate. 
A 1 decade change in i, corresponds to a 1 decade change in 
k2, whereas a 1 decade change in t ,  corresponds to a 3 decade 
change in k : ~  as indicated by eqs. [2] and [3]. Since the 
expander is adsorbed onto the amalgam surface it could inhibit 
the nucleation rate by allowing less free surface to be available 
for PbSO, seed nuclei. The lateral growth rate could be de- 
creased if the exuander is adsorbed onto kink sites where incor- 
poration of PbSO, molecules occurs. It would not take a large , 
amount of expander to block these kink sites. This is consistent 
with Sharpe's results (14) where it was reported that the adsorp- 
tion of expander onto PbSO, was much less favourable than 
onto the metallic lead surface. It should be pointed out that 
Sharpe observed the effects on PbSO, powder and not on a 
growing film of PbSO, but the results are still applicable. It 
would be harder to prove that the expander affects the lateral 
growth rate than the nucleation rate since very little expander 
would be involved in the adsorption. It is important to point out 
that the relative changes of k, and k2 may vary depending on the 
electrode substrate.The lateral growth rate k ,  should be differ- 
ent on the solid lead compared to the amalgam, but k2 should 
be the same for both systems. 

In both Figs. 4 and 5 the slopes for the curves for the lower 
concentrations of expander are very steep indicating electro- 
crystallisation. This high potential dependence of i ,  and t, at 
low overpotentials has been observed for both 2D and 3D 
systems (13). 

On the basis of our results, it is not possible to conclude 
exactly which kinetic parameters are affected and to what 
degree. The general effect of the expander was to lower i, and 
increase t ,  which means the electrode is slower to passivate. 
However, the charges passed are higher, therefore, more Pb2+ 
ions must be diffusing away towards the solution side of the 
interphase. 

( c )  Linear potential sweep dependence 
Figure 6 depicts a linear potential sweep at 20 mV s-' in 1.30 

molal sulphuric acid with no expander added. The potential 
was swept anodically from - 1100 to -850 mV, reversed and 
swept cathodically back to - 1100 mV. The sweep shows the 

FIG. 7 .  A linear potential sweep at 2 0  mV s - '  in 7.89 ppm of 
expander. The potential was swept anodically from - 1100 to -800 
mV, reversed and swept cathodically to - 1700 mV, again reversed 
and swept anodically to - 1100 mV. Only the potential range from 
-800 to - 1100 mV is shown. The current on the axes as indicated is 
the anodic current. The current on the reverse sweep has been ex- 
panded by a factor of 10. Note the small reduction current that is 
independent of potential, and the small anodic peak on the reverse 
sweep. 

presence of an anodic peak in the region of -940 to -820 mV 
resulting from the formation of a PbSO, film, and a cathodic 
peak resulting from the reduction of the film. The potential 
region of film formation is consistent with earlier results on 
solid electrodes (15-20). The equilibrium potential of the sul- 
phated amalgam electrode in 1.30 mold sulphuric acid was 
calculated to be -970 mV vs. Hg2S04. As seen from Fig. 6, 
the reduction of the PbS04 film begins at -970 mV, but a 
larger overpotential is necessary for the PbSO, film formation 
to begin. 

This sweep can be compared to a similar sweep done at 
20 mV s-' in 7.89 ppm of expander as shown in Fig. 7. The 
current scale on the reverse sweep has been expanded by a 
factor of 10. The significant differences are the larger anodic 
peak current which has been shifted anodically, the presence of 
a small anodic peak on the reverse sweep, and the small reduc- 
tion current that is independent of potential out to the region of 
hydrogen evolution. The absence of a reduction peak has been 
previously reported (3, 4, 7). It is possible that the presence of 
the adsorbed expander on the bare portions of the electrode 
inhibits the cathodic reduction of Pb2+ ions. 

The following explanation is offered as a possible reason for 
the small anodic peak on the reverse sweep. A preliminary 
experiment investigating the double layer charging on a mer- 
cury drop in the presence of expander indicates some sort of 
desorption or re-orientation of the absorbed expander film in 
the same potential region as the small anodic peak. If desorp- 
tion or re-orientation is occurring, then it is possible that bare 
portions of the electrode are being generated allowing for fur- 
ther oxidation of lead. 

The linear potential sweeps in pure sulphuric acid often 
exhibited a sharp transition or "kink" separating the regions of 
lead dissolution and nucleation and growth. The lead dis- 
solution region showed a rising curve which broke sharply at 
the onset of nucleation and growth. The kink was not evident 
on the transients from any of the solutions containing the 
expander. 

If the potential is swept anodically from - 1100 to -800 mV 
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FIG. 8. The resistance of the PbS04 film measured at -800 mV as 
a function of expander concentration. The resistance has been multi- 
plied by the area of the drop. The average drop area was 4.47 x 
cmZ. 

FIG. 9. A log-lot plot of the anodic peak current, i,, as a function 
of sweep rate, v,  for the various concentrations of expander. The 
symbols are H for 0 . 0  ppm, 0 for 0.72 ppm, for 76.60 ppm, 
for 17.45 ppm, and A for 7.89 ppm. 

to form a film of PbSO, and kept at -800 mV, the capacitance 
and resistance of the film can be measured. An increase in the 
concentration of the expander caused a small change from 0.82 
to 1.99 pF cm-2 in the capacitance of the film but a larger 
change in the resistance of the film occurs as shown in Fig. 8. 
The resistances as shown in the figure have been mutiplied by 
the area of the drop which is equivalent to the product of the 
intrinsic resistivity and the thickness of the layer. The decrease 
in the resistance of the film with an increase in the concen- 
tration of the expander may be due to the formation of a more 
porous film. An increase in the porosity of the film with the 
addition of expanders has been previously reported (1 -3, 21, 
22) and was attributed to the change in the lead sulphate crystal 
structure. The porosity of the film will increase if there are 
empty spaces or voids in the deposit. If the growth of the 
deposit is not complete enough for the electrode surface to be 
completely covered, then voids will form in the deposit. This 

1 CONCENTRATION / ppm 

FIG. 10. A semilog plot of charge, Q ,  as a function of expander 
concentration for the sweep rates of 10 and 20 mV s-I. The symbols 
are 0 for 10 mV s-' and for 20 mV s- ' .  

incomplete growth will result if the lateral growth rate is in- 
hibited in some way. 

The Tafel plots obtained from low current regions prior to 
onset of PbSO, nucleation and growth sweeps at 10 mV s-I for 
0.0 and 17.45 pprn of expander added gave linear relationships 
in which the slopes were 27.37 and 30.26 mV dec-I, re- 
spectively. These slopes are very close to that expected (29.58 
mV dec-I) for a reversible 2 electron transfer reaction. In 
sulphuric acid solutions slopes of this magnitude have been 
previously reported (8, 16, 23). 

The log-log dependence of the anodic peak current, i,, as 
a function of sweep rate, v, is shown in Fig. 9. The slopes of 
the curves for 7.89, 17.45, and 76.60 pprn are less than one 
half. The reaction is diffusion-controlled for these concen- 
trations as indicated by linear i, versus the square root of the 
sweep rate plots. However, the plots had positive intercepts 
which was due to the contribution of spherical diffusion at low 
sweep rates. For 0.0 and 0.72 pprn the steep slopes in Fig. 9 
indicates that the process is not controlled by diffusion but 
electrocrystallization. 

An interesting feature to note is the fact that the curves for 
17.45 and 76.60 pprn lie below that of 7.89 ppm. This suggests 
the existence of an optimum concentration of expander as re- 
ported by Mahato (5) who found 20 pprn as the optimum 
concentration and beyond that the expander exhibited an in- 
hibitory effect. Pierson et al. (21) also mentioned that a small 
amount of an organic material will produce an expander effect 
and an excess adversely affects the functioning of the electrode. 

A further effect of the expander was to increase the amount 
of charge required for passivation as the concentration of the 
expander increased as previously reported (3, 4, 6). Figure 10 
depicts the increase in charge for sweep rates of 10 and 20 mV 
s-I as a function of expander concentration. The charge re- 
quired for passivation is larger but the rate of growth of the 
PbSO, film has decreased as expander concentration is in- 
creased. Therefore, there will be more Pb2' ions diffusing into 
solution which increases the charge. Fewer Pb2' ions will be 
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FIG. 11. A semilog plot of sweep rate, v ,  as a function of peak 
potential, E,. The numbers beside each line represents the expander 
concentration in ppm. The steepness of the slopes of the curves at low 
concentrations of expander are characteristic of an electrocrystallisa- 
tion process. 

incorporated into the PbS04 film, thereby reducing the charge 
efficiency into the film. The expander may also help to stabilize 
the pb2+ ions by forming complexes with the ions in solution. 
The inhibitory effect of the expander is evident as shown by the 
decrease in the curves toward 76.60 ppm. Mahato (5) observed 
a decrease of 37% in the charge passed when the concentration 
of expander was increased from 20 to 40 ppm. He attributed the 
charge inhibition to the multilayer surface adsorption of the 
expander and/or the expander's orientation on the electrode 
surface. 

Figure 11 shows a semilog plot of the peak potential, E, as 
a function of sweep rate, v. An increase in the expander con- 
centration produces an anodic shift in the peak potential as 
demonstrated previously by Archdale and Harrison (6). The 
slopes for 0.0 and 7.89 pprn are very steep which is character- 
istic of rate control by electrocrystallisation. The slope of 42.37 
mV dec-' for 76.60 pprn is greater than 30 mV dec-I that 
would have been expected for a 2 electron diffusion controlled 
process. This larger slope represents further evidence of the 
inhibitory effect of the expander, Archdale and Hanison have 
also observed a slope in the order of 30-40 mV dec-I (6). 

The semilog plot of anodic peak current, i,, as a function of 
the peak potential, E,, shown in Fig. 12 demonstrates similar 
features as that described for Fig. 11, namely the anodic shift 
in the potentials and the steep slopes at low concentrations of 
expander indicating electrocrystallisation. The inhibitory effect 
of the expander is evidenced by the decreasing slopes for higher 
concentrations of expander. 

I Summary 

! The following results were obtained in the presence of an 
expander at 24°C. 

( 1  ) The expander strongly adsorbed onto the clean amalgam 
surface. 

(2) The anodic currents were increased in the presence of the 
expander. 

FIG. 12. A semi-log plot of the anodic peak current, i,, as a func- 
tion of peak potential, E,. The numbers beside each line represent the 
expander concentrations in ppm. The steepness of the slopes at the low 
expander concentrations are characteristic of electrocrystallisation. 

(3) The amount of charge required for passivation was in- 
creased. 

(4) The cathodic reduction of the PbS04 layer was inhibited. 
(5) The resistance of the film decreased with increasing 

concentrations of expander, suggesting the formation of a more 
porous film. 

(6) The results are consistent with the existence of an opti- 
mum concentration of expander which lies between 17.45 and 
76.6 ppm. 
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Iodine chemistry in the +1 oxidation state. I. The electronic spectra of 
01-, HOI, and HzOI' '" 
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JEAN PAQUERE AND BEVERLY L. FORD. Can. J. Chem. 63, 2444 (1985). 
Electronic spectra are reported for the hypoiodite ion (01-), hypoiodous acid (HOI), and its conjugate acid (H201') in 

aqueous media. Iodine in the + 1 oxidation state was produced by either of the two rapid reactions 

HOCl + I- -, HOI + C1- 

or 

ICl(g) + Hz0 -, HOI + c1- +H+ 

Spectroscopic evidence of the disproportionation of 01-/HOI/H201' to iodide and iodate in basic media, and to iodine and 
iodate in acid media, was obtained. The results are consistent with previously reported values for the pK, of HOI and H201'. 

JEAN PAQUERE et BEVERLY L. FORD. Can. J .  Chem. 63, 2444 (1985). 
Les spectres tlectroniques de I'ion hypoiodite (01-), de l'acide hypoiodeux (HOI), et de son acide conjugut (H201') sont 

dtcrits. L'iode dans l'ttat d'oxidation + 1 a t t t  obtenu en utilisant les deux rtactions rapides 

HOCl + I- -, HOI + C1 

ICl(g) + Hz0 -, HOI + CI- + Hi 

La dismutation de 01-/HOI/H201' en iodure et iodate en milieu basique, et en iode et iodate en milieu acide a pu Stre mise 
en tvidence. Les rtsultats sont en accord avec les valeurs obtenues prtctdemment pour le pK, de HOI et de H201'. 

Introduction 
Although the iodinelwater system has been studied exten- 

sively in the past (I), the aqueous chemistry of iodine in the + 1 
oxidation state is still not clearly understood. This is largely 
due to the relative instability of this oxidation state in aqueous 
media. The use of water-cooled nuclear reactors to produce 
electricity has rekindled interest in this subject, since radio- 
active iodine is one of the more toxic nuclear fission products. 
In order to design effective measures to prevent the release of 
volatile iodine species into the environment, a knowledge of 
the nature and concentration of the various iodine species in 
solution is essential. 

In this context, the hydrolysis and disproportionation equi- 
librium [ l ]  is important, since it involves the conversion of a 
reactive and volatile species into non-reactive, involatile 
species: 

By analogy with the other members of the halogen family, 
reaction [ l ]  is thought to be, in fact, a two-step process in- 
volving the + 1 oxidation state species HOI as an intermediate: 

[21 12 + Hz0 * HOI + I- + Hi 

followed by 

The first step is known to be rapid (2), while the second is 
believed to be slower. Hypoiodous acid has not been positively 

'Part of this work was funded jointly by AECL and Ontario Hydro 
under the CANDEV agreement. 

21ssued as AECL-8593. 

identified in solution, although there is much circumstantial 
evidence for its existence. A positive identification of HOI is 
central to a full understanding of the kinetics and mechanism of 
reaction [I]. In this publication, we report the results of a 
spectrophotometric study of iodine in the + I oxidation state in 
basic and acidic aqueous solutions. 

The electronic spectrum of hypoiodite, 01-, in strongly 
basic solutions has been described by Haimovich and Treinin 
(3) and by Chia (4). Although both authors agree on the general 
shape of the spectrum, there is disagreement on the relative 
intensities. Haimovich (3) obtained the 01- spectrum by dis- 
solving 12(s) in 4 mol dm-3 NaOH and Chia (4) by diluting an 
1, solution with NaOH, or by reacting hypochlorite with an 
excess of iodide and extrapolating the resulting spectra to zero 
time. In both studies, a substantial amount of I- would have 
been present, which could have distorted the spectrum below 
290 nm and increased the probability of producing other iodine 
compounds, in particular I,. 

To avoid these problems and to generate iodine in the + I 
oxidation state in aqueous media, we have used the following 
two reactions: 
[4] HOCl + I- -, HOI + C1- 

[5] ICl(g) + H20 * HOI + C1- + H+ 

Reaction [4] has a rate constant of 3.3 X 10' dm3 mol-' s-' at 
25°C and is, thus, very rapid for pH values below 12 (5). 
Equilibrium [5] is rapidly established and is completely to the 
right at pH values greater than 2 (6). 

Experimental 
Materials 

The sodium iodide was of ACS grade and was used without further 
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purification. The hypochlorite was obtained either as a stock solution 
from the Fisher Scientific Company or generated by slowly bubbling 
chlorine gas, from Canadian Liquid Air, into a cold 1 mol dm-3 NaOH 
solution. The iodine was resublimed ACS grade and was used as such. 
The iodine monochloride was obtained from the J .  T. Baker Chemical 
Company and was used as received. Other stock solutions were 
prepared from ACS-grade chemicals and distilled deionized water. 

The hypochlorite stock solutions were analyzed by titration with 
NaI in 0.01 mol dm-' H2S04 using an Orion iodide-specific electrode 
(Model 94-53) as an end-point indicator. An Orion double-junction 
electrode (Model 90-02) was used for reference. The OC1- absorption , band at 290 nm (E = 350)' was also used to analyze for hypochlorite. 

Apparatus and procedures 
All spectra were recorded in digital form, using a double-beam 

diode array spectrophotometer (Hewlett-Packard Model 8450A), and 
stored on flexible discs. The pH measurements were made with an 
Orion Model 701A ionalyzer uslng a Mlcroelectrodes Inc. micro- 
combination pH electrode. 

Spectra involving I2 in NaOH solutions were obtained by injecting 
an iodine solution, using a glass syringe, into an equal volume of 
sodium hydroxide solution contained in a spectrophotometric cell. A 
sodium hydroxide/sodium iodide solution was used on the reference 
side of the spectrophotometer to balance out the absorption due to I-. 

For reactions involving HOCI/OCI- and I-, equal volumes of 
equimolar solutions in the appropriate buffer (phosphate or borate) 
were similarly mixed, using glass syringes, in the spectrophotometrlc 
cell, and the resulting spectra were recorded as a function of time. 
Sodium chloride solutions, in the appropriate buffer, were used on the 

1 reference side of the spectrophotometer. Some spectra were obtained 
/ at short reaction times by using a flow system. The two reagents were 

driven by a double-syringe pump into a Plexiglass mixing chamber, 
and then into a small-volume flow cell. A stopped-flow mlxing device 
was also used for some experiments. The spectra were recorded with 

1 the solutions flowing and could be obtained at various reaction times 
1 by changing the flow rate. 
I 

I Initial experiments with ICI were attempted by quickly adding a 
I buffer solution to IC1 crystals in a spectrophotometric cell. The results 
I were erratic. due to the slow rate of dissolution of ICl(s). and to the ~ ,. 

production of high local concentrations, leading to the formation of 
undesired iodine compounds. An alternative technique was then adopt- 
ed whereby the cell atmosphere was first saturated with ICI vapour. 
'The buffer solution was then introduced and the cell shaken for a few 
seconds to ensure good mixing between the gaseous and aqueous 
phases. The total iodine concentrations in these experiments were 
determined at the end of the reaction by adding 1 cm3 of an acid 
hydrazine solution to the cell and measuring the concentration of the 
resulting I- by its absorbance at 225 nm. 

An ion-exchange technique was used to remove chloride ions from 
low pH solutions, in order to displace equilibrium [5] to the right. The 
anion exchange resin (Analytical Grade Dowex 1x8, 100-200 mesh, 
from Bio-Rad Laboratories) was converted from the chloride to the 
sulfate form, by elution with a large volume of a 0.5 mol dm-3 Na2S04 
solution that had been adjusted to a pH value of 2 with H2SO4. The 
elution was continued until no precipitate could be detected in the 
eluate after the addition of a few drops of an AgNO' solution. Imme- 
diately after contact with ICl(g), the buffer solutions were quickly 
passed through 2 cm3 of the sulfate resin contained in a plastic syringe. 
We verified that this procedure was capable of removing most of the 
chloride ions by using rnol dm-' NaCl solutions in pH 2 sulfate 
buffer as test solutions, and an Ag/AgCl electrode coupled to a satu- 
rated calomel electrode as a chloride detector. We also checked that 
this procedure did not produce any unwanted absorbance in the 200 to 
800 nm spectral region. 

I Results 
Figure 1 shows the electronic spectrum obtained by reacting 

3Throughout this paper, E is the molar absorptivity, in units of 
mol-' d d  cm-' . 

WAVELENGTH ( n m) 

FIG. I.  The electronic spectrum for 01- in basic solution 

FIG. 2. Spectra as a function of time obtained after reacting ICl(g) 
with a borax buffer solution at a pH of 12. Arrows indicate the 
direction the peaks moved with time. The time between each spectrum 
is 200 s and the total iodine concentration is 1 X mol dm-'. The 
insert was obtained with a cell having a 10-cm path length. 

ICl(g) with a 2 rnol dm-3 NaOH solution (reaction [5]). An 
identical spectrum was obtained by diluting an 1, solution with 
NaOH (reaction [2]) and using an equimolar concentration of 
I- in 2 rnol dm-' NaOH on the reference side of the spectro- 
photometer, to balance out the absorption due to I-. The spec- 
trum is similar to those reported previously for 01- (3, 4); but 
is better defined at low wavelengths. The main features of our 
spectrum are a weak band at 370 nm (E = 60), a shoulder at 
260 nm (E = 400), and a sharp increase in absorbance below 
260 nm. Here, E is calculated in the usual manner, assuming 
that all of the light absorption is due to iodine in the +1 
oxidation state. The spectrum changes very slowly with time at 
the low total concentration of iodine (5 X rnol dm-3) used. 
Essentially identical spectra were obtained by reacting ICl(g) 
with 1 rnol dm-3 and 0.1 rnol dm-3 NaOH solutions. 

Reactions [4] and [5] were used at a pH value of 12 (borax 
buffer) and gave identical spectra. A typical series of spectra as 
a function of time, obtained using reaction [5], is shown in 
Fig. 2. The band growing with time at 225 nm is characteristic 
of I-. The spectrum obtained shortly after mixing is similar to 
the one obtained in 2 rnol dm-) NaOH and is thus attributed to 
01-. The presence of the 225 nm band and of two isobestic 
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- - - 

220 240 260 280 300 320 340 
WAVELENGTH ( n rn) 

FIG. 3. Spectra as a function of time obtained after mixing equi- 
molar solutions of I- and OC1- in phosphate buffer at a pH of 9. The 
time between each spectrum is 20 s and the total iodine concentration 
is 1 X rnol dm-'. The insert was obtained with a cell having a 
10-cm path length. 

points at 215 + 1 nm and 248 + 1 nm is consistent with the 
reaction 

[6] 301- -, 21- + 10, 

Figure 3 shows a series of spectra obtained as a function of 
time after mixing equimolar concentrations of OC1- and I-, at 
a pH value of 9, using a phosphate buffer. Identical results 
were obtained from reaction [5]. At this pH value, HOI would 
be expected to predominate over 01- since the pK, value for 
HOI is approximately 11 (4). The growing I- band at 225 nm 
and the presence of two isobestic points are consistent with the 
occurrence of the disproportionation reaction [3]. 

The spectrum obtained shortly after mixing is subtly dif- 
ferent from the spectra obtained at a pH of 12 and in NaOH 
solutions. The weak band previously observed at 370 nm is 
absent. The shoulder observed previously at 260 nm has shifted 
to 270 nm and the absorbance is lower at all wavelengths. Also, 
the two isobestic points are shifted and are now located at 
210 2 1 nm and 255 + 1 nm. 

At pH values between 8 and 7, substantial equilibrium 
amounts of I2 (via reaction [2]) and 13- would be present, 
masking the spectral features of the + 1 oxidation state. There- 
fore, this pH range was not investigated. Under more acidic 
conditions, the hydrolysis equilibrium [2] is very much in 
favour of 12, and the following reaction sequence is expected 
to hold: 

[4-51 HOCl + I- (or ICI + H20) + H01 + C1- (+H+) (fast) 

[3] 3HOI + 21- + 10, + 3H' (slow) 

[2] HOI + I- + H+ Iz + H20 (fast) 

with the overall reaction being 

Figure 4(a) shows spectra obtained as a function of time, at 
a pH of 4 (phosphate buffer). These spectra were obtained 
using reaction [5]; reaction [4] gave identical spectra. Two 
isobestic points can be observed at 260 2 1 nm and 375 2 
1 nm. The absorbance at 285 nm decreases with time, whereas 
that at 460 nm increases with time. The latter band is charac- 
teristic of 12. These observations are in agreement with the 
overall reaction [7]. It can be noted that some elemental iodine 

250 300 350 400 450 500 

WAVELENGTH ( n  rn) 

FIG. 4. (a) Spectra as a function of time obtained after reacting 
ICl(g) with a phosphate buffer solution at a pH of 4. The time between 
each spectrum is 20 s and the total iodine concentration is 5 X 
mol dm-'; ( b )  Fig. 4(a) spectra minus the (Iz + 410,) spectrum scaled 
according to the Iz absorbance at 460 nrn. 

is already present at short reaction times. In the case of reaction 
[5], it takes about 5 s to mix the vapour and aqueous phases. 
Since the subsequent disproportionation reaction is relatively 
rapid, some I2 will already be present at the first measurement. 
For reaction [4], the reaction of HOCl with I-, and that of HOI 
with I-, have comparable rate constants (2, 5). As soon as 
some HOI is formed from HOCl and I-, some reaction with the 
remaining I- will occur, producing 12. To resolve this problem, 
the (I2 + $10;) spectrum, scaled according to the I2 absorbance 
at 460 nm, was subtracted from the Fig. 4(a) spectra. The 
required (I2 + $101) spectrum was obtained simply by re- 
cording the spectrum at long reaction time where only I2 and 
10, are present in a two-to-one ratio. The result of this sub- 
traction process is shown in Fig. 4(b). Similar spectra were 
obtained at pH values of 5 and 6. These spectra are charac- 
terized by a band at 285 nm (E = 200) and a weaker band at 
345 nm (E = 60). 

Reaction [4] cannot be used at pH values below 3 due to the 
equilibrium formation of chlorine. To avoid this problem, only 
reaction [5] was used at pH values of 3 or less. Iodine mono- 
chloride is not completely hydrolyzed at low pH values and 
small amounts of ICl, and 12C1- can be formed (7). To min- 
imize this problem, the solutions were rapidly passed through 
an anion exchange resin in the sulfate form to remove most of 
the chloride ions and displace equilibrium [5] to the right, as 
described in more detail in the Experimental section. Spectra 
obtained in this manner at pH values of 3 and 2 (sulfate buffer) 
were identical to the ones obtained at pH values of 4, 5, and 6. 

Figure 5(a) shows a series of spectra that were obtained, as 
a function of time, after contacting ICl(g) with a 0.05 mol dm-3 
H2SO4 solution, and passing the solutions through an anion 
exchange resin in the sulfate form. An isobestic point can be 
observed at 398 ? 1 nm. The characteristic I2 band at 460 nm 
increases in intensity with time, whereas the absorbance at 
310 nm decreases with time. Figure 5(b) represents the same 
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250 300 350 400 450 500 

WAVELENGTH (n  m)  

FIG. 5. (a) Spectra as a function of time obtained after reacting 
ICl(g) with 0.05 mol dm-%2S04, and flowing the resulting solution 
through an anion exchange resin. The time between each spectrum is 
100 s and the total iodine concentration is 5 X mol dm-3; 
( b )  Fig. 5(a) spectra minus the (I2 + 410;) spectrum scaled according 
to the I2 absorbance at 460 nm. 

spectra after subtraction of the (I2 + $10;) spectrum, scaled 
according to the I2 absorbance at 460 nm. The spectra are 
different from the spectra obtained at higher pH values 
(Fig. 4(b)), and are characterized by a single band at 3 10 nm 
(E = 200). It is worth noting that spectra obtained at this 
acid concentration, without using the anion exchange resin, 
showed a conspicuous band at 335 nm, which is likely due to 
undissociated ICl(aq) (ref. 6, p. 574). 

Discussion 
We attribute the spectra obtained in NaOH solutions and 

at a pH of 12 to the hypoiodite ion, 01-. Chia (4) reports a 
value of (5.6 t 0.6) X based on spectrophotometric 
measurements, for the equilibrium quotient of the reaction 

This value is not expected to be affected very much by the ionic 
strength, since the reaction is isocoulombic, and can be consid- 
ered equal to the equilibrium constant. The above value, com- 
bined with the value given by Burger and Liebhafsky (8) for the 
equilibrium constants for reaction [2] and for the tri-iodide ion 
formation, leads to 10.6 t 0.8 for the pK, of HOI. If this value 
is correct, and if HOI has a spectrum markedly different from 
01-, then spectral changes would be expected to take place as 
the pH is lowered below 1 1. 

This is indeed what we observed. Although there is no 
noticeable change in the iodine (I) spectra in solutions con- 
taining OH- in the concentration range from 0.01 to 2 mol 
dm-3, spectral modifications are noticeable at a pH of 9, and 
become very obvious at a pH of 6. From a comparison of 
Figs. 1, 3, and 4, the spectrum obtained at a pH of 9 is a 
combination of that obtained at lower pH values and that 
obtained in very basic solutions. We attribute the spectrum 
obtained at pH values between 2 to 6 to hypoiodous acid, HOI. 

A matrix multicomponent analysis routine was used, together 
with the spectra obtained in 2 mol dm-3 NaOH and at a pH of 
4, to deconvolute the spectrum obtained at a pH of 9 into its 
01- and HOI components. An [OI-]/[HOI] ratio of 0.1 k 0.01 
was obtained. This amounts to a pKa value of 10.0 -+ 0.3 
for HOI, in reasonable agreement with the value of 10.6 k 0.8 
derived from Chia's data, considering that ionic strength 
effects would tend to lower the pKa. Our spectroscopic assign- 
ment is also supported by the observation of a sharp increase in 
the rate of decay of the spectra, as the pH is lowered below 11. 

Bell and Gelles (9) determined an equilibrium constant of 
(1.2 -+ 0.3) X lo-'' at 25"C, from emf measurements, for the 
reaction 

This value, combined with that given by Burger and Lieb- 
hafsky (8) for the equilibrium constant of reaction [2], leads to 
a pKa value of 1.4 k 0.3 for H201+. Thus, if the spectrum for 
H201+ is substantially different from the spectrum for HOI, 
spectral changes would be expected to occur as the pH is 
lowered below 2. This agrees well with our observations. As 
can be seen by comparing Figs. 4 and 5, the spectrum obtained 
in 0.05 mol dm-3 is markedly different from that ob- 
tained in the pH region from 2 to 6. We attribute the spectrum 
obtained in 0.05 rnol dm-3 H2S04 to protonated hypoiodous 
acid, H201+. This puts the pKa for H201+ between 1 and 2, in 
agreement with the value of 1.4 k 0.3 given above. This 
assignment is also supported by the observation of a sharp 
decrease in the rate of decay of the spectra as the pH is lowered 
below 2. It is also worth mentioning that none of the other 
iodine species that could be present in these solutions has an 
absorbance at 3 10 nm; ICl; has a band at 345 nm (E = 243) (7), 
12CI- has a band at 437 nm (E = 1 100) (7), and ICl(aq) absorbs 
at 335 nm (E = 250) (ref. 6, p. 574). Thus, the 310 nm band 
must be due to H201+. 

Hypochlorite, hypobromite, and hypoiodite have low- 
intensity bands at 290 nm (lo), 330 nm ( 1  I ) ,  and 370 nm (this 
work), with molar absorptivities of 350, 305, and 60, re- 
spectively. Hypochlorous, hypobromous, and hypoiodous 
acids have low intensity spectra that are very similar in 
shape. Hypochlorous acid has bands at 235 nm (E = 100) and 
290 nm (E = 27) (lo), hypobromous acid has bands at 260 nm 
(E = 160) and 315 nm (E = 35) ( l l ) ,  and from this work, 
hypoiodous acid has bands at 285 nm (E = 200) and 345 nm 
(E = 60). Thus, both the hypohalites and the hypohalous acids 
form remarkably regular series. 

The hypohalites and the hypohalous acids have valence 
shells that are isoelectronic with those of the halogen molecules 
and of the ClF molecule. As is the case for the halogens and for 
ClF, the lowest energy band for the hypohalites and the hypo- 
halous acids is likely due to the transition 3.rr + '2'. For the 
hypohalites, the '2' ground state correlates with 0-(2P) and 
X(2P), and the 3.rr excited state correlates with 0(3P)  and 
X-(IS). If the above is correct, then the potential energy curves 
should cross, since the electron affinity of the oxygen is smaller 
than that of the halogens. The dissociation products would then 
have high kinetic energies and, as a result, the hypohalites 
would be expected to decompose when irradiated in their low- 
intensity bands. For the hypohalous acids, the singlet ground 
state correlates with 0H(2.rr) and X(2P). The triplet excited 
state may decompose to yield 0H(2.rr) and X(2S). 'Thus, the 
hypohalous acids would also be expected to be photosensitive 
when irradiated in their low-intensity bands. 
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Conclusion 
The use of both reaction [4] and reaction [5] has been found 

useful for elucidating the behaviour of iodine in the + 1 ox- 
idation state in aqueous media. The electronic spectra for 01-, 
HOI, and H201+ were obtained. The results are consistent with 
previously reported values for the pK, of HOI and H201+. 
Spectroscopic evidence of the disproportionation of iodine(1) to 
iodide and iodate in basic media, and to iodine and iodate in 
acid media, was also obtained. These reactions, coupled to uv- 
visible spectrophotometry, offer an ideal way of examining the 
kinetics of disproportionation of iodine(1). A full kinetic study 
will be described in a forthcoming publication. 
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~ ~ o x ~ d e s  a-ethyleniques et phenate de sodium: acces a des ethers phenoliques 
et phCnols ortho-allyliques 

Laboratoire de chimie pharmaceutique, U.E.R. medico-pharmaceutiques, avenue du Professeur Leon Bernard, 
35043 Rennes CCdex, France 

Requ le 4 juillet 1984' 

MICHELE DAVID, JEAN SAULEAU et ARMELLE SAULEAU. Can. J .  Chem. 63, 2449 (1985). 
L'ouverture d'Cpoxydes a-CthylCniques par le phtnate de sodium conduit 1 un melange de composts. Les attaques 

nuclCophiles qui entrent en compttition (composCs A au niveau du carbone le moins substituC du cycle ou composCs B et C 
au niveau du carbone P-CthylCnique) peuvent &tre rCsolues par un choix judicieux des conditions opCratoires (solvant, 
stCrCochimie des Cpoxydes). La regiosClectivitC de I'attaque nuclCophile est sous la dCpendance d'Ctats de transition impliquant 
une faible gene stCrique et une conjugaison oxiranne - double liaison. 

MICHELE DAVID, JEAN SAULEAU, and ARMELLE SAULEAU. Can. J .  Chem. 63, 2449 (1985). 
The ring cleavage reactions of a-ethylenic epoxides by sodium phenoxide afforded a mixture of products. Problems of 

competitive attack by this nucleophile, at the less substituted carbon (compounds A) or at the P-ethylenic carbon atom 
(compounds B and C), were encountered and could be resolved by judicious choice of reaction conditions (solvents, 
stereochemistry of the oxiranes). The regioselectivity of the attack was dependent on the transition states, implying weak steric 
hindrance and a conjugation oxirane - double bond. 

Introduction 
L'action de phCnols en milieu alcalin sur des tpoxydes a 

restes saturCs ou aromatiques a dtja CtC CtudiCe (1 -4). Dans ce 
travail, nous envisageons le cas d'tpoxydes a-tthylkniques qui 
ne semble pas avoir fait l'objet d'une etude systkmatique, puis- 
que les seuls exemples mentionnks dans la littkrature sont ceux 
d'Al-bitskaya et al. (5) rapportCs schema 1. 

Nous montrons ici que le bilan reactionnel est plus com- 
plexe; la nature, la gComCtrie R*R*,R*S* des Cpoxydes in- 
saturCs, la qualit6 du solvant utilid, influent en effet sur la 
rCgiosClectivitC de l'attaque nucltophile par I'anion phtnoxy. 

Resultats 
Trois composCs notts A, B et C sont le plus frkquemment 

obtenus lors de la rtaction phCnol-sodium, Cpoxydes a -  
insaturks (schema 2). 

Ce schCma fait ainsi apparaitre une nette difftrence entre nos 
rCsultats et ceux d'Al'bitskaya. Si comme cet auteur, nous 
observons une ouverture C(1)-0 tpoxydique (obtention de 
A), aucune attaque nuclCophile sur le carbone-2 n'est mise en 
evidence. Par contre, les composCs B et C formts rQultent 
d'une attaque nuclCophile sur le carbone sp,, en P de la chaine 
insaturte (cf. Discussion). 

Les rtsultats des condensations rCalisCes dans le dioxanne 
(tableau 1) font apparaitre les influences du degrC de substi- 
tution du cycle Cpoxydique et de sa sttrtochimie. 

Si les produits A sont prtfkrentiellement formes avec les 
Cpoxydes primaires-tertiaires l a  et l b ,  on constate que pour 3, 
la substitution du carbone-1 Cpoxydique, sa gComttrie R*R*, 
favorisent l'obtention de B et C accompagnts d'une certaine 
proportion de composCs d'htttrocy~lisation.~ L'importance de 
la nature du solvant de condensation apparait dans le tableau 1 
i propos de 1'Cpoxyde l a  le plus facilement accessible. La 
compCtition alcoylation O/C peut &tre orientte selon le solvant 
et I'on compare alors les taux relatifs de A, B et C. 

Dans les solvants polaires, la rtgiosClectivitC Clevte- 
formation majoritaire des produits A + B d'alcoylation 

RCvision reque le 4 janvier 1985. 
I1 s'agit de dihydro-2,3 benzo[b] furannes. 

0-s'explique par l'accroissement de la nuclCophilie de 
l'anion phenoxy. Avec les solvantsprotiques, les rksultats cor- 
roborent ce qui est connu sur les anions ambivalents phCnoxy 
(6, 7). La solvatation de I'oxygkne tpoxydique et de l'anion, 
par interactions ion-dipole et par liaisons hydrogknes, favorise 
cette fois la nuclCophilie du site ortho-carbonk benztnique. Les 
phenols C (alcoylation C) deviennent majoritaires et ceci d'au- 
tant plus que le solvant est acide, assertion que l'on peut vCri- 
fier avec I'tthanol et le trifluoroCthano1, solvants de pK, trks 
diffkrents (8). 

Discussion 
Pour que I'on observe une attaque nuclCophile sur le carbone 

spz, en p du cycle oxiranne, 1'Cpoxyde doit pouvoir se prtsenter 
dans une conformation oil le systkme CthylCnique et le cycle 
oxiranne sont conjugts: coplanaritC des liaisons C(1)-C(2)- 
C,-Cp pour un recouvrement maximum des orbitales. Tout 
effet stCrique empechant ou diminuant cette conjugaison mo- 
dulera alors I'attaque prtcitte et favorisera le site carbone-1 
Cpoxydique (formation de A). 

Cas des t?poxydes secondaires - tertiaires 3 a(R"' = H), 
3b(R1" = CH3) R*R* et R*S* 

Nous envisageons deux des rotamkres possibles 3' et 3 pour 
chacune des configurations R*R* et R*S* (schema 3). 

Pour les isomkres R*S* le mtthyle en C(l) et le reste Cthy- 
ICnique sont en position cis: Quand R"' = H, le rotamkre 3' est 
a exclure compte tenu de la forte gene stCrique qui implique la 
perte totale de la conjugaison. Seul le rotamkre 3 ,  moins 
contraint, reste 2 envisager; la coplanaritk pouvant &tre atteinte, 
on con~oit alors la formation majoritaire de B et C de gComCtrie 
uniquement E. Lorsque R'" = CH,, la g&ne sttrique dans cha- 
cun des rotamkres 3' et 3" est telle que la conjugaison cycle - 
double liaison n'a pas lieu. L'attaque P est alors exclue: seul 
C(l) peut &tre attaqut (formation unique de A). 

Dans les configurations R*R*, les conformations 3' et 3", 
favorables a la conjugaison prtcitte, rendent majoritaire I'at- 
taque du site p: obtention d'un mClange Z/E oil E est preferen- 
tiel. 

Avec le rotamkre 3' (rapprochement oxygkne tpoxydique - 
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0 
I/ \ 2  C6HSOH, Na 

H2C-C-CH=CH2 
I  

b 
dioxanne 

R (reflux 18-36 h) 

R R" 
I  I  I A: DO-C-C-C=CH~ 
I l l  
R' OHR"'  

R O R "  
\ l /  \ 2 /  
/ C C  

\ - 
R' C=CH2 

I 

1 ; H,yci/"-ces 
CH3 [ CH3 

R"' 

OH 
I  

B: @-CH~-C=C-C-R 
I l l  
R"' R" R' 

R" p 

1 A3 

C b c H 2 - ~ ~ r n p o s i s  de type 
CH3 R"' 

R"'=H : 3a 
R"'=CH3:3b 

u 
A 

CH3-CHOH R"' 
A 

et CH3-CHOH CH2-Nu 
E Z 

OH 

C: &CH2-C=C-C-R I  
I l l  
R " ' R " R '  
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DAVID ET AL. 

TABLEAU 1. Reaction phCnol -sodium, Cpoxydes 

Epoxydes Produits (% relatifs) 

R O R "  GComCtrie Z / E  (%) y-'c' 
R' 'C=CH~ Solvant A B C Rdt% global 

I 
R" 

Dioxanne 

DMSO 
C6HsOH 
CZHSOH 
CF3CH2OH 

Dioxanne 

Dioxanne 

Dioxanne 

Dioxanne 

Dioxanne 

Dioxanne 

"Prisence de OCH-C(C,Hs) = CH-CH, (4%): Eb 80°C/0, I Torr ( 1  Torr = 133,3 Pa); rmn 'H: 1,80 (d, 3H, 
J = 7 Hz), 6,80 (q, 1 H), 9,50 (s, CHO), 6.80-7,30 (m, 5H). 

bProduits d'hitirocyclisation: 20%. 
'Produits d'hCtCrocyclisation: 34%. 
dProduits d'htttrocyclisation: 25%. 

double liaison), on peut invoquer une complexation contre 
ion-oxygkne plus facilement atteinte lorsque R"' = H (30% de 
2). Avec R"' = CH,, plus volumineux, 5% de Z sont obtenus. 
Signalons que ce type de systkme cyclique a t t t  invoqud lors 
de la reaction $oxydes p-tthylCniques - hydmres ou thiolates 
(9, 10). Le conformbre 3" reste cependant privilkgit: le systkme 
plus Ctendu, permettant une meilleure dtlocalisation des 
charges lors de l'attaque nuclCophile, explique le taux majo- 
ritaire en isomkre E. 

Conclusion 
La rkaction Ctudike permet l'accks 2 des Cthers phCnoliques 

et (ou), des phCnols ortho-allyliques en proportions variables 
selon les choix du substrat, de son Cventuelle gtomktrie et du 
solvant. Cette reaction est d'ailleurs gdntralisable puisque 
l'utilisation de divers phtnols substituCs conduit, dans le dio- 
xanne, aux composCs A, B et C, sans changement notable dans 
leurs pourcentages. 

Cas des kpoxydes primaires-tertiaires 1 et 2 (tableau 1) 
Avec les oxirannes 1, l'absence d'encombrement du 

carbone-1 (contrairement a 3) fait de ce carbone un site d'atta- 
que prkftrentiel (obtention de A) par rapport au carbone P, bien 
que la conjugaison soit ici possible. Le taux (12%) de produits 
B et C obtenus pour l a  se justifie par une coplanaritk cycle - 
double liaison plus facilement atteinte que dans l b  (aucune 
attaque p) ou, comme nous l'avons montrt par calculs thko- 
riques et rmn "0 (1 l ) ,  une 1Cgkre gene stCrique intervient. I1 ne 
s'agit pas d'un effet detempkrature, puisque des essais rdalids 
h 150DC, pendant 3 jours, ne modifient pas les pourcentages 
obtenus avec l a .  

Le cas de leurs homologues phCnylCs 2 est particulier: for- 
mation prefkrentielle de B et C (tableau 1). Si l'on considkre le 
modkle oxyde de styrkne (4, 12, 13) ou l'tlectrophilie du 
carbone-2 oxiranique favorise son attaque nuclCophile, on in- 
terprkte les rksultats. Puisque l'ouverture C(2)-0 ne peut ici 
se concevoir (forte gene reste phtnylC - groupe CthylCnique), 
la dklocalisation de la charge positive de ce carbone vers la 
double liaison explique l'attaque nucltophile en p. 

Les spectres infra-rouge (solvant CCI,) sont enregistrks sur un ap- 
pareil Perkin-Elmer 377. Les spectres (CDC13) rmn 'H sont rialisis 
sur un appareil Varian EM 360 L (60 MHz). Pour la rmn "C, on utilise 
un appareil Briicker 20,l MHz a transformke de Fourier. Les valeurs 
des dCplacements chimiques sont a +0,05 ppm et les constantes de 
couplage a + 1 Hz. 

Un contr6le de puretC est rCalisC sur chacun des produits par chro- 
matographie en phase vapeur (Fractovap GT Carlo Erba, colonne 
SE30) et (ou) par chromatographie sur gel de silice HF254 (type 60 
Merck). Pour la spectromktrie de masse, un appareil Varian MAT 3 1 1 
avec procCdC M.I.K.E. est utilisC. 

Les Cpoxydes a-CthylCniques sont prCparCs selon une mkthode mise 
au point au laboratoire (14). Les oxirannes 3a et 3b, R*R* et R*S* 
sont sCparks par distillation du mClange des stCrCoisom&res, au moyen 
d'une colonne a bande tournante Perkin-Elmer (200 plateaux thCo- 
riques). 

Identification spectrale de A,  B et C 
L'infra-rouge met en Cvidence les produits de type A par leur reste 

vinyle terminal (905 et 970 cm-I). 
En rmn 'H, les valeurs diffkrentes observCes dans les dCplacements 
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TABLEAU 2. Caracteristiques physiques et spectrales des composCs de type A: 

Resonance magnetique nucliaire de 'H (6 ppm) 
Eb ("C/Torr) 

No F ("C) R R' R" R"' -C=CH, C~HS ms, m/e (intensite relative %) 
I 

C I I H I ~ O Z  
178 (M', 19), 108 (70), 94 (89), 

71 (100) 

C1zH160z 
192 (M', 13), 108 (92), 99 (18), 

94 (67), 85 (1 00), 77 (20), 
43 (44) 

TABLEAU 2 (suite). Caracteristiques physiques et spectrales des composts de types B et C: 

B C 

Resonance magnttique nuclkaire de 'H (6 ppm/TMS) 
Eb ("C/Torr) 

No F ("C) R R ' R" R CHZ ms, m/e (intensite relative %) 

C16H160z 
240 (M', 1,5), 222 (9), 209 (lo), 146 (38), 

117 (loo), 94 (90), 91 (41) 
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DAVID ET AL. 245 3 

TABLEAU 2 (suite). Caractkristiques physiques et spectrales des composes de types B et C 

Resonance magnktique nuclkaire de 'H (6 ppm/TMS) 
Eb ("C/Torr) 

No F ("C) R R' R" R"' CH2 ms, m/e (intensite relative %) 

E 76(CCl4) 3,95(~) 1,70(~) 5,50(t) 3,30(d) CllHllO~ 
J = 7,2 Hz 178 (M', 3), 160 (86), 147 (35), 145 (loo), 

16 131 (15), 115 (15), 107 (46), 91 (29) 
Z 143/0,2 4,2O(s) 1,75(s) 5,25(t) 3,30(d) 

J = 7,2 Hz 

E 128(CCl,) 4,25(~) 6,5 a 7,4(m) 5,90(t) 3,30(d) C16H1602 
J = 6 , 8 H z  240(M+, 1),222(100),209(30),207(48), 

17 145 (28), 107 (37), 91 (57) 
Z 165/0,3 4,25(s) 6,5 a 7,4(m) 6,00(t) 3,30(d) 

J = 6,8 Hz 

E 1,20(d) 4,15(q) 1,60(s) 5,50(t) 3,30(d) ClzH16Oz 
18 J = 6,8 Hz J = 7 , 4 H z  192(M+,3),174(62),159(68),145(37),107(26), 
19 150- 153/0,2 94 (loo), 91 (10) 

Z 1,20(d) 4,60(q) 1,75(s) 5,30(t) 3,30(d) 
J = 6,8 Hz J = 7,4 Hz 

E 1,20(d) 4,70(q) 1,70(m) 1,70(m) 3,30(s) 
J = 6,4 Hz 

20 149- 151/0,1 
Z 1,25(d) 4,75(q) 1,75(m) 1,75(m) 3,35(s) 

J = 6,4 Hz 

"Souillt de produit d'htttrocyclisation (cf. partie exptrimentale). 

TABLEAU 3. Resonance magnCtique nuclCaire de "C (6 ppm/TMS) 

4 12 13 15 16 17 
Carbones Z" Eb E' E Z E~ Ee 

"CI": 140,1*; C2": 126.7; C3": 128,7; C4": 127,9, 'J(CH20H(4)-H(2)) = 8,8 Hz. 
b3J(CH3(3)-H(2)) = 8,8 Hz. 
'3~(CH3(3)-~(2)) = 6,8 Hz. 
d3~(CH3(2)-~(3)) = 7,8 Hz. 
'C1": 141,9*; C2", C3", C4": 126.1 *, 128,8*, 126,5*; v(CH,OH(I)-H(3)) = 6,8 Hz. 
* Quatemaires pouvant &tre inversts. 

chimiques des restes mCthylknes suffisent i differencier les trois types 
de produits (tableau 2). L'integration de ces signaux, entre autre, 
permet de determiner les pourcentages de chacun de ces composCs 
dans les melanges bruts reactionnels, ainsi que les proportions al- 
coylations O/C. 

La rmn "C realisCe sur quelques Cchantillons confirme les donnCes 
de rmn 'H et permet l'attribution certaine de la gComCtrie E/Z de la 
double liaison dans B et C (tableau 3); par exemple, l'effet y gauche 

subit par le carbone hydroxyle (pour B et C), uniquement dans les 
gComCtries Z, explique le blindage reciproque des carbones-1 et -4, et 
est en accord avec des donnCes de la litteratwe (15-17) a propos 
d'alcools allyliques. 

Enfin, la synthkse de 1'Cther phinolique 21, rCalisCe par trans- 
position allylique de 4 selon Babler (18), prouve sans ambiguite la 
structure de la chaine CthylCnique de B et C. 21: 4-0-CH2- 
C(CH3) = CH-CH20H; rmn 'H: I,  70 (m, 3H), 4,00 (d, 2H, J = 
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7 Hz), 4,33 (s, 2H), 5,66 (t, lH), 6,70-7,20 (m, 5H). 1. (a) D. R. BOYD et E. R. MARLE. J. Chem. Soc. 105, 21 17 

Condensation ipoxydes-phenol-sodium 
Du phtnol(0,05 mol) dissous dans 15 rnL de solvant et 0,013 mol 

de sodium sont chauffCs au reflux du solvant jusqu'i disparition du 
sodium. Aprks refroidissement puis introduction de 0,05 mol d'Cpo- 
xydes l a  ou l b  ou 2, on chauffe h 120°C (bain thermostatC) jusqu'i 
disparition quasi complkte de I'tpoxyde. L'avancement de la rCaction 
est suivi en chromatographie a phase gazeuse. 

Avec les Cpoxydes 3, le mClange rkactionnel prCcCdent est chauffC 
B 150°C pendant 3 jours dans un autoclave MCcabar (Prolabo, 250 mL) 
CquipC d'un dispositif d'agitation et muni d'un rCgulateur de tem- 
p6rature. 

Quelle que soit la technique, aprks retour i temperature ambiante, 
le milieu rCactionnel verse sur 20 mL d'alcali de Claisen (35 g KOH 
en pastilles, 25 mL d'eau, quantitC suffisante pour 100 mL CH30H 
absolu) atteint un pH - 13. Aprks extractions ti 1'Cther Cthylique, les 
phases CthtrCes alcalines sont successivement lavCes par une solution 
de NH40H 2 N puis de NaOH 2 N. Aprks sCchage et Cvaporation sous 
vide, les spectres rmn montrent qu'il s'agit des Cthers de type A et B 
(trks peu souillCs de C). 

La sCparation de ces produits est rCalisCe par distillation sous pres- 
sion rCduite et (ou) par chromatographie sur plaque. Pour les Cthers 
dCrivCs des Cpoxydes 1 et 2, on utilise le systkme bendne - acttate 
d'Cthyle (70: 30); pour ceux dCrivCs de 1'Cpoxyde 3, on utilise CHC13. 

La phase aqueuse alcaline est acidifiCe 21 froid (HCI concentre) 
jusqu'h pH - 1. Aprks extraction CthCrCe, sCchage, on isole les com- 
posts C toujours souillts de phCnol rCsiduel; celui-ci Climint par 
passage de la solution CthCrCe a pH -5 (NaOH, 1 N). Les produits C 
sont distillCs et isolCs i 1'Ctat pur, exception faite pour 20 trks facile- 
ment hCtCrocyclisable dont seul le spectre rmn 'H a pu &tre rCalisC. 

La sCparation des isomkres gComCtriques E / Z  des composts B et C 
(mis ti part pour 15 et 20) est effectuCe par chromatographie sur gel de 
silice, avec le systkme de solvant bendne - acktate d'Cthyle (70: 30). 
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with reactive substituents in the alkyl group: synthons for five- and six-membered 
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KEITH VAUGHAN, RONALD J. LAFRANCE, YORK TANG, and DONALD L. HOOPER. Can. J. Chem. 63, 2455 (1985). 
The synthesis of a series of 1-(2'-acetylpheny1)-3-alkyltriazenes, with electron-withdrawing a-substituents in the alkyl 

moiety, is described. The structure of the products from the reaction of 2-acetylbenzenediazonium ion (1) with methylamine 
has been reinvestigated using high field (360 MHz) nmr spectroscopy. The 2-acetylphenyltriazenes undergo cyclization to five- 
or six-membered heterocycles, depending on the substituent present in the alkyl group. Attack by N-3 of the triazene on the 
ortho-acetyl group leads to a 4-methylenetriazine, which can undergo oxidation to a benzotriazinone or acid-catalysed 
rearrangement to a 4-alkylaminocinnoline. The reaction of 1 with alkylamines also affords red products, which have been 
identified as 4-arylazomethylenetriazines and fully characterized by 'H and I3C nmr spectroscopy. The formation of these azo 
compounds is consistent with the enamine character of the 4-methylenetriazines. The introduction of a C02Et group at the 
a-position of the alkyl moiety provides a competing cyclization pathway to give a five-membered heterocycle, a 
5-hydroxytriazole. In this case the cyclization pathway to the six-membered heterocycle is favoured, whereas the introduction 
of a CN group can lead to exclusive triazole formation. The reaction of the nitrile (2c) with alumina in chloroform leads to 
a new heterocycle, a quinazolinotriazole; in DMSO solution, 2c prefers the alternative pathway and gives only the 
3-cyanomethyl-4-methylenetriazine. Introduction of a benzoyl group in the alkyl moiety gives an unstable triazene; it reacts 
with alumina in chloroform to give a triazole, which in turn rearranges to a novel diazoalkane. 

KEITH VAUGHAN, RONALD J .  LAFRANCE, YORK TANG et DONALD L. HOOPER. Can. J. Chem. 63, 2455 (1985). 
On dCcrit la synthkse d'une strie de (acttyl-2' phCny1)-1 alkyl-3 triazknes portant, en position a de la chaine alkylCe, des 

substituants Clectro-affinitaires. Faisant appel a la rmn a haut champ (360 MHz), on a rCCtudiC la structure des produits obtenus 
par la reaction de I'ion adtyl-2 benzknediazonium (1) avec la mithylamine. Dependant de la nature des substituants presents 
sur le groupe alkyle, les acttyl-2 phtnyltriazknes subissent une cyclisation conduisant a des hCtCrocycles a cinq ou ti six 
chainons. Une attaque du N-3 du triazkne sur le groupe ortho-acCtyle conduit a une mCthyEne-4 triazine qui peut subir soit 
une oxydation conduisant a une benzotriazinone soit une transposition acido-catalyde conduisant a une alkylamino-4 cin- 
noline. La reaction de 1 avec des alkylamines conduit aussi a des produits rouges que l'on a identifiC comme Ctant des 
arylazomCthylkne-4 triazines et qui ont CtC complktement caracttrisCes en faisant appel a la rmn du 'H et du 13C. La formation 
de ces composts azo est en accord avec le caractkre knamine des methylene-4 triazines. L'introduction d'un groupement C02Et 
en position a de la portion alkyle fournit une voie de reaction compCtitive qui conduit a un hCtCrocycle a cinq chainons, un 
hydroxy-5 triazole. Dans ce cas, la voie provoquant une cyclisation en un hettrocycle a six chainons se trouve favoriste; par 
ailleurs, l'introduction d'un groupement CN peut conduire a la formation exclusive de triazole. La rCaction du nitrile (2c) avec 
de I'alumine dans le chloroforme conduit a la formation d'un nouvel hCttrocycle, une quinazolinotriazole; en solution dans 
le DMSO, le composC 2c suit plut6t une autre voie conduisant uniquement a la cyanomtthyl-3 mCthylkne-4 triazine. 
L'introduction d'un groupement benzoyle dans la portion alkyle de la molCcule conduit a un triazkne instable; il rCagit avec 
I'alumine dans le chloroforme pour donner un triazole qui, a son tour, se transpose en un nouveau diazoalkane. 

[Traduit par le journal] 

Introduction 
1-Aryl-3-alkyltriazenes with appropriate substituents in the 

aryl and alkyl groups (X or Y) have been used as precursors for 
eCHZy , (a) ax 7 

a variety of heterocyclic systems, Scheme 1. Interaction of a \ /N 
N N=N-N%CH2-Y 

reactive ortho-substituent (X) in the aryl group with N-3 of the 
triazene chain, path (a), leads to 1,2,3-triazine derivatives, 
such as benzotriazinones (X = C02Et) (I), 4-iminobenzo- 

w 
triazines (X = CN) (2), 4-methylenebenzotriazines (X = 
COCH3) (3), and 4-hydroxybenzotriazines (X = CHO or 
COAr) (4). Alternatively, if the alkyl group at N-3 has a re- 
active a-substituent (Y), then interaction with N-1 of the tri- 
azene chain, path (b), leads to 1,2,3-triazole derivatives. The 
latter method has successfully been applied to the synthesis 6.3 

'For Part VII, see ref. 17; for Part VI, see ref. 18. 
'Author to whom all correspondence should be addressed. SCHEME 1 
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2 a X = H  
b X = COzEt 
c X = C N  
d X = COPh 

of 5-hydroxytriazoles (Y = C02Et) (5) and 5-aminotriazoles 
(Y = CN) (6). 

As part of our continuing interest in the applications of 
open-chain nitrogen compounds as precursors for heterocyclic 
molecules, we report here a study of the synthesis and reactions 
of triazenes of this type with an acetyl group at the X-position 
and a variety of substituents at the Y-position (H, C02Et, 
CN, COPh). In a previous study (3), the synthesis of 4-methyl- 
ene-3-alkyl-3,4-dihydro-l,2,3-benzotriazines of type 4 was 
achieved by spontaneous cyclization of 1-(2'-acetylpheny1)- 
3-alkyltriazenes (e.g . 2a). Reaction of o-acetylbenzenedia- 
zonium ion (1) with methylamine was reported to afford a 
mixture of the expected triazene (2a) and its cyclization prod- 
ucts (3a and 4a); the cyclodehydration of 2a + 3a -+ 4a was 
shown to be a facile process and was most conveniently carried 
to completion by addition of neutral alumina to a chloroform 
solution of the crude reaction product. The spontaneity of the 
dehydration step has also been observed during an alternate 
synthetic route to triazines of type 3 by the reaction of a methyl 
Grignard reagent with benzotriazinones (7), which also affords 
methylenetriazines (4). 

Subsequently we have shown (4) that stable 4-hydroxytri- 
azines of type 3 can be prepared from the coupling reaction of 
alkylamines with o-acylbenzenediazonium ions, which lack 
a-hydrogen atoms in the acyl group (such as -CHO and 
-COAr). These 4-hydroxy-3 ,Cdihydrobenzo- 1,2,3-triazines 
are stable compounds since they are unable to undergo the 
dehydration step to the methylenetriazine; the heterocyclic 
structure of compounds of type 3 has been verified by X-ray 
crystal structure determination (8). 

Results and discussion 
Coupling the diazonium ion 1 with methylamine by our 

reported method (3) affords an unstable orange-red coloured 
compound, as previously observed. The Nujol ir spectrum of 
this product clearly shows that it is the 4-hydroxytriazine (3a), 
the expected cyclization product of the initially formed triazene 
(2a). In the ir spectrum, 3a shows a strong band at 3160 cm-' 

for the OH group and carbonyl absorption is completely absent, 
eliminating the open-chain triazene structure (2a) for this 
product, at least in the solid state. The situation is different in 
solution, however, since the nmr spectrum in CDC1, clearly 
shows that the equilibrium 2a % 3a is quickly established; the 
nmr also shows that the dehydration of 3a + 4a takes place as 
soon as the compound is in solution. Dehydration of the solid 
3a + 4a was also apparent when hours-old samples of 3a were 
examined by 'H nmr. These results are consistent with our 
previous investigation (3) at which time only 60-MHz nmr was 
available to us. 

We have reinvestigated the structures of these compounds by 
high resolution (360 MHz) nmr spectroscopy, which gives a 
clearer picture of the identity of the three possible components 
and provides useful spectroscopic information for analogues 
reported here. The nmr of 3a in CDCl, shows the N-Me protons 
at 6 3.66, OH at 6 3.15 (broad s), and a methyl signal at 6 1.90, 
assigned to the methyl at C-4, which confirms the cyclic struc- 
ture. The major component of the CDC13 solution is the open- 
chain triazene, but the chemical shift and singlet character of 
the N-methyl group (6 3.60) and the NH signal at 6 12.60 show 
without question that this triazene, like others with ortho sub- 
stituents (9), exists as the intramolecularly H-bonded tautomer 
5a. The growing presence of the final dehydration product (4a) 
is indicated by the signals at 6 3.59 (s, N-Me), 3.86 (d, J 2.56 
Hz, one vinylic CH), and 4.42 (d, J 2.56 Hz, the other vinylic 
CH). The low chemical shift of the vinylic protons of 4a arises 
from increased electron density at the exocyclic carbon atom, 
which indicates significant enamine character in this group. 
Careful control of the diazonium coupling reaction of 1 with 
methylamine gave a product free from the dehydrated form 
(4a). Attempts to separate the components of the mixture by 
chromatography resulted in complete conversion to 4a (3). The 
dehydration process (3a + 4a) was also observed as the major 
reaction pathway when the triazine (3a) was dissolved in meth- 
anol. A minor pathway in the methanolic dehydration is 
the formation of the carbinolamine ether, 4-methoxy-3,4-di- 
methyl-3,4-dihydro-l,2,3-benzotriazine, where the hydroxyl 
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9 

hydrolysis 

N' 

group in 3a is replaced by methoxyl. The formation of ethers 
of this type in alcoholic solution is a facile general reaction of 
4-hydroxy- 1,2,3-ben~otriazines.~ 

The alkene character of the exocyclic C=C moiety of 4a is 
evident in reaction with ozone, which affords the benzo- 
triazinone (6) in low yield; it should be emphasized that this 
reaction has little synthetic value since benzotriazinones are 
readily available by other routes (1). Oxidation of 4a by the 
atmosphere occurs slowly in chloroform solution and is also 
evident from nmr spectra when 4a is stored in the solid state for 
long periods; samples of 4a used in reactions described here 
are freshly prepared under a nitrogen atmosphere to minimize 
oxidation. 

The I3C nmr spectrum of 4a unequivocally confirms the 
structure, particularly with respect to the enamine character. 
The exocyclic vinylic methylene carbon atom gives a triplet 
signal at 6 75.9, which is at a relatively high field for an 
olefinic carbon atom. This enamine character, implied by both 
'H and I3C spectra, suggests that compounds of type 4 should 
undergo reaction with electrophilic species at the exocyclic 
vinylic carbon, such as protonation to give the triazinium 
species (9) (see Scheme 2); analogous reactions are known in 
the chemistry of 2-methylenepyridines (10) and quinolines 
(1 1). The formation of 9 should facilitate a ring-opening path- 
way to the diazonium ion (lo), which could undergo a number 
of synthetically useful pathways such as the Dimroth rearrange- 
ment to the methylaminocinnoline (7). 

Indeed, reaction of 4a with a hot mixture of acetic and 
sulphuric acids gave a product which was identified by 
spectroscopic analysis as 4-methylaminocinnoline (7). The ir 
spectrum of 7 has an NH absorption band at 3220 cm-' as the 
only characteristic band. The 'H nmr spectrum of 7 provides 
unequivocal evidence for the structure of the rearrangement 
product. The N-methyl signal at 3.15 ppm is a clear doublet, 
caused by coupling to the adjacent NH proton, which appears 
as a broad, poorly resolved quartet at 5.2 ppm. The aromatic 
region of the spectrum is typical of the ABCD system of an 
ortho-substituted benzene ring, with an additional one-proton 
singlet at 6 8.69, arising from the uncoupled proton at C-3 of 
the cinnoline. 

Considerable effervescent decomposition can occur during 
this reaction, resulting in a low yield of the cinnoline. Reaction 
of 4a  with acetic acid alone afforded only an intractable tar. 

3H. W. Manning, R. J. LaFrance, and K. Vaughan, unpublished 
results (manuscript in preparation). 

Nevertheless, the fact that 4a does rearrange to the cinnoline 7 
suggests that a general synthesis of 4-alkylaminocinnolines can 
be developed and further investigations in this direction are 
being pursued. Storr and co-workers (12) have shown that the 
conversion 4a -, 7 can also be achieved by flash vacuum 
pyrolysis. 

Reaction of 4a with dilute hydrochloric acid affords a red 
compound which can also be obtained, in greater yield, by 
reaction of 1 with 1.33 equivalents of methylamine and neutral- 
ization with sodium carbonate or by slow addition of a large 
excess of methylamine to the diazonium salt solution, as also 
described by Treppendahl and Jakobsen (13). The structure of 
the red product, independently identified by us and by them, is 
unequivocally derived by spectroscopic analysis as 3-methyl-4- 
(2'-acetylphenylazo)methylenebenzotriazine (8a). However, 
the reported data (13) appear to derive from a crude product, 
whereas in our hands the red product recrystallizes from ether 
to give a higher melting point product which, although sharply 
melting, is not a single compound, based on nmr evidence. The 
components of the recrystallized red product could not be sep- 
arated by repeated recrystallization and did not separate on tlc 
plates. 

The colour of this red product, which is also observed in 
solution, arises from an intense band in the visible region at 430 
nm (CH,CN). The mass spectrum shows a molecular ion at m / z  
305, which is consistent with a structure derived from a mole- 
cule of 4a coupled to the diazonium ion (1). The ir spectrum 
in Nujol shows a strong carbonyl band at 1675 cm-', which is 
consistent with an acetyl-carbonyl group ortho to an 
sp2-nitrogen (14). The 'H nmr spectrum of the recrystallized 
red product in CDCI, shows the presence of two components; 
the major component (-80%) gives 'H signals close to the 
reported values (1 3) and consistent with the azomethylenetria- 
zine structure (8a). The minor component is evident from the 
doubling of the acetyl-Me, N-Me, and vinylic CH signals in the 
'H spectrum; the doubling of the acetyl-Me and N-Me signals 
is also seen in the I3C spectrum. The major component has two 
methyl quartets at 6 32.3 (Ac-Me) and 42.4 (N-Me), compared 
to 32.7 and 48.1 for the minor component. Other significant 
features of the I3C spectrum of 8a  are (a) a carbonyl-carbon 
signal at 203.35 ppm; (b) splitting of the C-10 signal (1 17.66 
ppm) in the 'H-coupled spectrum into a quartet ( J  = 6.5 Hz) 
by three-bond coupling to the N-Me protons; (c) assignment of 
the signal at 124.27 ppm to the exocyclic methylene carbon, 
showing as it does only the doublet ( J  = 166.7 Hz) splitting in 
the coupled spectrum. 

It is tempting to suggest that the additional N-Me and acetyl- 
Me signals in the 'H and I3C nmr spectra of 8a  arise from the 
presence of a configurational isomer with almost identical 
physical properties. However, variable temperature nmr 
studies in both CDC1, and DMSO-d6 gave no evidence to 
corroborate such a suggestion. 

The mechanism of formation of the azo compound (8a) can 
formally be described as coupling a mole of the 2-acetylben- 
zenediazonium ion (1) to the methylenetriazine (4a) at the 
exocyclic methylene carbon; this is the anticipated behaviour of 
an enamine in the presence of an electrophilic diazonium ion. 
This route is the most likely explanation for the formation of 8 a  
during the slow treatment of 1 with MeNH2 (13), when the 
methylenetriazine is produced in the presence of unreacted 
diazonium ion. (If the diazonium ion is mixed rapidly with an 
excess of the amine, the major product is 3a; the orange-red 
colour of 3a  may be due to trace amounts of 8a,  although the 
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latter could not be detected by nmr.) 
However, this simple mechanism does not explain the for- 

mation of 8a when 4a is treated with HCl, and it is likely that 
an alternative mechanism (Scheme 2) is involved. Protonation 
of 4a and ring opening gives the imino-diazonium ion (lo), 
which then reacts with a second molecule of 4a to give the azo 
compound (11); hydrolysis of the imine function to the acetyl 
group by the aqueous acid affords the observed product (8a). 

An analogous red compound is formed by the reaction of 
o-acetylbenzenediazonium chloride with ethyl glycinate hydro- 
chloride, followed by neutralization with sodium acetate. The 
melting point of the crude product from this reaction is ca. 
1 10°C, indicating that the product is the same azomethylene- 
triazine (8b) reported (13) to have a melting point of 
1 10- 1 13°C. However, we have found that 8b can be recrys- 
tallized unchanged from ether to give red needles with mp 
128- 129°C. 

The ir spectrum of 8b shows no NH or OH bands, but does 
have two carbonyl bands at 1750 (ester) and 1675 (ketone) 
cm-'. The mass spectrum of 8b shows a molecular ion at m / z  
377 consistent with structure 8b. The nmr analysis of 8b was 
made difficult by the instability of the compound in CDC1,; 
decomposition in this solvent did not follow a recognizable 
pathway and the nmr spectra of decomposed solutions were 
extremely complex and unintelligible. The 'H nmr spectrum of 
a fresh solution of 8b in CDC13 was obtained, and could be 
interpreted to fit structure 8b; however, the proton signals are 
broadened and doubled. The 'H coupled I3C nmr spectrum of 
8b was assigned to a single species and gives an excellent fit 
to structure 8b; most of the signals in the spectrum of 8b are 
also found in the analogous spectrum of 8a. However, inter- 
pretable coupled spectra of 8b could not be obtained due to the 
decomposition taking place over the time required to record the 
coupled spectrum. Furthermore, 8b did not give measurable 
doubling of the methyl signals, unlike 8a, and 8b appears to be 
a single unstable species in CDCI,. 

The azomethylenetriazines 8a and 8b possess some chemical 
reactivity not shown by the methylenetriazines of type 4. The 
visible spectra of 8a and 8b change significantly when their 
solutions are made acidic. Thus the strong band at 420 nm in 
the spectrum of 8b in CH3CN shifts to 489 nm, and intensifies, 
when hydrochloric acid is added to the solution. The species 
responsible for the 489-nm band is unstable; the initial deep red 
colour of the HCl/CH3CN solution fades slowly to pink and 
then to colourless. An analogous shift, from 430 to 477 nm, is 
observed when HCI is added to an ethanolic solution of 8a; in 
this case the .acidified species is more stable and precipitates 
from the HCI/EtOH solution of 8a as deep-red crystals. The 
methylenetriazines of type 4 and the azomethylenetriazines (8) 
also differ in reactivity towards warm alcohols; triazines of type 
4 are inert to reaction with alcohols, whereas those of type 8 

I react with alcohols under mild thermal conditions to give 
metastable 1 : 1 alcohol-triazine adducts. The structures of 
these adducts, and of the hydrochloride salt of 8a, are currently 
being investigated and will be reported in a later paper in this 
series. 

The spontaneous formation of 8b during the coupling of 
ethyl glycinate with 1 indicates that the cyclodehydration 2b -+ 
3b + 4b is extremely facile and also shows that the methyl- 
enetriazine (4b) does indeed have a high degree of enamine 
reactivity as predicted (Scheme 2). When 4b is generated in the 
presence of unreacted diazonium ion, diazonium coupling to 
the exocyclic methylene carbon is fast and leads to the observed 

product (8b). Isolation of the intermediate triazene (2b) (or the 
cyclic tautomer 3b)  was achieved by slow addition of the 
diazonium salt to a solution of ethyl glycinate hydrochloride 
with a large excess of sodium carbonate. The product of this 
coupling is clearly a mixture of the isomers 2b and 3b; dehy- 
dration to the methylenetriazine (4b) occurs slowly in the solid 
and in chloroform solution. The ir spectrum of 2b % 3b shows 
that the material is a mixture, but also shows a minor com- 
ponent with a band at 21 10 cm-', indicating that some of 2b 
has undergone cyclization and rearrangement, via the hydroxy- 
triazole 12, to an a-diazoamide (5). 

A good yield of 4b was obtained directly from the diazonium 
coupling by leaving the crude product mixture, 2b % 3b, in the 
aqueous mother liquor overnight. Compound 4b is a stable, 
crystalline solid which recrystallizes without decomposition; 
4b is more stable than 4a and less prone to atmospheric ox- 
idation. The 'H and I3C nmr spectra of 4b are entirely con- 
sistent with the methylenetriazine structure and give similar 
chemical shifts to 4a. 

Cyclodehydration of 2b + 4b by the alumina/chloroform 
method (3) was not as clean as the conversion of 2a + 4a; 
a minor product of the alumina-catalysed cyclization of 2b 
was identified as the 5-hydroxytriazole (12) from its nrnr spec- 
trum. Similar cyclization of 3-ethoxycarbonylmethyltriazenes 
(Ar.N=N.NH.CH2.C0,Et) is a general reaction ( 3 ,  but in 
this case the competing reaction to give the six-membered 
heterocycle (4b) is the predominant one. 

Extension of the coupling reaction of 1 to a-cyanomethyl- 
amine, which should lead to the cyanomethyltriazene (2c), 
gave a product with ir and 'H nmr spectra in DMSO-d6 con- 
sistent with the cyclic structure (3c). The Nujol ir spectrum of 
3c  shows a strong OH-band, and the DMSO-d6 nmr spectrum 
shows a methyl signal at 6 1.77, consistent with the 4-methyl- 
triazine structure; in CDCl, solution, the methyl group moves 
to the acetyl-methyl region, indicating a complete transfor- 
mation to the open-chain triazene structure (2c) in this solvent. 
This cyanomethyl compound is rare (13) among the com- 
pounds of this type in the extremity of the change from DMSO- 
d6 to CDCI,; most compounds in this series show equilibrium 
character in chloroform solution. 

DMSO 
3c * 44c 

The I3C nmr spectra of this compound in the two solvents 
confirm these conclusions; in CDCI,, the open-chain structure 
is indicated by a carbonyl signal at 201.5 ppm, whereas in 
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DMSO-d6 the carbonyl signal is absent and is replaced by an 
sp3-carbon signal at 8 78.0 (C-4 of 3c). 'The sharpness of the 
signals and the singlet character of the N-CH2 signal in the 
CDCI, spectrum of 2c show clearly that a single, intra- 
molecularly H-bonded tautomer (5c) is the preferred tautomer 
of the open-chain form. 

A DMSO-d6 solution of 3c dehydrated completely to the 
methylenetriazine (4c) within 3 days at room temperature. 
However, reaction of 2c with alumina in chloroform followed 
a different route, in which cyclization to the five-membered 
heterocycle is favoured to afford the triazoloquinazoline (14). 
The structure of this novel tricyclic product is established 
unequivocally from nmr spectra: the isolated CH group at C-4 
of the triazole ring gives rise to a proton singlet at 8 8.18 and 
a carbon doublet at 8 126.6, with a large directly-bonded 
coupling constant (198 Hz). The intermediate 5-aminotriazole 
(13), the initial product of a path (b) cyclization of 2c (6), could 
not be isolated. This reaction offers a new synthesis of a novel 
heterocyclic system and the application of this method as 
a general synthesis of quinazolinotriazoles is currently being 
inve~tigated.~ 

The synthesis of the 3-cyanomethyl-4-arylazomethylenetri- 
azine (8c) under a variety of conditions that afforded the anal- 
ogous red compounds, 8a and 8b, could not be achieved. All 
attempts to prepare 8c  afforded the 4-hydroxytriazine (3c), or 
the cyclization product (14) derived from 2c. A logical expla- 
nation for this observation is the evident reluctance of 2c to 
undergo cyclodehydration in aqueous media to the methylene- 
triazine (4c), which is a required intermediate for the for ma ti or^ 
of 8c. 

Further extension of this series to the coupling reaction of 1 
with a-aminoacetophenone gave a very unstable triazene (2d), 
which decomposed within hours of preparation, even when 
kept desiccated under vacuum. However, reaction of the 
freshly made triazene with alumina in chloroform did afford a 
mixture of two relatively stable products, which were separated 
by differential solubility in ether. 

The major product, an ether-soluble oil, gave a characteristic 
ir spectrum, with strong NH and OH bands at 3450 and 3340 
cm-I and an intense diazo-group band at 2100 cm-', in addition 
to a carbonyl band at 1645 cm-'. The presence of a diazo- 
alkane group (-CHN2) is confirmed by a one-proton signal at 
6 5.9 in the 'H nmr spectrum and a doublet carbon signal at 
6 54.0 in the I3C n m  with a large directly-bonded coupling 
constant (198 Hz) typical of diazoalkanes (15). 

41t has now been shown that this method has general application to 
the synthesis of 5-alkyl- and 5-aryl-l,2,3-triazolo[5,1-a]quinazolines; 
the parent heterocycle can also be prepared in this manner (D. L. 
Hooper, H. W. Manning, R. J .  LaFrance, and K. Vaughan; manu- 
script in preparation for this journal). 

Full analysis of the ir, 'H and I3C nmr spectra of this product 
leads to the diazoalkane-carbinolamine structure (16). The for- 
mation of 16 arises by a type (b) cyclization to give initially the 
5-hydroxytriazolidine (15) and rearrangement of 15 by ring- 
opening at the N1 -N2 bond. 

Experimental 
Melting points were obtained on a Kofler hot-stage apparatus and 

are uncorrected. Infrared spectra were recorded with Nujol mulls on 
a Perkin Elmer 299 grating spectrophotometer. The nmr spectra were 
obtained with Varian CFT20 (80 MHz) and Nicolet 360NB (360 MHz) 
spectrometers and mass spectra were recorded with a Dupont CEC- 
104 medium resolution spectrometer. Ultraviolet/visible spectra were 
recorded on a Cary 219 (Varian) spectrophotometer. Elemental 
analyses were determined by the Canadian Microanalytical Service, 
Vancouver, B.C., Canada. 

3,4-Dirnethyl-4-hydroxy-3,4-dihydrobenzo- ,2,3-triazine (3 a) 
2-Aminoacetophenone (1.35 g), dissolved in concentrated hydro- 

chloric acid (3 mL) and water (25 mL), was diazotized with sodium 
nitrite (0.80 g) in water (15 mL) at 0°C. The mixture was stirred at 0°C 
for 20 min, diluted with water (30 mL), and the temperature taken 
down to -4°C. Aqueous methylamine (40%) (5.0 g) was added rap- 
idly to the diazonium salt solution, so that the temperature did not rise 
above 5°C. The mixture was cooled quickly to -4°C over a 5-min 
period and the resulting orange-red precipitate was filtered and dried 
to afford the crude triazine (3a), I. l g (63%), mp 85 -95°C (lit. (1 3) 
mp 104- 107°C); C,,,: 3 160 cm-I; 6 (CDCI,): 1.90 (s, CH3 at C-4 of 
3a), 2.60 (s, ace:yl-Me, Sa), 3.60 (s, N-Me, Sa), 3.66 (s, N-Me, 
3a) ,  5.15 (br s, OH, 3a), 6.9-7.9 (m, arom., 3a  & 5a),  12.60 
(s, NH, 5a). 

4-Methylene-3,4-dihydrobenzo-1,2,3-triazie (4a) 
The crude triazine (3a) (0.3 g) was dissolved in chloroform and 

neutral alumina (9.3 g) added to the solution. After stirring at room 
temperature for 3.5 h, the solution was filtered and evaporated to 
dryness in vacuo to afford the pure methylenetriazine, 0.27 g (quant.), 
mp 64-67°C (lit. (3) mp 64-66°C): "C nmr (CDCI,): 40.5 (q, J 140 
Hz, N-CHI), 75.9 (t, J 161.8 Hz, exocyclic =CR2), 119.3 (m, C-4 
of triazine), 121.1 (dd, J 161.5 and7.7 Hz, arom.), 127.1 (dd, J 164.3 
and 7.4 Hz, arom.), 130.3 (dd, J 163.0 and 8.25 Hz, arom.), 130.6 
(dd, J 162.8 and 8.15 Hz, arom.), 135.7 (s, arom.), and 136.7 (m, 
arom.) ppm. 

Ozonolysis of 4a 
The methylenetriazine (4a) (0.68 g) was dissolved in a mixture of 

carbon tetrachloride (75 mL) and chloroform (5 mL); the solution was 
filtered to remove a small amount of insoluble impurity. Ozone was 
passed through the solution for 1.5 h. The solution was again filtered 
and the filtrate evaporated to dryness under reduced pressure to afford 
an orange residue. Recrystallization of the crude product from 50% 
aqueous ethanol gave 3-methyl-l,2,3-benzotriazin-4(3H)-one (6) as 
colourless needles, 0.1 g (15%), mp 121 - 123°C; V,,,: 1670 cm-I; 6 
(CDC13): 4.0 (s, 3H, N-Me), 7.7-8.2 (m, 4H, arom.). The product 
was identical with an authentic sample (mixture mp 121 - 123°C and 
ir spectrum) (1). 

4-Methylarninocinnoline (7) 
The methylenetriazine (4a) (0.28 g) was treated with a warm (37°C) 

mixture of glacial acetic acid (2.5 mL) and conc. sulphuric acid 
(2.5 mL) and the mixture heated at 54°C for a few minutes. Some 
effervescence was evident during the reaction. The mixture was 
poured over ice (13 g) and the resulting solution was neutralized with 
6 M sodium hydroxide. The mixture was filtered to remove a small 
amount (10 mg) of an unidentified solid, and the filtrate extracted with 
ether. During the ether extraction, a precipitate formed in the aqueous 
layer. Evaporation of the dried ether extract gave a negligible yield of 
an oil, whereas separation of the precipitate in the aqueous layer (after 
2-3 days) afforded the 4-methylaminocinnoline (7), 0.04-0.15 g 
(12-30%), mp 238-239°C (off-white prisms from dimethylsul- 
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foxide) (lit. (16) mp 224°C); ii,,,: 3220 (NH), 1580 cm-I; 6 (CDC1,): 
3.15 (3H, d, J 5 . 1  Hz, N-CH,), 5.2(1H, br, NH), 7.6(1H,dt,  5 7 . 1  
and 1.0 Hz, arom.), 7.8 (2H, m, arom.), 8.3 ( lH,  dd, J 8.9 and 
1.3 Hz, arom.) and 8.7 (lH, s, arom. H at C-3 of pyridazine ring). 

1-(2'-Acetylphenyl)-3-ethoxycarbonylmethyltriazene (2b) 
A cold solution of 2-acetylbenzenediazonium chloride (0.01 mol) in 

water (15 mL) was added dropwise with stirring to a cold (0°C) 
solution of ethyl glycinate hydrochloride (0.02 mol) and sodium car- 
bonate (0.05 mol) in water (70 mL). The colour of the solution 
changes from pale yellow to bright orange-red and an orange-red oil 
is formed. The product was immediately extracted with chloroform 
and the chloroform extracts were washed (HzO), dried, and evapo- 
rated to afford the triazene (2b), 2.19 g, ii,,,: 3460(sh), 3350(br), 
3240(br), 2 1 10(w), 1750, and 1650 cm-I; 6 (CDCI,): 1.3 (t, J 8 Hz, 
C-CH,, 4b), 1.33 (t, J 8 Hz, C-CH3, 2b), 2.67 (s, acetyl-Me of 2b), 
3.77 (d, J 3  Hz, vinylicproton, 4b), 4.30(q, J 8  Hz, 0-CHI, 2band 
4b), 4.5 (d, J 3 Hz, vinylic proton, 4b), 4.60 (s, N-CH,, 2b), 4.73 
(s, N-CH,, 4b), 7.0-7.9 (m, arom., 2b and 4b). 

The oily product was unstable and deposited crystals within 12 h. 
Recrystallization of the decomposed mixture from ether afforded the 
methylenetriazine (4b), 0.78 g, rnp 91 -95°C. 

3-(Ethoxycarbonylmethyl)-4-methylene-3,4-dihydrobenzo-1,2,3- 
triazine (4b) 

(a) 2-Aminoacetophenone (2.7 g) was dissolved in conc. hydro- 
chloric acid (5.2 mL), with water (20 mL), and diazotized at 0°C with 
sodium nitrite (1.38 g) in water (6 mL). Sodium carbonate (10.5 g) 
was dissolved in water (40 mL), mixed with ethyl glycinate hydro- 
chloride (5.6 g), and the resulting slurry, which had a pH 10, cooled 
to 0°C. The cold diazonium salt solution was added slowly to the ethyl 
glycinate slurry with vigorous stirring. After stirring for 0.5 h, the 
mixture was observed to contain a suspension of a pale yellow precip- 
itate and a heavy orange oil. The oil was retained in the reaction vessel 
after decantation of the aqueous layer; the precipitate in the aqueous 
layer was found to be mainly inorganic and was discarded. The oil was 
kept at room temperature for 24 h, during which time it solidified to 
give an orange-yellow solid. Recrystallization from a mixture of ether 
and petroleum ether gave lustrous yellow needles of the methylene- 
triazine (4b), 2.5 g (54%), mp 94-97°C; Em,,: 1750 cm-I; 6 (DMSO- 
d6): 1.2 (3H, t, J 8 Hz, CH,), 3.83 (lH, d, J 3 Hz, vinylic), 4.20 (2H, 
q, J 8 Hz, 0-CH2), 4.6 (1 H, d, J 3 Hz, vinylic), 4.87 (2H, s,  N-CHI), 
and 7.4-7.9 (4H, m, arom.); I3c nmr (CDCI,): 14.07 (q, J 127 Hz, 
CH3), 54.5 (t, J 141 HZ, N-CH,), 61.7 (t, J 147 HZ, 0-CHz), 76.4 (t, 
J 161.6 Hz, exocyclic vinylic CHI), 119.5 (s), 121.4 (dd, J 161 and 
7 Hz), 127.7(dd, J 164and6.8Hz), 130.6(dd, J 163.6and 7.9Hz), 
131.2 (dd, J 162 and 7.5 Hz), 134.9 (s), 136.2 (s), and 167.6 (s, 
C=O) ppm. Anal. calcd. for C12H,3N302: C 62.3, H 5.7, N 18.2%; 
found: C 61.93, H 5.86, N 17.71%. 

(b) 1-(2-Acetylphenyl)-3-ethoxycarbonylmethyltriazene (2b) (0.17 
g) was dissolved in chloroform (12 mL) and neutral alumina (7 g) was 
added. The mixture was stirred at room temperature for 16 h, filtered 
to remove alumina, and the filtrate evaporated to dryness to afford a 
mixture of two products (0.1 15 g). The major component ( ~ 8 0 % )  
gave 'H nmr signals identical to those of 46, described above; the 
second component (=20%) was identified as 1-(2-acetylpheny1)-5- 
hydroxytriazole (12), 6 (CDCI,): 2.60 (s, 3H, acetyl-Me) and 
6.5-7.8 (m, 6H, arom. + OH). 

3-Cyanomethyl-4-hydroxy-4-methyl-3,4-dihydrobenzo-1,2,3-triazine 
f3c) 

A cold solution of 2-acetylbenzenediazonium chloride (0.01 mol) 
was added dropwise to a cold solution of aminoacetonitrile bisulphate 
(0.02 mol) and sodium carbonate (5.24 g) in water (40 mL). An 
immediate orange-red precipitate was formed; after stimng for 15 
min, the precipitate was filtered to afford the triazine (3c), 1.49 g 
(74%), mp 93 -95°C (from ether/chloroform); ii,,,: 3 170 (strong and 
broad, OH), 1640 (w) cm-I; 8 (DMSO-d6): 1.77 (3H, s, CH3), 5.03 
(2H, s, CH2), 7.05 ( lH,  br s, OH), and 7.5 (4H, AA'BB', arom.); I3C 
nrnr (DMSO-d6): 27.3 (q, J 125 Hz, CH3), 36.9 (t, J 148 Hz, CH2), 

78.0 (s, C-4 of triazine ring), 118.1 (t, J 8 Hz, C=N), 124.5 (dd, J 
163 and 4.5 Hz), 124.8 (s), 125.2 (dd, J 163 and 6.4 Hz), 129.4 (dd, 
J 163 and 7.7 Hz), 130.7 (dd, J 163 and 7.5 Hz), and 135.6 (t, J 5.8 
Hz) ppm. Anal. calcd. for CIOHION40: C 59.4, H 5.0, N 27.7%; 
found: C 59.33, H 5.13, N 27.60%. 

3-(2'-Acetylpheny1)-1 -cyanomethyltriazene (5c) 
This triazene was observed only in solution when the 4-hydroxy- 

triazine (3c) was dissolved in chloroform; 5c  gave the following nmr 
data: ti (CDC13): 2.62 (3H, s,  CH,), 4.6 (2H, s, CH,), and 6.9-7.9 
(5H, m, arorn. + NH); "C nmr (CDCI,): 28.14 (q, J 128 Hz, CH,), 
47.4 (t, J 146 Hz, N-CH,), 114.5 (d, J 159.3 Hz), 114.9 (t, 
J 9.52 Hz, C=N), 118.7 (s), 121.5 (dd, J 164.9 and 8.9 Hz), 131.6 
(dd, J 158.5 and 7.9 Hz), 134.9 (dd, J 159.8 and 7.9 Hz), 142.8 
(t, J 4.8 Hz), and 201.5 (d, J 4.9 Hz, C=O) ppm. 

3-Cyanomethyl-4-methylene-3,4-dihydrobenzo-1,2,3-triazine (4c) 
A solution of the 4-hydroxytriazine (3c) in DMSO-d6 was left at 

room temperature for 3 days. The nmr spectrum showed that the 
hydroxytriazine had undergone dehydration, cleanly and quanti- 
tatively, to give the methylenetriazine (4c), which gave the following 
nmr spectrum: 6 (DMSO-d6): 4.27 ( lH,  d, J 3 Hz), 4.87 ( lH,  d, 
J 3 Hz), 5.3 (2H, s), and 7.5-8.0 (4H, m). 

5-Methyl-] ,2,3-triazolo[l,5-a]quinazoline (14) 
The 4-hydroxytriazine (3c) (0.2 g) was dissolved in chloroform 

(12 mL) and neutral alumina (7 g) added to the solution. The mixture 
was stirred vigorously at room temperature for 17 h, filtered, and 
evaporated to dryness to afford the triazoloquinazoline (14), 0.18 g 
(99%), mp 145°C; 6 (CDCI,): 2.95 (3H, s, CH,), 7.72 (IH, dt, J 7.8 
and 1.1 Hz,arom.),7.98(1H,dt,J7.8and 1.2Hz,arom.),8.17(lH, 
dd, J 8.2 and 0.67 Hz, arom.), 8.18 ( lH,  s, C-H at C-4 of triazole 
ring), and 8.70 (IH, d, J 8.3 Hz, arom.); "C nmr (CDCI,): 22.7 (q, 
J 130Hz, CH,), 115.8 (dd, J 168.6and7.2Hz), 118.4(s), 126.6 (d, 
J 198 Hz, C-4 of triazole), 127.0 (dd, J 162 and 7.4 Hz), 127.5 (dd, 
J 163 and 7.6 Hz), 132.8 (s), 134.3 (dd, J 163 and 8.0 Hz), 139.9 
(d, J 14 Hz), and 161.3 (quintet, J 11.8 Hz). 

1-(2'-Acetylpheny1)-3-benzoylmethyltriazene (2d) 
2-Aminoacetophenone (1.35 g) was dissolved in conc. hydrochloric 

acid (2.6 mL), with water (10 mL), and diazotized at 0°C with sodium 
nitrite (0.69 g) in water (3 mL), and stirred for 0.5 h. A solution of 
a-aminoacetophenone hydrochloride (3.43 g) in water (70 mL) was 
basified with sodium carbonate (5.24 g) and the resulting yellow 
solution was treated slowly with the diazonium salt solution. Precip- 
itation was immediate and, after stirring for 15 min, the product was 
filtered and partially dried to afford the crude triazene (2d), 3.7 g, mp 
80-82°C. This triazene is unstable and decomposes quickly, even 
when stored in a vacuum desiccator. It is used immedately after partial 
drying for subsequent reaction. 

2-(2 '-Acetylphenylamino)-2-hydroxy-2-phenyldiazoethane (16) 
The crude triazene (2d) (1.8 g) was dissolved in chloroform (75 

mL) and mixed with neutral alumina (63 g). After stirring for 14 h, the 
alumina was removed by filtration and the filtrate evaporated to afford 
an oil, 1.72 g, which solidified partially over 24 h. Crystallization 
of the mixture from etherlmethylene chloride afforded a low yield 
(0.1 g) of a crystalline product, mp 198"C, which was identified by 
nmr as 3,6-diphenyl-2,5-dihydropyrazine (the expected dimerization 
product of a-aminoacetophenone). Evaporation of the filtrate afforded 
the diazoethane (16), 1.6 g, as an oil, V,,,: 3450(0H), 3340(NH), 
2150(sh), 2100(CN2), and 1645(C=O) cm~- ' ;  6 (CDCI,): 2.60 (s, 
3H, acetyl-Me), 5.9 (s, 1H, CHN,), 6.25 (br s,  IH, OH), 6.5-6.8 
(m, 2H, arom.), 7.3-8.2 (m, 7.5H, arom. + NH), and 9.1 (s, OSH, 
NH); "C nmr: 27.7 (q, J 127 Hz, acetyl-Me), 54.0 (d, J 198 Hz, 
CHN2),77.1(s), 116.4(d,J8Hz), 117.0(dd,J8and158Hz), 118.0 
(s), 126.5 (dt, J 7 and 167 Hz), 128.5 (dd, J 7.6 and 169 Hz), and 
131.8 (dd, J 8 and 164 Hz), 132.5 (dt, J 7.5 and 158 Hz), 134.2 (dd, 
J 9.1 and 146 Hz), 136.5 (t, J 7.4 Hz), 150.1 (s), 186.1 (s), and 
200.5 (s) . 
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3-Methyl-4-(2'-acetyIphenylazo)-methylene-3,4-dhydro-l,2,3- 
benzotriazine (8a) 

(a) A solution of 2-aminoacetophenone (1.35 g) in conc, hydro- 
chloric acid (3 mL), diluted with water (25 mL), was cooled to 0°C 
and diazotized with sodium nitrite (0.8 g) in water (5 mL). After 
stirring for 10 min, a solution of 40% aqueous methylamine (1.0 g, 
1.33 equiv.) in water (10 mL) was added to the diazonium salt solu- 

! tion. The solution darkened in colour at this point but remained clear. 
The solution was neutralized with saturated sodium bicarbonate, while 

! maintaining the temperature at O°C, and a dark red precipitate formed 
immediately. The product was filtered, dried, and recrystallized from 

. . . ,  . . .  . 
ether/chloroform to afford the azomethylenetriazine @a), 0.95 g 

. . . .. (62%), mp 157- 159°C (red needles) (Note: the reported (13) mp of . .  . .  . . . 1 8a is 142°C; the crude product obtained by this method had mp 
142°C); G,,,: 1675 cm-I; A.,,, (CH'CN): 193(~ 3.37 x 104), 231 (~  
2.93 X lo4), 268 (~  9.2 X lo3), 304 s h ( ~  5.3 x lo'), and 4 3 0 ( ~  2.8 
X lo4) nm; 6 (CDCI,): 2.48 and 2.60 (3H, singlets, acetyl Me), 3.94 
and 4.37 (3H, singlets, N-Me), 7.36 (t, J 7.4 Hz, arom.), 7.43 and 
7.74 (lH, singlets, vinylic =C-H), 7.52 (t, J 7.9 Hz, arom.), 7.55 
(d, J 6.6 Hz, arom.), 7.58 (d, J 8.1 Hz, arom.), 7.68 (t, J 5.4 Hz, 
arom.),7.68(d,J7.5Hz,arom.),7.83-7.86(m,arom.),7.91(d, 
J 7.2 Hz, arom.), and 8.93-8.96 (m, arom.); I3C nmr (CDCI,): 32.3 
(q, J 128 Hz) and 32.7 (q, J 128 Hz), acetyl Me; 42.38 (q, J 141.3 

. . 
. . , Hz), and 48.12 (q, J 142.7 Hz), N-Me; 117.7 (q, J 6.5 Hz, C-4 of 

- ' ' 1  triazine ring), 118.0 (weak), 119.7 (dd, J 162 and 8.4 Hz, arom.), 
124.3 (d, J 167 Hz, exocyclic vinylic =CH), 128.0 (dd, J 162 and 

! 7.0 Hz), 128.3 (dd, J 164 and 7.9 Hz, 130.2 (dd, J 168 and 4.3 Hz), 
131.3 (dd, J 162 and 8.4 Hz), 132.7 (dd, J 164 and 8.7 Hz), 133.2 
(dd, J 162 and 7.3 Hz), 136.6(t, J 6.2 Hz), 138.0 (t, J 1.6 Hz), 139.3 

1 (t, J 3.2 Hz), 152.1 (t, J 7.5 Hz, arom. C adj. to azo group), and 

1 203.35 (s, C=O) ppm; m/z: 305(M+), 290,289,278,273,259,232, 
1 220,219, 184, 120,92. Anal. calcd. for C,,HlsNsO: C 66.87, H 4.95, 
I N 22.94%; found: C 66.88, H 5.06, N 22.90%. 
i 
! (b) 3-Methyl-4-methylene-3,4-dihydro-1,2,3-benzotriazine (4a) 
! (0.5 g) was dissolved in 2 M hydrochloric acid (10 mL), which 
! produced an immediate pink colouration. After stirring at room tem- 

perature for 15 h, the deep-red mixture was filtered and neutralized 
with sodium bicarbonate. The solution turned orange and a gummy oil 
separated. Trituration of the oil with ether afforded a solid which was 
filtered to afford the azomethylenetriazine @a), 0.10 g (21%); 
the product was identical (ir and nmr spectra) to the sample prepared 

, in (a). 

3-Ethoqcarbonylmethyl-4-(2'-acetylphenylazo)methylene-3,4- 
dihydro-1,2,3-benzotriazine (8b) 

2-Aminoacetophenone (3.48 g) was dissolved in 2 M hydrochloric 
acid (60 rnL) and diazotized at O°C with sodium nitrite (1.8 g) in water 
(8 mL). The diazonium salt solution was treated in one portion with 
a solution of ethyl glycinate hydrochloride (4.0 g). The resulting light 
yellow solution was then neutralized with an aqueous sluny of sodium 
acetate hydrate (40 g) and an immediate orange prec~pitate developed. 
After stirring for 20 min, the product was filtered to afford the azo- 
methylenetriazine (8b), 4.8 g (97%). Recrystallization of the crude 
product from ether gives red needles with mp 128- 129°C (Note: the 
reported (13) mp of this compound is 110- 1 13°C; the crude product 
obtained by the method described here had a mp varying from 
105-108°C to 112- 115°C); G,,,,: 1750 and 1675 cm-I; A,,,,: 

(CHFN): 193 (~  2.67 x lo4), 230 (~  2.20 x lo4), and 4 2 0 ( ~  2.78 x 
lo4) nm; A,,,: (CH3CN + HCI): 192 (~  2.0 X lo5) and 489(unstable) 
nm; 6 (CDCI,): 1.12(t) and 1.3(br), (3H, C-CH3); 2.46(br) and 
2.65(s), (3H, acetyl Me); 4.l(q) and 4.32(br), (2H, 0-CH,); 5.08(br) 
and 5.6(s), (2H, N-CH,); 7.35-8.0(m, arom.), and 8.95(br m, 
arom.); I3C nmr: 13.9 (q, J 127 Hz, Me of ethyl ester), 32.9 (q, 
acetyl-Me); 59.53 (t, N-CH2), 61.5 (t, 0-CH,), 116.2 (arom., C-4 of 
triazine), 118.1, 119.7, 121.9, 128.0, 128.2, 128.4, 130.3, 131.0, 
132.7, 133.8, 136.9, 138.3, 150.9 (arom. C adj. to azo group), 166.9 
(s, ester C=O), and 203.3 (s, ketone C=O). Anal. calcd. for 
CZOH19N503: C 63.65, H 5.07, N 18.56%; found: C 63.70, H 5.36, 
N 18.40%. 
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On the electrical double layer between mercury and aqueous solutions 
of sodium citrate 
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S. GONZALEZ, S. V. ALVAREZ, and A. AREVALO. Can. J. Chem. 63, 2462 (1985). 
The adsorption of citrate ions at the Hglaqueous CitNas interface was studied, using both differential capacity and 

electrocapillary measurements. The results contrast with those obtained previously by Barradas et al.  The hump of the C d - E  
curve increases as the concentration of the solution increases to 0.5 M, to diminish beyond 1 M. The plots of +"'-' vs. q- '  
are linear and parallel to one another for the different values of q,  which is in agreement with the results obtained by other 
authors for different anions. A Frumkin isotherm is also associated for the adsorption process and, finally, the parameters are 
obtained for the interface, using a type of isotherm proposed by Grahame. 

S. GONZALEZ, S. V. ALVAREZ et A. AREVALO. Can. J. Chem. 63, 2462 (1985). 
Faisant appel ii des mesures de capacitk diffkrentielle et d'klectrocapillaritk, on a Ctudik I'adsorption des ions citrates i 

I'interface Hg/Na3Cit aqueux. Les rksultats obtenus contrastent avec ceux obtenus antkrieurement par Barradas et ses 
collaborateurs. La bosse qui existe dans la courbe Cd-E augmente avec une augmentation de la concentration de la solution 
jusqu'i une concentration de 0,5 M; cette particularitk diminue au-dela d'une concentration de 1,O M. Pour diverses valeurs 
de q,  les courbes de +"'-' en fonction de q-' sont'linkaires et parallkles I'une a I'autre; ceci est en accord avec les rksultats 
obtenus par d'autres auteurs pour des anions diffkrents. Une isotherme de Frumkin est aussi associCe avec le processus 
d'adsorption et, utilisant un type d'isotherme proposk par Grahame, on a finalement obtenu les paramktres de I'interface. 

[Traduit par le journal] 

Introduction 
A kinetic study of the Cu(I1)-citrate system in its reduction 

at the dropping mercury electrode (dme) (1) pointed to the 
necessity of more detailed knowledge of the citrate-Hg inter- 
face. The only work related to the said interface in the literature 
is that of Barradas e t  al. (2). However, they operated with pH 
8.8 which is a unit higher than the one we use. 

Experimental 
The citric acid and sodium hydroxide, both of Analytical grade, 

were supplied by Merck. 
The differential capacity measurements were obtained with an al- 

ternate current impedance bridge, as described by Sluyters and co- 
workers (3). The Cd values, independent of the frequency between 
100 and 10000 Hz, were measured at 1 kHz with an amplitude of 
5 mV across the cell. 

The measurements of surface tension were carried out with a capil- 
lary electrometer, calibrated using 0.1 M KC], taking the values deter- 
mined by Devanathan and Peries as reference (4). The capillary elec- 
trometer was controlled by a presostate designed by the Ruska firm. 
The measurements of the zero charge potential (E,), were carried out 
with a streaming mercury electrode (5). 

The dme capillary was internally treated with dimethyldichloro- 
silane vapour. The counterelectrode consisted of a pool of mercury 
connected to the exterior by way of a Pt wire. The reference electrode 
was the sce of the Ingold firm. 

'The pH was measured with a high precision pH meter, model pHM 
84 by Radiometer, and a mixed glass electrode, model GK 2401 C. 

The solutions were prepared starting from citric acid and adding 
carbonate-free NaOH to pH 7.80. The percentage of free Cit3- was 
calculated at 99.8% at that moment, using the pK of citric acid deter- 
mined bv Petit-Ramel and Khalil (6). The concentrations studied 

purity supplied by Oxican was used to eliminate oxygen from the 
solutions and as an inert atmosphere. 

Results and discussion 
Figure 1 shows the variation in Cd of the double layer as a 

function of the potential at all concentrations of sodium citrate 
studied, at pH 7.80. 

The capacity minima at the most dilute concentrations take 
place at potentials slightly more negative than the point of zero 
charge, as is expected for highly asymmetric electrolytes. 

The capacity of the hump increases when the concentration 
changes from 0.05 M to 0.5 M, decreasing later to 1 M. This 
behaviour is analogous to that of the majority of anions. 

The Cd-E curves were integrated twice, taking the E, and 
the surface tension corresponding to this potential as integral 
constants. The first integration gives the density of charge at 
the Hg, q,  and the second the electrocapillary curves, which 
coincide with those obtained experimentally, as shown in Table 
1 for the case of the 0.1 M solution of Na3Cit. The coordinates 
of the electrocapillary maximum are presented in Table 2. 

(a)  Amount of specific adsorption, q-' 
In order to determine the q-' charge due to specifically 

adsorbed Cit3- anions, the Parsons function was adopted (7): 

[ l ]  c + = - y + q E +  

The values of the E, potential with regard to the reference 
electrode were converted to E+ values by means of the well- 
known Frumkin relation (8): 

[2] E, = E+ + ( R T / z + F )  In a+  + constant . . 
cover the range 0.01 - 1.0 M. In the absence of data on ionic coefficients of medium activity 

In an attempt to dispel the doubt due to the variation in the potential 
of union of liquids, Ej ,  a solution of 0.1 M of sodium citrate was kept of sodium citrate solutions, the coefficients determined for 

permanently in contact with the reference electrode. The Ej of the trisodium (9) were taken P ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Y .  
second union, Na3Cit 0.1 M/Na3Cit x M, was calculated for each x by The values obtained by the Parsons function, c + ,  were 
the Henderson equation, the E, potential being determined in this inte~olated for integer values of the charge. 
manner. The charge due to anions, q - ,  was evaluated using the 

All measurements were taken at 25 ? O.l°C. Argon of 99.96% relation: 
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.- 
a I I 

0 - 500 (E-E )lmV 

FIG. 1 .  Differential capacity -potential curves for Hg in aq. Na3Cit 
solutions at 25°C and pH 7.80. ( a )  0.01, ( b )  0.02, (c) 0.05, (d) 0.  I, 
(e) 0.2, (f) 0.5, and (g) 1 M. 

[3] q-  = -(z-F/RT)(a<+/va In a,), 

The charge due to cations, q + ,  was then obtained from the 
relation: 

Assuming that the cation is not specifically adsorbed at all the 
range of potentials (i.e. q +  = qd,), the value of +2 was cal- 
culated by means of the Gouy-Chapman theory, using the 
following expression resulting from the work of ~ r a h a m ~ ( l 0 )  
numerically evaluated thus: 

where y = F+,/RT, A = ( E E ~ R T C / ~ I T ) ' / ~ ,  is the potential at 
the OHP, E the dielectrical constant of the solution, E,, the 
permittivity of the vacuum and the remaining symbols have the 
usual meaning. 

The values of +2 were used to obtain the charge of the diffuse 
layer due to anions, q'!, evaluated from the expression by 
Grahame: 

The specifically adsorbed charge, q-I, was obtained from the 
values of qd' and q- ,  according to: 

Figure 2 shows the specifically adsorbed charge, q-I, against 
the charge of the electrode at different concentrations of sodium 
citrate. It is evident that the curves are linear and parallel over 

.EZ ET AL. 2463 

e J I  r 1 I I I 

FIG. 2.  Plot of charge due to specifically adsorbed citrate ions vs. 
electrode charge. 

TABLE 1 .  Surface tension for solutions of sodium 
citrate 0.1 M,  pH 7.80, at different potential 

E - EzImV yexp/pJ Ycalcd - Yexp 

TABLE 2. Coordinates of the electrocapillary maximum 
for solutions of aqueous sodium citrate at pH 7.80 

"E,  is the fern of the cell: Hg/Hg2C12 11 saturated KC1 11 0. I M 
NalCit 11 x M Na,Cit/Hg. 

the range of q covered. The slopes of the lines are -1, in 
complete agreement with the majority of anions. 

(b) Components of the differential capacity 
The potential drop (c$~-') across the inner layer due to 

specific adsorption was calculated from the equation: 

where K is the value of +M-2 corresponding to E ,  in the absence 
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2464 CAN. J .  CHEM. VOL. 63, 1985 

FIG. 3. Plot of potential drop across the inner layer vs charge due 
to specifically adsorbed citrate ions. The numbers above the lines 
indicate the charge on the electrode in pC cm-'. 

of specific adsorption. 
The resulting +M-2 values were plotted against q-I, for in- 

teger values of q, as shown in Fig. 3. As observed with KC1 
(1 l), sodium benzenedisulfonate (1 2), and KN03 ( 1  3), the data 
determine a series of parallel straight lines. 'The shifts of some 
points is attributable to errors introduced by the graphical 
differentiation. 

The capacity was analysed with the aid of the diffuse layer 
theory and the values of dq-'Idq obtained by graphical differ- 
entiation of the lines in Fig. 2. The capacity of the internal 
region, Ci, was obtained by way of the relation: 

where Cd is the capacity of the diffuse layer, which for a 1 : 3 
electrolyte is given by: 

Ci was then divided into two components in accordance 
with: 

[ l l ]  l /Ci  = l/,Ci + (I/,-1Ci)(dq-lldq) 

where ,Ci is the inner layer capacity at constant specific ad- 
sorption and ,-1Ci the capacity at constant charge on the metal, 
defined respectively by: 

[i2] ,ci = (aq/a+M-2),-~ 
and 
[i3] ,-1ci = (aq-l/a+M-2), 

As occurs in the majority of the systems studied previously, 
,-I Ci is independent of the amount adsorbed (in agreement with 
the linearity and parallelism of the plots in Fig. 3) and may 
therefore be substituted by the corresponding integral capacity, 

FIG. 4. Differential capacity of the inner layer of the mercury elec- 
trode in aqueous Na3Cit as a function of the charge on the electrode 
and concentration of NasCit: (V) 0.01, (0) 0.02, (0 )  0.05, (+) 0.1, 
(X) 0.2, (A) 0.5, and ( 0 )  l M. 

FIG. 5. Component of the capacity of the inner layer measured at 
constant amount adsorbed as a function of the charge on the metal 
and concentration of Na3Cit: (V) 0.01, (0) 0.02, (0 )  0.05, (+) 0.1, 
(X) 0.2, (A) 0.5, and ( 0 )  1 M. 

,-IK', the value of which in our system is 178 p,F ~ m - ~ .  
The capacity of the total inner layer, Ci,  and the capacity at 

constant charge adsorbed, ,Ci, are shown as a function of q for 
several concentrations of salt in Figs. 4 and 5. As can be 
observed, the values of both capacities depend greatly on the 
concentration for zero charge, but this dependence declines as 
the charge increases. 

(c)  Isotherm of adsorption 
The results were fitted to a Fmmkin-type isotherm as fol- 

lows: 
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GONZALEZ ET AL 

FIG. 6. Curve composed of the covering of specifically adsorbed 
citrate ions from solutions of Nagit (0 = TIT,). 

This adjustment is presented in Fig. 6, where the solid line is 
the theoretical curve and the values of the constants proved to 
be: 

A = 3  
- 1  

q, = 35 KC ~ m - ~ ;  I?, = 7.28 X lOI3 molecules cm-2 
In p = 33.60 + 0.2049 

where A is the coefficient of lateral interaction, I?, the covering 
of saturation, q,' equals z-Fr, ,  and P is related with the 
standard free energy of adsorption at zero covering, according 
to: 

[15] P = exp (-AGO/RT) 

The high value of the area of saturation per anion (137 
A2/anion) suggests that the plane of the molecule is parallel to 
the surface of the Hg, the said orientation remaining practically 
constant since the results can be adjusted to a single isotherm 
with a constant value of the coefficient of lateral interaction, A. 

In 1958, Grahame (14) proposed the use of the following 
adsorption isotherm: 

[16] -q-' = a, exp (@ - z$,F)/RT 

where the free energy of adsorption is expressed arbitrarily as 
the sum of a chemical term (@), analogous to the potential of 
specific adsorption by Stem and an electrical term (z$,F), 
where $I is the inner Helmholtz potential corresponding to the 
plane of the closest approach of the anion. Expression [16] was 
later modified by Parsons et al. (15) to give 

FIG. 7. Test of eq. [I71 for adsorption of citrate on Hg. The 
numbers above the lines indicate charge on the electrode in yC ~ m - ~ .  

TABLE 3. Properties of the internal region in presence of adsorbed 
citrate ion 

where A is defined by means of the equation: 

[I81 $1 - $2 = [,4M-2(x2 - xI)/xZI + q-~$M-2A 

The plot of the first term of eq. [17] against q-' appears in 
Fig. 7. The adjustment of the points to straight lines supports 
the validity of the application of this isotherm to our system. 
'The values of A given in Table 3 which remain constant along 
the range q = 8 to q = 0, were obtained from the slopes of the 
lines. 

The same table gives the value of (x2 - xI)/x2, obtained by 
means of the expression: 

together with the value of the potential of the autoatmosphere 
of the adsorbed ion, g, as given by: 

[20] A = 1 - gx,/x2 

It is evident that g is smaller than the unit, as in the case of the 
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RG. 8. Potentials in the double layer of the mercury electrode in Na3Cit 0.1 M at 2S°C, as a function of the charge on the electrode; + M  is 
the part of the electrode-solution potential due to free charges, +I is the potential of the IHP, +2 the potential of the OHP. 

-0.11 ' I I 
- 2  - 1 log C 0 

RG. 9. Potentials in the double layer of a mercury electrode having 
10 yC in an aqueous solution of Na3Cit as a function of the 
concentration of the solution. 

azide ion (15) and the benzenedisulfonate ion (12). Given the 
experimental errors, g is practically independent of charge (see 
Table 3) supporting the prediction that the potential drop across 
the inner layer is additively composed of contributions from the 
layer on the metal and from the charge on the adsorbed layer. 

The lines in Fig. 7 are parallel within the range q = 0- 16 
pC ~ m - ~ .  It seems reasonable therefore to conclude that the 
model is approximately correct in this range and that 

FIG. 10. Esin and Markov plots for solutions of Na3Cit. 

The inner layer potential can be calculated from these values (d) Esin-Markov coeflcient 
of the parameters by means of the equation The thermodynamic equation: 

The results are shown in Figs. 8 and 9; in the former they are 
given as a function of the charge on the mercury for a fixed 
concentration in the solution, while in the latter they appear as 
a function of the concentration for a fixed charge on the surface 
of the Hg. Together with $I,  these figures show the external 
potential of Helmholtz ($,) and the part of the metal-solution 
potential due to free charges, $M. It should be noted that 
includes any change in potential due to the orientation of the 
molecules of solvent which is different from the point of zero 

I charge. 
The potential of specific adsorption, @, originally intro- 

duced by Stem (16), which coincides with the standard free 
energy of adsorption with a changed sign, can also be deter- 
mined. This results in 

for this system. 

allows the following relation to be established: 

[2?1 ( a ~ + I a p ) ~  = -(ar-laq), 

The excess of anions at the surface, r - ,  may be separated 
into two contributions: that due to the specifically adsorbed 
charge and that due to the diffuse layer, in such a way that 

1241 z - ~ ( a ~ + / a p ) ,  = -[(aq-'/aq), + (aq!/aq),i 

The concentration of anions in the diffuse layer varies very 
little with q in the present system; the second term on the 
right-hand side of eq. [24] can be rejected and the Esin- 
Markov coefficient estimated by means of the first term. 

In Fig. 10, E +  is plotted against the chemical potential of the 
salt for integer values of q. The graphs are practically linear for 
q > 2 pC ~ m - ~ ,  with slopes close to one. This is in agreement 
with the values obtained for 6q-'/6q from the plots of q-' vs. 
q (Fig. 2). 
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The results given above present marked differences from 
those obtained by other authors (2) and must be attributed to 
different experimental conditions. 

GONZALEZ ET AL. 2467 
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Charge distributions and chemical effects. XXXVII. 
Note on tetracyclo[4.1 .0.0274.0375]heptane 

J. BRIDET, M.-T. BERALDIN, AND S. FLISZAR 
Dkpartement de Chimie, Universitk de Montrkal, C.P. 6210, Succ. A,  Montrkal, Quk., Canada H3C 3Vl 

Received October 24, 1984 

J. BRIDET, M.-T. BERALDIN, and S. FLISZAR. Can. J. Chem. 63, 2468 (1985). 
Full geometry and 5 optimizations are a must in the study of small cycles, as in tetracyclo[4. I .0.02.4.03.5]heptane. Indeed, 

nonoptimized STO-3G calculations suggest the 4-carbon to be electron richer than the carbon in 3 position, whereas the reverse 
is shown by optimized calculations ( q ~ u l l i k e n  = - 150 vs. - 138 me for C-3 and C-4, respectively). The latter result is in accord 
with the general trends indicating that a gain in local 2s charge is accompanied by a downfield nmr shift (6 22.1 for C-3 and 
-4.0 ppm for C-4, from tetramethylsilane). These charge and shift results can be directly compared to one another because 
the local geometries (namely, the angles) about these two carbon atoms are very similar. This, however, is not the case with 
other carbon atoms of 3-membered cycloalkanes, a situation restricting the validity of simple charge-shift correlations in this 
class of compounds because of the changes in local geometry affecting the hybridization of carbon. 

J. BRIDET, M.-T. BERALDIN et S. FLISZAR. Can. J. Chem. 63, 2468 (1985). 
I1 est absolument ntcessaire de connaitre la gComCtrie globale ainsi que les optimisations 5 pour ttudier les petits cycles, 

comme le tCtracyclo[4.1 .0.02.4.03.5]heptane. En effet, des calculs non-optimists au niveau STO-3G suggkrent que le carbone 
en 4 est plus riche en tlectrons que le carbone en position 3; par ailleurs, des calculs optimisCs ( q ~ u l l i k e n  = - 150 VS. - 138 
me re~~ectivement pour les carbones en positions 3 et 4) montrent le contraire. Ce dernier rksultat est en accord avec les 
tendances gCntrales indiquant qu'un gain de charge locale 2s est accompagnt par un dkplacement vers les bas champs de la 
m n  (6 relatif au tktramCthylsilane de 22,l pour C-3 et de -4,O ppm pour le (2-4). On peut comparer directement ces rksultats 
pour les charges et les dCplacements les uns aux autres parce que les gComCtries locales (a savoir, les angles) autour de ces 
deux atomes de carbones sont tres semblables. Ceci n'est toutefois pas le cas avec les autres atomes de carbone des cycloalkanes 
a trois chainons; cette situation restreint la validit6 de corrClations simples charge-dtplacement dans cette classe de composts 
2 cause des changements dans la gComCtrie locale affectant I'hybridisation du carbone. 

[Traduit par le journal] 

Introduction 
The magnetic shielding of any nucleus in a molecule depends 

on both local and nonlocal contributions. For heavy nuclei 
(e.g., I3C), any change in shielding accompanying structural 
modifications is primarily governed by its local paramagnetic 
part, i.e., Au,,,,, = AuP,,,,: this offers a justification for postu- 
lated correlations between nuclear magnetic resonance shifts 
and atomic charges which, of course, are strictly local proper- 
ties (1).  Indeed, a number of such correlations are known for 
13C, "0, and I5N nuclei (2-5).' 

A case in point is that of sp3 hybridized carbon atoms in 
normal and branched paraffins and in the cyclohexane series, 
including polycyclic hydrocarbons constructed from chair 
and/or boat cyclohexane rings (2-4). Their 13C nmr shifts, 
tic, are accurately described (with a standard deviation of 
-0.3 ppm) by the equation 

[ 1 I 6c = -237. l (Aqc/q;) (ppm from C2H6) 

TABLE 1. Selected optimized geometry parameters" (angles 
in decimal degrees, distances in A) 

Angle Calcd. Distance Calcd. 

c1c2 1.527 
czc3 1.540 
czc4 1.526 
c3c4 1.445 
Clc6 1.515 
c1c7 1.506 
CIH 1.082 
C2H 1.082 
CsH = C4H 1.077 
C7H endo 1.083 
C7H exo 1.083 

"Additional informations available upon request. 

increase in local electron population (more negative Aqc) re- 

in which q: = net atomic charge of the ethane carbon (taken as sults in a downfield shift (2-4). 
In contrast, a remarkable study of bicyclo[n. 1 .O]hydro- reference) and 'qc is the difference in net charge with carbons by Christ] (9) reveals an anomaly in the case of tetra- respect to that of ethane.' Note that for these carbon atoms any cyclo[4. ~ o ~ O ~ . ~ , O ~ . ~ l h e p t a n e  at carbons and 4. 

'These correlations, however, are not of a universal nature: separate 
correlations apply, e.g., to alkane sp3 carbons, ethylenic or benzenic 
sp2 carbons, depending on the type (a or .rr) of electrons involved in 
the structure-dependent changes of local electron populations (2, 3). 
Charge-nmr shift relationships are not free from conceptual difficulties &v 7 
and have drawbacks of their own (2, 6-8). It is, therefore, important 
to be aware of the limitations restricting their utilization. 

2The proper (ab initio) evaluation of charges involves careful opti- 
3 mizations of all variational (geometry and 5) parameters - a task 

which is practically feasible only in minimal basis set calculations. 1 
Now, both Aqc and q: are basis set dependent in numerical ab initio 
calculations, the ratio ~q,/q;,  however, is not: hence our choice for Indeed, Christl's nonoptimized STO-3G calculations sug- 
the fully optimized STO-3G method. gest the Ccarbon (at -4.0 ppm from tetramethylsilane) to be 
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BRIDET ET AL. 

TABLE 2. Optimized STO-3G results and nmr shifts of 1" 

Atom (s) 5~ 5~ N ( l s )  N(2s) N(2p) qc sc 

"The atom numbering is indicated in text. Electron populations, N, are in electron units, net atomic 
charges in me (= lo-' e) units. 'The nmr shifts (ppm, downfield from tetramethylsilane) are taken from 
ref. 9. The hydrogen 5's are 1.2101 1 (H,), 1.22100 (H2), 1.21 193 (H'), 1.23992 (H4), 1.21053 (H7endu), 
and 1.20987 (H7exu). 

electron richer than the carbon in 3 position (6 22.1 from 
TMS), at variance with the trend indicated by eq. [I]. 

Of course, carbon electrons of 3- and 6-membered cycles 
should not be considered on the same footing because of geom- 
etry related differences in s (vs. p )  ~haracter;~ nor is it certain 
that positions 3 and 4 of 1 can safely be compared to one 
another because their local geometries and, hence, possible 
differences in their s character are presently not known. 'The 
apparent reversal in charge-shift trend mentioned above could 
thus be ascribed to a hybridization-related "special feature" 
regarding carbon electrons in 3-membered cycles orland to a 
possible difference in local geometry about atoms 3 and 4, 
affecting their hybridization. Briefly, a number of reasons can 
be given in the present context in order to render our ignorance 
less visible, but they offer no replacement for an investigation 
into that matter 

Computational results 
A standard STO-3G calculation of 1 was performed fol- 

lowing Pople's recipe (13). Mulliken's population analysis (14) 
was adopted, which is reasonable because any bias possibly 
resulting from the half-and-half partitioning ,of overlap popu- 
lations (which is part of this analysis) would cancel in a com- 
parison between carbons 3 and 4. Just as in Christl's calculation 
(9), C-4 appeared to be somewhat electron richer than C-3, by 
-10 me e units). 

Next, a full geometry optimization was carried out, at the 
STO-3G level. From the results indicated in Table 1, it is clear 
that the local geometries about atoms 3 and 4 are virtually the 
same, thus suggesting that these positions are comparable. 

Finally, all 5 parameters were carefully optimized - a point 
which is important because atomic charges are very sensitive to 
the molecular environment and, hence, to 5 optimization: the 
most consistent charge results are obtained when this opti- 
mization is carried out at its best for each atom (or group of 
equivalent atoms) of the molecule under study (2, 15, 16). 
~ a c h  energy minimization was carried out until stable charges 
were obtained, within -0.01 me. The results are indicated in 
Table 2. 

'Del Re and co-workers (10) were concerned with the relation of s 
character in hybrids to bond angles and have considered hybridization 
as described by local orbitals, determined by requiring that hybrids on 
different atoms have minimal overlap unless they participate in the 
same bond. Alternate approaches are provided by Wiberg (I  I) and by 
Trindle and Sinanoglu (12). Calculated p characters are in good agree- 
ment with estimates derived from nmr coupling constants (1 1, 12). 
Evaluations of hybridization are anticipated to assist in future work on 
charge-shift correlations in cases suspected of presenting changes in 
local geometry. 

Discussion 
With charges like those described in Table 2, it is important 

to be aware that they should not be taken at their face value. 
These are Mulliken charges, including throughout a half-and- 
half partitioning of overlap populations in their computation. 
Now, this assignment of overlap terms may carry an error in 
situations involving heteronuclear atom pairs (as in CH bonds 
in the present case) - a problem discussed earlier in detail (2, 
4, 15- 18). (It remains true, however, that Mulliken charges 
are of undisputed value provided, of course, they are used with 
due care, ii comparisons assorted with an assessment of their 
validity.) For this reason, the Mulliken net charge deduced for 
C-7, bearing two H atoms, is not to be compared to the charges 
of the other C atoms, bearing only one H atom. 

Next, we must examine whether the other carbon charges 
indicated in Table 2 can all be considered on the same footing. 
The answer is no. Indeed, the STO-3G populations calculated 
for carbons 1-6 vary in an apparently uncorrelated manner 
both at the 2s and 2p levels. This may well be related to the 
local geometries (Table I), differing for C-1,6, C-2,5, and 
C-3,4, i.e., to small changes in hybridization.' In that event, 
however, a comparison encompassing the charges of carbons 
1-6 could be accepted only if made using results deduced from 
sufficiently large basis s e t ~ - ( e . ~ .  4-3 1 G, or larger) after config- 
uration interaction. This is because the contribution of excited 
states, and the ensuing corrections in charge results following 
C1, depend markedly on the state of hybridization. Minor in the 
case of alkanes like methane, ethane, etc. (16), they are very 
important in unsaturated hydrocarbons like e th~ l ene ,~  sug- 
gesting that proper inclusion of CI is also a must before valid 
assessments-can be made regarding charge effects accom- 
panying changes in local geometry in highly strained systems 
like 1. Briefly, the STO-3G charges obtained in this work for 
C- 1,6 and C-2,5 should not be considered on the same footing 
as those deduced for C-3 and C-4. 

This brings us to carbon atoms 3 and 4. Their local geome- 
tries are virtually the same, meaning that these two positions 
can reasonably be compared to one another, without fearing 
any significant bias related to geometry-dependent differences 
in hybridization. Their 2p atomic populations are also almost 
the same, within -3 me. These positions differ essentially in 
their 2s populations, atom 3 being - 15 me electron richer than 
C-4. The situation is thus similar to that encountered with 
paraffins and cyclohexanic hydrocarbons obeying eq. [I]: car- 

4Current work indicates that configuration interaction affects the 
final carbon charge of ethylene by more than 120 me at the 4-3 lG level 
(C. Mijoule, J.-M. Leclercq, and S.  Fliszar, unpublished results), as  
compared with a correction of -5 me for the ethane carbon atom (16). 
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bons 3 and 4 are virtually in the same state of hybridization and 
charge variations occur at the 2s level. In conclusion, present 
optimized results are now in general accord with the trend (eq. 
[ I]) indicating that (under otherwise similar conditions) a gain 
in local 2s charge is accompanied by a downfield I3C nmr shift, 
whereas nonoptimized calculations would suggest the contrary. 
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An increased internal rotational barrier in thiophenol caused by meta substituents 
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TED SCHAEFER, JAMES D. BALEIA, and GLENN H. PENNER. Can. J. Chem. 63, 2471 (1985). 
The twofold internal barriers to rotation about the C-S bond in 3,5-diX-thiophenols were determined in solution from 

long-range spin-spin coupling constants. They are 3.4, 4.S5, 5.3, 6.4,, and 7.25 * 10% kJ/mol for X = H, CHs, 0CH3, 
F, and C1, respectively. In 3,5-dichloro-4-hydroxythiophenol, V2 is -0.8 kJ/mol as compared to -1.9 kJ/mol in 
4-methoxythiophenol. The para substituent here dominates. The observed bamers are in rough agreement with arguments 
based on perturbation molecular orbital theory and with MO calculations of changes in the barrier caused by substituents. The 
computed values appear as nearly pure twofold barriers with very small fourfold components. 

TED SCHAEFER, JAMES D. BALWA et GLENN H. PENNER. Can. J. Chem. 63, 2471 (1985). 
Faisant appel aux constantes de couplage spin-spin i longue distance et ogrant en solution, on a determine les barritres 

internes binaires A la rotation autour de la liaison C-S de di-X-3,5 thiophknols. Pour des groupes X = H, CH3, 0CH3, F 
et C1, ces valeurs sont respectivement Cgales A 3,4, 4,S5, 5,3, 6,4, et 7.& * 10% kJ/mol. Dans le cas du dichloro-3,5 
hydroxy-4 thiophknol, la valeur de Vz est tgale A -0,s kJ/mol; dans le cas du mkthoxy-4 thiophknol, cette valeur est Cgale 
ti - 1,9 kJ/mol. Dans ce cas, I'influence du substituant en para est prkdominant. Les barritres observkes sont gknkralement 
en accord avec les arguments basts sur la thkorie des perturbations des orbitales molkculaires ainsi qu'avec des calculs d'OM 
relatifs aux changements A la barritre qui seraient causks par les substituants. 11 semble que les valeurs calculkes soient 
pratiquement des barrikres binaires pures et qu'elles ne contiennent que des faibles proportions de composantes quatemaires. 

[Traduit par le journal] 

Introduction 
It is expected and observed that the barrier to rotation about 

the C-X bond in 1 is increased if X is a IT electron acceptor 
such as C=O and Y is an electron donor such as OCH, or F 
(1-3). This behaviour is easily understood in terms of the 
increased mobile bond order of the C-X bond. More gener- 
ally, the barrier to internal rotation or its equivalent, the sta- 
bility of the planar conformation, will increase if X is a IT 

electron acceptor and Y is a donor or vice versa, whereas the 
barrier will decrease if X and Y are both donors or both 
acceptors. 

A good illustration is provided by para substituted thio- 
phenols in which S-H is a IT electron donor but conjugates 
relatively weakly with the IT electron system of the ring. The 
twofold barrier to internal rotation, V2, is only 3.4 kJ/mol (4) 
compared to 14.9 kJ/mol in phenol (4-7). In p-nitro- 
thiophenol, V2 rises to 9 kJ/mol, and drops to 0.4 kJ/mol in 
p-fluorothiophenol(8). In the presence of apara amino substit- 
uent the stable conformer becomes that in which the S-H 
bond prefers a plane perpendicular to the benzene plane, corre- 
sponding to a negative V2 on this energy scale. 

The barriers in the p-X-thiophenols are derived from 4JH3H, 
the spin-spin coupling constants between the sulfhydryl and 
ortho ring protons (8), on the assumption that 4JH.H = 4Jw (sin2 
0). 4Jw is the coupling when the S-H bond lies in a plane 
perpendicular to the benzene plane and is taken as - 1.10 Hz 
on the basis of experimental evidence (8,9). The expectation 
value of sin2 0 is then given by 4JH,H/4Jw and is related to the 
internal barrier to rotation about the C-S bond by a hindered 

rotor model (10). 
It is interesting that the change in barrier, AV2, computed for 

a series of six p-X-phenols (X = CH,, OH, F, NO2, NH,, H) 
by ST0 3G MO methods (1 1, 12), is related to AV2 for the 
corresponding thiophenol derivatives, obtained in solution by 
the J method (8), by A V? (kJ/mol) = 0.75 A v,SH - 0.01 (the 
correlation coefficient, r, is 0.999). Again, far infrared torsion 
data (5) yield AV? in cyclohexane solution. For X = F, CH,, 
OCH,, NO2, H, these numbers are related to A v,SH by A V? = 
0.72 AviH - 0.11 kJ/mol ( r  = 0.994). These correlations are 
here taken to mean that the J method yields reasonable V2 
values in thiophenol derivatives and, perhaps, that the less 
strongly conjugated SH group is more easily perturbed by a 
substituent than is a hydroxyl group. 

Much less is known about the perturbation of internal bar- 
riers caused by meta substituents. Calculations at the ST0  3G 
level of ab initio molecular orbital theory (12) predict an in- 
creased barrier in phenol in the presence of a electron with- 
drawing groups like F, NH2, OH, in agreement with increased 
double bond character of the C-0 bond. The increase is 
expected because the rather electronegative electron with- 
drawing groups lower the IT* (antibonding) levels in phenol and 
cause enhanced conjugation of the OH group (perturbation MO 
model). However, although the latter is also calculated to in- 
crease in the presence of meta CN and NO2 groups, the barrier 
itself is predicted to be lower than in phenol. Furthermore, the 
meta methyl group is also calculated to increase the barrier in 
phenol, yet it is hardly very electronegative. But it is a IT donor. 
In toluene, the computed IT electron densities at the ortho and 
para positions are higher than in benzene, but are lower at the 
meta position just as in fluorobenzene, anisole, or aniline. 
From this viewpoint, if F, NH,, OH, and CH, groups decrease 
the IT electron density at the meta position, then an increased 
V2 in such phenols would be expected due to enhanced conju- 
gation of the hydroxyl group. 

The available experimental data (5) appear to relate to the 
torsional frequencies of some m-X-phenols in cyclohexane 
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TABLE 1. The spectral parameters for a 2.6 mol% solution of 3,5-difluorothiophenol in 
CCl,, containing 10 mol% of cyclohexane-d12 and 0.5 mol% TMS at 298 K 

Parameter Value Parameter Value 

'SH 

v2 = v6 
v4 
4J(H, SH) 
'J(F, SH) 
'J(H, SH) 
'J23 

4J24 

5 ~ 2 5  

4 ~ 2 6  

4J 35 

'J 34 

No. of peaks, 'H 
Assigned peaks 

Calcd. transitions 
Assigned transitions 

rms error 
Largest difference 

"Shifts are given in Hz at 300.135 MHz to low field of internal TMS. 
"The numbers in parentheses are standard deviations in the last significant figure. 
"Jz5  and 4J35 correlate with -0.50, so that only their sum or difference is known with high 

precision. 

solution, from which it apears that NO,, F, 0CH3, and CH, 
groups all cause an increase in VZ. The changes in V ,  are much 
smaller than for the correspondingp-X-phenols, being only 1.7 
kJ/mol at most. 

Although the J method does not lend itself to the deter- 
mination of the relatively large V, in phenol derivatives, it is 
suitable for the smaller barriers in thiophenol derivatives. Ac- 
cordingly, we here report on the use of 4J and 6~ (also a sin2 0 
coupling) in the determination of V2 in some 3,5-disubstituted 
thiophenol derivatives, 2. The dinitro derivative was syn- 
thesized but its intermolecular proton exchange could appar- 
ently not be stopped in solvents in which it was sufficiently 
soluble for nmr measurements. 4JH.H was also measured in 
4-chloro-3-sulfhydrylthiophenol, 3,4-dichlorothiophenol, and 
in 3,5-dichloro-4-hydroxythiophenol. 

Experimental 
The asymmetric or trisubstituted thiophenols came from Aldrich. 

The 3,5-dichlorothiophenol was a Fairfield product. The 3 3 -  
difluoro-, 3,5-dimethoxy-, 3,5-dinitro, and 3,5-dimethylthiophenols 
were prepared from the corresponding aniline derivatives via the xan- 
thates (13, 14). A typical synthesis went as follows. 3,5-Difluoro- 
aniline (2.58 g, 0.02 mol, Aldrich) was suspended in 16 mL H20 
containing 3.2 mL concentrated HzS04. To the cooled (4°C) solution, 
1.5 g NaN02 in 8 mL of water was added dropwise over 0.5 h. The 
solution was stirred for I h and was then added dropwise to a solution 
(50°C) of 6 g of potassium ethylxanthate in 20 mL of water over 
0.5 h. The solution was stirred for 0.5 h and allowed to reach room 
temperature. The reddish solution was extracted with ether. The ether 
layer was washed twice with water, dried over MgSO,, filtered, and 
the ether was removed to give a clear red oil. This xanthate ester was 
allowed to sit for 2 days over molecular sieve and was then transferred 
with drv ether washings to a 50-mL round bottomed flask. A sus- 

of 3,5-difluorothiophenol: a 6(SH) of 3.46 together with splittings in 
the ring proton region due to long-range coupling to the sulfhydryl 
proton. 

Samples for 'H and I9F nmr analysis were prepared in CCI, con- 
taining some cyclohexane-d,2 and TMS or in benzene-d6 containing 
some TMS (for chemical shift dispersion). These solutions were dried 
over molecular sieve and were then transferred to 5-mm od nrnr 
sample tubes. Degassing by the freeze-pump-thaw procedure was 
followed by flame-sealing. Table I contains details about concen- 
trations. 

'The 'H nmr spectra were accumulated on HA100, WH90, and 
AM300 nmr spectrometers, following procedures recently given in 
detail (15, 16). 

Molecular orbital calculations were performed with the program 
MONSTERGAUSS (17) on an Amdahl 470/V8 system. 

Results and discussion 
Spectral analyses 

These were performed with the computer programs LAME 
(18, 19) and NUMARIT (20). The results of one analysis are 
given in Table 1, for 3,5-difluorothiophenol. Figure 1 displays 
the nmr spectrum of the sulfhydryl proton, illustrating the res- 
olution of splittings as small as 0.066 Hz. Table 2 records the 
long-range couplings 4JH.H = J(H, SH) and 6JH.H = J 
(H, SH) for 8 compounds; these are the quantities of interest in 
this discussion. 

V2 derived from 4J(H, SH) and 6 J ( ~ ,  SH) 
As described in detail previously (8), 6J(H, SH) can be 

written as -0.97 (sin2 0) Hz where (sin2 0) is the expectation 
value of sin2 0 and is related to V2, the temperature, and the 
reduced moment of inertia about the C-S bond; 0 is the angle 
by which the S-H bond twists out of the ring plane. Similarly, 
4J (H, SH) is very likely given by - 1.10 (sin2 0) Hz. Accord- 
ingly, for 2 one has two sources of V2 and these are recorded 
in Table 2. In view of possible intrinsic substituent perturba- 
tions of 4J and 6~ and of experimental errors in the couplings 
themselves, it is probably reasonable to take the mean of the 
two V2 values for each compound as a basis for discussion. 

" 
pension of LiAlH, in ether was added to the xanthate solution until Discussion of v2 trends 
frothing ceased. A little more LiAIH, was now added and the solution 
was stirred for 2 h. The product was extracted into ether, washed with 

In 4-X-thiophenol derivatives (8), V2 is 3.4, 2.2, - 1.9,0.4, 

dilute HCI, and twice with water. The ether solution was extracted into and 3.7 kJ/mol for X = H, CH,, 0CH3, F, and C1 respectively, 

base (20% NaOH). Neutralization with concentrated HCl, extraction with errors perhaps lo%. The strongest 7F 
with ether, washing with water, and drying over MgS04 gave the OCH,, causes the largest decrease in V2, as expected from the 
product after solvent removal. An 'H nrnr spectrum in CCI4 containing discussion above. In the corresponding 3,5-diX-thiophenol de- 
10 mo]% C6D12 and 0.15 mo]% TMS gave a spectrum characteristic rivatives in Table 2, V2 increases for X = CH,, OCH,, F, C1 
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SCHAEFER ET AL 

TABLE 2. Internal barriers to rotation about the C-S bond in some meta substituted 
thiophenol derivatives in solution 

Compound 4 H H  - J '  (sin2 0)R V2i - J .  (sin2 O ) h  V i  

"For a 5.0 mol% solution in CCI, at 305 K .  
bFor a 0.5 mol% solution in benzene-d, at 300 K .  
'For a 1.8 mol% solution in CCI, at 300 K .  
"'or a 2.6 mol% solution in CCI, at 298 K .  
'For a 5 .0  mol% solution in benzene-d, at 305 K .  
'Numbers in parentheses are the standard deviations in the last one or two significant figures. 
"Derived from = - I .  10 (sin' 0). 
h6 J = -0.97 (sin' 0). 
'In kJ/mol for rotation about the C-S bond. 
'The average of -0.371 and -0.382 Hz for the two distinct ortho protons. 
'The two distinct couplings to the ortho protons are -0.384(5) and -0.385(5) Hz. 
'In a 4 mol% solution in CDCI,, is -0.590(7) HZ, is -0.561(2) HZ in a 4 mol% solution in CS,, 

-0.541(3) Hz in 5 mol% benzene-d,, and is -0.531(4) in a 4 mol% solution in CHF12. 
"A negative V I  means that the S-H bond prefers 0 = 90". that is, a plane perpendicular to the 

benzene plane. 

tals, whose energies have been lowered by the electronegative 
nature of F and OCH,. The C1 substituent is presumably a poor 
IT electron donor (note small change in V2 for 4-chlorothio- 
phenol) and the large increase in V2 must then be attributed to 
the first cause above. However, the CH, group is not very 
electronegative, so that the qualitative model is not entirely 
consistent in  its predictions. Unfortunately, our attempts at the 
measurement of 4J and 6~ in 3,5-dinitrothiophenol were un- 
successful. The nitro group is a IT and u electron acceptor, 
unlike the substituents under consideration here. 

Alternatively, a simpler qualitative model recognizes that 
CH,, OCH,, and F groups, for example, while increasing IT 

electron densities at ortho and para positions, are calculated 
(12, 23) to decrease them at meta positions. In that event, 
increased conjugation of the sulfhydryl group is expected, lead- 
ing to a higher barrier. However, such an interpretation hardly 
holds for meta chlorine substituents. 

FIG. 1 .  The 'H nmr spectrum of the sulfhydryl proton of a 2 .6  
mol% solution of 3,5-difluorothiophenol in CCI, at 298 K and 300 
MHz. The splittings of 0.066 Hz caused by coupling to the two I9F 
nuclei are clearly visible. The couplings to the ortho and para protons 
are almost identical, leading to the "quartet" structure in this nearly 
first-order spectrum. 

and is largest when X = C1, in contrast to the smallest change 
caused by X = C1 in the 4-X-thiophenols. Qualitatively, the 
increased V2 values increase with inherent (gas) values of u, 
(21), the latter being -0.02, 0.06, 0.27, and 0.36 for CH,, 
OCH,, F, and CI, respectively. However, on this basis the CH3 
group should cause a decrease in V2,  contrary to observation. 

In terms of PMO theory (12, 22), and taking the SH group 
as a electron donor, the electronegative OCH,, F, and C1 sub- 
stituents lower the energy of the (almost empty) IT* orbital, 
leading to increased conjugation of the SH group and therefore 
to a higher barrier. Furthermore, considering OCH, and F as IT 

electron donors, PMO theory predicts (22) an increase in IT 

donation by both substituents (SH and the meta substituent) 
because each substituent now donates into different IT* orbi- 

In this connection it is interesting that the para substituent in 
33-dichloro-4-hydroxythiophenol dominates as a determinant 
of V2,  which is -0.8 kJ/mol. Thus, in 4-methoxythiophenol 
(modelling a 4-hydroxy group) V2 is - 1.9 kJ/mol and in 
3,5-dichlorothiophenol V2 becomes 7.1 kJ/mol. In other 
words, the meta substituents cause only a small change in V2 of 
4-hydroxythiophenol, but a large change in V2 in the absence of 
the Csubstituent. This conclusion is consistent with the obser- 
vation of a V2 of 3.5 kJ/mol in 3,4-dichlorothiophenol, it being 
3.4 in thiophenol and 3.7 in the 4-chloro derivative. In a sense, 
the para substituent causes a first-order perturbation and, in its 
presence, a meta substituent is a second-order perturber. Al- 
though the PMO model provides some insight into the substit- 
uent effects on V2 for the thiophenol derivatives in Table 2, it 
does not yield quantitative data. Accordingly, geometry- 
optimized computations of V2 were carried out for some of the 
compounds. 

Table 3 contains the theoretical data on the barriers to rota- 
tion about the C-S bond for a variety of subtituents. In these 
computations all bond angles and bond lengths were optimized 
with the constraint, however, that the benzene framework re- 
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TABLE 3. Computed barriers to rotation about the C-S bond in some thiophenol 
derivatives. Geometry-optimized ST0 3G MO" 

Compound 

4-H 
4-CH3 
4-F 
4-OCH, 
4-OH 
4-NH2 
4-C1 

Compound 

3,4-diC1 
3,5-diC1 
3,5-diCH3 
3,5-diOCH, 
3,5-diF 
3-F" 
3,5-diC1-4-OH 

"The benzene framework is a hexagon but all other bond angles and bond lengths are 
optimized. 

hThe experimental values for most of the 4-X-thiophenols are given in the text. That for 
X = NH' is -2.9 * 0.4 kJ/mol (8). 

' V  = A sin' 0 + B sin' 20 where 0 is the angle by which the S-H bond twists out of 
the benzene plane. Therefore A and B represent the magnitudes of the twofold and fourfold 
components of the barrier, respectively. 

"The energy difference between the cis and trans planar conformers is computed as 
insignificant (less than 0.05 kJ/mol). 

main a regular hexagon. Computations were done at 15" inter- 
vals for 0, varying the latter between 0 and 90". The relative 
energies were then fit to a A sin2 0 + B sin2 20 curve, where 
A represents V2 and B represents V4. It became clear that V4 is 
rather small, so that in the interests of economy calculations 
were performed only at 0" and 90" for some of the 4-X- 
thiophenols. 1 Just as for phenol (1 1, 12), V2 is overestimated for thio- 
phenol at the S T 0  3G level of ab initio MO theory. Thus, the 
barrier in kJ/mol is calculated as 14.74(2) sin2 0 + 0.20(1) sin2 
20 at the 95% confidence level, the measured value in the gas 

I 
I phase being 3.4 kJ/mol (4). A significant correlation exists, 
I however, between the computed and observed changes, A V2, 

caused by the substituents. For the 4-X-thiophenols in Table 3, 
AV2 (theor) = 0.20 + 0.53 AV2 (exp) with r = 0.956. If all 
compounds, except for 3,5-dichlorothiophenol, are included in 
the correlation, then AV2 (theor) = 0.41 + 0.63 AV2 (exp) with 
r = 0.952. In view of the much better correlations presented in 
the introduction to this paper, it may be that the theoretical 
values are the less reliable. 

Of course, the measured barriers may well depend somewhat 
on solvent. Although the 3,5-dichloro compound presents 
probIems of chemical shift dispersion, its 4-hydroxy derivative 
does not. Accordingly 4J(H, SH) for the latter was also mea- 
sured in CH2C12, C6D6, CS2, and CDC13 solutions (apparent 
decomposition occurred in CH3CN, CH3N02, (CH3)2C=0, 
and DMSO solutions), yielding -4J as 0.53 1(4), 0.54 1 (3), 
0.56 1(2), and 0.590(7) Hz, respectively. These numbers corre- 
spond to an increase of 1.2 kJ/mol in V2 on going from CCh 
solution (Table 2) to the rather polar CH2C12 solution. Relative 
to the CC14 solution, V2 increases by 1 kJ/mol in C6D6 solution. 
The 3,5-dichlorothiophenol spectra were measured in C6D6, 
but it would seem that only about 1 kJ/mol of the relatively 
large discrepancy of 2.8 kJ/mol between the experimental 
value and that given by the correlation above can be accounted 
for in this way. 

The situation is unsatisfactory, particularly because such a 
large discrepancy between theoretical and experimental values 
does not exist for 3,4-dichlorothiophenol, being less than 1 
kJ/mol. 

The computation for 3-fluorothiophenol implies that AV for 
meta substituents is additive, being 1.2 kJ/mol for the mono- 

and 2.3 kJ/mol for the difluoro derivatives. It would be inter- 
esting to know the microwave and far infrared data for these 
molecules. 

Finally, the barrier to rotation for the 1-SH group in 
3-mercapto-4-chlorothiophenol appears to be twofold, because 
the two 4JH-H values for this group are the same, and unchanged 
from its value in thiophenol. Because a 4-chloro substituent 
perturbs V2 very slightly, if at all (Table 2), it follows that in 
its presence a 3-mercapto substituent is ineffective in altering 
the barrier. Parenthetically, 'J(H, SH) for the 1-SH proton is 
0.259 Hz. 5J has been written as 0.196 (sin2 0) + 0.180 for a 
twofold barrier, so that 5J is computed as 0.248 Hz, in reason- 
able agreement with the observed number. 
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Volumes molaires partiels de composes tensioactifs dans les milieux salins 
concentres eau- KC1 

SABAH BOUGUERRA, HAMED BAHRI ET PIERRE LETELLIER' 
Luboratoire de Physiochimie des Solutions, Universitt Pierre et Marie Curie, E.N.S.C.P. 1 1  Rue Pierre et Marie Curie, 

75231 Paris Ctdex 05, France 

Re~u  le 7 juin 1 9842 

SABAH BOUGUERRA, HAMED BAHRI et PIERRE LETELLIER. Can. J. Chem. 63, 2476 (1985). 
Les volumes molaires apparents de quatre detergents cationiques CHs(CH2),N(CHs)sBr pour n = 9, 11, 13 et 15 ont CtC 

dCterminCs dans les mClanges eau - chlorure de potassium a 298 K, pour des concentrations en Clectrolyte support comprises 
entre 0.5 et 3,5 mol L-'. La tres faible dCpendance des volumes molaires apparents des tensioactifs, une fois micellists, avec 
la concentration du sel de fond laisse supposer que les interactions entre les amphiphiles eux-mEmes et entre les amphiphiles 
et leur environnement ne sont pas fondamentalement modifiCes par I'addition de sel. L'utilisation de rCsultats antCrieurs obtenus 
pour ces m&mes milieux, concernant le comportement des sels d'ammonium symktriques permet d'accCder aux volumes 
intrinskques des amphiphiles et, par condquence, d'estimer le volume rCel occupC par la phase micellaire dans la solution. 
Des mesures des volumes molaires apparents du bromure de dodCcyltrimCthylammonium et du dodCcylsulfate de sodium dans 
les melanges eau-NaC1 permettent de confirmer les r8les dissymCtriques jouCs par les anions et les cations en milieu salin 
concentre. 

SABAH BOUGUERRA, HAMED BAHRI, and PIERRE LETELLIER. Can. J.  Chem. 63, 2476 (1985). 
Apparent molar volumes of 4 cationic detergents CH3(CH2),N(CH3),Br (n = 9, 11, 13, and 15) have been determined in 

water - potassium chloride mixtures at 298 K over a wide range of concentrations (from 0.5 to 3.5 mol L-I). The small 
dependence of values of apparent molar volume of micellized detergent on the salt concentration suggests the interactions 
between amphiphiles themselves and between amphiphiles and their surroundings are not modified by the variation of KC1 
concentration. Previous results lead to estimates of intrinsic volumes of micellized detergents and consequently actual volumes 
of the micellar phase in the solution. In addition, apparent molar volumes of dodecyltrimethylammonium bromide and sodium 
dodecylsulfate have been determined in water - sodium chloride mixtures. The results agree fairly well with the previous 
conclusions and prove the dissymmetric behaviour of the anions and cations in very highly concentrated aqueous salt solutions. 

L'Ctude des volumes molaires partiels et apparents des com- 
posCs tensioactifs est g~n~ra lemen t  entreprise dans le but de 
dtterminer avec prkcision des valeurs de concentration mi- 
cellaire critique (cmc) (3), le phCnomkne de micellisation 
s'accompagnant le plus souvent,-dans l'eau d'une irnportante 
variation des propriCtCs volumiques des amphiphiles. 

A ce titre, diffkrents travaux ont CtC rCalisCs dans l'eau pure, 
mais Cgalernent en prCsence de faibles quantitCs d'additifs mo- 
ICculaires (4) ou ioniques (5) dont on a pu ainsi prCciser les 
modes d'action dans le processus de micellisation. 

Peu d'Ctudes, en revanche, s'attachent a dCcrire le com- 
portement volurnique des dCtergents en milieu salin concentrC, 
bien que de nombreux travaux se basant sur la mesure d'autres 
pararnetres physiques (viscositC, diffusion de la lumiere . . .) 
(6-9) montrent que les edifices micellaires sont profondkment 
affect& par la presence d'un Clectrolyte concentrC. 

Des travaux anttrieurs ( l ,2)  nous ayant permis de prtciser 
les proprie'te's volumiques individuelles des anions et des 
cations, minCraux et organiques, mono chargks dans les mC- 
langes eau-KC1 pour des concentrations en chlorure de potas- 
sium comprises entre 0,5 et 3,5 mol L-', nous avons entrepris 
1'Ctude des volumes molaires partiels v, et apparents +i de 
composes tensioactifs dans ces memes milieux. 

Nous nous sommes plus particulierement interessks a quatre 
halogtnures d'alkyltrimCthylammonium de formule gCnCrale 
CH3(CH2),N+(CH3)3X-: les brornures de dCcyl (n = 9) dTA, 
dodCcyl (n = 11) DTA, tCtradtcy1 (n = 13) TTA, hexadCcyl 
(n = 15) HTA trimCthylammonium. 

Afin de juger de l'influence de la nature de 1'Clectrolyte 
support et du signe de la charge portCe par l'amphiphile, les 

'Auteur qui adresser la correspondance. 
'~evision reye  le 28 janvier 1985. 

comportements du dodtcylsulfate de sodium DSNa et du DTA 
ont CtC Cgalement ttudits dans les milieux eau-NaC1 pour une 
garnme de concentrations comprise entre 0,25 et 0,75 mol L-' 
en chlorure de sodium. 

I. Conditions experimentales 
Le bromure de dCcyltrimCthylammonium est un produit Eastman 

Kodak; les autres detergents cationiques sont des produits Sigma. 
DiffCrents essais de reoroductibilitt ont montrC aue les rksultats ex- 
p6rimentaux obtenus avec des produits recristallisCs ne differaient pas 
notablement de ceux obtenus a partir des produits bruts. La puri- 
fication n'a donc pas CtC systCmatiquement effectu~e. 

Le dodCcylsulfate de sodium, d'origine Prolabo RP, ne conduit en 
revanche a des rksultats reproductibles que recristallisC au moins deux 
fois dans un mClange methanol - ether Cthylique. Les chlorures de 
potassium et de sodium sont des produits Prolabo RP. L'eau utilisCe 
est fraichement distillCe. Sa masse volumique a 298 K a CtC prise Cgale 
a 0,997047 g ~ m - ~ .  Les mesures de masses volumiques ont CtC rCa- 
lisCes au moyen d'un "densimi5tre vibratometre a flux" Sodev (modele 
03D) maintenu a la tempCrature constante de 298 5 2 X lo-' K par 
un thermostat Setaram. Les mesures des pCriodes ont CtC effectuCes sur 
un frCquencembtre Hewlett Packard 53 15A. Le calcul de la valeur du 
volume molaire apparent +; du solutt i ,  de masse molaire M , ,  a la 
molalitt m r6fCrCe a 1000 grammes de la solution eau-KC1 consi- 
dCrte, s'effectue a partir de la relation classique: 

pi et po sont respectivement les masses volumiques de la solution i et 
du solvant eau-KC1. 

11. Resultats experimentaux 

11-1. Dk3nition des systkmes CtudiCs 
L'addition d'un electrolyte i une solution de tensioactif 
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BOUGUERRA ET AL. 

TABLEAU 1. Concentrations micellaires critiques des dCtergents CtudiCs (dans l'eau a 298 K) 

DCtergent 

dTA DTA TTA HT A NaDS 

cmc (mol L-') (30,31) 6,5 X lo-' 1,5 X lo-' 3,5 X lo-' 9,2 X 8,l X 

TABLEAU 2. Volumes molaires apparents a diffirentes 
molalitCs du TTA dans le mClange eau-KC1 2 M 

MolalitC (mol kg-') p (g cm-') + (cm' mol-') 

favorise, en rkgle gCnCrale, le phCnornkne de rnicellisation, ce 
qui se traduit par un abaissernent de la valeur de la crnc (10). 

La technique de determination des volumes rnolaires appa- 
rents rnise en oeuvre dans cette etude, nCcessite l'emploi d'une 
concentration minimale de solute Cgale a rnol kg-' (1 1). 
A cette concentration les tensioactifs utilisCs, qui posskdent 
dCjh dans l'eau des seuils critiques rnicellaires relativernent 
faibles (tableau l), se trouvent pour la plupart partiellement ou 
mCrne,totalement micellisCs en presence de 1'Clectrolyte sup- 
port. A titre d'exemple, les variations des volumes molaires 
apparents du dTA en fonction de la molalitC en dCtergent, pour 
diffkrentes teneurs de la solution en chlorure de potassium, sont 
reportees sur la fig. 1. On peut ainsi constater que mCme pour 
la plus faible concentration de KC1 utilisee, 5 x lo-' rnol L-', 
le dTA a rnol kg-' est dCjh partiellernent associC. 

I1 n'est donc pas envisageable d'Ctudier, au moyen de la 
technique de mesure prCcCdemment dCcrite, le cornportement 
des amphiphiles sous leur forme monomkre dans les mClanges 
eau - KC1. 

En revanche, l'utilisation d'une concentration suffisante en 
dCtergent permet d'obtenir des systkmes totalement micellise's 
pour lesquels les propriCtCs physicochimiques des arnphiphiles 
sont parfaitement definies. 

C'est dans ce cadre prCcis que s'inclut la prCsente Ctude. 

11-2. Volumes molaires apparents des bromures d'alkyltri- 
me'thylammonium micellise's 

11-2.1. Variations avec la molalite' du tensioactif 
Les rCsultats expdrimentaux regroupks dans le tableau 2 et 

illustres par ailleurs sur la fig. 2 montrent que dans un milieu 
eau-KC1 donne', une fois le systkrne totalement micellisd, les 
volumes molaires apparents des dktergents, de la mCme 
rnanikre que ceux des halogknures alcalins (I), sont indCpen- 
dants de leur molalite dans la gamme de concentration utilisCe 
(m < 3 X lo-' rnol kg-'). On pourra donc caracteriser le 
detergent micellis6 par un volume molaire apparent +, cor- 

' respondant h cette valeur constante. 

FIG. 1. Variations du volume molaire apparent du dTA avec sa 
molalitC pour diffkrents mClanges eau-KC]. 

de comparaison, les variations de + ,  pour les quatre detergents 
cationiques, et celles des volumes rnolaires apparents h dilution 
infinie de deux autres Clectrolytes KBr et (C,H&NBr sont 
reprksenttes sur la fig. 3. La diffkrence de comporternent entre 
ces deux derniers sels a CtC justifiCe dans une Ctude prCcCdente 
(2). 

Les mesures rCalisCes avec le DSNa et le DTA dans les 
rntlanges eau-NaC1 seront 6voquCes ulterieurernent dans le 
chapitre consacre h I'interprCtation des rksultats. 

11-3. Discussion des re'sultats 
La modification des propriCtCs structurales des systkmes mi- 

cellaires, en'prisence de quantitb variables de sel a fait l'objet 
de nornbreux travaux et une littkrature abondante existe actuel- 
lement sur ce sujet (6-9). 

Nous en retiendrons les conclusions suivantes en rapport 
avec notre Ctude: 

A. La crkation d'kdifices micellaires dans l'eau pure conduit 
h l'apparition en solution de structures comportant un nornbre 
elev6 de charges identiques. Pour des raisons Clectrostatiques 
Cvidentes la rnajeure partie des contre-ions se trouve situCe dans 

I 11-2.2 Variations avec la concentration en KC1 l'environnement immkdiat de la rnicelle. 
Les valeurs rnoyennes des volumes rnolaires apparents +,n La repartition des contre-ions s'effectue selon une loi de 

pour les diffkrents detergents CtudiCs, h plusieurs concentra- distribution radiale continue, partant d'une forte concentration 
tions en chlorure de potassium sont regroupees dans le tableau pr?s de la surface de la rnicelle qui dCcroit rkgulikrement 
3. On remarque que ces valeurs varient trks peu, pour un lorsque l'on s'en Cloigne (12,13). 
tensioactif donnC, avec la teneur de la solution en KC]. A titre Ce ph6nornkne de "surconcentration" au voisinage de l'inter- 
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C,,,=2 mol L-' 

329 t TTA 

FIG. 2 .  Variations en fonction de leur molalitk des volumes mo- 
laires apparents des dktergents micellisks dans le melange eau-KC1 
2 M et de KBr dans le milieu 3 , s  M en KCI. 

38 

TABLEAU 3 .  Valeurs des volumes molaires moyens +,, des 
dktergents micellisks dans les mklanges eau-KC1 ti 298 K 

Dktergent 

---.-.--- - KBr  
m (mol kg31 

I * 

CKCl (mol L- I) 

0 OJ 0 2  

DTA 

294,5 
295,2 
295,7 
- 

2 9 5 3  
295,8 
295,8 
295,8 

TTA HTA 

328,O 360,8 
- 361,4 

328,8 
- - 

328,8 - 

328,8 - 
328,8 - 

328,8 - 

face micelle-solvant peut &tre traitt au moyen d'un concept 
d'association qui suppose des contre-charges "lites" h la mi- 
celle au niveau de sa surface par l'intemtdiaire d'un tquilibre 
d'tchange (14). 

Cependant, la notion de "liaison" dans ce type de modble 
doit Etre prise au sens large car elle n'implique pas l'existence 
de sites sptcifiques sur la micelle pour l e  rattachement des 
contre-ions (15). I1 en rtsulte que l'on ne difftrenciera pas au 
niveau de leurs proprittts thermodynamiques et en particulier 
de leurs volumes molaires partiels, les contre-ions qui se 
"fixent" sur la micelle des autres ions de la solution, cette 
stparation ttant essentiellement formelle. 

Lorsque ]'on ajoute h ces solutions une quantitt importante 
d'tlectrolyte, on modifie notablement la rtpartition des contre- 
ions dans I'environnement des tdifices micellaires. Deux cas 
peuvent alors se presenter: 

(a) L'tlectrolyte possbde le m&me contre-ion que le dtter- 
gent (ajout par exemple du sel M'Y- a une solution de dtter- 
gent cationique T+Y-). 

Cette optration a pour constquence d'augmenter la concen- 

296LUyG-o-- DTA 

FIG. 3 .  Variations des volumes molaires apparents moyens +, des 
dktergents micellisks et des volumes molaires apparents ti dilution 
infinie +O de KBr et (Bu),NBr (bromure de tktrabutylammonium) dans 
les mklanges eau-KC1. 

tration des ions Y- dans l'environnement immtdiat de la 
micelle. Ceci peut se traduire dans le concept de l'tquilibre 
d'association par un dtplacement de l'tquilibre d'tchange 
(contre-ions associts contre-ions libres) vers la forme as- 
socite, ce qui correspond h une saturation en contre-ions de 
l'interface micelle- solvant. 

Ce phtnombne dont la consCquence est un affaiblissement 
des rtpulsions tlectrostatiques entre les "tEtes" polaires des 
amphiphiles de la micelle est h l'origine de l'abaissement du 
seuil critique micellaire (1 6). 

(b) L'tlectrolyte possbde un contre-ion difftrent (par exem- 
ple l'ajout du sel M'X- h une solution de dttergent cationique 
T'Y -). 

Les ions X- introduits tendent h participer, en concurrence 
avec les ions Y-, h 1'Clectroneutralitt des edifices micellaires. 
Divers travaux (17-20) montrent que la rtpartition des ions 
dans le proche environnement de la micelle n'est pas control6 
exclusivement par le facteur entropique, mais qu'il faut Cgale- 
ment prendre en compte la nature chimique des contre-ions. 

Dans le cadre du concept de l'tquilibre d'association, on 
considbre qu'il s'ttablit un Cquilibre d'tchange entre les ions 
X- et Y- plus ou moins dtplact vers l'une ou I'autre des deux 
formes assocites (T+,X- et T+,Y-) selon la se'lectivitt relative 
de la micelle pour les ions X- et Y-. 
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BOUGUERRA ET AL. 

Toutefois, en presence de fortes quantitts d'tlectrolyte MX 
il se crte, par simple "effet de masse", un environnement de la 
micelle constitut presque exclusivement d'ions X-. 

On peut ainsi admettre que les edifices micellaires catio- 
niques en prtsence de KC1 a forte concentration sont associts 
aux ions chlorure, mCme si a l'origine les dttergents com- 
portaient un contre-ion different (Br-). 

Les remarques prtctdentes permettent d'interprtter les pro- 
prittts des dttergents cationiques dans les milieux eau-KC1 et 
en particulier le fait que leur volume molaire apparent +,, ne 
depend pas de leur molalitt. Ce comportement est identique 2 
celui observt pour les halogbnures alcalins mais sa justification 
en est difftrente. En effet dans le cas d'un sel mintral P+Y- 
introduit dans une solution concentrte eau-KC1, il est ltgitime 
de considtrer qu'aux faibles concentrations les ions P+ et Y- se 
comportent dans le milieu comme des entitts indipendantes 
(pas d'interactions P+-P+, P+-Y-, Y--Y-) (2) et en con- 
stquence que les proprittts de ces ions peuvent Ctre dtcrites par 
les lois des solutions dilutes. La valeur du volume molaire 
apparent de PY est alors constante tant que la concentration du 
sel reste faible devant celle de l'tlectrolyte support. Elle s'iden- 
tifie alors 2 sa valeur extrapolte 2 dilution infinie. 

[I1 +:Y = +:+ + 4:- 
Dans le cas des tensioactifs, au contraire, les cations T+ sont 
agrtgts sous forme d'tdifices micellaires et seuls les contre- 
ions Y- peuvent Ctre supposts sans interactions rtciproques 
tant que la concentration en detergent reste faible. 

La valeur constante observke indique donc, selon toute 
vraisemblance, que 1' intensitk des interactions entre les amphi- 
philes T+ eux-m&mes dans l'kdifice micellaire, mais tgalement 
entre T+ et C1- ne varie pas lorsque la concentration du tensio- 
actif augmente. 

B. Lorsque la concentration de l'tlectrolyte support croit, la 
structure de l'tdifice micellaire se modifie. La configuration 
initialement sphtrique tvolue selon la nature du detergent vers 
des structures de symttrie moindre (15). 

Toutefois au cours des ces modifications. les interactions 
entre les tCtes polaires des amphiphiles et lei constituants du 
solvant ne sont pas fondamentalement modifites, pas plus 
d'ailleurs que celles qui existent entre les chaines aliphatiques 
regrouptes au coeur de la micelle. I1 faut donc s'attendre 2 ce 
que ces modifications n'entrainent pas de variations notables 
des volumes molaires apparents des amphiphiles micellaires. 

L'indtpendance des valeurs de +,, avec la concentration en 
KC1 confirme cette hypothbse. I1 a t t t  en effet montrt dans une 
ttude prtctdente que les volumes molaires apparents indivi- 
duels A faible concentration des halogenures Y- s'identifiaient 
2 leurs volumes intrinsbques ceux-ci Ctant eux-m2mes relies 
2 leurs volumes cristallins (calcults 5 partir des rayons de 
Pauling) par l'tquation: 

[2] +y- = v:- = 1,92 v:- 
Les volumes molaires apparents +, des detergents T+Y- ttant 
indipendants de la concentration en KCl, 4,- l'ttant tgale- 
ment, il en est ntcessairement de mCme pour les amphiphiles 
T+ . 

Les valeurs de +, (T') ne varient done pas avec la teneur de 
la solution en chlorure de potassium. 

111. Exploitation des resultats 
Une prtctdente ttude sur le comportement des bromures de 

tttraalkylammonium symttriques ((CH3(CH2),)JBr) a permis 

FIG. 4. Variations des volumes intrinseques des arnphiphiles mi- 
cellisks CH3(CH2),N'(CH3)3 et des volumes intrinskques des titra- 
alkylammoniurn (CH~(CHZ),)~N' en fonction de n ou x .  

de montrer que les volumes molaires apparents des ions orga- 
niques de grande taille ( x  > 2) pouvaient Ctre identifits A leur 
volume intrinsbque en solution saline concentrte (2). 

L'indtpendance de +, (Tt) avec la concentration en KC1 
laisse supposer qu'il doit en Ctre de mCme pour l'amphiphile 
dans l'tdifice micellaire. S'il est ainsi, on peut alors tcrire: 

soit encore en utilisant la relation [2]: 

Les amphiphiles ttudits appartenant A une mCme famille de 
composts CH3(CH2)nN(CH3)3 (n = 9, 11, 13 et 15), il est 
possible de scinder leur volume intrinsbque en deux contribu- 
tions: V: relative au groupement polaire (CH3)J+, et nvkHI 
relative aux n groupements CH2 constituant la chaine ali- 
phatique, en supposant que chacun d'entre eux possbde des 
proprittts voisines (v:,~). 

Le volume intrinsbque de T+ s'tcrit alors: 

Les valeurs de v;+ ont t t t  calcultes pour les quatre dtter- 
gents cationiques (tableau 4) et reporttes en fonction de n sur 
la fig. 4. Le graphe reprtsentatif est une droite de pente v:,, = 

16,5 cm3 mol-I et d'ordonnte A l'origine V: = 78,5 cm3 
mol-I. 

Le volume intrinsbque de l'amphiphile CH3(CH2),N+(CH3)3 
s'tcrit donc: 
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TABLEAU 4. Volumes intrinskques des amphiphiles 
micellists dans les milieux salins concentrks eau- 

KC1 (v;,- = 35,9 cm3 mol-') 

Dttergent 

dTA DTA 'ITA HTA 

TABLEAU 5. Volumes molaires moyens de NaDS et 
DTA micellists et volumes molaires apparents de 

NaCl et NaBr dans les mtlanges eau-NaC1 

Electrolyte 

CNaCl (rnol L-') NaBr NaCl NaDS DTA 

La valeur trouvte pour le volume intrinskque du groupement 
tttramtthylammonium (n = 0) s'identifie a celle que l'on cal- 
cule pour l'ion te'trame'thylammonium 2 p!rtir du rayon ionique 
propost par Masterton et al. (r = 2,51 A) (21) en appliquant 
la relation [2]. L'incrtment de volume pour chaque CH2 corres- 
pond a celui observt pour les alcanes purs (8 < n < 14) (22), 
laissant ainsi supposer que l'association des chaines alipha- 
tiques au sein de l'tdifice micellaire conduit a la constitution 
d'un "milieu interne" dont les proprittts s'apparentent a celles 
des carbures saturts. 

Cet incrtment est nettement suptrieur celui que l'on dtter- 
mine dans ce mCmes milieux pour les ions ammonium qua- 
ternaires symttriques (CH3(CH2),),N+ pour lesquels les CH2 
posskdent un environnement aqueux (23). La representation 
des variations du volume intrinskque des cations ammonium en 
fonction de x conduit au tract d'une droite de pente tgale 21 
4vkH, et d'ordonnte a l'origine V: relatif au mCme groupement 
tttramtthylammonium (fig. 4). On obtient: 

V: = 78,5 cm3 mol-' 

MCme si l'on tient compte de la faible prtcision des extrapo- 
lations, il est a noter que l'on retrouve pour cette famille de 
composts, une valeur identique a la prtctdente pour le volume 
intrinskque du groupement (CH3),N+, ce qui semble justifier 
les partitions des volumes telles qu'elles ont t t t  rtalistes. 

La diffkrence de volume intrinskque observte entre les 
groupements -CH2- selon qu'ils posskdent un environne- 
ment ionique aqueux ou hydrophobe est a I'origine du phtno- 
mkne d'expansion lit a la micellisation qui apparait ainsi 
comme une constquence du changement d'environnement de 
la partie hydrophobe du dttergent (24, 25). 

Cas d u n  de'tergent anionique: le dodkcylsulfate de sodium 
L'influence des Clectrolytes sur les micelles de NaDS et entre 

autres, les variations de la cmc avec la teneur en sel ont fait 
l'objet de nombreux travaux (26-29). Dans le cas du sel NaC1, 
il a t t t  ttabli que le volume des micelles et donc leur rayon, ne 
varie que trks faiblement (27) tant que la concentration de 
l'tlectrolyte reste inftrieure 0,45 mol L-' (26,28). Au dela de 

+ N a D S  
a N a C I  
o N a B r  

975 (rnol c'-) 
FIG. 5. Variations des volumes molaires moyens de NaDS et DTA 

et des volumes molaires apparents de NaCl et NaBr dans les milieux 
eau-NaC1 a 298 K. 

cette limite la forme sphtrique Cvolue vers une forme cylindri- 
que (28) dont la stabilitt a pu &tre ttudite thermodynamique- 
ment (29). Toutefois, comme nous l'avions fait remarquer 
prtctdemment, il est probable que cette transition n'affecte pas 
de manibre notable les volumes molaires partiels des amphi- 
philes et l'on pourra considtrer que le volume molaire apparent 
de l'ion dodtcylsulfate (DS-) reste identique 51 son volume 
intrinskque, c'est-a-dire invariant avec la teneur de la solution 
en Clectrolyte support dbs que celle-ci est suffisamment 
importante. I1 n'en sera pas de mCme, en revanche, pour le 
volume molaire apparent individuel du cation associt puisque 
celui-ci varie avec la teneur de la solution en tlectrolyte support 
(2). I1 s'ensuit que contrairement aux dttergents cationiques, il 
faille  attendre re a observer pour les anioniques une variation de 
leur volume molaire apparent avec la concentration du sel de 
fond. 

Pour des raisons de solubilitt, nous n'avons pas pu ttudier 
le comportement de NaDS dans les mtlanges eau-KC1. 
La verification des hypothkses prtctdentes a donc t t t  tentte 
dans les mtlanges eau-NaC1 entre 0,25 et 0,75 molaire 
en chlorure de sodium ou nous avons ttudit a titre de compa- 
raison les volumes molaires partiels de NaDS, NaBr, NaCl, 
c12H25N(CH3)3~~ 

Les rtsultats exptrimentaux sont regroupts dans le tableau 
5. Comme on peut le remarquer sur la fig. 5, le volume molaire 
apparent du dttergent cationique est indtpendant de la con- 
centration de la solution en NaCl, alors que l'on assiste a 
des variations tout a fait comparables pour NaDS, NaCl et 
NaBr, dues essentiellement au comportement particulier de 
l'ion sodium. 

Le volume molaire intrinsbque attribuable a l'ion dodtcyl- 
sulfate est de l'ordre de 262 cm3 mol-'. Cette valeur est tout a 
fait comparable avec celle calculte pour le volume intrinskque 
de l'amphiphile cationique, ayant mCme chaine aliphatique 
(CH~(CH~)~~N(CH~):) qui est de l'ordre de 260 cm3 mol-'. 

Ces rtsultats confirment les r6les dissymttriques jouts par 
les cations et les anions dans les solutions salines concentrtes. 

La connaissance des valeurs des volumes intrinskques des 
amphiphiles micellists (anioniques ou cationiques) dans les 
mtlanges eau-sel permet tgalement d'estimer de manitre prt- 
cise la contribution volumique de la phase micellaire au volume 
total de la solution. 
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One-electron properties of HNO 
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J .  ESPINOSA GARCIA, A. L ~ P E Z  PINEIRO, and F. J .  OLIVARES DEL VALLE. Can. J .  Chem. 63, 2482 (1985). 
SCF one-electron property calculations are reported for the nitroxyl molecule, using several types of Gaussian basis sets. 

An assessment is made of the size and type of basis set necessary to yield values for various one-electron properties that 
approach the best calculated or experimental results. The charge distribution is not improved by including the Gaussian lobe 
functions. 

J. ESPINOSA GARCIA, A. MPEZ PINEIRO et F. J. OLIVARES DEL VALLE. Can. J. Chem. 63, 2482 (1985). 
Utilisant plusieurs ensembles de base de type Gaussiens, on a effectuC des calculs en champ auto-coherent relatifs aux 

propriCtCs i un Clectron de la molCcule de nitroxyle. On a CvaluC la dimension et le type d'ensemble de base nCcessaire pour 
obtenir les valeurs de diverses propriCtts i un Clectron qui se rapprochent le plus des rksultats expkrimentaux. L'inclusion des 
fonctions de lobe de type Gaussien n'affecte pas la distribution des charges. 

[Traduit par le journal] 

Introduction 
The electronic structure of the nitroxyl molecule, HNO, in 

the ground and low-lying electronic states has been relatively 
well studied from an experimental (1, 2) and theoretical point 
of view (3). This system has been postulated as an intermediate 
in various photochemical and free radical reactions (2) al- 
though there is no clear evidence for the existence of free 
HNO. Furthermore, its structure and many of its physical and 
chemical properties are unknown. 

Previously the study of the HNO system has been performed 
fundamentally on the geometry and excited states. However, 
the study of electronic structure and properties of the ground 
state has not been performed with suitable emphasis. Also, 
though the main characteristic of this system is its instability, 
HNO can form hydrogen bonded systems of an appreciable 
stability. In a previous work2 this type of association has been 
studied. 

As to the one-electron properties of HNO, very few ex- 
perimental data exist (4), and no "ab initio" studies. 

In the present paper, we report the one-electron properties 
for this system, analyzing the influence of the basis set. How- 
ever, unfortunately it is impossible to compare our results for 
the HNO molecule, and we have to use a test molecule: water. 
Some experimental values of its one-electron properties are 
well determined ( 3 ,  and numerous "ab initio" calculations 
have been performed. (There are several SCF computations on 
water. We note, among others, the ones quoted in ref. 6.) 

Theoretical approach, basis set, geometry and related 
questions 

RHF-SCF-LCAO-MO calculations were carried out using 
the POLYATOM V-2 (7) and GAUSSIAN 70 (8) program 
systems. One-electron properties were computed using the 
available programs as part of the POLYATOM system. 

In this paper three types of Gaussian basis sets have been 
used: (a) extended basis set (BDZ (9, lo), DUNNING I (1 I), 
DUNNING I1 (12)); (b) extended basis set with polarization 
functions, and (c)  extended basis set with polarization func- 
tions and Gaussian lobe functions (13) centered off the nuclei. 

'Revision received December 4, 1984. 
'J. Espinosa Garcia and F. J .  Olivares del Valle. Unpublished 

results. 

RG. 1. Geometry and coordinates system for nitroxyl (in au). 

For 0 and N we chose the Huzinaga and Sakai (9) basis set. 
This basis set includes thirteen s-type Gaussians and seven 
p-type Gaussians, contracted to double zeta (DZ), according to 
the notation {4,4,3,2;4,3). For the hydrogen atom the basis set 
put forward by Basch, Robin, and Kuebler (10) has been used: 
four s-type Gaussian functions contracted to two of three and 
one, respectively, are used to describe the 1s atomic orbital 
(BDZ). 

To study the effect of the contraction we have used the 
DUNNING I and I1 bases, which can be considered of DZ 
quality. Also, 3d-type functions have been included on oxygen 
and nitrogen, and 2p-type functions on hydrogen (BDZP) in 
order to study the effect of polarization functions. 

Furthermore, the effect of the inclusion of Gaussian lobe 
functions, consisting of 1s-type functions centered on the bond 
(BDZPL1) and the center of mass (BDZPL2) of the molecule, 
have also been considered. 

We have used the experimental geometry for H20 (14) and 
HNO (15): R(N-0) = 2.289580 au, R(N-H) = 2.008390 
au and LHNO = 108.58". See coordinate system for HNO in 
Fig. 1. 

By convention, the multipole moments are computed rela- 
tive to the center of mass of the molecule (0.0, 0.906928, - 
-0.727563). 

Results and discussions 
As numerous results exist for water (5, 6), we simply sum- 

marize, for "calibration" purposes, the values of various prop- 
erties calculated with different basis sets and the corresponding 
experimental values in Table 1. One of the main observations 
that can be made is that the calculated second moments appear 
to agree very well with the experimental value. The results 
indicate that the constructed wavefunctions are remarkably suc- 
cessful in all cases. This is so because the second moment of 
the electronic distribution represents a very insensitive measure 
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TABLE 1. Total energies and selected one-electron properties for water 

Properties" BDZ DUNNING I DUNNING I1 BDZP BDZPLl BDZPL2 Exptl. 

E -76.0108 -76.0123 -76.0197 -76.0507 -76.0526 -76.0528 -76.4802b 
- V / T  1.9981 1.9997 2.0001 2.0000 2.0003 2.0004 2.0000 
Pz 1.0436 1.0429 1.0685 0.8294 0.8240 0.8504 0.7296b 
err -5.3088 -5.4956 -5.5792 -5.5490 -5.5446 -5.5678 -5.563b 
Q YY -3.1846 -3.0921 - 3.0995 -3.1833 -3.1511 -3.1877 -3.108~ 
Q ;= -4.3957 -4.4438 -4.5026 -4.3653 -4.3797 -4.401 1 -4.416b 
8, -1.5186 - 1.7276 - 1.7781 - 1.7794 - 1.7793 - 1.6367 - 1.86' 
~ Y Y  1.6677 1.8775 1.9414 1.7740 1.8110 1.7966 1.96' 
8 ,: -0.1489 -0.1499 -0.1632 -0.0009 -0.03 19 -0.0235 -0.097' 

"Current symbols are used for the quantities appearing in this table. All quantities here in au. Coordinates: O(0.0, 0.0,  0.0); Hl(0.0, 
-1.431317, -1.107845); H2(0.0, 1.431317, -1.107845). 

bSee ref. 7 .  
'See ref. 6. 

TABLE 2. Total energies and selected one-electron properties for nitroxyl 

Propertiesa BDZ DUNNING I DUNNING I1 BDZP BDZPL 1 BDZPL2 Exptl. 

E - 129.7344 - 129.7458 - 129.7524 
PY -0.9332 -0.8860 -0.8958 
P: -0.3485 -0.2959 -0.3061 
P 0.996 0.934 0.947 
Qrr -8.0320 -7.8605 -7.8554 
Q YY -7.5899 -7.4010 -7.3777 
Q:: -9.8875 -9.6919 -9.7177 
0, 0.7065 0.6861 0.6975 
~ Y Y  1.3701 1.3752 1.4141 
8 ,, -2.0765 -2.0612 -2.1 113 
E(O),' 0.2015 0.1787 0.0541 
E(O), -0.1217 -0.1083 -0.0615 
E(N),d -0.0669 -0.0494 -0.0363 
EW), 0.1900 0.1697 0.1220 
E(H)l -0.0757 -0.0679 -0.0654 
EW): -0.0335 -0.0357 -0.0358 
H-F,! 0.0087 0.0083 0.0009 
H-F, 0.0026 0.0023 0.0026 

"In au; I au = 2.54154 D; 1 au = 1.34491 1 Buckinghams. 
bSee ref. 5 .  
'Nuclear component: y = 1.1683; z = -0.7795. 
dNuclear component: y = - 1.0403; z = 1.0306. 
'Nuclear component: y = -2.0641; z = -0.9777. 
'Sum Hellman-Feynman forces in dyn. 

of the details of the electronic distribution. Even assuming all 
electrons to be at atomic centers may give a gross agreement 
with experimental values (16). However, the calculation of this 
property for systems for which no experimental data exist may 
be potentially useful. 

The SCF energy and some one-electron properties of HNO 
are shown in Table 2. The greater flexibility of the BDZP basis 
with respect to BDZ is reflected in the lower EsCF of the former, 
- 129.8143 au versus - 129.7344 au. However, the inclusion 
of Gaussian lobe functions is less critical, and the energetic 
improvement is small. The dipole moments calculated from the 
double zeta basis sets are greater than the available ex- 
perimental values. However, the BDZP basis set gives the 
smallest values. All calculated wavefunctions yielded the 
correct direction for the dipole moment (4). 

The second moment values indicate a general increase in the 
size of the electronic distribution in the z direction with an 
increasing number of PGTF in the bases. 

For the quadmpole moment of H20, amongst the double zeta 
bases the DUNNING I or DUNNING I1 values are better than 
the Huzinaga basis. We hope, that for HNO this result will 

be as valid as for H20. The effects of polarization functions 
provide a strong reduction in the magnitude of the dipole and 
quadmpole moments. 

The total electric fields at nitrogen, oxygen, and hydrogen 
for nitroxyl are sensitive to the basis sets and to the contraction 
scheme. The sums of the Hellmann-Feynman forces for the 
DUNNING I and I1 bases, for example, indicate that the latter 
is the best from the point of view of the accuracy of the 
computed electric fields. 

The computed components of the electric field gradient ten- 
sors at I4N, 170, and at 'H are collected in Table 3 for the 
cartesian coordinate system. Given the nuclear quadmpole mo- 
ments of the nuclei the accuracy of the computed field gradient 
may be determined by comparing the constants ( eQq/h)  with 
the experimentally measured values. The nuclear quadmpole 
moment of I4N was assumed to be 1.6 X esu cm2 (16), 
the nuclear quadmpole moment of 170, -2.6 x esu cm2 
(6), and the nuclear quadmpole moment of 'H, 0.28 X 

esu cm2 (6) in order to calculate the quadmpole coupling con- 
stants (Table 3). The electric field gradients for H are less 
sensitive to the basis set. 
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TABLE 3. Fields gradients" and coupling constants from several basis sets 

Oxygen ( '70)b Nitrogen (I4N)' Deuterium (2H)d 

Basis sets 4= ~ Y Y  4.: 4.. 4 ) : ~  

BDZ -2.5817 0.3085 2.2169 -1.4041 -0.2557 
DUNNING I -2.4605 0.3429 2.1206 - 1.357 1 -0.2577 
DUNNING I1 -2.5055 0.321 1 2.1662 -1.3516 -0.2790 
BDZP -2.5453 0.3791 2.1696 - 1.4577 -0.1607 
BDZPLl -2.5155 0.3823 2.1366 - 1.4553 -0.1409 
BDZPL2 -2.5360 0.3817 2.1576 -1.4519 -0.1592 

Basis sets 

BDZ 
DUNNING I 
DUNNING I1 
BDZP 
BDZPLl 
BDZPL2 
E ~ p t l . ~  

"In au. 
bNuclear component: xx = 0.6065, yy = -0.6223, zz = 0.0158. 
'Nuclear component: xx = 0.7899, yy = -0 7801, zz = -0.0098. 
dNuclear component: xx = 1.0503, yy = - 1.2246, zz = 0.1742. 
'In MHz. 
'In kHz. 
"See ref. 5 .  

Finally, we  have included 1 s  lobe functions in the BDZP R. J. BUENKER. Chem. Phys. Lett. 35, 3 16 (1975); 0 .  NOMURA 

basis set for comparing the effects which these functions pro- and S. IWATA. Chem. Phys. Lett. 66, 523 (1979); 0 .  NOMURA. 

duce. W e  observe that the values obtained for each of the Int. J. Quant. Chem. XVIII, 143 (1 980); P. J. BRUNA and C. M. 
MARIAN. Chem. Phys. Lett. 67, 109 (1979); E. M. SIEGBAHN, 

one-electron properties are near to the values calculated with J. ALMLOF, A. HEIBER, and B. 0 .  Roos. J .  Chem. Phys. 74, 
the BDZP basis set. 2384 (1981). 

In conclusion, it seems that the calculated one-electron prop- 4.  S. SAITO and K. TAKAGI. J. M O ~ .  Spectrosc. 47, 99 (1973). 
erties, where they can be  compared with experimental results, 5. J. VERHOEVEN, A. DYMANUS, and H. BLUYSSEN. J. Chem. ~ h y s .  
fit in with these results quite reasonably. The inclusion of 50, 3330 (1969); J. VERHOEVEN and A. DYMANUS. J .  Chem. 
polarization functions has generally been found to lead to Phys. 52, 3222 (1970). 
improvements in the one-electron properties calculated at a 6. B. J .  ROSENBERG, W. C. ERMLER, and 1. SHAVIIT. J. Chem. 
specific geometry. Phys. 65, 4072 (1976); B. J. ROSENBERG and I. SHAVIIT. 

Among the double zeta bases we  can see that the contraction J. Chem. Phys. 63, 2162 (1975); H. POPKIE, H. KISTENMAYER, 

scheme is very important. Thus, the DUNNING I and 11, with and E. CLEMENTI. J. Chem. Phys. 59, 1325 ( 1975); D. NEUMANN 
and J. W. M o s ~ o w i ~ z .  J. Chem. Phys. 2056 (1968). a number of PGTF than the BDZ basis set Huzinaga 7, D, NEUMANN, H, BASCH, R, L, KORNEGAY, L. C,  SNYDER, J ,  W. 

and Sakai, gives better results. MOSKOWIT~, C. HORNBACK, and S. P. LIEBMANN. Polyatom 
Although the BDZP with lobe functions (BDZPLI and (V2), Q.C.P.E. 199, Quantum Chemistry Program Exchange, 

BDZPL2) are the best wavefunctions from an energetic point of Chemistry Department, Indiana University, Bloomington, IN. 
view (only 0.0804 au above the Hartree-Fock limit), the 8. W. J. HEHRE, W. A. LATHAN, R. DITCHFIELD, M. D. NEWTON, 
charge distribution is not improved with respect to the BDZP and J. A. POPLE. Gaussian 70, Q.C.P.E. 236, Quantum 
basis set, and the time of calculation is much greater for the Chemistry Program Exchange, Chemistry Department, Indiana 
former. University, Bloomington, IN. 

9. S. HUZINAGA. J. Chem. Phys. 42, 1293 (1965); S. HUZINAGA and 
S. SAKAI. J .  Chem. Phys. 50, 1371 (1969). 

1 .  A. B. CALLEAR and P. M. WOOD. Trans. Faraday Soc. 67,3899 10. H. BASCH, U. B. ROBIN, and N. A. KUEBLER. J. Chem. Phys. 
(1971). 47, 201 (1967). 

2. P. HATECK. Ber. B, 66, 423 (1933); H. A. TAYLOR and C. 1 I .  T. H. DUNNING, JR. J .  Chem. Phys. 53, 2823 (1970). 
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Soc. 93, 5001 (1971); R. DITCHFIELD, J. E. DEL BENE, and ( 1965). 
J. A. POPLE. J. Am. Chem. Soc. 94,703 (1972); A. W. SALOITO 15. F. W. DALBY. Can. J. Phys. 36, 1336 (1958); J. L. BANCROFT, 
and L. BURNELLE. J .  Chem. Phys. 52,2936 (1970); M. KRAUSS. J. M. HOLLAS, and D. A. RAMSAY. Can. J. Phys. 40,322 (1962). 
J. Res. Natl. Bur. Stand. Sect. A. 73, 191 (1969); L. E. ORGEL. 16. J. D. GODDARD and I. G. CSIZMADIA. J. Chem. Phys. 68, 2172 
J. Chem. Soc. 1276 (1953); A. A. WU, S. D. PEYERIMHOFF, and (1978). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The products of hydrolysis of cyclic orthoesters as a function of pH and 
the theory of stereoelectronic contr01"~ 
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PIERRE DESLONGCHAMPS, JEAN LESSARD, and YVES NADEAU. Can. J. Chem. 63, 2485 (1985). 
The acid hydrolysis of cyclic orthoesters 1, 3-6 (R = Me), and 2 (R = Me and Et) as a function of pH was studied. The 

bicyclic orthoester 5 yields mainly the hydroxy-ester (less than 5% lactone), and this result is essentially independent of pH. 
For the other orthoesters, the relative percentage of products differs for each case and varies with pH. At pH 5 3, the percentage 
of lactone is always larger than at pH > 3. 'These results are explained on the basis of the stereoelectronic theory for the cleavage 
of tetrahedral intermediates. 

PIERRE DESLONGCHAMPS, JEAN LESSARD et YVES NADEAU. Can. J. Chem. 63, 2485 (1985). 
j 
:: On a CtudiC I'hydrolyse acide des orthoesters cycliques 1,3-6 (R = Me) et 2 (R = Me et Et) en fonction du pH. L'orthoester 

bicyclique 5 donne principalement I'hydroxy-ester (moins de 5% de lactone) et ce resultat est indkpendant du pH. Pour les 
autres orthoesters, le pourcentage relatif de produits de rkaction est diffkrent dans chaque cas et varie avec le pH. A pH 5 3, 
le pourcentage de lactone est toujours plus grand qu'h pH > 3. On explique ces rCsultats en tenant compte de la thCorie du 
contr6le stCrCc6lectronique dans le bris des intermediaires tCtraCdriques. 

The mild acid hydrolysis under kinetically controlled condi- 
tions of the five cyclic orthoesters 1-5 (R = C2H5) (Scheme 1) 
was reported by our laboratory (3) in 1975. It was found that 
each orthoester gave essentially only the corresponding hy- 
droxyester; the lactone, the other possible product of the reac- 
tion, was not observed in significant quantities., These results 
were taken as convincing evidence in favor of the theory of 
stereoelectronic control in hydrolytic processes (3-7). 

Capon and Grieve (8) have recently reported that part of the 
above results were erroneou~.~ They have studied 2,2-di- 
ethoxytetrahydropyran (2, R = C2HS) and found that under our 
reported conditions, 20-30% of 8-valerolactone was observed 
by 'H and I3C nmr spectroscopy. They have also investigated 
the mild acid hydrolysis of 2,2-dimethoxytetrahydropyran (2, 
R = CH,) under a variety of solvents and, again, they found 
30-40% of 8-valerolactone. 

In the meantime, McClelland and Alibhai (9) reported (in 
1981) the observation that the hydroxy-ester/lactone product 
ratio of 10 and 9 varies as a function of pH in the course of the 
acid hydrolysis of the phthalide orthoester 7. Indeed, with this 
compound, a quantitative analysis of the pH-dependent product 
ratio reveals two pH-independent regions, corresponding to the 
acid and base-catalyzed breakdown of the tetrahedral hemi- 
orthoester intermediate 8: at pH 5 3.5, 24% of lactone 9 is 
produced, but above pH 3.5, only 7% of lactone 9 (and some 
93% hydroxy-ester 10) is observed. 

Due to the fact that (a) part of our results are not concordant 
with those of Capon and Grieve (8), and (b) product ratio varies 

' For general leading references on this subject, see refs. 1 and 2. 
'Taken in part from the Ph.D. thesis of Y. Nadeau (December 

1983). 
' Analysis of the reaction products was carried out by two different 

methods: (a) "C nmr spectroscopy of the reaction mixture, which 
showed less than 1% of lactone, and (b) vpc analysis of the reaction 
mixture (after treatment with acetic anhydride and pyridine), which 
gave a -5:95 ratio of lactone and the acetate derivative of the 
hydroxy-ester. Method (a) was believed to be more accurate, and it 
was concluded that the amount of lactone produced was negligible 
(5 1%). 

We wish to thank Professor B. Capon who has communicated his 
results to us prior to publication. 

EtO OEt e0 \ - [ ~ o O E t ]  \ - do \ + q C O O '  \ 

above and below pH = 3.5 as discovered by McClelland and 
Alibhai (9), it became necessary to repeat our investigation, 
especially since in our original work the acid hydrolysis of 1-5 
(R = C2H5) was carried out with an acidic solution having a pH 
of about 3 (lo-, M PTSA in water). 

We wish now to report a product ratio study of the acid 
hydrolysis of cyclic orthoesters 1-6 (R = CH,) and that of 2 
(R = C2HS), as a function of pH. The results obtained are then 
rationalized on the basis of stereoelectronic principles. 

Discussion 
The results obtained are described in Table 1. All the cyclic 

orthoesters, except bicyclic orthoester 5, show on hydrolysis 
two pH-independent regions for the product ratio, where the 
percentage of lactone is more important at pH 5 3 than at pH 
> 3. The bicyclic orthoester 5 behaved differently, yielding 
approximately 95% of hydroxy-ester between pH = 2 and 4. 

The product ratio observed at pH = 4 and 5 in orthoester 2 
(R = C2H5) is identical to the value that we originally obtained 
(3) by vpc analysis., 'The product ratio observed at pH 5 3 for 
orthoesters 2 (R = CH, and C2H5) corresponds to the value 
observed by Capon and Grieve (8). The discrepancy between 
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TABLE 1 .  Product ratio of lactone (L) and hydroxy-ester (E) from the hydrolysis of cyclic 
orthoesters* 

*The pH values refer to the pH of D,O/DCI solutions before the mixing with the solution of 
orthoester in hexadeuterated acetone (see Experimental). 

our results (3) and those of Capon and Grieve (8) can now be 
explained. In our original work, the hydrolysis must have taken 
place at pH higher than 3. This is highly possible because the 
cyclic orthoesters were stored on solid anhydrous potassium 
carbonate to prevent decomposition. It is also possible that the 

M p-toluenesulfonic acid solution used had a pH higher 
than 3. It should be pointed out that the pH of the acidic 
solution was not measured because it was not an important 
parameter at the time of the experiments. The second method 
of analysis which was originally used by us (I3C r ~ m r ) ~  indicated 
less than 1% of lactone, and this result was also very likely 
incorrect. The standard I3C nmr chemical shift values that were 
originally used (3) for the reaction products, i.e., S-valero- 
lactone and the corresponding ethyl hydroxy-ester, are essen- 
tially identical to those used by Capon and Grieve (9). There- 
fore, the standard values used are not the source of error and we 
do not know why this method did not produce the correct 
percentage for the lactone products. 

Before continuing the discussion of the results obtained with 
the various orthoesters, it is now appropriate to discuss the 
reaction mechanism of the hydrolytic process as a function of 
the acidity of the medium. The large difference in rates, and the 
variation in product ratios observed at pH 5 3 and at pH > 3, 
suggest a different reaction mechanism for the breakdown of 
the tetrahedral intermediate at high and low acid concentration. 
The hydrolysis of orthoesters takes place by first producing a 
dialkoxycarbonium ion (Scheme 2), which is then hydrated to 
give a hemiorthoester tetrahedral intermediate (11 + 12 + 13) 
(10). Then, following McClelland and Alibhai (9), the cleav- 
age of the intermediate 13 at pH 5 3 would be acid catalyzed, 

whereas that at pH > 3 would be hydroxide catalyzed. As a 
result, the two mechanisms of breakdown differ in the follow- 
ing way: at pH 5 3, the ester (or lactone) is ejected in its 
protonated form, whereas at pH > 3 it is directly produced as 
a non-protonated neutral species. In other words, in the acid- 
catalyzed process, it is the Tt ionic form of the tetrahedral 
intermediate which is cleaved, producing a protonated ester, 
whereas in the hydroxide-catalyzed process, it is the To form 
which is cleaved, yielding a non-protonated ester. The acid and 
base-catalyzed processes can be expressed by the sequences 
13 + 14 + 15 and 13 + 16 + 17 respectively. We would like 
to point out that when an intermediate or a product is pro- 
tonated, the stereoelectronic effect of one electron pair has been 
essentially neutralized, and this factor must be taken into con- 
sideration in order to arrive at a correct understanding of the 
results. 

The results can now be rationalized in terms of the stereo- 
electronic theory for the breakdown of tetrahedral inter- 
mediates,' which takes into account: item (a) primary and sec- 
ondary (7) stereoelectronic effects, item (b) conformational 
change in tetrahedral intermediate prior to breakdown, and 
item (c) the ionic state of tetrahedral intermediates and reaction 
products as a function of pH. 

Items (a)  and (6) 
Primary and secondary stereoelectronic effects predict that a 

cyclic orthoester is best hydrolyzed via conformer 18 (con- 
formerA in refs. 3 and 11; see also footnote 5) which gives first 
the EZ lactonium ion 19 followed by hydration to produce a 

5See chapt. 3 in ref. 1 for a detailed analysis. 
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DESLONGCHAMPS ET AL.: I 

tetrahedral intermediate having conformation 20 (Scheme 3).6 conformational equilibration then takes place to give either the 
Since tetrahedral hemiorthoester intermediates have a definite three tetrahedral conformers 20-22 when the inversion of the 
lifetime under neutral or mild acid conditions (9. 12, 13). chair form is not allowed or the six tetrahedral conformers . . . , .  

20-25 when chair inversion can take place with ease. 
61n conformation 18, 0 1  and 0 2  each have one electron pair anti- 

periplanar to the axial C1-03 bond (primary stereoelectronic effect), Conformer 21 cannot break down with primary stereo- 

and 01 has one electron pair antiperiplanar to the C1-02 bond electronic control (except to give back 191, and conformer 25 
(secondary stereoelectronic effect) (7). Thus, cleavage of the axial is a high energy due the severe steric 
bond in 18 produces the EZ lactonium ion 19. Following the same interaction caused by the R group with the ring. These two 
rule, addition of water on 19 must take place on the top face and yields conformers can therefore be eliminated from further consid- 
a tetrahedral intermediate having the chair conformation 20. eration. The remaining four conformers 20, 22,23, and 24 can 
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break down with primary stereoelectronic control. Conformers 
20 and 22 can only give a hydroxy-ester, but having the Z and 
E configuration respectively (Scheme 4). Conformer 23 can 
either give the lactone or  the hydroxy-ester in the Z con- 
formation, whereas conformer 24 can only yield the lactone. 
Secondary stereoelectronic effects ease the formation of Z over 
that of an E ester (7). The cleavage of 20 is thus favored over 
that of 22. Since lactones have the conformation of an E ester, 
formation of the hydroxy-ester in the Z conformation is thus 
electronically favored. On that basis, 23 would be  more easily 
cleaved than 24 and would preferentially give the hydroxy- 
ester product. O n  the other hand, there is an entropy factor 
which favors the formation of lactone and alcohol. If this factor 
is as  important as  the secondary stereoelectronic effect, lactone 
formation can compete with that of the hydroxy-ester in the 
cleavage of 23. O n  that basis, lactone formation from 24 should 
also be  ~ b s e r v e d . ~  

Now, if we consider a cyclic orthoester (such as 2) which can 
be  assumed to undergo easily a conformational change via ring 
inversion, the following conclusion can be reached. The cation 
19 will first produce 20, which is then allowed to equilibrate to 
give a mixture of conformers 20-25. Then, in principle, two 
different situations are possible. In the first one, secondary 
stereoelectronic effects completely overrule the entropy factor; 
as a result, breakdown would take place via conformers 20 and 
23 yielding only the (Z) hydroxy-ester product. In the second 
situation, the secondary stereoelectronic effects cannot over- 
rule completely the entropy factor, and breakdown could thus 
take place via conformers 20, 23, and 24, conformer 20 yield- 

'We have suggested (3) that the entropy release expected for a 
reaction involving fragmentation to give separate molecules favors the 
cleavage of lactone and alcohol. It was later pointed out by Kirby (see 
pp. 103-104 in ref. 2) that little entropy may have in fact been 
released by the time the transition state for C-0 cleavage has been 
reached, and that another explanation, still based on entropy consid- 
eration, cen be put forward: it involves the reversibility of ring open- 
ing in the first stage of the hydrolysis process, just before the first 
stable products (hydroxy-ester or lactone and alcohol) are formed. In 
the case of orthoesters, the first stage of the hydrolysis is the cleavage 
of T+,  producing (in situ) an R-OH group and a dialkoxycarbonium 
ion which are close to one another. Then two processes are possible; 
either the ROH group can add back on the dialkoxycarbonium ion, 
or the R-OH moves further away (conformational change) and 
becomes solvated, and concurrently the dialkoxycarbonium ion is 
trapped intermolecularly by water producing a hemiorthoester tetra- 
hedral intermediate. When the ROH group is linked to the dialkoxy- 
carbonium ion, intramolecular trapping of this ion may compete favor- 
ably with the intermolecular trapping of this ion by a molecule of 
solvent. With hemiorthoesters, cleavage can take place with the T+ or 
the To form. For the cleavage of the T +  ionic form, the first stage is 
the production (nearby) of an ROH group and a protonated ester (or 
lactone). In the next step, either the ROH group adds back to the 
protonated ester or moves away and becomes solvated, and the pro- 
tonated ester is concurrently deprotonated by the solvent. For the 
cleavage of the To form, the first stage is the production (nearby) of 
the alkoxide ion and a non-protonated ester (or lactone). In the next 
step, either the alkoxide ion adds back to the ester, or moves away and 
becomes protonated and solvated. In both cases (T+ or To), the reverse 
step will be more favored in an intramolecular than in an inter- 
molecular situation. Thus, under conditions of kinetic control, i.e. 
when equilibration between the reaction products is not an important 
process, there is a factor based on entropy consideration which dis- 
favors the formation of hydroxy-ester and favors the formation of 
lactone and alcohol. This effect will be referred in the text as the 
entropy factor. 

U 

20 Z - h y d r o x y - e s t e r  

22 E -  h y d r o x y - e s t e r  

23 I- h y d r o x y - e s t e r  --. 
Y 

24 l a c t o n e  ( E  e s t e r  I 

/ 

ing only the (Z) hydroxy-ester, conformer 23 a mixture of (Z) 
hydroxy-ester and lactone, and conformer 24 the lactone prod- 
uct only.' Thus, in the first situation, only the hydroxy-ester 
should be  observed and, in the second, a mixture of hydroxy- 
ester and lactone would be  expected. 

If a cyclic orthoester which cannot undergo a chair inversion 
(e.g. 5) is now considered, the conclusion is the following. T h e  
cation 19 produces 20, which is then allowed to equilibrate to 
give a mixture of conformers 20-22 only. W e  have already 
seen that with these three conformers, only 20 can break down,  
but to give a (Z) hydroxy-ester. On  that basis, conformationally 
rigid ring orthoesters can only give the hydroxy-ester product. 
The  only manner by which these types of orthoesters could give 

"he formation of (E) hydroxy-ester from 22 should not be ob- 
served because this cleavage is disfavored by both the secondary 
stereoelectronic effects and by the entropy factor. 
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DESLONGCHAMPS ET AL.: I 

a mixture of hydroxy-ester and lactone, while respecting the 
stereoelectronic principles, is by undergoing a conformational 
change from a chair to a boat (or a twist-boat). For instance, 
conformer 20 could be transformed into the boat conformer 26 
which can then break down to either a (2) hydroxy-ester or the 
lactone (Scheme 4). In conclusion, orthoesters which cannot 
undergo a chair inversion are predicted to give mainly the 
hydroxy-ester because lactone formation can only occur via the 
cleavage of a tetrahedral intermediate having a boat con- 
f~rmation.~ 

Item (c) 
The ionic state of tetrahedral intermediates and products as 

a function of pH must now be considered. The preceding dis- 
cussion was concerned with cleavages of neutral tetrahedral 
intermediates yielding a non-protonated ester. This discussion 
and the conclusion reached can therefore be applied for cleav- 
ages occurring at pH > 3 (hydroxide-catalyzed breakdown of 
To yielding a neutral ester product). It is, however, necessary 
to analyze the cleavages at pH r 3 which take place on the T" 
form yielding a protonated product. This analysis can be done 
by examining the possible cleavages of the protonated forms of 
conformer 23 which can give either the hydroxy-ester or the 
lactone product. Appropriate conclusions then follow auto- 
matically for cleavages of the other intermediates 20, 22, and 
24. 

There are four different ways by which protonated con- 
former 23 can break down. They correspond to 27,28,29, and 
30 (Scheme 5) depending upon which oxygen is protonated10 
(axial or ring oxygen atom), and upon the orientation of the 
0-H bond of the equatorial oxygen atom. The first two pos- 
sibilities, 27 and 28, give the protonated lactone in the EE (31) 
and EZ (32) configurations respectively, whereas the other 

'Cleavage via a boat conformer is expected to be a higher energy 
process than that of a chair conformer. It is, however, theoretically 
possible that the boat formation could lie on the reaction coordinate 
(e.g. see ref. 14), and this process could compete with the cleavage 
of the chair form. The experimental results show however that this is 
a minor process (vide infra, see also ref. 15). 

10 Stereochemistry of protonation of the leaving group oxygen in 
27-30 could be different than the one chosen, but the conclusion 
would be the same. 

two, 29 and 30, lead respectively to the EZ (33) and theZZ (34) 
configurations of the protonated ester. 

EZ Dialkoxycarbonium ions are more stable than the corre- 
sponding EE isomers (16). Secondary electronic effects predict 
the same relative stability for protonated lactones and predict 
also that the process 28 + 32 (EZ) is energetically favored over 
that of 27 + 31 (EE). Similarly, secondary stereoelectronic 
effects predict that in protonated esters, theZZ configuration 34 
is more stable than the EZ configuration 33. These effects 
predict also that the ZZ configuration 34 should be preferen- 
tially formed over the EZ configuration 33. However, rigorous 
experimental evidence on the most stable geometry for pro- 
tonated esters is lacking (17). This hypothesis is, however, 
supported by theoretical calculation (18) and by the fact that 
carboxylic acids are known to preferentially exist as cyclic 
hydrogen-bonded dimers having the ZZ configuration (19). It is 
therefore assumed that the process 30 + 34 ( Z Z )  is more 
energetically favorable than that of 29 -+ 33 (EZ). Thus, at pH 
5 3, formation of hydroxy-ester and lactone would take place 
via the processes 30 + 34 (ZZ) and 28 -+ 32 (EZ) respectively. 
The former process is favored by one additional secondary 
stereoelectronic effect. On this basis, it should take place pref- 
erentially over the other. On the other hand, the entropy factor 
works in the opposite direction, favoring the process 28 + 32 
(EZ) rather than the process 30 + 34 (ZZ). 

It is now important to compare the cleavage of T+ with that 
of To. In both cases, the formation of hydroxy-ester is equally 
favored over the formation of lactone by secondary stereo- 
electronic effects. In both cases also, the entropy factor favors 
the formation of lactone and alcohol over that of hydroxy-ester. 
However, this factor may play a more important role in the 
cleavage of To than in the cleavage of T", resulting in a rela- 
tively larger percentage of lactone and alcohol in the cleavage 
of Tt . This would be due to the fact that in the first stage of the 
hydrolysis, before formation of the final reaction products, the 
reverse step (i.e. the intramolecular attack of a hydroxyl group 
on a protonated ester to reform T") would take place with 
greater ease than the reaction of an alkoxide ion with both a 
non-protonated ester and a molecule of water to reproduce To. 
As a result, a larger percentage of lactone would be observed 
at pH 5 3 (breakdown of T") than at pH > 3 (breakdown of 
TO). 
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Analysis of cyclic orthoesters 1-6 
2,2-Diethoxytetrahydropyran (2, R = C2H5) is an orthoester 

which can easily undergo a chair inversion; its hydrolysis must 
therefore take place via the breakdown of conformers 20, 23, 
and 24. The results at pH > 3 indicate that the major fragmen- 
tation of To must take place via intermediates 20 and 23, yield- 
ing the hydroxy-ester. The small percentage of lactone would 
thus be the result of a minor process resulting from the cleavage 
of intermediates 23 and 24. A small proportion of lactone could 
also come from the fragmentation of boat conformers such as 
26. The results at pH 5 3 indicate that the cleavage of T' gives 
more lactone than that of To, in accord with the preceding 
discussion. 

The same conclusion can be reached for 2,2-dimethoxytetra- 
hydropyran (2, R = CH,). The larger percentage of lactone 
observed in this case by comparison with 2 (R = C2H5) at 
various pHs, can be explained by the fact that a methoxy group 
is considered a better leaving group than an ethoxy group. This 
argument is based on the fact that methanol is a stronger acid 
than ethanol. 

The aromatic orthoester 6 (R = CH,) is also confor- 
mationally mobile and, as predicted, there are two different 
product ratios with the variation of pH. The rather large propor- 
tion of lactone observed at pH 5 3 can be readily explained 
because the CH20H and CH2COOMe groupings are in a cis 
arrangement due to the benzene ring. This should favor lactone 
formation at the transition state level.' 

2,2-Dimethoxytetrahydrofuran (1, R = CH,) is also con- 
formationally mobile and the results obtained are in accord with 
the preceding general discussion. By comparison with 2 (R = 
CH,), this five-membered orthoester gives slightly more lac- 
tone at pH > 3 and less at pH 5 3. 'The differences are, 
however, not important enough to be discussed further. 

Bicyclic orthoester 5 (R = CH3) gave essentially the same 
relative proportion of lactone and hydroxy-ester at low and high 
acid concentration. This is expected because this orthoester 
cannot undergo a chair inversion, and the cleavages of both, To 
and T', can take place with conformer 20 only, yielding the 
hydroxy-ester exclusively. The small percentage of lactone 
must come from the cleavage of boat conformers (as T+ or To) 
such as 26. 

The last two cyclic orthoesters 3 and 4 (R = CH,) can be 
analyzed together. In these two orthoesters, a complete chair 
inversion process cannot be a very important process because 
in one conformation, the secondary methyl or isopropyl group 
will be in a 1,3-diaxial orientation with one of the methoxy 
groups. These orthoesters can, however, take a boat or twist- 

boat conformation much more easily than bicyclic orthoester 5 
(R = CH,). These orthoesters have therefore a lesser degree of 
conformational mobility than 2 or 6 (R = CH,), but more so 
than 5 (R = CH,). The product ratios obtained are in agreement 
with the above analysis. Orthoester 4 (R = CH,), which pro- 
duces a larger amount of lactone, appears to be more con- 
formationally mobile than orthoester 3 (R = CH,). But the 
difference in percentage of lactone could also be explained by 
the fact that the leaving group would be better in 4 (a primary 
alcohol) than in 3 (a secondary alcohol). 

Conclusion 
The various product ratios observed between pH 1 and 5 with 

cyclic orthoesters 1-6 (R = CH,) and 2 (R = C2H5) are readily 
rationalized on the basis of the stereoelectronic theorv for 
the cleavage of tetrahedral intermediates, which take; into 
account primary and secondary stereoelectronic effects, con- 
formational changes in tetrahedral intermediates prior to break- 
down, entropic factors, and the ionic state of tetrahedral inter- 
mediates and reaction products as a function of pH. 

These results put this theory on a firm basis (20) and provide 
new information on the cleavage of cyclic hemiorthoester tetra- 
hedral intermediates in the To and the T+ ionic forms: (a) 
conformer 20, either in the To or in the T+ ionic form, yields 
only the hydroxy-ester; the small percentage of lactone product 
(55%) would result from a conformational change to a boat 
conformer (such as 26); (b) cleavage of 23 in the To neutral 
form preferentially yields the hydroxy-ester (>95%), and 
cleavage of 24 to yield the lactone product is a minor process 
(<5%). The formation of lactone becomes more important 
when the cleavage of 23 and 24 takes place on their T+ ionic 
form. 

A logical deduction of the above investigation is that the 
cleavage of negatively charged (T-) tetrahedral intermediate 
should produce a product ratio similar to that predicted for To, 
i.e. mainly hydroxy-ester. This is in agreement with the fact 
that permanganate oxidative cleavage, under basic conditions, 
of axial and equatorial vinyl orthoesters 35 and 36 (Scheme 6) 
yields mainly the hydroxy-ester 39 via the intermediates 37 and 
38 respectively (7, 21). In accord with the above rationale, 
y-butyrolactone ((22, 23), D-gluconolactone (24)) and iso- 
chromane-3-one (25) do not undergo carbonyl-oxygen ex- 
change during their basic hydrolysis. 

Experimental 
The ir spectra were taken on a Perkin-Elmer 681 spectropho- 

tometer; proton nmr spectra (6-values) were recorded on a Bruker 
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WX-250 spectrometer in hexadeuteroacetone. 

Lactones 
y-Butyrolactone and 6-valerolactone are commercial products. Iso- 

chromanone was prepared by Baeyer-Villiger oxidation of indanone 
as described in ref. 26. The preparation of 5-methyl-6-valerolactone, 
3-isopropyl-6-valerolactone, and trans-octahydrocoumarin was de- 
scribed in ref. 3. 

Orthoesters 1-6 
General method of preparation (3, 27) 

'The lactone (2 mmol) was added to a suspension of trimethyl- 
oxonium tetrafluoroborate (2 mmol) in dichloromethane (25 mL) and 
the mixture stirred at room temperature overnight. The resulting solu- 
tion was added to sodium methoxide (3 mmol) in methanol (25 mL) 
cooled to -78°C. The reaction mixture was allowed to warm up to 
room temperature, then washed with an aqueous solution of sodium 
bicarbonate (10%). The organic phase was dried over potassium car- 
bonate and the solvent evaporated. The crude orthoester was purified 
by distillation under vacuum and kept over potassium carbonate. 

Orthoester 1 (R = CH3): bp 62"C/10 Torr (1 Torr = 133.3 Pa); 
yield 82%; ir v,,, (film): 1000- 1200 cm-I; nmr 6: 3.83 (2H, multi- 
plet, 0-CHI-), 3.18 (6H, singlet, 0-CH3), 1.17 (4H, multiplet, 
methylenes at C-3 and C-4). 

Orthoester 2 (R = CH3): bp 65"C/IO Torr; yield 82%; ir v,,, (film): 
1000- 1200 cm-I; nmr 6: 3.67 (2H, triplet, J = 6 Hz, 0-CHI-), 
3.15 (6H, singlet, 0-CH,), 1.7 (6H, multiplet, methylenes at C-3, 
C-4, and C-5). 

Orthoester 2 (R = C2H5): the preparation was described in ref. 3. 
Orthoester 3 (R = CH?): bp 60°C/100 Torr; yield 86%; ir v,,, 

(film): 1000-1200 cm-'; nmr 6: 3.83-3.64 (IH, multiplet, 
0-CH-), 3.19 (3H, singlet, 0-CH?), 3.11 (3H, singlet, 
0-CH3), 1.7- 1.6 (6H, multiplet, methylenes at C-3, C-4, and C-5), 
1.2 (3H, doublet, J = 6 Hz, CH3-CH-). 

Orthoester 4 (R = CH3): bp 85"C/4 Torr; yield 86%; ir v,,, (film): 
1000- 1200 cm-I; nmr 6: 3.76 (IH, doublet of doublet of doublets, 
J = 1 l Hz, 5 Hz, 2 Hz, 0-CH,H.--), 3.58 (lH, doublet of triplets, 
J = 12 Hz, 2 Hz, 0-CH,H,--), 3.21 (3H, singlet, 0-CH3), 3.11 
(3H, singlet, O-CH,), 1.9-1.5 (7H, multiplet, methylenes at C-3, 
C-4, and C-5, and -CH(CH3)2), 0.9 (6H, doublet, J = 5 Hz, 
aCH(CH3)z). 

Orthoester 5 (R = CH3): bp 80°C/0.5 Torr; yield 81%; ir v,,, 
(film): 1000- 1200 cm-I; nmr 6: 3.54 (lH, doublet of doublets, 
J = 12 Hz, 5 Hz, 0-CH,H,-), 3.25 (IH, triplet, J = 12 Hz, 
0-CH,H,-), 3.19 (3H, singlet, 0-CH3), 3.00 (3H, singlet, 
0-CH3), 1.8-1.5 (12H, multiplet). 

Orthoester 6 (R = CH3: bp 85OC/0.5 Torr; yield 8 0 4 ;  0 lr ' Vmar 

(film): 1000-1200 cm-I; nmr 6: 7.4-7.2 (4H, multiplet, aromatic 
protons), 4.83 (2H, singlet 0-CHI-), 3.26 (6H, singlet, 
0-CH3), 3.00 (2H, singlet, =C-CHI-). 

Orthoester hydrolysis 
General procedure 

From a stock solution of the orthoesters (20-40 mg) in hexa- 
deuteroacetone (3 d ) ,  an aliquot (0.5 mL) was transferred into a 
5-mm tube in the probe of a 250-MHz spectrometer at 25°C. A dilute 
solution of deuterated hydrochloric acid of a given pH (measured with 
a pH meter: pH values of 0.9, 1.9, 3.0,4.0, and 4.7) was then added 
(0.1 mL at pH = 0.9 and 1.9; 0.25 mL at pH = 3; 0.5 d at pH = 
4 and 4.7). The reaction was followed by nmr and stopped when no 
more orthoester was present. Two to three runs were carried out. The 
relative proportion of lactone and hydroxy-ester was determined by 
the nmr integration of well-separated and characteristic peaks of the 
two products. 

At pH 0.9 and pH 1.9, the reaction was usually over by the time the 
spectrum was recorded. Spectra were recorded for an additional 15 
min to check the rate of lactonization of the hydroxy-ester. Except for 
the hydrolysis of orthoester 5 at pH = 0.9, there was very little change 
in lactone/hydroxy-ester ratio between the first spectrum and that 
recorded after 15 min. At pH > 3, the reaction was much slower, 

necessitating several hours. 
In these experiments, the volume ratio D20/CD3COCD3 was not 

kept constant since Capon and Grieve (8) had shown that it had 
practically no influence on the percentage of 6-valerolactone in the 
hydrolysis of orthoesters 2 (R = CH3 and C2Hs) at pH 5 3. 
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The hydrolysis of cis and trans methoxy bicyclic and tricyclic orthoesters. 
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The acid hydrolysis of cis and trans methoxy bicyclic and tricyclic orthoesters 1-4 was studied. The trans isomers gave 

only the corresponding hydroxy-lactones (2+ 14 and 4+ 16 + 10) whereas the cis isomers gave mixtures of dihydroxy-esters 
and hydroxy-lactones (1 + 13 + 14) and 3 + 15 + 16 + 10). These results are rationalized on the basis of the stereoelectronic 
theory for hydrolytic processes. The fact that hydroxy-lactone 16 is produced to a larger extent than the isomeric hydroxy- 
lactone 10 is taken as evidence that when a tetrahedral intermediate is not allowed (stereoelectronically) to break down in a 
chair conformation, it will take a boat form prior to cleavage. 

PIERRE DESLONGCHAMPS, DANIEL GUAY et ROBERT CHENEVERT. Can. J .  Chem. 63, 2493 (1 985). 
On a CtudiC I'hydrolyse en milieu acide des orthoesters bicycliques et tricycliques (1-4) en series cis et trans. Les isomtres 

trans ont conduit uniquement aux hydroxy-lactones (2 + 14 et 4 + 16 + 10) correspondantes tandis que les isomtres cis ont 
donnC des mClanges d'hydroxy-esters et d'hydroxy-lactones (1 + 13 + 14 et 3 4  15 + 16 + 10). Ces rksultats sont interprCtCs 
i la lumitre de la thCorie du contrble stCrCoClectronique dans les processus d'hydrolyse. La formation prCfCrentielle de 

I I'hydroxy-lactone 16 sur son isomtre 10 constitue une Cvidence que, ne pouvant se briser avec contr6le stCrCoClectronique dans 
la forme chaise, un intermidiaire tetrakdrique preferera le faire sous la forme bateau. 

The mild acid hydrolysis of orthoesters (1) has been used as 
a technique to understand better the mechanism of cleavage of 
tetrahedral intermediates which are occurring in hydrolytic pro- 
cesses (2-7). Most of this work was carried out to test the 
validity of the theory of stereoelectronic control (8- 12). In the 
preceding accompanying publication (13), we have shown that 
the results obtained so far are readily rationalized in terms of 
the stereoelectronic theory when it takes into account the fol- 
lowing elements: (a) primary (2, 3, 8, 9) and secondary (10) 
stereoelectronic effects, (b) conformational change in tetra- 
hedral intermediate prior to breakdown (4, 7, 14, 15), (c) an 
entropy factor, and (d) the ionic state of tetrahedral inter- 
mediates and reaction products as a function of pH (4, 10, 16, 
17). 

This theory postulates that when a tetrahedral intermediate 
exists in a conformation which cannot break down with primary 
stereoelectronic control, the intermediate will first undergo a 
conformational change prior to cleavage in order to fulfill the 
stereoelectronic requirement. When the cyclic orthoester is a 
conformationally mobile six-membered ring, one of the con- 
formational changes is a chair inversion, and studies carried out 
so far with various orthoesters having either a mobile or a rigid 
conformation support this rationalization (1 3). This theory also 
predicts that when complete ring inversion is not possible, a 
change from a chair to a boat (or twist-boat) conformation has 
to take place prior to cleavage, and experimental results have 
been rationalized on that basis (13). 

We  wish now to report a study which can be taken as the first 
unambiguous evidence that when a hemiorthoester tetrahedral 
intermediate is not allowed to break down stereoelectronically 
in its chair conformation, it will take a boat conformation prior 
to cleavage. The study undertaken is the mild acid hydrolysis 
of cis and trans methoxy bicyclic and tricyclic orthoesters 1, 2, 
3, and 4 (Scheme 1). 

' N .S.E.R.C.C. (Ottawa) and F.C.A.C. (Quebec) predoctoral fel- 
lowships 1982- 1985. 

Synthesis 
Treatment of the known bromo-lactone 5 (18) (Scheme 2) 

with silver tetrafluoroborate gave in situ the lactonium salt 6 
(19), which on reaction with methanol under basic conditions 
gave trans bicyclic orthoester 2 along with a small quantity 
(-5%) of the cis isomer 1. Isomerization of 2 under anhydrous 
acidic conditions gave a (- 1 : 2) mixture of isomers 1 and 2. 
Each isomer was obtained pure by column chromatography 
using silica gel impregnated with sodium bicarbonate. The cis 
isomer 1 is a known compound and its stereochemistry is firmly 
established by the first synthetic route (20). 

The preparation of allylic bicyclic lactone 8 from the al- 
kylation of bicyclic lactone 7 was recently reported (18). Fol- 
lowing a general method (3, 21), compound 8 was converted 
into the allylic bicyclic orthoester 9 which, after hydroboration 
and acid hydrolysis, gave hydroxy-bicyclic lactone 10. Com- 
pound 10 was then converted into the bromo-bicyclic lactone 
11 via the intermediate formation of a primary mesylate. Treat- 
ment of bromo-bicyclic lactone 11 with silver tetrafluoroborate 
gave in situ the corresponding tricyclic lactonium salt 12 
which, on reaction with methanol under basic conditions, gave 
stereospecifically the trans-tricyclic orthoester 4. Acid isomer- 
ization of 4 gave a mixture of cis and trans isomers 3 and 4 in 
a 1 : 5.5 ratio. The cis isomer was obtained pure by chromatog- 
raphy with silica gel impregnated with NaHC03. 

Results and discussion 
The theoretical products (Scheme 1) for the hydrolysis of cis 

and trans methoxy bicyclic orthoesters 1 and 2 are dihydroxy- 
ester 13 and hydroxy-lactone 14. Those of cis and trans 
methoxy tricyclic orthoesters 3 and 4 are dihydroxy-ester 15 
and the isomeric hydroxy-lactones 16 and 10. 

Orthoesters 1-4 were dissolved in deuterated acetone, an 
hydrochloric acid solution (DC1 in D20,  pH = 2) was added, 
and the product distribution formed in the course of the hydrol- 
ysis experiments was analyzed by 250-MHz nrnr spectroscopy. 
The results are shown in Table 1. 
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Y 
H o 7 ~  + 

COOMe roH 

TABLE 1. Hydrolysis of cis and trans rnethoxy bicyclic and tricyclic orthoesters 1, 2, 3, and 4 

Orthoester 1 
Time Orthoester 1 Dihydroxy-ester 13 Hydroxy-lactone 14 

2 rnin 15 22 63 
10 rnin trace 33 67 
25 rnin 0 30 70 

Orthoester 2 
Time Orthoester 2 Dihydroxy-ester 13 Hydroxy-lactone 14 

2 rnin 0 0 >99 
10 min 0 0 >99 

Orthoester 3 
Time Orthoester 3 Dihydroxy-ester 15 Hydroxy-lactone 16 Hydroxy-lactone 10 

2 rnin > 90 <5 
9 rnin - 30 -30 
2 h  0 35 

Orthoester 4 
Time Orthoester 4 Dihydroxy-ester 15 Hydroxy-lactone 16 Hydroxy-lactone 10 

2 min 0 
7 rnin 0 

21 min 0 
82 min 0 
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The hydrolyses of the trans methoxy orthoesters 2 and 4 are The rate of hydrolysis of cis methoxy orthoesters 1 and 3 is 
very fast, being complete in less than 2 min. Orthoester 2 gives slower than that of trans methoxy orthoesters 2 and 4. 'The cis 
only hydroxy-lactone 14, whereas orthoester 4 produces first a methoxy orthoester 1 gives a -3 :7 mixture of dihydroxy-ester 
mixture of hydroxy-lactones 16 and 10, where 16 largely pre- 13 and hydroxy-lactone 14. The cis methoxy tricyclic ortho- 
dominates. Hydroxy-lactone 16 is then slowly converted into ester 3 produces first a mixture of dihydroxy-ester 15, and 
the most stable hydroxy-lactone 10. It is important to mention hydroxy-lactones 16 and 10. This is followed by the conversion 
that the hydroxy methyl esters 13 and 15 were not observed. of hydroxy-lactone 16 into the more stable isomeric hydroxy- 
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H 

lactone 10, but the conversion of dihydroxy-ester 15 into 
hydroxy-lactone 10 does not take place.2 

Compounds 13,14,16, and 10 were further characterized by 
preparation of their corresponding acetate derivative by reac- 
tion with acetic anhydride and pyridine. 

The results obtained with trans methoxy bicyclic orthoester 
2 are readily rationalized on the basis of the stereoelectronic 

respectively give hydroxy-lactones 10 and 16. The preferred 
formation of 16 can be explained4 by the fact that ring C is more 
flexible than ring B, which is fused to ring A with a trans 
junction. The resulting consequence is that boat formation will 
take place much more readily in ring C (+21) than in ring B 
(-+20), and the preferential formation of hydroxy-lactone 16 is 
thus readily explained on that basis. This result can therefore be 
taken as the first experimental evidence that cleavage must take 
place from a boat conformation when a tetrahedral hemi- 
orthoester intermediate is not allowed to break down in a chair 
conformation with stereoelectronic control. 

The cis methoxy orthoesters 1 and 3 differ from the trans 
methoxy orthoesters 2 and 4 in the fact that they produce the 
corresponding dihydroxy methyl esters (13 and 15) along with 
the hydroxy-lactones (14, 16, and 10). The next operation is to 
analyze the cleavage of 1 and 3 on the basis of the stereo- 
electronic theory. The cis methoxy bicyclic orthoester 1 can 
exist in the conformations l a  and l b  (Scheme 5). Primary 
stereoelectronic effects predict that conformer l b  cannot break 
down (3), and cleavage should therefore take place on con- 
former l a ,  which can only give the hydroxy-lactonium ion 22. 
Hydration of 22 should then occur to produce the tetrahedral 
intermediate 23, which is allowed to break down in only one 
direction, yielding the corresponding dihydroxy-ester 13. One 
possible route to producing hydroxy-lactone 14 while re- 

theory. Orthoester 2 must exist in the conformation 2a (Scheme 
3) which permits the ejection of the methoxy group yielding the 
bicyclic lactonium ion 6a. Hydration of 6a should give the 
intermediate 17,3 which can only give the hydroxy-lactone 14 
on further cleavage. Since intermediate 17 cannot break down 
with stereoelectronic control, it is assumed that it will first take 
a boat form like 18 prior to cleavage (17 + 18 + 14). 

Under kinetically controlled conditions, trans methoxy tri- 
cyclic orthoester 4 produces no dihydroxy-ester 15, but a mix- 
ture of the two hydroxy-lactones 16 and 10, where the less 
stable isomeric lactone (16) predominates. Orthoester 4 must 
exist in conformation 4a (Scheme 4), which can only eject the 
methoxy group while respecting the principle of stereo- 
electronic control. This reaction produces the lactonium ion 
12a, which on hydration should give the tetrahedral inter- 
mediate 19. This intermediate cannot break down with stereo- 
electronic control and must therefore undergo a conformational 
change prior to breakdown. In this case, ring B or ring C can 
take a boat form producing 20 or 21, which on cleavage can 

4This result cannot be explained on the basis of entropy consid- 
erations (cf. footnote 7 in ref. 13). This factor predicts that, contrary 
to the experimental results, the formation of hydroxy-lactone 16 

'A preliminary study on the acid hydrolysis of cis methoxy ortho- 
ester 1 led to the incorrect conclusion that 1 gave only dihydroxy 
methyl ester 13 (ref. 22 and pp. 80-82 in ref. 11). 

'Hydration of 6a on the opposite face would produce a tetrahedral 
intermediate having each ring in a boat conformation. This process is 
thus neglected. 

should b e  disfavored over that of hydroxy-lactone 1 0  because the 
CH'OH group in 16 has a lesser degree of conformational mobility 
than that in 10. As a result, this is not a determining factor in the 
present case. 
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COOMe P 

specting the principle of stereoelectronic control, is for 23 to 
undergo a ring inversion to give the new conformer 24, which 
is allowed to produce dihydroxy-ester 13 as well as hydroxy- 
lactone 14. However, conformer 24 has an axial side chain and 
its proportion at equilibrium with 23 will be relatively small; 
consequently, the route 23 + 24 + 13 + 14 cannot be ex- 
pected to become an important process. The relatively large 
proportion of hydroxy-lactone 14 which is formed along with 
dihydroxy-ester 13 is thus not explained on this basis. A very 
similar conclusion can be reached for the trans methoxy tri- 

23 or the boat intermediate 26. The new intermediate 26 could 
then give the chair intermediate 27, which is allowed stereo- 
electronically to cleave to either dihydroxy methyl ester 13 or 
hydroxy-lactone 14. 

There is no doubt that the rate of the reclosure step 22 + l a  
must be faster than the other three competing processes. How- 
ever, the reclosure step 22 + l a  will not influence the product 
ratio, but will only slow down the overall rate of hydrolysis. 
This is in agreement with the fact tht the cis orthoesters 1 and 
3 are hydrolyzed at a slower rate than the trans isomers 2 and 
4 .  The second ring closure via a boat conformation (22 + 25) 
is entropically favored but it is disfavored on steric grounds. 
The reverse is true for the bimolecular hydration step via the 
chair conformer (22 + 23),  whereas that via the boat con- 
former (22 -+ 26) is both sterically and entropically disfavored. 
The process 22 + 26 can therefore be eliminated from further 
consideration. As a result, there is left the possibility that the 
process 22 + 25 + 2a can compete with the hydration step 22 
+ 23. If that is the case, the experimental results are readily 
explained. Indeed, the formation of dihydroxy methyl ester 13 
would come from intermediate 23, whereas that of hydroxy- 
lactone 14 would come from trans orthoester (2a)  produced 
from 22 via the boat intermediate 25. 

It remains to find some evidence to show that the isomeri- 
zation process 22 + 25 + 2a can compete with that of hydrol- 
ysis (22 + 23 + 13). We have submitted the cis methoxy 
orthoesters 1 and 3 to acidic conditions which are similar to 
those for the hydrolysis, except for the fact that water was 
repIaced by methanol. We have found that, under these condi- 
tions, isomerization from the cis to the trans orthoesters takes 
place rapidly. Indeed, after 5 min, it was found in both series 

cyclic orthoester 3 .  This compound should hydrolyze via a 
pathway which is very similar to that of 1,  i.e. l a  + 22 + 23 
+ 13. Indeed, in this tricyclic orthoester, the ring inversion 
process (23 -+ 24) is not possible. Thus, again, the rationale 
proposed so far does not explain correctly the experimental 
results. 

One interesting hypothesis is to assume that the isomer- 
ization of the cis orthoesters 1 and 3 into their corresponding 
trans orthoesters 2 and 4 can occur at a competitive rate with 
that of hydrolysis; indeed, on that basis, the results are readily 
explained because trans orthoesters 2 and 4 are known to give 
exclusively the hydroxy-lactones. 

There is a good possibility that the above assumption might 
become the correct explanation for the following reasons. 
When lactonium ion 22 is produced from l a ,  the step which 
follows is the nucleophilic addition of a hydroxyl group. The- 
oretically, there are four possibilities. This step can take place 
via an intramolecular process that can either give back cis 
orthoester l a  or produce trans orthoester 2a via the boat con- 
former 25. Hydration of 22 can also take place intermolecularly 
by reaction with water to produce either the chair intermediate 
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that more than 50% of the cis isomer (1 or 3) was already 
converted into the corresponding trans orthoester (2 or 4). 
These results strongly support the preceding rationale, which 
clearly explains the products observed in the hydrolysis of cis 
orthoesters 1 and 3. 

Conclusion 
The products of hydrolysis of cis and trans methoxy bicyclic 

and tricyclic orthoesters 1-4 are readily understood on the 
basis of the stereoelectronic theory for the cleavage of tetra- 
hedral intermediates. This study provides also the first experi- 
mental evidence to show that when an hemiorthoester tetra- 
hedral intermediate is not allowed to break down in a chair 
conformation, it will first take a boat conformation so that the 
cleavage can take place with ease, i.e. while following the 
principle of stereoelectronic control. 

Experimental 
The infrared (ir) spectra were taken on a Perkin-Elmer 681 spec- 

trophotometer. Proton nuclear magnetic resonance (nmr) spectra were 
recorded on a Bruker WP-60 and on a Bruker WM-250 instrument. 
The I3C nmr spectra were recorded on a Bruker WP-80SY and on a 
Bruker WM-250 instrument. Mass spectral assays were obtained using 
a Vg Micromass ZAB-IF mass spectrometer. Vapor phase chro- 
matographic (vpc) analysis and separation were carried out on a Vari- 
an 2800 chromatograph with thermal conductivity detector (column 
SE-30, 10% Chromosorb W, 60-80 mesh, 5 ft X 4 in.). The puri- 
fication of orthoesters 1-4 was carried out by column chromatography 
with silica gel imuregnated with 1% sodium bicarbonate. . - 
s ~ o ~ - N ~ H c o ; ~ ~ ~  prepared by mixing a saturated solution of sodium 
bicarbonate in methanol with silica gel followed by evaporation of the 
solvent with a rotatory evaporator under vacuo. 

trans Methoxy bicyclic orthoester 2 
Bromolactone 5 (1.07 g, 4.84 mmol) was dissolved in dichlo- 

romethane (40 mL) and benzene (5 mL) under argon. Silver tet- 
rafluoroborate (2.18 g, 1 1.2 mmol) was added and the resulting mix- 
ture stirred 20 h at room temperature in absence of light. After cooling 
at -78"C, a solution of methanol (48 mmol), sodium methoxide 
(5 mmol), and diisopropylethylamine (23 mmol) in dichloromethane 
(10 mL) was added via syringe. The resulting mixture was allowed to 
warm to room temperature and stirred for 2 h. Concentration was 
followed by addition of aqueous sodium bicarbonate (40 mL, 5%), 
and ether (50 mL). The aqueous layer was extracted with 
etherlpentane (75%, 2 x 100 mL). The combined organic extracts 
were dried over potassium carbonate, filtered, and evaporated. Fil- 
tration of the residue on silica gel (20% ethyl acetate in hexane, 
Si02/NaHC03, Et3N) afforded trans methoxy bicyclic orthoester 2 
(318 mg, 38%) contaminated with a small amount of cis isomer 1 
( ~ 5 % ) .  On attempted distillation, isomerization of the orthoester led 
to a mixture of 1 and 2 in the ratio of 45 : 55. 

cis Methoxy bicyclic orthoester Z and trans methoxy bicyclic ortho- 
ester 2 

trans Methoxy bicyclic orthoester 2 (60 mg, 0.35 mmol) was dis- 
solved in a 1 : 1 mixture of methanol and dichloromethane (4 mL) 
containing trimethyl orthoformate (10 drops). At room temperature 
under an argon atmosphere, acetyl chloride (1 drop) was added. The 
mixture was stirred 10 min before adding triethylamine (100 pL). 
Evaporation in vacuo and flash chromatography of the residue 
(Si02/NaHC03, 1 : 3 ethyl acetatelhexane, Et3N) gave cis methoxy 
bicyclic orthoester 1 (13 mg, 0.076 mmol, Rf 0.45); nmr (C3D60) 6: 
1.2- 1.8 (9H), 3.17 (3H, singlet, OCH3), 3.61 -3.77 (4H, multiplet, 
two CH20); and trans methoxy bicyclic orthoester 2 (27 mg, 0.15 
mmol, Rf 0.35); nmr (C3D60) 6: 1.3- 1.7 (9H), 3.09 (3H, singlet, 
0CH3), 3.53-3.71 (4H, multiplet, two CH20). 

Ally1 bicyclic orthoester 9 
Triethyloxonium tetrafluoroborate (3.59 g, 0.02 mol) was added to 

a solution of ally1 lactone 8 (1.04 g, 0.005 mol) in anhydrous dichloro- 
methane (30 mL) under argon. After stirring 22 h at room temperature, 
the mixture was cooled to -78°C. Then a solution of sodium ethoxide 
(2.0 g, 0.03 mol) in ethanol (10 mL) was added and the mixture was 
left to warm up to room temperature and stirred for 40 h. The solvents 
were then removed in vacuo and a solution (50 mL) of sodium bicar- 
bonate (2%) was added. The aqueous phase was extracted with ether 
(3 x 75 mL), and the organic extract was dried with potassium 
carbonate, filtered, and evaporated to yield crude orthoester 9 (1.32 g, 
92%) as a pale yellow oil; nmr (CDCl,) 6: 1.0-2.3 (13H), 1.16 (6H, 
triplet, J = 7.2 Hz, two CH3-), 3.5 (4H, diffuse quadruplet, J = 7.2 
Hz, two CH3-CH2-0), 3.5-4.25 (2H, CH20 of the ring), 4.8-5.2 
(2H, multiplet, C=CH2), 5.5-6.2 ( lH,  multiplet, -CH=). 

Hydroxy-bicyclic lactone 10 
Borane-methyl sulfide (732 pL, 7.3 mmol) was added to a cooled 

(- 10°C) solution of cyclohexene (1.49 mL, 14.7 mmol) in ether (5 
mL) under an atmosphere of argon. After stirring 1.5 h at O°C, the 
white precipitate formed was diluted with tetrahydrofuran (20 mL). To 
this cooled mixture was added a solution of bicyclic orthoester 9 (1.31 
g, 4.88 mmol) in tetrahydrofuran (5 mL). The reaction mixture was 
stirred 6 h at 0°C and was then allowed to warm up to room tem- 
perature (20 min). Aqueous sodium hydroxide (1 N, 15 mL) was 
added along with hydrogen peroxide (30%, 4 mL, 40 mmol) and the 
reaction mixture was stirred overnight at room temperature. The solu- 
tion was acidified (pH < 2) with concentrated hydrogen chloride. 
Hexane (30 mL) was added, and the aqueous phase was decanted and 
extracted with ether (3 X 30 mL). The organic extract was dried with 
magnesium sulfate, filtered, and evaporated. The oily residue was 
purified by flash chromatography (ethyl acetate/hexane/acetone, 
4:5: 1) to give the hydroxy-bicyclic lactone 10 (760 mg, 74%); ir 
(CH2C12): 3620, 3500, and 1725 cm-I; nmr (C3D60) 6: 0.9-2.0 
(14H), 2.15.-2.23 ( lH,  multiplet, CH-CO-0-), 2.9 ( lH,  broad 
singlet, OH), 3.51 (2H, diffuse triplet, CH20 of the chain, J = 5.5 
Hz), 3.86 and 4.15 (2H, AB part of an ABX system, J A B  = 11 .O HZ, 
J B X  = 4.3 Hz, J A B  = 10.8 HZ, CH20 of the ring). 

Bromo-bicyclic Iactone ZZ 
Mesyl chloride (280 pL, 3.6 mmol) was slowly added to a cooled 

(-20°C) solution of hydroxy-bicyclic lactone 10 (421 mg, 2.0 mmol) 
and triethylamine (560 pL, 4.0 mmol) in dichloromethane (25 mL) 
under an argon atmosphere. The reaction mixture was stirred at room 
temperature for 14 h. Hexane (20 mL) was added and the solution was 
washed with hydrochloric acid (1 N, 2 X 15 mL), then with water (10 
mL). The aqueous phases were extracted with ether (2 X 10 mL) and 
the combined organic layers were dried over magnesium sulfate, fil- 
tered, and evaporated to yield the crude methanesulfonate lactone (650 
mg). Without further purification this crude sulfonate was dissolved in 
benzene (45 mL) containing tetra n-butylammonium bromide (2.0 g, 
6 mmol) under argon. The mixture was refluxed 1.5 h and then 
concentrated in vacuo. The residue was taken into ether (30 mL) and 
washed with water (2 X 15 mL). The aqueous phase was extracted 
with ether (20 mL). The organic extracts were dried over magnesium 
sulfate, filtered, and evaporated. Flash chromatography (30% ethyl 
acetate in hexane) provided the bromo-bicyclic lactone 11 (457 mg, 
83%); ir (CH2C12): 1725 cm-I; nmr (CDCl,) 6: 0.9-2.1 (15H), 3.4 
(2H, multiplet, CH2Br), 3.85 and 4.26 (2H, AB part of an ABX 
system, J A X  = 10.7 HZ, JBX = 4.4 HZ, J A B  = 11.1 HZ, CH20); ms 
mle (70 eV): 274 and 276 (M+). Exact Mass calcd.: 276.0548; found: 
276.0553. 

trans Methoxy tricyclic orthoester 4 
Silver tetrafluoroborate (435 mg, 2.2 mmol) was added to a solution 

of bromo-bicyclic lactone 11 (410 mg, 1.5 mmol) in benzene (5 mL) 
and dichloromethane (5 mL). The mixture was stirred 24 h at room 
temperature under argon and protected from light. Then it was cooled 
to -78°C. A solution of sodium methoxide in methanol (105 mg NaH, 
4.5 mmol) was added, followed by triethylamine (210 pL, 1.5 mmol). 
The resulting mixture was allowed to warm up to room temperature 
before filtering through Celite. The filtrate was concentrated. Aqueous 
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sodium bicarbonate (30 mL, 2%) was added and it was extracted with 
etherlhexane (2: 1, 3 X 20 mL). The organic layers were dried over 
potassium carbonate, filtered, and evaporated. Flash chromatography 
of the residue (15% ethyl acetate in hexane) was effected on silica gel 
impregnated with sodium bicarbonate and traces of triethylamine were 
added in solvents and test tubes. This way, trans methoxy tricyclic 
orthoester 4 (192 mg, 57%) was obtained, along with some hydroxy- 
lactone 10 (46 mg, 0.22 mmol). trans Orthoester 4: ir (CH2C12): 
1000- 1200 cm-I; nmr (CsD60) 6: 0.9- 1.8 (ISH), 3.08 (3H, singlet, 
OCH,), 3.25 (IH, d of d, A part of an ABX system, J A B  = JAX = 11 .O 
Hz, one-half CH20), 3.48-3.70 (3H, multiplet, one and one-half 
CH20); I3C nmr (CDCI,) 6: 110.7,68.2,63.3,47.2,45.5,41.8,40.2, 
28.2, 27.4, 25.7, 25.6, 25.4, 22.0; ms rnle (70 eV): 226 (M+), 194 
(M+ - CH30H). Exact Mass calcd.: 226.1567; found: 226.1569. 

cis Methoxy tricyclic orthoester 3 
trans Methoxy tricyclic orthoester 4 (170 mg, 0.75 mmol) was 

dissolved in methanol (15 mL) containing trimethyl orthoformate (15 
drops) under argon. Anhydrous hydrochloric acid (0.017 mmol, pre- 
pared from acetyl chloride) in methanol (60 pL) was added. After 
stirring 1 h: 45 min at room temperature, triethylamine (250 pL, 1.8 
mmol) was added and the solution was concentrated in vacuo. Flash 
chromatography of the oily residue (10% ethyl acetate in hexane, 
Si02/NaHC03, Et3N) afforded trans orthoester 4 (132 mg, 0.58 
mmol, R f  0.35) and cis orthoester 3 (24 mg, 0.1 1 mmol, Rf 0.50); ir 
(CH2CI2): 1000-1200 cm-I; nmr (C3D60) 6: 0.9-1.9 (15H), 3.18 
(3H, singlet, OCH,), 3.35-3.80 (4H, multiplet, two CH20); "C nmr 
(CDCI,) 6: 68.7,64.3,47.1,42.7,40.5,38.2,29.1,27.6,26.2,25.4, 
21 .O, 19.5; ms rnle (70 eV): 226 (M+), 194 (M+ - CH30H). Exact 
Mass calcd.: 226.1567; found: 226.1571. 

Hydrolysis of trans rnethoxy bicyclic orthoester 2 
trans Methoxy bicyclic orthoester 2 (3 mg) in deuterated acetone (1 

mL) was placed in an nmr tube. The pH 2 acid solution (75 pL) was 
added and product distribution was checked by 250-MHz nmr spec- 
troscopy. Hydrolysis was completed within 1.5 min (see Table I). 

Hydrolysis of cis rnethoxy bicyclic orthoester 1 
cis Methoxy bicyclic orthoester 1 (2 mg) was hydrolyzed under 

identical conditions used for the trans isomer 2 (above). More than 10 
min were needed for complete hydrolysis (see Table I). 

Acetate of hydroxy-lactone 14 and diacetate of dihydroxy-ester 13 
The cis methoxy bicyclic orthoester 1 (172 mg, 1 mmol) dissolved 

in dichloromethane (1 mL) was vigorously stirred in the presence of 
aqueous p-toluenesulfonic acid (0.5 mL, lo-, M )  at O°C. After 10 
min, the crude mixture was taken into pyridine (10 mL) and excess 
acetic anhydride was added (10 mL). The resulting mixture was stirred 
overnight at room temperature. Methanol was added at 0°C and the 
solvents were evaporated in vacuo. The products were analyzed and 
separated by vapor phase chromatography. 

Acetate of hydroxy-lactone 14: 52%; vpc retention time, 9.5 min 
(175°C); ir (CHCI,): 1720 and 1240 cm-I; nmr (CDCI,) 6: 1.5-2.1 
(8H), 2.05 (3H, singlet, CH,COO-), 2.2-2.6 ( lH,  multiplet, 
-CH-C=O), 4.15 (2H, triplet, J = 7.0 Hz, CH20Ac), 4.38 (2H, 
triplet, J = 6.0 Hz, -CH20 of the ring); ms mle (70 eV): 200 (M+), 
140 (M+ - CH3COOH). 

Diacetate of dihydroxy-ester 13: 48%; vpc retention time, 15.0 min 
(175°C); ir (CHCI,): 1715 and 1240 cm-I; nmr (CDCI,) 6: 1.4-2.6 
(9H), 2.07 (6H, singlet, CH3COO-), 3.75 (3H, singlet, 
-COOCH3), 3.9-4.3 (4H, multiplet, CH20Ac). 

ysis product ratios: methanol formed: 3.23 ppm; cis methoxy bicyclic 
orthoester 1: 3.17 ppm (3H, OCH,); trans methoxy bicyclic orthoester 
2: 3.09 ppm (3H, OCH,); hydroxy-lactone 14: 2.45-2.60 ppm (IH, 
-CH-CO); dihydroxy-ester 13: 3.60 ppm (3H, COOCH,), 
2.28-2.38 ppm (lH,  -CH-COOMe); cis methoxy tricyclic ortho- 
ester 3: 3.18 ppm (3H, OCH,); trans methoxy tricyclic orthoester 4: 
3.08 ppm (3H, OCH,); hydroxy-bicyclic lactone 10: 2.15-2.23 ppm 
(lH,  CH-CO), 3.86 ppm (lH, CH20CO); hydroxy-lactone 16: 
2.8-2.95 ppm (lH,  CH-CO); dihydroxy-ester 15: 2.68-2.77 ppm 
(lH,  CH-COOMe), 3.58 ppm (3H, COOCH,). 

Acetate of hydroxy-lactone 10 and acetate of hydroxy-lactone 16 
trans Methoxy tricyclic orthoester 4 (18 mg, 0.08 mmol) was dis- 

solved in dichloromethane (750 pL) and in acetone (250 pL) under 
argon. At room temperature, the pH 2 acid solution (150 pL) was 
added. After 10 minutes, tlc analysis indicated no more starting mate- 
rial and pyridine (2 mL) was poured in, followed by acetic anhydride 
(4 mL). The reaction mixture was stirred overnight at room tem- 
perature. Hexane (5 mL) and ether (10 mL) were added. The organic 
phase was washed with hdyrochloric acid (1 N, 2 X 15 mL), sodium 
bicarbonate (5%, 10 mL), and brine (10 mL), then dried over mag- 
nesium sulfate and filtered. The residue was purified by column chro- 
matography (SiOz, 40% ethyl acetate in hexane) to give the acetate of 
hydroxy-lactone 10 (14 mg, 0.055 mmol, R f  0.33); ir (CH2C12): 1730 
cm-I; nmr (C3D60) 6: 0.9-2.0 (14H), 1.97 (3H, singlet, CH3COO), 
2.17-2.25 (IH, multiplet, CH-CO-0), 4.00 (2H, triplet, J = 6.4 
Hz, CH20Ac), 3.88 and 4.16 (2H, AB part of an ABX system, JAx 
= 11.0 Hz, Jex = 4.4 Hz, JAB = 10.8 HZ, CH20 of the ring); ms rnle 
(70 eV): 255 (MH'), 212 (MH+ - CH3CO). Exact Mass calcd.: 
254.1518; found: 254.15 10; and the acetate of hydroxylactone 16 (6 
mg, 0.024 mmol, R,  0.25); ir (CH2CI2): 1730 c k l ;  n k  (c3D60) S: 
0.9- 1.9 (14H), 1.99 (3H, singlet, CH,COO), 2.78-2.88 (IH, multi- 
plet, CH-CO-0 of the ring), 3.91 and 4.03 (2H, AB part of and 
ABX system, J A X  = 5.8 Hz, JBx = 4.45 Hz, JAB = 11.3 HZ, 
CH20Ac), 4.14-4.36 (2H, multiplet, CH@ of the ring); ms rnle (70 
eV): 254 (M+), 212 (MH+ - CH3CO). Exact Mass calcd.: 254.1518; 
found: 254.15 10. 

High resolution mass spectroscopy confirmed the 250-MHz nmr 
integration in that no deuterium incorporation had occurred a to the 
lactone during hydrolysis. 

Isornerization of cis rnethoxy tricyclic orthoester 3 
cis Methoxy tricyclic orthoester 3 (16 mg) was dissolved in acetone 

(4 mL) at room temperature under argon. Then, 75 pL of a M 
acid solution (7.1 pL acetyl chloride in 10 mL methanol) were added; 
tlc analysis after 5 min showed that isomerization had occurred. Tri- 
ethylamine (100 pL) was added and the mixture was evaporated to 
dryness. Dilution with ether and filtration on silica gel gave (9 mg) 
crude orthoesters 3 and 4 in ratios of =7:3 as judged by nmr (250 
MHz) spectroscopy. A third compound, believed to be an isomer 
(3.17 ppm), was formed (= 16%) during the reaction but could not be 
further characterized. 

Isornerization of cis rnethoxy bicyclic orthoester 1 
cis Methoxy bicyclic orthoester 1 (9 mg) was dissolved in acetone 

(3 mL) under argon at room temperature. Then 50 p L  of a M 
solution of hydrochloric acid in methanol were added; tlc analysis after 
5 min indicated the presence of trans methoxy bicyclic orthoester 2, 
as confirmed by the 250-MHz nmr spectrum of the crude mixture after 
triethylamine quenching (cis lltrans 2, = 1 :4). 

Hydrolysis of trans rnethoxy tricyclic orthoester 4 Acknowledgements 
trans Methoxy tricyclic orthoester 4 (2.5 mg) dissolved in deu- Support for this work by the Natural Sciences and En- 

terated acetone (1 mL) was placed in an nmr tube. The pH 2 acid gineering Research Council of Canada (NSERCC) and by the 
solution was added (100 pL) and product distribution was checked by " ~ i ~ i ~ ~ k ~ ~  de l~fiducat ion~ (FCAC), ~ ~ k b ~ ~ ,  is gratefully 
nrnr spectroscopy (250 MHz). Hydrolysis was completed within 1.5 
minute (see Table 1). acknowledged. 

Hydrolysis of cis rnethoxy tricyclic orthoester 3 1. ( a )  E. H. CORDES. Progress in physical organic chemistry. Vol. 
The hydrolysis was performed as above for the trans isomer 4 (see 4. Edited by A. Streitwieser and R. W. Taft. Interscience, New 

Table 1). The following nmr data were used in calculation of hydrol- York. 1967. pp. 1-44; ( b )  E. H. CORDES and H. G. BULL. 
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Bridged-ring steroids. 111. The synthesis of bridged steroids with a 
bicyclo[2.2.l.]heptane ring B system' 

PETER YATES AND F R A N ~ O I S E  M. WINNIK~ 
Lash Miller Chemical Laboratories, Universiv of Toronto, Toronto, Ont., Canada M5S IAI 

Received November 22, 1984 

~ PETER YATES and FRAN~OISE M. WINNIK. Can. J. Chem. 63, 2501 (1985) 
Reaction of cholesta-5,7-dien-3P-yl 2-tetrahydropyranyl ether with bromoform and potassium tert-butoxide gave 

3',3'-dibromo-3',6~-dihydrocyclopropa[5,6]-5a-ch01est-7-en-3-yl 2-tetrahydropyranyl ether (lc), which on treatment with 
lithium aluminum hydride and water gave 5,8a-methano-5a-cholest-6-en-3P-y1 2-tetrahydropyranyl ether (2c). This has been 
converted to 3~-acetoxy-5,8a-methano-5a-cholestan-6-one (16c) and 3P-acetoxy-5,8a-methano-5a-cholestan-7-one (17c). A 
preliminary investigation of the photochemistry of 16c and 17c has shown that the incorporation of the bicyclo[2.2. Ilheptan- 
2-one system in the B ring of a steroid results in photoreactions of this system that are different from those observed in the 
case of simple bicyclo[2.2. Ilheptan-2-ones. 

PETER YATES et FRANCO~SE M.  W.!NNIK. Can. J. Chem. 63, 2501 (1985). 
La reaction du tktrahydropyrannyloxy-2 cholestadi6ne-5,7 yle-3P avec le bromoforme et le tert-butylate de potassium 

conduit au tktrahydropyrannyloxy-2 dibromo-3,3' dihydro-3',6P cyclopropa[5,6] 5a-cholesttne-7 yle-3P (lc)  qui, par trai- 
tement avec de I'hydrure double de lithium et d'aluminium et de I'eau, conduit au tktrahydropyrannyloxy-2 mkthano-5,8a 
5a-cholest6ne-6 yle-3P (2c). Ce composk a kt6 transform6 en acktoxy-3P mkthano-5,8a 5a-cholestanone-6 (16c) et en 
acttoxy-3P mkthano-5,8a 5a-cholestanone-7 (17c). Une ktude prklim~naire de la photochimie des composks 16c et 17c a 
permis de montrer que I'incorporation du systtme bicyclo[2.2.I]heptanone-2 dans le cycle B d'un stkroide fait que les 

I 
I photorhctions de ce syst6me sont diffkrentes de celles observkes dans le cas des bicyc!o[2.2.1]heptanones-2 simples. 

[Traduit par le journal] 

I In connection with our interest in bridged steroids (1, 2), we 
have extended the work of Nazer (3), who was the only 
previous worker to synthesize bridged steroids with a bicy- 
clo[2.2. llheptane ring B system. In the earlier work ergosteryl ' tetrahydropyranyl ether was converted to its dibromocarbene 
adduct l a ,  and this and its dihydro derivative l b  were con- 
verted to the bridged steroids 2a and 2b; the alcohol corre- 
sponding to 2b  was epoxidized to 4b and this was converted to 
a mixture of diones 5b  and 6b, which were not individually 
identified (Scheme 1). The a configuration was assigned to the 
one-carbon bridge of the bicyclo[2.2. llheptane systems on 

I spectroscopic and chemical grounds. 
Our work was carried out in the cholestane rather than the 

ergostane ~ e r i e s . ~  Cholesta-5,7-dien-3~-yl2-tetrahydropyranyl 
ether was treated with bromoform and potassium tert-butoxide 
to give a dibromocarbene adduct. As in the ergostane series, a 
single adduct was formed and this is assigned structure l c  by 
analogy. We suggest that the high regio- and stereoseIectivity 
in these additions is explicable in terms of the interpretation by 
Moss and Smudin of selectivity in the addition of dihalo- 
carbenes to steroidal and related olefins (4). In the case of a 
steroid 5,7-diene two types of addition are possible (Fig. 1): 
a-axial attack, biased towards C-5, or p-axial attack biased 
towards C-8. Since the latter involves 1,3-diaxial interactions 
with the 18 and 19 CH3 groups, H-1 l p ,  and pseudoaxial H- 

I 15P, while the former only involves 1,3-diaxial interactions 
I with H- la ,  H-3a, and H-9a, the two electronically equivalent 

additions are differentiated by steric control, greatly favoring a 
attack of the C-5 olefinic bond. 

Our initial attempts to convert l c  to the bicyclo[2.2. llhep- 

' For Parts I and 11, see ref. 1. 
Present address: Xerox Research Centre of Canada, 2660 Speak- 

man Drive, Mississauga, Ont., Canada L5K 2L1. 
 he designation "c" is used throughout for compounds in the 

cholestane series. 

tane derivative 2c were disappointing. When a solution of the 
former in tetrahydrofuran was treated with lithium aluminum 
hydride under strictly anhydrous conditions, no rearrangement 
product could be detected and only starting material and some 
monobromo compound 8c  (Scheme 2) were recovered. How- 
ever, we discovered that the rearrangement occurred in good 
yield when a 4 : 1 molar ratio of lithium aluminum hydride and 
water was used. Moreover, optimal yields were obtained when 
the water was added in portions over a period of 2 days. It is 
possible that rearrangement of l a  and l b  occurred in the earlier 
experiments because of the inadvertent presence of water. 

It is proposed that the conversion of l c  to 2c occurs by the 
route shown in Scheme 2. In the first step reductive de- 
halogenation (5) gives the intermediate 7c. This can either give 
8 c  on protonation (vide infra) or proceed by loss of bromide ion 
to the carbene 9c; it is suggested that species formed by the 
interaction of lithium aluminum hydride and water act as Lewis 
acid catalysts for this step and account for the role of added 
water. Rearrangement of 9 c  to 10c is a vinylcyclopropylidene 
-cyclopentenylidene rearrangement and has ample precedent 
(6). Finally, addition of hydride to 10c and subsequent pro- 
tonation gives 2c. Although the conversion of l c  to 2c is 
depicted as involving a stepwise series of reactions in Scheme 
2, it is not excluded that some of these steps are concerted. 

Nazer has reported that 11, a ring A analogue of l c ,  does not 
rearrange on treatment with lithium aluminum hydride, but 
gives 12  (3). In the hope that the addition of water would bring 
about rearrangement, we treated a mixture of 13 and 1 4  under 
the optimum conditions for the conversion of l c  to 2c. How- 
ever, no rearrangement was observed under these conditions; 
compound 15  likewise failed to undergo rearrangement. These 
failures may reflect that interaction between the vacantp orbital 
of the putative carbene intermediate of type 9 c  and the olefinic 
IT system is minimal in these cases; since such interaction is 
considered to facilitate the [1,3] sigmatropic rearrangement of 
the vinylcyclopropylidene species (6), reduction may then pre- 
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&= 2. H30+ &? 
THPO 

~r?" 
THPO 

Br 
1 2 

AcO 

1. OH- \-.. 

X = THPO 
SCHEME 2 

empt rearrangement. In the ring B cases of type 1, rings A and maximum of l c  (2 18 nm) relative to the corresponding maxima 
C hold ring B in a conformation where the cyclopropyl ring is of 11, 13, and 14 (<210 nm). 
nearly perpendicular to the double bond and thus in an optimum Compound 2c was converted by acid hydrolysis and acetyl- 
geometry for rearrangement. This difference in geometry is ation to the corresponding acetate, 3c. Hydroboration of 3c 
reflected in the unusually long wavelength of the 7~ -+ 7 ~ *  uv followed by sequential oxidation with alkaline hydrogen per- 
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YATES AND WINNIK 

a-axial attack 

p-axial attack 

oxide and Jones reagent gave a mixture of 16c and 17c 
(Scheme 3). These were shown to be present in an approxi- 
mately 1 : 1 ratio by vpc analysis, and were separated by pains- 
taking chromatography on silica. 

The structures of 16c and 17c were confirmed by elemental 
analytical and mass spectral data, bands in their ir spectra at 
5.78 pm, maxima in their uv spectra at 289 (E 29) and 302 nm 
(E 25), and signals in their l3C nmr spectra at 6 215.8 and 
214.5.4 However, these data did not allow individual structural 
assignments to be made. This was possible on the basis of 
comparison of the chemical shifts of the C- 18 and C- 19 signals 
in the 'H nmr spectra of the two isomers. At 60 MHz one of the 
isomers shows these signals at 6 0.65 and 0.91, while the other 
shows superimposed signals at 6 0.92 (at 220 MHz this signal 
is resolved into two singlets at 6 0.916 and 0.925). Exam- 
ination of molecular models (cf. Fig. 2) shows that this differ- 
ence can readily be interpreted in terms of assignment of struc- 
ture 16c to the former isomer and 17c to the latter. In 17c the 
C-18 methyl group is situated in the deshielding region of the 
C-7 carbonyl group, while in 16c it is too distant from the C-6 
carbonyl group to be affected by it. Thus it is the signal of the 
C-18 methyl group that is shifted downfield in the second 
isomer relative to the first and the structural assignments are as 
given. This argument implies that the chemical shifts of the 
C-19 methyl signals are very similar in the two isomers, which 
is in accordance with the observation that the endo-methyl 
protons in 5,5-dimethyl- and 6,6-dimethylbicyclo[2.2. llhep- 
tan-2-ones have closely similar chemical shifts (7). 

Independent chemical corroboration of the individual struc- 
tural assignments was obtained as shown in Scheme 3. Treat- 
ment of the individual isomers under Haller-Bauer reaction 
conditions (8) gave in each case a hydroxy acid. Only one of 
these, that derived from 16c, gave on treatment with p-toluene- 
sulfonic acid a y lactone, as vouchsafed by a band at 5.66 pm 
in the ir spectrum of the product. Although the products were 
not fully characterized, it may safely be assumed that the 
Haller-Bauer cleavage will proceed via the more stable car- 
banions (8) to give the hydroxy acids 18c and 19c from 16c 
and 17c, respectively, and that only the former will give a 
y-lactone, 20c, on acid treatment (Scheme 3). 

In some runs for the conversion of l c  via 2c to the ketones 
16c and 17c a side-product accompanied the ketones. This is 
considered to be the cyclopropyl ketone 21c on the basis of 
spectroscopic data (see Experimental). It must arise from 8c 
formed as a by-product in the reaction of l c  with lithium 
aluminum hydride and water (cf. Scheme 2). 

A preliminary investigation of the photochemistry of 16c 
and 17c revealed an interesting difference in their photo- 
rea~tivit ies.~ Irradiation of 16c in methanol gave as the major 
product a methyl ester, which is considered to be 22c (Scheme 
4), formed via Norrish Type I cleavage followed by ketene 
formation. The 'H nmr spectrum of the total crude photolysate 
showed no evidence of enal formation. The result is unusual 
since, in the case of simple bicyclo[2.2.1]heptan-Zones bear- 
ing hydrogen at the syn-C-7 position, enal formation proceeds 
to the exclusion of ketene formation after Norrish Type I cleav- 
age (9). The selective ketene formation on irradiation of 16c 
must reflect constraints imposed by rings A and C on the 
biradical formed upon Norrish Type I cleavage. 

On the other hand, irradiation of 17c in methanol gave nei- 
ther enal nor ketene-derived products, as shown by the 'H nmr 
spectrum of the total crude photolysate. This photolysate con- 
tained no starting material as shown by vpc analysis, but at- 
tempted purification by chromatography on silica gel gave a 

4The "C nmr spectra of these and related compounds will be 
discussed in detail elsewhere. 

For discussions of the photochemistry of bicyclo[2.2. llhepta- 
nones, see, for example, ref. 9. 
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hv 

AcO 
CH30H 

mixture whose major component was shown by vpc, tlc, and 
spectroscopic analysis to be 17c. This result can best be inter- 
preted in terms of Norrish Type I1 hydrogen abstraction as the 
primary photochemical process followed by cyclobutanol for- 
mation (9), with the cyclobutanol reverting to the original ke- 
tone on silica gel. Examination of molecular models shows that 
both H-1 I P and H- 15P, which are in the y-relationship to the 
carbonyl oxygen atom, are held by the steroidal framework in 
very close proximity to that oxygen with a geometry that would 
permit ready hydrogen abstraction. We therefore postulate that 
the major photoproduct from 17c has structure 23c or 24c 
(Scheme 5) and that the difference in the photochemistry of 17c 
and 16c relates to this proximity effect. 

Experimental 
Melting points were determined on a Fisher-Jones apparatus and 

are uncorrected. Unless otherwise indicated, ir spectra were recorded 
in chloroform, uv spectra in cyclohexane, and 'H and 13C spectra in 

deuteriochloroform. In a standard work-up, solutions in organic sol- 
vents were washed twice with aqueous 5% sodium bicarbonate, twice 
with distilled water, and twice with brine, dried over anhydrous mag- 
nesium sulfate, and freed of solvent on a rotary evaporator under water 
aspirator pressure. Photolyses were carried out in Pyrex vessels with 
a Hanovia 450-W medium pressure mercury arc lamp surrounded by 
a quartz water-cooled jacket; photolysis solutions were flushed with 
dry nitrogen for 30 min immediately prior to irradiation; methanol 
used as solvent was boiled under reflux over magnesium and then 
distilled. 

3 ' , 3 ' - D i b r o m o - 3 ' , 6 P - d i h y d r o c y c l o p r o p a [ 5 . 1  
2-tetrahydropyranyl ether (Ic) 

Cholesta-5,7-dien-3P-yl acetate (10) (25.0 g, 0.058 mol) was added 
to a solution of sodium hydroxide (5.0 g, 0.125 mol) in methanol 
(1 L). On heating, the solid dissolved and the solution was boiled 
under reflux under nitrogen for I h. After being kept in the refrigerator 
overnight, the reaction mixture was filtered to yield cholesta-5,7-dien- 
3P-01 (21.5 g, 96%), mp 148-150°C (lit. (11) mp 149-151°C); ir 
A,,,: 2.95 pm; 'H nmr 6: 0.6-2.0 (m), 0.61 (s, 3H), 0.96 (s, 3H), 
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YATES AND WINNIK 2505 

3.3-3.9 (m, IH), 5.2-5.65 (m, 2H). 
A catalytic amount of phosphorus oxychloride (20 drops) was added 

slowly to a stirred solution of cholesta-5,7-dien-3P-o1 (21.4 g, 0.056 
mol) and freshly distilled dihydropyran (22.0 mL, 0.28 mol) in dry 
dichloromethane (300 mL). The temperature of the solution rose from 
22°C to 27°C. After 3 h the solution was diluted with diethyl ether (400 
mL) and worked up in the usual manner to afford cholesta-5,7-dien- 
3P-yl 2-tetrahydropyranyl ether (22.4 g, 85%), recrystallized from 
acetone; mp 134- 135°C; ir A,,,: 6.20 (w) Km; 'H nmr 8: 0.6-2.1 
(m), 0.62 (s, 3H), 0.96 (s, 3H), 3.15-4.2 (m, 3H), 4.6-4.8 (m, IH), 
5.2-5.6 (m, 2H). Accurate Mass calcd. for C32H5202 (M): 468.3967; 
found: 468.3970. 

Cholest-5,7-dien-3P-yl 2-tetrahydropyranyl ether (22.3 g, 0.047 
mol) was dissolved in freshly distilled, dry pentane (1 L) and the 
solution was poured into a 2-L three-necked round-bottomed flask 
fitted with a mechanical stirrer, a 100-mL addition funnel, a thermom- 
eter, and a nitrogen inlet (best yields were obtained when base-washed 
glassware was utilized). To the solution kept at O°C was added potas- 
sium tert-butoxide (40.0 g, 0.35 mol), and then, over a period of 2 h, 
a solution of bromoform (35.0 g, 0.14 mol) in dry pentane (80 mL). 
The mixture was stirred for 2 h at room temperature and then cooled 

TABLE 1.  Separation of compounds 16c and 17c by column chro- 
matography 

Composition 
Volume 
collected Weight 

(%I 

Eluent (mL)" (mg) 16c 17c 

Benzene 400 - - - 

Benzene - diethyl ether 1350 - - - 
(99.5 :0.5 v/v) 210 190 - - 

840 500 - >99 
300 79 46 54 

Benzene - diethyl ether 75 21 88 12 
(98 : 2 v/v) 75 I I 90 10 

1050 350 >99 - 

"Rate of elution 1 mL/min; 15-mL fractions collected. 
bDetermined by vpc analysis on a 3% OV-17 on Chromosorb W-HP 

801 100 column at 280°C; retention times: 10.2 (16c) and 8.1 min (17c). 

again to O"C, and more potassium tert-butoxide (6.50 g, 0.058 moll c 79.81, H 10.69. Accurate Mass calcd. for CZBHa (M - C2H4O2): 
and bromoform (5.0 g, 0.019 mol) in pentane (20 mL) were added. 380.3442; found: 380,3441, 
At the end of the bromoform addition. the reaction mixture was 
warmed up to room temperature and filtered through alumina on a 
sintered-glass funnel. The solvent was evaporated to give a brown oil, 
which crystallized from acetone to give l c  as white needles (9.50 g, 
31%). Recrystallization from acetone afforded l c  as white needles, 
mp 136-137°C; ir A,,,: 6.05 (w) Km; IH nmr 8: 0.5-2.0 (m), 0.56 
(s, 3H), 1.13 (s, 3H), 3.25-4.3 (m, 3H), 5.35-5.55 (m, 1H); mlz: 
540 (5) (M - CSHl0O2), 538 (lo), 536 (5). Accurate Mass calcd. 
for C2x~4308 'Br  (C33H520279BrxrBr - CSHxO - H7'Br and 
c ~ ~ H ~ ~ ~ ~ ~ ~ B ~ ~  - CsHxO - HX1Br), C2xH4307'Br (C33H520279Brx1Br 
- CsHxO - H8'Br and M - CSHxO - H7'Br): 476.2478,474.2497; 
found: 476.2478, 474.2495. Chromatography or recrystallization of 
l c  led to partial hydrolysis,6 and a satisfactory combustion analysis 
could not be obtained; complete hydrolysis gave the parent hydroxy 
compound, mp 146-148°C. Anal. calcd. for C2xH440Br2: C 60.43, 
H 7.97, Br 28.72; found: C 60.58, H 8.07, Br 28.75. 

5,8a-Methano-Sa-cholest-6-en-3P-y1 acetate (3c) 
Compound l c  (11.0 g, 0.0172 mol) was dissolved in dry tetra- 

hydrofuran (500 d ) .  Lithium aluminum hydride (3.1 g, 0.075 mol) 
was added carefully to this solution. The reaction mixture was stirred 
under nitrogen at room temperature for 72 h. Water (50 mg, 2.7 
mmol) was added every 12 h, in five 10-KL portions. The excess 
hydride was destroyed by careful addition of a small amount of satur- 
ated aqueous sodium sulfate solution (3 mL). The reaction mixture 
was filtered, and the filtrate was diluted with diethyl ether and worked 
up in the usual manner. The amorphous 2c obtained (7.49 g, 90%) was 
converted into the acetate 3c without further purification by hydrolysis 
to the corresponding alcohol, followed by acetylation. 

A solution of the product (7.49 g, 0.0155 mol) and concentrated 
aqueous hydrochloric acid (20 drops) in ethanol (75 mL) was boiled 
under reflux under nitrogen for 1 h. The residue after evaporation of 
the ethanol was taken up in diethyl ether. The usual work-up afforded 
the alcohol (5.89 g, 95%). A solution of the alcohol (5.89 g, 0.0148 
mol) in dry pyridine (40 d )  and freshly distilled acetic anhydride 
(15 d )  was kept at room temperature for 16 h. The orange solution 

3P-Acetoxy-5,8a-methano-5a-cholestan-6-one (16c) and 3P- 
acetoxy-5,8a-methano-5a-cholestan-7-one (17c) 

To a stirred solution of 3c (5.10 g, 0.01 16 mol) in dry diethyl ether 
(200 mL) kept at room temperature under nitrogen was added drop- 
wise a solution of borane - methyl sulfide (2.0 mL, 1.60 g, 0.021 mol) 
in dry diethyl ether (50 mL). After completion of the addition the 
reaction mixture was stirred at room temperature for 1 h and then was 
boiled under reflux for 3 h. The excess borane was destroyed with 
water added slowly to the reaction mixture cooled to O°C. Oxidation 
was carried out with 3 N aqueous sodium hydroxide (5 mL) and 28% 
hydrogen peroxide (10 mL) at 0°C for 15 min and at room temperature 
for 1 h. The usual work-up afforded a mixture of alcohols (4.42 g, 
83%), which was subjected immediately to further oxidation. Jones 
reagent (chromium trioxide (26.67 g) and concentrated sulfuric acid 
(230 mL) made up to 1 L with distilled water; -15 mL) was added 
dropwise to a solution of the mixture of alcohols (4.42 g, 9.6 mmol) 
in acetone (distilled from potassium permanganate; 150 mL) until an 
orange brown colour persisted. The excess oxidant was destroyed with 
5% aqueous sodium bisulfite (100 mL), the acetone was evaporated, 
and the residue was extracted with diethyl ether. The usual work-up 
and chromatography on silica gel with benzeneldiethyl ether (97: 3 
v/v) as eluent gave a mixture of the two ketones 16c and 17c (2.5 g, 
57%) in an approximately 1 : 1 ratio. The two isomers (1.7 g) were 
separated by column chromatography on silica gel (120 g; column 
diameter: 2.5 cm) as shown in Table 1. Compound 17c was eluted first 
and was recrystallized from acetone; mp 198-199°C; ir A,,,: 5.78 
Km; uv A,,, (E): 302 (25) nm; 'H nmr 8: 0.65-2.1 (m), 0.92 (s, 6H), 
2.01 (s, 3H), 4.5-5.2 (m, 1H); m/z 456 (15) (M). Anal. calcd. for 
C30H4803: C 78.90, H 10.59; found: C 78.86, H 10.48. 

The isomer 16c was eluted last and was crystallized from acetone; 
mp 158-159°C; ir A,,,: 5.78 Km; uv A,,, (E): 289 (29) nm; 'H nmr 
8: 0.5-2.3 (m), 0.65 (s, 3H), 0.91 (s, 3H), 2.01 (s, 3H), 4.5-5.05 
(m, 1H); m/z 456 (5) (M). Anal. calcd. for C30hxO3: C 78.90, 
H 10.59; found: C 78.82, H 10.51. 

was poured over crushed ice and the mixture was neutralized with 3p-Aceto~~3.-bromo-3~,6P-dihydrocyclopropa~5,6l~5a~ 
solid sodium bicarbonate. Extraction with diethyl ether, the usual cholestan-7-one (21 c) 
work-up, and chromatography on silica gel with chloroform as eluent In some runs the mixture of ketones 16c and 17c obtained as above 
afforded the acetate 3c, which was crystallized from methanol/ was contaminated with a small amount of 21c, which was separated 
acetone (3: 1 V/V) (5.10 g, 80%); mp 92-940C; ir 5.78 Krn; I H  from and 17c by fractional crystallization from diethyl ether; mp 
nmr 8: 0.7-2.3 (m), 0.76 (s, 3H), 0.90 (s, 3H)7 2.00 3H)7 4.5-5.0 206-207"C; ir A,,,: 5.78 Km; uv A,,, (€1: 297 (54) nm; 'H nmr 8: 
(m, lH), 5.86 and 6.31 (AB = Hz, 2H); m/z: (4) 0.6-2.1 (rn), 0.66 (s, 3H), 1.08 (s, 3H), 2.01 (s, 3H), 3.85-4.1 
Anal. calcd. for C30H4802.0.5CH30H: C 80.21, H 11.03; found: (m, IH), 4.6-5.2 (m, 1H); mlz: 536 (I), 534 (1) (M), 395 (100). 

Accurate Mass calcd. for C2xH,30 (M - CzhBr02):  395.3324; 
6 A  similar observation was made in the case of l b  (3). found: 395.3325. 
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Haller-Bauer cleavage of I6c and 17c 
Potassium tert-butoxide (freshly sublimed at 150°C/0.25 Torr 

(1 Torr = 133.3 Pa); 185 mg, 1.65 mmol) and dry dimethyl sulfoxide 
(2 mL) were stirred at room temperature under nitrogen for 30 min. 
Distilled water (10.8 mg, 0.60 mmol) was added slowly followed by 
a solution of 16c (68 mg, 0.15 mmol) in dimethyl sulfoxide (3 mL). 
The reaction mixture was stirred at room temperature for 2 h and at 
45°C for 19 h. Water (5 mL) was added dropwise and the alkaline 
aqueous solution was extracted three times with diethyl ether. The 
usual work-up gave a colorless oil (12.2 mg); ir A,,.: 2.80 (w), 5.74 
pm. 'The aqueous layer was acidified with concentrated hydrochloric 
acid (pH 1-2) and extracted five times with diethyl ether. The com- 
bined extracts were worked UD in the usual manner to vield 18c as an 
oil (29 mg, 43%); ir A,,,: 3.0-4.2,5.89 pm; 'H nmr 6: 0.7-2.2 (m), 
0.90 (s), 3.5-4.2 (m, IH), 5.56-6.5 (m, 2H, absent after D20 
treatment). A solution of p-toluenesulfonic acid (dried in benzene 
solution by azeotropic distillation; 2 mg, 0.01 mmol) and 18c (29 mg, 
0.067 mmol) in dry benzene (10 mL) was heated at reflux for 15 h in 
a Soxhlet extractor containing activated molecular sieves. The cold 
reaction mixture was worked up in the usual manner to give 20c as an 
oil (10 mg, 36%); A,,, 5.66 pm. 

Similar treatment of 17c gave a carboxylic acid, considered to be 
19c, which failed to give a y-lactone. 

Irradiation of I6c 
Irradiation of 16c (50 mg, 0. l l mmol) in methanol (15 mL) for 3 h 

afforded a mixture of three compounds in the ratio -3: 1 : 6 as indi- 
cated by vpc analysis. The major compound 22c (25 mg, 46%) was 
isolated by chromatography on a I-mm silica gel preparative plate 
eluted with chloroform and was crystallized from methanol; mp 
144-147°C; ir A,,,: 5.78 pm; 'H nmr 6: 0.8-2.8 (m), 0.88 (s, 3H), 
0.96 (s, 3H), 2.01 (s, 3H), 3.61 (s, 3H), 4.5-5.25 (m, IH); m/z:  488 
(4) (MI. 

Irradiation of I7c 
Irradiation of a solution of 17c (84 mg, 0.18 mmol) in methanol 

(15 mL) for 5 h afforded one major product of 68% yield with com- 

plete consumption of starting material as indicated by vpc analysis. 
The usual work-up gave a mixture of at least three compounds in 
-1: 1 : 1 ratio; ir A,,.: 5.78 pm; 'H nmr 6: 0.55-2.5 (m), 0.55 (s), 
0.61 (s), 0.96 (s), 1.05 (s), 2.01 (s), 4.6-5.2 (m). Chromatography 
on a silica gel column eluted with chloroform gave 17c as the major 
fraction (46 mg); mp 195- 198°C after crystallization from methanol. 
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VANGA S. RAO, FRAN~OISE SAURIOL, ARTHUR S. PERLIN, and M. T. PHAN VIET. Can. J .  Chem. 63, 2507 (1985). 
Pronounced narrowing of the resonance signals in the 400-MHz 'H nmr spectrum of cellulose triacetate in CDC13 between 

25 and 50°C, as well as shielding and deshielding changes in 'H  chemical shifts, suggest that thermal disruption of inter- 
molecular aggregates is accompanied by a conformational modification. Analysis of the spin-spin coupling patterns clearly 
evident at 50°C indicates that although there is a reversal in the chemical shifts of H-6R and H-6s relative to those for acetylated 
D-glucopyranose derivatives, the rotational conformations of the exocyclic 6-acetoxymethyl groups of the polymer and the 
model compounds all favor RHS and RCS rotameric forms. Supporting evidence for this conclusion is obtained from the 
2-dimensional ' H  spectrum of a trisaccharide, O - ~ - D - ~ ~ U C O ~ ~ ~ ~ ~ O S ~ ~ - ( ~ - + ~ ) - O - ~ - D - ~ ~ U C O ~ ~ ~ ~ ~ O S ~ ~ - ( ~ - + ~ ) - O - ~ - D - ~ ~ U C O -  
pyranose undecaacetate. Computer-generated models of methyl 4,6-di-0-acetyl-P-glucopyranoside are examined in relation 
to the stereochemistry of 6-acetoxymethyl groups. 

VANGA S. RAO, FRAN~OISE ~ A U R I O L ,  ARTHUR S. PERLIN et M. T. PHAN VIET. Can. J .  Chem. 63, 2507 (1985). 
Op6rant en solution dans le CDC1, et 21 des tempkratures allant de 25 2I 50°C, on a dCterminC les spectres rmn du 'H 2I 400 

MHz du triacCtate de cellulose; la finesse des bandes ainsi que les variations dans le blindage et le dtblindage des dCplacements 
chimiques du 'H suggkrent que la rupture, sous I'influence de la chaleur, des aggrCgats intermoltculaires s'accompagne d'une 
modification de conformation. L'analyse des diagrammes de couplage spin-spin, qui sont bien Cvidents 21 50°C, indique qu'en 
dCpit d'une inversion des dkplacements chimiques de H-6R et de H-6s par rapport a ceux des dCrivCs acCtylCs du D-glucopyran- 
nose, les conformations rotationnelles des groupes acCtoxymCthyles-6 exocycliques du polymkre et des composCs types 
favorisent toutes les formes rotamkres RHS et RCS. Les spectres rmn du 'H en deux dimensions d'un trisaccharide, 
IYundCcaacCtate du 0-P-D-glucopyrannosy1-(1-+3) o-P-D-gl~copyranno~y1-(1-+4) O - P - D - g l ~ ~ ~ p y r a n n ~ ~ e  confirme cette con- 
clusion. On examine des modkles produits par ordinateur du di-0-acCty1-4,6 P-glucopyrannoside de mtthyle par rapport 2I la 
stCrCochimie des groupes acCtoxymCthyles-6. 

[Traduit par le journal] 

Introduction 
A recent 'H  nrnr study on a variety of 0-acetyl derivatives 

of aldohexoses and disaccharides has shown (1) that chemical 
shift and coupling parameters observed for the 6,6'-methylene 
protons of those compounds are strongly dependent upon the 
pattern of acetylation at 0 - 4  and 0 - 6  and, consequently also, 
on linkage position. In comparing these ' H  nmr characteristics 
with those of larger carbohydrate molecules, the spectrum of 
cellulose triacetate (1) has been examined, and is described 
here. 

Results and discussion 
'The signals in the 400-MHz 'H  nmr spectrum of cellulose 

triacetate in CDCl, at 25°C (Fig. 1A) are relatively broad, and 
hence convey little spin-spin coupling information. How- 
ever, at 50°C the resolution is improved markedly throughout 
(Fig. lB), as has been observed (2) for the 220-MHz spectrum 
at 60°C, and, whereas the resonances of H-1 and H-6 over- 
lap in Fig. lA, both are now clearly evident. No peaks were 
detected between 6 6.3 and 5.3, the region in which the 
a$-anomeric protons of reducing end residues are expected 
(3) to resonate, indicating that the degree of polymerization of 
the cellulose derivative is r 100. 

This pronounced increase in resolution with temperature, 
indicative of a phase transition, may represent disruption of 
intermolecular aggregates that characterize (4) solutions of 
cellulose acetate. Another, although not necessarily indepen- 

dent, possibility is a change in the conformation of the macro- 
molecule, which is suggested by the fact that the process is 
accompanied by substantial variations in 'H chemical shift. As 
shown by the data of Table 1, which compares chemical shifts 
over the temperature range -20 to +50°C, the positions of all 
resonances except those of H-5 and H-6 are displaced with 
temperature. The most marked changes are observed for H-1 , 
which becomes less shielded (+36 Hz) as the temperature is 
raised, and for H-2, which experiences an increase in shielding 
(-20 Hz). Other protons exhibit a diversity of lesser influ- 
ences, including those of the acetoxyl groups, which likely 
undergo reorientation. As the anomeric proton (H-1) is the 
most strongly affected, an adjustment in the orientation of the 
(1-4) glucosidic bond may well take place as chain mobility 
increases with temperature. 

Vicinal coupling between ring protons, close to 9 Hz 
throughout (Table 2), is of the magnitude expected for P-D- 
glucopyranosyl residues in the 4CI  conformation (1). Another 
noteworthy feature of Fig. 1B concerns the resonances of 
the exocyclic 6-acetoxymethyl group. 'That is, the downfield, 
H-6, signal shows a smaller coupling with H-5 than does H-6' 
(Table 3), which is the converse of the relationship found for 
the 6-acetoxymethyl group of monomeric methyl 2,3,4,6-tetra- 
0-acetyl-P-D-glucopyranoside (2). Although these data may 
imply that 1 and 2 differ widely in rotamer populations about 
their exocyclic C-6/C-5 bonds, recent observations (1) on the 
influence of 0-acyl groups on the chemical shifts of 6-6'- 
methylene protons suggest otherwise. 
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1 R,R'=Chain 
a Segment 
2 I(. R=Me,R'=Ac 0-R 

I l l  1 1 1 1 1 I l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

s 6.0 5.0 4.0 
RG. 1 .  The 400-MHz 'H nmr spectrum of cellulose triacetate in CDC13 at (A) 25OC, (B) 50°C; signals for acetoxyl methyls are not shown 

(see Table 1 for chemical shift data); (C) 400-MHz 'H nmr spectrum of trisaccharide derivative (4) in CDC13 at 25OC; the doublet at 6 6.25, and 
other minor signals, are attributable to a small proportion of the a-anomer. 
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RAO ET AL. 

TABLE I .  Effect of temperature on 'H 
chemical shifts (at 400 MHz) of cellulose 

triacetate (1) 

Chemical shift 
change (Hz)" 

Proton 

H- 1 
H-2 
H-3 
H-4 
H-5 
A-6 
H-6' 
OAc-2' 
O A C - ~ ~  
O A C - ~ ~  

"Relative to the chemical shift recorded at 
-20°C; +, downfield displacement; -, up- 
field displacement. 

'Signals at 6 2.10, 2.00, and 1.95, respec- 
tively, at 50°C; tentative assignments, based 
on data in refs. 1 and 5.  

TABLE 2. Chemical shift and coupling data" for the ring protons of 
cellulose triacetate and trisaccharide 4 

Cellulose triacetateb 4.46 4.77 5.08 3.71 3.56 
(7.6) (9.0) (9.0) (9.5) 

Trisaccharide 4 
Reducing end 5.65 5.05 5.20 3.77 3.74 

(Clinked) (8.3) (9.5) (9.5) (8.5) 

Central residue 4.31 4.95 3.83 4.92 3.62 
(3-linked) (8.0) (9.5) (9.5) (9.0) 

Non-reducing end 4.54 4.88 5.11 5.09 3.69 
(8.1) (9.9) (9.5) (10.0) 

"In CDCI,. 
bAt 50°C. 

Conversion of an hydroxymethyl group into an acetoxy- 
methyl group usually leads to deshielding of the 6,6'-methyl- 
ene protons by about 0.3 ppm. However, for a D-gluco- 
pyranosyl moiety esterified at 0-4 as well as 0-6, the effects 
on the methylene protons are such that the relative positions of 
their signals become interchanged. Hence, it has been found (1) 
with a variety of D-glucopyranoside derivatives that when both 
0-4 and 0 -6  bear acetyl substituents, the relative positions of 
the 6,6'-methylene proton resonances are analogous to those of 
2, whereas the order of their chemical shifts is reversed when 
either 0 -4  or 0 -6  (or both) is not acylated. A proposed (1) 
source of this "shift reversal" is selective deshielding of H-6, 
by the 6-0-acetyl substituent which, presumably, is oriented 
appropriately through a weak interaction' with the 4-0-acetyl 
substituent. 

This proposal can be expressed in the form of stereochemical 
models calculated for methyl 4,6-di-0-acetyl-P-glucopyrano- 
side (3) (Fig. 2; for convenience, the L-enantiomer is shown). 
For energy minimization, three different calculations were per- 
formed with the multiple option "Maximin" program (see ex- 

 o or effects on "C chemical shifts of intermolecular carbonyl- 
carbonyl interactions, and in hydrogen-bonding solvents, see ref. 6 .  

FIG. 2. Three simulated conformational models ("Maximin" min- 
imized, 20 iterations) in stereo representation for methyl-4,6-di-0- 
acetyl-P-L-glucopyranoside (3) representing different values of Emin: 
A, -2.22 kcal/rnol; B,  -5.90 kcal/mol; C, 1.24 kcal/mol. 

perimental section): 
(a) The molecular conformation was set according to tor- 

sional angles obtained in a "search" operation, and minimiza- 
tion was then carried out. This procedure, which produced the 
structure in Fig. 2A (Emin = -2.22 kcal/mol), probably repre- 
sents a local, rather than gobal, minimum energy. Altering the 
orientations of the individual OH groups had little or no effect 
on the magnitude of Emin. 

(b) By allowing the five exocyclic torsional angles (see ex- 
perimental section) to vary, the structure shown in Fig. 2B was 
obtained. Corresponding to a value of Emin = -5.90 kcal/mol, 
it is expected to represent the global minimum. 

(c) A constraint was then imposed, whereby the projected 
angles of the two C=O groups remained fixed as in Fig. 2C 
during minimization, which resulted in a value of Emin = 
1.24 kcal/mol. This increase in energy, in comparison with 
(b), is due mainly to a sharp rise in torsional energy, i.e, 1.97 
and 7.71 kcal/mol in (b) and (c), respectively. 

Energy minimization also was carried out by incor- 
porating net atomic charges, obtained by different methods 
(7), for all atoms in the molecule. This treatment gave much 
higher total energies, attributable to the large contribution 
introduced by electrostatic interactions. For example, the 
energy (-5.90 kcal/mol) cited in (b) was raised to 1.17 
kcal/mol by the incorporation of atomic charges calculated 
according to ref. 7(a), a total of 5.12 kcal/mol of this increase 
being due to electrostatic energy. Hence the latter accounted for 
most of the algebraic difference of 7.07 kcal/mol with, and 
without, the inclusion of atomic charges. Due to limitations in 
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TABLE 3. Chemical shift and spin coupling data" for the 6,6'- 
methylene protons of D-glucopyranoside peracetate residues of 1, 

2, and 4 Ac0/c4*i6R AcO Aco/c4$i6s H 6 ~  

6 'J" H5 H5 

H-6 H-6' H-6 H-6' ROS RHS 

Cellulose triacetate (1) 4.38 4.08 1 5.0 
Methyl 2,3,4,6-tetra-0-acetyl 

P-D-glucopyranoside (2) 4.29 4.15 4.6 2.5 
Trisaccharide (4) 

Reducing end (4-linked) 4.40 4.12 2.5 4.8 
Central residue (3-linked) 4.29 4.06 5.0 2.2 
Non-reducing end 4.39 4.04 4.0 2.2 

"In CDC13. 
hVicinal coupling with H-5. 
"Geminal coupling ('J) is approximately - 12.5 Hz, throughout. 

the computer-modelling system available, it was not feasible 
to separate out the local dipolar interaction of specific interest 
between the 4- and 6-acetoxy groups of 3 from the electrostatic 
interactions arising from all atoms within the molecule. Con- 
sequently, the less rigorous approach represented by (b) and 
(c) was adopted to provide a measure of the magnitude of the 
presumed diploar interaction between the two acetoxy groups. 
That is, the total energy cited in (b), calculated as a function 
of bond stretching, angle bending, and torsional and van der 
Waals energy terms, was then recalculated (c) after imposing 
a constraint on the orientation of the 4- and 6-C=O functions, 
as depicted in Fig. 2c. The energy change involved would then 
be expected to be, at least, compensated for by the dipolar 
interaction between the two carbonyl groups. 

Accordingly, then, the algebraic difference in Emin values 
between (b) and (c), i.e., 7.14 kcal/mol, may be taken as an 
approximate measure of the stabilization energy that is entailed 
in the postulated dipolar attraction between the two C=O 
groups. 

Another example in which "shift reversal" is observed is 
provided by a peracetylated trisaccharide, namely, 0-P-D-glu- 
copyranosyl - (1 + 3) - 0 - P- D- glucopyranosyl - 1 + 4) - 0 - P - D- 
glucopyranose undecaacetate (4) (8). Although the signals for 
the three pairs of methylene protons of 4 are not completely 
resolved in the 400-MHz spectrum (Fig. lC), a full analysis 
was permitted by two-dimensional spectroscopy, from which 
the data for the ring protons and the 6,6'-methylene protons, 
in Tables 2 and 3, respectively, were obtained. It is seen 
(Table 3) that the downfield (H-6) signal of the 4-0-linked 
reducing end residue exhibits the smaller coupling with H-5 in 
common with cellulose triacetate. By contrast, the central, 
3-0-linked residue and also the non-reducing end unit, both of 
which have 0-4 and 0-6 acetyl groups, are characterized by a 
coupling pattern closely similar to that of the glucoside (2). 
Also consistent with these findings are data reported (9) for 
0 - P-D-glucopyranosyl-( 1 +4)-0-P-D-glucopyranosyl-(1 + 6)- 
0-P-D-glucopyranose undecaacetate: i.e., the absence of an 
acetyl group on 0-6 of the reducing end residue, and on 0-4 of 
the central residue, gives rise to a smaller spacing for the 
downfield H-6 signal in each instance, whereas the converse 
applies for the non-reducing end unit. 

Accordingly, the fact that 0-4 of cellulose triacetate is not 
esterified leads to the expectation that the chemical shifts of its 
methylenic protons should be the converse of that for 2, which 
is borne out by the data of Table 3. Accepting this proposition, 
one may also propose assignments for the two methylene pro- 

RCS 

tons of the polymer, by reference to 2, i.e., the downfield 
signal in Fig. 1 is due to H-6,, and the upfield one, to H-6,. 

Based on the magnitude of coupling of H-6 and H-6' with 
H-5 in D-glucopyranosides and such 0-acetyl derivatives as 2, 
it has been estimated (1) that RHS and RCS represent the 
major, staggered, rotamers about the C-6/C-5 bond, whereas 
ROS makes little or no contribution. By contrast, X-ray crys- 
tallographic studies indicate (10,ll) that the 6-hydroxymethyl 
group of native cellulose favors the orientation represented by 
the ROS (tg) rotamer, and also (12) that the 6-acetoxymethyl 
group of solid cellulose acetate adopts principally the RHS (gg) 
rotameric form. However, according to the coupling data of 
Table 3, the RCS (gt) rotamer must contribute almost as im- 
portantly as RHS to the overall conformation of cellulose ace- 
tate in solution, as found with lower molecular weight analogs. 

Experimental 
Nuclear magnetic resonance spectroscopy 

Proton magnetic resonance spectra were recorded with a Bruker 
WH-400 spectrometer, using CDC13 as solvent. Chemical shifts are 
reported with reference to tetramethylsilane. Analysis of the spec- 
trum of trisaccharide peracetate 4 was facilitated by use of a two- 
dimensional (SECSY) technique ( 13). 

Molecular modelling of methyl 4,6-di-O-acetyl- P-glucopyranoside (3) 
The molecular modelling operation was performed with a 

"Trigraph" system, Tripos Associates, St. Louis, Mo. A model of 
diacetate 3 was constructed graphically from tetrahydropyran and 
individual atomic parameters, all of which were stored in a permanent 
fragment library of the system, by varying such molecular dimensions 
as bond length, bond angle, and torsional angle as required. The 
relative orientations of the exocyclic bonds (rotameric states around 
each rotatable bond) were adjusted according to the allowable states 
obtained from the "search" program, which monitors the hard-sphere 
van der Waals contacts between atoms. As the program contains 
provision for the introduction of distance constraints between atom 
pairs, this procedure served to screen out conformations within which 
the pertinent distances lay outside the regions designated. The energy 
minimization (14) was carried out by using the program "Maximin" 
(based on molecular mechanics) with multiple options, in a con- 
verging manner through optimization of molecular dimensions. It also 
was possible to specify molecular parts requiring optimization as a 
unit, e.g., the aggregate of atoms comprising the two C=O groups, 
as well as to preserve selected distances and angles during energy 
minimization. Consequently, the final energies determined are a com- 
posite of bond stretching, angle bending, and torsional and van der 
Waals energy terms. Negative values are obtained when there is a 
preponderance of residual attractive interactions (-ve) over repulsive 
interactions (+ ve). 

The search was tonducted for diacetate 3 with a distance constraint 
range of 2.5-3.0 A between the carbon atom of one C=O group and 
the oxygen atom of the other. A van der Waals factor of 0.9 and an 
angle increment of 15" over the range 0 to 359' were chosen for all 
rotatable bonds. This led to a single conformation with torsional 
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Le radical methylenecyclopropyle: etude theorique. Chloration par t-BuOC1 et 
reduction par (nBu)SnH de derives cyclopropeniques 

R. ARNAUD, S. CHOUBANI, R. SUBRA, M. VIDAL' ET M. VINCENS 
Universite' Scientifique et Me'dicale de Grenoble, Laboratoire d '~ tudes  Dynamiques et Structurales de la Se'lectivite' 

(L.E.D.S.S.) IV, Biitiment 52,  Chimie Recherche, B.P. 68, 38402 Saint Martin d'HPres Ce'dex, France 

ET 

V.  BARONE 
Instituto Chimico, Universita di Napoli, Via Mezzocannone 4 ,  80134 Napoli, ltaly 

R e ~ u  le 19 mars 1984' 

R. ARNAUD, S. CHOUBANI, R. SUBRA, M. VIDAL, M. VINCENS et V. BARONE. Can. J. Chem. 63, 2512 (1985). 
La chloration allylique par t-BuOC1 des dialkyl-2,3 cyclopropene-2 carboxylates d'Cthyle ou des alcools primaires et 

tertiaires analogues est rCgiosClective et hautement stCrCosClective: on observe uniquement la formation du dCrivC halogCnC du 
mCthylknecyclopropane dans lequel I'halogbne et le groupement fonctionnel prksentent une relation trans par rapport au cycle. 
La stCrCochimie de la reduction par (nBu),SnH des halogCnures allyliques du mCthylbnecyclopropane et du cyclopropkne est 
identique, cependant, on note Cgalement la formation de produits d'ouverture du cycle en C3. La migration exocyclique de 
la double liaison s'interprbte par la formation intermaiaire du radical allylique. Une Ctude thCorique par la mCthode MNDO 
(UHF et RHF) montre que ces radicaux allyliques sont plans quel que soit le substituant. La reaction d'arrachement est toujours 
plus facile pour le carbone cyclique que pour le carbone exocyclique. De plus, elle est favorisCe quand le carbone cyclique 
est substituC par un chlore au lieu d'un mCthyle. 

R. ARNAUD, S. CHOUBANI, R. SUBRA, M. VIDAL, M. VINCENS, and V. BARONE. Can. J. Chem. 63, 2512 (1985). 
The allylic chlorination of ethyl 2,3-dialkyl2-cyclopropenecarboxylate or primary and tertiary alcohols is highly regio- and 

stereoselective. The halogenated methylenecyclopropane derivative only is observed. In that compound, the halogen substit- 
uent and the functional group are in a trans position with respect to the ring. The halogenated allylic compounds of 
methylenecyclopropane and of cyclopropene undergo reduction by (nBu),SnH with the same stereochemistry. Products arising 
from ring opening are also observed. The exocyclic migration of the double bond can be related to the formation of a transient 
allylic radical. A theoretical study performed within the MNDO (UHF and RHF) framework leads to a planar allylic radical, 
whatever the substituent. The radical abstraction reaction which takes place during the reduction process is easier for a cyclic 
carbon atom than for an exocyclic one. In the former case, the faster reaction is obtained for a chlorinated carbon atom. 

Introduction 
Dans un travail rCcent nous avons rapport6 1'Ctude thCorique 

du cation mCthylknecyclopropyle et prCcisC les conditions ex- 
pkrimentales qui permettent de rCaliser en milieu acide, la 
migration intracyclique de la double liaison du mkthylkne- 
cyclopropane (1, 2). Le but de ce mCmoire est de rCsumer, 
d'une part, les rksultats que nous avons obtenus au cours de 
la substitution radicalaire allylique en sCrie cyclopropCnique 
et d'approcher d'autre part, a l'aide d'une mCthode semi- 
empirique, la structure de llintermCdiaire allylique: 1e radical 
mCthyEnecyclopropyle. 

Ce type de radical a CtC en effet peu CtudiC (3); il nous a paru 
intkressant d'engendrer le radical mCthylknecyclopropyle, non 
seulement a partir de prkcurseurs mCthylknecyclopropaniques, 
mais Cgalement 21 partir des substrats cyclopropCniques iso- 
mkres; dans ce cas, en effet, on peut espCrer mettre en Cvidence 
l'interaction de 1'Clectron ~Clibataire et de la double liaison par 
l'intermkdiaire des produits de transposition: les dCrivCs du 
mCthylknecyclopropane. 

Nous envisagerons successivement: 
La chloration des dialkyl-2,3 cyclopropkne-2 carboxylates 

d'Cthyle et des alcools primaires et tertiaires correspondants par 
l'hypochlorite de tertiobutyle (4-8). Cette Ctude a donne lieu 
2I une note prkliminaire (9). 

La rkduction des halogknures mCthylknecyclopropaniques et 
cyclopropCniques par l'hydrure de tributylktain (10- 18). 

' Auteur i qui adresser la correspondance. 
Revision r e p e  le 5 fkvrier 1985. 

L'Ctude thCorique du radical allylique mCthylknecyclo- 
propyle (ou cyclopropCnylmCthyle) dont l'objectif essentiel est 
de prkciser la nature de cette espkce intermkdiaire en dCter- 
minant sa gComCtrie et sa structure Clectronique. 

Partie experimentale 
Technique exptrimentale 

Les spectres, ir de composCs purs (film) ont CtC enregistrCs sur un 
appareil Perkin-Elmer 521 i rCseau et double faisceau et les spectres 
rmn sur appareil Perkin-Elmer R 24 et sur appareil CAMECA fonc- 
tionnant i 250 MHz. 

Synth2se des esters et alcools cycloproptniques dialkyle's en position 
2 et 3 1-5, du me'thyl-2 bromomtthyl-3 cycloprop2necarboxylate 
d'tthyle 18 et du chloro-2 me'thylkne-3 cyclopropanecarboxylate 
d'e'thyle 6: voir rCfCrences 19, 20, 22 et 23. 

Chloration des esters 1 ,  4, 5 et des alcools 2 et 3 par l'hypochlorite 
de tertiobu~le 

Cette reaction a CtC rCalisCe i O°C, 40°C ou 60°C. On dissout 0,2 
mol de dCrivC cyclopropCnique dans 150 rnL de CCl4 anhydre que I'on 
porte i la temperature voulue et on ajoute par petites quantitCs, 0,6 
mol d'hypchlorite de tertiobutyle; aprbs chaque addition, le mklange 
rkactionnel est agitC jusqu'i ce que la couleur jaune de t-BuOC1 ait 
disparue. Une addition trip rapide du t-BuOC1 piovoque une ClCvation 
brusque de la temuCrature du melange rkactionnel. A la fin de la 
rkaction, on Cvapo;e CC14 et la distillation sous pression rCduite (par 
exemple 0eb/0,4 Torr = 27°C (1 Torr = 133.3 Pa) pour le melange 
rkactionnel de la chloration de 1 i 0°C) conduit aux esters ou alcools 
cyclopropylidCniques 6 et 9- 15 et aux esters cyclopropaniques dichlo- 
rCs 7 et 8. Les rendements dans les diffkrentes conditions sont men- 
tionnCs par ailleurs dans le texte. 
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ARNAUD ET AL. 2513 

La separation des produits de reaction a ttt5 realisee par cpg sur 
colonne Carbowax-CROM WAW 20%, 1,6 m, B(co1onne) = 80°C, 
B(injecteur) = 130°C. 

Chloro-2 mtthyl-2 mtthylkne-3 cyclopropanecarboxylate d'e'thyle 
IR*,2R* 6 

Infrarouge (film): 3085 cm-' v(=CH2), 1730 cm-' v(C=O); vi- 
brations de deformation 800; 860; 920 cm-'; rmn 'H (60 MHz, 
CC14/TMS): 6(CH,) = 1,78 ppm, 3, s; ~ ( F H )  = 2,62 ppm, I ,  m; 
6(=-H) = 5,62 et 5,80 ppm, 2, m; 6(C02CH2CH3) = 1,26 ppm, 3, 
t et 4,12 ppm, 2, q; J(CH2CH,) = 7, l  Hz; J ( F H ,  = ) = 2,3 

\ H  
et 2,9 Hz; rmn ',c (62,86 MHz, CDCI,/TMS): 6(CI) = 33,5 ppm, d; 
J(C-H) = 164 Hz; 6(C2) = 42,9 ppm, s; 6(C3) = 1353  ppm, s; 6(C4) 
= 108,8 ppm, t, J(C-H) = 160 Hz; 6(-C02) = 168,2 ppm, s; 
S(CH2CHs) = 61,l ppm, t, J (C-H) = 147 Hz; 6(CH2-CH,) = 14,2 
ppm, q, J(C-H) = 121 Hz; G(CClCH,) = 21,O ppm, q, J(C-H) = 
121 Hz.Ana1. calc.: C55,01, H6,30, C120,34; tr.:C54,85, H6,41, 
C1 21,80%. 

Dichloro-2.3 dime'thyl-2,3 cyclopropanecarboxylate d'tthyle 
2R*,3R* 7 

Infrarouge (film): 1740 cm-' v(C=O), vibrations de deformation 
840 et 920 cm-'; rmn 'H (60 MHz, CCI,/TMS): 6(CH3) = 1,95 ppm, 
6, s-s, les 2 CH, sont magnitiquement non equivalents, A6 = 2 Hz; 
6(H) = 2,05 ppm, 1, s; 6(C02CH2CH3) = 1,28 ppm, 3, t et 4,11 ppm, 
2, q; J (CH2CH3) = 7, l  Hz. Anal. calc.: C 45,50, H 5,50, Cl 33,65; 
tr.: 46,10, H 5,52, C1 32,80%. 

Dichloro-2,3 dimtthyl-2.3 cyclopropanecarboxylate d'tthyle meso 8 
Infrarouge (film): 1740 cm-' v(C=O), vibrations de deformation 

835 et 920 cm-'; rmn 'H (60 MHz, CCl,/TMS): 6(CH3) = 1,85 ppm, 
6, s,  les 2 CH, sont magnetiquement equivalents; 6(H) = 2,30 ppm, 
1, s; 6(C02CH2CH,) = 1,30 ppm, 3, t et 4,12 ppm, 2, q; J(CH2CH,) 
= 7,O Hz. Anal. calc.: C 45,50, H 5,69, C133,65; tr.: 45,03, H 5,37, 
C1 31,96%. 

Chloro-2 mtthyl-2 tthylidkne-3 cyclopropanecarboxylute d'tthyle 
IR*,2R* E I1 

Infrarouge (film): 3010 cm-' v(=CH) Cpaulement; 1730 cm-' 
v(C=O); rmn 'H (60 MHz, CCl,/TMS): 6(CH3) = 1,80 ppm, 3, s; 
~ ( F H )  = 2,57 ppm, 1, d; 6(=-H) = 5,98 ppm, 1 m; 6(=-CH,) 
= I ,98 ppm, 3, d; 6(CO2CH2CHs) = 1,28 ppm, 3, t et 4,09 ppm, 2, 

q; J(C02CH2CH3) = 7 , l  Hz; J(=<'~,) = 6,7 Hz; J(=-CH,, 
H 

E H )  = 2,l Hz; I(=-H, b ~ )  = 2.1 Hz. Anal. calc.: C 57,29, 
H 6,90, Cl 18,83; tr.: C 56,77, H 6,42, C1 19,35%. 

Chloro-2 mtthyl-2 e'thylidene-3 cyclopropanecarboxylate d'tthyle 
I R*,2R* Z 12 

Infrarouge (film): 3010 cm-' v(=CH) Cpaulement; 1728 cm-' 
v(C=O); rmn 'H (60 MHz, CCIJTMS): S(CH,) = 1,77 ppm, 3, s; 
6 ( b ~ )  = 2,55 ppm, 1. d; 6(=-H) = 6,28 pprn, I,  m; 
6(=-CH3) = 1,82 ppm, 3, d; 6(C02CH2CH3) = 1,30 ppm, 3, t et 
4,12 ppm, 2, q; J(C02CH2CH3) = 7 , l  Hz; J(CH2CH3) = 6,8 Hz; 
I(=-CH,, b ~ )  = 1,7 Hz; J(=-H, F H )  = 2,l Hz. Anal. 
calc.: C 57,29, H 6,90, C1 18,83; tr.: C 56,10, H 6,01, C1 17,92%. 

Chloro-2 tthyl-2 mtthylkne-3 cyclopropanecarboxylate d'e'thyle 
I R*,2 R* I3 

Infrarouge (film): 3090 cm-' v(=CH2), 1730 cm-' v(C=O), vi- 
brations de deformation: 800; 860; 890; 915 cm (large); rmn 'H (60 
MHz, CCI4/TMS): 6(CH2CH3) = 2,02 ppm, 2, t et 1,10 ppm, 3, q; 
I F H )  = 2,60 ppm, 1, m; 6(=-H) = 5,58 ppm, 1, m et 5.78 
ppm, 1, m; 6(C02CH2CH3) = 1,28 ppm, 3, t et 4,08 ppm, 2, q; 

J(C02CH2CH,) = 7 Hz; J(CH2CH3) = 6,8 Hz; J(=CH2, F H )  = 

2,7 et 1,9 Hz. Anal. calc.: C 57,29, H 6,90, CI 18,83; tr.: C 58,25, 
H 7,16, C1 19,14%. 

Chloro-2 tthyl-2 e'thylidkne-3 cyclopropanecarboxylate d'tthyle 
I R*,2R* E 14 

Infrarouge (film): 3020 cm-' Cpaulement v(=CH); 1732 cm-' 
v(C=O); rmn 'H (60 MHz, CC14/TMS): S(CH2CH3) 2 ppm, 2, t et 
1,08 ppm, 3, q; ~ ( F H )  = 2,55 ppm, 1, d; 6(=-H) = 6,20 pprn, 
1, m; 6(=-CH,) = 1,83 ppm, 3, m; 6(C02CH2CH3) = 1,28 pprn, 

3, t et 4,10 pprn, 2, q; J (CO~CH~CHI)  = 7,2 HZ; J ( = < ' ~ ~ )  = 6,7 
H 

Hz; I(=-CH,, F H )  = J(=-H, F H )  = 2.1 Hz; J(CH2CH3 
= 7 Hz. Anal. calc.: C 59,26, H 7,41, C1 17,53; tr.: 60,20, H 7,60, 
C1 18,03%. 

Chloro-2 tthyl-2 Cthylidkne-3 cyclopropanecarboxylate d'tthyle 
I R*,2 R* Z 15 

Infrarouge (film): 3020 cm-' Cpaulement v(=CH); 1728 cm-' 
v(C=O); rmn 'H (60 MHz, CC14/TMS): 6(CH2CH3) 2 ppm, 2, t et 
1,10ppm, 3, q; ~ ( F H )  = 2,55 ppm, I,  d; 6(=-H) = 5,95 ppm, 
1, m; 6(=-CH,) = 1,83 ppm, 3, m; 6(C02CH2CH3) = 1,27 ppm, 
3, t et 4,10 ppm, 2, q; J(C02CH2CH3) = 7,1 Hz; J(CH2CH,) = 6,9 

HZ; J(=<'~,) = 6,7 Hz; I(=-CH,, E H )  = 1,6 Hz; I(=-H, 
H 

F H )  = 2,1 Hz. Anal. calc.: C 59,26, H 7,41, CI 17.53; tr.: 59,10, 
H 6,96, Cl 17,89%. 

(Chloro-2 mtthyl-2 mtthylkne-3 cyclopropane I R*,2 R*)yl mtthanol 
9 

Infrarouge (film): 3080 cm-' v(=CH3; rmn 'H (60 MHz. 
CCI,/TM$: ~ ( C H ~ O H )  = 3,58 ppm] 2, d; ~(cH,) = 1,69 ppm, 3; 
s; s ( ~ H , )  = 2.18 ppm, 1, m; 6(=-HJ = 5,45 ppm, I .  m; 
6(=-Hb) = 5,67 ppm, 1, m; J(HIHa) = 2,2 HZ; J(HjHb) .= 3,O HZ; 
./(HI-CHIOH) = 8,5 Hz. Anal. calc.: C 54,34, H 6,79, C1 26,79; 
tr.: C 53,82, H 7,12, C1 25,98%. 

(Chloro-2 me'thyl-2 rntthylkne-3 cyclopropane IR*,2R*)yl-2 
propanol-2 10 

Infrarouge (film): 3080 cm-' v(=CHZ); rmn 'H (60 MHz, 
CCI,/TMS): 6(CMe20H) = 1,28 pprn, 3, s et 1,33 ppm, 3, s; 6(CH3) 
= 1,80 ppm, 3, s; ~ ( F H )  = 1,99 ppm, I,  m; 6(=-Ha) = 5,42 
ppm, 1, m; 6(=-Hb) = 5,68ppm, 1, m;J(H,H,) = 2,4Hz;J(HlHb) 
= 3,1 Hz. Anal. calc.: C 59,81, H 8,10, CI 22,12; tr.: C 59,01, 
H 8,60, C1 21,45%. 

Influence de I'AIBN et du galvinoxyle 
On place dans un bain maintenu a 0°C (ou 60°C) trois ballons, 

contenant respectivement: (i) I mmol d'ester 1, 7 mL de CCL; (ii) 
1 mmol d'ester 1 , 7  mL de CCI, et quelques mg d'AIBN; (iii) 1 mmol 
d'ester 1 , 7  mL de CCI, et 1 mmol de galvinoxyle et I'on ajoute en une 
seule fois 3 mmol d'hypochlorite de tertiobutyle. L'avancement de la 
reaction est determine par cpg analytique sur colonne Carbowax lo%, 
1,6 m. 

Action de nBu3SnH sur les dtrivts halogtnts cycloproptnique I8 et 
cyclopropylide'nique 

En tube scellC, 9 0,85 x lo-' mol de derive halogen6 IS et 2 X lo-, 
mol d'AIBN en solution dans 50 mL de benzene, on ajoute 1,7 X lo-' 
mol d e  nBu3SnH. Le melange reactionnel est port6 9 86OC pendant 
66 h. A la fin de la reaction, le benzene est Cvaport, les produits 
distillts rapidement sous pression reduite et sCparCs par chro- 
matographie cpg sur colonne UCON POLAR 25%, 3,30 metres, 
B(co1onne) = 110°C et B(injecteur) = 150°C. Les rendements son1 
mentionnes dans le texte. 

Mtthyl-3 pentadikne-2.4 oate d'tthyle E 20 
Infrarouge (film): 3095 cm-' v(=CH2); 1715 cm-' v(C=O); 1603 

et 1618 v(C=C); 870 et 920 cm-' v(HC=CH2); uv (dans C~HIZ) :  
A,,, = 240 cm-'; E = 19 000; rmn 'H (250 MHz, CDCI,/TMS): 
6(CH2CH,) = 4,26 ppm, 2, q et 1,28 ppm, 3, t; 6(CH3) = 2 2 6  ppm, 
3, d; 6(H5) = 5,33 ppm, 1, d; 6(HS) = 5 3 9  ppm, 1, d; W 4 )  = 6 3 8  
ppm, 1, m; 6(H2) = 5,96 ppm, 1, s; J(CH2-CH,) = 7 HZ; 
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J (CH3-Hz) = I HZ; J (Hs-H4) = 10,5 HZ; J (Hy-H.,) = 17,4 HZ; 
rmn I3C (62,86 MHz, CDC13/TMS): 6 C2 = 140,2 ppm; C4 = 120,2 
ppm; C5 = 1 18,8 ppm; C6 = 14,3 ou 13,5 ppm; J (C2-H) = 158 Hz; 
J(C4-H) = 155 HZ; J(C5-H) = 155 Hz; J(C6-H) = 126 Hz. 
Anal. calc.: C 68,57, H 8,57; tr.: C 67,92, H 8,90%. 

Me'thyl-3 pentadi2ne-2,4 oate d'e'thyle Z 21 
Infrarouge (film): 3095 cm-' v(=CH2); 1715 cm-' v(C=O); 1600 

et 1620 cm-' v(C=C); 860 et 925 cm-' v1(HC=CH2); les spectres 
ir de 20 et 21 prksentent par ailleurs une grande similitude; rmn 'H 
(250 MHz, CDC13/TMS): 6(CH2CH3) = 4,O ppm, 2, q et 1,23 ppm, 
3, t; 6(CH3) = 1,95 ppm, 3, s large; 6(H5) = 6(H5,) = 5,30 ppm, 2, 
m; 6(H4) = 7,62 ppm, 1, m; &(Hz) = 5 3 0  ppm, 1, s; J(CH2CH3) = 
7 Hz; J(H5-H4) = 1 0 3  HZ; J(H5<-H4) = 17,4 Hz. Anal. calc.: 
C 68,57, H 8,57; tr.: 67,85, H 8,90%. 

Resultats 
1. Chloration des dialkyl-2,3 cyclopropine-2 carboxylates 

d'e'thyle 1, 4, 5 et des alcools primaire 2 et tertiaire 3 par 
l'hypochlorite de tertiobutyle 

A basse tempCrature (0°C) la chloration de l'ester 1 et des 
alcools 2 et 3 par t-BuOC1, en solution dans CC4, conduit avec 
un rendement trbs ClevC aux dCrivCs du mCthylbnecyclopropane 
6, 9 et 10; la H-substitution allylique prCsente une rCgio- 
sClectivitC et une stCrCosClectivitC trbs ClevCes: seul le carbone 
2 fixe un atome de chlore d'une part et d'autre part les com- 
posCs 6, 9, 10 ont tous la configuration relative 1R*,2R*; on 
observe Cgalement la formation de traces de dichloro- 1 , 1 
mCthylbne-2 cyclopropanes 7 et 8 qui rksultent de l'addition du 

chlore sur la double liaison cyclopropCnique. 
A temperature plus ClevCe (65"C), le produit de H- 

substitution n'est plus obtenu qu'avec un rendement global de 
9%, par contre la riaction d'addition du chlore sur la double 
liaison est nettement favorisCe. 

Lorsque la double liaison cyclopropCnique est dissy- 
mCtrique, la rCgiosClectivitC de l'arrachement de l'hydrogbne 
est en contradiction avec les prkvisions que l'on pouvait faire 
2 partir des rCactivitCs comparkes des liaisons C-H des car- 
bones allyliques primaire et secondaire vis-2-vis de t-BuO . . A 

0°C l'ester 4 conduit, en effet, prCfCrentiellement au mCthy- 
lbnecyclopropane 13 avec un rendement de 40% alors que les 
Cthylidbnecyclopropanes 11 et 12 ne se foment qu'avec un 
rendement total de 10%; il est possible que cette inversion de 
la rCgiosClectivitC soit due 2 une orientation difavorable des 
liaisons C-H du mCthylbne par rapport aux orbitales IT. Si- 
gnalons enfin que la stCrCosClectivitC reste, comme prt- 
ckdemment, trbs ClevCe et que l'addition du chlore au cycle est 
toujours 2 cette tempkrature nkgligeable. 

L'Cnergie d'activation de la rCaction d'arrachement du pro- 

ton allylique cyclopropanique est trbs nettement supCrieure 2 
celle du proton allylique des substrats cyclopropCniques. Trait6 
dans les mCmes conditions expkrimentales 6 0°C ou 2 60°C le 
mCthyl-2 mCthylbne-3 cyclopropanecarboxylate dlCthyle est 
retrouvC inchangC aprbs 5 h de rkaction. 

Une Ctude dCtaillCe de la chloration de l'ester 1 a permis de 
confirmer le caractbre radicalaire de cette reaction: D'une part 
on observe I'Cxistence de pCriodes d'induction pour les rCac- 
tions de H-substitution et d'addition du chlore, la durCe de la 
premibre Ctant nettement supCrieure a celle de la seconde. 
D'autre part, ces rkactions sont trbs sensibles a l'action d'in- 
hibiteur tel que le galvinoxyle. Lorsque l'on traite a 0°C I'ester 
1 (1 mol) par t-BuOC1 (3 mol) en solution dans CC14 et a 
I'obscuritC, la chloration allylique est pratiquement terminCe 

aprbs 4 h de rCaction alors qu'en prCsence de galvinoxyle 
(1 mol) l'ester 1 est retrouvC inchangC au bout de 15 h. 

Identijication (ste're'ochimie) 
En rmn, la relation trans du groupe mCthyle et du groupe- 

ment Cthoxycarbonyle dans les esters 6, 11, 12 est Ctablie par 
1'Ctude des glissements induits par le tris(dipiva1omethanato) 
europium, E ~ ( d p m ) ~ .  Nous avons observC antkrieurement que 
le rapport des pentes AMe2/AHI des droites SH = f (CEu/CO 
substrat) permet d'Ctablir facilement la relation cis ou trans de 
ce mtthyle et du groupement fonctionnel (21). En particulier, 
dans le cas du chloro-2 mCthyl-2 isopropylidbnecyclopropane- 
carboxylate d'Cthyle 16 et du dimkthyl-2,2 mkthylbne-3 cyclo- 
propanecarboxylate d'Cthy1e 17 les valeurs sont les suivantes: 
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Me' --" C02Et 

A Me' 
d= 0 , 2 4  
A H 1  

Les valeurs observCes dans le cas des esters 6, 11, 12 qui 
varient de 0,64 a 0,68 permettent d'attribuer sans ambiguitk la 
configuration relative 1 R*,2R* 2 ces composCs. Une remarque 
identique peut Ctre faite dans le cas des esters 13, 14, 15; 
la valeur du rapport A(CH2-CH3)/AH,, qui varie de 0,70 
a 0,80, Ctablit de mCme la relation cis des groupes Et et 
-C02Et. 

Les configurations Z ou E de 11, 12 et 14, 15, se dCduisent 
Cgalement des glissements induits des mCthyles vinyliques 
Me,; la valeur dans le cas de la configuration E (AMe, = 8) est, 
comme l'on doit s'y attendre nettement supCrieure a celle de la 
configuration Z (AMe, = 1). 

Notons enfin que l'attribution des configurations relatives 
aux esters dichlorCs 7 et 8 est fondCe sur 1'Cquivalence ma- 
gnCtique des deux mCthyles dans 8 et leur non-Cquivalence dans 
7. L'effet LIS confirme ces caracttristiques d'une part et per- 
met d'autre part, en comparant les glissements des mCthyles 
dans ces deux composCs, d'Ctablir la relation cis de ces groupes 
et de C02Et dans 8. 

2. Rtduction des halogtnures allyliques mtthyllnecyclopro- 
panique et cycloproptnique par l'hydrure de tri-n-butyl- 
ttain 

Le mCthy1-2 bromomCthyl-3 cyclopropbnecarboxylate 
d'Cthyle 18 trait6 a 86°C par nBu3SnH (2 equivalents) en solu- 
tion dans le benzbne subit une rCduction totale en 66 h; la 
rkaction conduit au produit de H-substitution 19, aux produits 
d'ouverture 20 et 21 et un produit non identifiC 22. La rCduc- 
tion, dont le rendement global reste assez faible (-50%), est 
tres sensible 2 l'addition des initiateurs tel que l'azobisiso- 
butyronitrile. 

Trait6 dans les mCmes conditions expirimentales l'ester 
chlorC cyclopropylidCnique 6 conduit essentiellement aux com- 
posCs 19, 20 avec un rendement global de l'ordre de 50% et 
dans les proportions 1 : 3. 

En ]'absence de solvant, a 76"C, l'ester 6 fournit essen- 
tiellement des polymbres. 

L'ester 19 est identique en ir et rmn a un Cchantillon authen- 
tique (23, 24). 

L'attribution des configurations E et Z est fondCe sur l'effet 

anisotropique du carbonyle sur Me3 dans 20 et sur H, dans 21; 
le dkblindage relatif de ces protons ne laisse subsister aucune 
incertitude quant 2 ces attributions. On observe en effet: 

20 6 Me, = 2,26 ppm 21 6 Me3 = 1,95 ppm 
6 H4 = 6,38 ppm 6 H4 = 7,62 ppm 

Discussion. htude theorique 
Le caractbre radicalaire de la rCaction de chloration des subs- 

trats cyclopropCniques par t-BuOC1 est dCmontrC par l'in- 
fluence du galvinoxyle sur les vitesses de substitution allylique 
et de l'addition du chlore sur la double liaison. Le fait que la 
durte de la pCriode d'induction de la chloration allylique soit 
suptrieure a celle de l'addition sur la double liaison cyclopro- 
pCnique ne peut s'interprkter que par une hypothbse analogue 
a celle de Walling relative aux alcynes (7) qui, compte-tenu du 
caractbre acttyltnique de la double liaison cyclopropCnique 
n'est pas surprenante (25); notons cependant que l'attaque pri- 
maire de la double liaison peut non seulement Ctre rCalisCe par 
t-BuOC1 mais Cgalement par des traces de chlore molCculaire. 

Addition du chlore: 

Chloration allylique: 

+ tauo. - 

De meme, comme nous l'avons vu, le caractbre radicalaire 
de llhydrogCnolyse des liaisons C-halogbne par les hydrures 
organostanniques est actuellement admis (rCf. 3 et rCf. citCes). 
Comme prkctdemment la premibre Ctape de la rkduction est la 
rupture d'une liaison allylique: 

Qu'il s'agisse de la chloration par t-BuOC1 ou de la rtduction 
par Bu3SnH des substrats cyclopropCniques, la premibre Ctape 
de la rCaction conduit au radical (cyclopropkne-1 y1)- 1 alkyle 
(ou mCthylbnecyclopropyle). Ce radical peut subir une rCaction 
d'ouverture ou arracher un atome de chlore (t-BuOC1) ou 
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TABLEA; 1. GComCtries calculCes pour les radicaux mtthylknecyclopropyle (longueurs de liai- 
sons en A, angles en degrCs). Les valeurs entre parenthkses sont celles obtenues par la mCthode 

MNDO(HE) 

Paramktres* X = Y = H X = Cl, Y = H X = CH,, Y = H X = Y = CHI 

*La numCrotation est celle de la fig. I .  

d'hydrogkne (HSnBu3); dans ce cas l'attaque est rCgiosClective 
puisque seul le carbone 2 du cycle fixera l'atome de chlore ou 
d'hydrogkne. La rCaction est par ailleurs hautement stCrCo- 
sklective: le rCactif approche toujours du cBtC le moins en- 
combrC du radical intermtdiaire. 

Deux types de structure peuvent &tre envisagCs pour ce radi- 
cal: 

Soit une structure plane caractkristique d'un radical n de 
type allylique. La transposition cyclopropkne + cyclopro- 
pylidkne que nous avons observCe au cours de la chloration et 
de la rkduction de substrats cyclopropCniques, est en faveur 
d'une telle hypothkse. 

Soit l'tlectron ~Clibataire, dans cet intermediaire, est localis6 
sur CZ; le radical est tCtraCdrique. Cette hypothkse est CtayCe 
par la rCgiosClectivitC trks ClevCe observCe au cours de l'attaque 
des rtactifs par ce radical d'une part et par la stCrCochimie des 
produits de rkduction des dibromo-1,l mtthylkne-2 cyclo- 
propanes (3). 

L'Ctude thCorique qui suit porte essentiellement sur la struc- 
ture des radicaux mCthylknecyclopropyle diversement substi- 
tuCs et sur la rCgiosClectivitC de la rCaction d'arrachement d'un 
atome d'hydrogkne par ces radicaux. 

Me'thode 
Compte-tenu de la complexit6 du problkme traiter - opti- 

misation complkte de gComCtrie pour I'ttude de structure des 
radicaux et "taille" des supermolCcules envisagCes lors des 
rkactions d'arrachement - nous avons choisi d'utiliser une 
mCthode semi-empirique. Parmi celles-ci la mtthode MNDO 
(26) permet de reproduire raisonnablement les gComCtries et les 
propriCtCs thermodynamiques des radicaux (27, 28); de plus, 
parmi les mCthodes SCF semi-empiriques, cette mCthode est 
gCnCralement bien adaptCe a 1'Ctude des chemins reactionnels 
(29). Deux versions pour le traitement des systkmes A couches 
ouvertes ont etC utilisees: MNDO "half-electron" (HE) (30) et 
MNDO "unrestricted" (UHF) (31). Les gComCtries ont CtC to- 
talement optimisCes en utilisant l'algorithme de Davidon- 
Fletcher-Powell (DFP) (32). 

La localisation des Ctats de transition a CtC conduite de la 
manikre suivante (33): nous avons choisi comme variable indB 
pendante R la distance C,H(i = 2,4) entre l'atome Ci du radical 
et l'atome d'hydrogene du substrat (voir fig. 4); cette distance 
traduit le degrC d'avancement de la formation de la nouvelle 
liaison a; nous avons utilisC la mCthode dite de coordonnCe de 
rCaction afin d'obtenir une premikre localisation de 1'Ctat de 

FIG. 1. Numirotation des atomes de radical mCthyl&necyclo- 
propyle. 

transition; la structure ainsi dCterminCe a CtC utilisCe comme 
point de dtpart pour la localisation dCfinitive de 1'Ctat de tran- 
sition a l'aide de la mCthode dCcrite par McIver et Komornicki 
(34); la matrice des constantes de force a CtC calculCe et nous 
avons vCrifiC qu'elle possCdait une seule valeur propre 
negative. 

Ge'ome'tries 
Les principaux paramktres gComCtriques calculCs pour les 

radicaux diversement substituCs sont rCunis dans le tableau 1; 
tous les radicaux sont trouvCs plans (symCtrie C,); les gComC- 
tries d'Cquilibre obtenues par les mCthodes UHF et HE sont trks 
voisines; on notera Cgalement que la prksence de substituants 
en position 2 et 4 n'affecte que trks faiblement les paramktres 
gComCtriques. Les rksultats concernant les gComCtries d'Cqui- 
libre sontkn faveur d'une structure allylique: ces radicaux sont 
plans; les liaisons C2-C3 et C3-C4, sont intermkdiaires entre 
une simple et une double liaison; en effet, les longueurs de ces 
liaisonscalcul~es par la mCthode MNDO sont comprises entre 
celles des hydrocarbures parents: a titre d'exemple, les liai!ons 
Cz-C3Q et C3-C4 sont respectivement Cgales A 1,492 4 et 
1,319 A pour le mCthylkne-3 cyclopropane et a 1,332 A et 
1,461 P\ pour le mCthyl-3 cyclopropkne; nous signalons que la 
gComttrie d'Cquilibre calculCe du mCthylkne-3 cyclopropane 
est en bon accord avec les donntes expCrimentales (35). 

On peut toutefois s'interroger sur l'aptitude de la mCthode 
MNDO a rendre compte de I'angle de torsion a Cventuel du 
centre radicalaire CP. En effet, les calculs MNDO indiquent 
bien que les radicaux cyclopropyle (28), a-fluorocyclopropyle 
( a  = 18,7", determink dans ce travail), .CHFz et -CF3 (27) sont 
pyramidaux et reproduisent correctement l'augmentation de la 
torsion lorsque l'on substitue les hydrogknes en a du centre 
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TABLEAU 2. Structure Clectronique et stabilitk relative des radicaux rnkthylknecyclopropyle 

Coefficient des OA Enthalpie de 
dans la SOMO Indices de liaison TT stabilisation* (kcal rnol-I) 

AH* de formation 
Radicaux Eso~o  (eV) Czn Cqn CZ-C3 C3-C4 (kcal rnol-') RCaction [l]  RCaction [2] 

* Les valeurs entre parenthsses sont celles obtenues par la mCthode MNDO (HE). 

Structure tlectronique. EfSet de substituant sur la stabilite' des 
radicaux 

Nous avons rtuni dans le tableau 2 les principales donnCes 
H caractkrisant la structure Clectronique des radicaux mCthy- H:q ~necyclopropyle. 

L'orbitale simplement occupCe a la symttrie du radical al- 
H' H lyle; une analyse en termes d'orbitales frontikres donne le cen- 

tre C2 comme ttant le plus rkactif (IC2%l > IC4%l); les indices de 
liaison IT des liaisons C2-C3 et C,-C4 confirment la structure 

x calculs MNDO allylique de ces radicaux. Dans les deux dernikres colonnes du 
+ calcu,s ,. 31G. tableau 2, nous avons fait figurer les variations d'enthalpie des 

reactions isodesmiques: 

RG. 2. Variation de 1'Cnergie totale du radical rnCthylknecyclo- 
propyle en fonction de l'angle de torsion ci (BE = E,,, - E'; E': 
Cnergie totale du radical correspondant a ci = 0"). 

radicalaire par des fluors (36, 37). Cependant, les angles a 
ainsi obtenus semblent sous-estimts par rapport aux calculs ab 
initio: pour le cyclopropyle, a = 3" en MNDO (28) et a = 40" 
en ab initio (38); -CH2F, a = 0" en MNDO (27,28) et a = 32" 
en ab initio (39). I1 semble donc que la mCthode sous-estime 
en rkgle gtnCrale la tendance B la pyramidalitt du centre radi- 
calaire. 

Afin de mieux affiner I'analyse conformationnelle, nous 
avons calcult la variation de l'tnergie en fonction de l'angle a 
(fig. 2) pour le radical mCthylknecyclopropyle non substituC ?I 
l'aide des mtthodes MNDO (HE) et ab initio (UHF) en base 
4-31G: pour chaque valeur de l'angle a, nous avons fait une 
optimisation complbte de gtomttrie par la mtthode MNDO et 
les gtomCtries obtenues ont semi ?I effectuer le calcul ab initio 
correspondant. 

L'accord qualitatif est bon entre les deux calculs, toutefois - 
et ce rtsultat confirme notre analyse - la mtthode MNDO 
surestime 1'Cnergie de torsion et de ce fait, sous-estime l'angle 
de torsion. Le radical non substitut est donc trouvC plan aussi 
bien en MNDO qu'en ab initio au stade SCF, alors que le 
radical cyclopropyle est toujours trouvt pyramidal (28,38). On 
peut donc s'attendre ?I ce que la gComCtrie du centre radicalaire 
dans les radicaux mtthylknecyclopropyle diffkre notablement 
de celle des radicaux cyclopropyles. 

Une valeur positive de la variation d'enthalpie correspond ?I 
une stabilisation du radical substituC par rapport B l'hydro- 
carbure correspondant (40); la gComttrie de ces derniers a CtC 
totalement optimiste par la mCthode MNDO., 

Les variations d'enthalpie de la rtaction [l] montrent: qu'un 
groupement mtthyle en position 2 stabilise le radical; que la 
prtsence de deux substituants mtthyle en position 4 n'a qu'un 
trks faible effet sur la stabilitt relative du radical. 

Inversement, les variations d'enthalpie de la rtaction [2] 
montrent que seuls les groupements mtthyle en position 4 
augmentent de manikre sensible la stabilitt relative du radical 
correspondant. 

~es-rksultats peuvent &tre rationalis6 en termes d'interaction 
entre orbitales moltculaires (PMO analysis) (pour une revue, 
voir par exemple la rtf. 41); les interactions entre orbitales 
frontikres sont illustrtes sur la figure 3; dans le cas du radical, 
compte-tenu de la symCtrie de l'orbitale molCculaire sim- 
plement occupte (SOMO), les interactions stabilisantes a et 
a4 sont possibles B la fois lorsque le groupement mtthyle est 

Nous tenons ii la diposition des personnes intCressCes les gCornC- 
tries totalernent optirnisCes des produits de substitution ainsi que celles 
des Ctats de transition correspondants. 

4Les interactions du type @ peuvent devenir dkstabilisantes; le 
caractkre dkstabilisant apparait lorsque le recouvrernent intermole- 
culaire entre les 0 . M  qui interagissent est introduit dans I'expression 
de 1'Cnergie d'interaction (42). 
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en position 2 et en position 4; on peut prtvoir que la sta- 
bilisation rtsultante sera plus importante lorsque le mtthyle est 
en position 2 ((C2,1 > IC4,1). 

Pour les hydrocarbures correspondants, l'interaction @ en- 
trainera une stabilisation uniquement si le groupement mtthyle 
est en position 2; de m&me l'interaction @ ne sera importante 
que lorsque les groupements mtthyles seront en position 4. 

Ainsi les donntes thermodynamiques de la rtaction [l]  
traduisent l'effet stabilisant du mtthyle en position 2 (AH 
-8 kcal mol-I) qui existe pour le radical et non pour 
l'hydrocarbure correspondant alors que l'effet stabilisant des 
mtthyles en position 4 n'apparait pas car il inte~ient  a la fois 
pour le radical et le dtrivt mtthylknecyclopropanique; de 
m&me les donntes thermodynamiques de la rtaction [2] tra- 
duisent uniquement l'effet stabilisant des deux groupements 
mtthyles en position 4; on notera tgalement que l'tnergie de 
stabilisation ramente 2 un groupement mtthyle est inftrieure 
celle calculte dans le cas de la rtaction [l]  car l'tnergie d'in- 
teraction est inftrieure lorsque le mtthyle est substitut sur le 
mnmet 4 (Ic4,l < I c2,l). 

La plantitt des radicaux est apparemment en contradiction 
avec la trks grande rtgiosClectivitC observte dans les rtactions 
d'arrachement d'hydrogkne ou de chlore. Nous allons donc . - 

examiner dans le paragraphe suivant si malgrt la plantitt des 
radicaux, les calculs peuvent rendre compte de cette stlectivitt. 

Etude des re'actions d'arrachement par les radicaux me'thylgne- 
cyclopropyle 

Les rtactions tltmentaires prtsenttes dans ce paragraphe 
concement uniquement l'arrachement d'un atome d'hydrogkne 
du ~ubstrat;~ la mtthode MNDO n'ttant pas paramttriste pour 
l'ttain, nous avons choisi comme substrat SiH4 pour reprtsen- 
ter H s n ( n B ~ ) ~ .  

Le formalisme MNDO a t t t  employe par Dewar et coll. lors 
de l'ttude d'arrachement par CH3 et CF3 d'un hydrogkne de 
l'tthane (43) et de l'arrachement par CH3 d'un hydrogkne du 
mtthane (note 22 de la rtfirence 43); l'enthalpie d'activation 
calculte pour cette demikre rtaction (28,6 kcal mol-I) est su- 
ptrieure a l'tnergie d'activation exptrimentale (14,2 kcal 
mol-I) (44) mais comparable celle obtenue 2 partir d'un 
calcul ab initio 4-31G (29,9 kcal mol-I) (45); on retrouve cette 
tendance dans le rtcent travail de Pudzianowski et Loew (46): 
l'enthalpie d'activation correspondant l'arrachement par 
l'oxygkne atomique d'un atome d'hydrogkne de CH4 est de 
27,4 kcal mol-I, l'tnergie exptrimentale n'itant que de 8,4 
kcal mol-I. Pour compltter cette ttude bibliographique, nous 
avons tgalement testt la mtthode MNDO sur le processus 
Cltmentaire: CH3 + SiH4 + CH, + SiH3; les calculs re- 
produisent correctement la plus grande rtactivitt de SiH4 par 
rapport 2 CI-L, mais les barrikres d'tnergie calcultes sont sures- 
timtes (AH* calcult: 17,8 kcal mol-I, tnergie d'activation 
exptrimentale (44): 6,9 kcal mol-I). 

Dans ce type de rtaction ou une liaison est rompue, une 
interaction de configuration est ntcessaire ce qui explique que 
des calculs ab initio au niveau SCF surestiment l'tnergie d'ac- 
tivation; dans le cas des mtthodes semi-empiriques, une partie 
de l'tnergie de correlation est introduite du fait de la para- 
mttrisation et l'on aurait pu espkrer un meilleur accord avec 

Une Ctude prCliminaire de la reaction d'arrachement d'un atome de 
chlore (substrat modkle CH30CI) montre que celui-ci s'arrache plus 
facilement qu'un atome d'hydrogbne; toutefois, nous nous sommes 
heurtCs i des problbmes de convergence qui rendent les temps de 
calcul prohibitifs. 

FIG. 3. Diagramme d'interaction representant: I'interaction entre la 
SOMO du radical et les orbitales II et II* du groupement CH, (a); 
I'interaction entre la HOMO du mCthyl-3 cyclopropkne (b) ou la 
HOMO du mCthylknecyclopropane (c) et I'orbitale vacante II* (CH,). 

l'exptrience; dans le cas de la mtthode MNDO, la sures- 
timation de l'enthalpie d'activation est attribuie (43, 46) a une 
surestimation des rtpulsions dans les interactions a trois tlec- 
trons rtpartis sur trois centres. 

Le tableau 3 rassemble les valeurs des principaux paramktres 
gtomttriques calcults pour les ttats de transition (TS). La 
prtsence de substituants sur les centres rtactifs C2 et C4 du 
radical n'entraine que de trks faibles modifications de la gto- 
mttrie des ttats de transition. 

Dans tous les cas, l'atome de carbone radicalaire, l'atome 
d'hydrogkne (Hlo) subissant l'arrachement et I'atome (numt- 
rot6 1 1) auquel il ttait lit dans le substrat restent alignts, le plan 

A .  
de symttrie du substrat bissectant les angles 123 (fig. 4a) ou 
A 

/54& (fig. 4b); les gtomttries des substrats silylts ont t t t  to- 
talement optimistes au moyen de la mtthode MNDO par 
Verwoerd (47). 

Les ttats de transition apparaissent relativement t8t sur le 
chemin rtactionnel, mais ils sont plus proches des rtactants 
pour l'attaque en C2(TS4a) que pour l'attaque en C4(TS4b); 
notons tgalement que la prtsence de mtthyles sur les centres CZ 
ou C4 "retard$' l'ttat de transition: la liaison Si-H(dlo-ll) 
tgale a 1,434 A dans SiH4 (47) est plus Ctirte lorsque l'attaque 
s'effectue sur le centre radicalaire C4 et l'allongement de la 
liaison est plus important si les carbones 2(TS4a) ou 4(TS4b) 
portent un groupement ~ t t h y l e ;  la liaison C2-C3 prtsente un 
allongement de -0,05 A (TS4a) tandis que la liaison C3-C4 
s'allonge de -0,07 (TS4b) par rapport aux liaisons corres- 
pondantes du radical (tableaux 1 et 3). 

Les enthalpies d'activation sont rtunies dans la demikre 
ligne du tableau 3; l'arrachement d'hydrogkne se fait toujours 
a partir du centre C2 du radical; la difftrence d'tnergie 
d'activation entre les deux attaques, bien que surestimte, est 
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FIG. 4. Numtrotation des atomes et dCfinition des paramktres gCo- 
mktriques utilists pour dCcrire les Ctats de transition. 

suffisamment importante pour expliquer que le dCrivC mCthy- 
lknecyclopropanique soit le seul composC de substitution obser- 
vt  exptrimentalement. La rCgiosClectivitC de la rkaction peut 
donc Ctre expliquCe sans qu'il soit nCcessaire de postuler un 
radical pyramidal dont I'Clectron cClibataire serait localis6 en 
c2. 

Le radical chlorC qui peut Ctre considCrC comme un modele 
des radicaux CtudiCs par Bertrand et coll. (3) prCsente approxi- 
mativement la mCme rkactivitt que le radical non substitue; par 
contre, l'effet stabilisant des substituants mCthyles en C2 ou en 
C4 rend les radicaux correspondants beaucoup moins rkactifs 
dans les rkactions d'arrachement d'hydrogene et nos calculs 
prkvoient la plus grande sClectivitC pour le radical trimCthylC 
qui peut Ctre considCrC comme un modele des radicaux que 
nous avons CtudiCs. La rtaction d'arrachement d'hydrogkne par 
les radicaux mCthylknecyclopropyle alkylCs conduit ti cdtC du 
d6rivC mCthylkne cyclopropanique ti des produits rCsultant de 
l'ouverture du radical; une Ctude complkte du mCcanisme de 
cette rCaction devrait Cgalement envisager les problkmes re- 
latifs ti l'ouverture des radicaux et aux rkactions d'arrachement 
par les radicaux non cycliques; de la compCtition entre la rCac- 
tion d'arrachement par le radical cyclique et l'ouverture de 
celui-ci va dCpendre la nature des produits; notre travail permet 
cependant d'apporter un premier Cltment de rkponse: le pro- 
cessus d'arrachement est dtfavorisC si le riactant est un radical 
cyclique alkylt en C2 et en C4, la rCgiosClectivitC de la rCaction 
Ctant consewCe. 

La polarit6 de 1'Ctat de transition n'est que trks peu affectCe 
par la presence de substituants sur le radical; notons toutefois 
que le chlore en a du centre radicalaire C2 confkre ti celui-ci un 
faible caractkre Clectrophile (SiH, porte une charge nette 
globale de +0,013 e- dans 1'Ctat de transition, alors que la 
valeur correspondante pour le radical non substituC Ctait de 
-0,026 e-). 

Dans le tableau 4, nous avons rassemblC les grandeurs ther- 
modynamiques calculCes relatives au processus tltmentaire 
d'arrachement d'un atome d'hydrogkne du silane par les radi- 
caux cycliques diversement substituks. 

Si l'on admet que l'entropie d'activation varie peu dans la 
sCrie envisagee, les variations de la rCactivitC d'un radical R. 
son donnCes par: AE" AH,:. -  AH^^^,,,,, (rCfCrence: radical 
cyclique non substituC; i: no du centre radicalaire oh s'effectue 
la rkaction d'abstraction); les differences A(AHi) = AH,,. - 
AHidfeEnce traduisent les variations de 1'Cnergie de la liaison 
C,-H formCe au cours de la rkaction d'arrachement. Pour un 
substrat donnC, la rCactivitC des radicaux varie comme A(AHi) 
(contrdle thermodynamique); de m&me la rCgiosClectivitC de la 
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TABLEAU 4. DonnCes CnergCtiques relatives au diverses rkactions d'arrachernent d'un atorne d'hydrogtne par les radicaux 
rnCthyEnecyclopropyle 

Energie de 
RCactivitC relative a SiH, RCgiosClectivitC deformation 

Radicaux AH2*  AH^^ AE: A(AH2) A E ~  A(AH4) A E ~  AH2-AH4 E: E: 

*Variation d'enthalpie calculte (kcal mol-I) pour la kaction: 

t Variation d'enthalpie calculee (kcal mol-I) pour la reaction: 

rkaction AES = AH: - AH: est parfaitement corrClCe par la 
diffkrence des variations d'enthalpie AH2 - AH,. On peut 
vCrifier tgalement que 1'Ctat de transition apparait d'autant plus 
tard sur le chemin rkactionnel que la rtaction d'arrachement est 
endothermique. Nos ksultats sont en accord avec les rkgles 
CnoncCes par Tedder (48). 

Une Ctude portant sur la pyramidalisation du centre C4 (ana- 
logue a celle effectute sur la torsion de la liaison C2-H) dans 
le radical non substituC montre que la torsion des liaisons 
C4-H d'un angle a correspondant au TS4b ntcessite plus 
d'tnergie que la torsion de la liaison C2-H d'un mCme angle 
a dans le TS4a; la comparaison des energies de dtformation 
des rkactants dans l'ttat de transition: 

ETS(i) . 
rca,,an,, Cnergie de chaque riactant dans sa gtomttrie a l'ttat de 

0 transition; E,,act,n,s: tnergie de chaque rCactant dans sa gto- 
mCtrie complktement optimisCe) montre que celles-ci inter- 
viennent pour plus de 50% dans la difference des enthalpies 
d'activation AH: - AH:; ces differences traduisent a la fois 
la plus grande Cnergie ntcessaire pour pyramidaliser le centre 
C4 et l'apparition plus tardive sur le chemin rkactionnel des TS 
de type 4b. 

Conclusion 
Cette ttude de la chloration allylique des substrats cy- 

clopropCniques et de la rtduction de leurs dtrivts bromts a 
permis de mettre en tvidence sur le plan expkrimental la mi- 
gration exocyclique de la double liaison. Cette transposition 
s'interprkte par la formation intermkdiaire d'un radical plan de 
type allylique, I'tlectron cklibataire ttant essentiellement loca- 
lisC sur les atomes C2 et C4. 

L'Ctude thCorique de la rtactivitt de ce radical montre que 
cette espkce se stabilise par fixation d'un atome sur le carbone 
C2 quelle que soit la nature des substituants portts par le sys- 
tkme allylique; ce rhultat est en bon accord avec la rtgio- 
stlectivitt observte expkrimentalement. Par ailleurs, la rtac- 
tion d'arrachement se fait plus facilement lorsque l'on substitue 
en C2 un mCthyle par un atome de chlore. 

Au terme de cette ttude il nous apparait que la mCthode 
MNDO peut fournir un bon point de dtpart pour 1'Ctude quali- 
tative des rtactions d'arrachement d'hydrogkne d'un substrat 
donnt par une sCrie de radicaux. Elle permet entre autres de 
retrouver les regles proposCes par Tedder. 
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A. KHARRAT, C. GARDRAT et B. MAILLARD. Can. J. Chem. 63, 2522 (1985). 
La thermolyse du perpenthe-4 oate de tert-butyle 1 a Ctk effectuke dans divers solvants ZH (acides carboxyliques, 

anhydrides, esters de mCthyle et nitriles). Dans tous les cas, des y-butyrolactones substitukes sur le carbone 4 par le groupe 
ZCH, sont isolees, la plupart du temps avec des rendements acceptables. L'isomCrisation totale des lactones 4 dCrivant des 
acides non fonctionnels en 5 a Cte r6alisCe facilement par chauffage d'une solution tetrahydrofurannique de 4 en presence de 
traces d'APTS; des rCsultats similaires sont emegistrks A partir de solutions mCthanoliques des esters lactones (6 += 7) en 
prisence de traces d'APTS. 

A. KHARRAT, C. GARDRAT, and B. MAILLARD. Can. J. Chem. 63, 2522 (1985). 
The thermolysis of tert-butylperpent-4-enoate in various solvents ZH (carboxylic acids, anhydrides, methyl esters, nitriles) 

led to y-butyrolactones Csubstituted by the group ZCHz with good yields. The acidic treatment of the lactones 4 and 6 derived 
from non-functionalized alkanoic acids and methyl esters gave respectively the isomerized lactones 5 and 7, increasing the 
synthetic interest of the studied homolytic reaction. 

Introduction 
Lors de 1'Ctude de la thermolyse du perpentbne-4 oate de 

tert-butyle 1 dans le cyclohexane (1) nous avons mis en Cvi- 
dence la prisence du cyclohexyl-5 pentanolide-4 issu de la 
dCcomposition induite du perester insaturi par un radical cy- 
clohexyle. La formation de la lactone se fait par une rCaction 
en chaine dont la phase de propagation se resume aux Ctapes 
suivantes: 

avec ZH = C-C6H12. 
Nous avons par la suite montrC que ce type de reaction n'est 

pas particulier aux cas des cyclanes puisqu'il intewient dans les 
cCtones (2) et les Cthers (3) permettant d'acdder facilement h 
des y-butyrolactones substituCes en 4 par des groupes com- 
portant des fonctions. 

Les acides et leurs dCrivCs sont des produits qui donnent lieu 

' Auteur A qui adresser toute correspondance. 

h des additions radicalaires aux composes insaturks, comme le 
rapporte Vogel dans une mise au point ancienne (4). Dans ces 
conditions la thermolyse de 1 dans un acide alcanoique ou son 
substitut R'R2CHCOY pourrait permettre d'acceder aux olides 
de formule gCnCrique 2. 

R1 
I 

Y-C-C-CH2 Y-C-CHI-CH2 
II I 
0 R2 

II 
0 

2 3 

Une des voies d'accks les plus simples aux y-butyrolactones 
consiste en l'esttrification intramolCculaire d'un y-hydroxy- 
acide (5). Pour obtenir des lactones 4 (2, Y = OH) par cette 
voie, il faut partir d'un y-hydroxydiacide. 

Si au moins un des substituants R' ou RZ n'est pas un atome 
d'hydrogkne, une telle synthbe peut conduire a priori 2i deux 
lactones distinctes 4 (2, Y = OH) et 5 (3, Y = OH). 

A notre connaissance aucune Ctude de ce type n'ayant CtC 
signalCe dans la litterature, nous avons dCcidt d'effectuer la 
thermolyse de 1 dans les acides alcanoiques et leurs dCrivCs en 
vue de prkparer sClectivement les composCs 2 et de rechercher 
des conditions d7isomCrisation de ces derniers en 3. 

Dans une premikre partie, aprks avoir dCfini les conditions 
optimales de rCaction en prenant le propionate de mCthyle 
cornrne composC modkle, nous avons Ctendu ce travail 2i 
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d'autres esters, acides, anhydrides, amides ainsi qu'h des 
nit rile^.^ 

Dans une deuxikme partie, aprks avoir effectut I'ttude de la 
lactonisation acide d'un hydroxy-4 diacide-l,7 nous avons es- 
say6 de rCaliser I'isomCrisation acido-catalysCe de certaines 
y-lactones 2 afin de voir si cela pouvait constituer une voie 
d'accks gCnCrale aux composCs de type 3. 

Thermolyse de 1 dans les acides et leurs derivCs 
I .  Esters 

1. Alcanoates de me'thyle 
Les esters ont souvent CtC utilisCs 2 la place des acides pour 

rCaliser l'alkylation radicalaire de ces derniers lorsqu'il se 
forme des produits secondaires par rCaction des acides avec les 
composCs insatures. Notre choix de rCaliser 1'Ctude avec les 
esters avant de l'entreprendre avec les acides a CtC dictC par une 
raison similaire: il semblait a priori moins facile d'avoir une 
isomtrisation de la lactone 6 (2, Y = OMe) en 7 (3, Y = OMe) 
que de 4 (2, Y = OH) en 5 (3, Y = OH).' 

Le remplacement de l'acide par un ester prCsente toutefois 
I'inconvCnient d'introduire un site rCactif supplCmentaire: le 
carbone en CY de l'oxygkne; neanmoins, I'emploi d'un ester de 
mCthyle limite considCrablement I'attaque de la partie alcoxyle. 
Bien que 1'acCtate de mCthyle soit le premier membre de la 
famille des esters R1R2CHC02Me, nous avons prCfCrC effectuer 
les Ctudes preliminaires avec le propionate de mCthyle afin de 
voir si une isomCrisation de 6b4 en 7b intervenait (dans le cas 
de 1'acCtate de mCthyle, les deux formules 6a4 et 7 a  corres- 
pondent au mCme produit). 

Un essai de thermolyse de 1 dans le propionate de mCthyle 
montre que le compost5 recherchC 6b se forme. Afin de dCfinir 
les conditions optimales de la reaction, nous avons effectuC une 
etude de la dCcomposition de 1 dans cet ester en faisant varier 
la temperature de thermolyse, la durCe et les rapports molaires. 

Comme le montre le tableau 1, les conditions pour lesquelles 
le rendement en 6b est le plus ClevC correspondent 2 un chauf- 
fage 2 1 10°C pendant 8 h en utilisant un rapport molaire l/ester 
= 1: 100. 

L'Ctude de la thermolyse de 1 a CtC rCalisCe dans 1'acCtate de 
mCthyle, le propionate de methyle et l'isobutyrate de mCthyle, 
ces esters possCdant les differents types d'hydrogkne pouvant 
Ctre arrachCs pour conduire h des radicaux en a du carbonyle. 

'Les nitriles sont gCnCralement considCrCs comme des dCrivCs 
d'acides. C'est pourquoi nous avons place leur Ctude dans le cadre de 
ce travail bien qu'ils ne conduisent pas a des composCs de type 2. 

3Les acides sont souvent transformks en esters de mtthyle avant 
dYCtre analyses par cpg: cette considiration a constituC un argument 
supplCmentaire dans le choix des esters comme premiers rnodkles. 

4a :  R'  = R2 = H; b: R '  = H, R2 = CH3; c: R '  = R2 = CH3. 

TABLEAU I .  Variation des rendements en 6b en fonction des condi- 
tions expkrimentales 

Rendement en 6b (%)* 
Rapport molaire 

l/CH3CH2C02CH3 2 h a 130°C 4 h a 120°C 8 h 21 I 10°C 

* CalculC par rapport au perester mis en jeu et dCterminC par cpg. 

Dans les deux derniers cas, les deux produits de substitution 6 
(sur la partie acyle) et 8 (sur la partie mCthoxyle) sont observCs; 
les produits 6 ont toutefois CtC isoles facilement par chro- 
matographie liquide-solide sur gel de silice permettant de prC- 
server I'intCr6t synthktique de la mCthode. 

A ces trois modkles, nous avons ajoute le cas particulier du 
formiate de mCthvle dont l'addition radicalaire 2 un alckne 
permet d'effectuer une extension de chaine d'un carbone (4). 

Les diffkrents composCs dCcrits dans le tableau 2 ont CtC 
identifies par rmn ainsi que par spectromCtrie de masse. Les 
produits de rCfCrence 8 ont CtC synthCtisCs 2 partir de l'hy- 
droxylactone correspondante 10. Cette dernikre a CtC obtenue 2 
partir de la lactone ester prCparCe selon la k f .  6. 

peroxyde de 
131 BrCH2C02Et + CHZ=CH-(CH~)~OAC 

Dans le cas de la thermolyse de 1 dans l'acetate de mtthyle, 
nous n'avons pas rCussi 2 sCparer les deux produits possibles de 
substitution 6a et 8a. Une estimation des proportions relatives 
de ces deux composCs n'a Cgalement pas pu Ctre faite bien 
qu'un essai de transformation du produit rkactionnel par trans- 
estkrification h l'aide du methanol en prksence de traces 
d'APTS ait CtC rCalisC: 8a devrait conduire 2 10 et 6a ne devrait 
pas Ctre affect& Si 8a se forme, sa proportion relative est trks 
faible. 

Comme cela avait CtC signal6 dans le cas particulier de I'acC- 
tonylation de 1'acCtate de mtthyle (7), nous observons une 
variation des proportions relatives de 6 et 8 pour les propionate 
et isobutyrate de mCthyle selon les rapports molaires l/ester 
utilisCs (Tableau 3). 

Ces rCsultats s'accordent fort bien avec ceux des travaux 
antCrieurs (8) indiquant que I'attaque sur les esters par les 
radicaux Clectrophiles se fait de prCfCrence sur le groupe al- 
coxyle. La compCtition entre la reaction [4] et la rkaction d'ad- 
dition h la double liaison du perester serait responsable des 
rCsultats emegistrks. 

L'existence de rendements trks tloignts de 100% montre 
qu'il est vain de comparer entre eux les rksultats obtenus pour 
les deux esters. Dans le cas de l'isobutyrate de mCthyle, la mise 
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TABLEAU 2. Lactones isolkes par thermolyse de 1 dans divers alcanoates de rnethyle (conditions expkrirnentales: l/ester = 1 : 100; 8 h ?I 110°C) 

Ester CH3C02CH:, CH3CH2C02CH, (CH,)~CHCOZCH:, HC02CH3 

CH3 
I 

CH3 
I 

O ~ ( C H ~ ) ~ C O ~ C H ~  O ~ C H ~ - C H - - C O ~ C H ~  O ~ C H ~ - C - C O ~ C H ~  I o=(-'J-cH$o~cH~ 

CH3 
Produits 6a 66 6c 9 

O ~ H ~ ) ~ O C O C H I  0 ~ 2 ) 2 ~ ~ ~ ~ ~ 2 ~ ~ 3  O ~ ( C H ~ ) ~ O C O C H ( C H ~ ) ~  0 =~'J-(cH~),coH 

% relatifs 6 ou 9/8 * 96:4 91 :9 1OO:O 

Rdt (%)t 50 55 18 12 

* Voir la discussion dans le texte. 
t Dttemini  sur la fraction de distillation par rapport au perester 1 mis en jeu dans la rkaction. 

TABLEAU 3. Variation des proportions relatives 6/8 en fonction des 
rapports rnolaires l/ester (propionate (b) et isobutyrate (c) de rnC- 

thyle)* (conditions expkrirnentales: 8 h a 110°C) 

Rapport rnolaire 
llester 1:5 1 :20 1 : 100 1:200 

*Dosage effectui par cpg. 

en tvidence de quantitCs non ntgligeables de tttramtthyl- 
2,2,3,3 succinate de dimethyle montre que l'addition du radical 
B s'effectue difficilement. 

2. Esters fonctionnels 
De nombreux esters fonctionnels (malonates, cyanoacktates, 

chloroacetates, acetylacCtates, o-diesters.. .) ont pu &tre substi- 
tuCs en a du carbonyle grlce aux rCactions d'additions radica- 
laires (4). Nous avons effectuC la thermolyse de l dans un ester 
de chacune de ces familles et avons is016 le produit de 
"pentanolidation". Les rksultats obtenus sont rassemblts dans 
le tableau 4. 

11. Acides et anhydrides 
La thermolyse de 1 dans les acides et les anhydrides a Ctt 

effectuee dans des conditions identiques a celles des esters 
(1 10°C, 8 h, rapport molaire l/solvant = 1 : 100). Elles ne sont 
peut-&tre pas optimales pour les acides et les anhydrides mais 
elles prtsentent l'avantage de permettre une comparaison des 
rCsultats obtenus ceux des esters. La "pentanolidation" des 
acides acCtique, propionique et isobutyrique s'effectue avec 
des rendements respectifs de 47%, 56% et 22%. Seuls les 
composCs 4a, 46 et 4c sont obtenus. En effet, aprks mCthy- 
lation au diazomkthane, seuls 6a,  66 et 6c sont identifib par 
comparaison en cpg ?I des Cchantillons de 6a (= 7 a ) ,  66 et 7 6 ,  
6c et 7 c .  

R' 

Nous soulignerons que les rendements de fonctionnalisation 
des acides sont voisins de ceux des esters correspondants. En 
consCquence la thermolyse de 1 dans les monoesters de mCthyle 
ne peut constituer la meilleure voie d'accks aux composts 6a ,  
66 ,  6c puisque la mtthylation au diazomtthane des acides 4a, 
46, 4c (rCaction quasi quantitative) permet d'acdder plus fa- 
cilement aux composts recherchCs et avec un meilleur ren- 
dement (dans le cas des esters une stparation des composts de 
type 6 et 8 est ntcessaire). Cependant, dans le cas des esters 
fonctionnels correspondant ti des acides instables dans les con- 
ditions de la rtaction (acide acCtylacCtique, acide malonique) la 
"pentanolidation" de I'ester s'avkre la meilleure voie d'autant 
qu'elle ne conduit qu'h un seul produit. 

Remarque: Comme nous I'avons signal6 dans le paragraphe 
prtctdent, l'addition radicalaire d'esters ti des alcknes conduit 
gtneralement a des produits de substitution des deux carbones 
situts de part et d'autre du carbonyle, ce qui limite souvent 
I'intCrCt synthttique de la mCthode au cas des esters de 
mCthyle. Les acides lactoniques 4 peuvent &tre le point de 
dtpart des composts de type 2 (Y Ctant un groupe alkyle quel- 
conque); nous avons voulu voir si, en milieu non acide, il ttait 
possible de les estCrifier sans isomerisation. La rkactivitt des 
azolides mise en Cvidence par Staab (9) a permis de prtparer 
des esters en milieu neutre. Le traitement de I'acide lactonique 
4b par le N, N'-carbonyldiimidazole permet d'obtenir l'azolide 
qui, par rCaction sur le mCthano1, conduit uniquement ?i 66. 

La thermolyse de 1 a CtC effectuCe dans les anhydrides 
acCtique et propionique (1 10°C, 8 h, llanhydride = 1 : 100). 
Aprks hydrolyse du mtlange rtactionnel, les acides 4a et 46 
sont isolCs avec des rendements de l'ordre de 20%. 

111. Amides et nitriles 
La thermolyse de 1 dans le dimtthylformamide et le di- 

mCthylacttamide (llO°C, 8 h, l/amide = 1: 100) n'a pas 
permis d'isoler la y-butyrolactone fonctionnelle recherchCe. 
Par contre, les reactions effectutes dans les m&mes conditions 
avec I'acttonitrile et le propionitrile ont conduit aux produits 
attendus l l a  et 116 avec des rendements respectifs de 17% et 
24%; avec l'isobutyronitrile, le tktramtthyl-2,2,3,3 succino- 
dinitrile rCsultant du couplage des radicaux cyano-2 propyle-2 
est le principal produit de la reaction comme lors des tentatives 
d'additions radicalaires de ce compost (10). 

IsomCrisation des lactones 4 et 6 
Afin de situer notre mtthode de prkparation des lactones 4 
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TABLEAU 4. Lactones isolCes par thermolyse de 1 dans divers esters fonctionnels (conditions experimentales l/ester = 1 : 100; 8 h h 110°C) 
-- 

Ester CH~(COZCH~)Z CICH2C02CHs CH3C0CH2C02CH, (CH2C02CH,)2 NCCH2COzCHs 

C02CH3 C1 C02CH3 C02CH3 CN 

Produit 
1 

O ~ C H ~ C H C O ~ C H  3 O ~ ~ C H C O ~ C H ~  I 0 ~ C H ~ C H C O , C H ~  I 0 +H,CHCH~CO~CH~ 1 0 =~'-JW~CHCO~CH~ I 

Rdt (%)* 27 64 35 69 40 

* Determine sur la fraction de distillation par rapport au perester 1 mis en jeu dans la reaction. 

FIG. 3 
' ~ z w @ c n a  n  

par rapport h 1) permet d'obtenir 5b ou 7 b  avec des rendements 
equivalents 2 ceux obtenus sans acide pour 4b et 6b. 

FIG. 2 

relativement a la lactonisation acide partir des hydroxy- 
diacides, nous avons realis6 la saponification de la lactone 4b 
et isole l'hydroxydiacide correspondant. Son traitement par 
I'APTS en solution dans le THF conduit 21 la lactone acide 5b 
isomkre de 4b. La m&me reaction effectuee dans le methanol 
conduit B 7 b  isomkre de 6b (fig. 2). 

Ces resultats montrent que la thermolyse de 1 dans un acide 
ou son ester de methyle permet d'acceder facilement 4 ou 6 
ce qui n'est pas le cas pour la lactonisation de l'hydroxy- 
diacide. 

I1 paraissait interessant de confirmer les resultats obtenus ii 
partir de 4b avec 4c et de voir si une isomCrisation des esters 
6 en composes 7 pouvait &tre realiste en presence de traces 
d'acide dans le methanol (fig. 3). 

Le traitement de l'acide lactonique 4c par I'APTS dans le 
THF au reflux permet d'obtenir facilement l'isomke 5c. Les 
lactones 6 dirivant des monoesters conduisent B 7 (6b et 6c 
donnent 7 b  et 7c ,  6a et 7a  correspondent au m&me compose) 
aprks un reflux de 3 h en solution methanolique en presence de 
traces d'AFTS. 

Les composes 6e, 6 f, 6i  ne sont pas affectes m&me aprks un 
chauffage de 48 h. Le produit de "pentanolidation" de l'ace- 
tylacttate de methyle 6g se transforme en d'autres produits que 
la lactone 7g (R' = H, R2 = COCH3) vraisemblablement par 
suite de reactions secondaires dues h la presence du carbonyle 
sur la chaine laterale. La lactone 6h est totalement isomerisee 
en une autre lactone mais I'attribution de la structure de cette 
dernikre n'a pas pu &tre effectuee. 

I1 est 2 noter que la thermolyse de 1 (perester brut qui con- 
tient des traces d'acide chlorhydrique) dans les monoesters et 
les acides conduit h un melange de 6 et 7 ou de 4 et 5; il est donc 
important que le perester soit purifie avant utilisation. La dt -  
composition de 1 dans l'acide propionique et le propionate de 
mCthyle en presence de faibles quantites d'AFTS (2% molaire 

Conclusion 
Nous retiendrons de ce travail l'inttrst synthetique de la 

mkthode de "pentanolidation" des acides, esters de mCthyle et 
nitriles. Dans le cas des acides et des esters de methyle, c'est 
une excellente voie de preparation des lactones acides 4 et des 
lactones esters 6 puisque les essais de lactonisation par I'AFTS 
de l'hydroxydiacide ont conduit uniquement aux lactones iso- 
mkres 5 et 7 .  La mise en evidence d'une isomerisation aci- 
docatalysee de 4 en 5 et de 6 en 7 renforce l'aspect preparatif 
de la decomposition induite du perpentkne-4 oate de tert-butyle 
par les radicaux derivant des acides et des esters. 

Partie experimentale5 
Les spectres rmn du proton ont CtC enregistrks sur un appareil 

Perkin-Elmer R 12B opCrant h 60 MHz h partir de solutions h 10% 
dans le tCtrachlorure de carbone ou le DMSO-d6 (dkplacements chi- 
miques en 6 ppm par rapport au TMS). 

Les spectres rmn du I3C ont CtC enregistrks sur un appareil Bruker 
WP 60 fonctionnant a 15,08 MHz CquipC d'un calculateur Nicolet 
BNC 12 (dkplacements chimiques en 6 ppm par rapport au TMS) a 
partir de solutions dans le chloroforme deutCrC. 

Les spectres de masse ont CtC obtenus, en gCnCral, par couplage 
masse-cpg, sur des appareils Micromass 16 F et 70-70 sous impact 
Clectronique (70 eV). Nous n'indiquons que les pics dont I'abondance 
relative dtpasse 10%. 

L'analyse des produits par chromatographie en phase gazeuse (cpg) 
a CtC rCalisCe sur un appareil Intersmat IGC 112 F (ionisation de 
flamme; gaz vecteur: azote (dCbit -30 mL/min)) CquipC de colonnes 
en acier inox (longueur: 2 m; diamktre intirieur: 2 mm). Deux phases 
stationnaires ont CtC principalement utilisCes: 0V-275 (1 0%) sur Chro- 
mosorb WHP (801 100 mesh) et FFAP (10%) sur Chromosorb WAW 
(80/100 mesh). Les dosages ont kt6 effectuCs par la mCthode de 
I'ktalon interne. 

La puretC des produits nouveaux isolCs ayant CtC vCrifiCe par cpg, 
I'Ctude spectroscopique (rmn, masse) accrkditant leurs structures, il ne 
nous a pas paru nCcessaire d'effectuer leur analyse centksimale. 
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Les points de fusion ont CtC mesurts sur un appareil Mettler FP 61. 

Etude des de'compositions 
Les Ctudes analytiques ont CtC rCalisCes en introduisant 2 cm3 de 

solution dans des ampoules en Pyrex scellCes placCes pendant le temps 
adCquat dans un bain thermostat6 a la tempCrature choisie (1 10, 120 
ou 130°C). 

Les Ctudes prtparatives ont Ctk effectutes sur des volumes de I'ordre 
de 200 cm3 dans un autoclave de 250 cm3 placC dans une ttuve 
thermorCgulCe prCalablement portCe i la tempCrature souhaitte. Aprks 
elimination du solvant en excks, le produit recherchC est distill6 sous 
pression rtduite puis purifiC par chromatographie liquide-solide sur 
une colonne de gel de silice (Kieselgel 60, 35/70 mesh). 

Matikres premikres 
La prCparation, la purification et le dosage du perpenthe-4 oate de 

tert-butyle ont CtC dCcrits dans la rCf. 1. Les esters, acides, nitriles et 
amides sont des produits commerciaux utilisCs aprks distillation. 

Nous avons choisi de suivre dans la partie expe'rimentale le mtme 
plan que pour la partie the'orique. 

Thermolyse de I dans les acides et leurs de'rivts 
1. Alcanoates de me'thyle 
Produits correspondant 2 I'attaque sur la partie acyle: 
(0x0-2 tCtrahydrofuryl-5)-3 propionate de mCthyle, 6a; pk 

128-129OC/0,8 Torr (1 Tom = 133,3 Pa); n: = 1,4517; rmn 6: 1,4 
2,7 (1 massif, 8H), 3,7 (singulet, 3H), 4, l  4,6 (1 massif, 1H); 

masse m/z (abondance): 85 (loo), 112 (21), 45 (16), 74 (15), 141 
(14). 

MCthyl-2 (0x0-2 tttrahydrofuryl-5)-3 propionate de mCthyle, 6b; pt5 
128-129"C/1 Tom; n? = 1,4562; rmn 6: 1,2 (doublet, J = 8 Hz, 
3H), 1,5 2,9 (1 massif, 7H), 3,6 (singulet, 3H), 4,O a 4,7 (1 massif, 
1H); masse m/z (abondance): 85 (loo), 88 (30), 57 (17), 56 (15), 155 
(13). 

Dimtthyl-2,2 (0x0-2 tttrahydrofuryl-5)-3 propionate de mCthyle, 
6c; pC 130- 132"C/0,8 Torr; niO = 1,4588; rmn 6: 1,2 (singulet, 6H), 
1,3 i 2,6 (1 massif, 6H), 3,6 (singulet, 3H), 4,1 a 4,7 (1 massif, 1H); 
masse m/z (abondance): 85 (loo), 102 (38), 14 1 (1 3). 

(0x0-2 tCtrahydrofuq-1-5)-2 acCtate de mtthyle, 9; pk 126- 
127"C/0,8 Torr; n: = 1,4553; rmn 6: 1,5 i 2,6 (1 massif, 6H), 3,6 
(singulet, 3H), 4,5 i 5,O (massif, 1H); masse m/z (abondance): 85 
(loo), 55 (26), 43 (21), 56 (21), 59 (18). 

Pre'paration des produits correspondant a l'attaque sur la partie 
me'thoxyle : 

Le propionate d'(oxo-2 tCtrahydrofuryl-5)-2 Cthyle, 8b, a CtC prC- 
park par chauffage i 80°C pendant 24 h de 65 g de bromoacktate 
dlCthyle et de 5 g de propionate de butbne-3 yle (synthCtisC a partir de 
chlorure de propionyle et de butkne-3 01) en prtsence de 0,95 g de 
peroxyde de benzoyle (proportions molaires respectives 10: 1 : 0,l).  
Aprks avoir CliminC le bromoacktate d'Cthyle en excbs, 8b est obtenu 
pur par passage sur gel de silice (Chant: Cther de pktrole - ether) avec 
un rendement de 55%; n? = 1,4604; rmn 6: l , I  (triplet, J = 6,7 Hz, 
3H), 1,5 2,7 (1 massif, 8H), 4,O 4,3 (triplet, 2H), 4,4 i 4,8 
(massif, 1H); masse m/z (abondance): 57 (loo), 85 (74), 1 12 (26), 56 
(16), 84 (1 1). 

. . 
L'(oxo-2 tttrahydrofuryl-5)-2 tthanol, 10, a CtC obtenu par chauf- 

. .. . :I . . . . . . . 
. .  . . . . .. . . . . 

. . .  
fage pendant 5 h a 65°C de 1 g de lactone 8b dans 20 cm3 de mCthanol 

. . 
. : . ,, : . I  en prCsence de traces d 'ARS.  Aprbs Climination du mCthanol en 

excbs et du propionate de mCthyle formC, la lactone 10 est rCcupCrCe 
20 (Rdt 85%). Aucune purification n'apparait nicessaire; n, = 1,4705; 

rmn 6: 1,5 2,7 (1 massif, 6H), 3,6 (triplet, J = 6,7 Hz, 2H), 4,4 21 1 
I 4,9 (massif, lH), 4,7 (singulet, IH); masse m/z (abondance): 85 

(loo), 43 (85), 112 (18). 
Preparation de 8a,  8c et 8d: dans 10 cm3 de THF anhydre on met 

a tempkrature ambiante 0,25 g de N,N1-carbonyldiimidazole puis on 
ajoute goutte i goutte sous agitation la quantitC d'acide comespondante 
(0,092 g d'acide acttique, 0,135 g d'acide isobutyrique, 0,70 g 
d'acide formique); au bout d'une demi-heure, on additionne 0,2 g 

. , . . d'hydroxylactone 10 et on laisse toumer 1 h. Aprks elimination du 
THF en excbs, on purifie les lactones 8a, 8c et 8d par chro- 

matographie sur gel de silice. 
AcCtate d7(oxo-2 tCtrahydrofuryl-5)-2 Cthyle, 8a: n: = 1,4759; 

rmn 6: 1,6 a 2,8 (1 massif, 6H), 2 , l  (singulet, 3H), 4,15 (triplet, J = 
7,3 Hz, 2H), 4,4 4,9 (1 massif, 1H); masse m/z (abondance): 43 
(loo), 85 (98), 112 (24), 84 (13). 

Isobutyrate d'(oxo-2 tktrahydrofuryl-5)-2 Cthyle, 8c: n? = 1,4535; 
rmn 6: 1,15 (doublet, J = 7,3 Hz, 6H), 1,7 a 2,9 (1 massif, 7H), 4,15 
(triplet, J = 7,3 Hz, 2H), 4,4 i 4,8 (1 massif, 1H); masse m/z 
(abondance): 7 1 (loo), 43 (94), 85 (80), 1 12 (40), 72 (24), 84 (12). 

Formiate d'(oxo-2 tCtrahydrofuryl-5)-2 Cthyle, 8d: n? = 1,4768; 
rmn 6: 1,5 2,8 (1 massif, 6 H), 4,15 (triplet, J = 7,3 Hz, 2H), 4,4 

4,9 (1 massif, lH), 9 , l  (singulet, 1H); masse m/z (abondance): 85 
(loo), 68 (12), 67 (lo), 112 (7). 

2. Esters fonctionnels 
(MCthoxycarbony1)-2 (0x0-2 tCtrahydrofuryl-5)-3 propionate de 

mCthyle, 6e: pC 144- 145"C/0,8 Torr; n? = 1,4643; rmn 6: 1,5 B 2,7 
(1 massif, 6H), 3,55 (triplet, J = 8 Hz, lH), 3,7 (singulet, 6H), 4,2 

4,7 (1 massif, 1H); masse m/z (abondance): 85 (loo), 132 ( 9 3 ,  55 
(31). 199 (141. 
\ ,, 

~hloro-2  (dxo-2 tCtrahydrofuryl-5)-3 propionate de mtthyle, 6 f :  pk 
112"C/0,1 Torr; n r  = 1,4763; rmn 6: 1,7 a 2,8 (1 massif, 6H), 3,6 
(singulet, 3H); 3,7 (singulet, 1H); 4, l  a4,9 (1 massif, 1H); masse m/z 
(abondance): 85 (loo), 74 (66), 43 (27), 59 (1 8), 175 (14), 177 ( 4 3 ,  
108 (12), 110 (4). 

AcCtyl-2 (0x0-2 tktrahydrofuryl-5)-3 propionate de mCthyle, 6g: pt5 
145"C/1,1 Torr; n? = 1,4672; rmn 6: 1,6 2,8 (1 massif, 6H), 2,2 
(singulet, 3H), 3,6 B 3,9 (1 massif, 4H), 3,7 (singulet, 3H), 4,2 h4,7 
(1 massif, 1H); masse m/z (abondance): 43 (loo), 85 (56), 172 (36), 
116 (21). 

(MCthoxycarbonyl)-3 (0x0-2 tCtrahydrofuryl-5)-4 butyrate de 
mCthyle, 6h: pC 146- 147"C/0,6 Torr; nEO = 1,4640; rmn 6: 1,2 3, l  
(1 massif, 9H), 3,5 (singulet, 6H), 4 , l  a 4,6 (massif, 1H); masse m/z 
(abondance): 59 (loo), 43 (85), 97 (75), 213 (7 I), 85 (60), 74 (40.). 

Cyano-2 (0x0-2 tCtrahj~kofuryl-5)-3 propionate de methyle, 6i: pk 
158- 160°C/0,05 Torr; n, = 1,4729; rmn 6: 1,7 i 2,8 (1 massif, 6H), 
3,7 i 4, l  (1 massif, lH), 3,8 (singulet, 3H), 4,4 i 5,O (1 massif, 1H); 
masse m/z (abondance): 85 (loo), 99 (37), 55 (28), 68 (21). 

3. Acides et anhydrides 
Acide (0x0-2 tCtrahydrofuryl-5)-3 propionique, 4a: p6 164- 

166"C/0,01 Torr; F = 62,7"C; rmn 6: 1,5 i 2,7 (1 massif, 8H), 4,2 
4,7 (1 massif, 1H); 12,l (singulet, 1H); masse m/z (abondance): 85 

(loo), 56 (17), 112 (17). 
Acide mCthyl-2 (0x0-2 tttrahydrofuryl-5)-3 propionique, 4b: pk 

169- 172"C/0,01 Torr; n? = 1,4687; rmn 6: 1 ,O a 1,2 (doublet, J = 
6,7Hz, 3H), 1,5 i 2 , 7  (1 massif,7H),4,2i4,8 (1 massif, lH), 12,3 
(singulet, 1H); masse m/z (abondance): 85 (loo), 41 (24), 99 (24), 55 
(16), 126 (14). 

Acide dimCthyl-2,2 (0x0-2 tttrahydrofuryl-5)-3 propionique, 4c: pt5 
174- 177"C/0,01 Torr; n: = 1,4694; rmn 6: 1 , l  (singulet, 6H), 1,6 
i 2,6 (massif, 6H), 4,2 a 4,7 (massif, lH), 11,7 (singulet, 1H); masse 
m/z (abondance): 85 (LOO), 88 (46), 55 (41), 141 (13). 

Isome'risation des lactones 6 
PrCparation des lactones 7b et 7c: les lactones 6b et 6c  sont chauf- 

fCes dans du mtthanol au reflux pendant 2 h en presence de traces 
d 'ARS.  Aprbs Climination du mCthanol en excbs, les lactones 7b et 
7c sont purifites par chromatographie sur gel de silice. 

(Methyl-3 0x0-2LCtrahydrofuryl-5)-3 propionate de mCthyle, 7b: pt5 
130°C/0,8 Torr; n, = 1,4543; rmn 6: 1,2 (doublet, J = 8 Hz, 3H), 
1,5 i 2,9 (1 massif, 7H), 3,6 (singulet, 3H), 4,O 4,6 (1 massif, 1H); 
masse m/z (abondance): 99 (loo), 85 (82), 74 (73 ,  155 (45), 126 
(28). 

(DimCthyl-3,3 0x0-2 tCtrahydrofuryl-5)-3 propionate de mCthyle, 
7c: pC 132"C/0,8 Torr; n? = 1,4505; rmn 6: 1,2 (singulet, 6H), 1,7 
a 2,7 (1 massif, 6H), 3,7 (singulet, 3H), 4,2 a 4,7 (1 massif, 1H); 
masse m/z (abondance): 82 (loo), 85 (65), 41 (49), 74 (23), 1 13 (20). 

Les diffkrences spectrales (rmn 'H et masse) des composCs 6b et 7b 
d'une part, 6 c  et 7c  d'autre part ne sont pas suffisamment importantes 
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KHARRAT ET AL. 2527 

pour confirmer leurs structures respectives. Les temps de retention en deplacements chimiques des differents atomes de carbone des groupes 
cpg sont cependant differents. Afin de complkter I'identification de carbonyle. 
ces dCrivCs, nous avons effectut leur Ctude par rmn I3C en utilisant les 

0 0 
I  II Produits -CO-C-C-C- I I I I I  

de 1 I  I  I  I  nPr 
rkfkrence: -c- o o 

I  
6 C(=O): 177,4 177,2 175 ,O 179,6/179,2 

Lltt. (1 1) (12) (1 1 )  (*) 

II 
Produits 

il 
CH30-7-CH2-CH2 

ttudiCs: I I CH3 I I 
I 0 
1 66 I  1 76 u ? 

+ 4. 

6 C(=O) obs.: 177,O- 176,9-176,3 173,2 179,7/179,2 

* Nous avons enregistk le spectre de ce compost, 

I  
Produits o -c- o 

I I I I I  de -CO-C-C-C- I  I I I I  
-CO-C-C-C- 

rkference: I  1 1 H F ~  I I  1 
-C- 

I 
0 0 

6 C(=O): 178,3 177,2 175,O 182,O 
Litt. (11) (12) (1 1) (*) 

0 CH3 0 
I  I  

Produits CH@-d-i-CH2T CH,O-7-CHI-CH2 11 
CtudiCs: i CH3 

, 
0 I 

I 

I I 6c I 7c ? u 1 + 

6 C(=O) obs.: 176,5- 175,7 172,6 181,l 

* Nous avons enregistre le spectre de ce compose. 

L'Ctude preddente a nkcessite la synthtse du dimethyl-2,2 
hexanolide-4: il a Cte prepare a partir de 0 , l  mole d'isobutyrate de 
methyle et 0 , l  mole d'epoxyde de buthe-3 yle selon la mkthode 
gCnkrale dCcrite dans la ref. 14. Aprts acidification, extraction et 
distillation, la lactone est rCcupCr6e avec un rendement de 60%; pi 
105- 106"C/25 Tom (litt. (15) pC 89-93"C/ 18 Torr). 

Preparation de 6b a partir de 4b: dans 15 cm3 de THF anhydre, on 
met 0,47 g de N,Nf-carbonyldiimidazole; sous agitation et a tem- 
@rature ambiante, on ajoute 0,5 g d'acide 4b. On laisse tourner une 
demi-heure puis on additionne lentement 0,093 g de methanol. Une 
heure plus tard, on Climine le solvant, ajoute de I'eau et extrait 6b i 
I'kther de pitrole. 

Identification des produits d'addition des anhydrides: aprts tlimi- 
nation de l'anhydride en excts, on verse le rCsidu dans de l'eau 
bouillante. On laisse tourner 2 h sous agitation puis on extrait i l'kther. 
Aprks elimination du solvant, on rkcupkre les acides 4a et 4b par 
distillation, respectivement a partir des anhydrides acktique et pro- 
pionique. 

4. Nitriles 
(Cyano-2 ethyl)-5 dihydro-3,4-5H-furannone-2, l l a :  pi 125- 

128"C/0,8 Torr; n: = 1,45 18; rmn 6: 1,5 i 2,s (1 massif, 8H), 4,3 
i 4,s (1 massif, 1H); masse m/z (abondance): 85 (loo), 55 (41), 41 
(23), 56 (19). 

(Cyano-2 propyli-5 dihydro-3,4-5H-furannone-2, l l b :  pC 131 - 
133"C/0,8 Torr; n i  = 1,4683; rmn 6: 1,4 (doublet, J = 8 Hz, 3H), 
1,7 a 3,1 (1 massif, 7H), 4,4 a 5,O (1 massif, 1H); masse m/z 

(abondance): 85 (loo), 55 (3 I), 56 (1 1). 
TktramCthylsuccinodinitrile: F = 168,5"C (litt. (13): F = 

167- 168°C). 

Isomtrisation des lactones 46 
Les lactones 46 et 4c (0,5 g) ont Ctk saponifiCes par chauffage en 

prCsence de potasse alcoolique (0,5 g) durant 2 h. Aprts extraction, 
acidification de la phase aqueuse, on rCcuptre les hydroxydiacides 
12b et 12c utilisks ensuite sans purification ulterieure (Rdt -70%). 

Acide hydroxy-4 methyl-2 heptanedioyque, 12b: rmn 'H: 1,85 
(doublet, J = 8 Hz, 3H), 1,5 a 2,9 (1 massif, 7H), 4,3 i 4 , 8  (1 massif, 
lH), 8,7 (singulet, 3H). 

Acide dimethyl-2,2 hydroxy-4 heptanedioi'que, 12c: rmn 'H: 1,3 
(singulet, 6H), 1,6 2 2,s  (1 massif, 6H), 4,4 h4,9 (1 massif, lH), 8,9 
(singulet, 3H). 

Les hydroxydiacides precedents (0,3 g) ont kt6 IactonisCs au reflux 
du THF (10 cm3) en presence de traces d'APTS pendant 2 h. Les 
acides lactones 5b et 5c ont Cte obtenus aprts tlimination du THF. 

Acide (methyl-3 0x0-2 tktrahydrofuryl-5)-3 propionique, 5b: rmn 
'H: 1,2 (doublet, J = 8 Hz, 3H), 1,5 ti 2 ,s  (1 massif, 7H), 4,3 i 4,s 
(1 massif, lH), 11,l (singulet, 1H). 

Acide (dimtthyl-3,3 0x0-2 tetrahydrofuryl-5)-3 propionique, 5c: 
rmn 'H: 1,2 (singulet, 6H), 1,4 i 2,8 (1 massif, 6H), 4,3 a 4,8 (1 
massif, lH), 11,3 (singulet, 1H). 

6L'isomCrisation des lactones 6b et 6c  a kt6 dCcrite dans le para- 
graphe consacre aux acides et anhydrides. 
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Les lactones 56 et 5c ont kt6 ensuite mCthylkes au diazomithane et 
identifiCes aux lactones 7b  et 7c par cpg. 

On chauffe au reflux pendant 2 h en prksence de traces d'APTS 0,s  
g de lactone 4c dans 10 cm3 de THF. Aprks Climination du solvant, 
la lactone 5c est isolCe avec une conversion totale. Elle est transforrnke 
ensuite en lactone 7c par traitement au diazomkthane. 7c est ensuite 
purifiCe sur gel de silice. 
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Enthalpies of interaction of aromatic solutes with organic solvents 
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W. KIRK STEPHENSON and RICHARD FUCHS. Can. J. Chem. 63, 2529 (1985). 
Heats of solution of several aromatic solutes (benzene, toluene, mesitylene, nitrobenzene, a,a,a-trifluorotoluene, anisole) 

and model compounds (n-butyl methyl ether, cyclohexane) in 17 organic solvents (n-heptane, cyclohexane, carbon tetra- 
chloride, 1,2-dichloroethane, a,a,a-trifluorotoluene, triethylamine, butyl ether, ethyl acetate, dimethylformamide, dimethyl 
sulfoxide, benzene, toluene, mesitylene, t-butyl alcohol, I-octanol, methanol, 2,2,2-trifluoroethanol) have been combined 
with solute heats of vaporization to give enthalpies of transfer from vapor to solvent (AH(v + S)). Differences between solute 
and model values (AAH(v + S) = AH(v + S) (aromatic solute) - AH(v + S) (model) were used to evaluate aromatic 
solute-solvent polar interactions. Correlations of AAH(v + S) with solvent dipolarity-polarizability (Taft-Kamlet n' 
parameter) have been determined. 

W. KIRK STEPHENSON et RICHARD FUCHS. Can. J. Chem. 63, 2529 (1985). 
On a combine les chaleurs de solution de plusieurs solutCs aromatiques (benztne, tolutne, mCsityl*ne, nitrobenzkne, 

a,a,a-trifluorotolutne, anisole) et de composes modkles (mCthoxybutane, cyclohexane) dans 17 solvants organiques (heptane, 
cyclohexane, tttrachlorure de carbone, dichloro-1,2 Cthane, a,a,a-trifluorotolutne, triethylamine, Cther butylique, acetate 
d'kthyle, dimCthylformamide, dimCthylsulfoxyde, benztne, toluene, mCsytilkne, alcool tert-butylique, octanol-I, methanol, 
trifluoro-2,2,2 Cthanol) avec les chaleurs de vaporisation des solutCs pour obtenir les enthalpies de transfert de la vapeur au 
solvant (AH(v + S)). On a utilisC les differences entre les valeurs pour les modeles et pour les solut6s (AAH(v + S) = 
AH(v + S) (solutC aromatique) - AH(v + S) (modtle) pour Cvaluer les interactions polaires solute-solvant. On a determint 
des corrClations entre les AAH(v + S) et le dipolaritC-polarisabilitC (paramttre n* de Taft-Kamlet). 

[Traduit par le journal] 

Introduction 
Aromatic solutes are capable of undergoing several types of 

interactions with organic solvents. Interactions with polar 
solvents are most commonly solute dipole - solvent dipole 
or solvent dipole - solute induced dipole interactions. In 
hydrogen-bond-donating (HBD) solvents, the rings of electron- 
rich aromatic compounds act as hydrogen-bond-acceptor 
(HBA) sites. Aromatic compounds also have the ability to form 
electron donor - acceptor (EDA) complexes (also known as 
charge-transfer or molecular complexes), in which an aromatic 
solute may serve as either acceptor or donor (1). EDA com- 
plexes between aromatic molecules are usually envisioned as 
being face-to-face. 

Enthalpies of interaction of polar and nonpolar molecules 
with aromatic solvents have been reported (2) using the 
solvation enthalpy, or AAH(v + S), method. This method 
utilizes enthalpies of transfer from the vapor to solvent, 

[I] AH(v += S) = AH, - AH, = AH, + AHin, 

where AH, is the enthalpy of solution of the liquid solute; AH,, 
the solute heat to vaporization; AH,, the enthalpy of cavity 
formation in the solvent; and AHin,, the enthalpy of solute- 
solvent interactions. For a polar aprotic solute A dissolved in 
a polar non-hydrogen-bond-donating solvent S, the AHi,, term 
describes the sum of the solute-solvent dispersion (AH,) and 
polar (AH,) interactions, 

[2] AH(v += S)(A) = AH, + AH, + AH, 

Subtraction of the solvation enthalpy of a suitable nonpolar 
model M (AH,(M) = 0) from eq. [2] gives: 

[3] AAH(v + S)(A vs. M) = AAH, + AAH, + AH, 

where AAH, = AH,(A) - AH,(M) and AAH, = AH,(A) - 
AH,(M). It is presumed that the solute-model cavity and 
dispersion interaction mismatches are equal to zero so that 
AAH(v + S)(A vs. M) is equal to AH,. 

The dependence of polar solute AAH(v += S) values on 
solvent "polarity" can be quantitatively expressed by equations 
of the form: 

[4] AAH(v + S)(A vs. M) = ST* + y 

where T* is the Taft-Kamlet solvent dipolarity -polarizability 
parameter (3, 4); s, the T* coefficient; and y, the calculated 
AAH(v + S) value in a solvent with T* = 0.00 (y-intercept). 

To investigate aromatic solute - organic solvent inter- 
actions, AAH(v += S) values of benzene, toluene, mesitylene, 
nitrobenzene (N02Ph), a,a,a-trifluorotoluene (CF3Ph), and 
anisole in 17 organic solvents of varying polarity will be re- 
ported. Correlations of AAH(v + S) with solvent T* will be 
determined. 

Experimental 
Solutes and solvents were commercial samples of 99% purity, with 

most exceeding 99.7%. All were stored over 4A molecular sieve, 
except for methanol and trifluoroethanol, which were dried over 3A 
moleklar sieve. Purities were established by gas chromatography 
using a Shimadzu Mini 2 gc with a glass lined system, a 30 m x 
0.25 mm id SE-30 silica capillary column, and a Hewlett-Packard 
3390A integrator. 

The calorimetric procedure and apparatus have previously been 
described (5). The calorimeter was immersed in a water bath at 
25.00°C, with regulation to r0.002"C. Liquid samples were intro- 
duced into 65-80 mL of solvent with lo-, 20-, or 50-pL syringes with 
immersed tips. Heats of solution were corrected (0.0 1 -0.03 kcal/mol 
less endothermic) to allow for the heat capacity of the samples which 
were introduced at 21 -23OC. The uncertainty intervals in AH, (twice 
the standard deviation of the mean of three or more determinations) 
are 0.00-0.07 kcal/mol, except for four values with 0.09-0.15 
kcal/mol uncertainty intervals. No effect of concentration on AH, was 
observed. 

Results and discussion 
Heats of solution of several aromatic compounds (benzene, 

toluene, mesitylene, nitrobenzene ( N O ~ P ~ ) ,  a,a,a-trifluoro- 
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STEPHENSON AND FUCHS: 1 

TABLE 2. AAH(v + S)(aromatic solute vs. model) values" 

Benzene Toluene Mesitylene CF,Ph NOzPh Anisole Anisole Anisole 
VS. VS.  VS.  VS. VS. VS. VS. VS.  

Solvent c-C6 benzene benzene toluene toluene toluene n-BuOMe c-C6 

n-Heptane 0.41 -1.29 -3.75 0.62 -2.10 -1.26 -2.49 -2.14 
C-Cg 0.72 -1.13 -3.18 0.99 -1.99 -1.16 -2.38 -1.57 
CCL -0.26 -1.16 -3.21 0.91 -2.77 -1.66 -2.77 -3.08 
CFsPh -1.16 -0.94 -3.23 0.05 -3.76 - 1.92 -3.02 -4.02 
ClCHzCHzCl - 1.84 - 1 . O 1  -2.81 0.95 -4.07 -2.21 -3.65 -5.06 
Et,N -0.08 -1.13 -3.36 0.00 -3.20 -1.49 -2.72 -2.70 
BuzO -0.17 -1.15 -3.45 0.07 -3.16 -1.60 -2.90 -2.92 
EtOAc -1.46 -0.96 -2.83 -0.32 -4.43 -2.30 -3.90 -4.72 
DMF -1.99 -0.87 -2.47 -0.07 -4.42 -2.23 -4.22 -5.09 
DMSO -2.27 -0.83 -2.07 0.36 -4.38 -2.41 -4.52 -5.51 
Mesitylene -0.28 -1.24 -3.64 -0.03 -3.81 -1.86 -3.08 -3.38 
Toluene -0.73 -1.05 -3.15 0.19 -3.71 -2.03 -3.33 -3.81 
Benzene -1.06 -0.87 -2.64 0.54 -3.63 -2.19 -3.65 -4.12 
1-Octanol 0.07 -1.19 -3.58 0.13 -2.70 -1.29 -2.78 -2.41 
t-BuOH 0.63 - 1.08 -3.09 0.42 -1.99 -1.01 -1.28 -1.46 
MeOH -1.01 -0.90 -2.58 -0.40 -3.52 - 1.71 -3.02 -3.62 
CF,CHZOH - 1.32 - 1 .OO -2.78 -0.18 -3.96 -2.30 0.41 -4.62 

"In kcal/mol. 

toluene (CF3Ph), anisole) and model compounds (n-butyl 
methyl ether (BuOMe), cyclohexane (c-C,)) in 17 organic 
solvents (n-heptane, cyclohexane, carbon tetrachloride (CCl,), 
1 ,Zdichloroethane (ClCH2CH2Cl), a,a,a-trifluorotoluene, tri- 
ethylamine (Et3N), butyl ether (Bu20), ethyl acetate (EtOAc), 
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), ben- 
zene, toluene, mesitylene, t-butyl alcohol (t-BuOH), l-oc- 
tanol, methanol (MeOH), 2,2,2-trifluoroethanol (CF3CH20H)) 
are listed in Table 1. Solvent IT* values and solute heats of 
vaporization are also given. In Table 2 are listed and calculated 
AAH(v + S)(aromatic solute vs. model) values. 

Benzene 
To investigate aromatic ring influence on the solvation 

process, cyclohexane (IT* = 0.00) is chosen as a model for 
benzene (n* = 0.59). AAH(v+ S)(benzene vs. cyclohexane) 
values are given in Table 2, and show a strong dependence on 
solvent IT* (alcohols omitted): 

[5] AAH(v + S)(benzene vs. c-C,) = -2.721~* + 0.47 
n = 13, r = 0.971, see = 0.24 kcal/mol 

where n is the number of solvents in the correlations, r denotes 
the correlation coefficient, and see is the standard error of the 
estimate. Mesitylene and toluene (as solvents) are displaced 
endothermically from eq. [5] by 0.36 and 0.27 kcal/mol; ethyl 
acetate is displaced exothermically by 0.44 kcal/mol. All alco- 
hols are displaced endothermically, but trifluoroethanol and 
methanol are within the see value of eq. [5]. The hydroxyl 
proton of phenol has been shown to interact with the benzene 
n cloud (6), but H-bonding between trifluoroethanol and 
benzene is not observed. As in the case of ketone (7, 8) and 
ether (8) solutes, hydrogen bonding is anticipated because the 
HBA basicity of benzene is greater than that of trifluoroethanol 
(3, 4). 

Toluene and mesitylene 
The solvation enthalpy of toluene in n-heptane is more exo- 

thermic than that of benzene by 1.29 kcal/mol (Table 2), a 
result of additional interactions of the methylene group of tolu- 
ene. The methylene increment of normal alkanes (7, 8) is 

- 1.18 kcal/mol. Correlation of toluene and benzene solvation 
enthalpy differences with IT* for the aprotic solvents gives: 

[6] AAH(v + S)(toluene vs. benzene) = 0.3741~* - 1.22 
n = 13, r = 0.845, see = 0.08 kcal/mol 

The positive s value is primarily due to the slightly smaller 
dipolarity-polarizability of toluene relative to benzene. Molar 
volume difference (MV(to1uene) - MV(benzene) = 17.4 
mL/mol) does not appear to significantly influence eq. [6], 
because the inclusion of a term in SH (Hildebrand solubility 
parameter) (9), which provides a measure of the energy of 
cavity formation (lo), does not improve the equation. The poor 
correlation coefficient is due largely to the nearly horizontal 
slope (small s value) (1 I). 

The difference between mesitylene and benzene solvation 
enthalpies in n-heptane (-3.75 kcal/mol) is roughly three 
times the toluene-benzene difference and reflects additional 
methylene group interactions. AAH(v + S)(mesitylene vs. 
benzene) values decrease with increasing solvent polarity 
(alcohols omitted): 

[7] AAH(v + S)(mesitylene vs. benzene) 
= 0.441~* + 0.18SH - 4.91 

n = 13, r = 0.891, see = 0.24 kcal/mol 

(SH2, rather than SH, may be the better indicator of AH,. How- 
ever, r and see are unchanged if SH2 is used in the correlation.) 
Mesitylene and benzene molar volumes differ by 50.0 mL/mol 
and the 6, term is needed to account for the solute-model cavity 
formation mismatch. With increasing cohesiveness of the sol- 
vent AH, becomes more endothermic, and this is reflected by 
the positive coefficient of SH in eq. [7]. Exclusion of the SH 
term reduces the correlation coefficient to 0.819 and increases 
the see value to 0.29 kcal/mol. 

a ,  a ,  a -Trt&'uorotoluene and nitrobenzene 
Triflunro (a, = 0.51) and nitro (a, = 0.78) groups are 

strongly electron withdrawing (relative to hydrogen), and the 
rings of CF3Ph and N02Ph have lower electron densities than 
that of toluene, which possesses an electron-donating (a, = 
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FIG. 1. Plot of -AAH(v + S)(N02Ph vs. toluene) T* versus for 
select ( a ) ,  chloro (A), aromatic ( a ) ,  and alcohol (0) solvents. 

-0.17) methyl group. The larger n* values of nitrobenzene 
(IT* = 1.01, p = 3.9 D) and trifluorotoluene (IT* = 0.64, 
IJ. = 2.6 D) relative to toluene (IT* = 0.54, p = 0.3 1 D) are 
due to the greater dipolarity of the first two compounds. 
AAH(v -+ S)(CF3Ph vs. toluene) values (Table 2) incorporate 
AAH,, AAH,, AAH,(dipole-dipole), and AAH,(dipole - 
induced dipole) terms; nitrobenzene and toluene have well 
matched molar volumes and AAH, will be minimal. 

A plot of AAH(v -+ S)(N02Ph vs. toluene) versus solvent 
IT* is shown in Fig. 1. An unusual pattern is observed for the 
select solvents (SS), which are polar, monofunctional aprotic, 
aliphatic compounds (3). AAH(v -+ SS) values follow the 
order: cyclohexane < heptane < butyl ether < triethylamine < 
ethyl acetate > DMF > DMSO. The maximum value is ob- 
served for ethyl acetate. Rationalization of this unusual pattern 
is difficult because the relative abilities of solute and model to 
undergo dipole-dipole and dipole - induced dipole inter- 
actions with the select solvents vary drastically; nitrobenzene 
favors dipolar over induction interactions, whereas the opposite 
is true for toluene. 

The low electron density of the nitrobenzene ring suggests 
the possibility of electron donor - acceptor (EDA) complex 
formation with benzene, toluene, and mesitylene solvents. 
EDA complexes of polynitrobenzenes with electron donor mol- 
ecules are well known, as are complexes in which benzene and 
methylbenzenes act as electron donors (12). The electron donor 
ability of methylbenzenes increases with the number of methyl 
groups. The free energy and enthalpy of complex formation 
between methylbenzenes and tetracyanoethylene become lin- 
early more exoenergetic with decreasing arene ionization 
potential (1 3). Strong EDA complexes between trinitrobenzene 
and hexamethylbenzene have been reported (I), and complexes 
between nitrobenzene and mesitylene, although weaker as 
acceptor and donor molecules, are reasonable. 

Hooper (14) has reported that carbon tetrachloride and p- 
xylene do not complex. The assumption that 1,2-dichloro- 
ethane also fails to complex with methylbenzenes brings the 
number of solvents "inert" to toluene complexation to four 
(cyclohexane, heptane, carbon tetrachloride, and dichloro- 
ethane). Correlation of AAH(v -+ S) with "inert" solvent IT* 
gives: 

[81 AAH(v -+ S)(N02Ph vs. toluene) = -2.36n* - 2.14 
n = 4, r = 0.992, see = 0.15 kcal/mol 

FIG. 2. Plot of -AAH(v + S)(N02Ph vs. CF3Ph) versus T* for 
select ( a ) ,  chloro (A), aromatic (a), and alcohol (0) solvents. 

Displacements of benzene, toluene, and mesitylene from the 
line defined by these four solvents (Fig. 1) are approximately 
0.1, 0.3, and 0.7 kcal/mol. These displacements provide a 
crude estimate of the contribution of EDA complexing to the 
solvation of nitrobenzene, and are in the expected order. 

AAH(v -+ S)(trifluorotoluene vs. toluene) values follow 
patterns identical to those of nitrobenzene for the select (cy- 
clohexane < heptane < butyl ether < triethylamine < ethyl 
acetate > DMF > DMSO) and aromatic (benzene < toluene < 
mesitylene) solvents. Because of the similarity in IT* values for 
trifluorotoluene and toluene there would be little slope and poor 
correlation in a plot of AAH(v -+ S) vs. solvent n*  (15). 

Despite the complexity of Fig. 1, the plot of AAH(v -+ 

S)(N02Ph vs. CF3Ph) against solvent IT* (Fig. 2) is surprisingly 
simple. Correlation of the select solvent values with IT* gives: 

[9] AAH(v -+ S)(N02Ph VS. CF3Ph) = -1.78n* - 2.92 
n = 7, r = 0.988, see = 0.13 kcal/mol 

The only solvent other than the alcohols significantly out-of- 
line is 1,2-dichloroethane, which is displaced exothermically 
by 0.66 kcal/mol; other solvents are within 0.25 kcal/mol of 
eq. [9]. The negative slope reflects the greater dipole moment 
of nitrobenzene. AAH(v -+ AROM) values are largest for 
benzene and smallest for mesitylene, the opposite of the trend 
observed with toluene as model. If EDA complexes are formed 
between nitrobenzene or trifluorotoluene and the methyl- 
benzenes or benzene, the effect tends to be cancelled upon 
comparison of nitrobenzene with trifluorotoluene. 

The well-matched molar volumes of nitrobenzene and tolu- 
ene rule out a cavity formation mismatch as the source of the 
unusual behavior of the select solvents (SS) in Fig. 1. It is 
possible that AAH(v --, SS) values are influenced by the for- 
mation of EDA complexes in which some of the select solvents 
act as n donors. For example, EDA complexes of ethyl ether 
with tetracyanoethylene in chloroform solvent (13), diethyl 
ether with iodine in heptane, triethylamine with iodine in 
heptane, trimethylamine with sulfur dioxide in heptane, and 
dimethylacetamide with iodine in carbon tetrachloride (1) have 
been reported. However, a comparison of solvent ionization 
potentials suggests that nitrobenzene and trifluorotoluene do 
not form EDA complexes with the select solvents. For a given 
acceptor solute, the enthalpy of EDA complex formation is 
expected to increase linearly, or nearly linearly, with de- 
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STEPHENSON AND FUCHS: I 

creasing solvent ionization potential. The only select solvent 
with an ionization potential lower than those of toluene or 
mesitylene is triethylamine, yet butyl ether and ethyl acetate are 
displaced farther from the line defined by the inert solvents 
(Fig. 1) that is mesitylene. 

Although n*  is defined as a solvent parameter, s values of 
AAH(v + S)(solute vs. model) versus solvent n *  correlation 
for a series of polar solutes have been shown to be proportional 
to the difference between solute and model n*  values (15): 

[lo] n*(solute) - n*(model) = -0.20 s - 0.411 
n = 11, r = 0.978, see = 0.04 

The y-intercept is within the see value of the origin, and the 
equation is consistent with the expectation that solvation en- 
thalpy differences between solutes of equal polarity, or two 
nonpolar solutes, will not depend on solvent polarity. 

The calculated n*  value (eq. [lo]) for nitrobenzene (1.00) 
based on the s value of eq. [8] and the model (toluene) value 
of 0.54 (4) is in excellent agreement with the literature value 
(1.0 1) and the value calculated via eq. [9] (0.99). This gives 
credibility to eq. [8], which utilized only four solvents to define 
the dependency of AAH(v + S)(nitrobenzene vs. toluene) on 
solvent n*. 

Anisole 
The n *  value of anisole (0.73) is expected to be larger than 

that of toluene (0.54) because of the greater dipolarity of the 
former (Ap = 0.94 D). Differences between the solvation 
enthalpies (Table 2) represent, to a large extent, anisole dipolar 
interactions with select solvents and anisole - solvent induced 
dipole interactions with aromatic solvents, as well as the dis- 
persion interaction mismatch. Solute and model molar volumes 
differ by only 2.3 mL/mol, and the influence of the cavity 
formation mismatch is minute. Correlation of the solvation 
enthalpy differences with solvent n*  (ethyl acetate and alco- 
hols omitted) is given by eq. 11 I 1. 

[l  11 AAH(v + S)(anisole vs. toluene) = - 1 .12n* - 1.33 
n = 12, r = 0.969, see = 0.10 

The only solvent of the 12 displaced more than 0.15 kcal/mol 
is benzene, which is displaced exothermically by 0.25 kcal/ 
mol. Ethyl acetate lies 0.35 kcal/mol above the line. 

Alcohol solvents exhibit behavior similar to that observed 
with nitrobenzene (Fig. 2) and 1-hexene (8). In each of these 
cases the difference between solute and model P values 
(Taft-Kamlet hydrogen-bond-accepting basicity parameter) 
(3, 4) is less than 0.30. 

Evaluation of anisole induction interactions requires the use 
of a model with similar dipolarity, but with low polarizability. 
n-Butyl methyl ether has a dipole moment ( p  = 1.25 D) iden- 
tical to that of anisole and a molar volume which is only 9.8 
mL/mol larger. The relationship of ansiole vs. n-butyl methyl 
ether solvation enthalpy differences with select solvent n*  is 

[12] AAH(v + S)(anisole vs. n-BuOMe) = -2.04n* - 2.5 1 
n = 7, r = 0.986, see = 0.16 kcal/mol 

Inclusion of the aromatic and chloro solvents reduces the cor- 
relation coefficient to 0.9 18. The s values of eqs. [ 1 l ]  and [12] 
suggest that anisole induction interactions contribute about 
1.8 times more than anisole dipolar interactions to the solvation 
process. 

A crude estimate of the total contribution of anisole polar 
interactions (induction plus dipolar) to the solvation process is 

obtained by adding the s value of eqs. [ 1 11 and [12]: 

[13] AH,(anisole) = -3.16n* 

An alternative method involves the use of a nonpolar model. 
Cyclohexane is an excellent choice because it differs from 
anisole in molar volume by only 0.5 mL/mol. Correlation of 
AAH(v + S)(anisole vs. cyclohexane) with n* of the select 
solvents gives: 

AAH(v + S)(anisole vs. cyclohexane) = -3.54n* - 2.14 

or 

[14] AH,(anisole) = -3.54n* 

The smaller s value of eq. [13] (relative to eq. [14]) is largely 
due to the dipolarity of toluene ( p  = 0.31 D), which cancels 
a portion of the anisole ( p  = 1.25 D) dipolar interactions. 
Applying a correction of 25% (0.3 1 / 1.25) to the polarity term 
of eq. [ l l ]  increases the s value to -1.40, which in turn 
increases the s value of eq. [13] to -3.44, in fair agreement 
with the value from eq. [14]. Our experience in this and other 
studies (8) suggests that satisfactory values of n *  can be calcu- 
lated from eq. [lo] for most compounds other than alcohols, 
provided that s is obtained from a good correlation ( r  > 
-0.95). The correction is based on the assumptions that solute 
and model dipolarities are accurately described by the dipole 
moments ( p  for select solvents has been shown to be directly 
proportional to n *  (16)), and that the coefficient s reflects 
differences between solute and model dipolarities (eq. [lo]). 

The corrected values predict that anisole induction inter- 
actions are 1.5 times greater than anisole dipolar interactions 
with polar select solvents. 
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Enthalpies of interaction of hydroxylic solutes with organic solvents 
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W. KIRK STEPHENSON and RICHARD FUCHS. Can. J. Chem. 63, 2535 (1985). 
Heats of solution of m-cresol, 1-butanol, I-pentanol, t-amyl alcohol, and model compounds (toluene, ethyl ether, n-butyl 

methyl ether, t-butyl methyl ether) in 17 organic solvents (n-heptane, cyclohexane, carbon tetrachloride, 1,2-dichloroethane, 
a,a,cr-trifluorotoluene, triethylamine, butyl ether, ethyl acetate, dimethylformamide, dimethyl sulfoxide, benzene, toluene, 
mesitylene, t-butyl alcohol, I -0ctano1, methanol, 2,2,2-trifluoroethanol) have been combined with solute heats of vaporization 
to give solvation enthalpies (AH(v + S)). Dependencies of solute vs. model solvation enthalpy differences on solvent 
dipolarity-polarizability and hydrogen-bond-accepting basicity were determined via correlations with Taft-Kamlet solvato- 
chromic parameters (T*, P, 5). 

m-Cresol is a substantially stronger H-bond donor than I-butanol, I-pentanol, and t-amyl alcohol, and H-bonds to acceptor 
solvents including alcohols. Cresol acts as an H-bond acceptor with the strong H-bond donor solvent trifluoroethanol. 

W. KIRK STEPHENSON et RICHARD.FUCHS. Can. J. Chem. 63, 2535 (1985). 
Dans le but de dCterminer les enthalpies de solvatation (AH(v + S)), on a combint les chaleurs de solution du m-crksol, 

du butanol-I, du pentanol-I, de I'alcool t-amylique et de composts modkles (tolukne, Cther Cthylique, methoxy-1 butane, 
methoxy-2 methyl-2 propane) dans 17 solvants organiques (heptane, cyclohexane, tCtrachlorure de carbone, dichloro-1,2 
Cthane, a,a,cr-trifluorotolutne, trikthylamine, Cther butylique, acCtate d'Cthyle, dimCthylformamide, dimCthylsulfoxyde, 
benzkne, tolukne, mCsitylkne, alcool t-butylique, octanol-I, methanol, trifluoro-2,2,2 ethanol) avec les chaleurs de vapo- 
risation des solutCs. Utilisant des corrt5lations impliquant les paramktres solvatochromiques de Taft-Kamlet (T*, P et c), on 
a dCtenninC les relations qui existent entre, d'une part, les differences d'enthalpie de solvatation des solutCs vs. les modtles 
et, d'autre part, soit la polarisabilitC-dipolarisabilitt du solvant soit la basicit6 comme accepteur de liaisons hydrogknes. 

Le m-cresol est un donneur de liaisons hydrogtnes qui est substantiellement plus fort que le butanol-1, le pentanol-l et 
I'alcool t-amylique; de plus, il forme des liaisons H avec les solvants accepteurs, y compris les alcools. Le cresol agit comme 
un accepteur de liaison H avec le solvant trifluorotthanol qui est un donneur fort de liaison H. 

[Traduit par le journal] 

We have investigated enthalpies of interaction of ketone (I), 
aromatic (2), nitrogen base (3), and 1-octanol (4, 5) solutes 
with organic solvents of varying polarity. In this paper, several 
hydroxylic solutes (m-cresol, 1-butanol, I-pentanol, and t-amyl 
alcohol (2-methyl-2-butanol)) will be examined. Enthalpies 
of interaction are determined by the solvation enthalpy, or 
AAH(v += S), method. The solvation enthalpy is the enthalpy 
of transfer of a solute from vapor to solvent. For a solute- 
solvent mixture in which dispersion (d), polar (p), and hy- 
drogen bonding (h) interactions are operative, the solvation 
enthalpy is 

[ l ]  AH(v += S) = AH, - AH, = AH, + AHd + AH, 
+ AH, 

where s refers to the heat of solution of the liquid solute; v, 
the solute heat of vaporization; and c,  the enthalpy of cavity 
formation within the solvent. AH, and AH, are determined - 
experimentally. Polar and H-bonding enthalpies of interaction 
are presumed to be isolated by subtracting the solvation 
enthalpy of a suitable alkane model (M) from that of the solute 
(A), 

[2] AAH(v += S)(A VS. M) = AAH, + AAHd + AH, + AHh 

where AAH(v += S), AAH,, and AAHd refer to differences 
between solute and model. It has often been assumed that the 
first two terms on the right side of eq. [3] are equal to zero so 
that AAH(v --, S) = AH, + AH,, and in the absence of 
H-bonding, AAH(v --, S) = AH,. If a model is chosen such 
that the solute cavity formation, dispersion, and polar inter- 
actions are cancelled, then AAH(v -+ S) = AH,. In practice, 
perfect solute and model matches are rare, and solute-model 
cavity formation, dispersion interaction, and/or polar inter- 
action mismatches will be encompassed in AAH(v --, S) 

(A vs. M) values (4, 5). 
Solvation enthalpy differences can be quantitatively ex- 

pressed in terms of the Taft-Kamlet solvatochromic parame- 
ters (5-7), 

[3] AAH(v += S)(A vs. M) = ST* + b p  + e[ + y 

where T* indicates solvent dipolarity-polarizability, P repre- 
sents the solvent hydrogen-bond-accepting (HBA) basicity, 
and 6 is the solvent coordinate covalency parameter which 
allows for the "family dependent" nature of enthalpies of H- 
bond formation (8). Parameter coefficients are s, b, and e; y is 
the y-axis intercept. 

AAH(v += S) values for m-cresol (vs. toluene), 1-butan01 
(vs. ethyl ether), 1-pentanol (vs. n-butyl methyl ether), and 
t-amyl alcohol (vs. t-butyl methyl ether) in 17 organic solvents, 
and correlations of the form of eq. [3], will be reported. 

Experimental 
Solutes and solvents were commercial samples in excess of 99% 

purity, with most exceeding 99.7%. Purities were established by silica 
capillary gas chromatography and an electronic integrator. Samples 
and solvents were stored over 3A or 4A molecular sieve. Triethyl- 
amine was distilled from ninhydrin to remove primary and secondary 
amine impurities. The calorimetric procedure and apparatus have 
previously been described (9). 

Results and discussion 
Heats of solution of m-cresol, 1-butanol, 1-pentanol, t-amyl 

alcohol, toluene, ethyl ether (EtzO), n-butyl methyl ether 
(BuOMe), and t-butyl methyl ether (t-BuOMe), in organic 
solvents (n-heptane, cyclohexane, carbon tetrachloride (CCI,), 
1,2-dichloroethane (ClCH2CH2Cl), a,a,a-trifluorotoluene 
(CF3Ph), triethylamine (Et,N), butyl ether (BuzO), ethyl ace- 
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FIG. I .  Plot of -AAH(v S)(m-cresol vs. toluene) versus a* for 
NHB (a), HBA (n), and HBD (0) solvents. 

tate (EtOAc), dimethylformamide (DMF), dimethyl sulfoxide 
(DMSO), benzene, toluene, mesitylene, 1-octanol, t-butyl 
alcohol (t-BuOH), methanol (MeOH), and 2,2,2-trifluoro- 
ethanol (CF3CH,0H)) are listed in Table 1, together with solute 
heats of vaporization and solvent solvatochromic parameters 
(IT*, 8 ,  I;, a) .  Differences between alcohol solute and model 
solvation enthalpies are listed in Table 2. 

m-Cresol in aprotic solvents 
The correlation of AAH(v + S)(m-cresol vs. toluene) values 

with IT* for the five non-hydrogen-bonding solvents (n- 
heptane, cyclohexane, CCl,, CICH2CH2Cl, CF3Ph) (Fig. 1) is: 

[4] AAH(v + S)(cresol vs. toluene) = -2.901~* - 0.78 
n = 5, r = 0.942, see = 0.47 kcal/mol 

where n is the number of solvents, r refers to the correlation 
coefficient, and see is the standard error of the estimate (10). 
This represents the dipolarity-polarizability contribution to 
the difference in cresol vs. toluene solvation enthalpy (the 
non-hydrogen-bonding baseline). Displacements of the HBA 
solvents from eq. [4], which represent H-bonding interactions 
(AH,(NHBB)) (4, 6) are triethylamine, -9.46 kcal/mol; butyl 
ether, -5.54; ethyl acetate, -4.76; DMF, -5.86; DMSO, 
-5.98; mesitylene, - 1.55; toluene, -0.84; benzene, -0.64; 
octanol, -6.00; t-butyl alcohol, -6.5 1; methanol, -5.16; and 
trifluoroethanol, -3.18. If H-bonding between m-cresol and 
the alcohol solvents results, in part, from the alcohols acting as 
H-bond donor acids and cresol as HBA base, the AH,(NHBB) 
values will be slightly smaller than the "true" values, because 
the model compound toluene is a weak HBA base (8 = 0.1 l ) ,  
and toluene-solvent H-bonding will cancel a small portion of 
the cresol-solvent H-bonding interactions. Cresol is a stronger 
HBA base (than toluene) because of greater IT electron density 
on the ring, or because the oxygen atom is a still stronger HBA 
center. Hydrogen bonding is strongest with triethylamine. For 
aromatic solvents, H-bonding decreases in the order: mesityl- 
ene > toluene > benzene > trifluorotoluene, also the order 
of decreasing pi electron density. The dependence of AH, 
(NHBB) on solvent HBA basicity for the nonprotic solvents is 

[5] AHh(NHBB) = -8.228 - 3.471; - 0.30 
n = 8, r = 0.986, see = 0.62 kcal/mol 

Addition of eqs. [4] and [5] gives a total solvatochromic 
equation for m-cresol (n = 13): 

[6] AAH(v + S)(cresol vs. toluene) = -2.901~* - 8.228 
- 3.471; - 1.08 

Single step, multiple parameter linear regression (MPLR) gives 
a better correlation which is in relatively poor agreement with 
eq. [6]: 

[7] AAH(v + S)(cresol vs. toluene) = -2.291~* - 9.038 
- 2.941; - 1.08 

n = 13, r = 0.992, see = 0.51 

A total solvatochromic equation determined by MPLR using 
anisole (IT* = 0.73, 8 = 0.22, 1; = 0.20) rather than toluene 
(IT* = 0.54, 8 = 0.11, 1; = 0.00) as the model, has a IT* 
coefficient (- 1.17) smaller than that of eq. [7] (as expected 
from the smaller difference in IT* between cresol and anisole). 
The 8 (-8.97) and 1; (-3.00) coefficients (and see value) are 
quite similar, since neither model is an H-bond donor acid. 

Calculated (eqs. [6], [7]) values for non-hydrogen-bonding 
(NHB) and HBA solvents are within 0.75 kcal/mol of the 
observed values. However, differences between calculated and 
observed AAH(v + S) values for alcohol solvents range from 
0.9 to 3.4 kcal/mol. 

m-Cresol in alcohol solvents 
Alcohol solvents have the ability to interact with cresol via 

type A (solvent acts as a hydrogen-bond-donating (HBD) acid) 
and type B hydrogen bonding (solute is HBD acid). Alcohol 
solvent displacements from eq. [4] decrease with decreasing 
HBA basicity: t-BuOH > octanol > MeOH > trifluoroethanol, 
consistent with type B hydrogen bonding. This trend is op- 
posite that observed when triethylamine is the solute in these 
alcohols (3). The displacement of trifluoroethanol solvent (8 = 
0.00) from eq. [4] is -3.18 kcal/mol, suggesting that type A 
hydrogen bonding is also operative. Type A hydrogen bonding 
is also observed for cresol in chloroform solvent (IT* = 0.58, 
8 = 0.00, a = 0.44), where a is the Taft-Kamlet HBD acidity 
parameter (6, 7). Subtraction of the estimated solvation of 
m-cresol in chloroform from that of toluene (11) gives a 
AAH (v + chloroform)(m-cresol vs. toluene) value (-3.16 
kcal/mol) which is displaced -0.70 kcal/mol from eq. [4] 
(exothermic). (AH(v + chloroform)(m-cresol) was estimated 
to be equal to the sum of the phenol (1 1) and calculated (5, 12) 
methylene group solvation enthalpies.) 

Correlation of alcohol solvent (ROH) displacements from 
eq. [4] (Fig. 1) with solvent HBA basicity gives: 

[8] AH,(NHBB)(cresol vs. toluene) = -3.238 - 3.17 
n = 4, r = 0.999, see = 0.08 kcal/mol 

'The excellent correlation is obtained without regard to HBD 
acidity (a  parameter) but leads to the false conclusion that type 
B hydrogen bonding varies with changing ROH solvent while 
type A hydrogen bonding is constant. This arises from the 
inverse relationship between HBA basicity and HBD acidity of 
the four alcohol solvents: 

[9] a = -1.198 + 1.79 
n = 4, r = 0.996, see = 0.16 

This makes it impossible to assess the relative contributions of 
type A and type B interactions to the hydrogen bonding en- 
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TABLE 1. Solvent parameters and solute enthalpy of solution and vaporization values".h." 

Solvent r* (Y I3 5 m-Cresol I -Butan01 I-Pentanol t-Amy1 alcohol Ethyl ether t-BuOMe 

n-Heptane - 

Cyclohexane 
CcI, 
CF3Ph 
CICH2CHzCI 
Et3N 
BupO 
EtOAc 
D M F  
D M S O  
Mesitylene 
Toluene 
Benzene 
I -0ctanol 
t-BuOH 
MeOH 
CF3CHzOH 
AH" 

" A H ,  and A H ,  in kcal/mol. 
"Solvent solvatochromic parameters frorn ref. 7. 
"Toluene and n-BuOMe solute A H ,  and A H ,  values frorn ref. 2. 
duncertainty interval (2 X sdm) estimated (2). 
'Reference 13. 
'Reference 14. 
RReference 15. 
hSolvatochromic parameters estimated by extrapolation of methanol-I-butanol values 
'Reference 16. 
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TABLE 2. AAH(v + S)(alcohol vs. model) values" 8.0 

t-Amyl 
Butanol Pentanol alcohol m-Cresol 

VS. VS. VS. VS. 
Solvent EtzO BuOMe t-BuOMe toluene 

n-Heptane 
C-c6 
CCI, 
CF,Ph 
CICHzCHzCl 
Et3N 
BuzO 
CH3COOEt 
DMF 
DMSO 
Mesitylene 
Toluene 
Benzene 
I -0ctanol 
t-BuOH 
MeOH 
CF3CHZOH 

"In kcal/mol 

thalpy. However, the order of alcohol displacements and the 
zero 8 value of trifluoroethanol suggest that the b8  portion of 
eq. [8] represents the minimum possible enthalpy of type B 
H-bond formation, whereas the y-intercept represents the max- 
imum possible type A AH,. The "true" type B values for the 
HBA alcohols will be larger because the contribution of type A 
H-bonding decreases as HBD acidity decreases, rather than 
remaining constant at the value determined by trifluoroethanol 
(y-intercept). Finally, we note that type A H-bonding by 
trifluoroethanol solvent (a  = 1.51) to m-cresol should be 
substantially stronger than type A H-bonding by chloroform 
solvent (a  = 0.44), as is observed. 

Aliphatic alcohols 
The plot of AAH(v + S)(pentanol vs. n-butyl methyl ether) 

versus solvent T* is shown in Fig. 2 and is very similar to 
analogous plots for m-cresol (Fig. 1) and 1-octanol (4). The 
same is also true for 1-butanol and t-amyl alcohol solutes. 

The correlation of 1-pentanol AAH(v + S) values with those 
of the NHB solvents is 

[lo] AAH(v + NHB)(pentanol vs. BuOMe) = 
- 1 . 3 2 ~ *  - 0.78 

n = 5, r = 0.931, see = 0.23 kcal/mol 

The expression for the dependence of HBA solvent (ROH 
omitted) displacements on 8 and 6 is 

n = 8, r = 0.996, see = 0.21 kcal/mol 

The total solvatochromic equation from eqs. [lo] and [ l l ]  is 

[12] AAH(v + S)(pentanol vs. BuOMe) = 
- 1 . 3 2 ~ *  - 5.478 - 2.246 - 0.63 

MPLR gives a total solvatochromic equation in good agree- 
ment with eq. [12]: 

[13] AAH(v + S)(pentanol vs. BuOMe) = 
- 1 . 2 2 ~ *  - 5.318 - 2.226 - 0.76 

n = 13, r = 0.997, see = 0.19 

FIG. 2. Plot of -AAH(v + S)(l-pentanol vs. n-BuOMe) versus 
T* for NHB (a), HBA (n), and HBD (0) solvents. 

Total solvatochromic equations (MPLR) for 1-butanol (BuOH) 
and t-amyl alcohol are given by eqs. [14] and [IS]. Alcohol 
solvents have been omitted. 

[14] AAH(v + S)(BuOH vs. EtlO) = - 1 . 0 7 ~ *  - 5.228 
- 2.366 - 0.92 

n = 13, r = 0.995, see = 0.24 kcal/mol 

[15] AAH(v + S)(t-amyl alcohol vs. t-BuOMe) = 
- 1 . 1 2 ~ *  - 4.408 - 1.156 - 0.32 

n = 13, r = 0.991, see = 0.26 kcal/mol 

Based on relative 8 and 6 values (eqs. [13], [IS]), hydrogen 
bonding of t-amyl alcohol is about 80% of that of its normal 
isomer. The 8 coefficient for m-cresol (eq. [6]) is almost twice 
as large as that of t-amyl alcohol, which reflects the greater 
HBD acidity of monomeric cresol (a,) relative to monomeric 
alcohol solutes (Dr. Mortimer J. Kamlet, private commu- 
nication). 

The solvation enthalpy of t-amyl alcohol in n-heptane is less 
exothermic than that of 1-pentanol by 1.84 kcal/mol. The two 
alcohols have well matched molar volumes, and the discrep- 
ancy probably results from a dispersion interaction (rather than 
a cavity formation) mismatch. Approximately 0.95 kcal/mol 
can be attributed to the loss of quaternary carbon solvation 
(1, 5). The remaining 0.89 kcal/mol possibly results from a 
decrease in hydroxyl group solvation by dispersion interactions 
when hindered by an attached t-amyl group. 

Acknowledgement 
This study was supported by the Robert A. Welch Foun- 

dation (Grant E- 136). 

1. W. K. STEPHENSON and R. FUCHS. Can. J. Chem. 63, 336 
(1 985). 

2. W. K. STEPHENSON and R. FUCHS. Can. J .  Chem. In press. 
3. W. K. STEPHENSON and R. FUCHS. Can. J.  Chem. In press. 
4. W. K. STEPHENSON and R. FUcHs. Can. J.  Chem. 63, 342 

(1985). 
5. W. K. STEPHENSON. Ph.D. dissertation, University of Houston. 

1984. 
6. M. J.  KAMLET, J. L. M. ABBOUD, and R. W. TAIT. Prog. Phys. 

Org. Chem. 13, 485 (1981). 
7. M. J.  KAMLET, J.  L. M. ABBOUD, M. H. ABRAHAM, and R. W. 

TAIT. J .  Org. Chem. 48, 2877 (1983). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



STEPHENSON AND FUCHS: 2 2539 

8. R. W. TAR, T. GRAMSTAD, and M. J.  KAMLET. J. Org. Chem. 
47, 4557 (1982). 

9. R. F u c ~ s  and P. P. S. SALUJA. Can. J.  Chem. 54, 3857 (1976). 
10. M. H. ABRAHAM. J. Am. Chem. Soc. 104, 2085 (1982). 
11. J.  N. SPENCER, E. S. HOLMBOE, D. W. FIRTH, and M. R. 

KIRSHENBAUM. J. Soln. Chem. 10, 745 (198 1). 

1 12. W. K.  STEPHENSON and R. FUCHS. Can. J .  Chem. 63, 349 
I (1985). 
I 13. R. F u c ~ s ,  T. M. YOUNG, and R. F. RODEWALD. J .  Am. Chem. 

SOC. 96, 4705 (1974). 
14. R. F u c ~ s ,  L. A. PEACOCK, and W. K. STEPHENSON. Can. J.  

Chem. 60, 1953 (1982). 
15. R. F u c ~ s  and R. F. RODEWALD. J .  Am. Chem. Soc. 95, 5897 

(1973). 
16. J. B. PEDLEY and J. RYLANCE. Sussex-N.P.L. computer analysed 

thermochemical data: organic and organometallic compounds. 
University of Sussex, Brighton. 1977. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Enthalpies of interaction of nitrogen base solutes with organic solvents 
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W. KIRK STEPHENSON and R. Fuc~s .  Can. J .  Chem. 63, 2540 (1985). 
Heats of solution of triethylamine, aniline, pyridine, and model compounds (3-ethylpentane, benzene) in 17 organic solvents 

(n-heptane, cyclohexane, carbon tetrachloride, 1,2-dichloroethane, a,a,a-trifluorotoluene, triethylamine, butyl ether, ethyl 
acetate, dimethylformamide, dimethy 1 sulfoxide, benzene, toluene, mesitylene, t-butyl alcohol, 1-octanol, methanol, 
2,2,2-trifluoroethanol) have been combined with solute heats of vaporization to give enthalpies of transfer from vapor to solvent 
(AH(v + s)). Differences between solute and model values (AAH (v + s) = AH(v + s) (solute) - AH(v + s) (model)) 
were used to evaluate nitrogen base solute-solvent polar interactions. Correlations of AAH(v + s) with Taft-Kamlet 
solvatochromic parameters (T*, a ,  P) have been determined. 

Aniline was found to be a better hydrogen bond donor acid than hydrogen bond acceptor base. Nevertheless, alcohols donate 
H-bonds to aniline. Triethylamine and pyridine are stronger HBA bases than aniline. The T* (dipolarity-polarizability) 
parameter of aniline (as a solute) is calculated to be 1.10. 

W. KIRK STEPHENSON et R. FUCHS. Can. J .  Chem. 63, 2540 (1985). 
On a combin6 les chaleurs de solution de la trikthylamine, de I'aniline, de la pyridine et de composCs types (Cthyl-3 pentane, 

benkne) dans 17 solvants organiques (n-heptane, cyclohexane, tktrachlorure de carbone, dichloro-1,2 Cthane, 
a,a,a-trifluorotolukne, trikthylamine, Cther butylique, acCtate d'Cthyle, dimCthylformamide, dimCthylsulfoxyde, benzkne, 
tolukne, mksitylkne, alcool tert-butylique, octanol-1, mkthanol, trifluoro-2,2,2 ethanol) avec les chaleurs de vaporisation du 
solutC pour obtenir les enthalpies de transfert de la vapeur au solvant (AH(v + s)). On a utilisC les diffkrences entre les valeurs 
pour les solutCs et celles pour les composCs modkles (AAH(v + s) = AH(v + s) (solutk) - AH(v + s) (modkle)) pour Cvaluer 
les interactions polaires entre le solutC (base azotCe) et le solvant. On a dCterminC des corrClations existant entre le 
AAH(v + s) et les paramktres solvatochromiques de Taft-Kamlet (T*, a ,  P). 

On a trouvC que I'aniline agit mieux comme acide donneur de liaison hydrogkne que comme base qui accepte des liaisons 
hydrogknes. Quoiqu'il en soit, les alcools donnent des liaisons hydrogknes .9 I'aniline. Par rapport h I'aniline, la trikthylamine 
et la pyridine sont des bases acceptrices de liaisons hydrogknes plus fortes. On a calculC que le paramktre T* 
(dipolaritk-polarisabilit6) de I'aniline est Cgal h 1.10. 

[Traduit par le journal] 

We have recently studied the enthalpies of interaction of tively. It has often been assumed that the first two terms on the 
ketone (1, 2) and aromatic (2, 3) solutes with organic solvents right side of eq. [3] are equal to zero, and if the model is 
of varying polarity, and now extend our study to several nitro- nonpolar and non-H-bonding, AAH(v + s) = AH, + AH,, or 
gen bases, triethylamine, pyridine, and aniline. Enthalpies in the absence of solute H-bonding, AAH(v + s) = AH,. If a 
of interaction are determined by the solvation enthalpy, or model is chosen such that the solute cavity formation, dis- 
AAH(v + s), method. The solvation enthalpy is the enthalpy persion, and polar interactions cancel, then AAH(v + s) = 
of transfer of a solute from vapor to solvent, 

[l] AH(v + s) = AH, - AH, = AH, + AHin, 

where AH, is the heat of solution of the liquid solute; AH,, the 
solute heat of vaporization; AH,, the enthalpy of cavity for- 
mation within the solvent; and AH,,, the enthalpy of interaction 
of the solute with the solvent. AH, and AH, are determined 
experimentally. 

In a polar hydrogen-bond-donating (HBD) solvent, tri- 
ethylam6e, pyridine,and aniline are capable of dispersion (d), 
polar (p), and hydrogen bonding (h) interactions, and the 
solvation enthalpy is 

[2] AH(v + s) = AH, + AHd + AH, + AHh 

Triethylamine and pyridine are capable of type A H-bonding 
(solvent acts as HBD acid) only, whereas aniline is amphiprotic 
and might undergo either type A or type B (solvent acts as 
hydrogen-bond-acceptor (HBA) base) H-bonding or both. 
Polar and H-bonding enthalpies of interaction can, in principle, 
be isolated by subtracting the solvation enthalpy of a suitable 
model compound (M) from that of the solute (A), 

AH,. In reality perfect model compounds are likely to be rare. 
Solvation enthalpy differences can be quantitatively ex- 

pressed in terms of the Taft-Kamlet solvatochromic param- 
eters (4-6), 

where n *  provides a measure of solvent dipolarity- 
polarizability; a, the solvent HBD acidity; and P, the solvent 
HBA basicity. Parameter coefficients are s, a, and b; y is the 
y-axis intercept. 

In this paper, AAH(v + s) values for triethylamine (vs. 
3-ethylpentane), pyridine (vs. benzene), and aniline (vs. ben- 
zene) in 17 organic solvents will be reported. Correlations 
having the form of eq. [4] will also be presented. Previous 
correlations involving triethylamine and pyridine in non-H- 
bond donor solvents have examined only polar effects (n*) (7). 
Some values of AH(v + s) for triethylamine vs. tetramethyltin 
have been reported (8), but correlations with solvatochromic 
parameters were not examined. 

Experimental 

[3] AAH(v + S) = AAH, + AAHd + AH, + AHh Solutes and solvents were commercial samples in excess of 99% 
purity, with most exceeding 99.7%. Purities were established by silica 

where AAH, and AAHd refer to the difference between solute capillary gas chromatography and an electronic integrator. All solutes 
and model cavity formation and dispersion interactions, respec- and solvents were stored over 4A molecular sieve, except for methanol 
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STEPHENSON AND FUCHS: 3 

TABLE I. Solvent parameters and solute enthalpies of solution and vaporizationa,* 

Solvent n* (Y I3 Pyridine 

n-Heptane 
Cyclohexane 
CCL 
CF3Ph 
CICHzCHZCI 
Et3N 
B u ~ O  
EtOAc 
DMF 
DMSO 
Mesitylene 
Toluene 
Benzene 
I-Octanol 
t-BuOH 
MeOH 
CF3CHZOH 

Solvent Triethylamine Aniline Benzene 3-Ethylpentane 

n-Heptane 0.08k0.01 3.59+0.llc 0.7920.03' O.OOkO.OO 
Cyclohexane 0.32k0.03 4.22k0. 13c.d 0.91 k0.02'.' 0.2320.01 
CCL -0.75k0.01 2.0720.01 0.13k0.00 0.32k0.02 
CF3Ph -0.24k0.03 1 .97kO.0Oe 0.25r0.01' 0.83+0.01 
CICHZCH2Cl 0.42k0.01 0.5020.01 0.12kO.02 1.9620.05 
Et3N 0.00kO.00 -0.44k0.01 0.27k0.01 0.06k0.02 
B u ~ O  -0.1420.02 0.70k0.03 0.22k0.00 O.lOkO.01 
EtOAc 0.78k0.01 -0.84k0.01 0.0920.01 1.47k0.01 
DMF 1.3520.07 -2.68%0.08c.f 0.04k0.02'~~ 2.13k0.06 
DMSO 2.2320.05 -2.60k0.03 0.7550.06 3.4520.05 
Mesitylene -0.04k0.01 1.8920.04' 0.3820.06' 0.38k0.02 
Toluene 0.27k0.01 1.40k0.02 0.06a0.04 0.72k0.02 
Benzene 0.5020.03 1.2520.04'.~ O.OOkO.OOe 1.25k0.02 
1 -0ctanol -2.0820.03 1.11 k0.03 0.71 r0.02 0.2620.02 
t-BuOH -0.8020.03 2.68k0.03 1.85k0.02 1.13k0.06 
MeOH -3.10k0.07 -0.62k0.03c.f 0.3620.02c.f 1.30k0.01 
CF3CH20H -17.58k0.10 -0.72k0.02 1.47k0.06 2.7520.05 

A Hv 8.35+0.01h 13.33k0.01" 8.09k0.01E 8.42k0.01 

" A H ,  and A H ,  in kcal/mol. 
bParentheses denote estimated values (ref. 5). 
'Uncertainty interval (2 x sdm) estimated as 0.01 kcal/mol for A H ,  between 0.00 and 0.49; 0.02 kcal/mol 

for A H ,  between 0.50 and 1.00; and 3% of A H ,  for values >1.00 kcal/mol. 
dReference 13. 
'Reference 14. 
'Reference 15. 
RReference 16. 
hReference 17. 

and trifluoroethanol(3A). Triethylamine was distilled from ninhydrin 
to remove primary and secondary amine impurities. The calorimetric 
procedure and apparatus have previously been described (9). 

Results and discussion 
Heats of solution of triethylamine (Et3N), pyridine, aniline 

(NH2Ph), benzene, and 3-ethylpentane (Et3CH) in 17 or- 
ganic solvents (n-heptane, cyclohexane, carbon tetrachloride 
(CCl,), 1,2-dichloroethane (ClCH2CH2Cl), a, a, a-trifluoro- 
toluene (CF3Ph), triethylamine (Et3N), butyl ether (Bu20), 
ethyl acetate (EtOAc), dimethylfonnamide (DMF), dimethyl 
sulfoxide (DMSO), benzene, toluene, mesitylene, 1 -0ctano1, 
t-butyl alcohol (t-BuOH), methanol (MeOH), and 2,2,2- 

trifluoroethanol (CF3CH20H), solute heats of vaporization, and 
solvent solvatochromic parameters ( r* ,  a, P) are given in 
Table 1. Differences between nitrogen base and model sol- 
vation enthalpies are listed in Table 2. 

Triethylamine 
3-Ethylpentane (Et3CH) is a good model for triethylamine 

because of the similar structural features and molar volumes 
(AMV = -4.4 mL/mol). A plot of AAH(v + s) (tri- 
ethylamine vs. 3-ethylpentane) values against solvent r *  is 
shown in*Fig. 1. The dependence of triethylamine solvation on 
select solvent (4) polarity is given by eq. [5] (solvent = hep- 
tane, cyclohexane, Et3N, Bu,O, EtOAc, DMF, DMSO) , 
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FIG. 1 .  Plot of -AAH(v + s)(Et3N vs. Et3CH) versus T* for 
select (@), chloro (A), aromatic (n), and alcohol (0) solvents. 

[5] AAH(v + S) (Et3N vs. Et3CH) = - 1 . 1 2 ~ *  + 0.1 1 

n = 7, r = 0.980, see = 0.1 1 kcal/mol 

where n is the number of solvents, r denotes the correlation 
coefficient, and see refers to the standard error of the estimate 
(10). Mesitylene, toluene, and benzene are within 0.13 
kcal/mol of eq. [5]. Trifluorotoluene is displaced exother- 
mically by 0.39 kcal/mol, possibly due to electron donor- 
acceptor (charge transfer) (1 1) complex formation with tri- 
ethylamine. Exothermic displacements of carbon tetrachloride 
(0.80 kcal/mol) and 1,2-dichloroethane (0.67 kcal/mol) 
probably result, at least partially, from a reaction with the 
nucleophilic amine. Reactions between amine solutes and car- 
bon tetrachloride solvent are well documented (12). 

t-Butyl alcohol, octanol, methanol, and trifluoroethanol are 
displaced exothermically from eq. [5] by 1.5 1,2.00, 3.77, and 
19.55 kcal/mol, respectively. These displacements follow the 
order of increasing HBD acidity: 

[6] t-BuOH < octanol < MeOH < trifluoroethanol 

and are the result of amine solute-alcohol solvent type A 
hydrogen bonding. AAH(v + trifluoroethanol) is extremely 
large and possibly represents a proton transfer reaction in which 
the triethylammonium cation is formed. However, a reasonable 
alternative has been suggested by M. J. Kamlet (private com- 
munication). Alcohol solvents donate H-bonds to triethylamine 
at the expense of alcohol-alcohol H-bonds. The energy gain 
should depend on the HBA (P, F; )  difference between amine and 
alcohol. 'The difference is moderate for 1-octanol, tert-butyl 
alcohol, and methanol (vs. Et3N), but is very large for tri- 
fluoroethanol (P = 0.00). 

A total solvatochromic equation derived for the dissolution 
of triethylamine in select, aromatic (except trifluorotoluene), 
and alcohol (except trifluoroethanol) solvents using multiple 
parameter linear regression is 

[7] AAH(v + s) (Et3N vs. Et3CH) 

= - 1 . 2 6 ~ *  - 3 . 1 9 ~ ~  $0.20 

n = 13, r = 0.973, see = 0.32 kcal/mol 

The relative importance of H-bonding and polar interactions 
process is seen in the a / s  ratio of 2.5. The n* coefficients 

TABLE 2. AAH(v + s)(nitrogen base vs. model) values" 

Pyridine Triethylamine Aniline 
VS. VS.  VS. 

Solvent benzene 3-ethylpentane benzene 

n-Heptane 
Cyclohexane 
CCL 
CF3Ph 
ClCHzCHzCI 
Et3N 
BuZO 
CH3COOEt 
DMF 
DMSO 
Mesitylene 
Toluene 
Benzene 
1-Octanol 
t-BuOH 
MeOH 
CF3CHzOH 

of eq. [5] and [7] are in fair agreement. Calculated (eq. [7]) 
values of AAH(v + ROH) are more exothermic than the 
observed for octanol (-0.29 kcal/mol) and t-butyl alcohol 
(-0.63 kcal/mol), and more endothermic for methanol 
(0.65 kcal/mol). It may be that the two strongly HBA alcohols 
compete with solute as H-bond acceptors, whereas the weaker 
acceptor (methanol) does not. 

Aniline 
Aniline is a solute capable of dispersion, polar, and hydro- 

gen bonding (HBA and HBD) interactions. The cavity for- 
mation mismatch of aniline (MV = 91.2 mL/mol) vs. benzene 
(MV = 88.9 mL/mol) AAH(v + s) is minimal. The plot of 
AAH(v + s) vs. solvent T* is shown in Fig. 2. The major 
problem in evaluating H-bonding interactions via the non- 
hydrogen-bonding-baseline (NHBB) method (2, 4, 6) is that a 
baseline cannot be clearly defined. Carbon tetrachloride and 
1,2-dichloroethane possibly react with the amine, and the line 
defined by the alkanes and trifluorotoluene (three data points) 
is suspect. However, for discussion purposes, the NHB base- 
line will be taken as the best fit line between the five NHB 
solvents: 

[8] AAH(v + s) (aniline vs. benzene) = - 2 . 5 5 ~ *  - 2.32 

n = 5, r = 0.891, see = 0.58 kcal/mol 

Enthalpies of H-bond formation of aniline with aromatic and 
dipolar aprotic solvents, as measured by displacements from 
eq. [8], correlate well with solvent HBA basicity (and are 
essentially independent of the base family dependent term 6):  

n = 8, r = 0.992, see = 0.21 kcal/mol 

Alcohol solvents can accept or donate a hydrogen bond, but 
displacements from eq. [8] follow a pattern identical to that 
observed with triethylamine as solute (eq. [6]). If the displace- 
ments are assumed to result from type A hydrogen bonding 
(solvent acts as HBD acid), then for the alcohol solvents: 

n = 4, r = 0.957, see = 0.34 kcal/mol 
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STEPHENSON AND FUCHS: 3 2543 

FIG. 2. Plot of - AAH (v + s)(NHzPh vs. benzene) versus n* for 
H-bond acceptor (a), non-hydrogen-bonding (A), aromatic (D), and 
alcohol (0) solvents. 

Trifluoroethanol ( p  = 0.00), which does not significantly 
undergo type B hydrogen bonding, falls well within the stan- 
dard error of the estimate of eq. [lo]. 

Addition of eq. [8]-[lo] gives rise to an "all solvents" total 
solvatochromic equation: 

[ l l ]  AAH(v + s)(aniline vs. benzene) = -2.55n* 
-5.30P - 2 . 3 7 ~ ~  - 1.70 kcal/mol 

where n = 17 and the combined see value is 0.70 kcal/mol. 
Multiple parameter linear regression of AAH(v -+ s) values for 
the same solvents gives a similar equation ( p  for ROH solvents 
assumed to be nil, i.e., aniline-alcohol solvent type B H- 
bonding assumed to be absent, since this would be at the 
expense of alcohol-alcohol H-bonding, giving no energy ad- 
vantage): 

[12] AAH(v + $(aniline vs. benzene) = - 2 . 6 7 ~ *  
-4.88p - 2.2511 - 2.16 

n = 17, r = 0.985, see = 0.36 kcal/mol 

The dependence of aniline solvation on polar interactions is 
slightly larger than on type A hydrogen bonding ( s l a  = 1.19) 
and much smaller than type B hydrogen bonding (sib = 0.55). 
Aniline is a considerably better hydrogen bond donor than 
hydrogen bond acceptor. As an acceptor aniline is considerably 
weaker than triethylamine (eq. [7]). 

The (unreported) T* value of aniline may be estimated from 
the T* coefficients (s)  in eqs. [1 I ]  and [12] as 1.09 and 1.11, 
based on the relationship (7) of s and the difference in T* of 
solute and model. 

Pyridine 
Correlation of AAH(v + s) with n* of the select solvents 

gives 

[13] AAH(v+ s)(pyridinevs. benzene) = - 1 . 5 2 ~ *  - 0.49 
n = 7, r = 0.983, see = 0.13 kcal/mol 

Mesitylene and carbon tetrachloride are displaced exother- 
mically by 0.30 and 0.43 kcal/mol, respectively. All other 
nonprotic solvents lie within 0.20 kcal/mol of eq. [13]. The 

negative s value is consistent with the greater polarity of pyri- 
dine (n*  = 0.87) relative to benzene ( n *  = 0.59). 

The four alcohol solvents are displaced exothermically from 
eq. [13] as a result of relatively strong type A hydrogen 
bonding with pyridine (P = 0.64). Displacements from 
eq. [13] values increase in the order octanol < MeOH < 
t-BuOH < trifluoroethanol by - 1.04, - 1 .SO, -2.55, and 
-6.46 kcal/mol, respectively. AAH(v + ROH) values follow 
the same order and are difficult to rationalize because of the 
difficulty of separating the influence of ROH solvent-solvent 
intermolecular and pyridine-ROH solvent type A hydrogen 
bonding interactions. For weak HBA solutes such as 1-hexene, 
1-octene, anisole, fluoro- and chlorooctane (0.0 5 P 5 0.2), 
the four alcohol solvents lie on, or endothermically displaced 
from, AAH(v + s) vs. non-HBA solvent n *  correlations 
(2, 3). The reason for the endothermic displacements is un- 
known but these possibly result from the formation of en- 
thalpically less favorable solute - ROH solvent H-bonds at the 
expense of enthalpically more favorable but entropically less 
favorable solvent-solvent intermolecular hydrogen bonds. For 
slightly stronger HBA solutes (ethers, P - 0.5; ketones, -0.5) 
1-octanol, t-BuOH, and MeOH (0.62 5 P 5 1.01) lie on, or 
endothermically displaced from, analogous correlations; tri- 
fluoroethanol, the only ROH solvent with a p value (0.00) less 
than that of the solutes, is exothermically displaced. All four 
alcohol solvents are exothermically displaced from the tri- 
ethylamine (P = 0.71), aniline, and pyridine correlations. It 
appears that an increase in the solute HBA basicity increases 
the extent to which solute-solvent H-bonding (exothermic dis- 
placements) competes with solvent-solvent intermolecular H- 
bonding. Because it is unknown whether enthalpies of H-bond 
formation with alcohol solvents are best described by displace- 
ments of AAH(v + ROH)(pyridine vs. model) values from 
eq. [13] or from arbitrary points endothermically displaced 
from eq. [13], exothermic displacements of ROH solvents 
(AH,(NHBB)) are thought to represent minimum hydrogen 
bonding enthalpies. For trifluoroethanol, a weakly self- 
associating alcohol, the displacement from eq. [13] is probably 
a reasonable measure of the enthalpy of H-bond formation with 
pyridine. 
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GREGORY A. BANTA, STEVEN J .  R E ~ I G ,  ALAN STORR, and JAMES TRCVITER. Can. J. Chem. 63, 2545 (1985). 
The synthesis and physical properties of two dimethylgallium citrate triester complexes are reporttd. Crystals of bis- 

[(trimethylcitrato)dimethylgallium(III)] are monoclinic, a = 9.839(1), b = 14.496(1), c = 11.125(1) A, P = 108.31(1)", 
Z = 2, space group P2]/c .  The structure was solved by conventional heavy-atoms methods and was refined by full-matrix 
least-squares procedures to R = 0.036 and R,, = 0.037 for 1507 reflections with I 2 3u(I). The structure consists of 
centrosymmetric dimers in which each citrate ligand is coordinated via the hydroxyl oxygen (bridging) and the C=O oxygen 
atom of the central ester group, forming five-membered chelate rings. Each Ga atom has irregular trigonal bipyramidal 
coordination geometry with Ga-O(eq) = 1.950(3), Ga-O(ax) = 2.103(3) and 2.395(3), and Ga-C(eq) = 1.953(5) and 
1.947(5) A. 

GREGORY A. BANTA, STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chem. 63, 2545 (1985). 
On rapporte la synthkse et les propriCtCs physiques de deux complexes triesters du citrate de dimCthylgallium. Les cristaux 

de bis[(trimCthylcitrato)dimCthylgallium(III)] sont monocliniques, ils appartiennent au groupe d'espace P2]/c  avec a = 
9,839(1), b = 14,496(1), c = 1 I ,  125(1) A, P = 108,31 (I)" et Z = 2. On a rCsolu la structure par des mCthodes con- 
ventionnelles aux atomes lourds et on I'a affinCe par la mCthode des moindres carrCs (matrice entikre) jusqu'h des valeurs de 
R = 0,036 et R.. = 0,037 pour 1507 rkflexions avec I 2 3u(l). La structure comporte des dimeres centrosymCtriques dans 
lesquels chaque ligand citrate est coordonC par le biais de I'oxygene de I'hydroxyle (pontage) et par I'atome d'oxygkne du 
C=O du groupement ester central pour former des cycles chClatCs h cinq chainons. La gComCtrie de coordination de chaque 
atome de Ga correspond h une bipyramide trigonale irrCgulikre avec Ga-O(eq) = 1,950(3), Ga-O(ax) = 2,103(3) et 
2,395(3) et Ga-C(eq) = 1,953(5) et 1,947(5) A. 

[Traduit par le journal] 

Introduction 
The importance of gallium citrate complexes in medicinal 

chemistry is well documented (I), but definitive stmctural 
studies in this area are lacking. In our continuing investigations 
of the coordination chemistry of gallium the synthesis of two 
crystalline dimethylgallium citrate triester complexes has been 
accomplished. The mode of binding of the dimethylgallium 
moiety in the methyl citrate triester has been determined 
through an X-ray structural study. 

Experimental 
Air-sensitive materials were handled under oxygen-free dry nitro- 

gen. Tetrahydrofuran (THF) was dried by refluxing over sodium/ 
benzophenone and benzene by refluxing over molten potassium. The 
solvents were subsequently distilled and transferred to a glove-box for 
immediate use. 

Starting materials 
The ethyl and methyl citrate triesters were prepared by the standard 

acid-catalyzed esterification of citric acid with 100% ethanol and 
methanol, respectively, using concentrated HzS04. The purity of the 
products was checked by correlation of their ir and nmr spectra with 
reference data. Trimethylgallium (2) and dimethylgallium hydroxide 
(3) were made by standard methods. 

Synthesis of (triethylcitrato)dimethylgalliurn(III) 
This complex was prepared by two methods: 
Method A: from trimethylgallium 
Ethyl citrate triester (1.24 mL, 5.10 mmol) was added via a syringe 

to Me3Ga (0.584 g, 5.10 mmol) in THF (50 mL). The reaction mixture 
was stirred at room temperature for approximately 24 h during which 
time methane was evolved slowly. The solvent was then removed 
under vacuum and the solid product recrystallized from benzene to 
yield large colorless crystals of the desired complex. Anal. calcd. for 
[Me2Ga(C12H1907)]: C 44.83, H 6.72; found: C 44.77, H 6.61%. 'H 
nmr (C6D6): 7 9.76 S (GaMe2), 9.03 t (-CH2CH3, J - 7 HZ), 7.07 
s br (-CH2-C02Et), 6.04 q, 5.92 q (-CH,CH3, J - 7 Hz, relative 
intensities 2: 1) (7 values refer to 7(C&) = 2.84 ppm; s = singlet, 

t = triplet, q = quartet, br = broad). Ir (Nujol) vco = 1740, 
17 17 cm-' (VCO = 1738 cm-' for ethyl citrate triester), VG.-~ = 600, 
536 cm-I. Mp 116-118°C. 

Method B: from dimethylgallium hydroxide 
[MezGa(OH)I4 (0.52 g, 1.11 mmol) was dissolved in benzene 

(50 mL). Ethyl citrate triester (1.08 mL, 4.45 mmol) was injected into 
the reaction vessel. The ethyl citrate which is sparingly soluble in 
benzene dissolves slowly as it reacts with [MezGa(OH)I4 to produce 
a clear solution of the product. The reaction mixture was stirred for 
approximately 24 h and then the solvent was removed under vacuum. 
The white solid product was pumped under vacuum for several hours 
to ensure removal of by-product water and it was then recrystallized 
from benzene to yield large colorless crystals of the ester complex. 
These gave identical spectra and closely similar analytical results to 
those obtained for the product using method A above. 

Synthesis of (trimethylcitrato)dimethylgalliurn(III) 
Me3Ga (0.403 g, 3.51 mmol) in THF (50 mL) was reacted with 

methyl citrate triester (0.747 g, 3.19 mmol). The reaction mixture was 
stirred for approximately 24 h and then the solvent was removed under 
vacuum. The white solid product was recrystallized from benzene to 
afford well-formed colorless crystals. Anal. calcd. for [MezGa- 
(C9H1307)I: C 39.68, H 5.75, 0 33.64; found: C 39.21, H 5.89, 
0 33.88. 'H nmr (d6-acetone): 7 10.37 s (GaMez), 7.07 (AB)q 
(-CH2-C02Me), 6.31 s, 6.19 s (-C02Me, rel. int. 2: 1) (7 
values refer to 7(d6-acetone) = 7.89 ppm). Ir (Nujol): v o  = 1745, 
1720 cm-' ( v o  = 1735 cm-' for methyl citrate triester) v,,-~ = 597, 
536 cm-'. Mp 72-75°C. Both the complexes described above are 
hygroscopic. 

Spectra 
'H nmr spectra were recorded on a Bruker WP-80 instrument 

using FT techniques. Ir spectra were recorded on a Perkin-Elmer 598 
spectrometer. 

X-ray crystallographic analysis of bis[(trirnethylcitrato)- 
dimethylgallium(III)] 

The crystal selected for the X-ray study was mounted in a capillary 
tube under a nitrogen atmosphere and the tube was subsequently 
flame-sealed. The density of the material could not be measured due 
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TABLE 1. Final positional (fractional X lo4, Ga X lo5) 
and isotropic thermal parameters (U x lo3 A2) with 

estimated standard deviations in parentheses 

Atom x Y z U,,* 

Ga 43519( 6) 39940( 3) 
O(1) 4503(3) 5198(2) 
O(2) 5428( 4) 4084( 3) 
O(3) 7323( 4) 4897( 2) 
O(4) 2972( 4) 3868( 2) 
O(5) 2282( 4) 4793( 2) 
O(6) 1 191( 4) 5450( 3) 
O(7) 1083( 4) 6983( 3) 
C(l) 5073( 5) 561 1( 3) 
C(2) 3900( 5) 5421( 3) 
C(3) 2976( 6) 6291( 3) 
C(4) 5945( 6) 4776( 4) 
C(5) 8233( 7) 4120( 4) 
C(6) 2997( 5) 4605( 3) 
C(7) 1475( 8) 4043( 4) 
C(8) 1687( 6) 6168( 3) 
C(9) - 150( 8) 6956( 5) 
C(10) 5787( 6) 3138( 4) 
C(11) 2623( 6) 3683( 4) 

*U., = (113) trace Udiag 

to its sensitivity to air. A crystal bounded by the six faces (followed 
by their distances in mm from a common origin): k(1 0 O), 0.038, 
+(0 I O), 0.225, +(0 0 l),  0.238 was mounted in a general orien- 
tation. Unit-cell parameters were refined by least-squares on 2 sin 0/A 
values for 25 reflections (20 = 30-37") measured on a diffractometer 
with Mo-Ka radiation (h(Kal) = 0.70930, A(Ka2) = 0.71359 A). 
Crystal data at 22OC are: 
C~~H38Gaz014 fw = 665.97 
Monoclinic, a = 9.839(1), P = 14.496(1), c = 11.125(1) A, P = 
108.31(1)", V = 1506.4(3) A3, Z = 2, pc = 1.468 Mg m-3, F(000) 
= 688, p(Mo-Ka) = 18.4 cm-I. Absent reflections: h01, 1 odd, and 
OkO, k odd, uniquely indicate the space group P21/c (c:,, No. 14). 

Intensities were measured with graphite-monochromated Mo-Ka 
radiation on an Enraf-Nonius CAD4-F diffractometer. An 0-20 scan 
at 1.55 - 10.06" min- ' over a range of (1.00 + 0.35 tan 0) degrees in 
o (extended by 25% on both sides for background measurement) was 
employed. Data were measured to 20 = 55". The intensities of three 
check reflections, measured every 3600 s throughout the data col- 
lection, remained constant to within 1.5%. After data reduction,' an 
absorption correction was applied using the analytical method (4, 5). 
Transmission factors ranged from 0.481 to 0.873. Of the 3446 inde- 
pendent reflections measured, 1507 (43.7%) had intensities greater 
than or equal to 3u(I) above background where u2(1) = S + 2B + 
(0.04(S - B))' with S = scan count and B = normalized background 
count. 

The coordinates of the Ga atom were determined from the Patterson 
function and those of the remaining non-hydrogen atoms from a sub- 
sequent difference map. After full-matrix least-squares refinement of 
the non-hydrogen atoms with anisotropic thermal parameters to R = 
0.053, a difference map gave the positions of most of the hydrogen 
atoms. In subsequent cycles of refinement the hydrogen atoms were 
included as fixed contributors in ideali5ed positions (based on the 
observed positions with C-H = 0.98 A). The scattering factors of 
ref. 6 were used for non-hydrogen atoms and those of ref. 7 for 

'The computer programs used include locally written programs for 
data processing and locally modified versions of the following: 
ORFLS, full-matrix least-squares, and ORFFE, function and errors, 
by W. R. Busing, K. 0 .  Martin, and H. A. Levy; FORDAP, Patterson 
and Fourier syntheses, by A. Zalkin; ORTEP 11, illustrations, by 
C. K. Johnson. 

TABLE 2. Bond lengths (A) with estimated standard deviations in 
parentheses* 

Bond Length (A) Bond Length (A) 

Ga -0(1) 1.950(3) O(5)-C(6) 1.334(6) 
Ga -0(4) 2.395(3) O(5)-C(7) 1.443(6) 
Ga -C(IO) 1.953(5) O(6)-C(8) 1.189(5) 
Ga -C(11) 1.947(5) O(7)-C(8) 1.342(6) 
Ga -0(1)' 2.103(3) O(7)-C(9) 1.446(7) 
O(l)-c(2) 1.411(5) c (  1 )-c(2) 1.533(6) 
0(2)-~(4) 1.204(5) C(1)-C(4) 1.507(7) 
0(3)-C(4) 1.316(6) C(2)-C(3) 1.532(6) 
0(3)--c(5) 1.45 l(6) C(2)-C(6) 1.519(6) 
0(4)-c(6) 1.201(5) c(3)--c(8) 1.498(7) 

*Here and elsewhere in this report primed atoms have coordinates related to 
those in Table I by the symmetry operation (1  - x, 1 - y ,  1 - 2) .  

hydrogen atoms. Anomalous scattering factors from ref. 8 were used 
for the Ga atoms. The weighting scheme w = l/u2(F), where u2(F) 
is derived from the previously defined u2(I), gave uniform average 
values of w(lF,I - over ranges of both IF,I and sin 0/h and was 
employed in the final stages of full-matrix refinement of 172 variables. 
Reflections with I < 3u(I) were not included in the refinement. 
Convergence was reached at R = 0.036 and R,. = 0.037 for 1507 
reflections with I 2 3u(I). For all 3446 reflections R = 0.128. The 
function minimized was Cw(lF,I -  IF,^)^, R = CI(F,I - IF,((/ZIF,I 
and R ,  = (Zw(lF,I - IF,~)~/CWIF,~~)"~. 

On the final cycle of refinement the mean and maximum parameter 
shifts corresponded to 0.01 and 0.070, respectively. The mean error 
in an observation of unit weight was 1.285. A finalodifference map 
showed maximum fluctuations of - 1.02 to $0.41 e A - ~  near Ga and 
was essentially featureless elsewhere. The final positional and thermal 
parameters appear in Tables 1 and 6,2 respectively. Measured and 
calculated structure factors have been placed in the Depository of 
Unpublished ~ a t a . '  Bond distances, bond angles, and intra-annular 
torsion angles are given in Tables 2-4, respectively. Calculated 
hydrogen parameters (Table 5) and a complete listing of torsion angles 
(Table 7) are included as supplementary 

Results and discussion 
The use of gallium citrate solutions is widespread in radio- 

pharmaceutical procedures (I). Thus, since the discovery that 
67Ga localized in human soft tissue tumors (9) and also in 
inflammatory lesions (10, 11) it has been extensively used in 
diagnostic nuclear medicine (12). In addition 68Ga has shown 
promise recently in positron emission tomography (PET) for 
medical diagnosis (13). Presently 67Ga-citrate is the clinically 
applicable agent best suited to radionuclide tagging. The im- 
portance of this agent has prompted 'H and 71Ga nmr studies of 
gallium citrate complexes in aqueous solutions (14, 15), over 
a range of pH values, in an attempt to shed light on the structure 
of such complexes with a view to gaining a better under- 
standing of the molecular mechanism of cellular binding of Ga 
and the inhibition of this process by citrate and other buffers. 
However, definitive structural data on gallium citrate com- 
plexes is lacking and in an effort to determine the mode of 
coordination of the gallium atoms by citrate species we have 
prepared two citrate triester complexes incorporating the di- 
methylgallium moiety. The complexes isolated, Me2Ga- 
(C12H1907) and Me2Ga(C9HI3O7), are the first crystalline gal- 

?he structure factor table, Table 6 (anisotropic thermal parameters) 
and other material mentioned in the text may be purchased from the 
Depository of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Canada KIA 0S2. 
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BANTA ET AL. 

TABLE 3. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle (deg) Bonds Angle (deg) 

TABLE 4. Intra-annular torsion angles (deg) 
standard deviations in parentheses 

Atoms Value (deg) 

lium citrate complexes to be reported and the structural char- 
acterization of the latter (see below) represents an important 
contribution to our knowledge in this area. The reaction em- 
ployed is one of methane elimination between the hydroxyl 
group of the citrate triester and trimethylgallium or elimi- 
nation of water between this group and the hydroxyl group of 
dimethylgallium hydroxide: 

C H ~  
O I o CHZ 

\\ I \-C-OH + MepGa + C-C-0-GaMe2 + MeH 
I 

R0 CH2 
/ I  

I 
R0 CH2 

I 

It is clear from the ir and 'H nmr evidence that the hydroxyl 
proton of the citrate triester is removed during the reaction 
since the original VOH (3470 cm-' (Nujol) methyl citrate triester; 
3480 cm-I (neat liquid) ethyl citrate triester) and TOH (5.41 T 

(d6-acetone) methyl citrate triester; obscured by other signals 
for the ethyl citrate triester) signals are absent in spectra of the 
products. The 'H nrnr spectra of the two products (R = Me or 
Et) are shown in Fig. 1. In ,both spectra the -GaMe2 group 
gives a sharp singlet, indicating a symmetrical structure in 
solution with equivalent Ga-Me groups. The presence of two 
different ester groups in the ratio of 2: 1 is also apparent in the 
spectra. These observations are in agreement with the solid- 
state structure of the Me,Ga(C9Hl30,) (R = Me) complex 
(Fig. 2) in which the -GaMe2 unit is symmetrically coordi- 

nated to the oxygen atom of the triester hydroxyl group and to 
the carbonyl oxygen atom of the central ester function, leaving 
equivalent outer ester groups non-involved in the bonding. In 
the solid state this unit exists as a centrosymmetric dimeric 
species, the only distance between dimers shorter than the sum 
of van der Waals radii being the possible weak interaction 
C(5)-H(5c)...0(6) (1 + x, y, z) (H...O = 2.54, C . - - 0  = 
3.377(7) P\, C-H - - -0  = 144"). The dimerization occurs via 
the formation of a central four-membered Ga,02 ring, the Ga 
atoms attaining 5-coordination in a trigonal-bipyramidal fashion 
with the two coordination polyhedra sharing an axial-equatorial 
edge as in numerous previous examples (16). It is interesting 
that the outer ester groups do not chelate the gallium atoms. 
Such coordination would of course lead to six-membered 
chelate rings, rather than the five-membered chelate rings 
observed in the present structure. 

The splitting of the single vco vibration in the ir spectra of the 
original triester compounds upon forming the dimethylgallium 
complexes is further evidence for non-involvement of all ester 
functions in the coordination to gallium. The fact that one of 
the ester C=O groups is coordinated vi! oxygen to the Ga 
atom, albiet weakly (Ga-0 = 2.395(3) A), must lead to the 
observation of two vm bands in the ir spectrum of the product. 
The C=O bond lengtks for the outer ester functionalities 
(1.204(5) and 1.189(5) A) are equal within experimental error 
to that 0eSe~ed  for the coordinated central ester group 
(1.201(5) A). 

The central feature of the molecular structure of bis[(tri- 
methylcitrato)dimethylgallium(III)] is the essentially planar 
system of three fused rings. The central four-membered ring is 
exactly planar, while the five-membered chelate rings are sig- 
nificantly non-planar (x2 = 166) although each of these rings, 
as well as tbe entire fused ring system, is planar to within 
+0.046(6) A. The Ga-0 distances inv~lving the bridging 
alkoxide 0 atom (1.950(3) and 2.103(3) A, respectively, for 
equatorial and axial bonds) are comparable to those observed 
in other dimeric alkoxo-bridged species, the corresponding 
ranges being 1.91 l(3)- 1.960(8) and 2.018(2)-2.078(3) A 
(16). The axial Ga-O(4) distance of 2.395(3) A is inter- 
mediate between values of 2.127(3) for an aldehyde 0 !tom in 
bis[(salicylaldehydato)dimethylgallium] and 2.695(3) A for a 
carboxylato C=O atom in (L-pro1inato)dimethylgallium (16). 
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The  Ga-C distances are normal as are bond lengths in the 5. J. DE MEULENAER and H. TOMPA. Acta Crystallogr. 19, 1014 
citrate moiety. Bond lengths and angles in the three ester (1965). 
groups are equal within experimental error, the Jhree car- 6. D. T. CROMER and J .  B. MANN. Acta Crystallogr. sect. A, 24, 

boxylate groups being planar to within 0.022(5) A owith the 321 (1968). 

ester methyl carbon atoms lying within 0.092(8) A of the 7. R. F. STEWART, E. R. DAVIDSON, and W. T. SIMPSON. J .  Chern. 

respective carboxylate mean planes. Phys. 42, 3175 (1965). 
8. D. T. CROMER and D. LIBERMAN. J .  Chern. Phys. 53, 1891 
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Synthesis and characterization of Pt(I1) complexes containing the bidentate 
pyrazolylgallate ligand, [Me2Gapz2]- 
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SOPHIA NUSSBAUM and ALAN STORR. Can. J. Chem. 63, 2550 (1985). 
The complexes [Me2Mpz2]Pt(Me)L (where L = CO, Ph,P, or PhC=CPh for M = Ga; L = PhCzCPh for M = B) have 

been synthesized by the direct reaction of the ligands Na[Me2Mpz2] with Pt(Me)CI(COD) followed by the addition of ligand 
L. The complexes have been shown to be fluxional in solution by variable temperature 'H nmr methods. 

SOPHIA NUSSBAUM et ALAN STORR. Can. J. Chem. 63, 2550 (1985). 
On a effectuC une synthkse des complexes [Me2Mpz2]Pt(Me)L (oh L = CO, Ph3P ou PhCzCPh,  pour M = Ga; L = 

PhC=CPh pour M = B) en faisant appel i une rkaction directe des ligands Na[Me2Mpz2] avec le Pt(Me)Cl(COD), suivie d'une 
addition du ligand L. Faisant appel i des methodes de rmn i tempkrature variable, on a montrk que les complexes en solution 
sont fluxionels. 

[Traduit par le journal] 

Introduction vacuum at 60°C and had a mp of 188°C. Anal. calcd. for 

As part of an on-going study of the reactions of the bidentate 
chelating pyrazolylgallate ligand, [Me2Gapz2] - (where pz = 
pyrazolyl, N2C3H3) ( I ) ,  the reactivity of this ligand towards the 
platinum compound Pt(Me)Cl(COD) (where COD = 1,5 cy- 
clooctadiene) has been examined. This same platinum com- 
pound has been reported as being unreactive towards the pyr- 
azolyl borate ligands [RBpz3]- and [R2Bpz2]- (where R = H, 
Ph, Et, Bu), unless the very tightly bonded COD ligand is first 
activated via a halogen abstraction reaction using AgPF6 (2, 3). 
However, our studies have revealed that the [Me2Gapz2]- lig- 
and reacts smoothly with Pt(Me)Cl(COD), as does its boron 
analogue [Me2Bpz2]-, without the necessity of the halogen 
abstraction step, and producing in moderate to high yield the 
desired products, [Me2Mpz2]Pt(Me)L (where L = CO, Ph3P or 
PhC=CPh for M = Ga and L = PhC=CPh for M = B) upon 
subsequent addition of ligand L. 

Experimental 
All reactions were performed under a dry nitrogen atmosphere, 

using Schlenk glassware or a glove-box. Tetrahydrofuran (THF) was 
dried by refluxing over sodium/benzophenone and distilled prior to 
use. Benzene was dried by refluxing over molten potassium. Hexane 
was distilled from calcium sulphate, methylene chloride from calcium 
hydride, and ether from lithium aluminum hydride. Pt(Me)CI(COD) 
was prepared from K2PtC14 by a standard route (4). Ph,P (MCB) 
and PhC-CPh (Eastman Kodak Co.) were used as supplied. 
MeOCOC=CCOOMe (Aldrich) was distilled prior to use. The 
sodium salt of the gallium ligand [MezGapzz]- was prepared as de- 
scribed earlier (5) and Na[MezBpzz] was prepared by a literature 
method (6). 

Reaction of Pt(Me)Cl(COD) with Na[Me2Gapz2] 
Pt(Me)CI(COD) (0.100 g, 0.282 mmol) was dissolved in THF 

(-10 mL) and a solution of Na[Me2Gapz2] in THF (3.8 mL, 0.282 
mmol) was added dropwise with stirring. After the addition was com- 
plete the resultant cloudy mixture, 11, was stirred for a further 1.5 h 
and then used directly in the following reactions. 

(a )  Reaction with P h P  
The solvent was removed from I1 and the colorless residue sus- 

pended in CH2C12. Ph3P (0.074 mg, 0.282 mmol) was added with 
stirring. After a further period of stirring (1 h), the solvent was re- 
moved under vacuo to yield an oily residue which was washed with 
ether, leaving behind a white solid. The ether solution, on slow evap- 
oration of solvent, gave the desired product [MezGapzz]Pt(Me)(Ph3P) 
as white crystals in -75% yield. The compound sublimed under 

[Me2Gapz2]Pt(Me)(Ph3P): C 45.91 ,-H 4.25, N 7.93; found: C 46.09, 
H 4.40, N 7.96%. Mass spectrum: (P - Me)' (loo%), (P - Me - 
pzH)' (35%), (P - Me - 2pzH)' (25%), (P - Me - 2pzH - C6H6)' 
(40%) plus signals due to Ph3P and its fragmentation (P = parent). 

The white solid remaining after extraction of the original product 
mixture with ether was treated with THF and the solution filtered from 
the insoluble NaCI. The white solid obtained on removal of THF 
from the filtrate was recrystallized from CH2C12/hexane to yield 
[Pt(Me)(Ph,P)(p-pz)],. Yield - lo%, mp 223°C. Anal. calcd. for 
[Pt(Me)(Ph3P)(p-p~)]2.%6H14: C 49.87, H 4.22, N 5.06; found: 
C 50.03, H 4.31, N 5.00. 'H nmr: (CDC13 solution) T = 9.54 dd 
(Pt-Me, J p - p t - c ~ ~  = 4.4 HZ, J 1 9 5 p t - c ~ ~  = 72 HZ), T = 4.2 q, 3.5t 
( ~ z - ~ H ) ,  T = 2.23-2.75 m (Ph,P) (pz-3H, pz-5H obscured by Ph3P 
signals). Mass spectrum: P' (loo%), (P - Me - MeH)' (20%), 
(P - Me - MeH - pzH)' (61%), (P - Me - MeH - 2pzH)' (23%), 
(P - Me - MeH - 2pzH - C6H6)' (33%) plus signals due to Ph3P 
and its fragmentation. 

(b )  Reaction with PhC-CPh 
To the stirred mixture I1 was added an equimolar amount of 

PhC-CPh (0.05 mg, 0.282 mmol). The resultant solution was stirred 
for a further 1.5 h and the solvent then removed under vacuo. The 
resultant oily product mixture was then pumped for an additional 
0.5 h at 40°C to remove cyclooctadiene. The remaining oil was then 
treated with ether and filtered. The filtrate yielded a pale yellow oil, 
on removal of ether solvent, which after repeated washings with 
hexane gave a yellow powder.' Anal. calcd. for [Me2Gapzz]Pt- 
(Me)(PhC=CPh): C44.38, H4.02, N9.01; found: C41.22, H4.16, 
N 8.3 1. Yield 89% ir (Nujol) vcec = 2069 cm-'. Mass spectrum: 
(P - Me)' (loo%), (P - Me - pzH)' (57%), (P - Me - 
2pzH)' (IS%), (P - Me - (PHC-CPh))' (40%), (P - Me - pzH 
- (PhC=CPh))' (37%) plus signals due to PhC=CPh and its 
fragmentation. 

(c)  Reaction with CO 
Carbon monoxide was bubbled through the stirred mixture I1 for 

1.5 h and the solvent then removed under vacuo. The oily residue was 
pumped on for a further 0.5 h. The oily product was then treated with 
CH2C12 and the mixture filtered. The CH2Clz was removed from the 
filtrate to yield the product as a colorless oil in approx. 40% yield. 
Anal. calcd. for [Me2Gapz2]Pt(Me)(CO): C 25.43, H 3.18, N 11.87; 
found: C 25.70, H 3.29, N 11.90. Ir (CH2C12) vco = 2085 cm-'. Mass 
spectrum: (P - Me)' (loo%), (P - Me - CO)' (35%), (P - 2Me 
- CO)' (8%). 

'The product probably contains some free Pt as found by Clark 
et al. (2) in the material from the similar reaction involving the 
[Et2Bpz2]- ligand. Unfortunately, attempts to purify our product by 
sublimation or chromatography were unsuccessful. 
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NUSSBAUM AND STORR 

M = Ga or B; L = Ph,P, CO, PhCrCPh,  MeOCOC=CCOOMe 

RG. 1. Room temperature 80 MHz 'H nmr spectrum of [MezGapz2]Pt(Me)(CO) in C6D6 solution. 

I (d) Reaction with MeOCOC=CCOOMe 
I The stirred mixture II was treated with an equimolar amount of ' MeOCOC-CCOOMe (0.040 mg, 0.282 mmol). The reaction mix- 

ture became yellow and the color darkened slightly during the sub- 
sequent 1.5 h of stirring. The yellow oil obtained on evaporation of the 

I solvent darkened under vacuo at -30°C. It was then treated with 
CHzC12 and the mixture filtered. The yellow oil obtained on evapo- 
ration of the CH2Clz from the filtrate yielded a yellow powder on 
repeated washing with hexane. The characterization of this material 
has met with little success. Its 'H nmr was very complicated although 
this did simplify slightly on heating the C6D6 solution to 70°C. Ir 
(CHzC12) vco 1712, 1564 cm-', vc,~ 1615 cm-'. 

Attempted insertion of PhC=CPh into Pt-Me bond 
( i)  A solution of [Me2Gapz2]Pt(Me)(PhC-CPh) in C6D6 was 

heated to 80°C for 3 h. Some black precipitate was formed during the 
heating but the 'H nmr spectrum of the solution remained virtually 
unchanged. 

(ii) Carbon monoxide was bubbled through a solution of 
[Me2Gapz2]Pt(Me)(PhC~CPh) in benzene. The solvent was then 
removed under vacuum and the residue washed with hexane. 
[MeZGapzZ]Pt(Me)(CO) was the only Pt-containing product formed. 

Reaction of Pt(Me)Cl(COD) with Na[MezBpz2] and PhC=CPh 
Pt(Me)CI(COD) (0.050 g, 0.14 mmol) was dissolved in 5 rnL THF 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

93
.9

3.
19

7.
15

7 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2552 CAN. J. CHEM. VOL. 63, 1985 

and a solution of Na[MezBpzz] (0.028 g, 0.14 mmol) in 5 mL THF 
added dropwise with stirring. The mixture became cloudy immedi- 
ately and was stirred for about 1.5 h. An equimolar amount of 
PhC=CPh (0.025 g, 0.14 mmol) was then added and stirring was 
continued for a further 1.5 h. A pale yellow mixture resulted. The 
THF was removed to yield an oily residue which was pumped under 
vacuo for 1.5 h at 40°C. The residue was then extracted with CHzCIz 
and the mixture filtered. Addition of pentane to the filtrate and cooling 
to -23°C produced no crystallization of the product. The solvents 
were removed to yield initially a yellow oil, which transformed to a 
fluffy yellow solid product on brief pumping under vacuum. Anal. 
calcd. for [MezBpz2]Pt(Me)(PhC=CPh): C 49.03, H 4.44, N 9.95; 
found: C 49.21, H 4.52, N 9.54. Yield 83%, mp 50°C. Ir (CHzCIz) 
v c , ~  1970 cm-I. 

Results and discussion 
There have been a number of reports in the literature dealing 

with platinum complexes containing polypyrazolyl borate lig- 
ands (2, 3, 7- 11). The reactivity of the Pt(Me)Cl(COD) com- 
plex towards such ligands has been reported to be restricted by 
the tightly bound COD ligand, and it was found necessary to 
activate the platinum complex by removal of the chloride ion 
using the silver salt of a non-coordinating anion (e.g. AgPF6) 
in acetone or THF. In the resultant [Pt(Me)(COD)(solvent)]+ 
species the COD ligand was quite labile and easily displaced 
(2, 3). In our studies we have examined the reactions of the 
Na[Me2Mpz2] ligands (where M = Ga or B), with the 
Pt(Me)Cl(COD) complex and have found that the displacement 
of the COD ligand is quite facile without prior activation via a 
halide abstraction process. The synthetic route employed in the 
preparation of a series of platinum compounds is outlined in 
Scheme 1. 

On addition of the pyrazolyl ligand to a solution of Pt(Me)- 
Cl(C0D) in THF, a cloudiness occurred immediately. The 
resulting mixture I1 was not analyzed but, rather, used directly 
or after a change of solvent to CH2C12. The ligands, L, reacted 
smoothly with 11, producing the complexes I11 in moderate to 
high yields. These were characterized by elemental analyses, 
mass spectra, ir, and 'H nmr data. The 'H nmr results are 
collected in Table 1 and clearly indicate the non-equivalence of 
the bridging pyrazolyl groups, as expected. The 3H and 5H 
proton signals appear as doublets, the 4H proton signals as 
triplets. By analogy with the assignments made for the anal- 
ogous complexes, [R2Bpz2]Pt(Me)L (where R = Et or Ph; L = 
tertiaryphosphine, isocyanide or acetylene) (2), we assign the 
higher field signals to the 4H protons on the ring trans to the Me 
group on Pt. These protons also exhibit a smaller coupling to 
the I9'Pt atoms, possibly due to the higher trans influence of the 
Me group compared to L (2). 

Bimetallic species involving two bridging pyrazolyl groups 
usually exhibit a boat conformation for the central six- 
membered ring involving the two metals and the four nitrogens 
of the pyrazolyl rings. This arrangement has been established 
recently for a number of bis pyrazolylgallate complexes of Rh 
(12, 13), Re (14), Ir (15), and earlier for complexes of Mn, Mo 
(16), Ni (17, 18), and Cu (19). Thus the observation of a singlet 
for the Me2M protons in the solution 'H spectra at room tem- 
perature of the platinum complexes I11 led us to suspect a 
fluxional process for the species in solution rather than the 
alternate explanation of a planar M(-N-N-),Pt six- 
membered ring in the complexes. A representative room 
temperature 'H nmr spectrum, for the complex [Me2Gapz2]- 
Pt(Me)(CO), is shown in Fig. 1. To confirm our prediction of 
a fluxional process in solution at room temperature a variable 

FIG. 2. Low temperature 'H nmr spectra of [MezGapz2]Pt(Me)- 
(PPh,) in CDC1, solution. 

temperature 'H nmr study was undertaken on the complex 
[Me2Gapz2]Pt(Me)(PPh3). This complex was chosen since the 
Me2Ga singlet at room temperature was already quite broad 
(Fig. 2) suggesting a sluggish fluxional process even at this 
temperature. On cooling the solution, this signal broadened 
still further and eventually split into two separate signals which 
became quite sharp at -30°C. A fluxional process which can 
account for these results is shown below: 
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5 h 3  

Me\M/N-N\p(Me 

TABLE 1. 'H nmr data for the complexes ~~d 'N-N' 'L 
Q 

7 ( P P ~ ) *  

M L Solvent M-Me 4 H ~  4 H ~  'H, 'H Pt-Me J ~ ~ ~ P , - c H ?  

Ga Ph3P CDC13 9.96s 4.37t 3.81t 3.55d + signals 9.63d 70 
obscured by Ph'P J P - P ~ - c H ?  = 4 HZ 

Ga PhC-CPh C6D6 9.76s 4.1 It 3.91t 2.24d, 2.56d + 8.94s 72 
signals obscured by 
PhC=CPh 

Ga CO C6D6 9.72s 3.97t 3.87t 2.52-2.70 overlapping 8.90s 70 
doublets 

B PhCsCPh C,& 9.12s 4.22t 4.04t 2.30d, 2.79d + 8.97s 74 
signals obscured by 
PhC=CPh 

*T values refer to T c 6 ~ 6  = 2.84 ppm, TCHCI, = 2.84 ppm; JHCCH = 2 HZ for pz protons. HA ring trans to Pt-Me, H, ring cis to Pt-Me; 
s = singlet, d = doublet, t = triplet. 

In this process the room temperature spectra result from a rapid 
interconversion of the extreme boat conformations via a planar 
intermediate. At lower temperatures the axial and equatorial 
Ga-Me groups become distinguishable as the fluxional 
process becomes slow on the nmr time scale. 

In the 'H nmr of all the complexes I11 the Pt-Me signal 
appears at -97 with a J195p,-CH, of approximately 70 Hz, a 
value normally found for planar Pt(I1) species. In the complex 
where L = Ph3P the Pt-Me signals are split into doublets with 
a Jp-R-cH, of approximately 4 Hz (see Fig. 2). 

Attempts to promote insertion of the PhC=CPh ligand 
into the Pt-Me bond in the complex [Me2Gapz2]Pt(Me)- 
(PhC=CPh) were unsuccessful. Thus prolonged refluxing of 
a solution of this compound in C6D6 caused no change in its 
nmr spectrum although some black precipitate suggested some 
decomposition. Passing carbon monoxide through a solution of 
the complex resulted only in displacement of the alkyne by CO 
and no evidence of an insertion reaction was observed. A 
similar reluctance to undergo insertion reactions has been ob- 
served for the related [R2Bpz2]Pt(Me)(PhC-CPh) (where R = 
Et or Ph) complexes (2). 

Although the reaction of I1 with the alkyne MeOCOC 
=CCOOMe was complicated and gave inconclusive results it 
was evident that a rapid reaction had occurred, as evidenced by 
the immediate color change on mixing the reactants and the 
absence of signals due to free acetylene in the 'H nmr and ir 
spectra of the product mixture. The ir of the product mixture 
exhibits a very strong band due to an uncoordinated CO group 
(1715 cm-') and a weaker band possibly due to a coordinated 
CO group (1564 cm-'). A band at 1615 cm-' may be due to a 
C=C grouping and the spectrum was blank in the region 
where vet bands usually appear. Thus it appears likely that, 

following alkyne coordination to the Pt centre, a facile insertion 
of this group into the Pt-Me band may occur. A similar facile 
insertion has been established for the [R2Bpz2]Pt(Me)- 
(MeOCOC=CCOOMe) complexes described earlier (2). 

The [Me2Mpz2]Pt(Me)L complexes, 111, were the only Pt- 
containing products in all the reactions (see Scheme 1) with the 
exception of L = Ph3P where I11 was formed along with a 
smaller amount (-10%) of the pyrazolyl-bridged platinum 
dimer [Pt(Me)(Ph,P)(p-pz)],. (The concurrent formation of the 
[Me2Gapz2] dimer was indicated in 'H nmr spectra but this 
previously characterized compound (20, 21) was not isolated.) 
Both the [Me,Mpz,]- ligands reacted with equal facility with 
the Pt(Me)Cl(COD) starting material and both reaction se- 
quences led to moderate to high yields of the final products 
after introduction of the ligand L. Thus it appears that the 
halogen abstraction step using AgPF6 (2,3) is unnecessary with 
these two bidentate ligand systems and perhaps by extrapo- 
lation with the [R2Bpz2]- ligands in general. 
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ALAN SHAVER, RABIN D. LAI, PETER H. BIRD, and WASANTHA WICKRAMASINGHE. Can. J. Chem. 63, 2555 (1985). 
Attempts to prepare the complexes cis-L2Pt(SH),, where L = PPh,, PMePh,, and PMePh by treatment of the appropriate 

dichloro complexes with NaSH in the presence of CH2C12 have resulted in the isolation of the complexes LPt(S2CH2). 'The 
X-ray structure determination of the compound for which L = PMe2Ph confirms the presence of the CH2SZ2- ligand. 

ALAN SHAVER, RABIN D. LAI, PETER H. BIRD et WASANTHA WICKRAMASINGHE. Can. J. Chem. 63, 2555 (1985). 
Des essais realises dans le but de preparer les complexes LPt(SH)2-cis, dans lesquels L = PPh3, PMePh2 et PMe2Ph, par 

la reaction des complexes dichlores appropriks avec du NaSH en presence de CH2C12 n'ont conduit qu'h la formation de 
complexes L2Pt(S2CH2). Une dktermination de la structure du compose dans lequel L = PMe,Ph, en faisant appel i la 
diffraction des rayons-X, permet de confirmer la presence du ligand CH2S;-. 

[Traduit par le journal] 

Introduction 
Compounds containing the SH- ligand have been shown to 

be good precursors to complexes of catenated polysulfur li- 
gands. Thus, CPW(CO)~SH reacts with sulfur transfer reagents 
of the type R-S,-Imidyl, where x = 1, 2 and Imidyl = 
pthalimide, to give CPW(CO)~S,R (1). The bisthiolo complex 
Cp2Ti(SH)' reacts with the difunctional sulfur transfer reagents 
Imidyl-S,-Imidyl, where x = 1, 2 to give Cp2TiS5, contain- 
ing the cyclic S5 ligand (2) and with R-S-Imidyl to give 
Cp2Ti(SSR)2, when R = alkyl and Cp2Ti(SR)(SSSR) when 
R = aryl (3). Thus, the reports (4-6) of the complex cis- 
(PPh3)2Pt(SH)2, 1, were of particular interest to us. However, 
despite the fact that three different preparative routes to this 
complex have been reported, we found it to be somewhat 
elusive. In this paper, we report our attempts to prepare this 
complex during which we have observed a novel reaction 
between CH2CI2 and the reactants cis-L2PtCI2/NaSH, where 
L = PPh3, PMePh2, and PMe2Ph, to give the complexes 
L2Pt(S2CH2), 2-4. 'These contain the chelating ligand CH2S;- 
as confirmed by the X-ray structure of complex 4. 

Experimental 
The general techniques used to prepare and characterize the com- 

plexes were similar to those already described (7). All solvents were 
of spectrograde quality. Melting points were determined in air on a 
Thomas-Hoover Uni-melt apparatus and are uncorrected. Proton nmr 
spectra were obtained on a Varian T-60 spectrometer, using CDC13 
(Merck, Sharpe and Dohme of Montreal) as solvent and TMS as 
internal standard. Phosphorus nmr spectra were recorded using a 
Bruker WH-90 instrument operating in the pulsed Fourier Transform 
mode. The "P chemical shifts of the samples in CDC13 solution are 
reported in ppm upfield (negative) from 85% H3P04 as external stan- 
dard, using D 2 0  as the lock signal. Elemental analyses were per- 
formed by Midwest Microlab Ltd., Indianapolis, IN. Molecular 
weights were obtained in benzene or CHC13 by Spang Microanalytical 

'To whom correspondence concerning the preparations should be 
addressed. 

'To whom correspondence concerning the X-ray structural deter- 
mination should be addressed. 

Laboratory, Eagle Harbor, MI. The reactions were conducted under 
N2 atmosphere with workup of the products carried out in air. The 
starting materials (PPh3),PtOz (8) and cis-bis(phosphine)PtCl, (9- 1 1) 
were prepared by literature methods. Technical grade (298.5%) dihy- 
drogen sulfide gas (Linde) was passed through a column of "Drierite" 
(Anachemia) before use. Sodium hydrogen sulfide was prepared by 
the standard procedure (1 2). 

A. cis-Bis(thiolo)bis(triphenylphosphine)platinum(II), cis- 
(PPh,)zPt(SH)z, 1 

HIS was bubbled through a THF suspension (40 mL) of (PPh3)Pt02 
(0.52 g, 0.7 mmol) for 15 min. The white precipitate which formed 
was filtered, washed with THF and hexane, and pumped on (0.35 g, 
64%). 

Methanedithiolato complexes 
The complexes L2Pt(S2CH2), where L = PPh3, 2; PMePh,, 3; 

PMe2Ph, 4, could be prepared by a number of similar routes as 
outlined in the Results section. The preparation of 4 is given as a 
typical example. 

B. Methanedithiolatobis(dimethylphenylphosphine)platinum(II), 
(PMezPh),Pt(SZCH2), 4 

The complex ~is-(PMe~Ph)~PtC12 (0.88 g, 1.6 mmol) and NaSH 
(0.25 g, 45 rnrnol) were refluxed under nitrogen in a mixture of 
toluene (10 mL) and ethanol (25 mL) for 5 h. The reaction mixture was 
filtered in air, the filtrate evaporated in vacuo to a yellow oil which 
was extracted with a minimum amount of CH2C12, washed with 
2 X 100 mL of H20, and dried over anhydrous MgS04. Addition of 
ether to the CH2C12 solution and cooling at - 12°C gave 4 as yellow 
crystals which were collected, washed with CH2C12/Et20, and Et20, 
dried in a stream of N2, and pumped on for 24 h (0.32 g, 37%). 

X-ray structure determination 
Crystal data: 
C I ~ H z ~ P z P ~ S Z  fw = 549.56 
Monoclinic, P2!/c, a = 9.555(6), b = 16.478(9), c = 13.485(8), 
P = 112.67(5)A, V =  1959 . lOA3,Z=4,  p o =  1.88(2), p, = 1.863 
g ~ m - ~ ,  (MoK,h = 0.71069 A, 20°C, p = 75.98 cm-I). 

The crystai used in the structure determination was grown from a 
mixture of methylene chloride and hexanes. It was a small irregularly 
shaped fragment with no dimension exceeding 0.1 mm. Preliminary 
photographic data unambiguously established the space group as 
monoclinic, P2'/c.  The unit cell was measured by accurately aligning 
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TABLE 1. Analytical and physical data 

Analysis 

% C % H % S Mol. wt. 

Compound mp, "C Calcd. Found Calcd. Found Calcd. Found Calcd. Found 

C ~ S - ( P P ~ ~ ) ~ P ~ ( S H ) ~  1 215-217 55.0 53.4 4.08 4.46 8.15 8.05 
(PPhs)zPt(SzCHz) 2 227-230 55.7 55.1 4.02 4.14 8.02 7.03 
(PMePh2)2Pt(S2CH2) 3 191-193 48.1 48.1 4.16 4.14 9.51 9.17 673 612 
(PMe2Ph)2Pt(S2CH2) 4 175-177 37.1 35.8 4.37 4.34 11.7 11.9 549 520 

TABLE 2. Nuclear magnetic resonance data of complexes 1-4 and 
selected literature nmr data for some other platinum(l1)-thiolo 

complexes 

Compound T J (Pt-H) J (P-H) 

C~S-(PP~,),P~(SH)~ 10.36 50.3 8.5 
9.82b 50 8.5 
8.11' d d 

8.26' d d 

tran~-(PEt,)~Pt(SH)~ 1 1 . 5 ~  54 10 
trans-(PPhs)2Pt(SH)(H) 11.4' 44 10 
trans-(PBz3),Pt(SH)(H) 11 .39h 
trans-(PEt,),Pt(SH)(H) 10.12' 44 8 

1 1 . 1 ~  42 11 
trans-(PEts)2Pt(SH)(I) 10.8/ 68 11 
(PPh,)zPt(S2CHz)' 4.33 43 1.8 
(PMePh2)2Pt(S2CH2)k 4.17 39 1.7 
(PMe2Ph)2(S2CH2)' 3.93 36 1.6 

"Chemical shifts of SH or CHI; phenyl resonances occur in the range 2-3 
T for complexes 1-4; solvent is CDCI, unless stated otherwise. 

bReference 5, CD2CI2. 
' References 6 and 1 5. 
"Not reported. 
'Reference 16. 
'Reference 17, CH,CI2. 
*Reference 18. 
hReference 19, Bz = benzyl. 
'Reference 20, toluene. 
'Phosphorus chemical shift (a)  in ppm upfield (negative) from 85% H,PO,; 

a = -21.4, J(R-P) = 2979 Hz. 
kP-CH3: T 8.27, J(R-H) = 32 Hz, J(P-H) = 9 Hz; a = -0.74, 

J(R-P) = 2854 Hz. 
'P-CH,: T 8.53, J(R-H) = 32 Hz; J(P-H) = 10 Hz; a = 19.90, 

J(R-P) = 2815 Hz. 

30 reflections on a Picker Nuclear FACS-I fully automated diffrac- 
tometer, and then performing a least-squares calculation. The data 
were collected using a 9-20 scan and profile analysis (13). The scan 
speed was 2.0 deg min-I. A unique quadrant of data was collected in 
the region +. h, + k, + I ,  with three standards re-measured every 50 
measurement cycles. The intensity of these standards varied randomly 
by less than 1 %. The data were corrected for Lorentz and polarization 
effects, but due to the small size and poorly definable shape of the 
crystal no absorption correction was attempted. After data processing 
of 2561 measured reflections, 1883 having I > u(I) were retained for 
the structure solution. The following formulae were used for data 
reduction: 

I = [N - Bmfs/tb] 
u(1) = [N + ~ ( t , / t , , ) ~  + ( 0 . 0 2 ~ ) ~ ] ~ ' ~  

(Lp)-I = sin 20,(cos2 20. + I)/(cos2 20, + cos2 20,) 

where I is the net intensity derived from N, the measured count during 
the scan of duration t,; B is the background count estimated from the 
peak profile analysis (13) during a time tb; Lp is the Lorentz- 
polarization correction calculated using 20, and 20,, the diffraction 

FIG. 1. The molecular configuration and numbering scheme for 4. 

TABLE 3. Final positional parameters fort 4" 

Atom X Y Z 

"The estimated standard deviations in parentheses are right justified to the 
least significant digit of the preceding numbers, which have been multiplied by 
lo4. 

angles at the monochromator and the sample crystals, respectively. 
The structure was solved by conventional heavy atom methods and 

refined by block-diagonal least squares. All atoms were, assigned 
anisotropic thermal parameters during the final cycles. No attempt was 
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SHAVER ET AL. 

TABLE 4. Bond lengths (A) and angles (deg) for 4 

Bond Length Bond Length Bond Length Bond Length 

Pt-Sl 2.301(5) PI-Cl 1.81(2) C3-C4 1.43(2) Cll-Cl2 1.36(2) 
Pt-S2 2.309(5) P1-C2 1.78(2) C4-C5 1.41(2) C12-C13 1.44(2) 
Pt-PI 2.244(4) P1-C3 1.82(1) C5-C6 1.37(3) C13-C14 1.31(3) 
Pt-P2 2.257(5) P2-C9 1.82(2) C6-C7 1.33(2) C14-C15 1.41(3) 
S 1 -CS 1.82(2) P2-C 10 1 .82(2) C7-C8 1.40(2) C15-C16 1.37(3) 
S2-CS 1.84(2) P2-Cll 1.81(2) C8-C3 1.37(2) C16-C12 1.45(2) 

Bonds Angle Bonds Angle Bonds Angle 

made to find or refine hydrogen atoms. Calculated parameters shifts 
were multiplied by 0.6 after each cycle and anisotropic refinement was 
terminated when the largest shift was less than 1110th of the corre- 
sponding standard deviation. A fjnal difference Fourier synthesis 
showed no features above 0.4 e/A3. The final discrepancy indices 
were Rr = 0.056, Rwr = 0.077, and the "goodness-of-fit" = 1.30. The 
final atomic parameters are listed in Table 1 .3 The function minimized 
in the least-squares refinement was: [Cw(l F,I - lF,I)2], where w = 
[(U(F)~ + 0.03 F2]-'. The conventional discrepancy indices are 
Rr = C(IIF,I - IF,~I)/CIF,I, Rwr = [Cw(IF,I - IF~I)~/C,.IF,I~]'/~ and the 
"goodness-of-fit" is [Z,(IF,I - (~ , I )~ / ( rn  - n)]'/2. 

The program to control the diffractometer and the programs used for 
the data processing, solution and refinement of the structure were parts 
of the N.R.C. Package of programs wirtten for the PDP-8a mini- 
computer by Larson and Gabe (14). 

Results 
The analytical and physical data of complexes 1-4 are given 

in Table 1. The nmr data of these complexes and the data 
reported for some other platinum thiolo complexes are given 
and compared in Table 2. The preparation of 1 was a modifi- 
cation of a literature method (5). The use of chlorinated sol- 
vents, recommended by other reports, was found to lead to 
decomposition. Complex 1 reacts with CH2C12 in the presence 
of K2C03 but the product(s) could not be identified. The routes 
to ~ is - (PPh~)~Pt (sH)~ described by Schmidt and Hoffmann (6, 
15) did not work in our hands. Treatment of ci~-(PPh~)~PtCl, 
with H2S/K2C03 or with NaSH in CH2C12 gave mostly starting 
material plus some 2. While it might be tempting to assign 
complex 1 to be cis-(PPh3),Pt(SH2), the elemental analysis of 
1, while close to that required, was not satisfactory. The chem- 
ical shift of the S-H protons compares well to that of several 

3Table 6 (temperature factors for ~ ~ S - ( P M ~ , P ~ ) ~ P ~ ( S ~ C H ~ ) )  and 
Table 7 (observed and calculated structure amplitudes cis- 
(PMe2Ph)2Pt(S2CH2)) may be purchased from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada KIA 0S2. 

other Pt-SH species but does not agree with any of the three 
different values reported for cis-(PPh,)Pt(SH), (5, 6, 15, 16). 
The values of the coupling constants between the S-H protons 
and the platinum and phosphorus atoms are in the range re- 
ported in the literature. However, it must be noted that 1 was 
quite insoluble and the nmr data may be of material extracted 
from the bulk and thus not representative. The infrared spec- 
trum of 1 was not informative being similar to other platinum- 
sulfur systems (7, 9). Bands due to the S-H stretching vibra- 
tion are often weak and difficult to detect. Reaction of 1 with 
sulfur transfer reagents led to intractable brown tars. 

Treatment of L2PtC12 with NaSH in the presence of CH2C12 
led to the isolation of complexes 2-4. The characterization of 
these complexes (Tables 1 and 2) is consistent with their formu- 
lation as compounds of the simple methanedithiolato ligand. 
The complexes were formed in varying yields from treatment 
of the dichloride with: NaSH in CH2C12, or H2S and pulverized 
K2CO3 in CH2C12 or NaSH in toluene/ethanol followed by 
extraction of the dried residue with CH2C12. The latter method 
appears to work best. A large excess of NaSH was used since 
it has been found that this promotes the preparation of other 
MSH species. The methylene is strongly bonded to the sulfur 
atoms. No reaction occurred when 3 was refluxed under N2 
with lithium metal in THF for 2 h. However, benzyl chloride 
reacted with 3 to give the dichloride complex and presumably 
PhCH2SCH2SCH2Ph; however, the latter was not isolated. 

The structure of 4 consists of a square planar arrangement of 
two phosphine ligands and the chelating CH2S22- ligand (Fig. 
1). The final positional parameters are listed in Table 3 and the 
listing of the bond lengths and angles appears in Table 4. The 
P2PtS2C grouping of atom is rem~kably flat, deviations from 
planarity being less than 0.003 A. The phenyl rings are dis- 
posed in an anti fashion. Comparison of the bond lengths and 
angles about the coordinated atoms of 4 with those of the 
complex (PPh3)Pt(SCH2CH2S), 5 (21), which has a two carbon 
atom bridge between the two sulfur atoms, reveals the effect of 
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Use of peak height for quantification in solvent extraction/flow injection analysis 

JAMAL A. SWEILEH AND FREDERICK F. CANTWELL' 
Department of Chemistry, University of Alberta, Edmonton, Alta., Canada T6G 2G2 

Received December 5, 1984 

JAMAL A. SWEILEH and FREDERICK F. CANTWELL. Can. J. Chem. 63, 2559 (1985). 
'The following equation is derived which expresses peak height (P.H.) in terms of sample concentration injected (CSAMP), 

detector sensitivity (SF), dilution due to band dispersion (R,), fraction extracted (+), flow rates of carrier (Fcami,,), organic 
phase (F,), and compensating solvent (F,), and flow rate of organic extract through the membrane phase separator (FM): 

F c a m i e r  FM 
P.H. = C S A M p . S F . R V . - . + . p  

Fd F M  + F, 

Each term in the equation is evaluated experimentally to validate the equation. 

JAMAL A. SWEILEH et FREDERICK F. CANTWELL. Can. J. Chem. 63, 2559 (1985). 
On a dCrivC 1'Cquation suivante, qui exprime la hauteur des pics (H.P.) en fonction de la concentration des Cchantillons 

inject& (CECHANT), de la sensibilitk du dCtecteur (SF), de la dilution due h la dispersion de la bande (R,), de la fraction extraite 
(+), des vitesses d'Ccoulement du porteur (FPoneur), de la phase organique (F,), de la compensation par un solvant (F,) et des 
vitesses d'Ccoulement des composCs organiques ti travers la membrane qui sCpare les phases (FM): 

F ~ o n e u r  FM 
H.P. = C E C H A N T . S F . R ~ . - . + . ~  

F o  FM + F c  

On a CvaluC exgrimentalement chacun des termes de cette Cquation afin de la valider. 

The  performance of automated solvent extraction in the flow 
injection analysis (FIA) mode has been studied both in terms of 
its principles of operation and its application to quantitative 
determinations (refs. 1-4 and references therein). Quantifica- 
tion in solvent extraction/FIA is based on  either peak height or 
peak area. In a previous paper from this laboratory the quan- 
titative relationship between peak a r e a  and various system 
parameters was derived and experimentally verified for sys- 
tems employing a concentration sensitive detector ( I) .  The  
present paper deals with the quantitative relationship between 

I peak height and such system parameters as detector sensitivity, 
peak dispersion, flow rates of aqueous and organic streams, 
and sample distribution coefficient. 

Some types of detectors, such as molecular absorption spec- 
trophotometers, can simply be  attached to the organic extract 
line exiting the phase separator (1), while other detectors, such 
as  atomic absorption spectrophotometers (AAS), may require 
additional plumbing to provide flow compensation to the ex- 
tract entering the nebulizer (3). Furthermore, while the detector 
sensitivity is independent of flow rate with molecular ab- 
sorption spectrophotometers, it exhibits a complex flow-rate 
dependence with AAS detectors (3, 5). Both situations are 
included in the equation which is derived and experimentally 
verified in the present report. 

Experimental 
, Apparatus 
1 Two versions of the extraction/FIA instrument are considered, one 
1 with an AAS detector and the other with a molecular absorption 

spectrophotometric detector. The former, which has been used in the 
I atomic absorption determination of zinc following solvent extraction 

I 
of Zn(SCN)2 (3), is shown in Fig. 1. It will be referred to as Version I 
of the instrument. The aqueous carrier is 0.10 M HCI, the aqueous 
reagent is 0.50 M KSCN in 0.10 M HCl and the immiscible organic 
solvent is methylisobutylketone (MIBK). Carrier and reagent streams 

'To whom all correspondence should be addressed. 

[Traduit par le journal] 

merge at the first tee junction (TI) and the resulting combined aqueous 
stream merges with MIBK in the phase segmentor tee (T,). After 
passing through the 3-m long Teflon extraction coil the segmented 
flow stream enters the membrane phase separator M from which a 
portion of the MIBK exits to the tee junction T3, where it is merged 
with the flow of MIBK from the compensating flask. The resulting 
MIBK solution enters the nebulizer of the AAS detector. Carrier, 
reagent, and organic solvents are pumped with nitrogen pressurized 
constant pressure pumps (1, 3). 

Samples consist of dilute solutions of Zn(I1) in 0.1 M HCl which are 
injected via a sample injection valve V3. During passage of the seg- 
mented aqueous-organic flow stream through the extraction coil the 
complex Zn(SCN)2 is quantitatively extracted into MIBK. The AA 
signal peak is due to Zn. AA peaks are displayed on a strip chart 
recorder R. Details of the instrument and operation of the phase 
segmentor are described elsewhere (3, 4). 

The aqueous flow rate Fa is the sum of carrier flow rate Fcarrier and 
reagent flow rate FReagenr; the total flow rate F.T is equal to Fa plus the 
MIBK flow rate F,; flow rate of MIBK phase passing through the 
membrane phase separator is FM and compensating flow rate of MIBK 
from the flask is F,. It was found that use of the flow compensator 
resulted in the total flow rate of MIBK entering the nebulizer 
(FM + F,)  remaining constant for a given nebulizer setting, even 
when FM was purposely varied during experiments. The value of 
( F M  + F c )  is governed by the "natural" aspiration rate demanded by 
the particular nebulizer setting as demonstrated in this study. 

The second version of the extraction/FIA instrument, called Ver- 
sion 11, was used in studies where some flow rates were varied while 
others were kept constant and where it was desired to use a detector 
whose sensitivity is flow-rate independent. The design was similar to 
that in Fig. 1 except for the following changes; (i) the constant pres- 
sure pumps were replaced by three constant flow rate liquid chro- 
matography pumps (Model 6000A, Waters Assoc. and Model 396 
Minipump, Laboratory Data Control); (ii) methanol was used, instead 
of acetone as a flushing solvent; (iii) T3 and the compensating solvent 
were absent; (iv) a uv absorbance detector (Model 770, Schoeffel 
Instr. Corp.) was used at 410 nm, in place of the AAS; (v) a peristaltic 
pump (Minipuls 2, Gilson Instruments) was placed in the outlet line 
from the detector flow cell in order to gate the flow F M ,  as described 
previously (1); (vi) carrier was water, reagent was phosphate buffer, 
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rier Extraction 

RG. 1. Diagram of the solvent extraction/FIA instrument employing constant pressure pumping, an atomic absorption detector, and flow 
compensation. 

L 

organic solvent was CHCI?, and the sample solution was o-nitro- 
aniline in water. 

In both versions of the instrument flow rates were measured by 
collecting the liquids in burets at the outlet end of the system. There- 
fore, reported values of Fca,ier, F R ~ ~ ~ ~ ~ ~ ,  F o ,  F a ,  and F H  are for 
mutually saturated phases. Also, the extraction coil was sufficiently 
long that extraction equilibrium was always achieved for both 
Zn(SCN), and o-nitroaniline. 

Reagents and chemicals 
Ortho-nitroaniline stock solution (5.0 X M) was prepared in 

water from the reagent grade chemical (BDH, Montreal). The sample 
solution (4 x M) was prepared by dilution of the above stock. 
Phosphate buffer (0.01 M, pH = 7.0) was prepared in water by 
titrating a solution of KH2P04 (McArthur Chemical Co., Montreal) to 
pH = 7.0 with NaOH and diluting to 2 L. Reagent grades of CHCI, 
(Mallinckrodt) and MIBK (Fisher Scientific Co.) were used without 
further purification. Other reagents and chemicals were reagent grade 
and have been described elsewhere (3). 

v1 

Acetone 

Sensitivio curve 
This was measured by pumping a solution of Zn(SCN)2 in MIBK 

into the nebulizer. The "natural" aspiration rate of the nebulizer was 
set at 2.5 d / m i n  by suitable adjustment of the position of the nebu- 
lizer tip. The Zn(SCN), solution was pumped from a constant pressure 
pump directly and continuously into the nebulizer - no solvent 
extraction or FIA was involved. Zn(SCN)2 concentrations of 0.40 
pg/mL and 0.70 pg/mL were used. 

-+.I 

Effect of Fc 
Variation of peak height with flow rate of compensating solvent was 

studied by pumping 0.4 pg/mL Zn(SCN)2 solution in MIBK from a 
constant pressure pump through a tee junction', where it merged with 
the compensating flow of MIBK, and then into the nebulizer. No 
solvent extraction or FIA was involved in this study. The "natural" 
aspiration rate of the nebulizer was set at about 5 d / m i n .  A baseline 
for the AA signal was obtained by shutting off the flow of Zn(SCN)2 
solution so that the nebulizer aspirated only MIBK compensating 
solvent. The flow rate of ZN(SCN)2 solution was then set, in turn, at 
several values by varying the nitrogen pressure in the pumps. Flow 
rate of the Zn(SCN)2 solution from the pump was measured for each 
run by switching a three-way valve (No. CAV 3031, LCD) located 
between the pump and compensating tee so that the Zn(SCN)2 solution 
was diverted to a measuring buret. The flow rate of compensating 

solvent during each run was measured as the rate of reduction in liquid 
level in the compensating solvent container. 

Results and discussion 
The derivation of an equation relating peak height to various 

system parameters in solvent extraction/FIA is first presented 
and then each of the terms in the equation is examined experi- 
mentally. 

Derivation 
Peak height (P.H.) is related to the maximum concentration 

in the sample zone (peak) entering the detector, C p k ,  by the 
expression: 

[l] P.H. = SF.Cpk 

in which SF is the sensitivity of the detector in units of height 
per unit concentration of sample component. Depending on the 
detector used SF may depend on ( 3 , 5 ) ,  or be independent of (1, 
2), flow rate into the detector. The peak concentration C, can 
be calculated from the concentration of sample component in 
the sample solution injected, CsAMP, by taking into account the 
dilution steps, the extraction efficiency and the dilution re- 
sulting from band dispersion. These are considered here for the 
instrument shown in Fig. 1. Dilution resulting from merging of 
carrier stream with reagent stream is given by (Fcamer/F,). 
Dilution resulting from extraction into the organic phase is 
given by the product of the ratio F,/Fo times the fraction of 
sample component extracted, +. The fraction extracted can be 
calculated from the distribution ratio, D ,  and the phase ratio 
(1, 2): 

Dilution caused by band dispersion through the system is the 
result of laminar flow in connecting tubing and mixing chamber 
effects in the phase separator and detector (6). The relative 
dilution, R,, of the sample due to dispersion is measured ex- 
perimentally from a plot of peak height versus volume of 
sample solution injected as described below. 
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In flow sensitive detectors, such as an AAS, a compensating 
flow, F, ,  merges with the flow of organic extract from the 
phase separator, F M ,  before it enters the detector (3). Dilution 
of sample component concentration from this source is given 
by (FM/(FM + Fc)). 

Combining all of the above factors accounting for dilution of 
the sample component allows C,, to be calculated: 

Simplifying this expression and substituting into eq. [l]  gives: 

Fcarrier 
[4] P.H. = CSAMP.SF.RV.-.+a 

FM 

F o  FM + F c  

The quantity + depends on Fa and Fo (eq. [2]), but in the usual 
situation in which D is large c$ = 1 so that both + and P.H. 
become independent of Fa .  It should also be noted that with 
flow-rate sensitive detectors SF depends on (FM + F c )  but, as 
mentioned above, when flow compensation is used with the 
AAS detector, (FM + Fc)  remains essentially constant and 
equal to the "natural" aspiration rate of the nebulizer even when 
FM is varied. Thus the appropriate value of SF is read from the 
sensitivity curve (see below) at a flow rate equal to the nebu- 
lizer aspiration rate. 

Calibration curve 
Using Version I of the instrument in which an atomic absorp- 

tion detector is employed, a calibration plot of peak height 
versus zinc concentration injected, CsAMp, was found to be 
linear with zero intercept and a correlation coefficient of 
0.9996 up to peak heights corresponding to an absorbance of 
about 0.5. The negative deviation observed above this absorb- 
ance is found also when samples of Zn2+ are aspirated directly 
into the flame in the normal, non-FIA manner of performing 
atomic absorption. This, therefore, arises from a negative 
deviation from Beer's Law at higher absorbances which is a 
well known phenomenon in atomic absorption spectroscopy. 
The linearity of P.H. vs. CSAMP observed in the linear absorb- 
ance range of the spectrophotometer confirms the prediction of 
e q  [41. 

Sensitivity curve 
In Fig. 2 are presented plots of detector sensitivity versus 

flow rate into the nebulizer. The experiment was performed by 
pumping MIBK solutions containing two different concen- 
trations of Zn(SCN)2 directly and continuously into the nebu- 
lizer. It is seen that SF,  which is the AA signal divided by 
Zn(SCN)2 concentration, is essentially independent of sample 
concentration. The general shape of this type of curve has 
previously been discussed (5 ) .  It clearly demonstrates the flow 
rate dependence of SF for an AAS detector. Presumably, the 
leveling-off of the value of SF at higher flow rates derives from 
the decreasing efficiency of the nebulizer at producing a fine 
aerosol from the aspirated liquid. The appropriate value of SF 
for use in eq. [4] is read from the curve at a flow rate equal to 
the value of (FM + F,) being used (i.e. at the nebulizer aspira- 
tion rate). 

Relative dilution, R, 
Band dispersion resulting from flow of the sample zone 

through the system causes a broadening and decrease in height 
of the peak. In addition, as the volume of sample injected is 
made larger it too contributes to the width of the peak (1). To 
study this phenomenon both Version I and Version I1 instru- 

Flow Rate (mL/min ) 

FIG. 2. Sensitivity curve for Zn obtained by pumping 0.7 pg/mL 
(A) and 0.4 pg/mL (0) of Zn(SCN)2 in MIBK directly into the 
nebulizer of the AAS. Nebulizer "natural" aspiration rate was fixed at 
2.5 mL/min. 

ments were used. Relative dilution R.. is evaluated from the 
dependence of peak height on sample volume injected. A plot 
of this type, for measurements made on the Version I instru- 
ment has been published (3). Three plots of this type for 
measurements made on the Version I1 instrument are presented 
in Fig. 3. All plots have the same general shape. The evalua- 
tion of R, is done as follows: consider first curve A in Fig. 3. 
The limiting plateau seen in this curve at large injection 
volumes exists because the "slug" of injected sample is suf- 
ficiently long that dilution due to band dispersion does not 
reach the centre of the zone (1). Hence, there is no dilution due 
to dispersion on this plateau. For a system in which Fo/F, = 
2.3 the value of R, corresponding to any injection volume is 
calculated as the ratio of the peak height seen in Fig. 3 at the 
corresponding injection volume divided by the peak height on 
the limiting plateau. Defined in this way R, is the reciprocal of 
the "dispersion", D ,  used by some workers in FIA (7). The 
term relative dilution has been used instead of dis~ersion 
because the latter term has long been used by chromatographers 
to refer to bandbroadening as expressed by the standard devi- 
ation, the variance or the second central moment of the band, 
rather than to refer to the decrease in peak height resulting from 
band broadening. 

Comparison of curves A ,  B , and C in Fig. 3, each of which 
was obtained at a different value of Fo/F, ,  shows that R, is 
somewhat sensitive to large changes in F o / F a .  This is not 
surprising in view of the processes giving rise to band dis- 
persion. It means, in a practical sense, that the curve used to 
calculate the value of R, to be used in a given extraction/FIA 
determination should have been obtained under similar experi- 
mental conditions to those used in the determination. The in- 
crease in the plateau peak height seen on going from curve A 
to curve C is a consequence of the increase in (Fcarrier/Fo) as 
seen in eq. [4] and as discussed below. (Note change in de- 
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Sample Volume Injected (pL) 

RG. 3. Effect of sample volume injected on peak height for a 
sample containing 4 X M o-nitroaniline. Version I1 instrument. 
How rates in ml/min are: curve A ,  F, = 3.00, Fcarrier = 0.90, 
FReagent = 0.40, F M  = 1.20, F,/F, = 2.3,, detector AUFS = 0.01; 
curve B ,  F, = 3.00, Fcami,, = 2.00, FReagcnt = 2.0, FM = 1.10, 
F,/F. = 0.75, detector AUFS = 0.02; curve C ,  F, = IS0, 
Fc-,, = 2.00, F R ~ ~ ~ ~ ~ ~  = 2.00, F M  = 0.90, Fo/Fa = 0.375, 
detector AUFS = 0.02. 

tector sensitivity given in figure caption.) It will be recalled 
that, since R ,  is a ratio of peak heights, it is the shapes of curves 
A - C that relate to R ,  and not the absolute values of peak 
heights. 

Effect of F,,,,, on P.H. 
Equation [4] predicts a linear dependence of P.H. on Fc-,, 

provided that SF, R ,  , +, F, , FM and ( F M  + F,) remain con- 
stant. This was studied using the Version I1 instrument. For this 
instrument SF is constant, independent of flow rate. Since no 
compensating flow is used the last term in eq. [4] reduces to 1 
and FM is eliminated from the equation. For the sample 
compound o-nitroaniline + .= 1 because KD is large (8). In 
this experiment F, was fixed at 3.0, mL/min, FReaFnt at 
0.50 mL/min and FM at 1 .0, mL/min while Fc,,,, was varied 
between 0.10 mL/min and 2.5, mL/min. An injection volume 
of 385 pL was used. Under these conditions Fo/Fa varies 
between 1 and 5 over the range of Fca,, used. Examination of 
Fig. 3 shows that for F,/ Fa > 0.75 an injection volume of 
385 pL falls on the plateau so that R ,  - 1 for all values of 
FcAe, used. Thus SF, R , ,  +, and F ,  are constants and FM is 
eliminated from eq. [4]. A plot of P.H. vs. Fc-,, is expected 
to be linear. The experimentally measured plot was linear 
(slope = 8.3, k 0.12 at 95% C.L.) with zero intercept 
(intercept = 0.024 + 0.368 at 95% C.L.) and a correlation 
coefficient of 0.9995. 

Effect of FReagenr on P.H. 
According to eq. [4], P.H. should be independent of FReagenl. 

The Version I1 instrument was used. FCa,,, was held at 
1.0, mL/min, F, at 3.00 mL/min, and FM at 1.4, mL/min 
while FReage,, was varied from 0.50 to 2.50 mL/min. Injection 
volume of o-nitroaniline sample solution was 385 pL. Peak 
height was found to be constant, independent of FRea,nl. The 
slope and its 95% C.L. of a plot of pH vs. FReagent were 

TABLE 1. Effect of compensating flow rate on signal and constancy of 
(FM + Fc) 

FM Fc (FM + Fc) FM AA signal 
(mL/min) (mL/min) (mL/min) (FM + F,) (cm) 

0.06 k 0.05. 
It should be realized that eq. [4] takes no account of the 

chemistry or stoichiometry of the reaction upon which an 
extraction/FIA determination may be based. Thus if the 
amount of product formed by the reaction between the sample 
component and the reagent is changed as a result of a change 
in FReagenl, the peak height would of course change - but this 
effect is unrelated to the flow dependencies to which eq. [4] 
relates. 

Effect of F, on P.H. 
Using the Version I1 instrument, FCa,,, was fixed at 

1.0, mL/min, FReagen, at 0.50 mL/min, and FM at 
1.4, mL/min while F, was varied from 1.8, to 3.0, mL/min. 
Injection volume of o-nitroaniline solution was 385 pL. Since 
all other variables on the right-hand-side of eq. [4] are constant 
and FM is eliminated as discussed earlier, a plot of P.H. vs. 
1/ F, is expected to be linear. The experimental plot was linear 
(slope = 25.2 k 1.3 at 95% C.L.) with zero intercept 
(intercept = 0.12 +- 1.8 at 95% C.L.) and a correlation coeffi- 
cient of 0.996. 

Effect of Fc on P.H. 
Variation of peak height with the flow rate of compensating 

solvent was studied as described in the Experimental section. 
In this experiment the flow rate of Zn(SCN), from the pump is 
analogous to FM in the extraction/FIA experiment, while the 
flow of MIBK from the compensating flask is F, .  The results 
of this experiment are summarized in Table 1. It can be seen 
from the first three columns that, at a fixed nebulizer "natural" 
aspiration rate, ( F M  + F,) remains constant as FM is changed. 
From eq. [4] it is expected that a plot of AA signal vs 
F M / ( F M  + F,) should be linear. Using the data in Table 1 a 
plot of AA signal vs. F M / ( F M  + F,) is linear (slope = 
5.17 1+- 0.12 at 95% C.L.) with zero intercept (intercept = 
0.05 2 0.19 at 95% C.L.) and a correlation coefficient of 
0.998. 

Other studies 
Several reports on the effect of flow rates on peak height 

in solvent extraction/FIA have previously appeared (9- 12). 
These studies were performed as part of the optimization pro- 
cedure in the development of extraction/FIA determinations. 
As such they were not meant to include the effects of all system 
parameters and, for the most part, no effort was made to keep 
all other system variables constant while studying the effect of 
one. Taking this into account, the data obtained in these studies 
is consistent with the predictions of eq. [4]. For example, data 
presented in refs. 9 and 11 give a linear plot of P.H. vs l / F o  
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SWEILEH AND CANTWELL 2563 

in the higher end of the range of F, studied, though the plots 
are non-linear at lower F,. Also data in ref. 12 show that P.H. 
increases with an increase in aqueous phase flow rate. 

: Height versus area 
Equation [4] is generally applicable to any detection scheme 

in solvent extraction/FIA in which peak height is used as the 
basis for quantification. Some detectors, such as an inductively 

I coupled plasma spectrometer and amperometric detectors, 
exhibit a sensitivity SF which depends on flow rate of solution 

. . .  .. ::I 
into the detector, as does the atomic absorption spectrophotom- 

. . . . .  . . . . . . . . . . , , , eter. Other detectors, such as those employing fluorescence, 
. . I  . .  . .  . 

' refractive index, or potentiometric measurements, exhibit a 
sensitivity that is independent of flow rate, as does the uv 
absorbance detector. 

In several previous studies from this laboratory peak area 
: was studied as a means of quantification in solvent extrac- 

tion/FIA (1, 2, 13). On the basis of these studies and the 
. . 

' . . i present one it is possible to make a few observations regarding 
. .  . . 

. . ' the relative advantages and disadvantages of quantification by 
8 

heights and by areas. In general, under experimentally achiev- 
. . . .  . . .  J . . able optimum conditions, both area and height measurements 

. . .  . . . . . . . 
. .  , . . . . . . . , . . .  . . : yield a precision and accuracy of about 1%. Area measure- 

ments have the disadvantage of requiring a relatively expensive 
1 digital integration. On the other hand, area measurements are 
I more robust than height measurements. For example, assuming 
i that the distribution ratio is made very large so that extraction 
1 is quantitative, peak area measured in the organic phase is 

1 independent of flow rate of the aqueous phase (eq. [ 5 ] ,  ref. 1) 
but peak height depends on flow rate of the aqueous carrier 1 (F,..). Thus precise control of FC-.. is more critical with 

1 height measurements. Another example of the robustness of I 
1 area measurements is their relative independence of refractive 

index effects (13). The positive and negative portions of the 
refractive index "peak" cancel out when measurements are 
made over the whole peak width. In a similar way area 
measurements are relatively independent of the precise way in 
which a given volume of sample is injected (e.g. slowly or 
rapidly switching the injection valve). 
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PATRICK SHARROCK, MILAN MELNIK, FRANCINE BELANGER-GARIEPY, and ANDRE L. BEAUCHAMP. Can. J. Chem. 63, 2564 
(1985). 
Tetrakis(p-3-chloropropanoato)bis(~iphenylphosphine oxide)dicopperQI) is formed by the reaction of the phosphine oxide 

on the parent copper carboxylate. It belongs to the triclinic space group P I ,  with a = 8.603(6), b = 12.605(4), c = 12.624(5) 
A, a = 76.94(3), P = 7 1.74(4), and y = 74.42(4)". The complex has the copper acetate dimer struct~re, in which two Cu 
atoms separated by 2.649(1) A are bridged by four bidentate carbfxylate groups (mean Cu-0 = 1.969 A). The Cu-0 apical 
bond to triphenylphosphine oxide is relatively short (2.097(2) A). The epr spectra of the solid are interpreted in terms of a 
dimeric species with a paramagnetic triplet state. The same signals are found in the spectra of frozen ethanol solutions, 
indicating that the dimer structure is retained. Magnetic susceptibility was determined in the range 81 -293 K and the energy 
separation -25 = 328(4) cm-' was found between the two spin states. The phosphine oxide adduct is toxic to Escherichia 
coli with IDSo values near 100 pg/mL. 

PATRICK SHARROCK, MILAN MELNIK, FRANCINE BELANGER-GARIEPY et ANDRE L. BEAUCHAMP. Can. J. Chem. 63, 2564 
(1 985). 

Le tCtrakis(p-3-chlor0pr0pan0ato)bis(oxyde de triphtnylphosphine)dicuivre(II) est produit par addition de roxyde de phos- 
phine sur le sel cuivrique de I1aci$e 3-chloropropano'ique. La maille cristalline est triclinique, groupe spatial P I ,  a = 8,603(6), 
b = 12,605(4), c = 12,624(5) A, a = 76,94(3), P = 71,74(4) etoy = 74,42(4)". Le complexe posstde la structure dimtre 
de I'acCtate de cuivre, dans laquelle depx atomes de Cu 2,649(1) A l'un de I'autre sont pontCs par quatre groupes carboxylate 
bidentates (Su-0 moyenne = 1,969 A). La liaison Cu-0 apicale avec l'oxyde de triphtnylphosphine est relativement courte 
(2,097(2) A). Les spectres RPE correspondent ii un complexe dimtre a I'Ctat solide avec des interactions magnCtiques 
conduisant ii un Ctat triplet paramagnetique. On retrouve les m&mes signaux dans les solutions Cthanoliques gelCes, ce qui 
indique que le dimtre persiste dans ces conditions. La susceptibilitC magnCtique a CtC dCterminCe dans le domaine 81 -293 
K et une valeur -25 = 328(4) cm-' en a CtC tirCe pour la diffkrence dlCnergie entre les deux Ctats de spin. Le composC 
d'addition avec I'oxyde de phosphine est bacttricide envers Escherichia coli a des doses de 100 pg/mL. 

Introduction 
The spectroscopic and magnetic properties of Cu(I1) car- 

boxylates have attracted considerable attention over the years. 
By forming monomeric, dimeric, and polymeric structural 
arrangements (1 -3), this class of compounds provided a vari- 
ety of systems from which much of our understanding of mag- 
netic exchange phenomena was derived. 

In the past few years, we have become interested in the 
bactericide and fungicide properties of Cu(I1) carboxylates. 
With a recent series of experiments (4), we have shown that 
antibacterial and antifungal efficiency was significantly en- 
hanced by the presence of halogen substituents on the chain of 
aliphatic carboxylates. In order to extend this initial study, a 
broader sample of variously halogenated carboxylates is cur- 
rently being investigated, and the influence of a second ligand 
is being examined. The triphenylphosphine oxide complex of 
copper(I1) 3-chloropropanoate described in the present paper 
was isolated as part of this study. The epr spectrum of this 
compound in frozen ethanol solution showed signals character- 

' Present address: Epartement de chimie, Universitt de Sher- 
brooke, Sherbrooke, QuC., Canada J1K 2R1. 

'To whom all correspondence should be addressed. 
3Revision received March 25, 1985. 

istic of a carboxylate-bridged dimer. Addition of excess Ph3P0 
enhanced this signal, in contrast with most similar systems, for 
which excess ligand results in dimer disruption (5). We there- 
fore decided to determine the structure of this compound, since 
the Cu(I1)-carboxylate complexes examined so far by X-ray 
diffraction (6-9) do not contain in apical positions bulky 
ligands which could distort the dimer cage (10). In addition, the 
compound was characterized by spectroscopic and magnetic 
techniques, and its antibacterial activity was measured. 

Experimental section 
Preparation 

Copper(I1) 3-chloropropanoate monohydrate was prepared from 
basic copper(I1) carbonate and 3-chloropropanoic acid by the pre- 
viously described method (I 1 ). CU(CICH~CH~COO)~ - 0PPh3 was 
prepared by combining a warm methanol solution of copper(I1) 
3-chloropropanoate monohydrate (together with a small amount of the 
corresponding free acid) and triphenylphosphine oxide Ph3P0 in a 
molar ratio of 1 : I. The reaction was left to stand at room temperature. 
The final green product which precipitated after a few hours was 
filtered off, washed with cold methanol, and dried in ambient atmo- 
sphere. The compound was purified by recrystallization from 
methanol. 

C, H, and P analyses were done by the microanalysis service of 
the Chemistry Department, York University, Downsview. Copper 
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SHARROCK ET AL. 

was determined volumetrically with EDTA. Anal. calcd. for 
C24H23C12C~P05: CU 11.41, C 5 1.76, H 4.16, P. 5.56; found: Cu 
11.30, C 51.82, H 4.19, P 5.71. 

Spectral studies 
An infrared spectrum (Nujol mull) in the region 4000-400 cm-' 

was recorded with a Perkin Elmer 621 grating infrared spectro- 
photometer. An electronic spectrum (Nujol mull) in the region 
1 .O-2.8 p,m-' was recorded with a Cary 14 spectrophotometer. Elec- 
tron resonance spectra of ~olyc~s ta l l ine  samples as well 
as frozen solutions were recorded on a Varian model E9 spectrometer. 

Magnetic measurements 
Variable-temperature magnetic susceptibility measurements in the 

8 1-293 K range were made using Gouy equipment. Magnetic suscep- 
tibility was corrected for the diamagnetism of all atoms (327 X 

cm-3- mol-') and the temperature-independent paramagnetism of 
Cu(I1) (60 x cm3 mol-I) (12). The effective magnetic moment 
was calculated from the equation 

Bacterial cultures 
The nutrient broth used for the cultures was prepared at 8 g/L 

concentrations using Difco products (8 g bacto beef extract for 5 g 
bacto peptone). Difco bacto nutrient agar and bacto potato dextrose 
agar were used in colony-counting. Freeze-dried microlife cultures 
were from Carolina Biologicals and included Bacillus subtilis (no. 
15-4921A) and Escherichia coli (no. 15-5065A). Stock cultures were 
prepared and renewed weekly, from which 100 pL samples were 
drawn for injection into 2 mL of nutrient broth contained in plastic 
optical cells of 1 cm optical length from Markson Science. These 
cultures were placed in scintillation containers and thermostated to 
37°C in a Heto water-bath and shaker. Optical density was measured 
on a Beckman DB-G grating spectrophotometer with the wavelength 
set at 500 nm. Sample cells were vibrated before absorbance measure- 
ments. Calibration experiments showed successive dilutions caused 
linear decreases in absorbance. Agar-plating showed 1 x 106 to 
4.5 X lo7 colony-forming units/mL for absorbances of 0.1 to 1.0. 
Small samples of the compounds to be tested (100 pL) were micro- 
pipeted directly into the culture media after the lag phase, during the 
growth cycle of the bacteria. This had no immediate effect on the 
turbidimetry at the concentrations used. 

Crystal data 
[CU(C~CH~CH~CO~)ZOP(C~H~)~]Z, (C~,H,~CI~CUZP~O~~) fw = I 113.8 
Triclinic, space group P 1, a = 8.603(6), b = 12.605(4), c = 

12.624(5) A, a = 76.94(3), P = 71,74(4), y = 74.42(4)", V = 
1237.1 @, Z = 1, Dc = 1.494 g ~ m - ~ ,  F(000) = 570, X(CuK6) = 
1.54178 a (graphite monochromator), t = 23"C, p(Cug) = 41.6 
cm-I. Crystaldimensions: 0.045 mm (between01 1 and 01 1) X 0.090 
mm (010 and 010) x 0.225 mm (210 and 210). 

Crystallographic measurements 
The crystal was mounted on an Enraf-Nonius CAD4 diffractometer 

and a set of 25 reflections randomly distributed in the Laue sphere was 
created by the automatic search procedure. These reflections were 
centered and indexing yielded the above reduced triclinic cell. This 
cell was checked by taking along each crystallographic axis an oscil- 
lation photograph, which showed the expected layer-line spacing. The 
Niggli parameters clearly indicated that the lattice cannot be described 
within a cell of higher symmetry. The accurate cell dimensions were 
derived from least-squares refinement on the setting angles for the set 
of 25 reflections. 

A total of 4665 independent CuKa reflections (hkl, hki, hki, and 
hk1)within a sphere limited by 20 = 140" were collected as described 
elsewhere (13). A set of 3829 reflections satisfying the criterion I 2 

3.0u(I) was retained for structure determination, and refinement. The 
intensities of three reference reflections measured every hour were 
used as a check on instrument and crystal stability. They showed 
fluctuations with 3% about respective means. The data were corrected 

FIG. 1. ORTEP drawing of the dimeric molecule.The ellipsoids 
correspond to 50% probability. Phenyl ring atoms are represented by 
a two-digit symbol: the first digit corresponds to ring number, the 
second to sequential numbering around the ring, position I corre- 
sponding to the P-bonded carbon atom. 

for the Lorentz effect, polarization, and absorption (Gaussian integra- 
tion, grid 10 x 10 x 10, transmission range = 0.38-0.73). 

Resolution of the structure 
'The structure was solved by the heavy-atom method. The Cu and 

C1 atoms were located from a Patterson synthesis and the light atoms 
were positioned from subsequent difference Fourier (AF) map. Iso- 
tropic refinement of all non-hydrogen atoms by full-matrix least- 
squares converged to R = 21 IF,( - I F,I 1/21 F,l = 0.135. The block- 
diagonal approximation was used for anisotropic refinement and the R 
factor reduced to 0.077. All H atoms were then located and iso- 
topically refined. In the last cycles, individual weights w based on 
counting statics were applied to each reflection and a secondary ex- 
tinction parameter was refined (1.9(2) X lo3). The final R factor was 
0.047, whereas the weighted residual R,,. = [CW((F,~ - IFcI)Z/ 
2 w l ~ , 1 ~ ] ' / ~  was 0.056, for 391 parameters refined. The goodness-of- 
fit rat@ was 2.13. Tbe final A F map showed four peaks of 0.6- 
1.3 e/A3 withjn 1.2 A from Cu. The general background was lower 
than f 0.7 e/A3. 

The form factors and the contributions to anomalous dispersion of 
Cu, C1, and P were from standard sources (14). The programs used are 
listed elsewhere (15). The final coordinates and equivalent tem- 
perature factors are given in Table 1 .4 

Results and discussion 
Unlike the analogous chromium(I1) carboxylates, copper(I1) 

carboxylates are not known to form adducts with phosphines. 
However, triphenylphosphine oxide is less sterically de- 
manding and it reacts readily with cupric 3-chloropropanoate. 
No excess ligand is needed to prepare the 1 : 1 adduct. 

Crystal structure 
The crystal consists of dimers (Fig. 1) containing the tetrakis 

(p-chloropropanoato)dimetal "windmill" cage commonly 

4The supplementary material includes a list of observed and calcu- 
lated structure factor amplitudes, the anisotropic temperature factors, 
the torsion angles in the carboxylate, details on least-squares plane 
calculations, and a table of distances and angles involving the hydro- 
gen atoms. Complete set of data may be purchased from the Depos- 
itory of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA 0S2. 
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TABLE 1 .  Refined atomic coordinates ( X  lo4, H X  lo3, Cu, C1, 
P X  lo5) and equivalent temperature factors ( X  lo3)" 

Atom X Y 

"Hydrogens isotropically refined. 

found for carboxylates of Cr(II), Cu(II), Mo(II), and Rh(I1) (6). 
Each end of the Cu-Cu axis is occupied by the oxygen atom 
of a triphenylphosphine oxide ligand. The molecule possesses 
a crystallographic inversion center on the middle of the 
Cu-Cu axis. Selected interatomic distances and bond angles 

are listed in Table 2. 
This molecule follows the trends already not$ for this type 

of dimers. The Cu-Cu separation (2.649(1) A) is similar to 
those observed in other Cu acetate or propanoate compounds 
(6, 16). Correlations between metal-metal separation and 
bond lengths or angles in the Cu-Cu-0-C-0 rings have 
been discussed (1, 6). The Cu-Cu-0 angle has been found 
to be the most sensitive to a change in the Cu-Cu distance. 
From the equation derived by Koh and Christoph (6), the dis- 
tance observed here should correspond to a Cu-Cu-0 angle 
of 84.0°, which is exactly the observed average value. Our 
results for other parameters compare well with those found for 
complexes with similar Cu-Cu oseparations: (averages) 
CU-0, 1.969 A; C-0, 1.256 A; CU-0-C, 122.9"; 
0-C-0, 125.9". There exists a relation between the dis- 
placement of the copper(I1) atom from the basal plane toward 
the apical ligand, and the increase of the copper-copper dis- 
tance (1). The C 9 )  atom in the present compound is dis- 
placed 0.2063(4) A, toward the apical oxygen atom, from the 
least-squares plane defined by the basal atoms, in agreement 
with this trend. 

The cage should ideally have a four-fold axis along the 
Cu-Cu direction. Departure from this symmetry is signifi- 
cant, but not very large. The dihedral angles between adjacent 
Cu-Cu-0-C-0 rings deviate by only 1 .8" from the ideal 
90" value. Some steric effect of the phenyl rings of Ph3P0 
introduces small distortions. For instance, the oxygen O(5) 
belonging to phosphine oxide does not lie exactly along the 
Cu-Cu axis, the Cu-Cu-O(5) angle being 174.3(1)". The 
fact that the Cu-O(3)-C(4) and Cu-O(2)-C(l) angles 
are -4" greater than Cu-O(1)-C(1) and Cu-O(4)-C(4) 
undoubtedly results from repulsions with the nearby phosphine 
oxide molecule, since the 0(1)...H(36) and O(4) --sH(26) in- 
tramolecular contacts (2.88(4) and 2.74(3) A, respectively) are 
both close to the sum of the van der Waals radii. 

The C~-0 (5 )~  bond to the apical triphenylphosphine 
oxide (2.097(2) A) is noticeably shorter than the average 
distance of dimeric copper(I1) carboxylate adducts with 
Cu05 chromophores (2.16 A) (1). Only in two exaomples, 
CU(~-HOCJI~COO)~(C~H@~)*H~O (CU-CU = z.64 A) (17) 
and CU(CH~COO)~ urea. H20 (Cu-Cu = 2.637 A) (1 8) is the 
Cu-O(apica1) bond shorter thano in the present case. The 
Cu-O(apica1) distance of 1.95 A found in CU(C~,CCOO)~ 
(2,2,6,6-tetramethylpiperidinyl-1-oxy) (8) is far?horter, but on 
the other hand the Cu-Cu distance (3.256(2) A) is far longer 
than in any other similar dimer (1, 6). On the other hand, the 
Cu-O(5) distance in the present case is noticeably longer than 
observed in other copper(I1) triphenylphosphine oxide com- 
pounds of different structural types where the metal is more 
accessible (19). The Cu-O(5)-P angle (149.0(2)") lies with- 
in the wide range (140- 180") of reported metal-0-P angles 
(20). In all other respects, the geometry of coordinated phos- 
phine oxide does not differ appreciably from that of the free 
ligand (21): P-C = 1.797 A (av.), 0-P-C = 11 1.6" (av.), 
C-P-C = 107.3" (av.). The phenyl rings are plaaar within 
20  (0.009 A), with average bond lengths of 1.380 A. 

The geometry of the chloropropanoate ligand shows no un- 
usual features. The two nonequivalent ligands present different 
chain conformations. In carboxylates, one of the a substituents 
is commonly close to an eclipsed orientation with respect to a 
carboxylate oxygen. In one of the ligands, O(1) is nearly 
eclipsed with H(l), but in the other, O(3) is eclipsed with C(6). 
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TABLE 2 
(a) Interatomic distances 

Bond Distance (A) Bond Distance (A) 

Cu-Cua 2.649(1) C(25)-C(26) 1.390(6) 
CU-O(1) 1.965(2) C(26)-C(2 1) 1.380(5) 
CU-O(2)" 1.97 l(2) P-C(3 1) 1.794(3) 
CU-O(3) 1.976(2) C(3 1)-(32) 1.392(5) 
CU-O(4)" 1.965(2) C(32)-C(33) 1.373(6) 
CU-O(5) 2.097(2) C(33)-C(34) 1.376(7) 
O(5)-P 1.477(3) C(34)-C(35) 1.371(7) 
P -C( l1 )  1.794(3) C(35)-C(36) 1.401(6) 
C(11)-C(12) 1.378(5) C(36)-C(3 1) 1.383(6) 
C(12)-C(13) 1.400(6) O(l)-c( 1) 1.267(4) 
C(13)-C(14) 1.379(8) 0(2)-c( 1) 1.249(4) 
C(14)-C(15) 1.333(9) c (  1 )-c(2) 1.504(5) 
C(15)-C(16) 1.370(7) c(2)-c(3) 1.498(5) 
C(16)-C(11) 1 .405 (6) C(3)-C1( 1 ) 1.784(4) 
P-C(21) 1.803(3) 0(3)-C(4) 1.250(4) 
C(21)-C(22) 1.399(5) 0(4)-c(4) 1.259(4) 
C(22)-C(23) 1.393(6) C(4)--C(5) 1.513(5) 
C(23)-C(24) 1.350(6) C(5)-C(6) 1.494(6) 
C(24)-C(25) 1.373(7) C(6)-Cl(2) 1.785(4) 

(b) Angles 

Bonds Angle (deg) Bonds Angle (deg) 

The chloro substituents also adopt different orientations, the 
C-C-C-Cl angles being 72" for ligand 1 and 169" for 
ligand 2. 

A stereoview of the unit cell is given in the supplementary 
material.4 The molecules interact through normal van der 
Waals contacts. 

Spectroscopic results 
The ir spectrum of CU(C~CH~CH~COO)~.OPP~,  shows a 

strong absorption band at 1188 cm-I which includes the P-0 

stretching mode of coordinated OPPh, and an in-plane bending 
vibration. The shift of v(P-0) to lower wavenumber com- 
pared with the corresponding band of free OPPh, (v(P0) = 
1193 cm-') (22) is due to the transfer of electron density from 
oxygen to the metal in agreement with coordination of OPPh, 
to copper(I1) through the oxygen atom. The carboxylate 
stretching frequencies, v,(COO-) at -1630 cm-' and 
v,(COO-) at - 1415 cm-I, occur at energies very similar to 
those reported for other copper(I1) carboxylates having the 
dimeric copper(I1) acetate structure (2, 23). 
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cupric carboxylates (3, 26-28) and they may arise from de- 

Magnetic f i e ld  I" k G  

FIG. 2. Electron paramagnetic resonance spectra of the title com- 
pound. (a) Room temperature powder spectrum ( b )  Same sample at - 130 K. The inset at the right is the expanded HTz signal. Microwave 
frequency v = 9.123 GHz. (c) Frozen ethanol solution of the complex 
at microwave frequency v = 9.117 GHz. The spectra are first deriv- 
ative presentations of the absorptions. 

The electronic absorption spectrum of the compound shows 
a ligand field band with a maximum at -1.35 pm-' and a 
shoulder at -2.70 pm-', which is typical of bridging systems 
with antiferromagnetic interactions (2, 24). The position of the 
visible absorption band occurs at any energy slightly lower than 
the corresponding one found in copper(I1) 3-chloropropanoate 
monohydrate, 1.48 pm-' (1 1). 

The epr spectra obtained for the triphenylphosphine oxide 
adduct are presented in Fig. 2. The absorption features of the 
powder at room temperature (Fig. 2a)  are similar to those 
previously reported for dimeric copper(I1) carboxylates (2, 
25-27). The paramagnetic triplet state yields the absorptions 
at low and high field (Hz, and Hz,, respectively) and the asym- 
metric absorption near 4.5 kG (H,,). One absorption is missing 
(H,,) because D > hv at the X-band frequency used. The 
spectra can be interpreted using a spin Hamiltonian for axial 
symmetry, where S = 1 for the thermally accessible triplet state 
and 

H = gllPHzSz + g,P(HxSx + H."S,) + D(S: - 2/3) 

the other symbols have their usual meaning. We notice that a 
monomer signal is also present at 3.1 kG (go = 2.18), which 
corresponds to a spin S = 5 species, despite repeated purifica- 
tion of the complex. Bulk magnetic susceptibility indicates that 
this monomer "impurity" corresponds to -0.15% of the copper 
present. Monomer signals are commonly found for dimeric 

fects particularly on the crystal surfaces, which are very large 
for the powders used in epr studies. 

The low temperature powder spectrum (Fig. 2b) shows 
better resolution with some copper hyperfine appearing on Hz, 
and a clearly resolved seven-line pattern on Hz, .  The observed 
hyperfine is consistent with coupling to two copper nuclei of 
spin I = ;. The improved resolution can be attributed decreased 
molecular vibrations at low temperature and/or to increasing 
population of the diamagnetic spin-paired state at lower tem- 
peratures due to antiferromagnetic interactions. 

Figure 2c presents the first frozen ethanol solution spectrum 
of a cupric carboxylate which shows triplet state features. The 
absence of S = 1 absorptions in liquid solution has been as- 
cribed to the magnitude of the anisotropic zero-field parameter 
D (29). The frozen solution spectrum reported here demon- 
strates that in ethanol the complex retains the dimer structure. 
Furthermore, it can be seen that the width of the absorption 
corresponding to Hz,  and containing unresolved hyperfine 
structure is similar in the frozen solution to that found at room 
temperature for the solid. Interdimer magnetic interactions can 
safely be discarded as a mechanism causing the observed line 
broadening in the frozen solution case. 

The spin Hamiltonian parameters are classical (g, = 2.091, 
811 = 2.368, g = 2.183, and All = 125 G) for the anisotropic 
frozen ethanol S = 5 signal. The liquid solution spectrum in the 
same solvent is broad, with go - 2.20 and A, = 44 G. We note 
that added triphenylphosphine oxide reduces the intensity of 
the S = $ signal in ethanol (at room or low temperature). From 
this we conclude excess ligand stabilizes the himer structure 
and does not, like strong nitrogen bases, lead to monomer 
adducts. However, we find that water causes a dramatic in- 
crease in the S = $ signal intensity, pointing to water promoted 
dissociation of the complex. For the triplet state spectra, we 
find g, = 2.093, gll= 2.382, g = 2.193, and D = 0.346 cm-'. 
The solid and frozen solution spectra yield identical results 
within experimental error. The epr parameters for the S = 1 and 
S = f species are thus very similar. The hyperfine structure 
along Hz,  is All = 60 G, approximately half the value along gll 
(All = 125 G), 'in agreemeitwith coupling to two copper atoms:' 
Additional features include a weak half-field absorption near 
1.8 kG in the frozen solution and an unexpected weak absorp- 
tion on the high-field side of H,, for the solid state spectra. 

Magnetic susceptibility 
The effective magnetic moment per Cu(3-chloropropa- 

noate),.0PPh3 unit was measured over the range 8 1-293 K. 
It was found to decrease systematically by lowering the tem- 
perature, from 1.37 BM at 293 K to 0.23 BM at 81 K. The 
corresponding variation of the magnetic susceptibility, from 
810 X cm3 mol-' to 80 X cm3 mol-' is represented 
in Fig. 3. 

The magnetic susceptibility data of Fig. 3 were fitted to the 
modified Bleaney-Bowers equation (30) by a non-linear least- 
squares procedure: 

In this equation, J is the exchange integral in the Heisenberg - 
Dirac - Van Vleck Hamiltonian (H = -2JSl .S,), g, and g, 
are the Lande factors for the monomer and dimer, respectively, 
x is the molar percentage of mononuclear form, and the other 
symbols have their usual meanings. An epr derived Lande 
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FIG. 3. Theoretical and experimental magnetic susceptibilities for 
the title compound. The solid line was calculated with -25 = 328(4) 
cm-' and x = 0.15%. 

parameter = 2.19 was used in the refinement of J and x .  
The energy separation between the two spin states of the 

compound (-25 = 328(4) cm-I) indicates for this dimer an 
antiferromagnetic super-exchange interaction comparable with 
those commonly found for Cu(1I) carboxylates (1-3, 26). 

The magnetic data also indicate the presence of a small 
amount (-0.15%) of a mononuclear species in the compound. 
This mononuclear species produced a line at -3.1 kG in the epr 
spectrum of the compound. Small amounts of monomeric 
"impurities" are commonly found in analytically pure Cu(I1) 
carboxylates (3, 27 -29). 

Biological properties 
Turbidimetric measurements carried over a 72 h period show 

that cupric complexes of 3-chloropropanoic acid have mild 
bactericidal properties. Increasing concentrations of complex 
lead to stronger inhibition of growth of Escherichia coli or 
Bacillus subtilis. The optical densities of bacterial suspensions 
are related to the total biomass present and the concentration 
needed to obtain 50% inhibition of bacterial growth can be 
evaluated from the reduction in absorbance resulting in the 
sus~ensions treated with bactericides (31). The dose needed for 
50% inhibition of growth following a '24h period is defined as 
ID::. 

NO bactericidal effect was noted on Bacillus subtilis, but 
inhibition of growth occurs for Escherichia coli. The parent 
bis(propanoato)copper(II) monohydrate has an ID:: value of 50 
pg/mL with an estimated error of 15% in part due to repro- 
ducibility difficulties in the age of the starting inoculum. We 
find that bis(3-chloropropanoato)copper(II) monohydrate is 
slightly more potent with ID:: = 40 pg/mL. However, the 
triphenylphosphine oxide adduct is much less toxic to the bac- 
teria with ID:: > 100 pg/mL. The highest dose we used (100 
pg/mL) resulted in 48% inhibition after 24 h, 66% inhibition 
after 48 h, and 59% after 72 h. 

It may be argued that the increased molecular weight of the 

triphenyl phosphine oxide adduct decreases the percentage of 
copper in the compound, thus effectively reducing its bacte- 
ricidal power. This would assume that cupric ions are the sole 
toxic species liberated by dissociation of the complex in water. 
However, we found that bis(3-chloropropanoato)copper(II) 
forms adducts with 4-acetylpyridine-N-oxide and also caffeine, 
with respective ID:: values of 50 and 75 pg/mL. Therefore, 
synergistic or antagonist effects between copper(II), 3-chloro- 
propanoic acid, and added ligands may play a role in defining 
the biological activities of these complexes. We will report 
elsewhere the results obtained with similar fluoro-, bromo-, 
and iodocarboxylates (32). 

Conclusion 
X-ray diffraction shows that the 1: 1 complex of triphenyl- 

phosphine oxide with Cu(3-chl~propanoate)~ has the copper 
acetate dimeric structure. The apical Ph3P0 ligands, despite 
their three phenyl rings, do not introduce severe distortions in 
the tetracarboxylate-dimetal framework. The presence of oxy- 
gen between Cu and P makes the oxide much less sterically 
demanding than the corresponding phosphine in the coordi- 
nation sphere. However, the bulky phenyl rings may help in 
stabilizing the dimer by efficiently shielding the apical sites of 
the dimer, thereby opposing the propensity of these dimers to 
break into monomeric species with excess ligand. Magnetic 
susceptibility and epr spectra are consistent with the dimer 
structure in the solid, and the epr spectra indicate that the same 
structure is retained in frozen ethanol solution. Nevertheless, 
addition of water drastically changes the epr spectra, leading to 
features characteristic of a monomeric Cu(1I) complex in solu- 
tion. Therefore, the species actually responsible for the anti- 
bacterial activity is probably not the dimer originally present in 
the solid but some monomeric species derived therefrom. 
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SHINICHI YAMABE, TSUTOMU MINATO, MAKINO SAKAMOTO, and KIMIHIKO HIRAO. Can. J.  Chem. 63, 2571 (1985). 
An ab initio MO calculation is made on the H3S+(H2S), cluster ( n  = 0-5). For n = 1 ,  full thermodynamic data are 

reproduced theoretically, and for n = 1, 2, and 3 the effect of d functions on the structure and energies is investigated. On 
the basis of the present results, the accuracy of two conflicting experimental data is examined. 

SHlNICHl YAMABE, TsuTOMU MINATO, MAKINO SAKAMOTO et KIMIHIKO HIRAO. Can. J .  Chem. 63, 2571 (1985). 
On a realist! des calculs d'OM ab initio sur I'aggrCgat H3S+(H2S), (n  = 0-5). Pour n = 1, on a pu reproduire sur une base 

thCorique I'ensemble des donnees thermodynamiques; pour n = 1, 2 et 3, on a CtudiC I'effet des fonctions d sur la structure 
et les energies. Sur la base des rksultats obtenus dans prksent travail, on Cvalue I'exactitude de deux ensembles contradictoires 
de donnCes experimentales. 

[Traduit par le journal] 

Introduction 
The temperature dependence of the gas-phase equilibria 

H3S+(H2S),-I + HZS $ H3S+(H2S), was measured by pulsed 
high-pressure mass spectroscopy. Two independent thermo- 
chemical data were reported almost at the same time ( l , 2 ) .  The 
data from the two studies, the enthalpy change (AHO,-I,,) and 
the entropy change (ASO,-I,,), are appreciably different. The 
H30+(H20), cluster has been well investigated both by experi- 
ments (3) and by theoretical calculations (4). Its geometry 
and energetics are now established. However, the H3S+(H2S), 
cluster has not yet been analyzed theoretically. One reason for 
this unexplored subject is the need of the large computational 
time, in particular, when d functions on the sulfur atom are 
included. 

Since the two experimental results are somewhat conflicting 
(1, 2), a theoretical judgement on which data is more reliable 
should be informative. Also, it is of mechanistic interest to see 
the similarity or the difference between H30+(H20), and 
H3S+(H2S),. In the present work, we carry out ab initio MO 
and CI calculations for H3S+(H2S), (n = 1-5). 

Computational method 
The GAUSSIAN 80 program (5) is used for the ab initio MO 

calculation. The 4-31G and 4-31G(*) basis sets are adopted, 
where in the latter the d orbital (exponent = 0.65) is augmented 
onto the sulfur atom (6). A valence-shell SD-CI calculation 
is performed to estimate the electron correlation effect on the 
n = 1 cluster. 

To obtain the zero-point energy and the vibrational term in 
the entropy, vibrational analyses on the optimized geometries 
are made numerically. The analytical first derivatives of total 
energies are obtainable in the program. The second derivatives 
may be obtained by differentiating them numerically. They are 
calculated by 0.01 au displacements relative to the equilibrium 
points. 

'To whom all correspondence should be addressed. 

Results and discussion 
First, the proton affinity (PA) of hydrogen sulfide is ob- 

tained. PA(4-3 1 G) = 16 1 kcal/mol and PA(4-3 lG(*)) = 176, 
whereas PA(expt1) = 172 (7). In the formation of the smallest 
cluster H3S+(H2S) (i.e., n = 0 + l ) ,  AH0 and AS0 are evalu- 
ated at the full thermodynamic level. They are displayed in 
Table 1 together with their components. There is a large differ- 
ence of AHoo,, between 4-31G and 4-31G(*) (-18.0 vs. 
- 13.9). This comes mainly from that of the electronic binding 
energy AEo,, and slightly from that of vibration energy AEVi,. 
Correlation corrections are about 2 kcal/mol for H3S+ ... H2S. 
As for the entropy change, however, complete agreement is 
found (-27.0). 

The huge difference of AH0,., between H30+(H20) and 
H3S+(H2S) is ascribed solely to that of AEo,, (-32.6 vs. 
-16.8). It is interesting to note that ASoo,, values of 
H30+(H20) and H3S+(H2S) are similar in spite of the remark- 
able difference in AE,,,. 

At the right side of Table 2, the 4-31G AE,-ls, obtained in 
the present work is exhibited. The 4-31G(*) values are in 
parentheses. The use of BE,-,,, instead of AH0,-,,, is ratio- 
nalized by the similar values of AH0,., and AE0,, in Table 1. As 
n increases, -AE,-,., decreases and so does -AH0 ,-,.,. A 
large gap between AEZv3 and AE, ,  (- 10.6 vs. -5.4) is found. 
The former corresponds to the completion of the inner solvation 
shell H3S+(H2S),, and the latter to the attachment of an H2S 
molecule at the terminal site of the shell. Such a critical gap 
between (2,3) and (3,4) is also shown by the H30+(H20), 
cluster. The binding energy AE,-,,, as well as AH0 ,-,*, of 
H30+(H20), is nearly twice as large as that of H3S+(H2S),. 
This reflects the difference of the permanent dipoles of H 2 0  
and HIS. p ~ 2 s  = 1.78 debye(4-31G), 1.33(4-31G(*)), and 
l.l(expt1). pH20  = 2.19(DZ + p) and 1.8(exptl). 

The accuracy of the two experimental data AH0,- ,.,(MF) and 
AH0,-,.,(HK) and two theoretical energies is examined. For 
(0, l)  and (1,2), the 4-31G overestimates -AE,-,,, by a few 
kcal/mol relative to that of 4-31G(*). This noticeable dis- 
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TABLE 1 .  Components of theoretical enthalpy and entropy changes for the gas-phase 
equilibrium H3S' + H2S $ H3S'(H2S) in the standard state (T = 300 K and P = 1 atm) 

AH',., = AE'., + AE ,,,,, + AE,, + A E , ~ ,  + A(PV) + AE ,,,I 

AS'o.1 = AS,mns + ASmt + ASvib 

Basis set or AHo0,, AEconel 
experiment (kcal/mol) AEo.1 E n  A t  A A(PV) (CISD) 

4-3 1 G - 18.0 -16.8 -0 .9  -0 .9  2 .9  -0 .6  -1.7 
DZ+ p ( -35 .4)"  ( - 3 2 . 6 )  ( - 0 . 9 )  ( - 0 . 9 )  (2 .5 )  ( - 0 . 6 )  ( - 2 . 9 )  
4-3 1 G (* )  - 13.9 -13.1 -0 .9  -0 .9  3.8 -0 .6  -2 .2  
exptl, MFb -12.8 
exptl, HKc -15.4 

4-31G -27.0 -34.5 -1.7 9 .2  
DZ+ p (-28.8)" ( -32 .6 )  ( - 3 . 0 )  (6 .8 )  
4-3 1 G (* )  -27.0 -34.5 -1 .3  8 .8  
exptl, MFb -18.7 
exptl, HK" -24.4  

"Data in parentheses are for the H 3 0 C  + H 2 0  S H 3 0 C ( H 2 0 )  reaction taken from ref. 4c. 
bReference I .  
'Reference 2. 

TABLE 2 .  Comparison of experimental and theoretical data for the gas-phase H ~ O ' ( H ~ O ) , ,  and 
H3S'(H2S), clusters. All energies are in kcal/mol. The theoretical binding energy AE,-, . ,  is 

computed with the 4-31G basis set except those in parentheses (4-31G(*)) 

H@+(H20) ,  H,S'(H2S),, 

( n ,  n- 1) -AH0,- ,,," - A E  - A H ~ , , - ~ , ( M  -AH0,,- I . , , ( ~ ~ ) d  -AE, , -I . , ,  

"Reference 3. 
bReference 46. Binding energy plus zero-point correction. 
'Reference 1 .  
"Reference 2. 

crepancy is related to the following trend. The localization of 
the protonic nature involved in the small species would tend to 
increase the 4-3 1G/4-3 lG(*) discrepancy. As another case, the 
charge-free system of the dimer of hydrogen sulfide (H2S)2 is 
considered. Its hydrogen-bond energies are calculated to be 
- 1.9 kcal/mol (4-3 1G) and - 1.7 (4-3 lG(*)). These compare 
favorably to - 1.7 + 0.3 by an infrared intensity measurement 
(8). As the cluster size becomes larger, therefore, the positive 
charge is dispersed and the overestimate of 4-31G gets 
smaller. In (2,3), the 4-31G/4-31G(*) discrepancy is only 
1.3 kcal/mol. 'Thus, the agreement between AH',-,,,(HK) and 
the 4-31G AE,-I,, for n 2 3 is reasonable, and overall our 
computational data support AH0,- I ,,(HK) rather than AH0,-, ,, 
(MF). However, in A H ' , - I , n ( ~ ~ ) ,  the gap between (2,3) and 
(3,4) appears to be slightly small (-8.4 vs. -6.7). 'The com- 
pletion of the inner solvation shell and the soft attachment of 
the outer solvent would give more energetic distinction. 

Figure 1 gives the optimized structures and the electron 
distribution of H2S and H3+S. When H2S is protonated, the 
positive charge is delocalized both on the three hydrogens and 
on the sulfur atom of H3S '. This is in contrast to the change of 
the electron density in H20 + H+ + H30+. The protonic nature 
is attributed to the decrease of the charge on the three hydro- 

FIG. 1. The 4-31G optimized geometries of hydrogen sulfide and 
its protonated species. The values in parentheses are those obtained by 
the 4-31G(*) basis set. The bond distance is in A and the angle in 
degree. Underlined numbers denote the Mulliken atom populations. 

gens of H30+. The small polarity of H3S+ as well as of H2S is 
reflected in the weak strength of the hydrogen bonds in Fig. 2. 
In fact, the ratio of bond distances (S..-HIS-H), 1.38, is 
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YAMABE ET AL 

FTG. 2. The 4-31G optimized geometries of the HsS+(~2S) ,  cluster. The structures of n = 4 and 5 are obtained by the partial optimization, 
where, the shell part (i .e. ,  the n = 3 cluster) is kept constant during the optimization. 

larger than that of (0-.-H/O-H), 1.26 (4b). As the cluster bound than H2S.-.HSH. Even if the polarity of each species 
size grows larger, the positive (cationic) charge is dispersed is small, the positive charge is transmitted smoothly up to 
and the intermolecular S ... H bond becomes longer. At n = 3 terminal hydrogens in the cluster. 
and inner solvation shell completion, the electron density of the The effect of the d orbital is examined. The S-H bond of 
terminal hydrogen is more protonic (0.841) than that of the free H2S and H3S+ has a slightly larger polarity with 4-3lG(*) than 
H2S molecule (0.904). Thus, H3S+(H2S)3--. SH2 is more tightly that with 4-31G. This covalent bond of 4-31G(*) is shorter than 
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that of 4-31G. But, the intermolecular HzS ... HSH,+ bond 
in n = 1 gives the opposite trend (2.254 A by 4-31G(*) vs. 
2.018 by 4-31G). This is because the intermolecular bond is 
composed of two bonding forces, electrostatic (ES) and charge- 
transfer (CT). The inclusion of the d orbital gives the polar- 
ization of S-H covalent bonds and enhances ES. On the 
other hand, it decreases CT and this is more crucial. As a net 
effect of these two, 4-31G(*) gives the larger intermolecular 
distance and smaller -AH0,,, (in Table 1) than 4-3 1G. It is well 
documented that the 4-31G basis set overestimates the inter- 
molecular binding energy by a few kcal/mol due to the basis 
set superposition error (BSSE) (9). Generally, BSSE is recog- 
nizable in the supermolecule calculation with the basis sets of 
the double zeta or poorer levels. An addition of polarization 
functions to them diminishes the physically meaningless effect. 
Thus, the decrease of CT by 4-3 1G += 4-3 lG(*) may be partly 
ascribed to that of BSSE. 

Concluding remarks 
In this study, the structures and stabilities of the H3S+(H2S), 

clusters have been examined theoretically. Two basis sets, 
4-31G and 4-31G(*), are adopted for the MO calculation. In 
the comparison of AHo0,, and ASoo,,, the 4-31G/4-31G(*) dis- 
crepancy of the former is noticeable, but the latter term is the 
same. The d orbital on the sulfur atom enhances the polarity of 
H3S+ and H2S, and more significantly diminishes the BSSE. As 
n increases, however, the discrepancy gets small and the use of 
the 4-3 1G basis set may be rationalized for the larger clusters. 

The two conflicting experimental data are examined crit- 
ically on the basis of the present results. The calculated data 
support AH0 ,-,,, (HK) rather than AH0 ,-,,, (MF). One point 

emerges from the former data. There would be a larger gap 
between AH0,,, and AH0,, to reflect the structural differences 
(the inner solvation shell completion vs. the soft attachment of 
the H2S). 
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ERWIN BUNCEL, RAJESH KUMAR, ALBERT R. NORRIS, and ANDRE L. BEAUCHAMP. Can. J .  Chem. 63, 2575 (1985). 
The synthesis, 'H and I3C nmr and infrared spectra of the complex bis(theophyllinato)tetraaquocadmium(II), [CdC14H22N405]r 

and its N,N-dimethylformamide solvates are reported. The crystals containing two molecules of N,N-dimethylformamide per 
complex belong to the monoclinic space group P2] /c  with a = 10.891(3), b = 13.696(7), c = 10.110(2) A, P = 109.03(4)", 
p, = 1.595 g ~ m - ~ ,  and Z = 2. Least-squares refinement of the structure has led to a final value of the conventional R factor 
of 0.044 for 261 variables, using 1299 nonzero MoKa reflections. The complex consists of monomeric [CdTh2(H20)4] units. 
The cadmium lies on an inversion center. The geometry of the atoms bonded to cadmium is roughly octahedral with the two 
theophyllinate ions trans to each other and coordinated through N(7). The Cd-N(7), Cd-0(13), and Cd-O(14) distances 
of 2.300(5) A, 2.346(5) A, and 2.336(5) A, respectively, are normal. The hydrogen bonding in the crystals is complex, with 
all the ligand donor and acceptor atoms participating. N,N-Dimethylformamide is not coordinated to cadmium, but participates 
in the hydrogen bonding system. The nmr spectra are consistent with theophyllinate ion being similarly bonded to cadmium 
in dimethyl sulfoxide solution. 

ERWIN BUNCEL, RAJESH KUMAR, ALBERT R. NORRIS et ANDRE L. BEAUCHAMP. Can. J. Chem. 63, 2575 (1985). 
On rapporte la synthkse, les spectres rmn 'H et I3C et les spectres infrarouges du complexe bis(thtophyllinato)tetraaquo- 

cadmium(II), [CdC14H22N405], et de ses composts solvatts avec la N,N-dimtthylformamide. Le cristal comportant deux 
moltcules de N,N-dimkthylformamide par complexe appartient au groupe spatial monoclinique P2[/c: a = 10,819(3), b = 
13,696(7), c = 10,l lO(2) A, P = 109.03(4)", p, = 1.595 g cm-3 et Z = 2. L'affinement par moindres carrks au moyen de 
1299 rtflexions MoKa significativement observtes a converge A une valeur finale de R de 0,044 pour 261 paramktres varits. 
Le compost est constitut de mol6cules monomhes [CdTh2(H20)4]. Le cadmium se situe sur un centre de symttrie. Les atomes 
liks au cadmium dkcrivent une gtomttrie A peu pres octaCdrique, deux ions thtophyllinate coordonnts par I'intermtdiaire de 
N(7) occupant des positions trans I'un ar rapport 21 I'autre. Les distances Cd-N(7), Cd-O(13) et Cd-0(14), respecti- 
vement Cgales A 2,300(5) A,  2,346(5) 1 et 2,336(5) A, sont normales. Les liaisons hydrogkne dans le cistal constituent un 
ensemble complexe auquel participent tous les atomes donneurs et accepteurs des coordinats. La N,N-dimkthylformamide n'est 
pas coordonnte au cadmium, mais elle participe au rtseau de liaisons hydrogkne. Les spectres rmn sont en accord avec la 
prksence d'un ion thtophyllinate semblablement lit au cadmium dans la solution de dimtthylsulfoxyde. 

Introduction 
The N(7)/0(6) portion of guanine is the region of DNA 

which has been the most thoroughly discussed in reference to 
heavy metal - DNA interactions. It is generally recognized 
that N(7) is the primary site of attachment of platinum anti- 
tumor drugs. Subsequent chelate formation by metal-O(6) 
binding has been suggested, but definitive evidence for this 
type of interaction is lacking (1). During the last several years, 
our laboratories have been actively investigating the reactions 
of soft mercury(I1) species with nucleobases (2-4). We have 
recently described a number of complexes obtained with theo- 
phylline (I), a purine base having the same N(7)/0(6) arrange- 
ment as guanine (5, 6). The Hg2' and CH3Hg+ cations have 

R 

1 (R = CH3) 

been shown to bind to N(7) in all these compounds, but there 
was no evidence for interactions with O(6). Since Cd2+, a 

'Correspondence to be addressed to one of these authors. 

cation noticeably harder than Hg2+ (7), should give rise to 
stronger metal-oxygen interactions, complex formation be- 
tween theophylline and Cd2' was examined. Our interest in this 
system was also stimulated by the fact that cadmium is known 
to be an environmental pollutant and to participate in various 
biological processes (8). 

Crystal structure analyses on cadmium-nucleobase com- 
plexes have shown that the metal ion generally binds to the 
nitrogen lone pair of N(7) in purines or N(3) in pyrimidines 
(9- 16). When a carbonyl oxygen is adjacent to these sites, it 
often participates in "indirect chelation" by forming hydrogen 
bonds with other ligands in the coordination sphere (13, 14). 
However, in some instances, "direct" cadmium-carbonyl 
interaction has been found to take place (15, 16). 

In the solid state, the weakly acidic proton of neutral theo- 
phylline is bound to N(7) (17, 18). However, the comparable 
basicities of the imidazole N(7) and N(9) sites in purines com- 
monly lead to a tautomeric equilibrium between the N(7)-H 
and N(9)-H forms. This duality manifests itself in the exis- 
tence of two types of complexes with formally neutral theo- 
phylline: the metal can be bound via N(9) to the N(7)-H 
tautomer (19, 20), or via N(7) to the N(9)-H tautomer (21). 
The theophyllinium (ThH2)+ ion, in which both N(7) and N(9) 
bear a hydrogen atom (21, 22), has only carbonyl oxygens 
available for coordination and shows no pronounced affinity 
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for binding to metal ions. The theophyllinate anion (Th-') 
derived from theophylline could, in principle, react either 
through N(7) or N(9), but in all the crystal structures reported 
so far (23-29), it was found to be bound to the metal via N(7). 

As a part of our program dealing with the interactions of 
metal ions with nucleic acid constituents (4), we have isolated 
and characterized by microanalytical data, 'H and I3C nmr and 
ir spectroscopy, the novel cadmium complex bis(theophy1- 
linato)tetraaquocadmium(II). However, the structure of this 
complex could not be established unambiguously by standard 
spectroscopic techniques, and hence, an X-ray diffraction 
study of the complex, crystallized from N,N-dimethylforma- 
midelpyridine, was undertaken. The combined synthetic and 
structural studies are reported herein. 

Experimental 
'H nmr spectra were measured in (CD3),S0 on a Bruker HX-60 

instrument operating at 60 MHz in the Fourier transform mode, using 
(CH3)4Si (TMS) as internal standard. I3C nmr spectra were recorded 
on a Bruker CXP-200 instrument operating at 50.307 MHz and 
were also referenced to internal TMS. All spectra were recorded at 
room temperature (25 k 2°C). Infrared spectra were recorded as 1% 
KBr discs on a Perkin-Elmer 598 spectrometer. Microanalyses were 
performed by Guelph Chemical Laboratories Limited. 

Commercially available theophylline (Sigma) and cadmium acetate 
dihydrate (BDH) were used as received. 

Preparation of compounds 
To a hot solution of theophylline (0.50 g, 2.77 mmol) in 50 mL of 

deionized water was added dropwise a solution of cadmium acetate 
dihydrate (0.37 g, 1.39 mmol) in 5 mLof deionized water. Immediate 
formation of a white precipitate resulted. After stirring the reaction 
mixture for 15 min at 80°C, the white solid was collected by filtration, 
washed with 100 mL of hot water, and dried to constant weight in a 
vacuum desiccator. It was crystallized once from methanol and then 
from a 1 : 5 pyridine/N,N-dimethylformamide (DMF) mixture to yield 
colourless crystals in 17% yield. 

The analysis of the white precipitate corresponds to [Cdrh2(H20),]. 
Anal. calcd. for CdC14Hz2Ns08: C 30.98, H 4.09, N 20.64; found: 
C 31.00, H 4.36, N 20.67. 

A sample of the colourless crystalline material recovered from 
DMF/pyridine was also submitted for elemental analysis and the 
results indicated a monosolvate [CdTh2(H20)4] .DMF. Anal. calcd. for 
CdCI7Hz9N9O9: C 33.15, H 4.75, N 20.47; found: C 33.18, H 5.04, 
N 20.09. Single crystals taken from this sample were found to be the 
disolvate [CdTh2(H20)4].2DMF (see below). Since the crystals deteri- 
orate when exposed to the atmosphere for a few hours, it is likely that 
the material analysed had lost some DMF to give the monosolvate. 

' H  chemical shift data 
Literature values for the uncomplexed theophylline ligand are given 

in parentheses (5). 
(a)  For the white precipitate, CdC14H22N808: N(1)-CH3 = 3.23 

(3.26), N(3)-CH3 = 3.45 (3.47), C(8)-H = 7.52 (8.06), N(7)-H 
= (13.53), Hz0 = 3.52. 

(b) For the colourless crystalline material, CdC17H29N909: 
N(1)-CH3 = 3.23 (3.26), N(3)-CH3 = 3.45 (3.47), C(8)-H 
= 7.52 (8.06), N(7)-H = (13.53), Hz0 = 3.52, (CH3)2N- = 2.89, 
2.73, -C(O)-H = 7.95. 

"C chemical shift data 
(a)  For the white precipitate, CdCI4Hz2N8O8: N(1)-CH3 = 27.71 

(27.37), N(3)-CH3 = 30.19 (29.36), C(2) = 151.56 (151.03), 
C(4) = 148.65 (147.63), C(5) = 113.56 (106.28), C(6) = 157.87 
(154.18), C(8) = 147.68 (139.96). 

(b) For the colourless crystalline material, CdC17H29N909: N(1)- 
CH3 = 27.27 (27.37), N(3)-CH3 = 29.70 (29.36), C(2) = 151.37 
(151.03), C(4) = 148.60 (147.63), C(5) = 113.17 (106.28), C(6) = 
157.39 (154.18), C(8) = 147.15 (139.96), (CH3)ZN- = 35.62, 

TABLE 1. Refined coordinates (X lo4, H X lo3) and 
equivalent temperature factors (X lo3) 

Atom X Y Z u e ,  

30.67, -C(O)-H = not observed. 

Infrared absorption data: 
For the white precipitate: v(C=O) + 6(H20) = 1645(s); v(C=C) 

+ v(C=N) = 1602(s), 1520(m). Free theophylline: 1720(s), 1680(s), 
1610(w), 1560(m) (5). 

Crystal data 
[CdTh2(H20)4] .2DMF (CdC 14Hz2N808.2C3H7NO) fw = 684.9 
Monoclinic, P2,/c, a = 10.891(3), b = 13.696(7), c = 10.1 lO(2) A, 
P = 109.03(4)", V = 1425.6 A3, Z = 2, PC = 1.595 g ~ m - ~ ,  
p(MoKa) = 8.3 cm-I, A(MoK6) = 0.71069 A (graphite monochro- 
mator), T = 23°C. Crystal dimensions: 0.12 mm X 0.14 mm X 
0.15 mm. 

Crystallographic measurement 
The compound precipitated as colourless transparent crystals from 

a pyridine-DMF mixture, but these became opaque after exposure to 
the atmosphere for a few hours. This deterioration, which is probably 
due to the loss of DMF, was slowed considerably by sealing the crystal 
in a Lindemann capillary. Precession and cone axis photographs 
showed 2/m Laue symmetry and the systematic absences (h01,1+ 2n 
and OkO, k + 2n) unambiguously defined space group P2,/c. 

The crystal was mounted on an Enraf-Nonius CAD-4 diffrac- 
tometer. The cell parameters reported above were obtained by least- 
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BUNCEL ET AL. 

FIG. I. Stereo view of the unit cell. The atoms are represented by spheres of arbitrary sizes. Dashed lines correspond to hydrogen bonds. 

squares refinement on the setting angles of 25 reflections randomly 
distributed in the Laue sphere. The intensity data were collected as 
described elsewhere (30). The intensities of the three standard reflec- 
tions decreased slowly, at the same rate, during data collection. At the 
end, 24% of the original intensity had been lost. The intensities were 
corrected accordingly at the data reduction stage. A total of 1865 hkl 
and hkl reflections were measured in the sphere limited by 20 5 45" 
(MoKct). A set of 1299 reflections with intensities I > 3u(I) was used 
to solve and refine the structure. These data were corrected for the 
Lorentz effect and polarization. A sample calculation showed that the 
transmission factor varied in the very narrow 0.85-0.89 range. 
Therefore, an absorption correction was deemed unnecessary. 

Resolution of the structure 
The structure was solved by the heavy-atom method and refined by 

full-matrix least-squares. The Cd atoms were positioned on equipoint 
2a on the basis of a three-dimensional Patterson synthesis. A portion 
of the five-membered ring of theophylline could also be extracted from 
this map. These light atoms, together with Cd, were used as the initial 
phasing model. The remaining nonhydrogen atoms were located from 
subsequent structure factor and difference Fourier (AF) calculations. 
Isotropic refinement of all nonhydrogen atoms converged to R = 
ZIIF.1 - IFcII/ZIF0I = 0.086andR". = [Zw(lF,I - I F ~ ~ ) ~ / Z W I F ~ ~ ~ I " '  
= 0.097. An individual weight w = l/uZ(F) based on counting 
statistics (30) was applied to each reflection. The positions of all the 
hydrogen atoms were determined from the AF map calculated at this 
stage. The atoms were then anisotropically refined, except for hydro- 
gens, which were isotropically refined. Convergence was reached for 
R = 0.044 and R,. = 0.052. The goodness-of-fit ratio was 1.87. The 
final AF map was ~ssentially featureless: the general background was 
within 2 0.55 e A-3, but a few peaks of '- -1 e were found 
near Cd. 

The scattering curves were from standard sources (31). The f '  
and f" contributions of Cd to anomalous dispersion were taken into 
account (32). 

The refined coordinates are listed in Table 1. The lists of temper- 
ature factor and structure factor amplitudes are part of the supple- 
mentary material .' 

Results and discussion 
Theophylline contains four potential binding sites since 

the methyl groups at N(l) and N(3) effectively render these 
sites non coordinating. Three of these sites, i.e. C(6)=0, 
C(2)=0, and N(9) possess one or more lone pairs of electrons 
in the undissociated ligand. The N(7) atom can become a reac- 
tive site as a result of the formation of Th-' via displacement 

'Lists of anisotropic temperature factors (Table 4), weighted least- 
squares planes (Table 5), and observed and calculated structure factor 
amplitudes (Table 6) may be purchased from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada KIA OS2. 

of the weakly acidic N(7)-H proton (pK, = 8.5) (33). 
The solid DMF-free compound was obtained by reacting 

equimolar amounts of theophylline and cadmium acetate di- 
hydrate in aqueous solution at pH 5 according to the following 
net reaction: 

Recrystallization of [CdTh2(H20)4] from a pyridine/DMF mix- 
ture (1 : 5) yielded a crystalline solid whose elemental analysis 
was consistent with a complex containing cadmium(II), DMF, 
water, and theophyllinate ions. However, while the results of 
standard spectroscopic techniques (see below) clearly indicated 
that DMF was not a component of the inner coordination 
sphere, they were less successful in establishing unambig- 
uously the geometrical arrangements of water and theophyl- 
linate ions in the inner coordination sphere, the site utilized by 
Th-' in its binding to cadmium, the state of aggregation of the 
complex (e.g. monomeric or dimeric), the structure of the 
complex and the extent (if any) of the involvement of the 
C(6)=0 in bonding to cadmium. In order to shed some light 
on these problems, we undertook the X-ray crystal structure 
determination, the results of which are reported below. 

Crystal structure of [CdTh2(H20)d .2DMF 
Figure 1 shows an ORTEP drawing of the complex. The 

interatomic distances and bond angles are listed in Table 2. The 
structure . consists of monomeric, six-coordinate molecules, 
[CdTh2(H20),], in which the two Th-' anions are in the trans- 
positions and bound to cadmium via their N(7) nitrogens. 
Cadmium occupies a crystallographic inversion centre and its 
coordination is roughly trans-octahedral. Opposite Cd - ligand 
bonds are exactly 180" apart by symmetry. The N-Cd-0 
angles range from 88.4(2) to 91.6(2)". Departure from the ideal 
90" value is greater for the 0-Cd-0 angles (83.5(2), 
96.5(2)"). ~ h e k d - 0  distances of 2.346(5) and 2.336(5) A 
compare well with those found in other aquo complexes 
( 1  1- 14). The Cd-N(7) distance (2.300(5) A) is similar to 
those reported for complexes with related ligands (9- 16). 

N,N-Dimethylformamide is clearly not a constituent of the 
inner coordination sphere of cadmium, but rather is present in 
well defined lattice sites as a solvent of crystallization (Fig. 2). 

As mentioned earlier, both the N(l) and N(3) sites in the 
theophylline are blocked by a methyl group, so coordination 
occurs either through N(7) or N(9) (or, perhaps, via C(6)=0 
or C(2)=0). In view of the observation that in neutral theo- 
phylline, the imidazole proton is bound at N(7) (17, 18), it is 
not surprising that, in the majority of the complexes containing 
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( a )  Interatomic distances 

Bond Distance (A) Bond Distance (A) 

( b )  Bond angles 

Bonds Angle (deg) Bonds Angle (deg) 
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BUNCEL ET AL 

TABLE 3. Geometry of the hydrogen bonds 

Bond Distance (A) Bonds Angle (deg) 

O(13)-H(131). . . .(06) (intramolecular) 
O(13)-O(6) 2.689(8) 
H(13 1)-O(6) I .89(6) 

FIG. 2. ORTEP drawing of the Cd(H20)4(C7H7N402)2 molecule. 
The ellipsoids correspond to 50% probability, except for hydrogens, 
which are shown as spheres of arbitrary size. The dashed lines corre- 
spond to hydrogen bonds. The cadmium atom occupies a crystallo- 
graphic inversion centre. 

the theophyllinate anion, the coordination of (Th)-' is through 
N(7). Kistenmacher, Marzilli, and co-workers (23 - 29) re- 
ported the structures of a number of complexes with the theo- 
phyllinate anion and they invariably found the metal to be 
bound to N(7) rather than N(9). They also pointed out that O(6) 
is consistently involved in stabilizing interactions, either by 
weak coordination with the metal (in copper complexes), or 
through hydrogen bonding with other coordinated ligands. The 
present complex clearly belongs to the latter class. The intra- 
molecular O(13)-H...0(6) bond is strong, with an O(13) 
-0(6) separation of 2.689(8) A lying on the low side of the 
range (2.65-2.93 A) proposed by Stout and Jensen for this 
type of H-bond (34). The hydrogen lies close to the O(13)- 

O(6) direction and all the angles are favorable (Table 3). On the 
other hand, binding via N(9) would replace this stabilizing 
interaction by a repulsion between water and the hydrophobic 
N(3)-CH3 portion of theophylline. The so-called "indirect 
chelation" of O(6) appears to introduce a stabilization large 
enough to favor bonding to N(7) in azahypoxanthine, a ligand 
very similar to theophylline, in spite of the fact that N(8) and 
N(9) are believed to be more basic that N(7) (14). Indirect 
chelation also exists in the cadmium complexes of inosine 
monophosphate and guanosine monophosphate (13). There- 
fore, whenever such extra stabilization is possible, the acceptor 
ability of N(7) is enhanced, and both factors have to be con- 
sidered when discussing the relative affinities of N(7) and N(9) 
in such systems. 

The theophylline unit co~sists of two individual rings, both 
planar within 1 . 7 ~  (0.012 A). The angle between the rings is 
2.0" (Table 4, supplementary material). The substituents are 
displaced slightly, altho;gh significantly, fr9m their respectiye 
planes: 0(6), 0.047(5) A; C(1), 0.034(9) A; Cd, -0.137 A. 
The DMF molecul$ (excluding the methyl hydrogens) is planar 
within 2u (0.019 A). 

The hydrogen bonding in [Th2Cd(H20),] .2DMF is extensive 
due to the presence of a number of donor and acceptor sites in 
the theophyllinate anion and DMF molecule. The four water 
molecules on the cadmium atom provide additional donor sites. 
The distances and angles associated with these possible hy- 
drogen bonds are listed in Table 3. The pair of symmetry- 
equivalent intramolecular O(13)-H(13) ... O(6) hydrogen 
bonds has been discussed above. The packing pattern (Fig. 2) 
shows some intermolecular hydrogen bonds. O(2) is involved 
in an intermolecular hydrogen bond with the hydrogen of an 
q(14) water molecule: the 0(14)...0(2) distance is 2.799(6) 
A, and the O(14)-H(142)-O(2) angle is 175(6)". The theo- 
phyllinate ligands are linked together by intermolecular O(13) 
-H(132) . N(9) hydrogen bonds, with an O(13)-N(9) dis- 
tance of 2.828(7) A and O(13)-H(132)-N(9) angle of 
162(8)". The oxygen atom of DMF is also involved in hydrogen 
bonding to water molecules attached to the central metal atom. 
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'H and "C nmr and ir spectroscopic analysis of the compounds 
' H  and I3C nrnr and ir spectra of the complexes, together with 

comparable data for the parent theophylline, are given in the 
experimental section. The ' H  nmr spectrum exhibits upfield 
shifts of the N(1)-CH3, N(3)-CH3, and C(8)-H reso- 
nances, with the resonance due to N(7)-H being absent. This 
is consistent with theophyllinate binding via N(7) with con- 
comitant proton displacement. The trends of the chemical shifts 
of the N(1)-CH3, N(3)-CH3, and C(8)-H are parallel to  
those observed in the [(CH3Hg)Th].H20 and [Th2Hg].H20 
complexes, in which N(7)-Hg binding is known to occur (5). 
In a solution of the crystalline sample, the ' H  resonances asso- 
ciated with D M F  are at 6 = 2.89 and 2.73 ppm (N(CH3)2) and 
6 = 7.95 ppm (-C(0)-H). The  water and purine resonances 
of the D M F  solvate are relatively unchanged as compared 
to corresponding resonances of the noncrystalline sample. Nat- 
ural abundance proton decoupled I3C n m  spectra were also 
obtained. Signals of most interest are those which are close to 
the site of metallation. 'The resonances due  to C(5) and C(8) 
show downfield shifts of 7.28 and 7.72 ppm together with a 
downfield shift of the C(6) resonance of 3.69 ppm. The  other 
resonances are relatively unaffected in comparison to those of 
theophylline itself. The trend is in the same order as  is observed 
with [(CH3Hg)Th] . H 2 0  and [Th2Hg] . H 2 0  (5). These changes 
in the chemical shifts of C(5) and C(8) resonances can be  
attributed to  the transfer of charge from N(7) to  the ring sys- 
tems on removal of the proton (35). The  change in chemical 
shift of the C(6) resonance could be, in part, due  to the in- 
volvement of C(6)=0  group in hydrogen bonding to the water 
groups attached to the central metal atom (see X-ray structure). 

The  ir spectra of the complexes show a strong multi- 
component absorption at 1645 cm-'.  Similar strong bands, 
attributed to the 6(H20) mode and the two C = O  stretching 
vibrations found at - 1685 and - 1635 cm-', have been found 
in a number of complexes containing the theophyllinate ion (5, 
36). Free theophylline has corresponding absorptions at 1720 
and 1680 cm- '  . Shifts of this magnitude in the C = O  stretching 
modes are sometimes cited as  evidence for N(7)-O(6) chela- 
tion. However, based on the X-ray results obtained in the 
present study and with [(CH3Hg)Th].H20 (5, 6) ,  this lowering 
in the stretching mode is more likely a consequence of the 
deprotonation of the imidazole ring, with a possible con- 
tribution resulting from the involvement of the C(6)=0  oxy- 
gen atom in the formation of strong hydrogen bonds with the 
hydrogen atom of the water molecule attached to the central 
metal atom. 
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Facile H-D exchange of the bridgehead methyls of bicyclo[2.2.2]octan-2,s-diones. 
Evidence for a carbon analogue of the acyloin rearrangement 

NICK HENRY WERSTIUK, GWEN IRENE WADE,' AND PETER JOHN JOSEPH  MARTIN^ 
Department of Chemistry, McMaster University, Hamilton, Ont., Canada L8S 4Ml 

Received May 10, 1985 

NICK HENRY WERSTIUK, GWEN IRENE WADE, and PETER JOHN JOSEPH MARTIN. Can. J. Chem. 63, 2582'(1985). 
Hexamethyltwistyl-2,5-dione 4 has been synthesized and its H-D exchange studied in t-BuOKlt-BuOD at 125°C. We find 

that the bridgehead methyl at C-3 undergoes exchange 7 X lo5 times faster than the bridgehead methyl of bicyclo[2.2. Ilheptan- 
2-one (fenchone). This result, along with a previous study, establishes the first examples of the carbon analogue of the acyloin 
rearrangement of alicyclic systems. 

NICK HENRY WERSTIUK, GWEN IRENE WADE et PETER JOHN JOSEPH MARTIN. Can. J. Chem. 63, 2582 (1985). 
On a synthCtisC I'hexamCthyltwistyldione-2,5 (4) et on a Ctudit son Cchange H-D sous I'influence du tert-BuOKltert- 

BuOD, i 125°C. On trouve que la vitesse d'Cchange du groupement mtthyle en tCte de pont, en C-3, est 7 X lo5 fois plus 
rapide que celle du groupement mCthyle en tCte de pont de la trimtthyl-1,3,3 bicyclo[2.2.1] heptanone-2 (fenchone). Ce 
rksultat, de mCme que ceux obtenus au cours d'une Ctude antkrieure, permet d'Ctablir les premiers exemples d'analogues 
carbonts d'une transposition aux acyloi'nes dans des systkmes alicycliques. 

[Traduit par le journal] 

Numerous examples of the base-catalyzed rearrangement of 
a-ketols (acyloins) (Scheme 1) have been documented in the 
literature. The rearrangements occur readily in acyclic, mono- 
cyclic, bicylic, and polycyclic substrates (1 - lo).' The nitrogen 
analogue of the acyloin rearrangement has been observed in the 
conversion of a-lactams to a-hydroxyimines by alkyllithiums 
(1 1 - 13). Prior to this report, which documents the first exam- 
ples of the carbon analogue of the acyloin rearrangement in 
alicyclic systems, Miller and Bhattacharya (14)4 established 
that the anion of dienone 1 undergoes a concerted 1,2 shift of 
a methyl group at - 10°C to yield anthrone 2 (Scheme 2). 

From our studies on the homoenolization of bicyclic diones 
(15, 16) it was established that dione 3 undergoes facile H-D 
exchange of the bridgehead methyl (Table 1) at 100°C. From 
the unusual sequence of the deuterium incorporation we de- 
duced that H-D exchange was not rate determining and consid- 
ered a possible mechanism for the exchange based on a 
p-enolization. 

To establish the generality of the facile exchange of the 
bridgehead methyl, we have synthesized hexamethyltwistyl- 
2,5-dione 4 and studied its H-D exchange in 1 M t-BuOKl 
t-BuOD at 125°C. It was found that the bridgehead methyl at 

' NSERCC Summer Studentship awardee, 1983. 
NSERCC Summer Studentship awardee, 1984. 

3The references quoted represent only a fraction of the studies of 
a-ketols which have been reported. 

4 

X = 0 ,  N, C 
: = lone pairs or u bonds 

TABLE 1. Base-catalyzed H-D exchange of diones in t-BuOKl 
t-BuOD 

Temperature Excess D per molecule 
Dione" (+ 3") Time (h) (D in methyl)b 

"Ketone concentrations ranged between 0.1 and 0.15 M and the base 
concentrations were in the range of 1 .O- 1.2 M. The diones were recovered 
in 70-80% yield. 

bDetennined mass spectrometrically at low voltage. 
'Small amounts of d5 and d6 species were present. 

C-3 undergoes exchange approximately 7 X loS times faster 
than the bridgehead methyl of fenchone (17).' We propose that 
the exchange of the methyls of 3 and 4 does not occur via a 
p-enolization, but rather is a consequence of the involvement 
of a carbon analogue of the acyloin rearrangement (CAAR) of 
a-enolate 4-E that locates a methyl group at the terminus of an 
enone (Scheme 3). Our work represents the first examples of 

' Based on the fact that fenchone (1,3,3-trimethylbicyclo[2.2.1]- 
heptan-2-one) undergoes 7.3% exchange of the bridgehead methyl 
after 300 h at 220°C (17). We previously reported that the methyl of 
3 exchanges 5 x lo3 faster than the bridgehead methyl of fenchone. 
'The apparent increase in the rate of exchange of 4 is predominantly 
due to the fact that a better estimate of the rate of exchange of the 
bridgehead methyl of fenchone is now available. 
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rangement of 6-0 to  deuterated 4 via a vinylogous acyloin & rearrangement, can account for the experimental results. The 
vinylogous acyloin rearrangement, examples of which are doc- 
umented in the literature (19-23), and the carbon analogue of  
the acyloin rearrangement are related in that the latter is the 

8 reverse of the former. Under certain circumstances the CAAR 
occurs at a reasonable rate but, in cases where the dione is  

0 
l'ltl 

significantly more stable than the hydroxyenone, the CAAR 
H can only b e  detected by  hydrogen-isotope exchange. That the 

3 4 a-enolates of 3 and 4 rearrange at 100- 125OC and the anion of 
l a  rearranges at - 10°C is a consequence of the aromatization 
of ring a of l a .  It is interesting to note that, although methyl 
substitution a to the carbonyl group (compare 3 and 4)  does not 
appear to  affect the rate of rearrangement in the alicylic sys- 

0 tems, Miller and Bhattacharya reported that dienedione 1 b does 
not undergo the 1,2-methyl shift (14). 
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The indirect determination of trace reactive silicon in waters by neutron 
activation analysis 
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PHILL~P OLTMANN and DOUGLAS E. RYAN. Can. J. Chem. 63, 2585 (1 985). 
Reactive silicon in waters was determined indirectly by counting 1°'Tc after neutron activation of molybdosilicic acid (MSA) 

extracted with methyl isobutyl ketone (MIBK). The detection limit (defined as twice the standard deviation for the blank) was 
0.2 ng mL-I. The relative standard deviation was 3% at the 10 ng mL-' level and 30% at the 1 ng mL-' level. Phosphate, 
arsenate, and ferric ions did not interfere by themselves. Interference from the reduction of molybdophosphoric acid by tannic 
acid was eliminated through the use of dichromate. The salt effect normally encountered in the analysis of sea water was 
examined with particular reference to silicate content of reagent salts used in preparing synthetic sea water. 

PHILLIP OLTMANN et DOUGLAS E. RYAN. Can. J. Chem. 63, 2585 (1985). 
On a dCterrninC les niveaux de silicium reactif presents dans des eaux en faisant appel i une mtthode indirecte impliquant 

le comptage du 'O'Tc aprks une activation neutronique de I'acide molybdisilicique (AMS) qui est extrait par de la mCthyl 
isobutyl cttone (MIBC). La limite de dttection (qui est dCfinie comme Ctant le double de la dCviation standard d'un blanc) 
est Cgale i 0,2 ng d - I .  La deviation relative standard est Cgale i 3% i des concentrations de 10 ng mL-I et de 30% i un 
niveau de 1 ng mL-'. Les ions phosphate, arsCnate et ferrique n'interfkrent pas directement. L'interfCrence provenant de la 
reduction de I'acide molybdophosphorique par I'acide tannique a CtC CliminCe en utilisant du bichromate. On a CtudiC I'effet 
de sel que I'on rencontre lors de I'analyse de I'eau de mer et particulikrement en ce qui a trait au contenu en silicate des reactifs 
qui sont utilisCs pour prkparer de I'eau de mer synthktique. 

[Traduit par le journal] 

Introduction 
Silicon is second in abundance to oxygen in the geosphere 

and therefore is present in other spheres including natural 
waters. The concentration may be high in deep sea water or 
undetectable in some surface waters (1, 2). Silicon in waters is 
essential to diatoms and planktons, the basis of the aquatic food 
chain (1, 3, 4). It is present in waters as silicate ions (which 
may be polymerized), as colloidal silicon dioxide and clays, or 
in plant life. Silicon is also deleterious to industrial processes 
(5-7) leaving hard deposits on turbine blades and piping of 
steam power generators resulting in reduced heat transfer and 
turbine efficiency; demineralization processes must reduce 
concentrations to less than 50 ng mL-I. Chemicals such as 
phosphates, tannic and oxalic acids are used in piping waters to 
reduce corrosion and minimize deposits, and these vary with 
generator manufacturer. Natural waters may also contain copi- 
ous amounts of phosphate, sodium chloride, or biological de- 
cay products. Methods for silicon determinations, therefore, 
must be selective and sensitive. 

A recent paper (8) reports on the determination of silicon in 
waters used for washing modem integrated circuits. ASTM 
recommends that silicic acid concentrations be below 5 ng 
rnL-' for this application, a restraint that renders conventional 
analysis methods obsolete. The determination of silicon in 
waters is usually accomplished spectrophotometrically after 
reduction of molybdosilicic acid (MSA). MSA has also been 
applied in a flow injection system (9), in a voltammetric finish 
(7, lo), in a kinetic method (1 l ) ,  and a radioreagent method 
(12). Only (x-MSA is formed over the pH range 3.8-4.8 in 
solutions 0.005 - 0.1 M in molybdate and only P-MSA at pH's 
1 .O- 1.8 at the same molybdate concentrations (13). A short 
review of MSA production has recently been published (14). 

"Reactive silica" denotes silicon species that readily react 
producing MSA (<20 min); these are orthosilicate and its 
dimer. Longer chains and colloidal silica react slowly over a 

'To whom all correspondence should be addressed. 

period of hours or days reflecting their dissociation and dis- 
solution. Phosphorus(V), arsenic(V), and germanium(1V) also 
form heteropoly acids under the P-MSA formation conditions 
and can produce a positive interference in spectrophotometric 
determinations while fluoride and tannic and humic acids (bio- 
logical decay products) can produce negative interferences by 
inhibiting the formation of MSA. Tannic acid can produce a 
positive interference when present with phosphate by reducing 
molybdophosphoric acid. 

This paper reports on the determination of reactive silicon by 
neutron activation of extracted MSA. The production of MSA 
is well defined and its separation from excess molybdate, by 
extraction, is readily accomplished. The SLOWPOKE reactor 
is particularly advantageous since direct irradiation of liquids 
can be done. 

Experimental 
Reagents and instrumentation 

The following reagents were used: ammonium molybdate (Fisher 
certified), silicon dioxide (INC 99.999%). soidum carbonate (Thorn 
Smith 99.98%), sulfuric acid (Fisher 96%), MIBK (Aldrich reagent 
grade), and potassium hydroxide (BDH ACS grade). Ultrapure water, 
used to dilute reagents, was prepared by sub-boiling distillation of 
distilled water from a 20 L pyrex flask heated with an ir lamp. A 5 L 
nalgene flask cooled with ice was used for collection and the water 
was stored in a similar 20 L container. Teflon separatory funnels were 
dismantled and soaked in 50% KOH between uses to eliminate possi- 
ble memory effects. A Tracor Northern TN 1700 multichannel 
analyzer connected to a Ge(Li) detector was employed to monitor the 
307 keV photopeak of I0'Tc, the daughter of 'O'Mo produced upon 
irradiation. 

Procedure 
To 50 mL water samples in 125 mL Teflon separatory funnels were 

added 1 mL of a freshly prepared 10% ammonium molybdate solution 
and 1 mL 1 : 5 HzS04: HzO to produce a pH of 1.2- 1.4. After 20 min, 
any isopoly acids, molybdosphosphoric acid (MPA), and molyb- 
doarsenic acid (MAA) present were destroyed by the addition of 20 
mL of 1 : 1 H2S04 and the MSA extracted with 2 mL MIBK. The 
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organic phase was washed once with 10 mL 1 :5 and trans- 
ferred to a polyvial. The vial was doubly sealed before irradiation in 
the SLOWPOKE I1 research reactor; irradiation (ti), decay (td), and 
counting times (t,) were 30 min, 1 min, and 30 min, respectively, at 
a neutron flux of 5 X 10" n cm-I s-'. Quantitation was achieved by 
reference to an analytical curve prepared from data obtained for 0- 1 
~g Si added to 50 mL of ultrapure water. Sea water standards (Wako 
Pure Chemicals) were analyzed by using a 1 rnL aliquot with 50 mL 
of ultrapure water. The amount of sulfuric acid needed to give the 
proper pH was determined in a separate experiment. 

Interference study 
Chemicals present in natural and industrial waters were examined 

for interferences on the production of MSA, for silicate content and for 
complexation/extraction of molybdate. The chemicals studied were 
ferric ammonium sulfate (McArthur Chem. Co. reagent grade), 
sodium chloride (BDH ACS grade), citric acid (Fisher ACS), tartaric 
acid (Eastman), oxalic acid (Fisher ACS), tannic acid (J.  T. Baker), 
humic acid (Aldrich), ammonium fluoride (Analar AR grade), am- 
monium phosphate monobasic (B & A), phosphorous and arsenic AA 
standards 1000 ppm (Aldrich), sodium arsenate (Analar AR grade), 
and germanium dioxide (Fisher 99.99%), the latter fused as for silicon 
dioxide. 

Possible interferences were studied under three separate reaction 
conditions: (A) molybdate was added to test ion solutions after the 
addition of 20 mL 1 : 1 HzS04; (B) all reagents were reacted at pH 1.4 
without a silicate standard; (C) same as (B) but with a silicate stan- 
dard. Ions were studied further by using 7 6 ~ s  and 32P labelled salts in 
similar experiments. The organic phases were counted for P- emis- 
sions using a Triton X-100 cocktail (15). Equal activities of 7 6 ~ s  and 
32 P were added directly to the cocktail and counted as a reference. 
Labelled salts were prepared by irradiation of ammonium arsenate and 
ammonium phosphate in the SLOWPOKE I1 reactor. 

Results and discussion 
The sensitivity of the method was 85.7 + 2.1 counts per 

nanogram of silicon; the blank value was 1800 + 550 counts 
as calculated using a least-squares analysis on 26 data points 
over the range 0- 1 pg of silicon added. The data were ob- 
tained using two separate silicon standards and four separate 
molybdate preparations over a period of four days. The stan- 
dard deviations listed, therefore, represent the sum of all 
weighing, measuring, and counting variances with the latter 
making the largest contribution. The blank value, equivalent to 
20 ng Si, represents reactive silicon contamination in molyb- 
date sources since the blank increased with molybdate concen- 
tration. There was also a contamination by unreactive forms of 
silicate since the blank value tripled when a one week old 
solution of molybdate was used; the blank value for Aldrich 
Gold Label ammonium molybdate was similar to that for the 
cheaper Fisher certified reagent. 

The detection limit was defined as twice the standard devia- 
tion of the blank (13 ng Si). Thus for a 50 mL aliquot, the 
detection limit was 0.2 ng mL-' (or 0.007 pg-at L-' in the units 
used by oceanographers where 1 pg-at = 1 pmol). This de- 
tection limit is comparable to that of the most recent papers 
published (8, 16) and is significantly lower than a reported 
radioreagent method (12). The proposed method has the advan- 
tage over the latter in that one does not handle radioactive 
solutions, and irradiated samples can be disposed of safely 
without a long waiting period. 

The upper limit was taken to be 1000 ng (20 ng mL-') above 
which the 307 keV photopeak broadened and accuracy de- 
creased. The unsymmetrical broadening was a function of the 
redrifted detector and the counting system available. This up- 
per limit can be extended by dilution of the sample with ultra- 

Time ( m i n )  

FIG. 1. Optimization curves obtained by plotting the signal to 
square root of noise ratio (~/fi) vs. time. 0 td ,  t, = 1 rn, 30 m, 
time = irradiation time; A t i ,  td = 15 m, 1 m, time = counting time; 

t, = t, = 15 m, time = decay time. N = background reading. 

pure water. Reducing the sample size, increasing the volume of 
MIBK used for extraction, reducing irradiation and count times 
or placing the sample farther from the detector also increases 
the upper limit but a new analytical curve must be prepared for 
these conditions. 

Figure 1 shows the data for optimizing irradiation, decay, 
and counting times. This was necessary because of the Comp- 
ton background at 307 keV due to 4'Ar and 38C1; argon was 
present in the vial headspace and dissolved in MIBK while 
chlorine was present as a contaminant in the irradiation vials. 
The major contribution was 38Cl and removal of 4'Ar by flush- 
ing with nitrogen was not particularly advantageous. Short 
variations in decay time had little affect on S l f i ;  this reached 
a maximum at an irradiation time of 30 minutes. The greatest u 

increase in S/<N vs. counting time is over the time interval 
of 0-30 min. At more than 30 min count time, little rise in 
S / f i  is observed. Time economy and a detectable reagent 
blank lead to the optimum conditions ti = t ,  = 30 m and 
td  = 1 m. 

Table 1 shows the results of possible interferences. Under 
condition A ,  heteropoly acids do not form at the acidity used. 
Therefore, an apparent signal indicates that a molybdenum 
complex, other than a heteropoly acid, was extracted. This 
was observed for tannic acid and high concentrations of fluo- 
ride and chloride. The positive interference of tannic acid was 
eliminated with dichromate. Interference by fluoride can be 
neglected for natural water samples since such high concentra- 
tions are not observed in nature. The interference from chloride 
was linear and was equivalent to 42.6 ng Sill% NaCl. This 
value was used as a correction for the molybdenum chloride 
interaction in seawater analysis. 

Reaction under condition B (pH 1.4) yields heteropoly acids 
including any MSA formed from silicate present in the salts 
used. All chemicals tested showed silicate contamination. 
M~l~bdo'germanic acid is stable under the conditions used, but 
effects from germanium can normally be neglected due to its 
very low occurrence (17). The evidence under condition B was 
not, on its own, sufficiently conclusive to say that the data for 
phosphate and arsenate were the consequence of silicate but the 
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OLTMANN AND RYAN 

TABLE 1. Effects of possible interferences under conditions A,  B , and C* 

Conditions 
(pg Si equivalent) 

Test species Concentration 
or ions in pg/50 mL A B C pg Si taken pg Si found 

Citric acid 5000 <0.01 0.09 0.22 0.12 0.13 
Oxalic acid 5000 - 0.08 0.21 0.12 0.13 
Tartaric acid 5000 <0.01 0.09 0.20 0.12 0.11 
Tannic acid 5000 0.20 - - - - 
As as arsenate 10 (Aldrich) <0.01 0.15 0.27 0.12 0.12 
As as arsenate 135 (Analar) <0.01 0.06 0.16 0.08 0.10 
P as phosphate 100 (Aldrich) <0.01 0.62 0.70 0.08 0.08 
P as phosphate 200 (B and A) <0.01 0.08 0.19 0.12 0.11 
Fe as ferric ion 6500 <0.01 0.05 0.14 0.08 0.09 
Ge as germinate 0.26 - 0.11 0.19 0.08 0.08 
Dichromate ion 215 <0.01 0.13 1.2 1.2 1.1 
Sodium chloride 3.05% 0.13 0.23 0.39 0.12 0.16 

<0.31% <0.01 
Tannic acid 5000 <0.01 0.29 0.42 0.12 0.13 
Dichromate ion 2 15 

Hummic acid 5000 <0.01 0.18 0.31 0.12 0.13 
Dichromate ion 215 

Tannic acid 5000 
P as phosphate 400 <0.01 0.42 1.7 1.2 1.3 
Dichromate ion 215 

Tannic acid 5000 
As as arsenate 135 - 0.30 1.18 0.83 0.88 
Dichromate ion 215 

*Reaction conditions A ,  pH << 1 (MSA cannot form); B ,  pH = 1.4; C,  pH = 1.4 with Si standard 
addition. 

TABLE 2. Results from tracer studies using "P and 76As 
reacted and extracted to separate MSA* 

Observed Observed 
activity of activity of 

pg taken nuclide taken nuclide found % extracted 

65 pg P 1 . 5 ~  10' cpm <10 cpm <0.0007% 
40 pg As 3.6x 10' cpm 120 cpm 0.03% 

*Irradiated salts decayed for 2 days to eliminate "Si. 

results from two different sources of these ions show that there 
must be varying amounts of silicate present. Table 2 shows, 
when 32P and 76As are used as tracers, that <0.007% of phos- 
phate and 0.03% arsenate are extracted and proves that the 
results obtained under conditions B for these ions must be the 
result of silicate contamination. 

Chemicals contain silicon in both reactive and unreactive 
forms. The blank increased for solutions of molybdate on 
standing and higher values were observed for old solutions of 
test ions. 

Low-level silicate contamination is deleterious especially 
when reagents contribute the same amount or more than 
samples. The accuracy of determinations in the interference 
study was therefore reduced as can be seen by comparison of 
values for conditions B and C; the quantity of silicon found 
was, of course, the difference. 

Table 3 shows the accuracy of the method for the deter- 
mination of silicon in standard water samples prepared in this 
laboratory. The lowest value (0.1 ng mL-') was below the 
detection limit (2ub, b = blank value) and at about the detec- 

TABLE 3. Data for analysis of silicon standards 
with the results of two determinations 

ng Si mL-I taken ng Si mL-I found a 

tion limit (0.2 ng mL-') a large error was observed and ex- 
pected since meaningful data cannot be achieved below the 
quantitation limit (4ub, or 0.4 ng mL-'). 

Table 4 shows the applicability of the procedure to seawater 
analysis. The data are the mean of three replicate deter- 
minations. Values were consistently high indicating that the 
silicate content of the salts used in standard preparation may 
have been neglected by the manufacturer. The neglect of sili- 
cate contamination of salts used in preparing an analytical 
curve for seawater analysis has the net effect of producing 
slightly lower results for real samples. The methodology used 
here eliminates this problem. 

Deionized water (Fisher high purity column), distilled water 
(Coming borosilicate still), and tap water were analyzed giving 
silicon concentrations of 1.1 ng mL-', 4.6 ng mL-I, and 1.2 pg 
mL-', respectively. Unfortunately no standard reference ma- 
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TABLE 4. Analysis of sea water standards 
(Wako Pure Chemicals) 

[sil mL used for [Si] found 
kg-at L-'  analysis kg-at L-' 

terials were available for further testing. 
The  'o'Mo-l'"Tc decay scheme was chosen over the 

wMo-99mTc parent daughter relationship because the latter 
necessitates long irradiations and, therefore, the use of dry 
samples. Attempts to dry organic phases resulted in solvent 
creep and irregular deposition of the analyte on vial walls. Use 
of short-lived species permitted a much shorter analysis time. 
In addition the reagent blank determined the detection limit, not 
the ability to detect molybdenum and there was no advantage 
in using the more sensitive, but longer lived 99Mo-99mT~ 
parent daughter relationship. 

Conclusions 
The  method described is applicable to water with extremely 

low silicon content (20-0.2 ng mL-'), and is not affected by 
large amounts of tannic acid, arsenate, phosphate, and ferric 
ions or  combinations of these. It is advantageous for colored 
samples and can determine silicate in reagent salts. Samples 
can be stored for long periods of time once encapsulated, since 
the NAA experiment does not depend on subsequent speciation 
changes. The  detection limit could be lowered if methods of 
purifying molybdate sources improve. 

The low operating temperature of the SLOWPOKE I1 reactor 
permits irradiation of liquids for periods up to 3 h s o  that 
samples need not be dried and short analysis times are possible. 
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J. W. APSIMON, L. W. HERMAN, and C. HUBER. Can. J. Chem. 63, 2589 (1985). 
The synthesis of 2,2-dimethyl-5-hydroxychromene ( I d )  is described. The synthesis of the analogous 5,7-dihydroxy deriv- 

atives, using similar conditions, yields the adduct 9 derived via a Bucherer type reaction. X-ray analysis of 9 demonstrated 
that a pyrrolidine group was in the 7-position, and that the 5-hydroxyl group was involved in a strong intramolecular hydrogen 
bond to the 4-keto oxygen atom. 

J. W. APSIMON, L. W. HERMAN et C. HUBER. Can. J.  Chem. 63, 2589 (1985). 
On dtcrit une synthkse du dimtthyl-2,2 hydroxy-5 chromkne ( I d ) .  Une synthkse des dtrives dihydroxy-5,7 analogues qui 

fait appel i des conditions semblables ne conduit qu'i  l'adduit 9 qui provient d'une reaction du type de Bucherer. Par diffraction 
des rayons-X on peut dtmontrer que, dans le compost 9, le groupement pyrrolidine est en position 7 et que le groupement 
hydroxyle en position 5 est impliquC dans une forte liaison hydrogkne intramoltculaire qui le lie a l'atome d'oxygkne de la 
cttone en position 4. 

[Traduit par le journal] 

Introduction 
In 1976, Bowers et al. (I)  isolated two compounds from 

the plant Ageratum houstanianum which caused precocious 
metamorphosis, prevented ovarian development, and induced 
diapause in locusts and certain beetles. These natural anti- 
juvenile hormones, now known as Precocene I ( l a )  and I1 ( lb ) ,  

l a  R'  = OMe, R' = H 
l b  R' = R ' =  OMe 
l c  R' = R" H 
Id R' = H, R' = OH 

R1 l e  R1 = OTs, R ' =  H 
If R' = H, R' = OBn 
l g  R' = H, R' = OPhenacyl 

were already named 6-demethoxy ageratochromene (2) and 
ageratochromene (3) by the groups who first characterized 
them. This family of compounds shows great promise as a new 
generation of insecticides: while they are deadly to the insect 
targets, they are non-toxic to mammals probably because of 
their mechanism of action, which is believed (4-7) to require 
in vivo activation to a reactive epoxide which easily alkylates 
nucleophiles (7, 8), a route that is probably responsible for the 
destruction of the corpora allata, the insect organ responsible 
for juvenile hormone production. 

The synthesis of 2,2-dimethyl chromenes ( l c )  may be ap- 
proached either by the preparation of another related ring sys- 
tem with subsequent variation of functionality, or by alkylation 
of a free phenol followed by cyclization onto the aromatic ring. 
Among the former approaches, the earliest was the alkylation 
of a coumarin with a Grignard reagent (9). In 1962, Iwai and 
Ide (10) first reported the synthesis of chromenes from the 
Claisen rearrangement of propargyl aryl ethers, an approach 
later used by Hlubecek et al. (1 1) who synthesized Precocenes 
I and I1 by the 0-alkylation of 3-methoxy or 3,4-dimethoxy 

' Taken in part from the M.Sc. thesis of L. Herman, January 1982, 
Carleton University, Ottawa. 

Author to whom correspondence may be addressed. 

phenol with 3-chloro-3-methyl-1-butyne, followed by cycliza- 
tion in N,N-diethylaniline. 

Chromenes may also be obtained via the corresponding chro- 
man by dehydrogenation with DDQ (12- 14, 16, 17) or 
halogenation-dehydrohalogenation (16). Prenylated aromatic 
compounds may be formed under acidic conditions, with 
2-methylbut-3-en-2-01 in the presence of BF3 etherate (16), or 
under basic conditions with n-BuLi and dimethallyl bromide 
(17). Camps et al. (18) used Ni(AcAc), as a catalyst to con- 
dense phenols with 1,3-dichloro-3-methylbutane to give the 
chroman system. Alternatively, ortho prenylated phenols may 
be directly cyclized to chromenes using potassium dichromate 
in benzene in the presence of Adogen 464 ("orange benzene") 
(19), DDQ in ether (19), or N-iodosuccinimide (20). 

Sartori et al. (21) reacted metal phenolates with a,P- 
unsaturated aldehydes in toluene and obtained good yields of 
chromenes. Titanium, magnesium, tin, and aluminum pheno- 
lates were all found to be reactive, but highly coordinating 
solvents (e.g. DMF, glyme, HMPA, TMEDA) caused the re- 
action to fail. Crombie and co-workers (22) used a masked 
enone synthon, 3-hydroxy-3-methyl- 1 , 1-dimethoxybutane, to 
give chromenes directly from phenols. This method was used 
primarily on aromatic compounds with an acetyl group para to 
the free phenol. 

Another straightforward route to 2,2-dimethyl chromenes is 
via the corresponding chromanone derivative, followed by hy- 
dride reduction and dehydration. Chromanones are formed by 
the condensation of a phenol with 3,3-dimethyl acrylic acid in 
the presence of an acid catalyst such as H F  (23), zinc chloride 
- phosphoryl chloride (24), polyphosphoric acid (25), BF, 
etherate (26), or methanesulphonic acid (27) (which is now the 
reagent of choice). Alternately, pyrrolidine catalysed conden- 
sation of an ortho-hydroxy acetophenone with ketones also 
affords chromanones in high yields (28). 

In a series of studies, various chromenes related to naturally 
occurring compounds possessing insecticidal activity were syn- 
thesized in an attempt to discover materials of greater biologi- 
cal activity. 
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?Me OMe 

(1) nBuLi 

(2) NMF ' 
OMe (3) H ~ O +  OMe 

2 3 

03F'v0Et 
0 poEt - MeMgI Id 

OMe 

Results and discussion 
Based on a report by Mechoulam and Gaoni (29) that a 

cannabinoid precursor was demethylated and alkylated to the 
corresponding phenoxy pyran, the synthesis outlined in 
Scheme 1 was performed. Aromatic formylation may occur in 
higher yields by using DMF in place of N-methyl formanilide. 
Reaction of aldehyde 3 with the stable Wittig reagent methyl- 
enecarboethoxytriphenylphosphorane occurred cleanly in high 
yield (85%), but the one-pot Grignard fusion methylation- 
dealkylation gave only -30% of the desired product, Id, along 
with a large amount of polymeric material. 

An alternate route was followed when the synthesis of the 
7-OH isomer of the desired chromene was attempted. For- 
mation of chromanone 5a was achieved by the condensation of 
resorcinol and 3,3-dimethyl acrylic acid in the presence of 
POC13/ZnC12 (24) and, upon isolation, pure crystalline 5a was 
obtained in 67% yield. Protection of the free phenol as the 
p-toluene sulphonate followed by reduction of the carbonyl 
provided the desired alcohol 6a in 75% yield (some cleavage 

5a R' = OH, R' = H 6a R1 = OTs, R' = H 
5b R' = H, R' = OH 6b R' = H, R' = OBn 
5c R' = H, R' = OBn 6c R1 = H, R' = OH 
5d R' = R' = OH 6d R' = H, R' = OPhenacyl 
5e R1 = OTs, R' = H 
5f  R' = H, R' = OTs 
5g R' = H, R' = OAc 

of the tosyl group was observed). Dehydration of this alcohol 
using toluene sulphonic acid in refluxing toluene was quan- 
titative; however, deprotection of the phenol with KOH/ 
MeOH met with unexpected failure when only polymeric 
material was isolated. Photochemical cleavage was also inef- 
fective. The lability of l e  to base, along with the total stability 
of 6a to TsOH, is unusual considering the reported com- 
patibility of chromenes with base (15, 23) and their reactivity 
with respect to acids (30-32). 

Several simple syntheses were next attempted in the absence 
of a phenol protecting group. Chroman 7a was synthesized as 
reported (15); however, treatment with DDQ gave only intract- 
able tars. Crombie's 3-hydroxy-3-methyl-butanal dimethyl 
acetal (22), which reacts with some phenols to give hydroxy- 
chromenes, did not react with resorcinol. 

In order to synthesize 5-OH chromanones in a regiospecific 
way, the method developed by Kabbe (28) was employed. 

7 a  R' = OH, R' = H 

R' 
7 b  R' = H, R' = OH 

2,6-Dihydroxyacetophenone, synthesized via the appropriately 
substituted coumarin (33), was condensed with acetone, giving 
chromanone 5b in 75% yield. Because of the strong chelating 
effect shown by ortho-hydroxy aromatic ketones, the phenol 
could not be acylated under standard conditions (e.g. 
K2C03/acetone/TsC1). Using conditions of anhydrous phase 
transfer catalysis (34), however, the p-toluene sulphonate and 
acetate esters could be formed, but reduction of these esters 
with a variety of hydride reagents resulted only in cleavage of 
the esters or re-isolation of starting materials. Chromanone 5b 
was benzylated using benzyl bromide/K2C03/acetone and re- 
duction of 5c with NaBH4 occurred readily (30), as did the 
subsequent dehydration with TsOH. Unfortunately, the ben- 
zylated chromene 1 f was not a suitable synthetic intermediate. 
Catalytic hydrogenation with absorption of one equivalent of 
hydrogen yielded only the deprotected chroman 7b and un- 
reacted starting material. Subsequent attempts at dealkylation 
using a wide variety of reagents noted for their mildness all 
failed (35 - 39), yielding only intractable tars. 

The phenacyl group (40) proved to be suitable protecting 
group for the desired synthesis. Reaction of chromanone 5b 
with 2-bromoacetophenone in K2C03/acetone or under phase 
transfer conditions both failed but, after reduction of 5b with 
LAH, the corresponding chromanol 6c was 0-alkylated with 
phenacyl bromide only at the phenolic site (6d). This was then 
dehydrated with TsOH to give l g ,  and the deprotection of the 
phenol effected with Zn in acetic acid. In this manner chromene 
Id  was isolated in high yield with no evidence of poly- 
merization. 

While the dehydration of unprotected chromanol 6c with 
TsOH gives only tany material, reaction with Zn/AcOH gives 
the 5-OH chroman 7b in 67% yield. 

The synthesis of 5,7-dihydroxychromenes was next in- 
vestigated. Although 5,7-dihydroxy chromanones are readily 
available (26) by the condensation of phloroglucinol and 
3,3-dimethylacrylic acid in BF3 etherate, the applicability of 
the pyrrolidine catalysed route was examined. 

Phloroglucinol was acetylated in good yield with acetonitrile 
in the presence of HC1 and ZnC12 (41). Treatment of phlo- 
roacetophenone (8) with pyrrolidine and acetone resulted in a 
product 9. This adduct probably arises as a result of initial 
substitution of a phenolic hydroxyl by pyrrolidine (as in the 
classical Bucherer reaction (42)), followed by cyclization. This 
was demonstrated by the sequential reaction of 8 with pyr- 
rolidine, giving adduct 10, followed by treatment with 
pyrrolidine/acetone to give chromanone 9. Chromanone 5d, 
synthesized by another route (27), does not react with pyr- 
rolidine in a Bucherer sense. 

X-ray structural analysis was performed on a sample of 9. 
Final fractional coordinates for the non-hydrogen atoms are 
listed in Table 1, and thermal vibration parameters have been 
dep~si ted.~ A perspective view of the molecule is shown in Fig. 

3Tables of observed and calculated structural factors, of final 
parameters for the hydrogen atoms, of anisotropic thermal vibration 
parameters for the non-hydrogen atoms, and of bond lengths and bond 
angles involving hydrogen atoms may be purchased from the De- 
pository of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA 0S2. 
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APSIMON ET AL. 

TABLE 1 .  Fractional coordinates (X  lo4) and equiv- 
alent isotropic temperature factors (A2) for the non- 

hydrogen atoms 

Atom 

FIG. 1 .  A perspective view of the molecule. The thermal ellipsoids 
enclose 50% probability, while hydrogen atoms are shown as arbi- 
trarily small spheres. 

FIG. 2. Crystallographic numbering scheme and boad lengths (A). 
The estimated standard deivations are 0.003-0.006 A. 

1, and the crystallographic numbering scheme and bond 
lengths are given in Fig. 2. The C-H bond lengths, which are 
not shown, vary from 0.90 to 0.99 A, with a mean value of 
0.95 A. Bond angles are presented in Fig. 3. 

With the exception of the C(12) atom, representing an axial 
methyl group, all the non-hydrogen atoms in the molecule are 
within 0.5 A of planarity, but there are statistically significant 
deviations from each of the constituent mean planes mentioned 
below. The pyrrolidine ring has an env~lope conformation with 
the C(14) atom displaced 0.395(6) A from the mean plane 
through the other four atoms. This plane makes an angle of 
6.57" with the mean plane through the benzopyrone system. 
The aromatic ring is nearly planar, with maximum deviations 
of 0.008(3) A, while the dihydropyran ring is in the 1,2- 
diplanar conformation, with C(2) displaced by 0.606(3) A from 
the mean plane through the other five atoms. Endocyclic tor- 
sional angles are listed in Table 2. 

The bond lengths and angles in the benzopyrone moiety are 
generally similar to the equivalent values in 3-bromo-2,3-di- 

I ~ G .  3.  Bdnd angles ("). The estimated standard deviations are 
0.2-0.4". 

hydro-2-pheny1-4H-benzopyraii=rF-one (43), 4'-bromoflavan- 
one (44), and (-)-2R-(2,3-dihydrom-isopropyl-4-0x0-4~-1- 
benzopyran-6-y1)-N-(1 R-phenylethyl) propionamide (45), see 
Table 5. However, in the present structure the C(4)=0(2) 
bond is longer and the adjacent C(4)-C(5) bond is shorter 
than the equivalent bonds in the other structures. The aro- 
matic ring here shows pronounced quinonoid character, 
with C(6)-C(7) and C(9)-C(10) significantly shorter 
than the other four bonds and C(6)-C(5)-C(10) and 
C(7)-C(8)-C(9) smaller than the other four endocyclic 
angles. The C(8)-N(l) bond also appears to be shorter than 
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TABLE 2. Endocyclic torsional angles 

Bond Angle (") 

(A) Pyrone ring 
O(1 )--C(2)-C(3)-C(4) 
C(2)-C(3)-C(4)-C(5) 
C(3)-C(4)-C(5)-C(lO) 
C(4)-C(5)--C(10)-0(1) 
C(5)-C(10)-O(1)-C(2) 
C(10)-O(1)-C(2)-C(3) 

(B) Aromatic ring 
C(5)-C(6)-C(7)-C(8) 
C(6)-C(7)-C(8)-C(9) 
C(7)-C(8)-C(9)-C(IO) 
C(8)-C(9)-C(10)-C(5) 
C(9)-C(l0)-C(5)-C(6) 
C(10)-C(5)-C(6)-C(7) 

(C) Pyrrolidine ring 
N(1)-C(13)-C(14)-C(15) 
C(13)-C(14)-C(15)-C(16) 
C(14)-C(15)-C(16)-N(l) 
C(15)-C(16)-N(1)-C(13) 
C(16)-N(1)-C(l3)-C(14) 

expected for a C,z-N,z single bond. These observations sug- 
gest that some electron polarization is occurring as indicated in 
11, an effect which would be favoured by the strong intra- 
molecular hydrogen bond. 

H 
0' '-0- 

& 
11 

The C(14)-C(15) bond in the pyrrolidine group (1.447(4) 
A) is very much shortened from the usual single bond length. 
Such an effect has been observed before in other structures; in 
sodium 1-pyrrolidine carbodithioate (SPCT) (46), the short- 
ening (to 1.419 A) is more extreme even at 150 K, while in the 
structure of sulpiri!e (47), the equivalent bond is shortened 
only to 1.483(10) A. In the present structure the C(14) and 
C(15) atoms both have very large thermal vibration parameters, 
indicating that there may be some time-averaged conforma- 
tional reorientation here, as in SPCT (46). 

There are no intermolecular distances shorter than normal 
van der Waals contacts. 

Experimental 
Melting points were determined on a Fisher melting point block or 

a Mettler FP1 melting point apparatus; all melting points are expressed 
in degrees Celsius, and are uncorrected. The 'H nmr spectra were 
obtained on Varian EM-360A or Varian T-60A 60-MHz spectrometers 
using CDC13 as solvent and tetramethylsilane (TMS) as the internal 
standard; shifts are expressed in the 6 scale and the following abbrevi- 

I 
ations used: s,  singlet; d, doublet; t, triplet; q, quartet; m, multiplet. 
Infrared (ir) spectra were obtained on a Perkin-Elmer 237B grating 
spectrophotometer using polystyrene film as a standard; absorbances 
are expressed in units of cm-l. Mass spectra were determined with an 
A.E.I. M.S. 12 instrument at Trent University; values are expressed 
as m/e (relative intensity). Combustion analyses were performed by 
Canadian Microanalytic Laboratories at Guelph, Ontario. 

Thin layer chromatographic plates were obtained from E. Merck 
Reagents (silica gel F-254, 0.25 mm layer thickness); preparative 
thick layer chromatography was performed on similar plates but with 
a 2-mm layer of silica gel. Products were detected by viewing under 
an uv source, or by spraying the plate with 1% ceric ammonium nitrate 
in 50% aqueous sulphuric acid followed by gentle heating. All ethereal 
reaction solvents (except for diethyl ether) were dried by refluxing 
over Na in the presence of benzophenone until a dark blue colour 
persisted, and then distilled. Anhydrous diethyl ether was purchased 
from Mallinckrodt and used directly. Spectral grade solvents were 
used for all other reactions where dryness was not critical. 

Carbon- 13 spectra were taken on a Bruker WP-80 spectrometer at 
the National Research Council of Canada, Ottawa, Ontario, or on a 
Varian CFT-20 at the University of Ottawa, Ottawa, Ontario. 

Ethyl-2,6-dimethoxy-cinnamate (4) from 3 
Based on a method by Mali and Yadev (48), aldehyde 3 (0.70 g, 4.4 

mmol) (49) and methylenecarboethoxytriphenylphosphorane (2.3 g, 
6.6 mmol) (50) were refluxed for 1 day in toluene (15 mL) under Ar. 
The mixture was cooled, washed with two 10-mL portions of 2 M 
HCI, passed through Florisil, and eluted with CH2CI2 (75 mL). Re- 
moval of the solvent afforded 0.90 g (3.8 mrnol) of cinnamate 4, 
essentially pure by tlc (86% yield). The oil solidified upon standing, 
mp 78-80°C; ir: 1695 (a,@-unsaturated ester); nmr: 1.30 (t, 3H, J = 
7 HZ, -OCHzCH,), 3.85 (s, 6H, -OCHJ, 4.27 (q, 2H, J = 7 HZ, 
-OCH2CH,), 6.53 (d, 2H, J = 7 Hz, H-3 and H-5), 6.87 (d, lH, J = 
16 Hz, -H), 7.25 (t, lH, J = 7 HZ, H-4), 7.80 (d, lH, J = 16 Hz, 
-H); ms: 236 (loo), 205 (96), 191 (96), 177 ( 9 3 ,  161 (19), 148 ( 4 9 ,  
133 (26), 105 (18), 91 (20), 77 (18). Mol. Wt. (high resolution ms) 
calcd. for C13HI604: 236.1098; found: 236.1073. 

2.2-DimethyM-keto-7-tosyloxy-benzopyran (5eJ from 5 d  
Chromanone 5a  (9.7 g, 50 mmol) (38), KzCO, (50 g), and p-  

toluene sulphonyl chloride (9.5 g, 50 mmol) were refluxed in acetone 
(100 mL) for 3 h. After cooling, the mixture was filtered and the 
solvent removed on a rotoevaporator. The residue was recrystallized 
from MeOH-H20, affording pure crystalline 5e (14.9 g, 43 mmol, 
86% yield), mp 79-80°C; ir: 1695 (C=O) cm-I; nmr: 1.42 (s, 6H, 
C-2 gem dimethyls), 2.43 (s, 3H, tosyl CH,), 2.70 (s, 2H, H-3), 6.70 
(bs, 2H, H-6 and H-8), 7.35 (bd, 2H, J = 8 Hz, tosyl Ar-H's ortho 
to sulphone), 7.78 (bd, 3H, J = 8 Hz, tosyl Ar-H's ortho to methyl 
and H-5); ms: 347 (14), 346 (56), 332 (21), 331 (94), 291 ( 3 9 ,  155 
(50), 91 (loo), m* 317. 

2,2-Dimethyl4-hydroxy-7-tosyloxy-benzopyra (6a) from 5 e  
To a suspension of LiAIH4 (41.0 g, 10.8 mmol) in ether (50 mL) 

under argon at ODC was added, dropwise, chromanone 5e  (5.0 g, 14.4 
mmol) in dry ether (50 mL). After stirring for 4 h, the reaction was 
quenched with 20% (v/v) aqueous acetic acid (20 mL). The mixture 
was stirred until most of the solids had dissolved (about 1 h), ether 
(100 mL) added, and the mixture was filtered. The aqueous layer was 
removed, and the organic layer washed with two 100-mL portions of 
saturated aqueous NaHC03 solution. Evaporation followed by re- 
crystallization from MeOH-H20 gave 3.7 g (10.8 mmol, 75%) of 
pure crystalline 6a, mp 107°C; ir (CHCI,): 3350 (phenolic OH) cm-'; 
nmr: 1.30 (d, 6H, J = 7 Hz, C-2 gem dimethyls), 2.43 (s, 3H, tosyl 
CH3), 4.80 (d of d, lH,  J = 6.8 HZ, H-4), 6.53 (s, lH,  H-8), 6.58 
(d, lH,  J = 4 Hz, H-6), 7.36 (bd, 3H, J = 6 Hz, tosyl Ar-H's ortho 
to sulphone, H-5), 7.76 (d, 2H, J = 8 Hz, tosyl Ar-H's ortho to 
methyl); ms: 348 (52), 315 (35), 293 (36), 155 (loo), 91 (87). Mol. 
Wt. (high resolution ms) calcd. for C I ~ H Z O O ~ S :  348.1058; found: 
348.1044. 

A3-2 ,2-Dimethyl-7-tosyloxy-benzopyran (1 eJ from 6a 
Chromanol 6a (1.00 g, 2.86 mmol) and p-toluene sulphonic acid 

(20 mg) were refluxed in toluene (50 mL) for 15 min. The slightly pink 
solution was cooled, washed with saturated NaHC03 solution, the 
solvent removed, and the residue recrystallized from MeOH-H20. 
Chromene l e  (0.90 g, 2.70 mmol, 94% yield) was obtained as light 
pink crystals, mp 102°C; nmr: 1.73 (s, 6H, C-2 gem-dimethyls), 2.80 
(s, 3H, tosyl Ar-CH3), 5.63 (d, lH, J = 10 HZ, H-3), 6.40 (d, lH,  
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APSIMON ET AL. 2593 

J = 10 Hz, H-4), 6.55 (s, IH, H-8), 6.62 (d, IH, J = 4 Hz, H-6), TABLE 3. Fractional coordinates ( x  1 03) and isotropic 
7.45 (bd, 2H, J = 6 Hz, tosyl Ar-H's ortho to sulphone), 7.90 (bd, temperature factors (A2) for the hydrogen atoms 
24, J = 6 Hz, tosyl Ar-H's ortho to methyl); ms: 330 (16), 315 (loo), 
160 (29), 132 (14), 91 (18); m* 301. Mol. Wt. (high resolution ms) Atom x Y z B,,, 
calcd. for CI8Hl8O4S: 330.0935; found: 330.0930. 

2,2-Dimethyl-5-hydro&-keto-benzopyran (5b) 
Based on a procedure by Kabbe (28), 2,6-dihydroxy acetophenone 

(14.4 g, 98.6 mmol), pyrrolidine (12.2 g, 172 mmol), acetone (6.0 g, 
103.5 mmol), and toluene (100 mL) were stirred for 4 days under Ar. 
The mixture was acidified with 2 N HCI (100 mL), the organic layer 
separated and washed with three 50-mL portions of saturated aqueous 
NaCI, and the solvent removed. The residue was dissolved in CH2C12 
(50 mL), passed through Florisil, and eluted with CH2C12 (200 mL). 
After removal of the solvent, the residue was recrystallized from 
ethanol-water to give 5b as yellow needles (14.0 g, 72.5 mmol, 74% 
yield), mp 66°C; ir: 3100 (b, w, hydrogen bonded OH), 1565 (hydro- 
gen bonded C=O) cm-'; nmr: 1.47 (s, 6H, C-2, gem-dimethyls), 
2.75 (s, 2H, H-3), 6.43 (d, lH, J = 8 HZ, H-6), 6.52 (d, lH, J = 8 
Hz, H-8), 7.40 (t, lH, J = 8 Hz, H-7); ms: 192 (59), 177 (loo), 137 
(65), 136 (43), 108 (28). Mol. Wt. (high resolution ms) calcd. for 
CllH1203: 192.0840; found: 192.0813. 

2,2-Dimethyl-4-keto-5-tosyloxy-benzopyran (Sf) from 5 b  
Chromanone 5 f (1.0 g, 5.2 mmol), p-toluenesulphonyl chloride 

(1.1 g, 5.7 mmol), NaOH (1.0 g, 25 mmol), and TEBAC (0.13 g, 
0.52 mmol) were stirred in CH2C12 (25 mL) under Ar for 6 h. The 
mixture was passed through Florisil, eluted with 100 mL CH2C12, the 
solvent removed, and the residue purified by column chromatography 

i (silica gel) to give Sf as a clear oil (1.3 g, 3.7 mmol, 72% yield); ir: 
1700 (C=O) cm-I; nmr: 1.33 (s, 6H, C-2 gem dimethyls), 2.40 (s, 
3H, tosyl CH,), 2.57 (s, 2H, H-3), 6.70-6.97 (m, 2H, H-6 and H-8), 

1 7.33 (d, 2H, J = 8 Hz, tosyl Ar-H's ortho to sulphone), 7.85 (d, 2H, 
I J = 8 Hz, tosyl Ar-H's ortho to methyl); ms: 346 (45), 331 ( 2 3 ,  291 
1 (28), 155 (loo), 91 (80). Mol. Wt. (high resolution ms) calcd. for 
1 CI8Hz0O5S: 346.0947; found: 346.091 1. 
I 

5-Acetoxy-2,2-dimethyl-4-keto-benzopyran (5g) from 5 b  
Chromanone 5b (0.10 g, 0.52 mmol), powdered NaOH (0.10 g, 2.5 

1 mmol), and triethyl benzyl ammonium chloride (TEBAC) (0.025 g, 
0.12 mmol) were stirred under Ar in dry CH2C12 (5 mL). Acetyl 
chloride (2 mL) was added dropwise by syringe and the mixture was 
stirred for 20 min. Dichloromethane (20 mL) was then added, and the 
mixture passed through Florisil and eluted with 50 mL CH2C12. The 
solvent was removed and the residue purified by thick layer chro- 
matography to give 5g (0.11 g, 0.47 mmol, 90% yield); ir: 1770 
(acetate C=O), 1690 (C-4 C=O) cm-l; nmr: 1.43 (s, 6H, C-2 gem 
dimethyls), 2.33 (s, 3H, acetate CH3), 2.63 (s, 2H, H-3), 6.60 (d, lH, 
J =  8Hz,H-6),6.83(d, l H , J =  8Hz,H-8),7.43(t,  1 H , J =  ~ H z ,  
H-7); ms: 234 (17), 192 (72), 177 (loo), 137 (57), 136 (39), 108 (27). 
Mol. Wt. (high resolution ms) calcd. for C13H1404: 234.0930; found: 
234.091 1. 

5-Benzyloxy-2,2-dimethyl-4-keto-benzopya (5c) from 5 b  
Chromanone 5b (0.10 g, 0.52 mmol), benzyl bromide (0.10 g, 0.58 

mmol), and K2C03 (0.5 g) were refluxed in acetone (20 mL) for 3 
days. The mixture was filtered, the solvent removed, and the residue 
taken up in 50 mL of ether. After washing with 2 N NaOH (30 mL) 
followed by H20 (30 mL), the solvent .was evaporated. Re- 
crystallization from ether-hexane gave 5c  (0.12 g, 0.43 mmol, 83%) 
as white crystals, mp 128°C; ir: 1685 (C=O) cm-I; nmr: 1.45 (s, 6H, 
C-2 gem dimethyls), 2.70 (s, 2H, H-3), 5.20 (s, 2H, benzylic CHI), 
6.55 (d, 2H, J = 8 Hz, H-6 and H-8), 7.20-7.73 (m, 6H, aromatic 
H); ms: 282 (1 l ) ,  91 (100). 

5-Benzyloxy-2,2-dimethyl-4-hydroxy-benzopyran (6b)from 5 c  
Chromanone 5 c  (1.8 g, 6.3 mmol) in methanol (10 mL) was added 

dropwise to NaBH4 (0.34 g, 9.2 mmol) in methanol (30 mL). After 
stirring overnight under Ar, the excess NaBH4 was destroyed by 
careful dropwise addition of 2 N HCl(30 mL). The resulting solution 
was diluted with ether (100 mL) and water, and the organic layer 

separated and washed with a saturated sodium bicarbonate solution 
(2 X 50 mL). After removal of the solvent, the oily residue (1.7 g, 6.0 
mmol, 95% yield) was found to be pure enough (by tlc) to proceed to 
the dehydration step. A small sample was purified by thick layer 
chromatography for analysis, confirming its identity as 6b; ir: 3450 
(benzylic OH) cm-'; nmr: 1.32 (s, 3H, C-2 methyl), 1.42 (s, 3H, C-2 
methyl), 2.03 (d, 2H, J = 6 Hz, H-3), 3.37 (bs, lH,  C-4 OH), 5.10 
(t, lH, J = 6 Hz, H-4), 5.13 (s, 2H, benzyl CH,), 6.57 (d, 2H, J = 
7 Hz, H-6, and H-8), 7.30 (t, lH, J = 7 Hz, H-7), 7.47 (s, 5H, benzyl 
Ar-H). 

A'-5-Benzyloxy-2,2-dimethyl-benzopyran (Ig)  from 6 b  
Chromanol 6b (1.6 g, 5.6 mmol) was dissolved in dry toluene (50 

mL). The solution was brought to reflux under Ar, and p-toluene 
sulphonic acid (50 mg, 0.29 mmol) was added in one portion. After 
refluxing for 15 min, the solution was allowed to cool and washed 
with two 10-mL portions of 2 N NaOH, followed by one 50-mL 
portion of distilled water. The organic layer was passed through Flo- 
risil, eluted with CH2C12 (100 mL), and the solvent removed to give 
chromene l g  (1.4 g, 5.2 mmol, 93%) as a slightly yellow oil, essen- 
tially pure by tlc. A small sample was purified further by thick layer 
chromatography; nmr: 1.47 (s, 6H, C-2 gem dimethyls), 5.13 (s, 2H, 
benzyl CH,), 5.60 (d, lH, J = 10 Hz, H-3), 6.53 (d, lH, J = 8 Hz, 
H-8), 6.51 (d, lH, J = 8 HZ, H-6), 6.82 (d, lH, J = 10 HZ, H-4), 
7.47 (s, 5Hz, benzyl Ar-H); ms: 266 ( 3 3 ,  251 (99), 160 (41), 91 
(100), 65 (26). Mol. Wt. (high resolution ms) calcd. for C18H1802: 
266.1347; found: 266.1327. 

5-Hydroxy-2,2-dimethyl-benzopyran (7b) from I g  
Chromene l g  (0.10 g, 0.37 mmol), Pd/C (0.1 g), and dry ethanol 

(5 mL) were stirred under a hydrogen atmosphere. When 8 mL of 
hydrogen were consumed, the reaction vessel was removed, the solu- 
tion filtered, and the solvent removed. After separation by thick layer 
chromatography, 43 mg of starting material was recovered along with 
7b (32 mg, 0.18 mmol, 86% yield based on recovered starting mate- 
rial); ir: 3350 (b, phenolic 0-H) cm-'; nrnr: 1.30 (s, 6H, C-2 gem 
dimethyls), 1.78 (t, 2H, J = 6 Hz, H-3), 2.67 (t, 2H, J = 6 Hz, H-4), 
5.10 (bs, lH,  phenolic 0-H), 6.33 (d, IH, J = 8 Hz, H-6), 6.45 (d, 
lH, J = 8 Hz, H-8), 7.00 (t, lH,  J = 8 Hz, H-7); ms: 178 (60), 163 
(22), 123 (100), 94 (17). Mol. Wt. (high resolution ms) calcd. for 
CllHI4O2: 178.1028; found: 178.101 1. 

4,5-Dihydroxy-2,2-dimethyl-benzopyran (6c) from 5 b  
To a suspension of LiAIH4 (0.1 g, 26.3 mmol) in anhydrous ether 

(50 mL) under Ar was added, dropwise, 5b  (504 mg, 2.23 mmol) in 
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TABLE 4. Anisotropic thermal parameters (A2) and their estimated standard devi- 
ations (all X lo4) for the non-hydrogen atoms 

Atom UI I u 2 2  us3 2 UZS 2Uls 2u12 

- - - 

T = exp [-2p2 (UllhZa*2 + uZZk2b*' + ~ ~ ~ l ' c * '  + 2U2,klb*c* + 2U13hla*c* 
+ 2UI2hka*b*)]. 

anhydrous ether (20 mL) and stirring continued overnight. After cool- 
ing to O°C, 1 mL of water, then I mL of 3 N NaOH, and finally 3 rnL 
of water were added sequentially and dropwise to the reaction mixture. 
The solids were filtered by suction, washed with ether, and the solvent 
removed to give 6c (451 mg, 2.32 mmol, 88%) as a clear oil. Puri- 
fication was unnecessary; ir: 3300 (phenolic OH, benzylic OH) cm-I; 
nmr: 1.27 (s, 3H, C-2 methyl), 1.37 (s, 3H, C-2 methyl), 2.03 (d, 2H, 
J = 6 H z , H - 3 ) , 3 . 7 7 ( m ,  lH,C-4OH) ,5 .12( t ,2H,J=  6Hz,  H-4), 
6.42 (d, 2H, J = 8 Hz, H-6 and H-8), 7.08 (t, 1 H, J = 8 Hz, H-7). 

2,2-Dimethyl-5-hydroxy-benzopyran (7b) from 6c 
Chromanol 6c (I .O g, 5.2 mmol), Zn dust (2.0 g), and acetic acid 

(20 mL) were stirred overnight. After addition of methanol (100 mL), 
solid NaHC03 was added with vigorous stirring until no 'further C02  
evolution was noted. The mixture was filtered and the solvent re- 
moved to afford 0.63 g of chroman 7a (3.5 mmol, 67% yield), essen- 
tially pure by tlc. 

2,2-Dimethyl4-hydroxy-5-phenancyloxy-benzopyran (6d) from 6c 
Compound 6c (100 mg, 0.51 mmol), K2CO3 (I g), and phenacyl 

bromide (I 10 mg, 0.55 mmol) were refluxed in acetone (20 mL) under 
Ar for 3 h. The orange solution was filtered, the solvent removed, and 
the residue purified by thick layer chromatography to give 6d (128 
mg, 0.41 mmol, 81%) as a yellow oil; ir: 3450 (benzylic OH), 1700 
(phenacyl C=O) cm-I; nmr: 1.34 (s, 3H, C-2 methyl), 1.43 (s, 3H, 
C-2 methyl), 2.08 (d, 2H, J = 6 Hz, H-3), 5.13 (t, lH, J = 6 Hz, 
H-4), 5.39 (5.24, benzyl CH2), 6.41 (d, 2H, J = 8 Hz, H-6 and H-8), 
6.90 (t, lH, J = 8 Hz, H-7), 7.30-8.10 (m, 6H, phenacyl Ar-H); ms: 
312 (4), 295 (loo), 177 (12), 149 (85). 

A3-2,2-Dimethyl-5-phenacyloxy-benzopyran (Zg) from 6d 
Compound 6d (100 mg, 0.32 mmol) was dissolved in toluene (10 

mL) and brought to reflux under Ar. p-Toluene sulphonic acid (1 mg) 
was added, and reflux was continued for 15 min. After allowing the 
solution to cool, it was washed with 2 N NaOH (20 mL), passed 
through Florisil, and eluted with CH2C12 (50 mL). Removal of the 
solvent gave chromene lg (89 mg, 0.30 mmol, 93% yield), essentially 
pure by tlc; ir: 1700 (C=O) cm-'; nmr: 1.42 (s, 6H, C-2 gem 
dimethyls), 5.25 (s, 2H, phenacyl CH2), 5.57 (d, lH,  J = 10 Hz, 
H-3), 6.32 (d, IH, J = 8 Hz, H-8), 6.34 (d, IH, J = 8 Hz, H-6); ms: 
295 (loo), 294 (24), 279 (44), 223 (21), 161 (19), 105 (26). 

A3-2,2-Dimethyl-5-hydroxy-benzopyran (Id) from Zg 
Chromene lg (140 mg, 0.48 mmol) was dissolved in a mixture of 

H20 (5 mL) and glacial acetic acid (15 mL). After adding zinc dust 
(0.13 g, 2.0 mmol) the solution was stirred under Ar overnight. The 
mixture was filtered, diluted with methanol (50 mL), and neutralized 
with solid NaHC03 under vigorous stirring until no C02 evolution was 
apparent. The mixture was again filtered, and the solvent removed. 
Pure Id was obtained by thick layer chromatography (62 mg, 0.35 
mmol, 74%) as pale white flakes. All physical and spectral data was 
identical to an authentic sample of Id. 

2,2-Dimethyl-5-hydroxy-4-keto-7-pyrrolidinyl-benzopyran (9) from 8 
A mixture of acetophenone 8 (3.1 g, 19.1 mmol) (30), pyrrolidine 

(3.2 mL, 2.7 g, 38.0 mmol), and acetone (1.6 g, 33.3 mmol) were 
heated in toluene (75 mL) until all of the solids were dissolved 
(-4O0C), under Ar. Stirring was continued for 3 days, after which the 
reaction was cooled, washed with 2 N HCI, and the solvent removed. 
'The residue was dissolved in CH2CI2, passed through Florisil, and 
eluted with CH2C12. After removal of the solvent, the remaining 
material was recrystallized from MeOH-H20 to give pure 9 (1.9 g, 
7.2 mmol, 38% yield), mp 143- 144°C; ir (KBr pellet): 3450 (pheno- 
lic OH), 1665 (aromatic hydrogen bonded C=O) cm-l; nmr: l .45 (s, 
6H, C-2 gem dimethyls), 2.00 (m, 4H, pyrrolidinyl H3 and H4), 2.63 
(s, 2H, H-3), 3.35 (t, 4H, J = 6 Hz, pyrrolidinyl H2 and H5), 5.63 
(bs, 2H, H-6 and H-8); I3C nmr: 25.35 (9, C-2 gem dimethyls), 26.92 
(t, pyrrolidinyl C-3 and C-4), 47.45 (t, C-3), 47.70 (9, pyrrolidinyl 
C- 1 and C-5), 91.28 (d, C-8), 9 1.39 (d, C-6), 99.10 (s, C-lo), 154.78 
(s, C-7), 160.83 (s, C-5), 160.83 (s, C-5), 163.56 (s, C-9), 193.47 
(s, C-4); ms: 262 (18), 261 (loo), 246 (53), 206 (47). Anal. calcd.: 
C 68.67, H 7.70, N 5.34; found: C 68.81, H 7.44, N 5.38. 

2,6-Dihydroxy4-pyrrolidinyl-acetophenone (10) from 8 
A mixture of acetophenone 8 (I00 mg, 0.617 mmol) and pyrrolidine 

(I mL) was stirred at 40°C under Ar for 3 days in toluene (10 mL). 
After cooling, the solvent was removed on the rotoevaporator and the 
residue dissolved in CH2C12, passed through Florisil, and eluted with 
more CH2C12. After removal of the solvent, purification by thick layer 
chromatography gave 10 as an oil (41 mg, 0.19 mmol, 3 1%); u 3300 
(b, phenolic OH), 1635 (aromatic hydrogen bonded C=O) cm-'; 
nmr: 1.80-2.16 (m, 44, pyrrolidinyl H-3 and H-4), 2.58 (s, 3H, 
COCH3), 3.10-3.47 (m, 4H, pyrrolidinyl H-1 and H-5), 5.67 (s, 2H, 
H-3 and H-5); ms: 221 (52), 207 (12), 206 (100); m* 192. 
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APSIMON ET AL. 

TABLE 5. Bond lengths (A) and bond angles (") involving H atoms 

Bond Length (A) Bond Length (A) 

Bond Angle (O) Bond Angle (") 

Compound 9 crystallized from ethanol as colourless translucent 
prisms. The specimen picked for X-ray study had dimensions 0.2 X 
0.4 X 0.5 mm. It was mounted with its elongation direction parallel 
to the + axis on an E~af-Nonius CAD-4F diffractometer and the 
following data were obtained. 
C I ~ H ~ ~ N O ~  f . ~ .  261.32 
Monoclinic, P2]/c, a = 11.319(1), b = 6.376(1), c = 19.563(2) A, 
p = 104.59(1)", V = 1366.3 As, Z = 4, p, = 1.270 g ~ m - ~ ,  
p(MoKa) = 0.95 cm-I, F(000) = 560. 

Cell dimensions were measured with Ni-filtered Cu radiation 
(A(Kal) = 1.54056, A(Ka2) = 1.54439 A) using the 0 values of 25 
carefully centered reflections. The relative intensity measurements 
were made with monochromatized Mo radiation (A(KE) = 0.7107 A), 
using 0-20 scans over w ranges of (1.2 + 0.4 tan O)", extended by 
25% at each end for the backgrounds, at scan speeds of 0.63 to 5.03 
min-I in w. A total of 2401 independent reflections in the hkl and hK1 
octants, 0 5 25", were measured and 1498 of these, with I 2 u(I),  
were considered observed. Two standard reflections were monitored 
at intervals of 100 min exposure time, and their intensities showed 
random fluctuations of *2% and *2.3%. The net intensities were 
corrected for Lorentz and polarization effects; no absorption cor- 
rection was applied. 

'The structure was determined by direct methods, and refined by 
block-diagonal least-squares calculations, minimizing Zw(lFol - 
IF.I)~. A11 hydrogen atoms were located on a difference map, and 
refined with isotropic thermal parameters, Table 3, while non-hydro- 
gen atoms were refined anisotropically (Tables 4 and 5). However, the 
hydrogen atom parameters associated with the pyrrolidine group did 
not converge satisfactorily, and ultimately were held constant. The 
weighting scheme used for the final stages of refinement was: & = 

1 if 1F.I 5 25.0, & = 25.O/(F0I if IF0I > 25.0, and & = & X 
sin2 0.0536 if sin2 0 < 0.0536. This scheme made (w(Fo - F,)') 
values essentially independent of lFol and of sin2 0. In the final 
least-squares cycle, the mean (shiftlestimated standard deviation) was 
0.03, and all shifts were less than 0.20 u .  The final R value was 
0.0466 for all observed reflections, and R ,  was 0.054. A difference 
map calculated from the final structure factors contained random den- 
sities between 0.25 and -0.19 e/A3. Scattering factor values for C ,  
N, and 0 were taken from International Tables for X-ray Crystal- 
lography, Vol. IV (51), and values for H were taken from Stewart, 
Davidson, and Simpson (52). 

The systematic absences are (h01) if 1 is odd, (OkO) if k is odd, these 
specify space group P2, /c  uniquely. No violations were noticed in the 
preliminary experimental work: for the main intensity measurement 
process the systematic absence conditions were incorporated into the 
data collection parameters. 
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1 H nuclear magnetic resonance spectral parameters of toluene. 
Implications for conformational analysis and isotope shifts 
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TED SCHAEFER, RUDY SEBASTIAN, and GLENN H. PENNER. Can. J. Chem. 63, 2597 (1985). 
A precise analysis of the 'H nmr spectrum of toluene as a dilute solution in carbon disulfide yields a revised set of spectral 

parameters. The chemical shift of the para proton lies 12.6 ppb to low frequency of that of the ortho protons at 300 K. The 
ring proton chemical shifts are discussed and compared with 'H and 3H shifts observed in carbon tetrachloride. The long-range 
couplings between methyl and ring protons can be said to be quantitatively understood in terms of a and u-a electron 
transmitted mechanisms. The changes observed in these three couplings in phenylacetaldehyde can be quantitatively re- 
produced in terms of these mechanisms and also illustrate how these changes are direct measures of the conformational 
preferences in this molecule. 

TED SCHAEFER, RUDY SEBASTIAN et GLENN H. PENNER. Can. J. Chem. 63, 2597 (1985). 
Une analyse prCcise des spectres rmn du 'H du tolukne, en solution diluCe dans le disulfure de carbone, a permis d'obtenir 

un nouvel ensemble de paramktres spectraux. A 300 K, le dCplacement chimique du proton para se situe ?I une frkquence de 
12,6 ppb plus basse que celle des protons ortho. On discute des dCplacements chimiques des protons du cycle et on les compare 
avec les dCplacements des 'H et 3~ qui ont CtC determinks en solution dans le tetrachlorure de carbone. On peut dire que I'on 
peut expliquer quantitativement les couplages ti longue distance entre les protons du cycle et ceux du groupement mCthyle en 
faisant appel ?I des mkcanismes impliquant que les Clectrons sont transmis par les liaisons u et u-a. On peut reproduire 
quantitativement les changements observks dans ces trois couplages du phCnylacCtaldChyde en faisant appel ?I ces mkcanismes; 
de plus, on peut illustrer comment ces changements sont des mesures directes des prCfCrences conformationnelles dans cette 
moltcule. 

[Traduit par le journal] 

! Introduction 
A remarkable early analysis of the tightly coupled 'H nmr 

1 spectrum (1) of neat toluene yielded spectral parameters of ' interest in a variety of applications. The order of the chemical 
shifts of the ring protons is solvent dependent and is of interest 
from the viewpoint of the methyl group as an electron donor (2) 

, and in the use of 3H nmr spectroscopy (3). The coupling 
constants are of use in, for example, the analysis of I3C nmr 
spectra (4-6) and in the theory of spin-spin coupling mech- 
anisms (7 - 9). In particular, the long-range couplings over 
four, five, and six formal bonds between the methyl and ring 
protons, 4J(H,CH3), 'J(H,CH3), and 6 J ( ~ , C ~ 3 ) ,  constitute the 
reference points for theoretical computations of a-n and other 
coupling mechanisms (7) and for the use of these couplings as 
detailed conformational indicators (8- 101. 

With modem nmr instrumentation, the precision of cali- 
bration procedures and the chemical shift dispersi~n have im- 
proved significantly. It becomes desirable to provide somewhat 
more precise spectral parameters for toluene than could be 
obtained with older instruments. 

Results and discussion 
In Table 1 the 'H nmr spectral parameters are given for 

toluene as a dilute solution in a CS2/C6D12/TMS mixture. The 
precision of the parameters is understandably rather higher than 
that of previous analyses at lower spectrometer frequencies 
and some of their values differ significantly from those in the 
literature (1, 2, 11). Figure 1 illustrates the computed and 
observed 'H nmr spectra-of the methyl protons. 

The chemical shifis 
Solvent effects (12- 14) on chemical shifts are well known, 

of course, particularly the large differential solvent shifts 
caused by aromatic solvents (12-18). The latter no doubt 
account for the fact that in neat toluene the ortho protons 

resonate to high field of the para proton, whereas in other 
solvents, including that in Table 1, the para protons are most 
shielded (2, 3). 

The ring proton shifts, measured at 100 MHz in CCL, were 
extrapolated to infinite dilution (2), as were the 3H nmr shifts 
(3). From these results it is clear that measurement at 2.0 mol% 
as in Table 1 yields a maximum difference of less than 0.002 
ppm between these shifts and those at infinite dilution. In Table 
2 are given the high field shifts, A, relative to benzene, caused 
by the methyl substituent in toluene. In CS, solution, Ap is 
0.212 ppm, which may be compared with an INDO calculation 
(19) of 0.28 ppm. Qualitatively, the positive Ap is expected 
because the methyl group is a n electron donor. However, all 
the ring proton resonances shift to high field in the presence of 
the methyl substituent whereas the MO theories (20, 21) imply 
that the electron density decreases at the meta position relative 
to benzene. Furthermore, the computed n electron densities in 
1 at the para position are too small to account for the upfield 
shift of 0.21 ppm, if the common proportionality (22) of about 
11 ppm/electron is accepted (of course, the n electron densities 
at the meta position of common n electron donors like NH2 or 
0CH3 are also calculated to be less than in benzene, yet the 
meta proton shifts in aniline and anisole lie upfield from ben- 
zene (23)). Solvent effects are not likely the source of such 
discrepancies. Thus, the n charge distribution for toluene in 
CS, solution, determined from absolute infrared band in- 
tensities (25) and given in parentheses in 1, also disagrees with 
a simple model of this kind. These matters have been discussed 
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TABLE 1 .  'H nuclear magnetic resonance spectral parameters for a 
2 . 0  mol% solution in CS2" at 300 K 

TABLE 2 .  Ring proton chemical shift changes caused by the methyl 
group in toluene 

Parameter Value Parameter Value Solvent A /  Amd Apd A p -  A. A -  Ap - A m  

'J25 0.610(1) 
4J(H,CH3) -0.702(1) 
'J(H,CH,) 0.329(1) 
6J(H,CH3) -0.602(2) 
Transitions calcd. 566 
Transitions assigned 408 
Peaks observed 147 
Largest difference 0.032 
Root mean square 

"Analyses at 100 M H z  and extrapolation to infinite dilution, is 
7.262 ppm. 

'Present results, 8C6H6 is 7.218 ppm. 
'From 3H nmr shifts, taking ~ c ~ H ~  as 7.262 ppm. 
dA positive A implies a high-field shift relative to benzene. 

deviation 0.013 
the differences between the A values for these two rows agree 
rather well. 

"Containing also 10 mol% of C6DI2 and 0.5 mol% T M S .  However, these results should not be taken as proof that 
'In H z  at 300.135 M H z  to low field of T M S .  
'Numbers in parentheses are standard deviations in the last significant 

tritons are less shielded than protons in the same position 
figure. (primary isotope effect). Because the change in shielding 

dAt the same concentration in this solvent, vc6,, is 2166.440 Hz. caused by bond lengthening is negative (27), it is most likely 
'The largest correlations among the parameters are: v m / v p  0.19, vJ4J26 that the aromatic tritons are more shielded than aromatic 

-0.22, v , / ~ J z ~  0.16, Y ~ / ~ J M  0.27, 3J23/4J3, -0.16, 3 ~ 2 3 / 4 ~ 2 6  -0.20. protons. Accordingly, the apparent negative isotope shift in 
Table 2 is a consequence of the reference procedure using 

I 1 tetramethylsilane and singly tritiated tetramethylsilane (26). 

FIG. I .  The 'H nrnr spectrum of the methyl protons in toluene in 
300 K as a 2 .0  mol% solution in CS2 and containing 10.0 mol% 
cyclohexane-d l2  and 0 .5  mol% tetramethylsilane. The computed spec- 
trum assumes the spectral parameters in Table 1 .  The computed 
spectrum has lorentzian line shapes whereas the observed spectrum 
contains a small amount of gaussian character. In addition, the base- 
line of the observed spectrum is not identical to that of the computed 
spectrum. The discrepancies between the two spectra are only ap- 
parent in the sense that peak frequencies, on which the analysis is 
based, are in satisfactory agreement. The spectra were recorded on a 
scale of 0 .5  Hz/cm. 

(24) and it is shown that 'H shifts at the meta and para positions 
I can be roughly related to computed a-electron populations at 

hydrogen if certain correction terms are included. 
Based on somewhat complex referencing procedures (3,26), 

it was concluded that aromatic tritons resonate downfield from 
aromatic protons. The A values in Table 2 appear to confirm 
this conclusion because the 'H nmr shift of benzene in the 
appropriate solvent is used to calculate the A values (the shift 
of in [,HI-benzene relative to the shift of 'H in benzene 
is apparently unavailable). This isotope effect amounts to 
0.04, ppm at each position in toluene if the data in rows 2 
and 3 of Table 2 are considered to be most reliable. Note that 

The long-range couplings to methyl protons 
4J(H,CH3) = 4J,  sometimes called an ortho benzylic cou- 

pling, was originally found to be -0.75 Hz (1). Its value in 
Table 2 is -0.702(1) Hz. In a recent (8) detailed investigation 
of 4J and its conformational dependence in aromatic systems, 
it was written as 

[l]  4J (Hz) = 6.90 .rr sin2 0 - 0.32 cos2 0 

where .rr is the mutual atom-atom polarizability and 0 is the 
angle by which the a C-H bond twists out of the benzene 
plane. For toluene .rr is -0.157 and we rewrite eq. [ l ]  as 
eq. 121, 

[2] 4J (Hz) = - 1.08 (sin2 0) - 0.32(cos2 0) 

where angular brackets indicate expectation values. The latter 
are 0.5 for toluene, whether or not the methyl group rotates 
rapidly, so that 4J is calculated as -0.70 Hz, exactly as given 
in Table 1. 

The INDO MO FPT computations (7) of 4J are reproduced 
by eq. [3], where the indicated errors come from the 95% 

[31 4J (Hz) = -0.342(5) - 1.005(6) sin2 0 
- 0.230(5) sin2 (012) 

confidence level. This equation predicts 4J as -0.96 Hz, 
clearly an overestimate of its magnitude. An empirical adjust- 
ment might proceed as follows. The expectation value of 
sin2 (012) is again 0.5, so that eq. [3] becomes 4J (HZ) = 
-0.457 - 1.005 sin2 0. If the numbers are scaled by 
0.7010.96, one has 4J (HZ) = -0.33 - 0.73 sin2 0 or a value 
of -0.695 Hz. Of course, eq. [2] may also be written as 4J (HZ) 
= -0.32 - 0.76 sin2 0 for toluene (high symmetry). The angle 
independent term in eq. [3] does seem unsatisfactory, however. 

The ring-substituent dependence of 4J can be large because 
of changes in the atom-atom polarizability (8). However, in 
3-fluorotoluene the 4J values are -0.693(2) Hz for H-3 and 
-0.701(2) Hz for H-6, while in 2-chloro-5-fluorotoluene 4J is 
-0.700(3) Hz (28). On the other hand, 4J is -0.779(2) Hz 
in 2-fluorotoluene (29) and -0.714(3) Hz in 4-fluorotoluene 
(30). All these numbers are for CS2 solutions. 
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TABLE 3. The 'H spectral parameters for a 3 mol% solution of 
phenylacetaldehyde in benzene-d6 at 294 K and 300.135 MHz 

Parameter Value Parameter Value 

v(C0H)" 2877.281(1)b 4J(H,CHz) -0.564(1) 
v(CH2) 911.543(1) Jz5 0.606(1) 
~2 = V6 2044.701(1) 5J(H,CH2) 0.282(1) 
v3 = vs 21 18.595(1) 'J(H,CHO) O.OOO(1)' 
v4 2206.749(2) 6J(~,CHz) -0.399(2) 
3~(H,CH2) 2.357(1) 6 ~ ( H , C ~ O )  O.OOO(1)' 
%3 7.683(1) 'J(H,CHO) (-)0.001(2)' 
3 ~ 3 4  7.497(2) Calcd. transitions 776 
4J24 1.253(2) Assigned transitions 403 
4J26 1.937(2) Largest difference 0.032 
*J35 1.474(1) Root mean square 

deviation 0.010 

"In Hz at 300.135 MHz to low field of internal tetramethylsilane. 
bNumbers in parentheses are the standard deviations in the last significant 

figure. 
'No evidence for finite magnitudes of these couplings existed in the spec- 

trum, but the couplings were allowed to vary in the iterations. 

Turning to 'J(H,CH,) = 'J, it has been proposed (9) that 5J 
is given by eq. [4]. 

[4] 'J = 'Ja sin2 0 + 5J" sin2 (012) 

In eq. [4] the u-7~ electron contribution is given by 0.336 Hz 
(9). Then 'J", the a-electron component, is 0.322 Hz because 
'J in toluene is 0.329(1) Hz in Table 1. Hence eq. [4] becomes 
eq. PI .  

[S] 'J (Hz) = 0.336 (sin2 0) + 0.322 (sin2 (012)) 

The observed ring substituent dependence of 'J is relatively 
large (9). 'J is 0.300(1) Hz in 3-fluorotoluene and is as large 
as 0.438(2) Hz in 2,6-difluorotoluene. 

Unlike 5J, the coupling over six bonds, 6~(H,CH3) = 6J is 
insensitive to ring substitution. 6J in toluene is -0.602(2) Hz 
(Table 1) and varies from -0.584(2) Hz in 2-fluoro-6-amino- 
toluene to -0.622(1) Hz in 2,3,5,6-tetrafluorotoluene (29). 
Experimentally and theoretically it appears that eq. [6] holds 
for 6J, where 

6 ~ 9 0  is its value when the a C-H bond lies in a plane perpen- 
dicular to the benzene plane (7, 10). It appears that 6JW is 
-1.20 HZ. 

A test of equations [2], [5], and [6] 
For a 3 mol% solution of phenylacetaldehyde in benzene-d6, 

we find 4J, 'J, and 6~ as -0.564(1), 0.282(1), and -0.399(2) 
Hz, respectively (precise analyses of benzyl compounds are 
scarce and therefore the spectral parameters are given in 
Table 3). The value of 6J implies that 2 is the preferred con- 
formation and that (sin2 0) is -0.3391-1.20 or 0.332. With 
the assumption of a twofold barrier' to rotation about the C-C 

CHO 
I 

'An ST0 3G MO computation (see Experimental) suggests that 2 
is 8 kJ/mol more stable than a conformer with 0 = 60" (aldehyde 
function in-plane). 

bond to the phenyl group (lo), this value of (sin2 8) corresponds 
to 9.7 kJ/mol. It also follows that (cos2 8) is 0.668 and there- 
fore, from eq. [2], that 4J should be -0.572 Hz. The observed 
value is -0.564(1) Hz. Again, from eq. [5], one has 'J as 
0.273 Hz because for a twofold barrier (31) (sin2 (012)) is 0.5. 
The measured value is 0.282(1) Hz. The consistency among 
calculated and observed numbers is taken as adequate. The 
utility of these long-range couplings and its reliance on the 
precise values ir. Table 1 are thereby shown. It remains to 
be investigated just how sensitive the couplings are to the 
electronic nature of the atom attached to the methylene group. 

Experimental 
A 2.0 mol% solution of toluene in CS2, containing 10 mol% cyclo- 

hexane-d12 and 0.5 mol% tetramethylsilane, was transferred to a 
5-mm od nmr tube. The solution was degassed by the freeze-pump- 
thaw procedure and the sample tube was flame sealed. The 'H nmr 
spectrum was accumulated at a probe temperature of 300 K on a 
Bruker AM300 spectrometer. A 3.0 mol% solution of phenylace- 
taldehyde in benzene-d6 solution was treated similarly, except that the 
probe temperature was 294 K. 

A wide sweepwidth survey spectrum was obtained in order to refer- 
ence the spectrum with respect to TMS, and to obtain the locations of 
the aromatic and sidechain regions. Each region was examined in 
detail, with sweepwidth and data region adjusted to given acquisition 
times of approximately 40 s. Four to sixteen scans were acquired. Zero 
filling to twice the original data region was done before transforming 
the FIDs using a small amount of gaussian multiplication. Linewidths 
at half height were approximately 0.08 Hz after this resolution en- 
hancement. 

The 'H nmr spectrum was analyzed with the computer program 
NUMARIT (32), extensively modified by R.S. 

The ST0 3G MO computations employed the program MONSTER- 
GAUSS (33) and were performed on an Amdahl V8 system. Geometry 
optimization of all bond angles and bond lengths was done at 0 = 0" 
and 90". However, the phenyl framework was constrained to remain 
a regular hexagon. 
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Rkactivite du nuclCophile azoture vis-a-vis de cations heterocycliques aromatiques. 
VIII. Rearrangement de P-tetrazolo-trans-benzalacetophCnones 

JEAN-CLAUDE CHERTON, MARC BAZINET, MARIE-MADELEINE BOLZE, MARC LANSON ET PAUL-LOUIS DESBENE 
Laboratoire de chimie organique structurale, Universitt a2 Paris VI,  8, rue Cuvier, 75230 Paris Ctdex, France 

R e ~ u  le 13 novembre 1984 

JEAN-CLAUDE CHERTON, MARC BAZINET, MARIE-MADELEINE BOLZE, MARC LANSON et PAUL-LOUIS DESBENE. Can. J. 
Chem. 63, 2601 (1985). 

Les P-tttrazolo-trans-benzalacCtophCnones (T) s'isomtrisent au chauffage en iminoazides (I.A.) correspondants. Ces 
derniers, non isolables, subissent selon les conditions du milieu diverses Cvolutions. 11s peuvent &tre intercept& par les bases 
organiques comme la triphCnylphosphine et la pyridine. En solvants aromatiques, ils Cvoluent avec perte d'azote par l'in- 
termCdiaire de diazirines et d'oxadiazCpines vers des hCtCrocycles diazotCs a cinq chainons: pyrazoles et imidazoles N- 
benzoylCs. L'emploi d'un solvant protique favorise I'isomCrisation des tttrazoles en iminoazides. On observe alors la solvolyse 
des formes azidooxazines et m&me oxazinium rksultant de la suite d'Cquilibres et reaction: 

(T) % (I.A.) azidooxazine + oxazinium. 

JEAN-CLAUDE CHERTON, MARC BAZINET, MARIE-MADELEINE BOLZE, MARC LANSON, and PAUL-LOUIS DESBENE. Can. J. 
Chem. 63, 2601 (1985). 

P-Tetrazolyl-trans-benzalacetophenones (T) isomerize upon heating into the corresponding azido-azomethines (A). These 
non-isolable products undergo various transformations depending on the reaction conditions. With organic bases such as 
triphenylphosphine or pyridine, their interception can occur. In aromatic solvents, a rearrangement involving loss of nitrogen 
leads to five-membered diazoted heterocycles: N-benzoyl imidazoles and pyrazoles, via intermediate diazirines and oxazepines. 
Protic solvents have been found to facilitate the isomerisation of tetrazoles into azidoazomethines. Solvolysis of the azido- 
oxazine and in some cases of the oxazinium species resulting from the equilibrium and reaction: 

(T) % (A) % azidooxazine + oxazinium 
are then observed. 

Dans un prkctdent article, nous avons dCcrit le com- 
portement de cations oxaziniums-1,3 1 (1) vis-a-vis du nuclto- 

I phile azoture. Nous avons montrC que la formation des 
P-tktrazolo-trans-benzalacktophCnones 2 (notCes plus rapi- 

I dement "tttrazoles") rksultait selon toute vraisemblance d'une 
attaque de N3- sur le pale C2 du cation hCtCroaromatique con- 
duisant transitoirement aux azido-2 2H-oxazines-1,3 3 cor- 
respondantes. La filiation azide 3 -+ tktrazole 2 Ctait interprktke 
comme rksultant de la superposition de deux tautomkries de 
type cycle-chaine autour de l'iminoazide 4 (cf. schCma 1). 

L'obtention des tCtrazoles 2 constitue une dkrivation au schC- 
ma riactionnel qu'on pouvait escompter en se fondant sur le 
comportement des pyryliums (2-4) puisqu'elle inhibe la for- 
mation des hCtCrocycles heptaatomiques. 

tion s'apparente plutat au rCactif (I.A.) (quoique plus polarid) 
qu'au produit (T) (7). 

Ce rCsultat thCorique s'accorde aussi bien avec le postulat de 
Hammond (prkdiction d'ktats de transition "reactant-like" pour 
les systbmes rkactifs) qu'avec de nombreux rksultats de la lit- 
tkrature (ainsi qu'avec nos observations) qui montrent en g6- 
nCral une plus grande stabilitC pour la forme tktrazole (7, 8). 

L'examen des donnCes de la littkrature permet de distinguer 
deux types de facteurs jouant sur 1'Cquilibre (I.A.) % (T): des 
facteurs structuraux (nature de R1,  R ~ )  et des facteurs de milieu 
(tempkrature, polarit6 et proticit6 du solvant). 

Facteurs structuraux 
La cyclisation implique une configuration cis entre la paire 

libre de I'atome imino et le reste azido. Pour les iminoazides 
linCaires (R1 et R2 non liCs) cette condition implique que l'iso- Cation hCtCro- N,- azide -N~, A httCrocycle azotC 

aromatique hCtCrocyclique - heptaatomique mCrisation syn % anti de la double liaison C=N soit possible. 
Une telle inversion est trbs rapide si R1 est un groupe alkyle ou 

NCanmoins, le mecanisme que nous proposons pour la for- 
mation des tCtrazoles (cf. schCma 1) laisse entrevoir la possi- 
bilitt d'un retour vers les formes azides 4 et mCme 3 en inter- 
venant sur les conditions des deux tautomCries. 
Le travail prCsentC concerne 1'Ctude de la tautomkrie imi- 

noazide tttrazole pour le couple 412, entreprise comme une 
tentative d'aboutir h un rkarrangement des formes azides 4 ou 
3 en hktCrocycles diazotCs heptaatomiques. 

De telles isomCrisations peuvent s'envisager soit comme des 
rkactions Clectrocycliques (5) soit comme des cycloadditions 
dipolaires- 1,5 (6) soit encore comme des cycloadditions- 1,3 au 
cours de I'attaque d'un azide sur une imine (7). Un calcul 
effectuC par la mkthode LCAO-SCF sur le modble le plus 
simple (R' = R2 = H, cf. schCma 2) montre que dans l'iso- 
mkrisation iminoazide (I.A.) % tCtrazole (T), 1'Ctat de transi- 

aryle, la forme tetrazole est a ~ o r s  g ~ n ~ r a ~ e m e n t  observke (9). 
En revanche, si R1 est Clectro-donneur (OR, OH, SR, NR) 
l'inversion est considkrablement ralentie et I'(1.A.) est la forme 
tautombre prCpondCrante (9), voire unique comme dans le cas 
des azidoximes (10). 

Facteurs de milieu 
L'emploi de solvants polaires, donc de solvants stabilisant 

mieux 1'Ctat de transition polaris6 que la forme (I.A.) doit en 
principe favoriser la cyclisation en tktrazole (7), cette prevision 
s'accorde avec un ensemble d'observations (9). 

Lorsque le groupe R1 est susceptible de se protoner l'emploi 
de solvants protiques dtplace par contre 1'Cquilibre vers les 
formes (I.A.) (9). Enfin, bien que cette rbgle ne soit pas d'une 
gCnCralitC absolue, la formation des iminoazides est souvent 
endothermique (1 1). 
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oxazinium-l,3 azido-oxazine imino-azide t e t r a z o l e  

(a) Ar = CsHs (b) AI = P C H ~ O C ~ H ~  (c) Ar = pNOzCsH4 

Irninoazide (I .A) t e t r a z o l e  (T) 
R' e t  R1 eventuellernent l i e s .  

SCHBMA 2 

Resultats et discussion 
Dans le cas des couples (I.A.)/(T) 412 les formes (I.A.) sont 

des formes acycliques dont le groupe R' n'est pas Clectro- 
donneur, il est donc normal que la forme tCtrazole 2 soit la plus 
stable B temptrature ambiante. Aussi n'avons nous pas tent6 
d'intervenir sur les facteurs de structure mais sur les facteurs de 
milieu, d'exploitation plus immCdiate. 

1 1. Effets de solvant a tempe'rature ordinaire 
I Nous avons choisi l'infra-rouge comme mCthode d'Ctude de 

I'equilibre en solution et procCdC 2 l'enregistrement des solu- 
I tions du tCtrazole triphCnylC 2a (cf. schema 1) dans CCh, 
I CH3CN et CF3COOH. Dans ces conditions nous n'avons dCcelC ~ aucune trace d'absorption dans la rCgion caractkristique des 

vibrations d'klongation asymktrique du groupe N3 des imi- 
noazides (2160-2 120 cm-I) (12). 

Le facteur solvant est donc 2 lui seul insuffisant pour dC- 
placer B tempkrature ambiante 1'6quilibre (T) = (I.A.) vers les 
formes (I.A.). 

2. Utilisation du facteur temptrature: thermolyse des te'tra- 
zoles 2 

On pouvait envisager pour les tktrazoles 2 une isomCrisation 
endothermique en les iminoazides 4 correspondants. Nous 
avons donc procCdC 2 une ktude de la thermolyse des tttrazoles 
2 dans diverses conditions (solvant, catalyseur. . .). 

Le chauffage des tktrazoles 2 n'a pas permis d'isoler les 
iminoazides 4 correspondants; on observe selon la nature du 
solvant, aromatique ou protique, deux comportements bien 
typCs des tttrazoles. 

(a) .  Rtarrangements thermiques en solvant aromatique 
11s conduisent par perte d'azote (-100%) 2 des mClanges 

essentiellement constituCs d'hCtCrocycles B cinq chainons: les 
pyrazoles 5 et 6 et les imidazoles 7 et 8 (schema 3). 

La transformation totale du tCtrazole 2a nCcessite un chauf- 
fage h 160°C pendant 6 h. Elle conduit h un mClange complexe 
d'une vingtaine de composks dont on a pu identifier ou isoler 
les six constituants prkponderants reprCsentant environ 70% du 
bilan (cf. tableau 1 et partie expkrimentale). 

Le N-benzoyldiphknyl-3,5 pyrazole 5a et le N-benzoyldi- 
phCnyl-2,4 imidazole 7 a ,  composCs majoritaires, semblent Ctre 
des produits primaires de la rkaction. En revanche, le diphCnyl- 
3,5 pyrazole 6 (13) et le N-benzoyl-diphknyl-2,5 imidazole 8 
sont des produits secondaires rksultants de transformations 
ultCrieures des produits majoritaires 5 et 7 respectifs dans les 

conditions de la thermolyse (cf. tableau 2). 
On note Cgalement la prksence de traces de p-benzamido- 

trans-benzalacCtophenone 9a "pseudo base" de l'oxazinium l a  
(1, 14) ainsi que d'un composC 10a (il s'agit comme on le verra 
d'un photoisomere de 2a) .  

(b). Rtarrangement thermique des te'trazoles en solvant 
protique 

Le tetrazole 2a ne subit pratiquement aucune modification au 
cours d'un chauffage au reflux dans 1'Cthanol absolu. En re- 
vanche il se rCarrange par chauffage dans 1'Cthanol B 95%, 
I'acide acetique ou l'acide trifluoroacCtique. On obtient, non 
plus des hCtCrocycles azotts B cinq chainons et de l'azote mo- 
lkculaire, mais la p-benzamido-trans-benzalacCtophCnone 9a .  
Comparativement aux rearrangements en solvants aromatiques, 
ces rkarrangements en solvants protiques sont plus rapides et 
s'effectuent B temptrature modCrCe. 

I1 est B noter que lors du chauffage du tCtrazole 2a en solution 
dans l'acide trifluoroacCtique se dCveloppe une coloration 
jaune vif qui a pu Ctre attribuCe B la prksence du cation oxa- 
zinium, le trifluoroacktate d'oxazinium (cf. partie expCri- 
mentale). 

(c) .  Chauffage du te'trazole 2a en prtsence de rtactifs spe'ci- 
fiques des azides organiques 

L'emploi du cuivre comme kventuel catalyseur de dCcom- 
position du tCtrazole 2a (15) diminue effectivement la tem- 
perature du rkarrangement, mais il en modifie aussi le cours 
(cf. tableaux 1 et 2) puisqu'il catalyse Cgalement la dC- 
benzoylation du N-benzoyl-pyrazole 5 et qu'il dCgrade le N- 
benzoylimidazole 7 .  Ce catalyseur n'apporte donc pas d'amC- 
lioration aux rearrangements thermiques. 

Nous avons Cgalement tent6 de mettre en Cvidence le retour 
vers des formes azides par chauffage du tktrazole 2a, en opC- 
rant en presence de rkactifs spCcifiques d'azides organiques 
comme la triphtnylphosphine P(Ph), (16a, b) ou les amines 
aromatiques. 

La triphknylphosphine est bien connue pour intercepter les 
azides organiques en conduisant B des adduits 1: 1 plus ou 
moins stables 2 tempCrature ambiante. On constate que son 
emploi lors du chauffage du tCtrazole 2a modifie le cours 

phosphoimine 

habitue1 des rkarrangements thermiques. Ainsi, dans l'ortho- 
dichlorobenzbne (ODCB) aussi bien que dans l'ethanol 2 95% 
on observe une diminution des rendements en produits habitu- 
els, respectivement hCtCrocycles azotCs majoritaires 5a et 7 a  et 
pseudo-base 9a.  On note en revanche la formation de nouveaux 
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CHERTON ET AL. 

TABLEAU 1. Thennolyse des tttrazoles 2a-c 

ComposCs obtenus 
TCtrazole 2 Autres 

solvant; temp. (OC); durCe (h) 5 7 8 6 9 10 composts 

1. 2a Ar = C6H5 
ODCB; 160; 6 
2. 2b Ar = CH30C6H4 

ODCB; 160; 6 
3. 2c Ar = NOzC6H4 

ODCB; 160; 6 
4. 2a 

c6H6, 80; 48 
5. 2c 

C a b ,  80; 48 
6. 2a 

EtOH abs.; 78, 48 
7. 2a 

EtOH 95%; 78; 2 
8. 2a 

CHsCOOH, 115; 1 
9. 2a 

CF,COOH, 75; 2 
10. 2a + cuivre 
ODCB, 120; 6 
11. 2a + P(Ph), 
ODCB, 160; 6 
12. 2a + P(Ph), 
EtOH 95%, 78; 6 
13. 2a + pyridine 

Traces 

* Les rendements en % sont dCterminBs par ccm B I'exception de ceux entre parenthtses: dosage clhp. 
t SCparation dClicate. 

TABLEAU 2. ThennostabilitC du benzoyl- 1 diphCnyl-3,s pyrazole 
5a et du benzoyl-1 diphCnyl-2,4 imidazole 7a 
- 

Conditions 
solvant; temp. ("C); duke (h) ComposCs obtenus 

14. 5a 
ODCB, 160; 12 

5a 49% 6 4% rCsines 

15. 5a + cuivre 
ODCB, 160; 2 

5a 10% 6 80% 

16. 7 a  
ODCB, 160; 12 

7a  28% 8a 3% resines 

17. 7 a  + cuivre 
ODCB, 160; 2 

7a  0% 8a traces resines 

18. 7a  + cuivre DCgradation totale rCsines 
ODCB, 160; 12 des produits habituels 

produits: oxyde de triphtnylphosphine et triphtnyl-2,4,6 py- 3. Activation photochimique des tktrazoles 
rimidine 11. Enfin, l'utilisation de la pyridine comme solvant Nous avons tgalement envisagt d'intewenir sur 1'Cquilibre 
de thermolyse de 2a modifie tgalement le comportement habi- (T) % (I.A.) par une dtcomposition photochimique de l'azide 
tuel; comme prtctdemment, on obtient de la triphtnyl-2,4,6 (2, 18). 
pyrimidine 11 2 c6tt d'un compost suppltmentaire: le L'irradiation donne lieu B deux types de transformations: (i) 
diphtnyl-3,5 isoxazole 12 (1 7). une activation de courte durte et peu tnergttique provoque une 
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CF,cOO- 
SOL- CH,COO- 

+(so L- H+) / Eta- 

r 
SOL- SOL 

photoisomCrisation du systbme Cnonique avec prkservation du 
noyau tktrazole. Cette photoisomCrisation 2a = 10a s'ap- 
parente a la photoisomkrisation trans f= cis de la ben- 
zalacCtophCnone (19) et, comme celle-ci, peut se produire B la 
lumibre solaire. (ii) Une irradiation prolongCe ?I plus courte 
longueur d'onde provoque, outre la photois~mkrisation prCcC- 
dente, un rkarrangement du motif tCtrazole des deux isombres 
2a et 10a. On aboutit rapidement ti un mtlange rkactionnel 
beaucoup plus complexe que celui des thermolyses, les divers 
produits primaires pyrazoles et imidazoles devant vraisem- 
blablement subir eux-mCmes des riarrangements photo- 
chimiques (20). 

Ce mode d'activation n'a donc pas CtC retenu pour le rkar- 
rangement des tktrazoles. 

Le noyau tCtrazole est un cycle relativement stable en l'ab- 
sence de substituants le rendant sensible ?i la chaleur (21). 
Ainsi, les diaryl-1,s tCtrazoles se dkcomposent-ils par chauf- 
fage au dessus de leurs points de fusion (220-250°C) avec 
perte d'azote et formation de mklange de carbodiimides et de 
benzimidazoles (22). 

La dCcomposition des tktrazoles 2 semble suivre un cours 
diffkrent: elle se produit ?i plus basse tempkrature, 160°C dans 
I'ODCB et mCme 78°C dans 1'Cthanol ?i 95%, et ne fournit pas 
de carbodiimide (absence de bande d'absorption N=C=N 
vers 2160 cm-' en spectroscopie infra-rouge). 

Ceci conduit ?i envisager pour les P-tetrazolo-trans-benza- 
lacktophknones 2 plutdt qu'un rkarrangement "classique" de la 
forme tetrazole, un rkarrangement des formes azides cor- 
respondantes: (I.A.) 4 voire azido oxazine 3. Nous proposons 
donc un mkcanisme impliquant dans un premier temps la con- 
version des tCtrazoles 2 en (I.A.) 4 correspondants,' ces der- 
niers subissant dans un deuxi&me temps diverses Cvolutions 
selon les conditions de milieu. 

' Cornparativernent aux diaryl-1,s tttrazoles on peut concevoir que 
cette thermolyse soit favoriste par la presence d'un groupe R' trans- 
chalcone plus tlectroattracteur qu'un groupe aryle (cf. schtrna 2). I1 
y aurait dtstabilisation du noyau tktrazole rtputt tlectroattracteur (23) 
et stabilisation de la forme azide tlectrodonneur (24). 

En solvant protique 
L'obtention des pseudo-bases 9 s'interprbte en admettant la 

solvolyse des azido-oxazines 3. Les 2H-oxazines 13 rksultantes 
peuvent mCme selon les cas (sol- = CF,COO- ou CH,COO-) 
Cvoluer selon une troisibme dissociation d'un type nouveau 
(25) oxazine + oxazinium-1,3. Cette hypothbse d'une dis- 
sociation des oxazines en paires d'ions plus ou moins intimes 
selon la nature du solvant est confirmCe par l'observation du 
cation oxazinium dans le cas oii le solvant est CF,COOH. 

En solvant aromatique neutre 
La conversion (I.A.) + (T) ne bCnCficiant plus du facteur 

favorable de la proticit6 exige un chauffage plus important. En 
ce qui concerne le deuxibme kquilibre (I.A.) + azidooxazine, 
il est vraisemblable que c'est la forme (I.A.) qui pridomine (en 
raison de l'absence de solvolyse, et car c'est vraisemblable- 
ment la forme la plus stable si l'on se rapporte au systbme 
a-pyranne - ditnone (26)). 

Nous proposons donc de rationaliser les thermolyses en sol- 
vant aromatique ?i partir de la forme (I.A.) 4 avec comme 
Ctapes clks la formation d'intermkdiaires tels que la diazirine2 
14 et les oxadiazepines 16 et 17. 

La thermolyse des azides vinyliques fait intervenir des 
azirines formCes par addition des nitrbnes intermediaires sur la 
double liaison (27, 28). De fason analogue on peut concevoir 
le passage (I.A.) 4 + cktodiazirine 14 via le nitrbne 15. 

Deux kvolutions vers les oxadiazkpines 16 et 17 sont possi- 
b l e ~  pour cette cktodiazirine 14, par attaque du dip6le-1,3 
qu'elle constitue sur le carbonyle du systbme Cnonique (2, 4). 
(voies 1 et 2). Enfin, (i) le passage oxadiaztpine-1,3,4 16 + 
pyrazole 5 s'effectuerait par transposition sigmatropique 
d'ordre 1,3 (cf. la rCf. 31 dans le cas voisin des benz- 
(d)oxazkpines-1,3); (ii) alors que l'oxadiazkpine- 1,2,4 17 
conduirait ?I l'imidazole 7 par des transpositions faisant jouer 

'Ce type d'intermtdiaire a dtjh t t t  postult pour rendre cornpte de 
la photodtcarboxylation de diverses sydnones (29, 30). 
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interception 

( ' . A J  4 
A - l . ~ . / P ( $ ) a  

~ ( $ 1 3  addui t 1 I1 - N 2  

nitrene 1 phosphoimine 

15 
pyridine 

16 + 17 - 
oxadiazCpines 

NH 2 

*Cvolution habituelle 

l'oxirane 18 (32) ou l'imidazole C-benzoylt 19. 
En prksence de P(Ph), ou de pyridine 

I La thermolyse du tktrazole 2a en presence de P(Ph), conduit 
aux mCmes produits P(Ph),O et pyrimidine 11 que lors d'une 
attaque de NaN3 sur l'oxazinium l a  effectuCe en presence de 
P(Ph), (1). Ceci suggkre une interception du m&me azide: azi- 
dooxazine 3a ou plus vraisemblablement iminoazide 4a. Dans 
la dernikre hypothbe, il s'agirait en fait d'une rtaction 
"Wittig-like" intramolCculaire dont on connait un precedent 
(33). 

L'emploi de pyridine comme solvant conduit tgalement h la 
formation de la pyrimidine 11. I1 s'agit vraisemblablement de 
l'interception de l'imidonitrkne 15 avec formation de 1'Cnamine 
intermidiaire 21. Un deuxikrne effet de la pyridine est de 
limite? les rkarrangements des oxadiazCpines 16 et 17 en 
pyrazoles 5 et imidazoles 7 au profit d'une autre Cvolution 
conduisant au diphCnyl-3,5 isoxazole 12 par perte de benzo- 
nitrile (cf. schema 6). 

Conclusion 
L'Ctude de la tautomCrie tCtrazole 2 + (I.A.) 4 a montrk que 

conformCment aux prCvisions la formation des (I.A.) est endo- 
thermique. En solvant aromatique, les (I.A.) kvoluent comme 
attendu avec perte d'azote vers des h6tCrocycles a 7 chainons: 
les oxadiazCpines. Ces composts sont malheureusement ins- 
tables et s'isomCrisent thermiquement en pyrazoles et imi- 
dazoles N-benzoylCs. Si l'emploi de solvants protiques favorise 
I'isomCrisation (T) + (I.A.) il ne permet pas davantage 
l'isolement des oxadiazCpines. En effet surviennent alors ex- 
clusivement des reactions de solvolyse de l'azidooxazine 3 
resultant de llCquilibre (I.A.) 3.  S'il a Ct6 observe que 
l'introduction d'un groupe Clectroattracteur comme un p- 
nitrophCny1 sur le carbone du noyau tttrazolique joue dans un 
sens favorable a 17isomCrisation (T) % (I.A.), l'exploitation 

On connait en effet des rkarrangements d'oxazkpines-1,3 en N- 
benzoylpyrroles catalysks par les acides (34). 

des facteurs structuraux reste encore h approfondir. Enfin, dans 
le but dlCviter tout chauffage en vue d'isoler Cventuellement les 
oxadiazepines, nous envisageons de faire appel a des aza- 
pyryliums, comme les oxaziniums- 1,2 ou oxaziniums- 1,4, tels 
que la formation de tCtrazoles soit d'emblee impossible. 

Partie experimentale 
Les spectres d'absorption ultraviolet-visible et infra-rouge ont Ctk 

respectivement emegistrks sur des appareils Hewlett-Packard 8450 A 
ou Philips SP8-250 et Philips SP3-200. Les spectres de rmn 'H et rmn 
I3C ont kt6 emegistrks sur appareil EM 360 Varian ou Bruker WP 80 
et WM 250. Les spectres de masse ont kt6 effectuks par Mes- 
demoiselles J. Mercier et C. Lange que nous remercions, respec- 
tivement au centre de Mesures Physiques de Paris sur un spectromktre 
AEI MS 50 et au laboratoire sur un spectrographe quadrup6laire 
Nermag RlO-IOC. Les analyses klkmentaires ont kt6 effectukes par le 
centre de Microanalyse du CNRS ou au laboratoire de Microanalyse 
de 1'Universitk Pierre et Marie Curie. Les points de fusion non cor- 
rigts ont kt6 dkterminks de f a ~ o n  instantanke au banc de Kofler. 

Le chromatographe liquide utilisk est constituk de: 2 pompes Waters 
modkle 6000 A pilotkes par le moniteur de gradient Waters modkle 
660; un injecteur universe] U6 K; un dktecteur uv-visible i filtres 
interfkrentiels Waters M 440. 

I. Effets de tempe'rature et de solvants sur I'iquilibre iminoazide 
titrazole 

Les thermolyses des tktrazoles 2a, b, c ont kt6 effectukes i I'abri de 
la lumikre dans diverses conditions de temperature, de solvant ou de 
rkactifs spkcifiques d'azides organiques. L'kvolution des rkactions est 
suivie par chromatographie sur couche mince de silice (ccm) jusqu'i 
cessation du dkgagement d'azote. 

Thermolyse du titrazole 2a  dans I'ODCB. Manipulation I 
Une solution de 100 mg de tktrazole 2a dans 2 cm3 d'ODCB 

anhydre est chauffke i 160°C pendant 6 h. La solution est concentrke 
puis analyske par ccm prkparative sur silice (Merck) (cf. tableau 1). 
Une analyse qualitative par chromatographie liquide hautes per- 
formances (clhp) rkvkle la prksence d'une vingtaine de composks. 
Nous avons pu prockder a la quantification de six composks majo- 
ritaires au moyen d'kchantillons standards indkpendamment obtenus 
en conjuguant la clhp semi-priparative et la ccm. 
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Conditions d'analyse clhp: colonne: 2 (33 X 0,46 cm) p porasil 
lop ;  solvant: gradient no 6 entre n-heptane et n-heptane/ 
[CH2C12/AcOEt] (95:5) en 15 min jusqu'au mClange n-heptane/ 
[CH2CI2/AcOEt] (75 : 25); de'bit: 2 mL/min; detection uv 254 nm; 
temp6rature ambiante. 

Thermolyse des te'trazoles 2b et 2c dans I'ODCB. Manipulations 2 
et 3 

On opere c o m e  prtctdemment. Les pyrazoles 56 et 5c sont isolCs 
par ccm sans difficult& par contre, les imidazoles 76 et 7c n'ont pu 
&tre suffisamment purifies pour donner une analyse centtsimale satis- 
faisante. Ceci est dO a la presence de produits de polaritks voisines tels 
que pseudo-bases 96, c et pyrazoles bases 66, c (cf. tableau 1). La 
structure des produits majoritaires pyrazoles 5 , 6 ,  imidazoles 7 , s  sera 
discutCe dans le paragraphe suivant. 

Thermolyse des te'trazoles dans le benzine. Manipulations 4 et 5 
Le chauffage de 100 mg de te'trazole 2a (ou 26) dans 2 cm3 de 

benzkne anhydre ne produit aucune modification en 48 h. Par contre, 
dans les m&mes conditions, le tttrazole 2c se rkarrange en partie: la 
ccm permet d'isoler 20% de pyrazole 5c (19,5 mg), 10% de pseudo- 
base 9c ( 9 3  mg), et 40 mg de tCtrazole inchangk. 

Thermolyse du te'trazole 2a en solvant protique. Manipulations 6 
a 9 

On chauffe les solutions de 2a dans divers solvants protiques au 
reflux. Apres traitement: lavage a I'eau, extraction a 1'Cther ou sim- 
plement Cvaporation du solvant dans le cas de I'Cthanol, on purifie la 
pseudo-base 9a par ccm. Dans le cas du chauffage dans CF3COOH, 
la coloration jaune vif fluorescente a CtC attribuCe a la formation du 
cation oxazinium-1,3 l a  par spectroscopie uv-visible. 

Thermolyses du te'trazole 2a dans I'ODCB en pre'sence de P(Ph),. 
Manipulation 11 

Le tktrazole 2a (186 mg, 0,5 mmol) est chauffC dans 2 cm3 d'ODCB 
anhydre a 160°C pendant 6 h en presence de 13 1 mg (0,5 mmol) de 
P(Ph)3. Le traitement habitue1 conduit a un mClange de pyrazole 5 a  
(18%, 30 mg), d'imidazole 7a (13%, 21 mg), de pseudo-base 9a (2%, 
2,5 mg), de triphknyl-2,4,6 pyrimidine 11 (1) (20%, 31 mg) et de 
I'oxyde de triphtnylphosphine (20%, 25 mg). On obtient le m&me 
genre de produits en op6rant au reflux de 1'Cthanol (manipulation 12). 

Thermolyse du te'trazole 2 a  dans la pyridine. Manipulation 13  
Le tktrazole 2a (30 mg, 0,08 mmol) est chauffk 48 h dans 2 cm3 de 

pyridine anhydre a 115°C. On obtient aprks traitement: de la tri- 
phCnylpyrimidine 11 (11%, 3 mg), du diphtnyl-3,5 isoxazole 12 (17) 
(15%, 3,5 mg, Fi 140°C) ainsi que de la pseudo-base 10a (40%, 1 1 3  
mg). 

Thermostabilite' du pyrazole 5a (cf. tableau 2) 
La manipulation 14 montre que le pyrazole 5a n'est pas stable dans 

les conditions o t ~  il est produit par degradation du tktrazole 2a. 11 se 
dCcompose en mClange de composCs dont le seul qui puisse Stre 
identifiC est le pyrazole base 6a (4%). Cette dCcomposition est beau- 
coup plus propre et plus rapide en presence de cuivre (manipulation 
15). 

.Thermostabilite' de I'imidazole 7a (cf. tableau 2) 
La manipulation 16 montre que I'imidazole 7a subit une dC- 

gradation importante au chauffage, le seul produit isolable Ctant son 
isomere 8a  en faible quantitk. La dCgradation de 7 a  est complkte en 
prCsence de cuivre m&me pour un chauffage de courte durCe (exp. 1 7  
et 18). 

11. Structure des produits issus des thermolyses 
Les pseudo bases 9a-c obtenues par chauffage des titrazoles en 

solvant protique ont fait I'objet d'une Ctude spectroscopique dans un 
precedent article (1). La triphCnyl-2,4,6 pyrimidine 11 dCjh connue 
(34) a Ctt identifiCe (Fi, ir) a un Cchantillon authentique, de m&me que 
le diphknyl-3,5 isoxazole 12a (17). 

1. Structure des pyrazoles 5 et 6 
Seul le diphCnyl-3,5 pyrazole 6a Ctait connu, nous l'avons identifit 

a un Cchantillon obtenu par action de l'hydrazine sur I'bxazinium l a  
(35). 

(a) Benzoyl-1 diphe'nyl-3,5 pyrazole 5a: A une solution de 76 mg 

(0,34 mmol) de pyrazole 6a dans 5 cm3 d'Cther anhydre, on ajoute 
lentement 20 p L  de chlorure de benzoyle. Apres lavage a I'eau jusqu'i 
neutralit6 le mtlange rkactionnel chromatographit (ccm sur silice) 
fournit 56 mg (40%) de 5a pur, Fi 128°C (Cther); ir cm-' (KBr): 1700, 
1600, 1580,900; uv v,,, (log E,,) (ether): 242 (4, 53), 275 (4, 17); 
rmn 'H (CDCI3) 6 ppm/TMS: 8,3-8,05 (m, 2H), 8,7-7,5 (m, 2H), 
7,7-7,2 (m, 1 IH), 6,8 (s, lH, H4); masse m/e: M' 324 (25), 296 
(12), 295 (17), 220 ( 3 3 ,  191 ( l l ) ,  165 (3), 105 (100), 77 (39);Anal. 
calc. pour C22H16N20: C 81,46, H 4,97, N 8,64; tr: C 81,42, H 5,01, 
N 8,69. 
La structure des autres N-aroyl-pyrazoles 5b  et 5c  se fonde sur la 

comparaison de leurs propriCtCs spectroscopiques avec celles de 5a. 
En infra-rouge, la prksence d'une bande d'absorption situCe vers 1710 
cm-' Ccarte I'hypothese d'une structure de C-aroyl-pyrazole pour 
laquelle le carbonyle se situerait vers 1660-1665 cm-' (36). Elle 
s'accorde en revanche avec la structure proposCe de N-aroyl-pyrazole 
(37). En rmn 'H, on constate que le dkplacement chimique du proton 
not6 H4 est pratiquement constant pour les pyrazoles 5a-c. Ce rC- 
sultat Ctablit que le groupe aryle substituC est situC dans le motif aroyle 
(qu'il influence d'ailleurs en ir au niveau de v(C=O)) et non pas sur 
les sommets C3 ou C5. L'utilisation de la relation empirique de 
Tensmeyer et Ainsworth (38) donnCe pour les pyrazoles-1,3,5 tri- 
substituCs confirme nettement dans le cas de 5a la structure de N- 
benzoyl-diphCnyl-3,5 pyrazole: 

CDCI3 observe 6,85 calcult 6,86 
6 H4 

CCI4 observe 6,80 calcul6 6,75 

(b) p-Me'thoxybenzoyl-1 diphe'nyl-3,5 pyrazole 5b: Fi 80-82°C 
(Cther); ir cm-' (KBr): 2860, 1705, 1600, 1580,900; rmn 'H (CDCL) 
6 ppm/TMS: 8,25-7,05 (sys. AA'BB', 4H), 8,l-7,3 (m, lOH), 6,9 
(s, lH, H4), 3,9 (s, 3H); masse m/e: M' 354 (33 ,220  (go), 191 (20), 
189 (12), 135 (loo), 105 ( 9 ,  77 (40). 

(c) p-Nitrobenzoyl-1 diphe'nyl-3,5 pyrazole 5c: Fi 150-152°C 
(Cther); ir cm-' (KBr): 17 15, 1600,1575, 1350,920; rmn 'H (CDCI,) 
6 ppm/TMS: 8,5-8,2 (m, 4H), 8,05-7,7 (m, 4H), 7,7-7,3 (m, 6H), 
6,89 (s, lH,  H4); masse mle: M' 369 (lo), 341 (8), 220 (100), 191 
(40), 189 (30), 165 (lo), 150 (25), 105 (8), 77 (42). Anal. calc. pour 
C22H15N303:C71,53, H4,09, N 11,38;tr: C71,68,H4,18, N 11,55. 

2. Structure des imidazoles 7a et 7b 
Les preuves structurales reposent essentiellement sur des arguments 

chimiques. Ainsi I'hydrolyse (39) du diphinyl-2,4 N-benzoyl- 
imidazole 7a ( F  141°C), conduit-elle a la "base de Minovici": le 
diphCnyl-2,5 imidazole via la "base de Kunckell" (40): le diphCny1-2,4 
imidazole instable dans les conditions de I'hydrolyse. La benzoylation 
de cette dernikre "base" selon la rtf. 41 conduit au N-benzoyl- 
diphCnyl-2,5 imidazole identifit au composC 8 a  ( F  120- 121°C) ob- 
tenu lors de la thermolyse du tttrazole 2a. 

(a) N-Benzoyldiphe'nyl-2,4 imidazole 7a, obtenu par thermolyse du 
tttrazole 2a aprks ccm (silice): Fi 141°C (Cther); ir cm-' (KBr): 17 15, 
1600, 1580, 900; uv (Cther) v,., nm (log E,,,): 257 (4, 33), 2,84 (4, 
34); rmn 'H (CDC13) 6 ppm/TMS: 8,O-7,l (m); masse mle: M' 324 
(16), 220 (5), 165 (I),  106 (lo), 105 (loo), 77 (10). Anal. calc. pour 
C22H&JZO: C 81,46, H 4,97, N 8,64; tr: C 81,42, H 4,91, N 8,52. 

(b) Hydrolyse du benzoyl-1 diphe'nyl-2.4 imidazole 7a: 23 mg de 
l'imidazole 7a sont hydrolysCs selon la mCthode de M. Weiss (39) en 
prCsence dYacCtate d'ammonium (50 mg) et d'acide acktique (250 
p L )  Au cours de la r6action suivie par ccm, on constate la trans- 
formation du produit primaire d'hydrolyse 7a en base de Minovici 8 a  
de polarit6 sup6rieure. On isole apres traitement 11 mg (72%) de Sa, 
Fi 141°C, identifiC a un Cchantillon authentique prCparC indCpen- 
damment (41). 

(c) Benzoyl-1 diphe'nyl-2,5 imidazole 8a: 14 mg de 8 d  sont chauffCs 
20 min a 130°C dans 200 p L  de @-COCI. Apres refroidissement et 
agitation 30 min dans une solution Cthanolique d'amrnoniaque A lo%, 
on lave a I'eau et extrait a I'tther jusqu'i neutralitC. On obtient aprks 
ccm sur silice 8 mg (40%) d'imidazole Sa, Fi 120- 121°C. 

Ce compost est identique i l'imidazole obtenu (7%) par thermolyse 
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du tttrazole 2a dans I'ODCB ou par rearrangement thermique de 
I'imidazole 7a (cf. tableau 2); ir cm-' (KBr): 1730, 17 10, 1600, 1580, 
900; masse mle: M+ 324 (lo), 220 (4), 165 (I), 106 (1 I), 105 (loo), 
77 (45). 

111. Irradiation du tttrazole 2a 
Irradiation de courte durte A > 300 nm ou irradiation a la 

lumitre solaire. Obtention du tttrazole IOa 
La tttrazole 2a s'isomtrise lentement a I'ttat solide ou en solution 

h la lumihe du laboratoire en tttrazole 10a (cf tableau 1). 
Une solution de 200 mg (0,57 mmol) de tktrazole 2a dans 100 cm3 

d'un mtlange de cyclohexane-benzkne (60:40) est prtalablement 
dtgazte pendant 15 min par barbotage d'azote. L'irradiation est rtali- 
ste au moyen d'une lampe de type SP 500 Philips au travers d'un filtre 
Pyrex (A > 300 nm). I1 semble que la reaction, suivie par ccm, donne 
lieu h un phototquilibre. Au bout d'l h on tvapore le solvant et obtient 
aprts purification par ccm (silice) 150 mg (75%) de tttrazole IOU, Fi 
116°C (tther); ir4 cm-' (KBr): 1670, 1620, 1595; uv (tther) v,,, nm 
(log E,,,): 238 (4, 38), 290 (3, 94); rmn 'H (CDC13) 6 ppm/TMS: 
8,l-7,6 (m, 4H), 735-7,20 (m, llH), 7,15'(s, 1H); rmn 'H (C6Ds) 
6 ppm/TMS: 7,9-7,7 (m, 4H), 7,2-6,65 (m, 1 lH), 6,6' (s, lH, H5); 
rmn "C (CDC13) S ppm/TMS: carbones quatemaires 191,2, 155,2, 
141.8, 137,3, 133,3, 131,3, 124,6; carbones tertiaires 134,7, 132,4; 
masse m/e: M+ 324 (221), 310 (9), 247 (7), 105 (loo), 77 (45). Anal. 
calc. pour C22H16N40: C 74,98, H 438,  N 15,90; tr: C 74,69, H 4,70, 
N 15,63. 
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The gas phase reactions of the trichloromethylium ion with alkyl aromatics, 
studied by high pressure mass spectrometry 

JOHN ALFRED STONE, NANCY JOAN MOOTE, AND ANASTASIA C. M .  WOJTYNIAK 
Chemistry Department, Queen's University, Kingston, Ont., Canada K7L 3N6 
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JOHN ALFRED STONE, NANCY JOAN MOOTE, and ANASTASIA C. M. WOJTYNIAK. Can. J. Chem. 63, 2608 (1985). 
The reactions of trichloromethylium (CC13+) with benzene and the lower alkyl aromatics (ArH) have bein studied by high 

pressure mass spectrometry at pressures in the range 2-4 Tom and temperatures from 300 to 560 K. The only two primary 
products are the adduct ArHCC13' and AICCI,', which is formed by loss of HCI from the adduct. The relative yields of adduct 
increase with increasing number of methyl substituents on the aromatic ring (benzene += mesitylene). The disappearance of 
CC13+ is kinetically second order with specific rate constants increasing from benzene to mesitylene, the latter reacting 
essentially at every ion-molecule collision. All rate constants are fairly large (>10l0 cc molecule-' s-I) and show negative 
temperature coefficients. ArCCl,' is unreactive but ArHCC13' reacts further by proton transfer to ArH. 

JOHN ALFRED STONE, NANCY JOAN MOOTE et ANASTASIA C. M. WOJTYNIAK. Can. J. Chem. 63, 2608 (1985). 
Oeran t  a des pressions allant de 2 4 Tom et a des tempkratures allant de 300 a 560 K et faisant appel a la spectromktrie 

de masse ii haute pression, on a ktudik les rkactions de I'ion trichloromkthylium (CCI3') avec le benztne et les alkylbenz&nes 
lkgers (ArH). Les deux seuls produits primaires sont I'adduit ArHCC13+ et le AICCl2' qui se forme a partir de I'adduit par 
la perte de HCI. Les rendements relatifs de I'adduit augmentent avec une augmentation du nombre de substituants mkthyles 
sur le noyau aromatique (benzkne += mksitylkne). La disparition du CC13' est cinktiquement du deuxitme ordre et les 
constantes secifiques de vitesse augmentent lorsqu'on passe du benztne au mksityltne; ce dernier rkagit essentiellement 
chaque collision ion-molkcule. Toutes les constantes de vitesse sont assez klevkes (>lo" cc molkcule-' s-') et elles 
prksentent toutes des coefficients de tempkrature qui sont nkgatifs. Alors que le ArCCI2' n'est pas rkactif, le ArHCCI3' est 
susceptible de donner d'autres reactions par transfert de proton vers les ArH. 

[Traduit par le journal] 

I ~ Introduction 
1 The reactions of trichloromethylium, CCl,', with aromatic 

hydrocarbons have been previously studied by mass spec- 
trometry at low pressures (- Torr; 1 Torr = 133.3 Pa). 
Theard and Hamill (1) identified the main reaction between 
CC13+ and benzene, in CC14/C6H6 mixtures, as 

[ l ]  CCI3' + C& += C7H,C12+ + HCI 

Virin et al. confirmed the occurrence of this reaction in the 
same system (2) and also found the analogous reactions with 
toluene (3) and ethylbenzene (4). The stabilized C6H6CC13+ 
adduct was not observed. Theard and Hamill did observe 
several other chlorinated and non-chlorinated secondary ions, 
which can be ascribed to the presence of either epithermal ions 
caused by the ion repeller fields used or primary ions other 
than CCI,'. 

Many ion-molecule reactions observed mass spectro- 
metrically can often also be identified in radiolytic systems (5). 
It is therefore surprising that no chlorinated aromatic products 
are ascribed to the reactions of CC13+ in y-irradiated 
CCl,/aromatic (100: 2) mixtures at total pressures from 100 to 
760 Torr and ambient temperature (6, 7). The reported yields 
of chlorinated benzene and toluene products are very low, the 
sum of G values (molecules of product formed per 100 eV of 
energy absorbed by the system) being in no system greater than 
1, whereas G (ions) in gases is -4 (8). The few products 
observed were shown to probably have free radicals (CC13 and 
C1) as precursors. Since CC13+ is the dominant ion in the low 
pressure mass spectrum of CCl, and since it is unreactive to- 
wards the parent molecule (9), much ion chemistry in dilute 
aromatic/CCl, mixtures must originate with CC13' even though 
none was identified. 

'Revision received March 18, 1985. 

In order to gain some insight into the radiolysis results and 
to obtain more information on the reactions of CC13+ with 
aromatic compounds we have studied the behaviour of CC&/ 
aromatic hydrocarbon mixtures in a high pressure (2-4 Torr) 
mass spectrometer ion source operated under field free con- 
ditions. Our pressure regime is between that of the earlier 
low pressure mass spectrometric work and the much higher 
pressure used in the radiolysis study. 

Experimental 
Materials 

Methane (Matheson Ultra-high Purity) had a stated purity exceeding 
99.99%; carbon tetrachloride (Fisher Spectrograde) was used as re- 
ceived; all aromatics were of the highest purities available. In no case 
were impurities, or ions attributable to impurities, observed in any of 
the mass spectra. 

Procedure 
The mass spectrometer, equipped with field free, high pressure ion 

source has been described previously (10). The pressure range over 
which the instrument gave adequate signal was 2-4 Tom. Products of 
ion-molecule reactions were identified in conventional chemical ion- 
ization spectra when the source was operated in a standard, continuous 
ionization mode. Reaction sequences were determined by pulsing the 
electron beam (1 1). After a 50-ps pulse of 2-keV electrons the tem- 
poral profile of the intensity of a selected ion was followed for up to 
10 ms using an ion multiplier, ion counting equipment, and a multi- 
scalar. Data for 1 -8x  lo3 pulses were summed. Such data for every 
ion observed in the CI spectrum were normalized and plotted as 
normalized ion intensities vs. residence time in the ion source. 

Results and discussion 
The formation of CC13+ 

In order to obtain unambiguous results it was essential that 
CC13+ ions be generated in a bath gas towards which they 
exhibit no reactivity. It would have been preferable to use pure 
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1 2 3 

TlME (ms) 

FIG. 1. Normalized ion intensities as functions of time, observed in 
3.8 Tom of methane containing 3.5 X Tom benzene and 1.0 X 

Tom carbon tetrachloride at 435 K. 

CCl, since it has been shown that CC13+ generated from CCl, 
by electron impact is unreactive towards the parent molecule 
(9). High pressures of CC4 were found to inhibit the operation 
of the field free source. After a short time of operation, ions no 
longer emerged from the ion exit slit without the assistance of 
a repeller field. Such effects have been attributed to the for- 
mation of a semiconducting film on the edges of the slit (12). 
Ions were transmitted again when the source was heated to 
-600 K and then cooled to the appropriate temperature but the 
use of pure CCL, again led to the disappearance of the ion beam. 

CC13+ was readily formed in mixtures of -0.3 mol% CCL, 
in CI& and it was the only ion present 100 ps or so after a pulse 
of ionizing electrons at pressures above 2 Torr. The major ions 
present in methane alone at long reaction times are CH5+ and 
C2H5+ (13). Both these ions react with CC4  to produce CCl,'. 
In addition, i-C3H7+ produced in a CH4/C3HB mixture (20: 1) 
also reacts with CC4 to produce CC13+. However, neither 
i-C4H9+ formed in CH4/n-C4Hlo nor t-C4H9+ formed in 
CH,/i-C4Hlo mixtures was observed to react with CCl,. These 
findings are in accord with those obtained using ion cyclotron 
resonance and substantiate the range 191-203 kcal mol-I 
placed on A@(ccI,+) (14). 

The reactions of CC13+ with aromatic hydrocarbons 
CC13+ was found to react with benzene, toluene, the xylenes, 

and mesitylene. Only two initial product ions were observed 
with each aromatic (ArH), the adduct ion, ArHCC13+, and the 
ion ArCC12+ formed by loss of HCl from the adduct. Typical 
results are shown in Figs. 1-3. 

Benzene + CC13+ 
The adduct formed between C6H6 and CC13+, C6H6CC13+, is 

1 2 3 4 
Time (ms) 

FIG. 2. Normalized ion intensities as functions of time, observed in 
3.9 Tom of methane containing 1.8 X Tom m-xylene and 1.0 X 

Tom carbon tetrachloride at 460 K. 

a major product ion only at low temperatures and, even then, 
only at short reaction times (Fig. 1). It is absent from the 
spectrum at temperatures above 500 K when C~H~CC~,+  is the 
sole product ion observed. This latter ion is always the major 
product at long reaction times at temperatures from 300 to 
560 K. It is always the major ion in the mass spectrum. 

At low temperatures, when C6H6CC13+ is present, its yield 
maximizes after a few hundred microseconds and then de- 
creases rapidly. C6H6CC13+ is identified as an arenium ion since 
it transfers a proton to neutral benzene in a second-order re- 
action. Proton transfer to bases of higher basicity than benzene 
is also observed. 

The ipso-protonated ion, I, probably rearranges rapidly by 
H+ migration to more basic sites on other ring carbons prior to 
the occurrence of reaction [2]. The electron-withdrawing prop- 
erties of the CCl, group will increase the acidity of the proton 
in I and its isomers to a value greater than that of protonated 
benzene, which explains the facile proton transfer, reaction [3]. 

C6H5CC12+ is presumably a benzyl cation, which is the same 
as that observed at low pressure (1, 2) and is formed by loss of 
HCl from the adduct. It is not observed to react further. 

+CC12 
I 
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If reactions [2] and [3] were the only fate of C6H6CC13+, then 
the ratio ([C6H7+] + [C6H6CCl3+])/[C6H5CCl2+I should remain 
constant at all times. The ratio actually declines slowly from a 
value of 1.2 at short reaction time to 0.53 at the longest time. 
At very long reaction time C6H7+ is decreasing very slowly, 
while C6H5CCl2' is still increasing (Fig. 1) even though CCI3+ 
and C6H6cCl3+ have essentially disappeared. This suggests that 
C6H7+ is reacting to form C6H5CC12+, presumably by reaction 
with CCL. Two possible mechanisms may be written, (a) a 
dissociative proton transfer (reaction [51) generating CC13+ 
which then reacts with C6H6 via reactions [2] and [4] to give 
C6HScCl2' : 

l o o  of an initially formed ion - molecule complex. Entropy favours 
return to reactants rather than formation of products via a tight 
transition state. 

It was not possible to experimentally ascertain whether reac- 
tion [6] occurs. A very slow (k = 7 x 10-l3 cc molecule-' s-' 
at 468 K) disappearance of C6H7+ was observed in a 4: 1 
CC14/C6H6 mixture in CH4. A small accompanying increase in 
the yield of C6H5CC12+ was observed at the same time but this 
increase was only about one-half the expected value. Some 
unidentified products (mlz  119 and 121) made up the differ- 
ence. No such reaction was observed with any of the other 
aromatics. Such a slow reaction is at the lower limit of what can 
be studied by high pressure mass spectrometry. The study is 
doubly difficult since the product, C6H5CC12+, is also formed 
in other reactions. Confirmation of the occurrence of reaction 
[6] will require a different experimental technique. 

Reaction [6] is obviously too slow to account for all the large 
change with time of the ratio ([C6H7+] + [C6H6CC13+])/ 

and (b) a concerted reaction whereby C6H6CC13+ is formed as 
a primary product and again decomposes to C6HSCCl2+: 

cc1; 

I I I I I 

With AH: (CC13+) in the range 192-203 kcal mol-' , reaction 
[5] is endothermic by 13-25 kcal mol-' and will not be 
observed. Reaction [6] is less endothermic than reaction [5] by 
the binding energy of ee l3+ to C6H6. The latter value is not 
known but, considering that the methyl cation affinity of ben- 
zene calculated from the dissociation of protonated toluene is 
95 kcal m ~ l - ' , ~  the binding energy of CC13+ to C6H6, although 
less than that of CH3+, will be sufficiently great to make 
reaction [6] exothermic. The slowness of the energetically 
allowed reaction may be attributed to competitive dissociation 

[C6H5CC12+]. A slow thermal decomposition of stabilized 
C6H6CC13+ must also be occumng. Such a reaction was found 
to occur with xylene and mesitylene (see later). 

The C7H6C13+ formed in reaction [2] will be in an excited 
state and will require third body stabilization in order to be 

2 ~hermochemical data for neutral molecules are taken from ref. 15. 
Proton affinities are from ref. 16. AH:  (CH3+) = 261.8 kcal mol-' 
(ref. 24). The proton affinity values have been decreased by 2 kcal 
mol-I, in line with the change in the accepted value of the proton 
affinity of ammonia from 205 to 203 kcal mol-I. 

2 4 6 8 10 observed by the ion detection system. Prior to this stabilization 
it may be possible for decomposition to occur by loss of HC1, 

T ~ m e  (rns) yielding C6H5CC12+ (reaction ['I]). It is impossible to quan- 

I FIG. 3. Normalized ion intensities as functions of time, observed titatively determine the branching ratio of decomposition to 
in 3.9 Torr of methane containing 1.4 X Tom mesitylene and stabilization since, as discussed above, C6HSCCl2+ is formed in 
1.6 x Tom carbon tetrachloride at 300 K. 

I several ways. If the assumption is made that all the CsH7+ - .  
observed has C7H6C13+ as precursor, then the following gener- 
alization may be made regarding the effects of temperature and 
pressure on the branching ratio. At high temperature (>500 K) 
and any pressure in the range 1.0-4.5 Ton the yield of 
C6H5CC12+ constitutes more than 99% of the detected products. 
At 298 K and 4.0 Torr, C7H6C13+ + C6H7+ account for 90% of 
the products observed at the shortest reaction time; at the same 
temperature and a pressure of 1.2 Torr the value is reduced to 
75%. These percentages are only a lower limit for stabilization 
and it is probable that at 298 K and 2-4 Torr essentially 
all encounters between CC13+ and C6H6 lead to a stabilized 
C7H6C13+ that either thermally decomposes or reacts by proton 
transfer. As the temperature is increased decomposition may 
occur before stabilization but, since the lifetime of the sta- 
bilized complex with respect to thermal decomposition will 
decrease, the two effects are inseparable. 

An attempt was made to produce the adduct C6H6CC13+ by 
protonation of a,a,a-trichlorotoluene. The only observed 
product of protonation by CHSt and C2HSt was C6HsCC12+. 
Protonation must be on chlorine rather than on the ring. 
a,a,a-Trichlorotoluene is formed in reaction [2] and it is at 
first sight surprising that this product was not observed in good 
yield in the y-radiolysis of CC14/C6H6 gaseous mixtures (7). 
We found, however, that the following slow reaction occurs. 

At the high total dose of 4.8 Mrad employed in the radiolysis 
it is possible that much of the initially formed a,cu,a-trichloro- 
toluene is scavenged. The fate of the resulting a,a-dichloro- 
benzyl cation is unknown. Neutralization by a negative ion to 
give products that were not discovered or further reaction with 
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benzene to give undetected high molecular weight products are 
possibilities. 

Toluene + CC13+ 
The reaction of toluene with CC13+ was qualitatively the 

same as that of benzene. The C7H8CC13+ adduct was a little 
more stable than that of benzene and a very small signal due to 
this ion was present (< 1 % total ionization) even at the elevated 
temperature of 560 K. 

Xylenes + CC13+ 
All the xylenes behaved in the same manner, the example of 

m-xylene shown in Fig. 2 being typical. The CC13+ adducts are 
much more stable than those of either toluene or benzene but, 
again, further reaction occurs by proton transfer to yield pro- 
tonated xylenes, e.g. 

Loss of HCl from C9HloC13+ leads to CgHgC12+. Figure 2 
shows that the yield of the latter ion reaches a maximum value 
of only 15% total ionization. The yield increases rapidly at 
short times when CC13+ is still present, implying decom- 
position of the nascent m-xylene CC13+ complexes. At long 
reaction times the C9HgC12+ curve increases slowly, even 
though CC13+ has disappeared. This increase must be due to the 
thermal decomposition of the thermally stabilized complex, a 
reaction which is in competition with proton transfer to neutral 
m-xylene. 

Mesitylene + CC13+ 
Mesitylene yields the most stable adduct with CC13+. Even 

at 560 K the adduct constituted about 50% of the product ions 
in a mass spectrum taken at 3.0 Torr for a 0.03:0.0003: 1, 
CCl,/mesitylene/CH4 mixture. 

CH3 I 

The three methyl groups confer stability on CIoHl2Cl3+. Two 
of the methyl groups will always be ortho and one will be para 
to the protonated tetrahedral site even if, as is probable, rear- 
rangement occurs from an initial ipso form (11) to a more stable 
structure (III). 

The stabilization afforded by the methyl group of toluene 
protonated at different ring positions relative to protonated 
benzene has been estimated (17). The values are (kcal mol-I) 

2 4 6 8 10 
TIME ( m s l  

FIG. 4. Normalized ion intensities as functions of time, observed in 
3.5 Torr methane containing 0.26 Torr methylchloride and 1.4 X 

Torr mesitylene at 300 K. 

ipso 0.3, ortho 6.5, meta 2.0, and para 8.5. On the assumption 
that the effects of methyl groups are additive, the calculated 
proton affinity of mesitylene with two methyls ortho and one 
methyl para to the protonation site is +21.5 kcal mol-I relative 
to that of benzene. Experimentally the value is +17.0 
kcal mol-', consistent with the estimate (17). 

The most stable form of the mesitylene CC13+ adduct should 
therefore be 111, with the electron-withdrawing CC13 group 
meta to the proton site. Although its effect on proton binding 
energy will be least in this position, the CC13 group should still 
be destabilizing. We therefore expected a facile proton transfer 
to mesitylene, analogous to the reactions observed in the 
systems containing benzene, toluene, and the xylenes. 

Figure 3 shows that at 300 K CIoHI2Cl3+ transfers a proton 
to mesitylene, yielding CgH13+ only at relatively short reaction 
times when CC13+ is still present. After this time the yield of 
CgHI3+ remains constant and no further reaction of this ion was 
observed. This was found to be the case for a variety of reagent 
concentrations and total pressures. The implication is that at 
this temperature only nascent, i.e. not fully thermalized, are- 
nium ions are capable of protonating mesitylene. For the ther- 
malized arenium ion, therefore, a CC13 substituent appears 
actually to decrease the acidity of protonated mesitylene. 

The above observation is in contrast to that of Buttrill and 
co-workers (18) who found that the arenium ion resulting from 
the addition of mesitylene' to NO2, CgH12N02+, transfers a 
proton "very rapidly" to mesitylene. If the arenium ion has a 
structure analogous to III, with NO, meta to the site of the 
proton, then its destabilizing influence should not be too much 
greater than that of CC13 since at this site only the inductive 
effect is operative (19). 
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TABLE 1. Rate constants for the reaction CC13' + ArH + products 

k 
Temperature (cc molecule-' Reaction 

ArH (K) s-' x 10 '~ )  efficiency" 

Benzene 
Toluene 
o-Xylene 
m-X ylene 
p-Xylene 
Mesitylene 
Mesitylene 
p-Fluorotoluene 

"Reaction efficiency = P = k,,,,l/k,w. 

We have previously reported (20) that when CH3+ or C2Hs+ 
adds to mesitylene, the resulting arenium ion does transfer a 
proton, albeit slowly, to mesitylene. We have repeated that 
experiment with the results shown in Fig. 4. The decays of the 
two arenium ions by proton transfer to mesitylene at 300 K are 
second order, with the very low rate constants of 1 X lo-" 
(C2H5) and 3 X lo-" (CH3) cc molecule-' s-I. These alkyl 
groups meta to the CH, group will stabilize the ion by -2 kcal 
mol-' (17), the ethyl group being slightly more effective than 
the methyl. Proton transfer to rnesitylene will therefore be 
endothermic by this amount and hence the reaction will be quite 
slow (21), as is observed. Comparison of the results in Figs. 3 
and 4 suggests that a CCI, substituent is more stabilizing than 

I either CH3 or C2HS, but the effect must therefore be kinetic 

I rather than thermodynamic. , At 468 K the mesitylene-CC13+ adduct did transfer a proton 
to mesitylene (k = 7 x lo-" cc molecule-' s-I), consistent 
with the reaction being endothermic and therefore having a 
positive activation energy. It is interesting that proton transfer 
from the C2H,+ and CH3+ mesitylene adducts to mesitylene at 
the same and higher temperatures did not show the expected 
increases in rate. At 468 K the methyl and ethyl adducts had 
rate constants of 1.6 and 0.8 X lo-" cc molecule-' s-I re- 
spectively and the values decreased further at higher tem- 
peratures. It was confirmed by equilibrium measurements that 
the proton affinity of 1,2,3,5-tetramethylbenzene is higher than 
that of mesitylene, the difference being 2.2 kcal mol-I. These 
results suggest that the adducts formed by alkyl ions and aro- 
matics may not be the commonly accepted arenium ions. This 
point is under further investigation. 

Figure 3 shows that although CloHI,C1,+ has the mesitylene- 
CC13+ adduct CloH12C13+ as precursor its rate of formation is 
very low and that it must arise from thermalized CIoHl2Cl3+. 
There is no dependence of yield on mesitylene concentration 
and a second-order transfer of CCI3+ to mesitylene with accom- 
panying loss of HCl may be ruled out. Thermal decomposition 
of the adduct, as suggested for benzene, toluene, and the 
xylenes, must occur. In support of this contention, the yield 
of CloHI1Cl2+ was negligibly small at 298 K. No experi- 
mental evidence was found for a reaction between protonated 
mesitylene and CCI4 analogous to that suggested for benzene. 

Specijic rate constants for the disappearance of CC13+ 
The reaction of CC13+ with an aromatic molecule to form a 

stabilized adduct may be written 

k a  

[1:I] ccl3' + ArH --' (ArHCC13+)* 
k b  

With the usual assumptions that the excited intermediate 
complex achieves a steady state concentration and that kd is 
negligible compared with kc, the overall forward rate constant 
is given by 

When kb >> kc[M] the reaction is kinetically third order, 
whereas at higher total pressure, when kc[M] B kb, second- 
order kinetics will be observed. The disappearance of CCl,' 
was always pseudo first order (see Figs. 1-3). Second-order 
rate constants were obtained from the measured slopes using 
the equation 

where i, is the normalized CCI,' ion current at time t. There 
was no significant change in the value of any measured second- 
order rate constant with pressure over the limited experimental 
range of 2-4 Torr. Meot-Ner has discussed in detail the avail- 
able data on pressure and temperature dependences of 
ion-molecule association reactions (22). Although third-order 
behaviour has been observed for many of these reactions at 
pressure below 1 Torr, intermediate or second-order behaviour 
is often observed at higher pressure especially for more com- 
plex molecules. It is not surprising that only second-order be- 
haviour is observed in our systems, which contain relatively 
large participating molecules with many degrees of freedom in 
their internal motions. 

Second-order rate constants, obtained mainly at 560 K, are 
presented in Table 1. Reproducibility of a given value from day 
to day was better than + 15%. Also shown is the efficiency of 
reaction per collision, P = kexptl/kADO, where kADo is the rate 
constant for ion-molecule collision calculated by the averaged 
dipole orientation theory (23). 

The efficiency of reaction is high for all the aromatics 
studied and is close to unity for mesitylene at all temperatures. 
The efficiency of reaction increases as the number of methyl 
groups on the aromatic increases (benzene -t mesitylene), 
presumably due to the stability of the arenium ion formed, i.e. 
there is a correlation between reaction exothermicity and reac- 
tion rate. 

Figure 5 shows the effect of temperature on the specific rate 
constants for benzene, toluene, m-xylene, and mesitylene. The 
data points for benzene show some scatter but do encompass 
results for a range of benzene concentrations differing by a 
factor of 20 and for carbon tetrachloride by a factor of more 
than 100. The plot for benzene shows that the temperature 
dependence of the specific reaction rate constant is of the form 
k a T n  with n = -2. m-Xylene and mesitylene have specific 
rate constants close to the collisional limit at all but the highest 
temperatures, when the values fall off somewhat, so that in this 
region again each shows a negative temperature dependence. 
The rate constants for toluene are between those of benzene and 
m-xylene, with a negative temperature coefficient (n = - 1). It 
was not experimentally possible to obtain data at temperatures 
below 298 K. 

There is therefore no energy barrier to the formation of the 
trichloromethylarenium ions but there are insufficient data to 
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MESITYLENE 

TOLUENE 

FIG. 5. The variations with temperature of the specific rate con- 
stants for the reactions of CC13+ with benzene, toluene, m-xylene, 
and mesitylene. Ion source pressures 2-4.5 Torr. For m-xylene and 
mesitylene the points encompass results obtained with carbon tetra- 
chloride in the concentration range 0.1-0.3 mol% and 4 X 

mol% aromatic. For benzene and toluene the range of carbon tet- 
rachloride concentrations is 5 X 10-3 to 0.1 mol% and aromatic 1 X 

lo-' to 2 x mol%. There are no significant trends with 
concentration variations. 

speculate on the significance of the slopes of the plots shown 
in Fig. 5; suffice to say that the nature of the plots is consistent 
with the association mechanism postulated. 

At 298 K benzene reacts with CC13+ with an efficiency P = 
0.4. This least reactive of the aromatics therefore reacts at this 
temperature once in every 2.5 collisions. In order to study in 
depth the temperature coefficients of the reactions of CCl,' 
with aromatics it will be necessary to work with compounds of 
lower reactivity than benzene. The halogenated benzenes 
would be suitable candidates, although in this context it is 
interesting that no reaction was observed between CCl,' and 
hexafluorobenzene at 463 K. 
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The conformational analysis of piriprost, an inhibitor of leukotriene synthesis, based 
on high-field nuclear magnetic resonance studies1 
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GEORGE KOTOVYCH, HELMUT BEIERBECK, and DAVID SALMON. Can. J. Chem. 63, 2614 (1985). 
The analysis of proton nuclear Overhauser effect data for piriprost, (6,9-deepo~~)-6,9-(phenylimino)-A~~~ prostaglandin 11, 

indicates that the cyclopentene ring has the "E conformation. A long-range nOe effect indicates that the a-chain is folded near 
the pyrrole and the phenyl rings. 

GEORGE KOTOVYCH, HELMUT BEIERBECK et DAVID SALMON. Can. J. Chem. 63, 2614 (1985). 
Une analyse des donnCes relatives h l'effet Overhauser nuclCaire du proton pour le piriprost, dCCpoxy-6,9 phtnylimino-6,9 

A6.8-prostaglandine I , ,  indique que le noyau cyclopentkne existe dans la conformation "E. Un effet eon  h longue distance 
indique que la chaine a est repliCe prks des noyaux pyrrole ainsi que phtnyle. 

[Traduit par le journal] 

The leukotrienes are the products of the metabolism of ara- 
chidonic acid, which proceeds via two enzymatic processes. 
Cyclooxygenase transforms arachidonic acid to the pros- 
taglandins, the thromboxanes, and prostacyclin, whereas lipox- 
ygenases give rise to the leukotrienes. The properties and 
syntheses of the leukotrienes have been well reviewed (1, 2). 
The leukotrienes may be separated into two categories. The 
first series consists of leukotrienes C4, D4, and E4, which col- 
lectively account for the biological activity ascribed to Slow 
Reacting Substances of Anaphylaxis. These compounds may 
therefore be important mediators of human diseases such as 
bronchial asthma. The second series consists of 5,12-dihy- 
droxyeicosatetraenoic acids and one of these is leukotriene B,, 
which is a potent stimulator ofthe movement of the leucocytes 
in vitro. 

Over the last few years, we have been interested in the 
conformational analysis of the prostaglandins and leukotrienes 
(3,4) as well as in quantitative nuclear Overhauser effect (nOe) 
studies as applied to flexible systems. In the course of these 
studies, we have analyzed nuclear Overhauser effect data for 
piriprost (6,9-deepoxy)-6,9-(pheny1imino)-A6' prostaglandin 
I, ( 3 ,  an inhibitor of leukotriene synthesis (Fig. 1). The 
quantitative analysis of the nOe data indicates the presence 
of a long-range interaction between the H-2 protons of the a 
chain and the pyrrole as well as the phenyl protons. These 
results will lead to a better understanding of structure-activity 
relationships. 

Experimental 
Piriprost was a gift from the Upjohn Company, in Kalamazoo, 

Michigan. The sample was prepared in glycine-d6 buffer in D20,  pH 
9.95. The sample was frozen on the vacuum rack, the D20 was 
removed, and fresh 100% D20 was vacuum distilled into the nmr tube. 
The sample was then degassed, using the freeze-pump-thaw tech- 
nique, and sealed. The solution concentration was -0.005 M to 
minimize intermolecular association. About 5% EDTA was added to 
the solution. All glassware was cleaned extensively, including a nitric 
acid wash, to eliminate paramagnetic impurities. 

All nmr measurements were carried out on a Bruker WH-400 FT 
nmr spectrometer equipped with an Aspect 2000 data system, using 
16K, 32K, or 64K of memory, as required. The solvent deuterium 
resonances served as lock signal. 

'Paper Number 13 in a series of high-field nmr studies on the 
eicosanoids. Papers 11 and 12 are refs. 3 and 4. 

coo- 

I;IG. 1. The structure of piriprost. 

For the determination of nonselective longitudinal 'H relaxation 
times the 180"-t-90" pulse sequence was employed. Usually three 
M, and twelve M, measurements were taken, with t 5 T I .  The M, and 
M, represent sums of peak heights for each multiplet. Relaxation times 
were derived by a In (M, - M,) vs. t least-squares linear fit as well 
as a nonlinear least-squares fit using the Bruker DISNMR program, 
with good agreement. The TI  data are averages of three determinations. 

In the nOe experiments the decoupler was set to the first of three or 
four multiplets and four transients recorded (quadrature detection), the 
decoupler moved to the next multiplet, and finally far off resonance. 
Each multiplet was irradiated for a time t 5TI with sufficient power 
to just saturate that signal. Each quoted nOe value is the average of 
three to five determinations. The quantitative nOe's were evaluated as 
follows. The normal and saturated spectra were simultaneously dis- 
played on the screen and then subtracted. The difference spectrum was 
plotted and then the integration was performed. The intensity of 
the proton being saturated was used as the reference and nOe's are 
measured with respect to this peak. 

Nuclear Overhauser effects 
For the case of isotropic motion and dipole-dipole relaxation the 

fractional enhancement fd(s) at nucleus d on saturating signal s is 
given by (6) 

where gd(i) = the geometric term = Ni(rdi-6)/ZNj(rd~6); N j  = 
number of magnetically equivalent nuclei j; rdj = distance between 
protons d and j;  and 
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10 9 8 7 6 5 4 3 2 1 0 

PPM 

FIG. 2 .  The nmr spectra observed for piriprost. (A) the normal spectrum including solvent suppression, (B) saturation of the H3,4 multiplet, 
(C) saturation of the HlOa and H2 multiplets, (D) saturation of H5, and (E) saturation of HlOP. 
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TABLE 1. Chemical shifts (ppm) and coupling 
constants (Hz) for piriprost in glycine buffer, 

pH 9.85" 

Protons 6 Protons J 

2 (10a) 2.528 H2-H3 7.0 
3 1.425 
4 1.432 H4-H5 7.2 
5 2.060 
7 5.944 

10a (2) 2.528 HlOa-HIOP 15.25 
lop 3.004 HIOP-HI1 7.2 
11 4.498 HlOa-HI1 5.7 
12 3.485 
13 5.774 Hll-HI2 5.5 
14 5.682 H12-H13 7.1 
15 4.159 H13-HI4 15.3 
16, 16* -1.57 H14-H15 7.2 
17-19 1.308 H15-H16 6.9 
20 0.870 H19-H20 6.9 

"The reference for the chemical shifts was internal 
DSS that was added after all the nOe and TI mea- 
surements were completed. 

A = the correlation term 
= [6~,/(1 + 4w27f) - T,]/[T, + 3~,/(1 + 027;) 

+ &,/(I + 402rf)] 

The brackets in (rdj-6) indicate conformational averages (7), where 
appropriate. The fd(s) were derived by an iterative least-squares fit of 
eq. [I] to the observed nOe's, treating A as an adjustable parameter. 

Relaxation times 
Nonselective 'H relaxation times were calculated by a least-squares 

fit of eq. [2] (6) to the observed values, treating B as variable 

where 

Ring conformations 
The ring coordinates were based on the microwave structure of 

pyrrole (8) coupled with the force-field structure for cyclopentene (9). 
The cyclopentene ring can only adopt the "E or I I E conformations 

and the nOe data support the "E conformation. This places the o chain 
as well as the C-11 OH group pseudoequatorial. The phenyl group 
must be nearly perpendicular to the pyrrole ring due to steric inter- 
actions from the protons at C5 and C10. In this conformation HlOB 
is closer to the phenyl protons than HlOa. X-ray data of related 
systems indicate that in 2,6-disubstituted biphenyl analogs the angle 
between the planes is either 73.9" (10) or 91.8" (1 1). 

Side chain conformations 
Coordinates and conformer populations for segment C2-C 15 were 

needed. The conformations of the a -  and o-chains were built with 
C-C and C=C bond lengths of 0.154 and 0.134 nm, trigonal bond 
angles, and eclipsed C(sp2)-C(sp3) and staggered C(sp3)-C(sp3) 
rotamers. The N-C6-C5 bond angle was taken to be 120" and the 
C6-C5-C4 and C5-CGC3 bond angles 112". 

Results and discussion 
The 400-MHz nrnr spectrum of piriprost is shown in Fig. 2 

together with the multiplet assignments. These are based on 
decoupling experiments. Representative nOe experiments are 
also presented in Fig. 2. The chemical shifts and coupling 
constants are shown in Table 1. For the cyclopentene ring, only 
three vicinal coupling constants are available. On this basis, it 

TABLE 2. Nuclear Overhauser effect data for piriprost 
in glycine buffer, pH 9.85 

Irradiated proton Detected proton" Calculatedb 

2' 3 o r 4  - 5.1 4.3 
7 - 4.5 

1 0aC lop - 18.6 19.9 
10a,2 ortho - 6.1 (1 .O)d 
3,4 2 - 6.4 5.0 

5 - 7.8 4.9 
7 - 8.4 - 

5 3 or 4 - 3.7 4.3 
ortho - 0.0 4.4 

7 3 o r 4  - 1.2 - 
lop 10a - 22.0 22.2 

11 - 8.9 8.9 
ortho - 1.6 0.9 

11 lop - 3.1 3.7 
12 - 3.1 3.6 

13/14 - 3.0 - 
12 7 - 0.9 0.8 

11 - 1.8 2.1 
13/14 - 3.6 - 

13/14 11 - 4.1 10.4 
12 - 13.2 15.8 
15 - 7.6 - 
17 - 2.3 - 

ortho 2 - 1.9 - 

"The error limits on the observed nOe's are estimated to be 
one unit. 

bA correlation time of 0 .25  ns was used in the calculations. 
'The 2  and 1Oa protons overlap but the appropriate nOe's 

are assigned as shown. 
dThe calculated nOe is due to the saturation of HlOa .  

was difficult to confirm the ring conformation. The nOe data 
proved most useful in showing that this ring has the "E con- 
formation (Table 2). The nOe expression [I] is applicable to the 
rigid portion of the molecule, from C6 to C15, as is the case for 
prostacyclin and its analogs (12, 13). 

Excellent agreement is observed between the observed and 
calculated nOe's between the ring protons, namely, HlOa, 
HlOP, 11, and 12 (Table 2) for the "E conformation of the 
cyclopentene ring. The phenyl group is oriented almost per- 
pendicular to the plane of the pyrrole ring. This is supported by 
the fact that an nOe is not observed to the ortho protons on 
saturating H5. An nOe is not observed to H5, HlOa, nor HlOP 
on saturating the ortho protons. Saturation of HlOP results in 
a small n0e (1.6%) t o  the ortho protons. saturation of the 
overlapping H2 and HlOa multiplet results in a 6.1% nOe to 
the ortho protons. In both cases the calculated nOe is 1%. The 
difference is due to the interaction between the H2 and the 
ortho protons. A wide range of calculations were carried out in 
which the phenyl group was placed at different positions with 
respect to the pyrrole ring, but the best agreement between the 
observed and calculated nOe values was for the perpendicular 
phenyl ring conformation. 

The data in Table 2 show that the large long-range nOe from 
H2 to H7 is about 4.5%. This nOe cannot arise from saturation 
of HlOa (which overlaps H2) because the internuclear distance 
across the ring is too large. Finally, saturation of the ortho 
protons results in a very small nOe to H2. 

The calculated and observed T ,  data are presented in 
Table 3. Good agreement is observed for protons H7, HlOP, 
HI 1, and H12 as well as the meta protons. The long T I  for the 
phenyl ortho protons becomes 1.43 s when the phenyl ring is 
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TABLE 3. TI data for piriprost 

Proton T,(obs.) T,(calcd.)" 

3,4 
5 
7 

1 OP 
11 
12 
13 
14 
15 
17-19 
ortho 
meta 
para 

"A correlation time of 0.10 ns was used to 
calculate the T I  data. The error limits on the T I  
measurements are 2 5 % .  

twisted 30" out of the perpendicular orientation, and then is in 
good agreement with the observed TI  of 1.53 s. The longer 
observed T I  for H, is a special case because it is on an axis of 
rotation and hence may have a shorter correlation time. Hence 
these data suggest some flexibility in the conformation of the 
phenyl ring. Finally, the calculated TI'S are based on a cor- 
relation time of 0.10 ns, which is slightly shorter than the 
0.25-1-1s correlation time that gives the best fit to the nOe data 
(Table 2). The reason for this discrepancy is not known, but 
was observed previously in the PGI series (13). 

The w-chain conformations are determined by the fact that 
acyclic C(sp2)-C(sp3) bonds such as C 12-C 13 and C 14- 
C15 are known to prefer rotational states in which the double 
bond eclipses the single bond (14, 15). In this situation the 
C12-H and C15-H bonds would be more or less coplanar 
with C 13-C14. The vicinal coupling constants (J(H12-H13) 
= 7.1 Hz and J(H14-H15) = 7.2 Hz) do not a n e e  with an ., 
exclusive antiperiplanar conformation, for which Garbisch's 
equation (16) estimates a value of 11.6 Hz. Consequently, 
other eclipsed rotamers are significantly populated. Ideally, the 
nOe experiment should allow the estimation of rotamer popu- 
lations. Unfortunately H13 and H14 form an AB system and 
only the f,{13,14} are available. Consequently, the nOe's and 
TI'S in Tables 2 and 3 were calculated with the population of 
the preferred rotamer to be 50%, as was done with the PGI 
series (13). In the minor rotamers H14 comes very close to H11 
and a large nOe (10.4%) is calculated for f 1{13,14}. The ob- 
served nOe is 4.1 %. In the absence of a molecular mechanics 
calculation for this molecule, a computer fit to the TI  and nOe 
data was not pursued beyond C14 because the range of con- 
formers about C12-C13 could be varied, or C12-C13 may 
be in rotational states with an H12-H13 dihedral angle close 
to 150" (3). 

The mobility of the a-chain, and the close approach of H2 
to the ortho protons as well as H7 is most interesting. As there 
is no nOe from H5 to H7, this indicates that H5 must be as far 
away as possible from H7. Similarly, there is no nOe to the 
ortho protons on saturating H5. This is consistent with the 
nearly perpendicular orientation of the phenyl ring. However, 
rotation about C5-C6 is necessary. The C4-C5-C6-C7 
dihedral angle of zero will explain the lack of an nOe from H5 
to H7, but it will exclude an nOe from H2 to the ortho protons. 
What was done, therefore, in our calculations was to take this 
angle as zero and C3-C4-C5-C6, C2-C3-C4-C5, 

and C1-C2-C3-C4 dihedral angles all trans. This does 
not bring the H2 protons near the ortho nor the H7 protons to 
which an nOe is observed. But because of the wide range of 
conformations that can be adopted by this chain, coupled with 
the fact that the a-chain will have a shortening of the cor- 
relation times as the segmental motion increases, the above 
model was used in the calculations. 

In Table 2, the calculated contributions to the nOe's arising 
from the a-chain are therefore not reported, i.e. from H2 to 
H7 and to the ortho protons, from H3,4 to H7, nor from H7 
to H3,4. 

In summary, a long-range nOe is observed from H2 to the 
ortho protons and the pyrrole H7 proton. In all of our previous 
work involving the prostaglandins, this long-range nOe was not 
observed, either because of multiplet overlap or due to the fact 
that for the prostacyclin analogs there are two geminal H7 
protons. As these protons relax each other, it would be dif- 
ficult to observe long-range nOels. The ring adopts an "E 
conformation, which is supported specifically by the nOe 
data, more so than the limited coupling constant data. The 
phenyl ring is almost perpendicular to the plane of the rings as 
determined by the small nOe's between the H10 and H5 pro- 
tons and the aromatic ring protons, while the T I  data suggest 
some flexibility in this ring. Finally, the w-chain conformations 
are similar to those observed in the prostacyclin series of 
compounds because the coupling constants are similar. 
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Nitro-olefin bicycloannulation: one-step synthesis of tricyclo[3.2.1. 02"]octan-6-ones 
from cyclohexenones and of tricyclo[2.2.1.02'6]heptan-3-ones from cyclopentenones 
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ROBERT M. CORY, PAUL C. ANDERSON, MURRAY D. BAILEY, FRED R. MCLAREN, RICHARD M. RENNEBOOG, and BRIAN 
R. YAMAMOTO. Can. J .  Chem. 63, 2618 (1985). 

Nitro-olefins bicycloannulate the a'-enolates of a-cyclohexenones and a-cyclopentenones by initial addition at -7S°C, 
followed by further reaction in situ in the presence of hexamethylphosphoramide in refluxing tetrahydrofuran to give tricyclo- 
r3.2.1 .0Z,7]octan-6-ones and tricyclo[2.2.1 .02.6]heptan-3-ones in a single synthetic step. The reactions with I-nitropropene and 
with a nitro-olefin having a more complex P-substituent are stereoselective, forming predominantly the tricyclic diastereomer 
in which the group derived from the P-substituent of the nitro-olefin is syn to the carbonyl bridge. Based on the isolation of 
intermediates and side products, the mechanism of the bicycloannulation is shown to proceed via sequential kinetically 
controlled conjugate addition of the enolate to the nitro-olefin at low temperatures, thermodynamically controlled intramolec- 
ular Michael addition at higher temperatures to give a bicyclo[2.2.2]octanone intermediate, and hexamethylphosphoramide- 
assisted expulsion of the nitro group as nitrite ion with formation of the cyclopropane ring. For the first time this type of 
bicycloannulation has been applied to cyclopentenones, and a one-step synthesis of tricyclenone has been carried out to 
demonstrate the synthetic utility of this new reaction. 

ROBERT M. CORY, PAUL C. ANDERSON, MURRAY D. BAILEY, FRED R. MCLAREN, RICHARD M. RENNEBOOG et BRIAN R. 
YAMAMOTO. Can. J .  Chem. 63, 2618 (1985). 

A -7S°C, les nitro-olefines s'additionnent sur les a'-Cnolates des a-cyclohextnones et des a-cyclopentCnones; par reaction 
in situ en prCsence d'hexamCthylphosphoramide dans le tttrahydrofuranne au reflux, les produits ainsi obtenus conduisent en 
une seule Ctape a une bicycloannellation qui fournit les tricyclo[3.2.1 .0Z,7]octanones-6 et les tricyclo[2.2.1 .02.6]heptanones-3. 
Le nitro-1 prophe et les nitro-oltfines ayant des substituants plus complexes en positions P rtagissent d'une f a ~ o n  stCrCo- 
sClective pour conduire B la formation prkpondtrante du diastCrkoisomtre tricyclique dans lequel le groupe provenant du 
substituant en position p de la nitro-olefine est en position syn par rapport au pont carbonyle. En se basant sur la nature des 
intemtdiaires et des produits secondaires qu'on a pu isoler, on montre que la bicycloannellation s'effectue par I'intermCdiaire 
d'une strie d'additions conjuguCes sous contrble cinCtique de I'tnolate sur la nitro-olCfine a basses tempkratures et d'additions 
de Michael intramolCculaires haute temperature sous contrble thermodynamique qui conduisent B la bicyclo[2.2.2]octanone 
intermediaire et a I'expulsion du groupe nitro sous forme de cyclopropane. On a appliquC pour la premikre fois ce type de 
bicycloannellation aux cyclopentCnones et, pour dtmontrer I'utilitC de cette nouvelle reaction, on a realist en une seule Ctape 
la synthkse de la tricycltnone. 

[Traduit par le journal] 

Introduction 
The development of new methodology for the efficient con- 

struction of polycyclic systems has long been a major emphasis 
of research in organic synthesis. Our own contributions to this 
work have focussed on the discovery of new bicycloannulation 
reactions, in which tricyclic structures are formed in a single 
synthetic operation from monocyclic precursors.' In particular, 
we have reported a series of methods for the bicycloannulation 
of cyclohexenes (1 b, 2) and cyclohexenones ( la ,  3) to give 
tricyclo[3.2.1 .02.7]octanes (1). This tricyclic system is a salient 

feature of four terpene families, including the ishwarane (4) 
and cycloseychellene (5) sesquiterpenes and the trachylobane 
(6) and helifulvane (7) diterpenes, and we have applied two of 
our bicycloannulation reactions to the total synthesis of ish- 
warane (1 b, 2b) and trachyloban-19-oic acid (3c, d). 

'Author to whom correspondence should be addressed. 
'For the most recent previous papers in the series Bicycloannulation 

see ref. 1. 

While recent work elsewhere has involved the construction 
of this tricyclo-octane system using multi-step procedures ter- 
minated by carbene insertion reactions (8),3 our cyclohexenone 
bicycloannulations (Scheme 1) follow a series of three mech- 
anistic steps, none of which involve carbenes. The a' (kinetic) 
enolate (2) of the enone undergoes an initial conjugate addition 
to an activated olefin (3), in which Z has dual character, acting 
first as an electron-withdrawing group and then as a leaving 
group, displacement of which forms the cyclopropane ring of 
the tricyclo-octanone (4) .4 We have demonstrated that this type 
of bicycloannulation is successful with vinyl phosphonium 
salts (3c-e), vinyl sulfones (1 a ,  3 b), and nitro-olefins (3a), 
and Hagiwara et al. have reported an analogous reaction of 
a-bromoacrylic esters, which they have used as the key step in 
a synthesis of ishwarane (12). Nitro-olefins, in particular, have 
become increasingly useful in synthesis in recent years 
(13- 15), and we present herein a full description of our own 
work with these versatile reagents. 

3 ~ e  have also used a carbene strategy for a total synthesis of 
ishwarone (I  b, 9). 'The first total synthesis of ishwarone employed a 
fundamentally different approach, in which the cyclopropane ring was 
generated by carbene addition in thefirst step of the construction of 
the tricycle-octane system from a cyclohexene (10). 

4The cyclopropane ring of this tricycle-octanone system has also 
been formed by intramolecular enolate displacement of conventional 
leaving groups (1 1). 
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SCHEME 1. Bicycloannulation of cyclohexenone. 

SCHEME 2. Nitro-olefin bicycloannulation. 

The proposed mechanism of our bicycloannulation with 
nitroethylene (5) is shown in Scheme 2, in which the initial 
intermediate, nitronate 6, closes to a bicyclo[2.2.2]octane 
system (7), followed by expulsion of nitrite ion. Conjugate 
addition of ketone enolates to nitro-olefins has found recent 
synthetic utility (13, 15a, b, c, h), and Michael addition of 
nitronate ions to a,P-unsaturated ketones has long been a 
useful tool (1 3, 16). The displacement of the nitro group from 
sp3 carbon has received little attention (17), but a cyclopro- 
panation method involving base-catalyzed addition of nitro- 
methane and nitroethane to alkylidene malononitriles and 
malononitrile esters followed by intramolecular displacement 

I 
of the nitro group has been reported (18). However, although 
each of the three steps in the bicycloannulation had precedent 

I in previous studies, their combination had not been reported 
prior to our investigation. 

Results and discussion 
As in our studies of vinyl sulfones, in our initial experiments 

with nitro-olefins the procedure effective in bicycloannulations 
with vinyl phosphonium salts (3c) failed to provide volatile 
products, even with long reflux periods in tetrahydrofuran 
(THF). However, addition of hexamethylphosphoramide 
(HMPA) after addition of the nitro-olefin to the enolate, fol- 
lowed by a period of reflux, caused the formation of low to 
moderate yields of tricyclo-octanoneg. Polymerization of the 
nitro-olefin was minimized by adding it at -78OC. Thus, for 
example, when a solution of 1-nitropropene (10) in THF was 
added to a solution of the lithium a'-enolate (9) of isophorone 
(8) in THF at -78°C followed by addition of HMPA at room 
temperature and reflux for 16 h, there was obtained a 63% 
combined yield of two diastereomeric tricyclo-octanones: 58% 
of isomer 11, having the 8-methyl group syn to the carbonyl 
bridge, and 5% of isomer 12, having the 8-methyl anti. In 
addition, the nitro-bicyclo-octanone 13 was isolated in 4% 
yield (see entry 1, Table 1). 

The stereochemistry of the major product was evident from 
the fact that the C-8 proton was coupled only with the 8-methyl 
protons in 'H nrnr, giving rise to a quartet at 6 2.36 with a 
coupling constant of 6.5 Hz. The lack of coupling of the anti 
8-H with the bridgehead protons vicinal to it at C- 1 and C-5 had 
been established in earlier work (3c). In contrast, the absorp- 
tion due to the C-8 proton of epimer 12 appeared as a quartet 

TABLE 1 .  Nitro-olefin bicycloannulation yields 

Entry Substrate Reagent Product Yield, % 

Isophorone 
I-Carvone 

29 
29 
36 
39 

Isophorone 
45 
51 
45 

"Plus 12 (5%) and 13 (4%). 
bPlus 23 (1%). 
'Plus 41 (7%). 
d ~ l u s  43 (19%). 

of doublets of doublets at 6 2.43, in which coupling constants 
of 7, 5, and 3 Hz were established by decoupling experiments 
to be due to coupling with the 8-methyl, C-5, and C-3 protons, 
respectively. These assignments were confirmed by LIS 
(lanthanide-induced shifts) studies, which found the ratio of 
Eu(fod),-induced shifts of the 8-methyl relative to the 8-H 
absorptions to be 1.2 for the syn isomer (11) vs. 0.42 for the 
anti isomer (12). For the adduct, 13, decoupling showed the 
proton at C-6 (6 2.68) to be coupled with the bridgehead proton 
at C- 1, but with a coupling constant near zero, and also demon- 
strated coupling of 6-H with the proton at C-5 (6 4.47) with 
J = 9 Hz. The C-5 proton also showed long range (W) coupling 
of 1 Hz with the proton at C-3 anti to the nitro group. These 
data are consistent only with the syn-syn stereochemistry pro- 
posed for this product. 

When the reaction was quenched with acetic acid 30 min 
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after adding the nitropropene at -78"C, two diastereomeric 
adducts were isolated in a combined yield of 74%. The major 
product (46%) was assigned to the threo adduct (14) based on 
the similarity of the AB pattern (part of an ABX system) in the 
'H nrnr, due to the CH,N02 protons, to that of the correspond- 
ing adduct with carvone (vide infra), the structure of which 
was unambiguously determined. These AB absorptions for 14 
appeared at 6 4.60 and 4.28 with vicinal couplings of 10 and 
3 Hz, respectively, and a geminal coupling constant of 13 Hz. 
By default the minor diastereomer (28%) was the erythro ad- 
duct, 15, in the nmr of which the corresponding AB pattern at 
6 4.62 and 4.36 showed vicinal couplings of 7 and 7.5 Hz, 
respectively, and the same geminal coupling of 13 Hz. In 
addition, the side-chain methyl doublet appeared at 6 1.25 in 
the spectrum of the threo diastereomer but at 6 1.00 in the case 
of the erythro adduct. Preference for the threo adduct has been 
observed previously in kinetically controlled additions of 
cyclohexanone enolate to a P-nitrostyrene (13, 19) and of 
cyclohexanone enamines to 1-nitropropene (20). This has been 
attributed to a combination of steric and electronic effects in the 
transition state and formulated by Seebach and Golinski as a 
"topological rule" applicable also to a variety of related reac- 
tion types (21). 

Although it is the threo adduct (14), as the nitronate, which 
must give rise to the major bicycloannulation product (11) 

I when HMPA is added, it should be noted that the stereo- 
selectivity of the conjugate addition is much lower than that of 
the bicycloannulation itself. Furthermore, it is also much lower 
than that reported for cyclohexanone, which is essentially 
100% (13, 19). This may be attributed to steric interference in 
the preferred transition state (16) between the methyl group of 
the nitro-olefin and one of the methyl groups of the enolate of 
isophorone, which would have the effect of raising the energy 
of this transition state relative to that (17) giving rise to the 
erythro adduct (15). As the temperature of the reaction mixture 
is raised and HMPA is added, an equilibrium is presumbly set 
up between these adducts (as the nitronate anions) and the 

I original enolate and nitro-olefin reactants. In turn, an equi- 

librium concentration of each of the bicyclo-octanes (18 and 
19) resulting from intramolecular Michael addition of 14 and 
15, respectively, should also be established. This time it is 
adduct 19 in which unfavorable steric interaction between the 
two offending methyl groups is present. Thus, preference for 
the syn tricyclo-octanone 14 can be ascribed to an unfavorable 
equilibrium concentration of the anti adduct, 19, relative to that 
of the syn adduct, 18. 

The formation of the annulation product, 13, as a by-product 
of the bicycloannulation is understandable if one assumes that 
the excess LDA can remove a proton from intermediate 18 to 
give dianion 20, thus removing some of 18 from the pathway 
leading to tricyclo-octanone 11 by preventing the final step, 
displacement of the nitro group, from taking place. During 
work-up, protonation of 20 would be expected to occur from 
the side of the nitronate moiety anti to the adjacent methyl 
group at C-6, thus providing the observed stereochemistry in 
adduct 13. Whatever the explanation, the presence of 13 at 
least proves the presence of intermediate 18 in the reaction 
mixture and lends support to the proposed mechanism for the 
bicycloannulation.5 

In our studies of vinyl phosphonium bicycloannulation a 
substrate providing some of the highest yields was carvone, 
although these were only on the order of 30-45% (3c). In the 
bicycloannulation of the same substrate with phenyl vinyl sul- 
fone, however, only a 5% yield of tricyclo-octanone was ob- 
tained (1 a ,  3a). It was thus of great interest to determine if the 
relatively high yield obtained from the bicycloannulation of 
isophorone with 1-nitropropene extended also to carvone. Un- 
fortunately, the results were even less encouraging than in the 
case of the vinyl sulfone. Reaction of the a-enolate (21) of 
1-carvone with 1-nitropropene under the same conditions as for 
isophorone, followed by addition of HMPA and reflux, gave 
only a 3% yield of the expected tricyclo-octanone, 22, formed 
by attack of the nitro-olefin from the less hindered side of the 
enolate, and a 1% yield of tricycle-octanone 23, formed by 
attack on the more hindered side of the enolate. Interestingly, 
none of the two possible diastereomers with an anti &methyl 
group was detected, but in view of the low yields it is quite 
possible that minor amounts of other diastereomers were 
formed but in less than detectable quantities. 

As was the case for the major product (11) from bicyclo- 
annulation of isophorone, the C-8 proton of both of the 
carvone-derived tricycle-octanones gave rise to a quartet with 
J = 6.5 Hz in each of their nmr spectra (6 2.11 for 22 and 2.18 
for 23), showing that the 8-methyl group in each of these 
diastereomers is syn to the carbonyl bridge. Again this assign- 
ment was confirmed by LIS, with a ratio of 0.9 for 8-methyl to 
8-H for 22 and a ratio of 1 .O for 23. Inter-compound LIS ratios 
for the isopropenyl groups were 2.3 for the methyl shift of 22 
to that of 23, 1.3 for the vinyl protons trans to the tricyclic 
system, and 3.2 for the cis vinyl protons, indicating opposite 
stereochemistry at C-4, the syn diastereomer being the major 
product, 22. A detailed analysis of the I3C nmr spectra (see 
Experimental) of the two tricyclo-octanones was also consis- 
tent with this stereochemical assignment. 

5 ~ e  have no evidence which would indicate the mechanism by 
which the nitro group is actually displaced, but the involvement of 
single electron transfer (SET) in this step would enable displacement 
even when the nitro group is syn, as in adduct 13. Although an internal 
SN2 type of mechanism has been proposed for cyclopropane ring 
formation of this type (18), a SET mechanism is preferred for most 
displacements of nitro groups from sp3 carbon (17). 
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SCHEME 3. Retro-synthetic analysis. 

In spite of the low yield of the bicycloannulation of carvone, 
quenching with acetic acid at -78OC gave a 4: 1 mixture of two 
diastereomeric adducts from which the major one could be 
isolated by recrystallization from ethanol in 75% yield. A 
single crystal X-ray structure determination (22) proved that 
this adduct (24) had the threo stereochemistry with respect to 
the new carbon-carbon single bond, as predicted by the topo- 
logical rule, and that addition of the nitro-olefin had occurred 
from the side of the enolate opposite to the isopropenyl group, 
as expected on steric grounds. The minor adduct (25) was 
separated from the mother liquor with difficulty by thick-layer 
chromatography in 7% yield. That this diastereomer had the 
erythro stereochemistry was indicated by the fact that the nrnr 
absorption due to the CHINO2 protons was an AB portion of an 
ABX pattern almost superimposable on that of the minor ad- 
duct (15) from isophorone (6 4.9 1 and 4.62; J,,, = 13 Hz and 
J,, = 7 and 6.5 Hz, respectively). Similarly, the AB pattern at 
6 4.58 and 4.32 for the threo adduct (24) showed a geminal 
coupling constant of 12 Hz and vicinal ones of 9 and 4 Hz, 
respectively, very close to the values observed for the major 
isophorone adduct and thus supporting the stereochemical as- 
signment of the latter. As with the isophorone adducts, the 
doublet for the methyl group of the side chain appeared at 6 
1.29 and 1.00 for the threo and erythro adducts, respectively. 
Thus, low temperature addition of 1-nitropropene to carvone 
occurs exclusively from the less hindered side of the enolate, 
in spite of the observation that at higher temperatures and in the 
presence of HMPA tricycle-octanone 23 is formed and must be 
derived from initial attack of the nitro-olefin from the more 
hindered side. Again, this seeming discrepancy may be attrib- 
uted to kinetic control at -78°C in the absence of HMPA vs. 
thermodynamic control at reflux in the presence of HMPA. The 
greater stereoselectivity observed for addition to carvone at low 
temperature as compared with that for the corresponding addi- 
tion to isophorone is consistent with the lack, in the transition 
state for carvone, of any adverse methyl-methyl steric inter- 
action as depicted in structure 16. 

The relatively high degree of stereoselectivity found in the 
bicycloannulation of isophorone was attractive from the point 
of view of natural product synthesis, and one possibility inves- 
tigated was a total synthesis of a structure (26) proposed for 
cycloseychellene, a tetracyclic patchouli oil sesquiterpene, in 
1973 (23). The retro-synthetic strategy, shown in Scheme 3, 
involved disconnection of the two bonds indicated, giving 
tricyclo-octanone 27 after functionalization, where R would 
contain appropriate functionality for construction of the 

n 

1. CH3N02 
NaOH 

2. MsCl 
Et3N 

SCHEME 4. Synthesis of a "cycloseychellene" precursor. 

missing ring. Based on our results for nitro-olefin bicycloannu- 
lation of isophorone and carvone, this intermediate should be 
preparable stereoselectively from nitro-olefin 28 and cyclo- 
hexenone 29. There were, however, two potential stumbling 
blocks in the path of this scheme. First, although the reasons 
for the low yield of the bicycloannulation of carvone are un- 
known, it is related to 29 in that both enones have a methyl 
group at the a position, as opposed to the B-methyl of the high 
yielding substrate, isophorone. Second, it was not known to 
what extent the methyl-methyl steric interaction depicted in 
intermediate 19 was responsible for the high stereoselectivity in 
the bicycloannulation of isophorone, an effect which would be 
absent in the addition of 28 to 29. 

Therefore, a model study was camed out using l-nitropro- 
pene as the bicycloannulation reagent and cyclohexenone 29 
(1 b )  as the substrate. When the a'-enolate (30) of this ketone 
was treated with 1-nitropropene under the same conditions as 
for the other two substrates, we were gratified to discover that 
the desired tricyclo-octanone, 31, was produced, apparently 
with complete stereoselectivity, in a yield of 42%! As before, 
the stereochemistry of the product was evident from 'H nrnr, in 
which the 8-H absorption appeared as a quartet (J = 7 Hz) at 
6 2.02, and the LIS ratio of 8-methyl to 8-H was 1.0. 

Whatever the reasons for this unexpected success, the stage 
was now set for cycloseychellene itself. The translation of a 
portion of the strategy implied in Scheme 3 into chemical 
reality was accomplished by choosing a masked acetonyl group 
to represent R. The conversion of tricyclo-octanone 27 into the 
natural product might be carried out by transforming the keto 
group of 27 into an acceptor containing a latent methyl group, 
ring closure by intramolecular attack of the enolate of the 
acetonyl group on this acceptor group, and methylation. Ac- 
cordingly, the protected keto-nitro-olefin, 33, was prepared by 
base-catalyzed nitro-aldol condensation6 of nitromethane with 
keto-aldehyde, 32, previously reported by Kelly and Tsang 
(25), followed by dehydration employing a modification of 
the method of McMuny and Melton (26) (Scheme 4). When 
this nitro-olefin was condensed with enolate 30 under the stan- 
dard bicycloannulation protocol, the desired tricyclo-octanone, 
34, was isolated in 25% yield, none of the anti diastereomer 
being detected. The stereochemistry of this product was indi- 
cated by the presence of a sharp doublet in the nmr at 6 2.36 
( J  = 7.5 Hz), which could only be due to the bridgehead 
cyclopropyl proton at C-1 coupled with its vicinal partner at 
C-2 (3c). The lack of coupling of the 1-H with the proton at 
C-8 shows, as for the simpler tricyclo-octanones, that the side 
chain must have the syn configuration, as required for the total 

6The more recent method of Wollenberg and Miller (24), em- 
ploying potassium fluoride as the catalyst, proved to be capricious in 
this case. 
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synthesis. Unfortunately, it was at this point that a report 
by Welch and co-workers appeared, demonstrating that struc- 
ture 26 was not the correct one for cycloseychellene and 
proving that the actual structure of the natural product is 35, 
in which the only difference is the placement of the cyclo- 
propane ring (5, 8 ~ ) . ~  From a synthetic standpoint, of course, 
this is not a trivial change, and the course of our proposed 
total synthesis had to be altered completely and started over 
again. Our revised synthesis, which does not involve nitro- 
olefin bicycloannulation, is now in the final stages and will be 
reported separately. 

With the synthetic power of bicycloannulation with P- 
substituted nitro-olefins 10 and 33 well established, it was of 
interest to test the possibility that nitroethylene itself (5), the 
instability of which toward polymerization places it just within 
the borders of synthetic utility (14f, l), could also be used for 
the bicycloannulation of cyclohexenones. This would not only 
extend the scope of the nitro-olefin method, but would, in 
addition, allow an accurate comparison between the three bi- 
cycloannulation methods we have developed for cyclohexe- 
nones. We have found that 1-carvone can readily be methylated 
at the a' position ( la ,  3b), and the resulting 2,6-dimethyl 
substituted cyclohexenone, 36, as a mixture of diastereomers, 
could be converted to its a'-enolate, 37, by reaction with LDA 
as usual. Treatment of this enolate with nitroethylene in the 

7 ~ h e  total synthesis of the racemic modification of cycloseychel- 
lene has recently been reported (27). 

TABLE 2. Comparison of nitroethylene with vinyl sulfone and vinyl 
phosphonium bicycloannulations 

Entry Substrate Reagent Product Yield, % 

39 

39 

39 

Isophorone 
Isophorone 

Isophorone 
Isophorone 

36 
36 
36 
36 

CH,=CHN02 
(5) 

CH2=CHS02Ara 
(CVS) 

CH2=CHPPh3Br 
(VTB) 

5 
CHZ=CHSOzPh 

(PVS) 

CVS 
VTB 

5 
PVS 
CVS 
VTB 

"Ar = p-chloropheny I .  

presence of HMPA using the standard bicycloannulation con- 
ditions produced a disappointingly low yield (13%) of tricyclo- 
octanone 38, but in this case the reaction appeared to be com- 
pletely stereoselective, only the product resulting from attack 
of the reagent from the less hindered side of the enolate being 
detected. Bicycloannulation of 3-methylcyclohexenone 39 with 
nitroethylene gave the annulation adduct, bicyclo-octanone 
41, as the major product, but in only 7% yield, the tricyclo- 
octanone (40) being isolated in only 3% yield. Similarly, bi- 
cycloannulation of isophorone (8) with the same reagent gave 
only a 2% yield of the desired tricyclo-octanone (42), the major 
product again being the bicyclic nitro-ketone (43), formed in a 
yield of 19%. 

The bicycloannulation yields for nitroethylene are summa- 
rized in Table 2 along with the corresponding data for phenyl 
vinyl sulfone ( la)  and vinyltriphenylphosphonium bromide 
(3c). It is quite clear that bicycloannulation with the parent 
nitro-olefin, at least, does not compare favorably with the other 
two methods. However, it must be borne in mind that nitro- 
ethylene possesses an exceptional tendency to polymerize, so 
that this comparison cannot be generalized to all nitro-olefins. 
Unfortunately, we have no information on the abilities of 
propenyl sulfones and phosphonium salts to undergo the bi- 
cycloannulation reaction, so no comparison can be made with 
1 -nitropropene. 

Although it would be desirable to extend these bicyclo- 
annulation methods to substrates other than cyclohexenones, 
our efforts toward this end were uniformly unsuccessful in 
the cases of the vinyl sulfones and vinyl phosphonium salts. 
Even cyclopentenones were uncooperative with the latter 
two reagents, but there still remained the possibility of success 
with the nitro-olefin method. In view of the variety of ter- 
penes having the tricyclo[2.2.1 .02v6]heptane ring system ( 4 4 ,  
including the sesquiterpenes a-santalol, a-santalene, longi- 
cyclene, cyclosativene, and cyclocopacamphene, the extension 
of nitro-olefin bicycloannulation to cyclopentenones would be 
of potential importance for the total synthesis of these natural 
products. Since isophorone had given the highest yields of the 
cyclohexenone substrates, a cyclopentenone (45) was chosen 
such that its structure approximated most closely that of iso- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CORY ET AL. 

phorone. In the event, when its a'-enolate, 46, generated in 
the usual way, was treated with 1-nitropropene and HMPA at 
reflux, a 39% yield of the desired tricycle-heptanone (47) was 
obtained stereoselectively. The overall structure was indicated 
by the presence of three methyl singlets, a methyl doublet at 
6 1.00, and the lack of vinyl proton absorption in the nmr, by 
a strong carbonyl ir absorption at 1757 cm-I, and by compari- 
son of the I3C nrnr data with that for related compounds (28, 
29). An LIS ratio of 1.3 for 5-methyl to 5-H demonstrated the 
expected syn stereochemistry, while the latter proton gave rise 
to an nmr absorption which appeared to be a quartet of triplets, 
J = 6.5 and 1.5 Hz at 6 2.50, showing small coupling with the 
C-4 and C-6 protons vicinal to it. 

A low temperature quench with acetic acid after addition 
of the nitro-olefin gave unexpected results, the predominant 
adduct having the erythro stereochemistry (48), based again on 
'H nmr, and the minor product being the threo diastereomer 
(49), formed in yields of 50% and 37%, respectively. Although 
this stereochemistry is opposite to that observed for the cyclo- 
hexenone adducts, when it is compared with that of the adducts 
from isophorone, in which the corresponding yields were 28% 
and 46%, respectively, it can be seen that neither the selectiv- 
ities nor the differences between them are very significant. 
Presumably, similar factors are responsible for the large pro- 
portion of erythro product in each case (vide supra). Inter- 
estingly, when the reaction was allowed to proceed at reflux, 
but in the absence of HMPA, the proportion of 48 and 49 was 
observed to slowly decrease at the expense of a new product. 
Work-up provided none of the tricyclo-heptanone (47) ob- 
served to form under the influence of HMPA, but gave a 3% 
yield of 49, 6% of 48, and 6% of what is believed to be the 
cyclized adduct, 50, by analogy with adduct 13 from iso- 
phorone. The 'H nmr data for the latter product were consistent 
with this stereochemical assignment, showing absorptions due 
to the C-5 proton at 6 4.76 as a doublet of doublets coupled 
with the vicinal6-H ( J  = 6.5 Hz) and long-range (W) with the 

exo 3-H ( J  = 1 Hz), to the C-6 proton at 6 2.80 as a quintet 
coupled with both the 6-methyl and H-5 with a coupling con- 
stant of about 7 Hz, and to the C-1 bridgehead proton as a 
singlet at 6 2.13, Jlv6 being zero. The formation of this product 
only in the absence of HMPA and the isolation of the tricyclo- 
heptanone (47) only in the presence of HMPA would seem to 
argue for a predominant role in thefinal step of the mechanism, 
the displacement of the nitro group, for the facilitating effects 
of this cosolvent in the bicycloannulation reactions. 

Although we were unsuccessful in isolating any volatile 
products from an attempted bicycloannulation of 3-methyl- 
cyclopentenone (51) with 1-nitropropene, a low temperature 
quench gave a 57% yield of an adduct which could not be 
completely purified, but the IH nrnr of which was consistent 
with the erythro structure, 52. If this assignment is correct, and 
we have no additional confirmation of it, it indicates that more 
work must be done before a firm understanding of the factors 
determining the stereochemistry of these adducts is at hand. 

The success of the bicycloannulation of cyclopentenone 45 
with 1-nitropropene led us to attempt a one-step synthesis of 
racemic tricyclenone (53) (30) from the same ketone. In the 
event, when the a'-enolate of cyclopentenone 45 was treated 
with nitroethylene in the presence of HMPA, the reaction re- 
quired 187 h to force it to completion, but in the end a 22% 
yield of crystalline tricyclenone was isolated. Since tricycle- 
none has been converted by Wolff-Kishner reduction to tri- 
cyclene (54) by Nametkin and Zabrodina (3 l) ,  our synthesis 
represents a formal two-step synthesis of this monoterpene, 

which occurs naturally in Picea abies (L.) Karsten (= P.  ex- 
celsa Link) (32), Picea mariana (Mill.) (the black spruce) (33), 
and Abies balsamea (L.) Mill. (the balsam fir) (34). 

In summary, although the nitro-olefin bicycloannulation 
method described here often gives inferior yields to those ob- 
tained by vinyl sulfone and vinyl phosphonium salts, in many 
cases the yields are quite acceptable, and in one specific exam- 
ple, the conversion of isophorone to tricyclo-octanone 11, the 
yield is among the highest ever obtained for this type of reac- 
tion. Furthermore, the high degree of syn stereoselectivity 
observed when 1-nitropropene is used as the reagent is a char- 
acteristic of this method which ~romises to be useful in the total 
synthesis of natural products. The relatively inexpensive and 
convenient preparation of this stable nitro-olefin from cheap 
and readily available materials makes it all the more attractive. 
Finally, for the first time it is now possible to synthesize 
tricyclo-heptanones in a single synthetic step from cyclopen- 
tenones, although it remains to be seen how general this 
method will be-for this purpose. Even nitroethylene gave a 
fairly good yield of tricyclenone, considering that the yield of 
this one-step procedure was higher than the overall yield of the 
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previously reported highest-yielding multi-step one (30). The  
availability of these new synthetic tools greatly expands the 
pool of tricyclic products and intermediates within our reach, 
and those that w e  have described, as well as (by implication) 
a variety of related compounds, are now only a step away. 

Experimental 
General 

All reactions were conducted under a positive pressure of argon. 
Ethyl ether (when used as a reaction solvent) and tetrahydrofuran were 
freshly distilled from sodium benzophenone ketyl, diisopropylamine 
was distilled from calcium hydride and stored over 4-A molecular 
sieves, and hexamethylphosphoramide was distilled from 13X molec- 
ular sieves. Butyllithium (in hexane) was obtained from Ventron and 
was titrated with 2-butanol in xylene (bipyridyl indicator) before use. 

Preparative thick-layer chromatography was performed on pre- 
coated E. Merck silica gel GF (2 mm) on glass plates. Ethyl acetate 
was used to extract the separated components from the silica gel. 

Nuclear magnetic resonance spectra were recorded on Varian 
Model XL-100 and XL-200 spectrometers, and 'H and "C chemical 
shifts are reported in ppm (6) downfield from internal tetramethyl- 
silane. Infrared spectra were obtained on a Beckman Model 4250 
spectrophotometer, and mass spectra were determined by electron 
impact on a Varian MAT Model 31 1A spectrometer employing an 
ionizing voltage of 70 eV unless stated otherwise. Melting and boiling 
points are uncorrected. 

Bicycloannulation procedure. 2,4,4,8(syn)-Tetramethyltricyclo- 
L3.2.1 .02.7]octan-6-one (11) and 2,4,4,8(anti)-tetramethyl- 
tricyclo[3.2.1 .02.7]octan-6-one (12) 

To a solution of 0.62 mL (0.45 g, 4.4 mmol) of diisopropylamine 
and 3 mg of 2,2'-bipyridyl in 4 mL of tetrahydrofuran at 0°C was 
added dropwise, with stirring, 2.5 mL (4.0 mmol) of 1.6 M n- 
butyllithium over 10 min. The resulting crimson solution was stirred 

I at 0°C for 15 min, and a solution of 0.46 g (3.3 mmol) of isophorone 
(8) in 4 mL of tetrahydrofuran was then added dropwise, with stimng, 
over 45 min. After the mixture had been cooled to -78"C, a solution 
of 0.35 g (4.0 mmol) of 1-nitropropenes in 12 mL of tetrahydrofuran 
was added dropwise, with stirring, over 1.75 h, and the resulting 
yellow solution was stirred at -78°C for an additional 30 min. After 
the mixture had been allowed to warm to room temperature, 5 mL of 
hexamethylphosphoramide was added, and the mixture was then re- 
fluxed for 16 h. The cooled mixture was poured into 50 mL of satur- 
ated aqueous sodium bicarbonate, and the aqueous phase was ex- 
tracted with 3 x 50 mL of petroleum ether (boiling range 30-60°C). 
The combined extracts were washed with 2 X 40 mL of water and 
40 mL of brine and dried over anhydrous sodium sulfate. The solvent 
was distilled through a Vigreux column, and the residual concentrate 
was subjected to preparative gas chromatographyg (140°C for 45 min; 
heat to 230°C at 40°C min-I; 230°C) to give the following three 
products (yields determined by analytical gas chr~matography'~ at 
210°C using n-hexadecane as internal standard): (a) tricycle-octanone 
11; 58%; colorless oil; gas chromatography9 t, = 28 min; ir (CHCI,): 
1720 cm-'; 'H nrnr (100 MHz, CDCI,) 6: [relative lanthanide-induced 
shifts (LIS) with added Eu(fod), in brackets] 2.86 (d, lH, J = 14 Hz), 
2.83(d, l H , J =  5Hz),2.61 (d, I H , J =  14Hz),2.51 (d, l H , J =  

'1-Nitropropene was prepared in 36% overall yield from acetalde- 
hyde and nitromethane using an improved procedure for the nitro- 
aldol condensation (Henry reaction) (24). The dehydration of the 
nitro-alcohol (without purification of this intermediate) was carried 
out according to a long-standing recipe (35), which has since been 
optimized (36). 

9A 0.2 in. X 10 ft copper column packed with 10% SE-30 on 
Diatoport S was employed with a helium flow rate of 60 mL min-'. 

10 A 0.2 in. X 6 ft stainless-steel column packed with 10% Silar-5CP 
(Applied Science silicone AS1 50 phenyl/50 cyanopropyl) on Gas- 
Chrom Q (100/120 mesh) was employed with a helium flow rate of 
60 mL min-'. 

5 Hz), 2.36 [1.0] (q, lH, J = 6.5 Hz), 1.26 (bs, IH), 1.08 (s, 3H), 
1.05 (s, 3H), 1.02 [1.2] (d, 3H, J = 6.5 Hz), 0.90 (s, 3H); mass 
spectrum, m/z (relative intensity): 178 (M', 22), 163 (7), 150 (9), 135 
(19), 121 (20), 107 (41), 83 (loo), 54 (22); high resolution mass 
spectrum, m/z calcd. for C12HlsO: 178.1358; found: 178.1359; (b) 
tricycle-octanone 12; 5%; colorless oil; gas chromatographyg t, = 42 
min; ir (CHCl,): 1720 cm-'; 'H nmr (LOO MHz, CDCI,) 6: [relative 
LIS (with added Eu(fod),) in brackets] 2.43 [ l  .O] (qdd, lH, J = 7,  5, 
3 Hz), 2.04 (d, IH, J = 14 Hz), 1.89 (dd, IH, J = 5,  3 Hz), 1.61 
(d, l H , J =  5Hz), 1.60(d, l H , J =  14Hz), 1.51 (d, 1 H , J = 5 H z ) ,  
1.30 [0.42] (d, 3H, J = 7 Hz), 1.1 1 (s, 3H), 1.10 (s, 3H), 0.86 (s, 
3H); mass spectrum, m/z (relative intensity): 178 (M', 18), 163 (6), 
150 (15), 135 (21), 121 (32), 107 (43), 95 (22), 83 (loo), 53 (28); 
high resolution mass spectrum, m/z calcd. for CI2HI80: 178.1358; 
found: 178.1361; (c) 4,6(syn), 7,7-tetramethyl-5(syn)-nitrobicyclo- 
[2.2.2]octan-2-one (13); 4%; yellow oil; gas chromatography9 t, = 
55 min; ir (CHCl,): 1710, 1550 cm-I; 'H nmr (100 MHz, CDC1,) 6: 
4.47 (dd, lH, J = 9, 1 Hz), 2.87 (bd, lH, J = 19 Hz), 2.68 (bq, lH,  
J =  8Hz),2.00(bs, lH), 1.85(dd, l H , J =  19, lHz) ,  1.58(d, lH,  
J = 14 Hz), 1.41 (d, lH, J = 14 Hz), 1.34 (d, lH, J = 7 Hz), 1.22 
(s, 3H), 1.02 (s, 3H), 0.97 (s, 3H); mass spectrum, m/z (relative 
intensity): 225 (M+, lo), 178 (7), 153 (7), 135 (loo), 121 (52), 109 
(62), 95 (74), 83 (48), 69 (55), 55 (74); high resolution mass spec- 
trum, m/z calcd. for Cl2HI9NO3: 225.1365; found: 225.1368. 

Michael addition procedure. threo-3,5,5-Trimethyl-6-(1-methyl-2- 
nitroethyl)cyclohex-2-en-1 -one (14) and erythro-3,5,5-trimethyl- 
6-(1 -methyl-2-nitroethyl)cyclohex-2-en-1 -one (15) 

To a solution of 0.62 mL (0.45 g, 4.4 mrnol) of diisopropylamine 
and 3 mg of 2,2'-bipyridyl in 4 mL of tetrahydrofuran at 0°C was 
added dropwise, with stimng, 2.5 mL (4.0 mmol) of 1.6 M n- 
butyllithium over 10 min. The resulting crimson solution was stirred 
at 0°C for 15 min, and a solution of 0.46 g (3.3 mmol) of isophorone 
(8) in 4 mL of tetrahydrofuran was then added dropwise, with stirring, 
over 45 min. After the mixture had been cooled to -78"C, a solution 
of 0.35 g (4.0 mmol) of 1-nitropropenes in 12 mL of tetrahydrofuran 
was added dropwise, with stimng, over 1.75 h. The resulting yellow 
solution was stirred at -78°C for an additional 30 min, after which 
0.23 mL (0.24 g, 4.0 mmol) of glacial acetic acid was added rapidly, 
with stirring. The mixture was allowed to warm to room temperature 
and poured into 50 mL of water, and the aqueous phase was extracted 
with 3 X 50 mL of ethyl ether. The combined extracts were washed 
with 2 x 25 mL of water and 25 mL of brine and dried over anhydrous 
sodium sulfate. The solvent was evaporated under reduced pressure to 
give 0.83 g of crude product, of which 0.20 g was subjected to 
preparative thick-layer chromatography (eluting 4 x  with 9: 1 methyl- 
ene chloride/cyclohexane). Although the products were not com- 
pletely separated from each other, careful dissection of the adsorbent 
layer provided samples enriched in each of the two major products, 
and integration of the nmr spectra gave approximate relative amounts 
from which the yields could be calculated: (a) threo adduct 14; 0.34 g 
(46%); yellow oil; ir (CHCI,): 1675, 1550 cm-'; 'H nmr (100 MHz, 
CDCI,) 6: 5.85 (bs, lH), 4.60 (dd, lH, J = 13, 10 Hz), 4.28 (dd, lH,  
J = 13, 3 Hz), 2.76 (m, lH), 2.2 (m, 3H), 1.94 (bs, 3H), 1.25 (d, 
3H, J = 7 Hz), 1.17 (s, 3H), 1.09 (s, 3H); mass spectrum (25 eV), 
m/z (relative intensity): 225 (M', 3), 191 (3), 178 (33), 162 (27), 149 
(15), 136 (34), 123 (45), 97 (20), 82 (100); high resolution mass 
spectrum, m/z calcd. for CI2HI9NO3: 225.1365; found: 225.1361; (b) 
erythro adduct 15; 0.21 g (28%); yellow oil; ir (CHCI,): 1675, 1550 
cm-I; 'H nmr (100 MHz, CDCI,) 6: 5.91 (bs, lH), 4.62 (dd, lH,  
J = 13, 7 Hz), 4.36 (dd, lH, J = 13, 7.5 Hz), 2.84 (sextet of d, lH, 
J =  7,2.5Hz),2.22(bs,  1H),2.04(d, l H , J = 2 . 5 H z ) ,  1.94(bs, 
3H), 1.12 (s, 3H), 1.09 (s, 3H), 1.00 (d, 3H, J = 7 Hz; mass 
spectrum, m/z (relative intensity): 225 (M', 5), 178 (5), 163 (9), 149 
(8), 123 (30), 97 (9), 82 (loo), 54 (14); high resolution mass spec- 
trum, m/z calcd. for Cl2HI9NO3: 225.1365; found: 225.1368. In addi- 
tion, a small amount of an impurity (ca. lo%), tentatively assigned 
to 4,6(syn),7,7-tetramethyl-5(anti)-nitrobicyclo[2.2.2]octan-2-one, 
could be discerned in the nmr spectrum of 14: 4.06 (bd, IH, J = 
6 Hz), 2.99 (b, quintet, lH,  J = 7 Hz), 1.01 (s, 3H), 0.97 (s, 3H). 
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4(syn)-lsopropenyl-7,8(syn)-dimethyltricyclo[3.2.1 .02,7]octan-6-one 
(22) and 4(anti)-isopropenyl-7,8(syn)-dimethyltricyclo- 
[3.2 . I  .02,7]octan-6-one (23) 

By the standard bicycloannulation procedure, 0.50 g (3.3 mmol) of 
1-carvone and 0.35 g (4.0 mmol) of 1-nitropropene"ave (gas chroma- 
tographyg program: 170°C for 24 min; heat to 230°C at 40°C min-'; 
230°C) tricycle-octanone 22; 3%; colorless oil; gas chromatography 
t, = 19.5 min; ir (CHCI,): 1722, 1645 cm-'; 'H nrnr (100 MHz, 
CDCI,) 6: [relative LIS with added Eu(fod), in brackets] 4.78 [0.4 and 
1.61 (bs, 2H), 2.66 [ l . l ]  (ddd, lH, J = 10, 6, 2 Hz), 2.29 (ddd, lH, 
J = 14, 10, 2.5 Hz), 2.11 [1.0] (q, IH, J = 6.5 Hz), 2.08 (ddd, IH, 
J = 14,6,2.5Hz),  1.91 [2.7](d, lH, J =  2Hz), 1.87(d, lH, J =  
7 Hz), 1.68 [0.7] (bs, 3H), 1.67 (dt, lH, J = 7, 2.5 Hz), 1.21 [1.2] 
(s, 3H), 1.04 [0.9] (d, 3H, J = 6.5 Hz); I3C nrnr (25.2 MHz, CDCI3) 
6: 213.4 (s), 147.3 (s), 110.4 (t), 53.3 (d), 49.3 (d), 39.4 (d), 36.7 
(d), 34.5 (d), 33.2 (s), 23.9 (t), 21.3 (q), 19.9 (q), 12.9 (q) (cf. ref. 
28); mass spectrum, m/z (relative intensity): 190 (M+, 17), 175 (lo), 
147 (8), 135 (lo), 122 (loo), 106 (28), 94 (34), 80 (30), 67 (43); high 
resolution mass spectrum, m/z calcd. for C13H180: 190.1358; found: 
190.1356; and tricycle-octanone 23; 1%; colorless oil; gas chroma- 
tography t, = 21.5 min; ir (CHCI,): 1727 cm-'; 'H nmr (100 MHz, 
CDCI,) 6: [relative LIS with added Eu(fod), in brackets] 4.72 [0.3] 
(bs, lH),4.63[0.5](bs, lH),2.54[1.8](bt, lH,J=9Hz),2.18[1.0] 
(q, IH, J = 6.5 Hz), 1.84[2.7](bs, lH), 1.7-2.3(m,4H), 1.61 [0.3] 
(bs, 3H), 1.15 [1.7] (s, 3H), 0.94 [1.0] (d, 3H, J = 6.5 Hz); I3C nmr 
(25.2 MHz, CDCI,) 6: 212.9 (s), 146.2 (s), 109.3 (t), 52.7 (d), 47.3 
(d), 38.9 (d), 34.6 (d), 32.4 (s), 28.7 (d), 22.4 (t), 22.1 (q), 20.1 (q), 
12.9 (q) (cf. ref. 28); mass spectrum, m/z (relative intensity): 190 
(M+, l l ) ,  175 (6), 147 (4), 135 (8), 122 (100), 105 (20), 91 (IS), 79 
(17), 67 (22); high resolution mass spectrum, m/z calcd. for Cl3H180: 
190.1358; found: 190.1360. 

(33), 107 (44), 95 (100), 91 (46), 82 (84), 67 (72); high resolution 
mass spectrum, m/z calcd. for Cl lH160: 164.1201; found: 164.1200. 

2-Methyl-2-(3-nitro-ally1)-1,3-dioxolane (33) 
To a solution of 1 .O mL (14.4 mmol) of nitromethane in 14 mL of 

95% ethanol was added dropwise, with stirring, 1.5 mL of 10% 
aqueous NaOH. To the resulting yellow solution was added dropwise, 
with stirring, 1.79 g (13.8 mmol) of 2-methyl-l,3-dioxolane-2- 
acetaldehyde (32) over 15 min. After the mixture had been stirred for 
24 h, 50 mL of water was added, and the aqueous phase was extracted 
with methylene chloride (3 X 50 mL). The combined extracts were 
dried over anhydrous sodium sulfate, and the solvent was evaporated 
under reduced pressure to give the ketal-nitro-aldol, 2-(2-hydroxy-3- 
nitropropy1)-2-methyl-1,3-dioxolane; 1.82 g (69%); yellow oil (from 
which an analytical sample was obtained by bulb-to-bulb distillation); 
bp 92-95"C/0.5 Tom (1 Tom = 133.32 Pa); ir: 3435, 1555 cm-'; 'H 
nmr (200 MHz, CDC13) 6: 4.63 (m, lH), 4.45 (d, 2H, J = 7 Hz), 4.02 
(s, 4H), 3.81 (bs, lH), 1.95 (d, 2H, J = 6 Hz), 1.40 (s, 3H); mass 
spectrum (25 eV), m/z (relative intensity): 176 (20), 158 (2), 1 15 (3), 
112 (6), 89 (5), 88 (loo), 57 (3). 

To a solution of 0.18 g (0.96 mmol) of the crude ketal-nitro-aldol 
and 0.53 mL (3.8 mmol) of triethylamine in 6 mL of methylene chlo- 
ride at 0°C was added dropwise, with stirring, 0.10 mL (1.3 mmol) of 
methanesulfonyl chloride. After the mixture had been stirred for 
30 min at O°C, it was washed with water (2 x 50 mL) and 50 mL of 
brine and dried over anhydrous sodium sulfate. The solvent was evap- 
orated under reduced pressure, and the residual oil was subjected to 
open-column liquid chromatography on silica gel, eluting with 1 : 1 
cyclohexane/ethyl acetate, to give ketal-nitro-olefin 33; 0.10 g (61 %); 
yellow oil; ir: 1660, 1520 cm-'; 'H nmr (100 MHz, CDC13) 6: 7.28 
(dt, lH, J = 13, 7 Hz), 6.99 (d, lH, J = 13 Hz), 3.97 (s, 4H), 2.59 
(d, 2H, J = 7 Hz), 1.38 (s, 3H); mass spectrum (25 eV), mlz: 158, 

(I 'R, 5R, 6R)-5-lsopropenyl-2-methyl-6-(l '-methyl-2 ' -nitroethyl)- 127, 87, 43. 
cyclohex-2-en-I-one (24) and (I'S, 5R, 6R)-5-isopropenyl- 
2-methyl-6-(l'-methyl-2'-nitroethyl)cyclohex-2-en-l-one (25) 

I By the standard Michael addition procedure, 0.50 g (3.3 mmol) of 
1-carvone and 0.35 g (4.0 mmol) of 1-nitropropene8 gave, after re- 
crystallization of the crude product (nmr indicated a 4: 1 ratio of 24 to 
25), adduct 24; 0.5 g (75%); colorless needles; mp 106.5-107°C ' (ethanol); ir (CHCI,): 1670, 1550 cm-'; 'H nmr (100 MHz, CDCI,) 
6: 6.71 (bs, lH), 4.94 (bs, 2H), 4.58 (dd, lH, J = 12, 9 Hz), 4.32 
(dd, 1H,J = 12,4Hz),2.2-3.0(m, 5H), 1.76(bs, 6H), 1.29(d, lH,  
J = 7 Hz); mass spectrum, m/z (relative intensity): 237 (M+, 2), 220 
(2), 191 (3), 161 (2), 149 (12), 110 (9), 94 (lo), 83 (loo), 50 (20); 
high resolution mass spectrum, m/z calcd. for Cl3HI9NO3: 237.1365; 
found: 237.1369; single crystal X-ray structure determination (22). 
The mother liquor was evaporated under reduced pressure, and the 
residue was subjected to preparative thick-layer chromatography 
(eluting 2X with 9: 1 methylene chloride/cyclohexane). Although the 
products were not completely separated from each other, careful dis- 
section of the adsorbent layer provided a sample consisting of ca. 10% 
adduct 24 and ca. 90% adduct 25; 53 mg (7%); yellow oil; ir (CHC13): 
1670, 1550 cm-'; 'H nmr (100 MHz, CDC1,) 6: 6.73 (bs, lH), 4.91 
(dd, lH, J = 13,7 Hz), 4.90(bs, 2H), 4.62 (dd, lH, J = 13,6.5 Hz), 
2.3-3.1 (m, 5H), 1.73 (bs, 6H), 1.00 (d, 3H, J = 7 Hz); mass 
spectrum (25 eV), m/z (relative intensity): 237 (M+, 2), 220 (2), 204 
(2), 189 ( l l ) ,  175 (lo), 161 (13), 149 (58), 135 (14), 121 (21), 110 
(23), 83 (100). 

5,7,8(syn)-Trimethyltricyclo[3.2 .I .02.7]octan-6-one (31) 
By the standard bicycloannulation procedure, 0.41 g (3.3 mmol) of 

2,6-dimethylcyclohex-2-en-1-one (29) (1 b) and 0.35 g (4.0 mmol) of 
1-nitropropenes gave (gas chromatography l o  210°C) tricycle-octanone 
31; 42% (n-hexadecane internal standard); colorless oil; ir: 1730 cm-l; 
'H nmr (100 MHz, C x l 3 )  6: [relative LIS with added E ~ ( f o d ) ~  in 
brackets] 2.02 [l .O] (bq, lH, J = 7 Hz), 1.5 - 1.9 (m, 7H), 1.22 [1.5] 
(s, 3H), 0.93 [1.0] (d, 3H, J = 7 Hz), 0.83 [1.7] (s, 3H); I3C nmr 
(50.4 MHz, CDCI3) 6: 217.7 (s), 47.0 (s), 38.5 (t), 38.1 (d), 37.9 (d), 
36.6 (d), 33.3 (s), 18.0 (q), 17.2 (t), 15.7 (q), 13.4 (q); mass spec- 
trum, m/z (relative intensity): 164 (M+, 53), 149 (15), 136 (17), 122 

5,7-Dimethyl-8(syn)-(2-methyldioxol-2-ylmethy1)tricyc10- 
[3.2 . I  .0Z.7]octan-6-one (34) 

By the standard bicycloannulation procedure (66 h reflux), 0.52 g 
(4.2 mmol) of 2,6-dimethylcyclohex-2-en-1-one (29) (1 b) and 0.63 g 
(3.7 mmol) of ketal-nitro-olefin 33 gave a crude orange oil which was 
subjected to open-column liquid chromatography on silica gel. Elution 
with cyclohexane gave ketal-tricycle-octanone 34; 0.23 g (25%); yel- 
low oil; ir: 1715 cm-'; 'H nmr (100 MHz, CDCI,) 6: 3.94 (s, 4H), 
2.36 (d, lH, J = 7.5 Hz), 1.5-2.2 (m, 8H), 1.37 (s, 3H), 1.22 (s, 
3H), 0.83 (s, 3H); mass spectrum (25 eV), m/z (relative intensity): 
250 (M+, l), 235 (2), 179 (2), 149 (I), 135 (3), 124 (2), 87 (100); high 
resolution mass spectrum, m/z calcd. for C15H2203: 250.1569; found: 
250.1574. 

4(syn)-lsopropenyl-5,7-dirnethyltricyclo[3.2.1 .02. ']octan-6-0ne (38) 
By the standard bicycloannulation procedure, 0.94 g (5.6 mmol) of 

(5 R)-2,6-dimethyl-5-isopropenylcyclohex-2-en- 1 -one (36) (1 a )  and 
1.8 mL (5.6 mmol) of 3.1 M nitroethylene in benzene (141) gave (gas 
chromatography" 170°C) tricycle-octanone 38; 13%; colorless oil; 'H 
nmr (200 MHz, CDCI,) 6: 4.67 (nm, IH), 4.60 (nm, IH), 2.59 (dd, 
lH, J = 10, 6 Hz), 2.31 (ddd, IH, J = 15, 10, 2 Hz), 1.6-2.0 (m, 
5H), 1.52 (nm, 3H), 1.24 (s, 3H), 0.87 (s, 3H; other spectral data as 
reported earlier (1 a). 

2-Methyltricyclo[3.2.1 .02,7]octan-6-one (40) 
By the standard bicycloannulation procedure, 0.25 g (2.3 mmol) of 

3-methylcyclohex-2-en-1-one (39) and 4.3 mL (3.0 mmol) of 5% 
nitroethylene in benzene (141) gave (gas chromatography" 170°C), 
in addition to a 12% recovery of 39, tricycle-octanone 40; 2 mg 
(3%); colorless oil; spectral data as previously reported ( la ) ;  and 
4-methyl-5(syn)-nitrobicyclo[2.2.2]octan-2-one (41); 30 mg (7%); 
yellow oil; ir: 1726, 1545 cm-'; 'H nmr (100 MHz, CDCI,) 6: 4.42 

"A 0.2 in. X 6 ft stainless-steel column packed with 10% OV-225 
on Chromosorb W (80/100 mesh) was employed with a helium flow 
rate of 60 mL min-' . 
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(m, lH), 1.02 (s, 3H); mass spectrum, m/z: 183 (M'), 164, 145, 136, 
121, 109, 93, 84, 67, 55, 41; high resolution mass spectrum, m/z 
calcd. for C9H13N03: 183.0900; found: 183.0893. 

2,4,4-Trimethyltricyc10[3.2.1 .02,']octan-6-one (42) 
By the standard bicycloannulation procedure, 0.25 g (1.8 mmol) of 

isophorone (8) and 4.7 mL (3.2 mmol) of 5% nitroethylene in benzene 
(141) gave (gas chromatography" 170°C), in addition to a 20% recov- 
ery of 8,  tricycle-octanone 42; 5 mg (2%); colorless oil; spectral data 
as previously reported (3c); and 4,7,7-trimethyl-5-(syn)-nitro- 
bicyclo[2.2.2]octan-2-one (43); 72 mg (19%); yellow oil; ir: 1725, 
1546 cm-I; 'H nmr (100 MHz, CDCI3) 6: 4.57 (bdd, lH, J = 9, 
6 Hz), 1.12 (s, 3H), 1.05 (s, 3H), 1.00 (s, 3H); mass spectrum, m/z 
(relative intensity): 21 1 (M', 27), 180 (22), 165 (38), 137 (22), 121 
(loo), 95 (68), 81 (62), 69 (92), 55 (47), 41 (53); high resolution mass 
spectrum, m/z calcd. for CIIHI7NO3: 211.1210; found: 211.1211. 

1,5(syn), 7,7-tetramethyltricycl0[2.2.1 .02,6]heptan-3-one (47) 
By the standard bicycloannulation procedure, 0.54 g (4.4 mmol) of 

3,4,4-trimethylcyclopent-2-en-1-one (45) (37) and 0.43 g (4.9 mmol) 
of I-nitropropenes gave (gas chromatography9 program: 150°C for 3 
min; heat to 210°C at 30°C min-'; 210°C) tricycle-heptanone 47; 39% 
(biphenyl internal standard); colorless oil; ir: 1757 cm-'; 'H nmr 
(100 MHz, CDC13) 6: [relative LIS with added E ~ ( f o d ) ~  in brackets] 
2.50[1.0](qt, lH, J = 6.5, 1.5Hz), 1.89[1.0](bd, 1H,J  = 5Hz), 
1.33 [3.2] (bs, lH), 1.20 [0.5] (s, 3H), 1.17 [1.8] (d, lH, J = 5 Hz), 
1.05 [0.8] (s, 3H), 1.03 [1.5] (s, 3H), 1 .OO [1.3] (d, 3H, J = 6.5 Hz); 
I3C nmr (25.2 MHz, CDCI,) 6: 213.5 (s), 58.0 (d), 44.5 (s), 40.0 (s), 
36.6 (d), 35.5 (d), 26.8 (d), 21.6 (q), 19.6 (q), 14.8 (q), 10.4 (q); 
mass spectrum, m/z (relative intensity): 164 (M', 18), 149 (8), 136 
(12), 121 (100), 105 (29), 91 (18), 79 (21), 67 (6), 53 (9); high 
resolution mass spectrum, m/z calcd. for CI 1H160: 164.1201; found: 
164.1205. 

threo9,4,4-Trimethyl-5-(1 -methyl-2-nitroethy1)cyclopent-2-en-1 -one 
(49) and erythro-3,4,4-trimethyl-5-(l-methyl-2-nitroethyl)- 
cyclopent-2-en-1 -one (48) 

By the standard Michael addition procedure, 0.50 g (4.1 mmol) of 
3,4,4-trimethylcyclopent-2-en-1-one (45) (37) and 0.44 g (5.1 mmol) 
of 1-nitropropenes gave (preparative gas chromatographyg program: 
200°C for 5 min; heat at 6°C min-' to 230°C; 230°C) threo adduct 49; 
0.32 g (37%); yellow oil; gas chromatography t, = 16.9 min; ir (CCI,): 
1705, 1625, 1555 cm-'; IH nmr (100 MHz, CDC13) 6: 5.83 (bs, lH), 
4.91 (dd, lH, J = 13, 4 Hz), 4.53 (dd, lH, J = 13, 9 Hz), 2.70 (m, 
lH), 2.14 (d, lH, J = 7 Hz), 2.06 (d, 3H, J = 1 Hz), 1.29 (s, 3H), 
1.26 (d, 3H, J = 7 Hz), 1.23 (s, 3H); mass spectrum (25 eV), m/z 
(relative intensity): 21 1 (M', 2), 196 (3), 180 (7), 164 (79), 150 (12), 
135 ( l l ) ,  124 (100), 109 (15), 85 (lo), 72 (12); high resolution mass 
spectrum, m/z calcd. for CIIHI7NO3: 21 1.1204; found: 21 1.1207; and 
erythro adduct 48; 0.4 g (50%); yellow oil; gas chromatography t, = 
15.5 min; ir (CCI,); 1707, 1627, 1554 cm-'; 'H nmr (100 MHz, 
CDC13) 6: 5.82 (bs, lH), 4.72 (dd, lH, J = 12.5, 7.5 Hz), 4.51 (dd, 
l H , J =  12.5,7Hz),2.75 (m, lH) ,2 .05(d ,3H,J= lHz), 1.22(s, 
6H), 0.93 (d, lH, J = 7 Hz); mass spectrum (25 eV), m/z (relative 
intensity): 211 (M', 2), 196 (4), 181 (8), 164 (20), 149 (9), 135 (9), 
124 (loo), 109 (30), 95 (16), 84 (14), 48 (22); high resolution mass 
spectrum, m/z calcd. for CI1Hl7NO3; 211.1204; found: 211.1198. 

 TO'^ solution of 0.85 mL (6.1 mmol) of diisopropylamine and 3 mg 
of 2,2'-bipyridyl in 4 mL of tetrahydrofuran at 0°C was added drop- 
wise, with stirring, 3.7 mL (5.3 mmol) of 1.4 M n-butyllithium over 
10 min. The resulting crimson solution was stirred at 0°C for 15 min, 
and a solution of 0.55 g (4.5 mmol) of 3,4,4-trimethylcyclo- 
pent-2-en- 1 -one (45) (37) in 8 mL of tetrahydrofuran was then added 
dropwise, with stirring, over 45 min. After the mixture had been 
cooled to -78OC, a solution of 0.50 g (5.7 mmol) of 1-nitropropene 
in 9 mL of tetrahydrofuran was added dropwise, with stirring, over 
2.5 h, and the resulting yellow solution was stirred at -78°C for an 
additional 30 min. After the mixture had been allowed to warm to 

room temperature, it was refluxed for 20 h. The progress of the 
reaction was followed by gas chromatography, which indicated the 
presence of Michael adducts 49 and 48 plus only a relatively small 
amount of bicycloheptanone 50 just prior to reflux, followed by a 
gradual increase in the amount of 50 at the expense of the other two 
products during reflux. The cooled mixture was poured into 50 mL of 
saturated aqueous sodium bicarbonate, and the aqueous phase was 
extracted with 3 X 50 mL of ethyl ether. The combined extracts were 
washed with 50 mL of brine and dried over anhydrous sodium sulfate. 
The solvent was distilled through a Vigreux column, and the residual 
concentrate was subjected to preparative gas chromatography9 (pro- 
gram: 200°C for 5 min; heat at 6°C min-' to 230°C; 230°C) to give the 
following three major products: (a) Michael adduct 49; 28 mg (3%); 
gas chromatography and spectral data as above; (b) Michael adduct 48; 
59 mg (6%); gas chromatography and spectral data as above; (c) 
bicycloheptanone 50; 55 mg (6%); yellow oil; gas chromatography 
t, = 13.0 min; ir (CCI,): 1767, 1550 cm-'; 'H nmr (100 MHz, CDCI3) 
6: 4.76 (dd, IH, J = 6.5, 1 Hz), 2.80(quintet, IH, J = 7 Hz), 2.31 
(d, lH, J = 19 Hz), 2.13 (s, lH), 2.05 (d, IH, J = 19 Hz), 1.38 (d, 
3H, J = 7 Hz), 1.25 (s, 3H), 1.20 (s, 3H), 1 .OO (s, 3H); mass 
spectrum, m/z (relative intensity): 21 1 (M', 5), 180 (I), 165 (4), 150 
( 3 ,  135 (23), 121 (49 ,  108 (31), 95 (53), 83 (loo), 67 (43), 54 (61); 
high resolution mass spectrum, m/z calcd. for CI1Hl7NO3: 21 1.1204; 
found: 21 1.1206. 

erythro-3-Methyl-5-(1 -methyl-2-nitroethy1)cyclopent-2-en-1 -one (52) 
To a solution of 0.7 1 rnL (5.1 mmol) of diisopropylamine and 3 mg 

of 2,2'-bipyridyl in 4 rnL of tetrahydrofuran at O°C was added drop- 
wise, with stirring, 3.1 mL (4.4 rnmol) of 1.4 M n-butyllithium over 
10 min. The resulting crimson solution was cooled to -78°C and 
0.59 mL (3.3 mmol) of hexamethylphosphoramide was added, re- 
sulting in a deep purple solution. After this solution had been stirred 
at -78°C for 15 min, a solution of 0.32 g (3.3 mmol) of 3-methyl- 
cyclopent-2-en- l -one (51) in 4 mL of tetrahydrofuran was then added 
dropwise, with stirring, over 45 min. After the mixture had been 
stirred at -78°C for an additional 30 min, a solution of 0.39 g (4.1 
mmol) of 1-nitropropenes in 8 mL of tetrahydrofuran was added drop- 
wise, with stirring, over 2.5 h. The resulting yellow solution was 
stirred at -78°C for an additional 30 min, after which 0.29 mL of 
glacial acetic acid was added rapidly, with stirring. The mixture was 
allowed to warm to room temperature and poured into 50 mL of ethyl 
ether and 50 mL of saturated aqueous sodium bicarbonate, and the 
aqueous phase was extracted with 2 x 50 mL of ethyl ether. The 
combined extracts were washed with 50 mL of brine and dried over 
anhydrous sodium sulfate. The solution was concentrated by dis- 
tillation through a Vigreux column, and the concentrate was subjected 
to preparative thick-layer chromatography (eluting 2X with CHCI3) to 
give impure adduct 52; 0.36 g (57%); 'H nmr (100 MHz, CDC1,) 
6: 5.59 (bs, lH), 4.81 (dd, lH, J = 12.5, 6.5 Hz), 4.53 (dd, lH,  
J = 12.5, 7.5 Hz), 2.5-3.2 (m, 4H), 2.35 (bs, 3H), 1.08 (d, 3H, 
J = 7 Hz). 

Tricyclenone (53) 
By the standard bicycloannulation procedure (but with a 187-h 

reflux period, during the first 130 h of which the product gas chro- 
matography peak was observed to increase gradually) 0.51 g (4.1 
mmol) of 3,4,4-trimethylcyclopent-2-en-1-one (45) (37) and 2.3 mL 
(5.2 mmol) of 2.3 M nitroethylene in benzene (141) gave (gas 
chromatography9 180°C) tricyclenone (53); 22% (diphenylmethane 
internal standard); colorless crystals; mp 100-106°C (lit. (38) mp 
97.5- 100°C); ir (CCl,): 1758 cm-' (the spectrum was superimposa- 
ble on that of an authentic sample);" 'H nmr (100 MHz, CDC13) 
6:2.06(dt, lH, J =  11, 1.5Hz), 1.97(bd, l H , J =  5Hz), 1.84(bd, 
1H,J = 11 Hz), 1.52(bs, lH), 1.23(s,3H), 1.19(bd, l H , J =  5Hz), 
1.05 (s, 3H), 1.02 (s, 3H); I3C nmr (25.2 MHz, CDC13) 6: 213.6 (s), 
51.5 (d), 43.9 (s), 38.7 (s), 29.4 (t), 29.3 (d), 27.9 (d), 21.3 (q), 19.3 
(41, 10.2 (¶I. 

12 We are grateful to Professor J. K. Crandall for copies of ir and nmr 
spectra of tricyclenone. 
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A magnetically aligning lyotropic mesophase with a clay inclusion 
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M. A. DESANDO and L. W. REEVES. Can. J. Chem. 63, 2628 (1985). 
The inclusion of clay (bentonite) (ca. 0.08-0.64 wt.%) in the lyotropic mesophase formed by potassium dodecanoate + 

KC1 + 'H20 has been observed by 'H nmr not to alter the type I CM character of the phase. Relaxation of the mesophase 
director has been analyzed in terms of two processes over a range of 'H20 concentrations. A slow process with rate constants 
of ca. 2 X - 8 X s-I exists for the phase with clay over 'H20 concentrations of 63.9-65.9 wt.%. A tenfold increase 
in the rate constant with an increase in the 'H20 content from 62.5 to 65.5% was observed for the ternary phase at 302 K. 

M. A. DESANDO et L. W. REEVES. Can. J. Chem. 63, 2628 (1985). 
Faisant appel h la rmn du 'H, on a observe que I'inclusion d'argile (bentonite) (environ 0,08-0,64% en poids) dans la 

mksophase lyotrope formee par du dodecanoate de potassium + KC1 + 'H20 n'altkre pas le caracthe de type I CM de la phase. 
Pour diverses concentrations de 'H20, on a analysC la relaxation du directeur de la mCsophase en fonction de deux processus. 
Pour la phase avec de l'argile et h des concentrations de 'H20 allant de 63,9 h 65,9% en poids, il existe un processus lent avec 
des constantes de vitesse d'environ 2 X h 8 X s-I. Dans la phase ternaire h 302 K, la constante de vitesse est 
multipliee par 10 lorsque la teneur en 'H20 augmente de 62,5 h 65,5%. 

[Traduit par le journal] 

Introduction TABLE 1. Alignment rate constant (k) and nuclear quadru- 

Lyotropic mesophases which align in magnetic fields have 
been reported (1 -6), in which the components of the micelles 
are of molecular dimensions, e.g.,  surfactants, aliphatic alco- 
hols, and inorganic electrolytes. A novel situation exists when 
the size of an inclusion is larger than that of the micelles-in 
this work, clay particles. Intermicellar forces contribute largely 
to  the generation of nematic order in the mesophase; thus the 
presence of large particles in suspension will no doubt change 
the order in the system, and consequently the alignment 
properties in a magnetic field. 

A key factor in the preparation of a mesophase with large 
inclusion particles is the formation of a stable suspension. 
Clays are good examples of materials which display colloidal 
properties (7). The study of clay-surfactant interactions, par- 
ticularly in the mesophase condition, offers interesting pros- 
pects in areas such as  enhanced oil recovery, mineral pro- 
cessing, chemical evolution (protobiogenesis), and membrane 
phenomena. The  dispersion of clays in a mesophase matrix not 
only affords information on mesophase phenomena, but also 
provides a novel approach to the study of clays, per se. In 
addition, clays are flexible chemical systems; for instance, they 
may be intercalated with different types of compounds, and 
may undergo ion-exchange reactions (7, 8). 

Experimental 
Bentonite (Fisher) was ground and dried in an oven at -200OC for 

several days. The clay was mixed with isotopically pure deuterium 
oxide ('H20) (99.7 at.%; Merck, Sharp and Dohme) to form a sluny 
which was centrifuged on an Adams Analytical centrifuge for various 
intervals of time to produce suspensions with clay concentrations in 
the range 0.09-0.98 weight percent. In each case the supernatant 
liquid showed a strong Tyndall effect in He-Ne laser light. The 
quantity of bentonite in suspension was determined gravimetrically 
from evaporation of the 'H20. 

Potassium dodecanoate was prepared by reacting equimolar quan- 
tities of dodecanoic acid and potassium hydroxide in absolute ethanol 
followed by several recrystallizations from ethanol. Surfactant from 
laboratory stock (3) was recrystallized from absolute ethanol and then 

'Revision received March 13, 1985. 

pole splitting TAU) values for the type I CM lyotropic-meso- 
phases of potassium dodecanoate/potassium chloride/'H20 

(compositions in wt.%) at 302 K 

Potassium Potassium lo4 k Av 
'H20 dodecanoate chloride (lo4 s- ')  (Hz) 

"At 305 K. 

dried in vacuo. The purity of the surfactant was checked from its 
proton nmr spectrum. 

Mesophases were prepared with compositions, in weight percent, 
of potassium dodecanoate/KC1/'H20, and potassium dodecanoatel 
KCl/'H20/bentonite as listed in Tables 1 and 2. The amounts of 'H20 
and bentonite in the phases were varied while the ratio of wt.% 
surfactant to electrolyte was maintained around 11.03. Experiments 
were performed on many different mesophases, each sepa- 
rately by weight. Some mesophases were made of similar concen- 
trations and some repeat experiments were carried out on the same 
samples in order to verify the observed alignment rate constants. All 
glassware were cleaned by the same procedure, that is, they were first 
washed with a commercial detergent solution, then rigorously rinsed 
with deionized water, and finally dried in vacuo. 

The 'H nmr spectra were recorded on a Bruker WP-80 Fourier 
transform spectrometer operating at 12.24 MHz with a magnetic field 
strength of 1.88 T. The temperature was maintained within & 1 K with 
a calibrated B-ST 100/700 temperature controller. Samples in 10-rnrn 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DESANDO AND REEVES 

TABLE 2. Alignment rate constants (kl and k2) and deuterium nuclear quadrupole splitting (Av) 
values of type I CM lytotropic mesophases of potassium dodecanoate/potassium chloride/ 

2H20/bentonite (compositions in wt.%) at 302 K 

Potassium Potassium k~ k2 Av 
2H20 dodecanoate chloride Bentonite (lo4 s-') (lo4 s-') (Hz) kl/k2 

"At 305 K. 

od thin-wall precision nmr tubes (Wilmad) were placed in a multi- 
nuclear probehead equipped with an external deuterium lock. Meso- 
phases were allowed to align (usually overnight) in the magnetic field 
until a constant deuterium nuclear quadrupole splitting was observed. 
Each sample was subjected to an angular displacement, in the range 
ca. 20-35" away from the aligned position, around the long axis of 
the nmr tube. A Bruker Aspect 2000 computer program was used to 
accumulate, transform, and store deuterium nmr spectra at various 
intervals of time during the course of the mesophase realignment. 

References 5, 9, and 10 outline in additional detail the procedure 
used in the measurements of the alignment rates. 

Mesophases were viewed between crossed light polarizing film 
(Bausch & Lomb; catalogue no. 31-52-62-26) after they were allowed 
to align in the 1.88-T field of a Bruker magnet and also in the 2.31-T 
field of a Varian magnet. 

Results 
Alignment of the mesophase director in a steady-state exter- 

nally applied magnetic field can be followed by measuring the 
nuclear quadrupole splitting (Av) as a function of time (9, 10). 
The angle (R) between the mesophase director (uniaxis of 
symmetry) and the applied field can be expressed as: 

where Avo is the value of the nuclear quadrupole splitting for 
the mesophase director aligned parallel to the direction of the 
external magnetic field. 

A kinetic rate expression, based on the continuum theory, 
may be derived to describe the discrete relaxation of the meso- 
phase director with time ( t )  from its initial angular displace- 
ment (no) relative to the R = 0 position (aligned parallel to the 
applied field) (10). 

-In (tan R )  = kt - In (tan Ro) 

The continuum theory, however, neglects surface effects such 
as those generated by solid/liquid interfaces, e.g., glass walls 
and solid particulates (1 1 - 13). Other solutions of the con- 
tinuum equations are therefore necessary if the alignment 
process involves a nonuniform distribution of micelle directors 
and more than one relaxation process, resulting in a nonlinear 
function of -In (tan R )  with time. 

Rate constants were determined from linear regression 
analyses of the lines of best fit to the plots of -In (tan R )  versus 
t (see Figs. 2 and 3 for sample plots). Where nonlinear 
variation of -In (tan R )  with time was dominant, two rate 
constants were determined from the limiting slopes of the 

RG. 1. Evolution of the 2H nmr powder pattern spectra of 'H~O as 
a function of time (in min) elapsed after placement of the type I CM 
lyotropic mesophase in the applied magnetic field; (a) potassium 
dodecan~ate/KCI/~H~O (33.40: 3.11 : 63.49 wt. %); (b) potassium 
dode~anoate/KCl/bentonite/~H~O (32.50: 2.93 : 0.63 : 63.94 wt.%). 

curve (see Fig. 3). The uncertainty in the rate constant within 
the error limits of Av and the reproducibility is ca. k0 .5  
x 10-4 S-I .  

Discussion 
Analysis of the deuterium nmr signal from 'H20 in an 

aligning lyotropic mesophase allows for the characterization of 
the type of phase with respect to the sign of the diamagnetic 
susceptibility anisotropy (AX) (2.4-6). For example, the pow- 
der pattern spectra in Fig. 1 can be ascribed to type I CM 
(cylindrical micelle) lyomesophases, that is, liquid crystals 
composed of cylindrical type micelles with a positive AX, i.e., 
with the director aligned in the direction of the applied field. 
This feature is a remarkable one, for mesophases may be quite 
sensitive to alterations in their physical and chemical consti- 
tutions. Even more interesting are the comparisons of the rate 
constants for alignment of the director of the mesophase with 
clay to those of the same phase without the clay (see Tables 1 
and 2, and Figs. 2, 3, and 5). 

The rate constants ( I .  1 X - 1 1.4 X s-' at 302 K) 
for the ternary phase are of the same order of magnitude as 
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0 2 0  4 0  6 0  Wt.% 'H'O 
63 6 4  6 5  6 6  

Time (min) 
FIG. 2. Time dependence of the angular displacement (R) between FIG. 4. Plot of nuclear quadrupole splitting (Av) against weight 

the mesophase director and the applied magnet~c field after an initial Percent of 'H20; 0 9  potassium d o d e c a n o a t e / ~ ~ 1 / ~ ~ ~ 0 ;  x, potas- 
rotation of the aligned mesophase director away from the direction of sium dodecanoa t e /~~ l /~~z~ /ben ton i t e ;  m, lit. value at 1.41 T and 

the applied magnetic field, for potassium dodecanoate + KC1 + 'H20 303 K (ref. 10). 
at different 'H20 concentrations (wt.%). 

85.85 Wt .% 12- 
CI 

63.94 c 
(PI0 CI 
fn 
c 
O 8 -  0 

Q) 

Z 6 -  L 

X 

wo r 4 

2 

- 

- 
.i' 

- 

- 1 $',?. 
:i' x/ - 'X * 
- 

'62 6'3 64 6; 66 
I I I I I I I 

0 4 0  8 0  120 Wt.% 'H,O 
Time tmin) FIG. 5. Variation of the rate constants for the alignment of the 

FIG. 3. Time dependence of the angular displacement (R) between mesophase director as a function of the 'H20 concentration; 0, k (El, 
the mesophase director and the applied magnetic field after an initial lit. (calcd., ref. lo)), (potassium d o d e ~ a n o a t e / K C l / ~ ~ ~ O ) ;  +, k, ;  x, 
rotation of the aligned mesophase director away from the direction of k2 (potassium dode~anoate/KCl/~H~O/bentonite): - calcd. (k = 
the applied magnetic field, for potassium dodecanoate + KC1 + 2 ~ 2 0  exp (0.697 wt.% - 52.534)) for the ternary phase: --- calcd. (k2 = 
+ bentonite at different 'H20 concentrations (wt.%). exp (0.672 wt.% - 51.327)) for the quaternary phase. 

those measured by Fujiwara and Reeves (10) at 1.44 T. The mechanical disturbances than the phase without the clay. 
presence of the bentonite particles, which typically are disk- An average spatial angular distribution of the clay particles 
shaped (14) (diameter of -2 500 to 7 000 A) (14, 15), must that is different from that of the surfactant micelles induces 
perturb the order of the cylindrical rnicelles (length 500 A) localized reordering around the inclusion particles, which in 
(16) in the mesophase, the intermicellar interactions, and con- turn leads to a distribution of the diamagnetic susceptibility 
sequently the order of the 'H20 molecules. These effects influ- anisotropy in the sample (AX = xXlAx1; the summation is over 
ence the pattern of flow dislocations in the mesophase, which the AX associated with mole frictions XI of the species which 
may account for the weaker less apparent optical diffraction are present, e.g., surfactant micelles, clay particles, hemi- 
pattern ("schlieren" texture) (17) when the mesophase with micelles, etc.). A consequence of the foregoing effect may be 
clay (in the nmr tubes) was viewed between crossed Polaroids. a change in the rate of alignment of the mesophase director, 
This behaviour is in contrast to the ternary phase, which ex- for k = -AXB2/X (B is the strength of the applied magnetic 
hibited a clear diffraction pattern. The diffraction pattern of field and X is a parameter related to the twist viscosity of the 
the former phase was observed to be far more sensitive to medium (10)). Also, an increase in X owing to changes in the 
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DESANDO AND REEVES 263 1 

structure of the mesophase, from the bentonite, would decrease 
the alignment rate of the mesophase director. 

A measure of local order in the system may be gained from 
the value of the quadrupole splitting (Av) 

which is related to the degree of order parameter (S,) (2, 
lo ,  18). 

In the case of the 'H nmr signal of 2H20, the S, is associated 
with the average angle of alignment (8) of the 0 p 2 H  bonds to 
the mesophase director. It is evident from Fig. 4 that Av de- 
creases nearly linearly with an increase in the weight percent 
(W) of 2H20 from ca. 62.5% to 65.5% (Av(Hz) = -68.4W + 
4990.2 for the ternary phase) and is in line with a decrease in 
nematic order as the isotropic micellar domain is approached at 
-66 wt.% 'H20. 

Observations of the temporal dependence of the deuterium 
nuclear quadrupole splitting reveal, for the mesophases with 
clay, a dispersion of the alignment rate process (see Table 2 and 
Fig. 3). One interesting feature of the -In (tan f l )  versus time 
plots is that there is no appreciable dispersion of the mesophase 
director for the ternary phase (Fig. 2). 

Although the dispersion of the mesophase alignment into 
more than one rate process has been previously reported (10, 

I 19) for nematic lyotropes, the nature of the relaxations is not 
well understood. There is evidence from the work of Fujiwara 
and Reeves (10) that wall effects play a role in the alignment 
process. Results from the present study also favour the fact that 
solid surfaces, e.g., clay particles, influence the relaxation of 

I the mesophase director. 
Magnetohydrodynamic relaxation of the potassium dodec- 

I a n ~ a t e / K C l / ~ H ~ O  mesophase shows a strong correlation to the 
amount of solvent. Notice from Fig. 5 how the rate constant (k) 
increases from ca. to ca. s-I over the cylindrical 
micelle (CM) domain of the mesophase. Furthermore, note that 
the k value appears to vary nonlinearly, especially around the 
limits of the CM domain. A curve corresponding to the equa- 
tion, k = exp (0.697 W - 52.534), from the plot of In k versus 
wt.% 'H20, has been fitted to the data in Fig. 5. Even though 
the curve is for the rate constant (k) associated with a single 
process, i.e., no dispersion, nearly all of the k ,  values for the 
quaternary phase are on or above the curve. However, the k2 
values when clay is added to the system lie below the curve and 
suggest that the bentonite particles induce a slower relaxation 
process for the alignment of the mesophase director. Note, for 
example (Table 2), how the ratio of the alignment rate for the 
fast and slow processes (k,/k2) is, in most cases, around 
1.5-2.0 when clay is present. 

Clay particles are known to align in electric and in magnetic 
fields. Shah et al. (14, 15) have demonstrated how aqueous 
bentonite suspensions undergo a reversal of electro-optical bi- 
refringence with increasing electric field strength owing to the 
presence of permanent and induced dipole moments. In strong 
electric fields the bentonite particles align with the normal to 
the plate face perpendicular to the direction of the applied field 
(14, 15). The research of J. V. Champion et al. (20) on ka- 
olinite, containing iron impurities, has shown that the particles 
possess a permanent magnetic moment susceptibility. Aqueous 
suspensions of bentonite are also known to exhibit magneto- 
optical birefringence (21). 

Other important properties of clays which should be noted 

are their ability to (i) self-associate (22); (ii) intercalate long- 
chain polar molecules (23 -25) and electrolytes (7, 8,  24), and 
(iii) form bilayer, multilayer, or hemimicelle clay particles 
(26). The physico-chemical properties of the clay, no doubt, 
are responsible in large part for the intriguing alignment 
properties of the mesophase. 

Conclusion 
A low concentration (ca. 0.08-0.64 wt.%) of clay (ben- 

t ~ n i t e ) ~  in the nematic lyomesophase formed by potassium 
dodecan~ate /KCl/~H~O does not destroy the type I CM char- 
acter of the phase. In the case of the ternary potassium 
dode~anoate /KCl/~H~O mesophase, the alignment rate for the 
mesophase director increases by about an order of magnitude 
from ca. to s-' with an increase in 2H20 con- 
centration from ca. 62.5 to ca. 65.5 wt.% at 302 K in a 1.88-T 
magnetic field. 

Relaxation of the director of the aligned clay-containing 
mesophase has been analyzed in terms of two rate constants. 
The results suggest that the inclusion of the clay particles may 
induce a slower relaxation of the mesophase director. 

Inclusions of particles of colloidal dimension, e.g., clay, in 
a nematic lyotropic mesophase offer a unique method for the 
study of clay-micelle interactions and the magnetic properties 
of clays. 
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Quantitative studies of the autoxidation of linoleate monomers sequestered in 
phosphatidylcholine bilayers. Absolute rate constants in bilayers 
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Chem. 63, 2633 (1985). 

The kinetics of autoxidation of linoleic acid in dimyristoylphosphatidylcholine (DMPC) bilayers were studied at 30°C and 
pH 7 under 760 Torr 02. Reactions were initiated using either the lipid-soluble di-tert-butylhyponitrite (DBHN) or water- 
soluble azobis(2-amidinopropane) . HCI (ABAP). Rates of chain initiation, R i ,  were measured with a lipid-soluble antioxidant, 
a-tocopherol, or a water-soluble one, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxyate (Trolox). The slightly higher 
oxidizability pbtained (kp/2k$ = 2.76 x lo-' M-i s -4  compared to methyl linoleate in chlombenzene (kp/2k$ = 2.18 x 
]0-2 M-i - 

2 s 3 is attributed to a moderate polar solvent effect on ionized linoleate near the bilayer surface. A low initiator 
efficiency, e = 0.0895 for DBHN in DMPC, is attributed to the cage effect in the bilayer of high microviscosity. Similar 
autoxidation experiments on methyl linoleate in DMPC bilayers gave a lower oxidizability (kp/2k) = 1.79 x lo-' M-i s-i), 
indicating that the ester is sequestered deeper in the hydrophobic region of DMPC than is ionized linoleate. Some absolute rate 
constants are determined using the rotating sector technique for linoleic acid in 0.50 M SDS micelles, and egg lecithin and 
dilinoleoylphosphatidylcholine (DLPC) bilayers. A hundredfold decrease in the termination rate constant, 2k,, for DLPC 
bilayer compared to homogeneous solution is attributed to chain termination in a bilayer region of high polarity. A concomitant 
reduction (up to tenfold) in the propagation rate constant, k,, is attributed to diffusion of polar peroxyl radicals away from the 
oxidizable region of the bilayer. 

LAWRENCE ROSS COATES BARCLAY, STEVEN JEFFREY LOCKE, JOSEPH MARK MACNEIL et JOANN VANKESSEL. Can. J. Chem. 
63, 2633 (1985). 

Opt5rant h 30°C, i un pH de 7 et sous une pression de 760 Torr d'02, on a ttudiC la cinktique de I'auto-oxydation de I'acide 
IinolCique dans des couches doubles de dimyristoylphosphatidylcholine (DMPC). On a initie les reactions i I'aide soit de 
I'hyponitrite du di-tert-butyle (HNDB) qui est soluble dans les lipides soit le chlorhydrate de I'azo bis(amidin0-2 propane) 
(ABAP) qui est soluble dans I'eau. On a mesure les vitesses d'initiation de chaines, Ri, en presence d'un antioxydant soluble 
dans I'eau, I'a-tocophCrol, ainsi que d'un antioxydant soluble days I'eau, I'hydroxy-q tt5pamethyl-2,5,7,8 chromanecar- 
boxylate-2 (Trolox). L'oxyd,abifite est 1Cgkrement supt5rieure (k,/2k? = 2,76 x lo-' M-7 s-3 h celle du linoleate de mCthyle 
(kp/2k,3 = 2,18 x lo-' M-i s-3; on attribue ce resultat h une influence modCree du solvant polaire sur le linoltate ionis6 prks 
de la surface i couche double. On attribue la faible efficacitk comme initiateur, e = 0,0895, du HNDB dans le DMPC i un 
effet de cage dans la double couche qui aurait une microviscositC ClevCe. Des experiences semblables d'a~to~oxydation sur le 
linolkate de mCthyle dans des doubles couches de DMPC donnent lieu i des oxydabilites plus faibles (kp/2k,5 = 1,79 x 
M-f s-$; ce rksultat indiquerait que I'ester est plus sequestrk dans la region hydrophobe du DMPC que les ions IinolCates. 
Faisant appel h la technique des secteurs rotatifs, on a determine quelques constantes absolues de vitesse pour I'acide linolCique 
i 0,5 M dans des micelles de SDS et dans des doubles couches de lecithines d'oeuf et de dilinolCoylphosphatidylcholine 
(DLPC). On a observe que, par comparaison avec les valeurs obtenues en solutions homogtnes, les constantes de vitesse de 
terminaison, 2k,, dans des doubles couches de DLPC sont cent fois moins grandes; on attribue ce resultat h des terminaisons 
de chaines dans une region de la double couche de haute polaritt. Une reduction concomitante (facteur allant jusqu'h dix) dans 
la constante de vitesse de propagation, k,, est attribuke i la diffusion des radicaux polaires peroxyles de la region oxydable 
de la double couche. 

[Traduit par le journal] 

Introduction d[021 kp I 
[ l ]  -7 = ,[RH]Ri- 

Renewed interest in the autoxidation of polyunsaturated fatty 2 k,? 
acids and esters has developed because of the susceptibility of where RH is the R i  the rate of chain initiation, k, the 
unsaturated carbon chains to peroxidation when are in- propagation rate constant, and 2k, the chain termination rate 
corporated into phospholipid biomembranes and the relevance constant. In these kinetic studies, the rate of chain initiation, 
Of such peroxidation to various celldamaging pathological Ri, is con~olled by using an initiator with a known rate constant 

We are quantitative kinetic Illethods the cage where they are formed; therefore the ac,,al Ri must be 
autoxidation of biological molecules in microenvironments measured, for example, by the inhibitor method (9) using a such as bila~ers and micelles (5-8) Autoxidation in these phenolic antioxidant such as a-tocopherol (&-T) known to Vap 'Ystems is a free-radica1 process which appears two peroryl radicals (lo), so that Ri is given by eq. [2], where 
the same classical rate law as in homogeneous solution (5, 8) is the inhibition time. 
whereby the oxygen uptake is given by eq. [I]: 

[2] Ri = 2[ArOfl:]/~ 

'Author to whom correspondence may be addressed. The efficiency of chain initiation is expressed as e = R,/2ki[In] 
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and the radical chain length as  v = d[02]/dt/Ri. Under sucb 
controlled conditions, the ratio of rate constants kp/(2k,)z 
known as  the "oxidizability" of the substrate can be measured 
(eq. PI ) :  

Bilayers provide a medium for transport and solubilization of 
various solutes (1 I) ,  including relatively large proportions of 
biologically important intermediates such as  cholesterol (12) 
and fatty acids (13). Bilayer vesicles are also important as  drug 
caniers  and media for reactivity control (14) and such bilayers 
as the phosphatidyl cholines have important effects on free 
radical dynamics (15- 17). It is desirable, therefore, to  know 
what effect a bilayer might have o n  the chemical behavior of a 
substance solubilized in it. The fundamental question w e  ad- 
dress here is: What is the effect on the oxidizability of a poly- 
unsaturated fatty acid (or ester) when it is sequestered in a 
phosphatidyl choline bilayer? W e  selected linoleate as  the 
unsaturated acid/ester substrate for this kinetic study. The 
kinetics of autoxidation of linoleate have recently been studied 
in homogeneous solution (1 8 ,  19) and in micelles (5 - 8, 20), 
and Weener and Porter have reported o n  product studies from 
the cooxidation of polyunsaturated lecithins with linoleic acid 
(21). However, we  are not aware of a quantitative kinetic study 
of an unsaturated fatty acid in a bilayer. In addition, we  report 
o n  some preliminary studies of the absolute rate constants for 
propagation, k,, and termination, 2k,, for autoxidation of lino- 
leate in various media, and of unsaturated lecithins in bilayers 
using the rotating sector technique. 

Experimental 
1. Materials and preparations 

Solvents 
Chlorobenzene and ortho-dichlorobenzene, reagent grades, were 

dried over calcium chloride and distilled before use. 
Phosphate buffer 
Solutions were prepared from 0.05 M of each of NaH2P04 and 

NaHP04 in glass-distilled water containing 1 X M EDTA. 
Tetralin 
Tetralin, Fisher Purified, was distilled "in vacuo" under nitrogen 

and passed through a column of alumina to remove traces of hydro- 
peroxides immediately before use. 

Linoleic acid and methyl linoleate were obtained from Nu-Chek- 
Prep, >99% purity). 

Sodium dodecyl sulfate 
The SDS was electrophoresis purity grade (Bio-Rad). 
Initiators 
Initiators were stored at -30°C and solutions were then prepared 

immediately before use. Di-tert-butylhyponitrite (DBHN) (5) was 
purified by recrystallization from cold methanol. Azobis(2-amidino- 
propane)hydrochloride (ABAP), azobisisobutyronitrile (AIBN), azo- 
biscyclohexylnitrile (ACHN), and 2,2'-azobis(2,4-dimethylvalero- 
nitrile) (ADVN) were obtained from Polysciences, Inc. The latter 
three were recrystallized from methanol before use. The 4,4'- 
azobis(4-cyanovaleric acid) (ABVA) was obtained from Aldrich. 
The azobis(2-n-butylcarboxylpropane) (ABCP) was synthesized as 
described (15). 

Phospholipids 
The egg lecithin phosphatidylcholine (ELPC), dilinoleoyl phos- 

phatidylcholine (DLPC), dipalmitoyl phosphatidylcholine (DPPC), 
and dimyristoyl phosphatidylcholine (DMPC) were obtained from 
Avanti Polar Lipids. They were stored in sealed vials at -30°C. 

Inhibitors 
a-Tocopherol (a-T) (Eastman-Kodak) was stored in known con- 

centrations in hexane under argon at -30°C. The water-soluble 
Trolox, a gift from Hoffmann-LaRoche, Nutley, New Jersey, was 
used as freshly prepared solutions in phosphate buffer (pH 7.0). 

Bilayers 
The bilayer dispersions were prepared by vortex stining in phos- 

phate buffer (pH 7) containing EDTA of films of the phospholipids 
from evaporation of a solution in methylene chloride as described (5). 
Lipid-soluble initiators (DBHN, ABCP, ACHN, and ADVN) were 
dissolved in the bilayers by adding them to the organic solvent - 
phospholipid phase before evaporation to a film. Sonication of the 
bilayers was carried out under argon in a Bransonic 220 ultrasonic 
bath. 

2. Analyses 
The concentration of DBHN remaining in the bilayer was measured 

by hlpc analysis because of the loss of this initiator due to its volatility 
(5) during the bilayer preparation. An aliquot of the bilayer dispersion 
containing DBHN was added to three times its volume of methanol to 
break up the bilayer. An internal standard solution of acetanilide was 
then added and the DBHN concentration measured on a SP-8000 hplc 
using a Brownlee RP-8 column eluted with 60:40 methanol/water at 
2.0 mL/min. 

The particle sizes of the vesicles in the aqueous dispersions were 
determined by Dr. G. F. Barclay on a difference interference contrast 
microscope (Zeiss Nomarski) at 1250X magnification. 

3. Autoxidation procedures 
The autoxidation procedure described previously (5) was followed. 

In autoxidation using water-soluble initiators (ABAP, ABVA) and 
inhibitor (Trolox), the reaction was initiated by adding a solution of 
known concentration of the initiator in phosphate buffer. The rate of 
oxygen uptake was measured, followed by injection of a known con- 
centration of Trolox in buffer to the same reaction to measure the R,  
by the induction period method. 

The rotating sector method to measure absolute rate constants has 
been reviewed in terms of the theory (22) and applications (23). Our 
procedure to obtain k, and 2k, for autoxidation was similar to that of 
Howard and Ingold (24). The method is based upon measurement of 
the lifetime of the reaction chains. For this measurement the reaction 
is initiated by photochemical decomposition of the initiator with a 
rotating sectored disc of known dimensions between the light source 
(in this case a focused 200-W super pressure mercury arc light filtered 
through Pyrex) and the reaction flask. Rates of oxygen uptake are 
measured at various sector speeds and the 2k, calculated as described 
(24). The k, is then calculated from the rate at steady illumination 
from eq. [ l ]  by substituting for the measured 2k, and the R i .  The 
variations in rates with light intensity were measured at full light and 
lo%, 25%, and 50% light by inserting neutral density filters into the 
light beam. In all cases the thermal (dark) rate remained low (less than 
10%) compared to the photochemical rate on the same sample. 

Results and discussion 
1. The oxidizability of methyl linoleate in homogeneous 

solution 
The  kinetics of autoxidation of methyl linoleate initiated by  

azobisisobutyryl nitrile (AIBN) were studied at  three concen- 
trations in chlorobenzene and the results are shown in Table 1. 
The  oxidizability result (kp/2k, = 2.18 2 0.09 X M-f s t )  
is i r  gqod agreement with the published value of 2 .10 X lo-' 
M-5 s-7 (25). 'The considerably higher oxidizability in ortho- 
dichlorobenzene (4.08 X lo-' M-I s-5) is attributed to  a solvent 
effect since an increase in solvent polarity2 is known to increase 

'The dielectric constants of the solvents are CaHSCI, 5.62, and 
o-C6H4CI2, 9.93 at 25°C (26). 
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BARCLAY ET AL. 

TABLE 1. Autoxidation of methyl linoleate in organic solventsa 

-d[Ozl/dt 
I 

Substrate 2ki [In] R ic -d[02]/dtd [RHIR i? 
I I 

 NO.^ M X lo2 Solvent M s- l  x 109 M s-l x lo9 e M s-' X 10' V M-? S-I x 10' 
- 

1 2.26 Chlorobenzene 7.44 3.68 0.495 3.18 9 2.32 
2 4.52 Chlorobenzene 7.44 3.94 0.530 6.36 16 2.24 
3 9.04 Chlorobenzene 7.44 3.94 0.530 11.9 30 2.10 
4 (a) 2.26 o-Dichlorobenzene 19.5 13.6 0.697 10.8 8 4.08 

(b) 2.26 o-Dichlorobenzene 19.5 13.6' - 10.3 - 3.93 

"All runs at 30°C, 760 Torr O2 (1 Tom = 133.3 Pa). 
bNos. 1-3 were initiated with azobisisobutyronihile (AIBN) 4.00 X M, k i  = 9.3 X lo-' s-' (ref. 5). no. 4 with di-tert- 

butylhyponitrite (DBHN), 3.04 x lo-' M, ki = 3.2 X s-I (ref. 5). 
' R i  was measured by the induction period with a-tocopherol. 
dRates are corrected for nitrogen evolution from the initiator, oxygen absorbed by the initiating radicals, and oxygen evolved in chain 

termination by adding (1 - e)ki [In] to the measured rate. 
'Calculated using e = 0.697 from Run 4 (a). 

TABLE 2. Autoxidation of linoleic acid in PPC bilayers" 

Induction 
PPC Initiator' Inhibitor period, Ria -d[02]/dta.h Chain Oxjdiz?bilitya 
usedb ( m o l ~ 1 0 ~ )  (molx108) s X ~ O - ~  Ms- 'x1O7 e M s - ' X 1 0 6  length M-7s-?X102 

DMPC DBHN(6.66) a-T(0.922) 6.37 1.57 0.070 5.21 29 2.97' 
DMPC (6.66) Trolox(0.650) 3.17 1.64 0.096 5.10 3 1 2.45' 
DMPC (5.52) (0.660) 4.00 1.32 0.093 4.46 34 2.35' 

DMPC ABAP(82.4) Trolox(l.48) 1.18 11.2 0.453 13.7 12 
(82.3) (5.08) 3.46 11.6 0.453 1.9.3 17 3.49* 

DPPC DBHN(11.3) ~ T ( 3 . 2 4 )  3.44 0.756 0.026 5.36 7 1 3.74' 
DPPC (7.5) - - 0.492d 4.52 92 4.00' d 

"1.29 X lo-' mol, 4.0 X L of linoleic acid and 2.12 X lo-' L of bilayer were used in each run. The combined volume was used 
for the reaction volume in calculations. Reactions were carried out in 2.00 mL of phosphate buffer (pH 7.0) at 30°C. 

b D M ~ C ,  dimyristoyl phosphatidylcholine; DPPC, dipalmitoyl phosphatidylcholine. 
'DBHN, di-tert-butylhyponitrite (the amount in the bilayers determined by RP hplc analyses); ABAP, azobis(2-amidinopropane 

hydrochloride), k i  = 3.82 X lO-'s-' (ref. 6). 
dThe value of 0.026 was used to calculate the R i .  
'The bilayers were prepared by vortex stimng, giving mixtures of particle sizes up to approximately 6 pm in size. 
'The bilayer was prepared by sonication (2 h). 
PThe bilayer was sonicated at 50°C until a nearly clear dispersion formed (% h). The particles were less than 0.2 pm in size. 
hThe same as footnote d, Table 1. 

the oxidizability of a substrate (27-29). The results in these more, similar results were obtained for the oxidizability of 
similar nonprotic solvents of different polarity provide a basis linoleic acid in DMPC when one initiates with a water-soluble 
for comparison with the autoxidation of linoleate in micelles initiator azobisamidinopropane.HC1 (ABAP) and uses water- 
and bilayers. soluble Trolox to measure the R ,  (Table 2). Other workers (1 3) 

2 .  Autoxidation of linoleate in PPC bilayers 
(a) The oxidizability of linoleic acid in DMPC and DPPC 

bilayers using lipid-soluble and water-soluble initiators 
and inhibitors 

We have recently shown (6) that various combinations of 
li~id-soluble and water-soluble initiators and inhibitors can be 
u'sed for quantitative kinetic studies in micelles and bilayers 
whereby the same oxidizability of a substrate was obtained with 
the initiator or inhibitor in either the aqueous phase or the 
micellar or bilayer phase. The present results from the autoxi- 
dation of linoleic acid in bilayers outlined in Table 2 provide an 
important application of the earlier findings. Thus the ox- 
idizability of linoleic acid in dimyristoyl phosphatidyl choline 
(DMPC) bilayers is the same, within experimental error, 
whether one uses a combination of a lipid-soluble initiator, 
di-tert-butylhyponitrite (DBHN), with a lipid-soluble inhibitor, 
a-tocopherol (a-T), or a water-soluble inhibitor, 6-hydroxy- 
2,5,7,8-tetramethylchroman-2-carboxylate (Trolox). Further- 

report that linoleic acid readily into PPC bilayers, ind 
the fact that we obtain the same oxidizability of linoleic acid 
whether the initiators and inhibitors are located in the water or 
the bilayer is consistent with solubilization into the bilayer 
region. 

The magnitude of the oxidizability of a given substrate is 
known to be increased by the polarity of the medium (27-29). 
This solvent effect could be exerted on a dipolar transition state 
of the type 

k + 
R-0-0. + H-R 2 [R-0-OYH. R] 

resulting in an increase in the propagation rate constant. How- 
ever, actual measurements of propagation (k,) and termination 
(kt) rate constants for hydrocarbons in various solvents demon- 
strated that the solvent polarity effect is mainly on the rate of 
termination (28), which is decreased due to the fact that the 
polarity of peroxyl radicals (30) is destroyed in the termination 
step. The termination rate constants for radical recombinations 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2636 CAN. 1. CHEM. VOL. 63, 1985 

TABLE 3. Autoxidation of methyl linoleate in DMPC bilayers" 
- p~ 

Induction 
Substrate Initiator Inhibitor period, R i -d[02]/dt Chain Olidiz?bility 

(molx105) (mo l~10 ' )  (molx108) s x 1 0 - ~  M s - ' ~ 1 0 ~  M s - ' x 1 0 6  length M - i s - 5 x 1 0 ~  

"See footnote a, Table 2. 
bThe initiator efficiency, e = 0.438 2 0.027 (ref. 6 gives e = 0.43). 
'4.4'-Azobis(4-cyanovaleric acid) was decomposed photolytically. 

in bilayers could similarly be suppressed if peroxyl radicals 
diffuse to the polar region as suggested earlier (5). 

The value for the oxidizability of linoleic acid in DMPC 
bilayers (2.76 + 0.42 X lo-' M-f s-f) is somewhat higher than 
that found for methyl linoleate in solution in chlorobenzene. 
This difference could be due to the position of the linoleate 
chain in the bilayer. An ionized carboxylate head group in this 
case would tend to pull the chain out towards the aqueous 
surface where the dielectric constant is expected to be higher, 
resulting in a moderate "solvent effect7'. 'The higher ox- 
idizability of linoleic acid in highly sonicated vesicles (3.49 x 

2 s :) appears to be due to the effect of particle size on lo-' M-' -- 
the absolute rate constants (vide infra). 

The rather low initiator efficiency, e ,  for the bilayer-soluble 
initiator, DBHN (8.95 + 1.15%), is consistent with chain 
initiation in the bilayer region where the microviscosity is high. 
This results in a high proportion of cage recombination. Similar 
results were found for initiation of bilayer autoxidation in egg 
lecithin by DBHN, where e was found to be 9.1% (5). 

A few autoxidation runs were carried out on linoleic acid in 
a bilayer below the phase transition temperature by using di- 
palmitoylphosphatidyl choline (DPPC, phase transition 41°C) 
at 30°C and typical results are included in Table 2. In this case 
the initiator efficiency of DBHN is even lower (2.6%), pre- 
sumably due to a higher microviscosity of a bilayer below its 
phase transition temperature. 

(b)  The oxidizability of methyl linoleate in DMPC bilayers 
The autoxidation of methyl linoleate was initiated in DMPC 

bilayers by using water-soluble initiators ABAP and 4,4'-azo- 
bis(4-cyanovaleric acid (ABVA). The R i  was measured using 
either the lipid-soluble inhibitor, a-T, or water-soluble Trolox. 
The results of these experiments are summarized in Table 3. 
The oxidizability of this neutral linoleate chain (1.79 + 0.07 
x M-f s-$ is only measurably lower than observed in 
chlorobenzene solution but it is significantly lower than that 
found for ionized linoleate in DMPC (2.76 x lo-' M-f s-f). 
We suggest that this indicates that methyl linoleate is seques- 
tered deep in the relatively nonpolar, more fluid region (31) of 
DMPC where it undergoes autoxidation. 

Our results outlined in Tables 2 and 3 provide interesting 
applications of various combinations of lipid-soluble and 
water-soluble initiators and inhibitors for quantitative kinetic 
studies in bilayers (i.e. DBHN with either a-T or Trolox, 
ABAP with Trolox, ABAP with a-T or Trolox3). This raises 

'ABAP has recently been reported to initiate oxidation of lecithin 
bilayers (32). 

important questions as to how both water-soluble and lipid- 
soluble initiators and inhibitors exhibit the same effectiveness 
in initiating autoxidation and trapping radicals in bilayer autox- 
idation. i he radical trapping effectiveness of water-soluble 
Trolox for radicals formed in the lipid phase is understood on 
the basis of our earlier postulate (5) that polar peroxyl radicals 
formed in the nonpolar hydrocarbon phase of a bilayer will 
diffuse into the more polar aqueous-lipid interfacial region. 
The effective radical trapping ability of Trolox for peroxyls 
initially formed in the bilayer from lipid-soluble DBHN con- 
firms this postulate. Trolox in the water is expected to trap 
these radicals at the water-bilayer interface. It is also re- 
markable to find that a charged water-soluble initiator (ABAP, 
ABVA) and inhibitor appear to have access to the various 
layers of the multilamellar liposomes used, suggesting a rather 
fluid overall system. We are studying these phenomena in 
more detail by comparing the behavior of multilamellar and 
unilamellar systems. 

3.  Absolute rate constants for propagation, k,, and termi- 
nation, 2 k, 

Some exploratory experiments were conducted to (1) deter- 
mine if the rotating sector technique (22), widely used to study 
photoinitiated reactions in homogeneous solution (33, 34) can 
be applied to determine absolute rate constants, k, and 2k,, in 
microenvironments such as bilayers and micelles, and (2) to 
determine the applicability of water-soluble initiators and in- 
hibitors (6) to this technique. Trial experiments carried out in 
homogeneous media, Table 4, Nos. 1-4, gave good agree- 
ment of the k, and 2k, for tetralin (lit. values (33) are k, = 6.4 
M-' s-' and 2k, = 7.6 X lo6 M-' s-I) and reasonable agree- 
ment for methyl linoleate in chlorobenzene (lit. values (34) are 
k, = 62 M-' s-I and 2k, = 8.8 X lo6 M-' s-I), considering the 
large errors that occur in the determinations of k, and 2k, (24). 
For eq. [ l ]  (Introduction) to be followed exactly, chain termi- 
nation must be bimolecular and the oxidation rate must be 

I 

proportional to Riz.  This is tested by using initiators of rela- 
tively high thermal stability (Table 4) and measuring the 
reaction rate order, which should be half order, with respect 
to the light intensity. The somewhat higher order (0.57) 
with methyl linoleate is attributed to some first-order chain 
termination in addition to bimolecular chain termination. 

Preliminary experiments in SDS micelles and bilayers (Table 
4, Nos. 6-12) indicate that photodecomposition of azo- 
initiators occurs so that the rotating sector method to estimate 
absolute rate constants is applicable to these systems. Although 
bilayers are typically opaque milky dispersions, continuous 
shaking of the sample exposes a fresh layer to the light and 
permits effective photocatalytic decomposition of the initiator. 
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Furthermore, the order in light intensity is one-half, within 
experimental error, as required for bimolecular termination. 
The use of water-soluble initiators and inhibitors also makes it 
possible to prepare the bilayers by various techniques (vortex 
stirring, sonication, dialysis) prior to the initiation of autoxi- 
dation. The latter two procedures result in decomposition or 
loss of lipid-soluble initiators and inhibitors which must be 
inserted prior to preparation of a bilayer ( 3 ,  and this decom- 
position makes it difficult to study unilamellar bilayer vesicles 
by controlled autoxidation. 

The data outlined in Nos. 6- 13 provide the first published 
evidence of absolute autoxidation rate constants in micro- 
environments. Although our results for the absolute rate con- 
stants are somewhat preliminary and a detailed analysis 
requires more data, a few interesting trends can be noted. There 
is a notable decrease in the termination rate constant (2k,) for 
autoxidation of a phospholipid in bilayers compared to that in 
homogeneous solution (Compare Nos. 7- 11 with DLPC in 
tert-butyl alcohol), and this reduction could be as much as a 
hundredfold for DLPC in bilayers compared to homogeneous 
solution. We suggest that this reduction in 2k, is probably a 
consequence of the termination of peroxyls in the polar ]region 
of the bilayer.4 Nevertheless the oxidizability, kp/2k,I, of a 
bilayer remains about the same as that in homogeneous solution 
(compare DLPC in tert-butyl alcohol and in a bilayer, Nos. 5 
and 9). This results from a significant reduction in the k,, by 
as much as tenfold, as well as the noted decrease in 2k,. A 
reduction in k, was anticipated earlier (5) when we hypothe- 

1 sized that polar peroxyl radicals (30) would diffuse away from 
the nonpolar hydrocarbon-like environment. As a result they 
would not readily abstract the labile CH, groups which are 
deeper in the bilayer. It also appears that the oxidizability of a 

i substrate depends somewhat on the nature of the PPC particles 
empl~yed.~ Thus DLPC in sonicated vesicles has about double 
the kp/2k,2 (Nos. 10, 11) compared to multilamellar bilayers 
(No. 9), and methyl linoleate in highly sonicated DMPC 
vesicles has a significantly higher kp/2kf value compared to 
that in multilamellar bilayers (Table 3). The reason for this is 
not entirely obvious, although it appears to result mainly from 
an increase in the k, term. 

Acknowledgements 
We are indebted to Drs. G. W. Burton and K. U. Ingold 

of N.R.C.C. for their assistance with the rotating sector ex- 
periments, and to Dr. G. F. Barclay of our Biology Department 
for the microscopic examination of the vesicles. Financial 
assistance provided by the Natural Sciences and Engineering 
Research Council of Canada is gratefully acknowledged. 

1. A. L. TAPPEL. In Free radicals in biology. Vol. IV. Edited 
by W. A. Pryor. Academic Press, New York. 1980. Chapt. 1. 

. . . . . .  . . . . . . . 
. .  . 

pp. 1-47. 
. . . .  . 2. J. R. WALTON and L. PACKER. In Vitamin E-a comprehensive 

treatise. Basic and clinical nutrition. Vol. 1. Edited by L. J. 
Machlin. M. Dekker, New York. 1980. pp. 495-517. 

3. N. A. PORTER. In Free radicals in biology. Vol. IV. Edited 

41f the peroxyl radicals terminate in the aqueous-lipid interface as 
proposed (vide infra), the reduction in 2k,  could be due to stabilization 
of the polar peroxyl radicals by the polar aqueous buffer and by 
hydrogen bonding (29): .. .. . .. 

R-0-0 * R-0-0: ---HO 
+ -  H 

o m a  
- O * F a m  

'9 ~ s z z z z ~ ~ o ~ m m o  
w * = w m r - m  

me4 

hhhhhhhhhhhhh 
N O ? ? ? m y a b O - y P ?  
* ? m m a ? m ? = ? L & m m m  
BE==,==ssEa=W e 5 e 5  

hhhhhhhhhhhhh o ! ~ s s ~ ~ z ~ z z z z z  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2638 CAN. I .  CHEM. VOL. 63, 1985 

by W. A. Pryor. Academic Press, New York. 1980. Chapt. 8. 
pp. 261-294. 

4. B. N. AMES. Science, 221, 1256 (1983). 
5. L. R. C. BARCLAY and K. U. INGOLD. J. Am. Chem. Soc. 103, 

6478 (1981). 
6. L. R. C. BARCLAY, S. J. LOCKE, J. M. MACNEIL, J. VANKESSEL, 

G. W. BURTON, and K. U. INGOLD. J. Am. Chem. Soc. 106, 
2479 (1984). 

7. L. R. C. BARCLAY, S. J. LOCKE, and J. M. MACNEIL. Can. 
J. Chem. 61, 1288 (1983). 

8. L. R. C. BARCLAY, S. J. LOCKE, and J. M. MACNEIL. Can. 
J. Chem. 63, 366 (1985). 

9. C. E. BOOZER, G. S. HAMMOND, C. E. HAMILTON, and J. N. 
SEN. J. Am. Chem. Soc. 77, 3233 (1955). 

10. G. W. BURTON and K. U. INGOLD. J. Am. Chem. Soc. 103,6472 
(1981). 

11. M. K. JAIN and R. C. WAGNER. Introduction to biological 
membranes. Wiley-Interscience, New York. 1980. 

12. U. COGAN, M. SHINITZKY, G. WEBER, and T. NISHIDA. Bio- 
chemistry, 12, 521 (1973). 

13. H. WEENEN and N. A. PORTER. J. Am. Chem. Soc. 104, 5216 
(1982). 

14. J. H. FENDLER. Acc. Chem. Res. 13, 7 (1980). 
15. J. S. WINTERLE and T. MILL. J. Am. Chem. Soc. 102, 6336 

(1980). 
16. R. C. P E ~ ~ E R ,  J. C. MITCHELL, W. J. BRITTAIN, T. J. MCINTOSH, 

and N. A. PORTER. J. Am. Chem. Soc. 105, 5700 (1983). 
17. N. A. PORTER, R. C. P E ~ R ,  and W. J. BRITTAIN. J. Am. Chem. 

SOC. 106, 813 (1984). 
18. Y. YAMAMOTO, E. NIKI, and Y. KAMIYA. Bull. Chem. Soc. Jpn. 

55, 1548 (1982). 

19. Y. YAMAMOTO, E. NIKI, and Y. KAMIYA. Lipids, 17, 870 
(1982). 

20. Y. YAMAMOTO, S. HAGA, E. NIKI, and Y. KAMIYA. Bull. Chem. 
Soc. Jpn. 57, 1260 (1984). 

21. H. WEENEN and N. A. PORTER. J. Am. Chem. Soc. 104, 5216 
(1982). 

22. G. M. BURNETI and H. W. MELVILLE. In  Technique of organic 
chemistry. Vol. VIII. Part 11. Editedby S. L. Friess, E. S. Lewis, 
and A. Weissberger. Interscience, New York. 1963. Chapt. 20. 

23. J. A. HOWARD. Adv. Free-Radical Chem. 4, 49 (1972). 
24. J. A. HOWARD and K. U. INGOLD. Can. J. Chem. 43,2729,2737 

(1965). 
25. J. A. HOWARD and K. U. INGOLD. Can. J. Chem. 45,793 (1967). 
26. R. C. WEAST (Editor). CRC handbook of chemistry and 

physics. 52nd ed. The Chemical Rubber Co., Cleveland, Ohio. 
1971-1972. p. E-45. 

27. J. A. HOWARD and K. U. INGOLD. Can. J. Chem. 42, 1044 and 
1250 (1964). 

28. J. A. HOWARD and K. U .  INGOLD. Can. J. Chem. 44, 1119 
(1966). 

29. D. G. HENDRY and G. A. RUSSELL. J. Am. Chem. Soc. 86,2368 
(1964). 

30. R. W. FESSENDEN, A. HITACHI, and V. NAGARAJAN. J. Phys. 
Chem. 88, 107 (1984). 

31. W. L. HUBBELL and H. M. MCCONNELL. J. Am. Chem. Soc. 93, 
314 (1971). 

32. Y. YAMAMOTO, E. NIKI, Y. KAMIYA, and H. SHIMASAKI. 
Biochim. Biophys. Acta, 795, 332 (1984). 

33. J. A. HOWARD and K. U. INGOLD. Can. J. Chem. 44, 1113 
(1966); 44, 11 19 (1966). 

34. J .  A. HOWARD and K. U. INGOLD. Can. J .  Chem. 45,785 (1967). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Interactions entre les cations et les sucres. I.   valuation de I'enthalpie libre 
d'interaction Ca2' - D-(-)-ribose dans l'eau a 25°C 

JEAN-PIERRE MOREL' ET CLAUDE LHERMET 
Laboratoire d '~ tude  des lnteractions Solutks-Solvants, U.A. au C.N.R.S. no 434, 

Universitk de Clermont 2, 631 70 AubiPre, France 

Recu le 17 dCcembre 1984 

JEAN-PIERRE MOREL et CLAUDE LHERMET. Can. J. Chem. 63, 2639 (1985). 
L'interaction des deux pentoses isomkres D-(-)-ribose et D-(-)-arabinose avec l'ion CaZ' en solution aqueuse est CtudiCe 

ii l'aide de deux types de cellules Clectrochimiques (avec et sans jonction) comportant une Clectrode ii membrane liquide 
stlective ii CaZ+. Certains isomkres du D-(-)-ribose possMent une sequence d'hydroxyles susceptible d'interagir spCci- 
fiquement avec le cation. La mesure de l'enthalpie libre de transfert de I'ion Ca2+ entre I'eau et les solutions sucrCes permet 
de calculer un paramktre d'interaction par paire caractkristique. D'autre part, cette interaction spCcifique est Cgalement 
caractCris6e par sa constante d'association: p l  = 0,93. Les deux approches sont CtudiCes et leur cohkrence est dCmontrCe. 

JEAN-PIERRE MOREL and CLAUDE LHERMET. Can. J. Chem. 63, 2639 (1985). 
The interaction of the two isomeric pentoses D-(-)-ribose and D-(-)-arabinose with the Ca2' ion in aqueous solution is 

studied with the help of two types of electrochemical cells (with and without liquid junction) including a liquid-membrane 
Caz+-selective electrode. Some of the D-(-)-ribose isomers contain a sequence of hydroxyl groups which can interact 
specifically with the cation. The measurement of the Gibbs free energy of transfer of Ca2+ between water and the sugar 
solutions allows one to calculate a characteristic pair-interaction parameter. This specific interaction can also be characterized 
by its association constant: P I  = 0.93. The two approaches are studied and their coherence is shown. 

Introduction 
I Les interactions en solution aqueuse entre les cations metal- 

liques et les saccharides, malgrC leur relative faiblesse, sont 
d'une grande importance pour la chimie et la biochimie des 
sucres. Elles intiressent Cgalement des domaines de la biologie 

I tels que le stockage du calcium ou l7adhCsion des cellules. 

I Les travaux de S. J. Angyal(1, 2) ont d'abord montrC le r61e 
, jouC par la presence des sCquences d'hydroxyles axial- 

e'quatorial-axial dans les cycles a 6 atomes, et cis-cis-cis 
dans les cycles B 5 atomes des molCcules de sucres, de leurs 
dCrivCs ou des composCs cycliques polyhydroxylb. Des Ctudes 
quantitatives ont permis de prkciser l'ordre de grandeur des 
constantes d'association entre certaines cations et certains 
sucres. Le D-(-)-ribose, en particulier, a fait l'objet de plu- 
sieurs Ctudes; il s'agit en effet d'un des rares sucres simples qui 
prCsente des structures favorables 2 la complexation: les deux 
conformeres 4C, et 'C, de la forme a-pyranose et le conformkre 
'C4 du P-pyranose prksentent une sequence ax-eq-ax alors 
que la forme a-furanose prCsente une sequence cis-cis-cis 
d'hydroxyles. Les Ctudes en rmn de Lenkinski et Reuben (3) et 
de Symons et al. (4) ont permis de proposer des valeurs de 
constante d'association pour les diffkrentes formes ci-dessus 
avec l'ion Ca2+. Des mtthodes potentiomCtriques ont Cgale- 
ment CtC appliqutes a l'ttude de ce couple (5, 6). 

Si la rmn est une mCthode de choix qui permet de distinguer 
les diffkrents isomkres prCsents 2 llCquilibre, elle nCcessite 
1'Ctude de solutions oh le sucre est souvent present des con- 
centrations de l'ordre de 1 M alors que la concentration du sel 
de calcium peut varier jusqu'g 2 M. Dans ces conditions, les 
constantes obtenues sont apparentes et comparatives mais sans 
nu1 doute assez CloignCes des valeurs thermodynamiques; de 
plus, aux fortes concentrations en sel, l'effet des anions peut 
fausser notablement l'interpritation des rksultats. 

L'Ctude thermodynamique des interactions sucre-cation n'a 
pas CtC rCalisCe de fagon approfondie. Si la premikre Ctape 
d'une telle Ctude est logiquement la dktermination des para- 

'Auteur ii qui adresser toute correspondance. 

mktres d'enthalpie libre, on peut penser que la connaissance 
d'autres grandeurs thermodynamiques (en particulier l'en- 
thalpie et l'entropie d'interaction) seraient Cgalement trks utile 
h la comprkhension du phCnomkne. Nous nous proposons 
d'aborder ces problkmes par une interpretation de rtsultats 
exptrimentaux obtenus en potentiomCtrie. Les Clectrodes B 
membrane liquide sClectives 2 l'ion Ca2+ permettent des me- 
sures trks prCcises de I'activitC de cet ion en solution aqueuse. 
Dans les cellules galvaniques mettant en oeuvre une telle 
Clectrode, le D-(-)-ribose sera compark au D-(-)-arabinose, 
pentose isomkre dont les formes pyraniques prCsentes iI 
1'Cquilibre ne comportent aucune stquence d'hydroxyle favo- 
rable 2 la complexation. 

Theorie 
La premikre cellule galvanique CtudiCe est: 

[ I ]  Electrode ii Ca ICaC12(m), sucre (ms)lAgCIIAg 

ou m est la molalitC de CaCl, et m, celle du sucre, ribose (mR) 
ou arabinose (m,). La reaction de cellule s'Ccrit: 

[2] Ca (tlectrode) + 2 AgCl = Ca2+ + 2C1- + Ag 

Une Etude prtliminaire, pour laquelle m, = 0, nous permet de 
vCrifier la rCversibilitC de cette cellule dont la tension s7Ccrit, iI 
T et P constantes, 

[3] U(m) = U@ + 3k/2 log my,  

ou U@ est la tension standard dans 1'Cchelle des molalitb, 

k = In 10 RT/F = 0,05916 V 2 25°C 

En utilisant les valeurs de y,  (CaCl,) donnCes par Robinson et 
Stokes (7) et les valeurs expkrimentales de U, on peut calculer 
une pente de 88,8 mV en excellent accord avec la valeur ther- 
modynamique. 

Le principe de la mesure consiste 2 ajouter une solution 
concentrCe de sucre contenant CaCI2 a la molalitC m par rapport 
au solvant (eau + sucre) dans une solution aqueuse initiale de 
meme molalitt m en CaCl, contenue dans la cellule (8). On 
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explore ainsi une gamme de concentration en sucre variant par 
exemple de m, = 0 a m, = 0,4 en maintenant m constant. Les 
tensions de cellule s'expriment en utilisant 1'Ctat standard cor- 
respondant a CaC12 infiniment diluC dans I'eau d'une part et 
dans la solution sucrCe d'autre part. 

[4] U(m) = U@ + 3 k/2 log m y,(m) 

[5] U(m, m,) = @(m,) + 3k/2 log m y,(rn, m,) 

ou les y, tendent vers 1 dans les deux cas lorsque m + 0. On 
voit que: 

U(m, m,) - U(m) = [U@(m,) - @] 

+ 3k/2 log 
? d m ,  ms) 

r d m )  
et lorsque m + 0 

[U(m, m,) - U(m)l+ [@(m,) - @I 
L'expCrience montre que pour des concentrations en CaC12 
m = 5 X et m = 1 X lo-', la diffkrence des tensions ne 
dCpend que de m, et represente la diffkrence des tensions stan- 
dard, c'est-a-dire qu'on peut considkrer que 

Cette expCrience permet donc d'accCder a l'enthalpie libre stan- 
dard de transfert de 1'Clectrolyte CaC12 de l'eau pure la solu- 
tion sucrCe de molalite m, (8). 

[6] A G ~  = 2 ~ [ U @ ( m , )  - UO] 
oh F est le Faraday. Cette grandeur standard de transfert peut 
s'interprkter en terme de parametre d'interaction par paires, 
triplets etc . . . (9) sous la forme 

[7] A G ~  = 2v g, ms + 3 v gms m: + . . . 
ou v est le nombre d'ions de 1'Clectrolyte E, c'est-a-dire, ici, 
v = 3 pour CaC12. Ce formalisme fait apparaitre le parametre 
d'enthalpie libre de la paire Clectrolyte-sucre, g,, qui est la 
moyenne des paramktres d'interaction des paires cation-sucre 
et anion-sucre de telle f a~on  que 

[8] ~ E S  = (gca2+s + 2 ~ c I - s ) / ~  

Dans cette Ctude, le sucre CtudiC sera successivement le 
D-(-)-ribose et le D-(-)-arabinose. Si l'on adpet que les inte- 
ractions non spCcifiques de ces deux sucres avec les cations et 
anions sont identiques, la diffkrence g,, - g,, sera caractCris- 
tique de l'interaction spCcifique entre le D-(-)-ribose et le 
cation Ca2+ par l'intermkdiaire des sCquences d'hydroxyles 
favorables a la complexation. 

Une deuxieme interprktation des rksultats expirimentaux 
donnCs par cette cellule consiste a exprimer une constante 
d'association spkcifique entre le ribose et Ca2+. On utilise, dans 
ce cas, une expression de la tension de cellule qui se rCEre 
1'Ctat infiniment dilut dans l'eau pour CaC12 et pour le sucre. 

[91 U(m, m ~ )  = UO + k/2 log [Ca], mtl y3,(m, mR) 

2 3 
[lo] U(m, m,) = @ + k/2 log mca mc, y,(m, m,) 

pour respectivement le ribose et l'arabinose. Si dans l'expres- 
sion [lo], mca est toujours la molalitC analytique en Ca2+, dans 
[9], la concentration en ions libres est [Ca],, une fraction de 
ceux-ci Ctant associCe avec le ribose. En faisant l'hypothbe 
que pour m, = m ~ ,  y+(m, mA) = y,(m, mR), on tire 

[Gal, 
[ l l ]  U(m, m,) - U(m, mA) = k/2 log - m 

Comme nous l'avons dit plus haut, cette difference ne dCpend 
pratiquement pas de m. La mCthode de Leden (10) nous permet 
d'Ccrire la fonction 

Puisque nous opCrons avec un exces de ribose et que le taux 
d'association est faible, il est normal d'obsemer que 

m 
[14] - - - 1 + P,[R] + P2[R]Z - constante 

[CaIR 
quel que soit m si [R] - m,. De toute fa~on,  cette mCthode 
consistera 2 calculer F (R) connaissant m/[Ca],, c'est-a-dire 

[Ca], et [R] = m~ - m + [Ca], 

L'Ctude d'une deuxikme cellule galvanique comportant une 
jonction liquide va nous permettre d'acdder aux mCmes gran- 
deurs que ci-dessus moyennant des hypothkses diffkrentes. La 
cohCrence des rksultats obtenus par les deux mCthodes pourra 
Ctre considCrCe comme un critkre de leurs validitis respectives. 
La cellule 

[IS] Electrode h CalCaCl,(rn), sucre (rnJ I ~ ~ 3 ~ ~ ~ ~ ! I H g z ~ l z 1 ~ g  

posskde une double jonction liquide qui permet d'Cviter la 
jonction directe de la solution CtudiCe avec 1'Clectrode au calo- 
mel (I'expCrience montre, dans ce cas, une grande instabilitC 
des tensions mesurtes due probablement a la prCsence des ions 
mercureux). Avec ce montage, les tensions sont parfaitement 
stables et reproductibles. La tension de cette cellule s'Ccrit: 

o i ~  UZ est la tension standard de llClectrode 2 calcium, UR la 
tension de 1'Clectrode de rCfCrence et U, la tension de la pre- 
mikre jonction liquide. Les hypotheses de travail sont ici 

c'est-a-dire que la valeur de la tension de jonction ne dCpend 
pas de la nature du sucre. De plus, comme plus haut, 

Exptrimentalement, on constate que la difference U(m, m,) - 
U(m)dCpend de la concentration m en Clectrolyte, contraire- 
ment 2 ce que nous avions constate avec la cellule sans jonction 
(ceci traduit trks probablement la variation de Uj avec m). Par 
contre, la diffkrence U(m, mR) - U(m, mA) est sensiblement 
indkpendante de m. On pourra donc, comme plus haut, acctder 
a la grandeur m/[Ca], et calculer la constante d'association 
spCcifique Ca2+-ribose. 

Partie experimentale 
L'Clectrode sClective aux ions CaZC est une Orion 93-20,l'klectrode 

AgCllAg une Tacussel et I'klectrode au calomel h double jonction une 
Tacussel RDJ 17. Le millivoltmMre tlectronique Tacussel ISIS 20000 
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MOREL ET LHERMET 264 1 

d'obtenir les parambtres d'interaction. Un tel traitement graphi- 
que donne ici: 

2vgER = - 1160 J mol-2 kg 3vgERR = +750 J m ~ l - ~  kg2 

FIG. 2. Variation de tension 6U, de la cellule Clectrochimique 
[15] avec la rnolalitC en sucre m,. O A  mcaclz = 5 x .A mcaclz 
= 2 x lo-' (molalitCs en Ca2' par rapport 5 I'eau). 

(4 
-3 - Les valeurs de A U(R - A) = SUR - SUA permettent de 

calculer (relations [ l  11 et [12]) la fonction de Leden F (R). Pour 
a r a  binose A la cellule [I], les valeurs de AU correspondent aux inter- 

polations effectutes sur la courbe moyenne de 3 essais B des 

permet de lire le 1 / 100' de mV. 
L'eau est tridistillke et dCgazCe avant usage. 
Les sucres sont des produits Fluka Puriss pour analyse utilises 

comme tel; le chlorure de calcium un produit Merck Pro Analysi. 
Toutes les solutions sont rCalisCes par pesCe et I'addition de la 

solution concentrke en sucre se fait i I'aide d'une burette gravirnk- 
trique Mettler P 160 N. La cellule de rnesure est thermor6gulCe par 
circulation d'eau, la stabilite en ternpkrature Ctant de I'ordre de 1/100' 
de degrC. 

.5- 

Resultats 
Les figures 1 et 2 montrent, respectivement, les variations de 

la tension des deux cellules galvaniques ttudites, soit SU, = 
U(m, m,) - U(m) en fonction de la concentration en sucre de 
la solution. Notons que malgrt le faible domaine de variation 
des tensions mesurtes (au maximum 5 mV), celles-ci sont 
connues avec une prtcision remarquable (la reproductibilitt des 
mesures et de l'ordre de 20,02 mV). Pour la cellule [I] (fig. 
l ) ,  on voit que SU, est identique pour m = 5 X et m = 
1 X lo-' en CaC12, ce qui justifie notre prtctdente hypothbse. 
Au contraire, pour la cellule B jonction liquide [ 151 (fig. 2), S Us 
dtpend de la concentration en CaC12. 

Les rtsultats des calculs sont regroupts dans le tableau 1. 
Les enthalpies libres standard de transfert de CaCl, de l'eau aux 
solutions de ribose ( A G ~ )  et aux solutions d'arabinose ( A G ~ )  
sont calcultes grice B la relation [6]. En portant AGy/rn, en 
fonction de m, (relation [7]), une extrapolation lintaire permet 

I tion ne met donc pas en tvidence la formation du complexe 
0,1 

42 ms 
03 0,4 CaR,, puisque la pente P2 devrait alors Ctre positive. L'extra- 

polation B concentration nulle en sucre conduit B PI  = 0,89 2 
FIG. 1. Variation de tension 6U,  de la cellule Clectrochimique 0,10 environ. pour la cellule ~151, les calculs de F(R) sent 

[ l ]  avec la molalitC en sucre m,. .A mcacl, = 0 , l ;  0 mcaclz = 
5 x (molalit6s en CaZ' par rapport a I'eau). effectuts pour deux concentrations en CaC12 (m = 0,005 et 

0,02) et l'on voit que AU dtpend peu de cette concentration. 

r i b o s e  .o 

Les valeurs de F (R) sont pratiquement indtpendantes de m,, 
concentration en sucre, et le complexe CaR, n'est pas mis en 
tvidence dans le domaine ttudit; on admettra donc que F(R) = 
PI.  Pour m = 0,005 on trouve une valeur moyenne PI  = 0,93 
* 0,07 et pour m = 0,02, P I  = 0,93 2 0,16. 

molalitts difftrentes en CaCl, (0,005, 0,02, 0,l) .  La fonction 
F(R) dtcroit de faqon significative quand m, croit; cette varia- 

Discussion 
L'enthalpie libre standard de transfert de CaC12 de l'eau aux 

solutions de ribose est ntgative alors que la grandeur de trans- 
fert de l'eau aux solutions d'arabinose est positive. C'est la 
manifestation immtdiate de l'interaction sptcifique du premier 
de ces deux pentoses isombres avec I'ion Ca2+. Quantita- 
tivement,. cette interaction sptcifique est caracttride par la 
difference 

2v(gER - gEA) = 2gcs = -21 10 J mol-I (voir relation [8]) 

si l'on fait l'hypothbse de l'identitt des interactions non sptci- 
fiques entre CaCl, d'une part, et ribose ou arabinose d'autre 
part. Nous n'interprtterons pas ici les parambtres g relatifs aux 
triplets, mais remarquons cependant que g,,, est positif, ce qui 
ne plaide pas pour I'existence du complexe CaR2. 

Les calculs de la constante d'association conduisent B PI = 
0,89 avec la cellule [l] et PI = 0,93 avec la cellule [15]. 
Compte tenu des incertitudes tvalutes, la bonne concordance 
de ces deux rtsultats montre que les hypothbses formultes sont 
satisfaisantes en premibre approximation. Ces calculs ne con- 
duisent pas, eux non plus, B la prise en compte d'un complexe 
du type CaR,. 

Les rtsultats obtenus prtctdemment par des mtthodes poten- 
tiomttriques sont: d'une part (5), PI = 1,6 par une mtthode de 
compttition entre Ca2+ et Pb2+ en prtsence de NaC104 1 M, la 
concentration en ribose ttant 0 , l  M et celle en ion Ca2+ variant 
jusqu7B0,15 M; d'autre part (6), PI = 1,l  et P2 = 8,5 avec une 
solution 0, l  M en ribose et des concentrations en Ca2+ allant 
jusqu'a 0,16 M. Au contraire des exptriences rtalistes ci- 
dessus, les mtthodes que nous prtsentons consistent B faire 
varier la concentration en sucre alors que celle de CaC12 reste 
constante. Compte tenu de l'importance des facteurs d'activitt 
dans I'expression de la constante thermodynamique d'tqui- 
libre, il est important de prouver, comme nous l'avons fait, que 
les rtsultats obtenus ne dtpendent pas de la concentration en 
CaCl,. On s'affranchit tgalement de la prtsence de tout sel de 
fond dont on ne peut, a priori, ntgliger les interactions des ions 
avec la moltcule de sucre. 

La valeur que nous obtenons pour PI,  soit environ 0,9, est en 
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TABLEAU 1. Enthalpies libres standard de transfert de CaCI, de I'eau aux solutions d'arabinose et 
de ribose de molalitC m, (cellule [I]) et fonctions de Leden F (R) de la complexation du calcium par 

le ribose (cellule [l] et cellule [IS]) 

Cellule [l] Cellule [ I  51 

m, - A G ~  A G ~  -AU -AU -AU 
(mol kg-') (J mol-') (J mol-') (mV) F(R) (mV) F(R) (mV) F(R) 

0,05 55 45 0,55 
0,lO 108 95 1,06 
0,15 160 145 1,52 
0,20 205 195 1,98 
0,25 245 240 2 9  
0,30 280 285 2,86 
0,35 315 335 3,27 
0.40 340 380 3,66 
0,45 370 430 3,98 

accord passable avec la moyenne que l'on peut calculer en 
considCrant, qu'a l'kquilibre, la solution de ribose contient 
environ: 35% (soit 60% de 59%) de P-pyranose 'C4 (P = 0,8), 
21% de a-pyranose (P = 3,4) et 6,5% de a-furanose (P = 5,3) 
(1). Avec ces valeurs donnCes a 31°C par Angyal, le calcul 
conduit en effet h une valeur moyenne pour PI Cgale a 1,3. Les 
deux expressions de l'enthalpie libre d'interaction spCcifique 
entre le calcium et le ribose, d'une part gcaR et d'autre part PI ,  
sont naturellement reliCes. La relation qui existe entre 
deuxibme coefficient du viriel et constante d'association en 
phase gazeuse peut &tre ttablie de faqon trbs simple (1 1). Pour 
ce qui concerne la thermodynamique statistique des solutions, 
Wood et al. (12) ont comparC les dCveloppements possibles du 
coefficient osmotique d'une solution, +MM, exprim6 dans les 
conditions de McMillan-Mayer (T, n, c): d'une part le dkve- 
loppement en strie des activitks oh intewiennent les constantes 
de "Sociation", d'autre part le dkveloppement en sCrie des 
concentrations molaires avec les coefficients du viriel. On peut 
montrer que les coefficients d'interaction par paires de type g,, 
de la relation [7] intewiennent dans le dkveloppement du coef- 
ficient osmotique +LR (conditions de Lewis et Randall qui sont 
celles de nos mesures, soit T, P, m) sous la forme 

si on se limite au coefficient d'interaction par paires d'espbces 
diffkrentes dans le cas mi = mj = m, pour simplifier la prC- 
sentation. Dans les conditions de McMillan-Mayer, le dkve- 
loppement du coefficient osmotique s'Ccrit 

[I81 + M M  = 1 + BMM c 

et l'on peut montrer (13) que 

ou p0 est la masse volumique et Po le coefficient de compres- 
sibiliti5 isotherme du solvant, v y  et v? les volumes molaires 
partiels h dilution infinie des espbces i et j en interaction. Ici, 
vf = 0,095 L mol-' (14) et vg2+ = -0,029 L mol-' (15). Le 
dernier terme de [19] Ctant nigligeable, on trouve 

Compte tenu de la forme des dCveloppements en fonction des 

concentrations que nous avons utilisCs ici, on peut montrer que 
la relation fondamentale CvoquCe plus haut s'Ccrit 

ou, en toute rigueur, PI  est la constante thermodynamique 
d'association dans 1'Cchelle des molaritks. Celle-ci, dans l'eau, 
est naturellement trbs voisine de celle que nous avons calculCe 
plus haut dans 1'Cchelle des molalitCs. Comme on voit, cette 
relation est vCrifiCe de faqon trbs satisfaisante dans le cas que 
nous venons d'examiner. Notons que la relation [20] peut 
s'Ccrire avec une approximation en ginbra1 acceptable 

Cet exemple nous permet d'apprkcier la cohCrence des deux 
diffkrents langages utilisCs pour exprimer l'interaction entre 
deux espbces en solution. En thermodynamique statistique, 
c'est B M M ,  grandeur directement like au potentiel de force 
moyenne (12), qui caracttrise fondamentalement cette inte- 
raction. 

On peut s'interroger sur les causes de la petite diffirence 
obsewke sur les valeurs de PI  obtenues respectivement avec les 
cellules [ I ]  et [15], soit 0,89 et 0,93. La premibre cellule fait 
intewenir les interactions des anions chlorures avec le sucre, 
interactions qui sont eliminCes en supposant que 

Si l'on considbre les valeurs des termes triplet  ERR et ~ E A A ,  on 
voit qu'elles sont de signes opposCs; on peut en conclure que 
les interactions non spkcifiques avec les deux pentoses iso- 
mBres peuvent Ctre notoirement diffkrentes. 

I1 est tout 2 fait probable que les interactions impliquant les 
ions C1- contribuent 2 cette diffkrence et que l'hypothbse ci- 
dessus n'est pas rigoureusement exacte. Ainsi, les rksultats 
obtenus en Ctudiant la cellule [15], et dont on a vCrifiC qu'ils ne 
dipendaient pas de la concentration en CaCl,, peuvent Ctre 
considCrCs comme plus satisfaisants. 

Conclusion 
Nous avons utilisC et discutC deux mCthodes potentio- 

mbtriques qui permettent de mesurer de faqon satisfaisante 
l'interaction spkcifique entre le cation Ca2+ et les skquences 
d'hydroxyles favorables h la "complexation" d'un sucre. Ces 
mCthodes consistent a comparer le sucre en question avec un 
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MOREL ET LHERMET 2643 

isomkre dont la structure ne permet pas d'interaction spCcifique 
avec le cation. 

Nous proposons pour l'interaction sptcifique Ca2+ - 
D-(-)-ribose dans l'eau, B 25"C, une valeur de la constante 
d'association Cgale B 0,93. Le complexe comportant deux 
sucres pour un calcium n'a pas CtC mis en Cvidence. 

Cette Ctude nous a permis de comparer les deux langages 
possibles pour caractkriser le phCnombne de "complexation", 
celui de l'interaction par paire et celui de la constante d'asso- 
ciation. 
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Molecular recognition. 11.' The binding of the Lewis b and Y human blood group 
determinants by the lectin IV of Griffonia simplicifoliu 
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ULRIKE SPOHR, OLE HINDSGAUL, and RAYMOND U. LEMIEUX. Can. J .  Chem. 63, 2644 (1985). 
Using a radioimmunoassay to measure the relative potencies as inhibitors of a wide number of chemically modified structures 

related to the Lewis b human blood group determinant, it was found that derivatives of the Lewis b (a~Fuc( l+2)p~Gal ( l+  
3)[a~Fuc(I+4)]P~GlcNAc) and the Y (a~Fuc(l+2)~~Gal(l+4)[cr~Fuc(1+3)]f3~GlcNAc) determinants are complexed by 
the lectin IV of Grzffonia simplicifolia through the recognition of a topographical feature that is common to both the 
tetrasaccharides. This surface provides a nonpolar region formed by the two methyl groups of the fucose units and extends along 
the C-1-0-5-C-5 side of the a~Fuc(l+2)  unit and terminates at one end by a polar grouping which is formed by OH-3 
and OH-4 of the PDGal unit and OH-4 of the a~Fuc(1-4) unit. Association constants were determined from changes in 
ultraviolet absorption that occur as the result of complex formation. For the reaction of the Lewis b-0CH3 tetrasaccharide, the 
thermodynamic parameters were found to be AH = -13 kcal/mol and AS = -22 cal/mol/K. The inhibition data for the 
relevant monodeoxy derivatives indicated that OH-2 and OH-3 of both of the a ~ F u c  units are not directly involved in the 
binding reaction. The basis for drawing these conclusions was strengthened by finding that the reaction of the simple Lewis 
b analog, methoxymethyl (~+~)~DG~~(~+~)[~LF~C(~+~)]PDG~CNACOCH~ displayed very similar thermodynamic values; 
namely, AH = -14 kcal/mol and AS = -26 cal/mol/K, to those mentioned above for the Leb-OCH, tetrasaccharide. The 
OH-4 of the a~Fuc(l+2)  unit may be bound in an intramolecularly hydrogen bonded form. 

ULRIKE SPOHR, OLE HINDSGAUL et RAYMOND U. LEMIEUX. Can. J. Chem. 63, 2644 (1985). 
Utilisant un essai radioimmunologique pour mesurer les pouvoirs inhibiteurs relatifs d'un grand nombre de structures 

modifiees chimiquement et qui sont relikes au determinant du groupe sanguin humain de type Lewis b, on a trouve que les 
derives des determinants du type Lewis b (~~LF~c(~+~)~DG~~(I+~)[~LF~c(I+~)]~DG~cNAc) et Y (a~Fuc(l+2)P~Gal( l+ 
4)[a~Fuc(l+3)]P~GlcNAc) sont complexCs par la lectine IV de la GrifSonia simplicifolia par le biais d'une reconnaissance 
d'une caracteristique topographique qui est commune aux deux tetrasaccharides. Cette surface fournit une region non polaire 
formee par les deux groupes mkthyles des unites fucose; elle s'ktend le long du c6te C-1-0-5-C-5 de I'unite a~Fuc(1+2) 
et se termine a I'une des extrkmites par un groupement polaire qui est forme par les OH-3 et OH-4 de I'unitC p ~ G a l  et par 
le OH-4 de ]'unite a~Fuc(l+4) .  On a determine les constantes d'association a partir des changements d'absorption dans 
I'ultraviolet qui sont associks la formation du complexe. Pour la reaction du tetrasaccharide-0CH3 du type Lewis-b, on a 
trouve que les paramktres thermodynamiques sont les suivants: AH = - 13 kcal/mol et AS = -22 cal/mol/K. Les donnees 
relatives au pouvoir inhibiteur des derives monodeoxy correspondants indiquent que les fonctions OH-2 et OH-3 des deux 
unites aLFuc ne sont pas directement impliquCes dans la reaction de liaison. Ces conclusions sont confirmees par le fait que 
les valeurs thermodynamiques de la reaction de I'analogue simple de type Lewis b, le mCthoxymCthyl (1+2)P~Gal(l+ 
3)[a~Fuc(l-+4)]f3~GlcNAcOCH~, soit un AH = -14 kcal/mol et un AS = -26 cal/mol/K, sont trks semblables a celles 
mentionntes plus haut pour le tetrasaccharide Lewis-b-0CH3. Le groupe OH-4 de ]'unite a~Fuc(l+2)  pourrait &tre lie par des 
liaisons hydrogknes intramolCculaires. 

[Traduit par le journal] 

Introduction 
The 'H nmr investigation (1) of the synthetic Y hapten 

(~LF~~(~+~)PDG~~(~+~)[~LFUC(~+~)]PDG~CNACO(CH~)~- 
COOCH,) (5) (2) required that this compound possess a topog- 
raphy about the fucose units and the terminal end of the 
galactose virtually identical to that present in the Lewis b (Leb) 
blood group determinant (a~Fuc(1+2)P~Gal(l+3)[a~Fuc- 
(~+~)]~DG~~NA~O(CH~)~COOCH~) (2) (3). It was therefore 
considered (4) that a polyclonal population of anti-Leb anti- 
bodies raised in rabbits and collected by affinity chromatog- 
raphy on a commercial Leb-immunoadsorbent (Synsorb Leb) 
(5) might contain antibodies that would cross-react with the Y 
determinant. In fact, an immunoadsorbent prepared from 5 was 
found (4) to bind nearly half the antibodies present in the 
anti-Leb antibody preparation. In view of this observation, Dr. 

'The first paper in this series is ref. 9. 
University of Alberta postdoctoral fellow, since 1982. 
Alberta Heritage Foundation for Medical Research Scholar, since 

1981. 
Author to whom correspondence may be addressed. 

D. A. Baker (Chembiomed Ltd.) examined whether or not the 
then recently isolated fourth lectin of Grzffonia simplicifolia 
seeds (6) which was known to be Leb active would also be Y 
active. Indeed, the lectin was found to recognize both the Leb 
and Y determinants (6). 

A wide range of Leb-related structures have now been syn- 
thesized (7) to serve as inhibitors in a systematic probing of the 
combining site of the lectin. It is recognized that differences in 
the amounts of inhibitors that provide 50% inhibition at a given 
temperature are only related to the differences of the binding 
free energies (AAGO = -RT In K). Since these AAGO values 
may arise, as demonstrated by Neurohr et al. (8), from major 
differences in both the enthalpies and entropies for the various 
complexation reactions, interpretations of 50% inhibition data 
may be misleading in the sense that structurally quite different 
complexes may exhibit the same thermodynamic stabilities. 
Nevertheless, we suggest that serious misconceptions in this 
regard are not likely to arise in the context of the present study, 
which involves measuring relative 50% inhibitions for a wide 
range of structures that represent the reference oligosaccharide 
with, in each case, only a minor change in structure. This 
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opinion is supported by the discovery that all of the data 
obtained to date have consistently allowed appraisals of the 
combining sites of lectins (10) and antibodies (9, 11, 12) based 
on sound chemical principles. The first paper in this series (9) 
demonstrated that the monoclonal anti-I Ma antibody interacts 
with a large weakly polar and wedge-shaped portion of the 
trisaccharide P~Gal(1+4:1P~GlcNAc(l+6)cw,P~Gal and that 
only OH-4 and OH-6 of the terminal PDGal unit are involved 
in a strong polar interaction with the protein. The arguments, 
based on inhibition data, to reach this conclusion are strongly 
supported by results obtained in this present study. 

The following discussion of results employs a number of 
widely used terms which, however, require special definition 
in the context of this presentation. For example, the term 
"amphiphilic" normally is used to refer to a molecule or ion 
which has a polar (hydrophilic) end attached to a hydrocarbon- 
like (hydrophobic) end. In this paper, amphiphilic is used in the 
same way but with reference to only a portion of the surface of 
a molecule. The term "polar interaction" means an interaction 
between two polar groupings. Since these interactions are 
directional in nature, the result can be either attractive or 
repulsive. In this paper, all considerations of polar interactions 
are necessarily restricted to intermolecular hydrogen bonding. 
The term "lipophilic" will mean a structure (surface) that is 
either nonpolar (hydrocarbon-like) or weakly polar. 

Reference will be made to "nonpolar interactions". The 
strengths of these interactions (dispersion forces of attraction) 
are distance dependent, are always attractive, and occur be- 
tween all types-of surfaces. ~ a l e h  (13) has pointed out that 
these forces can cause large forces of attraction between large 
molecules if the complex involves a substantial number of 
appropriate distances between atoms in both molecules. Being 
nondirectional in character, nonpolar interactions increase in 
strength with increasing complementarity between the inter- 
acting surfaces. 

It is to be expected, when water is the solvent, that the 
nonpolar interactions will be less effective in keeping polar and 
nonpolar surfaces together than in keeping two nonpolar sur- 
faces together. The contribution of the nonpolar interactions to 
the stability of the complex will, of course, increase as one or 
both of the surfaces become less polar in character and, there- 
fore, interact more weakly with the surrounding water mole- 
cules. An outstanding feature of the results obtained in this and 
related investigations is that, in all likelihood, nonpolar inter- 
actions between polar and nonpolar groups contribute im- 
portantly to the stability of certain of the complexes formed 
between oligosaccharides and antibodies or lectins. A strongly 
polar group such as a free hydroxyl group is not expected to be 
sufficiently compatible with a hydrophobic environment to be- 
come importantly involved in a totally nonpolar interaction. 
However, it is well known that the involvement of a hydroxyl 
group in intramolecular hydrogen bond formation can increase 
the lipophilicity of the grouping and thereby render it more 
acceptable for nonpolar interaction. Intramolecular hydrogen 
bonding effects on the binding of a saccharide by antibodies 
were discussed in a paper (14) in which a number of concepts 
related to molecular recognition were reviewed. In this present 
paper, intramolecular hydrogen bonding will be invoked only 
when the steric relationship between the proton donor and 
proton acceptor atoms is known to be appropriate. 

The use of the terms "specific" and "nonspecific" can also be 
troublesome. A specific interaction will mean an interaction 
between an inhibitor and a protein binding site of the limited 

l0C 0 0 

I I I I I 

10 1.5 2.0 2 5 3.0 3 5 

Inhibitor Concentration (log pmollL) 

FIG. 1. Inhibition of the lectin IV of Grlffonia simplicifolia by a 
selected group of compounds related to the Lewis-b human blood 
group determinant. The reproducibility of the data from run to run in 
the solid-phase radioimmunoassay is indicated by the points with an 
asterisk. 0 4d-deoxy-4d-fluoro-~eb-OCH3 (22); Leb-O(CH2)8- 
COOCH3 (2); V 4d-deoxy-Leb-OCH3 (21); 0 Leb-OCH3 (1); @ Y- 
0(CH2)sCOOCH3 (5); O 2d-methoxymethyl-Lea-OCH3 (13); A 
2d-deoxy-~eb-O~H3 (19); 17 c-nor-Leb-0CH3 (17); @ Le"-0CH3 (10); 
0 4'-deoxy-Leb-0CH3 (25); 0 4b-deoxy-Leb-OCH3 (28); i 
3b-deoxy-~eb-OCH3 (27). 

size defined by the reference oligosaccharide. Fortuitous inter- 
actions of the inhibitor with protein structure outside this recog- 
nition site are described as nonspecific. Differences of binding 
free energies (AAGO values) are calculated from the inhibition 
data and possible reasons for the occurrence of these differ- 
ences are offered. These conclusions, especially when the 
AAGO values are small, are, of course, tentative and presented 
primarily for heuristic purposes. It is to be noted that the in- 
hibition data presented in this and the following papers are 
interpreted in terns of the binding of the minimum energy 
conformer, as derived by HSEA calculation (1) and supported 
by nrnr evidence. 

Results and discussion 
The inhibition data for the various structures listed in Tables 

1-3 and 5, 6 were obtained using a previously reported solid- 
phase radioimmunoassay (15). In this present study, the reac- 
tion between a '251-labelled (Leb),9-BSA artificial antigen and 
the immobilized lectin was examined. Throughout the tables, 
the amount of the Leb-OCH, compound (1) in pmol/L required 
to provide 50% inhibition, under standardized experimental 
conditions, was used to calculate relative inhibition potencies. 
The 50% inhibitions were reproducible to within %5% of the 
amounts reported. Typical inhibition curves are presented in 
Fig. 1. A compound was declared inactive when it became 
apparent that 50% inhibition would not be reached using 50 
times the amount of the reference inhibitor (1) that provided 
50% inhibition under the same experimental conditions. The 
phosphate buffer used in the radioimmunoassay contained cal- 
cium and manganese ions. An attempt to establish that the 
binding is dependent on these ions failed, in the sense that no 
detectable amount of activity was lost when the lectin was 
dialyzed, first against salt-free water, then against phosphate 
buffer 0.01 M in ethylenediamine tetraacetate, and finally with 
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TABLE 1. Noninvolvement of the p~GlcNAc unit 

Substituent 
50% Inhibition Relative AAGO 

Compound R R' R2 pnol/L potency kcal/mol 

Lewis b-related 
1 CH3 Ac OH 100 100 O 
2 (CH2),COOCH3 AC OH 73 137 -0.2 
3 (CH,),COOH H OH 116 86 0.09 
4 CH3 Ac H 106 94 0.03 

calcium-free (Chelex 100 (Bio-Rad) treated) phosphate buffer. 
Thus, the lectin may be neither calcium nor manganese ion 
dependent. Nevertheless, these ions were added to the buffered 
solution of the lectin that was used to coat the tubes and in the 
binding studies based on ultraviolet absorption. 

Shibata et al. (6) reported that the Leb-O(CH2)8COOC~3 
hapten (2) was somewhat less strongly bound (AAGO = 0.3 
kcal/mol) by the lectin than was the hexasaccharide Leb(l+= 
3)P~Ga1(1+=4)~Glc. This increase in binding must arise from 
nonspecific interactions since our inhibition data (Table 1) infer 
noninvolvement of the p~GlcNAc unit in the binding reaction. 
This condition, presumably, would extend to include the ag- 
lycon. In fact, as seen in Table 1, change of the aglycon from 
CH3 (1) to (CH2)8COOCH3 (2) provided an insignificant change 
in the inhibitor potency. De-N-acetylation of 2 and 5 to form 3 
and 6 also produced only minor effects on the inhibitor poten- 
cies, as did deoxygenation at the 6-position of the p~GlcNAc 
residue of 1 to form 4. These findings are in accord with the 
expectation, based on molecular modelling of the 'H nmr con- 
formers for the Leb and Y structures (1, 16), that the binding of 
these structures by the lectin should occur on the other end of 
the molecule where a topography common to both the Leb and 
Y structures can be recognized (4). 

Involvement of the fucosyl units in the binding reaction was 
established by the inhibition studies reported by Shibata et al. 
(6). The inhibitions (Table 2) provided by compounds 7, 8, 9, 
and 10 substantiate these observations and, furthermore, con- 
fm that the a~Fuc(1-4) unit (unit c5) present in compounds 
8 and 10 is more importantly involved in the binding reaction 
than is the a~Fuc(l+2) unit (unit d) which is present in the 
virtually inactive compounds 7 and 9. As will be seen below, 
the a~Fuc(1-4) unit provides one of the hydroxyl groups 
(OH-4') to the key polar grouping which is presented to the 
lectin by both the Leb and Y tetrasaccharides. The inactivities 

'AS previously done (3), the p~GlcNAc, PDGal, a~Fuc(l+4), and 
a ~ F u c ( l j 2 )  units of the Leb determinant are designated as the a, b, 
c,  and d units, respectively. 

of 7 and 9, therefore, result from the absence of this specific 
grouping in these compounds. In contrast, the complete "key" 
polar grouping is presented by the trisaccharides 8 and 10, and 
these compounds do show residual activities. 

As seen from the data presented in Table 2, replacement of 
the a~Fuc(1-2) unit of 1 by hydrogen to form 10 decreased 
the stability of the complex by 1.7 kcal/mol, and a greater 
decrease (by 2.1 kcal/mol) occurred when the substitution was 
by a methyl group to form 11. Thus it was tempting to surmise 
that the binding of the a~Fuc(l+2) unit was polar in character. 
However, it is seen that replacement of this group by the 
n-propyl group to form 12 led to a decrease in the stability of 
the complex of only 1.2 kcal/mol. This observation is made 
primarily to underline the hazards involved in drawing conclu- 
sions from limited data. 

A change in the structure of a hapten must be expected to 
cause a change in the total energy (enthalpy) of the system 
since the chemical change is bound to influence the hydration 
of both the free oligosaccharide and the complex that is formed. 
Thus, even the replacement of an hydroxyl group that is not 
involved in the complexing reaction by hydrogen may some- 
what influence the energetics of the reaction. In order to assess 
this situation, the 2b-alkoxymethyl derivatives 13, 14, and 15 
were examined. It was expected for reasons of the anomeric 
effect that these substituents would better imitate the 
a~Fuc(1-2) unit of the Leb structure than would the n-propyl 
group present in 12. Indeed, as seen in Table 2, the three 
alkoxymethyl compounds were better inhibitors than the n- 
propyl derivative 12, but only barely so for the ethoxymethyl 
(14) and isopropoxymethyl (15) analogs. On the other hand, 
the simple methoxymethyl derivative 13 was half as strong an 
inhibitor as the reference Leb compound (1). This result strong- 
ly suggested that the hydroxyl groups of the a~Fuc(1-2) unit 
of 1 are not involved in polar interactions within the complex. 
That this is, in fact, the case for 0H-2d and 0H-3d, as will be 
discussed below, is supported by the inhibition data presented 
in Table 3 for the deoxy compounds 19 and 20. The relatively 
lower activities displayed by the ethoxy (14) and isopropoxy 
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TABLE 2. Involvement of the ~ L F U C  units 

P O H  

Substituent 
50% Inhibition Relative AAGO 

Compound R; R: kmol/L potency kcal/mol 

Rf = (CH2)8COOCH3 
2 ( ~ e ~ )  a ~ F u c  a ~ F u c  73 137 -0.2 
7 (Led) H a ~ F u c  Inactive* - - 
8 (Lea) a ~ F u c  H 1263 8 1.5 

100 
Inactive t 

1724 
3571 
833 
197 
667 
556 

TABLE 3. Involvement of the a ~ F u c ( l + 2 ~ )  unit 

Substituent 
50% Inhibition Relative AAGO 

Compound R: R: R: R: Ri kmol/L potency kcal/mol 

(15) compounds as compared to 13 can be attributed to steric 
hindrance to these groups adopting the required orientation for 
the presentation of a surface similar to that presented by the 
CH- ld-~-5d-C~-6d region of the Leb tetrasaccharide. 

The inhibition data provided by the P~Ara(l+2) compound 
16 (Table 3) indicate that the CH3-6 group of the a~Fuc(l+2) 
unit is only marginally involved in the binding reaction. This 
result is in accord with the high activity possessed by the 
methoxymethyl compound 13, especially when it is considered 
that the methoxymethyl group is conformationally labile 
whereas the 'H nmr evidence requires the a~Fuc(l+2) unit to 
be held rigidly in place (3). In contrast, replacement of the 
CH3-6 group of the a~Fuc(l+4) unit by hydrogen to form the 

P~Ara(l+4) compound (17) provided a much weaker in- 
hibitor, with the stability of the complex decreasing by 1.0 
kcal/mol. The effect of replacing both the CH3-6 methyl 
groups by hydrogen produced a compound (18) with a potency 
in line with the potencies displayed by 16 and 17. Thus, these 
data indicate that the binding of the Leb tetrasaccharide in- 
volves strong interaction with H-1 and 0-5 of the a~Fuc(l+2) 
unit, the CH3-6 group of the a~Fuc(l+4) unit, and likely H-2 
of the a~Fuc(l+2) unit as well, because of its close proximity 
to the H-1 and 0-5 atoms of the same unit. The possibility of 
marginal involvement of the CH3-6d group suggests that 0H-4d 
of the a~Fuc(l+2)  unit may also be involved since it is very 
close to the 0-5d and H-2d atoms of the same unit which, as 
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Wave length (nm) 

FIG. 2.  Ultraviolet difference spectra of the lectin IV of Grzffonia 
sirnplicifolia, at 2S°C, complexed with a~Fuc(l+2)P~Gal( l+ 
~)[~LFuc(~+~)PDG~cNAc-OCH~ (1, spectrum A) and methoxymeth- 
y1(1+2)P~Ga1(1+3)[a~Fuc(1+4)]P~GlcNA~-OCH~ (13, spectrum 
B). The insets show the variation of the maximum absorbance change 
as a function of the concentration of both 1 and 13. The concentration 
of lectin binding sites was near 2 X lo-' M. 

discussed above, appear to be involved in the complexation. 
This possibility was tested by synthesis of the 4-deoxy com- 
pound 21. In fact, 21 proved to be slightly superior to 1 as an 
inhibitor. This enhancement suggests that if 0H-4d is indeed 
involved it is by way of a nonpolar interaction. This must 
surely be the case since the 4d-deoxy-4d-fluoro derivative of 1,  
namely, 22, proved to be twice as potent an inhibitor as is 1. 
Therefore, the Leb tetrasaccharide appears to be accepted by the 
lectin with 0H-4d hydrogen bonded either to the neighboring 
cis-0H-3d (or cis-0-5d) or to water but, in whatever the man- 
ner, to become engaged in the formation of the complex by way 
of a nonpolar interaction. It is unlikely that the fluorine atom 
of 22 acts as a proton acceptor in the complex formation since 
the 4d-deoxy compound 21 would then surely have been a much 
poorer inhibitor. 

As seen in Table 3, replacement of either 0H-2d or 0H-3d of 
the a~Fuc(l+2) unit to produce structures 19 and 20, re- 
spectively, led to inhibitors with about one-third the potency of 
1. As mentioned above with reference to 13, these hydroxyl 
groups are not required for the formation of a highly stable 
complex and, therefore, do not appear to be directly involved 
in the complexation reaction. However, as mentioned above, 
the deoxygenation of an oligosaccharide must have an influ- 
ence on the hydration shell of the compound and thereby, 

HG. 3. Computer drawn projections (HSEA calculation) of CPK 
models for the Lewis b (Leb) and Y determinants in their preferred 
conformations. The a, b, c ,  and d superscripts refer to atoms on the 
~DGIcNAc, PDGal, a~Fuc(l+4) ,  and a~Fuc(l+2)  units, re- 
spectively. The shaded areas represent regions that are bound by the 
lectin IV of Grrffonia sirnplicifolia. Note that these surfaces are 
present in both the structures, which react almost equally well with the 
lectin. The heavily shaded surface represents the cluster of hydroxyl 
groups that become involved in the key polar interaction. The lightly 
shaded area displays the surface that becomes engaged in nonpolar 
interactions. It is possible that hydrogen atoms on the P-side of the 
PDGal unit also become involved through nonpolar interactions that 
stabilize the complex. These atoms are not shown but reside just below 
the  OH-^^ and 0H-3b groups. 

indirectly, on the stability of the complex that is formed. On the 
other hand, it seems reasonable to expect that such a change 
may not affect the thermodynamics of the reaction in a dramatic 
fashion since the change in structure that results from a simple 
monodeoxy substitution is very small. To test this hypothesis, 
the thermodynamic parameters for the methoxymethyl(l+ 
2)~~Gal(1+3)[a~Fuc(1+4)]~~GlcNAcOCH~ (13) analog of 
Leb-OCH, (1) were determined. These data were obtained by 
measuring the effect of temperature on the association con- 
stants as determined by ultraviolet difference spectroscopy 
(Fig. 3). As seen from Fig. 2, the difference spectra are not the 
same. The complex formed with 1 showed a maximum absorb- 
ance at 289 nm in comparison to a maximum absorbance at 
290.8 nm for 13. Also, the shapes of the difference absorption 
spectra are different. This difference need not be taken as 
evidence that the conformation of the protein is importantly 
different for the complexes that are formed, since the difference 
in the structures complexed involves a change in the hydro- 
phobicity of a major substituent. Indeed, taken together with 
the thermodynamic data presented in Table 4, this difference in 
spectral change suggests that the ultraviolet absorption involves 
amino acid residues that are directly involved in forming the 
combining site. As seen from Table 4, the AH and AS terms 
for the binding of 13, where the a~Fuc(1+2) unit of 1 has been 
replaced by the simple CH,OCH, group, are very similar to 
those measured for 1. Therefore it seems reasonable to con- 
clude that the structures of the complexes are very similar and 
that these results lend support to our contention that the influ- 
ences on complex stability of 0.6-0.7 kcal/mol observed on 
deoxygenation at positions 2d or 3d to form 19 and 20 (structural 
changes that are smaller than that between 1 and 13) result only 
from indirect effects, and that 0H-2d and 0H-3d remain in 
contact with water. Therefore, in the interpretation of the effect 
of a deoxygenation on binding, we tentatively assign influences 
on the AAGO value of 0.4 ? 0.4 kcal/mol to indirect marginal 
effects on complex stability. As discussed above with reference 
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TABLE 4 .  Thermodynamic parameters for specific binding by the lectin IV of 
Gr~ffonia simplicifolia* 

AH AS TAS t AGOt 
K~ssoct kcal/mol cal/mol/K kcal/mol kcal/mol 

~~Fuc(I+2)~~Gal(1+3)[a~Fuc(l+4)~~~GlcNAc-OCH~ (1, Lewis b-0CH3) 
4 . 4  2 0 . 3  x lo4 - 13 - 22 -6.6 -6 .4  

*Determined from the change in ultraviolet absorption at 25O, 35", and 45°C for both 
compounds, and also at 15OC for 1. 

t At 298 K .  

TABLE 5.  Involvement of the a~Fuc( l+4")  unit 

Substituent 
50% Inhibition Relative AAGO 

Compound Rf R i  R; R l  pmol/L potency kcal/mol 

1 (Leb) OH OH OH CH3 100 100 0 
17 OH OH OH H 530 19 1 .O 
23  H OH OH CHs 33 1 30 0 . 7  
24 OH H OH CH3 390 26 0 . 8  
25 OH OH H CH3 Inactive* - - 

26 OH OH F CH3 5555t 2 2 . 4  

* 13% at 3460. 
t By extrapolation. 

to 7 and 9 (Table 2), a deoxygenation which results in an 
essentially inactive compound (AAGO > 2.3 kcal/mol com- 
pared with the parent tetrasaccharide) is interpreted as meaning 
that the hydroxyl group which was replaced becomes directly 
involved in a key polar interaction for complex formation. 
Deoxygenations which provide compounds with AAGO values 
in the range 0.8-2.3 kcal/mol are then interpreted as being 
engaged in the complexation reaction through polar inter- 
actions that are not of crucial importance to the formation of a 
complex. 

In certain cases, deoxygenation leads to a superior inhibitor. 
This has been demonstrated for the lectin I of Ulex europaeus 
(2, 10) and the monoclonal anti-I Ma antibody (9), and now 
observed for 21. In such cases, the hydroxyl group that was 
replaced by hydrogen must become involved in nonpolar inter- 
actions with its environment in the complex. In the case of the 
binding by the anti-I Ma antibody (9), the trisaccharide is 
undoubtedly accepted with the hydroxyl group at the 3-position 
of the p~GlcNAc unit intramolecularly hydrogen bonded. In 
the case of the Ulex lectin, the circumstantial evidence for 
intramolecular hydrogen bonding appears convincing. There- 
fore, whenever enhancements in binding are observed as the 
result of a specific monodeoxygenation of an oligosaccharide, 
it is expected that the hydroxyl group acts as a proton donor to 
hydrogen bond formation either with the aqueous environment 
for the resulting complex or intramolecularly with a suitable 
proton acceptor but not with a' proton acceptor that is provided 

by the protein. To date, whenever such enhancements have 
been observed, the hydroxyl group has been either sterically 
well disposed for intramolecular hydrogen bonding with a 
neighboring atom that can serve as a proton acceptor or can 
assume a? orientation that provides the necessary (about 
2.7-3.0 A) oxygen-to-oxygen internuclear distance by way of 
a low-energy conformational change (1 I). Whether or not in- 
tramolecular hydrogen bond formation actually occurs may be 
tested in a number of ways. In the instance of a rigidly held 
cis-glycol grouping, replacement by hydrogen of the hydroxyl 
group that serves as the proton acceptor should have a delete- 
rious effect on binding and this has been observed (11). In 
contrast, replacement by fluorine should have little if any effect 
but this remains to be examined. On the other hand, both the 
replacement of the hydroxyl group that serves as proton donor 
by hydrogen or fluorine should lead to a relatively stronger 
inhibition and this has been observed not only for compounds 
21 and 22 but also in another similar situation (1 I). A consid- 
eration of a situation wherein intramolecular hydrogen bond 
formation appears to involve important conformational 
changes is reserved for the discussion of the binding of the Leb 
tetrasaccharide (1) by a monoclonal anti-Lewis b antibody 
(1 1). 

The effects of changes in the structure of the a~Fuc(l-t4) 
unit of 1 are presented in Table 5. The evidence for important 
involvement of the CH3-6 group was presented in connection 
with Table 3. The hydroxyl groups at positions 2 and 3 appear 
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TABLE 6 .  Involvement of the PDGal unit 

Substituent 
50% Inhibition Relative AAGO 

Compound R: R: R: pmol/L potency kcal/mol 

100 100 0 
Inactive* - - 
Inactive? - - 

110 9 1 0 .06 

contrast, replacement of the  OH-^^ group by hydrogen to form 
29 had little influence on the stability of the complex and, 
therefore, this hydroxyl group appears to remain in contact with 
the aqueous phase. 

The conclusions reached in this study are summarized in 
Fig. 4, where the 3-dimensional models for the Leb and Y 
tetrasaccharides are projected. Our nrnr studies (1, 3, 16) re- 
quire that these structures be rigidly held in the conformations 
shown, which were produced by HSEA calculation (I). It is 
seen that the topography of the Leb determinant, which our 
interpretation of the inhibition data indicates to be directly 
involved in interaction with the protein to stabilize the com- 
plex, is also present in the Y determinant. This correspondence 
lends strong support to the interpretations of the inhibition data 
that led to these conclusions. 

It is to be noted that the topography that is recognized by the 
lectin is amphiphilic in character in that it possesses a polar 
cluster formed by 0H-3b,  OH-^^, and OH-4' adjacent to a 
relatively large lipophilic surface that is essentially nonpolar 
except for 0H-4d. However, 0H-4d was found to become en- 

1 1 ~  x lo3 gaged with the protein by way of a nonpolar interaction and 
perhaps intramolecularly hydrogen bonded to 0H-3d (or 0-5d). FIG. 4 .  The van't Hoff plot of the effect of temperature on the 

association constants for the binding by the lectin IV of Gr~ffonia Thus, it appears that the Leb determinant is accepted by a 

simplicifolia with aLFuc(l+2)PDGal(l+3)[aLFuc(l+4)1~D~lc- shallow amphiphilic combining site at the surface of the lectin. 
NAc-OMe (1) and methoxy methy l(I+2)P~Gal( 1+3)[a~Fuc( 1+4)1- Judging from the large decrease in entropy (Table 4) which 
PDGIcNAc-OMe (13). The equilibria were determined at near 25OC, Occurs, considerable organization of the system is required to 
35"C, and 45°C for both compounds and also at 15OC for 1 .  form the complex. The freeing of water from the nonpolar 

not to be directly involved in the binding reaction since their 
replacement by hydrogen to form 23 and 24 provided com- 
pounds that still retained a third of the inhibitory potency of 1. 
In contrast, replacement of OH-4' by hydrogen led to the virtu- 
ally inactive compound 25. Therefore, OH-4' is considered 
to be involved in a key polar interaction. This involvement 
may be as a proton donor to complex formation since the 
4'-deoxy-4'-fluoro compound 26 is also essentially inactive. 
Thus, the data indicate that only the CHOH-4'- CH3-6' portion 
of the cx~Fuc(l+4) unit of 1 becomes directly involved in the 
binding reaction. 

The manner in which the PDG~I unit of 1 becomes involved 
in the complex is at once apparent from the data presented in 
Table 6. Obviously, both 0H-3b and 0H-4b contribute to the 
key polar interaction since both 27 and 28 are inactive. In 

regions of theamphiphilic surfaces that interact to form the 
complex should lead to an increase, not a decrease, in entropy. 
Perhaps the organization of a conformationally highly labile 
protein into a specific conformer may be all that is needed to 
account for most of the decreases in entropy that are observed 
in these complexation reactions (10). It is important to note in 
this regard that complex formation results in response to a 
demand made on the system by an essentially rigid oligo- 
saccharide. 

The relative contributions to the stability of the complex 
made by the polar and nonpolar interactions are not known 
although there can be no doubt that the nonpolar contribution 
is most important (10). Nevertheless, it seems definitely estab- 
lished (9-12) that the integrity of the polar interaction is of 
crucial importance to complex formation. This situation need 
not mean that the polar interaction contributes importantly to 
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the stability of the complex. Indeed, it would be exceedingly 
surprising if it did, unless both prior to and after binding the 
polar grouping provided by the protein was imbedded in a 
hydrophobic well at the surface of the protein (17). However, 
this does not appear to be the case since neighboring hydroxyl 
groups (OH-6b,  OH-^^, and OH-3') appear to remain in contact 
with the aqueous phase after the complex has formed. On the 
other hand, the polar complex after it has formed could be 
inside a narrow hydrophobic cleft presented by the protein 
should the nonpolar P-side of the PDGal unit also become 
involved in the formation of the complex. Compounds de- 
signed to test this possibility were not synthesized. Never- 
theless, this possibility does not appear attractive, primarily 
because the bringing of the polar complex into a hydrophobic 
pocket must be expected to be highly demanding in energy and 
this energy would have to be compensated by the additional 
nonpolar interactions gained through interaction with the rela- 
tively small nonpolar surface that is present on the P-side of the 
PDGal unit. As previously suggested (2, 14, 16), it is consid- 
ered that the main source of the stability of the complex derives 
from changes in dispersion forces of attraction. The "hydrated 
polar group gate effect" (18) proposes that the sum of these 
forces of attraction between the complementary surfaces that 
interact to form the complex is greater than the sum of the 
dispersion forces between the separated surfaces and the sur- 
rounding water molecules. This condition is expected to arise 
from water seeking its own structure when interacting with 
amphiphilic surfaces (1 9). 

Experimental 
The syntheses and characterization of the compounds used in the 

: inhibition studies will be reported separately (7). 

Buffers 
All at pH 7.2 adjusted either with HCI or NaOH. 
I. 0.08 M in Na2HP04, 0.02 M in KH2P04, 0.15 M in NaCI, 

' 0.015 M in NaN,, 0.5 mM in Na2S204, and 0.14 mM in CaCI,. 
11. 0.072 M in Na2HP04, 0.028 M in NaH,P04, 0.15 M in NaCI, 

3 mM in NaN?, 0.1 mM in CaCI,, and 0.1 mM in MnC1,. 
111. 7.8 mM in Na2HP04, 2.2 mM in KH2P04, 15 mM in NaN?, 

and 0.15 M in NaCI. 

Lectin IV of Griffonia simplicifolia 
The lectin was prepared in a manner closely analogous to that 

reported by Shibata et al. (6). Finely ground seeds (500 g) were stirred 
at room temperature for 15 min with 1 L of methanol and recovered 
by filtration. This extraction was repeated 6 times and then the residue 
was extracted 3 times with dichloromethane (3 X 1 L). After drying, 
the grey meal (280 g) was stirred for 2 h at 4°C with 2 L of buffer I 
solution. The solids were collected by centrifugation and extracted a 
second time under the same conditions with buffer 1 (1.5 L). The 
aqueous extracts were combined and 170 g/L of solid (Nb),SO4 were 
added, always keeping the solution at 4OC. The solids that precipitated 
were removed by centrifugation and more solid (NH4),S04 (130 g/L) 
was added. After standing at 4'C for 16 h, the precipitate which had 
formed was collected by centrifugation, dissolved in buffer I (70 mL), 
and this solution was dialyzed against two changes of the buffer (4 L) 
each for 24 h using dialysis tubing (Fisher Scientific seamless cellu- 
lose with a 12 000 m. wt. cutoff). The resulting solution (225 mL) was 
then absorbed using Synsorb-Leb (Chembiomed Ltd., University of 
Alberta) in the following manner. Always at 4OC in the cold room, an 
aliquot (50 mL) was passed down a column of the immunoadsorbent 
(25 g) in 1 h and the column was washed with 1.4 L of buffer I. At 
this point the eluate showed an absorbance at 280 nm of less than 0.03. 
A solution 0.1 N in acetic acid and 0.015 N in NaCl was then passed 
down the column while collecting 13-mL fractions of the eluate. The 
fractions which showed absorbance at 280 nm greater than 0.1 were 

combined and brought to pH 7.0 using 1 N NaOH. The solutions from 
the various chromatograms were combined (750 mL) and dialyzed 
using an ultrafiltration membrane (Diaflo PM10, Amicon) against 
phosphate buffer I1 to provide 400 mL of a solution which showed 
absorbance of 1.15 at 280 nm. The solution was then passed through 
a column of Synsorb A (30 g) followed by a column of Synsorb B 
(30 g) using buffer I1 as eluent. The protein-containing fraction was 
then concentrated by ultrafiltration to an absorbance of 2.0 ( 175 mL). 
The behavior of the protein on polyacrylamide gel electrophoresis was 
identical to that published (6) for the lectin IV of Grzffonia sim- 
plicifolia and showed no evidence of other proteins. 

Solid-phase radioimmunoassay 
The procedure was essentially that briefly reported by Young et al.  

(15). The 2-mL polystyrene vials (Simport Plastics, Montreal) were 
coated using 0.15 milliliters per tube of a solution of the lectin in 
buffer 11, which showed an absorbance of 0.1 at 280 nm and which 
corresponds to about 60 p,g/mL of the lectin. The incubation was 
overnight at 4OC. The coating of the tubes was then completed by 
incubation at room temperature for 2 h with 0.2 mL of a 15% solution 
of BSA in buffer 11. The tubes were then washed by the addition of 
a 1% solution of BSA in the same buffer, followed by aspiration, and 
air dried for 30 min prior to use. The '251-labelled ( L e b ) 1 9 - ~ ~ ~  
artificial antigen (54 ng/mL in buffer 111 prepared by the iodogen 
procedure (20)) was purchased from Chembiomed Ltd. and usually 
produced near 200 000 cpm/100 p,L It was not used after the radio- 
activity had diminished to less than 160 000 cpm. The radioactivity of 
a coated tube after incubation at room temperature (23°C) and washing 
with buffer I1 was about 120 000 cpm. The solution of the inhibitor 
in buffer I1 (50 p,L) was added to the tube and this was immediately 
followed by addition of 100 p,L of the labelled antigen. All runs were 
done in triplicate and the measured radioactivities (Beckman 4400 
gamma counter) were averaged for calculation of the % inhibition 
obtained in a given run. The 50% inhibitions were estimated using 
plots as shown in Fig. 1. Whenever 50% inhibition was achieved, the 
value obtained was checked in at least one separate similar run using 
concentrations of the inhibitor near the amounts required for 50% 
inhibition. In the case of separate runs, the amount of the reference 
inhibitor required to provide 50% inhibition was divided by the 
amount of the inhibitor that also provided 50% inhibition in order to 
obtain the relative potency under the prevailing experimental condi- 
tions. These relative potencies agreed well from run to run, as can be 
gauged from the data plotted in Fig. I .  To arrive at the points marked 
with an asterisk, the amounts of 1 required to reach 50% inhibition in 
separate runs were brought to a common value. It is noteworthy that 
the AAGO value of 0.4 kcal/mol calculated for the 50% inhibition data 
for compounds 1 and 13 (Table 2) is in good agreement with the value 
of 0.2 kcal/mol determined in the solution binding studies at 25OC 
(Table 4). 

Ultraviolet dzfference spectroscopy (ref. 2 1) 
The spectra were recorded on a Cary-210 spectrophotometer with 

both the sample and the reference base thermostated by circulating 
water. A solution of the lectin (750 p,L in buffer 11) having near 
1.0 was placed in both sample and reference semi-micro cells and a 
baseline was recorded into the instrument memory for automatic dig- 
ital subtraction from subsequent spectra. The experiment was then 
initiated by addition of an aliquot (1 - 16 p,L) of a solution of the 
oligosaccharide (5 X M in buffer 11) to the sample cell and the 
addition of an identical volume of buffer to the reference cell. The 
contents of the cells were then briefly mixed with a Teflon rod and the 
solutions were allowed to equilibriate until a stable difference spec- 
trum was obtained, usually within 20-30 min. Spectra were then 
recorded at a scan rate of 3 nm/min. In a typical titration experiment, 
sequential additions of I, l , 2 , 4 ,  8, and 16 p,L of the oligosaccharide 
solution were made with the oligosaccharide concentrations, and addi- 
tion volumes, selected to provide difference spectra where the per- 
centage of the lectin bound ranged from 20% to 80%. 'The temperature 
was recorded at several places along the titration curve using a therm- 
istor probe inserted directly into the sample cell and was found to be 
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constant to within +O.l°C. The difference spectra obtained in the 
above experiments were corrected for absorption due to the oli- 
gosaccharide alone, values which were determined in separate experi- 
ments and which, in all cases, amounted to less than 10% of the 
observed difference spectrum. Each titration experiment was repeated 
at least once. 

The difference spectra were positive (Fig. 2) with the maximum 
absorbance changes occurring at 289.0 nm for binding with the Leb 
tetrasaccharide (1) (E = 1800 M-'  cm-') and 290.8 nm for its analog 
(13) (E = 1680 M-' cm-I). The values of the equilibrium binding 
constants were determined from the slope and intercept of a Scatchard 
plot (22) and based on the assumption that the two lectin subunits bind 
independently. Since the Scatchard plots were linear, this assumption 
seems justified. 

The extinction coefficient of the lectin was estimated by weighing 
a lyophilized sample of the affinity purified protein, which had been 
exhaustively dialyzed against distilled water. This method gave E:: 
= 17, which corresponds, based on a molecular weight of 58 000 for 
the lectin (6), to = 1 X 10' M-' cm-I. 
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Molecular recognition. 111. The binding of the H-type 2 human blood group 
determinant by the lectin I of Ulex europaeus 
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OLE HINDSGAUL, DEVESHWARI P. KHARE, MIMI BACH, and RAYMOND U. LEMIEUX. Can. J. Chem. 63, 2653 (1985). 
Using a radioimmunoassay to measure the relative potencies of a wide range of chemically modified structures related to 

the H-type 2 human blood group determinant, evidence was accumulated that the binding of a~Fuc(l-+2)P~Gal(1-+4)- 
PDGIcNAc-OMe by the lectin I of Ulex europaeus involves a wedge-shaped amphiphilic surface which extends on one side 
of the molecule from the methoxy aglycon to OH-3 of the PDGal unit. A cluster which involves OH-3, OH-4, and OH-2 of 
the a ~ F u c  unit along with OH-3 of the PDGal unit provides the polar interactions with the lectin. However, only OH-3 and 
OH-4 of the a ~ F u c  are indispensable to complex formation and are regarded as providing the key polar interaction. The binding 
reaction involves both a decrease in enthalpy of 29 kcal/mol and a decrease of 68 cal/mol/K in entropy. It is submitted that 
the main source of the decrease in enthalpy is the establishment of nonpolar interactions that extend from the aglycon over the 
nonpolar portion of the P-side of the PDGlcNAc unit and on to include a major portion of the a-side of the a ~ F u c  unit. The 
binding of the p~GlcNAc unit includes OH-6 intramolecularly hydrogen bonded to 0 - 5  in order to extend the nonpolar 
interactions to the a-side of this unit and perhaps beyond. The decreases in enthalpy (6.0 kcal/mol) and entropy (2.7 
cal/mol/K) which occur on the binding of methyl a-L-fucopyranoside are much smaller than for the H-type 2 trisaccharide 
and are compatible with the much smaller surface that interacts to form the complex. The inhibition data obtained using a range 
of structures related to methyl a-L-fucopyranoside are in general accord with expectations based on the results obtained with 
the more complex structures. 

OLE HINDSGAUL, DEVESHWARI P. KHARE, MIMI BACH et RAYMOND U. LEMIEUX. Can. J. Chem. 63, 2653 (1985). 
Utilisant un essai radioimmunologique pour mesurer la puissance relative d'un grand nombre de composCs chimiquement 

modifiCs et apparent& au dkterminant du groupe sanguin humain de type H-2, on a accumult des donntes suggkrant que la 
liaison du a~Fuc(lk+2)P~Gal(1-+4)P~GlcNA~-OMe avec la lectine I de 1'Ulex europaeus implique une surface amphiphile 
en forme de coin qui s'Ctend sur un c6tC de la molCcule du groupement mCthoxyle de I'aglycone jusqu'au groupement OH-3 
de I'unitk P D G ~ ~ .  Un aggrkgat impliquant les groupements OH-3, OH-4 et OH-2 de ]'unit6 a ~ F u c  ainsi que le groupement 
OH-3 de I'unitC PDGal est responsable des interactions polaires avec la lectine. Toutefois, seuls les groupements OH-3 et OH-4 
de I'unitC ~ L F U C  sont indispensables i la formation d'un complexe et on les considkre comme les ClCments clCs des interactions 
polaires. La reaction de liaison implique B la fois une diminution d'enthalpie de 29 kcal/mol et une diminution d'entropie de 
68 cal/mol/K. On pense que la diminution d'enthalpie est due principalement B I'existence d'interactions non polaires qui vont 
de I'aglycone qui se trouve au-dessus de la portion non polaire de la face P de I'unitC PDGlcNAc et qui incluent aussi une partie 
importante de la face a de I'unitC ~ L F U C .  La liaison de l'unitk PDGIcNAc comprend le groupement OH-6 qui est l i t  par des 
liaisons hydrogknes intramolCculaires au 0 - 5  de faqon ?i Ctendre les interactions non polaires i la face a de cette unit6 et peut 
&tre m&me au-deli. Les diminutions d'enthalpie (6 kcal/mol) et d'entropie (2,7 cal/mol/K) qui sont observkes lorsqu'il se 
produit une liaison de I'a-L-fucopyrannoside de mCthyle sont plus faibles que celles qui sont observCes avec le trisaccharide 
he type H-2; ces valeurs sont compatibles avec le fait que la surface impliqute pour former des complexes est beaucoup plus 
petite. Les donnks concernant le pouvoir inhibiteur qui ont CtC obtenues en utilisant une grande variCtt de structures 
apparentkes au a-L-fucopyrannoside de mCthyle sont en gCnCral en accord avec les hypothtses fondCes sur les risultats obtenus 
avec des structures plus complexes. 

[Traduit par le journal] 

Introduction 
The lectin I of Ulex europaeus (common gorse) was found 

(1) to agglutinate 0 human red cells and proved to be a useful 
reagent for the classification of people of the 0 blood group as 
secretors or nonsecretors (2). This proved to be a fortunate 
circumstance, which is now known to arise because the lectin 
has a strong affinity for the H-type 2 determinant (a~Fuc(l+ 
2)P~Ga1(1+4)PDGlcNAc--) but does not recognize the H-type 
1 determinant (a~Fuc(l+2)~~Gal(l+3)~~GlcNAc--) (3). 
The lectin is available commercially and its binding character- 
istics have received major previous attention (4). Our recent 
studies (5-7) of the binding of oligosaccharides by lectins and 
antibodies have shown that complex formation may require a 
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polar interaction involving hydroxyl groups that are present in 
different sugar units. In such cases, the protein binds neither 
the simple sugars that make up the oligosaccharides nor their 
methyl glycosides. Thus, binding of the H-type 2 determinant 
by the lectin 1 of Ulex europaeus was of special interest since 
it was known (4) that both fucose and methyl a-L-fuco- 
pyranoside are effective as inhibitors of the agglutination of 0 
red cells by the lectin. 

Recently, we reported on the ability of a number of modified 
H-type 2 structures to inhibit the agglutination of 0 red cells 
(8). This study c o n f i e d  that the acetamido group is not in- 
volved in the binding reaction (4). Also, it became apparent 
that neither OH-3 of the p~GlcNAc unit nor OH-4 of the PDGal 
unit interact with the protein. Structural changes involving the 
a ~ F u c  were not extended beyond replacement of its CH3-6 
group by hydrogen. It was concluded that the binding involves 
the recognition by the lectin of a wedge-shaped lipophilic sur- 
face which includes OH-6 of the p~GlcNAc unit intra- 
molecularly hydrogen bonded to 0-5. We now wish to report 
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TABLE 1. Inhibition of the binding of an H-type 2 artificial antigen by the Lectin I of Ulex europaeus. Involvement of 
the p~GlcNAc-OR portion of 1 

Substituent 
50% Inhibition Relative AAGO kcal/mol 

Compound R R1 R~ R3 pmol/L potency at 23°C 

1 CH3 NHAc OH OH 
2 (CHz)sCOOCH, NHAc OH OH 
3 (CH2)sCOOH NH2 OH OH 
4 (CHz)sCOOCH3 NHAc H OH 
5 (CH2)8COOCH3 NHAc a~FucO OH 
6 (CHz)8COOCH3 NHAc OH H 

*Based on the previous observation (8). 

a continuation of these studies but using a solid-phase radio- 
immunoassay to determine relative inhibition potencies. This 
paper includes the examination of the eight possible mono- 
deoxy derivatives of the H-type 2 determinant a~Fuc(l+2)- 
P~Gal(l+4)p~GlcNAc (9). Also, a wide number of deriva- 
tives of methyl a-L-fucopyranoside were examined. 

In our previous study (8), the inhibitors were synthesized 
with (CH2),COOCH3 as aglycon. A number of these com- 
pounds were used in this investigation but most of the struc- 
tures are new (9) and contain the simple methyl group as 
aglycon. In Tables 2 and 3, the reference inhibitor for the 
expression of relative potencies is the methyl glycoside (1) of 
the H-type 2 trisaccharide and the sugar units are labelled a, b, 
and c, as shown. The formula for 1 is drawn as a projection that 

NH Ac 

1 

imitates the conformational preference suggested by HSEA 
calculation and supported by 'H nmr (10, 11). It is noteworthy 
in this regard that the lectin IV of Griffonia simplicifolia binds 
the Lewis b and Y determinants nearly equally well and that 
this finding is in agreement with the conformational analyses, 
based on 'H nmr, for these two structures (5). We therefore 
have confidence that the conformer for 1 with +b/$b = 550/0° 
and q/v = 50°/15" (1 1) well represents the compound in 
aqueous solution. Furthermore, the 'H and I3C nmr parameters 
found (9) for the various modifications of 1 used in this study 
indicate that this conformational preference is maintained. The 
specific deshielding of H-5 of the a ~ F u c  unit by 0-4 of the 
PDGIcNAc unit (8, 11) supports our contention that these are 
rigidly held conformers. 

Results and discussion 
The radioimmunoassay used to determine the inhibition data 

presented in Tables 1 - 4  was described in detail in paper I1 of 
this series (5) and the 50% inhibitions proved reproducible to 
within +5% of the values listed. 

The results   resented in Table 1 confirm the conclusions 
reached in our previous publication (8). Previously, the activity 
of the Y determinant (5) was taken as evidence that OH-3" is 
not involved in the binding reaction. On the basis of the criteria 
set for noninvolvement of a hydroxyl group (5), this conclusion 
is now confirmed by the high potency displayed by the 
3"-deoxy derivative 4. The fact that 2 is only slightly more 
active than 1 suggests that binding of the aglycon does not 
extend importantly beyond the aglyconic carbon grouping, as 
was found, for example, for the anti-I Ma antibody (12). In 
contrast, in the case of a monoclonal anti-Lewis b antibody (6), 
the change in aglycon from CH, to (CH2)8COOCH3 increased 
the potency by a factor of 6.5. As previously reported (8), 
deoxygenatioi of the CH20Ha group importantly increased the 
potency. On the basis of the presently used radioimmunoassay, 
elimination of the requirement of OH-@ to become intra- 
molecularly hydrogen bonded to 0-5" increases the potency by 
a factor of 3.5 and, therefore, appears to increase the driving 
force for reaction by about 0.75 kcal/mol. Replacement of the 
PDG~CNAC-O(CH~),COOCH~ portion of 2 by the O(CH&- 
COOCH, group led to the much less potent inhibitor 7. How- 
ever, replacement by an hydroxyl group provided an even 
weaker inhibitor (8). These results were not surprising since it 
had become evident that binding about the aglycon of the 
PDGal unit of 1 is extensive and nonpolar in nature (8). Evi- 
dently, the (CH2),COOCH3 group of 7 does not well provide a 
conformation that is complementary to the hydrophobic cleft of 
the lectin which binds the p~GlcNAc unit of 1. 

As seen from Table 2 and as previously noted (8), the 
4b-epimer of 2, namely, 10, is only about twice less active than 
2. This observation was interpreted as noninvolvement of OH- 
4b and, therefore, probably also 0H-6b. This latter prediction is 
now confirmed by the high potency displayed by the 6b-deoxy 
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TABLE 2. Inhibition of the binding of an H-type 2 artificial antigen by the lectin I of Ulex europaeus. Involvement 
of the PDGal unit of 1 

HNAc 

R' 

M ~ @ ~ ~  

HO OH 

Substituent 
50% Inhibition Relative AAGO kcal/mol 

Compound R R' R2 R3 R4 pmol/L potency at 23°C 

* Relative to 2 (Table 1 ) .  

TABLE 3. Inhibition of the binding of an H-type 2 artificial antigen by the lectin I of Ulex europaeus. Involvement 
of the aLFuc unit of 1 

HNAc 

Substituent 
50% Inhibition Relative AAGO kcal/mol 

Compound R R' R' R' R4 pmol/L potency at 23°C 

1 CH3 OH OH OH CH3 9 100 0 
12 CH3 H OH OH CH3 1420 0.63 3.0 
13 CH3 OH H OH CH3 16000* 0.06 4.4 
14 CH3 OH OH H CH3 Inactive? - - 
15 (CHZ)8COOCH3 OH OH OH H 160 3.8$ 1.9 
16 ~LFuc-OCH~ 950 0.95 2.7 
17 P~Ara-ocH, 42000 0.02 5.0 

*Extrapolated from 20% inhibition at 4400 and classified as inactive. 
t 8% Inhibition at 4400. 
$Relative to 2 (Table 1). 

compound (11). On the other hand, deoxygenation of the OH- 
3b position of 1 to form 9 decreased the potency by a factor of 
40. Thus, 0H-3b is importantly involved in a polar interaction 
with the combining site. For reasons previously discussed ( 5 ) ,  
a polar interaction that is not essential to complex formation is 
not included in the so-called key polar interaction. As will be 
seen below, OH-2', which projects in space close to 0H-3b, is 
also involved in an important but not essential interaction with 
the lectin. 

The effects on binding that arose from modifications of the 
a ~ F u c  unit are reported in Table 3. It is seen at once that all 
three hydroxyl groups become involved in polar interactions 
with the lectin. However, only deoxygenation at positions 3' 
and 4' yielded essentially inactive compounds, namely, 13 and 
14. In contrast, replacement of OH-2' of 1 by hydrogen to 
produce 12 caused a marked decrease in potency but the com- 

pound retained an activity near that of methyl a-L-fuco- 
pyranoside (16). Judging from the AAGO values, this complex 
is nearly 3 kcal/mol less stable than that formed from 1. As will 
be discussed in more detail below, OH-2' projects close to 
 OH-^^ and these two hydroxyl groups appear to form a polar 
grouping adjacent to the key polar grouping provided by OH-3' 
and OH-4'. Important involvement of the CH,-6' group is indi- 
cated by the large decrease in potency that results from the 
replacement of this group in the inhibitor 2 (Table 1) by hydro- 
gen to form 15. This observation is confirmed by the large 
difference in the inhibitions provided by methyl a-L-fucopyra- 
noside (16) and methyl P-D-arabinopyranoside (17), the latter 
compound being essentially inactive. 

The results obtained using a variety of derivatives of methyl 
a-L-fucopyranoside (16) are reported in Table 4. As was to be 
expected from the results obtained using the 3'- and 4'-deoxy 
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TABLE 4. Inhibition by L-fucose and derivatives of the binding of an H-type 2 artificial antigen by the lectin 
1 of Ulex europaeus 

Substituent 
50% Inhibition Relative AAGO kcal/mol 

Compound R'  R2 R3 R4 ~ ~ m o l / L  potency at 23°C 

OH OH H 950 
OH OH H 7300 
H OH H Inactive* 
F OH H 31000 
OH H H Inactive* 
OH F H Inactive* 
OH OH CH3 lnactivet 

*Inactive at 55 000. 
t Inactive at 35 000. 

TABLE 5. Thermodynamic parameters for binding by the lectin I of Ulex europaeus 

~ L F u c - O C H ~  (16) 6.4 * 0.2 x lo3 M-' -6.0 -2.7 -5.2 
H-type 2-0CH3 (1) 1.8 * 0.8 X lo6 M-' - 29 -68 -8.5 

'At 298 K. 

derivatives of 1, namely, 13 and 14 (Table 3), the 3-deoxy (19) 
and 4-deoxy (21) derivatives of 16 proved inactive. In the case 
of the 2-deoxy derivative (18) of 16, substantial residual activ- 
ity (13% of 16) was found. This decrease in activity is much 
less than that observed on deoxygenation of 1 to form the 
2'-deoxy derivative 12 where the decrease in potency was to 
less than 1% that of 1. It appears, therefore, that the combining 
site formed to accept 1 with the establishment of a polar inter- 
action with the 0H-3b-O~-2c grouping is not completed for 
the acceptance of the simple methyl a-L-fucopyranoside (16). 
In fact, the thermodynamic data presented in Table 5 strongly 
support this indication that the extent of the organization of the 
lectin to accept 1 is much greater than that feu the acceptance 
of 16. It is seen that the decrease in entropy to form the com- 
plex with the trisaccharide 1 involves 68 entropy units in con- 
trast to only 2.7 entropy units for the simple methyl 
a-L-fucopyranoside. These thermodynamic parameters were 
determined by measuring the change in ultraviolet absorption 
(A286-A29D nm) under the same experimental conditions de- 
scribed in our study of the lectin IV of GrifSonia simplicifolia 
(5). In contrast to the experience with this lectin, the difference 
ultraviolet spectra for the binding of 1 and 16 by the Ulex lectin 
were very similar. Experimental details and the discussion of 
the results obtained using 1, 16, and a number of other stmc- 
tures that are bound by Ulex are reserved for a separate commu- 
nication (1 3). 

It is considered interesting to note that the thermodynamic 
parameters for the binding of oligosaccharides by a variety of 
lectins have recently appeared in the literature. Some of the 
findings are summarized in Fig. 1 where it is seen that a fairly 
linear relationship exists between the AH and TAS terms. It 
appears, therefore, that any gain in complex stability resulting 

from a decrease in enthalpy is always accompanied by some 
cancelling from a decrease in entropy. Thus, it can be expected 
that the larger the combining site, the greater the effort may be 
for organization as reflected by a greater decrease in entropy. 
The thermodynamic parameters reported herein for the Utex 
lectin and those pre$ously reported (5) for the lectin IV of 
Griffonia simplicifolia appear in accord with this observation. 
The findings for 1 (Table 5) are the highest values reported to 
date (AH = -29 and TAS = -20 kcal/mol at 25OC). 

Returning to Table 4, it is seen that replacement of either 
OH-3 or OH-4 of 16 by fluorine, to form 20 and 22, led to 
essentially inactive compounds. It is likely, therefore, that 
these key hydroxyl goups act as proton donors in the complex 
formation. 

As previously mentioned (8), the a-side of an a-L-fuco- 
pyranosyl group presents substantial nonpolar surface to its 
environment. As noted above, the CH3-6 group of both 1 and 
16 appears involved in the binding reaction and this result 
wouldbe in keeping with the Ulex lectin recognizing the non- 
polar a-side of the ~ L F U C  unit. That this is the case is supported 
by the fact (Table 4) that ~LFuc-OCH~ (16) is much more 
strongly bound than its p-anomer (24). In fact, even free 
L-fucose (25) is more strongly bound than is 24. Evidently 0-1  
of L-fucose becomes involved in the binding reaction but this 
must surely be by way of a nonpolar interaction since 16 is 
about 5 times more potent than 25 as an inhibitor. It is apparent, 
therefore, that the binding of 16 involves a polar interaction 
between OH-3 and OH-4 with a polar grouping provided by the 
lectin and which allows the establishment of nonpolar inter- 
actions between a complementary surface provided by the pro- 
tein and the surface of 16 defined by H-3, H-4, H-5, CH3-6, 
0-1, and the methyl aglycon. In order to test this hypothesis, 
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1 FIG. 1. A plot of selected literature values for the changes in en- 

1 thalpy and entropy at 25°C which occur on the binding of a variety of 
carbohydrates by a variety of plant lectins. Lectin I of Ulex europaeus: 
O a~Fuc(l+2)P~Gal(l+4)pd3lcNA~-OMe (this work); 0' a ~ F u c -  

. , 
OMe (this work). Lectin IV of Griffonia simplicijolia: aLFuc- 
(~+~)PDG~~(~+~)[~LFUC(~+~)]PDG~~NAC-OM~ (5); a' Methoxy- 
methyl(l+2)~~Gal(l+3)[a~Fuc(l+4)]~~GlcNA~-OMe (5). Pea- 
nut agglutinin: P~Gal(l+4)PDGlc-oMe (14); 0' PDG~I-OMe 
(15, 16); 0" a~Gal-OMe (15, 16). Erythrina cristagalli agglutinin: A 

! P~Gal(l+4)P~GlcNAc(l+2)~Man (17); A' P~Gal ( l+4)~Glc  (17); 
A" a , p ~ G a l N A c  (17). Soybean agglutinin: V P~GalNAc-0Ph-p-N0~ 
(1 8); V' a~Gal-OMe (1 8); V" a~GalNAc-OMe (1 8). Concanavalin 
A: 0 a~Man-OMe (19); 0' aDMan-OPh-p-NOz (20). 

the 4-C-methyl derivative of 16, namely, 23, was ~ynthesized.~ 
It is seen that the simple substitution of H-4 by CH3 led to an 
inactive compound. It is possible that the substitution interferes 
with the polar interaction and that this is the main reason why 
23 is inactive. On the other hand, this inactivity could result 
from the methyl group preventing the establishment of a proper 
interfacing of complementary nonpolar surfaces. We submit 
that the latter is the case since the small decrease in entropy (2.7 
entropy units) that accompanies the binding of 16 suggests that 
the combining site is virtually already present in the lectin. 
Thus, the formation of the complex must be highly dependent 
on the complementarity of the interacting surfaces. Only a 
slight change in the topography of one of these surfaces may so 
weaken a complex, which is formed through a decrease in 
enthalpy of only 6 kcal/mol, that complex formation is not 
observed. 

The results of this study are summarized in Fig. 2 where the 
H-type 2-0CH3 compound (1) is presented in the conformer 
indicated by 'H nrnr (1 1) and produced by HSEA calculation. 
It is seen that the polar interactions involve OH-4', OH-3', 
OH-2', and 0H-3b and that these groups form a polar cluster at 

G. Deslongchamps, unpublished. 

FIG. 2. The HSEA molecular model for aLFuc(l+2)P~Gal(l+ 
4)PDGlcNAc-OMe (1) (H-type 2). Opposite sides of the model are 
shown and the hatched areas display the surface which comes into 
interaction for complex formation with the lectin I of Ulex europaeus. 
The cross-hatched key polar interaction involving OH-4' and OH-3' of 
the fucose unit is seen to occur adjacent to the lipophilic region (lightly 
hatched). The 0H-3b and OH-2' groups are seen to be adjacent to the 
key polar group. These hydroxyl groups also become involved in 
important polar interactions with the lectin but this involvement 
appears to arise from a conformative response that is not essential for 
the formation of a complex. 

one end of the molecule. The OH-4' and OH-3' groups provide 
the key polar interaction which is indispensible to complex 
formation. In contrast, the OH-2' and 0H-3b region, while 
providing important stability to the complex, are not essential. 
The lightly shaded area, part of which is expected to extend 
behind the CH3-6' group, represents the lipophilic surface 
which appears to make the major contribution to the stability of 
the complex. This surface may well extend to include more of 
the P-side of the p~GlcNAc unit and the a-side of the p ~ G a l  
unit than is indicated. In order to extend the nonpolar inter- 
actions to this side of the structure,  OH-^^ forms an intra- 
molecular hydrogen bond with 0-5a. Although not reexamined 
in this present study, it was previously established (8) that the 
H-type 1 determinant (a~Fuc(l+2)P~Gal(1+3)P~GlcNAc- 
0(CH2)8COOH) is not bound but that the free amine form 
(~LFuc(~+~)PDG~~(~+~)PDG~cNH~-O(CH~)~COOH) inter- 
acts quite strongly with the lectin. This observation was taken 
as evidence that the de-N-acetylation exposed the a-side of the 
a ~ F u c  unit for binding by the lectin while providing a lipophilic 
surface very similar in topography to that provided by 2. Thus, 
the evidence appears convincing that the surface of 1 that is 
recognized by the lectin is amphiphilic in character, as repre- 
sented in Fig. 2. There can be no doubt that the NHAc-2", 
OH-3", 0H-4b, and 0H-6b groups remain in contact with the 
aqueous phase. The nonpolar interactions may involve a 
greater surface than that shown but no evidence in this regard 
was obtained in this present study. 

Experimental 
lnhibitors 

The various compounds used as inhibitors were synthesized fol- 
lowing well-established procedures (8, 9). The structures and their 
purity were confirmed by appropriate 'H nmr (400 MHz) and "C nmr 
(100 MHz) studies. 

Lectin I of Ulex europaeus was purchased from Sigma Chemical 
Company. 

Radioimrnunoassay 
The procedure followed was that previously reported (5) using 

an '251-labelled (~LF~~(~+~)PDG~~(~+~)PDG~CNAC-O(CH,)~CO- 
NH)' ,BSA antigen purchased from Chembiomed Ltd. (University of 
Alberta, Edmonton, Alberta, T6G 2G2). The solution provided nearly 
200 000 cpm/100 pL and the tubes were incubated at room tem- 
perature (23°C). In the absence of the inhibition, about 65% of the 
radioactivity was bound. 
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Molecular recognition. IV. The binding of the Lewis b human blood group 
determinant by a hybridoma monoclonal antibody 
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ULRIKE SPOHR, NAOHIKO MORISHIMA, OLE HINDSGAUL, and RAYMOND U. LEMIEUX. Can. J .  Chem. 63, 2659 (1985). 
A commercial hybridoma monoclonal anti-Lewis b antibody appears to accept the Lewis b human blood group determinant 

(a~Fuc(I+2)~~Gal(I+3)[a~Fuc(I+4)]~~GlcNAc--) by involving OH-3 of the PDGal unit and OH-2 of the a ~ F u c ( l j 2 )  
unit in a key polar interaction at the periphery of a large wedge-shaped lipophilic surface that extends about the tetrasaccharide 
and essentially leaves 5 of the 8 other hydroxyl groups in contact with the aqueous phase. It is proposed that the three remaining 
hydroxyl groups, namely, OH-4 of the PDGal unit, OH-3 of the a~Fuc(l+4) unit, and OH-4 of the a~Fuc(l+2) unit, become 
intramolecularly hydrogen bonded for acceptance into a hydrophobic environment. The results are taken as further circum- 
stantial evidence that the stability of the complex is mainly related to the establishment of dispersion forces of attraction 
between complementary lipophilic surfaces provided by the oligosaccharide and the protein. These forces are expected to be 
stronger than those prior to binding between the amphiphilic surfaces that are involved and water. 

ULR~KE SPOHR, NAOHIKO MORISHIMA, OLE HINDSGAUL et RAYMOND U. LEMIEUX. Can. J. Chem. 63, 2659 (1985). 
Un anticorps monoclonal hybride, de type anti-Lewis b et disponible commercialement, semble accepter le dCterminant du 

groupe sanguin humain de type Lewis b, le (~LF~C(~+~)PDG~~(I+~)[~LF~C(I+~)]PDG~~NAC--), en faisant intervenir le 
groupe OH-3 de I'unitt PDGal et le groupe OH-2 de I'unitC a~Fuc(l+2) dans une interaction polaire clC a la pCriphCrie d'une 
grande surface lipophile en forme de coin qui s'Ctend autour de tttrasaccharide et qui laisse essentiellement 5 des 8 autres 
groupes hydroxyles en contact avec la phase aqueuse. On propose que ce sont les trois groupes hydroxyles qui restent, soit 
le OH-4 de 1'unitC PDGal, le OH-3 de I'unitC a~Fuc(l+4) et le OH-4 de 1'unitC aLFuc(l+2), qui Ctablissent des liaisons 
hydrogenes intramolCculaires qui permettent d'itre accept6 dans un environnement hydrophobe. On considkre que les rCsultats 
fournissent une preuve circonstancielle additionnelle du fait que la stabilitC du complexe est like principalement i I'existence 
de forces de dispersion et d'attraction entre les surfaces lipophiles complCmentaires fournies par l'oligosaccharide et la proteine. 
On s'attend i ce que ces forces soient supCrieures a celles qui existeraient avant la liaision entre les surfaces amphiphiles 
impliquCs et l'eau. 

[Traduit par le journal] 

Introduction 
The Lewis b (Leb) human blood group determinant is charac- 

I teristic of the epithelial cells of nearly 70% of individuals (1, 
1 2). The purpose of this communication is to report the results 

obtained in a systematic probing of the combining site of a 
commercial (Chembiomed Ltd., Department of Chemistry, 
University of Alberta, Edmonton T6G 2G2) hybridoma mono- 
clonal anti-Leb antibody using a wide range of synthetic ana- 
logs to inhibit the reaction of the antibody with an artificial 
Leb-BSA antigen (2). The experimental data obtained by way 
of a solid-phase radioimmunoassay (3) are in accord with the 
general characteristics established for protein-oligosaccharide 
binding reactions involving monoclonal anti-I Ma (4) and anti- 
B antibodies (3, the lectin I of Ulex europaeus (6), and the 
lectin IV of GrifSonia simplicifolia (3). The outstanding feature 
of this communication is that the binding of the Leb determinant 
appears to involve its acceptance by the antibody in the exten- 
sively intramolecularly hydrogen bonded form presented in the 
various tables. As previously done (3, 7), and as specified in 
1, the sugar units will be designated as units a (PDGICNAC), b 
( P D G ~ ~ ) ,  c (a~Fuc(l+4"),  and d ( a ~ F u c ( l + 2 ~ ) .  

Experimental evidence now exists that intramolecular hydro- 
gen bonds form in aqueous solutjon only when an appropriate 
internuclear distance (2.7-3.0 A) between the proton donor 

' University of Alberta postdoctoral fellow, since 1982. 
Alberta Heritage Foundation for Medical Research postdoctoral 

fellow, since 1 982. 
'Alberta Heritage Foundation for Medical Research Scholar, since 

1981. 
Author to whom correspondence may be addressed. 

and the proton acceptor is enforced by the steric and stereo- 
electronic demands that govern the conformational preference 
of the oligosaccharide (8- 10). Consequently, in the absence of 
such intramolecular enforcement, energy must be expended for 
the formation of intramolecular hydrogen bonds by an oli- 
gosaccharide in order that it can become bound by a protein. 
Since the formation of an intramolecular hydrogen bond is 
expected to render a polar molecule more compatible for a 
nonpolar interaction and since energy is required for its for- 
mation, the conclusion appears unavoidable that the stability of 
the complex has its origins in strong dispersion forces of attrac- 
tion between the oligosaccharide and a hydrophobic binding 
site on the protein (1 1,  12). 

Results and discussion 
As seen from Table 1, both the a ~ F u c  units of the Leb 

determinant are involved in the binding reaction, as both the 
Led (H-type 1,  3) and the Lea (4) trisaccharides are poor in- 
hibitors. Because 4 is essentially inactive, the compound ap- 
pears not to contain intact the key polar grouping that is essen- 
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TABLE 1 .  Involvement of the a~Fuc  units 
/--OH 

Substituent 
50% Inhibition Relative AAGO 

Compound R; R: p,mol/L potency kcal/mol 

R; = (CHz),COOCH, 
2 (Leb) a~Fuc  a~Fuc 29 650 -1.1 
3 (Led) H a~Fuc 4480 4 1.9 
4 (Lea) a~Fuc H Inactive* - - 

R; = CH, 
1 (Leb) a~Fuc a~Fuc 189 100 0 
5 a~Fuc CH20CH3 Inactive? - - 

* 12% at 3336. 
t No inhibition at 3970. 

TABLE 2. Involvement of the p~GlcNAc unit 

Substituent 
50% Inhibition Relative AAGO 

Compound R; R; R", p,moI/L potency kcal/mol 

2 (Leb) (CH2)8COOCH3 NHAc CHzOH 29 650 - 1.1 
6 (Y)* - - - Inactive? - - 
7 (CHz)sCOOH NHz CHZOH 21 lo$ 9 1.4 
1 CH3 NHAc CHzOH 189 100 0 
8 CH3 NHAc CH3 180 105 -0.03 

* ~LF~~(~~~)~DG~~(~+~)[~LF~~(~+~)]~DG~~NA~O(CH,)~COOCH~ 
'f No inhibition at 2760. 
$By extrapolation. 

tial for binding (3). However, 3, as a weak but still active 
inhibitor, is expected to possess this grouping and, in view of 
the inactivity of 4, the a~Fuc( l+2~)  unit is expected to con- 
tribute to this grouping. In fact, as will be seen below (Table 
5), the key polar grouping does involve 0H-2d of 3. This 
situation is in contrast to the binding of the Leb tetrasaccharide 
by the lectin IV of Griffonia simplicifolia (3), where it is the 
a~Fuc(l+4") residue which provides an hydroxyl group to the 
key polar interaction. Not surprisingly, therefore, replacement 
of the d-fucosyl group by a methoxymethyl group to simulate 
(3) the a~Fuc( l+2~)  anomeric linkage produced an inactive 
compound (5). It may be noted at this point that the substan- 
tially greater activity of 2 as compared to the simple methyl 
glycoside (1) requires that binding occurs about the aglycon 
(Ry) (Table 1) and that this region of the combining site is 
hydrophobic in nature. Also, it should be noted that the 
formulas presented in Tables 1-5 describe, in each case, the 
intramolecular hydrogen bonds that are present in the Leb de- 

terminant after it was bound by the antibody. These intra- 
molecular hydrogen bonds are not expected to be abundant 
prior to the formation of the complex. 

That the p~GlcNAc residue is involved in the binding reac- 
tion became apparent when the Y determinant (6) was found to 
be inactive (Table 2). In fact, involvement of the acetamido 
group is indicated by the low activity demonstrated by the 
amino acid (7). The hydroxymethyl group of the p~GlcNAc 
residue is definitely not involved in a polar interaction with the 
combining site since the B-deoxy derivative (8) is slightly more 
active than the parent structure (1). Possible involvement of 
this hydroxymethyl group must then be limited to a hydro- 
phobic interaction, perhaps while hydrogen bonded to the ring 
oxygen (6). An involvement of this group may importantly 
contribute to the stability of the complex as, for example, does 
the hydroxymethyl group of the a ~ G a l  unit of the human B 
determinant when bound by monoclonal anti-B antibodies (5). 
As will be seen with reference to Fig. 1, the CH,OHa group is 
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TABLE 3. Involvement of the PDGal unit 

Substituent 
50% Inhibition Relative AAGo 

Compound R: R: R: pmol/L potency kcal/mol 

1 (Leb) OH OH OH 189 100 0 
9 H OH OH Inactive* - - 

10 OH H OH 1584 12 1.3 
11 OH OH H 10.5 1800 - 1.7 

* N o  inhibition at 3460. 

FIG. 1. The HSEA molecular model for a~Fuc(l+2)P~Gal(1+3)- 
[a~Fuc(l+4)]P~GlcNAc-OMe. Opposite sides of the model are 
shown and the hatched areas display the surface which was identified 
as that which comes into interaction for complex formation with a 
hybridoma monoclonal anti-Lewis b antibody. The cross-hatched re- 
gion involving the 0H-3b and OH-2* provides the key polar inter- 
action. The arrows indicate the location of the three intramolecular 
hydrogen bonds that are postulated to form in the course of complex 
formation. It is noteworthy that the most hydrophobic region is adja- 
cent to the key polar grouping. 

included in the topography that is bound in order to extend the 
lipophilic surface to both sides of the molecule. The high activ- 
ity of 8 supports this contention. 

The results presented in Table 3 with regard to involvement 
of the p ~ G a l  unit are particularly interesting. First of all, re- 
placement of 0H-3b by hydrogen provided an inactive product 
(9) but deoxygenation at position 4b to produce 10 left an active 
compound. Thus, 0H-3b and OH-2* form the polar key and, as 
seen in Fig. 1, these are located in close proximity to each 
other. Replacement of 0H-6b by hydrogen provided an in- 
hibitor (11) that is 18 times more potent than the parent Leb 
tetrasaccharide (1). This truly remarkable event amounts to an 
increase in the stability of the complex by 1.7 kcal/mol. 
Angyal and McHugh (13) estimated the nonbonded interaction 
between syn-axial hydroxyl groups to be 1.8 kcal/mol. Also, 
the nonbonded interaction between syn-axial acetoxy groups 
was estimated to be approximately 2.1 kcal/mol (14, 15). We 
therefore propose that replacement of 0H-6b by hydrogen re- 
lieves the system of the energy required to bring 0H-6b in 
syn-axial-like relationship with 0H-4b. In this orientation, an 
intramolecular hydrogen bond between 0H-6b and 0-4b should 
be enforced and it is for this reason that this bond is displayed 
in the formula for 1 in Table 2. The reason for the enforcement 
of this unfavorable orientation for 0H-6b is clearly apparent 

from a consideration of Fig. 1 where it is seen that, as the result 
of losing the energy required to orient 0H-6b, a larger hydro- 
phobic area is gained, stretching from the CH2-6b methylene 
group to the methyl of the acetamido group. In the normal 
orientation, 0H-6b would project largely syn-axial-like to H-4b 
(8, 9) and thereby disrupt the continuity of the weakly 
polar-nonpolar wedge-shaped topography indicated in Fig. 1 
and which is expected to be complementary to the hydrophobic 
cleft defined by the combining site. As mentioned above, re- 
placement of 0H-4b by hydrogen provided a weak inhibitor. 
On the basis of the proposal for binding presented in Fig. 1, this 
result is not surprising. First of all, at least marginal in- 
volvement of 0H-4b in the polar interaction provided by the 
neighboring 0H-3b must be anticipated. Secondly, in the ab- 
sence of 0H-4b, 0H-6b must adopt the energetically less favor- 
able orientation wherein it is anti-periplanar to H-5b in order to 
form a bond with 0-5b. This latter hydrogen bond should be 
weaker than that when 0-4b was available as the proton accep- 
tor since 0H-4b must be a proton donor (most likely to water) 
in the complex. The cooperativity of hydrogen bonds (16), 
when first observed (17), was termed hydrogen-bond conju- 
gation. 

Further rather convincing evidence for the formation of in- 
tramolecular hydrogen bonds in the course of the binding of 1 
by the antibody is presented in Table 4. First of all, replace- 
ment of OH-2' by hydrogen to form 12 had no effect on the 
extent of binding and it is therefore concluded that this hy- 
droxyl group remains in contact with water. However, replace- 
ment of OH-4' by hydrogen to form 14 led to a nearly two-fold 
increase in potency. Thus, OH-4' appears to become involved, 
through intramolecular hydrogen bonding, in a nonpolar inter- 
action with the protein. This conclusion is supported by the fact 
that replacement of OH-4' by fluorine to provide 15 led to a 
nearly five-fold increase in potency. This is in accord with 
expectation since the engagement of a polar fluorine atom in a 
nonpolar interaction can be expected to resemble that of an 
hydroxyl group involved as the proton donor to an intra- 
molecular hydrogen bond. On the basis that 1 is accepted with 
OH-4' hydrogen bonded to 0-3', it is to be expected that 
replacement of OH-3' by hydrogen to form 13 would provide 
a weaker inhibitor. In fact, as seen in Table 4, its potency is 
about five times less than that of 1. That it is not an even less 
active compound is not surprising, since OH-4' can still form 
an intramolecular hydrogen bond with 0-5'. Finally, should 
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TABLE 4. Involvement of the a~Fuc(l+4") unit 

Substituent 
50% lnhibition Relative AAG' 

Compound R: R', Rf Rf pmol/L potency kcal/mol 

1 (J-eb) OH OH OH CH3 189 100 0 
12 H OH OH CH3 188 100 0 
13 OH H OH CH3 850 22 0.9 
14 OH OH H CH3 102 185 -0.4 
15 OH OH F CHs 40.2 470 -0.9 
16 OH OH OH H 1628 12 1.3 

TABLE 5, Involvement of the a~Fuc ( l+2~)  unit 

Substituent 
50% Inhibition Relative AAGO 

Compound R: R: R: R: Rf pmol/L potency kcal/mol 

* N o  inhibition at 3460. 

189 
210 

1628 
2570 

Inactive* 
82 

900 
402 

OH-4' become involved in a nonpolar interaction within the 
complex, it would be surprisjng indeed if the neighboring non- 
polar CH3-6' group was not similarly involved. In fact, as seen 
in Table 4, replacement of CH,-6' by hydrogen to form 16 led 
to a nearly eight-fold reduction in potency, which amounts to 
a near 1.3 kcal/mol reduction in the stability of the complex. 
On the other hand, as seen in Table 5, replacement of CH,d by 
hydrogen to form 17 had little effect on the binding reaction. 
In the case of compound 18, both the CH," and CH,d groups of 
1 are replaced by hydrogen. As expected from the potencies of 
16 and 17, 18 is only slightly less potent than 16. 

As was mentioned above, the activity displayed by the Led 
determinant (3) suggested that the a ~ F u c ( l + 2 ~ )  unit provides 
an hydroxyl group to the key polar interaction. Indeed, as seen 
in Table 5, the 2d-deoxy derivative (19) of 1 proved to be 
inactive. The superiority of the 3d-deoxy compound (20) as an 
inhibitor suggests that 0H-3d of 1 becomes involved, hydrogen 
bonded to 0-4d, as displayed in the formula for Table 4. On this 
basis, deoxygenation at position 4d should provide an inferior 
inhibitor. In fact, this is the case and compound 21 is only 
about a fifth as active as 1. The requirement for 0H-3d to form 

an intramolecular hydrogen bond should be fulfilled, although 
not as effectively, by a fluorine atom at position 4d. In fact, 
replacement of 0H-4d by fluorine to provide 22 resulted in a 
compound that proved to be about half as potent as 1.  As to 
involvement of 0H-4d, it is possible that, in the complex, this 
hydroxyl becomes intramolecularly hydrogen bonded to 0-5d, 
as is displayed in Table 4. However, as seen in Fig. 1, this 
hydroxyl group is also well disposed for interaction with water. 
It is shown bonded to 0-5d only to indicate that this possibility 
exists and that the lipophilic surface that becomes involved in 
the complexation reaction may be even more extensive than is 
indicated in Fig. 1. 

In summary, compound 1 appears to be recognized by this 
particular monoclonal anti-Leb antibody through interaction 
with the wedge-shaped amphiphilic surface depicted in Fig. 1 
for the tetrasaccharide in its energetically favored conformation 
in aqueous solution (7). In order to present this surface to the 
antibody, three and perhaps four -intramolecular hydrogen 
bonds are formed. In view of the involvement of such hydrogen 
bonds, the surface is not strictly hydrophobic in nature. In- 
stead, it can only, because of the- intramolecular hydrogen 
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bonds, become energetically more compatible for interaction 
with a nonpolar complementary surface provided by the pro- 
tein. Most likely the engagement of these groupings is enforced 
in order for the protein to gain access to the adjacent nonpolar 
groupings. It seems unlikely that the intramolecularly hydrogen 
bonded hydroxyl groups become involved in polar interactions 
within the complex, since in each case the deoxygenation pro- 
duced a superior inhibitor. 

These observations justify the idea presented in 1978, "that 
carbohydrates (depending on their structure and configuration) 
through intramolecular hydrogen bonding can assume (depend- 
ing on demand by the environment and by way of a low energy 
process) either hydrophilic or hydrophobic properties. . ." (1 1). 
In this context, the oligosaccharides comprise a wide range of 
conformationally well-defined non-surface-active structures 
which, because of their polar groups, are compatible with water 
and can serve to extend arnphiphilic surfaces into the aqueous 
phase where these can seek receptor sites for the guidance of 
biological processes. To date (3 - 6), our experimental data 
indicate that these interactions comprise sterically well- 
directed and coordinated polar and nonpolar interactions be- 
tween complementary surfaces, with the greater the com- 
plementarity presented for lipophilic interaction, the greater the 
stability of the complex. However, whether or not a complex 
is formed appears to depend on the integrity of the polar inter- 
action. This interaction could correspond to the first step pro- 
posed by Neurohr et al. (18) for the binding of methyl 
a-D-galactopyranoside by peanut agglutinin. This step could 
not be followed but was considered to occur with a low equi- 
librium constant and probably diffusion controlled or nearly so. 
There then follows a mutual fitting of site and sugar which is 
much slower than expected for a diffusion-controlled process 
and which is associated with a negative entropy of activation 
(6). We propose that the polar interaction provides the key to 
the complexation reaction in that it allows the mutual fitting to 
begin and that its main function is to bring a nonpolar portion 
of the oligosaccharide into a position suitable for-it to interact 
with the protein. On this basis, the polar grouping of the oli- 
gosaccharide serves as a key that opens a "hydrated polar gate" 
(12) provided by the protein which, like the key polar group, 
is adjacent to a nonpolar region which is complementary to the 
nonpolar surface of the oligosaccharide. Low energy con- 
formational changes by the protein toward completion of the 
complex then occur. These changes involve both a decrease in 
enthalpy and decrease in entropy. On this basis, the specificity 
of the reaction depends on an ability of the nonpolar interaction 
to become established in accord with the stereochemical re- 
quirements of the key polar interaction. Important cross reac- 
tions (that is, different inhibitor potencies) occur when the 
requirements of the key polar interaction are met, but the extent 
to which complementary lipophilic surfaces can be established 
differs. This coordination of effort is probably basic to all 
specific processes for molecular recognition, including the or- 
ganization of macromolecules and the binding of substrates by 
enzymes (19). It has been suggested that the main driving force 
for the "fitting" of a protein to an oligosaccharide is the filling 
of voids along amphiphilic surfaces (12). 

Experimental 

hibitors were established by appropriate 'H (400 MHz) and "C (100 
MHz) nuclear magnetic resonance studies (20). 

Radioimmunoassay 
These assays were conducted following the procedure described in 

the study of the lectin IV of Grlffonia simplicifolia (3). The results 
were similar in quality. It was found that an antigen of the composition 
( L e b ) 1 9 - ~ S ~ - ' 2 5 ~  was so strongly absorbed that prohibitively high con- 
centrations of 1 were required to reach 50% inhibition. 'This problem 
was solved by using an antigen with a lower degree of substitution, 
namely, ( L ~ ~ ) , - ~ - B S A - ' ~ ~ I .  In the absence of an inhibitor, about 
85 000 cpm (50% of that added) were bound by an antibody-coated 
tube. The IgM antibody (clone 96FR 2.10) can be purchased from 
Chembiomed Ltd. in the form of a reagent suitable for blood typing. 
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RAYMOND U. LEMIEUX, ANDRE P. VENOT, ULRIKE SPOHR, PAUL BIRD, GAURHARI MANDAL, NAOHIKO MORISHIMA, OLE 
HINDSGAUL, and DAVID R. BUNDLE. Can. J .  Chem. 63, 2664 (1985). 

A systematic study was made of the effect of changes in the structure of a~Fuc(l+2)[a~Gal(l+3)@~Gal-OMe (1) on the 
inhibition of the binding of an artificial antigen by two monoclonal anti-B antibodies. Both OH-4 of the PDGal unit and OH-2 
of the aDGal unit are essential for binding by one of the antibodies. For the other antibody, OH-3 of the a ~ G a l  unit also forms 
part of the key polar grouping. Both the antibodies recognize a large lipophilic surface extending from the CH3-6 group of the 
~ L F U C  unit along the a-sides of this group and the PDGal unit to include its CH20H-6 group, most likely intramolecularly 
hydrogen bonded to the neighboring 0-5. The lipophilic surface then extends to include the CH20H-6 group of the aDGal unit 
intramolecularly hydrogen bonded to the 0-5 atom. The stability of the complex is attributed to nonpolar interaction of this 
surface within a hydrophobic cleft-like combining site which offers a polar grouping at its periphery for interaction with the 
key polar grouping of the trisaccharide. The solution conformer for 1, as determined by 'H nrnr, is present in its crystal 
structure. 

RAYMOND U. LEMIEUX, ANDRE P. VENOT, ULRIKE SPOHR, PAUL BIRD, GAURHARI MANDAL, NAOHIKO MORISHIMA, OLE 
HINDSGAUL et DAVID R. BUNDLE. Can. J .  Chem. 63, 2664 (1985). 

On a effectut une Ctude systematique sur I'effet des changements dans la structure du trisaccharide a~Fuc(l+2)- 
[a~Gal(1+3)]P~Gal-OMe (1) sur I'inhibition de la liaison d'un antigkne artificiel par deux anticorps anti-B monoclonaux. 
La prksence tant du OH-4 de I'unitC PDG~I que du OH-2 de I'unitC a ~ G a l  est essentielle pour qu'il se produise une liaison 
avec I'un des anticorps. Dans le cas de I'autre anticorps, le OH-3 de I'unitC aDGal fait Cgalement partie du groupment polaire 
clC. Chacun des deux anticorps reconnait une grande surface lipophile qui comprend le groupement CH3-6 de la portion a ~ F u c ,  
situC le long du c6tC a de cette portion, la portion PDGal ainsi que le groupement CH20H-6 de cette dernibre qui est 
probablement lie a I'atome 0-5 voisin par une liaison hydrogkne intramolCculaire. La surface lipophile s'Ctend alors de fa~on 
i inclure le groupement CH'OH-6 de I'unitC aDGal qui est l i k  a l'atome 0-5 par une liaison hydrogkne intramolCculaire. On 
attribue la stabilitt de ce complexe une interaction non polaire de cette surface A I'intCrieur d'un site de liaison hydrophobe 
ressemblant a une crevasse qui prCsente, a sa pCriphCrie, un groupement polaire qui permet d'effectuer une interaction avec 
le groupe polaire principal du trisaccharide. Le conformkre du composC 1 qui, d'aprks la rmn du 'H, existerait en solution serait 
aussi prCsent dans la structure cristalline. 

[Traduit par le journal] 

Introduction 
Bundle, Rahman, and co-workers (1) produced hybridoma 

monoclonal antibodies in mice against an artificial antigen pre- 
pared by acylation of human 0 red cells with the synthetic B 
human blood group related structure a~Fuc( l+2) [a~Gal -  
( ~ + ~ ) ] P D G ~ ~ - O ( C H ~ ) ~ C O N ~  (2-4). We report herein how the 
combining sites of the two IgM monoclonal, affinity purified, 
anti-B antibodies (I and 11, obtained from clones 3E-7 and 
1A-12, respectively) (1) recognize this trisaccharide. 

The procedure, based on a solid-phase radioimmunoassay, 
was that used for the probing of the combining sites of the lectin 
IV of Grzffonia simplicifolia (5), the lectin I of Ulex europaeus 
(6) ,  and a hybridoma anti-Lewis b antibody (7). The conclu- 
sions are similar in kind to those reached in these previous 

'Author to whom correspondence may be addressed. 
'University of Alberta postdoctoral fellows (A.P.V., 1982- 1983; 

U.S., since 1982; P.B., 1982- 1984; G.M., 1983- 1984). 
'Alberta Heritage Foundation for Medical Research postdoctoral 

fellow, since 1983. 
4Alberta Heritage Foundation for Medical Research Scholar, since 

1981. 

studies in that the recognition involves an interaction of the 
antibody with an amphiphilic surface, a situation which was 
also found for the binding by the monoclonal anti-I Ma anti- 
body where the inhibitions were determined using a quantita- 
tive precipitin assay (8). 

Results and discussion 
The combining sites were probed using synthetic oligo- 

saccharides, listed in Tables 1-3, prepared, in the most part, 
following established procedures (2) and thoroughly charac- 
terized by high field 'H and I3C nmr studies (9). The 50% 
inhibitions were determined using a previously reported solid- 
phase radioimmunoassay (5, 10). The differences in binding 
free energies (AAGO values at 23°C) provide an assessment of 
how much structural changes influence the stabilities of the 
complexes formed as compared to that for the reference in- 
hibitor (1). 

In order to discover the extents of involvement of the hy- 
droxyl groups in the binding of the reference inhibitor ( I ) ,  the 
nine possible monodeoxy derivatives (2 - 10) were synthesized 
(1 1, 12) and their performances as inhibitors are reported in 
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TABLE 1. The effects of deoxygenation on the binding of the B determinant (1) by two mono- 
clonal anti-B antibodies 

50% Inhibition AAGO 
(~mol/L) (kcal/mol) 

Compound Derivative of 1 Antibody I Antibody I1 Antibody I Antibody I1 

1 - 150 150 0 0 
2 2b-Deoxy 240 290 0.28 0.39 
3 3b-Deoxy 200 170 0.17 0.07 
4 4b-Deoxy 120 210 -0.13 0.20 

Inactive? Inactive? - - 
Inactive? Inactive? - - 

2900 Inactive? 1.75 - 

11 2'-Deo~y-2~-amino 10 OOOt 3100$ - - 
12 2'-Deoxy-2'-acetamido Inactive? Inactive? - - 

*a~Fuc(l+2)[a~Glc(l+3)]~~GalOCH~ was inacth 
?No inhibition at 4700 pmol/L. 
$By extrapolation. 

Table 1. The similarity of the results obtained for both anti- 
bodies is remarkable. These results require direct involvement 
of OH-4" and OH-2' in the binding with both the antibodies, 
since their removal to produce 8 and 9 resulted in complete 
abolishment of activity. The data for compound 10 indicate a 
stronger requirement of OH-3' for antibody I1 than for I but 
important involvement occurs in both cases. In accordance 
with the previous proposals (5) for describing specific polar 
regions that are essential for binding by lectins and antibodies, 
OH-4" and OH-2' form the key polar grouping for antibody I. 
In the case of antibody 11, this grouping also includes OH-3', 
because for this antibody compound 10 is inactive. The reduced 
activities that result from deoxygenation at C-4' to form 7 may 
arise from changes in hydration near the strongly polar involve- 
ments of the neighboring OH-3'. In view of these results, it was 
not surprising that epimerization of C-4' to convert the aDGal 
unit to a ~ G l c  provided an inactive product. These findings are 
in accord with the recent report by Rahuel et al. (13) that the 
3'-deoxy and 3',4"-dideoxy derivatives of the B-trisaccharide 
are inactive as inhibitors of the agglutination of human B red 
cells. The low but detectable activity displayed by the amine 
11, as compared to the inactivity shown by the A determinant 
12, is in accord with their findings on acquired B antigens. 

Change of the methyl aglycon of 1 to (CH,),COOCH3 to 
form 17 increased the binding strength by about 0.37 and 
0.65 kcal/mol for antibodies I and 11, respectively (Table 2). 
The involvement of the linking arm was not surprising (14). 
Indeed, antibodies from other clones showed much greater 
involvement of the linking arm in the immune response to the 
artificial antigenic determinant derived from 17 (1). The rela- 
tively low activities exhibited by the tetrasaccharide type 1 (18) 

re. 

and type 2 (19) B haptens are therefore understandable and 
establish the binding of the methoxy group of 1 in both the 
antibody reactions. In fact, inversion of C-la of 1 to form the 
a-anomer 13 led to substantial loss in potency. These decreases 
in complex stability are attributed to losses of complementarity 
involving both the methoxy group and the weakly polar a-side 
of the P D G ~ ~  unit (15). 

It is established (16, 17) that the preferred orientation of 
OH-6 of a galactopyranoside has this group anti-periplanar to 
0-5.  The data in Table 1 require that neither OH-6" nor OH-6' 
are involved in polar interactions within the combining sites, 
since the replacement of these hydroxyls by hydrogen provided 
highly active compounds (5 and 6). Because the 6'-deoxy de- 
rivative (6) is a superior inhibitor, it is anticipated that 1 is 
bound with OH-6' intramolecularly hydrogen bonded to 0-5', 
as is present in the crystal structure (IS), a situation that was 
observed both for the binding of the H-type 2 determinant of 
Ulex europaeus (6, 19) and the Lewis b determinant by a 
hybridoma monoclonal anti-Leb antibody (7). That binding oc- 
curs about the C-6' grouping is required by the low activity of 
the PL Ara compound 24. Since the 6"-deoxy compound 5 is 
slightly less active than 1,  the evidence that OH-6" becomes 
intramolecularly hydrogen bonded to 0-5", as displayed in 
Table 1, is not as convincing as for the bonding of OH-6' to 
0-5'. The hydrogen bond is suggested in view of the high 
activity displayed by 5 ,  together with the fact that the L-6"-C- 
methyl compound 21 is much more active than its D-isomer 
(20). In the case of 21, OH-6" in its preferred orientation (15) 
can form a hydrogen bond with 0-5", but OH-6" of 20 cannot. 

The conformation of the trisaccharide portion of 17 in 
aqueous solution (9) was found to be that present in the crystal 
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TABLE 2. Effects of structural changes* on the binding by two monoclonal anti-B antibodies 

$4 
Compound 

Substituents 50% Inhibition (pmol/L) 

Antibody I Antibody I1 Antibody I Antibody I1 

*The simple alkyl glycosides, methyl P-D-galactopyranoside, methyl a-L-fucopyranoside, and methyl a-D-galactopyran0- 
side, were all inactive as inhibitors at concentrations greater than 50 000 p,mol/L. 

?Inactive at 4700 pmol/L. 

TABLE 3. Effects of structural changes at terminal groups of the B determinant (1) on the binding by two 
monoclonal anti-B antibodies 

50% Inhibition (pmol/L) AAGO (kcal/mol) 

Compound Ra Rb Rc Antibody I Antibody I1 Antibody I Antibody I1 

1 CHzOH CH3 CHzOH 150 150 0 0 

Changes in the BDGal unit 

Changes in the a ~ F u c  unit 

23 CHzOH H CHzOH 65 0 420 0.86 0.61 

Changes in the a ~ G a l  unit 

6 CHzOH CH3 CH3 120 96 -0.13 -0.26 
24 CHzOH CH3 H 1910 873 1.50 1.04 
25 CHzOH CH3 C(CH3)zOH 690 330 0.90 0.47 
26 CHzOH H H 4600 1540 2.01 1.38 

structure (18) of 1 and presented in Fig. 1. In view of the 
inhibition data presented in Tables 1 - 3 and the evidence that 
1 is a conformationally rigid structure (9), we conclude that the 
binding reaction involves a highly directional polar interaction 
with the cluster of hydroxyl groups defined by OH-4" and 
OH-2' in the case of antibody I and by OH-4" OH-2', and 
OH-3' in the case of antibody 11. It appears that the polar 
interactions involving OH-3' and OH-4' for antibody I and that 
involving OH-4' for antibody I1 are less demanding in terms of 
the structures of the complexes that are formed. For antibody 

11, the three hydroxyl groups of the fucosyl unit and the polar 
side of 1 occupied by 0-5", 0-1" and 0-5b appear to remain in 
contact with water. It is possible that 0H-4b becomes intra- 
molecularly hydrogen bonded to 0H-3b for involvement in a 
nonpolar interaction with antibody I, since deoxygenation at 
the 4b-position to produce 4 (Table 1) provided a superior 
inhibitor. Similar situations were found for the binding by the 
lectin IV of Griffonia simplic$olia (5) and a monoclonal anti- 
Lewis b antibody (7). 

As is displayed in Fig. 1, a large lipophilic region appears to 
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FIG. 1. Schematic representation of the combining sites for the 
monoclonal anti-B antibodies (I and 11) to illustrate the regions of 
cx~Fuc(1-+2)[a~Gal(l-+3)~~~Gal-OMe (1, CPK representation of its 
crystal structure) that are bound. Note that the polar regions 0- la ,  
0-5", 0-5b, as well as 0H-2b and  OH-^^ remain in contact with water. 
This condition also applies to  OH-^^ in the case of antibody 11. For 
antibody I, the lipophilic surface (lightly hatched) may extend to 
include 0H-4b intramolecularly hydrogen bonded to 0H-3b. The key 
polar grouping shown is for antibody 11. For antibody I, this grouping 
is limited to OH-4" and OH-2'. 

be involved, which extends from the CH3-6b group of the fu- 
cosy1 unit to include the two hydroxymethyl groups intra- 
molecularly hydrogen bonded to the neighboring ring oxygens 
(0-5a and 0-5'). The conformation of 1 places the key polar 
grouping adjacent to this lipophilic surface. As in all cases so 
far studied (5-8), this polar grouping is well positioned to 
interact with a polar grouping at the periphery of the combining 
site and termed the polar gate (20). Prior to binding, both the 
polar groupings (i.e., the key and the gate) likely are strongly 
hydrated and their interaction may not contribute importantly to 
the stability of the complex. The possibility that the polar 
grouping provided to the complex was shielded from hydration 
prior to binding does not appear to be relevant. Judging from 
the shapes of the topographies provided by the oligosaccharide 
to the complex, the polar interactions within the complex occur 
at the interface with the aqueous environment. This matter was 
previously discussed in relation to the binding of the H-type 2 
determinant by the lectin I of Ulex europaeus (6). Definitely, 
the interaction between the nonpolar complementary surfaces 
contributes importantly and, indeed, appears to be the domi- 
nating factor for complex stability (6). Considering that the 
polar interactions, which are directional in character, must be 
compatible with the required orientations for the complemen- 
tary lipophilic surfaces to interact, it is evident that these inter- 
actions provide the main contribution to the specificity of the 
overall binding reaction. This finding is of major importance to 
efforts aimed at the detection of lectin and antibody specific- 
ities using partial structures as potential inhibitors (5, 7). 'The 
failure of the simple alkyl glycosides and 14 (Table 2) to dis- 
play appreciable levels of activity is noteworthy in this regard. 
In the case of the binding of the H-type 2 determinant 
(a~Fuc(1+2)P~Gal(l+4)P~GlcNAc) by the lectin 1 of Ulex 
europaeus, the key polar grouping is provided by the 3- and 
4-hydroxyl groups of the fucosyl unit and this lectin also binds 
methyl a-L-fucopyranoside. 

The conclusions reached in this investigation regarding the 
nature of the combining sites for antibodies I and I1 are similar 
in kind to those reached in the case of the anti-I Ma antibody 
(8) and the lectin 1 of Ulex europaeus (6), the lectin IV of 
Griffonia simplicifolia (5), and a monoclonal anti-Lewis b anti- 
body (7). The common feature is for the oligosaccharide to 

offer substantial surface which is compatible for binding by a 
complementary hydrophobic cleft at the surface of the anti- 
body. In all cases, this surface terminates with a relatively 
much smaller cluster of hydroxyl groups that is well positioned 
to react with a polar grouping at a region along the periphery 
of the combining site. As previously noted (6, 7), the stability 
of the complex appears mainly derived from the extent that 
nonpolar interactions can be established between complemen- 
tary lipophilic surfaces. 

Experimental 
Antibodies 1 and I1 

Commercially available (Chembiomed Ltd.) mouse hybridoma 
monoclonal antibody I (clone 3E-7) (ref. 1)  was affinity purified by 
absorption on commercial B Synsorb, washing with phosphate buffer, 
and then isolated by desorption using 0.1 M aqueous acetic acid that 
was 0.15 M in sodium chloride. The solvent was then rapidly ex- 
changed to phosphate buffer (pH 7.5) in the usual manner (14). Anti- 
body I1 (clone 1A-12) (ref. 1) was similarly purified prior to use in the 
radioimmunoassay . 

Inhibitors 
The various inhibitors were obtained by chemical synthesis (1 1, 12) 

and shown to be of high purity by appropriate 'H (400 MHz) and "C 
(100 MHz) nuclear magnetic studies. 

Radioimmunoassay 
The assay (5) employed a solution of (a~Fuc(l-+2)[a~Gal(1-+3)]- 

PDG~~) ,~ -BSA-~~ ' I  which provided about 290 000 cpm/100 pL. In 
the absence of inhibitor, the antibody-coated tubes bound nearly 50% 
of these counts. The tubes were coated using solutions of antibody I 
(12.5 pg/mL) and antibody I1 (6 pg/mL) in 0.05 N sodium phosphate 
buffer (pH 7.5). 
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The electroreduction of halogenated thiophenes 
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RICHARD NEVILLE GEDYE, YOGINDER NATH SADANA, and RAYMOND LEGER. Can. J. Chem. 63, 2669 (1985). 
Electroreduction of polyhalothiophenes results in the preferential reduction of the a-halogen atoms. Preparative electro- 

chemical reduction of these compounds at controlled potential can be used to synthesize 2,3,4-trihalo, 3,4-dihalo, and 
3-halothiophenes. Experimental conditions were developed under which these reductions could be done selectively, giving 
good yields of the desired products. Electroreduction of tetrabromothiophene can also lead to the formation of a poly- 
bromodithienyl mercury compound. 

RICHARD NEVILLE GEDYE, YOGINDER NATH SADANA et RAYMOND LEGER. Can. J. Chem. 63, 2669 (1985). 
L'Clectrortduction de polyhalothiophknes conduit ?i la rkduction des atomes d'halogknes en a. Opkrant i des potentiels 

controlCs, on peut utiliser la rkduction Clectrochimique preparative de ces composCs pour rkaliser la synthkse des trihalo-2,3,4, 
des dihalo-3,4 et des halo-3 thiophknes. On a dCveloppk des conditions expkrimentales qui permettent de rkaliser de telles 
reduction d'une f a ~ o n  stlective et avec de bons rendements en produits dCsirCs. L'ClectrorCduction du tttrabromothiophkne peut 
aussi conduire la formation d'un composC polybromodithitnyle mercure. 

[Traduit par le journal] 

Introduction 
Electrophilic substitution of thiophenes occurs more rapidly 

in the a (2 and 5) positions than the p (3 and 4) positions. For 
this reason the direct synthesis of 3-halo and 3,4-dihalo de- 
rivatives from the parent heterocycles cannot be achieved. 
3-Bromothiophene can be prepared by the bromination of thio- 
phene to 2,3,5-tribromothiophene followed by reduction with 
zinc in acetic acid (1). This reduction results in preferential 
dehalogenation in the a-positions but requires a large excess of 
zinc and leads to large volumes of effluent containing zinc ions 
(2). 

The electroreduction of polyhalogenated heterocycles was 
considered to be an attractive alternative to chemical reduction. 
Polarographic studies on tetrabromothiophene l a  (3) and tetra- 
iodothiophene l b  (4) have shown that the a-halogens are re- 
duced at a lower potential than the p-halogens and that stepwise 
reduction of the four halogens occurs, giving four distinct 
waves. 

4 

a ,  X = Br; b ,  X = I 

Feldmann and Koberstein (5) have investigated the reduction 
of 2,3,5-tribromothiophene by cyclic voltammetry and con- 
firmed the proposed pathway by preparative electrochemical 
reduction. Constant potential reductions at - 1.2, - 1.45, and 
- 1.75 V gave 2,3-dibromothiophene, 3-bromothiophene, and 
thiophene, respectively. Recently the electrochemical reduc- 
tion of 2,3,5-tribromothiophene to 4a using a lead, mercury, or 
graphite cathode in 70% dioxane/30% water has been reported 

'Revision received Febmary 26, 1985. 

(2). The yields, estimated by glc, were generally high at poten- 
tials (- 1.5 to - 1.7 V) just positive to the potential of hydrogen 
evolution. 

This paper describes the controlled potential reduction of 
tetrahalothiophenes l a  and l b ,  the trihalothiophene 2a ,  and 
the dihalothiophene 3a.  The potentials used in these reductions 
were determined by polarography. 

Experimental 
Apparatus 

Polarography was performed using a Princeton Applied Research 
Model 174-A polarograph, with its associated drop timer and cell, 
along with a Houston Instruments Omnigraph 2000 x-y recorder. A 
15 cm long, 0.1 -mm internal diameter capillary was used and potential 
measurements were relative to a saturated calomel reference electrode. 
This calomel electrode was connected to the cell by means of a salt 
bridge containing a Luggin capillary tip packed tight with glass fibres. 
The salt bridge was filled with the same solvent and supporting elec- 
trolyte as used in the cell. When other metals were used as the working 
electrode, a thin polished wire of the metal was placed in the cell at 
a depth of about 1 mm into the solution. 

Cyclic voltammetry was carried out using the same polarograph and 
a Princeton Applied Research Model 175 universal programmer. The 
results were viewed on a Tektronics model 564B storage polarograph 
and recorded by the same recorder used in the polarography. The 
x-axis signal from the polarograph was amplified using a Hewlett- 
Packard Hamson Model 6824A power supply/amplifier used in the 
amplifier mode. 

A Wenking Model 66-TS 10 potentiostat was used in the preparative 
electrolyses. Undivided cell electrolyses were carried out in a modi- 
fied 400-mL beaker, the centre of the bottom of which was depressed 
about 5 mm to contain the mercury pool. The connection to the 
mercury pool was made using a short piece of platinum wire sealed 
into the bottom of the beaker. The beaker was covered with a mbber 
stopper containing holes for insertion of the salt bridge, stirrer, and 
anode wire, and for the introduction and removal of samples. When 
a solid metal electrode was used, a strip of it was suspended vertically 
on one side of the cell and the anode wire looped vertically on the other 
side. 

In the divided cell electrolyses, the cathode compartment was the 
same beaker as described above. The anode compartment was a 12 cm 
long, 4.3-cm diameter glass tube containing a medium porosity glass 
sinter at the base. A rubber stopper covered the top of the cathode cell 
and held the anode compartment in place. The stopper also contained 
holes for the salt bridge and sample introduction/removal. The anode 
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TABLE 1. Undivided cell electrolysis of tetrabromothiophene l a  and 
tetraiodothiophene l b  in DMF, 0.1 M in TEAB 

Product yield 
(%I 

Substrate Electrode Potential Additive 2 3 4 

Phenol 
DMA 
1-Hexene 
Phenol 
DMA 
1 -Heptene 
1 -Decene 
1 -Hexene 
I -Hexene 
DMA 
1 -Hexene 
1 -Hexene 
Phenol 

0 
0 
0 
0 
0 
0 
0 
tr* 

11* 
60 
21 * 
24* 
35 

*Product not isolated-estimated by glc analysis. 

compartment was also covered with a rubber stopper that contained 
holes and stirrer and the anode wire. The catholyte was stirred using 
a small magnetic stirrer placed to one side of the mercury pool. In both 
types of electrolysis the anode consisted of a looped 1.1-mm diameter 
steel wire and the salt bridge and calomel electrode were similar to 
those used for polarography. 

Analysis 
The nmr spectra were recorded with a Varian T-60 nmr spectro- 

meter and ir spectra with a Beckmann Acculab 1 or a Perkin-Elmer 
735B spectrophotometer. Gas chromatography was performed using a 
Varian Aerograph 90-P gas chromatograph with a thermal conduc- 
tivity detector and a 10 ft x 0.25 ft aluminum column containing 10% 
SE-30 on Chromosorb W. Microanalysis and mass spectrometry were 
carried out at the University of Alberta, Edmonton. Fast atom bom- 
bardment spectra were run on an AEl MS9 mass spectrometer in the 
negative ionization mode, using a glycerol/sulfolane matrix or a pure 
sulfolane matrix chilled in liquid nitrogen. Chemical ionization spec- 
tra were run on an AEl mass spectrometer in the positive ionization 
mode using ammonia reagent gas. 

Solvents and supporting electrolytes 
Dimethylformamide (DMF) and dimethylsulfoxide (DMSO) from 

BDH were dried by refluxing over calcium hydride and distilling at 
reduced pressure. Acetonitrile (Aldrich) was refluxed over P205 
and distilled at atmospheric pressure. Tetraethylarrimonium bromide 
(Aldrich) was recrystallized from ethanol-ether and tetrabutylam- 
monium iodide (Baker) from ethyl acetate. Both quaternary ammon- 
ium salts were dried in vacuo before use. 

Electrolysis substrates 
Tetrachlorothiophene (6), tetrabromothiophene (7), and tetraiodo- 

thiophene (8a) were prepared and purified by literature methods. 

Electrolysis procedure 
(a) Undivided cell 
DMF (200 mL), which was 0.1 M in tetraethylammonium bromide 

(TEAB), was poured into the cell. This solution was pre-electrolyzed 
at the same potential to be used for the substrate, for about 10 min, in 
order to destroy trace amounts of electroactive substances and to 
measure the background current at that potential. The substrate (5 g) 
was added along with an additive to absorb bromine (approx. 2 equiv- 
alents) and a few drops of 40% HBr solution. The solution was 
electrolyzed until the current had decreased to a value close to the 
pre-electrolysis background current or when glc analysis showed that 
the substrate was no longer detectable. The reaction mixture was 
poured into cold water (1.5 L) and extracted with ether. After drying 

TABLE 2. Divided cell electrolysis of bromo 
and iodothiophenes in DMF, 0.1 M in TEAB 

at a mercury electrode 

Product yield 
(%I 

Substrate Potential 2 3 4 

1 a 
l a *  
1 a 
1 a 
2a  
2 a  
3a 
l b  
l b  

*Water used as the solvent in the anode compart- 
ment. 

(MgS04), the ether was evaporated and the residue distilled, usually 
at reduced pressure. The products were identified by glc, nmr, and ir 
by comparing with literature data and (or) authentic samples. The 
results are summarized in Table 1. 

(b) Divided cell 
The sinter, dividing the cathode and anode compartments, was first 

impregnated with a gel of methyl cellulose. Methyl cellulose (5 g) was 
added to hot DMF (25 mL), which was 0.1 M in TEAB. The hot 
viscous solution was drawn through the sinter using a vacuum and then 
forced back using air pressure. This procedure was repeated a few 
times in order to remove air bubbles from the sinter. After cooling, the 
excess gel was scraped off the sinter. 

DMF (140 mL), which was 0.1 M in TEAB, was introduced into 
the cathode compartment. Generally, 60 mL of the same solution was 
introduced into the anode compartment, although in one electrolysis 
an aqueous solution of the electrolyte (0.1 M) was used.' A slight 
excess of hydrazine was dissolved in the anode solution. After a 
pre-electrolysis, the substrate (5 g) was added to the catholyte together 
with a few drops of 40% HBr and the solution electrolyzed at constant 
potential. It was noted that the anode solution became acidic during 
the course of the electrolysis and was neutralized occasionally by the 
addition of KOH. When the electrolysis was judged over (glc analysis 
and (or) current monitoring), the cathode solution was worked up in 
the same manner as the undivided cell electrolysis. The results are 
given in Table 2. 

3,4,5-Tribromo-2-thiophene carboxylic acid 
A divided cell electrolysis was carried out as above, but in the 

presence of a stream of Con .  The product was poured into water, 
acidified, and extracted with ether. The ether solution was extracted 
with aqueous NaOH and the aqueous layer acidified with HCI, giving 
a white precipitate of 3,4,5-tribromo-2-thiophene carboxylic acid 
(1.1 g, 35%), mp 258-260°C, (lit. (86) mp 258-259°C; ir: 1700 
(s, C=O str) cm-'. 

Di-3,4,5-tribromo-2-thienylmercury 
A divided cell electrolysis of tetrabromothiophene (5 g) was carried 

out at -0.95 V without the addition of acid to the catholyte solution. 
After a few minutes the current dropped to a background level and the 
electrolysis was allowed to run for 3 days. On the product into 
water a cream coloured solid, which was insoluble in ether, separated. 
Filtration, followed by washing with ethanol and ether, gave t ie  crude 
product (1.0 g). Extraction of the filtrate with the ether gave a solid 
which was shown by glc to be mostly the starting material. The crude 
product was crystallized from DMF/ethanol giving a cream powdery 
solid (0.6 g, 1 I%), mp 295-301°C (lit. (8c) mp 29 1°C); ir (KBr): 

'1n one electrolysis water was used in the anode compartment. 
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GEDYE ET AL. 

TABLE 3. Polarographic half-wave potentials (Ep values) of tetrahalothiophenes in 
different solvents 0.1 M in TEAB 

E; of wave (V) 

Substrate Solvents 1 2 3 4 

Tetrachlorothiophene DMF 
DMSO 
CH3CN 

Tetrabromothiophene DMF 
DMSO 
CH3CN 

Tetraiodothiophene DMF 
DMSO 
CH3CN 

- 1.78 
- 1.69 
- 1.74 

-0.90 
-0.84 
-1.16 

-0.67 
-0.55 
Insoluble 

TABLE 4. Effect of cathode material on the half- 
wave potentials of tetrabromothiophene in DMF, 

0.1 M in TBAP 

Ef for wave (V) 

Electrode 1 2 3 4 

Hg -0.84 -1.20 -1.92 -2.18 
Pt -1.50 -1.55 -1.86 
CU - 1.83* -1.92 -2.14 
Pb -1.83 -2.00 -2.20 -2.32 
Steel - 1.90* 
Graphite - 1.30* -2.10 

*Appears to be a combination of two waves. 

1460, 1380, 1260, 1220, 960, 720, 530, 490 cm-'; 'H nmr, no 
signals; mass spectrum (FAB) m / e :  967, 921, 840 (Mf, base peak), 
761 (M - Br), 681 (M - 2Br), 583, 319; mass spectrum (chem. 
ionization): 840 (M+), 602, 322, 240, 161. Anal. calcd. for 
CsBr6HgS2: C 11.43, Br 57.06, S 7.63; found: C 11.64, Br 55.10, S 
7.31. H 0.14. 

Results and discussion 
Polarographic studies were carried out on the tetrahalothio- 

phenes in DMF, DMSO, and acetonitrile, using TEAB as sup- 
porting electrolyte. It was noted that the polarograms of each 
substrate were virtually identical in the three solvents and only 
small differences were observed in the half-wave potentials (Et 
values) and diffusion currents (id). The Ef values are listed in 
Table 3. 

In agreement with previous polarographic studies (3, 4), 
both tetrabromo- l a  and tetraiodothiophene l b  showed four 
waves, corresponding to the successive reduction of each halo- 
gen in the molecule. Tetrachlorothiophene also showed four 
waves in DMF but the highest potential waves in DMSO and 
CHFN were masked by solvent decomposition. As expected, 
the ease of reduction for the tetrahalothiophenes was in the 
order I > Br > C1. 

With DMF as solvent, the effect of the presence of water and 
aqueous acid or base on the half-wave potentials was investi- 
gated. Up to the concentration at which their reduction waves 
swamped the polarograms, water, acid, and base had little or 
no effect on the Ef values. It was concluded that the reduction 
potentials were not pH dependent. 

The effect of the electrode material on the reduction poten- 
tials in DMF was investigated, with a view to the use of solid 

electrodes in preparative electroreductions. The results are 
listed in Table 4. Using solid electrodes, it was generally not 
found possible to obtain all four waves. It was also noted that 
the reduction potentials were higher and closer together than 
those obtained with mercury. It was confirmed later by prepara- 
tive electrolyses that selective reductions were more difficult to 
achieve using copper and lead cathodes than with a mercury 
cathode. 

Polarographic (3) and cyclovoltammetric studies (5) on bro- 
mothiophenes indicate that they reduce by an irreversible 
mechanism in which two electrons are required for reduction of 
each halogen atom. The resulting anion is then protonated by 
the autoprotolysis of DMF and (or) by water. The source of 
protons in aqueous media is water and it has been reported (9) 
that, even in reductions in DMF, water is the usual proton 
source since the removal of small amounts of water from the 
solvent using conventional drying agents is difficult. 

2e-I 

RBr -+ R- + Br- 

The electroreductions of l a  (3) and l b  (4) have also been 
reported to be diffusion controlled. 

The irreversibility of the reductions was confirmed by cyclic 
voltammetry of the substrates in DMF, which was 0.1 M in 
tetrab~t~lammonium perchlorate. The cathodic peaks in the 
cyclic voltammograms obtained correspond to the polaro- 
graphic reduction waves of these compounds and there were no 
appreciable oxidation peaks associated with any of these reduc- 
tion waves. Although some small anodic peaks were found in 
the -0.8 to S0.5-V range, these occurred in all the voltam- 
mograms and were attributed to the oxidation of the solvent 
decomposition products created by the high potentials used in 
the cathodic scans. 

In our initial preparative electrolyses, l a  was electrolyzed in 
an undivided cell at a mercury electrode, using DMF as solvent 
and TEAB as supporting electrolyte at a potential corre- 
sponding to the Ef value of the appropriate polarographic wave. 
It was found, however, that the current increased until the 
current limit of the potentiostat (1 amp) was reached. At this 
limit the cathode potential would start to decrease, preventing 
further reduction from occurring. Since it was believed that this 
problem was caused by the generation of bromine, which may 
react with DMF (10) or brominate the reduced bro- 
mothiophene, the effect of addition of various compounds 
which might trap the bromine was investigated. The most ef- 
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fective of these additives were found to be alkenes (such as 
1 -hexene, 1 -heptene, and 1 -decene), dimethylaniline (DMA), 
and phenol. It was also found necessary to add a small amount 
of mineral acid (HBr) in order for the electrolysis to proceed 
normally. In the absence of acid, it was generally observed that 
the currents, initially about 100 mA, decreased within minutes 
to a background level of about 5 mA. Acidification of the 
solution caused the current to increase to approximately its 
initial value. The addition of weaker Droton donors such as 
acetic acid, ethanol, and water had little or no effect on the 
current when at the background level. 

The results of these electrolvses are summarized in Table 1. 
In some cases good yields of the desired reduction products 
were obtained, but in others problems arose because of the 
difficulty in separating the additive or brominated additive 
from the product by distillation. 

Preparative electrolyses were also performed using copper 
and lead cathodes at the potentials determined by polarography 
at these electrodes. The reaction products and yields are also 
given in Table 1. The reductions at these electrodes were not 
as selective as those at the mercury electrode and mixtures of 
reduction products were obtained. 

Constant potential electrolysis using a divided cell was found 
to give generally good yields of the desired products and 
avoided the necessity for using additives to remove the bro- 
mine. Initially, satisfactory results were not obtained due to 
diffusion of the substrate through the sinter to the anode com- 
partment. This problem was overcome by impregnating the 
sinter with a gel of methyl cellulose. The cathode compart- 
ment, in these electrolyses, contained a 0.1 M solution of 
TEAB in DMF to which the substrate was added after a short 
pre-electrolysis. In most experiments the same solution was 
used in the anode compartment, together with hydrazine as an 
anodic depolarizer. One preparative electrolysis was carried 
out using water as the anode cell solvent containing 0.1 M 
TEAB, and gave satisfactory results. 

As with the undivided cell electrolysis, it was found neces- 
sary to add a small amount of acid to prevent the current 
dropping rapidly in the initial stages of the electrolysis. After 
some time the acid was depleted, causing the current to decease 
again even through the catholyte contained much unreacted 
substrate. The addition of more acid at this point restored the 
current to its normal value. At the end of the electrolysis, glc 
analysis showed that the product was present only in the catho- 
lyte. No trace of the substrate or product was found in the 
anolyte. 

The results of the divided cell electrolyses are given in 
Table 2. It was observed that the electrolysis of tetrabromo- 
thiophene l a  at its lowest reduction potential (-0.90 V) results 
in the formation of 2 a .  Reduction of both l a  and 2a at the 
second potential (- 1.20 V) yields 3 a .  Reduction of l a ,  2 a ,  
and 3a at the third potential (- 1.70 V) yields 4 a .  Similarly, 
tetraiodothiophene l b  was reduced to 3 b  at -0.93 V and to 4 b  
at - 1.20 V. These results support the interpretation made by 
previous workers (3, 4) of their polarographic data and clearly 
show that each polarographic wave corresponds to the reduc- 
tion of one halogen atom, and that the a-halogens of tetrahalo- 
thiophenes are reduced at lower potentials than the P-halogens. 

Preliminary work on the preparative electroreductions of 
tetrachlorothiophene has shown that selective reductions are 
more difficult to achieve. It should also be noted that the pure 
starting material is more difficult to prepare than the tetrabromo 
and tetraiodo analogues. 

When the electrolysis of l a  was allowed to run for a few 
days without strong acid in the catholyte solution, an organo- 
mercury compound identified as di-3,4,5-tribromo-2-thienyl- 
mercury, 5, was obtained in low yield together with some 
unreacted starting material. This was in contrast to the stepwise 
replacement of bromine by hydrogen observed in the presence 
of acid. 

Br Br Br 

Hg, DMF + 2e-' 

Br 

The organo-mercury compound 5 proved to be difficult to 
purify because of its low solubility in organic solvents. Its ir 
spectrum was rather similar to those of l a  and 2 a ,  and polaro- 
graphy yielded three waves at essentially the same potentials as 
2 a .  However, the substance had a much higher melting point 
than either l a  or 2a and mass spectrometry (chemical ioniza- 
tion and fast ion bambardment) showed a large multiple peak 
centred at 840 amu, which would correspond to the mass of the 
molecular ion of 5. Some peaks at even higher mass numbers 
in the FAB spectrum indicated the presence of impurities, and 
multiple isotope peaks were also observed at 761 (M - Br) and 
583 (M - 2Br). Computer generated isotope patterns for the 
peaks at 840,761, and 583, assuming structure 5, were in close 
agreement with those observed in the mass spectra. The micro- 
analytical results for determination of C, Br, and S in the 
compound were consistent with structure 5 and slight dif- 
ferences from the calculated values could be attributed to small 
amounts of impurity. 

It would appear that the organo-mercury compound is 
formed via chemisorbed radicals on the cathode surface. 

R0 + Hg + R H ~ O  (ads) 

2RHg (ads) + R2Hg + Hg 

In our preparative electrolyses it was observed that, in the 
absence of added mineral acid, the current would fall within 
minutes to a background level. A similar observation was made 
by Brown and Taylor (1 1) in the synthesis of mercury dialkyls 
from alkyl halides. These authors attributed this behaviour to 
the intermediate formation of adsorbed radicals, which are then 
converted to the product on the surface of the mercury. 
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Reversible ring opening in the hydrolysis of spiro ortho esters 
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ROBERT A. MCCLELLAND and CLAUDE MOREAU. Can. J. Chem. 63, 2673 (1985). 
Hydrolysis kinetics are reported for four spiro ortho esters: 3,4-dihydro-6-methoxy-I H-2-benzopyran-1-spiro-2'-11,3'- 

dioxolane (13), its 11,3'-dioxane analog (14), and the 6-unsubstituted versions of each (11 and 12). For comparison, also 
included are the diethoxy analogs: 1 ,l-diethoxy-3,4-dihydro-6-methoxy-1H-2-benzopyran (10) and the 6-unsubstituted com- 
pound (9). Product analysis implicates an initial opening of the dioxolane or dioxane ring in the spiro ortho esters, as expected 
on the basis of stereoelectronic considerations. The intermediate dialkoxycarbocations can be observed in HCl solutions. A 
detailed analysis has been carried out for the 6-methoxy systems to provide the rate constants k, , the second-order rate constant 
for H+-catalyzed formation of the cation from the ortho ester, k2, the first-order rate constant for water addition to the cation, 
and k-, , the first-order rate constant for ring closing of the cation to reform the ortho ester. The two spiro ortho esters are shown 
in this analysis to undergo reversible ring opening in their hydrolysis, in that values of k-, are greater than k2. The differences, 
however, are not large, k-,/k2 being 1.2 (dioxolane, 13) and 3.8 (dioxane, 14). Comparison with the diethoxy ortho ester also 
reveals that the ring opening process (k, rate constants) is inherently more difficult with the dioxolane, although not with the 
dioxane. An argument involving lone pair orientation is advanced to explain this. 

ROBERT A. MCCLELLAND et CLAUDE MOREAU. Can. J .  Chem. 63, 2673 (1985). 
On rapporte les donnks cinktiques relatives l'hydrolyse que quatre spiro ortho esters: le dihydro-3,4 mkthoxy-6 

1 H-benzo-2 pyrannespiro-1 dioxolane-2'- 1 ',3' (13), son analogue dioxanne- 1 ' ,3' (14) ainsi que les homologues non substituts 
en position 6 (11 et 12). Pour fins de comparaisons, on a kgalement inclus les analogues dikthoxylks: le dikthoxy-1,1 
dihydro-3,4 mkthoxy-6 1 H-benzo-2 pyranne (10) et le compost qui n'est pas substituk en position 6 (9). L'analyse des produits 
implique que l'ouverture initiale se fait au niveau des cycles dioxolane ou dioxanne des ortho esters spiro et ce conformCment 
A ce que laissent prtvoir les facteurs stkn5oklectroniques. On peut observer les dialkoxycarbocations intermtdiaires dans des 
solutions de HCl. On a effectuC une analyse dktaillke des systkmes mkthoxy-6 dans le but d'obtenir: (a) les constantes de vitesse 
k,, (b) la constante de vitesse d'ordre deux, k2, relative a la formation, catalyske par H+, du cation a partir de I'ortho ester, 
(c) la constante de vitesse d'ordre un relative a l'addition d'eau sur le cation et (d) k-I , la constante de vitesse d'ordre un pour 
la cyclisation du cation qui ramkne a I'ortho ester. Grlce A cette analyse on dtmontre que, au cours de leur hydrolyse, les deux 
spiro ortho esters subissent une ouverture reversible de cycle qui se traduit par le fait que la valeur de k-I est su@rieure ii k2. 
Cependant, la diffkrence n'est pas trbs grande; k-,/k2 est Cgal A 1,2 pour le dioxolane 13 et 3,8 pour le dioxanne 14. Une 
cornparaison de ces rksultats avec ceux obtenus avec les ditthoxy ortho esters rkvble Cgalement que I'ouverture de cycle 
(constante de vitesse k,) est plus difficile dans le cas du dioxolane meme si ce n'est pas le cas avec le dioxanne. On fait 
intervenir I'orientation du doublet libre pour expliquer ces rksultats. 

[Traduit par le journal] 

A three-stage reaction mechanism is now commonly ac- 
cepted for the hydrolysis of acetals and ortho esters (1-3): (i) 
acid-catalyzed formation of an oxocarbocation, (ii) hydration 
of this cation to produce a hemiacetal or hemiorthoester, and 
(iii) decomposition of this intermediate to products. Under the 
conditions normally employed for kinetic studies, namely di- 
lute substrate in aqueous solvent, the first stage is essentially 
irreversible. The small amount of alcohol which is being re- 

+ ROH 

leased during the hydrolysis cannot compete with the solvent, 
so that the oxocarbocation once formed must go on to products. 
With cyclic systems where the first stage involves ring open- 
ing, reversibility is, however, a factor. Now the reverse reac- 
tion is intramolecular, and in principle it can compete even 
when there is a large excess of water. Cyclic acetals do undergo 
hydrolysis at a slower rate than their acyclic analogs, and this 
observation has been explained by reversibility in the cyclic 
cases (4). Reversibility, however, is difficult to demonstrate 

unambiguously, since the observed kinetic expression is the 
same regardless of the relative magnitudes of k-, and k2 (eq. 
[5]). Reversibility has been demonstrated unequivocally with 

kl k2 
[5] Rate = kH(obs) [acetal] [H'] = - [acetal] [H'] 

k-1 + k2 
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two cyclic acetals-with derivatives of exo,exo-norbornane- 
2,3-diol (1) where epimerization at the pro-acyl carbon is 
observed during hydrolysis ( 3 ,  and with 2 and 3 which are 

derivatives of tropone (6). With the latter acetals the relatively 
stable oxytropylium ion intermediates are observed during the 
hydrolysis. The kinetic behavior therefore becomes more com- 
plex than that described in eq. [5], and a kinetic analysis can 
furnish the exact values of the three rate constants kl , k- and 
k2. A similar approach (7, 8) has been employed at the ortho 
level with trioxaadamantanes 4, which are highly reversible in 
their initial ring opening (9). Results with the bicyclic ortho 
esters 5 (lo) and 6 (1 l) ,  on the other hand, are best interpreted 

R 

in terms of irreversibility. In tlie trioxaadamantane system the 
departing hydroxyl group remains directly in the face of the 
oxocarbocation. With 5 and 6 it appears as if strain energy in 
the ortho ester retards the ring closing. The ortho esters 7 (2, 
11-13),8(14),9(15), and10(15)haveachoiceofendocyclic 

7 n = 2 o r 3  8 n = l , X = H  
9 n = 2 , X = H  

10 n = 2, X = OMe 

or exocyclic bond cleavage for their oxocarbocation-forming 
stage, and show a strong preference for the latter. In the ortho 
esters 7 where the i3xocarbocation can be stabilized by an 
adjacent phenyl (R = Ar) this tendency can be explained in 
terms of cation stability (16- 18). This preference is also seen 
with 7, R = alkyl(13, 18), where the cations derived from the 
two initial cleavages are expected to have similar stability. This 
suggests that there is an inherent difficulty in the endocyclic 
process. 

In this paper we address the question of reversibility with the 
spiro ortho esters 11 - 14. These combine features of both 7 and 
9 or 10, with the obvious difference that a ring must open in the 
first stage of the hydrolysis. We anticipated on the basis of 
previous results with 8 (14) that the oxocarbocation inter- 
mediate would be observed as a transient species, and that this 
would permit a detailed kinetic analysis similar to that carried 
out with the tropone acetals (6). This indeed proved to be the 
case. 

1 1 n = 2 , X = H  
1 2 n = 3 , X = H  
13  n = 2, X = OMe 
14 n = 3 , X  = OMe 

Experimental 
Materials 

1,l-Diethoxy-3,4-dihydro-1 H-Zbenzopyran (9) and 1, l-diethoxy- 
3,4-dihydro-6-methoxy-1H-2-benzopyran (10) were from a previous 
study (15). Spiro ortho esters were prepared from these by ortho ester 
interchange. The diethoxy ortho ester and appropriate diol were mixed 
in equal amounts and a crystal of 4-toluenesulfonic acid added. The 
flask was evacuated to 1 Torr (133.3 Pa) at room temperature to 
remove the ethanol product of the exchange. After complete removal 
of the ethanol, a small amount of triethylamine was added to neutralize 
the acid. The ortho ester product was then obtained by distillation 
under reduced pressure. 

6-Methoxy-3,4-dihydro-1 H-2-benzopyran-1-spiro-2'-lf,3'-dioxolane 
(13) had bp 90°C, 0.1 Torr, turning to a waxy solid on standing; 'H 

nmr (CDCI,, 200 MHz), 6: 6.97 (lH, d, J = 9 Hz, H8), 6.79 ( lH,  
dd, J = 9 H z a n d J  = 3Hz,  H7),6.66(1H,d, J = 3Hz,  H5),4.18 
(4H, bs, H4' and H5'), 4.07 (2H, t, J = 6 Hz, H3), 3.81 (3H, s,  
6-0CH3), 2.82 (2H, t, J = 6 Hz, H4). Anal. calcd. for C12H1404: C 
64.85, H 6.35; found: C 65.03, H 6.42. 

6-Methoxy-3,4-dihydro-1 H-2-benzopyran-1-spiro-2'-11,3'-dioxane 
(14) had bp 85"C, 0.05 Torr; 'H nmr (CDCI3, 200 MHz), 6: 6.95 ( lH,  
d, J = 9 H z ,  H8), 6.80(1H, dd, J = 9Hzand  J = 3Hz,  H7), 6.64 
( lH,  d, J = 3 Hz, H5), 4.30 (2H, ddd, J = 16 Hz, 10 Hz, and 3 Hz, 
H4a' and H6ar), 4.06 (2H, t, J = 6 Hz, H3), 3:81 (3H, s,  6-0CH3), 
3.78 (2H, ddd, J = 10 Hz, 5 Hz, and 1.5 Hz, H4b' and H6bf), 2.81 
(2H, t , J  = 6Hz,H4),2.16(1H,dt t ,  J =  13Hz, 16Hz, and lOHz, 
H5a1), 1.48 ( lH,  dtt, J = 13 Hz, 3 Hz, and 1.5 Hz, H5b1). Anal. 
calcd. for C13H1604: C 66.09, H 6.83; found: C 66.21, H 6.94. 

3,4-Dihydro-1 H-2-benzopyran-1 -spire-2'-1 ',3'-dioxolane (11) had 
bp 70°C, 1 Torr, turning to a waxy solid on standing; 'H nrnr, 6: 
7.5-7.2 (4H multiplet, H5, H6, H7, and H8), H3, H4, H4' and H5' 
as in 13. Anal. calcd. for C11H1203: C 68.74, H 6.29; found: C 68.57, 
H 6.25. 

3,4-Dihydro-1 H-2-benzopyran-1 -spire-2'-1 ',3'-dioxane (12) had 
bp 90°C, 1 Torr; 'H nmr, 6: 7.5-7.2 (4H multiplet, H5, H6, H7, and 
H8), H3, H4, H4a1, H4br, H5a1, H5b1, H6af, H6b' as in 14. Anal. 
calcd. for C12H1403: C 69.89, H 6.84; found: C 70.03, H 6.97. 

Kinetic methods 
Conventional uv kinetic measurements for the hydrolysis in solu- 

tions with pH > 5 were carried out on a Unicam SP 1800 spec- 
trophotometer. A solution of approximately 0.1 M concentration of 
the ortho ester in dry acetonitrile was prepared; 2-3 pL of this solu- 
tion were added directly to the uv cuvette containing 2-3 rnL of the 
appropriate aqueous buffer. This cuvette and solution had been pre- 
viously thermostatted at 25.0°C in the uv instrument. A wavelength of 
230 nm was employed for 9, 11, and 12 and a wavelength of 255 nm 
for 10, 13, and 14. Kinetic plots of In (A, - A) versus time were 
excellently linear and the observed first-order rate constants were 
calculated as their slopes. 

Stopped-flow kinetic measurements for the hydrolysis in solutions 
with pH < 3 were carried out with a Durmm-Gibson stopped-flow 
spectrophotometer thermostatted at 25.0°C. The ortho ester was dis- 
solved in 0.002 M NaOH to give solutions of approximately M 
and this solution mixed with excess HCI solutions. A wavelength of 
300 nrn (for 10, 13, and 14) was chosen. The photomultiplier output 
of this instrument was digitized to provide 118 absorbance readings for 
each kinetic run. The absorbance-time values were transferred to a 
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McCLELLAND AND MOREAU 

HO- OH 
n + 

Tektronix 4051 microcomputer for the analysis described in the next 
section. 

Product analysis 
The pure ortho esters were injected via syringe into 0.01 M DCI in 

D20  to give a solution of 0.01 M in ortho ester. The 'H nmr spectra 
of these solutions were recorded on a 200-Mz nmr spectrophotometer. 

Results and discussion 
As summarized in eq. [6] there are two possible initial modes 

of cleavage producing two different dialkoxycarbocations 15 
and 18, and there are two possible types of products, the lac- 
tone 16, which will be accompanied by diol, and the benzoate 
ester 19. Products were determined in 0.01 M DCl by directly 
recording the nmr spectra of hydrolyzed solutions. For all four 
ortho esters a predominance (85-95%) of lactone plus diol is 
observed. The ester 19 can cyclize to the lactone but this 
process is slow compared to the ortho ester hydrolysis (14, 15). 
The nmr spectra were recorded sufficiently quickly to provide 
the products of kinetic control. 

The lactone plus diol products obviously must arise from the 
cation 15. We feel that the small amount of ester also comes 
from this cation. Under similar conditions the ortho ester 10 
gives 85% lactone (15). This ortho ester undergoes only cleav- 
age of the exocyclic ethoxy group (15) to produce a cation 
analogous to 15. Production of the cation 15 is also expected 
on stereoelectronic grounds. As shown in the transition state 
structure 17, the alternative cleavage to the cation 18 must 
proceed with the phenyl ring at right angles to the developing 
TT system of the dialkoxycarbocation. Thus no initial sta- 
bilization associated with the aromatic ring is possible. That 
this conjugation is important can be seen in the faster rate of 
hydrolysis of 2-phenyl-2-methoxy-l,3-dioxolane compared to 
that of trimethyl orthobenzoate (16). Kresge and co-workers 
have explained this difference by a steric effect associated with 
the latter which prevents the phenyl ring from becoming fully 
conjugated with the cation center (16- 18). The argument with 
the present system is essentially an extension of Des- 
longchamps antiperiplanar lone pair hypothesis (1 9, 20). For 
an efficient reaction, not only must the two remaining oxygen 
atoms have lone pairs antiperiplanar to the bond being broken, 
but also the aromatic ring should be set up with the correct 
orientation. The reaction forming 15 satisfies both requue- 
ments; the reaction forming 18 fails on the latter. 

First-order rate constants were measured for the spiro ortho 
esters as well as for their diethoxy analogs in phosphate buffers 

of pH 5.5-7.5, following the appearance of the lactone plus 
benzoate ester products in the uv spectrum. As expected, these 
observed rate coefficients, after correction for a small con- 
tribution from the buffer by extrapolation to zero buffer con- 
centration, are linear in Ht concentration. Values of the H+ 
catalytic coefficients are listed as kH (obs) in Table 1. The spiro 
ortho esters do hydrolyze significantly more slowly than their 
diethoxy analogs, the difference being a factor of 60-80 for the 
dioxolane systems and 6 for the dioxanes. 

In HCl solutions kinetic experiments were conducted using 
stopped-flow spectroscopy, and with all six ortho esters a tran- 
sient absorbance was observed attributable to the oxocarbo- 
cation intermediate. For detailed analysis we have concentrated 
on the 6-methoxy compounds 10,13, and 14, where the cations 
are longer lived. Tht: intermediates with these systems have uv 
absorbance with A;, at 300 nm typical of p-methoxyphenyl 
dialkoxycarbocations (2, 21, 22). As shown in Fig. 1, the 
monitoring of this wavelength produces a rapid rise and fall in 
absorbance as the cation is formed and subsequently decays. 
The absorbance in fact starts at zero and finishes at zero since 
neither the ortho ester nor the product have significant ex- 
tinction coefficients at this wavelength. It can also be seen from 
Fig. 1 that the maximum amount of the cation which is pro- 
duced increases with increasing acid concentration. 

For the spiro ortho esters the kinetic system has the form: 

products 

where k; is the pseudo-first-order rate constant for the ring- 
opening reaction at constant pH. The fraction of cation formed 
as a function of time is given by eq. [8] (23), 

where A, = initial concentration of ortho ester (or total concen- 
tration of ortho ester, cation, and product), C = ki/(A, - A,), 
and A,, A, = (112) ((k; + k, + k-,) * ((ki + k, + k-,)' - 
4k; k2)'12). In terms of absorbance this equation can be rewritten 
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TABLE 1. Rate constants" for the hydrolysis of spiro ortho esters and 
spiro acetals 

k~ (obs), 
Compound M-' s-' & I ,  M-' s-' k-I, s-' k2, s-' 

9 8.4 X lo3 
(7.7 x 1031h 

11 1.5 X lo2 
12 1.5 X 10' 
10 2.9 x lo4 3.4 x lo4 - 23 

(1.44 X 104y 
13 3.5 x lo2 6.6 X 10' 85 65 
14 5.0 x lo3 2.6 X lo4 120 32 

Tropone 
diethyl 2.2 x lo5 2.2 x lo5 - 0.017 
acetal" 

2" 3.9 x lo3 2 . 1 x 1 0 4  0.13 0.030 
3' 6.8 X lo3 1 .8x1O4 0.041 0.025 

"25'C, ionic strength = 0.1 for 9, 11, 12, tropone diethyl ketal, 2,3 and 1 .O 
for 10, 13, 14. 

Reference 15. 
'Reference 6. 

25 50 75 

t(ms) 

FIG. 1. Absorbance at 300 nm for the ortho ester 13 (3.5 x lo-' 
M) in 0.028 M HCI (O) ,  0.078 M HCl (a), and 0.198 M HCI (m). 
The points are experimental. The curves are calculated using eq. [9] 
and the values of k l ,  k-,, and k2 listed in Table 1. The curves have 
been normalized by having the maximum observed absorbance in 
0.078 M HCI coincide with the calculated maximum in that acid (see 
text for explanation). 

as follows, 

A°C -A21 - e-Alr) [9] Absorbance = - (e El 

FIG. 2. Plots of the product of the relaxation coefficients A, A2 ( 0 )  
and the sum XI  + AZ (@) obtained for the ortho ester 13 as a function 
of H+ concentration. 

where E = extinction coefficient of the cation, and 1 = path- 
length of the uv cuvette (2 cm). The stopped-flow instrument 
is linked to a digitization device which provides 118 
absorbance-time readings per kinetic run. Using nonlinear 
least squares we have fit these data to eq. [9] to obtain values 
of X I  and A, as a function of acidity. These are the relaxation 
constants (23) for this kinetic system (although this is not a 
relaxation process since amplitudes are large). A third parame- 
ter, A,,C/EL is also provided by the curve fitting, but we have 
ignored these values in further calculations since the value of 
E is unknown. 

As a function of H+ concentration the following relation- 
ships can be written for A,, A, 

Both the quantities A, + A, and A, A, are predicted to be linear 
in H+ concentration, the latter with a zero intercept. Using data 
obtained with the ortho ester 13, such plots are shown in Fig. 
2, and the predicted forms are obviously obtained. The slopes 
and intercepts of these plots then provide the rate constants kl, 
k-l, and k,. We illustrate these calculations in detail for 13 to 
indicate the magnitudes of the errors. The slope of the A, + A, 
plot gives k, directly, a value of (6.6 + 0.6) X lo2 M-' s-'. The 
slope of the A, A, plot is equal to (4.3 + 0.3) X lo4, regardless 
of whether a zero intercept is enforced. This slope is equal to 
kl k,, SO that by using the above value of k,, k2 can be calculated 
as 65 + 10. The intercept in the X I  + A, plot is 150 + 10 and 
this is equal to k-, + k,. Since k2 is now known, the value of 
k-, can be calculated as 85 + 14. A summary of these values 
along with those obtained for 14 is given in Table 1. 
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MCCLELLAND AND MOREAU 

This analysis indicates that with both spiro ortho esters ring 
opening is reversible in that k-, is greater than k2. Evidence of 
the consistency in the analysis can be seen in Fig. 1 from the 
reasonable agreement between the experimental data and 
curves calculated on the basis of eq. [9] and the derived rate 
constants. One additional parameter is required in this calcu- 
lation, the extinction coefficient of the cation. This has been 
calculated as 1.4 X lo4 by forcing the maximum calculated 
absorbance in 0.078 M HCl to coincide with the maximum 
observed absorbance in that acid. All the other points in that 
particular curve and the two other curves then follow auto- 
matically. A second point of agreement can be seen between 
values of k, k2/(k-, + k2) calculated on the basis of the HCl data 
and the experimental values of kH(obs) determined at higher 
pH: 2.9 X 1 O2 (calcd.) versus 3.5 X lo2 for 13 and 5.5 X 1 O3 
(calcd.) versus 5.0 X lo3 for 14. 

With the diethoxy ortho ester 10, the kLl process of eq. [7] 
can be ignored. A rise and fall in absorbance at 300 nm is 
observed. The rising portion of the curve can be analyzed to 
give a value of kl of 3.4 X lo4 M-' s-I, in reasonable agree- 
ment with the kH(obs) of 2.9 X lo4 M-' s-' measured in 
phosphate buffer. The decay portion of the curves gives a value 
of k2 of 23 s-' for cation hydrolysis. (It can be noted that in 
acids more concentrated than 0.02 M HCl only the decay curve 
is seen, since cation formation is complete within the dead-time 
of the stopped-flow instrument.) 

A trend can be noted in the k2 values, namely k2(0CH2CH3) 
I < k2(0CH2CH2CH20H) < k2 (OCH2CH20H). This same trend 

was previously observed with the tropone systems (see also 
Table 1). It can be explained by an electron-withdrawing in- 
ductive effect associated with the OH groups in the ring-opened 

I cations. This destabilizes these cations, making them more 
reactive towards hydrolysis. The effect is more important with 
the ethylene compound where the hydroxyl group is closer to 
the cationic center, so that this is the most reactive. 

With the diethoxy compound 10 as model, the decreased 
reactivity of the cyclic systems observed at higher pH (kH (obs) 
values) can be dissected into a reversibility factor and an inher- 
ent difficulty in ring opening (see eq. [5]). 'The latter comes 
simply from a comparison of the k, values in the cyclic and 
acyclic systems. The former is measured by the extent to which 
k2/(k-, + k2) is less than unity. For the dioxolane system 13 the 
80-fold decrease in kH (obs) compared to 10 can be divided into 
a 40-fold decrease associated with kl and only a 2-fold decrease 
associated with reversibility. Thus in this system ring opening 
to the cation is inherently more difficult. With the dioxane 
system 14, however, there is only a 6-fold decrease in reac- 
tivity compared to 10 and this is almost entirely due to revers- 
ibility since the value for k, for 14 is only slightly smaller than 

I that for 10. 
It is not immediately obvious why there should be a differ- 

ence between the two cyclic systems. One possible inter- 
pretation involves lone pair orientation (19). (Although this 
principle has been challenged recently (24), it is probably ap- 
plicable to ortho esters where transition states are not well 
advanced towards the oxocarbocation.) As shown in structure 
20, with both spiro ortho esters a lone pair on the oxygen of the 
dihydrobenzopyran ring can be placed in an orientation approx- 
imately antiperiplanar to an oxygen in the dioxolane ring or 
dioxane ring (dashed line). In the dioxane system, there is also 
a lone pair on the other oxygen in the dioxane ring that is an 
antiperiplanar arrangement (structure 21), so that this system is 
well set up for bond breaking. With the dioxolane, on the other 

hand, there is distortion caused by imposing the proper ring 
geometry (structure 22). In the transition state for bond break- 
ing this may prevent 100% conjugation with the other oxygen 
in the dioxolane ring, making this system inherently less reac- 
tive. This argument is tantamount to a Baldwin's rule (25) 
application. The ring opening in the dioxolane is a disfavored 
5-endo trig reaction with respect to the dioxolane ring. 

Interestingly, the difference in ring opening reactivity be- 
tween the 5-cycle and 6-cycle is not seen in the tropone system. 
Here the kl values for the two are approximately the same, each 
being about 10-fold smaller than the value for the diethoxy 
compound (see Table 1). This may be related to different geo- 
metrical features in this system where the spiro junction in- 
volves a planar 1,3,5-cycloheptatriene. This can also be looked 
at in terms of an argument that in the tropone system the 
majority of the stabilization in the cations is associated with 
their being tropylium ions. Although the other ring oxygen 
results in some additional stabilization, the effect is small so 
that lone pair orientation is not so important. 

In summary, both the dihydrobenzopyran ortho esters and 
the tropone acetals exhibit the same general behavior. Ring 
opening is reversible. There is not a significant difference be- 
tween the dioxolane (ethylene bridge) and dioxane (tri- 
methylene bridge) with respect to relative rates of cyclization 
versus water addition. In no case is there an overwhelming 
preference for ring closure; values of k-,/k2 have now been 
obtained which range from 1.2 to 4.2. 
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BYRON KRATOCHVIL, RAM S. THAPA, and NORINE MOTKOSKY. Can. J. Chem. 63, 2679 (1985). 
Several marine biological tissues were tested for homogeneity with respect to lead and cadmium. The variance for the 

certified reference material TORT-1 is approximately 1 pg/g for each metal. This is of the same order as the heterogeneity 
of spray-dried dogfish and swordfish tissue. Scallop adductor muscle was of the same level of heterogeneity for cadmium; the 
lead content was below the limit of detection of the procedure used. 

BYRON KRATOCHVIL, RAM S. THAPA et NORINE MOTKOSKY. Can. J. Chem. 63, 2679 (1985). 
On a fait des essais sur plusieurs types de tissus biologiques marins dans le but de dCterminer leur homogCntit6 en plomb 

et en cadmium. Pour chacun des mCtaux prCsent dans 1'Cchantillon de reference TORT-1, I'tcart est d'environ 1 pg/g. Cet 
Ccart est du mCme ordre que llhCtCrogCntitC de tissus de la roussette ou de I'espadon sCchCs. Vis-i-vis du cadmium, le muscle 
de la coquille St-Jacques est du m&me ordre d1hCtCrog6ntitC; pour ce qui est du contenu en plomb, il est inftrieur h la limite 
de dttection de la mtthode. 

[Traduit par le journal] 

The toxicity of heavy metals makes their determination in 
foodstuffs of  major interest. Contamination of sea water by 
anthropogenic activity can cause bioaccumulations of heavy 
metals in marine life, particularly in economically important 
food species such as fish, lobster, clams, and mussels. For this 
reason, the accurate and precise determination of toxic ele- 
ments in marine biological materials is important. To assist in 
the development and testing of analytical procedures for such 
elements a reference material, TORT-1 , has been issued by the 
National Research Council of Canada through the Marine 
Analytical Chemistry Standards Program. This material was 
prepared from edible grade lobster tomalley (hepatopancreas) 
that had been spray dried and acetone extracted. The acetone 
extraction was performed to remove lipid components that af- 
fect stability on storage. Removal of the large amounts of lipids 
results in a concentration of trace elements in the material. The 
form in which heavy metals are present in this material is not 
known, but if more than one form is present distributions of the 
metals in the material may be affected (1). For this reason, and 
because many new analytical techniques require only small 
amounts of sample, the homogeneity of such a reference mate- 
rial is of interest. The concentration of lead in TORT-1 is 
reported to be 10.4 2.0 pg/g, and that of cadmium 26.3 -+ 
2.0 pg/g, the uncertainties representing 95% tolerance limits 
for an individual subsample of 500 mg or greater. We were 
interested in determining the between-bottle homogeneity for 
lead and cadmium in samples below 50 mg (2). Single bottles 
of three additional spray dried marine biological materials, 
dogfish tissue, scallop adductor muscle, and swordfish tissue, 
obtained from the National Research Council of Canada, were 
also tested for homogeneity of lead and cadmium. The method 
chosen for this study was graphite furnace (electrothermal) 
atomic absorption spectroscopy with standard additions (3). 
This technique, with background correction and a L'vov plat- 
form, provides the sensitivity and selectivity required for deter- 
mination of low levels of lead and cadmium in these materials. 

Use of the L'vov platform (4-8) reduces matrix effects by 
allowing the analyte to vaporize into an atmosphere of higher 
temperature that favors quantitative atom formation. Addition 
of matrix modifiers such as NH,H,PO, (8) or Triton X- 100 (9, 
10) to digested solid samples may also reduce matrix effects by 
stabilizing the analyte or converting interfering sample com- 

ponents to volatile compounds that are removed during the 
ashing step. 

Treatment of tissue samples before analysis ranges widely. 
Direct injection of freeze-dried (1 l ) ,  powdered (12), -or un- 
treated samples (8) has been used but problems with weighing 
of microgram test portions and with the ashing step make the 
procedure imprecise. Some of the weighing difficulties may be 
circumvented by injection of microliter volumes of slurries 

~ - 

(13). Digestion of samples has been accomplished with en- 
zymes (14), concentrated acids (7, 15 - 17) or dry ashing fol- 
lowed by dissolution in acid (18). A solvent extraction tech- 
nique consisting of acid digestion followed by extraction of 
cadmium as dithizone complexes into an organic layer has been 
investigated (19). Still another separation technique involves 
vaporization of the sample followed by separation on a column 
(20). Most of these procedures give a precision for lead and 
cadmium of better than 10%. 

For the work reported here digestion with nitric acid fol- 
lowed by a standard additions procedure and vaporization on a 
L'vov platform were found to give satisfactory results. Use of 
graphite furnace atomic absorption spectroscopy for the deter- 
mination of lead or cadmium requires attention to numerous 
aspects of sample handling and furnace operation. Potential 
problems include memory effects in the graphite tube and plat- 
form and loss of lead or cadmium by adsorption from solution 
onto container walls with time or during the furnace charring 
step. Volatilization of lead during charring is reduced consid- 
erably by the presence of phosphate in the solution (21 -24). 

Experimental 
Apparatus 

The atomic absorption measurements were made on a Model 5000 
spectrophotometer (Perkin-Elmer, Norwalk, CT) with background 
correction, an HGA 2200 furnace, and an AS-1 autosampler. Injected 
volumes were 20 pL. Pyrolytic graphite tubes with platforms (Perkin- 
Elmer Part No. B012-1091) were used (25). Operating conditions are 
given in Table 1. The argon purge gas flow was stopped during the 
atomization of lead, but was continued using the normal (40 cm3/min) 
setting for the first 3 s during the atomization of cadmium. Peak areas 
were recorded on a Perkin-Elmer PRS- 10 printer sequencer. Working 
curves were linear over the range 0 to 7.2 x lo-' M lead (0 to 0.3 ng 
Pb per measurement) and 0 to 1.8 x lo-' M cadmium (0 to 0.04 ng 
Cd per measurement). Blanks, carried through the same procedure as 
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TABLE I .  Operating conditions for graphite furnace atomic absorption measurements 

Value 

Parameter 

Wavelength 
Integration time 
Spectral slit width 
Drying temperature and time 
Ashing temperature and time 
Atomization temperature and time 
HCL current 

the samples, were run on the instrument after every few sample mea- 
surements and the absorbance for the appropriate blank subtracted 
from the sample absorbances to correct for drift and furnace deterio- 
ration. Each solution was injected at least two, and generally three, 
times. 

Reagents 
Distilled water was further purified by passage through a column of 

mixed strong acid and strong base ion exchange resins (Amberlite 
MB-3, Rohm and Haas Co.). The nitric acid for sample dissolution 
was either Aristar (British Drug House) or Seastar (Seastar Chemicals, 
Sidney, B.C. Canada). All other chemicals were either analytical or 
reagent grade. Certified standard solutions of lead (Fisher Scientific) 
and cadmium (Spex Industries) were used to prepare calibration 
curves and for the standard additions. 

For comparison and checking purposes, a standard reference mate- 
rial from the U.S. National Bureau of Standards, Oyster Tissue 1566, 
was analyzed for lead and cadmium, and a second material, Bovine 
Liver 1577a, was analyzed for cadmium. 

Sample preparation 
Six bottles of TORT-I, obtained from Marine Standards Analytical 

Program, Division of Chemistry, National Research Council of 
Canada, Ottawa, Canada KIA 0R9, were tumbled end-over-end for 
2 h. Approximately 5-g portions from each were then removed and 
dried in glass weighing bottles for 24 h at room temperature 
(23-24°C) in a vacuum oven (National Appliance Co. Model 585 1-6) 
at approximately 0.06 mm Hg. The vacuum was produced with a 
pump (Welch Co.) separated from the oven by a dry ice - acetone 
cold trap. Previous studies had shown these drying conditions to be 
optimum. The dried samples were stored in closed weighing bottles in 
a desiccator over magnesium perchlorate. 

Single bottles of spray dried scallops adductor muscle and sword- 
fish tissue, also obtained from the National Research Council of 
Canada, Ottawa, were treated in the same way except that 48 h were 
required to bring the materials to constant weight. Dogfish tissue, 
obtained from the same source, was difficult to dry because the surface 
of the material tended to form a crust that slowed further drying. The 
procedure finally adopted involved recrushing of the clumps with a 
spatula every 6 to 8 h during the drying period. Even with intermittent 
crushing a total of 120 h was required to bring the material to constant 
weight. The total weight loss was of the order of 5%. 

For the TORT-I lead and cadmium analyses approximately 25-mg 
portions of the material were weighed to k0.01 mg on a Mettler H-5 1 
semimicro balance into 125-mL wide mouth FEB Teflon bottles 
(Nalgene 2 100-0004). About 5 mL of 15.8 M nitric acid was added to 
each bottle, the bottle capped loosely with Tefzel closures, and the 
contents refluxed gently by placing the bottle in a sand bath at 130°C 
until dissolution was complete. 

For the dogfish, sample sizes were about 0.05 g for the lead and 
0.8 g for the cadmium determinations. Corresponding sample sizes 
were 0.8 g and 0.25 g for the swordfish, and 1.5 g and 0.125 g for the 
scallops. The dissolution procedure was the same as for TORT-1, 
except that the volume of nitric acid used for the dissolution had to be 
increased to as much as 15 mL for the largest samples. Other methods 
of sample dissolution were investigated and found to be less satis- 

factory (26). These included digestion at lower concentrations of nitric 
acid at - 1 80°C and digestion with various concentrations of nitric acid 
in a pressure cooker (27). 

The digested solution was transferred to a 10-mL volumetric flask 
and diluted to volume. For the determination of lead, solutions for the 
standard additions procedure were prepared by pipetting from 0.6 to 
2 mL of the sample solution, depending on the lead concentration, into 
each of four or five 10-mL volumetric flasks and adding from 0 to 
0.15 mL of a solution containing 1 pg lead per mL with a variable 
micropipet (Soccorex 5-25 pL, Cat. No. 841). Next, 0.5 rnL of 
ammonium dihydrogen orthophosphate (0.1% in I% HN03) was ad- 
ded to each flask and the volume was made to the mark with 1% 
HN03. These solutions were then run immediately on the atomic 
absorption spectrophotometer. Solutions that were allowed to stand 
for several hours or overnight gave low and erratic results. A plot of 
absorbance against added lead was then drawn and the intercept on the 
horizontal axis used to calculate the lead present in the sample solution 
(28). The value of the intercept was obtained both graphically and by 
calculation of the least-squares intercept. 

The same method was' followed for- cadmium except that sample 
volumes ranged from 0.1 to 2 mL, and the volumes of standard 
cadmium solution (1 pg Cd per mL) added ranged from 0 to 20 pL. 
Also, the addition of ammonium dihydrogen orthophosphate was 
omitted because its use did not improve precision or accuracy. 

Results and discussion 
Results for the lead study are summarized in Table 2 and 

those for cadmium in Table 3. The uncertainty in the mea- 
surement step can be estimated from the variance in the inter- 
cept as calculated by least squares. The overall uncertainty, 
which includes both the measurement and subsampling vari- 
ances, can be obtained from the variance of the results for a set 
of measurements on individual subsamples. The difference be- 
tween these two values is the subsampling variance. From the 
precision of the values obtained for TORT- 1 on replicates from 
single test portions by least-squares calculations on standard 
additions it can be concluded that random errors in the mea- 
surement operations are sufficiently smaller than the sub- 
sampling uncertainty that the variation observed between indi- 
vidual test portions can be ascribed to sample variability. 
Results on duplicate test portions from individual bottles for 
TORT-1 (all bottles for Cd, one for Pb) show variations of the 
same magnitude as between bottles. Although more analyses 
would be required to establish with a high level of confidence 
the extent of the within-bottle variance, on the basis of results 
observed in studies of other elements it is likely to be of the 
same order as the between-bottle variance. A further conclu- 
sion is that the 95% tolerance limits (29), 4.1 pg for lead and 
6.1 pg for cadmium, for individual subsamples of 30 mg are 
no more than two and one half times greater than those pro- 
vided by NRC for 500-mg subsamples. Accordingly, for the 
determination of lead and cadmium in TORT-1 a subsample 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



KRATOCHVIL ET AL. 

TABLE 2. Lead concentrations in kg/g for marine biological tissues and reference materials 

Number of Graphical Least-squares Certified 
Material test portions method" calc valuec 

- - 

Dogfish 7 8.120.8 8.120.8 - 
Swordfish 7 0.20?0.01 0.2020.01 - 
Lobster 
(TORT- 1 ) 8 10.020.6 10.3k 1.1 10.422.0d 
Oyster tissue 
1566 4 0.5220.01 0.6020.11 0.4820.04' 

"Values obtained from intercept of visually positioned lines; uncertainty is one standard deviation. 
bValues obtained by least-squares calculation of intercepts on x-axis; uncertainty is one standard deviation. 
'Uncertainties are 95% tolerance levels. 
dCertified value from National Research Council of Canada. 
'Certified value from U.S. National Bureau of Standards. 

TABLE 3. Cadmium concentrations in kg/g for marine biological tissues and reference materials 

Number of Graphical Least-squares Certified 
Material test portions method calc value" 

Dogfish 6 0.078t0.008 0.079+0.010 - 

Scallops 7 0.5220.03 0.51 20.03 
Swordfish 7 0.3320.02 0.33t0.03 - 
Lobster 
(TORT- 1) 13 26.6k0.9 26.1 k2 .1  26.322.1" 
Oyster tissue 
1566 4 3.520.1 3.320.3 3.520.4 
Bovine liver 
1577a 2 0.41 0.39t0.04 0.44k0.06 

"Values obtained from intercept of visually positioned lines; uncertainty is one standard deviation. 
'Values obtained by least-squares calculation of intercepts on x-axis; uncertainty is one standard deviation. 
"Uncertainties are 95% tolerance levels. 
"Certified value from National Research Council of Canada; others from U.S. National Bureau of Standards. 

size of up to a factor of 10 less than 500 mg can be  taken with 
reasonable probability that the subsampling error will not 
exceed the specified tolerance limits of + 2  pg/g.  

From the precision of the least-square values obtained for 
cadmium on individual subsamples of dogfish, scallops, and 
swordfish, it can be  concluded that the subsampling uncertainty 
for these materials is of the same order o r  less than the mea- 
surement uncertainty. The  heterogeneity of the material, there- 
fore, does not contribute significantly to the overall analytical 
uncertainty. The variability in the dogfish tissue was somewhat 
higher for  cadmium but about the same for lead as  for the other 
materials. The dogfish tissue, unlike the finely powdered lob- 
ster, scallops, and swordfish material, contained many small 
clumps and some stringy material. This heterogeneity in phys- 
ical properties might be  expected to lead to greater variability 
in composition at the trace level, but evidence for this was not 
strong. 

N o  lead was detected in the scallops muscle, even in samples 
of 1.5 g.  The  limit of detection for lead by the procedure used 
is estimated to be  of the order of 0.2 ng per mL; therefore the 
lead content is less than 0.01 pg/g. 
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FOR E R R A T A  SEE r L  

Correlations between carbon-13 nuclear magnetic resonance and X-ray 
crystallography for pyrroles containing electron-withdrawing groups 

J. B. PAINE 111, D. DOLPHIN, J. TROTTER, AND T. J. GREENHOUGH 
The Department of Chemistry, Universiry of British Columbia, 2036 Main Mall, Vancouver, B.C., Canada V6T lY6 
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J. B. PAINE 111, D. DOLPHIN, J.  TRO'ITER, and T. J. GREENHOUGH. Can. J. Chem. 63, 2683 (1985). 
The I3C nmr chemical shifts of benzyl 4-ethyl-3,5-dimethylpyrrole-2-carboxylate (I), methyl E-3-(3-ethyl-4,5-dimethyl- 

pyrrol-2-yl)-2-cyanopropenoate (2), and methyl E-3-(5-(benzyloxy)carbonyl-3-ethyl-4-methylpyrrol-2-yl)-2-cyanopropenoate 
(3) have been compared to their X-ray crystallographic structures. The "C nmr chemical shifts were determined by direct 
comparison of a series of closely related homologs. 

Crystal data for 1,  2, and 3 are as follows: 1,  monoclinic, P2,/c, a = 14.934(2), b = 6.674(2), c = 15.269(2) A, P = 
101.96(1)", Z = 4; 2, monoclinic, P2,/n, a = 7.3030(3), b = 13.478(1), c = 12.985(1) A, P = 97.48(1)", Z = 4; 3,  
monoclinic, P21/c, a = 11.157(2), b = 13.109(2), c = 14.068(1) A, P = 115.47(1)", Z = 4. The structures were determined 
with diffractometer data by direct methods, and refined by full-matrix least-squares techniques to R = 0.052, 0.040, 0.038 
for 862,2032, 1483 reflexions, respectively. The molecules are approximately planar, except for deviations of the phenyl rings 
and of the terminal carbon atoms of the C3-ethyl groups from the molecular planes. The bond lengths in the pyrrole rings differ 
from those in pyrrole itself, as a result of the presence of the strongly electron-withdrawing sustituents; exocyclic bond lengths 
also exhibit differences from normal values. 

The competitive effects of the various electron withdrawing groups have been correlated to change in bond lengths, 13c 
chemical shifts, and the chemical reactions of the pyrrolic nucleus. 

J .  B. PAINE 111, D. DOLPHIN, J. TRO'ITER et T. J. GREENHOUGH. Can. J. Chem. 63, 2683 (1985). 
On a compare les dCplacements chimiques en rmn du "C de 1'Cthyl-4 dimCthyl-3,5 pyrrolecarboxylate-2 de benzyle (I), de 

I'(Cthy1-3 dimCthyl-4,5 pyrrolyl-2)-3E cyano-2 propkonate de mCthyle (2) et du ((benzy1oxy)carbonyl-5 Cthyl-3 methyl-4 
pyrrolyl-2)-3E cyano-2 prop6onate de mCthyle (3) avec leurs structures dCterminCes par cristallographie de rayons x. On a 
dCterminC les dCplacements chimiques de ces composCs en rmn du "C en se basant sur une comparaison directe avec une sCrie 
d'homologues trks voisins. 

Le composC 1 est monoclinique et il appartient au groupe d'espace P21/c avec a = 14,934(2), b = 6,674(2), c = 15,269(2) 
a, p = 101,96(1)", Z = 4; le compost 2 est monoclinique et il appartient au groupe d'espace P2,/n, avec a = 7,3030(3), 
b = 13,478(1), c = 12,985(1) A, P = 97,48(1)", Z = 4; le compost 3 est monoclinique et il appartient au groupe d'espace 
P2,/c, avec a = 11,157(2), b = 13,109(2), c = 14,068(1) A, P = 115,47(1)", Z = 4. On a dtterminC les structures par des 
mCthodes directes et on les a affinCes par la mCthode des moindres cmCs (matrice entikre) jusqu'g des valeurs respectives de 
R de 0,052,0,040, 0,038 pour 862, 2032 et 1483 rtflexions. Les molCcules sont approximativement planes ?i I'exception des 
deviations, par rapport aux plans molCculaires, des cycles phCnyles et des atomes de carbone terminaux des groupes Cthyles 
C3. Les longueurs de liaison dans le cycle du pyrrole different de celles du pyrrole lui-meme en raison de la presence de 
substituants fortement Clectroattracteurs. Les longueurs des liaisons exocycliques diffkrent Cgalement des valeurs normales. 

On a Ctabli une corrtlation entre les effets concurrents de divers groupes Clectroattracteurs et les variations des longueurs 
de liaison, les dCplacements chimiques en rmn du I3C et les rkactions chimiques du noyau pyrrole. 

[Traduit par le journal] 

Introduction 
There have been few reports on the I3C nmr of pymles even 

though this spectroscopic technique has been skilfully used to 
elucidate the biosynthesis of tetrapyrrolic macrocycles (1, 2). 
Lauterbur (3) was the first to show that non-alternant hydro- 
carbons exhibit much larger I3C shieldings than alternant hy- 
drocarbons and Grant and his colleagues (4,5) have examined 
substituted and charged five-membered aromatic heterocycles. 
As with many homologous series a variety of empirical cor- 
relations between I3C chemical shifts and substitution patterns 
has been made. Abraham et al. (6) have assigned the I3C nmr 
of 55 variously substituted pyrroles which allowed them to 
describe specific substituent chemical shift effects (SCS). 
However, they found that the additivity of SCS effects fre- 
quently gave discrepancies of -5 ppm. Additional allowances 
for steric compression shifts (7) improved their correlations. 
However, compounds with carbonyl groups directly attached to 
the pyrrolic nucleus did not give good agreement between 
"calculated" and observed chemical shifts. Carbonyl groups 
are, of course, electron-withdrawing and their anomalous be- 
haviour coupled with the greater effects of a- compared to 
P-substituents led to the suggestion that resonance was in- 

volved. These authors (6) speculated as to whether this effect 
resulted from changes in electron densities or ring geometries. 
T-Charge densities were calculated using the INDO approxi- 
mation, but since this assumes a fixed geometry the question as 
to changes in ring geometry with substitution pattern remained 
unanswered. 

We report here the X-ray crystallographic structures of 
the pyrroles 1-3 which bear electron-withdrawing groups. 
Their "C nmr spectra have been assigned and correlations 
between I3C chemical shifts, molecular structure, and chemical 
reactivity are presented. 

Experimental methods 
Benzyl4-ethyl-3,5-dimethylpyrrole-2-carboxylate (8) (1) 

Compound (1) was prepared by an in-situ diborane reduction of 
benzyl 4-acetyl-3,5-dimethylpyrrole-2-carboxylate (9), effected in a 
manner similar to the procedure of Whitlock and Hanauer (lo), or via 
a high temperature modification (1 1) of the base-catalyzed trans- 
esterification (8) of ethyl 3-ethyl-4,5-dimethylpyrrole-2-carboxylate. 
The product crystallized from methanol as yellow plates. 

Methyl E-3-(3-ethyl-4,5-dimethylpyrrol-2-yl)-2-cyanopropenoate (2) 
3-Ethyl-4,5-dimethylpyrrole-2-carboxaldehyde (12) (3.21 g, 21.3 
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TABLE 1. Crystal data for 1,  2, and 3* 

Compound 
Formula 
Formula weight 
Crystal system 
Space group 
a (A) 
b 
C 

. . 
z 
D. (g ~ m - ~ )  
Radiation 
A (A) 
P (cm-'1 
Crystal dimensions (mm) 
8 range for cell parameters 

(deg) 
Scan 
A0 (deg) 
Aperture: width (mm) 

height (mm) 
Maximum scan speed 

(deglmin) 
Maximum counting time (s) 
Maximum 0 (degrees) 
Number of check reflexions 
Variation of checks (%) 
Number of reflexions: total 

I > 3u(I) 
Weighting scheme 
R (I r 3u(I)) 
R w 

Goodness of fit 
Final difference map (e k 3 )  
Extinction parameter, g 

1 
C I ~ H I ~ N O ~  

257.33 
Monoclinic 
P211c 

14.934(2) 
6.674(2) 

15.269(2) 
101.96(1) 

1488.8 
4 
1.148 

Mo 
0.71073 
0.8 

0.15X0.25X0.45 

10- 14 
0-20 
0.7 + 0.35 tan 0 
1.75 + tan 0 

4 

2 
C13H16N202 

232.28 
Monoclinic 
P21ln  

7.3030(3) 
13.478(1) 
12.985(1) 
97.48(1) 

1267.2 
4 
1.217 

Cu 
1.54188 
6.8 

0.38X0.38X0.31 

28-52 
0-28 
0.75 + 0.15 tan 0 
1.5 + 0.5 tan 0 

4 

10.06 
120 
75 
3 

1 2  
2604 
2032 (78%) 
I lu2(F) 
0.040 
0.059 
1.58 
r o .  I 
0.88(8) 

3 
CzoHzoNz04 

352.39 
Monoclinic 
P2 , lc  

1 1.157(2) 
13.109(2) 
14.068(1) 

115.47(1) 
1857.6 

4 
1.260 

Mo 
0.71073 
1 .o 

0 .3~0.3X0.2  

10-22 
0-0 
0.8 + 0.35 tan 0 
1.5 + tan 0 

4 

*1 = Benzyl 4-ethyl-3,5-dimethylpyrrole-2-carboxylate, 2 = methyl E-3-(3-ethyl-4,5-dimethylpyrrol- 
2-y1)-2-cyanopropenoate, 3 = methyl E-3-(5-(benzyloxy)carbonyl)-3-ethyl-4-methylpyrrol-2-y1)-2-~yano- 
propenoate. 

mmol) and methyl cyanoacetate (2.52 g, 25.5 mmol) were heated 
(steambath) in toluene (50 mL) with triethylamine (2 mL) and acetic 
acid (I mL) until tlc (CH2C12, silica) showed the reaction to be nearly 
complete (5 h). The solvent was removed in vacuo, and chased with 
methanol. The product was stirred in methanol, filtered, washed with 
methanol then ether, to give after air drying 2.96 g (60%). On standing 
the filtrates deposited magnificent transparent golden diamonds which 
were used for the X-ray analysis. Mp 135.5- 138S°C. Anal. calcd. 
for C13H16N202: C 67.22, H 6.94, N 12.06; found: C 67.34, H 6.98, 
N 12.12. 

Methyl E-3-(5-(benzyloxy)carbonyl-3-ethyl4-methylpyrro1-2-yl)-2- 
cvanoorooenoate (3) 

5-&nz~lox~carbon~l~3-ethyl-4-methylpyrrole-2-carboxaldehyde 
(13) (20 g) in toluene (50 mL) was heated (steambath) with triethyl- 
amine (1 mL) for 1 h. 'The solvent was removed in vacuo, and 
the product crystallized, as golden chunks, from methanol to give, 
after air drying 21 g (87%). Mp 124.5- 125.1°C. Anal. calcd. for 
C20H20N204: C 68.17, H 5.72, N 7.95; found: C 68.24, H 5.78, 
N 7.91. 

niques,' with minimization of Zw(Fo - F,)2; R = Z(Fo - F,)/XF,, 
R, = [Z(F, - F , ) ~ / Z F ~ ] " ~ .  Scattering factors are from refs. 14 
and 15; and extinction correction as in refs. 16 and 17. Atomic posi- 
tional parameters are listed in Table 2, and other material has been 
placed in the Depository of Unpublished Data.2 Due to poorer crystal 
quality, the intensity data for 1 are less extensive than and the struc- 
tural results not as accurate as for 2 and 3, as reflected in the higher 
standard deviations for the parameters of 1; comparisons involving 1 
are therefore of less statistical significance. 

Carbon-13 nmr spectral data were recorded on a Varian CFT-20, 
using saturated solutions in CDC13 and 10 mm diameter sample tubes 
with TMS as an internal standard. 

'The computer programs used include locally written programs 
for data processing and locally modified versions of the following: 
MULTAN 78, direct methods by P. Main, S. E. Hull, L. Lessinger, 
G. Germain, J. P. Declercq, and M. M. Wolfson; TANS, direct 
methods by M. G. B. Drew, D. H. Templeton, and A. Zalkin; 
ORFLS, full-matrix least-squares, and ORFFE, function and errors, 
by W. R. Busing, K. 0. Martin, and H. A. Levy; FORDAP, Fourier 

X-Ray crystal analysis of 1, 2, 3 syntheses, by AT Zalkin; ORTEP 11, illustrations, by C. K. Johnson. 
Data were measured in an Enraf-Nonius CAD4-F diffractometer, as 'Anisotropic thermal parameters, hydrogen positional and isotropic 

outlined in Table 1. Additional data for all three compounds are u2(1) thermal parameters, bond lengths and angles, mean planes, and struc- 
= S + B + (0.05S)2, S = scan count, and B = normalized background ture factors may be purchased from the Depository of Unpublished 
count; LP but no absorption corrections. Structures were determined Data, CISTI, National Research Council of Canada, Ottawa, Ont., 
by direct methods, and refined by full-matrix least-squares tech- Canada KIA OS2. 
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TABLE 2. Final positional parameters (fractional X lo4) for non-hydrogen atoms of 1, 2, and 3, with standard deviations in parentheses 

Atom Atom Atom 
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u 

FIG. 1. ORTEP drawings of 1, 2, and 3. 

Results and discussion 
The molecules of 1, 2, and 3 (Fig. 1) are approximately 

planar, except for the phenyl rings of the benzyloxycarbonyl 
substituents, which make angles of about 70" with the planes of 
the remainder of the molecules, and the terminal carbon atoms 
of the C3-ethyl groups which are displaced by the order of 1 A 
from the molecular planes. In more detail? in 1 and 3 the 
C-C02-CH2 planes make angles of 5.0 and 4.6", re- 
spectively, with the planes of the pyrrole rings, and 68.4 and 
74.3" with the phenyl planes; in 2 and 3, the methoxycarbonyl 
groups make angles of 2.3 and 3.1°, respectively, with the 
pyrrole planes. The terminal ethyl C(32) a t o p  are displaced 
from the pyrrole planes by 1 .O, 1.4, and 1.4 A in 1, 2, and 3, 
respectively. 

The cyano(methoxycarbony1)vinyl substituents in 2 and 3 
are similarly oriented (Fig. 1). The cyano group is cis and the 
methoxycarbonyl group is trans to the pyrrole ring (with re- 
spect to the vinyl C=C bond); the vinyl C=C bond and the 
C(2)-N pyrrole ring bond have a syn conformation about I 
C(2)-C(21), possibly because of the favourable anti arrange- 0 
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RG. 3. Principal canonical forms for a pyrrole bearing an electron- 
withdrawing group in the a-position. 

ment of C(21)=C(6) and C(2)=C(3). Such a conformation 
also minimizes steric interaction with the ethyl substituent. The 
benzyloxycarbonyl substituents in 1 and 3 have diflerent con- 
formational arrangements (Fig. 1); in 1 the C=O bond is syn 
to C(5)-N about C(5)-C(5 1). In 3 the whole group is rotated 
180" about C(5)-C(5 1) to give an anti C=O/C(S)-N con- 
formation; this may result from electrostatic repulsion between 
the two polar C=O and C=N groups which would occur in 
a syn arrangement. 

The chemically-interesting bond distances are illustrated in 
Fig. 2, and a full listing of distances and angles is given in the 
supplementary material.2 The bond lengths in the pyrrole rings 
differ significantly from those in pyrrole itself (18), as a result 
of the presence of the strongly electron-withdrawing substi- 
tuents. Four principal canonical structures (A-D, Fig. 3) may 
be drawn for a pyrrole a-substituted by an electron-withdrawing 
group capable of mesomeric interaction; these lead to an ex- 
pectation of a decrease, relative to pyrrole, of the length of the 
C-N bond remote from the electron-withdrawing substituent, 
i.e., C(5)-N if the substituent is at C(2); C(2)-N should 
probably increase as a result of overall removal of electron- 
density from the ring. C(2)-C(3) should show a marked in- 
crease in length relative to pyrrole (resonance forms B, C, D), 
C(3)-C(4) a decrease (D, C), and C(4)-C(5) a smaller 
increase (D, C). 

These differences are clearly observed in the structure of 2. 
Comparison can be made with pyrrole itself whose structure 
has been determined by microwave spectroscopy in the gas 
phase (18a). These microwave data are quite accurate, but may 
suffer from vibration-rotation erros of up to 0.005 A; taking 
this error estimate as 2-3u, the N-C(2), C(2)-C(3), 
C(3)-C(4) distances i n  gaseous pyrrole are 1.370, 1.382, 
1.417 ( a  - 0.002) A. Since spectroscopically-determined 
bond lengths may differ from those measured by diffraction 
methods in the solid state, comparison with bond lengths 
measured in the solid would be more appropriate. However, it 
is difficult to find accurate data for unsubstituted pyrrole; data 
for molecules in which substituents have no mesomeric inter- 
actions {18b, c) suggest lengths of 1.38, 1.37, 1.41 (u - 
0.003) A for the three bonds, although these values may be 
slightly affected by inductive eftects (18b). 

The C(5)-N bond of 1.370 A is gaseous pyrrole (or 1.3F 
A in solid pyrroles) is shortened by 5u (or 7u) to 1.355(2) A 
in 2, and 0C(2)-N is lengthened by 6u (or only 1 . 7 ~ )  to 
1.386(2) A; the C(2)-C(3), C(3)-C(4), C(4)-C(5) dis- 
tances in 2 are 1.410(2), 1.397(2), 1.395(2) A, i.e. changes of 

+ 10, -7, +5u, respectively, from the gaseous pyrrole dis- 
tances (+ 1 1, -4, +7u relative to solid pyrroles). Similar 
trends are found in 1, although the poorer accuracy makes the 
differences less significant. The C-N bond remote from the 
benzyloxycarbonyl group (labelled C(2)-N here, since the 
group has been placed at position 5 to facilitate comparison 
with compound 3) is shortened bydu (or 6u) to 1.339(6) A; the 
adjacent C-N bond at 1.379(6) A does not differ significantly 
from that in pyrrole. The pyrrole C-C bond lengths in 1 are 
in the expected relative order, with the bond opposite the ben- 
zyloxycarbonyl substituent shqrter at 1.358(7) A than the adja- 
cent C-C bond of 1.374(7) A, although the difference is not 
statistically significant. The C(3)-CJ4) bond of 1.397(7) A is 
again shorter than the 1.417 (1.41) A of pyrrole as expected, 
but the difference is again only 1 . 8 ~  (1 .7~) .  

The exocyclic bond distances add supportive evidence for 
contributions from canonical forms B, C, and D not only when 
compared with "normal" bond lengths, but also betw~en them- 
selves. In 2 the C(2)-C(21) distance is 1.401(2) A, consid- 
erably shortened f r ~ m  the normal C(sp2)-C(sp2) single bong 
distance of 1.474 A (19); the vinyl C=C bond of 1.36 l(2) A 
shows !n increase from the normal ethylenic bent distance of 
1.335 A, and the C-CN distance of 1.422(2) A a decrease 
from the corresponding length of 1.46 A in alkyl cyanides (20). 
In the less accurately determinedo 1, the exocyclic C-C bond 
is again shortened, to 1.436(7) A. 

Many of these bond length variations have been observed in 
a few other pyrrole derivatives (21). Bond angles2 show only 
minor variations from those in pyrrole. 

When two electron-withdrawing groups are introduced in the 
C(2) and C(5) positions, as in 3, the changes in structural 
effects are not additive, nor are the changes in the I3C nmr 
parameters (see below). The electron-withdrawing power of 
one such group is diminished by the presence of the other, 
which is competing for available electron-density. As ex- 
pected, the more-powerful cyano(methoxycarbonyI)vinyl group 
dominates, with the bond remote from this groyp 
shortened to to pyrrole, 1.370 (1.38) A, 
and to the C(2)-N bond in 3, 1.376(3) A; similarly the 
C(2)-C(3) bond adjacent to the more powerful group i s  
lengthened, 1.396(3) A, compared toopyrrole, 1.382 (1.37) A, 
or to the C(4)-C(5) bond 1.385(3) A. The sequence of bonds 
C(2)-C(3), C(3)-C(4), C(4)-C(5) at 1.396(3), 1.410(3), 
1.385(3) A, varies less from the values in pyrrole, than does the 
corresponding sequence in the compounds with only one 
electron-withdrawing substituent, 1 and 2. 

The exocyclic bond lengths in 3 are also in accord with 
reduced electron-withdrawing as a result of competition be- 
tween the two groups. For the cyanomethoxyc~bonylvinyl 
group, C(2)-C and C=C at 1.413(3), 1.352(3) A show less 
extreme differences from normal values (1.474, 1.335 4) than 
do the corresponding bonds in 2 (1.401(2), 1.361(2) A). For 
the benzyloxycarbonyl group, C(5)-C at 1.465(3) A is again 
much closer to 1.474 A than the bond in 1, 1.436(7) A; the 
C=O bond of this group in 3 is situated anti to the C(5)-N 
bond andis the shortest C=O bond in all the molecules at 
1.194(3) A, again indicative of reduced electron-withdrawing 
properties. 

Other bond lengths and angles in all the substituent groupsZ 
are close to normal values. 

The crystal structures of 1 and 2 contain pairs of molecules 
joined around centres of symmetry by intermolecular hydrogen 
bonds. In 2 the hydrogen bonding is of the type N(pyrro1e)- 
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FIG. 4. Hydrogen bonding scheme for 2; origin at upper left, x towards viewer, y down, z across. 

H ... N(cyano) (Fig. 4). The parameters are N - - - N(2 - x ,  1 7 
y, -z) = 3.065(2), N-H = 0.85(3), H...N = 2.27(3) A, 
N-H .-. N = 156(2)". The N(cyano) .. N(cyano) distance be- 
tween two molecules is 2.960(2) A oand the intramolecular 
N(cyano)..-H separation is 2.85(2) A; this might indicate a 
very weak bifurcation of the hydrogen bond, although the 
distances correspond to van der Waals interactions. Other in- 
termolecular distances in 2 are normal. The crystal of 1 con- 
tains pairs of molecules with N(pyrro1e)-H - - - O=C type 
hydrogen bonds, N...0(2 - x ,  -y, 1 - z) = 2.868(6)-;N-H 
= 0.90(5), H...O = 1.99(5) A, N-H*.*O = 164(4)". 

In 3 there is no intermolecular hydrogen bonding, forces 
between molecules being of van der Waals type. The dis- 
position of the substituents results in intramolecular N(pyrro1e) 
... N(cyano) and N(py~o1e) - - -  O(benzy1oxy) distances of 
3.279(3) and 2.615(2) A, respectively; the corresponding 
H(N-pyrrole) . - - N(cyano) and H(N-pyrrole) . ., O(benzy1oxy) 
distances are 2.48(2) and 2.34(2) A, so that weak bifurcated 
intramolecular hydrogen bonding is possibly present. 

The assigned "C nmr chemical shifts reported for com- 
pounds 1-3 (Table 3) were determined by direct comparison 
of a series of closely related homologues (Table 3). Replace- 
ment of a methyl by an ethyl group, for example, deshields the 
pyrrolic point of attachment by -6-7 ppm (a p-effect) and 
shields adjacent pyrrolic positions by -0.6 ppm (a y-effect). 
A judicious choice of substituents allowed all resonances for 
the compounds in Table 3, including compounds 1-3, to be 
unambiguously assigned. Changes in shielding may result from 
a variety of factors including the electronegativity of substi- 
tuents, field effects and strain (associated with hybridization). 
To a first approximation I3C chemical shifts vary linearly with 
electron density at the carbon atom and thus this spectroscopic 
technique can be used to examine the nature of bonding and 
electronic distribution within molecules. While both inductive 
and mesomeric effects can affect chemical shifts the mesomeric 
effects are frequently more important in aromatic systems 
even though a-effects are larger in unsaturated compared to 
saturated systems. 

Carbon nuclei IT-conjugated to an electron-withdrawing 

group suffer significant deshielding by mesomeric interactions. 
Dipolar resonance canonical forms readily indicate which car- 
bon atoms can be expected to experience enhanced shielding. 
Interacting bonds may also suffer a change in bond order as a 
consequence of increasing contributions from certain canon- 
ical forms. It is thus reasonable to expect that correlations may 
exist between the magnitudes of deshielding (as measured by 
the I3C chemical shift) and the importance of such canonical 
forms. These will show up as changes in bond order which can 
be measured by changes in bond length as measured by X-ray 
crystallography. 

In the pyrroles under discussion (1-3) we have chosen to 
0 
II 

examine the effects of the benzyloxycarbonyl (-C-0- 
CH20C6H5) and cyano(methoxycarbony1)vinyl (-CH= 
C(CN)C02CH3) groups attached to the pyrrolic nucleus. It has 
been observed experimentally, and it is of considerable syn- 
thetic importance (22) that the latter substituent is especially 
strongly electron-withdrawing which affects the ease of 
electrophilic aromatic substitution on the pyrrolic nucleus. 

From the crystallographic results it is clear that the cyano- 
(methoxycarbonyl)vinyl group is more electron-withdrawing 
than a simple ester function and this is reflected in the "C nrnr 
spectra. An electronegative substituent at C, acting primarily 
through the IT-system will affect the greatest deshielding at C3 
and C5 (canonical forms B and C). The effect at C2 has a 
component of both a- and IT-withdrawal, plus an unknown and 
unresolvable "substituent effect." Effects at C4 reflect a 
"general" deshielding of the IT-system, which is appreciable, 
but considerably less than that at the conjugated positions. It 
can be seen from Table 3 that the cyano(methoxycarbony1)- 
vinyl group effects nearly twice as much deshielding at C3, C4, 
and C5 than the ester, and that for a specific compound Cg is 
somewhat more affected than C5. When compounds bearing 
both electron withdrawing groups are compared to those bear- 
ing only one (Table 4) the cyano(methoxycarbonyl)vinyl group 
dominates the I3C nInr just as it dominates the structural fea- 
tures. However, the mutual interference noted above between 
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this and an ester group results in considerably smaller effects at 
CZ and Cs than at C, and C4 as  the charge-repulsion from the 
dipolar substituents removes the positive charge from the 
"ipso" position. Thus the marginal effect of introducing a sec- 
ond a-electron-withdrawing group falls mainly on the adjacent 
P-position. As can be seen from Table 3, addition of  an ester 
has essentially no effect a t  C, o r  C5 and is of opposite sign - 
slightly deshielding at C, and slightly shielding at C4. 

This electronic distribution is reflected not only in the pyr- 
role core, but in the substituents themselves. In the difunctional 
compound 3, the benzyl ester carbonyl is less polarized, and 
occurs 2.26 ppm upfield from the mono-ester 1. With the 
benzyl ester in opposition, the nitrile carbon occurs 2.35 ppm 
upfield, and the carbonyl 1.86 ppm upfield of the correspond- 
ing carbons in the mono-functional analogues. The effect is 
largest on  the vinyl double bond itself; in the mono-substituted 
compound, where the cyanovinyl group has the sole access to 
the pyrrolic electron density, this bond is most polarized, with 
the negative charge shifting the 2-carbon 9.63 ppm upfield of 
the difunctional analog. 

The competitive effects of the electron-withdrawing groups 
is reflected in the chemical reactivity of pyrroles bearing such 
groups. For example, in the synthesis of cyano(methoxycar- 
bony1)vinyl adducts from 2-formylpyrroles and methyl cyano- 
acrylate, the presence of an ester at C5 greatly accelerates the 
rate of the reaction since with less electron-density available 
to  it from the pyrrole ring, the formyl group becomes more 
electrophilic (22). 
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Hydrodynamic studies on micellar solutions of styrene-butadiene block 
copolymers in selective solvents 
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LEVENT ORANLI, PRATAP BAHADUR, and GERARD RIESS. Can. J. Chem. 63, 2691 (1985). 
Hydrodynamic radius of micelles of several block copolymers in different selective solvents (for both types of blocks) was 

determined from photon correlation spectroscopy. The boundaries of micellar solutions in heptane (good solvent for poly- 
butadiene block) and dimethylformamide (good solvent for polystyrene block) were established for polymers in terms of their 
molecular mass and block composition. The photon correlation spectroscopy data in combination with intrinsic viscosities of 
block copolymers in selective solvents were used to determine micellar molecular mass and aggregation number. The influence 
of temperature on the micelle size was examined. The block copolymer micelles could solubilize a certain amount of insoluble 
homopolymer within their insoluble core. 'H nmr spectra were examined to study the influence of temperature on micellar 
systems. 

LEVENT ORANLI, PRATAP BAHADUR et GERARD RIESS. Can. J.  Chem. 63, 2691 (1985). 
Le rayon hydrodynamique des micelles de copolymkres blocs formks dans difftrents solvants stlectifs de l'une ou de l'autre 

stquence a kt6 dttermink par spectroscopie de photocorrklation. Pour ces copolymkres du type polystyrkne-block-polybutaditne 
on a dkfini le domaine d'existence des solutions micellaires dans I'heptane (solvant sklectif de la stquence polybutadikne) et 
dans le dimCthylformamide (solvant sklectif de la sequence polystyrkne) en fonction de la masse moltculaire et de la 
composition. La masse molkculaire des micelles et le nombre d'agrkgation ont t t t  dkterminks sur la base de la viscositk 
intrinskque des copolymkres et des rksultats de spectroscopie de photocorrklation. On a exarnink par ailleurs I'influence de la 
temp6rature sur la taille des micelles et la solubilisation d'homopolymkres dans le coeur de celles-ci. Les caracttristiques 
micellaires du systkme ont kt6 ktudikes par spectroscopie rmn du proton ?I diffkrentes temptratures. 

I 
Introduction 

Dilute solutions of block copolymers in selective solvent (a 
good solvent for one sequence but a poor solvent for the other) 

I 

show the existence of micelles formed through a reversible : closed association process in analogy to low molecular weight 
i surfactants (1-3). Styrene-diene block copolymers have re- 

ceived much attention in the study of such polymeric micelles. 
The micelle formation in selective solvents (pure and mixed 
solvents) for each block has been studied using several tech- 
niques viz. light scattering (4- 14), viscosity (4, 7,  9,  13- 15), 
osmometry (12, 15, 16), ultramicroscopy (1 9), electron mi- 
croscopy (19-21), gel permeation chromatography (20), nmr 
(22,23), small angle X-ray scattering (17, 18, 24, 25), photon 
correlation spectroscopy (19, 26), and sedimentation mea- 
surements (10, 15). 

In most cases block copolymers in solution showed the pres- 
ence of spherical micelles over a wide concentration and tem- 
perature range which had narrow size distribution and were 
stable for long time. However, a few studies report the for- 
mation of unusually large particles which were examined to be 
polydispersed and unstable. 

It is realised that the micellar behaviour of block copolymers 
largely depends upon their molecular characteristics (type, 
molecular mass, and block composition), the selectivity of 
solvent, temperature and concentration range studied. Despite 
several works cited above, the authors feel scarsity of system- 
atic data describing the domains of micellar solutions formed 
by different block copolymers with varying molecular charac- 
teristics in different solvents and the influence of block co- 
polymer characteristics, nature of solvent, temperature on the 
micellar characteristics (size, aggregation number, critical mi- 
celle concentration, etc.. .). 

Generally, studies on styrene-butadiene block copolymers 
have been carried out in solvents selectively bad for poly- 

Present address: South Gujurat University, India. 

styrene block (e.g. n-alkanes). Although Tuzar and Kratochvil 
(1) have studied micelles with polybutadiene core but these 
authors have always used a mixed solvent which may cause 
some complexities due to preferential adsorption. In this paper, 
both type of solvents are used to study micelles. Further, a 
large number of copolymers differing in molecular weight and 
block composition are used to observe the domains of molecu- 
larly dissolved solutions (perhaps unimolecular micelles), true 
micelles (multimolecular with narrow distribution, stable over 
a prolonged period), and aggregates of insoluble particles in the 
form of coarse and unstable suspension with wide distribution. 
Some tapered block copolymers are also considered in order to 
compare tapered and pure block composition on the micelle 
size and aggregation number. Micellar solutions prepared using 
tetrahydrofuran (good solvent for both the block) to dissolve 
the copolymer, adding the selective solvent and subsequently 
removing tetrahydrofuran resulted to real micelles and the tech- 
nique has proved to be better than making micellar solutions of 
block copolymers directly in selective solvent by simple heat- 
ing, particularly with relatively high molecular mass and high 
percentage composition of insoluble block when it was too 
difficult to dissolve the block copolymer even on heating for 
several hours. 

Micellar size and aggregation number have been estimated 
from the hydrodynamic properties of micellar solutions as ob- 
served from photon correlation spectroscopy, a relatively new 
technique for studying micellar solutions, and viscosity. Influ- 
ence of temperature and solubilization of insoluble homo- 
polymers within the cores of micelles has been examined. The 
temperature effect on micellar solutions affecting monomer- 
micelle equilibrium has also been investigated using 'H nmr. 

Experimental 
Several two block styrene-butadiene copolymers synthesised an- 

ionically were used. Some of them were prepared in the laboratory 
while others were of commercial origin. All these block copolymers 
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TABLE I .  Molecular characteristics of block copolymers 

Copolymer M, total wt.% PS total wt.% PS block 

SB-6 
SB-7 
410* 
TX 006* 
TX 005* 
TX 004* 
ANIC C* 
AN 28 
AN 29 
SB 308* 
SB 1205* 
S 317 US* 
S 317 Eur* 
S 314* 

* C_ommercial samples 
7 M,, from mean of bimodal distribution. 

were characterised by gpc and nmr. The detailed specifications of the 
copolymers are shown in Table 1. 

n-Alkanes (heptane, octane, decane, and dodecane), N,N1-dimeth- 
ylformamide, N,N1-dimethylacetamide, and methyl ethyl ketone used 
as selective solvents for the block copolymers were of AnalaR grade. 

The micellar solutions were prepared by using tetrahydrofuran un- 
I less stated otherwise. The block copolymers were first dissolved in 

small amounts of tetrahydrofuran to which the selective solvent was 

I 
subsequently added. Tetrahydrofuran was then removed from the 
solution by distillation at 60°C. Enough care was taken in the removal 
of tetrahydrofuran which in turn may affect micellar characteristics of 

I the block copolymers in selective solvents. 
Stock solutions (1.5-2% by weight) of block copolymers, bluish 

transparent to milky opalescence in appearance (characteristics of 
I micelles) and stable for several weeks were prepared. Dilutions were 

made from the stock solutions and each solution was filtered before 
measurements. 

Photon correlation spectroscopy studies on micellar solutions of 
block copolymers were carried out using Coulter model N 4 to give the 
hydrodynamic radius of micelles. 

The scattering a_ngle was always 90". Z-average diffusion coeffi- 
gent of micelles, DZ, was calculated from the mean decay constant, 
Q, of autocorrelation functions using the relationship 

where K = (4w n sin 0/2)/A is the scattering vector, 0 is the scattering 
angle, n the refractive index of the medium, and A the wavelength of 
light in vacuo. 

The equivalent spherical hydrodynamic radius of the micelle, Rh.D 
is then calculated, assuming the applicability of Stokes-Einstein 
equation, 

. . 
. . 
. . where k is the Boltzmann constant, T, the absolute temperature, and 

q ,  the viscosity of solvent. 
Measurements were generally made at 25OC at various concen- 

trations between 0.1 - 1.5%. The diffusion coefficient (and thus the 
hydrodynamic radius) was determined by extrapolation to infinite 
dilution. 

The viscosities were measured using Ubbelhode-type viscometer 
with electronic time registration. Essentially solutions were diluted till 
the solutions had bluish appearance. The intrinsic viscosities were 
calculated by extrapolating-specific viscosities to zero concentrations. 

The following equation relates hydrodynamic radius to the micellar 

where M m  is the micellar weight, [q] the intrinsic viscosity, NA the 
Avogadro number, and Rh., the hydrodynamic radius of micelle ob- 
tained from viscosity. 

Almost same values of hydrodynamic radii of micelles obtained 
from diffusion coefficient and viscosity data have been observed by 
various workers (27-29). We have therefore used R ~ . D  instead of Rh,, 
in eq. [3] to calculate the micellar weight and to estimate the aggre- 
gation number. 

The 'H nmr spectra of copolymer in heptane at various temperatures 
were recorded using a Bruker WP 80 CW instrument working at 80 
MHz and attached to a temperature control unit (Bruker B-ST 
100/700C). Enough time was provided for attaining the equilibrium 
of micellar solutions at different temperatures. 

Results and discussion 
Solutions of block copolymers in both the types of selective 

solvents behave in a quite peculiar way. Molecularly dispersed 
solutions, micellar solutions or unstable suspensions of block 
copolymers can be obtained depending upon-the concentration 
and the molecular characteristics of block copolymer, solu- 
bility parameters of solvent with respect to the two blocks of 
the copolymer, and temperature. 1n general, increasing co- 
polymer concentration, its total molecular weight, and the 
composition of the insoluble block favour the formation of 
micelles from trulv molecularlv dissolved solutions. Decrease 
in temperature and increase in precipitant nature of solvent shift 
the unimer G micelle equilibrium to micelle side. 

Micelles in each case were multimolecular. s~herical in , A 

shape, and had low polydispersity. In n-alkanes the block co- 
polymer micelles consisted of insoluble polystyrene core sur- 
rounded by the soluble fringes of polybutadiene. A reverse 
structure was observed in the other type of selective solvent. 
e.g., in DMF, DMA, and MEK. 

(I) Micelles in various selective solvents 
Micellar solutions of a few block copolymers were obtained 

by dissolution of the copolymers in both kinds of solvent (se- 
lectively good solvents for polybutadiene, viz. n-heptane, n- 
octane, n-decane, and n-dodecane as well as selectively good 
solvent for polystyrene viz. DMF, DMA, and MEK). Gener- 
ally 1 g or less of the copolymer was dissolved in 100 mL of 
solvent by heating the copolymer-solvent mixture in closed 
tubes in a water thermostat at about -60°C. For block co- 
polymers in MEK the micellar solutions were obtained by 
heating at --50°C. 

As mentioned above, only a few copolymers formed mi- 
celles (characterised by bluish transparent tinge) whereas 
others were insoluble in the solvent (these showed phase sepa- 
ration or unstable sus~ension of the insoluble ~articies). ~ e n e r -  
ally, dissolution of klock copolymer aboveAa certain critical 
value of insoluble block composition (which of course depends 
on total molecular weight aid solubility parameter of thk sol- 
vents) becomes difficult and results to the macro phase sepa- 
ration. 

'The size of these block copolymer micelles is shown in Table 
2. Since the measurements of micelle size were camed out 
using photon correlation spectroscopy, the value expressed as 
hydrodynamic radius takes into account both the insoluble core 
(which depends upon the aggregation number) and soluble 
shell (which mainly depends upon the solubility of the soluble 
block in the solvent). For this reason, it is in fact usual to get 
different trend in Rh and N. weight 
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TABLE 2. Hydrodynamic radius, intrinsic viscosity, and aggregation number of block 
copolymer micelles in various selective solvents (the micellar solutions were prepared by 

dissolving the copolymer at -60°C)* 

SB-7 Rh (nm) 

Rh [vl 
Solvent (nm) (cm3 g-') N SB-1205 SB-6 AN 28 AN 29 

17.1 227 41.5 n-Heptane 30.5 I I I 

28.0 14.4 209 37.0 n-Octane I i I 

28.2 15.9 193 38.5 n-Decane I i i 
n-Dodecane 32.9 27.3 179 43.0 
DMF 21 .O 7.4 172 I 38.5 55.8 42.5 
DMA 36.3 14.5 452 I 54.0 75.0 56.0 
MEK - - - I 34.5 55.0 38.0 

* i = insoluble 

An examination of the data on R, for copolymers in n- 
alkanes, it appears that the size of micelle does not differ much. 
The greater size for n-dodecane may be explained on account 
of the fact that the soluble chain is very much extended in spite 
of the fact that the micelle has least aggregation number. The 
decreasing trend in the aggregation number of micelles of 
styrene-butadiene block copolymers with increasing carbon 
chain length in n-alkane was observed by Stacy and Kraus (5). 

The hydrodynamic radius of block copolymers in DMF, 

I DMA, and MEK are also shown in Table 2. A comparison of 
I size of various copolymers in these three solvents shows that 

I the values for DMF and MEK are not much different. Higher 
values of micelle size in DMA were observed. The high hydro- 

I dynamic radius of micelles in DMA as compared to in DMF is 
explained due to the higher aggregation number (which in- 
creases the core size) and more extended soluble shell (due to 

I the difference in solubility parameter). The hydrodynamic radi- 
I us of micelles in MEK, where the soluble chain seems to be 

most extended may result from its very low aggregation num- 
ber. However, this could not be verified in case of copolymer 
SB-7 which at concentrations studied (even up to -3%) con- 
tains more of unimers and such solutions were more or less 
clear with very faint bluish appearance. 

It was observed that the size and aggregation number has no 
influence on heating at tempeiature above 60°C. Even the mi- 
cellar solutions of block copolymers formed by the dissolution 
of copolymer at temperature just below the boiling point of the 
respective solvent on cooling to the measuring temperature 
resulted the same size. Further, that repeated heating and cool- 
ing did not affect the micelle size and aggregation number. Of 
course, it is to be mentioned here that enough time was given 
for the equilibrium of the micellar solution at the measuring 
temperature. The micellar solutions were generally kept for 
1-2 h at the measuring temperature before the measurement. 

Further studies were confined to n-heptane and DMF taken 
as representatives of the two types. 

(2) Micelles in n-heptane and DMF (comparison of dissolution 
and THF technique) 

In Table 3 are compared the hydrodynamic radii of block 
copolymer micelles prepared in solution by simple dissolution 
of the copolymer at -60°C or using small amounts of THF as 
the supporting solvent, added to dissolve the copolymer and 
was subsequently removed. It appears that for SB-7 and SB- 
1205 micelles in n-heptane, the size is practically the same. 
Increased size for ANIC C micelles in solution prepared from 
simple dissolution technique may be due to large proportion of 

TABLE 3. Hydrodynamic radius of block copolymer mi- 
celles in n-heptane and DMF at 25°C (micellar solutions 
were obtained by the dissolution of copolymer at -60°C 

or using THF technique) 

Rh (nm) 

Cop01 ymer 

SB-7 
ANIC C 
SB- 1205 
SB-7 
AN 28 
AN 29 

Solvent 

n-Heptane 
n-Heptane 
n-Heptane 
DMF 
DMF 
DMF 

Dissolution 
technique 

30.5 
63.6 
41.5 
21 .o 
55.8 
42.0 

THF 
technique 

32.5 
52.5 
41.5 
14.5 
29.0 
23.0 

bigger particles and broader distribution in micelle size. It may 
be said that increasing content of insoluble block and increase 
in total molecular weight may result in micellar solutions 
(obtained by simple dissolution) which are not perfectly 
homogeneous and the size of the micelles is greater than that in 
solution prepared using THF technique. 

Larger difference in the micelle size of copolymers in DMF 
was seen in the solutions prepared using the dissolution tech- 
nique or the THF technique. This probably accounts for a rather 
poor solvent nature for DMF. 

As a general rule, it may be said that the two techniques may 
result in the micellar solutions of the same size when the in- 
soluble block % is fairly low (<30%) and total molecular 
weight is not too high (-50 000). The advantage of the THF 
technique lies in the fact that for block copolymers with high 
content of insoluble block and high molecular weight, micelles 
of lower size than obtained by simple dissolution on heating 
can be obtained. In addition, the critical limit of insoluble block 
can be extended by using the THF technique and micellar 
solutions of block copolymers could be prepared which were 
otherwise not possible by the dissolution technique where the 
macro phase separation resulted. However, using the THF 
technique also it was possible to obtain micelles of block co- 
polymers in both the solvents up to 60 wt.% of insoluble block 
for copolymers with molecular mass of about 100 000. 

(3) Micelles in n-heptane and DMF (THF technique) 
Table 4 shows the hydrodynamic radius, intrinsic viscosity, 

micellar weight, and aggregation number of several block co- 
polymer micelles in n-heptane and DMF. A general observable 
feature is that micelle size and aggregation number increase 
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U, t o t a l  

FIG. 1. Hydrodynamic radius and aggregation number of block copolymer (-50% PS) in n-heptane and DMF; 0 Rh in heptane, Rh in 
DMF, N in heptane, H N in DMF. 

with increase in % insoluble block and increase in total molec- 
ular weight of copolymers. However, an additional feature is 
that the micelle radius as high as -100 nm could be obtained 
and the aggregation number as high as -312 was seen. Usu- 
ally, the micelle size and aggregation number for the same 
block copolymer in n-heptane was higher compared to those in 
DMF. We could not observe very high micgle size and aggre- 
gation number for TX 006 (% PS 48, M,, total 375 000) 
in heptane as observed by Stacy and Kraus (5) and as predicted 
from the theoretical results of Noolandi and Hong (24). We 
have checked this point and results from solution of copolymers 
prepared at different times gave the same value. 

Further experiments are necessary to check the micelle size 
and the aggregation number of more copolymers with high 
molecular weights. 

Figure 1 shows Rh and N values for copolymers (-50% each 
of the blocks) micelles in n-heptane and DMF as a function of 
total molecular weight of the copolymer. A reasonably good 
trend in Rh and N values for the micelles in both solvents can 
be observed in this figure. 

(4) Influence of temperature on micelles 
The influence of temperature on the hydrodynamic radii of 

block copolymer micelles in n-heptane and DMF can be seen 
from Fig. 2. In both solvents, the hydrodynamic radius of 
mice~~eshecreases. This decrease mav be accounted for bv the 
decrease in micellar weight or aggregation number. Similar 
decrease for styrene-butadiene block copolymer micelles in 
n-heptane has been observed by Plestil and Baldrian (17) and 
in tetrahydrofuran + ally1 alcohol (where the micelle structure 
is similar to that in DMF) by Tuzar and Kratochvil (1). Of 
course, the relative proportion of unimers in the micellar solu- 
tion increases with increasing temperature. 

It was also interesting to examine the influence of tem- 
perature on 'H nmr spectrum of block copolymer micelles. 
spectra for SB-7 in n-heptane were recorded at different tem- 
peratures (Fig. 3). It is evident from Fig. 3 that no aromatic 
protons of polystyrene could be detected up to -65OC. The 

Temperature O C  

FIG. 2. Hydrodynamic radius of block copolymer micelles in hep- 
tane and DMF; TX 004 in DMF, 0 SB-7 in heptane. 

undetectable polystyrene due to restricted motion of styrene 
units may account for the fact that at this temperature most of 
the block copolymer is in the micellar form. The small amount 
of unimers present may acquire the conformation similar to the 
so-called "unimolecular micelles", thus shielding the motion of 
styrene units. At the highest temperature studied i.e. 95OC, 
distinct peaks corresponding to polybutadiene and polystyrene 
were observed and calculation from integrated intensity gave 
the percentage composition of the two block as the actual value 
for the copolymer SB-7 (51% PS). 

This indicates that at this temperature almost all of the co- 
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TABLE 4. Micellar characteristics of block copolymers in 
tz-heptane and DMF 

Rh [TI 
Copolymer (nm) (cm3 g-I) M m  N 

n-Heptane 

SB-6 48.0 30.93 2.25 X lo7 312 
SB-7 32.5 23.02 9.40 X 106 204 
410 40.5 22.28 1.90 X lo7 276 
TX 006 91 .O 54.30 8.70 X lo7 233 
ANIC C 52.5 56.50 1.61 x lo7 154 
SB 308 52.0 55.20 1 . 6 0 ~ 1 0 ~  102 

S 317 US 53.5 63.80 1.51 X lo7 74 
5s0c S 317 Eur 57.0 50.90 2.29 x lo7 104 

8 7 6 5 
DMF 

4 

FIG. 3. 'H nmr spectra of block copolymer SB-7 (concentration 5 g 410 22.5 9.68 7.42 X lo6 109 
TX 006 48.5 - - - dL-') at different temperatures in n-heptane. 
TX 004 34.5 39.69 6.52 X lo6 24 
AN 28 29.0 37.38 4.10 X lo6 27 

polymer is unimolecularly dissolved with free motion of sty- AN 29 23.0 28.47 2.70 x lo6 21 
rene units of the polystyrene block. The nature of spectra in the S 314 29.0 20.41 7.53 x lo6 50 
intermediate temperature range is quite peculiar. On going 
above the temperature 65"C, broad peak of aromatic styrenic 
protons begins to appear, and becomes higher and narrower 
with a gradual increase in temperature. Several factors seem to 
be important here which may lead to the growth of mobility of 
styrene units with increase in temperature. These may be, for 
example, the disintegration of actual (polymolecular) micelles 
to uiimers, the swelling of cores of micelles (both poly- 
molecular and unimolecular), change in conformation of uni- 
molecular micelles leading to free unimers, and the poly- 
dispersity effect in molecular weight and compositiin of 
copolymer. Different effects may be predominant in various 
temperature range till 95°C where the actual composition of 
copolymer was seen. A similar behaviour in 'H nmrspectra for 
copolymer micelles as affected by temperature was observed 
by Spevacek (23). 

(5) Solubilization of homopolymers 
Homopolymers could be solubilized within the core of mi- 

celles of block copolymers. However, the extent of solu- 
bilization largely depended upon the molecular mass of homo- 
polymer and of block copolymer sequence forming the in- 
soluble core. It was only possible to solubilize homopolymer if 
its molecular mass did not exceed that of corresponding se- 
quence of block copolymer. In general, lower molecular mass 
homo~olvmer enhanced the extent of solubilization. Also. it . < 

was observed that an homopolymer under certain conditions 
could be solubilized up to 50 wt.% of the copolymer. All the 
solubilized solutions had stability comparable to those of mi- 
cellar solutions without any solubilized homopolymer. 

Table 5 reveals some results on solubilization of polystyrene 

TABLE 5. Solubilization of homopolymers within the core of micelles of block 
copolymers 

Block % Homopolymer Rh 
Copolymer Solvent Homopolymer solubilized solubilized t (nm) 

- - 34.5 
TX 004 

DMF f Polybutadiene M, 20 000 20% 56.0 
Polybutadiene M,, 48 000 20% 59.0 

SB-7 Heptane 

- - 14.5 
20% 18.4 

SB-7 DMF Polybutadiene M ,  20 000 
40% 20.9 
45 % 25.0 
50% 35.4 

*Could not be solubilized. 
t With respect to block copolymer. 

- - 32.5 

I {I;: 
36.0 

Polystyrene M,, 9 000 58.0 

Polystyrene M,, 21 000 
46.0 

* 
\ 
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homopolymer in block copolymer micelles in n-heptane and 
polybutadiene homopolymers in block copolymer micelles in 
DMF. An examination of the data clearly reveals that the mi- 
celle size increases (or in fact the core size) with increased 
amount of homopolymer solubilized and its molecular weight. 
More amount of homopolymer with low molecular weight 
could be solubilized than of high molecular weight. The in- 
creased size in the solubilized micelles seems to be quite 
reasonable. More experiments on solubilized micelles are in 
progress and will be published later. 
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MOHAMMED A. E. SALLAM, ROY L. WHISTLER, and JOHN M. CASSADY. Can. J. Chem. 63, 2697 (1985). 
Catalytic hydrogenolysis of daunomycinone (4) over palladium-carbon or palladium - barium sulfate afforded a mixture 

of 7-deoxydaunomycinone (5) and 7,ll-dideoxydaunomycinone (6). 7-Deoxy-7-thioacetyldaunomycinone (8) and its 7-epimer 
(9) were prepared from 5 via the intermediate 7-deoxy-7-bromo derivative 7 in 33% yield. Compound 8 was prepared from 
4 in a one-step reaction by treatment with thioacetic acid (THAA) and trifluoroacetic acid (TFAA), in 13% yield. Refluxing 
4 in a mixture of THAA and glacial acetic acid (GAA) increased the yield of 8 and 9 to 83%. Epimerization of 9 with TFAA 
afforded 8. Hydrolysis of 8 gave a mixture of thiodaunomycinone (lo), 5, and bisanhydrodaunomycinone (11). Compound 
10 converts partially into its dimeric form (12) on standing. 

MOHAMMED A. E. SALLAM, ROY L. WHISTLER et JOHN M. CASSADY. Can. J. Chem. 63, 2697 (1985). 
L'hydrogCnolyse catalytique de la daunomycinone (4) sur des catalyseurs de palladium/charbon ou de palladium/sulfate de 

baryum conduit un mtlange de dCoxy-7 daunomycinone (5) et didCoxy-7,11 daunomycinone (6). On a aussi prtparC la 
dCoxy-7 thioacCty1-7 daunomycinone (8) et son Cpimhe en position 7 (9) avec un rendement de 33% en utilisant 5 comme 

I produit de dCpart et en procCdant par IYintermCdiaire du dCrivC dCoxy-7 bromo-7 (7). Le traitement de 4 par de I'acide 
I thioacitique (ATHA) et de I'acide trifluoroacttique (ATFA) conduit en une Ctape au composC 8, avec un rendement de 13%. 

Si I'on porte le composC 4 au reflux dans un mClange dYATHA et d'acide acttique glacial (AAG), on augmente le rendement 
de 8 et de 9 a 83%. L'CpimCrisation de 9 par de I'ATFA conduit a 8. L'hydrolyse de 8 conduit ?i un melange de thio- 
daunomycinone (lo), de 5 et de bisanhydrodaunomycinone (11). Si on le laisse la tempCrature ambiante, le composC 10 se 
transforme partiellement en sa forme dimkre 12. 

[Traduit par le journal] 

The anthracycline antibiotics, daunorubicin (1, R' = CH,, 
R2 = H) (2, 3), doxorubicin (adriamycin; 1,  R' = CH,, R2 = 
OH) (3,4),  and carminomycin (1, R1 = R2 = H) (5) are potent 
and clinically useful antitumor agents, with adriamycin having 
an especially broad spectrum of activity, extending to certain 
solid tumors that are normally resistant to most modes of 
chemotherapy. However, the clinical use of these drugs is 
hampered by a number of undesirable side effects, common to 
many antitumor drugs, such as severe alopecia, and dose- 
limiting and irreversible cardiotoxicity (6) (congestive heart 
failure), which have limited their optimum utilization in 
chemotherapy. The possible covalent bindings between C-7 
and various biological nucleophiles have been suggested (7) as 
a basis for the toxic side effects of daunorubicin and ad- 
riamycin. Major efforts have been made to modify the anthra- 
cycline molecule with the objective of developing analogs with 
a wider spectrum of activity and reduced toxicity (8, 9). The 
synthesis of anthracycline analogs with various leaving groups 
(10) at C-7, and displacement of the 7-OH with 0- and S- 
nucleophiles ( 1 1), have been described. 

Rapid deactivation of these useful anticancer drugs takes 
place by hydrolytic or reductive cleavage of the glycosidic 
oxygen at position 7. The C-glycosyl analog 2, in which the 
glycosidic oxygen atom is replaced by CH2, was suggested to 

' For a preliminary account of part of this work, see ref. 1. 
Author to whom correspondence may be addressed. 

be more resistant (12) to rapid metabolic deactivation than the 
glycosidic oxygen-linked analog 1. It might be incapable of 
generating alkylating activity at the 7-position, one mechanism 
of action proposed (10) as following ejection of the sugar from 
1.  On the other hand, 2 should retain the DNA-binding proper- 
ties (13) of the anthracyclines and the free-radical generating 
properties from cyclic reduction and reoxidation of the quinone 
(14, 15). The C-glycosyl analog 2 might also show favored 
biological effect upon testing and is expected to be a superior 
drug. C-Daunosaminyl intermediates required for the elabo- 
ration of the carbon-bridged anthracyclines have been reported 
(12). 

The sulfur-bridged glycoside 3 is also expected to be consid- 
erably more stable (16) to reductive cleavage and hydrolysis in 
vivo than the glycosidic oxygen bond in 1.  In addition, replace- 
ment of the glycosidic oxygen by sulfur might possibly display 
or exhibit biological properties markedly different from the 
glycosidic oxygen analog, as expected for the carbon bridged 
analog 2. In this work, replacement of the oxygen atom at C-7 
of daunomycinone 4 by sulfur was explored to provide the 
aglycon part required for the elaboration of the sulfur-bridged 
analog 3. 

Catalytic hydrogenolysis of daunomycinone 4 with hydro- 
gen over palladium - barium sulfate afforded a mixture of 
7-deoxydaunomycinone (5) and 7,ll-dideoxydaunomycinone 
(6) (Scheme 1). Reported (17) catalytic hydrogenolysis of the 
glycoside daunomycin or the aglycone 4 afforded only com- 
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TABLE 1. 'H nuclear magnetic resonance spectra" of compounds 4-6 and 8-10 

Compound 
Proton 

(coupling constant) 4 5 6 8 9 10 

8.011 s 
(7.5) 
(-1) 
7.763 t 
7.385 d 
(8.4) 
5.306 sbs 
v1/2  5 
3.776 sbs 
(4.7) 
3.160 d 
2.901 d 
(19.5) 
2.321 d 
(15.3) 

2.150 dd 
(3.7) 
4.615 s 

13.890 s 
13.202 s 
- 

4.084 s 
2.438 s 
- 

"Spectra recorded at 470 MHz in chloroform-d. Spin couplings (Hz) are given in parentheses. Signal multiplicities: 
b, broadened; d,  doublet; m, multiplet; s ,  singlet; sbs, split broad singlet; t, triplet. 

7.984 d 
(7.4) 

7.753 t 
7.368 m 
(8.0) 
5.447 sbs 
Vl/2  4.7 
3.664 s 

3.114 d 
2.990 d 
(18.5) 

pound 5. The dmr spectrum of compound 6 (Fig. 1) showed the 
absence of the singlet corresponding to the chelated phenolic 
1 1 -OH which is present at 6 13.449 for compound 5, and the 
appearance of a down-field singlet corresponding to the aro- 
matic H-11 at 6 8.580, instead (Table 1). The further down- 
field shift for the chelated phenolic 6-OH at 6 13.844 and 6 
13.827 for compounds 5 and 6, respectively, can be ration- 
alized based on extended resonance (18) with the C-4 methoxy 
that can occur only for the 6-OH. The nmr spectral data for 
compound 6 are similar to those reported for the compound 
obtained by catalytic hydrogenolysis of the biologically ac- 
tive 1 1 -deoxydaunoribicin or 1 1 -deoxydaunomycinone (1 9). 

2.625 dd 
(14.5) 

2.164 d 

RG. 1. The 470-MHz nmr spectra of (a) 7-deoxydaunomycinone 5 
and (b) 7,ll-dideoxydaunomycinone 6. 

, 

Chemical reduction of compound 4 with sodium dithionite 
(19-21) gives compound 5. 

Several attempts were made to introduce sulfur as a thio- 
acetyl group at the 7-position of 7-deoxydaunomycinone in a 
reasonable yield. Treatment of compound 5 with bromine and 
a catalytic amount of 2,2'-azobisisobutyronitrile (ABN) in re- 
fluxing CC14 gave the unstable intermediate 7-bromo- 

13.889 s 
13.302 s 
- 

4.063 s 
2.386 s 
2.368 s 
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T H A A  =CH3COSH G A A.reflux 
T F A A  =CF3COOH 

G A A  =CH3COOH 
THAA + T F A  A 

daunomycinone 7. Wong et al. (22) postulated that steric hin- 
drance about the 10-position allowed benzylic bromination to 
proceed regiospecifically at the 7-position. The bromine deriv- 
ative 7 was treated with potassium thioacetate in a solution of 
thioacetic acid, giving a mixture of 7-thioacetyldaunomyci- 
none 8 and 7-epithioacetyldaunomycinone 9 in 33% yield 
(Scheme 2). 

In a one-step reaction, the 7-thioacetate 8 was prepared in 
13% yield from 4, by treatment with a mixture of thioacetic 
acid (THAA) and trifluoroacetic acid (TFAA) in the ratio of 
5:2 at room temperature. This reaction mixture favors the 
formation of compound 8 with the stereochemistry of the natur- 
al 7,9-cis configuration at C-7. Replacement of TFAA with 
glacial acetic acid (GAA) and refluxing, gave a mixture of the 
thioacetate 8 and its epimer 9 in a ratio of 5:  1 and in a total 
yield of 83%. The major isomer 8 was purified by re- 
crystallization, and the minor isomer was separated from the 
mother liquor by chromatography. The reaction is assisted by 
the unusual reactivity of the benzylic hydroxyl group at the 
7-position, which undergoes nucleophilic substitution by the 
thioacetate anion. The formation of two isomeric thioacetates 
can be explained by racemization through the formation of the 
carbocation at C-7 and subsequent attack of the thioacetate 
anion, rather than an SN2 process which would produce the 
epimer. An identical benzylic carbocation was postulated (23). 

The nmr spectrum of compound 8 showed two signals at 
6 2.388 and 6 2.368, each of three-proton intensity corre- 
sponding to the 9-acetyl and 7-thioacetyl groups, respectively. 
The 7S configuration of 8 was determined according to a pre- 
vious method of assignment (20,21, 24-27) based on the peak 
widths (v,,~) for the benzylic proton (H-7). Compound 8 
showed H-7 as a doublet at 6 5.447 having a coupling constant 
of 4.7 Hz, thus assigning the natural 7S configuration to 8 (see 
Table 1). 

The nmr spectrum of compound 9 also showed the three- 
proton signals at 6 2.406 and 2.341, characteristic for the acetyl 
groups. The 7R configuration of 9 was determined from the 
benzylic proton (H-7) which was shown as a multiplet at 6 
5.077 having vll2 15.9 Hz, in agreement with an axial orien- 
tation of H-7. The stereochemistry at position 7 for compounds 
8 and 9 can be ascertained on the basis of the chemical shifts 
in pyranoid rings (28-30); equatorial protons resonate at lower 
field than constitutionally similar axial protons. The benzylic 
proton H-7 for compound 8 was shown at relatively lower field 

(6 5.447) than that for compound 9 (6 5.077). In addition, the 
protons associated with the methyl groups in axial acetoxy 
groups resonate at lower field than the corresponding protons 
in equatorial acetoxy groups (29). However, the appearance of 
the 7-thioacetyl signal at relatively lower field (6 2.368) for 
compound 8 than that for compound 9 (6 2.341) is in agreement 
with the axial orientation of the 7-thioacetyl group for com- 
pound 8 and the equatorial orientation for compound 9. 

9 

Half-chair conformation of ring A for compounds 8 and 9 

The mass spectrum of compound 8 showed a weak molecular 
ion at mlz 456, and a base peak at mlz 43 corresponding to the 
CH3C0 group. The mass spectrum of compound 9 did not show 
a molecular ion; however, its C.I. mass spectrum showed the 
protonated molecular ion at mlz 457. It showed a fragmen- 
tation pattern identical to that of compound 8. 

Anthracyclines having an axial proton at C-7 have been 
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S 

FIG. 2. The 470-MHz nmr spectrum of thiodaunomycinone 10. 

epimerized with acid (24). Treatment of compound 9 with 
TFAA afforded compound 8. 

Hydrolysis of compound 8 with sodium methoxide or potas- 
sium carbonate (Scheme 3) afforded a mixture of 7-deoxy-7- 
thiodaunomycinone 10, 5, and bisanhydrodaunomycinone 11 
(31). The yield of 10 was low (37%) because of the concomi- 
tant formation of compound 5, by ring-sulfur cleavage, and 
compound 11 by aromatization of ring A. Numerous repeti- 
tions and variation of the reaction conditions failed to give only 
one product. Compounds 5 and 10 were separated on prepara- 
tive tlc and identified. Further purification of 11 by multiple 
development chromatography produced resolution into two 
components having very close Rf values, by partial dimer- 
ization of compound 10 into the dimer 12. 

The nrnr spectrum of compound 10 (Fig. 2) showed a singlet 
of three-proton intensity at 6 2.355 corresponding to the 
9-acetyl group, with the disappearance of the singlet corre- 
sponding to the thioacetyl group. The signal corresponding to 
the 9-hydroxyl group for compound 10 was shown as a singlet 
shifted to lower field (6 3.897) than that for daunomycinone (6 
3.776). In addition, the peaks corresponding to the 8-CH2 
group were shifted to lower field than that for daunomycinone 
(Table 1). The benzylic proton for compound 10 was shown as 
a broad singlet at 6 5.057, shifted to higher field than that for 
compound 8 (6 5.447) due to the removal of the acetyl group, 
and shifted to higher field than that for compound 4 (6 5.306) 
because of the shielding effect of the sulfur compared to oxy- 
gen. The shielding of the benzylic proton of 10 compared to 
that of 8 and 4, confirms the substitution at position 7. 

The stereochemistry at the 7-position of anthracyclines is 
important for the expression of biological activity (32) and of 
DNA binding properties (33). The signal corresponding to H-7 
for compound 10 showed vl12 (J7,8a + J7.+) = 5 HZ, indicating 
(20, 21, 24-27) a quasiequatorial orientation for this proton. 
The new substituent at C-7 for compound 10 therefore has the 
same 7 s  configuration as the precursor acetate 8 and the natural 
daunomycinone, i .e., the quasiaxial configuration. 

Compound 10 was further identified by mass spectroscopy. 
Its C.I. or E.I. mass spectrum did not show a molecular ion. 
The C.I. mass spectrum showed the highest mass peak at mlz  
383 corresponding to the ion (M + 1 - S). The base peak was 
shown at mlz  363 corresponding to the ion (M + 1 - H2S - 
H,O). The E.I. mass spectrum showed the highest mass frag- 
ment at mlz  396 corresponding to the ion (M - H20), which 
was followed at the lower masses by the peaks at mlz  382 
corresponding to (M - S), and m l z  362 corresponding to the 
ion (M - H2S - H20). The base peak was "shown at m l z  43 
corresponding to the CH3C0 group. However, the field desorp- 
tion mass spectrum of compound 10 showed the molecular ion 
peak (M) as the most intense peak at mlz  414, followed at the 
lower masses by the fragments at mlz  380 (M - H,S), 362 
(M - HIS - H20), and 337 (M - H2S - CH3CO). Partial 
dimerization of 10 into 12 was shown by the peak at mlz  826 
corresponding to M2 - 2H at the high mass spectrum region. 

This synthetic route represents the method for replacement 
of the benzylic oxygen atom of daunomycinone by a sulfur 
atom. The synthetic availability of the 7-thioanalog 10 provides 
the versatile aglycon portion required for further elaboration of 
the sulfur-bridged anthracyclines 3. 

Experimental 
Melting points are uncorrected, infrared spectra (ir) were recorded 

with a Perkin Elmer 467 grating spectrometer. The 'H nmr spectra 
were recorded with a Nicolet 470-MHz instrument, using internal 
tetramethylsilane as the reference. Mass spectra were recorded with a 
Finnigan 6100 Data System gas chromatograph/E.I.-C.I. spec- 
trometer. Combustion analyses were performed in the Department of 
Chemistry, Purdue University. 

Thin-layer chromatograms (tlc) were obtained on 200 pm silica 
gel G plates. Preparative layer chromatograms (plc) were obtained on 
20 x 20 X 0.2 silica gel 60 F plates (E. Merck) with solvent A, 
9 :  1 benzene-acetone and solvent B, 97:2 methylene chloride - 
methanol. 

Reduction of daunomycinone 
(a) With hydrogen over palladium-carbon 5% 
Daunomycinone (4, 200 mg) was dissolved in ethanol (300 mL), 

and shaken under hydrogen atmosphere with palladium-carbon 5% 
for 3 h. Thin-layer chromatography indicated the disappearance of the 
starting material and formation of two more mobile spots in the ratio 
of 1 : I; Rf 0.36 and 0.29 (solvent A). The solution was filtered off and 
the catalyst washed with ethanol. The filtrate and washings were 
combined and evaporated to dryness, yield 160 mg (83%). The solu- 
tion was green in color and turned pink upon exposure to the air. The 
two components were separated by plc (solvent A) and recrystallized 
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from benzene. The slower-migrating spot (orange), Rf 0.29, showed 
mp 234-235"C, identical to that of 7-deoxydaunomycinone 5 (lit. 
(17) mp 229-231°C); ir: 3480 (OH), 1720 (C=O), 1610, 1575 (H- 
bonded quinone) cm-I; mass spectral data (E.I., selected ions): m/z 
384 (1, M + 2), 383 (4, M + l), 382 (16, M), 364 (7, M - H20), 
340 (22), and 339 (100, M - CH3CO). For nmr spectral data see 
Table 1. 

The faster-migrating spot (pink), Rr 0.36, mp 190- 192"C, (lit. (19) 
mp for 7,ll-dideoxydaunomycinone 6, 186- 189°C); E.I. mass spec- 
tral data (selected ions): m/z 368 (1, M + 2), 367 (7, M + 1), 366 (28, 
M), 348 (23, M - H20), 339 (3), 324 (21), and 323 (100, M - 
CH3CO). For nmr spectral data see Table 1. Anal. calcd. for 
C2,HI8O6: C 68.85, H 4.95; found: C 68.66, H 5.16. 

(b) Reduction with hydrogen over palladium - barium sulfate 
Compound 4 (50 mg) was dissolved in ethanol (200 mL), treated 

with a catalytic amount of palladium - barium sulfate (20 mg), and 
shaken under hydrogen atmosphere for 2 h, and treated as above. 
Thin-layer chromatography indicated the disappearance of the starting 
material and formation of two more mobile spots at the same Rf as 
those of 5 and 6 (solvents A and B). 

(c) Reduction with sodium dithionite 
Compound 4 (100 mg) was dissolved in THF (50 mL), the solution 

was blanketed with nitrogen, and treated with dropwise addition of 
sodium dithionite (200 mg) in water (25 mL). After complete addition 

, (15 rnin), the solution was stirred at room temperature for a further 
2 h, evaporated to dryness, the residue extracted with chloroform, and 
the extract washed with water, dried over anhydrous sodium sulfate, 

I filtered, and evaporated to dryness, yield 75 mg. It was recrystallized 
1 from benzene to give chromatographically (tlc) pure red needles, mp 
I and mixture mp (with 5) 232-233"C, having the same Rf values on tlc 

(solvents A and B). 
I 

7-Thioacetyldaunomycinone (8)  
A solution of compound 5 (50 mg) in CCI, was refluxed under N2 

for 1 h. Br2 (3 mL of 0.125 M solution in CCI,) and ABN (4 mg) were 
added and refluxed for 2 h. The solvent was removed and the residue 
was dissolved in THAA (10 mL), then CH3COSK (100 mg) was added 
and the mixture stirred under N2 for 17 h. The mixture was evaporated 
to dryness, the residue extracted with CHC13, and the organic layer 
was then washed with water, dried over anhydrous sodium sulfate, and 
evaporated. The residue was recrystallized from benzene-hexane 
giving a red amorphous precipitate. Thin-layer chromatography (sol- 
vent B) showed two spots, Rf 0.31 and 0.21. Fractional re- 
crystallization of the mixture from benzene gave compound 8 as 
orange-red needles, yield 18 mg, mp 230-232°C; Rf 0.31, solvent A; 
ir: 3420 (OH), 1705 (C=O), 1690 (SAC), 1610 and 1580 (chelated 
quinone) cm-'; mass spectral data (C.I.): m/z 459 (7, M + 3), 458 
(16, M + 2), 457 (83, M + I), 425 (9), 383 (41), 363 (52), 321 (22), 
and77 (100);(E.I.):m/z456(1, M),438(1,M - H20),413 (1, M 
- CH,CO), 382 (1, M - CHXOSH), 362 (M - CH3COSH - HzO), 
338 (l), 77 (2, Ph), 76 (2, CH3COSH), 75 (1, CH3COS), and 43 (100, 
CH3CO); for nmr spectral data see Table 1. Anal. calcd. for 
Cz3HzOOsS: C 60.39, H 4.63, S 7.01; found: C 60.45, H 4.8 1, S 6.8 1. 

7-Epithioacetyldaunomycinone (9) 
The mother liquor of 8 showed two spots on tlc which were sepa- 

rated by plc (solvent A) and the slow migrating spot, Rf 0.21, was 
recrystallized from methanol giving red needles, mp 207-209°C; ir: 
3440 (OH), 1705 (C=O), 1690 (SAC), 1610 and 1580 (chelated 
quinone) cm-'; mass spectral data (C.I.): m/z 457 (1, M + l),  385 
(3), 383 (39), 363 (17), 91 (29), 85 (42), and 76 (100); (E.I.): m/z 362 
(10, M - CH3COSH - HzO), 339 (9, M - CH3COSH - CHsCO), 
337 (13), and 43 (100, CH3CO). For nmr spectral data see Table 1. 
Anal. calcd. for C23H200sS: C 60.39, H 4.63, S 7.01; found: C 60.14, 
H 4.84, S 6.94. 

Conversion of daunomycinone into 7-thioacetyldaunornycinone 
Method "A", by treatment of 4 with a mixture of THAA and TFAA 
Compound 4 (50 mg) was treated with THAA (5 mL) and TFAA 

(2 mL) and kept at room temperature for 6 h. Thin-layer chro- 

matography indicated the disappearance of the starting material and 
formation of three spots; the slow migrating one was shown at the 
same Rf value as for compound 8. It was isolated by plc and re- 
crystallized from benzene, yield 6.5 mg, mp and mixture mp 
232-234°C. Its nmr spectrum was identical to that of 8. No spot 
corresponding to compound 9 was detected by tlc. 

Method "B", by rejluxing compound 4 with THAA and GAA 
Compound 4 (100 mg) was treated with THAA (10 mL) and GAA 

(4 mL) and the mixture refluxed for 21 h. Monitoring of the reaction 
by tlc indicated disappearance of the starting material and formation 
of two more mobile spots at theRr values for compounds 8 and 9. The 
reaction was complete after 21 h. The mixture was evaporated to 
dryness and traces of acids were removed by repeated evaporation 
with CH2C12. The dry residue was recrystallized from benzene giving 
orange red needles of compound 8, mp and mixture mp 228-230°C. 
'The mother liquor, containing 8 and 9, was separated with plc (solvent 
B); yield of 8, 80 mg, and 9, 15 mg; total yield 83% from 4. 

Epimerization of compound 9 into 8 
Compound 9 (5 mg) was treated with TFAA (1 mL) and kept for 

20 h at 20°C. The acid was removed by repeated evaporation with 
CH2CI2. Thin-layer chromatography indicated complete conversion of 
9 into 8. Similar treatment of 8 with TFAA did not give 9 by epi- 
merization under the same conditions. 

Hydrolysis of 7-thioacetyldaunomycinone 
Method "i", with 0.01 N sodium methoxide solution 
A solution of 8 (30 mg) in THF (4 mL) was blanketed with argon 

and a solution of 0.01 N sodium methoxide (2 mL) was added with 
stirring; the blue-colored solution obtained was stirred at 20°C for 5 h. 
It was neutralized with glacial acetic acid which turned the solution 
red. Thin-layer chromatography (solvent B) showed the formation of 
three spots which were isolated by plc and identified. The slow mi- 
grating spot, Rf 0.47 (solvent B), was isolated, dissolved in benzene, 
and precipitated by hexane as an amorphous powder of thio- 
daunomycinone 10; yield 10 mg, mp 195- 198°C. Further purification 
on analytical tlc plates (solvent B) showed splitting into two non- 
resolvable spots, having close Rf values, probably by air oxidation and 
formation of the dimer 12; ir: 3430 (OH), 1705 (C=O), and 1615 and 
1580 (hydrogen bonded quinone) cm-'. Mass spectral data (C.I.): m/z 
383 (9, M + 1 - S), 363 (100, M + 1 - H2S - H20); (E.I., selected 
ions): m/z 396 (1, M - H,O), 382 (3, M - S), 362 (M - H2S - 
H20), 344 (17), 339 (16), 337 (9, M - H2S - CH3CO), and 43 (100, 
CH3CO). Field desorption mass spectrum (F.D.): 826 (31, M2 - 2H), 
414 (91, M), 380 (77, M - HzS), 362 (18, M - H2S - H20), 337 
(18, M - H2S - COCH3). For nmr spectral data see Table 1. Anal. 
calcd. for C2,HI8O7S: C 60.86, H 4.38, S 7.74; found: C 60.64, H 
4.62, S 7.45. 

The second hydrolysis product (orange color), Rr 0.59 (solvent B) 
was isolated by plc and recrystallized from benzene, mp and mixture 
mp (with 5) 233-235°C (lit. (20) mp 230-232°C). The faster moving 
spot (violet color), Rf 0.67 (solvent B), was isolated by plc and 
recrystallized from benzene-methanol as brown-violet needles, yield 
5 mg; mp 229-232°C (lit. (31) mp for bisanhydrodaunomycinone, 
225-230°C); mass spectral data (C.I.): m/z 363 (100, M + I), 361 
(36, M + 1); (E.I., selected ions): m/z 364 (9, M + 2), 363 (40, M 
+ l),  361 (96, M + l), 345 (52), 343 (38), 319 (5, M - CH,CO), 
and 43 (100, CH3CO). 

Method "ii". Hydrolysis of 8 with saturated solution of potassium 
carbonate 

A solution of compound 8 (30 mg) in THF (5 mL) was blanketed 
with argon, then a solution of saturated potassium carbonate (0.2 mL) 
was added with stirring. The solution, which turned blue, was stirred 
at 20°C for 2 h, then acidified with 5% oxalic .acid solution which 
converted it into a red color; the mixture was then partitioned between 
water and chloroform, and the organic layer washed with water and 
dried. The chloroform was removed and tlc (solvent B) of the residue 
showed three spots at the same Rr values, for compounds 5, 10, and 
11, that were obtained by method i. 
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Reduction photochimique des polytungstates. Mise en evidence 
d'un effet photogalvanique 

G .  FOLCHER ET J .  PARIS 
L.R.M.C.I. (LA 331), Diparternent de physico-chimie, Cen-Saclay, 91191 Gif-sur-Yvette Cidex, France 
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F. CHAUVEAU 
Laboratoire de Chimie des Polymkres Inorganiques, Universiti Pierre et Marie Curie, 75005 Paris, France 

R e p  le 6 novembre 1984 

G. FOLCHER, J. PARIS et F. CHAUVEAU. Can. J.  Chem. 63, 2703 (1985). 
Une cellule photogalvanique est rCalisee avec une solution de decatungstate (wloOft;) de tCtrabutylarnmonium dans l'act- 

tonitrile h la concentration 0,2 M en atome-gramme de tungstkne. Le dispositif utilisC comporte une Clectrode de platine 
Cclairee et une Clectrode de graphite dans l'obscurite. Les conditions d'utilisation de la pile pour obtenir le meilleur rendement 
tlectrique sont dtterminies. Un mkcanisme global est propose: le dicatungstate excitC par la lumikre est rkduit reversiblement, 
un donneur dlClectron ou l'eau est oxydk pendant la rkaction. Nous montrons que le mCcanisme fait vraisemblablement 
intewenir deux photons. La fem dCvelopp5e est de 650 mV et le rendement expkrimental (puissance de la pileltnergie 
lumineuse) est voisin de 1%. 

G. FOLCHER, J. PARIS, and F. CHAUVEAU. Can. J.  Chem. 63, 2703 (1985). 
A photogalvanic cell which functions with an acetronitrile solution of tetrab~t~lammonium decatungstate ( ~ ~ ~ 0 ~ ~ )  (0.2 M 

in gram-atoms of tungsten) has been realized. This cell utilizes an irradiated platinum electrode with a non-illuminated graphite 
electrode. The conditions giving the best conversion of light to electric power have been determined. An overall mechanism 
has been proposed. The decatungstate photooxidizes an electron donor like water. The involvement of a two-photon process 
has been demonstrated. The emf produced is about 650 mV, and the experimental yield is in the neighborhood of 1%. 

I 

I La recherche des reactions de transfert d'Clectrons capables 
de stocker 1'Cnergie solaire s'oriente vers des systemes micro- 
hCtCrogenes ( lo),  micelles et colloi'des. Les polyanions peuvent 

; constituer une alternative indressante (9): la structure dCter- 
rninCe h 1'Ctat solide est conservte en solution (1) et on peut 
faire varier dans une certaine rnesure la taille et la forme des 
arrangements rnolCculaires. Ceux-ci prksentent des propriCtCs 
bien spCcifiques cornme le rnontre la chimie des polytungstates 
(2). 

Le tungstine VI engagC dans le polyanion est photosensible 
et joue le r6le de capteur d'Clectron (3). C'est prCcisCrnent ce 
qui est observC dans le cas du dkcatungstate ~ ~ ~ 0 ; ; .  Celui-ci 
a la structure prCsentCe sur la figure 1 (4). Une bande de 
transfert de charge centrCe i 325 nm rnais ttendue dans le 
domaine visible peut &tre utilisCe pour accroitre son affinitC 
Clectronique. 

Dans le cas de l'uranium hexavalent, nous avons pu utiliser 
les propriCt6s oxydantes de l'uranyle excite pour crCer un effet 
photogalvanique, c'est-i-dire l'apparition d'une difference de 
potentiel entre deux Clectrodes plongies dans une solution 
d'uranyle quand l'une d'entre elle est CclairCe (5). 

Le montage utilisC dans cette exptrience a pu Ctre reconduit 
dans le cas des solutions de polytungstates. Les premiers rk- 
sultats obtenus nous ont ament i Ctudier ce phCnomine en 
dktail. 

Partie experimentale 
Le montage de la cellule a CtC dCcrit par ailleurs (5). Nous rappelons 

que la lumikre Cclaire une Clectrode de platine fajldis qu'une Clectrode 
de graphite reste non irradiee. La principale difficult6 rCside dans le 
reglage de la distance optimale entre la fen&& et 1'Clectrode. L'uti- 
lisation d'une electrode circulaire appliquec sur la paroi Cclairte 
permet de pallier cet inconvknient (fig. 2). 

Le decatungstate de t6trabutylammonium est prCpar6 par acidi- 
fication convenable d'une solution de tungstate de sodium suivant les 
modes ogratoires dejh dtcrits (7, 8) (16,5 g de W0,Na2-2H20 dis- 

sous h Cbullition dans 100 mL d'eau, acidifiCe par 90 mL de HCl 
normal Cgalement h la m&me temperature. La solution rapidement 
refroidie est prCcipitCe par 7 g de bromure de tCtrabutylammonium). 

Le produit prCcipitC est lave successivement h I'eau, I'alcool et h 
I'acttone. Une fois stchC, il est recristallisC dans I'adtonitrile. Anal. 
calc.: W 55,37, C23,26, N 1,69, H4,37%; tr.: W 55,25, C23,1, N 
2,68, H 4,33%. 

La concentration adoptCe dans les exgriences dCcrites est de 0,2 M 
en atome-grarnme de tungstkne, 0,2 mol-' dans I'acttonitrile Merck. 

L'irradiation est rCalisCe par une lampe xenon 900 W, filtrCe par une 
cellule de 10 cm d'une solution aqueuse de sulfate de cuivre. 

Pour les mesures de rendement quantique on opkre de la fa~on 
suivante: 

La lumikre Cmise par une lampe xCnon est mesurCe par un joule- 
mktre, aprks passage dans un monochromateur, sur toute 1'Ctendue du 
spectre. Le faisceau est ensuite envoy6 sur une Clectrode de taille 
inftrieure au diamktre du faisceau. On suppose que toute la lumikre est 
absorb6e et on mesure la puissance de la pile. 

L?lectrochimie 
Les potentiels d'oxydorCduction de wloO;; dans l'acC- 

tonitrile ont CtC ddtermink en prCsence de perchlorate de tCtra- 
butylammonium 0, l  M. On observe alors deux vagues de 
rkduction rkversibles sur le rnercure (1'Clectrode de rCfCrence 
est une Clectrode au calomel saturC i double jonction). On sait 
aue dans ces conditions les Ell7 sont assirnilables aux potentiels ., - 
normaux d'oxydorCduction. Les deux vagues observCes corres- 
pondent respectivement h 1 et 2 Clectrons par mole. Elles sont 
analogues h celles que Termes et Pope ont observCes dans le 
carbonate de propylkne (6). Les potentiels sont respectivement 
de -0,61 et - 1,08 V par rapport i H, normal (6). 

Dans les conditions de fonctionnement de la pile, des phC- 
nombnes diffkrents dus aux Clectrodes peuvent se rnanifester. 

Nous avons mesurC par voltamCtrie cyclique sur Clectrodes 
de platine poli les potentiels de reduction d'une solution de 
w ,~o~;  dans CH,CN, dans des conditions voisines de celles du 
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FIG. 1 .  Representation polyedrique de la structure de W100324-. 
Les atornes de tungstkne W1 et WIl occupent approxirnativernent le 
centre des octakdres. 

FIG. 2. Coupe schernatique de la cuve avec son Clectrode de pla- 
tine; (a) cuve en Pyrex; (b) g6nCratrice de contact entre le platine et le 
verre; (c) electrode de platine; (d) localisation des es@ces bleues en 
fonctionnement. 

fonctionnement de la pile en utilisant une Clectrode de Pleskov 
comme r6fCrence. La figure 3 prCsente le premier balayage qui 
met en Cvidence une rkduction a -0,55 V par rapport 2 l7Clec- 
trode de Pleskov. Pour des valeurs plus negatives, il y a for- 
mation d'un dtpdt sur I'Clectrode qui modifie sensiblement le 
comportement du systkme. Vers les potentiels positifs, un sys- 
t?me apparait vers +0,20 V qui n'est pas dO 2 l'oxydation du 
solvant, observC dans ces conditions ?I +0,40 V. Ce systkme 
apparait aussi comme instable dans le temps. 

En prCsence de lumikre, le voltamogramme est diffkrent: il 
prCsente un accroissement considkrable des courants d'oxy- 
dation sur le platine avant -0,5 V et une vague trks intense 
pour les potentiels plus nCgatifs. 

I1 apparait donc que la lumikre crCe des espkces rCduites de 
polytungstate qui peuvent donc Ctre rkduites dans un deuxikme 
temps ?I des potentiels infkrieurs a -0,5 V. 

Photochimie 
Nous utilisons le montage photogalvanique (fig. 2). La dif- 

fCrence de potentiel mesurCe en circuit ouvert entre 1'Clectrode 
de platine CclairCe et 1'Clectrode de graphite est de 650 mV, le 
platine constituant la cathode. 

La coupure de I'Cclairement conduit A I'annulation rapide de 
cette difference de potentiel. De mCme, en rallumant la lampe 
la valeur de 650 mV est atteinte en quelques secondes (fig. 4). 

I I I I - 
1 ox ENH - 0,5 -1 Vvolts 

FIG. 3.  Diagramme de voltarnitrie cyclique obtenue dans CH3CN, 
sans Clectrolyte support et sur electrode de platine. Vitesse de balayage 
1 V/nrn. L'klectrode de rkfkrence est une Clectrode de Pleskov; (a) 
obscurite; (b) lurnitre. 

FIG. 4. Potentiel obtenu sur le platine; (a) Cclairement; (b) obs- 
curite. 

La figure 5 prCsente la courbe de la puissance fournie dans 
les conditions expCrimentales prCcCdentes, en fonction du po- 
tentiel entre les electrodes. Elle est obtenue en faisant varier la 
rksistance introduite sur le circuit. En se pla~ant au maximum 
de cette courbe, on peut faire dCbiter la pile pendant plusieurs 
heures sans observer une variation notable des constituants de 
la solution ni de variation importante des performances. 

En fonctionnement on voit apparaitre sur 17Clectrode CclairCe 
deux bandes colorCes en bleu, le long des generatrices du 
cylindre, symitriques par rapport ?I la gCnCratrice de contact, 
entre 1'Clectrode et la paroi (fig. 2). Nous verrons que cette 
coloration est due ?I une espkce rCduite de tungstkne qui est 
formte par action de la lumikre et d'un rkducteur. Cette espkce 
qui est rCoxydCe au contact du platine est donc visible en 
concentration stationnaire. Elle illustre le rdle critique jouC par 
1'Cpaisseur de la couche de liquide entre la fenCtre d'entrke et 
I'Clectrode. En se plaqant au maximum de la courbe de la figure 
5, nous avons CtudiC la variation de la puissance Cmise en 
fonction de la longueur d'onde. Nous interposons entre la 
lampe et la cellule un monochromateur dont nous ouvrons 
largement la fente. Le rendement est port6 en fonction de la 
longueur d'onde (fig. 6). On constate que la courbe ne coyncide 
pas avec la courbe d'absorption mais est dCcalCe vers le rouge. 
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I Pen pw 

RG. 5. Puissance Clectrique fournie en fonction de la tension dis- 
ponible. 

Absorbance (A)  
Puissance ilectrique (B) U arbitraires 
fwrnie I 

FIG. 6. (A) Spectre d'absorption Clectronique en fonction de la 
longueur d'onde. (B) Puissance tlectrique fournie en fonction de la 
longueur d'onde. 

Plusieurs interpretations peuvent Ctre donnCes de ce phCno- 
mkne parmi lesquelles un processus faisant intervenir un 
deuxikme photon absorb6 par l'espkce formee par le premier. 

Si l'on porte maintenant (fig. 7) le rendement en fonction du 
flux lumineux, on note qu'une valeur constante n'est atteinte 
qu'h partir d'une valeur 6levCe de l'intensitk incidente. Dans le 
cas simple de I'utilisation d'un seul photon on devrait observer 

FIG. 7. Rendement en fonction du flux lumineux. 

un rendement independant du flux lumineux au moins aussi 
longtemps que l'on n'a pas atteint la saturation. 

Discussion 
D'aprks les spectres uv-visibles r6alisCs dans I'acCtonitrile 

la structure en solution est celle de 1'Ctat solide (fig. 1). 
La molCcule comporte deux entitCs compactes constituCes de 

5 octakdres W06, dont le tungstkne occupe le centre, et reliCs 
entre eux par une mise en commun d'aretes. Les deux moitiCs 
de la molCcule sont reliCes entre elles par une mise en commun 
de sommets. I1 en rksulte deux variCtCs de tungstkne W, et WII 
et deux types de points WlOW,, et Wl1OWlI, les derniers Ctant 
quasiment lintaires (175") (6). 

La bande h 325 nm que nous irradions serait liCe h l'existence 
des ponts (6) et suggkre que seul un type de liaison participe 
aux transferts de charge responsable de la photochimie. 

Dans I'acCtonitrile, les mesures de conductibilitC ont montr6 
que les sels du polyanion sont entikrement dissociCs. Les ex- 
periences de rmn en cours confirment la presence de deux types 
de tungstene. 

Aucune determination des potentiels d'oxydorCduction des 
polyanions de tungstkne n'avait CtC realike dans CH3CN mais 
les travaux de Pope (2) avaient montre que la reduction Clectro- 
chimique a 1 et 2 Clectrons Ctait r6alisCe rkversiblement. Nous 
avons pu voir dans nos conditions: CH3CN et electrode de 
platine, une premikre reduction reversible h l'electron a 0,515 V 
par rapport h 1'Clectrode de Pleskov (soit sensiblement h 0,40 
V par rapport h 1'Clectrode hydrogkne. A lumikre de la mise au 
point rkcente (1) sur les propriCtCs photochimiques des poly- 
tungstates on peut penser que I'espkce bleue dont la concen- 
tration stationnaire peut Ctre observCe au contact de 1'Clectrode 
est l'espkce rCduite un electron ~ ~ ~ 0 : ; .  Elle sera rCoxydCe 
sur le platine h un potentiel de 0,35 V en circuit ouvert. C'est 
l'espece dont la quantitC augmente lors de l'irradiation de la 
solution mais elle peut Ctre limitCe par la reaction de 
dismutation 

La reaction sur le graphite est plus difficile h caracteriser. 
Son potentiel mesure h +300 mV en circuit ouvert lors de 
l'irradiation de la solution, est aussi celui oil se trouvent les 
deux electrodes en I'absence de lumikre. 11 correspond bien h 
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la vague d'oxydation observCe sur la solution de polytungstate 
sans que l'on puisse en dCfinir la nature avec precision. Chem- 
seddine et al. (1 1) ont montrC que l'espbce rCduite Bun Clectron 
(Wlo03z)5- prtsente une bande d'absorption intense a 370 nm. 
I1 est donc possible de rendre compte du dCcalage vers le rouge 
de la courbe de rendement dont le maximum est h 350 nm en 
supposant qu'un deuxikme photon est absorb6 par l'espbce 
donnCe par reduction B 1 Clectron dks sa formation. On obtien- 
drait alors en rCgime stationnaire I'espkce doublement rkduite. 

Nous pouvons proposer le schCma suivant: 

et finalement 

( W ; I W ~ O ~ ~ ) ~ -  3 (wyi032)~- + 2 e- 

Graphite 
2 D' + 2e- - 2 D 

ou nous appelons D l'espkce oxydable. D doit rCaliser plusieurs 
conditions. Cette espbce doit Ctre prCsente au voisinage de l'ion 
excitC et sa forme oxydCe devrapouvoir se mettre sous une 
forme stable qui sera rCduite sur le graphite. 

La cation tCtrabutylammonium ne pourra pas jouer ce r6le: 
son potentiel d'oxydation est trks ClevC et nous n'avons pas mis 
en evidence de produits de rkactions tels que le butkne. On peut 
aussi penser ?I I'acCtonitrile plus facilement oxydable. 

On sait (12) que llacCtonitrile est oxydC en CH2CN et que le 
produit final est gCnCralement le succinonitrile en absence 
d'oxygkne. Sinon il rCagit sur l'oxygkne pour donner le pe- 
roxyde O2CH2CN (13). 11 parait peu probable que ces produits 
puissent Ctre rCduits sur le graphite avec un potentiel con- 
venable. 

Yamase a montrC dans le cas de polytungstate par mCthode 
de capteur de spin que wV1* Ctait capable d'arracher un hydro- 
gkne de l'eau pour donner le radical OH' (3). On peut donc 
supposer comme dans le cas de l'uranyle que ces radicaux se 
recombinent pour produire H202 qui serait rCduit sur le gra- 
phite. Le r6le de 1'Clectrode de platine peut &tre invoquC pour 
favoriser la reaction bimoltculaire de recombinaison des radi- 

caux hydroxyles. 
Comme dans le cas de l'uranyle, nous pensons que l'eau joue 

le r61e de donneur. Nous avons observC que l'addition d'une 
petite quantitC d'eau h la solution provoquait une petite amClio- 
ration de l'effet photogalvanique. 

Cependant en mesurant directement le potentiel du couple 
OH-/H202 sur du platine ou du graphite on obtient une valeur 
voisine de 0,6 V qui ne rend pas compte des rksultats obtenus 
dans le fonctionnement de la pile. I1 est probable que le schCma 
propost est approximatif. 

Au plan de 17intCrCt pratique du systkme nous soulignons le 
rendement relativement ClevC qui a CtC obtenu dans des condi- 
tions non optimistes. La valeur du rendement maximale ob- 
tenue comme le rapport de la puissance de la pile h 1'Cnergie 
lumineuse monochromatique incidente est de l'ordre de 1%. 
Cette valeur est affectke de la mauvaise utilisation de la surface 
de l'tlectrode CclairCe et devrait Ctre amCliorCe par un montage 
ou 1'Cpaisseur optimale serait rkalisee sur l'ensemble de la 
surface CclairCe. Enfin le systkme prksente une bonne stabilitC 
dans le temps en accord avec les hypotheses de mCcanisme 
proposCes ou aucune espkce chimique n'est consommCe. 
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W. MAREK GOLEBIEWSKI and IAN D. SPENSER. Can. J. Chem. 63, 2707 (1985). 
The mode of incorporation into lupinine of cadaverine, intramolecularly doubly labelled with I5N and with "C at the C-atom 

adjacent to "N, i.e., 13C,15~-"bond-labelled", was determined by I3C nmr spectroscopy; lupinine is generated from two 
cadaverine-derived C5-units by a route which excludes a "dimeric" intermediate with C2, symmetry. The mode of incorporation 
of 'H from L-(2-'H)lysine, from (R)- and (S)-(1-'H)cadaverine, and from (2-2H)-A1-piperideine into lupinine was determined 
by 'H nmr spectroscopy. The results corroborate the conclusions from the I3C,"N experiment and they establish the stereo- 
chemistry of six of the steps in the biosynthetic conversion of L-lysine into lupinine. 

W. MAREK GOLEBIEWSKI et IAN D. SPENSER. Can. J .  Chem. 63, 2707 (1985). 
Faisant appel a la spectroscopic rmn du I3C et utilisant de la cadavtrine doublement marquee d'une faqon intramoltculaire 

par du ' 5 ~  et du 13C sur le carbone voisin du ' 5 ~  (liaison I3C, I5N marquee), on a ttudie le mode d'incorporation de la cadavtrine 
2 la lupinine. Les r6sultats obtenus suggkrent que la lupinine se forme partir de deux unites en C5 dCrivtes de la cadavtrine 
par le biais d'une voie reactionnelle qui exclut la formation d'un intermtdiaire "dimkre" posstdant une symetrie C2,. Faisant 
appel a la rmn du 'H, on a determint le mode d'incorporation du 'H de la L-('H-2) lysine, des ('H-2) cadavtrines-(R) et -(S) 
et de la (ZH-2)-A1-pip~ridine a la lupinine. Les rtsultats confirment les conclusions tirees sur la base des experiences conduites 
avec le I3C et le I5N; de plus, elles permettent d'etablir la sterkochimie de six des Ctapes conduisant 21 la transformation 
biosynthttique de la L-lys&e en lupinhe. 

[Traduit par le journal] 

i Introduction 
Speculations concerning the biosynthesis of the lupine alka- 

loids go back more than 50 years. In 1931 Schopf suggested 
I (1, 2) that the ring skeleton of lupinine (20) might be generated 

by condensation of two lysine (1) derived fragments, 5-amino- 
I pentanal (3) (e A'-piperideine (4) (3, 4)) and glutardialdehyde 

(S), followed by reduction (Scheme 1Bd). Schopf later aban- 
doned this notion in favour of the idea (3) that the im- 
inodialdehyde (7) might be the intermediate between lysine and 
lupinine (Schemes 1Ba and 1Bb). This intermediate was 
favoured also by Robert Robinson (4). In a further variation of 
this theme it was suggested (5, 6) that lupinine arose by 
rearrangement of tetrahydroanabasine (14), a dimer of 
A'-piperideine (4) (3, 5) (Scheme 1Be). 

The first tracer experiments to test these ideas were canied 
out twenty-five years ago. Radioactivity from ~~-[2- '~C]lysine 
(7) and from its decarboxylation product, [l-'4C]cadaverine 
(6, 8), was indeed incorporated into lupinine. With either sub- 
strate, approximately one quarter of the total activity of the 
alkaloid was present within the hydroxymethyl carbon, C-11, 
of lupinine. Also, the two methylene carbon atoms, C-4 and 
C-6, together, accounted for one half of the total alkaloid 
activity (7, 8). If the assumption is made that this activity is 
distributed equally over C-4 and C-6, and that each of these two 
C atoms contains one quarter of the label,' it follows that four 
sites within lupinine, C- 1 1, C-4, C-6, and, presumably, C- 10, 
each account for one quarter of the label of the intact alkaloid 
(20). This conclusion was substantiated by the results of a 
recent feeding experiment (9) with ~~-(4,5- '~C~)lysine.  En- 

- - 

' On leave from the Department of Chemistry, University of War- 
saw, 02-093 Warsaw, Poland. 

'Another possible interpretation of these results is that one of the 
two centres, C-4 or C-6, accounts for 50% of the activity of the intact 
lupinine, while the other centre is free of activity. 

richment was detected at four pairs of neighbouring carbon 
atoms of lupinine, C- 1 ,-2, C-2,-3, C-7,-8, and C-8,-9. This 
labelling pattern serves as evidence that the carbon skeleton of 
lupinine is generated from two lysine-derived C5-units, via an 
intermediate with CZv symmetry (e.g., either cadaverine (2) or 
the iminodialdehyde (7), or both). However, since the distribu- 
tion of label observed in all these experiments is that which is 
predicted by every one of the five hypothetical routes (Schemes 
1Ba-1Be) that have been advanced to account for the deri- 
vation of lupinine from lysine, available tracer evidence cannot 
serve to discriminate among the biogenetic proposals. 

Nor is it certain that cadaverine (2) is an intermediate 
between lysine (1) and lupinine (20): Neither the observation 
that incorporation of the two substrates, DL-[2-'4C]lysine and 
[l-'4C]cadaverine, leads to the same distribution of label within 
lupinine, nor the labelling pattern from DL-(4,5-"C,)lysine con- 
stitute conclusive evidence for the obligatory intermediacy of 
cadaverine. Other interpretations are possible which account 
for such a distribution of label (cf. ref. 10). 

The tracer experiments with doubly I3C,"N- and with 
'H-labelled substrates which are here reported serve as critical 
tests of the hypotheses that have been advanced to account for 
the origin of lupinine. 'The results, which controvert all but one 
of the hypothetical sequences, provide support for the tetra- 
hydroanabasine route (Scheme 1Be). Furthermore, the results 
of the tracer experiments with 2H-labelled substrates clarify 
stereochemical aspects of this route. Preliminary accounts of 
parts of this work have appeared (1 1, 12). 

Methods and results 
In six tracer experiments, compounds, specifically labelled 

with stable (Experiments 1-5) and with radioactive isotopes 
(Experiment 6), were administered by the wick method to 
intact plants of Lupinus luteus (yellow lupine) over a period of 
3-6 days. Details of the experiments are summarized in Table 
1. 
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CHO FHO CHO " 'C+> CHO - -3 " c;3 - c f  

CHO 

CHO [?> CHO 

NH2 
11 

CHO FHO 

J. 
c g  

+ + - QC) CHO - c h  

CHO CHO 

CHO CHO CHO 

cg &Jsds&) trom 

Bc 
CHO 

12 17 [ H p  lgL 

SCHEME 1.  Five alternative hypothetical schemes of the biogenesis 
of lupinine. A. The initial steps. B,-Be. Variants of the intermediate 
steps. CI-Ch. Variants of the final steps. 

The sample of cadaverine, intramolecularly doubly labelled 
("bond-labelled") with I3C and "N (Experiment 5) was pre- 
pared in three steps from sodium ("C,"N)cyanide and 
1-bromo-4-phthalimidobutane by the reaction sequence shown 

in Scheme 2, in analogy with the preparation of a similarly 
labelled sample of putrescine (10). 

The samples of ~~-(2-~H)lysine (Experiment 3), (2-2H)-A'- 
piperideine (Experiment 4), (S)-(+)-(l-2H)cadaverine dihy- 
drochloride (Experiment 2), and (R)-(-)-(l-2H)cadaverine di- 
hydrochloride (Experiment 1) were prepared by chemical and 
enzymic methods, respectively, which we have previously 
described (13). The samples of L-[4-3H]lysine monohydro- 
chloride and ~~-[6- '~C]lysine monohydrochloride (Experiment 
6) were commercial products. 

When the administration of tracer was complete, the plants 
to which labelled substrates had been administered were macer- 
ated with cold methanol in a Waring blendor and the alkaloids 
were isolated by methanol extraction. Lupinine and sparteine 
were separated by chromatography on silica gel, lupinine was 
converted into the hydrochloride, sparteine into the sulfate. 

The present paper presents a discussion of the results ob- 
tained with lupinine. The sparteine results will be dealt with in 
the second paper of this series. 

Lupinine hydrochloride consists of a 1.7: 1 mixture of the 
trans and cis ring fused stereoisomers, as shown by the natural 
abundance "C nmr spectrum (Fig. 1B). The "C nmr spectrum 
(Fig. 1A) of the sample of lupinine hydrochloride from Experi- 
ment 5, in which (~-'~C,'~N)cadaverine in admixture with 
[l-14C]cadaverine had been administered (Experiment 5), 
shows that four of the ten C-atoms, C-4, -6, -10, and -1 1, were 
enriched in I3C, to an equal extent. The enrichment, above 
natural abundance, calculated for each of these four carbon 
atoms (Tables 2 and 3) is in agreement with the specific incor- 
poration of I4C (Table 1). 

The signals in the proton noise decoupled "C nmr spectrum 
due to two of the "C-enriched carbon atoms, C- 10 and C- 1 1, 
appear as singlets, the signals due to the two others, C-6 and 
C-4, as multiplets (Fig. 1A). The coupling constants of the 
doublet component of the multiplets are different from one 
another (J13~~,15,: trans isomer 4.1 Hz, cis isomer 4.1 Hz; 

trans isomer 7.0 Hz, cis isomer 6.4 Hz; isotope shift 
C-4, cis +0.02, trans $0.02; C-6, cis -0.04, trans, -0.04). 
Each of the two sets of multiplets consists of a doublet super- 
imposed on a singlet. The doublet (87 2 11%) (I3C-6,"N) in 
the signals due to C-6 (trans, 6 55.7, cis, 6 52.9 ppm) is much 
more intense than the singlet (13 * 2%) (I3C-6,I4N) (Tables 2 
and 3), so that the latter is not apparent in the unexpanded 
spectrum. In the signals due to C-4 (trans, 6 54.8, cis, 6 44.6 
ppm) the doublet (36 + 5% of signal area, Tables 2 and 3) 
(I3C-4,"N) appears as a shoulder straddling the singlet (64 2 
8%) (I3C-4,I4N). The doublet/singlet ratios at C-6 ((87 + 
11)/(13 + 2) = 6.7 ? 1.3) and at C-4 ((36 + 5)/(64 + 8) = 
0.6 + 0.1) thus differ from one another by an. order of mag- 
nitude (Tables 2 and 3). 

Lupinine hydrochloride obtained from the feeding experi- 
ment with [~-4-~H/~~-6- '~C] lys ine  (Experiment 6) was con- 
verted into the methiodide and crystallized to constant radio- 
activity and constant tritium/14C ratio. The 'H/I4C ratio of the 
purified lupinine methiodide was 8.4 + 0.1, approximately 
double that of the intermolecularly doubly 'H/I4C labelled 
lysine that had served as the substrate ('H/I4C of lysine, 4.1 + 
0.1 (Table 1)). 

The deuterium nmr spectra of the samples of lupinine (free 
base) from the experiments with deuterium labelled substrates 
(Experiments 1-4, Table 1) are shown in Fig. 2. The deu- 
terium chemical shifts observed in the spectra of these four 
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GOLEBIEWSKI AND SPENSER 

TABLE 1. Experiments with Lupinus luteus 
(a) Stable isotopes 

Plant material Lupinine Sparteine 

Fresh Specific Specific 
Expt . Wt. fed Enrichment weight No. of Weight incorporation Weight incorporation 
no. Substrate (mg) (at. %) (g) plants (mg) per C5 unit (%) (mg) per C5 unit (%) 

1 (R)-( l -2H)Cadaverine 150 99d 300 40 9.5 3.0 4 8 
dihydrochloridea 

(March, 1983) 

2 (s)-(1 -2H)Cadaverine 116 93d 21 1 5 1 13 2.3 4 2 
dihydrochloride" 

(Dec. 1982) 

3 ~~-(2-'H)Lysine mono- 500 95d 41' 100 5 2.3 4 3 
hydrochloride" 

(July, 1983) 

4 (2-2~)-A'-Piperideine" 300 9Sd 247 100 9 5.4 4 8 
(Nov. 1983) 

5 (~ - '~C , l - ' ~~ )Cadave r ine  140 99.99 28 
dihydrochloride" 

105 50 10 5 47 
[I -'4C]Cadaverine f R 

dihydrochlorideb 
(Aug. 1982) 

(b) Radioactive isotopes 

Plant material 
Nominal activity 

Fresh Sparteine 
Expt . Total Specific 3H/'4C weight No. of Lupinine 'H/14C sulfate 3 ~ / ' 4 C  
no. Substrate (mCi) (mCi/mmol) ratio (g) plants (mg) ratio (mg) ratio 

6 ~ ~ - [ 6 - ' ~ C ] ~ y s i n e  0.20 45 
monohydrochloride' 

4.1 + O . l h  104 36 4 8.4 2 0.1' 3 6.8 + 0.2 
L-[(Rs)-4-3H]Lysine 1.0 2 2 x 1 0 ~  

monohydrochloride' 
(Dec. 1983) 

"See Experimental. 
'New England Nuclear (nominal total and specific activities, 25 pCi, 105 mCi per mmol, respectively). 
'CEA France. 
dMeasured by means of computer assisted peak height analysis. 
'This experiment was done during the hot summer of 1983 when the greenhouse was very hot and dry. 
'Net specific activity, determined for the mixture of [I ,5-'4C]cadaverine dihydrochloride, after dilution with 140 mg (I-"C, I-15N)cadaverine dihydrochloride, 

which was fed to the plant: 5.3 X 10' dpm per mmol. 
*Specific acitivity of lupinine hydrochloride, after crystallization to constant specific activity: 3.0 X 10' dpm per mmol. 
'A A-mL sample of the feeding solution (25 mL) containing the doubly labelled lysine, which was administered to the plants, was set aside and from it lysine 

hydrochloride was re-isolated by carrier dilution and purified by ion exchange chromatography and crystallization to constant 3H/14C ratio. 
'Lupinine was converted into the methiodide which was crystallized to constant 'H/I4C ratio. 

N a C N  

"20 H9 
DMSO Ac20 

SCHEME 2. Synthesis of (1-I3C, 1-I5N)cadaverine. 
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TABLE 2. Incorporation of (I-I3C, 1-ISN)cadaverine into trans-lupinine hydrochloridea 

Natural abundance Enriched in 
Chemical 13 C, normalized I3C, normalized Percent enrichment 

Carbon shiftb Type of peak areac peak areac 0.94 above natural 
atom (ppm) signal (ANA) (AE) AE/ANA~ abundancee,' 

Relative percent excess 
13 C above natural 

abundance at 
individual C atoms 

"The sample in D20 was contained in a 2-mm tube. Acquisition time 3.41 s, 0.293 Hz/data point; 1.6 ps pulses. 
bRelative to acetone (29.8 ppm). 
'Peak areas are normalized relative to C-3 = 100%. Estimated standard deviation *8% for singlet signals, 2 10% for composite signals. 
dThe ratio AE/ANA is normalized so that the average value for carbon atoms 1, 2, 3, 7, 8, and 9 equals 1 .O. 
'((0.94 AE/ANA) - I )  X 1.1% for singlets; (0.94 AE/ANA) X I. 1% for doublets. 
'The average specific incorporation per C5 unit = 1/4(15.2(? 1.6) + 13.9(* 1.9) + 16.4(22.0) + 12.5(* l.5))/(99/2) X 100% = 29 rt_ 2%, where 9912 at.% 

I3C is the average enrichment at each terminal position of cadaverine. 

TABLE 3. Incorporation of (1 -I3C, 1 -ISN)cadaverine into cis-lupinine hydrochloridea 

Natural abundance Enriched in 
Chemical 13 C ,  normalized I3C, normalized Percent enrichment 

Carbon shiftb Type of peak areac peak areac 1.08 above natural 
atom (ppm) signal (ANA) (AE) abundancee.' 

Relative percent excess 
13 C above natural 

abundance at 
individual C atoms 

"See footnote a, Table 2. 
bSee footnote b, Table 2. 
'Peak areas are normalized relative to C-8 = 100%. Estimated standard deviation 8 %  for singlet signals, k 10% for composite signals. 
dThe ratio AE/ANA is normalized so that the average value for carbon atoms 1, 2, 3, 7, 8, and 9 equals 1 .O. 
'((1.08 A€/ANA) - 1) X 1.1% for singlets; (1.08 AE/ANA) X I .  I % for doublets. 
'The average specific incorporation per C5 unit = 1/4(12.7(2 1.3) + 12.l(f 1.5) + 15.1(21.8) + 9.9(&1.2))/(99/2) X 100% = 25 rt_ 2%. 

lupinine samples are summarized in Table 4 and are compared 
with the corresponding proton chemical shifts (Table 5). The 
2H nmr spectra of two lupinine samples, that derived from 
(S)-(l-2H)cadaverine (Experiment 2) and that derived from the 
L-component of DL-(2-2H)lysine (Experiment 3), were identi- 
cal, each showing two signals, at i3 1.72 (+0.01) and 1.54 
ppm. The chemical shifts of the two signals (6 4.11 and 1.80 
ppm) in the spectrum of the sample derived from 
(2-2H)-A'-piperideine (Experiment 4) corresponded to those of 
two of the signals (6 4.14 and 1.77) in the spectrum of the 
sample from (R)-(l-2H)cadaverine (Experiment 1). The latter 
spectrum showed an additional signal at 6 2.50 ppm. The 
assignment of these spectra will be discussed in the appropriate 

context of the next section. 

Discussion 
The results of the tracer experiments with 14C-labelled lysine 

(7) and cadaverine (6, 8) and with ~~-(4 ,5- '~C~) lys ine  (9) do 
not discriminate among the various biogenetic hypotheses that 
have been advanced to account for the biosynthesis of lupinine 
(20) (Scheme lA, B, C). The first task in a reexamination of 
the problem was to devise experiments capable of narrowing 
down the possibilities. 

All the hypotheses that have been advanced (Scheme 1) 
share a common initial phase, decarboxylation of lysine (1) to 
cadaverine (2), followed by oxidative deamination of the latter 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GOLEBIEWSKI AND SPENSER 

T R A N S  CIS 

LUPlNlNE HCl 
lrom 

1-'3C,1?5~- 
CADAVERINE 

A 

Re. 1. I3C nmr spectra (20.15 MHz) of lupinine hydrochloride. 'The spectra were recorded in the Fourier mode on a Bruker WP 80 
spectrometer, in 2-mm tubes, with the natural abundance methyl signal of acetone (29.8 ppm) as internal reference. The acquisition time was 
3.41 s. For further details see Tables 2 and 3. Top: Fig. ]A. Proton-noise decoupled (P.N.D.) spectrum (20 000 scans) of the '3C,'5~-enriched 
sample of lupinine hydrochloride (10 mg in 10 pL 'H20) derived from (l-'3C,1-15N)cadaverine (Experiment 5). Bottom: Fig. 1B. P.N.D. 
Spectrum (18 112 scans) of a natural abundance sample of lupinine hydrochloride (17 mg in 20 pL 'H20). 

TABLE 4. Incorporation of deuteriated substrates into lupinine. 'H nmr analysis 
- 

'H nmr chemical shiftsb (ppm) 

Experiment 1 Experiment 2 Experiment 3 Experiment 4 
'H nmr lupinine from lupinine from lupinine from lupinine from 

Hydrogen chemical shiftsa R-(1-'H)cadaverine S-(1-'H)cadaverine ~L-(2-'~)lysine (2-'H)-A'-piperideine 
atom ( P P ~ )  (2) (3) 

413 si (eq) 2.57 
4 P r e ( a x )  1.75 
6 a r e ( e q )  2.51 2.50 
6P si (ax) 1.57 

lop R (ax) 1.78 1.77 
11 re 3.75 
11 si 4.16 4.14 

"The 'H nmr spectrum. Recorded in C6D6 at 250 MHz and 400 MHz in the Fourier mode on a Bruker WM 250 and WH 400 spectrometer, 
respectively. For full assignment of the proton spectrum, see Table 5. 

'The 'H nmr spectra. Recorded in CJ-16 at 38.40 MHz in the Fourier mode on a Bruker WM 250 spectrometer, in 10-mm tubes with 
natural abundance C6DHs (7.19 ppm) as internal reference. Acquisition time 2.048 s. 

to 5-aminopentanal (3), an aminoaldehyde in equilibrium with 
its intramolecular Schiff base, A'-piperideine (4) (Scheme 1A). 
The hypotheses also agree on the final step in the biogenetic 
process, reduction of lupinal (19) to lupinine (20) (Scheme 
1C). The hypotheses differ in the proposed routes leading from 
5-aminopentanal (3) (S A'-piperideine (4)) to lupinal (19) 
(Schemes lB, 1C). 

What was required for a critical examination of the bio- 
genetic process was a method which could distinguish the dif- 
ferent paths between Saminopentanal (3), the last early inter- 
mediate common to all the biogenetic proposals, and lupinal 
(19), the common intermediate of the final stage. One way of 
differentiating among the routes would be by an experiment 
capable of tracing the fate of the intact C-N bond of 
5-aminopentanal (3) into the product. 

A successful experiment, leading to incorporation of such a 
C-N bond into lupinine, can have one of three different 
outcomes. Two of the routes (Schemes 1Bd and 1Be) lead from 
3 into 19, via the bicyclic compound (18) and other inter- 
mediates, in such a way that the intact C-N bond of 3 is 
destined to become the C-6,N bond of lupinine (Scheme 3C). 
A third route (Scheme 1Bc) leads from 3 into 19, via the 
bicyclic compound (17) and other intermediates, in such a way 
that the intact C-N bond of 3 is destined to become the C-4,N 
bond of lupinine (Scheme 3B). It can be predicted that each of 
these routes leads to a sample of lupinine in which only one of 
the three C-N bonds of the product is derived from the intact 
C-N bond of 3. 

The other two routes (Schemes 1Ba and 1Bb) differ from the 
above in that they give rise to a sample of lupinine which 
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LUPlNlNE 
from 

FIG. 2. 'H nmr spectra (38.40 MHz) of deuterium-enriched sam- 
ples of lupinine derived from deuterium labelled substrates (Experi- 
ments 1-4). The spectra were recorded in the Fourier mode on a 
Bruker WM 250 spectrometer, in 10-mm tubes, with natural abun- 
dance C a H 5  (7.19 ppm) as internal reference. The acquisition time 
was 2.048 s (see Table 4). 2A. Lupinine from (R)-(I-'~)cadaverine 
(Experiment 1). 2B. Lupinine from (S)-(1 -2H)cadaverine (Experiment 
2). 2C. Lupinine from the L-component of DL-(2-'H)lysine (Experi- 
ment 3). 2D. Lupinine from (2-2H)-A'-piperideine (Experiment 4). 

contains an equimolar mixture of two species, one of which 
contains the intact C-N bond of 3 at C-4,N while the other 
contains it at C-6,N. This is the consequence of the postulated 
intermediacy of the dialdehydeimine (7). This compound con- 
tains two C-N bonds, but only one of these is derived intact 
from 3. However, the compound possesses CZv symmetry. Ring 
closure of 7 by an intramolecular Mannich reaction to yield 
lupinal(19) can take place in two equivalent ways. The C-N 

I 

bond that is derived intact from 3 has an equal chance of 
becoming either C-4,N or C-6,N within the product. The prod- 
uct will then comprise an equimolar mixture of two chemically 
indistinguishable species, which differ solely in the origin of 
the two C-N bonds, C-4,N and C-6,N (Scheme 3A). 

The origin of the two C-N bonds of lupinine, C-4,N and 
C-6,N, can be determined by a tracer experiment with C-N 
"bond-labelled" 5-aminopentanal (3) or one of its precursors, 
lysine (1) or cadaverine (2). A sample of the latter, intra- 
molecularly doubly I3C,lSN labelled (NH2-CH2-CH2- 
CH~-CH~-'~CH~-'~NH~), was employed to probe the in- 

TABLE 5. The I3C and 'H nmr spectra of trans-lupinine (free base) 

'H nmrb 
I3C nmf chemical shifts (ppm)' 

chemical shifts 
Carbon ( P P ~  axial protons equatorial protons 

C-1 1 65.8 3.75(re) 4.16(si) 

"Recorded in C6D6 (128.4 ppm) at 100.7 MHz in the Fourier mode on a 
Bmker WH 400 spectrometer. 

Recorded in C6D6 at 400 MHz in the Fourier mode on a Bmker WH 400 
spectrometer. 

'Reference 19. 
dCf. references 14- 17. 

corporation of an intact C-N bond into lupinine (Experiment 
5) (1 1). A similar experiment, with essentially identical results 
and conclusions, was reported in an independent investigation 
(14). Entry of this bond-labelled cadaverine, via 5-amino- 
pentanal, by route Bd or Be (Scheme l), should yield a single 
species of intramolecularly I3C,lSN doubly labelled product in 
which the I3C,l5N moiety is located at the C-6,N position of 
lupinine. Entry by Route Bc (Scheme 1) should similarly yield 
lupinine enriched at C-4,N. Entry via the nondissymmetric 
intermediate 7 (Routes Ba, Bb, Scheme 1) must yield an equi- 
molar mixture of the above two enriched species (Scheme 3A). 
Non-equimolar enrichment at the two sites, C-4,N and C-6,N, 
is not consistent with the intermediacy of a "dimeric" com- 
pound with Cz, symmetry, such as 7. 

The proton noise decoupled I3C nmr spectrum of the sample 
of lupinine hydrochloride (a mixture of the trans and the cis 
isomers, in the ratio 1.7: 1) isolated from plants to which 
(1 -I3C, 1 -15N)cadaverine dihydrochloride had been adminis- 
tered in admixture with [l-'4C]cadaverine dihydrochloride 
(Experiment 5, Table 1) is shown in Fig. 1A. 

Lupinine hydrochloride rather than the free base was chosen 
as the compound for I3C nmr analysis since, even though the 
salt consists of a mixture of the trans and cis ring fused iso- 
mers, in the I3C nmr spectrum of the cis isomer in D20  the 
signals due to C-4, -6, -10, and -1 1, the carbon atoms crucial 
for the interpretation of the biosynthetic experiment, are well 
resolved (15) (A6 C-4,-6: 8.3; C-10,-1 1: 2.4 ppm) (Table 3). 
The free base, on the other hand, is trans ring fused, and the 
corresponding signals in the spectrum of the free base show 
poor resolution (A6 C-4,-6: 0 (15.1 MHz (15, 16), 5.0 MHz 
(17)), 0.1 (22.5 MHz (18)) in CDC13; 0.1 (50.3 MHz (14)) in 
C a 6 ;  A6 C-10,-11: 0 (16), 0.4 (15) (15.1 MHz), 0.3 (5.0 MHz 
(17)), 0.9 (22.5 MHz (18)) in CDC13; 0.3 (50.3 MHz (14)) in 
c a 6 ) .  

Spectral assignments of the crucial carbon atoms, C-4, -6, 
-10, and -11, were made as follows: The natural abundance 
proton noise decoupled I3C spectrum of lupinine hydrochloride 
(Fig. 1B) shows two sets of 10 signals, corresponding to two 
stereoisomers of lupinine hydrochloride that differ in the 
stereochemistry of the ring fusion. Since the two sets of signals 
show different signal areas, the two isomers are present in 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GOLEBIEWSKl AND SPENSER 

Route 
1B. 

3C - 
via 
Routes 

106 
or 10, 

SCHEME 3. Incorporation of (l-'3C,1-1SN)cadaverine into lupinine. Labelling patterns predicted from the five biogenetic schemes outlined in 
Scheme 1. A. Via routes B, or Bb, Scheme 1. B. Via route B,, Scheme 1. C. Via routes Bd or Be, Scheme 1. Left columns: I3C,l5N bond-labelled 
species. Central columns: Doubly 13C-labelled species. Right columns: Singly '3C-labelled species. = I3C; W = 13C-15N. 

unequal amounts (1.7 : 1). The less intense set of signals shows 
two signals at 6 40.0 and 44.6 ppm. Signals in this spectral 
region are absent from the spectra of the trans fused free base 
(14- 18) or the trans fused salt (15) but are present in the cis 
fused salt (15). The signal set of lower intensity is thus due to 
the cis fused salt, which is the less abundant (ca. 37%), and the 
signals at 6 40.0 and 44.6 pprn must be assigned (19) to C-1 
and C-4, respectively, of this isomer. This assignment is con- 
firmed by the off-resonance spectrum in which the signal at 6 
40.0 appears as a doublet and the signal at 6 44.6 pprn as a 
triplet. A second signal, which in the low intensity set appears 
as a doublet, is that at 6 58.9 ppm, which must therefore be 
assigned to C-10. This leaves the downfield signal at 6 61.3 
pprn to be assigned to the hydroxymethyl carbon, C-11, and the 
signal at 6 52.9 pprn to C-6. The corresponding resonances in 
the more intense signal set, due to the trans fused stereoisomer, 
which appear as doublets in the off-resonance spectrum, are 
those at 6 36.8 pprn (C-1) and at 6 64.7 pprn (C-10). The signal 
at 6 59.4 must then be assigned to C-1 1 and those at 6 54.8 and 
55.7 pprn to the aminomethyl carbons, C-4 and C-6. Since in 
the spectrum of the enriched sample of lupinine hydrochloride 

(Fig. 1A) the high intensity signal at 6 55.7 appears as a doublet 
and shows a similar doublet/singlet area (12521 194 = 6.4, 
Table 2) as the low intensity doublet due to C-6 at 6 52.9 pprn 
(10391156 = 6.7, Table 3), the signal at 6 55.7 must also be 
due to C-6. Similarly, the signal at 6 54.8 pprn in the high 
intensity set corresponds in doublet/singlet area (5341941 = 
0.6, Table 2) to that at 6 44.6 pprn (4341786 = 0.6, Table 3) 
in the low intensity set, due to C-4. 

The distribution of label within the I3C,l5N enriched alkaloid 
is evident from the spectrum (Fig. 1A). As expected, only four 
of the ten C-atoms (C-4, C-6, C-10, C-1 1) are enriched in I3C, 
to an equal extent, within experimental error (Tables 2 and 3). 

The average specific incorporation of label per C5 unit (C, 
unit A: C-6, -7, -8, -9, -10, "C enrichment in either C-6 or 
C-10 but not in both within the same molecule; C5 unit B: C-11, 
-1, -2, -3, -4, I3C enrichment in either C-1 1 or in C-4, but not 
in both), based on the I3C nmr data (Tables 2 and 3), was ca. 
30 at.% I3C. This corresponds to an incorporation of 30199 X 
100 = 30% of cadaverine per C5 unit, a value which is in good 
agreement with that obtained from I4C measurements ((3.0 X 
107)/(5.3 X lo7)) X 100 X 112 = 28%, Table 1. 
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The signals due to C-6 and C-4 appear as multiplets. Since 
the coupling constants of the doublet component of these mul- 
tiplets differ from one another, the multiplets do not arise from 
I3C-6,I3C-4 coupling, but are due to I3C,l5N coupling. 

The intense I3C-6,I5N doublet indicates intact incorporation 
of the I3C-I5N unit of the administered cadaverine into C-6,N 
of lupinine. The low intensity doublet due to I3C-4,I5N arises 
as a consequence of the remarkably high efficiency of incor- 
poration, into the alkaloid, of the administered (l-'3C,l-15N)- 
cadaverine. It can be calculated from the I3C nmr data (Tables 
2 and 3) that the enriched lupinine which was biosynthesized in 
the course of the experiment was diluted by natural abundance 
lupinine present in the plants prior to the experiment by approx- 
imately 68%. It can also be calculated that the administered 
doubly enriched cadaverine was diluted by no more than 25% 
of endogenous natural abundance cadaverine, prior to con- 
version into lupinine. The intensity of the I3C-4,I5N doublet is 
fully accounted for by intermolecular I3C,l5N coupling between 
two monomer units, derived from this highly enriched cadav- 
erine, which are incorporated into lupinine after dimerization. 

The observed difference in the doublet/singlet ratios of the 
signals due to C-6 and due to C-4 serves as evidence that an 
intermediate with C2, symmetry, such as 7, cannot be impli- 
cated in lupinine biosynthesis. The biogenetic proposals shown 
in Schemes 1Ba and 1Bb are thus eliminated. 

Furthermore, since the intact l3C-I5N unit of the adminis- 
tered cadaverine is maintained at C-6,N and not at C-4,N of 
lupinine, the sequence shown in Scheme lBc, according to 
which the precursor C-N bond enters C-4,N of lupinine, is no 
longer in contention. 

The biogenetic schemes which need to be examined further 
are those shown in Schemes 1Bd and 1Be. These two schemes 
differ in the timing of the loss of the nitrogen atom of one of 
the two cadaverine-derived aminopentanal units. Scheme 1Bd 
postulates that this nitrogen atom is lost at an early stage, so 
that the aminopentanal-derived intermediate which serves as 
the precursor of the C5 chain, C-4, -3, -2, -1, - 11, of lupinine 
is glutardialdehyde (5), a compound wih C2" symmetry. 
Scheme lBe, on the other hand, postulates that this nitrogen 
atom is eliminated at a late stage of biosynthesis, following 
formation of the CI dimers, 14 and 15. 

An experiment with 5-aminopentanal or A'-piperideine, la- 
belled at the sp2 carbon atoms with I3C or I4C, would serve as 
a critical test of these two suggested routes. In one instance 
(Scheme lBd), three of the carbon atoms of lupinine, C-10, 
C-11, and C-4, should carry label. In the other instance 
(Scheme lBe), label should be present at two of these carbons, 
C-10 and C-11, but not at the third, C-4. Similarly, an experi- 
ment with 5-aminopentanal or A'-piperideine labelled with 
deuterium at the sp2 carbon atom would distinguish these two 
routes, provided that it can be demonstrated that the integrity 
of the C-D bond is maintained in the course of the biogenetic 
process. The results of an experiment with (2-2H)-A'-piperi- 
deine (Experiment 4) that fulfils this condition will be dis- 
cussed later. On the basis of this experiment and of other 
experiments with deuteriated substrates (Experiments 1-3) 
(see later) the hypothesis based on the intermediacy of glu- 
tardialdehyde (Scheme 1Bd) can be discounted. 

The biogenetic sequence shown in Scheme 1Be remains. It 
is consistent with all available experimental evidence. 

The initial step in the biosynthetic process leading to lupinine 
from primary metabolites is the decarboxylation of lysine (1) to 
yield cadaverine (2). Two stereochemical questions concerning 

this step must be answered. First, it must be established 
whether L-(i.e., (S)-)lysine or D-(i.e., (R)-)lysine serves as the 
substrate. Secondly, it must be established whether the decar- 
boxylation process which converts this lysine into cadaverine 
takes place with net retention of configuration or with net 
inversion of configuration. We have answered both these 
questions. 

The result of the experiment with intermolecularly doubly 
labelled [ ~ - ~ H / ~ ~ - ' ~ C ] l y s i n e  (Experiment 6) demonstrates that 
L-lysine, rather than D-lysine or DL-lysine, serves as the precur- 
sor of lupinine in L. luteus. The 3H/14C ratio of the doubly 
labelled lysine that was administered to the plants was 4.1 2 
0.1. The 3H/14C ratio of the lupinine methiodide that was 
obtained was 8.4 2 0.1 (Table 1). From these results it can be 
calculated that, within experimental error, lupinine is derived 
entirely (102 2 3%) from L-lysine (% of product derived from 
L-substrate = 50 (3H/14C ratio of p r~duct ) / (~H/ '~C ratio of 
substrate)) (20). 

Demonstration that the decarboxylation of L-lysine to cadav- 
erine takes place with net retention of configuration comes 
from two of the experiments with deuteriated substrates. 

These experiments (Experiments 1-4), which solved not 
only this stereochemical problem, but which also answered all 
other stereochemical questions concerning the biosynthetic 
steps of the route from lysine into lupinine that involve trans- 
formations at those carbon atoms of lupinine which originate 
from the terminal carbon atoms of cadaverine, will now be 
discussed. 

In the first two of these experiments, samples of cadaverine, 
chirally deuteriated at C- I, were used as substrates. The sam- 
ples of lupinine obtained from these experiments were exam- 
ined by 'H n'mr. The 'H nmr spectra are shown in Figs. 2A and 
2B. Chemical shifts were assigned by comparison with the 
corresponding 'H nmr chemical shifts (Table 4). 

Unambiguous assignment of the resonances due to the 19 
protons of lupinine was not possible with one-dimensional nmr 
spectroscopy, even at 400 MHz, because of substantial overlap 
of some of the signals. Homo- and heteroscalar correlated 
two-dimensional 'H and 'H,I3C nmr spectroscopy (COSY) and 
J-resolved 2D 'H nmr spectroscopy were employed for a com- 
plete assignment of the spectrum. Assignment of the downfield 
signals, due to the 1 1 -re and 1 1 -si protons, had been reported 
(21). A full discussion of the 'H nmr spectrum of lupinine will 
appear elsewhere (19). Assignments of the signals due to the 
protons of importance in this study are given in Table 4. These 
assignments were originally made on the basis of a spectrum 
determined at 250 MHz and subsequently confirmed on the 
basis of 400-MHz two-dimensional spectra (Table 5). But even 
at this frequency the signals for two pairs of protons, 4 a  and 
6a,  and 4P and lop, which appeared as two unresolved signals 
at 250 MHz, were insufficiently separated for unequivocal 
assignment of the deuterium signals at chemical shifts corre- 
sponding to these positions: 4a  (eq) 2.57,6a (eq) 2.51; 4P (ax) 
1.75, 10P (ax) 1.78 ppm. Assignment of the other three pro- 
tons of interest, 6P (ax), 1.57; 1 1-re, 3.75; I 1-si, 4.16 ppm, 
did not pose a problem. 

On the basis of the proton resonances, the deuterium signals 
in the spectrum of lupinine derived from (R)-(I-'H)cadaverine 
(Fig. 2A) can be assigned as follows: 6 4.14, H- 1 1 -si (corre- 
sponding to the signal at 6 4.16 ppm in the 'H spectrum); 6 
2.50, either H-6a (2.51) or H-4a (2.57); 6 1.77, either H-4P 
(1.75) or H-1OP (1.78 ppm). Similarly, the signals in the spec- 
trum of lupinine from (S)-(1-'H)cadaverine (Fig. 2B) are due 
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to the following protons: 8 1.73, either H-4P (1.75) or H-1OP 
(1.78); 1.54, H-6P (1.57 ppm). 

These spectral assignments lead to four possible sets of deu- 
teriated positions in the sample of lupinine from (R)-(1-'H)- 
cadaverine, and to two possible sets in the sample of lupinine 
from (S)-(1-'H)cadaverine, a total of eight possible combina- 
tions for the assignment of the two spectra: 

Spectrum 2A: Spectrum 2B: 
lupinine from lupinine from 

(R)- (  1-'H)cadaverine (S) - (  1 -'H)cadaverine 

6 4.14 6 2.50 6 1.77 6 1.54 6 1.73 

A number of these combinations of assignments can be elim- 
inated on the basis of considerations which follow from the fact 
that the samples of lupinine from (R)- and from 
(S)-(l-2H)cadaverine give different 'H nmr spectra and that 
incorporation is thus stereospecific. 

Firstly, it can be assumed that, since incorporation is stereo- 
specific, the a and P protons at any one carbon atom cannot 
both be deuteriated in a given lupinine sample. Thus, assign- 
ment 3 for spectrum 2A, in which H-4a and H-4P both carry 
deuterium, can be discounted. 

Secondly, it can be assumed that since incorporation is 
I stereospecific, the two samples of lupinine derived from the 

two enantiomers of (1-'H)cadaverine cannot both bear deu- ' terium at the same site. Thus, the pair (1 + a) for the assign- 
ment of the spectra of the lupinine samples derived from (R)- 
and (S)-(l-2H)cadaverine, respectively, can be discounted, 
since assignment 1 and assignment a both have a resonance 

/ assigned to H-4P. Similarly, the pairs (2 + b) and (4 + b) are 
eliminated, since in each pair both assignments have a reso- 
nance due to H-1OP. 

A further restriction follows from the mode of incorporation 
of I3C- and I4C-labelled substrates into cadaverine. From these 
experiments it was concluded that the two C5 chains of lu- 
pinine, C-6, -7, -8, -9, -10 and C-4, -3, -2, -1, -1 1, ultimately 
originate from one and the same C5 precursor. The observed 
localization of label in all experiments with I4C-labelled tracers 
was consistent with equimolar distribution of radioactivity be- 
tween the two C5 chains, and the mode of incorporation of I3C 
from (l-13C,l-15N)cadaverine, assdemonstrated by I3C nmr, 
proved this equimolar distribution (vide supra). It is quite un- 
likely, therefore, that a sample of lupinine formed bio- 
synthetically from a specifically deuteriated C5-substrate would 
contain two deuteriated sites in one of the two C5 units, while 
the other C5 unit is free of deuterium. Yet this is the situation 
presented by assignment b for spectrum 2B. According to this 
assignment, both deuterium sites are located on the C5-unit, 
C-6, -7, -8, -9, -10, while the other C,-unit, C-4, -3, -2, -1, 
-1 1, is devoid of deuterium. In the light of the results of earlier 
biosynthetic experiments such a distribution is improbable. 

With these restrictions, the assignment of spectrum 2B is 
unambiguous. The signals at 6 1.73 and 1.54 ppm can be 
assigned to deuterium at H-4P and H-6P, respectively. Two 
possible assignments remain for spectrum 2A. While the sig- 
nals at S 4.14 and 1.77 ppm can be unequivocally assigned to 

deuterium at H-11-si and H-lOP, respectively, the signal at S 
2.50 ppm is due either to H-6a or to H-4a. 

Notwithstanding this remaining ambiguity in the assignment 
of one of the 'H nItr spectra of the 'H-labelled samples of 
lupinine, the stereochemistry of every step of the biosynthetic 
process from cadaverine into lupinine can now be deduced 
from the available evidence. 

As shown by the I3C nmr spectrum (Fig. 1A) of lupinine 
derived from (1-I3C, 1-I5N)cadaverine (Experiment 5), four car- 
bon atoms of lupinine, C-6 and C-10 of one of the C5 units and 
C-4 and C-11 of the other, are derived from an a-carbon atom 
of cadaverine. As shown further by this spectrum, only one of 
the three C-N bonds of lupinine, N,C-6, represents an intact 
C-N bond of cadaverine, whereas the three carbon atoms, 
C-4, C-10, and C-1 1 , of lupinine represent cadaverine carbon 
atoms from which a nitrogen atom had been detached in the 
course of the biosynthetic process. 

Biochemical separation of a primary amino group from a 
carbon atom is invariably accompanied by loss of hydrogen 
atom from the a-carbon, either by oxidation (catalyzed by a 
dehydrogenase, E.C. 1.4.1 ., or by an oxidase, E.C. 1.4.3 .) or 
by transamination (catalyzed by an aminotransferase, e.g., 
E.C.2.6.1.). These processes are stereospecific, i.e., the 
a-hydrogen atom must be in the "correct" steric environment in 
order to be removed. 

If, in the course of lupinine biosynthesis, removal of a hy- 
drogen atom from the cadaverine carbon that is destined to 
become C-4, C-10, and C-1 1 of lupinine indeed takes place 
stereospecifically, then only one or the other, but not both, of 
the samples of lupinine derived from the two enantiomers of 
(l-2H)cadaverine should carry deuterium at these positions. 
The carbon atom destined to become C-6 of lupinine, on the 
other hand, is shown by the experiment with '3C,15N-labelled 
cadaverine to remain attached to the original nitrogen atom 
throughout the biosynthetic process. Deuterium should then be 
found at C-6 in both samples of lupinine. It follows that the 
signal at 8 2.50 ppm in the spectrum of the sample of lupinine 
derived from (S)-(l-2H)cadaverine (the "S-lupinine") is due to 
a 6 proton rather than to a 4 proton. 

The stereospecificity of incorporation of deuterium from 
(R)- and from (S)-(l-2H)cadaverine into the two proton sites at 
C-6 of lupinine serves as clear evidence that the integrity of the 
C-D bond of cadaverine is maintained on route into lupinine. 
Deuterium from (R)-(1-'H)cadaverine enters the re-site (a) at 
C-6, whereas deuterium from (S)-(1-'H)cadaverine enters the 
si-site (P). 

With the complete assignment of the signals in the 2H nmr 
spectra of the deuteriated samples of lupinine (Figs. 2A and B), 
the stereochemical course of the biosynthetic steps from cadav- 
erine into lupinine becomes clear. 

The carbon atoms destined to become C-10 and C-11 of 
lupinine are derived, according to Schemes 1Bd and 1Be (and 
also lBc), from the aldehyde group of the intermediate 
5-aminopentanal (3), a compound that is formed, early in the 
biosynthetic sequence, directly from cadaverine by loss of an 
amino group. Deuterium is present at C-10 and C-1 1 in the 
lupinine sample derived from (R)-(1-'H)cadaverine ("R- 
lupinine") (Scheme 4) but not in that derived from 
(S)-(l-2H)cadaverine ("S-lupinine") (Scheme 5). It follows that 
removal of the amino group in the course of conversion of 
cadaverine (2) into 5-aminopentanal (3) is accompanied by 
stereospecific loss of the si-proton from the a-carbon atom of 
cadaverine (step a, Schemes 4 and 5). 
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attack from 
C a f a c e  

CDO A 

entry of H - l rom 4 c - r c  ;:Fee 

h N . y l  LNdsi entry of n H ~ , D ~  HrCHsi 

Hre f rom C-re Pf 

SCHEME 4. The biosynthetic route from cadaverine into lupinine 
and its stereochemistry: incorporation of (R)-(1-'H)cadaverine. 

The observation that a signal due to deuterium at C-4 is 
found in the spectrum of "S-lupinine" (Fig. 2B) but not in that 
of "R-lupinine" (Fig. 2A) proves that glutardialdehyde (5) 
(Scheme 1Bd) cannot be implicated in the biosynthetic process: 
Loss of the amino group of 3 to yield 5 can, in principle, be 
accompanied by loss of the si proton or the re proton from the 
carbon a to nitrogen. If the si proton were lost, then the sample 
of "S-lupinine" should show only one deuterium signal, due to 
deuterium at carbon-6, while the sample of "R-lupinine" should 
show four signals, due to deuterium at carbons 6, lO,4, and 11. 
If the re-proton were lost then, as a consequence of the C2" 
symmetry of glutardialdehyde, the sample of "S-lupinine" 
should show signals due to deuterium at carbons 6, 4, and 11, 
in the ratio 2: 1: 1, while the sample of "R-lupinine" should 
show signals due to deuterium at carbons 6, 10, 4, and 11, in 
the ratio 2: 2: 1 : 1. This is not observed. Scheme 1Bd is thereby 
disproven. The amino group is thus shed at a later stage of the 
biosynthetic process (step c, Schemes 4 and 5). Since deu- 
terium at C-4 is preserved in "S-lupinine" (Scheme 5) and not 
in "R-lupinine" (Scheme 4), it is the re-proton which is lost, 
together with the amino group, in this step. 

Since the deuterium at C-4 of the "S-lupinine" is found in the 
re position, reduction of the iminium bond (step d, Scheme 5) 
must take place by entry of the reducing hydride ion from the 
si-face at C-4. Finally, since deuterium at C-11 of the 
"R-lupinine" is found in the si position, reduction of the carbo- 
nyl carbon (step e, Scheme 4), must take place by entry of the 
hydride ion from the re-face. The two experiments with en- 
antiotopically deuteriated (l-2H)cadaverine thus clarify the hid- 
den stereochemistry of four steps in the biosynthetic sequence. 
The overt stereochemistry at C-1 and C-10 of lupinine is deter- 
mined in the dimerization step (step b, Schemes 4 and 5) that 
leads from A'-piperideine (4) into tetrahydroanabasine (14). 

The proposed reaction sequence (Schemes lBe, 4, and 5) 
postulates that A'-piperideine serves as an intermediate be- 
tween cadaverine and lupinine. The validity of the proposed 
sequence and its stereochemistry can be further tested by means 
of an experiment with deuterium-labelled A'-piperideine (Ex- 

attack from 
C a f a c e  

I enlry of H-froni 

. , Ci/e pf%face 

from C-re or 
&- 

C-si face 

SCHEME 5. The biosynthetic route from cadaverine into lupinine 
and its stereochemistry: incorporation of (S)-(I-'H)cadaverine. 

periment 4). If the conclusions drawn from the experiments 
with chirally deuteriated cadaverine (Experiments 1 and 2) are 
correct, it can be predicted that deuterium from (2-2H)- 
A'-piperideine must enter at C-10 and at C-11-si of lupinine. 
The 2H nrnr spectrum of a sample of lupinine derived from 
(2-2H)-Al-piperideine is shown in Fig. 2D. The predictions are 
fully substantiated. 

The final stereochemical question that was answered in this 
investigation concerns the prochirality of the decarboxylation 
of lysine in L. luteus. The evidence which shows that L-lysine 
is the precursor of lupinine in L. luteus (Experiment 6) has 
already been discussed (vide supra). Decarboxylation of 
L-lysine yields cadaverine. In principle, this decarboxylation 
can take place either with net retention or with net inversion of 
configuration. Decarboxylation of L-(i.e., (S)-)(2-2H)lysine 
with net retention of configuration yields (S)-(l-2H)cadaverine, 
whereas decarboxylation with net inversion yields (R)- 
(I-'H)cadaverine. Incorporation into lupinine of the L-compon- 
ent of ~~-(2-~H) lys ine  yields a sample of lupinine whose 'H 
nmr spectrum (Fig. 2C) is identical with that of the lupinine 
sample obtained when (S)-(l-2H)cadaverine served as the sub- 
strate (Fig. 2B). 

It follows that, en route to lupinine, L-(2-2H)lysine is con- 
verted into (S)-(l-2H)cadaverine, i.e., in the process leading 
from L-lysine to cadaverine the carboxyl group of lysine is 
replaced by a proton with net retention of configuration. This 
stereochemical course is consistent with the prochirality of the 
reactions catalyzed by other L-amino acid decarboxylases (22) 
(E.C.4.1.1.). 

The experimental evidence here presented serves as a critical 
test of the biogenetic hypotheses of lupinine biosynthesis that 
have been proposed. All but one of the hypotheses are dis- 
proven on the basis of the results of the six biosynthetic experi- 
ments which are here reported. The remaining hypothesis 
(Scheme 1Be) which is presented in full detail in Schemes 4 
and 5, is entirely consistent with all the experimental evidence. 
This evidence throws light on the steps from lysine into lu- 
pinine and on the stereochemistry of several of these steps. 
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Experimental 
Extraction of lupinine and sparteine from Lupinus luteus 

The fresh plant material was immediately ground in a blendor with 
methanol and extracted in a Soxhlet apparatus for 8 h. The extract was 
concentrated in vacuo and sulfuric acid (1 M, 1 mL) was added to the 
residue. The mixture was extracted with ether (4 x 10 mL) and the 
aqueous phase filtered through Celite and extracted with chloroform 
(3 X 10 mL). The aqueous phase was neutralized with solid potassium 
carbonate, basified with potassium hydroxide (50% w/v, 2 mL), and 
extracted with methylene chloride (4 x 15 mL). The solvent was 
evaporated in vacuo and the residue once again taken through an 
acidlbase cycle (sulfuric acid, potassium hydroxide, as above), yield- 
ing a basic fraction (25 mg) which contained lupinine (20) and spar- 
teine as the major components. 

The alkaloid fraction (25 mg) was applied to a silica gel column (10 
X 185 mm, 4 g, 230-400 mesh, BDH). The column was washed, in 
turn, with methylene chloride (10 mL), 3% methanol in methylene 
chloride/0.880 ammonia, 500: 1 (20 mL) and 5% methanol in meth- 
ylene chloride/0.880 ammonia, 333: 1 (40 mL). The lupinine fraction 
was eluted with 8% methanol in methylene chloride/0.880 ammonia, 
166: 1 (120 mL), the sparteine fraction with 12% methanol in methyl- 
ene chloride/0.880 ammonia, 100: 1 (80 mL). Yield of crude alka- 
loids: lupinine, 10 mg; sparteine, 4.5 mg. Lupinine was dissolved in 
hydrochloric acid (0.1 M, 0.7 mL), water and excess of acid were 
removed in vacuo, and the residue dried in vacuo. Recrystallization 
from a mixture of methanol-acetone gave lupinine hydrochloride, mp 
208-209°C (lit. (23) mp 207-209°C). A small sample of lupinine was 
converted into lupinine methiodide, lit. (23) mp 295-296°C. 

Sparteine was dissolved in acetone (2 drops) and a solution of 
sulfuric acid in absolute ethanol (I M, 60 FL freshly prepared) was 
added. Crystals of the sulfate derivative formed immediately, were 
filtered off, and washed with a mixture of acetone and absolute ethanol 
(3 : 1, 3 drops), mp 265-266°C (dec.) (lit. (24) mp 264.5-265.5"C). 

Radioactive materials 
~~ - [6 - ' ~C]Lys ine  and ~-[4-,H]l~sine were obtained from commer- 

cial sources (see Table 1). 

Administration of radioactive tracers to L. luteus 
Plants were grown from seed and used for tracer experiments 6 

weeks after germination. The experiment was carried out in the growth 
chambers (Experiment 6). Tracer solution was administered to 36 
plants by wick in a single dose. The plants were allowed to grow 3 
days in contact with tracer. 

Materials labelled with stable isotopes 
(1 -13C,1 -"N)Cadaverine dihydrochloride (24) 

5-Phthalimidopentano(1 -'3C,1 -ISN)nitrile (22) 
A solution of 1-bromo-4-phthalimidobutane (21) (0.85 g) in di- 

methyl sulfoxide (1.6 mL) was added dropwise over 2 min to a stirred 
solution of sodium (I3C,l5N)cyanide (99 at.% I3C, 99 at.% I5N, MSD 
Isotopes, Montreal) (0.15 g) in aqueous dimethyl sulfoxide (1.6 mL 
DMSO, 0.2 mL H20). 'The solution was stirred 4 h at 65°C and left 
overnight at room temperature. Water (12 mL) was added and the 
mixture extracted with benzene (4 X 5 mL). The benzene extract was 
reextracted with water, dried, and evaporated to dryness in vacuo, 
yielding crystalline product (680 mg). A small sample was re- 
crystallized from absolute ethanol, mp 69-70°C; 'H nmr (CDC1,) 6: 
8.13-7.87 (4H, m), 3.83 (2H, t, J 6 Hz, H-5) 2.65-2.35 (2H, m, 
H-4), 2.1-1.9 (4H, m); I3C nmr (CDCI,) 6: 119.2 (d, J13~, ls ,  16.7 
HZ), 36.7 (C-5), 27.6 (C-4), 22.7 (C-3), 16.6 (d, J 55.2 (HZ, C-2); 
ms m / z :  230 (6.5%), 188 (31, M - (CH2-13C'5~)), 160 (100, M - 
(C3H5-"CHN)), 149 (21), 104 (98), 77 (12), 76 (13). 
l-N-Acetyl-5-N-phthaloyl-l,5-diamino(l-13~,1 - 1 5 ~ )  pentane (23) 
Crude 5-phthalimid0pentano(l-~~~,l-'~~)nitrile (22) (0.67 g) in 

acetic anhydride (3 mL) was added to a suspension of freshly prepared 
Raney nickel catalyst (0.5 g) in acetic anhydride (7 mL). (The catalyst 
had been freshly prepared immediately before use by gradual addition 
of sodium hydroxide pellets to a suspension of nickel aluminum alloy 

(1 : 1 w/w, BDH) in water, without cooling. This mixture was left for 
30 min and heated on the steam bath for 1 h. The solid was then 
washed with water, 95% alcohol, absolute alcohol, and acetic anhy- 
dride.) Hydrogenation was carried out at 80-90°C and 1 atm for 3 h. 
The mixture was centrifuged, the supernatant solution was decanted, 
and the metallic residue washed with acetic anhydride. The solvent 
was evaporated in vacuo to yield the acetyl derivative as a solid (yield 
0.8 g, mp 134-136"C, after recrystallization from absolute ethanol); 
'H nmr (CDCI,) 6: 7.9-7.7 (4H, m), 6.0 (IH, dtd, J I~N,H 89.5 Hz, 
JCH~-I,NH 11.2 HZ, J I ~ C . N H  2.8 HZ), 3.67 (2H, t, J 6.6 HZ, H-5), 3.23 
(2H, dm, J I ~ ~ . ~ . ,  139 HZ), 1.94 (3H, d, J 12 HZ), 1.8--1.3 (6H, m); 
I3C nmr (CDCl,) 6: 170.2 (15~C0- ) ,  168.6 (NCO-), 134.1 (C-3',- 
4'), 132.3 (C-1',-6'), 123.3 (C-2',-5'), 39.5 (d, Jl3C.1.15~ 10.2 HZ, 
C-I), 37.7 (C-5), 29.0 (d, J 33 HZ, C-2), 28.2 (d, J 7.1 HZ, C-4), 24.1 
(CH,), 23.3 (d, J 8.5 HZ, C-3). 

(1 -"C, 1 -"~)Cadaverine dihydrochloride (24) 
Hydrochloric acid (6 M, 14 mL) was added to the crude acetyl 

derivative (23) and the mixture was stirred for 18 h at 100°C. Crys- 
tallization of phthalic acid started on cooling and was complete after 
1 h at 0°C. The phthalic acid was removed by centrifugation and the 
supernatant solution was extracted with ethyl acetate (3 x 10 mL). 
The aqueous layer was evaporated in vacuo. The residue was dried 
(0.45 g) and recrystallized from 95% ethanol. After the first crop of 
crystals (0.17 g), mp 255-257"C, was filtered off, the mother liquors 
were chromatographed on an ion exchange column (Dowex 50-X4, 
H+ form, 2.1 mequiv./mL, 1.3 x I I cm). The column was washed 
with water (20 mL) and the product was eluted with hydrochloric acid 
(1.5 M, 200 mL), yielding a further crop (0.13 g) of 
(1-'3C,I-15N)cadaverine dihydrochloride. Total yield 57% (relative to 
NaI3Cl5N); 'H nmr (DzO) 6: 3.76 (IH, t, J 7.2 Hz), 2.97 (2H, t, J 7.2 
Hz), 2.18 (lH, t, J 7.2 Hz), 1.45- 1.75 (6H, m); J13C.H.I 144 HZ; the 
signals at 6 3.76 and 2.18 ppm are doublets of triplets, due to I3C,H-1 
coupling of the 1-I3CH2 group. The signal at 6 2.97 ppm is due to the 
5-CH2 group; I3C nmr (D,O) 6: 40.0 (d, J I ~ ~ . ~ . ~ ~ N  4.4 HZ), 27.0 (s, d, 
J13c.2,13c.l 35.4 HZ,), 23.4 (s, C-3). 

D L - ( Z - ' H ) L ~ S ~ ~ ~  monohydrochloride was prepared (13) in two steps 
from diethyl 2-acetamidomalonate and 1-bromo-4-phthalimidobutane 
(21). Condensation yielded diethyl 2-acetamido-2-(4-phthalimido- 
butyl)malonate, whose hydrolysis in DCI/D20 yielded the desired 
product. D~-(2-'H)L~sine monohydrochloride: IH nmr (D20) 6: 3.7 
(ca. 0.05 H, H-2), 3.05 (2H, t, J 7.2 Hz, H-6), 1.3-2.0 (m, 6H). 

(2- '~)-A'-~i~erideine and (S)-(+)-(I -'H)cadaverine hydrochloride 
were prepared from the above DL-(2-'H)lysine (vide infra). 

(2-'H)-A1-Piperideine (cf. ref. 13) 
Freshly crystallized N-bromosuccinimide (0.32 g) was added to a 

solution of D~-(2- '~) l~s ine  monohydrochloride (0.64 g) in water (90 
mL) and the solution was heated at 50°C in a nitrogen atmosphere on 
a rotary evaporator under mild suction until colorless. Three more 
portions of N-bromosuccinimide (3 X 0.32 g) were added and reaction 
continued in the same way. The total reaction time was 55 min. The 
solution was used for feeding without further purification. 

A small portion of the solution was concentrated and the 'H and 'H 
nmr spectra of the mixture were determined; 'H nmr 6: 7.5 (s), 6.9 (s), 
6.3 (s), 4.5 (H20), 3.5 (bm), 3.2 (s), 3.0 (m), 2.6 (s), 
(CH2-CO),NH, succinimide); 'H nmr 6: 8.7 (rel. area I),  4.9 (rel. 
area 2.4), 4.5 (DHO, natural abundance) ppm. When the solution was 
evaporated and redissolved in water, the 'H nmr spectrum changed 
considerably: 'H nmr 6: 8.3 (rel. area 5.7), 8.1 (1.3), 6.7 (1.0), 4.9 
(1.8), 3.8 (4.3). When the solution was basified (K2C03) and ex- 
tracted six times with chloroform, the chloroform evaporated, and the 
residue redissolved in water, a further spectral change was observed: 
'H nmr 6: 7.9 (rel. area 0. I), 3.1 (0.9). 
(R)-(-)- and (S)-(+)-(l-ZH)Cadaverine hydrochloride 
(R)-(-)-(l-'~)Cadaverine hydrochloride was prepared by decar- 

 he value, 18.4 Hz, for J13c.z.13c.l that was reported in our pre- 
liminary communication (I 1) was in error. We thank Dr. E. Leete for 
pointing out this mistake. 
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boxylation of the L-component of DL-lysine in deuterium oxide, cata- 
lyzed by L-lysine decarboxylase (13). 'H nmr (D20) 6: 2.95 (3.01 H, 
t, J 7.2 Hz, H-1,5) 1.45-1.75 (m, 6H); ca. 1% nondeuteriated 
product; ms mlz: 89 (M' + I ,  9%) 88 (M', 100 +NHsCHD(CH2)4), 
87 (M' - 1, 14). 

(s)-(+)-(l-2~)~adaverine hydrochloride was obtained (13) by 
decarboxylation, catalyzed by L-lysine decarboxylase, of the 
L-component of ~ ~ - ( 2 - ~ H ) l ~ s i n e  (95 at.% 2-'H). (S)-(+)-(1-2H)- 
Cadaverine dihydrochloride (93 at.% L2H): 'H nmr (D20) similar to 
that of (R)-(-)-(1-'H)cadaverine hydrochloride, above; ms mlz: 89 
(M' + 1, 10.6%), 88 (M', loo), 87 (M' - 1, 16), 7% non-deuteriated 
product, based on computer assisted peak height analysis. 

Administration of enriched substrates to L. luteus 
The plants used in these experiments were grown from seed and 

were used in feeding experiments 3-6 weeks after germination. The 
feeding experiments were carried out in the greenhouse (summer 
months, Experiments 3, 5) or in the growth chambers (winter months, 
Experiments 1, 2, 4). Tracer solution was administered by wick over 
a period of 5-6 days; the plants were then grown for a further period 
of 3-4 days before being harvested. 
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Modification of photochemical reactivity through the use of clathrates: the Norrish 
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Dianin's compound (4-p-hydroxyphenyl-2,2,4-trimethylchroman) serves as host in a series of well-defined clathrate inclu- 
sion complexes with eleven linear, as well as branched chain, phenyl alkyl ketone guest molecules, chosen for their ability 
to undergo the Nomsh type I and type I1 photochemical reactions in solution. The photochemical reactivity of the guest ketones 
within the clathrate cavity was determined by irradiation of the inclusion complexes in the solid state. The results were 
compared to the photoreactivity of the ketones in polar as well as nonpolar liquid media. In general, the inclusion complex 
medium brings about an enhancement of type I over type I1 reactivity and causes an increase in type 11 fragmentation compared 
to type I1 cyclization. This change in reactivity is interpreted as resulting from the relatively restricted environment of the 
clathrate cavity coupled with the greater motion required for the type 11 process (y-hydrogen abstraction) compared to the type 
I reaction (a-cleavage), as well as from the greater steric requirements for type I1 cyclization (cyclobutanol formation) as 
compared to type I1 cleavage (1,4-hydroxybiradical scission). 

P. C. GOSWAMI, PAUL DE MAYO, N. RAMNATH, G. BERNARD, N. OMKARAM, JOHN R. SCHEFFER et Y-F. WONG. Can. J. 
Chem. 63, 2719 (1985). 

I1 se forme des complexes d'inclusion bien dtfinis a I'intkrieur de clathrates du composk de Dianin, le p-hydroxyphknyl-4 
trimkthyl-2,2,4 chromane, avec des phtnyl alkyl cttones, incluant tant des composts aliphatiques en chaines droites ou 
ramifikes, choisies pour leur facilitk de subir des rkactions photochimiques de Norrish des types I et 11, en solution. On a 
dttermink la rtactivitk photochimique des molkcules hBtes ?I I'intkrieur de la cavit6 en proctdant 21 I'irradiation des complexes 
d'inclusion Z1 I'ktat solide. On compare les rksultats obtenus avec les photorkactivitks des cttones tant dans des milieux polaires 
que dans des milieux liquides non polaires. D'une f a ~ o n  gkntrale, les complexes d'inclusion augmentent la rtactivit6 du type 
I par rapport au type I1 et provoquent une augmentation de la fragmentation du type I1 par rapport ?I la cyclisation du type 11. 
On suggtre que ce changement dans la r6activitk provient d'un effet combint de I'environnement relativement restreint qui 
existe dans la cavitk du clathrate avec le fait que, par rapport a la rkaction de type I (coupure en a ) ,  le processus de type I1 
(enltvement d'un hydrogkne en y) nkcessite de plus grands dtplacements; de plus, les besoins stkriques des cyclisations de 
type I1 (formation du cyclobutanol) sont plus importants que ceux requispour les scissions du type I1 (scission en 
hydroxybiradical- l,4). 

[Traduit par le journal] 

Introduction 
The use of organized media to modify photochemical reac- 

tivity, as compared to that observed in isotropic liquids, is a 
subject of considerable current interest. Media which have 
been investigated include crystals (1-9), liquid crystals 
(10- 12), monolayers (13, 14), micelles (14-25), and surfaces 
(26-29). A major goal of such studies is to utilize the order of 
the medium so as to increase the rate and selectivity of the 
photochemical processes involved in much the same way that 
enzymes modify the reactivity of the substrates to which they 
are bound. 

An additional technique which holds great promise in this 
regard is the use of molecular inclusion complexes. Inclusion 
complexes may be divided into several categories. These in- 
clude the channel type (e.g., urea), the layer or intercalation 
type (e.g., graphite), and the true clathrate type in which the 
guest molecules are located in discrete closed cavities or cages 
of the host molecule. Examples of this last type are the cyclo- 
dextrins (30) as well as the molecule which is the subject of 
this paper, Dianin's compound (4-p-hydroxyphenyl-2,2,4- 
trimethylchroman), 1 (3 1). 

'Author to whom correspondence may be addressed. 

Compound 1 was first synthesized and its ability to retain 
organic solvents first noted by Dianin in 1914 (32). Subsequent 
work has shown that Dianin's compound is capable of includ- 
ing a wide variety of organic molecules, including ketones 
(33). X-ray crystallography (34, 35) reveals that six molecules 
of compound 1 form a cage and that theSages are hourglass 
shaped with a length of approximately 11 A, a mid-pointowidth 
of 4.2 A, and a maximum upper and loyer width of 6.3 A. The 
ends of each cage have a width of 2.8 A and are formed by six 
hydrogen-bonded hydroxyl groups (Fig. 1). The cages may 
hold two small molecules in the wide parts or one larger guest. 

Some inclusion complexes, such as those formed between 
organic molecules and the cyclodextrins, are stable in solution, 
particularly in aqueous solution where the hydrophobic guest 
molecule seeks the cavity so as to escape from the aqueous 
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FIG. 1 .  The left figure is a view normal to the c-axis of unsolvated 
Dianin's compound (taken from ref. 31). The right figure represents 
the shape and size of the largest figure of revolution which can fit into 
the cage. 'The height is I 1  A (taken from ref. 34). 

environment; complexes such as these are most conveniently 
studied in solution. On the other hand, inclusion complexes 
with Dianin's compound dissociate upon dissolving in organic 
solvents and, therefore, must be studied in the solid state. 
Recently there have been several reports of photochemical 
reactions of guest molecules in crystalline inclusion complexes 
of various types. These include stilbene photoisomerization in 
a tri-o-thymotide complex (36), the reactions of dialkyl and 
aralkyl ketones in deoxycholic acid (37-41), the photo- 
isomerization of a-oxoamides, also in deoxycholic acid (42), 
the [2+2] photocycloaddition of chalcone derivatives in 
1,1,6,6-tetraphenyl-2,4-hexadiyn-1,6-diol (43), the photo- 
decomposition of alkanones in urea inclusion compounds (44), 
and the photochemistry of di-tert-butyl thioketone in deoxy- 
cholic acid (45). In this paper we report an investigation of the 
Norrish type I and type I1 photochemical reactions of guest aryl 
alkyl ketones included in Dianin's compound. These reactions 
were chosen because the solution state photochemistry of a 
wide variety of aralkyl ketones has been well established and 
shown to be sensitive to changes in the irradiation medium 
(46-5 1). They should, therefore, provide a sensitive probe of 
the environment of the Dianin complex cavity. Very recently, 
Turro and Wan have reported an investigation of the type I and 
type I1 reactions of aralkyl ketones adsorbed on zeolite molec- 
ular sieves (52). A comparison of our results with theirs is a 
further point of interest in this study. 

Results 
Inclusion complexes 

The aryl alkyl ketones 2-12 (Table 1) were chosen for 
study. Differing only in the nature of the alkyl chain, they 
range from simple linear systems to moderately complex 
branched chain compounds. Their selection was based in part 
on a desire to test the limits of the size of the molecules which 
can be accommodated within the cavity. The solution phase 
photochemistry of most of these molecules has been inves- 
tigated previously in some detail (53-56). 

The complexes were prepared by slow crystallization from 
solutions of "empty" Dianin's compound dissolved in excess 
liquid ketone. After filtration, the crystalline complexes were 
dried (50-55"C, 0.05 Tom; 1 Torr = 133.3 Pa) to constant 
weight. The host/guest ratio in each case was determined in 
one or more of three ways: nmr spectroscopy, uv spectroscopy, 
or gas chromatography (see experimental section for details). 

FIG. 2. Partial I3C CPMAS solid state nmr spectra of Dianin's 
compound (A) and its inclusion complexes with ketones 7 (B) and 
3 0. 

The results are summarized in Table 1. In general it was found 
that the hostlguest ratio increased with increasing alkyl chain 
length and (or) methyl substitution at the a-position. Methyl 
substitution at the P-position (ketone 6) also caused an increase 
in the hostlguest ratio, but when the P-substituent is "tied 
back" as part of a cycloalkane ring (ketones 7 and a), the 
hostlguest ratio is once again in the normal 6-9 range. 

In the case of three of the complexes (those with butyro- 
phenone (2), valerophenone (3), and a-cyclohexylaceto- 
phenone (7)), solid state magic angle spinning I3C nmr was 
used to determine whether or not the guest molecules were 
properly included within the host cavity. These experiments 
were based on work by Ripmeester (57), who showed that the 
formation of Dianin's complexes causes certain characteristic 
chemical shift changes in the host spectrum compared to the 
uncomplexed spectrum. Specifically, the chemical shift differ- 
ence between the C18 and C19 gem-dimethyl groups of 
Dianin's compound was found to decrease from 5.7 ppm in the 
uncomplexed form to 3.3-4.7 ppm in the complexed form, 
depending on the nature of the guest molecule. Figure 2 shows 
the spectral region in question for empty Dianin's compound as 
well as for its complexes with ketones 3 and 7. We note that for 
both complexes there are mo upfield methyl signals.We inter- 
pret this as indicating two nonequivalent sites for complex- 
ation. In the case of the complex with ketone 7, the chemical 
shift differences are 4.0 (major) and 3.4 (minor) ppm, both 
consistent with full complexation. For the complex with 
valerophenone (3), the chemical shift differences are 5.7 
(major) and 4.3 (minor) ppm. The closeness of the 5.7-ppm 
chemical shift difference to that for the unoccupied Dianin's 
compound may indicate that the major part of the valero- 
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TABLE 1. Product distribution on photolysis of ketones 2 - 12 in various mediaa 

Guest F/Cc t/cd Type l/Type 11' 
ketone Host/guestb Medium (Lit. value) (Lit. value) (Lit. value) 

Benzene 

tert-Butyl 
alcohol 

Complex 

Benzene 

tert-Butyl 
alcohol 

Complex 

Benzene 

tert-Butyl 
alcohol 

Complex 

Benzene 

tert-Butyl 
alcohol 

Complex 

Benzene 

tert-Butyl 
alcohol 

Complex 

Benzene 
Acetonitrile 

Complex 

Benzenef 
Acetonitrile 

Complex 

Benzene 

tert-Butyl 
alcohol 

Complex 

Benzene 

tert-Butyl 
alcohol 

Complex 

Benzene' 
tert-Butyl 

alcohol 
Complex 

Benzenei 
tert-Butyl 

alcohol 
Complex 

"Conversions were generally kept below 20%. All irradiations were conducted using a 450-W Hanovia medium pressure 
mercury lamp except those involving ketones 7 and 8, which utilized a pulsed nitrogen laser. The estimated error in the 
photoproduct ratios is 10% of the quoted values. 

bRatio of Dianin's compound 1 to ketone as determined by uv, nmr and (or) gc. See experimental section for details. 
'Ratio of acetophenone 13 to cyclobutanols 14. 

trans-Cyclobutanol to cis-cyclobutanol ratio. 
'Ratio of benzaldehyde to total type I1 photoproducts. No entry indicates no observable benzaldehyde. 
lReported to give only cleavage upon irradiation in pentane or ethanol (56). 
gCyclobutanol photoproduct formed in trace amounts only. 
*Not determined due to poor gc separation and small amounts. 
'Not previously photolyzed. 
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Fragmentation 

(F) 
b 

hv 
TYPE I 

\ Cyclization 

(C) 
t 

R'H 

15 

phenone is only weakly complexed. As we shall see, this may 
be the reason that the photochemical results with the valero- 
phenone complex more closely resemble the solution results, 
whereas irradiation of the crystalline complex of ketone 7 leads 
to results which are more solid state-like. The solid state nrnr 
(and photochemical) results with the butyrophenone (2) com- 
plex were qualitatively similar to those with the valerophenone 
complex, although the spectra were not as well resolved. 

Photochemistry 
I 

I 
Even though the solution phase photochemistry of most of 

the ketones listed in Table 1 has been reported previously 
(53-56), for the sake of direct comparison under a common set 
of reaction conditions each was re-irradiated in a nonpolar 
solvent (benzene) as well as in polar solution (tert-butyl alco- 
hol or acetonitrile). The ketone concentration was 0.1 M, and 
the light source was a 450-W Hanovia medium pressure mer- 
cury lamp fitted with a Pyrex filter sleeve. Only in the case of 
ketones 7 and 8 was the light source different, consisting of the 
output from a Molectron UV 22 pulsed nitrogen laser (wave- 
length 337 nm). Irradiation of the crystalline inclusion com- 
plexes was conducted using the same light sources in sealed 
Pyrex sample tubes, which had been degassed by several 
evacuation/nitrogen purge cycles. All product ratios were de- 
termined by gas chromatography using the appropriate internal 
standards. 

Three product ratios were determined for each compound 
and medium investigated. (1) F/C, the type I1 fragmentation to 
cyclization ratio. Following y-hydrogen abstraction, the inter- 
mediate 1,4-hydroxybiradical can return to starting material, 
fragment to give the en01 of acetophenone, or cyclize to cy- 
clobutanol (Scheme 1) (46-51). The F/C ratio is defined as 
the yield of acetophenone divided by the total cyclobutanol 
yield, i.e., 13/14. (2) t/c, the trans-cyclobutanol to cis-cyclo- 
butanol ratio. The trans isomer is defined as the epimer having 
the phenyl and R groups trans to one another. (3) Type I/Type 
II, the ratio in which the excited ketones partition themselves 
between Nomsh type I (a-cleavage) and Nomsh type I1 reac- 
tivity. For the ketones 2-12, type I reactivity is characterized 
by formation of benzaldehyde (Scheme I), and the type I/type 
I1 ratio is defined as the yield of benzaldehyde 15 divided by 
the total yield of the type I1 products acetophenone and cis and 
trans cyclobutanols. 

The following generalizations appear to be justified on the 
basis of the data collected in Table 1. (1) F/C ratio: For ketones 
2-8, the fragmentation/cyclization ratios obtained in the crys- 
talline complex differ relatively little from the solution phase 
ratios and are closer to the benzene values than the tert-butyl 
alcohol values. An exception to this generalization is ketone 5 
for which the solid state F/C ratio is some four times greater 
than the benzene value and approximately twice the tert-butyl 
alcohol ratio. Ketones 7 and 8 also show enhanced F/C ratios 
in the solid complex. For the dimethyl substituted ketones 
9-12, the F/C ratio is consistently higher in the complex than 
in solution by factors of up to 10. (2) t/c ratio: This ratio does 
not appear to be particularly sensitive to medium effects and 
consistently ranges between 1.1 and 3.4 for all ketones and 
media studied. A notable exception is ketone 12 with a t/c ratio 
in tert-butyl alcohol of 14.1. As was the case with the F/C 
ratios, the t/c ratios obtained in the solid complex more closely 
resemble the results found in benzene than those in tert-butyl 
alcohol or acetonitrile (3) Type I/Type I1 ratio: Only those 
ketones having gem-dimethyl substitution at the a-carbon atom 
(compounds 9- 12) undergo detectable Norrish type I reaction, 
regardless of medium. For these ketones, type I photoreaction 
is considerably enhanced in the solid complex compared to 
solution media. The exception to this rule is ketone 9 for which 
type I reactivity is seen to decrease somewhat in the solid 
complex. The type I/type I1 ratio in the case of ketone 9 is also 
noticeably greater than for ketones 10-12. 

Discussion 
Two pieces of evidence point to the conclusion that the 

environment of an included guest molecule in Dianin's com- 
plex is essentially nonpolar in character. The first of these is 
derived from the similarity of the F/C ratios in benzene and the 
solid complex for ketones 2, 3, 4, and 6, and the second is 
based on the similarity of the t/c ratios in the same two media 
for ketones 4, 7, 10, 11, and 12. This conclusion is consistent 
with the X-ray crystal structures of Dianin's compound and its 
complexes (34, 35), which show that the major portion of the 
cavity is bounded by hydrocarbon groups, particularly the cen- 
tral "hourglass" constriction which is attributable to the gem- 
dimethyl group at carbon 2. Aside from the puzzling large 
increase in the trans to cis cyclobutanol ratio for ketone 12 in 
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tert-butyl alcohol, the relative insensitivity of the F/C and t/c 
ratios to changes in medium for the ketones mentioned above 
brings out a second conclusion from this work, which is, that, 
in general, inclusion of guest ketones in the host cavity of 
Dianin's compound does not greatly alter the chemical reac- 
tivity of the excited state and biradical intermediates produced 
by photolysis. Nevertheless, certain trends of a more modest 
nature are evident. For example, for ketones 5,7, 8 , 9 ,  10, and 
12, the F/C ratio shows a definite increase in going from 
solution media to the environment of the solid inclusion 
complex. This is reasonable if we assume that the inclusion 
complex affords a relatively restricted environment and that 
cyclization is a sterically more demanding, "greater motion" 
process as compared to fragmentation. A similar explanation 
was used by one of us (58) in interpreting the increased F/C 
ratio that results from the irradiation of pure crystalline p- 
substituted derivatives of ketone 7 (ketone 7 itself is a liquid at 
room temperature). In their work on the type 1I photochemistry 
of ketones adsorbed on zeolites, Turro and Wan (52) also 
assumed that cyclization involves greater atomic and molecular 
motion than fragmentation, and used this idea to explain the 
gr5atly increased F/C ratio (>50) observed in the case of the 
6 A Silicalite moleculy sieve. However, of the five zeolites 
tested (52), only the 6 A pore size material gave results which 
differed significantly from those in solution. This was attrib- 
uted to the fact that this pore size is just sufficient to accommo- 
date the benzene ring of the aralkyl ketones investigated. Thus 

I a "tight fit" of the guest molecule in the host cavity appears to 
be required to bring about increased reaction selectivity in 

I host-guest assemblies. In analogy, it seems reasonable to sug- 
I gest that those ketones which exhibit increased F/C ratios in 

Dianin's complex fit more snugly into the host cavity than 

1 those ketones for which the F/C ratio is medium independent. 
I Molecular volume calculations and modeling studies may be ' useful in testing this idea. 
I With regard to the type I/type 11 ratios, only ketones 9-12 
I gave both types of reactivity, attributable of course, to the 
1 greater stability of the tertiary alkyl radicals produced by 

acyl-alkyl cleavage as compared to the primary alkyl radicals 
which would be formed in the case of ketones 2-8. The greater 
type I/type I1 ratio in the case of ketone 9 compared to ketone 
10 was shown (54) to be the result of the slower rate of primary 
hydrogen atom abstraction in 9 as opposed to secondary hydro- 
gen atom abstraction in 10. Similar low type I/type I1 ratios 
are seen for ketones 11 and 12, which also bear secondary 
y-hydrogen atoms. In three of the four cases studied, the type 
I/type I1 ratio increases significantly in proceeding from liquid 
media to the environment of the solid Dianin's complex. Turro 
and Wan (52) observed qualitatively similar, but more dramati? 
(type I/type I1 > 50) results for ketone 10 adsorbed on 6 A 
Silicalite molecular sieves. An explanation similar to that used 
to rationalize the medium dependence of the fragmentation 
to cyclization ratios (above) appears reasonable, namely, that 
the clathrate cavity restricts the movement of its guests and 
that type I cleavage requires less atomic and molecular motion 
than the type I1 reaction for these compounds (y-hydrogen 
abstraction). 

The question arises as to the meaning of the higher host/ 
guest ratios observed for the more substituted ketones. We 
presume that the host cavities are flexible and that the larger 
guests can occasionally be accommodated, but only at the 
expense of contiguous assemblies. The process then resembles 
the insertion of a Champagne bottle into a Bordeaux case rather 

than that of an egg into an egg carton. The ratio is then a 
measure of how much distortion can be made while maintain- 
ing a crystalline structure. 

TO date there have been four studies (including this one) 
which report the influence that immobilization within the solid 
state or inclusion complexes has on the Norrish type I1 process. 
These are Dianin's complexes (this study), urea inclusion com- 
plexes (44), the pure crystalline state (58), and zeolite molecu- 
lar sieves (52). Of these, the zeolite environment has the great- 
est effect on the photoproduct ratios, but only one of the five 
zeolites studied, the 6 A pore size Silicalite, was effective. In 
the pure, crystalline state, the F/C ratios were observed to 
increase by factors of 2-3 over the ratios in acetonitrile. How- 
ever, the stereoselectivity of cyclobutanol formation (tic) re- 
mained essentially constant (58). Finally, for the urea inclusion 
complex of Snonanone, the F/C ratio was actually found to 
decrease by a factor of 2 in going from solution (methanol) to 
the solid complex (44). Fascinatingly, however, only a single 
cyclobutanol stereoisomer (believed to be the cis isomer) was 
obtained. It is thus apparent that the ultimate goal of research 
of this type, to be able to direct photochemical systems com- 
pletely (and in synthetically useful quantities) toward specific 
reaction pathways depending on the medium employed, is yet 
to be realized. Efforts along these lines are continuing in both 
our laboratories. 

Experimental 
Apparatus 

Ultraviolet spectra were recorded on a Varian Cary 219 spectro- 
photometer. Proton nmr spectra were recorded on a Varian XL-200 
(200 MHz) spectrophotometer using tetramethylsilane as internal stan- 
dard in deuteriated methanol as solvent. The solid state I3c nmr 
spectra were run at U.B.C. on a Bruker FT CXP-200 instrument. The 
I3C signal of liquid benzene, lying 128.5 ppm downfield from tetra- 
methylsilane, was used as an external reference to determine chemical 
shift values. Gas chromatography was carried out on Varian 3700 
(5 ft X 2 mm glass column packed with 15% FFAP on 45/60 mesh 
Chromosorb W) and Hewlett-Packard 5890 A (12-m fused silica 
Carbowax 20M capillary column) instruments fitted with flame ioni- 
zation detectors. Irradiations were carried out with either a 450-W 
Hanovia medium pressure mercury lamp housed in a Pyrex sleeve or 
a Molectron UV 22 pulsed nitrogen laser operating at 337 nm with an 
average power of 330 mW. 

Materials 
Baker analyzed spectrograde solvents were used for solution irra- 

diations. Ketones 2 and 4 were obtained commercially (Aldrich). 
Ketones 3, 5, and 6 were prepared by Friedel-C~afts acylation of 
benzene using the appropriate acyl chloride (59). Ketones 7 and 8 
were prepared according to the procedure of Wamser and Wagner 
(56). Ketones 9-12 were prepared from isobutyrophenone with sodi- 
um amide and the corresponding alkyl bromide (60). All ketones were 
purified by column chromatography and (or) vacuum distillation prior 
to use. Dianin's compound (1) was prepared and purified by the 
method of Baker et al. (33). Unsolvated Dianin's compound was 
obtained by sublimation of the ethanol complex at 140°C and 1 Torr 
(mp 166 - 167°C). 

Preparation of inclusion complexes 
The ketone inclusion complexes with Dianin's compound were 

prepared by slow crystallization of unsolvated Dianin's compound 
from the appropriate liquid ketone after dissolution at 80°C. The 
complexes were dried in vacuo (50-55"C/0.05 Torr) to constant 
weight. Drying was terminated when weight losses of less than 
g/h were observed. 'The host/guest ratio was determined in one or 
more of three ways. (1) Ultraviolet spectrophotometry: methanol solu- 
tions of known concentration were made up for each complex and 
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monitored at 330 nm. The amount of ketone incorporated was calcu- 
lated by assuming that the absorption at 330 nm due to the ketone in 
the presence of Dianin's compound is identical to that in its absence. 
(2) Proton nmr spectroscopy: this method was used for ketones 2-6 
only. The hostlguest ratio was determined as the ratio of the integrad 
peak heights of the C3 methylene protons of Dianin's compound and 
the a-methylene protons of the guest ketones. (3) Gas chromatog- 
raphy: the amount of ketone present in a weighed sample of complex 
was determined by gas chromatographic integration of the ketone peak 
compared to that of a known amount of internal standard (hepta- 
decane, hexadecane, or octadecane, as appropriate). Alternatively, 
capillary gas chromatography allowed direct integration of the peaks 
due to ketone and Dianin's compound. In general, agreement among 
the three methods was satisfactory. 

Solution photolyses 
Solution photolyses were carried out in Pyrex sample tubes at a 

concentration of 0.1 M. The solutions were degassed prior to irradia- 
tion by purging with nitrogen. The identity of the non-cyclobutanol- 
containing photoproducts was verified using authentic samples, and 
the product ratios were determined by gas chromatography employing 
the appropriate internal standards. 

Photolysis of inclusion complexes 
Weighed samples (10-20 mg) of the inclusion complexes (con- 

glomerates of fibrous needles) in Pyrex sample tubes were repeatedly 
evacuated and purged with nitrogen before sealing the tubes under 
0.05 Torr vacuum. The tubes were rotated during irradiation and, after 
photolysis was complete, the samples were dissolved in a methanolic 
solution of the appropriate internal standard of known concentration 
and analyzed by gas chromatography as before. 
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Kinetics and mechanism of the oxidation of substituted benzyl alcohols by sodium 
N - bromobenzenesulfonamide 
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SEEMA KOTHARI and KALYAN KUMAR BANERJI. Can. J .  Chem. 63, 2726 (1985). 
The oxidation of substituted benzyl alcohols by sodium N-bromobenzenesulfonamide (BAB) in acid solution results in the 

formation of the corresponding benzaldehydes. The reaction is first order with respect to BAB, the alcohol, and hydrogen 
ions. The reaction exhibits a primary kinetic isotope effect (kH/kD = 5.26). The value of the solvent isotope effect, 
k(H20)/k(D20), equals 0.43 at 298 K. Addition of benzenesulfonamide has no effect on the rate. Increase in amount of acetic 
acid in the solvent increases the rate. The reaction rate has been determined at five different temperatures and the activation 
parameters have been calculated. (PhS02NH2Br)' has been postulated as the reactive oxidizing species. The rates of oxidation 
of substituted benzyl alcohols correlate very well with Brown's u +  constants. The value of the reaction constant is -2.84 at 
298 K. A hydride transfer from the alcohol to the oxidant, in the rate-determining step, has been proposed. 

SEEMA KOTHARI et KALYAN KUMAR BANERJI. Can. J. Chem. 63, 2726 (1985). 
L'oxydation d'alcools benzyliques substituCs par du N-bromobenzknesulfonamide de sodium (BAB) en milieu acide conduit 

?I la formation des benzaldkhydes correspondants. La riaction est du premier ordre par rapport ?I la concentration du BAB, de 
I'alcool et des ions hydrogknes. La reaction presente un effet isotopique cinCtique primaire (kH/kD = 5,26). A 298 K, I'effet 
isotopique du solvant k(H20)/k(D20) = 0,43. L'addition de benzknesulfonamide n'a pas d'effet sur la vitesse. L'addition 
d'acide acCtique dans le solvant augmente la vitesse. On a determink les vitesses de rkactions 21 cinq temptratures diffirentes 
et on a calcul6 les paramktres d'activation. I1 est suggCrC que le (PhS02NH2Br)+ serait I'espkce oxydante reactive. On peut 
ctablir une bonne corrClation entre les vitesses d'oxydation des alcools benzyliques substituks et les constantes u' de Brown. 
A 298 K, la valeur de la constante de rkaction est Cgale 21 -2,84. On suggkre que 1'Ctape dkterminante de la reaction 
impliquerait le transfert d'un hydrure de I'alcool a I'oxydant. 

[Traduit par le journal] 

Introduction 
Recently Gunasekaran and Venkatasubramanian have re- 

ported the oxidation of diphenylmethanols (1) and fluoren-9- 
01s (2) by bromamine-T (BAT). Though the rate laws of  
oxidation of the two series of alcohols are similar, the kinetic 
isotope effects are different. Moreover, the authors (1) have 
suggested many possible mechanisms and the available data d o  
not enable one to distinguish between them. In view of this, we 
have undertaken this investigation. We report in this article the 
kinetics of the oxidation of several monosubstituted benzyl 
alcohols by sodium-N-bromobenzenesulfonamide (brom- 
amine-B or  BAB) in aqueous acetic acid, in the presence of 
perchIoric acid. 

Experimental 
'The preparation and characterization of the alcohols have been 

described earlier (3). BAB was prepared by the bromination of ben- 
zenesulfonamide (BS) in an alkaline solution (4). It was recrystallized 
from hot water and the purity of the compound was found to be 99% 
by iodometric determination. Deuterium oxide (99.4%) was supplied 
by BARC, Bombay. Perchloric acid (E. Merck) was used as a source 
of hydrogen ions. Acetic acid (Sarabhai M) was refluxed with chrom- 
ium-trioxide and acetic anhydride for 3 h'and then fractionated. All 
other chemicals were of analysed reagent grade. Double distilled 
water was used throughout. 

Product analysis 
Product analyses were carried out under kinetic conditions, i.e. with 

an excess of the alcohol over BAB. 
In a typical experiment, benzyl alcohol (4.9 g, 0.05 mol) and BAB 

(2.8 g, 0.01 mol) were dissolved in 100 mL of 1 : 1 (v/v) acetic acid 
- water, in the presence of 1.0 M perchloric acid. The mixture was 
kept in the dark for ca. 10 h to ensure completion of the reaction. It 

' ~ u t h o r  to whom correspondence may be addressed. 
'Revision received March 11, 1985. 

was then treated overnight with an excess (250 mL) of a saturated 
solution of 2,4-dinitrophenylhydrazine in 2 M HCI. The precipitated 
2,4-dinitrophenylhydrazone (DNP) was filtered off, dried, weighed, 
recrystallized from ethanol, and weighed again. The identity of the 
DNP was established by determining its mp and mixture mp with an 
authentic sample of DNP of benzaldehyde. The yield of DNP was 
2.6 g (91%) and 2.4 g (84%) before and after recrystallization, re- 
spectively. In similar experiments with substituted benzyl alcohols, 
the yield of DNP, after recrystallization, was 78 to 84%. 

Stoichiometry 
Benzyl alcohol (1.96 g, 0.02 mol) and BAB (1.42 g, 0.005 mol) 

were dissolved in 100 mL of 1: 1 (v/v) acetic acid - water in the 
presence of 0.5 M perchloric acid. When the reaction was complete, 
the reaction mixture was neutralized by Na2C03 and extracted with 
ether (3 X 100 mL). The ether solution was dried over anhydrous 
magnesium sulfate and the solvent was allowed to evaporate. The 
residue was taken up in 3 :2  (v/v) acetonitrile-water and was ana- 
lysed by hplc on equipment supplied by Bioanalytical Systems, 
U.S.A. (LC-153), fitted with a RP-8 column and an uv detector 
(254 nm). The flow rate of solvent was 1.0 mL/min and operating 
temperature was 30°C. The concentration of residual benzyl alcohol 
was read from a calibration curve. 

The analysis indicated a 1 : 1 stoichiometry for the reaction. 

Kinetic measurements 
The reactions were arranged to be under pseudo-first-order condi- 

tions by keeping a large excess (10-fold or greater) of the alcohol over 
BAB. The reactions were carried out in flasks blackened from the 
outside to prevent any photochemical reaction. The temperature was 
kept constant to ?O.1 K. The reactions were followed iodometrically 
for over 70% of the reaction. The pseudo-first-order rate constant, k I  , 
was calculated from the linear ( r  > 0.98) plots of log [BAB] against 
time. The specific order rate constant, k ,  was obtained by the relation 
k = k / [Alcohol][H']. Duplicate kinetic runs showed that the rates 
were reoroducible to within 5~4%. The solvent was 1 : 1 (v/v) acetic . .  , 
acid - water unless mentioned otherwise. Preliminary experiments 
showed that the reaction is not very sensitive to ionic strength, hence 
no attempt was made to keep it constant. 
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TABLE 1 .  Rate constants for the oxidation of 
benzyl alcohol by BAB at 298 K 

[BA] [BAB] X 10"H+] k I x lo5 
(M) (MI (MI (s-l) 

TABLE 2. Kinetic isotope effect in the oxidation of 
benzyl alcohol ([H'] 1.0 M,  [BAB] 0.002 M, temp. 

298 K) 

TABLE 3. Effect of benzenesulfonamide on the reaction rate 
([BA] 0.20 M, [HC104] 1.0 M, [BAB]0.005 M, temp. 298 K) 

103[BS](M) 0.0 2.0 3.0 5 .0  7.0 10.0 
105kl (s - ' )  10.5 10.3 10.5 10.7 10.4 10.6 

TABLE 4. Dependence of reaction rate on solvent composition ([H+] 
1.0 M,  [BAB] 0.002 M, [BA] 0.2 M, temp. 298 K) 

Percentage 
acetic acid (v/v) 0 20 30 50 60 70 

lo5 kl (s-I) 2.60 3.70 5.20 10.5 20.0 50.2 

dideuteriobenzyl alcohol was studied. The results show that the 
primary kinetic isotope effect, kH/kD equals 5.26 + 0.07 at 
298 K (Table 2). This is in contrast to the absence of the kinetic 
isotope effect in the oxidation of diphenylmethanol(1) and the 
low value observed in the oxidation of fluoren-9-01 by BAT 
(2). This is, however, in agreement with the earlier observa- 
tions of the oxidations by molecular halogens (5, 6) and other 
sodium N-halogeno compounds (7, 8). 

The oxidation of benzyl alcohol was studied in 95% deu- 
terium oxide. The values of rate constants at 298 K in H20 and 
D20 are lo4 k = 1.30 and 3.00 L2 m01-~ sC2 respectively. The 
solvent isotope effect, k(H20)/k(D20) = 0.43 at 298 K. This 
set of experiments was carried out in the absence of acetic acid. 

Effect of B S  
Addition of BS does not affect the rate of oxidation 

(Table 3). 

Induced polymerization of acrylonitrile 
In an atmosphere of nitrogen, the oxidation of benzyl alcohol 

failed to induce polymerization of acrylonitrile. Thus a radical 
mechanism is highly unlikely. 

Effect of solvent composition 
The rates of oxidation were obtained in binary solvent mix- 

tures of acetic acid and water. The rate increases with an 
increase in the proportion of acetic acid in the solvent mixture 
(Table 4). 

Effect of temperature 
Results The rates of oxidation of eight monosubstituted benzyl alco- 

hols were determined at five different temperatures between 
The rate laws and other experimental data were obtained for 298 and 18 (Table 5) and the activation parameters were 

all the alcohols investigated. Since results are similar, only evaluated (Table 6). The average errors in the values of AH*, 
representative data are given here. AS*, and AG* (at 298 K) are +2 kJ mol-I, +5 J mol-' K-I, 

The analysis of product formed and determination of stoichi- and +3 mol-~ respectively. 
ometry indicate the overall reaction [I]. 

[ I ]  PhCH2OH + PhSO'NBr- -+ PhCHO + PhSOzNHz + Br- Discussion 

Rate laws 
The oxidation of benzyl alcohols by BAB is found to be 

clearly first order with respect to BAB both regarding time (as 
evidenced by good fits of log [BAB] versus time plots) and 
concentration (as shown by the time order rate coefficient being 
independent of initial [BAB]). The effect of variation in the 
concentration of alcohol shows a first-order dependence on the 
concentration of alcohol. The reaction rate increases linearly 
with an increase in the concentration of perchloric acid 
(Table 1). 

Isotope effects 
To ascertain the importance of the cleavage of the a-C-H 

bond in the rate-determining step, the oxidation of a , a -  

The enthalpy and entropy of activation of the oxidation of 
eight monosubstituted benzyl alcohols are linearly related ( r  = 
0.9988, P = 508 K). The correlation was tested and found 
genuine by applying Exner's criterion (9). The value of iso- 
kinetic temperature, determined by Exner's method, is 509 K. 
Current views do not attach much physical significance to the 
value of isokinetic temperature (lo), though a linear correlation 
is usually a necessary condition for the validity of linear free 
energy relationships. It also implies that all the alcohols are 
oxidized by the same mechanism and the change in rate is 
governed by both enthalpy and entropy of activation (1 1). 

In an acidified solution of BAB, in aqueous acetic acid, the 
probable oxidizing species are BAB itself, PhSO,NBr,, Br,, 
PhS02NHBr, HOBr, AcOBr, and their protonated forms. 
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TABLE 5. Rate constants for the oxidation of substituted benzyl alcohols by bro- 
mamine-B 

lo6 k (M-2 s-I) 

Substituent 

H 
m-Me 
p-Et 
p-Me 
p-OMe 
m-Br 
m-NO, 
p-NOz 

TABLE 6. Activation parameters for the oxidation of sub- 
stituted benzyl alcohols by BAB 

Substituent 

H 
m-Me 
p-Et 
p-Me 
p-OMe 
m-Br 
m-NO, 
p-NO2 

AH* As* 
(kJ mol-') (J mol-' K-I) 

57.3 -118 
56.9 -116 
44.7 - 145 
41.5 -151 
29.2 - 170 
73.4 -86 
83.1 - 68 
89.1 - 54 

However, no effect of BS on the reaction rate precludes a 
pre-equilibrium in which BS is one of the products. This in 
effect rules out HOBr, AcOBr, Br2, PhS02NBr2, and their 
protonated forms as reactive oxidizing species. It also rules out 
the formation of a hypobromite ester as an intermediate in the 
oxidation process. PhS02NBr2 and molecular bromine can also 
be ruled out in view of the strict first-order dependence of the 
reaction rate on BAB. This leaves PhS02NHBr or N-bromo- 
benzenesulfonamide as the most likely oxidizing species. 
Gunasekaran and Venkatasubramanian (1, 2) also suggested 
that in the oxidation by BAT, the corresponding N-bromo- 
sulfonamide is the reactive species. They explained the linear 
dependence of rate on acidity, obtained in the oxidations by 
BAT, on the basis of the following equilibrium [2]. 

N-Bromosulfonamides are, however, weak acids. The pK 
for PhS02NHBr is 4.95 at 298 K in aqueous solution (12). Thus 
in the presence of even 0.1 M HC104, almost all of the BAB 
will be in the form of PhS02NHBr and a further increase in the 
acidity of the solution will not cause any significant increase in 
concentration of PhS02NHBr. Therefore, the postulation of 
Gunasekaran and Venkatasubramanian (1,2) and our own ear- 
lier proposal (8) that the neutral halosulfonamide is the reactive 
oxidizing species are in error. The linear increase in reaction 
rate on increasing hydrogen ion concentration can be explained 
by assuming a further protonation of the bromosulfonamide to 
give a stronger electrophile and oxidant. 

The rate of oxidation increases with a decrease in the polarity 
of the solvent. The dielectric constants of acetic acid - water 
mixtures have been estimated earlier (13). It is observed that a 
plot of log (rate) against the inverse of the dielectric constant 

of the solvent is linear (r = 0.9980) with a positive slope. This 
indicates an interaction between a dipolar molecule and a posi- 
tive ion in the rate-determining step (14). This further sup- 
ports the idea that the oxidizing species in this reaction is 
(PhS02NH2Br)+. 

The oxidation rates of the monosubstituted benzyl alcohols 
correlate very well with Brown's a+ substituent constants (15), 
with large negative reaction constants (Table 7). This indicates 
an electron-deficient carbon centre in the rate-determining step. 

D30+ is a stronger acid than H30+ and the rate of an acid- 
catalysed reaction is expected (16) to be faster in D20 than in 
H20. Active hydrogen atoms, like those in -OH groups, 
undergo rapid exchange in D20, and if the hydroxyl group is 
involved in the rate-determining step or in the pre-equilibria, 
the koH/koD isotope effect comes into play and cancels the 
rate-enhancement due to D30+. The oxidation of benzyl alco- 
hol by BAB exhibits a "normal" solvent isotope effect. This 
makes the formation of a hypobromite ester, as suggested in the 
oxidation of diphenylmethanol (I), highly unlikely. 

The presence of a substantial primary kinetic isotope effect 
confirms that the C-H bond, from the carbinol carbon, is 
cleaved in the rate-determining step. The deuterium isotope 
effect is also rather large for the non-symmetrical transition 
state implied in the ester mechanism. 

The large negative reaction constant and the high value of the 
deuterium isotope effect suggest a considerable carbonium ion 
character in the transition state. This is in accord with the 
excellent correlation obtained with Brown's a+ values. Thus an 
intermolecular hydride ion transfer from the alcohol to the 
oxidant is strongly indicated. 

P~CHOH + HBr + PhS02NH2 
fast 

151 P ~ ~ H O H  - P ~ C H O  +H+ 

The negative entropy of activation also supports the above 
mechanism. The reactions in which two molecules combine to 
form a single activated complex show a decrease in the entropy 
(17). 

In the oxidation of fluoren-9-01s bv BAT. Gunasekaren and 
Venkatasubramanian (2) have suggested synchronous removal 
of a hydride ion from the C-H bond, and a proton from the 
hydroxyl group, to account for the low value of the deuterium 
isotope effect (kH/kD = 2.2) obtained by them. Their mech- 
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TABLE 7. Temperature dependence of the reaction constant 

Temperature (K) 298 303 308 313 318 
P+ -2.84 -2.71 -2.60 -2.51 -2.39 
Regression 

coefficient 0.9976 0.9985 0.9991 0.9968 0.9993 

anism is, however, inconsistent with the high magnitude of the 
reaction constant (p = -2.8) exhibited in the oxidation of 
fluoren-9-01s. In a completely synchronous process, the reac- 
tion constant is nearly zero. The oxidation of fluoren-9-01s may 
involve the prior formation of a hypobromite ester and its 
subsequent decomposition in the rate-determining step. Thus it 
seems that different mechanisms operate in the oxidation of 
fluoren-9-01 and benzyl alcohol. Many fluorene derivatives are 
reported to react differently from the corresponding aromatic 
and aliphatic compounds. For example, fluorene-9-carboxylic 
esters (1  8) are hydrolysed, in alkaline solution, by a mech- 
anism quite different from that operative for other esters (19). 
This may be due to the special structural features of fluorene in 
which a secondary carbon is linked to two benzene rings. 
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Ni(H20)2(3-CH3C5H4N)6(PF6)2: a revision of the crystal data 

RAYMOND M. MORRISON, ROBERT C. THOMPSON, STEPHEN V. EVANS, AND JAMES T R ~ R  
Department of Chemistry, University of British Columbia, Vancouver, B .C . ,  Canada V6T lY6  

Received October 23, 1984 

RAYMOND M. MORRISON, ROBERT C. THOMPSON, STEPHEN V. EVANS, and JAMES TROITER. Can. J. Chem. 63, 2730 
( 1  985). 

The crystal structure of the title compound is revised and described in the orthorhombic space group F2dd, rather than in 
monoclinic Cc.  Chemical conclusions are unchanged. 

RAYMOND M. MORRISON, ROBERT C. THOMPSON, STEPHEN V. EVANS et JAMES TRO-ITER. Can. J. Chem. 63,2730 ( 1  985). 
On propose une revision de la structure cristalline du compost mentionnk dans le titre et on le dtcrit dans le groupe d'espace 

orthorhombique F2dd, plut6t que dans le groupe monoclinique Cc.  Les conclusions chimiques demeurent inchangtes. 
[Traduit par le journal] 

A (100/010/102) transformation (1) of the Cc cell (2) and a 
detailed examination of the intensity data indicate that the true 
symmetry is orthorhombic. The revised crystal data are: Ortho- 
rhombic, F2dd, a = 106497(1), b = 20.074(3), c = 
42.388(10) A, V = 8932 A3, Z = 8, p(Mo) = 5.9 cm-', 
molecular symmetry exactly C 2  (rather than approximately 
(2)). 

Transformation of atomic parameters [(1 0 -0.510 1 01 

0 0 0.5) - (318, 118, 1/8)] reveals only small differences 
between the positions of symmetry-equivalent atoms (max- 
imum 0.03 A, Table l), and averaged parameters give a 
reliable description of the structure, since the previous refine- 
ment (2) is still reasonably appropriate (3). The intensity data 
were averaged (most of the measured data are Friedel pairs, 
which were not averaged) and the refinement was repeated in 
F2dd; final R = 0.048 for 2483 reflections (2 3u(I), of a total 

TABLE 1 .  Positional parameters in space group F2dd (the final column gives the distance 
in the original Cc determination (2)  between an atom in column 1 and an atom in column 

2 with transformation x, 7, ?) 

Symmetry- Averaged and refined parameters 
related Distance 

Atom atom 1 O ~ X  1 0 ~ ~  l o 4 ~  (A x lo3) 
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MORRISON ET AL. 

of 3686). Final positional parameters are included in Table 1, Acknowledgement 
and other data have been deposited.' We thank Dr. Y. Le Page for helpful discussion. 

None of the previous chemical conclusions (2) are altered 
significantly; Ni-Nj1) = 2.130(5), Ni-N(3) = 2.1 14(5), 1. Y. LE PAGE. J.  Appl. Crystallogr. 15, 225 (1982). 
Ni-0 = 2.105(4) A. 2. R. M. MORRISON, R. C. THOMPSON, and J .  TROITER. Can. 

J. Chem. 61, 1651 (1983). 
'Anisotropic thermal Parameters, bond lengths and angles, and 3. V. SCHOMAKER and R. E. MARSH. Acta Crystallogr. Sect. B, 35, 

structure factors may be purchased from the Depository of Unpub- 1933 (1979). 
lished Data, CISTI, National Research Council of Canada, Ottawa, 
Ont., Canada KIA OR6. 
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Cyclic voltammetric study of acid hydrolysis of tris(bipyridine) chromium(I1): 
a critical appraisal of CV determination of kinetic parameters1 

SHACHAR D. NADLER, JAMES G. DICK, AND COOPER H. LANGFORD 
Department of Chemistry, Concordia University, Montreal, Que., Canada H3G 1M8 

Received November 13, 1984 

SHACHAR D. NADLER, JAMES G. DICK, and COOPER H. LANGFORD. Can. J. Chem. 63, 2732 (1985). 
Cyclic voltammetry has been exploited to reinvestigate discrepancies in the reported rate constant for the reaction: 

k f  

cr(bipy):+ + 2H20 + ~ r ( b i ~ ~ ) ~ ( ~ ~ ~ ) : +  + bipy 

which follows electrode reduction of the substitution inert cr(bipy):'. It is shown that the problems arise from oversimplified 
treatment of residual currents when estimating the anodic peak current, i,. A "two scan" procedure for estimating the 
background currents is introduced which appears to resolve discrepancies. The kinetic studies were extended to a methyl- 
substituted bipyridine. Since ring methylation has very little effect on kf, it appears that the aquation reaction is initiated by 
a rate-determining step which requires a minimum of bipyridine rearrangement. 

SHACHAR D. NADLER, JAMES G. DICK et COOPER H. LANGFORD. Can. J. Chem. 63, 2732 (1985). 
Utilisant la voltamttrie cyclique, on a reexamine les divergences rapporttes au sujet de la vitesse de la rkaction: 

k r  

cr(bipy):' + 2H20 + ~ r ( b i ~ ~ ) ~ ( ~ ~ ~ ) : '  + bipy 

Cette mtthode permet de suivre 1'Cvolution de la rduction 2i 17Clectrode du cr(bipy):' qui est inerte 2i la substitution. On 
dCmontre que les probBmes proviennent d'une trop grande simplification des courants rksiduels lorsqu'on tvalue le courant 
anodique maximal, i,. On introduit une mCthode 2i double balayage pour Cvaluer les courants rCsiduels et cette mCthode semble 
Climiner les irrCgularitCs. On a Ctendu les ttudes cinCtiques h une bipyridine substituCe par un mtthyle. Puisque la mCthylation 
du cycle n'a qu'un minime effet sur kf, il semble que la rkaction reprtsentte par 1'Cquation est initik par une Ctape determinant 
la vitesse qui nkcessite un minimum de transposition de la part de la bipyridine. 

[Traduit par le journal] 

Introduction 
The behaviour of the tris-(2,2-bipyridine) chromium(111) has 

been the subject of several electrochemical studies which have 
challenged the capacity of various electrochemical techniques 
to extract chemical kinetic information. The system has been 
reinvestigated in order to resolve discrepancies and refine 
the procedures for accurate extraction of kinetic parameters. 
Sato and Tanaka (1) have demonstrated that in aprotic solvents, 
[Cr(bipy),13+ is reduced in four, one electron steps to the 
[Cr(bipy),ll- anion. The aqueous behaviour of this chromium 
complex has been shown to be somewhat more complicated, 
notably because of solvolytic ligand exchange. Using conven- 
tional polarographic techniques, Tucker et al. (2) and Baker 
and Metha (3) obtained four polarographic waves for the reduc- 
tion of aqueous [Cr(bipy),13+. They observed that the nature of 
these waves (size and shape) was a function of pH and tempera- 
ture. From the behaviour of the first two polarographic waves 
Baker suggested the following reactions: 

k l  

[21 [Cr(bipy),lz' + 2H20 = be [Cr(bipy)2(H20)2]2' + bipy 

In a later study, Soignet and Hargis (4, 5) suggested that the 
chromium(I1) species undergoes further reduction and com- 
pleted the cycle as shown below: 

'We thank NSERC, Canada, and FCAC, QuCbec, for financial 
support for part of this work. 

[51 [Cr(bip~)~(H20)21~+ + 2H20 = [Cr(bipy)(H20),]2+ + bipy 
k 2  

[6] [Cr(bipy)2(H20)2]2' + bipy = [Cr(bipy)3]2+ + 2H20 
k l  

The ligand exchange in reaction [2] does not affect the elec- 
tron transfer in reaction [I]. Hence, the reactions described by 
[ I ]  and [2] are by themselves reversible. However, when a 
rapid scan technique such as cyclic voltammetry is employed, 
it becomes evident that in the presence of [Cr(bipy),I3+ the 
diaquo complex formed in reaction [2] is rapidly removed in a 
manner described in reaction [3]. Under these conditions reac- 
tions [l]  and [2] describe an electron exchange followed by an 
irreversible chemical reaction following the well known pattern 

Hence, the rate of reaction/dissociation of the complex, K f ,  
can be evaluated electrochemically. 

In their classical paper on stationary electrode kinetics, 
Nicholson and Shain (6) described a technique for cyclic vol- 
tammetry (CV) by which K f  may be evaluated from a working 
curve from i,/i, versus K f 7 ,  where i,/i, is the ratio of the 
anodic and cathodic waves obtained by CV for reaction [7] and 
T is the elapsed time between the potential at which the scan is 
reversed (E,,) and the Ell, of the cathodic wave. 

The only difficulty with this technique lies in the evaluation 
of i,/i,. While i, can be easily measured from a well-defined 
base line (the residual current), the anodic peak i, is quite 
difficult to measure since the voltammograms do not show a 
base line at all for the oxidation portion of the scan. In order to 
obtain a clear (horizontal) base line, one would have to scan 
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NADLER ET AL. 2733 

0.5 - 

-0.2 , 

I I I 1 1 

200 1.00 0.0 -100 -200 
I~IG. 2. Aqueous C r ( b i ~ y ) ~ ;  three polarograms having different 

switching potentials. From these polarograms it can be seen that ESWltCh 
(E - E1,2)n, mV does not affect the anodic peak "A". Conditions: 5.5 x M 

[Cr(bipy),I3+ in 0.1 M KC], pH 3.5, 25°C; WE: HMDE r = 

RG. 1. Nicholson's easy-to-measure parameters from cyclic vol- 0.265 mm; Ref.: SCE (saturated KCl); AUX: Pt; CV: 0.10 V/s. 

tammograms. 

Experimental 
well past the cathodic peak. However, due to the nature of the Apparatus 
chemical process, this will allow reaction [a] to dominate, Electrochemical measurements were made with a Metrohm Model 
resulting in an excellent base line but a poor anodic peak. To E-612 VA-Scanner function generator. 
overcome this problem, Nicholson (7) has developed a semi- The cell used in the CV study consisted of 50 rnL water jacketed 
empirical procedure which permits the computation of the i a / i c  sealed beaker fitted to hold three electrodes and fitted with an inlet and 
ratio from a single-cycle voltammogram. The technique in- outlet for purge gas. All currents were measured at the hanging- 
volves three easy-to-measure quantities; the cathodic current mercury-drop-electrode (HMDE) using the Metrohm EA-290 capil- 

lary equipped with a micrometer drum allowing manual selection of 
( i c ) 7  the apparent anodic i aa7  and the current at the drop size. Unless otherwise specified, all potentials were recorded 
switching potential, is,, all measured from the cathodic base vers,, a standard calomel (saturated KCI) electrode. A platinum 
line as can be seen in Fig. Using these parameters the true microelectrode was used as auxiliary. Prepurified nitrogen was used 
peak ratio was found to be: for deoxygenation and subsequently blanketing the solution under 

studies. 
i, i,, 0.485iSw All chemicals used were reagent grade. The pH was adjusted using - - - - . + T + 0.086 
ic 1 ,  1 c ultrapure HCI and NaOH. All solutions of [Cr(2,2'-bipyridine)3]- 

(C10& - H20 and [Cr(4,4'-Me2-2,2'-bipyridine)3](C104)9. H20 were 
A striking feature of this technique is that the ratio of peak prepared to yield 5.5 x M complex in 0.1 M KC1 adjusted to 

height is independent of such experimental parameters as dif- pH 3.5. Measurements were taken at an ambient temperature of 
fusion coefficients and electrode size and surface area. 24 & 1°C or, when needed, at elevated temperature of up to 3S°C, 

From initial CV scans on the chromium complexes it became controlled by passing hot water through the built-in glass jacket of the 

evident, however, that Nicholson's method could not be ap- 
plied in a simple fashion. The resulting voltammograms sug- The samples of the two were a gift fIVm Drs. N. Serpone 

gested the presence of multiple complicating factors, of which and M. A. Jamieson. Their preparation has been described (3, 11). 

the most outstanding was a large residual current (capacitance). 
This made it impossible to measure is, and i,,. Hence a dif- Results and discussion 
ferent method had to be developed. The technique involves two Initial cyclic voltammograms of [Cr(bipy)d3+ indicated that 
CV runs: one of which is stopped at the switching potential and in order to proceed with the determination of K f ,  two major 
consequently provides an electrochemical equilibrium point complicating factors had to be minimized. These were the size 
from which the anodic current i ,  is measured in the second run. of the charging current and the presence of intermediate species 
Since the problems encountered with Nicholson's technique are at the outset. The latter caused ill-defined anodic cathodic 
not unique to [Cr(bi~y)~]~+ systems, the modifications devel- peaks occurring at potentials significantly more anodic than 
oped for the present problem may be of more general use. those reported in the literature. 
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CAN. J. CHEM. VOL. 63, 1985 

TABLE 1. Computed rate of reaction (K3 using different scan rates for Cr(b i~y)~  at 23 and 25°C 

Scan Cathodic 
rate Estam Eswitch peak E1/2* T K f  k a 

(V/s) (V) (V) (V) (V) ia/ic Krr (s) (s-') 

(a) Determined at 23OC 

0.040 -0.300 -0.575 -0.503 -0.478 0.574 0.700k0.046 
0.050 -0.300 -0.575 -0.502 -0.476 0.617 0.579k0.028 
0.070 -0.300 -0.580 -0.500 -0.475 0.673 0.448k0.023 
0.090 -0.300 -0.600 -0.524 -0.495 0.740 0.32820.044 
0.100 -0.300 -0.580 -0.508 -0.487 0.745 0.321 20.012 

(b) Determined at 25OC 

0.060 -0.300 -0.575 -0.502 -0.475 0.632 0.54220.037 
0.070 -0.300 -0.577 -0.502 -0.475 0.647 0.507k0.025 
0.100 -0.300 -0.595 -0.520 -0.497 0.721 0.35920.046 

*Measured vs. SCE saturated KCI. 

The effect of the charging current was greatly reduced by 
decreasing the size of the HMDE, from 0.423 to 0.265 mm in 
radius. This action was decided upon after it was observed that 
the size of the working electrode had a greater effect on the 
charging current than on the faradaic current. 

The second problem was solved by the use of prolonged 
electrolysis at the HMDE. This technique involved multicycle 
scanning between 0 and +0.3 V vs. SCE. The positive poten- 
tial electrolysis insured that most of the analyte was in primary 
form, [Cr(bi~y)~]~+.  

Although the electrolyzed sample gave large and well- 
I 

defined peaks, the residual currents were not completely elimi- 
I nated, and their effect was noted both at the beginning of the 

cycle and more importantly at the switching point (E,). 
Figure 2 shows that the potential at which the scan was 
reversed had little or no effect on the anodic peak. Hence, a 
technique was developed to create a proper base line from 
which the true anodic peak current (i,) can be measured. 

Earlier techniques for the establishment of anodic base lines 
in CV (8, 9) involved stopping the scan for several minutes 
upon completion of the cathodic portion and allowing the cur- 
rent to decay to a point of electrochemical equilibrium at the 
switching potential. A horizontal line passing through this 
point becomes the anodic base line. However, in complex 
reaction systems, as in the case of [Cr(bi~y)~]~+,  this technique 
cannot be applied directly. Stopping the scan will permit the 
irreversible process (reaction [8]) to dominate and conse- 
quently distort the size and shape of the anodic peak. This, 
however, does not affect the current equilibrium at the 
switching potential, since reaction [8] does not involve electron 
transfer (i.e. the catalytic reaction is not detected by the elec- 
trode system). Consequently the following procedure was 
adopted. Each determination involved two scans. The first 
produced the full redox cycle, and the second scan was carried 
out only cathodically and yielded the equilibrium point which 
was used in the measurement of the true anodic peak. The 
procedure can be seen in Fig. 3. 

The results obtained from duplicate samples of C r (b i~y )~  at 
23 and 25°C are summarized in Table 1. The Kf values tabu- 
lated at each scan rate are averages obtained from a minimum 
of four determinations. Averaging all reaction rates (Kf) at all 
the scan rates yielded the final values for Cr(bi~y)~:  

FIG. 3. Peak magnitude determinations. Reduction peak (i,) is 
measured from the residual current. Oxidation peak (i,) is measured 
from a point of current equilibrium (X) at half cycle. Conditions: 
5.5 X M [cr(bipy)]:+ in 0.1 M KCI, pH 3.5,23"C; WE: HMDE, 
r = 0.265 mm; Ref: SCE, saturated KCI; AUX: Pt; CV: 0.05 V/s. 

The results obtained at 25"C, pH 3.5, are in reasonable 
agreement with reported results, Kf = 0.38 s-I, obtained by 
other polarographic techniques and by direct chemical methods 
(3, 10). On the other hand, the value of 0.293 s-I obtained at 
23°C and pH 3.5 was in disagreement with 0.108 s-I at pH 5 
reported by Soignet and Hargis (4) and obtained by CV tech- 
nique. The large difference in Kf values could not be attributed 
to differences in pH since Kf is pH independent in acid solu- 
tions (3). Part of the difference could be attributed to the choice 
of approximation for the Ell2 value. In CV the dynamic El l2 
occurs at a point 85.17% up the cathodic slope (5). Hence, one 
should not estimate E simply by multiplying the peak poten- 
tial by 0.8517 (85.17%) since this yields good results only 
when the cathodic slope begins at 0.00 volts. 

The balance of the difference in the Kf values is probably due 
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NADLER ET AL. 

TABLE 2. Computed rate of reaction (K3 using different scan rates for Cr(Me,-bipyh at 25°C 

Scan Cathodic 
rate E m  Eswitch peak E I / ~ *  r  Kf + a 

(V/s) (V) (V) (V) (V) i a / i c  K f r  (s) (s-') 

*Measured vs. SCE saturated KCI. 

to the different treatment given to the residual currents. This 
disagreement gives a clear indication of the impact of the data 
treatment recommended here. 

The aqueous behaviour of [Cr(Me2-bipy)3]3' is similar to that 
of [Cr(bi~y)~]~'  as described above. The results obtained from 
duplicate samples of this complex are presented in Table 2. 
Averaging the Kr values obtained at all scan rates yielded for 
5.5 X lo-' M Cr(Me2-bipy), in 0.1 M KCl: 

The present kinetic results can perhaps also add a little 
to the understanding of the mechanism of acid hydrolysis of 

i cr(bipy)?' to form ~ r ( b i ~ ~ ) ~ ( ~ , ~ ) ~ ' .  Since the work of Baker 
1 and Metha (3) established the pH independence of this reaction 
1 between pH 1 and 9, an important contribution to under- 

standing related mechanisms has been made by Serpone and his 
colleagues in a series of studies as hydrolysis of cr(bipy):+ (1 1, 

12). For the slower reaction of this tripositive ion, they showed 
pH independence in acid solution giving over to rate increasing 
with pH at higher pH. The interpretation suggested that acid 
hydrolysis is readily reversible unless deprotonation of a coor- 
dinated water molecule leads to coordinated -OH. The 
hydroxo ligand (which takes us out of the realm of acid hydro- 
lysis) renders hydrolysis irreversible. Extending the Serpone 
mechanism to the Cr(I1) complex explains the otherwise puz- 
zling pH independence since a water molecule coordinated to 
Cr(I1) will be distinctly less acidic than are coordinated to 
Cr(II1). The low rate of the overall reaction compared to the 
high lability of Cr(I1) complexes of monodentate ligands im- 
plies that reversal of the initial hydrolytic step is quite fast and 
efficient, as the Serpone mechanism suggests it would be ex- 
pected to be. 

The associative version of the Serpone et al. mechanism is 
shown in Scheme 1 below. 

kl k2 /OH2 + H20 (bipyI2Cr + Hz0 (bipyI2Cr + bipy 
k-1 k-2  OH^ 

The rate-determining step for such a path is most probably kz. 
The modest increase in rate for the dimethyl ligand is to be 
understood according to this mechanism as a consequence of 
the same factors which lead dimethyl bipyridine complexes of 
Cr(II1) to exhibit longer doublet phosphorescence lifetime (11), 
namely, increasing rigidity. The attack by HzO presumably 
goes via the "pockets" found between the ligands by X-ray 
(13). These appear to be rendered more accessible by the more 
rigid ligand, favouring attack. 

1. Y. SATO and N. TANAKA. Bull. Chem. Soc. Jpn. 42, 1021 
(1969). 

2. B. V. TUCKER, J. M. RIZGERALD, L. G .  HARGIS, and L. B. 
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Organic reactions in liquid crystalline solvents. 2. An investigation into the use of 
liquid crystalline solvents to effect stereochemical control in the Diels-Alder reaction 

WILLIAM J. LEIGH' 
Department of Chemistry, McMaster University, Hamilton, Ont., Canada L8S 4M1 

Received February 26, 1985 

WILLIAM J. LEIGH. Can. J. Chem. 63, 2736 (1985). 
'The possibility of using liquid crystalline solvents to control the stereospecificity of bimolecular reactions as a result of 

differences in liquid crystalline solvation of the various possible transition states has been examined. The Diels- Alder reactions 
of 2,s-dimethyl-3,4-diphenylcyclopentadienone with four dienophiles of varying steric size (cyclopentene, cycloheptene, 
indene, and acenaphthylene) have been cmied out in benzene, cholesteryl nonanoate (isotropic), cholesteryl propionate 
(cholesteric), and 4-ethyl-4'-(4-pentylcyclohexy1)biphenyl (smectic) at 105°C. In spite of very large differences in steric 
solvation requirements for the endo- (globular in shape) and exo- (plate-like in shape) transition states in these reactions, no 
variation in product ratio with solvent phase is observed in any case. 

The inability of the ordered liquid crystalline phases to differentiate between endo- and exo-transition states in the 
Diels-Alder reactions investigated is rationalized as being the possible result of several factors. The most important of these 
are believed to be free volume effects, owing to both inefficient steric solvation of the bulky diene and volume contraction 
in the transition states for cycloaddition. 

WILLIAM J. LEIGH. Can. J. Chem. 63, 2736 (1985). 
On a ktudik la possibilitt d'utiliser des cristaux liquides comme solvants pour obtenir un contr6le sur la stkreospkcificitk de 

rkactions bimolkculaires qui rksulterait de diffkrences de solvatation des divers Ctats de transition possibles par les cristaux 
liquides. Opkrant i 105°C et dans divers solvants comme le benztne, le nanoate de cholestCryle, (isotrope), le propionate de 
cholestCryle (cholestkrique) et 1'Cthyl-4 (pentyl-4 cyclohexy1)-4' biphknyle (smktique), on a effectuC une rkaction de 
Diels-Alder entre la dimethyl-2,s diphknyl-3,4 cyclopentadiCnone et quatre diknophiles de comportements stkriques diffkrents 
comme le cyclopentkne, le cyclohepttne, l'indkne et l'acktylnaphtkne). Malgrk de trks grandes diffkrences dans les demandes 
stCriques de solvatations qui proviennent d'encombrements stkriques diffkrents pour les formes endo (forme globulaire) et exo 
(en forme de plateau) des Ctats de transition de ces kactions, on n'a dans aucun cas obsewk de variations dans les rapports 
de produits dans la phase solvant. 

On attribue i diffkrents facteurs cette incapacitk des phases cristallines liquides ordonnkes de diffkrencier les Ctats de 
transition endo et exo des kactions de Diels- Alder CtudiCes. On croit que les effets de volume libre sont les facteurs les plus 
importants et que ceci rksultk B la fois d'une solvatation stkrique inefficace du dibne encombrk et d'une contraction de volume 
dans les Ctats de transition des cycloadditions. 

[Traduit par le journal] 

Introduction 
The ability of liquid crystals to affect the rates and energetics 

of thermal and photochemical organic reactions is of consid- 
erable interest (1 - 14), both because of their considerable tech- 
nological importance, as well as similarities in the micro- 
structure of these materials to that in biological systems such as 
cell membranes (for comprehensive descriptions of the struc- 
ture and properties of liquid crystals, see ref. 15). Their effects 
on chemical reactivity have been investigated primarily from 
the point of view of orientational effects, since it is well known 
that liquid crystals are able to orient dissolved solute molecules 
in a manner which depends primarily on steric factors, i.e., 
structural similarities between solute and solvent molecules 
(16). A rod-shaped solute is oriented in a liquid crystal so that 
its long molecular axis is parallel to those of the surrounding 
solvent molecules, and the effects of the liquid crystal on its 
reactivity are then the result of the solvent's ability to control 
this orientation. While unimolecular reactions (e.g. cycli- 
zations) may be restricted owing to solvent-induced inhibition 
to achieving the optimum molecular geometry for reaction (3, 
12, 17), bimolecular reactions may be inhibited or promoted 
depending on the relative orientation of two reactive solutes 
and the solvent's ability to define and hold this relative orien- 
tation (4-6, 8, 18). It would appear that there are two factors 
which are primarily responsible for affecting the reactivity of 

' NSERC University Research Fellow 1983- 1986. 

solutes ordered in liquid crystals: the efficiency with which the 
solute(s) are solvated by the liquid crystal (or, the "tightness" 
of the solvation shell), and the degree of distortion which the 
reacting system must undergo in proceeding through the transi- 
tion state (19). 

We have an interest in probing the possible effects of liquid 
crystalline solvents on the reactivity of solutes which are per- 
haps not highly oriented by the ordered solvent, but which 
undergo very large changes in molecular shape as the transition 
state is approached. To illustrate, consider a planar, disc- 
shaped solute molecule which reacts via a bulky, globular 
transition state in proceeding to product (Scheme 1). Such a 
reactant will be solvated in a liquid crystal so that its molecular 
plane is oriented parallel to the long axes of the surrounding 
solvent molecules (20). To the extent that the solute's solvation 
shell retains some degree of liquid crystalline order, then such 
a process is expected to be affected as a result of the disruption 
of local solvent order which may accompany formation of the 
globular transition state. The effect on reaction rate will then be 
the result of synergistic effects on the activation energy (rate 
retardation) and entropy (rate enhancement). That liquid crys- 
tals are indeed capable of affecting the dynamics of uni- 
molecular reactions of this type has been demonstrated (12, 
19). 

If liquid crystalline solvents are capable of affecting reac- 
tivity in systems such as that depicted in Scheme 1, then it may 
be possible to exploit this capability to control reactivity in 
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systems which normally react via a number of possible path- 
ways through transition states which disrupt solvent order to 
varying extents. For example, consider two planar reactants 
which normally react to give two products through transition 
states such as those depicted in Scheme 2. By analogy with the 
known behaviour of liquid crystalline media with respect to the 
effectiveness with which they solvate planar versus globular 
solutes ( 16), it might be expected that solvent order would be 
more severely disrupted by the globular transition state than by 
the more planar one. To the extent that this difference in the 
solvation requirements of the two transition states is reflected 
in different effects on the activation parameters for the two 
processes, then an alteration in the product ratio may be ob- 
served in liquid crystalline solvents relative to the value in 
isotropic solvents. 

An attractive system with which to test this hypothesis is the 
Diels-Alder reaction, since it proceeds to yield two adducts 
through transition states which differ considerably in steric 
shape. In choosing a substrate pair for investigation, we kept 
several factors in mind. For example, we endeavoured to keep 
the diene and dienophile as large as possible in order to max- 
imize the difference between the shapes of the endo- and exo- 
transition states, without deviating too much from planarity in 
order to ensure that the reactants are reasonably well-solvated 
in a liquid crystalline solvent. Furthermore, we looked for a 
probe system which is known to yield both exo- and endo- 
adducts under ordinary conditions; when this is the case, then 
even small (< ca. 0.3 kcal/mol) solvent order-induced differ- 
ences in the transition state energies will result in a measurable 
effect on the product ratio for the reaction (>20%). The 
Diels-Alder reaction of 2,5-dimethyl-3,4-diphenyl-cyclo- 
pentadienone (1) with cyclopentene (21) (reaction [I]) ap- 
peared to us to come closest to satisfying these requirements; 
furthermore, since dienones such as 1 are well-recognized to be 
rather potent dienes toward Diels-Alder addition (22), it 
seemed likely that other dienophiles might be used in addition 
to cyclopentene in order to broaden the scope of the in- 
vestigation. 

We wish to report the results of our investigation of the 
reaction of 1 with cyclopentene, cycloheptene,' indene, and 
acenaphthylene in isotropic solvents and cholesteric and smec- 
tic liquid crystalline solvents. Our results indicate that in the 

FIG. 1 .  Plots showing the variation in chemical shift of the 0-bridge 
protons versus added P r ( f ~ d ) ~ - d ~ ~  for (a) endo- and exo-3a and (b )  
endo- and exo-3d in deuterochloroform solution. 

present cases at least, liquid crystalline solvents are incapable 
of distinguishing between transition states which differ in their 
bulk steric shape. While several possible reasons for this can be 
advanced, it is suggested that liquid crystalline effects of the 
type proposed can only be expected to occur under very special 
circumstances. 

Results 
Reaction of 2,5-dimethyl-3,4-diphenylcyclopentadienone 

(1) with cyclopentene (2a), cycloheptene (2b), indene (2c), 
and acenaphthylene (2d) in benzene solution at 105°C yields 
mixtures of two adducts in each case (reaction [2]). The iden- 
tities of endo- and exo3a were established on the basis of 
comparisons of their 'H nrnr spectra with those previously 
reported (2 1 ) . 

While the reaction of 1 with cycloheptene has been reported to 
yield a mixture of adducts (21), their yields and characterization have 
apparently not been published. 

Nuclear magnetic resonance shift reagent studies, using 
Pr(f~d),-d,~, were employed to assign the structures of the 
endo- and exo-isomers of 3b-d. While the 'H nrnr spectrum of 
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the Diels-Alder adduct of tetraphenylcyclopentadienone and 
styrene has been reported to be unaffected by the addition of 
europium shift reagents (23) we find that addition of either 
E ~ ( f o d ) ~ - d ~ ~  or P r ( f ~ d ) ~ - d ~ ~  to deuterochloroform solutions of 
the isomeric adducts of the comparatively less sterically hin- 
dered 1 with 2a-d results in distinct, although small, changes 
in the chemical shifts of the ring-juncture protons (at the 0- 
bridge) in each case. Plots of the change in the chemical shifts 
of these protons versus concentration of added shift reagent are 
shown in Fig. l a  for endo- and exo-3a. As expected, the 
magnitude of the lanthanide-induced shift is clearly larger for 
endo-3a than for the exo-isomer. Similar experiments con- 
ducted with the isomeric adducts 3b-d yielded similar results, 
and allowed structural assignments to be made. Figure l b  
shows the plots obtained for the dienone-acenaphthylene 
adducts 3d. 

That the product ratios observed for reaction of 1 and 2a-d 
at 105°C represent the true kinetic product ratios and not the 
equilibrium ratios was verified by heating samples of pure 
endo3a and endo3d at 105°C in benzene solution for extended 
periods of time. No isomerization of either adduct was apparent 
at this temperature under these conditions. While endo3d was 
similarly unreactive at 140°C, heating the sample of endo-3a at 
this temperature did result in slow isomerization to the exo- 
isomer. At 180°C, endo3d was found to undergo primarily 
decomposition, presumably via decarbonylatioi (22), with 
minor isomerization to the exo-isomer. 

Cholesteryl propionate (ChP) exhibits an enantiotropic cho- 
lesteric phase over the temperature range 94°C to 114.5"C (lit. 
96- 112°C (24)). Addition of 0.8 wt% 1 (as the Diels-Alder 
dimer (25)) results in a 3.5" depression in the optically-detected 
cholesteric-isotropic transition temperature of this compound. 
A similar depression (3") is observed in the smectic-nematic 
transition temperature of 4-ethyl-4'-(4-pentylcyclohexy1)- 
biphenyl (EPCB) upon addition of 0.4 wt% 1. Undoped EPCB 
exhibits an enantiotropic smectic B phase from 34- 146"C, and 
a nematic phase from 146-164°C (8b, 26). Addition of 0.4 
wt% 1 has no discernible effect on the nematic-isotropic tran- 
sition temperature of this compound. The ~ i e l s - ~ l d e r  dimer 
of 1 is known to be largely dissociated at 80°C (25). 

TABLE I .  Endo-lexo- product ratios for the 
Diels-Alder reactions of 2,5-dimethyl-3,4-di- 
phenylcyclopentadienone (1) and 2a-d in iso- 
tropic and liquid crystalline solvents at 105°C" 

Solvent 2a 2b 2c 2d 

Benzene 0.91 2.6 4.5 8.3 
ChN (isotropic) 0.93 2.6 4.5 8.5 
ChP (cholesteric) 0.90 2.5 4.3 7.8 
EPCB (smectic) - - 4.6 - 

"Average of at least two determinations. Error is esti- 
mated as ? 10%. 

The reactions of 1 with 2a-d were carried out in benzene, 
cholesteryl nonanoate (ChN, isotropic), and ChP (cholesteric), 
at 105°C. The reactions with 2a, b were qualitatively much 
slower in the steroidal solvents than was found to be the case 
in benzene solution. This is presumably a concentration effect, 
relating to the very much lower vapour pressures of the steroids 
compared to benzene, and hence to the fact that a considerably 
larger portion of available dienophile will reside in the vapour 
phase for the steroidal solutions relative to the benzene solu- 
tions. Regardless of differences in the absolute rates of reac- 
tion, no new products in addition to the isomeric Diels-Alder 
adducts 3a-d were observed in any case when the reactions 
were carried out in the cholesteric ester solvents. The reaction 
of 1 with 2c was also examined in the smectic phase of EPCB 
at 105°C. Yields of the isomeric adducts, obtained by hplc 
analysis of the mixtures obtained from reaction of 1 and 2a-d 
in these four solvents at 105°C are collected in Table 1. 

Discussion 
The molecular order in thermotropic liquid crystals is such 

that the long molecular axes of the component molecules are 
arranged, on the average, parallel to one another (15). In ne- 
matic phases, there is no further molecular ordering present, 
and these are the most fluid of liquid crystalline phases. Cho- 
lesterics are optically active nematic phases, and are charac- 
terized by a gradual twist in orientational alignment as one pro- 
ceeds through the bulk of the sample. Apart from this macro- 
scopic optical activity, there are no further differences in the 
bulk physical properties of nematics and cholesterics, and they 
are considered to belong to the same class of liquid crystalline 
phases (15). Smectic liquid crystals are further arranged in 
layers, with the long axes of the component molecules parallel 
to one another and perpendicular (or at some angle close to 
perpendicular) to the plane of the layers. As a result of this 
additional molecular ordering, smectics are more nearly crys- 
talline in their appearance and bulk physical properties (15). 

In liquid crystals, solutes are incorporated in the best packing 
arrangement based on steric factors (15, 16,20). The structures 
of the reactants employed in the present study are such that they 
are expected to be, on the average, oriented in a liquid crys- 
talline phase with their molecular planes held parallel to the 
long molecular axes of the surrounding solvent molecules (20). 
Indene (2c) and acenaphthylene (2d) are slightly elongated 
molecules, so there will be some preference for these two to be 
further oriented with their long axes parallel to those of the 
solvent (20). On the other hand, since the breadths of 1, 2a, 
and 2b across two of their molecular axes are in each case 
roughly equal, their orientations within their molecular planes 
is expected to be random. Thus, consideration of the manner in 
which 1 and 2a-d will be oriented in a liquid crystal leads to 
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the prediction that in each case, there should be an equal proba- 
bility that the two reactants will approach each other in orien- 
tations favouring endo-product formation as those favouring 
exo-product formation. Depending on how tightly the reactants 
are solvated in the liquid crystalline matrix, approach to the 
transition states as reaction proceeds should result in some 
degree of disruption of local solvent order as the solvation shell 
reorganizes to accommodate it. If the degree of disruption is 
greater for one reactive pathway than the other, then that path- 
way should be inhibited in a liquid crystalline solvent in favour 
of the less disruptive one. By analogy with the solvation behav- 
iour of liquid crystals towards differently shaped solutes (16), 
it is expected that a globular transition state should result in 
more disruption of the liquid crystalline lattice than a planar or 
rod-like one. These considerations lead to the prediction that 
the effect of a liquid crystalline phase on the Diels-Alder 
reaction will be to inhibit the formation of the more globular 
endo-adduct in favour of the exo-adduct. Furthermore, consid- 
eration of the relative sizes of 2a-d leads to the prediction that 
differentiation between the two transition states on the basis of 
their sizes and shapes should increase throughout the series 2a 
< 2b < 2c < 2d. 

Clearly, the data in Table 1 indicate that neither cholesteric 
nor the more tightly ordered smectic liquid crystals are capable 
of distinguishing between endo- and exo-transition states in any 
of the Diels-Alder reactions investigated, in spite of the large 

, differences in steric shape of the two transition states. The 
I 

1 product ratios observed in all four of these reactions in isotropic 
media correspond to differences in transition state energies (ex0 
relative to endo) of 0.2- 1.3 kcal/mol, assuming identical pre- 

, exponential factors for the two pathways. Allowing for an error 
of ca. 10% in our determination of product ratios, then a sol- 
vent effect of as little as 0.2 kcal/mol on the relative exo-endo 
transition state energies would result in a significant change in 
product ratio, in the absence of entropy effects. Thus, our data 
indicate that either there is no liquid crystalline effect on the 
relative energies of the endo- and exo-transition states in the 
systems examined, or that the effect on relative transition state 
energies is exactly offset by entropy effects. 

The failure of liquid crystalline solvents to exert an effect on 
the product distributions in the Diels-Alder reactions in- 
vestigated may bear some analogy to the reported effects of 
liquid crystalline solvents on the mplet state photodimerization 
of acenaphthylene (6). While the presence of cholesteric order 
was found to have marked effects on the overall efficiencv of 
this process, no alteration in the syn-/anti- product ratio was 
observed in liquid crystalline media relative to the value in 
isotropic solvents. Clearly, the differences in bulk steric shape 
of the acenaphthylene photodimers are almost as pronounced as 
those of the exo-/endo- adducts in the present cases. However, 
the potential ability of liquid crystalline solvents to differentiate 
between transition states of differing steric bulk is expected to 
depend in large part on the degree of product character which 
is developed in the transition states, and this is expected to be 

, small for fast, low activation energy processes such as triplet 
state olefin dimerizations. To the extent that the transition 
states for the present thermal cycloadditions are expected to be 
much more product-like in character, they should be consid- 
erably more susceptible to solvent order-induced perturbations 
of their relative energies. 

Several factors may be contributing to the failure of these 
solvents toward discriminating between transition states of 
such grossly differing shapes. First, although the transition 

temperatures (as well as visual inspection) of samples of ChP 
and EPCB doped with 1 indicate that bulk liquid crystalline 
order is retained in these mixtures at the reaction temperature, 
it is important to note that macroscopically determined transi- 
tion temperatures of solute-doped liquid crystals do not neces- 
sarily offer any indication of the effect of that solute on local 
solvent order (2b, c) (i.e., in the immediate vicinity of the 
solute). However, since the Ch + I and Sm + N transition 
temperatures of ChP and EPCB , respectively, are both substan- 
tially affected by incorporation of relatively small amounts 
(0.4-0.8 wt%) of 1, it appears safe to conclude that local 
solvent order is probably severely disrupted. Indeed, doping of 
ChP at a level of 1.5 wt% 1 results in complete destruction of 
the bulk cholesteric phase at temperatures greater than 90°C. It 
may be that this solute in fact resides in an isotropic environ- 
ment in at least its primary solvation shell, with the result that 
the disruptive effects of a bulky transition state on solvent order 
will be truncated (2, 19). 

Second, space-filling molecular models indicate that 1 is in 
fact a fairly bulky, non-planar molecule, the phenyl groups 
being unable to achieve a coplanar arrangement owing to steric 
interactions. The bulkiness of this reactant is undoubtedly the 
cause of the large effects on the transition temperatures of C ~ P  
and EPCB discussed above, and presumably also acts to further 
truncate any differential solvation of the two possible transition 
states, especially with the relatively small dienophile 2a. 

Third, it is well known that cycloadditions such as the 
Diels-Alder reaction are characterized by a substantial volume 
contraction in the transition states for both endo- and exo- 
addition (27). The occurrence of this volume contraction as the 
transition states are approached will further reduce the ability 
of an ordered environment to distinguish between the two on 
the basis of their sizes and shapes, since solvent reorganization 
in these relatively viscous media is expected to be too slow to 
keep up with the contracting reactive complexes. 

Finally, more detailed consideration of how the reactants are 
expected to be oriented relative to one another in these liquid 
crystalline phases makes it clear that in at least some of these 
cases, the products may be formed in orientations which are not 
the favoured ones in a liquid crystalline environment, if at least 
one of the reactants is itself reasonably well-oriented. The best 
illustration of this is the reaction of 1 with 2d. Acenaphthylene 
is oriented in a cholesteric phase with its long axis preferen- 
tially parallel to those of the surrounding solvent molecules (6, 
20). When reaction of 1 occurs with a 2d molecule which is in 
this solvent-preferred orientation, the product is formed in an 
orientation such that its long molecular axis is perpendicular to 
those of the solvent. In such a case, the reaction itself provokes 
additional disruption of solvent order in that the products are 
formed in energetically unfavourable orientations. If the extent 
of this disruption is similar for the two reaction pathways, then 
a lesser degree of discrimination between transition states can 
be expected. The structure and expected orientation of 2c indi- 
cate that products from this dienophile should be formed in 
their solvent-preferred orientations,while for the symmetric 2a 
and 2b there should be an equal probability that they will 
approach 1 in such orientations as to lead to products whose 
orientations are parallel and perpendicular to the preferred sol- 
vent alignment. 

It is difficult to predict which of the above factors might be 
most critical in thepresent case, or whether they are all playing 
a role. Nevertheless, our observation that the stereochemical 
distribution of products from the Diels-Alder reaction of 1 
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with the four dienophiles examined in the present study is 
unaffected by the presence of cholesteric or smectic solvent 
order allows several important conclusions to be derived. It is 
clear that liquid crystals are not generally useful as solvents to 
affect stereochemical control on reactions in the absence of 
careful consideration of specific details regarding the structures 
of reactants, products, and transition states, their preferred 
orientations in a liquid crystalline environment, and the dis- 
ruptive effects that each has on solvent order. Control over 
these factors is expected to be even more critical when the 
reaction in question involves overall volume contraction in the 
transition state, since this process will occur on a time scale 
which must be several orders of magnitude faster than that of 
solvent reorganization. It may be that effects such as that in- 
vestigated here are more likely to be observed when the reac- 
tants are smaller, and hence incorporated much more effi- 
ciently in a liquid crystalline matrix. Further work in this area 
is in progress and will be reported in the near future. 

Experimental 
Melting points and transition temperatures were measured on a 

Reichert micro-hot stage microscope with polarizing lenses and are 
corrected. 'H nmr spectra were recorded in deuterochloroform solu- 
tion on a Varian EM390 nmr spectrometer, and are reported in parts 
per million downfield from TMS. Infrared spectra were recorded on 
a Perkin-Elmer Model 283 infrared spectrometer, and are reported in 
wavenumbers, calibrated against the 1601.8 cm-' polystyrene absorp- 
tion. Elemental analyses were performed by Guelph Chemical Labora- 
tories, Guelph, Ontario. A Jumo-MS D.B.P. mercury thermo- 
regulator, a Fisher Model 32 Transistor Relay, and an insulated silicon 
oil (Dow Coming 7 10) bath were used for temperature control in small 

I scale reactions in benzene and the mesogenic solvents. Temperatures 

I were recorded with a Leeds & Northrup Model 8692 Temperature 
Potentiometer and a copper-constantan thermocouple, and are con- 
sidered accurate to * 1°C. 

Analyses of product mixtures were performed using a Gilson iso- 
cratic hplc system, consisting of a Model 302 pump (fitted with a 5 mL 
head), Model 802B manometric module, Holochrome variable wave- 
length detector, a Rheodyne Model 7125 loop injection valve, and a 
Varian Model A-6 strip chart recorder, in conjunction with a 25 X 

0.46 cm Merck Hibar Si60 (10 Fm) analytical column. Hexane(SO%)/ 
dichloromethane was used as eluant, with a flow rate of 0.8-1 
mL/min, and an analytical wavelength of 280 nm was used for all 
analyses. Preparative Ic was performed using the same system (50 mL 
pump head), in conjunction with 24 X 1.1 cm or 31 X 2.5 cm Merck 
Lobar Si60 (40-63 Fm) glass columns, hexane(60%)/dichloro- 
methane as eluant, and flow rates of 3.5 and 12 mL/min, respectively. 
For quantitative hplc analyses, the detector was interfaced to a Unitron 
microcomputer via an Adalab data acquisition/control card (Inter- 
active Microware, Inc.), after amplification of the 0- 10 mV signal to 
0- 1V with an Adaamp analog amplifier. Chromatogram acquisition, 
storage, and integration was performed using the Chromatochart 
(Interactive Microware, Inc.) software. Apparent product ratios for 
each product mixture so obtained were then converted to true values 
with working curves, constructed for each isomeric adduct pair with 
a few standard solutions of accurately weighed mixtures of the authen- 
tic adducts. 

Benzene (BDH Reagent) was purified by repeated extraction with 
concentrated sulphuric acid, followed by several washings with water 
and saturated aqueous bicarbonate. It was dried over calcium chloride, 
refluxed over calcium hydride, and distilled. Dichloromethane was 
Caledon HPLC grade and was used as received. Hexanes (BDH Re- 
agent) were distilled before use. Cholesteryl propionate (Sigma) was 
recrystallized once from n-pentanol (28), washed several times with 
aqueous ethanol, and dried in a vacuum desiccator. Cholesteryl non- 
anoate (Aldrich) was recrystallized once from 95% ethanol. Transition 
temperatures for these two compounds agreed well with published 

values (24). 4-Ethyl-4'-(trans-4-pentylcyclohexyl)bipheny (EPCB; 
EM Licristal) was used as received from BDH Chemicals, Ltd. Ace- 
naphthylene (Aldrich) was sublimed in vacuo and recrystallized from 
95% ethanol. Indene (Aldrich) was vacuum distilled. Cyclopentene 
and cycloheptene were used as received from Aldrich Chemical Co. 
P r ( f ~ d ) ~ - d ~ ~  and E u ( f ~ d ) ~ - d ~ ~  were used as received from Alfa Prod- 
ucts, Inc. The Diels-Alder dimer of 2,5-dimethyl-3,4-diphenylcyclo- 
pentadienone (1) was prepared according to the published procedure 
(26), and was purified by recrystallization from 95% ethanol to yield 
colourless needles (mp 185- 187°C; lit. (26) 196°C). The 'H nmr 
spectrum of this compound was consistent with its proposed structure 
(6 (ppm): 0.60 (s, 3H), 1.28 (s, 3H), 1.64 (s, 3H), 2.24 (s, 3H), 
6.6-7.4 (cplx. mult., 20H). 

Preparation and identification of Diels-Alder adducts 3a-d 
3a. Adducts of 1 and cyclopentene (2a) 
1 (0.78 g, 3 mmol) and cyclopentene (1.75 mL, 20 mmol) were 

dissolved in benzene (9 mL), placed in a 16 mm medium-walled Pyrex 
tube, degassed (3 freeze-pump-thaw cycles), and sealed. The solu- 
tion was heated at 100°C for 24 h, at which time the characteristic red 
colour of the dissociated dienone had dissipated. The tube was opened 
and the solvent evaporated on the rotary evaporatory, yielding a 
yellow oil which solidified. Preparative Ic afforded two products, 
which were recrystallized from ethanol. The isomer which eluted first 
from the column was identified as exo-3a (0.46 g, 47%; mp 
182-182.5"C; lit. (21) 180-180.5"C. 'H nmr: 1.12 (s, 6H), 
1.06- 1.35 (m, 2H), 1.73 (m, 4H), 2.64 (m, 2H), 7.00-7.25 (m, 
10H). Ir (CCI4): 3091 (w), 3068 (w), 3020 (w), 2960 (s), 2940 (s), 
2875 (m), 1775 (s), 1499 (m), 1491 (m), 1452 (s), 1384 (m), 1174 
(w), 1070 (w), 950 (w), 904 (w), 689 (s). 

The second isomer to elute from the column was identified as 
endo-3a (0.43 g, 44%; mp 109- 110°C; lit. (21) 109.5- 110°C). 'H 
nmr: 1.32 (s, 6H), 1.30- 1.52 (m, 2H), 1.70-2.05 (m, 4H), 2.48 (m, 
2H), 6.97-7.30 (m, 10H). Ir (CCI,): 3091 (w), 3068 (w), 3020 (w), 
2960 (s), 2940 (s), 2912 (m), 2878 (m), 1775 (s), 1499 (m), 1490 (m), 
1450 (s), 1381 (m), 1074 (m), 957 (m), 908 (m), 690 (s). 

3b. Adducts of 1 and cycloheptene (2b) 
1 (0.26 g, 1 mmol) and cycloheptene (0.8 mL, 9 mmol) were 

dissolved in benzene (7 mL) and sealed in a 16 mm tube as described 
above. The solution was heated for 24 h, the tube was opened, and the 
solvent evaporated, yielding a colourless solid. Preparative Ic afforded 
two products, the first of which to elute was recrystallized from 
ethanol, yielding colourless needles (mp 179- 179S°C), and identi- 
fied as exo-3b (0.030 g, 10%) on the basis of nmr shift reagent studies, 
and comparisons of its 'H nmr spectrum and hplc retention time to that 
of exo-3a. 'H nmr: 1.09 (s, 6H), 0.95-1.35 (m, 4H), 1.58-2.15 (m, 
6H), 2.26 (m, 2H), 7.02-7.34 (m, 10H). Ir (CCL): 3062 (w), 2980 
(m), 2935 (s), 2860 (m), 1776 (s), 1455 (m), 1382 (w), 925 (w), 907 
(w). Anal. calcd. for CZ6Hz8O: C 87.60, H 7.92; found: C 87.43, H 
8.25. 

The second isomer to elute from the column was recrystallized from 
ethanol to yield colourless needles (mp 173-174°C) which were iden- 
tified as endo-3b (0.180 g, 70%). 'H nmr: 1.06- 1.43 (m, 4H), 1.27 
(s, 6H), 1.70-2.10 (m, 6H), 2.21 (m, 2H), 7.00-7.31 (m, 10H). Ir 
(CCl4): 3065 (w), 2980 (m), 2938 (s), 2862 (s), 1778 (s), 1462 (m), 
1454 (m), 1443 (m), 1383 (m), 690 (s). Anal. calcd. for C26H28O: C 
87.60, H 7.92; found: C 87.38, H 8.20. 

3c. Adducts of 1 and indene (2c) 
A solution of 1 (0.505 g, 1.94 mmol) and indene (0.34 mL, 3 

mmol) in benzene (9 mL) were sealed in a 16 mm tube and heated at 
100°C for 17 h. The tube was opened and the solvent evaporated to 
yield a slightly yellow oil. This was chromatographed as described 
above to yield two products. The first to elute was recrystallized from 
95% ethanol to yield colourless needles (0.070 g, lo%, mp 
209-21 1°C) which were identified as exo-3c on the basis of nmr shift 
reagent studies. 'H nmr: 1.27 (s, 3H), 1.37 (s, 3H), 2.93-3.49 (cplx. 
m, 3H), 3.76 (cplx. d, lH), 7.07-7.41 (m, 14H). Ir (CCL): 3080 (m), 
3060 (m), 3035 (m), 2975 (m), 2935 (m), 1775 (s), 1485 (m), 1447 
(m), 1384 (m), 1072 (w), 941 (w), 907 (w), 688 (s). Anal. calcd. for 
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CzsHurO: C 89.33, H 6.43; found: C 89.75, H 6.57. 
The second isomer to elute was recrystallized from 95% ethanol to 

yield colourless needles (0.49 g, 67%, mp 147- 148"C), identified as 
endo-3c on the basis of nmr shift reagent studies. 'H nmr: 1.44 (s, 
6H), 3.08 (m, 3H), 3.82 (m, lH), 6.3 1 (m, 2H), 6.92-7.40 (cplx. m, 
12H). Ir (CC14): 3080 (w), 3032 (w), 2975 (m), 2935 (m), 1778 (s), 
1481 (w), 1445 (w), 1379 (w), 690 (s). Anal. calcd. for CZ~HZ~O:  C 
89.33, H 6.43; found: C 89.17, H 6.60. 

3d. Adducts of 1 and acenaphthylene (2d) 
A solution of 1 (0.52 g, 2 mmol) and acenaphthylene (0.3 g, 2 

mmol) in benzene (7 mL) were sealed and heated in a 16 mm tube for 
5 h at 110°C. The tube was opened and the solvent evaporated to yield 
a slightly yellow solid which was chromatographed as described 
above. The first isomer to elute from the column was recrystallized 
from chloroform/ethanol to yield colourless needles (0.030 g, 4%, mp 
225-227"C), which were identified as exo-3d on the basis of nmr shift 
reagent studies. 'H nmr: 1.34 (s, 6H), 4.20 (s, 2H), 7.25 (m, lOH), 
7.25-7.75 (m, 6H). Ir (KBr): 3050 (m), 2970 (w), 2930 (w), 1776 
(s), 1600 (m), 1490 (m), 1450 (m, br), 1385 (m), 905 (m), 802 (s), 
795 (s), 778 (s), 768 (m), 759 (m), 721 (w), 698 (s). Anal. calcd. for 
C31H240: C 90.26, H 5.86; found: C 90.25, H 6.04. 

The second isomer to elute yielded colourless plates upon 
recrystallization from chloroform/ethanol (0.40 g, 49%, mp 
195-197"C), which were identified as endo-3d on the basis of nmr 
shift reagent studies. 'H nmr: 1.60 (s, 6H), 4.12 (s, 2H), 6.06 (m, 
4H), 6.93 (m, 6H), 7.30-7.80 (m, 6H). Ir (KBr): 3050 (m), 2976 
(w), 2938 (w), 1770 (s), 1602 (w), 1500 (m), 1445 (m), 1382 (m), 964 
(m), 797 (s), 780 (s), 760 (m), 742 (s), 704 (s), 696 (s). Anal. calcd. 
for C3'Hur0: C 90.26, H 5.86; found: C 90.31, H 6.30. 

I Reaction of 1 with 2a-d in liquid crystalline solvents 
I 

I Stock solutions of 1 in ChP, ChN, and EPCB were prepared by 
dissolving 0.004 or 0.008 g of 1 and l .OO g of the mesogen in 10 mL 
dichloromethane, distilling off the solvent on the rotary evaporator, 
and pumping on the resulting solids for 2-8 h under high vacuum. 
Accurately weighed 100 mg portions of these solutions were placed in 

i clean 100 X 7 mm Pyrex tubes, and a slight (10%) excess of the 
dienophile was added using a I-pL syringe. For 2d the dienophile was 
added as a benzene solution to a portion of the stock dienone solution, 
the whole was dissolved in dichloromethane, and the volatile solvents 
removed as before. The tubes were degassed (two freeze-pump-thaw 
cycles) and sealed at Ton, then placed in the ~nsulated oil bath 
and heated for 12-40 h at 105°C. The tubes were then opened, and 
the contents were dissolved in dichloromethane and analysed by hplc; 
product yields are collected in Table 1. 
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Monolayers of mono- and dioxyethylene dodecyl ethers at air-water and 
alkane-water interfaces 
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ROBERT AVEYARD, NEIL CARR, and HELEN SLEZOK. Can. J. Chem. 63, 2742 (1985). 
Surface pressure-area isotherms have been obtained for mono- and dioxyethylene dodecyl ethers both spread at the 

air-water surface and adsorbed at the heptane-water interface and results are compared with those for straight chain alkanols. 
At the heptane-water interface it appears that the ethyleneoxy groups are disposed parallel to the interface in fairly dilute films. 
The dual hydrophilic/hydrophobic nature of isolated CH2CH20 groups is demonstrated by showing that they give a negative 
contribution to the standard free energy of adsorption from both water and heptane to the heptane-water interface. 

ROBERT AVEYARD, NEIL CARR et HELEN SLEZOK. Can. J. Chem. 63, 2742 (1985). 
On a dCterminC les isothermes de pression/surface des mono- et dioxytthylknoxydodCcanes qui ont chacun Ctt ripandus B 

la surface air/eau et adsorb& a la surface heptaneleau et I'on a comparC les rCsultats avec ceux obtenus avec des alcanols en 
chaines droites. A I'interface eaulheptane et lorsque les films sont assez diluts, il semble que les groupements CthyEneoxy 
soient disposts paralklement ?i I'interface. On demontre la nature double hydrophile/hydrophobe des groupements CH2CH20 
isolCs en se basant sur le fait que leur contribution a I'Cnergie libre standard d'adsorption soit de I'eau ou de I'heptane B soit 
I'heptane ou B I'interface heptane/eau est ntgative. 

[Traduit par le journal] 

Introduction further treatment. Dodecanol and octadecanol were "puriss" samples 

There has been a considerable interest over the years in the from Fluka, and pentadwan01 was "pumm" grade, air0 from ~ luka .  
These had estimated purities (determined by glc in this laboratory) of surface and properties of of the type >99.5% for 6~puriss~1 and >98.5% for c'pmmv9 samples and were used 

(where R is a hydrophobic moiety such as an alkyl Or a l k ~ l -  untreated. Heptane (Fisons, England) was HPLC grade and was 
benzene group and is the e t h ~ l e n e O x ~  group CH2CH20) shown by glc to be >99% pure. It was passed through chro- 
for mixtures with a range of n values, usually for large average matographic alumina immediately prior to use. It had an interfacial 
n, and for pure materials with n up to about 8 (1 -6). Thermo- tension against water at 25OC of 50.78 rnN m-' in excellent agreement 
dynamic studies have thrown some light onto the dual hydro- 
philic/hydrophobic nature of En groups (4-6). For example, 
thermodynamic parameters of micellisation have been report- 
ed, as have those for adsorption from aqueous solution to films 
at both high and low concentration at the air-water surface. 
However, the environment (and hence values of thermo- 
dynamic parameters) of individual E groups depends not only 
on the size of the En group, which is likely to become 
progressively more coiled as n increases, but on the environ- 
ment of the En group as a whole. The latter can be close- 
packed, as at a micelle surface or in a saturated monolayer, or 
they may be essentially isolated in dilute solution or in a dilute 
monolayer. 

Here we report surface pressure-area ( IT ,A)  isotherms for 
air-water and oil-water interfaces, and standard free energies 
of adsorption of mono- and dioxyethylene dodecyl ethers 
(C12H25(OCH2CH2)nOH, denoted CI2EI and CI2E2 for n = 1 and 
2, respectively) from heptane to dilute films at the 
heptane-water interface. From these we have derived a free 
energy contribution of an E group to the adsorption of C12E1 
and CI2E2 from both oil and water to the oil-water interface. 
Since n = 1 or 2 we may suppose the E groups interact only 
with water and/or alkane in bulk and at the interface, and not 
with other E groups in the same En moiety. 

Experimental 
Materials 

Samples of CI2EI and C12& were pure homogeneous samples sup- 
plied by the Nikko Chemicals Co. (Japan) and were used without 

'To whom all correspondence should be addressed. 
Present address: Plessey Research (Caswell) Ltd., Caswell, Tow- 

cester, England. 

with a value of 50.77 mN m-' obtained using a highly pure 
heptane sample (7). Water was distilled once, passed through an 
Elgastat ion exchange column and then through a Milli-Q Reagent 
Water System. 

Techniques 
Interfacial tensions between solutions of CI2E, and C12& and water 

were determined by the drop-volume technique (7). The tensions were 
highly reproducible (+0.05 mN m-') and showed no tendency to 
ageing (unlike those for aqueous solutions against air). 

The T,A isotherms for materials spread from solution in heptane at 
the air-water surface were obtained using a Joyce-Loebl (Gateshead, 
England) automated recording Langmuir trough. The barrier was a 
constant perimeter Teflon tape, and the surface pressure was measured 
using the Wilhelmy plate technique. It was found that the use of filter 
paper as the "plate" gave very reproducible results which, in the case 
of octadecanol and pentadecanol were in good agreement with litera- 
ture data (8). The isotherms reported here, which were very repro- 
ducible, were all obtained by compressing the film over a period of 2 
min but were indistinguishable from those obtained over a 4 min 
period. Low temperature isotherms were obtained by circulating cold 
water through glass tubing immersed in the trough. 

Results and discussion 
Interfacial tensions y between dilute solutions of C12El and 

C12E2 in heptane, and water are shown in Fig. 1. At the concen- 
trations used the surfactants reside almost entirely in the alkane 
phase as may be deduced from the distribution data reported by 
Manabe et al. (9) As expected C12E2 in heptane is more surface 
active than Cl2EI. The tensions have been fitted to cubics in 
surfactant mole fraction x in overlapping concentration ranges. 
The fitting constants of the equations 

are given in Table 1. We may assume that at the high dilutions 
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AVEYARD ET AL. 

TABLE 1 .  Constants from eq. [ I ]  for C12El and C12E2 adsorbed at the heptane-water interface at 
25°C 

(a) C I ~ E I  

a - b lo-' - 10-10 d Range of x Number of points 

(b) ClzEz 

a - lo-= b 10-10 - 10-l4 d Range of x Number of points 

105xC,,E2 in heptone 
51 I I I 

1 2 3 

FIG. 1 .  Interfacial tensions between solutions of CI2EI and Cl2Ez 
in heptane and water at 25OC. Six further high concentration points 
(x > 25 X were obtained for CI2EI. They are not shown here 
but were included in the fit of data (see text). 

employed (x < 5 X for C 12EI and x < 4 X lo-' for C 12&) 
surfactant activity coefficients are unity and activity may be 
expressed by x. 

The Gibbs adsorption equation in general form is, for con- 
stant temperature, 

where ri are surface concentrations of species i and pi are 
chemical potentials. For low surfactant concentrations d p  for 
the heptane and the water may reasonably be set at zero so that 
from eqs. [l] and [2] 

where r is the surface concentration of surfactant (molecules 
per unit area) and A is the area available per surfactant molecule 
in the film. We denote the surface pressure of a film, which is 
the lowering in y caused by adsorption, r .  The quantities r and 
A are related through a surface equation of state. 

In addition to the study of films at the oil- water interface we 
have also obtained r ,A  data for films at the air-water surface. 
Adsorption of nonionic surfactants from water is not easy to 

I I I 
200 LOO 600 

AIJ\Z rnolecule'l 

FIG. 2. P,A-isotherms at 25OC. Curves (a), (b), and (c) relate to 
alkane-water interfaces and are for, respectively, alkanols (octanol, 
decanol, and dodecanol - see text), Cl2E1, and C12EZ Curves (d) and 
( e )  are for CI2EI and C12E2, respectively, at air-water surface. 

study since it is time dependent and y can change markedly 
over long periods of time (2). However CI2EI and CI2& are 
sufficiently insoluble in water (as judged by the reproducibility 
of the n,A curves obtained at different rates of compression) 
for monolayers to be studied using the Langmuir trough. 

In Fig. 2 we present (r,A) data (for n up to 6 rnN m-') for 
CI2EI and CI2E2 at both the air-water and heptane-water inter- 
faces. Also included are data for octanol, decanol, and dodeca- 
no1 adsorbed at the alkane-water interface (10). For the 
oil-water interface both CI2EI and C12& films are more ex- 
panded than the alkanol films, for which the n,A values fall on 
a common curve. The similarity of the r , A  data for all alkanols 
implies that chain-chain interactions are unimportant at the 
oil-water interface and that the alkanol chains are oriented 
normal to the interface (I I). It follows that the larger r (for a 
given A) exerted by CI2EI and CI2& arise from the larger 
effective cross-sectional areas of these molecules at the inter- 
face, a point we return to shortly. 

The r ,A  curves for the surfactants at the air-water surface 
fall well below those for the oil-water interface, and below the 
ideal curve for which r A  = kT; this is a result of the lateral 
attractions between the hydrocarbon chains in the surface. As 
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FIG. 3 .  Plots according to eq. [5] for CI2EI (upper line) and C12E2 at the heptane-water interface at 25OC. 

for the oil-water interface, the CI2& film is more expanded 
than that for C12El presumably due again to the greater cross- 
sectional area of CI2E2. The .rr,A curves for CI2EI and CI2& 
both at the air-water and $-water interfaces converge at 
areas between 400 and 500 A2 molecule-'. 

Surface equations of state 
Consideration of surface equations of state can give useful 

indications concerning interactions and orientations within 
monolayers. It is known (10) that alkanol behaviour at 
oil-water interfaces is well described by the Volmer equation 

[4] .rr (A - A,) = kT per molecule 

The quantity A, is the molecular co-area of the adsorbate and 
although it is twice the area defined by closest approach of the 
molecules at the surface, it may be regarded as a good measure 
of the effective cross sectional are! of the molecules (12, 13). 
For a series of alkanols A, = 27 A2 molecule-' (10). 

In linear form eq. [4] is 

and plots according to this equation for CI2EI and CI2& at the 
heptane-water interface are shown in Fig. 3. The plots are very 
linear and the values or A, obtained from the intercept on the 
A-axis are 49 and 68 A2 molecule-' for CI2EI and CI2E2, re- 
spectively. The full lines shown in Fig. 2 are those generated 
by eq. [4] using th:se A, values. If we suppose that the CH2 
group covers 6.5 A2 of surface (14) and that the CH2 and 0 
groups arf the same size, the CH2CH20 is expected to cover 
about 20 A2 if disposed along the interface. Given that alkanols 
have A, = 27 ~omolecule-' we expect A, for C12El and C12E2 
to be 47 and 67 A2 molecule-' if the E groups are flat along the 
interfaces. 'The values are remarkably close to the A, values 
quoted above, and it therefore appears that both CH2 groups 
and 0 are at the interface and that the E group has both hydro- 
philic and hydrophobic properties, a point considered further 
shortly. 

Repulsive interactions resulting from finite size account for 
deviations from ideality for oil-water films as seen. Repulsive 
interactions also obviously occur in films at the air-water 
surface but here .rr values fall below those expected for ideal 
films. The difference in .rr (for a given A) for a film at the 

oil-water and the air-water surface has often been referred to 
as the "cohesive pressure" .rr, within the air-water film and 
taken to be a measure of interchain cohesion (15). However, 
this is not a satisfactory estimate of attractive interactions be- 
tween chains. At an oil-water interface the alkyl chains of 
adsorbate molecules are roughly normal to the surface as men- 
tioned. At the higher area represented in Fig. 2, however, alkyl 
chains at an air-water surface are likely to lie along the surface 
in order to interact with the underlying water molecules (13). 
Hence at these areas, the effective A, will be larger than those 
appropriate for the oil-water interface. As the film becomes 
more concentrated, the alkyl chains assume more nearly verti- 
cal orientations and so A, changes. The cohesive pressure as 
defined above therefore contains (changing) repulsive con- 
tributions as well as the attractive contributions. 

Data for air-water films of Cl2E1 and CI2& at high surface 
pressures are shown in Fig. 4 where results for pentadecanol 
(C150H) are also given. The .rr,A curve of CI50H is very similar 
to that obtained for octadecanol (C180H, not shown), and these 
two alkanols were investigated since they have similar overall 
size (i.e. extended chain length) to the surfactants. Some re- 
sults are also shown for dodecanol (formally C12Eo) but these 
are considered to be less reliable than the others as a result of 
the higher solubility in water. At 25°C the films of dodecanol, 
C12El, and CI2& are all expanded up to high pressures, whereas 
monolayers of C150H and C180H are readily condensed. In the 
case of CI2EI and C12&, areas are attained which are consid- 
erably less than the A, values obtained at the heptane-water 
interface and so the E groups are presumably forced out of the 
interface into the aqueous phase. This effect can be expected to 
militate against the formation of condensed films. It is inter- 
esting though that films of C12E1 at temperatures below 25°C do 
eventually become condensed at higher pressures and exhibit 
quite extensive expanded-condensed transition regions. Possi- 
ble origins of such transition regions are discussed by Gaines 
(8). 

Standard free energies of adsorption 
We have suggested, from a consideration of an equation of 

state, that the E groups in C12El and C12& are disposed parallel 
to the oil-water interface and that they have both hydrophilic 
and hydrophobic character at the interface. These ideas can be 
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AVEYARD ET AL. 2745 

quantified in terms of standard free energies of adsorption and 
of transfer between aqueous and oil phases. We first consider 
the significance of various "adsorption free energies" which 
have been reported in the literature. 

The adsorption isotherm equation, which contains a standard 
free energy of adsorption, is obtained by equating the chemical 
potentials of the surfactant in surface ( p S )  and bulk ( p ' )  at 
adsorption equilibrium. For an infinitely dilute film we may 
write 

[71 = p,p's + RT ln (T/T, ,)  

where IT = TRT, p,FqS and p,pqbre standard chemical poten- 
tials, and IT,, and T,, are the standard surface pressure and 
standard surface concentration respectively. If, for a given 
temperatue, IT,, is chosen as being equal to T,, RT then p,FxS = 

p,p."or that temperature. Further, for an ideal dilute solution 

L - 50 

where c,, is the standard concentration. It follows that for ad- 
sorption into an infinitely dilute film 

[9] p - F @.I = hap,: = -RT ln ( ITC, , /CIT , , )~  

and 

[ ~ c I ]  pp-S - p,@'I = hap,? = -RT ln ( r ~ , , ~ ~ r , , ) ~  

- 
a 
X m 

0 2 -  

2 L 6 

10Sx lCIZE1 I or 106x IC,g21 

FIG.  5 .  Plots according to eq. [ I l l  for (a) C12El and (b) CI2E2 
adsorbed at the heptane-water interface at 2S°C. 

20 L o 60 80 ing r,, (= IT,,/RT) varies with T and so the standard enthalpies 
A I ~ % O I ~ C U I ~ - 1  and entropies obtained from the temperature variation of the 

two free energies will differ. 
FIG.  4.  r,A-isotherm for films at the air-water surface (a) CI2E2 For films which are not ideally dilute, expressions [6] and [7] 

at 25°C; (b) C12El at (i) 4.6"C, (ii) 1 1  .g°C; (iii) 15.8"C; (iv) 21.0°C; are no longer true, and for a film obeying the Volmer equation 
(v) 25.0°C; (c) dodecanol at 2S°C; (d) pentadecanol at 25°C. (eq. [4] )  it can be shown that (16) 

- 

where the subscript 0 denotes that the quantity in brackets is 
taken at infinite dilution. If we choose the same c,, and if IT,, = 

T,, RT at the given temperature T ,  hap? and hap? are equal at 
that temperature. If however we choose, for example, a tem- 
perature independent standard surface pressure the correspond- 

where 

and the standard state for the surface is taken as A,, = 2Ao. It 
can be shown that 

where the standard state IT,, = 1 is chosen for hap,:. We have 
data from which we can obtain hap? and we will wish to obtain 
hap:  using eqs. [ 1 1 ]  and [12].  

Sokolowski and Burczyk (6) have obtained values of hap: 
for the adsorption of R,E, (where R is an alkyl group with n 
= 4 to 8 ,  and rn = 1 to 5 )  from water to the air-water surface. 
We will therefore be able to use their data in conjunction with 
our own. On the other hand, Barry and El Eini (4 )  and Guveli 
et al. (5 )  employ a free energy of adsorption defined by 

[13] hap,@ = -RT ln { ( T / c ~ / ~ ) I o ~ N ' / ~ }  

where T is the saturation adsorption at the cmc (c,) .  The signifi- 
cance of hap,@ is not clear. Equation [13] implies that we may 
write 

Comparison of eqs. [8] and [14] (for c,, = 1 )  shows that p,@ = 
+ RT In c'I3 so that p,@ changes with concentration. 

Equation [13] further implies that eq. [7] holds for a concen- 
trated film, which it does not. This must also throw doubt upon 
the significance of the enthalpies and entropies obtained from 
ha k0 

In Fig. 5 are shown plots of {Ao/(A - A,)} exp {Ao/(A - A,)} 
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TABLE 2. Standard free energies of adsorption and 
values of A. 

Value 

Parameter Dodecanol* C12EI C12E2 

* Values for dodecanol taken from ref. 10. 

(= f (A)) against c (in mole fraction x) for C12El and C12E, in 
the heptane-water system. Values o f f  (A) were obtained at 
equal intervals o f x  using the constants in Table 1. The plots are 
very linear and values of have been obtained from the 
slopes using eq. [l 11. Since A, is different for CI2El and CI2E2, 
so are the standard states for the surface. We have therefore 
converted to using eq. [I21 and the various free 
energies are given in Table 2. 

For C12El and C12E, in dilute solution and in dilute mono- 
layers the E groups are probably in contact only with one or, 
at the interface, both of the solvents, but not in mutual contact. 
Manabe et al. (9) have shown that the standard free energy of 
transfer of R,E, (m = 1 to 4) from dilute aqueous solution to 
dodecane varies linearly with m (suggesting the equivalence of 
all E groups up to E4), the E group contribution being within 
experimental error the same for n between 2 and 5.  The mean 
standard free energy of transfer of the E group was found to be 
$2.74 kJ mol-I. From our results, the change in per E 
group (for E l  to E2) is -5.60 kJ mol-'; in view of the transfer 
data we may reasonably suppose this increment holds up to E,. 
It follows that the standard free energy of adsorption of the E 
group from water to the oil-water interface is -2.86 kJ mol-'. 
It is seen then that the E group is surface active (i.e. has a 
negative standard free energy of adsorption) both from water 
and from alkane, but more strongly so from alkane. 

Sokolowski and Burczyk (6) obtain a value for the standard 
free energy of adsorption of the E group from aqueous solution 
to infinite dilution at the air-water surface of - 1.86 kJ mol-'. 
For straight chain alkanols, the difference in baF? per CH2 
group for adsorption from aqueous solution to the oil-water 
and the air-water interfaces is 0.5 kJ mol-I (16). This differ- 
ence for CH2CH2 is thus 1.0 kJ mol-', which is the same as for 
the two CH2 groups in CH2CH20. Clearly, the methylene 
groups of the E moiety are unlikely to extend deep into the 

alkane phase at an alkane-water interface as do the CH, groups 
of a long chain alkanol, but it has been argued elsewhere (10, 
13) that the free energy of interaction of methylene groups with 
interfacial water is similar to that for the corresponding inter- 
action with alkane and that the free energies of CH2 groups in 
chains normal to and parallel to the oil-water interface are 
essentially equal. 

Included in Table 2 is a value for the standard free energy of 
adsorption of dodecanol from octane to the octane-water inter- 
face. The value is more negative than expected if the alcoholic 
OH were the same as the OH in CI2EI  and C12E,. This is in 
accord with the findings of Manabe et al. (9) concerning trans- 
fer free energies. 
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G. W. BUCHANAN, K. BOURQUE, J. W. BOVENKAMP, and A. RODRIGUE. Can. J. Chem. 63, 2747 (1985). 
High field I3C nmr has been utilized for the analysis of new conformational equilibria in each of the title crown ethers at 

low temperature. Evidence indicates that these equilibria arise from restricted rotation in the macrocyclic portions of these 
molecules. The conformational free energy differences between the isomers are small (0.1-0.3 kcal/mol) while baniers to 
their interconversion are of the order of 8.5-9.0 kcal/mol. Comparisons are made with the degenerate equilibria involving 
inversion of the cyclohexane rings. 

G. W. BUCHANAN, K. BOURQUE, J .  W. BOVENKAMP et A. RODRIGUE. Can. J. Chem. 63, 2747 (1985). 
On a fait appel la rmn du I3C 2 haut champ pour analyser de nouveaux Cquilibres conformationnels, a basse temperature, 

dans chacun des Cthers couronnes mentionnks dans le titre. Les donnCes indiquent que ces Cquilibres proviennent de rotations 
emptchCes dans les portions macrocycliques de ces molCcules. Les differences d'Cnergie libre conformationnelle entre les 
isomtres sont petites (entre 0 , l  et 0,3 kcal/mol) alors que les barrikres a leur interconversion sont de I'ordre de 8,5 a 9,O 
kcal/mol. On a fait des comparaisons avec les Cquilibres dCgCnCrCs impliquant l'inversion de cycle dans le cyclohexane. 

I 

I [Traduit par le journal] 

Introduction 
Both the cis-syn-cis (1) and cis-anti-cis (2) isomers of 

dicyclohexano-18-crown-6 (below) are expected to undergo 
degenerate inversions of their 18-membered rings, which nec- 
essarily involve inversion of their cyclohexane rings (1). 

Recently (2) we reported determination of the ring inversion 
barriers for 1 and 2, as well as their 1 : 1 complexes with 
potassium phenoxide using 50.3-MHz I3C nrnr at low tem- 
perature. For 1 and 2, the magnitudes of these barriers (ca. 10.2 
kcal/mol) are similar to those previously measured for cis-1,2- 
disubstituted cyclohexanes (3). Minor increases (ca. 1 kcal/ 
mol) were observed in the barriers for the complexes with 
potassium phenoxide relative to the free crown ethers. 

In our communication (2) it was noted that 50.3-MHz I3C 
spectra of pure 1 and 2, but not the potassium complexes, 
showed evidence of additional spectral features at very low 
temperatures. The inherent sensitivity of the instrument used, 
however, did not permit a clear definition of the phenomena 
involved. 

Presently, we report the results of 100.6-MHz I3C spectra of 
1 and 2 at 173 K. The increased sensitivity and dispersion of 
these spectra have permitted the clear identification of a second 
conformational isomer for each of the pure crown ethers 1 and 

'Author to whom correspondence should be addressed. 

2. From relative intensities of the I3C resonances at 173 K the 
conformational free energy difference between these con- 
formers has been calculated. 

Results and discussion 
(i) Spectra 

The I3C chemical shifts for 1 and 2 in two solvent media at 
298 K are presented in Table 1. Assignments are consistent 
with those reported earlier (4). For each compound only 5 
resonances appear, due to rapid ring inversion on the nrnr time 
scale at this temperature. 

As a typical example of the spectral behaviour of these 
materials as a function of temperature, Fig. 1 shows the 
100.6-MHz I3C spectra of 2 in CD2CI2 between 173 and 293 K. 
Clearly, decoalescence phenomena are first observed for the 
C-1,9,14,22 site, centered at sc = 77.44, and the C- 
11,12,24,25 site at tic = 22.48. A slow exchange spectrum 
results at 198 K, where it appears that there is a simple 1 :.l 
exchange process. The chemical shift differences at the re- 
maining three sites appear to be too small to allow observation 
of resonances for separate conformers. Spectra such as this 
were observed at 50.3 MHz (2) and were employed in the 
earlier barrier calculations for pure 1 and 2, for degenerate ring 
inversion. 

As is evident from Fig. 1, however, further cooling to 
173 K results in additional fine structure being observable at 
100.6 MHz. Resolution enhanced 100.6-MHz I3C spectra for 
the 15-30 ppm and 65-82 ppm ranges of 2 in CD2C12 are 
depicted in Figs. 2 and 3 respectively. 

In the 15-30 ppm region (Fig. 2), the initial two resonances 
at 293 K have, at 173 K, split into eight resonances. These 
eight lines can be divided into four pairs, arising from individ- 
ual non-oxygenated carbons of major and minor conformers 
of 2. 
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TABLE 1. "C Chemical shifts for 1 and 2 at 298 K (& from TMS * 0.01)* 

Compound Solvent C-1,9,14,22 C-3,7,16,20 C-4,6,17,19 C-10,13,23,26 C-11,12,24,25 

*0.4 M solutions. 

C-f,,6,I7)gl r 6 p  
C-10J32P6~ 

FIG. 1 .  The I3C nmr spectra of 2 in CD2C12 as a function of tem- 
perature. 

2 

The highest field pair of resonances near 1 3 ~  = 19.5 arises 
from the symmetry equivalent C-12,25 positions in the major 
and minor conformations. These are the most highly shielded 

FIG. 2. The I3C nrnr spectrum of 2 in CD2C12 at 173 K; 15-30 ppm 
range, resolution enhanced. 

FIG. 3. The I3C nrnr spectrum of 2 in CDzC12 at 173 K; 65-80 pprn 
range, resolution enhanced. 

carbons due to their gauche y-relationship to the axial oxygen 
atoms at sites 15 and 2 respectively (5). The C- 1 1,24 pair of 
carbons are deshielded by ca. 5 ppm relative to C-12,25, an 
observation consistent with the y-trans relationship of C- 
11,24 to the oxygen atoms at positions 8 and 21 respectively. 

The resonance for C- 10,13, 23,26 shows little broadening 
even at 198 K, but finally splits into 4 lines in the range of 
26.30 to 27.74 ppm. Tentative signal assignments can be made 
from additivity using the known P and y I3C substituent effects 
for axial and equatorial OR groups in monosubstituted cyclo- 
hexanes at low temperature (6). This leads to the expectation 
that the C-10,23 site will resonate ca. 1-2 ppm upfield 
from the resonance for C-13,26. The observed difference is 
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TABLE 2. I3C Chemical shifts for individual conformations of 1 (Sc from TMS k 0.01)* at 173 K 

Conformation Solvent C-1,9 C-14,22 C-3,7 C-16,20 C-4,6 C-17,19 C-13,23 C-10,26 C-12,24 C-11,25 

Major CD30D 73.82 80.39 68.25 66.61 71.377 71.37t 27.93t 27.93t 
25.38 20.11 

Minor CD30D 74.45 81.42 69.17 67.93 72.64t 72.64t 28.50t 28.50t 

*0.4 M solutions. 
tPeak overlap. 

TABLE 3. I3C Chemical shifts for individual conformations of 2 (Sc from TMS k 0.01)* at 173 K 

Conformation Solvent C-1 , I  4 C-9,22 C-3,16 C-7,20 C-4,17 C-6,19 C-10,23 C-13,26 C-11,24 C-12,25 

Major CD2CI2 72.38 79.55 66.94 66.24 70.11t 70.11t 26.30 27.05 24.69 19.36 
Minor CD2C12 72.60 79.90 68.81 66.52 70.74t 70.74t 27.74 27.58 24.80 19.58 

Major CD30D 73.23 80.34 68.78 67.18 70.61t 70.61t 27.04 27.63 
25.28 20.15 

Minor CD30D 73.69 81.18 69.48 67.49 71.29t 71.29t 28.75 27.85 

*0.4 M solutions 
tPeak overlap. 

0.75 pprn for the major conformations. Interestingly, in the 
minor conformers this difference decreases, to only 0.16 ppm. 

Figure 3 shows the oxygenated carbon resonances for 2 in 
CD2C12 at 173 K. The lowest field pair of signals in the range 
79-80 pprn arises from the C-9,22 sites of 2 in its major and 
minor conformations. These carbons, bearing equatorial oxy- 
gens, are expected, by analogy with cyclohexanol derivatives 
(7), to be substantially deshielded relative to their counterparts 
C-1,14 which bear axial oxygen atoms. For both the major and 
minor conformation, the difference is ca. 7.2 ppm. 

From Fig. 3, it is evident that considerable peak overlap 
persists in the resonances for the C-4,6,17,19 sites of 2, even 
at 100.6 MHz. Thus, instead of the 4 lines expected here, just 
2 are observed. The resonance at Sc = 70.11 represents a 
composite of several (probably three) signals while the in- 
tensity of the remaining signal at 6, = 70.74 suggests that it 
arises from the minor conformation. 

The remaining four signals are due to the C-3,16 and C-7,20 
sites, as depicted in Fig. 3. Carbons directly bonded to axial 
oxygens (i.e. C-3,16) were found to be substantially deshielded 
relative to their C-7,20 counterparts, which are linked to equa- 
torial oxygens. The result is consistent with our recent findings 
(8) in which axial OCH, carbons in vicinally di- and tri-sub- 
stituted cyclohexanes are always deshielded (by ca. 0.5 - 1.0 
ppm) relative to equatorial OCH, functions. 

In general, similar trends were noted for 2 in CD30D solu- 
tion, although more accidental resonance overlap was ob- 
served. Chemical shift data for individual conformers of 2 in 
CD2C12 and CD30D at 173 K are presented in Table 3. 

In the case of isomer 1, there is also clear evidence for the 

presence of a second conformation at 173 K. There is, how- 
ever, more accidental overlap of resonances for major and 
minor conformers, especially in CD2C12 solution. Accordingly, 
only low temperature data for 1 in CD30D solutions are listed 
in Table 2. 

(ii) Conformations 
A considerable amount of X-ray data is available for com- 

plexes of 1 and 2 (9- 1 1). In these cases, it is generally true that 
the crown ethers assume conformations in which the oxygen 
atoms are displaced alternately above and below the mean 
plane of the 18-membered ring. These conformations are re- 
ferred to as the "all gauche-0-CH2-CH2-0-" or "ideal" 
conformations for complexation. 

For the crown ethers themselves in the solid phase, however, 
X-ray data (12) indicate some changes from the above "ideal" 
complexation geometries. In fact, the results for 1 and 2 sug- 
gest that all six oxygen atoms lie approximately in a plane, with 
the central cavity being elliptical in shape. Of course the con- 
formations of these molecules in solution may vary substan- 
tially from those in the crystal, but the solid state geometries 
can be used as a starting point for discussion. 

It is important to note that the I3C chemical shifts of both 
major and minor conformations of 1 and 2 at 173 K are, on the 
average, within 1 pprn of those for the potassium phenoxide 
complexes at comparable temperatures (2). This suggests that 
there are no major structural perturbations from the "all 
gauche-0-CH2-CH2-0'' geometry in either of the con- 
formations of free 1 and 2. As was noted in the introduction, 
the I3C spectra of potassium phenoxide complexes of 1 and 2 
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show no evidence of the presence of minor crown ether con- 
formers (2) at low temperature. Presumably electrostatic inter- 
actions between the oxygen lone pairs and the cation in the 
cavity will stabilize the "all gauche-0-CH2-CH2-0" con- 
formation in the complex relative to the situation for free 1 
and 2. 

It has been shown (13) that for the network 
-0-CH2-CH2-0-, the conformation in which the oxy- 
gens are gauche is ca. 0.4 kcal/mol more stable than the 
conformer having trans oxygen atoms. With this information 
and the I3C chemical shifts in hand, one can now speculate 
regarding the nature of the major and minor conformations for 
1 and 2 respectively. 

From relative I3C peak areas at 173 K, and use of the equa- 
tion -AGO = RT ln K,,, the conformational free energies were 
determined to be as follows: for 1 in CD30D, 0.10 t 0.04 
kcal/mol; for 2 in CD2C12, 0.31 f 0.05 kcal/mol; and for 2 in 
CD30D, 0.10 f 0.04 kcal/mol. 

It is of interest to note that the I3C chemical shifts for minor 
conformers are all downfield relative to those for the corre- 
sponding carbons of the major isomers. In this context it is 
useful to recall that I3C shifts for carbons involved in 
"y-gauche" interactions are normally upfield from those for 
carbons experiencing more transoid-type y steric situations (5). 
From Tables 2 and 3 it is also evident that the largest chemical 
shift differences between conformers occur at carbons in the 
central 18-membered ring. The smallest differences in I3C 
shieldings between conformers are noted at the C- 11,12,24,25 
sites, which are the most remote from the macrocyclic cavity. 

Based on the points in the preceding paragraph, we conclude 
that the presence of the second conformational isomer in free 
crown ethers 1 and 2 is a conseauence of rotational isomerism 
in the macrocyclic ring. The more populated form, we suggest, 
is the one having all gauche-0-CH2-CH2-0" networks in 
the macrocyclic ring as depicted for 2A (below), with alter- 
nating g+ and g- arrangements. For 2B, the minor form, we 
postulate that there is ring deformation in the central region of 
the macrocycle leading to more transoid character in the 
-0-CH2-CH2-0 networks. 

As our results show, however, there is only a small dif- 
ference in the stability of the conformational isomers, since the 
largest -AGO value is 0.31 + 0.05 kcal/mol for 2 in CD2C12. 

The fact that the barriers to rotation in the macrocyclic rings 
are large enough to permit detection of conformational isomers 

by nmr is perhaps not surprising, in view of recent results (14) 
regarding rotational barriers in substituted ethane units con- 
taining vicinal heteroatoms. 

The present 13C data can be used to calculate A G * ,  the free 
energy of activation for the conformational interconversion in 
the macrocycle at the coalescence temperature. A modified (for 
unequally populated two-site exchange processes) Gutowsky- 
Holm equation and the Eyring equation are used. The rate 
constant k is calculated from the equation (15)2 

n Av K=- 
fip, 

where p, is the site population ratio (larger to smaller area). For 
1 and 2 this calculation leads to barriers in the range of 8.5- 
9.0 kcal/mol. These barriers are ca. 1.5 kcal/mol lower than 
those for the overall ring inversion process (2) for 1 and 2, in 
which cyclohexane ring inversion is necessarily involved. 

An X-ray crystallographic study on complexes 1 and 2 with 
sodium and potassium salts involving unusual host/guest ratios 
has been completed recently (17). Of relevance to the present 
work is the finding that the macrocyclic ring of the solid 
complex of 1 with sodium phenoxide is in a "non-ideal" con- 
formation, similar in nature to those postulated here for the 
minor isomers of 1 and 2 in solution. 

Finally, it should be noted that the nature of the solvent 
undoubtedly plays an important role in affecting the observed 
conformations of the macrocyclic rings of 1 and 2. Recently 
Popov and co-workers (18) have demonstrated the influence of 
solvent association on the ligand conformation in the cryptand 
C221. They classify both solvents used here, i.e. CD2C12 and 
methanol, as "A-class" solvents which are expected to interact 
with crown ethers via hydrogen bonding. We have also exam- 
ined the low temperature I3C spectra of 1 and 2 in a "B-class" 
solvent, namely toluene-d8. In these experiments, there was 
again evidence for additional conformations of 1 and 2; how- 
ever, extensive peak overlap precludes a detailed discussion of 
results. 

Experimental 
(a) Materials 

The commercial mixture of 1 and 2 was separated by published 
methods (16). For 1, mp = 61-63°C and for 2, mp = 69-70°C. 

(b) Spectra 
"C Spectra were recorded at the Univesity of Guelph using a Bruker 

WH-400 spectrometer at 100.6 MHz. Suppressed nOe. 'H decoupling 
was used. Samples were 0.4 M, contained in 5-mm tubes. Typical 
sweep width was 31 250 Hz, acquisition time 0.262 s with 56 K data 
points. Pulse repetition rate was 2.0 s,  with 45" observe pulses. Nor- 
mally 200 spectral accumulations were obtained. Temperatures are 
accurate to k2 .0  K. Chemical shifts are relative to internal TMS. 
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ALASTAIR K. S. MUIR AND PENELOPE W. CODDING' 
Departments of Chemistry and Pharmacology and Therapeutics, University of Calgary, Calgary, Alta., Canada T2N IN4 

Received November 7, 1984 

ALASTAIR K. S .  MUIR and PENELOPE W. CODDING. Can. J. Chem. 63, 2752 (1985). 
The crystal and molecular structures of methyl P-carboline-3-carboxylate, C13HIoN20, a high-affinity ligand for the 

benzodiazepine receptor, are reported. This candidate for the endogenous ligand for the receptor produces a biological response 
that is opposite to the anxiety-reducing effect of the usual agonists of the receptor and is, therefore, classified as an 
inverse-agonist. The space group is P2, /c  with a = 11.4866(9), b = 5.8091(3), c = 32.417(3) A, P = 97.11 1(3)", Z = 8. 
In both of the unique molecules, the ester side chain has an extended conformation and is coplanar with the P-carboline moiety. 
The carbonyl oxygen atom and the aromatic nitrogen atom are cis and form a three-centre hydrogen bond to the amine nitrogen 
atom of the other molecule in the asymmetric unit. 

ALASTAIR K. S .  MUIR et PENELOPE W. CODDING. Can. J.  Chem. 63, 2752 (1985) 
On rapporte les structures cristalline et molkculaire du P-carbolinecarboxylate-3 de mkthyle, un ligand de grande affinitk 

pour le rkcepteur benzodiazkpine. Ce candidat pour le ligand endogkne pour le recepteur produit une reponse biologique qui 
est opposke a l'effet de rkduction d'anxiktk des agonistes usuels du recepteur; on peut donc le classifier comm? agoniste inverse. 
Le composk cristallise dans le groupe d'espace P2 , /c  avec a = 11,4866(9), b = 5,8091(3), c = 32,417(3)A, P = 97 , l l  l(3)O 
et Z = 8. Dans chacune des deux moltcules distinctes, la chaine latkrale de l'ester existe dans une conformation allongke et 
elle est coplanaire avec la P-carboline. L'atome d'oxygkne du groupement carbonyle et l'atome d'azote aromatique sont cis 
et ils foment une liaison hydrogkne a trois centres avec l'atome d'azote de I'amine de l'autre molkcule de l'unitk asymetrique. 

[Traduit par le journal] 

Methyl P-carboline-3-carboxylate (hereinafter CCM) is one 
of several P-carboline derivatives that have been studied as 
possible endogenous ligands for the benzodiazepine receptor 
(1). The identity of the natural ligand for the benzodiazepine 
receptor is not certain, as the isolation procedures from rat 
brain and from urine have been shown to chemically modify the 
naturally occumng P-carboline isolate to the ethyl ester. CCM 
binds with high affinity (2-4) to the receptor and displaces 
diazepam, an agonist. The P-carbolines produce three different 
responses when bound to the benzodiazepine receptor; the 
methyl ester is a convulsant (opposite to the agonists and hence 
labeled an inverse-agonist), the ethyl ester is a proconvulsant 
(potentiates the onset of convulsions), and the propyl ester acts 
as a weak agonist (anticonvulsant). ~ r a e s t r u ~ e t  al. (5) report 
that the binding of the P-carbolines and, hence, their effects are 
mediated by the inhibitory neurotransmitter, y-aminobutyric 
acid (GABA). The sensitivity of the binding of benzodiazepine 
receptor ligands to the presence of GABA has suggested an 
allosteric regulation of the GABA receptor by benzodiazepines 
(6). Recent models for this mechanism propose a multi- 
conformation receptor; the different conformations are induced 
by' the binding of ligands of different biological effect (6, 7). 

These observations indicate the importance of the P-carbo- 
lines in the development of an understanding of the benzo- 
diazepine receptor. The shapes and receptor binding character- 
istics of these molecules play an integral role in the biological 
response that they produce. The methyl ester has the highest 
affinity for the receptor of any of the P-carbolines that have 
been structurally characterized. The X-ray structure determina- 
tion of CCM is part of an ongoing study of the ligands for this 
receptor (8). 

'This paper has been presented in part: see Abstracts of the 13th 
International Congress of Crystallography, Acta Crystallogr. Sect A, 
40(S), C62 (1984). 

'Author to whom correspondence should be addressed. 
'As this paper was being reviewed, a communication of this struc- 

ture appeared; see ref. 29. 

Experimental 
A sample of CCM was provided by Drs. R. Coutts and R. Micetish 

of the Faculty of Pharmacy, University of Alberta. CCM was re- 
crystallized from a 3: 1 ethanol-water mixture. A colourless, rectan- 
gular crystal (0.20 X 0.20 X 0.25 mm) was cut from the end of a 
long needle and mounted along its axis for data collection on an 
Enraf-Nonius CAD4F automated diffractometer. 

Crystal data 
Monoclinic, systematic absences (h01); 1 = 2n + 1 and (OkO); 

k = 2n + 1, sQace group P2, /c ,  a = 11.4866(9), b = 5.8091(3), 
c = 32.417(3) A, P = 97.111(3)O, V = 2146.4(3)A3, = 8, Dc = 
1.400 g cm-', T = 20°C, CuK,, Ni filter, A = 1.541 8 A, w/20 scan, 
D, = 1 S(0.53 + 0.14 tan 0), Om,, = 70°, 4043 unique reflections 
collected, 3290 observed (1 2 2.5u(I)), p = 4.07 cm-I. Three in- 
tensity standards were measured every 1800 s and showed no deterio- 
ration. Lorentz and polarization corrections were applied. E values 
were calculated by applying K curve. 

The structure was solved using MULTAN 78 (9); all non-hydrogen 
atoms in the two molecules in the asymmetric unit were identified in 
the first E synthesis. All calculations (other than MULTAN) were 
done using the XRAY 76 system of programs (10) implemented on a 
Honeywell computer. X-ray scattering factors were those of Cromer 
and Mann (1 1) except that the scattering factor of Stewart et al. (12) 
was used for the hydrogen atom. Hydrogen atom positions were lo- 
cated in difference Fourier syntheses. The least-squares refinement 
was blocked with the anisotropic thermal parameters for the non- 
hydrogen atoms, the isotropic thermal parameters of the hydro- 
gen atoms, and the positional parameters of all atoms of one unique 
molecule in each block. The final R value is 0.049, R ,  = 
((Cw IF, I - ( F c  ~)'/CW(F,)')"' = 0.069, standard deviation of an 
observation of unit weight is 1.36, the average shiftlerror = 0.10, 
and the maximum shift/error = 0.82. The function minimized was 
w(l F, I - I Fc 1)' where the weight, w, is defined as ((o(F,))' + 
0.0015~:)-~. The 3700 reflections used in the refinement were the 
3290 observed reflections and only those unobserved reflections (410 
data) that had Fc2 > 2.5u(Io). An isotropic extinction correction was 
applied (13) and refined to a value of g = 21.9(6) x The peaks 
in the final different? Fourier synthesis had maximum/minimum val- 
ues of +/- 0.33 e A - ~  and were associated with the C(l0)-C(l1) 
bond. 
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MUIR AND CODDING 

TABLE 1. Atomic coordinates (X105 for the non-hydrogen 
atoms and X lo4 for the hydrogen atoms) and equivalent iso- 
tropic thermal parameters ( x  10) for the two unique molecules. 
Bi,, is given for the hydrogen atoms. B,, = 113 (trace of the Bij 

matrix) 

Atom x /a Ylb Z / C  B C, 

Atom xla  Ylb Z / C  B iso 

FIG. 1. The molecular conformation and the atomic labeling 
scheme for one of the two unique molecules of CCM. The con- 
formation of the other unique molecule is nearly identical and the atom 
labels are distinguished by primes ( I ) .  The drawing was made with the 
program ORTEP (27). 

The atomic coordinates are given in Table 1 with the atoms labeled 
as in Fig. 1 .4  The second molecule of the asymmetric unit is dis- 
tinguished by a prime ( I ) .  The bond lengths and angles are shown in 
Table 2. 

Discussion 
The important features of this structure are the conformation 

of the ester side chain and the intermolecular interactions in the 
crystal environment. The side chain in each of the unique 
molecules has approximately the same orientation; the torsion 
angle, N(2)-C(3)-C(31)=0(34), is 3.2(1)" in one mole- 
cule and -5.3(2)" in the other. This orientation places the 
nitrogen atom of the pyridine fragment of the P-carboline and 
the carbonyl oxygen atom of the ester side chain in a cis 
configuration and is opposite to the side chain conformation 
observed in the carboxyamide derivative of P-carboline (8). In 
the carboxyamide case, all published examples of that side 
chain and a similar aromatic N atom were found in the trans 
configuration. Lawson et al. (14) have determined through 
structure-activity studies of P-carbolines that, for high af- 
finity, the C(3) substituent interacts with specific sites rather 
than through a general electrostatic interaction. Since the 
methyl ester derivative has a higher affinity for the benzodi- 
azepine receptor (1.5 - 19 nM (15, 16)) than the carboxyamide 
derivative (250 nM (17)) and has a different configuration of 
the side chain, the relative populations of the possible orienta- 
tions of the ester group are important to the determination of the 
position and number of specific sites. 

The Cambridge Structural Database5 was searched for exam- 
ples of the ester side chain attached to a fragment similar to the 
P-carboline pyridine ring; three populations of side chain orien- 
tation were found. In the cases that had a bulky substituent on 
the carbon atom (C(4) in this numbering scheme) that is on the 
opposite side of the ester bearing atom (C(3)) from the nitrogen 
atom (N(2)), the torsion angles (N-C-C=O) were in the 
range 55- 127". There were 7 examples of this steric crowding. 
The trans configuration (torsion angles from 140- 180") was 
observed in 8 cases. Four of these cases came from two crystal 

?he anisotropic thermal parameters, the observed and calculated 
structure factors, and the REFCODES for the Database search may be 
purchased from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada, KIA 0S2. 

'Tables of torsion angles, ref. codes, and references are available 
from the authors. 
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TABLE 2. Bond distances (A) and bond angles (') for the 
non-hydrogen atoms of the two unique molecules. Esti- 

mated standard deviations are in parentheses 

Distances (A) Molecule A Molecule B* 

FIG. 2. A detail of the crystal packing of CCM showing the three- 
centre intermolecular hydrogen bonds. The labeled distances are 
a = 2.27(2), b = 2.54(2), a' = 2.04(2), and b' = 2.91(2) A. The 
drawing was made with the computer program PLUTO (28). 

Angles (') Molecule A Molecule B* 

*The atoms of molecules A and B have the saine number 
except that those of moleciile B are primed (see Table 1). 

structures of the pyrromethane moiety; in one case the trans 
form is stabilized by an intramolecular N-H...N hydrogen 
bond and in the other by ion pairing with a Br- ion. Thus these 
four observations are not directly comparable to the fragment 
contained in CCM. The cis configuration (torsion angles from 
1-43") was observed 10 times; in only three cases were H 
bonds reported. In two of these cases a three-centre H-bond 
involving the two cis electronegative atoms could be observed; 
in the other case the N atom is protonated and forms a hydrogen 

bond with a C1- ion. In general, these structures had few H 
atom donors so that the effect of stable H-bond formation on 
the relative populations of the configurations could not be fully 
assessed. 

The data base searches on the carboxyamide (8) and ester 
side chains of fragments similar to the P-carboline moiety 
indicate that the conformation of the side chain is dictated by 
.rr interactions that keep the side chain coplanar with the ring 
and by interactions with the aromatic nitrogen atom. These 
forces can be overcome by steric effects if there are substituents 
vicinal to the side chain and opposite the nitrogen atom. Bulky 
side chains in this position cause the rotation of the ester frag- 
ment to a position ca. 55' out of the plane. 

Intermolecular contacts observed in crystals have been used 
as models for the types of interactions in receptor- ligand inter- 
actions (18, 19). The crystalline environment in this structure 
has a three-centre intermolecular hydrogen bond (see Fig. 2) 
formed by the interaction between the cis configuration of the 
aromatic nitrogen atom and carbonyl oxygen atom as the ac- 
ceptors and the amine nitrogen atom, N(9), as the donor. The 
parameters describing these bonds are given in Table 3.. The 
hydrogen-bonding distances are slightly different in the two 
unique interactions; the differences arise from a slip of one 
molecule past the other in the hydrogen-bonding plane. The 
distance between the two N atoms involved in the three-centre 
bonds is greater than the sum of the van der Waals radii for 
these atoms. Hamilton and Ibers (20) have noted that such a 
discrepancy occurs in weak hydrogen bonds and have stated 
that a more restrictive criterion is the separation between the H 
atom and the acceptor atom. To apply this criterion involving 
the position of the H atom, the systematic errors in X-ray 
determinations of bond distances involving hydrogen have to 
be overcome. The simplest method (21) for correcting for this 
error is to "normalize" the hydrogen atom position by moving 
the H atom along the N-H line to the average neutron- 
determined distance, which for N-H is 1.03 A (22). This 
correction was applied; the "normalized" parameters for the 
hydrogen bonds are given in Table 3. All but one of the 
"normalized" H atom to acceptor atom distances meet the re- 
strictive criterip of Hamilton and Ibers. The H(9) ... N(2) sep- 
aration is 0.2 A longer than the sum of the van der Wads radii 
for the atoms; evenso, this contact is still a close one and can 
be considered to be weakly attractive. Thus, each of the unique 
molecules acts as both a donor and an acceptor for these three- 
centre bonds. 

Three-centre hydrogen bonds including the N-H O=C 
functionality have been the subject of a recent analysis (22). Of 
1509 hydrogen bonds with this functionality, 304 were defined 
as three-centre bonds. It was found that the nonbonded re- 
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MUIR AND CODDING 

TABLE 3. Intramolecular hydrogen bond distances and angles. The values in square 
brackets were obtained after the N-H distances were normalized following ref. 22 

D..-A D-oH 
Atoms in A in A 

N(9)'-H(9)' a-.0(34) 2.819(4) 0.86(2) 
[1.03] 

N(9)'-H(9)' N(2) 3.637(5) 0.86(2) 
[1.03] 

N(9)-H(9) O(34)' 2.919(4) 0.85(2) 
[1.03] 

N(9)-H(9). N(2)' 3.317(3) 0.85(2) 
[1.03] 

pulsion between the two acceptor atoms caused the hydrogen 
bonds to deviate considerably from linearity and made short 
Ha-. 0 distances unfavorable. The parameters for the hydrogen 
bonds found in the crystal lattice of CCM are in agreement with 
these conclusions. In addition to the hydrogen bonds found in 
CCM, two examples of three-centre bonding were found in the 
specific Database search mentioned above. The first example 
has a water molecule as the donor of the shared hydrogen atom; 
this hydrogen bond determines the conformation of the ethyl 
side chain in the thiazole (23). The second example has an 
intramolecular three-centre bond wherein the nitrogen atom 
nearest the ester linkage is protonated and donates to both the 
carbonyl oxygen atom and a morpholino nitrogen atom (24). 
Together, these findings suggest that the three-centre bond is 
stable and can be a part of the chemistry of this molecular 
fragment. 

Theoretical calculations (25) of the low energy conforma- 
tions of the side chains in P-carbolines confirm the crystal- 
lographic observation of two equivalent conformations for the 
ester side chain (cis and trans) and one low energy con- 
formation for the carboxyamide side chain (trans). In these 
calculations, the binding sites for the side chains were modeled 
with cationic sites on the receptor. A single cationic site would 
bind to the cis conformer of the ester side chain and another 
active derivative with a cyano side chain, but would not bind 
to the trans conformer of the ester or to the carboxyamide, 
which only exists in the trans conformation. Thus a single site 
is consistent with the high affinity of the ester and the cyano 
derivatives and the low affinity of the carboxyamide com- 
pound. The three-centre hydrogen bond observed in this crystal 
structure exemplifies the type of interaction possible with such 
a cationic site. 

In addition, the consistent participation of the amine nitrogen 
atom, N(9), in hydrogen bonds in the crystal structures of 
P-carbolines (ref. 8 and this work) and in the naturally oc- 
cumng harmaline (26) is indicative of the acidity of this atom 
and suggests that this interaction is also part of the receptor 
binding features of P-carbolines. 

In summary, the crystal structures of P-carboline ligands of 
the benzodiazepine receptor (refs. 8,  26, and this work) have 
identified some possible features of their receptor site inter- 
actions. These include the formation of a three-centre hydrogen 
bond involving a cis conformation of the side chain and the 
participation of the acidic nitrogen atom, N(9), in a separate 
hydrogen bond. 

Acknowledgements 
This research was supported by the Alberta Heritage Foun- 

dation for Medical Research (Studentship to A.K.S.M. and 

Scholarship to P.W.C.) and the Medical Research Council of 
Canada (grant no. MA-8087 to P.W.C.). The authors wish to 
thank Drs. R. T. Coutts and R. Micetish for kindly supplying 
methyl P-carboline-3-carboxylate. 

1. C. BRAESTRUP, M. NIELSON, and C. E. OLSEN. Proc. Natl. Acad. 
Sci. U.S.A. 77, 2288 (1980). 

2. M. SCHWERI, M. CAIN, J. COOK, S. PAUL, and P. SKOLNICK. 
Pharmacol. Biochem. Behav. 17, 457 (1982). 

3. L. P. DE CARVALHO, G. GRECKSCH, G. CHAPOUTHIER, and 
J. ROWER. Nature (London), 301, 64 (1983). 

4. J .  H. SKERRITT and R. L. MACDONALD. Eur. J. Pharm. 101, 135 
(1984). 

5. C. BRAESTRUP, R. SCHMIECHEN, G. NEFF, M. NIELSEN, and 
E. N. PETERSEN. Science, 216, 1241 (1982). 

6. J. F. TALLMAN. In Benzodiazepine recognition site ligands: bio- 
chemistry and pharmacology. Edited by G. Biggio and E. Costa. 
Raven Press, New York, 1983. p. 21. 

7. P. POLC, E. P. BONETTI, R. SCHAFFNER, and W. HAEFELY. 
Naunyn-Schmiedeberg's Arch. Pharmacol. 321, 260 (1982). 

8. A. K. S. MUIR and P. W. CODDING. Can. J. Chem. 62, 1803 
(1984). 

9. G. GERMAIN, P. MAIN, and M. M. WOOLFSON. Acta Crystallogr. 
Sect. A, 27, 368 (1971). 

10. J. M. STEWART. The X-ray system of crystallographic programs. 
Computer Science Center, University of Maryland, College Park, 
MD. 1976. 

11. D. T. CROMER and J. B. MANN. Acta Crystallogr. Sect. A, 24, 
321 (1968). 

12. R. F. STEWART, E. R. DAVIDSON, and W. T. SIMPSON. J. Chem. 
Phys. 42, 3175 (1965). 

13. A. C. LARSON. Acta C~stallogr. 23, 664 (1967). 
14. J. A. LAWSON, E. T. UYENO, J. R. NIENOW, G. H. LOEW, and 

L. TOLL. Life Sciences, 34, 2007 (1984). 
15. M. CAIN, R. W. WEBER, F. GUZMAN, J. M. COOK, S. A. 

BARKER, K. C. RICE, J. N. CRAWLEY, S. M. PAUL, and 
P. SKOLNICK. J. Med. Chem. 25, 1081 (1982). 

16. C. BRAESTRUP and M. NIELSEN. J. Neurochem. 37, 333 j1981). 
17. R. A. LOCOCK, G. B. BARKER, R. G. MICETISH, R. T. E ~ ~ I T S ,  

and A. BENDERLY. Prog. Neuro-Psychopharmacol. Jhol. Psy- 
chiatry, 6, 407 (1982). 

18. G. GILLI, P. A. BOREA, V. BERTOLASI, and M. SACERDOTI. In 
Molecular structure and biological activity. Edited by J. F .  Griffin 
and W. L. Duax. Elsevier Biofnedical, New York. 1982. p. 259. 

19. P. MURRAY-RUST and J. P. GLUSKER. J. Am. Chem. Soc. 106, 
1018 (1984). 

20. W. C. HAMILTON and J. A. IBERS. In Hydrogen bonding in 
solids. W. A. Benjamin, New York. 1968. p. 15. 

21. G. A. JEFFREY and L. LEWIS. Carbohydr. Res. 60, 179 (1978). 
22. R. TAYLOR, 0 .  KENNARD, and W. VERSICHEL. J. Am. Chem. 

SOC. 106, 244 (1984). 
23. R. A. RETON, D. C. HUMBER, S. M. ROBERTS, P. G. OWSTON, 

and K. HENDRICK. J. Chem. Soc. Chem. Commun. 968 (1983). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2756 CAN. J .  CHEM. VOL. 63. 1985 

24. L. TOUPET and Y. DELUGEARD. Acta Crystallogr. Sect. B, 35, 27. C. K. JOHNSON. ORTEP Report ORNL-3794. Oak Ridge 
1935 (1979). National Laboratory, Oak Ridge, TN. 1965. 

25. G. LOEW, J. LAWSON, L. TOLL, E. UYENO, C. KEYS, and 28. S. MOTHERWELL. PLUTO, University Chemical Laboratory, 
D. SPANGLER. 25th Medicinal Chemistry Symposium, SUNY Cambridge, England. 1979. 
Buffalo, June, 1984. 29. V. BERTOLASI, V. FERRE-ITI, G. GILLI, and P. A. BOREA. Acta 

26. W. REIMERS, H. GUTH, and W. Zu-TAO. Acta Crystallogr. Sect. Crystallogr. Sect. C, 40, 1981 (1984). 
C, 40, 977 (1984). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Synthesis and equilibration of conformationally rigid cis and trans tricyclic mono and 
dithioacetals. An evaluation of stereoelectronic (anomeric) effects in thioacetals' 

PIERRE DESLONGCHAMPS AND DANIEL GuAY2 
Laboratoire de synthPse organique, Dipartement de Chimie, Facultt des Sciences, Universitt de Sherbrooke, 

Sherbrooke (Qut . ) ,  Canada J I K  2Rl 

Received December 10, 1984 

PIERRE DESLONGCHAMPS and DANIEL GUAY. Can. J. Chem. 63, 2757 (1985). 
The synthesis of cis and trans tricyclic monothioacetals 5-8 and dithioacetals 9 and 10 is reported (Schemes I and 2). The 

cis isomers 5, 7 ,  and 9 are the kinetic products of cyclization, a result which is explained on the basis of stereoelectronic 
principles. Equilibration studies (Table 1) led to an evaluation of the anomeric effect for sulfur; it was found to be of the same 
order as that for oxygen. 

PIERRE DESLONGCHAMPS et DANIEL GUAY. Can. J. Chem. 63, 2757 (1985). 
La synthkse des monothioacCtals 5-8 et dithioacktals tricycliques 9 et 10 est dCcrite (Schtmas 1 et 2). Les produits cinCtiques 

de cyclisation sont les isomkres cis 5, 7 et 9 tel que prCdit par les principes du contr6le stCrCoClectronique. Des Ctudes 
d'kquilibration ont permis d'Cvaluer que I'effet anomkre du soufre est du mCme ordre de grandeur que celui de I'oxygkne. 

The acetal function can take six different gauche con- 
formations (3) and the relative stability of these conformers 
depends on stereoelectronic (anomeric (4) and exo-anomeric 
(5)) effects and standard steric interactions (1). A valuable 
experimental method for the determination of the relative sta- 
bility of these conformers and for the evaluation of stereo- 
electronic effects is to construct and equilibrate stereochemical 
isomers which exist in different but rigid conformations. 

Using this approach, Descotes et al. (6) carried out the 
acid equilibration of cis and trans bicyclic acetals 1 and 2 
(Scheme 1) at 80°C and found, at equilibrium, a mixture of 
57% cis and 43% trans. Since the cis isomer 1 has one an- 
omeric effect (i.e., one oxygen electron pair antiperiplanar to 
a C-0 bond) and the trans isomer has none, and taking into 
consideration steric3 and entropic4 factors, these authors arrived 
at a value of 1.4 kcal/mol for the anomeric effect in structure 

'For general leading references on this subject, see pp. 21 -26 in 
ref. 1 and pp. 23-26 in ref. 2. 

'N.S.E.R.C.C. (Ottawa) and F.C.A.C. (Quebec) predoctoral fel- 
lowships 1982- 1985. 

'Cis isomer 1 is sterically less stable than trans isomer 2 by - 1.65 
kcal/mol: one gauche form of n-butane, 0.85 kcal/mol and an oxygen 
axial to cyclohexane, 0.8 kcal/mol. 

41somer 1 is a cis decalin which is conformationally mobile; on that 
basis, isomer 1 is more stable than the conformationally rigid trans 
isomer 2 by 0.42 kcal/mol at 80°C. 

1. More recently, the equilibration of conformationally rigid 
cis and trans tricyclic acetals 3 and 4 was reported by our 
laboratory (7). The cis isomer 3 was found less stable (45% at 
equilibrium) than the trans isomer 4 by 0.14 kcal/mol. As a 
result, after taking into consideration the steric interaction of 
the cis isomer 3 (the same as in 1, 1.65 kcal/m01),~ the an- 
omeric effect in structure 3 was estimated to be 1.5 kcal/mol, 
confirming the value of Descotes. 

We wish now to report the synthesis and the acid equi- 
libration of three pairs of cis and trans tricyclic thioacetals, 
namely, monothioacetals 5 and 6, monothioacetals 7 and 8, and 
dithioacetals 9 and 10. Analysis of these results allows an 
evaluation of the anomeric effects of the sulfur and the oxygen 
atoms in the mono and the dithioacetal  function^.^ 

Synthesis and equilibration studies 
The syntheses of cis and trans tricyclic monothioacetals 5, 

6, 7, 8 and dithioacetals 9 and 10 are summarized in Scheme 
2. The known bicyclic ally1 lactone 12 was prepared from 

5 ~ h e  1,7-dioxaspiro[5.5]undecane system and the corresponding 
sulfur analogs have also been extensively studied. This spiro system 
can theoretically take three different conformations having re- 
spectively two, one, and zero anomeric effects. This work has led to 
an evaluation of the anomeric and exo-anomeric effects in ketals, and 
in mono and dithioketals (8). For previous studies on 2-substituted 
thianes, see refs. 9 and 10. 
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bicyclic lactone 11 following a published procedure (7), and 
converted into thioacetate bicyclic lactone 13 in 9 1 % yield via 
the addition of thioacetic acid (1 1). Reduction of 13 with di- 
isobutylaluminium hydride (DIBAH) gave the intermediate 
thiol hemiacetal 14, which on treatment with benzene con- 
taining a catalytic amount of p-toluenesulfonic acid (PTSA) 
gave a 9: 1 crystalline mixture of cis and trans tricyclic mono- 
thioacetals 5 and 6 in 80% yield. A trans enriched mixture 
(ratio 85: 15) was obtained after equilibration and chro- 
matography. The complete separation of the cis and the trans 
isomers was not successful. 

Reaction of bicyclic lactone 11 with trimethylsilyl iodide 
(12) gave iodo carboxylic acid 15 (97% yield), which was then 
converted into iodo acid chloride 16 by reaction with oxalyl 
chloride. The iodo acid chloride 16 was then transformed into 
bicyclic thiolactone 17 (87% yield) by reaction with hydrogen 
sulfide in dichloromethane in the presence of triethylamine. 
Alkylation (13) of bicyclic thioiactone 17 (LDA: THF- 
HMPA, -78°C) with allyl bromide gave pure allyl bicyclic 
thiolactone 18 in 85% yield after chromatography. Reduction 
of allyl bicyclic thiolactone 18 with DIBAH followed by a 
reflux in benzene containing PTSA gave pure allyl bicyclic 
thioenolether 19 in 87% yield after chromatography. Selective 
hydroboration-oxidation (14) (Me,S/BH3, cyclohexene, 
THF; H202, NaOH) of the terminal olefin of 19 yielded hy- 
droxy bicyclic thioenolether 20 (82% yield), which on treat- 
ment with a mixture of benzene, methanol, trimethyl ortho- 
formate, and PTSA at room temperature gave a 85 : 15 mixture 
of cis and trans tricyclic thioacetals 7 and 8 (88% yield). Both 
isomers could be obtained pure by chromatography. 

Addition of thioacetic acid (1 1) on allyl bicyclic thiolactone 
18 gave thioacetate bicyclic thiolactone 21 in 95% yield. Re- 
duction of 21 with DIBAH followed by a reflux with PTSA in 
benzene gave a 95 : 5 mixture of cis and trans tricyclic thio- 
acetals 9 and 10 in 93% yield. Both isomers could be separated 
by chromatography. 

Equilibration of an 85: 15 mixture of cis and trans tricyclic 
monothioacetals 5 and 6 (benzene, PTSA catalytic, reflux, 6 h) 
gave a cisltrans ratio of 47 : 53. Equilibration of an 88 : 12 
mixture of cis and trans tricyclic monothioacetals 7 and 8 
(methanol, benzene, trimethylorthoformate, PTSA (1 mol- 
equiv.), reflux, >2.5 h) gave a cisltrans ratio of 57:43. 
Finally, equilibration of a 95 :5 mixture of cis and trans 
tricyclic dithioacetals 9 and 10 (PTSA (1 mol-equiv.), ben- 
zene, 1 3  days) produced a cisltrans ratio of 62: 38.6 

'The following observations were also made. When the cy- 
clization of thiol hemiacetal 14 was carried out under milder 
acid conditions and for a shorter time, the reaction was not 
completed (30-50%) but a 97:3 mixture of cis and trans 
tricyclic monothioacetals 5 and 6 was produced. When the 
cyclization reaction of 20 was quenched prior to completion, a 
98 : 2 mixture of cis and trans tricyclic monothio acetals 7 and 
8 was formed. Taking these results along with the equilibration 
studies just described, it appears clear that the kinetic products 
of the cyclization of 14,20, and 22 are the cis isomers 5 ,7 ,  and 
9, respectively. 

The stereochemical assignment of cis and trans tricyclic 
compounds 5-10 was made by 250-MHz nrnr spectroscopy 
and by comparison with spectral data obtained from the cis and 

6Formation of secondary products (520% by weight) was observed 
in the course of these equilibration experiments, especially under the 
vigorous acidic conditions. 

TABLE 1. Equilibration of cis and trans tricyclic mono and dithio- 
acetals 3-10 

% at AG 
Compounds equilibrium* (kcal/mol, 80°C) A.E. Reference 

314 45 : 55 -0.14 1.5 8 
516 47 : 53 -0.08 1.6 This work 
718 57 : 43 0.20 1.8 This work 
9/10 62:38 0.34 2.0 This work 

*Evaluated by nmr and vpc analysis (*2%). 

trans bicyclic and tricyclic acetals 1-4. In the cis series, the 
anomeric hydrogen appears either as a broad singlet or as a 
doublet ( J  = 3 Hz) whereas in the trans series, the same 
hydrogen shows a doublet ( J  = 9.5 Hz). 

Discussion 
The preferential formation of the cis tricyclic acetal 3 over 

the trans isomer 4 under kinetically controlled conditions was 
previously reported (7) and this selectivity was explained by a 
combination of steric and stereoelectronic effects which control 
the formation of a cyclic acetal. The preferential formation of 
the cis isomers 5, 7, and 9 that is similarly observed can be 
explained on the same basis. Indeed, between the two pro- 
cesses 23 += 24 and 23 += 25 += 26 (X = 0 or S, Y = OH or 
SH), which lead respectively to the cis and the trans isomer 
(Scheme 3), the former process, which takes place via a chair 
intermediate (24), is favored energetically over the latter, 
which can only occur via an intermediate having a boat con- 
formation (25) because of stereoelectronic reasons. Con- 
sequently, these results demonstrate that in the cyclization of 
23, stereoelectronic effects are operative when the incoming 
nucleophile is either an OH or an SH group, and more in- 
terestingly, even when the heteroatom of ring B is a sulfur 
atom. 

The equilibration study of cis and trans isomeric compounds 
3-10 is summarized in Table 1. It can be seen that there is a 
small increase of the cis isomer when ring C contains a sulfur 
atom. This study also shows that the proportion of the cis 
isomer is higher when the ring B heteroatom is sulfur rather 
than oxygen. 

The cis isomeric series (cf. 24) possesses one electron pair 
on atom X, which is antiperiplanar to the polar C-Y bond. 
Such a situation is not found in the trans series (cf. 26); as a 
result, the cis series should be stabilized by one anomeric 
effect. in contrast to the trans series. On the other hand. the 
trans series, by comparison with the cis series, is free from 
steric interactions. Since the difference in energy between the 
cis and the trans series can be established experimentally by 
equilibration, the stereoelectronic effects foundin the cis series 
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can be estimated correctly provided that the steric effects of the 
cis isomers are properly evaluated. 

The cis isomeric series (cf. 24) contains one gauche form of 
butane (C4-C5-C6-C7) and the two gauche forms of seg- 
ments Y-Cl-X-C13 and Y-C1-C6-C7. The gauche 
steric interactions of S-CH2-CH2-CH2 and 0-CH2- 
CH2-CH, segments can be estimated to be about 0.4 
kcal/mol on the basis that steric effects due to an axial OR (15) 
or SR (16, 17) group in cyclohexane are approximately the 
same (-0.8 kcal/mol). If the assumption is made that the steric 
interactions of the gauche segment Y-Cl-X-C13 will be 
approximately the same as those of Y-C1-C6-C7, i.e. 
they are of the same order (-0.4 kcal/mol), the anomeric 
effect for the oxygen atom of ring B in the cis isomer 5 must 
correspond to a value of 1.6 kcal/mol, whereas that for the 
sulfur atom in the cis isomers 7 and 9 must correspond to 1.8 
and 2.0 kcal/mol respectively. 

The first conclusion which can be reached from this analysis 
is that the anomeric effect of the sulfur atom is of the same 
order as that for the oxygen atom (Table 1). A similar conclu- 
sion was reached in our study of mono and dithio spiroketals 
(8- 

A second conclusion which may be reached from this anal- 
ysis is that the anomeric effect of the sulfur atom in ring B 
would be larger than that for an oxygen, and that this stereo- 
electronic effect would be even larger when ring C contains a 

I sulfur atom. We think, however, that this a priori unexpected 
conclusion7 is very likely incorrect because the value taken for 
the steric interactions must be smaller when the heteroatom is 
sulfur (18-20). Indeed, with a sulfur atom, the C-X and the 
C-Y bonds are longer and this should lead to fewer steric 
interactions and, if smaller values are taken for the steric ef- 
fects, the value for the anomeric effect will be diminished 
accordingly .' 

I It is also interesting to mention that the equilibration of the 
cis and trans isomers 5 and 6 requires only a catalytic amount 
of PTSA, whereas that of the other two series (7,8, and 9, 10) 
requires one mol of PTSA per mol of thioacetal. Furthermore, 
the equilibration of isomers 9 and 10 is much slower (>24 h) 
than that of 7 and 8 (a few hours). This order of ease of reaction 
(5, 6 > 7, 8 > 9, 10) might be a reflexion of two distinct 
effects. First, the double bond in intermediate 23 might be 
more readily formed when X is an oxygen atom (22). Second, 
and less important, is the fact that sulfur is harder to protonate 
than oxygen (23). Further experimentation is, however, neces- 
sary to ascertain the rationalization of these observations. 

Conclusion 
The cis tricyclic monothio and dithioacetals 5, 7, and 9 are 

the kinetic products of cyclization and these results can be 
readily explained on the basis of the stereoelectronic theory. 

'Recent ab initio calculation (STO-3G) on thiomethanol, meth- 
anedithiol, and methanediol suggests that there is a relative decrease 
in the anomeric effect on changing from oxygen to sulfur (21). 

'Sources of stenc energy other than the gauche interactions have 
also been neglected in our study because they are not available. More 
precise information on these effects is necessary to evaluate further the 
importance of the anomeric effect in mono and dithioacetals. Since 
compounds 5, 6,8-10 are crystalline, X-ray structures and molecular 
modeling could be used to evaluate further those effects which would 
lead to a more precise evaluation of the anomeric effect for these 
compounds. 

Equilibration studies carried out on the cis and trans monothio 
and dithioacetals 5-10 lead to an evaluation of the anomeric 
effect. The value obtained is of the same order of magnitude for 
the oxygen and the sulfur atoms (-1.5 kcal/mol). A more 
precise conclusion cannot be reached because of the uncer- 
tainty in the evaluation of the steric interactions. 

Experimental 
All reactions were conducted under an argon atmosphere. Tri- 

ethylamine, methylene chloride, and benzene were distilled over 
calcium hydride whereas ether and tetrahydrofuran were dried by 
distilling over sodium benzophenone. Melting points were determined 
on a Biichi M-50 apparatus, and are uncorrected. Infrared (ir) spectra 
were taken on a Perkin-Elmer 68 1 spectrophotometer. Proton nuclear 
magnetic resonance spectra ( ' H  nmr) were recorded on a Bruker 
WP-60 and a Bruker WM-250 instrument. Carbon nuclear magnetic 
resonance spectra ("C nmr) were recorded on a Bruker WM-250 
instrument. Mass spectral assays and peak matching were obtained 
using a VG Micromass ZAB-IF spectrometer. Vapor phase chro- 
matographic (vpc) analysis was carried out on a Hewlett-Packard 
5710A gas chromatograph with a flame ionization detector (capillary 
column OV-101, 25 meter). For flash chromatography, Merck Kiesel 
gel 60 (230-400 mesh A.S.T.M.) was used. 

Thioacetate bicyclic lactone 13 
Ally1 bicyclic lactone 12 (503 mg, 2.59 mmol) was dissolved in 

cyclohexane. Thiolacetic acid (5.2 mmol) was added, followed by 
some azobisisobutyronitrile, and the solution heated to reflux. After 
30 min, the solution was cooled, diluted with ether (10 mL), and 
washed with saturated aqueous sodium bicarbonate (2 X 20 mL) and 
with brine (10 mL). The organic phase was dried over magnesium 
sulfate, filtered, and concentrated in vacuo. Flash chromatography of 
the crude product (35% ethyl acetate in hexane) afforded pure thio- 
acetate lactone 13 (637 mg, 91%). An analytical sample was prepared 
by recrystallization from ether-pentane; mp 40-41°C; ir (CHC13): 
1720, 1685, and 1170 cm-I; 'H nmr (CDC13) 6: 0.9-2.0 (14H), 2.17 
(1 H, multiplet, -CH-CO), 2.32 (3H, singlet, CH3COS), 2.87 (2H, 
triplet, J = 7.1 Hz, CH2S--), 3.85 and 4.22 (2H, AB part of an ABX 
system, JAB = 10.9 HZ, JAX = 4.4 HZ, J B ~  = 11.1 Hz, CH20); ms 
m / e  (70 eV): 270 ( M + ) .  Exact Mass calcd.: 270.1289; found: 
270.1281. 

Cis and trans tricyclic thioacetals 5 and 6 
To a cooled (-78°C) solution of thioacetate lactone 13 (600 mg, 

2.2 mmol) in dichloromethane (20 mL) was slowly added diiso- 
butylaluminium hydride (4.6 mmol, 1 M in hexane). After stirring 
2; h at -78"C, the reaction was quenched with saturated sodium 
sulfate (10 mL) and dilute sulfuric acid (5%, 5 mL). The aqueous layer 
was decanted and extracted with dichloromethane (3 X 20 mL). The 
combined organic extracts were dried over magnesium sulfate, con- 
centrated, and filtered through a pad of silica. Evaporation gave an oil 
(515 mg), which was dissolved in benzene (25 mL). A catalytic 
amount of p-toluenesulfonic acid monohydrate was added and the 
solution was refluxed with azeotropic removal of water for 1 h. Meth- 
ylene chloride (15 mL) was added and the solution was washed with 
saturated sodium bicarbonate (5 mL). The organic phase was dried 
(MgS04) and evaporation of the solvents gave crude acetals (457 mg). 
Flash chromatography (7% ethyl acetate in hexane) afforded tricyclic 
thioacetals 5 and 6 (380 mg, 80%) as a mixture of cis and trans ( ~ 9 :  1) 
isomers inseparable by chromatography. When the cyclization was 
conducted under milder conditions (50-60°C, trace of acid, 30 min) 
Iower yields (30-50%) of cis tricyclic thioacetals could be obtained, 
containing only a trace (=3%) of the trans isomer. On one occasion, 
when an equilibrated mixture (=I : 1) of isomers was chromato- 
graphed (preparative tlc, twice) a trans enriched mixture ( 4 5 :  15) 
was obtained. 

Cis tricyclic thioacetal 5: mp (9: 1): 54-55°C; ir (9: 1, CHCI,): 
1145, 1105, and 1080 cm-I; 'H nmr (CDCI3) 6: 0.8-2.2 (15H), 3.7 
(2H, multiplet, CH2S), 3.51 and 3.63 (2H, AB part of an ABX 
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system, J A B  = J A x  = 11.1 HZ, J B X  = 4.6 Hz, CH20), 5.28 
(IH, doublet, J = 3.6 Hz, 0-CH-S); "C nmr (CDCI3) 6: 80.6, 
67.4,42.1,41.6, 35.1, 29.5, 27.8, 27.4, 26.5, 26.0, 25.4, 20.4; ms 
m l e  (70 eV); 212 (M'). Exact Mass calcd.: 212.1235; found: 
212.1232. vpc, rt: 7.2 min (160°C). 

Trans tricyclic thioacetal 6: mp (4: 1): 64.5-65.5"C; ir (4: 1, 
CHCI,): 1 145, 11 10, and 1080 cm-I; 'H nmr (CDCI,) 6: 0.8-2.15 
(15H), 2.7 (2H, multiplet, CHIS), 3.20 and 3.84 (2H, AB part of an 
ABX system, JAB = 11.1 HZ, JAX = 4.1 HZ, JBX = 11.0 HZ, CH20), 
4.26 ( lH,  doublet, J = 9.2 Hz, 0-CH-S); C nmr (CDC1,) 6: 
83.9,74.0,48.4,45.6,41.8,29.8,28.1 (2),27.8,27.5,26.1,25.4; 
ms m l e  (70 eV): 212 (M+). Exact Mass calcd.: 212.1235; found: 
212.1232; vpc, rt: 7.7 min (160°C). 

Equilibration of cis and trans tricyclic thioacetals 5 and 6 
A mixture of cis and trans tricyclic thioacetals 5 and 6 (310 mg, 

1.46 mmol, 85 : 15 cisltrans) was dissolved in benzene (25 mL) and 
a few crystals of p-toluenesulfonic acid were added. The solution was 
refluxed for 6 h. Concentration and dilution with hexane was followed 
by filtration through silica gel and solvent evaporation. Proton nmr 
spectroscopy and vpc analysis of the oily residue indicated a cisltrans 
ratio of 47:53. The equilibration was repeated with the product of the 
first equilibration and the cisltrans ratio found was 48: 52, indicating 
thermodynamic populations. 

Iodo acid I5 
Iodotrimethylsilane (26 mmol) was added to a solution of bicyclic 

lactone 11 (3.84 g, 24.9 mmol) in methylene chloride (25 mL). The 
reaction mixture was stirred for 5 days at room temperature. Water 
(20 mL) was added, the organic layer decanted, and the aqueous phase 
extracted with methylene chloride (4 X 10 mL). The organic extracts 
were washed with aqueous sodium thiosulfate (lo%, 20 mL), dried 
over sodium sulfate, and filtered. Evaporation of the solvents afforded 
crude iodo acid 15 (6.82 g, 97%), which was used without further 
purification; 'H nmr (CDCI,) 6: 0.9-1.9 (lOH), 2.15 and 2.51 (2H, 
AB part of an ABX system, J A B  = 14.4 HZ, J A x  = 3.6 HZ, J s x  = 
7.0 Hz, CH2-COO), 3.3 (2H, multiplet, CH21), 10.6 (lH, br singlet, 
COOH). 

Bicyclic thiolactone I7 
Oxalyl chloride (33 mmol) was added to a solution of iodo acid 15 

(2.33 g, 8.27 mmol) in benzene (30 mL) and the resulting mixture was 
stirred at room temperature for 1 day. Evaporation to dryness afforded 
the crude acid chloride 16, which could be characterized (ir (CH2C12): 
1795 cm-I; nmr (CDC1,) 6: 0.9-2.0 (lOH), 2.77 and 3.10 (2H, 
CH2COCI), 3.25 (2H, CH21)) but was best used directly for the next 
step. Dissolution of this acid chloride in methylene chloride (40 mL) 
was followed by hydrogen sulfide bubbling. Triethylamine (25 mmol) 
was immediately added while continuing bubbling for 5 min. Satur- 
ated ammonium chloride (40 mL) was added. The organic layer was 
decanted and the aqueous layer was extracted with methylene chloride 
(2 X 20 mL). The combined organic extracts were dried with mag- 
nesium sulfate. Filtration, concentration, and flash chromatography 
(10% acetone in hexane) of the residue gave pure bicyclic thiolactone 
17 (1.22 g, 87%) as an oil; ir (CH2C12): 1660, 1 110 cm- '; 'H nmr 
(CDCI,) 6: 0.95- 1.9 (lOH), 2.22 and 2.63 (2H, AB part of an ABX 
system, J A B  = 17.6 Hz, J A X  = 3.6 Hz, J B X  = 11.6 HZ, CH2CO), 2.92 
(2H, multiplet, CHIS); I3C nmr (CDCI,) 6: 200.4, 48.7, 38.7, 38.5, 
35.9, 33.8, 32.7, 25.8, 25.0; ms m l e  (70 eV): 170 (M+), 142 (M' 
- CO). Exact Mass calcd.: 170.0765; found: 170.0765. 

Allyl bicyclic thiolactone I8 
n-Butyllithium (7.8 mmol, 1.55 M in hexane) was added at -78°C 

to diisopropylamine (8.1 mmol). The resulting slurry was warmed to 
0°C for 15 min. After cooling to -78"C, tetrahydrofuran (20 mL) was 
added, followed by bicyclic thiolactone 17 (1.26 g, 7.4 mmol) dis- 
solved in tetrahydrofuran (10 mL). The solution was stirred 14 h before 
adding hexamethylphosphoramide (7.4 mmol) and allyl bromide 
(74 mmol) slowly via syringe. After 7 h at -78"C, the solution was 
stirred at -45OC for lf h. Saturated ammonium chloride (5 mL) was 
added and the resulting mixture concentrated. Hexane (30 mL) and 

ether (15 mL) were added. 'The organic phase was washed with water 
(3 X 15 mL) and aqueous lithium chloride (14%, 15 mL), and the 
aqueous phases extracted with etherlhexane (1 :5, 2 X 20 mL). The 
combined organic extracts were dried over magnesium sulfate, fil- 
tered, and evaporated in vacuo. Flash chromatography (10 to 20% 
ethyl acetate in hexane) gave pure allyl bicyclic thiolactone 18 
(1.32 g, 85%) as an oil; ir (CH2C12): 1650 cm-'; 'H nmr (CDC1,) 6: 
0.9-2.0 (12H), 2.25 ( lH,  multiplet, CH-CO), 2.76 and 2.94 
(2H, AB part of an ABX system, J A B  = 12.4 Hz, J A x  = 11.0 Hz, 
J B X  = 3.4 Hz, CHIS), 5.1 (2H, multiplet, CH2=C), 5.7 ( lH,  multi- 
plet, -CH=C); 13C nmr (CDCI,) 6: 203.0, 134.2, 117.6, 56.4, 
41.8, 38.8, 35.2, 33.8, 33.4, 32.2, 25.4, 25.1; msmle  (70eV): 210 
(M+), 182 (M+ - CO). Exact Mass calcd.: 210.1079; found: 
210.1076. 

Allyl bicyclic thioenolether I9 
Diisobutylaluminium hydride (4.4 mmol, 1 M in cyclohexane) was 

slowly added to a cooled (-78°C) solution of allyl bicyclic thiolactone 
18 (850 mg, 4 mmol) in methylene chloride (30 mL). The resulting 
mixture was stirred 2 h at -78°C before being quenched with hydro- 
chloric acid (10 mL, 1 N). The organic layer was decanted, and the 
aqueous phase was saturated with ammonium chloride and extracted 
with 1 : 1 ether-hexane (3 X 20 mL). The organic extracts were dried 
with magnesium sulfate, filtered, and concentrated. The crude residue 
was taken into benzene (20 mL) and refluxed 2 h with p- 
toluenesulfonic acid (0.5 mol) for azeotropic removal of water. 'Then 
the solution was evaporated to dryness and the residue purified by 
flash chromatography (5% ethyl acetate in hexane) to give pure allyl 
bicyclic thioenolether 19 as an oil (684 mg, 87%); ir (CH2C12): 1640 
c m - ~ .  , 1 H nmr (CDCI,) 6: 0.8-2.2 (lOH), 2.55 and 2.76 (4H, multi- 

plets, CH2S and =C-CHI-C=), 5.03 (2H, multiplet, CH2=C), 
5.8 ( lH,  multiplet, CH=C), 5.75 (lH, broad singlet, =CH-S); ms 
m l e  (70 eV): 194 (M+). Exact Mass calcd.: 194.1129; found: 
194.1131. 

Hydroxy bicyclic thioenolether 20 
Cyclohexene (1 1.3 mmol) was dissolved in ether (5 mL). The 

solution was cooled (-10°C) and borane/methyl sulfide complex 
(5.5 mmol) was added via syringe. On stirring 2 h at 0°C a white 
precipitate formed. The ether was partially removed by an argon 
stream, tetrahydrofuran (20 mL) was added, and the resulting solution 
cooled to -50°C. Allyl bicyclic thioenolether 19 (665 mg, 3.4 mmol) 
in tetrahydrofuran (5 mL) was added to the reaction mixture and the 
temperature was allowed to slowly (4 h) rise to 25°C. Aqueous sodium 
hydroxide (1 N, 31 mmol) and hydrogen peroxide (30%, 18 mmol) 
were added and the resulting mixture was vigorously stirred for 3 h. 
Hexane (30 mL) was added. The aqueous phase was acidified to pH 
2 with dilute sulfuric acid and extracted with etherlhexane (1 : 1, 3 x 
20 mL). The combined organic extracts were washed with brine 
(20 mL) and dried over magnesium sulfate, filtered, and evaporated. 
Flash chromatography (30% ethyl acetate in hexane) gave hydroxy 
bicyclic thioenolether 20 (590 mg, 82%) as an oil; ir (CH2C12): 3610, 
3450, and 1060 cm-I; 'H nmr (CDCI,) 6: 0.9-2.3 (15H), 2.46 ( lH,  
split doublet, J A B  = 12.3 Hz, JBX = 2.2 Hz, Jw = 2.2 Hz, one 
hydrogen of CHIS), 2.68 ( lH,  A part of an ABX system, J A B  = 12.3 
Hz, J A X  = 11.3 HZ, the other hydrogen of CH2S), 3.65 (2H, doublet 
of triplet, J = 2 Hz, J = 6.4 Hz, CH20), 5.75 ( lH,  singlet, =CH- 
S); I3C nmr (CDCI,) 6: 134.5, 112.6, 62.3, 42.2, 40.7, 34.5, 31.9, 
31.4,30.9,29.6,26.9,26.3; ms mle  (70 eV): 212 (M'). ExactMass 
calcd.: 212.1235; found: 212.1240. 

Cis and trans tricyclic thioacetals 7 and 8 
Hydroxy bicyclic thioenolether 20 (190 mg, 0.9 mmol) was dis- 

solved in a mixture of benzene (15 mL), methanol (0.5 mL), and 
trimethyl orthoformate (0.2 mL). Then, p-toluenesulfonic acid mono- 
hydrate (1.1 mmol) was added and the solution stirred 48 h at room 
temperature. Ether (10 mL) and saturated sodium bicarbonate (25 rnL) 
were added. The aqueous phase was decanted and extracted with ether 
(20 mL). The organic extracts were dried over magnesium sulfate, 
filtered, and evaporated to give crude tricyclic thioacetals 7 and 8 
(167 mg, 88%) as a mixture of cis and trans isomers (85 : 15, nmr and 
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vpc analysis). The cis isomer was most conveniently obtained by flash 
chromatography (10% ethyl acetate in hexane) of a reaction mixture 
quenched before completion, since it is the klnetic product (cisltrans 
ratio = 98:2). Pure trans isomer was obtained by flash chro- 
matography (10% ethyl acetate in hexane) of an equilibrated mixture. 

Cis tricyclic thioacetal 7: ir (CHC13): 1035 and 1080 cm-'; 'H nmr 
(CDCI,) 6: 0.8-2.2 (16H), 2.75 (IH, A part of an ABX system, 
JAB = 13.2 HZ, JAx = 11.4 HZ, axial hydrogen of CH2S), 3.59 
(IH, B part of an AA'BB' system, J A B  = 12.0 HZ, J A ' B  = 11.5 HZ, 
J B B ,  = 2.6 Hz, axial hydrogen of CH20), 4.08 (IH, complex doublet, 
equatorial hydrogen of CH20), 4.38 ( 1 H, br singlet, S-CH-0); 
I3C nmr (CDCI,) 6: 79.8, 70.6, 43.2, 43.0, 36.8, 33.9, 30.1, 29.3, 
26.9, 26.3, 26.0, 20.1; ms m l e  (70 eV): 212 (M'). Exact Mass 
calcd.: 212.1235; found: 212.1240; vpc, rt: 9.1 min (TI = 140°C for 
4 min, rate = 4"C/min, T2 = 200°C). 

Trans tricyclic thioacetal 8: mp: 70.5-7 1.5"C; ir (CHCI,): 1085 
c m - ~ .  , 1 H nmr (CDCI,) 6: 0.75-2.1 (15H), 2.43 and 2.52 (2H, AB 

part of an ABX system, J A B  = 13.6 Hz, J A x  = 10.5 HZ, J B X  = 3.9 
Hz, CHIS), 3.46 (lH, B part of an AA'BB' system, J A B  = 11.3 Hz, 
J A ' B  = 11.7 HZ, J B B ,  = 3.0 HZ, axial hydrogen of CH20), 4.03 (IH, 
complex doublet, equatorial hydrogen of CH20), 4.26 ( lH,  doublet, 
J = 9.2 Hz, S-CH-0); I3C nmr (CDCI?) 6: 83.9,69.1,48.3,45.8, 
43.4,34.8,33.6,28.8,27.1,26.2,26.0,25.8;msm/e(70eV):212 
(M'). Exact Mass calcd.: 212.1235; found: 212.1240; vpc, rt: 9.9 
min (TI = 140°C for 4 min, rate = 4OC/min, T2 = 200°C). 

Equilibration of cis and trans tricyclic thioacetals 7 and 8 
A mixture of cis and trans tricyclic thioacetals 7 and 8 (150 mg, 

0.71 mmol, 88: 12 cisltrans) was dissolved in benzene (10 mL) 
containing methanol (0.5 mL) and trimethyl orthoformate (0.2 mL). ' The p-toluenesulfonic acid monohydrate (0.8 mmol) was added and 
the solution refluxed 1 h. Ether (10 mL) was added and the solution 
washed with saturated sodium bicarbonate (2 x 5 mL). Extraction of 
the aqueous layer with ether (10 mL) was followed by magnesium 
sulfate drying of the organic extracts. Concentration gave crude tri- 
cyclic thioacetals 7 and 8 (145 mg, 96%). Proton nmr spectroscopy 

i and vpc analysis indicated a cisltrans ratio of 74:26. Further equi- 
librations of this crude mixture under analogous conditions (-2 h, 

1 reflux) gave a ratio of 58:42. A third equilibration gave a cis/trans 

1 ratio of 57 : 43. 

Thioacetate bicyclic thiolactone 21 
I 
I Thiolacetic acid (3.8 mmol) was added to a solution of ally1 bicyclic 

thiolactone 18 (397 mg, 1.9 mmol) in cyclohexane (15 mL) containing 
some azobiisobutyronitrile. The resulting mixture was refluxed 
15 min, cooled, and diluted with ether (15 mL). 'The solution was 
washed with saturated sodium bicarbonate (2 X 25 mL) and brine 
(10 mL) before drying with magnesium sulfate. Filtration and evapo- 
ration, followed by flash chromatography (20%, ethyl acetate in hex- 
ane) of the residue, gave the oily thioacetate bicyclic thiolactone 21 
(514 mg, 95%); ir (CH2CIZ): 1687, 1650, 1 135, and 11 10 cm-I; 'H 
nmr (CDCI,) 6: 0.9-2.05 (14H), 2.21 (IH, multiplet, CH-CO), 
2.32 (3H, singlet, CH,COS), 2.78 and 2.95 (2H, AB part of an ABX 
system, J A B  = 12.4 Hz, J A x  = 11. l Hz, Jex  = 3.5 Hz, CH2S of the 
ring), 2.85 (2H, triplet, J = 7.1 Hz, CH2S of the side chain); ms m l e  
(70 eV): 286 (M'), 244 (MH' - CH3CO). Exact Mass calcd.: 
286.1061; found: 286.1075. 

Cis and trans tricyclic dithioacetals 9 and I0 
Diisobutylaluminium hydride (3.9 mmol, 1 M in hexane) was 

slowly added to a cooled (-78°C) solution of thioacetate bicyclic 
thiolactone 21 (530 mg, 1.85 mmol) in methylene chloride (15 mL). 
After 2 h at -7S°C, saturated sodium sulfate (10 mL) and dilute 
sulfuric acid (5%, 5 mL) were added, the organic layer decanted, and 
the aqueous phase was extracted with methylene chloride (3 x 20 
mL). The combined organic extracts were dried over magnesium 
sulfate, filtered, and concentrated in vacuo. The oily residue was taken 
into benzene (20 mL). A few crystals of p-toluenesulfonic acid were 
added and the solution was refluxed 45 min with azeotropic removal 
of water. The resulting mixture was concentrated, diluted with 

methylene chloride (15 mL), and washed with saturated sodium bi- 
carbonate (10 d ) .  Extraction of the aqueous phase with methylene 
chloride (2 X 20 mL) and magnesium sulfate drying of the organic 
extracts gave crude acetals. Filtration on silica gel afforded tricyclic 
dithioacetals 9 and 10 (393 mg, 93%) as a 95: 5 cisltrans mixture of 
isomers (nmr and vpc analysis). 

Both isomers could be separated by flash chromatography (8% ethyl 
acetate in hexane). 

Cis tricyclic dithioacetal 9: mp 125.5-127°C; ir (CHCI,): 
1100-1200 cm-I; 'H nmr (CDCI,) 6: 0.85-2.2 (16H), 2.58 and 2.86 
(3H, multiplets, three hydrogens of the two CHIS), 4.03 (IH, doublet, 
J = 2.7 Hz, S-CH-S); C nmr (CDCI,) 6: 45.4,44.0,43.6,36.5, 
33.9,31.9,30.7, 30.1,28.8,26.6,26.1, 19.6;msm/e(70eV):228 
(M'). Exact Mass calcd.: 228.1006; found: 228.1008; vpc, rt: 9.6 
min (170°C). 

Trans tricyclic dithioacetal 10: mp 84-85°C; ir (CHCI,): 
1100-1200 cm-I; 'H nmr (CDCI,) 6: 0.8-2.25 (15H), 2.38 (IH, B 
part of an ABX system, J A B  = 13.3 HZ, = 3.2 HZ, equatorial 
hydrogen of CH2S middle ring), 2.55 (2H, multiplet, other hydrogens 
of the two CH2S), 2.79 (IH, A part of an AA'BB' system, JAAl  = 
J A B  = 13 HZ, JAB' = 2.7 HZ, axial hydrogen of CH2S outer ring), 3.74 
(IH, doublet, J = 9.7 Hz, S-CH-S); I3C nmr (CDCI,) 6: 49.4, 
48.0,47.3,44.0, 36.1, 34.4, 30.6, 29.7, 29.1,28.3, 26.5,25.8;ms 
m l e  (70 eV): 228 (M'). Exact Mass calcd.: 228.1006; found: 
228.1008; vpc, rt: 10.9 min (170°C). 

Equilibration of cis and trans tricyclic dithioacetals 9 and 10 
A mixture of cis and trans tricyclic dithioacetals 9 and 10 (384 mg, 

1.68 mmol, 95.5 cisltrans) was dissolved in benzene (25 mL) con- 
taining p-toluenesulfonic acid (1.5 mmol). The solution was refluxed 
18 h and then cooled to room temperature. Ether was added (20 mL) 
and the solution was washed with saturated sodium bicarbonate (2 x 
5 mL). The aqueous phases were extracted with ether (2 X 15 mL). 
The combined organic extracts were dried over magnesium sulfate, 
filtered, and concentrated in vacuo. The crude product (343 mg) was 
filtered through silica gel. Proton nmr spectroscopy and vpc analysis 
indicated a cisltrans ratio of 85: 15. This crude mixture was equili- 
brated by refluxing 48 h with one equivalent of acid. The cisltrans 
ratio then obtained was 62: 38. Further treatment with acid (1 equiv., 
24 h) gave the same cis/trans ratio (62: 38), thus determining thermo- 
dynamic populations. 
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Reactions of steroidal 5,6-epoxides and cyclohexene oxide with aluminum alkoxides 
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HERBERT L. HOLLAND and SAEED R. KHAN. Can. J. Chem. 63, 2763 (1985). 
The isomeric 5,6a- and 5,6P-epoxycholestanes, in addition to an analogous series of compounds substituted at C-3 with 

hydroxy ( a  or P stereochemistry) or ethylene ketal groups, have been treated with aluminum isopropoxide or tert-butoxide. 
The latter series of reactions did not give identifiable material, but aluminum isopropoxide gave products derived from epoxide 
opening and rearrangement in all cases. With epoxides unsubstituted at C-3, aluminum isopropoxide functioned as a Lewis 
acid in promoting epoxide rearrangements. In the presence of a C-3 alcohol function, additional products were obtained arising 
from fragmentation of the C-4,C-5 bond, or from p-elimination of the epoxide involving the loss of a C-7 hydrogen. 
Meerwein-Pondorff reduction of product carbonyl groups was also observed. C-3 ketal substituted epoxides were rearranged 
cleanly to 6-hydroxy-A4-3-ketones. Cyclohexene oxide reacted with aluminum isopropoxide (but not with tert-butoxide) to give 
two products arising from epoxide addition reactions. Structures for these products are proposed based on their 13C nmr spectra, 
and a possible route for their formation is presented. None of the epoxides examined in this study reacted with magnesium 
methoxide. 

HERBERT L. HOLLAND et SAEED R. KHAN. Can. J. Chem. 63, 2763 (1985). 
On a fait rkagir les epoxy-5,6a et -5,6P cholestanes ainsi qu'une sene de composts analogues substituks en C-3 par un 

groupement hydroxyle (de stkrtochimie a ou P) ou par un groupement tthyl&ne cttal avec I'isopropylate ou le tert-butylate 
d'aluminium. Les rkactions avec le tert-butylate ne donnent pas de produits identifiables; toutefois, lors des reactions avec 
I'isopropylate d'aluminium, on obtient dans tous les cas des produits qui rksultent d'une ouverture de I'tpoxyde suivie d'une 
transposition. Dans les cas des epoxydes qui ne sont pas substitues en C-3, l'isopropylate d'aluminium agit comme un acide 
de Lewis qui favorise les transpositions de I'Qoxyde. En presence d'une fonction alcool en C-3, on obtient des produits 
additionnels provenant soit d'une fragmentation de la liaison C-4, C-5 soit d'une elimination P de 1'Cpoxyde qui implique une 
perte d'hydrogkne en C-7. On a Cgalement observt une reduction de Meerwein-Pondorff des groupements carbonyls. Les 
tpoxydes ayant un substituant cttal en position C-3 se transposent proprement en hydroxy-6 A4 ccCtones-3. L'tpoxyde du 
cyclohexkne reagit avec I'isopropyl?te d'aluminium (mais non avec le tert-butylate) pour donner des produits dtcoulant de 
reactions d'addition sur 1'Cpoxyde. A partir des spectres de rmn du I3C, on propose des structures pour ces produits et l'on 
propose une voie possible pour leur formation. Aucun des epoxydes ttudiks dans ce travail ne rkagit avec le methylate de 
magnesium. 

[Traduit par le journal] 

The stereochemical control of product formation inherent in 
the epoxide opening reaction has ensured place for the latter in 
modem asymmetric synthesis (e.g. ref. 1). The opening of 
epoxides by nucleophiles may be assisted by Lewis acids (2); 
the latter reagents alone catalyse epoxide rearrangements 
efficiently, a reaction which has been thoroughly studied 
in steroidal examples (3-6). Strong Bronsted bases react 
with epoxides by abstracting a P-hydrogen to produce allylic 
alcohols (ref. 7, and references therein). 

We have now studied reactions of the latter type using a 
reagent, aluminum isopropoxide, in which Bronsted base capa- 
bility is combined with a source of potential Lewis acid ac- 
tivation. This reaction has been used catalytically to carry out 
the p-elimination reaction on several terpene epoxides (8, 9). 
We have now examined the reactions under both catalytic and 
equimolar conditions between a series of steroidal 5,6-epoxides 
and aluminum isopropoxide or tert-butoxide, in addition to 
magnesium methoxide. The latter reagent has proven effective 
in certain intramolecular fragmentations of steroidal epoxides 
(10). 

The epoxides used in the present study, 1 and 2, were 
prepared as previously outlined (7); their I3C nm1 spectra 
have been presented in an earlier publication (7). Magnesium 
methoxide was found not to reactwith the range of epoxides 
investigated. Reactions with aluminum alkoxides were per- 
formed in dry toluene, the choice of solvent being based 
on earlier studies (7, 8, 11): aluminum tert-butoxide gave 

2 a R = H z  
b R = aH ,  POH 
c R  = aOH, PH 
d R = OCHzCHzO 

l a R = H z  
b R = a H ,  POH 
c R = aOH, PH 
d R = OCHzCHzO 

complex, intractable reaction mixtures, and aluminum iso- 
propoxide in catalytic amount did not promote reactions with 
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TABLE 1 .  Reactions of epoxides 1 and 2 with 
aluminum isopropoxide 

Starting material Products (% isolated) 

3 + 4 (30), 5 (25), 6 (16) 
8 (30), 9a (12), 9b (15), 

10a (8), lob (10) 
8 (32) 
12a (61) 
3 + 4 (30), 5 (25), 7 (33) 
8 (30), 11 (12) 
None isolated 
12 b (62) 

TABLE 2. I3C nuclear magnetic resonance spectra of products 5 and 
7-9 

8 (ppmIb 

"Carbons 1 1  - 18 and 20-27 had chemical shifts close to those of other ring 
A and (or) B substituted cholestanes (13). 

b~hemical shifts marked with asterisks may be interchanged. 
'In CDCI,/DMSO-d6 solvent. 

any of the epoxides studied. However, the latter reagent in 
equimolar or greater ratios gave, with one exception (reaction 
with 2c) ,  products which were readily separated and identified. 

The results of the reactions with aluminum isopropoxide are 
summarized in Table 1. Product identification relied heavily on 
"C nmr spectral data, and assignments which are hitherto un- 
reported are listed in Table 2. The unsubstituted epoxides l a  
and 2a both gave mixtures of A3s5- and A4~6-cholestadienes (3 
and 4), which could not be separated by the chromatographic 
means at our disposal. The olefins 3 and 4 may be formed via 
p-elimination of the epoxide from C-4 or C-7, followed by 
dehydration. Similar reactions have been reported to occur 
between terpene epoxides and aluminum isopropoxide (8, 11). 

Also obtained from both l a  and 2a was the 5a,6P-diol 5. 
This product was produced during the hydrolytic work-up of 
the reaction, evidenced by its absence during the monitoring of 
the progress of the reaction by tlc. 

In addition, the a-epoxide l a  gave the 5P-6-ketone 6 ,  one of 
the products of Lewis acid catalysed rearrangement (3 - 6), and 
the P-epoxide 2a afforded the 5a-hydroxy-6-ketone (7). For- 
mation of the latter product may be rationalized as outlined in 
Scheme 1. Coordination of the reagent to the epoxide 2a can 
lead to formation of the 5-cation 16; the latter cannot rearrange 
by transfer of the C-6 hydrogen to C-5, as happens in Lewis 
acid catalysed rearrangements of 5,6a-epoxides (3-6) because 
of the location of the hydrogen orthogonal to the empty p 
orbital on C-5. A similar phenomenon leading to abnormal 
rearrangement products has been reported to control the 

H-OH 
17 

SCHEME 1 .  Conversion of 5,6P-epoxycholestane to Sa-hydroxy- 
cholestan-6-one by aluminum isopropoxide. 

SCHEME 2 .  Reactions of 5,6a-epoxy-3-hydroxycholestanes with 
aluminum isopropoxide. 

reactions of other 5,6P-epoxy cholestanes with BF3 (12). 
Capture of 16 by water (perhaps that produced by the dehy- 

dration reactions leading to 3 and 4) can lead to 17. The relief 
of strain afforded by the formation of the steroidal ketone may 
then lead to 7 by hydride transfer, a process analogous in 
mechanism to the Oppenauer oxidation. The nature of the hy- 
dride acceptor is not clear, but a possible candidate is water. 
The absence of 7 during the reaction (as monitored by tlc) 
supports its formation during the work-up. 

The C-3 alcohol-substituted 5,6a-epoxides l b  and l c  both 
reacted with aluminum isopropoxide. The 3a-alcohol l c  gave 
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HOLLAND AND KHAN 2765 

SCHEME 3. Reactions of 5,6P-epoxy-3P-hydroxycholestane with 
aluminum isopropoxide. 

the seco-diol 8 ,  identified by I3C nmr (Table 2) and other 
spectral data. The presence of the exo-methylene group and 
primary alcohol are clearly evident in the I3C nmr spectrum, 
while the stereochemistry of substitution at C-6 follows from 
the resonance positions assigned to C-6 and C-8, the latter 
being characteristic of the stereochemistry of hydroxyl at C-6 
(13). The formation of 8 is readily rationalized in terms of 
fragmentation followed by Meenvein-Pondorff reduction of 
the intermediate aldehyde (Scheme 2). 

The reaction of the 3P-hydroxy-5,6a-epoxide l b  was com- 
plex. In addition to 8 ,  which can be produced as outlined 
above, all four isomers of 5P-cholestane-3,6-diol (9 and 10) 
were formed. These presumably arise via the 6-ketone 18 
(Scheme 2) and its subsequent reduction at C-6, and oxidation 
and reduction at C-3. The redox reactions, the order of which 
is not necessarily implied in Scheme 2, may all be brought 
about by the metal alkoxide reagent. The structures of 9 and 
10 follow from their I3C nmr spectra (Table 2). Chemical 
shifts diagnostic of stereochemistry are those of C-19 (for 5P 
steroids), C-1 and C-5 (for C-3 alcohols), and C-4 and C-8 (for 
C-6 alcohols) (13). The 'H nmr spectra of 9 and 10 (see Experi- 
mental), in particular the multiplicity of the signal assigned to 
the C-6 hydrogen, support the structural assignments. 

The 5,6-epoxides 2b and 2c also reacted with aluminum 
isopropoxide. The C-3a alcohol epoxide 2c gave a complex 
intractable mixture: derivatives of this epoxide are prone to 
undergo intramolecular reactions (14), which may contribute to 
the complexity of the present reaction. The 3P isomer 2b, 
however, reacted cleanly to give two products. The minor 
product, 11, was the result of base promoted epoxide opening 

from C-7; this reaction parallels that observed with 2b in our 
earlier study (7). The major product was, surprisingly, 8 ,  iden- 
tical with the secosteroid derived from the a epoxides l b  and 
l c .  This may be rationalized by the proposal of Scheme 3, in 
which the intermediate 6P-alcohol 19 must undergo reversible 
oxidation and reduction at C-6 together with reduction at C-3 
(not necessarily in that order). The stereochemistry of substi- 
tution at C-6 in the product 8 appears to reflect a degree of 
product development control during the reaction unusual for 
the Meenvein - Pondorff reduction (1 5). However, the absence 
of the steric restraining influence of ring A and the presence of 
the sp, centre at C-5 in 20 contribute unknown steric influences 
in this particular case. The formation of 8 from 2b raises the 
possibility that undetected oxidation and reduction at C-6 may 
occur during the conversion of the 5,6a-epoxides l b  and l c  
to 8 .  

In parallel with our earlier results using LDEA as base (7), 
the ketal epoxides Id and 2d react cleanly with aluminum 
isopropoxide to yield, following aqueous acid work-up, the 
corresponding A4-3-keto-6-alcohols 12a and 12b. The stereo- 
chemical integrity at C-6 is maintained in these reactions as a 
consequence of the absence (until work-up) of a carbonyl or 
any other functionality in the reaction mixture capable of acting 
as a hydride acceptor and therefore providing the oxidizing 
equivalents necessary for alcohol-keto interconversion. 

In view of the complexity of the reactions observed between 
the steroidal epoxides and aluminum isopropoxide, we decided 
to investigate reaction of the latter with the simple epoxide, 
cyclohexene oxide (13). Two products were isolated and iden- 
tified by their spectral characteristics as isomers of a substituted 
dicyclohexyl ether. The 'H nmr spectra clearly showed the 
presence of an isopropyl ether function and four additional 
protons geminal to oxygen; the I3C nmr spectra confirmed these 
observations, and suggest the relative stereochemistry. The 
latter follows from a comparison of the I3C nmr chemical shifts 
assigned to C-1, -2, - I r ,  and -2' with those calculat6d for the 
possible isomeric series 14, 15, 21, and 22 (Table 3). 

The calculated values of Table 3 were arrived at as follows: 
a comparison of the spectra of isopropanol and di-isopropyl 
ether enable the spectrum of dicyclohexyl ether to be calculated 
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TABLE 3. I3C nuclear magnetic resonance spectra of dicyclohexyl 
ethers 14, 15, 21, and 22 

6 ( P P ~ )  

1 82.4 80.0 82.4 80.0 84.2 78.3 
2 82.8 78.3 82.8 78.3 79.6 77.6 
1 ' 84.4 82.0 82.0 84.4 86.1 82.0 
2' 77.8 73.3 73.3 77.8 75.8 72.5 
Isopropy 1 69.6, 24.2 70.2, 24.0 
Other 33.2 32.3 

33.0 31.8 
32.3 31.5 
31.2 30.6 
25.0 24.8 
24.3 24.2 
23.6 23.1 
21.7 22.3 

Calculated values Found values 

Carbon 14 15 21 22 14 15 

14 (trans, trans) 
a R' = OiPr, R2 = H 
b R' = H, R2 = OiPr 

OH 
15 (cis,cis) a R' = OiPr, R2 = H 

b R '  = H, R2 = OiPr 

OH 
21 (cis,trans) a R1 = OiPr, R2 = H 

b R 1  = H, R2 = OiPr 

22 (trans,cis) a R' = OiPr, R2 = H 
b R' = H, R2 = OiPr 

from that of cyclohexanol to be C-l,75.2 ppm; C-2,33.6 ppm. 
The shift parameters for axial and equatorial hydroxyl (ref. 13, 
and references therein) can then be applied to the calculated 
spectrum of dicyclohexyl ether to generate predicted spectra for 
diols corresponding to structures 14,15,21,  and 22. The mod- 
ification of these values by the parameters for the addition of 
one isopropyl ether (as above) then produces the values listed 
in the table. 

It is clear from these values that the reaction products corre- 
spond most closely to the trans,trans structures 14 (major 

Oi-Pr 

14 and 15 

SCHEME 4. Reaction of cyclohexene oxide with aluminum isopro- 
poxide. 

product) and the cis,cis structures 15 (minor product). In par- 
ticular, the resonance at 6 72.5 ppm in the minor product can 
only belong to an axial hydroxyl-substituted carbon (possible 
structures 15 or 21). The absence of a series of low field 
resonances such as those predicted (82.0 to 82.8 ppm) for 21 
now suggests structures 15a or 15b for the reaction product. 
The I3C nmr spectrum of the major product accords most 
closely with that predicted for structures 14 in which the two 
lowest field resonances are assigned to C- 1 and C- 1 ' . An alter- 
native calculation of the chemical shifts for 14, 15, 21, and 
22, using cis and trans cyclohexane-1,Zdiols as the base 
structures, leads to predicted chemical shifts whose relative 
magnitudes are identical with those listed in Table 1. 

A possible route for the formation of 14 and 15 is given in 
Scheme 4. The formation of a trans,traas isomer 14 as major 
product from a complex such as 23 accords with the ex- 
pectations of sterochemistry normally associated with epoxide 
openings. The alumina-catalysed alcohol addition to epoxides 
proceeds similarly with trans ring opening (16). The ratio of 14 
to 15 was changed from 1.6: 1 to 4: 1 by carrying out the 
reaction with 15-fold reduction in the concentration of alumi- 
num isopropoxide relative to that of cyclohexene oxide, sug- 
gesting that the formation of a cis,cis isomer 15 may be due, 
at least in part, to an intermolecular isopropoxide transfer as 
opposed to the intramolecular process illustrated in Scheme 4. 
Alternatively, compound 15 may arise from a single complex 
such as 2 3 ~  in which Lewis acid catalysed carbon-oxygen 
bond cleavage of the epoxide precedes attack by the RO- 
nucleophile to such an extent that the latter reaction becomes 

In either-event, it is not clear why only two of the eight 
possible diastereomeric products are formed. An analogous 
result has been reported for the dimerization of 13 by activated 
alumina, but without elaboration of the stereochemistry in- 
volved (17). One possibility is that as the intermediate complex 
23 proceeds towards a transition state, the necessity of having 
thethree oxygens coordinated simultaneously to a single metd 
ion selects two of the possible geometrical combinations as 
belonging to pathways of lower energy. The failure of any of 
the steroid epoxides studied herein to react in a similar way is 
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readily explained by their relative bulk. The formation of a 
complex such as 23 from steroidal epoxides would be sterically 
difficult. 

In conclusion, the reactions between the epoxides studied 
and aluminum isopropoxide encompass all the possibilities of 
Lewis acid catalysis base catalysed fragmentation, Meerwein- 
Pondorff oxidation/reduction, and nucleophilic epoxide open- 
ing. Selection of the desired activities from among this range 
should now be possible by choosing an appropriate aluminum 
based reagent. 

Experimental 
Apparatus, materials, and methods 

Melting points were determined on a Kofler heating stage and are 
uncorrected. Infrared spectra were recorded with an Analect 6260FX 
Fourier transform ir spectrometer. Proton nmr spectra were recorded 
at 80 MHz with a Bruker WP8OCW or at 250 MHz with a WM250 
spectrometer (at McMaster University), and carbon nmr spectra on a 
Bruker WP60 (Brock), WM250 (McMaster), or WH400 instrument 
(Southwestern Ontario NMR centre, University of Guelph), using 
CDClj as solvent (unless otherwise stated) and TMS as internal 
standard. Mass spectra were obtained with an AEl MS30 spectrom- 
eter fitted with a Kratos DS-55 data system. Thin-layer chromatog- 
raphy was performed on Merck silica gel 60 F-254, and column 
chromatography on silica gel (230-400 mesh). 

Elemental analyses were performed by Guelph Chemical Labora- 
tories, Guelph, Ontario. 

Preparation of epoxides 
The epoxides used in this study were all prepared as outlined earlier 

(5) and characterized by spectral and physical properties. 

Reactions with magnesium methoxide 
Magnesium methoxide solution (3.3 mL, 0.4 M in methanol) was 

added to a solution of epoxide (100 mg) in dry toluene (25 mL) and 
the resulting mixture refluxed for 72 h, being monitored (tlc) daily for 
product formation. The mixture was then cooled, diluted with water 
(100 mL), and neutralized (dilute HCI) prior to extraction with ether. 
The ether extract was dried and evaporated, yielding only starting 
material. 

Reactions with aluminum tert-butoxide 
Reactions of epoxides (100 mg) in dry toluene (25 mL) with alumi- 

num tert-butoxide (5 molar equivalents) were monitored by tlc during 
treatment under reflux. The development of streaking on the plate 
heralded the formation of intractable products, which was confirmed 
by work-up as outlined above. 

Reactions with aluminum isopropoxide 
5,6a -Epoxycholestane (1 a )  
The typical reaction procedure is described as follows. A solution 

of aluminum isopropoxide (freshly distilled, 1.35 g) in dry toluene 
(25 mL) was added by syringe to a stirred solution of 5,6a-epoxy- 
cholestane (0.5 g) in dry toluene (25 mL) under a nitrogen atmo- 
sphere. The resulting mixture was refluxed for 72 h, then cooled, 
added to dilute HCI (100 mL, 1 M), and extracted with ether. The 
organic extract was washed with water, dried over sodium sulphate, 
and evaporated. The residue was chromatographed using benzene to 
ether elution (10% step gradient) to give, in order of elution, a mixture 
of cholesta-3,s-diene (3) and cholesta-4,6-diene (4) (0.145 g), mp 
78-80°C, identified by 'H and I3C nmr comparison with the spectra 
of the authentic separated isomers (10); cholestane-5a,6P-dio1 (5) 
(0.135 g), mp 121 - 124°C (lit. (1 8) mp 126- 128°C); 'H nmr included 
signals at 6 3.45 ppm (C-6a H); I3C nmr, see Table 2; ms mlz: 386 
(67), 371 (33), 368 (29), 353 (24) relative to 55 (100); and SP-choles- 
tane-6-one (6) (0.08 g), mp 128-130°C (lit. (3) mp 131 - 132°C); 
13 C nmr spectrum identical with that reported (19). 

5,6a -Epoxycholestan-3P -01 (I  b) 
Treatment of l b  (0.2 g) with aluminum isopropoxide (0.52 g) as 

described above gave 3,4-secocholest-4-ene-3,6a-diol (8) (0.06 g), 
mp 182- 183°C; 'H nmr included signals at 6 3.45-3.70 (2H, br s,  
C-3 H), 4.1-4.4 ( lH,  dd, J = 4, 12 Hz, C-6P H), and 4.76 and 5.08 
(each lH, br s,  C-4 H's) ppm; "C nmr, see Table 2; ms mlz: 404 
(0.5), 386 (6), 384 (2), 371 (S), 368 (5) relative to 55 (100). Anal. 
calcd. for C27H4802: C 80.14, H 11.95%; found: C 80.25, H 11.62%; 
5P-cholestane-3P,6P-diol (lob) (0.02 g), mp 195 - 197°C (lit. (20) 
mp 198-200°C (corrected)); 'H nmr included signals at 6 3.4-3.75 
( lH,  br m, C-3a H) and 3.75 (lH, br s,  Wl12 = 5 Hz, C-6a H) ppm; 
I3C nmr, see Table 2; SP-cholestane-3a,6P-diol (9b) (0.03 g), mp 
148- 150°C (lit. (21) mp 142- 143.S°C), 'H nmr included signals at 
6 3.4-3.85 ( lH,  br m, C-3P H) and 3.75 (lH, br s,  Wl12 = 5 Hz, 
C-6a H) ppm; I3C nmr, see Table 2; SP-cholestane-3P,6a-diol(lOa) 
(0.016 g), mp 212-215°C; IH nmr included signals at 6 3.35-3.75 
( lH,  br m, C-3a H) and 4.10 (lH, br s, Wl12 = 12 Hz, C-6P H); 
13 C nmr, see Table 2. Anal. calcd. for C21H4802: C 80.14, H 1 1.95%; 
found: C 80.04, H 11.74%; and SP-cholestane-3a,6a-diol (9a) 
(0.024 g), mp 167- 170°C; IH nmr included signals at 6 3.4-3.9 (lH, 
br m, C-3P H) and 3.95 and 4.08 ( lH,  dd, J = 4 , 9  Hz, C-6P H) ppm; 
13 C nmr, see Table 2. Anal. calcd. for C27H4802: C 80.14, H 1 1.95%; 
found: C 80.17, H 11.73%. 

5 ,6a  -Epoxycholestan-3a -01 (I  c )  
Treatment of l c  (0.15 g) with aluminum isopropoxide (0.5 g) 

as described above gave only 3.4-secocholest-4-ene-3,6a-diol (8) 
(0.05 g), identical in all respects with the sample described above. 
5,6a-Epoxycholestan-3-one, 3-cyclic ethylene ketal ( Id)  
Treatment of I d  (0.1 g) with aluminum isopropoxide (0.24 g) as 

described above gave cholest-4-en-6a-01-3-one (12a) (0.055 g), mp 
152- 153"C, identical in all respects with an authentic sample of 12a. 

5,6P -Epoxycholestane (2 a )  
Treatment of 2a  (0.1 g) with aluminum isopropoxide (0.27 g) as 

described above and chromatography using benzene - ethyl acetate 
gave a mixture of cholesta-3,s-diene (3) and cholesta-4,6-diene (4) in 
equal amounts (total 0.028 g) identified as described above; choles- 
tan-5a-01-6-one (7) (0.035 g), mp 150- 151°C (lit. (18) mp 150- 
150.5"C); I3C nmr, seeTable 2, ms mlz: 402 (60), 384 ( 3 9 ,  369 (19), 
356 ( l l ) ,  341 (lo), 318 (48) relative to 55 (100); and cholestane- 
Sa,6P-diol (5) (0.025 g), mp 122-124"C, identical in all respects 
with the sample described above. 

5.6P -Epoxycholestan-3P -01 (2 b) 
Treatment of 2b  (0.2 g) with aluminum isopropoxide (0.52 g) gave 

3,s-secocholest-4-ene-3,6a-diol (8) (0.06 g), identical in all respects 
with the samples of 8 described above; and cholest-6-ene-3P,5P-diol 
(11) (0.025 g), mp 138-140°C (lit. (22) mp 139-140°C); 'H nmr 
included signals at 6 3.8-4.2 ( lH,  br s,  C-3a H) and 5.40(2H, s,  C-6 
and -7 H's) ppm; I3C nmr, see ref. 5. 

5,6P -Epoxycholestan-3a -01 (2 c )  
Treatment of 2d (0.1 g) with aluminum isopropoxide (0.24 g) as 

described above gave only an intractable mixture of products. 
5,6P-Epoxycholestan-3-one, 3-cyclic ethylene ketal (2d) 
Treatment of 2d (0.1 g) with aluminum isopropoxide (0.24 g) 

as described above gave, following chromatography using ben- 
zene - ethyl acetate, cholest-4-en-6P-01-3-one (12b) (0.056 g), 
mp 194- 196"C, identical in all respects with an authentic sample. 

Cyclohexene oxide 
Treatment of cyclohexene oxide (0.52 g) with aluminum iso- 

propoxide (0.55 g) as described above gave cis,cis-2-oxypropyl- 
2'-hydroxydicyclohexyl ether (14) (0.296 g) as an oil; 'H nmr in- 
cluded signals at 6 1.18 (d, J = 6 Hz, isopropyl methyls), 2.8-3.6 
(3H, m, C-1, - I f ,  and -2' H's), and 3.75 (lH, septet, J = 6 Hz, 
isopropyl CH) ppm; I3C nmr, see Table 2; ms mlz: 238 (M - H20, 
0.7), 196 (0.7), 175 (I), 99 (88), 81 (100). Anal. calcd. for Cl5HZ8o3: 
C 70.27, H 11.01%; found: C 70.41, H 11.00%; and trans,trans-2- 
oxypropyl-2'-hydroxydicyclohexyl ether (15) (0.186 g) as an oil; 
'H nmr included signals at 6 1.20 (d, J = 6 Hz, isopropyl methyls), 
3.0-3.6 (3H, m, C-1, -1', and -2' H's) and 3.80 ( lH,  septet, J = 
6 Hz, isopropyl CH) ppm; "C nmr, see Table 2; ms mlz: 196 (I), 
175 (2.5), 99 (85), 81 (100). Anal. calcd. for C15H2803: C 70.27, 
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H 11.01%; found: C 70.40, H 11.04%. Repetition of the reaction with 
0.11 g of aluminum isopropoxide afforded only 14 and 15 in the ratio 
1.5: 1; repetition with 0.04 g of aluminum isopropoxide gave a 4: 1 
ratio of 14 to 15. 
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ROBERT H. BURNELL, ANDRE ANDERSEN, MARTINE NERON, and SYLVAIN SAVARD. Can. J. Chem. 63, 2769 (1985). 
Starting from podocarpic acid, two model preparations are described leading to p-quinones suitably functionalized as 

intermediates in the synthesis of coleon C. The proper p-quinone was obtained by a regio- and stereo-selective route and, 
following steps previously found effective for the preparation of coleon U ,  a synthesis of tri-0-methyl coleon C has been 
achieved. Some of the by-products encountered have also been identified. 

ROBERT H. BURNELL, ANDRE ANDERSEN, MARTINE NERON et SYLVAIN SAVARD. Can. J .  Chem. 63, 2769 (1985). 
A partir de I'acide podocarpique, nous avons rkalid selon deux mkthodes diffkrentes, la prkparation de modbles de 

p-quinones semblables aux intermkdiaires de synthbse de la colkone C. Ensuite nous avons prkpark, par une voie rkgio- et 
stkreo-selective, une p-quinone posskdant toutes les fonctions necessaires. Elle fut transformke en derives de la coleone C par 
une skquence rkactionnelle antkrieurement Claboke, lors de la synthese de la colkone U. 

The yellow pigment coleon C was isolated from Coleus 
aquaticus Giircke by Eugster and his co-workers (1) who as- 
signed to it the structure 1. In unambiguous fashion they later 
defined the relative and absolute stereochemistry of the two 
chiral centres (C-10 and C-15) by X-ray diffraction (2). From 
the synthetic viewpoint the molecule presents the normal skel- 
etal challenge and also the problem of obtaining selectively the 

; R configuration in the side chain. Our previously reported 
1 method for elaborating the properly functionalized cyclic sys- 

1 tem (3) (such as found in coleon U) should lend itself to the 
, synthesis of coleon C but first it would be necessary to obtain 

the key quinone intermediate 6b. 
To determine the best preparation of the quinone, we chose 

to experiment with ester-containing analogues because these 
j are more immediately available from podocarpic acid, allowing 

the saving of both time and material. Two avenues were in- 
vestigated. The first started from the benzofuran 3c described 

1 by Cambie et al. (4), whose preparation involved cyclization of 
the acid derivative 2b, which was prepared from the corre- 
sponding ester 2c. We felt that this procedure could be stream- 
lined in that the cyclization of the ester 2c could be effected 
during its formation, leading directly to the furan-ester 3a. 
Such was the case. In fact, we obtained both the benzofuran 3c 
and the furan-ester 3a which, by subsequent hydrolysis to the 

2a R' = COOMe, R2 = H X = H , H  
2b COOMe CHXOOH H, H 
2c COOMe CH2COOEt H, H 
2d CH3 H =O 

acid 3b and decarboxylation, gave more of the desired furan 3c 
but in unoptimized yields that fell short of Cambie's procedure. 
The furan double bond was then reduced catalytically to give 
a 4: 1 mixture of C-15 epimers 4a (as reflected by the nmr). 
From examination of molecular models, it is clear that hydro- 
genation must be from the convex p face of the furan 3c, 
enabling us to affirm that the C-15 methyl group is a in the 
major product. We were unable to separate the epimers effi- 
ciently at this stage. Hence the C-7 position was oxidized to 
afford the epimeric ketones 5a. Treatment of the latter with 
peracetic acid (prepared in situ.) gave two quinones 6a and 6c 
but in subsequent oxidations in similar ketones we were able to 
avoid the hydrolysis of the 0-acetyl residue. The highly polar 
6c was tiresome to manipulate. It was only after we had han- 
dled the epimeric quinone IOU, as the result of the method to 
be described shortly, that we were able to isolate it from the 
mother liquors of this reaction, thus confirming that the dihy- 
drofuran 4a did contain both epimers. In a previously con- 
ceived strategy, which was abandoned after the utility of the 
peracid oxidation became apparent, we had reduced the ketone 
5a to the alcohol 4b, which was dehydrated to the olefin 4c. 

In our second trial quinone synthesis, the known isopropenyl 
derivative 7a, prepared by Cambie's method ( 3 ,  was subjected 
to hydroboration/oxidation to afford the primary alcohol 8a in 
which the stereochemistry at C-15 is established. No important 
stereo-induction can be invoked, so the reaction must give rise 
to about equal amounts of the C-15 epimers. The alcohol was 
protected by conversion to the acetate 8b, which was oxidized 
at the benzylic position (C-7) affording the ketone 9a. When 
subjected to peracetic acid oxidation, the latter underwent, 
first, rupture of the C-7-C-8 bond, followed by further 
hydrolysis/oxidation to give the two para-quinones 6a and 
10a. The 'H nmr spectrum confirmed that the mixture con- 
tained equal quantities of the epimers. Isolation of one isomer 
(6a) in high yield was easy, while the other proved more 
elusive. We felt that by using chiral boranes, this preparation 
could have given us the C-15 epimer of our choice. 

The appropriate quinone for the coleon C synthesis, with 
geminal methyl groups at C-4, was prepared by both of the 
model sequences described. Only the more successful is de- 
tailed in the Experimental. The I3C nmr data for the compounds 
encountered in the other approach (7b, 8c, 8d, and 9b) are 
included in Table 1. The more rewarding stereoselective route 
involving the benzofuran afforded a 4: 1 preference for the 
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3a R' = COOMe R2 = COOEt 
36 COOMe COOH 
3c COOMe H 

4a R1 = COOMe R2 = H 5a R = COOMe 
4b COOMe OH 5b CH, 
4c COOMe H 

6,7-double bond 

6a R1 = COOMe R2 = Ac 
6 b  CH3 AC 
6c  COOMe H 

7a R = COOMe 8a R' = COOMe R2 = H 9a R = COOMe 10a R = COOMe 
7b  CH3 8 b  COOMe Ac 9 b  CH, l o b  CH, 

8c  CH3 H 
8d  CH3 AC 

C-15(R) epimer, which again was the easier one to isolate. In 
another context (3), we had already prepared the ketone 5b by 
oxidation of the dihydrobenzofuran 4d. In repeating this work 
we were surprised to find that the oxidation affords not only the 
ketone 5b but also the hydroxy-acetophenone 2d, which we 
had previously isolated in small quantities and assumed to be 
an impurity in the starting material. As had been noticed with 
the ester analogs (6a and IOU), the two quinones 6b and 10b 
were similar in many of their physical properties but they 
showed marked differences in their 'H nrnr spectra. One pecu- 
liarity of the nmr of lob was that significant changes were 
noted in the spectrum on varying the concentration in CDCI,. 
The protons in the side chain were particularly sensitive. Many 
of the transformations described in the following paragraphs 
were actually performed on both C-15 epimers, but in the text 
and in the drawings only the C-15(R) isomer will be portrayed. 
To not overburden the experimental section, only the C-15(R) 
experiments are described. The results for the C-15(S) com- 
pounds are available elsewhere (6). We should point out that 
at the time we were completing this synthesis, the "natural" 
coleon C was reputedly the C-15(R) epimer but, from the 
published nmr spectrum, we felt that it contained the C-15(S) 
isomer also (two methyl doublets). This turned out to be true, 
as Eugster and co-workers have pointed out in a recent 
paper (7). 

The subsequent steps needed to transform the quinone 6b to 
the coleon C derivative (24a) followed methods elaborated on 
models and used to synthesize coleon U (3). In all previous 
cases, the side chain on the aromatic ring was an isopropyl 
residue and the steps involved were highly regioselective. In 
the present synthesis, however, we isolated several minor prod- 
ucts from some of the reactions, indicating that the more sub- 
stantial side chain competes more effectively with the other 
substituent (ring A and its appendages). In the addition of 
bromine to the quinone 6b the major product was the dibromo 
derivative 12, which almost spontaneously eliminated hydro- 
gen bromide to afford the bromoquinone 16. Rather than 
manipulate the fragile dibromo compound, we treated the crude 
mixture with diethylamine and in the subsequent purification 

we obtained the required bromoquinone 16 and only trace 
amounts of the isomeric bromoquinone 17. Thus the bromi- 
nation had given rise to little of the alternate dibromo derivative 
13. It is likely that the tetrabromo compound 14 was also 
formed and, while we could never isolate it, we did obtain 
substantial amounts of the dibromolactone 18 that must arise 
from the displacement of the relevant bromo substituent in 13, 
or its equivalent, by the carboxylic function. 

To replace the bromo substituent in the bromoquinone 16, it 
was treated with mild aqueous base containing sufficient 
methanol to render the substrate soluble. The resulting hy- 
droxyquinone 15a was accompanied by minor quantities of the 
methoxyquinone 15b. The I3C nmr spectra leave no doubt as to 
the identity of these compounds. Both quinones (15a and 15b) 
were catalytically reduced to the corresponding hydroquinones 
and these were 0-methylated, while still in the hydrogenation 
apparatus, to avoid their re-oxidation by air during the work- 
up. The product was mostly the ester 19a (55%) but some 
incompletely methylated compounds were also obtained. By 
further methylation of the relevant fractions, an additional 
quantity (22%) of the ester 19a was made available to continue 
the synthesis. The major partially methylated intermediate, and 
the only one obtained pure enough to ascertain the structure, 
was the phenol 20 (see I3C nmr, Table 1). 

Some of the products from the original methylation could not 
be easily reintegrated into the synthesis. One compound, for 
instance, contained an additional 0-methyl residue and from 
spectral evidence must be the product 21a in which the primary 
alcohol function has also suffered alkylation. The final un- 
expected methylation by-product displayed (as seen from the 
nmr and other spectra) two phenolic methoxyls and the methyl 
ester but no primary hydroxyl nor phenol residues. The great 
similarity of the 'H nmr spectrum to that of dihydrobenzofurans 
such as 4a and 4d showed that the product must have cyclized 
during the reaction. Compound 22a, in which the two re- 
maining methoxyl groups were adjacent, seemed the more 
likely of the two possible structures, an assumption that was 
confirmed later. 

The ester 19a was hydrolysed to the corresponding acid 19b. 
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flc:OAc -+ $ + # 
Br 

COOH COOH COOH COOH 
6b 1121 1131 1141 

@? I I &cyoAc I I I I &I 
OR - Br o 0  

COOH COOH COOH 
15a R = H 16 17 18 
156 R = Me 

The latter cyclized readily in trifluoroacetic anhydride at room 
temperature to the aromatic ketone 23a. As in our previous 
syntheses in this field, the final oxygen was introduced by 
stimng the ketone 23a in anhydrous strong base in the presence 
of oxygen, which afforded the coleon C tri-0-methyl ether 24a 
in modest yield (49%). This particular derivative is not de- 
scribed in the literature, since in the characterization of coleon 
C the strongly hydrogen-bonded C-14 hydroxyl group resists 
methylation. Our ether was identical with the trimethyl ether 
obtained via coleon D, as shown by thin-layer chromatography 
using several different solvent systems (we are grateful to Pro- 
fessor C. H. Eugster, Ziirich, for the sample of coleon D). The 
tetra-0-methyl coleon C derivative was also prepared. There 
was a second product in the oxygenation reaction, which 
proved to be the enolized diketone 25 that we prepared later 
from the cyclized ester 22a. Repeating this part of the synthesis 
on a larger scale, as described in the Experimental, we were 
surprised that our rigorously pure ester 19a gave rise to a 
significant quantity (26%) of this tetracyclic diosphenol 25. 
The five-membered ring must be closed during the oxygenation 
in strong base. 

Both of the fortuitously isolated esters, 21a and 22a, were 
hydrolysed to the acids 21b and 22b, respectively, and these 
were cyclized to the aromatic ketones 23b and 26. Oxygenation 
of the tetracyclic ketone 26 in tert-butanol containing potas- 
sium tert-butoxide gave the diosphenol25 that had previously 
been isolated from the oxidation of ketone 23a. Had the cy- 
clization of the five-membered ring involved the C- 12 hydroxyl 
(or methoxyl) rather than the C-14 position, the product 
would have been a derivative of the naturally occurring lyco- 
xanthol (8). 

During this work we found the I3C nrnr spectra to be of great 
importance in the assigning of structures to the synthetic prod- 
ucts. These data are grouped in Table 1. The resonances were 
assigned by using Enzell's listing of certain diterpenoid spectra 
(9) and adding our own accumulated experience arising from 
our synthetic projects in this field (IOU-c). 

Experimental 
Unless otherwise stated, the conditions and instruments used to 

characterize the products were melting points, Electrothermal, un- 

corrected; ultraviolet spectra, ethanol solutions (log E in parentheses), 
Hewlett Packard 8450A; infrared spectra, solids as KBr pellets, others 
as carbon tetrachloride solutions, Beckrnan 4250 and Perkin Elmer 
457; proton magnetic resonance spectra, deuteriochloroform solu- 
tions, TMS internal standard, (multiplicity, integrated peak areas- 
where important, coupling constants and assignments in parentheses: 
D 2 0  infers that resonances were no longer detectable after shaking the 
solution for a few minutes with deuterium oxide), Bruker HX 90; 
carbon-13 magnetic resonance spectra, deuteriochloroform solutions, 
TMS internal standards, Bruker WP 80; mass spectra, Hewlett 
Packard 5992; high resolution mass spectra were recorded on an 
AEI MS30. Elemental analyses were by Galbraith Laboratories, 
Knoxville, Tenn. 

Dry column chromatography (abbreviated dry col chrom) implies 
that use of Merck Kieselgel 60F (70-230 mesh) in nylon foil tubing 
and development with either hexane - ethyl acetate or carbon tetra- 
chloride - ethyl acetate (proportions determined by prior thin-layer 
chromatography using Machery-Nagel pre-coated plastic sheets). 

Benzofuran 3 c  and furan-ester 3 a  
The hydroxy-acetophenone 2a (28.3 g, prepared following Carnbie 

et al. (4)) was dissolved in acetone (700 mL) to which was then added 
ethyl bromoacetate (43.6 mL) and anhydrous potassium carbonate 
(88.6 g). After 24 h the reaction appeared very slow (tlc), so the 
acetone was slowly distilled and the residue then heated to 140°C in 
an oil bath for 24 h. The mixture was then taken up in ether, which 
was well washed, and the residue, after drying and evaporation, was 
filtered through a short column of alumina (act. 111) that removed 
much of the color, and was then chromatographed over silica gel (dry 
col). The benzene eluate contained the furan-ester 3a (5.16 g: IS%), 
which crystallized, and the benzofuran 3c (6.21 g: 22%) from 
the mother liquors. 7(~)-Methoxycarbonyl-3,7(ci),l0a(~)-trimethyl- 
5,6,6a,7,8,9,IO,IOa-octahydrophenanthro[3,2-b]furan 3c, mp 130- 
131°C (from hexane); ir: 1722, 1635, and 1580 cm-'; 'H nmr 6: 
1.06 and 1.26 (2s, Me-C), 2.16 (d, J = 1 Hz, Me-arom), 3.64 
(s, COOMe), 7.17 and 7.36 (2s, arom H), and 7.30 (d, J = 1 Hz, 
furan H); I3Cmr, see Table 1. Anal. calcd. for CzjH2603: C 77.28, 
H 8.03; found: C 77.28, H 8.04.2-Ethoxycarbonyl-7(P)-methoxycar- 
bonyl-3,7(a),IOa(P)-trimethyl-5,6,6a, 7,8,9,10,10a-octahydrophen- 
anthro[3,2-blfuran 3a, mp 161 - 163°C (from methanol); ir: 1723, 
1638, and 1600 cm-I; 'H nmr 6: 1.07 and 1.30 (2s, Me-C), 1.43 (t, 
J = 7 Hz, Me-CH2), 2.54 (s, Me-arom), 3.67 (s, COOMe), 4.43 (q, 
J = 7 Hz, CH3CH20-), 6.93 and 7.14 (2s, arom H); I3Cmr, see 
Table 1. Anal. calcd. for C24H3005: C 72.33, H 7.59; found: C 72.30, 
H 7.80. 
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TABLE 1. I3c nuclear 

Carbon 2c 3a 3b 3c 4a 4b 4c 4d 5a 5b 6a 6b  7 a  7 b  8a 8b  8c 
- 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
I I 
12 
13 
14 
15 
16 
17 
18 
19 
20 
COOMe (C. 
OMe (I I) 
OMe (12) 
OMe (14) 
Others 

"In ppm from TMS. 
bs: peak obscured by the solvent. 

C 

COOR 

19a R = Me 
196 R = H 

COOMe 

20 

Hydrolysis of the furan-ester 3 a  to the acid 3 b  
To a solution of the ester 3a (0.475 g) in ethanol (15 mL) was added 

aqueous sodium hydroxide (3 mLof 10%). After refluxing for 1 h, the 
cooled solution was acidified (dilute hydrochloric acid) and the white 
precipitate was filtered, dried, and crystallized from methanol 
affording the 2-carboxy-7(~)-methoxycarbonyl-3,7(a),lOa(~)-tri- 
methyl-5,6,6a, 7 ,8 ,9 ,10 , lOa-oc tahydrophenathro32-bra  36, 
mp 228-23 1°C (0.425 g: 96%); ir: 3300 (br), 1735, 1720, and 1675 
cm-~.  , 1 H nmr 6: 1.07, 1.30, and 2.57 (3s, Me-C), 3.68 (s, COOMe), 

7.27 and 7.53 (2s, arom H), and 11.04 (br s,  COOH, D20); I3Crnr, 
see Table 1; mass spectra mle: 370 (M+), 355, and 327. Anal. calcd. 
for CZZH2605: C 71.33, H 7.08; found: C 71.49, H 7.08. 

k\r 
COOR 

in quinoline (2 mL). The mixture was stirred for 2.5 h while the 
temperature was increased from 145 to 205°C. The cooled solution 
was treated with ice (25 g) and concentrated hydrochloric acid (20 mL) 
and then extracted with ether. The dark oil so obtained was chro- 
matographed over alumina (act. 111). The benzene eluate afforded the 
benzofuran 3c (70 mg: 72%), identical with that obtained earlier. 

Catalytic hydrogenation of the benzofuran 3 c  
The benzofuran 3c (8.0 g) was dissolved in glacial acetic acid 

(400 mL) and 10% palladium on carbon (4.0 g) was introduced. The 
mixture was shaken under 3 atmospheres (1 atm = 101.3 kPa) of 
hydrogen for 4 h and the catalyst then filtered over Celite. The solvent 
was removed under vacuum and the white residue crystallized from 

Decarboxylation of the acid 3 b hexane to give the dihydrofuran 4a (7.78 g: 97%;-7(~)-rnethoxy- 
Copper powder (5 mg) was added to the acid 36 (1 12 mg) dissolved carbonyl-3,7(a),l0a(~)-trimethyl-2,3,5,6,6a,7,8,9,10,10a-decahy- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BURNELL ET AL. 

magnetic resonance data" 

Compound 

drophenanthro[3,2-blfuran), mp 149- 150°C; ir: 1720 cm-I; 'H nmr 
6: 1 .O1 and 1.24 (2s, Me-C), 1.28 (d, J = 8 Hz, Me-CH), 3.46 (m, 
lH, C15-H), 3.63 (s, COOMe), 4.00 (dd, J = 8 and 9 Hz) and 4.62 
(dd, J = 9 and 9 Hz, -CH20-), 6.68 and 6.81 (2s, arom H); I3Cmr, 
see Table 1; mass spectra m/e: 328 (M+), 313, 269, and 253. Anal. 
calcd. for C21H2803: C 76.79, H 8.59; found: C 76.98, H 8.76. 

Oxidation to the ketone 5a  
'The dihydrofuran 4a (656 mg) in glacial acetic acid (20 mL) was 

treated drop by drop with a solution of chromium trioxide (400 mg) 
in acetic acid (4 mL of 80%). After 45 min at room temperature, the 
solution was poured onto ice and the product obtained by ether extrac- 
tion. The oil was chromatographed over alumina (act. 111) affording 
the ketone 5a  as an oil which crystallized on contact with hexane 
(506 mg: 73%; 7(~)-methoxycarbony1-5-0~0-3,7(a), lOa(P)-trimethyl- 
2,3,5,6,6a, 7,8,9,10,lOa-decahydrophenanthro[3,2-bfra) mp 
142- 144OC; ir: 1720 and 1675 cm-I; 'H nmr 6: 1.10 and 1.27 (2s, 
Me-C), 1.35 (d, J = 8 Hz, Me-CH), 3.54 (m, C15-H), 3.71 (s, 
COOMe), 4.13 (dd, J = 8 and 9 Hz) and 4.76 (dd, J = 9 and 9 Hz, 
-CH20-), 6.78 and 7.91 (arom H at C11 and C14 resp.); I3Cmr, 
see Table 1; mass spectra m/e: 342 (M'), 327, 282, and 266. Anal. 
calcd. for C21H2604: C 73.66, H 7.66; found: C 73.35, H 7.36. 

Sodium borohydride reduction of ketone 5 a  
To the refluxing solution of the ketone 5a  (0.7 g) in aqueous 

methanol (70 mL of 75%) containing sodium hydroxide (0.53 g) was 
added sodium borohydride (0.25 g) in 1 N aqueous sodium hydroxide 
(21 mL). After refluxing for 2.5 h, the cooled solution was neutralized 
with dilute acetic acid and the white solid alcohol 46 was collected by 
filtration and crystallized from methanol (0.65 g: 92%; 7(P)-meth- 
oxycarbonyl-5(~)-hydroxy-3,7(a),lOa(~)-trirnethyl-2,3,5,6,6a, 7,8, - 
9.10, 10a-decahydrophenanthro[3,2-blfuran), mp 186- 190°C; ir: 
3450 and 1708 cm-'; 'H nmr 6: 1.06 and 1.26 (2s, Me-C), 1.30 (d, 
J = 8 Hz, Me-CH), 2.20 (s, lH, OH, D20), 3.50 (m, C15-H), 3.64 
(s, COOMe), 4.02 (dd, J = 9 and 9 Hz) and 4.65 (dd, J = 9 and 
9 Hz, -CH20-), 4.67 (dd, J = 10 and 6 Hz, CH-OH), 6.67 and 
7.50 (2s, arom H); I3Cmr, see Table 1; mass spectra m/e: 344 (M'), 

329, 326, 267, and 251. Anal. calcd. for C~IH2804: C 73.22, H 8.19; 
found: C 73.47, H 8.28. 

Dehydration of alcohol 4b  
This is essentially Wenkert's method (1 1). The alcohol 46 (250 mg) 

was heated to 50°C for 30 min in benzene (25 mL) containing p- 
toluene sulfonic acid monohydrate (90 mg) and anhydrous calcium 
chloride (150 mg). The mixture was then washed with aqueous sodium 
bicarbonate, dried, and evaporated. The solid was purified by dry col 
chrom to give the tetraene 4c (220 mg: 91%; 7(P)-methoxycarbonyl- 
3,7(a), lOa(~)-trimethyl-2,3,6a,7,8,9,10,lOa-octahydrophenanthro- 
[3,2-blfuran), mp 138- 140°C (from hexane); ir: 3040 and 1720 
cm-'; 'H nmr 6: 0.85 and 1.30 (2s, Me-C), 1.32 (d, J = 8 Hz, 
Me-CH), 3.48 (m, C15-H), 3.68 (s, COOMe), 4.04 (dd, J = 9 and 
8 Hz) and 4.67 (dd, J = 9 and 9 Hz, -CH20-), 6.37 (m, 2H, C6 
and C7 olefinic H), 6.71 and 6.86 (2s, arom H); I3Cmr, see Table 1. 
Anal. calcd. for C21H2603: C 77.27, H 8.03; found: C 77.17, H 8.18. 

Peracid oxidation of ketone 5a  (formation of quinones 6a and 6c) 
The reagent is prepared by adding hydrogen peroxide (10 mL of 

30%) dropwise to a cooled solution of concentrated sulfuric acid (0.2 
mL) in acetic anhydride (23 mL). After standing overnight, the per- 
acid is slowly added to the cooled solution of the ketone 5a (1.0 g) in 
acetic anhydride (20 mL). 'The mixture was allowed to warm to room 
temperature and stimng was continued for 7 h; it was then poured onto 
ice and stirred for 12 h, during which time a yellow solid precipitated. 
The latter was filtered and chromatographed to give the quinone 6a 
(293 mg: 23%; 2-(2-[4-(2-acetoxy-1 -methylethyl)-2,5-benzoquinone]- 
yl-6-methoxycarbonyl-2,6-dimethylcyclohexyl)ethanoic acid), mp 
140- 141°C (from methanol): [a]: - 10" (CHC13); ir: 3200 (br), 
1730, 1712, 1660, 1640, and 1605 cm-'; 'H nmr 6: 1.06and 1.27 (2s, 
Me-C) , 1.23 (d, J = 7 Hz, Me-CH), 2.09 (s, Me-CO-) , 3.2 1 (m, 
C15-H), 3.69 (s, COOMe), 3.84 (dd, J = 11 and 4 Hz) and 4.79 (dd, 
J = 1 1 and 4 Hz, -CH20-Ac), 6.43 and 6.61 (2s, olefinic H), and 
8.66 (br s, COOH, DzO); I3Cmr, see Table 1; mass spectra mle: 434 
(M'), 374, and 330. Anal. calcd. for C2,H300s: C 63.58, H 6.96; 
found: C 63.71, H 6.92. 
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The filtrate from above was extracted with methylene chloride 
which, after washing and drying, was evaporated to give a yellow oil 
(740 mg). Dry col chrom of the latter afforded more of the quinone 
acetate 6a (35 mg) and then the primary alcohol 6c (380 mg: 30% after 
recrystallization from ethyl acetate; 2-{2-[4-(2-hydroxy-1-methylethyl)- 
2,5-benzoquinone]yl-6-methoxycarbonyl-2,6-dimethylcyclohexyl)- 
ethanoic acid), mp 191 - 193°C (orange needles); ir: 3300 (br), 1720, 
1650, and 1595 cm-'; 'H nmr (DMSO-d6) 6: 0.99 and 1.14 (2s, 
Me-C), 1.07 (d, J = 8 Hz, Me-CH), 3.44 (m, 3H, C15-H and 
-CH20-), 3.63 (s, COOMe), 6.49 and 6.60 (2s, olefinic H); mass 
spectra mle: 392 (Mf), 376,362,348,330, and 316. Anal. calcd. for 
CZIHZL107: C 64.27, H 7.19; found: C 64.02, H 7.11. 

The alcohol 6c was readily acetylated by acetic anhydridelpyridine 
at room temperature, affording the acetoxy-quinone 6a.  

Hydroboration/oxidation of the isopropenyl derivative 7a 
The isopropenyl compound 7 a  (3.47 g: prepared following the 

method of Cambie et al. (5)) was dissolved in THF (6 mL) and cooled 
to 0°C. Borane - methyl sulfide (0.97 mL of 2 M in THF) was added 
slowly and the solution then stirred at room temperature for 2 h. 
Aqueous sodium hydroxide (3.4 mL of 3 N) was introduced, followed 
by hydrogen peroxide (1.3 mL of 30%), which was added slowly with 
cooling. After 1 h at room temperature, the mixture was refluxed for 
1 h and then poured into water. Ether extraction gave 8 a  as a yellowish 
foam that crystallized from ether-hexane as colorless prisms, mp 
1 13- 1 14°C (3.50 g: 96%; methyl 12-0-methyl-13-(2-hydroxy-1- 
methylethy1)podocarpate); ir: 1730 cm-'; 'H nmr 6: 1.02 and 1.25 
(2s, Me-C), 1.21 (d, J = 7 Hz, Me-CH), 3.36 (m, C15-H), 3.60 (m, 
2H, CH20H), 3.60 (s, COOMe), 3.71 (s, MeO-Ar), 6.70 and 6.79 
(2s, arom H); I3Cmr, see Table 1. Anal. calcd. for C22H3204: C 73.30, 
H 8.95; found: C 73.32, H 8.91. 

Acetylation of 8a  and oxidation of the acetate 8 b  
The primary alcohol 8 a  (3.50 g) was treated with pyridine (7 mL) 

and acetic anhydride (7 mL) for 40 h at room temperature. The 
solution was then poured into ice-water and the product obtained by 
ether extraction. Dry col chrom gave the acetate 8 b  as an oil which 
could not be crystallized (3.12 g: 92%; ir: 1735 cm-l; 'H nmr 6: 2.03 
s,  Me-CO-) and was used as such for the oxidation. 

To a solution of the acetate 8b (3.62 g) in acetic acid (65 mL) cooled 
in an ice bath was added, dropwise, chromium trioxide (2.2 g) dis- 
solved in 80% aqueous acetic acid (15 mL). Stirring was continued for 
3 h and the mixture was then poured into ice-water, and the product 
extracted into ether and then crystallized from ether (2.62 g: 70%; 
methyl 12-0-methyl-13-(2-acetoxy-l-methylethyl)-7-oxo-podocarpate 
9a) ,  mp 145-146°C; uv: 228 (4.13) and 276 (4.06) nm; ir: 1725 and 
1665 cm-'; 'H nmr 6: 1.12 and 1.24 (2s, Me-C), 1.27 (d, J = 7 Hz, 
Me-CH), 3.42 (m, C15-H), 3.65 (s, COOMe), 3.85 (s, MeO-Ar), 
4.09 (dd, 2H, CH20-Ac), 6.74 and 7.80 (2s, arom H at C11 and 
C14 resp.); I3Cmr, see Table 1. Anal. calcd. for C24H3206: C 69.21, 
H 7.74; found: C 69.33, H 7.79. 

Oxidation of ketone 9 a  to quinones 6a and IOa 
The reagent was prepared by adding, slowly, hydrogen peroxide 

(22 mL of 30%) to acetic anhydride (5 1 mL) containing concentrated 
sulfuric acid (0.05 mL) maintained at O°C. Stirring was continued for 
24 h and the solution was then added to the cooled solution of the 
ketone 9 a  (2.57 g) in acetic anhydride (44 mL) over a period of 30 
min. After stimng at room temperature for 20 h, the solution was 
poured onto ice (500 g) and one hour later the product was obtained 
by ether extraction as a viscous yellow oil (2.24 g). The separation of 
the two isomers was tedious and involved three successive silica gel 
columns. In this way, fractions were obtained that contained the pure 
quinone 6a (0.57 g: 19%), identical with that described earlier. The 
C15(S) epimer 10a (0.51 g: somewhat slower on the columns: 18%) 
was also isolated, mp 146-148°C (from methanol); [a]: +52" 
(CHCI,); ir: 3200 (br), 1735, and 1655 cm-l; 'H nmr 8: 1.04 and 1.26 
(2s, Me-C), 1.21 and 1.24 (2d, J = 7 Hz, Me-CH), 2.03 (s, 
Me-CO-), 3.03 (m, C15-H), 3.67 (s, COOMe), 4.07 (dd, J = 11 
and 6 Hz) and 4.27 (dd, J = 11 and 5 Hz, CH20-Ac), 6.51 and 6.56 

(2s, olefinic H), and 10.1 (COOH, D2O). Anal. calcd. for C23H3oOs: 
C 63.58, H 6.96; found: C 63.45, H 6.95. 

Formation of ketone 5 b  
'The ketone 5b, prepared as described earlier (3), was identical with 

that obtained previously (yield 80%) but this time we were able to 
confirm the identity of a second product Zd, 7-0x0-13-acetyl-12-hy- 
droxypodocarpa-8,ll, 13-triene in 13% yield, mp 142- 143°C (from 
hexane); uv: 248 (4.46), 279 (4.05), and 324 (3.55) nm; ir: 
3400-2600 (broad OH), 1680, and 1650 cm-'; 'H nmr 6: 0.96, 1.01, 
and 1.24 (3s, Me-C), 1.82 (dd, lH, J = 11 and 7 Hz, C5-H), 2.56 
(dd, lH, J = 18 and 11 Hz, C6-HP), 2.67 (s, Me-CO-), 2.79 (dd, 
lH, J = 18 and 7 Hz, C6-Ha), 6.91 (s, Cll-H), 8.48 (s, C14-H), and 
12.36 (s, OH, D20); I3Cmr, see Table 1; mass spectramle: 300 (M'), 
286, 285, and 217. Anal. calcd. for C19H2403: C 75.97, H 8.05; 
found: C 75.79, H 8.19. 

Quinones 6b and l o b  
A solution of peracid was prepared from hydrogen peroxide (40 mL 

of 30%), acetic anhydride (92 mL), and concentrated sulfuric acid 
(0.8 mL) as described above. This solution was stirred at room tem- 
perature for 24 h and then cautiously added dropwise to the cooled 
solution of the ketone 5b  (7.5 g) in acetic anhydride (90 mL). The 
temperature was allowed to rise to ambiant while stirring was con- 
tinued for 20 h. The mixture was poured into ice-water and, after 
stirring for several hours, the product was obtained by ether extraction 
(8 g, yellow solid) and chromatographed (silica gel, hexane - ethyl 
acetate, 7 :  3) affording some starting material 5b  (0.5 1 g), the mixture 
of quinones 6b and 106 (5.13 g), and a mixture of the two quinones 
in which the primary acetate had been hydrolysed (1.63 g). The latter 
mixture was acetylated by dissolving in pyridine (15 mL), adding 
acetic anhydride (20 mL), and stimng at room temperature overnight. 
A normal work-up afforded the mixture of 6b and l o b  (1.61 g), which 
was combined with the previous amount and chromatographed again 
to give first the major R component 6b (4.3 g: 47%), the S isomer l o b  
(1.5 g: 17%), and some mixed R/S fractions (0.9 g). Quinone 6b 
(2-12-[4-(2-acetoxy-1 (R)-methylethyl)-benzoquinone-2,5]yl-2,6,6-tri- 
meth lc clohexy1)ethanoic acid), mp 143- 145°C (from ethanol); 
[a]~5Y-~Oo (CHCI,); uv: 258 (4.14) nm; ir: 3400-2400 (br OH, 
COOH), 1725, and 1655 cm-'; 'H nmr 6: 0.92, 0.98, and 1.26 (3s, 
Me-C), 1.21 (d, J = 7 Hz, Me-CH), 2.06 (s, Me-CO-), 2.08 (dd, 
lH,  J = 16 and 4.5 Hz, C6-H), 2.28 (dd, lH,  J = 16 and 8.5 Hz, 
C6-H), 2.73 (dd, lH, J = 8.5 and 4.5 Hz, C5-H), 2.97-3.33 (m, 
C15-H),3.79(dd, lH, J = 11 and4Hz,C16-H),4.77(dd, 1 H , J  = 
11 a n d 3  Hz, C16-H),6.35 (d, lH, J = 1.5 Hz,C14-H),6.58 (s, 
C l  I-H), and 8.94 (COOH, D20); I3Cmr, see Table 1; mass spectra 
mle: 390 (M+), 374, 355, 347, 329, 313, and 285. Anal. calcd. for 
C22H3006: C 67.67, H 7.74; found: C 67.78, H 7.60. Quinone l o b  
(2-(2 -[4-(2-acetoxy-1 (S)-methylethyl)-benzoquinone-2,5]yl-2,6,6- 
trimethylcyclohexyl)ethanoic acid), mp 119- 120°C (from ethanol); 
[a]: -19" (CHC13); uv: 258 (4.14) nm; ir: 3400-2500 (br OH, 
COOH), 1730, 1705, and 1655 cm-'; 'H nmr (0.22 M in CDC13) 6: 
0.89,0.91, and 1.18 (3s, Me-C), 1.17 (d, J = 6.5 Hz, Me-CH), 1.97 
(s, Me-CO-), 1.99 (dd, J = 16 and 8 Hz, C6-H), 2.28 (dd, J = 
16 and 4 Hz, C6-H), 2.64 (dd, J = 8 and 4 Hz, C5-H), 2.96 (m, 
C15-H), 3.83 (dd, J = 11 and 5 Hz, C16-H), 4.32 (dd, J = 11 and 
7 Hz, C16-H), 6.24 and 6.35 (2s, C14 and Cl l -H resp.); I3Cmr, see 
Table 1; mass spectra mle: 390 (M+), 348, 330, 317, and 315. Anal. 
calcd. for C22H3006: C 67.67, H 7.74; found: C 67.58, H 7.78. 

Bromo-quinone I 6  
This procedure is based on that described by Moore et al. (12). To 

the quinone 6b (3.90 g) in glacial acetic acid (50 mL) was added 
bromine (0.80 mL), and the mixture was stirred for 3 h and then 
poured into water (500 mL). The orange precipitate was filtered and 
well washed to afford an unstable crude product (5.03 g, after drying), 
which was used immediately for the next step. 

The crude bromo compound was dissolved in ether and cooled to 
10°C and then diethylamine (1.0 mL) in ether (10 mL) was added 
dropwise. After stimng for 3 h at room temperature, the mixture was 
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poured into water and the product obtained by ether extraction. Chro- 
matography over silica gel (hexane - ethyl acetate 4: 1) afforded the 
bromoquinone 16 (3.70 g: 79%), orange solid, mp 15 1 - 153°C (dec., 
from ethanol); uv: 275 (3.97) and 358 (2.87) nm; ir: 1725, 1700, 
1670, and 1650 cm-I; 'H nmr 6: 0.89 (s, 6H, 2 Me-C), 1.16 (s, 
Me-C), 1.19 (d, J = 7 Hz, Me-CH), 1.92 (s, Me-CO-), 1.93 (dd, 
3 = 17 and 7 Hz, C6-H), 2.24 (dd, J = 17 and 4 Hz, C6-H), 2.60 (dd, 
J = 7 and 4 Hz, C5-H), 3.44 (m, C15-H), 4.21 (d, 2H, 
C(16)H2-OAc), 6.3 1 (s, C8-H), and 9.92 (COOH, D20); "Cmr, see 
Table 1 ; mass spectra mle: 470 (M+ + 2), 468 (M'), 454,452,428, 
426,410, 408, 394, and 392. Anal. calcd. for C22H2906Br: C 56.29, 
H 6.23, Br 17.08; found: C 56.45, H 6.43, Br 17.21. 

From the mother liquors (above) a second product was obtained. 
Dry col chrom gave the pure dibromo-lactone 18 (0.45 g: 8%), mp 
163 - 165°C (from ether); [a]? -44" (CHCI,); uv: 29 1 (3.8 1) and 365 
(2.66) nm; ir: 1750 (br) and 1695 cm-'; 'H nmr 6: 0.82, 0.90, and 
1.20 (3s, Me-C), 1.21 (d, J = 6.5 Hz, Me-CH), 1.91 (s, 
Me-CO-), 2.32 (dd, 3 = 16 and 10.5 Hz, C6-H), 2.69 (dd, 3 = 
16 and 6 Hz, C6-H), 3.56 (m, C15-H), 4.22 (dd, J = 13 and 7 Hz, 
C16-H), 4.33 (dd, 3 = 13 and 7 Hz, C16-H), and 4.78 (s, CH-Br); 
"Cmr, see Table 1; mass spectra mle: 550,548,546 (M+), 471,469, 
467, 453, 451, 409, 407, 393, 391, and 389. Anal. calcd. for 
C22H2806Br2: C 48.19, H 5.15, Br 29.15; found: C 47.95, H 5.24, 
Br 28.87. 

Formation of the hydroxy-quinone 15a and the methoxy-quinone 15 b 
To a solution of the bromo-quinone 16 (2.8 g) in methanol (30 mL) 

was added aqueous sodium hydroxide (30 mL of 20%) and the mixture 
was stirred at room temperature for 15 min, after which the dark violet 
solution was diluted with water, acidified with 5% aqueous hydro- 
chloric acid, and then extracted with ether. The two products (as seen 
by tlc) were separated by chromatography over silica gel (hexane - 
ethyl acetate I : 1) affording hydroxy-quinone 15a (1.41 g: 64%; 2-12- 
13-hydroxy-4-(2-hydroxy -1 -methylethyl)-benzoquinone-2,5]yl-2,6,6- 
trimethylcyclohexyl}ethanoic acid), orange needles, mp 168 - 170°C 
(from ethanol); uv: 273 (3.95) and 400 (2.96) nm; ir: 3600-2400 (br 
COOH), 3360 (OH), 1710, 1665, and 1635 cm-'; 'H nmr 6: 0.93, 
0.98, and 1.24 (3s, Me-C), 1.13 (d, J = 7 Hz, Me-CH), 2.08 (dd, 
3 = 16 and 9 Hz, C6-H), 2.34 (dd, J = 16 and 3.5 Hz, C6-H), 2.63 
(dd, J = 9 and 3.5 Hz, C5-H), 3.10-3.44 (m, C15-H), 3.56-3.99 
(m, 2H, C(16)H2-O), 6.49 (s, C1 I-H), and 7.59 (m, 3H, COOH, 
CH20H and OH, D20); "Cmr, see Table 1. Anal. calcd. for 
C20H2806: C 65.91, H 7.74; found: 65.76, H 7.61. 

The more mobile product was the methoxy-quinone 156 (0.61 g: 
27%; red glass); 'H nmr 6: 0.93, 0.98, and 1.24 (3s, Me-C), 1.07 (d, 
J = 7 Hz, Me-CH), 4.03 (s, MeO-), 6.48 (s, Cll-H), and 7.76 (m, 
2H, COOH and CH20H, D20); I3Cmr, see Table 1; mass spectra m/e: 
378 (M+), 259, and 245. 

Reduction and methylation of the hydroxy-quinone 15a 
This procedure was inspired by that of Edwards et al. (13). Adams' 

catalyst (100 mg) was hydrogenated in methanol (10 mL) at atmo- 
spheric pressure. The hydroxy-quinone 15a (1.80 g) was introduced 
dissolved in methanol (38 mL) and the mixture was stirred under 
hydrogen for 2 h, by which time the solution had become colorless. 
Then, every hour, aqueous sodium hydroxide (1.5 mL of 30%) and 
dimethyl sulfate (1 mL) were added, up to a total of 16.5 and 1 1 mL, 
respectively. The catalyst was removed by filtration with Celite, the 
solution was diluted with water (70 mL), and the bulk of the methanol 
was removed under vacuum. Ether extraction afforded an oily mixture 
which was separated by chromatography (silica gel; hexane - ethyl 
acetate 4: 1) which gave the following. 

Trimethyl ether 19a (1.03 g: 48%; pale oil: methyl 2-[2,3,5-tri- 
rnethoxy-4-(2-hydro& (R)-methylethyl)-phenyl-2,6,6-trimethylcyclo- 
hexyl]ethanoate); ir: 3500, 1730, and 1605 cm-'; 'H nrnr 6: 0.92, 
0.99, and 1.35 (3s, Me-C), 1.28 (d, J = 7 Hz, Me-CH), 2.08 (dd, 
J = 16 and 6 Hz, C6-H), 2.32 (dd, 3 = 16 and 5 Hz, C6-H), 2.48 (br 
s,  CHIOH, D20), 2.83 (dd, J = 6 and 5 Hz, C5-H), 3.33 (s, 
COOMe), 3.54 (m, C15-H), 3.61 -3.89 (m, CHIOH), 3.79 (s, 6H, 
OMe at C12 and C14), 3.95 (s, OMe at C1 l),  and 6.59 (s, C8-H); 
"Cmr, see Table 1. 

Tetramethyl ether 21a (352 mg: 16%; pale yellow oil); ir: 1735 
cm- l .  ' , H nmr 6: 0.9 1, 0.97, and 1.33 (3s, Me-C), 1.29 (d, J = 7 Hz, 
Me-CH), 2.05 (dd, J = 15.5 and 5 Hz, C6-H), 2.28 (dd, 3 = 15.5 and 
5 Hz, C6-H), 2.95 (dd, J = 5 and 5 Hz, C5-H), 3.29 (s, 6H, COOMe 
and CH20Me), 3.74 (s, 6H, OMe at C12 and C14), 3.91 (s, OMe at 
C1 I), and 6.55 (s, C8-H); "Cmr, see Table 1. 

Dimethyl ether 20 (298 mg: 15%; pale yellow oil); ir: 3450 and 
1730 cm-'; 'H nmr 6: 0.93, 0.97, and 1.37 (3s, Me-C), 1.31 (d, J = 
7 Hz, Me-CH), 2.03 (dd, J = 15 and 6 Hz, C6-H), 2.3 1 (dd, J = 15 
and 6 Hz, C6-H), 3.14 (dd, 3 = 6 and 6 Hz, C5-H), 3.28 (s, COOMe), 
3.44-3.89 (m, 3H, C15-H and CH20H), 3.75 and 3.78 (2s, OMe at 
C14 and C12), 6.07 (phenolic OH, D20), and 6.60 (s, arom H); 
13 Cmr, see Table 1. Further methylation of this dimethyl ether (di- 
methyl sulfate/sodium hydroxide) afforded the trimethyl ether 19a in 
excellent yield. 

Reduction and methylation of hydroxy-quinone 15a (second procedure) 
The quinone 15a (2.02 g) in methanol (20 mL) was hydrogenated 

as described above (70 mg of Pt02 in methanol). The colorless solu- 
tion was then treated with aqueous sodium hydroxide (1 mL of 30%) 
and dimethyl sulfate (1 mL) every hour, up to a total of 12 mL of each 
reagent, and stimng was continued for 40 more hours. The solution 
had become acid during this time. Following the same work-up as in 
the earlier procedure afforded, as the major product, the trimethyl 
ether 19a (1.09 g: 47% after dry col chrom) but the minor product was 
the cyclized compound 22a (302 mg: 14%; colorless oil: methyl 
2-[2-(4,5-dimethoxy-3(R)-methyl-2,3-dihydrobenzofuran-6)yl-2,6,6- 
trimethyl cyclohexyl]ethanoate); ir: 1730 cm-'; 'H nmr 6: 0.89,0.97, 
and 1.27 (3s, Me-C), 1.34 (d, J = 6.5 Hz, Me-CH), 2.02 (dd, J = 
15.5 and 5.5 Hz, C5-H), 3.38 (s, COOMe), 3.61 (m, C15-H), 3.84 
and 3.94 (2s, OMe), 4.04 (dd, J = 8.5 and 6 Hz, C 16-H), 4.58 (dd, 
J = 8.5 and 8.5 Hz, C16-H), and 6.48 (s, arom H). Anal. calcd. for 
C23H3405: C 70.74, H 8.78; found: C 70.48, H 8.49. 

Hydrolysis of ester 19a 
Sodium hydroxide solution (40 mL of 10% aqueous) was added to 

the ester (1.0 g) in methanol (40 mL) and the mixture was refluxed for 
20 h. After adding more water, the methanol was removed under 
vacuum and the product then obtained by ether extraction. The yellow 
oil (850 mg) was chromatographed (silica gel; hexane - ethyl acetate 
7:3) to give the acid 196 (802 mg: 83%; 2-[2,3,5-trimethoxy-4-(2- 
hydroxy-1 (R)-methylethyl)phenyl-2,6,6-trimethylcyclohexyl]ethanoic 
acid), pale yellow oil; uv: 229 (sh 3.90) and 286 (3.41) nm; ir: 
3600-2400 (br COOH), 3400 (OH), and 1710 cm-I; 'H nmr 6: 0.91, 
0.98, and 1.33 (3s, Me-C), 1.23 (d, J = 7 Hz, Me-CH), 2.03 (dd, 
J = 16 and 5 Hz, C6-H), 2.28 (dd, 3 = 16 and 6 Hz, C6-H), 2.77 (dd, 
J = 6 and 5 Hz, C5-H), 3.51 (m, C15-H), 3.74 (s, 6H, OMe at C12 
and C14), 3.89 (s, OMe at C l l ) ,  6.57 (s, arom H) and 6.67 (m, 2H, 
COOH and OH, D20); "Cmr, see Table 1; mass spectra mle: 408 
(M+), 378, 377, 359,235, 221, and 195. Anal. calcd. for C23H3606: 
C 66.62, H 8.88; found: C 66.93, H 8.67. 

Cyclization of acid 19b (to give ketone 23a) 
Following Pelletier and Ohtsuka's method (14), the acid 196 (850 

mg) was stirred at room temperature in trifluoroacetic anhydride 
(7 mL) for 20 h. After pouring into water, the product was obtained 
by ether extraction and repeated washing. The actual product at this 
stage was the en01 trifluoroacetate (ir 1805 cm-I) but this was hydro- 
lysed immediately by stirring in methanol (50 mL) and aqueous 
sodium hydroxide solution (10 mL of 10%) for 40 min. Chro- 
matography over silica gel (hexane - ethyl acetate 7:3) of the oil 
obtained by extraction afforded the cyclized ketone 23a (820 mg: 
89%; 7-oxo-11,12,~4-trimethoxy-13-(2-hydroxy-~(R)-methy1ethy1)- 
podocarpa-8,11,13-triene), mp 108- 1 1 1°C (from ether- hexane); 
[a]: $209" (CHC13): uv: 274 (3.92) and 314 (3.46) nm; ir: 3500 
and 1680 cm-'; 'H nmr 6: 0.94, 0.98, and 1.33 (3s, Me-C), 1.28 (d, 
3 = 7 Hz, Me-CH), 1.82 (dd, J = 11 and 7 Hz, C5-H), 2.32 (m, lH, 
CH20H, D20), 2.48 (dd, J = 18 and 11 Hz, C6-H), 2.71 (dd, J = 
18 and 7 Hz, C6-H), 3.56 (m, C15-H), 3.67-3.94 (m, 2H, CH20H), 
3.75, 3.78, and 3.84 (3s, OMe at C14, 12, and 11 resp.); "Cmr, see 
Table 1; mass spectra mle: 390 (M+, very weak), 357, and 342. The 
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molecular ion was too weak for an Exact Mass determination. 

Oxidation to the enolic a-diketone 24a (coleon C trimethyl ether) 
The ketone 23a (400 mg) in tert-butanol (20 mL) was added to the 

solution obtained by dissolving potassium (1.5 g) in tert-butanol 
(40 mL). The mixture was stirred vigorously at room temperature in 
an atmosphere of oxygen for 2 h, after which water (50 mL) contain- 
ing concentrated hydrochloric acid (4 mL) was added and the product 
extracted into chloroform. Silica gel chromatography using hexane - 
ethyl acetate 7:3 as eluant afforded first the enolic a-diketone 25 
(130 mg: 26%; 4-0x0-5-hydroxy-l(R),6,6,9a(S)-tetramethyl- ,2,4,- 
6,7,8,9,9a-octahydrophenanthro[l,2-blfuran), pale yellow needles, 
mp 180-183°C (from hexane); [a]: +51° (CHC13); uv: 320 (sh 
4.03), 254 (4.08), 277 (3.91), 309 (3.71), and 362 (4.00) nm; ir: 
3300, 1615, and 1585 cm-'; 'H nmr 6: 1.35 (d, J = 7 Hz, Me-CH), 
1.45 (s, 6H, Me-C at C4), 1.64 (s, Me-C at C lo), 2.63 - 3.08 (m, 2H, 
Cl-H), 3.66 (m, C15-H), 3.87 and 3.94 (2s, OMe), 4.34 (dd, J = 9 
and 6 Hz, C16-H), 4.86 (dd, J = 9 and 8.5 Hz, C16-H), and 7.33 
(OH, D20); "Cmr, see Table 1; mass spectra mle: 372 (M'), 357, 
341, 329, and 303. Anal. calcd. for C22H2805: C 70.94, H 7.58; 
found: C 70.98, H 7.60. The second product was the major com- 
ponent, enolic a-diketone 24a (203 mg: 49%; 7-0x0-11,12,14-tri- 
methoxy-6-hydroxy-13-(2-hydroxy-1 (R)-methylethy1)podocarpa- 
5,8,11,13-tetraene), pale yellow needles, mp 145 - 148°C (from hex- 
ane); [a]? +79" (CHC13); uv: 247 (3.82), 278 (3.80), and 334 (3.79) 
nm; ir: 3500, 3380, 1630, and 1575 cm-I; 'H nmr 6: 1.32 (d, J = 7 
Hz, Me-CH), 1.44, 1.47, and 1.64 (3s, Me-C), 2.67 - 3.06 (m, 2H, 
Cl-H), 3.57 (m, C15-H), 3.67-4.01 (m, 2H, CH20H), 3.78 (s, OMe 
at C14), 3.88 (s, 6H, OMe at C l l  and C12), and 7.42 (s, OH, D20); 
13 Cmr, see Table 1; mass spectra mle: 404 (M '), 389,374,372,361, 
357, and 341. Anal. calcd. for C23Hs2O6: C 68.29, H 7.97, 0 23.74; 
found: C 67.90, H 8.11, 0 24.08. 

Coleon C tetramethyl ether (methylation of 24a) 
To the en01 24a (90 mg) in ethanol (15 mL) and water (15 mL) was 

added aqueous sodium hydroxide (10 mL of 30%). After stirring for 
30 min at room temperature, dimethyl sulfate (6 mL) was introduced 
and the mixture was stirred for 36 h. After diluting with water and 
extraction, the crude material was chromatographed (silica gel; hexane 
- ethyl acetate 7: 3) affording the crystalline tetramethyl ether 246 
(65 mg: 70%; 7-oxo-6,11,12,14-tetramethoxy-13-(2-hydroxy-l(R)- 
methylethy1)podocarpa-5,8,11,13-tetraene), colorless needles, mp 
162- 164°C (from hexane); uv: 248 (sh 3.82), 274 (3.78), 300 (3.74), 
and 331 (3.59) nm; ir: 3440, 1658, and 1620 cm-I; 'H nmr 6: 1.33 
(d, J = 7 Hz, Me-CH), 1.42 (s, 6H, Me-C both at C4), 1.63 (s, Me-C 
at ClO), 1.95 (br s,  OH, D20), 2.61-3.01 (m, 2H, Cl-H), 3.51 (m, 
C15-H), 3.67-3.94 (m, 2H, CH20H), 3.71, 3.72, 3.78, and 3.79 
(4s, OMe at C6, 14, 12, and 11 resp.); mass spectra mle: 418 (M+), 
404, 403, 386, 371, 355, 343, and 317. Anal. calcd. for C24H3406: 
C 68.87, H 8.19; found: C 69.01, H 8.14. 

Ketone 23b (hydrolysis of ester 21 a and cyclization of acid 21 b) 
To the ester 21a (350 mg) in methanol (10 mL) was added aqueous 

sodium hydroxide (10 mL of 10%) and the mixture was refluxed for 
24 h. Normal extractive isolation afforded an acid fraction (340 mg) 
which was chromatographed (silica gel; hexane - ethyl acetate 7 : 3) 
to give the acid 216 (304 mg: 89%); ir: broad acid trough, 17 10 cm-'; 
'H nmr 6: 0.89, 0.98, and 1.31 (3s, Me-C), 1.29 (d, J = 7 Hz, 
Me-CH), 2.03, 2.27, and 2.83 (3dd, similar to ester 21a, C5-H and 
C6-H), 3.33, 3.72 (6H), and 3.89 (3s, four OMe), 6.55 (s, arom H), 
and 10.03 (COOH, D20); "Cmr, see Table 1. 

The acid 216 (200 mg from above without further purification) was 
taken up in trifluoroacetic anhydride (5 mL) and stirred at room 
temperature for 20 h. The en01 trifluoroacetate intermediate was dis- 
solved in methanol (40 mL) and hydrolysed by stimng for 1 h at room 
temperature after adding aqueous potassium hydroxide (4 mL of 
10%). Dry col chrom of the extracted neutral fraction gave the ketone 
236 (145 mg: 70%; 7-oxo-11,12,14-trimethoxy-13-(2-methoxy-l(R)- 
methylethy1)podocarpa-8,11,13-triene), rnp 72-75°C (from hexane), 
[a]: + 193" (CHC13); uv: 215 (4.25), 274 (3.91), and 314 (3.47) nm; 

ir: 1680 cm-'; 'H nmr 6: 0.93, 0.97, and 1.32 (3s, Me-C), 1.28 (d, 
J = 7 Hz, Me-CH), 1.81 (dd, J = 11 and 7 Hz, C5-H), 2.47 (dd, 
J = 18 and 11 Hz, C6-H), 2.69 (dd, J = 18 and 7 Hz, C6-H), 3.32, 
3.75, 3.76, and 3.82 (4s, OMe at C16, 14, 12, and 11 resp.); "Cmr, 
see Table 1; mass spectra mle: 404, 389, 373, 373, 359, and 344. 
Exact Mass (M') calcd. for C24H3605: 404.2564; found (high resolu- 
tion ms): 404.2572. 

Ketone 26  (hydrolysis of ester 22a and cyclization of acid 22 b) 
The ester 22a (70 mg) was hydrolysed by refluxing in methanol 

(10 mL) containing aqueous sodium hydroxide (10 mL of 10%) for 
20 h. Most of the methanol was evaporated and the acid fraction 
obtained by extraction was purified by dry col chrom. The acid 226 
('H nmr 6: 0.87, 0.97, and 1.24 (3s, Me-C), 1.31 (d, J = 7 Hz, 
Me-CH), 1.98 (dd, J = 17 and5.5 Hz, C6-H), 2 .24(dd,J  = 17 and 
7 Hz, C6-H), 2.89 (dd, J = 7 and 5.5 Hz, C5-H), 3.59 (m, C15-H), 
3.79and3.89(2s,OMe),4.01 ( d d , J =  8.5and6.5Hz,C16-H),4.57 
(dd, J = 9and 8.5 Hz, C16-H), 6.47 (s, arom H), and 10.14 (COOH, 
D20)) was used as such for the cyclization, accomplished by stirring 
in trifluoroacetic anhydride (4.0 mL) for 20 h. The initial product 
was then hydrolysed (40 mL methanol, 4 mL aqueous potassium 
hydroxide lo%, 1 h) and the extracted neutral fraction was then 
chromatographed over silica gel (hexane - ethyl acetate 7:3) af- 
fording the glassy ketone 26 (36 mg: 54%; 4-0x0-l0,ll-dimethoxy- 
l(R),6,6,9a(S)-tetramethyl-1,2,4,5,5a(R),6,7,8,9,9a-decahydro- 
phenanthro[l,2-blfuran); uv: 226 (4.09), 235 (sh 4.09), 270 (3.85), 
and 335 (3.57) nm; ir: 1675 cm-'; 'H nmr 6: 0.92,0.96, and 1.26 (3s, 
Me-C), 1.32 (d, J = 6.5 Hz, Me-CH), 1.79 (dd, J = 10.5 and 6.5 Hz, 
C5-H), 2.46 (dd, J = 17 and 10.5 Hz, C6-H), 2.67 (dd, J = 17 and 
6.5 Hz, C6-H), 3.59 (m, C15-H), 3.75 and 3.90 (2s, OMe at C12 and 
CI I resp.), 4.24 (dd, J = 9 and 6 Hz, C16-H), and 4.79 (dd, J = 9 
and 9 Hz, C16-H); mass spectra mle: 358, 342, 301, 273, 261, and 
247. Exact Mass (M') calcd. for C22H3004: 358.2145; found (high 
resolution ms): 358.2124. 
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Permanganate peroxidation of cyclohexene. 111. Hydroxide ion and salt effect studies 
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JAY E. TAYLOR and RENEE GREEN. Can. J. Chem. 63, 2777 (1985). 
Good yields of cis-l,2-cyclohexanediol were formed by the reaction of cyclohexene and aqueous potassium permanganate 

under turbulent stirring conditions only in the presence of low concentrations of sodium hydroxide. Larger amounts had no 
further benefit or were deleterious. The lack of sensitivity to low concentrations of hydroxide ion indicated that its benefit is 
to inhibit acid promoted oxidations. There was no indication of its participation in the mechanism of glycol formation. The 
addition of the neutral salts, sodium sulfate or sodium nitrate, caused a decrease in glycol yields presumably due to a positive 
salt effect on a secondary negative ion - negative ion reaction, which formed other oxidation products. Stoichiometric amounts 
of hydroxide and potassium ions were not isolated as reaction products due to interaction with the hydrated manganese dioxide 
in a 1 : 2 ratio. The mechanisms in acidic and basic solutions appear to be quite different. A mechanism for basic solutions is 
suggested. 

JAY E. TAYLOR et RENEE GREEN. Can. J. Chem. 63, 2777 (1985). 
I1 se forme de bons rendements de cyclohexanediol-l,2-cis lors de la rtaction du cyclohexbne et du permanganate de 

potassium, soumis une agitation tumultueuse et seulement en presence de faibles concentrations d'hydroxyde de sodium. Des 
concentrations plus fortes d'hydroxyde n'amtliorent pas la reaction; elles peuvent m&me avoir un effet contraire. Le manque 
de sensibilitC 2 la presence de faibles concentrations d'ions hydroxydes indique que ces derniers inhibent les oxydations 
favorisees par les milieux acides. On n'a aucune preuve de leur participtation au mCcanisme de formation du glycol. L'addition 
de sels neutres, comme le sulfate de sodium ou le nitrate de sodium, provoque une diminution du rendement en glycol et cet 
effet est probablement cause par un effet de sel positif sur une reaction secondaire entre ions nCgatifs qui forme d'autres produits 
d'oxydation. A cause de l'interaction avec le dioxyde de manganbse hydrate, dans un rapport de 1 :2, on n'a pas is016 des 
produits de la riaction des quantites stoechiomCtriques d'ions potassium et hydroxyde. Les mkanismes de reaction en solutions 
acide et basique semblent &tre trbs difftrents. On suggbre un mecanisme pour les reactions en solutions basiques. 

[Traduit par le journal] 

Introduction 
Aqueous potassium permanganate reacts with cyclohexene 

to form a variety of products including cis-l,2-cyclohexane- 
diol. The  yield of the latter product is markedly enhanced by 
turbulent stirring (1). A study has been made of conditions 
which influence this reaction (2). This study is continued in 
this paper. 

Experimental 
Procedure I 

Potassium permanganate, 7.780 g (0.0492 m), was dissolved in 
450 mL water, and t h~s  solution was added concurrently with 50 mL 
methanol over a period of 1 h to a turbulently stirred slurry (2) of 
5.00 mL (0.0492 m) cyclohexene at 20°C, 180 mL of dilute sodium 
or potassium hydroxide, as indicated, and 20 mL methanol. After 
treatment with sulfur dioxide to remove the manganese dioxide and 
sodium bicarbonate (-pH 8), the glycol was extracted continuously 
with dichloromethane' for 2-3 days. This solution was concentrated 
to -6 mL/g glycol and then was ailowed to crystallize in an ice chest, 
giving the primary glycol yield. A secondary crop of crystals of lower 
purity was obtained by concentrating this solution. The apparatus and 
product isolation techniques employed have been previously described 
(2) as procedure A. 

Procedure II 
The procedure was the same as the above except that the sodium 

hydroxide was included with the permanganate solution instead of 
with the cyclohexene. 

'After working intermittently with this solvent for several years, the 
major author developed, quitesuddenly, a highly specific pulmonary 
sensitivity to the vapor of dichloromethane. No other complications 
have been observed. Due care in handling this solvent is-therefore 
strongly recommended. 

Hydroxide ion determination 
After addition of potassium permanganate as described, the total 

reaction mixture was treated with Celite filter aid, filtered twice, and 
then titrated with 1.101 N sulfuric acid, phenolphthalein indicator. 

Potassium ion determination 
The above solution was diluted to 1 Land made slightly acidic with 

sulfuric acid. A 20.0-mL aliquot was removed and an excess of 
ammonium hydroxide added. The potassium ion was determined as 
potassium sulfate (3). 

Manganese dioxide determination 
For each determination the indicated amount of standardized potas- 

sium pemanganate was added, as in Procedure I. This was followed 
by a weighed excess of ferrous ammonium sulfate, 10 mL of phos- 
phoric acid, and 45 mL of 10% sulfuric acid. The excess ferrous 
ion was titrated with 0.1 N K2CrZ07 using barium diphenylamine 
sulfonate indicator. Both the KMn04 and KZCr207 solutions were 
standardized against the ferrous ammonium sulfate. 

Results and discussion 
The effects of varying hydroxide ion and inert salt concen- 

trations upon cis-glycol yields have been determined for the 
turbulently stirred reaction of cyclohexene with potassium per- 
manganate. Also, a disappearance of potassium and hydroxide 
ions from solution has been noted. 

EfSect of added hydroxide ion 
That hydroxide ion is essential to the formation of the cis- 

glycol has been clearly demonstrated ( I ) ,  and further evidence 
is seen in comparing experiment 1, Table 1,  with the remainder 
of the table. Essentially no product glycol was isolated under 
slightly acid conditions, and it seems unlikely that it was first 
formed and then further oxidized since the rate of oxidation of 
the cis-glycol by permanganate is low in mildly acid solutions. 
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TABLE 1. Effects of varied hydroxide ion concentrations 
on yields of cis-l,2-cyclohexanediol 

TABLE 2. Effects of varied inert salt concentrations on yields of cis- 
1,2-cyclohexanediol 

Melting Total 
Expt. OH- Glycold pointd yield 
no. (m) (8) ( " 0  (%) 
- - 

1 0" >o >o 
2 0 4.275 97.5-98.5 80 

0.305 86 - 89 
3 0.005b 4.658 95-97 86 

0.267 85 - 87 
4 O.OIOb 4.532 96-97.5 85 

0.297 85 - 87 
5 O.05Ob 3.803 97-98 72 

0.321 85-87.5 
6 O.lWb 2.938 94.5-96.5 56 

0.264 90-93.5 
7 0.005' 4.318 96-97.5 82 

0.393 83-86 
8 0.010' 4.310 97.5-98.5 80 

0.432 84-87 
9 0.050' 3.951 97.5-98.5 78 

0.499 92 - 95 
. , . . ,  

10 0.100' 3.867 96-97.5 72 
0.223 93.5-96 

I 

"Near neutrality was maintained throughout the reaction by ~ mixing an equimolar quantity of acetic acid with the potassium 
i permanganate. 

bThe sodium hydroxide was mixed with the cyclohexene 
slurry as per Procedure I. Final volume 700 mL. 

'The sodium hydroxide was mixed with the KMn04 solution 
as per Procedure 11. Final volume 700 mL. 

! dThe dual entries are the primary and secondary glycol yields 
whose relative purities are indicated by the corresponding 
melting points. The major impurity appeared to be trans-1,2- 
cyclohexanediol. 

The effects of adding varying amounts of hydroxide ion are 
shown in Table 1. As seen in comparing experiments 3 with 4 
or 7 with 8, doubling the hydroxide ion concentration had no 
significant effect on glycol yields. Even with no added hy- 
droxide, experiment 2, the hydroxide ion which formed as a 
reaction product provided the needed basicity except at the start 
of the reaction, and, as a result, the overall yields were but 
slightly lowered. 

For those experiments in which the sodium or potassium 
hydroxide was added with the potassium permanganate by 
Procedure 11, roughly the same yields were obtained with 0, 
0.005 m, or 0.010 m of hydroxide, and these yields were lower 
than those with 0.005 m or 0.010 m added as in Procedure I. 
See experiments 2, 7, 8, Table 1, and compare with experi- 
ments 3 and 4. These lowered yields again resulted from low 
hydroxide concentrations at the outset of the reactions. 

From these observations, it is concluded that the function of 
added hydroxide ion was to provide a basic medium to min- 

I imize any acid promoted reactions, and that the hydroxide ion 
had no function in the mechanism of glycol formation, in 
contrast to a previous suggestion (4). Wiberg and Geer (5) had 
noted much earlier that these reactions are independent of con- 
centration of base. 

A large excess of hydroxide ion was deleterious to glycol 
formation, as seen in experiments 5 and 6, Table 1, where the 
yields were lowered to 72 and 56% by the presence of 0.05 m 
and 0.10 m,  respectively, of sodium hydroxide in the reaction 
flask. Adding the same amount of sodium hydroxide to the 
potassium permanganate solution had a lesser effect since the 

C ~ H I O ,  Melting Total 
Added KMnO, CH30H Glycol pointb yield 

salt (m) (%) (8) ("C) (95) 

None 0.0492 25 4.670 97-98 85 
0.210 95-97 

Na2S04 0.0492 25 4.122 97-98 76 
0.5 m/L 0.242 84-87 
None 0.0985 10 7.776 97 -98 73 

0.638 83-85 
Na2S04 0.0985 10 7.397 94-96 68 
0.05 m/L 0.391 84-87 
Na2S04 0.0985 10 6.849 97-98 66 
0.15 m/L 0.644 84.5-86.5 
Na2S04 0.0985 10 5.979 97-98 58 
0.5 m/L 0.628 85 - 87 
None 0.0492 10 4.130 97.5-98.5 80 

0.432 84-87 
Na2S04 0.0492 10 3.998 94.5-96.5 77 
0.25 m/L 0.376 85-88 
Na2S04 0.0492 10 3.422 94-96.5 70 
0.5 m/L 0.590 87-90 
NaN03 0.0492 10 3.751 95.5-97.5 75 
0.75 m/L 0.520 85-88 
NaN03 0.0492 10 3.465 90-94 69 
1.5 m/L 0.453 85-88 

"Procedure 1 was followed in all experiments. The indicated molarity of salt 
was maintained during the reaction by adding the appropriate amount of 
specified salt to both the permanganate solution and cyclohexene slurry. The 
methanol was included as part of the total volume. Sodium hydroxide, 0.01 m, 
was added in each case. 

bThe dual entries are the primary and secondary glycol yields whose relative 
purities are indicated by the corresponding melting points. The major impurity 
appeared to be trans- l,2-cyclohexanediol. 

basicity was more gradually introduced into the reaction. Com- 
pare experiments 4 and 5 with 9 and 10. The stronger base 
caused a decrease in yields, it appears, as a result of base 
promotion of the reaction, Q- + Mn04- or glycol + Mn04-. 
In support of the latter, it has been observed that the cis-glycol 
is more rapidly oxidized by permanganate ion in the presence 
of the higher hydroxide ion concentrations. 

Inert salt effect 
The following mechanism has been proposed for glycol for- 

mation (2): 

In the presence of localized excesses of permanganate ion, 
adipic acid and other oxidation products may be formed. 

[3] Q- + Mn04- + various oxidation products + MnOz 

Reaction [3] is clearly a negative ion - negative ion reaction 
and should show a rate increase in the presence of neutral salts, 
as predicted by the Bronsted, Bjermm, Christiansen, Scatchard 
relationship (6). If mechanism [I] - [3] is operative, addition of 
inert salts should enhance reaction [3] at the expense of reaction 
[2] since the latter is an ion-dipole reaction with a rather small 
salt effect. Added salts should then cause a decrease in glycol 
yields. As seen in Table 2, this was definitely found to be the 
case, and these data thereby provide support for the above 
proposal. The salt effect data were repeated under the condi- 
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TABLE 3. Demonstration of the constancy of potassium and hy- 
droxide ion absorption with varied potassium hydroxide additions 

Column: 1 2 3 4 5 
[OH-] [KC] 

Added less added less added [OH-] [K'] 
Expt. KOH KOHd KOHd absorbed' absorbedf 
no. (m) (m) (m) (m) (m) 

"Procedure I .  
bProcedure I1 

substantiated with small deviations. The significance of the 
0.01 -0.03 unit variance from Mn02 is not known. Note, how- 
ever, that lower values were obtained with the greater C6HIO/ 
Mn04- ratios. The analytical procedure was accurate to +0.2% 
or better. Narita and Okabe (7) have noted a similar variation 
in manganese dioxide analyses at pH 2 8. 

Hydroxide ion product 
The stoichiometric equations for the formation of the glycol 

and adipic acid are as follows. 

'KMn04 = C6HI0 = 0.0492 m,  10% methanol, no sulfur dioxide was added, Thus hydroxide ion is formed in equimolar amounts from per- 
K+ and OH- analyses were done as described. 

dThe molarity of added KOH is subtracted from both the total K+ and total manganate ion with eq. [4]. In eq. [5] there is hydroxide ion 
OH- concentrations as determined by analysis. formation equivalent to glycol formation (as in eq. [4]), but, 

'The values in column 2 are subtracted from the predicted value of OH- beyond this, carboxyl ion is formed in place of hydroxyl ion. 
= 0.328 m. Along with adipic acid by eq. [5], a variety of unidentified 
 he values in column 3 are subtracted from the predicted value of K+ products of intermediate oxidation states were formed, thereby 

= 0.0492 m. comvlicating internretation of the mechanism. 

tions 0.0492 and 0.0985 m of added permanganate using equal 
amounts of cyclohexene, and with 10 and 25% methanol. 

It is emphasized that these salt effect studies are not an 
absolute proof of the existence of the mechanism because of the 
inherent complexity of the system. The potassium perman- 
ganate solution was added dropwise and reacted very rapidly; 
therefore, excess amounts of permanganate ion exist only 
momentarily and in localized areas. The concentration of the 
intermediate Q- must have been similarly highly variant. 
Under turbulent stimng conditions it was obvious that reaction 
[2] strongly predominated over reaction [3]. Thus, a large 
increase in rate of reaction [3] would have had but a modest 
effect on the observed yields. Accordingly, the salt effect data 
can be interpreted only qualitatively. 

Manganese dioxide analysis 
Although it has been commonly assumed from earlier evi- 

dence that manganese dioxide was the final reduction product 
of the permanganate ion, it was decided to verify that assump- 
tion for this particular reaction. This was accomplished by 
titrating the total manganese oxide residue resulting from the 
reduction of a given volume of standardized potassium per- 
manganate. Several methods of assay were tried. The first was 
sulfur dioxide using a gas buret and an oxygen-free atmo- 
sphere. The advantage was rapidity of reaction in a low acid 
medium. Since two products of oxidation, SO:- and S,O;-, 
were formed indiscriminately, the procedure was unduly com- 
plicated and therefore rejected. Better success was obtained 
using the ferrous ammonium sulfate - potassium chromate 
procedure in the absence of methanol. An equivalent result 
was also obtained with an arsenic trioxide - potassium iodide 
procedure (not described) which was usable in the presence of 
methanol. 

Titrations of 0.00525 m, 0.0105 m, 0.01575 m, 0.01969 m 
of KMnO, which had reacted in each case with 0.0263 m 
cyclohexene, gave respectively MnO, analyses where x = 
1.97, 1.98, 1.98, 1.99. These runs were made without added 
methanol using aliquot volumes of 0.0525 m/L KMnO, solu- 
tion added to 200-mL volume slumes of the cyclohexene. A 
corresponding experiment with 0.00525 m KMnO, and 25% 
methanol gave x = 1.98. Thus the MnO, end product was 

~ e t  us as&me Gypical yield of 83% glycol. By eqs. [4] and 
[5], 2 m OH- result from 3 m cyclohexene. 'Thus upon as- 
suming 100% consumption of the cyclohexene with adipic acid 
as the exclusive by-product, 2/3 X 0.0492 = 0.0328 m OH- 
formed. Refemng to Table 3 it is seen that only about one- 
fourth of this amount of hydroxide ion is titrable in a filtered 
solution. The decrease of the hydroxide ion prompted the anal- 
yses for potassium ion. The presence or absence of potassium 
ion would indicate if the hydroxide was not formed or if it was 
initially formed and removed from solution. The potassium ion 
added for each experiment in Table 3 was 0.0492 m, but it is 
seen that only about one-half this amount is in evidence. Thus 
the hydroxide ions were formed and then removed along with 
potassium ions. 

Since ideally 0.0328 m OH- and 0.0492 m K' should be 
products, the difference is 0.0164 m. Fortuitously, this same 
value is approximated upon subtracting column 2 from column 
3, Table 3. However, an analysis was made for adipic acid in 
a high yield reaction. The aqueous solution was acidified after 
extraction of the glycol, and this solution was extracted with 
ether. The adipic acid was indicated to be in the range of 
6-7%. This is reasonable since other nonionic products were 
formed. With the low adipic acid analysis (compared to that 
projected above) there should be a correspondingly greater 
hydroxide ion analysis. That this was not the case may be 
attributed to incomplete reaction of the cyclohexene and for- 
mation of not otherwise identified acidic products, e.g., carbon 
dioxide from methanol, etc. 

The disappearance of the potassium hydroxide requires 
special consideration. The only substance with which it can 
react is the hydrated manganese dioxide. The data in Table 3 
show a very interesting consistency. In columns 3 and 4, Table 
3, the amounts of OH- and K +  absorbed are listed. Allowing 
for experimental error and uncertainty in the 0.0328 m value 
projected for the hydroxide ion, the values of OH- and K +  
absorbed are closely equal and, of even greater significance, 
are roughly one-half the final concentration (0.0492 m) of 
hydrated manganese dioxide. This 2 :  1 relationship holds 
even in the presence of excess potassium hydroxide. See 
experiments 2-5 as compared with 1. 

An attempt was made to estimate the amount of absorbed 
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hydroxide ion, by titrating the unfiltered slurry of product man- more complex polymeric or cyclic units. In view of these 
ganese dioxide with 1 N sulfuric acid. There was only a slight uncertainties, formula [6] is used in the discussion to follow. 
increase in titre over the filtered solution, and the p~-meter  end 
point drifted very slowly. Thus the KOH appeared to be tightly 
bound. 

Based on these evidences, the following is suggested. 

[6] KOH - 2Mn02 .xH20 

The existence of a potassium manganite has been long recog- 
nized (8). A very careful structural study of the KOH-Mn02 
interaction has been made by Narita and Okabe (7) who have 
noted that at pH 2 8  amorphous ternary compounds of Mn(1V) 
oxide with an approximate composition of K20 - 4Mn0, 4H20 
( x  = 1.97-2.00) were formed by reduction of Mn0,- or 
M~o:-. The results in Table 3 and the manganese dioxide 
analyses thereby completely support the earlier conclusions of 
Narita and Okabe. Assuming the four H20 molecules of their 
formula are chemically bound, a linear four-Mn unit is sug- 
gested. Such a structure is difficult to rationalize. With small 
variations in the numbers of bound water the structure could be 
represented with only two Mn per unit or alternatively, as 

Proposed mechanism 
Based on the above and earlier observations, a summarizing 

mechanism is proposed for the oxidation of cyclohexene by 
potassium permanganate. 

Quite clearly, the acid and basic (OH-) mechanisms for this 
reaction are quite different. There may be the common factor 
of an intermediate complex (4) but, beyond this stage, there 
appears to be no mechanistic similarity between an acidic or 
basic environment. 

For the following mechanism, manganese dioxide is written 
as the potassium hydroxide adduct and 1 ,2-cyclohexanedione 
is suggested as a secondary oxidation intermediate. It has been 
observed that upon acidifying the post-glycol extraction solu- 
tion, permanganate oxidizable substances (other than sulfur 
dioxide) are present in small amounts. Also the dione is 
base sensitive and a reaction with OH- may account for the 
small amounts of unidentified neutral residues which invariably 
form. 

The following proposal applies only in a basic medium. 

[9] 3Mn0,- + K' + (x + l)HzO + Mn04- + KOH.2Mn02-xHzO + OH- 

+ 2Mn0,- + K' + OH- + ( x  - 2)H20 -, + KOH. 2Mn02 -xH,O 

[I31 + OH- + undetermined products 

1. J. E. TAYLOR, D. WILLIAMS, K. EDWARDS, D. OTONNAA, and 5. K. B. WIBERG and R. D. GEER. J. Am. Chem. Soc. 88, 5827 
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3. N. H. FURMAN. Standard methods of analysis. 6th ed. Vol. 1. York. 1965. pp. 219-222. 

Van Nostrand, New York. 1962. p. 21. 7. E. NARITA and T. OKABE. Bull. Chem. Soc. Jpn. 53,525 (1980). 
4. D. G. LEE. The oxidation of organic compounds by per- 8. G. D. PARKES. Mellor's modem inorganic chemistry. Revised 

manganate ion and hexavalent chromium. Open Court, LaSalle, edition. Wiley, New York. 1967. p. 892. 
IL. 1980. p. 19. 
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Structural determination of the group K capsular polysaccharide of 
Neisseria meningitidis: a 2D-NMR analysis' 
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The capsular polysaccharide antigen of Neisseria meningitidis group K was isolated by Cetavlon precipitation and purified 
by ion-exchange chromatography. The structure of the K plysaccharide was determined to a large extent by comprehensive 
proton and carbon-13 nuclear magnetic resonance (nrnr) studies. In these studies one-dimensional and two-dimensional 
experiments were carried out directly on the K polysaccharide. The K polysaccharide is composed of the following repeating 
unit: -4)P-D-ManpNAcA(1-+3) [4-OAc]P-D-ManpNAcA(l+. Except for the one-bond couplings between their anomeric 
carbons and protons ( I J I ) ~ , ~ ) ,  all the nmr spectroscopic evidence was consistent with both 2-acetamido-2-deoxy-D-manno- 
pyranosyluronic acid residues adopting the 4 ~ 1  (D) conformation and having the P-D-configuration. This ambiguity in ' J I ~ ~ , ~  
is probably due to through-space electronic effects generated by the presence of contiguous carboxylated sugar residues in the 
K plysaccharide. The 0-acetyl substituents of the K polysaccharide are essential for its antigenicity to group K poly- 
saccharide-specific antibodies. 

FRANCIS MICHON, JEAN ROBERT BRISSON, RENE ROY, HAROLD J. JENNINGS et FRASER E. ASHTON. Can. J. Chem. 63,2781 
(1985). 

Faisant appel a une prkcipitation de CCtavlon, on a is016 le polysaccharide capsulaire antigkne du groupe K du Neisseria 
meningitidis et on I'a purifiC par passage sur une colonne tchangeuse d'ions. En se basant principalement sur des Ctudes de 
rmn du I H  et du I3c, on a determine la structure du polysaccharide K. Au cours de ces Ctudes, on a rCalisC des expkriences 
en une et en deux dimensions directement sur le polysaccharide K. L'unitt de base du polysaccharide K est la suivante: 
-4)P-D-ManpNAcA(1+3) [OAc-4]P-D-ManpNAcA(l+. A I'exception de couplages a travers une liaison entre les carbones 
et les protons anomkres ( I J I ~ ~ . ~ ) ,  toutes les donnCes spectroscopiques sont en accord avec le fait que les deux rCsidus d'acide 
acktamido-2 dtoxy-2 D-mannopyrannosyluronique adoptent la conformation 4Cl (D) et ont une configuration P-D. Cette 
ambiguitt relative a la constante de couplage est due probablement a des effets tlectroniques, a travers l'espace, 
engendrCs par la prCsence contigue de rCsidus de sucres carboxylCs dans le polysaccharide K. Les substituants 0-acCtylCs du 
polysaccharide K sont indispensables pour assurer son comportement antigkne envers les anticorps spCcifiques du poly- 
saccharide K. 

[Traduit par le journal] 

Introduction 
Neisseria meningitidis is a Gram-negative organism that has 

been classified serologically (1-3) into groups A, B, C, D, 
29E, L, W-135, X, Y, and Z. Except for group D, each group 
produces a unique capsular polysaccharide that is the antigen 
responsible for group specificity (1 -3), and the structures of all 
the polysaccharides have been determined (2,4). In 1981 Ding 
et al. (5) described three new meningococcal groups and desig- 
nated them groups H, I, and K. The structure of the H poly- 
saccharide has been recently reported (6, 7). As a continuation 
of our structural studies on the meningococcal polysaccharides 
we now report the structure of the K polysaccharide. The struc- 
ture of the I polysaccharide has been reported elsewhere (8). 

Nuclear magnetic resonance spectroscopy has played an in- 
creasingly important role in the structural elucidation of the 
meningococcal polysaccharides (2, 3, 6, 7), and the utility of 
this technique has been further demonstrated in the structural 
elucidation of the I (8) and K polysaccharides, where a number 
of one-dimensional, two-dimensional, and nuclear Overhauser 
enhancement (nOe) techniques were employed. Although two- 
dimensional techniques (9) have been used frequently on oligo- 
saccharides since their introduction in 1982 (10- 12), examples 

' NRCC No. 24632. 

of the direct application of these techniques to polysaccharides 
are few (13). 

Unlike the other meningococcal polysaccharides, the I (8) 
and K polysaccharides cross-react serologically to a certain 
extent. This cross-reaction is probably associated with their 
common 4-0-acetyl-2-acetamido-2-deoxy-P-D-mannopyrano- 
syluronic acid residue. 

Experimental 
Materials 

The Neisseria meningitidis strain 181 1 (K) was obtained from Dr. 
Shao-quing Ding, National Institute for the Control of Pharmaceutical 
and Biological Products, Beijing, China, and was grown in a chem- 
ically defined medium (14). The capsular polysaccharide was isolated 
and partially purified as previously described (14) using an initial 
Cetavlon precipitation to obtain the crude polysaccharide. Purification 
of the K polysaccharide was achieved by its application to a column 
of DEAE-Sephadex A-25 (C1-form, Pharmacia Fine Chemicals) in 
0.01 M Tris-HC1 buffer at pH 7.4 and the development of the column 
with a linear gradient of NaCl to 0.5 M. The plysaccharide was 
detected by Ouchterlony immunodiffusion using antisera to the K 
polysaccharide that were prepared by injecting whole group K or- 
ganisms in rabbits as previously described (15). Using this assay it was 
shown that the K polysaccharide eluted as a single peak with approx- 
imately 0.3 M NaCI. The K polysaccharide had [a], -68" (c 0.25, in 
water). 
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The de-0-acetylated K polysaccharide was obtained by treatment of 
the native K polysaccharide with 0.1 M NaOH solution at 2S°C for 16 
h with subsequent neutralization, dialysis, and lyophilization of the 
solution. Carboxyl-reduced K polysaccharide was obtained using the 
method of Taylor and Conrad (16), in which sodium borohydride was 
added to its carbodiimide complex at pH 7.0. Two treatments were 
necessary in order to achieve complete reduction. 

Instrumental methods 
Solutions were concentrated in a rotary evaporator under reduced 

pressure below 40°C. Optical rotations were determined on a 
Perkin-Elmer 243 instrument with 1-dm semi-micro cells at 23 
2 1°C. 

Gas-liquid chromatography (glc) was performed on a Hewlett- 
Packard 5710A instrument equipped with a flame ionization detector 
and a model 3380A electronic integrator using the following columns: 
(i) glass column (180 x 0.15 cm) containing 3% SP2340 on Sup- 
elcoport (80- 100 mesh) operated at 180°C (delay 2 min) to 240°C at 
4"C/min; and (ii) fused silica capillary column (0.32 mm X 25 m) 
containing 3% 0V17 operated at 180°C to 230°C at 2"C/rnin and held 
for 10 min at 230°C. Combined gas-liquid chromatography - mass 
spectrometry (glc-ms) was performed on a Hewlett-Packard 5985B 
instrument using the above columns and an ionization potential of 
70 eV. 

The I3C and 'H nmr spectra were recorded on a Bruker AM-500 
spectrometer. Acetone was used as the internal chemical shift refer- 
ence for 'H nmr (2.225 ppm) and dioxan was used as the external 
chemical shift reference for I3C nmr (67.4 ppm). Polysaccharides 
were exchanged twice with D20 and then run in 0.4 mL D20 (5-mm 
tubes) at a concentration of 60 mg/mL. 

Proton homonuclear shift correlated 2-D nmr experiments (H, H 
COSY) and proton dipolar correlation 2-D nmr experiments (NOESY) 
were performed using the standard 90-tl-90 pulse sequence and the 
90-tl-90-7-90 pulse sequence, respectively; a mixing time of 100 
ms was used. Quadrature detection in both dimensions was employed. 
All phase cyclings were according to the standard software provided 
by Bruker (DISNMRP 840301.1). The initial ( t l ,  t2) matrices were 
64 X 512 data points with 4 Hz/pt digital resolution in the second 
domain. Data points in both dimensions were weighted by unshifted 
sine bell functions prior to Fourier transformation. The final (5,  5 )  
matrix was zero filled to 5 12 X 5 12 points. Magnitude spectra, which 
are symmetrized about the diagonal, were used to represent the data. 

The I3C-H shift correlation with proton decoupling in the FI  do- 
main was done according to Bax (17). The initial ( t , ,  t2) matrix of 
64 X 1024 points was Fourier transformed to a final matrix of 256 
x 1024 points corresponding to a digital resolution of 23 Hz/pt in the 
F2 domain and 15 Hz/pt in the FI domain. Gaussian weighting func- 
tions were used in both domains and a power spectra representation of 
the data points was used. 

Analytical methods 
Paper chromatography was carried out by the descending method 

using ethyl acetate - pyridine-water (5: 2: 5, v/v top layer) and n- 
butanol - pyridine- water (6 : 4 : 3, v/v) as eluants. Thin-layer chro- 
matography (tlc) was performed on precoated tlc plates using ethyl 
acetate - pyridine - acetic acid - water (5 : 5 : 1 : 3, v/v) as ascending 
eluants. Compounds were visualized after spraying the plates with 
ninhydrin (amino sugars) or alkaline silver nitrate and p-anisidine 
reagents (pentoses). 

Mannosamine was detected in the hydrolyzates of the carboxyl- 
reduced K polysaccharide either directly using a Technicon auto- 
analyzer, or by the identification of the products of its deamination 
(1 8) or ninhydrin degradation (19). For the purpose of deamination the 
K polysaccharide was first carboxyl-reduced, using sodium boro- 
deuteride, before being hydrolyzed (2 N HCl for 90 min at 10O0C), 
until complete de-N-acetylation had occurred. Following deamination 
and conversion to alditol acetates (20) the sugars were identified by 
glc-ms using column (i). 

In preparation for ninhydrin degradation, the carboxyl-reduced K 
polysaccharide was first depolymerized with anhydrous HF for 16 h 

at 25°C and the free hexosamine generated by treating the de- 
polymerized product with 1 N HCl at 100°C for 3 h. Following nin- 
hydrin degradation of the hexosamine the derived pentose was identi- 
fied by paper chromatography, and by glc-ms of its alditol acetate 
derivative using column (i). 

Methylation analysis 
The carboxyl-reduced K polysaccharide was methylated with 

methyl iodide in the presence of methyl sulfinyl anion according to the 
method of Hakomori (21). The methylated product was then purified 
on a small LH-20 column (10 cm X 0.5 cm) using chloroform as the 
eluant. The fractions were monitored by spotting the eluant on silica 
gel tlc plates, spraying the plates with 10% in ethanol, and 
charring the plates in an oven for 5 min at 130°C. The methylated 
polysaccharide was then hydrolyzed with 1 M trifluoroacetic acid for 
16 h at 105°C and, following evaporation of the acid, the partially 
methylated monomers were reduced with NaBH,, acetylated, and the 
products analyzed by glc-ms (22) using column (ii). 

Quantitative microprecipitin experiments 
Quantitative microprecipitin experiments were carried out by the 

method of Kabat and Mayer (23) using 0.1 mL rabbit antisera to the 
K polysaccharide (diluted twice in PBS at pH 7.0) and 0.1 mL of 
antigen solution containing from 1 to 100 pg of polysaccharide. Pre- 
cipitates were dissolved in 0.1 mL of 0.1 M sodium hydroxide and the 
protein content was determined by the method of Lowry et al. (24). 

Results and discussion 
Characterization of 2-acetamido-2-deony-D-mannuronic acid 

The presence of 2-acetamido-2-deoxy-D-mannuronic acid as 
a constituent of the K polysaccharide was established when 
2-amino-2-deoxy-mannose was identified, by amino acid ana- 
lyzer, in the hydrolyzate of the carboxyl-reduced K poly- 
saccharide. This evidence was also consistent with the iden- 
tification of arabinose, the anticipated product of the ninhy- 
drin degradation of 2-amino-2-deoxy-mannose (19), in the 
ninhydrin-treated hydrolyzate. ~urther evidence was obtained 
when glucose was found to be the major product of the de- 
amination of the de-N-acetylated (hydrolyzed) carboxyl- 
reduced K polysaccharide. The identification of glucose in the 
above reaction and not in the hydrolyzate of the original 
carboxyl-reduced K polysaccharide is indicative of its pre- 
cursor being 2-amino-2-deoxy-mannose residues (25). 

All the above evidence indicated that 2-acetamido-2-deoxy- 
mannuronic acid was probably the only sugar constituent of the 
K polysaccharide, and this was confirmed by treatment of the 
K polysaccharide with anhydrous hydrogen fluoride. Evapo- 
ration of the hydrogen fluoride yielded only 2-acetamido-2- 
deoxy-a- and p-D-mannofuranurono-6,3-lactone, a compound 
readily formed from 2-acetamido-2-deoxy-D-mannuronic acid 
(26). In the I3C nmr spectrum of the crude depolymerization 
product only the signals of the lactone (26) were identified. The 
lactone had [a], + 106" (c 0.35, in water), close to that reported 
(26) for the authentic equilibrated D-form of the lactone, which 
again confirmed the D-configuration of the 2-acetamido-2- 
deoxy-mannuronic acid residues of the K polysaccharide. 

Structure of the K polysaccharide 
A preliminary analysis of the I3C nmr spectrum of the K 

polysaccharide is consistent with it being composed of a mono- 
0-acetylated disaccharide repeating unit containing only N- 
acetyl hexuronic acid residues, these residues having been pre- 
viously identified as 2-acetamido-2-deoxy-D-mannuronic acid, 
and the structure of the repeating unit is shown in Fig. la.  In 
the I3C nmr spectrum of the K polysaccharide two distinct 
anomeric carbons at 99.20 and 96.82 ppm were observed, 
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MICHON ET AL. 

TABLE 1. Chemical shiftsa and coupling constantsb of the signals in the 'H nmr spectra of the K polysaccharides 

Residue A Residue B 

De-0-acetylated Carboxyl-reduced De-0-acetylated Carboxyl-reduced 
Proton Native Kc Kc Native K Kc Kc 

"Expressed relative to internal acetone (6). 
In parentheses (Hz). 

'Chemical shifts assigned by 2D (H, H COSY). 
Not resolved. 
' na, not assigned. 

RG. I .  The repeating units of the native, de-0-acetylated, and 
carboxyl-reduced K polysaccharide. 

which were strongly indicative of a disaccharide repeating unit, 
and this was substantiated by the presence of only two ano- 
meric proton signals at 6 4.91 and 4.70 in its 'H nmr spectrum 
(Fig. 2). The presence of two N-acetyl groups could be deduced 
by the observation of two signals in the I3C nmr spectrum of the 
K polysaccharide characteristic of this group at 53.50 and 
51.04 ppm (C-N) and at 22.81 and 22.70 ppm (acetamido 
methyl groups). The signal at 21.50 ppm, which disappeared 
following base treatment of the K polysaccharide, could be 
readily assigned to the 0-acetyl methyl groups. Consistent with 
the proposed repeating unit,no signals were observed in the 
hydroxymethyl region of the I3C nmr spectrum of the K poly- 
saccharide until, as expected, two signals at 61.4 and 61.0 ppm 
appeared in the I3C nmr spectrum of the carboxyl-reduced K 
polysaccharide (Fig. lc) . 

Although no monomeric N-acetyl-mannuronic acid units 
were available to assist in the assignment of the signals in the 
I3C nmr spectrum of the de-0-acetylated K polysaccharide 
(Fig. lb) it was possible to make an empirical assignment of 
the carboxyl-reduced K polysaccharide using the previously 
assigned (27) signals of 2-acetamido-2-deoxy-a- and P-D- 
mannopyranose for reference. However, due to the mixed link- 
ages in the polysaccharide this proved to be unsatisfactory, 
resulting in potentially ambiguous assignments. Because these 
assignments were crucial to the structural elucidation of the K 
polysaccharide, they were made unambiguously without model 
compounds using a number of two-dimensional nmr tech- 
niques. This type of analysis is now routinely used for the 

PPM 

FIG. 2. Homonuclear 2-D shift correlated (H, H COSY) spectrum 
of the de-0-acetylated K polysaccharide in D20 (330 K) with the I-D 
spectrum above. The corresponding assignments for residue A and 
residue B (underlined) are also shown. 

assignment of oligosaccharide nmr signals, but only one report 
of its direct application to polysaccharides has so far been 
described (13). The method chosen was to correlate the carbon 
spectrum of the de-0-acetylated K polysaccharide with its as- 
signed proton spectrum, thus assigning the carbon spectrum 
indirectly. 
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TABLE 2. Carbon-13 chemical shiftsa of polysaccharides and component saccharides 

Polysaccharides and component saccharides Residue CI C2 C3 C4 C5 C6 CH3 N-acetyl CH3 0-acetyl 

Native K polysaccharide A 96.82b 53.50 71.10 79.33 77.28 - 22.70' - 
B 99.20d 51.04 76.19' 69.12 75.01' - 22.81' 21.35 

De-0-acetylated K polysaccharide' A 96.82 53.50 71.45 78.99 77.09 - 22.93 - 
B 99.56 50.82 78.48 68.37 77.56 - 23.05 - 

Carboxyl-reduced K polysaccharidee A 97.10f 53.70 71.70 77.30 75.80 61.40 22.84 - 
B 100.lOg 50.90 77.36 66.20 78.50 61.10 22.97 - 

2-Acetamido-2-deoxy-P-D-mannopyranoseh - 94.3 55.3 73.2 67.8 77.5 61.7 23.2 - 
2-Acetamido-2-deoxy-a-D-mannopyranoseh - 94.3 54.4 70.1 68.0 73.2 61.7 23.2 - 

"In pprn from external dioxan. 
b 1 J13C,H 168.8 HZ. 
'Tentative assignments. 
d 1 ~ ~ 3 C . H  171.0 HZ. 
'Assignments confirmed by 2D (I3C, H COSY). 
" J I ~ ~ , ~  162.7 Hz. 

I J I ~ ~ , ~  162.5 HZ. 
Taken from ref. 27. 

I'c pprn 

FIG. 3. Heteronuclear 2-D shift correlated (I3C, H COSY) spec- 
trum of the de-0-acetylated K polysaccharide in D20 (310 K) along 
with thef, andf2 projections. The resulting assignments of the C-H 
correlations for residue A and residue B (underlined) are shown. 

The 'H nmr spectrum of the de-0-acetylated K poly- 
saccharide shown in Fig. 2 was difficult to assign directly due 
to its complexity. Therefore a proton homonuclear shift cor- 
related 2-D nmr (H, H COSY) experiment was performed and 
the spectrum is also shown in Fig. 2. As a result of this experi- 
ment it was possible to assign all the protons of both the 
2-acetamido-2-deoxy-mannuronopyranosyl residues (A and B) 
of the repeating unit of the de-0-acetylated K polysaccharide 
(Fig. lb). These assignments, together with some measurable 
coupling constants, are listed in Table 1. Using these data a 
heteronuclear shift correlated 2-D nmr (l3C, H COSY) experi- 
ment was performed and the I3C-H correlation contour map is 
shown in Fig. 3. This experiment enabled the unambiguous 
assignment of all the carbons in the repeating unit of the de-0- 
acetylated K polysaccharide (Fig. lb) to be made and they are 
listed in Table 2. Because of the importance of I3C chemical 
shift data for making linkage and configurational assignments 
(28) on the K polysaccharide, and the lack of a suitable mono- 
mer model, the above two-dimensional experiments were also 
performed on the carboxyl-reduced K polysaccharide. This 
enabled 2-acetamido-2-deoxy-a- and P-D-mannopyranose (27) 

to be used as a satisfactory model for these assignments. The 
chemical shift data from the two-dimensional experiments are 
listed in Tables 1 and 2. 

By studying patterns of chemical shift differences between 
2-acetamido-2-deoxy-a- and P-D-mannopyranose and residues 
A and B of the repeating unit of the carboxyl-reduced K 
polysaccharide (Fig. lc) it can be seen that regardless of ano- 
meric configuration, although both A and B were later un- 
ambiguously assigned the P-D-configuration (vide infra), A is 
linked at 0 -4  and B at 0-3. This is consistent with character- 
istic downfield displacements on C-4 of A (9.5 ppm) and C-3 
of B (5.28 pprn), plus an upfield displacement on C-2 of B (4.5 
ppm) (P effect), in comparison with the chemical shifts of the 
same carbons in the p-D-anomer of the model compound. Con- 
sistent with the above linkage assignment, both 3,6- and 
4,6-di-0-methyl-2(N-methylacetamido)-2-deoxy-mannose to- 
gether with their N-acetamido derivatives were detected 
(glc-ms using column (ii)) in the hydrolyzate of the methylated 
carboxyl-reduced K polysaccharide (Fig. 1 c). 

On the basis of the above chemical shift comparison it was 
also possible to make an assignment of the P-D-configuration 
to residues A and B of the .carboxyl-reduced K polysaccharide 
(Fig. lc), although further problems were encountered in this 
analysis due to substituent effects on the anomerically sensitive 
C5 signal of A caused by the vicinal linkage at 0-4. However, 
allowing for the direction and magnitude of this effect, experi- 
ence (28, 29) would indicate an approximate upfield shift of 2 
pprn as a reasonable estimate, an assignment was possible. The 
chemical shifts of C5 of A (78.5 ppm) and B (75.8 + 2 pprn 
= 77.8 ppm) are more comparable to the equivalent C5 signal 
of 2-acetamido-2-deoxy-P-D-mannopyranose than to C5 of its 
a-D-anomer. The above configurational assignment was not 
definitive, however, as conflicting evidence was obtained us- 
ing 'H nmr spectroscopy. 

Because residues A and B (Fig. la-c) are in the D-manno 
form, their anomeric configurations could not be determined 
with any degree of accuracy by the magnitude of their three- 
bond H 1 -H2 coupling constants (3JHl (Table 1). However, 
in this circumstance it is common practice to use the anomeric 
one-bond "C-'H coupling constants ( ' J I ~ ~ , ~ )  for this purpose, 
which have been demonstrated to be diagnostic of anomeric 
configuration (30-32). For example, in the case of D-gluco- 
pyranose (4C, (D) conformation) the a-D-anomer (equatorial 
H1) has ' J I~~ , ,  = 169 Hz while the p-D-anomer (axial H1) has 
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PPM 

FIG. 4. The 'H nmr spectrum (top) of the de-0-acetylated K poly- 
saccharide in D20 (330 K) with the assignments for residue A and 
residue B (underlined). Cross-sections of the 2-D NOESY contour 
map showing the nOe's for HI of residue B (middle) and H I  of residue 
A (bottom). 

IJ13C,H = 161 HZ (31). These coupling constants and the 8- 10 
Hz difference between them have been found consistently in a 
large number of anomeric pairs of hexopyranoses (30-32) and 
hexopyranosyl residues in oligosaccharides and polysaccha- 
rides (33). The values of I J I ~ ~ , ~  for A and B were 168.8 and 
171.0 Hz, respectively, from which one could clearly deduce 
on the basis of the above accumulated evidence that they were 
both in the a-D-configuration. However, the values of ' J I ~ ~ , H  for 
A and B of the carboxyl-reduced K polysaccharide (162.7 and 
162.5 Hz) provide contradictory evidence, albeit consistent 
with the I3C chemical shift data, that A and B of the K poly- 
saccharide had the p-D-configuration. This latter assignment 
was later confirmed by nuclear Overhauser enhancement ex- 
periments (vide infra). 

Two possible explanations for the anomalous values of ' J I I ~ , ~  
for residues A and B of the K polysaccharide are that either they 
have equatorial anomeric protons due to their being in the 4C1 
(D) or twist boat conformation, or that this anomaly is associ- 
ated with structural features peculiar to the K polysaccharide. 
In fact the latter explanation proved to be the relevant one 
because unambiguous assignments of the anomeric config- 
uration (p-D) and conformation (4CI (D)) of residues A and B 
of the K polysaccharide were obtained by 2-D nuclear Over- 
hauser experiments carried out directly on the de-0-acetylated 
K polysaccharide. A number of nuclear Overhauser enhance- 
ments were observed on the resonances of protons in close 
proximity to the anomeric protons of residues A and B (Fig. 4). 
Critical to the above assignments are the intra-residue enhance- 
ments observed between HI-H3, H1-H5 of ring A and 
H I - H 3 ,  H I - H 5  of ring B which indicated that H3, H5 and 
H 3 ,  H5 were both cis and 1,3-diaxially disposed to their re- 
spective anomeric protons. 

pg Antigen 

FIG. 5.  Quantitative precipitin curves of the K polysaccharide 
(@-a), the de-0-acetylated K polysaccharide (m-m), and the group 
I meningococcal polysaccharide (A-A). 

Inter-residue enhancements between H1 and H4-H5 
(strongly coupled) were consistent with a p 1-4-linkage be- 
tween residues B and A that would place H4 in close proximity 
(<2.5 A) to H I .  Similarly inter-residue enhancements between 
H1 and H3 and between H1 and H2 are a consequence of the 
p 1-3-linkage between residues A and B. Since inter-residue 
nOe's are dependent on the linkage conformation, the mag- 
nitude of these enhancements reflects the relative orientation of 
these residues with respect to each other. 

The most probable explanation of the anomalous values of 
' J l s c ,  of residues A and B in the K polysaccharide is that they 
are due to electronic effects. Although this type of effect has 
been observed for hexopyranosyl derivatives having electro- 
negative substituents at the anomeric center (32), no such effect 
has so far been observed in monomers with carboxylate groups 
in positions remote from the anomeric center. In fact residue B 
is also a constituent of the type e H .  influenzae capsular poly- 
saccharide and in this environment has 'J13C,H = 164 HZ (34), 
a value more compatible with its p-D-configuration. Unlike the 
K polysaccharide, in this polysaccharide the carboxylated B 
residues are separated by uncharged sugar residues, which 
would strongly indicate that the anomalous ' J I ~ ~ , H  values of the 
K polysaccharide are due to inter-residue through-space effects 
associated with the presence of contiguous carboxylated resi- 
dues. This hypothesis is supported by the fact that residue B 
(Fig. lb), also a constituent of the meningococcal group I 
polysaccharide, exhibits a similar and anomalous 1J~3C,H in this 
environment, where residue B alternates with a 1-4-linked 
2-acetamido-2-deoxy-a-L-guluronopyranosyl residue (8). In- 
terestingly, these latter residues (8) together with contiguous 
hexuronosyl residues of other glycuronans (35, 36) have been 
shown to have conventional values of ' J I ~ ~ , ~ ,  indicating that the 
above phenomenon is not general. 

The simple pattern of chemical shift displacement observed 
by comparing the I3C nrnr signals of the de-0-acetylated 
(Fig. lb) with the native K polysaccharide (Fig. la) (Table 2) 
indicated that the repeating unit of the latter is specifically 
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monosubstituted by 0-acetyl at 0 - 4  of residue B (Fig. la) .  
Consistent with the above assignment, only three significant 
displacements were observed in the signals of the K poly- 
saccharide: a rather small downfield displacement of 0 .75 ppm 
on  C 4  of B with concomitant upfield displacements on the 
vicinal C 3  and C 5  signals of the same residue (2.29 and 2.55 
ppm respectively). This assignment was also confirmed by 
comparing the 'H nmr spectra of the de-0-acetylated (Fig. Ib) 
and native K (Fig. la) polysaccharide (Table 1). The  only 
proton signal of the K polysaccharide to undergo a substantial 
downfield displacement, indicative of 0-acetyl substitution, 
was H 4  of residue B which was displaced by 1.34 pprn. 

Immunological properties of the K polysaccharide 
Quantitative serological precipitation experiments using the 

native (Fig. l a )  and de-0-acetylated (Fig. l b )  K poly- 
saccharide with a meningococcal group K specific antiserum 
are shown in Fig. 5 .  These experiments demonstrate that the 
0-acetyl group is essential to the formation of the group- 
specific determinant. While the native K polysaccharide pre- 
cipitated close to 0.9 m g  of antibody from 1 m L  of antiserum, 
the de-0-acetylated K polysaccharide precipitated only 0.25 
mg of antibody from the same volume of antiserum. Probably 
due to their common 3-linked 4-0-acetyl 2-acetamido-2- 
deoxy-P-D-mannouronopyranosyl residues the meningococcal 
group I polysaccharide cross-reacts with the K polysaccharide- 
specific antiserum, although this cross-reaction is very weak. 
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Regiospecific synthesis of cyclopentane analogs of 
(2'- and 3'-deoxy-threo-pentofuranosy1)-uracil and -2-thiouracil nucleosides 
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LUCJAN J. J. HRONOWSKI and WALTER A. SZAREK. Can. J.  Chem. 63, 2787 (1985). 
Aminohydroxycyclopentanemethanols are important precursors for the synthesis of cyclopentane analogs of purine and 

pyrimidine nucleosides. The regiospecific synthesis of two new aminohydroxycyclopentanemethanols, 17 and 22, is described. 
In these syntheses the desired configuration in the cyclopentane ring is obtained by opening the cis-acetoxy-1,3- 
cyclopentanedicarboxylic acid anhydride 3 with either ammonia or methanol. The attack by each nucleophile occurs at the 
carbonyl carbon farthest away from the acetoxy group to give a carbamoyl or an ester function at this position. Since the ester 
function is destined to become the hydroxymethyl substituent and the carbamoyl function the amino substituent, the type of 
nucleophile used to open the anhydride determines whether the 2-deoxy or the 3-deoxy isomer is obtained. Coupling of the 
aminohydroxycyclopentanemethanols with 3-ethoxypropenoyl isocyanate followed by cyclization of the acyl ureas in 2 N 
H2S04 gave two new cyclopentane analogs of uracil nucleosides. Coupling of the aminohydroxycyclopentanemethanols with 
3-ethoxypropenoyl isothiocyanate followed by cyclization of the acyl thioureas in 15 N aqueous ammonia gave two new 
cyclopentane analogs of 2-thiouracil nucleosides. 

LUCIAN J. J. HRONOWSKI et WALTER A. SZAREK. Can. J. Chem. 63, 2787 (1985). 
Les aminohydroxycyclopentanemCthanols sont des prtcurseurs importants dans la synthkse des analogues cyclopentaniques 

des nucltosides de la pyrimidine ainsi que de la purine. On dCcrit des synthkses rCgiospCcifiques des deux nouveaux 
aminohydroxycyclopentanemCthanols 17 et 22. Dans ces synthkses, on obtient la configuration dCsirCe du cyclopentane en 
proctdant a I'ouverture de I'anhydride de I'acide acCtoxy cyclopentanedicarboxylique-1,3-cis, 3, a I'aide d'ammoniac ou de 
mtthanol. Chaque nucltophile attaque le carbone du carbonyle le plus CloignC du groupe acCtoxy; cette rtaction donne 
naissance a une fonction carbamoyle ou a une fonction ester dans cette position. Puisque la fonction ester est destinte a devenir 
le substituant hydroxymCthyle alors que la fonction carbamoyle est destinCe a devenir le substituant amino, le type de 
nuclCophile utilisC pour ouvrir I'anhydride determine la nature de I'isomkre dCoxy-2 ou dCoxy-3 qui sera obtenu. Le couplage 
des aminohydroxycyclopentanemCthanols avec de I'isocyanate d'Cthoxy-3 proptnoyle, suivi d'une cyclisation des acylurkes 
en prCsence de 2 N ,  conduit a deux nouveaux analogues cyclopentaniques des nuclCosides de I'uracile. Le couplage 
des aminohydroxycyclopentanemCthanols avec de l'isothioocyanate d'tthoxy-3 prophoyle, suivi d'une cyclisation des acyl- 
thiourkes en presence d'amrnoniaque 15 N, conduit a deux nouveaux analogues cyclopentaniques des nuclCosides du thio-2 
uracile. 

[Traduit par le journal] 

Introduction 
The replacement of the furanose-ring oxygen by a methylene 

group can have a profound effect on a nucleoside's biochemical 
and biological activity. Guranowski et al. (I) showed that the 
cyclopentane analog of adenosine was several orders of mag- 
nitude less effective as a substrate for the beef liver enzyme 
S-adenosylhomocysteine hydrolase than adenosine and also 
that it is the most potent inhibitor of this enzyme with a K, of 
5 X lop9 M, results which indicated the necessity of the oxygen 
of the ribofuranose ring for the enzymatic reaction but not for 
binding to the active site. A large number of cyclopentane 
analogs of both purine and pyrimidine nucleosides have been 
synthesized and many have shown antiviral and (or) anticancer 
activity (see, for example, refs. 2-7). 

Virtually all of the syntheses of cyclopentane analogs of 
nucleosides described to date involve the prior preparation of 
an appropriately functionalized cyclopentylamine followed by 
the coupling of this amine with an appropriate base precursor. 
The central problem, therefore, in the synthesis of the cy- 
clopentane analogs is the synthesis of a cyclopentane ring with 
the different substituents having the required configurations. 
Shealy et al. (8) have synthesized cyclopentane analogs of 
nucleosides having the "deoxyribo" (8a) and rib0 (8b) config- 
urations by the oxidation of exo-5-norbomen-2-yl acetate and 
exo-cis-norbomen-2,3-diyl diacetate, respectively, with sodi- 
um permanganate. More recently, cyclopentylamines having 
the rib0 (9, lo),  lyxo (lo), and arabino (11) configurations 

have been prepared from the readily available 2-azabicyclo- 
[2.2.l]hept-5-en-3-one (12), which is structurally analogous to 
norbomene. Holy (13) reported the preparation of the cyclo- 
pentane analog having the rib0 configuration by catalytic 
hydrogenation of diethyl cyclopentane-2,3-dione-1,4-dicar- 
boxylate. In the preparation of cyclopentane analogs of C- 
nucleosides, bin Sadikun et al .  (4) achieved the lyxo con- 
figuration using norbom-5-ene-2-endo,3-endo-dicarboxylic 
acid anhydride. Just et al. achieved the arabino configuration 
using 5-carbomethoxy-2-exo,3-endo-dipivaloyoxybicyclo- 
[2.2.l]hept-5-ene (14) and the "2-deoxyribo" configura- 
tion using 2-carbomethoxy-exo-5-p-nitrobenzoyloxybicyclo- 
[2.2.l]hept-2-ene (1 5). Paulsen and Maass (16) prepared 
cyclopentane rings having substituents in various orientations 
by allylhydroxylation of epoxides of cyclopentanemethanols 
using phenyl selenide. Shealy and O'Dell (7) obtained the 
cyclopentane analog of Ara-C from the cyclopentane analog of 
cytidine by way of the 2,2'-anhydro derivative. 

In most of the above-mentioned syntheses (2-6, 8- 11, 14, 
15) the configurations of the cyclopentane rings afe determined 
by the intermediacy of a bicyclo[2.2.1] derivative. The meth- 
ods of Paulsen and Maass (16) and Holy (13), which do not 
utilize such a bicyclo[2.2.1] intermediate, give mixtures of 
isomers which must be resolved. Some of the methods (8a, 11) 
which utilize a bicyclo[2.2.1] intermediate also produce mix- 
tures of isomers. The present article describes the synthesis 
of new aminohydroxycyclopentanemethanols, 17 and 22, 
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2a 

Major isomer 

lb  exo 20% 

by regiospecific routes from the common precursor (+)- 
(1 P,3P,4P)-4-acetoxy- 1,3-cyclopentanedicarboxylic acid an- 
hydride (3), and the conversion of each of them into uracil and 
2-thiouracil nucleosides. 

Results and discussion 
The starting material for the synthesis of (+)-(lp,3P,- 

4P)-4-amino-3-hydroxycyclopentanemethanol (17) and (*)- 
( 1 P,2P,4P)-4-amino-2-hydroxycyclopentanemethanol (22) 
was a commercial sample (see experimental section) of 5-nor- 
bornen-2-yl acetate, which was shown to contain 80% of the 

I endo ( la )  and 20% of the exo (lb) isomers. An efficient 
method has been described by Birch et al. (17) for the oxidation 
of norbornene using NaMnO, to give cyclopentane-cis-l,3- 
dicarboxylic acid in 95% yield, and the method has been 
adapted for the preparation of cis-diacids from exo-5- 
norbornen-2-yl acetate and the exo-cis- and endo-cis-5- 
norbornen-2,3-diyl diacetates by Shealy et al. (8). In the 
present work the methods of the above workers (8, 17) have 
been utilized; however, instead of using NaMnO, as the oxi- 
dant, the more readily available KMnO, has been used to give 
the described diacid 2a' (Scheme 1) in 77% yield after re- 
crystallization and a crude sample of 2 in 93%. This high yield 
has been consistently obtained in experiments in which the 
reaction temperature was maintained below 12°C; however, 
when the reaction temperature was allowed to rise above 40°C 
the yield of the desired diacid was greatly reduced. 

The cis (2a) and the trans (2b) isomers were observed to 
have significantly different 'Hmr spectra using a 200-MHz 
spectrometer; however, two spectral features which allow one 
to easily distinguish these isomers even on a 60-MHz instru- 
ment are the significantly different chemical shifts of the ace- 
toxy methyls, which resonate at 6 1.90 in the case of the cis 
isomer (2a) and at 6 2.00 in the case of the trans isomer (2b). 
In addition, although the chemical shifts of the H-4 protons in 
the two isomers are identical at 6 5.20, the coupling patterns 
are quite distinct. In the cis isomer this proton couples with two 
cis vicinal protons and one trans vicinal proton to give a triplet- 
of-doublets coupling pattern, whereas in the trans isomer this 
proton couples with two trans vicinal protons and one cis 

' Structures 1- 10 and 17-30 depict only one enantiomer of racemic 
mixtures. The relative configurations of substituent groups on the 
cyclopentane ring are specified by the a,P system used for steroids 
(31). Substituents which are written below the plane of the cyclo- 
pentane ring are designated a and those above the plane of the ring 
as P. 

vicinal proton to give a coupling pattern approximating an 
overlapping doublet of triplets. 

Regiospecific opening of anhydride 3 
The opening of the anhydride 3 (see Scheme 2) with anhy- 

drous methanol followed by conversion of the carboxylic acid 
group into the carbamoyl function produced a single regio- 
isomer 9. Analysis of the 'Hmr spectra of both the crude oily 
product (see experimental section) and the components sepa- 
rated by column chromatography on silica gel failed to reveal 
signals attributable to 5. Similarily, the 'Hmr spectrum of 4, a 
compound which was produced by opening of the anhydride 3 
with anhydrous ammonia, did not reveal any traces of a second 
regioisomer. In this second case, however,-only the crystalline 
solid that represented a 91.3% yield was analyzed, and thus the 
possibility of the presence of a small amount of the other 
regioisomer, which may have been present in the crude mother 
liquor, was not eliminated. In both cases, however, the nucleo- 
phile attacks the carbonyl carbon farthest away from the ace- 
toxy group. Compound 4 was esterified using diazomethane to 
give compound 5. Therefore, since the carbamoyl function is 
destined to become N-1 in the pyrimidine nucleoside and the 
ester function the hydroxymethyl group at C-4' in the nucleo- 
side, it is possible to obtain the "2-deoxylyxo" or the 
"3-deoxylyxo" configuration selectively (as shown in Scheme 
2). In contrast, in the case of (*)-(1 P,3P,4a)-4-ace- 
toxy-l,3-cyclopentanedicarboxylic acid anhydride, in which 
the acetoxy group has the trans configuration, Shealy and 
O'Dell (8a) obtained the two regioisomers having the 
2-deoxyribo and "3-deoxyribo" configurations in approxi- 
mately equal amounts, thus requiring the separation of the two 
regioisomers by column chromatography. From these obser- 
vations and a consideration of a model of anhydride 3 it seems 
likely that the large cis-acetoxy group prevents facile attack by 
nucleophiles on the nearby carbonyl carbon by steric inter- 
actions. 

The ester functions of compounds 5 and 9 were reduced 
using LiBH,. In the case of 5 it was observed that the percent- 
age yield of the product 6 was greatly dependent on the time of 
reflux during the reduction, ranging from 29% after 2 h to 8 1 % 
when the time of reflux was only 20 min. 

The configurations of compounds 4-10 (Scheme 2) have 
been assigned with the aid of 'Hmr decoupling experiments. 
The chemical shifts of the methylene protons of the hydroxy- 
methyl substituent in compounds 6 and 10 are of particular 
interest. In compound 10 these two protons are equivalent and 
give rise to a single multiplet (doublet of doublet due to cou- 
pling with OH and H-4) at 6 3.33; however, in the case of 
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Anhydrous 
N.3 / I S0C12 

Benzene 

compound 6 two separate multiplets are observed for these two 
methylene protons, at 6 3.35 and 3.59. This non-equivalence 
of the hydroxymethyl methylene protons indicates that rotation 
of the hydroxymethyl substituent in compound 6 is restricted. 

Synthesis of the carbocyclic analogs (19 and 21) of 
3-deoxy-threo-pentofuranosyl nucleosides 

The carbamoyl substituent in 10 was converted into the ami- 
no substituent in 17 (see Scheme 3) by the Hofmann reaction 
(18) using the procedure described by 07Dell and Shealy (19) 
for the preparation of aminohydroxycyclopentanemethanols 
having the "deoxyribo" configurations. The amine 17 was cou- 
pled then with 3-ethoxypropenoyl isocyanate (IS), which was 
prepared by previously described methods (20-23), to give 
compound 18. Nucleoside analog 19 was prepared by heating 
18 in 2 N H2SO4 at reflux temperature for 30 min. The 'Hmr 
spectrum of compound 19 is very complex; however, it is 
different from that of the nucleoside analog having the 
"3-deoxyribo" configuration, a sample of which had been pre- 

Compound 20 was prepared by coupling 17 with 3-ethoxy- 
propenoyl isothiocyanate (16) (see Scheme 3), which was pre- 
pared as described by Shaw and Warrener (21). Nucleoside 
analog 21 was obtained by heating 20 in 15 N aqueous ammo- 
nia at 100°C for 20 min. The multiplet patterns of the 'Hmr 
spectra of nucleoside analogs 19 and 21 were observed to be 
very similar using a 200-MHz spectrometer; however, in gen- 
eral, the signals of protons in nucleoside analog 21 are found 
farther downfield than the signals of corresponding protons in 
nucleoside analog 19. For example, the signal of H-1' reso- 
nates at 6 4.49 in the case of 19 and at 6 5.41 in the case of 21. 
The coupling constants found in the H- 1' multiplet are virtually 
identical for both nucleoside analogs. The largest difference in 
chemical shifts occurs for the H-3 proton, which in the case of 
19 resonates at 6 11.20 while in the case of 21 it resonates at 
6 12.59. In both of these analogs H-5 has a long-range coupling 
constant of 1.7-1.9 Hz to H-3 in addition to the vicinal cou- 
pling constant of 7.8-8.1 Hz to H-6. 

pared by previously described methods (22). The 'Hmr signals Synthesis of the carbocyclic analogs (24 and 26) of 
in the spectra of these nucleosides have been assigned with the 2-deoxy-threo-pentofuranosyl nucleosides 
aid of spin-spin decoupling experiments. Two approaches have been utilized for the conversion of the 
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11 X = OCzHs 14 X = CI 
12 X = OH 15 X = NCO 
13 X = ONa 16 X = NCS 

carbamoyl substituent in compound 6 to the amino substituent 
(see Scheme 4). In the first approach the Hofmann reaction was 
performed directly on 6, which gave the amine 22 after puri- 
fication on a cation-exchange resin in 27% yield. In the second 
approach the hydroxyls in compound 6 were protected by an 
isopropylidene group and the Hofmann reaction (18) was per- 
formed on 27 in methanol using sodium methoxide as the base 
to give the carbamate 28. Hydrolysis of the carbamate with 
sodium hydroxide gave the amine 29 in 54% yield from 6. The 
advantages of this latter route, despite the fact that it involves 
three steps instead of one, are not only the much greater overall 
yield but also the fact that the work-up in this latter approach 
is greatly simplified. In addition, the protected compound 29 
gives significantly better yields in the subsequent steps leading 
to nucleoside analog 24 (see Scheme 4). Thus, 24 has been 
prepared in 26.4% yield from 6 by the latter route compared to 
7.5% yield by the first route, a 3.5-fold improvement. Nucleo- 
side analog 26 has been obtained by coupling the unprotected 
compound 22 with 16 to give 25, followed by heating at 100°C 
in 15 N aqueous ammonia. 

An attempt was made also to synthesize the amine 22 by first 
converting the carbamoyl substituent of compound 4 to an 
amino group by a Hofmann hypobromite reaction; however, 
the conditions lead to the elimination of acetic acid as shown 
in Scheme 5. 

As was observed in the cases of the nucleoside analogs 19 
and 21, the multiplet patterns of the 'Hmr spectra of analogs 24 
and 26 are very similar also, with the multiplets of the 
2-thiouracil-containing analog 26 occurring farther downfield 
than the multiplets of corresponding protons in the uracil- 
containing analog 24. This difference in chemical shifts be- 
tween corresponding protons in the uracil- and Zthiouracil- 
containing nucleosides decreases with distance from the thio 

group such that the protons in the hydroxymethyl substituent 
resonate at virtually the same chemical shifts in the cases of 
both nucleoside analogs (24 and 26). Also, as previously ob- 
served for compound 6, the 'Hmr spectra of compounds 22-26 
(Scheme 4) each show two well-separated multiplets for the 
methylene protons of the hydroxymethyl substituent. In con- 
trast, only a single multiplet was observed for these protons in 
the spectra of compounds 10 and 17-21 (Scheme 3). The 
chemical shifts and the coupling constants of one of the meth- 
ylene multiplets are very similar in the cases of compounds 6 
and 22-26; in the cases of all of these compounds this multiplet 
occurs in the 6 3.58-3.60 region. In the spectrum of compound 
22 coupling to the hydroxyl proton is not observed. The chem- 
ical shift of the other multiplet varies over a greater range 
between the different compounds (6, 22-26); in compound 6 
it occurs at 6 3.35, in 22 at 6 3.37, in 23 and 25 at 6 3.40, and 
in the nucleoside analogs 24 and 26 at 6 3.43 and 3.44, re- 
spectively. The non-equivalence of the two methylene hydro- 
gens in the hydroxymethyl substituent may be in part due to 
intramolecular hydrogen bonding between the hydroxyls. That 
hydrogen bonding alone may not account for these obser- 
vations is indicated by the fact that, when the two hydroxyls in 
each of compounds 6, 19, and 24 are acetylated, non- 
equivalence is still observed to the extent of approximately 
0.10 ppm for the corresponding methylene protons in the ace- 
tates of 6 and 24, and also in the acetate of 19; however, in this 
last acetate the difference in chemical shifts between these 
methylene protons is much smaller than in the first two. 

In the 'Hmr spectra of compounds 27-30, in which these 
methylene protons are part of a heterocyclic six-membered 
ring, the multiplets arising from these protons are also well 
separated but appear farther downfield. The chemical shifts of 
one of the multiplets are in the 6 3.50-3.54 region and those 
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3 ' 2 '  

of the other in the 6 3.96-4.03 region. Conclusions 

Ultraviolet spectra of the nucleoside analogs 
The ultraviolet spectra of the uracil-nucleoside analogs 19 

and 24 exhibit virtually identical absorption maxima in both 
acidic and alkaline ethanol and they closely resemble the spec- 
tra of 1-methyluracil (24) at the corresponding pH's. The spec- 
tra of the 2-thiouracil-nucleoside analogs 21 and 26 are also 
similar in both acidic and alkaline ethanol, although quite dif- 
ferent from those of 19 and 24. The absorption maxima in the 
spectra of 21 and 26 occur at longer wavelengths and the 
spectra have a shoulder at approximately 290 nm in acidic and 
neutral ethanol. The molar absorptivities at the absorption 
maxima are also much greater in the cases of the 2-thio- 
uracil-nucleoside analogs, especially in alkaline ethanol in 
which they are more than 2-fold greater. The ultraviolet spectra 
of the 2-thiouracil-nucleoside analogs 21 and 26 closely resem- 
ble those of I-methyl-2-thiouracil (24) at the corresponding 
pH's. 

Two new cyclopentane analogs of uracil nucleosides having 
the "2-deoxylyxo" and "3-deoxylyxo" configurations have 
been synthesized regiospecifically. In addition, the corre- 
sponding analogs of 2-thiouracil nucleosides have been syn- 
thesized; this work represents the first reported synthesis of 
cyclopentane analogs of nucleosides having the 2-thiouracil 
base. The synthetic routes also provide the possibility of regio- 
specific synthesis of cyclopentane analogs of nucleosides 
having the "deoxyribo" configurations, by an inversion of con- 
figuration at C-2' or C-3' in the corresponding "deoxylyxo" 
analogs. Analogs having the "2-deoxyribo" configuration have 
been found to be biologically active in a variety of systems 
(2, 25). 

Experimental 
Melting points were determined on a Fisher-Johns apparatus and 

are uncorrected. The 'Hmr spectra were recorded on a Bruker CXP- 
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Br2/NaOH HCI CH30H 
4 -  

4 5 H F O  

Pyridine \ 

200 spectrometer at 200 MHz. Chemical shifts (6) are given downfield 
from the signal of Me4Si. Assignments of chemical shifts and coupling 
constants were made with the aid of spin-decoupling experiments. The 
following abbreviations are used in describing 'Hmr signals: singlet 
(s), doublet (d), triplet (t), quartet (q), quintuplet (qu), sextuplet (se), 
multiplet (m), and broadened (br). Ultraviolet spectra were recorded 
on a Perkin-Elmer 552 spectrophotometer. Thin-layer chromatog- 
raphy (tlc) was performed using silica gel 60 F-254. The developed 
plates were dried and sprayed with a solution of ceric sulfate (1%) and 
molybdic acid (1.5%) in 10% aqueous sulfuric acid, and heated at 
-150°C. 

(+)-(I P,3P,4P)-4-Acetoxy-l,3-cyclopentanedicarboxylic acid (2a) 
and (5)-(I ~,3~,4a)-4-acetoxy-l,3-cyclopentanedicarboxylic 
acid (2 b) 

5-Norbornen-2-yl acetateZ (98 g, 0.64 mol) in 2,2,4-trimethyl- 
pentane (500 mL) was added to water (4 L) and the mixture was cooled 
to 10°C. To the stirred mixture KMn04 (325 g, 2.06 mol) in water 
(6 L) was added over a period of 3.5 h. During the addition of KMn04 
a steady stream of COz was passed through the reaction mixture and 
the temperature was maintained between 10 and 12°C using an ice 
bath. After the KMn04 had been added, SOz was passed through the 
reaction mixture until it became clear, with the temperature being 
maintained below 20°C. The volume of the reaction mixture was 
reduced to 1.6 L, and the mixture was cooled to 5°C and acidified with 
concentrated HCl (100 mL). It was extracted then with diethyl ether 
(5 x 400 mL); evaporation of the ether afforded a white solid (1 15.3 
g). The reaction solution was reduced further to 900 mL, the solution 
was cooled to 5"C, and additional concentrated HCI (20 mL) was 
added; extraction again with ether (4 X 225 mL) gave an additional 
14.3 g of solid, for a total yield of crude product of 129.6 g. The crude 
solid was recrystallized from ethyl acetate - hexanes and gave, in 
several crops, 81.3 g of a crystalline solid having mp 131 - 132°C and 
4.0 g having mp 128-13IoC, for a total yield of 85.3 g (77%) of 2a; 
'Hmr (200 MHz, MezSO-d6) 6: 1.90 (3H, s,  OAc), 1.95 ( lH,  m, J,,, 
= 14.7,%.' = 6.1, 3J5.4 = 2.7Hz, H-5),2.0-2.2(2H, m,H-2and 
H-2'), 2.20 (lH, m, J,,, = 14.7, 3 ~ 5 z . l  = 10.1, 'J5,, = 5.2 Hz, H-5'), 
2.83 ( lH,  m, H-1), 2.99 (IH, m, 'J3.? = 10.8, 3J3.z, = 8.4, 3J3,4 = 
5.4Hz, H-3), 5.20(1H, t o f d ,  3~ = 5.3, 3~4J4.5 = 2.7Hz, H-4), 12.31 
(2H, br s,  COzH at positions 1 and 3); spin-spin decoupled at H-4. 

5-N0rbornen-2-~1 acetate (bp 73-76"C/14 Torr; I Torr = 133.3 
Pa) was purchased from the Aldrich Chemical Company and was 
shown to contain 80% of the endo ( l a )  and 20% of the exo ( lb)  
isomers by integration of the well-resolved C-2 proton signals in the 
'Hmr spectrum (26). This determination is in good agreement with 
previous estimates of isomer composition in 5-norbornen-2-yl acetate 
samples prepared by the Diels-Alder reaction between vinyl acetate 
and cyclopentadiene (27, 28) which showed the exo isomer to com- 
prise about 19% (28). 

Two additional crops from the mother liquor of 2a gave 22.4 g of a 
white solid, mp 85- I 1  1°C, which was shown by 'Hmr to consist 
primarily of 26. Compound 2b was prepared also from exo-5- 
norbornen-2-yl acetate ( lb)  (8a, 29) by the above oxidation method; 
mp 114-115°C (lit. (8a) mp 116-117°C); 'Hmr (200 MHz, 
MezSO-d6) 6: 1.79- 1.95 (2H, m, H-2 and H-5), 2.00 (3H, s, OAc), 
2.09 ( lH,  m, J,,, = 14.1, 3J5z.I = 9.0, 3J5,.4 = 6.6 Hz, H-5'), 2.30 
( l H , m ,  J,,, = 13.3, = 9.2,3Jz,.3 = 8.6Hz, H-2'),2.82(lH, 
t of d, 'J = 8.6, 3 ~ 3 . 4  = 4.6 HZ, H-3), 2.92 (IH, qu, 3~ = 8.6 HZ, 
H-l), 5.20 (lH, d o f t ,  3J4,5, = 6.6, 3J = 3.9 Hz, H-4), 12.46 (2H, 
br s,  COzH at positions 1 and 3); spin-spin decoupled at H-4. 

(+)-(1~,3~,4~)-4-Acetoxy-1,3-cyclopentanedicarbolic acid 
anhydride (3) 

A stirred mixture of 2a (85.1 g, 0.394 mol) in acetic anhydride 
(1 L) was heated at reflux temperature gently for 45 min. The reaction 
solution was cooled to room temperature and the solvent was removed 
under reduced pressure. The residual oil was shaken in the presence 
of diethyl ether (500 mL) and several seed crystals. The resulting 
white crystalline solid was collected by filtration and washed with 
diethyl ether to give 3 (54.6 g) having an initial mp 77-78°C which 
dropped to a sharp mp of 70°C overnight. The volume of the mother 
liquor was reduced to 200 mL and cooled in an ice bath to give an 
additional 4.75 g of a white crystalline solid having mp 70°C. The 
mother liquor was then evaporated to an oil which was heated at reflux 
temperature in acetic anhydride (200 mL) for 15 min to give a crys- 
talline grey-brown solid (1 I .91 g), mp 69"C, for a total yield of 7 1.2 
g(91.3%); 'Hmr(200MHz, CDCI3)S: 1 .94( lH,dof t ,  J,,, = 13.1, 
3J=44.0Hz,H-2) ,2 .00(1H,m,J, , ,=  1 5 . 3 , 3 J 5 . 4 = 3 . 7 , 4 ~ 5 . z 0 = 2 . 7  
Hz, H-5), 2.07 (3H, s,  OAc), 2.36 (1 H, m, J,,, = 13.1, 4~z8 .5  = 2.7 
Hz, H-29, 2.65 ( lH,  d of d of d, J,,, = 15.3, '~5f.4 = 9.8, 3 ~ 5 , , 1  = 
7.0 Hz, H-5'), 3.26 ( lH,  m, 3 ~ 1 , 5 ,  = 7.0, 3J1,z = 4.0, 4J1,3 = 1.5 HZ, 
H-1), 3.66(1H, m, 3 ~ 3 , 4  = 6.4, 3 ~ 3 , z  = 4 . 0 , 4 ~ 3 , 1  = 1.5Hz, H-3), 5.44 
(IH, d o f  d o f  d, 3J4,5~ = 9.8, 3~4.3 = 6.4, 3~4.5 = 3.7 HZ, H-4). 
Spin-spin decoupling was performed at each of the protons. Anal. 
calcd. for C9Hlo05: C 54.55, H 5.09; found: C 54.22, H 5.22. 

(?)-(I ~,2~,4~)-2-Acetoxy4-carbamoylcyclopentanecarboxylic 
acid (4) 

Dry ammonia was bubbled through a stirred solution of 3 (71.2 g, 
0.359 mol) in tetrahydrofuran (450 mL) which had been cooled to 
5°C. The bubbling of ammonia was continued for 30 min at a rate 
which allowed the reaction temperature to be maintained between 10 
and 12°C with an ice bath. The reaction mixture was flushed then with 
NZ for 30 min. The solid was collected by filtration and dissolved in 
water (500 mL). The solution was then cooled to ice-bath temperature, 
acidified with concentrated HCI (35 mL), and left in the ice bath to 
crystallize. The crystalline product was collected by filtration and 
washed with a small amount of cold water to give a solid (57.7 g), mp 
161- 163°C. The volume of the mother liquor was reduced to 100 mL 
to give an additional 12.9 g of a light grey-brown solid, mp 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



AND SZAREK 2793 

161- 163"C, for a combined yield of 70.6 g (91.3%). An analytical 
sample was prepared by recrystallization twice from water; mp 
164-165°C; 'Hmr (200MHz, Me2SO-d6) 6: 1.82 (IH, d of d of d, J,,, 
= 14.4, 3~3.4 = 7.7, 3J3.2 = 3.1 HZ, H-3), 1.91 (3H, S, OAc), 
1.93-2.14 (2H, m, H-5 and H-5'), 2.19 (IH, m, J,,,, = 14.4, 3J3,.4 
= 9.7, 3~3 , .2  = 6.0 HZ, H-3'), 2.63 (lH, qu, 3~ = 8.9 Hz, H-4), 2.95 
(lH, do fd  of d, 3Jl.5 = 10.8, 3J,,5t = 8.1, 3J1,2 = 6.0Hz, H-l), 5.21 
(lH, t ~ f d , ~ J ~ . '  = 6.0,3J2.3r = 6.0,3J2,3 = 3.1 Hz,H-2),6.84(1H, 
br s, CONH2), 7.29 (lH, br s, CONHI), 12.29 (lH, br s, C02H); 
spin-spin decoupled at H-1 , H-2, and H-4. D20 exchange caused the 
disappearance of signals at 6 6.84, 7.29, and 12.29. Anal. calcd. for 
C9HI3O5N: C 50.23, H 6.09, N 6.5 1 ; found: C 49.98, H 6.14, N 6.53. 

(?)-Methyl (IP,2P,4P)-2-acetoxy-4-carbamoylcyclopentane- 
carboxylate (5) 

Diazomethane was prepared as described in Vogel (30) and was 
distilled into the flask containing 4 (30.8 g, 0.143 mol) in methanol 
(400 mL) until the reaction solution acquired a persistent bright yellow 
color. After several hours the yellow color faded and the product was 
crystallized in several crops by reduc~ng the reaction solution's vol- 
ume, diluting with ethyl acetate, and cooling to give 5 (25.94 g, 
79.1%) as a crystalline solid, mp 122-124"C, and an orange oil 
(6.5 g) that was not examined further. An analytical sample of the 
solid was obtained by recrystallization from ethyl acetate; mp 
123-124°C; 'Hmr(200MHz,Me2SO-d6)6: 1.81 ( lH,dofdofd ,  J,,, 
= 14.3, = 8.0, 3J3,2 = 3.5 HZ, H-3), 1.90 (3H, S, OAc), 
1.96-2.11 (2H, m, H-5 and H-5'), 2.21 (IH, m, J,,,, = 14.3, 3~3, .4 
= 9.6, 3J3.,2 = 6.2 Hz, H-37, 2.64 (lH, qu, 3J = 8.9 Hz, H-4), 3.06 
(lH, m, 3 ~ 1 . 5  = 11.0, 3~1 .5 ,  = 8.0, 3J1.2 = 6.2 Hz, H-1), 3.58 (3H, 
s, OMe), 5.22 (IH, t of d, 3J2.1 = 6.2, 3Jz.3, = 6.2, 3J2.3 = 3.5 HZ, 

1 H-2), 6.84 (lH, br s, CONHI), 7.30 (lH, br s, CONH,); spin-spin 
decoupled at H-1, H-2, and H-4. Anal. calcd. for CloH1505N: C 
52.40, H 6.60, N 6.11; found: C 51.97, H 7.01, N 6.06. 

I 
(?)-(I P,3P,4P)-3-Hydroxy-4-(hydroxymethyl)cyclopentane- 

carboxamide (6) 
A solution containing LiBH4 (12.6 g, 0.578 mol) in tetrahydrofuran 

(500 mL, the Aldrich Chemical Company, 99+%) was heated at 
reflux temperature for 20 min and cooled to about 40°C. To this 
solution compound 5 (25.0 g, 0.109 mol) was added as a solid and the 
stirred reaction mixture was heated at reflux temperature for 20 min. 
The reaction mixture was cooled to ice-bath temperature, water (350 
mL) was slowly added, and then Amberlite IR-120 resin (H+ form) 
(350 mL). The mixture was stirred for 1.5 h, and the resin was 
removed by filtration and washed with water. The combined filtrate 
and washings were stored in the cold room overnight, the solvent was 
evaporated, and the residue was evaporated with methanol (4 X 100 
mL) to remove boric acid. This procedure gave a viscous oil which 
was stirred overnight in the cold room in the presence of tetra- 
hydrofuran (70 mL). The white solid (12.45 g) was collected by 
filtration; Rf 0.37 (tlc) (9: 1 (v/v) acetonitrile-water). The volume of 
the mother liquor was reduced to about 10 mL; treatment with tet- 
rahydrofuran (20 mL) as above gave a solid (1.56 g), Rf 0.37, and a 
trace of impurity having Rf 0.51, for a total yield of 14.01 g (81%). 
An analytical sample was prepared by recrystallization from methanol 
- ethyl acetate - hexanes; mp 135-136°C; 'Hmr (200 MHz, 
Me2SO-d,) 6: 1.31-1.51 (lH, m, H-5), 1.65 (lH, d of d of d, J,,, = 
13.6, 3 ~ 2 . 1  = 5.0, 3J2.3 = 2.7 HZ, H-2), 1.82 (lH, m, 3J3,4 = 4.6 Hz, 
H-4), 1.8-2.0 (lH, m, H-5'), 1.93 (IH, m, J,, = 13.6, 3 ~ 2 r , I  = 9.6, 
3J~,.3 = 4.9 Hz, H-2'), 2.65 (lH, m, 3 ~ 1 . 2  = 5.0 HZ, H-1), 3.35 (lH, 
m, J,,, = 10.7, 3J1, = 5.9, 3 J l o O H  = 5.3 Hz, CH20H), 3.59 (lH, 
m , J  ,,,, = 10.7, 3J ,0~4 = 6.9, 3 J ~ , ~ ~  = 5.3 HZ, CHIOH), 4.01 (lH, 
m, 3J1,0~ = 6.7, 3J3,4 = 4.6, 3J3.z* = 4.9, 3J3,2 = 2.7 Hz, H-3), 4.24 
(lH, t, 3 J , o ~ ~ l ~ ~  = 5.3 HZ, CHIOH), 4.71 (lH, d, 3J10~.3 = 6.7 HZ, 
OH at position 3), 6.92 (IH, br s, CONH,), 7.45 (lH, br s, CONHI); 
spin-spin decoupled at H-1 , H-3, H-5, and CHIOH. D20 exchange 
caused the disappearance of signals at 6 4.24, 4.71, 6.92, and 7.45. 
Anal. calcd. for C7HI3O3N: C 52.82, H 8.23, N 8.80; found: C 53.00, 
H 8.03, N 8.91. 

(?)-Methyl (IP,3P,4P)-3-acetoxy-4-carbamoylcyclopentane- 
carboxylate (9) 

A solution of 3 (50.5 g, 0.255 mol) in anhydrous methanol 
(800 mL) was stirred at room temperature for 22 h. The methanol was 
evaporated to give 7 as an oil; 'Hmr (200 MHz, Me2SO-d,) 6: 1.91 
(3H, s, OAc), 1.91-2.33 (4H, m, H-3, H-3', H-5, and H-5'), 
2.87-3.08 (2H, m, H-1 and H-4), 3.62 (3H, s, OMe), 5.23 (1 H, t of 
d, H-2), 12.33 (lH, br s, C02H). The oil was dissolved in benzene 
(950 mL) and 150 mL were distilled to remove traces of moisture. 
Heating was discontinued and SOC12 (85 mL) was added. The mixture 
was stirred for 5 min, pyridine (2 drops) was added, and stirring was 
continued until the vigorous evolution of gases had subsided. 
N,N-Dimethylformamide (2 drops) was then added, and the solution 
was heated at reflux temperature for 2 h. The solution was kept at 
room temperature overnight. The volatile components were evapo- 
rated to give 8 as an orange oil that was used immediately for the 
preparation of 9. The oil (8) was dissolved in dry benzene (450 mL), 
and anhydrous ammonia was bubbled through the reaction solution for 
30 min; there then was a 10-min purge with nitrogen. An additional 
250 mL of benzene were added and the reaction mixture was heated 
to boiling, treated with charcoal, and filtered through a pad of Celite. 
The filtrate was evaporated to give an orange-brown oil (62.3 g) that 
was revealed by tlc (1 : 1 (v/v) acetone-toluene) to consist of a single 
major component having Rf 0.40 and several minor components. The 
oil was diluted with acetone (10 mL) to reduce its viscosity and 
resolved by liquid chromatography (Waters Associates PrepLC/ 
System 500) to give the major component (42.2 g), mp 78-88"C, 
which was recrystallized from ethyl acetate - hexanes to give a white 
solid (35.7 g, 61. I%), mp 92-93°C. An analytical sample of 9 was 
prepared by a second recrystallization from ethyl acetate - hexanes, 
mp 93-94°C; 'Hmr (200 MHz, Me2SO-d,) 6: 1.90 (3H, s, OAc), 
1.90-2.27 (4H, m, H-2, H-2', H-5, and H-5'), 2.78 (lH, d of d of 
d, 3~4.5  = 11.1, 3 ~ 4 . 5  = 7.7, 3 ~ 4 , 3  = 5.4 HZ, H-4), 2.91 (lH, q of d, 
3J = 9.4, 3J = 6.5 Hz, H-1), 3.61 (3H, s, OMe), 5.24 (lH, t of d, 
3J = 5.4, 3~3 .2  = 2.9 Hz, H-3), 6.84 (IH, br s, CONHI), 7.22 (lH, 
br s, CONHI); spin-spin decoupled at H-3. Anal. calcd. for 
CIOHI5O5N: C 52.40, H 6.60, N 6.11; found: C 52.15, H 6.91, N 
6.05. 

(?)-(I ~,2~,4~)-2-Hydroxy-4-(hydroxymethyl)cyclopentane- 
carboxamide (10) 

A solution of LiBH4 (5.0 g, 228 mmol) in tetrahydrofuran (250 mL) 
was heated at reflux temperature for 1 h, cooled to about 40°C, 9 (13.1 
g, 57 mmol) in tetrahydrofuran (60 mL) was added, and the heating 
was continued for 2 h. The reaction solution was then cooled to 
ice-bath temperature, water (200 mL) was added slowly, and then 
Amberlite 1R-120 resin (H+ form) (150 mL). The reaction mixture 
was stirred overnight, and the resin was removed by filtration and 
washed with water (300 mL). The pH of the combined filtrate and 
washings was adjusted to neutrality by treatment with Dowex 1-X8 
resin (OH- form) (-200 mL). The resin was removed by filtration and 
washed with water (-250 mL). The volume of the combined filtrate 
and washings was reduced by evaporation and the resulting oil was 
evaporated with methanol (3 X 50 mL). The oil was then stirred in the 
presence of tetrahydrofuran (45 mL). The white solid that formed 
(5.5 g, 60.6%) was collected by filtration; mp 1 13- 116°C; Rf 0.44 
(tlc) (3: 1 (v/v) chloroform-methanol). An analytical sample was 
prepared by recrystallization from methanol - diethyl ether, mp 
117- 118°C; 'Hmr (200 MHz, Me2SO-d6) 6: 1.34 (IH, d of d of d, J,,, 
= 13.4,3J3.4 = 5.0,3J3.2 = 2.6Hz,H-3), 1.60(1H,m,J8,, = 12.2, 
3 ~ 5 . 1  = 11.6, 3J5.4 = 8.9 Hz, H-5), 1.75-1.89 (2H, m, H-3' and 
H-5'),2.04(1H, m, H-4), 2.44(1H, m, 3J1.5 = 11.6, 3 ~ 1 . 5 a  = 7.0, 3 ~ 1 , 2  

= 4.6 HZ, H-I), 3.33 (2H, d of d, 3 J 1 0 ~ ~ Z ~ ~  = 5.1, 3 ~ 1 0  ~4 = 6.6 HZ, 
CHIOH), 4.18 ( lH, m, 3~2.3, = 7.3, 3 ~ ~ . 1  = 4.6, 3J2.s = 2.6, 3 ~ 1 0  CHOH 

=3.4Hz, H-2), 4.58 (lH, t, 3Jl,CH20H = 5.1 HZ, CHZOH),4.84(1H, 
d, 3J,, H.2 = 3.4 Hz, CHOH), 6.91 (lH, br s, CONH,), 7.28 ( lH, br 
s, CONHI); spin-spin decoupled at H-1, H-2, H-3, H-4, and CHIOH. 
Anal. calcd. for C7HI3O3N: C 52.82, H 8.23, N 8.80; found: C 52.90, 
H 8.02, N 8.85. 
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(*)-(I P,3P,4P)-4-Amino-3-hydroxycyclopentanemethano (1 7) 
A freshly prepared solution of Ba(OH)2.8H20 (90.9 g, 288 mmol) 

in water (I .85 L) was filtered to remove any BaC03 present and 
cooled to 5°C. To this solution was added Br2 (3.6 mL, 70.3 mmol) 
and, immediately after the BrZ had dissolved, compound 10 (10.2 g, 
64 mmol) in water (50 mL) was added and the reaction solution was 
left to warm to room temperature during the next 2 h. The reaction 
solution was heated at 65-70°C for 1 h, cooled to about 10°C, acid- 
ified with 3 M HzS04 (76 mL), and stirred for 1 h. The reaction 
mixture was kept in the cold room overnight and the BaS04 was 
removed by centrifugation. The solution was passed through Amber- 
lite CG-120 resin (H+ form) (150 g). The resin was then washed with 
water (1.1 L) and eluted with 2 N aqueous ammonia. Most of the 
product (17) was obtained after 1.5 L of 2 N ammonia solution had 
been used, and only traces were obtained with the next 0.5 L. The 
solvent was evaporated and the resulting oil was dissolved in ethanol; 
the solution was filtered to remove particulate matter and the filtrate 
was evaporated to give a pale orange oil (2.90 g, 34.5%). The 'Hmr 
spectrum did not show any signals attributable to impurities; 'Hmr 
(200MHz,MezSO-d6)6: 1.08(1H, d o f t ,  J,, = 12.5, 3J = 7.5 HZ, 
H-5), 1.31 (lH, m, J,, = 12.9, = 6.2, 3Jz.3 = 5.1 HZ, H-2), 
1.71- 1.89 (2H, m, H-2' and H-57, 1.85-2.08 (IH, m, H-1), 2.95 
(lH, m, 3J = 7, 3J4,3 = 5.1 HZ, H-4), 3.29 (2H, d, 3~,,, H.I = 5.8 Hz, 
CHzOH), 3.73 ( lH,  q, 3J = 5.1 Hz, H-3); spin-spin decoupled at 
H-3, H-4, and H-5. 

3-Ethoxypropenoyl chloride (14) 
Ethyl 3-ethoxypropenoate (11) was prepared from ethyl bromo- 

acetate and ethyl orthoformate by the Reformatsky reaction as de- 
scribed previously (20-22). The rate of elimination of ethanol from 
the crude acetal precursor was accelerated by the addition of p- 
toluenesulfonic acid or KHS04 to the refluxing solution; 'Hmr (200 
MHz, Me2SO-d6) 6: 1.20 (3H, t, 3J = 7.1 HZ, CH3), 1.25 (3H, t, 3J 
= 7.1 HZ, CH,), 3.97 (2H, q, = 7.1 HZ, -CH20-), 4.08 (2H, 
q, 3 J = 7 . 1  HZ,-CHZO-),5.24(1H,d, 3J= 12.5Hz, H-2), 7.59 
( lH,  d, 3~ = 12.5 Hz, H-3); 'Hmr (200 MHz, CDC13) 6: 1.28 (3H, 
t, 3J = 7.2 Hz, CH3), 1.35 (3H, t, 3J = 7.1 Hz, CH,), 3.91 (2H, q, 
'J = 7.1 HZ, -CHZO-), 4.17 (2H, q, 3J = 7.2 HZ, -CHZO-), 
5.19 ( lH,  d, 3~ = 12.9 HZ, H-2), 7.59 (lH, d, 3~ = 12.9 Hz, H-3). 

The following compounds were prepared as described previously 
(21-22): 3-ethoxypropenoic acid (12) by alkaline hydrolysis of 11; 
'Hmr (200 MHz, Me2SO-d6) 6: 1.24 (3H, t, 3J = 7.1 HZ, CH3), 3.94 
(2H, q, 3~ = 7.1 Hz,-CH20-), 5.14 (IH, d, 3J = 12.5 HZ, H-2), 
7.52 (lH, d, 3J = 12.5 Hz, H-3), 11.78 ( lH,  br s,  C02H); 'Hmr (200 
MHz, CDC13) 6: 1.34 (3H, t, 3~ = 7.1 HZ, CHI), 3.95 (2H, q, 3~ = 
7.1 HZ, -CHzO-), 5.19 (lH, d, 3J = 12.6 HZ, H-2), 7.69 ( lH,  d, 
3~ = 12.6 HZ, H-3), 12.15 ( lH,  br s, C02H); sodium 
3-ethoxypropenoate (13) by neutralization of 12 with NaOH; 'Hmr 
(200 MHz, Me2SO-d6 + D20) 6: 1.25 (3H, t, 3J = 7.1 HZ, CH3), 3.87 
(2H, q, 3~ = 7.1 Hz, -CH20-), 5.16 ( lH,  d, 3J = 12.7 HZ, H-2), 
7.23 ( lH,  d, 3J = 12.7 Hz, H-3); and 3-ethoxypropenoyl chloride (14) 
from 13, using SOClz in diethyl ether; 'Hmr (200 MHz, CDCls) 6: 
1.40 (3H, t, 3~ = 7.1 HZ, CH3), 4.07 (2H, q, 3J = 7.1 HZ, 
-CHZO-), 5.51 (lH, d, 3~ = 12.1 HZ, H-2), 7.80 (lH, d, 3~ = 12.1 
HZ, H-3). 

. . . .  .. . . 
. . . . . . . 
. . . . . . . . 3-Ethoxypropenoyl isocyanate (15) (refs. 22, 23) 

. ' . >  . . . . . . . . . , A stirred mixture of silver cyanate (21.3 g, 142 mmol) in dry 
benzene (125 mL) was heated at reflux temperature for 0.5 h and 
3-ethoxypropenoyl chloride (14) (9.57 g, 71 mmol) in benzene (25 
mL) was added over a period of 10 min. The mixture was heated for ~ an additional 0.5 h and stirred at room temperature for 2.5 h. The solid 
was allowed to settle and the solution of 15 was used immediately for 

I the preparation of 18 and 23 as described below. 

(*)-3-Ethoxy-N-{N1-[(I P,2P,4P)-2-hydroxy-4-(hydroxymethyl)- 
cyclopentyl]carbamoyI}propenamide (18) 

To a dried (4 a molecular sieves), cooled (-15°C) solution of 

compound 17 (2.06 g, 15.7 mmol) in N,N-dimethylformamide (50 
mL) were added, under a nitrogen atmosphere, 40 mL of the solution 
of the isocyanate 15 obtained above; the reaction temperature was 
maintained below - 10°C. After the addition of 15 was complete, the 
reaction solution was stirred at room temperature overnight. The solu- 
tion was filtered and the solvents were removed under vacuum. The 
residue was evaporated with ethanol (2 X 20 mL) and fractionated by 
column chromatography on silica gel using toluene - ethyl acetate - 
2-propanol (3:3:2, v/v/v) to give 18 (1.80 g, 42%, based on the 
amount of the amine) as a pale yellow solid, Rr 0.39 (tlc); 'Hmr (200 
MHz, Me2SO-d6) 6: 1.15- 1.36 and 1.86-2.05 (5H, m, H-3', H-3", 
H-4', H-5', and H-S'), 1.25 (3H, t, 3J = 7.1 HZ, CH3), 3.28-3.40 
(2H, m, CHzOH), 3.76-4.08 (2H, m, H- 1 ' and H-27, 3.94 (2H, q, 
3J = 7.1 Hz, CH3CHzO), 4.59 ( lH,  t, 3J = 5.0 HZ, CH20H), 4.91 
(IH, d, 3Jt0H.2' = 4.6Hz, OHatposition2'), 5.51 (lH, d, 3Jz.3 = 12.3 
Hz,H-2), 7.55 (lH, d, 3J3.2 = 12.3Hz, H-3), 8.74(1H, brd,  3Jt0H.1p 
= 7.8 Hz, CONHCONH), 9.95 ( lH,  br s,  CONHCO); spin-spin 
decoupled at 6 3.28-3.40, H-2 and 6 1.25. 

(*)-1-[(I ~,2~,4~)-2-Hydroxy-4-(hydroxymethyl)cyclopentyl]- 
2,4(1 H,3 H)-pyrimidinedione (19) 

A solution of 18 (1.78 g, 6.54 mmol) in 2 N sulfuric acid (50 mL) 
was heated at reflux temperature under a nitrogen atmosphere for 30 
min. The solution was cooled to room temperature, treated with char- 
coal, filtered, and the charcoal was washed with 10 mL of water. The 
combined filtrate and washings were cooled to ice-bath temperature 
and neutralized with 2 N sodium hydroxide. The solvent was evapo- 
rated and the residue was extracted with ethanol (4 X 20 mL). Evap- 
oration of the ethanol gave an oil which was fractionated by column 
chromatography on silica gel to give 19 (1.00 g, 68%) as a white solid, 
Rr 0.34 (tlc) (1 : 1 : 1 (v/v/v) toluene - ethyl acetate - 2-propanol). An 
analytical sample was prepared by recrystallization from ethanol - 
diethyl ether, mp 158- 160°C; uv A,,, (CZH50H): 210 nm (E 9480), 
268 (1 1 100); A,,, (0.01 N HCl in C2H50H): 210 nm (e 9570), 268 
(1 1 100); A,,, (0.01 N NaOH in C2H50H): 220 nm ( E  9330), 265 
(8310); 'Hmr (200 MHz, Me2SO-d6) 6: 1.30 ( lH,  m, 3J32.20 = 2.0 HZ, 
H-3'), 1.62- 1.90 (2H, m, H-4' and H-5'), 1.96-2.16 (2H, m, H-3" 
and H-5"), 3.33-3.42 (2H, m, CH20H), 4.02 (IH, m, H-27, 4.49 
( lH,  m, 3 J t o ~  at 5' = 12.2, 3 J r 0 ~  .I 5, = 7.1, 3J12.2, = 4.9 HZ, H-If),  
4.65 ( lH,  t, 3J10 C H ~ O H  = 5.2 HZ, CHzOH), 4.94 (lH, d, 3 ~ t 0  H-2, = 4.5 
Hz, CHOH), 5.48 ( lH,  d of d, 3J5,6 = 7.8, 4J5.3 = 1.7 HZ, H-5), 7.60 
( lH,  d, 3J6,5 = 7.8 HZ, H-6), 11.20 (IH, br s, H-3); spin-spin 
decoupled at H-3', H-2', and H-3. Anal. calcd. for CIOHI4O4NZ: C 
53.09, H 6.24, N 12.38; found: C 53.16, H 6.24, N 12.35. 

3-Ethoxypropenoyl isothiocyanate (16) 
Compound 16 was prepared from 3-ethoxypropenoyl chloride (14) 

and potassium thiocyanate as described by Shaw and Warrener (21) 
and was used immediately after distillation under vacuum to prepare 
compounds 20 and 25. 

(*)-3-Ethoxy-N-{Nf-[(I P,2P,4P)-2-hydroxy-4-(hydroxymethyl)- 
cyclopentyl]thiocarbamoyl}propenamide (20) 

To a solution of 17 (0.379 g, 2.89 mmol) in methanol (5 mL) and 
diethyl ether (10 mL) was added the isothiocyanate 16 (0.454 g, 2.89 
mmol) at room temperature. The reaction solution was kept at room 
temperature overnight, filtered, and the filtrate was evaporated to give 
an orange oil (1.0 g) that was fractionated by column chromatography 
on silica gel to give 20 (0.57 g, 68%) as a pale yellow solid, Rr 0.48 
(tlc) (4: 4: 1 (v/v/v) toluene - ethyl acetate - 2-propanol); 'Hmr (200 
MHz, Me2SO-d6) 6: 1.17-1.43 (2H, m, H-3' andH-5'), 1.26 (3H, t, 
3~ = 7.0 Hz, CH,), 1.91-2.09 (2H, m, H-3" and H-49, 2.18 ( lH,  d 
oft,J,,,= 11.5,3J = 7.1 Hz,H-5Ir),3.31-3.36(2H,m,CHzOH), 
3.98 (2H, q, 3J = 7.0 Hz, CH3CH20), 3.99-4.03 ( lH,  m, H-29, 
4.31 (1H,m,H-l'),4.64(1H,t,3Jto~~2~~= 5.1 HZ,CHzOH),5.15 
( lH,d ,  3JtoH.2, = 4.9Hz,OHatposition2'), 5.71 (IH,d,  3J2,3 = 12.6 
Hz, H-2), 7.59 (IH, d, 3J3,z = 12.6 HZ, H-3), 10.79 (lH, br s,  
CONHCS), 11.10 (lH, br d, 3J lo~.~-  = 7.7 HZ, CONHCSNH); 
spin-spin decoupled at H-1', and 6 1.26 and 4.0. 
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(*)-2,3-Dihydro-1 -[(I P,2P,4P)-2-hydroxy4-(hydroxymethyl)- 
cyclopentyl]-2-thioxo4(l H)-pyrimidinone (21) 

A stirred solution of 20 (0.53 g, 1.84 mmol) in 15 N aqueous 
ammonia (20 mL) was heated in an oil bath at 100°C for 20 min. The 
reaction solution was cooled to room temperature and the solvent 
evaporated to give an oil, which was then evaporated with ethanol 
(3 x 10 mL). The residual oil was fractionated by column chro- 
matography on silica gel to give 21 (0.135 g, 30%) as a white solid, 
R f  0.40 (tlc) (2: 2: 1 (v/v/v) toluene - ethyl acetate - 2-propanol); mp 
180- 187°C. An analytical sample was prepared by recrystallization 
from methanol - diethyl ether, mp 184-186°C; uv A,,, (C2H50H): 
221 nm (E 17 300), 274 (12 700); A,,, (0.01 N HCI in C2HSOH): 221 
nm (E 17 300), 274 (12 700); A,,, (0.01 N NaOH in C2H50H): 241 
nm (E 21 300), 274 (15 400); 'Hmr (200 MHz, MezSO-d6) 6: 1.34 
(lH, m, H-3'), 1.69-2.13 (4H, m, H-3", H-4', H-5', and H-5"), 3.40 
(2H, m, CH20H), 4.20 (lH, m, H-2'),4.68 (lH, t, 3J10 C H ~ O H  = 5.1 
Hz, CH20H), 5.04 (lH, d, 3J,, H.2' = 4.3 Hz, OH at position 2'), 5.41 
(IH, m, 3 ~ 1 a , 5 v  = 12.2, 3Jl.,y = 6.8, 3J10,2. = 5.1 HZ, H-11), 5.88 (IH, 
do fd ,  3Js,6 = 8.1,4J5,3 = 1.9Hz, H-5), 7.75 ( lH,d ,  3J6,5 = 8.1 HZ, 
H-6), 12.59 (lH, br s, H-3); spin-spin decoupled at 6 1.34, 4.20, 
4.68, 5.04, 5.41, 5.88, and 7.75. Anal. calcd. for CIOHI4O3N2S: C 
49.57, H 5.82, N 11.56, S 13.23; found: C 50.04, H 6.08, N 11.73, 
S 13.27. 

(?)-(I p,2 p,4P)-4-Amino-2-hydroxycyclopentanemethanol (22) 
Compound 22 was prepared from 6 (9.74 g, 61.2 mmol), according 

to the procedure described for the preparation of 17, to give an orange- 
brown oil (2.19 g, 27%). 'The 'Hmr spectrum did not show any signals 
attributable to impurities; 'Hmr (200 MHz, Me2SO-ds) 6: 1.12 (lH, 
m, H-5), 1.39 (lH, dof d of d, J,,, = 13.5, 3J3,4 = 4.4, 3J3,2 = 2.8 
Hz, H-3), 1.71-1.97 (3H, m, H-1, H-3', and H-57, 3.23 (lH, m, 
H-4),3.37(1H,dofd,JX, = 10.6, 3J10H.I = 6.2Hz,CH20H),3.59 
( lH,dofd,J , , ,= 10 .6 ,3 J10~ .~  = 7 . 2 H ~ , C H 2 O H ) , 4 . 0 0 ( 1 H , m ,  
H-2); spin-spin decoupled at 6 1.12, 1.39, 3.59, and 4.00. 

(*)-3-Ethoxy-N-(N1-[(I P,3P,4P)-3-hydroxy-4-(hydroxymethyl)- 
cyclopentyl]carbamoyl}propenamide (23) 

Compound 23 was prepared from 22 (1.57 g, 12 mmol) and the 
solution of the isocyanate 15 (32 mL) according to the procedure 
described for the preparation of 18. Fractionation by column chro- 
matography on silica gel afforded a crude sample of 23 (1.5 g, 49%, 
based on the amount of the amine) as a pale yellow, oily solid, Rf 0.34 
(tlc) (3: 3:2 (v/v/v) toluene - ethyl acetate - 2-propanol). The 'Hmr 
spectrum showed several minor signals attributable to impurities; 
'Hmr (200 MHz, Me2SO-d6) 6: 1.17-1.34 (lH, m, H-5'), 1.25 (3H, 
t, 3~ = 7.0 Hz, CH3), 1.45 (lH, m, H-2'), 1.83 (IH, m, H-49, 
1.98-2.14 (2H, m, H-2" and H-5"), 3.40 (lH, m, J,,, = 10.9, 
3 ~ c o  C H ~ O H  and ~ 4 ,  = 5.5 HZ, CH20H), 3.57 (1 H, d of d of d, J,,, = 
10.9, 'J,, HA' = 7.2, 3Jm CH~OH = 5.5 HZ, CHZOH), 3.93 (2H, q, 3J 
= 7.0 Hz, CH3CH20), 4.03-4.22 (2H, m, H-1' and H-3'),4.28 (lH, 
t, 'J10 C H ~ O H  = 5.5 HZ, CHZOH), 4.57 (IH, d, 3J,0 H-30 = 3.8 HZ, OH 
at position 37, 5.50 (lH, d, %., = 12.4 Hz, H-2), 7.53 (IH, d, 3J3.2 
= 12.4 Hz, H-3), 8.72 (lH, br d, 3J1, H.IG = 8.3 Hz, CONHCONH), 
9.92 (IH, br s, CONHCONH); spin-spin decoupled at 6 1.26 and 
8.72. 

(+)-I -[(I P,3P,4 P)-3-Hydroxy-4-(hydroxyrnethy1)cyclopenty- 
2,4(1 H,3H)-pyrimidinedione (24) 

Compound 24 was prepared from 23 (1.53 g, 5.6 mmol) according 
to the procedure described for the preparation of 19. Fractionation by 
column chromatography on silica gel afforded 24 (0.726 g, 57%) as 
a white solid, R f  0.31 (tlc) (1 : 1 : 1 (v/v/v) toluene - ethyl acetate - 
2-propanol). An analytical sample was prepared by recrystallization 
from ethanol-hexanes; mp 154-155°C; uv A,,, (C2H50H): 209 nm 
(E 9120), 268 (10 300); A,,, (0.01 N HCI in C2H50H): 210 nm 
(E 9140), 268 (10 300); A,,, (0.01 N NaOH in C2H50H): 221 nm 
(E 8310), 265 (7610); 'Hmr (200 MHz, Me2SO-d6) 6: 1.37 (lH, t of 
d,J,,,=3J5,,4,= 1 1 . 8 , 3 J ~ ~ . ~ ~ = 9 . 0 H ~ , H - 5 ' ) ,  1.51(1H,d0fd,J,,, 
= 15.1,3J2..1~=3.9H~,H-2'),1.89(1H,m,H-4'),2.05(1H,m,J,, 
= 11.8,3J=7.3Hz,H-5") ,2 .30(1H,m,J, ,= 15.1,3J2.,1~= 11.1, 

'JT.,, = 4.6 Hz, H-2"), 3.43 (IH, m, J,,, = 10.9, -'J,,HA' = 6.1, 
' J I ~ C H ~ O H  = 5.3 HZ, CHzOH), 3.60 (IH, d of d of d, Js,, = 10.9, 
'JIOHA' = 7.3, 3 ~ ~ o c ~ 2 0 ~  = 5.3 HZ, CH20H), 4.11 (lH, m, H-3'), 
4.39(1H, t, 'J,,CH~OH = 5.3 HZ, CH20H),5.03 (1H, d, 'J~,H.~, = 3.6 
Hz, OH at position 3'), 5.04 (IH, m, H-l'), 5.67 (lH, d of d, 3JS.6 

= 8.2, 4 ~ 5 , 3  = 2.0Hz, H-5),7.90 (lH, d, 'J6.s = 8.2Hz, H-6), 11.20 
(lH, br s, H-3); spin-spin decoupled at 6 4.11 and 4.39. Anal. calcd. 
for CIOHI4O4N2: C 53.09, H 6.24, N 12.38; found: C 53.13, H 6.41, 
N 12.34. 

(2)-3-Ethoxy-N-{N1-[(I P,3P,4P)-3-hydroxy4-(hydroxymethyl)- 
cyclopentyl]thiocarbamoyl}propenarnide (25) 

Compound 25 was prepared from 22 (0.234 g, 1.78 mmol) and 16 
(0.285 g, 1.81 mmol) according to the procedure described for the 
preparation of 20. Fractionation by column chromatography on silica 
gel afforded 25 (0.275 g, 54%) as a colorless oil, Rf  0.56 (tlc) (2:2: 1 
(v/v/v) toluene - ethyl acetate - 2-propanol); 'Hmr (200 MHz, 
Me2SO-d6) 6: 1.20- 1.35 (IH, m, H-5'), 1.25 (3H, t, 3J = 7.0 HZ, 
CHs), 1.56 (lH, m, J,,, = 14.1, 3J2..1, = 2.3 HZ, H-27, 1.87 (lH, 
m, H-49, 2.06 (lH, m, J,,, = 14.1, 3JT.1. = 8.5, 3JT,3. = 4.7 Hz, 
H-2"), 2.21 (lH, d of t, J,, = 13.0, 3J = 8.2 Hz, H-5"), 3.40 (IH, 
m, J,,, = 10.7, 3Jlo C H ~ O H  = 5.3, 3J10 ~ - 4 .  = 5.3 HZ, CH20H), 3.58 
(lH, d of d of d, J8,, = 10.7, ' J~oHA'  = 7.2, 3 ~ ~ o C H 2 0 H  = 5.3 HZ, 
CHzOH), 3.96 (2H, q, 3J = 7.0 HZ, CH3CH20), 4.10 (lH, m, H-3'), 
4.31 (lH, t, 3J,0 C H ~ O H  = 5.3 HZ, CHZOH), 4.58-4.73 (IH, m, H-l'), 
4.64 (lH, d, 3 ~ ,  H.3' = 3.3 Hz, OH at position 3'), 5.70 (IH, d, ' ~ 2 . 3  

= 12.2 Hz, H-2), 7.57 (lH, d, 'J,.~ = 12.2 Hz, H-3), 10.73 (lH, br 
s, CONHCSNH), 11.10 (lH, br d, 3J,, H.lz = 8.0 HZ, CONHCSNH); 
spin-spin decoupled at 6 4.10 and 4.65. 

(2)-2,3-Dihydro-I-[(I P,3P,4P)-3-hydroxy4-(hydroxyrnethyl)- 
cyclopentyl]-2-thioxo4(1 H)-pyrimidinone (26) 

Compound 26 was prepared from 25 (0.27 g, 0.94 mmol) according 
to the procedure described for the preparation of 21. Fractionation by 
column chromatography on silica gel afforded 26 (0.153 g, 67%) as 
a white solid, R f  0.44 (tlc) (2:2: 1 (v/v/v) toluene - ethyl acetate - 
2-propanol). An analytical sample was prepared by recrystallization 
from ethanol-hexanes, mp 156-157°C; uv A,,, (C2HsOH): 219 nm 
(E 16 600), 273 (13 700); A,,, (0.01 N HCI in C2HsOH): 219 nm (E 
16 600), 273 (13 800); A,,, (0.01 N NaOH in C2H50H): 240 nm (E 
19 400), 272 (16 200); 'Hmr (200 MHz, Me2SO-d6) 6: 1.35 (1 H, t of 
d,J,,= 12.3,3Js0.1~=9.3Hz,H-5') ,  1.56(lH,dofd,J,,,= 15.4, 
3~2.,,.=3.7Hz,H-2'),l.9l(lH,m,H-4'),2.l7(1H,m,J,,,= 12.3, 
3J = 7.5 Hz, H-5'3, 2.36 (lH, m, J,,, = 15.4, 3JT.1z = 11.2, 3J2",3. 
= 4.4 HZ, H-2"), 3.44 (lH, m, J,,, = 10.6, 3 ~ ~ 0  HA, = 6.2, 3 ~ t 0  C H ~ O H  

= 5.2 Hz, CH20H), 3.60 (lH, m, J,, = 10.6, 3J10H4. = 7.6, 
3 J , o ~ ~ 2 0 ~  = 5.2 HZ, CH20H), 4.14 (lH, m, H-3'), 4.40 (lH, t, 
3J1, C H ~ O H  = 5.2 HZ, CHzOH), 5.15 (lH, d, 'J,, H-3, = 3.4 HZ, OH at 
position 3'), 5.99 (lH, m, H-l'), 6.09 (lH, d, 3Js,6 = 8.2 Hz, H-5), 
8.11 (lH, d, 3 ~ 6 , 5  = 8.2 Hz, H-6). 12.55 (lH, br s, H-3); spin-spin 
decoupled at 6 4.14 and 5.99. Anal. calcd. for CloHI4O3N2S: C 49.57, 
H5.82,N 11.56,s 13.23;found:C49.61,H5.97,N 11.80,s 13.25. 

(*)-(I P,6P,8P)-3,3-Dimethy1-2,4-dioxabicyclo[4.3 .O]nonane-8- 
carboxamide (27) 

To a stirred mixture of 6 (14.0 g, 88 mmol) in acetone (200 mL) and 
2,2-dimethoxypropane (50 mL) was added p-toluenesulfonic acid 
monohydrate (-20 mg) and the mixture was heated gently at reflux 
temperature for 30 min. The reaction mixture was cooled to room 
temperature, and the white solid was collected by filtration and 
washed with acetone to give 27 (10.88 g), R f  0.31 (tlc) (2:2: 1 (v/v/v) 
toluene - ethyl acetate - 2-propanol). The volume of the mother liquor 
was reduced and a second crop of 27 (2.47 g) was obtained for a total 
yield of 13.35 g. The volatile components were evaporated from the 
filtrate and the resulting oil was dissolved in acetone (30 mL) and 
2,2-dimethoxypropane (10 mL). About 10 mg of the acid catalyst was 
added and the reaction mixture was stirred at room temperature for 30 
min to give an additional 2.08 g of 27 as a white solid for a total yield 
of 15.43 g (88%). Thin-layer chromatography showed that this mate- 
rial contained trace amounts of a second component having Rf 0.08. 
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An analytical sample was prepared by fractionation on a column of 
alumina gel followed by recrystallization of the material from acetone; 
mp 169°C; 'Hmr (200 MHz, MezSO-d6) 6: 1.22 (3H, s, CH3), 1.35 
(3H, s,  CH,), 1.65-1.95 (4H, m, H-6, H-7, H-7', and H-9), 2.07 
( lH,  m, J,,, = 14.3, 3J9,,8 = 10.1, 'J~c., = 5.5 Hz, H-9'), 2.56 ( lH,  
m, H-8), 3.54 (IH, d of d, J ,,,, = 11.7, 3 ~ 5 , 6  = 2.3 HZ, H-5), 3.99 
(IH,dofd,J, , ,  = 11.7,3~5,.6 = 3 . 7 H z , H - 5 ' ) , 4 . 2 3 ( 1 H , m , H - l ) ,  
6.75 (IH, br s,  CONHI), 7.13 (IH, br s, CONH2); spin-spin decou- 
pled at 6 3.99 and 4.23. Anal. calcd. for CIOHI7O3N: C 60.28, H 8.60, 
N 7.03; found: C 60.01, H 8.74, N 7.19. 

(+)-Methyl [(I P,6P,8P)-3,3-dimethyl-2,4-dioxabicyclo[4.3 .O]non- 
8-yl]carbamate (28) 

A solution of sodium (1.65 g, 0.0718 g atom) in methanol (50 mL) 
was added to a solution of 27 (7.16 g, 35.9 mmol) in methanol (65 
mL). To this solution Br2 (1.84 mL, 35.9 mmol) was added with 
thorough mixing and the reaction solution was heated on a steam bath 
for 10 min. The solution was made just acidic with acetic acid and the 
solvent was evaporated. The residue was washed with water (10 mL) 
and the solid was collected by filtration to give 28 (6.34 g, 77%), Rr 
0.72 (tlc) (2:2: 1 (v/v/v) toluene - ethyl acetate - 2-propanol); tlc 
showed that this material contained traces of more-polar components. 
A small, oily sample of 28 was obtained by column chromatography 
on silica gel; 'Hmr (200 MHz, Me2SO-d6) 6: 1.25 (3H, s,  CH3C), 1.34 
(3H,s,CH3C), 1 .39(1H,dofdofd , Jg , , ,=  1 4 . 4 , 3 ~ 9 . s = 6 . 5 , 3 ~ 9 . 1  
= 1.9 Hz, H-9), 1.65- 1.93 (3H, m, H-6, H-7, and H-7'), 2.18 (1 H, 
m, J,,, = 14.4, '~9..s = 8.8, 3 ~ y , 1  = 5.7 Hz, H-97, 3.51 (3H, s,  
CH30),3.51(1H,d0fd,Jg ,,,, = 1 1 . 9 , 3 J 5 . 6 = 2 . 1 H ~ , H - 5 ) , 3 . 8 4 ( I H ,  
m,H-8) ,3 .98(1H,d0fd ,J8 , ,=  1 1 . 9 , % , , 6 = 3 . 7 H ~ , H - 5 ' ) , 4 . 2 0  
(IH, m, H-1), 7.02 (lH, br d, 3~ , ,H .g  = 7.7 HZ, NH); spin-spin 
decoupled at 6 2.18 and 4.20. 

(~)-(1~,6~,8~)-8-Amino-3,3-dimethy1-2,4-dioxabicyco[4.3.0]- 
nonane (29) 

A solution of 28 (6.02 g, 26.2 mmol) in 5 N aqueous sodium 
hydroxide (60 mL) and methanol (30 mL) was heated at reflux tem- 
perature for 4 h. The reaction solution was cooled to room temperature 
and extracted with dichloromethane (40 mL). The dichloromethane 
extract was evaporated under vacuum to give 29 (3.55 g, 79%) as a 
light yellow-green oil, Rr 0.45 (tlc) (5: 1 (v/v) acetonitrile - 15 N 
aqueous ammonia). The 'Hmr spectrum did not show any signals 
attributable to impurities; 'Hmr (200 MHz, MezSO-ds) 6: 1.24 (3H, 
s, CH3), 1.30 (IH, m, H-9), 1.34 (3H, s,  CH3), 1.47 (IH, m, J,,, = 
10.8, 3J = 7.6 Hz, H-7), 1.69- 1.82 (lH, m, H-6), 1.87 (lH, d of t, 
J,,, = 10 .8 ,3 J=7 .2Hz ,H-7 ' ) , 2 . 04 (1H,do fdo fd , J  ,,,, = 13.5, 
3J9v,8 = 8.4, 3J9,,l = 5.5 Hz, H-9'), 3.15 ( lH,  m, H-8), 3.50 ( lH,  d 
Ofd,Jg,,= 11.6,3J5,6=3.2H~,H-5),3.96(lH,d~fd,J,,,= 11.6, 
3J5e.6 = 4.2Hz, H-57, 4.17 (lH, m, 3J,,y = 5.5, 3 ~ 1 , 9  = 2.2Hz, H-1); 
spin-spin decoupled at 6 1.47, 3.15, 3.96, and 4.17. 

(+)-Ethoxy-N-{Nf-[(1 P,6P,8~)-3,3-dirnethyl-2,4-dioxabicyclo- 
[4.3.0]non-8-yl]carbamoyl}propenamide (30) 

Compound 29 (1.60 g, 9.3 mmol) was dissolved in benzene 
(16 mL) and -2 mL were removed by distillation. The solution was 
cooled to ice-bath temperature and a benzene solution (45 rnL) con- 
taining 15 (13.4 mmol) was added dropwise over a period of 12 min; 
the reaction solution was then stirred at room temperature overnight. 
The solvent was evaporated and the residual oil was evaporated with 
ethanol (2 x 10 mL). Fractionation by column chromatography on 
silica gel gave 30 (2.2 g, 76%, based on the amount of the amine), Rr 
0.42 (tlc) (8 : 8: 1 (v/v/v) toluene - ethyl acetate - 2-propanol); ' ~ m r  
(200 MHz, Me2SO-d6) 6: 1.24 (3H, t, 3J = 7.1 HZ, CH3CH2), 1.31 
(3H, s,  CH3C), 1.37 (3H, s, CH3C), 1.49 (IH, m, J,,, = 14.4 Hz, 
H-97, 1.62(1H, m, J,,, = 12.5, 3J= 9.7, 3~ = 5.4Hz, H-7'), 1.83 
(IH, m, H-67, 2.03 (lH, m, J ,,, = 14.4, 3J = 8.8, 3~ = 4.7 HZ, 
H-9"),2.15(lH,doft,J, , ,= 1 2 . 5 , 3 ~ =  8.3Hz,H-7"),3.53(1H, 
dofd,J,,,= 11.7,3J5,,6.=2.2Hz,H-5'),3.94(2H,q,3J=7.1H~, 
CHsCHZO), 4.03 (lH, d of d, J,,, = 11.7, 3 ~ 5 , g  = 3.9 Hz, H-5"), 
4.18-4.35 (2H, m, H-1' and H-St), 5.49 (lH, d, 3 ~ 2 , 3  = 12.3 HZ, 
H-2). 7.52 (lH, d, 'J3.2 = 12.3 HZ, H-3), 8.77 (IH, br d, 3 ~ t 0  ~ - 8 ,  = 

8.6 Hz, CONHCONH), 9.95 ( lH,  br S, CONHCONH); spin-spin 
decoupled at 6 1.83 and 3.53. 

Preparation of 24 from 30 
A stirred mixture of 30 (2.2 g, 70 mmol) in 2 N H2S04 (70 mL) was 

heated at reflux temperature for 20 min. The solution was cooled to 
ice-bath temperature and neutralized with 2 N NaOH. The solvent was 
evaporated and the residue was extracted with warm ethanol. The 
ethanol extract was evaporated and the residual oil was fractionated by 
column chromatography on silica gel to give 24 (1.034 g, 65%) as a 
white solid having an Rr (tlc) and 'Hmr spectrum identical to those of 
the sample of 24 prepared from 23. 

(2)-(3-Carboxycyclopent-3-eny1)amine hydrochloride (31) 
To a 1 N NaOH solution (1 L) at S°C was added bromine (7.3 mL, 

142 mmol); as soon as the bromine had dissolved, 4 (25.77 g, 120 
mmol) in 0.7 N NaOH solution (175 mL) was added. The reaction 
solution was left at room temperature for 1 h and then heated in a water 
bath at 70°C for 1 h. The solution was cooled to O°C and acidified with 
concentrated HCI (93 mL). The reaction solution was then passed 
through Amberlite CG-120 cation-exchange resin (H+ form) (500 g), 
and the resin was washed with water (3.5 L) and eluted with 2 N HCI; 
the elution was monitored by tlc using n-butanol - water - acetic acid 
(5: 3:  2, v/v/v) as the developing solvent. The first 2.2 L contained 
mostly NaCl and some 31; the solvent was evaporated and the residue 
was extracted with methanol (6 X 50 mL) to yield a solid (4.8 g). The 
next 1.3 L contained mostly 31 and gave a white solid (12.4 g) after 
evaporation of solvent, for a total yield of 17.2 g (88% yield) of a solid 
containing predominantly 31; the sample was used directly in the next 
reaction; ' ~ m r  (200 MHz, Me2SO-d6) 6: 2.45-2.95 (4H, m, H-2, 
H-2', H-5, and H-5'), 3.87 (lH, m, H-1), 6.60 ( lH,  m, H-4), 8.30 
(3H, br s, h ~ , ) ,  12.50 ( lH,  br s, C02H). 

(+)-[3-(Methoxycarbonyl)cyclopent-3-enyaine hydrochloride (32) 
Anhydrous HCI was bubbled for 1 h through a solution of com- 

pound 31 (17.0 g) in dry methanol (800 mL). The solution was stirred 
for an additional 1 h with cooling and then at room temperature 
overnight. The clear liquid was decanted from a small amount of solid 
and evaporated to give an orange oil of crude 32; ' ~ m r  (200 MHz, 
MezSO-d6) 6: 2.56-2.94 (4H, m, H-2, H-2', H-5, and H-5'), 3.67 
(3H,s ,OMe),  3.78-3.96(1H, m,H-1) ,6 .67(1H,m,  H-4), 8.42 
(3H, br s,  h ~ , ) .  

(?)-Methyl 4-acetamido-I-cyclopentenecarboxylate (33) 
A solution of crude 32 in pyridine (500 mL) was cooled to Dry Ice 

- acetone bath temperature and acetic anhydride (175 mL) was added. 
The reaction solution was stirred at room temperature for 18 h and then 
the solvent was evaporated to give a red-brown oil (48 g). This oil was 
mixed with crushed ice (300 g) and the mixture was extracted with 
methylene chloride (4 x 200 mL). The organic layer was washed 
sequentially with ice-cold 3 N HCI (2 X 30 mL), a saturated solution 
(30 mL) of sodium hydrogen carbonate, and a saturated solution (30 
mL) of sodium chloride. The organic layer was dried over Na2S04 and 
the solvent evaporated to give an orange-brown oil (18.7 g). This 
material was kept for 2 days in the cold room; a crystalline solid 
separated, which was collected by filtration and which, after re- 
crystallization from diethyl ether - hexanes, gave 33 (1 1.63 g, 53% 
from 4), mp 74-76°C. An analytical sample was obtained by re- 
crystallization from diethyl ether; mp 7 5 7 6 ° C ;  'Hmr (200 MHz, 
MezSO-d6) 6: 1.77 (3H, s, OAc), 2.20-2.40 and 2.68-2.87 (4H, m, 
H-3, H-3', H-5, and H-5'), 3.67 (3H, s,  OMe), 4.33 ( lH,  m, H-4), 
6.68 (IH, m, H-2), 8.10 (lH, br d, 3J,,H4 = 6.4, NHCOMe). 
Spin-spin decoupling was performed at 6 4.33; 'Hmr (200 MHz, 
CDCI,) 6: 2.28-2.51 and 2.88-3.08 (4H, m, H-3, H-3', H-5, and 
H-57, 3.75 (3H, s, OMe), 4.63 ( lH,  m, H-4), 5.69 (IH, br m, 
NHCOMe), 6.74 (1 H, m, H-2). Anal. calcd. for C9H1303N: C 59.00, 
H 7.15, N 7.65; found: C 58.87, H 7.04, N 8.06. 
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Ab initio molecular orbital theory was used to determine if C~H602+' and C3H&+' radical cations represented as hydrogen 
bridged radical cation molecular pairs, viz. [H20---H---0CHCH2]" and [CH30H---H---OCHCH,]" can be expected to exist 
as stable species in the gas phase. 

The use of several basis sets was explored at the SCF level and it was found that the above species have appreciable 
stabilisation energies with respect to dissociation into CH2=CHOH+' and H 2 0  or CH30H. Using a 6-3 1 **/4-3 1G basis set 
and applying BSSE (Basis Set Superposition Error) corrections, respective stabilisation energies of 88 kJ/mol and 84 kJ/mol 
were calculated. Preliminary calculations further indicate that conversion barriers towards isomeric structures are high and thus 
ions of this type may well have been observed by experiment. Several reaction profiles have been calculated at the STO-3G 
level and at the 4-31G level, which show that the ions can exist in a syn and an anti conformation having comparable energies, 
their interconversion barrier being small. 

The structure parameters and stabilisation energies for these two hydrogen bridged ions are similar to those of the well known 
class of even electron species, usually designated as proton bound dimers. 

RON POSTMA, PAUL J. A. R U ~ N K ,  FRANS. B. VAN DUIJNEVELDT, JOHAN K. TERLOUW et JOHN L. HOLMES. Can. J. Chem. 
63, 2798 (1985). 

Utilisant la thiorie a b  initio des orbitales molCculaires on a determine si les cations radicalaires C2H6O2+' et C3H8O2+', 
reprCsentCs sous la forme de paires de cations molCculaires relies par des ponts hydrogknes comme [H20---H---OCHCH,]" 
et [CH30H---H---0CHCH2]+', peuvent exister sous forme d'espkces stables en phase gazeuse. 

On a utilisC plusieurs ensembles de base en champ auto-cohtrent et on a trouvt que ces espkces ont des Cnergies de 
stabilisation remarquables par rapport a la dissociation en CH,=CHOH+' et en H 2 0  ou en CH30H. On a trouvC des Cnergies 
de stabilisation de 88 kJ/mol et de 84 kJ/mol respectivement en utilisant I'ensemble de base 6-31**/4-31G et en appliquant 
des corrections d'ensemble de base de superposition des erreurs (EBSE). Les calculs prCliminaires indiquent de plus qu'il existe 
des barrikres ClevCes a la transformation en structures isomkres et que par consequent, les ions de ce type peuvent Ctre observCs 
exp6rimentalement. On a calculC plusieurs profils de reactions au niveau STO-3G et au niveau 4-3 1G et ces calculs montrent 
que les ions peuvent exister sous des conformations syn et anti ayant des Cnergies comparables et que la barrikres a leur 
interconversion est faiblee. 

Les paramktres de structure et les Cnergies de stabilisation de ces deux ions relies par des liaisons hydrogkne sont semblables 
a ceux de la classe bien connue des espkces i nombre pair d'tlectrons que I'on appelle communCment des dimkres liCs par un 
proton. 

[Traduit par le journaj] 

Introduction 
A combination of mass spectrometric measurements with the 

results of ab initio calculations has recently led to the identi- 
fication and the energies of small stable organic cations of 
unconventional structure. For example, the radical cation 
CH20H2+', an isomer of ionised methanol, and a wide variety 

I of analogues [C,H2;XH]+' (X = OH, NH2, SH, halogen, 
I etc.) have been both observed by experiment and calculated to 

be stable species in the gas phase (1). 
Recently, Terlouw et al. (2) reported an experimental 

study on the structure of the C2H6O2+' and C3Hs02+' ions gen- 
erated by dissociative ionisation of butanl ,4-diol and 4-meth- 
oxybutan- 1-01, respectively. The ions generated were pro- 
posed to have the formal structures [CH2=CHOH/H20]+' and 
[CH2=CHOH/CH30H]", having respective stabilisation en- 
ergies towards dissociation into CH2=CHOH+' + H20 or 
CH30H, of >54 kJ/mol and 88 kJ/mol. However, the experi- 

ments did not establish to which of the carbon atoms in the 
vinyl alcohol moiety the H 2 0  or CH30H molecule is bound, 
i.e. whether isomers I a ,  b ,  or c in Fig. 1 are present. An 
additional possibility is that the ions have the structure 
[H20---H---0CHCH2]+', I d  in Fig. 1. Ions of type I a  and I b  
have been shown by ab initio calculations to exist in potential 
wells, but the structure and stability of odd electron hydrogen 
bonded ions of type Id have not yet been investigated. The 
existence of the even electron analogues (proton bound dimers) 
is well established by both theory and experiment (3, 4). 

The present paper describes the results of LCAO-MO- 
SCF calculations on the species [CH,=CHO---H---OH2]+' 
and [CH2=CHO---H---(OH)CH3]+', using STO-3G, 4-31G, 
6-3 lG*, and 6-3 1G** basis sets and applying Basis Set Super- 
position Error (BSSE) corrections. For the proton bound water 
dimer [H20---H---OH2]+' it has been shown that SCF calcu- 
lations of the stabilisation energy are sufficiently accurate for 
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POSTMA ET AL. 2799 

FIG. 1. Structures of [CH,=CHOH/H,O]+' and [CH2=CHOH/ 
CH30H]+' isomers. 

our purpose (4). It will be shown that ions of this type are 
indeed stable species having two local minima corresponding 
to an anti and a syn conformation with comparable stabilisation 
energies. 

Methods 
Standard LCAO-MO-SCF calculations were performed 

using a modified version of the Gaussian 76 package ( 5 ) ,  em- 
ploying restricted (6, 7) and unrestricted (8) Hartree-Fock 
procedures, RHF and UHF, respectively. The basis sets used 
are the standard STO-3G (9), 4-31G (lo), 6-31G* and 6-31G** 
(1 1) basis sets. Of these the 6-3 lG* and 6-3 1G** basis sets 
should give the most reliable results. 

The geometries of the ions Id and IId (Fig. 1) were opti- 
mized at the STO-3G and 4-3 1G levels of accuracy. The results 
are given in Table 1 and Fig. 2, which also shows the labeling 
of the atoms in both species. 

The stabilisation energies of the ions Id and IId were ini- 
tially calculated using 

where A is the vinyl alcohol radical cation and B is the water 
or methanol molecule. The results are given in the fourth 
column of Table 2 (anti conformation). As can be seen from 
Table 2 the stabilisation energy of the ions Id and IId cal- 
culated at the 4-31G level is considerably lower than that 
obtained with the STO-3G basis. This is consistent with the 
well-known tendency of small basis sets to overestimate anal- 
ogous binding energies (4, 12). The difference in the sta- 
bilisation energies obtained by [l] might be accounted for by 
adding BSSE corrections. These were calculated using the so- 
called counterpoise method (1 3), where the dissociation energy 
D, is given by 

with 

where EAB(A) is the energy of A calculated with the basis set 
of the complex AB. The BSSE corrections e(A) and e(B) for 
both ions Id and IId are given in Table 3 (anti conformation). 

Because geometry optimizations with larger basis sets are 
rather expensive, single point calculations were performed at 
the 6-3 lG* and 6-31G** levels, using either the STO-3G or the 
4-31G optimized structures. These calculations are denoted by 
6-31G*/STO-3G, etc. The results are also given in Tables 2 
and 3. 

In addition to the calculation of the stabilisation energies, 

FIG. 2. (a) Identification of the atoms in the ions Id and IId of 
Fig. 1; (b) Optimized HF/STO-3G structure of ion Id ,  with HF/ 
4-31G values of the structural parameters being shown in parentheses. 
Bond lengths are given in A and bond angles in deg. 

several reaction profiles were examined for both species. Four 
of these are shown in Fig. 3 The reaction profiles 1 and 2 
simulate the in-plane and the out-of-plane bending of the 
3-center bond 01-H4-02. 'The reaction profiles 3 and 4 simulate 
the rotation of the -H-OH2 or -H-0HCH3 group around 
the C2-01 bond and the variation of the C2-01-H4 an- 
gle, respectively. A fifth reaction coordinate was selected, 
which lets the proton travel along the 3-center bond 
0 1  -H4-02 at a fixed (optimized) 0 1  -02 distance. These 
reaction profiles were used to investigate the relation between 
the anti and syn conformations of the ions Id and IId. 

Results and discussion 
The results obtained with the 4-31G basis and corrected for 

BSSE indicate that the potential energy hypersurfaces have 
local minima corresponding to the ions Id and IId, re- 
spectively, and that these ions are stable with respect to dis- 
sociation into the vinyl alcohol radical cation and a neutral 
molecule. The stabilisation energies obtained at this level of 
accuracy are 134 kJ/mol for Id and 144 kJ/mol for IId (BSSE 
corrected). 

The results obtained with the polarized basis sets lead to the 
following conclusions: (i) the stabilisation energy is consid- 
erably lowered by adding polarization functions; and (ii) the 
BSSE corrections are of the same order of magnitude as in the 
4-31G calculations. It may be sufficient only to optimize the 
geometry at the STO-3G level and to obtain the final energies 
by single point energy calculations at the 4-3 1G or 6-3 lG* 
level of accuracy. For example, Bouma, MacLeod, and Radom 
(Id) showed that the relative energy results for C2H40+' iso- 
mers calculated at the 4-31G level compare well with the 
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TABLE 1. Calculated total energies, interatomic distances, and interatomic angles (the 4-31G results are given in 
parentheses) of SCF geometry optimized structures calculated with STO-3G and 4-31G basis sets (see Fig. 3 for 

the atom labeling) 

Molecular Interatomic Interatomic 
Molecule energy (au) Atoms distances (A)" Atoms angles (deg)b 

CzH40+- 
planar 
(anti) 

"Optimized C-C and C-0 distances with minimum stepsize of 0.01 A, optimized C-H and 0-H distances with a 
minimum stepsize of 0.02 A, 0-H4 distances with a minimum stepsize of 0.01 A. 

boptimized bond angles with a minimum stepsize of 0.5". 

4-31G/STO-3G results. Although it is not certain that this 
procedure can also be used for calculating the stabilisation en- 
ergy of hydrogen bonded cations, for ion Id a difference of 
15 kJ/mol was found between the stabilisation energies calcu- 
lated with 6-3 lG*/STO-3G and 6-3 1G*/4-3 lG, respectively 
(Table 2). Comparing the geometries used, it can be seen from 
Tables 1 and 2 that the 0 1-02 distance and the position of the 
bridging hydrogen atom in the 01-H4-02 3-center bond 
strongly depend on the basis set used and that the changes in the 
0 1-02 distance upon recombination are rather large and have 
opposite sign. 

Because the STO-3G basis overestimates the ion-dipole in- 
teraction (see Table 2) the low value for the stabilisation energy 
obtained in the 6-31G*/STO-3G calculation may be explained 
by the artificially short 01-02 distance in the STO-3G opti- 
mized structure. This will lead to a considerable destabilisation 

in the 6-31G*/STO-3G calculations. It is not clear whether 
STO-3G calculations yield reliable predictions for the other 
geometrical changes in the recombination and so this has been 
examined by performing a 6-31G* calculation, using the STO- 
3G reactant geometries together with relative orientation of the 
reactants as obtained in the 4-31G optimization. The resulting 
energy is 23 kJ/mol lower than the 6-31G*/STO-3G result. 
'Therefore the difference between the 6-31G*/4-31G and 
6-3 IG*/STO-3G results (15 kJ/mol) may be explained by the 
unsuitability of the STO-3G optimized structure for 6-31G* 
calculations. Consequently, the 4-3 1 G optimized geometries 
will be used hereafter. Nevertheless the reliability of the 
6-3 1G*/4-3 1G results should not be overestimated because the 
4-31G optimized geometry may also be unreliable. This was 
checked by performing calculations using the 4-3 1G reactant 
geometries with the 4-31G result for the relative orientation of 
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TABLE 2. Stabilisation energies in kJ/mol and total energies in hartree of the proton 
bound dimer complexes c~H~o:' and C,H~O:', calculated with different basis sets 

Isomera Basis set Total energy ~,.,,b 

Hz0 6-3 lG*/STO-3G -76.006591 
6-31G*/4-31G -76.009770 
6-31G**/4-31G -76.022689 

CH3OH 6-31G*/STO-3G -115.031682 
6-3 1G*/4-3 1G -115.034104 
6-31G**/4-31G -115.045358 

CHZCHOH+' (anti) 6-3 lG*/STO-3G - 152.603448 
6-31G*/4-31G - 152.607096 
6-31G**/4-31G -152.619524 

CH2CHOH+' (syn) 6-3 1G**/4-31G - 152.616391 
Id (anti) STO-3G -225.753919 239.0 

4-31G -228.343718 141.6 
6-3 lG*/STO-3G -228.638468 74.6 
6-31G*/4-3 1G -228.651 168 90.1 
6-31G**/4-31G -228.678468 95.2 99.5' 
6-31G**/4-31G -228.676905 91.1 99.3d 
STO-3G -264.339918 246.5 
4-3 1G -267.310837 153.1 
6-3 lG*/STO-3G -267.669023 89.0 
6-31G*/4-31G -267.675006 88.7 
6-31G**/4-31G - 267.700506 93.5 84.0' 

IId ( ~ n )  6-3 1G**/4-3 1G -267.69667 1 83.5 91.7d 

"See Fig. 1 of this paper. 
bCalculated by using eq. [I], 1 au = 2625.5 kJ/mol. 
'Open shell RHF calculations (see text). 
dCalculated by using eq. [I], but the vinyl alcohol radical cation syn conformation is used 

instead of the anti conformation (the first value given is calculated with respect to the anti 
conformation). 

Id (syn) 
IId (anti) 

TABLE 3. Basis set superposition errors, e ,  calculated with different basis sets, the 
values are given in kJ/mol 

Dimer Basis set e(CH2CHOH)" e(H20)/(CH30H)* e(sum) 

Id STO-3G 
(anti) 4-31G 

6-31G*/4-31G 
6-3 1G**/4-31G 

IId STO-3G 
(anti) 4-31G 

6-31G*/4-3 1G 
6-31G**/4-31G 

"e(CH2CHOH) is the BSSE correction obtained for the vinyl alcohol ion in the presence of the 
atomic orbitals on the H20(Id) or CH,OH(J.Id) molecules. 

be(H20/CH30~)  is the BSSE correction obtained from the H2O(Id) or CH,OH(J.Id) molecules 
in the presence of the atomic orbitals on the [CH2CHOH] species. 

the reactants. The results are -228.3399 au (4-31G) and 
-228.6525 au (6-31G*). Comparing these results with those in 
Table 2 it can be seen that the deformation energy in the 4-3 1G 
basis equals 10 kJ/mol, whereas the 6-31G* result lies 
3 kl/mol below the value obtained with the 6-31G*/4-31G 
calculation. These results indicate that the error in the 
6-31G*/4-31G calculations is of the order of 3- 10 kJ/mol. 

The results of the BSSE corrections are shown in Table 3. 
The reason for the substantial difference between the BSSE 
values for CH2CHOH and H20/CH30H (see Table 3) is that the 
orbital space of a H20 or CH30H molecule will be more ex- 
tended by the "ghost" orbitals of vinyl alcohol than will the 
orbital space of vinyl alcohol be extended by the "ghost" or- 
bitals of H20 or CH30H. 

Although the polarized basis sets are large, these corrections 

are of the same order of magnitude as in the 4-31G basis. This 
result has also been found by Leclerq, Allavena, and Bouteiller 
(14). It can be seen from Tables 2 and 3 that the differences 
between the 6-31G* and 6-31G** results are small, with or 
without BSSE corrections. We therefore conclude that the 
errors introduced by using non-optimal geometries is probably 
larger than those caused by the use of incomplete basis sets. 

Finally, it should be noted that these results might be sensi- 
tive to electron correlation effects, which have been ignored 
in the present calculations, particularly because open shell 
examples are involved (15). For example, calculations in- 
cluding correlation may lead to non-planar CH2=CHOH as in 
the analogous C2H4+' system (16). Furthermore the UHF 
method used is known to occasionally run into problems due to 
spin contamination. We therefore checked the UHF results 
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(6-31G**/4-31G) of Id and IId (anti) with open shell RHF 
calculations (17), giving stabilisation energies of 91.5 and 
84.0 kJ/mol, respectively. The discrepancies with the UHF 
results for Id and IId are 3.7 and 10.5 kJ/mol, respectively. 
These are of the same order of magnitude as the deformation 
errors given previously (3- 10 kJ/mol). The S2 expectation 
values for the isomers Id and IId with the 6-31G**/4-31G 
basis set are 0.7817 and 0.8 134, respectively. According to the 
above discussion the final result for the stabilisation energy of 
ion Id (including BSSE corrections) is 90 4 10 kJ/mol (anti 
conformation) and for ion IId D, = 88 4 10 kJ/mol. These 
values compare favourably with the experimental results (D, r 
54 kJ/mol for ion Id, D, = 88 kJ/mol for ion IId (2) and so 
these structures are possible candidates for the experimentally 
observed isomers of C2H602+' and C3H802+', respectively. As 
in the vinyl alcohol radical cation, the syn conformations are 
somewhat less stable than the anti conformations (D, = 
85 kJ/mol and 78 kJ/mol for Id and IId, respectively). 

The results may also be compared to other dimers containing 
hydrogen bridges. Considering (H20)2 and (H30-H20)+ as 
prototype systems, it should be noted that the stabilisation 
energies for these are widely different, viz. 20 kJ/mol for 
(H20)2 and 140 kJ/mol for H30+-H20 (4). Indeed, various 
authors (18-20) have noted that the dimerisation energy for 
symmetrical hydrogen bound cations is largely independent of 
gas phase basicity and variation in functionality (water, al- 
cohols, ethers, aldehydes, etc.). The high stability of these 
complexes arises from the electrostatic attraction between the 
positive charge and the water molecule dipole moment. Ap- 
plying this argument to the ions Id and IId, then the decrease 
in stability of these ions with respect to H30+-H20 may be 
explained in terms of the charge distribution in the vinyl alco- 
hol moiety. According to a Mulliken population analysis of the 
vinyl alcohol radical cation the positive charge is distributed 
over all atoms but with the center of charge located near to the 
C2 atom. This corresponds to a 30% increase in the distance 
between the positive charge and the water molecule compared 
with the (H30-H20)+ system. Since according to this simple 
model the interaction energy varies as R-', it may be expected 
that the stabilisation energy for both ions Id and IId is of the 
order of 80 kJ, in agreement with the present results. It is also 
noteworthy that the hydrogen bond energies given by Bomse 
and Beauchamp (20) for asymmetrical hydrogen bound cations 
are in the same range. Their values, estimated by using an 
empirical method (21), lie between 105 and 85 kJ/mol 
for dimers of the type [A---H---OH2]+ with A = CH,OH, 
C2H50H, (CH3)2O, i-C3H70H, etc. Apparently the stabilisation 
energy of the ions Id and IId is not affected much by the open 
shell character of the vinyl radical cation. 'This is corroborated 
by the agrrement of the 0-0 distances in the ions Id and IId 
(2.409 A and 2.387 A, respectively) with those calculated by 
Hagler, Karpas, and Klein (22) and by Newton and Ehrenson 
(23) for hydrogen bonded cations of simple carbonyl com- 
pounds with water. Using the 4-3 1G basis th5se authors found 
0-0 distances ranging from 2.34 to 2.39 A for these com- 
pounds. 

We have also investigated the 0-H-0 three center bond 
more closely by studying several reaction coordinates. The 
reaction profiles 1 and 2 (Fig. 3a) correspond to variations of 
the 0-H-0 bond angle. The results for these profiles (not 
shown explicitly) indicate that reactions along these coordi- 
nates are energetically unfavourable. 

Reaction coordinate 3 (Fig. 3b) stands for the rotation of the 

FIG. 3. R = H or CH,. ( a )  Reaction coordinates 1 and 2, in-plane 
and out-of-plane bending of the 0-H-0 bond, respectively. 
(b) Reaction coordinate 3, rotation of the -H-OHR group around 
the CO bond. a = +90° when the -H-OHR group is in the 
CH2=CH0 plane. a = 90" corresponds to the anti conformation, 
a = 90" to the syn conformation. (c) Reaction coordinate 4, in-plane 
bending of the C-0-H bond. a = 0 when the C-0-H bond is 
linear. 

-H-OR group around the C2-01 bond in the vinyl alcohol 
radical cation, whereas reaction coordinate 4 stands for a varia- 
tion of the C2-01-H4 bond angle (Fig. 3c). These reaction 
coordinates relate the anti conformation to the syn conforma- 
tion. As shown in Fig. 4 a and b the corresponding STO-3G 
reaction profiles indicate that these conformations are separated 
by rather large energy barriers. However, these barriers vir- 
tually disappear with the 4-3 1G basis and if the position of the 
hydrogen atom in the 0-H-0 three center bond is varied. 
According to the STO-3G results the interconversion will take 
place along reaction coordinate 4, (i.e. in-plane bending) and 
so the 4-3 1G calculations were only performed for this reaction 
coordinate. In addition to using the optimized 01-H4 and 
02-H4 distances, this reaction profile was investigated using 
the reversed values for these distances with respect to their 
optimized values. The results, shown in Fig. 5, indicate that the 
barrier only appears if the hydrogen atom is situated near to the 
CH2CH0 part of the ion. Note that the 4-31G geometry opti- 
mizations lead to opposite positions for the hydrogen atom in 
the ions Id and IId, respectively, cf. Table 1. Therefore the 
role of the curves for the two geometries used is reversed when 
going from ion Id to ion IId. That the energy barrier disappears 
when the hydrogen atom is removed from the vinyl alcohol 
radical cation may be explained by the absence of the ener- 
getically unfavourable distortion of the sp2 hybridisation on 0 1  
during the interconversion. 

Finally, the 01-H4 distance was optimized for the anti 
conformations of ions Id and IId with a fixed 01-02 dis- 
tance, using the STO-3G, 4-31G, and 6-31G* basis sets. The 
results are shown in Fig. 6. The 6-31G* results place the 
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I , I I I I 
- 70.0 - 30.0 10.0 50.0 90.0 

DEGREES 

t 

FIG. 4. (a)  Reaction profiles 3 and 4 (see Fig. 3) for ion Id (STO- 
3G). ( b )  Reaction profiles 3 and 4 (see Fig. 3) for ion IId (STO-3G). 

I I I I I I 

hydrogen atom near to the CH2CH0 part of the ion in both 
cases, and so it was concluded that the 4-31G basis is unsuit- 
able for predicting the position of the hydrogen atom due to the 
flatness of the corresponding potential well, a result which has 
also been found in calculations on even electron proton bound 
dimers (24). The 6-31G* results are in agreement with the 
conclusions drawn by Larson and McMahon (18) from ex- 
perimental data, viz. that the potential well for the bridged 
hydrogen atoms corresponds to a broad single minimum. The 
interconversion barriers separating the anti and syn con- 
formations of the ions Id and IId were found to be small 
(< 10 kJ/mol). 

W -70.0 -30.0 10.0 50.0 90.0 
LT 
W 
z 

DEGREES 
W 

Summary 
The hydrogen bonded radical cation molecule pairs [H,O--- 

H---OCHCH,]+' and [CH30H---H-OCHCH,]" were both 
calculated to be stable with respect to dissociation into 
CH,CHOH+' and H20 or CH30H. The anti and syn conforma- 
tions have comparable energies with small interconversion 
barriers for both species. Thus it may be expected that both ions 
are observable species in gas phase ion chemistry. However, 

I I I I I I I I 
-70.0 -300 10.0 50.0 90.0 

DEGREES 

FIG. 5. Reaction profile 4 (4-31G). q and A for ion Id,  0 and 
for ion IId, and 0 for optimized 01-H4 and H4-02 distances, 
A and for reversed values for the 01-H4 and H4-02 distances. 

I 1 I I I I I I I I 1 

0.8 1.0 1.2 1.4 1.6 

01-H4 DISTANCE, A .  
FIG. 6. Reaction profile 5, variation of the position of the bridged 

hydrogen atom for a fixed (optimized) 01-02 distance. 0 and a, 
STO-3G; A and n,4-31G; + and X ,6-31G*/4-31G; 0, A, and + 
ion Id; a, 0, and X,  ion IId. 

which conformation is most likely to be found cannot be pre- 
dicted from the calculations. Both species have properties com- 
parable to the well known class of even electron hydrogen 
bridged cations. The open shell character of the vinyl alcohol 
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radical cation seems to have little effect on the stabilisation 
energy. This may be  explained by the fact that the open shell 
electron is mainly localized away from the hydrogen bond, viz. 
in the CH,=CH part of  the complex. 

A comparative study with several basis sets showed that the 
inclusion of a polarization function is necessary for obtaining 
reliable results. The differences in stabilisation energy obtained 
by using basis sets such as STO-3G, 4-31G, 6-31G*, and 
6-31G** can only partially be understood in terms of the basis 
set superposition errors. The remaining differences are pro- 
bably due to other effects, such as the lack of short range 
repulsion in the STO-3G basis o r  an overestimation of dipole 
moments in the 4-31G basis. For accurate calculations on 
similar ions it may therefore be  necessary to check the re- 
liability of the geometries used in single point energy calcula- 
tions using larger basis sets. 
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Heterogeneous reaction of nitric acid with methyl sulfide' 
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The reaction of gaseous mixtures of CH3SCH3 and HNO,, studied by infrared spectroscopy and gas chromatography, was 
found to occur heterogeneously. The products detected were NO2 and CH3S(0)CH3, and approximately one NOz was formed 
for each CH,SCH, consumed. The initial rate of formation of NOz was first order in CHsSCH, and zero order in HNO,. The 
mechanism is discussed, and an upper limit is determined for the rate constant of the homogeneous reaction. 

DONALD L. SINGLETON, ROBERT S. IRWIN, DONALD J .  MCKENNEY et GEORGE PARASKEVOPOULOS. Can. J .  Chem. 63,2805 
(1985). 

On a CtudiC la reaction de melanges gazeux de CH3SCH, et de HNO, en faisant appel % la spectroscopie infrarouge et la 
chromatographie en phase gazeuse et I'on a trouve qu'elle se produit d'une f a~on  heterogbne. Les produits que l'on a pu dCtecter 
sont le NOz et le CH,S(O)CH,; de plus, il se forme environ une molCcule de NOZ pour chaque molecule de CH3SCH, qui est 
consommCe. La vitesse initiale de formation du NOz est du premier ordre en CH,SCH, et d'ordre zero en HNO,. On discute 
du mecanisme et I'on determine une limite supkrieure pour la constante de vitesse de la reaction homogkne. 

[Traduit par le journal] 

Introduction 
Nitric acid has long been known to react readily with methyl 

sulfide in solution to form dimethyl sulfoxide, along with lesser 
amounts of more highly oxidized derivatives (1). Recent 
studies have examined the chemically-induced dynamic 
nuclear polarization of the protons (2) and the catalysis of the 
reaction by Au3+ (3). Thiols and disulfides are also known to 
undergo oxidation by HN03 in solution (4). However, to our 
knowledge, these reactions have not been investigated in the 
gas phase, where they would be of interest in studies of the 
oxidation of reduced sulfur compounds. In the troposphere, 
methyl sulfide is produced by biogenic and anthropogenic pro- 
cesses, and efforts have been made to understand its trop- 
ospheric chemistry. Studies of the mechanism of oxidation of 
methyl sulfide by OH (5-7), 0(3P) (8), O3 (9), and NO2 (10) 
have recently been reported and reviewed (1 1). 

Experimental 
The reaction was studied by infrared spectroscopy using a Teflon- 

lined absorption cell with a volume of 5.66 L and an optical path 
length of 20.25 m. Pressures of reactants were measured with a capac- 
itance manometer and introduced into the cell with a vacuum system 
free of mercury. When very low pressures of reactants were required 
in the reaction cell, they were measured on a smaller calibrated vol- 
ume and swept into the cell using nitrogen. The total pressure was 
always brought up to 1 atm using nitrogen. The temperature was 
296 ? 2 K. 

Spectra were obtained with a Beckman model 4030 spectrometer 
operated in the double beam mode. The slit width provided resolution 
of 4 cm-' above, and about 2.5 cm-' below 2000 cm-I, respectively. 
The products and reactants were monitored at selected wavelengths as 
a function of time, and the amounts were determined by converting the 
percentage transmission to absorbance and using experimentally de- 
termined Beer's law coefficients. 

The rate of formation of nitrogen dioxide was followed at 1600 
cm-', and consumption of nitric acid and of methyl sulfide was 
monitored at 1200 and 101 5 cm-' , respectively. Calibration mixtures 
indicated that the absorbance was linear with concentration over the 

'NRCC No. 24634. 
'Visiting scientist. Present address: Chemistry Department, Univer- 

sity of Windsor, Windsor, Ont., Canada N9B 3P4. 

useful range encountered in the experiments. Although dimethyl sulf- 
oxide was found to have a distinctive absorption at 1100 cm-' in the 
gas phase, it was not detected, and its low volatility prevented a 
quantitative determination of an upper limit. Neither was NO detected 
at 1890 cm-I, which is not surprising since, if it were formed, it would 
react rapidly with nitric acid. Another possible product, N20, could 
not be determined because of interference by the strong absorption 
bands of nitric acid. 

A few experiments were done in a 155 cm' quartz flask which could 
be evacuated and filled with reactants. After a specified reaction time 
in the dark, the reactants and gaseous products were quickly pumped 
from the cell for about 20 s, followed by filling the cell with 1 atm of 
nitrogen and injecting 1 cm3 of acetone. The cell was shaken to ensure 
that any products adhering to the walls would be dissolved. Aliquots 
were removed by syringe and analyzed by gas chromatography 
on a 1.5 m stainless steel column of Porapak P. The amount of 
CH3S(0)CH3 present was determined by comparing its peak area, 
relative to acetone, with that of standard mixtures. This procedure was 
followed to recover the less volatile dimethyl sulfoxide from the walls, 
and yet minimize any reaction between nitric acid and methyl sulfide 
in the solvent. However, the possibility cannot be excluded of a small 
amount of direct reaction in the solvent or of further reaction of an 
adsorbed product once it is dissolved to form dimethyl sulfoxide. 

Nitric acid was prepared in vacuum by the reaction of potassium 
nitrate with concentrated sulfuric acid. The HN03 was collected in a 
hap at 273 K, distilled under vacuum, and stored at liquid nitrogen 
temperature. Gas chromatography of liquid methyl sulfide (Matheson 
Coleman and Bell) indicated a purity of 99.89% based on peak areas 
and was degassed by freeze-pump-thaw cycles. Nitrogen (99.999%) 
was used directly from the cylinder. 

Results 
Dimethyl sulfoxide was observed as a product in the experi- 

ments in which the quartz reaction cell was rinsed with acetone. 
After 2 h, 2% of the methyl sulfide in a reaction mixture of 
1.2 Torr HNO, and 3.1 Torr of CH3SCH3 was converted to 
CH3S(0)CH3. Methyl sulfone was not observed (a conversion 
of 0.04% would have been detectable). Dimethyl sulfoxide was 
not detectable in a similar experiment but without nitric acid 
present. The only product detected by infrared spectroscopy 
was NO2. In separate experiments it was found that there was 
no significant dark reaction between NOz and CH3SCH3 under 
theseexperimental conditions, consistent with the rate constant 
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TABLE 1 .  Initial rates of formation of NO2 in the reaction of HNO3 
with CH3SCHsa 

time (min) 

FIG. 1 .  Yields of NOz in the reaction of HN03 + CH3SCH3 as a 
function of time at 296 K and 760 Torr N2. The dashed line is 
calculated as described in the text for the oversimplified model, 
d[N02]/dt = k[CH3SCH3], with [CH3SCH3], = 0.35 x 1016 
molecules/cm3. Initial amounts (molecuIes/cm3 x 10-16): HN03, 
2.0; CH3SCH3, 0 - 0 . 0 ,  A - 0 . 0 3 4 ,  0 - 0 . 1 7 ,  a - 0 . 3 5 .  

"Total pressure 760 Torr, 296 K.  The initial rates, r(NOI), are measured 
values and have not been corrected for the rate of NO2 formation in the absence 
of CH2SCH3. 

bThis value of r(N02) in the absence of methyl sulfide is inexplicably larger 
than usual. 

of 9 X lo-'' cm3/molecule s reported by Balla and Heicklen 
(10). Typical plots of the time dependence of the formation of 
NO2 are given in Fig. 1. The initial rate of formation of NOz, 
over the first 10 min or less, was used to assess which experi- 
mental parameters significantly influenced the kinetics. The 
rate of formation of NOz was typically about 30% slower in the 
first experiment in a day than an otherwise identical experiment 
performed subsequently. It was found that essentially identical 
values could be obtained throughout the day by introducing a 
small pressure of nitric acid into the reaction cell for a few 
minutes, followed by pumping for several minutes to a pressure 
less than 0.01 Tom, prior to every experiment. This procedure 
led to the same values as had been obtained after the first 
experiment of the day. Additional experiments showed that the 
sequence of addition of reactants to the reactor did not affect 
the rate of formation of NO2. Nonetheless, in all subsequent 
experiments HNO, was addkd prior to CH3SCH3. 

Nitric acid slowly decomposes to form NO2 even in the 
absence of methyl sulfide. The rates of NO2 formation in the 
presence of methyl sulfide could be corrected accordingly. The 
rate data are given in Table 1. There was no observable decay 
of CH3SCH3 with time in the absence of HNO,. In a few 
experiments, the reaction cell was exposed to 0.2 Torr of water 
for several minutes, then briefly evacuated and treated with 
nitric acid in the usual manner. This procedure had no signifi- 
cant effect on the initial rate of NO2 formation. 

FTG. 2.  Plot of the logarithm of the initial rate of NO2 formation, 
r(N02), against the logarithm of methyl sulfide concentration. Values 
of r(N02) have been corrected for the rate of NOz formation in the 
absence of methyl sulfide. Total pressure, 760 Torr; 296 K. 

The order of the reaction for each reactant was determined 
from the slopes of plots of log (r(N0,)) against log [CH3SCH3] 
at constant excess HNO, (Fig. 2), and of log (r(N02)) against 
log [HNO,] at constant excess CH3SCH3 (Fig. 3), where 
r(N02) is the corrected initial rate of NO2 formation. The slope 
of the former is 1.2 + 0.3 and, the latter, 0.13 + 0.17, where 
the indicated uncertainties are the 95% confidence limits. 
There is considerable uncertainty in the value of r(N02) at 
higher pressures of CH3SCH3 as the initial rate approaches the 
time resolution of the experiment. 

The stoichiometry with respect to CH3SCH3 and NO2 was 
determined by infrared spectroscopy. The results for equal 
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FIG. 3. Plot of the logarithm of the initial rate of NO2 formation, 
r(N02), against the logarithm of nitric acid concentration. Values of 
r(N02) have been corrected for the rate of NO2 formation in the 
absence of methyl sulfide. Total pressure, 760 Tom; 296 K. 

initial amounts (0.1 Torr) of HN03 and CH3SCH3 were 
A[N02]/A[CH3SCH3] = 0.89 + 0.09 for reaction times of 
8 to 37 min. Because the data for consumption of HN03 were 
erratic, it was not possible to obtain meaningful values of 
A[CH3SCH3]/A[HN03]. 

Discussion 
The observation that the rate of formation of NOz is essen- 

tially zero order in [HN03] and that the rate increases to a 
reproducible value on pretreating the reaction cell with HN03 
indicates that CH3SCH3 reacts with HN03 adsorbed on the 
walls of the reactor. An attempt was made to reproduce the 
time dependence of the observed yields of NO2 using the 
integrated form of the rate law d[N02]/dt = k[CH3SCH3], 
with the value of k obtained from the initial rate, and the time 
dependent value of the methyl sulfide concentration given by 
[CH3SCH3] = [CH3SCH310 - [NO2], based on the stoichi- 
ometry measurements. Included in the calculation were the 
initial amount of NO2 and the rate of NO2 formation with HN03 
alone in the cell. However, this model always gave NOz yields 
greater than those observed at longer times, as shown by the 
dashed line in Fig. 1. (Adjustment of the value of k to fit the 
NO2 yields at about 50 min resulted in calculated NO2 yields 
much smaller than those observed at intermediate times.) This 
decreasing rate of NO2 formation may be due to the initially 
adsorbed HN03 not being replaced after reaction with methyl 
sulfide. The mechanism would be represented as follows, 
where S-HN03 represents nitric acid adsorbed on the wall, 
and the products include one molecule of NO2 and some di- 
methyl sulfoxide. 

[2] S-HNO, + MSM ----+ products 

The rate of NO2 formation can be represented as 

where S-HN03 and CH3SCH3 are time-dependent quantities. 
This equation is consistent with the observation that the initial 
rate is proportional to the concentration of methyl sulfide and 

decreases as the reaction proceeds, and also with the reduction 
in initial rate if the reaction cell is not pre-treated with nitric 
acid prior to an experiment, which apparently serves to increase 
the initial amount of S-HN03 to a reproducible value. Un- 
fortunately, there are no sufficient experimental data to allow 
formulation of a more detailed mechanism. In a recent study 
(2), the direct reaction in solution of HN03 with methyl sulfide 
was considered to be slow, with nitrous acid and dimethyl 
sulfoxide proposed as the products, and N2O4 the major ox- 
idizing species. As mentioned above, there was no reaction 
between methyl sulfide and NO2 at the concentrations en- 
countered in the present work. However, the mechanism of the 
surface-catalyzed and aqueous phase reactions may be quite 
different. 

In the discussion so far, it was assumed that reaction occurs 
on the Teflon-coated walls of the reactor. Although reaction 
could occur to some extent on the mirrors, which were nickel- 
plated with an aluminized reflecting surface, there was never 
any evidence of ir bands due to dimethyl sulfoxide. 

The data indicate that any homogeneous path is very slow. 
If the homogeneous gas phase reaction were bimolecular, the 
data in Table 1 for [HN03] = 2.0 X 1016 and [CH3SCH3] = 
1.7 x lOI5 molecules/cm3 would give, as a conservative upper 
limit, an apparent bimolecular rate constant of 1 X lo-" 
cm3/molecule s, based on NO2 formation. This is only of 
the rate constant of the NO3 + CH3SCH3 reaction (12), which 
is indicated by recent work to dominate the nighttime chemistry 
of methyl sulfide in the troposphere (13). Even though the 
tropospheric concentration of HN03 (14) can be about 100 
times greater than that of NO3 (15), the HN03 + CH3SCH3 
reaction would be insignificant. 
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Introduction of boundary conditions in the Pelton-Flengas Gibbs-Duhem integration 
for ternary solutions 

ISHAK KARAKAYA AND WILLIAM T. THOMPSON 
Department of Chemistry and Chemical Engineering, Royal Military College of Canada, Kingston, Ont., Canada K7L 2W3 

Received May 13, 1985 

ISHAK KARAKAYA and WILLIAM T. THOMPSON. Can. J .  Chem. 63, 2808 (1985). 
A multiple linear regression technique to represent partial excess property data for one component (A) in a ternary A-B-C 

system is presented. The procedure, following the methodology of Pelton and Flengas, recognizes the need to satisfy Henry's 
law for components B and C in solutions rich in component A as well as independent experimental knowledge which may be 
available for the B-C binary. 

I ~ H A K  KARAKAYA et WILLIAM T. THOMPSON. Can. J. Chem. 63, 2808 (1985). 
On prksente une technique de rkgression lintaire multiple qui permet de reprtsenter les donnkes relatives aux propriktks 

partielles en excts pour un composant (A) dans un systkme ternaire A-B-C. Cette technique, qui suit la mtthodologie de 
Pelton et Flengas, reconnait d'une part le besoin de satisfaire i la loi de Henry pour les composants B et C dans des solutions 
qui sont riches en A et d'autre part les connaissances expCrimentales indkpendantes qui peuvent &tre disponibles pour le 
mClange binaire B -C. 

[Traduit par le journal] 

For a ternary system A-B-C, Pelton and Flengas (1) pro- 
posed an analytical method to perform the Gibbs-Duhem 
integration. This is particularly well suited for use in phase 
diagram computations (2). 

Let fA, fB, and fc represent isothermal partial molar excess 
thermodynamic functions for components A, B, and C. The 
composition variation for these properties are defined by the 
coefficients ajk, bjk, and cjk in the following expressions 

[31 f C  = C C clkyJtk 
1 = 0  k = O  

where the composition variables y and t are defined by 
y =  1 - X A  

and 

This choice of composition variables is particularly convenient 
for experimental purposes (3, 4), where concentrations of A 
may be altered in solutions of fixed B-to-C ratios. Coefficients 
a,, , bjk, and cjk are related by the following recursion formulae 
(1): 

The suggested method of applying these equations is to estab- 
lish the coefficients ajk for one of the components, say A, from 
experimental data using multiple linear regression methods (7). 
An example is given in ref. 1 for Cd-Bi-Sn system. It is 
suggested that the boundary conditions to give the complete 
expressions for fB and fc be obtained from an independent 
knowledge of the thermodynamic properties of the B -C binary 
system. However, this procedure always leads to slight thermo- 
dynamic inconsistencies in the behaviour of the partial proper- 
ties of components B and C near concentrations very rich in 
component A (1,4-6). In particular, the limiting properties for 
fB and fc for XA = 1 are multivalued due to the indeterminacy 
of the variable t at this composition. This communication 
shows how this problem may be circumvented. 

When for a given temperature, the expansion of the power 
series given by eq. [I] is written as 

+ (amo + a m l t  + am2t2 + . . . + amntn)ym 

it follows that the series expansion of eq. [2] for the partial 
excess property of B must (to satisfy the Gibbs-Duhem equa- 
tion) be given (1) by 
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COMMUNICATIONS 2809 

In eq. [7], coefficients bok are zero for k r 1. This simply If independently established integral excess properties in the 
recognizes that fB has a fixed value in solutions approaching B-C binary, f, are expressed in the form 
pure A in composition and is therefore necessarily independent 
of the value of the variable t which becomes indeterminate at [8] f = Pit + p2t2 + . . . + pnt" 
y = 0 (pure A). In principle, the constant boo can be deter- the partial excess thermodynamic property of B in this binary 
mined from a knowledge of fB at any composition (I). How- must be given by 
ever, when this is done, it fixes the variation of fB in the B-C 
binary where y = 1. Such a data treatment gives excess partial 
molar properties for B that are almost always inconsistent with 
independent experimental measurements of fB in the B-C 
binary. The heart of this dilemma is the very sensitive nature 
of the coefficients in parentheses (eg. (azl - a,,)) in eq. [7] to 
the constants involved in eq. [6]. In other words, differences in 
the regression of fA (due to very small experimental error, 
different number of data points etc.) which yield the coeffi- 
cients ajk can result in substantially different coefficients in eq. 
[7]. These in turn have a large effect on the calculated partial 
excess properties of B in the B-C binary. This difficulty may 
be overcome by introducing appropriate constraints into the 
statistical evaluation of coefficients ajk so as to require behav- 
iour in the B-C binary that is in agreement with direct experi- 
mental studies of this system. 

Equation [9] is eq. [7] for the case where y = 1. Noting that the 
parameter bol automatically becomes zero by virtue of the 
Pelton-Flengas recursion relationships (I), it follows that 

1 1 
aZn = -(n - l)pn - 5a3,, - ?a4,, - . .  . 1 -- - lam,, 

Incorporation of these relationships into eq. [6] gives, upon 
rearrangement, 

Since fA is regarded as the measured partial excess property of 
A in the ternary system and the parameters p i ,  we are sup- 
posing, can be obtained from an independent study of the B-C 
binary, the left hand side of the eq. [ l  11 is known. The coeffi- 
cients ajk (other than a2k for k > 1) can now be established by 
multiple linear regression in which the left hand side of eq. [l 11 
is the dependent variable and the functions of t and y next to 
each coefficient are the independent variables. The procedure 
is completed by using eq. [lo] to establish the coefficients azk 
for k > 1. In this way, it is possible to observe the constancy 
of the activity coefficient of B (and C at the same time) at 
virtually pure A as well as to incorporate independently estab- 
lished thermodynamic properties for the B-C binary. 

The foregoing procedure has been applied to ternary salt 
systems investigated in this laboratory. It has been found that 
placing the suggested interrelationships on the coefficients does 

not reduce the quality of the analytical representation of the 
excess partial molar properties of component A. 
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Formal total synthesis of erythromycin A. Part I. Total synthesis of a 
1,7-dioxaspiro[5.5]undecane derivative of erythronolide A 

BRUNO BERNET, PAUL M. BISHOP, MAURICE CARON, TAKESHI KAWAMATA, BERNARD L. ROY, LUC RUEST, 
GILL= SAUVB, PIERRE SOUCY, AND PIERRE DESLONGCHAMPS' 

Laboratoire de synthLse organique, De'partement de Chimie, Facultt des Sciences, Universite' de Sherbrooke, 
Sherbrooke (Que'.), Canada J I K  2RI 

Received June 24. 1985 

BRUNO BERNET, PAUL M. BISHOP, MAURICE CARON, TAKESHI KAWAMATA, BERNARD L. ROY, LUC RUEST, GILLES SAUVE, 
PIERRE SOUCY, and PIERRE DESLONGCHAMPS. Can. J. Chem. 63, 2810 (1985). 

The total synthesis of compound 1, a 1,7-dioxaspiro[5.5]undecane derivative of the seco acid methyl ester of erythronolide 
A, is reported. 

BRUNO BERNET, PAUL M. BISHOP, MAURICE CARON, TAKESHI KAWAMATA, BERNARD L. ROY, LUC RUEST, GILLES SAUVE, 
PIERRE SOUCY et PIERRE DESLONGCHAMPS. Can. J. Chem. 63, 2810 (1985). 

La synth2se totale du composC 1, un d6rivC dioxa-1,7 spiro[5.5]undCcane de I'ester mCthylique de I'acide seco de 1'Crythro- 
nolide A, est rapportie. 

We wish to report the stereocontrolled synthesis of the car- 
bamate derivative 2 (Scheme 1) of erythronolide A seco acid 
methyl ester. Compound 2 is a key intermediate in the synthesis 
of erythromycin A reported by Woodward et al. (1). This work 
therefore formally constitutes a total synthesis of erythromycin 
A. Part I (this communication) describes the total synthesis of 
the 1,7-dioxaspiro[5.5]undecane derivative 1 of erythronolide 
A seco acid methyl ester. Part I1 reports the degradation of 
erythromycin A into the spiro derivative 1,  whereas Part I11 
(see following communications) discloses the conversion of the 
spiro derivative 1 into Woodward's key intermediate carbamate 
2.* 

Our synthetic strategy, which is based on the fact (3) that 
stereoelectronic effects control the conformation of the 1,7-di- 
oxaspiro[5.5]undecane system, has been reported elsewhere 
(4, 5h3 

The two starting materials used for the construction of the 
1,7-dioxaspiro[5.5]undecane derivative 1 were 4-(biscarbo- 
methoxy)-2-methyl-6-valerolactone 3 (Scheme 2) and optically 
active R-5-hexyn-3-01 (4, R = H). The lactone 34 was pre- 
pared from the Michael reaction of dimethyl malonate with 
methyl methacrylate followed by an aldol condensation with 
formaldehyde. Optically active R-5-hexyn-3-01 (4, R = H) 
was obtained by resolution (6) (chromatography of the 0- 
methyl mandelic esters). 

Condensation (7) of lactone 3 with the lithium acetylide of 
optically active 4 (R = (CH3),Si) gave, after treatment with 

'NSERCC and FCAC predoctoral fellowships: M. Caron (1979- 
1982), B. L. Roy (1980-1984), and G. SauvC (1978-1981); post- 
doctoral collaborators: B. Bernet (1979- 1980), P. M. Bishop 
(1981 - 1983), T. Kawamata (1979- 1981); UniversitC de Sher- 
brooke: "titulaire de recherche" (L. Ruest) et "adjoint de recherche" 
(P. Soucy). 

'For total synthesis of erythronolides reported by other groups, see 
ref. 2. 

3Portions of this work have been presented at several international 
conferences, the first two being the "8th Natural Products Sym- 
posium", University of West Indies, Jamaica (January 1980) and the 
"International Symposium on Stereoelectronic Effects in Organic 
Chemistry", University of St. Andrews, Scotland (July 1980). 

4For all new substances, the spectra (ir, 250-MHz and 60-MHz 'H 
nmr, and high resolution mass spectra) were in complete agreement 
with the assigned structures. The I3c nmr spectra were also recorded 
when necessary for structural assignment. 

trimethylsilyl chloride, the adduct 5.' Controlled catalytic hy- 
drogenation (5 4 6) followed by cyclization catalyzed with 
trimethylsilyl triflate (9) gave the optically active spiro diesters 
7A and 7B in a -1 : 1 ratio. Equilibration (3) of this C-8 epi- 
meric mixture (erythronolide numbering system) with pyridin- 
ium tosylate (10) gave solely the spiroisomer 7B, which has an 
absolute (and relative) configuration at C-8 and C-13 corre- 
sponding to that of 1 derived from erythromycin 

Allylic oxidation (SeOz, PCC (11)) of isomer 7B provided 
spiroenone 8 with a carbonyl group at C-12. Lithium dimethyl- 
cuprate 1,4-addition (12) on spiroenone 8 and reaction of the 
resulting enolate with dibenzoyl peroxide (13) gave compound 
9 in 75% yield (Scheme 3). Reaction of 9 with methylmag- 
nesium iodide at low temperature (14) gave stereospecifically 
compound 10 having the desired stereochemistry at C-8, C-10, 
C-11, C-12, and C-13. 

The benzoate group was removed (10 4 11) under mild 
basic conditions and decarbalkoxylation gave a C-6 epimeric 
mixture in which the axial ester isomer 12.4 predominates (15). 
The ester enolate derived from the epimeric mixture 12 was 
reacted with phenylselenyl bromide (16) to give predominantly 
the stereoisomer 13 having the axial carbomethoxy group.8 
Oxidation of 13 gave a - 1 : 1 mixture of spiro olefins 14A and 
14B. On heating the mixture 14A and 14B at 138°C in the 
presence of palladium-charcoal, spiro olefin 14A underwent 
complete isomerization into the more conjugated spiro olefin 
14B. 

Reduction of 14B with lithium aluminum hydride (LAH) 
gave the trio1 15, which was then esterified to give the bis- 
propionate 16 in which the tertiary alcohol was protected by a 
methoxymethyl group (4 17) (17). Claisen rearrangement 

'One isomer is produced and tentatively assigned the stereostructure 
5 on the basis of stereoelectronic control (see Chapt. 3 in ref. 4, and 
ref. 8 for a related example). 

6Equilibration takes place via acetal cleavage, en01 ether formation, 
and acetal reclosure, which allows epimerization at C-8. The equa- 
torial isomer 7B, which exists in the conformation shown on the basis 
of stereoelectronic effects (3), is sterically less hindered than the axial 
isomer 7A. 

'At the beginning of our investigation, racemic 5-hexyn-3-ol(+4, 
R = H) was used to develop the synthetic route and this led to the 
production of racemic intermediates (up to compound 20). 

 his selective reaction can be explained on the basis of stereo- 
electronic effects, see pp. 283-284 in ref. 4. 
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COMMUNICATIONS 

Woodward's carbamate 2 

Part I1 
COOCH3 4 erythromycin A 

H 
H 

(a) CH2(COOCH3)2, CH30Na, CH30H, reflux, 9 h, 76% 
(b) NaH, benzene, (CH20)3, r.t., 3 h, 62% 
(c) n-BuLi, compound 3, TMSC1, THF, -78°C -+ O°C, 4 h, 80%, ref. 7 
(d) Lindlar catalyst, HZ, cyclohexane, 15"C, 30 h, -100% 
(e) (CH3)3SiOS02CF3, CH2CI2, -78"C, 5 h, 84%, ref. 9 
(f) Pyridinium p-toluenesulfonate, CH2C12, reflux, 40 h, 84%, ref. 10 
(g) Se02 (2 equiv.), pyridine (4 equiv.), xylene, 140°C, 5 h; PCC, molecular sieve 3 A, CH2C12, 25"C, 60% yield, ref. 11 
(h) CuBr, CH3Li, ether, 0-5"C, 15 min, ref. 12; (C6H5C02)2, -78°C += 25"C, 30 min, 75%, ref. 13. 

SCHEME 2 
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(m) 
H ---+ 21 

R'O C2H5CO0 C2HsCO0 

H H 

CH3 CH3 
- R ~ = H  18A 19A X=I 

(h)G:: 1 CH3CH2C0, R2 = H ( " G 2 0 ~  X = H 
( i ) L 1 7  R' = CH3CH2C0, R~ = MOM 

(a) CH3MgBr, ether, -78"C, 1 h, 63%, ref. 14 
(b) K2C03, CH,OH, 25"C, 1 h, 94% 
(c) LiCl, DMSO-H20, 165-170°C, 70 min, 83%, ref. 15 
(d) Lithium isopropylcyclohexylamide (LiCA), CsH5SeBr, DME, -78"C, 90 min, 89%, 

ref. 16 
(e) H202, pyridine, CHZClz, 25°C (30 min) and 45°C (30 min), 86% 
(f) Pd/C-lo%, Hz, xylene, 138"C, 2 h, -100% 
(g) LAH, THF, 0°C + 25"C, 2 h, 90% 
(h) (CzH,),N, (CH,CHzCO)zO, DMAP, 25"C, 1 h, 99% 

(i) Diisopropylethylamine, CH30CH2Cl, CH2C12, 50°C, 4 h, 90%, ref. 17 
(j) LDA, tert-butyldimethylsilyl chloride (TBSCI), THF, HMPA (lo%), -78"C, 145 min, 

ref. 18 
(k) KHCO,, KI, Iz, HzO-CH,OH, 0°C (30 min) and 25°C (15 h), 65% yield from 17, 

ref. 19 
(1) Ra-Ni, NaHC03, H2 (50 psi), C2H50H, 25"C, 24 h, 85% yield of 20A and 20B (ratio 

70 : 30) 
(m) LAH, THF, 0°C (5 min) and 25°C (1 h), 90% 
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COMMUNICATIONS 

(a) TBDPSCI, imidazole, DMF, 25"C, 60 min, 95%, ref. 20 
(b) C6H5COCl, pyridine, 70°C, 24 h, 78% 
(c) ((CH3)3Si)2NK, C6H5CH2Br, THF, O°C -+ 25OC, 20 min, 92% 
(d) (n-Bu)$JF, THF, 65-70°C, 2 h, 95% 
(e) PCC, molecular sieve 3 A, AcONa, CHzC12, 30 min, 85%, ref. 11 
(f) Methyl propionate, zirconocene dichloride, LDA, THF, -78°C (40 min), -78°C -+ 25"C.(30 min), 

and -50°C (1 h), 60% yield of 27A and 27B (96: 4), ref. 21 
(g) HCI 1 N,  CH,OH, 25"C, 8 h, 93% 
(h) KzCOs, CH,OH, 25"C, 2 h, 95% 

(18) of 17 gave exomethylene-carboxylic acid 18A and its C-4 
epimer (18B, not shown) in a 4:  1 ratio respectively. Iodo- 
lactonization (19) of the epimeric mixture 18 (--, 19) followed 
by hydrogenolysis with Raney nickel gave an epimeric mixture 
at C-4 of lactones (ratio 7:  3) from which the desired lactone 
20A was obtained pure by chromatography. 

The above sequence has allowed the stereocontrolled intro- 
duction of the desired substituents at C-4, C-5, and C-6, and it 
remains to add a second propionic acid unit and to control the 
stereochemistry at C-2 and C-3 in order to complete the con- 
struction of the spiro derivative 1 of erythronolide A. 

Reduction of 20A with LAH gave trio1 21 (Scheme 4) from 
which the primary and the secondary alcohols were re- 
spectively protected with a tert-butyldiphenylsilyl group (20) 
(+ 22) and a benzoate (+ 23). The remaining unprotected 
tertiary alcohol was converted into a benzyl ether (+ 24), the 
silyl protecting group was then removed (+ 25), and the pri- 
mary alcohol was oxidized (1 1) to give the spiro aldehyde 26. 

Using the method of Evans and McGee (21), aldol condensa- 
tion of 26 with the zirconium enolate of methyl propionate gave 
the adduct 27A (Scheme 1) and its C-2 epimer (27B, not 
shown), in a 20: 1 ratio, which were separated by chromatog- 
raphy. The methoxymethyl protecting group of 27A was re- 
moved under acid hydrolysis, and treatment of the resulting 
product 28 with potassium carbonate in methanol produced the 
1,7-dioxaspiro[5.5]undecane derivative 1 of erythronolide A 
seco acid methyl ester. This compound was found to be identi- 
cal (including optical rotation) with a sample of 1 prepared by 
degradation of erythromycin A as described in the next commu- 
nication (Part 11). 

by the "Gouvernement du QuCbec: Science et Technologie" 
(FCAR). An unrestricted grant from Merck Frosst Canada Inc. 
was also used to support this work. 
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Par degradation, 1'Crythrornycine A fournit le composk spiro 18A. Ce dernier est ensuite transforme en spirolactone 22 via 
21. Le compose 21 est ensuite reconverti en produit spiro 18A. 

This communication describes the transformation of erythro- 
mycin A (1) (Scheme 1) into the 1,7-dioxaspiro[5.5]undecane 
derivative 18A (Scheme 3) of the seco acid methyl ester of 
erythronolide A. The degradation of the side chain of triol ester 
18A to give spirolactone 22 via the spiroaldehyde 21 is also 
reported, as well as the reconstruction of triol ester 18A from 
spiroaldehyde 21. 

Erythromycin A (1) was first converted into dihydroery- 
thronolide A (2) (1) using the four-step sequence developed by 
Jones and Rowley (2). In the next operation, the four secondary 
alcohols were protected by converting 2 into the bis-acetonide 
3, and the remaining two tertiary alcohols were then protected 

and unexpectedly, the benzyl ether at C-12 was selectively 
oxidized and transformed into a C(l1)-C(12) benzylidene 
protecting group. 

Treatment of 7 with aqueous acetic acid gave 6-benzyl ether- 
1 1,12-benzylidene derivative 8 of 8-epi-erythronolide A 
(Scheme 2). In this reaction, the acetonide group was selec- 
tively hydrolyzed with concomitant epimerization of the C-8 
methyl group.' The seco acid methyl ester derivative 9 of 
8-epi-erythronolide was then obtained from 8 using sodium 
methoxide in methanol. Treatment of 9 with aqueous acetic 
acid gave the dioxaspiro[5.5]undecane derivative 10.' 

The 8-epi-spiro derivative 10 was first converted into the - - 
by benzylation (3 4). Acid hydrolysis of 4 removed both 
acetonide protecting groups yielding the bis-benzyl ether tet- ' The epimerization at C-8 has precedent in the literature (5). It was 

established by the fact that 8 gives the 8-epi-spiro 10 which, when raol '7 which was then convened into the mono- into 8-epi-spirocarbonate 12, undergoes equilibration to 
acetonide bis-benzyl ether 9.1 1-diol 6 using pyfidinium to= give the stable spirocarbonate 17 (vide 
sylate (3) and Zmethoxypropene. In the sequence 9 + 10, spiroacetalization took place prior to the 

In the next step, pyridinium chlorochromate oxidation of 6 hydrolysis of the benzylidene protecting group because the 
gave the benzylideneacetonide ketone 7. In this reaction, in C(l1)-C(12) benzylidine derivative of 10 can be isolated as an 
addition to the oxidation of the secondary alcohol at C-9 (4), intermediate product when the reaction is stopped before completion. 
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Par degradation, 1'Crythrornycine A fournit le composk spiro 18A. Ce dernier est ensuite transforme en spirolactone 22 via 
21. Le compose 21 est ensuite reconverti en produit spiro 18A. 

This communication describes the transformation of erythro- 
mycin A (1) (Scheme 1) into the 1,7-dioxaspiro[5.5]undecane 
derivative 18A (Scheme 3) of the seco acid methyl ester of 
erythronolide A. The degradation of the side chain of triol ester 
18A to give spirolactone 22 via the spiroaldehyde 21 is also 
reported, as well as the reconstruction of triol ester 18A from 
spiroaldehyde 21. 

Erythromycin A (1) was first converted into dihydroery- 
thronolide A (2) (1) using the four-step sequence developed by 
Jones and Rowley (2). In the next operation, the four secondary 
alcohols were protected by converting 2 into the bis-acetonide 
3, and the remaining two tertiary alcohols were then protected 

and unexpectedly, the benzyl ether at C-12 was selectively 
oxidized and transformed into a C(l1)-C(12) benzylidene 
protecting group. 

Treatment of 7 with aqueous acetic acid gave 6-benzyl ether- 
1 1,12-benzylidene derivative 8 of 8-epi-erythronolide A 
(Scheme 2). In this reaction, the acetonide group was selec- 
tively hydrolyzed with concomitant epimerization of the C-8 
methyl group.' The seco acid methyl ester derivative 9 of 
8-epi-erythronolide was then obtained from 8 using sodium 
methoxide in methanol. Treatment of 9 with aqueous acetic 
acid gave the dioxaspiro[5.5]undecane derivative 10.' 

The 8-epi-spiro derivative 10 was first converted into the - - 
by benzylation (3 4). Acid hydrolysis of 4 removed both 
acetonide protecting groups yielding the bis-benzyl ether tet- ' The epimerization at C-8 has precedent in the literature (5). It was 

established by the fact that 8 gives the 8-epi-spiro 10 which, when raol '7 which was then convened into the mono- into 8-epi-spirocarbonate 12, undergoes equilibration to 
acetonide bis-benzyl ether 9.1 1-diol 6 using pyfidinium to= give the stable spirocarbonate 17 (vide 
sylate (3) and Zmethoxypropene. In the sequence 9 + 10, spiroacetalization took place prior to the 

In the next step, pyridinium chlorochromate oxidation of 6 hydrolysis of the benzylidene protecting group because the 
gave the benzylideneacetonide ketone 7. In this reaction, in C(l1)-C(12) benzylidine derivative of 10 can be isolated as an 
addition to the oxidation of the secondary alcohol at C-9 (4), intermediate product when the reaction is stopped before completion. 
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COMMUNICATIONS 

(a) H202 ( 3 % ,  CH30H, 2S°C, 24 h, 67%, ref. 2 
(b) Heat at 150-155°C under vacuum, 6 h, 52%, ref. 2 
(c) NaBH,, isopropyl alcoh61, ethyl acetate, 2S°C, 2 h, 95%, ref. 2 
(d) CH3COC1 (3%), CH30H, 2S°C, 25 h, 25-65%, ref. 2 
(e) 2-Methoxy propene, pyridinium tosylate, CH2C12, 2S°C, 3 h, 66%, ref. 3 
(f) Cd-15CH2Br, NaH, DMF, 2S°C, 2.5 h, -100% 
(g) CH3COCl (3%), CH30H, 25"C, 90 min, 71% 
(h) HCI, acetone, Drierite, O°C, 1 h, 95% 
(i) PCC, CH3COONa, molecular sieve 3 A, CH2C12, 2S°C, I50 min, 60%, ref. 4 
(j) CH3COOH (80%), CH2CI,, -100% 
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CAN. I .  CHEM. VOL. 6 3 ,  1985 

(a) CH30Na, CH30H, 2S°C, 5 h, not purified 
(b) CH3COOH (80%), CH2C12, 30°C, 5 h, 70% from 8 
(c) C~HsOCOC1, pyridine, CH2C12, benzene, O°C, 30 min, 82% 
(d) Imidazole, toluene, 95°C + 100°C, 40 min, 98% 
(e) (CH3CO)20, (C2H5),N, DMAP, 2SaC, 1 h, 100% 
(0 FeCI,, acetone, H20, 2S°C, 15 min 
(g) p-Toluenesulfonic acid, acetone, 2S°C, 4 h, 91% 
(h) K2C03, CHsOH, 2S°C, 15 h, 85% 
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COMMUNICATIONS 

C* 
CH-3- 

COOCH, 
H 

BzO BzO 

H 

AcO 

0/CH2C6H~ 

'-CH3 

CHO - C H 3 y  
0°CH3 (c) H 

AcO 
0 

CH3 , CH3 H 

HO H0 CH3 

20 21 

23A 

(a) C,H5COCI, pyridine, 70°C, 20 h, 99% 
(b) CH30Na, CH30H, reflux, 2 h ,  83% 
(c) LAH, ether, 25"C, 90 min; (CH3C0)20, (C2H5),N, DMAP, 25"C, 3 h; 

03, CHzClz, (CH,)zS, 77% 
(d) Pd/C, lo%, Hz, CH,COOCzH5, 25"C, 1 h, 100%; 

PCC, molecular sieve 3 A, CHzCI,, 0°C (3 rnin), 25°C (3 h), loo%, ref. 4 
(e) CH3CH2COOCH3, LDA, zirconocene dichloride, THF, -78°C (40 rnin), 

-78°C + -25°C (30 min), -50°C (1 h), 54%, ref. 6 
(f) KzCO3, CH,OH, 25"C, 1 h, 100% 

C-1 1 phenoxycarbonate 11, which was then transformed into 
the five-membered carbonate alcohol 12. The carbonate acetate 
13 obtained from 12 by acetylation yielded the substituted 
dihydropyran 14 on reaction with ferric chloride in wet ace- 
tone. Acetylation of 14 gave diacetate 15. Spiroacetalization of 
14 with p-toluenesulfonic acid in acetone gave the 
dioxaspiro[5.5]undecane acetate derivative 16, having a con- 
figuration for the C-8 methyl group corresponding to that of 

erythromycin A. Also, on treatment with p-toluenesulfonic 
acid in acetone, 8-epi-spirocarbonate alcohol 12 can be directly 
converted in one step into the spirocarbonate alcohol 17. Acet- 
ylation of 17 gave also 16. Finally, mild basic hydrolysis of 17 
with potassium carbonate in methanol provided the dioxaspiro- 
[5.5]undecane derivative 18A (Scheme 3) of the seco acid 
methyl ester of erythronolide A. 

Degradation of the side chain of 18A was canied out in the 
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following manner: 18A was first converted into the 3,ll-di- (FCAR). An unrestricted grant from Merck Frosst Canada Inc. 
benzoate 19, which on treatment with sodium methoxide gave was also used to support this work. 
the conjugated methyl ester 20.' Reduction of 20 with LAH, 
followed successively by acetylation and ozonolysis, gave 1. M. V. SEAL, JR., P. F. WILEY, K. GERZON, E. H. FLYNN, 
spiro acetatealdehyde 21. Hydrogenolysis of the benzyl ether U. CAROL QUARCK, and 0 .  WEAVER. J. Am. Chem. Soc. 78,388 
group of 21 followed by oxidation gave spirolactone 22. The (1956). 
spiro acetate-aldehyde 21 was also reacted with the zirconium 2. P. H. JONES and E. K. ROWLEY. J. Org. Chem. 33, 665 (1968). 

enolate of methyl propionate (6,7) to yield the adduct 23A and 
3. M. MIYASHITA, A. YOSHIKOSHI, and P. A. GRIECO. J. Org. Chem. 

42, 3772 (1977). 
its C-2 epimer 23B (not shown)9 in a lo: '  which were 4. (a) E. J .  COREY and J .  W. SUGGS. Tetrahedron Lett. 2647 (1975); 
separated by chromatography. Treatment of 23A with potas- (b) J. HERSCOVICI and K. ANTONAKIS. J. Chem. Soc. Chem. 
sium carbonate in methanol gave spiro compound 18A. Comrnun. 561 (1980). 

5. (a) J. TADANIER, J . 'R.  MARTIN, R. S. EGAN, A. GOLDSTEIN, 
R. STANASZEK. E. HIRNER. and F. FISCHER. J. Am. Chem. Soc. - - - . ~  

This work was financially supported by the Natural Sciences 95, 593 (1973); (b) J. R. MARTIN, R. S. EGAN, T. J. &RUN, and 
A. W. GOLDSTEIN. Tetrahedron, 29, 935 (1973). and Engineering Research of Canada (NSERCC) and 6, (a) D, A. EVANS and L, R, MCGEE, Tetrahedron Lett. 21, 3975 

by the "Gouvernement du Qutbec: Science et Technologie" (1980); (b) J. Am. Chem. Soc. 103, 2876 (1981). 
7. G. SAUVE, D. A. SCHWARTZ, L. RUEST, and P. DESLONGCHAMPS. 

A small quantity of the C-2 epimer 18B (not shown) of 18A was Can. J. Chem. 62, 2929 (1984). 
also isolated from this reaction. 
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of erythronolide A 
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The spirocompound 1 which was obtained by total synthesis (Part I) and by degradation from erythromycin (Part 11) was 
converted into carbamate product 15, a key intermediate in the Woodward's total synthesis of erythromycin A. 

BRUNO BERNEX, PAUL M. BISHOP, MAURICE CARON, TAKESHI KAWAMATA, BERNARD L. ROY, LUC RUEST, GILLES SAUVE, 
RERRE SOUCY et RERRE DESLONGCHAMPS. Can. J. Chem. 63, 2818 (1985). 

Le compos& spiro 1 obtenu par synthbe totale (Partie I) et par degradation de 1'6rythromycine A (Partie 11) a kt6 transform6 
en carbamate 15, un intermediaire clC de la synthkse totale de I'trythromycine A rapportee par Woodward et ses collaborateurs. 

This communication describes the conversion of the carried out by Woodward et al. (1). 
dioxaspiro[5.5]undecane derivative 1 (Scheme I )  into the car- Optically active dioxaspir0[5..5]undecane derivative 1 was 
bamate derivative 15 (Scheme 2) of the seco acid methyl ester prepared by total synthesis and by degradation of erythromycin 
of erythroholide A. Carbarnate 15 is one of the key inter- A (cf. preceding communications, Part I and Part 11). Com- 
mediates in the course of the total synthesis of erythromycin A pound 1 was converted selectively into the I l-phenoxy- 
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following manner: 18A was first converted into the 3,ll-di- (FCAR). An unrestricted grant from Merck Frosst Canada Inc. 
benzoate 19, which on treatment with sodium methoxide gave was also used to support this work. 
the conjugated methyl ester 20.' Reduction of 20 with LAH, 
followed successively by acetylation and ozonolysis, gave 1. M. V. SEAL, JR., P. F. WILEY, K. GERZON, E. H. FLYNN, 
spiro acetatealdehyde 21. Hydrogenolysis of the benzyl ether U. CAROL QUARCK, and 0 .  WEAVER. J. Am. Chem. Soc. 78,388 
group of 21 followed by oxidation gave spirolactone 22. The (1956). 
spiro acetate-aldehyde 21 was also reacted with the zirconium 2. P. H. JONES and E. K. ROWLEY. J. Org. Chem. 33, 665 (1968). 

enolate of methyl propionate (6,7) to yield the adduct 23A and 
3. M. MIYASHITA, A. YOSHIKOSHI, and P. A. GRIECO. J. Org. Chem. 

42, 3772 (1977). 
its C-2 epimer 23B (not shown)9 in a lo: '  which were 4. (a) E. J .  COREY and J .  W. SUGGS. Tetrahedron Lett. 2647 (1975); 
separated by chromatography. Treatment of 23A with potas- (b) J. HERSCOVICI and K. ANTONAKIS. J. Chem. Soc. Chem. 
sium carbonate in methanol gave spiro compound 18A. Comrnun. 561 (1980). 

5. (a) J. TADANIER, J . 'R.  MARTIN, R. S. EGAN, A. GOLDSTEIN, 
R. STANASZEK. E. HIRNER. and F. FISCHER. J. Am. Chem. Soc. - - - . ~  

This work was financially supported by the Natural Sciences 95, 593 (1973); (b) J. R. MARTIN, R. S. EGAN, T. J. &RUN, and 
A. W. GOLDSTEIN. Tetrahedron, 29, 935 (1973). and Engineering Research of Canada (NSERCC) and 6, (a) D, A. EVANS and L, R, MCGEE, Tetrahedron Lett. 21, 3975 

by the "Gouvernement du Qutbec: Science et Technologie" (1980); (b) J. Am. Chem. Soc. 103, 2876 (1981). 
7. G. SAUVE, D. A. SCHWARTZ, L. RUEST, and P. DESLONGCHAMPS. 

A small quantity of the C-2 epimer 18B (not shown) of 18A was Can. J. Chem. 62, 2929 (1984). 
also isolated from this reaction. 

Formal total synthesis of erythromycin A. Part 111. Synthesis of Woodward's 
carbamate key intermediate from a 1'7-dioxaspiro[5.5]undecane derivative 

of erythronolide A 

BRUNO BERNET, PAUL M. BISHOP, MAURICE CARON, TAKESHI KAWAMATA, BERNARD L. ROY, LUC RUEST, 
GILLES SAUVB, PIERRE SOUCY, AND PIERRE DESLONGCHAMPS 

Luboratoire de synthkse organique, Dkpartement de Chimie, Facultk des Sciences, Universitk de Sherbrooke, 
Sherbrooke (Quk.), Canada J l K  2Rl 
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BRUNO BERNET, PAUL M. BISHOP, MAURICE CARON, TAKESHI KAWAMATA, BERNARD L. ROY, LUC RUEST, GILLES SAUVI?, 
RERRE SOUCY, and RERRE DESLONGCHAMPS. Can. J. Chem. 63, 2818 (1985). 

The spirocompound 1 which was obtained by total synthesis (Part I) and by degradation from erythromycin (Part 11) was 
converted into carbamate product 15, a key intermediate in the Woodward's total synthesis of erythromycin A. 

BRUNO BERNEX, PAUL M. BISHOP, MAURICE CARON, TAKESHI KAWAMATA, BERNARD L. ROY, LUC RUEST, GILLES SAUVE, 
RERRE SOUCY et RERRE DESLONGCHAMPS. Can. J. Chem. 63, 2818 (1985). 

Le compos& spiro 1 obtenu par synthbe totale (Partie I) et par degradation de 1'6rythromycine A (Partie 11) a kt6 transform6 
en carbamate 15, un intermediaire clC de la synthkse totale de I'trythromycine A rapportee par Woodward et ses collaborateurs. 

This communication describes the conversion of the carried out by Woodward et al. (1). 
dioxaspiro[5.5]undecane derivative 1 (Scheme I )  into the car- Optically active dioxaspir0[5..5]undecane derivative 1 was 
bamate derivative 15 (Scheme 2) of the seco acid methyl ester prepared by total synthesis and by degradation of erythromycin 
of erythroholide A. Carbarnate 15 is one of the key inter- A (cf. preceding communications, Part I and Part 11). Com- 
mediates in the course of the total synthesis of erythromycin A pound 1 was converted selectively into the I l-phenoxy- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



COMMUNICATIONS 

4 5 1 
(a) C~HSOCOCI, pyridine, CH2C12, O°C, 30 min, 82% 

6 

(b) Imidazole, xylene, 95°C + 100°C, 40 min, 98% 
(c) PTSOH, CH3COOH, (CHsC0)20, 60°C + 70°C, 30 min, 81% 
(d) HCI (30%), acetone, 25"C, 24 h, 68% 
(e) (CH3CO)20, (CZH~)~N, DMAP, CH2C12, 25OC, 20 h, 74% 

carbonate 2, which was then transformed into the five- 
membered carbonate derivative 3. ' 

On treatment of intermediate 3 withp-toluenesulfonic acid in 
a mixture of acetic acid and acetic anhydride, spiroketal ring 

1 opening and acetylation took place to yield the substituted 
dihydropyran 3,13-diacetate 4. ' On treatment with 30% hydro- 

, chloric acid in acetone, hydration of the tetrasubstituted en01 
ether in 4 occurred to produce the hemi-ketal 5.283 Opening of 
the second ring of the spiroketal was readily achieved by treat- 
ing hemi-ketal 5 under acetylating conditions, which gave the 
6-benzyl 1 1,12-carbonate 3,5,13-triacetate derivative 6 

' This compound was also prepared by a different route from eryth- 
romycin A (cf. Part 11). 

2C~mp~und 5 was produced with totally synthetic material as well 
as with material obtained by degradation of erythromycin A. The 
remaining work (5 + 16) was carried out with material derived from 
the degradation of erythromycin A. 

Stereochemical assignment at C-8 and C-9 was made on the basis 
that the most stable isomer is expected to be produced Uhder those 
conditions and by taking into account the principle of stereoelectronic 
control (2). 

(Scheme 2) of erythronolide A seco acid methyl ester. 
Reduction with sodium borohydride of the ketone function in 

6 gave a mixture of 9R alcohol 7A and the epimeric 9 s  alcohol 
7B (not shown), in a 2: 1 ratip., which were separated by chro- 
matography. The 9R alcohol 76 was then converted into the 9 s  
secondary amine 10 via the Intermediate formation of the mes- 
ylate 8 and the azide 9 (3). On heating compound 10 in ben- 
zene, transacylation between the secondary amino group and 
the carbonate took place to produce the 6-benzyl 3,5,13-tri- 
acetate carbamate derivative 11. 

The next task consisted in removing the benzyl group at C-6 
and the triacetate groups at C-3, C-5, and C-13 in order to 
obtain the Woodward's chrbamate intentiediate 15. This could 
not be achieved directly in two steps and it was found that the 
methyl ester has to be removed prior to the hydrolysis of the 
acetate groups. Treatment of compound 11 with lithium iodide 
in pyridine (4) gave the carboxylic acid 12, which produced, on 
basic hydrolysis with sodium hydroxide, the corresponding 
tetra01 carboxylic acid 13. Esterification of 13 with diazo- 
methane gave the methyl ester 14 which, upon hydrogenolysis 
with palladium/charcoal, yielded the 9,ll-carbarnate deriva- 
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(f)L 11 R1 = CH3, R' 
12 R1 = H, R' = 

(g )Ll3  RI = ~2 = ~3 

( h ) 4 1 4  R1 = CH,, R' 
( ! )415  R1 = CH,, R' 
(J)L 16 R1 = CH,, R2 

= R3 = Ac, R4 = CoHsCH2 
R" Ac, R4 = C~HSCHZ 
= H, R4 = CsHsCHz 
= R' = H, R4 = C6HsCH2 
= R" = R4 = H 
= 2,4,6-trirnethylbenzaldehyde acetal 

(a) NaBH,, THF, CH30H, 25"C, 90 min, 72% yield of 7A and 7B (ratio 66:34) 
(b) CH3SOzCl, pyridine, O°C, 20 h, 100% 
(c) LiN,, HMPA, 60°C, 1 h, 91%, ref. 3 
(d) PtOz, Hz, THF, 25OC, 3h, 100% 
(e) Benzene, reflux, 120 h, 76% 
(f) LiI, pyridine, reflux, 122 h, ref. 4 
(g) NaOH I N, CH30H, 25"C, 70 h 
(h) CH2N2, CHC1,-ether, 25"C, 10 min, 60% yield from 11 
(i) Pd/C (lo%), Hz, CH3COOC2Hs, 25"C, 1 1 h, 30 min, 85% 
(j) Dimethyl acetal of mesitaldehyde, CF,COOH (cat.), CH2C12, O°C, 116 h, 40%, ref. 1 

tive 15. Compound 15 was found to be identical4 with a n  
authentic sample5 (1) of the 9,ll-carbamate derivative of 
9s-amino-erythronolide A seco acid methyl ester. Acetaliza- 
tion of 15 with mesitaldehyde dimethyl acetal gave the corre- 
sponding benzylidene 16, which was also found to be identical 
with an authentic sample (1). 
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Disproportionation of HDS in the liquid phase' 
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JAMES D. HALLIDAY and PATRICK E. BINDNER. Can. J. Chem. 63, 2821 (1985). 
The deuteron-proton liquid phase isotopic disproportionation constant in hydrogen sulphide, KI, defined for the equilibrium 

has been measured at 25.7OC. The value of KI was 3.99+0.11, based upon direct measurements of the concentrations of the 
three molecular species H2S, HDS, and D2S by 'H and 'H nuclear magnetic resonance spectroscopy (nmr) of carefully purified 
samples. This compares with the theoretical vapour phase isotopic distribution constant K, = 3.92, calculated from ideal gas 
vapour phase isotopic partition function ratios ( 1 ,  2). 

JAMES D. HALLIDAY et PATRICK E. BINDNER. Can. J. Chem. 63, 2821 (1985). 
Op6rant en phase liquid et ?i 27,5'C, on a mesure la constante de dismutation isotopique deuteron-proton, KI , dans le sulfure 

d'hydrogkne; cette constante est definie par l'kquilibre suivant: 

La valeur de KI est Cgale i 3,99 -t 0,11 si I'on se base sur des mesures directes des concentrations des trois espkces molCculaires 
H2S, HDS et D,S effectukes par spectroscopic rmn du 'H et du 'H sur des echantillons soigneusement purifies. Cette valeur 
se compare ?i la constante de distribution isotopique thkorique en phase vapeur, K, = 3,92, calculee ( 1 ,  2) a partir des rapports 
des fonctions de partition isotopique idtales en phase vapeur. 

[Tradiuit par le journal] 

Introduction 
A literature survey showed that the isotopic dispropor- 

tionation constant for liquid HDS, Kl, represented by reaction 
[I], has not been experimentally determined, although a value 
for the comparable constant for the H20/D,0  system has been 
reported (3). 

KI 
[I] HzSl + D2Sl e 2HDS 

where KI = [HDS];/[H,S],[D,S],. These equilibria are of con- 
siderable interest in that they are not subject to deviation (4, 5) 
from the Born-Oppenheimer (B .O.) approximation (6), gener- 
ally taken as the framework for calculation of partition func- 
tions. Theoretical studies using isotopic partition function 
ratios to determine the isotope effect on vapour phase chemical 
equilibria have been done by Urey, and Bigeleisen and Mayer 
(1) and the theory has been recently compiled in functional 
form by Wolfsberg (2). Deviations from the B.O. approxi- 
mation tend to reduce the equilibrium constants of exchange 
reactions between different molecular species (by as much as 
2% for exchange between H2 and H 2 0  (7)). However, 
Wolfsberg has shown that disproportionation reactions such as 
[I.] are not subject to this phenomenon. 

Although liquid phase disproportionation constants have not 
been measured, an experimental determination of the vapour 
phase isotopic distribution constant, K,, for H2S/D2S by 
Pyper and Newbury (8) using a pulsed molecular beam quadru- 
pole mass filter has yielded a value of 3.8850.03 at 24 .050.4  
"C. This is in good agreement with the calculated value of 
3.919 from Wolfsberg's [2] formulations which have been used 
to produce the theoretical values of K ,  as a function of tem- 
perature shown in Fig. 1. 

' AECL No. 8860. 

Application of the rule of the mean, to convert from vapour 
phase to liquid phase, gives KI = K, for this system, eq. [2]. 

where the Po's are the saturation vapour pressure of each spe- 
cies (9) indicated by the subscripts. 

Although deviations from the B.O. approximation are not 
expected in this system, experimental values may be different 
owing to departures from the rule of the mean. For the 
H20 /D20  (10) system, this departure leads to the K, being 
1.5% greater than K, for water. Hence a similar deviation may 
be anticipated for the H2S/D,S system. Any attempt to verify 
this hypothesis requires a direct measurement of the liquid 
phase isotopic distribution constant. Nuclear magnetic reso- 
nance was the obvious choice since it does not perturb the 
equilibrium. Gold and Tomlinson (3) used it for the H 2 0 / D z 0  
system and found K, = 3.9420.22.  However, all published 
nmr spectra for isotopic mixtures of H2S/D2S have not shown 
complete resolution of the lines for the HDS component 
(1 1, 12), a triplet for IH and a doublet for 'H. We have shown 
that chemical exchange with trace impurities determines the 
linewidths in these solutions and consequently highly purified 
H2S/D2S samples can be used to obtain direct measurement of 
the liquid phase isotopic distribution constant, KI, by nmr. 

Experimental 
Care had to be exercised in handling these poisonous samples of 

hydrogen sulphide in glass apparatus because at 25.7'C the vapour 
pressure above the liquid is 2.2 MPa (21.4 atm). The commercially 
obtained H2S (Air Products) and D2S (>98 atom percent; Merck, 
Sharp and Dohme) were purified by distillation from their lecture 
bottles at dry ice temperature into glass storage flasks. Known quan- 
tities of these gases (from calibrated volumes and pressures measured 
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Temperature ( O C I  
FIG. 1. Theoretical values of K,  for H2S and H 2 0  calculated by 

Wolfsberg's isotopic partition function method (2) as a function of 
temperature. 

190 MHz 'H 

- 
- .- - .- - ,- 

13.8 MHz 'H b 
HDS 

10 Hz = 0,0725 ppm 

FIG. 2. (a) 90 MHz 'H and ( b )  13.8 MHz 'H nmr spectra of a 
liquid phase isotopically equilibrated 1 : 1 H2S/D2S mixture at 25.7'C; 
J H D S  = 1.94 HZ; isotope shift (centre of HDS multiplet to H,S 
singlet) = 2.56 Hz. The spectrum integral is also shown in (b).  

with an MKS 1000 Torr electronic pressure transducer) were cryo- 
distilled into a medium wall nmr tube (Wilmad 524) equipped with a 
valve. A 5 mm O-ring joint replaced the tapered one in the original 
design of the valved nmr tube (14). Tetramethylsilane (1%) was added 
to the H2S/D2S samples to provide a proton lock signal. All the 
glassware used in these experiments was pretreated by heating at 
400°C for several hours to remove any exchangeable protons. This 
preparation technique consistently yielded nmr samples with well 
resolved HDS resonances (Fig. 2). Owing to the very small self- 

TABLE I .  'H  nmr parameters for an equilibrated 
l : l mixture of HZS/D2S (25.7"C) 

Isotopic shift 2.56 Hz 
Coupling constant ( JHSD) 1.94 Hz 

I 
75 1 
-40 -30 -20 -10 0 10 20 

, w, 
30 

Tempera ture  (Celsius) 

FIG. 3. Temperature dependence of the chemical shifts of the HZS 
singlet and HDS triplet (Fig. 2) from TMS: 0, H2S singlet; A,  0,0, 
HDS triplet individual lines. 

protolysis constant for HIS (2.5 x (13)) and the removal of most 
exchange-causing impurities the rate of isotopic equilibration in the 
nmr tubes at room temperature was slow. Half-lives for equilibration 
in different samples were determined to be as long as 24 h. 

'H nmr spectra (90 MHz) were obtained on a CW Bruker HX90 
spectrometer equipped with a Nicolet 1174 signal averager and a 
Bruker B-ST 100/700 variable temperature controller. 'H nmr spectra 
(13.8 MHz) were also obtained on the HX90 and on a lT Bruker 
WH90 spectrometer in the Chemistry Department, McMaster 
University. 

Results and discussion 
(A)  Temperature dependence of the hydrogen sulphide nrnr 

spectra 
The nmr parameters determined from the proton spectra in 

this study are summarized in Table 1 .  The isotopic shift was 
measured from the centre of the HDS multiplet (Fig. 2) to the 
H2S singlet. The temperature dependence of the 'H spectra was 
also recorded over the range 27.5 to -35.6"C. 'The chemical 
shift of the H2S resonance with respect to TMS, YH,,, as a 
function of temperature, t ("C) (Fig. 3), can be represented by 

[3] YHZS = -0.3049t + 89.4142 

The chemical shift of the centre line of the HDS triplet with 
respect to TMS, YHDS, as a function oft ("C) can be represented 
by 

[4] YHDs = -0.3057 t + 86.8557 

The temperature dependence of the isotopic shift, based on the 
slopes given in eqs. [3] and [4] is 0.0008+0.0004 Hz/"C. 
There was no observable temperature effect on the coupling 
constant JHSD. 

(B) Determination of the isotopic disproportionation constant 
If the equation for the liquid phase isotopic dispropor- 

tionation constant [l]  is rearranged, i.e., 
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HALLIDAY AND BINDNER 2823 

K, can be determined from the measurement of the two 
isotopic species ratios, R,  by 'H nmr and R2 by 'H nmr, inde- 
pendent of the starting concentrations of the protiated and 
deuterated species. An accurate determination of the starting 
concentrations for H2S and D2S for the small volume required 
for nmr measurements is difficult so this double ratio technique 
has a significant accuracy advantage over measuring only the 
protiated ratio and calculating the D2S concentration. R l  and R, 
for the approximately 1 : 1 mixture of H2S and D2S have been 
determined at 25.7"C as 1.860?0.018 (26 determinations) and 
2.144k0.056 (14 determinations), respectively. The value cal- 
culated for Kl is 3.9950. l l (25.7"C). This measured value of 
Kl compares to K, = 3.920 (25.7"C) calculated from Wolfs- 
berg's isotopic partition function ratios method (2) (Fig. 1) and 
indicates that the deviation from the rule of the mean is as great 
as that found in the H20 /D20  system (10). However, the mag- 
nitude of the uncertainty in the measurement precludes any 
further discussion on deviations from the rule of the mean and 
the temperature dependence of Kl for comparison with that for 
K, (Fig. 1). 

The magnitudes of the errors in these measurements require 
some explanation. Firstly, on the CW HX90 spectrometer the 
very narrow nmr lines required long sweep times (5000 s) to 
avoid sweep distortions and low rf power levels to prevent 
saturation effects. Maintenance of a stable lock line over this 
time scale in these samples on our spectrometer was difficult, 
and spectrometer instabilities caused variations in the spectra. 
Secondly, on the WH90 spectrometer the internal deuterium 
lock saturated the deuteron signal from the D2S and the external 
lock had field instabilities greater than the linewidth of the 
deuterons in the sample. As a result signal averaging could not 

be accomplished and the SIN obtainable from the Fourier 
transformation of a single free induction decay had to be used. 
The statistical error is principally due to the 'H nmr mea- 
surements and, given a more stable spectrometer setup, could 
be improved upon. However, our measured K, is comparable in 
accuracy to that for H 2 0  (3) and shows that nmr is capable of 
making this kind of determination in the liquid phase H2S/D2S 
system. 
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Excess volumes and excess viscosities of binary liquid mixtures: methylisobutylketone 
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T .  JAYALAKSHMI and KALLURU S. REDDY. Can. J. Chem. 63, 2824 (1985). 
Excess volumes for the binary liquid mixtures of methylisobutylketone with benzene, toluene, chlorobenzene, bromo- 

benzene, and nitrobenzene have been measured at 303.15 and 313.15 K. Excess volumes were negative for all the systems 
over the entire range of composition and at both the temperatures. The behaviour of VE as a function of composition and 
temperature was studied. Viscosity data have also been determined for the five systems at 303.15 K. The excess viscosity, 
A In q, has been calculated and its behaviour as a function of composition was investigated. The results of VE and A In q have 
been discussed in terms of dipole - induced dipole and dipole-dipole interactions between the components. VE and A In q 
were analysed in the light of Prigogine-Patterson-Flory equation of state theory and Bloomfield and Dewan's viscosity 
relations. 

T .  JAYALAKSHMI et KALLURU S. REDDY. Can. J .  Chem. 63, 2824 (1985). 
OpCrant a 303,15, et 313,15 K, on a mesurC les volumes en excbs de melanges liquides binaires de mtthylisobutylcttone 

avec le benzene, le toluene, le chlorobenzene, le bromobenzene et le nitrobenzene. A toutes les compositions et  aux deux 
temperatures utilistes, les volumes en exces de tous les systbmes sont ntgatifs. On a CtudiC le comportement de VE en fonction 
de la composition et de la tempkrature. OpCrant a 303,15 K, on a Cgalement obtenu des donntes relatives a la viscositt des 
cinq systkmes. On a calculC la viscositi en excbs, A In q, et I'on a CtudiC son comportement en fonction de la composition 
du mClange. On discute des rCsultats relatifs ti vE et de A In q en fonction d'interactions dip8le - dip8le induit et dipale-dip6le 
entre les composants. On a analysC les valeurs de vE et de A In q la lumikre de I'tquation de la thCorie d'Ctat de 
Prigogine-Patterson-Flory et des relations de viscositk de Bloomfield et de Dewan. 

[Traduit par le journal] 

Introduction 
As a part of a study on thermodynamic and physical proper- 

ties of binary liquid mixtures containing aliphatic ketone as one 
of the components (1 -4), we have reported here excess vol- 
umes and viscosities for five binary liquid mixtures. Excess 
volumes at 303.15 and 3 13.15 K and viscosities at 303.15 K 
have been measured for methylisobutylketone (MIBK) with 
benzene, toluene, chlorobenzene, bromobenzene, and nitro- 
benzene and the molecular interactions in these systems have 
been investigated. The systems have been selected with a view 
to study the effect of molecular interactions due to substitution 
of different groups on the phenyl ring. Further, a literature 
survey revealed that the two properties have not been studied 
for the five systems. 

Prigogine-Patterson-Flory equation of state theory devel- 
oped on the basis of van der Waals model for energy ( 5 )  has 
been applied quite successfully to predict excess volumes 
(6-9). Patterson (7, 8) has stressed the importance of cohesive 
energy factor in the prediction of VE. We have applied the 
model for the five systems in which cohesive energy difference 
between the components changes gradually and VE values are 
calculated using pure component parameters. Further, the 
viscosity expressions developed by Bloomfield and Dewan 
(10) have been used to obtain various contributions to excess 
viscosity. 

Experimental 
Excess volumes were measured using a dilatometer described 

earlier (2) and were accurate to r 0 . 0 0 3  cm3 mol-I. Flow times were 
determined for pure liquids and liquid mixtures using an Ostwald 
viscometer and the values were accurate to f 0.1 s. Densities for the 
pure components were measured using a bicapillary pycnometer and 
in case of mixtures densities were obtained from excess volumes using 
the relation 

'Revision received April 16, 1985. 

Density values obtained from both the methods were accurate to 2 5  
x lo-' g cm-'. Viscosities were computed by the relative method 
using flow times and densities. Viscosity values were accurate to 
0.5%. This dynamic viscosity is defined as a product of kinematic 
viscosity and density. Heat of mixing data were determined using 
adiabatic solution calorimeter for all the systems at 0.5 mole fraction. 
The results were accurate to +- 1 J/mol. 

Methylisobutylketone (BDH), benzene (BDH), and toluene (BDH) 
were purified by the methods described earlier (3, 1 1). Chlorobenzene 
(BDH), bromobenzene (E. Merck), and nitrobenzene (BDH) were 
dried over calcium chloride and fractionally distilled. The purity of the 
samples were ascertained by comparing the values of density, boiling 
point, and refractive index with the literature (12). 

Results and discussion 
Excess volume data for the five binary mixtures measured at 

303.15 and 3 13.15 K are presented graphically in Figs. 1 to 5. 
Experimental excess viscosity has been calculated using the 
relation 

Excess viscosity versus mole fraction profiles are shown in 
Fig. 6. Excess volume and excess viscosity results are repre- 
sented using the empirical equations of the form 

and 

The coefficients in eqs. [3] and [4] are obtained by the method 
of least squares and are given in Tables 1 and 2 respectively 
along with the standard deviation. 
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JAYALAKSHMI AND REDDY 2825 

FIG. 1. Excess volume data for the methylisobutylketone and 
benzene binary mixture. 

FIG. 2. Excess volume data for the methylisobutylketone and 
toluene binary mixture. 

FIG. 3. Excess volume data for the methylisobutylketone and 
chlorobenzene binary mixture. 

Excess volumes 
VE data exhibited negative deviation in all the systems over 

the entire range of mole fraction and at both the temperatures. 
The observed negative VE values in the system methyl- 
isobutylketone with benzene may be attributed to the domi- 

FIG. 4. Excess volume data for the methylisobutylketone and 
bromobenzene binary mixture. 

FIG. 5. Excess volume data for the methylisobutylketone and nitro- 
benzene binary mixture. 

nance of the interaction between ketoxy group of ketone and 
n-electrons of benzene over the other effects. VE values are 
more negative in the system methylisobutylketone with tolu- 
ene, which may be ascribed to the enhanced interaction be- 
tween unlike molecules due to greater n-electron density of 
toluene. In the remaining systems the negative deviation in VE 
is large and this behaviour may be attributed to the existence of 
strong dipole-dipole interaction between unlike molecules 
along with the n -n  interaction. The algebraic values of VE 
with respect to non-common component fall in the order: ben- 
zene > toluene > chlorobenzene - bromobenzene > nitro- 
benzene. This order is similar to the order in their polariza- 
bilities. The influence of temperature on VE is small in the 
temperature interval studied: however, both positive and nega- 
tive temperature coefficients are observed in these complex 
forming systems. 

VE values are predicted at 0.5 mole fraction using the 
following relation developed on the basis of van der Waals 
model [5] 
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TABLE 1. Values of the coefficients in eq. [3], number of experimental results n, and standard 
deviation u(VE) 

T a 11 a I a 
- 4 VE) 

MIBK + K n (cm3 mol-') (cm' mol-I) (cm3 mol-I) (cm3 mol-I) 

Benzene 303.15 8 
313.15 8 

Toluene 303.15 8 
313.15 8 

Chlorobenzene 303.15 8 
313.15 8 

Bromobenzene 303.15 8 
313.15 8 

Nitrobenzene 303.15 8 
313.15 8 

MOLEFRACTION OF METHYLISOBUTYL KETONE 

FIG. 6. Profiles of excess viscosity versus mole fraction of the 
binary mixtures. 

The parameters in eq. [5] have their usual significance as de- 
scribed by Patterson and Delmas (5). The site fraction 02, and 
the interchange energy parameter X I 2  are obtained on the basis 
of Flory's relation (13, 14) using experimental heat of mixing 
data. The results of excess enthalpy are reported in Table 4. 
The values of the parameters of pure components are given in 
Table 3. The VE value calculated from eq. [5] is a combination 
of three different contributions. The first term, VE(XI2), in the 
equation indicates the disorder contribution to VE due to dif- 
ference in force field between unlike molecules. The con- 
tribution to VE due to difference in internal pressure is obtained 
with the second term VE(P*). The third term VE ( f . ~ . )  is a 
measure of VE contribution arises due to difference in free 
volume. These three contributions are given in Table 4 along 
with experimental and calculated VE. The data reveal that the 
disorder contribution is positive in the system MIBK with nitro- 
benzene, this may be the reason for the negative excess vis- 
cosity observed at lower mole fraction of MIBK in this system, 
although its V" values are more negative. 

Excess viscosity 
Excess viscosity values are negative in the systems methyl- 

TABLE 2. Values of the coefficients in eq. [4], number of experi- 
mental results n ,  and standard deviation u(A In q) at 303.15 K 

MIBK + n bo b I br u(A In 4 

Benzene 6 -0.2309 0.0923 0.0358 0.001 
Toluene 6 -0.1332 0.0467 0.0407 0.002 
Chlorobenzene 6 0.2061 0.1266 0.0371 0.002 
Brornobenzene 6 0.113 1 0.1856 -0.0625 0.002 
Nitrobenzene 6 -0.0632 0.1858 0.0648 0.003 

isobutylketone with benzene and toluene and the values are 
positive in the system methylisobutylketone and chlorobenzene 
over the whole range of mole fraction. Further, excess viscosity 
results exhibit an inversion in sign, from negative to positive, 
in the systems methylisobutylketone with nitrobenzene and 
bromobenzene. The algebraic values of A In q fall in the order: 
benzene < toluene < nitrobenzene < bromobenzene < chloro- 
benzene. Negative values in excess viscosity indicate that the 
mixtures are more fluid than the pure components and con- 
sequently the molecular interactions between unlike molecules 
are weak. Positive values in excess viscosity indicate that the 
molecular interactions are strong. Therefore, the order in the 
observed excess viscosity is similar with excess volume with 
respect to the systems methylisobutylketone with benzene and 
chlorobenzene but fails in the remaining systems. The dis- 
crepancy may be explained on the basis of the significance 
of different contributions to A In rl due to the difference in 
free volume and free energy of activation of flow (15). Ac- 
cording to Bloomfield and Dewan (10) excess viscosity can be 
represented as 

[61 A In rlolcd = In TH + In qs + In q v  

where 

and 

This theory is used to predict-excess viscosity at 0.5 mole 
fraction. The reduced volume 6, has been obtained from ex- 
perimental VE values. Residual entropy of mixing A S R ,  is then 
calculated using 6 on the basis of Flory's equations (13, 14). 
Experimental excess enthalpy results have been used to cal- 
culate In qH.  Experimental and calculated excess viscosity and 
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JAYALAKSHMI AND REDDY 

TABLE 3. Parameters of the pure components, coefficient of thermal expansion a ,  isothermal _compressibility kT,  
molar volume V, reduced volume 6, characteristic pressure P * ,  and reduced temperature T for Flory theory 

T 10' k.(!' V v:k 
- - - 

P * 

Component K deg-' TPa-' cm2 mol-' 8 cm' mol-' J cm-' 5 

MIBK 303.15 1.188 1184.9 126.59 1.289 98.22 504.9 0.06291 
313.15 1.201 1269.4 128.05 1.299 98.58 499.8 0.06426 

C6H6 303.15 1.242 1007.0 89.81 1.299 69.12 623.4 0.06432 
313.15 1.258 1085.2 91.08 1.309 69.58 622.3 0.06557 

C6HsCHs 303.15 1.079 944.2 107.44 1.267 84.80 550.6 0.05982 
313.15 1.091 1009.8 108.61 1.277 85.05 551.6 0.06139 

CsHsC1 303.15 0.985 784.6 102.75 1.248 82.33 592.8 0.05704 
313.15 1.005 844.3 103.76 1.259 82.41 590.8 0.05869 

C6HsBr 303.15 0.909 689.1 105.98 1.231 86.82 605.9 0.05436 
313.15 0.922 741.9 106.95 1.241 86.18 599.3 0.05596 

C6HsNO2 303.15 0.827 523.0 103.16 1.214 84.96 706.5 0.05 155 
313.15 0.833 568.1 104.0 1 1.221 85.16 684.5 0.05273 

"a values were calculated from measured density data and from literature (12, 18). 
*kT values were obtained from measured density, sound velocity and literature (12, 18) heat capacity data using the relation 

kT = kg + a2TV/C,, for all the components. 

TABLE 4. Experimental and calculated excess volumes at 0.5 mole fraction, calculated values of the three contributions to vE, excess 
enthalpy, and the interchange energy parameter 

T 
- 

System K 

MIBK + C6H.5 303.15 
313.15 

MIBK + C6HsCH3 303.15 
313.15 

MIBK + C6HsC1 303.15 
313.15 

MlBK + C6HSBr 303.15 
313.15 

MIBK + C ~ H S N O ~  303.15 
313.15 

TABLE 5. Experimental and calculated excess viscosity at 0.5 mole fraction; free volume, enthalpy, 
entropy, and free energy contributions to excess viscosity 

System In TIV In TIH In TIS In TIG A In qcalcd A In  TI,,^ 

MIBK + C6H6 0.021 0.033 -0.018 0.015 0.036 -0.058 
MIBK + C6HsCH3 0.026 0.048 -0.032 0.016 0.042 -0.033 
MIBK + C6H5C1 0.023 0.102 -0.044 0.058 0.08 1 0.052 
MIBK + C~HSBT -0.003 0.074 -0.032 0.042 0.039 0.028 
MIBK + C6H5N02 -0.008 -0.034 -0.034 -0.064 -0.072 -0.016 

the various contributions to excess viscosity are included in 
Table 5 .  An examination of the data indicates that the entropy 
contribution In -qs is nearer to A In -qcxp in the systems MIBK 
with benzene and toluene, In -qv is close to A In -qcXp in the 
system MIBK with nitrobenzene and the free energy con- 
tribution, In - q ~ ,  is close to A In -qcx, in the systems MIBK with 
chlorobenzene and bromobenzene rather than A In -qcalcd in any 
system. This type of behaviour is also observed in many 
systems earlier (4, 16, 17). The theory predicts better values in 
the systems studied here when considered the significance of 
various effects independently rather than as a combined effect. 

1.  K. S. REDDY, M. V. P. RAO, and P. R. NAIDU. Can. J .  Chem. 
54, 2676 (1 976). 

2. K. S. REDDY and P. R. NAIDU. Can. J.  Chem. 55, 76 (1977). 

3. K. S. REDDY and P. R. NAIDU. Aust. J .  Chem. 32, 687 (1979). 
4. K. S. REDDY and P. R. NAIDU. Indian Acad. Sci. 88A, 109 

(1979). 
5. D. PATTERSON and G. DELMAS. Discuss. Faraday Soc. 49, 98 

( 1 970). 
6. G. DELMAS, P. DEST-ROMAIN, and P. PURVES. J .  Chem. Soc. 

Faraday 1, 71, 1181 (1975). 
7. D. PATTERSON and HUUTRAVAN. J .  Solution Chem. 11, 793 

(1982). 
8. M. COSTAS and D. PATTERSON. J .  Solution Chem. 11, 807 

(1982). 
9. B. RIEDL and G. DELMAS. Can. J .  Chem. 61, 1876 (1983). 

10. V. A. BLOOMFIELD and R. K. DEWAN. J .  Phys. Chem. 75,3113 
(1971). 

1 I .  K. S. REDDY and P. R. NAIDU. Aust. J .  Chem. 31, 2145 (1978). 
12. J .  TIMMERMANS. Physico-chemical constants of pure organic 
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compounds. Elsevier Publishing Co., Amsterdam. 1950, 1965. 16. G. DELMAS, P. PURVES, and P. DEST-ROMAIN. J.  Phys. Chem. 
13. P. J. FLORY. J .  Am. Chem. Soc. 87 1833 (1965). 79, 1970 (1975). 
14. A. ABE and P. J .  FLORY. J .  Am. Chem. Soc. 87, 1838 (1965). 17. K. S. REDDY and P. R. NAIDU. lndian J .  Chem. 20A, 503 (1981). 
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A multinuclear ('H, 31P, 199Hg) nuclear magnetic resonance study of some complexes 
of mercury(I1) with ditertiary phosphine~"~ 

PHILIP A. W. DEAN' AND RADHEY S. SRIVASTAVA~ 
Department of Chemistry, University of Western Ontario, London, Ont., Canada N6A 5B7 

Received December 6, 1984 

PHILIP A. W. DEAN and RADHEY S. SRIVASTAVA. Can. J. Chem. 63, 2829 (1985). 
From Hg(SbF6), and an appropriate amount of the ligands Ph2PCHRPPh2 (R = H or Me), 2 : 2, 1 : 2, and 1 : 3 M : L complexes 

have been prepared in MeN02 solution and characterized by 'H, 3'P, and "Hg nmr spectroscopy. The 2: 2 complexes are 
ligand-bridged, as are [Hg(Ph2PCH2PPh2)(Ph?PCHMePPh2)Hg]4' and [Hg(Ph2~CH2PPh2)2~g]3' (prepared from Hg(SbF6)2, 
Ag(AsF6), or Ag(SbF6) and the ligand), examined by nmr for comparison. The complex [Hg(pPhZPCHMePPh2)ZHg]4+ exists 
as two isomers, which interconvert slowly on the preparative timescale. The 1 :2 complexes, and the analogous mixed ligand 
complex are shown by their nmr spectral properties to be examples of tetrahedral bis(che1ate) complexes, which are very 
unusual for the Ph2PCHRPPh2 ligands. In the 1 :3  complexes, and the one of the two possible mixed complexes identified, 
both q l -  and q2-ligands appear to be present and these undergo rapid intramolecular ql-to-q' exchange. The q '-bonding mode 
of Ph2PCH2PPh2 also occurs in [(q2-Ph2P(CH2)2PPh2)Hg(q'-Ph2PCHzPPh2)2]2' and [Hg(ql-Ph2PCH2PPh2),I3, as evidenced 
by their reduced temperature 3'P nmr spectra in Me2CO-MeN02. 

The complex [ H ~ ( ~ ' - P ~ ~ P C H ~ P P ~ ~ ) ~ ] ~ '  has "P and ""Hg nmr spectral properties significantly different from those of its 
acyclic analog [Hg(PMePh2),IZ'. To place this anomaly in perspective, the "P and "'Hg nmr spectra of a much wider series 
of new bis(che1ate) complexes [Hg(LL)(L'L1)]'' have been obtained, with the ligand combinations LL = L'L' = 

PhzPNPhPPhz; LL = dppm, L'L' = Ph2PNPhPPh2; LL = L'L' = PhZP(CH~),PPh2(n = 2-4); LL = Ph2P(CH2),,,PPhZ, 
L'L' = Ph2P(CH2),,PPh2 (m # n; m = 1-3, n = 1-5). From thedata for the last two series, it is found that only the bis(che1ate) 
complex of Ph2PCH2PPh2 shows a large anomaly in its Iy'Hg chemical shift (anomalously high shielding), and that in 
[H~(LL)(L'L')]~' values of 2 ~ ( ~ ~ ) ,  ' J ( H ~ P ) ,  and "P chemical shifts vary systematically with the ligand combination; of 
particular note, 'J (HgP) to LL decreases as the chelate ring size of L'L' increases. These observations are discussed in terms 
of the variation in the intra- and inter-chelate PHgP angles expected in the complexes. 

PHILIP A. W. DEAN et RADHEY S. SRIVASTAVA. Can. J. Chem. 63, 2829 (1985). 
OpCrant dans le MeN02 comme solvant et utilisant du Hg(SbF6), et des quantitCs approprikes de ligands Ph2PCHRPPh2 

(R = H ou Me), on a prepare des complexes 2: 2, 1 : 2 et 1 : 3 M: L et on les a caractCrisCs par la rmn du 'H, du "P et du "'Hg. 
Les complexes 2:2 sont reliCs par un ligand, comme c'est le cas avec le [Hg(Ph2PCH2PPhZ)(Ph2PCH2PPh2)~g]4' et le 
[Hg(Ph2PCH2PPh2)2Ag]3+ (preparks par rtaction du Hg(SbF6)2, du Ag(AsF6) ou Ag(SbF6) avec le ligand) que I'on a aussi 
CtudiCs par rmn pour fins de comparaison. Le complexe de [Hg(F-Ph2PCHMePPh2)2Hg]4' existe sous la forme de deux 
isomkres qui, a 1'Cchelle prkparative, se transforment lentement I'un dans I'autre. Les propriCtCs spectrales en rmn des 
complexes 1 : 2 et des complexes analogues de ligands mixtes sont des exemples de complexes bis(chClat6s) tCtraCdriques qui 
sont trks inusites dans le cas des ligands Ph2PCHRPPh2. Dans les complexes 1 :3 et dans I'un des deux complexes mixtes 
possibles identifiks, il semble que des ligands q '  ainsi que q 2  sont presents et qu'ils subissent un Cchange intramolCculaire 
rapide q '  i q2.  Sur la base de leurs spectres rmn du 3'P, determinks dans le couple Me2CO-MeN02 et a basse temperature, 
on a dCterminC que le mode de liaison q '  du PhZPCH2PPh2 s'Ctablit tgalement dans les complexes [ (q2-Ph2P(CH2)2~~h2)~g-  
( ~ I - P ~ ~ P C H ~ P P H ~ ) ~ ] "  et [Hg(q'-Ph2PCH2P~h2)4]2'. 

Les spectres rmn du 3'P et du Iy9Hg du complexe [Hg(q2-Ph2PCH2~Ph2)2]2' sont tres diffkrents de ceux de son analogue 
acyclique [Hg(PMePh2)4]2'. Dans le but d'expliquer cette anomalie, on a dCterminC les spectres de rmn du 31P et du Iy'Hg d'une 
strie beaucoup plus importante de nouveaux complexes bis(ch6latCs) [Hg(LL)(L'L')I2' comportant les combinaisons de 
ligands LL = L'L' = Ph,PNPhPPh,; LL = dppm, L'L' = Ph2PNPhPP2; LL = L'L' = Ph3P(CH2),,PPh2 (n = 2-4); LL = 
Ph2P(CH2),PPh2, L'L' = Ph2P(CH2),PPh2 (m Z n); m = 1-3, n = 1-5. A partir des donnkes se rapportant aux deux dernikres 
sCries, on a trouvC que le complexe bis(chClat6) de Ph2PCH2PPh2 est le seul a presenter une grande anomalie dans son 
dkplacement chimique du "'Hg (blindage anormalement grand); par ailleurs, on a Ctabli que, dans le complexe de 
[H~(LL)(L'L')]~', les valeurs de 2J(PP), de 'J(HgP) ainsi que les dCplacements chimiques du 31P varient d'une f a ~ o n  
systimatique avec la combinaison de ligand alors qu'il faut particulierement noter que la valeur de 'J de HgP i LL diminue 
lorsque la taille du cycle du chelate L'L' augmente. On discute de ces observations en fonction de la variation que I'on peut 
prkvoir pour les angles PHgP internes et entre les chelates dans les complexes. 

[Traduit par le journal] 

Introduction 
refs. 1-4). Likewise, complexes of bis(dipheny1phosphino)- 

Mercury(ll)-~hos~hine have been a subject methane (dppm5) have been widely studied ( 5 ) .  However, to 
intense interest for many years; reviews of various aspects of knowledge there has been no detailed nmr spectroscop~c 
mercury chemistry include discussion of these species (e.g. study of the system Hn2t-dppm. we felt that such a study 

wouid be illuminating in terms of both the nmr spectroscop~c 
'Dedicated to Dr. K. McL. Mitchell on the occasion of his and the chemical properties of the complexes formed, as there retirement. 
'Presented in part at the 67th Canadian Chemical Conference, is evidence for bridging, chelating and monodentate behaviour 

Montreal, June 1984. of dppm bound to mercury(I1): X2Hg(p-dppm)HgX2 (X = C1, 
'To whom all corresoondence should be addressed. Br or I), HgX2(q2-dppm) (X = C1 or Br) and Hg12(q'-dppm)2 
40n  leave from ~ e ~ i r t m e n t  of Chemistry, M.G. Degree College, have been detected by titration calorimetry of dilute solutions 

Gorakhpur 273001, India. in benzene (6), and, recently, heterobimetallic dppm-bridged 
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40.5 MHz 308K 3 ' ~  NMR Spectrum of 
I 

FIG. 1. The 40.54 MHz 31P-{1H) nrnr spectrum of [~~(p-dppm) ,Hg]~ '  as the SbF6- salt in an MeN0, solution with 0.3 mol Hg/L of MeN02 
at 308 K. 

complexes of Pt(I1) centres and mercuric halides have been 
synthesized and characterized in solution using 3'P nrnr spec- 
troscopy (7). 

Tetrahedral complexes containing chelating dppm are rare 
( 5 ) ,  and even in square-planar complexes of T'-dppm the metal 
and/or 3'P nmr parameters differ considerably from those 
found for complexes of longer-chain chelating diphosphines 
(e.g. refs. 8, 9). Therefore we anticipated (and indeed found) 
anomalous nmr spectroscopic behaviour for T'-dppm com- 
plexes of mercury(11). To help quantify the extent of anomaly, 
we have obtained nrnr spectra for a wide range of other bis- 
(chelate) complexes [Hg(LL)(L1L')]'+ with most possible com- 
binations of the ligands5 dppm, dppe, dppp, dppb, and dpppe 
and the possible combinations of dppa-dppm and dppm- 
mdppm. Although a variety of nmr data is available for com- 
plexes of the types [Hg(PR3),I2+ (e.g. refs. 10 and 11 and 
references therein) and X2Hg(LL)(LL = ditertiary phosphine, 
X = various anions) (e.g. refs. 12 and 13), no such data seem 
to be available for the related bis(chelate)mercury(II) com- 
plexes; in fact few complexes of this type have been described 
(I -4). 

In previous work from these laboratories (14) it was found 
that the combination of nitromethane, a weak donor solvent 
(15), and metal salts of the very weakly coordinating SbF6- 
anion promotes high denticity in Sn(I1)- and Pb(I1)-poly- 
(tertiaryphosphine) complexes. By analogy, in the present 
work we have used Hg(SbF6), (16) as the acceptor and MeN02 
(or, in a few cases, MeN02--Me'CO) as solvent. In contrast, 
the [Hg(PR3),l2+ cations have usually been prepared with the 
C104- counterion and studied in CH2C1, solution (10, 11). 

Results and discussion 
Complexes of dppm, mdppm, and dppa 

The ligand dppm is poorly soluble in MeN02 but dissolves 

5~bbreviations used in this paper: PhzPCHzPPhz = dppm; 
Ph2PCHMePPhz = mdppm; PhN(PPh2), = dppa; PhzP(CH2),PPh, = 
dppe; PhzP(CHz),PPh2 = dppp; Ph2P(CH,)4PPh2 = dppb; 
Ph2P(CH2)5PPh, = dpppe; Ph,P(CHz)6PPh2 = dpph; MePPh, = 

dpmp. 

in the presence of Hg(SbF6)' if L/Hg 5 3.5, giving clear 
yellow solutions. 

When d ~ p m / H g ( S b F ~ ) ~  5 1, the MeN02 solutions contain a 
single species that is characterized by the 3 'P and '99Hg nmr6 
spectra shown in Figs. 1 and 2, respectively. These spectra 
demonstrate unambiguously the formation of the homo- 
bimetallic species7 [Hg(CL-dppm)2Hg]4+, 1,  which, with '99Hg 
present in natural abundance, exists as the three isotopomers 
l a - c  with populations of 69.2, 28.0, and 2.8%, respectively 
(17). 

For l a ,  a strong central singlet (an A, spectrum) is found in 
the 3'P nmr spectrum. Isotopomer 1 6  should have an 
AAIA"A"'X spectrum, where X = "'Hg, assuming a negligible 
mercury isotope effect. The analysis of a spectrum of this type 
is well known (18, 19); the four triplets observed in the j'P nrnr 
spectrum are the components of the expected two four-spin 
subspectra, the shape of the triplets being consistent with the 
conditions N = L where N = J(AAU) + J(AAU') and L = 
J (AA") - J (AA"'), i.e. N = L = J (AA"), and 2 J  (AA') = 
2J(A"AV') >> L. The magnitudes of J(AX) and J(AVX) are 
given by the separations of the outer and inner pairs of triplets 
as shown in Fig. 1 ; these couplings are shown to be of the same 
sign by the small outermost satellite splitting shown in Fig. I ,  
which is due to l c  and which gives N'  = J (AX) + J (A"X) for 
this AA'A"A"'XX1 spin system (20). The '99Hg -{'HI nrnr 
spectrum of 1 ,  shown in Fig. 2, has as its major component a 
triplet of triplets which is the X part of the AAIA"A"'X spec- 
trum of 1 b; minor resonances, starred in Fig. 2, comprise part 
of the X part of the AA1A"A"'XX' spectrum of l c  (there is 
considerable overlap with the spectrum of 16).  The proton nrnr 
spectrum of 1 shows, in the methylene region, a quintet from 

6 31 P, 100% natural abundance, spin I = 112; lYyHg, 16.84% natu- 
ral abundance, spin 1 = 112; Io7Ag, 51.82% natural abundance, spin 
I = 112, p = -0.1 1 3 0 1 p ~ ;  '09Ag, 48.18% natural abundance, spin 
I = 112, p = -0.12992pN. 

7 ~ h e  extent of solvent and/or counteranion coordination in 1 and 
related species was not investigated, but the very large concentration 
dependence of IJ(H~-P) may indicate an appreciable equilibrium 
concentration of (labile) coordinated SbF6-. 
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DEAN AND SRIVASTAVA 

308K 35-75MHz Ig9Hg NMR Spectrum of 
[Hg (dppm),Hg]'* in MeNOz 

FIG. 2.  The 35.75 MHz 'qqHg-{lH) nmr spectrum of [Hg(p-dppm)2Hg]4' at 308 K in the same solution used to obtain the "P nrnr spectrum 
of Fig. 1. Starred resonances are due to [1")~g(p-dpprn)z'"'Hg]4+. This spectrum was obtained using 61500 15ps (77") pulses applied at 1 s-I 
with a spectral window of 25 kHz and an acquisition time of 0.64 s; an exponential factor equivalent to 20 Hz line broadening was applied to 
the FID. 

isotopomer l a  (which, to give rise to the observed splitting 
pattern, must have 'J(PHgP) >> 'J(PCH)), symmetrically 
flanked by the 199Hg satellites that are the spectrum of lb. '  

Spectral parameters derived from the 'H, "P, and '99Hg nrnr 
spectra of 1 are given in Table 1. The values of 'J(HgP), 4496 
Hz, and S H g ,  1250 ppm, for 1 are similar to those found for 
Hg(PR3),X, in cases where R is an electron-donating group and 
X a weakly-coordinating anion (10, 1 I),' and probably sig- 
nifies a near-linear PHgP skeleton as found, for instance, in 
Hg(PCy,),(C104), (23). On the other hand, 'J(HgP) is some- 
what less than the values of 5495 and 5258 Hz reported 
for [(p-t~lyl-C--C)~Pt(p-dpprn)~HgCl~] (7a) and [(NC),Pt- 
(p-dpprn),HgCl,] (7b), respectively, the difference presum- 
ably reflecting the relatively strong coordination of chloride to 
mercury in the Pt-Hg complexes. 

The 199Hg-'99Hg coupling found for [Iy9Hg(p-dppm),- 
199Hg]4+ found from the positions of the starred resonances in 
Fig. 2, is one of few such coupling reported (24, 25). The 
one-bond coupling in [Hg-Hg-Hg]" has the remarkable 

"hese satellites are less well resolved than the centreband 
resonance, almost certainly as a result of relaxation of the linearly- 
coordinated ""Hg via CSA (21). We also found (see Fig. 1) consis- 
tently poorer resolution of the lowest frequency satellite in the "P nmr 
spectrum of 1;  at present we have no explanation for this observation. 

"When the "'Hg nrnr data of refs. 10 and 1 I ,  for example, are 
converted to Hg(C104)2(aq) as reference, using 8H,(Hg(C104)l(aq), 
ext.) = SH,(HgMez, ext.) + 2253 ppm = SH,(l M PhHg(OAc), ext.) 
+ 816 pprn (22), the shifts of the various [Hg(PR,)I](C104)2 reported 
therein cover the range 939- 1297 ppm; 'J(HgP) for these complexes 
covers the range 3174-5340 Hz. 

value of 139.6 kHz (24a), so the ca. 1725 Hz coupling found 
in the present case need not imply significant Hg . . . Hg bond- 
ing, though the mercury atoms are undoubtedly in close prox- 
imity. (In [(PhC=C),Pt(p-dppm),AgI], where no formal 
Pt-Ag bond exists, the Pt-Ag distance is 314.6(3) pm 
(7a).) As expected then, 4J('99Hg'99Hg) in 1 is less than the 
values of 2435-2959 Hz obtained for ' ~ ( ' ~ ~ H g P ' ~ ? - l g )  in 
ref. 25. 

The value of ' J ( P H ~ P )  could not be found from the various 
spectra of 1 .  To obtain values for this coupling, as well as to 
support our assignments for 1 more generally, we have 
examined the nrnr spectra of [Hg(p-dppm)2Ag]"+, 2, and 
[Hg(p-dppm)(p-mdppm)Hg]4+, 3, as well as the parent 
[Hg(p-mdppm)2Hg]4+, 4. The 'H and 3'P nmr spectra of 
[Ag(p-dppm),Ag12+ have been reported by others (26). 

When equimolar amounts of Hg(SbF,), and Ag(SbF,) (or 
AgAsF,) are mixed with two equivalents of dppm in MeN02, 
the ligand dissolves and the predominant species7,I0 is 2, which, 
at 260 K gives the "P nrnr spectrum shown in Fig. 3. As both 
silver and mercury have magnetically active nuclei,, this spec- 
trum is a composite of the spectra of isotopomers 2a-d with 
populations of 43.1, 40.1, 8.7, and 8.1%, respectively (17). 
The species 2a  and 2b  both give rise to AA'FF'M spectra 
(M = '071'09~g).  These are superimposed in the higher fre- 
quency P-on-Hg region, where separate Io7Ag- and '09Ag-P 
couplings could not be resolved, and overlap in the lower 
frequency P-on-Ag region, in both cases because the two silver 

10 It is possible to prepare solutions of 2 containing no detectable 
amount of 1 or [Ag(p-dppm),AglW (identifiable by its reported (26) 
"P nrnr spectrum); the redistribution 2 2 g 1  + [ ~ g ( p - d p ~ m ) ~ A g ]  '+ 

does not occur to a significant extent. 
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TABLE 1. Nuclear magnetic resonance spectral parameters of some ligand-bridged complexes of mercury(l1) in nitromethane" 

T 6Hb 6pC 6~pd  ' J (MP) '  3 ~ ( ~ ~ )  Z ~ ( ~ ~ ~ )  'J(PMP) 
Complex (K) ( P P ~ )  ( P P ~ )  (ppm) (Hz) (Hz) (Hz) (Hz) 

"[complex],,,,, = 0.15 mol/L of MeN02; abbreviations are as given in footnote 5 of the text. Phosphorus-31 and I9'%g nmr spectra were 
measured with broadband proton decoupling. All chemical shifts are given using the convention that shifts to higher frequency than the 
reference are positive. 

h~ l ipha t ic  protons, with observed splitting patterns parenthesized: q = quintet; dq = doublet of quintets; m = multiplet; at ambient probe 
temperature (18-23°C) unless noted otherwise. 

'Measured relative to external 2% (v/v) OP(OMe), in DIO and corrected for sample-reference volume susceptibility difference (see 
Experimental Section); an approximate conversion to external 85% H,PO, as reference, with susceptibility correction, is 6,(H3P04, ext) = 
Gp(OP(OMe),/D20, ext) + 3.8 ppm; estimated error t 0 . l  ppm(max); at 308 K, sp (uncorr) = -25.8 and -9.7 ppm for CH,CI2 solutions 
of dppm and mdppm, respectively, from the 40.54 MHz "P nmr spectra. 

"Measured relative to external 0.1 M Hg(CI04), (aq) at 296 K; an approximate conversion to external HgMe, as reference is GHs(HgMe,, 
ext) = 6,, (0. l M Hg(C104)2(aq), ext) - 2253 ppm (22b); estimated error 5 l ppm. 

'Estimated error in measurement ?5 Hz, except where noted; however, 'J(""Hg-"P) are temperature and concentration dependent, and 
reproducibility is poorer than ?5 Hz. 

'1 112 ( 4 J ( ~ H ) )  + 1 / 2 ( 2 ~ ( ~ H ) ) I  = 5.1 ? 0.1 Hz (= quintet splitting); ' J (H~H)  = 99 2 1 Hz (broad satellites; see footnote 7 of the text). 
XResolved fine structure; see Fig. 2. 
h~ = 1 9 9 ~ g ,  

"J(HgP) and "(HgP) have the same sign. 
'4~('99Hg-'y9Hg) = 1725 Hz in lc ;  see text and Fig. 2. 
'I'J (PCP) + 4J (PMPCP)I. 
'Major isomer (see text). 
"1 3 J(HH) = 7.3 t 0.1 Hz; I I /~ ( ' J (PH))  + 1/2('J(PH))I= 8.2 2 0.1 Hz. 
"Incompletely resolved fine structure. 
"Minor isomer (see text). 
"In an equilibrated mixture of [Hg(dppm)lHgr' and [~g(mdpprn),Hg]~+. 
qdppm resonance. 
'Could not be observed with certainty. 
'mdppm resonance. 
'At 260 K; I I/2('J(PH)) + 1/2(4J(PH))I = 4.4 Hz (the couplings from the chemically different ends of the complex appear to be equal); 

' ~ ( ' ~ ~ / ' " ~ g ~ ) ( a v e )  = 4.4 Hz; ' J (H~P)  = 92 Hz (broad satellites; see footnote 8 of the text). 
"P-on-Ag. 
'No observable fine structure; at 308 K, G,, and 'J(HgP) are 1243 ppm and -4723 Hz from the '"Hg nmr spectrum. 
"'M = '"Ag; 'J(Io7AgP) = 474 Hz; estimated errors 2 2 Hz. 
' 3 ~  ('a7/'"Ag~)(ave). 
'Most probable assignment (see text). 
'P-on-Hg. 

isotopes have similar magnetic  moment^.^ Nevertheless the 
spectra can be analyzed straightforwardly, as can the 
AA'FF'MX spectra (M = I o 7 / l o 9 ~  g, X = 199Hg) of 2c and 2d 
which result in the '99Hg satellites of the P-on-Hg region.'' 
(The P-on-Ag region of 2c and 2d is obscured by the more 
intense spectra of 2a and 2 b ) .  

The reduced temperature '99Hg nmr spectrum of 2 shows 
only a triplet with splitting of 'J(HgP); the linewidth of ca. 125 
Hz at 260 K must obscure any 1071 '09~g-  199Hg or longer-range 
Hg-P coupling. The 3'P nmr spectrum of 2 is less well re- 
solved at 308 K than at 260 K, but not collapsed; in accord 
with this observation, the triplet '99Hg nmr spectrum persists at 
308 K ,  as do the 199Hg satellites6 in the methylene region of the 
proton spectrum, where the centreband is a doublet (from 

"As Sp(P-on-Hg) - Sp(P-on-Ag) is large relative to the various 
coupling constants, the AA'FF' subspectra of the AA'FF'M spectra of 
2a and 26 approach the limiting AA'XX' case. Thus the "P nmr 
spectrum of 2a ,  for instance, consists of a near-AA'XX' spectrum 
doubled by the relatively large and relatively small couplings to ' ' ' ~ g  
in the P-on-Ag and P-on-Hg regions, respectively. In the complexes 
2c and 2d ,  further observable doubling occurs in the P-on-Hg region 
from coupling to Iy9Hg, giving rise to the ""H~ satellites. 

1071 1 0 9 ~  g-H coupling) of quintets (from virtual coupling to four 

phosphorus atoms). 
The nmr spectral parameters of 2 are included in Table 1. It 

can be seen that the values of ' J (HgP), Zp (P-on-Hg region) and 
ZHg for 2 resemble those for 1 quite closely. Likewise, 
' J ( ~ ~ ~ / ~ ~ ~ A ~ P )  and Zp (in the P-on-Ag region) are similar to 
those of the structurally characterized (27) [ A g ( ~ - d p p m ) ~ A g ] ~ ~  
ion ( ' J ( " ~ A ~ P )  = 583 Hz; Zp (rel. 85% H3P04(ext)) = 11.5 
ppm, for the BF4-salt in CD2C12 (26)). The two 'J (PMP) (M = 
Ag or Hg) couplings found from the 3'P spectrum of 2 cannot 
be assigned unambiguously, but the larger coupling of ca. 200 
Hz is close to the unambiguous value of ca. 206 Hz found for 
3 (see below) and is presumably 2J(PHgP). This can be com- 
pared with a zero or near-zero coupling in HgC12(PBu3)(PR3) 
(R = 4-MeOC6H4) (28), 43 - ca. 74 Hz couplings in mixed 
ligand bis(che1ate) complexes of mercury (Table 2 and see 
below), and a 567 Hz coupling in [Hg{P(OMe)3}{P(OEt)3}]2+ 
(29), for instance. 

When L/Hg < 1,  fresh MeNO, solutions of mdppm and 
Hg(SbF6), give, at 308 K ,  3 'P nmr spectra showing mo 
AAIA"A"'X spectra (X = '99Hg) with approximately equal 
initial intensities. These we attribute to the isomers of 4 with 
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DEAN AND SRIVASTAVA 

40.5 MHz 260K 3'P NMR Spectrum of 

l g 9 ~ g  satellite 

FIG. 3. The 40.54 MHz 31P-{'H) nrnr spectrum of [ H g ( p d ~ p m ) ~ ~ g ] ~ '  as the SbF6- salt in an MeN02 solution with 0.15 mol Hg/L of MeNO, 
at 260 K. Starred resonances are due to [ ~ g ( ~ - d p p m ) z ~ g ] "  present as an impurity. 

syn and anti arrangements of the methyl groups, though we 
cannot tell which spectrum should be assigned to which isomer. 
In the spectrometer probe at 308 K, the spectrum slowly 
changes, with the more shielded AAIA"A"'X spectrum growing 
at the expense of the less shielded until, at equilibrium after ca. 
1.5 h [major isomer]/[minor isomer] > 10. Clearly inter- 
molecular ligand exchange between the isomers is slow on both 
nrnr and preparative timescales; our results for 1-4 mixtures 
(see below) suggest that intermolecular ligand exchange in 1 
alone may also be slow on both timescales, but labelling studies 
would be needed to confirm this. 

The l9'Hg nrnr spectrum of an equilibrated solution of 4 
consists of a triplet, each component of which appears to have 
further incompletely resolved fine structure. The poorer resolu- 
tion found in the '99Hg nrnr spectrum of 4 compared with the 
corresponding spectrum of 1 (Fig. 2) is probably a result of the 
larger value of 2J(PCP) in 4. 

The various nrnr parameters of 4 are included in Table 1.  The 
values of Asp, IJ(HgP) and aHg, particularly, are very similar 
to those of 1 .  The ethylidene signals observed in the proton nrnr 
spectrum confirm that there has been no loss of the methine 
proton(s) of the ligand(s); acid ionization did not seem an 
impossibility for 1 ,  3,  and 4, nominally 4+  ions. 

When MeNO, solutions of 1 and 4 are mixed, the "P nrnr 
spectrum at 308 K shows, initially, just the presence of 1 and 
4. However, equilibration occurs slowly over a period of ca. 
2 h, and an apparent AB spectrum grows which we assign to 
3'' on the basis of the chemical shifts. The apparent J (AB) of 
ca. 206 Hz is evidently 2J(PHgP).12 

I2 The centreband spectrum of 3 should be an AA'BB' spectrum 
which can approximate an AB spectrum in the case that J (AB)  >> 
J(AA1),  J(BB1) J(AB1) .  The '"Hg satellite spectrum of 3 should be 
an AA'BB'X spectrum (X = I9'Hg). Better resolution of the ? 'P  
spectrum of 3 occurs at 260 K than at 308 K and further fine structure 
is evident. However, the spectrum is still basically of the AB type. 
Overlap of the centreband and satellite spectra of 3 with those of 1 and 
4 in the equilibrium mixture unfortunately preclude a detailed anal- 
ysis. K = [3]'/[1:1[4] = 2; this is the value expected for statistical 
scrambling of the ligands (17). 

When additional dppm is added to an MeN02 solution of 1,  
the 308 K 3'P nrnr spectrum shows the formation of a new 
species, giving a singlet spectrum with '99Hg satellites, that 
coexists with 1 when 1 < L/Hg < 2 but is the only detectable 
species at L/Hg = 2. The system 4-mdppm behaves in an 
analogous manner. Several lines of evidence confirm the for- 
mation of the 2: 1 L :  M complexes, [Hg(dpprn),l2+, 5, and 
[Hg(mdppm)2]"+, 6; these include the quartet pattern, from 
'99Hg-P coupling, of their '99Hg nrnr spectra, and the forma- 
tion of the single mixed complex [Hg(mdppm) (dppm)12+, 7 ,  
when solutions of 5 and 6 are mixed. The mixed complex, 
formed rapidly on the preparative timescale, is characterized by 
a 31P nrnr spectrum of the A2X2 type (with '99Hg satellites) and 
a '99Hg nrnr spectrum that is a triplet of triplets. 

The nrnr spectral parameters of 5-7 are included in Table 2. 
Alone they do not prove that in the 1 : 2  complexes the dppm 
and mdppm behave in a chelating manner, and such proof 
seems desirable, as tetrahedral complexes of chelating dppm 
are not well characterized (5). In support of our belief that 
dppm and mdppm do behave in a chelating manner, we can cite 
the similarity of their '99Hg-P couplings to those of complexes 
such as [Hg(dppe),I2+ and [Hg(dppp)2]2+ (Table 2) in which 
chelation is less contentious, as well as the systematic variation 
of '99Hg-P coupling (to dppm) in the complexes [Hg(dppm) 
(L'L1)I2+, which parallels changes found in other mixed ligand 
complexes (Tables 2 and 4 and see also below). Thus 5-7 
appear to be tetrahedral bis(che1ate) complexes. However, this 
description of their geometry is perhaps misleading: GrdeniC et 
al. have shown that in the compounds Hg(~hen) , (NO~)~  (30a) 
and Hg(bipy),(N03)2. 2H20 (30b), where the ligand bite angle 
is small, the geometry of the HgN, kernel is closer to square 
planar than to tetrahedral. We can expect similar distortion in 
the r12-dppm/mdppm complexes and a structural study of 5 or 
7 would be of some interest. 

As shown by the data in Table 2, the 199Hg nrnr chemical 
shifts of 5-7 show significant shielding relative to the shifts 
found for bis(che1ate) complexes of Ph2P(CH2),,PPh2 (n = 
2-4). Detailed discussion of the trends found in Table 2 is 
given separately below, but we note here that the 199Hg signal 
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TABLE 2. Nuclear magnetic resonance spectral parameters of some bis(ditertiaryph0sphine) complexes of mercury(II), 
[Hg(LL)(LIL']'+, in nitromethane" 

"[complex],,,,, = 0.15 mol/L of MeNO?; abbreviations are as given in footnote 5 of the text; "P and I9Bg nmr spectra were measured with 
broadband proton decoupling. 

'Measured relative to 2% (v/v) OP(OMe), in DZO and corrected for sample-reference susceptibility difference (see Experimental section); 
an approximate conversion to external 85% H,P04 as reference, with susceptibility correction, is F,(H,PO,, ext) = Fp(OP(OMe),/DIO, ext) 
+ 3.8 ppm; estimated error 5 0 . 1  ppm or less. 

"Data for LL given first. 
dA8p = 8 p ( ~ ~ m p l e ~ )  - &(free ligand). Values of &(free ligand) were measured at 308 K using CHIC12 as solvent (this work and ref. 32); 

the data from Table 4 of ref. 32 were converted to OP(OMe),/D,O as reference using G(OP(OMe)3/DZO) = G,(OP(OMe)3/CD,)ZCO) - 1.4 
ppm, but are otherwise uncorrected. 

'Relative to external 0. I M Hg(CI04),(aq) at 296 K; an approximate conversion to external HgMe, as reference is 8H,(HgMe,, ext) = 6,,(0.1 
M Hg(ClO,),(aq), ext) - 2253 ppm (22b); estimated error f I ppm. 

'Estimated error t 2  Hz, except where noted otherwise. 
'Estimated error f 5 Hz, except where noted; these values are temperature and concentration dependent. 
"In (CD,),CO at ambient probe temperature (18-23°C). 8H(CH2) = 4.41 ppm, 'J(""H~H) = 103 Hz, 'J(PH) is not resolved. (The CH2 

resonance overlaps the proton resonance of CHD,NO,.) 
'In CD,NO, at ambient probe temperature (18-23"C), GH(CHMe) = 4.77 ppm (incompletely resolved multiplet), GH(CHMe) = 1.63 ppm 

(doublet of quintets: 'J(HH) = 11/2('J(PH)) + I/2(JJ(PH))I = 6.5 Hz). 
'Exchange-broadened lines are observed at 308 K. 
'Complicated behaviour at 260 K (see text). 
'Saturated solution. 
"'At 260 K. 

of [Hg(dppa),12+ does not have a strongly anomalous chemical 
shift, pointing to a difference between dppa and dppm/mdppm 
as chelators. Perhaps significantly, we found no evidence for 
[Hg(p,-d~pa)~Hg]~+; only [ H g ( d ~ p a ) ~ ] ' ~  is produced in MeNO, 
solutions where dppa/Hg = 1. 

When further dppm is added to an MeNO, solution of 5, a 
third Hg : dppm complex is formed which coexists with 5 when 
2 < Hg < 3 and replaces the bis(che1ate) complex completely 
at L/Hg = 3. Parallel behaviour is found for 7 with additional 
mdppm. The nmr spectral parameters of [Hg(dppm),12+, 8 ,  and 
[ H g ( m d ~ p m ) , ] ~ ~ ,  9, at 260 K ,  the temperature of best resolu- 
tion, are included in Table 3. Both complexes show a singlet 
,'P nmr spectrum, with 199Hg satellites, down to the lowest 
accessible temperature (ca. -90°C, using MeN0,-Me2C0 as 
solvent), with similar values of A6, (= Gp(complex) - G,(free 
ligand)) and J(HgP), the latter much smaller than found in 
5-7. Also, most notably, they both have 199Hg resonances that 

are septets. " 

When solutions of 8 and 9 are mixed, a new species is 
formed with its highest concentration at 8 : 9  -- 2 :  1. The ,'P 
nmr spectrum of this species consists of a triplet resonance 
(relative intensity 2) in the dppm region and a quintet resonance 
(relative intensity 1) in the mdppm region, both with '99Hg 
satellites. Evidently [Hg(dppm),(mdppm)]", 10 , is formed; 
we could find no definitive evidence for the other possible 
mixed complex. The nmr data for 10 are given in Table 3; the 
values of J(HgP) for this species are comparable to those of 8 
and 9,  but the value of J(PP) in it is smaller than in any of the 
mixed-ligand bis(che1ate) complexes studied (Table 2). 

We discard the possibility that the septet I9'Hg nmr spectra 
of 8 and 9 indicate a static HgP6 kernel; HgP4 is the most 

'?TO observe the full septet spectrum we used solutions of 8 and 9 
with concentrations ca. 0.3 mol/L of MeN02. 
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TABLE 3. Nuclear magnetic resonance spectral parameters for some mercury(l1) complexes of T\'-dppm and -mdppm".h 

T 8"' 8," tiH; J (H~-P)/ J (P-P)' 
Complex Solvent (K) ( P P ~ )  (ppm) ( P P ~ )  (Hz) (Hz) 

"See text for further discussion of these species; abbreviations used are those given in footnote 5 of the text. 
"[Hg],,,,, = 0.15 and 0.05 mol/L of solvent for MeNO? and MeN0,-Me?CO solutions, respectively; "P and ""Hg nmr spectra were 

measured with broadband aroton decoualine. . - 
'Aliphatic protons. 
"Measured relative to 2% (v/v) OP(OMe), in D,O and corrected for sample - reference susceptibility difference (see Experimental section); 

an approximate conversion to external 85% HIPOl as reference, with susceptibility correction, is Gl>(HIPOJ, ext) = 61.(OP(OMe),/D,0, ext) 
+ 3.8 ppm; estimated error 0 . 1  ppm or less. From the 40.54 MHz "P nmr spectra of CH,C1, solutions 6, (relative to external OP- 
(OMe),/D,O; uncorrected) = -25.8, -9.7, and -16.0 ppm for dppm, mdppm, and dppe, respectively (ref. 32 and this work) (see also 
footnote d of Table 2). 

'Relative to 0.1 M Hg(CIO4)?(aq) at 296 K; an approximate conversion to external HgMe? as reference is GH,(HgMez, ext) = 6,,(0.1 M 
Hg(ClO,)?(aq), ext) - 2253 ppm (226); estimated error t 1 ppm. 

'Estimated error - 5  Hz. except where noted otherwise. 
REstimated error t 2 Hz. 
hUnresolved multiplet from unbound end of 111-dppm, Pn (see text). 
'Insufficient concentration for measurement. 
'Triplet from chelating dppe, PC, of 12 (see text). 
'Multiplet from bound end of ~ ~ ' - d p p m ,  PA (see text). 
" I  (PA-PC) in 12 (see text). 
"No fine structure resolved. 
"Value averaged by intramolecular exchange (see text). 
"Septet. 
"CHMe. 
qCHMe. 

heavily coordinated kernel found for Hg(I1) with phosphorus 
donors (see, for examples, refs. 10 and 29). Therefore we 
suggest that 8 and 9 should be formulated Hg(-q2-LL) (ql-LL), 
and that rapid intramolecular exchange of coordinated and un- 
coordinated phosphorus atoms occurs as in [l]. 

/ 'Hi a / 'Hi 

Such an exchange process requires only an HgP4 kernel, and in 
addition accounts for the observation of septet "9Hg nmr 
spectra and small values of J(HgP) (now an average, (113) X 

J (HgP)c,c~alc + ( 1 I31 J (HgP)ql-,und + (1 13) J (HgP)ql-un,oun,, 
with the last term small) for 8 and 9. Similarly, the values of 
J(HgP) found for 10 are weighted averages, as is J(PP). 

Intramolecular exchange of -q2-and -ql-dppm, at one metal 
centre, as in [I], does not seem to have been described pre- 
viously, though possible examples of intramolecular exchange 
of free and bound ends of -ql-dppm have been reported (31). 

Addition of dppm to MeNO, solutions of 8 causes broad- 
ening of the 31P nmr spectra of both 8 and the free dppm, 
pointing to intermolecular exchange of dppm in a second order 
process. The species [Hg(rl'-dppm)4]'t, 11, is implicated as an 
intermediate or transition state. We have unambiguously iden- 
tified the unusual species 11; it is present at low concentration 
in MeN0,/Me2C0 (112 v/v) solutions14 of 8 saturated with 

dppm, and can be detected by its low temperature "P nmr 
spectrum. At -75"C," the spectrum consists of two approxi- 
mately equally intense quintets, one somewhat broad and 
shielded relative to the free dppm signal (which has 6, = 
-28.1 ppm in this solution), the other sharper, having I9'Hg 
satellites, and in the region expected for phosphorus bound to 
Hg(I1). These are assigned to PB and PA, respectively of 11, 
which should give an AA'AA"'MM'M"M"' spectrum 
(AA'A"A"'MM'M"M"'X (X = 199Hg) for the I9'Hg satellites) if 
'J (PMP >> 12J (PCP) - 'J (PCPMP)l(20 b), though the broad- 
ness of the P, quintet suggests that the limiting spectrum may 
not quite have been reached. (P, should be the resonance most 
affected by slow dppm exchange, as the free dppm resonance 
is nearby.) Coordination of one phosphorus of dppm is known 
to cause both shielding of the "P resonance of the un- 
coordinated phosphorus atom and an increase in 12~(PCP)I 
relative to the values for dppm (e.g. refs. 31 -34). Still the 
value of 75 Hz calculated for ((114) ('J(PCP)) + (314) 
( 4 ~ ( P C P ~ ~ ) ) I  from the quintet splitting of the coordinated 
dppm resonance of 11 seems remarkably large. 

With dppe as a ligand we could find no evidence for 
[Hg(d~pe)~]'+; [Hg(dppe),]" and excess dppe co-exist in 
MeN0, solutions where dppe/Hg > 2. Therefore we sought to 
take advantage of the stability of chelating dppe to synthesize 
[(-q'-dppe)Hg(-q'-dppm)2]2+, 12, in solution. Characterization 
of this -q'-dppm complex would support our formulation of 8 
and 9, thus providing further (indirect) evidence for the exis- 
tence of process [l], as well as help confirm our assignments 

14 [complex] = 0.05 mol/L of soIvent in MeN02-Me'CO. "The spectrum coIlapses at higher temperatures 
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for 11. Accordingly we used 31P nmr to follow the addition of 
solid dppe to a solution of 5 in MeN02 (for our first attempt) 
or MeN02/Me2C0 (112 v/v)I3 (for subsequent attempts). 

At least the equilibria [2]-[5] are involved in 5:dppe 
mixtures: 

[3] [~g(dppm) , ]~ '  + dppe * [~g(dppe)(d~pm)zl"  + dppm 

[41 2[Hg(d~pe)(dppm)~I~+ S [Hg(dppe),I2' + [Hg(dppm)4]'' 

[5] [Hg(dppe)(dppm)zl" + dppe * [ H g ( d p ~ e ) ~ ] ~ '  + 2dppm 

However, we have already measured the 31P nmr spectra of all 
the species except 12 and hence the spectral features due to this 
complex can be identified. The spectrum consists of three ap- 
proximately equally intense resonances: a broad signal, prob- 
ably an incompletely-resolved multiplet, at - 33.4 ppm, 
shielded relative to free dppm; a triplet at 12.5 ppm; and a 
symmetrical multiplet at 20.5 ppm, overlapping the centreband 
of the [Hg(dppe),12+ spectrum, and close to the resonance posi- 
tion of PA in 11. The two less-shielded resonances each have 
' 9 9 ~ g  satellites. We attribute these signals to PA, PB, and PC, 
respectively of 12, and the triplet splitting of PC to PAPc cou- 
pling. The overlap of the PA signal with the spectra of 11 and 
[Hg(dppe),12+, and the broadness of the PB resonance, preclude 
complete analysis of the six-spin spectrum of 12, but there can 
be no doubt about the existence of the species. By analogy, our 
formulations of 8 and 9 and the suggestion of rapid intra- 
molecular q'-LL-to-q2-LL exchange in these (eq. [I]) are sup- 
ported, as are our assignments for the spectrum of 11. 

The proton nmr data for 1 ,  2, 5,  and 8, and 4, 6, and 9, 
included in Tables 1-3, together with the data given in ref. 26, 
show that the S(CH2) for the dppm complexes is 1 > 5 > 8 and 
1 > 2 >[Ag(p-dppm)2Ag]2+, while S(CHMe) for the mdppm 
complexes is 4 > 6 > 9 and 4 > [Ag(p-mdppm)2Ag]2+. These 
findings are in concert with the suggestion of Grim and Walton 
(34) that in dppm complexes increasing positive charge on the 
phosphorus atoms leads to decreased shielding of the CH, 
group. It is noteworthy that S(CH2) for 1 is very similar to that 
for Ph2P+(Me)CH2P'(Me)Ph2 (S(CH2) = 5.55 ppm (34)), em- 
phasizing the very strong electrophilic character of mercury (11) 
in the phosphine complexes. 

Other bis(ditertiaryphosphine)mercury(ll) complexes; correla- 
tions in the nmr spectral parameters of [Hg(LL)(LrL')]'+ 

We have measured the 31P and '99Hg nmr spectra of 
[ ~ g ( d p m ~ ) ~ ] ' + ,  13  an acyclic analog of 5,16 to quantify any nmr 

16 References 10 and 11 contain data for other, less comparable, 
[Hg(PR3),I2+ complexes. 

spectral anomalies caused by the presence of chelating dppm in 
the latter. The results are given in Table 2. Comparison of the 
data for 5 and the dpmp complex shows that there are large 
differences between ASp (5 > 13) and S,, (13 > 5) for the two 
complexes, but that their values of 'J(HgP) are similar. This is 
unlike the situation for L,Pt(dppm) versus cis-L,Pt(dpmp), (8, 
9) where ASp, Sh, and ' J  (PtP) differ, the differences in ASp and 
SM being the reverse of the results for the Hg(I1) complexes, 
viz. ASp(L2Pt(dppm)) < ASP (hPt(dpmp),) (AS, L2Pt(dppm) 
negativeL7), SP, (L2Pt(dppm)) > Spl (L?Pt(dm~m)~; also 'J(PtP) 
(L,Pt(dppm)) < ' J (PtP) (L2Pt(dpmp),). Therefore we thought 
it would be instructive to study the nmr spectra of a wider range 
of complexes [Hg(LL)(L'L')I2+ in which LL and L'L' are 
selected from the series Ph2P(CH2),,PPh2 (n = 1-5). The nrnr 
spectra of the species studied are included in Table 2. 

The ligands dppe, dppp, and dppb are soluble in MeN02 
when L/Hg(SbF6), 5 2. At L/M = 2, the 31P nmr spectrum in 
each case consists of a singlet with '99Hg satellites, while the 
199Hg spectrum is a quintet with splitting 'J(HgP). Evidently 
the bis(che1ate) complexes [Hg(d~pe)~]?+, [Hg(dppp)2]2+, and 
[Hg(dppb),12+ are formed. We found no evidence for formation 
of [Hg(dpppe),I2+ under the same  circumstance^.^" 

When mixtures of Hg(SbF6)2 and the ligands Ph2P- 
(CH2),PPh2 and Ph2P(CH2),PPh2 (m # n; m = 1 -3, n = 1 - 5) 
or dppm-dppa or (see above) dppm-mdppm with 
L,,l,l/Hg(SbF6)2 = 2 in MeNO, solution, are studied by 3'P nmr 
spectroscopy, unambiguous evidence for the formation of 
mixed ligand bis(che1ate) complexes is found:I9 new A2X2 or 
A2B2 spectra with the appropriate 199Hg satellites can be seen. 
These four-spin spectra are quite clean, pointing to monomeric 
structures, except in the case of [Hg(dppe)(dpppe)12+. At re- 
duced temperatures this complex gives a first-order AFMX 
centreband spectrum consisting of four triplets, overlapping in 
pairs; incomplete collapse towards an A2X2 spectrum occurs at 
308 K. Possibly [Hg(dppe)(dpppe)12+ exists in a fixed confor- 
mation at low temperature or is aggregated. Wherever the con- 
centration of the mixed species was sufficient, the 1 9 9 ~ g  nrnr 
spectrum was measured, and showed the triplet of triplets 
expected for [H~(LL)(L'L')]~+, together with the quintet spec- 
tra of the parents complexes if present in the equilibrium 
mixture; again no spectrum attributable to [Hg(d~ppe)~]'+ was 
ever observed. 

In the cases of [ ~ ~ ( d ~ ~ r n ) ( d ~ ~ a ) ] ' +  and [Hg(dppm)- 
(mdppm)12+ the assignment of the A,X2 31P nmr spectra can be 
made in a straightforward manner based on the proximity of the 
A and X resonances to those of the parent complexes. Assign- 
ments made in the same manner seem reasonable for 
[Hg(dppe)(L'L')I2+ (L'L' = dppp or dppb) and [Hg(dppp)- 
(dppb)12+ also, in which case we observe for the limited series 
[H~(LL)(L'L')]~+ (LL = dppe, L'L' = dppe, dppp, or dppb; 
LL = dppp, L'L' = dppp or dppb), that one-bond ' 9 9 H g - ~  
coupling to LL decreases as  that to L'L' increases and vice- 

"TO be consistent with our data, ref. 8 and the IUPAC Convention, 
we have reversed the signs of 6p in ref. 9 .  

"The ligands dppe, dppp, dppb, and dpppe also form 1 : 1 com- 
plexes with Hg(SbF& in MeN02. We have not studied these in detail 
but from their nmr spectra, e.g. Hg(dppb)": 6p = 47.9 ppm, 'J (HgP) 
= 4356 Hz, 6~~ = 968 ppm; Hg(dpppe): 6p = 49.6 ppm, 'J(HgP) = 
4388, 6Hg = 1020 ppm, all at 308 K ,  they apparently have linear or 
near-linear PHgP skeletons and are presumably aggregated. 

19 Chelation by dpppe, which does not form [Hg(dpppe)2]2+ under 
the same conditions, is worthy of note; however, we could find no 
evidence for chelation by dpph in any of our experiments. 
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TABLE 4. Differential changes in "P nmr chemical shifts and values of ' J  (Hg-P) for LL in the complexes [Hg(LL)(L'L')12+ 
in nitromethane"." 

L'L' 
- - 

dppm dppe ~ P P P  dppb dppe 

T 66; A J ~  66; AJ" 6Spc AJ" 86; AJ" 66; AJd 
LL (K) (ppm) (Hz) (ppm) (Hz) ( P P ~ )  (Hz) ( P P ~ )  (Hz) (ppm) (Hz) 

dppm 308 0 0 -12.9 -600 -14.7 -895 
260 0 0 2.7 -200 -5.6 -370 

dppe 308 0 0 -1.7 -273 -3.6 -530 -5.5 -747 
260 8.7 29 0 0 

~ P P P  308 0 0 -0.9 -210 -0.8 -354 
260 20.6 24 1 1 .8 219 0 0 

dppb 308 13.9 527 3.0 499 -0.7 214 0 0 
- - 

"Abbreviations are those given in footnote 5 of the text. 
'Values derived from the data in Table 2. 
'66,  = (6 ,  of LL in [Hg(LL)(L'Lf)]") - 61,[Hg(LL)2]2+. 
"AJ = ( 'J(HgP) to LL in [Hg(LL)(L'L1)]'+) - ( 'J(HgP) in [Hg(LL)'I2'), 

versa. We have taken advantage of this empiricism to make the 
other assignments in Table 2. Assignments made this way show 
systematic variation in both 'J(HgP) and 6,. Variation relative 
to the values for the parent [Hg(LL),I2+ can be quantified as 
A J (  = ( 'J(HgP) to LL in [H~(LL)(L'L')]") - ( 'J(HgP) in 
[Hg(LL)2]'t)) and 66, ( = (6, for LL in [Hg(LL)(LfL')]'+) - 
(6, for [Hg(LL)J2+)); values of AJ and 66, are given in 
Table 4. 

From the data in Table 4 it is evident that in [Hg(LL)- 
(L'L')]2t AJ  decreases by 2-3 X 10' Hz for each additional 
backbone carbon atom in the ligand L'L', except that changing 
L'L' from dppm to dppe produces an anomalously small de- 
crease when LL = dppe, dppp, or dppb. Buergi, Pregosin, and 
co-workers (12) have demonstrated that in X2HgP2 (PI = (PR& 
or various chelating diphosphines; X = various anions) J (HgP) 
can be expressed as J(HgP) = a + b0(P, Hg, P) + c0(X, Hg, 
X) where B(P, Hg, P) and 0(X, Hg, X) are the PHgP and XHgX 
bond angles, respectively, and the empirical coefficients a ,  b, 
and c have the values 5851 Hz, 25.1 Hz/deg, and -48.7 
Hz/deg, respectively, for the range of compounds studied. 
Accordingly, the explanation we favour for the variation in AJ  
is based on systematic changes in PHgP angles": in 
[Hg(LL)(L'L')IZt an increase in the chain length of L'L' 
should open up the PHgP angle involving L'L' (equivalent to 
0(X, Hg, X) of ref. 12) at the expense of B(P, Hg, P) in LL, 
and thus J (and AJ) (to LL) should decrease while J (and AJ)  
(to L'L') should increase. The anomalous behaviour of the 
complexes [Hg(LL)(L'L')IZt (LL = dppe, dppp, or dppb, L'L' 
= dppm or dppe) may reflect a saturation effect,with the intra- 
chelate PHgP angles of LL having already reached a near 
maximum when combined with the relatively small dppe 
chelate. 

The "P nmr chemical shifts of phosphorus chelate com- 
plexes frequently include a ring contribution, AR, where 
AR = A6, (chelate) - A6, (analogous monodentate complex) 
(35). Comparison of Asp for [Hg(dpmp),l2+, [Hg(d~pe)~]'+, 
[Hg(dppp),l2+, and [Hg(d~pb)~]" (Table 2) shows that AR for 
the three chelate complexes is very small. On the other hand 

20 An alternative explanation, taking into account the expected in- 
crease in the basicity of Ph,P(CH2),,PPh2 with increase in n predicts 
the reverse of the observed trends, as J(HgP) is known to decrease 
with increasing basicity in [Hg(PR3),I2' (1 1). 

AR for [Hg(dppm)2]2' is substantial at ca. 25 ppm (and op- 
posite in sign to that found for X2Pt(dppm), as we have noted 
above). It seems likely that this sizeable AR should be associ- 
ated with the small intra-chelate PHgP angle of dppm and the 
resulting chelate ring strain and/or geometry distortion. Signif- 
icantly, it is only for dppm-containing complexes that large 
values of 66, are observed (Table 4): the overall trend in 66, for 
[Hg(LL)(LIL')]" is that the LL resonance becomes shielded 
and the L'L' resonance deshielded as the difference between 
the L'L' and LL chelate ring sizes increases, and this effect 
is largest for the dppm-containing species. Thus in 
[Hg(dppm)(LfL')]" the dppm resonance moves towads the 
"normal" 3'P chemical shift range and the L'L' resonance away 
from that range as the ring size of L'L' increases. Most likely 
this indicates a lessening of strain in the dppm at the expense 
of increasing strain in L'L' as the two chelate ring sizes become 
more disparate. 

The '99Hg resonances of 3 and 5 are significantly shielded 
relative to the '99Hg signals of [Hg(LL),I2+ (LL = dppe, dppp, 
or dppb) (Table 2). It is interesting, however, that the "9Hg 
resonances of [H~(LL)(L'L')]" (LL = dppm, L'L' = dppe, 
dppp, dppb, or dpppe) fall in the same general region as the 
parent complexes of dppe, dppp, or dppb (and also, pre- 
sumably, the hypothetical [Hg(dpppe),lZt). A plausible ration- 
alization of these observations is that coordination of two dppm 
ligands to Hg involves extensive strain/distortion, resulting in 
an anomalous I9'Hg chemical shift, whereas coordination of 
dppm to Hg along with a larger chelate allows a redistribution 
of PHgP angles (as discussed above) and to a reduction in 
overall strain/distortion and a more normal chemical shift." 
Again it is worth noting that coordination of one dppm in 
L2Pt(LL) causes deshielding of the l9'Pt resonance relative to 
those of complexes with LL = dppe, dppp, or dppb (9); this is 
the opposite of what we observe for the mercury complexes. At 
present we have no explanation for the difference. 

From the "P nmr spectra of the mixed ligand complexes 
[H~(LL)(L'L')]", values of 'J(PHgP) could be obtained. 
These are included in Table 2. For LL = dppm, dppe, or dppp, 
'J(PH~P) increases as the length of the -(CH2),,- backbone 

"we note, though, that [~~(dppm)(dppp)]'+ and [Hg(dppm)- 
(dppb)12+ have the unusual (36) property of having 8Hg outside the 
range of the parent complexes. 
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of the ligand L'L' is increased, the only discrepancy occurring 
between [Hg(dppm)(dppe)12' and [Hg(dppm)(dppp)I2+. How- 
ever, the same trend is not observed in the fewer data available 
for LL = dppb or dpppe. We tentatively suggest that the results 
for LL = dppm, dppe, or dppp are a reflection of a decrease in 
the interchelate PHgP angle as n is increased in L'L', and that 
changes in this angle with n are less pronounced when LL = 
dppb or dpppe. 

Experimental 
Materials 

Methyldiphenylphosphine and N,N-bis(dipheny1phosphino)aniline 
(both from Aldrich Chemical Co., Inc.), a,w-bis(dipheny1phos- 
phino)-ethane, -butane, -pentane, and -hexane (all from Strem Chem- 
icals, Inc.), 1,3-bis(dipheny1phosphino)propane (Pressure Chemical 
Co.), and 1,l-bis(dipheny1phosphino)methane (Strem or AIfa Prod- 
ucts) showed no significant impurities by 3 'P  nmr and were used as 
received. Nitromethane (Fisher Spectranalyzed) and acetone (Baker 
Analyzed) were freshly distilled on to 3A Molecular Sieves, and 
CD3N02 (MSD Isotopes) dried using 3A Molecular Sieves; the sol- 
vents were deoxygenated with N, or Ar before use. 

Literature methods were used to prepare Hg(SbF6), (16) and 
AgSbF, and AgAsF6 (37). A small yield (ca. 10%) of I ,  l-bis- 
(dipheny1phosphino)ethane was obtained by route ( a )  of Sommer 
(38), and its authenticity confirmed by comparison of 'H and "P-{'H) 
nmr spectra with those reported (26); at 308 K in CH,CI, solution, the 
40.54 MHz "P-{'H) spectrum gives Sp (rel. ext. OP(OMe),/D,O) = 
-9.7 ppm. 

Manipulations 
All transfers of moisture-sensitive Hg(SbF6), and AgSbF, or 

AgAsF6 and involatile air-sensitive ligands were carried out in an 
N2-filled glove box in which the atmosphere was maintained by circu- 
lation through liquid nitrogen-filled traps. The more volatile PMePh, 
was handled in an N2- or Ar-filled polyethylene glove bag. Glove bag 
or standard N2-vacuum techniques were used in the preparation of 
Hg(I1)- and Ag(1)-containing samples; here a freshly-prepared solu- 
tion of the metal salt(s) was added to a slurry (solution for PMePh,) 
of the ligand(s), causing dissolution, as described earlier for Sn(I1) and 
Pb(I1) complexes ( 14). 

Bis[bis(dipher~ylphosphino)tnethat~e]tnercury(II) silver(l)hexajluoro- 
antitnorlate, [Hg(dppm)2Ag]SbF6).T 

Nitromethane solutions of Hg(SbF6), (0.336 g, 0.500 mmol) and 
AgSbF, (0.172 g, 0.501 mmol) were mixed and added to a slurry of 
dppm (0.460 g, 1.20 mmol), causing the dissolution of the ligand and 
production of a yellow solution. Removal of the MeNO, it1 vacuo left 
a yellowish-white solid. This was dissolved in CH?CIZ containing a 
small amount of MeCN and cooled to -78OC, whereupon white crys- 
tals formed; these Nere filtered off at -78OC, washed with cold 
CH2CI2 and a little MeCN, and dried in vacuo. The "P-{'H) nmr 
spectrum of this material showed the only phosphorus-containing 
impurity to be a trace of [Ag,(dppm)Z]2+, detected by its known (26) 
spectrum (see text). Anal. calcd. for CsoH,AgF18HgP4Sb3: C 33.65, 
H 2.48; found: C 33.76, H 1.53. 

Nuclear magr~etic resonance spectra 
Samples for "P and " ' H ~  nmr spectroscopy were prepared in 10 

mm od nmr tubes under an atmosphere of NZ or Ar. Because of the 
expected (see, for example, refs. I I and 39) concentration dependence 
of, especially, 'J("'H~-"P), samples were normally prepared to 
have a total mercury concentration of 0.15 mol/L of solvent (0.30 
mol/L for [Hg(dppm)ZHgy+). Samples for 'H nmr spectroscopy were 
made up in standard 5 mm od nmr tubes. 

All nmr data are reported using the IUPAC convention: chemical 
shifts to higher frequency than the reference are taken as positive. 
Broad-band proton decoupling was used in obtaining all "P and ' 9 9 ~ g  

nmr spectra. 
Proton nmr spectra were measured using a Varian XL-200 or XL- 

300 spectrometer. Samples of ligands only were referenced to internal 
TMS in the usual manner, but for metal-containing solution$, spectra 
were referenced to the solvent resonance, for which the chemical shift 
relative to TMS under identical conditions was found separately. 

Most of the "P-{'H) nmr spectra were measured at 40.54 MHz 
using a Varian XL-100 spectrometer; operating conditions, refer- 
encing to external OP(OMe), in D20 ,  and temperature measurements 
were made as described in earlier work from these laboratories (32). 
For these conditions, an approximate conversion to H,PO, reference 
is Sp(H3PO4, ext) = G,(OP(OMe),/D,O, ext) + 3.1 ppm (before 
correction for susceptibility differences). Later "P nmr spectra were 
obtained at 80.94 MHz using a Varian XL-200 spectrometer operating 
unlocked (field drift << 1 Hz/day). Also a few ligand spectra were 
measured at 121.4 MHz using a Varian XL-300 spectrometer. The 
temperatures of the XL-100 and XL-200 under conditions of broad- 
band proton decoupling were matched using the sharp, temperature- 
dependent "'Hg satellite splitting of the spectrum of [Hg(dppe),Iz+ 
(see Table 2) and should agree within +3"C. Using the XL-200, "P 
chemical shifts were measured by sample interchange with a 2% (v/v) 
solution of OP(OMe), in D,O. The different geometries of the super- 
conducting solenoid of the XL-200 and the iron electromagnet of the 
XL-100 lead to different chemical shifts relative to the external refer- 
ence (40). Therefore for convenience of comparison, all "P nmr 
chemical shift data have been corrected for sample-reference suscepti- 
bility difference using the expressions of ref. 40  and the volume 
susceptibility data of Gutmann and co-workers (41). 

For "'Hg nmr, 0.1 M Hg(C104), in 5% (v/v) HCIO, solution was 
used as an external reference, with referencing made by sample in- 
terchange. An approximate conversion to HgMeZ reference is SHE- 
(HgMeZ, ext) = SH,(Hg(CIOA)?, ext) - 2253 ppm (22b). A few initial 
"'Hg-{'H) nmr spectra were measured at 71.51 MHz using the Bruker 
WH-400 spectrometer of the S .  W. Ontario NMR Centre in Guelph, 
but all of the "'Hg-{'H) nmr data reported here were measured at 
35.75 MHz using the Varian XL-200 spectrometer in this Dept., 
running without field/frequency lock. To obtain the spectra, typically 
66" (1 1.5 ks) pulses were applid at 1 s- '  with a 0.64 s acquisition time 
and a 25 kHz spectral window; to reach satisfactory S/N required 
collection of 5- 10 X 10' transients for a single species and 10-20 X 

10' transients for a mixture of species. Linewidths at half height varied 
with sample and temperature, but were 40 Hz or more. 

Simulation of nmr spectra 
The "'Hg nmr spectrum of [ly '~g(dppm), ' " ' ~ g y +  was simulated 

using the program LAOCN3 (42), with values of 4 ~ ( " ' ~ g - " y ~ g )  
selected by trial and error. 

Chemical analysis 
Carbon and hydrogen microanalyses were made by Guelph 
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Six new metabolites (2, 5-9) were isolated from the extracts of Ryania Speciosa Vahl. These compounds are closely related 

to ryanodine, the known insecticidal toxic alkaloid from this plant. 

Luc RUEST, DAVID R. TAYLOR et PIERRE DESLONCCHAMPS. Can. J.  Chem. 63, 2840 (1985). 
Six nouveaux mktabolites (2, 5-9) ont CtC isolCs des extraits de la plante Ryar~ia Speciosa Vahl. Ces composCs sont 

Ctroitement reliCs i la ryanodine, un alcaloide toxique connu provenant de cette plante. 

Although the insecticidal diterpene ester ryanodine (1) (1) 
has been isolated from Ryarzia Speciosa since 1948 (2), to our 
knowledge no other diterpene had been reported from this 
genus prior to 1984. Very recently Waterhouse, Holden, and 
Casida (3) reported the isolation and characterization of dehy- 
droryanodine (2), the second most abundant toxic (3) alkaloid 
(besides ryanodine) from Ryania Speciosa. Ryanodine (1) is a 
complex, highly oxygenated diterpene in which the un- 
rearranged geranyl-geraniol (3) unit is easily discerned as 
proposed by Wiesner (1). An examination of the constituents of 
Ryania Speciosa was undertaken to seek compounds related to 
ryanodine as (i) alternate synthetic targets;' (ii) possible precur- 
sors on the biogenetic pathway to ryanodine. The actual grow- 
ing interestZ in the toxic constituents of Ryania Speciosa 
prompted us to publish some results obtained some years ago 
in our laboratory. 

This report describes the isolation and identification of six 
diterpene esters of a-pyrrole carboxylic acid closely related to 
ryanodine (1): the already known (3) dehydroryanodine (2), 
diterpene esters A (5), B (6), C ,  (7), C2 (8), and D (9). 

The structure of dehydroryanodine (2), the major new dit- 
erpene slightly more polar than ryanodine (see Experimental), 
was proven by spectral analysis and by catalytic hydrogenation 
to a mixture of ryanodine (1) and 9-epiryanodine (10). We will 
not discuss further the structure of this compound (cf. Experi- 
mental for details) since it has been at least partly described in 
ref. 3. 

Compounds A, £3, C, ,  CZ, and D were isolated by chro- 
matography of the crude extracts of powdered stems of Ryania 
Speciosa (2). 'Their Rf  values are all greater than that of 
ryanodine and they are Iisted in order of increasing polarity, A 
being the least polar (see Experimental). 

Spectral data of diterpene ester A (5) are in agreement in all 
respects with the proposed structure. The mass spectrum indi- 
cates a formula of C26H,,010N, which is equivalent to the addi- 
tion of CHZO to ryanodine, suggesting that ester A has one 
more hydroxyl group than ryanodine and that one of the hy- 
droxyl groups has been methylated. The structure is supported 
by nmr spectral analysis: it shows three multiplets from 6.2 to 
7.1 6 (for the pyrrole-a-carboxylate moiety), a sharp singlet at 
5.68 6 (3-H), a methoxy at 3.56 6, an AB pattern at 2.62 and 
1.83 6 (for 14-H2 on the heterocyclic ring), two tertiary and 
three secondary methyl groups. In addition, after DzO ex- 

' For a total synthesis of ryanodol (4) see rcf. 4. 
'At submicromolar concentrations, ryanodine interferes specifi- 

cally with the relaxing mechanism of mammalian muscle (6). 

change (6 hydroxyls), a narrow multiplet at 4.01 6 (narrow 
doublet of triplets) and a doublet ( J  = 3.3 Hz) at 3.49 6 account 
for two hydrogens a to the secondary alcohols in positions 8 
and 10, respectively. The magnitude of the coupling constants 
of these hydrogens suggests in each case an equatorial position. 

Spectral analysis of diterpene ester D suggests that it is 
dehydroester A, CZ6H35010N. The major differences in the nmr 
spectra of esters A and D are (i) a secondary methyl signal 
(1.23 6) in ester A has been replaced by two one-proton dou- 
blets ( J  = 1.32 Hz) at 5.24 and 5.43 6 in easter D; (ii) the 
doublet at 3.49 6 in A has become a singlet at 3.97 6 in D, and 
(iii) the multiplet at 4.01 6 in A has changed to a multiplet at 
4.54 6 in D. The location and stereochemistry of the two 
secondary alcohols in ester D follow from the lack of allylic 
coupling between the vinylic proton of the exocyclic methylene 
(21-HZ) and the hydrogens in positions 8 and 10, indicating the 
coplanarity of the allylic protons with the double bond. In con- 
trast, both vinylic protons in dehydroryanodine (2) occur as 
multiplets because of allylic coupling. Furthermore, in ester D 
there is an evident W coupling between the equatorial hydro- 
gens 8-H and 10-H. This W coupling is also present in ester A. 
Being present in A, this coupling confirms the equatorial 
stereochemistry for 8-H and 10-H and suggests that the second- 
ary methyl of position 9 is equatorial. 

The location of the methoxyl in esters A and D follows from 
a consideration of the ir and nmr spectra and chemical data. 
The inertness of esters A and D to treatment with periodate 
shows that the a-glycol system present in ryanodine is blocked 
in A and D. Whereas the singlets for 3-H in ryanodine (1) and 
dehydroryanodine (2) appear at 5.35 and 5.38 6 respectively 
(CDCI3), those for the same proton in esters A and D occur at 
5.68 6 and 5.64 6 respectively. This indicates a difference in 
structure of these latter compounds, close to the ester function. 
In infrared (CHC13), the carboxylic ester absorbs at 1675 cm-' 
in ryanodine and dehydroryanodine and at 170 1 and 1703 cm-' 
for esters A and D respectively. These data indicate that hydro- 
gen bonding of the ester can take place in ryanodine and dehy- 
droryanodine but not in A and D. Hence the location of the 
methoxyl is at the site of the hydroxyl (position 4), which is 
close enough to hydrogen bond with the ester carbonyl in 
ryanodine. 

The mass spectrum of diterpene ester B (Ay--" 8-0x0 
ryanodine) is consistent with the formula CZ5H110yN. 'The nmr 
spectrum is similar to that of ryanodine except that the signals 
for 9-CH3 and 10-H have been replaced by that for a vinyl 
methyl (d, 1.5 Hz) at 1.92 6 coupled to a vinylic proton (q, 1.5 
Hz) at 6.70 6. Ester B has a new AB pattern (additional to 
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I RYANODINE: R =  ~ y r ;  R I  = C H ~ .  R'= H 5 ESTER A: R '  = C H ~ ;  R ' =  H 

2 DEHYDRORYANODINE: R = ~ y r ;  RI. R'= = c n 2  9 ESTER D: R ' .  R ' =  =clll 

4 RYANODOL: R = H ;  R1 = CH3. R 2 =  H 

10 9 - E P I R Y A N O D I N E :  R =  P y r .  R '  = H .  R 2 =  CH3 

3 6 ESTER 0 

7 ESTER C1 8 ESTER C 2  11 

14-Hz) at 3.12 and 2.35 6 for 7-H2. These data, in agreement 
with a uv absorption at 232 nm and the infrared spectrum (168 1 
cm-I), are consistent with the proposed structure for ester B. 

The mass spectrum of ester C,  (9R-hydroxy 10s-ryanodine) 
is consistent with the molecular formula Cz5H35010N, equiv- 
alent to the addition of one oxygen to ryanodine. The nmr 
spectrum shows that the secondary methyl at C-9 (1.05 6,  d) in 
ryanodine has been replaced by a singlet at 1.21 6 and that the 
10. I-Hz doublet at 3.94 6 for the 10-H in ryanodine has now 
become a broad singlet at 3.75 6 (which sharpens by irradiation 
at 1.53 6 (8-H,,), W coupling). These data are in agreement 
with the structure given for ester C , .  

Diterpene ester C2 (9R-hydroxy anhydroryanodine) shows a 
mass spectrum consistent with the formula C25H3309N. The 
nmr spectrum shows in particular an AB pattern (J = 19.5 Hz) 
at 3.27 and 2.28 6 for the methylenic 14-H?, a to the lactone 
carbonyl (1745 cm-I), and a vinylic methyl doublet (1.78 6, 
2.3 Hz) coupled to a one-proton signal (3-H) (q, J = 2.3 Hz) 
at 5.96 6. In addition, the nmr spectrum shows a signal for a 
tertiary methyl at 1.16 6 (9-CH,) and a very sharp singlet at 
4.23 6 (no W coupling with the equatorial 8-H) for the axial 
proton at position 10. Since C2 has a lower R, than C , ,  it is 
unlikely to be the anhydro C ,  because anhydro derivatives have 
R, values always greater than those of ryanodine, dehydro- 
ryanodine, and ryanodol. In agreement, acid catalysed dehy- 
dration of C, gave anhydro C, of much higher R, than C,. 
Structures given to diterpene esters C I  and Cz account for their 
spectral as well as their chemical properties. In these two com- 
pounds, the equatorial stereochemistry of the 9-CH3 follows the 

nuclear Overhauser effect (nOe) analysis of that methyl group 
versus the axial hydrogen at position 7. In the course of the 
catalytic hydrogenation of dehydroryanodine (2), which yields 
1 and 10, an isomer of dehydroryanodine was also observed 
and isolated. Its structure was shown, by spectroscopic anal- 
ysis, to be 11. Keduction of 11 gives mainly ryanodine (1) 
containing a small proportion (3: 1) of 9-epiryanodine (10). 

Biological activity: biological activities of these new metab- 
olites (esters A, B,  C , ,  C?, and D) are currently under in- 
vestigation.' 

Experimental 
The infrared (ir) spectra were taken on a Perkin-Elmer 257 spectro- 

photometer. The ultraviolet (uv) spectra were registered on a Varian 
Techtron 635 spectrophotometer. Proton nmr spectra were recorded 
on a Bruker WM-250 instrument: chemical shifts are reported in 6 
values relative to chloroform (7.26 6) or methanol (3.35 6) as internal 
standard. The mass spectra (ms) were registered on a ZAB-IF mass 
spectrometer. The melting points were taken on a Biichi or a Reichert 
melting point instrument and are not corrected. 

General 
The crude extracts of Ryania Speciosa Vahl were obtained mainly 

as indicated by Folkers and co-workers (2). Following these authors, 
the moist powder (500 g, 800 mL H20)  was extracted continuously 
with chloroform (1.5 L) during 30 h. The volume of the solvent was 
reduced to -200 mL and extracted with water (4 x 300 mL). The 

' ~ r .  J .  L. Sutko, Department of Physiology, University of Texas 
Health Science at Dallas, Dallas, Texas 75235, USA. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2842 CAN. I. CHEM. I 

combined aqueous layers were saturated with NaCl and extracted with 
amyl acetate or ethyl acetate (5 x 200 rnL). Removal of the solvent 
furnished a crude extract corresponding to -0.25% (w/w) of the dry 
powdered Ryania Speciosa wood. The greatest part of ryanodine ( I )  
and dehydroryanodine (A"-" ryanodine) (2) cocrystallized (acetone) 
from this crude extract. Classical chromatography on silica column 
(CHC1,/CH30H 95:5) of the mother liquors led to a mixture of the 
minor metabolites A, B, C I ,  Cz, and D, plus the same mixture of 
ryanodine and dehydroryanodine. 

Separation of ryanodine (I)  and dehydroryanodlne (2)  
A sample of the mixture was separated by preparative thin-layer 

chromatography (Merck, pre-coated tlc plates, s~lica gel 60F-254) by 
multiple elution technique (CHC13/MeOH/40% aqueous CH3NHZ 
85: 15:2) or by flash chromatography (5) (same solvents respectively, 
90: 10: I .5). The less polar compound, forming a brown chromophore 
when heated on tlc plates (HzS04 sprayed), was shown to be pure 
ryanod~ne ( I )  (rnp 234-236°C) (lit. (3) rnp 235-237°C; (Ib)  rnp 
228-229°C); ir (CHC13): 3580, 3500, 3450, 3330, 1676, and 1550 
crn-I; nrnr (CDCI3, after exchange with DzO); 7.07, 6.97, and 6.32 
(three double doublets for pyrrole ring hydrogens), 5.35 (s, 3-H), 3.94 
(d, 10.1 Hz, 10-H), 2.38 (d, 13.8 Hz) and 1.93 (d, 13.8 Hz) (AB 
pattern, 14-HZ), 2.33 (m, 13-H), 2.04 (m, 7-H,,), 1.85 (rn, 9-H,,), 
1.58 (m, 8-H.,, and 7-H,,), 1.44 (s, 17-H3), 1.27 (m, 8-H,,), 1.14 and 
0.94 (two d, 6.7 Hz and 6.5 Hz, 18-H3 and 19-H3), 1.05 (d, 6.5 Hz, 
21-H3), 0.84 (s, 20-H3) (were exchanged by DzO, peaks at 10.2,5.92, 
5.59, 3.95, 3.78, 2.92, 2 86, and 1.99); m/e: M' 493. The more 
polar compound, forming a typical red chrornophore when heated on 
tlc (HzSO, sprayed), was shown to be dehydroryanodine (A"-" 
ryanodine); rnp 252-254°C (crystallized from acetone, lit. (3) rnp 
175- 179°C); ir (CHCI,): 3580, 3500, 3450, 3330, 1675, and 1547 
cm-I; nrnr (CDCI,, after exchange with DzO): 7.07, 6.97, and 6.32 
(three double doublets for pyrrole rlng hydrogens), 5.38 (s, 3-H), 5.09 
and 4 99 (two rnultiplets, 21-HZ) 4.87 (rn, 10-H,,), 2.62 (rn, 8-H.,,), 
2.38 (d, 13.8 Hz) and 1.92 (d, 13.8 Hz) (AB pattern, 14-HZ), 2.35 (rn, 
8-H,, and 13-H), 2.05 (rn, 7-H,,), 1.44 (s, 17-HT), 1.36 (rn, 7-H,,), 
1.14 and 0.95 (two d, 6.7 and 6.4 Hz, 18-H3 and 19-H3), 0.89 (s, 
20-H,) (were exchanged by DZO, peaks at 10.4, 5.74, 5.46, 3.73, 
2.87,2.82, and 2.13). Exact Mass (rns rnle) calcd.: 473.2049 (M' - 
HzO); found: 473.2044. 

Minor metabolites from Ryania Speciosa 
The main constituents less polar than ryanodine were separated by 

preparative tlc (CHCI,/MeOH/40% aqueous MeNHZ 85: 15 : 3). Each 
one represents = I  -2% (w/w) of the crude extract. A first separation 
led to two fractions, the more polar of which contained esters B, C I ,  
Cz, and D. The less polar fraction was resubjected to preparative tlc 
(petroleum ether/acetone/acetic acid 50:50: 3) to yield pure Ryania 
diterpene A. The more polar fraction was separated on tlc (petroleum 
ether/acetone/acetic acid 50:50:3) to give diterpene ester B (the top 
band), diterpene ester C,  (second band), and ester CZ (fourth band). 
The third band was rechromatographed (CHCI,/MeOH/aqueous NH, 
90: 10: 1): the top band was ester Cz and the bottom band was dit- 
erpene ester D. 

Ryania diterpene ester A :  ir (CHCI,): 3590, 3510, 3455, 3310, 
1701, and 1498 cm-I; nrnr (CDCI,, after exchange with DrO): 7.03, 
6.88, and 6.28 (three double doublets for pyrrole ring hydrogens), 
5.68 (s, 3-H), 4.02 (rn, sharpens by irradiation at 3.49, 8-H,,), 3.56 
(s, 4-OCH,), 3.49 (d, 3.3 Hz, 10-H,,,), 2.62 (d, 13.7 Hz) and 1.83 (d, 
13.7 Hz) (AB pattern, 14-HZ), 2.24 (dd, 13.8.3.8 Hz, 7-H,,) and 1.82 
(dd, 13.8, 2.9 Hz, 7-H,,) (AB pattern), 2.23 (m, 9-H), 2.20 (rn, 
13-H), 1.40 (s, U-H,), 1.23 (d, 7.3 Hz, 21-H,), 1.07 and 0.81 (two 
d, 6.7 and 6.4 Hz, 18-H, and 0.97 (s, 20-H,) (were exchanged 
by D,O, peaks at 10.2,5.85, 5.52,3.61,3.26,2.78, and 2.50). Exact 
Mass (rns m/e) calcd.: 505.231 1 (M' - HzO); found: 505.2320. 

Ryania diterpene ester B: ir (CHCI,): 3580, 35 10, 3450, 3300, 
1681, and 1547 crn-I; uv A,,,,,: 268 and 232 nrn; nrnr (CDC13, after 
exchange with D20): 7.1 I, 6.98, and 6.31 (three double doublets for 
pyrrole ring hydrogens), 6.70 (q, 1.6 Hz, 10-H), 5.27 (s, 3-H), 3.12 
(d, 16 Hz) and 2.35 (d, 16 Hz) (AB pattern, 7-Hz), 2.53 (d, 13.9 Hz) 

and 1.93 (d, 13.9 Hz) (AB pattern, 14-Hz), 2.31 (rn, 13-H), 1.89 (d, 
1.6 Hz, 21-H,), 1.41 (s, 17-H,), 1.11 and 0.92 (two d, 6.7 and 6.4 
Hz, 18-H, and 19-H,), 0.87 (s, 20-H,) (were exchanged by DzO, 
peaks at 10.3, 6.13, 5.85, 3.7 1, 3.17, and 3.00). Exact Mass (rns 
mle) calcd.: 489.1998 (M'); found: 489.1992. 

Ryania diterpene ester C,: rnp 188- 190°C (CHCI,); ir (Nujol): 
3590, 3440, 3280, 1688, 1666, and 1548 crn-I; nrnr (CDCI,, 10% 
pyridine-d5, after exchange with DzO): 6.96, 6.84, and 6.19 (three 
double doublets for pyrrole ring hydrogens), 5.73 (s, 3-H), 3.75 
(broad singlet, sharpens by irradiating at 1.53, 10-H), 2.60 (d, 13.9 
Hz) and 1.96 (d, 13.9 Hz) (AB pattern, 14-Hz), 2.25 (m, 13-H), 2.04 
(rn, 7-H,,), 1.96 (rn, 8-H.,,), 1.53 (rn, 8-H,,), 1.43 (s, 17-H,), 1.32 
(rn, 7-H,,), 1.21 (s, 21-H,), 1.10 and 0.77 (two d, 6.7 and 6.4 Hz, 
18-H, and 19-H,), 0.90 (s, 20-H,) (were exchanged by DZO, peaks at 
1 1.5, 8.39, 4.3 1, 3.40, and 3.18. Exact Mass (rns m/e) calcd.: 
509.2260 (M'); found: 509.2249. 

Ryania diterpene ester C2: rnp 274-275°C (CHCI,); ir (Nujol) 
3590, 3450, 3390, 1745, 1705, 1687 (shoulder), 1577, and 1540 
cm-I; nrnr (CDCI,, 10% pyridine-d5, after exchange with DZO): 6.83, 
6.73, and 6.04 (three double doublets for pyrrole ring hydrogens), 
5.96 (q, 2.3 Hz, 3-H), 4.23 (s, 10-H;,,), 3.28 (d, 19.6 Hz) and 2.28 
(d, 19.6 Hz) (AB pattern, 14-Hz), 2.47 (rn, 13-H), 1.96 (rn, 7-H,,), 
1.78 (d, 2.3 Hz, 17-H,), 1.60 (rn, 8-Hz,, and 7-H,,), 1.28 (rn, 8-H,,), 
1.16 (s, 21-H,), 0.87 and0.59 (twod, 7.0 Hz, 18-H, and 19-H,), 0.86 
(s, 20-H,) (were exchanged by DzO, peaks at 11.5, 6.37, 6.14, 5.86, 
4.63, 3.70, and 3.34). Exact Mass (rns m/e) calcd. for CZ5H,,0.,N - 
HZO: 473.2049; found: 473.2049 (M' - HzO). 

Ryania diterpene ester D: ir (CHCI,): 3590, 3510, 3455, 3365, 
1703, and 1548 crn-I; nrnr (CDCI,, after exchange with DZO): 7.04, 
6.89, and 6.29 (three double doublets for pyrrole ring hydrogens), 
5.64 (s, 3-H), 5.43 (d, 1.3 Hz) and 5.24 (d, 1.3 Hz) (2 1 -HZ), 4.54 (rn, 
8-H,,), 3.97 (broad s, sharpens by irradiation at 4.54, 10-H,,), 3.34 
(s, 4-OCH,), 2.58 (d, 13.9 Hz) and 1.82 (two d, 13.9 Hz) (AB 
pattern, 14-Hz), 2.33 (dd, 13.9 and 4.2 Hz, 7-Ha,) and 1.88 (dd, 13.9 
and 2.0 Hz, 7-H,,) (AB pattern), 2.22 (rn, 6.5 Hz, 13-H), 1.40 (s, 
17-H,), 1.08 and 0.84 (two d,  6.7 and 6.4 Hz, 18-H, and 19-H,), 0.99 
(s, 20-H,) (were exchanged by DZO, peaks at 1 1.4, 5.67, 5.61, 3.97, 
3.17, 2.89, and 1.62). Exact Mass (rns m/e) calcd. for Cz6H35010N: 
521.2260; found: 52 1.2260 (M'). 

Hydrogenation of dehyrlroryanodine (Ay-'(' ryanodine) (2) 
Dehydroryanodine (27 rng) in ethanol (15 rnL) was stirred under 

hydrogen in the presence of palladium 10% on carbon (40 mg) for I. l 
h at room temperature. The crude material (27 rng) isolated by 
filtration contained three compounds, which were separated by pre- 
parative thin-layer chromatography (CHCI,/MeOH/40% aqueous 
CH,NH2 85: 15: 1.5). The least polar compound was ryanodine ( I )  
(4.7 mg), the second one was epiryanodine (10) (9.7 mg), and the 
more polar one was isodehydroryanodine (11) (4.4 rng) 
(AX-ryanodine). 

9-Epiryanodine: nmr (CD,OD): 7.08, 6.93, and 6.28 (three double 
doublets for pyrrole ring hydrogens), 5.67 (s, 3-H). 4.35 (d, 6.3 Hz, 
10-H), 2.61 (d, 13.7 Hz) and 1.96 (d, 13.7 Hz) (AB pattern, 14-HZ), 
2.31 (rn, 13-H), 2.20 (rn, 7-H,,), 2.21, 2.05, and 1.46 (three rnulti- 
plets, 9-H, 8-H,,, and 8-H,,), 1.44 (s, 17-H,), 1.22 (rn, 7-H,,), 1.16 
and 0.79 (two d, 6.7 and 6.4 Hz, 18-H3 and 19-H,), 1.16 (d, 7.3 Hz, 
21-H,), 0.94 (s, 20-H3). 

Isodehydroryanodine (AH-ryanodir~e) (11): nrnr (CD,OD): 7.08, 
6.93, and 6.29 (three double doublets for pyrrole ring hydrogens), 
5.69 (s, 3-H), 5.39 (m, 8-H), 4.42 (rn, 10-H), 2.69 (d, 14 Hz) and 
2.04 (d, 14 Hz) (AB pattern, 14-HZ), 2.63 (rn, 7-H,,), 2.33 (rn, 13-H), 
1.83 (rn, 21-H,), 1.81 (m, 7-H,,,), 1.45 (s, 17-H3), 1.16 and 0.80 (two 
d, 6.8 and 6.4 Hz, 18-Hz and 19-H,), 0.95 (s, 20-H,); ms mle: 491. 

Hydrogenation of isodehydroryanodine (A''-ryanodine) (11): pure 
isodehydroryanodine 11 was submitted to hydrogenation as above 
during 4 h. The crude product was shown (nmr) to be a mixture of 
ryanodine and epiryanodine (3: 1, integration of 10-H doublets). The 
same result was obtained when A'--"-ryanodine (2) was first subrnit- 
ted to the same catalyst in ethanol under argon (3 h), then hydro- 
genated. 
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Asymmetric synthesis towards (3Z,6R)-3-methyl-6-isopropenyl-3,9-decadien-l-y1 
acetate, a component of the California red scale pheromone 
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MARK WHITTAKER, COLIN R. MCARTHUR, and CLIFFORD C. LEZNOFF. Can. J. Chem. 63, 2844 (1985). 
The key chiral synthons, (R)-3-isopropenyl-6-heptenoic acid and (R)-3-isopropenyl-6-heptenal, needed for the synthesis of 

(3Z,6R)-3-methyl-6-isopropenyl-3,9-decadien-I-yl acetate, a component of the sex pheromone of the California red scale, 
Aonidiella aurantii, have been prepared by asymmetric synthesis. The chiral acid was synthesized in 86% ee by an asymmetric 
1,4-addition of isopropenylmagnesium bromide to the I-ephedrine amide derived from (E)-2,6-heptadienoic acid, followed by 
base hydrolysis. Acid hydrolysis gave the chiral3-(3-buten-l-yl)-4,4-dimethylbutyrolactone. The chiral aldehyde was prepared 
in greater than 99% ee by an asymmetric 1,4-addition of isopropenylmagnesium bromide to the imine derived from 
(S)-(+)-tert-butyl 2-amino-3,3-dimethylbutyrate and (E)-2,6-heptadienal. The 1,4-addition reactions of 12-butyllithium or 
isopropenyllithium to (4S,5S)-(+)-2-[1-(E-l,5-hexadienyl)]-4-methoxymethyl-5-phenyl-2-oxazoline gave the addition prod- 
ucts, and sequential mild hydrolysis and reduction of these adducts yielded chiral3-n-butyl-6-hepten-1-01 for the former adduct 
but a mixture of products was obtained from the latter adduct. 

MARK WHITTAKER, COLIN R. MCARTHUR et CLIFFORD C. LEZNOFF. Can. J. Chem. 63, 2844 (1985). 
Utilisant une synthbse asymttrique, on a prCpart les synthons chiraux clCs, acide isopropenyl-3(R) heptbne-6 oique et 

isoproptnyl-3(R) heptbne-6 al, ntcessaires a la synthbse de I'acCtate du mCthylL3(Z) isopropCny1-6(R) dCcadibne-3,9 yle-1 , une 
composante de la phCrCmone sexuelle de I'ecaille rouge de la Californie Aonidiella aurantii. On a prCparC I'acide chiral avec 
un ee de 86% en faisant appel B une addition asymktrique-1,4 du bromure d'isopropCnylmagnCsium sur I'amide de la 
I-CphCdrine provenant de l'acide heptadiene-2,6(E) oi'que, suivie d'une hydrolyse basique. L'hydrolyse acide permet d'accCder 
B la (butbne-3 yl-1)-3 dimCthyl-4,4 butyrolactone chirale. On a prCparC I'aldChyde chiral avec un ee supCrieur B 99% en 
procCdant B une addition-] ,4 asymCtrique du bromure d'isopCnylmagnCsium sur I'imide obtenu par rCaction du (+)-amino-2(S) 
dimkthyl-3,3 butyrate de tert-butyle et de I'heptadibne-2,6(E) al. Les rCactions d'additions-1,4 du n-butyllithium ou de 
I'isopropenyllithium sur la (+)-[(hexadiene-l,5(E) y1)-11-2 mCthoxymCthy1-4(S) phCnyl-5(S) oxazoline-2 conduisent aux 
produits d'addition et une hydrolyse douce subskquente suivie d'une reduction de ces adduits conduit au 11-butyl-3 heptene-6 
01-1 chiral lorsqu'on part du premier adduit; toutefois, le second adduit ne conduit qu'a un mClange de produits. 

[Traduit par le journal] 

The sex pheromones of the California red scale, Aonidiella 
aurantii (Maskell), an insect which is a severe pest of citrus in 
California, Australia, and the Mediterranean countries, were 
identified as a mixture of (3Z,6R)-3-methyl-6-isopropenyl-3,9- 
decadien-1-yl acetate (1) and (3S,6R)-3-methyl-6-isopropenyl- 
9-decen-1-yl acetate (2) (1 -4). Each of these compounds ex- 
hibits equal independent ability to attract the male insects (4). 

Our related interests in the synthesis of insect sex attractants 
on insoluble polymer supports (5) and the use of solid phases 
in asymmetric syntheses (6) have naturally led us to consider 
the possibilities of asymmetric synthesis of chiral sex pher- 
omones on solid phases. Our attention focussed on compound 
1 containing a single chiral centre. Component 1 was first 
synthesized from (S)-(+)-camone in 2.6% overall yield (2). A 

' Authors to whom correspondence may be addressed 

racemic mixture of 1 and its enantiomer was subsequently 
synthesized in 32% (7) and 27% (8) yields, respectively. T w o  
other preparations of 1 have been reported recently, starting 
from (S)-(+)-camone (9). Thus, all syntheses of 1 (2, 9 )  
started from the same naturally occurring chiral precursor. Our 
desire to prepare compound 1 using polymer-bound chiral aux- 
illaries via asymmetric synthesis led us to examine satisfactory 
methods for the asymmetric synthesis of 1 in solution as  a 
necessary prerequisite step. 

A key chiral intermediate used in the synthesis of 1 was 
(R)-3-isopropenyl-6-heptenal (3), previously obtained by 
lengthy conversion of the natural product (S)-(+)-cawone (2,  
9a) .  Compound 3 could potentially be made much more readily 
by asymmetric 1,4-additions to at least three different possible 
a,P-unsaturated functionalized precursors, and we  can desig- 
nate these routes as the ephedrine, the aldimine, and the ox- 
azoline routes. 

The ephedrine route 
It has been shown that chiral a,p-unsaturated amides, 

prepared from (lR,2S)-(-)-a-(I-methylaminoethyl)benzyl 
alcohol (I-ephedrine) in 1,4-addition reactions with Grignard 
reagents, can give, after acid hydrolysis, chiral P-substituted 
carboxylic acids in greater than 95% enantiomeric excess (ee) 
(10). This initial report ( lo ) ,  however, used only simple ali- 
phatic amides and Grignard reagents and it remained to be seen 
if this attractive asymmetric synthesis could be applied to the 
synthesis of a more complex P-substituted aldehyde such as 3. 
The chiral a,P-unsaturated amide necessary for this synthesis 
is N-(E-2,6-heptadienoy1)-1-ephedrine (4) and is prepared as  
shown in Scheme 1. 
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L -EPHEDRINE -b'L\r I. RMg Br - 
PROTON SPONGE 2.H30' * 

HO ; Ph 

1 KOH EIOH/H20 

Oxidation of 4-penten-1-01 (5) with pyridinium chloro- 
chromate (PCC) in methylene chloride (1 1) gave the volatile 
4-pentenal (6)  (12, 13) in 55% yield. Treatment of 6 with 
malonic acid in pyridine and pyrrolidine at 20°C overnight 
followed by refluxing for 5 h gives a 70-80% yield of 
(E)-2,6-heptadienoic acid (7) (13), contaminated by some of 
the Z isomer as shown by "C nmr. The mixture of (E) and 
(2)-7 was treated with thionyl chloride to give pure 
(E)-2,6-heptadienoyl chloride (8) in high yield with concomi- 
tant conversion of the minor (2)-7 isomer to the (E)-7 isomer 
(14). Compound 8 was converted to the desired 4 by treatment 
with 1-ephedrine in the presence of proton sponge (10). To test 
the usefulness of 1,4-addition reactions to adduct 4, p- 
methoxyphenylmagnesium bromide in tetrahydrofuran (THF) 
was caused to react with 4 at O°C for 24 h to give N-(3-p- 
methoxyphenyl-6-heptenoy1)-1-ephedrine (9) in 59% yield. 
Similarly, treatment of 4 with isopropenylmagnesium bromide 
in ether/THF mixtures at O°C for 48 h gave N-(3-isopropenyl- 
6-heptenoy1)-1-ephedrine (10) in 5 1-69% yield. Compounds 9 
and 10 were cleaved by base hydrolysis with a 10% potassium 
hydroxide in ethanollwater mixture to give optically active 
3-p-methoxyphenyl-6-heptenoic acid (11) and 3-isopropenyl- 
6-heptenoic acid (12) in 49-57% and 63-80% yield, re- 
spectively. Hydrogenation of 12 gave the known compound 
(R)-3-isopropylheptanoic acid (13) (15), thus confirming the 
absolute configuration of 12 to be R, as desired. The absolute 
configuration of 11 has not been determined in this study, but 
it is considered likely that it is also R, since it possesses a 
negative optical rotation as has been reported (15) for a struc- 
turally related series of (R)-3-o-methoxyphenylalkanoic acids. 

Determination of the enantiomeric excess of 12 by hydro- 
genation to 13 and comparison of the optical rotation with that 
reported in the literature was not reliable, because of some 
racemization occurring during the hydrogenation. Attempts to 
evaluate the enantiomeric excess in which acids 11 and 12 were 
formed, by hplc separation of the respective diastereomers of 
amides 9 and 10, were not successful. Consequently, the meth- 
od of Bergot et al. (16) was adopted. Acids 11 and 12 were 
converted to their acid chlorides and treated with (R)-(+)- 
1 -(1 -naphthyl)ethylamine (14) to give N-[(R)- 1 -(I -naphthyl)- 
ethyl]-3-p-methoxyphenyl-6-heptenamide (15) and (R)-N- 
[(R)- 1-(1 -naphthyl)ethy]]-3-isopropenyl-6-heptenamide (16). 
The chiral amides 15 and 16 were analysed by hplc (2, 16, 17) 
and the results indicated that the asymmetric 1,4-addition to 4 
gave 9 and 10 having up to 86% ee (Table 1). In order to obtain 
this extent of asymmetric induction it was necessary to employ, 
in the 1,4-addition step, a high proportion of ether to THF. 
However, the use of pure ether was precluded by the instability 
of isopropenylmagnesium bromide in the absence of THF (18). 
It was found that the sluggish formation of this Grignard 
reagent at low THF concentrations could be ameliorated by 
ultrasonic irradiation (19). Compound 10 can be cleaved (20) 
with diisobutylaluminium hydride (DIBAL) at O°C to 3 ,  albeit 
in low yield, and hence 3 has now been prepared via asym- 
metric synthesis. 

Simple amides of I-ephedrine were cleaved under strong acid 
conditions (10). Acid hydrolysis of 10 did not give the free acid 
12 but rather 3-(3-buten-1-y1)-4,4-dimethylbutyrolactone (17) 
in 75% yield. Compound 17 was optically active but its ee has 
not yet been determined. The mechanism of formation of 17 
from 10 has not been explored but is likely to follow a pathway 
outlined in Scheme 2. 

Although we had succeeded in preparing the key chiral pher- 
omone intermediate 3 by an asymmetric synthesis route, 
several difficulties were still apparent. Firstly, the ee of 3 ,  
although high, was not as high as 3 prepared via a natural 
product precursor such as (S)-(+)-camone. Secondly, the 
direct cleavage of the amide 10 to 3 proceeded in low yield and 
hence 3 would have to be made via acid 12 which would most 
likely involve two more steps. Thirdly, the ephedrine route 
seemed less adaptable to solid phase methods than other possi- 
ble routes and hence further approaches to the asymmetric 
synthesis of 3 were sought. 

The uldimirze route 
The 1,4-addition of Grignard reagents to chiral a ,P -  

unsaturated aldimines prepared from &,@unsaturated alde- 
hydes and chiral tert-butyl 2-amino-3,3-dimethylbutyrate (26) 
has been demonstrated (21) to give chiral P-substituted alde- 
hydes in greater than 95% ee. Since the key intermediate (3) in 
the synthesis of 1 is a P-substituted aldehyde, we decided to 
attempt this method for the preparation of 3. The original 
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DIBA L - -cH20H + ~ C H ~ O H  

PCC - 7 5 3  A W C H O  + wcHo 

publication of this method was restricted to rather simple 
a,P-unsaturated aldimines, but we considered that this al- 
dimine route would be successful even for more complicated 
substrates such as (E)-2,6-heptadienal (18) (Scheme 3). 

Treatment of 6 with ethyl malonate (half-ester) in a 
pyridine/pyrrolidine mixture yielded ethyl 2,6-heptadienoate 
(19) in 79% yield. Reduction of 19 with two equivalents of 
diisobutylaluminium hydride at -25°C gave a 4:  1 mixture of 
2,6-heptadien- l-ol (20) and 6-hepten- l-ol (21) in 82% yield. 
Oxidation of this mixture by PCC yielded a mixture of 
2,6-heptadienal (18) and 6-heptenal (22) as shown in Scheme 
3. Compound 22 was removed from this mixture by washing 
with aqueous sodium bisulphite, giving pure 18 in 39% yield 
from 19. 

During the course of this work, Bestrnann et al. (22) de- 
scribed the synthesis of 18 in 25% yield by the direct reaction 
of 6 with a stabilized ylide and indeed our own early synthesis 
by this route also gave 18 in 20% yield. The preparation of 18 
according to Scheme 3 was unsatisfactory as a result of poor 
overall yields, contamination with 22, and, in addition, the fact 
that 18 was obtained as a mixture of E and Z isomers. Many 
procedures described in the literature exist for the synthesis of 
a,P-unsaturated aldehydes from a simple aldehyde, but at- 
tempts to prepare 18 by various methods (23-25) were either 
unsuccessful or gave impure 18 in low yield. Finally, treatment 
of 6 with 2,4,4,6-tetramethyl-5,6-dihydro-l,3-oxazine (23) ac- 
cording to the procedure of Meyers et al. (26) gave the alcohol 
adduct (24). Reduction of 24 with sodium borohydride gave the 
tetrahydro- l,3-oxazine (25), which on mild acid hydrolysis 
gave 18 in 37% overall yield (Scheme 4). 

Treatment of the a,P-unsaturated aldehyde 18 with racemic 
tert-butyl 2-amino-3,3-dimethylbutyrate (26) or (S)-(+)-26 at 
0°C in benzene overnight gave the crude a,P-unsaturated al- 
dimine 27. Addition of isopropenylmagnesium bromide in 
ether/THF (5: 1) at -60°C gave, upon mild acid work-up, a 
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racemic mixture of 3 with its enantiomer or optically active 3 
in a 43-50% yield. The enantiomeric purity of 3 was deter- 
mined in a similar manner (2) to that described above for 12. 
Thus oxidation of 3 gave 12, which was converted to its acid 
chloride and treated with 14 to give 16. The hplc analysis (2, 
16, 17) of 16, prepared from a racemic mixture of 3 and its 
enantiomer, resulted in complete resolution of the two equally 
abundant diastereomers, while 16 prepared from optically ac- 
tive 3 showed only one diastereomer and no trace of the other 
isomer. Furthermore, 16, prepared from optically active 3 and 
(S)-(-)- 1 -(I -naphthyl)ethylamine (the enantiomer of 14), 
showed only the other diastereomer by hplc analysis. The abso- 
lute configuration of pure 3 was determined to be R, by com- 
parison of the hplc retention times of these diastereomeric 
amides (16) with those of 16 prepared from 12 in the ephedrine 
route described above. Thus, the asymmetric synthesis of 3 has 
been achieved in >99% ee ((R)-configuration), which is as 
high or higher than that derived from a natural product. In 
addition, the aldimine route lends itself particularly to devel- 
opment using solid-phase techniques, which would ensure 
ready recovery of the chiral auxiliary. The one limitation is the 
rather modest yield in the key coupling step. For this reason we 
examined even a third method for asymmetric 1,4-addition 
reactions. 

The oxazoline route 
It has been reported that nucleophilic additon of or- 

ganolithium reagents to chiral a,P-unsaturated oxazolines can 
lead to chiral P-substituted alkanoic acids having >90% ee 
(15). This strategy can be readily adapted to the synthesis of the 
key intermediate 3 as shown in Scheme 6. Treatment of 6 with 
(4S,5S)-(-)-4-methoxymethyl-2-methyl-5-phenyl-2-oxazoline 
(28) (15) or (4S,5S)-(-)-2-(diethylphosphonomethyl)-4-meth- 
oxymethyl-5-phenyl-2-oxazoline (29) (27) by reported meth- 
ods gave (4S,5S)-(+)-2-[I -(E- l,5-hexadienyl)]-4-methoxy- 
methyl-5-phenyl-2-oxazoline (30) in 26 and 84% yield, re- 
spectively. Since the 2-substituted oxazoline 30, containing 
two olefinic groups, was more elaborate than the simpler ox- 
azolines previously described, we wished to test the reactivity 
of 30 with a simple alkyllithium as well as the desired iso- 
propenyllithium. The reaction of oxazoline 30 was thus carried 
out with either n-butyllithium or isopropenyllithium in THF at 
-78°C to give either (4S,5S)-2-[1-(3-n-butyl-5-hexenyl)]- 
4-methoxymethyl-5-phenyl-2-oxazoline (31) or (4S,5S)-2-[I- 
(3-isopropenyl-5-hexenyl)]-4-methoxymethyl-5-phenyl-2-oxa- 
zoline (32) in 90% and 63% yields, respectively. 

The normal strong acid hydrolysis (15) of 31 gave a com- 
plex mixture of products, from which the desired 3-n-butyl-6- 
heptenoic acid could not be separated. Consequently the simi- 
lar hydrolysis of 32 was not attempted. However, this result did 
lead us to examine the hydrolysis of the precursor a , P -  

unsaturated oxazoline 30, which we found gave 2-(5-methyl- 
tetrahydrofurany1)acetic acid (33) in 62% yield, as did the 
strong acid treatment of 7 .  Although the order and details of the 
mechanism of the hydrolysis of 30 have not been examined, a 
likely course of reaction, involving hydrolysis of the oxazoline 
with concomitant hydration of the terminal olefin, is outlined 
(Scheme 7). It is probable that hydration of the terminal olefin 
is also responsible for the mixture of products obtained from 
the hydrolysis of 31. 

The two-step procedure for the cleavage of oxazolines in- 
volving mild acid hydrolysis, followed by reduction with lith- 
ium aluminium hydride (28) of 31, did give predominantly one 
enantiomer of 3-n-butyl-6-hepten-1-01 (34) in 44% yield, but 
an identical cleavage of 32 gave a complex mixture of products 
from which the desired 3-isopropenyl-6-hepten- 1-01 (35) could 
not be isolated. Oxidation of 34 gave 3-n-butyl-6-heptenoic 
acid, which was converted to its acid chloride and treated with 
14 to give N-[(R)- 1 -(I -naphthyl)ethyl]-3-n-butyl-6-hepten- 
amide (36). Analysis of this diastereomeric amide by hplc, as 
described above for 15 and 16, indicated that 34  had been 
formed in 96% ee. However, no attempts were made in this 
study to determine the absolute configuration of the enan- 
tiomer, 34, that was formed. 

Although the 1,4-addition of isopropenyllithium to the 
a,P-unsaturated oxazoline 30 proceeded well to give 32, suf- 
ficiently mild methods of cleavage of 32 to give 3 ,  12, or 35 
were not found. Various methods reported to cleave oxazolines 
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TABLE 2. "C Chemical shifts of 3, 7, 11-13, 17-19, 33, and 34 

6 PPm 

Carbon" 3 7" 11 12 13 17 18 19" 33" 34 

"The numbering of the carbon atoms in the above compounds follows that given for these structures in Schemes 1. 2, 3, and 6 and does not 
necessarily follow from the names of these compounds. All spectra were recorded, using CDCl as solvent, at 300 MHz except for compounds 7 and 
18, whose spectra were recorded at 400 MHz. Inversion-recovery (J-modulated spin-echo) spectra were recorded for 11-13, 33, and 34 (p indicates 
a positive signal due to C or CH,, n indicates a negative signal due to CH or CH?). 

"These assignments may be interchanged. 
'These assignments may be interchanged. 
"Minor signals due to Z-isomer are not reported. 
"Cis and tratls isomers give rise to a duplication of signals. 

under mild conditions (29-31) were attempted using 31 as a 
model. However, either no reaction or low yields of cleavage 
products were observed. A new procedure for the cleavage of 
oxazolines has not been attempted (32). 

In summary, we have shown that a chiral pheromone inter- 
mediate can be prepared in a satisfactory yield having an ex- 
tremely high ee (Table 1) by asymmetric synthesis, which 
demonstrates that asymmetric synthesis can compete effec- 
tively with the synthesis of chiral molecules from natural prod- 
ucts, or through resolution of racemates. The elaboration of the 
key intermediate 3 ,  by reaction with a ylide, to the red scale 
pheromone component 1 has not been attempted in this study, 
since a procedure for this transformation has been previously 
reported (2). Although this method lacked stereoselectivity, 
resulting in a 1 : 1 mixture of (E ) -  and (2)-1, the problem has 
been overcome by Heath et al. (17) in the synthesis of (32,- 
6R)-3,9-dimethyl-6-isopropenyl-3,9-decadien- 1 -yl propionate 
(the white peach scale pheromone) from a similar chiral syn- 
thon, (R)-6-methyl-3-isopropenyl-6-heptenal. 

Experimental 
Linde argon was used to maintain inert atmosphere conditions. 

Solvents required for reactions were dried and distilled before use. All 
reaction mixtures were stirred with a magnetic stirrer. Grignard re- 
agents were prepared by slow addition of alkenyl or aryl bromide to 
activated magnesium turnings in an appropriate solvent, and soni- 
cation (19) of the reaction flask and contents in a 125-W Branson 
B220 ultrasonic bath filled with distilled water at 20°C. Most dis- 
tillations were conducted using a Kugelrohr apparatus (bulb-to-bulb) 
and, for these, the temperature range of the heater at which the main 
fraction was collected is reported. Flash chromatography (33) was 
carried out using 20-45 pm silica gel as supplied by Terochem 
Laboratories Ltd., Toronto, Ont. High-performance liquid chro- 
matography was conducted on a Spectra Physics SP8000 fitted with an 
analytical column (6.3 mm X 25 cm) of 10-pm Spherisorb silica gel 
and a mobile phase of 5- 12.5% ethyl acetate in hexane (water satu- 
rated) with uv detection (254 nm). Melting points (mp) were deter- 
mined using a Kofler hot stage melting point apparatus and are un- 
corrected. Optical rotations were determined using a Perkin-Elmer 
141 polarimeter at 21 2 2°C. Infrared spectra (ir) were recorded on a 

Pye Unicam SPlOOO infrared spectrophotometer as neat films between 
NaCl discs unless specified otherwise. Nuclear magnetic resonance 
spectra for protons ( 'H nmr) were recorded on a Varian EM360 (60 
MHz), Bruker AM300 (300 MHz), or Bruker WH400 (400 MHz) 
spectrometer and are expressed in ppm (6 values) relative to tetra- 
methylsilane as internal reference in deuteriochloroform. (The split- 
tings of the signals are described as singlets (s), broad singlets (bs), 
doublets (d), triplets (t), quartets (q), doublet of doublets (dd), doublet 
of triplets (dt), or multiplets (m).) The "C nmr spectra were recorded 
in CDC13 on a Bruker AM300 (300 MHz) or a Bruker WH400 (400 
MHz) and have been assigned using standard correlations (34) (Table 
2). Mass spectra (ms) were recorded at 70 eV on a VG Micromass 16F 
mass spectrometer. Microanalyses were performed by Guelph Chem- 
ical Laboratories Ltd., Guelph, Ont., Dr. C. Daessele, Montreal, 
P.Q., or Canadian Microanalytical Service Ltd., Vancouver, B.C. 

4-Per~tet~al (6)  
Following the method of Corey and Suggs (1 1) 4-penten-1-01 (5) 

(8.51 g, 99 mmol) was oxidized by pyridinium chlorochromate (PCC) 
(38.4 g, 178 mmol) in methylene chloride (185 mL). Distillation and 
careful fractionation gave the volatile 6 (4.57 g, 55% yield); bp 
102- 104°C (lit. (35) bp 103- 104°C); liquid; ir v: 1735 (C=O) cm-I; 
'H nmr (60 MHz) 6: 9.75 (t, IH, J = 2 Hz, CHO), 6.30-5.50 (m, 
IH, =CH-), 5.30-4.80 (m, 2H, CH2=), 2.80-2.00 (m, 4H, 
CHZCH2). 2,4-Dinitrophenylhydrazone derivative; mp 119-120°C 
(lit. (34) mp 120°C). 

2,6-Heptadiertoic acid (7) 
A mixture of 6 (4.38 g, 52 mmol), malonic acid (6.51 g, 63 mmol), 

pyridine (10 mL), and pyrrolidine (2 mL) was stirred overnight under 
argon and subsequently heated at 90°C for 5 h. The reaction mixture 
was cooled, acidified with 2 N hydrochloric acid, and extracted with 
ether. The combined organic extracts were washed with water and 
saturated brine, then dried over magnesium sulphate (MgS04) and 
concentrated. The residue was distilled (bulb-to-bulb, 1.0 Tom ( I  Torr 
= 133.3 Pa), 74-84°C) to give 7 (5.16 g, 79% yield); liquid; ir v: 
3000 (0-H), 1710 (C=O) cm- '; 'H  nmr (60 MHz) 6: 12.45 (s, IH, 
disappears in DZO, OH), 7.45-6.85 (m, IH, CH=CHCOIH), 
6.15-5.50 (m, 2H, CHZ=CH and CHC02H), 5.25-4.85 (rn, 2H, 
CH,=CH), 2.55-2.15 (m, 4H, CH,CH2). Anal. calcd. for C7H1002: 
C 66.65, H 7.99; found: C 66.66, H 8.26. 

(E)-2,6-Heptadienoyl chloride (8)  
Freshly distilled thionyl chloride (7 rnL) was added dropwise to 7 
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(1.443 g, 11.5 mmol) at 0°C with stirring. The mixture was allowed 
to warm to ambient temperature, and after 1 h it was heated to reflux 
for 0.5 h before removing excess thionyl chloride by distillation. 
Distillation (bulb-to-bulb, 0.075 Torr, 60-70°C) of the residue gave 
8 (1.570 g, 94% yield); liquid; ir u: 1765 (C=O) cm-'; 'H nrnr (60 
MHz) 6: 7.60-7.05 (m, lH, CH=CHCOCI), 6.30-5.50 (m, 2H, 
CH2=CH and CHCOCl), 5.30-4.85 (m, 2H, CH2=CH), 
2.60-2.20 (m, 4H, CH2CH2). 

N-(E-2,6-Heptadienoy1)-1-ephedrine (4) 
Compound 8 (1.494 g, 10.3 mmol) was added in one portion to a 

stirred mixture of proton sponge (2.20 g, 10.3 mmol) and 1-ephedrine 
(1.697 g, 10.3 mmol) in THF (25 mL) at O°C under argon. The 
mixture was allowed to warm up to room temperature and then stirred 
overnight. Cold 1 N hydrochloric acid (20 mL) was added and the 
product extracted with ethyl acetate, dried (MgSO,), and concen- 
trated. Flash chromatography (40% ethyl acetatelhexane) of the resi- 
due gave 4 (2.456 g, 88% yield); viscous oil; [a], - 129.91" (c 2.62, 
CHCl,); ir u: 3390 (0-H), 1610 (C=O) cm-'; 'H nrnr (400 MHz) 
6: 7.32-7.16 (m, 5H, C6H5), 6.76 (dt, 0.7H, J = 15 HZ, 
CH=CHCON of E-amide'), 6.37 (dt, 0.3H, J = 15 Hz, 
CH=CHCON of Z-amide'), 6.10 (d, 0.7H, J = 15 Hz, CHCON of 
E-amide), 5.84 (d, 0.3H, J = 15 Hz, CHCON of Z-amide), 
5.80-5.60 (m, lH, CH2=CH), 5.04-4.86 (m, 2H, CH2=CH), 
4.76 (d, lH, J = 3 Hz, CHOH), 4.52-4.49 (m, 0.7H, NCHCH, of 
E-amide), 4.05-3.99 (m, 0.3H, NCHCH, of Z-amide), 2.77 (s, 
0.7H, NCH, of E-amide), 2.74 (s, 0.7H, NCH, of Z-amide), 
2.26-2.12 (m, 4H, CH2CH2), 2.06 (bs, lH, OH), 1.27 (d, 0.3H, J 
= 7 Hz, NCHCH, of Z-amide), 1.10 (d, 0.7H, J = 7 Hz, NCHCH, 
of E-amide); ms mlz: 274 (M+ + 1,0.3), 255 (3), 166 (81), 109 (53), 
81 (33 ,  79 (17), 58 (loo), 55 (16). Anal. calcd. for Cl7H2,NO2: C 
74.69, H 8.48, N 5.12; found: C 74.32, H 8.39, N 5.08. 

N-(3-p-Methoxyphenyl-6-heptenoy1)-I-epheit (9)  
To a stirred solution of the Grignard reagent, prepared from p- 

methoxyphenyl bromide (2.75 mL, 22 mmol) and magnesium (0.53 
g, 22 mmol) in THF (20 mL), was added dropwise a solution of 4 
(0.990 g, 3.6 mmol) in THF (5 mL) at 0°C under argon. After 14 h 
at 0°C a phosphate buffer solution (pH 7, 20 mL) was added and the 
resulting mixture filtered through Celite. The product was extracted 
into ethyl acetate, dried (MgSO,), and concentrated. Flash chro- 
matography (40% ethyl acetatelhexane) of the residue gave 9 (0.812 
g, 59% yield); viscous oil; ir u: 3400 (0-H), 1625 (C=O) cm-'; 'H 
nrnr (300 MHz) 6: 7.33-7.22 (m, 5H, C6HS), 7.01 (AA'XX', 4H, 
CH,0C6H4), 5.84-5.68 (m, lH, CH2=CH), 4.95-4.89 (m, 2H, 
CH2=CH), 4.70 (d, lH, J = 3 Hz, CHOH), 4.42-4.29 (m, lH, 
NCHCH,), 3.75 (s, 3H, CH,O), 3.19-3.07 (m, lH, CH,0C6H,CH), 
2.90-2.74 (m, 2H, CH'CON), 2.54 (s, 3H, NCH,), 2.49-2.44 (bs, 
lH, OH), 1.89-1.56 (m, 4H, CH2CH2), 1.06 (d, 3H, J = 7 Hz, 
CHCH,); ms mlz: 382 (M+ + 1,3), 275 (32), 274 (86), 175 (65), 134 
(33 ,  121 (loo), 79 (29), 58 (99). Anal. calcd. for C24H,lN0,: C 
75.56, H 8.19, N 3.67; found: C 75.54, H 8.19, N 3.70. 

N-(3-Isopropenyl-6-heptenoy1)-I-ephedrine (10) 
In a manner similar to that described above for 9 , 4  was converted, 

under the conditions listed in Table 1, to 10 (5 1-69% yield); viscous 
oil; ir u: 3480 (0-H), 1660 (C=O) cm-'; 'H nrnr (300 MHz) 6: 
7.35-7.22 (m, 5H, C6H5), 5.83-5.73 (m, lH, CH2=CH), 
5.01-4.70 (m, 4H, CH2=CH and CHZ=C), 4.61-4.42 (m, lH, 
NCHCH,), 4.36 (d, lH, J = 3 Hz, CHOH), 2.70 (s and smaller s due 
to E- and Z-amide isomers, 3H, NCH,), 2.64-2.55 (m, lH, 
CHCH2CON), 2.40-2.19 (m, 2H, CH2CON), 2.16- 1.76 (m, 2H, 
CH2=CHCH2), 1.66 (s and smaller s due to E- and Z-amide isomers, 
3H, CH,(CH2=)C), 1.55- 1.29 (m, 3H, CH2=CHCH2CH2 and 
OH), 1.16 (d, 3H, J = 7 Hz, CHCH,); ms mlz: 316 (M+ + 1, 0.8), 
3.15 (M', 0.6), 209 (23), 208 (92), 109 (22), 81 (20), 67 (23), 58 
(loo), 55 (23). Anal. calcd. for C20H29N02: C 76.15, H 9.27, N 4.44; 

'The E- and Z-amide isomers are distinguishable on the nrnr time 
scale (36). 

found: C 76.33, H 9.37, N 4.54. 

3-p-Methoxyphenyl-6-heptenoic acid (11) 
A solution of 9 (0.2401 g, 0.63 mmol) in 10% NaOH (20 mL, 1 : 1 

EtOH/H20) was heated at reflux for 78 h. After cooling, the mixture 
was acidified with 2 N HC1, and the product extracted into ether, dried 
(MgSO,), and concentrated. Distillation (bulb-to-bulb, 0.05 Torr, 
120- 130°C) gave 11 (0.0619 g, 42% yield); liquid; [a], - 11.32" (c 
3.28, CHCI,); ir u: 3200 (0-H), 1720 (C=O) cm-'; 'H nrnr (300 
MHz) 6: 10.10 (bs, lH, OH), 6.96 (AA'XX', 4H, CH,0C6H4), 
5.85-5.68 (m, lH, CH2=CH), 4.97-4.90 (m, 2H, CH2=CH), 
3.78 (s, 3H, CH,O), 3.10-3.01 (m, lH, CHCH,CO,H), 2.60 (t, 2H, 
J = 7 Hz, CH2C02H), 1.95-1.60 (m, 4H, CH2CH2); ms mlz: 234 
(M+, 48), 192 (49), 179 (93), 175 (89), 137 (99), 134(26), 121 (loo), 
91 (20). Anal. calcd. for CI4HIXO3: C 7 1.77, H 7.74; found: C 71.72, 
H 7.99. 

(R)-3-Isopropenyl-6-heptetloic acid (12) 
In a manner similar to that described above for 11,lO was converted 

to 12 (distilled bulb-to-bulb, 0.05 Torr, 95- 105"C, 63-80% yield); 
liquid; [a], see Table 1; ir u: 3150 (0-H), 1730 (C=O) cm-'; 'H 
nrnr (300 MHz) 6: 10.60 (bs, lH, OH), 5.89-5.72 (m, lH, 
CH2=CH), 5.04-4.78 (m, 4H, CH2=CH and CH2=C), 
2.69-2.57 (m, lH, CHCH2C02H), 2.41 (d, 2H, J = 7.5 Hz, 
CH2C0,H), 2.10- 1.93 (m, 2H, CH2=CHCH2), 1.67 (s, 3H, CH,), 
1.52-1.45 (m, 2H, CH2=CHCH2CH2); ms m/z: 168 (M+, 4), 108 
(63), 93 (38), 81 (52), 69 (loo), 67 (46), 55 (67), 43 (50), 41 (90). 
Anal. calcd. for CloHl6O2: C 71.39, H 9.59; found: C 71.20, H 9.99. 

(R)-3-Isopropylheptanoic acid (13) 
Hydrogen was passed over a stirred mixture of 12 (0.0682 g, 0.41 

mmol; [a],, -3.13 (c 2.05, CHC13)) and 10% palladium on charcoal 
(0.0212 g) in ethanol (15 mL) for 16 h at room temperature. The 
solution was filtered, the solvent removed, and the resulting oil dis- 
tilled (bulb-to-bulb, 0.1 Torr, 100- 110°C) to give 13 (0.0677 g, 97% 
yield); liquid; [a], -0.45" (c 2.23, CHC1,) (lit. (15) [a],, -0.82" 
(neat)); ir u: 3050 (0-H), 1720 (C=O) cm-'; 'H nrnr (300 MHz) 
6: 10.52 (bs, IH, OH), 2.37-2.14 (m, 2H, CH2C02H), 1.84- 1.72 
(m, 2H, (CH,),CHCH), 1.41 - 1.18 (m, 6H, CH3CH2CH2CH2), 
0.98-0.84 (m, 9H, CH3CH2 and (CH,),CH); ms m/z: 173 (M+ + 1, 
2), 129 (42), 113 (78), 112 (69), 72 (56), 70 (71), 69 (loo), 60 (40), 
57 (99), 56 (54), 55 (64), 43 (681, 41 (76). Anal. calcd. for CIOHZ0O2: 
C 69.72, H 1 1.70; found: C 69.66, H 1 1.85. 

N-[(R)-l-(Naphthyl)ethyl]-3-p-tnet/zoxyphenyl-6-heptetzamide (15) 
To a solution of 11 (0.0677 g, 0.29 mmol; [a],, - 16.90 (c 5.38), 

CHCl,)) in ether (3 mL) containing a catalytic amount of N,N-  
dimethylformamide (5 KL) was added thionyl chloride (63 KL, 0.87 
mmol). After stirring for 4 h at room temperature, the mixture was 
concentrated to remove excess thionyl chloride. Ether (5 mL) was 
added and the resulting solution cooled to O°C, whereupon a solution 
of 14 (0.0744 g, 0.44 mmol) and proton sponge (0.0932 g, 0.44 
mmol) in ether (5 mL) was added dropwise. A precipitate formed, and 
the reaction mixture was allowed to warm to room temperature and 
was stirred overnight. Ice-cold 1 N hydrochloric acid (15 mL) was 
added and the product extracted into ether, washed with brine, dried 
(MgS04), and concentrated to give crude 15 (0.1093 g, 98% yield). 
Crude 15 was analysed by hplc directly, to avoid fractionation. Sepa- 
ration of the two diastereomers was obtained in 0.8 h by using 10% 
ethyl acetate in hexane at 1.0 mL/min. The predominant dia- 
stereomer, the second to elute, was collected by hplc; ir v: 3300 
(N-H), 1650 (C=O) cm-'; 'H nrnr (300 MHz) 6: 7.94-7.10 (m, 
7H, CIOH7). 6.84 (AA'XX', 4H, CH,0C6H,), 5.85-5.65 (m, 2H, 
CHNH and CH2=CH), 5.41 (s, lH, NH), 5.96-5.89 (m, 2H, 
CH2=CH), 3.75 (s, 3H, CH,O), 3.14-3.00 (m, lH, CHCH2C02H), 
2.24-2.14 (m, 2H, CHKON), 1.84- 1.60 (m, 4H, CH2CH2), 1.54 
(d, 3H, CH,CH). 

(R)-N-[(R)-I-(1 -Naphthyl)ethyl]-3-isopropenyl-6-heptenatid (16) 
via route shown in Scheme 1 

In a manner similar to that described above for 15,12 was converted 
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to 16 (78% crude yield) and analysed directly by hplc. Separation of 
the two diastereomers was achieved in 0.25 h using 12.5% ethyl 
acetate in hexane at 1.5 mL/min. The (R,S)-diastereomer (1 1 min) 
eluted prior to the predominant (R,R)-diastereomer (13 min); the 
identity of these diastereomers was confirmed as described below for 
the aldimine route. A sample of 16 was purified by flash chro- 
matography (25% ethyl acetatelhexam); ir v: 3320 (N-H), 1650 
(C=O) cm-'; IH nmr (300 MHz) 6: 8.12-7.40 (m, 7H, CIOH7), 
6.02-5.87 (m, 2H, NH and CHNH), 5.82-5.75 (m, 1H, 
CH2=CH), 5.11-4.72 (m, 4H, CH2=CH and CH?=C), 
2.68-2.55 (m, IH, CHCH2CON), 2.26-2.15 (m, 2H, CHXON), 
2.07- 1.88 (m, 2H, CH2=CHCH2), 1.61 (s and d, 6H, CH,=C and 
CH,CH), 1.50- 1.33 (m, 2H, CH2=CHCHzCH2). 

(R)-3-Isoprope11yl-6-hep1enal (3) via route shown in Scheme I 
DIBAL (5.2 mL of a I M solution in hexane, 5.2 mmol) was added 

dropwise over 1.5 h to a stirred solution of 10 (0.544 g, 1.7 mmol) 
(Entry 5 in Table I) in THF (10 mL) at 0°C under argon. After 0.5 h 
the mixture was quenched by the addition of ice-cold 10% sulphuric 
acid (30 mL), and then stirred for 1 h. The product was extracted with 
ether, washed with saturated NaC1, dried (MgSO,), and concentrated. 
The residue was distilled (bulb-to-bulb, 0.05 Torr, 55-65°C) to give 
3 (0.055 g, 21% yield); liquid; [a],, -0.42" (c 2.53, CHCI,); ir v: 1735 
(C=O), 1650 (C=C) cm-'; 'H nmr (300 MHz) 6: 9.66 (t ,  1H, J = 
2 Hz, CHO), 5.87-5.72 (m, IH, CHZ=CH), 5.04-4.78 (m, 4H, 
CH2=CH and CHZ=C), 2.78-2.67 (m, IH, CHCH2C02H), 
2.49-2.42 (m, 2H, CHZCOrH), 2.07- 1.93 (m, 2H, CHz=CHCHZ), 
1.66 (d, 3H, J = 0.9 Hz, CH,), 1.56-1.42 (m, 2H, 
CHz=CHCH2CH2); ms mlz: 152 (M+, 0.2), 123 (12), 108 (1 I), 95 
(26), 81 (24), 69 (loo), 67 (29), 55 (21), 41 (16). 2,4-Dinitrophen- 
ylhydrazone derivative; mp 81 -83°C. Anal. calcd. for C16H,oN40,: 
C 57.82, H 6.07, N 16.86; found: C 57.93, H 6.24, N 16.73. 

(R)-3-(3-Buten-l-~~l)-4,4-di11~et/1ylbu~roactone (17) 
Compound 10 (0.1239 g, 0.39 mmol) (Entry 3 in Table I) was 

dissolved in ethanolic hydrochloric acid (5 mL of a solution prepared 
by the addition of 35% hydrochloric acid (4 mL) and ethanol (50 mL)) 
and the resulting mixture was refluxed overnight. After cooling, water 
(10 mL) was added and the product extracted with ether. The com- 
bined organic extracts were washed with saturated brine, dried 
(MgS04), and concentrated. The residue was distilled (bulb-to-bulb, 
0.35 Torr, 110- 120°C) to give 17 (0.0496 g, 75% yield); liquid; [a], 
-24.85" (c 0.780, CHCI,); ir v: 1780 (C=O) cm-'; 'H nrnr (300 
MHz) 6: 5.86-5.70 (m, 1H, CH2=CH), 5.12-5.01 (m, 2H, 
CH2=CH), 2.72-2.59 (m, IH, CHCHZC02), 2.37- 1.95 (m, 4H, 
CHzCOz and CH2=CHCH2), 1.67- 1.53 (m, 2H, CH2=CHCH2- 
CHZ), 1.45 (s, 3H, CH,), 1.26 (s, 3H, CH,); ms mlz: 168 (M', 14), 
153 (loo), 135 (45), 110 (35), 82 ( 3 3 ,  67 (65), 59 (44). 41 (62). 
Anal. calcd. for CIoHI6o2: C 71.39, H 9.59; found: C 71.20, H 9.59. 

Ethyl 2,6-heptadienoate (19) 
Following a similar procedure to that described for the preparation 

of 7, the monoethyl ester of malonic acid (37) (13.2 g, 100 mmol) was 
reacted with 6 (6.5 g, 77 mmol) in a mixture of pyridine (8 mL) and 
pyrrolidine (I .5 mL). Distillation (bulb-to-bulb, 0.05 Torr, 50-55°C) 
gave 19 (9.42 g, 79% yield); liquid; ir v: 1735 (C=O) cm-'; 'H nrnr 
(60 MHz) 6: 7.50-6.80 (m, IH, CH=CHCOZ), 6.10-5.50 (m, 2H, 
CHCOz and CH2=CH), 5.30-4.80 (m, 2H, CH2=CH), 4.18 (q, 
2H, J = 7 Hz, CH2CH,), 2.55-2.15 (m, 4H, CH2CH2), 1.24 (t, 3H, 
J = 7 Hz, CH?); ms ~ n l z :  154 (M+, I), 109 ( a ) ,  81 (loo), 80 (42), 
79 (28), 55 (25), 41 (59), 39 (34). Anal. calcd. for CPH 1402: C 70.10, 
H 9.15; found: C 69.64, H 9.50. 

2,6-Heptarlienal (18) via route shown in Scheme 3 
To a stirred solution of 19 (2.029 g, 13.2 mmol) in hexane (40 mL), 

at -20°C under argon, was added dropwise DIBAL (26.5 mL of I M 
solution in hexane) over I h. The reaction mixture after I h was 
allowed to warm to 0°C. Methanol (4 mL) was added, followed by 
water (1 mL) and sufficient dilute hydrochloric acid to acidify the 
reaction mixture. The product was extracted with ether, washed with 
1 N hydrochloric acid, saturated sodium hydrogen carbonate, satu- 

rated brine, dried (MgSO,), and concentrated. The residue (1.218 g, 
82% yield) was shown by 'H nmr to be a 4: 1 mixture of 20 and 21; 
'H nrnr (60 MHz) 6: 6.35-5.30 (m, 3.3H, CH=CHCH20H, 
CHz=CH of 20 and CHz=CH of 21), 5.25-4.85 (m, 2.5H, 
CH2=CH of 20 and of 21), 3.67 (t, 0.5H, J = 5.5 Hz, CHzOH of 
21), 2.90 (bs, 1.3H, disappears in D20, OH of 20 and of 21), 
2.40- 1.85 (m, 5.5H, CH2CH2 of 20 and CH2CH2CH2CH2 of 21). 

The crude mixture of 20 and 21 (1.218 g, 10.8 mmol) was oxidized 
by PCC (3.00 g, 13.9 mmol) in methylene chloride (35 mL) following 
the procedure of Corey and Suggs (I I). The crude product oil was 
washed with 0.4 M sodium metabisulphite (10 mL), extracted with 
ether, dried (MgSOJ, and concentrated. Distillation (bulb-to-bulb, 16 
Torr, 60-71°C (lit. (22) bp 16 Torr, 58-65"C)), gave 18, con- 
taminated by 3% of 22, (0.566 g, 39% yield from 19); liquid; ir v: 
1700 (C=O) cm-'; 'H nrnr (60 MHz) 6: 9.82 (t, 0.03H, J = 1.5 Hz, 
CHO of 22), 9.55 (d, IH, J = 8 Hz, CHO), 7.35-6.60 (m, 1H, 
CH=CHCHO), 6.40-5.50 (m, 2H, CHCHO and CH2=CH), 
5.30-4.85 (m, 2H, CH2=CH), 2.60-2.10 (m, 4H, CH2CHz). 

(E)-2,6-Heptadienal (18) vi~z route shown in Scheme 4 
Following the general procedure of Meyers et al. (26), 2,4,4,6- 

tetramethyl-5,6-dihydro- l,3-oxazine (3.6 13 g, 25.6 mmol) in THF 
(25 mL) was lithiated by the dropwise addition of 11-butyllithium (17.6 
mL of a 1.6 M solution in hexane, 28.2 mmol) at -78°C under argon 
over I h. After a yellow precipitate had formed, 6 (2.368 g, 28.2 
mmol) in THF (5 mL) was added dropwise over 0.5 h. The reaction 
mixture was allowed to warm slowly to room temperature and worked 
up as described by Meyers et al. (26) to give crude 24 (4.787 g, 83% 
yield); liquid; ir v: 3360 (0-H), 1670 (C=N) cm-I. Reduction of 
crude 24 (3.574 g, 15.9 mmol) by sodium borohydride (0.6 13 g, 16.1 
mmol) at pH 6-8 in the manner described by Meyers et nl. (26) gave 
crude 25 (3.543 g,  98% yield); liquid; ir v: 3350 (0-H) cm-'. Crude 
25 (3.543 g, 15.6 mmol) was added dropwise to a boiling aqueous 
solution (100 mL) of oxalic acid (7 g). The water azeotrope, which 
distilled off, was collected and the product extracted into ether, dried 
(MgSOJ, and concentrated to give 18 (0.769 g, 44% yield from 24); 
liquid; ir v: 1700 (C=O) cm-'; 'H nrnr (300 MHz) 6: 9.51 (d, 1H, 
J = 8 Hz, CHO), 6.90-6.81 (m, IH, CH=CHCHO), 6.18-6.09 
(m, IH, CH=CHCHO), 5.88-5.74 (m, IH, CH2=CH), 
5.11-5.02 (m, 2H, CH2=CH), 2.50-2.24 (m, 4H, CHZCH2); ms 
mlz: I10 (M', 4), 109 (14), 95 (32), 81 (loo), 79 (42), 41 (71). 

Racernic 3-isoproper~yl-6-hep1e1~al (3) via route shown in Scheme 5 
Following the general procedure described by Hashimoto et al. 

(21), 18 (0.349 g, 3.17 mmol) was condensed with racemic 26 (0.592 
g, 3.16 mmol) in benzene (16 mL) to afford, after work-up, crude 27 
(0.838 g, 95% yield); oil; ir v: 1735 (C=O), 1660 (C=N) cm-'; 'H 
nrnr (300 MHz) 6: 7.76 (d, 1H, J = 9 Hz, CH=N), 6.43-6.15 (m, 
2H, CH=CHCH=N), 5.90-5.72 (m, IH, CH2=CH), 5.11-4.92 
(m, 2H, CH2=CH), 3.30 (s, IH, CHCO,), 2.39-2.13 (m, 4H, 
CHZCH2), 1.47 (s, 9H, COzC(CH,)S, 0.98 (s, 9H, CHC(CH,),). A 
solution of the total crude 27 in THF (5 mL) was added dropwise to 
a stirred solution of isopropenylmagnesium bromide, prepared from 
isopropenyl bromide (I .  15 g, 9.5 mmol) and magnesium (0.23 g, 9.5 
mmol), in THF (20 mL) at -70°C. After 3 h the reaction mixture was 
allowed to warm up to - 15OC and was kept at this temperature 
overnight. Hydrolytic work-up, as described by Hashimoto etal. (21), 
followed by flash chromatography (10% etherlhexane) and sub- 
sequent distillation (bulb-to-bulb, 0. I Torr, 6575°C)  gave racemic 3 
(0.243 g, 50%), identical to 3 prepared via Scheme 1, as described 
above. 

(R)-3-Isopropenyl-6-heptenal(3) via route shown in Scheme 5 
In a manner similar to that described above for racemic 3, 18 was 

condensed with chiral26 and converted, under the conditions reported 
in Table 1, to 3 (43% yield); [a], -0.47" (c 7.89, CHCI,). 

( R ) - N - [ ( R ) - I - ( l - N a p h t h y l ) e t t ~ y l ] - 3 - i s o p r o p e n y l - 6 - h e p ~ e  (16) 
via route shown in Scheme 5 

Following the procedure described by Heath et al. (17), 3 (0.0883 
g, 0.58 mmol) in acetone (15 mL) was oxidized by Jones reagent (38) 
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(0.3 mL, 0.8 mmol) to give crude 12 (0.0823 g, 84% yield). This 
compound was converted, in a manner similar to that described above, 
to crude 16 (0.0959 g, 52% overall yield) and analysed directly by 
hplc. At identical retention times to those reported above, the 
(R,S)-diastereomer (I I min) eluted prior to the predominant 
(R,R)-diastereomer (13 min). Under identical hplc conditions, a 
preparation of 16 from a racemic mixture of 3 and its enantiomer gave 
two peaks of identical area at 1 I and 13 min, whereas for a preparation 
of 16 from optically active 3 and (S)-(-)-I4 the predominant 
(S,R)-diastereomer (I I min) eluted prior to the (S,S)-diastereomer 
(13 min). 

(4S,5S)-(+)-2-[I-(E-I ,5-Hexarliet~yl)]-4-merho.ry1nethyl-5-phenyl- 
2-oxazoline (30) 

Method A 
Following the procedure described by Meyers et a/.  (15), 28 (6.00 

g, 29.3 mmol) in THF (50 mL) was lithiated at -7S°C, and 6 (2.50 
g, 29.8 mmol) in THF (4 mL) was added dropwise. After the appro- 
priate work-up the product was treated with trifluoroacetic acid (6 
drops) in benzene (150 mL) and the mixture refluxed overnight; a 
Dean-Stark trap was employed to remove water. The cooled solution 
was washed with 5% sodium hydrogen carbonate, dried (MgS04), and 
concentrated. Flash chromatography (20% etherlhexane) gave 30 
(3.30 g, 26% yield); oil; [ a ] ,  50.31" (c 1.60, CHCI,); ir v: 1680 
(C=N) cm-'; 'H nmr (60 MHz) 6: 7.32 (s, 5H, C<,H,), 7.04-6.51 
(m, IH, CH=CHC=N), 6.31-5.52 (m, 2H, CH2=CH and 
CHC=N), 5.32 (d, lH, J = 7 Hz, OCH), 5.24-5.01 (m, 2H, 
CHZ=CH), 4.32-4.00 (m, IH, NCH), 3.66-3.46 (m, 2H, CHZO), 
3.40 (s, 3H, OCH?), 2.45-2.12 (m, 4H, CHZCH2); ms mlz: 271 
(M+, 1 I), 241 (6), 226 (loo), I82 (28), 151 (29), 134 (32), 119 (93 ,  
109 (44). 91 (60). 74 (37), 45 (39). 

Method B 
Crude 29 (8.056 g, 24.6 mmol), prepared by the method of Ziegler 

and Gilligan (27), and 6 (2.94 g, 35.0 mmol) were dissolved in THF 
(25 mL, containing two drops of water) and cooled to -78°C. Potas- 
sium tert-butoxide (3.4 g, 30.0 mmol) in THF (20 mL) was added 
slowly and the reaction conducted and worked up in the manner 
described by Meyers et al. (15) to give 30 (5.88 g. 89% yield), 
identical to 30 prepared by method A, described above. 

(4S,5S)-2-[I -(3-n-Butyl-5-hexen)~l)]-4-t?1et/~oxyt?1ethyl-5-phet1~~1-2- 
oxazoline (31) 

A solution of 30 (2.707 g, 9.99 mmol) in THF (30 mL) was added 
dropwise over I h to n-butyllithium (13.8 mL of a 1.6 M solution in 
hexane, 22.1 mmol) in THF (125 mL) at -7S°C under argon, and the 
mixture was stirred for 2.5 h at the same temperature. The reaction 
was quenched at -78OC by the addition of methanol (3 mL). The 
reaction mixture was allowed to warm up to ambient temperature, then 
treated with water (100 mL) and extracted with ether. The organic 
extracts were washed with brine, dried (MgS04), and concentrated to 
give crude 31 (2.949 g, 90% yield); ir v: 1655 (C=N) cm-I; 'H nmr 
(60 MHz) 6: 7.36 (s, 5H, CfiHS), 6.27-5.52 (m, lH, CH2=CH), 
5.32 (d, IH, J = 7 Hz, OCH), 4.31-3.98 (m, lH, NCH), 3.80-3.47 
(m, 2H, CH20), 3.40 (s, 3H, OCH3), 2.60-0.75 (m, 16H, aliphatic 
envelope); ms m/z: 321 (M+, 2), 284 (22), 222 (loo), 180 (84), 152 
(41), 124 (57), 99 (46), 83 (64), 55 (62), 41 (84). 

(4S,5S)-2-[I-(3-lsopropeny1-5-/1exe~1yl)1-5- 
phenyl-2-oxazoline (32) 

In a manner similar to that described above for 31, 30 was reacted 
with isopropenyllithium, prepared from tert-butyllithium and iso- 
propenyl bromide (39), to give after flash chromatography (40% ethyl 
acetatelhexane) 32 (0.680 g, 63% yield); ir v: 1660 (C=N) c m  '; ' H  
nmr (60 MHz) 6: 7.33 (s, 5H, CfiHS), 6.25-5.51 (m, IH, CH2=CH), 
5.30 (d, lH, J = 7 Hz, OCH), 5.22-4.78 (m, 4H, CH2=CH and 
CHZ=C), 4.32-3.95 (m, lH, NCH), 3.75-3.50 (m, 2H, CH20), 
3.43 (s, 3H, OCH,), 2.70- 1.05 (m, IOH, aliphatic envelope); ms 
mlz: 313 (M+, l),  224 (18), 193 (13). 165 (13), 136 (15), 109 (24), 
74 (loo), 55 (22), 43 (26). 

2-(5-Methyltetrahydroji1rat1yl)acetic acid (33) 
A solution of 30 or 7 (1.73-2.57 mmol) in 4 N sulphuric acid 

(10- 15 mL) was refluxed for 4 h. 'The reaction mixture was allowed 
to cool, and then was extracted with ether. The ether extracts were 
washed with brine, dried (MgSOJ, concentrated, and distilled (bulb- 
to-bulb, 1.20 $rr, 125- 135°C) t:5give 33 (62% yield from either 30 
or 7); liquid n,. 1.4532 (lit. (40) n,' 1.4520); ir v: 3 100 (0-H), 1720 
(C=O) cm-'; ' H  nmr (60 MHz) 6: 10.31 (s, IH, OH), 4.65-3.75 
(m, 2H, CHOCH), 2.55 (dt, 2H, J = 2 and 7 Hz, CH,CO,), 
2.40- 1.35 (m, 4H, CH2CH2), 1.23 (dd, 3H, J = 1.5 and 6 Hz, CH,); 
ms mlz: 144 (Mf ,  5). 1 1  1 (30). 102 (loo), 85 (87), 84 (38). 56 (82), 
55 (92), 43 (89). 41 (89). Anal. calcd. for C~HIZO,: C 58.32, H 8.39; 
found: C 58.32, H 8.32. 

3-n-Butyl-6-hepten-1-01 (34) 
A solution of crude 31 (0.416 g, 1.26 mmol) in 3% ethanolic 

hydrochloric acid (10 mL) was refluxed overnight. After cooling, the 
mixture was concentrated, water ( I0  mL) was added, and the resulting 
solution was neutralized and then extracted with ether. The organic 
extracts were dried (MgS04) and concentrated. The resulting viscous 
oil was dissolved in THF (7 mL), lithium aluminum hydride (0.15 g, 
3.90 mmol) added, and the reaction mixture stirred overnight at ambi- 
ent temperature. The reaction mixture was cooled to O°C and the 
excess hydridc destroyed by the slow addition of methanol (I mL), 
followed by water (10 mL). The product was extracted into ether, 
washed with brine, dried (MgS04), concentrated, and distilled (bulb- 
to-bulb, 0. I Torr, 66-77°C) to give 34 (0.094 g, 44% yield); liquid; 
[a],, - 1.18" (C 2.12, CHCI,); ir v: 3475 (0-H) cm-I; 'H nmr (300 
MHz) 6: 5.81-5.66 (m, IH, CHZ=CH), 4.98-4.83 (m, 2H, 
CHZ=CH), 3.54 (t, 2H, J = 7 HZ, CHZOH), 3.1 1 (bs, I H, OH), 
2.06- 1.92 (m, 2H, CHZ=CHCH2), 1.50-0.75 (m, 14H, aliphatic 
envelope); ms mlz: 137 (M+ - CH3 and H20, 0.5), 124 (M' - 
CHZ=CH2 and H20, 5), 123 (13). 113 (1 I), 110 (lo), 109 (6), 95 
(47), 8 1 (30), 69 (53). 67 (34), 55 (loo), 43 (30), 4 1 (60). Compound 
34 was oxidized by PCC to 3-11-butyl-6-heptenal (81% yield); ir v: 
1740 (C=O) cm--'; ms mlz: 168 (M+, 0.2). 150 (2). 2,4-Dinitro- 
phenylhydrazone derivative; mp 65-67°C. Anal. calcd. for 
CI7HZ4NJO4: C 58.61, H 6.94, N 16.08; found: C 58.42, H 6.87, 
N 15.80. 

N-[(R)-l-(Nap/~thyl)ethyl]-3-n-b~~tyl-6-/eptenanide (36) 
Jones reagent (38) (1.18 mL, 2.26 mmol) was used to oxidize 34 

(0.1285 g, 0.76 mmol), in a manner similar to that described above 
for 3, to give after distillation (bulb-to-bulb, 1.5 Torr, 130- 140°C) 
3-n-butyl-6-heptenoic acid (0.0605 g, 44% yield); ir v: 3105 (0-H), 
1720 (C=O) cm-I; 'H nmr (60 MHz) 6: 11.00 (bs, lH, OH), 
6.10-5.43 (m, IH, CH2=CH), 5.17-4.74 (m, 2H, CH2=CH), 
2.34 (d, 2H, J = 6 Hz, CH2C02), 2.28-0.80 (m, 14H, aliphatic 
envelope). Following a procedure similar to that described above for 
16, 3-tl-butyl-6-heptenoic acid was converted to crude 36 (0.1021 g, 
92% yield) and analysed directly by hplc. Separation of the two 
diastereomers was achieved in 0.75 h using 5% ethyl acetate in hexane 
at 1.0 mL/min. The predominant diastereomer eluted first. A sample 
of 36 was purified by flash chromatography (20% ethyl 
acetatelhexane); ir v: 3320 (N-H), 1640 (C=O) cm-I; ' H  nmr (300 
MHz) 6: 8.13-7.38 (m, 7H, Cl()H7), 5.98-5.86 (m, 2H, NH and 
CHNH), 5.78-5.62 (m, IH, CHZ=CH), 4.97-4.86 (m, 2H, 
CH2=CH), 2.14- 1.85 (m, 5H, CH2=CHCH2CH2CHCH2), 1.63 
(d, 3H, J = 6 Hz, CHCH?), 1.39- 1.16 (m, 8H, (CHZ),CH3 and 
CH2=CHCH2CH2), 0.86 (t, 3H, J = 6.5 Hz, CH2CH1); ms tn/z: 337 
(M', 15), 213 (29), 170 (19). 156 (38), 155 (loo), 153 (17), 55 (19). 
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The synthetic route to 6-chloromercuricholest-5-en-3~-ol has been studied and the yield improved from 2% to 20%. 
The reaction of 6-chloromercuricholest-5-en-3~-ol with fluorine, chlorine. bromine, and iodine has been examined. 
6-Bromocholest-5-en-3P-ol and 6-chlorocholest-5-en-3P-01 have been directly prepared from 6-iodocholest-5-en-3P-ol using 
cuprous halides. A new intermediate, 6-tosyloxycholest-5-en-3P-01, has also been synthesized by the action of silver tosylate 
on 6-iodocholest-5-en-3P-01. The structures of the compounds were proven by a combination of high-resolution 'Hmr and 
"Cmr. A new crystal modification of 6-chloromercuricholest-5-en-3~-ol has been found. 

RICHARD J .  FLANAGAN, F. PETER CHARLESON, EYVIND I. SYNNES, LEONARD I. WIEBE, YVON X. THERIAULT et THOMAS 
T. NAKASHIMA. Can. J .  Chem. 63, 2853 (1985). 

On a Ctudit la voie d'accks au chloromercuri-6 cholestene-5 01-3P et on a amCliorC le rendement de 2% B 20%. On a Ctudit 
la rkaction du chloromercuri-6 cholestkne-5 01-3P avec le fluor, le chlore, le brome et I'iode. Faisant appel B la reaction des 
halogCnures cuivreux avec I'iodo-6 cholestkne-5 ol-3P. on a rtalisC des syntheses directes des bromo-6 et chloro-6 cholostkne-5 
01s-3P. On a Cgalement synthCtisC un  nouvel intermtdiaire, le tosyloxy-6 cholestkne-5 01-3P, en faisant rkagir le tosylate 
d'argent sur I'iodo-6 cholestkne-5 01-3P. La rmn du 'H et du "C a haute rtsolution a permis d'Clucider les structures des 
composCs. On a trouvt une nouvelle modification cristalline du chloromercuri-6 cholestkne-5 01-3P. 

[Traduit par le journal] 

Introduction 
The need for high speed stereospecific methods for the intro- 

duction of radioligands into organic molecules has necessitated 
the development of novel synthetic methods. Some of the 
newer methods developed recently involve the reaction of se- 
lected organoboron (1-3), organotin (4), and organothallium 
compounds (5) with elemental iodine. We have chosen to ex- 
amine the feasibility of using organomercury compounds for 
this procedure. We felt that organomercury compounds offered 
a number of advantages over other organometallic inter- 
mediates in that they are easily accessible from organic halides, 
olefins, and aromatic amines. Such is not the case for organotin 
and especially organoboron compounds. Furthermore, organo- 
mercury compounds are known in the three common forms 
required for most labelling procedures, i.e. aliphatic, vinylic, 
and aromatic. We chose a vinyl organomercury compound as 
our first compound, as it would offer the most difficulties from 
the point of view of competing reactions since vinyl systems 
have considerable reactivity with the common halogens. A 
useful starting point for this study was 6-chloromercur- 
icholest-5-en-3P-01 (I)  first prepared by Merz (6, 7) in 1926. 
This compound has been used recently in the preparation of 
6-iodocholest-5-en-3P-01 (2) which is the precursor for 
['3'I]-6-iodocholest-5-en-3P-ol (8, 9). This latter compound 
shows great promise as an adrenal imaging agent (10). This 
recent interest in the use of ['1'I]-6-iodocholest-5-en-3~-ol for 
adrenal imaging has required the preparation of large quantities 
of this compound and its precursor, 6-chloromercuricho- 
lest-5-en-3P-01 (1). 'The standard approach has been the reac- 
tion of cholesterol with mercuric acetate, a method that pro- 

ceeds with low yield. This reaction was examined in order to 
optimize the conditions and we have improved the yield from 
2% to 20%. We have also prepared 6-bromocholest-5-en-3P-01 
(3) and 6-chlorocholest-5-en-3~-ol(4) directly from 1 and indi- 
rectly from 2. A detailed structural analysis (1 1) of these com- 
pounds was also carried out, since it is well known that rear- 
rangements are very common in cholesterol molecules with 
functionalities at the 6-position (12, 13), and as part of an 
ongoing program to study structure-activity relationships in 
steroids. ' 

Discussion and results 
The reaction of cholesterol with mercuric acetate is compli- 

cated by a number of competing routes (see Scheme 1). These 
arise out of the decomposition of the mercurinium ion (5) 
formed when mercuric acetate adds to the 5,6 double bond of 
cholesterol. Two of these routes comprise the major course of 
the reaction and result from the loss of a proton from 5 to form 
either a 4,5 or a 5,6 double bond. The formation of the 4,5 
double bond gives the allylic mercuriacetate (6 )  which reacts 
further with mercuric acetate via the Triebs reaction (14, 15) to 
give the vinylic acetate (7). The percentage yield of this com- 
pound can be estimated from the recovered mercurous acetate, 
which precipitates out during the course of the reaction and is 
about 60%. The formation of a 5,6 double bond from the 
decomposition of 5 gives rise to the desired vinylic mercuri- 

'This paper is Part 1 of a series. Part 2 is "High Specific Activity 
Syntheses of ['"I] and ["'I]-6-Iodocholest-5-en-3P-ol" and Part 3 is 
"The Synthesis of [ 7 7 ~ r ]  and [X~~r]-6-Bromocholest-5-en-3-P-ol". 
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! H~(OCOCH,), 

HO &caH,, id.' 

COCH, 

I 

I l l  

HO' 8 
acetate (8). This route would appear to be an unusual one 
for the decomposition of mercurinium ions, and very few 
examples exist in which mercuric acetate addition to a double 
bond results in substitution for a vinylic hydrogen (16, 17). 
Such examples as exist all involve mercurinium ions that pos- 
sess good carbonium stabilization at one of the vinyl carbons. 
It would appear that a carbonium ion at C-5 of the cholesterol 
has some of these stable properties. 'The complexity of the 
product mixture is greatly simplified on treatment with 1 % HC1 
in aqueous sodium chloride, giving rise to a further mixture 
consisting mainly of 6-acetoxycholest-5-en-301 (7) (60%) and 
the desired product, 6-chloromercuricholest-5-en-3P-01 (1) 
(40%). Since the mixture becomes simplified, it is reasonable 
to assume that some of the components rearrange in the pres- 
ence of acid to form 1 ,  the most likely candidate being 6 .  This 
mixture can be separated by preparative centrifugal chro- 
matography on silica gel and after crystallization from acetone 
the 6-chloromercuricholest-5-en-3P-01 is obtained in 20% 
yield. 

The 6-chloromercuricholest-5-en-3P-01 prepared in this 
fashion generally has a melting point of 208°C but sometimes 
material with a melting point of 154°C is obtained. The lower 
melting allotrope is produced from highly saturated solutions 
and is quite amorphous when compared to the needles of the 
higher melting point allotrope. Merz (6) also observed this 
lower melting point form but ascribed it to a double compound 
of 6-chloromercuricholest-5-en-3P-01 and cholesterol. We 
have examined this lower melting allotrope extensively and 
found it to be pure 6-chloromercuricholest-5-en-3P-01 by both 
I3Cmr (1 1) and combustion analysis. The lower melting allo- 

x 
1  = HgCl 
2 = I  
3  = Br 
4 = C1 

12 = F 
13 = OTs 

trope can be converted to the higher melting allotrope by care- 
ful recrystallization from acetic acid. The lower melting allo- 
trope appears to be the same crystal modification as found in all 
other 6-halocholest-5-en-3-01s that have melting points in the 
range 147- 154°C. Such behaviour, in which molecules of 
similar structure have very similar melting points, is well 
known for cholesterol compounds (18-20). 

6-Chloromercuricholest-5-en-3P-01 reacts rapidly with ele- 
mental iodine at room temperature to give a quantitative yield 
of 6-iodocholest-5-en-3P-01 (2). We have tried this reaction in 
various solvents including methanol, ethanol, acetone, chloro- 
form, and hexane and found it to proceed well in all. Shortly 
after the beginning of the reaction a violet precipitate of mercu- 
ric chloroiodide forms, which must be removed before the 
product is crystallized from the reaction solvent. A similar 
reaction occurs for iodine monochloride, giving only 2 and no 
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measurable amount of 6-chlorocholest-5-en-3~-ol (4). This 
implies that the reaction of halogens with the carbon-mercury 
bond proceeds via a polarized intermediate state in which the 
more electropositive of the halide pair becomes joined to the 
carbon. This fact is of paramount importance for the use of 
these organomercury compounds as substrates for the intro- 
duction of halogen radiolabels into carbon skeletons. 

The reaction of 1 with elemental bromine is quite similar to 
that for iodine, but is slower, and care must be taken to avoid 
an excess of bromine, in which case addition of bromine to the 
5,6 double bond takes place. This is easily accomplished by 
slow addition of the bromine and by monitoring the disap- 
pearance of the yellow colour due to the excess bromine. An 
alternative solution to the problem of addition to the double 
bond is the use of N-bromosuccinimide. This reagent reacts 
smoothly with 1 to give the monobromo product 3. This obser- 
vation is particularly important for labelling applications since 
it allows the perparation of 3 using radiobromide. The reaction 
of 1 with pyridinium bromide perbromide is more controlled 
than that for elemental bromine but some addition to the double 
bond can still take place if an excess is present. 

The reaction of 6-chloromercuricholest-5-en-3P-01 with 
chlorine gas is not successful, since the addition of chlorine to 
the 5,6 double bond proceeds faster than the cleavage of the 
carbon-mercury bond. The main product is 5,6,6-trichloro- 
5a-cholestan-3P-01 (10) resulting from addition to the double 
bond followed by cleavage of the carbon-mercury bond. The 

use of very dilute solutions of chlorine in methanol in conjunc- 
tion with slow addition resulted in the formation of some 
6-chlorocholest-5-en-3P-01, but the amount was less than 10%. 
N-Chlorosuccinimide does not react with the carbon-mercury 
bond of 1 nor does it add to the 5,6 double bond. This a very 
fortunate circumstance since N-chloro species are commonly 
used for oxidizing iodide to iodine monochloride in labelling 
reactions. This fact also allows for some improvement in the 
yield of 4 by generating the C1, in situ using chloride ion and 
N-chlorosuccinimide in ethanollwater as solvent. This results 
in a small steady-state concentration of CI, and permits a mod- 
erate improvement in the yield of 4 to 20%. Because it would 
appear that N-chloro bonds are not sufficiently reactive to at- 
tack the carbon-mercury bond, it was of interest to see if an 
0-chloro bond might achieve this goal, since oxygen is more 
electronegative and the 0-chloro bond should be more 
polarized. Such is indeed the case and 6-chloromercuri- 
cholest-5-en-3P-ol undergoes a rapid reaction with tert-butyl 
hypochlorite to form a complex mixture. The major component 
of this mixture, upon examination by mass spectroscopy, ap- 
peared to be an oxychloro derivative (tentatively assigned 
structure 11) but no further structural determination was carried 
out. 

The reaction of 1 with fluorine gas was also investigated but 
no direct reaction of fluorine and the carbon-mercury bond 
could be detected and no 6-fluorocholest-5-en-3~-ol (12) could 

be found in the resulting mixture. A number of different 
methods of introducing the fluorine gas were examined, in- 
cluding 5% fluorine in neon at various temperatures from -78 
to 25OC and in various solvents such as carbon tetrachloride, 
Freon-1 1, chloroform, and acetic acid. Other reactions exam- 
ined included the use of acetyl hypofluorite (21) and xenon 
difluoride. The chemical literature contains no record of chlo- 
romercury groups reacting with fluorine to form carbon- 
fluorine bonds. 

6-Chlorocholest-5-en-3P-ol was produced by treating 6- 
iodocholest-5-en-3P-01 with excess cuprous chloride in DMF at 
50°C for 24 h. The nature of the carbon-iodine bond in 2 is 
such that it is very resistant to nucleophilic exchange (8) but, 
since the mechanism for halide exchange with cuprous halides 
is a ligand exchange process, it proceeds well in this instance. 
The same method also allows exchange of bromine for iodine 
using Cu,Br2 and 2, giving a quantitative yield of 3. Since 
halide exchange using cuprous halides is known to proceed 
with retention of configuration (22) for vinyl halides, this cor- 
relation of the structure of 6-chloromercuricholest-5-en-3~-ol 
with the previously known 6-chlorocholest-5-en-3P-01 (18) 
offers the first chemical structure proof for 1. 

Nucleophilic exchange at the 6-position of cholesterol is 
very difficult and proceeds only for the iodo compound 2 (8). 
Elevated temperatures and a large excess of nucleophile are 
required. We have been unable to exchange the bromine atom 
in 3 or the chlorine atom in 4 using even the most forcing 
conditions without destroying the molecule, usually by loss of 
the C-3 hydroxyl group and with formation of a double bond. 
The methods examined for exchange included the melt method 
with lithium, sodium, and potassium halides, dipolar aprotic 
methods using solvents such as DMF and DMSO, and catalytic 
methods with cuprous cyanide, chloride, and acetate. This 
unusual stability of halides attached to the 6-position of choles- 
terol is of course a favourable circumstance since it probably 
contributes to the in vivo stability of such molecules and ac- 
counts at least in part for the success of ['3'I]-6-iodocholest- 
5-en-3P-01 as an adrenal imaging agent. Since, as we have 
already shown, these halides can be introduced electro- 
philically, the resistance to nucleophilic exchange is an added 
advantage. 6-Tosyloxycholest-5-en-3P-ol(13) can be prepared 
by the reaction of 2 with excess silver tosylate in DMF at 
110°C. As is the case with 6-halocholest-5-en-3P-ols, how- 
ever, the tosyl group in this compound is difficult to exchange. 

A major concern of this work was the confirmation of the 
proposed structure for 1 and the corresponding halides 2 ,3 ,  and 
4. In particular, we wished to prove that the chloromercury 
function in 1 was indeed attached at the 6-position. Despite the 
fact that 1 has been known since 1926, no rigorous deter- 
mination of its structure has yet been made. Since the synthetic 
route to 1 is quite unusual and involves the substitution of a 
vinylic hydrogen of cholesterol by an acetoxymercury group, 
there is some real doubt as to the position of the mercury 
function in the molecule. ~urthermor;, since the mechanism of 
formation of 1 must involve either a carbonium ion at C-5 or 
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TABLE 1 I3C chemical shifts of 6-substituted cholest-5-en-3P-01s 

Compound 

Carbon 1 2 3 4 

"All values are in ppm relative to TMS in CDCI, at ambient temperature. 

a mercurinium ion across the C-5,6 double bond, the possibility 
of a rearrangement must be taken into consideration. The ho- 
moallylic rearrangement has been found to occur for 19-iodo- 
norcholesterol (14), a radiolabelled adrenal imaging agent (23). 

R 

HO 

14 

A further reason for confirming the structure of these com- 
pounds was provided by their apparently different physical 
properties when compared to cholesterol. In this sense they are 
much more stable towards oxidative decomposition than cho- 
lesterol. Although 2, 3, and 4 would not be expected to react 
facilely via a nucleophilic mechanism, they exhibited an extra- 
ordinary resistance to any such reaction. These properties were 
mirrored in the excellent in vivo stability of both 2 (8) and 3 
(see footnote 1, Part 3 and ref. 24). The vinyl iodide 2, in 
particular, is one of the more stable iodides that we have yet 
studied (25). These properties, in conjunction with the mech- 
anistic considerations mentioned earlier, led to some serious 
doubts as to the correct structure of this series of compounds. 
Because of the difficulties involved in chemical trans- 
formations of these compounds we chose to undertake a rig- 
orous spectroscopic study. Since a major problem in the design 
of radiohalogen labelled radiopharmaceuticals is the sub- 
sequent in vivo loss of the label, it was hoped that the structural 
information collected in this fashion would help in the design 

of other radiolabelled pharmaceuticals with greater in vivo 
stability. 

The "Cmr data for 1 ,  2, 3, and 4 are contained in Table 1. 
The assignments of the various carbons were made by analogy 
with the published spectrum of cholesterol (26) and through the 
use of the gated 'H decoupled I3C spin echo technique 
(GASPE) developed in these laboratories (27, 28). This tech- 
nique allows the facile determination of the multiplicity of an 
individual carbon resonance. The assumption was made that 
the structures were as proposed and, therefore, that differences 
between the spectra of 1 ,  2, 3, 4, and cholesterol could be 
rationalized on the basis of known shift parameters. Fortu- 
nately this was the case. If one considers the non-olefinic 
carbons, the only major differences discernible between the 
"Cmr spectra of cholesterol and the compounds under consid- 
eration occur for carbons 4, 7 ,  8 ,  and 10. Since carbon 10 is a 
singlet and carbon 8 is a doublet these resonances are easily 
reassigned in their shifted positions. Carbons 4 and 7 are both 
triplets and their assignment therefore might lead to some am- 
biguity. When one compares the positions for these new triplets 
in the spectra of 1 ,  2, 3, and 4 there is only one rational 
assignment that can be made, since such an assignment must 
conform to the known shift parameters for halogens. This re- 
quired the arrangement of the resonances for C-4 and C-7 in 
such a manner that they both demonstrated a decreasing pattern 
of shifts from 1 to C1. It was also noted that, whereas the 
olefinic resonances for cholesterol are a doublet and a singlet, 
in 1, 2, 3, and 4 these resonances appear as singlets, con- 
firming the presence of a functionality at C-6. The shifts ob- 
served on the introduction of the various functionalities into the 
cholesterol skeleton are given in Table 2. Also included in this 
table are the predicted values for these shifts where such values 
are available (29). These shifts are best considered in terms of 
a ,  (3, y ,  and 6 effects. The high positive value for the shift 
observed in 2 at C-7, which is (3 to the iodine at C-6, is without 
precedent. Such an abnormally high value must be taken in the 
context of the abnormal negative value for the shift of the C-6 
carbon. Apparently the iodine in 2 is electropositive with re- 
spect to the double bond and, if one assumes a partial negative 
charge at C-5 and a corresponding positive charge at C-6, one 
can explain the effect. This must also be partially responsible 
for the absence of any observed y-gauche effect at C-4. In fact 
C-4 shows a downfield shift. However, no y-gauche effect 
would be expected at C-8 or C-10 since these atoms are y-anti 
to C-6. A y-gauche effect of some degree would be expected 
at C-4, since it is known this effect is related to the removal of 
1,3-diaxial hydrogen interactions (30) such as might be ex- 
pected for the C-4 equatorial hydrogen and the C-6 pseudo- 
equatorial hydrogen. It appears that the absence of a y-gauche 
effect at C-4 is due to an overiding downfield inductive effect, 
which is in turn caused by the partial negative charge at C-5. 
This inductive effect should be observed at both C-4 and C-10, 
although not necessarily to the same degree, and C-4 should 
have an additional upfield component due to an expected 
y-gauche effect. The effects observed at C-8 should be due to 
the corresponding partial positive charge at C-6, and C-8 does 
indeed show small but consistent downfield shifts in the 
series 4 to 2. In summary, although the y effects observed are 
probably due to a combination of inductive and steric effects, 
they can be rationalized to some extent. Any further analysis of 
these effects is hampered by the lack of available literature 
values for alicyclic vinylic halides. The 6 effects observed 
are too small to be significant and, futhermore, shifts in choles- 
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TABLE 2." '" induced chemical shifts of 6-substituted cholest-Sen- 
3P-01s compared to cholesterol 

Compound 

Position 1 2 3 4 

Carbon 6 Measured +25.0 -20.7 -0.8 +5.8 
Expected -38.0 -8.0 +3.0 

Carbon 5 Measured +6.7 +3.3 -2.3 -5.1 
Expected +7.0 -1.0 -6.0 

Carbon 7 Measured +9.9 +15.2 +8.2 +4.5 
Carbon 4 Measured +6.7 +6.8 + 1.3 - 1.7 
Carbon 8 Measured + 1.9 +3.6 +2.2 + 1.2 
Carbon 10 Measured +4.3 +4.8 +4.0 +2.8 
Carbon 3 Measured -0.4 -0.9 -1.1 -1.1 
Carbon 9 Measured -0.6 -0.2 -C.5 -0.5 
Carbon 14 Measured -0.2 -0.6 -0.5 -0.5 
Carbon 19 Measured +0.7 +0.4 +O. 1 +0.1 

"All values are in ppm and are the differencc between the published values 
for cholesterol (25) and the various compounds measured in deuterochloroform 
at ambient temperature. The expected values for C-5 and C-6 are taken from 
ref. 10. 

TABLE 3." '3C-'y9H coupling constants 

Coupling Measured Expected 

J ( "c6- ' y y ~ g )  1079 
J (13Cs - ' yy~g)  36 
J (13C7-'yyHg) Not found 
J ( "CK- I y 9 ~ g )  160 

"All coupling values are in hertz and were measured in deuterochloroform 
at ambient temperature. The expectcd valucs for C-5 and C-6 are taken from 
ref. 34 and the values for C-7 and C-8 are from ref. 35. 

terol are known to be concentration and temperature dependent 
(31, 32). 

Further evidence comes from the observation of the "'Hg 
satellites in the spectrum of 6-chloromercuricholest-5-en-3P-01 
(1). The natural abundance of I9'Hg is 16% and it is the only 
mercury isotope with a nuclear spin of 112. One might therefore 
expect to observe satellites on either side of selected carbon 
resonances in 1 with intensities of 8% each. In practice, the 
amplitude of these satellites is known to show solvent de- 
pendency (33) but is was nevertheless possible to observe three 
sets of such satellites. These were found for the resonances of 
carbons 5, 6, and 8. We also anticipated finding satellites on 
the resonance of C-7 but they were obscured by the close 
proximity of the resonances due to C-13, C- 10, C- 12, and 
C-24. It is also possible that the '3C-'99Hg coupling is too small 
to be observed since such a coupling would be expected to be 
of the order of 30-50 Hz, which is close to the bandwidth at 
the base of the peak. The couplings observed correspond 
closely to those observed by other investigators (34). These 
coupling constants and their expected values are shown in 
Table 3. It was assumed, when choosing the expected values 
for the C-7 and C-8 coupling constants, that the B ring of the 
cholest-5-ene system was a quasi chair and that the expected 
values for the coupling constants would be intermediate be- 
tween those found for boat and chair chloromercuri-cyclohexyl 
systems. Although a Karplus equation for the dependence of 
these couplings on bond angles has been developed (35), we 
found that the observed values bore an excellent similarity to 
those in conformationally mobile cyclohexyl systems and 
chose the latter on the assumption that those values, being an 

TABLE 4." 'H chemical shifts of 6-substituted cholest-5-en-3P-01s 

Proton 1 2a 2b 3 4 

"All shifts are in ppm and were measured in CDCli except for 26 which was 
measured in pyridine-d,, nf = not found. 

TABLE 5." 'H-'H coupling constants 

Coupling 1 2a 2b 3 4 

nrn 
nrn 
I I 
nrn 
14 
nm 
nm 
nm 

"All couplings are in Hertz and were measured in CDCI? except for Zb which 
was measured in pyridine-d,. nm = not measured. 

average of boat and chair values, represented a quasi chair. 
Since '3C-'"Hg coupling constants are very sensitive to 
changes in bond angles, the excellent correlation between the 
observed and expected constants serve to confirm the quasi- 
chair conformation of the B ring. This fact, in conjunction with 
the lack of any observed steric effects in I3Cmr shifts of B ring 
carbons, implies that the introduction of bulky functional 
groups such a chloromercury group into the 6-position of cho- 
lesterol causes remarkably few conformational changes in that 
ring. 

The 'Hmr spectra for these compounds also provide some 
structural evidence. Generally, 'Hmr spectroscopy of choles- 
terol species is complicated by the close proximity of all the 
resonances (36), and all the protons of cholesterol except the 
olefinic protons occur in an envelope of 3 ppm. This problem 
is lessened in the case of the current compounds because the 
functionalities at C-6 serve to shift the protons at C-4 and C-7 
downfield. This is fortunate since it is these protons that pro- 
vide the structural information. It is possible tb clearly observe 
the resonances of the C-3, C-4, C-6, and, sometimes, the C-7 
protons and in most cases to determine their coupling con- 
stants. The observable resonances for some of the A and B ring 
protons of 1 ,  2,3 ,  and 4 are given in Table 4 and their coupling 
constants are given in Table 5. In the case of 2, the 'Hmr 
spectrum was measured in CDC1, and also in perdeutero- 
pyridine in order to distinguish between the resonances of the 
7ax and 4ax protons, which overlap in chloroform. Decoupling 
experiments were carried out only on 2 and 3 and the identity 
ofthe various resonances was deciphered in this manner. This 
information was then applied to the spectra of 1 and 4. No 
major differences in shifts or couplings between the four com- 
pounds were observed but the spectrum of 1 was complicated 
by the additional couplings between '"Hg and the various pro- 
tons. In only a few cases was it possible to determine coupling 
constants. In the case of 2 it was possible to observe the 8ax 
proton and this provided some very useful information. This 
proton was shown to be coupled to the 7eq proton with the 
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Frc. 1 .  Contour plot of the 2D heteronulce 

expected syn coupling of 5.5 Hz. When 7eq was decoupled, 
8ax collapsed to a symmetrical quartet with a coupling of 1 1  
Hz. The implication of this was clear. There is only one proton 
in the entire ring system of cholesterol that has three tmns- 
diaxial interactions, and that is the 8ax proton. This proton is 
also coupled in a syn manner to another proton that is shifted 
substantially downfield by the introduction of a chloromercury 
function or a halogen atom. Since there is only one proton that 
is syn to 8ax, and that is the 7eq proton, the introduced func- 
tionality must be at C-6. The observed proton-proton coupling 
constants, although less sensitive to changes in conformation 
than the corresponding carbon-mercury coupling constants, 
are in good agreement with the quasi-chair nature of the B ring. 

A further experiment was undertaken to correlate the assign- 
ments of the "Cmr spectrum of 1 with that of the 'Hmr spec- 
trum. This involved a new technique developed in these labora- 
tories (37) in which a two-dimensional spectrum is produced 
that shows which protons in the 'Hmr spectrum are coupled to 
which carbons in the "Cmr spectrum. This two-dimensional 
spectrum is shown in Fig. 1. The vertical lines in the diagram 
correspond to correlations between the "Cmr and 'Hmr spectra 
of 1. It can be seen that the assignments for C-3, C-4, and C-7 
in both spectra can be verified. The C-3 protons show as a 
multiplet, the C-4 protons as an AB doublet, and C-7 protons 
also as an AB doublet. Using this method it is possible to 
identify all the protons in the 'Hmr spectrum and measure their 
shifts. As a result of this it was possible to confirm all the 
structural assignments made for 1 in both "Cmr and 'Hmr. 

ar  '"-'H shift correlation experiment. 

The evidence presented so far serves to confirm the structural 
assignment made for 1, 2, 3, and 4. It was also of interest to 
see if this spectroscopic evidence could provide any further 
information to explain the unusual properties of these mole- 
cules. The first point to emerge is that there are remarkably few 
steric effects to be observed from the introduction of such bulky 
functional groups as chloromercury and iodine into the 6- 
position of cholesterol. This is evident from both I3Cmr and 
'Hmr, where the observed shifts were explainable mainly on 
the basis of inductive effects. If the carbon skeleton of 1 or 2 
were conformationally altered from that of cholesterol, then 
there would have been greater differences in the resonances of 
carbons outside the zone of inductive effect and this was not 
found. 

The "Cmr data show that, compared to cholesterol, 2 dem- 
onstrates greater perturbations than 3. This behaviour is mir- 
rored in biological behaviour. The uptake of 6-iodocholest- 
5-en-3P-ol(2) in the adrenal glands is efficient but the evidence 
indicates that it becomes metabolically trapped there (10). In 
the case of the 6-bromocholest-5-en-3P-o1(3), where the I3Cmr 
inductive effects are of a lesser degree than for 2, both "Cmr 
and 'Hmr indicate a remarkable similarity between this com- 
pound and cholesterol itself. The I3Cmr shifts for C-5 and C-6 
in 2 are practically identical to those for cholesterol and the 
greatest difference occurs for C-7 (+8.2 ppm). In fact 3 is 
taken up in the adrenals but, in addition, it passes through the 
metabolic chain and is released as a bromosteroid (see footnote 
1,  Part 3 and ref. 24). 
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We anticipate using nmr spectroscopy as a tool to evaluate 
structural activity relationships in the design of future radio- 
pharmaceuticals. It would appear that '"mr spectroscopy, 
with its wider range of resonances and its greater sensitivity to 
steric effects, is better suited to this task. 

Experimental 
All reagents and solvents were reagent grade and were used without 

further purification. Thin-layer chromatographic (tlc) analysis was 
carried out on silica gel Whatman MK6F micro plates using 7% 
methanol in chloroform as developing solvent. High-pressure liquid 
chromatographic (hplc) analysis was carried out using a Waters CN 

radial compression column and methanol/chloroform/hexane 
10 : 20 : 70 as solvent. Preparative hplc separations were performed 
with a Whatman M9 10150 PAC Partisil column and meth- 
anol/chloroform/hexane 5 : 20 : 75 as solvent. All melting points are 
uncorrected. 

The I3cmr spectra were measured either on a Bruker WH-200 at 
50.3 MHz or a Bruker AM-300 at 75.4 MHz. The 'Hmr spectra were 
measured either on a Bruker WH-400, a Bruker WH-200, or a Bruker 
AM-300 at the stated frequencies. Except in the case of 2, all spectra 
were measured in CDCI, at ambient temperature using tetra- 
methylsilane as a reference. For the 'H-',C heteronuclear shift cor- 
relation experiment (38), the following pulse sequence was used: 

(90x) 'H-t1/2-(180x) "C-t1/2 - T - (180x)'H(90+) I3C - T- (04 )  'H(180x) I3C - T - acquis "C 

DEPT 

where (90x)'H represents a 90" 'H pulse directed along the x-axis. 
+ and 4 are phase cycled as follows: + = x, y, -x, -y and 4 = y, 
-x, -y, x to suppress the Boltzmann contribution to the "C signal 
and to allow quadrature detection in the f l  domain. tl is incremented 
in the normal fashion, T is fixed at 1/(2JcH), and the 13C signal is 
acquired with 'H broadband decoupling. Transverse 'H magnetization 
is created by the first 90" 'H pulse and is allowed to precess freely 
during the t, interval, thus labelling 'H magnetization with their char- 
acteristic frequency (or chemical shift). The 180" "C pulse in the 
middle of this period serves to remove the large directly bonded 
coupling (38). Polarization transfer of the "labelled" 'H magnetization 
to I3C is accomplished by the Distortionless Enhancement by Polar- 
ization Transfer (DEPT) (39) part of the sequence. The amount of 'H 
polarization transfer to the carbon spin is dependent upon the 4 ,  the 
final 'H pulse angle, and its functional form depends upon the number 
of protons directly attached to the carbon. The amplitude of the I3C 
signals will be modulated at the chemical shift of the directly bonded 
'H as t l  is incremented, and Fourier transformation along the f l  domain 
will yield 'H chemical shift information. 

Mass spectra were measured with a Hewlett-Packard 5995 mass 
spectrometer and only significant peaks over 10% of the base peak are 
reported. Five percent fluorine in neon was supplied by Matheson Gas 
Products. 

6-Chloromercuricholest-5-en-3P-01 ( I )  
Fifteen grams of cholesterol in 60 mL of boiling acetic acid was 

added to 36 g of mercuric acetate in 60 mL of boiling acetic acid. The 
mxiture was stirred vigorously while continuing to boil for another 
6 min and then cooled to room temperature using an ice bath. Mercu- 
rous acetate started to precipitate at this point. The precipitate was - - 
collected and washed with 20 mL of acetic acid. Thecombined 
filtrates were then added to 800 mL of saturated NaCl solution con- 
taining I% HCI and stirred for 2 h. The yellow precipitate was col- 
lected by filtration and air dried overnight. This precipitate was sus- 
pended in a mixture of 250 mL each of diethyl ether and water. The 
aqueous layer was discarded and the ether layer washed once with I% 
sodium bicarbonate and twice with saturated sodium chloride solution. 
The ether layer was dried over calcium chloride and concentrated in 
vacuo. The yield at this point was 20 g of 50% pure material. 

This crude material was chromatographed in batches of 3 g on 
100 g of silica gel (tlc grade) using chloroform as solvent on a Hitachi 
CLC-3 centrifugal chromatograph. The 6-chloromercuricholesterol 
was the third fraction to exit and was 95% pure. The combined 
6-chloromercuricholest-5-en-3~-ol fractions were dissolved in an ex- 
cess of acetone and the solution let stand for 10 days at room tem- 
perature while the crystals of 1 slowly formed. Colourless needles 
(>99%) were collected; yield 5 g, 20% of theory; mp allotrope(1) 
208"C, allotrope(2) 154°C; tlc, rf = 0.4; 'Hmr(CDC1,): 3.6 (m, IH), 
2.69 (m, lH), 2.35(m, 2H), 2. I - 1.8(m, 5H), 1.6-0.65(complex); 
ms (DIP, El 70 eV): 624(M+, 0.2), 623(M+, 0.2), 622(M+, 0.5), 
621(M', 0.3), 620(M', 0.4), 619(M+, 0.3), 618(M+, 0.2), 386(19), 
385(14), 368(16), 318(10), 201(17), 159(20), 144(19), 133(30), 
107(35), 105(37), 95(45), 9 1 (43), 7 1 (60), 57(100). Anal. calcd. for 
C27H450HgCI: C 52.10, H 7.30, CI 5.71; found: C 52.17, H 7.30, C1 

6-lodocholest-5-e11-3P-ol (2) 
To a solution of 30 mg of 1 in 10 mL of chloroform a saturated 

solution of iodine in chloroform was slowly added until the purple 
colour was sustained. The chloroform solution was washed with 10% 
sodium thiosulphate solution, dried, and concentrated in vacuo to 
yield an oil. This oil was taken up in 95% ethanol and on standing 
deposited colourless amorphous crystals of 6-iodocholest-5-en-3P-01; 
yield 22 mg, 95% of theory; mp 157°C; tlc, rf = 0.6; 'Hmr(CDC13): 
3.9(m, lH), 3.5(m, IH), 2.8(m, IH), 2.7(m, IH), 2.37(m, IH), 
2.15-0.7(complex); ms (DIP, EI 70 eV): 512(M', 78), 479(5), 
386(15), 385(54), 159(27), 145(21), 1 19(46), 105(38), 93(30), 
9 1 (52), 57(100). Anal. calcd. for C27H4SOI: C 63.20, H 8.85; found: 
C 63.32, H 8.92. 

6-Bro~nocholest-5-en-3P-01 (3) 
A solution of bromine in chloroform (40 mg, 0.25 mmol) was 

slowly added to a vigorously stirred solution of 1 (150 mg, 
0.24 mmol) in chloroform. The rate of addition was such that the 
concentration of unreacted bromine was kept to a minimum. The 
chloroform solution was washed with 10% sodium thiosulphate solu- 
tion, dried, and concentrated in vacuo. The residue was crystallized 
from 95% ethanol; yield 99 mg, 99% of theory; mp 155°C; tlc, rf = 
0.55; 'Hmr(CDC1,): 3.59(m, IH), 3.2(m, IH), 2.5(m, IH), 
2.2-0.7(complex); ms (DIP, EI 70 eV): 466(M', 9), 464(M+, 9), 
386(33), 385(86), 367(30), 173(27), 159(30), 135(30), 105(30), 
100(50), 97(60), 95(57), 8 1 (80), 7 1 (82), 69(92), 57(100). Anal. 
calcd. for C27H450Br: C 69.65, H 9.74, Br 17.16; found: C 69.61, 
H 9.70, Br 17.25. 

Reaction of 6-chloromercuricholest-5-en-3P-01 ( I )  with Clr gas 
A solution of chlorine in methanol was slowly added to a solution 

of 1 (I00 mg, 0.16 mmol) in chloroform. After 5 min the solution was 
examined by tlc, which indicated the absence of starting material and 
two new components. The major component (90%) appeared only on 
charring with HISO, and failed to quench the 254-nm fluorescence, 
implying that the double bond had been consumed. The smaller com- 
ponent did quench the uv indicator and was identified as 
6-chlorocholest-5-en-3P-01 by tlc and ms. The major component was 
identified by its distinctive mass spectrum as 5,6,6-trichloro-5a- 
cholestan-3P-01. Subsequent dechlorination experiments were carried 
out with this mixture since one of the components was the desired 
product; ms (DIP, El 70 eV): 494(M', 8), 492(M+, 23), 490(M+, 
25), 421(14), 420(21), 419(26), 418(28), 387(26), 386(15), 385(56), 
384(27), 383(51), 159(33), 155(100). Dechlorination of this crude 
material with zinc in dioxane or THF was unsuccessful. 

6-Bro~nocholest-5-en-3P-01 (3) from 2 via CuzBrz 
Cuprous bromide (dried at 120°C, 40 Torr; I Torr = 133.3 Pa) 

(1.44 g, 10 mmol) was added to a solution of 2 (512 mg, I mmol) in 
dry DMF (I0 mL). The mixture was stirred at room temperature for 
16 h and then filtered to remove solids. The solution was diluted with 
5% aqueous Na2S203 (100 mL) and extracted with chloroform (3 x 
20 mL). The chloroform extracts were dried over MgSO, and concen- 
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trated in vacuo to give an off-white residue. Recrystallization from 
95% ethanol gave 3 as colourless needles; yield 460 mg, 99% of 
theory; mp 155°C. 

6-Chlorocholest-5-en-3~-ol (4) from 2 via Cu2C12 
The procedure is similar to that for 3. CulCll (1.0 g, 10 mmol) was 

added to 2 (5 12 mg, 1 mmol) in DMF (20 mL) and the mixture stirred 
at 50°C for 24 h.  Work-up as for 3 gave 6-chlorocholest-5-en-3P-ol(4) 
as colourless needles; yield 373 mg, 89% of theory; mp 156°C; tlc, 
rf = 0.45; 'Hmr(CDC13): 3.6(m, IH), 3.28(m, IH), 2.32(m, IH); ms 
(DIP, El 70 eV): 422(M+, 6), 420(M+, 18), 387(21), 386(14), 
385(50), 384(26), 179(16), 177(15), 159(17), 95(36), 93(32), 57(93), 
55(100). 

6-Bromocholest-5-en-3P-01 (3) Jkom 2 via N-brotnosuccinimide 
N-bromosuccinimide (150 mg, 5.2 mmol) was added to a solution 

of 2 (I00 mg, 0.16 mmol) in chloroform (20 mL) and stirred at room 
temperature overnight. Analysis by tlc indicated a single product and 
complete consumption of starting material. The reaction mixture was 
washed with water, dried over MgS04, and concentrated in vacuo to 
give a residue that on crystallization from ethanol gave pure 
6-bromocholest-5-en-3P-ol (3); yield 65 mg, 88% of theory; mp 
155°C. 

Attempted fluorination of 6-chloromercuricholest-5-en-3P-01 (I) 
using F2 gas 

A mixture of 5% fluorine in neon gas was bubbled through a 
solution of 1 in Freon 1 1  at -78OC. Examination of the reaction 
mixture indicated partial consumption of the starting material and the 
formation of a large number of new less-polar components. The same 
results were obtained in all other variations on this reaction. 

The reactiorz of' 1 with tert-butyl hypochlorite 
tert-Butyl hypochlorite (40 mg, 0.37 mmol) was added to a solution 

of 1 (50 mg, 0.08 mmol) in chloroform (5 mL) and the solution stirred 
at room temperature for 30 min. Thin-layer chromatographic analysis 
indicated that the starting material had been consumed, with the for- 
mation of a number of products, one of which constituted the major 
component, 70%. The mixture was not separated but was analysed by 
mass spectrometry using the direct inlet probe method and a gradual 
increase in temperature to separate the components. In this fashion the 
mass spectrum of the major compound, which was tentatively as- 
signed structure 11, was obtained; ms (DIP, El 70 eV): 438(M', 20), 
436(M+,6), 400(17), 385(20), 281(25), 161(17), 149(20), 119(23), 
55(100). 

6-Tosyloxycholest-5-en-3P-01 (13) 
Silver tosylate (200 mg, 0.56 mmol) was added to a solution of 2 

(250 mg, 0.40 mmol) in DMF (5 mL) and the mixture heated to 1 10°C 
for 30 min. By this time a grey precipitate had formed and tlc analysis 
of the reaction mixture indicated that all the starting material had been 
consumed. The solution was diluted with water (100 mL) and ex- 
tracted with ether (3 x 20 mL). The extracts were dried over MgS04 
and concentrated in vacuo. The residue was chromatographed on a 
Whatman PAC-Magnum 9 column and the major fraction collected. 
This material proved to be 6-tosyloxycholest-5-en-3P-01 (13) and was 
isolated as an oil; yield 90 mg, 40% of theory; ' H ~ ~ ( C D C I , ) :  7.81(d, 
2H, ArH), 7.42(d, 2H, ArH), 3.55(m, 1 H, C3ax), 3.12(m, I H, 
Ckq) ,  2.7(m, 2H, C7eq), 2.45(s, 3H), 2.30-0.7(42H); ms (DIP, EI 
70 eV): 556(M+, 2), 538(3), 402(8), 384(15), 365(1 O), 247(13), 
185(14), 161(21), 121(44), 91(100), 57(54), 55(56). 
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We describe the preparation of the six configurationally distinct cyclobutane-type photodimers generated by the acetone- 
sensitized uv irradiation of thymidine in aqueous solution. Also prepared as minor photoproducts are the 5R and 5 S  di- 
astereoisomers of 5,6-dihydrothymidine, and two novel molecules, the 5R and 5.3 diastereoisomers of 5-acetonyl-5,6- 
dihydrothymidine. The purification of the ten molecules by chromatographic techniques (hplc, tlc) is described, along with 
their extensive characterization by uv, ir, cd, FAB-ms and 'H nmr. The proton chemical shifts and coupling constants are 
discussed in terms of the geometry of the pyrimidine, cyclobutane, and sugar rings. 

JEAN CADET, LUCIENNE VOITURIEZ, FRANK E. HRUSKA, LOU-SING KAN, FRANK A. A. M. DE LEEUW et CORNELIS 
ALTONA. Can. J. Chem. 63, 2861 (1985). 

Les six diastCrCoisomkres possibles de la cyclobutidithymidine ont CtC prCparCs par photosensibilisation de la thymidine B 
la lumikre du proche ultra-violet en utilisant I'acetone. Les diastCrCoisomkres 5R et 5.3 de la dihydro-5,6 thymidine et deux 
nouveaux photoproduits, les formes 5R et 5 S  de I'acCtonyl-5 dihydro-5,6 thymidine ont aussi CtC isolts. L'identification de 
ces photoproduits a fait appel B diverses techniques spectroscopiques: uv, ir, dichroi'sme circulaire, spectromktrie de masse par 
bombardement avec des atomes rapides et rmn 'H. Les valeurs des paramktres de rmn (deplacements chimiques, constantes 
de couplage) sont discutCes en termes de stCrCochimie des cycles pyrimidiniques, cyclobutyles et osidiques. 

Introduction 
The cyclobutane-type of photoproduct formed from adjacent 

thymine bases is the most thoroughly studied of the lesions 
induced by uv irradiation of DNA (1). The biological signifi- 
cance of these thymine photodimers is evidenced by the exis- 
tence of mechanisms for their removal (2). Several studies 
reveal that the presence of the dimers leads to distortions in 
nucleic acid structure (3-7) that could play a role in the recog- 
nition by the enzymes of the repair system and may account for 
the altered specificity of, for example, restriction enzymes 
which employ DNA as a substrate (8). The numerous studies 
of the photodimerized thymine bases, Thy()Thy (R = H; 
Fig. I), have provided valuable photochemical and structural 
information (I) ,  but relatively fewer data are available for the 
corresponding thymidine derivatives, dThd()dThd (R = 
2-deoxy-P-D-ribose), which are the molecules of main interest 
in the present work. Wulff and Fraenkel (9) originally listed 
four isomeric forms of Thy()Thy. Actually, six configura- 
tionalIy-distinct forms are possible, since the trans-syn (ts) 
and cis-anti (ca) isomers exist as enantiomeric pairs ts  1, ts2 
and c a l ,  ca2 whereas the cis-syn (cs) and trans-anti (ta) 
isomers exist as single (rneso) molecules. Similarly, six 
dThd()dThd are possible and are denoted CS, TS1, etc. 
according to the geometry of the Thy()Thy fragment (Fig. 1). 

'This work is dedicated to the memory of S .  Y.  Wang. 
'Permanent address: Department of Chemistry, University of 

Manitoba, Winnipeg, Man., Canada R3T 2N2. 

Partial characterization of the CS, TA, CA(+), and CA(-) 
diastereoisomers of dThd()dThd has been made by Ben-Hur et 
al. (10) and Kuneida and Witkop (1 1). 

In the present work we show that the six dThd()dThd can be 
isolated from uv-irradiated aqueous solutions of dThd con- 
taining acetone as a photosensitizer. In addition to these 
dimers, which comprise 90% of the photoproduct mixture, we 
could isolate in smaller amounts the 5R and 5 S  dias- 
tereoisomers of 5,6-dihydrothymidine (DHT-R and DHT-S) 
and of the novel adducts 5-acetonyl-5,6-dihydrothymidine 
(ADT-R, ADT-S) (Fig. 2). The latter pair arise by the combi- 
nation of the dihydrothymidin-5-yl and acetonyl radicals gener- 
ated in the photosensitized solutions. The various products are 
characterized by cd, uv, ir, 'H nmr, and mass spectrometric 
techniques. 

There remains some uncertainty as to the structure of the 
photodimers formed in uv-irradiated DNA. Evidence has been 
provided (12) that the predominant product has the cs geom- 
etry; a minor ts product has also been detected (13), but its 
assignment to the tsl or ts2 form was not made. Furthermore, 
it has been pointed out (4) that, though only a single cs isomer 
exists at the level of the photodimerized thymine bases or 
nucleosides, there are two possible diastereomers at the 
dinucleoside monophosphate level, d(T[p]T), each having a cs 
Thy()Thy fragment but differing in the configurational re- 
lationship between the Thy()Thy and sugarphosphate seg- 
ments. (The two diastereomers were Iabelled A, and A2 by 
Hruska et al. (4).) At present there is no information about the 
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FIG. 1 .  Structure of the dThd()dThd photodimers (R = 2-deoxy- 
D-ribose) with the cis-syn (CS), trrins-syn (TS), cis-onti (CA), and 
trans-anti (TA) cyclobutane geometry. The corresponding Thy()Thy 
(R = H) are denoted by cs, t s ,  cn, and tri. 

FIG. 2. Structure and atomic numbering of the 5R diastereoisorner 
of 5,6-dihydrothymidine (X = H) (DHT-R) and 5-acetonyl-5,6- 
dihydrothymidine (X = CH,-CO-CH2-) (ADT-R). Invert CHs 
and X at C5 to obtain S isomers, DHT-S and ADT-S. 

proportion of the two isomers formed in uv-irradiated DNA, 
since characterization of the photodimers has been limited to 
the Thy()Thy fragments after detachment from the sugars by 
acid hydrolysis of the N-glycosyl bonds (12). An additional 
question concerns the formation of the ca and ta forms. These 
are unlikely products of a uv-irradiated polynucleotide since 
geometrical constraints prevent their formation from thymines 
adjacent on a strand, and indeed they have not been detected 
above the base and nucleoside levels. However, the ca and ta 
forms could, in principle, result from fusion of distant bases of 
a properly folded strand, or from bases on separate strands. 

Clearly there are important questions regarding the nature of 
the cs and ts products detected in DNA, and some interesting 
possibilities for the cu and ta forms. Our extensive data charac- 
terizing the six dThd()dThd isomers could prove useful in these 
matters. Finally, our isolation of the novel acetonyl adducts 
should serve to caution those who use acetone as a uv photo- 
sensitizer to generate thymine dimers in DNA. Given the right 
conditions, these could be generated as minor products and 
would complicate the situation. 

Results and discussion 
Isolation of the molecules 

Near uv photolysis (A = 313 nm) of 2 mM dThd in 
acetone-water solution (35:65 v/v) gave rise to 10 photo- 
products, which made up 95% of the product mixture, and a 
small amount of unidentified material. The 10 products were 
isolated by preparative thin-layer chromatography on silica gel 

plates and by reversed-phase hplc (14). Each showed with the 
cysteine - sulfuric acid reagent a pink coloration characteristic 
of 2'-deoxyribosides. Six of the products (1-6) constituting 
90% of the mixture could be photoreversed to the starting 
material (dThd) by far uv light (A > 250 nm), a feature of 
cyclobutadipyrimidines (15) and of the corresponding adducts 
formed by photocyclization of pyrimidine and psoralen ring 
systems (16). The other four, relatively minor products (7-10) 
did not undergo detectable photosplitting when exposed to far 
uv light. Evidence is presented below that they are the mole- 
cules represented in Fig. 2. 

Structural assignments of the thymidine photoclimers 
Evidence of a dimeric structure for 1-6 is provided by their 

fast-atom bombardment (FAB) mass spectra. In the positive 
mode prominent peaks are observed at tn/z 507 and m/z 485, 
which can be assigned, respectively, to the pseudomolecular 
[M + Na]' and [M + HI+ ions of dThd()dThd. The fragment 
at m/z 369 would reflect the loss of a single 2-deoxyribose unit 
from the dimeric species, whereas that at m/z 243 would 
reflect the cleavage of the cyclobutane ring to form the mono- 
meric species [dThd + HI'. In the negative FAB mode 
particularly prominent peaks at m/z 483 and m/z 241 would 
correspond to the [M - HI- and [dThd - HI- ions, 
respectively. The appearance of the molecular ions at high 
relative intensity (20-50%) demonstrates clearly the advantage 
of the soft-ionization FAB method for the analysis of the cy- 
clobutane dimers. In her review, Fenselau (1 7) mentioned 
the unpublished report (S. Y. Wang, M. N. Khattak, and 
C. Fenselau) of molecular ions of a fully-derivatized Urd( )Urd 
generated at low relative intensity (ca. 2%) by electron impact 
ionization, but we are aware of no published report of molecu- 
lar ions of an underivatized pyrimidine nucleoside photodimer 
that were generated by any of the commonly used ionization 
techniques. At the level of the photodimerized bases, Fenselau 
also noted (17) the unpublished report (H. Fales and S. Y. 
Wang) of molecular ions in the chemical ionization mass spec- 
trum of Thy()Thy (cs). However, this method would seem to 
be less useful for the corresponding nucleosides, due to their 
lower volatility. The absence of unambiguous molecular ion 
peaks in the electron impact mass spectra of cyclobutadi- 
pyrimidines has been widely reported (17), even when the 
bases are stabilized as their N-methyl derivatives. This has been 
attributed (17) to the facile fragmentation of the molecular ions 
as well as to the thermal fragmentation occurring before ioni- 
zation. 

Relative to dThd, photoproducts 1-6 show a bathochromic 
shift in their uv absorption maxima to about 220 nm, consistent 
with the saturation of their C5-C6 bonds (12). The upfield 
chemical shifts of 3.1-3.7 ppm in the H6 proton resonance and 
of 0.4 ppm in the methyl proton resonance are in line with the 
changes noted for thymine dimer formation in other systems 
(4, 9). 

The configurations of 1-6 could be assigned following the 
release, by mild acid hydrolysis (12), of the corresponding 
Thy()Thy fragment. Reasonable assignments of the cs, ts, ca, 
and fa isomers have been based on several X-ray crys- 
tallographic structure determinations (18), as well as on nmr 
(19) and ir (12) data. Thus, the major products 1 and 6 ,  were 
assigned the CS and TA configurations, respectively, by com- 
parison of the hplc and ir characteristics of their Thy()Thy 
fragments with those of Thy()Thy prepared according to 
Weinblum and Johns (12). Furthermore, as expected for the 
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meso cs and ta isomers, circular dichroic and optical rotation 
[a],, measurements revealed no optical activity. 

The acid hydrolysis of the two isomers (4, 5) showing tlc 
behavior similar to that of 1 yielded Thy()Thy which were 
assigned the ca geometry by considering their hplc and ir prop- 
erties. Circular dichroic and optical rotation data identify the 
fragment from 4 as ca(+)  and that from 5 as ca(-). The parent 
dThd()dThd show the same sign of rotation as their Thy()Thy 
and are denoted CA(+) and CA(-). Similarly 2 and 3 were 
shown to yield the fragments ts(+) and ts(-), respectively. 2 
and 3 showed the same sign of rotation as their fragments and 
are denoted TS(+) and TS(-), respectively. 

Unambiguous assignments of TS(+) and TS(-) to geom- 
etries TS1 and TS2, and of CA(+) and CA(-) to CA 1 and CA2 
(Fig. 1) are not possible in the absence of appropriate 
crystallographic data. Kuneida and Witkop (1 I )  proposed a 
tentative assignment of CA(+) and CA(-) to CA2 and CAI, 
respectively, which was based on the assumption that the sign 
of the ord Cotton effect of CA2 would be the same as that of 
(S)-(-)-dihydrothymidine. (Note that these authors inter- 
changed the CA and TS labels.) Extending their arguments to 
our cd spectra allows us to assign tentatively TS(+) and TS(-) 
to the TSI and TS2 geometries, respectively. However, the 
Kuneida-Witkop reasoning seems to be based on the assump- 
tion that the sign of the Cotton effect associated with the C4 
carbonyl absorption band is determined solely by the config- 
uration of the methyl group at the contiguous C5 atom and is 
not inverted by the attachment of the second pyrimidine base. 
Examination of models of dThd()dThd with reference to the 
octant rule (20) suggests that this assumption is open to dis- 
cussion. 

Structural assignment of the dihydrothymidines 
Compounds 7 and 8 were assigned the structures DHT-R and 

DHT-S, respectively, by comparison of the 'H nmr, uv, cd, and 
mass spectrometric properties with published data for these 
molecules (22). Evidence that photoproducts 9 and 10 involve 
the addition of an acetonyl fragment (Fig. 2) is provided by 
their FAB-ms spectra, which show the protonated molecular 
cation (M + H)' at m/z 301, the molecular anion (M - H)- 
at m/z 299, and the sodium adduct (M + Na)' at m/z 323. 
Support for the structure is provided by their 250-MHz 'H nmr 
spectra, which show strong singlets at 1.3 ppm and 2.2 ppm 
that can be assigned to the C5 and acetonyl methyl groups, 
respectively. Furthermore, 9 and 10 show the expected AB 
patterns for the methylene hydrogen pairs of C6 centered at 
3.4 ppm ( J  (gem) = - 12.5 Hz) and of the acetonyl group 
centered at 3.1 ppm (J(gem) = - 18.7 Hz). That no further 
splitting is seen in the AB patterns is consistent with the ab- 
sence of a proton vicinal to either of these methylene groups. 
The diastereoisomeric relationship between 9 and 10 is indi- 
cated by the observation of a positive Cotton effect for 9 (hence 
ACD(+)) and a negative one for 10 (hence (ACD(-)). No 
absolute (R, S) assignment of 9 and 10 can be made at present. 

'The formation of thymine dimers via the triplet excited state 
is well documented (23-26). The generation of 7-10 via the 
triplet state also seems likely since we noted that it is inhibited 
in the presence of oxygen, a triplet state quencher (26). Anal- 
ogous photoreductions and analogous photoadditions of ace- 
tony1 have been observed for olefins such as norbornene 
(27, 28) and dicyclopentadiene (B), with energy transfer to 
acetone from the triplet state of the olefin as the initial step of 
the process. Energy transfer to the acetone is expected to gen- 

erate acetonyl radicals and hydrogen atoms (30). Addition of 
the hydrogen atoms to dThd (which occurs preferentially at C6 
in aqueous solution and in the solid state (31, 32)) would 
generate the 5,6-dihydrothymidin-5-yl radical. Combination of 
this with an acetonyl radical could generate 9 and 10 in a 
process analogous to that involving the stable organic rad- 
ical 2,2,6,6-tetramethyl-1,4-piperidone-N-oxyl, which has re- 
cently been reported (33). The competitive disproportionation 
involving two 5,6-dihydrothymidin-5-yl radicals would lead to 
7 or 8, and dThd (34). An additional mechanism for quenching 
by acetone that leads to oxetane derivatives has been noted in 
the near uv photolysis of uracil in aqueous solution (35). The 
corresponding oxetane derivatives of dThd were not noted 
here. 

Nuclear magnetic resotlance spectra of the thyrnidine photo- 
dimers 

Additional evidence for the configurational assignments of 
dThd()dThd follows from consideration of their symmetry 
properties and the appearance of the 600-MHz 'H nmr spectra. 
The ts isomers of Thy()Thy possess a two-fold rotation axis 
passing through the centres of the C5-C5 and C6-C6 bonds 
(Fig. I). This axis is retained after attachment of the two 
deoxyribose sugars. 'The ca isomers possess a two-fold sym- 
metry axis that is perpendicular to the cyclobutane ring at its 
centre and is retained after attachment of the two sugars. Thus, 
the two nucleoside units have "symmetrical equivalence" (36) 
in each of the four TS and TA isomers. This symmetry is 
reflected in their 'H nmr spectra, which have the appearance of 
simple 2'-deoxyribonucleoside spectra, accountable for by a 
single set of chemical shifts (H6, etc.) and coupling constants 
(J l r2>,  etc.). In the sample spectrum of TS(+) (Fig. 3a) note in 
particular the single lines at 4.62 ppm and 1.37 ppm due to H6 
and methyl protons, respectively. 

In contrast, the cs isomer has a mirror plane perpendicular to 
the cyclobutane ring that bisects the C5-C5 and C6-C6 
bonds, whereas ta is centrosymmetric. In neither case is the 
symmetry retained by the addition of the two D-sugars (it would 
be retained if one L-sugar replaced either of the D-sugars). 
Thus, the two nucleoside units are not symmetrically equiv- 
alent in CS and TA. This absence of symmetry is apparent in 
the 'H nmr spectra of CS (Fig. 3b) and of TA, which show 
distinct signals from corresponding protons on the two frag- 
ments. Note in  the CS spectrum the AB pattern centered at 
4.32 ppm due to the nonequivalent H6 protons (J,, = 5.3 Hz) 
and the pair of single resonances at 1.49 ppm and 1.45 ppm due 
to the pair of methyl groups (Fig. 3b). By spin-decoupling 
experiments the sugar protons (but not H6 or the methyl group) 
could be associated with the " A  or "B" units of CS or of TA, 
but an absolute assignment of two units could not be made for 
either of these two isomers. 

The magnitude of J,, in CS (5.3 Hz) is similar to that ob- 
served (19) in the I3C satellite spectra of cs (4.8 Hz), which 
suggests that the extent of pucker of the cyclobutane ring is 
similar in the two molecules. A larger J6, (ca. 6.0 Hz) was 
noted in d(T[p]T) (cs isomer) which may be a reflection of a 
somewhat flatter ring in the photodimerized dinucleoside 
monophosphate (4). J6, is about 0 Hz in TA, consistent with the 
general attenuation of four-bond coupling constants (37). For 
the same reason the four-bond J6, in the TS and CA isomers is 
expected to be about zero. However, because of their equiv- 
alence in TS and CA, any coupling between the H6 protons 
would not be seen in their spectrum. 
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FIG. 3. The 600. I-MHz 'H nmr spectra of (a) (bottom) 2, or TS (+), and (b) (top) CS in aqueous solution relative to TSP. In b, the signals 
were assigned to the "A" or "B" nucleoside by homonuclear spin decoupling experiments. In a,  the two units are symmetrically equivalent. 

TABLE I .  I H  Chemical shifts for dThd photoproducts relative to TSP" 

~ucleoside" H6 H5" ~ e "  1 '  2' 2" 3' 4' 5' 5" 

1. CS-A 
-B 

2. TS(+) 
3. TS(-) 
4. CA(+) 
5. CA(-) 
6. TA-A 

-B 
7. DHT(+) 

"Aqueous solution, pH 7. 1-6: 600.1 MHz; 293 K; 7-10: 250 MHz. 
'In 1 and 6 the nucleoside units (A and B) are distinguishable. 
'Entries 9 and 10 are the methylene protons of the acetonyl group. 
dAll entries for 5-methyl except second entry of 9 and 10 (acetonyl methyl). 

Sugar conformation 
The 'H chemical shifts and coupling constants (Tables 1, 2) 

reveal little conformational variation for the sugar rings of 
7-10 (Table 3). The bias towards the S-type pucker (64-69%, 
estimated following de Leeuw and Altona (38)) is characteristic 
of 2'-deoxyribosides, but is slightly enhanced relative to 
5,6-saturated pyrimidine 2'-deoxyribosides (60%) (39). The J 
data reveal no unusual behaviour in the phase angles of pseudo- 

rotation (P) or the amplitudes of pucker (7,). The C(J4f5, + 
JqY) values lie in the range 8.8-9.6 Hz, revealing values of 
45 2 4% for %g+ (C4'-C5') which are marginally smaller 
than those noted for 5,6-unsaturated molecules (39). The 'H 
chemical shifts of, in particular, H1' and H2' suggest no excep- 
tional behavior in the syn-anti blend about the N-glycosyl 
linkage of 7-10. 

The dThd()dThd show a greater variation in sugar S-type 
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TABLE 2. Coupling constants (Hz) for dThd photoproducts" 

Nucleosideb 1'2' 1'2" 2'2" 2'3' 2"3' 3'4' 4'5' 4'5" 5'5" 

1 . C S - A  7.9 6.7 13.7 6.9 3.2 3.3 3.8 5.0 12.2 
-B 7.0 7.1 13.8 6.7 4.1 3.7 3.7 5.9 12.2 

2 . T S ( + )  9.6 5.8 13.7 5.5 1.1 1.7 2.8 2.8 12.4 
3 .TS(- )  7.1 6.1 14.0 6.2 3.6 3.2 4.2-4.2 12.2 
4. CA(+) 9.1 5.9 14.0 6.3 2.5 2.7 3.4 4.3 12.4 
5. CA(-) 7.1-7.1 13.5 4.8-4.8 3.8 4.1 4.9 12.2 
6. TA-A 9.0 6.1 13.9 5.8 2.4 2.6 3.6 4.6 12.4 

-B 7.8 6.3 13.8 6.7 3.4 3.7 4.1 5.6 12.0 
7. DHT(+) 7.9 6.5 14.1 6.7 3.6 3.6 4.0 5.2 12.1 
8. DHT(-) 7.6 6.7 14.2 6.7 3.8 3.7 4.1 5.5 12.3 
9 . A D T ( + )  7.8 6.5 14.2 6.5 3.4 3.3 4.2 5.3 12.3 

10. ADT(-) 7.5 6.6 14.2 6.7 3.6 3.4 3.6 5.2 12.0 

"See footnotes, Table I. 
'Due to isochronous H2' and H2" (or H5' and H5") only the sum of con- 

nected couplings is meaningful. 

TABLE 3. Calculated population of the 2'-endo (S) pucker" and of the 
g', t, g rotamers around the C4'-C5' bond 

S g + t g Nucleosides 
- 

1. CS-A 
- B 

2. TS(+) 
3. TS(-) 
4. CA(+) 
5. CA(-) 
6. TA-A 

-B 
7. DHT(+) 
8. DHT(-) 
9. ADT(+) 

lo. ADT(-) 

"Calculated with the program PSEUROT (PN 13". +N 27O, PS 159', +S 37'. 
rms < 0.3 Hz). 

bFollowing ref. 46. 
"Not determined due to 8HJ. = 8~ s... 

population (Table 3). Thus, on the one hand, 1 (sugar rings A 
and B),  3, 5, and 6 (sugar B) resemble 7-10 in ring pucker 
(%S: 66-67%) and in the C4'-C5' conformer distribution 
(%g: 40-53%) but, on the other hand, 2, 4, and 6 (sugar A) 
show increased importance of S pucker and the g' conformer 
about C4'-C5'. This trend is particularly strong in 2, or 
T S ( + )  (96% S; 81% g t ) .  This exceptional behavior in TS(+)  
is accompanied by an unusually large upfield shift in H2' to  
1.89 ppm. In no other molecule has the H2' signal been noted 
at less than 2 ppm from the TSP reference. Thus the geo- 
metrical constraints required for the formation of a cyclobutane 
ring system are reflected in the sugar conformation, as has been 
noted in d(T(p)T) (4). Finally, it is interesting to point to the 
prevailing trend in 1-10 for %gt to increase with increasing 
%S; a similar situation has been noted for other 5,6-saturated 
pyrimidine nucleosides (40). 

Geometry of the pyrimidine ring in 7-10 
Evidence points to a distorted half-chair conformation for 

5,6-saturated pyrimidines in which C5 and C 6  lie on opposite 
sides of the plane defined by N1,  C2 ,  N3,  C4,  with the substit- 
uents at C 5  and C6 occupying pseudo-axial and pseudo- 
equatorial positions (16, 41 -45). In 7 and 8 the pair of vicinal 
H-H coupling constants involving H5 with the methylene pro- 
tons at C 6  provide information about this geometry. Analysis 

FIG. 4. Preferred conformation of DHT-T (left) and DHT-S (right) 
based on the magnitudes of the two vicinal H5-H6 coupling con- 
stants. View from C6 to C5. 

of the ABX system yields vicinal couplings of 10.6 Hz and 
6 .0  Hz  for 7 ,  and 9.4 Hz and 5 . 5  Hz  in 8. (A geminal H6-H6 
coupling of about 12.5 Hz was noted in each case.) The larger 
of the couplings indicates that in 7 and in 8 H5 has a trans, 
diaxial relationship with one of the H6 hydrogens, and thus the 
preferred conformation of 7 and 8 must be as indicated in 
Fig. 4 .  The smaller of the couplings is in line (44) with the 
equatorial position for the second C 6  proton. In each case the 
5-methyl occupies an equatorial position, a preference that is 
apparent in the crystal state (16). It is interesting to note that the 
axial H6 is less shielded, by about 0.3-0.4 ppm, than the 
equatorial one. A similar analysis of the ring pucker of 9 and 
1 0  can not be made. 

Conclusion 
W e  have shown that all six dThd()dThd photodimers can be 

isolated from acetone-sensitized uv irradiation of aqueous thy- 
midine solutions. Also produced as minor photoproducts a te  
the 5R and 5 S  diastereomers of 5,6-dihydrothymidine and of  
the novel adduct 5-acetonyl-5,6-dihydrothymidine. Extensive 
spectroscopic and mass spectrometric data are provided for the 
ten molecules. Particularly important is the clear demonstration 
of the advantages of the FAB method for mass spectral analysis 
of thymidine photodimers. 

Experimental 
Spectroscopic measurements 

The uv absorption spectra were recorded on a Beckman spec- 
trophotometer (model 5230). The ir spectra (KBr micropellet method) 
were obtained on a Perkin-Elmer spectrophotometer (model 177). 
Fast atom bombardment (FAB) mass spectrometry was carried out on 
a Kratos spectrometer (model MS 50) equipped with a commercially 
available FAB gun; desorption of the molecules in a glycerol mull was 
effected by exposure to a 8-keV beam of xenon atoms. 

Optical rotation and circular dichroism (cd) spectra were recorded 
in methanol or water with a Quick Jouan polarimeter and a 
Jobin-Yvon spectrometer respectively. 

The decoupled and nondecoupled 'H nmr spectra of the six 
dThd()dThd isomers were recorded with resolution enhancement on 
a 600-MHz spectrometer located at the Carnegie-Mellon University 
(Pittsburgh, PA). The spectrometer is operated (20°C) in the fast- 
correlation spectrum mode using the HDO solvent resonance as the 
lock. 2,2-Dimethyl-2-silapentane (DSS) was used as the internal refer- 
ence. Spectra for the four 5,6-dihydrothymidines and their 5-acetoxy 
derivatives were obtained on a 250-MHz Cameca TSN spectrometer 
(FT mode, 20°C). The nucleoside samples were lyophilized twice and 
dissolved in 99.9% D20 to a concentration of 0.05 M. Metal ions were 
removed using Chelex- 100 resin columns (Bio-Rad, Richmond, CA). 
Spectral analysis (LAOCOON 111) and computer simulated spectra 
were the final test of the chemical shift (6) and coupling constant ( J )  
data listed in Tables 1 and 2. Pseudorotational parameters were calcu- 
lated with the PSEUROT program (38) and are given in the relevant 
sections. 

High performance liquid chromatography (hplc) 
The high performance liquid equipment consists of a Model 6000 
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dual piston pump (Waters Associates, Milford, MA) and a Rheodyne 
Model 7100 loop injector (Berkeley, CA). The solutes were detected 
either by using a Model RI 401 refractometer index detector (Waters 
Associates) and (or) a Cecil Modcl CE 212 variable uv wavelength 
spectrophotometer (Cecil, Cambridge, U.K.)  operating at 230 nm. It 
should be mentioned that no detectable photoreversion of any cy- 
clobutadithymidine was observed under these detection conditions due 
to the very low intensity of the far uv light in the flow cell. Analytical 
stainless steel columns (25 x 0.47 cm id) were packed under 400 atm 
(1 atm = 101.3 kPa) with a Haskell pump (Chromatem, Paris, France) 
by using 10-p,m octadecylsilyl silica gel bonded phase Lichrosorb 
RP-18 (Merck, Darmstadt, G.F.R.). Propan-1-01 was used as the 
dispersing agent for the preparation of the siurry, which was sonicated 
before the packing procedure. 

Thin-layer chronz~itography 
Two-dimensional thin-layer chromatography analyses were carried 

out on 20 x 20 cm precoated silica gel plates F25J (Merck). Eluent 1 
was the lower phase of chloroform-methanol-water (4:2: 1) v/v to 
which 5 mL of methanol was added for each 100 mL of the organic 
phase. Eluent 2 consisted of ethyl acetate - propan-2-01 - water 
(75: 16:9). 

Visualization of 2'-deoxyribonucleosides was made by spraytng the 
chromatoplates with the cysteine - sulfuric a c ~ d  reagent and sub- 
sequent heating for 5 min at 100°C. Cyclobutadithymidines were 
visualized by fluorescence quenching at 254 nm after photoreversal to 
thymidine upon exposure to wavelength lower than 230 nm. 

Ultraviolet irradiation 
Near uv irradiation was carried out in a Pyrex glass flask with a bank 

of 6 BLB lamps (A,,, centered about 313 nm). Thymidine (350 mg) 
(Sigma Chemical Co.) was dissolved in 180 mL of water and 100 mL 
of acetone. Prior to irradiation the solution was degassed for 30 min 
with a stream of nitrogen saturated with aqueous acetone. During 
photolysis the sample was air-cooled with a fan. The solution was 
irradiated for 18 h, giving over 95% decomposition of the starting 
material. The solution was evaporated to dryness, and the resulting 
yellow residue was applied to three precoated, thick-layer, preparative 
silica gel chromatographic plates (Merck, Darmstadt). The plates were 
developed with eluent system I.  Five bands could be detected by 
spraying the plates with a cysteine - sulfuric acid reagent, followed by 
heating at 100°C for 3 min. 

(-) cis-anti thytnidine()thymidine (5) 
The slowest moving zone (Rr 0.15) was scraped off and the re- 

sulting silica gel was extracted with 3 x 20 mL of water-methanol 
(I  : 1). Evaporation to dryness of the aqueous methanolic solution 
yielded 35 mg of an oily residue which contained two major com- 
pounds as shown by reversed-phase high performance liquid chro- 
matography analysis. The mixture of photoproducts was dissolved in 
2 mL of aqueous methanol (9: 1) and 0.1 mL of the resulting solution 
was applied for each injection on the RP-18 octadecylsilylsilicagel 
column. Elution was accomplished with an aqueous solution of meth- 
anol (9: 1) in an isocratic mode. The fractions containing the fastest 
eluting nucleoside (k' = 3.1 I), as monitored by its uv absorption at 
230 nm, were collected. Evaporation to dryness of the resulting aque- 
ous methanol solution afforded 14 mg of (-) cis-anti cyclobutadi- 
thymidine (2%) as a colorless hygroscopic solid; [a]: - 45" ( c  2.1, 
in HzO); uv (A,,,,, H20): 220 nm; cd(c 2.1, H20): [0]290 -0, 
[0]z,w -40, [0]m - 1040, [el260 -4400, [el252 -5920, [0]25(1 -5800, 
[0]z40 -2000, [0]236 =O, [0]230 +2800, [0]?27 +3200, [8]22(1 +2160; 
FAB-ms, m / e  (relative intensity), positive mode: 529 (6, M+ + 
2 Na), 507 (19, M+ + Na), 447 (6), 391 (7, M+ + Na - deoxy- 
ribose), 287 (15, thymidine + 2 Na), 265 (10, thymidine + Na), 
150 (21), 116 (36); negative mode: 483 (19, M- - H), 241 (24, 
thymidine - H), 125 (100, thymidine - H). 

(+) cis-anti ttlymidine()thymidine (4) 
Evaporation to dryness of the second main hplc fractions (k' = 

4.21) gave 13 mg of (+) cis-anti cyclobutadithymidine (1.9%) as a 
hygroscopic solid, which was recrystallized from aqueous methanol 

(95:5);  mp 222-224°C (lit. ( I  I )  mp 150°C); [a]:' + 48.8" ( c  1.8, in 
HrO); uv (A,,,,, HZO): 219 nm; cd ( c  1.9, HzO): [0],,, =0, [0]z9(l +80, 
[0]2xo +ZOO, [012,o + 1280, +4400, [0Izso +6600, [0]2Ax +6880, 
[0]240 +4240, [0]n5 -0, [0Izz, -6360; FAB-ms, m/e  (relative in- 
tensity), positive modc: 969 (2, 2M' + H), 507 (22, M+ + Na), 485 
(17, M+ + H), 369 (7, M+ - deoxyribose), 335 (8, thymidine + 
glycerol), 243 (43, thymidine + H), 207 (84); negative mode: 967 
( I ,  2 M  - H). 483 (36, M - H), 241 (44, thymidine - H). 

cis-syn thyrnidine()thyrnidine (I) 
The silica gel containing the main photoproduct 1 (Rr 0.22) was 

extracted with 3 x 10 mL of 50% aqueous methanol. The resulting 
solution was evaporated to dryness, giving 73 mg of a mixture of the 
three nucleosides 1, 4, and 5 with a preponderance of thc cis-syn 
cyclobutidithymidine (1). The latter photoproduct was further purified 
by reversed-phase high performance liquid chromatography as re- 
ported above. The main uv absorbing fractions (k' = 9.50) were 
collected and evaporated to dryness under reduced pressure, yielding 
60 mg of 1 (8.6%) as a white solid that was further recrystallized from 
aquzous methanol (95 :5); mp 182- 184°C (lit. (I 1) mp 184- 188°C); 
[a],- + 10.2 ( c  1.7, in H20); uv A ,,,;,, HzO): 219 nm; cd ( c  2.3, H20): 
[8]~xo -0, [0]mo +2Or [0]26o +280, [8]zso +goo, [0]2,0 + 1500, [el233 
+ 1720, [0I23o + 1340, [el226 5 0 ,  - 1060; FAB-ms, m/e  (rela- 
tive intensity), positive mode: 507 (1 2, M+ + Na), 485 (9, M' + H), 
369 (1 I ,  M' - deoxyribose), 243 (9, thymidine + H), 127 (46, 
thymine + H), 117 (49, deoxyribose); negative mode: 483 (19, M- 
- H), 367 (12, M - deoxyribose), 241 (10, thymidine - H), 125 
(46, thymine - H). 

(+) trans-syn thymidine()thytnidine (2)  
The silica gel containing the three trans diastereoisomers of 

dThd()dThd (R,. 0.34) was scraped off and further extracted with 3 x 
20 mL of aqueous methanol (1 : 1). The solution was evaporated to 
dryness under reduced pressure. The resulting oily residue (96 mg) 
was shown to contain three main photoproducts, which were separated 
by reversed phase hplc on the RP-I8 ODs column using water- 
methanol (9: 1) as the isocratic solvent. The fastest eluting fractions 
(k' = 2.60) were collected and combined. Evaporation to dryness of 
the resulting solution afforPed 8 mg of (+) trans-syn cyclobutadi- 
thymidine (2) (1.1 %); [a]; + I I .O ( c  2.2, in H20); uv (A,,, H20) :  
219 nm; cd ( c  1.8, H20): [O]rso = 0,  [el280 -290, [8]27o -1680, 
[0]260 -3920, [0]255 -4400, [0]2511 -4000, [0]z,(I -0, [0]?30 + 8800; 
FAB-ms, m / e  (relative intensity), positive mode: 507 ( 1  0 ,  M+ + Na), 
369 (8, M' - deoxyribose), 243 (20, thymidine + H), 127 
(20, thymine + H); negative mode: 483 (29, M -  - H), 367 (12, M -  
- deoxyribose), 241 (60, thymidine - H), 125 (100, thymine - H). 

(-) trans-syn Thymidine() thymidine (3) 
The combined eluting fractions (k' = 3.23) containing the (-) 

trans-syn dThd()dThd (3) as monitored by its uv absorption at 
230 nm were evaporated to dryness under r~duced pressure yielding 
10 mg of 3 (1.4%) as an oily compound; [a],- -38.6" ( c  2.4, in H20); 
uv (A,,,,, H'O): 218 nm; cd ( c  2.0, HZO): [0]290 -0, [8]2x0 +80, [0]270 
+1420, [8]x,o +5050, [8]250 +7880, [el248 +8000, [8]24o +5280, 
[0],,, =O, [0]23(1 -4240, -8000; FAB-ms, rn/e (relative in- 
tensity), positive mode: 509 (2, M+ + Na), 127 (30, thymine + H) 
118 (59, deoxyribose + H); negative mode: 575 (2, M + glycerol), 
483 (45, M- - H), 367 (16, M-- - deoxyribose), 241 (23, thymidine 
- H), 219 (m), 192 (85), 152 (60), 125 (75, thymine - H). 

trans-anti Thymidine()thymidine (6) 
Evaporation to dryness of the slowest eluting hplc fractions (k' = 

11.00) gave 54 mg of trans-anti dThd()dThd (9.8%) that was re- 
crystallized from water-methanol (95:5) as a white solid; mp 
170- 172°C; [a];- -3.0" ( c  4.2,  in HzO); uv (A,,,;,, H20):  219 nm; cd 
(C  2.1, HzO): [Blzxo =0, [0Iz7o -20, [0I261 -40, [0I?ho -30, [0Izs7 =0, 
[0]250 +320, [0124o + 1050, [0Iz3n + 1080, [~ IZSCI  +40, [0122u 4 ,  

-1000; FAB-ms, m / e  (relative intensity), positive mode: 
507 (4, M+ + Na), 485 (6, M' + H), 243 (29, thymidine + H), 
127 (89, thymine + H); negative mode: 483 (4, M- - H), 241 
(5, thymidine - H), 125 (10, thymine - H). 
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(+) (5R)-5,6-Dihydrot/lymidine (7) 
The fastest eluting tlc zone (R, 0.53) was scraped off and the 

resulting silica gel was extracted with 3 X 20 mL of aqueous methanol 
(I  : I). Evaporation to dryness of the resulting filtrate provided 33 mg 
of a mixture of the four dihydrothymidine derivatives 7, 8,  9, and 10, 
which was applied on the RP-18 ODs column. A complete separation 
of the four photoproducts was achieved using a mixture of methanol- 
water (9: 1) as the solvent. Evaporation of the fastest eluting com- 
pound (k' = 1.96), which was detected by its uv absorption at 230 nm, 
yielded 6 mg of (+) (5R)-5,6-dihydrothymidine (I .7%) as a white 
solid; uv (A,,,.,, HzO) 219 nm; cd ( c  4.7, methanol): [0]275 =0. 
[0]z70 -40, [0]z,o -200, [0]z,o -900, [0Iz,o -2 100, [0]zw -2400, 
[8]230 -600. Anal. calcd. for CIOHI6N2OF: C 49.17, H 6.60, N 1 1.47; 
found: C 49.12, H 6.34, N 11.39. 

(-) (SS)-5,6-Dihyrlrotl1y1nidi11e (8) 
Evaporation to dryness under reduced pressure of the second eluting 

fractions (k' = 2.24) gave 7 mg of 8 (2%). This nucleoside was found 
to exhibit identical uv, ' H  nmr, and cd spectroscopic features to those 
of the authentic sample as prepared by catalytic hydrogenation of 
thymidine in the ygesence of Rhd/A120,; mp 154- 155"C,[lit. (21) mp 
152- 153°C); [a];- -19.5" ( c  1.4, in HzO) (lit. (21) [a];- = -20.5" 
( c  1.1, in HzO); cd ( c  5.2, methanol): =0, [0]z70 +30, 
[8]z60 + 130, [ ~ I ~ F o  +660, [8]24o + 1750, [Olzzx + 1800, [8]230 +500. 
Anal. calcd. for CIOHl6NZOs: C 49.17, H 6.60, N 11.47; found: 
C 49.08, H 6.55, N 11.40. 

(+) 5-Acetorq~l-5,6-clil1ydrotlzy1nidirre (9)  
The hplc fractions containing the photoproduct 9 (k' = 2.89) were 

combined and evaporated to dryness under reduced pressure. The 
resulting oily compound 9 (5 mg, 1.4%) was shown to be homoge- 
neous by two-dimensional tlc analysis on precoated silica gel plates 
using eluents 1 and 2; uv (A,,.,, H1O) 219 nm; cd ( c  1.3, HzO): 
[0Izxo ~ 0 ,  [0]z70 +40, [ ~ I Z F O  + 1560, [OIr-m +4040, [0]2zx + 4060, 
[0Izlo +1480, [0]22x =0, [0]22, -2920; FAB-ms, m/e (relative 
intensity), positive mode: 323 (1 I,  M' + Na), 301 (10, M' + Na), 
301 (10, M' + H), 117 (9, 2-deoxyribose); negative mode: 299 
(5, M- - H), 255 (5), 149 (15). 

(-) 5-Acetor1yI-5,6-rllhyrlrothymidirle (10) 
Evaporation to dryness of the slowest eluting hplc fraction (k' = 

3.40), as detected by its absorption at 230 nm, yielded 6 mg of 10 
(1.7%) as an oily homogeneous compound; uv (A,,,.,, H20) 219 nm; cd 
( c  1 .9, H2O): [8]290 =0, [8]2xo +40, [0].?70 =0, [0]260 - 160, 
[0],,, - 1360, [0]z,o -2920, [0]2,, -2980, [0]2,,, - 1080, [0]22, ~ 0 ,  
[0]223 +2760; FAB-ms, m/e (relative intensity), positive mode: 323 
(12, M' + Na), 301 ( lo ,  M' + H), 117 (1 1, deoxyribose); negative 
mode: 299 (7, M- - H), 255 (8), 149 (18). 

cis-syn Thymine()thymine 
A 10% HCI aqueous solution of 7 mg of the cis-syn cyclobutadi- 

thymidine (I)  was heated at 90°C for 20 min. Then the aqueous 
solution was evaporated to dryness and the resulting residue was 
crystallized from water to give colorless prisms. This compound, 
which was found to be homogeneous by two-dimensional thin-layer 
chromatography, shows a similar capacity factor (kt = 2.64) to that 
of the authentic cis-syrl cyclobutadithymine on an ODs-Nucleosil CIK 
column (14) by using water as the eluent. In addition, this compound, 
which does not exhibit any optical activity, has an identical ir spec- 
trum to that of the cis-syn thymine cyclobutyl dimer (12). 

trans-anti Thymine()thymine 
Acidic hydrolysis of 8 mg of trans-anti cyclobutadithymidine (6) 

under the above conditions yielded 3 mg of trar~s-anti cyclobutadi- 
thymine as a colorless solid, after crystallization from water. The 
retention times (k' = 3.75) and the ir spectrum were identical to those 
of the authentic trans-anti thymine dimer (12). 

(+) cis-anti Thymine()tl~ymine 
Acidic hydrolysis of 7 mg of the (+) cis-anti diastereoisomer of 

cyclobutadithymidine with 10% HC1 for 20 min at 90°C gave 

quantitatively the (+) cis-anti enantiomer of thc thymine cyclobutyl 
dimer. This compound, which was crystallized from water as colorless 
prisms (3 mg), has an identical capacity factor (k' = 1.86) and ir 
spectroscopic features to those of the racemic cis-anti cyclobutadi- 
thymine; cd ( c  1.7, HIO): [0Izxo =0, [0]270 + 1320, [0]z60 +6390, 
[0]250 +9140, [0]240 +5400, [0]236 ~ 0 ,  [8]2zo -4070. 

(-) cis-anti Tlzylyminine()t/~ymine 
The levorotatory diasteroisomer (6 mg) of the cis-anti cyclobutadi- 

thymidine was hydrolyzed with 10% HC1 at 90°C for 20 min. Evapo- 
ration of the solvent, followed by crystallization of the residue from 
water, gave 2.5 mg of (-) cis-anti cyclobutadithymine as colorless 
prisms. The ir spectrum and the hplc capacity factor (k' = 1.85) of this 
compound are identical to those of the cis-anti thymine cyclobutyl 
dimer; cd ( c  I .9, HzO): [0]2XO ~ 0 ,  [0]170 - 1350, [8]260 -6400, [OIzso 
-9 150, [0]z40 -5400, [0]236 =O, [0]23o +4090. 
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Influence cinetique et chimique d'alcenes sur la pyrolyse d'alcanes: 
mise au point et nouveaux resultats 
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I ,  rue Grandville, 54042 Nancy, France 
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FRANCIS BILLAUD, F R A N ~ O I S  BARONNET et MICHEL NICLAUSE. Can. J .  Chem. 63, 2869 (1985). 
En tenant compte de rtsultats anttrieurs et ti partir de nouveaux rCsultats exptrimentaux, nous prtsentons une mise au point 

sur I'influence cinttique et chimique d'alcknes sur la pyrolyse d'alcanes. L'ensemble de ces rtsultats confirme que les 
processus d'addiiion d'atomes libres H a  sur la double liaison d'alcknes ne paraissent pas suffisants pour rendre compte de leur 
influence cirle'iique (inhibitrice) sur la pyrolyse d'alcanes. Nos rtsultats montrent en revanche que ces processus d'addition 
permettent d'interprtter I'effet chimique d'alcknes ajoutts sur la pyrolyse d'alcanes, c'est-a-dire les modifications apporttes 
h la nature et ii la rtpartition des produits de la rtaction. La prtsente contribution permet de vtrifier que I'addition de radicaux 
alcoyle sur la double liaison d'alcknes ne conduit pas ii d'importants effets chimiques. Les rtsultats exptrimentaux anttrieurs 
(pyrolyse de I'tthane en prtsence d'tthylkne ou de propene, pyrolyse du dimtthyl-2.2 butane en prtsence de propkne, 
d'isobuttne ou de deux isopenttnes) complttts par de nouveaux rtsultats (pyrolyse de I'tthane en prtsence d'isobutkne, 
pyrolyse de I'isobutane en prtsence d'tthylkne, de propkne, de butene-2 trans ou de methyl-2 buttne-2) conduisent a proposer 
des rkgles gtntrales relativement simples; elles permettent d'interprtter et de prtvoir les modifications de la nature et de la 
rtpartition des produits de la pyrolyse d'un alcane vers 500°C (773 K) par l'addition d'un alckne. En dehors de leur aspect 
fondamental, ces observations et leurs constquences mtcanistiques peuvent se rCvCler utiles lors de la modtlisation de rtactions 
therrniques, en particulier pour la simplification de modeles complexes. Ces observations expliquent tgalement un certain 
nombre d'observations effectutes sur des unites industrielles et peuvent apporter une contribution aux problkmes posts par le 
traitement des coupes pttrolikres lourdes. 

FRANCIS BILLAUD, F R A N ~ O I S  BARONNET, and MICHEL NICLAUSE. Can. J. Chem. 63, 2869 (1985). 
On the basis of previously reported, as well as new, experimental results, a review is presented of the kinetic and chemical 

influences of alkenes on the pyrolysis of alkanes. The results confirm that the addition of free H- atoms to the double bonds 
of alkenes is not sufficient to explain their inhibiting influence on the pyrolysis of alkanes. On the contrary, our results show 
that the processes of addition can account for the chemical effects of added alkenes on the pyrolysis of alkanes, namely, the 
modifications brought to the nature and the ratio of the products formed during the reaction. The results presented here confirm 
that the addition of alkyl free radicals to the double bond of alkenes does not lead to important chemical effects. The previously 
reported experimental results (pyrolysis of ethane in the presence of ethylene or propene, the pyrolysis of 2,2-dimethylbutane 
in the presence of propene, isobutene, or two isopentenes), completed by our new results (pyrolysis of ethane in the presence 
of isobutene, pyrolysis of isobutane in the presence of ethylene, of propene, of trans-2-butene, or of 2-methyl-2-butene), can 
lead to very simple general rules, on the basis of which i t  is possible to explain the results and to predict the modifications 
(relating to the nature of the products and to their ratios) that will result from the addition of an alkene during the pyrolysis 
of an alkane at a temperature of 500°C (773 K). Aside from their fundamental aspects, these observations and their mechanistic 
consequences could be useful for the preparation of models for these thermal reactions, especially for the simplification of 
complex models. 'These observations also explain certain facts observed in industry and can help in solving some of the 
problems associated with the thermal cracking of heavy oils. 

[Traduit par le journal] 

Introduction Le premier type de micanismes consiste en I'arrachement 

L7influence d'a]cknes, gknCralement de cl a c,, sur la  pyre- d'un atome d'hydrogkne de la molCcule de  l'alcene par un  

lyse d'alcanes lCgers (de C2 2 Cs ou C6) a fait I'objet de  nom- radical POrteur de chaines de la ~ ~ ~ o l ~ ~ e  de l'alcane, con- 

breux travaux. Ces recherches avaient pour but principal duisant a un radical stabilise par rksonance, donc relativement 

d3tlucider ]'origine de lteffet inhibiteur exercC par ces peu rkactif. C'est ainsi que ce mCCaniSme a permis d'interpreter 

sur la pyrolyse d'alcanes. Les alcknes peuvent Etre ajoutCs a l'inhibition de la PYrolYse du nkopentane Par le propkne (1) ou  

llinstant initial ou gknCrCs au ,-ours de la rkaction dormant lieu I'isobutkne (2) et l'auto-inhibition de  cette mEme reaction par 

ainsi respectivement aux phCnomknes d'inhibition ou d'auto- I'isobutkne form6 (2-4). 11 a fait Cgalement I'objet de  gCnC- 

inhibition. ralisations par Niclause et coauteurs (5, 6). 

De tels travaux ont CtC men& de  f a ~ o n  active dans differents Le second type de mCcanismes consiste en l'addition d 'un 

laboratoires, en particulier g N~~~~ ( ~ i ~ l ~ ~ ~ ~  et et g atome d'hydrogkne, porteur de  chaines, sur la double liaison d e  

swansea (pumell et toll.). lls a une bonne c o m p r ~  la molCcule d'alcene pour donner un radical relativement stable 

hension des processus a ~ ~ ~ ~ i ~ i ~ ~  de l'inhibition et de l'auto- themiquement lorsqu'il ne peut se dCcomposer unimol6cu- 

inhibition de la pyrolyse d'alcanes par des alcknes, ces effets lairement que par rupture d'une liaison C-H. Ce  radical inter- 

cinktiques kt6 interpr6tks par deux types de m~canismes vient alors dans des processus de  terminaison. C'est ainsi que  

dent les importances relatives peuvent varier en fonction de Pumell et coauteurs ont interprete l'auto-inhibition de  la pyro- 

diffkrents facteurs: nature de I'alckne, nature des radicaux por- lYse du Propane Par le propkne (7) et celle de  I'isobutane Par 

teurs de chaines dans la pyrolyse de ~ ~ ~ l ~ ~ ~ ~ ,  o p ~ -  I'isobutkne (S), tout au moins a relativement "basse" temp&- 

ratoires, etc.. . rature (423-462"C, 696-735 K) et "haute" pression (300-550 
Tom; 1 Tom = 133.3 Pa). 

' Auteur ii qui adresser la correspondance. Certaines controverses ont parfois eu lieu pour prkciser la 
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part de chaque type de mecanisrne pour rendre compte de 
I'auto-inhibition obsemee dans des exemples ou les deux me- 
canismes pouvaient intemenir simultanCrnent. En effet, les 
modbles mathernatiques des lois de vitesse ont des formes 
voisines avec I'un ou l'autre des deux mecanismes possibles 
d'auto-inhibition (9). Des etudes complCmentaires ont kt6 ria- 
IisCes, avec pour but de rCsoudre cettedifficulte, sur les exem- 
ples de I'isobutane (10) et du propane (I I), rnais elles n'ont pas 
permis d'kliminer un des mecanismes possibles d'inhibition. 

Par consequent, quelques details mecanistiques prks, 
l'ensemble des travaux effectues sur les pyrolyses d'alcanes 
ICgers a conduit a une bonne connaissance du r61e citze'tique des 
alcknes sur ces pyrolyses. 

Certaines Ctudes entreprises il y a une dizaine d'annees 
avaient conduit a penser que, non seulernent l'alcene ajoute ou 
genere dans la reaction avait I'effet cinetique mentionnC ci- 
dessus, mais qu'il pouvait aussi, dans certains cas, modifier la 
repartition des produits issus de la pyrolyse de I'alcane et faire 
apparaitre de nouveaux produits, c'est-a-dire avoir aussi un 
effet chimique. 

De telles complications avaient Cte observkes par Scacchi et 
coauteurs lors de I'Ctude de l'influence du butene-2 trans sur la 
pyrolyse de I'ethane (12) et par Rondeau et a/. lors de I'Ctude 
de I'inhibition de la pyrolyse de l'isobutane par des alcknes 
(1 3). Ces premieres observations avaient conduit a penser qu'il 
se produisait en realit6 une co-re'action entre I'alcane et l'al- 
cene. Des travaux de Purnell et Pacey (14, 15) allaient Cgale- 
ment dans ce sens. 

I1 nous a donc semblk opportun, tant d'un point de vue 
fondamental qu'en vue d'une meilleure maitrise des reactions 
de craquage des hydrocarbures (optimalisation des rendements, 
amelioration de la dlectivite), d'entreprendre une etude sys- 
timatique de ces effets chimiques sur des exemples signifi- 
catifs. Notre but Ctait une generalisation des prernikres conclu- 
sions des articles prkcites et la formulation de regles permettant 
de decrire et de prevoir les modifications envisageables dans la 
nature et la repartition des produits formes dans la reaction 
therrnique d'un alcane vers 500°C (773 K) lors de I'addition 
d'un alckne. 

Nous cornpleterons les Ctudes d6ja publikes sur la pyrolyse 
de I'ethane en presence d'ethylene ou de propkne (16, 17) et sur 
celle du dimkthyl-2,2 butane en presence de divers alcenes 
(isobutkne, methyl-2 butene-2 et propene (18, 19)) par les 
nouvelles investigations suivantes: pyrolyse de I'ethane en 
presence d'isobutkne; pyrolyse de I'isobutane en presence 
d'ethylkne, de propene, de butkne-2 trans ou de methyl-:! 
butkne-2. 

A partir de cet ensemble de resultats, nous en proposerons 
une interpretation globale et synthktique. 

Resultats experimentaux et interpretation 
1 .  Ge'n&ralite's 

Afin d'obtenir une concision suffisante, nous ne rappellerons 
que les rksultats indispensables a la comprehension de l'article 
sur les reactions de reference des alcanes purs et sur l'origine 
de I'inhibition et de I'auto-inhibition due aux alcknes. Les 
effets "chimiques", c'est-a-dire les modifications obsemees sur 
la repartition des produits de la reaction (modification de I'im- 
portance relative des diverses stoechiornetries, apparition de 
stoechiometries nouvelles), seront abordks sur les exernples les 
plus significatifs et les resultats globaux presentes sous forme 
de tableaux. 

Afin que nos resultats aient une ampleur suffisante pour 

TABLEAU 1. MClangcs binaires alcane-alcbne CtudiCs 

Alcane 

Alcene 

~ t h ~ l k n e  
Propbne 

Isobutene 
Butene-2 ( trans) 
Mtthyl-2 bu the -2  
MCthyl-2 butene- l 

DimCthyl-2,2 
 thane Isobutane butane 

(17) Prtsent travail 
(16) Present travail (1 8) ct prCsent 

travail 
PrCsent travail (18, 19) 

Present travail 
PrCsent travail (18, 19) 

(18) 

pouvoir en deduire des conclusions generalisables, nous avons, 
dans le cadre de ces etudes, choisi trois alcanes caracteristiques 
pouvant constituer des modkles interessants: 

(i) I'e'thane, parce ce que se decomposant selon une seule 
stoechiometrie primaire principale (C2H6 = C2H, + Hz), ce qui 
rend les co-reactions avec des alcenes a priori plus faciles a 
aborder du point de vue de l'analyse des produits; cette reaction 
est assez faiblement auto-inhibee par I'Cthylkne form6 (20); 

(ii) I'isobutane se decomposant selon deux stoechiometries 
primaires principales, une de perte d'hydrogene (1-C4HI,, = Hz 
+ i-C4Hx), l'autre de perte de methane (i-C,Hl,, = CH, + 
C3H6), et correspondant a un degre de complexit6 supple- 
mentaire par rapport a 1'Cthane; la decomposition de l'iso- 
butane est auto-inhibee par les alcknes formis, et I'isobutkne, 
de par son abondance relative, joue un r6le preponderant de ce 
point de vue (21); 

(iii) le dime'thyl-2,2 butatze dont la dCcomposition se produit 
selon cinq stoechiornetries primaires principales, ainsi que le 
montre I'Ctude que nous avons effectuke au laboratoire (22); ici 
encore, la reaction est auto-inhibee par les alcknes formes. 

Nous avons regroup6 dans le tableau 1 les systemes deja 
CtudiCs et ayant fait I'objet de publications et ceux qui ont ete 
soumis a de nouvelles investigations. Notons que les references 
18 et 19 constituent en realit6 des notes relativement brkves. 

Les resultats seront classes par alcane Ctudie; nous deve- 
lopperons davantage les cas ethane-isobutkne et isobutane- 
alcenes. 

2. Montage expe'rimetztal 
Nous avons utilisk un montage statique a volume constant, 

realis6 en verre "Pyrex" tres proche de ceux dk-ia utilisQ au 
laboratoire (23). 

L'ensemble four-rkacteur a kt6 modifie et nous avons re- 
pris, sur un montage statique, un dispositif plus recent mis au 
point au laboratoire sur un montage dynamique (24). Le reac- 
teur est constitue d'un ballon de Pyrex ayant un volume de 80 
cm3 dont le chauffage est realis6 par un Clement chauffant 
Thermocoax sous forme de deux coquilles montees au contact 
direct de la paroi exterieure. Par sa construction, la resistance 
chauffante ~hermocoax assure un parfait isolement Clectrique 
tout en gardant une excellente conductibilite thermique. 
L'ensemble est calorifuge avec de la laine de quartz et montC 
dans un boitier cubique de protection. 

Un thermocouple de regulation est positionne entre les parois 
du reacteur et les coquilles de Thermocoax; la regulation de 
temperature est assurie par un regulateur electronique Euro- 
therm. La temperature de reaction est mesuree par un thermo- 
couple place dans un doigt de gant arrivant au centre du reac- 
teur. 
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BILLAUD ET AL. 287 1 

FIG. 1. Pyrolyse de I'tthane en presence d'un alctne YH vers 
520°C (P:"~ = 100Torr); - YH = i-C4HH @; -.- YH CjH6 
0 d'aprks rLf. 16; ---- YH = CzH4 x d'aprks rtf. 17. 

3. Cns d e  l ' t thane 
3.1. Etudes d e  rtftrence sur  la pyrolyse d e  l ' t thane p u r  
Les essais d e  reference que nous avons effectuCs entre 5 0 0  

et  556°C (773 et 825 K) se sont rCvCles en bon accord avec les 
rCsultats des autres auteurs (cf. ,  par exemple, les references 20  
et 25-27). L'ensernble des donnCes relatives a la decom- 
position de ]'ethane a faible avancement parait tres cohCrent et 
cet exernple constitue ainsi une base sfire pour une Ctude 
approfondie de l'influence d'alcenes. 

Rappelons que la pyrolyse de 1'Cthane peut Ctre reprksentee, 
a l'instant initial, par le mkcanisrne radicalaire en chaines 
suivant: 

[ 1 1 Amor~age CzHh + 2 CH,. 

[2] Transfert CH3. + CzHh + CH, + C2H5' 

[3] Propagation [A] C2H,. + C2H, + He 
C2H6 = C2H4 + Hz 

[41 H. + CzH6 + Hz + C2H5- 

n-C4Hlu 
Terminaison 2 C2Hs. < 

La rCaction Ctant en chaines longues, c e  mecanisme rend 
bien compte d e  I'Cquation stoechiornCtrique prirnaire principale 
[A] et du fait que CH, et n-C4H,, se f o m e n t  seulernent en 
traces. 

L e  porteur de chaines de type P (selon la terrninologie de 
Goldfinger, Letort et Niclause (28)), c'est-a-dire rkagissant 
birnolCculairernent, est I'atorne libre d'hydrogene; le porteur de 
chaines de type p, c'est-&-dire reagissant rnonornolCculaire- 
rnent, est le radical libre ethyle, C2H5.; de par sa rnoindre 
rCactivitC, celui-ci est en concentration quasi-stationnaire net- 
tement plus ClevCe que He, [C2H5.]/[H-] = 350, en accord avec 
le processus d e  terminaison retenu. 

3.2. Co-rtaction tthane- isobutdne 
3.21. Etude cinttique 
En presence d'isobutene et vers 520°C (793 K), la vitesse 

initiale d e  formation de I'hydrogkne est fortement diminuee. 
Cette diminution est d'autant plus grande que le melange est 
riche en isobutene. 

Sur la figure 1 nous avons reprksentk le rapport 
( v ~ ~ ~ ) ~ . ~ , H , / v ~ ~ ~  des vitesses initiales d'apparition d'hydrogene, 
en presence et en absence d'isobutene (a mCme concentration 

initiale et a 518"C, 791 K) en fonction du rapport r = 
[i-C4H810/[C2H610. Sur  la rn&rne fig. I nous avons kgalernent 
repris des rksultats sur d'autres co-reactions ethane-alcene 
(YH) CtudiCes prkcedernrnent (16, 17). 

La reaction [A]: CzH6 = C2H4 + HI est donc forternent 
inhibke par l'isobutene. Cet effet cinttique peut s'interpreter 
par un rntcanisrne proche d e  celui dkcrit dans le cas des 
rnClanges Cthane-propene (16). Un des processus possibles 
a l'origine de I'inhibition est l 'arrachement d'un atome 
d'hydrogene d e  la molecule d'isobutene par l'atorne libre 
d'hydrogene H. (processus [5P]) 

/CH3 /CHz 
[5P] H. + CH'=C + CH2=C + Hz 

'CH, 'CH~ 

Le processus [5P] conduit au radical (1-C,H,.) stabilise par 
rCsonance et  qui peut donc intervenir dans d e  nouveaux pro- 
cessus de terminaison d e  chaines: 

[ y  yl 2 i-C4H7. + 

produits 
[Yp] i-C4H7. + CZHS, + 

L'autre processus possible a I'origine de I'inhibition est l 'ad- 
dition d e  l'atome libre H. sur l'isobutene pour former un radical 
t-C4H9- (processus [5t] relativernent stable puisqu'il ne peut se 
dkcornposer rnonornolCculairement que par le processus in- 
verse d e  sa formation [-5t] (cf. rkgles de Leathard (7))' 

Cornme t-C4H,- est plus reactif que le radical stabilisC par 
resonance i-C4H7. nous avons Cgalement Ccrit le processus [6]: 

Le  radical t-C4H9. peut aussi intervenir dans de nouveaux 
processus d e  terminaison de chaines: 

[ ~ t ]  C2H5. + I-C4Hp. + I produits 

Remarque i propos de la rCactivitC de t-C4H9.: 
Pour aue les radicaux t-C4HGl. missent avoir une influence cinttiaue . . 

notable sur la rCaction en intervenant dans les terminaisons, il faut que 
ces radicaux se dCtruisent assez facilement par combinaison et (ou) 
dismutation. Or, ceci est en contradiction avec les valeurs basses de 
la constante de combinaison et de dismutation de t-C4Hp. qui avaient 
ttt avancCes par certains auteurs (par exemple 1OX.%rn3 mol-~' s-I 
d'aprks Hiatt et Benson (29)). Dans un article paru en 1976, Parkes et 
Quinn (30) ont montrC par une mCthode de mesure directe que la 
valeur de la constante de recombinaison des radicaux I-C4H9. Ctait de 
1012.5 cm3 m - l  sC' et donc nettement plus ClevCe que celle admise 
auparavant. 

Un article de Marshall et al. (31) a d'ailleurs confirm6 ce point de 
vue en montrant que les valeurs basses admises pour les constantes de 
combinaison de certains radicaux alcoyles (dont le radical tert-butyle) 
provenaient vraisemblablement d'erreurs sur les donnCes thermo- 
chimiques. I1 semble que le travail de Parkes et Quinn (30) ait mis fin 
B cette controverse et que seule la valeur &lev& soit B retenir, en 
accord avec les mtcanismes que nous proposons. 

3.22. Etude chimiqtie 
En prCsence d'isobutene, la pyrolyse de l'Cthane n'est pas 

'Le radical t-CaHe. ainsi form6 par addition est en fait un radical 
vibrationnellement excite. 
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l'atome libre He sur la double liaison de la molecule d'iso- 
butkne. Cette addition peut conduire soit a un radical isobutyle 
primaire: 

/CH3 
p-C4Hy. CH~PCH 

0 
C2 H4 'CHI 

40 o o- soit a un radical isobutyle tertiaire: 

/CH3 

2 f-C4Hy. CHT-c 

o0,0-0 0 o-o- 0- 'CH~ 

La formation de p-C4H9. peut effectivement interprtter la 
formation de mCthane et de propkne, si l'on considkre la sC- 
quence fermCe: 

0 0 0- CH4 [3] C2H5' + H' + C2H4 
1 0 - X 0 7 0  x x - x  x-x 0 X- 0- 

X correspondant a la stoechiomttrie [B] 

m 2 b l  + m 2 p l  + m2p2 
C3H6 

[B] C2H6 + i-C4Hs = C2H4 + C3Hh + CH4 

0-0-0 
C4H10 

@-0-0 $ = La formation de t-C4H9- en dehors de son r6le cinCtique 
+ + - + - +  + + +  mentionnC prCcCdemment, permet d'interpreter la formation 

0 
I I I I = -  

10 20 3 0 40 d'isobutane par la stquence fermCe, ou t-C4H9. rCagit bi- 

temps ( m ~ n )  molCculairement avec une molCcule d'Cthane: 

FIG. 2. Pyrolyse de I'Cthane en prCsence d'isobutbne; composition 
des produits primaires principaux (T  = 518°C (791 K), pFH6 = 100 
TOIT, r = [ ~ - C ~ H ~ ] O / [ C ~ H ~ ] O  = 0,15); rnCthyl-2 butkne-1 = rn2b1, 
mCthyl-2 pentbne-1 = rn2p1, rnCthyl-2 pentbne-2 - rn2p2. 

seulement inhibee mais la rCpartition des produits est modifiCe. 
I1 n'y a plus dlCgalitt entre C2H4 et Hz et il se forme des 
quantitCs notables de mtthane et de propkne et un peu d'iso- 
butane. 

La figure 2 reprCsente la composition des produits Hz, CH4, 
C2H4, C3H6 et i-C4HI0 en fonction du temps de pyrolyse (a 
518"C, 791 K et pour une teneur en isobutkne r = 0,15); il se 
forme aussi des traces de mCthyl-2 butene-1, de mCthyl-2 
pentkne-1 et de mCthyl-2 pentkne-2. Ces trois produits reprC- 
sentent l'instant initial environ 1% de l'ensemble des produits 
mesurCs. 

On peut interpreter ces effets en considerant l'addition de 

correspondant a la stoechiomttrie [C] 

[C] C2H6 + i-C4Hs = CzH4 + i-C4Hlo 

Le radical tertiaire t-C4H9. doit Ctre relativement moins rCactif 
vis-a-vis d'une moltcule d'Cthane qu'un radical alcoyle plus 
lCger et par constquent la stoechiomCtrie [C] doit avoir une 
importance limitCe devant [A] et [B]. 

Le mtcanisme global de pyrolyse de 1'Cthane en prCsence 
d'isobutkne qui permet d'interpreter les trois stoechiomCtries 
[A], [B] et [C] et donc les produits dosts en quantitCs les plus 
importantes H2, CH4, C2H4, C3H6 et i-C4H,o peut Ctre le sui- 
vant, en tenant compte des effets inhibiteurs et de leur inter- 
prCtation, mentionnCs dans ce qui prtckde. 

Me'canisme de pyrolyse de  l'e'thane en prtsence d'isobuttne 
( A  faible avancement) 

[ I ]  Arnorqage C2Hh + 2 CH,. 

131 Propagation [A] C2HS' 4 H- + CrHl 

[41 CzH6 = CzH4 + Hz ( He + C2Hh 4 C2H5. + H2 

 PI Propagation [Bl C 
H. + i-C4Hs --t p-C,Hy. 

[5t] et [-511 Propagation [C] He + i-C4Hx + t-C4Hy. 

161 C2Hh + i-C4Hs = C2H4 + i-C4Hlo { I-C~HY. + CzHa + C2HSv + i-CIHIo 

[SP] Arrachernent d'hydrogkne H. + i-C4Hs 4 i-C4H7- + H2 
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[PP] I 2 C 2 H 5 . j  I 
I I 

[YP] I i-C4H7. + C2H5. 4 I 
I I 

[ y y l  I 2 i-C4H7. 4 I 
Terrninaison I I produits 

[Ptl I C2H5' + t-C4H9--+ I 
I I 

[tyl I t-C4H,- + i-C4H7- 4 I 
I I 

[ttl I 2 t-C4H9. 4 I 

Les autres produits en quantites moins importantes sont ex- 

pliquCs par l'intervention de C2H5. qui peut s'additionner sur la 
molCcule d'isobutkne. I1 suffit de construire des sequences 
fermCes avec des processus du mCcanisme general precedent. 
Les nouvelles stoechiornetries obtenues rendent alors compte 
de la formation du methyl-2 buthe-1 (m2bl), du methyl-2 
penthe-1 (m2p I) et du mCthyl-2 penthe-2 (m2p2): 

ldre Possibilite': addition de C2H5. sur le carbone central: 

[2I CH3. + CzHs -+ CH4 + CzHS. 

d'ou: 

[Dl C2H6 + i-C4H8 = CH4 + C5Hlo (rn2bl) 

2dme Possibilite': addition de C2H,. sur le carbone terminal: 

. /CH3 ,CH3 
[10Al CH3-CH2-CHZ-C 4 CH3-CHZ-CH=C + H. 

\ C H ~  (m2p2) \ C H ~  

ou: 

d'ou: 

[El et [F] CzHh + i-C4H8 = HZ + C6HI2 (rn2pl et m2p2) 

Si l'on tient compte de l'ensemble des produits dosCs (y 
compris les traces de mCthyl-2 buthe- I ,  de mCthyl-2 penthe-1 
et de mCthyl-2 penthe-2), la dCcomposition thermique de 
1'Cthane en presence d'isobutkne peut &tre representke par six 
stoechiornetries primaires principales dont nous indiquons i 
titre d'exemple les importances relatives i l'instant initial ( i  
518"C, 791 K et r = 0,15): 

[A] CzH6 = C2H4 + Hz 66,6% 

[B] C2Hh + i-C4Hx = CHj + C2H4 + C3H6 23,6% 

[C] C2H6 + i-C4HR = C2H4 + i-C4Hlo 6,4% 

b, c, d sont representatives pour chaque temps de pyrolyse des 
stoechiornetries [A], [B], [C] et [Dl + [El + [F]. L'ex- 
trapolation des droites obtenues (cf. figure 3) a avancement nu1 
fournit la repartition des stoechiornetries a l'instant initial. 

Nous avons montre dans la partie "resultats experimentaux" 
que la somme des produits caracteristiques des stoechiomCtries 
[Dl, [El et [F] est de I'ordre d'un pour cent de l'ensemble des 
produits doses (dans les conditions: T = 518"C, 791 K et r = 
0,15). L'importance de ces stoechiornetries qui resultent de 
l'addition du radical alcoyle C?H,. sur I'isobut2ne sera infe- 
rieure a un pour cent dans le cas des pyrolyses i plus haute 
temperature (540 et 556"C, 813 et 829 K). En effet, dans ces 
conditions, nous rappelons, comme dans le cas des melanges 
C,H6-C3H6, que la vitesse des processus inverses (processus 
[-8A] ou [-8B]) augmente plus rapidement que celle des 
processus directs avec la temperature; I'energie d'activation de 
ces processus inverses est plus grande que celle des processus 

[Dl C2Hh + i-C4H8 = CH4 + C5HIo (m2bl) directs. 

[El C2Hh + I-C4HR = Hz + C6H12 (m2pl) 3,4% 
Nos nouveaux risultats experimentaux sur les melanges 

ethane-isobutkne peuvent donc en premikre approximation 
[F] C2Hh + I-CIHH = Hz + ChH12 (m2p2) &tre correctement dCcrits par les seules stoechiomCtries TAl. TB1 . .-  

et [C], avec [A] la stoeciiom~trie de 1'Cthane pur et [B] et [C] 
Soit a = (C?H4) - [(C3H6) + (i-C4HIO)], b = (C3H6), c = les stoechiomCtries deduites de l'addition de l'atome libre H- 

(1-C4Hl0), d = (m2bl) + (m2pl) + (m2p2). Les quantites a, sur la double liaison de l'alckne ajoutC. 
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TABLEAU 2. Pyrolyse de l'tthane en prtsence d'un alckne 

Radical(aux) 
potentiellernent Radical(aux) 

Alckne responsable(s) de responsable(s) de 
ajoutt I'inhibition I'effet chirnique 7' ("C) Stoechiornttries 

Importance 
relativet 

(%I 

. /CH3 
Isobutkne CH3-C 

(t-CdH9.) \ C H ~  
CHz-CH=CHI* 

Propkne 
CH~-CH-CH~ 

CzH, + i-C,H, = CH, + CzH4 + C3H6 [B] 

*Radicaux formis par arrachement d'hydrogtne sur I'alcene considiri, les autres radicaux sont formis par addition de H .  sur I'alcene correspondant. 
tlmportances relatives des diverses stoechiomitries (extrapolation i I'instant initial); T = 518°C (791 K), P:'~" = 100 Torr, r = [alc6ne](,/ 

[&thanelo = 0,15. 

Pour les trois co-reactions ethane-alcene YH Ctudiees prk- 
cedemment (tthylkne, propkne) et dans ce travail (isobutkne), 

o nous mentionnons quels sont les radicaux pouvant etre h l'ori- 
o O - O - ~  o gine de l'auto-inhibition et les radicaux responsables des effets 

o "chimiaues" (nouvelles stoechiomCtries). 
Sur le plan purement cinetique, la figure recapitulative 

(fig. 1) et la lecture du tableau 2, compte-tenu des inter- 
pretations mCcanistiques propodes, permettent de penser que 
l'inhibition de la pyrolyse de 1'Cthane par un alckne sera rela- 
tivement faible s'il n'y a pas, dans les radicaux potentiellement 
responsables de I'inhibition, un radical Y. form6 par ar- 
rachement d'un atome d'hydrogene de la molecule dalcene 
YH et stabilise par resonance (radical de type allylique). Ce 
point de vue est corrobore par l'influence cinetique de I'ethy- 
lime sur la pyrolyse de ]'ethane. 

Ces resultats ne permettent pas de conclure que le me- 
canisme par arrachement d'hydrogkne est suffisant pour rendre 

2 0 compte des influences inhibitrices et auto-inhibitrices d'al- 
cknes; en effet, nous ne disposons pas, dans le cas de l'ethane, 

C2H6 + i C4H8 = m 2 b l  + CH4 d'exemples de reactions avec un alckne YH ou seul le me- 
C2H6 + i C ~ H ~  = m 2 p l  + H~ canisme par arrachement d'hydrogene serait possible. 
C2H6 + i C4H8 = m 2p2  + H2 La lecture du tableau 2 fait apparaitre que les importances 

relatives des nouvelles stoechiomCtries restent limitees dans le 
cas de melanges C2H6-C2H1; rappelons que ces nouvelles stoe- 

C2H6 + i C4H8 = i C4Hl0 + C2H4 
0 0 

chiomktries sont attribuees ii l'addition du radical libre ethyle 
0- 0 0 0- o sur la moltcule d'ethylkne et aux processus subsCquents (17). 

0- 0 
O- Ceci suggkre donc que, dans nos conditions experimentales, les 

changements de nature et de repartition des produits lors de la m 
0 5 10 2 0 30 

temps ( m i n )  

FIG. 3. Pyrolyse de I'Cthane en prtsence d'isobutkne. Rtpartition 
des stoechiomCtries prirnaires principales (T = 5 18°C (791 K),  pgHh 
= 100 Torr, r = [i-C4Hxlo/[CzH,]0 = 0,15). 

3.23. Cornparaison des rksultats obtetzus par addition 
d'isobute'rze avec ceux obtenus par addition de prope'ne ou 
d'e'thyle'ne 

pyrolyse de 1'Cthane en presence d'un alcene sont essen- 
tiellement dus h l'addition d'un atome libre H. sur la double 
liaison de la molecule d'alckne et aux processus subsequents 
des radicaux libres ainsi form&, s'ils reagissent par des pro- 
cessus Clkmentaires autres que par le processus inverse de leur 
formation, impliquant la rupture de liaisons carbone-carbone, 
plus fragiles que des liaisons carbone-hydrogkne. 

En revanche, lorsque l'on considkre l'addition de radicaux 
alcoyles sur une double liaison d'un alcene, le processus in- 
verse de la formation des nouveaux radicaux ainsi obtenus est 

Nous avons regroup6 l'ensemble de nos rksultats et resume par definition la rupture d'une liaison carbone-carbone. De par 
leur interpretation mecanistique dans un mCme tableau (cf. la relative fragilite de ce type de liaison, les nouvelles stoe- 
tableau 2). chiometries ne pourront pas prendre une importance apprB 
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ciable. C'est naturellement le cas du radical Cthyle dans le cas 
de 1'Cthane; comme on l'a vu prkcedemment, les stoechio- 
mCtries nouvelles dCrivCes de l'addition de ce radical ne pren- 
nent pas une importance apprkciable dans les co-rCactions de 
consommation de 1'Cthane. 

Cette analyse des schCmas rkactionnels a CtC facilitee griice 
au nombre limit6 de produits de reaction, puisque I'ethane ne 
se pyrolyse que selon une seule Cquation stoechiomCtrique pri- 
maire principale. 

Cependant, on peut se demander si les conclusions prCcC- 
dentes restent valables dans le cas beaucoup plus gCntral d'al- 
canes qui se decomposent selon plusieurs Cquations stoechio- 
mCtriques primaires principales, en particulier dans le cas ou 
les porteurs de chaines de type P (c'est-a-dire rCagissant bimo- 
ICculairement) comprennent des espkces autres que l'atome 
libre d'hydrogkne (radicaux alcoyles Itgers, en particulier 
CHI., C2H5., . . .) et dans les cas ou il existe plusieurs formes 
isomkres du radical p-. 

Afin d'Cvaluer la validit6 des conclusions prkctdentes, nous 
allons aborder d'autres exemples de pyrolyses d'alcanes en 
prCsence d'alcknes ajoutCs; les alcanes choisis pour cette nou- 
velle comparaison seront l'isobutane dans une premikre sCrie et 
le dimCthyl-2,2 butane dans une seconde sbie.  

4. Cas de l'isobutane 

4.1. Isobutane pur 
Nos essais de reference ont confirm6 les caracttristiques dCjB 

connues de cette pyrolyse, en particulier ]'importance relative 
des deux stoechiometries primaires principales de dCcom- 
position dCterminCe par la composition des produits primaires 
qui d'ailleurs varie assez peu avec le temps. A titre d'exemple, 
nous avons mentionnC la rtpartition des deux stoechiomCtries 
primaires principales, determike a 470°C (743 K) et pour une 
pression initiale d'isobutane de 100 Torr: 

[A'] i-C4H10 = CH4 + C3H, 25% 

[B'] i-C4H10 = Hz + i-C4H1o 75% 

Plus gCnCralement, nos rtsultats de rCfCrence font apparaitre 
un bon accord avec les Ctudes effectuies anterieurement sur 
cette rtaction (cf., par exemple, les rtfkrences 8, 10, 32, 
et 33). 

Compte-tenu des travaux de Muller (32), de Konar et al. 
(8, 10) et des verifications complCmentaires que nous avons 
entreprises, le mCcanisme de la pyrolyse de l'isobutane a rela- 
tivement faible avancement que nous avons retenu s'Ccrit: 

11 Amorgage i-C4H,,, + radicaux libres 

[71 

1 
p-CaH,. + CH3. + C3Hh 

Propagation [A'] 
[ 1 2 ~ 1  CH3. + i-C4Hlo + CHJ + p-CaHs. 

11 2tl 
i-C4Hlo = CH4 + C3Hf, 

CH3. + i-C4HI0 + CH4 + t-CaHy. 

[-5t] et [5t] 

1 
t-C4H,- F', Ha + i-C4H, 

11 3pI 
Propagation [B'] 

He + i-C4H10 + Hz + p-C,H,. 
i-C,H1, = Hz + i-C4Hx 

[ I31  He + i-C4HI(, + HZ + t-C.IH9. 

I combinaison ou disrnutation des radicaux: 
Terminaison I 

I CH3- (P.), t-C4Hy. (p-) et i-CJH7. (Ye) 
I 

La sCquence fermte constituCe des processus [7] et [12p] 
conduit a la stoechiomCtrie [A']; celle constitute de [-5t] et 
[I 3p] conduit a la stoechiometrie [B'] . I1 y a donc deux porteurs 
de chaines de type P a ,  H. et CH,., et deux formes isomkres du 
radical p., p-C4Hy. et t-C4Hy-, qui peuvent d'ailleurs s'iso- 
mCriser Cgalement bimolCculairement par les processus [I41 et 
[-141. 

L'allure auto inhibCe de la rCaction (32, 8) s'explique par la 
formation des deux alcknes (propkne et isobutkne); I'isobutkne 
joue un r61e preponderant dans ce phCnomkne, parce qu'il est 
form6 en quantitCs plus importantes que le propkne (environ 3 
fois plus); rappelons que dans nos conditions expkrimentales, 
l'isobutkne a une influence inhibitrice comparable ti celle du 
propkne (13), pour des quantitCs tgales. 

I1 est admis, comme nous I'avons vu dans le cas de l'Cthane, 
que deux types de processus peuvent Ctre a I'origine de l'auto- 
inhibition d'une pyrolyse d'alcane; des processus d'arrache- 
ment d'hydrogkne sur les molCcules d'alckne et des processus 
d'addition de I'atome libre H -  sur la double liaison. Si l'on 
admet que I'isobutkne joue un r6le prCpondCrant dans ces pht- 

nomknes d'auto-inhibition de la pyrolyse de I'isobutane, on 
aura ainsi: par arrachement d'hydrogkne de I'isobutkne, for- 
mation de radicaux isobutCnyles i-C4H7. (processus [5P]), sta- 
bilisCs par rtsonance et pouvant intervenir dans de nouveaux 
processus de terminaison des chaines; par addition d'hydrogkne 
sur I'isobutkne, formation de radicaux tert-butyle (processus 
[5t]) relativement stables thermiquement parce que ne pouvant 
se dCcomposer que par rupture d'une liaison C-H et, de ce 
fait, intenenant Cgalement dans les processus de terminaison. 

11 est difficile, dans 1'Ctat actuel de nos connaissances sur 
cette rCaction, de priciser quelle est la part relative de chacun 
des micanismes possibles dans le phinomkne global d'auto- 
inhibition, mais il ne nous parait pas possible de ntgliger a 
priori I'un devant I'autre. Ce point sera d'ailleurs Cvoqut plus 
loin. Ceci nous conduit donc 2 tenir compte, au cours du temps, 
de trois types de radicaux dans les processus de terminaison de 
la rCaction: CH,., t-C4Hy. et i-C,H7-. Les mesures d'ordre et les 
dCterminations de vitesse initiale a partir d'un modkle de la 
rCaction sont compatibIes avec les considCrations prCcCdentes. 
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FIG. 4. Pyrolyse de I'isobutane en prCsence de propkne et compa- 
raison de I'effet cinetique du butkne-2 trans et du methyl-2 butkne-2 
sur la pyrolyse de I'isobutane par rapport au propkne et i I'ethylkne. 
Variation du rapport (v:')~~/v:' avec r = [YH],/[i-C4Hlo],,; ---- 
YH = mCthyl-2 butkne-2; - YH = butkne-2 trans; -*-*- YH 
= propkne; --- YH = Cthylkne (T = 470°C (743 K), pFH"  = 
100 Torr). 

4.2. Co-rkaction isoburane-propene 
Nos rksultats expkrimentaux ont montrC que l'addition de 

profine (10 a 30 Torr) a l'isobutane (pression initiale 100 Ton, 
tempCrature 470"C, 743 K) conduisait a une importante in- 
hibition de la reaction, comparable a celle observCe antt- 
rieurement dans le cas de 1'Cthane (16). Cette forte inhibition 
peut &tre expliquke par des processus analogues a ceux Ccrits 
dans le cas des mClanges Cthane-propene, c'est-a-dire a la fois 
par des processus d'arrachement d'hydrogkne de la molecule 
de propene conduisant au radical allyle stabilisC par rksonance 
et par des processus d'addition d'hydrogkne sur cette mCme 
molCcule de propene et conduisant au radical isopropyle. 

Sur la figure 4 nous avons represent6 les effets cinetiques du 
prophe et d'autres alcenes qui seront CtudiCs et compares 
ensuite. 

L'addition de propene exerce non seulement le fort effet 
cinttique mentionnC ci-dessus et reprtsente en fig. 4, mais 
modifie aussi de f a~on  importante la repartition des produits 
primaires principaux. Les CgalitCs approximatives observCes 
dans la pyrolyse de l'isobutane pur entre les concentrations des 
produits principaux extrapolees a l'instant initial rappelCes en 
fig. 5 ([Hz10 = [i-C4H810 = 37,4%; [CH410 2. [C&]o '. 12,6%) 
ne sont plus verifiCes et il se forme aussi primairement de 
l'tthylene et du propane. La figure 5 represente, en fonction du 
temps, a 470°C (743 K) et pour un rapport r = [C3H6I0/ 

temps (min) 

FIG. 5 .  Pyrolyse de I'isobutane en prCsence de propkne. RC- 
partition des produits primaires principaux de la reaction ( T  = 470°C 
(743 K), ~ 7 ~ "  = 100 TO", r = [C3H6]0/[i-C4H10j0 = 0,10); ----- 
reference isobutane pur. 

[i-C4HI0l0 = 0,10, la rkpartition des produits exprimCe en pour- 
centage de I'ensemble des produits dosts; les valeurs suivantes 
sont obtenues par extrapolation ?I I'instant initial: [i-C4H8I0 -- 
39,2%; [H2I0 29,2%; [CH410 -- 19,4%; [C2H4I0 2. 5,2%; 
[C3H810 -- 7%. 

Les traces de produits plus lourds (des butknes-2 a des olt- 
fines en C7) sont pratiquement ntgligeables par rapport a ces 
produits (leur somme ne reprisente que 0,25% environ de 
I'ensemble des produits principaux dosts). 

Nos rksultats exptrimentaux peuvent Ctre dtcrits par quatre 
equations stoechiomttriques primaires principales (leurs im- 
portances relatives extrapolCes a l'instant initial sont donnees a 
470°C (743 K) et pour un rapport r = 0,lO). 

[C'] i - C a I o  + C3H6 = C3Hs + I-C4Hn 13,7% 

[D'] i-C4HI0 + C3H6 = CH4 + CzH4 + i-C4Hx 9,2% 

Nous avons regroup6 dans ce qui suit les processus Cltmen- 
taires de propagation et les sequences fermCes qui conduisent 
aux quatre Cquations stoechiomttriques prCcCdentes; le mt- 
canisme global de la pyrolyse de l'isobutane en presence de 
profine que nous proposons pour rendre compte de tous les 
effets observb s'ecrit: 
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BILLAUD ET AL. 

[ I l l  Amorcage i-CJHlo + radicaux libres 

[71 Propagation [A'] p-CdH9. + CH3. + C3H6 

[ 12pl i-C4Hlo = CH4 + C3H6 CH,. + i-C4Hlo + CH4 + p-C4H,. 

[ 12tl CH3. + i-C4Hlo + CH4 + t-C4Hy. 

[-5tl t-C4H,. + H- + i-C4Hx 

113~1 
Propagation [B'] 

Ha + i-C4HI0 + H2 + p-C4H9- 

[13t] 
i-C4Hlo = H2 + i-C4Hn 

H. + i-C4Hlo+ Hz + t-C4Hy. 

[I%] et [- 15s] Propagation [C'] H. + C3H6 Ft: s-C3H7. 

116~1 i-C4HI0 + C3H6 = s-C3H7- + i-C4H,, + C3Hx + p-C4H9. 

[16tl C3H8 + i-C4H8 s-C3H7. + i-C4Hlo + C3Hx + ~ - C ~ H Y .  

LlSPl Propagation [D'I3 Ha + C3H6 + p-C,H7- 
i-C4H,o + C3H6 = 

[I71 
p-CjH7. + CH3. + C2H4 CH, + CzH4 + i-C4Hs 

[ 18P1 Arrachement d'hydrogkne H. + C3H6 + H2 + CH2 - CH CH2 
combinaison ou dismutation impliquant les radicaux: 

Terminaison CH3., C3H5., S-C3H7., t-C4Hy. 

Ceci montre B nouveau que l'addition de l'atome libre H. sur 
la double liaison du propkne est susceptible d'expliquer l'es- 
sentiel des effets chimiques observes lors de la pyrolyse de 
l'isobutane en presence de propkne. L'addition de radicaux 
alcoyles (CH,., s-C3H,.) sur la double liaison du propkne est 
effectivement capable dYinterprCter la formation de produits en 
traces mentionnks ci-dessus mais leur importance relative est 
negligeable comparCe B celle des produits formCs dans les stoe- 
chiomktries [A'], [B'], [C'] et [D']. 

I1 apparait donc que, malgre la presence d'un autre radical P. 
[CH,.] et l'existence de 2 formes isombres du radical pa (iso- 
butyle primaire et tert-butyle), l'addition de Ha joue encore un 
r61e preponderant dans les modifications observCes dans la 
repartition des produits. 

4.3. Co-reaction isobutane-Cthyl6ne 
Les rksultats obtenus sur cet exemple sont trks proches de 

ceux observes dans l'etude des mClanges ethane-Cthylkne et 
dCcrits dans des publications anterieures (17): la reaction de 
dCcomposition de l'isobutane est inhibte par I'Cthylkne, mais 
nettement moins (environ 5 fois) que par le propkne; la pyro- 
lyse de l'isobutane est moins perturbke chimiquement par 
1'Cthylkne que par le propkne; le seul produit nouveau qui 
apparait est 1'Cthane et la rkpartition des produits primaires 
principaux peut &tre dCcrite par les trois equations stoechio- 
metriques primaires principales suivantes: 

[E'] i-C4Hlo + C2H4 = C2H6 + i-C4HH 13,8% 

Les importances relatives des trois stoechiomCtries sont don- 
nCes ci-dessus a titre d'exemple, a une temperature de 470°C et 
pour un rapport r = [C2HJ]0/[i-C4H10]0 de 0,lO. 

Nos rCsultats sont ici encore interpretables par l'acidition 
(reversible) de l'atome libre H. sur la molecule d'tthylkne, 
conduisant au radical libre C2H5. qui reagit bimolCculairement 
avec l'isobutane pour donner une molCcule d'ethane et un radi- 
cal tert-butyle, l'hydrogkne tertiaire de l'isobutane Ctant net- 

3CornplCtCe par [12t] et [-%]. 

tement plus facile B arracher que les hydrogenes primaires; la 
stoechiomktrie [E'] se deduit de la sCquence ci-dessous: 

1-31 et [31 Ha + C2H4 e C2H5' 

[ 1 st] C2H5. + i-C4Hlo + C2H6 + t-C4H9. 

1-5tl t-C4Hy- + H- + i-C4HX 

4.4. Co-re'action de l'isobutane avec d'autres alc6nes 
De la m&me manikre et avec le meme objectif, nous avons 

CtudiC l'influence du butkne-2 trans (note en abrCgC 2-C4Hs) et 
du methyl-2 butkne-2 sur la decomposition thermique de l'iso- 
butane. L'ensemble des cas CtudiCs sur l'exemple de l'iso- 
butane est resum6 dans le tableau 3, ou nous avons Cgalement 
rappel6 les rtsultats obtenus avec le propkne et 1'Cthylkne. 
Cette comparaison montre a nouveau le r6le fondamental de  
l'addition de l'atome libre H.. 

Les etudes effectuees avec le butkne-2 trans et le mkthyl-2 
butene-2 presentent un intCr&t supplkmentaire en ce qui con- 
cerne les mkcanismes d'inhibition. L'effet inhibiteur du 
butkne-2 trans et du methyl-2 butkne-2 sur la dCcomposition 
thermique de l'isobutane, contrairement h l'effet chimique, ne 
parait pas attribuable B l'addition de l'atome libre H. sur la 
double liaison. En effet, les radicaux alcoyles ainsi obtenus ne 
posskdent pas de stabilite thermique particulikre car ils peuvent 
se redecomposer par rupture d'une liaison carbone-carbone 

(radical CH,-CH,-kH-CH, pour le butkne-2, radicaux 

CH,-CH-CH-CH, et C H , - ~ - - C H ~ ~ C H ,  pour le __I_. 
CH3 CH3 

methyl-2 butkne-2) et donc ne peuvent pas atteindre des con- 
centrations quasi-stationnaires suffisantes pour jouer un r6le 
cinetique (inhibiteur) notable par leur intervention dans des 
processus de terminaison. 

Malgre cette unicite de mecanisme d'inhibition envisage- 
able, c'est-8-dire seulement le micanisme par arrachement 
d'hydrogkne conduisant a un radical allylique stabilise par re- 
sonance, les effets inhibiteurs observes avec les deux alcknes 
precites sont du m&me ordre de grandeur, voire m&me supC- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2878 CAN. J .  CHEM. VOL. 63, 1985 

rieurs, a ceux obtenus en presence de propkne (fig. 4); rap- 
pelons qu'avec le prophe les deux mecanismes d'inhibition 
(addition d'un atome He ou arrachement d'un atome 
d'hydrogkne conduisant au radical allyle) pouvaient intervenir 
stimultankment. 

Ces rksultats tendent donc a prouver que le mecanisme par 
arrachement d'hydrogkne est suffisant pour interpreter les ef- 
fets inhibiteurs observes dans la pyrolyse d'alcanes en presence 
d'alcenes. Lorsque seul le mecanisme par addition est envi- 
sageable, comme c'est le cas en presence dlCthylkne, les effets 
observes sont nettement moins importants (fig. 4). Ceci nous 
conduit a penser, de f a ~ o n  simplifiee, que les effets cine'tiques 
(inhibition) sont attribuables essentiellement a l'arrachement 
d'un atome d'hydrogkne sur la molCcule d'alckne lorsque ce 
processus conduit un radical libre stabilise par resonance; les 
effets chimiques, c'est-a-dire les modifications de la rkpartition 
des produits de la reaction introduites par l'addition d'alckne, 
paraissent provenir essentiellement de l'addition de l'atome 
libre d'hydrogkne sur la double liaison de la molCcule d'olCfine 
et des processus subsequents des radicaux alcoyle ainsi ob- 
tenus. 

En pratique, lorsqu'on s'interesse au craquage d'alcanes li- 
quides, on franchit encore un degre dans la complexite des 
schCmas reactionnels. En effet, le nombre d'equations stoe- 
chiometriques decrivant la dCcomposition de l'alcane croit trks 
vite avec le nombre d'atomes de carbone de celui-ci, ainsi que 
le nombre d'espkces radicalaires porteuses de chaines. Pour 
contraler la validit6 de nos observations dans un exemple se 
rapprochant de cette complexite, nous avons choisi comme 
alcane le dimethyl-2,2 butane. 

5. Cas du dimkthyi-2,2 butane 
Pour la comprehension de ce memoire et surtout dans un but 

de comparaison avec des resultats publies antkrieurement sur 
I'ethane (16, 17) ou mentionnts dans ce qui prec6de (reactions 

ethane-isobutkne et rkactions isobutane-alcene), il nous a 
paru nkcessaire, compte-tenu de la relative complexit6 de cette 
reaction, de resumer les resultats obtenus sur la pyrolyse du 
dimethyl-2,2 butane pur (22). 

5.1. Dime'thyl-2,2 butane pur 
Vers 450°C (723 K), le dimethyl-2,2 butane se decompose 

selon cinq stoechiomttries primaires principales qui dkcrivent 
l'ensemble des produits doses: 

[A"] C6HI4 (2,2 DMB) = CH, + C ~ H I O  (rn2bl) 4,2% 

[B"] CsH14 (2,2 DMB) = Hz + C~HJ + i-CJHx 35,6% 

[ C ]  C6Hl, (2,2 DMB) = C2Hh + i-C4Hx 15,0% 

[ D l  ChH14 (2,2 DMB) = C2H4 + i-C4H10 1,6% 

[E"l C6HIJ (2,2 DMB) = CH4 + CsHltr (rn2b2) 43,6% 

Les valeurs reportCes ci-dessus sont les importances relatives 
des stoechiom&tries l'instant initial a 450°C (723 K) et pour 
une pression initiale de dimethyl-2,2 butane de 100 Tom. 

Ces cinq stoechiometries peuvent s'interprkter par un me- 
canisme radicalaire en chaines comportant 6 sequences fermees 
(la stoechiomttrie [B"] est deduite de deux skquences fermees 
diffkrentes). Si l'on appelle p,., pi- et p2. les trois formes 
isombes du radical pa derive de la molCcule de dimethyl-2,2 
butane p H  par arrachement d'un atome d'hydrogkne, 

le mecanisme proposC (22) pour rendre compte de nos rCsultats 
expCrimentaux est le suivant: 

CH3 
I 

[201 Arnor~age CHS-C-CHZ-CH~ J radicaux libres 
I 

C H ~  
[9] Propagation [A"] p l .  J CH3- + C5Hlo (m2bl) 
1211 C6H14 = CH, + C5HI0 (m2bl) CH,. + CsH14 + CH, + p' 

[-8A] Propagation [B"] I pI .  J CZH5. + i-C4HX 
C2Hs. J He + C~HJ 131 C6H14 = Hz + C2H4 + i-C4HX I 

[221 He + CsH,, J Hz + P. 

[231 Propagation [B" bisl 

[-8A] Propagation [C] P I -  J CZHs. + i-C,H8 
[24] C6Hl, = C2Hs + i-C,H, C2Hg + CsHl, J CzH6 + p- 

[23] Propagation [D"] pi* + t-C,Hg. + C2H4 
[25] CsH,, = C2H4 + i-C,Hlo r-C,H9- + CsHl, J i-C4HI, + pa 

[26] Propagation [E"] p2. J CH3. + C5Hlo (rn2b2) 
[27] CbH14 = CH4 + C5Hlo (m2b2) CH3. + CsH,, J CH4 + p. 

I 
I cornbinaison ou disrnutation des radicaux 

Terminaison I 
I CH3-, C2Hs, et t-C4Hy. 
I 
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L'ordre global de la rCaction est proche de 1 ; la constante de 
vitesse globale dCterminCe expkrirnentalement peut se rnettre 
sous la forrne: 

51 OW 
ko = 10" 10- J..(71. S - l  

L'allure auto-inhibCe des courbes de formation de produits 
est attribuCe, en accord avec ce qui prkcede, a la formation au 
cours du temps de rnkthyl-2 butene-2, de mCthyl-2 butene-1 et 
d'isobutkne (22). 

5.2. Co-re'action dime'thyl-2,2 butane - alc2ne 
Les rappels prickdents rnontrent donc que le mtcanisrne de 

pyrolyse est assez cornplexe; il y a trois forrnes isornkres du 
radical p- et plusieurs porteurs de chaines, dont certains d'entre 
eux peuvent a la fois rCagir en P. et en p- (t-C4H9., C2H5.). H. 
intervient Cgalernent cornrne porteur de chaines. 

Pour Cviter une trop longue et fastidieuse Ccriture de pro- 
cessus ClCrnentaires, dont le nombre augmenterait encore en 
prksence d'alcene ajoutC, et qui, par ailleurs, sont fondarnen- 
talement de rn&rne nature que ceux tcrits dans le cas de l'ethane 
ou de l'isobutane, nous presentons nos rksultats experirnentaux 
sous forme d'un tableau rkcapitulatif (tableau 4). Nous 
ajouterons quelques comrnentaires sur les aspects les plus 
significatifs de ces resultats. 

En additionnant l'atorne libre d'hydrogkne form6 dans des 
processus de propagation sur la double liaison de l'alcene 
ajoutC et en Ccrivant les processus ClCrnentaires subskquents des 
radicaux libres ainsi f o h ~ s ,  on peut rendre cornpte des rnodi- 
fications apporttes a la distribution des produits de rtaction par 
des schCrnas proches de ceux dCcrits prtcCdernrnent. 

Dans le cas ou l'alcene ajoutC est le propine, les nouvelles 
stoechiornttries de co-rkactions aboutissent a une transforrna- 
tion de l'alcene en C,, (n = 3) en alcene en C,,-, (n - 1 = 2, 
C,H,, stoechiomttrie [F"]); on observe la formation de I'alcane 
correspondant au nombre d'atornes de carbone de l'alcene (ici, 
du propane, stoechiornetrie [G"]) et la diminution parallele des 
quantitCs relatives d'hydrogkne rnolCculaire formC; la stoechio- 
rnCtrie [B"] passe de 35,6% dans le cas du dirntthyl-2,2 butane 
pur a 20,8% dans le cas de rnClanges dirnCthy1-2,2 butane - 
propene (rapport r = [C3H6Io/[2,2 DMB]" = 0,lO. L'irnpor- 
tance relative de la stoechiornCtrie de perte de rnCthane [E"] est 
peu rnodifite. 

Les rCsultats observCs en presence d'isobut2ne ajoutC confir- 
ment ces observations qui peuvent Cgalernent &tre traduites en 
termes de processus ClCrnentaires qui, regroupCs en sCquences 
fermCes, perrnettent de verifier les equations stoechiornCtriques 
dCduites des resultats experirnentaux. 

Lorsque l'alcene ajoutC est le rnkthyl-2 butene-2 ou le 
rnCthyl-2 butkne-1, on peut rernarquer (cf. tableau 4) que, par 
addition d'un atorne libre d'hydrogene sur une des 2 extrCrnitCs 
de la double liaison, on ne forrne plus, contrairernent au cas des 
2 alcenes prCcCdents, un radical libre ne pouvant se dCcorn- 
poser que par rupture d'une liaison C-H (dans le cas du 
propene, il s'agissait du radical isopropyle, dans le cas de 
l'isobutkne, du radical tert-butyle). Cette observation prCsente 
de I'inttrCt pour l'interprktation de rksultats expkrirnentaux: ( i)  
sur le plan des effets chirniques, la stoechiomttrie conduisant 
a un alcane ayant le rnCrne nombre d'atornes de carbone que 
l'alcene ajoutt n'apparait plus (cf. tableau 4). Par exernple, 
l'addition d'un rnCthyl-butene ne conduit pas a la formation 
de quantitts apprkciables d'isopentane, alors que celle de pro- 
pene conduit a la formation de propane (stoechiomCtrie [G"], 
tableau 4). Ce rksultat est logique, puisque dans le cas des 
methyl-butenes, le radical precurseur de l'isopentane n'a pas 

- G  c 
x - . O  2 2 .z 
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X - X - x X -  
FIG. 7. Pyrolyse du dimtthyl-2,2 butane en presence d'alcknes 

0-0- [A"] (YH) d'aprks Billaud e t a [ .  (18). variation du rapport ( v ; ~ ' ) ~ H / v ; " ~  

avec r = [YH],/[2,2 DMBIo. YH = methyl-2 buthe-2 x ;  YH = 
isobutkne 0; YH = propkne 0; YH = mtthyl-2 buthe-1 0; - 

0 2 4 6 8 1 0  courbes calcultes (T = 450°C (723 K), = 100 Tom). 

\ Oj0 de la somme des s~oechiombtr ies 

C6HI4 (2,2 DMB) = CHq + C5HI0 (m2b2)  [E"] 

0 
0 0 0 -  

0- 

0 

temps (min)  

C6HI4 (2,2DMB) = CHq + C5HI0 (m2bl) [A"] 

C6HI4 (2,2 DMB) = C2H4 + iC4HI0 [D -1 0,s- 

(2,2 DMB) = H2 + C2H4 + i c 4 H 8  [B"] 
0- 0 

0 0 - 0 0 -  

C6HI4 (2 2 DMB) + c3H6 =CHq + 2 C2H4 + i c4H8 [F"], 

0-8- 6-8- 0- a- 

FIG. 6. Pyrolyse du dimethyl-2,2 butane en prtsence de propkne. 
Rtpartition des stoechiometries primaires principales (T = 450°C 
(723 K), = 100 Tom, r = [C3H6]o/[2,2 DMBIo = 0,lO). 
L'indice n dtsigne les nouvelles stoechiometries qui apparaissent en 
presence de propkne. 

i 
X 

(\ :--g=-- ----- - ------ .r 

une stabilite thermique suffisante pour se trouver en concen- 
tration stationnaire significative; (ii) sur le plan des effets cine- 
tiques, dans le cas des methyl-butknes, l'effet inhibiteur (ou 
auto-inhibiteur) ne peut pas Ctre attribue, mCme partiellement, 

l'addition de l'atorne libre He sur la double liaison de la 
molCcule d'olefine. en raison de la relativement faible stabilitt 

C6HI4 (2,2 DMB) = C2H6 + i C4H8 [c '3 0' 
I I I I =- 

0,05 0,lO 0,15 
r = (YH)O 

( 2 2  DM610 
(2,2DMB) + C3Hg = C2H4 + C3H8+ iC4H8 [ ~ ' j ,  

thermique des radicaux alcoyle ainsi formes (decomposition 
unimoleculaire par rupture d'une liaison C-C, cf. ci-dessus). 
Cet effet inhibiteur peut &tre attribue uniquement ci des pro- 
cessus d'arrachement d'un atome d7hydrogkne conduisant a un 
radical de type allylique, stabilise par resonance. 

Les deux types d'effets observes sont donc tres coherents 
avec la stabilitk thermique des radicaux. 

Sur la figure 7,  adaptee de la ref. 18, nous avons represent6 
le rapport ( v ? ' ) ~ ~ / v ?  des vitesses initiales de formation de 
methane en presence et en absence d'alckne YH ajoute, en 
fonction du rapport r des concentrations initiales d'alckne 
[YH], et de dimethyl-2,2 butane [2,2 DMB],; la temperature 
est de 450°C (723 K) et la pression initiale de dimethyl-2,2 
butane est de 100 Torr. 

Cette comparaison de l'effet inhibiteur de quatre alcknes 
montre a nouveau que le methyl-2 butkne-2 a un effet inhibiteur 
le'gtrement sup&rieur a celui du proptne, bien que pouvant 
agir uniquement pa r  un micanisme par  arrachement d'hydro- 
gtne. Le methyl-2 butkne-1 a un effet inhibiteur pratiquement 
identique a celui du propkne. 

Ceci parait donc confirmer les observations faites sur 
l'exemple de l'isobutane. 

Par consequent, dans le cas de la pyrolyse du dimethyl-2,2 
butane, dont le mecanisme est relativement complexe, nous 
avons encore vCrifiC les conclusions, tant sur le plan cinetique 
que sur le plan chimique, mises en evidence lors de ]'etude-de 
reactions thermiques d'alcanes plus legers (ethane et isobu- 
tane). 11 faut d'ailleurs remarquer que, dans le cas du dimethyl- 
2,2 butane, contrairement aux cas de l'ethane et de l'isobutane, 
l'atome libre H.  n'est pas forme par decomposition unimo- 
leculaire d'une des formes isomkres du radical pa, mais pro- 
vient de la decomposition soit du radical ethyle, soit du radical 
tert-butyle, ces radicaux Ctant issus de la decomposition uni- 
moleculaire de p,. H. n'est donc dans ce cas pas un porteur de 
chaines p- "direct" comme il l'etait dans les cas de l'ethane et 
de l'isobutane et il faut aussi noter que les radicaux dont il est 
issu (ethyle et tert-butyle) peuvent aussi agir comme porteurs 
de chalnes P- (stoechiometries [C"] et [D"]). 

Malgre cette complexite plus grande des schkmas cinetiques 
et des sequences de propagation, le r6le des additions de 
l'atome libre H. sur les alcknes ajoutes apparait encore prepon- 
derant pour rendre compte des modifications apportees a la 
repartition des produits. 

L'addition d'autres porteurs de chaines sur la double liaison 
des alcknes ajoutes ne permet pas de rendre compte des effets 
O ~ S ~ N ~ S  sur la repartition des produits; la raison fondamentale 
en est encore, sur cet exemple, la reversibilite du processus 
d'addition (rupture de la liaison C-C formee). Les additions 
de radicaux alcoyle permettent au plus de rendre compte de la 
formation d'un certain nombre de produits en traces, mais dont 
l'importance reste negligeable dans l'ktablissement d'un bilan 
entre rkactifs consommCes et produits formes. 
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Discussion et conclusion 
Dans cette discussion, nous apporterons des ClCrnents corn- 

plernentaires sur le r8le de l'addition d'especes radicalaires 
autres que H.; nous essaierons, a partir de nos resultats, de 
formuler des principes plus gCnCraux rCgissant les rnodifi- 
cations apportCes a la rkpartition des produits et nous rnention- 
nerons quelques applications envisageables de ces travaux. 

1. R61e de l'addition d1esp2ces radicalaires autres que He 
Pour corroborer les conclusions des Ctudes prCcCdentes, nous 

avons recherche dans la litterature un exernple de pyrolyse 
d'alcane ou il n'y a pas d'atornes libres d'hydrogene jouant 
le r8le de porteurs de chaines p.. Le nkopentane (dimethyl- 
2,2 propane), qui se dCcornpose selon une seule Cquation 
stoechiornCtrique prirnaire principale: 

rCpond a cette condition. En effet, des Ctudes dttaillCes ef- 
fectuCes par diffkrents auteurs rnontrent que le seul porteur de 
chaines de type P.  (rCagissant birnol6culairernent) est le radical 
libre rnCthyle (cf., par exemple, les rCfCrences 3, 4 et 34). 
La sequence de propagation conduisant a 1'Cquation stoechio- 
rnCtrique ci-dessus s'Ccrit: 

[29] CH,. + nto-CsH12 -+ CH, + nko-CsHl , a  

Dans le cas de la pyrolyse de rnklanges nkopentane- 
isobutene, Baronnet et al. (2) ont observk la formation prirnaire 
de petites quantitCs de methyl-2 butene-1 et de methyl-2 
butene-2. Pour expliquer la formation de ces produits, il sernble 
logique de considCrer l'addition rCversible de CH,. sur la rnolC- 
cule d'isobutkne conduisant 2 un radical tert-pentyle: 

/CH3 . ,CH? 
[30] CH?. + CH2 = C * CH3-CH2-C 

'CH~ 'CH~ 
Ce radical peut aussi se dCcornposer, rnais netternent rnoins 

facilernent, par rupture d'une liaison carbone-hydrogene plus 
solide qu'une liaison C-C pour conduire B la formation de 
methyl-butenes 1 et 2 selon: 

H. rCagit sur le neopentane pour former une rnolCcule d'hy- 
drogkne et un radical nCo-CSH, ,. ; la dCcornposition de celui- 
ci en CH,. et isobutene conduit effectivernent a une stquence 
fermCe. 

Les Cquations stoechiornetriques dCrivCes des sequences 
fermkes ainsi Ccrites rendent cornpte de la formation prirnaire 
des rnCthyl butenes lors de la pyrolyse du nCopentane en prC- 
sence d'isobutkne. L'irnportance relative des 2 Cquations 
stoechiornCtriques correspondantes: 

[Ll nto-CsHlr = H2 + CSHtO (mCthyl-2 buthe-I) 

est reprCsentCe sur la figure 8 (d'apres les rtsultats de F. Baron- 
net (35)). 

jo de la somme des stoechiomhtries f 

t- nho C5HI2 = CHq + i C4H8 
[A] 

9 5 o-o-0-0-0-02000, 

I 
8 

0 
I I I I z- 
5 10 15 20 

temps (min) 

FIG. 8. Pyrolyse du nCopentane en prksence d'isobutkne d'aprks 
les rksultats de F. Baronnet (35). RCpartition des stoechiomCtries 

- 100 Torr, primaires principales (T = 512°C (785 K),  P,;"'~'~" - 
r = [i-C4Hxlo/[nCo CsHlzlO = 0,25). 

Ces rtsultats rnontrent qu'a 512°C (785 K), pour une pres- 
sion initiale de ntopentane de 100 Torr et un rapport des 
concentrations initiales r = [i-C4H810/[nCo-C5H1& = 0,25, la 
repartition des stoechiornCtries extrapolee a I'instant initial est 
la suivante: 

Ces deux nouvelles stoechiornCtries [L] et [MI correspondant 
B l'addition de CH,. sur l'isobutene reprksentent seulernent 
4,3% des stoechiornCtries de consornrnation du nkopentane 
alors que, dans des conditions cornparables de ternpCrature et 
de rapport de concentrations initiales, les stoechiornttries dues 
a I'addition de H -  sur l'isobutene lors de la pyrolyse de 
melanges ethane-isobutene reprksentent environ 30% de 
l'ensernble des stoechiornCtries de consornrnation de ]'ethane. 

Un travail recent de P. Azay (36) sur la rnodClisation de 
rCactions radicalaires complexes est en bon accord avec nos 
conclusions. En effet, Azay souligne que, rnalgrC leur concen- 
tration relative genkralernent tres faible par rapport 2 celle des 
autres radicaux libres presents dans le milieu, il faut en premier 
lieu Ccrire systtmatiquernent les processus d'addition de H. sur 
les alcenes. 

Pour tenir cornpte Cventuellernent de l'addition des nutres 
radicaux libres, Azay estirne que les concentrations relatives 
des especes radicalaires considCrees doivent Etre suffisantes. 
Ceci explique que, pour ses rksultats, a ternptrature assez 
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ClevCe, I'addition de CH?. puisse Ctre considCree, bien que 
jouant un r6le nettement moins important que celle de H-. 
L'addition d'autres espkces a un effet totalement negligeable. 

2. Essai de formulation des principes rtgissant les change- 
ments de stoechiome'trie 

Leathard (37) a rCsume en quatre regles les principes suscep- 
t ib l e~  de regir I'influence auto-inhibitrice (et donc inhibitrice) 
d'alcknes sur la pyrolyse d'alcanes; rappelons ces quatre regles: 

(a) "De tous les radicaux alcoyle satures qui peuvent Ctre 
presents dans le milieu rkactionnel, seuls les radicaux methyle, 
Cthyle, isopropyle et tert-butyle peuvent terminer les chaines 
par des processus homogknes de combinaison." 

(b) "L'addition de radicaux alcoyle a des olCfines ne peut pas . . 
conduire a I'apparition de l'auto-inhibition." 

(c) "Les processus d'addition d'un atome libre d'hydrogkne 
sur une olCfine peuvent conduire a des processus d'auto- 
inhibition lorsqu'ils forment des radicaux ethyle, isopropyle et 
tert-butyle." 

(d) "L'arrachement d'hydrogene par des radicaux alcoyle sur 
un produit saturi, y compris l'hydrogene molCculaire, ne peut 
pas conduire a I'appartition d'auto-inhibition." 

Ces quatre rkgles, initialement formulCes par Leathard pour 
rendre compte des phCnomenes d'auto-inhibition sont en trks 
bon accord avec les observations faites dans des Ctudes d'inhi- 
bition (par des oltfines ajoutees) et avec les rCsultats prtcedents 
(point (b) en particulier). 

Leathard ne s'est intCressC qu'a la cinttique des stoechio- 
metries primaires principales et n'a pas abordt le probleme des 
perturbations apporttes a la distribution des produits. Rappe- 
lons tgalement que de nombreux travaux du Laboratoire, 
confirmCs d'ailleurs par des rCsultats dtcrits dans cet article, 
ont montrC qu'il fallait Cgalement tenir compte des processus 
d'arrachement d'un atome d'hydrogene sur des olefines pour 
dCcrire correctement les phCnomenes d'inhibition et d'auto- 
inhibition; ces processus conduisent a la formation de radicaux 
libres stabilises par rtsonance et peuvent mCme jouer un r61e 
prCpondCrant par rapport aux processus d'addition. 

Compte-tenu des resultats precedents ainsi que de ceux de 
certains autres auteurs, nous pouvons completer les regles de 
Leathard qui traitent de I'aspect cinttique par de nouvelles 
regles simples de formulation voisine et qui traiteront de I'as- 
pect chimique des rtactions de pyrolyse d'alcanes en presence 
d701Cfines, soit ajouttes a I'instant initial, soit formees par la 
rCaction elle-m&me: 

(a) Parmi tous les porteurs de chaines de type P (rCagissant 
bimolCculairement avec l'alcane pyrolyse), seul l'atome libre 
H., par addition sur des olCfines, peut conduire d'importants 
changements dans la repartition des stoechiometries de con- 
sommation de l'alcane et 2 I'apparition de nouvelles stoechio- 
mttries d'importance notable. 

(b) L'addition de radicaux alcoyle a des oltfines ne conduit 
pas a d'importantes modifications de la repartition des stoe- 
chiomktries. 

(c) L'addition d'atomes d'hydrogkne 2 des olCfines peut 
conduire a d'importants changements dans la ripartition des 
stoechiometries lorsque le radical alcoyle ainsi form6 se 
dCcompose par la rupture d'une liaison carbone-carbone. 

(d) Alors que les processus d'arrachement d'hydrogkne sur 
des olefines ont gCnCralement une influence cinCtique (inhi- 
bitrice) importante, de tels processus n'ont pas d'influence 
notable sur la rCpartition des produits de la riaction. 

Ces rkgles appellent un certain nombre de commentaires 
permettant en particulier de prCciser leurs conditions d'applica- 

tion. Elles ont CtC deduites d7Ctudes de pyrolyses d'alcanes en 
prCsence de 20 a 25% d'une oltfine ajoutee, lors de reactions 
effectutes 2 relativement faible avancement, generalement in- 
ferieur 5%. Les temperatures d'expirience se situent genera- 
lement dans le domaine 450-550°C (723-823 K), mais les 
rCsultats d'Azay (36) suggbent que les conclusions obtenues 
demeurent valables jusque vers 700°C et pour des avancements 
de reaction nettement suptrieurs a 5%. 

Remarquons qu'un certain nombre de points dCveloppCs 
dans ce qui precede avaient dtja CtC mis en Cvidence, plus ou 
moins partiellement, dans des travaux antCrieurs ( 12- 15). 
Nous pensons que la presentation qui en est faite ici leur donne 
un caractbe plus complet et surtout plus synthetique. 

3. Applications possibles de ces rtsultats 
On pourrait se demander si de telles Ctudes necessitant un 

nombre t levt  d'expkriences et des procedures analytiques sou- 
vent dtlicates et complexes restent competitives par rapport 2 
des approches totalement diffkrentes, telles que celles d'Allara 
et Edelson (38) qui ont cherchC a determiner des mCcanismes 
rkactionnels par des methodes informatiques. Ces auteurs ont 
mis au point un compilateur permettant dlCcrire automatique- 
ment l'ensemble des processus intenenant dans des riactions 
de pyrolyse d'alcanes lineaires ltgers. Les equations diffC- 
rentielles resultantes sont rCsolues par une adaptation de la 
methode de Gear (39), en utilisant une evaluation des constan- 
tes de vitesse des processus Climentaires. 

Le nombre de ceux-ci devient rapidement trks Clevt. Dans 
le cas du propane, il intervient 293 processus Clementaires 
impliquant 32 espkces de radicaux libres et 29 moltcules 
hydrocarbontes. Ces nombres augmentent rapidement avec le 
nombre d'atomes de carbone de l'alcane liniaire de depart. 

La complexite des micanismes risquerait de devenir prohibi- 
tive dans le cas de molCcules relativement lourdes; il se revkle 
indispensable de pouvoir simplifier le mecanisme en diminuant 
le nombre de processus a considCrer, en ne tenant compte que 
des processus ayant de I'importance dans la formation des 
produits et la cinCtique de la reaction. 

Les considCrations precedentes peuvent se rCvCler utiles 
dans de telles demarches simplificatrices. Elles montrent par 
exemple que, pour une description suffisamment rtaliste de la 
riaction, il suffit, dans le cas des processus d'addition, de 
tenir compte seulement de l'addition de l'atome libre H. sur les 
oltfines, les additions des radicaux alcoyle pouvant Ctre 
considCrees comme nigligeables. 

Ces Ctudes peuvent egalement avoir des applications dans le 
craquage des alcanes lCgers, pour la production dlolCfines 16- 
gkres, en particulier de propene et d'Cthylene. En effet, a la 
suite de la decouverte de gisements de gaz en Mer du Nord, 
la modification de craqueurs en vue de leur alimentation a 
1'Cthane et la construction de craqueurs nouveaux aliment& en 
ethane ont CtC entreprises. 

Le present travail montre que la presence d'atomes libres H- 
dans le milieu rkactionnel est favorable a la transformation 
d'olCfines en C,, en olefines en C,,-,. Par des co-reactions 
analogues a celles CtudiCes prCcCdemment, il est possible de 
passer des butknes au propkne et du propkne a I'Cthylkne. Ceci 
laisse entrevoir des possibilitCs d'une meilleure adaptation des 
productions aux demandes du march6 et de donner ainsi une 
certaine flexibilitC aux unitis de vapocraquage. 

Nos rCsultats permettent aussi d'interpreter un certain nom- 
bre d'observations faites dans des unitCs industrielles. I1 a i t6 
montrC, par exemple, que le craquage de melanges de propkne 
et d'ethane donnait des rendements interessants en ethylene, 
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suptrieurs a la somme des quantitCs issues des deux hydrocar- 
bures craquCs stparCment. De msme, il a Ctt montrC que le 
craquage simultanC de naphta et d'tthane donnait de meilleurs 
rendements en tthylkne que leur craquage sCpare. 

Ces observations s'expliquent logiquement par la gtneration 
in situ d'atomes libres H. par la co-pyrolyse de I'Cthane. On 
peut estimer que la synergie est d'autant plus marqute que le 
rendement en hydrogkne de l'alcane co-craqut est important; 
de ce point de vue, l'ethane est le meilleur alcane envisageable 
puisqu'il se craque en donnant une mole d'hydrogkne (et une 
mole d'kthylkne) pour une moltcule d'tthane. 

Enfin, on peut remarquer que des ttudes analogues pour- 
raient apporter une contribution substantielle a la connaissance 
des rtactions thermiques de moltcules hydrocarbontes relati- 
vement lourdes, ce qui prtsenterait un interst en vue de la 
valorisation de coupes pttrolikres lourdes. Si la modification 
du rapport C/H est l'objectif essentiel des traitements, la gCnt- 
ration in situ d'atomes libres d'hydrogkne est vraisemblable- 
ment un outil plus efficace que de simples rCactions en presence 
d'hydrogkne moltculaire. 
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Tricyclic system containing large rings. The synthesis of fully-conjugated 
[12] (1,3) [12] (4,6)cyclophanpolyenepolyynes and related compounds 
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JURO OJIMA, HIROSHI KAKUMI, KAZUTO KITATANI, KAZUYO WADA, EMIKO EJIRI, and TETSUYA NAKADA. Can. J. Chern. 
63, 2885 (1985). 

For the purpose of preparing the ring-expanded analogue of anthracene, 1,2,4,5-tetrakis[(l E,3Z)-4-methylhexa-1,3- 
dien-5-ynyl]benzene, 8 ,  and 1,2,4,5-tetrakis[(Z)-2(2-ethnylphenyl)etheny]benzene, 16, were oxidatively coupled; however, 
both of them afforded m-bridged derivatives, i.e., 1,3:4,6-bis[(l E,3Z,9Z,11 E)-4,9-dimethyldodeca-1,3,9,11-tetraene-5,7- 
diyne-l,12-diyllbenzene, 3 ,  and 1,3:4,6-bis[(l E,11 E)-3,4:9,10-dibenzdodeca-l , I  1-diene-5,7-diyne-l,12-diyllbenzene, 5. 
To ascertain the structures of 3 and 5, the related model compounds were also prepared. 

JURO OJIMA, HIROSHI KAKUMI, KAZUTO KITATANI, KAZUYO WADA, EMIKO EJIRI et TETSUYA NAKADA. Can. J. Chem. 63,  
2885 (1985). 

Dans le but de prkparer l'analogue de l'anthrackne comportant un cycle ayant subit une extension, on a procCdC i un couplage 
oxydant du tCtrakis[mCthyl-4 hexadibne-1,3(1 E,3Z) yne-5 yl]-1,2,4,5 benzene (8) et du tCtrakis[(Cthynyl-2 phCny1)-2(Z) 
Cthknyll-1,2,4,5 (16); toutefois, chacun de ces produits ne conduit qu'aux dCrivCs pontCs en position mkta, soit les 
bis[dimCthyl-4,9 dodCcatCtraene-l,3,9,11 (1 E,3Z,9Z, 11 E )  diyne-5,7 diyl-1,121-1,3:4,6 benzene (3) et bis[dibenzo-3,4:9,10 
dodecadibne-l,l l ( I  E , l  I E )  diyne-5,7 diyl-1,121-1,3:4,6 benzene (5). Dans le but de s'assurer de la structure des composCs 
3 et 5 ,  on a aussi prtparC des composCs modkles apparentCs. 

[Traduit par le journal] 

Introduction 
A considerable number of monocyclic annulenes annelated 

with benzenoid rings (1) as well as annulenoannulenes (2) have 
been prepared, and an extensive examination of their properties 
is reviewed by Mitchell (3). Among them, the dimethylbis- 
dehydro-2,3-naphtho[ l4]annulene, 1, prepared by Walsgrove 
and Sondheimer (4), is only one example of the ring-expanded 
analogue of anthracene, in which a terminal 6 ~ - r i n g  has been 
formally expanded to a 14~-r ing.  Since no example of a ben- 
zannelated annulene fused with two bonds of an annelated 
benzenoid ring had ever been reported, we attempted a syn- 
thesis of the bis(dimethylbisdehydro[l4]annulene) annelated 
benzene, 2, in which two terminal rings of anthracene are 
formally expanded to 14~-rings.  We considered that an exam- 
ination of the properties of 2 might give further insight toward 
the understanding of benzannelated annulenes. However, an 
intramolecular oxidative coupling of the precursor did not af- 
ford the desired 2, but the alternative cyclic compound, 3. 

Since we had already reported the formation of the tetra- 
benzannelated derivative 4 from its precursor ( 3 ,  the formation 

' ~ u t h o r  to whom correspondence may be addressed. 

of 3 prompted us to reexamine the previous investigation. 
Examination of the spectral properties of the related model 
compounds revealed that this tetrabenzannelated derivative 
also had the m-bridged structure 5 corresponding to 3. This 
paper describes these results in detail. 

Results and discussion 
I. Formation of tricyclic compound, 3 

The Wittig reaction of 1,2,4,5-tetrakis(tripheny1phospho- 
niomethy1)benzene tetrabromide, 6 (6), and 4 molar equiv- 
alents of (22)-3-methyl-2-penten-4-ynal, 7 (7), in THF with 
n-BuLi at -60°C yielded only the desired all-trans isomer, 8, 
as crystals in 13% yield; 8 was rather unstable. Oxidative 
coupling of 8 was carried out with anhydrous Cu(OAc), in 
pyridine and ether at 50°C (8). Column chromatography of the 

product, followed by preparative tlc gave unstable red crystals 
in 7% yield. The 'Hmr spectrum of this monomeric cyclic 
product is illustrated in Fig. 1. We considered from the spec- 
trum that the compound is the m-bridged derivative, 3. Howev- 
er, to ascertain this, we attempted to prepare the related model 
compound, 13. 

'The double Wittig reaction of 2 molar equivalents of 7 
and 1 molar equivalent of m-bis(triphenylphosphoniomethy1)- 
benzene dibromide, 9 (9), in DMF with ethanolic lithium eth- 
oxide at 80°C yielded an acyclic stereoisomeric mixture in 57% 
yield, from which the cis-cis isomer, 10, the cis-trans 
isomer, 11, and the trans-trans isomer, 12, were isolated; the 
structures were assigned to these compounds based on 
their spectral properties, mainly on 'Hmr spectra. Oxidative 
coupling of each isomer was carried out as described for 8. 
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FIG. 1.  Varian XL-200 'Hmr spectra of 3 and 13. 

Although the di-cis isomer, 10, gave no monomeric cyclic 
compound, both the mono-cis, 11, and the di-trans isomer, 12, 
gave the desired cyclic compound, 13, in 3% and 23% yield, 
respectively; 13 was isolated as stable orange crystals and 
its 'Hmr spectrum is also illustrated in Fig. 1. Variable- 
temperature 'Hmr spectra of 13 were run at 90 MHz over the 
range -60 to 60°C, and the results show the spectra of 13 to 
be essentially temperature independent, excluding any con- 
formational change of 13 between these temperatures. As is 
seen from Fig. 1, the spectra of both 3 and 13 are quite similar, 

except that the HA proton of 3 resonates at a lower field by 
0.16 ppm (see Fig. 1 and Experimental) than the HA proton of 
13, probably due to a steric compression effect between HA and 
HA protons of two large-membered rings in 3. Thus it was 
confirmed that the cyclic compound from 8 has not the struc- 
ture of 2, but of 3. 

The Wittig reaction between 6 and (2E,4Z)-5-methylhepta- 
2,4-dien-6-ynal (lo), a vinylogue of the above described 
aldehyde, 7, was also attempted, but all attempts were un- 
successful. 

In addition, the tetrabromide, 14, was prepared to obtain the 
phenanthrene analogue corresponding to 2. The reaction of 

1,2,3,4-tetra(bromomethyl)benzene (1 1) with 4 molar equiv- 
alents of triphenylphosphine under reflux in acetylacetone 
afforded 1,2,3,4-tetrakis(triphenylphosphoniomethyl)benzene 
tetrabromide, 14, in 91% yield as white crystals. The Wittig 
reaction between 7 and 14 under the conditions described for 
that between 6 and 7 was, however, unsuccessful. 

11. Formation of tetrabenzannelated tricyclic compound, 5 
As described in I, it was found that the intramolecular ox- 

idative coupling of 8 gives 3, but not 2. This suggested that the 
product from the corresponding tetrabenzannelated derivative 
of 8 might also be the m-bridged derivative, 5, and not the 
o-bridged derivative, 4,  as we had previously reported ( 5 ) .  

The Wittig reaction of 6 with 4 molar equivalents of o- 
ethynylbenzaldehyde, 15 (12), yielded an acyclic stereo- 
isomeric mixture in 27% yield, from which the all-trans 
isomer, 16, was isolated in 6% yield as yellow crystals after 
chromatographic purification. The structural assignment of 16 
was based on its 'Hmr spectrum as well as elemental analysis.' 
Oxidative coupling of 16 yielded yellow crystals of 5 after 

'1n the previous study (ref. 5 ) ,  we could not obtain a satisfactory 
elemental analysis for 16. 
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FIG. 2. Varian XL-200 'Hmr spectra of 5, 27, 28, and 29. 

considerable chromatography. Its 'Hmr spectrum is shown in 
Fig. 2. As described for the structural determination of 3, we 
prepared the model compounds to determine whether structure 
4 or 5 should be assigned to this product. 

Firstly, the related o-bridged derivatives were prepared as 
illustrated in Scheme 1. The double Wittig reaction of 2 molar 
equivalents of 15 (12) and 1 molar equivalent of o-bis(tri- 
phenylphosphoniomethy1)benzene dibromide, 17 (1 3), in DMF 
with ethanolic lithium ethoxide at 80°C yielded an acyclic 
stereoisomeric mixture in 34% yield, from which the cis-cis 
isomer, 18, the cis-trans isomer, 19, and the trans-trans 
isomer, 20, were isolated in a ratio 3 : 2:  1 after chromatog- 
raphy.' Unexpectedly, the trans-trans isomer, 20, was ob- 

'In the previous study (ref. 12), we could not separate the three 
possible isomers completely in both the acyclic and the cyclic com- 
pounds in this system. Therefore the acyclic and cyclic di-trans 
isomers reported in ref. 12 are in error. 

tained in the smallest amount. Oxidative coupling of each 
isomer was performed as before. The acyclic di-cis isomer, 18, 
gave the cyclic di-cis, 21, and mono-cis isomer, 22, and the 
acyclic mono-cis isomer, 19, gave all of the three possible 
isomers, 21-23. The acyclic di-trans isomer, 20, gave the 
cyclic mono-cis, 22, and di-trans isomer, 23. Thus a config- 
urational change of the double bond occurred during coupling 
reactions. A similar change has been observed in the formation 
of annulenones (14). By inspection of molecular models, the 
three fused benzene rings cannot lie in the same plane in the 
di-cis, 21, and mono-cis isomer, 22, but can do so in the 
di-trans isomer, 23. This is reflected by the colours of their 
crystals.' The cyclic di-cis, 21, is colourless, the mono-cis 
isomer, 22, pale yellow, and the di-trans isomer, 23, yellow. 

The m-bridged derivatives 27-29 were prepared as shown in 
Scheme 2. The double Wittig reaction of 2 molar equivalents 
of 15 (12) and 1 molar equivalent of 9 (9) gave an acyclic 
stereoisomeric mixture in 80% yield, from which the cis-cis 
isomer, 24, the cis- trans isomer, 25, and the trans-trans 
isomer, 26, were isolated in a ratio of ca. 3 : 4: 1 .  Again the 
di-trans isomer, 26, was obtained in the smallest amount. 
Oxidative coupling of each isomer was performed as before. 
The acyclic di-cis isomer, 24, afforded only the cyclic di-cis 
isomer, 27, and the mono-cis isomer, 25, gave the cyclic 
mono-cis, 28, and di-trans isomer, 29. The di-trans isomer, 
26, gave only the cyclic di-trans isomer, 29. 

'The 'Hmr spectra of the three isomers of o-bridged 21-23 
(tribenz[l4]annulene series) are illustrated in Fig. 3. As is seen 
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FIG. 3. Varian XL-200 'Hmr spectra of 21, 22, and 23. 

from Fig. 3, the resonances of the olefinic and benzenoid 
protons of the di-cis, 21, and the mono-cis isomer, 22,  are at 
a higher field than 7 6 ,  while the resonances of the protons of 
the di-trans isomer, 23,  are below 7 6 .  A similar observation is 
made in the 'Hmr spectra of m-bridged model compounds, 
27-29, which are illustrated in Fig. 2. However, as is seen 
from the spectrum of the di-trans isomer, 29, it is noted that the 
inner Hx and HB protons of 29 resonate at considerably lower 
field than any proton of the other isomers, 21-23 and 27-28. 

As is shown in Fig. 2, the spectrum of the product from 16 
has two doublets with the JA,B value of 16 Hz, indicating a 
trans-trans relationship of the HA and HB double bond, and, 
of the models, is most similar to that of the m-bridged di-trans 
isomer, 29.  This indicates that the product from 16 has the 
m-bridged structure, 5, and not the o-bridged structure, 4. 

Thus it is a puzzle that neither 8 nor 16 gives an o-bridged 
tricyclic derivative. 

Experimental 
All melting points were determined on a hot stage apparatus and are 

uncorrected. The ir spectra were recorded on a Hitachi 260-50 spec- 
trophotometer; only significant maxima are described. The uv spectra 
were measured for solutions in THF and run on a Hitachi 220-A 
spectrophotometer. Mass spectra were recorded with a JEOL JMS-200 
spectrometer operating at 75 eV using a direct-inlet system, and 
the field desorption spectra were taken with a JEOL-01-FG2 spec- 
trometer. The 'Hmr spectra were determined in CDCI, (unless other- 
wise stated) on a Varian EM-390 (90 MHz) or FX-90Q (90 MHz) or 

a Varian XL-200 (200 MHz) spectrometer using tetramethylsilane as 
internal standard. Merck alumina (activity 11-111) was used for col- 
umn chromatography and preparative thin-layer chromatography was 
carried out on 20 X 20 cm alumina plates (Merck, 0.5 or 2 mm thick). 
The progress of most reactions was followed by thin-layer chro- 
matography using Merck precoated alumina. All evaporations were 
carried out under reduced pressure on a rotary evaporator below ca. 
35°C. Extracts were dried with anhydrous sodium sulphate prior to 
solvent removal. 

1,2,4,5-Tetrakis[(l E,3Z)-4-methylhexa-l,3-dien-5-ynyl]benzene, 8 
To a stirred suspension of 1,2,4,5-tetrakis(tripheny1phosphonio- 

methy1)benzene tetrabromide, 6 (6) (12.0 g, 8.0 mmol), in dry THF 
(60 mL) was added a solution of n-butyl lithium (19.4 mL, 1.85 M, 
36 mmol) in hexane by a syringe over 10 min at -55 to -50°C under 
a nitrogen atmosphere. Then a solution of (2Z)-3-methyl-2-penten-4- 
ynal, 7 (7) (3.00 g, 36 mmol), in dry THF (13 mL) was added 
dropwise over 40 min at the same temperature. After stirring for a 
further 2.5 h at the same temperature, the temperature of the mixture 
was allowed to rise to room temperature and it was stirred for 1 h. 
After addition of ethyl acetate (16 mL), the mixture was poured into 
water and was extracted with benzene. The extracts were washed with 
brine, dried, and evaporated. The residual semi-solid was filtered 
through a short column of alumina (3.7 X 4 cm) and eluted with ether. 
The eluate, after solvent removal, was chromatographed on alumina 
(4 x 15 cm). The fractions eluted with hexane-ether (4: 1) were 
collected and evaporated to give the desired compound, 8 (444 mg, 
12.7%). as a solid. Recrystallization from hexane-benzene afforded 
yellow needles, mp 118°C (dec.); ir (KBr): 3290 (-CGCH), 2090 
(-C-C-), and 965 (trans HC=CH) cm-'; uv,,,: 243 (25 000), 
261 sh (21 800), 271 sh (17 loo), 360 (49 OOO), 380 (48 loo), and 
404 nm sh (35 600); 'Hmr (200 MHz) 6: 7.66 (s, 2H, HX), 7.18 
(dd, J = 15.5 and 11 Hz, 4H, HB), 6.87 (d, J = 15.5 Hz, 4H, HA), 
6.51 (d, J = 11 Hz, 4H, HC), 3.34 (s, 4H, -C=CH), and 2.01 
(s, 12H, CH,); ms (field desorption method) m/e: 438, mol. wt. 
438.5; Anal. calcd for C34H30: C 93.11, H 6.89; found: C 92.85, 
H 6.80. 

The runs employing lithium ethoxide in DMF at 80°C or phenyl- 
lithium in THF at room temperature gave none of the desired product. 

1,3: 4,6-Bis[(l E,3Z,9Z,ll  EJ-4,9-dimethyldodeca-l,3,9,1 l-tetraene- 
5,7-diyne-I, 12-diyllbenzene, 3 

A solution of 8 (2.80 g, 6.40 mmol) in pyridine (100 mL) and dry 
ether (33 mL) was added dropwise to a stirred solution of anhydrous 
Cu(OAc), (15.9 g) in pyridine (556 mL) and dry ether (185 mL) over 
5 h at 5 1-55°C. After stirring for 1 h at 50°C, the mixture was chilled 
and filtered through Hyflo Super-Cel. The precipitates formed were 
washed with benzene (100 mL X 3), and the filtrate was poured into 
water. The organic layer, combined with the benzene extracts from the 
aqueous layer, was washed successively with 5% HC1 until it turned 
acidic, then with aqueous NaHCO, solution, and dried. The residual 
dark red liquid, after solvent removal, was chromatographed on alu- 
mina (3 X 22 cm). The fractions eluted with hexane-ether (4: 1-2: 3) 
were collected and evaporated to afford a red liquid, which was again 
chromatographed on alumina (3 x 22 cm). The fractions eluted with 
hexane-ether (1 :4) were collected and evaporated to afford a partly 
crystallized liquid, which was further purified by preparative thin- 
layer chromatography. The fast-moving orange band gave the cyclic 
compound, 3 (193 mg, 6.95%), as a solid. It formed red microcrystals 
from benzene, mp 196-197°C (dec.); ir (KBr): 2160 (-C=C-) 
and 960 (trans HC=CH) cm-I; uv,,,: 241 (34 300), 296 (58 800), 
362 (55 400), and 421 nm sh (28 400); 'Hmr (200 MHz) 6: 8.74 
(s, 2H, HX), 8.25 (dd, J = 16 and 12 Hz, 4H, HB), 6.75 (d, J = 
16 Hz, 4H, HA), 6.68 (d, J = 12 Hz, 4H, HC), and 1.89 (s, 12H, 
CH,); see also Fig. I; ms m/e: 434.2040 (M+); calcd.: 434.2035. 
Anal. calcd. for C34H26: C 93.97, H 6.03; found: C 92.93, H 5.96. 
Attempts to improve the elemental analysis failed. 

The isomeric 1,3-bis(4-methylhexa-1,3-diene-5-yny[)betzene, 10, 
1 1 , 1 2  

Lithium ethoxide prepared from lithium (740 mg, 0.106 g-atom) in 
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absolute ethanol (280 mL) was added dropwise to a stirred solution of 
m-bis(triphenylphosphoniomethyl)benzene dibromide, 9 (9) (41.8 g, 
53.0 mmol), and (2Z)-3-methyl-2-penten-4-ynal, 7 (7) (10.0 g, 
0.106 mmol), in DMF (800 mL) over 1.5 h at 80°C under a nitrogen 
atmosphere. The solution was stirred for a further 0 .5  h at 80°C. After 
being cooled, the solution was poured into water and extracted with 
benzene. The combined extracts were washed with brine and dried. 
The residual dark brown liquid, after solvent removal, was passed 
through a short column of alumina (4 x 9 cm). The fractions eluted 
with hexane-ether (1 : 1) were collected and evaporated to give a red 
liquid, which was chromatographed on alumina (4.5 x 20 cm). The 
initial fractions eluted with hexane were collected and evaporated to 
afford the cis-cis isomer, 10 (3.09 g ,  22.5%), as a pale yellow 
liquid; ir (neat): 3290 (-C=CH), 2090 (-C-C-), and 700 (cis 
HC=CH) cm-I; uv,,,: 223 (9610), 235 (9390), and 303 nm 
(42 200); 'Hmr (200 MHz) 6 7.34-7.16 (m, 4H, Ar-H), 6.77 (dd, 
J = 11 and 9.5 Hz, 2H, HE), 6.69 (d, J = 11 Hz, 2H, H"), 6.47 
(d, J = 9.5 Hz, 2H, HC), 3.33 (s, 2H, -C-CH), and 1.93 (s, 6H, 
CH,); ms m l e :  258 (relative intensity, M + ,  49%) and 228 (loo),  mol. 
wt. 258.3. Anal. calcd. for C?oHIH: C 92.98, H 7.02; found: C 93.23, 
H 7.24. 

The following fractions eluted with 5-10% ether in hexane af- 
forded the cis-trans isomer, 11 (1.68 g, 12.3%), as a yellow liquid. 
Crystallization from hexane afforded pale yellow needles, mp 
41 -42°C; ir (KBr): 3280 (-C=CH), 2090 (-C=C-), 965 (trans 
HC=CH), and 680 (cis HC=CH) cm-';  uv,,,: 226 (1 1 700), 236 sh 
(10 700), 305 sh (43 600), 316 (45 200), and 333 nm sh (29 300); 
'Hmr (200 MHz) 6: 7.36-7.20 (m, 4H, Ar-H), 7.26 (dd, J = 16 and 
11 Hz, IH, HE), 6.79 (dd, J = 11 and 9.5 Hz, lH,  HB'), 6.71 
(d, J = 11 Hz, lH,  HA'),  6.57 (d, J = 16 Hz, lH,  HA), 6.50 (d, 
J = 9.5 HZ, lH ,  HC'),  6.43 (d, J = 11 HZ, lH ,  HC), 3.38 (s, lH,  
-C=CH), 3.36 (s, lH ,  -C=CH), and 1.96 (s, 6H, CH,); ms 
m l e :  258 (M', 60%) and 228 (loo), mol. wt. 258.3. Anal. calcd. for 
CzoHlx: C 92.98, H 7.02; found: C 93.22, H 6.89. 

The later fractions, eluted with 15-40% ether in hexane, afforded 
the trans-trans isomer, 12 (3.05 g, 22.3%), as a solid. It formed 
yellow needles from hexane-benzene, mp 13 1- 132°C; ir (KBr): 3280 
(-CECH), 2090 (-C=C-), 985, and 970 (trans HC=CH) 
cm-';  uv,,,: 228 (1 1 900), 234 sh (1 1 500), 306 sh (42 900), 319 
(49 loo), and 334 nm (39 200); 'Hmr (200 MHz) 6: 7.44 (s, lH,  HX), 
7.38-7.25 (m, 3H, HY and HZ), 7.25 (dd, J = 15.5 and 11 Hz, 2H, 
HE), 6.58 (d, J = 15.5 Hz, 2H, HA), 6.45 (d, J = 11 Hz, 2H, HC), 
3.35 (s, 2H, -C-CH), and 1.97 (s, 6H, CH,); ms m l e :  258 
(M', 51%) and 228 (loo),  mol. wt. 258.3. Anal. calcd. for CZOHl8: 
C 92.98, H 7.02; found: C 93.23, H 6.96. 

1,3-[(I E,3Z,9Z, l l  E)-4,9-Dimethyldodeca-1 ,3,9,11 -tetraene-5,7- 
diyne-l,12-diyl]benzene, 13 

A solution of the acyclic di-trans isomer, 12 (2.57 g ,  9.95 mmol), 
in pyridine - dry ether (3: 1, 216 mL) was added dropwise over 
4.5 h to a stirred solution of anhydrous CU(OAC)Z (12.2 g) in pyridine 
-dry ether (3: 1, 468 mL) at 51-52'C. After stirring for 1 h at 51°C, 
the reaction was cooled to room temperature. After work-up as in the 
preparation of 3, the residual dark brown liquid, after solvent removal, 
was chromatographed on alumina (5.7 X 14 cm). The fractions eluted 
with 5- 10% ether in hexane were collected and evaporated to afford 
the desired cyclic compound, 13 (0.576 g ,  22.6%), as a solid. It 
formed orange needles, mp 161 - 162°C; ir (KBr): 2160 (-C-C-), 
and 965 (trans HC=CH) cm-I; uv,,,: 217 (13 900), 253 sh 
(14 300), 264 sh (18 400), 278 (25 400), and 306 nm (36 600); 'Hmr 
(200 MHz) 6: 8.82 (s, lH,  HX) ,  8.21 (dd, J = 16 and 12 Hz, 2H, HE),  
7.14 (t, J = 8 Hz, lH,  HZ), 6.97 (d, J = 8 Hz, 2H, H Y ) ,  6.66 
(d, J = 12 Hz, IH, HC), 6.60 (d, J = 16 Hz, 2H, HA) ,  and 1.88 
(s, 6H, CH,); see also Fig. 1; ms m l e :  256 (M', 47%) and 239 (loo),  
mol. wt. 256.3. Anal. calcd. for CZOH16: C 93.71, H 6.29; found: 
C 93.91, H 6.44. 

The di-cis isomer, 10 (882 mg, 3.41 mmol), was also oxidatively 
coupled under the exactly same conditions as described for 12, but 
none of monomeric cyclic product could be obtained. 

The mono-cis isomer, 11 (730 mg, 2.82 mmol), was oxidatively 

coupled under the same conditions as for 12, and only the cyclic 
di-trans isomer, 13 (17.9 mg, 3.0%), was obtained. 

1,2,3,4-Tetrakis(tripher1ylpt10.7phoniomethylbenzene tetrabromide, 
14 

A mixture of 1,2,3,4-tetra(bromomethy1)benzene (1 1) (35.8 g ,  
79.5 mmol) and triphenylphosphine (85.9 g, 0.327 mol) in 
2,4-pentadione (240 mL) was heated under reflux for 1 h. A white, 
crystalline solid began to separate after 20-30 min. The mixture was 
allowed to cool to room temperature. The solid was collected and 
washed with ether to give the first crop of the desired product. The 
filtrate was diluted with ether and the solid formed was separated by 
filtration, washed with ether, and combined with the first crop to give 
a total of 110 g (90.7%) of tetraphosphonium salt, 14. Recrys- 
tallization from absolute ethanol with decolourizing charcoal afforded 
white microcrystals, mp 307-308°C; 'Hmr (90 MHz, CF3COOD) 6: 
ca. 8.2-7.4 (m, 60H, Ar-H), 7.02 (d, J = 2 Hz, 2H, HA) ,  and 
4.97-4.12 (m, 8H, -CH2-). Anal. calcd. for CRZH70P4Br4: C 
65.67, H 4.71; found: C 65.35, H 4.82. 

The reaction of 7 and 14 as well as that of 6 and 
(2E,4Z)-5-methylhepta-2,4-dien-6-ynal (10) was carried out under 
the same conditions as described for the reaction between 6 and 7. 
However, all attempts were unsuccessful. 

1,2,4,5-Tetra[(Z)-2(2-ett1ynylphenyl)ethenyl]benzene, 16 
Lithium ethoxide prepared from lithium (640 mg, 0.0922 g-atom) 

in absolute ethanol (240 mL) was added dropwise with stirring under 
a nitrogen atmosphere at 82-83°C over 3.5 h to o-ethynylbenzal- 
dehyde, 15, (12) (12.0 g, 0.0922 mmol), and 1,2,4,5-tetrakis- 
(triphenylphosphoniomethyl)benzene tetrabromide, 6 (6) (34.5 g ,  
0.0230 mmol), in DMF (950 mL). After completion of addition, the 
mixture was stirred at the same temperature for 1 h. After work-up as 
in the preparation of 12, the dark brown semi-solid, after solvent 
removal, was passed through a short column of alumina (4 x 7.5 cm) 
and was eluted with ether. A red liquid, obtained on evaporation, was 
chromatographed on alumina (4 x 12.5 cm). The fractions eluted with 
5-30% ether in hexane afforded, on evaporation, the acyclic stereo- 
isomeric mixture (3.60 g, 26.9%) as a semi-solid, which was purified 
by preparative thin-layer chromatography. The fast-moving yellow 
band gave the desired all-trans isomer, 16 (0.801 g ,  6.0%), as a solid. 
It formed yellow needles from benzene, mp 204°C (dec.); ir (KBr): 
3290, 3280 (-C=CH), 2110 (-CeC-), and 960 (trans 
HC=CH) cm-';  uv,,,: 226 (51 800), 240 sh (46 700), 254 sh 
(40 900), 343 (58 300), and 377 nm sh (44 300); 'Hmr (200 MHz) 6: 
7.90(s,  2H, H X ) , 7 . 7 7 ( d , J  = 7 .5Hz ,4H,  H 1 ) , 7 . 6 7 ( d , J  = 16Hz, 
4H, H A o r H B ) ,  7.58 (d, J = 16 Hz, 4H, H " o r H B ) ,  7.56 (d, J = 
7 . 5 H z , 4 H ,  ~ ~ ) , 7 . 4 0 ( t , J =  7 . 5 H z , 4 H , H Z ) , 7 . 2 6 ( t , J  = 7 .5Hz ,  
4H, H3),  and 3.28 (s, 4H, -C=CH); ms (field desorption method) 
m l e :  582 (M'), mol. wt. 582.7. Anal. calcd. for C46H30: C 94.81, H 
5.19; found: C 94.90, H 5.1 1. 

1 .3  : 4,6-Bis[(l E, 11 E)-3,4 : 9,lO-dibenzdodeca-l , 11 -diene-5,7-diyne- 
1,12-diyl]benzerze, 5 

A solution of the acyclic all-trans isomer, 15 (898 mg, 1.54 mmol), 
in pyridine - dry ether (3:  1, 34 mL) was added dropwise over 3 h to 
a stirred solution of anhydrous CU(OAC)~ (3.8 g) in pyridine - dry 
ether (3 : 1, 146 mL) at 50°C, and the solution was stirred for a further 
1 h at the same temperature. After work-up as in the preparation of 13, 
the residual brown liquid, after solvent removal, was chromato- 
graphed on alumina (3.7 x 9.0 cm). The fractions eluted with 
hexane-benzene (2:3) gave a yellow solid on evaporation. The solid 
was further purified by thin-layer chromatography. The fast-moving 
yellow band was collected and, on evaporation, afforded the mono- 
meric cyclic compound, 5 (125 mg, 14%). Recrystallization from 
benzene afforded yellow cubes, mp 208-210°C (dec.); ir (KBr): 2200 
(-C=C-) and 970 (trans HC=CH) cm-I; uv,,,,: 262 sh (52 700), 
302 (55 400), 328 sh (42 000), 363 sh (19 400), 400 sh (9300), and 
452 nm sh (2300); 'Hmr (200 MHz) 6: 8.26 (s, 2H, HX),  7.82 (d,  
J = 16 Hz, 4H, HE) ,  7.56 (d, J = 8 HZ, 4H, HI), 7.42-7.04 
(m, 12H, HZ, H,, and H"), and 6.68 (d, J = 16 Hz, 4H, HA); see also 
Fig. 2; ms m l e :  578 (M', loo%), mol. wt. 578.6. Anal. calcd. for 
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C46H76: C 95.27, H 4.53; found: C 95.47, H 4.77. 

The isonleric 1 , 2 - b i s [ 2 - ( 2 - e t h ) ~ , I v l p h e t z y l ) e t h e n y l ~ ,  18, 19, 20 
Lithium ethoxide prepared from lithium (323 mg, 0.046 g-atom) in 

absolute ethanol (120 mL) was added dropwise to a stirred solution 
of o-ethynylbenzaldehyde, 15 (12) (6.00 g, 0.046 rnol), and 1,2-bis- 
(triphenylphosphoniomethy1)benzene dibromide, 17 (13) (18.6 g, 
0.023 rnol), in DMF (460 mL) over 1 h at 80-85'C under a nitrogen 
atmosphere. After completion of addition, the solution was stirred for 
a further 2 h at 85OC. After work-up as in the preparation of 12, the 
residual dark brown liquid, after solvent removal, was passed through 
a short column of alumina (3.7 x 5 cm). The fractions eluted with 
ether were collected and on evaporation gave a red liquid, which was 
chromatographed on alumina (3.7 x 17 cm). The early fractions 
eluted with 20-30% ether in hexane afforded the cis-cis isomer, 18 
(1.39 g, 17.6%), as a liquid. Crystallization from hexane-benzene 
afforded white needles, mp 92-93°C; ir (KBr): 3290 (-C=CH), 
2110 (-CEC-), and 680 (cis HC=CH) cm-'; uv,,,,: 
218 (39 000), 249 sh (23 300), and 286 nm (I7 800); ' ~ m r  (90 MHz) 
6: 7.53-7.43 (m, 2H, Ar-H), 7.16-6.89 (m, IOH, Ar-H), 6.96 (d, 
J = 12 Hz, 2H, H ~ ) ,  6.74 (d, J = 12 Hz, 2H, HA), and 3.33 (s, 2H, 
-C=CH); ms m/e: 330 (M', loo%), mol. wt. 330.4. Anal. calcd. 
for C26Hlx: C 94.51, H 5.49; found: C 94.68, H 5.39. 

The following fractions eluted with 40-50% ether in hexane af- 
forded the cis-trans isomer, 19 (0.890 g, 11.7%), as a pale yellow 
liquid; ir (neat): 3290 (-C-CH), 2100 (-CEC-), 965 (trans 
HC=CH), and 675 (cis HC=CH) cm-'; uv,,,,,: 220 (40 300), 
250 (29 700). 295 (23 600), and 314 nm (23 700); 'Hmr (90 MHz) 
6: 7.43 (d, J = 16 Hz, IH, H"), 7.16 (d, J = 16 Hz, IH, HA), 
7.70-6.95 (m, 12H, Ar-H), 6.95 (d, J = 12 Hz, IH, H ~ ' ) ,  6.74 
(d, J = 12 Hz, IH, H"'), 3.34 (s, lH,-C=CH), and 3.32 (s, IH, 
-C=CH); ms mle:  330 (M+,  loo%), mol. wt. 330.4. Anal. calcd. 
for C26H1x: C 94.51, H 5.49; found: C 94.28, H 5.60. 

The later fractions eluted with hexane-ether (2: 3) -ether afforded 
the trans- trans isomer, 20 (0.382 g, 5.0%), as a solid. Recrystal- 
lization from hexane-benzene afforded white needles, mp 70-71°C; 
ir (KBr): 3300, 3290 (-C=CH), 2100 (-C=C-), 975,970, and 
960 (trans HC=CH) cm-I; uv,,,,,,: 220 (37 600). 233 sh (32 400). 
25 1 (32 loo), 292 (29 loo), and 326 nm (26 400); 'Hmr (90 MHz) 6: 
7.45 (d, J = 16 Hz, 2H, H ~ ) ,  7.19 (d, J = 16 HZ, 2H, HA), 
7.74-6.90 (m, 12H, Ar-H), and 3.24 (s, 2H, -C=CH); ms m/e: 
330 (M+, loo%), mol. wt. 330.4; Anal. calcd. for C2(,HI,: C 94.51, 
H 5.49; found: C 94.73, H 5.35. 

The isotneric 1.2-bis(3,4 : 9,10-dibenzrlodeca-l , 11 -diene-5,7-di)lt1e- 
1,12-diyljbenzene (tribenz[a,e,i]-l l , l 3 - b i . r d e ~ z ) ~ d r o [ i ~ n n ~ i l -  
ene), 21,  22, 23 

A solution of the acyclic di-cis isomer, 18 (0.995 mg, 3.01 mmol), 
in pyridine -dry ether (3: I, 66 mL) was added dropwise over 3 h to 
a stirred solution of anhydrous Cu(0Ac)' (3.7 g) in pyridine - dry 
ether (3: 1, 144 mL) at 5 1 -53OC. The solution was stirred for I h at 
the same temperature. After work-up as in the preparation of 13, the 
residual red liquid, after solvent removal, was chromatographed on 
alumina (3.7 x 8.5 cm). The fractions eluted with 2% ether in hexane 
afforded the cyclic mono-cis isomer, 22 (0.175 g, 17.7%), as a solid. 
Recrystallization from hexane-benzene afforded pale yellow cubes, 
mp 118°C (dec.); ir (KBr): 21 10 (-CEC-), 990, 975, 970 (trans 
HC=CH), and 710 (cis HC=CH) cm-'; uv,,,.,: 228 sh (33 600), 260 
(50 800), 282 sh (28 300), 297 (27 OOO), and 354 nm sh (6400); 'Hmr 
(200 MHz) 6: 7.76 (d, J = 8 Hz, 2H, Ar-H), 7.76 (d, J = 16 Hz, IH, 
HB), 7.50-6.80(m, 14H, H A ,  H"', and Ar-H), and6.68 (d, J = 12.5 
Hz, lH, HA'); see also Fig. 3; ms mle:  328 (M+,  66%) and 327 (loo), 
mol. wt. 328.3. Anal. calcd. for C26Hlh: C 95.09, H 4.91; found: 
C 95.30, H 4.98. 

The later fractions, eluted wth 3% ether in hexane, gave the cyclic 
di-cis isomer, 21 (0.0220 g, 22.3%), as a solid. Recrystallization from 
hexane-benzene afforded colourless cubes, mp 215-21 6°C; ir (KBr): 
2210 (-C-C-) and 720 (cis HC=CH) cm-I; uv,,,: 237 
(29 700), 258 (22 900), 290 (40 500), 328 (14 500), and 355 nm 
(12 900); 'Hmr (200 MHz) 6: 7.47-6.89 (m, 12H, Ar-H), 6.99 (d, 

J = 12.5 Hz, 2H, H"), and 6.67 (d, J = 12.5 Hz, 2H, H"); see also 
Fig. 3; ms m/e: 328 ( M + ,  50%) and 327 (loo), rnol. wt. 328.3. Anal. 
calcd. for C76H[(,: C 95.09, H 4.91; found: C 95.22, H 4.87. 

An oxidative coupling of the acyclic mono-cis isomer, 19 (630 mg, 
1.91 mmol). was carried out under exactly the same conditions as 
described for 18. The residual yellow liquid, after solvent removal, 
was chromatographed on alumina (3.7 x 10 cm). The early fractions 
eluted with 4% ether in hexane gave the cyclic mono-cis isomer, 22 
(227 mg, 36.2%). The fractions following, eluted with 5% ether in 
hexane, afforded the cyclic di-cis isomer, 21 (87.5 mg, 14%). 

The later fractions, eluted with 20% ether in hexane, afforded the 
cyclic di-tratzs isomer, 23 (47 mg, 7.5%), as a solid. Recrystallization 
from hexane-benzene afforded yellow cubes, mp 214-215°C; ir 
(KBr): 2200 (-C=C-), and 965 (trans HC=CH) cm-I; uv,,,,: 
227 (20 700), 263 (19 300), 281 sh (21 800), 308 (37 200), and 360 
nm (7200); 'Hmr (200 MHz) 6: 7.98-7.92 (m, 2H, Ar-H), 7.77 
(d, J = 16 Hz, 2H, HE),  7.66 (d, J = 7.5 Hz, 2H, Ar-H), 7.51-7.27 
(m, 8H, Ar-H), and 7.14 (d, J = 16 Hz, HA); see also Fig. 3; ms m/e: 
328 (M', 73%) and 327 (loo), mol. wt. 328.3. A I ~ .  calcd. for 
C2JI16: C 95.09, H 4.91; found: C 95.01, H 4.67. 

An oxidative coupling of the acyclic di-trans isomer, 20 (380 mg, 
1.15 mmol), was also carried out under exactly the same conditions 
as described for 18. The residual brown semi-solid, after solvent 
removal, was chromatographed on alumina (3.7 x 8 cm). The frac- 
tions eluted with 2-3% ether in hexane afforded the cyclic mono-cis 
isomer, 22 (59.9 mg, 15.9%). The following fractions eluted with 
10-20% ether in hexane afforded the cyclic di-trans isomer, 23 
(166 mg, 43.8%). 

The isomeric 1.3-bis[2-(2-ethynylphen~~l)ethenyl]berzzene, 24, 25,  26 
Lithium ethoxide prepared from lithium (270 mg, 0.039 g-atom) in 

absolute ethanol (100 mL) was added dropwise to a stirred solution 
of o-ethynylbenzaldehyde, 15 (12) (5.00 g, 0.038 mmol), and 1,3- 
bis(triphenylphosphoniomethyl)benzene dibromide, 9 (9) (15.5 g, 
0.020 rnol), in DMF (380 mL) over 2 h at 80-85OC under a nitrogen 
atmosphere. After completion of addition, the mixture was stirred for 
a further 2 h at the same temperature. After work-up as in the prepa- 
ration of 16, the residual red liquid, after solvent removal, was passed 
through a short column of alumina (3.7 X 4 cm). 'The fractions eluted 
with ether werc collected and on evaporation gave a red liquid, which 
was chromatographed on alumina (3.7 X 10 cm). The fractions eluted 
with 2-3% ether in hexane afforded the acyclic cis-cis isomer, 24 
(1.81 g, 28.8%), as a yellow liquid; ir (neat): 3290 (-C-CH), 21 10 
(-C=C-), and 700 (cis HC=CH) cm-.I; uv,,,,,,: 227 (25 600), 256 
sh (22 800), 278 (19 200), and 314 nm sh (I0 500); 'Hmr (200 MHz) 
6: 7.52 (d, J = 8 Hz, 2H, Ha), 7.22-6.10(m, IOH, H1, H', H" H ~ ,  
HY, HZ), 6.81 (d, J = 12 Hz, 2H, HB), 6.58 (d, J = 12 HZ, 2H, HA), 
and 3.28 (s, 2H, -C=CH); ms m/e: 330.1394 (M+); calcd.: 
330.1382. Atlnl. calcd. for C26HIX: C 94.51, H 5.49; found: C 93.55, 
H 5.36. Attempts to improve the elemental analysis failed. 

The following fractions eluted with 5% ether in hexane afforded the 
acyclic cis-trans isomer, 25 (2.42 g, 38.6%), as a yellow liquid; ir 
(neat): 3290 (-C=CH), 21 10 (-C=C-), 965 (trans HC=CH), 
and 700 (cis HC=CH) cm-I; uv,,,,: 228 sh (18 300), 234 sh 
(1 8 500), 252 (19 700), 260 sh (17 300), 307 (22 800), 324 sh 
(19 200), and 341 nm sh (9500); 'Hmr (200 MHz) 6: 7.67-7.15 
(m, 13H, HDandAr-H), 7.05 (d, J = 16.5 Hz, IH, HA), 6.92 (d, 
J = 12 Hz, IH, HB'),  6.74 (d, J = 12 HZ, IH, HA'), 3.36 (s, IH, 
-C=CH), and 3.33 (s, IH, -C=CH); ms m/e: 330.1376 (M+) ,  
calcd.: 330.1346. Atzal. calcd. for Cz6Hlx: C 94.51, H 5.49; found: 
C 93.07, H 5.56. Attempts to improve the elemental analysis failed. 

The later fractions, eluted with 8% ether, in hexane afforded the 
acyclic di-trans isomer, 26 (0.681 g, 10.9%), as a yellow liquid; ir 
(neat): 3300 (-CECH), 2120 (-C=C-), and 970 (trans 
HC=CH) cm-I; uv,,,: 233 (18 700), 251 (24 600), 258 sh (21 500), 
308 (36 500), 318 sh (35 900), and 340 nm sh (19 200); ' ~ m r  
(200 MHz) 6: 7.71 (d, J = 8.5 Hz, 2H, H4), 7.71 (d, J = 16.5 Hz, 
2H, HB), 7.56-7.17 (m, IOH, H' ,  H', H', H', HY, HZ), 7.18 (d, 
J = 16.5 Hz, lH, H"), and 3.39 (s, 2H, -C=CH); ms mle :  
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330.1361 (M'); calcd.: 330.1356; Anal. calcd. for C2,Hl,: C 94.51, 
H 5.49; found: C 93.02, H 5.59. Attempts to improve the elemental 
analysis failed. 

The isomeric 1,3-bis(3,4 : 9.10-dibenzdodeca-I, I I-diene-5,7-diyt1e- 
1,12-diy1)benzetze. 27, 28, 29 

A solution of the acyclic di-cis isomer, 24 (2.03 g, 6.15 mmol), in 
pyridine - dry ether (3: 1, 134 mL) was added dropwise over 3 h to 
a stirred solution of anhydrous Cu(OAc)? (7.1 g) in pyridine - dry 
ether (3: 1, 290 mL) at 50°C; the mixture was stirred for a further 
I h at the same temperature. After work-up as in the preparation of 13, 
the residual red liquid, after solvent removal, was chrornatographed 
on alumina (3.7 X 9 cm). The fractions eluted with 5-20% ether in 
hexane afforded the cyclic di-cis isomer, 27 (566 mg, 28%), as a 
solid. Recrystallization from hexane-benzene afforded colourless 
cubes, mp 225-227°C; ir (KBr): 2210 (-CEC-) and 695 (cis 
HC=CH) cm-'; uv,,,: 223 (39 loo), 232 (38 400), 273 (34 600), 
288 sh (30 loo), 336 (13 500), and 358 nm (11 600); ' ~ m r  
(200 MHz) 6: 7.44 (s, lH, HX), 7.40-6.93 (m, 1 IH, Ar-H), 6.80 
(d, J = 13 Hz, 2H, HE), and 6.59 (d, J = 13 Hz, 2H, HA); see also 
Fig. 2; ms mle: 328 (M+, 53%) and 327 (loo), mol. wt. 328.3. Anal. 
calcd. for C26H16: C 95.09, H 4.91; found: C 95.29, H 4.64. 

An oxidative coupling of the acyclic mono-cis isomer, 25 (702 mg, 
2.12 mmol), was carried out under exactly the same conditions as 
described for 24. The dark red liquid, after solvent removal, was 
chromatographed on alumina (3.7 X 7.0 cm). The fractions eluted 
with 3% ether in hexane afforded the cyclic di-trans isomer, 29 
(146 mg, 20.9%), as a solid. Recrystallization from benzene afforded 
yellow needles, rnp 239-240°C; ir (KBr): 2200 (-C=C-), 970, 
and 960 (frans HC=CH) cm-'; uv,,,: 227 (30 500), 296 (75 400), 
311 sh (62 loo), and 372 nm sh (4140); 'Hmr (200 MHz) 6: 8.65 
(s, IH, HX), 8.24(d, J = 16.5 Hz, 2H, HE), 7.73 (d, J = 8 HZ, 2H, 
H4), 7.48-7.20 (m, 9H, Ar-H), and 7.10 (d, J = 16.5 Hz, 2H, HA); 
see also Fig. 2; ms m/e: 328 (M+, 56%) and 327 (loo), mol. wt. 
328.3. Anal. calcd. for CZ6HI6: C 95.09, H 4.91; found: C 94.94, 
H 4.74. 

The later fractions, eluted with 5% ether in hexane, afforded the 
cyclic mono-cis isomer, 28 (70.5 mg, 10.1%), as a solid. Re- 
crystallization from hexane-benzene afforded colourless cubes, mp 
228°C (dec.); ir (KBr): 2200 (-C=C-), 960 (fratis HC=CH), and 
700 (cis HC=CH) cm-'; uv,,,: 222 (33 500), 268 (25 800). 285 sh 
(30 500), 303 sh (40 400), and 310 nm (41 200); 'Hrnr (200 MHz) 6: 
7.76 (d, J = 16 Hz, IH, HB), 7.75 (d, J = 8 Hz, IH, H4), 7.50-7.00 
(m, IIH, Ar-H), 7.18 (d, J = 16 Hz, IH, HA), 6.96 (d, J = 12 Hz, 
lH, HB'), and 6.85 (d, J = 12 Hz, lH, HA'); see also Fig. 2; ms mle: 
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328 (M+,  63%) and 327 (loo), mol. wt. 328.3. Anal. calcd. for 
CZ6H16: C 95.09, H 4.91; found: C 94.80, H 5.19. 

An oxidative coupling of the acyclic di-rrans isomer, 26 (610 mg, 
1.85 mmol), was carried out under the same conditions as described 
for 24. The residual brown semi-solid, after solvent removal, was 
chrornatographed on alumina (3.7 X 8 cm). The fractions eluted with 
10-50% ether in hexane afforded only the cyclic di-frans isomer, 29 
(472 mg, 77.9%). 
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C. OTERO and E. RODENAS. Can. J .  Chem. 63, 2892 (1985) 
The basic dehydrohalogenation reactions of I ,  I ,  1-trichloro-2,2-bis(p-chlorophenyl)ethae (DDT) and I ,  I-dichloro-2,2- 

bis(p-chloropheny1)ethane (DDD) have been studied in cationic micelles of hexadecyltrimethylammonium bromide (CTAB) 
and hexadecyltrimethylammonium hydroxide (CTAOH). Different theoretical approaches are discussed, considering the 
fraction of micellar head group neutralized, P, as a constant, or supposing different kinds of variation in its value. The following 
two empirical expressions for P have been found: P = 0.8 + 0.5 ([NaOH] + [KBr]) for DDT, and P = 0.8 + 1 ([NaOH] 
+ [KBr]) for DDD, and this is the best way to explain the experimental results. 

C. OTERO et E. RODENAS. Can. J. Chem. 63, 2892 (1985). 
Optrant dans des micelles cationiques de bromure d'hexad~cyltrimtthylammonium (CTAB) et d'hydroxyde d'hexadtcyl- 

trimCthylammonium (CTAOH), on a CtudiC la reaction de dCshydrohalogCnation basique du trichloro- I ,  I ,  l bis(p-chloro- 
phCny1)-2,2 ethane, le DDT, et du dichloro-1 , l  bis(p-chlorophCnyl)-2,2 Cthane, le DDD. On discute de diverses approches 
thCoriques en considCrant la fraction du groupe micellaire neutralisC, P, comme Ctant Cgale ti une constante ou en faisant 
diverses hypothkses relativement k sa variation. On a trouve que les valeurs de P peuvent Ctre exprimCes par les expressions 
empiriques suivantes: P = 0,8 + 0,5 ([NaOH] + [KBr]) pour le DDT et P = 0,8 + 1 ([NaOH] + [KBr]) pour DDD; ceci 
correspond la meilleure faqon d'expliquer les rCsultats exptrimentaux. 

[Traduit par le journal] 

Introduction 
Reactions between a hydrophobic organic substrate and ions 

in solution are too much affected by micellar systems (1 -3). 
Rate acceleration (4) or inhibition (5) arises from different rates 
of reactions of the substrates in the micellar phase and in the 
bulk solution, and from the distribution of the substrate be- 
tween these two phases. Most of the kinetic results can be 
explained with the pseudophase kinetic model proposed by 
Menger and Portnoy (6) and developed by Bunton (7) and 
Romsted (8), with the restriction of considering the fraction of 
micellar head group neutralized, P, as a constant independent 
of ion and surfactant concentration, although there is strong 
evidence showing that addition of counterions in solution in- 
creases p, and to consider it a constant is only an approxi- 
mation (9, 10). The results in the literature at high concen- 
tration of ions in solution or when the reactive ion is too 
hydrophilic (1 1) cannot be explained by means of this model, 
in which it is necessary to make modifications (5, 12, 13) in 
order to explain the experimental results. 

In this paper we have studied the basic dehydrohalogena- 
tion of 1 , 1 , l-trichloro-2,2-bis(p-chloropheny1)ethane (DDT) 
and 1,l -dichloro-2,2-bis(p-ch1orophenyl)ethane) (DDD) in 
cationic micelles of hexadecyltrimethylammonium bromide 
(CTAB) and hexadecyltrimethylammonium hydroxide 
(CTAOH). These reactions have very important biological im- 
plications (14), since micelles have also been used as single 
membrane models ( 15, 16), but also because these non-charged 
hydrophobic substrates are very appropriate in discussing the 
validity of different theoretical models in order to explain the 
experimental values. These reactions were first studied by 
Nome and co-workers in CTAB (17) and, currently, in CTAOH 
(18), and they found that the simple pseudophase kinetic model 
considering P as a constant cannot explain the results at high 
ion concentration. 

I Author to whom correspondence may be addressed. 

In this paper we discuss the validity of a model that considers 
independent distribution equilibria of ions between aqueous 
and micellar phases in which P varies with surfactant and ion 
concentrations. This model has been used, with success, to 
explain the basic hydrolysis of acetylsalicylate ester and ho- 
mologs (19). 

Theoretical description of the pseudophase kinetic model 
The pseudophase kinetic model (6-8) considers the micelle 

as a different phase from the aqueous phase, the reaction occur- 
ring in both phases according to Scheme 1: 

where the subscripts M and W denote the micellar and aqueous 
phases respectively, S is the substrate, Dn the micellized sur- 
factant whose concentration is given by [Dn] = [Dl - cmc, 
cmc is the critical micelle concentration, and Ks the binding 
constant of the substrate to the micelle written in terms of 
micellized surfactant: 

k L  and kM are the pseudo-first-order rate constants in aqueous 
and micellar pseudophases respectively, given by 

k b  = kw [OH,] 
[21 

k h  = kM [OHJ/[Dn] 

where kM is written in terms of the mole ratio of micellar OH- 
bound to the micellar head groups. The pseudo-first-order rate 
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OTERO AND RODENAS 

constant can be easily derived as: pressed by an equilibrium: 

kw [OH,] + ( ~ M K s  - kw) [OH,] 
[31 k, = 

1 + Ks [Dn] 
K ~ H  

[4] OH, + Dn C OH, 

where OH, is the concentration of hydroxide ion bound to where 
micelle. 

For a reaction where the reactive ion OH- is the micelle [5] K ~ H  = 
[OH,] 

counterion, as CTAOH micelles (20), the distribution of this [OH,] ([Dnl - [OH,]) 
ion between aqueous and micellar pseudophases can be ex- This equation reduces to: 

[6] KbH [OH,]' - (KbH [Dn] + KbH [OH,] + 1) [OH,] + KbH [Dn:I [OH,] = 0 

with the fraction of micellar head groups neutralized, P, given 
by P = [OH,]/[Dn]. Equation [5] predicts that P increases 
with surfactant concentration. 

In the case of two ions competing for the micellar head 
groups, as CTAB micelles, Romsted (8) proposed a model 
considering P as a constant and that ions bind to micelles 
according to the exchange model developed for resins. For 
OH- reactive ion and Br- as micelle counterion the ion ex- 
change equilibrium can be expressed by: 

[7] OH, + Br, C OH, + Br, 

with an equilibrium constant: 

and the fraction of micellar head groups neutralized given by: 

[9I P =  OH + m ~ r  

where: 

[lo]  OH = [OH,I/[Dnl; m ~ ,  = [Br,l/[Dnl 

and 

[ l l ]  [OH,] = [OH,] + [OH,]; [Br,] = [Br,] + [Br,] 

the following expression for moH can be easily deduced: 

[OH,] + ~::[Bri] 
mkH +   OH 

[OH,] P 
= 0 

(K:: - 1) [Dnl - (K:: - 1) [Dn] 
- 1 

.We have developed a new approximation that considers in- K ~ H  = 
[OH,] 

dependent distribution equilibria for each of the ions in solu- [OH,] ([Dnl - [OH,] - [Brill 

tion, between the aqueous and micellar phase, so that for OH- [Brill 
as reactive ion and Br- as micelle counterion, the equilibrium KLr = 
constants KbH and K;, can be written as: [Br,] ([Dnl - [OH,] - [Brill 

which reduce to: 

[15] KbH [OH,]' - (KbH [Dn] - KbH [Br,] + KbH [OH,] + 1) [OH,] + ([Dn] - [Br,]) K ~ H  [OH,] = 0 

[16] K;, [Br,]' - (KL, [Dn] - K;, [OH,] + K;, [Br,] + 1) [Br,] + ([Dn] - [OH,]) K;, [Br,] = 0 

This new treatment does not consider P as a constant, and its 
value, which depends on surfactant and ion concentrations, can 
be determined by solving eqs. [15] and [16] simultaneously 
with an iterative calculation method to give the values of [OH,] 
and [Br,] as a function of KbH and K;, for each surfactant and 
ion concentration. 

Experimental 
Materials  

The surfactant CTAB, Merck, was recrystallized from MeOH/ 
Et20. The surfactant CTAOH was prepared by ion exchange from 
CTAB (21) with anionic resin Amberlita 21-K. The absence of Br- in 
CTAOH was tested with silver ion. This surfactant was prepared and 
kept under Ng and it was used within 24 h of preparation. The pes- 
ticides DDT and DDD were purchased from U.S. Environmental 
Protection Agency Pesticides and Industrial Chemicals Repositori 
(MD-8). Other reactives, NaOH, KBr, Merck, were used without 
further purification. 

Kinetics 
All the reactions were run at 25 r 0.IoC in the thermostated 

cuvettes of a Spectronic 2000 Bausch and Lomb spectrophotorneter. 
Reactions were followed at 260 nm and 257 nrn, which correspond to 
the absorbance products of reactions for DDT and DDD respectively. 
To the mixture of CTABr or CTAOH and NaOH at a given concen- 
tration in the thermostated cuvettes, 0.1 mL of DDT or DDD stock 
solution M in acetonitrile) was added so that the amount of 
CH,CN in the reaction mixture was 3%. The concentrations were: 
NaOH, 0-lo- '  M ;  CTAB and CTAOH, 1 X M to 7 X lo-' M ;  
and for both substrates, 3.3 X M ,  in all experiments. The hy- 
droxide ion concentration was in large excess over both substrates, and 
the experimental results, in both presence and absence of surfactants, 
fit very well the first-order rate equation: 

[17] In (A, - A,) = In (Am - Ao) - kt 

Values of pseudo-first-order rate constants were obtained by least- 
squares fit with correlation coefficients greater than 0.999. 
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CAN. J .  CHEM. VOL. 63, 1985 

FIG. 1. Variation of the pseudo-first-order rate constant, k,, for DDT in CTAOH ( m  [NaOH] = 0 M, [NaOH] = 3.3 X lo-' M, . [NaOH] 
= 3 X 10-'M) and in CTAB ( 8  [NaOH] = 0.33 x 10-'M, 0 [NaOH] = 10-'M, A [NaOH] = 2 X 10-'M, A [ N ~ O H ]  = 3 X M, 
(3 [NaOH] = 5 x lo-' M). Lines are predicted values with different models. 

FIG. 2. Variation of the pseudo-first-order rate constant, k,, for DDD in CTAOH ( m  [N~OH] = 0 M, [N~OH] = 2.82 x 10-'M, . 
[NaOH] = 5 x M) and in CTAB ( 8  [NaOH] = 0.27 x 10-'M, 0 [NaOH] = 3 x M, A [N~OH] = 5 X M, A [NaOH] = 
6.67 X lo-' M, (3 [NaOH] = lo- '  M). Lines are predicted values with different models. 

k4d 
(CTAB) 

TABLE 1. Values of pseudo-first-order rate constants obtained for 
DDT and DDD in different ethanol-water mixtures 

% ETOH 30 33.3 40 50 60 70 80 
k(DDT) min-I) 3.8 4.0 - 5.8 7.8 11 13 
k(DDD) (lo-' min-I) 7.3 - 8.1 13 17 25 - 

Results and discussion 
Both substrates DDT and D D D  are very insoluble in pure 

aqueous solution and the second-order rate constants for the 
reaction in water were obtained by extrapolating the pseudo- 
first-order rate constant obtained in different ethanol-water 

rniirl 
k/]i3 rniril 

(CTAOH) 

mixtures to zero amount of ethanol. The experimental pseudo- 
first-order rate constants at OH- concentration lo- '  M are 
given in Table 1. The  values found for the second-order rate 
constant were 0.126 L mol-' min-' and 0.02844 L mol-' min-' 
for D D T  and DDD respectively, which agree with the values 
reported in the literature (17). 

The experimental pseudo-first-order rate constants for D D T  
in CTAB and in CTAOH micelles at different OH-  concen- 
trations are represented by dots in Fig. 1, and the experimental 
pseudo-first-order rate constants for DDD in CTAB and in 
CTAOH micelles at different OH- concentrations are repre- 
sented by dots in Fig. 2. In Figs. 3a and 3b are represented the 
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OTERO AND RODENAS 2895 

FIG. 3a. Variation of the pseudo-first-order rate constant, k,, with 
NaOH concentration at fixed surfactant concentration for DDT (0 
[CTAB] = 2 mM, A [CTAB] = 20 mM, @ [CTAB] = 60 mM). Lines 
are predicted values with different models. 

TABLE 2. Parameters that best fit the kinetic results for DDT and 
DDD in CTAOH 

Substrate [NaOH] (M) kM(min-I) Ks(M-') K&(M) 

0 8 2000 15 
DDT 3.30 X lo-.' 8 2000 30 

3.00 x lo-' 8 2000 20 

0 0.77 1000 35 
DDD 2.82 X lo-" 0.77 1800 35 

5.00 x lo-' 0.77 4200 35 

TABLE 3. Parameters that best fit the kinetic results for DDT and 
DDD in CTAB, using P as a constant 

Substrate [NaOH](M) kM(min-I) Ks(M-') K:: P 

0.33 X lo-' 8 
1.00 x lo-' 8 

DDT 2.00 X lo-' 8 
3.00 X lo-' 8 
5.00 X lo-' 8 

0.27 x lo-' 0.77 
3.00 X lo-' 0.77 

DDD 5.00 X lo-' 0.77 
6.67 X lo-' 0.77 
1.00 X lo-' 0.77 

FIG. 3b. Variation of the pseudo-first-order rate constant, k,, with 
NaOH concentration at fixed surfactant concentration for DDD (@ 
[CTAB] = 2 mM, A [CTAB] = 20 mM, 0 [CTAB] = 60 mM). 
Lines are predicted values with different models. 

experimental pseudo-first-order rate constants at fixed CTAB 
concentration (2, 20, 60 mM) and different amounts of OH- 
reactive ion, for the reactions with DDT and DDD respectively. 
Finally, in Figs. 4a and 4b are represented by dots the experi- 
mental pseudo-first-order rate constants for the reaction of both 
substrates at fixed CTAB concentration (2 and 20 mM) and 
different KBr concentrations. 

The experimental rate constants for the reactions in CTAOH 
can be adapted to the pseudophase kinetic model proposed by 

Romsted (8) and Bunton (7), eqs. [3] and [6]. The procedure 
of adjusting the experimental results basically consists in calcu- 
lating the value of pseudo-first-order rate constant, k,,,, at differ- 
ent surfactant and ion concentrations using k M ,  Ks, and KbH as 
arbitrary parameters. The calculated value for k,,, does not de- 
pend on crnc value and, although the critical micellar concen- 
tration decreases slightly with electrolyte addition and with the 
hydrophobicity of the substrate, the value of crnc for the clear 
aqueous solution, crnc = 8.6 X lo-' M, can be safely used 
(20). Table 2 gives the values of parameters that best fit the 
experimental results, and in Figs. 1 and 2 the values of k,,, 
calculated with these parameters are represented by solid lines, 
for DDT and DDD respectively. KbH varies over a small range 
but, taking into account that small variations in the parameters 
will also fit the experimental results, KbH can be considered the 
same for both substrates, with an average value of KbH = 30 
M-'. For DDT, small variations in the value of Ks also explain 
the experimental results but the KbH and kM data are given 
satisfactorily in accord with the experimental error. 

For the reaction in CTAB, the experimental rate constant can 
be adapted to the pseudophase kinetic model, proposed by 
Bunton (7) and Romsted (8), that considers P as a constant, 
eqs. [3] and [12]. In the procedure of adjusting the experi- 
mental results, kw, cmc, and p are taken as known parameters 
while k M ,  KS, and K:: are taken as arbitrary ones. P can be 
taken as 0.8 for the case of CTAB micelles where the counter- 
ion, Br-, binds strongly to the micelles (4, 5, 8). The calcu- 
lated value of k,,, at small surfactant concentration is too much 
affected by the value of critical micellar concentration and, as 
it decreases with electrolyte addition, the following empirical 
variation for crnc with ions (23) has been used in order to 
explain the experimental results: 

[I81 crnc = 10 X exp (-3.7671-0.2133 

x log (cm + [OH-] + [Br-I)) 
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FIG. 4a. Variation of the pseudo-first-order rate constant, k,, with KBr concentration at fixed surfactant and NaOH concentration for DDT 
(@ [CTAB] = 2 mM and [NaOH] = 2 x lo-' M, 0 [CTAB] = 20 mM and [NaOH] = 2 X 10-'M). Lines are predicted values with different 
models. 

FIG. 4b. Variation of the pseudo-first-order rate constant, k,, with KBr concentration at fixed surfactant and NaOH concentration for DDD 
(@ [CTAB] = 2 mM and [NaOH] = 2 x lo-' M). Lines are predicted values with different models. 

where cm is the critical micellar concentration in clear aqueous 
solutions. Table 3 gives the values of parameters that best fit 
the experimental results using the above expression for cmc, 
and Figs. 1 and 2 show the calculated kinetic rate constant, k*, 
with these parameters for DDT and DDD respectively (solid 
lines). 

The values of k, so determined are the same for the reactions 
in both surfactants CTAB and CTAOH, for each of the sub- 
strates. The substrate-to-micelles binding constants, Ks, for 
DDT are the same for the reaction in CTAOH and in CTAB, 
independent of ion concentration but, in the case of DDD for 
which higher concentrations of OH- have been used, the value 
of Ks increases with increase of reactive ions in solution at 
these high concentrations, and this variation can be adapted to 
an empirical expression as: 

[19] Ks = lo3 (M-I) + 7 x lo4 (M-2) x ([NaOH] 

+ [KBrl) (M) 

The same kind of the empirical expression for Ks can be used 
for DDT for the results at high OH- concentrations. 

[20] Ks = 1500 (M-') + 27 000 (M-2) x ([NaOH] 

+ [KBrl) (MI 

This variation can be explained by the "salting-out" effect (13). 
These high values of Ks for both substrates agree with the 
results found in the literature for other hydrophobic substrates 
such as (02NC6H40)2C0, N-C,6H33-3-CP, and PADA, with 
Ks values of 1000 (ref. 24), 3500 (refs. 25 and 26),;nd 2800 
(ref. 27), respectively. The exchange constant, K,, , is the 
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TABLE 4. Parameters that best fit the kinetic results for DDT and DDD in CTAB, using an additional 
reaction step 

Substrate [CTAB](mM) kM(min-I) kw,M(min-l) Ks (M-I) GrH I3 

2 8 0.006 1500 + 2700 [OH-] 32 0.8 
DDT 20 8 0.040 1500 + 2700 [OH-] 32 0.8 

60 8 0.070 1500 + 2700 [OH-] 32 0.8 

2 0.77 0.002 1000 + 70000 [OH-] 30 0.8 
DDD 20 0.77 0.008 1000 + 70000 [OH-] 30 0.8 

60 0.77 0.012 1000 + 70000 [OH-] 30 0.8 

TABLE 5. Parameters that best fit the kinetic results for DDT and DDD in CTAB, considering 
p not as a constant 

Substrate kM(min-I) K d M - ' )  ( M )  K&,(M-') 

DDT 8 1500 + 2700 ([NaOH] + [KB~]) 960 30 
DDD 0.77 1000 + 70000 ([NaOH] + [KBr]) 900 35 

same for both substrates while KAH shows some variations in its 
value. The value of K:: is in the range of literature values for 
other substrates: 2, 54, and 21 for acetylsalicylate ester (28), 
p-nitrophenyl acetate (29), and betaine (5) respectively. 

In Figs. 3a and 3b the calculated values of kJ, at different 
OH- concentrations are represented by solid lines, with the 
values of parameters determined before, at fixed concentrations 
of CTAB (2, 20, 60 mM). This model, which considers P as 
a constant, only explains the results up to a concentration 
0.1 M of OH-. That means that this approximation to consider 
p constant is valid only at low OH- concentrations when r n o ~  
<< rn,, and p = rn,,. Some of the results in the literature at high 
OH- concentrations had been explained by considering an ad- 
ditional pathway across the micellar boundary, in which the 
hydroxide ion in the aqueous phase would react with the or- 
ganic substrate bound to the micelle (12, 30). With this new 
additional reaction step with a pseudo-first-order rate constant: 
k b l ~  = kwlM X [OH,], it is possible to explain the experi- 
mental results over the whole range of [OH-] used, but it is 
necessary to suppose that kwlM depends on surfactant concen- 
tration. Table 4 shows the values of parameters that best fit the 
experimental results with this new additional reaction step. 

The experimental results at high KBr concentration, at fixed 
concentrations of CTAB and OH-, can also be explained with 
the model that considers P as a constant, up to a value of [KBr] 
= M, with the same values of parameters determined 
before (solid lines in Figs. 4a and 4b). Nevertheless, the model 
is not satisfactory at high KBr concentrations. 

In order to explain the experimental results at high ion con- 
centration we used the model that considers independent distri- 
bution equilibria for each of the ions in solution between aque- 
ous and micellar pseudophases, which gives values of P de- 
pending of surfactant and ion concentrations. The values of 
[OH,] and [Br,] as a function of KAH and KL,, eqs. [15] and 
[16], can be obtained with an iterative calculation method 
setting [OH,] initially as 0.000001 M and determining [OH,] 
and [Br,] as a function of KAH, KL,, [OH;], and [Br;]. There 
is no ensemble of parameters that adapts the experimental re- 
sults to the whole range of surfactant and ion concentrations 
studied. The values of KAH and kM should be the values 
obtained for the reaction in CTAOH and the values of KL, and 
Ks have been taken as adjustable parameters. 

The best values of the parameters are given in Table 5 and 

the calculated values of k,  are represented by broken lines in 
Fig. 1 for DDT ([OH-] = lo-' M and [OH-] = 5 x lo-' M )  
and in Fig. 2 for DDD ([OH-] = 3 X M and [OH-] = 
lo- '  M). For DDT the calculated value of k,  reproduces the 
experimental results at low surfactant concentration for [OH-] 
= 0.05 M but at high surfactant concentration the calculated 
value of k,  is above the experimental results. With decreasing 
OH- concentration it is necessary to increase the values of kM 
and Ks in order to adapt the results at low surfactant concen- 
tration, but the calculated value at high surfactant concentration 
is always above the experimental result. The same effects have 
been found for DDD. 

The values of k,  calculated with the parameters in Table 5 for 
the reaction at high OH- concentration, using this model that 
considers p not a constant, are represented in Figs. 3a and 3b 
(broken lines). At low OH- concentration the predicted values 
of k,, at small surfactant concentration, 2 mM, are too low to 
explain the experimental results, but with increasing surfactant 
concentration, 20 mM and 60 mM, the calculated values are 
always higher than the experimental results. The values of k+ 
for the results at different KBr concentrations, calculated with 
the parameters in Table 5 (broken lines in Figs. 4a and 4b), are 
too low to explain the experimental results at small KBr con- 
centration but, on increasing the KBr concentration, the calcu- 
lated values of kJ, become closer than the calculated values 
using the model that considers p as a constant. However, they 
are not high enough to explain these experimental results. 

It can be concluded that for the reactions of these two sub- 
strates, where the determined value of KAH is as low as 30 M-' ,  
the predicted values of P at small surfactant concentration and 
small ion concentration are too low to explain the experimental 
results but that on increasing surfactant concentration the pre- 
dicted values of p become too high. It is interesting to point out 
that this model explains very well the experimental results for 
the hydrolysis of acetylsalicylate ester and homologs (19) 
where the determined value of KAH in CTAOH is 380 M-'. 

It is possible to explain all of these experimental results by 
using an empirical variation of P with ions, as had been done 
by some authors (13, 31). Accordingly, for the reaction of 
these two substrates, the following two expressions were 
found: p = 0.8 + 0.5 ([NaOH] + [KBr]) for DDT and p = 0.8 
+ 1 ([NaOH] + [KBr]) for DDD. In Table 6 are shown the 
experimental and the calculated values of pseudo-first-order 
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TABLE 6. Experimental and calculated values of pseudo-first-order rate constants for DDT: (a) in CTAB ([OH-] = 5 x 
lo-', Fig 1); (b) reaction at high OH- concentration ([CTAB] = 2 rnM, Fig. 3a), using the three theoretical models, ( I )  
considering P as a constant, (2) considering independent equilibria: P variable, (3) with an empirical expression for P 

(a) 

[CTABlIrnM 1 2 3 6 10 20 30 40 60 
kerp (rnin- ' )  2.1 2.5 2.3 2.0 1.7 1.2 0.93 0.70 0.57 
kll,(min-I) 2.4 2.6 2.5 2.0 1.6 1.1 0.84 0.69 0.52 
kI2) (rnin- I) 2.1 2.4 2.3 2.0 1.7 1.3 1.1 - 0.81 
k~,(rnin-'1 2.5 2.7 2.5 2.1 1.7 1.2 0.91 0.75 0.57 

(b) 

[OH-I/M 3.3 x lo-? lo-' 2 x lo-' 3 x lo-' 5 x lo-' lo-' 2 x lo-' 3 x lo-'  
kcXp (rnin- ') 0.4 1.2 1.6 2.1 2.5 3.5 5.3 6.4 
klll(rnin-I) - 1.1 1.7 2.1 2.8 3.7 4.6 5.1 
k12,(rnin-:) - 0.7 1.3 1.8 2.5 3.8 5.1 5.8 
k(,,(rnin- - 1.1 1.7 2.2 2.9 4.0 5.2 6.0 

rate constants for the reaction of DDT in CTAB ([OH-] = 5 X 14. W. B. JAKOBY (Editor). Enzymatic basis of detoxication. Vol. 1. 
lo-') and the values for the reaction at high OH- concentration Academic Press, New York. 
([CTAB] = 2 mM) using the three theoyetical models: 

( 1 )  considering (3 as a constant (= 0.8) 
(2) considering independent distribution equilibria for each 

of the ions in solution between the aqueous and micellar phase, 
with a variable P 

(3) using the empirical expression for the value of P. 
The same behavior is found for all the other results and it can 
be concluded that considering the empirical expression for P is 
the best way to explain the experimental kinetic results for the 
dehydrochlorination of DDT and DDD. 
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A study of reaction mechanisms of methane in a radio-frequency glow discharge 
plasma using radical and ion scavengers 
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K. HIRAOKA, K. AOYAMA, and K. MoRIsE. Can. J .  Chem. 63, 2899 (1985). 
When 1 Torr of methane was decomposed in a radio-frequency glow discharge plasma, ethane, ethylene, and acetylene were 

produced as major products. In order to determine the relative importance of radical and ionic processes for the formation of 
these major products, iodine and ammonia were used as radical and ion scavengers, respectively. It was found that the major 
products were formed mainly by radical processes and the contribution of ionic processes is within the experimental error. The 
mechanisms for the formation of ethane, ethylene, acetylene, and C3 - C, compounds were discussed. 

K. HIRAOKA, K. AOYAMA et K. MORISE. Can. J .  Chem. 63, 2899 (1985). 
Lorsqu'on dCcompose du mtthane sous une pression de 1 torr et dans la lueur d'un plasma i dtcharge produit par une 

frCquence radio, les produits principaux sont I'tthane, I'tthylene et I'acCtylene. Dans le but de dtterminer I'importance relative 
des processus radicalaire et ionique dans la formation de ces produits principaux, on utilise respectivement I'iode et I'ammoniac 
comme pieges des radicaux et des ions. On a trouvt que les produits majoritaires se foment  principalement par des processus 
radicalaires alors que la contribution des processus ioniques se situe i I'inttrieur des limites des erreurs expCrimentales. On 
discute du mtcanisme de formation de I'Cthane, de I'tthylene, de l'acttylene et des composts en C3 et en C,. 

[Traduit par le journal] 

Introduction 
The elucidation of the reaction mechanisms of reactions in 

the plasma is largely impeded due to the complex nature of 
plasmas. The most difficult task is to determine the relative 
importance of ions and radicals in the reactions of plasmas. The 
estimation of the contribution of ions is much more difficult 
than that of radicals because the rates of ion-molecule reac- 
tions are too fast (often collision rate) to determine the precur- 
sor ions for the end products. The main objective of this work 
is to study the reaction mechanisms of methane in a glow 
discharge plasma in detail. In particular, we endeavored to 
evaluate the relative contribution of radical and ion mech- 
anisms on the formation of reaction products. 

Hiraoka and Kamada studied the reaction mechanisms of 
benzene in a radio-frequency glow discharge plasma using 
iodine as a radical scavenger (1). They found that acetylene and 
ethylene are produced directly from the decomposition of elec- 
tronically excited benzene molecules. They claimed that radi- 
cal scavengers can be used in the plasma chemistry for the 
study of reaction mechanisms. In this study, the reactions in the 
methane glow discharge plasma were investigated using iodine 
and ammonia as radical and ion scavengers, respectively, in 
order to determine the relative importance of radical and ionic 
processes in the glow discharge plasma of methane. Methane 
is the most suitable gas for the study of the reaction mech- 
anisms because photolysis (2-5) and radiolysis (6-8) of meth- 
ane were investigated in detail and the ion-molecule reactions 
of methane are well known (9). The use of scavengers is one 
method to intercept the consecutive reactions at early stage. By 
cooling the discharge tube at 77 K, it is also possible to avoid 
further decompositions and reactions of primary products in the 
plasma. The gaseous products condensible at 77 K are quickly 
trapped on the wall of the discharge tube and they escape from 
further decompositions in the plasmas. This method was found 
to give an important information about the reaction mech- 
anisms. 

'To whom all correspondence should be addressed. 

Experimental 
The pressure of methane (Taiyo Sanso, 99.9%) introduced to the 

vacuum line was controlled by adjusting a needle valve (Nupro SS- 
4BMG metering valve). The sample gas flowed continuously through 
the discharge tube and then passed through a trap cooled to liquid Nz 
temperature and then pumped away by an oil-rotary pump with a 
capacity of 150 L/min. The experiments were done at three tem- 
peratures of the discharge tube, i.e. -400, 195, and 77 K .  Without 
cooling the discharge tube, its temperature reached to about 400 K by 
the inductive heating. By filling dry-ice acetone or liquid N2 in the 
coaxial double cylindrical discharge tube, the temperatures of the 
discharge tube could be maintained at 195 and 77 K,  respectively. 
Experiments at 77 K, all gaseous products were trapped on the wall 
of the discharge tube. For all experiments at -400, 195, and 77 K ,  
only a negligible amount of solid products was formed on the wall of 
the discharge tube. The sample gas was subjected to the plasma which 
is generated by a radio-frequency generator (Koike Engineering, 
27 MHz) with a maximum power of 60 W. 

For CH4/I, experiments, the flow rate of iodine was controlled by 
dipping the iodine reservoir in a temperature-regulated water bath. 
Before the analysis of the gaseous products, the unreacted iodine and 
the hydrogen iodide produced were absorbed in the aqueous solution 
of sodium thiosulfate contained in the liquid N2 trap by freeze- 
pump- thaw cycles. 

For CH,/NH3 experiments, the known amounts of CH, and NH, 
were sampled in the 5 L flask at the total pressure of 760 Tom. The 
mixed gas was then flowed through the needle valve into the vacuum 
system. The unreacted ammonia trapped in a liquid N, trap was 
absorbed in a boric acid solution contained in the liquid N, trap by 
freeze-pump-thaw cycles. 

For the analysis of gaseous products, the temperature of the trap was 
raised to dry-ice acetone temperature, and vaporized products were 
analysed by gc (Fig. 1) and gc-ms. The amounts of reaction products 
which are trapped at dry-ice acetone temperature were nil. The hydro- 
gen which is one of the major gaseous products was not measured in 
this experiment because hydrogen cannot be trapped at 77 K. 

Results and discussion 
Application of scavengers in the plasma chemistry 

Radical and ion scavengers have been widely used in the 
field of radiation chemistry. They give important information 
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FIG. 1. Gas chromatogram of gaseous products from decomposition of 1 Torr methane in a radio-frequency glow discharge plasma at 400 
K. Column: stainless steel (2 rn X 3 mm id), porapak N (80- 100 mesh). Detector: TCD; carrier gas: hydrogen. I: C=C; 2: C-C; 3: CEC; 
4: C=C-C/C-C-C; 5: C=C=C; 6: C-C-C; 7: C-C-C; 8: C=C-C; 9: C=C-c=c/c=c-c-c; 10: c-c=c-c; 

I I 

on the mechanisms of reactions induced by the ionizing radi- 
ation. Although there seem to be no serious problems for the 
use of scavengers in the radiation chemistry, one should be 
very cautious for applications of scavengers in the plasma 
chemistry because plasma parameters such as electron tem- 
perature, plasma density, sheath potential, etc. are affected by 
the addition of scavengers in the plasma. For example, the 
electron temperature decreases sharply when a small amount of 
foreign gas is added whose ionization energy is lower than the 
major gas (10). It is desirable that scavengers have high ion- 
ization energies and negative electron affinities. Ironically, 
molecules can scavenge ions due to their low ionization 
energies. Besides, atoms and molecules which are used for 
radical scavengers generally have positive electron affinities. It 
seems intrinsically difficult to find "ideal" scavengers for the 
plasma chemistry. Thus it would be quite risky to draw out any 
quantitative conclusions from the results obtained by the use of 
scavengers in the plasma chemistry. However, if any drastic 
chemical changes could be observed by the addition of scav- 
engers, we could appreciate them as important informations on 
the mechanisms of chemical reactions in the plasma. Because 
there are no other simple methods for the analysis of compli- 
cated reactions in the plasma, we dared to use ammonia and 
iodine as ion and radical scavengers, respectively, and see 

whether they are applicable in the plasma chemistry. 

Use of ammonia as an ion scavenger 
Although a number density of ions is generally many orders 

of magnitude smaller than that of free radicals in the plasma, 
it does not necessarily mean that the ion mechanism can be 
negligible compared to the free radical mechanism. This is 
because ions in a non-equilibrium plasma diffuse much much 
faster than neutral species and their lifetimes become much 
shorter than those of free radicals. 

In a plasma, positive ions and electrons diffuse at the same 
rate, i.e., they diffuse by an ambipolar diffusion. The ambi- 
polar diffusion coefficient D, can be approximated to be (1 1) 

[ I ]  D, = (2 + 1) D; 

where T ,  is the electron temperature, Ti is the ion temperature, 
and Di is the free diffusion coefficient of ions. 

The characteristic diffusion length A for the cylindrical dis- 
charge tube can be given as (12) 

where r and I are radius and length of the cylinder, re- 
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spectively. The value of A for the discharge tube used in this 
experiment ( r  = 5 mm and 1 = 70 mm) is calculated to be 
1.7 mm. In the separate experiments (1 1), for the cavity with 
about the same value of A,  the decay lifetime of ions in the 
thermal plasma (Tc = TI = T,,,) of 1 Torr CH, was measured 
to be about 1 ms. In this case, the ambipolar diffusion coeffi- 
cient D, is larger than Dl by a factor of two, i.e. D, = 2 0 ,  
(eq. [I]). 

Under the present experimental conditions where the plasma 
is nonthermal and Tc = 100T,, D, becomes about two orders of 
magnitude larger than Dl  (eq. [l]). In such a condition, ions 
diffuse to the wall in - 10 p,s by the ambipolar diffusion and 
they are neutralized there by the recombination reactions with 
electrons. On the other hand, free radicals are annihilated 
mainly by mutual recombination reactions and thus their life- 
times would be orders of magnitude longer than those of ions. 
Therefore, free radicals are accumulated in the plasma and their 
number density becomes much higher than that of ions. The 
large difference in the number densities between ions and free 
radicals in the non-thermal plasmas is mainly due to the differ- 
ence in the rates of disappearance of ions and free radicals. In 
order to evaluate the relative importance of ion and free radical 
mechanisms, one should compare the production rates of ions 
and radicals instead of their densities. Numbers of ions and free 
radicals produced per unit time is proportional to the integral 

where Q(E)  is the energy-dependent cross sections for ion- 
ization or dissociation of atoms or molecules, E is the energy 
of electron in the plasma, m is the mass of an electron, and 
f (E)  is the energy distribution function of electrons in a plas- 
ma. Accurate measurements of ionization and dissociation 
cross sections for methane are unfortunately not available. 
Using the available data for hydrogen (1 3), and assuming that 
the energy distribution of electrons in a plasma is Maxwellian 
and Tc = 5 eV, one finds that about one ionization event occurs 
for every ten dissociations of hydrogen molecules. This crude 
table calculation suggests that the relative contribution of ion 
mechanism is about one tenth of free radical mechanism in a 
hydrogen plasma. The experimental determination of the con- 
tribution of ion mechanism is very difficult because the rates of 
ion-molecule reactions are generally too fast to determine the 
urecursor ions for the terminal uroducts. Under such a situ- 
ation, we think an ion-molecule reaction could be only con- 
trolled by an ion-molecule reaction itself, i.e., the use of ion 
scaveneers. 

The 'kajor ion in the methane plasma is known to be C2H5+, 
the protonated ethylene (14). In order to scavenge this ion, the 
scavengers must have higher proton affinities than ethylene. 
We adopt ammonia as an ion scavenger because its proton 
affinity (205 kcal/mol) is much larger than those of alkanes, 
alkenes, and alkynes, and the protonated ammonia NH4+ is 
chemically unreactive toward hydrocarbons. 

In the methane plasma, CH3+ and CH4+ are produced by the 
electron impact as primary product ions. They react with meth- 
ane to produce C2H5+ and CH5+, respectively (9). 

[4] CH4' + CHJ 4 CH5' + CH, 

Rate constants for these reactions are of the order of cm3 
molecule-' s-I (9). Thus lifetimes of CH3+ and CH4+ can be 

m o l  % OF IVH, 

FIG. 2. The dependence of the relative yields of products on the 
amounts of added NH3 in CH4. Hydrogen is not included in the "total" 
products because it cannot be trapped at 77 K. The input power from 
the radio-frequency generator to the plasma was kept at 30 W for all 
measurements. 

estimated to be -20 ns under the present experimental condi- 
tions (1 T o n  of methane). One of the main product ions CH5+ 
reacts only by a proton transfer reaction and regenerates CH,. 
On the other hand, C2H5+ has a variety of modes of reactions 
such as (9, 15, 16) 

By an addition of NH, in the plasma, C2H5+ reacts with NH3 to 
produce C2H4 by the proton transfer reaction [lo], 

and reactions [5]-[9] must be suppressed. Thus, if the ion 
mechanism plays an important role in the methane plasma, the 
relative yield of C2H4 must be increased by an addition of NH,. 

Figure 2 shows the dependence on the amount of added NH3 
of the relative yields of products. The relative yields of C2H6, 
C2H4, and C2H2 are nearly independent of the amounts of added 
NH,. This result strongly suggests that the contribution of ion 
mechanism in the methane plasma is within the experimental 
error (5 - 10%). 

Use of iodine as a radical scavenger 
The results described in the previous section implicitly sug- 

gest that the free radicals play major roles in the reactions of 
methane plasma. To obtain further evidence, the iodine was 
introduced into the methane plasma as a radical scavenger. 
Figure 3 shows the dependence on the amounts added iodine of 
the relative yields of products. The yield of ethane decreases 
sharply with an increase of iodine, indicating that ethane is 
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TABLE I .  The relative yields of products from the decompositions of methane at 400, 195, 
and 77 K" 

Relative yield 

Temperature CzHs 
(K) CzH4 CzHs CzHz CzHx C3H4" CzH4' C4H10 CaHZ CsH6 

"Input power was kept at 30 W for all the measurements. 
'Allene. 
"Methylacetylene. 

0 5 10 
rnol % O F  l 2  

FIG. 3. The dependence of the relative yields of products on the 
amounts of added I, in CH4. Hydrogen is not included in the "total" 
products because it cannot be trapped at 77 K. The input power from 
the radio-frequency generator to the plasma was kept at 30 W for all 
measurements. 

produced by a radical mechanism. The yields of ethylene and 
acetylene are rather insensitive toward the amounts of added 
iodine. Iodine is considered to be less effective to scavenge 
precursors of ethylene and acetylene. 

The benefit of using iodine as a radical scavenger is that the 
precursor radicals can be chemically frozen as iodides. Figure 
4 shows the dependence on the amounts of added iodine of the 
relative yields of produced iodides. The produced CH,I are by 
far the most abundant compared to other iodides and its yield 
shows a sharp increase with an increase of iodine. Considering 
results shown in Figs. 3 and 4, it can be concluded that ethane 
is formed by the recombination reaction of two methyl radicals, 

M 
[ I  I ]  2CHz + [CzH,]* + CzHs 

where M represents a third body which collisionally stabilizes 
the intermediate complex [C2H6]*. 

Temperature effect on the relative yields of products 
The lifetimes of the intermediate complexes in the radical 

reactions are more or less temperature dependent. The lower 
the temperature, the longer the lifetime of the intermediate 
complex. The intermediate complex has more chance to be 
stabilized at lower temperature. Thus the study of the tem- 
perature dependence on the plasma reactions would give some 

" 0 5 10 
rnol 'lo OF l 2  

FIG. 4. The dependence of the relative yields of iodides on the 
amounts of added I, in CH4. 

information on the reaction mechanisms. The experiment at 
77 K is particularly interesting because the primary products 
are quickly trapped on the wall of the discharge tube and a 
further decomposition of primary products is expected to be 
greatly suppressed. In a sense, the cold wall acts as a scavenger 
by trapping primary products. 

Table 1 summarizes the data obtained at -400, 195, and 
77 K. The relative yield of acetylene is almost independent on 
the temperature. The yield of ethane shows a steady increase 
with a decrease of temperature. Drastic decrease and increase 
of ethylene and n-butane, respectively, were observed at 77 K. 
This result suggests that ethylene and n-butane are formed from 
the same precursor. The detailed discussion about the reaction 
mechanisms will be described in the following section. 

Reaction mechanisms of methane in a plasma 
The major gaseous products from the decomposition of 

methane in a plasma were ethane, ethylene, and acetylene. The 
mechanisms for the formation of these products as well as C3 
and C, products will be considered here. 

Radiolysis and photolysis of methane have been investigated 
in detail (2-8). The experimental evidence obtained by these 
investigations favors CH2 and H2 as the major products of the 
dissociation of methane. Mahan and Mandal, irradiating with 
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a krypton resonance line (10.0 eV), found that CH2 and Hz were 
the dominant products (2). Magee (17), using a continuous 
hydrogen source (8.3 - 11.8 eV), concluded that an excited 
methane decomposes into CH, and H, 85% of the time and into 
CH7 and H 15% of the time. In a plasma, electrons have a wide 
range of energy and other radicals such as CH and C may also 
be produced as primary products. Besides, hydrogen atoms 
present as primary and secondary products in a methane plasma 
would abstract hydrogen atoms from CH,, radicals (n 5 3). 

H H H 
[I21 CH,+ CHI+ CH+ C 

Thus the primary radicals in the methane plasma would be CH,, 
CH, and C. 

The CH2 radical is known to insert into a C-H bond of 
methane to form internally excited [C2H6I4' which decomposes 
unimolecularly into two CH3 radicals (8, 18). 

This reaction would explain the large yield of CH31 in the I, 
scavenger experiments (Fig. 4). Ausloos and co-worker found 
that [C2H6]* was collisionally stabilized at higher pressures (8). 
In the present experiments, the relative yield of ethane is in- 
creased at lower temperatures (Table 1). 'The lifetime of the 
intermediate complex [CzH6]* is supposed to be long enough to 
be collisionally stabilized in 1 Torr methane at 77 K. 

Ethylene was found to be the main product from the reaction 
of CH with methane (3, 8). 

The lifetime of [C2H5]'# was supposed to be short because the 
stabilization process [15] has not been observed at high pres- 
sures (8, 19). The short lifetime of [C,H5]* (4 X lo-" s) has 
also been predicted by the theoretical RRKM calculations (19). 
In the present experiments at 77 K, however, the yield of C,H, 
decreased markedly and this decrease was compensated by the 
increase of n-butane. This result suggests that there is some 
mechanism for the stabilization of [C2HS]'" at 77 K which is 
followed by the recombination reaction [16] to form n-butane. 

M 
[I61 2C2H5 + C,H," 

Considering that reactions [14] and [15] are 60 and 99 kcal/mol 
exothermic, it seems not likely that [CIH5]'* can be stabilized 
even at 77 K in the gas phase. The [C2H5]" could be stabilized 
if the reaction of CH with CH4 occurs on the cold wall. How- 
ever, such an heterogeneous reaction cannot explain the large 
yield of n-butane at 77 K, and some other stabilization mech- 
anisms might exist. For example at 77 K in the gas phase, van 
der Waals clusters (CH,),, (n 2 2) would be present at higher 
concentrations and they participate in the formation of C,H5 
radical: 

The cluster (CH,),, has built-in third-bodies in it and the exo- 
thermicity of the reaction could be released as kinetic energies 
of departing third bodies. This might explain the sudden de- 
crease and increase of ethylene and n-butane, respectively, at 
77 K. 

If reaction [13] occurs at 77 K, the produced methyl radical 
would react with CzH5 to form C3H8. However, the yield of 
propane does not increase at 77 K (Table 1). These results 
suggest that a greater part of [C,H,]* is stabilized at 77 K. 

P R E S S U R E  O F  CH, , Torr  

FIG. 5. The dependence of the relative yields of products on CH4 
pressure. The input power from the radio-frequency generator to the 
plasma was kept at 30 W for all measurements. 

Braun et al. (20) and Husain et al. (21) found that acetylene 
is formed by the reaction of C with CH,. 

No evidence was obtained for the collisional stabilization of 
[C2H4]* at higher pressures (20), indicating that the lifetime of 
[ClH4]* is short. 

As the pressure is decreased, the electron temperature in the 
plasma increases (10) and the residence time of gas molecules 
in a plasma gets longer because of the decrease of the linear gas 
velocity. Thus primary products experience more frequent 
secondary decompositions at lower pressures. Thus the lower 
the pressure becomes, the further the successive reactions [12] 
proceed. As shown in Fig. 5 ,  the yield of ethane decreases 
steadily with decreasing pressure. The yield of ethylene in- 
creases initially, and after reaching the maximum, starts to 
decrease. The relative yield of acetylene is lowest at high 
pressures, but it increases steadily with decreasing pressure, 
and overcomes the yield of ethylene at low pressures. These 
results support the idea that CH2, CH, and C are the precursors 
of ethane, ethylene, and acetylene, respectively. The power 
dependence on the relative yields of products as shown in 
Fig. 6 also supports the reaction mechanisms described above. 

The 'D state of carbon atom may be responsible for the 
formation of acetylene. The rate constant of the reaction of the 
ground state C(3P)  with methane (k < 2 X 10-IS cm3 
molecule-' s-I) (22) is much smaller than that of the excited 
C( 'D)  (k = 2 x 10-10cm3 molecule-' s-I) (21). The energy 
difference between C(ID) and C ( 9 )  is about 1 eV. The spin- 
forbidden excitation of c ( ~ P )  to C( 'D) would occur efficiently 
in a nonequilibrium glow discharge plasma because electrons 
with energies of a few eV are abundant in a plasma (10). 
Recently, the diamond-like carbon films have been synthesized 
by radio-frequency plasma decomposition of CH, or mixed 
gases of CH4 and Hz (23). The hydrogen containing a small 
amount of CH4 was found to be a suitable gas for the synthesis 
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P O W E R  , W 

FIG. 6. The dependence of the relative yields of products on the 
input power to the plasma. 

of diamond-like carbon film. Apparently, hydrogen atoms in a 
plasma play an important role to produce carbon atoms by the 
reactions (12). The produced C( 'D)  may contribute to the 
growth of the sp3 skeleton of diamond-like film by the insertion 
reaction. The methane gas is intrinsically the best source of 
carbon atoms because its H/C ratio is largest in hydrocarbons 
and the contribution of reaction [12] is most effective for the 
production of carbon atoms. 

Propane and propylene may be formed by reactions 
[19]-[22]. 

M 
[22] CH2 + C2H4 + C3Hs 

The formation of CzH51 and C2H31 in the I2 scavenger experi- 
ments argues for reactions [I91 and [20]. However, the pos- 
sibility for reactions [21] and [22] cannot be rejected because 
the yields of propane and propylene do not show sharp decrease 
at 77 K where ethane and ethylene, which may be the precur- 
sors of C2H5 and CzH3 radicals, are trapped quickly on the wall 
of the discharge tube. 

Baird found that allene is a principal product from the reac- 
tion of C with ethylene (24). 

M 
[23] C + C2H, + C3H4 

If the precursor of allene produced in this experiment is ethyl- 
ene, the yield of allene should decrease at 77 K because the 
yield of ethylene showed a sudden decrease at the same tem- 
perature. Table 1 shows that both yields of ethylene and allene 
drop sharply at 77 K. This result is a strong support for the 
occurrence of reaction [23] in the methane plasma. 

The formation mechanism of methylacetylene seems some- 
what different from that of allene, because the decrease in 
methylacetylene yield is not so drastic as allene at 77 K. Be- 
sides, with an increase of an input power, the yield of methyl- 

acetylene shows a steady increase but that of allene reaches a 
plateau (Fig. 6). Canosa-mas er al. found that the main product 
from the reaction of CH2('A,) with acetylene is methyl- 
acetylene (25). 

All the results shown in Table 1 and Figs. 5 and 6 support the 
idea that the precursor of methylacetylene is acetylen (reaction 
1241). - - 

Important progress has been made by Lange and Wagner in 
understanding acetylene photochemistry (26). They have ob- 
tained the rate constant of the reaction, 

by measuring with the mass spectrometer the decay of C2H and 
have obtained k = 5 x lo-' '  cm3 molecule-' s-I. They have 
also found the product to be mainly diacetylene. The very low 
yield of diacetylene at higher methane pressures (Fig. 5) may 
be due to the consumption of C2H radical by reaction [26] (27). 

Conclusion 
Much information about the reaction mechanisms of reac- 

tions in the methane glow discharge plasma could be gained by 
the experiments using ammonia and iodine as ion and radical 
scavengers, respectively. It was found that the major products 
were formed mainly by radical processes and the contribution 
of ionic processes is within the experimental error. It is con- 
cluded that reactions of CH2, CH, and C with methane produce 
ethane, ethylene, and acetylene, respectively, as major prod- 
ucts in the methane glow discharge plasma. 
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JAMES H. MEDLEY, NASEER AHMAD, and MARION C. DAY. Can. J. Chem. 63, 2906 (1985). 
A detailed study of complexation of the sodium ion by H M P A % ~ S  been made using the system 

NaAIEt - benzene - HMPA 

where HMPA is observed to be a strong donor towards Na+ but does not complex AIEt4-. This system forms two liquid phases 
at low HMPA: Na+ molar ratios with the salt and the HMPA, up to a 4:  1 HMPA:Na+ ratio, occurring only in the lower phase. 
Based on a variety of experimental techniques, reasonable proposals of the solute species in the lower phase as a function of 
HMPA:Na' ratio are presented. A 2.5: 1 ratio of HMPA:Na+ is observed to be particularly significant. This ratio is 
rationalized in terms of a bridging HMPA molecule resulting in a cationic species with the stoichiometry [2Na-5HMpAI2+. 
It is found that the "A1 and 'H nmr spectra are determined primarily by quadrupole relaxation of the ' 7 ~ 1  nucleus rather than 
by exchange. 

JAMES H. MEDLEY, NASEER AHMAD et MARION C. DAY. Can. J. Chem. 63, 2906 (1985). 
On CtudiC d'une f a ~ o n  systkmatique la complexation de I'ion sodium par le HMPA (hexamCthylphosphoramide) dans le 

systeme 

NaAIEt - benzene - HMPA 

dans lequel il a CtC observk que le HMPA est un puissant donneur pour le Na+ alors qu'il ne complexe pas I'ion A1Et4L. A 
des rapports molaires de HMPA: Na+ qui sont faibles, c'est-a-dire des rapports HMPA: Na+ allant jusqu'a 4: 1, ce systeme 
forme deux phases liquides et l'on ne retrouve le sel et le HMPA que dans la phase inferieure. En se basant sur plusieurs 
techniques expCrimentales, on prCsente un certain nombre de propositions raisonnables pour expliquer la prCsence des espkces 
solutCs dans la phase infkrieure en fonction du rapport HMPA:Na+. Un rapport de HMPA:Na' de 2,5: 1 semble 6tre 
important. On explique ce rapport en fonction de I'action d'une molCcule de HMPA qui agit comme pont et qui conduit a 
I'existence d'une espkce cationique de stoichiomCtrie [ ~ N ~ . ~ H M P A ] ' + .  On a Ctabli que les spectres rmn du ' 7 ~ 1  et du 'H sont 
dCterminCs essentiellement par la relaxation quadrupolaire du noyau de ' 7 ~ 1  et non par un Cchange. 

[Traduit par le journal] 

Introduction 
Because of their unique property of solubility in nonpolar 

solvents such as hexane and benzene, the sodium tetraalkyl- 
aluminate salts have proven to be particularly useful in the 
study of ion-ion and ion-solvent interactions (1). Thus, for 
instance, a solution of NaAl(n-butyl), dissolved in hexane per- 
mits one to observe specific interactions between the ions of the 
salt rather than between the solvated ions which would exist in 
conventional solvent systems. Further, using a system of the 
type 

NaAl(alkyl), - inert solvent - donor 

where controlled amounts of the donor are added, one can 
observe the effects of specific solvation on the behavior of the 
solution. The first reported such system was (2) 

Since that first study, a number of examples of the use of this 
type of system have been reported. 

One  of the most unusual properties of this system is its 
tendency to form two liquid phases at relatively low ratios of 
donor:Nak with strong donors such as HMPA (3). The salt, 
NaAlEt,, shows considerable solubility in hot benzene, but it 
is essentially insoluble in benzene at room temperature. The  
addition of stoichiometric amounts of HMPA to NaAIEt,, up to  
a ratio of 4 : 1 HMPA : Na+ , in the absence of benzene results 
in crystalline solids. However, when HMPA is added to 
NaAlEt, in the presence of benzene, two liquid phases are 

formed. The lower phase contains the salt, HMPA, and some 
benzene whereas, at lower ratios of HMPA:Na-' ,  the upper 
phase contains only benzene.j As the ratio of HMPA:Na+ is 
increased, there is an increase in the volume of the lower phase 
(vide infra). After an HMPA : Na' ratio of 4 : 1 ,  HMPA appears 
in the upper phase. If large quantities of benzene are added to 
a system containing HMPA:Na+ ratios greater than 4 :  1 ,  ex- 
cess HMPA can be extracted from the lower phase but always 
leaving a lower phase with an HMPA:Nat  ratio of 4 :  1 and 
with the volume characteristic of that ratio. We have never 
observed any salt in the upper phase. It is interesting that two 
liquid phases are not generally formed when the donor is a 
weaker donor towards the N a k  such as pyridine or  tetrahydro- 
furan (3). 

Here we wish to report on our studies of the two liquid phase 
system 

NaAIEt - benzene - HMPA 

W e  have carried out an extensive study of this system with the 
intent of determining the structures of the solute species and,  
where possible, their chemical behavior. 

Experimental procedures 
Because of the pyrophoric nature of aluminum alkyls and their 

compounds, all manipulations involving preparation of solutions and 
loading nmr tubes, viscometers, and conductance cells were per- 
formed under an argon atmosphere in a stainless steel, inert atmo- 
sphere box of our own design. 

'To whom all correspondence should be addressed. 
'HMPA = hexamethylphosphoramide.  race amounts of HMPA can be detected. 
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Preparation of sodiutn tetraalk~~laluminates unsuccessful, but a limited study of NaAIEt4.4HMPA was 
Sodium tetraethylaluminate and sodium tetrabutylaluminate were carried out. ~h~ following can be stated, 

prepared by the methods of Frey et a / .  (40) and of Schaschel and Day 
(4b), respectively. The crystals are orthorhombic, with ?pace group Pnmf,  

Z = 4 ,  a = 21.355(3) A ,  b = 14.717(5) A ,  c = 18.649(4) A ,  
Purification of solvents v = 5861(4) A3. The density = 1 .OO g cm-'. Thermal motion 

All hydrocarbon solvents were refluxed over calcium hydride under in t h t  crystal is very high, and resolution is low (worse than 
Nx for at least 8 h prior to distillation. Hexamethylphosphoramide 1.5 A). Unfortunately, the crystals fracture on cooling to 
(HMPA) was refluxed for 24-48 Over CaHz in a One piece 30 cm 150 K. In addition to the above, it is strongly suspected that the 
path vacuum distillation apparatus at 0.5 Torr. Fresh HMPA was is approximately tetrahedrally coordinated by oxygen prepared at 2 week intervals throughout the study. Deuterated ben- 
zene, obtained as 99+ atom% from Aldrich Chemical Co.,  was atoms of HMPA with the symmetry of Na(HMPA)' being 

checked for reactivity with the salt and used without further puri- m(Cs) in the The coordination appears to be 
fication. linear (Na-0-P angleso 150"-180") with the minimum 

Na-A1 distance of -9.0 A. 
Lower nhase volume 

The volume of the lower phase as a function of mole ratio 
HMPA: salt was determined by HMPA titrations of salt solutions in 
benzene. The titratlons were carried out on the pan of a top loading 
balance in the dry box using 0.500 g of NaAlEt in 25 mL of benzene. 
After phase separation, the volume of the lower phase was determined 
with an estimated precision of k0.05 mL, using acalibration curve for 
the volume of the container plus the stirrer. 

The data were treated by a General Linear Model Procedure in SAS 
on an IBM 36513033. 

HMPA: Naf 
ratio R' F P 

Conductivity tneasurements 
Conductivity measurements were made in conductance cells of 

conventional design using methods described earlier (5). Concen- 
trations were determined using the volume dependence curve for the 
lower phase. 

Viscosity tneasurements 
The viscosity of the lower phase was determined using Canon- 

Fenske viscometers modified for operation under an inert atmosphere. 

Nuclear magnetic resonance measurements 
Aluminum-27 nmr spectra were obtained at 52.148 MHz on a 

Bmker WP-200 spectrometer. 
Proton nmr spectra were obtained on a Varian Associates A-60A, 

and a Varian HA-100 spectrometer. Aluminum-27 decoupled proton 
spectra were obtained on the HA- 100 using a home-built heteronuclear 
decoupler. The decoupling scheme was based on the method of Burton 
and Hall (6). 

X-ray measurements 
Data collection was performed by w-20 scans on an Enraf-Nonius 

CAD 4 diffractometer equipped with CuKa radiation ( A  = 1.541 84 A) 
and a graphite monochromator. The crystal was sealed in a thin-walled 
glass capillary. Positions of Na, Al, 0, and some N atoms were 
deduced by heavy atom methods. R = 0.34 based on 672 observed 
reflections ( I  > l a ( / ) )  of the 1881 unique data having sin 0/A < 
0.421. Further elucidation was not possible because of low resolution, 
high thermal motion, and possible disorder. 

The crystals were prepared by sealing a mixture of HMPA and 
NaAlEt (4: 1) in a glass container. The mixture was heated to its 
melting temperature and then slowly cooled to room temperature. 

Discussion 
Crystal structure of NaAlEt  e4HMPA 

We have attempted to grow satisfactory crystals of NaAlEt,. 
x H M P A  where x = 1, 2 ,  3, 4. The results were generally 

Solvation by HMPA 
It is generally considered that HMPA is an especially strong 

complexing species and, in fact, it has the highest donor num- 
ber (38.8) in the original Gutmann listing of solvent donicities 
(7). This position has recently been substantiated with respect 
to Nat  (8). 

Solvation number 
In earlier studies on this system it has been shown that a 4 :  1 

ratio of HMPA: Nat is sufficient to convert contact ion-pairs to 
solvent separated ion-pairs (9). This implies that the solvation 
number of HMPA towards Na' is four and, further, that the 
equilibrium 

[ N ~ . ~ H M P A ] +  [Naa3HMpA]+ + HMPA 

lies predominantly to the left. The proposal of a Nat solvation 
number of four is also supported by "Na nmr studies (10). 

Both of the above arguments, the conversion from contact to 
solvent separated ion-pairs and the solvation number of four as  
determined from the '3Na nmr, are dependent on the symmetry 
which determines the quadrupolar relaxation rates of '7Al and 
23Na, respectively. With respect to the distinction between con- 
tact and solvent separated ion-pairs, one can examine the 
spin-spin interactions between 27A1 and 'H as reflected in the 
methylene group proton resonance patterns in AlEt,- (1 1). In 
a solvent separated ion-pair o r  free anion where t,, symmetry is 
expected for the AIEt,-, a nine line pattern is obtained. On the 
other hand, a quartet signifies a highly distorted anion such as  
would be expected for a contact ion-pair. Lesser distortions are 
indicated by line broadening of various extents (vide infra). 

Our '3Na studies are based on the line widths, and these are  
determined by the magnitude of the electric field gradient at the 
sodium nucleus and the rotational correlation time, 7,. These 
are discussed in detail elsewhere ( lo ) ,  but the conclusion is that 
the average lifetime of a solvated species is much longer than 
the correlation time. This implies that the solvation of the 
sodium ion by HMPA does not involve rapid exchange of  
HMPA molecules between solvated cations. A model for the 
solvation may then be proposed whereby a series of stable 
stepwise solvated species such as [Na' . I HMPA(A~E~,-];,  
[Nat . ~ H M P A  I ~lEt , -] ; ,  and [Nat ~ H M P A  I ~ l E t ~ - ] '  are  
formed. Here the subscript n symbolizes aggregation. 

An argument against a maximum solvation number for the 
sodium ion with HMPA that is greater than four can be made 
from the 23Na nmr studies. If a 5 :  1 solvate of the N a t  exists 
with HMPA, the loss of t,, symmetry would result in a line 
broadening of the 2 3 ~ a  resonance, and this should be observed 
at a 5 : 1 HMPA :Naf  ratio relative to that of the 4 :  1 solvate. 
Such is not the case, as can be seen in Fig. 1. 
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I HMPA: No' 

0 FIG. 2. Volume of the lower phase in mL as a function of mole 

0 I 2 3 4 5 6 
ratio HMPA:Na' at ambient temperature (0.500 g NaAlEt, used). 

HMPA : Na' 

FIG. 1 .  Viscosity corrected linewidth measurements of 2 3 ~ a  nmr 
spectra vs. HMPA:Na' ratio of 303 K (10). 35 

Solvation of A1Et4- 
We can also utilize a symmetry argument to show that 

HMPA does not solvate the AlEt4- anion. After a 4:  1 ratio of 
HMPA : Na' , the excess HMPA is available to solvate the 
anion. Such solvation, however, will destroy the cubic sym- 
metry about the 27A1 nucleus and, correspondingly, result in the 
loss of the nine line pattern of the methylene proton resonances. 
This is not observed to occur even in pure HMPA as a solvent. 
In fact, a large variety of donors have been studied (8, 9), and 
we have never seen any indication of solvation of the anion. 
The 27A1 nmr studies reported later in this paper also support 
this view. 

Kinetics 
Using a system of the type 

N a A I k  - NaAlRl4 - benzene - HMPA 

we have reported elsewhere (12) that exchange of alkyl groups 
occurs resulting in a statistical distribution of the various pos- 
sible alkylaluminate ions. Of interest here is the fact that the 
rate of exchange is critically dependent on the HMPA:Na+ 
ratio; effectively ceasing at an HMPA: Na+ ratio of 2.5 : 1. The 
exchange reactions are interpreted as occurring within contact 
ion-pairs in which two or more aluminate anions occupy coor- 
dination sites on the same Na'. The cessation of exchange at 
the HMPA : Na' ratio of 2.5 : 1 is attributed to the formation of 
solvent bridged species of stoichiometry [2Na.5HMPAI2+. 
Thus, the mechanism involves mediation by the Na' whereby 
two anions are in contact as 

S 

/ R---NaS.---R' 

J' &A1 1 RjAl 
S 

' I 
S 

S = HMPA 

From the structure 

0 I 2 3 4 5 6 7 
HMPA : N0AIEt4 

FIG. 3. Ratio of benzene:Na' as a function of mole ratio of 
HMPA: Na' at 303 K. 

where we see a bridging HMPA molecule, it is apparent that at 
a HMPA : Na+ ratio of 2.5 : 1 it is no longer possible to have two 
anions coordinated to a given Na+ and still maintain a sodium 
ion coordination number of four. 

Volume of the lower phase 
In Fig. 2, a plot of the volume of the lower phase as a 

function of the molar HMPA :Na+ ratio is shown. The curve is 
most conveniently treated as a collection of linear sections 
implying the existence of specific solute species at given 
HMPA:Na+ ratios. Since there is some benzene in the lower 
phase, one would tend to attribute the volume increase with 
increasing HMPA:Na+ ratio to an increase in the amount of 
benzene in that phase. However, it can be seen from Fig. 3, that 
this is not the case. Here the relative amount of benzene as a 
function of the HMPA: Na' ratio is presented. This was deter- 
mined by integration of proton nmr peaks of benzene and 
AlEt4-. Up to an HMPA :Na+ ratio of 2.5 : 1, the amount of 
benzene is seen to remain constant at approximately 6.2 times 
the salt concentration. Thus, since the quantity of salt (0.500 g) 
is constant and the HMPA is complexed to Na', the volume 
increase prior to an HMPA:Na+ ratio of 2.5: 1 as shown in 
Fig. 2, must be totally attributed to the HMPA-NaAlEt4 
structure. 

Considering only the lower phase volume as a function of 
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mole ratio, it can be noted that: (1) The salt concentration in 
this system is fixed for any given HMPA: Nat molar ratio. That 
is, a lower phase is formed having a particular volume. At a 
given temperature, this volume is determined only by the 
HMPA : Nat ratio. The relationship between the HMPA: Na' 
ratio and the lower phase volume is given in Table 1.  (2) 
Recalling that a fixed quantity of NaAlEt, (0.500 g) is used and 
assuming that the HMPA is part of the salt since it is complexed 
to the Na', up to an HMPA:Nai ratio of 2.5: 1; the weight 
percent of salt is roughly 50 (ranging from -42 at an 
HMPA:Nai ratio of 1 : 1 to -56 at an HMPA:Na' ratio of 
2.5 : 1) but varies with the HMPA : Na' ratio. In contrast, the 
mole percent of salt is constant at -14. (3) The volume in- 
crease with an increasing HMPA:Nai ratio cannot be attrib- 
uted simply to the volume of the added HMPA. This is appar- 
ent from the relationships taken from Table 1 .  

HMPA:Na' ratio A ratio A volume 

1.O:l + 1.511 0.5 1.3 mL 
1.5:1 - 2.5:l 1 .O 0.7 mL 

Here we see that an HMPA: Na' ratio change of 0.5 results in 
a volume change of 1.3 mL, whereas a ratio change of 1.0 
(twice as large) results in a volume change of only 0.7 mL. 

Solute structures in the lower phase 
In attempting to rationalize these data, based on earlier 

studies, we can say with some confidence that in the system 

NaAlEt, - benzene - HMPA 

the following species are predominant in the solution at the 
indicated HMPA : Na' ratios. 

Ratio 
HMPA : Na' Species Reference 

The structural identity of the 1.5: 1 and 2.5: 1 HMPA:Na' 
solvates is more complicated. If, however, we make the fol- 
lowing assumptions, we can propose reasonable structures: (a) 
HMPA molecules can bridge between two sodium ions as indi- 
cated from the kinetic studies. (b) The maximum solvation 
number of Na' with HMPA is four. (c) HMPA is a better base 
towards Na' than is AlEt,-. (d) All Na' will be equivalent 
when possible. 

Using these assumptions we can propose structures for the 
intermediate ratios of the general types, but not specifically 

HMPA : Na' 
ratio Structure 

S S S  
\ / \  / 
0 0 
00 00 
0 0 
/ \ /  \ 

S S S 

The large increase in volume prior to a 1.5 : 1 HMPA : Na' 
ratio correlates with the change in structure from aggregates to 
the more open structure of the proposed 1.5 : 1 species. It can 
also be noted that the structural difference between the pro- 
posed 1.5 : 1 and 2.5 : 1 species is relatively small which cor- 
responds to the relatively small volume change in this region. 
Finally the large change in volume that occurs after the 2.5: 1 
HMPA: Na' ratio is due to the take-up of benzene in the lower 
phase. 

Two liquid phase systems 
- - 

The observed benzene:Nak molar ratio shown in Fig. 3 is 
quite confusing. It is of the type found for the liquid clathrate 
behavior proposed by Atwood for somewhat similar systems 
(14). It is not at all obvious from structural considerations why 
this should occur. 

The formation of two liquid phases is not particularly rare 
in non-aqueous solution chemistry. For example, Fuoss and 
Kraus (15) observed that (i-amyl),Npicrate forms two liquid 
phases in benzene above a concentration of 0.1 M. Other 
examples are HFeC1, (16) and NH,FeCl, (17) in diethylether 
and similarly Ga2Cl, (17) and (Bu),NAlBu, (18) in benzene. In 
all of these cases the two phases occur only within a certain 
range referred to as the miscibility gap. A yet different type of 
two phase system has been reported by Atwood and co-workers 
(14)-as well as this research group (3). Atwood attributes the 
two liquid phasing to the formation of liquid clathrates. The 
unique feature of the liquid clathrates is the apparent inclusion 
of afixed number of aromatic molecules per ionic unit in the 
salt-containing phase. In contrast, Friedman and co-worker 
(17, 19) have proposed a thermodynamic theory of two phasing 
based on the effect of an ion-pair dipole on the solution di- 
electric constant. The dielectric constant of a solution con- 
taining predominantly ion-pairs would be expected to increase 
drastically as the concentration of ion-pairs increases. Ulti- 
mately this results in a separation into two phases with different 
concentrations. The liquid clathrate systems on the other hand 
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TABLE I .  Dependence of salt concentration on selected mole ratios at ambient temperature (0.500 g 
NaAIEt,) 

Ratio Lower phase Salt conc. Ratio Lower phase Salt conc. 
HMPA :NaAIEtJ volume (mL) (mol/L) HMPA : NaAlEt, volume (mL) (mol/L) 

appear to contain no electrolyte in the upper phase. In this 
respect the two phase system 

NaAlEt, - benzene - HMPA 

does appear to resemble the liquid clathrate systems. 
A third explanation is based upon the extent of solute aggre- 

gation. Myers and Metzler (20) observed two phases in the 
isopropylether extracts of aqueous solutions of HC1 and FeC13. 
They were able to show that the two phasing results from an 
aggregation of the ion-pair species. In a system of the type used 
in the present study, Muller and Day (13) showed that aggre- 
gation does occur with the sodium tetraalkylaluminate salts, 
and that the extent of aggregation decreases with increasing 
ion-solvent interactions. It can be proposed then that the for- 
mation of two liquid phases is related to the extent of aggre- 
gation. This does not, however, explain the break in the 
benzene:Na+ curve at 2.5: 1 as shown in Fig. 3. In fact, none 
of the three theories is consistent with the observations of this 
system over the range of HMPA:Na+ ratios studied, but the 
behavior up to a 2.5: 1 HMPA:Na+ ratio most closely cor- 
relates with the experimental observations of Atwood. 

Equivalent conductance and viscosity 
The temperature dependence of both the conductance and the 

viscosity of the system 

NaAlEt, - benzene - HMPA 

has been determined as a function of the HMPA:Na+ ratio. 
Because of the unique character of this system, interpretations 
are not straightforward. It was mentioned earlier, for example, 
that up to an HMPA:Na+ ratio of 2.5 : 1,  the weight percent of 
the salt is roughly 50. Further, it can reasonably be assumed 
that the solute species change with a change in HMPA:Na+ 
ratio. Nevertheless, there are some observations that correlate 
with our solute proposals. 

The equivalent conductances of the salt as a function of 
temperature and HMPA : Na+ ratio are presented in Fig. 4. If 
these data are fitted to the Arrhenius equation. 

HMPA : NaAIEt, 

FIG. 4. Equivalent conductance as a function of HMPA : Na+ ratio: 
0, 60°C; A, 50°C; 0, 40°C; U, 30°C. 

we can obtain the activation energies for ionic mobility as a 
function of HMPA:Na+ as shown in Fig. 5. The rapid drop in 
AE,, at a I .5 : 1 ratio, a minimum at a 2.5: 1 ratio, a leveling off 
at the 4.0: 1 ratio, and a maximum at a 3.0: 1 ratio all correlate 
qualitatively with the proposed structures. 

The viscosity, as shown in Fig. 6, is of particular interest. 
Here we see a strong peak at an HMPA: Na' ratio of 2.5 : 1. 
The drop off after this maximum can readily be attributed to the 
increase in the amount of benzene in the lower phase. What is 
not obvious is the reason for the increase in viscosity prior to 
the 2.5: 1 ratio. Note that in this region, the volume is actually 
increasing in spite of the fact that the number of moles of both 
benzene and salt remain constant. Thus, the increase in volume 
is apparently due to structural changes occurring in the salt on 
the addition of HMPA. These same structural changes must 
result in the observed viscosity increase. Qualitatively, this 
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I I I 1 I I L 

0 I 2 3 4 5 6 
HMPA : NaAIE t , 0 I 2 3 4 5 6 

HMPA: NaAIEt, 

FIG. 5. Activation energy for ionic mobility as a function of 
HMPA : Na' ratio. FIG. 7. ' ' ~ 1  linewidth at half height (proton noise decoupled) vs. 

HMPA: Na' ratio at ambient temperature. 

- 

0 I 2 3 4  5 6 7 

HMPA :NaAIEt, 

FIG. 6. Viscosity as a function of HMPA:Na' ratio at 30°C. 

correlates well with the proposed change from a compact ag- 
gregate structure at lower HMPA: Nat ratios to more open 
chain-like structures in the 1.5 : 1 to 2.5 : 1 ratio range. 

Nuclear magnetic resonance studies 
The 23Na nrnr studies of the system 

NaAlEtn - benzene - HMPA 

have been discussed elsewhere (10). Here we will focus on the 
27A1 and 'H nmr studies of this system. 

Aluminum nrnr 
The 27A1 linewidths are a full order of magnitude less than the 

corresponding sodium linewidths. There are several reasons for 
this. First, since the linewidth is proportional to the term 
(21 + 3)/12(21 - l ) ,  the spin 512 27A1 nucleus has an intrin- 
sically narrower linewidth than the spin 312 23Na nucleus. In 
addition, the quadrupole coupling constant (e2qQ/h)  for the 
aluminum nucleus must be significantly different from that for 
the sodium nucleus to give rise to such a great disparity in the 
linewidths. Since 27Al and 23Na have very similar quadrupole 
moments, Q = 0.15 and 0.14 Barnes, respectively, there must 
then be a much larger electric field gradient, q,  produced at the 
sodium ion. This is certainly not unreasonable. It has been 
shown that the electric field gradient at the sodium ion is 
affected by both the number of HMPA molecules in the com- 
plex and by the proximity of the anion (10). On the other hand, 
since in this system solvation occurs only at the cation, the 
electric field gradient at the aluminum nucleus can, therefore, 

FIG. 8. Proposed effect of donor molecules on the proximity of a 
Na' to an AIEt- ion. 

be affected only by the proximity of the cation. Because of the 
high molecular symmetry possessed by the unperturbed tetra- 
alkylaluminate anion, the electric field gradient at the 27Al 
nucleus should be particularly sensitive to interaction with the 
cation and, due to the spherical symmetry of the sodium ion, 
the interaction should depend only on the cation-anion dis- 
tance and not the orientation. 

The dependence of the proton-decoupled 27Al linewidth on 
the mole ratio is given in Fig. 7. The important feature here is 
the sharp decrease in linewidth from a maximum at a 1 : 1 ratio 
with a leveling off at a 2.5 : 1 ratio of HMPA: Nat . This implies 
that there is a significant decrease in the electric field gradient 
at a 2.5: 1 ratio relative to that at a 1 : 1 ratio. The leveling off 
of the curve well before the formation of solvent separated 
ion-pairs implies that the electric field gradient relaxation 
broadening is less than the intrinsic linewidth of the 27Al 
nucleus. 

An explanation for this result is that there is an increase in 
the cation size upon successive complexation. This then irn- 
poses a steric restriction on the approach of the cation to the 
anion. Because of the stability of the Nat .HMPA complexes 
up to a 4 :  1 HMPA: Nat ratio and the greater basicity of HMPA 
than AlEt4- towards the Nat , qualitatively the expected effect 
might be as seen in Fig. 8. A minimum linewidth would be 
expected at a 4 :  1 ratio of HMPA : Nat and, in light of the 
structures proposed in Fig. 8, it would not be unexpected to see 
it approached at a 3 :  1 ratio. In addition, from the proposed 
bridged structure for the 2.5 : 1 HMPA: Nat ratio, it can be seen 
that the proximity of the cation to the anion is essentially the 
same as it is for the 3 :  1 complex. Consequently the approxi- 
mately zero slope of the curve in this region (2.5-4.0) can be 
rationalized. 

Further, the correlation time for the 27Al resonance is not the 
same as for the 23Na resonance. This is apparent from the lack 
of any viscosity dependence of the 27Al linewidth as can be seen 
in Fig. 7,  thereby ruling out the simple rotational diffusion 
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model which adequately describes the 23Na correlation time. If 
the same ion-ion interactions were responsible for the electric 
field gradient at the sodium nucleus and the aluminum nucleus, 
then the correlation function for both nuclei should be similar. 
This is apparently not the case. 

This can be rationalized by again noting that solvation 
by HMPA occurs only at the cation. Therefore any electric field 
gradient produced by the presence of the HMPA will be 
directly affective only at the sodium ion. The electric field 
gradient at the sodium ion then depends on both ion-solvent 
and ion-ion interactions. In contrast, since there are no specif- 
ic ion-solvent interactions at the anion, the electric field gra- 
dient at the aluminum nucleus will be dependent only on the 
ion-ion interactions. Thus, two separate correlation functions 
relating to the electric field gradient at the sodium ion and at the 
aluminum nucleus can be proposed. For the sodium ion, it has 
been shown that the rotational diffusion model is sufficient 
(10). However, for the aluminum nucleus, the fluctuating elec- 
tric field gradient must be produced by a change in the ion-ion 
interactions. Such a change could result from either a rapid 
equilibrium between ion-pairs and free ions or a vibration of the 
ion-pair species. lon-pair vibrations are well known and have 
been observed by Tsatsas and Risen (21) for NaAlBu,. There- 
fore, it seems reasonable to attribute the fluctuating electric 
field gradient at the aluminum nucleus to an ion-pair vibrational 
motion. 

Proton nmr 
The scalar coupling between the proton resonance and the 

quadrupolar 27A1 nucleus renders the proton nrnr spectra an 
excellent probe of ion-ion interactions. As was pointed out 
earlier, Ahmad and Day (9) used this to differentiate between 
contact and solvent separated ion-pairs in this system. For the 
donor, HMPA. it was shown that a well-defined auartet 
attributed to cdntact ion-pairs is observed at a 1 : 1 ratio of 
HMPA : Na' while a nine-line pattern attributed to solvent sep- 
arated ion- airs is observed at a 4 :  1 ratio. The exact mech- 
anism for the transition between the two ion-pair types was not 
discussed. There are two possible mechanisms for such a tran- 
sition. In the first mechanism, the complexed species can be 
considered to exist in only two forms, contact and solvent 
separated ion-pairs. All intermediate spectra would correspond 
to equilibrium distributions between the two ion-pair types. 
However, it has been shown by 23Na nmr (10) that the complex- 
ation occurs via the formation of a series of stable complexes, 
and one can posit a characteristic 'H nmr spectrum for each of 
these. This gradual transition via sequential complexes forms 
the second mechanism. 

It is well recognized that the nmr signals arising from spin 
112 nuclei which are scalar coupled to nuclei of spin greate; 
than 112 are broadened by the rapid quadrupole-electric field 
gradient relaxation undergone by the latter. With respect to the 
scalar relaxation process responsible for the proton lineshape, 
Abragam (22) has defined two distinct processes: scalar relax- 
ation of the first kind resulting from chemical exchange pro- 
cesses and scalar relaxation of the second kind resulting from 
scalar coupling to a rapidly relaxing nucleus. A significant 
result of Abragam's discussion is that the lineshape equation 
has the same functional form for both processes. Consequently, 
it is not a trivial problem to distinguish between chemical 
exchange broadening and quadrupole broadening. 

The proton nmr spectrum of NaAIEt, may be viewed as a 
simple A2M3X system. Since the AM coupling is not affected 

FIG. 9. 'H nmr spectra of -CH2- in NaAIEtq at different 
HMPA : Na+ ratios at ambient temperature. 

to any large extent by the quadrupole relaxation of X, the 
limiting spectra are a quartet resulting from JAM and a multiplet 
resulting from both JAM and JAx. ln the tetraethylaluminate 
anion, the values of JAM and JAx are such that, instead of the 
expected 24 lines, there are only nine lines (1 1 b) .  Since JAM 
can be determined from the quartet splitting, there is only one 
value of JAx which will give rise to a symmetrical nine-line 
pattern. It is then possible to compare the quadrupole relaxation 
time with the value of JAx and gain some insight into the 
expected lineshapes based upon a pure scalar relaxation process 
of the second kind. 

The methylene resonance of the anion as a function of the 
mole ratio HMPA : NaAIEtl is shown in Fig. 9. It can be noted 
that the resolution of the quartet becomes lost completely at a 
ratio of 2.20: 1. Additionally, the spectrum rapidly becomes a 
broad featureless hump showing no fine structure until approx- 
imately 3.5 : 1. Re-examining Fig. 7,  it can be seen that the "A1 
relaxation time is undergoing a drastic increase in this region 
(1.5-2.5). According to Abragram's theoretical treatment of 
the A,X case, the value of the relaxation time must drop to 
approximately l / ( l O ~ . / ~ ~ )  in order to yield a sharp spectrum 
in which the AX coupling is not observed. Since the 'JHPH 
coupling constant is 7.5 Hz, the value of 'JAIpH can be calcu- 
lated by a spectrum simulation program (PANIC.81 on the 
ASPECT 2000 computer) and is found to be 8.5 Hz. Therefore, 
by the relation Av,,, = I/TT,, and Abragam's relationship the 
linewidth of the I7A1 resonance should be in the vicinity of 85 
Hz. The measured 27A1 linewidth at a ratio 2.2: 1 is 99 Hz, thus 
providing a very strong indication that the proton lineshape is 
the result of a pure quadrupole broadening effect. 

For scalar relaxation of the second kind, the effect of tem- 
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FIG. 10. Temperature dependence of 'H nmr spectra of -CH,- 
in NaAlEt at different HMPA:Na+ ratios. 

perature should be to decrease the correlation time, T,, and 
increase the relaxation time by the equation 

Therefore, the 'H spectra corresponding to longer relaxation 
times should be expected at higher temperatures. In Fig. 10, the 
temperature dependence of the 'H spectra is shown for several 
ratios. It can be seen that the quartet becomes broadened at 
higher temperatures while the nine-line multiplet becomes bet- 
ter resolved, exactly as expected for a quadrupole broadening. 
However, it can also be argued that an exchange mechanism 
between ion-pairs and free ions would yield similar results. At 
high temperatures free ions would be more favored than at low 
temperatures. 

In order to distinguish between a pure quadrupole mech- 
anism and the equilibrium process, the '7A1 decoupled proton 
nmr spectrum was recorded for a 2.50: 1 HMPA:Nai ratio. At 
this ratio, the proton line is extensively broadened. If the line 
broadening is the result of such an equilibrium then the chem- 
ical shift difference between contact ion-pairs and free ions 
should cause an extensive broadening to remain even in the 
complete absence of the aluminum-proton coupling. In Fig. 1 I ,  
the 27A1 decoupled proton nmr spectra of a 2.5: 1 ratio in 
toluene is shown as a function of temperature. There is no 
indication of any significant line broadening over the range of 
temperatures studied. On this basis, it can be concluded that the 
proton nmr lineshape does not result from any equilibrium 
process between ion-pair types. Rather, the lineshape is deter- 
mined solely by the scalar coupling constants and the 27Al 
spin-lattice relaxation time. 

Summary 
Of particular interest in this study is the fact that the 

HMPA : Nat ratio of 2.5 : 1 is a unique number for this system. 
A logical interpretation of the origin of this ratio is a bridging 
donor molecule between two Nat with the strongest support for 

FIG. 11. Temperature depcndence of "A1 decoupled 'H nrnr 
spectra of -CH,- in NaAIEt, for a 2.5 : I HMPA : NaA1Et4 ratio in 
toluene. 

this argument being found in the kinetic studies. It, however, 
is also observed in the viscosity, '7Al nrnr, transport activation 
energy, and both the volume of the lower phase and the 
benzene : Na' ratio as a function of HMPA : Na' ratio. 

If previously determined solute structures are utilized along 
with the assumptions (a)  HMPA molecules can bridge between 
two sodium ions as indicated from the kinetic studies; ( 6 )  the 
maximum solvation number of Na' is four towards HMPA; ( c )  
HMPA is a better base towards Na, than is AlEt,; (d) all Na' 
will be equivalent when possible reasonable solute structures 
can be proposed for HMPA : Na~' ratios between 1 : 1 and 4: I .  

A number of additional conclusions are supported by this 
study. 'These are (1) HMPA is a strong donor towards Na'; (2) 
successive solvates (1 : 1, 2: 1 ,  3 : 1 ,  4 :  1) of lifetimes that are 
long relative to the nmr time scale are formed; (3) the max- 
imum solvation number of Na' by HMPA is four; (4) the AIEt, 
ion is not solvated by HMPA; (5) liquid clathrate type behavior 
is observed in this system up to an HMPA:Na' ratio of 2.5: 1; 
(6) the viscosity change up to an HMPA:Nat ratio of 2.5: 1 is 
dependent on structural changes of the solute; and (7) the 'H 
and 27Al nmr spectra are determined predominantly by quadm- 
pole relaxation of the 27A1 nucleus rather than by exchange. 
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Configurational and conformational studies on condensation products of biogenic 
amines with 2,s-anhydro-D-mannose 
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63, 2915 (1985). 

The products of a Pictet-Spengler condensation of tryptamine and of histamine with 2,5-anhydro-D-mannose have been 
studied by X-ray crystallography to establish their absolute configuration. 1 (S)-(a-D-Arabinofuranosy1)- 1,2,3,4-tetrahydro- 
P-carboline (I),  ClhH21,N204r is monoclinic, P2,  (No. 4), with cell dimensions a = 13.09 1 (4), b = 5.365(1), c = 1 1.323(3) 
A, p = 115.78(2)", and Z = 2. 4-(a-~-Arabinofuranosyl)imidazo[4,5-c]-4,5,6,7-tetrahydropyridine (d), CIlHl7N3O4, is 
orthorhombic, P212121 (NO. 19), with cell dimensions a = 8.1 18(2), b = 13.715(4), c = 10.963(3) A, and Z = 4. The 
structures were determined by direct methods and refined to R, = 0.0514, R2 = 0.0642 for 3210 reflections in the case of 1, 
and to R, = 0.0312, R2 = 0.0335 for 1569 reflections in the case of 3. Bond lengths and angles within both molecules are 
normal and agree well with those observed in related structures. In 3 the base and sugar adopt a syn arrangement, which is 
maintained by an internal hydrogen bond between O(2') and N(3). The sugar adopts a normal ' T ~  twist conformation. The sugar 
has the opposite anti arrangement in the P-carboline 1 and the conformation of the sugar is unusual; it is close to an envelope 
conformation with O(4') being the atom out of the plane. This conformation is caused by a strong intermolecular hydrogen 
bond from O(5') in a symmetry-related molecule to O(4'). Both compounds are held together in the crystal by extensive 
hydrogen-bonding networks. The conformations of the compounds in solution have been investigated by 'H nmr spectroscopy, 
and the results obtained were compared with those obtained by X-ray crystallography for 1 and 3. 

IAN M. PIPER, DAVID B. MACLEAN, ROMOLO FAGGIANI, COLIN 3 .  L. LOCK et WALTER A. SZAREK. Can. J .  Chem. 
63, 2915 (1985). 

Faisant appel a la diffraction des rayons X: on a ttudit la nature des produits de condensation du type Pictet-Spengler de 
la triptamine et de I'histamine avec l'anhydro-2,5 D-mannose et on a Ctabli leur configuration absolue. Le compost 
(a-D-arabinofurannosy1)-l(S) tttrahydro-1,2,3,4 P-carboline (I),  C16H21,NZ~4r appartient au groupe d'espace mono- 
clinique P2 ,  (No. 4), avec a = 13,091(4), b = 5,365(1), c = 11,323(3) A, P = 115,78(2)" et Z = 2. Le composC 
(a-D-arabinofurannosy1)-4 imidazo[4,5-c] tetrahydro-4,5,6,7 pyridine (3), Cl  lH17Y304, appartient au groupe d'espace ortho- 
rhombique P2,2,2, (No. 19) avec n = 8.1 18(2), b = 13,715(4), c = 10,963(3) A et Z = 4. On a determint les structures 
par des mCthodes directes et on les a affinCes jusqu'h des valeurs de R, = 0,0514 et de R, = 0,0642 pour 3210 reflexions dans 
le cas du composC 1 et a des valeurs de R, = 0,0312 et de R2 = 0,0335 pour 1569 rCflexions dans le cas du composC 3. Les 
deux moltcules ont des longueurs de liaisons et des angles normaux qui s'accordent bien avec ceux obsemts dans des structures 
apparentCes. Dans le cas du compose 3, I'unitC de sucre et celle de la base adoptent un arrangement syn que des liaisons 
hydrogtnes internes entre le O(2') et le N(3) maintiennent en place. L'unitC de sucre adopte une conformation croisCe ' T ~  qui 
est normale. L'unitt de sucre du composC P-carbolino 1 adopte I'arrangement opposC, anti, et sa conformation est inhabituelle. 
Elle se rapproche d'une conformation enveloppe avec I'atome O(4') hors du plan. Cette conformation est due a une forte liaison 
hydrogtne intermolCculaire entre le O(5') d'une molCcule apparemment symCtrique et le O(4'). Les deux composCs sont relies 
dans le cristal par un rkseau intense de liaisons hydrogtnes. Faisant appel i la spectroscopie de rmn, on a Ctudit les 
conformations des composes 1 et 3 en solution et on a compare les rCsultats a ceux obtenus par diffraction des rayons X sur 
les mCmes composCs. 

[Traduit par le journal] 

Introduction 5 A 1 7  

In a recent paper (I), the synthesis was reported of a number 
of novel C-nucleosides arising from the Pictet-Spengler con- 
densation of biogenic amines with 2,5-anhydro-D-mannose. 
The compounds so obtained have in common an a-D- I' 

arabinofuranosyl moiety attached to a ring-fused tetrahydro- 
pyridine nucleus. We report here an X-ray crystallographic CH20H 

OH 5' OH 
study of two of these compounds, 1 and 3, which has estab- 
lished their absolute config;ration, and hence that of the epimer 1 I (S)-isomer 3 4(S)-isomer 
(2) of 1, at the carbon center at which the sugar unit is attached. 2 I (R)-isomer 
Information about the conformations of the compounds in solu- 
tion has been deduced from an 'H nmr spectroscopic exam- Results and discussion 
ination. The results obtained have been compared with those 
obtained by X-ray crystallography for the solid state. The reaction of tryptamine hydrochloride and 2,5-anhydro- 

D-mannose was reported ( 1 )  to yield a mixture of two iso- 
'Authors to whom correspondence may be addressed. mers, namely l ( R ) -  and l(S)-(a-D-arabinofuranosyl)- 1,2,3,4- 
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tetrahydro-P-carboline, in the approximate ratio of 40:60. 
Each of these was obtained pure; however, the configuration at 
C( l )  was not determined. This information now has been 
obtained by an X-ray crystallographic structure determination. 
The structure of the major isomer 1 is illustrated in Fig. 1, from 
which it is evident that the configuration at C( l )  is S; the minor 
isomer 2 then must have the R configuration at C(1). 

In Table 1 are listed selected interatomic distances and 
angles for 1. For the most part, the values obtained for bond 
lengths and angles within the (3-carboline moiety agree well 
with those found for 1,2,3,4-tetrahydroharman-3-carboxylic 
acid (4) (2); the exceptions are the values obtained for the 
lengths of the C(1)-N(2) (1.475(5) A) and N(2)-C(3) 
(1.487(4) A) bonds, which are 0.047 A and 0.030 A shorter, 
respectively, in 1 than in the harman derivative. This difference 
is attributable presumably to the fact that the nitrogen atom in 
4 is protonated. As a consequence of the shorter distances, the 
internal ring angles at C(l)  and C(3) are slightly larger in 1 than 
in 4. The values obtained for the bond lengths and angles in the 
sugar moiety are in good agreement with those for 9-a-D- 

arabinofuranosyladenine (3) and the more accurate values 
for 9-P-D-arabinofuranosyladenine (4). The x torsion angle, 
N(2)C(1)C(11)0(4'), is -66(1)", a value in the anti range, 
namely -30" to -72", observed (5) for a-nucleosides.' The 
conformation at the exocyclic C(4')-C(5') bond is gauche- 
trans. The conformation of the furanoid ring is unusyal and can 
be regarded as an envelope having O(4') 0.544(4) A out of the 
plane of the other four atoms. This unusual conformation is 
caused by a very strong intermolecular hydrogen bond (see 
below). 

The packing of 1 is shown in Fig. 2. The important feature 
of the structure is the spiral chain of molecules up the b axis 
related by the 2 ,  axis at x = 112, z = 112. A molecule in the 
chain is bound to the next by the N(9)-H(9). . . O(5') and 
O(5')-H(5") . . . O(4') hydrogen bonds. These intermolecular 
hydrogen bonds determine the conformation of the molecule. 
The latter bond is particularly strong (O(1). . . O(4') 2.757(4) 
A); in addition, there is a further hydrogen bond near the c face, 
O(3')-H(3") . . . 0 (2 ' ) ,  between translationally equivalent 
molecules along c.  Interactions between these chains in the a 
and c directions are almost entirely van der Waals, the excep- 
tion being an O(2')-H(2'). . . N(2) hydrogen bond in the c 
face. 

The molecular structure of 3 is shown in Fig. 3 and selected 
interatomic distances and angles are given in Table 2. Bond 
lengths and angles in the nitrogen-containing moiety agree well 
with thoseafound in histamine (6). The C(2)-N(3) distance 
(1.323(3) A) is longer by 0.02 A than the corresponding bond 
in histamine, and the C(6)-N(5) distance (1.483(3) A) is 
longer by 0.035 A. The bond angles N(1)-C(7a)-C(7) 
( 1  25.6(2)), C(3a)-C(7a)-C(7) (1 25.6(2)), C(7a)-C(7)- 
C(6) (I07.2(2)), and C(7)-C(6)-N(5) (1 10.3(2)") are 

'The values for the glycosyl torsion angle, x(C(8)N(9)C(1')0(4')), 
in two crystallographically-independent molecules of 9-a-D-arabino- 
furanosyladenine have been found to be -64(2)" and -73(2)" (3). 

FIG. I. The molecular structure of l(S)-(a-D-arabinofuranosy1)- 
1,2,3,4-tetrahydro-P-carboline (1). 

smaller by 2.9", 5.8", 7.6", and 4.5", respectively, than the 
corresponding angles in histamine. The changes in the bond 
angles and that in the distance of the C(6)-N(5) bond are a 
consequence of the differences in structure. The values ob- 
tained for the bond lengths and angles in the sugar moiety again 
agree well with those previously determined (3, 4). The x 
torsion angle, N(5)C(4)C(11)0(4'), is 73.7(2)", a value consis- 
tent with a syn arrangement of the sugar moiety with respect to 
the base. The conformation of the furanoid ring is ' T I  and the 
conformation at the exocyclic C(4')-C(5') bond is gauche- 
trans. 

The packing of 3 is shown in Fig. 4 in which it is apparent 
that a strong three-dimensional hydrogen-bonding network 
holds the crystal together through the bonds N(1)- 
( 1  . . O ( 5 )  O(3')-H(3"). . . N(5), and O(5')- 
H(5") . . . O(3'). 

Conformations in solution of the c~-D-arabinofuranosyl moi- 
eties by ' H  nmr spectroscopy 

The conformations of the sugar rings in the solid state in 1 
and 3 were discussed in the previous section and it was of 
interest to compare these conformations with those in solution. 
'H nuclear magnetic resonance experiments have been widely 
used to study the conformation of 0-nucleosides in solution (7) 
and we have applied this method to compounds 1-3. The 
method relies upon the use of the Karplus relationship in 
relating the dihedral angle of C-H bonds on adjacent carbon 
atoms to the vicinal coupling constant between the H atoms. 
Recently, Ekiel et al. (8) have reported an extension of this 
methodto the conformational analysis of a-D-arabinofuranosyl 
nucleosides. A central assumption of this method is the exis- 
tence predominantly in solution of a two-state equilibrium, 
the eitreme forms of which are shown (for the case of 
a-D-arabinofuranosyl nucleosides) in Fig. 5 (for rules of no- 
menclature, see ref. 9). Using this assumption, comparison of 
the observed vicinal coupling constants with calculated values 
for the extreme conformers permits an estimate of relative 
populations of 'T2 (Type N) and 'T3  (Type S) to be made, 
thereby giving the average conformation in solution. 

The assumption of a two-state equilibrium has been de- 
scribed recently (10) as an oversimplification in studies of this 
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PIPER ET AL. 

TABLE I. Selected interatomic distances (A) and angles (deg) for 1 

Bond Distance Bond Distance 

C( 1)-N(2) 1.475(5) N(2)-C(3) 1.487(4) 
c(3)-c(4) 1.530(4) C(4)-C(4a) 1.488(5) 
C(4a)-C(5a) 1.440(3) C(5a)-C(5) 1.408(4) 
c(5)-c(6) 1.379(4) C(6)-C(7) 1.393(5) 
c(7)-c(8) 1.392(4) C(8)-C(8a) 1.398(4) 
C(8a)-N(9) 1.391(3) N(9)-C(la) 1.388(4) 
C(la)-C(1) 1.506(3) C(4a)-C( 1 a) 1.357(5) 
C(5a)-C(8a) 1.403(5) C(1)-C(ll) 1.528(4) 
C(l ')-C(2') 1.535(2) C(2')-O(2') 1.408(5) 
C(2')-C(3') 1.548(4) C(3')-O(3') 1.417(5) 
C(3')-C(4') 1.533(3) C(4')-O(4') 1.449(3) 
C(4')-C(5') 1.512(5) C(5')-O(5') 1.424(4) 
C(lf)-O(4') 1.433(5) 

Hydrogen bonds" 
N(9). . . O(5')i 2.935(5) N(9)-N(9) 0.93(5) H(9). . . O(5')i 2.02(5) 
O ( 2 )  . . ( 2  2.741(3) O(2')-H(02') 0.91(5) H(02'). . . N(2)ii 1.86(5) 
O ( 3 )  . . O ( 2 )  2.840(5) O(3')-H(03') 0.86(5) H(03) .  . . O ( 2 )  2.05(6) 
O ( 5 )  . . O(4) i  2.757(4) O(5')-H(05') 0.92(5) H(05'). . . O(4')i 1.86(5) 

Bonds Angle Bonds Angle 

"i-iii, Atoms are related to those given in Table 5 by the transformations i, 1 - s , y  - 112, 1 - z ;  
i i . 1 - x , y - 1 1 2 , - z ; i i i , x , l + y , z .  

FIG. 2. The packing of 1 within the unit cell; a and c are parallel to the bottom and sides of the page, respectively, and the view is down b. 

type, better results being obtained in several cases by invoking between the crystal conformation and the observed con- 
a three-state equilibrium involving 'T2, 'T?, and the con- formation in solution. 
formation in the crystal (when the latter is neither ' T ~  nor 'T?). In the present study, it is clear that the conformation in 
However, Ekiel et al. (8) report in one case a close correlation solution need not be related to the crystal conformation, be- 
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TABLE 2. Selected interatomic distances (A) and angles (deg) for 3 

Bond Distance 

N( I )-C(2) 1.346(3) 
N(3)-C(3a) 1.383(2) 
C(7a)-N( I) 1.368(3) 
C(4)-N(5) 1.486(2) 
C(6)-C(7) 1.525(3) 
C(4)-C( I ') 1.517(3) 
C(2')-C(3') 1.520(3) 
C(3')-C(4') 1.5 lO(3) 
C(4')-O(4') 1.434(2) 
C(5')-O(5') 1.425(2) 

Hydrogen bonds 
N(3). . . O(2') 2.714(2) O(2')-H(2') 
O(5'). . . O(3') 2.735(2) O(5')-H(5') 
O(3'). . . N(5) 2.752(2) O(3')-H(3') 
( I .  . O ( 5 )  2.797(2) N(I)-H(I) 

Bond 

C(2)-N(3) 
C(3a)-C(7a) 
C(3a)-C(4) 
N(5)-C(6) 
C(7)-C(7a) 
C(l f)-C(2') 
C(2')-O(2') 
C(3')-O(3') 
C(4')-C(5') 
O(4')-C( I ') 

Distance 

1.323(3) 
1.358(3) 
I .502(3) 
1.483(3) 
1.489(3) 
1.539(3) 
1.413(2) 
1.424(2) 
1.49 1(3) 
1.434(2) 

Bonds Angle Bonds 

C(7a)-N( I )-C(2)- 107.1(2) N(1)-C(2)-N(3) 
C(2)-N(3)-C(3a) 104.2(2) N(3)-C(3a)-C(4) 
N(3)-C(3a)-C(7a) 110.5(2) C(7a)-C(3a)-C(4) 
C(3a)-C(4)-N(5) 105.5(1) C(3a)-C(4)-C(1') 
C( I ')-C(4)-N(5) 110.8(2) C(4)-N(5)-C(6) 
N(5)-C(6)-C(7) 110.3(2) C(6)-C(7)-C(7a) 
C(7)-C(7a)-N( I )  128.5(2) C(7)-C(7a)-C(3a) 
C(3a)-C(7a)-N( I) 105.9(2) (34)-C(l I)-C(2') 
C(4)-C(I1)-O(4') 108.8(1) O(4')-C( 1 ')-C(2') 
C( I '1-C(2')-C(3') 102.1(2) C(1 1)-C(2')-0(2') 
O(2')-C(2')-C(3') 112.2(2) C(2')-C(3')-C(4') 
C(2')-C(3')-O(3') 114.6(2) O(3')-C(3')-C(4') 
C(3')-C(4')-C(5') 1 14.4(2) C(3')-C(4')-O(4') 
0(4')-C(4')-C(5') 109.7(2) C(4')-C(5')-O(5') 

Angle 

112.3(2) 
126.6(2) 
122.9(2) 
113.8(1) 
1 11.2(2) 
107.2(2) 
125.6(2) 
113.9(2) 
1 06.0(2) 
114.6(2) 
102.8(2) 
1 1 1.3(2) 
105.4(2) 
1 1  1.6(2) 

cause neither 1 nor 3 have strong intramolecular forces, the 
conformation in the solid state being determined primarily by 
intermolecular crystal forces. Therefore, although the com- 
pounds in the present study differ greatly in structure from 
other known a-D-arabinofuranosyl nucleosides (being C- 

2 nucleosides, and having a chiral centre in the base adjacent to 
C(1') of the sugar moiety), it was thought useful to apply the 
procedure of Ekiel et al. (8) to our compounds, using the 
two-state equilibrium assumption. 

Analysis of the 250-MHz 'H nmr spectra of compounds 1 , 2 ,  
and 3 was complicated by strongly overlapping signals, pre- 
venting direct measurement of chemical shifts and coupling 
constants. However, use of the nmr simulation program 
ITRCAL (1 1) enabled these values to be determined; the cou- 
pling constants are assembled in Table 3. 

The coupling constants were used to obtain values for PN 
(i.e. relative population of the N conformer) using eq. [ I ]  (the 
mean of the three values obtained for each compound is re- 
ported in Table 3). 

( J I , , ~ ,  - 0 . 3  J 2 , , 3 )  , - J 3 , , 4 ,  
[ l l  PN = 7.5 ; N - 8.3 ' N - 10.0 
The values obtained for J I , , ? . ,  J2 ' . 3 ' r  and J32 ,4 ,  are in the same 

3' range as those reported for other a-D-arabinofuranosy nucleo- 
sides, and thus lead to PN values similar to those reported 

FIG. 3. The molecular structure of 4-(a-D-arabinofuranosy1)- previously (8). While this indicates that the a-C-nucleosides in 
imidazo[4,5-c]-4,5,6,7-tetrahydropyridine (3). the present study behave in a fashion similar to the previously 
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PIPER ET AL 

TABLE 3. Coupling constants for the a-D-arabinofuranosyl moiety of Pictet-Spengler 
reaction produets 1, 2, and 3 

Compound J , , ,  2 .  J 2 . .  3,  J s . ~ .  J 4 . . 5 ,  J J . .  s PN" Pg-gb  PE-," 

"Calculated from eq. [ I ] ,  as the mean of the three values obtained. 
"Calculated from eq. [Z]. 
'Calculated from eq. [3]. 

FIG. 4. The packing of 3 within the unit cell; b and c are parallel to the sides and bottom of the page, respectively, and the view is down a. 

OH m m m 
0 3 ,"*C(3) 

H OH 
H H H 

/ gauche-gauche (g-g) gnuche-tr-nrzs (g-t) trans-gauche (t-g) 

I 
H 

F a .  6. Conformations at the C(5')-C(4') bond. 
OH 

Type N, TTz Type S, 'T3 

FIG. 5 .  Type N and Type S conformations for a-D-arabino- 
furanosides (see ref. 9). 

reported examples (8), this may be an oversimplification, for 
the reasons described above. However, it seems clear that the 
crystal conformation of compound 1 is not present to any great 
extent in solution, because the all-eclipsed conformation would 
give much smaller vicinal coupling constants (-2-3 Hz) than 
those observed. 

In the case of 3 the conformation of the sugar moiety in the 
solid is 'T2 ,  and this is also the dominant conformation calcu- 
lated for this compound in solution. The calculated PN values 
for 1 and 3 are very similar, as might be expected for com- 
pounds having the same sugar moiety and the same config- 
uration at C( l )  of the base, but differ from that of 2, which has 
the opposite configuration at C(1). The fact that 1 has a differ- 
ent conformation in solution than in the solid is not surprising 
because the solid state conformation is a consequence of inter- 
molecular hydrogen bonding as discussed in the preceding sec- 
tion. The intermolecular bonds of the solid would not be 
expected to survive in solution. 

The C(5') hydroxymethyl group of the arabinose unit may 

adopt three extreme conformations, as shown in Fig. 6. In the 
case of compounds 1 and 3 the crystal structures show that this 
group adopts the gauche-trans (g-t) conformation in the solid 
state. Studies of the crystal structures of a large group of 
nucleosides have shown that there is no direct correlation be- 
tween the orientation of this group and the conformation of the 
sugar ring in the solid state, although such a correlation does 
hold in solution, as evidenced by the results of 'H nmr experi- 
ments (see ref. 12, and refs. therein). Ekiel et al. (8) have 
shown such a correlation in the case of a-D-arabinofuranosyl 
nucleosides, finding that the g-g rotamer appeared to be asso- 
ciated with only the Type N conformation. 

The populations of the g-g and g-t rotamers of 1, 2, and 3 
were estimated using relationships developed by Wood et a/. 
(13) and applied by others (10a). Equation [2] was used to 
calculate the value of P,-, and the values of P,_, were deter- 
mined using eq. [3] (IOa). 

13 - ( J 4 . , 5 *  + J4'.5") 
[2] P,_,= 10 

The values of J-1',5p are similar to those observed by Ekiel et 
a/. (8), although the values for J4,.5" are considerably higher, 
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TABLE 4. Crystal data 

Parameters 1, C 16H20N20~ 3, CI 1H17N704 

Formula weight 304.3 
Crystal size (mm) 0.25, 0.27, 0.38 
Systematic absences OkO, k = 2n + 1 

Space group (No.) P21(4) 
Unit cell parameters a = 13.091(4) P = 115.78(2) 

( A  and deg) b = 5.365(1) 
c = 11.323(3) 

Volume ( p )  7 16.2(3) 
z 2 
pobs, P ~ = I C  (g cm-') 1.411, 1.40(2) 
Linear absorption coefficient, 1.10 

F, (cm-'1 
Standard reflections (esd %) 3 1 0 (1.48), 4 1 -1(1.40) 
Temperature ("C) 22 
No. of independent reflections 3289 
No. with I > 0 3210 
Final R ,, R," 0.0514, 0.0642 
Final shiftlerror, maximum, 

average 0.037, 0.006 
g (secondary extinction) 0.00302 
Weighting w = (uFZ + 0.001381 F,,')-' 
Final difference ma 

peak, valley, (e 1") +0.49, -0.39 
Error in an observation of 

unit weight 1.27 
F(000) 324 

" R ,  = CIIF<,I - IF.II/CIF(,I; R2 = {CW(IF~I - IF,.I)~/CWF,,~}~'~. 

leading (as shown in Table 3) to a lower population of the g-g 
rotamer and a higher population of the g-t rotamer than that 
previously observed. From these data examined, it is not pos- 
sible to establish a correlation between the sugar conformation 
and the orientation of the side chain. Probably both features are 
strongly affected by the configuration at C(l) ,  an aspect which 
deserves exploration. However, it may be noted that com- 
pounds 1 and 3 have similar coupling constants and conformer 
populations but which are different from those in compound 2. 

Experimental 
The 'H nmr spectra were recorded on a Bruker WM250FT spec- 

trometer (250 MHz) in D20 - DMSO-d6 for 1 and 2 and D20 for 3 (see 
ref. I). The nmr simulations were obtained using the ITRCAL pro- 
gram (1 I). In all cases the program was iterated to give an rms error 
of less than 0.5 Hz between the observed and simulated spectra. 

Compounds 1 ,  2, and 3 
The preparation of 1 ,  2, and 3 has been reported (I).  Crystals of 1 

and 3 for X-ray examination were obtained by crystallization from 
water. 

Collection of X-ray data 
Colorless crystals of both compounds were selected for X-ray 

studies, after examination for perfection under a polarizing micro- 
scope. Precession photographs revealed the symmetry of the crystals, 
and unit cell parameters were obtained from least-squares fit of X ,  +, 
and 20 from 15 reflections for each compound in the range 20.3" < 
20 < 36.0" for 1 ,  20.2" < 20 < 26.3" for 3, recorded on a Nicolet P3 
diffractometer in the case of 1 ,  and a Syntex P2, diffractometer in the 
tase of 3, using graphite-monochromatized MoK, radiation (0.7 1069 
A at 22°C). Crystal data and other numbers related to data collection 
are summarized in Table 4. 

Densities were obtained by flotation in acetone-bromoform. ln- 

255.3 
0.27, 0.33, 0.43 
hOO, h = 2n + 1 
OkO, k = 2n + 1 
0 0 1 , l  = 2n + 1 
P212121(19) 
a = 8.118(2) 
b = 13.715(4) 
c = 10.963(3) 
1221.0(4) 
4 
1.389, 1.40(2) 
1.15 

TABLE 5. Atomic positional arameters (X lo4) and temperature fac- 
tors ( i 2  x lo3) for 1 

Atom x Y z U,," 

tensities were measured on the Nicolet P3, in the case of 1 ,  and Syntex 
P2,, in the case of 3, diffractometers using a coupled 0(crystal) - 20 
(counter) scan. The methods of selection of scan rates and initial data 
treatment have been described (14, 15). Corrections were made for 
Lorentz polarization effects but not for absorption. This will give a 
maximum error in F of < 1 .O% for 1 and < 1.6% for 3. 
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TABLE 6. Atomic positional parameters (X lo4) and temperature fac- 
tors ( A ~  x 10') for 3 

Atom x Y z U,," 

Solution of the structures 
For both compounds the phases were determined by direct methods 

using 242 reflections with E > 1.66 and 12 sets of starting phases. All 
non-hydrogen atoms were found in the subsequent E maps. The cor- 
rect handedness for each structure was chosen by making the known 
configuration at C(1') correct. The coordinates were refined by min- 
imizing the function CW((F, ,~  - IF,()', and subsequent difference 
maps revealed all of the hydrogen atoms. Further refinement using 
anisotropic temperature factors for all of the non-hydrogen atoms and 
isotropic temperature factors for the hydrogen atoms was terminated 
when the maximum shiftlerror dropped below 0.1. Scattering curves 
were taken from the International Tables (16). The atom parameters 
are listed in Tables 5 and 6.' Initial data treatment used programs from 
the X-RAY package (17). The structures were solved using programs 
from SHELX (18). The least-squares planes program was NRC-22 
(19) and diagrams were prepared using ORTEP-I1 (20). All calcu- 
lations were carried out on Cyber 1701730 and 170/815 computers. 
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Synthesis and study of new mesogen compounds: 
4-alkoxy-2-hydroxy-4'-substituted-a,a'-dimethylbenzalazines. Correlation analysis 
between TN-I transition and electronic parameters in five series of liquid crystals 
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MERCEDES MARCOS, ENRIQUE MELENDEZ, BLANCA ROS, and JOSE LUIS SERRANO. Can. J.  Chem. 63, 2922 (1985). 
Two new series of compounds with mesomorphic properties wcrc synthesized: the 4-ethoxy and 4-octyloxy-4'-X-2-hydroxy- 

a,a'-dimethylbenzalazines (X = CN, NOz, F, Cl, Br, CH,, and N(CH,)?). Thermodynamic measurements were made. All 
the compounds gave mesogenic behaviour. Some of them exhibit polymorphism in the solid state. A study of the existent 
correlation between the temperatures at which the N-I transition appears in five series of mcsogenic compounds and electronic 
parameters of the polar terminal chain was carried out. Seven terminal groups were studied: -F, -CI, -Br, -CH3, 
-OCH3, -NO2, and -CN. None of the electronic parameters used enabled us to obtain a good correlation with all the 
groups. However, when the methoxy group was omitted, the parameters that measured IT electronic delocalization in the 
aromatic ring showed an excellent correlation with the TN-,. The best correlation was obtained in all cases with Swain and 
Lupton's 3, which defined the resonance effect. 

MERCEDES MARCOS, ENRIQUE MELENDEZ, BLANCA ROS et JOSE LUIS SERRANO. Can. J. Chem. 63, 2922 (1985). 
On a synthktist deux nouvelles sCries de composCs mCsomorphes, soit les Cthoxy-4 et Ics octyloxy-4 X-4' hydroxy-2 

a,ar-dimCthylbenzalazines (X = CN, NOz, F, CI. CH, ct N(CH+). On a effectuk des mesurcs thermodynamiques. Tous les 
composks ont un comportement mesogene. Certains d'entres-eux prksentent du polymorphisme I'Ctat solide. On a effectu6 
une Ctude sur les corrClations qui existent entre les tempkratures auxquelles apparaissent les transitions N-I dans cinq series 
de composks mksogenes et les parametres Clectroniques de la chaine polairc terminale. On a CtudiC scpt groupes terminaux, 
soit les groupes -F, -CI, -Br, -CH3, -OCH1, -NO2 et -CN. Aucun des paramktres Clcctroniques utilisks ne nous 
a permis d'obtenir une bonne corrklation avec tous les groupes. Cependant, si I'on omet le groupement mkthoxy, les paramktres 
qui mesurent la dClocalisation Clectronique IT du noyau aromatique prksentent une bonne correlation avec le T N - , .  Dans tous 
les cas, on obtient la meilleure corrClation avec le paramktrc R de Swain et Lupton qui dCfinit I'cffct de rksonance. 

[Traduit par le journal] 

Introduction 
One of the most interesting aspects of the study of liquid 

crystals is the relation between structure and mesogen activity. 
Numerous papers of great interest have been published about 

this subject to date. Among them, the study of the influence 
of the terminal groups on the temperature at which nematic- 
isotropic liquid transition occurs (1, 2) is classic. 

Basing themselves on the Maier-Saupe theory, Van der 
Veen (3, 4), Griffin ( S ) ,  and others, have established the 
correlation between a (factor of molecular electronic polar- 
izability) of the terminal groups and the N-I transition 
temperatures of nematogen compounds. 

However, a thorough mathematical analysis makes it clear 
that these correlations, generally limited to the graphic method, 
are insufficient in many cases. Moreover, a large number of 
well-characterized empirical parameters of aromatic substitu- 
ents are presently known (6), which has permitted us to study 
the correlation between some of these parameters and some 
molecular properties of the compounds-that have those sub- 
stituents, among them, the N-I transition temperatures in 
series of liquid crystals. 

Unfortunately, it is not easy to find series of compounds with 
different terminal groups in order to make the correlation. 
Consequently, this study has been limited to five series 
of compounds which have terminal groups with different 
empirical parameters: -CN, -NOz, -F, -C1, -Br, 
-CH3, -OCH3 (see Fig. 1). 

Two of these series of compounds were synthesized by 
us: the 4-ethoxy-(Ia) and 4-octyloxy-(ID)-4'-substituted-2- 
hydroxy-a,al-dimethylbenzalazines. In order to check the re- 
sults obtained, the compounds of these series with the terminal 
groups X: -OC2HS and -N(CH3)? were synthesized. 

The other series studied were taken from scientific literature. 
Two of them correspond to the compounds studied by Van der 
Veen (3), derivatives of p-N-alkoxybenzylidene-p-X-anilines 
(11) (4), and derivatives of the phenyl-p-benzoyloxybenzoates 
(111) described by Van Metter and Klanderman (7). The last 
series corresponds to derivatives of the p-phenylenedibenzoate 
compounds (IV) described by Schroeder and Bristol (8). 

Experimental 
Sytzdzesis 

While the compounds with thc terminal group -OCH, (9) and 
-OCzH5 (9, 10) have already been described, the rest of them were 
synthesized for the first time for this study. 

The general scheme of synthesis of the compounds studied in this 
paper was similar to the method described in a previous paper (10). 
The compounds were generally synthesized in three stages: ( I )  for- 
mation of the derivative hydrazone of 4-substituted ketone; (2) 
condensation of the preceding hydrazone and the 2,4-dihydroxyaceto- 
phenone and separation of the required product by column chro- 
matography; and (3) alkylation of the OH group in position 4 of the 
compound obtained in the second stage. 

The transition temperatures and enthalpy data of the compounds 
synthesized are gathered in Table I .  

Textures observed 
The mesophase textures were observed with a polarizing micro- 

scope using thin films of the samples mounted between a glass slide 
and a cover slip. 

They were identified because of their similarity to the descriptions 
of the textures made by Demus and Richter (I I). 

Techniques 
The melting points, transition temperatures, and enthalpies were 

determined using a Perkin-Elmer DSC-2 differential scanning calori- 
meter. The apparatus was calibrated by measuring the known melting 
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TABLE I. Transition temperature and enthalpies for the compounds 
synthesized 

R X Transition Tempcraturc (K) AH (kJ/mol) 

0C2H5 F" CI-C2 350.2 5.48 
C3 - C? 360.1 5.81 
C2-N 386.9 28.13 

1, N-l 404.5 0.88 
CH3 OC?Hs C1 C-N 417.2 34.03 

N-I 430.6 0.63 

FIG. 1 .  Structures of In, Ib, 11, 111, and IV. 

points and fusion heat of benzoic acid (394.0 K, 141.7 J/g), indium 
(429.8 K,  28.42 J/g), and tin (505.0 K ,  60.8 J/g). 

The optical observations were made using a Reichert-Thermovar 
HTI B11 polarizing microscope equipped with a heating stage. 

The identification of the products was carried out by the usual 
spectroscopic methods: uv (Perkin-Elmer 200), ir (Perkin-Elmer 
283), nmr (Perkin-Elmer R-12-B), and mass spectrometry (Hewett 
Packard 5943 A). The purity of the products was checked by the 
above-mentioned techniques and tlc. 

The correlation analysis was carried out in a Digital VAX-11780 
minicomputer using a subroutine of the SPSS programme (12): 
"multiple regression analysis: subprogramme regression". 

Pnrntneters of substir~tents used for correlatiot~ ann1ysi.s 
A previous study was carried out in which numerous electronic 

parameters of the substituents with TN-I were correlated. After this 
preliminary study 3 and 9 (13), defined by Swain and Lupton, were 
selected as fundamental parameters. In order to make a comparative 
study the a-parameter used by Van der Veen (3) and others was also 
used in the study. 

The values of all the parameters used for the correlation analysis are 
listed in Table 2. 

Results and discussion 
Correlation between the valiles of N-I transition temperatures 

of the five series of cornpounds 

0C2Hs Br C- l 427.9 41.47 
I-No 425.1 1.13 

OCzHs NO2 C-N 435.5 37.75 
N - I 459.3 0.92 
C-N 
N-l 
C-N 
N-I 
C-I 
I-N" 
C-N 
N-I 
C-N 
N-I 
C-N 
N-l 
C-N 
N-I 
C-N 
N-I 
c , - C ?  
C2-N 
N-I 
C-N 
N-I 

"Monotropic transition. 
"Crystal-crystal transition. 

CI * CZ * N* I (F), CI = C2 * N  * I  (CN). 
J I 
c3 

TABLE 2. Physical parameters of every substituent and N-l transition 
temperatures 

Electronic parameters TN- I  (K) 

X a 9 9 In Ib I1 I11 IV 

can be Observed in Table 3,  a good exists molecules (Fig. I), whereas the imino-derivatives (series 11) 
between the Of the N-l Wansition temperatures Of the have the shortest molecules. It seems, therefore, that besides 
five series of the compounds studied, which confirms that the the electronic influence of the common substituents X, the 
influence of the different types of substituents X,  is almost the geometry of the molecule is also of fundamental 
same in each of the series. 

Only the slightly smaller values of the correlation found Correlation between TN-, transition and electronic parameters 
between series I1 and series Ib  and 111 (r l l - l ,  = 0.864 and The following symbols are used in this paper. 3, resonance 
~ I I - I I I  = 0.884) are notable. effect of Swain and Lupton (modified by Charton); 9, field 

The compounds of these last two series have the longest effect of Swain and Lupton (modified by Charton); @ORES, (T 
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TABLE 3. Correlation coefficients among the 
values of TN-I of the five series 

l a  Ib I1 I11 IV 

zero resonance: effect of -n electron delocalization normalized; 
uBREs, u benzoic acid resonance: -n electron delocalization 
from benzoic acid model; UAREs, u aniline resonance: -n 
electron delocalization from aniline model; URES+, u resonance 
plus: -n electron delocalization from model structure with 
positive charge, e.g., solv. of cumyl chlorides; UL, u localized; 
U~NDQ, u from quinuclidines, i.e., from sp3 carbon; UPRIME, 
field effect through bicyclooctane ring; and up,  ionization of 
phenols. 

Correlation between TN-, and some electronic parameters of 
the substituents (see Appendix) indicated that the methoxy 
group behaved differently from the other six groups studied: 
-CN, -NOz, -F, -C1, -Br, and -CH,. 

Once this group was removed, it was observed that the TN-, 
showed a good correlation with the electronic parameters that 
measured the effect of -n electronic delocalization in the aro- 
matic ring: % (13), UORES (141, UBRES (141, UARES (141, URES+ 

(14). 
However, the other parameters that measure the field effect 

9 (131, UL (15), U ~ N D Q  (16), U p R 1 ~ ~  (17) and the parameters that 
indicate the resonance effect and field effect up  (18), show very 
little or practically no correlation with TN-,. 

In some cases the value of F of each correlation is also 
indicated. The validity of the results was checked by means of 
Snedecor's F defined for a percentage of distribution points a 
of 0.05 (12). 

As can be observed from Table 4 ,  when the methoxy group 
is not present, the correlation obtained between TN-, and 3 is 
much better than the one used by Van der Veen (3) between 
TN-, and a .  

The F value for the five series of compounds studied are 
higher than those used as references. 

The F values for the correlation TN-,-a are clearly lower 
than those observed for the correlation TN-1-3 and in some 
cases even lower (see series I a  and 11, Table 4) than the F of 
Snedecor used as a reference. 

The correlation between TN-, and 9 shows lower values still, 
which indicates that the interrelation between both factors is 
practically non-existent. 

Figure 2 shows a graphic representation of the relation be- 
tween TNTI and % for the five series of compounds studied. The 
values of the constants and slope of the straight line of lineal 
regression with the six groups in each series (five in the case of 
the series I11 because the TN-, data for the nitro group are 
unavailable) are also shown. 

As can be seen in the figure, the regression straight line 
corresponding to the compounds with two X groups (series IV) 
has a much greater slope than those of the other series studied. 

However, when the methoxy group is present correlation 
between TN-I and % is almost non-existent (see Table 4). This 
group, of electronic-releasing character, behaves very differ- 
ently from the rest of the groups. In fact when the TN-, values 
of the compounds with the methoxy group are introduced in the 

FIG. 2. Equations and graphic representation of the relation TN-[- 
3 for the five series of compounds studied. 

regression straight line of each of the series, it is observed that 
they correspond to % values very different from the ones 
experimentally obtained (see Fig. 2). 

In both the series of compounds synthesized by us, I a  and 
Ib ,  we can observe a type of behaviour in the % value of the 
methoxy group in the regression straight line similar to that 
defined by other six groups studied. 

This effect was repeated when other compounds with 
strongly electron-releasing groups X: -OC2H5 and -N(CH3)2 
were synthesized and studied. In both cases a behaviour similar 
to that of the methoxy group was observed. 

As occurs with the methoxy group, the representation of TN-, 
values in the regression straight line defined by other six 
groups, is similar in the series I a  and I b  (see Fig. 2). 

Conclusions 
The excellent correlation observed between the TN-, of the 

five series of compounds studied confirms that the influence of 
the different terminal groups is similar in each of them. How- 
ever, none of the electronic parameters of the terminal groups 
shows an excellent correlation with the TN-, of all the 
compounds studied. Nevertheless, it is observed that the TN-, 
of the compounds with electron-attracting or weakly electron- 
releasing substituents show a good correlation with the elec- 
tronic parameters of the substituents which measure the -n elec- 
tronic delocalization in the aromatic ring, especially with 
Swain and Lupton's %. In spite of the fact that the substituents 
with strong electron-releasing characteristics deviate from the 
general behaviour previously indicated, the contribution of 
these substituents is similar in all the cases studied. 

The electronic modification introduced in the molecule by 
the electron-attracting or weakly electron-releasing terminal 
groups obviously has a considerable effect on TN-,. However, 
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MARCOS ET AL. 

TABLE 4. Statistical data of the correlation between T N - ,  transition and electronic parameters 

a "  

Series r[%] r [ B ]  rh  F' SE" rb  F' SE" F c v l / v 2  (a:0.05) r [ Y ] "  

"Methoxy group not included. 
"orrelation coefficient. 
'Snedecor's F. 
"Standard error. 
'Relation of number of independent variables and free degrees: v ,  number of independent variables, v, free degrees. 
'One group less as there were no data available for the compound with X: -NO2. 

the influence of some other factors is fundamental, particu- 7. J. P. VAN M E ~ E R  and B. H. KLANDERMAN. Mol. Cryst. Liq. 
larly, in the case of the substituents with strong electron- Cryst. 22, 1405 (1973). 
releasing characteristics. Logically, the attempt to quantify the 8. J. P. SCHROEDER and D. W. BRISTOL. J. Org. Chem. 38, No. 18, 
inter- and intramolecular interactions which govern T,.-,  is verv 3160 (1973). 

u 2. , 
difficult and the approximation that the electronic 9. J.  BARBERA, M. MARCOS, E. MELENDEZ, and J.  L. SERRANO. 

allow is insufficient to explain all the results satisfactorily. Mol. Cryst. Liq. Cryst. 94, 367 (1983). 
10. M. MARCOS. E. MELENDEZ. and J. L. SERRANO. Mol. Crvst. Lia. 
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SANDRA MOOIBROEK and RODERICK E. WASYLISHEN. Can. J .  Chem. 63, 2926 (1985). 
Deuterium nmr lineshapes for polycrystalline samples of (CD,),CSH and (CH3),CSD have been investigated between 110 

and 200 K. Unlike t-butylchloride-d', which undergoes line narrowing in three distinctive stages, t-butylthiol-d9 undergoes 
almost complete motional line narrowing at 120 & 5 K. Above the solid 11 * solid I phase transition no quadrupolar splitting 
is observed, consistent with rapid "isotropic" reorientation in the solid I phase. 

An analysis of the 'H and "C spin-lattice relaxation times of (CD,),CSH, (CH,),CSD and unlabelled I-butylthiol in both 
liquid and solid phases is also reported. The rotational correlation time is observed to decrease by an order of magnitude at 
the solid 11 + solid I transition and to increase slightly at the melting point. Deuterium T l s  in solids Ill and IV of the labelled 
species indicate abrupt changes at the phase transitions and motion slower than coo-' in solid IV. 

SANDRA MOOIBROEK et RODERICK E. WASYLISHEN. Can. J .  Chem. 63, 2926 (1985). 
Op6rant 5 I I0 et 200 K et faisant appel 5 la rmn du 'H, on a ttudiC la forme des pics d'Cchantillons polycristallins de 

(CD3)3CSH et (CH,),CSD. Contrairement i ce qui est observC avec le chlorure de tert-butyle-d9 alors que les pics subissent 
un retrkcissement impliquant trois Ctapes distinctes, les pics du terl-butylthiol-d'> subissent un retrCcissement qui est pra- 
tiquement complet i 120 f 5 K. Au-dessus de la transition de phase solide I1 - solide I, on n'observe pas de dCdoublement 
quadrupolaire; ce resultat est accord avec une rkorientation "isotopique" rapide dans la phase solide I .  

On rapporte Cgalement une analyse des temps de relaxation spin-rCseau du 'H et du IzC du (CD1)ICSH, (CH,),CSD et du 
tert-butylthiol non marquC tant dans la phase liquide que solide. On a observC que le temps de corrClation rotationnelle diminue 
d'un ordre de grandeur lors de la transition solide I1 + solide I et qu'il augmente ICgirement au voisinage du point de fusion. 
Les valeurs du T l s  du deutCrium dans les solides 111 et IV des especes marquees indiquent qu'il se produit des changements 
radicaux lors des transitions de phase ainsi qu'un mouvement plus faible que c o o 1  dans le solide IV. 

[Traduit par le journal] 

Introduction 
2-Methyl-2-propanethiol (t-butylthiol) is one of a class of 

approximately spherical molecules which is capable of existing 
in one or more solid phases that are orientationally disordered 
(1). At atmospheric pressure, t-butylthiol is known to undergo 
three solid-solid phase transitions at 152, 157, and 199 K,  
with corresponding entropy changes of 3.22, 0.50, and 0.58 R 
(2, 3). The entropy change at the melting point of 274 K is 
small (1.09 R), a characteristic of orientationally disordered 
molecular solids (plastic crystals). 

Deuterium nmr is a very attractive technique for studying 
plastic crystals since it provides a selective probe for detailed 
studies of molecular motion. In particular, changes in the ab- 
sorption lineshape of a powder sample may, in favorable cases, 
yield information as to the type(s) of reorientational motion 
occurring at rates on the order of the quadrupolar interaction, 
which for deuterium, is approximately 10-' to s. Motions 
occurring on the timescale of the inverse Larmor frequency 
(nanosecond to picosecond range) can also be monitored by 
relaxation measurements, and hence, a fairly wide range of 
motional frequencies is accessible to nmr methods. 

In this paper we present the results of a detailed deuterium 
nmr study of (CD3)3CSH and (CH1)?CSD between 110 and 
330 K. Natural abundance I3C nmr data are also reported for 
the liquid and two high temperature solid phases (I and 11) of 
the unlabelled compound. The results of these measurements, 
together with earlier proton nmr (4, 5) and dielectric (5, 6) 
studies, have enabled us to better characterize the rotations 
occurring in the various phases of t-butylthiol. Comparisons 
are made with the related compounds t-butyl-X (see Fig. l a )  
where X = CH,, C1, and Br. 

I Holder of an NSERC 1967 Science and Engineering Scholarship. 

Rc. I.  (a) Depiction of (CD&C-X molecule indicating one of 
three Cs axes and the C3' axis. One D in each group is very nearly 
parallel to the C,' axis, while the other two form an angle of 70.53". 
( b )  Representation of a tetrahedral molecule in a cube. Two of three 
orthogonal C2 axes are indicated along with the Cz axes. 

Theory 
A .  Quadrupolar powder lineshapes 

The 'H nmr spectrum of labelled t-butylthiol is completely 
dominated by the electric quadrupole interaction, which in the 
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MOOIBROEK AND WASYLlSHEN 

0 4 8 12 kHz 

(d) 165 K 

I 

I 

-- \ - ,J - ,  , I \ ,  --- , ' 

16 24 kHz 

0 8 16 24 kHz 

0 16 24 32 kHz 

0 80 160 240 kHz 0 80 160 240 kHz 

FIG. 2. Deuterium nmr powder spectra of (a)-(f) (CD3),CSH and ( g ) - ( I )  (CH3),CSD at various temperatures. Experimental conditions are 
described in the text. 
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absence of molecular motion, yields a characteristic spin I = 1 
crystalline powder pattern (7). Figure 20, the "rigid lattice" 
spectrum of (CD,),CSH, is a typical powder pattern for an 
electric field gradient, eq,, = V,,, which is axially symmetric 
about the deuterium-carbon bond vector. In this case, the 
frequency separation between the singularities is (3/4)y, and 
between the edges it is (3/2)y,, where y, is the quadrupolar 
coupling constant, (e2q12Q)/h. 

The field gradient of the sulfur bonded deuterium of t-butyl- 
thiol is not quite axially symmetric, as shown in Fig. 2g. 
Computer simulation of this powder pattern yields an asym- 
metry parameter q = (V,, - V,,)/Vn, (0 9 q 9 1 ), of approx- 
imately 0.07. General expressions for the splitting between the 
spectral discontinuities in this case are given in refs. 8 and 9. 

B. Effect of rapid n~olecular motiotl upotl litleshape 
For general t-butyl-X compounds, several different motions 

which influence the powder lineshape are possible: (i) internal 
rotations of the methyl groups about an approximate C3 axis; 
(ii) internal rotations of the t-butyl group about the C-X axis, 
denoted C,' rotations; (iii) general overall rotations of the mol- 
ecules. For tetrahedral molecules such as neopentane, (Fig. l a ,  
X = CH,), these latter rotations are generally regarded as 
consisting of motions about both the C? and the C3 axes, illus- 
trated in Fig. 1 b (10). 

Rotation about an axis may occur via continuous diffusion or 
by "jumps"; either will affect the powder lineshape when com- 
parable to, or faster than ('H) x-l. If motions can be treated 
independently, the rotationally averaged spectrum can be sim- 
ulated using theoretical models (7-9, 1 1, 12). 

The effect of rapid rotational diffusion is simply to reduce 
the splitting by a factor of (112) (3 cos' (3 - l ) ,  where (3 is the 
angle between the axis of rotation and the C-D bond vector. 
The rotationally averaged spectrum is always axially sym- 
metric when the motion is very rapid (T << Av3-I). If perfect 
tetrahedral symmetry about each of the carbon sites in the 
t-butyl compounds is assumed (a good approximation in the gas 
phase, according to the geometry computed by ref. 13), the 
angles of interest are 112 the tetrahedral angle, or 54.74", for 
C?. rotation, and the complement to the tetrahedral angle, 
70.53", for C, rotations. The reduction factors for these angles 
are 0 and 113, respectively; therefore, one would expect rapid 
diffusion about a Cz axis to completely collapse the quadru- 
poIar splitting, and rapid diffusion about a C, axis to reduce it 
to one third the original value. 

In the rapid motion limit, the effect of jumps between sites 
of three-fold or greater symmetry is exactly the same as for 
rotational diffusion. Once this limit is reached, one cannot 
distinguish, for example, between 120" jumps or continuous 
rotation about a C3 axis. On the other hand, rapid jumps and 
diffusion about a C7 axis yield substantially different spectra 
(7-9, 11, 12). Theory predicts that 180" flips about a C2 axis 
in t-butyl compounds will result in an effective asymmetry 
parameter of 1, with V,, = V,, = 64 kHz for the methyl deu- 
terons. 

The situation for more complex motion - e.g. a combina- 
tion of C2 jumps and C, jumps about different axes - is much 
more complex, and will not be dealt with here. 

C. Spin- lattice relaxation 
The spin-lattice relaxation rate due to modulation of the 

electric quadrupole interaction of a spin 1 nucleus is given by 

where JI(w0) and J2(2w,) are spectral density functions at the 
Larmor frequency w, and at 2w,, respectively, such that J(w) 
= 2~ , ,~ / (1  + 0'~,~12). In this expression, T,,, is an effective 
correlation time associated with the rotation of V:,, and the 
function describing T is assumed to have an exponential form. 
For 0 0 7  << 1, the extreme narrowing condition which holds in 
all but the lowest solid phase of t-butylthiol, J,(wo) = J2(2wo) 
= 2Tcf1. 

In a similar manner, the relaxation rate of a proton decoupled 
methyl nucleus, in the extreme narrowing region, is given 
by 

1 3fi '~C?~F, '~,f ,  
[2] - = 

TI rcH6 

where y, and y,, refer to the magnetogyric ratios of I3C and 'H, 
respectively, and rc" is the carbon-hydrogen internuclear sep- 
aration. In this case, the carbon- 13 nuclei are assumed to be 
relaxed solely by nearby protons via the dipole-dipole mech- 
anism.' 

The precise meaning of T,.~, in the above equations will be 
dependent on temperature and the particular phase of t- 
butylthiol under consideration. For the liquid phase, T,,, can be 
related to rotational diffusion constants parallel and perpendic- 
ular to the C,' axis illustrated in Fig. l a  (15). In the solid 
phases where the quadrupolar powder patterns are observed, 
i.e. 11, 111, and IV, T , ~ ~  is related to the product of and an order 
parameter (see ref. 16). 

Experimental 
Samples of (CD,),CSH and (CH.&CSD were purchased from 

Merck, Sharp, & Dohme Chemical Co.; (CH,),CSH (99+%) was 
obtained from Aldrich Chemical Co. The samples were transferred to 
1 cm cylindrical microcells of 9 mm outer diameter, then de-gassed 
using repetitive freeze-pump-thaw cycles before sealing. Most of the 
experiments were performedon a Nicolet 360 narrow bore instrument, 
while some of the carbon- 13 relaxation measurements were carried out 
on a Varian CFT-20. The low temperature deuterium spectra were 
obtained on a Bruker CXP 180 MHz instrument. 

Temperature regulation is estimated to be within * I  K. Typical 
a /2  pulse widths are in the range 35 to 45 ps for 'H and 25 ps for 
"C on the Nicolet 360 and 22 ps for "C on the CFT-20. A phase- 
alternated quadrupole echo technique (17) was employed on the 
Bruker CXP spectrometer in order to obtain the spectra shown in 
Fig. 2. For these spectra, the echo-pulse spacing was -40 ps with 
pulse widths of 3 ps. Dwell times of 0.5 ps were used to record 512 
point quadrupole echoes (at very low temperatures, 1 ps dwell time 
and 1K points were used), which were zero-filled to 4K before Fourier 
transformation. 

Spin-lattice relaxation times were measured by either standard 
inversion-recovery, or in some cases, inversion-recovery with a com- 
pensating pulse (IS), using 10 or more T values and a delay of at least 
5 times T I .  Generally, only one scan was required to obtain satis- 
factory signal/noise ratios in the deuterium measurements; eight or 
more were required for the natural abundance carbon-1 3 study. The T I  
values were calculated using a 3-parameter-fit program in the Nicolet 
1280 software package (19). Reproducibility is within 1-2%; errors 
are expected to be within 5%. Carbon-13 T I s  on the unlabelled com- 
pound and 'H T , s  on (CH&CSD were conducted over the temperature 
range 160 to 320 K, while 'H measurements on (CD3)C3H were 
extended down to 140 K. For the low temperature phases, the T ,  data 
are obtained from measurement of the peak height of the central 
component. 

'Within experimental error, a full nOe was observed up to -315 K. 
Figure 3 does not include I3C data above this temperature. 
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MOOIBROEK AND WASYLISHEN 2929 

solid I 

FIG. 3. Plot of In Tl(s) vs. reciprocal temperature for: (a) "C 
relaxation in unlabelled I-butylthiol (A); (b) 'H relaxation in 
(CHJ3CSD (m); ( c )  'H relaxation in (CDJ3CSH (a). The vertical 
lines represent the observed phase transition temperatures of 274 K 
(mp), 203 K (1/11), 164 K (Il/III), and I58 K (lII/IV). 

Results and discussion 
Deuterium nmr spectra of t-butylthiol at selected tem- 

peratures are shown in Fig. 2; spin-lattice relaxation data are 
summarized in Fig. 3 and Table 1 .  

A .  Solid 1V 
The 'H nmr spectrum of (CD3),CSH at 108 K (Fig. 2a), is 

the axially symmetric powder pattern, x = 171 kHz, of the 
rigid solid. When the sample is warmed above - 120 K, the 
128 kHz splitting between the singularities collapses to a broad, 
featureless peak of about 10 kHz in half-height width (Fig. 2b). 
We interpret this spectrum as arising from a combination of C3 
internal methyl and t-butyl group jumps occuring at a rate 
comparable to the inverse of the quadrupolar splitting 
s). This interpretation is based upon (i) comparison to the 'H 
nmr spectra of other t-butyl-X compounds, (ii) the temperature 
dependence of the spin-lattice relaxation time, and (iii) the 
nmr powder pattern observed for (CH3),CSD in this phase. 

The process of motional averaging of the 'H nmr powder 
lineshape in several (CD3)C-X compounds, including X = 
C1, Br, I, and CHO, is accompanied by the observation of a 
spectrum similar to Fig. 2b upon warming the rigid solid. In 
t-butylchloride and t-butylbromide, however, the averaging 
process in the lowest temperature phase occurs stepwise 
(20-22). The first type of motion to become fast enough to 
average the quadrupolar interaction is reorientation about the 
C-X, or Cjl axis (21, 22). Since, in the absence of internal 

TABLE 1 .  Least-squares fit parameters of the Arrhenius equation 
T = TO exp [E,/Rr] obtained from the data in Fig. 3 

Correlation Activation Pre-exponential 
coefficient energy factor 

r E,,(kJ mol-I) T , ( X  1014) 

Liquid: 
I3C 
'H (d9) 
'H (SD) 

Solid I: 
I3C 
'H (do) 
'H (SD) 

Solid 11: 
I3C 
'H (d')) 

Solid 111: 
'H (do) 
'H (SD) 

methyl rotation, two of the three C-D vectors in each methyl 
group form an angle of 70.53" with the C,' axis, while the 
remaining C-D vector is parallel to this axis (Fig. la) ,  two 
overlapping powder spectra are observed (21): one with the 
original static splitting, and one averaged to 113 the static 
value, or approximately 43 kHz. When the sample is heated 
another 30°, methyl rotation also becomes much faster than the 
inverse of the 'H quadrupole interaction, roughly x- ' ,  render- 
ing the three deuterons in each methyl group equivalent. The 
averaged principal axes then lie along the C-C axes, 70.53" 
from the C-D bonds, and the quadrupolar splitting is again 
reduced by the 113 factor to -14 kHz. Between these two 
steps, that is, in the approximately 20" temperature range in 
which C,' rotation is relatively fast and C3 (methyl) rotation is 
-x-', the equivalent of spectrum 26 is observed. t-Butyliodide 
and t-butylaldehyde show a similar progression in achieving 
the 14 kHz powder pattern, although in these compounds, as in 
t-butylthiol, averaging due to Cil rotation is not established 
before C3 rotation also affects the spectra (23). 

t-Butylthiol is further distinguished from the other t-butyl-X 
compounds in that it undergoes a phase change before methyl 
rotation becomes rapid enough for the 14 kHz splitting to 
appear. This is borne out by the behaviour of the spin-lattice 
relaxation time in solid IV: the increasing TI with decreasing 
temperature (see Fig. 3) indicates that the motion causing relax- 
ation must be slower than wo-'. Using eq. [ I  ], the observed T, s 
correspond to T ~ , ,  values of 1 X s at approximately 133 K, 
and 1.1 x s at the solid IV -+ solid 111 phase transition 
(158 K), consistent with rotation rapid enough to affect the 
spectrum yet not rapid enough to average it to the 14 kHz 
powder pattern. 

The possibility that the broad, single peak of Fig. 2b repre- 
sents averaging by molecular Cz jumps with an asymmetry 
parameter approaching unity, or that the entire molecule reor- 
ients under C3' jumps can be ruled out by the 'H nmr spectrum 
of (CH,),CSD. For this isotopomer, a full powder pattern (Fig. 
2g) was observed throughout solid IV, indicating very slow or 
no motion of the thiol substituent in this phase. Using the 
geometry shown in Fig. l a ,  with LCSD = 97.5" (13), we 
would expect rapid C3 jumps about the C-S axis to average 
the quadrupolar splitting to less than half the static value, while 
C2 jumps (Fig. Ib) would average the splitting to an even 
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greater extent. The only conceivable motion which would not 
be detected in the 'H nmr spectrum of (CH,),CSD would be 
rotation about an axis parallel or nearly parallel to the S-D 
bond vector; but this can be ruled out by the low dielectric 
constant (6), indicating that the dipole moment (oriented ap- 
proximately perpendicular to the S-D bond axis (13)) is not 
reorienting. 

Internal C, and Cjl rotations are also consistent with the 
results of Smith (4), who reports a decrease in the 'H second 
moment from about 30 G' to -2.4 G' over the temperature 
range 90 to 120 K. 

B. Solid 111 and 11 
Although thermodynamic data (2, 3) report phase transitions 

at 15 1.6 and 157 K,  no abrupt changes are observed in the 'H 
solid IV spectra of either of the deuterium labelled t-butylthiol 
samples until they are heated to 158 K.  At this temperature, the 
spectrum of (CD,),CSH, Fig. 2c, sharpens to a powder pattern 
approximately 4 kHz in width with an effective asymmetry 
parameter of almost 1, while that of (CH,),CSD, Fig. 2h, 
collapses from the rigid powder lineshape of x = 130 kHz, -q 
= 0.07, to a lineshape of -9 kHz in width; with -q,.,.,. = 0.5. We 
associate these spectral changes with the solid IV 4 solid 111 
phase transition. 

The short solid 111 phase can be clearly distinguished from 
solids I1 and IV by the discontinuities in the In TI versus 
reciprocal temperature plots, Fig. 3. The slope of these plots 
indicates motion in the extreme narrowing region, and use of 
eq. [ l ]  yields T,,.,- values of 1.2 X lo-'' s for (CD,),CSH and 
1.3 X 10-" s for (CH,),CSD at 160 K. The similarity in these 
two results and the relatively narrow 'H powder patterns dem- 
onstrates that overall molecular reorientation is the dominant 
motion causing relaxation in this phase. Since neither rapid 
diffusion or fast C3 jumps predict q,,.,- > 0, the highly asym- 
metric lineshapes observed in this phase imply that C2 jumps 
must be involved in the reorientation of the molecule. 

Further discontinuous changes in the deuterium nmr line- 
shapes do not take place until 164 K (do compound) or 166 K 
(SD isotopomer), corresponding to the solid 111 4 solid 11 
phase transition. At 164 K,  the (CD,),CSH spectrum (Fig. 2d) 
undergoes further narrowing to a featureless peak of - 1 kHz in 
width with low intensity shoulders. The spectrum of 
(CH,),CSD, Fig. 2i, undergoes a very unusual change at this 
transition: a broad component about 25 kHz in width appears 
along the baseline, accompanied by an increase in -qef,. and a 
slight narrowing of the central component to 8 kHz. 

Discrepancies between our transition temperatures and those 
reported by McCullough et nl. (2, 3) for the 1V + 111 and 111 
+ I1 transitions may be due to the relatively short periods (15 
to 30 min) which we could allow for thermal equilibrium to be 
reached. The upwards shift of approximately 6" is rather large 
to be considered an isotope effect, although such shifts are not 
unusual in solid-solid phase transitions (I). 

The occurrence of the solid 111 phase is apparent only upon 
heating. Upon cooling a sample displaying a solid I1 spectrum, 
no drastic changes occur until a solid IV spectrum is attained, 
which is observed at -151 K for both the d, and the SD 
samples. Kondo (6) also reported "a thermal hysteresis of phase 
change" for (CH,)?CSH; he observed sharp discontinuities in 
the dielectric constant, E, at 15 1.6 and 161.6 K upon heating, 
but only the corresponding drop in E at 15 1.6 K upon cooling. 
The proton nmr second moment does not appear to be sensitive 
to the solid I11 - solid 11 transition, showing only an abrupt 

TABLE 2. Entropy change (in units of R) at thc solid-solid 
phase transitions in t-butyl compounds 

Entropy change 

Transition (CHz)3CSH" (CHz)3CCI" ( c H ~ ) ~ c B ~ "  

1 4  liq 1.09 0.95 0.9 
I I +  I 0.58 3.2 0.55 
I11 4 I1 0.50 1.2 3.25 
IV + 111 3.22 

"References 2, 3. 
"Reference 14. 

change at 153 K in this temperature range (4). Again, there is 
considerable hysteresis in the heating/cooling data, suggesting 
that t-butylthiol is very slow to reach equilibrium. 

Upon warming through the solid I1 temperature range, both 
(CD,),CSH and (CH,),CSD deuterium spectra evolve to very 
complex motionally averaged powder patterns, with fairly we11 
defined shoulders and edges but also with relatively broad 
central components. In t-butylthiol-SD, Fig. 2(j, k ) ,  the pow- 
der splitting of the outer edges is about 8 kHz; in the d, com- 
pound, Fig. 2e, it is only 1-  1.5 kHz. The unusual lineshapes 
might be due to a purely dynamic effect, but the spectra appear 
to consist of two overlapping powder patterns, indicative of 
more than one type of molecule in the unit cell. A lattice 
contribution to the electric field gradient from a non-cubic 
crystal structure also remains a distinct possibility (24). 

The spin-lattice relaxation times obtained for solid I1 indi- 
cate that the rate of reorientation in this phase is an order of 
magnitude faster than in solid 111. The activation energy also 
appears to have decreased somewhat, as shown in Table I. The 
non-Arrhenius behaviour of the thiol deuteron Tls  in this phase 
is likely due to differing relaxation rates in the two overlapping 
powder patterns; the result underlines the difficulty in inter- 
preting the T, s from such unusual lineshapes, especially since 
the spectra continue to vary with temperature throughout the 
phase. 

Just below the transition to solid I, which occurs at 204 K ,  
the (CD3),CSH spectrum becomes increasingly asymmetric 
(Fig. 2f), while one component of the (CH,),CSD spectrum 
appears to be approaching Tcir = 0 (Fig. 21). Entrance into the 
solid I phase is heralded by the collapse of all quadrupolar 
splitting in both % spectra. When either sample is sub- 
sequently cooled back down into solid 11, small non- 
reproducible splittings are observed, which are interpreted as 
the formation of a number of monocrystalline domains in the 
nmr tube, rather than a purely random collection of crystallites. 
This observation confirms the change in crystal structure at this 
transition first proposed by Guthrie and McCullough (3), and 
supported by Smith (4). 

If the sample is cooled below 150 K and then re-heated, the 
extra splittings in the solid I1 spectrum appear to be somewhat 
smoothed, suggesting that another change in crystal structure 
occurs at the solid 1V boundary, cracking some of the crys- 
talline domains. In light of the large entropy change at this 
transition point, a change of crystal lattice as well as the gains 
in orientational freedom is not surprising. 

It is of interest to compare our 'H nmr powder patterns with 
those observed for other t-butyl-X compounds. t-Butylchloride 
appears to be the best behaved, with the 14 kHz splitting of the 
lowest temperature phase, solid 111, remaining up to the I1 -+ 
1 transition, where all quadrupolar splitting collapses (20). t- 
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TABLE 3. Rotational corrclation times at the 
melting point of various t-butyl compounds 

Molecule Tdr (PSI Reference 

t-Butylthiol-d, 1.5 (liquid) This work 
1.3 (solid I )  

t-Butylbromide-(1, 2.5 (liquid) 16 
2.2 (solid I )  

t-Butylchloride-(1, 2.0 (liquid) 25 
1.8 (solid 1) 

Neopentane-dl 0.9 28 

Butylbromide, which also has only three solid phases, under- 
goes an abrupt change at the 111 + I1 transition-(16): the - 14 
kHz splitting of solid 111 becomes a tiny 400 Hz splitting in 
solid 11. The spectrum retains an axially symmetric lineshape 
until, as in the other t-butyl-X 'H spectra, all splitting disap- 
pears in solid I. The unique nature of the phase I1 deuterium 
powder lineshapes in these compounds, despite the similarity 
in transition entropies (Table 2) and behaviour in the low and 
high temperature solid phases, tells us that the transition from 
internal C3 and Cj l  rotations to near isotropic reorientational 
freedom is highly substituent dependent, and cannot be de- 
scribed in a simple, stepwise manner 

C .  Solicl I and liquid 
'The 'H nmr spectra of (CD,),CSH and (CH,),CSD show 

identical single peaks in both liquid and solid I phases, indi- 
cating that the molecule reorients through all angles at a rate 
much faster than m,,-'. The two phases are distinguished, how- 
ever, by a slight discontinuity in the temperature dependence of 
the 'H and "C spin-lattice relaxation times, shown in Fig. 3 .  
The size of the symbols in the diagram include at least a 5 %  
error estimate, although reproducibility of the liquid/solid 1 
data was much better than that. 

The slight discontinuity, apparent in all three plots of In T I  
versus reciprocal temperature, represents a decrease in T , ~ ~  upon 
freezing. A similar result was obtained for t-butylbromide (16), 
and although not reported in an earlier 'H study of t-butyl- 
chloride (20), we have also found a small discontinuity in 
(CDI)ICCI T , s  at the melting point (25). The possibility that 
this discontinuity is solely due to a change in the electric field 
gradient (26, 27), i .e .  x, is ruled out by the "C data, which 
is not affected by V. The slight decrease in T,,, upon freezing 
indicates, at least initially, greater rotational freedom in the 
plastic phase. This is illustrated by comparison of the T,[[ values 
obtained at this transition to those obtained in other t-butyl 
compounds (see Table 3). Overall rotations of t-butylthiol are 
comparable to those observed for the chloride; symmetric neo- 
pentam, with a methyl group on the t-butyl moiety, rotates at 
about twice this rate (28). 

The Arrhenius parameters obtained from least-squares fitting 
of the data are given in Table 1. Within experimental error, the 
pre-exponential factors and activation energies obtained from 
the carbon-13 and deuterium studies on the unlabelled and the 
cl, compounds are the same, as they should be since both are 
monitoring rotation of the same vectors. A comparison of these 
T , ~ ~  values with those obtained from the 'H data on (CH&CSD 
is a measure of the isotropy of the overall reorientation of the 
molecule. Interestingly, T,,-[ of the S-D vector changes very 
little upon freezing. 

Conclusions 
The deuterium nrnr data on t-butylthiol lend further support 

to the general conclusions of Smith (4). Internal reorientation 
of the methyl and t-butyl groups becomes significant on the 'H 
nmr timescale at 120 K in solid IV, and above the solid IV + 
solid I11 transition rapid reorientation of the dipolar axis occurs 
as well. Molecular rotations are relatively free in solid I, being 
comparable to those in the liquid. In addition, a change in 
crystal structure is confirmed at the solid IV/solid 111 and solid 
II/solid I transition temperatures, as is a change in the rota- 
tional correlation time of approximately one order of mag- 
nitude at the III/II and I1/1 boundaries. Observation of quadru- 
polar splittings in the solid I1 phase suggest that this phase is not 
cubic. A more detailed analysis of the nature of molecular 
motions in solids I1 and 111 should be possible if the powder 
lineshapes can be simulated and a reasonable model to interpret 
the T I  data is available. 

A final note: careful measurements of the spin-lattice relax- 
ation time are required to observe a discontinuity at the melting 
point; it is likely a more general phenomenon among plastic 
crystals than has been reported to date. Theoretical or statistical 
mechanical models of melting should account for this. 
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Moments analysis of restricted ternary diffusion: sodium sulfite + sodium hydroxide 
+ water 
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DEREK G. LEAIST. Can. J. Chem. 63, 2933 (1 985). 
Ternary diffusion coefficients can be determined from restricted-diffusion experiments by evaluating zeroth and first time 

moments of the difference in a concentration-dependent property measured at two levels along the diffusion column. The 
method is used to determine ternary diffusion coefficients for aqueous sodium sulfite + sodium hydroxide solutions from 
conductance measurements. It is shown that these data can be analyzed to obtain the ternary diffusivity of sulfur dioxide in 
strongly alkaline solutions where sulfite is the major transporting species for the sulfur dioxide component. At high pH values, 
coupled flow of hydroxide ions leads to a significant increase in the diffusivity of the sulfur dioxide component relative to its 
diffusivity in pure water. Binary diffusion coefficients for aqueous sodium sulfite solutions are also reported. 

DEREK G. LEAIST. Can. J. Chem. 63, 2933 (1985). 
On peut determiner les coefficients de diffusion ternaire 2 partir d'experiences de diffusion restreinte en Cvaluant les moments 

de temps zero et un de la difference qui existe dans une propriCt6 qui depend de la concentration et qui est mesuree i deux 
niveaux le long de la colonne de diffusion. On a utilise la methode pour dCterminer Ies coefficients de diffusion ternaire de  
solutions aqueuses de sulfite de sodium + hydroxyde de sodium j. partir de mesures de conductivitC. On montre que I'on peut 
analyser ces donnees de manikre a obtenir la diffusivitC ternaire.du dioxyde de soufre dans des solutions fortement alcalines 
ou le sulfite est le transporteur principal du dioxyde de soufre. A des pH ClevCs, le flux couplC d'ions hydroxydes conduit k 
une augmentation marquee de la diffusivite de la composante du dioxyde de soufre par rapport a sa diffusivite dans l'eau. On 
rapporte Cgalement les coefficients de diffusion binaire de solutions aqueuses de sulfite de sodium. 

[Traduit par le journal] 

1. Introduction 
The Harned restricted-diffusion method is an important 

technique for determining diffusion coefficients of electrolyte 
solutions (1 -4). In this technique flows of solute are measured 
by following changes in electrical conductance near the ends of 
short diffusion columns. The concentration gradients are 
sufficiently small that differential diffusion coefficients are 
determined directly without ambiguities arising from the 
concentration-dependence of the diffusivity. Cell calibration 
with materials of known diffusivity is not required. Further- 
more, diffusion can be measured conductimetrically at low 
concentrations of theoretical interest where other methods are 
unreliable. 

Soon after the Harned method was developed Fujita (5) 
proposed moments analyses that would extend conductimetric 
experiments to ternary mixed electrolytes and thus enable 
studies of coupled diffusion. Unlike pseudo-binary treatments 
of restricted-diffusion (6, 7) which rely on numerical dif- 
ferentiation of experimental data, moments methods em- 
ploy inherently more-accurate integration of conductance 
data. Unfortunately, Fujita's treatment applies only to sym- 
metrically-sheared cells in which the initial diffusion boundary 
is formed half-way along the diffusion channel. Experience has 
shown that cells of this design are unreliable for studies of 
multicomponent diffusion owing to convection currents formed 
when dilute solutions are sheared (6). Consequently, moments 
methods, despite their promise, have not been applied to 
restricted-diffusion experiments. Yet integration techniques for 
analysis of free-diffusion experiments are well-established and 
accurate (8 - 10). 

Initial concentration gradients are formed in conventional 
Harned cells with a needle and syringe by injecting a small 
volume of concentrated (i.e. dense) solution into the bottom of 
the solution column (3, 4). In addition to minimizing con- 
vection the injection procedure simplifies construction and 
operation of the cells. The purpose of this paper is to adapt 

Fujita's moments analysis (5) to conventional cells in which 
initial boundaries are formed at arbitrary levels along the dif- 
fusion channel. The difficult task of determining ternary dif- 
fusion coefficients is then reduced to simple numerical integra- 
tion of conductance data. The equations that are developed can 
also be used to analyze optical (1 1) or diaphragm cell ex- 
periments (12) in which a concentration-dependent property 
(such as density, refractive index, or optical absorbance) is 
monitored at two fixed levels along the path of diffusion. 

The moments procedure is used to determine diffusion coef- 
ficients for aqueous sodium sulfite + sodium hydroxide solu- 
tions. The results are analyzed to obtain the ternary diffusivity 
of aqueous sulfur dioxide in alkaline solutions. Data for these 
systems are useful in order to describe transport of SO2 in 
solutions used to scrub flue gases. At high pH values coupled 
flow of hydroxide ions is shown to produce a sharp increase in 
the diffusivity of the aqueous SOz component (i.e. total SO,). 
To aid interpretation of the results binary diffusion coefficients 
for aqueous Na2S0, solutions are also reported. 

2. Experimental 
Equipment nrld procedure 

The diffusion cells had cylindrical diffusion channels (0.03-0.05 
m height, 0.0127 m diameter) machined from polypropylene or poly- 
ethylene. Pairs of circular platinum electrodes (0.001 m diameter) 
were set in the cell walls at levels one-sixth and five-sixths of the 
distance between the top and bottom of the channels. Each cell was 
sealed with a greased giass slide. 

Initial concentration gradients were prepared by injecting 0.1-0.5 
mL of electrolyte into the bottom of each diffusion chamber. The 
concentrations were adjusted so that the initial gradient vanished for 
one of the solutes. Resistances were measured with a Jones bridge. 
Details of the equipment and procedure can be found elsewhere (3 ,4 ,  
6, 7). 

Reagent grade Na2S03 was dried in a vacuum oven at 130°C and 
used without further purification. Stock solutions of NaOH were pre- 
pared by dilution of saturated solutions that had been filtered through 
sintered glass to remove insoluble carbonate. 
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Binary diffusion 
Binary diffusion coefficients for aqueous NazS03 solutions were 

determined from conductance readings using the equation (2, 4) 

in which a is the length of the diffusion channel and AK(t) = 
(kB/kT)KB(t) - KT(t) is proportional to the difference in specific 
conductance between the bottom (B) and top (T) electrode pairs at 
time I. KB and KT are the measured reciprocal resistances and ke/kT 
is the cell constant ratio. The slope of In AK(t) against t was estimated 
by least squares. 

Ternary drffusion 
Mass transport of two solutes in one dimension under isothermal, 

convection-free conditions is described by ternary diffusion equations 

in which c; are solute concentrations in moles per unit volume, t is the 
time, and x is the distance coordinate. Ternary diffusion coefficients 
D,, are treated as constants. This approximation is valid for small 
concentration gradients. 

For restricted diffusion in a column of height a ,  flows of solute 
through the bottom (x = 0) and top (x = a )  of the column vanish. 

[4] ac,/ax = 0 (I = 0 and .r = a ,  t > 0) 

At time t = 0 a sharp initial boundary is formed at level .r = € a  

where F i  is the mean cell concentration for solute i and Acjl1 is the 
difference in concentration of solute i across the initial boundary. (For 
a symmetrically-sheared cell: E = 0.5. If the boundary is formed by 
injecting a small amount of electrolyte into the bottom of the solution 
column: E << 0.5.) 

Solutions c;(x, t )  to eqs. 121, [3] with boundary conditions [4] and 
initial conditions [5], [6] have been obtained by Fourier analysis (6). 
The series expression for the difference in solute conccntrations 
between reference levels x = a /6  and I = 5a /6  

converges so rapidly that after a short waiting period only the first 
terms are significant. 

{[(DII  - D2)Aclo + DlzAczol exp ( - p D l t )  + [(D22 - D2)Acl0 - DIzAc~O] exp (-pDzt)} 
L81 Acl(t) = Q D ,  - Dz 

{L-D~IAcIo + ( D I I  - Dl)Ac2~ll exp ( - P D l t )  + [DzIAclo + ( 0 2 2  - D l ) A c ~ ~ 1  exp ( -pD~t )}  
191 A ~ z ( t )  = Q D? - Dl 

where Q and p are geometric factors 

[lo] p = l T 2 / a 2  

[I I] Q = ( 2 f i / n )  sin ( n ~ l a )  

and eigenvalues D; are defined by 

1121 Dl = {DII  + Dzz + ( D l )  - Drz) [I + 4 D I z D Z l / ( D l l  - ~ ~ 2 ) ' ] " ~ } / 2  

I ]  Dz = { D I I  + Dzr - (011 - DZ2) [I + 4D12D21/(D11 - ~ 2 2 ) ~ ] ~ " } / 2  

Because the solute concentration differenccs are small the difference in specific conductance AK(t) between the two reference levels for a 
weakly associated or a strong electrolyte mixturc is a linear function of the differenccs in solute concentration 

Partial specific conductances of the components, S i  = aL/aci, are evaluated at the final composition E l ,  cz. Upon substitution of eqs. (81 and 
[9] into eq. [14], we obtain 

[Is]  AK(t)/AK(O) = A l  exp ( -PD, t )  + ( I  - A l )  exp (-PDzt)  

for the normalized conductance difference. Constant A is given by 

where X I  is the fraction of the initial conductance difference due to solute 1 

Moments arzalysis 
How can ternary diffusion coefficients be evaluated from mea- 

surements of AK(t)? Following Fujita (3, consider zeroth and first 
time moments of the normalized conductance difference 

[I 81 I. = ~ = [ A K ( ~ ) / A K ( o ) ] ~ ~  

Integration gives expressions for the moments as functions of X 

- - 

[211 Il(X1) = II(0) + [Il(l)  - I1(0)lXl 

where 

[221 Id01 = [ D I I  - (SI /SZ)DIZ) /PDIDZ 

[23] Io(l) = [Dzz - ( S Z I S I ) D ~ I I / P D I D Z  

L241 II(O) = [Dl 1Io(0) - (Sl/Sz)D IZIII(I )l/PD 1 0 2  

[25] 11(1) = [DzzIo(l) - ( S ~ / S I ) D Z I I ~ I ( O ) I / P D , D ~  

After some algebra it develops that the ternary diffusion coefficients 
are remarkably simple functions of the lower moments 
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FIG. I.  Normalized conductancc differencc plotted against time for 
cl(Na2S03) = 0.005 rnol dm-'and c2(NaOH) = 0.035 rnol dm-'. 
Areas under top curve (initial gradient in Na2S03) and bottom curve 
(initial gradient in NaOH) determine moments 10(1) and la(0), 
respectively. 

Equations [25]-(291 reduce the difficult problem of computing 
ternary diffusion coefficients from conductance data to the much 
easier problem of determining moments. For simplicity, we chose to 
evaluate lo(0), 1 (O), 10(1), and I I ( I) by direct numerical integration of 
conductance vs. time data from two experiments: one with initial 
gradient entirely in solute I (AczO = 0, X I  = I), the other - per- 
formed in the same cell - with the initial gradient entirely in solute 
2 (Ar lo  = 0, XI  = 0). Since lo and 1,  vary linearly with X I ,  however, 
plotting measured values of lo and I l  against XI  for values of XI other 
than 0 or 1 would yield the required values of 111(0), 1,(0) and lo(l),  
11(1) as intercepts. 

The analysis of conductimetric data is simplified by omission of 
higher order terms (-exp [ -25n '~~i /n ' ] )  from eqs. [8], [9], and [I51 
(I) .  This approximation is valid provided conductance readings are 
taken for I > n ' / 5 0 ~ ,  where D j  is the smaller of the two eigenvalues. 
If D,  - 1 X mZ s-I and n - 0.05 m, for example, conductance 
data may be analyzed for I > 50 000 s, about one-half day. 

By definition, moments lo and I ,  are obtained by integration of 
conductance data from I = 0 to infinity. When moments were evalu- 
ated from experimental data, it was necessary to estimate values of the 
conductance difference for values of I outside the interval of actual 
conductance measurements. Suppose conductance readings begin at 
t = ti and end at t = tr. As a first approximation, values of Dir were 
computed by integrating data available on the interval ti to I,.. These 
Dik values were used to estimate A I ,  D I ,  and D Z ,  and thus obtain an 
approximate expression for the conductance difference using eq. 1151. 
This expression was integrated analytically on intervals 0 to ti and t r  
to infinity to estimate contributions to I ,  and I I  from outside the range 

FIG. 2. r ,(Na2S0,) = 0.005 mol dm-' and cZ(NaOH) = 0.035 rnol 
dm-'. Areas under the top curve (initial gradient in Na2S03) and 
bottom curve (initial gradient in NaOH) determine l l (1)  and I1(0). 

of conductance readings. The cycle was repeated until changes in the 
estimates of D,, were negligible. In practice only two or three iter- 
ations were required. 

~nequall~-spaced AK(t)/AK(O) or iAK(i)/AK(O) versus t data can 
be integrated numerically by using non-linear least-squares to fit the 
appropriate exponential function (eq. 1151 for example) to the data, 
followed by analytic integration of the functions so obtained. We 
chose simply to fit each set of three adjacent points to a quadratic 
polynomial in I then integrated the polynomial, i.e. Simpson's rule on 
unequal intervals. Representative data are shown in Figs. I and 2. The 
excellent fits which were obtained provided a check on the internal 
consistency of the moments analysis procedure. 

3. Results and discussion 
Na,SO, + HzO 

Binary diffusion coefficients for aqueous Na?SO-( solutions 
were determined at 2S°C. The  results of the measurements are 
summarized in Table 1. Uncertainties in the cell height ( i 2 x  
lo-' m) and cell constant ratio limit the accuracy of the data to  
2 0 . 3 % .  

The  limiting diffusion coefficient of the salt, D o ,  was esti- 
mated from the data using the "self-consistent" equation for 
unsymmetrical electrolytes (1 3) 

where A ,  is the first order electrophoretic correction and y, is 
the mean ionic activity coefficient on the molar-concentration 
scale. Thermodynamic factors c d  In y,/dc were calculated 
from activities recommended by Goldberg (14). For this salt, 
however, accurate evaluation of D o  was impossible because of 
large departures of the measured diffusion coefficients from 
values predicted by eq. [30]. This behavior may result from 
formation of ion pairs o r  from uncertainties in the activity 
coefficients, which at these low concentrations, are obtained by 
lengthy extrapolation of isopiestic data obtained above 0 . 2  mol 
dm-3 (14- 16). Similar departures from predicted behavior 
have been observed for diffusion of aqueous NazSOJ ( 17, 18). 

In Fig. 3 diffusion coefficients for aqueous Na?S03 solutions 
are compared with those for NazSO, obtained previously by 
optical (17) and conductimetric (20) methods at 25°C. D values 
observed for Na2S03 solutions are displaced 0 . 0 4  ( 2  0.01) x 
lo-' m2 s- '  below those for Na2S0, solutions. In order to 
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TABLE I. Binary diffusion coefficients of aqueous Na2S0, + Hz0 at 25°C 

clrnol D/IO-9 m2 s-' -cd In y,/dc -A1/lO-'  m2 s - '  D'IIO-' rn2 s-' 

TABLE 2. Temary diffusion coefficients for Na2S0,(I) + NaOH(2) + H20 obtained by moments 
analysis" 

- - 
c I c 2 D I I  D 12 DZI  D 22 

(rnol (rnol dm-,) (lo-' rn2 sf ' )  (lo-' rn2 s- ')  ( l  r n  s )  (lo-' rn2 s-') 

"Predicted values are in parentheses. 

estimate D0(Na2S03) and hence XO(SO?-), we will assume that 
D0(Na2S04) - D0(Na2S03) = 0.04 X m2 s-I. The value 
D0(Na2S04) = 1.231 x m2 s-' is accurately known from 
conductances of Na' (19, 20) and SO:- (21). Therefore, we 
obtain the approximate values of D0(Na2S03) E 1.19 x 
m2 s-I and X0(S032-) = 0.00735 m2 S equiv.-I. For com- 
parison: XO(cO?-) = 0.00693 (22) and XO(SO:-) = 0.008002 
m2 S equiv.-I (21). 

Na2S03(c,) + NaOH(c2) + H 2 0  
Ternary diffusion coefficients for Na2S03 + NaOH mixtures 

were determined by moments analysis at six compositions. 
Each experiment was performed in triplicate. The results are 
listed in Table 2. 'The conductance data were also analyzed by 
the pseudo-binary method (7); the results are shown in Table 3. 
The two methods gave ternary diffusion coefficients of similar 
precision that agreed within the suggested uncertainties (? two 
standard deviations). The moments analysis, however, was 
more direct and computationally simpler. As an additional 
check, L,k coefficients defined by transport equations 

2 

[311 -J ,  = C L,kVp.k 
!,=I 

were obtained from experimental D,!, values using the relation 
2 

[321 Dik = C ~i,,ap.,,/ack 
tn= I 

Values of ap.,,/ack shown in Table 4 were obtained by differ- 
entiation of the expressions 

F a .  3. Binary diffusion coefficients at 298.15 K plotted against 
concentration for: Na2S04, top curve, + (Hamed and Blake (18)), 0 
(Rard and Miller (17)); Na2S03, bottom curve, this work. 

for the solute chemical potentials. Because the solutions 
were dilute (ionic strength S 0.1 mol dm-3), it was feasible 
to evaluate the activity-coefficient terms from Guggenheim 
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TABLE 3 .  Ternary diffusion coefficients for NalSO,(l) + NaOH(2) + HIO determined by the pseudo- 
binary method 

- 
c I c2 D I I  D 1 2  DZI D 22 

(mol dm-') (mol dm-') (lo-' m2 s-I) (10 '  m2 s )  m2 s-') (lo-' m2 s-I) 

TABLE 4. Values of (api/aca)/RT for Na,S03(l) + NaOH(2) + H20 

c 1 c2 (apI/acI)/RT ( a p I / a c 2 ) I ~ ~  (ap2Iac2)IRT 
(mol dm-') (mol dm-') (dm3 mol-') (dm" mol-I) ( d m h o l -  I )  

TABLE 5 .  Lia coefficients for Na2S0,(1) + NaOH(2) + H,O" 

c I c2 RTL I I RTLlz RTLzr RTLZ, 
(mol dm-') (mol dm-') (lo-' rnol m-' s-I) rnol m-' s-I) (1W9 rnol rn-' S - I )  (1W9 mol m-' s-I) 

"Predicted values are in parentheses 

expressions (23) 

[35] In y,, = - [ 1 . 1 7 8 d / ( 1  + d ) ]  + [(4Blc,  
+ (B, + 2B,)c2)/31 

[36] In y,, = - [ 1 . 1 7 8 d / ( 1  + ~ ) ]  + (0.5B1 + B2)cI 
+ B7c2 

The empirical ion-interaction coefficients B = 1.0 1 and 
B, = 0.08 dm2 mol-' were determined from binary activity 
coefficients for each electrolyte (14, 24). 

Experimental values of L,, coefficients derived from the dif- 
fusion data are given in Table 5. Because it was necessary to 
take differences between numbers, the precision of the L,, 
values is not as good as for the D,, data. Nevertheless, the 
results are consistent with the Onsager reciprocal relation L,, = 
L,, (25) which provides an independent check of the results. 

Comparison of Tables 1 and 2 shows that the binary dif- 
fusivity for aqueous Na2S03 solutions is similar to D l  I ,  the 
ternary diffusivity of the salt in aqueous NaOH solutions. The 
mobility of Naf is about 35% larger than the mobility of SO3'-. 

When Na2S03 diffuses, the induced electric field tends to slow 
down Naf and speed up SO3'- in order to keep the solution 
electrically neutral. If the solution contains NaOH, the electric 
field produces co-current flow of OH-. Thus, values of the 
cross-diffusion coefficient D2 ,  (which measure coupled flow of 
NaOH per unit gradient in concentration of Na2S03) are posi- 
tive. When NaOH diffuses in aqueous solutions of Na2S03, 
highly mobile hydroxide ions (AO(OH-) = 0.01983 m2 S 
equiv.-' (26, 27)) can diffuse more rapidly than Na'. In this 
case the relatively large electric field along the gradient in 
NaOH produces substantial counterflow of SO3'-. For this 
reason values of D l ,  are large and negative. 

In Tables 2 and 5 experimental transport coefficients are 
compared with theoretical values estimated from the limiting 
mobilities of the diffusing ions by previously reported methods 
(28, 29). Though not quantitative, agreement is good. Trends 
in the observed transport coefficients are correctly predicted. 

S02(c, ') + NaOH(c2') + H 2 0  
Finally, we consider diffusion of sulfur dioxide dissolved in 
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TABLE 6. Ternary diffusion coefficients of SOz(clf) + NaOH(czl) + Hz0 at 298.15 K" 

C I '  c2' D I I '  D 12' DZI '  D22' 
(mol dm-') (mol dm--') m2 s-') ( 1 0 - b 2  s-I) ( 1 0 - b m '  s f ' )  (lo-' m2 S - ' )  

"Predicted values are in parentheses. 

strongly alkaline solutions. If c , ' ,  the formal concentration of region of the system with the higher SO, concentration is de- 
the SO, component, is less than one-half of cz l ,  the formal pleted in free OH- by formation of sulfite. As highly mobile 
concentration of the NaOH component, essentially all of the OH- diffuses rapidly towards this region, the induced electric 
SOz component exists in solution not as molecular SO, but as field produces counterflow of in order to maintain 
NazSO, produced by the neutralization reaction (30) electroneutrality. 

K(298.15 K) = 1.05 X 10" (mol dm-')-' 

In this concentration region where SO3'- is the major trans- 
porting species for the SO, component the ternary diffusion 
coefficients Dik for mixed electrolytes NazS03(c,) + NaOH(c,) 
are closely related to diffusion coefficients D,' for solutes 
SO,(c ,') + NaOH(czl). 

What is the relation? Note that a solution of formal com- 
position (c , ' ,  czl)  is identical to one of composition ( c , ,  c, + 
2cl) .  The two sets of concentrations are related by 

[37] cil = C Ail;cl; 
k =  I 

with A,  I = 1,  A ,, = 0, Azl = 2, and All = 1.  It is easily shown 
(7) that coefficients Djk and Dik' are related by the linear 
transformation 

[38] D' = ADA- '  

which gives 

Table 6 gives diffusion coefficients for aqueous SOz + NaOH 
mixtures that were calculated from measurements on Na,SO, + 
NaOH solutions. 

The diffusivity of SO, in aqueous NaOH solutions, Dl, ' ,  
varies rapidly with composition. For solutions rich in NaOH, 
D , , ' approaches the tracer diffusion coefficient of SO,'-, about 
1.0 x m2 s-' (6). But for higher proportions of SO,, 
observed values of D l , '  increase sharply and reach values sig- 
nificantly larger than the binary diffusivity of SO, at similar 
concentrations: 1.92 X to 2.08 X mZ s- '  (31). The 
enhanced ternary diffusivity of the SO, component results from 
coupled flow of OH-. When a gradient in concentration of the 
SO, component is formed in an aqueous solution of NaOH, the 
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Kinetics and mechanism of the oxidation of mercury by peroxidase 
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DONALD C.  WICFIELD and SEASON TSE. Can. J .  Chem. 63, 2940 (1985). 
The kinetics of oxidation of zero-valent mercury by the horseradish peroxidase system are reported. The reaction is first order 

in mercury and first order in peroxidase compound I, and appear to obey these kinetics to completion of the reaction. The 
second order rate constant is 8.58 x 10' M-' min-' at 23OC. The data are consistent with a simple two-electron transfer from 
mercury to the iron-heme system of peroxidase with the enzyme acting as a chemical oxidant that is continually being 
regenerated by reaction with hydrogen peroxide. 

DONALD C.  WICFIELD et SEASON TSE. Can. J. Chem. 63, 2940 (1985). 
On a dCterminC la cinCtique de I'oxydation du mercure (Ctant d'oxydation Cgal i zCro) par le systkme de la peroxydase du 

raifort. La reaction est du premier ordre en mercure et du premier ordre en composC I de la peroxydase et il semble que la 
reaction obCisse i cette loi jusqu'i ce qu'elle soit complkte. La constante de vitesse du deuxikme ordre est 8,58 x 10' M- '  
min-', a 23°C. Les donnCes sont en accord avec un transfert simple a deux Clectrons, du mercure au systkme fer-hkme de 
la peroxydase, au cours duquel l'enzyme agit comme un oxydant chimique qui est constamment rCgCnCrC par une rtaction avec 
le peroxyde d'hydrogkne. 

[Traduit par le journal] 

One of the challenges of modem chemical toxicology is the 
transformation of chemical-induced clinical symptoms to the 
identification and study of the fundamental chemical reaction 
underlying the symptom. In the case of elemental mercury 
toxicity, much of the reaction identification work is already 
complete. Through the elegant and wide-ranging work of 
Clarkson, Magos, and Nielsen-Kudsk and their co-workers it 
has become clear that the crucial chemical step is the oxidation 
of zero-valent mercury to the divalent mercuric ion and that this 
oxidation is caused by the enzyme catalase (1 -7). It is thought 
that this step occurs both in blood, where it would serve as a 
detoxifying reaction, preventing or lessening the migration of 
mercury to the brain, and also in the brain where the formation 
of mercuric ion would have disastrous consequences. 

Recently we have demonstrated the utility of the cold vapor 
atomic absorption method for separate analysis of zero-valent 
and divalent mercury (8), and also established the conditions 
whereby the mercury oxidation by the catalase system can be 
studied in homogeneous solution (9). In addition, we found that 
the closely related enzyme peroxidase also acted effectively as 
an oxidant of mercury, although somewhat more slowly than 
the catalase oxidation (9). Although a detailed kinetic study of 
the catalase system has not yet been reported, we now wish to 
document the kinetics of the oxidation of mercury by per- 
oxidase. These studies provide answers to some of the key 
questions on the mechanism of this fascinating reaction. 

Results and discussion 
Peroxidase, in common with catalase, is an enzyme pos- 

sessing as a prosthetic group the ferriprotoporphyrin IX nucleus 
shown in Fig. 1.  While peroxidases are widespread in both 
animal and plant sources, one of the richest is horseradish 
roots, and this enzyme (EC 1.11.1.7) has not only been exten- 
sively studied, but is also commercially available in purified 
form. Particularly good summaries of the structure and func- 
tion of the peroxidases have been presented by Dunford 
and Stillman (1976) ( lo) ,  and by Dunford (1982) (1 1). The 
molecular weight of horseradish peroxidase is about 42 000; it 
contains about 18% carbohydrate ( 1  l ) ,  and the primary 
structure of the polypeptide portion has been determined (12). 

In considering the possible mechanisms by which mercury 
might be oxidized by peroxidase, we wished to address the 
following questions: ( I )  Is the oxidation a two-electron, one- 
step process, or a sequence of two one-electron steps? (2) What 
is the role, if any, of the mercurous state in the reaction? ( 3 )  
What is the role of hydrogen peroxide in the reaction? (4) What 
is the species of enzyme that effects the oxidation? (5) What is 
the kinetic rate law and the overall rate constant for oxidation? 
(6) What is the active site on the enzyme that is used for 
mercury oxidation? (7) Is the oxidation truly enzymatic, or is 
the enzyme consumed in the process? 

Our earlier work had shown-a distinct difference in oxidizing 
capability between catalase and peroxidase (9). Catalase oxi- 
dizes mercury rapidly and effectively both in the presence and 
in the absence of hydrogen peroxide, perhaps indicating multi- 
ple mechanisms, but peroxidase, while oxidizing mercury ef- 
fectively in the presence of hydrogen peroxide, was much more 
sluggish at achieving oxidation in its absence. The conditions 
we focussed on for the present study, then, had peroxidase, 
hydrogen peroxide, and elemental mercury as the species 
present. Figure 2 shows a typical disappearance of HgO under 
these conditions, where the main variable is hydrogen peroxide 
concentration. Two features are noteworthy in this figure. 
Firstly, the problem of mercury adsorption is under control. 
This is a major technical problem in handling trace quantities 
of metals; however, the control points on the figure show that 
although approximately 10% of the mercury is lost in the first 
few seconds of the reaction, thereafter the amount of mercury 
remains essentially constant. The second point is that raising 
the hydrogen peroxide concentration from equimolar with per- 
oxidase concentration over three orders of magnitude makes 
very little difference to the rate of mercury oxidation. Clearly 
the reaction is not dependent on the concentration of peroxide. 

This is not a surprising result. Peroxidase is known to react 
rapidly and essentially irreversibly (K = 1014 M-I) (13) to form 
the so-called peroxidase compound I (HRP-I), a species that 
contains one, and only one, atom of oxygen from peroxide 
attached to iron (14). 

Hz02 
HRP HRP-I 
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WIGHELD AND TSE 294 1 

RG. 1. The ferriprotoporphyrin IX prosthetic group of catalase and 
peroxidase. 

0- [HRP-I] m 3 . 1 ~  10-8 M 
0-0 
A-A = 1.12 x 1015 M 
0-0 = 3 1  x 10 M 
0-0 

7 

TIME (rnin) 

RG. 3. First order plot of the logarithm of remaining Hg(0) as a 
function of time. 

TABLE 1. Pseudo-first order rate constants for Hg(0) oxidation 
by HRP-I under homogeneous conditions; [Hg] = 1.24 x lo-' M 

FIG. 2. Disappearance of mercury in the presence of HRP and 
variable concentrations of H202. 

In the presence of adequate peroxide, then, the essentials of 
the reaction system consist only of mercury(0) and HRP-I. 

Partly in order to avoid the adsorption complications that 
would arise from attempting to make many measurements on 
the initial portion of the reaction, in the classical enzyme kinet- 
ics fashion, we considered the possibility that the reaction 
would permit normal chemical kinetics treatment. Kinetically 
the reaction may be written: 

Rate = k [Hg] " [HRP-l] 

and, if the rate law is unchanged throughout a significant 
portion of the reaction, the kinetic problem becomes one of 
determination of the powers a and b. 

If hydrogen peroxide is in excess, and the consumed HRP-I 
can be rapidly recycled back to HRP-I by H,Oz (a critical 
assumption that is returned to later), the concentration of HRP-I 
throughout the reaction remains constant, and the system is set 

[HRPI [HzOzl k Correlation 
( X  10%) ( x  lo6 M) (min- ') coefficient 

up for pseudo-order kinetics. The oxidation of mercury was 
therefore followed at various concentrations of HRP-I and the 
logarithmic first-order test of these data is shown in Fig. 3. The 
linearity of these plots clearly establish that the reaction is first 
order in mercury. It would be desirable to establish that the 
linearity of the first-order plots and the constancy of rate con- 
stant remain over a wide concentration range of mercury con- 
centration. In practice, however, this cannot be done since 
there exists a factor of only about 20 between the maximum 
concentration of mercury obtainable in aqueous solution, and 
the minimum concentration that can reliably be analysed by 
cold vapor atomic absorption analysis. 

The pseudo first order rate constants obtained at various 
concentrations of HRP-I are summarized in Table 1. To test 
whether the dependence on HRP-I was also first order, the plot 
of pseudo first order rate constant versus concentration is 
shown in Fig. 4 and is also linear. Thus the rate law may be 
written as: 

Rate = k [Hg(O)] [HRP-I] 
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FIG. 4. Plot of pseudo first order rate constants of mercury oxidation as function of peroxidase compound I concentration. 

1 (nm) 

FIG. 5.  Absorption spectra of HRP and HRP-I. 

where k = 8.58 X lo5 M-'  min-' at 23OC. 
The  fact that the reaction can be treated by this method, and 

in particular that pseudo-order kinetics hold, was based on the 
assumption of constant HRP-I concentration over a kinetic run, 
and this is an important finding that bears directly on the ques- 
tion of one- or two-electron steps in the oxidation. HRP-I is two 
oxidation states higher than native peroxidase. The complete 
oxidizing capability of hydrogen peroxide has been transferred 
to it. Between HRP-I and native enzyme, in terms of oxidation 
state, lies peroxidase compound I1 (HRP-11). This species is 
also an oxidizing agent, although less powerful than HRP-I. 
W e  have tested the oxidizing power of HRP-11 to mercury and, 
as expected, mercury is oxidized although at a slower rate than 
by HRP-I. If HRP-I oxidizes mercury by a single two-electron 
step, then the HRP-I is reduced to native enzyme which can 
then be rapidly reconverted to HRP-I by hydrogen peroxide. 
The  kinetic treatment above depends on this effective constant 
concentration of HRP-I, and the results are consistent with this 
scheme. O n  the other hand, if mercury were oxidized by a 
one-electron oxidation (initially to mercurous ion, which might 
then be further oxidized either directly or  via disproportion- 
ation), HRP-I would be converted not to native enzyme but to 
HRP-11. This would severely upset the kinetics, because HRP- 
I1 can neither oxidize mercury as fast as HRP-I, nor can hydro- 

gen peroxide rapidly convert HRP-11 back to HRP-I. The only 
way in which the linear kinetics reported above, in which 
mercury and peroxidase are approximately equimolar, could be 
consistent with HRP-I1 formation would be the circumstance 
that HRP-11 were an unusually effective oxidant of the mercu- 
rous ion, and experimentally this is not the case. It would 
appear, then, that the kinetic results are consistent only with 
a one-step two-electron oxidation of mercury directly to the 
mercuric ion. 

Spectral confirmation of this conclusion was also obtained. 
'The absorption spectra of HRP, HRP-I, and HRP-I1 are shown 
in Figs. 5 and 6 and are readily distinguishable. In fact most 
kinetic studies on peroxidase have made use of the spectral 
properties of the enzyme in order to follow reactions (1 I).  
Conducting the mercury oxidation by HRP-I, but not with 
excess hydrogen peroxide so  that the enzyme cannot recycle 
back to HRP-I allows examination of the enzyme spectrum to  
see if there is any indication of HRP-I1 formation. In several 
trials, no such indication was obtained, consistent with the 
clean two-electron process deduced from the kinetic evidence. 

Mechanistic conclusions 
The  questions posed at the outset of this article can now 

largely be answered. The species of enzyme that is the most 
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FIG. 6. Absorption spectra of HRP and HRP-11. 

effective oxidant is HRP-1. This is a much more effective 
oxidant than native peroxidase and since the difference be- 
tween these species is-the addition of an oxygen atom at the iron 
of the heme prosthetic group, clearly, as in the case of all other 
reactions of peroxidase, this is the active site for the oxidation 
of mercury. The kinetics, supported by spectral evidence, show 
that the key step is a two-electron oxidation of Hg(0) to Hg(II), 
with HRP-1 being converted back to native peroxidase in the 
process. The observation of linear chemical kinetics over all the 
observable reaction is itself of interest. On the one hand, it 
would appear that the reaction is a very simple one with HRP-I 
acting essentially as a recycling active oxidant rather than as a 
true enzvme: on the other hand. even in that case it is unusual 

& .  

that there is no evidence of product inhibition of the enzyme, 
since the mercuric ion would normally be expected to bind to 
almost any protein. This lack of product inhibition is probably 
a reflection of the total lack of involvement of any part of the 
enzyme in the reaction other than the heme prosthetic group. 

'The reaction may be summarized as follows: 

Hg(0) + HRP-I - HRP + Hg(ll) u m 

where k = 8.58 x 10' M-'  min-'. 
The mechanism of HRP-I formation from HRP has already 

been extensively studied by Dunford and by others (1  I ) .  The 
structure of HRP-1 is now considered to involve the addition of 
a single oxygen atom to iron, with iron in the formal oxidation 
state of 5 + .  There is a great deal of evidence, however, that 
this oxidation state is more realistically depicted as 4+ by the 
transfer of an electron from the porphyrin ring system.  h his 
process may be represented as shown in Fig. 7. The crucial 
oxidation step following is presumably a simple two-electron 
transfer from mercury to oxygen, followed by cleavage of the 
iron-oxygen bond as shown in Fig. 7, thus producing mercury 
(11)' and iron (111). 

'We have no further information on the subsequent fate of the Hg" 
formed. Although the usual form of HgO is zigzag-Hg-0-Hg- 
chains, it is soluble in water at the concentrations used here and is 
hydrolysed to form a so-called "hydroxide", actually an equilibrium 
mixture of several species. In the presence of other ions, other basic 
salts can be produced (1 5,  16). 

N,P;N 

N/:"\N I 
His P !$ @ 

HRP HRP- I 

H R P - I  HRP 

RG. 7.  Proposed mechanism of mercury oxidation. 

Experimental 
Reagerzts and solutions 

Horseradish peroxidase (E.C.l.ll  . I  .7, Type X) 
Horseradish peroxidase was obtained as a (NH4)?S04 suspension 

(Sigma Chemical Co., St. Louis, MO., C-100). Solutions were fresh- 
ly prepared by dissolving desired amounts of the enzyme in phobphate 
buffer (pH = 7.00, 0.05 M). The subsequent enzyme concentration 
was determined by the absorbance at 403 nm and the corresponding 
extinction coefficient (= 1.02 X lo4 M - '  cm-') .  The R. 1. value, an 
indicator of purity, was determined as the ratio of the absorbances at  
403 and 280 nm. 

Elemetztal mercury solutions 
Phosphate buffer (250 mL, pH = 7.00, 0.05 M )  was placed in a 

500 mL two-neck round bottom flask, equipped with a septum and a 
side-arm. Distilled mercury (0.2 mL) was placed in the side arm and 
the vessel was shaken overnight, at room temperature, in a metabolic 
shaker. 

Hydrogetz peroxide 
Hydrogen peroxide solutions were prepared daily from 30% stock 

solution (Anachemia Ltd., Montreal, Canada). 

Mercury analysis 
Mercury analysis by Cold Vapor Atomic Absorption, with separate 

determinations for elemental mercury and the mercuric ion, has been 
fully described previously (8). 

Spectral studies 
All spectral studies were performed in Beckman DU-7 U.V./Vis. 

Spectrophotometer. All scans were done using 1.5 mL quartz cells at 
a rate of 600 nm/min. 
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Preparation of HRP-I and HRP-11 
HRP-I. Compound I was prepared by mixing (Vortex) 0.9 mL of 

phosphate buffer and the desired amount of HRP, and various equiv- 
alents of H20z, in a 1.5 mL disposable micro test tube. Its presence 
was confirmed by obtaining the spectra prior to addition to mercury 
solutions. 

HRP-11. One equivalent of HRP, H20Z, and ascorbic acid in phos- 
phate buffer with a final volume of 1 mL, was mixed. The presence 
of HRP-I1 was confirmed by obtaining its absorption spectra prior to 
use. 

Kinetic method 
Into a 10 rnL round bottom flask was placed 10 mL of buffered 

mercury solution. Initial mercury concentration was determined 
before the addition of any oxidants. The desired quantities of HRP 
and/or hydrogen peroxide were then added and mixing achieved by 
means of the sampling syringe for 15 s. The flask was stoppered with 
a glass stopper and sampling done with momentary removal of the 
stopper. Care was taken to ensure that the flask was neither shaken nor 
inverted, as these were found to contribute markedly to loss of 
mercury by surface adsorption. Control runs had mercury solution 
present, but no oxidant, and mixing and sampling were done in the 
same manner. 
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J.-R. CAO and R. A. BACK. Can. J. Chem. 63, 2945 (1985). 
The thermal decomposition of cyclobutane-l,2-dione has been studied in the gas phase at temperatures from 120 to 25OoC 

and pressures from 0.2 to 1.5 Tom. Products were CzH4 + 2C0, apparently formed in a simple unimolecular process. The 
first-order rate constant was strongly pressure dependent, and values of k" were obtained by extrapolation of plots of Ilk vs. 
l l p  to I l p  = 0. Experiments in a packed reaction vessel showed that the reaction was enhanced by surface at the lower 
temperatures. Arrhenius parameters fork", corrected for surface reaction, were log A (s-') = 15.07 (20.3) and E = 39.3 (k2 )  
kcal/mol. This activation energy seems too low for a biradical mechanism, and it is suggested that the decomposition is 
probably a concerted process. The vapor pressure of solid cyclobutane-l,2-dione was measured at temperatures from 22 to 62°C 
and a heat of sublimation of 13.1 kcallmol was estimated. 

J.-R. CAO et R. A. BACK. Can. J. Chem. 63, 2945 (1985). 
OpCrant h des tempkratures allant de 120 a 250°C et dans un intervalle de pression allant de 0,2 a 1,5 Torr, on a CtudiC la 

dCcomposition thermique de la cyclobutanedione-l,2. Les produits de la reaction sont le C2H4 + 2C0 qui sont apparemment 
formCs par une reaction unimolCculaire simple. La constante de vitesse d'ordre un dCpend beaucoup de la tempCrature et 
l'exhapolation des courbes de I lk vs. l l p  jusqu'a I lp = 0 permet d'obtenir la valeur de k". Des expkriences conduites dans 
un rCacteur contenant un remplissage- montrent que, a basse tempkrature, la surface de contact augmente la vitesse de la 
reaction. Les paramkhes dlAmhCnius pour k", comigCes pour tenir compte de la surface de contact, sont: log A (s- ')  = 15,07 
(20,3) et E = 39,3 (?2) kcal/mol. Cette Cnergie d'activation semble &tre trop faible pour un mecanisme biradicalaire et on 
suggkre que la dCcomposition se fait probablement selon un mecanisme concert&. On a mesurk la tension de vapeur de la 
cyclobutanedione-l,2 solide a des tempkratures allant de 22 a 62°C et on a CvaluC que sa chaleur de sublimation est Cgale ti 
13,l kcal/mol. 

[Traduit par le journal] 

Introduction 
Although cyclobutane- 1 ,2-dione (hereafter CBD) was first 

prepared 14 years ago (I),  no studies of its thermal or photo- 
chemical decomposition have been reported. It is an interesting 
example of an a-dicarbonyl compound locked into the usually 
less stable cis configuration; it is also of interest in relation to 
other cyclic ketones, especially cyclobutanone. Both cyclo- 
butanone (2) and several simple a-dicarbonyl compounds 
(3-6) have been the subjects of recent research in this labora- 
tory, and for comparison with these systems we have under- 
taken studies of the spectroscopy, photochemistry, and thermal 
decomposition of CBD in the vapor phase. The present paper 
describes the thermal decomposition. 

Experimental 
Apparatus and techniques were similar to those used previously 

(3-5). The thermal decomposition was studied in a simvle static 
system, using a cylindrical qkutz reaction vessel 1 1.5 cm lon'g and 3.4 
cm in diameter mounted in a tube furnace. A similar vessel packed 
with small quartz tubing was used to test surface effects. The gas- 
handling manifold, quartz-spiral pressure gauge, and reagent storage 
trap were all enclosed in an air thermostat usually held at 40°C, which 
permitted operation at vapor pressures up to 2.2 Tom (I Tom = 133.3 
Pa). Small quantities of CBD, a finely-divided yellow crystalline 
solid, were stored in a cold finger cooled by tap water. When required, 
this was warmed to 35OC, and the vapor allowed to accumulate in a 
reservoir at 40°C until the desired pressure was attained. A pyrolysis 
experiment was begun by expanding this vapor through a stopcock 
into the reaction vessel. This procedure, used previously with oxalic 
acid (7), was necessary because of the rather slow sublimation from 
the solid. 

' NRCC No. 24719. 
NRCC Research Associate, 1984- 1985. Permanent address: 

Chemistry Department, Peking University, Peking, China. 

After the experiment, reagent and products were removed through 
traps held first at - 196'C and then at -78OC, and products were 
measured by gas buret and by gas chromatography. Careful blank 
experiments were done to correct for small amounts of decomposition 
during the preparation and analysis procedures. CBD is light sensitive, 
and light was excluded throughout the experiments. 

CBD was prepared by M. Hrytsak and his colleagues at the Univer- 
sity of Ottawa, using methods in the literature (8). No impurities were 
detected by nmr and mass spectrometry, and the purity would appear 
to be 299%. It was sublimed once into the storage trap after thorough 
degassing, and sublimed again as described before use. 

Results 
Vapor pressure 

The vapor pressure, not previously reported, was measured 
and is shown in a van't Hoff plot in Fig. 1. The straight line 
corresponds to log P (Tom) = 9.460 - (13100/2.3 RT) from 
which AHsub = 13.1 kcal/mol. 

Reaction products 
The thermal decomposition was studied at temperatures of 

120-250°C and pressures from 0.2 to 1.5 Torr. The only 
significant products observed were CO and C2H4; traces of CH, 
and C02 were seen, but these were less than 0.1% of the C2&. 
The ratio C 2 h / C 0  was found to be 0.48 +- 0.05, with perhaps 
a slight downward trend with increasing pressure within the 
experimental scatter. It appears that the thermal decomposition 
can be described to a good approximation by the simple 
reaction 

Rate measurements 
First-order rate constants were calculated for reaction [I] 

based on formation of C 2 h ,  which could be more accurately 
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I I 

FIG. 1. The equilibrium vapor pressure of solid cyclobutane-1,2- 
dione. 

TABLE 1. First-order rate constants for the decomposition of CBD 
(s-' X lo-") 

k" 
T ("C) (unpacked vessel) 

k" k" 
(packed vessel) ko (homogeneous) 

0.20 0.85 
4.41 

0.57 4.42 
18.6 

1.2 18.9 
0.04 83.8 

112 
0.0 194 

measured than CO. These were found to be independent of 
conversion (1-60%), confirming that no other reaction paths 
were important, but did show strong pressure dependence, 
increasing with increasing pressure (Fig. 2). Data for two tem- 
peratures are shown in a plot of l l k  vs. l / p  in Fig. 3, and from 
the intercepts of such plots, using least-squares analysis, values 
of ky were obtained, and are shown in Table 1. 

S u ~ a c e  effects 
Experiments in the packed vessel ( S / V  = 5.6, compared to 

1.45 cm-' in the unpacked vessel) showed enhanced rates of 
decomposition at temperatures below about 200°C. The first- 
order rate constants were again pressure dependent, and values 
of ky were obtained as before by extrapolation to lip = 0, and 
are also shown in Table 1. Attempts to suppress the surface 
decomposition by the usual conditioning with a coating of 
pyrolytic carbon were unsuccessful, as this treatment had no 
significant effect in either reaction vessel. Surface reaction 
clearly makes a sizeable contribution at the lower temperatures, 
and initially a correction was made for this to the values of k: 
obtained in the unpacked vessel, based on the usual assumption 
that gas-phase and surface reactions were simply additive and 
that the latter was proportional to surface area. The corrected 

LOG P(TORR1 

FIG. 2. The pressure dependence of the first-order rate constant, k , ,  
for the decomposition of cyclobutane-l,2-dione, measured in the un- 
packed reaction vessel and based on formation of ethylene. 

values, however, led to an impossibly high frequency factor 
(-loi7), and it appears that an overcorrection for surface reac- 
tion was made, probably through systematic differences in the 
extrapolation to l l p  = 0 in the packed and unpacked vessels. 
Correction for surface reaction in the unpacked vessel was 
therefore finally made by a more direct method (suggested by 
a referee) in which KI at each temperature was extrapolated to 
p = 0 in a simple linear plot, and the intercept kO was taken as 
the first-order rate constant for the surface reaction. Values of 
kO were then simply subtracted from k" to yield corrected values 
of k" for the homogeneous reaction, all shown in Table 1. An 
Arrhenius plot of the corrected values (Fig. 4) gave log A (s-') 
= 15.07 (20.3) and E = 39.3 (k2)  kcal/mol. 

Discussion 
It seems well established that cyclobutane and most of its 

substituted derivatives decompose thermally by a biradical 
mechanism (9, 10). The case of cyclobutanone, however, most 
relevant to the present study, has been in some dispute. O'Neal 
and Benson (9, 10) calculated Arrhenius parameters for the 
biradical mechanism close to those observed for dissociation to 
CH,CO + C,H,, with about equal rates for-the two possible 
biradicals, CH2CH2COCH2 and CH2CH2CH2C0, formed by P- 
and a-scission respectively. About 8 kcal/mol of resonance 
stabilization involving the carbonyl group appears to have been 
included in the calculation fpr both radicals, although it is not 
clear how this arises with CH2CH2CH,C0. Subsequent mea- 
syrements (1  l )  of the heats of formation of the CH,COCH, and 
CH2COC,H, radicals, however, gave estimates of the reso- 
nance stabilization of these species of 0 and 2.7 kcal/rnol 
respectively, and it was suggested that the carbonyl group 
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This biradical would also be stabilized relative to CBD by relief 
of the repulsion between the carbonyl groups, which can be 
taken as about 3 kcal/mol, the difference between the heats of 
formation of cis- and trans-glyoxal (6, 14). Taking this into 
account, an additional 10 kcal/mol of stabilization, persisting 
in the transition state, would still be needed to reach the 39.3 
kcal/mol activation energy measured for CBD. All things con- 
sidered, the activation energy seems much too low for a bi- 
radical mechanism, but in view of the uncertainties about the 
role of carbonyl groups in resonance structures, it is perhaps 
not impossible. 

The alternative to a biradical mechanism is a concerted one, 
either a direct fragmentation to C2H4 + CO + CO, or perhaps 
to C2H4 + C202 followed by rapid dissociation of the latter, 
which appears to have little stability (15). It is interesting that 
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2 -  

k' 
I 03s 

I - 

I 
V) 

8,- 
w 3 -  
S 

'The two other biradicals which could be formed from CBD would 
both tend to poduce ketene, which was not formed in the decom- 
position. 

0 -  

peratures, where surface effects were absent, should-be fairly 
accurate, and since the frequency factor is relatively high when 
compared with those observed and calculated for many other 
biradical and concerted decompositions (9, lo), it seems un- 
likely that the activation energy can be much higher than 39 
kcal/mol. 
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FIG. 3. Double reciprocal plots used to obtain k;. IOOO/T ( K )  

FIG. 4. Arrhenius plot of k ; ,  corrected for surface reaction. 
could not develop full allylic resonance. From these data, 
McGee and Schleifer (1 2) argued that the activation energy of the analogous decomposition of cis-glyoxal to H? + 2C0 is a 
52 kcal/mol for dissociation of cyclobutanone was much too major pathway in the thermal decom~osition of glyoxal and in 

low to permit a biradical mechanism, and that the reaction must the dissociation of the vibrationally excited ground state ex- 
be concerted. Blades disputed this (1 3), arguing that uncer- cited ~hotochemically (6, 16); Osamura et al .  ( 17) have shown 
tainties in the calculations were too great to allow any firm that the direct concerted dissociation to H2 + CO + CO is an 

conclusion, and to the present time these arguments do not Process and appears to be the favored path the 
seem to have been resolved, at least in print. They are very The CBD be similar. 

relevant to the present work, since the biradical likely to yield Finally, errors in the Arrhenius parameters are inherent in the 
C2H4 from CBD could be considerably stabilized by allylic need to simultaneousl~ for dependence k l  On both 

resonance of the carbonyl  group^:^ pressure and surface reaction, both of which are in turn de- 
pendent on temperature. Extrapolations of k ,  to l / p  = 0 and to 

o = ~ - c - c H ~ ~ H ~  + O = C = C - C H ~ ~ H ~  p = 0 were relatively long and may have led to systematic 
I I I errors; the confidence limits placed on the Arrhenius parame- 
0 0 ters reflect these uncertainties. Values of k" at the higher tern- 
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Hydrolysis of chlorophosphine ligands on platinum and palladium. 31P and 19'Pt nmr 
studies and the crystal and molecular structures of c~s-[P~C~~(PP~~OH)~].C~H~O 

and [Pd2(p-Cl)2{(P(OEt)zO)zH)zl 

DAVID ERIC BERRY, KATHRYN ANNE BEVERIDGE, GORDON WILLIAM BUSHNELL, AND KEITH ROGER DIXON 
Department of Chemistry, Universiw of Victoria, Victoria, B.C.. Canada V8W 2Y2 

Received December 24, 1984 

DAVID ERIC BERRY, KATHRYN ANNE BEVERIDGE, GORDON WILLIAM BUSHNELL, and KEITH ROGER DIXON. Can. J .  Chem. 
63, 2949 (1 985). 

Controlled hydrolysis of c i~-[PtCl~(PPh~Cl)~]  gives c i~- [P tCl~(PPh~0H)~]  which crystallizes as a tetrahydrofuran solvate in 
the monoclinic space group P2, /n,  with a = 14.647(3), b = 15.089(3), c = 13.107(2) A, P = 91.22(3)'. This is the first 
example of a complex containing a C~S-M(PR~OH)~ group to be structurally characterized since further reaction to P-0--- 
H---0-P ligand systems is the more usual outcome of such hydrolyses. An example of the latter type, [Pd2(p-C1)2- 
{(P(OEt)20)2H)2], crystallizes in the monoclinic space group P2,/c, a = 9.674(2), b = 20.722(5), c = 8.578(2) A, P = 
92.75(3)". Complete X-ray diffraction studies are reported for both crystals. Synthesis and "P{'H} and '95Pt{'H) nmr studies 
are reported for the complexes [PtCl2(PEt,)(PR2Cl)], R = OEt, Ph, Cy, Et, or Bu', which have CIS stereochemistry except when 
R = But, and for c i~-[PtCl~(PR~Cl)~l ,  R = OEt, Ph, or Et, and also for the hydrolysis products, cis-[PtC12(PEt3)(PR&H)], 
R = OEt or Ph, and C~S-[P~CI~(PR~OH)~] ,  R = OEt, Ph, or Et. Analogous products for palladium are generally less stable and 
more difficult to characterize. The complex of products from hydrolysis of palladi~m/P(OEt)~CI compounds is discussed 
in detail. 

DAVID ERIC BERRY, KATHRYN ANNE BEVERIDGE, GORDON WILLIAM BUSHNELL et KEITH ROGER DIXON. Can. J .  Chem. 63, 
2949 ( 1985). 

L'hydrolyse contrBlee du [PtC12(PPh2Cl)2]-cis conduit au [PtC12(PPh20H)2]-cis qui cristallise, sous la forme d'un produit 
de solvatation du tttrahydrofuranne, dans le groupe d'espace monoclinique P21/n avec a = 14,647(3), b = 15,089(3), c = 
13,107(2) A, P = 91,22(3)'. Ce compost est le premier exemple d'un complexe comportant un groupement M(PR20H)2-cis 
qui ait pu &tre caracttrist du point de vue de la structure; en effet, de telles hydrolyses provoquent des rCactions substquentes 
qui conduisent gentralement au systtme de ligand P-0---H---0-P. Un exemple de ce dernier type, soit le 
[Pd2(p-C1)2{(P(OEt)20)2H}2], cristallise dans le groupe d'espace monoclinique P21/c avec a = 9,674(2), b = 20,722(5), 
c = 8,578(2) A et P = 92,75(3)". On rapporte les ttudes complttes de diffraction de rayons X pour les deux cristaux. On 
rapporte Cgalement la synthtse et des etudes de rmn du "Pt{'H) et du '"'Pt{'H) relatives aux complexes [PtCI2(PEt,)(PR2CI)], 
R = OEt, Ph, Cy, Et ou tert-Bu, qui ont une sttrtochimie cis, sauf dans le cas oh R = tert-Bu, ainsi que pour les complexes 
[PtC12(PR2Cl)2]-cis oh R = OEt, Ph ou Et et leurs produits d'hydrolyse, soit le [PtCl2(PEt7)(PR20H)]-cis oh R = OEt ou Ph 
et le [PtC12(PR20H)2]-cis oh R = OEt, Ph ou Et. Les produits analogues du palladium sont en gCnCral moins stables et plus 
difficile h caracttriser. On discute en dttail des complexes rtsultant de I'hydrolyse des composts du type palladi~m/P(OEt)~Cl. 

[Traduit par le journal] 

Introduction 
The reactivity of phosphorus-chlorine bonds is of consid- 

erable importance in phosphorus ligand chemistry, since this 
group is the most usual choice of reactive function for the 
elaboration of phosphorus ligands (1). Typical examples are 
reactions with ROH reagents to form phosphorus ester linkages 
and reactions with Grignard or organolithium reagents to form 
phosphorus-carbon bonds. The added groups may be intro- 
duced to achieve steric or electronic modification of the ligand 
or sometimes to convert the ligand into a potential chelate or 
bridge; either using a group containing a second electron pair 
donor or a reactive function such as C-Cl which can be 
subsequently used to form another metal-ligand bond. 

The chemistry of chlorine bound to coordinated phosphorus 
ligands is much less studied but potentially even more inter- 
esting, offering opportunities for the in situ elaboration of li- 
gands or possibly the formation of bridges to other metal cen- 
tres. Moreover, if cis arrangements of two chlorophosphine 
ligands can be obtained then template syntheses become a 
possibility. In this connection we note the contrast between the 
extensive development of chemistry of nitrogen macrocycles 
and the situation in phosphorus chemistry where macrocyclic 
ligands have been prepared only very recently ( 2 ) ,  and where 
template syntheses are still a rarity (3). 

Knowledge of hydrolysis reactions of these ligands is funda- 
mental to any more extensive study, both to delineate possible 

reaction pathways and to prepare the ground for the ready 
identification of adventitious products in subsequent reactions. 
In the particular case of systems containing cis-M(PR2C1)? frag- 
ments one might expect a simple cis-M(PR20H)I group as the 
first hydrolysis product but in fact more complex and unusual 
products involving P-0-P and P-0---H---0-P linkages 
are normally isolated (4- 11). As detailed below, the inter- 
mediacy of the hydroxyphosphine product is not well estab- 
lished but we propose that the hydrolysis reaction be logically 
divided into the steps shown in Scheme 1 .  The complete 
scheme has not been observed for any individual example and 
the actual sequence may vary. For example, the order of for- 
mation of I11 and IV (or V) is likely to depend on the acidity 
or basicity of the reaction medium and type IV complexes 
could also be intermediates in step 4. However, Scheme 1 is a 
useful framework for discussion and a primary objective of the 
present work is to delineate each of the possible outcomes by 
structural studies. 

In this paper we will report the first full characterisation and 
X-ray structural study of a type I1 complex, namely cis- 
[PtC12(PPh20H)2], obtained as the first hydrolysis product of 
~is- [PtCl~(PPh~Cl)~] .  Synthetic and spectroscopic results re- 
lated to the first two steps of Scheme 1 will also be reported 
together with an X-ray diffraction study of a type I11 hydrolysis 
product, [Pd2(p-C1)2{(P(OEt)20)2H}2]. In subsequent papers in 
this series we will report the details of novel hydrolysis prod- 
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R2 R2 
,P-OH 

R2 

/p-c' I 
Ln M -2HC1 LnM\ + LnM \ -H+ 

'P-Cl +2H,O P-OH 

ucts obtained when R = OEt; a structural study of a type V 
product; and further results on the chemistry and structure of 
metal complexes derived from type I11 products by the replace- 
ment of the hydrogen bonded proton by a metal.' It is therefore 
appropriate at the present stage to briefly review the principal 
literature relating to each step of Scheme 1. 

Formation of a hydroxyphosphine complex as the first step 
in hydrolysis of a coordinated chlorophosphine is well estab- 
lished for cases where only a single chlorophosphine ligand 
is present. Early work by Chatt and Heaton (14) and by 
Kraihanzel and Bartish (15) showed, respectively, that cis- 
[PtCl,(PR,)(PR,CI)] and [Mo(PR?Cl)(CO),J complexes are 
readily converted to the corresponding hydroxyphosphine de- 
rivatives. However, verification of the first step in hydrolysis 
of cis-M(PR,Cl), fragments is more difficult since the reaction 
normally continues on to type 111 complexes. Early thesis work 
by Austin (16) reported the formation of cis-[MCl,(PPh,OH),] 
from the corresponding chlorophosphine complexes for both 
M = Pt and Pd but subsequent workers have isolated only 
type I11 products (5, 11). Thus, reaction of P ~ C I , '  with 
PP~,CI in aqueous acetone yielded only the chlorobridged 
product, [Pd2Cl2{(PPh20),H),] (1 l), and a reinvestigation of 
the hydrolysis of cis-[PdCl,(PPh,Cl),] also failed to isolate the 
simple cis-[PdCl2(PPhzOH),] species (5). Reaction of PtC1,'- 
with PPh2C1 in aqueous acetone gave essentially similar results 
(1 1) but the controlled hydrolysis of cis-[PtC1,(PPh2C1)?] has 
not been reinvestigated. Results on complexes of other metals 
also indicate type 111 products as the most common end result 
of hydrolysis of cis-M(PR,Cl), fragments. Basic hydrolysis of 
cis-[Mo(CO),(PPh2C1)J gives cis-[Mo(CO),{(PPh20)2H)1- (5, 
6); [Ir€l(COD)], with PPh2C1 in aqueous methanol gives 
[IrHC1(COD){(PPh20),H)1 (9, 10); and the corresponding re- 
action using [RhCl(COD)], gives a triple chloride bridged 
product, [Rh2C1j{(PPh20),H)2]- (9). In the work on rhodium 
complexes the authors succeeded in isolating bis(hydroxyphos- 
phine) derivatives, [RhL2{P(OMe),0H),It, by direct reaction 
of (MeO),P(O)H with hydrogenated [Rh(diene)L,It salts but 
not from hydrolyses of chlorophosphines (9). These workers 
have also observed the reverse of step 2 in Scheme 1.  Thus 
[IrHC1{Ph2As(CH2)2AsPh2}{(PPh,0)2H}] may be protonated by 

'Preliminary accounts of parts of this work have been published 
previously (12, 13). 

HBF, to give an unstable fluoroborate salt of the [IrHCl- 
{PhzAs(CH2),AsPh2)(PPh0H)J' cation. In CHC13 solution 
this salt spontaneously eliminates HF to give a BF, capped 
product, [IrHCI{Ph2As(CH2)2AsPh2}{(PPh20)2BF1_)1 ( 10). 

Conversion of a P-0---H---0-P to a chelating P-0-P 
ligand system (step 3 in Scheme 1) has been achieved by 
treatment of ~ ~ S - [ M O ( C O ) , { ( P P ~ ~ ~ ) ~ H ) ] -  with either an acid 
chloride/triethylamine mixture (8) or with trifluoroacetic acid/ 
anhydride mixture (7) to form cis-[Mo(CO),(Ph2POPPh2)]. The 
reaction can be reversed by base hydrolysis (7). This molyb- 
denum complex and its chromium analog are the only known 
examples of chelating Ph,POPPh, ligands and bridging or 
monodentate behaviour is much more common (7). It is there- 
fore not surprising that we have not observed any type IV 
products in our studies of platinum and palladium com- 
plexes. However, details of the formation of [Pt2Cl4{(EtO),- 
POP(OEt),),], a type V complex with a double M-P-O- 
P-M bridge, by hydrolysis of ~is-[PtC1~{P(0Et)~Cl}~] will be 
reported in a subsequent paper. 

Results and discussion 
(a) Synthesis and characterisation 

During their early work on the hydrolysis of cis-[PtCl,(PEt,)- 
(PR,Cl)] complexes, Chatt and Heaton (14) had only very 
limited "P nmr facilities available to them. This lack of data 
prompted us to begin our study with a re-examination and 
extension of these reactions. Cleavage of the chlorobridged 
dimer, [Pt,CI,(PEt3)2], with the chlorophosphines, PR,CI, R = 
OEt or Ph, followed by hydrolysis of the products essentially 
as described by Chatt and Heaton (14) confirmed the successive 
formation of cis-[PtCIZ(PEt3)(PR2C1)] and cis-[PtC12(PEt3)- 
(PR20H)]. We also prepared [PtC1,(PEt3)(PR2C1)] complexes 
for R = Bu', Cy, or Et, and were able to establish the "P nmr 
data given in Table 1.  These results require little comment. The 
shifts and coupling constants follow the expected trends with 
substituent electronegativity and the relatively small magni- 
tudes of 'J(P-P) combined with very large values of 'J(Pt- 
P) indicate cis stereochemistry for all the complexes except 
[PtC12(PEt3)(PBur2C1)]. In this last complex 'J(P-P) is much 
larger and the Pt-P couplings correspondingly reduced, a 
clear indication that the high trans influence phosphorus 
ligands are mutually trans in the square plane. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BERRY ET AL. 295 1 

The only unusual result encountered in this preliminay work 
was the occasional formation of a novel triphosphite derivative, 
[PtzC1,(PEt,),{p-P(O)(OP(OEt)z)?)], during hydrolysis of cis- 
[PtC1,(PEt,){P(OEt)2C1}]. This product has been the subject of 
a preliminary communication (12) and full details will be 
published in a subsequent paper. Under most conditions the 
hydrolysis results in the simple ci~-[PtCl,(PEt,){P(0Et)~0H}] 
complex described here. 

The experience gained during this preliminary study sug- 
gested that derivatives of PPh,Cl and P(OEt),CI were the most 
easily handled; with the former providing the greatest stability 
and the latter the greatest potential for unusual reactivity. In 
consequence we concentrated on these two cases in most of our 
further studies of cis-M(PR,Cl), fragments. Complexes con- 
taining these groupings are readily synthesized by reactions of 
[MCl,(PhCN),] complexes with the appropriate chlorophos- 
phines and use of PPh,Cl with ~is-[PtCl~(PhCN)~l in this pro- 
cess gave cis-[PtClz(PPh,Cl)z] in high yield. A "P spectrum of 
this complex in dichloromethane solution showed a single 
resonance at +72.2 ppm with sidebands due to coupling to ""t 
('J(Pt-P) = 41 10 Hz); the large coupling being typical of 
phosphorus trans to chlorine and a clear proof of cis stereo- 
chemistry. Addition of 2 molar equiv. of water to this complex 
in tetrahydrofuran solution gave small changes in the nmr 
parameters ($70.7 ppm and 4065 Hz) which could easily be 
incorrectly dismissed as solvent effects. However, crystal- 
lization at - 18OC, gave white crystals showing a very strong, 
moderately broad infrared absorption at 900 cm-' comparable 
with the absorptions ca. 880 cm-' reported by Chatt and Heaton 
for v(P-OH) in cis-[PtX2(PR,)(PR?OH)] complexes (14). 
Broad absorption was also observed in the 3300-3400 cm-' 
region as expected for v(PO-H) (14), but the position and 
intensity of this absorption varied greatly with sample prepara- 
tion as might occur with a variation in hydrogen bonding. 
Microanalysis and 'H and "C nmr spectroscopy suggested the 
presence in the crystals of one molecule of tetrahydrofuran of 
crysta1lization.These preliminary data strongly suggested that 
the product was cis-[PtCl,(PPh,OH),] but in view of previous 
doubts of the isolability of such species, coupled to our own 
experience with related Pd and P(OEt)zCI systems we felt that 
confirmation by crystal structure determination was essential. 
The structure was confirmed by the diffraction results de- 
scribed below and we were subsequently able to demonstrate 
by microanalysis and "P nmr spectroscopy that cis-[PtCl,- 
(PEt2C1)2] can be prepared and converted to cis-[PtClz- 
(PEt20H),] in a similar manner (see Table 1 and Experimental 
section). Moreover, cis-[PtCl,(PPh,OH),] can also be pre- 
pared by the simpler route of reaction of Ph,P(O)H with 
[PtCl,(COD) I .  

Thus our results support the early claim by Austin (16) to 
have isolated cis-[PtClz(PPh,OH),]. With regard to the stability 
of these compounds it is interesting to note that in the reactions 
of MC1,'- salts with PPh,Cl in aqueous acetone the primary 
product when M = Pt can be formulated as [PtC1(PPhlO)- 
(PPh,OH),] in contrast to the immediate formation of [Pd,- 
(p-C1)2{(PPh20)1H},J for the corresponding reaction when M = 
Pd (1 1). The platinum product probably does not contain a true 
M(PPhZOH), unit since infrared spectroscopy indicated that 
both hydrogens are involved in very strong hydrogen bonds to 
the oxygens (1 l) ,  but in conjunction with the failure to isolate 
c i~-[PdCl~(PPh~Cl)~]  (5) the results do support the idea that 
POH groupings are generally more stable on Pt than they are 
on Pd. 

The intermediacy of the type I1 complex in the hydrolysis 
to type 111 was confirmed by the ready reaction of cis-[PtCl,- 
(PPh,OH)J with 1,s-bis(dimethylamino)naphthalene ("proton 
sponge") to form [Pt2(p-C1)z{(PPh20)ZH},] in high yield. 

Turning now to studies of P(OEt),CI complexes, we found 
that the hydrolyses were considerably more complex and that 
intermediate products are not easily isolated. Solutions of cis- 
[MC1,{P(OEt)2C1}1] are readily prepared and characterised by 
"P nmr for both M = Pd (6 = + 112.1 ppm) and M = Pt 
(6 = $83.4 ppm, 'J(Pt-P) = 5777 Hz) but attempts to isolate 
solid products under normal laboratory conditions resulted in 
hydrolyzed derivatives of types IV or V. For M = Pt the 
product was the type V complex, [Pt1C14{p-(EtO),POP(OEt)z},], 
which will be discussed more fully in a subsequent paper. 
The first hydrolysis product, c~s-[P~C~,{P(OE~),OH}~], was not 
isolated in this reaction but it can be prepared independently by 
the reaction of [EtO),P(O)H with [PtC12(COD)]. 

For M = Pd the type 111 product appears to be the most 
stable outcome as it was in the PPh,Cl reactions mentioned 
above (1 1). In the present examples [Pd,(p-C1)z{(P(OEt),O),- 
H},] is ultimately formed by hydrolysis of P(OEt)lC1/[PdC12- 
(PhCN),] reaction mixtures or by reaction of excess (EtO),P- 
(O)H with [PdCl,(PhCN),]. The stability of the type 111 product 
was further illustrated by deliberate preparations of a type V 
product by reaction of (EtO)zPOP(OEt), with [PdClz(PhCN),] 
to give [Pd1C14{p-(EtO),POP(OEt)~}2]. This product hydro- 
lyzes in moist air, even in the solid state, to give [Pd2(p-C1)2- 
{(P(OEt)20)2H}1]. In view of the importance and stability of 
[Pd1(p-C1)2{(P(OEt)20),H},] we decided to undertake a full 
characterization by X-ray diffraction and details of this study 
are presented below. The detailed course of the reactions 
leading to [Pd2(p-C1)z{(P(OEt),0)2H}Z] was much more dif- 
ficult to establish because the sharpness and position of the "P 
resonances for the intermediate products tended to vary with 
solution conditions, most probably with water and acid concen- 
tration. These effects are probably caused by a complex series 
of pH dependent equilibria, most of which are rapid on the nmr 
time scale. The principal species involved in these reactions 
are: ( 1 ) ~is-[PdC1~{P(OEt)~Cl)~l, 6(P) + 1 12.1 ppm (C6H6), 
observable as the first product of reaction of P(OEt),Cl with 
[PdC12(PhCN)2]; (2)  C ~ S - [ P ~ C ~ ~ { P ( O E ~ ) ~ O H } ] ~ ,  6(P) +81 to 
+82 ppm, observable as the first product of reaction of 
(EtO)2P(0)H with [PdCI,(PhCN)z]; (3) [Pd,Cl,{p-(EtO),POP- 
(OEt)z}2], 6(P) $80.8 ppm (CH,Cl,), prepared by the reaction 
of (EtO),POP(OEt)Z with [PdClz(PhCN)Z] and also observed in 
some reactions of P(OEt)ZCl; (4) [Pd,(p-C1)I{(P(OEt)~O)2H}21, 
6(P) $73.4 ppm (CH2C12), the ultimate product of most reac- 
tions under moist conditions; ( 5 )  A species with 6(P) $83.9 
ppm (CHzC1,), which results on addition of "proton sponge" to 
solutions of [Pd,(p-C1)2{(P(OEt)20)1H},]. This product is 
probably an anionic species resulting from proton abstraction; 
( 6 )  a species with 6(P) $85.2 ppm, which results on addition 
of aqueous HCl to solutions of [Pd2(p-C1)2{(P(OEt),0)ZH},] in 
tetrahydrofuran. This product could be the result of bridge 
cleavage by chloride ion or possibly a dinuclear species 
containing ~ ~ S - P ~ { P ( O E ~ ) ~ O H } ~  fragments formed by proton 
addition. 

(b) Structures of C~S-[P~C~~(PP~~OH)~].C~H,O, (I), and 
[P(~z(P -C~)Z{(P(OE~)~O)~HI~I ,  (11) 

The atomic labelling schemes and the structures of single 
molecules of the complexes I and I1 are shown in Figs. 1 and 
2, respectively. For I the associated tetrahydrofuran molecuIe 
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FIG. 1. ORTEP plot of compound I,  c~s-[P~C~~(PP~~OH)~].C~H~O. 

is also shown. Fractional atomic coordinates and isotropic 
temperature parameters, bond lengths, and bond angles are 
collected in Tables 2-4 and 5-7, respectively. Further tables 
of atomic coordinates for the hydrogen atoms of I, together 
with anisotropic temperature factors, structure factors and 
selected intermolecular distances for both compounds have 
been depo~i ted .~  

The structure of I consists of a square planar platinum(I1) 
centre in which the P(1)-Pt-P(2), 95.8(1)", is slightly larger 
than the other three intraligand angles in order to accommodate 
the bulky PPh20H groups. The Pt-Cl lengths, average 
2.364 A, are entirely normal for chlorine trtns to phosphorus, 
as are the Pt-P lengths, average 2.223 A, for phosphorus 
trans to chlorine. For example the corresponding values in 
several complexes containing a trans Cl-Pt-P fragment 
ranged from 2.333 to 2.366 A and from 2.241 to 2.262 A, 
respectively (17). The angles at phosphorus which involve the 
platinum atom average 113", considerably larger than the tet- 
rahedral angle, but this is also a normal feature of tertiary phos- 
phine complexes. The P-0 bond lengths average 1.589 A, 
somewhat longer than observed in the P-0---H---0-P 
complexes, [Pd2(p-SCN)2{(PPh20)2H}21, 1.543 A ( 18), (Pd- 
(S2PM~){(PPh20)2H)I, 1 .545 A ( 19), [Mo(CO)X(PPh20)2H>I-, 
1.562 and 1.58 1 A (20), and [Mn(C0)4{(PPh20)2H}], 1.55 1 A 
(21), but still well within the normal range of P-0 single 
bonds (22). 

The most interesting structural feature of I concerns the 
stabilization of the P-0-H groups by hydrogen bonding. 
This has been a consistent feature of all structures involving 
this group and in the present case is achieved for one ligand by 
intermolecular hydrogen bonding to the tetrahydrofuran of 
crystallization (O(1)---O(3) = 2.568(10) A), and for the other 
ligand by an intramolecular hydrogen bond to a chlorine atom 
(O(2)---Ci(1) = 2.935(6) A). These distances are longer than 
the 2.41 A observed for intramolecular hydrogen bonds in the 
P-0---H---0-P complexes mentioned abvove (1 8 - 2 1) but, 

'Copies of the depository material may be purchased from the 
Depository of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Ont., Canada KIA OS2. 

FIG. 2. ORTEP plot of compound II, [Pd2(p-CI),{(P(OEt)20)ZH}Z]. 
The unlabelled half of the molecule is related to the labelled half by 
a crystallographic centre of inversion. 

in the context of the ranges quoted by Stout and Jensen (23) for 
0---H---0 (ca. 2.45-3.0 A) and 0---H---Cl (2.86-3.21 A) 
hydrogen bonds, it is clear that all of the present values repre- 
sent rather strong interactions. It is interesting that this is the 
second example which we have observed recently of involve- 
ment of a Pt-Cl group in an essentially ionic or electrostatic 
interaction to stabilize an unusual species. The other case 
was the Pt-Cl---Li---0-P linkage in trans-[PtCl2(PEt3){CH- 
(PPh20)2Li)] (24). 

The structure of I1 confirms chlorine bridging rather than the 
alternative possibility of P(OEt)20 bridges with terminal chlo- 
rines and P(OEt)20H groups. The t w ~  square planar palladium 
centres are sepafated by 3.488(1) A and the Pd-Cl bonds 
average 2.393 A which are normal distances for a bridged 
system without metal-metal interaction (25a). The Pd-P 
bonds average 2.220 A, consistent with the low trans influence 
of chlorine (26-28) and the geometry of the P-0---H--- 
0-P ligand is in accord with the previous studies of 
[Pd2(p-SCN)2{(PPh20)2H}~l (Is) ,  [Pd(S2PMe2){(PPh20)2H)1 
( 19), [Mo(CO)~{(PP~~O)~H)I- (20), and [Mn(CO)4{(PPh20)2H I 
(21). The intramolecular hydrogen bond, O(1)---O(2) 2.40 1 , 
is essentially identical in length to the previous examples 
(18-21) but the large temperature parameters associated with 
the ligand preclude any more detailed discussion of the bond 
lengths. 

Experimental section 
(a) Synthetic and spectroscopic studies 

Data relating to the characterization of the complexes are given in 
Tables 1 to 7, the Results section, and in the preparative descriptions 
below. Microanalysis was by the Canadian Microanalytical Service, 
Vancouver, B.C., Canada. In general, the compounds tended to de- 
compose on heating and melting points are not an especially useful 
method of characterization. Infrared spectra were recorded from 4000 
to 200 cm-' with an accuracy t-3 cm-' on a Perkin-Elmer 283 
spectrophotometer calibrated against polystyrene film. Solid samples 
were examined as Nujol mulls between caesium iodide plates. 

3 1 P nmr spectra were recorded in appropriate solvents at either 24.3 
MHz using a Nicolet m 1 4  Fourier transform spectrometer with a 
Varian HA60 magnet and an external C6D6 lock signal or at 101.3 
MHz using a Bmker WP250 Fourier transform spectrometer locked to 
the solvent deuterium resonance. '95Pt spectra were recorded at 53.5 
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BERRY ET AL. 

TABLE 1. Phosphorus-3 1 and platinum-195 nuclear magnetic resonance parameters for selected complexesc 

Compound Solvent 6(PEt,) 6(PRzX) 'J(P-P) 'J(P~-PEt,) 'J(Pt-PR2X) 6(Pt) %Pt) 

[PtC12(PEt3)(PRzX)I 

X = CI R = OEt 
Ph 
But 
CY 
Et 
Et 

X = OH R = OEt 
Ph 

[PtClz(PRzX)z] 

X = C1 R = OEt 
Ph 
Et 
Et 

X = OH R = OEt 
Ph 
Ph 
Et 
Et 

CHzClz 
CH2Clz 
THF 
Toluene 

THF 
CDC13 
THF 
CDC13 
THF 

"Data from ref. 14. These workers used PjOh as a phosphorus reference and we have converted the shifts assuming that P406 is at + 113 ppm relative 
to 85% H3PO4. 

d s  THF solution, all other platinum spectra were recorded in CDC13. 
'Chemical shifts (6) are quoted in ppm relative to 85% H3P04 for phosphorus and relative to z(Iq5pt) = 21.4 MHz for platinum (see ref. 29). For 

the platinum resonances the absolute values of 8 inMHz are also quoted. Coupling constants (J) are in Hz. The listed solvents are for the phosphorus 
spectra. Data for other ligands and complexes are included in the text. 

MHz using the Bruker instrument. For both nuclei protons were de- aside at a reduced temperature. 
coupled by broad band ("noise") irradiation at -appropriate fre- 
quencies. 3 'P chemical shifts were measured relative to external 
P(OMe)3 and are reported in pprn relative to 85% H3P04 using a 
conversion factor of + 141 ppm. ly5Pt chemical shifts are reported 
in ppm relative to z(Iy5pt) = 21.4 MHz (29). Positive values are 
downfield of the references. Phosphorus chemical shifts for the 
various ligands employed in this work were as follows: PPh2C1, 
+83.0 ppm (THF or CHZCl2); PEtzC1, +121.0 ppm (CHzClz); 
PCyzCl, + 129.6 ppm (CHzCIZ); PBuf2C1, + 148.7 ppm (CHzC12); 
P(OEt),CI, + 167.3 ppm (CH2CIZ), + 166.8 ppm (C6H6); (EtO)zP- 
(O)H, +8.2 ppm (CHZClz), +7.4 ppm (THF), +7.2 ppm (C6H6); 
Ph2P(0)H, +26.5 ppm (CH2C12), +20.6 ppm (THF); (EtO)ZPOP- 
(OEt)?, + 129.5 ppm (CHZCIz), + 128.6 ppm (C6H6). 

Except as noted below, all operations were carried out at ambient 
temperature (ca. 25°C) under an atmosphere of dry nitrogen using 
standard Schlenk tube techniques. Solvents were dried by reflux over 
appropriate reagents (phosphorus pentoxide for dichloromethane and 
potassium/benzophenone for tetrahydrofuran, toluene, benzene, and 
hexane) and were distilled under nitrogen prior to use. 

The chlorophosphines PRzC1 were commercially available, R = Ph 
or OEt (Aldrich Chemical Co.), R = Bu' (Strem Chemicals Inc.), 
R = Et or Cy (Alfa Ventron Corporation), and were used as received, 
as were (EtO)2POP(OEt)2, (Et0)2P(0)H, 1,8-bis(dimethy1amino)- 
naphthalene ("proton sponge"), and 1,5-cyclooctadiene (COD) from 
the Aldrich Chemical Co. [MCIZ(PhCN)2], M = Pd or Pt (25b), 
[PtCIZ(COD)] (31), and [Pt2C14(PEt,)2] (321, were prepared as pre- 
viously described. 

Recrystallizations from solvent pairs were by dissolution of the 
complex in the first solvent (using about double the volume required 
for complete solution) followed by dropwise addition of sufficient 

/PtC12(PEt.3)(PR2X)], X = C1 or  OH 
(i) R = Ph. These complexes were prepared essentially as described 

by Chatt and Heaton (14). 
(ii) R = OEt. A typical reaction involved dropwise addition of 

P(OEt)2C1 (0.1 mL, 0.7 mmol) to a stirred solution of [PtzCI4(PEt3)?] 
(0.25 g, 0.33 mmol) in dichloromethane (20 mL). The initial yellow 
colour was immediately discharged but stirring was continued for 1 h 
before removal of the solvent in vacuo. Recrystallization of the resi- 
due from dichloromethane/pentane gave ~is-[PtCl~(PEt,){P(0Et)~Cl}] 
(0.20 g, 0.37 mmol) as colourless crystals. Anal. calcd. for 
CloHZ5C1,O2P2Pt: C 22.2, H 4.66; found: C 22.5, H 4.73. In a sepa- 
rate experiment hydrolysis of the crude product was achieved by 
heating the residue for 4 h under reflux in a mixture of aqueous HC1 
(5 mL, 12 M) and acetone (20 mL). After removal of solvent under 
reduced pressure the residue was extracted with dichloromethane and 
the extract recrystallized from dichloromethane/pentane to give cis- 
[PtClz(PEt3){P(OEt)20H}] as yellow crystals (0.18 g, 0.34 mmol). 
Anal. calcd. for CloHZ6C1Z03P2Pt: C 23.0, H 5.02; found: C 22.8, 
H 4.97. 

(iii) R = Bu', Et or  Cy. Preparations of [PtCI2(PEt3)(PR2C1)] com- 
plexes for these R groups were similar to the above procedure for 
R = OEt except that the crystals for R = Bu' were yellow, consistent 
with the trans stereochemistry of this product. Anal. R = Bu', calcd. 
for C,,H33C13PZPt: C 29.8, H 5.89; found: C 29.5, H 5.92; R = Cy, 
calcd. for CI8H3,C1,P2Pt: C 35.0, H 6.05; found: C 35.0, H 6.13. The 
R = Et complex was identified by "P nmr (see Table 1) but could not 
be obtained analytically pure. Attempts at hydrolyses of all three 
complexes gave generally inconsistent results and pure products were 
not isolated. 

second solvent to cause turbidity at ambient temperature. Crys- C ~ ~ - [ P ~ C ~ ~ ( P R ~ X ) ~ ] ,  X = C1 or  OH 
tallization was then completed either by continued very slow dropwise (i) R = Ph. PPhzCl (0.152 mL, 0.847 mmol) was added to a stirred 
addition of the second solvent or, in those cases where a temperature solution of [PtCIZ(PhCN)Z] (0.200 g, 0.424 rnrnol) in dichloromethane. 
is indicated in the detailed descriptions below, by setting the mixture The initial yellow colour was discharged during stirring for 15 min, 
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2954 CAN. J .  CHEM. VOL. 63. 1985 

TABLE 2. Fractional atomic coordinates and temperature parameters 
for compound I, cis-[PtC12(PPhzOH)r].C4HuO" 

Atom x/a y lb  z/c U,, 

W l )  33456( 1 )  19632( 1) 81200( 2) 361( 1 )  
Cl(1) 36139(13) 18958(11) 99161(12) 566( 6) 
Cl(2) 17961(11) 17046(14) 84293(14) 624( 6) 
p(l)  29424(10) 20605(10) 64850( 12) 378( 4) 
p(2) 48353(10) 21613(11) 78883(12) 415( 5) 
o(1) 3785( 3) 220 1 ( 3) 5768( 3) 48( 1) 
o(2)  5344( 3) 235 1 ( 4) 8956( 4) 66( 2) 
(33) - 1410( 3) 2478( 5) 8851( 4) go( 2) 
c (1)  236 1 ( 4) 1079( 4) 6007( 5) 44( 2) 
c (2)  2633( 5) 261( 4) 6396( 5) 56( 2) 
c (3)  2276( 6) -512( 5) 5980( 6) 71( 3) 
C(4) 1633( 6) -464( 6) 5 184( 7) 82( 3) 
c(5) 1358( 6) 345( 6) 4797( 7) 81( 3) 
C(6) 1738( 5) 1115( 5) 5 199( 5) 60( 3) 
(37) 2206( 4) 3012( 4) 6239( 4) 39( 2) 
C(8) 2614( 4) 3785( 4) 5878( 5) 5 3  2) 
c(9)  2096( 5) 4542( 5) 5751( 6) 63( 3) 

1 180( 5) 4535( 4) 5972( 5) 58( 2) 
c(11) 775( 5) 3775( 5) 6312( 6) 59( 2) 
(312) 1295( 4) 3010( 4) 6460( 5) 52( 2) 
c(13) 5 168( 4) 3112( 4) 7152( 5) 4 4  2) 

4683( 5) 3878( 5) 7261( 6) 62( 3) 
(315) 4916( 6) 465 1 ( 5) 6739( 7) 79( 3) 
C(16) 5669( 6) 4638( 6) 6124( 7) 80( 3) 
c (  17) 6 162( 6) 3873 6) 5998( 6) 77( 3) 
C(18) 5910( 5) 3115( 5) 6506( 6) 64( 3) 
c (  19) 5441( 4) 1203( 4) 7423( 5) 52( 2) 
c(20) 5918( 4) 6 8 3  5) 8 122( 6) 6 3  3) 
c(21) 6374( 6) -67( 6) 7803(10) 87( 4) 
C(22) 6380( 6) -282( 6) 6797(10) loo( 5) 
C(23) 592 1 ( 6) 220( 6) 6089( 8) 92( 4) 
C(24) 5449( 5) 970( 6) 6387( 7) 79( 3) 
c(25) -578( 5) 2278( 7) 8343( 6) 71( 3) 
C(26) -874( 6) 1883( 6) 7334( 7) 81( 4) 
C(27) - 1845( 6) 1692( 9) 7431(9) 113(5) 
C(28) -2172( 7) 2155( 8) 8290( 7) 92( 4) 
H(O) 496( 5) 225( 6) 944( 6) 8( 3)' 
H(1) 361( 6) 230( 6) 528( 7) 9( 3)' 

"Estimated standard deviations are given in parentheses; coordinates X 10" 
. . where n = 5, 5,5,4,4, 3 for Pt, CI, P, 0, C, H; temperature parameters x 10" 

. . where n = 4,4,4,3,3,  2 for Pt, CI, P, 0,  C, H; U,, = the equivalent isotropic 
temperature parameter = ( 1 / 3 ) C ~ C , ~ ~ , a ~ a ~ ( a ~ . a , ) ;  primed values indicate that 
Uis, is given; T = exp [ - (8a2Ui, ,  sin' 8 / h 2 ) ] .  

after which the solvent was removed in vacuo to leave cis-[PtClz- 
(PPh2CI)z] as a white residue. Tetrahydrofuran (20 mL) and water 
(50 kL) were added and the resulting slurry stirred for 3 h. The solvent 
was removed in vacuo and the residue recrystallized from tetrahydro- 
furan/hexane at -20°C to give white crystals of ci.~-[PtCl~(PPh~0H)~]. 
THF (0.177 g, 0.238 mmol). Anal. calcd. for C2XH30C1203PrPt: 
C 45.3, H 4.07; found: C 45.3, H 3.87. 

In a separate experiment the intermediate ~ ~ S - [ P ~ C I ~ ( P P ~ ~ C ~ ) ~ J  com- 
plex was recrystallized from dichloromethane/pentane and character- 
ized by "P nmr (see Table 1). Anal. calcd. for CzaH2oC14PzPt: C40.8. 
H 2.85; found: C 41.0, H 2.73. 

(ii) R = Ph. Water (30 kL, 1.7 mmol) was added to a solution of 
PPhzCl (0.20 mL, 1.1 mmol) in tetrahydrofuran (2 mL). "P spectra 
showed complete conversion of PPh,CI (6(P) +83.0 ppm) to 
Ph,P(O)H (6(P) +20.6 ppm). Addition of this solution to [PtClr- 
(COD)] (0.186 g, 0.50 mmol) in tetrahydrofuran (10 mL) gave com- 
plete conversion to c i~- [PtCl~(PPh~0H)~]  as identified by "P nmr (see 
Table 1). 

(iii) R = Ph, X = OH, reaction with I,8-bi.s(dimethylamino)naph- 
thalene. "Proton sponge" (0.043 g, 0.20 mmol) was added to a stirred 

TABLE 3. Interatomic distances (A) for compound I, cis-[PtCIr- 
(PPhzOH)z] .CaHHO" 

Atoms Distance Atoms Distance 

CI(I) -Pt(l) 2.381( 2) CI(2) -Pt(l) 2.347( 2) 
P(1) -Pt(l) 2.216( 2) P(2) -Pt(l) 2.229( 2) 
o(1)  -p(1) 1.581( 4) o(2) --w) 1.597( 5) 
H(1) -0(1) 0.70 ( 9) H(0) -0(2) 0.87 ( 8) 
c (1)  -p(1) 1.813( 6) C(13)-P(2) 1.802( 6) 
c(7)  -p(l) 1.821( 6) C(19)-P(2) 1.810( 7) 
C(2) -C(l) 1.391( 9) C(14)-C(13) I .366( 9) 
C(3) -C(2) 1.385(10) C(15)-C(14) 1.398(10) 
(74) -c(3) 1.393(11) C(16)-C(15) 1.380(12) 
C(5) -C(4) 1.380(12) C(17)-C(16) 1.372(12) 
C(6) -C(5) 1.387(10) C(18)-C(17) 1.381(10) 
C(6) -C(I) 1.385( 8) C(18)-C(13) 1.392( 9) 
C(8) -C(7) 1.397( 8) C(20)-C(19) 1.38 1 ( 9) 
C(9) -C(8) 1.379( 9) C(21)-C(20) 1.387(12) 
C(10)-C(9) 1.378(10) C(22)-C(21) 1.358(14) 
C(I I)-C(10) 1.371( 9) C(23)-C(22) 1.364(13) 
C(12)-C(l1) 1.394( 9) C(24)-C(23) 1.387(11) 
C(12)-C(7) 1.372( 9) C(24)-C(19) 1.402(10) 
O( l )  -. .0(3) 2.568(10) O(2) a-eCI(1) 2.935( 6) 
H(l) -. .0(3) 1.90 ( 9) H(0) ... Cl(1) 2.15 ( 9) 
C(25)-0(3) 1.432( 8) C(28)-O(3) I .4 12( 9) 
C(26)-C(25) 1.506(12) C(28)-C(27) 1.417(13) 
C(27)-C(26) 1.459(12) 

"Estimated standard deviations are given in parentheses 

solution of ~ ~ . Y - [ P ~ C I ~ ( P P ~ ~ O H ) ~ ] . T H F  (0.147 g, 0.20 mmol) in tetra- 
hydrofuran (8 mL). After I h the "P spectrum showed complete 
conversion to [PtZ(~-Cl)2{(PPhr0)1H}2j (6(P) +51.2 ppm, 'J(Pt-P) 
3960 Hz, s(I9'pt) 21.385916 MHz, 6('"Pt) -658 ppm in CDCl,), the 
identity of which was confirmed by comparison with an authentic 
sample prepared as previously described ( I  1). 

(iv) R = Et. PEtrCl (0.160 mL, 1.26 mmol) was added to a slurry 
of [PtCIz(PhCN)z] (0.30 g, 0.64 mrnol) in toluene (20 mL). Stirring 
was continued for 15 h but at the end of this time some yellow solid 
still remained and was removed by filtration. Evaporation of the 
supernatant in vacuo gave ci.~-[PtCl~(PEtzCl)~j as a whitc residue, 
identified by "P nmr (see Table 1). Addition of 2 molar equiv. of 
water to a solution of this product in tetrahydrofuran (5 mL) gave 
total conversion to c i~- [PtCl~(PEt~0H)~] ,  identified by "P nmr (see 
Table 1). Removal of solvent in vac~to followed by recrystallization of 
the residue from tetrahydrofuran/hexane gave e i~- [PtCl~(PEt~0H)~]  as 
white crystals. Anal. calcd. for CuH22CIr02P2Pt: C 20.1, H 4.64; 
found: C 20.5. H 4.53. 

(v) R = O E ~ .  P(OEt)zCI (0.20 mL, 1.4 mmol) was added dropwise 
to a stirred solution of [PtC12(PPhCN),] (0.30 g, 0.64 mmol) in dichlo- 
romethane (I0 mL). The initial yellow colour was slowly discharged 
during stirring for 6 h. The solvent was removed in vacuo and the 
resulting colourless oil characterised as cis-[PtClz{P(OEt)rC1}r] by "P 
nmr (see Table 1). Repeated attempts at recrystallization caused con- 
version of the product to [Pt2C14{k-(Et0)2POP(OEt)z)z] which will be 
discussed in detail in a subsequent paper. 

(vi) R = OEt. (EtO)lP(O)H (0.200 mL, 1.55 mmol) was added to 
a suspension of [PtCIz(COD)] (0.273 g, 0.730 mmol) in tetra- 
hydrofuran (15 mL). After stirring for 2 h the solvent was removed in 
vacuo and the residue recrystallized from tetrahydrofuran/hcxane at 
-20°C to yield ci~-[PtCl~{P(0Et)~OH}~l as colourless crystals. Anal. 
calcd. for CuHazC120GPzPt: C 17.7, H 4.09; found: C 17.9, H 4.12. 

Reactions of [PdClz(PhCN)r] 
(i) With P(OEt)2CI. A solution of P(OEt)2CI (0.10 mL, 0.70 mmol) 

in benzene (2 mL) gave a 31P nmr resonance at + 166.8 ppm. Addition 
of [PdC12(PhCN)z] (0.135 g, 0.35 mmol) caused an almost immediate 
change to primarily a single resonance at + 112.1 ppm attributed to 
ci~-[PdC1~{P(OEt)~C1)21. Approximately 2 molar cquiv. of water were 
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BERRY ET AL.  

TABLE 4. Bond angles (deg) for compound I, ~~S-[P~CI~(PP~~OH)~].CH~O" 

Atoms Angle Atoms 

P(2) -Pt(l) -P(I) 
P(2) -Pt(l) -CI(l) 
P(2) -Pt(l) -C1(2) 
O(2) -P(2) -Pt(l) 
C(13) -P(2) -Pt(l) 
C(19) -P(2) -Pt(l) 
C(19) -P(2) -C(13) 
C(13) -P(2) -0(2) 
C(19) -P(2) -0(2) 
H(0) -0(2) -P(2) 
C(14) -C(13) -P(2) 
C(18) -C(13) -P(2) 
C(20) -C(19) -P(2) 
C(24) -C(19) -P(2) 
C(18) -C(13) -C(14) 
C(15) -C(14) -C(13) 
C(16) -C(15) -C(14) 
C(17) -C(16) -C(15) 
C(18) -C(17) -C(16) 
C(17) -C(18) -C(13) 
C(24) -C(19) -C(20) 
C(21) -C(20) -C(19) 
C(22) -C(21) -C(20) 
C(23) -C(22) -C(21) 
C(24) -C(23) -C(22) 
C(23) -C(24) -C(19) 
C(27) -C(28) -0(3) 
C(28) -C(27) -C(26) 

Angle 

- - - - -  

"Estimated standard deviations are given in parentheses. 

TABLE 5. Fractional atomic coordinates and temperature parameters 
for 11, [Pd2(p-CI)2{(P(OEt)20)2H}2] 

Atom x / a  ~ / b  z/c u, 

TABLE 6. Interatomic distances ) for 11, [Pd2(p-Cl)r- 
{(P(OEt),0)2HI21" 

Atoms Distance Atoms Distance 

"Estimated standard deviations are given in parentheses; coordinates x 10" 
where n = 5 for Pd, and n = 4 otherwise; temperature parameters x 10" where 
n = 4 for Pd and n = 3 otherwise; U, = the equivalent isotropic temperature 
parameter = (1 /3 )~ ,~ ,~ , , a ; a ; ( a , a , ) ;  T = exp [-(8aZU,,, sin' 0/A2)]. 

added and the resonance shifted to +87.3 ppm, consistent with the 
formation of [Pd2(p-CI)~{(P(OEt)20)2~}Z] and HCI. Addition of 
"proton sponge" to absorb the HCI caused some precipitation but both 
the precipitate and the solid isolated from the supernatant showed a 
single "P nmr resonance at +84.3 ppm in dichloromethane. These 

"Estimated standard deviations are given in parentheses. 

reasonance positions may be compared with the +85.2 ppm and 
+83.9 ppm reported below for the respective deliberate addition of 
aqueous HCI or "proton sponge" to [Pd2(p-CI),{(P(OEt)20)2H}2]. 

Attempts to employ this reaction on a preparative scale led to 
inconsistent results. On one occasion [Pd2C14{p-(Et0)2POP(OEt)2}J 
was probably isolated (6(P) +80.8 ppm, lit. +80.3 ppm (33). Anal. 
calcd. for C16H~C14010P4PdZ: C 22.1, H 4.63; found: C 22.3, H 
4.09), a further indication of the sensitivity of these reactions to the 
precise conditions. 

(ii) with ( E t 0 ) 2 P ( 0 ) H .  Excess (Et0)2P(0)H (0.5 mL, 3.9 mmol) 
was added dropwise to a stirred solution of [PdClz(PhCN)z] (0.2 g, 
0.5 mmol) in dichloromethane (20 mL). After stirring for 4 h the 
initially orange solution had become colourless. Solvent and excess 
phosphite were removed in vacuo and the resulting oil washed with 
portions of hexane and dried in vacrio until [Pd2(p-Cl)z{(P(OEt)20)z- 
HIz] (0.058 g, 0.070 mmol) was obtained as a colourless solid. 
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TABLE 7. Bond angles (deg) for 11, [Pd2(~-Cl)2{(P(OEt)20)2H}z] 

Atoms Angle Atoms Angle 

P(1) -Pd(l) -Cl(l) 90.6( 1) 2 1 -Cl()  176.1( 1) 
P(2) -Pd(l) -P(l) 92.7( 1) 1 1  d l )  -C( l l )  86.4( 1) 
1 )  1 - C l 1 )  176.9( 1) ( 2  d l )  -C1(l1) 90.3( 1) 
d l  C ( 1 )  -Pd(ll) 93.6( 1) 
( 1 )  1 ( 1  116.9(3) O(2) -P(2) -Pd(l) 118.3( 3) 
O(3) -P(l) -Pd(l) 110.9( 3) O(4) -P(2) -Pd(l) 105.0( 3) 
O(3) -P(l) -O(l) 110.5( 4) O(4) -P(2) -0(2) 1 10.4( 5) 
O(5) -P(1) -Pd(l) 11 1 .4( 2) O(6) -P(2) -Pd(l) 113.3( 3) 
O(5) -P(l) -O(l) 109.5( 4) O(6) -P(2) -0(2) 107.2( 4) 
O(5) -P(1) -0(3) 95.6( 4) O(6) -P(2) -0(4) 101.3( 5) 
C(31) -0(3) -P(l) 123.9(11) C(32) -C(3 1) -0(3) 11 1.6(15) 
C(41) -0(4) -P(2) 133.7(11) C(42) -C(41) -0(4) 1 16.8(17) 
C(51) -0(5) -P(l) 121.6( 7) C(52) -43.5 1) -0(5) 1 10.5(10) 
(361) -0(6) -P(2) 116.5( 7) C(62) -C(61) -0(6) 108.7(10) 

"Estimated standard deviations are given in parentheses. 

Anal. calcd. for C16H42C12012P4Pd2: C 23.0, H 5.08; found: C 22.70, 
H 5.27. The structure of this product was confirmed by the X-ray 
diffraction study described below. Its "P nrnr spectrum in dichloro- 
methane showed a single resonance at +73.4 pprn shifting to 
+83.9 pprn on the addition of "proton sponge". Addition of a drop of 
aqueous HCI to a solution in tetrahydrofuran shifted the resonance to 
+85.2 ppm. 

Other experiments showed that the use of stoichiometric quantities 
of (Et0)2P(0)H in the above procedure gave incomplete conversion of 
the starting materials and also showed the presence of an intermediate 
product, probably [PdC12{P(OEt)20H}2], with 6(P) in the range +81 
to + 82 ppm. 

(iii) With (EtO),POP(OEt)2. (Et0)2POP(OEt)2 (0.142 mL, 0.58 
mmol) was added dropwise to a stirred solution of [PdC12(PhCN)2] 
(0.20 g, 0.52 mmol) in benzene (10 mL). An immediate colour 
change from orange to pale yellow was observed but stirring was 
continued for 30 min before removal of solvent in vacuo. The residue 
was recrystallized from dichloromethane/hexane at -20°C to give 
[PdzC14{(p-(Et0)2POP(OEt)2}2] as colourless crystals (0.096 g, 0.11 
mmol) characterised by a single 31P nmr resonance at +80.8 pprn in 
dichloromethane solution (lit. +80.3 (33)). 

One batch of crystals was exposed to moist air for several 
days resulting in complete conversion to a new product with 6(P) 
+73.1 pprn in dichloromethane or tetrahydrofuran solution. A second 
batch of crystals was studied by 31P nmr during gradual addition of 
water to a solution in tetrahydrofuran. The ultimate product showed a 
broad resonance at +74 pprn but intermediate spectra showed a 
gradual shift to this position and also a weak transient intermediate 
resonance at +68 ppm. Addition of proton sponge to the final solution 
resulted in a single sharp resonance at +83.9 ppm. These results are 
consistent with a complex pH dependent equilibrium as discussed in 
the Results and Discussion section. The ultimate hydrolysis product, 
&(P) +74 ppm, is [Pd2(p-C1)2{(P(OEt)20)ZH}2]. 

(b) X-ray data collection 
Compound I ,  c i~-[PtCl~(PPh~0H)~],  was prepared by the first meth- 

od described above (i.e. by hydrolysis of ~is-[PtCl2(PPh~Cl)~]) and 
crystals suitable for study by X-ray diffraction were grown at - 18OC 
from a solution of the complex in tetrahydrofuran. The crystals sub- 
sequently proved to contain 1 mol of tetrahydrofuran. Compound 11, 
[Pd2(p-C1)Z{(P(OEt)20)2H}2] was crystallized by vapour diffusion of 
hexane into a solution of the complex in dichloromethane. Preliminary 
photographic work on both compounds was carried out with Weis- 
senberg and precession cameras using Cu K, radiation. After estab- 
lishment of symmetry and approximate unit cells the crystals were 
transferred to a Picker 4-circle diffractometer automated with a 
PDP11/10 computer and utilising Zr filtered Mo K, radiation (A = 
0.71069 A). The unit cells were refined by least-squares methods 
employing, respective1 y, 3 1 and 1 1 pairs of centering measurements 

at +20 in the ranges 1201 = 17-43" (I) and 19-30" (11). The crystals 
were mounted approximately along the c axes. The crystal data at 
approximately 24°C were as follows: 
C2,H,oClzO,P2Pt mw = 742.49 
Monoclinic, space group P2)/n; a = 14.647(3), b 15.089(3), c = 
13.107(2) A; P = 91.22(3)"; V(cel1) = 2896(1) A3; Dm = 1.692 
g cm-"flotation in CC14/CHBr3), D, = 1.705 g cm-'; Z = 4; 
asymmetric unit = one molecule of complex with one molecule of 
tetrahydrofuran. 
C I ~ H ~ Z C ~ ~ ~ I ~ P ~ P ~ Z  mw = 834.10 
Monoclini~, space group P2, lc ;  a = 9.674(2), b = 20.722(5), c = 
8.578(2) A; P = 92.75(3)"; V(cel1) = 1717.6(6) A" Dm = 1.59 
g cm-3 (flotation in CC14/m-xylene), D, = 1.61 g cm-'; Z = 2; 
asymmetric unit = half molecule. 

Intensity measurements for both compounds were collected for two 
reciprocal space octants (h unrestricted, k 2 0, 1 z 0). For I mea- 
surements extended up to 28 = 50". A 8/28 step scan was used with 
160 steps of 0.01" in 20, counting for 0.25 s per step. Background 
measurements were for 20 s at each end of the scan. Measurements for 
I1 were to 28 = 50" with 200 steps of 0.01" in 20, counting for 
0.25 s per step and with background measurements of 25 s each. Each 
batch of 50 reflections was preceded by the measurement of three 
standard reflections (I: 0, 0, 6; 4, 0, 0; 0, 8, 0; and 11: 0, 0, 4; 2, 0, 
0; 0, 8, 0). The Lorentz and polarization factors were applied and each 
batch was scaled to maintain the sum of the standard constants. There 
was no evidence of sample decomposition during the data collection 
for I but there was a 5.5% decline in the intensity of the standards for 
11. Absorption corrections were applied with a numerical integration 
procedure utilizing Gaussian grids (I: 6 X 6 X 6, and 11: 6 x 6 x 10). 
The crystal shapes were defined by perpendicular distances to crystal 
faces from a central origin as follows: I: ?{loo}, 0.248 mm; -'{010}, 
0.184 mm; +{10i}, 0.215 mm; and 11: +{loo), 0.143 mm; +{010}, 
0.181 mm; +{001), 0.411 mm. The absorption coefficients were 
54.24 and 13.83 cm-I, respectively, and the ranges of transmission 
factors were 0.13-0.23 and 0.61 -0.69. For compound I ,  reflections 
with intensity less than 2.5o(I) were removed from the data set to give 
a final file containing 4347 independent reflections. For I1 the final 
file contained 3014 independent reflections. 

(c) Structure solution and refinement 
The structures were found and refined using the SHELX-76 pro- 

gram package (34), and illustrations were drawn using ORTEP (35). 
The atomic scattering factors used were for neutral atoms, with cor- 
rections for anomalous dispersion (30). The structures were solved by 
direct methods, completed by standard Fourier synthesis procedures 
using difference maps, and refined by the method of least-squares 
minimising CwA2 where A =  IF.^ - 1F.l. The weights were obtained 
from counting statistics using w = I/(02(F) + 0.001 FZ). For com- 
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pound I hydrogen atoms were included in the refinepent but, with the 
exception of H(0) and H(I), were fixed at 1.08 A relative to their 
respective carbon atoms. Hydrogen atoms were not located for 11. All 
non-hydrogen atoms were treated anisotropically and convergence 
was obtained with maximum shiftlesd ratios of 0.47 and 0.154, re- 
spectively. For compound I the residuals were R = 0.0380 and R,,. = 
(XwA2/Xw~,')"' = 0.0496. The final difference map had a max- 
imum of +2.3 e A-3 (at 1.05 A from Pt) and a minimum of - 1.7 e 
A-'. Corresponding figures for I1 were R = 0.0940, R,,. = 0.0763, 
max = +0.64 e (0.96 A from Pd), min = -0.61 e k3. Neither 
difference map gave any indication that any material h_ad been 
overlooked. For compound I1 the molecular symmetry was I and for 
the coordinates given in Table 5 the centre of inversion is located at 
(112, 0, 0). 
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L'o-nitrobenzylidenedimethylsulfuranne: synthese, reactivite 

YANNICK LE STANC ET MAURICE LE CORRE' 
Laboratoire de Synth2se Orgnnique, UA CNRS 415, Avenue du Gtntrnl Leclerc, 35042 Retltzes Ctdex, France 

R e p  le 9 novembre 1984 

YANNICK LE STANC ET MAURICE LE CORRE. Can. J .  Chem. 63, 2958 (1985). 
Le bromure d'o-nitrobenzyldimCthylsulfonium et l'ylure correspondant sont des composts trks instables qui tvoluent, en 

milieu aqueux, en donnant selon les conditions: I'alcool o-nitrobenzylique, le sulfure d'o-nitrobenzyle ou le sulfure de mCthyle 
et d'o-hydroxymethylbenzyle. L'accks aux o-nitrophCnyloxirannes est possible, avec les aldkhydes, dans un systkme bi- 
phasique soude aqueuse/dichloromCthane. 

YANNICK LE STANC AND MAURICE LE CORRE. Can. J .  Chem. 63, 2958 (1985). 
In aqueous solution, o-nitrobenzyldimethylsulfonium bromide and the corresponding ylid give, depending upon the condi- 

tions, o-nitrobenzyl alcohol. o-nitrobenzylsulfide, or methyl o-hydroxymethylbenzyl sulfide. The o-nitrophenyloxiranes may 
be obtained by the reaction of nitrobenzylidenedimethylsulfurane with aldehydes in a two-phase aqueous sodium 
hydroxide/dichloromethane system. 

Bien que les o-nitrophenyloxirannes aient etC signales a 
plusieurs reprises dans la litterature ( I ) ,  la voie d ' a c c b  la plus 
gtntrale ,  qui consiste a partir de 1'0-nitrobenzylidkne sul- 
furanne, n'a jarnais Cte dtcrite. Dans le cadre de nos recherches 
en serie indolique, nous avons ete amen& a preparer et a 
Ctudier le comporternent du sel de sulfonium 1 et de l'ylure 
correspondant. 

Cette etude a rev616 que le sel 1 ne conduit pas aux oxirannes 

dans les conditions habituelles (action d'une base puis d 'un 
dtrivC carbonyle dans un solvant anhydre) par suite notarnrnent 
d'une reaction concurrente rnettant en jeu le groupement NO2. 
L'analyse du produit reactionnel obtenu lors des differents es- 
sais prClirninaires a revele que le sel de sulfoniurn 1 est sus- 
ceptible d'kvoluer en milieu aqueux, selon plusieurs directions 
que I'on peut contrbler en rnodifiant la concentration et le 
pH du milieu. L'hydrolyse du sel 1 conduit essentiellernent 

sol. diluCe 

2 

+ 
,,~fz--SMe~Br- 

sol. conc 

'Auteur i qui adresser la correspondance. 
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LE STANC ET LE CORRE 

(schCma 1) a l'alcool o-nitrobenzylique 2 en solution diluCe, au Ce rCsultat est a rapprocher des observations trks rCcentes de 
sulfure d'o-nitrobenzyle 3 en solution concentree et au sulfure Ta-Jyh Lee et Holts relatives aux sels de sulfonium o-chlorCs 
alcool 4 en milieu basique. (2) (schCrna 4): 

Interpretation 
La diffkrence d'evolution en fonction des conditions exptri- +,CH3 

mentales peut s'interpreter (schCma 2) en adrnettant que: (i) en &cH2-s\cH3 Nu &cH2-Nu 
milieu diluC, la riaction principale est une hydrolyse qui con- 

Cl CH2-S-CH3 duit rnajoritairement a 2; (ii) en milieu concentrk l'attaque par 
les ions Br-, prksents en quantitC importante, devient prCpon- 
dCrante et mene a un mClange des dCrivCs 5 et 6. 

L'hypothkse d'une hydrolyse du sulfure 6 en alcool 2 qui 
aurait pu expliquer la difference d'orientation de la r~action a 
CtC CcartCe; le sulfure 6 est en effet inattaque aprks 18 h de 
reflux dans une solution aqueuse brornhydrique 1 N.  

A partir de ces deux cornposCs, la formation du sulfure 3 
resulterait d'une alkylation du sulfure 6 par le dCrivC bromC 5 
suivie d'une hydrolyse de ce nouveau sel 7 en sulfure 3 .  I1 
convient de remarquer que le problerne de la regiosClectivitC de 
I'hydrolyse n'intervient pas lors de cette derniere ttape, puis- 
que I'attaque du rnethylene benzylique redonne les produits de 
dCpart. 

La formation, tout a fait inattendue, du dCrivC 4 peut s'in- 
terpreter par un rkarrangernent de Sornrnelet-Hauser au cours 
duquel le rnkthylene-cyclohexadikne interrnkdiaire Cvolue sous 
I'action de OH- avec Clirnination du groupernent NO, (schCrna 
3). 

Nu = MeO-, CN-, etc. ... 
SCHESMA 4 

I1 convient de noter que, dans le cas des dCrivCs chlorCs la 
rkaction d'klirnination n'est possible que si la position ortho est 
Cgalernent substituCe par C1 ou SO3R. Le rCsultat obtenu avec 
1'0-nitrobenzylidknesulfuranne confirme donc les excellentes 
propriCtCs nuclCofuges du groupernent NO,, dCja 0bservCes 
dans d'autres rkactions (3). 

L'acces aux o-nitrophknyloxirannes est cependant possible a 
partir du sel 1 si on libere l'ylure en prCsence du dCrivC car- 
bonylC, dans un systkrne biphasique CH2Clz/NaOH concen- 
trCe. En raison de I'instabilitC de l'ylure, seuls les aldthydes 
conduisent aux oxirannes (voir tableau 1). La stabilisation ap- 
portCe par le groupernent NOz est suffisante pour que, dans le 
cas de l'acroleine, la condensation Cvolue vers le formyl-cyclo- 
propane (schCma 5): 

(1) RCHO 

(2) OH- 4 R = CH2=CH- 

9 
S C H ~ M A  5 

L'analyse par rmn 'H du systerne Cpoxydique (voir tableau cation contraire, les spectres rmn ont CtC rCalisCs dans CDCI-, avec 
1) rnontre que la rkaction est stCrCospCcifique et conduit exclu- cornrne reference le TMS. Spectres de rrnn 'H: Varian EM-360 L, 
sivernent au compose trans. spectres de rnasse: Varian MAT 3 1 1 .  

La cyclopropanation, non stCrCospCcifique, conduit a un mC- Bromure ~'o-lli~robenzy~dim~hy~SUIfollium 1 
lange E / Z  dans le rapport 75 : 25. A 21,6 g (0, l rnol) d'u-brorno o-nitrotoluene dans 20 rnL de chloro- 

forme on ajoute 12,4 g (0.2 rnol) de sulfure de rnCthyle. Apres 24 h 
Partie experimentale B 50°C, le sel de sulfoniurn, qui cristallise, est filtrC, rinct avec 2 fois 

Les points de fusion ont CtC determines au banc Kofler. Sauf indi- 5 rnL de chloroforrne et sCchC; Rtd: 96%; F("C): 89-90; rrnn 'H 
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TABLEAU I .  o-NitrophCnyl oxirannes NO? 
- ~ 

CornvosC R Rdt (%) FCC) Litt. H: H: J,, (Hz) 

8 a  H 42 63-64 65(4) 4,46 2,60 2 
8 b  PhCnyl 92 98-100 101-102(5) 4,46 3,73 2 
8 c  Furyl-2 94 46-47 4,90 3,73 2 
8 d  p-Nitrophtnyl 83 165 160-162(5) 4,42 3,86 2 

'6 en ppm par rapport au TMS dans CDCI,. 

(D20): CH3 ti 2,05 (s, 6H), CH2 a 4,10 (s, 2H), protons arornatiques 
de 6,s-7,5 (rn, 4H). Anal. calc. pour C9HI2BrN0,S: C 38,84, 
H 4,31, Br28,77; tr.: C38,61, H4,19, Br28,62. 

Alcool o-nitrobenzylique 2 
On porte a reflux pendant 24 h une solution de 2,78 g (0,01 mol) 

de sel de sulfoniurn dans 150 mL d'eau. Le produit brut, obtenu par 
extraction au dichloromCthane et Cvaporation du solvant, est purifiC 
par chromatographie sur acide silicique (70-230 mesh; dichloro- 
methane-Cther 95:5); Rdt: 77%; FCC): 71 -72 (litt. (6) F 74°C); rmn 
'H: 0-H a 3,20 (s, IH), CH2 5,06 (s, 2H), protons arornatiques a 
7,2-8,1 (rn, 4H). 

Sulfure d'o-nitrobetzzyle 3 
On porte a reflux pendant 24 h une solution de 5,56 g (0,02 mol) 

de sel de sulfoniurn 1 dans 10 mL d'eau. Le produit brut obtenu par 
extractlon au dichloromtthane, est dissout dans 30 rnL d'Cthanol au 
reflux. Le sulfure 4 cristallise au refroidissernent, il est alors filtrC et 
sCchC; Rdt: 48%; F("C): 120-122; rmn 'H: CHI a 4,10 (s, 4H), 
protons arornatiques 7.3-8,l (m, 8H). Spectre de masse: M calculCe 
pour CI4HI2N2O4S: 304,052; trouvCe: 304,05 1. 

Sulfure de mkthyle et d'o-hydroxymkthyl ber~zyle 4 
On porte reflux pendant 2 h une solution de 5,56 g (0,02 mol) de 

sel de sulfonium 1 dans 50 rnL de soude 1 N. Aprks extraction au 
dichlorornCthane et Cvaporation du solvant, on isole, a partir du mC- 
lange obtenu, le sulfure 5 par chromatographie sur acide silicique 
(70-230 mesh; dichloromCthane); Rdt: 45%; Eo.h = 114-1 15OC; 
rmn 'H: CH3 a 1,97 (s, 3H), 0-H a 3,10 (s, IH), SCH, a 3,73 
(s, 2H), 0CH2 a 4,70 (s, 2H), protons arornatiques a 7,2-7,5 
(m, 4H). Spectre de masse: M calculCe pour CoHI,OS: 168,253; 
trouvCe: 168,252. 

o-Nitrophknyl-2 oxiranne 8a 
A une suspension de 13,9 g (0,05 rnol) de sel de sulfonium 1 dans 

25 rnL de dichloromCthane et 4 mL d'une solution aqueuse de for- 
maldChyde a 37%, on ajoute sous vive agitation rnagnktique 37.5 mL 
de soude 10 N; la coloration mauve d'ylure apparait aussitat. Aprks 
disparition de la coloration de I'ylure (10 min environ) l'ensemble est 
diluC par addition de 30 mL d'eau, puis extrait par 2 fois 30 rnL de 
dichlorornCthane. La phase organique dtcantke est concentrCe l'tva- 
porateur rotatif et I'huile obtenue distillCe sous pression rCduite; Rdt: 
42%; Eo., = 94-96°C; F("C): 63-64 (litt. (4) F 65°C); rmn 'H: 
protons Cpoxydiques a 3,26 (q, lH, J A M  = 6 Hz, JAx = 4 Hz), 2,60 
(q, IH, J A M = 6  HZ, Jp,qX=2 HZ), 4,46 (4, IH, J A x = 4  HZ, 
J,x = 2 Hz), protons arornatiques a 7,l-8,13 (rn, 9H). 

o-Nitrophknyl-2 phknyl-3 oxiratlrte 8 b  
A une suspension de 13,9 g (0,05 rnol) de sel de sulfoniurn 1 dans 

25 rnL de dichlorornCthane contenant 0,075 mol dlaldChyde on ajoute, 
sous vive agitation magnktique 40 rnL de soude 10 N. Aprks 2 h a 

ternpCrature arnbiante, l'ensernble est diluC par addition de 30 rnL 
d'eau, puis extrait par 2 fois 30 mL de dichloromCthane. La phase 
organique obtenue aprks dkcantation est constituCe presque exclu- 
sivement de 1'Cpoxyde et d'aldthyde en excks. Aprks Climination de 
I'aldChyde par distillation sous pression rCduite 1'0-nitrophCnyl-2 
phtnyl-3 oxiranne cristallise; Rdt: 92%; F("C) ethanol: 98- 100 (litt. 
(5) F 101 - 102°C); rmn 'H: protons Cpoxydiques ti 3,73 (d, IH, 
'J = 2 Hz) et 4,46 (d, IH, 'J = 2 Hz), protons aromatiques a 
7,l-8,13 (m, 9H). 

(Furyl-2)-2 o-nitrophknyl-3 oxiranne 8 c  
"Mode operatoire" identique au precedent; Rdt: 94%; F("C) hexane: 

46-47; rmn 'H: protons Cpoxydiques a 3,73 (d, IH, ' J  = 2 Hz) et 4,9 
(d, IH, 'J = 2 Hz), protons furyliques a 6,36-6,66 (rn, 2H), protons 
arornatiques a 7,2-8,3 (rn, 5H). Anal. calc. pourC12HyN04: C 62,33, 
H 3,89, N 6,06; tr.: C 62,15, H 3,75, N 6,Ol. 

0-Nitrophknyl-2 p-nitroph6nyl-3 oxiranr~e 8d  
"Mode opCratoireV identique ti celui utilisC pour la preparation de 8 b  

et 8 c .  Le produit rkactionnel brut, obtenu aprks Cvaporation du sol- 
vant, est dissout dans 30 rnL d'Cthanol; 1'0-nitrophCnyl-l p-nitro- 
phCnyl-3 oxiranne cristallise au refroidissernent; il est ensuite filtrC et 
sCchC; Rdt: 83%; F("C): 165 (litt. (5) F 160- 162°C); rrnn 'H: protons 
Cpoxydiques B 3,86 (d, IH, 'J = 2 Hz) et 4,42 (d, IH, 'J = 2 Hz), 
protons arornatiques a 7,3-8,5 (m, 8H). 

Focmyl-1 o-nitrophknyl-2 cyclopropane 9 
A une solution de 4,2 g d'acrolCine (0,075 rnol) dans 25 mL de 

dichlorornethane, on ajoute 13,9 g (0,05 rnol) de sel de sulfoniurn 1 ,  
puis sous vive agitation, 40 mL de soude 1 N. 

Aprks disparition de la coloration de I'ylure (10 min environ), on 
ajoute 30 rnL d'eau, dCcante la phase organique puis extrait deux fois 
la phase aqueuse au dichloromCthane (60 mL). La phase organique est 
concentric I'tvaporateur rotatif et l'huile obtenue distillee sous 
pression rtduite; Rdt 83%; E O . ~  = 134OC; rmn 'H: protons cyclo- 
propaniques de 1,3 a 3,3 (m, 4H), protons arornatiques de 7,l  a 8,1 
(rn, 4H), CHO cis 2 9,O (d, J = 5 Hz), CHO trans 5 9,4 (d, J = 5 
Hz). Anal. calc. pour CloHyN03: C 62,82, H 4,71, N 7,32; tr.: 
C 62,70, H 4,68, N 7,27. 

1. T. WATANABE, F. HAMAGUCHI ET S. OHKI. Chem. Pharm. Bull. 
20, 2123 (1972); W. WIERENGA, A. W. HARRISON, B. R. EVANS 
et C. G. CHIDESTER. J. Org. Chern. 49, 438 (1984). 

2. TA-JYH LEE et W. J. HOLTS. Tetrahedron Lett. 2071 (1983). 
3. J. R. BECK. Tetrahedron, 34, 2057 (1 978). 
4. F. ARNDT et W. PARTALE. Chem. Ber. 60, 446 (1927). 
5. 0. CHRZESCINSKI. Thkse, Strasbourg (191 1). 
6. M. P. PIERRON. Bull. Soc. Chim. Fr. 852 (1901). 
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13 C magnetic resonance studies. 119. ' Tricyclo[3.3.0.0] and [3.2.l .O]octanones from 
substituted norbornenones via cyclopropanation and hornoketonization 

ARTHUR J.  RAGAUSKAS A N D  J .  B. STOTHERS 
Department of Chemistry, Universiw of Western Ontario, London, Ont., Canada N6A 587 

Received February 5, 1985 

ARTHUR J. RAGAUSKAS and J .  B. STOTHERS. Can. J .  Chem. 63, 2961 (1 985). 
Simmons-Smith cyclopropanation of the trirnethylsilyl enol ethers of 7-isopropylidene- and two 7-spirocyclopropyl- 

norbornenones leads directly to the 8-substituted 2-trimethylsilyl ethers of hornoquadricyclene. Homoketonization of the 
unsaturated ether proceeds regiospecifically to the corresponding tricyclo[3.3.0.02~H]octan-4-one while the others give the 
tricyclo[3.2.1 .02.6]octan-4-ones exclusively, all with high stereoselectivity favoring inversion of configuration. This difference 
in the regiochemistry of homoketonization can be attributed to a directive effect of P-functionalization overcoming thermo- 
dynamic control of cleavage. 

ARTHUR J .  RAGAUSKAS et J .  B. STOTHERS. Can. J.  Chem. 63, 2961 (1985). 
La reaction de cyclopropanation suivant Simmons-Smith des Cthers Cnoliques trimCthylesilyles de l'isopropylidene-7 et de 

deux spiro-7,cyclopropylnorbornCnones conduit directement aux Cthers trimCthylsily1-2 de I'homoquadricyclene substitues en 
position 8. L'homocCtonisation de 1'Cther insaturC est rCgiospCcifique et conduit a la tricyclo[3.3.0.02~x]octanone-4 correspon- 
dante tandis que les autres Cthers conduisent exclusivement aux tricyclo[3.2.1 .02'6]octanones-4; toutes ces reactions se pro- 
duisent avec une tres haute stCrCosClectivitC qui favorise une inversion de configuration. On attribue la diffkrence de rCgio- 
chimie dans I'homocttonisation a un effet directif de la fonction en P qui est plus puissant que le contr6le thermodynamique 
du clivage. 

[Traduit par le journal] 

Introduction 
Our earlier unexpected discovery (1) of quantitative con- 

version of the trimethylsilyl en01 ether of norbornenone (1) to 
tricyclo[3.2.1 .02*7]octan-4-one (2) prompted us to examine the 
process in more detail. Specifically, we were interested in 
potential substituent effects on the course of the second step of 
the sequence, namely, the base-catalyzed cleavage of the 
homoquadricyclene addition product 3 formed by cyclopro- 
panation of 1. Although there are two paths for cleavage of 
cyclopropoxide 4 formed from 3, its homoketonization was 
found to be regiospecific, yielding only 2. If, however, one 
could alter the regioselectivity of cleavage to favor formation 
of tricyclo[3.3.0.02~8]octan-4-one (5) analogs, this would pro- 
vide a new route to the latter system, examples of which have 
been utilized in a variety of syntheses of natural products (2). 

The regioselectivity of homoketonization of several 
p-enolates, i.e., substituted cyclopropoxides, has been estab- 
lished (3) and the major governing factors found to be relief of 
strain, product stability, and the stability of the incipient car- 
banion. Cleavage of p-enolate 4, by either path 2 orb ,  will lead 
to a secondary carbanion but that formed via a may be sta- 
bilized by the adjacent three-membered ring. On the other 
hand, product stability may be responsible for the remarkable 
dominance of cleavage by path a. In an attempt to shed addi- 
tional light on the question, the 8-spirocyclopropyl and 
8-isopropylidene derivatives of 4 were selected for study. In the 
case of the former, the additional cyclopropyl ring could con- 
ceivably stabilize the incipient carbanion generated by cleavage 
analogous to path b in 4, thereby rendering the two pathways 
more nearly comparable provided stabilization by the neigh- 
boring three-membered ring is a significant factor in these 
homoketonizations. Introduction of a double bond at C-8 in 4 
could be expected to afford even greater stabilization for a 
developing carbanion at C-1, i.e., via cleavage b, possibly 

' For Part 1 18 see ref. 15; for Part 1 17 see ref. 16; for Part 1 16 see 
ref. 17. 

altering the regioselectivity of homoketonization in a major 
way. Redirection of the homoketonization process has been 
illustrated. Zwanenburg and co-workers (4) found that while 
ketal acetate 6 yields 7 exclusively, presumably by thermo- 
dynamic control, cleavage of the analog 8 leads regio- 
specifically to 9, demonstrating that conjugative stabilization 
of one of the possible carbanionic intermediates is sufficient to 
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alter the regiochemistry of the homoketonization. 
A second feature of the homoketonization process concerns 

the stereoselectivity of protonation of the homoenolate which, 
in general, is found to be high (3). However, in the case of 
p-enolates, high degrees of retention and inversion of config- 
uration have been observed and definitive interpretation in 
terms of the principal governing factor is difficult. Never- 
theless, there is some evidence that increasing strain in poly- 
cyclic systems causes a shift from predominant inversion to 
dominant retention. For example, p-enolate 10 opens with 
>95% inversion while the more strained analog 11 exhibits 

>95% retention (5). Our examination of 4 showed that ke- 
tonization proceeds with 92% inversion and, since the intro- 
duction of the spirocyclopropyl and isopropylidene substituents 
undoubtedly increases the strain in -the corresponding 
p-enolates, it was of interest to establish the stereochemistry of 
homoketonization for the latter cases. 

Results and discussion 
7-Spirocyclopropylnorbornenone 

In the earlier study (I), we found that cyclopropanation of 1 
with methylene iodide and a zinc-silver couple led directly to 
3, presumably by facile intramolecular cycloaddition after the 
initial addition of the methylene group to the enolic double 
bond. The same treatment of the 7-spirocyclopropyl analog 
gives an analogous result. Reaction of 12 with lithium di- 
isopropylamide followed by treatment with trimethylsilyl chlo- 
ride and triethylamine gave the corresponding en01 ether in 
85% yield. Cyclopropanation afforded an addition product 13 

++ AHX 
2 

Hn 

13 
OTMS 

having no olefinic absorption in either the 'H or I3Cmr spectra, 
and the molecular formula C,,H,OSi, by precise mass mea- 
surement, confirmed the addition of a single methylene group. 
The I3C spectrum contained three methylene signals (6c 5.4, 
9.9, 32. l), five methine peaks (20.6, 22.1, 28.3, 3 1 .O, 39.6), 
two quaternary signals (23.1, 69.6), and trimethylsilyl absorp- 
tion at zc 1.1. On comparison with the results for 4, these data 
are consistent with the expected homoquadricyclene structure. 
Although specific assignments for the spirocyclopropyl meth- 
ylene carbons could not be made, the signals at Ec 5.4 and 9.9 
were readily attributed to these carbons. The order of linkage 
of the other carbons was obtained from a double-quantum co- 
herence (INADEQUATE) spectrum (6); these results are sum- 
marized in 14 with the Jcc values in parentheses. 

The proton spectrum provided additional confirmation for 
structure 13. The 3-methylene protons appeared at lowest field 
with the exo-proton at 6 2.27, J = 1 1.7 Hz and the endo-proton 
at 6 2.12, J = 1.5, 5.1, 11.7 Hz. For the latter, the small 
1.5-Hz coupling was common to a pattern at 6 1.24 (dt, lH ,  J 

= 1.5, 7.3 Hz) ascribable to H-1 which was also coupled to 
H-7 (dd, 6 1.98, J = 4.3, 7.3 Hz). The absorption for H-6 was 
found at 6 1.7 1 (dt, J = 4.3, 6.3 Hz) with H-4 at 6 I .  1 1 (ddd, 
J = 5. I ,  6.3,  8.1 Hz). lrradiation of the two-proton pattern at 
6 0.68 collapsed the 8.1-Hz splitting in the H-4 multiplet, a 
1.5-Hz coupling for H-1 , and a 6.3-Hz splitting for H-6, there- 
by revealing the approximate position of H-5. The spiro- 
cyclopropyl methylene protons absorb at 6 0.37 (m, 2H), 0.68 
(m, IH), and 0.76 (m, 1H) but cannot be individually identi- 
fied. All of the coupling interactions were confirmed by the 
appropriate decoupling experiments. Thus, the generation of 
13 from 12 through Simmons-Smith cyclopropanation is 
strictly analogous to the conversion of norbornenone to 3. 

Treatment of 13 with base gave a single ketone in 90% yield 
having carbonyl absorption (ir 1725 cm-', Zc 210.2) indicative 
of a six-membered ring ketone. In addition to the carbonyl 
peak, the I3Cmr spectrum contained nine signals: 6c 4.6, 9.9, 
28.0, 33.8 (4 X CHI), 10.5, 15.9, 21.7, 55.8 (4 X CH), and 
24.7 (quat C). While the quaternary and the two highest field 
methylene signals could be attributed to the spirocyclopropyl 
group, the remaining signals were in reasonable agreement 
with expectations for structure 16 by comparison with the data 
for 2,  indicating that the cleavage of 15 was regiospecific and 
analogous to that of 3. Initially, a chemical proof of structure 
was examined since hydrogenolysis of the three-membered 
rings in 16 could produce 6,6-dimethylbicyclo[2.2.2]octan- 
2-one, a known compound. However, hydrogenation of 16 
using a platinum oxide catalyst afforded an alcohol and a single 
new ketone having the molecular formula Cl,Hl,O, by precise 
mass measurement. Clearly, only onc of the cyclopropyl moi- 
eties suffered cleavage. The "Cmr spectrum contained signals 
for two methyl (6c 26.0, 26.7), two methylene (26.9, 33.4), 
four methine (10.5, 14.4, 23.5, 58.7), one quaternary (40.8), 
and a carbonyl carbon (212.1). We conclude that the ketone is 
6,6-dimethyltricyclo[3.2.1 .02.']octan-4-one and, on the basis 
of its I3C spectrum, the second product appeared to be the 
corresponding alcohol but was not fully characterized. 

Definitive structural proof for 16 was obtained by nmr. To 
confirm tentative assignments of the 13C signals an INADE- 
QUATE spectrum was obtained and the results are summarized 
in 17. Supporting evidence was provided by the 'Hmr spec- 
trum. The 3-methylene protons absorbed at lowest field, 6 2.65 
(ddd, J = 0.8, 2.6, 20.0Hz) and2.57 (dd, J = 2.6, 20.0Hz), 
readily identified by the 20.0-Hz geminal coupling. Doublets at 
6 1.87 ( J  = 12.6 Hz) and 1.75 ( J  = 5.6 Hz) were assigned to 
endo-H-8 and H-5, respectively, since both have approxi- 
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RAGAUSKAS AND STOTHERS: 1 

TABLE I. Cyclopropilnation experiments with 19 

Product composition (%)" 
Time Molar ratio 1191 

Temperature Expt. (h) (CHzl2)/19 (M x lo- ')  20 21 18  

Reflux (38°C) I 2 1 1.2 3.4 75 25 - 

2 18 1.9 3.0 50 50 - 
3 20 2.8 3.2 15 85 - 

"Estimated by "Cmr (25%) 

mately 90" dihedral angles with one of two vicinal neighbors. 
A multiplet at S 2.23 containing splittings of 12.6, 5.6, 3.4, 
and 0.8 Hz must arise from exo-H-8 with the smallest coupling 
representing a long-range interaction with one of the 3-protons. 
A triplet of triplets at 6 1.11 ( J  = 2.6, 7.5 Hz) was readily 
assigned to H-2, with the larger coupling identifying the inter- 
action with H-7, 6 0.90 (dd, J = 5.7, 7.5 Hz), and H-1, which 
gave rise to the remaining one-proton multiplet at 6 1.55 con- 
taining couplings of 7.5 (H-2), 5.7 (H-I), and 3.4 Hz (e.ro-H- 
8). A complex four-proton multiplet, 6 0.35-0.65, accounted 
for the four spirocyclopropyl methylene protons. Appropriate 
decoupling experiments confirmed each of the interactions 
noted. 

The identification of 16 shows that the homoketonization of 
13 is the same as that of 3; clearly, the additional cyclopropyl 
ring does not affect the regiochemistry of cleavage. 

7-Isopropylidenenorborrzenone 
En01 ether 19 was prepared from 7-isopropylidenenorbor- 

nenone in 80% yield and, upon reaction with methylene iodide 
and a zinc-silver couple under conditions similar to those 
employed to generate 13, gave a 50: 50 mixture of two products 
in >90% yield. The composition of the mixture was assessed 
by I3Cmr spectroscopy since the product decomposed upon 
attempted analysis by gas-liquid chromatography (FFAP, SE- 
30, and Carbowax) even with the use of new columns that was 
essential for success with 13. The "C spectrum of the mixture 
contained signals for two non-protonated olefinic carbons (6, 
121.0, 133.3), four quaternary carbons, two of which bear 
oxygen (1 7.4, 33.6, 70.1, 70.9), and three methylene carbons 
(25.0, 32.8, 33.0), together with six methyl and ten methine 
carbon peaks. These data indicated that initial cyclo- 
propanation of the enolic double bond followed by intra- 

molecular cycloaddition indeed occurred, but approximately 
half of this product underwent a second cyclopropanation at the 
isopropylidene double bond, i.e. 19 + 20 + 21. 

To obtain support for this suggestion, the reaction was re- 
peated using a larger excess of methylene iodide and the re- 
sulting product gave rise to the same sets of I3C signals with the 
important difference that the product ratio was 1 :7 ,  favoring 
the component lacking olefinic absorption. The "C spectrum 
for the major product included signals for five methyl (Sc 1.5 
(3), 24.2, 25.4), two methylene (25.0, 33.0), five methine 
(20.3, 22.7, 29.6, 29.9, 38.4), and three quaternary carbons 
(17.4, 33.6, 70.1). On comparison with the data for 13, these 
results appeared to be consistent with structure 21. Repetition 
of the reaction using a small excess of methylene iodide gave 
the same products in a 3 : 1 ratio favoring the unsaturated com- 
ponent, the I3C spectrum of which included five methyl (Sc 1.2 
(3), 21.8, 22.0), one methylene (32.8), five methine (21.7, 
24.9, 26.8, 30.4, 36.4), and three fully-substituted carbon 
signals (70.9, 121 .O, 133.3). These data are consistent with 
structure 20 for the monocyclopropanated product. From the 
ratios of the products obtained with varying amounts of meth- 
ylene iodide, it appeared that the second cyclopropanation was 
significantly slower than the initial methylene addition to the 
enolic double bond. Consequently, some experiments at lower 
temperature, varying the concentration of 19, were carried out. 
Conditions were found that gave only the unsaturated addition 
product in 75% yield, contaminated with starting material ac- 
cording to the "C spectrum. The results of various trials are 
summarized in Table 1 .  Our tentative structural assignments 
for adducts 20 and 21 were confirmed by homoketonization 
experiments. 

Upon treatment with base, the unsaturated adduct 20 gave 
rise to a single new ketone 22 whose carbonyl absorption (ir 
1747 cm-I, Sc 224.1) indicated the presence of a cyclo- 
pentanone moiety. The molecular formula is C l l H I 4 0  by pre- 
cise mass measurement. The I3Cmr sDectrum contained, in 
addition to the carbonyl signal, absorptibns for two equivalent 
methyl (Sc 21.6), two methylene (35.4, 43. l) ,  four methine 
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(20.6, 26.3, 30.0, 50.3), and two fully-substituted olefinic 
carbons (126.5, 129.8); these data are consistent with structure 
22 and this was confirmed by the results of an INADEQUATE 
spectrum. For this purpose, the reaction was repeated on a 
preparative scale using 700 mg of 19; 22 was isolated in 67% 
yield by flash chromatography. Although 20 was contaminated 
with ketone 18 because of the relatively mild conditions em- 
ployed for the cyclopropanation, it was found that 18 does not 
survive the basic conditions required for homoketonization, as 
expected (7), and the purification of 22 presented no difficulty. 
The '3C-13C coupling constants observed for the sp3 carbons 
clearly established their order of linkage and are summarized in 
parentheses with the formula. The geminal couplings between 
the carbons flanking the sp2 centres provided additional con- 
firmatow evidence. 

~rom;hese results it became clear that the conversion of 19 
+ 20 by Simmons-Smith cyclopropanation is strictly anal- 
ogous to that found previously for the parent system 1 + 3. 
Although homoketonization of each of 3 and 20 is regiospecific 
with each yielding a single ketone, different bonds open in the 
two homoquadricyclene species. The C-2,-7 bond is cleaved 
exclusively in the parent p-enolate 4 but only the C- 1 ,-2 bond 
is opened in the isopropylidene derivative. For the latter, a 
developing carbanion at C-1 can be stabilized by the neigh- 
boringbouble bond since it is an allylic system. Apparently this 
is sufficient to change the course of the cleavage to furnish the 
[3.3.0.0] ketone 22 exclusively. It is interesting that a single 
ketone is observed since, in principle, the 7-isopropyl-A6- 
isomer of 22 could arise from the allylic carbanion. However, 
the isomeric structure with an endocyclic double bond may be 
considerably more strained than its exocyclic counterpart 22. In 
any event, the marked difference in the regiochemistry of 
homoketonization for 4 and 20 is neatly accounted for by in- 
creased stabilization of the incipient carbanion leading to 22. 

The cyclopropanation experiments with 19 at reflux tem- 
perature (Table 1) gave a mixture of two adducts that, upon 
homoketonization with base, furnished a corresponding mix- 
ture of two ketones, separable by glc. One of the products was 
22 while the second, 23, appeared to contain a six-membered 
ring ketone (ir 1725 cm-', 210.8). The molecular formula 
C12HI60, by precise mass measurement, confirmed the addition 
of two methylene groups to 19 and its I3Cmr spectrum ex- 
hibited, in addition to the carbonyl peak, two methyl (& 22.7, 
23.5), three methylene (22.2, 29.3, 34.2), four methine (10.4, 
15.8, 20.0, 53.8), and two quaternary signals (17.0, 33.0). 
Many of these shieldings are remarkably similar to those found 
for 16, thus leading to structure 23. Additional support for this 
structural assignment was obtained from the proton spectrum. 
Two nearly equivalent protons 6 2.54 and 2.57, JAB = 20 HZ 
were easily assigned to the 3-protons, each of which was cou- 
pled by 2 Hz to a proton whose absorption was part of a 

complex two-proton multiplet, 0.98- 1.17 ppm. Clean dou- 
blets at 6 1.87 ( J  = 12.4 Hz) and 2.07 ( J  = 5.8 Hz) clearly 
arose from endo-H-8 and H-5, respectively. An eight-line pat- 
tern at 6 2.25 (J = 3.1, 5.8, 12.4 Hz) readily accounted for 
exo-H-8 which, in addition to its interactions with H-5 (5.8 Hz) 
and endo-H-8 (12.4 Hz), is coupled to H-1 (3.1 Hz). The latter 
nucleus gave rise to a six-line pattern at 6 1.85 (dt, J = 3.1,6.8 
Hz) with the larger splitting attributable to coupling with H-2 
and -7, which appear as a multiplet near 6 1.0. Finally, the 
spectrum contained methyl singlets at 6 1.03 and 1.17 together 
with a clean AB pattern for the cyclopropyl methylene protons, 
8A 0.28, 6B 0.42, JAB = 4.6 Hz. Each of the couplings noted 
above was confirmed by spin-decoupling experiments. Thus, 
homoketonization of 21 follows the same course as that found 
for 3 and 13. 

From the foregoing results, it was apparent that the second 
cyclopropanation furnishing 21 is stereospecific and it remain- 
ed to distinguish between the two possible adducts 21a and b. 
Molecular models indicated that methylene addition leading to 
21b may be hindered by the exo-3-hydrogen of 20. On the other 
hand, the well-known ability of neighboring oxygen to direct 
methylene transfer could facilitate the formation of 21b but the 
oxygen in 20 may be too far from the double bond to influence 
the reaction course. To determine the position of the geminal 
methyl groups in 23, the composition of the product obtained 
by LAH reduction was compared with that from 16. The ratio 
of epimeric alcohols produced from 236 and 16 would be 
expected to be similar and distinctly different from that formed 
from 23a in which the geminal methyls can hinder the approach 
of the hydride donor to the syn face of the carbonyl group. 
Upon treatment with LAH, 16 gave an 85: 15 mixture of two 
alcohols while a 95 : 5 mixture of alcohols was obtained from 
23. The I3Cmr spectra of the alcohols formed from 16 indicate 
that hydride donation occurred preferentially at the face of the 
carbonyl group away from the spirocyclopropyl grouping. The 
major alcohol 24 gave rise to four methylene carbon signals, 
5.0, 7.5, 30.4,, 30.3*, which may be compared with the corre- 
sponding signals for the minor alcohol 25 at 6,4.9, 10.9,23.2, 
28.3. In each case, the two signals at highest field arise from 
the spirocyclopropyl methylene carbons and the 7-ppm upfield 
shift found for one of the remaining methylene signals in the 
minor isomer must be due to a shielding effect of the hydroxyl 
group. Hence the hydroxyl is syn to C-8 in the minor isomer 
and anti in the major product 24, which is consistent with 
preferential hydride donation to 16 from the less hindered side. 
The I3C spectrum of the major alcohol 26 from 23 contained 
methylene absorption at 24.1, 30.5, and 3 1.3, of which the 
most shielded signal arises from the spirocyclopropyl group. 
The near-equivalence of the remaining two methylene carbons 
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is comparable to the situation in 24 and, therefore, we conclude 
that the hydroxyl group is anti to C-8 as shown in 26. The 
difference in the ratio of the two alcohols formed from 16 and 
23 indicates a greater difference in hindrance to the approach 
of the hydride donor in 23, and, hence, we conclude that the 
geminal methyl groups are syn to C-4 bearing the hydroxyl 
group. This conclusion was supported by the results of a shift 
reagent study, which revealed that the quaternary carbon bear- 
ing the geminal methyls was distinctly more sensitive to added 
Pr(fod), than the spirocyclopropyl methylene carbon. It was 
also found that the methylene carbon at Zc 30.5 moved upfield 
at twice the rate of that at 31.5, confirming their assignments 
to C-3 and -8, respectively. The greater sensitivity of one of the 
methyl carbons to added shift reagent led to the methyl assign- 
ments shown in 26. 

Stereochemistry of homoenolization 
Our earlier examination of the homoketonization of 3 re- 

vealed that the resulting cyclopropoxide 4 opened with high 
stereoselectivity (92 2 1 %) favoring inversion of configuration 
at C-7. As noted in the Introduction, it was of interest to learn 
whether the increased strain of the spirocyclopropyl and iso- 
propylidene analogs 13, 21a, and 20, respectively, would 
affect the stereochemistry of ring opening. To examine this 
feature, their ketonizations were carried out in deuterated 
media. 

Treatment of 13 with KODIt-BuOD at room temperature 
furnished 16-d, containing 1.80 atoms 'H/molecule by mass 
spectrometry. The 'Hmr spectrum revealed four sites of deu- 
terium incorporation for which the relative amounts were deter- 
mined by integration. The 'H signals, with their 'H content, 
were found at 6 2.64 (0.60), 2.55 (0.40), 2.24 (0.725), 1.88 
(0.065), which, from the analysis of the 'H spectrum, are due 

to deuterons at C-3 and C-8. The relative intensities of the 
higher field pair of signals which arise from the exo- and 
endo-8-deuterons show that the stereochemistry of ring open- 
ing in 15 is the same as that found for 4 ( l ) ,  strongly favoring 
inversion of configuration at C-7 (92 t 1%). 

As a sidelight, the 3 :2  intensity ratio found for the lower 
field pair of signals shows that a-exchange in 16, occurring 
upon its formation, apparently favors the less shielded site. In 
the 'H spectrum, described earlier, this proton exhibits a 
0.8-Hz coupling with exo-H-8, which suggests that it is syn to 
the spirocyclopropyl group. Additional confirmation that the 
exo-8-proton is involved in this long range interaction was 
provided by the 'H spectrum of 16-d, since the 0.8-Hz splitting 
is not observed in the multiplet for the less shielded 3-proton. 
The 3-methylene pattern consisted of a pair of doublets of 
doublets, 6 2.656, 2.569 ( J  = 2.6, 20.0 Hz), arising from 
[8-'HI]-16 and a pair of doublets of triplets, 6 2.635, 2.548 ( J  
= 2.6, 3.1 Hz) due to each of the [3,8-'HI]-16 species. 

The "Cmr spectrum of 1 6 - 4  contained the characteristic 
triplets, centred upfield from the normal signals, arising from 
one-bond I3C-'H coupling, for the methylene carbons at 6, 
28.0 (JcD = 20.5 Hz, isotope shift (A) = 323 ppb) and 33.8 
(JcD = 19.6 Hz, A = 336 ppb). Two-bond isotope shifts were 
apparent for C-5 (tSc 55.8, A = 84 ppb) and C- 1 (ac 15.9, A = 
98 ppb), while two isotope-shifted components accompanied 
the normal C-2 signal at 6 10.5 (A = 100 ppbI2H) arising from 
species having one and two deuterons at C-3. 

Upon treatment of 21a with KODIt-BuOD, 23a-d, contain- 
ing 1.50 atoms 'H/rnolecule was isolated and found to exhibit 
three signals in its 'Hmr spectrum since the 3-methylene peaks 
are nearly equivalent and, therefore, unresolved. This product 
was treated with KOHIMeOH to back-exchange the 
a-deuterium picked up by exchange after the cleavage and its 
'H spectrum contained a strong signal at 6 2.25.(exo-'H-8) and 
a relatively small peak at 6 1.87 (endo-'H-8). The intensity 
ratio of these signals showed that the homoketonization of 21a 
proceeds with high stereoselectivity favoring inversion of con- 
figuration (93 2 I%), strictly analogous to the results for 3 and 
13. 

The I3C spectra of these 23-d, samples confirmed the earlier 
assignment. The absorption for C-8, 6 29.3, contained the 
characteristic triplet JcD = 20.4 Hz, A = 328 ppb and a similar 
pattern was observed for C-3, 6, 34.2, JcD = 19.7 Hz, A = 349 
ppb. Two-bond isotope shifts were also apparent for C-1 (6, 
15.8, A = 85 ppb), C-5 (6, 53.8, A = 85 pb), and C-2 (6, 
10.4, A = 97 ppbI2H). 

Base-catalyzed homoketonization of 20 in KODIt-BuOD 
furnished a sample of 22-d, which was found to contain 2.74 
atoms 'H/molecule by mass spectrometry. The 'Hmr spectrum 
consisted of three signals at 6 1.87, 2.15, and 2.48. Treatment 
of this product with KODIt-BuOD to back-exchange the 
a-deuterium picked up by exchange after the formation of 
22-dl furnished a sample of 22-dl containing 0.96 atoms 
'H/molecule, whose 'Hmr spectrum exhibited a major peak at 
6 2.48 with very small signals at 1.87 and 2.14. Clearly homo- 
ketonization of 20 is highly stereoselective. It may be noted 
that the mass spectrum of this sample gave the 'H content as 
4.6% do, 94.8% d l ,  and 0.6% d2, indicating that back-exchange 
of the a-deuterons was not quite complete. Thus, the obser- 
vation of one major signal in the 2H spectrum shows that the 
stereoselectivity is >99%, which is significantly higher than 
that found for the other homoquadricyclene derivatives 3,  13, 
and 21a. To establish the stereochemistry of the cleavage of 
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20, however, analysis of the proton spectrum was required. 
The  ' H  spectrum of 22 in ChD6 solution exhibited two-proton 

multiplets near 6 2.50 and 2.18, a three-proton multiplet at 
1.75- 1.90, and a multiplet at 1.25 (dt, J = 6.2, 6 .7 Hz, 1 H) 
together with methyl absorptions centred at 6 1.43 and 1.58, 
each of which was a broadened doublet, J = 1.5 and 2.5 Hz, 
respectively. As the first step in the analysis of this spectrum, 
a heteronuclear correlation experiment was done since the "C 
spectrum had been completely assigned (see above). As a result 
it was found that the lowest field proton pattern was due to the 
bridgehead H-5 and one of the 6-methylene protons, while the 
absorption near S 2.18 arose from the second 6-methylene 
proton and one of the 3-methylene protons. The highest field 
proton pattern correlated with the C-2 signal. Unfortunately, 
the overlap of the various multiplets precluded a definitive 
analysis of the 'H spectrum and a shift reagent study was 
required to obtain suitable dispersion of the individual patterns. 

In the presence of 0 .  I equivalents of Eu(fod)?, eight one- 
proton multiplets were clearly resolved, permitting complete 
analysis. Methylene absorption consisting of a doublet at 6 
4.17 ( J  = 18.8 Hz) and an eight-line pattern, 6 4.70 ( J  = 2.5,  
6 .2 ,  18.8 Hz), was readily assigned to the etzdo- and exo-3- 
protons, respectively, exhibiting shifts (AS) of 2 .30 and 2.56 
ppm with E ~ ( f o d ) ~ .  A second methylene pattern was apparent 
for the 6-protons as a doublet, 6 3.70 (A6 1.50, J = 15.4 Hz), 
and a complex multiplet, 6 3.38 (A6 0.90). A series of spin 
decoupling experiments revealed that the latter multiplet con- 
tained couplings to each of the methyl groups ( J  = 1.5, 2 .5  
Hz), to H-5 (J = 8 .7  Hz), and to its geminal partner ( J  = 15.4 
Hz). An inspection of molecular models indicated that the 
etzdo-6-proton has a dihedral angle of ca. 90" with respect to 
H-5; hence the doublet was assigned to endo-H-6. 'The exo-6- 
proton is nearly perpendicular to the n-plane of the double 
bond, which accounts nicely for the observed homoallylic cou- 
pling to each methyl group with the larger interaction pre- 
sumably involving the transoid methyl protons, 6 1.88 (A6 
0.30). Thus the cisoid methyl appears at 6 1.72 (AS 0.29). The  
four remaining multiplets in the Eu(fod),-shifted 'H spectrum 
were readily assigned as follows: 6 4.75 (A6 2.25, J = 2.5,  
4 .6,  8.7 HZ, H-5), 2 .54 (A6 0.77,  J = 4.6,  6.7(2) Hz, H-1), 
2.32 (A6 0.55, J = 6.7(2), H-8), 2.01 (A6 0.76, J = 6.2,  
6.7(2) Hz, H-2). The  2.5-Hz splitting in the absorptions for 
exo-H-3 and H-5 is a long-range interaction. All of the spin 
couplings noted were confirmed by the appropriate decoupling 
experiments. 

In the presence of Eu(fod),, the three signals in the 'H spec- 
trum of 22-d, exhibited shifts corresponding to those found for 
the exo-6, exo-3, and endo-3 protons, thus identifying the three 
deuterons. The first of these is the major peak in the 'H spec- 
trum of 22-dl ,  establishing that homoketonization of 20  pro- 
ceeds with highly favored inversion of configuration. 

The I3Cmr spectrum of 22-d,, the initial product of homo- 
ketonization of 20 in KOD/t-BuOD, indicated the presence of 
deuterium at C-3 and -6 and the mass spectrum showed only 
traces of d, species in the sample. Consequently it was apparent 
that a-exchange in 22 occurred primarily at C-3 with little 2H 
exchange of the a-bridgehead H-5. T o  confirm that bridgehead 
exchange is much slower than exchange at C-3, a sample of 2 2  
was heated under reflux with NaOMe/MeOD for 9 0  min. The  
recovered 22-d, contained 1.58 atoms 'H/molecule by mass 
spectrometry with no detectable dyspecies and the I3C 
spectrum indicated deuterium incorporation only at C-3. The  
'Hmr spectrum of 22-4, consisted of two equally intense signals 

corresponding to exo- and endo-'H-3. In a second experiment, 
the time of reflux was increased to 9 h but a complex mixture 
of products resulted that was not examined. In any event, it is 
clear that bridgehead exchange in 22 is a relatively slow 
process. 

Conclusions 
The foregoing results show that Simmons-Smith cy- 

clopropanation of the 7-spirocyclopropyl and 7-isopropylidene 
derivatives of the trimethylsilyl en01 ether of norbornenone 
follows the same reaction course as the parent, with the for- 
mation of the corresponding 8-substituted 2-trimethylsilyl 
ethers of homoquadricyclene in high yield. While homo- 
ketonization of these ethers is regiospecific, the regiochemistry 
of cleavage for the spirocyclopropyl analogs is the same as that 
of the parent but differs for the isopropylidene derivative. This 
finding indicates that increasing the stability of the incipient 
carbanion formed upon cleavage of the cyclopropoxide ring 
can alter the course of the reaction. Thus, the ring opening can 
be directed by p-functionalization. In each case, the stereo- 
chemistry of homoketonization is the same, namely, strongly 
favoring ( 5 9 2 % )  inversion of configuration at the carbanionic 
site. 

Experimental 
Boiling points are uncorrected. Gas-liquid chromatography (glc) 

was carried out with Varian 920 or 3700 instruments using columns 
of 10% Carbowax, 6% FFAP, or 10% SE-30 on Chromosorb W, as 
indicated. Tetrahydrofuran (THF) and ether were freshly distilled 
before use after drying over sodium. Diisopropylamine, triethyl- 
amine, and pyridine were distilled from CaH? and stored over 4A 
molecular sieves. 

Infrared spectra were recorded with a Beckman 4250 spec- 
trophotometer and mass spectra with a Varian MAT-31 IA system at 
70 eV (direct inlet). Routine proton spectra were obtained with Varian 
T-60 or EM-360 instruments while data for pure samples and for the 
shift reagent studies were collected with Varian XL-200 and -300 
spectrometers. The latter instruments were employed for the 'H and 
"C spectra, and comparison of the fully-decoupled I3C spectra with 
those obtained from either APT (8) or DEPT (9) experiments served 
to identify the methyl, methylene, methine. and quaternary carbon 
signals. Correlation of the 'H and I3C spectra for 22 was accomplished 
using the HETCOR sequence of the XL software with a 2048 X 256 
data matrix, 1800 ("C) and 600 ('H) Hz spectral widths transforming 
2048 and 512 points, respectively. Double quantum coherence or 
INADEQUATE spectra (6) were recorded with the C13SAT sequence 
of the XL software using spectral widths of 3600 (13), 3000 (16), and 
2500 (22) Hz to observe only the sp3 carbons, with repetition rates of 
15 s, 60 000 points, and 64 K transforms. To determine the 
'H-induced isotope shifts required for the analyses of the "C spectra 
of the deuterated ketones produced by homoketonization in deuterated 
base, spectral widths of 7500 Hz with 60 000 data points and 64 K 
transforms were employed at 75 MHz. The isotope shifts are given in 
ppb (ppm x 10') with an estimated precision of 5 ppb. 

7-Spirocvclopropylt~orOon~enone (12) 
Following the procedure reported by Turro and Farrington (10) a 

mixture of spiro[2,4]hepta-4,6-diene (13.6 g, 148 mmol), prepared 
from cyclopentadiene and 1,2-dibromoethane according to the method 
described by Alder et 01. ( 1  I ) ,  and 2-chloroacrylonitrile (15.6 g, 178 
mmol) was stirred at 105°C for 5 h. Distillation afforded 16.0 g of the 
Diels-Alder adduct, 15.5 g of which was added to a mixture of 
ethylene glycol (107 mL) and KOH (26.5 g) and stirred at 95°C for 
20 h. After the addition of 380 mL of 10% aqueous NaCl solution, the 
product was extracted with pentane (6 X 100 mL). The combined 
extracts were washed with brine (2 X 70 mL) and dried over MgS04. 
After removal of the solvent, the residue was distilled to give 12 (7.59 
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solvent, 0.71 g of oily 19 (80% yield); ir (film): 3050, 2965, 1610, 
1250, 844 cm-I; ' ~ m r  (CbDn) 6: 0.0 (s, Me,Si), 1.30 (s, Me), 1.33 
(s, Me),3.58 (m, IH), 3.74(m, 1H),5.23 (dd, J = 1.3, 3.6Hz, IH), 
6.78 (m, 2H); "Cmr (CDCI,) Sc: 0.1 (Me,Si), 18.6, 18.7 (2 x CH,), 
48.9, 54.2 (2 x CH), 109.5, 141.3, 145.3 (3 X olef. CH), 93.4, 
162.9, 171.8 (3 X quat C). E.ract Mass calcd. for ClsHroOSi: 
220.1283; found: 220.1280. 

Cyclopropanation of 19 
Our general procedure was employed whereby a zinc-silver couple 

(0.53 g, 8.1 mmol) was placed in a nitrogen-purged flask and the 
apparatus was flame-dried. After cooling, methylene iodide in anhy- 
drous Et,O (2 mL) was added and the mixture warmed until refluxing 
occurred without external heating. Upon cessation of reflux, an ether- 
eal solution of 19 (0.55 g, 2.4 mmol) was added and the mixture 
refluxed for several hours. After cooling to O°C, a 5 0 3 0  mixture of 
pyridine-ether was added until no further precipitate formed. The 
precipitate was removed by filtration and the ether evaporated. The 
residue was taken up in n-pentane and the traces of precipitate were 
removed by filtration before evaporation of the solvent. The resulting 
oily product (0.5 1 g) was shown to contain a mixture of two adducts 
by "Cmr. All attempts to analyze the product by glc (FFAP, SE-30, 
Carbowax) led to decomposition even if freshly prepared glc columns 
were used. A series of experiments following this general procedure 
was carried out as summarized in Table 1. 

A preparative run was carried out by reacting 710 mg of 19 in EtzO 
(9.9 mL) with a zinc-silver couple (0.5 g) and CHzIz (0.13 mL, 1.6 
mmol) in EtrO (3 mL) at room temperature for 5.5 h before the 
addition of more CHrIZ (0.13 mL, 1.6 mmol) and stirring for an 
additional 20 h. The reaction was quenched and the product isolated 
in the usual fashion as an oil (700 mg). 

The major component in the product from Expt. 1 (Table 1) gave 
rise to a "C spectrum consistent with structure 20 (see text) while the 
major component from Expt. 3 exhibited a "C spectrum readily attrib- 
utable to 21 as discussed in the text. These structural assignments 
were confirmed by unequivocal identification of their homoketoniza- 
tion products. 

Hornoketonizations of 20 and 21a 
The same procedure described above for homoketonization of 13 

was employed. 
Upon treatment with 3 M methanolic NaOH, the product from Expt. 

5 (Table 1) afforded a single ketone by glc analysis (FFAP). Although 
the starting material was a mixture of 18 and 20, it was apparent that 
18 did not survive after several hours in base. The structure of the new 
ketone 22 was established by detailed analysis of its "C spectrum (see 
text); ir (CCI,): 3060, 2910, 1747 cm-'; ' ~ m r  (see text). Exact Mass 
calcd. for CIIHI4O: 162.1045; found: 162.1039. 

Homoketonization of the material from the preparative scale cyclo- 
propanation gave 330 mg of 22, after purification by flash chromatog- 
raphy (7% EtzO - 93% petroleum ether (30-60°C), 64% overall 
yield from 19). 

The product from Expt. 4 (Table 1) was stirred at room temperature 
with 2 mL of 1 M KOD/t-BuOD overnight. The usual work-up fur- 
nished 22-d, containing 2.74 atoms 2H/molecule; I3Cmr (CDCI,) 6, 
(AS = Isotope shift, ppb): 20.6 (163) C-2, 26.3 (50) C-8, 30.0 (50) 
C- 1, 35.4 (JcD = 20.4 HZ, 660) C-3,43.4 (J = 20.2, 364) C-6, 50.3 
(68) C-5, 129.8 (Jc" = 1.2 Hz, 23) C-7', 26.5 (50) C-1; ms: 5.6% do, 
1.1% dl, 7.1% dz, 86.0 d3, 0.2% d,. 

A portion of 22-d, was treated with 3 M methanolic NaOH to 
furnish 22-dl containing 0.96 atoms  molecule; "Cmr (CDCl,) Sc 
(AS = isotope shift, ppb): 43.4 (J = 20.2 Hz, 323) C-6, 50.3 (72) 
C-5, 126.5 (40) C-7, 129.8 (JcD = 1.2 Hz, 50) C-7'; ms: 4.6% &, 
94.8% d l ,  0.6% dz. 

Homoketonization of the mixture of adducts (210 mg) obtained in 
Expt. 3 (Table 1) gave an oily liquid (145 mg, 97% yield) shown to 
be a 78: 12 mixture of 23 and 22 by glc (FFAP), readily separable by 
preparative glc. The 'H and I7Cmr spectra showed that 23 was a single 
compound; ir (CCI,): 3050,2925, 1725 cm-I; 'H and "Cmr (see text); 
Exact Mass calcd. for ClrHl6O: 176.1201; found: 176.1193. A second 

sample (130 mg) of the same starting material was treated with I M 
KOD/t-BuOD (2 mL) to furnish 85 mg (92% yield) of the mixture of 
23-d, and 22-d,. After isolation by glc, ketone 23-4  was found to 
contain 1.50 atoms  molecule (30.0 do, 25.9% d l ,  34.2% d,, 
18.5% d,). Back-exchange with 3 M methanolic NaOH afforded 
23-d,; 42.0% do, 56.8% dl, 1.1% d, (total 0.59 atoms 'H/molecule). 

HID exchange of 22 
A solution of 22 (35 mg) in 1 M MeONa/MeOD (2 mL) was heated 

under reflux for 90 min. After addition of D20 (3 mL), the product 
was isolated by pentane extraction (3 X 8 mL); the combined extracts 
were washed with 10% aqueous NaCl solution before drying over 
MgSO,. Evaporation of the solvent gave 30 mg of 22-d,. and an 
analytical sample was obtained by glc (FFAP); ms: 6.4% do, 28.5% 
d l ,  65.4% d,, 1.59 atoms 'H/molecule. The ' ~ m r  spectrum (ChD6) 
contained equally intense signals at 6 1.87 and 2.15 (endo- and exo- 
'H-3, respectively). 

Reduction of 23a 
Ketone 23 (30 mg) in EtzO (2.2 mL) was added to a slurry of LAH 

(20 mg) in EtzO (I mL) under a N, atmosphere and stirred overnight. 
The usual work-up afforded an oil (30 mg), which by glc analysis 
contained two components in a ratio of 18.5: 1. A sample of the major 
component was isolated by preparative glc and identified as 26 on the 
basis of its "C spectrum (see text); ir (CC1,): 3630,3050, 2940, 1 175, 
915 cm-I; ' ~ m r  (CDC1,) 6: 0.25 (d, J = 3.7 Hz, IH), 0.90 (d, J = 
3.7 Hz, lH), 0.74-0.98 (m, 2H), 1.20 (s, Me), 1.25 (s, Me), 1.29 
(m, lH), 1.50 (dd, J = 2.4, 5.8 Hz, lH), 1.60 (d, J = 11.6 Hz, IH), 
1.67 (ddd, J = 2.0,5.8, 13.9Hz, IH), 1.95 (ddd, J = 3.6,6.0, 11.6 
Hz, 1H),2.43 (ddd, J = 3.7, 10.0, 13.9Hz, IH), 3.72(m, 1H). Exact 
Mass calcd. for C12Hlx: 178.1358; found: 178.1357. 
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silyl en01 ethers. Unusual ring expansions of some norcamphors 
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ARTHUR J.  RAGAUSKAS and J.  B. STOTHERS. Can. J .  Chem. 63, 2969 (1985). 
Unexpected difficulties with Simmons-Smith cyclopropanation of the tr~methylsilyl en01 ether of exo-tricyclo[3.2.1 .02.4]- 

octan-6-one led to a reexamination of this reaction with the parent norcamphor derivative which under "concentrated" 
conditions gave ring-expanded allylic ethers in low yield. With the tert-butyldimethylsilyl ethers, however, the allylic product 
is formed in high yield in the norcamphor and exo-trimethylenenorcamphor (tricyclo[5.2. l .0'.6]decan-8-one) systems. The 
tert-butyldimethylsilyl en01 ethers of bicyclo[3.2. Iloctan-6-one and nopinone do not undergo ring expansion under similar 
conditions but the silyl ether of 3-methylenenopinol is a major product in the latter case. 

ARTHUR J .  RAGAUSKAS et J .  B. STOTHERS. Can. J .  Chem. 63, 2969 (1985). 
Les difficultCs inattendues qui se sont manifestees lors de la rCaction de cyclopropanation selon Simmons-Smith de 1'Cther 

Cnolique trimCthylsilyle de la tricyclo[3.2.1.02~4]octanone-6 exo nous ont incite a reetudier cette reaction avec le derive 
norcamphre apparent6 qui, lorsqu'il est soumis a des conditions "concentrCes", conduit avec un faible rendement aux Cthers 
allyliques ayant subi une expansion du cycle. Toutefois, avec les ethers tert-butyldimCthylsilyle du norcamphre et du 
trimCthyltnenorcamphre-exo (tricyclo[5.2.1 .02.6]dCcanone-8), on obtient le produit allylique avec un rendement elevt.  Dans 
des conditions analogues, les ethers Cnoliques tert-butyldimethylsilyles de la bicyclo[3.2. Iloctanone-6 et de la nopinone ne 
subissent pas d'extension de cycle; toutefois, dans ce dernier cas, le produit principal est 1'Cther silylk du methylbne-3 nopinol. 

[Traduit par le journal] 

Introduction 
Some years ago we described an efficient synthetic method 

for ring expansion of several bicyclic ketones (1). Our se- 
quence involves generation of the trimethylsilyl en01 ether fol- 
lowed by Simmons-Smith cyclopropanation and base- 
catalyzed cleavage of the cyclopropyl ether (Scheme 1). The 
cyclopropoxide produced by ether cleavage immediately un- 
dergoes homoketonization, which strongly favors ring expan- 
sion in [2.2.1], [2.2.2], and related systems. Subsequently this 
sequence was employed for ring expansion of a variety of 
polycyclic ketones (2-4). From these and other cases ( 3 ,  we 
have collected more than 25 examples of the Simmons-Smith 
reaction with polycyclic trimethylsilyl en01 ethers and, in each 
case, a single cyclopropanation product was obtained in good 
to high yield (70-95%) under a standard set of conditions 
([CHZ12] = 0.5 M, [enol ether] = 0.3 M in ether). 

In the course of a recent study (6), however, we found that, 
with our standard conditions, 6-trimethylsilyloxy-exo-tricyclo- 
[3.2.1.02.4]oct-6-ene (1) presented unexpected difficulties, 
such that with reflux times of 20 h or more, which are typical 
for good results with all other systems investigated to date 
(1-5), a mixture of products resulted that was too complex to 
warrant detailed examination. With a reflux time of 15 h, the 
reaction led to a product containing, by gas-liquid chromatog- 
raphy (glc), one major component (65%) and a minor com- 
ponent (- 15%) together with small amounts of additional ma- 
terial. The I3Cmr spectra of the major and minor components 
showed each to be a mixture of isomers. The former fraction 
was a 4 : 1 mixture of 2, the expected cyclopropanation product, 
and an isomer that also gave rise to 10 signals in its I3C spec- 
trum, including two methylene and two monoprotonated ole- 
finic carbon absorptions, which is consistent with structure 3. 
The minor component appeared to be a 1 : 1 mixture of isomers 
homologous to 2 and 3, since each exhibited signals for 11 

' For Part 1 19 see ref. 17. 
'Present address: Department of Chemistry, University of Alberta, 

Edmonton, Alberta T6G 2E2. 

OTMS OTMS 

nonequivalent sp3 carbons, which could be tentatively attrib- 
uted to structure 4. A further decrease in reflux time to 8 h 
finally accomplished the original goal, leading to the formation 
of 2 in 74% yield (6). 

The apparent formation of the allylic ether 3 bears resem- 
blance to the findings of Murai and co-workers (7, 8), who 
discovered that the concentration of the Simmons-Smith re- 
agent is an important factor governing the ultimate product of 
cyclopropanation of monocyclic silyl en01 ethers. Under their 
"diluted" conditions, which are comparable to our standard 
conditions, trimethylsilyl cycloalkenyl ethers 5 and 8 gave the 
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expected cyclopropanated products, e.g. 6 ,  in good yield, 
whereas, under "concentrated" conditions, efficient conversion 
of 5  --, 7  (7) and 8a --, 9 (8) was observed. With 8b,  only the 
expected cyclopropyl ether formed regardless of the conditions 
employed. The cleavage of the initial product under concen- 
trated conditions was ascribed to reaction with ZnI?, formed in 
the first step, leading to intermediate 10 in the isomerization to 

7 .  These workers showed that 6b  was indeed isomerized to 7 b  
upon refluxing with ZnI, in ether solution. 

Our unexpected findings with 1  prompted us to examine the 
behavior of 1  and the parent ether l l a  under more concentrated 
conditions. similar to those used bv Murai and co-workers (7. 
8). ~ e s u l t s  from these experiments ied to the replacement of the 
trimethylsilyl group with the tert-butyldimethylsilyl moiety, 
and an examination of the silvl en01 ethers l l b  and 12-14 led 
us to examine the generality of our initial observations. We 
wish to describe the results of these investigations in the present 
paper. 

Results and discussion 
As noted in the Introduction, Simmons-Smith cyclopropan- 

ation of the tricyclic en01 ether 1  generates 2  as the initial 
product but it is unstable under the usual reaction conditions, 
in sharp contrast to the behavior of many other polycyclic 
analogs (1 -5) for which reflux times of 20-50 h are required 
for optimal results. After 15 h, 2 constitutes ca. 50% of the 
product but was inseparable from an isomeric impurity (- 15%) 
which was tentatively assigned structure 3, primarily on the 
basis of its I3Cmr spectrum, Sc: 0.4 (Me,Si), 10.3, 23.5 (CH2), 
15.3, 26.3, 34.6, 42.6, 71.2, 128.3, 137.9 (CH). Signals for 
one methylene and two methine carbons at relatively high field 
(10.3, 15.3, 26.3) indicated that the original three-membered 
ring was intact but that the cyclopropyl ring formed by methyl- 
ene addition in the Simmons-Smith reaction was not, since 
there was only one other methylene signal together with those 
for a methine carbon bearing oxygen (71.2) and two mono- 

protonated olefinic carbons (1 28.3, 137.9). A minor com- 
ponent constituting ca. 15% of the total product was also iso- 
lated by preparative glc and found to contain two isomers in 
nearly equal amounts, which may be an epimeric mixture of 4  
presumably arising by cyclopropanation of 3. 

In view of the results described by Murai and co-workers (7, 
8), we examined the reaction of 1  under significantly more 
concentrated  condition^,^ [CH212] = 3.1 M, [I] = 1.9 M, and 
obtained a mixture of several products in each run. However, 
after 25 h reflux, the product mixture contained a major com- 
ponent (-35% yield) which was isolated by preparative glc and 
found to have the molecular formula, C13H120Si, by precise 
mass measurement. The "Cmr spectrum contained eleven sp3 
carbon signals, Sc 0.4 (Me,Si), 6.2, 7.5, 17.8 (CH?), 13.9, 
15.2,20.9, 2 1.5,32.8,42.7,70.7 (CH), and is identical to that 
exhibited by one of the isomers in the minor component iso- 
lated from the 15-h run under our standard conditions. The 
molecular weight clearly shows that this material arose by 
double cyclopropanation and the "C absorptions for three 
methylene and four methine carbons at relatively high field are 
good evidence for structure 4 .  Thus, under these conditions, 
the sequence 1  --, 2  -, 3 --, 4  appears to constitute a significant 
part of the process but 1  is also consumed in undetermined 
ways. 

With little indication that the three-membered ring in 1  is 
involved directly in the reactions with the Simmons-Smith 
reagent, it was of interest to examine the behavior of the parent 
en01 ether l l a  under comparable conditions. Under our stan- 
dard conditions, l l a  gave the expected cyclopropanated TMS 
ether in 72% yield (I). With [CH212] = 3.1 M and [ l l a ]  = 1.3 
M ,  however, l l a  gave a mixture of several products from 
which one component (- 15% yield) was isolated by prepara- 
tive glc and found to contain a 3:2 mixture of isomers, 
C,IH200Si, each giving rise to a set of nine signals in the "C 
spectrum. The major component exhibited absorptions for 
three methylene (Sc 25.0, 3 1.2, 3 1.6), five methine (35.8, 
41.5, 73.0, 126.6, 136.3), and the trimethylsilyl carbons (0.42) 
similar to those for the minor isomer, Sc 21.9, 33.1, 37.8 
(CH,), 35.6,42.7,74.3, 128.9, 134.9 (CH), and 0.& (Me3Si). 
Each of these sets of signals is very similar to those exhibited 
by the exo- and endo-isomers of bicyclo[3.2.l]oct-3-en-2-ol, 
respectively (9), which led to their assignments as the exo 
(major) and endo (minor) epimers of 15. Thus we concluded 
that the cyclopropyl ring introduced initially by the 
Simmons-Smith reaction suffers cleavage leading to the allylic 
ether 15, which is analogous to the observations for the tri- 
cyclic system 1, with low yields in both cases. Specific assign- 
ments for the I3C spectra of 1-4 and the epimers of 15 are given 
in Table 1. 

Since the instability of the trimethylsilyl ethers could be a 
factor contributing to these low conversions, the behavior of 
the tert-butyldimethylsilyl (t-BDMS) counterpart l l b  was ex- 
amined. Ether l l b  was prepared in 80% yield using the pro- 
cedure (LDA, Et3N, t-BDMSCI in THF) analogous to that 
employed previously for a variety of TMS en01 ethers (1-6). 
Since the completion of this study, however, two, more effi- 
cient, general methods for the preparation of t-BDMS en01 
ethers have been described (10). Under dilute conditions 
([CH212] = 0.7 M, [ l l b ]  = 0.35 M), l l b  gave the expected 
single product 16b in 69% yield having the molecular formula 

'In all examples with either dilute or concentrated conditions the 
mole ratio of Zn/Ag : CH212 was 2 : 1. 
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C14H260Si by precise mass measurement, confirming the addi- 
tion of one methylene group. Apart from the signals for the 
trialkylsilyl moieties, the "C spectrum of 16b was virtually the 
same as that recorded for the normal Simmons-Smith product 
16a from l l a  (1); these data are listed in Table 1 .  However, 
after 33 h reflux under concentrated conditions ([CH212] = 3.2 
M, [ l l b ]  = 1.3 M), 116 was converted in 93% yield to a 
mixture containing three components by glc analysis. The ma- 
jor product 17 (80% yield) was isolated by preparative glc and 
its molecular formula, CIIH260Si, determined by precise mass 
measurement, established the addition of one methylene group. 
Since the "C spectrum (Table 1) contained signals for only 
three methylene carbons together with those for a methine 
carbon bearing oxygen and two monoprotonated olefinic 
carbons, it was apparent that the initial cyclopropanation prod- 
uct had undergone cleavage of the cyclopropyl ring. The 
shieldings for the skeletal carbons were almost identical to 
those found for exo-15, confirming its structural assignment as 
17. One of the minor products (8% yield) was found to be 16b 
and the second minor product (-5%) exhibited a I3C spectrum 
consistent with that expected for the cyclopropanation product 
of 17, but all samples were contaminated with 17 and the 
material was not fully characterized. 

By analogy with earlier findings of Murai and co-workers (7, 
8), cleavage of the three-membered ring in 16 may proceed via 
18, where M, the Lewis acid (presumably zinc iodide), could 
be exo or endo dependent upon the stereochemistry of the ring 
opening. Subsequent hydride migration from C-3 would lead 
directly to the ring-expanded allylic ether 15 (17). Since 17 is 
the major product from 16b, the exo orientation of the silyloxy 
group is indicative of endo-H-3 migration to C-2, which in turn 
suggests that 18 with exo-M is formed preferentially from 166, 
i.e., upon cleavage with inversion of configuration. It may be 
recalled that Nickon et al. (1 1) have demonstrated the remark- 
able effect of water on the stereochemistry of acid-catalyzed 
ring opening of a homoenol acetate. These workers observed 
strongly favored inversion of configuration in the absence of 
water and high degrees of retention with water present. Thus 
their results offer a precedent for the proposed stereo- 
selectivity. Some supporting evidence for the proposed se- 
quence was provided by the results of a cyclopropanation ex- 
periment using CD21,. After 33 h reflux under concentrated 
conditions, glc analysis of the product showed it to contain two 
components in a 4:  5 ratio in 77% yield, which were isolated by 
preparative glc. The smaller component was shown to be 
16b-3-d, by its "C spectrum, in which the C-3 signal was 
strongly attenuated and the C-2 and -4 absorptions contained 
two-bond isotope-shifted components (A = 145 and 130 
ppb/D, respectively). The major product was 17-d, by I3Cmr, 
for which the spectrum indicated substantial deuteration at C-2 
(-70%) and C-3 (-90%). The difference in the product com- 
position compared to that for the same reflux time with CH212 
can be attributed to a kinetic isotope effect in the cleavage of 
166 -+ 17. In any event, the labelling pattern in 17-d, is consis- 
tent with hydride (deuteride) shift as in 18. 

The much higher conversion of the tert-butyldimethylsilyl 
ether 116 to a much simpler product mixture must be due to the 
increased stability of this derivative relative to its trimethylsilyl 
analog l l a .  Because of the much higher yield it was of interest 
to examine the behavior of some related polycyclic silyl en01 
ethers as an indication of the scope of the reaction under con- 
centrated conditions. To this end the tert-butyldimethylsilyl 
en01 ethers 12-14 were prepared. 
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Upon reaction with CHzIz (3.2 M) and Zn/Ag, 12 (1.2 M)  
gave, after 50 h, one major product (70% yield) having the 
molecular formula CI7H3,OSi by precise mass measurement. 
The I3Cmr spectrum gave no evidence of the presence of a 
cyclopropyl ring but rather contained signals for two mono- 
protonated olefinic carbons and a methine centre bearing oxy- 
gen. These and the remaining signals (Table 1) were entirely 
consistent with structure 19 for this product, showing that the 
reaction of 12 is strictly analogous to that of l l b .  The specific 
assignments listed in Table 1 for 19 were aided by comparison 
with the results for some closely related tricycl0[5.3.1.0'~~] 
undecane derivatives (2). 

After 40 h reflux under comparable reaction conditions, 13 
also gave rise to a single product having the formula 
C15H280Si, by precise mass determination, showing the addi- 
tion of one methylene group. In contrast to the preceding exam- 
ple, the I3C spectrum of this product (75% yield) contained no 
olefinic absorption but included signals for a quaternary carbon 
bearing oxygen and a highly shielded methylene carbon, which 
is strong evidence for a cyclopropyl moiety. The spectrum is 
that expected for 20 arising from normal cyclopropanation. It 
may be noted that the shieldings (Table I) for all skeletal 
carbons are very similar to those found for the cyclopropanated 
product obtained from the trimethylsilyl analog of 13 under our 
standard (dilute) conditions (1). 

Under the concentrated conditions used for the Simmons- 
Smith reaction with 12 and 13, 14 gave a product (80% yield) 
which was shown by glc analysis to contain two components in 
comparable amounts. Although pure samples of each could not 
be isolated, the I3C spectra of the two components, each con- 
taminated with - 10% of the other, readily revealed their struc- 
tures as 21 and 22 (Table 1). The I3C spectrum of 21 contained 
no olefinic absorption but exhibited highly shielded methylene 
(& 19.8) and methine (16.5) carbons together with a qua- 
ternary signal typical of a cyclopropyl carbinyl carbon (60.6); 
these are entirely consistent with expectations for the com- 
pound arising from simple cyclopropanation. In addition, the 
shieldings for each of the skeletal carbons are very similar to 
those found for the product obtained by the Simmons-Smith 

reaction, under dilute conditions, with the trimethylsilyl analog 
of 14. The second product was identified as 22 by the appear- 
ance of olefinic signals for one fully substituted and one meth- 
ylene carbon, ijc 146.7 and 115.0, respectively, accompanied 
by signals for three methine carbons, one of which bears oxy- 
gen (73.4), two methyl, two methylene, and a quaternary car- 
bon, as well as the absorptions for the t-BDMS grouping. An 
inspection of molecular models indicated that the initial cy- 
clopropanation should favor the less hindered face of the dou- 
ble bond in 14 thereby generating 21. Subsequent Lewis acid- 
catalyzed cleavage of the three-membered ring presumably 
proceeds through intermediate 23, or equivalent, from which 
22 is formed by hydride migration that dictates the orientation 
of the silyloxy grouping in 22. 

From these results, it is apparent that reagent concentration 
can be an important factor in the Simmons-Smith reaction of 
silyl en01 ethers of polycyclic ketones. With a molar ratio of 
Zn/Ag : CHz12 : en01 ether of 2 : 1 : 0 : 4 in Et'O, the expected 
cyclopropyl silyl ether is obtained in good yield (70-90%) 
using dilute concentrations, typically [CH212] = 0.5 M. Al- 
though in nearly all cases (1-8) relatively long reflux times 
(20-50 h) are required for optimum results, the reaction of 1 
proceeds efficiently in 8 h. It may be noted that a single cyclo- 
propanated ether has been obtained from each of the thirty 
polycyclic systems examined to date. Under these dilute condi- 
tions, the yields are comparable for the trimethylsilyl and tert- 
butyldimethylsilyl en01 ethers. With the same molar ratio of 
reactants but with significantly less solvent, such that [CH212] 
L 3 M, the initial product may undergo further reaction where- 
by the cyclopropyl ether is cleaved to furnish an allylic ether. 
While the [2.2.1] derivatives 1, 11, and 12 yield the ring- 
expanded allylic ethers 3 ,  15, 17, and 19, the homologous 
[3.2.1] ether 13 gives only the expected cyclopropyl derivative 
20, indicating that the release of ring strain in species such as 
2 and 16 provides the driving force for their isomerization to 
the ring-expanded products. The apparent instability of 21 and 
its isomerization to 22 can be ascribed to the relief of non- 
bonded interactions between the 3- and 8-methylene groups in 
21. In any event, these results clearly demonstrate two im- 
portant features of the Simmons-Smith reaction with strained 
polycyclic silyl en01 ethers. The concentrations of reactants can 
be a critical factor governing the composition of the reaction 
product, and the increased stability of the tert-butyldimethyl- 
silyl derivatives relative to their trimethylsilyl counterparts 
leads to much more efficient conversion to allylic products 
arising from cleavage of the cyclopropyl ring. 

Experimental 
Boiling points are uncorrected. Gas-liquid chromatography (glc) 

was carried out on Varian 920 and 3700 instruments using columns of 
10% Carbowax 20 M, 6% FFAP, or 10% SE-30 on Chromosorb W, 
as indicated. Tetrahydrofuran (THF) and ether were dried over sodium 
and freshly distilled before use. Diisopropylamine, triethylamine, and 
pyridine were distilled from CaHz and stored over 4A molecular 
sieves. Norcamphor and tricyclo[5.2.1 .02.6]decan-8-one were avail- 
able commercially and were used as purchased. Literature procedures 
were employed for the preparation of bicyclo[3.2.1]octan-6-one (1  2), 
6,6-dimethylbicyclo[3.l.l]heptan-2-one (nopinone) ( 1  3), and 6-tri- 
methylsilyloxy-exo-tricyclo[3.2.1 .0'.4]oct-6-ene (1 ,  6). 

Infrared spectra were obtained with a Beckman 4250 spec- 
trophotometer and mass spectra were recorded on a Varian MAT- 
31 1A instrument at 70 eV (direct inlet). Routine 'Hmr spectra were 
obtained with either Varian T-60 or EM-360 instruments. The I3Cmr 
spectra were obtained at 75.45 MHz with a Varian XL-300 instrument 
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and comparison of fully decoupled "C spectra with those collected 
using either the APT (14) or DEPT (15) sequences identified the 
methyl, methylene, methine, and fully substituted carbon signals. All 
13 C spectra were recorded for C6D6 solutions and the spectra calibrated 
using the central solvent peak (6, 128.0) as the reference line. Spectral 
widths of 200 ppm (6, -20 to 180) with pulse widths of 30" and 2-s 
repetition rates were employed for the decoupled spectra. 

Preparation of silyl en01 ethers 
2-Trirnethylsilyloxybicyclo[2.2.l]hept-2-e11e ( l l a )  was prepared by 

the addition of norcamphor (2.0 g, 18.2 mmol) in 7 mL of THF to a 
stirred solution of LDA (formed from diisopropylamine (3.92 mL, 28 

. .  . . . 
mmol), THF (16 mL), and n-BuLi (2.46 M, 9.74 mL) at -78"C, 30 

. .  . min) under nitrogen and stirring was continued for 45 min. A quench- 
ing solution (prepared by centrifugation of a mixture of trimethylsilyl 
chloride (4.06 mL, 32 mmol) and Et,N (1.40 mL, 10 mmol) in THF 
(7 rnL) in a Nz-purged tube) was added, the mixture was allowed to 
warm to room temperature, and stirring continued for an additional 2.5 
h. The reaction mixture was cooled to 0°C and, with vigofous stirring, 
a cold aqueous saturated solution of NazC03 (30 mL) was added. The 
product was isolated by pentane extraction (3 x 20 mL) and the 
combined extracts washed with saturated aqueous Na2C0, solution 
and water before drying over MgSO,. Removal of the solvent under 
reduced pressure gave crude l l a ,  which was purified by Kugelrohr 
distillation, bp 85-90°C/10 Torr (1 Torr = 133.3 Pa), 3.0 g, 84% 

. .  . yield, shown to be >90% pure by glc (FFAP). Preparative glc fur- 
nished an analytical sample for characterization; ir (film): 3080, 2960, 
1605, 1334, 1225, 850 cm-'; 'Hmr (CDCI,) 6: 0.37 (s, 9H, Me,Si), 
1.0-1.9(m, 6H),2.65 (m, IH), 2.87(m, IH), and4.80(d, 1H,J  = 
3.8 Hz); '"mu: Table I. 

2-tert-Butyldirnethylsilyloxybicyclo[2.2.l]hept-2-e11e (11 b) was 
prepared in a manner analogous to that described for l l a  using di- 
isopropylamine (2.67 mL, 19 mmol) in THF (23 mL) with n-Buli 
(16.4 mmol) in n-C6Hlz (6.5 mL) at -78OC for 30 min to generate 
LDA before the addition of norcamphor (1.50 g, 13.6 mmol). The 
quenching solution consisted of Et,N (0.20 mL, 1.4 mmol) and tert- 
butyldimethylsilyl chloride (3.30 g, 21.9 mmol) in THF (2 mL) and, 
after its addition, stirring was continued for 5 h before warming to 
room temperature and stirring for an additional 2 h. After isolation by 
pentane extraction as described above, Kugelrohr distillation afforded 
l l b ,  bp 83-87"C/0.4 Torr, 2.57 g, 84% yield, found to be >95% 
pure by glc (FFAP); ir (film): 3078, 2930, 161 1, 1328, 1230, 830 
cm-I; I3Cmr: Table I. Exact Mass calcd. for CI3Hz40Si: 224.1596; 
found: 224.1601. 

8-tert-Butyldirnethylsilyloxytricyclo[5.2.l.O'~*]dec-8-ene (12) was 
. .  . . . . . . 

generated from tricyclo[5.2. 1.0Z~6]decan-8-one (1.0 g,  6.7 mmol) 
. . using the preceding procedure except that no Et3N was required in 

the quenching solution. Kugelrohr distillation furnished 12; bp 
105- 1 10°C/0.2 Tom; 1.32 g, 75% yield, which glc (FFAP) indicated 
to be -95% pure; ir (film): 3080,2940, 1625,874 cm-I; "Cmr: Table 
1.  Exact Mass calcd. for C16H2,0Si: 264.1909; found 264.1912. 
6-tert-Butyldirnethylsilyloxybicyclo[3.2.l]oct-6-e11e (13) was ob- 

tained from bicyclo[3.2.1]octan-6-one (0.50 g, 4 mmol) following the 
procedure described for l l b .  Kugelrohr distillation (60-67OCl0.3 
Torr) gave 13 (0.65 g, 68% yield) which was >98% pure by glc 
analysis (FFAP); ir (CCI,): 3080,2930, 1625, 1227,875 cm-': I3cmr: 
  able 1. Exact Mass calcd. for CI4Hz60Si: 238.1753; found: 
238.1754. 

6,6-Dirnethyl-2-tert-butyldirnethylsilyloxybicyclo[3. I .  llhepf-2 -ene 
(14) was prepared similarly. Nopinone (0.50 g, 3.6 mmol) gave 14 
(0.53 g, 58% yield) after Kugelrohr distillation (60-64"C/1 Tom) 
which glc (FFAP) indicated to contain 8% nopinone. Preparative glc 
furnished pure material; ir (CCl,): 2930, 1650, 860 cm-I; I3Cmr: 
Table 1. Exact Mass calcd. for ClsHzxOSi: 252.1909; found: 
252.1915. 

Cyclopropanation reactions 
General procedure 
To a flask fitted with a reflux condenser, nitrogen purge, and a 

magnetic stirrer was added zinc-silver couple and the apparatus was 

flame-dried. After cooling to room temperature, a solution of CHzIz 
in Et20 was added and the mixture warmed until refluxing occurred 
without external heating. Upon the cessation of reflux, an ethereal 
solution of the silyl en01 ether was added and the reaction mixture 
refluxed for several hours. At intervals small aliquots were removed 
by syringe and analyzed by glc to monitor the disappearance of the 
en01 ether. After cooling to O°C, the reaction was quenched with a I : I 
solution of EtZO/pyridine and the resulting precipitate removed by 
filtration. After evaporation of the EtZO, the residue was taken up in 
n-pentane, and filtered again to remove the last traces of precipitate 
before drying over MgS04. Upon removal of the solvent, the product 
was analyzed by glc and the individual components isolated by pre- 
parative glc. 

In all experiments the molar ratio of zinc-silver couple: CH-1- was 
2:  1, typically using 5 mmol of CHZIZ. Under dilute conditions: 
[CHz12] = 0.5 M, [ROSiR;] = 0.3 M; our concentrated conditions 
were [CH212] = 3.0 M, [ROSiR;] = I .3 M. 

En01 ether 1 
Under dilute conditions and 15 h reflux, 1 gave a product containing 

by glc (SE-30) one major component (-65%) together with five minor 
ones, the largest of which constituted ca. 15% of the total product. 
Preparative glc (SE-30) furnished samples of the major and the largest 
minor components for I3cmr examination. The former gave rise to two 
sets of signals in a 4: 1 ratio ascribable to 2 and 3; as listed in Table 
1 , 2  had been characterized earlier (6). The I3C spectrum of the second 
component also contained two sets of signals, one of which could be 
attributed tentatively to 4 (see Table 1). 

Under concentrated conditions, 1 (0.45 g) gave a product mixture 
(0.34 g) from which the major component 4 (-35%) was isolated by 
preparative glc (SE-30). The "Cmr data are listed in Table 1. Exact 
Mass calcd. for C13Hz20Si: 222.1440; found: 222.1429. 

En01 ethers 11 
After 50 h reflux under concentrated conditions, 110 (0.40 g) was 

found to give 140 mg of a mixture containing several compounds by 
glc from which one band was isolated by prcparative glc representing 
- 15% of the total. The " ~ m r  (see Table 1) of this component indi- 
cated it  to contain a 3 .2  mixture of isomers 15; ir (film): 3040, 2960, 
1250, 840 cm-I. Exact Mass calcd. for CIIHl0OSi: 196.1283; found: 
196.1289. 

Under dilute conditions, l l b  (0.49 g) gave, after 19 h reflux, 16b 
(0.36 g, 69% yield) >98% pure by glc (FFAP); ir (CCI4): 3015,2960, 
1340 cm-'; I3cmr: Table 1.  Exact Mass calcd. for C14Hz60Si: 
238.1753; found: 238.1747. 

After 33 h reflux under concentrated conditions, l l b  (0.49 g) fur- 
nished 0.50 g of product consisting of 17 (80% yield) and 16b (8% 
yield) by glc. Preparative glc furnished pure samples of 17; ir (CC14): 
3025, 2910, 1070 cm-I; '"mr: Table 1. Exact Mass calcd. for 
CIIH260Si: 238.1753; found: 238.1754. This experiment was re- 
peated using CDzIz (ms: 2.1% do, 19.4% d l ,  77.8% d ~ ;  1.75 atoms 
D/molecule), prepared according to a literature procedure (16), from 
which l l b  (0.40 g) gave rise to 0.36 g of product consisting of 16b-d., 
and 17-d, in a 4: 5 ratio by glc, representing 90% of the total product. 
For 16b-d, (34% yield); ms: 1.4% do, 10.7% d l ,  87.7% dz; 1.87 atoms 
D/molecule; 17-4 (43% yield); ms, 3.8 do, 29.8% d l ,  63.5 dz; 1.64 
atoms D/molecule; "Cmr: see text. 

En01 ether 12 
With concentrated conditions and a 50-h reflux period, 12 (0.40 g) 

gave 0.37 g of product, which glc (FFAP) indicated to contain 80% 
of 19 (70% yield); '"mr: Table I. Exact Mass calcd. for C17H3~OSi: 
278.2066; found: 278.2069. 

Ether 13 
With 50 h reflux under concentrated conditions, 13 (0.30 g) gave 

a single product 20 (0.24 g, 76% yield) by glc analysis (FFAP); ir 
(CC14): 3010, 2930, 1345, 920 cm-I; " ~ m r :  Table I .  E.~act Mass 
calcd. for C15HzxOSi: 252.1909; found: 252.1910. 

En01 ether 14 
Under concentrated conditions with 43 h reflux, 14 (0.40 g) fur- 

nished 0.34 g (80% yield) of product mixture containing approxi- 
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Quadrupolar relaxation effects in methyl-substituted ammonium ions as determined 
by 'H nuclear magnetic resonance 

JAMES D. HALLIDAY, PATRICK E. BINDNER, AND SHAHSULTAN PADAMSHI 
Atomic. Energy of Canarla Litnited Research Cotnpar~y, Chalk River Nuclear Laboratories, 

Chalk River, Otlt., Canarla KOJ IJO 
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JAMES D. HALLIDAY, PATR~CK E. BINDNER, and SHAHSULTAN PADAMSHI. Can. J .  Chem. 63, 2975 (1985). 
Nitrogen-14 quadrupole interactions broaden the 'H nuclear magnetic resonances of the ammonium protons spin-coupled 

to 1 4 ~  in the methyl-substituted ammonium chlorides (methylammonium, dimethylammonium, and trimethylammonium). 
These proton lineshapes have been determined over the temperature range -8.3 to +93.6OC in 6 mol L-' aqueous HCl 
solution. The I4N spin-lifetimes, T ,  have been calculated from the Arrhenius form equation In T vs. I /T  (K), and yield activation 
energies of 10.63 k 0.92, 10.60 ? 0.52, and 11.12 k 0.39 kJ mol- ' for the mono-, di-, and tri-methyl species, respectively. 
The I4N nmr linewidths have been extracted from these data and a comparison is made with I4N nrnr spectra obtained by Ogg 
and Ray. 

JAMES D. HALLIDAY, PATRICK E. BINDNER et SHAHSULTAN PADAMSHI. Can. J. Chem. 63, 2975 (1985). 
Les interactions quadrupolaires du "N Clargissent les pics de rmn du 'H des protons ammonium couplCs par leurs spins au 

14 N des chlorures d'ammonium portant des substituants mCthyles (mCthylammonium, dimtthylammonium et triCthyl- 
ammonium). On a dCterminC la forme des pics de ces protons dans l'intervalle de temperature allant de -8,3 i +9,6"C, dans 
des solutions aqueuses i 6 mol L-I HCl. On a calculC le temps de vie du spin du "N, T ,  partir d'une Cquation de type 
ArrhCnius, In T vs. I /T (K). et l'on en a tirC les Cnergies d'activation qui sont respectivement de 10,63 k 0,92, 10,60 2 0 3 2  
et 11,12 ? 0,39 kJ m o l '  pour les espkces mono-, di- et trimCthylammonium. A partir de ces donnCes, on a dCduit la largeur 
des pics de rmn du "N et on les a compare avec les spectres de Ogg et Ray. 

[Traduit par le journal] 

Introduction 
An efficient spin relaxation mechanism in compounds con- 

taining IJN is provided through the interaction of the quadru- 
pole moment of the '% nucleus with the electric field gradients 
present in the molecule. The spin-lifetimes and consequently 
the linewidths of the '"N will vary with the magnitude of this 
interaction. Ogg and Ray ( 1 )  showed this qualitatively for the 
ammonium ion and a series of methyl-substituted ammonium 
ions. The 14N linewidth in the symmetrical NH, ion is very 
narrow (long spin-lifetimes) and becomes much broader when 
one, two, or three methyl groups, which introduce increased 
asymmetry in the electric field gradients, are substituted 
(shorter spin-lifetimes). The ',N spin-lifetimes may also be 
obtained from lineshape analysis (2, 3) of nuclei spin-coupled 
to the I4N, i.e., ' H  for the ammonium ions. We have been able 
to use this latter technique to expand on the original report of 
Ogg and Ray (1) by determining the 14N spin-lifetimes quan- 
titatively for methyl-, dimethyl-, and trimethylammonium 
chlorides as a function of temperature. 

Experimental 
The mono-, di-, and trimethylammonium chlorides were prepared 

by the reaction of the corresponding free amines (Matheson, Eastman) 
with double distilled hydrochloric acid (Anachemia). The amines were 
first purified by repeated cryogenic (liquid N2) vacuum distillation 
using a stainless steel and glass vacuum line. The nmr samples were 
6 mol L- '  substituted ammonium salt in 6 mol L- '  aqueous HCl. A 
saturated solution of ammonium chloride was also prepared. 

The nmr spectra of the samples in Wilmad 528 (5 mm) nmr tubes 
were obtained on a CW Bruker HX90 spectrometer equipped with a 
B-ST 100/700 variable temperature accessory (k0.5"C) and a Nicolet 
1174 signal averager. 

Results 
The ' H  nmr spectra of the mono-, di-, and trimethyl- 

ammonium chlorides and the unsubstituted ammonium chlo- 

TABLE 1. Coupling constants (I4N-H and 
H-C-I4~-H) in substituted ammonium 

ions 

Compound J I J N H  (HZ) J H c I ~ N H  (HZ) 

"Reference 4 

ride were recorded as a function of temperature between -8.3 
and 93.6"C. Sample spectra run at 52°C are shown in Fig. 1. 
The coupling constants, and JHClaNHr  determined for these 
compounds are given in Table 1 .  The J ! 4 N H  were calculated 
from the J l s N H ,  which are directly measurable from the spectra 
through the 0.37% natural abundance I5N sidebands. These 
coupling constants are related through their gyromagnetic 
ratios in eq. [I] .  

y l J N  
[ I ]  = --' 

y 15N 
J ' s ~ ~  

The I4N spin-lifetimes found from lineshape analysis of the 
I4N-H proton spectra are shown in Fig. 2. The method for 
determining these values using the theories of Sack and Pople 
(2, 3) has been described previously (5, 6), and is outlined 
briefly below for continuity. 

The lineshape is given by eq. [2]. 

where I(v) = line intensity at frequency v, Re = "real part of", 
W = a vector containing the probabilities of the spin states in 
the I4N, A = a lineshape matrix given by 
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+ + + 
FIG. 1. Experimental methyl-substituted ammonium ion proton nmr spectra at 52OC for: (A) CHSNH,, (B) (cH~lzNHz, and (C) (CHS)SNH, 

in 6 mol L-' HC1. The calculated spectra are shown below each experimental one. 

P I  117 217 

The diagonal elements of A are defined by: 

with T = I4N spin-lifetime, Tz = spin-spin relaxation time, and 
1 = the unit matrix. 

The fits of the simulated spectra to the experimental spectra 
showed small deviations at the higher temperatures and this is 
attributed to the onset of ammonium ion proton exchange. In 
these strongly acidic solutions ammonium ion proton exchange 
is effectively stopped on the nmr timescale at room temperature 
and below (7), but some exchange occurs as the temperature is 
raised to 93.6OC. This is consistent with some broadening of 
the methyl group resonances. Within the experimental error the 
In T VS. 1/T plots do not show significant falloff in T at the high 
temperature end and hence the effect of this exchange is consid- 
ered small. Consequently no exchange parameter was included 
in the calculations of the lineshapes. 

Discussion 
The analysis of the ammonium ions' proton nmr lineshapes 

has enabled the extraction of the I4N spin-lifetimes, T,  in solu- 
tion as a function of temperature (Fig. 2). These T may be used 
to calculate: (1) the I4N spin lattice relaxation times, TI; (2) the 
correlation times characterizing the quadrupolar or molecular 

FIG. 2. Temperature dependence of the 14N spin-lifetimes for the 
methyl-substituted ammonium ions (6 mol L-'  in 6 mol L-' HCI): n- 
methyl, A- dimethyl, o- trimethyl. 

reorientations in solution, T ~ ;  and (3) the activation parameters 
for the molecular reorientations. 

The I4N TI are related to T through eq. [3j (8) 

Since, under the conditions of observation, TI = TI (the 
spin-spin relaxation time), the I4N linewidths in the absence of 
any spin coupling to protons may be determined by relation [4j 

Thus, the effect on the I4N linewidths of substituting the ammo- 
nium ion's protons with methyl groups is shown quantitatively 
in Table 2. 

A comparison can be made between our I4N linewidth mea- 
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HALLIDAY ET AL. 

TABLE 2. Effect of methyl substitution on the I4N linewidth in the ammonium 
ion (25°C) 

Species 7 (ms) TI 1 4 ~  (ms) AvIl2 I4N (HZ) Ogg and Rayb 

"Reference 4. 
Reference 1. 

surements obtained from proton spectra and the I4N spectra 
measured directly by Ogg and Ray (1) on the methyl- 
substituted ammonium ions. The values noted in Table 2 for 
Ogg and Ray's results are qualitative only since they are calcu- 
lated from the spectra shown in the paper. However, the differ- 
ences are large enough to show that Ogg and Ray's I4N line- 
widths for both the di- and trimethylammonium ions are much 
larger than the calculated ones. This is not the case for the 
monomethylammonium ion. Examination of Ogg and Ray's 
I4N spectra shows a solution to this anomaly. The mono- 
methylammonium ion has the expected quartet from coupling 
with the attached protons but there are no resolved couplings 
for either the di- or trimethylammonium ions. These un- 
resolved proton couplings could account for the differences 
since the J 1 d N H  is 54.5 HZ and 54.7 Hz respectively in these 
compounds, even though proton spin coupling was discounted 
in the original paper because no splitting was observed in the 
spectra. The linewidth in the unsubstituted ammonium ion is 
very small, indicating that the I4N spin-lifetime is long. This 
reflects the high symmetry in the ion and the absence of any 
significant electric field gradients. Liquid ammonia is included 
in the table to show the effect of altering the symmetry by 
removal of a proton from the ammonium ion. The presence of 
the lone pair of electrons reduces by approximately two orders 
of magnitude the I4N TI but, in contrast to the earlier studies 
(I) ,  does not alter the electric field symmetry of the NH, as 
much as introducing a methyl group substituent. Table 2 also 
shows that there is a continued increase in the electric field 
asymmetry with the introduction of two and three methyl 
groups into the ammonium ion. Tetramethylammonium chlo- 
ride does not have any ammonium protons, so a direct com- 
parison with the I4N spectrum of this compound cannot be 
made. However, since it is a highly symmetric species a small 
I4N linewidth would be expected. This is confirmed through the 
very narrow well-resolved proton 1 : 1 : 1 triplet obtained from 
coupling of the I4N to the methyl group protons (9); only a very 
long I4N spin-lifetime would allow observation of this feature. 

The quadmpolar (molecular reorientation) correlation time, 
T,, is related to the spin-lattice relaxation time, T,, and the 
quadmpolar coupling constant, eZqQ/h,  through eq. [5] (S), 

For I4N with I = 1 this equation simplifies to eq. [6] (10) 

where q is the asymmetry parameter of the electric field gra- 
dient and x = e2qQ/h.  Unlike the methyl-substituted amines 

TABLE 3. Activation energies 
for molecular reorientation of 
methyl-substituted ammonium 

chlorides 

Compound E, (kJ mol-I) 

"Reference 4. 

(1  I), values for x in this system are not available, so T, cannot 
be calculated for these methyl-substituted ammonium ions. 

The temperature dependence of the I4N spin-lifetimes (pro- 
portional to TI) shown in Fig. 2 can be used to determine 
activation energies for quadrupolar (molecular reorientation) 
interactions in solution through the slopes of the Arrhenius 
plots. These are average values because the methyl-substituted 
ammonium ions are not spherically symmetric. The derivation 
of eq. [5] assumes the molecular reorientation to be isotropic 
with respect to the axes of the coupling tensor, and thus be 
described by a single T,. This is true only for molecule of high 
symmetry. The molecular reorientation energies for the 
methyl-substituted ammonium ions in aqueous acid solution 
are given in Table 3.  Within the experimental error the number 
of methyl groups in the ammonium ion has no effect on its 
molecular reorientation activation energy in aqueous acid solu- 
tion. However, for liquid ammonia the activation energy de- 
creases by -3 W mol-I. The activation energy for the un- 
substituted ammonium ion has not been determined because the 
spin-lifetimes of the I4N are too long to measure accurately. 
The similarity of the activation energies for the methyl- 
substituted species indicates that hydrogen bonding in the aque- 
ous phase has a more important effect than molecular geometry 
on molecular reorientation. 

In conclusion, the nrnr spectra of the protons spin-coupled to 
the I4N of methyl-substituted ammonium ions have allowed a 
quantitative analysis of the 14N linewidths of these ions in acid 
solution. Unresolved spin coupling between 'H and I4N has 
been shown to account for the broad lines originally observed 
by Ogg and Ray (1) using I4N nmr. Methyl substitution in the 
series NH, += (CH,),NH produced increased electric field gra- 
dients in the molecules with each additional methyl group. The 
similar activation energies for each methyl-substituted ammo- 
nium ion indicate that hydrogen bonding plays an important 
role in molecular reorientation in aqueous solution. 
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The X-ray crystal structure of a Corynanthe-type indole compound, CZ2Hz9NZO4+Br-, 
wherein an unprecedented triaxial conformation is preferred 

ANGBLE CHIARONI, CLAUDE RICHE, DAVID S. GRIERSON,' AND HENRI-PHILIPPE HUSSON 
Institut de Chirnie des Substances Naturelle.~, C.N.R.S., 91 190 Gif ,s/Yvatte, France 
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ANGELE CHIARONI, CLAUDE RICHE, DAVID S. GRIERSON, and HENRI-PHILIPPE HUSSON. Can. J .  Chem. 63, 2979 (1985). 
On the basis of 'H and "C nrnr data, a conformation was proposed for the CorynanthC type indole compound 8 in which 

the substituents at C-3 (indole), C-I4 (ethyl), and C-15 (malonyl) were all axial. An X-ray crystal study on the HBr salt of 
8 confirmed that this a priori unexpected conformation is also preferred in the solid state. 

ANGELE CHIARONI, CLAUDE RICHE, DAVID S. GRIERSON et HENRI-PHILIPPE HUSSON. Can. J .  Chem. 63, 2979 (1985). 
Nous avions proposC, grdce i une Ctude de rmn de 'H et de "C d'un composC 8,  analogue des alcaloi'des de type CorynanthC, 

une conformation pour laquelle les substituants en C-3 (noyau indole), en C-14 (chaine Cthyle) et en C-I5 (groupement 
malonate) Ctaient tous axiaux. Une Ctude aux rayons X d'un cristal du bromhydrate de 8 a montrC qu'une telle conformation 
a priori inattendue existe a I'Ctat cristallin. 

In a number of recent papers (1, 2) we have shown that 
2-cyano A' piperideines 1 react efficiently with a wide range of 
nucleophiles, and that they thus represent stable "equivalent" 
forms of the corresponding 5,6-dihydropyridinium salts 2. 

Taking advantage of this reactivity we demonstrated, using 
a model system, that the C-15 substituted indoloquinolizidine 
unit typical of early members of the Corynanthe type indole 
alkaloids could be constructed in three steps from the 2-cyano 
A' piperideine 3 (3) (Scheme 1 ) .  This involved (a) conden- 
sation of aminonitrile 3 with sodium dimethylmalonate in the 
presence of AgBF, producing the enamine 4 (90% yield); (b) 
cleavage of the N, (indole)-benzene sulfonyl deactivating 
group (Bu'OK, THF; 80%); and (c) cyclization of the resulting 
intermediate 5 in acidic media (HCl/MeOH, 3 days). The three 
"inside" Corynantht compounds 6 - 8  (4) were thus obtained in 
a combined overall yield of 45% from 3. 

For products 6 and 7,  the relative configuration of the C-3, 
C- 14, and C- 15 centers and the preferred conformations were 
readily deduced from a detailed analysis of their 'H (400 MHz) 
and "C nrnr spectra (Fig. 1). These assignments were sup- 
ported by molecular mechanics calculations using the computer 
program SCRIPT (ROUSSEL-UCLAF) ( 3 ,  which showed 
that the preferred conformations for 6 and 7 were at least 
3 kcal/mol more stable than the alternative conformations 
examined (3). 

For compound 8 ,  however, the situation was less evident. 
From the downfield position of the H-3 resonance (6 3.93, d,  
J = 4.5 Hz) in the 'H nmr spectrum and the absence of 
Wenkert-Bohlmann bands in the ir spectrum it was deduced 
that the molecule adopted a cis C/D ring conformation. It was 
further deduced from the observation of a single absorption 
(6 1.80, qn) for the C-19 methylene protons and a hextet 
resonance for H-15 with Jls,zo,, = 4.5 Hz that both the C-14 
ethyl and C-15 malonyl substituents were in axial orientations. 
Certain aspects of the "C nrnr spectrum of 8 ,  in particular 

'Author to whom correspondence may be addressed. 

the -4-ppm upfield a- and y-effect shifts of the C-15 and 
C-21 absorptions produced by the malonyl groups, were in 
agreement with these assignments. 

Although several features in both the 'H and I3C spectra 
remained unexplainable (i.e. the unusually high field position 
and small coupling constant (6 3.44, J = 9 Hz) for the H-16 
absorption, and the appearance of the C-6 resonance at 6 19.0, 
a position intermediate between that normally attributed to the 
cis (6 16.0) and trans (6 21 .O) indoloquinolizidine systems (6)) 
we were forced to conclude that compound 8 possessed a cis 
indoloquinolizidine structure in which the C-3 indole, C-14 
ethyl, and C-15 malonyl groups were all in axial positions. 

This result was unprecedented%nd rather difficult to accept 
for two major reasons: (1) in a structure such as 8a (Fig. 1) a 
highly unfavourable 1,3-diaxial interaction between the C-3 
indole and C-15 malonyl groups would be predicted, and (2) in 
view of this interaction one would expect that an equilibration 
to the a priori more stable conformer 8a would occur, in which 
the three substituents adopt an all-equatorial orientation.' 

To lay to rest all remaining doubts concerning the structure 
of this unusual molecule an X-ray crystal study of a suitable 
derivative (HBr salt) was undertaken. It was realized that even 
if the solid and solution state conformations of 8 did not corre- 
spond, the relative configuration at the C-3, C-14, and C-15 
centers could still be established definitively. 

Experimental 
Crystals of the HBr salt of 8 were obtained by slow saturation of a 

methanol solution of 8.HBr with ether, mp 185- 187°C (dec.). A 
parallelepipedic crystal of dimensions 0.35 x 0.20 X 0.15 mm was 
used for data collection and determination of the unit cell on a Philips 
PW 1 100 diffractomk-ter using graphite monochromated Cu-Ka radi- 
ation (A = 1.5418 A). The crystal data are: 
C22H2sN204+Br- Mol. wt. = 465.39 
Orthorhombi~;~ space group Pbca; a = 1 1.18 1 (4), i'., = 15.130 (6), 
c = 26.74(1)A;Z= 8 ; V =  4 5 2 3 ~ ' ; F ( ~ , ,  = 1936, p =  25.27cm-'. 

'Certain carbohydrates such as a-D idopyranose pentaacetate (10) 
also prefer a 1,2,3-triaxial conformation. This is due, however, to 
the strong tendency for such molecules to adopt the conformation in 
which the C- l OR substituent is axial (anomeric effect) and the C-5 
substituent is equatorial. 

'The possibility that compound 8 adopts an all-equatorial con- 
formation as in 8a or 8b was excluded on the basis of the small 
J3.]4 = 4.5 HZ and JIJ, ,5  = 4.5 HZ coupling constants observed in the 
'H nrnr spectrum. 
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Frc. 1. Three-dimensional representations of the preferred conformations of compounds 6 and 7, and the principal conformations a-c of 
compound 8. 

Parameter values were obtained by the least-squares refinement of 
12 well-centered reflections. The data were collected using the 8-28 
scan technique with a speed of 0.05 deg s- ' ,  and a scan width of 1.2" 
+ 0.2" tg 8. The three standard reflections monitored every 120 min 
did not show any appreciable variation in intensity during data col- 
lection. From 3360 independent intensities, 1902 with I > 3u(I) were 
considered as observed. 

The structure was solved by the Patterson-Fourier method and 
refined by least-squares techniques which minimized the function C w  

(1F.l - 1~~1)'. All hydrogen atoms were located on successive differ- 
ence Fourier maps and introduced ia structure factor calculations in 
idealized positions (dC-H = 1.08 A) with an isotropic temperature 
factor equivalent to that of the bonded atom. On the difference Fourier 
maps a water molecule (originating from the use of aqueous HBr to 
prepare the hydrogen bromide salt of 8) displaying high thermal mo- 
tion was found to be hydrogen bonded to 0-22'. It was thus introduced 
into the refinement with an occupation factorof 0.50. This lowered the 
final R factor from 0.059 to 0.055 (R,,. = 0.062). The weighting 
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CHIARONI ET AL. 298 1 

TABLE 1. Fractional coordinates X lo4 for the 
non-hydrogen atoms 

Atom x Y z 

scheme was w - '  = (u2(F,) + 0.007 F,')-' where u2(F,,) was based 
on counting statistics. 

The program used was SHELX 76 (7) with coefficients for anal- 
ytical approximation to the scattering factors from the International 
Tables for X-ray Crystallography. Final atomic coordinates with esti- 
mated standard deviations are reported in Table 1. Bond distances and 
angles appear in Table 2, and torsion angles in Table 3.* 

Results and discussion 
The X-ray crystal structure determined for the HBr salt of 

compound 8 is illustrated in the two 3-dimensional representa- 
tions in Figs. 2a and 2b. One can see that in the solid state the 
molecule also adopts the cis indoloquinolizidine conformation 
where the C-3, C-14, and C-15 substituents are axially orient- 
ed. From calculations of the torsion angles (Table 3) one can 
further see that the D-ring is in a chair conformation that is 
slightly flattened in the region of carbons-3, - 14, and - 15. This 
flattening effect results in an opening of the angle between the 
C-2-C-3 and C-15-C-16 bonds by -27" (with respect to an 
idealized chair conformation), thereby increasing the sepa- 
ration between the indole and malonyl substituents. A clear 
view of the disposition of these two substituents in the molecule 
is presented in Fig. 2b. It can be seen that the angle between 
C-16-H-16 and the normal to the indole plane is 115" and that 

qables  of the anisotropic thermal parameters, hydrogen atom coor- 
dinates, and the observed and calculated structure amplitudes are 
available, and may be purchased, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, Ottawa, Ont., 
Canada K1A 0S2. 

TABLE 2. Bond lengths (A) and bond angles (") 

Bond Length Bond Angle 

C2-N1-C13 
N 1 -C2-C3 
N 1 -C2-C7 
C3-C2-C7 
C2-C3-N4 
C2-C3-C 14 
N4-C3-C14 
C3-N4-C5 
C3-N4-C2 1 
C5-N4-C2 1 
N4-C5-C6 
C5-C6-C7 
C2-C7-C6 
C2-C7-C8 
C6-C7-C8 
C7-C8-C9 
C7-C8-C 13 
C9-C8-C13 
C8-C9-C 10 
c9-c1o-c11 
CIO-CI I-CI2 
C11-C12-C13 
Nl-C13-C8 
Nl-C13-C12 
C8-C13-C 12 
C3-C14-C15 
C3-C14-C19 
C15-C14-C19 
C14-C15-C16 
C 14-C15-C20 
C 16-C 15-C20 
C15-C16-C17 

the C-17-0-22 carbonyl groups are twisted out of the normal 
P-dicarbonyl W conformation so as to avoid interaction with 
the indole nucleus. From a measurerncp of the inte5atomic 
distances between H-16 and C-2 (2.55 A), N-1 (2.85 A), and 
the N-1 hydrogen (3.17 A) it is evident that the indole and 
malonyl groups do not crowd each other and that the 
1,3-diaxial interaction between them is, in fact, minimal. 

Interestingly, the flattening of the D-ding results in a short 
N-1 hydrogen to H-14 distance (2.12 A), indicating that the 
tendency of the molecule to maximize the separation of the 
large C-3 and C-15 substituents is counterbalanced by the 
generation of an unfavourable steric interaction between these 
two centres. 

To summarize, as a result of an almost perpendicular dispo- 
sition of the C-16-H bond relative to the indole ring, and of 
a minor distortion in the chair conformation of the D-ring, the 
steric interaction between the large indole and malonyl groups 
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TABLE 3. Selected torsion angles (") 

Atoms Angle 

C7 C2 C3 N4 -18.1 (5) 
C2 C3 N4 C5 45.8 (5) 
C3 N4 C5 C6 -64.7 (6) 
N4 C5 C6 C7 47.6 (6) 
C5 C6 C7 C2 -19.0 (6) 
C6 C7 C2 C3 4.8 (6) 
C21 N4 C3 C14 47.1 (5) 
N4 C3 C14 C15 -45.6 (5) 
C3 C14 C15 C20 51.1 (5) 
C14 C15 C20 C21 -57.9 (6) 
C15 C20 C21 N4 59.7 (6) 
C20 C21 N4 C3 -54.3 (5) 
C18 C19 C14 C15 -55.5 (6) 
C18 C19 C14 C3 176.7 (7) 
C14 C15 C16 C17 -67.1 (6) 
C20 C15 C16 C17 169.1 (7) 
C20 C15 C16 C17' 48.9 (6) 
C14 C15 C16 C17' 172.7 (7) 
C15 C16 C17 0 2 2  -15.6 (6) 
C15 C16 C17 0 2 3  163.6 (8) 
C16 C17 0 2 3  C24 - 178.8(10) 

(a )  022  C17 0 2 3  C24 0.3 (8) 
C15 C16 C17' 022' -120.7 (8) 
C15 C16 C17' 023 '  58.9 (6) 
C16 C17' 023 '  C24' -171.1 (9) 
022' C 17' 023 '  C24' 8.5 (7) 
0 2 2  C17 C16 C17' 104.8 (8) 
C17 C16 C17' 022 '  117.2 (8) 

possible. In the C / D  cis conformer 8b the effect of nitrogen 
inversion is to tilt the C-3 indole unit away from the C-14- 
C-19 bond, which reduces the peri  interaction to some extent. 
However, this gain in stabilization is counterbalanced by the 
corresponding increase in energy resulting from the change to 
a cis ring junction (1 1). 

It can thus be concluded that in the conformationally mobile 
"inside" Corynanthe-type indole compound 8 it is the gauche 
interactions between adjacent equatorial substituents that para- 
doxically render the all-equatorial conformations 8 a  and 86  
less stable than the triaxial conformation 8c.  

I. D. S. GRIERSON, M. HARRIS, and H.-P. H u s s o ~ .  J .  Am. Chem. 
SOC. 102, 1064 (1980). 

2. M .  BONIN, J .  R. ROMERO, D. S. CRIERSON, and H.-P. H u s s o ~ .  
J .  Org. Chern. 49, 2392 (1 984). 

3. D. S. GRlERSON, M. VUILHORGNE, G. LEMOINE, and H.-P. 
H u s s o ~ .  J .  Org. Chem. 47, 4439 (1982). 

FIG. 2 a, b. An ORTEP (8) drawing of the hydrogen bromide 
salt of 8 with the atomic numbering.The bromide ion is hydrogen 
bonded to nitrogen atom N(4): distance 3. I6 A (angle N,-&;.;B~ 
of 151"). 

is small. The molecule can thus accommodate their presence in 
axial positions, and in s o  doing avoid any interaction of these 
groups with the C-14 ethyl side chain. 

This latter interaction would be particularly severe in the 
alternative all-equatorial conformer 8a  (Fig. I ) .  In this con- 
formation the indole ring is roughly parallel to the C- 14-C- 19 
bond with the consequence that the N-1 hydrogen points direct- 
ly at one of the C-19 methylene hydrogens ("peri" interaction 
(9)). Due to the presence of the malonyl group at C- 15, release 
of this interaction by rotation of the ethyl side chain is not 

4. G. C. MORRISON, W. A. CETENKO, and J. SHAVEL JR. J. Org. 
Chem. 32, 2768 (1967). 

5. N. C. COHEN, P. COLIN, and G. LEMOINE. Tetrahedron, 37, 171 1 
(1981). 

6. E. WENKERT, C. J. CHANG, H. P. S. CHAWLA, D. W. COCHRAN, 
E. W. HAGAMAN, J. C. KING, and K. ORITO. J. An). Chem. Soc. 
98, 3645 (1976). 

7. G. M. SHELDRICK. SHELX 76. Program for crystal structures 
determination, Univ. of Cambridge, England. 1976. 

8. C. K. JOHNSON. ORTEP. Report ORNL-5 138, Oakridge National 
Laboratory, Tennessee. 1976. 

9. E. WENKERT and B. WICKBERG. J. Am. Chem. Soc. 84, 4914 
(1962). 

10. N. S. D. BHACCA, D. HORTON, and H. PAULSEN. J. Org. Chem. 
33, 2484 (1968). 

11. T. A. CRABB, W. A. NEWTON, and D. JACKSON. 1. Chem. Soc. 
Chern. Rev. 71, 109 (1970). 
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Electron transfer reactions of nickel complexes of 1,4,7-triazacyclodecane 

M .  G. FAIRBANK, A. MCAULEY,' P. R. NORMAN, A N D  0. OLUBUYIDE? 
Deparimeni of' Chernistr-y, Utliversity of  Victoricz, Victoria, B.C.,  Catlada V8W 2Y2 
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M. G. FAIRBANK, A. MCAULEY, P. R. NORMAN, and 0 .  OLUBUYIDE. Can. J .  Chem. 63, 2983 (1985). 
The preparation of [Ni(l,4,7-triazacy~lodecane)~]'+, (Ni(10-aneN3)2") is described. The existing procedure has been 

modified leading to good yields of thc ligand trihydrochloride. The nickel(l1) analogue (reported previously) is oxidised in a 
facile manner, either by Co";,,, in acidic aqueous media or by NO' in CH3CN. Since the octahedral NiN6 chromophore is 
retained upon electron transfer, outer sphere reactions both of the Ni(I1) and Ni(II1) species have been studied. Rates of 
oxidation by various nickel(1II) macrocycles have been measured and details arc provided. Electrochemical oxidation of the 
Ni(I1) complex is consistent with E " ( N ~ ( I o - ~ ~ ~ N ~ ) ~ + / ' + )  = 0.997 V (vs. NHE). The data have been used in a Marcus 
correlation, Ieading to the self-exchange rate k l l  for the couple ( ~ i ( l ~ - a n e ~ ~ ) ~ ' ' ' ' + )  = (2 -1 I) X 1 0 % ~ '  s- ' .  This value 
is compared with other data derived using octahedral Ni(ll)/Ni(III) centres. The oxidation of the Ni(I1) complex by Co(III),, 
has been studied in both protonated and deuterated media. There is no cvidence for any proton transfer (from the N-H) being 
coupled to the electron transfer step. The observed rate constant for the reaction of Co" with Ni(lI)(lO-ane~,)," (550 M-' 
s-I) may be compared with the calculated outer sphere rate (270 M-'  s-I). An estimate of k l l  (CoOH2+/+) - 3 M- '  s-' for 
the COOH"" exchange is discussed. 

M. G. FAIRBANK, A. MCAULEY, P. R.  NORMAN et 0 .  OLUBUYIDE. Can. J. Chem. 63, 2983 (1985). 
On dCcrit la preparation du [Ni(triaza-1,4,7 cyclod~cane)~]~~+,  (N~(N>-~Oane)~"). La modification de la mCthode existante 

permet d'obtenir avec un bon rendement le trichlorhydrate du ligand. On peut facilement oxyder I'analogue du nickel(11) (qui 
a CtC dCcrit anttrieurement) soit par le Co3+ en milieu acidc aqueux ou par le NO' dans le CH'CN. ConsidCrant que le 
chromophore NiNh octaidrique est conservC lors du transfert d'Clectrons, on a CtudiC les reactions qui se produisent dans les 
sphhres exttrieures des especes Ni(1l) et Ni(II1). On a mesurC les vitesses d'oxydation par diffkrents macrocycles de Ni(I1) et 
on rapporte les dCtails. L'oxydation Clectrochimique du complexe de Ni(I1) repond B I'Cquation ~ " ( ~ i ( ~ ~ - l ~ a n e ) ~ ~ + / ~ + )  = 
0,997 V (vs. NHE). On a utilisC les donnCes dans une corrClation de Marcus conduisant A une vitesse d'autotchange k l l  pour 
le couple ( ~ i ( ~ ~ - ~ ~ a n e ) ~ ' + / ~ + )  = (2 t- I) x 1 0 " ~ - '  s-I. On a comparC cette valeur avec d'autres donnCes dCrivCes en utilisant 
des centres octakdriques Ni(II)/Ni(III). On a CtudiC I'oxydation du complexe de Ni(I1) par le Co(IlI),,, en milieu protone et 
en milieu deutCrC. 11 n'y a aucune preuve de transfert de proton (B partir de N-H) lors de 1'Ctape de transfert d'CIectron. On 
peut comparer la constante de vitesse observCe pour la rCaction de Cow avec ~i(ll)(N,-10ane)~" (550 M '  s- ')  avec la vitesse 
calculCe pour la rkaction A I'extCrieur de la sphere (270 M I  s ' ) .  On discute d'une evaluation de ~,,(cooH'+/') - 3 M- '  
s-' pour I'Cchange CoOH2+/+. 

[Traduit par le journal] 

Introduction 
Nickel(lI1) complexes stabilised by tetra-azamacrocyclic li- 

gands (L) generally display octahedral symmetry with axial 
coordination of solvent or anions (1-3). In the case of 
NiLCl?', for example (4, 5 ) ,  a septet in the esr spectrum re- 
sulting from hyperfine interaction of the unpaired electron with 
each C1 nucleus confirms in solution what has been observed in 
the solid state (6). Only in relatively few instances (7) are 
five-coordinate species formed. In contrast, the geometry of 
the corresponding nickel(I1) complex ions in solution is less 
well defined owing to the variations in extent of the square 
planar $ octahedral equilibrium. This lack of complete detail 
acts as a source of difficulty in the investigation of the ener- 
getics involved in reactions of N~L"/'+ redox couples. 

Attempts have been made to address this problem using 
complex ions which retain the NiN6 coordination in both ox- 
idation states, and self exchange rate data have been deter- 
mined for the tris-polypyridine (8) and bis-triazacyclononane 
(9) ligand systems. 'The use of such complexes, which show no 
proton equilibria in the acidity conditions used, ([H'] - 1.0 M 
- pH - 4) also permits the assignment of reaction pathways 
where with the NiL(OH,):' species, ambiguities in reaction 
schemes deriving from proton equilibria may be envisaged. 

' T o  whom all correspondence should be addressed. 
' Present address, Chemistry Department, University of Ife, Ile-Ife, 

Nigeria. 

The present paper describes the preparation of a nickel(II1) 
complex incorporating the 1,4,7-triazacyclodecane ligand, 
(Ni(lO-aneN,)z". Although not quite as stable kinetically in 
highly acidic media with respect to decomposition as the corre- 
sponding [9]-ane N3 ion (9), the stability is such that kinetic 
measurement of redox reactions may be made. The data are of 
interest in that they permit an evaluation of the effects on the 
redox process of a departure from the near octahedral symmetry 
of the [9]-aneN, ion (10) to a more distorted environment a s  
seen from the greatly increased anisotropic esr spectrum of the 
[lo]-aneN, complex. 

Experimental 
The nickel(I1) complex, (Ni(10-aneN3)Z", has been prepared pre- 

viously by Zompa and MarguIis (lo), who have shown from X-ray 
measurements that the octahedral field is not symmetrical. The same 
complex was prepared in our laboratories by a different synthesis of 
the ligand. This was accomplished using a modification of the method 
described by Atkins, which utilises the high degree of cyclisation (I I ,  
12) achieved by the reaction of the disodium salt of N,N',NU-tri- 
tosyldiethylenetriamine with the di-tosyl derivative of 1,3-propanediol 
(Ts = p-toluenesulfonyl = tosyl). A similar method has also been 
described by Weatherburn in the preparation of (alkyl) ring-substituted 
copper complexes of these ligands (13). All ligand synthesis reactions 
were carried out under a stream of dry N,. 
N,N1,N"-Tritosyldiethylenetriamine was prepared as described 

(14), and the corresponding disodium salt formed using sodium metal 
in absolute ethanol (15). 
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2 d  conc. HzS04  I 

Ditosylate of l,3-propanediol 
A 7.6 g sample of 1,3-propanediol was dissolved in 500 mL dry 

CH2C12 in a flask (three neck). After cooling the solution to 0°C under 
a stream of dry N,, 50 mL triethylamine was added. Maintaining the 
temperature at O°C, a solution of 38 g of p-toluenesulphonyl chloride 
in 250 mL dry CHlC12 was added over 45 min and the mixture stirred 
for a further 12 h. The solid Et3NHC1 formed was filtered off and the 
filtrate was washed successively with 250 mL 2 M HCI, two, 250 mL 
portions of H 2 0  and two, 250 mL volumes of saturated Na2C03 
solution. After reduction in volume, a white solid crystallised which 
was re-crystallised from EtOH/H20 and washed with 100% ethanol 
and diethyl ether. Yield 95%. 

1,4,7-Tritosyl-1,4,7-triazacyclodecane 
The disodium salt of diethylenetriamine (53 g) was dissolved in 350 

mL dry DMF (dry N,) in a flask equipped with a mechanical stirrer. 
After heating with stirring to 90°C, a solution of 35 g of 1,3- 
propanediol ditosylate in 180 rnL DMF was added over a 45 min 
period. Further heating at 105°C for 4 h produced a yellow solution. 
The cooled DMF solution was added dropwise to 2 L of rapidly stirred 
water, precipitating the product which was filtered, washed with wa- 
ter, cold 100% ethanol, and cold diethyl ether. Yield 70%. nrnr 62.2 
(CH,), 9H; 63.35 (NCH,), 12H; 67.5 (CH), 12H. 

1,4,7-Triazacyclodecatze trihydroclzloride 
The detosylation was carried out by heating a solution of the tritosyl 

derivative in 125 mL conc. H2S0, for 48 h. After cooling and slow 
neutralisation using a solution of 300 g NaOH in 600 mL HzO, further 
reduction of the temperature to 0°C resulted in crystallisation of 
NaZS04. The filtrate was extracted with 600 rnL CHCI3 on a con- 
tinuous extraction apparatus for 3 days. The solvent was removed and 
following addition of 25 mL ethanol and further filtration to remove 
any undissolved impurities, the ligand trihydrochloride was precip- 
itated by addition of 10 mL conc. HCI. The product was washed with 
ethanol and diethyl ether. Yield 60%. 

[Ni(10-aneN3)2](C104)2: NiL2(C10J2 
The ligand trihydrochloride (1 g) was dissolved in 12 mL 1 M 

NaOH and warmed on a steam bath. To this was added 0.7 g 
Ni(C104)2.6Hz0 in 15 mL of methanol. After adjustment of the pH 
to - 10 a pink colour formed and lowering the pH to -5 and cooling 
resulted in the precipitation of lilac crystals. These were recrystallised 
from methanol and dried in vacuo. Uv-visible: h = 475 nm, E = 30 
M-I cm-l. , h = 302 nm, E = 24 M- '  cm-I. 

The corresponding nickel(II1) complex ion was formed by oxidation 
in 0.5 M HCIO, using a slight deficiency of Cow aq. The 3+  species 
formed was less stable kinetically than the corresponding 9-aneN3 
complex and could not be isolated as a perchlorate salt. Uv: h = 290 
nm, E = l l 900 M - I  cm-' .  

The complexes (Scheme 1 )  [Ni(~yclam)](ClO~)~,  (16) (cyclam = 
1,4,8,1 1-tetra-azacyclotetradecane), [Ni(tneso-Me2cyclarn)](C10,)2 
(17) (Me,cyclam = (a)-C-ttzeso,-5,12-dimethyl cyclam), [Ni(tet-c)]- 
(CI04)r (1 8) and [Ni(tet-d)](C104)z (1 8), (tet-c and tet-d = C-rac and 

[Nicyclam] [Nirac-Mezcyclam] [Nimeso-Mezcyclam] 

[Nioxime] [Ni(9aneN3),] [Ni(lOaneN,),] 

SCHEME 1. Charges omitted for clarity 

C-meso 5,5,7,12,12,14-hexamethylcyclam), [Ni(Me2diene)](C104)z 
(17), (Me2diene = 5,12-dimethyl- l,4,8,1 l-tetraazacyclotetradeca- 
4,ll-diene) [Ni(C-rac-Me2cyclam)](C104)z (17, 19) and [Ni(IV)- 
~ x i m e ] ( C l O ~ ) ~  (20) (Ni(1V)-oxime = 3,4-dimethyl-4,7,10,13-tetra- 
azahexadeca-3,13-diene-2,15-dione dioxirnate (2-)) were prepared 
as described elsewhere. Their analytical purity was confirmed 
(Canadian Microanalytical Services). 

Solutions containing 0.01-0.04 M CO(C~O,)~ were prepared elec- 
trolytically and stored at -5°C. Lithium nitrate (Reagent grade) was 
used as received. Lithium perchlorate, formed on reaction of Li,C03 
with -3 M HCIOl was recrystallised three times from distilled water. 

The stopped-flow and data acquisition system were described pre- 
viously (21). In many instances, nickel(II1) macrocyclic complexes 
were prepared in situ by oxidation of the corresponding nickel(I1) 
species with a stoichiometric deficiency of Co(III),,, (22). Ionic 
strengths were maintained constant (1 .OO M) using H+/Li+CIO,- or 
where solubility factors required, Li'/H'N03-. Reactions were mon- 
itored over the range 350-500 nm. Using pseudo-first-order condi- 
tions of excess reductant, rate constants derived from least-squares 
plots (minimum 200 points) were linear for greater than three half- 
lives. For several of the systems studied, e.g. (Ni(l0-aneN,)" and 
[Ni(me~o-Me~cyclam)]~+,  the E" values of the two reactants are sim- 
ilar in value, leading to reaction reversibility. Under conditions of 
excess [ ( ~ i ( l ~ - a n e ~ ~ ) ~ " ]  and [Ni ( tneso -~e~c~c lam)?+] ,  both the for- 
ward and reverse reactions [ I ]  may be treated as pseudo-first order 

The observed first-order rate constant may thus be expressed in the 
form 

At constant [Ni(10-aneN3)2'+], plots of k,,,, against [Ni(tneso-MeZ- 
cyclam)"] should be linear (slope k l )  (Fig. I). Also from the inter- 
cepts, kz may be derived by varying [ ~ i ( l O - a n e ~ ~ ) ~ " ] .  It may be seen 
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FIG. 2. Electron spin resonance spectrum of ~ i ( l O - a n e ~ ~ ) ~ "  
I 

FIG. 1 .  (a) Reaction of Ni(lO-ane~~)~" with Ni(meso-Me2- 
cyclam)'* (see eq. [I]). Pseudo first order behaviour observed in 
presence of excess Ni(10-aneN3)2" and Ni(meso-Me2cyclam)" ions 
- see text; (b)  kin, values derived graphically from plots as in ( I n ) .  

from Fig. 1 that k ,  = (1.08 k 0.04) x lo4 M-' s-' and k ,  = (2.2 ? 
0.5) x lo4 M-' s-'. 

Results 
( a )  Electron spin resonance and solution studies 

The Ni(II)(10-aneN,);' ion may be oxidised readily to the 
corresponding nickel(II1) species. The substantial increase in 
absorbance in the 300-350 nm range on reaction either in 
aqueous media (Co3+, S2O8'-) or NO' in CH3CN is character- 
istic of the nickel(II1) centre (5, 23). The low spin d7 ion was 
confirmed using esr studies on the frozen aqueous solution at 
77 K (Fig. 2). The g, and gl components of the axial spectrum 
are identified. However, unlike the spectra for axially N- 
coordinated tetraazamacrocycles, where hyperfine interaction 
is seen in the gll feature, (for N, I = 1) there is observed in the 
present system a broadening of the signal possibly owing to a 
smaller coupling constant. In the case of Ni(cyclam)C12', g, - 
2.18 and gll - 2.02. For the ~ i ( lO-aneN, )~~ '  species g, = 2.13 
and g = 2.06 which are closer together in value. Comparison 
with the spectrum of the more symmetrical Ni(9-aneN3)23+ ion 
(15) where the extent of anisotropy is less (g, = 2.13, gll = 
2.08) suggests the symmetry is slightly more distorted for the 
10-ane complex. This may result from the presence of an addi- 
tional CH, group in the ligand ring. Little change is observed 
in the esr spectrum on the addition of high concentrations of 
SO4'- (3) or C1- (4) which are known to coordinate strongly in 

the axial positions of the tetraazamacrocycles. There is thus 
good evidence that the octahedral NiN6 chromophore remains 
intact during the redox process. 

In acidic aqueous media, the Ni(10-aneN3)23' ion is less 
stable kinetically than the corresponding 9-membered ring 
complex. (This is true also for the Ni(I1) species.) In solutions 
of 0.1 M HClO, the half-life for the redox decomposition is 
-3.5 hand at 1 .OM [H'] t l l z  - 2.8 h. Addition of C1- or SO4'- 
has little effect on the uv-visible spectrum. Cyclic voltam- 
metry at 25OC (1.0 M H'/Li' C1O4-) using a Pt electrode and 
calomel reference showed a 1-electron wave with quasi- 
reversible behaviour (AE = 78 mV). This behaviour is typical 
of many Ni(II1) systems (24) where deviation from the revers- 
ible 59 mV separation has been observed. The measured E0 
( ~ i ( l O - a n e ~ ~ ) 2 " / ~ ' )  = 0.997 V vs. NHE lies in the range 
0.95- 1.1 V observed for most of the saturated nickel(II)/(III) 
macrocycles. 

(b) Kinetic results 
For all redox reactions studied, the stoichiometry may be 

represented (to +2%) as a one-electron transfer. 

+ ~i(11)L" 
with the corresponding rate law 

[4] Rate = k,,[oxidant:I [reductant] 

First order dependences of the observed rate constant (k,,,) 
were determined as is seen in Table 1. Only in the case of the 
Co(II1) oxidation of the nickel(I1) complex was a hydrogen ion 
dependence observed. For all other complexes, no rate vari- 
ation was seen over the range [H'] = 0.1 - 1.0 M. Most sys- 
tems were studied at 0.5 M [H']. 

The rate of appearance of Ni(l0-aneN3)," ( A  340 nm) was 
used to investigate the oxidation reaction involving aq- 
uocobalt(1II) under conditions of excess reductant. The results 
are summarised in Table 1. At constant [H'] the rate law may 
be expressed as 

A significant increase in k, was observed on reducing [H']. 
The lack of any proton-related equilibria associated with the 
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CAN. J. CHEM. VOL. 63, 1985 

TABLE I. Kinetic results of Ni(l0-aneN,)? reactions at 25OC 
(a) ~i(l0-aneN,);' + Co(III)"." 

[H'] (M) lo-' k (M-' sC1) 

"Observation wavelength = 340-425 nm; [Ni(III)] = 1-2 X lo-' 
M; f = 1.0 M (H+/Li+, Clod-), except where indicated. 

hSlope of I/[H+] plot = kKh = 579 f 8 s-'; int = k = 550 5 22 
M-' s - ' .  

( b )  Ni(lo-ane~,);+ + Ni(9-aneN,)?+" 

k, s- ' /  104[Ni(9-aneN3),IZ+ 

~O~[Ni(lO-aneN~),]~+ 1.99 3.97 6.95 lo-' slope lnt 

0.80- 3.86 8.17 15.13 2.3 t 0.1 <0.1 
3.57 4.3 8.52 - 2.1 0.07 

" A  study of the rate over the range 0.1 M < [H'] < 1.0 M (5 points) showed no 
dependence on [H']: kl = (2.3 2 0.3) X I O4 M-I s-I. 

( c )  [Ni(10-aneN,)22+ + Ni(cyclam)'+ " 

- 

104[Nicyclam]2+ 4.46 4.85 7.81 9.38 11.16 12.14 10-\lope Int 

ave kl = (1.3 5 0.2) x 10'M-' s-I 
k2 = (6.1 5 0.8) x 10" M-' s-I 

"[H'] = 0.1 M; I = 0.2 M (H'/Li', C104-. or NO,-) 
hNO,- media. 

( d )  ~ i ( l ~ - a n e ~ ' ) , ' +  + [ ~ i m e s o - ~ e ~ c ~ c l a m ] " ]  

k, sC1/ 1O4[Nimeso-Me,cyclam2+] 

1O4[Ni(1O-aneN,);' 1.09 3.62 6.88 7.24 slope Int 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FAIRBANK ET AL. 

( e )  N i ( l O - a n e ~ ~ ) ~ ~ +  + ~i(Me?diene)~+ 

k ,  s- ' / 104[Ni( 10-aneN,),"] 

104[Ni(Me,diene)]'+ 0.765 0.799 1.53 2.00 3.06 4.00 slope Int 

Ni(I1) complex as demonstrated by the invariance of rate of the 
Ni(II1) oxidations with changing [H'], permits attribution of 
the hydrogen ion dependence to hydrolysis of the aquocobalt 
ion 

Kh 
[6] (H20),Co(OH2)'+ (H,0),CoOH2' + H' 

Using the mechanism in which both Co(II1) species react, 

the overall second order rate constant ka may be expressed in 
the form 

From the data in Table 1, ka = 550 + 22 M-I s-I and ksKh 7 
579 5 8 s-'. Using Kh = 2 X M (25), kp = 2.9 X 105M- 
s-I. 

In reactions where AEO for the redox process is less than 50 
mV, reversibility was observed as noted previously. It is possi- 
ble to calculate the equilibrium constants for these reversible 
reactions. In most instances, K lies in the range 1 - 10 and 
agreement with the kinetic data is considered reasonable. For 
example, in the reactions with the Ni(cyclam)'+ and with 
Ni(meso-Me,cyclam)'+ the K value of unit based on equi- 
librium data may be compared with the kinetic values of 0.2 
and 0.5, respectively. Only in the case of the reaction with 
Ni(9-aneN3):+ is there an inconsistency. Predicted value of the 
intercepts based on reactant concentration are 0.24 and 1.1 
compared with observed values essentially zero. At present, we 
cannot explain this anomaly. 

Discussion 
From the variety of systems studied, both oxidations of 

Ni(I1) and the reductions of Ni(III)(lO-aneN3);+ may be 
viewed as outer-sphere processes. We have therefore used the 
Marcus relationship (8, 26) to determine the self-exchange rate 
constant for the bis(l0-aneN3) complex. The rate constant, k,,, 
for an outer-sphere redox reaction may be related to the individ- 
ual self-exchange reactions kl l  and k2, and to the overall equi- 
librium constant, K,,, by the expression [lo] 

[12] W',, = exp [Wll + W2, - W12 - W21)/2RT] 

Values of A l l  and A,, were used as calculated previously for 
Ni(II1) complexes of this type (27) A/U' = 3 X 10" M-'  s-I t-,) for the nickel~omplexes, u = 3.8 + 0.2 A, Co3+ = 3.0 
A and Fe2+ = 3.3 A, respectively. Work terms Wji refer to the 
energies associated with bringing together the reactants to the 
separation distance, r ,  within the activated complex. In most 
instances, 2+ and 3+  charged reactants were involved and 
work terms partially cancel. A;, is the diffusion rate for species 
i i ,  v the nuclear frequency which destroys the activated com- 
plex,and y is the thickness of the reaction layer. Assuming log 
WrI2 = 1, eq. [lo] may be expressed as 

Thermodynamic and kinetic parameters used in the Marcus 
correlation are presented in Table 2. Using the data in Table 2, 
the plot (Fig. 3) is obtained where the slope 0.48 -f 0.03 
(least-square analysis with correlation factor 0.97) is in excel- 
lent agreement with the value (0.5) predicted theoretically. 
From the intercept, k,,, the rate constant for the Ni(l0- 
ane~ , ) ,3+ /~+  exchange may be evaluated as (2 ? 1) x 104 M-' 
s-I. The value is slightly higher than that for the corresponding 
(9-aneN3), complex, 6 X lo3 M-'  s-I. The corresponding rate 
constant for the tris-bipyridyl complex (8) is 2 X 10' M- '  s-'. 
For the t r a n s - ~ i ( c ~ c l a m ) ~ l , + ~ ~  couple, k,, = 3.4 X 104 M- ' s- 
(28). It thus appears that for these octahedrally substituted 
complexes, rates are within one order of magnitude suggesting 
similar reorganizational energies for formation of the activated 
complex. 

The present study also provides further information on the 
aquo Co(II)/(III) processes. Endicott et al. (29) have recently 
provided evidence that outer sphere reactions of Co':;, are 
consistent with a self-exchange rate kll (co3+/") = 10- + M-' 
s-I. Using this value, the predicted value for kl,(ka) is 270 M-' 
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TABLE 2. Marcus parameters for reactions of the [ N i ( l ~ - a n e N ~ ) ~ ] ~ + / ' +  couple 

No. Complex E', V vs. NHE k l l ,  M - '  s- '  log (k11Krzfiz) log klz 

"Reference 29. 
"See text. 
'Derived from cross-reactions with several Ni(II1) macrocyclic and Ru(I1) ammine complexes (34) 
"Reference 35. 
' Reference 15. 
'Reference 36. 

M. G.  Fairbank. Unpublished results. 
" Reference 37. 

FIG. 3. Marcus plot eq.  [14] used in derivation of self-exchange 
rate for N i ( l O - a n e ~ ~ ) ~ ' + / ~ + .  

s-I which compares favourably with the experimental value of 
550 M- '  s-I, given approximations made in the correlation. 
The question of the CoOH2'/+ exchange is still the subject of 
discussion. This is in part due to the possibility of a preferred 
outer-sphere orientation (30) where H-bonding with the reduc- 
ing substrate may be envisaged. There exists also the potential 
for the abstraction by CoOH" of an H atom from the N-H 
ligand system in a "quasi inner-sphere" process. It is known 
that exchange of the N-H protons is a facile process in basic 
media (pH - 10) but in acidic conditions the N-H bonds are 
extremely inert. Using D20/NaOD, we have prepared the deu- 
terated complex Ni(l0-aneN3D3),Zt and reacted this ion with 
both Co(OD2)63+ /DC1O4 and Co(OH2)63 +/HC1O4 as described 
above. The [Hf]-' ([Df]-I) dependences again demonstrated 
the existence of Co(0H)" (Co(0D)") reaction pathways. The 
kinetic data are shown in Fig. 4 where it is seen that there is a 
marked difference in rate between the protonated and deu- 
terated solvent systems. In the latter, however, the complexes 
containing the N-H ligands react at the same rate as those 

FIG. 4. Rate data for reactions of CO(OH)~'  and Co(OD)'+ with 
N i ( l O - a n e ~ ~ ) ~ ~ +  as  a function of [H']-I ([D']-I). 

containing the N-D centres. If a proton-coupled electron 
transfer were operative, a ratio of kH/kD - 1.37 would be antic- 
ipated owing to rupture of the N-D (N-H) bond. The reac- 
tion of CoOHZt may thus be treated as an outer-sphere process 
although the possibility remains of a precursor complex with 
OH- located for hydroxide-mediated electron transfer. The 
stability constant of such a precursor would be expected to be 
small (there is no spectrophotometric evidence for its existence 
in our hands). An estimate (9) may be made of E0 (COOH~'/+) 
= 1.44 V,  and, if we treat the reaction as an outer-sphere 
process, the data from the cross reaction with Ni(I1)- 
(10-aneN3),Zt may be used to obtain a value of k,, (coOH"~') 
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= 3 M - '  s-l. This is close to that (2 M - '  s-I) derived (31) from 
the reaction of CoOH" with Ni(IV)oxime2'. From the come- 
sponding reaction with Ni(9-aneN,)'", an estimate of k l l  - 50 
M - '  s-' may be obtained. Thus it appears that the self-exchange 
process for the COOH''~' couple is -10" faster than that for 
the CO"/~+ exchange. The origin of such a large difference is 
not readily apparent. It is known that in most systems the 
contributions arising from Franck-Condon parameters out- 
weigh any spin changes. Also significant differences (32) in 
rates have been identified in the exchange reactions of 
CO(NH,)~~ ' / '  ' and C o ( ~ e ~ u l c h r a t e ) ~ + / '  ' . 

One interesting facet of the deuterium studies is that the rates 
of oxidation by C O ( O H ' ) ~ ~ +  and C O ( O D ~ ) ~ ' +  are indistinguish- 
able (Fig. 4). The slopes (reactions of the hydroxo complexes), 
may be represented as kBKh and kpKd. Assuming kp constant, 
Kd,  the dissociation constant for the deuterated ion may be 
evaluated.The ratio of slopes yields Kh/Kd .= 1.45 and using Kh 
= 2 x lo-' M, Kd = 1.4 X M .  As expected, the deu- 
terated complex is less acidic, a fact noted for other aquo metal 
ions (33). 
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Substituent effects on acetylene stability. A comparison of STO-36, 6-316, 6-316**, 
and 6-3116** calculations 
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PASCAL FURET, GEORGE HALLAK, ROBERT L. MATCHA, and RICHARD FUCHS. Can. J .  Chem. 63, 2990 (1985). 
Ab initio calculations using STO-3G, 6-31G, 6-31G"'k, and 6-31 1G** basis sets and standard geometries, and 6-31G 

and 6-31 IG*" basis sets with 6-31G optimized geometries have been performed on a series of acetylene derivatives 
(H-C=C-R; -R is -CH,, -Li, -C=N, -C-H, -C-OH, -NH,, -C=CH, -CH=CH,, and -F). 

II 
0 

I I 
0 

Substituent effects on stability have been studied using isodesmic methyl exchange reactions (H-CrC-R + CH4+ 
H-C-C-H + CH3R). STO-3G and 6-31G calculations have been carried out for mcthyl exchange reactions involving 
several large substituents including phenyl, and for the tert-butyl exchange reactions of 10 substituents (H-CrC-R 
+ Me,CH+ H-C=C-H + Me,CR). 

Geometry optimization has an appreciable effect only on the 7~ donor substituents OCH, and NHZ. None of the smaller basis 
sets reproduces the order of stabilities or the absolute values of the 6-31 IG'6:"6-31G calculations. The latter are in satisfactory 
agreement with the very few experimentally based enthalpies of methyl exchange. 

PASCAL FURET, GEORGE HALLAK, ROBERT L. MATCHA et RICHARD FUCHS. Can. J.  Chem. 63, 2990 (1985) 
Utilisant des ensembles de base STO-3G, 6-31G, 6-31G** et 6-31 lG**avec des gkomttries normales ainsi que des 

ensembles de base 6-3 IG et 6-3 1 1 G*;6 avec des gkomktries optimiskes B I'aide de I'ensemble 6-3 IG, on a effectuC des calculs 
ab initio sur une skrie de dtrivts de I'acCtylbne (H-C=C-R ou R est Cgal B -CH,, -Li, -C=N, -CHO, -COOH, 
-NH2, -C=CH, -CH=CH, et -F). Faisant appel aux rtactions d'kchanges de mCthyles isodesmiques 
(H-CFC-R + CH4+ H-C=C-H + CH,R) on a CtudiC les effets des substituants sur la stabilitt. On a rtalist des 
calculs aux niveaux STO-3G et 6-31G pour les rtactions d'kchanges de mtthyles impliquant plusieurs substituants en- 
combrants, y compris le phtnyle, et pour les rtactions d'tchange du tert-butyle de 10 substituants (H-C-C-R + Me,CH 
+ H-C=C-H + Me,R). 

L'optimisation de la gtomttrie n'a un effet apprCciable que dans le cas des substituants donneurs pi, tels le OCH, et le NH2. 
Les petits ensembles de base ne reproduisent pas l'ordre des stabilitks ou les valeurs absolues des calculs faits 6 I'aide des 
ensembles 6-31 IG**//6-31G. Ces derniers sont en bon accord avec les quelques rares enthalpies exptrimentales basies sur 
la rCaction d'tchange de methyle. 

[Traduit par le journal] 

From the few available thermochemical data on gaseous 
heats of formation of substituted acetylene ( 1 , 2 )  it appears that 
alkyl substituents have a stabilizing effect (in propyne, 
l-butyne, 2-butyne), and cyano substituents destabilize (di- 
cyanoacetylene). Heats of hydrogenation in solution (3) o r  
heats of formation in the liquid state (2) have been reported for 
several conjugated acetylenic esters and acids, but these seri- 
ously disagree (over a 15 kcal/mol range) on the stabilizing or  
destabilizing effects. Furthermore, the corrections to the gas- 
eous state (4) are unknown, and can only be crudely estimated. 

Ab irzitio calculations at the 4-3 1G (5) and STO-3G (6) basis 
set levels have been published for some acetylene derivatives, 
but stabilizing or destabilizing effects have been determined 
mainly for small substituents. 

We have carried out the present study with the objectives of 
( a )  performing a b  initio calculation using more extensive basis 
sets including polarization functions, (b )  observing the effect 
of geometry optimization, and (c)  examining the stabilizing or  
destabilizing effects of some larger common substituents. 

Calculation methods 
Isodesmic reactions 

Stabilities of the compounds H-CEC-R were studied 
using the following isodesmic reactions: 

[I] H-CEC-R + CH4 + H-C-C-H + CH3R 

Reaction [ l ]  is a simple isodesmic reaction of the type intro- 
duced by Pople and co-workers (5). In this reaction there is 
retention of the number of bonds of a given formal type (C=C, 
C-H, C-R, etc.). Reaction [ l ]  measures the stabilizing 
effect of the substituent R on acetylene, relative to the effect of 
R on methane. Reaction [2] has the advantage that each atom 
maintains both the number of bonds with each type of atom, 
and also equal numbers of primary, secondary, and tertiary 
carbon atoms on each side of the equation (6, 7). As a result, 
in [2] the energy changes due to factors other than electronic 
stabilization or  destabilization should be small, and this should 
provide a more accurate model for the study of the stability of 
organic compounds. 

Quarztunz mechanical method a n d  geometric nzodel 
The method used was single determinant LCAO-MO- 

S C F  theory. The calculations were made with the program 
GAUSSIAN 8 0  (8). Several basis sets were utilized, the mini- 
mum basis set STO-3G (9), the split valence set 6-31G ( l o ) ,  
and the split valence with polarization functions basis sets 
6-3 1G** and 6-31 1G*:': (1 1 ,  12). Where no geometry optimi- 
zation was used a uniform treatment was applied to all the 
molecules of a given isodesmic reaction, employing a standard 
geometric model (13). The most stable conformation of each 
molecule was determined by a conformational study with the 
STO-3G basis set within the rigid rotor approximation. It has 
been established that this basis set gives reliable results in this 
application (14). 6-31G and 6-31 lGe* calculations were also 
canied out using 6-3 1G geometry optimization with the con- 
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FURET ET AL. 299 1 

TABLE 1 .  T h e o r e t i c a l  to ta l  e n e r g i e s  (har t rees)  

M o l e c u l e  - E ( S T O - 3 G )  - E ( 6 - 3 1 G )  - E ( 6 - 3  IG/ /6-31G)  -E(6-31G**)  -E(6-311G**)  - E ( 6 - 3 1 1 G * * / 6 - 3 1 G )  

H-CEC-F 
H-C=C-NH2 

(planar) 
H-CGC-Li 
H-CGC-C=C-H 

H-CsC-CH=CH,  
HC=CCH,OCH, 

H-CsC-C-CH, 
II 
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TABLE I .  (Concluded) 

Molecule -E(STO-3G) -E(6-31G) -E(6-3lGl/6-31G) -E(6-3 IG*:';) -E(6-3 1 IG**) -E(6-3 11G**l/6-31G) 

"Reference 10. 
"Reference I 1 .  
'Reference 15. 
"Me,C = (CH,),C. 

TABLE 2. Energy (kcal/mol) of the methyl exchange reaction of acetylenes (H-CEC-R + CH, -+ H-C-C-H + CH,-R) 

A E  
A H  

Molecule STO-3G 6-31G 6-31G//6-31G 6-31G** 6-31G:" 66-31 1G**//6-31G DZ + P + ECorr(l (298 K) expl 

0 

H-CEC-CH=CH, 
H-CrC-C-OH 

II 
0 

H-CGC-NH, 
(planar) 

H-C=C-C=C-H 

H-C=C-F 

"Gaussian DZ + P basis set; MB-RSPT second-fourth order single-quadruple excitations + renormalization correlation energy (ref. 17). 
*Evaluated using A Hr(g) from ref. 1. 
'Reference 6.  
"Evaluated using AH((& from ref. 16. 

straints of linearity of the four-atom system H-CEC-X and TABLE 3. 6-3 1 IG**//6-31G population analysis of H-CEC-R 
C, symmetry. with small substituents, R 

Results and discussion Total a charge Total a charge Total of charge 
-R on H-C=C- on H-CEC- on H - C s C -  

Energies of the molecules 
Table 1 lists the energies of molecules used in this study, -cH3 9.155 4.026 13.181 

calculated with various basis sets. The most extended basis sets -CEN 8.661 3.962 12.623 
(6-31G** and 6-31 lG**) were employed only for molecules -OCH3 8.666 4.169 12.835 
with no more than five heavy atoms. Several literature values -C-H 9.021 3.960 12.981 

are also tabulated. I1 
0 

-F 
Reaction [ I ]  

8.604 4.153 12.757 
-NH2 8.634 4.154 12.788 

For eight of the acetylene derivatives with small substituents -Li 9.692 3.915 13.607 
in Table 2 we have studied the influence of basis sets UD to 
6-31 1G**, and of 6-31G geometry optimization, on the cal- 
culated energies of isodesmic methyl exchange reactions. All 
calculations indicate that lithium is the most stabilizing sub- 
stituent, and fluorine is most destabilizing. For other substit- 
uents the orders of decreasing stabilizing effect (destabilizing 
substituents in parentheses) are 

STO-3G C=CH > CH, > OCH, > CN > CHO 
> COOH 

6-3 1 G NHz > CH, > C=CH > CHO > CN 
> (COOH) > (OCH,) 

6-3 1G//6-3 1G NH2 > CH, > C-CH > CHO > CN > (OCH,) 
> (COOH) 

6-3 l G** CH, > CECH > CHO > OCH, > (CN) 
> (COOH) 

6-31 lG*" CH, > NH, > C z C H  > CHO > (OCH,) 
> (CN) > (COOH) 

6-3 1 1G**//6-3 1G NH2 > CH, > C-CH > OCH? > (CHO) 
> (CN) > (COOH) 

The calculated energies are of hypothetical vibrationless 
molecules, whereas the experimental values of AH (Table 2) 
are for gaseous molecules at 298 K. While the two are not 
precisely comparable, differences for isodesmic reactions are 
not expected to be large. 

The stabilizing effect of the methyl substituent varies little 
(8.0-9.1 kcal/mol) with basis set or geometry optimization, 
and all calculations are in good agreement with the experi- 
mental enthalpy of -7.6 2 0.6 kcal/mol. If one assumes that 
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FURET ET AL. 

TABLE 4. Energy of the reaction H-C-C-R + CH4 -+ H-C=C-H + CH3-R for 
acetylene derivatives with large substituents (kcal/mol) 

Molecule A E(ST0-3G) A E(6-3 IG) A E(6-3 1G**) A H(298 K) expl 

"Calculated from the heat of hydrogenation (ref. 3) and estimated AH,. 
"Calculated from AHr(l) (ref. I) and AH, (ref. 20). 

TABLE 5.  Energies (kcal/mol) of the isodesmic reactions H-C=C-R + 
(CH,),C-H -+ H-CEC-H + (CH,)?C-R 

H-C-C-R A E(ST0-3G) A E (6-3 I G) AH (298 K) 

"Based on AH,(g) values from ref. 1. 
bOne-half of A H  for the reaction of dicyanoacetylene. 
'Calculated from the heat of hydrogenation (ref. 3) and estimated AH,. 
"Calculated from AH,(]) (ref. 1 )  and AH, (ref. 20). 

AH for the methyl exchange reaction of cyanoacetylene 
(H-C--C-CN + CH,+ H-C--C-H + CH3CN) is half 
that for dicyanoacetylene (NC-C-C-CN + 2CH4 + 
H-C-C-H + 2CH,CN), cyano is slightly destabilizing. 
The other experimental AH values (Table 2) for the ethynyl and 
vinyl substituents are based on heats of formation (16) of un- 
known uncertainty. Some additional reliable experimental 
values are much needed. 

With the above limitations in mind we tentatively conclude 
that 6-311G**//6-31G calculations reproduce experimental 
AH2" values satisfactorily (50.4-2.0 kcal/mol). We may 
draw the following conclusions concerning simpler calcula- 
tions. (a) STO-3G calculations in this system generally grossly 
overestimate the stabilizing effect of substituents by more than 
6 kcal/mol. The predicted order of stabilities is appreciably 
incorrect. (b) 6-3 1G//6-3 1G results appear to overestimate the 
stabilizing influence of CN, CHO, NH2, and C r C H  substit- 
uents, and underestimate 0CH3, usually by 2-3 kcal/mol. 
4-3 1 G//4-3 1 G results (A. Greenberg, private communication) 
are often comparable. (c) 6-3 1G geometry optimization affects 

6-31G and 6-31 1G** results appreciably (>0.4 kcal/mol) only 
in the case of the IT donor substituents 0CH3 and NH,. 
(d) Addition of polarization functions for heavy atoms and hy- 
drogen (6-3 1G** vs. 6-3 1G) decreases slightly the predicted 
stabilization by substituents other than 0CH3. (e) Increased 
basis set size (6-31 1G** vs. 6-31G"'') leads to a decrease 
(0.5 -2.2 kcal/mol) in all predicted stabilizations. In calcula- 
tions on substituted acetylenes a large basis set and polarization 
functions have a larger and more general influence on the 
results than does geometry optimization. However, all three of 
these features should be used in such calculations. 

We have not considered whether electron correlation effects 
might influence the above results. A small number of data have 
recently become available (17), calculated using a Gaussian 
double zeta + polarization functions basis set, and second- 
fourth order single-quadruple excitations + renormalization 
correlation energies based on the many body Rayleigh- 
Schrodinger perturbation theory. The correlation energy con- 
tribution for methyl exchange of 1-propyne is negligible, but 
for butadiyne the value is 3.2 kcal/mol. The resulting A E  value 
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for butadiyne (Table 2) is in poorer agreement with the ex- 
perimental AH than is the 6-31 IG**://6-31G AE value. New 
experimental measurements will be needed to resolve this 
question. 

We have carried out a Mulliken population analysis (18) at 
the 6-31 1G**//6-31G level (Table 3), and find that electron 
withdrawal from the triple bond tends to be associated with 
destabilization, whereas electron donation favors stabilization. 
This is in agreement with a 4-31G study of other substituents 
(19). Dill, Greenberg, and Liebman (6) have pointed out that 
u withdrawing substituents have a particularly strong desta- 
bilizing effect in acetylenes, whereas .rr withdrawal stabilizes. 
We feel this is a more generally useful viewpoint than consider- 
ation of the total (u  + IT) charge on the H-C-C- unit. 

Table 4 gives the energies of isodesmic methyl exchange 
reactions involving larger substituents with 6-31G** as the 
most extensive basis set used. Improved basis sets lead to 
decreased calculated energies of the individual compounds and 
decreased stabilization by substituents. 

Reaction [2] 
The size of the tert-butyl reference molecules only allowed 

the use of the STO-3G and 6-3 1G basis sets. According to the 
results for reaction [ I ]  (Table 2) it is doubtful that the results 
for reaction [2] (Table 5 )  will be close to the experimental 
values, and this is verified by the two experimental values 
available. However, except for R = OCH, the order of stabili- 
ties is expected to be correct at the 6-3 1G level 

Phenyl > C-C-CHI > CO-CH, > CH20CH, > CHO 
> (CN) > (OCH,) > (CO-OCH,) > (CO-OH) 

This is similar to the 6-31G order for methyl exchange 
(reaction [I]) 

Phenyl> CsC-CH3 > CH, > CH20CH, > COCHI > CHO 
> CN > (CO-OCH,) > (CO-OH) > (OCH?) 

with OCH, the most notable exception. 

Conclusions 
For the isodesmic reactions considered, STO-3G calcula- 

tions do not provide useful conclusions. The 6-3 IG basis set is 
somewhat better at predicting relative stabilities of the com- 
pounds and the stabilizing or destabilizing character of substit- 
uents. 6-3 1G geometry optimization is significant only when .rr 
donor substituents are present. The use of extended basis sets 
with polarization functions seems mandatory in order to closely 
reproduce experimental values. Methyl and tert-butyl ex- 
change reactions give approximately the same order of stability 
for the compounds examined, but the advantage of the latter as 
a better model is lost due to the difficulty of applying larger 
basis sets. The electron donating substituent CH3 stabilizes 
the triple bond. The molecules H-C-C-C-C-H, 
H-CsC-CEC-CH,, H-C=C-CH=CH2, and 
phenylacetylene exhibit substantial stabilization, in agreement 

with classical resonance theory, but H-C=C-CzN, 
H-C=C-C-OH, and H-C=C-C-0CH3 show de- 

stabilization. 
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ROBERT D. MCALPINE, J. W. GOODALE, and D. K. EVANS. Can. J. Chem. 63, 2995 (1985). 
The multiphoton absorption (MPA) and decomposition (MPD) of chloroform-d induced by various "CO, [00°1 4 10°0] 

lines were studied for pressures from 0.133 to 13.3 kPa. MPA results show a cross-section increasing with pressure up to a 
plateau value which is likely due to rotational hole-filling. A MPA "spectrum" of the average number of photons absorbed 
versus wavenumber for different "CO, laser lines is shifted to lower wavenumbers compared to the small signal absorption 
spectrum by at least 5 cm-' suggesting that a small amount of anharmonicity bottle-necking is occurring in CDCI,. A 
comparison of the MPD probability versus fluence for CDCI3 with that measured by other workers for fluoroform indicates 
that the CDC13 is decomposed at a slightly lower fluence by an appropriate line of a pulsed CO, laser. 

For the pressure range (0.2 to 4.0 kPa) and laser pulse-width used, the MPD is second order in CDCI,. The primary 
decomposition channel is elimination of DCI followed by reaction of CCI, to give CzCIZ, C2C4, and CI,. The DCI produced 
exchanges with a source of H,O in the reaction cell to give significant quantities of HCI. A post-pulse reaction between (HCI 
+ DCI) and C2CI2. produces (CrDC13 + C,HCl3). Significant quantities of CCI, are also produced by undetermined reactions. 

ROBERT D. MCALPINE, J. W. GOODALE et D. K. EVANS. Can. J.  Chem. 63, 2995 (1985). 
On a employC differentes raies, de la transition [00°1 4 1O00] du laser a "COz pour Ctudier I'absorption et la dCcomposition 

multiphotonique (AMP et DMP) de CDCI, i d e s  pressions de CDC13 allant de 0,133 a 13,3 kPa. Les resultats AMP montrent 
une section efficace qui augmente jusqu'a un plateau; on peut probablement expliquer cette observation par I'effet de "rotational 
hole-filling". Un "spectre" AMP du nombre moyen des photons absorbes par molCcule contre la longueur d'onde pour les raies 
diverses du laser a "C02 Ctait deplacC d'un certain nombre d'ondes plus bas que le spectre ordinaire d'au moins 5 cm-', ce 
qui suggkre qu'une petite quantite dX'anharmonicity bottle-necking" a opere dans le CDCI,. La probabilitk DMP contre fluence 
pour CDCI, est comparCe avec celle mesurCe par d'autres travailleurs pour CDF, et cette comparaison indique que I'on peut 
decomposer CDCI, un peu plus facilement que CDF, par la raie appropriee d'un laser a COz operant en mode pulsC. 

Pour les pressions (0,2 a 4,O kPa) et pour la dude d'impulsion constante employCes, la DMP est de I'ordre de deux. Le 
canal primaire de la dCcomposition est I'Climination du DCI suivi par la reaction de CC12 pour donner C2CI4, CzClz et C12. Le 
DCI produit s'Cchange avec une source d'H,O dans la cellule de la rCaction pour donner une quantitk significative d'HCI. Une 
reaction, ayant lieu aprks I'impulsion, entre (HCI et DCI) et C2CI2 produit (C2DCI, et C2HCI,). Une quantite significative de 
CCI, est produite par des reactions actuellement indeterminees. 

1. Introduction 
The potential application of infrared multiphoton decom- 

position (MPD) processes (1 )  to isotope separation (2) has been 
the subject of many studies during the past decade (3). In 
particular, the separation of hydrogen isotopes, which has large 
scale application in the production of heavy water (deuterium 
from protium) for use in CANDU reactors, for the extraction of 
titrium from the moderator water in a CANDU reactor (tritium 
from deuterium), and during reprocessing of spent fuel (tritium 
from protium) has been pursued. In all three applications, the 
source of the isotope to be extracted is almost always water. 
However, since water does not undergo MPD efficiently (4), it 
is more efficient to exchange the desired isotope into a working 
molecule which will then undergo isotopically selective MPD 
(3). 

Several molecules have been suggested as potentially suit- 
able working molecules for heavy water production (3, 5). Of 
these, fluoroform is currently the one most promising (6- 14) 
and may also be suitable for tritium recovery ( 1  5- 18). How- 
ever, there are two major obstacles to the use of fluoroform in 
a heavy water process: ( a )  efficient MPD of fluoroform re- 
quires fluences in excess of 20 J/cm2, which, combined with 
the need to use short pulses (9) (AT .= 1-2 ns) leads to laser- 
induced damage of windows which complicate the design of 
the photolysis cell and (b) exchange of fluoroform with water 
or natural gas is too slow for a practical exchange step without 

' AECL Contribution Number 8869 

the use of a catalyst ( 1  1) .  Consideration of a molecule which 
undergoes faster exchange with water would be advantageous. 

As part of a search for working molecules which are im- 
provements over fluoroform, we have considered MPD of the 
series CHX, where X = H, F, C1, Br, and I. The enthalpies of 
decomposition (3) for members of this series are shown in 
Fig. 1. 

For applications to isotope separation in a decomposition 
channel, such as channel 1, Fig. 1 ,  which has the deuterium 
located in a stable molecule is preferred. This factor suggests 
the consideration of chloroform as a candidate molecule for 
hydrogen isotope separation. Two additional factors favour the 
consideration of chloroform: (a )  The density of states increases 
more rapidly with excitation energy for chloroform versus 
fluoroform as is shown in Fig. 2. This suggests that chloroform 
may undergo MPD at lower fluences than fluoroform (4, 19, 
20). (b)  The isotopic exchange rate between chloroform and 
water is faster than between fluoroform and water (21). 

In 1978, Marling and Herman (5) rejected chloroform as a 
potential candidate for heavy water production since CDC1, 
does not absorb any of the easily obtained lines of a '*CI6O2 
laser. However, since that time, the economic use of TEA 
lasers operating on 13C1602 (producing lines which are selec- 
tively absorbed by CDC1,) has been demonstrated (22). An 
earlier MPD study of CDCI, and CHC13 concluded that the 
D/H selectivity for mixtures of these isotopic species was 
small (23). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2996 CAN. I. CHEM. VOL. 63, 1985 

? I  1 
1 + CHX + X z  121 

1 ; ;  ,9' 
LC-1- - I 

FIG. 1. Endothermicities for various decomposit~on channels of the 
haloforms CHX,, where X = H, F, CI, Br, and I. The sources of data 
are listed In ref. 3. 

-LA 
10 000 20 000 30000 

EXCITATION ENERGY (cm-'1 

FIG. 2. The density of vibrational states as a function of excitation 
energy for the haloforms. The curve given for SF6 is included for 
reference. 

Chloroform is thought to be a suitable working molecule for 
tritium recovery and the selective M P D  of CDC1, and CTC13 
was studied using the 10P (50) line of a CO, laser and an NH3 

TABLE 1. MPA results for eliminate CDCl, as a function of pressure 
(P), pathlength (I), and fluence (Q) for the '.'C1'O, [00°1 --, 10°0] 
P(8) line; these results were obtained by transmission techniques; for 

a definition of K, b, and Q,  see the text 

P I Range of Q 
(kPa) (cm) ( ~ / c m ~ )  -log K b 

laser, respectively (24-27). Studies of the MPD of CDCI3, 
in a molecular beam, show channel 1 of Fig. 1 to be the 
predominant MPD channel (25). 

In this paper we report the results of a study of multiphoton 
absorption (MPA) and M P D  of CDCI, using a 13C'602 laser. 
The  major stable products have been measured and a mech- 
anism which accounts for them is discussed. 

2. Experimental 
2.1 "C'%Or laser 

In order to conserve the charge of 1'C160,, a Lumonics model 
K-920 CO, laser kit was modified to ensure a good gas seal during 
operation and to permit partial evacuation during gas fill. The gas 
recirculating system contained a catalytic bed to recombine the CO 
and Oz formed during laser operation thus preventing the arcing that 
would have occurred if these gases had been permitted to build up. 
The laser and gas recirculating system were filled with the mixture 
Nz:He:'3C''Oz = I :3 :  1 as follows. The system was purged of air 
using a Nr, He mixture in the chosen proportion; then the system was 
evacuated to a N?, He mixture pressure of 80 kPa and then was filled 
with 13C1'02 (MSD Isotopes, lot number 1246-G, 99 atom% I3C) to 
a pressure of - 100 kPa. A single charge of 13C1%Oz lasts at least one 
year and can be recovered by purging the system with He or N, 
through a cold trap (77 K) if servicing is required. 

The laser was equipped with a Bausch and Lomb replica grating 
(135 lines/mm, blazed at A = 7.4 pm) allowing single line tuning 
over the 00'1 -t I O00 and 0O0l + 02'0 "C''0, transitions. Intracavity 
irises were used to force single transverse mode operation. However, 
many longitudinal modes were active giving a multi-mode temporal 
profile with a spike (-200 ns) and a tail (-1 ps) similar to that 
obtained with conventional "C1'Oz lasers. 

For the MPA experiments, lines with ~ J L  = 886.1 to 938.8 cm-' 
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PRESSURE ( k P o )  

FIG. 3. The dependence of cross-section for absorption of the 
I3CO2 [00°1 -, 10°0] P(8) line as a function of CDC13 pressure for 
Q = 0.05 ~/cm' .  The solid line is a plot of eq. 121 with u(0.05,O) 
= 2 X lo-", u(0.05,m) = 5.5 X lo-'" and Po = 5 kPa. 

were used and for MPD experiments only the P(8) line of the 00°1 -, 
10°0 transition ( V L  = 908.4 cm-I) was used. Radiant energies were 
varied by use of calibrated BaF2 attenuators. 

2.2 MPA rneasrirements 
Both the automated photoacoustic data acquisition system (de- 

scribed in ref. 28) and transmission techniques (29) were used to 
obtain the results reported here. Absorption cross section, u ,  and the 
average number of photons absorbed per molecule, (n), are expressed 
either as a function of fluence at beam center, 4, or as local fluence, 
Q, as described elsewhere (9, 10, 30). 

2.3. MPD measurements 
MPD measurements were performed using the following two lens 

and cylindrical cell combinatibns: ( a )  a lens of focal length35 cm and 
a cell of length 3.7 cm and volume 22.7 cm3, (b )  a lens of focal length 
100 cm and a cell of length 1 1.0 cm and volume 53.1 cm3. These 
combinations were selected to put the entire cell within the cylindrical 
region of the photolysis geometry. 

A Finnegan model 1020B computerized gas chromatograph/mass 
spectrometer (equipped with a Poropak-P column) was used to iden- 
tify gc peaks due to CDCI,, C2C14, CCI,, (C2DC13 + C2HCI,), and 
C2CI2. Quantitative analysis of these compounds was carried out on a 
Hewlett-Packard model 5700A gas chromatograph (3.7 m stainless 
steel column packed with Poropak-P, temperature 443 K, He carrier 
gas at a flow rate of 25 cm3/min) equipped with a flame ionization 
detector. Except for CrC12, calibration curves of peak area versus 
concentration were obtained by injection of known amounts of 
authentic samples. No such curve could be obtained for C2C12 due to 
the problems of handling this compound; rather, stoichiometry was 
assumed (and is discussed in section 3.2) which provided a relation- 
ship between the C2Clz concentration and the CDCI, consumed. 

A Bomem model DA3.02 Fourier Transform Infrared (FTIR) spec- 
trometer was also used to observe CDCI? and the products DCI, HCI, 
C2CI4, C2C12, CCI4, C2DCI,, and C2HC13. 

3. Results and discussion 
3.1. MPA measurements 

The absorption as a function of pressure, P ,  and @ was 
measured for MPA of the "CO, [00°1 + 10°0] P(8) transition 
using transmission techniques (29). The absorption cross sec- 
tions u(@) were corrected for the Gaussian distribution of the 
beam and for changes in fluence along the beam as previously 
described (9, 10). The values of u(@) were then found to fit 
well to the empirical form of (4, 9,  10, 29) of eq. [I]. 

8 7 5  0 8 9 5  0 915 0 9 3 5  0 

WAVENUMBER 

FIG. 4. The dependence of the average number of photons ab- 
sorbed per molecule (n), of CDCI, on the laser wavenumber for 4 = 
I0 J/cm2. The bottom trace is the small signal absorption spectrum of 
CDC13 for comparison. 

The pressure dependence of u for @ = 0.05 J/cm2, ~ ( 0 . 0 5 ,  
P), calculated from the results of Table 1, is plotted in Fig. 3. 
These results show a behaviour similar to the PAT (where AT 
is laser pulse width) dependence observed for constant @ for 
CDF, (3 l) ,  CH30H (32), and cyclobutanone (33) and fits the 
empirical equation [2] 

[2] u ( 0 . 0 5 , P ) =  u(0.05,m) + [ u ( 0 . 0 5 , ~ )  -u (0 .05 ,0 ) ]  
X [ 1 - exp (-PIPo)] 

A good fit to the results plotted in Fig. 3 is obtained for 
~ ( 0 . 0 5 ,  0) = 2 x lo-" cm', ~ ( 0 . 0 5 ,  a) = 5.5 X 10-19 cm', 
Po  = 5 kPa. 

Due to the large u values for low fluence (the b values in 
eq. [ l ]  are negative), absorption of the laser light during trans- 
mission through the CDC13 significantly reduces + in the region 
of the gas that the microphone samples. This, as has been 
discussed in ref. 32, leads to a large uncertainty in the results, 
and consequently we do not report u values for the photo- 
acoustic measurements. However, from the MPA results, 
(n)(+) for + = 10 J/cm2 has been estimated using several laser 
lines. These results have an absolute accuracy of only a factor 
of 2 or 3 due to the absorption problem discussed above; how- 
ever, the relative accuracy across the range of CL is probably 20 
to 30% allowing the "spectrum" of (n) (10) versus CL to be 
qualitatively compared with the small signal spectrum. This is 
shown in Fig. 4. The observed peak of the large signal spec- 
trum is shifted to lower energy by 2 5 cm-' from that of the 
small signal spectrum. This is a larger shift than was observed 
for CDF, (10) and suggests that anharmonicity bottle-necking 
(34, 35) is more severe for CDC1, than CDF, (33, 36). 

3.2. MPD measurements 
The results of an MPD study of CDCl,, as a function of 

pressure, fluence at beam centre, focal length, and the number 
of pulses are given in Table 2. 

The results of Table 2 for + = 18 k 0.5 J/cm2 and for focal 
length 55 cm are plotted as a second order plot in Fig. 5,  
demonstrating that the depletion of CDC1, is second order in 
CDC1, for the pressure range 0.2 to 4.0 kPa. Similar kinetics 
have been previously observed (for conditions of 2 2  collisions 

The results of these analyses are given in Table 1. during thelaser pulse) for HCOOH (36), CH30H (37, 38), and 
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TABLE 2. The results of a MPD study of CDC13 using the I3CO2 [00°1 --, 10°0] P(8) line as a function of pressure (P),  fluence ($), and number 
of laser pulses (m); the symbol N,,, denotes the number of CDC13 in the cell after m pulses; the numbers in parentheses in columns 7 and 8 are 
respectively the quantities of CZC14* produced by reaction [6] and the quantity of ClC12 produced overall using the assumptions discussed 

in the text 

P Focal length mx lO-",,x IO-." N,>,x 1 0 "  CrCllx lo-'' CzCllx lo-'' CIDCI,x lo-'' CCI,X lo-'' 
(kPa) (J/cmZ) (cm) (pulses) (molecules) (molecules) (molecules) (molecules) (molecules) (molecules) 

CH,O (39) and are indicative of a collisionally assisted MPD 
process. The decomposition probability, f(+) (that is the 
fraction of the illuminated molecules which decompose) is 
given by 

where k2 is the second order rate constant, Vo is the cell volume, 
and V, is the volume of the photolysis zone given by 

where F is the lens focal length, 0 is the laser divergence 
(1.5 mrad in this case), and 1 is the cell length. Since the laser 
beam has a Gaussian rather than a "top-hat" radial distribution, 
the definition of the "cylindrical" photolysis zone depends on 
the radius chosen to define the beam width. In addition, since 
the MPD is second order, molecules initially outside the 
defined "photolysis zone" may, by collisional or diffusion 
processes, become excited and participate in MPD. 

The following functional form for f(+) in eq. [5] is similar 
to that suggested by Fuss (40), but with the addition of a scaling 
parameter, A .  

A good fit of experimental results for MPD of 2,2,2-trifluoro- 
ethanol to the Fuss model was observed in our laboratory (20). 
In Fig. 6, log, f (4) versus I / +  is plotted for the results of 
Table 1 corresponding to P = 1.33 + 0.01 kPa. From a linear 
least-squares fit to this plot, A = 3.8 and cbo = 18.0 J/cm2. The 
value A > 1 means that more molecules are participating in 
MPD than just those initially within the defined "photolysis 
zone". This could arise either from an underestimate of this 
zone for a laser beam with a Gaussian radical distribution or 
from the participation of molecules initially outside the photol- 
ysis zone by collisional or diffusion processes. A comparison 
of CDC1, results with those for CDF, (9) (the above results for 
CDC13; when analysed according to the formula used in ref. 9, 
give +,,,, equal to 13.4 J/cm2) is difficult due to the addition of 
buffer gases used in ref. 9; however, our results for CDC1, 
indicate that it undergoes MPD at slightly lower fluences than 
CDF,, for comparable conditions. It would appear that the gain 
in ease of MPD due to a faster rising p,,, vs excitation for 
CDC13 compared to CDF, is offset by a larger anharmonicity 
bottle-necking in CDC13. 

3.3. Reaction mechanisms 
A mechanism for the MPD of CDC1, was proposed by 

Herman, Magnotta, Buss, and Lee (25). Of the two likely 
primary steps (channels 1 and 4 of Fig. 1) they conclude that 
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FIG. 5. Second order kinetic plot for depletion of CDClz by I3COZ 
laser induced MPD, for 4 = 18 J/cm2 and F = 55 cm. 

>99.1% of the decomposition occurs by channel 1 for fluence 
1 3 5  J/cm2. 

The other major products observed by us (C2C14 and CzC12) 
may be accounted for as follows: 

In this scheme, channel 1 is the only source of DC1 and its 
concentration should be equal to the CDC1, depletion. To deter- 
mine the relative yield of DC1 by MPD, two experiments were 
performed. One 1.334 kPa sample and one 2.785 kPa sample 
were photolyzed by 2500 and 2000 laser pulses, respectively, 
using a 55 cm lens and appropriate cell combination. Each 
sample was then split into two approximately equal parts with 
one part being analysed by gas chromatography as for previous 
samples. The second part was shaken with 30 cm3 of H20 and 
the pH was measured, and from this, the number of DCl 
molecules produced was determined. For the 1.334 kPa sample 
the number of CDC1, molecules decomposed was 9.2 X 10" 
and the number of C2C14 and DC1 produced were 3.4 x 10" and 
1.2 X lo1', respectively. For the 2.785 kPa sample these 
numbers were 3.0 X 10t', 3.9 X lo", and 2.8 X 10'" re- 
spectively. Thus, within the large error inherent in such experi- 
ments, one DC1 molecule is produced for each CDC13 molecule 
decomposed. 

As a prelude to studying the selective MPD of CHC13/CDC13 
mixtures, a pure sample of CDC13 was photolyzed and the 

FIG. 6. A plot of log, f ( 4 )  versus I / +  for MPD of CDCI? induced 
by a '3COr laser for P = 1.33 kPa and F = 100 crn (A) and F = 
55 cm (A). 

products were studied by observing their FTIR spectra. About 
50% of the "hydrogen chloride" product consisted of HCI with 
the remainder as DCl. The appearance of HCl is due to ex- 
change between DC1 and a source of water in the cell. 

[ lo]  DCI + Hz0 = HDO + HCI 

A similar exchange was observed for selective MPD of fluoro- 
form (10). Attempts to study selective MPD of CHC1,/CDCl3 
mixtures by observing FTIR depletion of CHC1, and CDC1, 
peaks was also unsuccessful since product FTIR peaks interfere 
with the CDC1, peaks in the spectrum. 

A second order kinetic plot for C,Cl,, using the P = 1.0 and 
2.7 kPa results, shows that the appearance of this product 
follows well the consumption of CDC1, with 0.24 molecule of 
C2C14 produced per molecule of CDCl, decomposed. If CC1, 
undergoes combination via reaction [6] followed by [8] then 
0.5 molecule of C2C14 would be produced per CDC1, molecule 
consumed. Due to the highly reactive nature of C2C12, no abso- 
lute calibration was obtained for gas chromatography. How- 
ever, if one assumes that reactions [7] and [9] are the only 
sources of C2C12 then the C2C12 concentrations will equal half 
the depletion of CDC1, minus C2C14. The numbers in paren- 
theses in Table 2, column 8 are obtained in this way. To test 
the assumption that C2C12 is only formed via reactions [7] and 
[9] the calculated C2C12 concentrations were plotted versus the 
correspondingly observed gas chromatograph peak heights and 
this gave a straight line which passed through the origin which 
is consistent with the assumption. Samples of C2C14 were 
irradiated with the I3Ct6O2 [00°1 -+ 10°0] P(8) Iine; the 
FTIR spectrum showed that no decomposition occurred, thus 
reaction [9b] is eliminated as a source of C,Cl,. 

Two minor products, CC14 and C2DCL,, also follow the de- 
pletion of CDC1, with 0.14 and 0.02 molecule, respectively, 
formed per CDC1, decomposed. The C,DCl, may arise from 
reactions [ l  11 (26), [12] (27), and [13]. 

[ I  11 CClz + CDCl3 - CzDCI3 + Clz 

[I21 CDCI, + CDCI, + CzDCI, + DCI + CI 

Reaction [ l l ]  represents a loss of CC12 and reaction [12] arises 
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from the minor channel for MPD of CDCI, (25). Channel (131 
is a reaction of products which occurs after the laser pulse, but 
before analysis has been performed. To determine whether [13] 
occurs to a significant degree, a sample of CDCI, of P = 0.54 
kPa was photolyzed with 750 pulses using the [00°1 + 10°0] 
P(8) line, F = 55 cm, I$ = 14 J/cm2. FTIR spectra of the cell 
were taken of the photolyzed samples at various times up to 
125 h following photolysis. Features centered near C = 783, 
850, and 940 cm-I, which are due to C2HCI,, were all observed 
to grow with time, and the 850 cm-' feature was used to 
estimate the concentration of C2HCl3 as a function of time. 
Immediately following photolysis, the apparent C2HC13 yield 
was 3.6 X 1016 molecules. This value became 5 .4  X 1016, 
7.2 X 1016, 1.5 X lOI7,and2.9 X lOI7after 1 h , 2 h ,  2 4 h ,  and 
125 h, respectively. These results suggest that the reaction 
between the products of laser photolysis, reaction [13], may be 
the major source of C2HC13 and C2DC13 for MPD of CDCI,. 

4. Conclusions 
CDCI, undergoes MPD at lower fluences than CDF,; but the 

difference between the two molecules is small. This probably 
indicates that the small anharmonicity bottle-necking for the 
pumped mode of CDF, (9, 10, 41) compensates for the more 
slowly rising p v l ~  versus excitation energy for CDF, compared 
to CDC1,. Selective MPD measured elsewhere (23) indicates 
that D/H selectivity is smaller for CDCI, (with excitation at 
11 pm) than for CDF,. Thus use of CDCI, as a working mol- 
ecule in an isotope enrichment process does not provide an 
advantage over CDF, from the photolysis point of view; how- 
ever, redeuteration by exchange with water is easier for CDC1, 
than for CDF,. 

The primary decomposition channel, in agreement with 
other studies (24-27) is predominantly elimination of DC1 
followed by reactions [6]-[9a] but not 1961 with about 0.24 
C2C14, 0.14 CC14, and 0.02 C2DC1, and C2HC1, molecules 
produced per CDC1, decomposed. 
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Two water-soluble ionic benzophenones containing a quatemized arnine and a sulphonate group have been investigated by 
laser flash photolysis. The decay kinetics and spectra of their triplet states were studied and quenching constants by triethanol- 
amine, isopropanol, and methyl viologen determined. These data are of interest when these benzophenones are used as 
initiators for photo-polymerizing water-soluble acrylates in homogeneous solution or in reverse micellar assemblies. The high 
water solubility of these compounds allows the birnolecular deactivations due to triplet-triplet (kn) and triplet-ground state 
(ksQ) interactions to be determined more accurately than in the case of benzophenone itself. 

D. J. LOUGNOT, P. JACQUES, J. P. FOUASSIER, H. L. CASAL, NGUYEN KIM-THUAN et J. C. SCAIANO. Can. J. Chem. 63, 
3001 (1985). 

Utilisant la photolyse flash au laser, on a CtudiC deux benzophCnones ioniques, solubles dans l'eau, qui contenaient a la fois 
un groupernent amine quatemaire et un sulfonate. On a CtudiC les cinCtiques de disparition ainsi que les spectres de leurs Ctats 
triplets; de plus, on a determini les constantes de piCgeage par la triCthanolarnine, l'isopropanol et le viologkne de rnCthyle. 
Ces donnCes presentent de llinttr&t i cause du fait que l'on utilise ces benzophCnones comme initiateurs pour la polyrntrisation 
photochimique des acrylates solubles dans l'eau, tant en solution homogkne que sous forme d'agrkgats rnicellaires inverses. 
La grande solubilitt de ces composes dans l'eau perrnet de dkterrniner, d'une fa~on plus prCcise que dans le cas de la 
benzophinone elle-m&me, les dCsactivations birnolCculaires dues aux interactions triplet-triplet (kn) et triplet-Ctat 
fondamental (ksQ). 

[Traduit par le journal] 

I. Introduction 
A series of water-soluble carbonyl compounds have been 

recently introduced (1) and their activity in photopolymerizable 
mixtures with water soluble monomers has been demonstrated 
(2). The water solubility is obtained by functionalizing ben- 
zophenone with a trimethylammonium chloride or sodium 
sulphonate group at one of the para positions. 

Photoactive initiators in polymerization experiments have 
been used in bulk as well as in homogeneous or microhetero- 
geneous solutions (3). However, the photoinitiators generally 
used in these experiments are not suitable for water-soluble 
monomers due to their insolubility. In this work we examine 
two ionic, water-soluble benzophenones which can be used as 
photoinitiators. In addition to their use for this purpose, these 
molecules are of interest in other fields. Ionic benzophenones 
locate preferentially in water pools when dissolved in reverse 
micelles of AOT, and if an acrylic monomer is solubilized in 
the continuous oil phase, the segregation of the reactants results 
in a decrease of the interaction (usually quenching) between the 
excited state of the initiator and the monomer (3). Since the 
initiation quantum yield is essentially limited by this interaction 
(4, 5 ) ,  the expected and observed consequences of com- 
partmentalizing the reactants is a significant increase of the 
polymerization rate. 

'NRCC No. 24108. 

The same approach could be considered in the case of direct 
micelles. However, in this case, ionic benzophenones do not 
necessarily dissolve in the bulk water phase but rather locate in 
the immediate vicinity of the micelles, with loose interaction 
with the surfactant heads. Thus, the segregation between the 
reactants is poorly defined and as a consequence, the poly- 
merization rates are not very affected when going from homo- 
geneous solutions to micellar assemblies. 

The study of water-soluble benzophenones yields informa- 
tion regarding the bimolecular interaction between two carbo- 
nyl molecules in their triplet state (i.e. annihilation) or between 
one excited state and one ground state molecule (i.e. self- 
quenching) in aqueous solution. In the case of benzophenone 
itself, the lifetime of the triplet state can be drastically affected 
by this type of deactivating interaction (6- 11). However, 
while these processes are relatively well understood in organic 
solvents, the same does not hold in the case of aqueous solution 
(6, 7, 1 l ) ,  where the roles played by T-T annihilation and 
self-quenching are still subject to controversy. The main reason 
underlying this controversy is the poor solubility of benzo- 
phenone (BP) in water which limits the concentration range 
available and thereby the contribution of bimolecular processes 
relative to other modes of decay of the benzophenone triplet. 

The compounds investigated here could help settle this 
question insofar as they behave basically as benzophenone 
itself. The present investigation is devoted to the study of the 
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photophysical behaviour of 1 (p-(methyl sodium su1phonate)- 
benzophenone) and 2 (p-methyltrimethylammonium chloride)- 
benzophenone in order to rationalize their use as photoinitiators 
for polymerizations in aqueous homogeneous or microhetero- 
geneous solution. Due to their water solubility, these homo- 
logues of benzophenone lend themselves to many applications 
involving the photoreduction of carbonyl compounds by alco- 
hols or amines. A study of the behaviour of radical-pairs 
derived from reactions of these benzophenones in micellar 
solution has already been reported (12). 

11. Experimental 
The compounds studied (1 and 2) were synthesized and purified 

according to a procedure recently described by Green and co-workers 
(I).  The crude products are washed with ether and then recrystallized 
from adequate mixtures of isopropanol and water. 

The laser photolysis experiments have been conducted with two 
types of apparatus: (i) The first one uses the pulses from a Molectron 
UV-24 nitrogen laser for excitation (337 nm, -8 ns and up to 10 mJ), 
associated with an R-7912 Tektronix transient digitizer and a PDP- 
11/23 computer which also controls the experiment and provides 
suitable storage and hardcopy facilities. Further details have been 
given elsewhere (13). (ii) The second one uses the pulse train from a 
Quantel ruby laser working in mode-locked regime (347 nm after 
frequency doubling, -30 ns and up to 200 mJ) (14). 

The first device induces only weak conversions to the triplet state 
(0.1 to 1 %) and is preferably used in the case of concentrated solutions 
(ca. lo-' M). The second one is better adapted to the study of more 
diluted solutions (ca. 10-'M) in which highconversions to the excited 
triplet state can be reached (20%). 

Isopropanol and triethanolamine (Jansscn Chimica) were used as 
received. Methyl viologen (Paraquat) from K & K was purified by 
recrystallization from methanol/acetone mixtures. Samples wcre pre- 
pared by dissolving 1 and 2 in distilled water. The pH was adjusted 
by adding hydrochloric acid or sodium hydroxide. In somc cases, 
kinetic experiments involving pH control, were reproduced in the 
presence of a chemical buffer, in order to ensure the insensitivity of 
the kinetics to the buffer power. 

All the samples used were deaerated by nitrogen bubbling and all 
experiments were carried out at 300 K. 

111. Results and discussion 
1.  The ground state of I and 2 

The spectroscopic and photophysical features of substrates 1 
and 2 are similar to those of benzophenone (BP) and 
4-methylbenzophenone (4MeBP), as expected. 

The uv spectra of 1 and 2 in water show an intense band 
around 260 nm. In the case of BP in solvents with low polarities 
there is a weak band corresponding to the n + t r a n s i G o n .  This 
band is not distinguishable in the spectra of 1 and 2 in water 
due to the shift induced by its negative solvatochromy. The  
results concerning the ~FT"  transition are reported in Table 1 
along with those for 4MeBP and B P  obtained under the same 
experimental conditions. 

The uv absorption maxima are practically insensitive to ionic 
substitution. The same applies to the characteristic infrared 
frequency for the carbonyl groups; these are 1652, 1653, 1656, 
and 1657 cm-' for BP,  4MeBP, 1, and 2 (in KBr pellets), 

TABLE I. Absorption maxima and extinction 
coefficients in water 

Value 

Parameter BP 4MeBP 1 2 

hz: (nm) 258 264 262 255 
log E" 4.18 4.24 4.30 4.26 

"In units of M-I cm-' 

TABLE 2. Unimolecular (ko) and bimolecular (ksQ 
and krr) rate constants of benzophenone triplet decay 

in aqueous solution 

"Not detected 

respectively. 
The ground state absorption spectra of 1 and 2 remain un- 

affected through pH changes between 2 and 12; this, together 
with the 'H nmr spectra in neutral D 2 0  are consistent with 1 and 
2 being present solely in the keto form. 

2 .  Self-quenching anrl T-T annihilation 
Table 2 summarizes the values of the self-quenching (ksa) 

and T-T annihilation (k,) rate constants reported in the litera- 
ture for BP.  The  explanation for the different values in Table 
2 lies in the poor accuracy of the data obtained in water solution 
due to the low solubility of BP. The ground state optical density 
of a saturated aqueous solution of B P  is C 0 . 0 5  per cm in the 
wavelength range corresponding to the n7~:Vransition; this 
poses many difficulties in any quantitative study of T - T  or 
self-quenching bimolecular processes using nitrogen (337 nm), 
frequency-doubled ruby (347 nm), or frequency-tripled neo- 
dynium (353 nm) laser excitation. 

None of the spectroscopic features or the photophysical be- 
haviour of these molecules are basically affected by the pres- 
ence of the charged substituent. Therefore, these molecules can 
be used as adequate substitutes for BP in highly polar solvents. 
The only exception to this may be in the case of interactions 
which may be induced by, o r  dependent upon, the localized 
charge carried by these compounds. 

Figure 1 shows the transient signals recorded for 1 with high 
ground state concentration (--lo-' M )  and low excitation 
energy (nitrogen laser at 337 nm) and with low ground state 
concentration (< lo-) M )  and high excitation energy (ruby laser 
at 347 nm), respectively. From the observed initial decay rate 
of the triplet state and the initial transient absorbancy (7, 1 l ) ,  
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FIG. 1. Decay of the triplet state of 1; traces obtained at A = 
525 nm. Top: A(excitation) = 337 nm, [I.] = 1.1 X 10-'M. Bottom: 
A(excitation) = 347 nm, [I] = 4 X lo-' M. 

Thus, when the initial decay rate (at t -, 0) is plotted against 
the initial triplet concentration, the slope and intercept corre- 
spond to k, and to the pseudo first order decay rate (k = ko + 
ksQ[BP]), respectively. 

Analysis of the pseudo first order lifetimes and the initial rate 
constants determined from plots such as those in Fig. 1, shows 
that both, annihilation and self-quenching, may contribute to 
the decay of 1 in aqueous solution. An analysis of these bi- 
molecular processes is possible in the case of 1 and leads to: 
ksQ = (7.3 ? 0. I )  x 107M-' s-' and k, = (5.4 ? 1.1) x lo9 
M-' s-' (errors as two standard deviations, i.e. ?2a). The 
same treatment is rather questionable in the case of 2, due to 
traces of free amine which may originate in the poor stability 
of the ammonium function at neutral pH. Nonetheless, both 
these pathways seem active in the decay of the triplet state of 
2, in much the same way as for 1. 

This study confirms that 1 and 2 behave essentially as BP in 
aqueous solution, and that the rate constants corresponding to 
the bimolecular processes - i.e. ksQ and kn - are not very 
sensitive to the presence of a charge. The spontaneous decay of 
the triplet states of 1 and 2 contributes almost insignificantly to 
their decay under the experimental conditions of the present 
study. Thus, it becomes very difficult to introduce a reliable 
value of ko which is any case lower than lo5 s- ' .  This is 
comparable in order of magnitude to the pseudo-first order 
decay rate expected for quenching by trace impurities. 

3. T-T spectra in neutral aqueous solution 
Figure 2 shows the T-T spectra of 1 and 2 recorded during 

the initial part of the decay, i.e. in a 200 ns time window after 

Wavelength, nm 

FIG. 2. T-T absorption spectra of 1 and 2 recorded at 0 < t < 
230 ns; [I]  = 8 X lo-' M, [2] = 8.5 X lo-' M. 

the laser pulse. These spectra exhibit maxima at 527 ? 3 nm 
(1) and 535 ? 3 nm (2) to be compared with values between 
5 15 and 525 nm in the case of BP itself (7, 15). The small red 
shift observed here is probably the result of inductive effects 
due to the substituent, or to small changes in the dihedral angle 
between the rings. In the red side of these T-T absorption 
bands, there is a broad tail which becomes negligible only at 
X > 800 nm, with two shoulders centered around 600 and 
700 nm. The ratio between the extinction coefficients at the 
maximum and in the plateau region is in good agreement with 
the available data in the case of BP (15). At 800 nm, the 
extinction coefficients are still about 10% of the value at the 
corresponding maxima. 

The T-T spectra remain unaffected by pH changes between 
3.0 and 13.0 for compound 1 and between 2.0 and 13.0 for 
compound 2. In more acidic solution, the triplet lifetimes are 
drastically shortened due to protonation of the excited state 
(17). If the initial triplet intensity (AOD) is plotted against pH 
the curve obtained (Fig. 3) shows an inflexion which corre- 
sponds to pK (T,). The pK of compound 1 is therefore esti- 
mated to be -1.2. Owing to its poor stability, compound 2 
does not lend itself easily to this kind of measurement; as a 
consequence, its pK (T) is only estimated to be lower than that 
for 1. 

The maximum of the T-T spectrum of protonated 1 is blue 
shifted by 13 nm (X,,, = 514 nm) with respect to the un- 
protonated form, and its red tail remains unaffected. 

4.  Interaction of 1 and 2 with water 
The possibility of a direct reaction of triplet benzophenone 

with water to yield ketyl and OH' according to reaction [3] has 
been the subject of interest for over 10 years (6). 

131 3Ph2CO* + HzO 3 P ~ ~ C O H  + OH' 

The water solubility of 1 made it possible to reexamine this 
question under rather favourable conditions. Our results show 
that photolysis of 1 in water yields ketyl radicals with yields in 
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FIG.  3. Effect of pH on the changes in initial optical density at 
525 nm for substrate 1. 

the 10-18% range. For example, Fig. 4 shows the decay 
kinetics of 1 in water at pH 6.0 observed at 625 nm (Fig. 4A), 
where the ketyl radical does not absorb and at 525 nm (T-T 
maximum) (Fig. 4B). The bottom trace (Fig. 4C)  was obtained 
subtracting a from b after normalization of the initial optical 
density and shows that the ketyl radical is formed concurrently 
with triplet decay. 

Time-resolved spectra showed that the weak residual absorp- 
tion following triplet decay was due to the corresponding ketyl 
radical, with A,,, at 545 and 610 nm at pH 6.0 and 12.0, 
respectively. The band at 610 nm corresponds to the depro- 
tonated form (15, 16, 18). 

A comparison of optical densities immediately after the laser 
flash pulse, and afte; the initial triplet decay is complete leads 
to ketyl yields in the 10- 18% range, after taking into account 
the known ratio of extinction coefficients for the triplet state 
and the ketyl radical (15, 16). 

The question arises as to whether the ketyl radicals can result 
from reaction of the triplet state with water, or from other 
processes, to which impurity quenching and self-quenching 
could contribute. 

A careful study of the laser photolysis of 1 in H 2 0  and D20,  
as a function of substrate concentration and laser dose leads us 
to the conclusion that there are no significant differences in the 
yield of ketyl radicals or the values of ko ,  ks, or kn. Thus, we 
conclude that decay via triplet reaction with H20 does not 
contribute significantly under our experimental conditions. 
This effectively puts an upper limit to the reaction of the triplet 
state with water of k ,  < lo3 M-' s-'. 

5. Interaction of 1 and 2 with triethanolamine 
When benzophenone-based carbonyl compounds are used in 

photopolymerization experiments, it is necessary to incorpo- 
rate a substrate capable of generating active radicals (19-22). 
For example, benzophenone is suitable as a photoinitiator in the 
presence of either: 
( a )  an amine with a-hydrogens, i.e. 

(b)  an alcohol or an ether giving direct hydrogen abstraction, 

FIG. 4. Transient absorptions observed upon nitrogen laser ex- 
citation of 1. ( A )  and (B): traces obtained at 625 and 525 nm, respec- 
tively. (C): deconvoluted trace obtained by subtracting the optical 
density at 625 nm from that at 525 nm after normalization at time zero 
([I] = 0.011 M at pH 6.0). 

These two types of interaction were studied in the case of 
water-soluble benzophenones. Triethanolamine (TEA), which 
is water-soluble was selected to exemplify the interaction be- 
tween 1 and 2 and amines. In order to eliminate any compli- 
cations which could result from possible acid-base equi- 
librium the triplet lifetimes of 1 and 2 were measured at 
525 nm. At this wavelength the extinction coefficients of the 
ketyl radical and of the anion radical are of the same order of 
magnitude (23). Thus, the total transient optical density due to 
ketyl radicals in neutral or anionic form is constant and the only 
variable component is the triplet absorption; proper kinetic 
analysis leads to the quenching rate constant for triethanol- 
amine as illustrated in Fig. 5. The rate constants obtained are 
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FIG. 5. Decay trace observed at 525 nm for 1 in the presence of 
triethanolamine; [l] = 8 X lo-' M, [TEA] = 2.1 X lo-' M. 

1.2 X lo9 M-' s-' for 1 and 1.6 X lo9 M-' s-' for 2, re- 
spectively, in good agreement with the value measured for 
benzophenone (1.5 X lo9 M-' s-I) under the same conditions 
(24). 

A last point is worth mentioning: the ratio, A O D ? / A O D ~  
between the final optical density (AOD?) which corresponds 
to the sum: 

and the initial one AOD? which is exclusively due to the triplet 
state, gives access to another important parameter, i.e. the 
relative contributions of physical and chemical quenching of 1 
and 2 by TEA. 

The overall process (vide supra) accounts for the generation 
of amine-derived radicals which are the main active species in 
the initiation of photopolymerization. The analysis of rates and 
quantum yields can be carried out in terms of a mechanism 
involving a charge transfer complex which can decay either to 
the ketyl and amine radicals (chemical quenching) or to BP and 
amine ground state (physical quenching) (25, 26). 

[7 I physical chemical 

This ratio can be easily obtained from AOD, and AOD, (see 
Fig. 5): 

"physical" - AOD, 
[8] r = - - 

"chemical" AOD, 

In the particular case of 1, with ( E ~ / E ~ ) ~ ~ ~  - 0.37 as mentioned 
before, r is estimated to be 

a result which supports an essentially quantitative chemical 
quenching (27). 

6. Interaction of 1 and 2 with alcohols 
Since compounds 1 and 2 have a lowest triplet state with nm* 

TABLE 3. Quenching of various benzophenones by methyl 
viologen in aqueous solution 

Substrate kQ (water) kQ (acetate buffer, pH 4.8) 

"From ref. 3 1. 
bFrom ref. 32. 

character (24), their behaviour is expected to resemble that of 
BP. 

The rate constants measured in the systems 1 and 2 with 
isopropanol in water are (1.5 +- 0.2) X lo6 and (1.25 + 0.2) 
x 106M-' s - ', respectively; a value ca. 1.3 x lo6 M-' s-I 1s ' 

generally accepted for BP (26, 28-30). 

7. Interaction of 1 and 2 with methyl viologen 
Das (3 1) has demonstrated that a number of triplet carbonyl 

compounds, including benzophenone, are quenched by methyl 
viologen (MV"), in a process that yields the readily detectable 
reduced form, MVt', and presumably the ketone radical- 
cation, although the latter has so far escaped detection. Das's 
experiments for BP were carried out in 1 : 9 water: acetonitrile, 
and led to kQ = 2.6 x lo9 M-' s-'. Similar experiments 
by Chandrasekaran and Whitten (32) led to kQ = 1.03 X 

lo7 M-' s-' in dry acetonitrile, based on phosphorescence 
measurements. 

We have examined the electron transfer between the various 
benzophenones and methyl viologen in aqueous solution. The 
results have been summarized in Table 3, which also includes 
data for another ionic benzophenone, 3. 

3 

The data in Table 3 show that electrostatic interactions play 
an important role in the case of fast electron transfer processes, 
with ca. one order of magnitude difference between the favour- 
able (1) and unfavourable (2) cases. The reduced form, MV" 
was detected in good yields in all these systems. 

IV. Conclusion 
The behaviour of the two water-soluble benzophenones, 1 

and 2 closely parallels that of benzophenone itself. The effec- 
tiveness of triplet-triplet annihilation and self-quenching has 
been demonstrated. The reaction of 1 and 2 with neutral sub- 
strates such as amines and alcohols occur with rate constants 
comparable with those for BP, while in the case of electron 
transfer to the methyl viologen dication the rates of electron 
transfer reflect the role of electrostatic interactions and follow 
the order 1 > BP > 2 = 3. 
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DIETHARD K.  BOHME and ASIT B. RAKSIT. Can. J .  Chem. 63, 3007 (1985). 
Flowing afterglow measurements are reported which reveal the influence of stepwise solvation on the nucleophilicity of F- 

and CI- in the gas phase at room temperature. The specific rates of nucleophilic displacement reactions with CH,CI and CH,Br 
are followed for additions of up to three molecules of solvent for F- solvated with DzO, CH30H, and CzHSOH and for CI- 
solvated with CH,OH, CzHsOH, CH3COCH3, HCOOH, and CH,COOH. The observed precipitous response of the specific 
rate to solvation is attributed to intermediate features of plausible reaction energy profiles. 

DIETHARD K.  BOHME et ASIT B. RAKSIT. Can. J .  Chem. 63, 3007 (1985). 
Les mesures des lueurs d'Ccoulement en phase gazeuse i la tempkrature ambiante revtlent I'influence de la solvatation 

graduelle sur le caracttre nuclCophile des ions F- et C1-. On a CtudiC les vitesses spkcifiques des rkactions de dCplacement 
nuclkophile avec le CH,CI et le CH3Br dans des additions impliquant jusqu'i trois molecules de solvant pour I'ion F- solvat6 
avec D20,  CH,OH et C,H,OH et pour I'ion C1- solvatk avec CH30H, C2HsOH, CH2COCH3, HCOOH et CH3COOH. On 
attribue la rCponse en forme de pic observie pour la vitesse de solvatation, a des caractiristiques intermkdiaires des profils 
d'Cnergie d'une rkaction plausible. 

[Traduit par le journal] 

Introduction 
The role of solvent in SN2 reactions is exposed at its most 

fundamental level in reactions of type [ l ]  which can now be 
executed and studied in the gas phase as a function of stepwise 
solvation of the nucleophile A- (1, 2). 

[ I ]  A--S,, + CH3B + B-.S,,, + [(n - 171)s + CH3A] 

In reactions of this type available solvent is limited to that 
associated directly with the reacting ion and, when the reaction 
proceeds in a dilute inert gas, the transport of solvent to the 
products must occur within the reaction complex rather than 
through the surrounding medium as is possible in solution. 
Gas-phase measurements of such reactions therefore allow the 
role of solvation in S N 2  displacement to be isolated and investi- 
gated at a molecular level of solvation hitherto inaccessible. 

Recently we have reported measurements for reactions of 
type [ l ]  between solvated hotnoconj~lgate anions, A-. (AH),,, 
and the methyl halides CH,Cl and CH,Br with AH = H 2 0 ,  
D 2 0 ,  C H 3 0 H ,  C2H50H,  HCOOH, CH3COOH, and 
CH3COCH3 (1). Their specific rates were followed as  a func- 
tion of stepwise solvation for additions of up to three molecules 
of solvent and found to respond precipitously, in some in- 
stances already with the addition of just one molecule of sol- 
vent. The response appeared not to be controlled directly by the 
overall exothermicity of the solvated reaction but instead could 
be attributed to intermediate features in the appropriate poten- 
tial energy profile. In this study we explore the solvent re- 
sponse of the specific rates of similar reactions involving sol- 
vated heteroconjugate anions, A-- (BH),, by subjecting CH3C1 
and CH,Br to displacement by the halide ions F-  solvated with 
up to three molecules of D?O, CH,OH, and CzH50H and C1- 
solvated with up to three molecules of CH,OH, C2H50H,  
HCOOH, CH3COOH, and CH3COCH3. 

upstream of the reaction zone at total pressures of ca. 0.4 Tom in either 
a flowing helium or hydrogen buffer gas. Heteroconjugate anions 
were derived from solvent addition reactions of type [2]. 

[2] A-a S,, + S + M = A-a S,, + + M 

The parent gas of A- was added upstream of the electron gun while 
the vapour of S was added just downstream in amounts of about 2 x 
10" to 2 X 10" molecules s- '. Experiments were performed with A- 
= F derived from C2Fc, (at about 1 X 10" molecules s- ') ,  and CI- 
derived from CCI4 (at about 4 x 10" molecules S - ' )  or CH3CI (at 
about 5 X 10"' molecules s f ' ) .  The solvated ions which could be 
produced in this fashion were F- - (D20),,, F- (CH,COCH,),,, 
C 1  (CH,OH),,, C 1 .  (C2H,OH),,, C1-. (CH,COCH,),,, C1-. 
(HCOOH),,, and C1- . (CHzCOOH),,. The production of F- - 
(CH,OH),, is illustrated in Fig. 1. F- is a relatively strong base and was 
observed to react with CH3COCH2, HCOOH, and CH,COOH primar- 
ily by proton transfer under the adopted experimental conditions. The 
initial relative populations of A-.S,, could be varied by adjusting the 
amount of added vapour. As discussed previously ( 1  , 5, 6), a wide 
range in the initial relative populations is desirable for the deter- 
mination of rate constants because of losses associated with the de- 
pletion of the source ion, A--S,,- The methyl chloride and methyl 
bromide used as reagents were of high purity (minimum 99.5 mol%). 

Results 
The results of the rate constant measurements which reveal 

the absolute degree to which step-wise solvation influences 
nucleophilicity are summarized in Table 1 a and b. T h e  sources 
of uncertainty associated with the determination of rate con- 
stants have been described previously (3, 4). In deriving rate 
constants from the observed decays of solvated ions, account 
was taken of the initial decay which can arise due to the de- 
pletion of the precursor ion in the reaction region. The  follow- 
ing section describes the results of the measurements in more 
detail. 

Experimental F- . (BH), 
The measurements were taken with a flowing plasma mass spec- F-  ions were readily solvated with up to three molecules of  

trometer (flowing afterglow) system. Details of the instrument to- water and methanol and two molecules of ethanol. Figure 2 
gether with methods of operation and data analysis have been reported shows results of measurements taken with the addition of 
earlier (3, 4). Formation of solvated anions was initiated about 10 ms CH3Cl into a He/C2F6/D20 plasma in which hydrated fluoride 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. 1. CHEM. VOL. 63, 1985 

TABLE I 
( a )  Rate constants" measured for reactions of solvated fluoride ions, F- .S,,, with CH,CI 

at 296 f 2 K 

Rate constant for n = 

F- . S,, 0 1 2 3 

F- . (DzO),, 1.9 f 0.4 0.015 & 0.005 5 0.0003 5 0.003 
F- . (CH30H),, 1.9 r 0.4 5 0.0006 5 0.0003 5 0.0003 
F- . (CzHsOH),, 1.9 + 0.4 5 0.0003 5 0.0003 

"Rate constants and their estimated accuracies given in units of lo-' cm' molecule-' s-'. 

( b )  Rate constants" measured for reactions of solvated anions, A- . S,,, with CH,Br at 
296 f 2 K 

Rate constant for n = 

A- - S,, 

F-. (DzO),, 
F- . (CH,OH),, 
F- . (CZH5OH), 
C1- . (CH,OH),, 
CI- . (CzHsOH),, 
Cl-. (CH3COCH3),, 
Cl- . (HCOOH),, 
C1- . (CH3COOH),, 

"Rate constants and their estimated accuracies given in units of cm3 molecule-' s- ' .  

1 0 5  I I 1 I 

F-. (D201,, t CHjCl 

0 0.2 0.4 0.6 0.8 LO 1.2 /14 
CHjOH FLOW/(molecules. S-I x 1 0 I q  CH'CI FLOW / ( ~ o ~ ~ c u ~ o s .  s-' x 1 0 ~ ~ 1  

FIG. I. The variation in dominant negative ions observed upon the FIG. 2. Variations in ion signals recorded with the addition of 
addition of methanol as a 10% mixture in helium to a He/C2F6 plasma CH3CI into a flowing He/C2F6/D20 plasma in which F- . (D20), ions 
in which F- and CF3- initially predominate. 0- and OH- which are with n = 0 to 3 are initially predominant. T = 295 K,  P = 0.347 Torr, 
also present initially are not shown. T = 297 K, P = 0.320 Torr, F F = 7.2 X lo3 cm s-', and L = 46 cm. 
= 7.7 x 103 cm s-', L = 46 cm, flow O ~ C ~ F ~  = 2.4 x 10'~molecu1es 
s-'. reaction of F- D20 with CH3Cl appears to produce predom- 

inantly hydrated C1- product ions. With methanol and ethanol 
ions have been established as dominant ions. Hydration is seen solvent the transition in reactivity was observed to be even 
to reduce the reactivity of F- already by a factor of about 100 more precipitous as solvation with just one solvent molecule 
with the addition of just one 40  molecule. Further addition of resulted in immeasurably slow reactions. 
D2O molecules leads to immeasurably slow reactions. The slow More gradual transitions were observed with CH3Br. The 
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TABLE 2. Support data and calculated values for methyl cation affinities of anions, 
A - ,  in kcal mol-' 

A - EA(A) Reference DO(CH~-A)" Reference MCA(A-)" 

"D(CHl-A) is calculated directly from the heats of formation of CHIA, A,  and CH,. 
bMCA(A-) = D(A-CH,) - EA(A) + IP(CHl) where IP(CH,) = 227 kcal mol- ' ,  ref. 23. 

singly solvated F- ions were observed to react for all three 
solvents at a rate about 10 times less than that of the unsolvated 
F- ion. There was evidence for substantial solvent retention 
only for the reaction of F- . DzO. Figure 3 shows less than 10% 
solvent retention with F- .CH30H which is similar to that ob- 
served with F- . CzH50H. Further addition of solvent molecules 
resulted in a further drop in reactivity to levels which were not 
measurable. The reactivity of F- (D20)3 towards CH3Br could 
not be explored because of overlap with 79Br- in the mass 
spectrum. 

CF3- 
With C2F6 as source gas significant amounts of CF3- were 

present initially in the flowing helium plasma. The CF3- was 
observed to react with both CH3Cl (see Fig. 2) and CH3Br (see 
Fig. 3) with rate constants of (7 + 2) X lo- ' '  and (3 + 2) X 

lo-'' cm3 molecule-' s - ' ,  respectively. The reactions are be- 
lieved to proceed by nucleophilic displacement and thus con- 
tribute to the appearance of C1- and Br-, respectively, whose 
production is dominated by the reactions with F- present under 
the same operating conditions. 

Cl- . (BH) ,  
C1- ions were readily solvated with up to three molecules of 

methanol, two molecules of ethanol, acetone and formic acid, 
and one molecule of acetic acid. Previous measurements in our 
laboratory had revealed only a very slow displacement reaction 
between unsolvated C1- and CH3Br, k = (2.1 + 0.4) x lo- ' '  
cm3 molecule-' s- '  (7). This result was reproduced in the 
present study as k was measured to be (1.7 f 0.4) X lo- ' '  cm3 
molecule-' s-' and it was also observed that solvation with just 
one molecule reduced the rate of reaction by more than a factor 
of 20 for each of the five solvents to values corresponding to 
the lower limit accessible with the technique. 

Discussion 
Intrinsic energetics and kinetics 

The reactions of F- and CF3- with CH3C1 and CH3Br and the 
reaction of C1- with CH3Br are all exothermic in the absence of 
solvent. The methyl cation affinities in Table 2 indicate a range 
in exothermicity for the SN2 reactions investigated in this study 
from 8 to 67 kcal mol-'. The reactions with CH3Br are 8 kcal 
mol-' more exothermic than those with CH3C1. 

We have previously reported rate constants of (1.8 2 0.4) 
and (1.9 + 0.4) X cm3 molecule-' s-' for the reaction of 
F- with CH3Cl (7, 8), (1.2 f 0.2) X cm3 molecule-' s-' 
for F- with CH3Br (7), and (2.1 + 0.4) X lo-' '  cm3 molecule-' 
s-' for C1- with CH3Br (7). These earlier flowing afterglow 
results agree with those obtained in the present study within 
experimental error. Pulsed ICR measurements have led to the 
lower values of (8.0 + 0.9) and (5.8 + 0.3) X lo-'' cm3 
molecule-' s-' for F- reacting with CH3Cl (9, lo), (6.0 + 0.6) 
x lo-'' cm3 molecule-' s-' for F- reacting with CH3Br (9), and 

FIG. 3. Variations in ion signals recorded with the addition of 
CH3Br into a flowing He/C2F6/CH30H plasma in which 
F--(CH,OH),, ions with n = 0 to 2 are initially predominant. T = 295 
K, P = 0.306 Torr, fi = 7.7 x lo3 cm s-', and L = 46 cm. 

1.2 X lo-' '  cm3 molecule-' s- '  for C1- reacting with CH,Br 
(1 1) for which a value of (8.0 + 1 .O) X lo-' '  cm3 molecule-' 
s-' had been reported earlier (9). The difference between the 
flowing afterglow and ICR results appears systematically to be 
about a factor of 2. Caldwell et al. have noted a similar differ- 
ence for the reaction of C1- with CH3Br for which they obtained 
a rate constant of 2.4 x lo-' '  cm3 molecule-I s-' at ca. 5 Torr 
(12) with a pulsed electron beam high pressure mass spec- 
trometer. They have proposed that this difference can be ex- 
pected as a result of the different pressures used in the different 
measurements. The expectation is based on a plausible 
"double-minimum" potential energy profile for reactions of this 
type. It is argued that when the energy of the central banier in 
this profile lies below the initial energy of the system, as is the 
perception for the three reactions being considered here, col- 
lisional cooling of the excited adduct A- - CH3B will lead to an 
enhancement of formation of product as compared to decom- 
position back to reactants and so lead to an increase in the 
overall rate constant as the pressure is raised. Caldwell et al. 
also have provided crude model calculations which support the 
magnitude of the apparent pressure effect (12) but direct experi- 
mental verification has not yet been achieved so that systematic 
errors can not yet be ruled out to account for the disparity in 
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FIG. 4. Observed variations in the rate constant with the extent of solvation for gas-phase nucleophilic displacement reactions of solvated 
fluoride anions with methyl chloride and methyl bromide at room temperature. 

results observed with the three techniques. 
We have previously shown by experiment that the kinetic 

nucleophilicity of solvent-free SN2 reactions in the gas phase, 
when expressed as a reaction probability per collision, has a 
dynamic range of more than lo3. F- exhibits nearly unit reac- 
tivity towards CH3CI and CH,Br and so is among the most 
reactive nucleophiles in the gas phase. In comparison, the C1- 
reactivity towards CH,Br is about 50 times smaller and puts C1- 
among anions of low nucleophilicity (7). The rate constants of 
(7 ? 2) x lo- ' '  and (3 ? 2) X lo-'' cm3 molecule-' s- '  for 
the reactions of CF3- with CH3C1 and CH,Br, respectively, 
correspond to reactivities of 0.03 and 0.2 so that this anion falls 
into the medium nucleophilicity range (7). 

Kinetics of solvated SN2 reactions 
The results in Table 1 a and b indicate that the rate constants 

for the solvated reactions investigated become too small to 
measure with the addition of just two solvent molecules to the 
nucleophile or even, in some cases, just one. For the reactions 
of F- S,, this corresponds to a drop in the specific reaction rate 
in the gas phase of almost four orders of magnitude as is 
illustrated graphically in Fig. 4. In aqueous solution the specif- 
ic rates of these SN2 reactions are lower by another 15 to 16 
orders of magnitude! The measured rate constants at 298 K for 
F- reacting with C H F I  and CH,Br in aqueous solution are 2.5 
x and 5.6 x lo-'' cm3 molecule-' s-I, respectively (13). 
Also Fig. 4 shows that the rate of change of thk rate constant 
with solvation is sensitive to the nature of both the methyl 
halide and the solvent. The reactions with CH3Br show a re- 
markably similar decrease in specific rate with solvation for the 
three solvents D20 ,  CH70H, and C2H50H, but with CH3CI the 
drop in specific rate appears earlier with less solvation and is 
more distinct for the three solvents. A similar behaviour was 
evident for several of the SN2 reactions of solvated homo- 
conjugate anions with CH3CI and CH3Br reported earlier (1). 
The reaction of C1- with CH,Br is intrinsically about 100 times 
less efficient than the corresponding F- reaction but never- 
theless addition of one solvent molecule to C1- was observed 
to decrease the specific reaction rate by another factor of more 
than 20 for methanol, ethanol, acetone, formic acid, and acetic 
acid. Since the rate constant became immeasurably small for all 
five of these solvents with the addition of one solvent molecule, 

no information was available in this case on the relative sensi- 
tivity of the rate constant to the nature of the solvent. For 
solutions of water, methanol, and acetone, rate constants of 8.2 
x lo-", 1.1 x and 5.3 x lo-" cm3 molecule-' s- ' ,  
respectively, have been reported for the SN2 reaction of C1- at 
298 K (13- 15). 

Overall energetics of solvated SN2 reactiorzs 
The addition of solvent modifies the intrinsic exothermicity 

of the SN2 reaction [ I ]  by the solvation energies of the anions 
A- and B- entering and leaving the reaction and the neutral 
product D and "free" solvent S if these become solvated. A 
complete specification of the energetics of the solvated SN2 
reactions investigated in this study is not possible with the 
available data for solvation energies. Binding energies are 
available for additions of up to three molecules of water to F-, 
C1-, and Br- (16, 17). Also F- and C1- affinities for single 
solvent molecules are available for some of the other solvents 
used in this study (18, 19). The available hydration energies for 
F-, C1-, and Br- allow the construction of the enthalpy dia- 
grams in Fig. 5. These diagrams clearly show that hydration 
acts to decrease the overall exothermicities of the reactions of 
F- with CH,CI and CH3Br but that exothermic reaction chan- 
nels remain available for additions of at least up to three water 
molecules, albeit, to preserve exothermicity, an increasing 
amount of retention of water by the product ion anion is re- 
quired with increasing levels of hydration of the nucleophile. 
The observed kinetics for these two series of reactions therefore 
appear not to be controlled directly by the overall energetics, 
but must be attributed instead to intermediate features in the 
appropriate energy profiles. 

Intermediate energy profiles 
The intermediate features of the potential energy profiles of 

solvated SN2 reactions are reasonably addressed in terms of 
double minima which evolve with step-wise solvation as the 
energy of the intermediate barrier increases relative to the ini- 
tial energy of the reactants (1 1, 20). Morokuma has shown that 
several profiles are plausible at each level of solvation for the 
barrier itself depending on the mechanism of solvent transfer 
(21). For the singly solvated reactions the sequential solvate 
transfer and inversion mechanism indicated by reaction [3] will 
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i -*OL 

FIG. 5. Enthalpy diagrams for the gas-phase reactions of hydrated 
F- with CH3C1 and CH3Br. The overall enthalpy changes ignore 
possible hydration of the neutral product CH3F molecules. Solid diag- 
onal lines correspond to exothermic channels while the dashed lines 
represent endothermic reaction channels. 

be energetically unfavourable if the stability of A- . CH,B , S is 
less than that of A- - S + CH,B. 

Because of the substantial magnitude of fluoride and chloride 
solvent affinities (18, 19) this is expected to be the case for all 
of the singly solvated reactions in Table 1. These should there- 
fore prefer to proceed by sequential inversion and solvate trans- 
fer as illustrated in reaction [4]. 

Concerted solvate transfer and inversion is expected to be less 
favourable on entropic grounds (22). The excess energy in the 
product isomer S-ACH,.B- formed in the inversion step in 
reaction [4] may be channeled directly into desolvation leaving 
unsolvated B- as the principal product ion and so preempt the 
solvent transfer. Our observations are consistent with such a 
model. For the weakly exothermic reactions of C1--S with 
CH,Br the excess energy is insufficient to leave unsolvated 
Br-. These reactions are therefore constrained to transfer sol- 
vent to the product anion but none do so with any measurably 
efficiency. The somewhat more exothermic reaction of 
F- . D 2 0  with CH,C1 appeared to produce C1- D?O exclusively 
but with low efficiency, while the most exothermic reactions of 
F- - S with CH,Br appeared to produce unsolvated Br- prefer- 
entially. 

Calculations ( 10, 12) suggest that the intermediate barriers 
for the solvent-free reactions of F- with CH,Cl and C1- with 
CH,Br lie only about 1 or 2 kcal mol-' below the corresponding 
energy of the reactants at room temperature. ~ o n s e ~ u e n t l ~  the 
intermediate barrier might be expected to emerge above the 
energy of the reactants already at very low levels of solvation. 
The results of the gas-phase measurements reported here sug- 
gest that this may indeed be the case already for the addition of 
one or two solvent molecules. Measurements in aqueous solu- 
tion indicate that the energies of the intermediate barriers for 
these two reactions lie about 25 kcal mol-' above the energies 
of the reactants (13). The observations in Fig. 4 for the reac- 
tions of F-.S with CH,Cl imply a relative enhancement of the 

energy of the intermediate barrier due to differential solvation 
by one solvent molecule which is less for D 2 0  than for CH,OH 
and C,H,OH. The observations for the slightly more exother- 
mic reactions of F- S with CH,Br are consistent with an order 
of relative enhancement of D 2 0  < CH,OH < C2H,0H but the 
actual energies of the intermediate barriers still appear to lie 
below or close to the initial reactant energies since all three 
solvated reactions proceed with measurable efficiencies. This 
appears no longer to be the case at higher levels of solvation. 
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~ t u d e  physico-chimique, spectres de vibration et structure dm sulfamethoxazole 
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"Groupe polyrnorphisme et Biodisponibilitk", U.F.R. de Phar~nacie, Avenue Charles Flahaut, 34060 Montpellier, France 

R e ~ u  le 22 mars 1985 

LUC MAURY, JOELLE RAMBAUD, BERNARD PAUVERT, YVES LASSERRE, G.  BERGE et MICHEL AUDRAN. Can. J. Chern. 
63, 3012 (1985). 

Les auteurs ont identifiC et caractCrisC deux polymorphes et une forme solvatCe pour le sulfarnCthoxazole en utilisant de 
nombreuses mCthodes thermiques et spectrales. La structure de la forme 11 a Cte resolue et comparCe a celle de la forme I dCji 
publiCe: les differences portent essentiellement sur les longueurs des liaisons hydrogkne intermolCculaires. L'analyse des 
spectres Raman et infrarouge a permis de proposer une attribution des vibrations caractCristiques des groupements amine, amide 
et sulfone impliquCs dans les liaisons hydrogkne. 

LUC MAURY, JOELLE RAMBAUD, BERNARD PAUVERT, YVES LASSERRE, G. BERGE, and MICHEL AUDRAN. Can. J. Chern. 
63, 3012 (1985). 

Two polymorphic and one solvate forms of sulfarnethaxozole have been identified and characterized using various thermal 
and spectral methods. The crystal structure of form I1 has been solved and compared with that of form I recently published: 
the lengths of the intermolecular H bonds mainly differentiate the two polymorphic forms. An assignment of the fundamental 
vibrations of the amine, arnide, and sulfone groups involved in the H intermolecular bonds has been proposed from the analysis 
of the Raman and infrared spectra. 

Introduction 
Poursuivant nos recherches sur le polyrnorphisrne de subs- 

tances rntdicarnenteuses, nous avons entrepris 1'Ctude du 
sulfarntthoxazole ou N-(rntthyl-5 isoxazolyl-3) sulfanilamide. 

Dans un travail antCrieur (1) nous avons rnontrt que seul 
l'ernploi sirnultanC de nornbreuses techniques peut permettre 
d'affirmer la presence de plusieurs formes cristallines pour un 
rn&rne cornposC; c'est pourquoi nous avons utilist dans cette 
Ctude des rnCthodes thermiques et spectrales traditionnelles- 
thermogravirnttrie, analyses thermique et calorirnetrique difft- 
rentielles, spectrornttrie d'absorption infrarouge et diffrac- 
tion des rayons X-auxquelles nous avons ajoutC la diffusion 
Rarnan, notarnrnent dans le dornaine des basses frtquences. 
Nous avons tgalernent rtsolu la structure du polyrnorphe I1 
afin de la cornparer 2 celle du polyrnorphe I, publiCe antt- 
rieurernent (2). 

Shiu Shiang Yang et Guillory (3), dans un travail gCntral sur 
les sulfarnides, ont rnis en tvidence pour ce compost l'exis- 
tence de trois formes polyrnorphes, dont deux seulernent carac- 
ttristes par leur spectre infrarouge. Si nous retrouvons bien les 
formes I et I1 des auteurs prtcitCs, nous n'avons pu isoler la 
forme 111; en revanche, nous avons identifie et caracttrisC une 
forme solvatte non signalte prtctdernrnent. 

Materiel et methode 
1. Obtention des d~re'rentes formes 

Le sulfamCthoxazole (produit Roche) a CtC recristallise dans plu- 
sieurs solvants (eau, acttone, ethanol, propanol, butanol et pentanol) 
ainsi que dans diffkrents melanges: eau-Cthanol et eau-acttone. 
Pour chaque expkrience, nous avons suivi la cristallogCnkse en fonc- 
tion de la tempkrature. Les cristaux recueillis aprks filtration Ctaient 
sCchCs sous vide durant 48 h. 

2. Analyse thermique 
L'analyse therrnogravimktrique a Ctt effectuCe avec une balance 

SCtaram Ugine Eyraud B60, en double version ATD-ATG, CquipCe 

d'un prograrnmateur de tempkrature RT 64. La prise d'essai Ctait de 
50 mg et la substance de rCfCrence l'alurnine. 

L'analyseur enthalpique diffkrentiel Perkin Elmer DSC 1B nous a 
permis de diffirencier les changernents d'Ctats physiques en fonction 
de la tempkrature et de rnesurer I'Cnergie calorifique qui accornpagne 
ces changements d'Ctats. Les prises d'essai Ctaient de 2 a 5 rng et la 
rnontCe en tempkrature de 2 ou 4OC/rnin. 

Les phCnornknes therrniques ont Ctt vCrifiCs par visualisation au 
microscope A platine chauffante Leitz. 

3. Mkthodes spectrales 
Diffraction des rayons X 
Les diagrarnrnes ont CtC rtalisCs sur un diffractomktre CGR avec 

tube de cuivre et rnonochromateur A quartz rnontk sur un gCnCrateur 
Sigma 80. 

Spectrome'trie infrarouge 
Les spectres infrarouge ont CtC enregistrks a temperature ambiante 

sur un spectrornktre Perkin Elmer 457. Nous avons vCrifiC, par enre- 
gistrement des spectres Raman de la poudre en 1'Ctat ou comprirnte, 
que le broyage et la rnise sous forme de pastilles KBr n'entrainaient 
aucune modification des spectres. 

Spectrotne'trie de drffusion Raman 
Les spectres Raman ont CtC enregistres ternpkrature ambiante sur 

un spectromktre de haute rCsolution Jobin et Yvon "Ramanor HG 2s". 
La technique utilisCe ttait celle de diffusion a 90" en incidence nor- 
male, l'excitatrice Ctant la radiation 514,5 nm d'un laser Spectra 
Physics a argon ionisC. La puissance du laser sur I'Cchantillon Ctait 
maintenue une valeur faible de 100 mW, pour Cviter tout risque de 
degradation des composts. 

4. De'termination de la structure de la forme II 
Un monocristal de 0,20 x 0,15 x 0,25 mm a CtC soumis au 

rayonnernent X sur un diffractornktre autornatique Syntex P2, .  Quinze 
rkflexions indipendantes ont perrnis de definir les paramktres de la 
maille cristalline. Les extinctions systirnatiques ont donne deux 
groupes d'espace Cc et C2/c. Sur 1769 intensitis mesurkes, 1246 
Ctaient considCrCes comme observkes conformCment a I 2 2,5 a ( I ) .  
La longueur d'9nde utiliske Ctait celle de la raie K a  du rnolybdkne soit 
A = 0,71069 A, l'angle de Bragg maximum Ctant 2 8 = 47". La 
rCsolution a CtC effectuke avec le programme MULTAN 80 (4). La 
carte de Fourier a donnC cinq atomes. Trois syntheses de Fourier ont 
CtC requises pour faire apparaitre tous les atomes non hydrogkne de la 
molCcule. L'affinement a CtC alors poursuivi avec le programme 
SHELX 76 (5). Les atomes lourds ont CtC affines de f a ~ o n  anisotrope. 
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170 'C 

166 "C 

Forme II 

170 "C 

Forme I 

FIG. 1. Courbes d'analyse calorimCtrique diffkrentielle (vitesse 
8"Imin). 

Les hydrogknes ont subit un affinement isotrope avec un Be, de 9 A. 
Le groupe d'espace s'est avCrC Ctre C2/c. En fin d'affinement, le 

coefficient de reliabilitC Ctait R = 0,0408. 

Resultats et discussion 
Analyse thermique 

Les courbes d'analyse calorimttrique differentielle donnent 
trois accidents endothermiques difftrents: 108, 166 et 170°C 
(fig. 1). 

I parla de mid l  

Forrne I I 

andolharmiqua 

I ATD 

I . . . .  
I ~ ' ~ ' ' ' ' ' ' I ~  * 

5 0  100 150 2 0 0  C" 

I ATG 

Solvale 

FIG. 2. Thermogrammes (ATG-ATD couplCes) des trois cristal- 
lisations diffkrentes. 

Les thermogrammes obtenus pour ces trois accidents mon- 
trent que le premier s'accompagne d'une perte de poids de 3%, 
correspondant a la perte d'une demi-moltcule d'eau (fig. 2). 
Les deux autres ne sont accompagnts d'aucune perte de poids. 
I1 semble donc que l'on soit en prCsence de 2 polymorphes et 
d'un solvate. Les deux formes ont des tempkratures de fusion 
t r k  proches et il n'est possible de les sCparer qu'en effectuant 
des mesures a une vitesse de 2"C/rnin. 

La forme "haute temptrature" a CtC obtenue dans tous les 
solvants. La forme solvattie est extraite par recristallisation 
dans un melange eau-acCtone ou dans l'eau. I1 a Ctt plus 
difficile d'obtenir la forrne "basse ternpCrature" (forme 11), qui 
apparait par traitement thermique de la forme I (fusion de  
la forme I et trempe 0°C) ou par recristallisation dans le 
mtthanol. 

Le passage de la forme I a la forme I1 Ctant thermique- 
ment rtversible, nousen concluons que les deux formes sont 
tnantiomorphes. 

A partir des courbes d'analyse calorimttrique diffkrentielle 
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Etude comparative des structures cristallines des deux 
formes 

Cette ttude est particulierement intkressante; en effet, les 
deux forrnes cristallisent dans le mgme systeme (monoclinique) 

Forme I et le m&me groupe d'espace (C2/c ): un fait analogue avait dkja 
CtC observC pour d'autres sulfamides (7, 8). De plus, les para- 
metres (a,b,c)  de la forme 1 sont respectivement voisins des 
paramktres (c,b,a)  de la forme I1 comme le montre le tableau 
suivant: 

Forme I Forme I1 

a (4) 16,046 (5) 25,106 (2) 
b (6) 5,470 (2) 7,229 (3) 

5 lo 15 c (A) 25,747 ( 1 )  14,847 (9) 
I3 ((kg) 96,12 (2) 117,9 (4) 
v (A3) 2247 238 1,3 

FIG. 3. Diagrammes de diffraction des rayons X. d (g cm-') 1,49 1,418 
z 8 8 

TABLEAU 1. Distances interatomiques (A) et angles de valence (deg) 
Coups/r du polymorphe I1 

Atomes Distance Atomes Angle 

C1 - - - C 2  1,384(5) C2 - -C l  --C6 117,5 (3) 
CI - - -C6 1,397(5) C2 --CI --N7 122,6 (3) 
CI - - -N7 1,358(5) C6 --C1 --N7 119,9 (3) 
C2 - - -C3 1,355(5) CI --C2 - -C3 122,3 (4) 
C3 - - -C4  1,389(5) C2 - -C3 --C4 120,O (4) 
C4 - - -C5 1,388(5) C3 --C4 --C5 118,8 (3) 
C4 ---St3 1,734(3) C3 --C4 --S8 121 ,I (3) 
C5 - - -C6 1,370(5) C5 --C4 --S8 120,O (3) 
S8 - - - 0 9  1,424(2) C 4 - - C 5 - - C 6  120,6 (4) 
S8 - - - 0 1 0  1,434(2) CI --C6 --C5 120,7 (3) 
S8 - - -NI I  1,645(3) C4 --S8 - - 0 9  110,4 (2) 
Nl l ---C12 1,393(4) C 4 - - S 8  - -010  108,0(2) 
C12---C13 1,411 (5) 0 9  --S8 - - 0 1 0  119,8(1) 
C12---N16 1,302(4) C4 --S8 - -NII  107,4(1) 

5 10 15 .e C13---C14 1,327(5) 0 9  --S8 - -NII  103,6 (2) 
C14---015 1,347(4) 010--S8 - -NII  106,8 (1) 

C o u p r ~ r  

C14---C17 1,481 (5) S8 - -Nl  l --C12 122,4 (2) 
015---N16 1,407(3) Nl l - -C12--C13 129,3 (3) 

Nl l --C12--N16 119, I (3) 
C13--C12--N16 1 1 1,6 (3) 
C12 --C13 --C14 104,7 (3) 
C13--C14--015 110,3 (3) 
C13--C14--C17 133,7 (4) 
015--C14--C17 115,9 (3) 
C14--015--N16 108,0(3) 
C12--N16--015 105,4 (3) 

Forrne II 

(fig. 1 ), nous avons calcult les enthalpies de fusion soit: 

AH (f,) = -26,200 kJ mol-' 
AH (fir) = -24,300 kJ mol-' 

ce qui donne en premiere approximation une enthalpie de trans- 
formation de 2,100 kJ mol-' (6). 

Diffraction des rayons X 
Les diagrammes de poudre (fig. 3) des trois cristallisations 

5 10 15 'e permettent de mettre en Cvidence des raies spkcifiques de cha- 
que espece: 

Coupr/s  forrne I: 7, 10,5, 12,05 8" 

I forme 11: 8,  11,9, 16,30 0" 
solvate: 9,7, 10,7, 11,15, 12,9 8" 
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MAURY ET AL. 

S U L F A M ~ T H O X A Z O L E  FORME I '  

FIG. 4. Ernpilernent moltculaire dans la rnaille des dcux polyrnorphes (PLUTO (rCf. 20)) 

TABLEAU 2. Liaisons interrnolCculaires "type hydrogene" des poly- 
rnorphes I et I1 

Forme I Forrne I1 

Code de symCtrie 
I x ,  Y, z 
11 x ,  I + y, z 
111 x ,  - I  + y,z 
IV 0,5 + x ,  0,5 + y, z 

N11Hll----091r 3,232A 
C13 H13----N16111 3,227 A 
N7 H7 ----0101v 3,275A 

Code de symttrie 
I .r, Y, z 
I1 x, 1 - y, -0,5 + z 
I11 x ,  - y, -0,5 + z 
IV 0,5 - x ,  0,5 - y, z 

N7 H7 - - - - 0911 3,007 A 
N7 H7 - - - - 0 1 O I l r  3 ,1484 
N11 HI1 ----N161v 2,952 A 

L'ensernble des valeurs des angles de valence et des dis- 
tances interatomiques de la forme I1 (tableau 1) fait appa- 
raitre un effet guinonique plus marque que dans la forme I, 
avec des liaisons C1-N7, C 2 - 4 3  et C 5 - 4 6  plus courtes 
(A1 = 0,02 A). ExceptCes ces 1Cgkres differences, les mole- 
cules I et I1 sont identiques et I'ernpilernent molCculaire dans la 
rnaille (fig. 4), trks semblable. Les ecarts les plus rnarquants se 
situent au niveau des liaisons hydrogkne (tableau 2). Les simi- 
litudes de ces deux polyrnorphes, tant au niveau des pararnetres 
cristallins qu'au niveau des pararnetres internes de la rnolCcule, 
expliquent d'une part les points et chaleurs de fusion trks voi- 
sins, d'autre part-la difficult6 i diffkrencier ces deux formes. 

sur les vibrations propres d'une molCcule, l'absorption infra- 
rouge-au moyen de spectromktres conventionnels-se revkle 
parfois insuffisante. En outre, la technique gkneralernent adop- 
tee de rnise sous forrne de pastilles KBr necessite le broyage et 
la compression de la poudre, manipulations qui peuvent faire 
Cvoluer une forme instable vers une forme stable. La spectro- 
rnCtrie de diffusion Rarnan rend possible l'analyse d'un Cchan- 
tillon polycristallin sans lui faire subir de traitements suscepti- 
b l e ~  de le modifier. Elle permet en outre, comrne l'absorption 
infrarouge, d'etudier le dornaine des vibrations internes, mais 
elle trouve tout son intCr6t dans l'obtention aisCe du spectre 
des vibrations externes. Ces vibrations, qui correspondent aux 
rnouvernents de rotation et de translation des molCcules au sein 
du reseau cristallin, sont d'un trks grand intCr&t pour caract& 
riser le polymorphisrne, qui se rnanifeste par des changernents 
au niveau du rkseau. Les raies caracttristiques apparaissent 2 
des frCquences trks basses et ne sont facilernent accessibles 
que par diffusion Rarnan. Cette technique, d'application rC- 
cente au medicament (9, lo), est trks peu employee et nous 
l'avons d6ji rnise en oeuvre lors de 1'Ctude de differents sulfa- 
rnides (1, 11, 12, 21). 

Domaine des vibrations externes 
Les spectres Rarnan des vibrations du rkseau, reprCsentis sur 

la figure 5 ,  permettent irnmediatement d'identifier les deux 
polyrnorphes et le solvate. Le solvate se caractkrise principale- 
rnent par la raie 31 crn-I, la plus intense de tout le spectre; les 

Spectrome'trie infrarouge et Raman raies 49,5, 68 et 102 crn-' peuvent egalement permettre de 
La spectromCtrie infrarouge est une rnCthode uti]isCe depuis l'identifier. Les raies 41, 63, 79, 113 et 123 ern-' peuvent &tre 

de nornbreuses annees pour rnettre en evidence le polymer- utilisees pour caracteriser la forrne 11. Enfin, la forme 1 Se 
phisme de substances rn&jicamenteuses, rnais le domaine reconnait par la raie 88 cm-' trks intense, le massif centre 
spectral gCnCralernent analysC s'Ctend seulernent de 4000 2 130 cm-l et le triplet 45, 37 et 31 cm-'. 
200 crn-' et ne porte donc que sur les vibrations internes de la Domaine des vibrations internes 
rnolCcule. Le polyrnorphisme pouvant n'influer que tres peu Les spectres Rarnan (fig. 6) et infrarouge (fig. 7) permettent 
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FIG. 5 .  Spectres Raman des vibrations du rCseau du sulfamC- 
thoxazole. 

de difftrencier les trois formes polymorphes bien que les diffk- 
rences, en particulier celles relevkes sur les spectres Raman, 
soient moins significatives dans ce domaine que dans celui des 
vibrations externes. 

La presence simultanke dans cette molkcule d'un noyau 
benzknique et d'un noyau mtthoxazole rend complexe l'inter- 
prttation des spectres de vibration. Nous avons signal6 prk- 
ckdemment que les formes I et I1 prksentent de nombreuses 
analogies structurales et diffkrent essentiellement par les liai- 
sons hydrogene intermoltculaires, qui intkressent principale- 
ment les groupements amine, amide et sulfone. Par suite du 
nombre important de vibrations attendu et des nombreux cou- 
plages possibles nous limiterons nos propositions d'attribution 
2 certains modes caractkristiques. Ces propositions sont baskes 
d'une part sur les travaux antkrieurs portant sur des moltcules 
voisines, d'autre part sur la comparaison des spectres avec ceux 
de diffkrents sulfamides dtja ktudits. 

FIG. 6. Spectres Raman de trois formes de sulfamCthoxazole 
(1700- 100 cm- ' ) .  

FIG. 7. Spectres infrarouge du sulfamCthoxazole. 

Re'gion 4000-2000 em-' 
Les spectres infrarouge des trois formes Ctudites rkvelent 

d'importantes modifications dans ce domaine. Les vibrations 
du groupement mtthyle ne donnent lieu qu'a de faibles absorp- 
tions et ne seront pas discutees. En revanche, les vibrations 
v(NH2) et v(NH) se traduisent par de fortes bandes infrarouge. 

Les bandes 3475 et 3384 cm-' de la forme I traduisent sans 
ambigui'te les modes antisymttrique et symttrique du groupe- 
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ment amine: ces valeurs sont en accord avec celles trouvees 
pour d'autres sulfamides (1, 10, 11, 12). Ces vibrations sont 
peu perturbies par les liaisons hydrogkne donto les longueurs 
N-H. . . O  (tableau 2) sont supCrieures a 3,2 A, ce qui con- 
firme les conclusions de Novak et coll. (13), qui ont montrC, 
qu'au dela d'une telle distance, l'influence de la liaison H sur 
la frkquence de vibration est peu importante. Dans la forme 11, 
ces modes v,, (NH,) et v,  (NH,) apparaissent a des frkquences 
voisines de celles de la forme I, 3490 et 3400 cm-I. 

Si dans le solvate le mode v,, (NH,) est trouvC isole 
3475 cm-', en revanche, le mode v ,  (NH,) apparait sous forme 
d'un doublet a 3400 et 3360 cm-I: un tel dCdoublement a CtC 
reliC a la formation de dimkres cycliques (14), comme cela a 
dCja Ctt observC sur des barbituriques (15, 16) et le sulfamC- 
thoxypyridazine (17). La determination de la structure de ce 
solvate devrait nous permettre de confirmer cette hypothkse. 

La frCquence v (N-H) d'un groupement RS0,-NH-R' 
est gCnCralement attendue vers 3300 cm-I: la raie 3305 cm-' 
(forme I) correspond donc a cette vibration. Shiu Shiang Yang 
et Guillory (3) avaient attribuC les raies 3300 et 3150 cm-' a ce 
mouvement. Si l'attribution de la premiere frCquence nous 
parait raisonnable, nous ne pensons pas que l'attribution de la 
seconde a ce m&me mode puisse &tre retenue; en effet, la raie 
3145 cm-' a CtC attribute (17), dans des complexes d'aniline 
en particulier, au mode v(N-H) engag6 dans une liaison 
N-H. . .N. Or, la dktermination de la structure montre qu'il 
n'existe pas de telle liaison dans la forme I. Nous proposons 
d'attribuer cette raie soit h une combinaison soit 2 une rCso- 
nance de Fermi entre une vibration v (CH) du noyau et l'harmo- 
nique de la raie 1592 cm-I, ce qui justifierait son intensite. Sur 
les spectres du solvate, le mode v (N-H) est abaisse 3200 
cm-I, preuve que le vibrateur N-H est impliquC dans une 
liaison hydrogkne. 

La forme 11, quant a elle, prCsente plusieurs bandes d'inten- 
site moyenne entre 3300 et 2700 cm-I, parmi lesquelles il est 
difficile de retrouver ce mode. L'ttude structurale montre que 
dans ce po ly~orphe  il existe une liaison N-H. . .N de lon- 
gueur 2,952 A, donc relativement forte pour une liaison de ce 
type (18); nous proposons d'attribuer la bande 3100 cm-' au 
mode v (N-H) engag6 dans le pont hydrogkne (1 8 ,  19). 

RPgion 1700-200 em-' 
Seules certaines vibrations caractCristiques seront discutCes. 

Quelle que soit la forme, deux bandes intenses apparaissent 
vers 1600 et 1625 cm-' la lkre traduisant une vibration du 
noyau, la seconde le cisaillement 6 (NH,). La forme I1 presente 
en outre une bande supplCmentaire a 1645 cm-', trks intense, 
que nous proposons d'attribuer au mode S(N-H) bien que 
cette frkquence soit ClevCe pour une telle vibration. A l'appui 
de cette attribution, signalons que Novak et coll. (13) ont mon- 
trt que l'existence d'un pont hydrogene du type N-H. . . N 
abaisse la frtquence du mode v (N-H) et dCplace vers les 
hautes frequences le mode 6 (N-H) attendu vers 1400 cm-I. 

Les dernikres frCauences aue nous discuterons sont en rau- 
port avec le groupement sulfone. Le mode antisymttrique v,, 
(SO,) apparait tres intense sur les spectres d'absorption, a 1365 
cm-' (forme 1). La raie trks fine 1383 cm-I qui traduit une raie 
du noyau benzknique, est retrouvte la m&me frCquence dans 
tous les composCs. Cette vibration v,, (SO?) voit sa frtquence 
s'abaisser a 1335 cm-' (forme 11) et 1310 cm-I (solvate). Ces 
abaissements de friquence sont 2 mettre en relation avec l'exis- 
tence des liaisons hydrogkne. Cette influence se manifeste Cga- 
lement au niveau du mode symCtrique v,  (SO,), trks intense en 
Raman, qui apparait gCnCralement sous forme d'un doublet 

(12). Dans la forme I,  les spectres Raman et infrarouge revelent 
1 145 - 1 160 (ir) et 1 14 1 - 1 156 (Raman) deux raies, d'egales 

intensitCs, attribuables 2 ce mode. En revanche, on observe une 
diminution trks importante de la bande de plus basse frequence 
(forme 11) et un dkdoublement de cette bande (solvate). Enfin, 
le cisaillement 6 (SO,) donne un doublet vers 545-572 cm-' 
tant sur les spectres Raman qu'en infrarouge. 

ConcIusion 
L'Ctude du sulfamCthoxazole nous a permis de mettre en 

tvidence deux polymorphes et un solvate non rCpertoriC dans la 
1ittCrature. 

Chaque forme a CtC identifiCe et caractCrisCe par des mt-  
thodes thermiques et spectrales. L'analyse thermique diffkren- 
tielle nous a rCvClC l'existence du solvate qui a CtC caractCrisC, 
comme les deux polymorphes, par son diagramme de rayons X 
et ses spectres infrarouge et Raman. La determination de la 
structure cristalline de la forme I1 a CtC rCalisCe, ce qui nous a 
amen6 a la comparer a celle de la forme I dCja publiCe. Cette 
comparaison rCvele que les polymorphes I et I1 cristallisent 
dans le m&me systkme cristallin (monoclinique) et que I'em- 
pilement dans les mailles est tres semblable. Les molCcules 
I et I1 sont pratiquement identiques quant aux distances 
interatomiques et aux angles de valence, les diffkrences les 
plus importantes se situant au niveau des liaisons hydrogkne 
intermolCculaires. 

L'existence de ces ponts hydrogene nous a conduit a rialiser 
une analyse, par spectromCtrie d'absorption infrarouge et 
de diffusion Raman, des vibrations des groupements amine, 
amide et sulfone principalement intCressCs par ces liaisons. 

Nous proposons donc une attribution des modes caractCris- 
tiques de ces groupements en relation avec les longueurs des 
liaisons. 

L'obtention de cristaux mesurables du solvate doit nous per- 
mettre de diterminer la structure de ce composC et d'effectuer 
une Ctude des cinCtiques de dissolution des diffkrentes formes. 
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Syntheses and reactivity of square-planar Rh(I) complexes, 
LRh(C0) (L = unsymmetric tridentate chelating pyrazolylgallate ligand). 

X-ray crystal structures of [Me2Gapz(OCH2CH2NH2)]Rh(CO) and 
[Me2Gapz(OCH2CH,NMe2)]Rh(COMe)I (pz = pyrazolyl, N2C3H3) 

BRENDA M .  LOUIE, STEVEN J. RETTIG, ALAN STORR, AND JAMES TROTTER 
Department of Chemistry, University of British Col~ttnbia, 2036 Main Mall, Vancoltver, B.C., Canada V6T I Y6 
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BRENDA M. LOUIE, STEVEN J. RERIG, ALAN STORR, and JAMES TROITER. Can. J. Chem. 63, 3019 (1985). 
The syntheses and characterization of a number of square-planar Rh(1) monocarbonyl complexes incorporating un- 

symmetrical, tridentate, pyrazolylgallate ligands in a meridional coordination mode are described. Oxidative addition reactions 
of these complexes are detailed and a facile migratory insertion reaction, following the addition of methyl iodide, has resulted 
in a five-coordinate square-pyramidal Rh(ll1) acetyl complex. Crystal structures of two compounds are presented, [Me,Gapz- 
(OCHZCH2NH2)]Rh(CO) and [MeZGapz(OCHZCH2NMeZ)1Rh(COMe)l, and confirm the molecular arrangements predicted on 
the basis of other physical measurements. Crystals of the former are monoclinic, a = 10.212(2), b = 7.8484(5), c = 16.733(2) 
A, p = lO5.l33j6)", z = 4, space group P21/c; and those of the latter are monoclinic, a = 10.0960(1 l),  b = 11.5352(8), 
c = 15.871(2) A, P = 105.764(6)", s = 4, space group P2,/n. Both structures were solved by conventional heavy atom 
methods and were refined by full-matrix least-square procedures to R = 0.026 and 0.036, respectively, for 2142 and 2941 
reflections with I 2 3u(I). 

BRENDA M. LOUIE, STEVEN J. RERIG, ALAN STORR et JAMES TROTTER. Can. J. Chem. 63, 3019 (1985). 
On dkcrit la synthkse et la characttrisation de nombreux complexes carre-plans de Rh(1) monocarbonyle incorporant des 

ligands, tridentates, pyrazolylgallate dans un mode de coordination mtridionale. On decrit des reactions d'addition oxydante 
de ces complexes et une reaction d'insertion migratoire facile suivie de I'addition de I'iodure de mtthyle qui conduit a la 
formation d'un complexe acetylt de Rh(ll1) pentacoordonnt et pyramidal carrt. On presente les structures de ces deux 
composts: [Me2Gapz(OCHZCH2NH2)]Rh(CO) et [Me,Gapz(OCHZCH,NMeZ)]Rh(COMe)l, et on confirme les arrangements 
moltculaires prevues a partir d'autres mesures physiques. Les cristaux du premier compost appartiennent au groupe d'espace 
monoclinique P 2 ] / c  avec a = 10,212(2), b = 7,8484(5), c = 16,733(2) A, P = 105,133(6)", z = 4. Lescristaux du d e u x i 6 ~ e  
compose appartiennent au groupe d'espace monoclinique P21/tz avec a = 10,0960(1 I), b = 11,5352(8), c = 15,871(2) A, 
p = 105,764(6)", z = 4. On a resolu les deux structures par la mtthode conventionnelle de l'atome lourd et on les a affintes 
par la mkthode des moindres carres jusqu'a des valeurs de R = 0,026 et de 0,036 respectivement pour 2142 et 2941 rkflexions 
avec I 2 3u(I).  

[Traduit par le journal] 

Introduction 
Recently we reported the syntheses, properties, and struc- 

tures of a number of Rh(1) complexes containing symmetrical 
bidentate pyrazolylgallate ligands (1). The novel compound, 
(MeGapz3)2Rh2(p-CO)3, incorporating symmetrical tridentate 
pyrazolylgallate ligands has also been described (2). The 
present paper details the synthesis of a number of square-planar 
Rh(1) monocarbonyl complexes, LRh(CO), containing un- 
symmetrical tridentate pyrazolylgallate ligands of the general 
formula: 

where R = H ,  Y = NH2, NMe2, SPh or SMe; R = Me, Y = NH, 

The reactivity of  selected LRh(C0) complexes towards Mel ,  
C O ,  and other small molecules is described and the crystal 
structures of LRh(C0) (R = H and Y = NH2) and 
LRh(C0Me)I  (R = H and Y = NMe,) are presented. 

Experimental 
Starting materials 

Air-sensitive materials were handled in a nitrogen atmosphere. Tet- 
rahydrofuran (THF), benzene, CH2CI2, and hexane were dried by 
refluxing over Na/benzophenone, potassium, CaH,, and CaS04, re- 
spectively, followed by distillation. [Rh(CO)ICI]Z (Strem Chemicals) 
was used as supplied or alternatively prepared from RhC13-3HI0 
following a literature method (3). Me1 was distilled from P205 before 
use and stored over a few mercury droplets. Dihalogens (Fisher Sci- 
entific) were used as supplied. Sodium salts of the unsymmetrical 
tridentate pyrazolylgallate ligands were prepared as standard THF 
solutions as described earlier (4). 

Synthesis of LRh(C0)  
'The following general method was used to prepare the LRh(C0) 

complexes listed in Table I. Two molar equivalents of N a + L  were 
added dropwise to - 100 mg of [Rh(CO)rC1]2 dissolved in -75 mL 
THF. The resulting mixture was refluxed until ir sampling indicated 
complete disappearance of the starting rhodium carbonyl dimer ( - 3  
h). The THF was removed in vnclto from the cooled reaction solution 
and the remaining residue was redissolved in -5 mL CH,CI2 and 
filtered. Hexane (-5 mL) was then added to the filtrate and the 
solvents were allowed to slowly evaporate leaving lemon yellow or 
yellow green powders or crystals of the desired products in approxi- 
mately 50-80% yield. Elemental analyses, 'H nmr, and ir data for the 
LRh(C0) complexes are collected in Table 1. 

Reactions of selected LRh(C0) cotnplexes 
( a )  With Mel 
A slight excess of Me1 (0.02 g, 0.32 mmol) was added to 

[Me2Gapz(OCHICHINMeZ)IRh(CO) (0.076 g, 0.20 mmol) dissolved 
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LOUIE ET AL 

reflections (20 = 35 -42") measured on a diffractometer with Mo-Ka 
radiation (h(Kal) = 0.70930, h(Ka2) = 0.71359 A). Crystal data at 
22°C are: 
C8H 15GaN302Rh fw = ?57.85 
Monoclinic, a = 10.212(2), b = 7.8484(5), c = 16.733(2) A, P = 
105.133(6)", V = 1294.6(3) A ~ ,  Z = 4, p, = 1.836 Mg m-', F (000) 
= 704, ~ (Mo-Ka)  = 33.2 cm-'. Absent reflections: h01, 1 odd, and 
OkO, k odd, uniquely indicate the space group P2 ,  /c (c:,,, No. 14). 

Intensities were measured with graphite-monochromated Mo-Ka 
radiation on an Enraf-Nonius CAD4-F diffractometer. An w-20 scan 
at 0.91 - 10.06" min-' over a range of (0.60 + 0.35 tan 0) degrees in 
w (extended by 25% on both sides for background measurement) was 
employed. Data were measured to 20 = 55'. The intensities of three 
check reflections, measured every 3600 s throughout the data col- 
lection, remained constant to within 3%. After data reduction,' an 
absorption correction was applied using the analytical method (6, 7). 
Transmission factors ranged from 0.449 to 0.667. Of the 2967 inde- 
pendent reflections measured, 2142 (72.2%) had intensities greater 
than or equal to 3u(I) above background where u2(l)  = S + 2 8  + 
(0.04 (S - B))' with S = scan count and B = normalized background 
count. 

The structure was solved by conventional heavy atom methods, the 
coordinates of the Rh and Ga atoms being determined from the Pat- 
terson function and those of the remaining non-hydrogen atoms from 
a subsequent difference map. After full-matrix least-squares refine- 
ment of the non-hydrogen atoms with anisotropic thermal parameters 
to R = 0.037, a difference map gave the positions of all 15 hydrogen 
atoms. Hydrogen parameters were igealized (N-H = 0.94, 
C(sp3)-H = 0.98, C(sp2)-H = 0.97 A, methyl positions based on 
observed peaks) and included in the refinement as fixed contributors. 
The scattering factors of ref. 8 were used for non-hydrogen atoms and 
those of ref. 9 for hydrogen atoms. Anomalous scattering factors from 
ref. 10 were used for the Rh and Ga atoms. The weighting scheme w 
= 1/u2(F), where u2(F)  is derived from the previously defined u2(1), 
gave uniform average values of w(l Fc,l - over ranges of both IF,I 
and sin 0/X and was employed In the final stages of full-matrix 
refinement of 137 variables. Reflections with I < 3u(I)  were not 
included in the refinement. An isotropic Type I extinction correction 
(Thornley-Nelmes definition of mosaic anisotropy with a Lorentzian 
distribution) was applied (1 1 - 13). The final value of g was 1.35(21) 
X lo4. Convergence was reached at R = 0.026 and R,, = 0.032 for 
2142 reflections with 1 2  3u(I).  For all 2967 reflections R = 0.055. 
The function minimized was Cw(lF,I -  IF,^)', R = CI~F,I - 
I F.II/CI Fol and R,,, = (Cw(1 F,I - I F.I)'/CWIF.I~)~/~ 

On the final cycle of refinement the mean and maximum parameter 
shifts corresponded to 0.02 and 0.1813, respectively. The mean error 
in an observation of unit weight was 1.486. A finalodifference map 
$owed maximum fluctuations of -0.55 to $0.73 e A-', 0.6 and 0.9 
A from Rh, respectively, and was essentially featureless away from 
the heavy atoms. The final positional and thermal parameters appear 
in Tables 2 and 7,' respectively. Measured and calculated structure 
factors have been placed in the Depository of Unpublished ~ a t a . '  

Acetyl(iodo)[dimethy2(1-pyrazolyl)(2-N ,N-dimethy1aminoethoxy)- 
gallato-N,N,O]rhodium(lll) 

Experimental details are as above except where noted. The bound- 
ing planes of the crystal were: + (I 0 - I), 0.050, ?(I 0 2), 0.107, 
+(I 1 0), 0.263 mm (from a common origin). Reflections employed 

' The computer programs used include locally written programs for 
data processing and locally modified versions of the following: 
ORFLS, full-matrix least-squares, and ORFFE, function and errors, 
by W. R. Busing, K. 0 .  Martin and H. A. Levy; FORDAP, Patterson 
and Fourier syntheses, by A. Zalkin; ORTEP 11, illustrations, by 
C. K. Johnson. 

'The structure factor table, Table 7 (anisotropic thermal parame- 
ters), and other material mentioned in the text may be purchased from 
the Depository of Unpublished Data, CISTI, National Research Coun- 
cil of Canada, Ottawa, Canada KIA 0S2. 

TABLE 2. Final positional (fractional X lo4; I, Rh, a!d Ga X 

lo5) and isotropic thermal parameters (U X lo3 A') with 
estimated standard deviations in parentheses 

Atom r Y 7 Uim* 

* U,,, = average of the three principal axes 

in the refinement of unit-cell parameters had 20 = 35-40'. Crystal 
data are 
C, I HzzGaIN302RH fw = 527.84 
Monoclinic, a = 10.0960(1 I), b 7 11.5352(8), c = 15.871(2) A, 
p = 105.764(6)", V = 1778.8(3) A ~ ,  Z = 4, p, = 1.971 Mg m-3, 
F(000) = 1016, ~ (Mo-Ka)  = 41.4 cm-'. Absent reflections: h01, 
h + 1 odd, and OkO, k odd, uniquely indicate the space group P2 , ln  
(non-standard setting of P2, /c  with equivalent positions: k (x ,  y, z; 
112 - x, 112 + y, 112 - z) chosen to give P nearer to 90'). 

An w-20 scan at 0.96- 10.06" min-' over a range of (0.65 + 0.35 
tan 0)" in w was employed. Of 5169 independent reflections measured 
(to 20 = 60°), 294 1 had intensities greater than 3u(I)  above back- 
ground. The intensities of the standard reflections remained constant 
to within 3%. Data were corrected for absorption, transmission factors 
ranging from 0.4 10 to 0.680. 

The I, Rh, and Ga coordinates were determined from the Patterson 
function and those of the remaining non-hydrogen atoms from a sub- 
sequent difference map. Refinement of the non-hydrogen atoms with 
anisotropic thermal parameters reduced R to 0.042. In the final stages 
of refinement the hydrogen atoms were included as fixed contributors 
in idealized positions. Convergence was reached at R = 0.036 and R,, 
= 0.040 for 2941 reflections and 172 variables, for all 5169 reflec- 
tions R = 0.084. The mean and maximum parameter shifts on the final 
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TABLE 3. Bond lengths (A) with estimated standard devi- 
ations in parentheses 

Bond Length (A) Bond Length (A) 

[Me2Gapz(OCH,CH2NMe2)1Rh(COMe)I 
I -Rh 2.6300(5) N(1)-N(2) 1.368(5) 
Rh -0(1) 2.014(3) N( I)-C(6) 1.346(5) 

( b )  

Rh -N(l) 2.033(4) N(2)-C(8) 1.335(6) 
Rh -N(3) 2.1 1 l(3) N(3)-C(5) 1.496(7) 
Rh -C(I) 1.955(5) N(3)-C(9) 1.492(6) 
Ga -0(1) 1.913(3) N(3)-C( 10) 1.484(7) 
Ga -N(2) 1.994(4) C(I)--C(I 1) 1.499(7) 
Ga -C(2) 1.947(6) C(4)-C(5) 1.489(8) 
Ga -C(3) 1.946(6) C(6)-C(7) 1.363(7) 
O(1)-C(4) 1.422(6) C(7)-C(8) 1.360(8) 
O(2)-C(1) 1.195(6) 

4- 

error in an observation of unit weight was 1.577. Anomalous scatter- 
ing corrections were applied for I ,  Rh, and Ga atoms. A final differ- 

L, , , ,~J:.li 
cycle of refinement corresponded to 0.01 and 0 . 0 8 ~  and the mean b ' ; ' 1 ' 3 4 5 6 7 e s r o  k 

FIG. 1. Room temperature 80 MHz ' H  nmr spectra of (a )  

ence map showed maximum fluctuations of -3.9 to + 1.4 A - O M e ~ G a p z ( O C H 2 C H , N M e z ) I R h ( C O )  in C6D6; (b) [ ~ e ~ ~ a ~ z -  
within 1.0 A of I and was featurelcss awav from the heavv atoms. (OCH2CHzNMe2)]Rh(COMe)I in C6D6. 

Bond lengths, bond angles, and intra-annular torsion angles for the 
two compounds appear in Tables 3-5, respectively. Calculated hydro- 
gen coordinates and isotropic thermal parameters (Table 6) and com- 
plete listings of torsion angles (Table 8) are also included as deposited 
material." 
Physical tneasurements 

Infrared spectra were recorded on a Perkin Elmer 598 spectrometer. 
'H  nmr spectra were obtained on a Bruker WP 80 instrument using FT 
techniques. Mass spectra were recorded on either a Varian MAT 
CH4B or AES MS 50 spectrometer operating at 70 eV. Melting points 
were measured on a Gallenkamp apparatus in sealed capillary tubes 
and are uncorrected. Elemental analyses were performed by Mr. P. 
Borda of the U.B.C. Microanalytical Laboratory. 

Results and discussion 
Numerous carbonyl compounds incorporating tridentate pyr- 

azolylgallate ligands of the type 1 have been reported for Cr, 
Mo, W,  Mn, and Re (4, 14- 18). In each of these complexes 
the pyrazolylgallate anions were found to coordinate exclu- 
sively in a fac mode, even though the chelating ligands are 
capable of meridional coordination. For example both the fac 
and mer isomers have been structurally characterized for the 
coordination compound [Me2Gapz(OCH2CH2NH2)lzNi (19) 
and a meridional arrangement is observed in the novel five- 
coordinate iron dinitrosyl complex [Me2Gapzu(OCHzCHz- 
NMe2)]Fe(NO), (pz" = 3,5-dimethylpyrazolyl, NzC5H7) (20). 

In previous publications we have often made comparisons 
between related transition metal complexes incorporating tri- 
dentate pyrazolylgallate, trispyrazolylborate, or cyclopentadi- 
enyl type ligands (e.g. ref. 21). Several directly analogous 
compounds have been prepared containing these ligands - not 
surprisingly since all three types of ligands are uninegative, 

"tridentate", six-electron donors. However, the capability of 
the present unsymmetric pyrazolylgallate ligands to coordinate 
meridionally leads to markedly different behaviour when these 
anions are reacted with [Rh(CO),C\],. For example, the pre- 
paration of (qs-CSH5)Rh(C0)2 from [Rh(C0),C1I2 and 
Nak(C5HS)- has been known for some time (22). Similarly 
[HB(pz"),lRh(CO), can be prepared as stable yellow crystals in 
high yield (23, 24), although it is interesting that the ligands 
MeGapz, and HBpz3- lead to the dinuclear rhodium species 
( M e G a p ~ ~ ) ~ R h ~ ( p - c O ) ,  (2) and ( H B p ~ ~ ) ~ R h ~ ( p - c o )  (25). Our 
attempts to synthesize the analogous dicarbonyl rhodium spe- 
cies incorporating the "L" ligands 1 resulted instead in the 
isolation of stable, square-planar, 16-electron monocarbonyl 
complexes. The meridional configuration of the pyrazolyl- 
gallate ligand was clearly established by the presence of two 
triplets in the 'H nmr spectrum for the 0CH2CH,NMez protons 
(J - 5.5 Hz) in the complex LRh(C0) (where R = H, Y = 
NMe,) (see Fig. l(a)). In addition the singlets observed for the 
NMe, and GaMe, groupings in this complex further substan- 
tiate this mer configuration of the "L" ligand. The remaining 
LRh(C0) complexes in Table 1 also display GaMez singlets 
suggesting a similar planar Rh(1) species in all cases. 

The mass spectra obtained for each of the LRh(C0) com- 
pounds displayed prominent signals due to the monomeric par- 
ent ion, P'. In each case the highest intensity signals in the 
spectra were attributable to the P - Me' ion, with prominent 
signals due to the P - CO' and P - Me - CO' ions being 
observed. 

Confirmation of a square-planar Rh(1) environment in the 
complex [Me,Gapz(OCHzCHzNH2)]Rh(CO) has been estab- 
lished by an X-ray structure determination. The molecular ar- 
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rangement is shown in Fig. 2(a). As expected the pyr- 
azolylgallate ligand is meridionally disposed about the Rh(1) 
centre, with the CO ligand occupying the fourth coordination 
site in the square planar complex. The coordination group 
(RhN,OC) is significantly non-pl3nar (x' = 541) although all 
five atoms lie within 0.055(6) A of the mean plane. Bond 
distances involving Rh are Rh-0 = 2.058(2), Rh-N(pz) = 
2.035(3), Rh-N(amino) = 2.070(3), and Rh-CO = 
1.776(5) A. The carbonyl group is nearly linear, Rh-C-0 
= 176.8(2)". 

The pyrazolyl ring is planar to within experimental error 
(x2 = 6.2, maximum deviation from the mean plane = 
0.006(5) A) while the two five-membered chelate rings are 
both significantly non-planar, having irregular "puckered" con- 
formations (see Table 5 for torsion angles). In the solid state 
molecules are linked by intermolecular N-H...O hydrogen 
bonds (N(3)-H(Nb)-.-O(1) ( 1  - ax, y - 112, 112 - z); 
H...O = 2.20, N . - . O  = 3.088(4) A, N-H- - -0  = 158") to 
form continuous spirals about the twofold screw axes along b. 
All other intermolecular distances correspond to normal van 
der Waals interactions. 

The reaction between [Me,Gapz(OCH,CH2NMez)1Rh(CO) 
and Me1 in CH,Cl, initially yielded solution ir evidence for a 
six-coordinate oxidative addition product. Thus the vco band of 
the starting monocarbonyl species at 1958 cm-' was replaced 

c121 by two bands on addition of Me1 at 2063 and 1720 cm-' ,  the 
latter gaining in intensity with time. Attempts to isolate the 

FIG. 2. Stereoscopic views of ( a )  [Me,Gapz(OCH,CHzNHz)]- species responsible for the 2063 cm-' band resulted instead in 
Rh(C0) and ( b )  [MeZGapz(OCH,CHzNMez)lRh(COMe)I. 50% crystals of a new Rh(III) compound containing a terminal ace- 
probability thermal ellipsoids are shown. Hydrogen atoms have been tyl group. Thus migratory insertion, as shown below, takes 
omitted for clarity. place readily at room temperature: 

The carbonyl stretching frequency for the proposed inter- 
mediate is similar to that reported for a related complex, 
(q5-C5Me5)Ir(CO)(Me)I (vco: 2002 cm-' (CH?CI,)) (26). 
Methyl migration does not take place with this stable Ir(II1) 
compound, possibly due to the greater stability of Ir-C bonds 
compared to analogous Rh-C bonds. Interestingly related 
rhodium complexes containing u-bonded methyl groups have 
not been observed during the reaction of Me1 with cyclo- 
pentadienyl rhodium carbonyls. For example, the reaction of 
Me1 with (q5-C5Me,)Rh(CO), proceeds directly to the 
(q5-C5Me5)~h(CO)(COMe)I complex at 50°C (27). 

In addition to the diagnostic vco band at 2063 cm-' suppor- 
tive evidence for the intermediate six-coordinate Rh(II1) spe- 
cies emanates from the 'H nmr spectra run on samples soon 
after the introduction of Me1 to [Me2Gapz(OCHFH2NMe2)1- 
Rh(C0) dissolved in C6D6 These show, in addition to peaks 

assignable to the five-coordinate product, patterns expected for 
the proposed intermediate, including a broad Rh-Me reso- 
nance at -9 I-. With time these peaks due to the intermediate 
gradually disappear to leave a clean spectrum of the five- 
coordinate Rh(II1) acetyl derivative. 

The mass spectrum of [Me2Gapz(OCH,CH2NMe?)1Rh- 
(C0Me)I indirectly supports the presence of an acetyl ligand. 
Signals corresponding to the ions P', P - Me ', P - Me - I f ,  
and P - 2Me - If ions are observed in the spectrum, but no 
evidence for the presence of the P - Me - CO' or P - CO' 
ions was obtained. Signals arising from these latter two ions are 
generally observed in the mass spectra of pyrazolylgallate tran- 
sition metal complexes containing terminal carbonyl groups. 

The absence of two well-defined triplets attributable to the 
methylene protons in the 'H nmr spectrum of [Me,Gapz- 
(OCH,CH,NMe,)]Rh(COMe)I (Fig. l(b))  is expected since 
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TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle (deg) Bonds Angle (deg) 

[MezGapz(OCHzCH,NH,)]Rh(CO) 
O(1)-Rh -N(l) 87.48(11) Ga -0(1)-C(4) 12 1.4(2) 
O(1)-Rh -N(3) 81.91(12) Rh -N(I)-N(2) 118.1(2) 
O(l)-Rh -C(l) 176.8(2) Rh -N(1)-C(6) 133.8(3) 
N(1)-Rh -N(3) 169.04(13) N(2)-N(1)-C(6) 106.9(4) 
N(1)-Rh -C(l) 94.9(2) Ga -N(2)-N(1) 119.9(2) 
N(3)-Rh -C(I) 95.8(2) Ga -N(2)-C(8) 132.7(3) 
O(l)-Ga -N(2) 88.32(12) N(1)-N(2)-C(8) 107.4(3) 
O(1)-Ga -C(2) 108.0(2) Rh -N(3)-C(5) 107.6(2) 
O(l)--Ga -C(3) 108.5(2) Rh -C(1)-O(2) 176.4(6) 
N(2)-Ga -C(2) 109.0(2) O( I )-C(4)-C(5) 107.9(3) 
N(2)-Ga -C(3) 109.8(2) N(3)-C(5)-C(4) 108.2(4) 
C(2)-Ga -C(3) 126.5(2) N( 1 1-C(6)-C(7) 109.9(4) 
Rh -O(l)-Ga 1 13.89(13) C(6)-C(7)-C(8) 105.7(4) 
Rh -O(I)-C(4) 1 1 1.4(2) N(2)-C(8)-C(7) 110.1(4) 

unlike the four-coordinate Rh(1) species, [Me2Gapz- 
(OCH,CH2NMe2)]Rh(CO) (Fig. 1 (a)), this molecule does not 
possess a plane of symmetry. Thus the four methylene protons 
become individually unique and exhibit complex spin-spin 
interactions. A number of molecular arrangements are possible 
for the five-coordinate Rh(II1) species, some of them neces- 
sarily involving concomitant meridional-facial rearrangement 
of the pyrazolylgallate ligand during the oxidative addition and 
migratory insertion reaction sequence. A definitive X-ray crys- 
tal structure of the complex [Me2Gapz(OCH2CH2NMe2)]- 
Rh(C0Me)I (Fig. 2(b)) has shown that the pyrazolylgallate 
ligand in fact remains meridional, that the iodine atom replaces 
the CO ligand in the original square-planar arrangement, and 
the CO group becomes part of the acetyl moiety occupying the 
apical position in the observed square-pyramidal struSture. The 
basal group (NIOI) is planar to within 0.037(4) A, the Rh 
atom being displaced from the mean plane by 0.1709(3) A 
toward the apical carbon atom. Bond lengths involving Rh 
are Rh-I = 2.6300(5), Rh-0 = 2.014(3), Rh-N(pz) 
= 2.033(4), Rh-N(amino) = 2.111(3), and Rh-C = 
1.955(5) A. The Rh-I distance is slightly shorter than the 
range of 2.65-z.69 A observed for most Rh(II1)-I distan~es, 
e.g. 2.643(3) A in RhIIMe(PPh3)2 (28) and 2.653(3) A in 
(q5-C5~5)Rh(CO)(CzF~)~ (29). 

The pyrazolyl group is planar within exper$ental error 
(x2 = 0.2, maximum deviation = 0.001(5) A) while the 
RhC(0)C group is slightly but significantly non-planar (x2 = 
17.6, maximum deviation 0.018(5) A). Both five-membered 
chelate rings are significantly non-planar and have "puckered" 
conformations. The RhNNGaO ring, however, is much more 
planar than that in LRh(C0) (see Table 5). In addition, the 
coordination about O(1) is planar compared with pyramidal in 
LRh(CO), the sum of angles about O(1) being 360.0" vs. 
346.7" in LRh(C0). 

In the solid state molecules are linked by weak C-H...O 
interactions (C(10)-H(lOa)-..0(2) (112 - o x ,  y - 112, 112 
- z); H - a . 0  = 2.42, C - - - O  = 3.349(7) A, C-H.-.O = 
158") to form continuous spirals about the twofold screw axes. 
The orientation of the acetyl group is determined by three weak 
anchoring interactions: C(5)-H(5b) 0(2) ,  C(9)-H(9c) -.. 
0(2) ,  and C(11)-H(1 l a ) - - .N( l )  (H--- (O/N) = 2.50, 2.3!, 
2.55; C-..(O/N) = 3.215(7), 3.084(8), 2.958(6) A; 
C-H---(O/N) = 121, 128, 105"). 

The observed reluctance of the square-pyramidal molecule, 
LRh(COMe)I, to accept a sixth ligand (CO or PPh,) may result 
from the trans influence of the acetyl grouping. Cheng et al. 
have earlier described a number of 5-coordinate Rh(II1) acyl 
derivatives in which the absence of a sixth ligand in the coordi- 
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TABLE 5. Intra-annular torsion angles (deg) 
standard deviations in parentheses 

Atoms Value (deg) 

[Me2Gapz(OCH2CH2NH,)]Rh(CO) 
N( l)--Rh -O(l)-Ga -29.18(15) 
N(2)-Ga -O(l)-Rh 33.89(15) 
O( 1)-Ga -N(2)-N(l) -29.4(3) 
Rh -N(I)-N(2)-Ga 13.6(4) 
O( 1)-Rh -N(l)-N(2) 9.2(3) 

N(3)-Rh -0(1)-C(4) 1 1.7(3) 
Rh -0( 1)-C(4)-C(5) -37.9(4) 
0 (  l)-C(4)-C(5)-N(3) 53.2(4) 
Rh -N(3)-C(5)-C(4) -42.1(4) 
O( 1)-Rh -N(3)-C(5) 17.2(3) 

ME- - - 
-G 

4' 
Me 

(b) 

FIG. 3. (a) Trigonal bipyramidal and (b) square pyramidal struc- 
ture. 

nation sphere of the metal was attributed to the discouragement 
of any possible trans ligation by the presence of the apical acyl 
ligand (30, 31). The structural influence of the acetyl grouping 
in the six-coordinate Rh(II1) dimer species [Rh214(C0)2(p-I)2- 
(COMe)2]2-, where the Rh-I trans to the acetyl group is 
0.322(3) A longer than the cis Rh-I distance, has also been 
documented (32). The Rh-COMe distance of 1.955(5) A in 
the presento complex is significantly shorter than those of 
2.062(23) A reported for the above dimer species and the 
Rh(II1) - acyl carbon distances reported by Cheng et al. of 
2.002(7) A for (AsPh4)[RhI(COEt)(PPh3)(mnt)] and 2.006(14) 
A for [RhI(COnPr)(PEt3)2(mnt)] (where mnt = maleonitriledi- 
thiolate). Three of these distances are considerably shorter than 
the Rh(II1)-C u-bond distances c!mpiled by Collman et al. 
which cover a range of 2.05-2.26 A (33). The shorter Rh(II1) 
- acyl carbon bond distances may be attributed, in part, to the 
smaller covalent radius of sp%arbon versus sp3 carbon and, in 
addition, to a certain degree of back-bonding from filled d, 
orbitals on the Rh(II1) centre to the TT* orbitals of the acyl 
ligand. The occurrence of the acyl grouping in the apical posi- 
tion in the present five-coordinate Rh(II1) species is somewhat 
surprising since one might expect the migratory insertion reac- 
tion to position this ligand adjacent to a vacant coordination 
site. 

The addition of bromine or iodine to a CH2C12 solution of 
LRh(C0) (R = H, Y = NH2 or NMe2) resulted in the immedi- 
ate appearance of a new single carbonyl band at -2090 cm-' 
with concomitant total loss of the CO stretching frequency 
attributable to the starting LRh(C0) species. This new band has 
been assigned to LRh(CO)X, (X = Br or I) and is -30-50 
cm-' higher than those reported for related cyclopentadienyl 
compounds (e.g., ref. 34) but is very similar to frequencies 
reported for related pyrazolylgallate (35) and -borate (24, 25) 
complexes. These higher wave numbers are unusual as they 
oppose the trend previously observed for other related com- 

plexes incorporating either cyclopentadienyl type or pyrazol- 
ylgallate anions (e.g., ref. 21). That is, pyrazolylgallate 
tridentate ligands, and the related isoelectronic tris(pyrazoly1)- 
borate anions, are generally regarded to be better electron- 
donating groups compared to the cyclopentadienyl ligand 
resulting in lower vco values in analogous transition metal 
carbonyl complexes. Analytically pure samples of the 
LRh(CO)X2 compounds could not be obtained, presumably 
due to the presence of trace amounts of dihalogens which could 
not be successfully removed. Difficulties in obtaining satis- 
factory elemental analyses for related pyrazolylborate 
dihalogen monocarbonyl species have been previously noted 
(24, 25). The mass spectra of the pyrazolylgallate dihalogen 
compounds, LRh(CO)X,, exhibited the expected monomeric 
parent ion signals (-0.5%), in addition to signals attributable 
to ions arising from predictable fragmentation patterns of the 
parent species. 

It has already been mentioned that 18-electron dicarbonyl 
Rh(1) complexes form with both the cyclopentadienyl and 
tris(3,5-dimethylpyrazoly1)borate anions. Monocarbonyl spe- 
cies are not observed with these ligand systems since the 
pseudo facial configuration geometrically imposed on these 
tridentate ligands would force an unfavourable tetrahedral sym- 
metry around the Rh(1) centre. However, with the present un- 
symmetric pyrazolylgallate ligands square planar, 16-electron 
monocarbonyl products are isolated. These LRh(C0) com- 
plexes undergo reversible CO addition in solution. Thus bub- 
bling CO through a hexane solution of [MelGapz(OCH2CH2- 
NH2)]Rh(CO) resulted in the appearance of two new bands in 
the carbonyl region of the ir spectrum at wavenumbers again 
-50 cm-' and -90 cm-' higher than those reported for 
the isoelectronic compounds (T5-C5H5)Rh(C0)2 (36) and 
(rlS-C5Me5)Rh(C0)2 (27), respectively. [Me2Gapz(OCH2CH2- 
NH2)]Rh(C0)2 was unstable in solution, both in air and under 
a nitrogen atmosphere. With air exposure extensive sample 
decomposition was signaled by the precipitation of black in- 
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soluble materials. The solution, on standing under a nitrogen 
atmosphere, lost carbon monoxide slowly to give solutions 
containing both the mono- and dicarbonyl species. Complete 
conversion to the monocarbonyl could be effected by gently 
refluxing the solution. 

The 'H nmr of [Me2Gapz(OCH2CH2NH2)]Rh(C0)2 was ob- 
tained by bubbling CO through a C6D6 solution of the mono- 
carbonyl in an nmr tube. The most notable feature of this nmr 
spectrum was the loss of the triplets attributable to the meth- 
ylene protons of the amino alcohol moiety of the pyrazolyl- 
gallate ligand, indicating that the symmetry of the starting 
LRh(C0) complex was lost. Therefore, the dicarbonyl is not a 
trigonal bipyramid as shown in Fig. 3(a) (as this configuration 
still possesses a mirror plane containing the three donor sites of 
L) but is more likely square pyramidal, as shown in Fig. 3(b). 
Furthermore, the two gallium methyl groups are inequivalent in 
the 'H nmr spectrum of this complex, lending additional sup- 
port for this square-pyramidal structure. Unfortunately the di- 
carbonyl could not be isolated as a crystalline sample and thus 
confirmation of this molecular arrangement was not possible 
via X-ray structure analysis. However, by comparison with the 
five-coordinate acetyl structure already discussed it seems most 
likely that in this molecule the pyrazolylgallate ligand again 
occupies three basal sites of a square pyramid. 

The reaction of PPh, with the LRh(C0) complexes resulted 
in disproportionation of the rhodium complexes and the for- 
mation of the stable dimer species [(k-pz)Rh(CO)(PPh3)],. 

The LRh(C0) complexes did not catalyze the hydrogenation 
of 1-hexene at 30°C, a lack of activity arising, no doubt, from 
the surprising indifference of these square planar Rh(1) species 
to the presence of molecular hydrogen under a variety of con- 
ditions. This observed nonreactivity can be compared with that 
of isosteric 16-electron square planar complexes containing 
meridional hybrid tridentate ligands [ R ~ ( L ~ ) N ( s ~ M ~ , c H , -  
PPh2)J (Lt = cyclooctene, PPh,, or CO). When L t  = cy- 
clooctene or PPh3 this system is a catalyst precursor for the 
efficient hydrogenation of 1-hexene under mild reaction condi- 
tions (37). However, when L t  = CO no hydrogenation of 
olefins occurs (38). Assuming that for catalysis to take place a 
dihydride mechanism similar to that proposed by Halpern for 
Wilkinson's catalyst (39-41) most likely is operative, the pres- 
ence of CO may discourage the formation of a six-coordinate 
"LRh(H),(CO)" intermediate. Alternatively, if the CO must 
dissociate before oxidative addition of H2 will occur, the reluc- 
tance of the Rh-CO bond to break would account for the 
non-catalytic behaviour of the carbonyl complexes. 

We are currently probing the reactions of tridentate pyrazol- 
ylgallate ligands with various rhodium phosphine and olefin 
complexes. 
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Antiferromagnetic super exchange and spectral studies on dimeric 
8-quinolinolato complexes of copper(I1) imides 
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C .  L. SHARMA and V. MISHRA. Can. J.  Chem. 63, 3027 (1985). 
The complexes of the type [Cu(Q)(P)I2 and [Cu(Q)(S)]? where HQ = 8-hydroxyquinoline and P and S are deprotonated 

phthalimide and succinimide, respectively, were prepared and characterized on the basis of molecular mass determination, 
elemental analysis, X-ray diffraction, ir, electronic spectra, conductance, thermal analysis, and magnetic measurements. They 
were of tetrahedrally distorted square planar structure. The susceptibility data at different temperatures were fitted to the 
Bleaney -Bowers equation which indicated medium antiferromagnetic super exchange interaction within one dimeric unit. The 
values of exchange integral and g were found to be - 136 cm-'  and 2.18, respectively, for the phthalimide complex and - 128 
cm-'  and 2.16, respectively, for the succinimide complex. 

C.  L. SHARMA et V. MISHRA. Can. J .  Chem. 63, 3027 (1985). 
On a prepare des complexes du type [Cu(Q)(P)I2 et [Cu(Q)(S)I2, dans lesquels HQ = hydroxy-8 quinoline et P et S = les 

formes dCprotonCes de la phtalimide et de la succinimide, et on les a caractCrisCs en se basant sur la determination de la masse 
moltculaire, de I'analyse CICmentaire, de la diffraction des rayons X, de I'ir et de la spectroscopic Clectronique, de la 
conductance, de I'analyse thermique et de mesures magnetiques. Ces complexes ont une structure plan carre dCformie d'une 
f a ~ o n  tCtraCdrique. On peut Ctablir une corrClation des donnees de susceptibiliti a diffkrentes temperatures gr2ce a 1'Cquation 
de Bleaney-Bowers et ceci suggkre I'existence d'une interaction de superechange antiferromagnktique moyenne a I'interieur 
d'une unite dimkre. Les valeurs d'intkgrale d'kchange et de g sont respectivement - 136 cm- '  et 2,18 pour le complexe de 
la phtalimide et - I28 cm-'  et 2,16 pour le complexe de la succinimide. 

[Traduit par le journal] 

Introduction 
Studies on homodinuclear complexes have been of great 

importance because of their interesting magnetic and spectral 
properties of these materials (1-3). These complexes also 
serve as models for certain metalloproteins and metalloen- 
zymes, particularly for those containing copper(I1) where the 
biological functions are related to the metal centres in pairs 
(4-6). Recently, the structures and magnetic properties of a 
number of phenoxo-, alkoxo-, and hydroxo-bridged copper(I1) 
dimers have been studied and some interesting correlations 
have been developed (7- 12). The present article deals with the 
preparation and characterization of binuclear 8-hydroxyquino- 
linato complexes of copper(I1) phthalimide and succinimide on 
the basis of molecular mass determinations, elemental analysis, 
thermal analysis, X-ray, ir, electronic spectra, conductance and 
magnetic measurements. 

Experimental 
Physical measurernerzts 

The magnetic measurements were carried out in the temperature 
range 70-300 K on a PARC digital vibrating sample magnetometer 
model VSM-155 under two different magnetic fields 5500 and 7000 
G produced by a polytronic electromagnet type H. E.M.-200. The 
constancy of the magnetic field was maintained by a constant current 
regulator Polytronic type ccP-200. The temperature of the sample 
chamber was regulated by filling it with liquid nitrogen and then 
heating it using the automatic heating assembly provided within the 
instrument. The cryogenic temperature controller EG & G PARC 
model 152 which was attached with the magnetometer regulated the 
heating up to desired temperatures. The magnetometer was calibrated 
with ultrapure nickel metal and [HgCo(NCS),] (13). The calibration 
was then cross-checked at cryogenic temperatures with hydrated cu- 
pric(11) acetate (14). The three calibrations agreed well and it was 
estimated that the limits of error in the susceptibility values were not 
more than '- 1%. The data were corrected for diamagnetism of the 

'To whom all correspondence should be addressed 

lucite sample holder and of constituent atoms with the use of Pascal's 
constants (15). A value of 60 x 10-"gsu was assumed for the 
temperature independent paramagnetism of copper(l1) (16). 

Powder X-ray patterns of the complexes were recorded on a Philips 
X-ray diffractometer model PW- 1 140190 attached with digital, graph- 
ical, and photographic assemblies using Cu Ku radiations at 12-mA 
current, 32-kV voltage. 

Thermal studies were done on a Stanton Redcraft TG model-770 
and Fisher Differential Thermoanalyzer model 260 P at a heating rate 
of S0C/min and chart speed 6 in./h in a platinum crucible in the 
atmosphere of air using anhydrous alumina h s  a reference material. 

All other physical methods were the same as reported earlier (17). 
Copper was estimated by atomic absorption technique, nitrogen by 

Kjeldhal method, and carbon and hydrogen by Pregl method on a 
Hosli's micro-combustion apparatus type CHA-2. Molecular masses 
were determined cryoscopically in dioxane. 

The computational work was performed on a DEC-2050 version 4 
computer system. 

Reagents 
Phthalimide was obtained from Fluka A.G. Buchs SG (Switzerland) 

and succinimide and cupric chloride of AR (B.D.H.) grade from 
England were used. The solvents supplied by E. Merck India Ltd. 
were redistilled before use. 

Preparation of the conlplexes 
Copper(I1) phthalimide [ C U ( C ~ H ~ N O ~ ) ~ ( H ~ O ) ~ ]  and copper(I1) suc- 

cinimide [ C U ( C ~ H ~ N O ~ ) ~ ( H ~ O ) ~ ]  were prepared by the same method 
as reported earlier ( 18). The 0.05 M methanolic solutions of copper(I1) 
imide and 8-hydroxyquinoline were mixed in the ratio of I : 1 and then 
refluxed on a water bath for about half an hour which gave the crystals 
a yellowish-green colour. They were filtered, washed several times 
with methanol, and then dried in a desiccator over anhydrous silica gel. 
These complexes were found soluble in 1,4-dioxane and dimeth- 
ylsulfoxide. They were analysed for the metal, carbon, hydrogen, and 
nitrogen. 

Anal. calcd. for I ,  [ C U ( C ~ H ~ N O ) ( C ~ H , N O ~ ) ] ~ :  Cu 17.97, C 57.69, 
H 2.83, N 7.92; found: Cu 17.23, C 57.80, H 2.80, N 7.92. 

Anal. calcd. for 11, [Cu(C9H6NO)(C4H4NOZ)lz: Cu 20.80, C 51.06, 
H 3.27, N 9.17; found: Cu 20.15, C 51.46, H 3.30, N 9.20. 
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mc. 1. Plot of XC, and IJ-rc vs. T for [ C U ( C ~ H ~ ~ N ) ( C ~ H ~ O ~ N ) ] ~  and [CU(C~H~ON)(C,H,O~N)]~ 

Results and discussion 
The values of molar conductances in dioxane, i.e., 5 and 

10 ohm-' cm2 mol-' in the case of the first and second com- 
plexes, respectively, indicated their nonelectrolytic nature. The 
molecular masses in dioxane were found to be 719 and 602 
which corresponded to their dimeric forms. Thermogravimetry 
and differential-thermal-analysis curves were similar to those 
of other copper(I1) complexes of 8-hydroxyquinoline (19). 
Analysis of these curves indicated the absence of any type of 
water (crystalline or coordinated). 

Infrared studies 
The imide molecule has two interesting, NH and CO stretch- 

ing, frequency regions. The ir spectra of the complexes show 
the shifting of the CO stretching frequency from 1750 to 1700 
cm-' which could be the result of an electron withdrawal effect 
from the CO group as a result of nitrogen coordination (20,2 1). 
The slight increase of V C N  from 1480 to 1500 cm-' supports this 
(22). On the basis of Lewis-acid concept, the negatively 
charged imide nitrogen will have better possibilities of being 
coordinated than oxygen (23). There will be steric hindrance 
also if the coordination is through oxygen. A strong band due 
to V N H  observed at 3300 cm-' in the spectrum of imide dis- 
appeared in the spectra of complexes indicating thereby the 
deprotonation of -NH and the coordination through nitrogen. 
The band obtained at 3100 cm-' due to VOH in the spectrum of 
8-hydroxyquinoline disappeared in the spectra of the com- 
plexes. The peak at 1090 cm-' due to aryl oxygen vibration of 
the ligand was observed at higher position = 11 10 cm-' con- 
firming the coordination of metal ion with aryl oxygen of the 
8-quinolinol. The upward shifts from 740 to 750 cm-' due to 
out-of-plane ring deformation and from 480 to 500 cm-' due to 
in-pIane ring deformation modes indicated the coordination of 
the metal ion through oxygen and nitrogen of 8-hydroxyquino- 
line (24). The bands due to VM-o and VM-N were observed at 
400 and 375 cm-' respectively (25). 

Electronic spectrc 
The spectra of complexes in dioxan gave a strong band of 

high intensity at 25 000 cm-' (E = 8800). The imide ligands 
and their monomeric complexes prepared by the reported 
methods (26-28) do not absorb in this region. However, the 
monomeric copper(I1) complexes of 8-hydroxyquinoline gave 
a band of low intensity and at lower energy, i.e., 23 200 cm-' 
(E = 7000). The presence of this band and its shift to higher 
energy with increased intensity in the dimeric complexes may 
be attributed to the combined effect of intra-ligand transition 
and L + M charge transfer transitions, a characteristic feature 
of 0x0-bridged copper(I1) complexes (29, 30) and hence a 
diagnostic feature of a dimeric structure (31). Another band 
was observed at = I 4  000 cm-' (E = 150) while the planar 
monomeric copper(I1) complexes of 8-quinolinol (a) (27), 
succinimide, and phthalimide (28), gave the bands at 15 000 
(E = 110), 15 000 (E = loo), and 14 900 cm-' (E = 110), 
respectively. The bis(8-quinolinolato)copper(II) (P) which has 
a T,, ++ planar structure gave this band at 13 300 cm-' (E = 70) 
(26). The absence of any new band in the dimeric derivatives 
of the above monomeric species indicated an identical ligand 
field environment around both the metal centres (32) and hence 
a trans structure of the dimeric complexes. Since the ligands do 
not show any band in the visible region, the above band was 
definitely a d-d band of copper(ll). Again, there was a red 
shift in this energy band from mono- to dimeric complexes 
which may be due to the combined effects of the changes in the 
stereochemistry and the ligand field energy indicating thereby 
the difference in the steric environment around the metal centre 
in these two types of complexes. Since the monomeric com- 
plexes are square planar, it appears that the present dimers are 
tetrahedrally distorted planar complexes. This is supported by 
the fact that the introduction of tetrahedral distortion in the 
planar complexes causes a shift in the absorption band to the 
lower energy side (33). 

X-ray diffraction 
The powder X-ray diffraction patterns were analysed by 

modified Lipson's (34) method. The patterns of both the 
complexes were successfully indexed for the tetragonal crystal 
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SHARMA AND MISHRA 3029 

FIG. 2. Plot of 1/x vs. T for [Cu(C9H6ON)(C8H4O2N)l2 and 
[C~(C~H~ON)(C~H~O2N)12. 

system (Table 1, supplementary material2). The observed den- 
sities, i.e., 2.10 and 1.05, in the case of complexes I and I1 
respectively, indicated the presence of four molecules per uait 
cell. The lattice parameters were found to beoa = 13.165 A, 
c = 12.709 A for complex I and a = 15.061 A, c = 16.990 A 
for complex 11. 

On the basis of the above information the following structure 
was proposed 

m 

Im = deprotonated imide molecule 

Magnetic studies 
The magnetic properties of exchange-coupled copper(I1) 

complexes have been studied using isotropic HDVV model 
(35) as simplified to the isotropic Hamiltonian in the case of 
dimers 

X = -2JSl 'S? 

The susceptibility per copper(I1) ion was obtained from the Van 
Vleck's equation (36) as simplified by Bleaney and Bowers 
(37) 

2Supplementary material is available and may be purchased from 
the Depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada K I A  OS2. 

The exchange parameters were then evaluated by least square 
method. The value of the exchange integral 2J and g were 
found to be - 136 cm-' and 2.18 respectively in the case of 
complex I and - 128 cm-' and 2.16 respectively in the case of 
complex 11. The curves (Fig. 1) obtained from experimental 
and calculated values of susceptibilities and magnetic moments 
at different temperatures are in good agreement with each 
other. The susceptibilities of both complexes at 5500 and 
7000 G were nearly the same and hence anisotropy and field 
dependence were negligible. The values of magnetic moments 
at room temperature were 1.66 and 1.67 BM, i.e., sufficiently 
less than the spin-only value required for one unpaired electron 
indicating thereby the dimeric form of the complexes. The 
value of susceptibility increases with decreasing temperature, 
reaches a maximum, and beyond which it decreases while the 
values of magnetic moment decrease monotonically with de- 
creasing temperature (Fig. 1). The complexes obey the 
Curie-Weiss law, x = C/(T + 0), in the temperature ranges 
of approximately 165-300 K for complex I and 145-300 K 
for complex 11. For [Cu(Q)(P)I2, C = 0.525, 8 = 134", while 
for [Cu(Q)(S)]?, C = 0.515, 0 = 126" (Fig. 2). In both com- 
pounds, however, the Curie-Weiss law is not obeyed at lower 
temperatures. This indicated the medium antiferromagnetic in- 
teraction within one dimeric unit (38, 39). The agreement be- 
tween the calculated and experimental values (Fig. 1)  ruled out 
any possibility of inter-dimer interactions. The electron ex- 
change demagnetization in the dimers was considered to occur 
between pairs of oxygen-bridged copper(I1) atoms (40). The 
antiferromagnetic interaction was therefore operative via super 
exchange pathway involving dt2-p orbitals of Cu(I1) and s and 
p orbitals of diamagnetic oxygen anion (41). The 90" cation- 
anion-cation exchange interaction mechanism (42) could suc- 
cessfully be applied to the present systems. Cu-0-Cu 
bridge angles, Cu-0 bond lengths, the solid angle at the 
oxygen bridge, and the metal ion ground state, etc. may be the 
major contributing factors to the super-exchange. 
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Reaction de quelques pyrazolines substituees par deux groupes electroattracteurs 
gemines avec Ce(NH4)2(N03)6: nouvelle synthese de pyrones-2 electrophiles 

HASSAN ABDALLAH,' RENE GREE ET ROBERT CARRIE 
Groupe de Recherches de Physicochirnie Structurale, U.A. no 704 nu C.N.R.S., laboratoire no 3 ,  Universitt de Rennes, 

35042 Rennes Ctdex, France 

Re~u  le 4 janvier 1985 

HASSAN ABDALLAH, RENE CREE et ROBERT CARRIE. Can. J.  Chem. 63, 3031 (1985). 
La reaction des pyrazolines acetals de formule gCnerale 3 avec Ce(NH4)2(N03)6 est CtudiCe. Elle conduit gCnCralement aux 

olCfines 4 qui sont de bons substrats de dipart pour la synthkse de pyrones Clectrophiles 5. Dans deux cas une autre voie 
d'Cvolution, conduisant a des cyclobutanes, est observie. 

HASSAN ABDALLAH, RENE CREE, and ROBERT CARRIE. Can. J.  Chem. 63, 3031 (1985). 
Reaction of type 3 ketal pyrazolines with Ce(NH4)2(N03)6 is studied. This leads generally to olefins 4, which are good 

starting materials for the synthesis of electrophilic pyrones 5. In two cases, another pathway leading to cyclobutanes is 
observed. 

Les pyrazolines-1 portant en position gCminee deux groupes 
Clectroattracteurs, peuvent en principe Cvoluer avec Climi- 
nation d'azote selon trois voies: formation de cyclopropanes 
(voie A), migration de R (voie B) ou de H (voie C) conduisant 
dans les deux derniers cas a des olCfines (schCma 1). 

Dans le cadre des travaux entrepris au laboratoire concernant 
l'utilisation en synthkse de la cycloaddition-1,3 dipolaire, nous 
avons montrt prCcCdemment I'intCrCt synthttique du diazo- 
acCtal 1, R' = (CH,O),CH, la photolyse des pyrazolines 3 
correspondantes permettant I'obtention de cyclopropanes Clec- 
trophiles a fonction aldehyde libre ou masquCe (1). 

Le prCsent mimoire decrit I'Cvolution de ces mCmes py- 
razolines 3 lorsqu'elles sont traities par une petite quantitk de 
Ce(NH4),(N03), (2). En gCnCral elles donnent avec de bons 
rendements les olefines 4, lesquelles traitCes par HC0,H con- 
duisent a des pyrones-2 ~lec t ro~hi les  rCgiospecifiquement 
substitukes en 5 ouvrant ainsi une voie d'accks originale a ces 
composCs (schCma 2). A notre connaissance, deux composCs 
de ce type ont CtC decrits jusqu'a prCsent (3, 4). Les pyrones-2 
Clectrophiles sont en outre des produits de depart intkressants 
en synthkse organique comme: ( i)  dienes (5-7) lors de rkac- 
tions de Diels-Alder impliquCes dans diffkrentes synthkses de 
produits naturels; (ii) prkcurseurs de complexes cyclobutadikne 
- fer tricarbonyle (8). 

Dans deux cas une voie d'Cvolution diffkrente avec for- 
mation de dCriv&s cyclobutaniques est observke. Ces rksultats 
apportent de nouveaux ClCments sur le mCcanisme d'Cvolution 
des pyrazolines en presence de Ce4+. 

1. Synthese de pyrones-2 electrophiles SCHEMA 2 

Le principe de ces synthkses est rCsumC dans le schema 2. 
Les pyrazolines 3, traitees par Ce(NH4),(NO3), (0,06-0,12 
Cquiv.) dans l'acetone a 30°C pendant 3-25 h suivant la nature 
de R, conduisent aux olCfines 4 (Rdt 50-80% aprks dis- 
tillation). 

L'analyse (rmn 'H) du produit brut de la rCaction montre la 
formation exclusive des olCfines 4. Les conditions expCri- 
mentales et les rendements sont indiquCs dans le tableau 1. 

Les caractkristiques de rmn"e ces olCfines (tableau 2) con- 

'Boursier du Conseil National de la Recherche Scientifique 
libanais. 

'Les notations des hydrogknes H,, Hb, H, qui facilitent la 
prksentation des risultats de la rmn sont propres h chaque structure. 
Dans toute la mesure du possible une coherence de notation a CtC 
maintenue pour les diffkrentes structures. 

firment leur structure. On note, en particulier, la prCsence de  
protons vinyliques H, vers 7 ppm couplCs avec le proton Hb 
vicinal. 

TraitCs par HC0,H en excks (10-20 Cquiv.) a chaud les 
composCs 4 donnent les pyrones-2 Clectrophiles 5 (Rdt 47- 
83%, tableau 1). Les caractkristiques de rmn (tableau 3) con- 
firment leur structure; elles sont en bon accord avec les donnCes 
de la littkrature concernant la pyrone-2 non substituie en posi- 
tion 5 (R = H) (6, 9). 

Le mCcanisme de la rkaction de formation des pyrones n'a 
pas ttC Ctabli; on notera seulement les points suivants: 

Si on traite les olCfines 4 par HC0,H pur sans solvant a la 
tempkrature ambiante, la formation des aldkhydes 6 (schCma 
3), intermtdiaires vraisemblables de la rCaction, est observke. 
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TABLEAU 1. Conditions experimentales de preparation des composes 4 et 5 

Equiv. de HCOzH 
Equiv. de Ce4+ ComposCs TempCrature ("C) ComposCs 

Composts (durte 4 h) (Rdt %) (duke, h) (Rdt %)* 

*Rendement par rapport B 4. 
?La reaction est effectuee dans le tolutne (23 equivalents) 

TABLEAU 2. CaractCristiques de rmn 'H (CDCI3) des composes 4 

C~mposes &(Ha) 6(Hb) 6(Hc) 6(OCH,) 6(R) et ( J  ) Jab Jbc 

4a 4,23 2,79 6,87 3,80 3,32 (6H) CH2: 1,49 (m) 5,6 10,8 
3.76 CH3: 0,84 (t) 

4P 
3,74 3,35 Ph: 7,5-7,2 

4,60 4,17 7,38 3,72 3,28 (5H, m) 

3,36 
46 . 4,33 3,70 7,02 3,76 3,35 (6H) Ph: 7,4-7,l 5,3 9,7 

3,74 (5H, m) 
PhCH=: 6,43 (d) 
PhCH=CH: 6,10 (dd) 
( J  = 16,O et 6,8) 

TABLEAU 3. CaractCristiques de rmn 'H* des pyrones 5 

Composes 6(H,) 6(H,) 6(OCH3) 6(R) et ( J  J, b 

5a  8,12 7,47 3,85 CH2:2,37(q) 2,7 
CH3: 1,13 (t) 
( J  = 7,6 et 1,O) 

SP 8,49 7,89 3,85 Ph: 7,41 (s, 5H) 2 3  
5~ 8,Ol 7,42 3,87 OCH,: 3,72 3 2  
56 8,42 7,70 3,88 Ph: 7,6-7,l (m, 5H) 2,6 

PhCH=CH: 6,88 (d), 6,66 (d) 
( J  = 16,8) 

*Solvant CDCI, sauf 8 ((CD,),CO + CDCI,, 2: 1). 

PlacCs dans les rnCrnes conditions (HC0,H a chaud) ces aldC- 
hydes conduisent Cgalernent aux pyrones 5.  

Les caractkristiques de rmn des aldihydes 6,  dont la stCrCo- 
chimie n'est pas Ctablie, sont en accord avec les structures 
indiquCes (tableau 4). 

Lors de 1'Cvolution de 40: en prCsence de HCO,H (a la 
ternpkrature ambiante) on observe d'abord la formation d'un 
composC auquel nous avons attribue la structure 7 sur la base 

de ses caracteristiques de rmn (tableau 4; on note en particulier 
un couplage Jab de 1,5 Hz). Le cornpost! 7 Cvolue ensuite 
(toujours a ternpkrature arnbiante) vers 60: lequel chauffC dans 
HCO,H conduit a la pyrone 50:. 

11. Reactions des pyrazolines 8 et 13. Formation de 
cyclobutanes 

(a) Pyrazoline 8 
Dans les rnCrnes conditions que prCcCdernrnent, elle donne 

avec Ce4+ une rCaction tout fait diffirente (schCrna 4). La nnn 
rnontre que le dCrivC cyclobutanique 9 est le produit rnajoritaire 
de la &action (63%). I1 est accornpagnC du cyclopropane 10 
(18%) et de 1701Cfine 11 (19%). Ces trois produits sont stparks 
par chromatographie sur gel de silice. Les cornposCs 10 et 11 
ont CtC caractCrisCs antkrieurernent (1). La structure du cy- 
clobutane 9 (un seul isomkre est obtenu) est Ctablie a l'aide de 
ses caractkristiques de rmn (tableaux 5 et 6): on note en par- 
ticulier en rmn 13C l'existence de trois atornes de carbone 
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TABLEAU 4. Caracteristiques de rmn 'Hz' des composCs 6 et 7 

CO~POSCS 6(Ha) 6(Hb) W c )  6(OCH3) 6(R) J ,  

6a  9,51 4 3 7  6,67 3,82 (6H) CH2: 2,35 (q) 10,O 
CH3: l,Ol (t) 

60  9,67 4,42 6,89 3,71 (6H) Ph: 7,5-7,05 (m, 5H) 10.0 
6-Y 9,36 4,70 6,20 3,81 (6H) CH30: 3,86 8,7 
66 9,57t 4,77 6,68 3,75 (6H) Ph: 7.6-7,O (5H) 9,7 

PhCH=CH: 6,95-6.50 (2H) 
(m) non analyse 

7 9,57$ 3,lO-2,50(m) 7,01 3,80 CHr: 2,O-1,12 (m) 10,2 
3,77 CH3: 0.92 (t) 

*Solvant CDCI, sauf 7 (CDCI, + HCOIH). 
t J = 2,6. 
SJ,, = 1.5. 

presentant des couplages 'JCH de 150 Hz environ; deux de ces 
carbones ont des deplacements chimiques de 78,5 et 8 1,5 ppm 
et sont donc vraisemblablement en cr d'un hCt6roatome. 

Les caracteristiques de rmn 'H sont Cgalement en accord 
avec les donnees de la IittCrature (10) mais ne permettent pas 
d'attribuer la configuration relative des carbones cyclobu- 
taniques, les constantes de couplage des protons vicinaux et les 
constantes 4J n'Ctant pas caracteristiques (10). 

Remarque: Le traitement du produit 11 avec HC0,H h re- 
flux permet d'obtenir la pyrone 12 avec un rendement de 79% 
(schema 4). Ses caracteristiques spectroscopiques (cf. partie 
experimentale) sont en accord avec la structure indiquke; on 
note, en particulier, les signaux rmn 'H des protons Ha B 7,97 
et Hb h 6,68 ppm ( J  = 5,2 Hz). 

(b) Pyrazolines 13 
La pyrazoline 13 donne dans les mCmes conditions un me- 

lange complexe de sept produits (schema 5): le cyclobutane 14 
(38%), le cyclopropane 15 (7%), les olefines 16 (34%) et 17 
(6%), le dCrivt5 18 (5%) ainsi que deux autres produits (7% et 

TABLEAU 5. Caracteristiques de rmn 'H (CDCI,) des composCs 
9 et 14 

Composes &(Ha) 6(Hb) 6(H,) 6(OCH3) 35bc 45ac 

*4,29 (q, OCH?), 1,32 (t, OCHICH,), 1,52 et 1,49 (2s, C(CH,),). 

3%) dont la structure n'a pas et& determinee. 
Les pourcentages des differents constituants sont dCterminCs 

?I I'aide de la rmn et de la chromatographie de partage 
gaz-liquide. L'olCfine 17, instable, a ete caract6risC unique- 
ment h I'aide de la rmn, par comparaison avec un  chanti ill on 
authentique prepare au laboratoire (1); les autres composCs ont 
CtC isolCs par chromatographie sur colonne de SiO, et de par- 

- - 

tage gaz-liquide. 
Les caracteristiques spectroscopiques du cyclobutane 14 

(tableaux 5 et 6) sont trks proches de celles trouvkes pour 9. On 
note egalement la presence de deux carbones ayant un couplage 
'JcH de 155 Hz environ a 82,6 et 79,l  ppm et d'un troisikme 
carbone 45,8 ppm ( ' JCH = 135 Hz). 

Pour I'olefine 16 on observe en rmn 'H (cf. partie exptri- 
mentale) un triplet h 4,56 ppm couple avec un CH, (doublet) B 
2,96 ppm. Le traitement 21 HC0,H de cette olefine permet 
d'obtenir la pyrone 19. Ce compost, fragile, a CtC caractens6 
uniquement a l'aide de la rmn (protons Ha et Hb a 7,58 et 
6,60 ppm respectivement ( J  = 5,4 Hz)). En ce qui concerne le 
compose 18 I'ensemble des caracteristiques spectroscopiques 
(cf. partie experimentale) et la spectrometrie de masse (frag- 
ment m / z  = 291, ClzH,90,, [M - CH,O]+ sont en accord avec 
la structure. Dans le spectre de rmn I3C on observe un signal d6 
au carbone a c ~ t a l i ~ u e  h 105,3 ppm et un signal h 80,5 ppm 
correspondant au carbone CHb-OCH,. 

111. Essai de rationalisation des rQultats 
Les travaux antkrieurs du laboratoire (2) nous ont conduit B 

proposer pour cette reaction de pyrazolines gem disubstituees 
par des groupements Clectroattracteurs avec Ce4+ le passage par 
un intermediaire biradicalaire 20 (schema 6). 

Au vu des rksultats precedents, deux points nous semblent 
particulikrement interessants h noter: 

1. La presence du groupe acCtal en position 5 modifie sen- 
siblement le cours de la reaction en favorisant la migration de 
R: ainsi dans le cas des pyrazolines avec R = Ph ou 
PhCH=CH pour R' = H, on obtient environ 50% de cyclo- 
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TABLEAU 6. CaractCristiques de rmn "C (CDCI,) des composCs 9 et 14 

6(COzCHzCH3) ou 
ComposCs 6(CI ) et 6(C,) ( 'J ) 6(C,) a(C4) ( ' J )  G(OCH3) ( 'J G(COzCH3) ( 'J ) 

propanes (2) alors que pour R' = CH(OCH,),, la migration 
exclusive d e  R est observee. On peut envisager dans c e  dernier 
cas, une interaction entre le doublet d e  l'un des atomes d'oxy- 
gene acetalique et le site radicalaire a caractere Clectrophile que 
constitue le carbone portant les deux groupes esters (inter- 
mediaire 21). 11 n'est pas surprenant dans ces conditions 
d'observer des reactions differentes. 

2. Lorsque pour des raisons electroniques (dans le cas du 
produit 13 (R = C0,Me) ou steriques (vraisemblablement dans 
le cas du produit 8 )  le groupement R ne peut plus migrer, on 
observe une nouvelle voie d'evolution avec formation d e  cy- 
clobutanes, evolution pour laquelle nous proposons le me- 
canisme suivant: une migration-1,2 d'un OCH, au niveau du 
biradical- 1,3 intermediaire 2 1  conduirait au biradical- 1,4 2 2  et  
serait suivie d'une fermeture en derive cyclobutanique (schema 
6). 

Remarque: Le compose 18 correspond h l'addition (au 
moins formelle) de methanol sur le biradical 21. L'origine d e  
17 n'a pu &tre expliquee jusqu'a present.j 

En conclusion, les rksultats precedents montrent que l'on 
peut moduler 1'Cvolution des pyrazolines derivees du diazo- 
acital.  Si la photolyse conduit gkneralement aux cyclopropanes 
correspondants, les reactions avec Ce4' donnent des produits 
d e  structure differente. Elles ouvrent ainsi une nouvelle voie 
d'acces a des pyrones Clectrophiles, composes dont I'interCt en 
synthese a etC mentionnk a diverses reprises dans la litterature. 
Une voie d'evolution originale conduisant 2 des derives cy- 
clobutaniques a par ailleurs Cte mise en evidence. 

Partie experimentale 
Les indications genirales sont identiques celles donnCes pr6- 

cCdemment (1). 

1. Pyrazolines-1 
(a) Les pyrazolines 3a,  3 P ,  8 et 13 ont CtC decrites prtckdemment 

(1). La pyrazoline 3y est pr6parCe par reaction du diazoacetal avec le 
mCthoxyCthylidkne malonate de mCthyle ( 1  1). 

(b) Pyrazoline 36 
A 1 g (4,l x lo-' mol) de cinnamylidkne malonate de methyle 

( 1  2), on ajoute sans solvant 1,l Cquiv. de diazoacetal; le melange est 
abandonni pendant 24 h a la temperature ambiante. La transformation 
du cinnamylidhe malonate de mCthyle est quantitative; 36 (huile 
jaune psle) est caractkrisie uniquement a I'aide de la rmn. 36: rmn 
(C6D6) 8: 7,25-6,95 (m, aromatique), 6,70 (dd, PhCH=, J = 1 5 3  
et 0,7), 5,97 (dd, PhCH=CH, J = 8,6), 4,95 (dd, Hb, Jbc = 7,4), 
4,79 (d, H,, Jab = 3,8), 3,97 (m, H,), 3 3 5  (3H), 3,25 (3H), 3,20 (3H) 
et 3,18 (3H)(OCH3). 

La presence de signaux a 6,37 ppm (d, J = 15,8 Hz) et B 5,92 (dd, 

3Lors de la synthkse de la pyrazoline 13 ( 1 )  le spectre de rmn 'H (80 
MHz) du produit brut ne permet pas d'exclure la presence en faible 
quantiti (-5%) d'un autre isomkre resultant de I'orientation inverse 
de la cycloaddition. La retrocycloaddition du diazoacttal pourrait 
alors expliquer la formation de 17. 
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J = 10,6 et 15,8 Hz) indique vraisemblablement I'existence d'un 
second diasttrCoisomkre en faible quantitC (< 10%). 

2. Olkfirres 4 
4a: A une solution de 850 mg (2,95 X mol) de la pyrazoline 

3a dans 5 cm3 d'acCtone, on ajoute 100 mg (1,8 X lo-' mol; 
0,06 Cquiv.) de Ce(NH4)Z(N03),. Maintenu 3 h a 30°C, le mClange est 
repris avec 75 cm' d'Cther et lave I'eau (2 fois 50 cm') puis sCchC 
sur NazS04. 

Aprks distillation du solvant, le mClange rCactionnel est purifit 
d'abord sur une courte colonne de chromatographie (SiOZ, Cluant 
Cther - Cther de pCtrole I :  1) puis par distillation au four tubulaire: 
95°C (3 X lo-' Torr; 1 Torr = 133,3 Pa). On obtient 600 mg de 4a  
(Rdt = 78%); ir (film liquide) v: 1724 (C=O), 1640 (C=C). Anal. 
calc. pour CIIHZoO,: % C 55,38, H 7,69; tr.: C 55,3, H 7,7. 

De la mCme manikre (voir tableau 1) nous avons prepark les 016- 
fines: 

4P: 135°C (4 X Torr); Rdt = 77%; ir (film liquide) v: 1720 
(CEO),  1642 (C=C). Anal. c ~ I c .  pour ClhH~006: % C 62.34, H 
6,49; tr.: C 62,2, H 6,6. 

47: 110°C (8 X lo-" Torr); Rdt = 50%; ir (film liquide) v: 1728 
(C=O), 1648 (C=C). Anal. calc. pour CIIHIm07:  % C 50,38, 
H 6,87; tr.: C 50,1, H 7 , l .  

46: 195°C (3 x lo-' Torr): Rdt = 75%; ir (film liquide) v: 1722 
(C=O), 1676 et 1636 (C=C). Spectre de masse: masse moltculaire 
calcul6e pour ClxHZZ06: 334,142; trouvCe: 334,140. 

3. Pyrqr~es 5 
5a: A 600 mg (2,3 X lo-' mol) de I'olCfine 4a,  on ajoute 1,2 g 

(2,61 X mol) de HC02H pur, le mClange est maintenu ?i 80°C 
pendant 2 h. Apres distillation de HC0,Me et de HC02H, le produit 
solide obtenu est recristallisC dans I'Cther, F = 74-75°C. On obtient 
300 mg de 5a  (Rdt = 71 %). ir (Nujol) v: 1736 (large, C=O) et 1696 
(large, C=O et C=C). Anal. calc. pour CsHlo04: % C 59,34, H 
5,49; tr.: C 59,3, H 5,3. 

De la mCme manikre (voir tableau 1 )  nous avons prCparC les py- 
rones: 

5P: F = 94-95°C (Cther); Rdt = 83%; ir (Nujol) v: 1780, 1762 
(C=O) et 1704 (large, C=O et C=C). Anal. calc. pour C13H1004: 
%C67,83,  H4,35; tr.: C67,7, H4,4. 

5y: F = 149-150°C (methanol); Rdt = 71%; ir (Nujol) v: 1736 
(large) et 1704 (C=O) et 1630 (C=C). Anal. calc. pour CmHsOs: % 
C 52,17, H 4,35; tr.: C 51,9, H 4,3. 

56: F = 109°C (methanol-Cther 1 : 1); Rdt = 47%; ir (Nujol) v: 
1756 et 1704 (C=O) et 1640 (C=C). Anal. calc. pour CISHIZO~:  % 
C 70,3, H 4,69; tr.: C 70,0, H 4,8. 

4. CornposPs 9 ,  10 et 11 
A 1,6 g (5,3 X mol) de la pyrazoline 8 en solution dans 7 cm3 

dlacCtone, on ajoute 300 mg (5,4 X lo-' mol; 0.1 Cquiv.) de 
Ce(NH4)2(N03)6. Aprks 20 h i temperature ambiante, on ajoute 
100 cm3 d'Cther. La phase organique est IavCe j. I'eau (2 fois 50 cm3) 
puis sCchCe sur Na2S04. Aprks elimination de I'Cther on obtient 
1,40 g d'un mCIange dont les constituants sont sCparCs i l'aide de la 
chrornatographie sur couche mince (SOZ, mClange Cluant: Cther - 
Cther de pitrole 1 : 1, 2 Clutions). 

9: R, = 0,50; F = 74-75°C (Cther); Rdt = 49%; ir (Nujol) v: 1760 
et 17 12 (C=O). Anal. calc.: % C 57,35, H 7.35; tr.: C 57,1, H 7.5. 

10: Rr = 0,30, 125°C (0,05 Ton) (I); Rdt = 15%. 
11: R, = 0,25, 130°C (0,004 Torr) (I); Rdt = 13%. 

5. Pyrone 12  
Une solution de 400 mg ( 1 3  X mol) de la lactone 11 dans 

5 g (0, I I mol) de HCOrH est maintenue 1 reflux pendant 5 h. Aprks 
distillation de HCOZH en excks et de HC02Me, le solide obtenu est 
recristallisk dans un mClange acCtone-Cther. On obtient 210 mg de la 
pyrone 12; F = 220°C; Rdt = 79%; ir (Nujol) v: 1794, 1772 et 1720 
(C=O); rmn (CDCI2 + CF3C02H) 6: 7,97 (d, H,, Jab = 5,2), 6,68 
(d, Hb), 1,69 (s, 6H, C(CH,)?). Spectre de masse: masse moleculaire 
calculCe pour CsHm04: 180,042; trouvCe: 180,043. 

6. Composes 14-18  
A 2,8 g (8.8 x lo-, mol) de 13 dissous dans 7 cm3 d'acCtone, on 

ajoute 400 mg (0,08 Cquiv.) de Ce(NH4)Z(NO:,)6; le mtlange rCac- 
tionnel est abandonnC i 30°C. Aprks 8 h ,  on ajoute 200 cm3 d'ether, 
on lave i I'eau (2 fois 75 crn') et on skche sur NaZS04. Aprks Climi- 
nation de I'Cther et distillation au four tubulaire 125- 130°C (3 X lo-' 
Torr), on obtient 2,35 g d'un mClange des composCs 14-18 formCs 
(Rdt = 92%). 

Les differents composes ont C t t  sCparCs l'aide de la chroma- 
tographie sur colonne suivie d'une chrornatographie de partage gaz 
liquide. 

La chromatographie sur colonne (70 g de SOZ,  mClange Cluant: 
Cther - Cther de pCtrole 1 :2) de 2,50 g du produit brut de la rCaction 
donne 1 I0 mg de 15 (I); 200 mg d'un mClange des composCs 15 et 16; 
350 mg de 16 contenant encore un peu de 15; 250 mg d'un mClange 
de 15, 17 et d'un produit A qui n'a pas CtC identifie; 400 mg d'un 
mtlange de 14, 15, 17 et A; 340 mg d'un mClange de 14, 16, 17 ( 1 )  
et 18 et enfin 270 mg d'un mClange de 14 et 18. 

La chromatographie de partage gaz-liquide des fractions prCcC- 
dentes est effectuCe sur une colonne OV 225 (5% sur gas Chrom. 
Q 80- 100 mesh), longueur 5 pieds, diamktre 114 pouce. Conditions 
de la chrornatographie: T (injection) = 190°C, T(colonne) = 158"C, 
T (dktecteur) = 200°C, T (collecteur) = 180°C, debit d'HZ = 125 
cm2/min. 

14: temps de retention = 9 min; ir (film liquide) v: 1728 (C=O). 
Spectre de masse: le pic de I'ion molCculaire est trop faible pour 
que la masse exacte puisse &tre mesurCe. Masse calculCe pour 
[M - CH,O]+, C l l H I S 0 7  259,082; trouvCe: 259,082; pour 
[M - CH,OH]+', CllHI4O7 258,074; trouvCe: 258,074. 

15: temps de rttention = 10,5 min; 105°C (0,Ol Torr) (I). 
16: temps de rktention = 15 min; ir (film liquide) v: 1728 (C=O); 

rmn (CDCI2) 6: 4,56 (t, CH(OCH3), , J = 5,6), 3,84 (3H), 3,80 (6H) 
et 3,35 (6H) (3s, OCH,), 2,96 (d, 2H, CHZ-C=). Spectre de 
masse: masse molCculaire calculte pour C12HlmOx: 290,100; masse 
trouvCe: 290,100. 

18: temps de retention = 16,7 min; ir (film liquide) v: 1734 
(C=O); ITln 'H (C&) 6: 4,63 (d, H;,, Jab = 7,1), 4,35 (d, Hd, 
J ,d  = I1,0), 4,00 (dd, H,, J h c  = 2,7), 3,67 (dd, Hb), 3,44 (3H), 3,41 
(3H), 3,36 (6H) et 3,24 (6H) (4s, OCH'); rmn (CDCI,) 6: 171,0, 
168,9 et 168,5 (C=O), 105,3 (CH(OCH3),), 80,5 (CHOCH'), 60.0, 
55,5,52,8 et 52,l (OCH,), 50,8 (CH(COZMe)Z), 45,8 (CHC02Me). 
Spectre de masse: le pic de I'ion molCculaire est trop faible 
pour que la masse exacte puisse Ctre mesurCe. Masse calculCe pour 
[M - CH30]+ CI2Hl9OK: 291,108; trouvCe 39 1,110. 

Remarque: Le produit A de structure inconnue a un temps de 
rktention de 11.7 min; il reprCsente environ 7% (intCgration en chro- 
matographie phase vapeur)du produit brut de la rCaction. Un autre 
produit de structure inconnue (temps de ritention 29 min, abondance 
environ 3%) est mis en evidence dans le chromatogramme. 

7. Pyrone 1 9  
A 200 mg (6,9 x mol) de I'olCfine 16 on ajoute I g (32 Cquiv.) 

de HCOZH, le melange est abandonnt j. 60°C pendant 6 h. La pyrone 
19 est caractCrisC uniquement 3 I'aide de la rmn. Ce composC est 
instable, il Cvolue lentement dans le milieu rCactionnel et les essais de 
purification n'ont pas abouti. rmn (CDC13) 6: 7,60 (d, Ha, Jab = 5,4), 
6,62 (d, H,), 3,92 (s, OCH,, 6H). 
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JOHN T. GUPTON, GEORGE HERTEL, GARY DECRESCENZO, CESAR COLON, DONNA BARAN, DAN DUKESHERER, STEVE 
NOVICK, DENNIS LIOTA, and JOHN P. IDOUX. Can. J. Chem. 63, 3037 (1985). 

A series of activated polyhalobenzenes and polyhaloheteroaromatic compounds have been reacted with a variety of 
fluoroalkoxide anions. In most cases, regioselective monosubstitution or polysubstitution was observed. The nature of these 
monosubstitution and polysubstitution reactions is described. 

JOHN T. GUYTON, GEORGE HERTEL, GARY DECRESCENZO, CESAR COLON, DONNA BARAN, DAN DUKESHERER, STEVE 
NOVICK, DENNIS LIOTA, et JOHN P. IDOUX. Can. J .  Chem. 63, 3037 (1985). 

On a fait rkagir une strie de polyhalobenz&nes et de composks polyhalohttkroaromatiques activts avec divers anions 
fluoroalcoolates. On observe, dans la plupart des cas, une mono ou une polysubstitution rkgiosklective. On dtcrit la nature 
de ces rkactions de mono ou de polysubstitution. 

[Traduit par le journal] 

In a previous paper (1) we reported that activated mono- 
halobenzenes and monohaloheterocycles could be reacted with 
fluoroalkoxide anions to produce the corresponding fluoroalkyl 
ethers. Such factors as the effect of solvent, time, temperature, 
nature of the leaving group, nature of the nucleophile, and 
nature of the activating group were discussed. Because of the 
diverse and important properties of organofluorine compounds 
(2) and since some of our previously reported fluoroalkyl ethers 
had been converted into "biologically active" derivatives,' we 
thought it would be useful to define further and delineate the 
scope of this reaction with regard to polyhalogenated sub- 
strates. 

In related work, Tiecco et al. (3) have recently studied the 
reaction of polyhalogenated, non-activated benzenes with large 
excesses of alkanethiol anions in HMPA. In most of the exam- 
ples reported, polysubstitution was obtained. 

Because of our interest in this area we decided to examine 
the following factors with regard to polyhalocompounds: 1.  the 
feasibility of polysubstitution; 2. the nature of the regio- 
chemistry of a complete isomeric series (six isomers) of acti- 
vated dihalobenzenes; 3. the halogen selectivity in the reaction; 
4. the use of heteroaromatic substrates in the reaction; 5. the 
effect of the nucleophile in such reactions. The results of this 
study are reported in the subsequent sections. 

Results and discussion 
Reactions of activated dihalobenzerzes with sodium 2,2,2-tri- 

fluoroethoxide 
Our previous studies (1) involving the reaction of o-, m-, and 

''This work has been presented in part at the Seventh Gulf Coast 
Chemistry Conference, Pensacola Beach, Florida, September 20-22, 
1984. Our preliminary findings were published in ref. 5. 

Authors to whom correspondence may be addressed. 
'G. Cunningham, University of Central Florida, unpublished re- 

sults. 

p-chlorobenzonitriles and chloronitrobenzenes with sodium 
2,2,2-trifluoroethoxide indicated that reaction at all three posi- 
tions was possible. One would expect, however, that the rela- 
tive order of reactivity might be ortho > p a r a  > meta. In fact, 
if one examines the reaction of 2,3-dichloronitrobenzene with 
one equivalent of 2,2,2-trifluoroethoxide (Table l) ,  the pri- 
mary product results from substitution at the 2-position. In a 
like manner, 3,4-dichloronitrobenzene ( lg )  gives mono substi- 
tution at the 4-position, and 2,5-dichloronitrobenzene ( Id)  
monosubstitutes at the 2-position. When the potential reaction 
sites were chemically equivalent, such as for 2,6-dichloro- 
benzonitrile ( l e )  and 33-dichlorobenzonitrile ( l i ) ,  mono- 
substitution was also observed. When 2,4-dichloronitro- 
benzene ( lb )  was examined under these conditions, a mixture 
of ortho and para substitution products was obtained in a ratio 
of 75:25, respectively. In order to make unambiguous 
structural assignments in these cases, the mono(trifluoro- 
alkoxylated) substances (compounds 2a,  2c, 2cr ,  2f, 2g, 2i, 
2j, and 2k) were subjected to catalytic hydrogenolysis (4) to 
give the non-halogenated derivatives (Scheme 1). 

Compounds such as 9 had been previously prepared (1) from 
the corresponding monohalo compounds and, therefore, a com- 
parison by tlc and nmr of the various hydrogenolysis products 
enabled a straightforward structural assignment. 2-Chloro-6- 
fluorobenzonitrile (1 f )  represented an interesting substrate in 
that it underwent regioselective reaction at the fluorine bearing 
carbon which provided a useful application of our previously 
reported (1) leaving-group reactivity study (NO2, F > C1 > Br 
> I). Such a result, therefore, demonstrates the feasibility of 
selectively displacing one halogen in the presence of a second 
but different halogen. 

The isomeric, activated dihalobenzenes were subsequently 
subjected to reaction with excess sodium 2,2,2-trifluoro- 
ethoxide. 2,6-Dichlorobenzonitrile ( le) ,  and 2,4-dichloro- 
nitrobenzene ( lb )  underwent polysubstitution cleanly to give 
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TABLE I .  Reaction of activated dihalobenzenes with NaOCH,CF3 

Starting 
Entry material Product Yield" (%) 

"All reactions were run for 15 h in DMF or HMPA at 150°C under nitrogen. These solvents (DMF and HMPA) are, 
for all practical purposes, interchangeable. The yields in parentheses refer to purified products. All products were 
subjected to gc analysis on a Shimadzu GC-7A gas chromatograph with a 118 in. X 6 ft 3% SB-2401 column at 
100-200°C. Under these conditions, the products of the reactions were found to be greater than 90% pure. The only 
significant impurity which was found in some of the crude reaction mixtures was the respective starting material. When 
polyfluoroalkoxylation was desired, 2.2-3.0 equivalents of sodium hydride and 2,2,2-trifluoroethanol were used 
relative to the amount of the dihalobenzene or dihaloheteroaromatic substrate. 
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ET AL. 3039 

2 9 

X = CN, NO2 Y = CN, NH2 

SCHEME 1 

LUMO energy = - 1.15003 eV : HOMO energy = - 10.2048 eV 

1: NITRO. MO1 MNDO 

the respective di(trifluoroalkoxy1ated) derivatives. 3,4-Di- 
chloronitrobenzene ( lg )  was found to undergo only mono- 
substitution which indicated that the trifluoroalkoxy group at 
the 4-position was having a deactivating effect with regard to 
further reaction. 3,5-Dichlorobenzonitrile ( l i )  gave mono- 
substitution also. Perhaps the most interesting and unusual 
substrate studied was 2,3-dichloronitrobenzene. This material 
produced 2,3-di(2,2,2-trifluoroethoxy)chlorobenzene (2b) 
upon reaction with excess trifluoroethoxide ion. This structural 
assignment was based on nmr, ir, ms, and combustion analysis 
data. As a consequence, molecular orbital calculations with full 
geometric optimization, which indicate that the nitro group is 
distorted out of the plane of the benzene ring by 87 degrees, 
have been carried out on 3-chloro-2-ethoxynitrobenzene (Fig. 
1). Based on the magnitude of the LUMO coefficients, these 
calculations further indicate that the preferred site of nucleo- 
philic attack is the carbon bearing the nitro group. Presumably, 
the chlorine atom exhibits a buttressing effect on the alkoxy 
group and prohibits it from moving away from the nitro group; 
as a result, the nitro group must be non-planar with the ring in 
order to reduce steric repulsions. Work is now in progress to 
determine if this is a normal reaction for this system with other 
nucleophiles. 2,5-Dichloronitrobenzene (Id) reacted with ex- 
cess trifluoroalkoxide to give a gross mixture of products and 
this transformation was determined to be of little synthetic use. 

Reaction of polychloroheterocycles with NaOCH2CF3 
The purpose of this study was to examine the nature of 

mono(trifluoroa1koxylation) and poly(trifluoroalkoxylation) 
reactions of polyhaloheterocycles and the substrates studied are 
reported in Table 2. 3,6-Dichloropyridazine (3a) was found to 
undergo cleanly both monosubstitution and disubstitution, de- 
pending on the amount of trifluoroalkoxide used. The nmr 

spectrum of the monosubstituted compound was easily differ- 
entiated from that of the disubstituted derivative since the 
monosubstituted pyridazine had two doublets in the aromatic 
region due to two, non-equivalent, adjacent, heteroaromatic 
hydrogens. The disubstituted compound was symmetric and, 
therefore, a singlet integrating for two hydrogens was observed 
in the aromatic region of the nmr spectrum. 2,4-Dichloro- 
pyrimidine (3b) was also found to undergo polysubstitution 
cleanly but apparently this substance was too reactive to give 
a single monosubstitution product. 4,7-Dichloroquinoline (3c) 
underwent selective monosubstitution at the 4-position. This 
was verified by catalytic hydrogenolysis of the mono- 
substitution product and subsequent nmr comparison of the 
material with the 7-chloro-4-(2,2,2-trifluoroethoxy) quinoline 
(4d). Analysis of the nmr splitting patterns for hydrogens at 
positions two and three indicated no change from the set of 
doublets observed in the starting material. The 4,7-dichloro- 
quinoline (3c) was found to be unreactive with regard to further 
'ubstitution at the 7-position when subjected to reaction with 
excess trifluoroalkoxide ion. 2,4,6-Trichloropyrimidine (3d) 
represented an interesting example in that it was found to 
undergo substitution at all three positions to give a tris- 
(trifluoroalkoxylated) derivative. The final example studied 
was 2,3-dichloro-5-trifluoromethylpyridine (3e) which was 
found to react selectively at the 2-position. 

Reaction of 3,4-dichloronitrobenzene and 3,6-dichloropyri- 
dazine with various sodium fl~toroalkoxides 

We had previously found (1) that fluoroalkoxide anions pos- 
sessing more than four fluorines were relatively unreactive 
toward 4-chlorobenzonitrile. We decided to extend this study 
to 3,4-dichloronitrobenzene in order to determine the effect of 
additional halogens on the aromatic substrate. As indicated in 
Table 3, I , ] ,  1-trifluoroisopropoxide and 2,2,3,3-tetrafluoro- 
propoxide reacted cleanly with 3,4-dichloronitrobenzene at the 
4-position at room temperature in HMPA. Presumably the in- 
creased activating effect of the nitro group over the nitrile and 
the presence of an ortho chlorine allows this transformation 
to take place at room temperature. Perhaps even more interest- 
ing, 2,2,3,3,3-pentafluoropropoxide and 2,2,3,3,4,4,4-hepta- 
fluorobutoxide reacted with 3,4-dichloronitrobenzene at the 
4-position also, albeit at a significantly higher temperature. 
Both of these alkoxide ions were found to be unreactive with 
4-chlorobenzonitrile in our previous study. The significance of 
the reaction of the latter two nucleophiles is that more highly 
fluorinated alkoxide anions should also undergo such reactions 
since inductive effects would be expected to be negligible over 
a five-atom distance. Therefore, there should in principle be no 
limitation on this reaction based on the number of fluorines on 
the nucleophile if one chooses a sufficiently reactive aryl 
halide. 

In order to determine the nature of polysubstitution reactions 
for such nucleophiles, the reaction of 3,6-dichloropyridazine 
with excess fluoroalkoxide anion was studied. As indicated in 
Table 4,  1, I ,  1-trifluoroisopropoxide and 2,2,3,3-tetrafluoro- 
propoxide were found to give polysubstitution in DMF at 
150°C. When dioxane was used as the solvent, both 2,2,3,3,3- 
pentafluoropropoxide and 2,2,3,3,4,4,4-heptafluorobutoxide 
were also found to undergo successful polysubstitution reac- 
tions. These latter two reactions proved to be of particular 
significance since they demonstrated that lower reaction tem- 
peratures (100°C) and less polar solvents could be successfully 
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TABLE 2. Reactions of polychloroheterocycles with NaOCHZCF3 

Substrate Product Yield" (%) 

"See footnote a, Table I. 
hThe reactants were mixed at 0- IO°C in order to minimize any undesirable side reactions. After stirring 

for approximately 30 min at room temperature, the mixture was heated at 150°C for I5 h. 

TABLE 3. Reaction of 3,4-dichloronitrobenzene with various sodium fluoroalkoxides 

Reaction Reaction 
Entry Rr Product temp. ("C) time (h) Yield" (%) 

"See footnote a, Table 1. 
HMPA was used as the solvent in these reactions. 

used if one chooses a reasonably reactive heteroaromatic halide corded on either a Perkin Elmer Model 1420 Infrared spectrometer or 
as the substrate. a Nicolet MXS FT IR as thin films or Nujol mulls. The nmr spectra 

In conclusion, regioselective fluoroalkoxylation and poly- were obtained in CCh,  DCCl,, or MezSO-d6 solutions ((CH,),Si inter- 
~ u o r o a ~ ~ o x y ~ a t i o n  have been achieved with a variety of poly- nal standard) at 60 MHz with a Varian EM-360 spectrometer. All 

halogenated aromatic and heteroaromatic systems. Halogen se- boiling points and melting points are and melting points 
were recorded on a Fisher-Johns melting-point apparatus. With lectivity has been Observed and the presence Of regard to the characterization of the reaction products, combustion 

in the nucleophile does not seem to affect analyses were carried out on representative samples (26, 2e, 2g, 2j, 
the nature of such substitution reactions. 46, and 4c). Compounds 20, 2c,  2c1, 2f, 21, 2j, and 2k were con- 

verted to substances that we have previously reported ( I ) .  Compounds 
Experimental 6a ,  66, 6c,  and 6 d  were simple analogs of 2i and had the appropriate, 

The following procedure is typical of the experimental conditions and analogous, nrnr absorptions. Compounds 8 a ,  86, 8c,  and 8 d  were 
used for the reaction of activated aromatic and heteroaromatic com- simple analogs of 4 6  and had the appropriate, and analogous, nmr 
pounds with fluorinated alkoxide anions. Infrared spectra were re- absorptions. Compounds 2d, 2h, 4a ,  4d, 4e, and 4f had relatively 
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GUPTON ET AL 

TABLE 4. Reaction of 3,6-dichloropyridazine with various sodium fluoroalkoxides 

Reaction Reaction 
Entry Rr Product temp. ("C) time (h) Yield" (%) 

I -CH(CH,)CF; 8a 150 24 lOO(53) 
2 -CHZCF2CFzH 80 150 24 64(57) 
3 -CH,CF2CF, 8c 101 24 (78Ih 
4 -CH2CF2CF2CF3 8d 101 24 54(24) 

"See footnote a Table I .  
"These reactions were run in dioxane, for I 

uncomplicated and unambiguous nmr spectral properties. All reaction 
products gave nmr, ir, and ms spectra consistent with their assigned 
structure and their homogeneity was determined by the use of glc or 
tlc techniques. 

3-Chloro-4(2,2,2-tr~Juoroetho.ry)nitrobenzene, 2i 
A dry, three-necked round-bottomed flask equipped with a con- 

denser, thermometer, rubber septum, and magnetic stirrer was placed 
under a nitrogen atmosphere. Into the flask was placed 1.37 g (0.0286 
mol) of a 50% sodium hydride - mineral oil mixture which was 
subsequently washed with hexane. To the sodium hydride was added 
125 mL of DMF (dried over 4A molecular sieves) and 2.86 g (0.0286 
rnol) of 2,2,2-trifluoroethanol, respectively. The mixture was allowed 
to stir for 20 min and 5.00 g (0.0260 rnol) of 3,4-dichloronitrobenzene 
was added in one portion. The resulting mixture was heated at reflux 
(150°C) for 18 h, cooled to room temperature, and the solvent was 
removed in vacuo. The residue was carefully diluted with 100 mL of 
ice water, extracted with ether (3 x 100 mL), and the combined 
extracts were washed with water (3 X 30 mL) and dried over anhy- 
drous magnesium sulfate. After removing the drying agents, the or- 
ganic phase was concentrated in vacuo to yield 5.30 g of a dark liquid. 
This material was distilled (Kugelrohr) to give 3.25 g (58% yield) of 
asolid, bp77-78"Cat0.4Torr(I Torr = 133.3 Pa)and mp48-49°C. 

3-Chloro-2-(2,2,2-trifluoroethoxy)nitrobetzere, 2a: bp 60-62°C 
(0. I Torr); ir (thin film): 1595, 1535, 1460, 1360, 1290, 1250, 1170, 
1080, 1045, 965, 870, 800, 860, 840, and 675 cm-I; nmr (CDCI?) 6: 
4.55 (q, J = 8 Hz, 2H), 7.31 (t, J = 8 Hz, IH), and 7.60-7.97 (m, 
2H); mass spectrum. m/e: 255, 257 (M+). 

2,3-Di-(2,2,2-tr1Juoroethoxy)chlorobenzene 2b: bp 60°C (0.1 
Torr); ir (thin film): 1585, 1480, 1455, 1285, 1265, 1165, 1080, 
1050, 965, 895, 865, 770, 735, and 705 cm-I; nmr (CDCI,) 6: 4.40 
(q, J = 8 Hz, 4H) and 6.78-7.30 (m, 3H); mass spectrum, m/e: 308, 
3 10 (M+). Anal. calcd. for CloH702CIF6: C 38.92, H 2.29, F 36.94; 
found: C 39.1 I,  H 2.50, F 37.13. 

2-Chloro-4-(2,2,2-tr~Juoroethoxy)nitrobenere (2c) and 4-chloro-2- 
(2,2,2-trifluoroethoxy)nitrobenzer~e, 2c' 

This reaction produced a mixture of para (2c) and ortho (2c') 
substitution products as determined by glpc analysis. The relative 
composition was determined to be 75% of the ortho substitution prod- 
uct (2c') and 25% of the para substitution product (2c): bp (mixture) 
68-72°C (0.3 Torr); ir (thin film): 1605, 1580, 1530, 1350, 1295, 
1250, 1 175, 1090, 1060, 980, 970, 915, 840, and 660 cm-'; nmr 
(CDCI?, mixture of isomers, ortho substitution absorptions) 6: 4.53 
(q,J=8Hz,2H),7.08-7.33(m,2H),and7.91(d,J= IOHz, IH); 
nmr (CDCI?, mixture of isomers, para substitution absorptions) 6: 
4.48 (q, J = 8 Hz, 2H), 7.08-7.33 (m, 2H), and 8.05 (d, J = 10 Hz, 
IH); mass spectrum, m/e: 255,257 (M+). The mixture of isomers was 
further characterized by catalyt~c hydrogenolysis with Pd on carbon in 
methanol with sodium acetate. This mixture of ortho- and para- 
(2,2,2-trifluoroethoxy) anilines was compared by nmr and tlc to the 

catalytic hydrogenation products obtained from reduction of the 
known (1) o-(2,2,2-trifluoroethoxy)nitrobenzene and p-(2,2,2-tri- 
fluoroethoxy)nitrobenzene. 

2,4-Di-(2,2,2-trifIuoroethoxy)nirrobenzete, 2d: mp 1 10- 113°C 
(recrystallized from iPrOH/H20); ir (Nujol): 1620, 1520, 1365, 1280, 
1185, 970, 860, 840, 815, and 750 cm-I; nmr (CDCl,/acetone-d,) 6: 
4.70(q. J = 8 H z , 2 H ) , 4 . 7 4 ( q , J  = 8Hz,2H) ,  6 . 8 8 ( d o f d , J  = 
8 H z , J = 2 H z ,  I H ) , 7 . 0 3 ( d , J = 2 H z ,  I H ) , a n d 8 . 0 6 ( d , J = S H z ,  
IH); mass spectrum, rnle: 319 (M+). 
2,4-Di-(2,2,2-trifluoroethoxy)benzonitrile, 2e: mp 109- 110°C (re- 

crystallized from iPrOH/H1O); ir (Nujol): 2240, 1620, 1285, 1 180, 
1070, 860, 845, 830, and 750 cm-I; nmr (CDC13/Me2SO-d6) 6: 4.70 
(q, J = 8Hz,2H) ,4 .78  (q, J = 8Hz,2H),  6.83 ( d o f d ,  J = 8 H z ,  
J = 2Hz,  IH) ,7 .04(d , J  = 2Hz,  IH),and7.64(d,J  = 8Hz,  IH); 
mass spectrum, m/e: 299 (M'). Anal. calcd. for Cl1H7NO2F6: C 
44.16, H 2.36, N 4.68; found: C 44.88, H 2.84, N 4.34. 

5-Chloro-2-(2,2,2-trifluoroethoxy)r~itrobet~zene, 2 f: bp 60°C (0.3 
Torr); ir (CHCI,): 1610, 1535, 1485, 1350, 1295, 1260, 1 170, 1120, 
970, 960, 890, 865, 810, and 660 cm-I; nmr (CDCI,) 6: 4.52 (q, J 
= 8 H z , 2 H ) , 7 . 1 8 ( d , J  = 9 H z ,  I H ) , 7 . 6 4 ( d o f d , J =  2 H z , J  = 
9 Hz, IH), and 7.94 (d, J = 2 Hz, IH); mass spectrum, m/e: 255,257 
@I+). 

2-Chloro-6-(2,2,2-trifluoroethoxy)benzonitrile, 2g: mp 110- 
113°C (recrystallized from iPrOH/H,O); ir (Nujol): 2235, 1590, 
1580, 1470, 1270, I 170, 1075, 970, 900, 860, 780, and 710 cm-I; 
nmr (CDCI,) 6: 4.53 (q, J = 8 Hz, 2H), 6.96 (d of d, J = I Hz, J = 
8 Hz, IH), 7.19 (d of d, J = 1 Hz, J = 8 Hz, IH), and 7.55 (t, J = 
8 Hz, IH); mass spectrum, m/e: 237,235 (M+).  This reaction was run 
at 90°C as opposed to the normal reaction temperature of 150°C. And. 
calcd. for C9H5NOClF3: C 45.88, H 2.14, N 5.95; found: C 45.88, H 
2.37, N 5.78. 

2,6-Di-(2,2,2-tri~uoroethoxy)benzonitrile, 2h: mp 86-90°C (re- 
crystallized from iPrOH/HzO); ir (CHCI,): 2240, 1600, 1590, 1290, 
1260, 1240, 1170, 1130,715, and 685 cm-I; nmr (CDCI;) 6: 4.53 (q, 
J = 8Hz,4H) ,  6 . 8 8 ( d , J =  8Hz,2H),and7.63 ( t , J =  8Hz,  IH); 
mass spectrum, m/e: 299 (M+). 

3-Chloro-4-(2,2,2-tr1Juoroethoxy)nitrobet~zet1e, 2i: bp 77-78°C 
(0.4 Torr); mp 48-49°C; ir (CCI,): 1590, 1525, 1490, 1345, 1290, 
1250, 1 170, 1075, 970, 900, and 860 cm-'; nmr (CDCI,) 6: 4.58 (q, 
J = 8 Hz, 2H), 7.10 (d, J = 8 Hz, IH), 8.30 (d of d, J = 8 Hz, J 
= 2 Hz, IH), and 8.40 (d, J = 2 Hz, IH); mass spectrum, m/e: 257, 
255 (M'). 
3-Chloro-4-(2,2,2-trifluoroethoxy)benzonitrie, 2j: mp 74-75°C 

(recrystallized from MeOH/H20); ir (Nujol): 2230, 1595, 1495, 
1310, 1295, 1255, 1180, 1085, 975, 900, 860, and 810 cm-'; nmr 
(CDCI;) 6: 4.52 (q, J = 8 Hz, 2H), 7.08 (d, J = 8 Hz, IH), and 
7.48-7.90 (m, 2H); mass spectrum, m/e: 237, 235 (M+). Anal. 
calcd. for C9HsNOF,C1: C 45.88, H 2.14, N 5.95; found: C 46.06, H 
2.30, N 5.89. 

3-Chloro-5-(2,2,2-trifluoroethoxy)ben~rile, 2k: bp 62-64°C 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3042 CAN. J .  CHEM. \ 

(0.1 Torr); ir (Nujol): 2215, 1590, 1430, 1290, 1260, 1160, 1080, 
970,860,695, and 670 cm-I; nrnr (CDCI,) 6: 4.42 (q, J = 8 Hz, 2H) 
and 7.07-7.44 (m, 3H); mass spectrum, mle: 235, 237 (M+). 
3-Chloro-6-(2,2,2-trifluoroethoxyjpyrid~zzine, 4a: bp 62-65°C 

(0.3 Torr) ir (Nujol): 1585, 1410, 1265, 1165, 1050, 960, 860, 835, 
and720cm-';nmr(CDCI3)6:4.96(q, J = 8 Hz, 2H),7.20(d, J = 
10 Hz, IH), and 7.58 (d, J = 10 Hz, IH); mass spectrum, m/e: 212, 
214 (M+). 
3,6-Di-(2,2,2-trifluoroethoxyjpyrida~i11e, 4b: mp 79-83°C; ir (Nu- 

jol): 1470, 1370, 1280, 1250, 1 175, 1055,960, 870, 840,690, 655, 
and 630 cm-I; nrnr (CDCI,) 6: 4.90 (q, J = 8 Hz, 4H) and 7.18 (s, 
2H); mass spectrum, m/e: 276 (M+). Anal. calcd. for C8H6NZO2F6: C 
34.79, H 2.19, N 10.15; found: C 35.59, H 2.58, N 9.89. 

2,4-Di-(2,2,2-trifl~toroethoxyjpyrirnidine 4c: bp 53°C (0.3 Torr); ir 
(thin film): 1590, 1465, 1450, 1420, 1380, 1270, 1170, 1 1  10, 1060, 
985, 960, 855, 820, 695, and 670 cm-I; nmr (CDCI,) 6: 4.82 (q, J 
= 8 Hz, 4H), 6.53 (d, J = 6 Hz, IH), and 8.35 (d, J = 6 Hz, IH); 
mass spectrum, m/e: 276 (M+). Anal. calcd. for CxH6N202F6: C 
34.79, H 2.19, N 10.15; found: C 35.10, H 2.29, N 9.53. 

7-Chloro-4-(2,2,2-trijluoroetho.ry)quinoli1te, 4d: mp 93-97°C; ir 
(Nujol): 1620, 1590, 1565, 1505, 1380, 1120, 1295, 1265, 1165, 
1130,970,905, 870,860,850, 825,760, and 680 cm-I; nmr (CDCI,) 
6 : 4 . 6 0 ( q , J =  8Hz ,2H) ,6 .70 (d , J  = 5Hz,  I H ) , 7 . 5 5 ( d o f d , J  
= 2Hz, J = 5 Hz, IH), 8.02-8.40(m, 2H), and9.80(d, J = 5 Hz, 
I H); mass spectrum, I I I /~ :  26 1, 263 (M+). 
2,4,6-Tri-(2,2,2-trifluoroethoxy)pyrirnidine, 4e: bp 60-63°C (0.07 

Tom); ir (thin film): 1610, 1585, 1440, 1420, 1380, 1270, 1175, 
1125, 1080, 960, 860, 825, 695, and 665 cm-I; nmr (CDCI,) 6: 4.80 
(q, J = 8 Hz, 2H), 4.84 (q, J = 8 Hz, 4H), and 6.13 (s, I H); mass 
spectrum, mle:' 374 (M'). 

3 - C h l o r o - 5 - t r i f l u o r o m e t h y l - 2 - ( 2 , 2 , 2 - r r i f y r i d i n e ,  4f: 
bp 35-37°C (0.8 Torr); ir (thin film): 1605, 1480, 1450, 1415, 1340, 
1280, 1260, 1 170, 1 140, 1085, 1055, 965, 920, 860, 760, 720, and 
660cm-'; nmr (CDCI,) 6: 4.92 (q, J = 8 Hz, 2H), 8.01 (d, J = 2 Hz, 
IH), and 8.44 (d, J = 2 Hz, IH); mass spectrum, rn/e: 279,281 (M+). 

3-Chloro-4-(I, 1, 1-trifluoroisopropoxy)nitrobenzene, 6a: bp 70- 
82°C (0.15 Torr); ir (thin film): 1585, 1525, 1485, 1350, 1270, 1 185, 
1 165, 1090, 1055, 1020, 940, 900,755, and 670 cm-'; nmr (CDCI,) 
6: 1.65 (d, J = 7 Hz, 3H), 4.90 (hept, J = 7 Hz, IH), 7.17 (d, J = 
9Hz,  IH), 8.23(dofd,  J = 3Hz,  J = 9Hz,  IH), and 8.38 (d, J = 
3 Hz, IH); mass spectrum, m/e: 269, 271 (M+). 
3-~hloro-4-(2,2,3,3-11-tetrafl~1oro~ro~o)nitrobenzene, 6b: bp 

77-87°C (0.15 Tom); ir (thin film): 1585, 1525, 1490, 1350, 1285, 
1205, 1 125, 1070, 900, 840, 820, 745, and 645 cm-I; nmr (CDC13) 
6: 4.57 (t, J = 12 Hz, 2H), 6.20 ( t o f t ,  J = 5 Hz, J = 53 Hz, IH), 
7. I0 (d, J = 8 Hz, IH), and 8.10-8.33 (m, 2H); mass spectrum, m/e: 
287, 289 (M'). 
3-Ch1oro-4-(2,2,3,3,3-n-pentafluoropropojitrobenzene 6c: bp 

80-92°C (0.2 Torr); ir (thin film): 1585, 1570, 1490, 1350, 1285, 
1200, 1150, 1100, 1075, 1015, 900, 820, 740, and 665 cm-I; nrnr 
(CDCl,)6:4.60(t,J = 12Hz, 2H),7.05(d,J  = 9Hz,  IH), 8.18(d 
of d, J = 2 Hz, J = 9 Hz, IH), and 8.30 (d, J = 2 Hz, IH); mass 
spectrum, tr~/e: 305, 307 (M+). 
3-Chloro-4-(2,2,3,3,4,4,4-n-heptafl~iorob1tory)nitrobenze11e, 6d: 

bp 60-80°C (0.1 Tom); ir (thin film): 1585, 1520, 1490, 1350, 1335, 
1275, 1 185, 1 125, 1075, 1020, 920, 900, 740, and 650 cm- I; nmr 
(CDCI,) 6: 4.72 (t, J = 12 Hz, 2H), 7.17 (d, J = 9 Hz, I H), 8.30 (d 
ofd ,  J = 9Hz,  J = 2Hz,  IH), and8.42(d, J = 2Hz ,  IH); mass 
spectrum, m/e: 355, 357 (M+). 

3,6-Di-(I, l, l-trifl~~oroisopropoxyjpyridazine, 8a: bp 72-75°C 
(0.1 Tom); ir (thin film): 1440, 1380, 1360, 1265, 1180, 1160, 1 1  10, 
1090, 1020, 935, 840, 670, and 635 cm-I; nmr (CDCI,) 6: 1.45 (d, 
J = 7 Hz, 6H), 5.82 (hept, J = 7 Hz, 2H), and 7.08 (s, 2H); mass 
spectrum, m/e: 304 (M'). 
3,6-Di-(2,2,3,3-rt-retrafluoropropoxy)pyridazine, 8b: bp 55-75°C 

(0.1 Torr); ir (thin film): 1460, 1440, 1400, 1270, 1200, 1 1  10, 1050, 
945,835, and 680 cm-'; nrnr (CDCI,) 6: 4.83 (t, J = 12 Hz, 4H), 6.00 

(t o f t ,  J = 5 Hz, J = 53 Hz, 2H), and 7.13 (s, 2H); mass spectrum, 
m/e: 340 (M+). 
3.6-Di-(2,2.3,3,3-n-pe11t~zfluoropropo.ry)pyrid~zzi1te, 8c: bp 70- 

75°C (0.5 Torr); ir (thin film): 1470, 1445, 1400, 1365, 1350, 1280, 
1200, 1150, 1 1  10, 1060, 1015, 940, 840, 725, 670, and 640 cm-I; 
nrnr (CDCI,) 6: 4.97 (t, J = 12 Hz, 4H) and 7.20 (s, 2H); mass 
spectrum, m/e: 376 (M+). 
3,6-Di-(2,2,3,3,4,4,4-n-heptafluorobutosy)pyridnzi11e, 8d: bp 74- 

80°C (1 Torr); ir (thin film): 1470, 1450, 1350, 1280, 1230, 1185, 
1130, 1060. 1020, 965, 920, 840, 760, 740, and 650 cm-I; nrnr 
(CDCI,) 6: 5.02 (t, J = 12 Hz, 4H) and 7.20 (s, 2H); mass spectrum, 
m/e: 476 (M+). 

Catalytic hydrogenolysis of 3-chloro-4-(2,2,2-tr1fluoroetho.ry)benzo- 
nitrile, 2j 

Into a Parr, low pressure, hydrogenation bottle was placed 0.300 g 
of 3-chloro-4-(2,2,2-trifluoroethoxy) benzonitrile, 100 mL of anhy- 
drous methanol, 0.585 g of anhydrous sodium acetate, and 0.200 g of 
5% Pd on carbon. This mixture was then placed in a Parr hydro- 
genation apparatus and evacuated several times to remove any traces 
of oxygen. Hydrogen was introduced into the reaction vessel until a 
pressure of 55 psi (1 psi = 6.89 kPa) was reached. The resulting 
mixture was shaken for 4 h, at which point a constant pressure was 
obtained. The system was then evacuated for 15 min to remove hydro- 
gen and the Pd on carbon was removed by filtration. The filtrate was 
concentrated in vncuo and the residue was partitioned between water 
(50 mL) and chloroform (50 mL). The chloroform phase was dried 
over anhydrous magnesium sulfate, filtered, and concentrated in 
vacuo. The residue was subjected to nrnr, ir, and tlc analysis (50% 
ethyl acetate, 50% chloroform on Silica gel 7GF) and subsequently 
compared with an authentic sample ( I )  of 4-(2,2,2-trifluoroethoxy) 
benzonitrile. The crude residue was found to correspond to the authen- 
tic sample under these conditions of analysis. Compounds 20, 2c, 2c1, 
2 f, 2g, and 2k were treated in a similar fashion and compared with the 
appropriate authentic samples (I).  In cases where the authentic sam- 
ples were nitro compounds, these standards were also subjected to 
hydrogenolysis under the above conditions in order that direct com- 
parisons (nrnr, ir, and tlc) could be made. In all of the examples 
studied, the hydrogenolysis products and the respective authentic sam- 
ples were found to be identical. Compound 4d, Table 2, was also 
subjected to analogous hydrogenolysis conditions. 
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HANS H. BAER and MIROSLAWA MEKARSKA-FALICKI. Can. J .  Chem. 63, 3043 (1985). 
Lithium triethylborohydride was shown to react with methyl 4,6-0-benzylidene-a-D-hexopyranoside 2- and 3-tosylates, and 

2,3-ditosylates, in the mnnno, allo, and altr-o configurational series both by 0-S fission (0-desulfonylation) and by C-0 
fission (C-desulfonyloxylation), to produce carbinol and deoxy functions, respectively. The results were compared with those 
previously obtained with the corresponding ghico and gnlacto isomers, and the degree of facility of the cleavage reactions was 
seen to depend on the position of the sulfonic ester groups and the overall configuration of the molecules. The mechanism of 
reductive desulfonyloxylation also depended on configuration and was demonstrated to involve intermediary epoxide formation 
or displacement by internal hydride shift as the principal paths; competing elimination and direct nucleophilic displacement 
were found to occur in the allo series, whereas reduction accompanied by ring contraction has thus far been encountered only 
in the conformationally less constrained, cis-fused acetal system of the gnlncto series. Like the borohydride reagent, lithium 
aluminum hydride was found to react (though much more slowly) with the clltro 2,3-ditosylate by the epoxide-mediated 
mechanism, although the latter hydride is known to desulfonyloxylate the a-D-gluco-isomer by a different, intramolecular 
reduction mechanism. 

HANS H. BAER et MIROSLAWA MEKARSKA-FALICKI. Can. J .  Chem. 63, 3043 (1985). 
Le borohydrure de tritthyllithium rCagit avec les tosylates-2 et -3 et avec les ditosylates-2.3 du 0-benzylidkne-4,6 

a-D-hexopyranosides de mtthyle de configurations marlno, allo et altro pour conduire, par fission de la liaison 0-S 
(0-dtsulfonylation) et par fission de la liaison C-0 (C-dCsulfonyloxylation), ii des fonctions carbinol et dCsoxy res- 
pectivement. On a combark les rksultats ii ceux obtenus antkrieurement pour les isomkres gl~tco et galacto correspondants et 
on a remarque que le degrC de facilitC de les reactions de clivage dtpend de la position des groupes esters sulfoniques et de 
la configuration gCnCrale des molCcules. Le mCcanisme principal de la dCsulfonyloxylation rCductrice depend Cgalement de la 
configuration et on dCmontre qu'il implique la forniation internikdiaire d'un Cpoxyde ou un dCplacement par glissement interne 
d'hydrure. Dans la sCrie 0110, on note la prcsence d'une rtaction compCtitive d'tlimination ainsi que celle d'un dCplacement 
nucltophile direct; par ailleurs, une rCduction accompagnte d'une contraction de cycle ne se produit que dans la sCrie galacto 
contenant un systkme acCtal cis-condens6 ayant moins de contrainte conformationnelle. L'alanate de lithium, a I'instar du 
borohydrure, rCagit (bien que beaucoup plus lentement) avec le ditosylate-2,3 altr-o selon un mCcanisme impliquant un Cpoxyde 
internikdiaire en dCpit du fait qu'il est connu que ce dernier hydrure conduit ii une dCsulfonyloxylation de I'isomkre a-D-gluco 
selon un mCcanisme de rCduction intramolCculaire diffkrent. 

[Traduit par le journal] 

Introduction 
Lithium triethylborohydride (LTBH, Super Hydridem) is a 

powerful reagent for the deoxygenation of alcohols by reduc- 
tion of their p-toluenesulfonic esters. It has been reported to 
react smoothly, not only with unhindered, primary tosylates 
but also with hindered ones as well as with secondary, cyclo- 
alkanol tosylates (1). Competing 0-desulfonylation and (or) 
eliminative alkene formation are normally negligible or, at 
least, strongly curtailed in comparison to similar reduction 
with lithium aluminum hydride. An early application in carbo- 
hydrate chemistry (2) demonstrated the ready reduction of 
1,2: 3,5-di-0-methylidene-a-D-glucofuranose 6-tosylate to the 
corresponding 6-deoxy derivative; however, the secondary 
esters 6-deoxy-2,3-0-isopropylidene-5-O-p-tolylsu1fony1-a-~- 
manno- and -a-D-allofuranoside failed to give the desired 
5,6-dideoxy derivatives (2). By contrast, we have successfully 
detosyloxylated secondary tosylates derived from methyl 
4,6-0-benzylidene-a- and -P-D-glucopyranoside, achieving 
high yields (>go%) of 2- and 3-deoxyhexopyranosides (3). 
Our studies were recently extended (4) to several tosylates of 
a disaccharidic analog, namely, the 4,6 : 4'  ,6'-bisbenzylidene- 
acetal of a,a-trehalose (a-D-glucopyranosyl a-D-glucopyrano- 
side). The results were quite similar kpr inciple ,  although 
yields were not as high in these more complex systems. It 
appeared that the key to straightforward desulfonyloxylation in 
pyranosidic, secondary tosylates (which obviousIy are more 

hindered than cycloalkanol tosylates) is the presence of a free, 
or potentially free, hydroxyl group adjacent tb the sulfonic ester 
function: When the alcohol was blocked as the methyl ether, 
C-0 fission became very sluggish and S-0 fission pre- 
vailed. In view of the hydroxy-tosyloxy trans relationship that 
exists in the glucopyranosides referred to, it could reasonably 
be assumed that desulfonyloxylation occurs by internal dis- 
placement via intermediary epoxides that are then reductively 
cleaved to give deoxyglycosides, and operation of this mech- 
anism could in fact be proved by the isolation of such epoxides 
(3,4) (Scheme l(a)). An intermediacy of epoxides has also 
been invoked recently to explain a number of products ob- 
served in the reductive dehalogenation of certain fluorohydrins 
by LTBH (5), and it is in harmony with studies (6) illustrating 
the general reactivity of epoxides towards that reagent. It was 
therefore rather surprising that various hexopyranoside to- 
sylates which possessed a trans-vicinal hydroxyl group, but 
lacked the cyclic 4,6-acetal structure, were found to be de- 
sulfonyloxylated by LTBH in an entirely different way (7): The 
predominant course of events led to ring contraction, giving 
deoxy-C-hydroxymethylpentofuranosides (Scheme l(b)). Al- 
though all details of the mechanism are not yet clear, it was 
shown that epoxides are not implicated in the formation of the 
rearranged products, and epoxides found in some of the reac- 
tion mixtures evidently were precursors for minor proportions 
of unrearranged deoxyhexopyranosides that arose in some in- 
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stances (7,8). 'The conclusion must be drawn that, under the 
conditions of the reaction with LTBH, carbon bond migration 
in the sense of Scheme l(b) is favored over epoxide-forming 
internal displacement, even though the tosylates in question 
do produce epoxides readily when treated with such bases as 
sodium alkoxides (9). In view of this, it may be suggested for 
the case of the aforementioned glucopyranoside 4,6-acetals 
(Scheme 1 (a)) that an intrinsically less-favored epoxide path is 
taken as an alternative to LTBH-induced ring contraction that, 
in these structures, woud lead to a highly strained, trans-fused 
bicyclo[4.3.0] system. This notion received support from the 
behavior of methyl 4,6-0-benzylidene-a-D-galactopyranoside 

2,3-ditosylate, a less rigid, cis-fused bicyclic structure, which 
gave with LTBH a ring-contracted and an unrearranged product 
in the ratio 1.7: 1 (7) (Scheme l(c)). 

Our interest was thus generated in examining the action of 
LTBH upon stereoisomeric glycoside tosylates in which no 
ring contraction should be predicted to occur because of the 
presence of a trans-fused acetal ring, and in which the epoxide 
option is also absent, owing to a vicinal cis-hydroxy - tosyl- 
oxy arrangement. Compounds meeting this description are the 
tosylates of methyl 4,6-0-benzylidenehexopyranosides having 
the manno or a110 configuration, and the question to be an- 
swered was whether these would suffer simple and exclusive 
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0-desulfonylation, the C-desulfonyloxylation pathways just 
mentioned being barred, or whether they would be desulfonyl- 
oxylated by some other mechanism. Normal SN2 displacement, 
known to be facile for cycloalkanol tosylates (1) and shown to 
be possible, if difficult, for gluco analogs (3), might become 
competitive; alternatively, displacement with involvement of 
an internal hydride shift might take place, as was recently 
demonstrated (10) for LTBH-induced deoxygenations of ribo- 
nucleoside 2- and 3-monotosylates. 

Results and discussion 
Methyl 4,6-0-benzylidene-2-0-p-tolysulfonyl-a-D-manno- 

pyranoside (1) reacted with excess LTBH in boiling oxolane to 
give, within 30 min, the known 2-deoxy-a-D-ribo-hexopyrano- 
side 2, isolated crystalline in 66% yield. The isomeric 
3-tosylate 3 similarly gave, after 90 min, a 77% yield of crys- 
talline 3-deoxy-a-D-ribo-hexopyranoside 5. A 56% yield of the 
same product was obtained from the 2,3-ditosylate 4 after a 
reaction time of 2 h. Evidently, 0-desulfonylation at the more 
susceptible 2-position was the primary event in the latter case, 
converting 4 into 3,  which was then desulfonyloxylated as 
before. The initiating step was familiar from the behavior of 
a- and P-D-gluco analogs (3). The inversion of carbinol config- 
uration in the reactions 1 + 2 and 3 + 5 clearly indicates that 
the tosyloxy displacement cannot have occurred by external 
hydride attack, in SN2 fashion, but must have involved hydride 
shifts as shown in Scheme 2. The trans-diaxially disposed 
migrating hydrogen atom and leaving group in 1 are particu- 
larly conducive to such a process. In 3,  the migration pre- 
sumably requires the molecule to assume a transition state 
conformation close to the skew form (3a) shown, but this factor 
is not a serious impediment and it also applies to the facile 
epoxide formations represented in Scheme l(a). On the other 
hand, SN2 displacements at the 2- and 3-positions of a-D- 
mannopyranosides are known to be difficult, which can be 
explained (1 1) by considering dipolar and steric interactions 

OMe 
5 

that develop in the transition state. 'The results obtained with 
the mannosides are thus entirely plausible.' 

In remarkable contrast to the mannose counterparts, the 
a-D-a110 2-tosylate 6 under the same reaction conditions under- 
went seemingly complete 0-desulfonylation, producing within 
75 min the parent diol7, which was isolated crystalline in 87% 
yield. No deoxyglycoside was detected. In order to incur a 
hydride shift with concomitant C-desulfonyloxylation, 6 would 
presumably have to attain the skew boat conformation 6a,  
which is the same as 3a  but, in the present case, would appear 
to be strongly disfavored as the large 2-tosyloxy substituent is 
pointing "inwards" at a flagstaff position. This circumstance, 
coupled with the general ease of S-0 fission at the 2-position, 
may explain the observed result. 

To be studied next were the a-D-a110 3-tosylate 10 and the 
2,3-ditosylate 11. To prepare these heretofore unknown de- 
rivatives, methyl 2-0-benzoyl-4,6-0-benzylidene-a-D-allopy- 
ranoside (8) was tosylated to give compound 9. Methanolysis 
of 9 in the presence of barium methoxide afforded 10, which 
was tosylated to produce 11. 

The alloside esters 10 and 11 proved considerably less reac- 
tive toward LTBH than their stereiosomers 3 and 4, respec- 
tively. Treatment of the benzoate 9 with an excess of reductant 
in boiling oxolane caused rapid removal of the benzoyl group, 
as was expected, but only traces of products other than 10 were 
seen, in tlc, after a reaction time of 20 min. Processing at this 
point gave 10, isolated crystalline (73% yield) and identical 
with the product from methanolysis. Prolonged reaction of 10 
under the same conditions gave increased amounts of chroma- 
tographically visible products, although a substantial propor- 
tion of 10 was still recoverable crystalline after 90 min, the 

'In their article (5) on reduction of organofluorine compounds with 
LTBH, the authors remarked in passing, with reference to unpublished 
results, that a hydride shift occurs in the reduction of 1. No details 
were provided. 
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'1 
OMe + 

'0 

e OMe 

+ 

O H  OMe 

9 R '  = Bz, R2 = Ts Ba(OMe), 
or LTBH 

r--- 10 R 1  = H, RL = Ts 

period after which the isomer 3 had been practically completely 
consumed. The tlc revealed formation of slow-moving diol 7 
and smaller proportions of two faster-moving components. The 
same pattern emerged when the ditosylate 11 was used instead 
of 10 and, upon processing after 24 h, 7 was isolated crystalline 
in 36% yield, and the other products in yields of 20 and 28%. 
The first of the latter was identified as the 3-deoxyglycoside 5, 
and the second was assigned the 3-enoside structure 12 on the 
basis of elemental analysis, mass spectrum, and nmr data. 

The occurrence of a certain amount of elimination from 10 
(or l l ) ,  generating the enoside 12, was not unexpected. Elim- 
inations in 4,6-0-benzylidene-a-D-hexopyranosides bearing an 
axial 3-sulfonate group, to give such 3-enosides, have been 
observed previously, as reactions competing with SN2 displace- 
ments (12); a related precedent was the formation of the 
p-anomer of 12, which took place with 85% yield on treatment 
of the p-anomeric, 3-chloro-3-deoxy analog of 10 with sodium 
benzoate in boiling oxolane for 2 h (13). More surprising were 
the slow rate at which 5 was formed, and its modest yield, 
together with a relatively high proportion of diol 7. One might 
have anticipated a facile desulfonyloxylation with hydride 
shift, as the mutual geometric dispositions of the migrating 
hydrogen atom and the leaving group are the same as those in 

1 (but directionally inverse). In order to elucidate the mech- 
anism operating in this case, 10 was reduced with lithium 
triethylbbrodeuteride, under otherwise unchanged conditions. 
The isolated 3-deoxyglycoside was revealed by nmr spectro- 
scopy to be a -7 : 3 mixture of the 2-deuterio compound 5a and 
the-3,,-deuterio compound 56, the former originating from 
reduction of the 2-ulose intermediate that is formed in the 
expected, hydride shift process, and the latter evidently arising 
through alternative SN2 displacement, which was thus shown to 
compete to a considerable extent in this instance.' The for- 
mation of diol 7 will receive further comment below. 

Finally, the action of LTBH upon methyl 4,6-0-benzyli- 
dene-2,3-di-O-p-tolylsulfonyl-a-~-altropyranoside (13) was 
examined. The compound was completely consumed within 
1 h at 65"C, and tlc indicated the formation of two less-mobile 

Z ~ o m p o u n d s  5a and 5b are readily distinguishable from their 3,,- 
deuterio isomer Sc, for which proton nmr data have been recorded 
(14). Compound 5c arose from methyl 4,6-0-benzylidene-3-0-p- 
tolylsulfonyl-a-D-glucopyranoside as the chief product of deoxygena- 
tion with lithiurn aluminum deuteride (14); this reductant complexes 
with 0 - 2  and then delivers a deuteride ion intramolecularly for dis- 
placement of the trans-oriented, adjacent tosyloxy group, in contra- 
distinction to the action of LTBH (3) that is depicted in Scheme I(a). 
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LTBH 
(or LTBD) 

+ 

OTs OMe OTs OMe Me 
13 14 15 

products showing roughly comparable spot intensities. The 
nmr spectra taken after chromatographic separation revealed 
the slightly preponderant product to be methyl 4,6-0-benzyli- 
dene-3-deoxy-a-D-arabino-hexopyranoside (18), and the less 
abundant product to be the 2-deoxy-a-D-rib0 isomer 2. Unlike 
11, 13 did not give its parent diol, nor a product of 3,4- 
elimination, in detectable amounts. Evidently, facile S-0 
fission takes place in 13 partly (and somewhat preferentially) 
on the 2-sulfonate, and partly on the 3-sulfonate group, and it 
is assumed that the two regioisomeric monoesters (14 and 15) 
so engendered undergo rapid, reductive desulfonyloxylation 
via the corresponding epoxides (16 and 17) to give the deoxy- 
glycosides (Scheme 4(a)) in a manner analogous to the gluco 
isomers (compare Scheme l(a)). This mechanism was proved 
by performance of the reaction with lithium triethylborodeuter- 

ide, which gave the axially deuterated products 18a and 2a. 
Ja j and his co-workers (15) had previously reported the 

formation of 18 and 2, isolated in yields of 60 and 12%, 
respectively, by reaction of 13 with lithium aluminum hydride 
(LAH) in boiling oxolane. The reaction was rather sluggish 
(incomplete after 18 h) and produced a significant proportion 
( 1  1 %) of the parent dio13 19. The authors concluded that 0-S 
fission of the 2-0-tosyl group was the prevalent, primary event, 

3Significant double 0-desulfonylation giving the diol was in line 
with the propensity of LAH for this mode of action, noted also in other 
configurational series (14- 17) and confirmed by us (3) in comparison 
with the action of LTBH. For instance, the mannoside ditosylate 4 was 
desulfonylated by LAH without accompanying deoxygenation (16), in 
sharp contrast to its reduction by LTBH reported here. 
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which was then followed by tosyloxy displacement to give the 
main product 18, and they recognized no immediate decision 
was possible as to whether the reduction proceeded through an 
intermediary epoxide or, alternatively, by intramolecular hy- 
dride transfer in the trihydridioaluminate complex of the car- 
bin01 as had been shown to occur (14, 16) in the a-D-gluco 
series (cf. footnote 2), because both mechanisms would in the 
altro series lead to the same ~roducts.  The latter mechanism 
was considered "only probable", no epoxide products having 
been uncovered in the reaction mixture. We repeated the reac- 
tion of 13 with LAH as specified (15) and, in addition to 
confirming the formation of 18, 2, and 19, found direct evi- 
dence by tlc and nmr spectroscopy for the intermediacy of the 
monotosylate 14 and the epoxide 16. (The presumptive precur- 
sors 15 and 17 for the minor product 2 were not detected.) 
Upon performance of the reaction with lithium aluminum deu- 
teride (LAD), 14 and 16 as well as the axially deuterated 
deoxyglycoside 18a could be isolated and firmly characterized 
by their 300-MHz 'H nrnr spectra. Clearly, the reaction takes 
place along the epoxide path; the internal displacement mech- 
anism would have given the equatorially deuterated epimers of 
18a and 2a,  and these were not encountered (Scheme 4(b)). 

The comparison that can now be made of the behavior of 
various methyl 4,6-0-benzylidenehexopyranoside 2,3-ditosyl- 
ates toward LTBH not only illustrates how the different modes 
of C-desulfonyloxylation (via epoxide, by hydride shift, by 
direct displacement, or with ring contraction) depend on con- 
figuration, but it also invites comment upon the regioselectivity 
of 0-S fission which precedes these processes. The manno 
2,3-ditosylate 4 (Scheme 2) and its gluco isomer (3) were 
0-desulfonylated exclusively, or nearly so, at position 2, 
whereas selectivity was lower in the other series. ~ h u s ,  the a110 
ditosylate 11 gave a large proportion (36%) of diol7, although 
desulfonylation in the 2-monotosylate 6 was faster than in the 
3-monotosylate 10, with the latter partially undergoing reduc- 
tive desulfonyloxylation. Similarly, the altro isomer 13 must 
have suffered partial 0-S fission in both positions, ac- 
counting for the observed products 18 and 2. Whereas the 
greater lability of the 2-0-tosyl group found in all the series can 
be explained by an inductive effect of the anomeric center, the 
decreased stability of the 3-0-tosyl group in 11 and 13, as 
compared to 4 and the gluco isomer, must be attributed to some 
other cause. It cannot be due solely to the axial disposition 
since the galacto isomer (Scheme 1 (C)) also exhibited dimin- 
ished selectivity. Rather, there appears to be a correlation 
between the reactivity at 0 - 3  and the total, non-bonded inter- 
actions present in the molecules as determined by their overall 
configurations. The conformational free energies in a-D-hexo- 
pyranosides increase in the order gluco < manno < galacto < 
a110 < altro and are known to affect the rate of such reactions 
as, for example, acid hydrolysis (18). They may similarly 
account for the reactivity differences here discussed. 

Experimental 
General 

General preparative methods and instrumental techniques used for 
performing reactions with LTBH (purchased from Aldrich Chemical 
Co. as a 1 M solution in oxolane), processing of reaction mixtures, and 
separation and identification of the products were the same as those 
previously employed (3, 4, 7). Unless indicated otherwise, optical 
rotations were measured at 25°C for chloroform solutions, and the 'H 
nmr data refer to 300-MHz spectra obtained for solutions in CDC13 
with a Varian XL-300 instrument. Column chromatography and tlc 
were performed with the following solvent systems (v/v): A, ethyl 

acetate -hexane, 1 :2; B, the same solvents, but 2: 3; C, the same, 
but 1: 1 ;  D, the same, but 4: 1; E, the same, but 1 :5; F, ethyl 
acetate - chloroform, 1 : 9; G, the same solvents, but 1 : 19; and H, the 
same, but 1:49. 

Preparation of the starting glycoside p-toluenesulfonates 
Authenticity and purity of the starting compounds were ascertained 

by nmr spectroscopy; see the data in Table 1.  

(a) Known compounds 1,  3 ,  4, 6, and 13 
Methyl 4,6-0-benzylidene-a-D-mannopyranoside (19) was mono- 

tosylated by the phase-transfer method (20) to give the 2-tosylate 1 as 
a white, amorphous substance showing [a], + 1.9" (c  1.1) in agree- 
ment with ref. 20 (+2"), but at variance with the value (-25") re- 
corded earlier (2 1). 

Monotosylation of the above benzylidenemannoside in hornoge- 
neous phase at 0-20°C as directed (22) furnished the 3-tosylate 3, rnp 
149-150°C, [a], +19.0° (c 5.9) (lit. (22) mp 151-153"C, [a], 
+21°). 

Complete tosylation (22) of the same acetal provided the 
2,3-ditosylate 4, mp 166- 168"C, [a], -5.7" (c 1.8) (lit. (22) mp 
163-164"C, [a], -5.3"). 

The a-D-a110 2-tosylate 6 was prepared from the parent methyl 
4,6-0-benzylidene-a-D-allopyranoside 7 which, in turn, was obtained 
by reduction and deacylation, with sodium borohydride, of known 
(23) methyl 2-0-benzoyl-4,6-0-benzylidene-a-~-ribo-hexopyrano- 
sid-3-ulose according to the published procedure (24, 25). Com- 
pound 7, obtained as anhydrous crystals from hot abolute ethanol, had 
mp 176-178"C, [a], +126.3" (c 1) (lit. (25) mp 173-177"C, [a], 
+ 1 17"; lit. (26) mp 167- 168°C (from benzene), [a], + 128"; and lit. 
(27) mp 175 - 177"C, [a], + 1 17" (in DMF)). Compound 7 is also 
known as a dihydrate (24, 26). A solution of anhydrous 7 (400 mg), 
p-toluenesulfonyl chloride (300 mg), and p-dimethylaminopyridine 
(12 mg) in dry pyridine (2 mL) was allowed to stand at OOC for 24 h 
and for 3 days at 2S°C, with further tosyl chloride (500 mg) being 
added after the second day. Almost complete consumption of 7 (R, 
0.1) and the presence of 6 (Rr 0.5) and 11 (R, 0.7) was then revealed 
by tlc (solvent B). The crude material (558 mg) obtained after conven- 
tional processing was dissolved in hot ethyl acetate -hexane (1  : I), 
from which the 2-tosylate 6 (385 mg) crystallized on cooling and 
addition of the some hexane; yield, 59%; mp 164- 16S°C, [a], +59" 
(c 0.8) (lit. (27) mp 166- 167"C, [a], +35.6" (in DMF), for 6 pre- 
pared in a different way). We also obtained 6, albeit in lower yield 
(39%), by applying the phase-transfer procedure for tosylation (20). 

The a-D-altro 2,3-ditosylate 13 was prepared (28) from its parent 
diol by conventional tosylation. Recrystallized from ethyl acetate, it 
showed mp 182- 183"C, [a], +44" (c 0.8) (lit. (28) mp 179"C, [a], 
+46.9" and lit. (15) mp 181-182"C, [a], +46.S0). 

(b) Methyl 2-0-benzoyl-4,6-0-benzylidene-3-O-p-tolylsulfonyl-a- 
D-allopyranoside (9) 

Methyl 2-0-benzoyl-4,6-O-benzylidene-a-~-ribo-hexopyranosid- 
3-ulose (23) was reduced with sodium borohydride at pH 6-7, to 
provide (25) methyl 2-0-benzoyl-4,6-0-benzylidene-a-D-allopyrano- 
side (8), mp 105-107"C, [a], +73.3" (c 0.7) (lit. (25) mp 
110- 115"C, [a], +74"). 

A solution of 8 (1.40 g) and p-toluenesulfonyl chloride (1.60 g) in 
chilled pyridine (7.5 mL) was stored at OOC for 24 h and then at room 
temperature for 5 days, after which a strong spot for 9 (R, 0.78) and 
a weak spot for remnant 8 (R, 0.67) were seen in tlc (solvent F). 
Conventional processing of the mixture by treatment with ice water 
and extraction of the product with chloroform, followed by washing 
(water), drying, and evaporation of the extract, gave the crude reaction 
product (1.84 g). This was dissolved in hot ethanol and the solution 
cooled, whereby a semicrystalline gel separated. Trituration of the 
gel with ethanol-benzene and processing of the mother liquors 
gave chromatographically pure 9 (1.45 g, 74%) in several crops, 
which were washed with small amounts of cold ethanol followed by 
methanol; mp 165- 166"C, [a], +67.8" (c 0.9). Anal. calcd. for 
CZ8Hz8O9S (540.6): C 62.21, H 5.22, S 5.93; found: C 62.07, H 5.36, 
S 5.74. 
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TABLE I .  Proton magnetic resonance parameters, at 300 MHz, for glycosides used as starting compounds 

Chemical shifts (6)" 

Compounda 2-Tosyl" 3-Tosyl' Ph-CH H-1 H-2 H-3 H-4 H-5 H-6a H-6e 0-Me Aryl-Me OH 

1 7.81, 7.31 5.50 4.77d 4.71dd 4.07111 +3.76m(3H)---I 4.19111 3.36 2.40 2.06d 
3 7.70, 7.03 5.37 4.76d 4.30dt 4.74dd 4.04m I-3.8m ( 2 H ) i  4.19dd 3.35 2.18 2.61d 
4" 7.93, 7.41 7.66, 7.21 5.63 t4.94m (2H)i  4.76dd 3.99dd 3 .71s~  3.86t 4.21dd 3.44 2.50, 2.36 
6 7.83, 7.33 5.50 4.80d 4.49t 4.16m 3.44dd 4 .11s~  3.69t 4.32dd 3.37 2.40 2.97d 
7' 5.64 4.62d 3.59m 4.01mf 3.56dd 3 .95s~  3.68t 4.26dd 3.32 4.62d, 4.43d 
8 5.61 5.02dd 5.07t 4.46dtf 3.64dd 4 . 2 1 s ~  3.79t 4.39dd 3.44 3.20d 
9 7.67,6.90 5.44 4.95d 5.13t 5.43t 3.70dd 4 . 1 8 s ~  3.66t 4.28dd 3.40 2.20 

10 7.72,7.01 5.45 4.72d 3.82dtf 5.28t 3.60dd 4 . 0 0 s ~  3.63t 4.27dd 3.42 2.31 2.89d 
11 7.79,7.32 7.71,7.02 5.44 4.73d 4.53t 5.25t 3.57dd 4 .10s~  3.63t 4.25dd 3.29 2.43,2.31 
13 7.85, 7.4P 7.58, 7.01 5.38 4.54" 4.71dd 4.48t 3.80dd 4 . 1 4 s ~  3.65t 4.22dd 3.31 2.47, 2.29 
14 7.42,6.98 5.60 4.61" 3.67t 4.32nm t4.25m(2H)-I 3.80m 4.25m 3.43 2.26 1.7br 

Coupling constants (Hz) 

Compound J1.z Jz .3  53.4 54.5 J5.6a J S . ~ ~  Jb..cie JH.OH 

9 
-10 

10.3 
2.5 
2.7 
3 
2.9 
2.7 
2.8 
2.9 

Small 

"In CDCI, solution unless otherwise indicated. 
bSignal multiplicities are indicated as d (doublet), m (multiplet), sx (dt or ddd, appear- 

ing as a sextet), and t (triplet). The data refer to first-order analysis. The signals for 
Ph-CH, 0-Me,  and aryl-Me were singlets. 

'Midpoints of the A and B parts (2 protons each) of the aromatic AB system. 
"In acetone-d6. 
'In dirnethyl sulfoxide-d6. 
'Triplet after DzO exchange. 
'Not determined accurately because of crowding with phenyl signals. 
'Slightly broadened singlet representing a very narrow doublet. 
' ~ o t  determined because of second-order effects. 
' J 1 . 3  1 HZ. 

(c) Methyl 4,6-0-benzylidene-3-0-p-tolylsulfonyl-cmabpymno- 
side (10) 

A suspension of 9 (2.6 g) and barium oxide (0.35 g) in dry methanol 
(130 mL) was boiled under reflux for 30 min, which converted 9 (Rr 
0.75) into 10 (Rr0.45, tlc with solvent C). 'The solvent was evaporated 
and the dry residue distributed between water and chloroform, with 
addition of brine to destabilize the emulsion that tended to form. The 
organic phase was dried (Na2S04), and concentrated, and the product 
was recrystallized from methanol or ethanol, to give long needles 
(1.43 g, 68%), mp 198-199°C (dec.), [a], + I  10.8" (c 1). Anal. 
calcd. for CzlH2408S (436.5): C 57.79, H 5.53, S 7.35; found: C 
57.71, H 5.69, S 7.53. 

(d) Methyl 4,6-0-benzylidene-2,3-di-O-p-tolylsulfony1-a-o-allo- 
pyranoside (11) 

The monotosylate 10 (0.95 g) in pyridine (1 1 mL) was treated with 
p-toluenesulfonyl chloride (0.45 g), first at O°C overnight and then at 
room temperature for 2 days. Processing with ice water, extraction of 
the product with chloroform, and evaporation of the washed and dried 
extract gave crude, crystalline 11 (1.50 g), from which pure 11 
(1.05 g, 82%) was obtained by recrystallization from chloroform- 
ethanol; mp 195- 197'C, [a], +48.7' (c 1.5). Anal. calcd. for 
C28H30010Sz (590.6): C 56.93, H 5.12, S 10.86; found: C 56.87, H 
5.14, S. 11.02. 

Reactions of the glycoside p-toluenesulfonates with LTBH 

(a) General procedure 
The glycoside tosylate (0.5-2.5 mmol) was dissolved in dry (3,7) 

oxolane (1 mL per 100 mg of substrate), and 1 M LTBH solution was 
added by syringe, with exclusion of moisture in a reflux apparatus 
containing an atmosphere of dry nitrogen. The mixture was gently 
boiled under reflux and progress of the reaction was monitored by tlc 
on silica gel plates. Amounts of reactants and reaction times are stated 
in the individual sections, and Rr values refer to tlc using the solvent 
systems indicated. After completion of the reaction the mixture was 
allowed to cool, a few milliliters of methanol were carefully intro- 
duced to decompose the excess of hydride (until hydrogen evolution 
ceased), and refluxing was resumed for 10 min. The solution was 
cooled again, poured with stirring into ice water (50- 150 mL), and 
neutralized against indicator paper with a solution of sodium hydrogen 
sulfate. (Care was taken not to render the solution acidic.) The mixture 
was stirred at ambient temperature for several hours (or overnight) and 
then concentrated under reduced pressure to a small volume, to re- 
move the organic solvent and a large part of the water. The residue was 
extracted with dichloromethane (3 X 50 mL) or occasionally with 
chloroform, and the extract washed with water, dried (Na2S04), and 
evaporated to give the product, which was then purified by crystal- 
lization or chromatography as indicated. 
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(b) Reaction of 1 eluant. The fast-moving product was identified by its ir and 300-MHz 
The 2-tosylate 1 (200 mg, 0.46 mrnol; R, 0.7 with solvcnt C) was IH nmr spectra as 12 (38 mg); compare section (h). The material 

converted by LTBH (2 mL) into methyl 4,6-0-benzylidene-2-deoxy- (47 mg) of intermediate mobility was a mixture of the deuterated 
a-D-ribo-hexopyranoside (2) (R, 0.4) during a reaction period of analogs 5a and 5b of 5 (approximate ratio, 7:  3), as was revealed by 
30 min. The white solid (120 mg) obtained upon work-up was re- the following data. 
crystallized from ethyl acetate to give 2 (98 mg, 80.3%). mp The 500-MHz ' H  nrnr data for 5 (in CDCI,), 6: 7.47-7.45 and 
126- 12S°C, raised to 128- 130°C by another recrystallization; [a],, 7.34-7.32 (m, 2 + 3H, Ph), 5.50 (s, Ph-CH), 4.67 (d, J1.2 = 3.7 HZ, 
+140" (c 0.5) (lit. (3) mp 130-l3IoC, [a],, +140°); 'H nmr, 6 : 7.5 H-I), 4.25 (dd, splittings4 10.3 and 15.9 Hz, H-6e), 3.77 (tdd, col- 
(m, 5H, Ph), 5.6 1 (s, Ph-CH), 4.77 (nm, H- I), 4.3 1 (dd, J ~ , ~ ~ .  = 5.0, lapsing to ddd on D20 exchange, Jl.2 = 3.8, J Z . , ~  = 4.8, JZ.,> -- J2 .0~  
J6,,(,, = 10.1 Hz, H-6e), 4.22 (sx, H-5), 4. I7 (rn, narrowed after DZO = 1 1.5 Hz, H-21, 3.70-3.66 (m, 2H, H-5,64, 3.52 (m, H-4), 3.46 
exchange, H-3), 3.76 (t, JS.&;, = J6;,.6c = 10.1 HZ, H-6a), 3.59 (dd, J,,, (s, 3H, OMe), 2.29 (dt, J1.3, = J3,.4 4.6. J,;,.,c = 1 1  Hz, H-3e), 2.03 
= 2.8, J4,s = 9.5 Hz, H-4), 3.40 (s, 3H, OMe), 3.01 (d, J = 6.7 Hz, (d, removed by DzO, J2 .o~  = 1 1.3 HZ, OH), and I .84 (q, JZ.,~, = J3a.,c 

- 
removed by DZO, OH-3), 2.18 (ddd, - I ,  JZC., = 3.1, Jz..,c = - J2;,.4 = 1 I .6 HZ, H-3a). For the mixture of 5a and 5b (500 MHz, 
15 Hz, H-2e), and 1.98 (dt, Jl,2z, = JZa,, = 3.7,Jl;,,,, = 15 Hz, H-2a). CDCI,), 6: 4.67 (s for 50, superposed on d, J = 3.5 Hz, for 5b, 

(c) Reaction of 3 intensity ratio 7:3, H-I), 3.77 (rn, -0.3H, H-2 of 5b), 2.28 (dd, 
The 3-tosylate 3 (1.13 g, 2.59 mmol; R, 0.6 with solvent C) was -0.7H, J,,,4 = 4. I, JXa.,~ = 11.2 HZ, H-3e of So), 1.84 (t, -0.7H, 

allowed to react with LTBH (12 m ~ )  for 45 min, for a further 45 J',,,,, = 1 1.4 Hz, H-3a of 5a). and 1.83 (t, -0.3H, J2.3a = J X ~ , . ~  = 11.7 

min after addition of another 3 mL of reductant. Crude methyl Hz' H-3a 5b). The lemaining signals were as for 5. 

4,6-O-benzylidene-3-deoxy-a-~-ribo-hexopyranoside (5) (Rr 0.45) The 125-MHz I3C nmr data for 5 (in CDCI,), 6: 128.97, 128.19, 

was obtained as a white solid (0.70 g), which by recrystallization from 126.05 (Ph), 101.64 (Ph-C), 98.96 (C-I), 76.19 (C-4), 69.21 (C-6), 

ethyl acetate gave pure 5 (53 1 mg, 77%), mp 189- 190"C, [a],, 67.53 (C-2), 63.8 1 (C-5), 55.15 (0-Me), and 33.68 (C-3). The mix- 

+ 121.6" (c 0.7) (lit. (3) mp 187"C, [a],, + 119.5". and closely similar ture 5a + 5b showed the same, single peaks for the substituent carbon 
values (14, 16, 29)). The 'H nrnr spectrum the identity with atoms and C-6, and two sets of signals in -7: 3 ratios for the sugar- 

5 obtained previously (3); sec also section (gj. ring carbons. Signals for 50: 98.93 (C-I), 76.19 (C-4), 63.80 (C-5), 
and 33.57 (C-3), with the C-2 signal being absent; note the isotope 

(d) Reaction of 4 effects of 'H-2 on C-l and C-3 (-0.03 and -0.09 ppm). Signals for 
The 2,3-dit0s~1ate g, 2.44 mmO1) was all0wed leact with 5b: 98.95 (C-I), 76.12 (C-4), 67.45 (C-2), and 63.78 (C-5); a C-3 

LTBH (20 mL) for I h, after which traces of 4 (Rr 0.57, solvent A) signal was not observed, Note the isotope effects of "H-3  on C-2 and 
were still visible in tlc. Boiling was continued for 50 rnin with added C_4 and ppm). LTBH (5 mL), and processing then gave 5 (341 mg, 52.5%, after 
recrystallization from ethyl acetate) whose 'H nmr spectrum was (h) 'f l1  

identical with that mentioned under (c); mp 172- 173"C, raised to LTBH (15 mL) was added to a suspension of the 2,3-ditosylate 11 
185- 186°C by further recrystallization; [a]l, + 119.20 (c  0.75). ~h~ (0.99 g, 1.68 mmol) in oxolane (10 rnL), and the mixture was heated 
identity was confirmed, moreover, by ir spectra. to reflux, with magnetic stirring, for 24 h. It then showed 3 strong 

spots in tlc (solvent C), representing 7 (R, 0.2), 5 (Rr 0.5). and 12 (Rr 
(e) Reaction of 6 0.65). The latter was a double spot having a violet front part; very 
The 2-tosylate 6 (250 mg, 0.57 mmol; R, 0.85 with solvent D) was faint, traces were seen additionally, The product mixture 

consumed after 75 min with LTBH (3 mL). obtained upon processing was chromatographed on a column of silica The product was less polar (Rf 0.2 with C, than the d e O x ~ -  gel (25 g) by use of solvent E as the eluant, The following fractions glycosides 2 and 5; it was obtained as a white solid (158 mg) following (10 mL) were collected: 4-5 (impurities, 3 mg, discarded), 6- 13 (12 
its extraction with chloroform, and was recrystallized from ethanol to with satellite, 110 mg), 14-28 (pure 12, 30 rng), 29-53 (pure 5, give the dial mg, 87%), mp 175- 1770C, [all, + 125.70 (C 0.8), 89 mg), and, by with pure acetate, a final  fraction (large) with an ir spectrum superposable on that of 7 described in a preceding that contained pure 7 (170 mg). section. Fractions 6- 13 were crystallized from ethyl acetate - hexane to 

( 9  Reaction of 9 give pure 12 (92 rng, free from the satellite component), for a total 
  he 2-0-benzoyl 3-tosylate 9 (500 mg, 0.93 rnmol) was treated yield of 122 mg (27.5%); mp 150-151°C (151- 153°C after recrys- 

with LTBH (6 mL) for 20 min, after which tlc (solvent C) indicated tallization from ethanol), [a],, + 137.4" (c 0.8). The spectral data 
complete absence of 9 (R, 0.8) and showed a strong spot for the agreed with the structure of methyl 4,6-0-ben~ylidene-3-deoxy-~-~- 
3-tos~late 10 (R, 0.45), accompanied by weak spots for other products evthro-hex-3-enopyranoside: v,,,;,, (Nujol): 3300 (broad, OH) and 
(R, - 0.7 and 0.2). Processing furnished 296 mg (73.3%) of 10 1700 cm-' (C=C fused to acetal ring); 'H nmr, 6: 7.5 and 7.4 (m, 
(recrystallized from ethanol), mp 195- 196°C (dec.1, [a],, + 106" 2 + 3H, ph), 5.56 (s, Ph-CH), 5.28 (nm, WH = 4.8 Hz, H-3), 4.81 
(c 0.5). Its ir and 'H nmr spectra were identical with those of the (d with broadened lines, J,,, = 4.7, J,,, - -0.8 H ~ ,  H-I ) ,  4.43 (broad 
product obtained from 9 by methanolysis. m: quintet after D20 exchange, Jl.* = 4.7, A,X = JZ,s = 2 Hz, H-2), 

(g) Reaction of 10 4.31 (rn, 2H, H-5,6e), 3.73 (dd, J = 12.2 and 12.6 Hz, H-6a), 3.53 
'The 3-tosylate 10 (400 mg, 0.92 mmol) was aIlowed to react with (s, 3H, OMe), and 2.23 (br, removed by DZO, OH); m/z  (CI, ether): 

LTBH (7 mL) during the course of 1.5 h. The tlc pattern then was 265 (M+ + I), 247 (M+ + I - H,O), 233 (M' - MeOH). Anal. 
similar .as under (9.  Processing gave a solid mixture of products calcd. for CI4HlhOs (264.3): C 63.62, H 6.10; found: C 63.62, 
(286 mg), which by recrystallization from ethanol gave a first crop of H 6.07. 
crystals, mp 195- 196°C (dec.) that proved identical (ir) with starting The aforementioned, chromatographically homogeneous fractions 
10 (109 mg, 27%). A second crop of crystals was a mixture of 10 and 29-53 gave crystalline 5 (89 mg, 19.9%), showing up 19 1 - 192°C 
the deoxyglycosides 5 and 12, as judged by comparison of its ir after recrysallization from ethanol; the ir spectrum was congruent with 
spectrum with the spectra of the pure components. (It was noted that those of the products obtained from 3 and 4 (sections c and d). The 
5 and 10 have similar R, values of -0.5 in tlc with solvent C.) The crystalline diol 7 (170 mg. 35.9%) gave an ir spectrum superposable 
mother liquor showed a spot having R, 0.2 (7). on those of an authentic sample and of the product obtained from 6 

In a similar experiment, 10 (307 mg, 0.7 mmol) was treated with (section e). It is to be noted that the glycosides 2, 5, 7 ,  and 12 are 
a I M solution of lithium triethylborodeuteride (5.6 mL) in oxolane for readily distinguishable by the shape of their hydroxyl absorption bands 
an extended period of time (8 h). The crude product showed 3 well- 
separated spots in tlc (solvent C), having Rr0.6, 0.45, and -0.2, and "Not true coupling constants because of second-order effect due to 
the components of the mixture were isolated by column chromatog- the near equality of chemical shifts for H-5 and H-6a. In acetone-do 
raphy (10 g of silica gel) using 1 :5 ethyl acetate - hexane as the at 300 MHz, the signal appeared as add with splittingsof 4 and 10 Hz. 
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and by very detailed and characteristic band patterns in the region of 
600-900 em-' .  

(i) Reactiori of 13 
The 2,3-ditosylate 13 (1.06 g, 1.8 mmol) was allowed to react with 

LTBH (16 mL). After 30 min, a small proportion of 13 (R, 0.68) had 
remained, but the reaction was complete after I h, having given two 
products, Rf 0.37 (black spot) and R,- 0.47 (brown spot) in tlc with 
solvent C.  With solvent G, the relative mobilities were reversed (R, 
0.33 and 0.23), and in that order, too, the products were eluted by 
solvent H in column chromatography (15 g of S O 2 )  to which the 
processed, crude mixture (0.45 g, 94%; syrup) was subjected. The 
first few, chromatographically homogeneous fractions yielded crystals 
(120 mg, mp 126"C), identified as the 2-deoxyglycoside 2 by com- 
parison with 2 previously obtained from 1 (ir and 300-MHz nmr 
spectra, and tlc). 

Subsequent, mixed fractions contained mainly the second product, 
and these were followed by nearly pure fractions (170 mg) of the 
same. After a further, chromatographic purification the material 
(130 mg) was identified as methyl 4,6-0-benzylidene-3-deoxy-a-D- 
arabino-hexopyranoside (18) by its 300-MHz 'H nrnr spectrum (in 
CDCI,), 6: 7.5 and 7.35 (m, 2 and 3H, Ph), 5.55 (s, Ph-CH), 4.55 
(broadened s,  H-I), 4.23 (distorted dd, H-6e), 3.99 (narrow m, H-2), 
3.95 (td, partially overlapped by the H-2 signal,. H-4), 3.8 (m, 2H, 
consisting of a dt for H-5 and a t with 10-Hz splitting for H-6a), 3.40 
(s, 3H, OMe), 2.09 (narrow m, H-3e), and 2.05 (dd, J2.,;, = 3.2, J,;,.4 
- I  I Hz, H-3a; geminal coupling was not observed). The data agreed 
with the 100-MHz data recorded (3)' for 18. 

Performance of the same reaction, but with lithiurn triethylboro- 
deuteride, gave the 2-deoxy-2-deuterio- and 3-deoxy-3-deuterio-a- 
D-altro analogs 2a and 18a, which were isolated chromatographically 
in the same way. In comparison with the 'H nrnr spectrum of 2 (section 
b), that of 2a lacked the H-2a signal, the H-2e signal was reduced to 
a narrow dd, H-3 gave a t with J2,., = J3..I = 2.8 HZ (after D 2 0  
exchange), and H-l gave a slightly broadened s,  whereas the reso- 
nances for H-4,5,6a,6e and the substituents were identical in 2 and 20. 
The spectrum of 18a was identical with that of 18 except that the 
characteristic dd for H-3a was lacking and the H-4 and partially 
overlapping H-2 signals were reduced in multiplicity. 

Reactions of 13 with lithiurn alrrminurn hyrlrlde and lithium alurninum 
deuteride 

Altroside ditosylate 13 (300 mg) was reduced with LAH (80 mg) 
in dry, boiling oxolane (4 mL) according to J a j ' s  procedure (15), 
but with a reaction time of 25 instead of 18 h. A small proportion of 
13 (R, 0.63) remained unconsumed even then; the main products gave 
a single spot having Rr 0.43 and an elongated double spot, R, 
0.37-0.17, that was colored reddish-brown in the front and brownish- 
black in the rear part. In addition, a trace product having R, 0.75 was 
detected, migrating like an authentic sample (29) of the manno 
2,3-epoxide 16 (tlc with solvent B). Processing of the reaction mixture 
as described (15), followed by multiple chromatography on sil~ca gel 
using solvent E and similar solvent combinations (1 : 4  and 1 :6), 
resulted in partial separation of the products. Part of the most abundant 
product (R, 0.37; brown spot) was isolated pure and identified as 
18 by its 300-MHz 'H nrnr spectrum. The mlnor product 2 (Rr 0.27, 
blackish spot) was obtained in a 2 :3  mixture with 18, but ~ t s  pres- 
ence was clearly indicated by its distinctive nrnr signals. The com- 
pound having Rr 0.43 was isolated pure in a small amount and 
determined to be the 3-monotosylate 14 on account of its nrnr spec- 
trum (see Table I). 

When an identical experiment was performed, but with LAD, the 
chromatographic pattern was similar except that a somewhat larger 
proportion of starting 13 appeared to have remained (after 28 h), and 

'The dd observed at 6 4.23 was erroneously assigned to H-6a. It 
actually belonged to H-6e, and the recorded J values were not true 
coupling constants but splittings arising from second-order effects due 
to a near coincidence of the H-5 and H-6a chemical shifts. Compare 
also footnote 4. 

the fast-moving spot attributed to 16 was slightly stronger than pre- 
viously. Isolated chromatographically, 16 gave a 300-MHz 'H nmr 
spectrum (CDCI,) identical in every respect with that of an authentic 
sample and essentially agreeing with reported (30) data; 6: 7.46 and 
7.37 (m, 2 and 3H, Ph), 5.54 (s, Ph-CH), 4.87b (s, J I  ,2 = 0 Hz, H- I), 
4.23 (q, splittings of 10 and 16 Hz, H-6e; compare footnote 4; mis- 
assigned as H-4 in ref. 30), 3.7-3.6 (m, 3H, H-4,5,6a), 3.45 (d, H-2 
or H-3), 3.44 (s, 3H, OMe), and 3.14 (d, Jz,, = 3.7 Hz, H-3 or H-2; 
note that J,,, = 0 Hz). 

In an attempt to effect more complete reaction, 13 (300 mg) in 
oxolane (7 mL) was reduced with LAD (80 mg) as before, further 
LAD (80 mg) was added after 22 h, and boiling continued for another 
24 h, whereafter 13  was no longer detectable by tlc. However, it was 
found upon processing (15) that the reaction had still not been entirely 
complete. The syrupy mixture of products (120 mg) was subjected to 
a single chromatography on a silica gel column (6 g) with 1 : 3  ethyl 
acetate - hexane.Various pure and mixed fractions of products total- 
ling 70 mg were eluted. One small, mixed fraction (-8 mg) contained 
mainly 13, and another small fraction (12 mg, crystalline) consisted 
of 14 (nrnr). The fractions which contained the main product in more 
or less pure form amounted to 30 mg, and the 300-MHz 'H  nrnr 
spectrum of a pure fraction was superposable on that of 18a obtained 
in the LTBD reduction. Slow-moving material eluted from the column 
represented mixtures in which diol 19 appeared to be present. 
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Protonation of hypoxanthine, guanine, xanthine, and caffeine 
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ROBERT L. BENOIT and MONIQUE FRECHETTE. Can. J.  Chem. 63, 3053 (1985). 
The protonation equilibria of three hydroxypurines, hypoxanthine, guanine, and xanthine, and of related caffeine have been 

studied by ' H  and ',c nmr and uv spectroscopies in aqueous sulfuric or perchloric acids. The results have been interpreted on 
the basis of the excess acidity method. The pKBH::+ values and the protonation sites are discussed and comparisons are made 
with results of recent theoretical calculations. 

ROBERT L. BENOIT et MONIQUE FRECHETTE. Can. J .  Chem. 63, 3053 (1985). 
Les tquilibres de protonation de trois hydroxypurines, I'hypoxanthine, la guanine, la xanthine, et du composC voisin la 

cafkine ont CtC CtudiCs par les spectroscopies rmn du 'H et du "C et uv dans les acides sulfurique et perchlorique aqueux. On 
a interprCt6 les resultats sur la base de la methode dite "d'acidite en excks". Les valeurs des PKDH::+ et les sites de protonation 
sont examints et des comparaisons sont faites avec les resultats de calculs theoriques rtcents. 

In addition to their importance in biological systems, purines 
offer a challenging thermodynamic and structural problem spe- 
cifically in the determination of the reactivity of their many 
basic sites. Establishing correlations between the reactivity of 
the purines basic sites with the proton and other electrophiles 
such as metal ions also presents an interesting challenge. We 
recently reported results of a study of the first protonation step 
of some purines and of the second and third protonation steps 
of purine and adenine in more acidic media (1). We have now 
extended our study to the protonation of 3 hydroxypurines, 

X X-6 Y-2 

OH* H hypoxanthine (Hyp) 

OH* NH2 guanine (Gua) 

OH* OH* xanthine (Xan) 

hypoxanthine (6-hydroxypurine), guanine (2-amino-6-hy- 
droxypurine), and xanthine (2,6-dihydroxypurine), and of re- 
lated caffeine (1,3,7-trimethylxanthine). For this work we 
abandoned the calorimetric method because a strong medium 
effect at high acidity interfered with the interpretation of the 
results, and we used, instead, uv spectroscopy. Adding uv 
spectroscopy to "C and 'H nmr spectroscopies makes it also 
possible to compare data at widely different concentrations 
(lo-, M vs. 0.2 MI. 

The known pKBH+ values for the first protonation step of 
hypoxanthine and guanine, which occur in dilute acid media, 
are respectively 1.9 (2) and 3.3 (2), while for xanthine the 
values quoted are 0.8 (3) and 1.2 (4) and for caffeine 0.5 (4). 
As for pKBHi+, the only value reported is - 1.05 for guanine 
(5); ~ u a ~ f '  has also been identified in both trifluoroacetic acid 
(TFA) and HS03F (6). 

We present here the results of our study of the protonation 
reactions of the three hydroxypurines and caffeine between 
0.05 and 18 M H2S04. Our pK values as well as the protonation 
sites are discussed, and comparisons are made with results of 
recent theoretical calculations. 

ExperimentaI 
Hypoxanthine (L. Light), guanine (L. Light), xanthine (L. Light 

and Aldrich), and caffeine (Baker) were used as received. Our uv 

spectra of HypH+ and GuaH+ were in agreement with those published 
(7). The spectra of Xan for both xanthine samples were similar to 
those reported (7, 8). Previous values of E, the molar absorptivity, are 
somewhat lower than ours. We suspect that this was so because some 
decomposition of Xan takes place on standing. Sulfuric acid, 
fuming (15% SO3) (Fisher) and 70% HC1O4 (Biopharm) were reagent 
grade. Triple-distilled HS03F (Aldrich) was used. 

The uv spectra were recorded within 10 min of preparing the solu- 
tions on a 545 Perkin-Elmer spectrophotometer and absorbancies at 
a fixed wavelength were measured on a PMQ I1 Zeiss spectropho- 
tometer. The "C nmr spectra were acquired at 28OC on a Bruker 
WP-80 spectrometer operating at 20.2 MHz. Data acquisition and 
Fourier transformation were performed with 8K data points. Proton 
decoupled spectra were recorded when needed to assist signal assign- 
ments. Carbon-13 chemical shifts were measured relative to external 
dioxane in D 2 0  (coaxial tube) and converted to the Me4Si scale using 
the relationship 8Me4S, = Bdioxvne + 67.40 ppm. The 'H nmr spectra 
were obtained on a Bruker WH-90 spectrometer operating at 90.0 
MHz. The 'H chemical shifts were determined by using the CH, 
protons of external DSS ((CH3)3Si(CH2)3S03-Na+) in D 2 0  and taking 
8Mc4si = 8Dss. The nmr samples were prepared by adding weighed 
portions of the solid bases to known volumes of titrated H2SO4 or 
HC104 solutions. The uv samples were obtained by diluting aliquots 
of the bases in acid solutions to 5 mL with titrated acid solutions. 

Results and discussion 
Chemical shifts 

The nmr spectra were recorded for Hyp, Xan, and Caf with 
0.05- 18 M HzSOJ solutions and for Gua with 4- 16 M H2SO4. 
For guanine, 0.5 -6 M HC104 solutions were also used because 
of the low solubility of the base in H2S04 below 4 M.  In order 
to interpret our I3C and 'H shifts, H ,  values were computed 
from the corrected acid concentrations and literature data (9). 
These corrected concentrations were obtained by subtracting 
from the initial acid concentrations n times the concentrations 
of the protonated BH:' species formed. In turn, these latter 
concentrations were obtained from the total base concentrations 
and eq. [2] and [3] given later in this discussion. The chemical 
shifts of the 5 carbons of Gua, Hyp, and Xan, those of C-8 and 
-CH3 of Caf, and those of the H-8 protons of Gua and Xan 
were plotted against H,. Carbons were assigned by using off- 
resonance spectra and data in MezSO. 

The plots of I3C and 'H shifts are for the most part sigmoid 
curves indicative of protonation reactions. According to their 
pKsH+, Gua, Hyp, and Xan are all present as BH' at the lowest 
HClO, and H2S0, concentrations used so that the "C curves 
show the formation of GU~H:' and H ~ ~ H : ' .  The sigmoid 'H 
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TABLE 1. "C and 'H shift values (ppm) of protonated species 

Hydroxypurine C-2 C-4 C-5 C-6 C-8 H-8 

GuaH' 155.9 150.7 108.7 155.9 138.2 8.67 
GU~H:' 152.3 137.9 110.1 152.3 138.8 8.89 
HYPH;+ 150.4 148.1 116.1 155.1 139.9 - 
HYPH2 152.2 135.5 117.3 149.9 141.9 - 

XanH' 152.4 140.5 108.8 156.1 137.2 8.88 
Cam' 152.3 141.0 108.8 155.8 137.8 - 

plot confirms GuaHit. In the case of Xan (and Caf), there is no 
clear evidence for BHft: C-8 is the only carbon noticeably 
shifted, but no plateau is reached, just as an early plateau, 
found when raw H-8 data were plotted, disappeared after bulk 
susceptibility corrections (10) were made. 

The first protonation of Gua, Hyp, Xan, and Caf on the 
imidazole ring is well established (2) so that the choice of the 
second protonation site is restricted to N-3 or 0 - 6  for Gua and 
Hyp. The shifts to high field of 6C-4 and C-2 when passing 
from GuaHt to GU~H; '  (Table 1) favour protonation at N-3 
according to the a-protonation effect found by Pugmire and 
Grant for five- and six-membered nitrogen heterocycles (1 1). 
This assignment is in agreement with that of Wagner and von 
Philipsborn (6) deduced from 'H nmr spectra in TFA at low 
temperature. However, these authors assumed that GU~H;'  
was the protonated species in TFA, whereas by comparing our 
13 C data in TFA and H2S04 we calculated that for TFA solu- 
tions GuaH;'/~uaH' = 1 : 1. In the case of Hyp, C-4 shows a 
large upfield shift on passing from HypHt to Hypit, as ex- 
pected from protonation at N-3, and C-2 is moved to lower 
field as was observed for the third protonation of adenine at N-3 
(1). 

Ultraviolet spectra 
On the basis of the nmr results, H2S04 concentrations were 

selected to ensure the formation of BHt and BHft. The corre- 
sponding uv spectra were recorded and used to determine the 
most suitable wavelengths for measuring the absorbancies. 
Table 2 shows the H2S04 concentrations used for the various 
protonated species together with the wavelengths of maximum 
absorption and the logarithms of the molar absorptivities E. The 
plots of the absorbancies measured at several wavelengths 
(from 6 to 12 A values) against Ho were sigmoid curves and 
confirmed the formation of GuaHit and HypHit. It is worth 
noting that the second protonation causes a hypsochromic shift. 
For Xan, there is also a hypsochromic shift of both absorption 
bands above 14.5 M H2SO4, but the absorbancies did not reach 
a plateau at 18 M H2S04, and increasing the acidity further by 
adding oleum gave background absorbancies which were too 
high for meaningful measurements. Previous uv studies such as 
that for Gua (12) have already shown that it is difficult to assign 
the first protonation site on the basis of observed uv spectra, so 
that no attempt was made in this direction. 

Calculation of pK, 
The values of pK, for B H ~ '  were first calculated using the 

equation 

[ l ]  H o  = pK, - m, log I 
with 

TABLE 2. Ultraviolet spectral data of hydroxypurines 

[HzS041 h,,, 
Hydroxypurine (M (nm) Log E 

Gua 
GuaH' 
GU~H;' 
HYP 
HYPH;' 
HYPH, 
Xan 
XanH' 
Caf 
Cam' 

"Data from ref. 7. 

The ratio I was obtained from the measured shifts 6 and from 
the estimated limit chemical shifts 6,,., and 6,,,- ,,, (Table 1) 
according to the standard equation 

for the nmr shift data and the corresponding equation for the uv 
absorbancies data. However, the values of m,, were consistently 
well above 1.00, indicating that H, was not a satisfactory 
acidity function for following the protonation of these bases, 
just as it was not for adenine and purine (1). Two other acidity 
function, H ,  and H A ,  were also used instead of Ho. Although 
H A  proved to be more satisfactory than H,  and Ho, since our 
bases are very different from the amides used for H A ,  we have 
finally chosen the Cox and Yates approach to calculated pK,,. 

The excess acidity method (9) is based on the following 
equation: 

[4] log1  - log CH+ = m*X + pK,, 

Values for log CII+ and X are independent of the bases and are 
taken from literature data (13) for each corrected H2S04 or 
HC104 concentration. The program developed by Cox was used 
to solve simultaneously eqs. [3] and [4]. For each selected 
carbon and proton (or wavelength), values of CH+,  X ,  6, and 
the estimated values of 6,,, and 6,,,- ,, , (or of the corresponding 
absorbancies data) were entered in the program. Thus, values 
of pK, with their standard deviations (13) and m:# were ob- 
tained, as well as refined values of 6,,., and 6,"- ! ,+.  These latter 
values differed from the estimated ones by less than 0.5 ppm 
(I3C), 0.01 ppm ('H) (or 0.02 absorbancies unit). The pK, 
values for the 4 bases, as well as those for adenine (Ade) and 
purine (Pur) (1) are summarized in Table 3. The differences 
found between the successive pK,, values are large enough to 
justify our treating the experimental data as if the protonation 
steps take place stepwise. An implicit, but reasonable, assump- 
tion in our treatment is that if tautomeric protonated species are 
present, their proportion is independent of the acid concen- 
tration. Since the agreement between pK,, values obtained by 
nmr and uv methods is generally satisfactory (although less so 
at higher acidities), considering the very different base concen- 
trations used, 0.2 M vs. M ,  large medium effects in one 
method can be ruled out. The presence of 2 isosbestic points in 
the uv spectra of Hyp (246 and 268 nm) between 1.8 and 18 M 
H2S04 also suggests the absence of medium effect. Further- 
more, no appreciable medium effect had previously been found 
for the protonation of Ade and Pur (1). For ~ a n ~ f ,  the uv pK2 
value is - 10.0-+0.6. Additional nmr data taken on a HSO3F 
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BENOIT AND FRECHE'ITE 

TABLE 3. pK values and protonation sites for hydroxypurines, caffeine, purine, and 
adenine 

Protonation 
Hydroxypurine pK (nmr) PK (uv) pK (lit.) sites 

GuaH' 3.3" N-7/N-9 
GU~H:' - 1.01 k0.03 -0.99?0.01 - 1.05" N-3 

( 'H and I") 
HYPH' 1.8," 2.0" N-7/N-9 
HYPH:' -3.12k0.05 -3.65?0.10 N-3 

( I3C) 

"Reference 2. 
'Reference 5.  
'Reference 3. 
"Reference 4. 
'Reference 1. 
'Data from ref. 17. 
'R. L. Benoit and M. Frechette. Unpublished data. 
"Reference 7. 

solution (-Ho = 15) of Xan and Caf to extend our results 
obtained with H,SO, solutions (-Ho < 9.5) and confirm 
~ a n ~ i '  were inconclusive: C-8 moved further downfield and 
C-6 upfield but the shifts were small and no OH signal corre- 
sponding to C=O protonation could be detected at -75OC. 
The substantial downfield shift for the carbonyl carbons on 
protonation, which might have been expected with the forma- 
tion of B an^:' and cafHft ,  is absent. Although this absence 
might be caused by conjugation effects, it nevertheless makes 
us consider the uv pK, value as tentative. 

The discussion of the pK,, results for the ionization of the 
BH::' species (Table 3) is a matter of some difficulty since the 
3 tautomerized hydroxypurines first protonate on the imidazole 
ring while Ade and Pur first protonate on the pyrimidine ring. 
However, it is worth noting that for the 4 purines with succes- 
sive protonations on N belonging on different rings, the dif- 
ferences between pK2 and pK, correspond approximately to 
6 kcal/mol. 

Although it is difficult, we can try to relate our findings to 
the results of a recent molecular orbital study by Del Bene of 
the protonation of four DNA bases which include Gua and Ade 
as well as thymine and cytosine (14). The author computed the 
following protonation energies from optimized structures of the 
neutral and monoprotonated bases: for Gua, -245 kcal/mol 
(N-7), -233 (0-6 on the C-5 side), -228 (N-3), -220 (0-6 
on the N- 1 side), and for Ade, -241 (N-1), -240 (N-3), and 
-232 (N-7). Del Bene pointed out that these absolute values 
were overestimated because correlation and zero-point vibra- 
tional energy had to be neglected. In fact, Del Bene's 
calculated value for Ade, -241 kcal/mol, is at complete 
odds with the experimental gas phase proton affinity of 
-255 kcal/mol reported earlier by Meot-Ner ( 15). Further- 
more, while the calculated value for thymine is right on Meot- 
Ner's -21 1 kcal/mol, for cytosine, Del Bene found a puzzling 
-249 kcal/mol to be contrasted with the experimental -225 

kcal/mol. Thus, it is very difficult to say whether a discrepancy 
between data in Table 3 and Del Bene's values is due to the fact 
that the data in Table 3 were obtained in solution while the 
calculations refer to the gas phase, or to the unreliability of the 
reported MO calculations. For example, Gua is calculated by 
Del Bene to be 4 kcal/mol more basic than Ade, while the data 
in Table 3 indicate the reverse, with a 1.2 kcal/mol difference. 
This being said, her MO calculations should at least provide 
reasonable estimates of the relative protonation energies for the 
several basic sites of a given molecule. For Gua (but with the 
proton on N-9 although there is a N-7/N-9 tautomeric equi- 
librium (4, 16)), Del Bene found N-7 (-245 kcal/mol) to be 
the preferred protonation site and the solution data in Table 3 
indicate N-7/N-9. Her next favored site is 0 - 6  (on the C-5 
side) (-233 kcal/mol) followed by N-3 (-288 kcal/mol). In 
contrast, our solution data show definitely that the second pro- 
tonation takes place at N-3 rather than at 0-6 .  It may be that the 
5 kcal/mol difference between the calculated protonation ener- 
gies at 0 - 6  and N-3 is not high enough to counterbalance the 
repulsion which would exist between the second proton on 0 - 6  
(on the C-5 side) and the first proton on N-7. We must remem- 
ber, however, that our results on successive protonations of the 
bases reflect factors additional to the relative intrinsic basicities 
of the various sites of the neutral bases. 
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SEBASTIAN M. MARCUCCIO, POLINA 1. SVIRSKAYA, SHAFRIRA GREENBERG, A. B. P. LEVER, CLIFFORD C. LEZNOFF, and 
KENNETH B. TOMER. Can. J. Chem. 63, 3057 (1985). 

Binuclear phthalocyanines in which the two phthalocyanine nuclei are covalently linked through four-atom bridges, derived 
from catechol, have been prepared and characterized. Metal-free 2,9,16,23-tetra-(3,3-dimethylbutyl)phthalocyanine and 
2,9,16,23-tetra-(2-trimethylsilylethyl)phthalocyanine were prepared as examples of non-oxygenated mononuclear phthalocy- 
anines soluble in organic solvents. Catalytic hydrogenation of 1,2-bis-(3,4-dicyanopheny1)ethyne and 1,4-bis-(3,4-dicyano- 
phenyl)buta- l,3-diyne gave 1,2-bis-(3,4-dicyanopheny1)ethane and 1,4-bis-(3,4-dicyanopheny1)butane respectively. From 
these precursors, metal-free phthalocyanine dimers containing ethylene and tetramethylene bridges, joining the phthalocyanine 
nuclei, were prepared. Two of the two-atom bridge phthalocyanine dimers represent the first characterized phthalocyanine 
dimers not containing alkoxy or oxygenated groups. 

SEBASTIAN M. MARCUCCIO, POLINA I. SVIRSKAYA, SHAFRIRA GREENBERG, A. B. P. LEVER, CLIFFORD C.  LEZNOFF et 
KENNETH B. TOMER. Can. J. Chem. 63, 3057 (1985). 

On a prepare et on a caractCris6 deux phtalocyanines binuclkaires dans lesquelles deux noyaux phtalocyanines sont liCs d'une 
f a ~ o n  covalente par quatre atomes de pont, derives du catCcho1. On a prepare la tCtra(dimCthy1-3,3 butyl)-2,9,16,23 phtalocya- 
nine et la tCtra(trimtthylsilyle-2 Cthyle)-2,9,16,23 phtalocyanine exemptes de metal i titre d'exemples de phtalocyanines 
mononuclCaires non oxygCnCes solubles dans des solvants organiques. Les hydrogenations catalytiques du bis(dicyan0-3,4 
phCny1)-1,2 Cthyne et du bis(dicyan0-3,4 phCny1)-l:4 butadiyne-1,3 conduisent respectivement au bis(dicyan0-3,4 phCny1)-1,2 
Cthane et au bis(dicyan0-3,4 phCny1)-1,4 butane. A l'aide de ces prCcurseurs, on a prCparC des phtalocyanines dimkres sans 
metal contenant des ponts Cthylknes et tCtramCthylkne entre les noyaux phtalocyanines. Deux de ces phtalocyanines dimkres 
correspondent aux premikres phtalocyanines ne contenant pas de groupements alkoxyles ou oxygCnCs ?I Ctre caractCrisCes. 

[Traduit par le journal] 

The electrocatalytic properties of porphyrins and phthalo- 
cyanines have been the subject of intensive research (1). A 
dicobalt cofacial porphyrin dimer (2, 3) containing a four-atom 
covalent bridge has been prepared. The four-electron reduction 
of oxygen to water using this dirner has been achieved but the 
compound tends to lose its catalytic activity with time (2). 
Since the phthalocyanine nucleus is likely to be more stable (4) 
than the porphyrin nucleus, we have tried to synthesize the 
related, but hitherto unknown, phthalocyanine dimers. We 
have recently reported the synthesis and some properties 
of phthalocyanine dimers incorporating five-atom covalent 
bridges (5,6). Unlike typical phthalocyanines, these dimers are 
very soluble in organic solvents and their great solubility facili- 
tates their purification and characterization. Recent work on the 
synthesis of porphyrin dimers has shown that even dimers 
having one rigid covalent bridge can be held in a cofacial 
conformation thought to be necessary for electrocatalysis (7). 
Since a four-electron reduction of oxygen was not achieved 
using the five-atom bridge dirner ( 3 ,  we wished to prepare 
phthalocyanine dimers separated by the key four-atom bridges 
(2, 3) and to provide binuclear phthalocyanines containing 
two-atom bridges or less as control electrocatalysts that cannot 
assume a cofacial conformation. In addition, we wished to 
study the possibility of synthesizing binuclear phthalocyanines 

devoid of alkoxy groups or any oxygen atoms. In this paper we 
describe the preparation of a partially constrained binuclear 
phthalocyanine, containing a four-atom covalent bridge de- 
rived from catechol units; a flexible tetramethylene four-atom 
bridged phthalocyanine dirner; and phthalocyanine dimers con- 
taining two-atom ethylene bridges. 

Synthesis of binuclear phthalocyanines bridged covalently by 
catechol units 

Treatment of 4-nitrophthalonitrile (1) with 4-tert-butylcate- 
chol (2a) or catechol (2b) and anhydrous potassium carbonate 
in dry dirnethylformamide (DMF) at 22°C for 36 h gave 1,2- 
bis-(3,4-dicyanophenoxy)-4-tert-butylbenzene (3a)3 and 1,2- 
bis-(3,4-dicyanophenoxy)benzene (3b)' in 84 and 78% yields, 
respectively (9, 10). Compounds 3a ,b were converted to their 
respective 1,3-diiminoisoindolines (4a ,b) by bubbling am- 
monia into a solution of 3a or 3b and sodium methoxide in dry 
methanol under reflux for 6 h or until an infrared spectrum of 
an aliquot of the reaction mixture no longer exhibited the typi- 
cal nitrile absorption peak (5, 6 ,  1 1, 12). Condensation (5, 6 ,  
1 1, 12) of 4a with 5-neopentoxy- l,3-diiminoisoindoline (5) in 
2-N ,N-dimethylaminoethanol for 60 h gave a green-black solu- 
tion, which was diluted with water to give a blue coloured 
residue. Flash chromatography (13) of the residue taken up in 
toluene yielded, in the first fractions using toluene as eluant, 
2,9,16,23-tetraneopentoxyphthalocyanine (6) (5, 6) as a mix- 

'Presented in part at the 67th Chemical conference of the Chemical 
Insitute of Canada, Montreal, Quebec, June 1984, Nos. 1N5-5 and 
IN5-6. 'See Table 1 for "C chemical shift values. Standard correlation 

' ~ u t h o r  to whom correspondence may be addressed. tables were used as an aid to assignments (8). 
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TABLE 1. "C nuclear magnetic resonance chemical shifts in ppm (6) of some phthalonitriles and bis- 
phthalonitriles 

Compound 

Carbon" 3ah 36 9 12 13 14 15 29 30 32 

"The numbering of the carbon atoms in the compounds listed follows that given for these structures in the schemes and does 
not follow from the names of the compounds. 

'The chemical shift values for the rerr-butyl group are 34.9 and 31.1 ppm for the quaternary and methyl groups respectively. 
"These values may be interchanged. 
" ~ h e s e  values may be interchanged. 

TABLE 2. Absorption spectra of mononuclear and binuclear phthalocyanines (pc) and their solubilities 
in CH2C1; 

Solubility 
PC A,,, (nm) (6 log) (mol/L) 

7a 708 (4.88) 676 (4.92) 642 (4.84) 620 (4.75) 388 (4.63) 336 (4.98) h 

76 698 (4.83) 666 (4.93) 638 (4.94) 618 (4.84) 384 (4.67) 334 (5.08) 0.1 
7c 672 (4.97) 628(4.90) 326(4.91) 290(5.03) 0.06 

18 698 (5.25) 664 (5.19) 644 (4.81) 604 (4.59) 342 (5.02) 292 (4.76) 0.7 
19 698(5.11) 664(5.05) 644(4.67) 604(4.45) 342(4.88) 290(4.58) 0.1 
20' 672 (5.04) 608 (4.45) 330 (4.75) 290 (4.72) <lo-' 
25' 702 (4.86) 668 (4.92) 642 (4.90) 620 (4.83) 340 (5.08) 292 (4.81) <lo-' 
26' 702 (4.93) 666 (4.96) 644 (4.90) 618 (4.81) 340 (5.10) 292 (4.85) <lo-' 
27" 706 (4.98) 672 (5.03) 646 (4.96) 620 (4.86) 344 (5.05) 296 (4.79) <lo-' 
28" 680 (4.99) 626 (4.69) 336 (4.87) 296 (5.02) <lo-' 
34" 708 (4.94) 672 (5.02) 644 (4.99) 620 (4.87) 342 (5.09) 296 (5.02) < 

"Solubilities were determined at 24°C by visible spectroscopy of saturated solutions in CH&. 
bAvailable small quantities of 7a were insufficient to obtain reliable data on this very soluble dimer. 
'These absorption spectra were taken in CHCI,. 
dThese absorption spectra were taken in o-dichlorobenzene. 

ture of isomers. Further elution with toluene gave mixtures of 
6 and 1,2-bis-2'-(9', 16' ,23'-trineopentoxyphthalocyaninoxy)- 
4-tert-butylbenzene (7a) and some later fractions of pure 7a as 
shining dark purple plates.' Repetitive flash chromatography of 
the mixed fractions 6 and 7a gave pure 7a in 13% overall yield 
(Scheme 1). We initially selected 4-tert-butylcatechol (2a) as 
the bridging moiety of binuclear phthalocyanines so that the 
resultant phthalocyanine dimer would be soluble in organic 
solvents. This idea was realized but 7a was actually too mobile 
chromatographically so that separation from the monomer 6 
was tedious. The above synthesis was subsequently repeated 
but using catechol (2b) as the bridging group. Thus, the 1,3-di- 
iminoisoindoline (4b) was condensed with 5 as before. Flash 

4Continued elution with toluene and toluene/2-methoxyethanol 
mixtures gave an additional blue-green fraction which, by fast atom 
bombardment analysis (FAB) (14), was shown to have a molecular ion 
corresponding to a phthalocyanine trimer. 

chromatography (13) of the resultant blue-green mixture was 
much more facile, as monomer 6 eluted first in toluene, fol- 
lowed by mixed monomer-dimer fractions using toluene and 
toluenel2-methoxyethanol (50: 1) as e l ~ a n t s . ~  Rechromatog- 
raphy of the mixed fractions gave pure 1,2-bis-2'-(9',16',23'- 
trineopentoxyphtha1ocyaninoxy)benzene (7b) in 10% yield. 
Phthalocyanine dimer 7b was readily converted to its di- 
cobalt(I1) derivative 7c by heating 7b with CoC1, in toluene at 
110°C for 30 h. Dimer 7c was purified as before by flash 
chromatography using toluenel2-methoxyethanol (50: 1) as 
eluant. The structures of 3a ,b and 7a  -c have been fully char- 
acterized by spectroscopic data and elemental analysis (see 
Experimental). The absorption spectra of 7a -c are characteris- 
tic of metal-free and metallophthalocyanine dimers respec- 
tively (6) (Table 2). Most importantly, the fast atom bombard- 
ment (14) (FAB) mass spectra of the binuclear phthalocyanines 
7a -c all exhibit parent ion clusters almost identical in intensity 
to those calculated for their respective isotopic compositions. It 
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R ' = CH2 C (CH3 13 R' = CH2 C (CH3 13 
P c = Phthalocyanine 

OR' OR' 

should be noted, however, that phthalocyanines 7a -c exist as 
a mixture of positional isomers about the phthalocyanine ring 
and that the depicted structure thus reflects this mixture. The 
broad absorbances in the 'H nrnr spectra of these compounds 
are indicative of this isomeric distribution (Table 3). On the 
other hand, the I3C nrnr spectra of 7a and 7b exhibit single 
resonances for the methyl and quaternary carbon groups of the 
neopentoxy substituents. Thus "C nmr spectra of 7a ,b are 
diagnostic concerning their skeletal structure (Table 4), while 

the 'H nmr spectra clearly identify the internal NH protons of 
7 a ,  b (Table 3). 

Synthesis of 2,9,16,23-tetraalkylphthalocyanines 
It has been shown (15, 16) that a wide variety of alkynes can 

couple with iodoarenes even at room temperature using cu- 
prous iodide and bis(tripheny1phosphine)palladium dichloride. 
We believed that this reaction could provide the basis for pre- 
paring the 4-alkylphthalonitriles and bisphthalonitriles needed 
for the preparation of mono and binuclear phthalocyanines 
containing no alkoxy substituents or oxygen atoms in the 
bridges of the phthalocyanines. 

Catalytic hydrogenation of 1 in ethanol using 10% palladium 
on charcoal yielded 4-aminophthalonitrile (8) in 84% yield. 
Diazotization of 8 and subsequent reaction of the first-formed 
diazonium salt with potassium iodide gave 4-iodophthalonitrile 
(9)' in high yield. Coupling of 9 with trimethylsilylacetylene 
(10) (16) or 3,3-dimethyl-1-butyne (11) (15, 16) gave 4-(2-tri- 
methylsilylethynyl)phthalonitrile (12)' or 4-(3,3-dimethyl-1- 
butyny1)phthalonitrile (13)' in 75% and 75% yield, respective- 
ly. Hydrogenation of 12 and 13 using palladium on charcoal as 
a catalyst gave the corresponding 4-alkyl derivatives, 4-(2-tri- 
methylsilylethy1)phthalonitrile ( 1 4 ) h n d  4-(3,3-dimethylbu- 
ty1)phthalonitrile (15)' in high yield. Conversion of 14 and 15 
to their 1,3-diiminoisoindolines (16) and (17) as before (5, 6 ,  
11, 12) and subsequent self-condensation in 2-N,N-dimethyl- 
aminoethanol gave 2,9,16,23-tetra-(2-trimethylsilylethy1)- 
phthalocyanine (18) and 2,9,16,23-tetra-(3,3-dimethylbuty1)- 
phthalocyanine (19) in 28% and 40% yields, respectively 
(Scheme 2). Phthalocyanine (19) was readily converted to its 
cobalt(I1) derivative (20) as before (6, 11). 

The mass spectra of 18-20 exhibited parent ions using the 
FAB technique (14). The ' H  nmr spectra of 18 and 19 were 
most informative and showed the inner NH absorptions (Table 
3). In addition, the trimethylsilyl group of 18 and the tert-butyl 
group of 19 showed four and six peaks, respectively, corre- 
sponding to the eight different environments that these groups 
may experience in the four isomers possible for a tetrasub- 
stituted phthalocyanine containing one substituent on each ben- 
zene ring. For 2,9,16,23-tetraneopentoxyphthalocyanine (6), 
the tert-butyl group gave an unresolved broad absorption peak 
in its ' H  nmr spectrum when recorded at high concentrations (6) 
but also exhibited 6 individual absorption peaks at lower con- 
centrations (Table 3). 

The "C nmr spectra of 18 and 19 exhibited only two peaks 
for the trimethyl group and the tert-butyl group while 6 showed 
only a single peak. On the other hand the -SiCH,- group 
and -Si-CH,CH,- groups exhibited 8 and 6 peaks, re- 
spectively, indicating that all four isomers of 18 were indeed 
present (Table 4). Comparison of the solubilities of 18 and 19 
with 6 showed that the tetraalkylphthalocyanines were less 
soluble than the tetraalkoxyphthalocyanine (6) (Table 2). The 
absorption spectra of 18 and 19 were consistent with the as- 
signed structures (Table 2) (6). 

Preparatiotz of binuclear phthalocyatzines covalently linked by 
dimethyletze bridges 

The dicoupling (15) of an acetylene to an iodoarene should 
provide the unknown bisphthalonitriles necessary to form bi- 
nuclear phthalocyanines containing an all-carbon bridging 
group. 

Thus treatment of 4-iodophthalonitrile (9) by methods pre- 
viously described with acetylene (21) gave 1,2-bis-(3,4-di- 
cyanopheny1)ethyne (22) in 90% yield. Compound 22 was very 
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TABLE 3. 'H nuclear magnetic resonance chemical shifts in ppm (6) of some mononuclear and binuclear phthalocyanines (PC) 

Proton type 
Concentration Temperature 

PC Solvent (MI ("c) Aromatic CHzX CH2Pc (CH,),Z NH 

CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCIS 
CDzClz 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDZClz 

-6.5 
-3.l(br) 
- 1 to -3(v br) 
-0.9(br) 
-2.6(v br) 
-3.0(v br) 

- 0 > - z - 
-2.9(br) 0 z 
-3.2(br) 
-6.O(br) F 

< 
-3.l(br) P 
-3.3(br) rn 

W 

-3.O(br) - 
-1 to -3(v br) \D DD VI 

-1 to -3(v br) 
- 1 to -3(v br) 
-1  to -3(v br) 
- 1 to -3(v br) 
-3.2(br) 
-2.8(br) 

"These data were taken from ref. 6. A Bruker WH250 instrument was used to record this spectrum. 
'These measurements were done on a Bruker WH400 instrument. 
'The absorptions in this region were very weak. 
"The absorption of the NH protons was studied in CDC13 at 22°C at lo- ' ,  lo-', lo-', lo-", and 10-'M concentrations and gave values of -5.5(br), -3.0(v br) and 4.l(br), -3.0(br), -3.0(br), 

and -3.O(br), respectively 
'Toluene-d,. 
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MARCUCCIO ET AL 

CU I , [ / P ~ ) ~ P ] ~  P  d C  12 

N'& + HCEC- ZICH3)3 Et2 NH * 
\ 

N C * ,  I 
10 Z = S i  

9 / I  Z = C  

insoluble in most solvents except acetonitrile. Thus a sus- 
pension of 22 in acetonitrile was hydrogenated for 4 h at room 
temperature with shaking over 10% palladium on charcoal to 
give, in 83% yield, 1,2-bis-(3,4-dicyanopheny1)ethane (23). 
Compound 23 was converted to its 1,3-diiminoisoindoline (24) 
as before ( 5 ,  6, 11, 12) and condensed with an excess of the 
1,3-diiminoisoindolines 16, 17, or 5 to give, after chromato- 
graphic separation, large amounts of the mononuclear phthalo- 
cyanines 18, 19, or 6 and 7- 10% yields of 1,2-bis-2'-(9',- 
16',23'-tri-(2-trimethylsilylethyl)phtha1ocyaniny1)ethane (25), 
1,2-bis-2'-(9', 16',23'-tri-(3,3-dimethylbutyl)phthalocyaninyl) 
ethane (26) and 1,2-bis-2'-(9', 16',23'-trineopentoxyphthalo- 
cyaniny1)ethane (27), respectively. Metal-free phthalocyanine 
27 was readily converted to its dicobalt(I1) derivative (28) 
(6, 11) (Scheme 3). 

Binuclear phthalocyanines 25-27 exhibited the typical ab- 
sorption spectra of metal-free binuclear phthalocyanines (6) 
while 28 exhibited the typical absorption of a metalated 
phthalocyanine dimer (Table 2). Compounds 25-28 all exhib- 
ited parent ions in their mass spectra using the FAB technique 
(14). Phthalocyanine dimers 25-28 were very much less solu- 
ble in organic solvents than the four-atom bridged catechol type 

dimers described above and the previously described five-atom 
bridged dimers (Table 2). The 'H nmr of 25-27 were taken in 
dilute solutions and exhibited broad absorptions at the appro- 
priate peak positions for the substituent groups (Table 3). The 
'H nmr spectra of the inner NH protons of 18, 19, and 6 are 
dependent on concentration, solvent, and temperature (Table 
3). As a result of our initial examination of these effects on the 
'H nmr of 6 (Table 3), we generally run our samples in CDCI, 
or toluene-d, (C7D8) at concentrations of lo-, to M at 
room temperature. The effects of concentration, solvent, and 
temperature on porphyrin monomers and dimers have been 
studied and the effects noted here are consistent with those 
trends noted in porphyrin chemistry (17, 18). 

Preparation of a binuclear phthalocyanine covalently linked by 
a tetramethylene bridge 

As has been shown above in the preparation of 18, bi0d0- 
phthalonitrile (9) can readily couple with trimethylsilylethyne 
(10) to give 12. Attempts to hydrolyze 12 as before (16) or by 
alternate procedures (19) resulted in solutions from which the 
desired 4-ethynylphthalonitrile (29), could only be isolated in 
low yield. Hydrolysis of 12 under very mild conditions did 
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TABLE 4. "C nuclear magnetic resonance chemical shifts in ppm (6) of some saturated solutions of rnononuclear and binuclear phthalocyanines 
(PC) in CDC13 at 22°C 

Carbon type 

PC Aromatic CH2X0 CHzPc C'Bu (CHs)7Zh 

"X = 0 for all compounds except 18, 19, 25, and 26 where X = CHI. 
' Z  = C for all compounds except 18 and 25 where Z = Si. 
'These data were taken from ref. 6. 
"Weak absorptions at 31.8 and 26.5 are likely due to the bridging tert-butyl group. 
'This measurement was done on a Bruker WH400 instrument. 
 h he absorptions in this region were very weak. 
Weak absorptions at 26.8, 26.73, 26.7, and 26.6 are likely due to bridging carbons 
"Weak absorptions at 30.1 and 26.6 ppm are likely due to bridging carbons. 

25 Z - S i ,  X  = C H 2 ,  M  = H z  

26 Z =  C  , X =  C H 2 ,  M = H 2  

2 7 Z 5 C , X =  0 , M = H 2  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



proceed in methanolic pyridine or in pyridine-Cu(OAc)? at 
room temperature to give 29 in high yield. Hydrogenation of 29 
afforded 4-ethylphthalonitrile (30).' Since we wished to per- 
form an oxidative dimerization (20, 21) of 29 to give 1,4-bis- 
(3,4-dicyanopheny1)-1,3-butadiyne (31) and since the condi- 
tions of this dimerization (Cu(OAc),, pyridine, methanol) are 
the very conditions that promote the hydrolysis of 12 to 29, we 
felt that direct coupling of the precursor to 29, i.e. 12, should 
give the desired product 31. Indeed, oxidative coupling of 12 
yielded 31 in 76% yield. Catalytic hydrogenation of 31 as 
before gave 1,4-bis-(3,4-dicyanopheny1)butane (32)' in high 
yield. Conversion of 32 into its bis- l,3-diiminoisoindoline (33) 
as before (5, 6) and subsequent mixed condensation with 5 
gave the undesired monomer 6 and the tetramethylene bridged 
dimer 1,4-bis-2'-(9', 16' ,23'-trineopentoxyphthalocyaniny1)- 
butane (34) in 1.4% yield (Scheme 4). 

Physical and spectroscopic properties of rnononuclear and bi- 
n~iclear phthalocyanines 

We have shown (6) that binuclear metal-free and metallo- 
phthalocyanine exhibit characteristic absorption spectra dif- 
fering from each other and from the well-known absorption 
spectra of mononuclear metal-free and metallophthalocyanines 
(4). Thus, the mononuclear phthalocyanines 18-20 exhibit the 
characteristic absorptions (Table 2) of monomers, while bi- 
nuclear phthalocyanines 7a -c , 25-28, and 34 all exhibit ab- 

sorptions more typical of dirneric phthalocyanines. 
The visible spectra of 7 a ,  b ,  25-27, and 34 show double 

T-T* bands near 700 and 670 nm, but the bands near 640 and 
620 nm exhibit enhanced intensities compared to the model 
monomers 6. 18, and 19. In addition, compounds 7c and 28 
exhibit bands at 680 and 620 nm similar to the cobalt(I1) deriva- 
tive of 6 (5) and 20, but the intensity of the band at 620 is 
greatly enhanced, typical of aggregation (22, 23). Thus, the 
visible spectra of 7a -c ,  25-28, and 34 indicate substantial 
interaction between the phthalocyanine nuclei. This interaction 
is intramolecular rather than intermolecular since the blue shift 
is unaffected by dilutions in the range of lo-'- 10-6 M .  A full 
description of the absorption and emission spectra of mono- 
nuclear and binuclear metal-free phthalocyanines is in pro- 
gress. 

As we have previously reported (6), the 'H nmr spectra of 
monomeric phthalocyanines such as 6 and dimeric phthalocy- 
anines such as 1,3-bis-2'-(9', 16',23'-trineopentoxyphthalocy- 
aninoxy)-2-ethyl-2-methylpropane (35) (Fig. 1) and, now, di- 
mers 7a and 7b exhibit broad absorptions for internal NH 
protons in the region of -6.0 ppm when the spectra are run on 
samples at high concentrations ( lo- '  M )  (Table 3). Although 
these data are consistent in general with those obtained by other 
workers for simple tetrasubstituted mononuclear phthalocy- 
anines (24, 25), these workers do not record the concentrations 
of the phthalocyanines on which measurements were made and 
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FIG. 1 
the reported NH absorbances vary from - 2.0 (24) to - 9.0 ppm 
(25), an effect very concentration dependent as shown herein. 
The effect of concentration on the observance of the NH ab- 
sorbance~ of 6 is described in footnote d to Table 3 and effec- 
tively shows that the absorption changes from -5.5 at lo-' M 
to -3.0 at M and remains constant upon further dilution. 
Furthermore, at intermediate concentrations (lo-' M), the ob- 
servation of two NH absorbances at -4.1 and -3.0 is noted 
and undoubtably represents a mixture of free and aggregated 
phthalocyanines. The effect of temperature on the 'H nmr of 6 
is somewhat complicated by the concomitant effect of solvent 
on the internal NH absorbances. Thus in toluene-d8 the NH 
absorbance (at lo-' M) at 80°C is -3.0, at 22°C is -2.60, and 
at -80°C is -0.9 ppm. On the other hand, in CD,Cl, the NH 
absorbance is invariant between -70°C and 22°C and broadens 
greatly in CDC13 at 50°C. Most importantly, however, the 
higher temperature nmr spectra do not exhibit NH absorbances 
at significantly lower fields, and hence lo-' M solutions 
most likely represent free non-aggregated phthalocyanines 
even at room temperature. The lack of an upfield shift of the 
NH absorbances at lower temperatures indicates that conforma- 
tional mobility is still high enough that aggregation does not 
appreciably occur at -70 to -80°C. The NH absorbances of 
the binuclear phthalocyanines (7b) and 35 at -70°C in CD,Cl, 
and +50°C in CDC13 again do not appreciably change their 
value of --3.1 ppm, which indicates that even at low tem- 
peratures in the binuclear phthalocyanines conformational mo- 
bility is high on the nmr time scale or that intramolecular 
cofacial interaction is insignificant. Thus the extent of cofacial 
conformations of binuclear phthalocyanines 7a ,  b ,25-27, and 
34-35 cannot be evaluated at present using nmr techniques. 
The mononuclear phthalocyanine 6 exhibits only a broad ab- 
sorption peak for the CH, groups of the tert-butyl substituent 
in its 'H nmr spectra at high concentrations ( lo- '  M )  (Table 3) 
(6) but in dilute solutions (lo-,- 10-'M) 6 ,  the Zn derivative 
of 6 (6Zn) (6), 18 (26), and 19 exhibit 6 ,  7, 4, and 6 peaks, 
respectively, corresponding to this tert-butyl group. It should 
be noted that 6,  6Zn, 18, and 19 each exist as a mixture of four 
possible positional isomers and that these isomers give rise to 
a total of eight possible environments for the substituent 
groups. For dilute solutions, up to 7 of these different absorp- 
tions are seen for the tert-butyl group (Table 3). In fact, for 6Zn 
we can clearly see seven single absorptions for the CH,O group 
of the mixture of 4 isomers. For dimers 7a ,b ,  25, 26, 27, and 
34 the 'H nrnr substituent absorbances of the mixtures of iso- 
mers are generally broad and not resolvable. As previously 

reported (6), the 13C nrnr of 6 at high concentrations (lo- '  M) 
exhibited only 1 absorption peak for the CH, group of the 
tert-butyl group and, indeed, dimers 7 a , 7 6 , 2 7 ,  and 34, based 
on the neopentoxy substituent, all exhibited only one or two 
peaks for this group. On the other hand, the "C nmr of mono- 
mers 18 and 19 exhibited a multiplicity of peaks, again repre- 
senting the 8 environments in which the four isomers each of 
18 and 19 exist (Table 4). Indeed, 18 exhibits two absorptions 
for the CH,Si carbon, all eight absorptions for the CH2Si car- 
bons, and six absorptions for the CH,CH,Si carbon (Table 4). 
The much greater multiplicity of isomers of the dimers and 
their even greater numbers of environments actually generate 
rather deceptively simple spectra in which single or small num- 
bers of (CH3),Z absorbances are observed (Table 4). Because 
of this multiplicity of environments, rather poorly resolved, 
very weak, absorbances are observed in the aromatic region, 
and the bridging carbons of the dimers and these absorbances 
are not listed for both 'H and "C nmr spectra of compounds in 
which these absorbances are poorly defined. 

All phthalocyanines exhibited parent ions in their mass spec- 
tra (27) using the FAB system (14) and o-nitrophenyl octyl 
ether (ONPOE) as the solvent (6). The infrared spectra of all 
metal-free phthalocyanines exhibited characteristics NH ab- 
sorptions at 3300 and 1020 cm-' (28), which disappeared on 
formation of their cobalt derivatives. 

The mononuclear phthalocyanine bearing the isohexyl sub- 
stituents (19) was clearly less soluble than the tetraneopentoxy- 
phthalocyanine (6) but the tetra-(2-trimethylsilylethyl)phthalo- 
cyanine (18) was almost as soluble as 6 (Table 2). Thus if one 
wishes to prepare soluble multinuclear phthalocyanines bearing 
no oxygen atoms around the periphery of the phthalocyanine 
nucleus, it would be possible to use isoindoline 16 as a 
"partner" in condensation reactions, but use of isoindoline 17 
gives rather insoluble dimeric phthalocyanines (Table 2). It 
appears that phthalocyanine dimers containing bridges having 
oxygen atoms (7a,  b ,  35) are considerably more soluble than 
all carbon bridge dimers such as 25-27 and 34. Perhaps, not 
surprisingly, the more flexible tetramethylene bridged dimer 34 
is more soluble than the ethylene bridged dimer 27. Indeed, 
only dimers 7a and 34 in this work exhibit I3C nmr peaks for 
bridging carbons (Table 4). It was not possible to measure the 
solubilities of all the phthalocyanines in the same solvent, as 6 
and 18 are too soluble in CHC13 or o-dichlorobenzene (ODCB) 
to conveniently obtain data while dimers 25-28 and 34 were 
generally totally insoluble in CH,Cl,. Using the knowledge that 
the phthalocyanines are generally soluble in solvents in the 
following order: CDC13 > CHCl, > ODCB > CH,Cl,, we 
can generalize from the data shown in Table 2 that the order of 
solubility of monomeric and dimeric phthalocyanines is 6 (6) > 
18 > 6Zn (6) > 35 - 76 > 19 > 20 > 34 > 27 > 25 
> 26 > 28. Thus multinuclear phthalocyanines very soluble 
in organic solvents are most readily made using the 5-neo- 
pentoxyisoindoline 5,  rather than the less accessible 5-alkyl- 
isoindolines 16 and 17, as a partner in mixed condensations 
with bisisoindolines. In addition, multinuclear phthalocyanines 
bridged only by carbon atoms are less soluble than their oxygen 
bridged analogs. This decreased solubility may render their 
electrocatalytic properties less amenable to study. Further re- 
search on the synthesis of binuclear and multinuclear phthalo- 
cyanines having a fixed cofacial structure is in progress. 

Experimental 
Matheson high purity argon was used to maintain inert atmosphere 
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conditions. Infrared (ir) spectra were recorded on a Pye Unicam 
SPlOOO infrared spectrophotometer using KBr discs for solids or as 
neat films between NaCl discs. Nuclear magnetic resonance (nmr) 
spectra for protons were recorded on a Varian LM 360 spectrometer 
using deuterochloroform as solvent and tetramethylsiiank as the in- 
ternal standard. The positions of the signals are reported in 6 units. 
(The splittings of the signals are described as singlets (s), doublets (d), 
triplets (t), quartets (q), or multiplets (m).) A Bruker AM300 nrnr 
spectrometer was used for all "C nrnr spectra and for 'H nmr spectra 
of all phthalocyanines unless otherwise stated. The 'H nrnr spectra of 
lo-" M solutions of phthalocyanines were obtained by averaging 
500- 1000 scans over the absorption range, while "C nmr spectra on 
saturated solutions of phthalocyanine were obtained by averaging 
5 000- 15 000 scans over the absorption range. 

The visible-ultraviolet spectra (uv) were recorded on a Hewlett 
Packard HP845 1 A Diode Array spectrophotometer. Mass spectra (ms) 
were recorded at 70 eV on a VG Micromass 16F mass spectrometer 
in the El mode. 

The FAB spectra were obtained with a Kratos MS-50 triple analyzer 
mass spectrometer equipped with a FAB ion source of standard Kratos 
design and an Ion Tech atom gun. The sample was dissolved in 
chloroform and a microliter of the resulting solution added to a micro- 
liter of o-nitrophenyl octyl ether on the probe tip. The spectra of the 
molecular ions of the binuclear phthalocyanines were obtained by 
signal averaging up to 256 scans over the appropriate mass range. 'The 
number in parentheses after the indicated ion shows the percentage of 
the base peak represented by that ion. Melting points (mp) were 
determined using a Kofler hot stage melting point apparatus and are 
uncorrected. Thin-layer chromatography (tlc) was performed using 
silica gel G as the adsorbent. Flash chromatography was performed 
using silica gel of particle size 20-45 km. All reactions were stirred 
with a magnetic stirrer. All solvents were freshly distilled before use. 
Microanalyses were performed by Guelph Chemical Laboratories 
Ltd., Guelph, Ont. 

1,2-Bis-(3,4-dicyanopI1e110xy)4- tert-butylbenzene (3 a) and 1,2-bis- 
(3,4-dicyanophenoxy)benzene (3b) 

A solution of 3.90 g (22.5 mmol) of 1, 1.66 g (10 mmol) of 2a ,  and 
7.0 g (50 mmol) of anhydrous potassium carbonate (KICO,) in 25 mL 
of dry dimethylformamide (DMF) (6, 9) was stirred at room tem- 
perature for 36 h. The reaction mixture was diluted with water (150 
mL), extracted with ethyl acetate, washed with saturated potassium 
carbonate, 4 M HCI, water, and saturated sodium chloride, and dried 
over magnesium sulphate. Evaporation of the solvent gave a brown 
oil, which on recrystallization from ethyl acetate - petroleum ether 
gave, in 84% yield, 3.5 1 g of 3 a ,  mp 143- 143.5"C; ir (cm-'): 2260 
(CN), 1595, 1575; 'H nmr (CDCI,, 60 MHz) 6: 7.85-7.05 (m, 9H, 
ArH), 1.35 (s, 9H, tBu); ms, mlz :  418 (M+, 21), 537 (20), 283 ( lo) ,  
243 (65), 240 (100). 183 (48). 144 (19). 105 (58). Anal. calcd. for 
CzjHlxNjOZ: C 74.63, H 4.34, N 13.39; found: C 74.62, H 4.33, N 
13.31. 

Similarly, a solution of 3.90 g (22.5 mmol) of 1, 1 .I  g (10 mmol) 
of 2b, and 7.0 g (50 mmol) of K2C0, in 25 mL of DMF was stirred 
for 36 h at room temperature. The reaction mixture was extracted with 
ethyl acetate and worked up as described above to give a crude crys- 
talline product, contaminated by a small quantity of starting material 
1. Column chromatography of this crude mixture on silica gel and 
elution with 1 :5  ethyl acetate - petroleum ether gave 1. Further 
elution with 3:2 ethyl acetate - petroleum ether gave, in 78% yield, 
upon evaporation of the solvent and recrystallization from ethyl ace- 
tate - petroleum ether, 2.82 g of colourless needles of 3b, mp 
189- 190°C; ir (cm-I): 2260, 1595, 1572; 'H nrnr (CDCI,, 60 MHz) 
6: 7.80-7.00 (m, IOH, ArH); ms, tn/z: 363 (31), 362 (M', loo), 219 
(30). Anal. calcd. for C22HloN,02: C 72.93, H 2.78, N 15.46; found: 
C 73.07, H 2.56, N 15.48. 

Preparation of isoindolines 4a  and 4 b  
The bis- l,3-diiminoisoindolines 4a and 4 b  were prepared as pre- 

viously described (6, 12). In a typical example 20 mg of sodium was 
added to 40 mL of dry methanol under argon to form sodium meth- 

oxide. Nitrile 3 b  (500 mg, 1.38 mmol) was added and the oil bath 
heated to 60°C to dissolve the nitrile. Ammonia gas was bubbled into 
this solution as previously described (6) and the methanol evaporated 
to give crude 4 0 ,  which was used directly in the next step. An ir 
spectrum of the crude isoindolines must not exhibit any residual nitrile 

1,2-Bis-2'-(9', 16',23'-rri11eope1~toxyphtI~aIo~y~11~ir1o.ry)4- tert- 
butylbenzene (721) and l,2-bis-2'-(9',16',23'- 
trit~eopentoxjphthalocya~~i~~oxy)be~~zene (7b) 

The crude bis-l,3-diiminoisoindoline (40) and 5-neopentoxy-1,3- 
diiminoisoindoline (5) obtained from 200 mg (0.48 mmol) of 30 and 
2.5 g (1 1.68 mmol) of 4-neopentoxyphthalonitrile (5, 6) respectively, 
were heated at 150- 160°C (oil bath) in 20 mL of 2-N,N-dimethyl- 
aminoethanol for 60 h under an argon atmosphere by methods similar 
to those previously described (6, 12). The reaction mixture was 
cooled, poured into water, filtered, and washed repeatedly with water. 
The crude reaction mixture was dissolved in 200 mL of toluene and 
stirred at 70°C for 5 h with 100 mL of 1 M KOH. The reaction mixture 
was cooled; the organic layer was separated from the aqueous layer 
and washed with water and saturated sodium chloride, and dried over 
magnesium sulphate. The toluene solution containing the phthalocy- 
anine mixture was preadsorbed onto silica gel for flash chromatog- 
raphy (13). Elution with 600 mL of toluene - petroleum ether (5: 1) 
followed by elution with pure toluene gave three initial fractions 
(200 mL each) followed by fifteen 100-mL fractions and. finally, two 
I-L fractions. The early fractions contained pure 2.9,16,23-tetraneo- 
pentoxyphthalocyanine (6), the middle fractions mixtures of 6 and 7 a ,  
and the final fractions mixtures of 7a and another phthalocyanine 
thought to be a trinuclear phthalocyanine. The middle fractions con- 
taining 6 and 7a were rechromatographed on fresh silica by flash 
chromatography using toluene as eluant. Again monomer 6 eluted 
first, some mixed fractions eluted next, and pure 7a was finally iso- 
lated. All of 7a was eventually recovered by rechromatography of all 
mixed fractions. The yield of monomer 6 recovered was 58% (1.45 g). 
The final fractions containing dimer 7a and a trimei were also sepa- 
rated by flash chromatography to give, in total, 108 mg (13% yield) 
of 7a as a dark, blue, shining solid, mp >300°C; ir (cm-'): 3310 
(NH), 1620, 1245, 1100, 1020 (NH); ms m/z: 1707.8 (loo), 1706.8 
(M+,  87). Anal. calcd. forCloqH106N1hOx: C 73.13, H 6.25, N 13.12; 
found: C 72.97, H 6.32, N 13.57. 

A small fraction of the dimer-trimer mixture was chromatographed 
on preparative tlc plates using toluene/2-methoxyethanol (200: I) as 
solvent. The slower moving blue-green fraction was extracted with 
toluene and finally purified by flash chromatography using toluene/ 
2-methoxyethanol (50: 1) as solvent to give a very small quantity of 
a blue green solid. Mol. Wt. (FAB ms) calcd. for C156N1s4NZ101Z: 
2556.91; found 2556.2 (loo), 2555.2 (M', 76). 

Similarly, the crude bis-I ,3-diiminoisoindoline (4b) and 5, ob- 
tained from 500 mg (1.38 mmol) of 3b and 7.5 g (35.0 mmol) of 
4-neopentoxyphthalonitrile (5, 6), respectively, gave monomer 6 in 
the toluene fractions on flash chromatography of the crude product 
obtained from the reaction mixture. Further elution with toluene/ 
2-methoxyethanol (100: 1) and toluene/2-methoxyethanol (200:5) 
gave mixed monomer-dimer fractions and pure dimer fractions. Re- 
chromatography of the mixed fractions gave a total of 3.15 g of pure 
monomer 6 in 42% yield and 222 mg (10% yield) of pure dimer 7b as 
a dark, blue, shining solid, mp >30OoC; ir (cm--I): 33 10 (NH), 1625, 
1248, 1105, 1020 (NH); ms m/z: 1651.8 (loo), 1650.8 (M+, 61). 
Anal. calcd. for CIOOH98N160X: C 72.71, H 5.98, N 13.57; found: 
C 73.24, H 5.98, N 13.19. 

1,2-Bis-2'-(9', 16' ,23'-trineoper~toxyphthnlocj~nt~ino.ryc~I))ben- 
zene (7c) 

A solution of 100 mg (0.06 mmol) of 7b and 80 mg of cobalt(I1) 
chloride in 10 mL of toluene/2-methoxyethanol (7:3) was heated at 
110°C under argon for 30 h as previously described (6). Flash chro- 
matography of the crude product using toluenej2-methoxyethanol 
(50: I )  as eluant gave, in 69% yield, 73 mg of 7c as a shiny blue solid, 
mp >300°C; ir (cm-I): 1620, 1250, 1105, 1070,760; msrn/z: 1765.6 
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(loo), 1764.6 (M', 62). Anal. calcd. for CIOOHL)4NlhOXCo2: C 68.06, 
H5.37,N12.70,Co6.68;found:C68.21,H5.54,N12.34,Co6.44. 

4-Atninophthalonitrile (8)  
A suspension of 5.19 g (30 mmol) of 4-nitrophthalonitrile (1) (29) 

and 0.5-0.6 g of 10% palladium on charcoal in 150 rnL of 95% 
ethanol was placed a 500-mL jar in a Parr hydrogenation apparatus and 
hydrogenated at 415 kPa according to the procedure of Rasmussen et 
01. (30). The crude product (4.2 g. mp 175- 178°C) was chroma- 
tographed using normal grade silica gel. Elution with benzene - ethyl 
acetate (3: 1) gave 3.6 g (84% yield) of pure white crystals of 8, mp 
179- 180°C (lit. (30) mp 179- 181°C). Compound 8 does deteriorate 
on standing and is usually directly converted into compound 9 de- 
scribed below. 

4-Iodoptzdzalonitrile (9) 
A suspension of 4.29 g (30 mmol) of 8 in 60 mL of 2.5 M H2S04 

was cooled to - IO°C. A solution of 2.4 g (34 rnmol) of sodium nitrite 
in 5-8 mL of H20 was added dropwise with stirring, while the 
temperature of the mixture was kept at - 10 to O°C. Stirring was 
continued at 0°C for 0.5 h to complete the reaction. The resulting 
mixture was rapidly filtered by suction filtration and the cool filtrate 
was added in a small portion to a cool solution of 5.4 g (32 mmol) of 
potassium iodide in 30 mL of water. The resulting black mixture was 
allowed to warm to room temperature with stirring. The prccipitated 
black solid was collected by suction filtration, washed with cold 
water, and dissolved in benzene. The benzene solution was washed 
with cold water, 5% NaHCO,, cold water, saturated Na2S203, again 
with water, dried over MgS04, filtered, and concentrated to a small 
volume. Chromatography on 200 g of normal grade silica gel and 
elution with benzene gave. in 70% yield. 5.3 g of pure 9 as white 
crystals, mp 142-143°C (lit. (31) mp 141-142°C); ir (crn-I): 
3020-2960, 2240 (CN), 1580, 940, 850, 845; 'H nmr (CDCI,, 
60 MHz) 6: 8.22-8.08 (m, 2H, ArH-3,6), 7.61-7.55 (m, IH, 
ArH-5); ms tnlz: 254 (M', 87), 127 (loo), 100 (38). 

4-(2-Tritnethylsilylethytzyl)ptzttzalonitrile (12) atlei 4-(3,3-dit~~ettzyl-1- 
Dutyny1)ptztkalonitrile (13) 

To a solution of 5.08 g (20 mmol) of 9 in 80 mL of dry, freshly 
distilled diethylamine was added 2.1 g (22 mmol) of triethylsilyl- 
acetylene (lo),  38 mg (0.2 mmol) of copper(1) iodide, and 140 mg 
(0.2 mmol) of bis(triphenylphosphine)palladiurn diehloride under an 
argon atmosphere, using the procedure of Takahashi et a/.  (16). The 
reaction mixture was stirred at room temperature for 3 h. during which 
time a precipitate of diethylamine hydroiodide appears. The mixture 

. . was filtered to separate the precipitated salt and the filtrate was eon- 
. . centrated on the rotary evaporator. The residue was extracted into 

benzene and purified by column chromatography on neutral alumina, 
activity 11-111, using benzene as the eluting solvent. Evaporation of 
the solvent gave an oil which, on distillation in a Kugelrohr apparatus 
at 110- 120°C/0.01 Torr(1 Torr = 133.3 Pa), gave 3.4g (75% yield) 
of a white solid (12), mp 74-75°C; ir (cm- I): 3 100,2240 (CN), 1600, 
1498, 1440, 1345, 1265. 1250, 860, 840; 'H nmr (CC14, 60 MHz) 6: 
7.65-7.52 (m, 3H, ArH), 0.05 (s, 9H, (CH,),Si); ms tn/z: 224 (Mf ,  
17), 209 (100). 179 (14), 73 (70), 59 (27), 43 (23). Anal. calcd. for 
CI3HIZN2Si: C 69.59, H 5.39, N 12.49; found: C 69.51, H 5.53, 
N 12.19. Product 12 rapidly decomposed in the presence of water. 

. . Similarly, a mixture of 2.54 g (10 mmol) of 9, 0.82 g ( 10 mmol) 
of tert-butylaeetylene ( l l ) ,  20 mg (0.1 mmol) of copper(1) iodide, and 
140 mg (0.2 mmol) of bis(triphenylphosphine)palladium dichloride in 
50 mL of dry, freshly distilled diethylamine was stirred overnight 
under an argon atmosphere. Analysis by thin-layer chromatography 
(tlc), using ether-hexane 1 : 4  as eluant, showed the presence of 
unreacted 9. An additional 0.16 g of 11 was added and stirring was 
continued for a further 12 h. A final addition of 0. I6 g of 11 was 
added and, after stirring for a total of 72 h, the reaction was still not 
completed. The reaction mixture was worked up as described above. 
Flash chromatography of the crude product using 1 : 19 ether-hexane 
as eluant gave an oil, which on distillation in a Kugelrohr apparatus 
at 130- 135"C/0.01 Torr yielded 1.6 g (75% yield) of pure 13, mp 

60-61°C; ir (cm-I): 3100, 3000, 2250 (CN), 2235. 1600, 1490, 
1370, 1320, 1275,910,880; 'H nmr (CDCII, 300 MHz) 6: 7.77-7.67 
(m, 3H, ArH), 1.32 (s, 9H, (CH,),C); nis m/z: 208 (M', 20), 193 
(loo), 178 (13), 165 (18). Atzal. calcd. for C14H12N2: C 80.73, 
H 5.81, N 13.45; found: C 80.70. H 5.90, N 13.21. 

4-(2-Tritt1ettz~~l.silyletllyI)l~hdznlot1itrile (14), 4-edzylphdzc~lotlitrile 
(30), atzd 4-(3,3-ditnedzylDiit>'l)l~tzd2(1lot1iirile (15) 

A solution of 2.8 g (12.5 mmol) of 12 in 50 mL of dry ethyl acetate 
was hydrogenated over 10% palladium on charcoal at 275 kPa for 1 h. 
The catalyst was filtered and the filtrate evaporated to dryness. Col- 
umn chromatography of the product on 150 g of normal grade silica 
gel using ethyl acetate - hexane (1 : 4) as eluant gave, upon evapora- 
tion of the solvent, 2.5 g (88% yield) of colourless needles. Distilla- 
tion of the solid product in a Kugelrohr apparatus at 140- 145"C/O. I 
Torr gave pure 14, mp 63-64°C; ir (cm-I): 3090, 2970, 2240 (CN), 
1605, 1498, 1345, 1265, 1250, 860, 840, 700; 'H nmr (CDCI,, 300 
MHz) 6: 7.60-7.45 (m,3H, ArH), 2.7 1 (m, 2H, CH2ArH), 0.84 (m, 
2H, CH,Si), 0.01 (s, 9H, (CH3),Si); ms rn/z: 228 (M', 41), 21 3 (35), 
73 (loo), 59 (68). 43 (17). Atztrl. calcd. for CI,H16N2Si: C 68.36, 
H 7.06, N 12.26; found: C 68.1 I ,  H 7.18, N 12.29. 

Further elution of the silica gel gave 0. I g of 4-ethylphthalonitrile 
30) as a white solid, mp 42-43°C; ir (cm- I): 3000-2900,2245 (CN), 
1600, 1500, 1240, 1070, 870, 850; 'H nmr (CDCI,, 60 MHz) 6: 
7.8-7.4(m, 3H,ArH) ,2 .8(q ,  J = 8 H z ,  2H, CH2),0.84(t ,  J = 
8 Hz, 3H, CH3); ms tn/z: 156 (M', 50), 141 (loo), 114 (40). Atzal. 
calcd. for CloHxN2: C 76.90, H 5.16, N 17.94; found: C 77.23, 
H 5.33, N 17.99. 

Similarly, hydrogenation of 3.6 g (17 mmol) of 13 in I00 mL of dry 
ethanol for I h as described above yielded a crude oil. Flash chro- 
matography of this oil using ether-hexane (1 :9) as eluant and distil- 
lation of product using a Kugelrohr apparatus gave 3.3 g (92% yield) 
of 15 as a colourless oil, bp 130- 138"C/0.01 Torr; ir (neat, cnlC'): 
2980,2250 (CN), 1610, 1500. 1380, 1250,850; 'H nmr (CDCI?, 300 
MHz) 6: 7.80-7.78 (m, IH, ArH), 7.65-7.58 (m, 2H, ArH), 
2.74-2.68 (m, 2H, CH2Ar), 1.54- 1.48 (m, 2H, CH2C), 1.33 (s, 
9H, (CH,),C). Anal. calcd. for Cl,Hl,N2: C 79.20, H 7.59, N 13.20; 
found: C 79.05, H 7.49. N 13.05. 

Preparation of 5-(2-trirned1ylsil~~lethyl)-/,3-dii1ni1zoisoitzdc,li11e (16) 
atzd 5-(3,3-dit~1ettzylDutyl)-I ,3-eliitrzir1oi.soi11clolit1e (1 7) 

All diiminoisoindolines were prepared as previously dcscribed (5, 
6, 1 1, 12). In a typical example 1 15 mg (0.50 mmol) of 14 was added 
to a solution of 15 mg of sodium in 10 mL of dry methanol. The 
mixture was stirred at room temperature for I h and for 4 h under 
reflux conditions, during which ammonia gas was bubbled into the 
solution. Evaporation of the solvent gave crude 16, which was used 
directly in condensation reactions without further purification. Com- 
pounds 16 and 17 did not cxhibit nitrile absorptions in their ir spectra. 

Preparation of 2,9,16.23-tetra-(2-1rirtzethylsilylerhyl)p/zthalocyc~nitze 
(18) and 2,9,16,23-tetra-(3,3-ditnedrylbut~~l)phd2aloc~~atzit1e (19) 

The crude diiminoisoindoline 16, obtained from 115 mg (0.50 
mmol) of 14 in 2 mL of 2-N, N-dimethylaminoethanol, underwent 
self-condensation as previously described (5, 6, 1 I ,  12) to give 60 mg 
of a crude reaction product. Flash chromatography of this product 
using toluene as eluant gave, upon evaporation of the solvent, 33 mg 
(28% yield) of 18 as a dark blue, shining solid; ir (cm-I): 3310 (NH), 
1620, 1255, 1100, 1015 (NH), 870, 840, 760; ms ttz/z: 915 (Mf ,  
loo), 841 (28). Anal. ealcd. for C S ~ H ~ ~ N X S ~ ~ :  C 68.22, H 7.27, 
N 12.24; found: C 68.31, H 6.99, N 12.24. 

Similarly, the crude diirninoisoindoline 17, obtained from 118 mg 
(0.56 mmol) of 13 in 2 mL of 2-N.N-dimethylaminoethanol, under- 
went self-condensation as previously described (5, 6, l I ,  12) to give 
90 mg of a crude reaction product. Flash chromatography of this 
product using toluene as eluant gave, upon evaporation of the solvent, 
48 mg (40% yield) of 19 as a dark blue, shining solid; ir ( c m ' ) :  3320 
(NH), 1625, 1105, 1020 (NH), 760; ms tnlz: 850 (M', loo), 791 
( 3 3 ,  424 (47). At~al. ealcd. for CS6Hb6NX: C 79.02, H 7.82, N 13.16; 
found: C 78.71, H 7.76, N 13.09. 
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2,9,16,23-Tetra-(3,3-di,,~ethylbutyl)p/tialocy1i1atoobalt(I) (20) ( c m ' ) :  3320 (NH), 1620, 1260, 1105, 1020 (NH), 870,840,760; ms 
To a solution of 153 mg (0. I8 mmol) of 19 in 15 mL of toluene and tnlz: I659 (48). 1658 (63). 1657 (loo), I656 (91), 1655 (Mi , 65). 

5 mL of 2-methoxyethanol was added 91 mg (0.70 mmol) of an- Anal. calcd. for C ~ , ~ H I I ( I N ~ ~ S ~ ( , :  C 69.61, H 6.69, N 13.53; found: 
hydrous cobalt([[) chloride as previously describcd (6). The solution C 69.65, H 6.80, N 13.16. 
was stirred at 115°C (oil bath) under an argon atmospherc for 19 h. 
The crude reaction mixture was cooled to room temperature and the I ,2-Bis-2'-(9', 16' ,23'-tri-(3,3-dirnetlylbntyl)pi~thnlocynr1i1~yl)eti1~~~~e 

,-,, 
solvent evaporated. Flash chromatography of the residue using toluene 
as the eluting solvent gave, in 48% yicld, 78 mg of 20 as a dark blue, 
shining solid; ir ( c m ' ) :  1625, 1 105,760; ms m/z: 908 (M', 75), 850 
(21). Anal. calcd. for C56H,N,Co: C 74.07, H 7.10, N 12.34, 
Co 6.49; found: C 74.50, H 7.64, N 11.58, Co 6.50. 

1,2-Bis-(3,4-dicynt1ophenyl)etIzy1~e (22) anri 1,2-bis-(3,4- 
dicya~lophenyl)et/lat~e (23) 

By the procedurc described above for thc preparation of 12 and 
13, 5.1 g (20 mmol) of 9, 150 mL of dry, freshly distilled diethyl- 
amine, 38 mg (0.2 mmol) of copper([) iodidc, and 70 mg (0.1 mmol) 
of bis(triphenylphosphine)palladium dichloridc was placed into a 
250-mL two-necked flask, equipped with a magnetic stirrcr, a con- 
denser, and a gas inlet tube. The flask was flushed with argon and a 
moderate stream of dry acetylene was passed through the solution for 
3 h at room temperature. The pale pink precipitate that was formed 
was collected by filtration from the brown solution. The crude product 
was washed with water, methanol, and ether, and~air dried to give, in 
90% yield, 2.5 g of 22, mp 286-288°C. This product is sufficiently 
pure that it can be used directly without further purification. Two 
recrystallizations of a small sample of 22 from acetonitrile gave 
colourless crystals of pure 22, mp 296-297°C; ir (cm-I): 3090, 2240 
(CN), 1600, 1500, 1260,920,865; ms m/z: 278 (M', loo), 25 1 (14), 
224 (8), 149 (35), 139 ( 1  I), 85 (38), 57 (97), 43 (73). Anal. calcd. 
for CIsHONj: C 77.69, H 2.17, N 20.13; found: C 77.97, H 1.96, 
N 20.01. Compound 22 is very insoluble in common organic solvents 
and is only slightly soluble in boiling acetonitrile (I00 mg in 50 mL). 
The 'H and "C nmr of 22 was not determined, as a suitable solvent 
was not found in which 22 was sufficiently soluble. 

A suspension of 0.6 g (2.1 mmol) of 22 in 300 mL of acetonitrile, 
containing 100 mg of 10% palladium on charcoal, was hydrogenated 
at 415 kPa in a Parr hydrogenation bottle for 4 h at room temperature. 
The clear solution was filtered from the catalyst and concentrated. The 
compound was purified by flash chromatography using hot acetonitrile 
as eluant to give 0.5 g (83% yield) of 23 as white needles, mp 
257-258°C; ir (cm-I): 3100, 2980, 2240 (CN), 1600, 1490, 1390, 
1240, 925, 860; 'H nmr (CD3CN, 400 MHz) 6: 7.81 (d, J = 8 Hz, 
2H, ArH-5), 7.76 (s, 2H, ArH-2), 7.58 (d, J = 8 Hz, 2H, ArH-6), 
3.05 (s, 4H, CHZ); ms m l z :  282 (M+, 31), 141 (loo), 114 (49). 57 
(73), 39 (1 1). Anal. calcd. for CI,HloNj: C 76.58, H 3.57, N 19.84; 
found: C 76.76, H 3.47, N 19.94. 

Preparation of the bi.s-1,3-dii1ninoisoindoline (24) 
Compound 24 was prepared as previously described (6) for the 

preparation of 1,3-diiminoisoindolines derived from bisphthalonitriles 
only slightly soluble in methanol. 

l,2-Bis-2'-(9',l6',23'-tri-(2-trimethyl.~ilylet/~~~l)pi1thalocyat1~tzyl)eth- 
ane (25) 

The two crude diiminoisoindolines 16 and 24, obtained from 4.80 g 
(21.1 mmol) of 14 and 203 mg (0.72 mmol) of 23, respectively, in 
30 mL of 2-N ,N-dimethylaminoethano1, underwent a mixed conden- 
sation as previously described (5,6) to give 5 g of a crude reaction 
product. Flash chromatography on silica gel of this product on a 5-cm 
diameter column using toluene-hexane (1 : I )  as eluant gave 1.63 g of 
the monomeric 18 in 34% yield. Further elution with toluene gave a 
fraction consisting largely of dimer. This dimer fract~on was purified 
further by flash chromatography on a 3-cm diameter column. Elution 
with toluene-hexane (I : I) removed all traces of monomer, as ana- 
lyzed by tlc using toluene as eluant. Further elution with toluene gave 
a blue solid containing a trace of impurities, detected by tlc analysis 
and visualization with uv light. 'The blue solid was freed of these 
impurities by washing with methanol to give, in 7% y~eld, 83 mg of 
the binuclear phthalocyanine 25 as a dark blue, shining solid; ir 

( L O )  
The two crude diiminoisoindolines 17 and 24, obtained from 4.46 g 

(21.0 mmol) of 15 and 203 mg (0.72 mmol) of 23, rcspectively, in 
30 mL of 2-N,N-dimethylaminoethanol, underwent a mixed conden- 
sation as described for 70, 7b, and 25 above and previously (5, 6) to 
give 5 g of a crude reaction product. Flash chromatography of this 
product-on silica gel (5-cm diameter column) using toluene-hexane 
(1 : I) and pure toluene gave 2.07 g of the monomeric phthalocyanine 
19 containing traces of dimer, as analyzed by tlc using toluene as 
eluant. Further elution with 2-methoxyethanol/toluene (1 : 100) gave 
a fraction consisting largely of dimer containing traces of monomer. 
Finally, elution with 2-methoxyethanol/toluene (1 :4) gave a green 
fraction consisting largely of trimer and impurities. The solid mono- 
mer fraction was placed in the thimble of a Soxhlet extractor and 
extracted with refluxing hexanes to give 0.52 g of pure monomer 19. 
Using the Soxhlet extractor and refluxing toluene as solvent, a further 
0.71 g of 19 was isolated from the extracting solvent on evaporation, 
leaving 0.84 g of insoluble monomer containing traces of dimer in the 
thimble. It is possible that some of the positional isomers of 19 are 
more soluble than others and that the above selective extraction has 
effected a partial separation of these isomers. The dimer fraction was 
purified by vacuum liquid chromatography (vlc) (32) using toluene- 
hexanes (I : 1) as the eluting solvent followed by increasing amounts 
of 2-methoxyethanol/toluene (1 : 100 to 5 :  100). The vlc removed 
most of the monomer (but not all) and a final separation was achieved 
by flash chromatography (13) using the same eluting solvents as above 
to give, in 8% yield, 90 mg of the pure binuclear phthalocyanine 26 
as a dark blue, shining solid; ir (cm-I): 3320 (NH), 1625, 1 105, 1015 
(NH), 760; ms ~ n / z :  1561 (84), 1560 (loo), 1559 (M+, 84). Anal. 
calcd. for C I O Z H I I ( I N l ~ :  C 78.53, H 7. l I ,  N 14.36; found: C 79.36, 
H 7.62, N 13.49. 

1,2-Bis-2 '-(9'. 16',23'-trirleopentox~pht/1~~locya11it~yl)ethane (27) 
The two crude diiminoisoindolines 5 and 24, obtained from 6.0 g 

(28 mmol) of 4-neopentoxyphthalonitrile (5, 6) and 284 mg (1.0 
mmol) of 23, were heated to 150°C (oil bath) in 30 mL of 2-N,N- 
dimethylaminoethanol for 60 h under argon as previously described 
(5, 6). The crude product was purified by flash chromatography using 
a 5-cm diameter column packed with silica gel 12 cm high. The crude 
product was preabsorbed on silica and eluted with toluene to give 
2.67 g of the monomeric 6 in 44% yield. Further elution with 2-meth- 
oxyethanol/toluene (1 : 100) gave a fraction consisting largely of 
dimer containing traces of monomer and some green material. Finally, 
elution with 2-methoxyethanol/toluene ( 1  :4) gave a green fraction 
consisting largely of trimer and impurities. The dimer fraction was 
further purified by flash chromatography (3-cm diameter column). 
Elution with toluene removed all traces of monomer. Further elution 
with 2-methoxyethanol/toluene (5:200) gave a dark blue product. 
This product was washed with acetone to remove traces of fluorescent 
and light green impurities, detectable by tlc using toluene/2-meth- 
oxyethanol (200:5) as eluant, to give in 10% yield 159 mg of 27 as 
a dark blue, shining solid; ir ( c m ' ) :  3310 (NH), 1620, 1245, 1100, 
1020 (NH), 755; ms m / z :  1574.8 (51), 1572.8 (90), 1571.8 (loo), 
1570.8 (M+, 60). Anal. calcd. for CLj6H~,sNl(,06: C 73.35, H 6.28, 
N 14.26; found: C 73.08, H 6.34, N 14.19. 

The "trimer" fraction was further purified by flash chromatography 
(3-cm diameter column). Elution with 2-methoxyethanol/toluene 
(3 : 200) removed all traces of dimer. Further elution with 2-meth- 
oxyethanol/toluene 1 :20 gave 280 mg of a dark, blue, shining solid 
in 25% yield. This product was not characterized. 

1,2-Bis-2'-(9',16',23'-tri1~eopentoxypl1tl1alocya1~i11yl cobalt(ll))ethane 
(28) 

A mixture of 44 mg (0.028 mmol) of metal-free dimer 27 and 
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2 1 mg (0.16 mmol) of anhydrous cobalt(I1) chloride in I3 mL of a 1 : 4 
mixture of 2-methoxyethanol/toluene was heated at 120°C for 20 h 
under an argon atmosphere. Flash chromatography of the crude reac- 
tion mixture on a 3-cm diameter column of silica gel and elution with 
2-methoxyethanol/toluene ( 1  :20 and then 1 :8) gave, in 55% yield, 
26 mg of 28 as a dark blue, shining solid; ir (cm- I): 1620,1245, 1l00, 
760; ms rnlz: 1687.6 (49), 1686.6 (80), 1685.6 (loo), 1684.6 
(M+, 76), 1630.6 (38), 1629.6 (57), 1628.6 (72), 1627.6 (51). Anol. 
calcd. for CI)~HI)INI~~O&O~: C 68.40, H 5.62, N 13.29, CO 6.99; 
found: C 68.06, H 5.75, N 12.95, Co 7.19. 

4-Et/~ytzylphd~nlot~itrile (29) 
?reliminary experiments conducted on the hydrolysis of 12 to 29 

showed that hydrolysis was slow in pyridine alone, pyridine and 
methanol, or pyridine and copper(l1) acetate. and that all three com- 
ponents are necessary for rapid hydrolysis. These conditions are 
identical with those necessary for the coupling of terminaI alkynes by 
the Eglinton procedurc (20) except that hydrolysis occurs at room 
temperature. A solution of 0.09 g (0.4 mmol) of 12, 1.6 g of cop- 
per(l1) acetate monohydratc, 0.8 mL of methanol, and 14 mL of 
pyridine was stirred for I h at room temperature. The reaction mixture 
was filtcred and washed with pyridine and methanol. The filtrate was 
evaporatcd to dryness in voc'ito and extractcd with methylene chloride. 
The extract was washed with water, dilutc hydrochloric acid, and 
water, and dried ovcr MgS04. Evaporation of the solvent gave a 
product which was purified by flash chromatography, using ethyl 
acetate - hexane (1 :4) as eluant. Evaporation of the eluant gave, in 
82% yield, 50 mg of pure 29 as white crystals, mp 88-90°C; ir 
(Nujol, cm-'): 3280 (eC-H), 2250,2135, 1600, 930, 850; 'H nmr 
(CDCI,, 60 MHz) 6: 8.0-7.8 (m, 3H, ArH), 3.45 (s, IH, =C-H); 
ms m/z: 152 (M+, loo), 125 (46), 99 (28). 74 (26), 50 (37). Anal. 
calcd. for Cl"H4N,: C 78.94, H 2.68, N 18.41; found: C 78.28, 
H 3.00, N 18.60. 

Further elution of the silica gel gave 10 mg of 31 described below. 

I ,4-Bis-(3,4-dicyatzophe~1~~l)-l,3-biiforliytle (31) 
Using the Eglinton terminal alkyne coupling procedure (20) and 

recognizing that 12 gives 29 under thc conditions of this reaction, 
0.45 g (2.0) mmol) of 12 was mixed with 8.0 g of copper(I1) acetate 
monohydrate in 70 mL of dry pyridine and 4 mL of dry methanol. The 
mixture was heated at 50-55°C for 0.75 h with stirring under argon. 
The reaction mixture was cooled to room temperature, filtered, and 
washed with pyridine and methanol. The filtrate was workcd up as 
described for 29 above to give, in 76% yield, 0.23 g of a crude 
product, mp 299-302°C. Further purification by flash chromatog- 
raphy on silica gel using CHzClz as eIuant gave, upon evaporation of 
the solvent, in 70% total yield 0.21 g of pure white crystals of 31, mp 
303-304°C; ir (cm-I): 3100, 2250 (CN), 2180 (C=C), 1600, 1300, 
1240,925,860; 'H nmr (CD2CIZ, 60 MHz) 6: 7.9-7.7 (m, 6H, ArH); 
ms mlz: 302 (M', loo), 275 (7), 248 (5), 224 (8), 200 (8), 151 (8), 
124 (4), 98 (4). 74 (4). Anal. calcd. for CZOHbN4: C 79.46, H 1.99, 
N 18.54; found: C 79.39, H 1.81, N 18.48. 

1,4-Bis-(3,4-dicyonophenyl)bi1fonr (32) 
A solution of 0.15 g (0.5 mmol) of 31 in 100 mL of dry tetra- 

hydrofuran (THF) and 50 rng of 10% palladium on charcoal was 
hydrogenated at 275 kPa in a Parr hydrogenator for 1 h at room 
temperature. The catalyst was filtered over Celite and washed with 
THF. The filtrate was evaporated to give fine colourless crystals in 
quantitative yield. Further purification by flash chromatography on 
silica gel using CHICIZ-cther ( I  : 10) gave 0. I3 g in 84% yield of pure 
32, rnp 168- 169°C; ir  (cm-I): 3100, 2950, 2240 (CN), 1600, 1500, 
1250, 860, 850; 'H nmr (CD,CI,, 400 MHz) 6: 7.73 (d, J = 8 Hz, 
2H, ArH-5), 7.62 (s, 2H, ArH-2), 7.53 (d, J = 8 Hz, ArH-6), 2.77 
( t ,  J = 8 Hz, 4H, ArCH?), 1.67 (m, 4H, CH,); ms m / z :  310 
(M+, 391, 169 (26). 155 (58). 141 (loo), 114 (41). 39 (13). Anal. 
calcd. for C2uH,4NI: C 77.39, H 4.55, N 18.05; found: C 77.62, 
H 4.35, N 17.97. 

Preporofion of the bis-l,3-rliin~inoisoindolirle (33) 
Compound 33 was prepared as previously described (6) for the 

preparation of 1,3-diiminoisoindolines derived from bisphthalonitriles 
only slightly soluble in methanol. 

1,4-Bis-2'-(9', /6',23'-tri1~eope11to.r~~p/~f~~~zloc~~o~zir~~~l)bitoe (34) 
The two crude diiminoisoindolines 5 and 33, obtained from 6.0 g 

(28 mmol) of 4-neopentoxyphthalonitrile (5, 6) and 310 mg (1.0 
mmol) of 32, respectively, were heated to 150°C (oil bath) in 30 mL 
of 2-N ,N- dimethylaminoethanol for 60 h under argon as described for 
the preparation of 27. Using a work-up identical to that for 27, purifi- 
cation by flash chromatography as before gave 1.64g of monomer 6 
in 27% yield and, in 1.4% yield, 23 mg of dimer 34 as a dark blue, 
shining solid; ir (cm-I): 3320 (NH), 1620, 1250, 1105, 1020 (NH), 
760; ms m/z: 1561.8 (25), 1560.8 (85). 1599.8 (loo), 1598.8 
(M+, 64). Atlol. calcd. for C,8H1,lZNl,Ofi: C 73.57, H 6.42, N 14.01; 
found: C 72.91, H 6.62, N 13.65. 
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1 Qinghaosu: H and 13C nuclear magnetic resonance spectral 
assignments and luminescence' 

WANG ZHONGSHAN,' THOMAS T. NAKASHIMA, KARL R. KOPECKY,' AND JOSE MOLINA 
Deparfment of Chemistry, University of Alberta, Erlmonton, Alta., Canada T6G 2G2 
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WANG ZHONGSHAN, THOMAS T. NAKASHIMA, KARL R. KOPECKY, and JOSE MOLINA. Can. J .  Chem. 63, 3070 (1985). 
The complete assignment of the 'H and nmr signals for Qinghaosu 1 has been made. Treatment of 1 with methoxide 

ion at 80°C results in bright luminescence when carried out in the presence of fluorescers. Several products are formed when 
methanol is present, but in toluene only one product is formed when-methanol-free methoxide is used. Its structure is tentatively 
assigned as 1-(I -methoxycarbonylethy1)-2,6-dimethyl-2-hydroxybicyclo[3.3.l]nonan-9-one. 

WANG ZHONGSHAN, THOMAS T.  NAKASHIMA, KARL R. KOPECKY et JOSE MOLINA. Can. J .  Chem. 63, 3070 (1985). 
On a complktement attribuC les signaux de la rmn du 'H et du du Qinghaosu, 1. Le composC 1 reagit avec I'ion 

methanolate 80°C en presence de substances fluorescentes en provoquant une vive luminescence. En presence de methanol, 
on obtient plusieurs produits; toutefois, dans le tolukne, il ne se forme qu'un seul produit lorsqu'on utilise du mtthanol exempt 
de methanolate. On pense que le compose 1 est la (mtthoxycarbonyl-l 6thyl)-l dimethyl-2,6 hydroxy-2 bicyclo[3.3. Ilnona- 
none-9. 

[Traduit par le journal] 

Qinghaosu 1, isolated from Artemisia arinua L., is the active 
constituent of the traditional Chinese herbal medicine Qinghao. 
It is a plasmocidal agent and there is intense interest in the 
possible use of this compound for the treatment of drug re- 
sistant malaria ( I ) .  An X-ray diffraction study of 1 shows it to 
be a sesquiterpene lactone containing an endoperoxide group 
(2). A total synthesis of 1 was reported recently (3). 

r 

The intriguing structure of 1, one of few naturally occurring 
molecules containing a peroxide group, and its biological activ- 
ity have led to the present nmr studies. The results should be 
of value for future biosynthetic studies of this molecule. Also, 
examination of 1 leads to the possibility that a dioxetane inter- 
mediate might be formed upon treatment with base by the 
sequence of reactions outlined in Chart 1. 

Decomposition of the dioxetane should be luminescent and 
this reaction could be the basis of a quantitative assay for 1. In 
fact, a luminescent reaction does occur when 1 is treated with 
methoxide ion at 80°C. A tentative assignment has been made 
for a major product of the reaction. Consumption of the limited 
supply of 1 available prompts the report of the results at the 
present time. 

Experimental 
A sample of Qinghaosu was obtained from the Kunming Pharma- 

'This research was supported in part by a grant from the NSERC. 
Visiting scholar from the People's Repulbic of China. Permanent 

address: Shanghai Institute for Drug Control, 46 Fuxin Silu, Shang- 
hai, The People's Republic of China. 

Author to whom inquiries should be addressed. 

ceutical Factory in China. 
Mass spectra were taken on an AEI MS 12 (gc-ms) or MS 50 mass 

spectrometer using an electron impact of 70 eV. 
All nmr spectra of 1 were recorded on Bruker WH200 or WH400 

spectrometers in the pulsed Fourier transform mode using an Aspect 
2000 computer with 16 or 32 K data points, and with sweep widths of 
2500 or 5000 Hz and 12 500 or 25 000 Hz for 'H and I3C, respectively. 
'The sample was dissolved in C6Dh or CDCI, at various concentrations 
to take advantage of induced solvent and concentration shifts to facil- 
itate assignments. The chemical shifts and coupling constants were 
calculated to first order at 400 MHz and are reported to an accuracy 
of ?0.01 ppm (except as indicated), k 0 . 2  Hz for 'H ,  and k 0 . 2  ppm 
and ?2 Hz for "C. The nOe (nuclear Overhauser effect) difference 
experiments were carried out in the standard manner (4) after re- 
moving oxygen from the solution by bubbling N2 through it for several 
minutes. Multiplicities of the I3C resonances were determined by the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ZHONGSHAN ET AL 
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PPM 
FIG. I. The ' H  nmr spectrum of 0.14 M Qinghaosu in CDC13 at 25OC. 

13 C spin echo technique with gated 'H decoupling (5) using TZ = 
0.0077 s, for which responses from doublets and quartets are 180" out 
of phase with those from singlets and triplets. The selective 2D-DEPT 
(6) experiment was used to correlate 'H chemical shifts to "C 
chemical shifts. The pulse sequence used was 90.,('H-tIlz- 1/2JcH- 
180,,('~)-90,.(~~~)-8,.('H) I 80,( '~)( 'C)- I /2Jol-acq. Only the 0, = 
30" 2D data set was collected, which yielded the correlation map for 
all C(H),, carbons. The value of 1/2(Jc,,) was chosen to be 0.00388. 

Reactiorl of 1 with rnerhoxirle ion 
A suspension of sodium methoxide in toluene was prepared by 

distilling a mixture of toluene and methanolic sodium methoxide until 
the vapor temperature reached 105°C. A solution of 0.1 g 1 in 20 mL 

. .  . .  . . toluene containing a suspension of two equiv. of sodium methoxide 
was heated at 100°C for 15 min. The cooled reaction mixture was 
acidified with acetic acid and evaporated to dryness. The residue was 
stirred with 5 mL chloroform, the resulting mixture cooled to -40°C, 
treated with ethereal diazomethane, and the solvent removed. Flash 
chromatography using ether - petroleum ether mixtures afforded 70 
mg of 1 and 9 mg of 8; 'H nmr (CDC13) 6: 1.07 (3H, d, J = 7 Hz, 
H-13), 1.18 (3H,d, J = 7 Hz, H-12), 1.41-1.63(3H, m), 1.66-2.09 
(5H, m), 2.12 (3H, s, H-14), 2.22-2.70 (3H, m), 2.76 (IH, m, 
H-lo), 3.67 (3H, s, 0-CH,); ms: 268 (M', 3), 250 (M' - HrO, loo), 

. .  . 
. . 

237 (M' - OCH,, 9), 235 (a), 210(13), 209(21), 208 (22), 193 (17), 
. . 191 (23), 181 (15), 180 (47), 179 (34), 178 (28), 166 (14). 165 (26), 

163 (41), 162 (20), 151 (42). Exacr Mass calcd. for ClSHr4O4: 
268.1674; found: 268.1683. Smaller amounts of other products were 
formed which were not identified. 

Treatment of 1 at 80°C for several min with sodium methoxide in 
a homogeneous toluene, benzene, or dimethoxyethane solution from 
which not all the methanol had been removed resulted in complete 
consumption of 1 and the formation of at least six products. All the 
four major products of this reaction were different from 8. The prod- 
ucts were not isolated. The most abundant ions in their mass spectra, 
obtained by gc-ms, are given here for the four major products, la- 
belled A-D in the order of their elution from a SE30 gc column: A, 
250 (M'?, 30), 209 (lo), 193 (lo),  189 (1 I ) ,  180 (21), 165 (19), 163 

(21), 162 (15), 151 (23), 123 (15), 1 1  1 (17). 110 (13), 95 (21), 69 
(16), 55 (22), 43 (100); B, 262 (M', 49), 203 (19), 175 ( la) ,  161 
(12), 131 (20), 43 (100); C, 262 (M', 25), 175 (40). 174 (12), 159 
(13), 133 (20), 131 ( 3 3 ,  43 (100); D, 250 (M'?, 38), 192 (14), 191 
(100). 163 (71), 162 (25), 133 (13), 121 (20), 119 (14), 107 (21), 105 
(l9),  93 (16), 91 (27), 79 (19), 77 (14), 55 (26). 43 (14), 41 (21). 

Formate ion was determined to be present in 30-50% yields in the 
aqueous extracts of these reaction mixtures. The aqueous extracts 
were evaporated to dryness and the formate ion was determined by a 
colorimetric method (7). 

Results and discussion 
Nuclear magnetic resonance spectrum of l 

The ' H  assignments and coupling constants for the nmr spec- 
trum of 1, in both CDC13, Fig. 1, and C6D6 are summarized in 
Table 1 .4.5 The assignments are based mainly on homonuclear 
decoupling and nOe experiments and the characteristic shifts 
expected for protons near certain functionalities. Assignments 
for H-2, H-7, H- 1 1, H- 13, H- 14, and H- 15 made previously 
(2a)  were confirmed. Except for the resonance of H-7, the 
resonance of H-11, adjacent to the carbonyl group, is expected 
to occur at the lowest shielding. Decoupling of this resonance 
leads to the assignments of H-5 and H-13. The remaining 
methyl doublet must be H-14, irradiation of which identifies 
H-2. The resonance at 6 2.44 (CDCl,) was assigned to H-9a 
because of its proximity to the endoperoxide group. The assign- 
ments of H-9P, H-lOa, and H-1OP were made on the basis of 
decoupling experiments and the values of the various coupling 
constants. Irradiation of H-1OP and of H-2 identified H-1 and 
the two protons on C-3; however, the specific assignment of the 

"The numbering is that used in the X-ray diffraction study (2). 
 he nmr spectra of some dihydro derivatives of 1 have recently 

been reported (8). 
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TABLE 1. IH Chemical shifts and coupling con- 
stants for Qinghaosu 0.14 M in CDC1, and C6D6 

at 25°C 

Proton C6D6 CDC1, J(Hz) 

J I - I O U  

J I - I I I ~  

J I - z  
Jz- 1-1 

"Approximate shift corresponding to the estimatcd 
ccnter of thc signal. 

"H-3a and H-3P could not bc definitely assigned. 
' Exact values of thc coupling constant could not be 

determined. 

signals to H-3a and H-3P could not be made. Saturation of H-7 
led to the enhancement of the signal of H-2 and signals at 6 
1.10 (C6D6), thereby confirming the assignment of H- 1 OP, 
which had been made on the basis of decoupling experiments, 
and at 6 0.50 (C6D6). Inspection of molecular models shows 
that H-2, H-4P, and H-IOP are near H-7. The signal at 6 0.50 
must thus be due to H-4P. Irradiation of H-4P (and one of the 
protons of C-3) results in simplification of the signal of H-5, 
confirming that the two protons are on adjacent carbon atoms. 
H-4c1 was assigned using the 'H-13C shift correlation experi- 
ment. 

The I3C chemical shifts of 1, Table 2, were assigned based 
on expected characteristic shieldings and multiplicities of 
signals in the fully coupled spectrum, Fig. 2, multiplicities 
determined from the gated decoupling "C spin echo technique, 
and selective 'H decoupling. The "C spectrum of 1 should 
contain three singlets, five doublets, four triplets, and three 
quartets, which was confirmed using the gated spin echo tech- 
nique. The three singlets and the resonance of C-7 are readily 
assigned. Selective 'H decoupling was performed at H-1, H-2, 
H-3, H-5, H-1 1, H-14, and H-15, collapsing each doublet or 
quartet to a singlet and allowing the assignment of the corre- 
sponding carbon resonances. The protons associated with C-3, 
C-4, C-9, and C-10 give rise to nonequivalent AB pairs in the 
'H nmr spectrum. Thus, irradiation of the high field signal of 
the H-3 protons and of H-4P, H-9P, and H-1OP causes the 
resonances at 6 33.8, 23.4, 36.1, and 25, respectively, to 
change from a triplet in the coupled spectrum to a doublet. 
Assignment of C-3 and C-4 could not be on this basis because 
of overlap of the corresponding proton signals. Use of the shift 
reagent allowed the assignments to be made. The signals at 6 

TABLE 2. "~hemical shifts and coupling constants for 1 M 
Qinghaosu in CDCI, at 25OC 

Carbon 6 (ppm) 'Jc-I, (Hz) As" (ppm) 

1 50.34 (d) 132 0.60 
2 37.55 (d) 125 0.5 1 
3 33.78 (t) 128 0.49 
4 23.44 (t) 128 0.84 
5 45.14(d) 132 1.24 
6 79.62 (s) 0.95 
7 93.76 (d) 173 ('1,-,, = 7) 2.12 
8 105.29 (s) 0.72 
9 36.14 (t) 128 0.38 

10 24.97 (t) 128 0.43 
I 1  33.00 (d) 128 0.70 
12 17 1.54 (s) ( 3 ~ ~ - ~  = 4) 5.56 
13 12.52(q) l 2 8 ( ' ~ , _ ~ , = 6 )  1.75 
14 19.76 (q) 125 0.2 1 
15 25.22 (q) 129 ( 3 ~ c - , ,  = 4) 1.18 

"Downficld shift in presence of 0.55 M 2.2.6.6-tetramethyl- 
heptanedionate europium 111. 

23.4 and 33.8 are shifted downfield 0.49 and 0.84 ppm, re- 
spectively, in the presence of the shift reagent. The signal of 
C-4 would be expected to be shifted more since C-4 is closer 
to the carbonyl group than is C-3. 

The assignments made above were confirmed by the selec- 
tive 2D-DEPT 'H-I3C shift correlation experiment, which also 
allowed the assignment of H-4a. Since H-4P has already been 
assigned, the other proton which correlates with C-4 must be 
H-4a. 

Luminescence of 1 
The functional groups of 1 are all interconnected. A reaction 

between base and 1 can result in an extensive structural break- 
down to give 2, when methoxide is used. Chart I outlines 
further reactions that can occur with 2. Reaction of the hydro- 
peroxide anion in 2 with the adjacent aldehyde function would 
lead to the 1,2-dioxetane 3, and cleavage of the dioxetane ring 
would lead to compound 5 and formate ion, a reaction which 
should be luminescent (9). In fact, a brief luminescence can be 
observed clearly in a darkened room when solutions of 1 in 
benzene, toluene, or dimethoxyethane are treated with meth- 
anolic sodium methoxide at temperatures above 60-70°C in 
the presence of 9,lO-dibromoanthracene. No luminescence 
was observed at lower temperatures. A competing dark reac- 
tion which would lead to 5 and formate ion, eq. [I] ,  is also 
likely to occur (10). 

Exploratory experiments showed that at least six to eight 
products were formed and that 1 was consumed rapidly when 
appreciable amounts of methanol were present in the reaction 
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I I I 1 I 1 I I I I I I 
2 5 0  225  2 0 0  175 150 125 100 75 50 25 0 

PPM 

FIG. 2. Off-resonance decoupled, A, and spin echo, B, "C nmr spectrum of 1 M Qinghaosu in CDCI3 at 25OC. 

mixture. Consumption of 1 was much slower and only one 
main oroduct was formed when methanol was first removed 
from a methanolic solution of sodium methoxide by azeotropic 
distillation. 'This product is tentatively assigned the bridged 
structure 8 on the basis of its mass and nmr soectra. The 
molecular ion, m l e  268, contains all the atoms of the presumed 
intermediate 5. Loss of water gives the base peak, m l e  250. 
Dehvdration of 8 will not occur in base. whereas intramolecular 
condensation of 5 to give a nonbridged ketol might lead to the 
formation of a dehydrated product such as 7. The nmr spectrum 
contains peaks for four methyl groups: a singlet at 6 3.67 due 
to the methyl group of the ester, B singlet at 6 2.12,  and 
doublets at 6 1.18 and 1.07 as required for structure 8. The 
singlet at 6 2.12 is at lower field than normal for a methyl group 

- - 

bonded to a tertiary carbon atom. This indicates that the protons 
of C-14 are deshielded by one or both of the nearby carbonyl 
groups. The mass spectrum of the product lacked a peak at m l e  
58, which should be prominent i n  the mass spictrum of a 
molecule of structure 5. The nonbridged ketol that could be 
formed from 5 would have only three methyl groups. 

It is interesting that little, if any, 8 was formed when the 
reactions with methoxide ion were carried out in the presence 
of methanol. There were four major products and several minor 
ones. Two of the oroducts had molecular ion oeaks at m / e  250. 
which indicates t i a t  they may be isomeric cokpounds df struc: 
ture 7, and two had molecular ion peaks at m l e  262 and base 
peaks at m l e  43. The latter peak may be CH3CWb,  indicating 
that these products may be isomeric compounds of structure 6. 
A compound such as 6 could result from the intramolecular 
condensation of 4 (or a double bond isomer), which, in turn, is 
a decomposition product of 2. Such a decomposition of an 
a-hydroperoxy carbonyl compound does not appear to have 
been observed before. Previous careful studies of the base- 
catalyzed decompositions of these materials were carried out 

under much milder conditions (9, lo) ,  but it is known that 
tertiary hydroperoxides are decomposed rapidly by base at ele- 
vated temperatures to give alcohols (1 1). Dehydration of the 
corresponding alcohol from 2 would produce 4. 

Other products have been isolated from the reaction between 
1 and base at ambient temperatures (12). The cleavage of the 
intermediate 2 to give 5 as shown in Chart 1 and eq. [ l ]  was 
not considered. 

The luminescent reaction described here might be developed 
into a sensitive assay for 1. A sensitive electrochemical assay 
for 1 has been described recently (13). 

1. ( a )  Qinghaosu Antimalarial Coordinating Research Group. Chi- 
nese Med. J .  92, 811 (1979); (b) L. J. BRUCE-CHWATT. Brit. 
Med. J. 284, 767 (1982). 

2. (a) Qinghaosu Research Group. Kexuetongbao (Science Bulle- 
tin), 22, 142 (1977); (b) J.-M. Lln, M.-Y. Wu, J.-F. FAN, Y.-Y. 
Tu, Z.-H. WU, Y.-L. WU, and W.-S. CHOU. Acta Chim. Sinica, 
37, 129 (1979); (c) Qinghaosu Rcsearch Group. Sci. Sinica, 23, 
380 (1980). 

3. G. SCHMID and W. HOFHEINz. J .  Am. Chem. Soc. 105, 624 
(1983). 

4. (a)  R. RICHARZ and K. WUTHRICH. J .  Mag. Reson. 30, 147 
(1978); (b) J .  D. GLICKSON, S. L. GORDON, T. P. PITNER, D. G. 
AGRESTI, and R. WALTER. Biochemistry, 15, 5721 (1976). 

5. D. W. BROWN, T. T. NAKASHIMA, and D. L. RABENSTEIN. 
J .  Magn. Reson. 45, 302 (1981). 

6. T. T. NAKASHIMA, R. E. D. MCCLUNG, and B. I. JOHN. J .  Magn. 
Reson. 58, 27 (1984). 

7. F. D. SNELL and C. D. SNELL. Colorimetric methods of analysis. 
Vol. 2. 3rd ed. D. Van Nostrand, New York. 1948. p. 303. 

8. X.-D. Luo, H. J .  C. YEH, A. BROSSI, J .  L. FLIPPEN-ANDERSEN, 
and R. GILARDI. Helv. Chim. Acta, 67, 1515 (1984). 

9. (a)  W. H. RICHARDSON, V. F. HODGE, D. L. STIGALL, M. B. 
YELVINGTON, and F. C. MONTGOMERY. J. Am. Chem. Soc. 96, 
6652 (1974); (b) Y. SAWAKI and Y. OGATA. J .  Am. Chem. Soc. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3074 CAN.  J .  CHEM. VOL. 63.  1085 

99, 6313 (1977). M. CHEN, and J .  CLARDY. Tetrahedron, 39, 2941 (1983). 
10. Y. SAWAKI and Y. OCATA. J .  Am. Chcm. Soc. 97,6983 (1975). 13. N. ACTON, D. L. KLAYMAN, B. T. POON, A. J .  LIN, and J .  M. 
11. N. A. MILAS and S. A. HARRIS. J .  Am. Chem. Soc. 60, 2435 HOCH. Abstracts. 188th National Mccting of the American 

(1938). Chemical Society. Philadelphia, PA. August, 1984. ORGN 200. 
12. M.-Y. ZENC, L.-N. LI, S.-F. CHEN, G.-Y. LI, X.-T. LIANC. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Effects of varying solvents and of the addition of sulfur on the rate of 
thiohydrolysis of aromatic nitriles 

KHAMIS A. ABBAS' A N D  JOHN T. EDWARD 
Department of Chernistty, McGill Universiry, 801 S11erbrooX.e St. W . .  Montreal, P.Q. ,  Canada H3A 2K6 
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KHAMIS A. ABBAS and JOHN T. EDWARD. Can. J. Chem. 63, 3075 (1985). 
Maximal rates of formation of thioamides from m- and p-substituted benzonitriles were obtained by bubbling H2S through 

solutions of the nitrile in pyridine containing a 0 .  I I mol fraction of triethylamine or in 95% ethanol containing about 0.22 mol 
fraction triethylamine; at other mol fractions the rate fell off sharply. The Hammett p value of f 2 . 3  in pyridine indicates that 
H S  is the reactive species. The addition of enough sulfur to saturate the solution leads to about a 3-fold enhancement of rate, 
probably because of the formation of polysulfide ions in trace amounts. 

KHAMIS A. ABBAS et JOHN T.  EDWARD. Can. J. Chem. 63, 3075 (1985). 
Les vitesses de formation de thioamides a partir de benzonitrilcs substituts en positions me'ta et para sont maximales 

lorsqu'on fait barboter du HZS dans des solutions de nitriles dans de la pyridine contenant O,11 fraction molaire de tritthylamine 
ou dans de l'tthanol 95% contenant environ 0,22 fraction molaire de tritthylamine; la vitesse diminue nettement si on utilise 
d'autres fractions molaires. La valeur p de Hammett est Cgale a +2,3 dans la pyridine et ceci indique que I'espkce rtactive 
est le HS-. Si on ajoute suffisamment de soufre pour satuser la solution, la vitcsse de la riaction est multiplite par trois et ce 
rtsultat est du probablement i la formation de faibles quantitis d'ions polysulfures. 

[Traduit par le journal] 

Thioamides are usually prepared from nitriles by heating the 
latter under pressure with an alcoholic solution of an alkali- 
metal hydrosulfide ( I ) ,  o r  an ammonium (2) o r  substituted 
ammonium hydrosulfide (1). However, Fairfull, Lowe, and 
Peak (3) found that in pyridine solution, in the presence of a 
strong base such as triethylamine, addition of hydrogen sulfide 
to aromatic nitriles took place with remarkable ease, being 
complete in 2-4 h at room temperature. They made no attempt 
to optimize conditions, and did not specify the precise com- 
positions of the triethylamine-pyridine solutions which they 
used. They noted that the role of pyridine was not purely 
passive; triethylamine-chloroform was much less effective 
than triethylamine-pyridine. 

Our need for an efficient method for the thiohydrolysis of 
nitriles prompted us to carry out a rough kinetic study of the 
reaction of Fairfull et al., in order to optimize conditions, and 
further to study the effect of different solvents and of the 
addition of sulfur on the rate of the reaction. 

Experimental  
Materials 

Nitriles were used as obtained from Aldrich Chemical Company. 
Solvents were not purified. Hydrogen sulfide was obtained from 
Matheson, Coleman and Bell Company Limited. 

Preparatiotl of .substit~~ted thiobenzamides 
'The following procedure, modified slightly from that of Fairfull et 

01.. gave yields of more than 95% of recrystallized thiobenzamide. 
Hydrogen sulfide was bubbled for 6 h through a solution of benzo- 

nitrile or substituted benzonitrile (0.02 mol) in triethylamine (50 mL) 
- pyridine (150 mL). The solution, which turned dark green, was left 
overnight, except for p-methoxybenzonitrile and p-methylbenzonitrile 
solutions, which were left for 40 h. Nitrogen was bubbled through the 
solution for 3 h to remove most of the hydrogen sulfide, and the 
solvent was then removed by rotary evaporation. The solid residue 
was twice recrystallized from ethanol-water 1 :4, and the thioamides 
thus obtained had melting points in agreement with the literature 

I On leave from the Department of Chemistry, Yarmouk University, 
Irbid, Jordan. 

'Revision received June 20, 1985. 

(3-5). Ultraviolet (uv) spectral characteristics (A,,,,, (nm) and E 

(mol-' cm-I) (in parentheses)) of the substituted thiobenzamides 
(substituent indicated) dissolved in 95% ethanol were as follows: H: 
29 l(6850) and 242(8480); p-CI: 305(5860) and 250( 10 100); m-CI: 
296(6620) and 237(9340); p-Br: 300(7350) and 253(12 300); m-Br: 
298(6340); p-CH,: 300(7590), 29 1.5(7700), and 257(9700); p-CH30: 
306(1090) and 273(1 I 800). 

Kinetic measurements 
Hydrogen sulfide was bubbled for I h into 200 mL of triethyl- 

amine-solvent mixture, in the case of liquid benzonitrilcs, or into 190 
mL of triethylamine-solvent mixture in the case of solid benzo- 
nitriles, 10 mL of tricthylamine-solvent being retained in the latter 
case to dissolve the benzonitrile. The neat liquid or dissolved solid 
benzonitrile (0.00687 mol) was then injected through a septum into the 
H2S-saturated solvent' (except for p-methoxybenzonitrile, when 
0.00500 mol was injected). Bubbling of H2S was continued, and 
1.00-mL aliquots of the reaction mixture were withdrawn with a 
graduated syringe at different time intervals and diluted to 25.0 mL 
with 5% HCI in aqueous ethanol to stop the reaction. The acidic 
solution was diluted tenfold with distilled water and analyzed by uv 
absorbance at 305 nm for substituted thiobenzamide. In experiments 
in which weighed amounts of sulfur were added to the triethyl- 
amine-solvent mixture before saturating with H2S, the acidic solu- 
tions obtained after reaction were diluted tenfold with saturated so- 
dium chloride solution and left for 2 days for sulfur to crystallize out. 
The clear supernatant solution could then be drawn off and analyzed 
as before by uv spcctrophotometry. Reactions followed pseudo-first- 
order kinetics with a precision of about 25%. 

Results a n d  discussion 

Effect of solvent 
In spite of the relative crudeness of our experiments (tem- 

perature varying between 18 and 22"C, atmospheric pressure 
varying between 740 and 770 Tom (1 Torr = 133.3 Pa)) w e  
found that we could obtain reasonably reproducible reaction 
rates for thiohydrolyses carried out under the conditions of 
Fairfull et al. (gaseous H,S passed continuously into a solution 
of nitrile in triethylamine-pyridine). Rates followed pseudo- 

-- 

'Saturation of pyridine-triethylamine with H'S gave a deep green 
solution; saturation of other solvents gave greenish-yellow solutions. 
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FIG. I .  Observed rate constant kobs for thiohydrolysis of benzo- 
nitrile and of six tn- and p-substituted benzonitriles, plotted against 
mol fraction XE,,N of triethylamine in pyridine-triethylamine solvent 
mixtures. 

first-order kinetics, and the experimental rate constants kobs for 
seven meta- and para-substituted benzonitriles in triethyl- 
amine-pyridine mixtures of varying composition are shown in 
Fig. 1. Reaction was fastest for a triethylamine mol ratio x of 
0.11; triethylamine used alone as solvent was completely 
ineffective. In eight different triethylamine-pyridine solvent 
mixtures having x varying from 0.045 to 0.499, the thio- 
hydrolysis rate constants kohr of the seven substituted benzo- 
nitriles fitted the Hammett p u  relation (correlation coefficients 
0.994 or better) with p = 2.30 + 0.09, which thus appeared 
unexpectedly independent of solvent composition. Kindler's 
results (5) for the thiohydrolysis of substituted benzonitriles by 
sodium hydrogen sulfide in ethanol at 61°C yield a p value of 
2.15 (6), and hence it seems likely that in both pyridine and 
ethanol the bisulfide ion HS- is the reactive entity. 

Pyridine is not a uniquely effective solvent. In fact, as shown 
in Fig. 2, both ethanol and 95% ethanol are slightly more 
effective if the optimal amount of triethylamine is present. 
Again, beyond a certain optimal concentration, an increase in 
X E ~ ~ N  leads to a decrease in kobs. On the other hand, toluene and 
thiophene proved vastly less effective than pyridine (see Fig. 
2). This was not because of a greatly diminished solvent power 
for hydrogen sulfide, as can be seen in Table 1: the concen- 
tration of HIS in saturated toluene-Et3N 0.73 :0.27 (mol/mol) 
is only 36% less than in saturated pyridine-Et3N 0.89:O. 11 
(mol/mol). 

No thiohydrolysis at room temperature was observed with 
various proportions of triethylamine in 50% aqueous ethanol, 
in 50% ethanol - 50% tetrahydrofuran, or in tetrahydrofuran, 
and with triethylamine in tert-butanol or n-decanol it was very 
slow. 

Mechanistic considerations 
The Hammett p value suggests that the rate-determining 

(r.d.) step in thiohydrolysis is attack of -SH on nitrile: 
- 

k //N fast /NH2 
[I] RCN + S H  -+ R-C - R-C 

r.d. \ SH \S 

FIG. 2. Observed rate constant kOb, for thiohydrolysis of benzo- 
nitrile plotted against rnol fraction x E I 3 N  of triethylamine in solvent 
mixtures of triethylamine-pyridine, -ethanol, - 95% ethanol, 
-toluene, and -thiophene. 

TABLE 1. Concentrations IS2-] 
(as mg mL-' of S2-) of hydrogen 
sulfide in different solvents con- 
taining the mol fraction x,,,, of 
triethylamine indicated, and 
saturated with H2S at atrno- 
spheric pressure and 18-22°C 

Solvent XEt3N [s2-I* 

95% EtOH 0.250 34.5 
EtOH 0.275 35.7 
Pyridine 0.1 10 34.9 
Toluene 0.274 22.4 

* Measured by Bethge's titrirnetric 
method (7). 

The bisulfide ion -SH results from the equilibria: 

In water, dissociation of the ion pair 1 will be essentially 
complete, and we can calculate from thepK, values of Et3NHt 
and H,S (8) that in this solvent the formation of Et3NHt and 
-SH will also be essentially complete, i.e. that [-SH] = 
[Et3N]s,oi,hio,,t,i,. However, in a solvent of lower dielectric con- 
stant such as ethanol, the proton transfer to form Et3NHt and 
-SH will probably be incomplete (ref. 8,  p. 46). Nonetheless, 
the lower concentration of -SH to be expected in absolute 
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0 2 4 6 8  0 2 4 6 . 8  0 2 4 6 8  

Amount o f  Sulfur (g) 

FIG. 3. Relation between kc,,,, for thiohydrolysis of benzonitrile (pH) ,  p-methylbenzonitrile (p-CHJ, and p-chlorobenzonitrile (p-C1) and 
amount of sulfur added to 200 rnL of pyridine-triethylamine 0.89:O. 11  (rnol/mol) solvent. 

ethanol as compared with 50% aqueous ethanol is evidently 
more than compensated by the greater activity of -SH in abso- 
lute ethanol, since thiohydrolysis proceeds in the former and 
not in the latter solvent. 

In toluene and thiophene both the extent of proton transfer 
(K,,,) and of dissociation of the ion pair (Kdi,J should be dras- 
tically reduced, although the greater activity of -SH in these 
poorly-solvating media should compensate to some extent. In 
such non-hydrogen-bonding solvents homoconjugation often 
becomes of dominant importance (9): 

However, in acetonitrile solution, formation of the homo- 
conjugate ion 2 does not take place to any appreciable extent 
(9). In neat triethylamine the same may be true, but in toluene 
and thiophene a small amount may be formed, to account for 
the experimental results cited above. On the other hand, in 
pyridine solution the homoconjugate ion 3 can probably be 
formed more readily (cf. ref. 9): 

and the -SH ion will be very active because it will not be 
strongly stabilized by solvation in this aprotic solvent. This 
would account for the greater effectiveness of pyridine as com- 
pared with the other aprotic solvents investigated. 

Effect of addition of sulfur 
Sulfur dissolves in strongly alkaline aqueous solutions of 

sodium sulfide to form mixtures of sodium polysulfides in 
which the sulfur exists in chains 4 terminating with negative 
charges (10) (Scheme 1). Acidification of such a solution yields 
a mixture of hydrogen polysulfides (sulfuranes) 5, chain com- 
pounds that, it is claimed (1 1 - 13), decompose completely to 
hydrogen sulfide and sulfur at normal temperatures. However, 
at 150°C hydrogen sulfide in molten sulfur exists in equilibrium 
with small amounts of hydrogen polysulfides (predominantly 
H2S,, with n 2 6) (14, 15), and it seems probable on thermo- 
dynamic grounds that even at 20°C the equilibrium constant for 
this reaction, though small, will not be zero. Furthermore it 
might be expected that H-(S),,-S- would be very much 
more reactive than H-S- (cf. H-0-0-, which is lo4 times 
more effective than H-0- in the hydrolysis of benzonitrile 
(1 6)-an example of the a-effect ( 17)), and hence might affect 
the rate of thiohydrolysis even if present only in trace amounts. 

In fact, it was found that in pyridine k,,, for the formation of 
thiobenzamide and its p-methyl and p-chloro derivatives from 
the corresponding nitriles was increased with the addition of 
increasing amounts of sulfur to the reaction mixture. This is 
shown in Fig. 3. A limit to the rate enhancement was reached 
when 4 g of sulfur had been added to 200 mL of pyridine- 
triethylamine 0.89:O. 11 (mol/mol). Beyond the limit some 
sulfur remained undissolved in the H2S-saturated solvent 
mixture. 

Sulfur is 30 times less soluble in ethanol than in pyridine at 
20°C (18), and while its solubility in EtOH-Et3N 0.725 :0.275 
(mol/mol) is not known, it is likely to be less than in 
pyridine-Et,N 0.89:0.11 (mol/mol). Consequently, we 
would expect the limit to the effect of added sulfur to be 
reached sooner in ethanol-triethylamine than in pyridine- 
triethylamine. In fact, Fig. 4 shows that this limit is reached 
when about 1.2 g of sulfur has been added to 200 mL of 
ethanol-triethylamine 0.725 : 0.275 (mol/mol). 

These kinetic results shed light on the thermodynamics of the 
HIS-S, equilibrium at 20°C, since it is difficult to explain the 
enhanced rates other than by the formation of H2S,,.' Previous 
studies (19) of the equilibrium between H2S and molten sulfur 
indicated that the number-average chain length ii of H2S,, is 
about 27 sulfur atoms at 127"C, and increasing with tem- 
perature. In our solutions at lower temperatures and with lower 
concentrations of Sn, but with the possibility of preserving H2S,, 
as the more stable anion -S-S,,->-S-, it might be expected 
that ii would be less than 27. Furthermore, in the various 
solvents saturated with H2S and hence having [H2S] constant, 
ii must vary with the concentration of Sn. Thus the concen- 

'Since [HZS] - 1 M in the first three solvent mixtures listed in 
Table 1, [HZS,y 1 - lo-" M if the ion derived from it is lo4 times more 
effective than -SH (see comparison of H - 0  and H-O-O- 
above). Such a concentration might be difficult to detect by the usual 
spectroscopic techniques. 
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must assume that shorter chains are more reactive. Obviously 
more work is required to correlate the shape of the curve with 
the reactivity of the nitrile. 

The maximum rate enhancements caused by the addition of 
sulfur are modest (about threefold), presumably because of the 
minute amounts of H?S,, formed, and so we made preliminary 
studies of the effectiveness of Na,S,, produced by dissolving 
the appropriate amount of sulfur in aqueous NazS (20). This 
proved completely ineffective in thiohydrolyzing benzonitrile 
at 20 + 2°C. However, we saw above that HS-, effective in 
95% ethanol, becomes completely ineffective in 50% aqueous 
ethanol, and it is possible that in nonaqueous solutions NazSz 
might be useful. 
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tration of HzS7 should follow [Sxlo 75: 
K7 

[5] 8 H2S + 6 Sx + 8 H?S7 

and in general [H2S,,] = const,, [SXI1'- I/'. Hence [H2S23], for 
example, should vary as [S8]'.75, and should increase more 
rapidly than [H2S7] with increase in [S,]. Thus ii should in- 
crease with [S,]. 

These considerations serve to explain the effect of sulfur 
concentration on the rate of thiohydrolysis of the reactive ni- 
trile, p-chlorobenzonitrile, if we assume that ions -S-S,,-S- 
of varying lengths all have about the same reactivity. We may 
then write 

171 k,Sbs = kl [HIS] + k,;[H2S;I 
- - k0 + k ~ [ ~ , ] " - ' / 8  

obs 

where k:,, is the rate constant in the absence, and k:,, the rate 
constant in the presence of sulfur. From eq. [7] we obtain 

[81 log Akobc = 1% (Cb, - k:b,) 

- i - 1  
- log k; + 7 log [S,] 

A plot of log Ak,,, of p-chlorobenzonitrile against log [SB] is 
concave upward until the plateau for the S,-saturated solution 
is reached. At the lowest concentration of sulfur ([S,] = 0.019 
rn L-I), the slope of the curve is 0.73, implying (see eq. [6]) 
that ii = 7; at saturation ([S,] = 0.078 m L-I) the slope is 2.70, 
implying that i = 23 (see above). 

With the less reactive benzonitrile in triethylamine-pyridine 
or triethylamine-ethanol, the plot of log Ak,,, against log [S,] 
is concave downward, and so we can no longer assume that 
ions of different chain length are of equal reactivity, but rather 
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On the structure of poly(tetramethy1ene terephthalate). Structural, infrared, and 
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poly(tetramethy1ene tereph thalate) 
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ALLAN PALMER, SUZIE POuLIN-DANDURAND, and F R A N ~ O I S  BRISSE. Can. J. Chem. 63, 3079 (1985). 
The crystal structures of tetramethylene glycol dibenzoate (1). tetramethylene glycol di-para-chlorobenzoate (2), and 

tetramethylene glycol di-para-nitrobenzoate (3) have been solved by direct methods in order to establish the possible 
conformations of the methylenic sequence in poly(tetramethy1ene t$rephthalate), poly(4GT). Compound 1 has a triclinic unit 
cell of dimensions a = 7.870(3), b = 8.574(3), c = 12.993(4) A; a = 83.76(3), p = 89.92(3), y = 64.68(3)"; Z = 2 ,  
space group P I .  For 2 the unit cell is also triclinic and has dimensigns a = 5.916(3), b = 7.599(2), c = 10.404(2) A; 
a = 67.81(2), p = 77.47(2), 7 = 81.63(3)'; Z = 1, space group P1.  The unit cell dimensions of 3 are a = 6.086(1), 
b = 1 I .475(3), c = 13.162(3) A and p = 101.93(2)", Z = 2. The space group is P 2 , l c .  The structures were solved by direct 
methods using 2682, 969, and 781 observed reflections for 1, 2, and 3,  respectively. The refinements were concluded when 
R reached the values of 0.042, 0.046, and 0.045, respectively. The conformation of the methylenic sequence varies depending 
on the substituent on the benzoate group. The conformation observed in 1 is t g -  t t t ,  it is t t t t  t for 2, and t g -  t g  t for 3 
(t = trans, g = gauche). Although the equivalent fiber repeat of 3 coincides with the observed fiber repeat for a-poly(4GT), 
this does not imply that 3 and a-poly(4GT) have the same conformation. Compound 2 allows for the modelling of the p-form 
of poly(4GT). However, this does not lead to a clear choice between the two structures reported for this form. The two distinct 
conformations proposed for the p-form of poly(4GT) are distinguished on the basis of their ir and Raman spectra. The 
comparison of the spectra of the model compounds reveals that, in ir, for an all-trans conformation there is no absorption band 
at 1383 cm-' but one is present at 1395 cm-I. This situation that is observed in the ir spectra of p-poly(4GT) led us to propose 
that this form has the all-trans conformation as proposed by Hall and Pass. This choice is further supported by the presence 
of three bands at 1047, 1347, and 1405 c m '  in the Raman spectra of p-poly(4GT). These three bands are only observed in 
the model compounds having the all-trans conformation. 

ALLAN PALMER, SUZIE POULIN-DANDURAND et F R A N ~ O I S  BRISSE. Can. J .  Chem. 63, 3079 (1985). 
Les structures cristallines des bis(benzoate) (I),  bisbara-chlorobenzoate) (2) et bis@ara-nitrobenzoate (3) du tetra- 

m6thylene glycol ont ttC rCsolues dans le but d'etablir les conformations possibles des sequences mjthyltniques du poly- 
(terephtalate de tetramkthylene), poly(4TG). Le composC 1 appartient au groupe d'espace triclinique P 1, avec a = 7,870(3), 
b = 8,574(3), c = 12,993(4) A; a_= 83,76(3), p = 89,92(3), y = 64,68(3)" et Z = 2. Le composC 2 appartient egalement 
au groupe d'espace triclinique P I ,  avec a = 5,916(3), b = 7,599(2), c = 10,404(2) A; a = 67,81(2), p = 77,47(2), 
y = 81,63(3)" ~t Z = 1. Le composC 3 appartient au groupe d'espace P2,  l c ,  avec a = 6,086(1), b = 1 1,475(3), 
c = 13,162(3) A; p = 101,93(2)" et Z = 2. On a determine ces structures par mkthodes-directes en faisant appel h 2682, 969 
et 781 reflexions observees respectivement pour les composCs 1, 2, et 3 et on les a affinCes jusqu'a des valeurs respectives 
de R de 0,042, 0,046, et 0,045. La conformation de la sequence methylinique dCpend des substituants fixes sur le groupe 
benzoate. On a observe les conformations suivantes: t g - t t r pour le compose 1, t t r i t  pour le composC 2 et t g - t g t pour le 
compose 3 (t = trans, g = gauche). Le fait que la pCriode de fibre Cquivalente du composC 3 coincide avec la pCriode de fibre 
observie pour I'a-poly(4TG), n'implique pas necessairement que ces deux composCs ont la mCme conformation. Le compose 
2 est consider6 comme un modele de la forme p du poly(4TG). Ces observations ne permettent pas d'opter clairement pour 
l'une ou I'autre des deux structures rapportees pour cette forme. C'est g r k e  aux techniques de spectroscopies infrarouge et 
Raman que l'on arrive i Ctablir la conformation la plus probable de la forme p du poly(4GT). La comparaison des spectres 
infrarouges des composes modeles met en Cvidencc la prtsence d'une bande d'absorption a 1395 cm-' et l'absence de bande 
a 1383 cm-' lorsquk la conformation est entierementtrans. Cette situation, qui est observke sur le spectre infrarouge du 
poly(4GT) forme P, nous conduit a proposer que cette forme a bien la conformation entikrement trans, confirmant ainsi le 
modele de Hall et Pass. Ce choix est renforci par la presence de trois bandes h 1047, 1347 et 1405 cm-' dans le spectre Raman 
du P-poly(4GT). Ces trois bandes ne sont en effet observees que dans le cas d'une conformation entikrement trans. 

Introduction molecules often yield all the relevant geometrical and con- 
Poly(tetramethy1ene terephthalate), or  poly(4GT), has been 

shown to  be dimorphic. The structures of both forms of poly- 
(4GT) have been extensively studied in recent years. First, a 
model building technique allowed Joly , Nemoz, Douillard, and 
Vallet (1) to propose a structure for the relaxed a-form. Almost 
at the same time, Mencik (2) established unambiguously the 
structure of the a-form. The  following year, Yokouchi et al.  
(3) and, independently, Hall and Pass (4) confirmed the struc- 
ture of the a-form and each group proposed a structure for the 
newly reported stretched p-form of poly(4GT). However, the 
proposed conformations differ so drastically that clearly the 
structure of the p-form should be reinvestigated. W e  have 
recently shown (5) that the structures of well-chosen organic 

formational data necessarv to describe the flexible moiety of 
the parent polyester. Since, on the one hand, the various model 
compounds for a given polyester do not necessarily show the 
same conformation and, on the other hand, poly(4GT) is di- 
morphic, it was decided to synthesize and establish the crystal 
structure of three different model compounds of poly(4GT). 
The determinations of the crystal structure of tetramethylene 
glycol dibenzoate (I), tetramethylene glycol di-para-chloro- 
benzoate (2), and tetramethylene glycol di-para-nitrobenzoate 
(3) are reported here and the conformations of the methylenic 
sequences are compared to those of both forms of poly(4GT). 

In various infrared and Raman studies of poly(2GT), poly- 
(3GT), poly(4GT) (6, 7), and of several model compounds of 
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TABLE I. Crystal data 

Parameter 1 2 3 

Composition 
MW 
F ( W )  
Crystal system 
Space group 
a ,  A 
b 
C 

a ,  deg 
P 
Y 
v, A3 
d,, g cm-' 
d, 
z 
p,  mS-' (radiation) 
A, Ka, A 
Crystal size, mm 

ClxHtxO* 
298.34 
316 

Tricbnic 
P 1 

7.870(3) 
8.574(3) 

12.993(4) 
83.76(3) 
89.92(3) 
64.68(3) 

786.8 
1.28 
1.259 
2 
0.686 (Cu) 
1.54178 

0.42X0.64XO. 15 

CIXH I ~ O ~ C ~ Z  
366.13 
190 
TricLnic 

P 1 
5.916(3) 
7.599(2) 

10.404(2) 
67.81(2) 
77.47(2) 
81.63(3) 

421.7 
1.43 
1.445 
I 
3.69 (Cu) 
1.54178 

0.18X0.05X0.02 

C I X H I ~ N Z O X  
388.34 
404 
Monoclinic 

P 2 , l c  
6.086(1) 

1 1.475(3) 
13.162(3) 
90 

101.93(2) 
90 

899.3 
1.44 
1.434 
2 
0.1 1 (Mo) 
0.7 1069 

0.39X0.07X0.05 

TABLE 2. Data collection and refinement 

Parameter 1 2 3 

Radiation 
28,,,, deg 
Scan width, deg 
Slit width, mm 
Number of measured reflections 
Acceptance level I / u  (I) 2 

Number of observed reflections 
observed 

R = CIIFol - IFcII/CIFoI all 

Residual fluctuatioas in electron 
density map, e A-3 

Average shift to u ratio at the end of 
the refinement 

CUK; C U K ~  M O K ~  
140. 140. 50. 

(1 .OO + 0.14 tan 8) (1 .OO + 0.14 tan 8) (1 .OO + 0.35 tan 0) 
4.0 4.0 4.0 

2985 1596 1929 
2.50 2.50 1.96 

2687" 976" 78 1 
0.042 0.046 0.045 
0.045 0.087 0.117 

*Five and seven low-order reflections suffering from extinction 
refinement. 

the latter (8) the authors have attempted to establish relations 
between specific vibrational bands and the various conforma- 
tions of the molecular chains. In their infrared spectroscopic 
investigation of poly(4GT) and its model compounds, Gillette 
et al. (8) concluded that the conformation of the methylenic 
sequence in tetramethylene glycol dibenzoate was similar to 
that of the p-form of poly(4GT), i.e., an all-trans conforma- 
tion. Since in the present paper we establish that the above 
mentioned conformation is not all trans but is tg- t t t, we 
decided to reexamine the infrared and Raman spectra of the 
model compounds of poly(4GT). 

Torsion angles with values of about 180, +60, -60" are 
defined as having trans, gauchet, or gauche- conformations 
which are abbreviated as t ,  g ,  and g -  respectively. 

Experimental 
All three compounds (abbreviated as 1 or benzoate, 2 or chloro- 

benzoate, and 3 or nitrobenzoate) were prepared according to the 
method described by Heim and Poe (9), by reacting, in pyridine, 
solutions of tetramethylene glycol and of benzoyl chloride or of the 
para-chloro or of the para-nitro substituted benzoyl chlorides. Crys- 
tals of the benzoate were obtained by slow evaporation from an 
ethanol solution, the chlorobenzoate was recrystallized from a carbon 

were given zero weights in the final cycle of the least-squares 

tetrachloride solution, and the nitrobenzoate from a DMSO solution. 

X-ray d~ffracfion 
A preliminary photographic investigation followed by accurate cen- 

tering of 25 reflections on the Nonius CAD-4 diffractometer provided 
the space group and the unit cell dimensions which are listed with 
other crystal data in Table 1 .  The intensities were collected on the 
Nonius diffractometer by the w/28 scan technique (Table 2). The 
stability of the crystals during the data collection was followed by 
measuring the intensities of three reference reflections every hour. 
These did not vary by more than 3%. An absorption correction based 
on the crystal shape was applied in all three cases.' The X-ray scatter- 
ing factors used were those of Cromer and Mann (10) except for H 
atoms for which we used the values given by Stewart, Davidson, and 
Simpson (1 1). The anomalous dispersion correction for CI was taken 
from Cromer and Liberman (12). 

All three structures were solved by direct methods using the 
MULTAN program. The set of phases with the highest combined 
figure of merit always yielded all the nonhydrogen atoms among the 

'The programs used here are modified versions of NRC-2, data 
reduction; NRC-3, absorption correction, NRC-10, bond distances 
and angles and NRC-22, mean planes (13); FORDAP, Fourier and 
Patterson maps; NUCLS, least-squares refinement (14); MULTAN, 
multisolution program (15); ORTEP, stereo views (16). 
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highest peaks listed. The full-matrix least-squares refinement of the 
atomic coordinates, using anisotropic temperature factors for nonhy- 
drogen atoms and isotropic thermal parameters for H atoms, pro- 
ceeded smoothly. The various criteria confirming the correctness of 
the structures are assembled in Table 2. 

Conformational analysis 
The potential energy calculated for a given conformation included 

the torsion energy about the different torsion angles, the nonbonded 
energies, and the electrostatic interactions. Intrinsic torsional potential 
with a three-fold barrier was assigned to rotations about the CHI- 
CH2 bonds while the torsional barrier for the C-0 bond was taken 
to be zero. The ti l t  angle between the carboxy and the phenyl planes 
was kept fixed, since for most benzoates and terephthalates this angle 
reaches at the most 8". The van der Waals interactions between non- 
bonded atoms were evaluated using 6- 12 potential functions. Electro- 
static interactions were computed by assigning partial charges to the 
atoms using a Coulomb's law potential function. Energies were calcu- 
lated at 2" intervals in the area of the minima and at intervals of 5" 
elsewhere. lsoenergy contours were drawn at I kcal mol-' intervals 
with respect to the minimum energy, which was arbitrarily set at zero. 
The parameters selected for this calculation are given in ref. 23. 

Itcrared and Rarnarz spectroscopy 
The infrared and Raman spectra of compounds 1, 2, and 3, as well 

as those of trimethylene glycol dibenzoate, di-para-chlorobenzoate, 
pentamethylene glycol di-para-chlorobenzoate, di-para-nitrobenzo- 
ate, and hexamethylene glycol dibenzoate have been recorded. The 
crystalline model compounds were pressed Into KBr pellets and their 
FTIR spectra were recorded on a Nicolet 7199-FTIR spectrometer. 
'The sample spectra were signal-averaged with 500 scans while the 
background noise spectra were signal-averaged with 100 scans. 

The Raman spectra were recorded with the Digital SPEX Ramalog 
spectrometer coupled with an lnnova-90-5 He- Ar laser (A = 514.5 
nm). The power of the beam at the sample was 300 mW, the time 
constant was I s, and the intensity 22 A. The solid samples were kept 
in a small glass tube and the spectra were recorded at a scanning rate 
of 2 cm-' s-I. 

Results and discussion 
Str~icturul considerations 

The final positional parameters and their standard deviations 
are presented in Tables 3 a ,  b ,  and c .?  The atomic numbering 
is shown in Fig. 1 and the various molecular structures are 
presented as  stereopairs in Fig. 2 .  The  final bond distances and 
angles of compounds 1, 2, and 3 are compared in Table 4 to 
those of 2,5-hexanediyl dibenzoate 4, a compound related to 
those studied here (17). The bond distances, angles, and torsion 
angles of 1 are equal, within one esd, to those reported in a 
paper (18) that was published shortly after our own report on 
this compound (19). 

The benzoate groups 
The  C(sp2)-C(sp2) bond dist!nces in the benzene rings 

average 1.381, 1.383, and 1.383 A while the C-H distances 
average 0 .96  and 1.02 A for 1 and 2, respectively, and were 
fixed at 0 .95  A for 3. The C=O bond distances are all within 
2 0  of each other. The atoms in each of the benzene rings are 
coplanar. However, as reported earlier (20), the chlorine$tom 
is displaced from the benzene mean plane by 0.040(1) A.  At 
the same time the ring bonds adjacent to the C-Cl bond aTe 
slightly shorter than the other ring bonds (1.376 vs. 1.384 A) 
while the angle at the carbon atom to which C1 is bonded, with 

'Structure factor tables and the anisotropic thermal parameters may 
be purchased from the Depository of Unpublished Data, CISTI, Na- 
tional Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. 

CI' 

o(*# C(6) C(91 c(9.)c(e') O(2') C(1') 

C(1) O(2) a) C(4) O(1') C(7') C(2') 

CI 
C(5) 

FIG. 1 .  Schematic representation of the molecules and atomic num- 
bering. 

a value of 122.1(4)", is significantly larger than 120". In the 
case of the nitrobenzoate, the plane of the NO, group is inclined 
by 7.4" with respect to the benzene ring mean plane. The  NOz 
and carboxylate are tilted in the same way with respect to the 
benzene ring and are at 5.9" for each other. Finally, an impor- 
tant feature in a benzoate group is the dihedral angle between 
the benzene ring and the carboxylate group of atoms. These 
planes are here inclined with respect to one another by 1.2 and 
6.2" for 1 and by 3.8" for both 2 and 3. This real but limited 
flexibility, previously reported (21), has to be taken into ac- 
count as a variable in the structural investigation of the related 
poly(nGT)'s. 

The methylenic sequence 
The O-C(~p~)~dis tances  ranging from 1.45 l(2) to 1.457(2) 

A average 1.454 A ,  in good agreement with published values. 
The  C(sp3)-C(sp3) distances in the three compounds studied 
here are as short as previously reported in hexamethylene di- 
benzoate (22). However, it should be noted that for 1 and 2 the 
middle C-C bond is longer laverage 1.526 A) than the adja- 
cent bonds (average 1.505 A). The C-C-C bond angles 
average 11 1.5" (range 110.3(3) to 113.0(5)") while the 
0-C-C bond angles are all close to the average of 107.0". 

As can be seen in Fig. 2, the conformation of the 
"tetramethylene" part of the molecule is t g- t g t in 1, t t t t t in 
2, and t g -  t g  t in 3. The  actual values of the conformational 
angles are listed in Table 5 where they are compared to the 
corresponding values for 2,5-hexanediyl dibenzoate 4. One can 
note that among the various torsion angles describing the 
methylenic sequence, the angles +I = C(7)-O(2)-C(8)- 
C(9) and especially +2 = O(2)-C(8)-C(9)-C(10), as well 
as their centrosymmetrically related counterparts, are the most 
flexible. That is, 4, and +, deviate the most from 180". It is 
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TABLE 3a. Fractional atomic coordinates and their esd's ( X  10' for 0 and C; X lo3 for H atoms), U , ,  
( x  lo3 for 0 and C) and U, , ,  ( x  10' for H atoms) for tetramethylene glycol dibenzoate 

Atom x ? z U, ,  Atom x Y z uis ,  

TABLE 3b. Fractional atomic coordinates and their esd's 
( X  lo4 for C1, 0 ,  and C; x 10' for H atoms), U, ,  ( X  10' 
for C1, 0 ,  and C) and U , , ,  ( X  10' for H atoms) for 

tetramethylene glycol di-para-chlorobenzoate 

Atom x ? z Ucq/U, , , ,  

Cl 7771(2) 2133(2) - 1455(1) 72 
O(11) 1847(4) 1496(4) 4957(3) 63 
O(12) -645(4) 3329(4) 3573(3) 53 
C(11) 2876(6) 2259(5) 2472(4) 43 
C(12) 5087(6) 1346(6) 2553(4) 50 
C(13) 6585(6) 1291(6) 1348(4) 53 
C(14) 5858(6) 2159(5) 68(4) 50 
C(15) 3672(6) 3055(6) -44(4) 54 
C(16) 2188(6) 3092(6) 1173(4) 49 
C(17) 1359(6) 2278(6) 3812(4) 49 
C(18) -2242(7) 3407(6) 483 l(4) 56 
C(19) -41 1 l(6) 4941(6) 4365(4) 50 
H(12) 551(6) 73(5) 344(4) 61 
H(13) 811(6) 55(5) 141(4) 65 
H(15) 324(7) 363(6) -96(4) 94 
H(16) 71(6) 379(5) 113(3) 50 
H(181) -287(6) 212(5) 532(4) 69 
H(182) -146(6) 363(5) 545(4) 64 
H(191) -348(6) 621(5) 385(3) 52 
H(192) -474(6) 465(5) 376(4) 58 

therefore reasonable to expect that torsions, if they do have to 
take place in the polymer, will do so around the O(2)-C(8), 
C(8)-C(9), C(9')-C(8'), and C(8')-O(2') bonds. 

The three compounds seen as models for poly(4GT) 
Poly(tetramethy1ene terephthalate) is a member of a family 

of aromatic polyesters, the poly(nGT)'s, where n stands for 
the number of methylenic groups between the terephthaloyl 
moieties. It has been established experimentally that all 
poly(nGT)'s, from n = 2 to 6, crystallize in triclinic unit cells, 
space group P1, and the polymeric chains are aligned with the 
c-axis, the fiber axis. Furthermore, when the poly(nGT)'s have 

TABLE 3c. Fractional atomic coordinates and their 
e sd ' s (~ lO ' fo r0 ,  N,  andC; X 10'forHatoms), U, ,  
( X  lo3 for 0 ,  N ,  and C) and U,,,, ( x  10' for H atoms) 

for tetramethylene glycol di-para-nitrobenzoate 

Atom x y ucq/Uis , ,  

an even number of methylene groups, the center of the tereph- 
thaloyl group and the midpoint of the central CH2-CH, bond 
coincide with the centers of symmetry at (000) and (0G) re- 
spectively. In a conformational analysis of a theoretical model 
(23) the possible conformations of the poly(nGT)'s for n = 2 
to 6 were investigated. In the case of poly(4GT), only two 
conformational angles need to be varied. These are the two 
angles +, and &, found in the model compounds to be the most 
flexible (see Table 5). The conformational energy map as a 
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PALMER ET AL. 

TABLE 4. Comparison of the bond distance and angles of the model compounds for poly(4GT) 

Distances 1 2 3 4f 

Angles 

*C(O) and C(9*) are centrosymmetrically related. 
tcompound 4 is 2,Shexanediyl dibenzoate (ref. 17). 

TABLE 5. Torsion angles in the three tetramethylene dibenzoates compared to those of 2,5- 
hexanediyl dibenzoate 

References 1 2 3 4 

$1 = C(7)-0(2)-C(8)-C(9) 170.9(2) 168.1(3) 172.7(6) 145.4(4) 
$2 = O(2)-C(8)-C(9)-C(9') 59.6(2) 178.3(3) -65.4(8) -59.2(5) 
$3 = C(8)-C(9)-C(9')-C(8') - 175.1(1) 180* 1 80* - 179.9(4) 
$4 = C(9)-C(9')-C(8')-C(2') - 176.0(1) -$I -$I 60.4(5) 
$5 = C(9')-C(8')-O(2')-C(7') - 171.5(1) -$z -$2 139.2(4) 
01 = c(2)-C( 1)-C(7)-O(2) 173.1(2) 175.1(3) -178.3(6) - 177.7(4) 
02 = O(2')-C(7')-C(I1)-C(2') - 178.9(2) -ol -01 179.1(5) 
71 = C(l )-C(7)-O(2)-C(8) - 175.0(2) 179.4(3) - 177.4(5) - 174.3(4) 
7 2  = C(8')-0(2')-C(7')-C(I') - 177.9(2) -71 -71 - 179.9(4) 
Calculated equivalent fiber 

repeat, Af 11.62/13.21 13.20 11.68 11.64/11.40 
~~~~~ 

*Compounds 2 and 3 have a crystallographic center of symmetry at the midpoint of the methylenic 
sequence. 

tThis is twice the distance between the center of one benzene ring to the midpoint of the methylenic 
sequence. 
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FIG. 2. Stereopairs of the three model compounds: (a) 1, tetramethylene glycol dibenzoate; (b) 2, tetramethylene glycol di-para- 
chlorobenzoate; (c) 3, tetramethylene glycol di-para-nitrobenzoate. 

function of and +?, with the constraints that w = T = 180°, 
is shown in Fig. 3. The +, and +? combinations corresponding 
to the values of the fiber repeat for both the a -  and t h ~  p-form 
of poly(4GT), which have values 11.60 and 13.00 A respec- 
tively, have been drawn on this map. The reported conforma- 
tions for the a -  and P-forms of poly(4GT) have also been 
indicated on the conformational map. The conformations with 
the lowest energies are listed in Table 6. 

The three model compounds studied in this work are related, 
as far as the conformation of the methylenic sequence is con- 
cerned, with one (or both) form(~) reported for poly(4GT). 

The a-form 
For instance, compound 1, being noncentrosymmetric, may 

TABLE 6. Conformational analysis of poly(4GT) 

Conformation $,* $z Symbol Energy (kcal/mol) 

A 180. 180. t t t t t  0.59 

B -80. 180. g - t t t g +  
80. 180. g ' t t tg -  

0.33 

C 180. -60. t g - t g + t  
180. 60. t ~ + t ~ t  

0.50 

*+I I - - -+,, 4; = -&, and +3 = 180" while w and T were kept at 180". 
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PALMER ET AL 

TABLE 7. Conformational angles of importance in the proposed models for poly(4GT)'" 

Annealed form Stressed form 
a-poly(4GT) P-PO~Y (4GT) 

It 2 3 4 2 3 4 

*All these proposed structures are centrosymmetric. Hence +, = -+?, cpr = -+,, w, = -w ,  and T? = -7, 
t I ,  ref. 2; 2, ref. 3; 3 ,  ref. 4; 4, ref. 30. 

FIG. 3. Conformational energy map for poly(4GT). The energy 
minima are shown by (+). The black disks and squares represent the 

$ 2 )  combinations of the published poly(4GT) structures, a and P 
forms respectively. (M = ref. 2, T = ref. 3, and H = ref. 4). The 
unlabelled black disks correspond to the conformations found in the 
model compounds. The dotted lines correspond to the fiber repeat of 
a-poly(4GT) and P-poly(4GT). 

be seen as two different half-molecules, each with a distinct 
conformation. Using the portion of the molecule that contains 
the torsion angle O(2)-C(8)-C(9)-C(10) = -59.6", one 
may build a polymeric chain with a tg- t g  t conformation. In 
the case of compound 3, the whole molecule with its tg-  t g  t 
conformation has also been used as a chain generating model. 
These two compoun<s lead to calculated fiber repeat values of 
11.62 A and 11.68 A, which are only slightly larger than the 
observed value of 1 1.60 A for the fiber repeat of a-poly(4GT). 
The dot representing either of the above conformations on 
Fig. 3 comes close to the 11.60 A fiber repeat as represented 
by the dotted line, and is also near one of the energy minima. 
This minimum is only 0.50 kcal mol-' higher than the lowest 

calculated minimum that is associated with the g- g t g g  con- 
formation proposed by all three authors for a-poly(4GT) 
(2-4). The conformational angles proposed, by various 
authors, for a -  and P-poly(4GT) are compared in Table 7. 
Although energetically comparable, only one of the two con- 
formations is acceptable. The best model can be chosen by 
comparing the values of the packing indexes, R,,, and the crys- 
tallographic agreement factors, R = C I 1 F ,  I - / F, I/C IF, I .  
The latter are obtained using our calculated structure factors, 
F,, and the published F,-values (2). The model with the tg-  t g  t 
conformation has a packing index equal to 3 1.3 kcal mol-' and 
the agreement factor between observed and calculated structure 
factors is R = 0.396, while these values are 13.6 kcal mol-' 
and 0.148, respectively, when the g- g- t g  g conformation is 
chosen. There is no doubt that the proposed model, with the 
g- g- t g  g conformation, is the correct one. Consequently, 
great care should be exercised before using a model compound 
which seems to fit, as far as fiber repeat values and chain 
energy are concerned. 

The P-form 
Using the other half of molecule 1, an all-trans conformation 

may be generated. A similar chain may be built using the whole 
methylenic sequence of the centrosymmetric molecule 2. In 
both cases, the values of the conformational angles are near 
those proposed by Hall et al. (4) for P-poly(4GT). As a matter 
of fact, on the isoenergetic map, the values of 4, and 42 of our 
two model compounds are situated a little closer to theosame 
energyominimum. The calculated fiber repeats (12.21 A and 
13.20 A) are higher than the observed one (1 3.00 A): this fact, 
coupled with the values of the conformational angles, seems to 
indicate that the polymer could adopt an even more "strained" 
form, if it could resist the applied tension up to that point. 

Although these all-trans conformations, found in both model 
compounds, lead to calculated fiber repeats which are only 
slightly higher than the observed fiber repeat for P-poly(4GT), 
the intramolecular distances, bond and torsion angles of com- 
pound 2 (with its t t t t t conformation) were used to generate a 
model of the macromolecular chain. Siace in these conditions 
the calculated fiber repeat is 13.24 A, the flexible torsion 
angles 4, and c $ ~  were altered so that the distance between 
the ben?ene ring centers would match the observed value 
(1 3.00 A). The values of 4, = C(7)-O(2)-C(8)-C(9) and 
4~ = O(2)-C(8)-C(9)-C(10) were taken as 158. lo  and 
173.3", respectively. 

The resulting atomic parameters were then used to position 
this model chain in the observed unit cell. The chain was 
allowed to rotate about its axis, in order to minimize the inter- 
actions between neighboring chains, using Williams' packing 
program (24). A very reasonable value of the packing index 
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TABLE 8. FTIR bands in the regions 800- 1050 cm-' and 1300- 1550 cm-'  

Compound 
a-Poly(4GT) P-Poly(4GT) 

1 2 3 annealed stressed 

Ring C-H out of plane 

COC deformation 

CH rocking 
Glycol deformation 

0-CH, stretch 
Ring C-H, in plane 
Glycol C-C stretch 

C-0 stretch 

NO2 stretch 

CH deformation 
wagging 

Ring C-C stretch 
(disubstituted) 

Ring C-C stretch 

CH2 bending 
glycol sequence 

NO2 stretch 

*(Absorbance), relativc to that of the highest band, the C=O stretch at - 1720 cm- '  

(RPACK), 15.8 kcal mol-', was reached. The atomic coordi- Stokr et al. (28). 
nates so obtained were introduced in a least-squares program, 
which compared the calculated structure factors (from the theo- 
retical model) and those observed by Yokouchi et al. (3) on 
their X-ray fiber patterns for P-poly(4GT). In these conditions 
the final R factor was 0.220, a value slightly larger than the 
value of R = 0.191 reported by Yokouchi et al. (3). The torsion 
angles of the methylenic sequence published by Hall and Pass 
(4) are comparable to those in our own theoretical chain (see 
Table 9) and the values for R were either 0.218 or 0.223, 
depending upon which parameters were adjusted during their 
refinement procedure. 

It is surprising to note that although different values of $2 

were chosen by Yokouchi (1 13.0") or by Hall (1 62.0°), both 
arrive at simoilar values for the calculated fiber repeat of 12.95 
and 13.00 A, and both lead to reasonable crystallographic 
R-factors (R = 0.191 and R = 0.218, respectively). The chain 
packing energies and the crystallographic R-factors for the pro- 
posed structures are indistinguishable and either may be con- 
sidered an appropriate model for P-poly(4GT). Our own model 
compound, although it reinforces Hall's conformation, does 
not lead to better values of RPACK or the R-factor. 

Infrared spectra 
In R I R ,  the 1300- 1550 cm-' region is difficult to work 

with because of the bands due to the mono- or di-substituted 
benzene rings, with their different para-substituents (H, C1, or 
NO,). We do, however, observe the following. There is only 
one very strong absorption band at 1383 cm-' in the case of 3; 
it is observed at 1385 cm-' with a reduced intensity for 1 and 
it is completely absent from the spectrum of 2. At the same 
time, there is no band around 1395 cm-' for 3, while 1 induces 
the appearance of a band of medium intensity at 1395 c m ' ,  a 
band whose intensity increases significantly for compound 2. 
Since we have a progression of conformations from t g- t g t (3) 
to t g- t t t (1) to t t t t t (2), the complete disappearance of the 
1383 cm-' band and the emergence of the 1395 cm-' band are 
then indicative of an all-trans conformation, with torsion 
angles values near 1 80°, as in compound (2). 

The 800- 1050 cm-' region does not reveal any significant 
fact such as the one above, where bands would appear or 
disappear according to the conformations. There is a band at 
970 cm-' and at 965 cm-' for compounds 1 and 2, which has 
been assigned to an 0-CH, stretching mode (29), but it is not 
observed for compound 3. Since all three compounds have a 
trans conformation for the C(7)-O(2)-C(8)-C(9) angle 
and compounds 1 and 2 have different conformations (t g- t t t 
and t t t t t ) ,  it is assumed that this particular band does not 
give any significant information about the overall conformation 
of the methylenic sequence. 

The only other interesting fact is the absence of any band 
between 910 and 925 cm-' for all three compounds, which is 

Spectroscopic study 
Since our interest was in the conformation of the methylenic 

sequence in poly(4GT), the relevant spectral regions are 800- 
1050 cm-' (methylene rocking) and 1300- 1500 cm-' (methyl- 
ene bending). The R I R  and Raman bands observed in both 
these regions for the model compounds are compared in Tables 
8 and 9 to the literature values for poly(4GT) (6). The band 
assignment follows the works of Snyder et al. (25-27) and 
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TABLE 9. Raman bands in the regions 800- 1050 cm-' and 1300- 1550 cm-' 

Compound 
a-Poly (4GT) P-Poly(4GT) 

1 2 annealed stressed 

CH rocking, glycol 8 10(m) 
sequence 

Ring C-C stretch 830(m) 
Ring C-C breathing 865(m) 

CH rocking 973(w) 
glycol sequence 

Ring C-C stretch 1002(vs) 
mono-substituted 

Ring C-C breathing 1028(s) 
CH rocking, all-trans 

glycol sequence 

C-0 stretch + 
ring CH in plane bend 

Ring C-C breathing 1320(m) 
CH deformation, all-trans 

glycol sequence 
CH wagging, glycol 1388(w) 

sequence 
CH deformation, all-trans 

glycol sequence 
Ring C-C stretch 
CH deformation, glycol 1443(m) 

Ring C-C stretch 1472(w) 

not peculiar in itself but which will acquire important signifi- 
cance when compared to the ir spectrum of poly(4GT). 

Raman spectra 
The spectral regions considered in the Raman spectra are the 

same as in FTIR, the 800- 1050 c m - '  and 1300- 1550 cm-' 
domains, which contain some CH2 rocking and bending modes 
(6, 26, 27). Because compound 3 was a yellow powder, no 
satisfactory Raman spectrum could be obtained. Even after 
recrystallization and production of a yellowish-white sample, 
the product still showed absorption problems while its spec- 
trum was taken. Only the results for 1 and 2 will be given here. 

In the first region, compound 1 has a band at 810 cm-', 
while 2 does not. This band could be related to a conformation 
containing at least one gauche torsion angle, as is the case 
in 1 (tg- t t t ) .  On the other hand, only 2 exhibits a band at 
1047 cm-'; its presence could be indicative of an all-trans 
conformation, t t t t t  as in 2, or at least a t t t  conformation 
implicating the torsion angles between the four carbon atoms 
in the chain. 

The spectral region where CH? wagging and bending modes 
usually appear does contain some significant changes. The 
spectrum of 1 shows a band between 1383 and 1388 cm-I, 
which is absent for 2. On the spectrum of the latter, two new 
bands do appear at 1347 cm-' and 1405 cm-'. In conclusion, 
the presence of the band at -1385 cm-' suggests a gauche 
torsion angle in the methylenic sequence, while the 1347 cm-' 
and 1405 cm-' bands stand for at least a t t t sequence or even 

an all-trans conformation. 
Unfortunately, the association of bands at 1047 cm- ' , 

1347 cm-' , and 1405 cm-' to an all-trans conformation in 2 is 
not verified in the case of hexamethylene glycol dibenzoate, a 
model compound for poly(6GT). In this product the methylenic 
chain has a t t t t t t t conformation but its spectrum does not 
show any of the above-mentioned bands. The three bands ob- 
sewed in 2 might then be specifically associated to the entire 
all-trans sequence (t t t t t ), including the oxygen atoms which 
are at both ends of the methylenic sequence. 

It has already been established by FTIR that some bands are 
representative of a given conformation for one model com- 
pound while others, by their appearance or disappearance, 
can be related to an evolution of conformational sequences 
(from tg-  t g  t to t t t t t ) .  These conclusions can now be ex- 
tended to the different forms of poly(4GT) (6, 8) and may 
shed some light on the reported discrepancies in the description 
of the conformation of P-poly(4GT), the stressed form of the 
polymer. 

The FTIR spectroscopic results for the three model com- 
pounds supplied two important conclusions: first, that the com- 
plete disappearance of the absorption band at 1383 cm-' and 
the emergence of the 1395 cm-' band are indicative of an 
all-trans conformation, with torsion angle values near 180". 
Upon examination of the 1350- 1425 cm-' region of the spec- 
tra for poly(4GT), one notes an absorption band at 1386 cm-' 
for the annealed sample and the subsequent disappearance of 
this band, while another one appears at 1395 cm-', in the case 
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of the stressed sample. Consequently, the p-form of poly(4GT) 
possesses an all-trans conformation, with torsion angle values 
near 180". 

The second conclusion concerns the fact that there is no band 
around 917 cm-I for all three model compounds. The very 
absence of any absorption band on those spectra, while there is 
one present, and quite important, in the spectrum of the an- 
nealed a-poly(4GT), is indicative of a peculiar conformation. 
It has been stated that this strong absorption is characteristic of 
"a crystallinity" in poly(4GT) (6, 7) and of its s s t s s  con- 
formation (where s is non-trans non-gauche and $, the corre- 
sponding torsion angle, is between 90" and 120"). The absorp- 
tion band at 917 cm- '  is not observed in either of the three 
model compounds with different conformations ( tg -  t t t, t t t t t, 
and t g -  t g t ) or in the spectra of other model compounds such 
as pentamethylene glycol di-para-nitrobenzoate ( t  t t t t t ), 
pentamethylene glycol di-para-chlorobenzoate (g- t t t g - ) ,  and 
hexamethylene glycol dibenzoate (t t t t t t t ). This absorption 
band is only present when there is a non-trans non-gauche 
conformation in the methylenic sequence. Consequently, its 
presence in the spectrum of the annealed polymer, a-poly- 
(4GT), and its absence from the spectrum of the stressed sam- 
ple indicates the absence of any non-trans non-gauche confor- 
mation in p-poly(4GT). In other words, the stressed polymer 
has torsion angle values not too different from 180" for its 
all-trans conformation. 

The Raman study of the model compounds compared to that 
of poly(4GT) (6) confirms the conclusion reached above. More 
specifically, the three bands (1047 cm- ' ,  1347 cm-I, and 
1405 cm-I), which are associated with the entire all-trans se- 
quence (t t t t t )  of the four-carbon chain and their neighboring 
oxygen atoms in the model compound are also observed in the 
Raman spectrum of p-poly(4GT), at 1044, 1348, and 1405 
cm-I. Simultaneously, the band observed at 1381 cm-I in the 
spectrum of the annealed poly(4GT) has disappeared. This last 
band was not present on the spectrum of compound 2 (t t t t t ) .  
Thus it is Hall's model, with an all-trans conformation and 
torsion angle values near 1 SO0, which describes best the p-form 
of poly(4GT). 
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GILLES SAUVE, VANCA S. RAO, GILLES LAJOIE, and BERNARD BELLEAU. Can. J. Chern. 63, 3089 (1985). 
Reaction conditions for the synthesis of thioarnide, arnidoxirne, and N-substituted arnidine analogs of the peptide bond are 

described. Several new arnidine analogs of the chernotactic peptide f-Met-Leu-Phe-OR were synthesized using the thioarnides 
as precursors. 'The assignment of the E / Z  configuration was accomplished by nuclear magnetic resonance. The biological 
activity of these analogs is briefly described. 

GILLES SAUVE, VANCA S. RAO, GILLES LAJOIE et BERNARD BELLEAU. Can. J .  Chern. 63, 3089 (1985). 
Des conditions de reaction pour la synthitse de thioarnides, d'arnidoxirnes et d'arnidines N-substitukes analogues au lien 

peptidique sont dkcrites. Plusieurs analogues du peptide chirniotactique f-Met-Leu-Phe-OR contenant une fonction arnidine 
N-substituke furent synthCtisks i partir de prkcurseurs thioarnides. L'attribution de la configuration E et Z est faite par analyse 
spectroscopique de rksonance rnagnetique nucleaire. L'activitC biologique de ces analogues est decrite briivernent. 

Introduction 
Until recently, studies of structure-activity relationships in 

the field of oligopeptidic effectors were mainly concerned with 
modifications of the side chains (I) .  However, a growing num- 
ber of peptide bond analogs have been generated in an attempt 
to delineate the role of the backbone peptide bonds in the 
process of active site recognition by receptors and enzymes for 
biologically active oligopeptides, a question having a direct 
bearing on the susceptibility of such effectors to peptidases (see 
ref. 2 for a general review of peptide backbone modifications). 
W e  have already described appropriate methodologies (3), 
preferable to previous ones (4) for reasons previously outlined, 
for the selective incorporation of thioamide functions (5) into 
peptide backbones and have recently illustrated the effects of 
such modifications on the pharmacological properties of the 
endogenous opiate Leu5-enkephalin (6). The results of a similar 
study by others (7) have also been divulged and are in general 
concordance with ours. W e  now wish to describe an extension 
of our  methodology for thiopeptide formation and to illustrate 
the use of the thioamide function (2) (Scheme I) as the precur- 
sor of novel backbone analogs where the sulfur is replaced by 
substituted nitrogen functions (3). Although similar in structure 
to the amide function, amidine analogs as such were not syn- 
thesized because their strongly basic properties disqualify them 
as relevant peptide bond analogs. 

The  chemotactic peptide f-Met-Leu-Phe-OH (4) (8) has 
formed the subject of considerable interest as a prototype bio- 
regulator of immune cells such as neutrophils and monocytes 
and extensive structure-activity relationships have been re- 
ported (9). Nearly all of these involved side chain alterations 
and substituent effects at the N- and C- terminals. Some of 
these changes were intended to impose conformational re- 
strictions through steric constraints about the side chains (10). 

'present address: Department of Chemistry, McGill University, 
Montreal (Que.), Canada H3A 2K6. 

'To whom correspondence may be addressed at McGill University. 

Our strategy called for backbone modifications of the 
chemotactic peptide through selective amide bond replacement 
by thioamide linkages. The resulting thiopeptides may then b e  
used as intermediates for the synthesis of amidoxime and N- 
substituted amidine analogs according to literature methods 
( 1 I ). The  conformational changes induced by such backbone 
modifications may then be studied by nmr and computer 
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TABLE 1. Some physical properties of some arnide and thioamide derivatives related to the chemotactic 
peptide f-Met-Leu-Phe-OR 

High resolution ',c nmr chemical 
mass spectrum shifts 

t n / e  M' (ppmlDMS0-do) 
calcd. (found) (C=S) 

Melting 
point" 

("C) (deg) Peptide 

0 S 
I1 II 

H-C-Met-~eu-Phe-0CH,*.' 142-145 -5.0 
14 

0 S 
II I I 

H-C-Met-Leu-Phe-OC(CH,), 155- 157 -32.8 
10 

O S S  

"Recrystallized from ethyl acetate - hexane except in the case of 4a and 16 for which methanol-water was used. 
'C = 1.0, MeOH. 
'In EtOH at 20°C. 
"Literature (8) mp 132- 135°C. 
'Anal.  calcd. for C22H,3N305SI: C 58.52, H 7.37, N 9.31, S 7.08; found: C 58.41, H 7.52, N 9.29, S 6.87. 
' ~ n a l .  calcd. for C21H,,N,0,S2: C 56.50, H 7.11, N 8.98, S 13.81. 
'Found: C 56.87, H 7.39, N 8.84, S 13.67. 
"~ound:C56.50, H7.35, N 8.96, S 13.71. 
'Found:C 56.41, H7.31, N8.97,S 13.47. 
'Anal.  calcd. for C22H3,N,0,S,: C 54.62, H 6.81, N 8.68, S 19.88; found: C 54.42, H 6.76, N 8.62, S 19.47. 
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mylated peptides 14, 15, and 16 which were separated on silica 
by flash chromatography. The tert-butyl ester 10 was obtained 
through selective removal of the N-Boc group from 7b 
with pTSA4 (19) followed by direct coupling with formyl- 
methionine in the presence of DCC-HOBt. The precursor 7b 
was obtained in turn by thionation of 6b with 17. 

The structures and physical characteristics of the mono- and 
di-thiopeptides synthesized in this manner are assembled in 
Table 1. Their relevant nmr characteristics ( 'H chemical shifts) 
are given in Table 3. 

N-Substituted amiditze backbone analogs. Syntheses and con- 
figurational determinations 

The approach adopted for amidine-like analog synthesis 
relied on the inherent reactivity of thioamides toward nucleo- 
philes or on electrophilic catalysis by the thiophilic mercuric 
ion. The high reactivity of thioamide 8 and of leucine thio- 
amide together with the high nucleophilicity of the nucleophile 
hydroxylamine served to eliminate the need for electrophilic 
assistance in the formation of amidoximes 18 and 36 (Table 2). 
However, assistance by Hg(OAc)? was found necessary in all 
other cases, the thioamides being either-less reactive or too 
sterically hindered for the nucleophile to react efficiently. The 
presence of Hg(OAc)? was even more necessary with the less 
nucleophilic reactant cyanamide (NH2CN). For example, when 
Boc-Leu-+(CSNH2) (20) was treated with 1.1 equivalents of 
NHIOH in THF at room temperature, amidoxime 18 Boc-Leu- 
+[C(=NOH)NH,] was obtained in 62% yield. In contrast, 
generation of 19 and 20 from the corresponding precursor thio- 
amides required assistance by mercuric ions in order to over- 
come unfavorable steric effects by the N-substituents of the 
substrates. 

The structures of the mono-, di-, and tri-peptide N- 
substituted amidines synthesized in this manner, together with 
some relevant product characteristics, are given in Table 2,  
whereas their pertinent 'H nmr band positions and shifts are 
assembled in Table 3. It is worth noting that when Boc-Leu- 
+(CSNH)-Phe-OCH, (7a) was treated with NH?OH and 
Hg(OAc), in the presence of N(Et)3 in THF, the cyclic ami- 
doxime lactone 21 was obtained in 44% yield. However, when 
the tert-butyl ester derivative of the N-CBZ protected peptide 
(CBZ-Leu-+(CSNH)-Phe-OC(CHI),) was subjected to the 
same reaction conditions, the expected amidoxime analog 23 
was obtained in 80% yield. Analogously, the cyclic ami- 

drazone 22 was obtained when 7a was reacted with NH7-NH2 
under similar reaction conditions. This suggests that when 
either the amidoxime or the amidrazone derivative can adopt 
the Z- configuration, they spontaneously cyclize presumably 
because of favorable +, and +, torsional angles around the Phe 
moiety as well as by the inherent reactivity of the terminal 
methyl ester function. These factors are obviously disfavored 
when a bulky tert-butyl ester function is used. To what extent 
the relative inductive properties of tert-butyl and methyl groups 
influence the course of the reaction is arguable (21). A similar 
reaction sequence led to the cyclic analogs of tripeptides 32 and 
33 without interference from the terminal N-formyl groups. 
Some 0-methyl amidoximes and N-cyanoamidines were simi- 
larly prepared using methoxamine and cyanamide as the 
nucleophiles and appropriate thiopeptide precursors (Table 2).' 
The 0-acetyl amidoximes 29 and 42 were readily obtained by 
acetylation of amidoximes 28 and 36, respectively. It is worth 
noting that under the adopted experimental conditions (where 
mercuric ions are present) the thioether functions of the methi- 
onine residues were left intact. 

All the amidoxime analogs including their 0-methyl deriva- 
tives (except for 36 and 38) showed two sets of resonances 
(a major and a minor one) in their 'H nmr spectra. With analog 
30, for example, the ratio between these two sets of signals was 
63 : 37 in DMSO-d6 as the solvent, and 77 : 23 in the less polar 
solvent CDCl,, thus showing that these two sets of resonances 
originate from geometrical isomers about the amidine C=N 
bond and not from diastereoisomers as might have been pro- 
duced through epimerization of the two a-carbons during the 
synthetic operations. This contention was conclusively proved 
by treating the geometrically inhomogeneous amidoxime 23 
( Z I E  = 83: 17) with nitrous acid (generated in situ from 
NaNOz and pTSA) in methanol, which transformed the ami- 
doxime into the parent amide function (Scheme 3). After 
isolation, the product was found to exhibit an 'H nmr spectrum 
(200 MHz) and a specific rotation that were virtually identical 
to those of authentic C B Z - L ~ U - P ~ ~ - O C ( C H , ) ~ ,  thus confirming 
that no racernization occurred during the process of amidoxime 
23 formation. 

Interestingly, however, N-cyanoarnidine derivatives 31, 35, 
and 37 (Table 2) exhibited only one set of relevant signals, 
implying in these cases the existence of either a single geo- 
metric form or the operation of a fast equilibration of two 
isomeric forms as depicted by the following mechanism: 

'All the tripeptide amidine analogs were obtained directly from the 
corresponding thioamides, except in the case of 30 which was ob- 

4The use of HCOOH also cleaved the carboxyl ferr-butyl ester. tained from 24 by cleaving the Boc-group and coupling the resulting 
However, as expected, the methyl ester was stable under the same amine 27 with formyl-rnethionine under the usual conditions 
conditions. (Scheme 3). 
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0 

HJ'MetOH 
DCC, HOBt 
CHzClz 

N 
NaN02, pTSA 

MeOH CBZ-LeuJ'Phe-0 + 
23 

Leu-0CH3 
Boc-L~u"N--~HCH~+ I THF Boc-Leuj'Phe-Leu-OCH3 

However, analog 25, which carries a N-BOC group instead of 
N-formyl, exhibited two sets of signals that collapsed into a 
single set at 80°C in DMSO. This contrasting behavior relative 
to 31, 35, and 37 suggests that cis-trans isomerism about the 
carbamate bond of 25 may best account for the appearance of 
two sets of signals. Other assignments of configuration were 
also made on the basis of nmr evidence. For example, in 
compound 30, the C,H proton of Leu' in the predominant 
isomer resonates at a higher field (4.36 6) than that of the minor 
isomer (5.1 6) (13, 22). This is consistent with the parallel 
finding that the C,H proton of Phe3 appears at a lower field 
(4.25 6) in the former whereas in the minor isomer it appears 
at 4.01 6. Also, in the case of 28, the =NOH proton resonates 
at a lower field (9.56 6) in the Z-isomer, whereas the same 
proton in the minor isomer appears at 8.96 6 (13). The 13C 
chemical shifts for the major isomer (Z) of 30 in CDCI, were 
unequivocally assigned from the two-dimensional (2-D) 
I3C- 'H shift correlated spectrum (400 MHz). As compared to 

the parent tripeptide f-Met-Leu-Phe-OBu' (4b), the C,-carbon 
of Phe3 in 30 is shifted to a lower field by 3.00 ppm whereas 
the Leu2-C, carbon is shifted upfield by 6.29 ppm. Inter- 
estingly, the more remote ~ e t l - C ,  carbon of 30 experiences 
only a small downfield shift (0.05 ppm) by comparison with the 
shift for the corresponding carbon in 4b. These relative shifts 
are in agreement with the configurational assignment for the 
major (Z) isomer. The downfield shift for the Phe3-C, carbon 
may arise primarily from steric compression as a result of its 
proximity to the oxime oxygen atom in the Z-isomer. 

Similarly, the configuration about the C=N bond in 34 
could be inferred from the relative 'H chemical shifts pattern. 
As in compound 28, the minor isomer (25%) of 34 in DMSO-d, 
could be assigned the E-configuration on the basis of the proton 
chemical shifts of both the Met1-C,H (5.08 6) and the 
Leu2-C,H (3.90 6). 'The major isomer can thus be auto- 
matically assigned theZ-configuration (C,H Leu': 3.98 6; C,H 
Met1: 4.70 6). The I3C chemical shifts for the major isomer (Z) 
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TABLE 2. Some physical properties of peptide amidine derivatives 

Peptide 

Mass spectrum 
Ratio E : Z or high resolution 
from nmr mass spectrum 

Yield CDC13 M+,  m l e  
(%) Method (DMSO-d6) calcd. (found) 

Monopeptide 

,OH 

N/NH,,~ 

Boc-Leu "N-C!CH2( 

'H 

Tripeptide chemotactic 
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SAUVE ET AL. 

TABLE 2. (Concluded) 

Peptide 

Mass spectrum 
Ratio E : Z or high resolution 
from nrnr mass spectrum 

Yield CDCI, M+,  m l e  
(%) Method (DMSO-d6) calcd. (found) 

1 CN" 
0 N 

"THF. 
"Hg (OAc)?, THF. 
'Hg(OAc)z, CH,CN. 
"CH,CN. 
'One isomer. 
'The isomers are not identified. 
"At 80°C only one set of signals was observed indicating fast equilibrium (nmr time scale) between the two geometric forms. 
hCharacteristic band in infrared spectrum at 2200 cm-'. 
'Anal. calcd. for C24H3SNs01S: C 58.90, H 7.17, N 14.31, S 6.54; found: C 57.96, H 6.55, N 14.94, S 6.64. 
'(M+ - HNCNH). 
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TABLE 3. Proton chemical shifts (6) of some amide, thioamide, and amidine derivatives 

Met Leu 

Compound NH C,H CDH C,H CH3 NH C,H CDH C,H CH3 
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SAUVE ET AL. 

related to the chernotactic peptide Met-Leu-Phe-OR in DMSO-d6, unless otherwise indicated 

Phe 

NH C,H CpHA CpHB Phenyl OCHl N-Boc 0-C(CH,)l =NOH Others 

1.32 9.55 CBZ 5.06, 4.98 
( A B )  

9.04 

CHO 8.00 

CHO 8.01 

9.56 CHO 8.00 
8.96 CHO 7.99 

C H O  7.99 
OCOCH, 2.07 
C H O  8.01 
OCOCH, 2.05 

CHO 7.98 

C H O  8.01 

C H O  8.02 

=NNH 10.00 
CHO 8.02 

CHO 8.02 

CHO 7.99 
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TABLE 3. 

Met Leu 

Compound NH C,H CpH C,H CH, NH C,H CpH C,H CH3 

(Major) 7.01 3.57 
26 

(Minor) 

of 34  in DMSO-d6 were assigned from the 'H-I3C shift cor- 
related spectrum. The Met-C, carbon in 34 is shifted upfield by 
5.96 ppm relative to the shift for the corresponding carbon in 
4a in CDC13.6 The upfield shifts experienced by Met1-C, car- 
bon in 34 and Leu2-C, in 30, both of which have the Z- 
configuration, may be attributed to their anti orientation to the 
oxygen atom of the OH or 0CH3 group situated in the y- 
position. This effect is similar to the upfield shift experienced 
by a carbon atom located at the y-position and with an anti- 
periplanar orientation relative to an oxygen, nitrogen, or fluo- 
rine atom ("y -anti effect") (23). A similar y-anti upfield effect 
by the p-anomeric oxygen atom was also found to apply to 
aldopyranoses (24) despite the insertion of an 05-ring oxygen 
atom. In the peptide amidoxime analogs 30 and 34 the upfield 
shifts experienced by the C, carbons attached to the oxime 
carbon atom and in anti orientation relative to the OH or OCH, 
group appear to provide yet another example of this y-anti 
e f f e ~ t , ~  it being transmitted not only through an intervening 
nitrogen atom but also incorporating a double bond where the 
nitrogen atom is an integral constituent. Whatever the reason 

6 ~ h e  change in solvent does not preclude the comparison as the shift 
variation associated with it is found to be -* I  ppm from similar 
peptide derivatives. 

'It is difficult to estimate the magnitude of this effect because part 
of the upfield shift may be attributed to the apparent change involved 

0 
II 

in going from an amide to an amidoxime moiety (C,-C-N + 
NOR 

for this upfield shift, it seems to be diagnostic of the Z- 
configuration around the C=N bond of the amidoxime moiety, 
an observation forming the basis of a simple method for the 
assignment of configuration in these peptide amidoxime 
analogs (25). 

It is interesting to note that the Z-isomeric form predominates 
whether the amidoxime moiety is between Leu' and Phe3 (28) 
or between Met' and Leu' (34). The preference for the Z-isomer 
in 28 may be rationalized on the basis that the amidoxime 
hydroxyl group avoids orienting itself towards the bulky leu- 
cine moiety. However, the preference for the same Z form in 
34 appears contradictory in that context. In another report to be 
published and which centers on nmr and computer modeling 
studies, the amidoxime NH proton of 34 is shown to be in- 
volved in an intramolecular hydrogen bond with the C=O 
group of the N-terminal formyl group, thus favoring a 3 + 1 
y-turn (C7 conformation). In the Z-isomer, the amidoxime OH 
group is oriented towards the leucine C, carbon and this, in 
principle, may not be expected to interfere with rotation about 
the $, torsional angle. Such rotational freedom not only allows 
the molecule to adopt either of the two possible C7 con- 
formations (+, = +75", $, = -75"; +, = -75", $, = +75") 
but also provides for conformational interconversion. On the 
other hand, in the E-isomer, the OH group being oriented 
towards the methionine C, carbon may be expected to impose 
some restriction to free rotation around the $, torsional angle. 
In fact, in the C7 conformation having +, = $75" and $, = 
-75" there seem to be no severe destabilizing interactions 
between the amidoxime OH group and the methionine moiety, 
whereas that conformation having = -75" and. $, = 1-75' 
has the OH group in a destabilizing contact with the methionine 
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(Concluded) 

Phe 

NH C,H CpH, CpHB Phenyl OCH, N-Boc OFC(CH,)~ =NOH Others 

9.60 CHO 7.87 
8.98 CHO 8.03 

8.50 4.47 -3.03 -2.94 3.56 CHO 8.07 

6.43 4.85 3.14 3.09 7.1 3.72 CHS 9.43 

Cp hydrogen atoms. In other words, the E-isomer of 34 can 
adopt only a single C7 conformation with +I = +75O and $, = 
-75" whereas the Z-isomer can adopt, in addition, another 
conformation with 4, = -75" and $, = t-75". This means a 
loss of entropy of mixing in the E-isomer which may, in part, 
be responsible for the preference for the Z-isomer of 34. How- 
ever, other steric factors such as interorbital interaction be- 
tween nonbonded electrons at nitrogen and oxygen, dipolar 
interactions, etc. (26) may also be involved but are difficult to 
evaluate quantitatively at this time. 

Finally, the cyclic amidoxime derivative 21 was tested for its 
potential ability to behave as an acylating species toward ami- 
noacids, which would allow peptide elongation from the car- 
boxyl terminal. Accordingly, 21 was reacted with Leu-0CH3 in 
THF and, after standard processing, the expected tripeptide 
amidoxime 41 (Scheme 3) was obtained in 72% yield. In this 
reaction, which may proceed under nonequilibrating condi- 
tions, the amidoxime moiety of tripeptide 41 would be expected 
to assume the Z-configuration characteristic of the starting cy- 
clic material 21. In fact, in the 'H nmr spectrum of 41 (in 
CDCI,) there appeared only one set of relevant signals, in 
agreement with expectations. However, when the 'H spectrum 
was recorded in DMSO-d6 as solvent, two sets of signals were 
now observed in a ratio of 67 : 33, thus indicating that an equi- 
libration similar to the one proposed for the case of the cyano- 
amidine derivative is taking place. The major isomer was 
assigned the Z-configuration (Boc-Leu-C,H: 3.86 6) and the 
minor one the E-configuration (Boc-Leu-C,H: 4.9 1 6). 
Assuming that the observed single set of signals for 41 in 
CDCl, reflects the presence of only one isomeric form (rather 
than an accidental overlap with the signals for the minor iso- 

mer), this method of elongation would appear valuable for the 
synthesis of single geometric isomers of backbone amidoxime 
analogs of oligopeptides. 

All the tripeptide backbone analogs listed in Tables 1 and 2 
were evaluated for their ability to induce the release of ly- 
sozyme from human neutrophils, a process known to reflect 
chemotactic activity (8). The relative activities were computed 
from complete dose-response curves as recently reported for a 
different class of superactive releasers (27) relative to f-Met- 
Leu-Phe-OCH, as the standard. The most significant findings 
may be summarized as follows (details to be reported else- 
where). The presence of thioamide functions on the backbone 
suppresses activity except when sulfur is present as a thio- 
formyl group, which depresses activity by 60-70%. With ami- 
doxime functions, on the other hand, activity is restored signifi- 
cantly but not with cyanoamidine linkages except at the termi- 
nal formyl group level. An especially meaningful finding is the 
strong activity associated with cyclic structures 32 and 33, 
which are completely rigid about the terminal phenylalanine 
residue. The significance of these observations in relation to the 
receptor protein topography is under scrutiny. 

Experimental 
Melting points were determined on a Buchi SMP-20 and are un- 

corrected. The ir spectra were taken with a Perkin-Elmer 257 spec- 
trophotometer. The uv spectra were recorded on a Varian-Carey 210 
spectrophotometer. The optical rotations [a], were obtained with a 
Perkin-Elmer 141 instrument. Proton nmr spectra were recorded with 
a Bruker WM-250 and (or) WH-400 instrument. Chemical shifts are 
given in ppm (6) relative to CHC13 (7.24 6) or DMSO (2.49 6). The 
high resolution mass spectra (ms) were obtained with a Vg Micromass 
ZAB-2F spectrometer. Elemental analyses were performed by the 
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Guelph Laboratories, Guelph, Ont. The numbers 1, 2, and 3 used as 
subscripts for the + and + torsional angles denote methionine, leucine, 
and phenylalanine units respectively. After conventional work-ups, all 
solutions were evaporated below 40°C under reduced pressure. 
Eastrnan Chromagrarn plates of silica gel were used for thin-layer 
chromatography. Anhydrous sodium sulfate was used as the drying 
agent for all extracts. The purity of all products and intermediates was 
established by thin-layer chromatography uslng two solvent systems 
(hexanes and ethyl acetate) and their compositions confirmed by 'H 
and "C nmr spectroscopy, mass spectrometry, and in some pertinent 
cases by elemental analyses. The relevant data are assembled in Tables 
1-3. 

The following general procedures were applied where similar stan- 
dard reactions are involved. 

Cortpling benveen N-protected and C-protected amino acids o r  pep- 
tides by the HOBt-DCC procedure 

To a solution of Boc-Leucine (2.50 g, 10.8 mmol) and HOBt 
(1.46 g, 10.8 mrnol) in methylene chloride (20 mL) and dimeth- 
ylforrnarnide (5 rnL) at O°C under Nz was added DCC (2.22 g ,  
10.8 rnrnol). The mixture was stirred for 1 h at O°C and then a solution 
of phenylalanine methyl ester hydrochloride (2.32 g, 10.8 mrnol) and 
dry triethylarnine (1.10 g,  10.8 mrnol) in methylene chloride (7 mL) 
was added and the mixture stirred at 0°C for I h and at room tern- 
perature for 16 h. The solvents were evaporated, and the residue 
suspended in ethyl acetate followed by filtration. The filtrate was 
washed with aqueous citric acid (5%, I X 15 mL), sodium bicarbonate 
solution (5%, I x 15 mL), and brine ( I5  mL). The organic phase was 
dried, the solvent evaporated, and the resulting solid recrystallized 
from ethyl acetate - hexane to yield pure Boc-Leu-Phe-OMe (60) 
(3.60 g,  85%) as a white powder. 

Cleavage of N-Boc groups with formic acid 
As a typical example, Boc-Leu-Phe-OCH (6a) (1.5 g, 3.8 mrnol) 

was dissolved in formic acid (98%, 30 mL) and the mixture stirred for 
4 h at room temperature under Nr. The excess acid was removed in 
vacuo at 2% and the resulting formate salt used as such either for 
N-formylation or for coupling in the presence of triethylarnine as 
described below. 

N-Formylation with EEDQ and formic acid 
The formate salt obtained as above after cleavage of the t-Boc group 

from Boc-Met-Leu-Phe-OMe (9) (1.5 g,  2.9 mmol) was dissolved in 
dry chloroform (40 mL) followed by the addition of EEDQ (780 rng, 
3.0 mrnol). The mixture was stirred at room temperature for 8 h under 
N2, the solvent removed in vacuo, and the residue was dissolved in 
ethyl acetate. The solution (75 rnL) was washed with aqueous citric 
acid (5%, 2 x 20 mL), sodium bicarbonate solution (5%, 2 x 20 mL), 
and brine (2 X 20 mL) and then dried. Evaporation of the solvent and 
precipitation of the residue from methanol-water gave a white solid 
(40) (1.17 g, 90% from 9). 

Amide thionation 
The dipeptide B o c - L ~ u - P ~ ~ - O C ( C H ~ ) ~  (6b) (2.00 g, 4.6 mrnol) was 

dissolved in dry tetrahydrofuran (40 mL), thionation reagent 17 
(2.00 g, 3.70 rnrnol) added, and the mixture stirred at 40°C for 10 h 
under Nz. The solvent was evaporated and the residue purified by flash 
chromatography on silica gel (hexanes - ethyl acetate (85: 15)) to give 
pure thiodipeptide, Boc-L~u-+(CSNH)-P~~-OC(CH~)~ (7b) (1.76 g ,  
85%) as a powder. 

Selective cleavage of a N-Boc group with p-toluenesulfonic acid 
(P-TSA) 

To a solution of Boc-Leu-+(CSNH)-Phe-OC(CH& (7b) (200 mg, 
0.444 mmol) in methanol (7 mL) was added p-toluenesulfonic acid 
(84 mg, 0.44 mrnol) under Nz and after 24 h an additional 84 rng of 
p-toluenesulfonic acid was added, followed by standing for 18 h. 
Saturated aqueous sodium bicarbonate ( I5  rnL) was added, the mix- 
ture extracted with methylene chloride (4 X 15 mL), and the extract 
dried and evaporated to give a crude product that was used as such in 
coupling reactions. 

Preparation of N-substituted amidines 
A solution of thiotripeptide 10 (15.0 mg, 0.029 mmol) in dry 

acetonitrile (2 mL) was treated with triethylamine (9.0 mg, 
0.088 rnrnol), hydroxylamine hydrochloride (3.0 mg, 0.044 mmol), 
and mercuric acetate (10 rng, 0.032 mmol). The mixture was stirred 
under N2 and, after 6 h, additional portions of triethylarnine (9.0 rng, 
0.088 rnmol), hydroxylamine hydrochloride (3.0 mg, 0.044 mmol), 
and mercuric acetate (10 mg, 0.032 mmol) were added. The mixture 
was allowed to stand for 16 h, after which time saturated aqueous 
NH,CI (7 rnL) was added followed by extraction with rnethylene 
chloride (4 x 10 mL). The organic phase was dried, the solvent 
evaporated, and the residue purified by thick-layer chromatography on 
silica gel (EtOAc) to give pure amidoxirne 28 (12 mg, 80%). 

All the other arnidine derivatives were obtained from using the 
appropriate nucleophile by the same general procedure. 

Cyclic atnidoxime (21) 
To a solution of thiodipeptide 70 (200 mg, 0.48 rnrnol) in tetra- 

hydrofuran (15 mL) was added hydroxylarnine hydrochloride (40 rng, 
0.58 rnrnol), triethylamine (146 mg, 1.46 mmol), and mercuric ace- 
tate and the mixture stirred for 2 h under Nz, then diluted with ethyl 
acetate (20 rnL) and the suspension filtered through Celite. The filtrate 
was evaporated and the residue purified by flash chromatography on 
silica gel (hexane - ethyl acetate (6:4)) to give the pure cyclic ami- 
doxime 21 (88 rng, 44%). 

Regeneration of parent amide from atnicloxitne 23: [-C(=NOH)- 
N --t -C(=O)-N] 

To a solution of CBZ-L~U-+[(C=NOH)NH]-P~~-OC(CH,)~ (23) 
(40 rng, 0.083 mmol) in methanol (4 rnL) was addedp-toluenesulfonic 
acid (22 rng, 0.124 rnrnol) and sodium nitrite (9.0 rng, 0.124 mrnol). 
After 16 h, p-toluenesulfonic acid (22 mg, 0.124 mmol) and sodium 
nitrite (9.0 rng, 0.124 rnmol) were again added and after 6 h saturated 
aqueous sodium bicarbonate (7 mL) was added followed by extraction 
with methylene chloride (4 X 10 mL). The dried organic phase was 
evaporated and the residue purified by column chromatography on 
silica gel (hexane - ethyl acetate (7:3)) to give pure CBZ-Leu-Phe- 
0C(CH3), (39) as an oil (27 mg, 70%); [a): + 17.4" (c0 .88,  CHC13); 
'H nmr (CDCI3) 6: 7.36-7.14 (8H, phenyl), 7.12 (dd, 2H, Phe-ortho, 

J  ,,, ,,, 7.5, J  ,,,,,, 2.0 Hz), 6.38 (d, 1 H, NH-Phe, J N , c m  8.0 Hz), 5.08 
(5, 2H, OCHz), -5.06 (overlap, IH, NH-Leu), 4.69 (dd, IH, 
C,H-Phe, JN,, ,  8.0, J c m , c ,  6.0  Hz), 4.13 (m, IH, C,H-Leu), 3.06 
(d, 2H, CpHz-Phe, Jc,.cU 6.0 Hz), 1.7- 1.4 (m, 3H, CpHz, C,H-Leu), 
1.38 (s, 9H, 0C(CH3),), 0.89 (d, 6H, (CH3)?-Leu); high resolution 
ms, calcd. for C27H,,NrO,: m/e  468.2624 (M+); found: m l e  
468.2619 (M'). 

Reaction of cyclic amidoxime (21) with L-leucine methyl ester 
A solution of cyclic arnidoxime 21 (9.0 mg, 0.024 mmol) in tet- 

rahydrofuran (1 mL) was treated dropwise with a solution of L-leucine 
methyl ester hydrochloride (5.0 rng, 0.027 mmol) and triethylamine 
(3 rng, 0.028 rnmol) in tetrahydrofuran (2 mL). After 16 h at room 
temperature under N2, additional portions of L-leucine methyl ester 
hydrochloride (5.0 mg, 0.027 mmol) and triethylamine (3  rng, 0.028 
rnrnol) were added and, after 48 h, the solvent was evaporated and the 
residue purified by preparative tlc (silica gel, ethyl acetate - hexane 
6:4) to yield the pure tripeptide 41 (9.0 rng, 72%); 'H nmr (CDCI,) 
6: 7.36-7.10 (m, 8H, phenyl), 6.80 (d, lH,  NH-,Leu, J , , , ,  6.5 Hz), 
5.36 (d, IH, NH-'Leu, J , , c ,  8.5 Hz), 4.95 (d, IH, NH-'Phe, J,,,= 
10 Hz), 4.54 (m, IH, c , ~ - ~ L e u ) ,  4.27 (m, lH,  C,H-2Phe), 4.14 
(rn, 1H, C,H-'Leu), 3.64 (s, 3H, OCH3), 3.11, 3.01 (AB, 2H, 
CpH,-Phe, JA,,,, 6.0, JB.,= 8.0, J A . B ( ~ ' .  ,,,, 14.0 HZ), 1.34 (s, 9H,  
0C(CH3),), 0.86,0.83 (2 doublets, 6H, (CH3),-Leu, J  6.0 Hz), 0.76, 
0.75 (2 doublets, 6H, (CH3)z-Leu, J  6.0 Hz); high resolution ms, 
calcd. for C26H41N400: m/e  520.3261 (M+); found: tn/e 520.3261 
(M+).  

Acetylation of 28 
A solution of amidoxirne 28 (20.0 rng, 0.0393 rnmol) in methylene 

chloride (5 rnL) was treated with triethylamine (22 mg, 0.22 mmol) 
and acetic anhydride (32 mg, 0.32 rnrnol) and, after 3 h at room 
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temperature under N2, the solvent was evaporated in vacrro and the 
residue purified by tlc (silica gel, hexane -ethyl acetate 2:s) to give 
acetate 29 (17 rng, 8 1 %). 
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Chemistry of 4-trimethylsilyl-3-dialkylaminocrotonate esters and the 
cycloaromatization reactions with enamines' 
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G. J. KANC and T. H. CHAN. Can. J .  Chem. 63, 3102 (1985). 
Methyl 4-trimethylsilyl-3-dialkylaminocrotonate is synthesized by the silylation of methyl 3-dialkylaminocrotonate. It reacts 

with carbonyl electrophiles at its y-position. The unusual regiochemistry of this reaction is studied and rationalized. It reacts 
with enamines derived from acyclic ketones to give aromatic compounds in a 3C+3C combination and with enamines derived 
from cycloketones of 5- to 8-membered rings to give aromatic compounds in a 4C+2C combination. A mechanism for this 
cycloaromatization reaction is proposed. 

G. J. KANC et T. H. CHAN. Can. J. Chem. 63, 3102 (1985). 
La silylation du dialkylamino-3 crotonate de mCthyle conduit au dialkylamino-3 trimCthylsily1-4 crotonate de mCthyle. Les 

carbonyles Clectrophiles rkagissent en position y de ce composC. On a Ctudit la rkgiochimie inhabituelle de cette reaction et 
on en foumit une explication. Ce composC rCagit avec les Cnamines provenant des cCtones acycliques pour donner des composts 
aromatiques dans une combinaison du type 3C+3C et avec les Cnamines issues des cttones cycliques comportant de 5 a 8 
chainons pour donner des composts aromatiques selon une combinaison du type 4C+2C. On propose un mtcanisme rCac- 
tionnel pour cette rtaction de cycloaromatisation. 

[Traduit par le journal] 

Introduction 
While tremendous progress has been made on reactions 

leading to the synthesis of acyclic and alicyclic compounds, 
less development has occurred in the domain of aromatic 
compounds. The problem is especially acute in the synthesis 
of highly substituted benzenoid compounds with multiple 
functional groups. The conventional approach of using electro- 
philic substitution reactions on simple aromatic precursors, 
with its tedious stepwise process and attendant problem of 
regioselection, has obvious limitations. 

Recently, we proposed an approach for the synthesis of 
phenolic compounds (2, 3) by the cycloaromatization of acy- 
clic precursors. The strategy involves the condensation of two 
3-carbon units, one with two nucleophilic sites and the other 
containing two electrophilic sites. Compound 1 and similar 
bis-en01 silyl ethers (2, 4) constitute the 3-carbon fragments 
with two nucleophilic sites. Various equivalents of P-dicar- 
bony1 compounds (e.g. 2) constitute the 3-carbon electrophilic 
components. Condensation of 1 and 2 under Lewis acid con- 
ditions (e.g. TiCl,) according to eq. [ l ]  gives the phenolic 
compound 3. Furthermore, the regiochemistry of the reaction 

Me3Si0 OMe Me3Si0 0 

[I uOSiMel + a 

'For preliminary accounts of this work, see ref. 1. 
'Author to whom correspondence may be addressed 
'Revision received June 4, 1985. 

can be controlled by the differential reactivities of these sites. 
We have used this approach for the synthesis of sclerin (3, a 
plant-growth substance, and A'-tetrahydrocannabinol (6), the 
active component of marijuana. 

It is of some interest to know if this approach can be devel- 
oped into a general strategy for the synthesis of all types of 
aromatic compounds. The possibility of a cycloaromatization 
reaction leading to highly substituted anilino compounds is 
particularly tantalizing since a number of natural products such 
as mitomycin and maytansine have a substituted aniline carbon 
skeleton. 

An obvious way to modify eq. [ I ]  for the synthesis of anilino 
compounds is to have an amino group in place of the 3-tri- 
methylsiloxy group in 1. Our first task is therefore to examine 
the preparation and the chemistry of l-methoxy-l-trimethyl- 
siloxy-3-dialkylaminobuta- 1,3-dienes (4). 

Chemistry of 4-trimethylsilyl-3-dialkylaminocrotonate esters 
Methyl 3-dialkylaminocrotonate 5 was prepared by the usual 

water-separator method from the precursor methyl acetoacetate 
( 6 )  with p-toluenesulfonic acid as the catalyst (7). Compound 
5 was silylated by LDA in THF followed by quenching with 
trimethylchlorosilane. The result was, however, not the ex- 
pected compound 4 but the C-silyl product, methyl 4-tri- 
methylsilyl-3-dialkylaminocrotonate (7). Both 7a  and 7b exist 
as one geometrical isomer. Sanchez and Bellanato studied a 
number of 3-dialkylaminocrotonate esters and concluded that 
all of them have E geometry (8). By noting the similarity of 'H 
and "C nmr between 5 and 7 , 7  is assigned to have E geometry 
as well. The yields of the silylation reactions are greater than 
90%, the products are 290% pure by 'H nmr spectra before 
distillation, and 7 is thermally stable enough to be distilled 
under vacuum. 

In the reaction of 7 with electrophiles, one would expect that 
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the reaction probably occurs at the a-position because of the 
presence of the silyl group in 7  as well as the expected reac- 
tivity of the enamine. The reactions of allylsilanes with electro- 
philes have been well studied and usually show high regio- 
selectivity (9) according to eq. [2]. Therefore it was surprising 

to us when we found that 7  reacted with a number of carbon 
electrophiles at the y-position instead of the a-position 
(eq. PI).  

When compound 7  reacted with benzaldehyde in the pres- 
ence of one mole of titanium tetrachloride in CH2C12, com- 
pound 8 was obtained in fairly good yield. It is clear that 8 is 
formed from the condensation of 7  and benzaldehyde, followed 
by the elimination of a molecule of water. Compound 8 has 
been assigned the 2E,4E geometry according to its 'H nmr. 

R' R2 
'N'- 

R' R2 
PhCHO h - Ha \N' 

+ ~ i  C02Me Ticla PhM 
A: ~1 R% - (CH214- 
b: R ' ,  R' = (CH,CH,),-0 

Condensation of 7  with cinnamaldehyde under the same con- 
dition gave the polyunsaturated ester 9 in good yield with the 
2E,4E,6E-configuration. With butyraldehyde, condensation 
with 7  is followed by an intramolecular cyclization to give the 
a-lactone 10. 

There are, however, differences in the reactivity between 7a  
and 7 b  (13). It seems that the morpholino compound 76  is more 
reactive than the pyrrolidino compound 7a .  Thus with the less 
reactive ketone electrophiles, only 7 b  gave the corresponding 
products 11 and 12. Compound 11 is the hydrolyzed product of 
its enamine precursor that occurs during the aqueous work-up. 

When 7 a  was reacted with acetone under the same condi- 
tions, only compound 5a was shown in the product, apparently 

from the protodesilylation of the unreacted 7 a .  When cyclo- 
hexanone was used, the result was the same as the reaction of 
7 a  with acetone. Even when dichloroethane was used as the 
solvent rather than methylene chloride, and the reaction mix- 
ture was refluxed overnight, no reaction between 7a and cyclo- 
hexanone was observed. With more reactive electrophiles, 
such as benzoyl chloride, only 7a  gave y-reaction product 13, 
while 7 b  gave an N-substitution product, benzamide 14. 

0 
Tic14 11 7 

76 + PhCOCl Ph-C-N u 

Q 
+ PhCOCl - 

\ ,Si C02Me Ph 

In order to explain the regiochemistry observed in the reac- 
tion of 7  with electrophiles in eq. [3], one possibility is that 
there is a dynamic equilibrium between 7  and 4 and it is 4 that 
selectively reacts with electrophiles to give the y-products. In 
fact, 1,5-migration of the silyl group is well known. Diketone 
silyl en01 ethers can exhibit silyl transmission (10). Similarly, 
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trimethylsilyl P-keto-esters can undergo a thermal silatropic 
rearrangement (1 1) to produce silyl en01 ethers regiospe- 
cifically. The 1,5-migration of the silyl group from oxygen to 
carbon has also been reported (4, 12). It has been found that at 
room temperature compound 1 gradually rearranges to its C- 
silyl isomer. In our case, the E-geometry of compound 7 
certainly renders this rearrangement process geometrically pos- 
sible. In support of this explanation, when a mixture of 7 a  and 
dimethyl acetylenedicarboxylate was heated in benzene for 
3 days, the diene 4 was indeed trapped as the Diels-Alder 
adduct 15, which was isolated in 57% yield as a crystalline 
compound. 

Self- and cross-condensations 
Our initial strategy was to synthesize compound 4 and 

condense it with P-dielectrophiles to form aniline derivatives. 
Athough 4 has not been obtained directly from the silylation of 
methyl 3-dialkylaminocrotonate, compound 7 can be consid- 
ered, in fact, as an equivalent of 4, because we have evidence 
that 7 exists in a dynamic equilibrium of 7 4. 

We examined, therefore, the reaction of 7 6  with several 
P-dielectrophiles. The first P-dielectrophile used was 4-tri- 
methylsiloxy-3-penten-2-one (2 ) .  The reaction was carried out 
under similar conditions to the cycloaromatization reactions of 
eq. [ l ]  with titanium tetrachloride as catalyst and CH?CI, as 
solvent. Indeed an aromatic compound, 186, was isolated. The 

'H nmr of 186 shows two aromatic protons (6.20 ppm, s, 2H), 
one methoxy group (3.90, s ,  3H), one methyl group (2.53, s, 
3H), an hydroxy group (1 1.7, s ,  lH,  D,O exchangeable), and 
a morpholino group. From these data, it is definitely not the 
desired product 19. Obviously 186 was derived from the self- 
condensation reaction of 7 6 .  When only 7 6  was treated under 
the same conditions, 186 was obtained in 49% yield. 

At this stage, it is relevant to mention the recent work by 
Bohme et al. (14), who found that 3-dialkylaminocrotonate 
esters (5 )  undergo self-condensation under trifluoroacetic acid 
conditions to give the anilino compounds 20, sometimes in 
good yield. We thus repeated this reaction with 56 and found 
that the products from the two reactions, 186 and 206, are quite 
different in their spectroscopic data. The two compounds are 
nevertheless isomeric with each other. In agreement with 
Bohme's observation, hydrolysis and decarboxylation of 206 
gave 21. It was found that the decarboxylation product of 186 
was also 21. From these experiments, as well as from the fact 
that the chemical shift of the hydroxy group in 186 is 1 1.7 ppm, 
which strongly suggests the existence of intramolecular 
hydrogen bonding, we assign structure 186 to the product 
derived from 7 6 .  

In order to understand further the self-condensation reaction 
both of 7 and 5 ,  7 6  was allowed to react with 1 equivalent of 
56 in the presence of titanium tetrachloride. The same com- 
pound 186, which was obtained from the self-condensation of 
7 6 ,  was isolated in 7 1 %  yield. A similar reaction between 7 a  

and 5a gave 18a in 78% yield. Since the yields are higher than 
50%, 18a or 186 is formed from the cross-condensation be- 
tween 7 and 5 .  Furthermore, when 56 alone was treated under 
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23 
when Y = H (Bohme's case) 

24 
when Y = Me.,Si (our case) 

identical conditions (i.e. TiC1,) the product was not 18b but the 
pyrone 22 (75% yield). 

Mechanistic rationale 
To facilitate subsequent discussion, we propose from the 

above experiments a working hypothesis to account for the 
cycloaromatization reactions observed in our case as well as in 
Bohme's case (Scheme 1). 

The first step (eq. [4]) is the condensation of the enamine 
with the carboxyl group of another component to give the 
intermediate 23. In the absence of further reaction, 23 hydro- 
lyzes on aqueous work-up to give the pyrone 22. In the case of 
Y = H (eq. [ 5 ] ) ,  TFA effects the isomerization of 23 to the 
deconjugated enamine 24, which gives 20 by an intramolecular 
condensation in a 3C+3C combinat~on. When Y = Me,Si 
(eq. [ 6 ] ) ,  a 1,5-silyl shift causes the formation of 25, which 
leads to 18 by way of an intramolecular condensation in a 
4C +2C combination. 

The reaction of 7 b  with 5 b  was repeated. Half of the reaction 
mixture was taken out of the reaction flask after 3 h at -7g°C. 
After the usual work-up procedure, a 1 : I mixture of 22 and 
18b was obtained. The other half of the reaction mixture was 
allowed to be stirred overnight at room temperature and then 
worked up. The product was found to be almost completely 
18b, with very little 22. This experiment supports the sug- 
gestion that 23 is indeed the intermediate in the cross- 
condensation reaction. Furthermore, the first step in Scheme 1 
is faster than the second step. 

According to the mechanism postulated in Scheme 1, in the 
cross-condensation between 7 and 5, 7 acts as a four-carbon 
component and 5 acts as a two-carbon component. To verify 
this, we allowed methyl 4-trimethylsilyl-3-pyrrolidinocroto- 
nate ( 7 n )  to condense with ethyl 3-morpholinocrotonate (26) in 
the presence of TiC1,. If the postulation is correct, the final 
product will contain pyrrolidino and ethyl groups. This was 
found to be the case. The product of the reaction was 27. 

One might argue that another possible pathway for the cross- 
condensation is the Diels-Alder reaction. For example, 
Diels-Alder reaction between 7 a  (by way of 4 n )  and 5a can 
lead to 18n if the reaction proceeds with the regiochemistry 
indicated. To check this possibility, a 1 : 1 mixture of 7 a  and 5a 
was refluxed in benzene for 3 days. No change was detected by 
'H nmr spectroscopy, showing that it was still a 1 : 1 mixture of 
7 a  and 5a .  'Therefore the possibility of a Diels-Alder reaction 
is ruled out, at least under these thermal conditions. 

Cycloaromatization reactions with etznt7zitzes 
At this stage, the following conclusion appears to be rea- 

sonable. The reaction between 7 and 5 is a stepwise 4C+2C 
cycloaddition with 7 acting as the four-carbon component and 
5 as the two-carbon component. One would expect, therefore, 
not only compound 5 but other enamines as well to have the 
potential to undergo the same kind of cycloaromatization 
reaction with 7 .  We proceeded to examine this possibility. A 
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1: 1 mixture of 7 a  and the morpholine enamine of cyclo- 
hexanone plus two equivalents of trifluoroacetic acid was re- 
fluxed for two days in CH2C12. The reaction gave compound 29 
in 63% yield. 

Enamines derived from cyclopentanone, cycloheptanone, 
and cyclooctanone were also allowed to react with 7 a  under the 
same conditions except that the reaction mixtures were refluxed 
in dichloroethane. The yields of the corresponding cyclization 
products were found to be between 59 and 64% (see Table 1). 

On the other hand, when the amino group in the silylcro- 
tonate component is morpholine 7 6 ,  the reaction with 28 under 
identical conditions gave the y-reaction product 30 instead. 
Since we have previously shown that 76 undergoes y-reaction 
more readily than 7 a ,  and 28 can be easily protonated to give 

7b 28 30 

the corresponding imminium cation in the presence of TFA, the 
observed y-reaction between 76 and 28 is understandable. 

There remains the 3C+3C self-condensation observed in 
Bohme's case. If the postulated mechanism in Scheme 1 is 
correct, one would expect the same pathway to proceed be- 
tween 7  and an enamine of acyclic ketones. The reactions 
between 7 a  and enamines derived from acyclic ketones were 
therefore next examined. The morpholine enamine of 
3-pentanone (31) was reacted with 7 a  in the presence of TFA. 
The reaction mixture was refluxed for 48 h in dichloroethane 
and followed by the usual work-up. Compound 32 was isolated 
in about 30% yield. The main reason for the low yield is the 

self-condensation of 7 a .  In order to improve the yield of the 
cross-condensation product, two equivalents of 31 were used 
and the yield was raised to 41%. The same reaction was also 
carried out by using titanium tetrachloride as the catalyst 
instead of TFA, and the yield of 32 was 38%. 

Several similar reactions were carried out by reacting 7 a  
with 33,34, and 35 respectively in the presence of TFA. In all 
cases the 3C+3C cyclization products were observed. The 
yields ranged from 36 to 42% (see Table 1). 

TFA 

7\53 COzMe 

In summary, 4-trimethylsilyl-3-dialkylaminocrotonate esters 
react with enamines derived from cyclic ketones to give 
4C+2C annelation with enamines acting as the 2C-component, 
but with enamines derived from acyclic ketones by a 3C+3C 
annelation. A mechanism in analogy to Scheme 1 ,  which is 
consistent with the above observation, can be envisaged. 

Conclusion 
Even though our initial idea of a cycloaromatization reaction 

between 4 and various P-dicarbonyl equivalents to give anilino 
compounds turns out not to be feasible, reactions between 
4-trimethylsilyl-3-dialkylaminocrotonate esters and enamines 
have been discovered. These reactions lead to the formation 
of highly substituted benzenoid compounds bearing an amino 
group. 

Experimental 
General 

Unless otherwise stated, common reagents were commercial prod- 
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K A N G A N D C H A N  

TABLE I .  The cycloaromatization reactions of 7 with enarnines 

Reaction Isolated 
Compound Enarnine conditions Product yield% 
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ucts and were reagent grade. Melting and boiling points are un- was column chromatographed (ether-hexane 2: 1) to give 8a in 68% 
corrected. The nmr spectra were taken on a Varian T-60A nrnr spec- yield as a colorless liquid; ir (film): 1680, 1550, 1140 cm-I; 'H nrnr 
trometer or an XL-200 nmr spectrometer. All 'H and I3C spectra are (CDCI,): 1.95 (m, 4H), 3.33 (m, 4H), 3.60 (s, 3H), 4.60 (s, IH), 6.66 
reported in chemical shift (6) with tetramethylsilane as the reference. (d, IH, J = 17 Hz), 7.20-7.60 (m, 6H); ms, ~ n / z  (rel. intensity): 257 
Infrared spectra were taken on a Perkin- Elmer Model 257 infrared (M', 12), 226 (la),  198 (100). Exact Mass calcd. for CI6HIPOZN: 
spectrophotometer and were calibrated with the 1602 cm-' band of 257.139; found: 257.138. 
iolysty;ene film. Mass spectra were obtained on a Dupont 21-492B 
mass spectrometer. Column chromatographs were done with silica gel 
unless otherwise specified. Chemical analyses were performed by 
Guelph Chemical Laboratories Ltd. Elemental analyses or exact mass 
measurements were performed on most new compounds. Exceptions 
were made in cases where a series of compounds of similar structures, 
with small differences in substituent, were prepared under the same 
reaction conditions. If their spectral (nrnr, ms, etc.) data were similar 
and showed no unexpected feature, then analyses were performed on 
representative examples of the series to establish the general structure. 

Preparation of enatnines 
The following enamines were made by the water separator method 

(7). Methyl 3-pymolidinocrotonate (5a), 8876, bp 1 16- 1 18°C (2.5 
Tom; 1 Tom = 133.3 Pa); methyl 3-morpholinocrotonate (5b), 79%, 
bp 131- 132°C (4 Tom); ethyl 3-morpholinocrotonate (26), 77%, 
bp 106- 109°C (0.4 Tom); I-morpholinocyclopentene, 82%, bp 
108-1 10°C (14Tom) (lit. (15) bp 104-106°C (12 Tom)); l-morpho- 
linocyclohexene (28), 84%, bp 1 12- 1 14°C (14 Tom) (Ilt. (15) bp 
104- 106°C (12 Tom)). 

The following enamines were made by the procedure of White and 
Weingarten (16). 1-Morpholinocycloheptene, 54%, bp 130- 133°C 
(15 Tom) (lit. (17) bp 133- 135°C (17 Tom)); I-morphol~nocyclo- 
octene, 61%, bp 81 -83°C (1 Tor) (lit. (17) bp 83-85°C (0.01 Tom)); 
3-morpholino-2-pentene (31), 52%, bp 50-51°C (0.5 Tom) (lit. 
(17) bp 77-78°C (9 Tom)); 4-morpholino-3-heptene (33), 57%, 
bp 67-69°C (0.2 Tom) (lit. (17) bp 102- 106°C (12 Tom)); 3-pyr- 
rolidino-2-pentene (34), 57%, bp 36-38°C (0.5 Tom) (lit. (17) bp 
62-67°C (8 Tom)); 4-pymolidlno-3-heptene (35), 60%, bp 56-58°C 
(0.2 Tom). 

Methyl 4-tr1methyls1lyl-3-pyrrolidinocroton~1te (7a) 
Under N, at O°C, to a solution of dry diisopropylamine (3.4 mL, 24 

mmol) in THF (50 mL) was added n-BuLl(16 mL of 1.5 M in hexane, 
24 mmol), followed by TMEDA (3.2 mL). The solution was cooled 
to -78OC and methyl 3-pymolidinocrotonatc (5a, 3.38 g, 20 mmol) 
was added. The reaction mixture was stirred for 0.5 h, and then 
quenched with trimethylchlorosilane (4 mL). The reaction mixturc 
was allowed to warm to 0°C and concentrated on the rotary evapo- 
rator. The resldue was triturated with dry hexane (100 mL) and fil- 
tered. The filtrate was concentrated (finally under hlgh vacuum) to 
give 4.43 g of 7a as a yellowish oil (92%), >95% pure by 'H nmr; 
bp 132-135°C (1 Tom); ir (film): 1665, 1550, 1150 cm-I; 'H nrnr 
(CDCI,): 0.1 (s, 9H), 1.80-2.03 (m, 4H), 2.73 (s, 2H), 3.20-3.43 
(m, 4H), 3.60 (s, 3H), 4.47 (s, IH); "C nmr (CDCI,): - 1.7, 21.6, 
25.0, 48.0, 49.5, 81 .O, 163.0, 169.3; ms m/z (rel. intensity): 241 
(M+, 26), 226 (39), 210 (33), 168 (77), 138 (84), 110 (100). Exact 
Mass calcd. for CI2H2,O2NSi: 241.158; found: 241.152. 

Methyl 4-trimethylsilyl-3-morpholinocrotor~c~te (7b) 
Compound 7b was made in the same way as 7 a  from 5b in 90% 

yield (>90% pure by 'H nmr); ir (film): 1680, 1560, 1145 cm-'; 'H 
nmr (CDCI,): 0.1 (s, 9H), 2.73 (s, 3H), 3.10- 3.33 (m, 4H), 3.60 (s, 
3H), 3.55-3.80 (m, 4H), 4.73 (s, lH); "C nmr (CDCI,): -0.9, 19.5, 
47.1, 50.2, 66.6, 86.2, 165.7, 169.5; ms, rn/z (re]. intensity): 257 
(M+, 26), 242 (58), 226 (62), 184 (72), 154 (30), 126 (34). 

Methyl 5-phenyl-3-pyrrolidinopenta-2 E,4 E-dienoate (8a) 
To a mixture of benzaldehyde (I mmol) and TiC1, (1 mmol) in 3 mL 

of CHzClz at -78°C under N2 was added 7a (I mmol). The reaction 
mixture was stirred for 3 h at -7a0C, and then overnight at room 

Methyl 5-phenyl-3-morpholit~openta-2 E,4 E-dienoate (8a) 
The reaction was performed in the same way as the reaction be- 

tween 7 a  and benzaldehyde to afford 8b in 60% yield as a colorless 
liquid; ir (film): 1695, 1565, 1 150 cm-'; 'H nmr (CDCI,): 3.07 (m, 
4H), 3.56 (s, 3H), 3.70 (m, 4H), 4.84 (s, IH), 6.75 (d, IH, J = 16 
Hz), 7.10-7.50 (m, 6H); ms, m/z (rel. intensity): 273 (M+, 9), 242 
(13), 214 (100). 

Methyl 7-phenyl-3-pyrrolidinohepta-2 E,4 E,6 E-trierloate (9a) 
To a mixture of cinnamaldehyde (0.5 mmol) and TiC1, (0.5 mmol) 

in 3 mL of CH2Clz at -78°C under Nz was added 7a (0.5 mmol). The 
mixture was stirred for 3 h at -7a0C, then allowed to warm to room 
temperature. Saturated aqueous sodium carbonate solution was added 
and the mixture was extracted with ether. The ether extract was dried 
with MgSO, and filtered. 'The filtrate was concentrated to give a 
brown oil, which was purified by alumina column chromatography 
(ether-hexane 2: 1) to give 9a in 81% yield; ir (film): 1670, 1540, 
1145 cm-'; IH nmr (CDCI,, 200 MHz): 1.93 (m, 4H), 3.33 (m, 4H), 
3.60 (s, 3H), 4.57 (s, lH), 6.54 (d, lH, J = 16 Hz), 6.50 (dd, IH, 
J = 16 and 6 Hz), 6.84 (dd, lH, J = 16 and 6 Hz), 6.86 (d, lH, 
J = 16 Hz), 7.12-7.34 (m, 5H); ms, rn/z (rel. intensity): 283 
(M', 24), 252 (a), 224 (100). 

Methyl 7-pher1yl-3-morpholinohepta-2E,4E,6E-trienoate (9b) 
'This reaction was carried out in the same manner as the reaction 

between 7 a  and cinnamaldehyde. Compound 9b was obtained in 83% 
yield; ir (film): 1690, 1550, 1150 cm-'; 'H nrnr (CDCI,, 200 MHz): 
3.10 (m, 4H), 3.63 (s, 3H), 3.73 (m, 4H), 4.90 (s, IH), 6.62 (d, lH, 
J = 16 Hz), 6.63 (dd, IH, J = 16 and 6 Hz), 6.90 (dd, IH, J = 16 
and 6 Hz), 6.97 (d, IH, J = 16 Hz), 7.16-7.38 (m, 5H); ms, m/z 
(rel. intensity): 299 (M', 41), 268 (9), 240 (100). 

4-Pyrrolidirlo-6-(n-propy1)-5,6-dihydro 2 y r o  (IOa) 
The reaction was done in the same manner as the reaction of 7a with 

benzaldehyde, except that a 2: 1 mixture of ether and acetonitrile was 
used as eluant in the flash chromatography. Compound 100 was 
obtained in 53% yield; ir (film): 1660, 1570, 1240 cm-'; 'H nrnr 
(CDCI,): 0.73 - 1.77 (m, 7H), 1.93 (m, 4H), 2.40 (d, 2H, J = 8 Hz), 
3.27 (m, 4H), 4.20 (m, IH), 4.63 (m, 1H); ms, m/z (rel. intensity): 
209 (M', 33), 166 (loo), 150 (29). 

4-Morpholir10-6-(n-propyl)-5,6-dihydro-l,2-pyrone (lob) 
The reaction was performed in the same way as the reaction of 7 a  

with butanal. Compound l o b  was obtained in 49% yield; ir (film): 
1660, 1565, 1230 cm-'; 'H nrnr (CDCI,): 0.80- 1.90 (m, 7H), 2.40 
(d, 2H, J = 7 Hz), 3.23 (m, 4H), 3.77 (m, 4H), 4.33 (m, IH), 4.87 
(s, 1H); ms, m/z (rel. intensity): 225 (M', 13), 182 (loo), 166 (19). 
Anal. calcd.: C 64.04, H 8.44; found: C 63.84, H 8.54%. 

Methyl 5-hydroxy-5-methyl-3-oxohexanoate (11) 
To a mixture of acetone (2 mmol), which was freshly distilled over 

anhydrous KrCO,, and TiC1, (1 mmol) in 3 mL of CH2Clz at -78°C 
under N2 was added 7b (1 mmol). The reaction mixture was stirred for 
3 h at -78"C, then overnight at room temperature. Saturated sodium 
carbonate solution was added, and the mixture was extracted with 
ether. The ether extract was dried with MgSOl and filtered. The 
filtrate was concentrated to give an oil, which was purified by flash 
chromatography (hexane-ether 2: 1). Compound 11 was obtained in 
44% yield. Its spectroscopic data are identical to those reported in the 
literature (1 8). 

temperature. The reaction mixture was quenched with saturated so- Methyl 4-(1'-hydroxycyclohexanyI)-3-rnorpholinocrotor1ate (12) 
dium carbonate solution and then extracted with ether. The ether The reaction was done by the same procedure as the reaction be- 
extract was dried with MgSQ and evaporated to give an oil, which tween 7b and acetone. Compound 12 was obtained in 56% yield; ir 
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(film): 3400, 1650, 1570, 1165 cm-'; 'H  nrnr (CDCI,): 1.57 (m, hexane I : 1). A quantity of 203 mg of 18b was obtained in 71% yield. 
IOH), 3.07 6 ,  2H), 3.23 (m, 4H), 3.50 (b, ]HI, 3.68 6 ,  3H), 3.77 

Methyl 2-methyl-4-pyrrolidino~6-hydroxybenZoate (18a, (m, 4H), 5.03 (s, 1H); ms, ~n/z (rel. intensity): 283 (M', I), 265 (4), 
252 (5). The reaction was performed by the reaction of 5a with 7 0  in the 

same manner as the reaction of 7b and 5b. Compound 180, mp 
4-Pyrrolidino-6-phenyl-1.2-pyrone (13) 101 - 102"C, was obtained in 78% yield; ir (KBr): 1630, 1615, 1320 

To a mixture of 7 a  (I mmol) and benzoyl chloride ( I  mmol) in cm-'; 'H nrnr (CDCI?): 1.80-2.03 (m, 4H), 2.40 (s, 3H), 3.13-3.33 
5 mL CH2CI?, was added TiCI, (1  mmol) at O°C under N?. The (m, 4H), 3.80 (s, 3H), 5.83 (s, 2H), 11.80 (s, l H); ms, m/z (rel. 
reaction mixture was stirred for 3 h at O°C, then overnight at room intensity): 235 (M', loo), 204 (33), 203 (89), 175 (17), 147 (22). 
temperature. Saturated sodium carbonate solution was added and the 
mixture was extracted with ether. 'The ether extract was dried with 
MgSOJ and filtered. The filtrate was evaporated to give a yellow oil, 
which was purified by flash chromatography (ethyl acetate) to give 
compound 13 in 44% yield; ir (film): 1675, 1635, 1545 cm-I; 'H nrnr 
(CDCI,): 1.93 (m, 4H), 3.30 (m, 4H), 4.87 (d, 1 H, J = 2 Hz), 6.20 
(d, IH, J = 2 Hz), 7.17-7.80 (m, 5H); ms, m/z (rel. intensity): 240 
(M+, loo), 213 (51), 77 (51). Anal. calcd.: C 74.69, H 6.22; found: 
C 74.52, H 6.39%. 

Benzoyl rnorpholine (14) 
The reaction was done in the same manner as the reaction of 7 a  with 

benzoyl chloride. Benzoyl morpholine (14) was obtained in 61% 
yield. 

Dimethyl 3-hydroxy-5-pyrrolidino-o-phthalate (15) 
A mixture of 7 a  (I mmol) and dimethyl acetylenedicarboxylate 

(2 mmol) in 15 mL of dry benzene was refluxed for 3 days. The 
reaction mixture was cooled to room temperature. A solution of 2 mL 
of 1.5 N HCI was added and the mixture was stirred for 0.5 h. 
Saturated sodium bicarbonate solution was added until the mixture 
was basic. The mixture was extracted with ether and the ether extract 
was dried with MgSOj and then filtered. The filtrate was concentrated 
by rotary evaporator to give a brown oil, which was purified by flash 
chromatography to give 156 mg of 15, mp 128- 130°C. The yield was 
57%; ir (CHCI3); 3100, 1725, 1650 cm-'; 'H nmr (CDCI3): 
1.83-2.07 (m, 4H), 3.17-3.38 (m, 4H), 3.80(s, 3H), 3.83 (s, 3H), 
5.93 (d, IH, J = 3 Hz), 6.03 (d, IH, J = 3 Hz), 11.03 (s, IH); ms, 
m/z (rel. intensity): 279 (M+, 9 I),  248 (57), 189 (100). Exact Mass 
calcd. for CI4Hl7NOJ: 279. l l 1; found: 279.107. 

Methyl 2-methyl-4-morpholino-6-hydroxybenzoate (18b) 
To a solution of 257 mg of 7 b  ( I  mmol) in 5 mL CHzCll was added 

0.5 mmol of TiCI, under N? at -78'C, the reaction mixture was stirred 
for 3 h at -78"C, then overnight at room temperature. It was added 
to a saturated sodium carbonate solution, stirred for 0.5 h, and ex- 
tracted with ether. The extract was dried with MgSO,, filtered, and 
concentrated with a rotary evaporator to glve a yellow oil, which was 
then purified by flash chromatography (ether-hexane 1 : 1). Com- 
pound 18b, mp 108-109"C, was obtained in 49% yield; ir (KBr): 
1640, 1600, 1205 cm-'; 'H nrnr (CDCI?): 2.13 (s, 3H), 3.07-3.23 
(m, 4H), 3.63-3.80 (m, 4H), 3.83 (s, 3H), 6.10 (s, 2H), 11.63 (s, 
1H); ms, m/z (rel. intensity): 251 (M+, 76), 220 (22), 219 (50), 161 
(loo), 133 (28). 

3-(Methoxycarbony1)-2,6-dimethyl-I,#-pyre (22) 
The reaction was performed with 5b in the same manner as 

the self-condensation of 7b. 3-(Methoxycarbony1)-2,6-dimethyl- 1,4- 
pyrone (22) was obtained in 75% yield; ir (film): 1735, 1670, 1635 
c m - ~ .  , I H nmr (CDCL): 2.27 (s, 3H), 2.37 (s, 3H), 3.88 (s, 3H), 6.13 

(s, IH); ms, m/z (rel. intensity): 182 (M', lo), 151 (17), 124 (29), 
109 (1 I), 67 (64), 43 (100). Exact Mass calcd. for CeHl0Oj: 182.058; 
found: 182.058. 

Compound 18 b from cross-condensation of 5 b and 7b 
To a mixture of 257 mg of 7 b  (1 mmol) and 185 mg of 5b (I mmol) 

in 5 mL of CH2C12 was added 1 mmol of titanium tetrachloride under 
N2 at -78°C. The reaction mixture was stirred for 3 h at -78°C and 
then overnight at room temperature. Saturated sodium carbonate solu- 
tion was added, and the mixture was extracted with ether. The ether 
extract was dried with MgS04, filtered, and concentrated to give a 
yellow solid, which was purified by flash chromatography (ether- 

Methyl 2-morpholino-4-methyl-6-hydroxybenzoate (20b) 
The reaction was performed by Bohme's procedure (14). To 740 mg 

of 5b (4 mmol) was added 432 mg of TFA (4 mmol) at O°C. The 
reaction mixture was stirred for 1 h at O°C, then overnight at 
40-50°C. The reaction mixture was diluted with 50 mL of ether, and 
washed with saturated sodium bicarbonate. The ether phase was dried 
with MgS0, and filtered. The filtrate was then concentrated by rotary 
evaporator to give 416 mg of 20b, mp 1 15- 1 16°C (lit. (14) mp 

1 16°C). The yield was 83%. 

3-Morpholit~o-5-methylphenol (21) (14, 19) 
To 50 mg of 18b was added 5 mL of 20% KOH. The reaction 

mixture was refluxed overnight. It was cooled to room temperature 
and a solution of 1 N HCI was added until the solution became acidic. 
The mixture was extracted with ether. The ether extract was dried with 
MgS04, filtered, and then concentrated to give 27 mg of 21. Com- 
pound 21 had mp 126- 127°C (lit. (19) mp 126- 127°C); ir (CHCI,): 
3600, 1610, 1590, 1120 cm-'; 'H nrnr (CDCI,): 2.30 (s, 3H), 
3.03-3.20 (m, 4H), 3.78-3.95 (m, 4H), 6.17-6.30 (m, 3H). 

Decarboxylation of 20b 
The reaction was carried out under identical conditions as used for 

the decarboxylation of 18b. A quantity of 30 mg of 21 was obtained. 
It is identical in all respects with the compound obtained from the 
decarboxylation of 18b. 

Ethyl 2-methyl-4-pyrrolidino-6-hydroxybel~zoat (27) 
To a mixture of 241 mg of 7 a  (1 mmol) and 199 mg of 26 (1 mmol) 

in 5 mL of CH,CI2 was added 1 mmol of titanium tetrachloride under 
N2 at -78°C. The reaction mixture was stirred for 6 hat -78OC, then 
overnight at room temperature. Saturated sodium carbonate solution 
was added until the mixture became basic. The mixture was extracted 
with ether. The ether extract was dried with MgSO.,, filtered, and the 
filtrate was concentrated to give a yellow solid, which was purified by 
flash chromatography (ether-hexane, 1 : 1). A quantity of 162 mg of 
27, mp 83-84"C, was obtained. The yield was 65%; ir (KBr): 3400, 
1635, 1310 cm-'; 'H nrnr (CDCI,): 1.37 (t, 3H, J = 7 Hz), 
1.83-2.07 (m, 4H), 2.50 (s, 3H), 3.17-3.40 (m, 4H), 4.33 (q, 2H, 
J = 7 Hz), 5.90 (s, 2H), 11.90 (s, 1H); ms, m/z (rel. intensity): 249 
(M', 94), 204 (80), 203 (loo), 175 (76), 147 (75). Exact Mass calcd. 
for C1,HI9NO3: 249.136; found: 249.134. 

7-Hydroxy-9-pyrrolidino-[4]-ortho-cyclophe (29) 
To a mixture of 241 mg of 7 a  ( I  mmol) and 167 mg of 28 (1 mmol) 

in 25 mL of CH?C12 was added 228 mg of trifluoroacetic acid at O°C. 
'The reaction mixture was stirred for 1 h at O°C, then refluxed for 24 
h. The reaction mixture was diluted with 50 mL of ether and washed 
with saturated sodium bicarbonate. The organic phase was dried with 
MgSO,, filtered, and then concentrated with a rotary evaporator to 
give a yellowish solid, which was purified by flash chromatography 
(eluted with ethyl acetate - hexane I :  1) to give 136 mg of 29, mp 
157-159°C. The yield of 29 was 63%; ir (KBr): 3400, 1620, 1580 
c m - ~ .  , 1 H nmr (CDCI,): 1.67-2.20 (m, 8H), 2.40-2.83 (m, 4H), 

4.60 (b, IH), 5.97 (s, 2H); ms, m/z (rel. intensity): 217 (M+, 100), 
216 (99), 189 (53 ,  161 (40). Anal. calcd.: C 77.42, H 8.76; found: 
C 77.48, H 8.64%. 

7-Pyrrolidino-9-hydroxy-[3]-ortho-cyclophane 
To a mixture of 241 mg of 7 a  (1  mmol) and 153 mg of I-mor- 

pholinocyclopentene (1 mmol) in 25 mL of 1,2-dichloroethane was 
added 228 mg of TFA (2 mmol) at O°C. The reaction mixture was 
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stirred for 1 h at O°C and then refluxed for 24 h. The mixture was 
diluted with 50 mL of ether, and washed with saturated sodium bicar- 
bonate solution. The organic layer was dried over MgSO, and filtered. 
The filtrate was concentrated to give a yellow solid, which was puri- 
fied by flash chromatography (eluted with petroleum ether - ethyl 
acetate, 5: 1) to give 7-pyrrolidino-9-hydroxy-[3]-ortho-cyclophane, 
mp 166- 168"C, in 64% yield; ir (KBr): 3310, 1630, 1600, 1580 
cm-'; 'H nrnr (CDCI,): 1.90-2.20 (m, 6H), 2.80 (t, 2H), 2.93 (t, 
2H), 3.17-3.37 (m, 4H), 5.92 (d, IH, J = 2 Hz), 6.13 (d, IH, 
J = 2 Hz); ms, tn/z (rel. intensity): 203 (M', 88), 202 (loo), 174 
(21), 147 (32), 133 (22). 

9-Pyrrolidino-I 1 -hydroxy-[5]-ortho-cyc/ophane 
The reaction was performed in the same manner as the reaction 

between 7 a  and I-rnorpholinocyclopentene. 9-Pyrrolidino-l l-hy- 
droxy-[5]-ortho-cyclophane, mp 149- 150°C, was obtained in 59% 
yield; ir (KBr): 3400, 1610, 1570, 1500 cm-I; 'H nmr (CDCI,): 
1.53-2.12(m, IOH),2.67-2.87(m,4H),4.80(b, lH),5.88(d, lH, 
3 = 2 Hz), 6.05 (d, IH, J = 2 Hz); rns, m/z (rel. intensity): 231 (M+, 
IOO), 230 (82), 203 (23), 202 (44). 

IO-Pyrrolidino-l2-hydroxy-[6]-ortho-cyclophane 
The reaction of 7a with 1-morpholinocyclooctene was performed in 

the same manner as the reaction between 7a and I-morpholino- 
cyclopentene. 10-Pyrrolidino-12-hydroxy-[6]-ortho-cyclophane, mp 
157- 159"C, was obtained in 67% yield; ir (KBr): 3400, 1610, 1570 
cm-I; 'H nmr (CDCI,): 1.47 (b, 8H), 1.87-2.08 (m, 4H), 2.63-2.83 
(m, 4H), 4.73 (s, l H), 6.00 (AB quartet, 2H, 3 = 2 Hz); ms, m/z (rel. 
intensity): 245 (M+, loo), 244 (53 ,  217 (41), 202 (67). Anal. calcd.: 
C 78.37, H 9.37; found: C 78.30, H 9.5 1%. 

Methyl 3-morpholino4-cyclohexylidenecrotonate (30) 
The reaction of 7b with 28 was performed in the same manner as 

the reaction between 7a and 28. Compound 30 was isolated in 52% 
yield; ir (CHC13): 1685, 1560, 1145 crn-'; 'H nrnr (CDCI?): 1.57 (b, 
6H), 2.00-2.40 (m, 4H), 3.25-3.45 (rn, 4H), 2.63-3.83 (m, 4H), 
3.65 (s, 3H), 4.83 (s, IH), 5.83 (s, 1H); ms, tn/z (rel. intensity): 265 
(M+, 60), 234 (25), 222 (69), 206 (67), 122 (100). 

2.4,5-Trimethyl-3-morpholinophenol (32) 
To a mixture of 241 mg of 7 a  (I mmol) and 310 mg of 31 (2 mmol) 

in 25 mL of 1,2-dichloroethane was added 342 mg of TFA (3 rnrnol) 
at 0°C. The reaction mixture was stirred for I h at O°C, then refluxed 
for 48 h. It was allowed to cool to room temperature and was diluted 
with 50 rnL of ether. The solution was washed with saturated sodium 
bicarbonate solution. The organic phase was dried with MgSO, and 
filtered. The filtrate was concentrated to give a brown oil, which was 
purified by flash chromatography (eluted with hexane - ethyl acetate, 
2: 1) to give 92 mg of 32, mp 163- 164"C, plus 54 mg of 18a. The 
yield for 32 was 41%; ir of 32 (KBr): 3300, 1600, 1585, 1 100 cm-'; 
'H nrnr of 32 (CDCI,): 2.20 (s, 6H), 2.23 (s, 3H), 3.03-3.18 (m, 
4H), 3.73-3.88 (m, 4H), 4.83 (s, IH), 6.50 (s, 1 H); ms, m/z (rel. 
intensity): 221 (M+, 91), 220 ( 5 3 ,  206 (32), 176 (63), 163 (100). 
Anal. calcd.: C 70.59, H 8.60; found: C 70.68, H 8.77%. 

Reaction of 7a with 31 in the presence of titanium tetrachloride 
To a mixture of 241 mg of 7a ( 1  mmol) and 3 I0 mg of 31 (2 mmol) 

in 10 mL of CH2C12 was added 0.17 mL of TiCI, (1.5 mmol), at 
-23°C under N2. The reaction mixture was stirred for 3 h at -23°C 
and then overnight at room temperature. Concentrated sodium carbon- 
ate solution was added to the mixture. It was then extracted with ether. 
The organic layer was dried with MgSO, and filtered. The filtrate was 
concentrated by rotary evaporator to give a brown oil, which was 
purified by flash chromatography to give 32 in 38% yield. A quantity 
of 62 mg of self-condensation product of 7 a  was also isolated. 

2,4,5-Tritnethyl-3-pyrrolidinophenol 
The reaction of 7a and 34 was performed under the same conditions 

as the reaction of 7a with 31 in the presence of TFA. 2,4,5-Trimethyl- 

3-pyrrolidinophenol was obtained in 42% yield; ir (CHCI,): 3600, 
1580, 1460, 1070 cm-'; 'H nmr (CDCI,): 1.93-2.13 (m, 4H), 2.13 
(s, 3H), 2.16(s,3H), 2.22(s, 3H),3.lO-3.30(rn,4H),4.48(~, IH), 
6.50 (s, IH); ms, m/z (rel. intensity): 205 (M+, 99), 204 (loo), 190 
(58), 176 (66), 162 (70). 

5-Methy1-2,4-diethyl-3-tnorpholinopheml 
The reaction of 7 a  with 33 was performed under the same condition 

as the reaction of 7a with 31 in the presence of TFA. 5-Methyl-2,4- 
diethyl-3-morpholinophenol, mp 185- 187"C, was obtained in 37% 
yield; ir (KBr): 3260, 1590, 1410, 1 100 cm-I; 'H nrnr (CDCI,): 1.15 
(t, 3H, J = 7 Hz), 1.23 (t, 3H, J = 7 Hz), 2.28 (s, 3H), 2.73 (q, 2H, 
3 = 7 Hz), 2.77 (t, 2H, 3 = 7 Hz), 3.13-3.30(m, 4H), 3.77-3.93 
(m, 4H), 4.83 (s, lH), 6.53 (s, IH); ms, m/z(rel. intensity): 249 (M', 
9 3 ,  234 (20), 220 (66), 170 (100). Anal. calcd.: C 72.29, H 9.24; 
found: C 72.20, H 9.17%. 

5-Methyl-2,4-diethyl-3-pyrrolidinophenol 
The reaction of 7a with 35 was performed in the same manner as 

the reaction between 7a and 31 in the presence of TFA. 5-Methyl- 
2,4-diethyl-3-pyrrolidinophenol was obtained in 36% yield; ir 
(CHCI,): 3600, 1580, 1255, 1085 cm-I; 'H nmr (CDCI,): 1.13 (t, 3H, 
J = 7 Hz), 1.23 (t, 3H, J = 7 Hz), 1.93-3.12 (m, 4H), 2.28 (s, 3H), 
2.63 (q, 4H, J = 7 Hz), 3.13-3.33 (m, 4H), 6.50 (s, I H); ms, m/z 
(rel. intensity): 233 (M', loo), 232 (73), 218 ( 9 9 , 2 0 4  (87), 160 (3 1). 
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Kinetic mechanism of copper(I1) transfer between the native sequence peptide 
representing the copper(I1)-transport site of human serum albumin and L-histidine 
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MASAAKI TABATA and BIBUDHENDRA SARKAR. Can. J .  Chem. 63, 31 11 (1985). 
The kinetics for Cu(l1)-transfer reaction of the native sequence tripeptide, L-aspartyl-L-alanyl-L-histidine-N-methyl amide 

(AAHNMA), representing the Cu(1l)-transport site of human serum albumin (HSA), and L-histidine @-His) was studied in the 
forward and reverse reactions in a pH range 6.5- 10.0 at I = 0.2 and 25". For the Cu(l1)-transfer from Cu(ll)- his^ to native 
sequence peptide, the rate-determining step is a bond formation between Cu(1l) and peptide nitrogen to form CuH-,AB from 
CuAB by deprotonation of peptide nitrogen atom, where A and B denote the anionic forms of AAHNMA and L-His, 
respectively. For the Cu(l1)-transfer reaction from Cu(1l)-peptide to L-His, the rate-determining step is a bond breaking 
between Cu(ll) and peptide nitrogen to form CuAB from CuH- ,AB by protonation to a peptide nitrogen. The effect of carboxyl 
group of aspartyl residue in the native sequence peptide on the kinetic and equilibrium constants are discussed. 

MASAAKI TABATA et BIBUDHENDRA SARKAR. Can. J .  Chem. 63, 311 1 (1985). 
Operant B 25"C, dans un intervalle de pH allant de 6.5 a 10.0 et avec une force I = 0.2, on a Ctudie la cinttique des reactions 

directe et inverse de transfert de Cu(l1) de la L-histidine (L-His) au tripeptide naturel, L-aspartyl-L-alanyl-L-histidine- 
N-mithylamide (AAHNMA) qui represente le sikge du transport de Cu(ll) dans I'albumine du serum humain (ASH). Dans la 
reaction de transfert de Cu(1I) du Cu(l1)- his? au peptide de la sequence naturelle, 1'Ctape dkterminante est la formation d'une 
liaison entre le Cu(l1) et I'azote du peptide pour former du CuH- ,AB partir de CuAB par deprontonation de I'azote du peptide; 
dans ces formules, A et B representent respectivement les formes anioniques de AAHNMA et de la L-His. Pour la reaction 
de transfert du Cu(l1) du Cu(l1)-peptide B la L-His, I'Ctape dtterminante est la rupture de la liaison entre le Cu(11) et I'azote 
du peptide pour conduire B CuAB B partir de CuH-,AB, par protonation d'un azote du peptide. On discute de I'effet du 
groupement carboxylique de ]'unite aspartyle du peptide naturel sur la cinCtique et sur les constantes d'equilibre. 

[Traduit par le journal] 

Introduction 
The  synthesis of the native sequence peptide, L-aspartyl-L- 

alanyl-L-histidine-N-methyl amide (AAHNMA) representing 
the actual Cu(I1)-transport site of human serum albumin (HSA) 
has been reported previously ( I ,  2). The  peptide binds Cu(I1) 
in the same manner as  does albumin (3, 4). This small peptide 
molecule permits studies which often cannot be applied to large 
protein molecules. These molecules possess extensive proton 
binding sites which give rise to ambiguities in elucidating the 
role of protons. It is considered that protonation or  de- 
protonation step has important relevance in the Cu(I1)-transfer 
mechanism. 

The  equilibrium and spectroscopic studies of the ternary 
system: Cu(II), the native sequence tripeptide and L-histidine 
(L-His) show the formation of mixed ligand complexes, 
CuH-,AB and CuAB (where A and B denote the anionic forms 
of AAHNMA and L-His, respectively) at physiological pH (5). 
Furthermore, the equilibrium study reveals that the native se- 
quence which possesses a side chain carboxyl group decreases 
the stability constants of the mixed ligand complexes compared 
to those of glycylglycyl-L-histidine (GGH) (6). W e  wish to 
report in this paper a kinetic study of the Cu(I1)-transfer reac- 
tion between the native sequence peptide representing the 
Cu(I1)-transport site of HSA and L-His. The aim of this study 
is to elucidate which step is rate-determining in the 
Cu(I1)-transfer reaction and what role the mixed ligand com- 
plexes play in the kinetics of the Cu(I1)-transfer mechanism. 

I Present address: Department of Chemistry, Faculty of Science and 
Engineering, Saga University, 1 Hinjo-machi, Saga, 840 Japan. 

T o  whom correspondence should be addressed. 

Experimental 
Materia1.s 

The peptide, L-aspartyl-L-alanyl-L-histidine-N-methyl amide, was 
synthesized as described previously (I) .  L-Histidine-monohydro- 
chloride ([a]: + 10.0 t- 0.5) was obtained from Nutritional Biochem- 
icals (Cleveland, OH). The purity of the peptide and the amino acid 
was checked by thin layer chromatography. All other reagents were of 
analytical grade. 

Kinetic experimerlt.~ 
The Cu(l1)-transfer reactions between AAHNMA and L-His were 

studied under pseudo-first order conditions. The faster reaction ob- 
served by mixing Cu(l1)- his^ with AAHNMA, was carried out on 
a Durrum-Gibson stopped-flow spectrophotometer at 25OC. The 
slower reaction, observed by mixing Cu(ll)-AAHNMA with L-His, 
was carried out on a Beckman ACTA MVI spectrophotometer at 25OC. 
The change of absorbance was followed at both 640 nm (A,,,,,, of 
Cu(1l)- his?) and 525 nm (A,,,,, of Cu(l1)-AAHNMA). The values 
of the rate constants obtained were independent of the monitoring 
wave length. In all cases excellent first-order plots were obtained. The 
pH variation experiments were carried out by adjusting the pH of the 
N-ethylmorpholin-HCI buffer (0.1 M ) .  At high pH (-9), L-His in 
large excess acted as its own buffer (pK,, = 9.11). All experiments 
were carried out at 25.0 t- O.I°C and I = 0.2. Ionic strength was 
adjusted by sodium chloride and buffer. 

Results 
Reaction of Cu(I1)- his? with AAHNMA 

The reaction of Cu(I1)-L-His with AAHNMA to form 
CuH-?A foIlowed the first-order kinetic expression in eq. [ I ]  
under the large excess of CuBz compared to AAHNMA: 

where kobs is the conditional rate constant involving concen- 
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FIG. 1 .  Dependence of k,,,, on L-histidine concentration for the 
reaction of Cu(l1)-L-HIS, complex wlth the AAHNMA at 2j°C. C,.,, 
= 3.90 x lO-'M; CA,-.HNM,\ = 3.00 X 10 ' M ;  pH = 7.50. AAHN- 
MA = L-aspartyl-L-alanyl-L-hlstldine-N-methyl amlde. 

tration of hydrogen ion, Cu(I1) and L-His. CuH-?A is a 
Cu(1I)-complex having two deprotonated peptide nitrogens and 
[A], is the total concentration of AAHNMA. The Cu(I1)- 
transfer reaction from Cu(I1)- his? to AAHNMA was in- 
vestigated from pH 6.5 to 10.0 in the various concentrations of 
L-His. The conditional rate constant (k<rh,) is first-order in the 
concentration of CUB?. Figure I shows the L-His dependence of 
conditional rate constant for the reaction of Cu(I1)-L-His-, with 
peptide. The rate constant decreases as the concentration of 
L-His increased. The slope in Fig. I is - 1 and suggests that one 
molecule of L-His dissociates from CUB? before the rate- 
determining step as follows: 

The dependence of kc,,, upon pH is given in Fig. 2. Pro- 
ceeding from pH 6.5 to 10.0, the slope increases and levels off, 
then again increases in higher pH region. 

From the equilibrium study, the chemical species of Cu(I1) 
under the present experimental conditions are CUB?, CUE--,A, 
CuAB, and CuH-,AB. The reaction mechanism proposed to 
account for the observed L-His dependence and pH dependence 
of rate constants is given in reactions [3]- [7]. 

[4] CUB + A CuAB; K2 

kl 
[j] CuAB G CuH-,AB + H +  

k- ,  
kz 

[6] CuAB + OH- = CuH-,AB 
k..a 

Since the rate of the reaction of Cu(I1)-L-His, with AAHNMA 

decreases with increasing L-His concentration (Fig. I) ,  AAHN- 
MA cannot react directly with Cu(I1)- his, but it reacts with 
the 1 : 1 Cu(I1)-L-His complex. It is followed by the formation 
of the mixed ligand complex CuAB in which peptide binds 
through amino nitrogen and peptide oxygen atoms (A,,,;,, of 
CuAB 595 nm; c ,,,;,, = 97 M-I cn1C1). 

Hydroxide ion assists the deprotonation of peptide to form 
CuH-,AB (reaction [6]). The solvent-assisted deprotonation 
path is shown in reaction [5]. CuH-,AB is the main mixed 
ligand complex at physiological pH. By assuming steady-state 
concentrations of CUH-,AB, the above mechanism yields the 
rate law for the formation of CuH-,A as given in eqs. [8] and 
[91. 

k?ki [OH-] + kl ki 
PI k,h, = ( 

k-, [H ' ] + k-? + k? 

where Kl and K2 are equilibrium constants of reactions [3] and 
[4], respectively. a,,,lll and a,,,, are protonation-reaction coef- 
ficients of A and B, respectively, and defined as follows (7): 

[I01 a,,,,1,, = 1 + P(ll,"[H' I + PO1?OIHil? + P"13"lH'13 

Values for and were calculated from eqs. [I01 and 
[I  I]  by using the following P values (1, 8): 

The hydroxide ion assisted pathway is predominant above pH 
9.0. As the term k-, [Hi ]  << k2 + k3 at higher pH, the plots of 

~ A ~ I I )  [BIT ) vs. [OH] 
~ B ~ I I ) K I  K2 [CUB?IT 

gives a straight line with an intercept. 
Kinetic parameters of k2k3/(k-? + k3) and kl k3/(k-, + k3) 

were calculated from the slope and the intercept. The value of 
k2/kl is 1.50 X 106 M-I. At lower pH, k2k310H-] is much 
smaller than k, k3 to be negligible. The values of k-,/kl k, and 
(k-, + k3)/kl k, are obtained as a slope and an intercept of plots 
of 

The value of k-,/k, k, is 3.80 X lo7 M-I S. By using the value 
of k,/k-, = M which is determined by equilibrium 
study, the values of k, = 0.107 s-I. The curve in Fig. 2 was 
calculated from eq. [9] and above values. 

Reaction of Cu(11)-AAHNMA with L-His 
Rate of Cu(I1)-transfer reaction from Cu(l1)-peptide to 

L-His is slower than that from Cu(I1)- his? to peptide. The 
reaction of Cu(I1)-AAHNMA with L-His to form CUB? follow- 
ed the first-order kinetic expression in eq. [ 121 under the large 
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TABATA AND SARKAR: I 31 13 

FIG. 2. Dependcnce of k,,,,, on pH for thc reaction of Cu(II)-L-His, 
complex with AAHNMA at 25°C. CC,, = 3.90 x M; Cn,\,lNMA 
= 3.00 X lO-'M; C , , ,  = l .OO X 10- 'M. AAHNMA = L-aspartyl-L- 
alanyl-L-histidine-N-methyl amide. 

FIG. 3. Dependence of k,,,, on L-h~stidine concentration for the 
reaction of C U H - ~ A  coniplex with L-h~stidine at 25'C. (a)  Cc, = 6.09 
X IO-'M,C, = 6.09 X ~ O - ' M ,  pH = 7.00; (b)Cc,, = 1.22 X lo-' 
M , C , =  1.22X 1 O - ~ M , p H = 7 . 7 0 ; ( c ) C ~ , , = 2 . 4 4 X  10-'M,C,, 
= 2.44 x lo-' M, pH = 8.50. A = L-aspartyl-L-alanyl-L-histidine- 
N-methyl amide. 

excess of L-His compared to Cu(I1)-AAHNMA: 

where kubs is the conditional rate constant which is dependent on 

FIG. 4. Dependcnce of k,,,,, on pH for thc rcaction of Cu(H-?A) 
complex with L-histidinc at 25'C. CC,, = 2.44 x IO-"M; C,\ = 2.44 
X lo-' M; Ctl,, = 5.63 X 10 -' M. A = L-aspartyl-L-alanyl-L- 
histidine-N-methyl amide. 

the concentrations of  hydrogen ion and L-His. Main chemical 
species of Cu(I1)bpeptide is CuH-?A in a pH range from 5 to 
10. Figure 3 shows the effect of L-His concentration on the rate 
constant. The rate constant is first-order with respect to L-His. 
The dependence of k,,,,, on L-His becomes smaller at higher pH. 
Thus, the nucleophilic attack of L-His is characterized. At 
lower pH, there is  a reaction pathway which is independent of  
L-His (Fig. 3 a ) .  'The dependence of k,,, on pH is shown in Fig. 
4 .  The observed rate constant decreases with the increasing p H  
and then levels off at higher pH. 

The reaction mechanism proposed to account for the ob- 
served L-His dependence and pH dependence of rate constants 
is given in eqs. 1131-[16]: 

k rapid. B 
[I41 CuH-,AB + H' 2 CuAB - CUB? + A 

rapid. B . H 7  - CUB, (final product) + HA 

rapid. B.H ' - CUB? (final product) + A 

As the main chemical species of L-His is HB at physiological 
pH,  HB attacks Cu(l1)-peptide to form Cu-]AB (A,,;,, 530 nm; 
E = 90 M - '  cm-I). In the next step, proton attacks the peptide 
nitrogen of CuH-,AB to break a bonding between peptide 
nitrogen and Cu(II), eq. [14]). 

By assuming a steady-state of CuH-,AB, the above mech- 
anism yields the following rate equation for the formation of  
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FIG. 5. Proposed reaction mechanism for the copper(I1)-transfer involving Cu(II), L-aspartyl-L-alanyl-L-histidine-N-methyl amide (A) and 
L-histidine (B). I, CuB2; 11, CUB; 111, CuAB; IV, CuH-,AB; V, CUH-~A. 

CuBz as given by eq. [17]: 

A plot of log kuhs against pH is shown in Fig. 4b. As pH 
increases from 6.5 to 8.5, the slope of the plot is - 1, and then 
becomes less negative and levels off at high pH since L-His is 
converted to its free base form (pK, = 9.11). Thus the rate eq. 
[17] is reduced to: 

'The predominant contribution to the rate at a pH lower than 8.5 
is a proton and a protonated L-His pathway (eqs. [13]-[15]), 
and at higher pH it is a deprotonated L-His pathway (eq. [16]). 

The values of k4k5/k-,, k6 and k7 are 6.16 X lo6 M-' s- ' ,  
2.06 X lo4 M- '  s-I, and 1.25 X lo-' M-' s-I, respectively. 

Discussion 
The physiological significance of the mixed ligand complex, 

albumin-Cu(I1)-L-His in the biological transport of Cu(I1) has 
been postulated earlier (9, 10). The preceeding equilibrium 
study of the ternary system containing the native sequence 
tripeptide (AAHNMA), Cu(I1) and L-His indicates the presence 
of mixed ligand complexes (13% CuH-,AB and 3% CuAB) in 
addition to several binary species at physiological pH (5). The 
present kinetic investigation of the AAHNMA-Cu(I1)-L-His 
ternary system shows the importance of the formation of mixed 
ligand complexes for the Cu(I1)-transfer reaction (see Schemes 

1 and 2), although the amounts of mixed ligand complexes 
formed are low. The combined results of the equilibrium and 
the kinetic studies demonstrate the mechanism and rate- 
controlling role played by the mixed ligand complexes in the 
Cu(I1)-transfer reaction. A reaction scheme is derived in Fig. 5 
taking into account the kinetic effect of pH, L-His, 
Cu(I1)-L-His,, and the distribution of chemical species in the 
ternary system. In this scheme, two mixed ligand complexes 
(CuH-,AB, CuAB) are considered at physiological pH. In the 
Cu(I1)-transfer from Cu(I1)-L-His? to Cu(I1)-AAHNMA, first 
step is the fast dissociation of one L-His molecule from 
Cu(l1)-L-His (I) to form 1 : 1 Cu(I1)-L-His complex (11). Two 
water molecules at equatorial position of I : 1 CU-(11)-L- is are 
substituted by the a-NH2 nitrogen and the peptide oxygen of 
AAHNMA as anchoring points to form the mixed ligand com- 
plex (111) (CuAB, A,,,, 595 nm). This is followed by de- 
protonation of the peptide nitrogen to form another mixed li- 
gand complex (IV) CuH-,AB, A,,,, = 530 nm). Once the 
mixed ligand complex (IV) is formed, the displacement of 
amino and imidazole nitrogen atoms of L-His by the peptide 
nitrogen and imidazole nitrogen of AAHNMA would seem to 
be much more facilitated due to increased stability constant of 
tripeptide having a histidine residue (1 1). In the reverse reac- 
tion, the same rationale is also suggested. There is a nucleo- 
philic attack of protonated L-His assisted by a proton to form 
mixed ligand complex CuH-,AB. The mixed ligand complex 
CUH-,AB is protonated at peptide nitrogen to form anither 
mixed ligand complex (CuAB), followed by the formation of 
Cu(1I)-L-His. 

From the kinetic data, the rate-controlling phenomenon can 
be determined at physiological pH. For the Cu(I1)-transfer from 
Cu(I1)-L-His, to native sequence peptide, the rate-determining 
step is a bond formation betweenCu(I1) and peptide nitrogen 
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TABLE 1. Rate and equilibrium constants for the reactions of Cu(H->A) with L-histidine at 25OC 
(A = tripeptide; B = L-histidine) 

Constants 

No. Rate and equilibrium equations AAHNMA GGH 

I K = [CU'+][A]/[CUH-~A][H+]' 3.55 M - '  t 8.32 x 10' M - '  1 1  
2 K = (CUH-,AB]/[CUH_~A][HB] 1.49 x 1 0 z M ' $  7.85 x I 0  M- '  (1 
3 K [CUH-~AB]/(CUH-~A][B] 1.80 x f 4.16 x 10" M-' (1 
4* Rate = ~[H+](HB:I[CUH-~A] 6.16 x 10" M--' S - '  a 4 x loH M-? s - . ' ~  
5" Rate = k[H+][CuH -'A] 2.06 x lo4 M-'  s - - '  3 1.8 x I @  M-'  s- '  11 
6" Rate = ~[B:I[CUH-~A] 1.25 x lo-' M - '  s - - ' a  3 x lo-' M-' s - ' 8  

"Rate = -d[CuH-,A]/dt = d[CuB>]/dt. 
? Reference I .  
$ Reference 5.  
5 This work. 
I( Reference 6. 
%Reference 12. 

log k or log K for Cu(I1)-AAHNMA 

FIG. 6. Comparison of the reactivities and equilibrium constants of 
Cu(l1)-GGH complex with those of Cu(11)- AAHNMA complex. 
(Refer to Table I for explanations of the numerical figures.) GGH = 
glycylglycyl-L-histidine, AAHNMA = L-aspartyl-L-alanyl-L-histi- 
dine-N-methyl amide. 

to form CuH-,AB from CuAB by deprotonation of peptide 
nitrogen. For the Cu(1I)-transfer from Cu(I1)-peptide to L-His, 
the rate-determining step is a bond breaking between Cu(1I) and 
peptide nitrogen to form CuAB from CuH-,AB by protonation 
to a peptide nitrogen. In both reactions, rate-determining step 
is a structural change of mixed ligand complex by protonation 
or deprotonation of peptide nitrogen. 

It is interesting to compare the difference in Cu(I1)-transfer 
reaction of peptides having different amino acid sequences. 
The carboxyl group of aspartyl residue of AAHNMA is bound 
to Cu(1I) at its apical position in addition to the four nitrogen 
atoms in the square-plane forming a pentacoordinated structure 
(4, 12, 13). The ligand exchange reaction of Cu(I1)-GGH 
complex has been reported earlier (14). The rate and equi- 

librium constants of reactions involving AAHNMA and GGH 
are shown in Table I. The rate constants of the proton assisted 
nucleophilic pathway for the Cu(I1)-AAHNMA complex is a 
factor of 65 times slower than for Cu(I1)-GGH complex. Sim- 
ilar decreased rate constants in Cu(I1)-AAHNMA are found 
for the nucleophilic attack pathway which is independent of 
L-His. Figure 6 shows a linear free energy relationship (15) 
between Cu(I1)-AAHNMA and Cu(I1)-GGH. 'The slope of 
the straight line is unity and the intercept is 1.4 (log value). 
This figure suggests that, in the Cu(1I)-transfer reaction from 
Cu(I1)-peptide to L-His, both peptides go through a similar 
activated complex in the process of bond breaking between 
Cu(I1) and peptide. Carboxyl group of aspartyl residue in 
AAHNMA which coordinates to Cu(I1) in an apical position (4) 
decreases the formation of mixed ligand complexes and makes 
the Cu(I1)-transfer reaction from peptide to L-His difficuIt. 
Copper (11)-transfer reaction from peptide to L-His is dependent 
on the nature of the peptide. Hence, one shouId study the native 
sequence Cu(l1)-transport site in order to delineate the kinetic 
mechanism of Cu(I1)-transfer reaction involving albumin and 
L-His. The present finding suggests that the mixed ligand com- 
plexes formed by protonation or deprotonation are both kinet- 
ically and thermodynamically important intermediates in the 
Cu(I1)-transfer reaction between albumin and L-histidine. 
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Equilibrium and spectroscopic studies of the ternary system: L-histidine, 
copper(II), and the native sequence peptide representing the copper(I1)-transport 

site of human serum albumin 
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Rcccivcd January 28. 1985 

MASAAKI TABATA and BIBUD~IENI>RA SARKAR. Can. J. Chcm. 63, 3 117 (1985) 
Ecluilibrium and spectroscopic studies of Cu(l1)-transfer of native scclucncc tripcptidc. L-aspartyl-L-alanyl-L-histidinc- 

N-methyl amidc (AAHNMA), rcprescnting thc Cu(l1)-transport site of human scrum albumin (HSA), and L-histidinc (L-His) 
arc rcportcd. Thc ccluilibria in thc tcrnary systcm. M-A-B (M = Cu(1l). A = anionic form of AAHNMA. and B = anionic 
form of L-His) have bccn invcstigatcd by analytical potcntiomctry in I = 0.2 [(NaL,H ') (CI . O H ) ]  at 25°C. Thc tcrnary 
systcm shows thc prcscncc of five mixed ligand complexes: MH2AB. MHAB. IMAB, MH..,AB. and MH ?AB. Thc spccics 
distribution and thcir stability constants wcrc cvaluatcd by thc mathematical analysis of thc potcntiomctric data. Thc spccics 
wcrc further confirmed by their individual spectra computcd from the absorption mcasurcmcnts. At physiological pH. thc 
equilibrium studies reveal thc prcscncc of 13% of MH . ,AB (A,,,;,, = 530 nm. E = 90 M ' e m '  I )  and 3% MAB (A,,,;,, = 595 
nm. E = 97 M I cm I). Thc combined results of equilibrium and spectroscopic studies indicate thc mixcd ligand complcx 
CuH - , A B  formed by dcprotonation of pcptidc nitrogen as an important intcrmcdiatc in thc Cu(l1)-transfer reaction. 'Thc 
stability constant of CuH- ,AB is comparcd to thosc of other tripcptidcs which wcrc dcsigncd to mimic thc specific 
Cu(l1)-transport site of human albumin. 

MASAAKI TABATA et BIBUDHENDRA SARKAR.  Can. J. Chern. 63, 31 17 (1985). 
On rapportc dcs dtudcs spcctroscopiqucs et d'kquilibrc rclativcs iI la rbaction dc transfcrt ciu Cu(1l) du tripcptide nature1 

L-aspartyl-L-alanyl-L-histidinc-N-mCthylmdc (AAHNMA). clui cst Ic siege du transport du Cu(l1) dans I'albuminc du serum 
hurnain (ASH), i la L-histidinc (L-His). Opdrant 3 25°C. avcc I = 0,2 [ (Na t ,H+)  ( C I d . O H ) ]  ct faisant appcl B la potcntiomCtric 
analytiquc, on a CtudiC I'Cquilibrc du systkmc tcrnairc M-A-B dans Icqucl M = Cu(II), A = formc anioniquc du AAHNMA 
ct B = formc anicniquc dc la L-His. LC systcmc tcrnairc rbvclc la prdscncc dc cincl lig:inds complcxcs rnixtcs, soit MH,AB, 
MHAB, MAB, MH ' A B  ct MH , A B .  On a dvalud la distribution dcs cspcccs ct lcur constantc dc stabilitd cn faisant appcl 
iI unc analysc mathkrnatiquc dcs donnCcs potcntiomdtriqucs. Lcs spcctrcs individucls calculds i partir dcs mcsurcs d'absorption 
confirmcnt I'cxistcncc dc ccs cspcccs. Lcs dtudcs d'iquilibrc :I pH physiologiquc rdvklcnt la prcscncc dc 13% de MH ,AB 
(A,,,:,, = 538 nm. E = 90 M ' cm- ' )  ct dc 3% dc MAB (A,,,,, = 595 nm. E = 97 M I ern I). Lcs rksultats cornbinds dcs dtudcs 
(I'Ccluilibrc ct spcctroscopiqucs intliqucnt quc lc cornplcxc dc ligand rnixtc CUH-,AB,  form6 par la ddprotonation dc I'azote 
du pcptitlc, cst un intcrrndcliairc iriiportant dans la rdaction dc transfcrt dc Cu(11). On a compare la constantc dc stabilitd du 
CUH- ,AB iI ccllcs dcs autrcs tripcptidcs clui ont dtk prdpards pour rcproduirc Ic site spkcifiquc du transport dc Cu(1l) dans 
I'alburninc hurnainc. 

[Traduit par Ic journal] 

Introduction 
Copper is an essential trace element which plays an im- 

portant role in many biological systems ( I ) .  The major portion 
of copper (90-95%) in mammalian plasma is in the form of 
ceruloplasn~in which is not exchangeable it7 ~ i v o  (2). However, 
the remainder (5- 10%) is bound to albumin and amino acids 
which are in rapid equilibrium with copper in tissues (3). Se- 
rum albumin is the major Cu(l1)-transport protein and 
L-histidine (L-His) is the main Cu(l1)-binding amino acid in 
blood (4-6). At physiological pH and concentrations, there is 
an equilibrium between albumin-Cu(I1) and L-His-Cu(I1) 
through a ternary complex, albumin-Cu(I1)-L-His (7). It has 
been proposed that the ternary complex plays an important role 
as an intermediate in the transfer of Cu(I1) from albumin to an 
amino acid and the Cu(l1) - amino acid complex in turn is 
readily transported across the biological membrane (7). 

Earlier studies led to the proposal that the Cu(I1)-binding site 
of albumin involves the a-amino n~trogen, two peptide nitro- 
gens and one imidazole nitrogen (8- 10). Subsequent studies 
in this laboratory with synthetic peptides, glycylglycyl- 

' Prcscnt address: Dcpartmcnt of Chemistry. Faculty of Scicncc and 
Engineering, Saga Univcrsity. I Honjo-machi Saga, 840 Japan. 

'To whom corrcspondcncc should bc addrcsscd. 

I>-histidine (GGH) and glycylglycyl-L-histidine-N-methyl 
amide (GGHNMA) revealed very similar Cu(I1)-binding prop- 
erties with those of albumin-Cu(ll) complex (1 1- 16). How- 
ever, the studies with NH2-terminal native sequence tripeptide, 
L-aspartyl-L-alanyl-L-histidine-N-methyl amide (AAHNMA) 
showed that the native sequence peptide reseinbled closer to 
albumin as far as their Cu(ll)-binding affinity and dissociation 
are concerned (17). The latest results of Cu(l1)-binding to 
AAHNMA by "C-nmr experiments suggest that, in addition to 
the four nitrogen ligands in a square-planar coordination as 
suggested before, there is the involvement of the side chain 
carboxyl group of aspartyl residue forming a pentacoordinated 
structure (18). This structure is confirmed by further studies of 
the Cu(11)-binding to the NHz-terminal 24-residue fragment of 
human serum albumin (HSA) (19, 20). Copper(I1) bound to 
L-His is the major physiologically important Cu(l1) - amino 
acid complex; its detailed equilibrium and structural studies 
have also been reported (2 1, 22). 

The above results prompted us to study the equilibria of the 
ternary system containing the native sequence peptide AAHN- 
MA. Cu(11), and L-His. In this paper, we report detailed equi- 
librium studies of the ternary system. The species and their 
stability constants in the system, AAHNMA-CU(II)-L-H~S in 
1 = 0.2 [ (Na l ,H  ' ) (CI-,OH-)[ at 25°C were determined by 
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TABLE 1. Sample composition of the ternary systems 
M- A-B (M = Cu(II), A = L-aspartyl-L-alanyl-L-histidine- 
N-methyl amide, B = L-histidine) titrated in 0.15 M NaCl 

at 25°C 

Total amount (lo-' mol) 

Sample No. Metal Ligand A Ligand B 

Metal concentration 
variation 

I 4.88 29.31 30.00 
2 9.75 29.31 30.00 
3 19.55 29.31 30.00 

Ligand A 
concentration variation 

4 4.88 9.77 30.00 

Ligand B 
concentration variation 

7 4.88 29.31 10.00 
8 4.88 29..31 20.00 
9 4.88 29.31 30.00 

analytical potentiometry (23, 24). The species were further 
confirmed by their individual spectral characteristics. 

Experiment 
Materials 

The peptide, L-aspartyl-L-alanyl-L-h~stidine-N-methyl amide, was 
synthesized according to the method descr~bcd earlier (17) The purity 
of the peptide was checked by th~n-layer chromatography. L-Histidine 
monohydrochloride ([a]:' + 10.0 2 0.5) was obtained from Nutri- 
tional Biochemicals (Cleveland, OH). The purity was checked by 
thin-layer chromatography. I t  was dried at 1 10°C for 24 h and then 
stored over anhydrous calc~urn chloride at room temperature under 
vacuum. The peptide and L-HIS stock solut~ons were prepared in water 
and 40 mM HCI, respectively, and stored in cold and dark. All other 
reagents were of analytical grade. 

Potentiometric titration 
The potentiometric titrations were performed on a Radiometer auto- 

matic titration assembly consisting of a Radiometer PHM64 Research 
pH Meter, an automatic titrator, TTT60, an automatic recorder, 
REC61, an autoburette, ABU 13, and a 50 mL titration vessel thermo- 
stated at 25.0 '- O.I0C. The pH meter and electrodes were adjusted 
against standard buffers (pH 4.01, 7.00, and 9.18 at 25OC). 

The 1.025 M sodium hydroxide was prepared carbonate-free and 
stored under argon atmosphere. It was standardized against phthalate 
(National Bureau of Standards). Analytical grade copper(I1) chloride 
(Fisher Scientific Co.) was dissolved to give I .O M solution in 0.5 M 
HCI and standardized complexometrically with EDTA using murexide 
indicator. All the solutions contained 0.15 M NaCl and known amount 
of HC1 to lower the starting pH. Since the stability constants of 
cu(II)-~-His~ and Cu(I1)-AAHNMA complexes are very high, the 
formation of the chloride complex of Cu(I1) is negligible. The solu- 
tions containing Cu(II), AAHNMA, and L-His were titrated with 
1.025 M NaOH from pH 1.6 to 12.0. Ionic strength was 0.21 2 0.01 
[(Nat ,H') (CI-,OH-)]. The slight change in ionic strength during the 
titration does not cause any change in the activity coefficient of hydro- 
gen ion (25, 26). The concentrations of Cu(I1) and ligands in each 
sample are listed in Table 1. 

Spectrophotometry 
The visible absorption spectra of the Cu(11)-AAHNMA-L-His ter- 

nary system were recorded on a Beckman ACTA MVI spectro- 
photometer as a function of pH in 0.15 M NaCl solution at 25OC. 

Results 
Determination of species distribution and stability constants 

The complexation reaction in the ternary system involving 
metal ion M,  proton H, ligands A and B can be represented as: 

[I] pM + qH + rA + sB M,,H,A,B, 

where p ,  q, r, and s are the stoichiometric quantities of M, H, 
A, and B, respectively. A and B denote the anionic forms of 
AAHNMA and L-His, respectively. The stabilities of the spe- 
cies formed are expressed as the stoichiometric equilibrium 
constants Ppq, in terms of concentrations at constant ionic 
strength, temperature, and pressure: 

The experimental data and titration curves (-log h = 
f(base)) were obtained from solutions of defined concen- 
trations of C M ,  C H ,  CA, and CB.  The following relationships 
were used to obtain the values for the unbound portions of 
metal and the different ligands throughout the titration. 

where pM = -log [free metal MI, pA = -log [free ligand A], 
pH = -log h, pB = -log [free ligand PI, H,' = moles of OH- 
consumed to titrate hydrogen ions liberated through the com- 
plexation reactions. Subscript 0 denotes an initial known state 
of the system. The mathematical analyses of the titration data 
were performed by the sequential use of three computer pro- 
grams, PLOT-3, GUESS-3, and LEASK-4 (written in BASIC 
language). The program PLOT-3 takes the numerical titration 
data and calculates the proton-liberation terms 6 H : / 6 c M ,  
6 H : / 6 c A ,  and 6 H : / 6 c B  and the amount of the free metal ion 
and ligands A and B at each selected pH value in eqs. [7]- [9], 
where H :  means the released proton by complexation (24). The 
program GUESS-3, using data from PLOT-3, sets up a matrix 
of the terms mphqarb' for each proposed species. This matrix 
then serves as an input to the program LEASK-4, which uses 
an iterative least-squares minimization procedure to calculate 
the stability constant p,,,,. A detailed account of the data pro- 
cessing has been previously reported ( 17, 23, 24). 

umide-L-histidine 
In the metal-concentration variation experiments, solutions 

1-3 in Table I were titrated, and in the ligand-concentration 
variation, solutions 4-6 for ligand A and solutions 7-9 for 
ligand B were used (Table 1) .  Titration curves are shywn in 
Fig. 1.  The data were processed likewise to yield 6H,+/6CM 
(Fig. 2, curve a ) ,  6 ~ : / 6 ~ ~  (Fig. 2, curve b),  and 6 H 1  / 6 C B  
(Fig. 2, curve c) as a function of pH. 

For the species selection of the complexes formed in the 
system, the following values for p ,  q ,  r ,  and s were used: p = 
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NaOHlmL 

1 
0 1 .O 2.0 3.0 

NaOHlmL 

I 1 I I 
I 

0 1 .O 2.0 3.0 

NaOH lmL 

FIG. 1.  Titration curves for the ternary system M-A-B (M = Cu(II), A = L-aspartyl-L-alanyl-L-histidine-N-methyl amide, B = L-histidine). 
(a) Metal variation: C A  = 5.86 X lo-' M; CB = 6.00 x lo-' M; curve I ,  C M  = 0.975 X lo-' M; curve 2, C M  = 1.950 X lo-' M; curve 
3 ,  CM = 3.90 X lo-' M. (b) Ligand A variation: CM = 0.975 X lo-' M; CB = 6.00 X lo-' M; curve 1,  C A  = 1.950 x lo-' M; curve 2, 
C ,  = 3.91 x 10-'M; curve3, C ,  = 5.86 x 10-'M. (c) Ligand B variation: CM = 0.975 x 10-'M; C A  = 5.86 X 10-'M; curve 1,  C B  = 
2.00 X 10-'M; curve 2, C B  = 4.00 X 10-'M; curve 3,  CB = 6.00 x 10-'M. 

FIG. 2. Proton liberation as a function of pH for the ternary system 
M-A-B (M = Cu(II), A = L-aspartyl-L-alanyl-L-histidine-N-methyl 
amide, B = L-histidine). C M  = 9.75 x M, C ,  = 5.86 x lo-' 
M; CB = 6.00 x 10-' M. Curve a ,  6 U : / 6 c M ;  curve b, & H : / S C , ;  
curve 3 ,  S H : / G C ~ .  

I; q = +2,  + I ,  0,  -1, -2; r = 1, 2; s = I ,  2. 
To solve for the stability constants of the ternary complexes, 

all previously determined stability constants from the binary 
system (17, 21) were kept constant and only those of the ter- 
nary species M,H,A,B, were treated as variables. The min- 
imum error solution for the ternary system permitted the pres- 
ence of five ternary complexes, MH2AB, MHAB, MAB, 
MH-,AB, and MH-,AB; their stability constants are included 
in Table 2, and the species distribution as a function of pH is 
shown in Fig. 3. 

FIG. 3. Species distribution in the ternary system of M-A-B 
(M = Cu(II), A = L-aspartyl-L-alanyl-L-histidine-N-methyl amide, 
B = L-histidine) as a function of pH: curve I ,  CuA; curve 2, CUH-~A; 
curve 3,  CuH- ,A2; curve 4, CUH-,AZ; curve 5, CuHB; curve 6, CUB; 
curve 7, CuHB,; curve 8, CUB,; curve 9, CuH-,AB; curve 10, 
CuHAB; curve 11, CuAB; curve 12, CuH-,AB; curve 13, CuH-?AB. 
C M  = 9.75 X M; C A  = 5.86 X lo-' M; C B  = 6.00 X lo-' M 
at 1 = 0.2 and 25°C. 

visible region from 400 to 800 nm. The total Cu(1l) concen- 
tration was 2.925 x lo-' M. 

Absorbance at a fixed wavelength is correlated with the 
concentration of M,H,A,B, as follows: 

Visible absorption spectra where A, is the absorbance at wavelength X, I cm light path, 
The spectra of a solution containing a M :A:  B molar ratio of and E is the molar absorbance of the species M,,H,A,B, at that 

I : 6 :6  and 0.15 M NaCl were recorded at pH 2.6- 10.0 in the wavelength. The mathematical analyses, of eq. [ lo] for the 
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TABLE 2. log (stability constants) (Pi,,,,) of the complex 
species M,,H,A,B, (M = Cu(lI), A = peptide, B = L-histidine) 

at I = 0.2 and 25°C 

log P,,,,, 

Chemical Species AAHNMA GGHNMA" GGH' 

CuA 
CUH-?A 
CUH -1AZ 
CuH-ZAz 
CUHZAB 
CuHAB 
CuAB 
CUH IAB 
CUH-2AB 

"This work. 
" Rcfercncc 13. 

Referencc 12. 

spectral data at various pH's were performed by the use of 
computer program LEASK-2 which gave the calculated spectra 
for individual species M,,H,A,.B,. Their spectral parameters are 
included in Table 3. 

Discussion 
The native sequence tripeptide, AAHNMA, represents the 

actual Cu(l1)-transport site of human albumin. Thc Cu(I1)- 
tripeptide complex exists as CuH-?A from pH 5 to 10 (17). In 
the ternary system containing AAHNMA, Cu(l1) and L-His, 
analyses of titration results indicate the presence of five ternary 
con~plexes, namely MH2AB. MHAB, MAB, MH- ,AB, 
MH-,AB, in addition to several binary species. Owing to the 
extensive overlap of different species, especially in low pH, it  
is difficult to obtain clear information about the structural fea- 
tures of these mixed ligand con~plexes from combined results 
of the proton displacement, the species distribution, and the 
computed visible absorption spectra. However, the detection of 
about 16% of mixed ligand con~plexes at physiological pH 
suggests the possible significance of their presence in solution. 

The predominant species MH-,A, MH-?AI, MH-,AB, and 
MH-?AB all seem to have computed maximal absorption 
around 525 nm which indicates that four nitrogens are ligated 
around the central Cu(1I) ion. However, MAB has calculated 
A,,,:,, of 595 nm. Judging from its occurrence at a slightly lower 
pH (-4.7), an oxygen of peptide carbony l instead of peptide 
nitrogen is likely to be participating in the coordination (27). 

The main mixed ligand complex is in the form of MH-,AB 
at physiological pH. This is consistent with the results obtained 
from GGH and GGHNMA (12, 13). Distribution of the mixed 
ligand con~plex CuH-,AB is very dependent on the nature of 
the tripeptide: maximum, 35% for GGHNMA, and 13% for 
AAHNMA. Since the formation of a mixed ligand complex 
involves the making of at least one coordination bond from 
L-His in the coordination square-plane, i t  would require the 
renloval of at least one of the Cu(l1)-coordinating nitrogens of 
the peptide. With higher stability constant of MH-,A con~plex 
for the tripeptide, we would expect lesser amounts of mixed 
ligand complexes to be formed. Comparing the stability con- 
stants of binary and ternary systems, as shown in Table 2,  two 
tripeptide amides, GGHNMA and AAHNMA, have compara- 
ble stability constants (P I -21 ,  CuH-?A) whereas AAHNMA 
shows a lower stability constant of mixed ligand complex 
(PI. ,  ,, CLIH-,AB) compared to the other tripeptides. Further- 

TABLE 3. Spectral characteristics of the 
complex species M,,H,A,B, (M = 
Cu(lI), A = L-aspartyl-L-alanyl-L-histi- 
dine-N-methyl arnide, B = L-histidine) 

at I = 0.2 and 25°C 

Species -- 
CuH-.?A 
CuH-,AZ 
CUH-~A? 
CUH-,AB 
CUH-ZAB 
CuAB 
CuBz 

more, the stability constant of Cu(l1)--AAHNMA (PI - I l )  is 23 
times higher than that of Cu(1l)-GGH, and the stability con- 
stant of mixed ligand con~plex of Cu(I1)-AAHNMA-L-His 
( P I - , , , )  is 53 times smaller than that of Cu(I1)-GGH-L-His. 
The difference has also been observed in the ligand-exchange 
rate for Cu(I1)-tripeptide with L-His. The Cu(I1)-exchange rate 
between Cu(l1)-GGH and L-His is 3.5 X 10-Is- '  (28), which 
is 5 times greater than that found for Cu(1l)-AAHNMA under 
the same experimental conditions. The observed differences 
are consistent with the stability constant of mixed ligand 
complex (MH-[AB). Carboxyl group of aspartyl residue in 
AAHNMA which coordinates to Cu(I1) in apical position (18) 
stabilizes Cu(11)-AAHNMA conlplex more compared to 
Cu(I1)-GGH. This makes the formation of mixed ligand com- 
plex and the Cu(l1)-transfer reaction from peptide to L-His 
more difficult. 

X-ray crystal structure analysis of [CU(L- his)(^-Thr)(Hfl)]. 
[H20]  shows that L-His coordinates to Cu(I1) through its amino 
and imidazole nitrogens with the carboxylate oxygen in the 
apical position and that L-Thr occupies the rest of the coordi- 
nation plane with a glycine-like chelation in a cis-configuration 
with respect to the amino groups (29): where L-Thr denotes 
L-threonine. The stability constant of the mixed ligand 
complex, CLI(L- his)(^-Thr), was determined in 2070 v/v 
dioxane-water and the overall stability constant (log P l o l , )  is 
17.57 (30). Yamauchi and co-workers (30) also showed that 
the stability constants (log PI,,,  ,) for a ternary system containing 
Cu(ll), L-His, and amino acid (glycine, L-alanine, L-valine, 
L-asparagine, L-glutanline, L-citrulline. L-serine, L-threonine, 
or L-homoserine) are in the range 17.4- 18.0. The stability 
constants of CU(L-His) (L-amino acid) are very close to those of 
CLI(L-His) tripeptide: log PI,,, ,  is 17.35 for CU(L-His)- 
AAHNMA, and 17.56 for CU(L-His)-GGH (see Table 2). This 
similarity suggests that L-His in CuAB coordinates to Cu(l1) 
through its amino and imidazolc-nitrogens in the square-plane 
and AAHNMA or GGH binds to Cu(I1) as a bidentate ligand 
through amino nitrogen and peptide carbonyl oxygen. 'The 
characteristic spectral property (A,,,;,, 595 nm) of CuAB also 
supports such a structure. At a higher pH, CuH-'AB appears 
with spectral change from A,,,;,, 595 to 530 nm. In CuH-,AB, 
coordination takes place with the peptide a~nide nitrogen in- 
stead of carbonyl oxygen. The proton dissociation constants 
(pK;,) of CuAB to form CuH-,AB are 6.61 for CU(L-His)- 
AAHNMA and 6.5 1 for CLI(L-His)GGH. respectively. 

The synthetic native sequence pcptide, AAHNMA repre- 
sents the a c t ~ ~ a l  Cu(I1)-transport site of human albumin. It was 
possible to obtain more detailed information with the synthetic 
peptide which one could not obtain with intact HSA because of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABATA A N D  S A R K A R :  7- 3121 

the inherent complexity associated with a protein molecule. 
The present findings indicate that the mixed ligand complex 
formation initiated by deprotonation of peptide nitrogen 
(CuH-IAB) or by protonation of peptide nitrogen (CuAB) is an 
important intermediate in the Cu(l1)-transfer reaction (31) be- 
tween human serum albumin and L-His and that the side chain- 
carboxyl group of aspartyl residue decreases the formation of 
mixed ligand complexes of CuAB and C U H - ~ A B .  
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Fletcher-Powell minimization of analytical potentiometric data by microcomputer: 
application to the Cu(I1) complexes of biological polyamines 
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DOUGLAS M. TEMPLETON and BIBUDHENDRA SARKAR. Can. J .  Chem. 63, 3122 (1985). 
The Fletcher-Powell minimization algorithm has been successfully implemented for the extraction of metal complex 

stability constants from analytical potentiometric data. The procedure has been adapted to run on a microcomputer with 
acceptable execution times, and several strategies are employed to speed convergence and avoid false minima. This allows 
economical minimization for a large number of models of speciation, and improves the reliability of the proposed best fit by 
encouraging the checking of more models than previously possible. The Ni(l1)-glycine system has been analyzed and excellent 
agreement with the stability constants of an earlier multi-laboratory study has been attained. The system proves useful in the 
evaluation of both analytical and computational methods. The proccdure has also been used for speciation analysis of the Cu(I1) 
complexes of the growth regulating polyamines, spermine, and spermidine. Both systems form fully deprotonated complexes 
at physiological pH, which are relevant to their biological activity. 

DOUGLAS M. TEMPLETON et BIBUDHENDRA SARKAR. Can. J. Chem. 63, 3122 (1985) 
On a utilist avec succks l'algorithme de minimisation de Fletcher-Powell dans le but d'obtenir les constantes de stabilitt 

des complexes mttalliques a partir de donntes potentiomCtriques analytiques. On a modifit la mCthode de fa~on utiliser un 
microordinateur avec des dtlais d'extcution acceptables et on a utilist plusieurs approches afin d'acctltrer la convergence et 
d'tviter les faux minima. Ceci permet de minimiser d'une fa~on economique pour un grand nombre de modkles de sptciation 
et d'amtliorer I'exactitude de cette mtthode en permettant I'tvaluation de plus de modkles que cela n'ttait possible jusqu'i 
maintenant. On a analyst le systkme Ni(I1)-glycine et les rksultats obtenus s'accordent parfaitement avec ceux obtenus 
anttrieurement dans une Ctude rCaliste conjointement par plusieurs laboratoires. Le systkme se rtvkle utile pour rtaliser des 
tvaluations tant de mtthodes analytiques que de mCthodes de calculs a I'aide d'ordinateurs. On a tgalement utilisC cette 
mtthode pour I'analyse de spCciation des complexes de Cu(I1) des polyamines rtgularisatrices de la croissance, comme la 
spermine et la spermidine. Les deux systkmes foment, au pH physiologique, des complexes complktement dtprotonts qui sont 
importants a cause de leur activitt biologique. 

[Traduit par le journal] 

Introduction Theory 
A technique for determining the free (uncomplexed) ligand 

concentration as a function of pH, in the presence of a metal 
ion, was developed by Osterberg ( 1 ), based on a procedure by 
Lefebvre (2). Conveniently, it involved only potentiometric 
titration with a glass pH electrode. The method was extended 
by Sarkar and co-workers (3, 4) to allow both free metal and 
ligand concentrations to be extracted from a series of pH ti- 
trations in which both ligand and metal concentrations were 
systematically varied. Subsequently, this laboratory has used 
this technique of analytical potentiometry to study the binding 
of metals to a variety of ligands of biological interest (5-9), 
using a series of programs written for a main frame computer. 
A number of groups are now using variations of this technique 
(10- 12), which we have called analytical potentiometry. This 
method presents the advantage over alternatives, that the free 
ion concentrations entering into the definition of the stability 
constants are calculated directly from experimental titration 
data in a model-independent procedure, and need not them- 
selves be refined for each proposed speciation model. 

We report here the use of the Fletcher-Powell (FP) algo- 
rithm (13) to expedite the microcomputer solution of metal 
complex stability constants from potentiometric data. We have 
tested the procedure by determining speciation of the 
Ni(I1)-glycine system, chosen as a test system for a previous 
inter-laboratory procedure evaluation (14). We also report an 
analysis of the Cu(I1) complexation of two polyamines of great 
biological interest ( 15, 16), spermidine ( 1,8-diamino-4-aza- 
octane) and spermine ( I ,  12-diamino-4,9-diaza-dodecane). 

Calculation of the free metal and ligand concentrations as a 
function of pH proceeds from the titration data in a straight- 
forward manner (3). This allows direct calculation of all terms 
in eq. [ I ]  except the stability constants: 

Here C is a k X n coefficient matrix with terms cij = pml'hf/lr 
for the jth species at the ith pH. There are k pH values and tz 

species M,,H,L, where p ,  q ,  I* are the stoichiometric coeffi- 
cients of metal (M), proton (H), and ligand (L), respectively, 
in the complex, and m ,  h ,  and 1 are the corresponding free ion 
concentrations. Imh) is the column vector of bound metal con- 
centrations with terms m,,, mh,, . . . mhk calculated as MT - mi 
at each pHj, where MT is the total analytical concentration of 
metal. IP) represents the column vector of n p values, the 
concentration stability constants, Pi for the jth species being 
defined as 

The problem is then one of finding the best solution for the 
overdetermined (k > n) set of k equations in n unknowns (eq. 
[I]). In methods alternative to analytical potentiometry, the 
coefficient matrix C is itself modeled and refined, a com- 
putationally more demanding approach. In the most widely 
used of these methods, MINIQUAD (17), C is sparse, and 
some of the difficulties are overcome by factorization (18). We 
have sought to take advantage of our knowledge of C to solve 
eq. [ l ]  for the least-squares solution of ( P )  directly by an 
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TEMPLETON P rND SARKAR 

iterative minimization technique. 
The least squares solution is taken as that P which minimizes 

U, where 

A major source of computational difficulty is presented by 
the preference to carry out the refinement with respect to P, and 
avoid a change of variables to log P values. It has been shown 
(19) that such a change of variables transforms the function into 
a highly non-linear, non-concave function which is extremely 
difficult to minimize by any method. The wide range of values 
necessitates effective scaling to achieve refinement, and also 
makes matrix inversion so prone to rounding errors (20) that 
techniques based on finding C- '  are virtually unusable. We 
require a method which will handle a wide range of values of 
C,, and p (typically spanning 40 orders of magnitude), with 
rapid convergence and avoidance of false minima, which can 
be executed rapidly on a microcomputer. The FP method has 
been found superior to Gauss-Newton-Raphson and other 
gradient methods with respect to speed and reliability of con- 
vergence. It was tried with some success (18) in a forerunner 
of the MINIQUAD program, but was replaced by a faster, 
though less memory-efficient Gauss-Newton method in the 
final version. Because analytical potentiometric data require 
less computation, acceptable run times can be achieved using 
the FP method. Furthermore, it has allowed us to take advan- 
tage of specific strategies in solving for (P) (vide infra). 

We define an n X n Hessian matrix G with terms 

[4] G, = a2u/dp,ap, = gig, 

where 
1. 

[5] g.. = ( d / d P , ) ( z  [ t n j  - 2tn,(Ci1P1 + C i i h  + . . .  
i =  l 

+ Ci.rP.l-+ . . .  + C,,,P,,) + (CilPl + Ci'P? + . 

so that the displacement between a given point IP) and the 
minimum IPo) is 

and Ig) is the gradient vector (gI . . . , g,,). To avoid inverting 
G ,  we use instead a positive definite matrix H and set a shift 
vector 

[7] I S ' ) = H ' ( ~ ' )  

at the ith iteration. We then take a step la') towards the min- 
imum by setting 

[8] la') = a' Isi) 

and modifying IP) as 

[9] IP'+ ') = IPi) + la') 

The minimization is most efficient when the scalar a' is found 

TABLE 1 .  Stability constants of the 
Ni(l1)-glycine system; entries are log 

PI,,. values for species Ni,H,GlyrU 

"Column A: present work; 25"C, 
0.15 M NaCI. Based on ligand variation at 
[Nil = 1.08 X lo-' M with [glycine] = 
1.97 X lo-', 3.94 X lo-', 5.93 X lo-", 
7.89 X lo-', 9.86 X and 1.18 X 

M; and metal variation at [glycine] = 
5.93 x 10-'M with [Nil = 3.60 X 

7.20 X lo-', 1.08 X lo-", 1.44 X lo-', 
and 2.16 X lo-' M. Standard deviation on 
the fit is 8.8 X lo-'. Column B: dataof ref. 
14; values are mean -t SD, of the values 
from 7 independent laboratories; 25"C, 
I M NaCI, total concentration of reagents 
variable but not more than 0. I M. 

to minimize u(lPi)  + a' Isi)) with respect to A along (IPi) + A 
Isi)). A is chosen and a' found by Davidon's cubic inter- 
polation, according to Fletcher and Powell (13). 

At each iterative step, H is also refined. We begin with H as 
a scaled unit matrix, and set 

where lyi) = I s i  ' I) - Isi), according to Fletcher and Powell. 
It can be shown (13) that, as the procedure converges, H tends 
to G - ' .  

In applying this algorithm, we use the additional strategy of 
initializing H as an ti x ti unit matrix, which is then scaled to 
ensure refinement of each p at each iteration. This is done as 
suggested earlier (19). An increment 6; = k6Pi is used to 
calculate 

u- = U[PI , .  . . , (Pi - Si), . . . 3 P.1 
where k6 is chosen to esnure that (U' - U) are significant with 
respect to the expected precision of the final U. Then 

We have allowed re-initialization of H from partially refined 
solutions, retaining the current (partially refined) P values. 
This achieves three aims. First, it reverts to a steepest descent 
situation and thus speeds up convergence. Secondly, if a min- 
imum is nearby, this steepened descent can cause wider oscil- 
lation about it, with the frequently observed result that we leap 
over and escape a false minimum. Finally, reinitializations 
allow approaching the minimum from different directions, in- 
creasing our confidence that a true minimum has been found. 

Materials and methods 
Chetnicals 

Spermidine trihydrochloride and sperminc tetrahydrochloride were 
obtained from Sigma (St. Louis, MO) and recrystallized twice from 
ethanol-water. Purity was checked by high voltage paper electro- 
phoresis at pH 5 (citrate buffer) and pH 8.9 (borate buffer), and 
estimated to be 99% by log K,, analysis following Motekaitis and 
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TABLE 2. pK's of spermidine and spernmine" 

A B C D E F 
- 

Spermidinc 10.95 ? 0.10 10.96 11.02 1 1  . I6  11.56 10.89 
9.982 ? 0.003 9.91 10.02 10.06 10.80 9.81 
8.56 ? 0.03 8.51 8.57 8.5 1 9.52 8.34 

Spcr~ninc 10.94 ? 0.01 - - 10.57 11.50 10.80 
10.12 ? 0.09 - - 10.27 10.95 10.02 
9.036 ? 0.01 1 - - 9.04 9.79 8.85 
7.97 2 0.02 - - 8.03 8.90 7.96 

Colunln A: this work; 2S°C, 0.15 M NaCI, 2 x lo-'' M to I X 1 0 '  M polyaminc. Column 
B: ref. 22; 25"C, 0. I M spcrmidinc, pH titration. Column C: ref. 22: 20°C, 0. I M spcrmidine, 
1H-13C-correlatcd nmr. Colunin D: ref. 23; 27°C. 0.1 M NaCI, 3 X lo-' M polyamine, 
potcntiometric titration. Column E: ref. 23; 32°C probe temperature, no supporting clcctrolyte, 
concentri~tions not specified. '5N-nmr pH titration. Column F: ref. 24; 2S0C, 0.1 M NaCI, 
potentiometric titration. 

Martell (21) and by the proton liberation nlcasurcnlcnts. Glycinc 
(crystalline ammonia frcc: Sigma) was rccrystallizcd twice from hot 
ethanol-water I : I (v/v). Nickel(l1) and Cu(ll) were obtaincd as thcir 
chloride salts, of Anal R grade or equivalent. and their aqueous solu- 
tions were standardized against EDTA using murexide (nickel) or fast 
sulphon black F (copper) as indicators. Sodium hydroxide solutions 
for titration were prepared carbonate free, stored undcr argon, and 
standardized against N.B.S. grade potassium hydrogen phthalate. Ab- 
sorption spectra were obtained with a Cary 15 spectrophotomctcr with 
a 10 cni path length cuvettc. Digitized spcctra were correctcd for 
dilution with titrant following bascline subtraction. 

Potet~tiotnetric titvcrtiorl.s 
Solutions were prcparcd from carbonate-frec dcionized water kept 

under argon. All glassware was acid washed. Titrations wcrc pcr- 
formed on solutions with starting volumes of 48.00 niL and 0.15 M 
in NaCI, using a Radiometer ABU 13/TTT60/PHM64 titration assem- 
bly. Eleetrodcs (Radiometer G2040C glass and K4040 ealonicl) were 
calibrated against standard N.B.S. buffcrs. In all cases, ligand con- 
centrations varicd betwccn 2 X I0 ' and I X lo-' M ,  and metal 
concentrations between 4 x 1 0 -  and 2.4 X lo-' M (Ni(1l)) or 5 x 
1 0 - h n d  5 x 1 0 ~ '  M (Cu(l1)). l'hc ratio of ligand in the metal 
variation titrations to metal in thc ligand variation titrations was al- 
ways 5 :  l .  Up to 2 x 10 ' niol standardized HCI wcrc uscd to lower 
thc starting pH, and all titrations wcrc carricd out with 0.0951 5 
0.0008 M NaOH. At the common curve conditions in the Ni- 
(11)-glycine system, for cxamplc, ionic strcngth varicd from 0.155 to 
0.150 over the coursc of thc titration duc to addition of base. From 
titrations of background electrolyte. pKw = 13.8. All titrations wcrc 
performed under an argon atmosphere in vcsscls thermostated at 25.0 
? 0.l0C. 

Data ar1cr1y.si.s 
Calculations were performed by a scries of programs written in 

Basic for an Apple Macintosh microcomputcr. PKAMART calculatcs 
the stepwise ligand protonation constants by employing thc algorithm 
of Motekaitis and Martcll (21). Based on thcsc K;,'s and the experi- 
mental titration curves, FREEML ealeulatcs the frce ligand and metal 

. . concentrations as functions of pH, as outlined in (3). Using the output 
of FREEML, GMAT constructs thc coefficient matrix corrcsponding 
to a given guessed set of species. DFPMIN then uses thc FP mcthod 
to find the least squares set of P valucs corrcsponding to thc guessed 
eocfficicnt matrix. When thc best sct of species and the corresponding 
p values have been found, SPECIES calculatcs the specics distribution 
as a function of pH, entailed by the set I P )  and the experimental III and 
I, by solving eq. 121. Program listings are available from the authors 
on request. 

Results 
'The Ni(I1)-glycine system was analyzed above pH 4.5, 

where the glycine carboxyl group is fully ionized. BeIow pH 

Volume of base added (mL) 

FIG. I .  Original titration data of the Cu(I1)-spermidine systcm 
with 9.5 1 x lo-' M NaOH. Conditions are given in the Materials and 
methods section. ( A )  Ligand variation at [Cu] = 1.964 x lo-' M and 
[spermidine] = 4.252 X lo-' M (a),  6.378 X lo-' M ( b ) ,  8.504 x 
lo-' M (c),  and 1.063 X lo-' M (d). (B) Metal variation at [sper- 
midine] = 1.063 x lo-' M and jCu] = 4.910 x M (a) ,  9.820 
X lo-% (b)), 1.964 X M (c),  and 2.946 x lo-" M (d).  

10, only the species Ni-gly, Ni(gly)?, and Ni(gly), were found. 
Their stability constants and the amino group K, are compared 
with those of an earlier study (Table 1). 

The three K,'s of spermidine are given in Table 2, and 
titration data for the Cu(I1)-spermidine system are shown in 
Fig. 1.  Complexation of Cu(11) by spermidine begins above pH 
6 (Fig. 2). Complexation begins with the CuHL." species, but 
this species deprotonates and the CuL2' complex predominates 
over the range pH 7.5 to 9.5. At pH 8.5, this complex accounts 
for 90% of the total Cu(11). A variety of stable complexes are 
found in this system at higher pH. The data of the Cu(1I)- 
spermidine system were re-analyzed on a GE400 series com- 
puter, using improved versions of the PLOT, GUESS, and 
LEASK programs reported previously (3), with consistent 
results. These data are summarized in Table 3. 

In order to discriminate amongst the various models tested, 
the following statistical considerations apply. Minimization 
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TEMPLETON A N D  S A R K A R  

2.  Species 

5 6 7 8 9 10 
PH 

distribution of the Cu(ll)-spermidine system as a function of pH. L is spermidine. From data of Table 

u- 
I I I 1 

400 500 600 700 800 
Wavelength (nrn) 

FIG. 3. Absorption spectra of the Cu(ll)-spermidinc system. [Cu] = 4.25 x 10.' M,  [spcrmidinc] = 2.21 x 10 ' M. pH 2.72 X ;  pH 6.51, 
0; pH 6.91, @; pH 7.24, 0; pH 8.01, 11; pH 8.41, A; pH 9.26, A;  pH 10.03 0: pH 10.89, +. 
with respect to Im,) elves a value of U from which the standard 
deviation of the overall fit can be calculated in terms of metal 
concentration. Thls may be expressed as a percentage of total 
metal. This does not allow the assignment of standard devl- 
ations to individual P values, which are not varied indepen- 
dently. These criteria, and their use in distinguishing amongst 
several better models, are illustrated In Table 4 for the 
Cu(l1)-spermidine system. 

The pH dependence of the absorption spectrum of the 
Cu(l1)-spermidine system (Fig. 3) allows d~scernment of 
absorption due to the CuHL7 ' complex (A,,,%,, = 655 nm, egij = 
131 dm7 mol-' c n i ' )  at pH 6.5 and due to the CUL" complex 
(A,,,,, = 626 nm, €626 = 127 dm7 m o l l  cm-') at pH 8.4. Above 
pH 10, where bis specles are forming, the absorption shifts to 
higher energy (A,,,,, = 580 nm). Others have reported (25) an 
absorption (A,,,, = 610 nm, EgI0 = 117 dm7 mol-' cm-') in the 
Cu(l1)-spermidine system, at unspecified pH. This was attrib- 
uted to CUL", and absorptions due to other complexes were 
not identifled. 

The Cu(I1)-spermine system (Fig 4) is somewhat simpler. 
Coniplexation begins above pH 5 with the doubly protonated 
CuH2L4' species, but the fully deprotonated CuL" grows 
quickly and contains nearly 100% of the Cu(I1) between pH 7 
and 9. Fewer species form at high pH. Data for the 
Cu(I1)-sperniine systeni are summarlzed in Table 3 and Fig. 5.  
The absorption spectrum of this system (Fig. 6) is dominated 
by that of the CuL" complex (A,,,,,, = 564 nm, e 5 ~  = 162 dm7 
mol-' cni-I). 

The most time consuming step in analysis is execution of the 

TABLE 3. Stability constants of the Cu(I1)- 
polyaminc systems, entries are log values 
for species Cu,H,L,, at 25°C and 0.15 M NaCl" 

Ligand pqr log PI,,,, log Pi,,,," 

spermidinch 1 1 1 18.9 18.7 
1 0 1  11.7 11.7 
1-1 I 1.67 1.68 
1 l 2 26.3 26.9 
1 0 2 16.0 16.9 
1-1 2 6.18 6.43 

Spermine' 1 2 1 27.8 
1 0 1  14.7 
1 1 2 29.0 
1 0 2 18.9 

"Analyzed by improved versions of the PLOT, 
GUESS. and LEASK programs (3). 

"Standard deviation of the fit over the range pH 
5- 10 is 7.0 X lo-". 

'Standard deviation of the fit over the range pH 
5-10 is 5.2 X lo-'. 

"For spermidine t~trations, [Cu] = 1.964 X 10 A M 
and [ligand] = 1.063 X 10.' M. For construction of 
the GUESS matrices, more than 40 sets of from 3 to 
10 species M,,H,/L, were considered, with p and r of 1 
or 2, and rl from -2 to +2. Data were minimized over 
the range pH 5 to 10. For spermine titrations, [Cu] = 
1.008 x lo-' M and [ligand] = 5.116 X lo-' M. Sets 
of from 2. to 8 species were minimized over the range 
pH 5 to 10, with p and r of 1 or 2, and rl from -2 to 
+4.  
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TABLE 4. Results of minimization of several of the better models of the Cu(I1)-spermidine system 

P9' 

Model 1 2 1  1 1 1  I 0 1  1-11 1-21 1 1 2  1 0 2  1-12 2 0 2  1-22 u(%) 

"Best model reported in Table 3 and Fig. 2. 
''A slightly improved fit is obtained by inclusion of several additional minor species at higher pH, but does not 

significantly change the distribution of the major species. The small improvement in fit with the additional degrees of 
freedom provided by this model probably does not warrant inclusion of the extra minor species. 

1 I I I I I I I I 
1.5 2.0 2.5 3.0 3.5 4.0 4.5 

Volume of base added (rnL). 

FIG. 4. Original titration data of the Cu(l1)-spermine system with 
9.51 X M NaOH. Conditions are given in the Materials and 
methods section. ( A )  Ligand variation at [Cu] = 1.008 X M and 
[spermine] = 2.046 X M ( a ) ,  4.092 X M ( b ) ,  5.1 16 X 
IO-'M(c),8.184 X M(d),and 1.023 X 10-'M(e). (B)Metal 
variation at [spermine] = 5.1 16 X M and [Cu] = 5.040 X 
lo-' M ( a ) ,  1.008 X M (b), 1.512 x M (c), and 2.016 X 

lo-" M (dl. 

DFPMIN program. For all sets of species checked in all sys- 
tems, when convergence was achieved with DFPMIN, exe- 
cution times were between 1 and 5 min. 

Discussion 
The major polyamines of biological interest are putrescine 

(I,4-diaminobutane), spermine, and spermidine (15). Metal 
complexation by these naturally occurring polydentate ligands 
has not been thoroughly investigated previously, although 
Cu(I1) complexation by spermine and spermidine has been 
reported (24-26). Because there has been much recent interest 
in determining the factors which may influence the biological 
activity of these entities by altering their state of protonation 
(23), we wished to investigate the complete species distribution 
of these Cu(I1)-polyamine systems across a wide range of pH. 

Chelation by the aliphatic polyamines has been extensively 
studied following Bjermm's early work (27). The series 
H2N-(CH2)2-[NH-(CH2)d,,-NH2, beginning with ethyl- 

ene diamine ( 1 1  = 0), serves as the most straightforward exam- 
ple of the effect of the number of chelate rings on complex 
stability (28), while the bidentate diamines H2N-(CH2),,- 
NH, demonstrate the role of ring size (29). The complexes of 
Cu(l1) and Ni(1I) with 1,3-propanediamine are much less stable 
than those with 1,2-ethanediamine. The -AH values for bind- 
ing are larger with propanediamine, in keeping with its stronger 
basicity, but the stabilities are dominated by the more favorable 
entropy change when the 5-membered ring is formed (29). Loss 
of freedom of the ligand is so great with 7-membered ring 
formation that 1,4-butanediamine (putrescine) does not form 
Cu(II), Ni(II), or Zn(I1) complexes in aqueous solution (29), 
although these complexes can be isolated from absolute alcohol 
(30). It has been estimated (24) that diamine-Cu(l1) chelate 
rings of 5 ,  6, and 7 members add respectively 5.3-7.0, 
4.6-6.1, and 2.0-3.0 to the log K ,  value for complex 
formation. 

These considerations suggest the following interpretation of 
the Cu(I1)-polyamine speciation observed here. In the Cu(I1)- 
spermidine system, the CuHL3' complex forms at lower pH, 
with the 6-membered ring as the anchor site. This allows the 
stabilization from a second ring to aid formation of the less 
favorable 7-membered ring, which must form in the CuL2+ 
complex concomitant with a lowering of the highest pK by 
about 3 units. This CuHL3+ complex is analogous to the 
CuH2L4-' species of spermine. Again, in the latter complex, a 
6-membered ring must form the anchor site. Failure to observe 
a CuHL3' species indicates no stepwise folding of the sper- 
mine. but rather formation of a second 6-membered ring is the 

u 

driving force for formation of the CuL2+ complex. In the latter, 
the obligatory 7-membered ring is stabilized by two 
6-membered rings and a 3-chelate ring effect. The additionaI 
stabilization is reflected in the increased stability constant of 
the CUL" species of spermine (log P = 14.7) compared to that 
of the CuL" spermidine complex (log P = 11.7). This obser- 
vation is in contrast to that of Palmer and Powell (26) who 
report only CuLZt and CUHL" species in the Cu(l1)-spermine 
system. By pH > 9, hydroxo species (Cu(OH)Lt] begin to 
form in the Cu(11)-spermidine system, while deprotonation of 
uncomplexed ligand at this higher pH initiates formation of bis 
complexes. The increased stability of the CUL" complex of 
spermine preserves its tetradentate structure until higher pH. 
No hydroxo species are seen in this system up to pH 10. 

The energy of the absorption of the CuLZ' complex of sper- 
mine (A,,, = 564 nm) is consistent with tetracoordination by 
nitrogen. This solution structure is supported by the crystal 
structure of spermine Cu(I1) perchlorate, which shows square 
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TEMPLETON AND SARKAR 

FIG. 5. Species distribution of the Cu(I1)-spermine system as a function of pH. L is spermine. From the data of Table 3. 

Wavelength (nm) 

FIG. 6. Absorption spectra of the Cu(I1)-spermine system. [Cu] = 4.25 x lo-' M,  [spermine] = 2.14 x lo-' M.  pH 2.65, 0; pH 6.36, 
0; pH 7.36, 0; pH 9.54, H. 

planar coordination of Cu by four nitrogen atoms of the same 
spermine molecule (31). In the Cu(11)-spermidine system, the 
corresponding CuL2+ species is tridentate. The resulting de- 
crease in ligand field strength is reflected in the lowered energy 
of the transition (A,,, = 626 nm), which is lowered further 
(A,,, = 655 nm) when protonation of an amino group pre- 
sumably removes another coordinating nitrogen atom (i.e. in 
the CuHL3+ complex). The higher energy absorption (A,,, = 
580 nm) at pH 10 supports the existence of bis complexes with 
4 nitrogen Iigands in a square planar geometry around Cu(I1). 
This geometry may be more distorted than in the CuL2+ com- 
plex of spermine, in order to minimize intermolecular steric 
repulsion. In Cu(l1)-spermine, geometrical requirements of 
accommodating the 7-membered ring are reflected in torsional 
strain and shortening of the C(5)-C(6) bond in the crystal 
(3 1). 

The formation of stable metal complexes of spermine and 
spermidine in vivo could have profound implications for their 
biological function. Interaction of these polyprotonated mole- 
cules with nucleic acids at neutral pH is thought to underlie 
their growth regulating properties (1 5 ) .  Takeda et al. (23) have 
pointed out that dynamic conformational control of DNA by 
interaction with polyamines is likely in turn governed by the 
effects on protonation of small changes in the local environ- 
ment, such as pH, ionic strength, and dielectric constant. To 
this list may now be added the more profound effect of local 
concentration of metal ions. 

'The microcomputer FP minimization of analytical potentio- 
metric data has been applied with success to the above systems. 
Evaluation of both experimental and mathematical procedures 
has come primarily from the analysis of the Ni(I1)-glycine 
system.   his system was chosen as the subject of an inter- 

laboratory study (14) as it provided a sufficient complexity, 
range of pH, and of P values, and at the same time, is a well 
defined system. 'The excellent agreement achieved by seven 
independent laboratories, using a variety of experimental and 
calculation techniques, demonstrates the variety of approaches 
which may be applied with success to the determination of 
stability constants. Interlaboratory differences in electrode type 
and response, liquid junction potential, electrode standard- 
ization, titration procedure, and reagent purity are clearly 
small. Against this yardstick, the methods reported here com- 
pare favorably. 

Despite these successes, some unsolved problems remain in 
attempts to derive reliable stability constants of the more com- 
plicated metal complexes of biological relevance. These prob- 
lems fall into two categories, the first resulting from the con- 
centration dependence of the species distribution, the second 
from the poorly defined criteria for a satisfactory set of species 
to model the experimental data. 

In a given metal : ligand system, the species distribution will 
depend on the ratio of the concentrations of metal-to-ligand. A 
more complete description, then, would be given by deter- 
mining the surface in [pH, concentration, M:L  ratio] space. 
The method of analytical potentiometry assumes that all ti- 
trations are done on a flat region of the [concentration, M : L  
ratio] plane, and it has been pointed out (10) that this is a 
potential source of experimental error. At present, there is no 
method for determining this surface for a sufficiently inter- 
esting system, with a manageable number of titrations. 

The second type of outstanding problem has three facets. (a)  
It is never possible to know that one has found the best set of 
species for a given data set. It is not computationally feasible 
to check all combinations of possible species for any but the 
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simplest systems, and one must always revert to some chemical 
intuition in decidino which combinations to minimize. The " 
economy of microcomputer utilization encourages checking of 
an expanded set of possible species, however. Execution times 
for DFPMIN allow analysis of a large number of combinations. 
(b) The existence of false or degenerate least squares solutions 
could arise from systematic or random experimental errors. In 
light of this point, confidence in a given species distribution 
will increase as it is reproduced in independent studies, and 
ultimately corroborated by structural evidence. ( c )  Equation (11 
usually represents an inconsistent set of equations. The least 
squares problem posed by eq. [ I ]  is that of finding the norm 
/ /CP - mhll, which has an infinite number of solutions when the 
rank of C # n ,  the number of species (20). This situation would 
be unlikely to arise unless the number of species was large or 
the pH range narrow, so that k approached n. Unless the rank 
of C = n ,  there will be an infinite number of solution vectors 
IP), and the problem is one of finding the shortest. 

Conclusions 
1.  A series of BASIC programs have been written which 

employ the Fletcher-Powell minimization method and allow 
metal speciation analysis to be performed on a microcomputer. 

2. These programs have successfully solved the Ni(l1)- 
glycine system. This system is one of the most carefully studied 
of such problems, and provides an excellent test of a given 
method of analysis. 

3. A brief discussion has been given of some unsolved prob- 
lems pertaining to the potentiometric determination of stability 
constants. 

4. The polyamines spermidine and spermine have been 
shown to form complexes with Cu(I1) in aqueous solution. The 
stability constants of these complexes have been derived by the 
above methods. 

5 .  Interaction of Cu(I1) with these biological polyamines 
causes their deprotonation at physiological pH. This could sig- 
nificantly influence the mechanism of dynamic control these 
entities exert upon DNA. 
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Studies of the dissociation of 2,4,6-trinitrophenol in aqueous mixtures of methanol and 
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A. L. DE and A. K.  ATTA. Can. J .  Chem. 63, 3129 (1985). 
Thermodynamic dissociation constants (,K), of 2,4,6-trinitrophenol have been determined at 25'C in aqueous mixtures 

containing 30,50,70,  and 90% by weight of methanol and 30, 50,70,90,  and 95% by weight of ethanol by spectrophotometric 
method. Solvent effect on the dissociation of the acid: 6(A Go) = 2 . 3 0 3 R T [ ~ ( X ) ~  - P(,K)~] shows an unusual behaviour, 
the value decreases and passes through a minimum and ultimately becomes positive as the proportion of organic component 
in the solvent is progressively increased. The results have been compared with those of other uncharged acids like acetic acid, 
benzoic acid available from literature. The difference of behaviour (minimum characteristic in F ( A G 9  curve) has been 
attributed to very strong dispersion interaction of trinitrophenolate anion with the organic component of the solvent. The overall 
behaviour of this acid indicates that solvent effect is an involved process being guided by electrostatic and dispersion 
interactions besides relative solvent basicities. 

A. L. DE et A. K. ATTA. Can. J .  Chem. 63, 3 129 (1985). 
Faisent appel a des mkthodes spectroscopiques et optrant a 25"C, on a CtudiC les constantes thermodynamiques de 

dissociation (,K),, du trinitro-2,4,6 phenol dans des solutions aqueuses contenant 30, 50, 70 et 90% en poids de methanol et 
30, 50, 70, 90 et 95% en poids d'tthanol. L'effet du solvant sur la dissociation de I'acide 6 ( A G 7  = 2 , 3 0 3 R T [ ~ ( . X ) ~  
- P(,K)~] montre un comportement inhabituel, la valeur diminue, passe par un minimum et finalement devient positive 
lorsqu'on augmente progressivement la proportion de compose organique du solvant. On a compare les resultats avec ceux 
d'autres acides non charges tels l'acide acetique, I'acide benzoique, repertories dans la litterature. On a attribuk la difference 
de comportement (minimum caracteristique dans la courbe de 6(A Go) a une interaction de dispersion trks forte de I'anion 
trinitrophCnolate avec la partie organique du solvant. Le comportement global de cet acide indique que la participation de I'effet 
du solvant est gouvernie par des interactions de dispersion et Clectrostatiques en plus de la basicit6 relative du solvant. 

[Traduit par le journal] 

Introduction 
It is well known that the dissociation of acids is a complex 

phenomenon dictated by various types of interactions of the 
species involved in the ionization equilibrium. To understand 
the solvent effect on the dissociation equilibria, dissociation 
constants of some monopositively charged acids, nitroanilin- 
ium ions were determined earlier (1, 2) in some mixed sol- 
vents. This paper reports the dissociation constant of uncharged 
acid, 2,4,6-trinitrophenol, in aqueous mixtures of methanol 
and ethanol. 

Experimental 
Purification (3) of alcohols and water and the preparation (4) of 

mixed solvents as well as the solutions of HCI have been described. 
Synthetically prepared methanol (G. R.,  E. Merck) was refluxed with 
the metal magnesium and then fractionally distilled, the initial and 
final quarters of the distillate being rejected. The characteristic proper- 
ties of methanol are density (25°C) = 0.7867 g m ~ - ' ;  bp (1 atm) = 
64.5"C. Anhydrous ethanol prepared by fermentation (Bengal Chemi- 
cals & Pharmaceuticals Ltd., a Government of India Enterprise) was 
dried over freshly ignited calcium oxide for 3 days, decanted, and then 
distilled. The distillate was then successively refluxed (-12 h) and 
distilled over the metal magnesium and KOH. The finally distilled 
sample was preserved in a desiccator. The properties of ethanol are 
density (25°C) = 0.7851 g mL-I; bp (1 atm) = 78.3"C. Recently 
Deshmukh and Coetzee (5) have shown that synthetically prepared 
alcohols contain lo-' to M alkylamine even after purification by 
standard methods. The maximum error introduced in the present study 
due to residual amine is, however, negligible being of the order of 
0.001 to 0.004 pK unit depending on the proportion of alcohol in the 
solvent. 2,4,6-Trinitrophenol (Anal R) was used after recrystallizing 
twice from aqueous 95% ethanol and drying in vacuo. The dissocia- 
tion constant in these aqueous mixtures of methanol and ethanol were 

'To whom all correspondence should be addressed. 

determined spectrophotometrically using unbuffered solutions of HCI 
at different concentrations as in cases of some charged ( I ,  2) acids. A 
series of solutions were prepared in 10 cm3 amounts by adding 
weighed amounts of HCI solution, indicator solution and the appro- 
priate solvent. The spectral absorbances were determined at 25 * 
0.2"C with Carl Zeiss Jena (Germany, DDR) spectrophotometer with 
I cm cells at 355 nm where the absorbance shows a maximum for the 
base form. The limiting absorbances of the acid and base forms were 
determined in very concentrated solution of HCI (4 to 6 M) and in very 
dilute solution of sodium hydroxide (about 0.001 M),  respectively (6), 
and absorbance readings were corrected, where necessary, for the 
identical concentration of the indicator. The indicator concentrations 
used in various solvent compositions were in the range 2 x lo-' to 
3 x M. 

The p(,K),, values in the molar scale were obtained by extrapolation 
of the plots of p(,K)& of eq. [I]  against p. to p. = 0. 

[ I ]  p(X)A, = -log ~ S H ;  - log [ a / ( l  - a)] 
+ 2~r*(l  + ~ a ~ * ) - l  

= P(~K), + f(p.1 
where msH: is the effective molality of H' in the solution, a and 
1 - a are the fractions of the indicator species present in ionic form 
(A-) and neutral form (HA), S f  and B are Debye-Huckel constants, 
a. is the ion-size parameter, p. is the ionic strength being equal to  
p. = mHClr d ,  where d,  is the density of the solvent. The concentration 
of the ionic species obtained from dissociation of acid being extremely 
small with respect to that of mHc1, their contribution to ionic strength 
can be neglected. As indicator concentration is very small the value of 
m s ~ f  is practically the same as that of m ~ c l .  Density and dielectric 
constant values necessary for calculation of Debye-Huckel con- 
stants were available from literature (7). The values a / ( l  - a )  = 
(A - A I)/(A2 - A) were obtained from the absorbances A , ,  A?, and 
A of the completely acid form (HA), completely base form (A-), and 
the mixture of the two forms measured at an identical concentration of 
the indicator in the same cell. In the calculation of p(,K)h, a. was 
taken to be zero, because this numerical value resulted in linear p(,K)h 
plots. 
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TABLE 1. Data for spectrophotometric determination of p(,K),, of 
2,4,6-trinitrophenol in methanol-water solvents at 25OC 

m HCI A p(,K)A m HCI A p(,K)A 

Water 
Completely 

acidic 
0.08396 
0.07197 
0.05997 
0.0473 1 
0.03154 
0.01577 
Completely 

basic 

3 0  wt% methanol 
Completely 

acidic 0.134 - 

0.09833 0.301 0.736 
0.07210 0.308 0.698 
0.05520 0.310 0.733 
0.04124 0.314 0.736 
0.02572 0.320 0.733 
0.01082 0.328 0.716 
Completely 

basic 0.336 - 
p(,K), = 0.70 

50 wt% methanol 
Completely 

acidic 0.104 - 

0.09036 0.231 0.812 
0.07503 0.233 0.804 
0.06039 0.236 0.792 
0.04020 0.239 0.800 
0.0201 1 0.246 0.757 
0.01285 0.249 0.748 
Completely 

basic 0.256 - 
p(sK)m = 0.74 

70 wt% methanol 
Completely 

acidic 0.187 - 

0.09979 0.372 1.198 
0.07753 0.373 1.222 
0.0621 1 0.383 1.164 
0.04418 0.392 1.135 
0.02567 0.401 1.155 
0.01102 0.418 1.110 
Completely 

basic 0.438 - 
p(,K),, = 1.10 

90 wt% methanol 
Completely 

acidic 0.120 - 

0.07985 0.202 1.955 
0.06825 0.206 1.926 
0.05621 0.215 1.857 
0.04500 0.222 1.818 
0.02277 0.238 1.785 
0.01 136 0.258 1.731 
Completely 

basic 0.301 - 

p(X), = 1.69 

TABLE 2. Data for spectrophotometric determination of p(,K),, of 
2,4,6-trinitrophenol in ethanol-water solvents at 25°C 

m HCl A ~ ( 3 ) : )  m HCI A p(\K)!k 

3 0  wt% ethanol 
Complete1 y 

acidic 0.164 - 
0.1001 0.313 0.715 
0.07367 0.317 0.702 
0.05717 0.321 0.672 
0.04480 0.323 0.684 
0.02085 0.326 0.712 
0.01989 0.331 0.637 
Completely 

basic 0.340 
p(,K), = 0.65 

5 0  wt% ethanol 
Completely 

acidic 0.132 - 
0.08483 0.314 0.862 
0.07673 0.315 0.861 
0.06602 0.319 0.812 
0.05730 0.322 0.778 
0.03508 0.326 0.792 
0.01881 0.333 0.734 
Completely 

basic 0.344 
p(,K), = 0.69 

70  wt% ethanol 
Completely 

acidic 0.194 - 
0.09408 0.373 1.113 
0.07803 0.375 1.084 
0.06570 0.379 1.016 
0.05236 0.383 0.950 
0.03764 0.385 0.944 
0.02099 0.391 0.870 
Completely 

basic 0.403 
p(sK),,, = 0.79 

90 wt% ethanol 
Completely 

acidic 0.192 - 

0.08879 0.387 1.720 
0.06738 0.388 1.663 
0.05547 0.391 1.610 
0.04561 0.399 1.496 
0.03085 0.401 1.474 
0.01832 0.411 1.357 
Completely 

basic 0.435 
p(>K),, = 1.28 

95 wt% ethanol 
Completely 

acidic 0.125 - 
0.08026 0.232 2.239 
0.06661 0.233 2.190 
0.05626 0.237 2.120 
0.04125 0.245 2.000 
0.0275 1 0.252 1.912 
0.01440 0.264 1.804 
Completely 

basic 0.298 
p(X), = 1.71 

Results 
The values of m,,,, spectral absorbances (A) and p(,K); are 

given in Tables 1 and 2. The p(,K), values obtained in the 
molal scale in different solvents are given at the bottom of the 
column of p(,K);. The uncertainty in the p(,K), values is about 
20.02 unit. The literature value (8) of pK in water is 1.02 
which compares favorably to our experimental value of 1.01. 

Discussion 
As a basis for comparison (9) in different solvents, the molal 

values of p(,K), have been converted to the mole fraction scale 
p(,K), by the usual relation (10) and are recorded in Table 3. 
The solvent effect on the dissociation of 2,4,6-trinitrophenol 
(HA) has been calculated ( I )  by using eq. [2]. 

The values of 6(A Go) are recorded in Table 3. 
6(A Go) values on the mole fraction scale are plotted as a 

function of the mol% of nonaqueous component in Fig. 1. For 
comparison, the corresponding plots for acetic acid and ben- 
zoic acid are also shown. For acetic acid and benzoic acid p(,K) 
values were reported in literature (I lb)  on molal scale and the 

values were converted to the mole fraction scale for computa- 
tion of 6(A Go) values (Table 3). In case of trinitrophenol, 
6(AG0) decreases when methanol or ethanol is added to a 
solvent that is initially pure water and passes through a mini- 
mum when mole fraction of nonaqueous component is about 
0.3 and subsequently, reaches a positive value when mole 
fraction of water in the solvent becomes low. The 6(AG0) 
curve in ethanol-water lies below that in methanol-water 
indicating that the acid is stronger in ethanol-water for similar 
mol% nonaqueous component. This behaviour of trinitro- 
phenol is in sharp contrast with those observed for uncharged 
acids like acetic acid, benzoic acid where no minimum in 
6(AG0) curve appears and ~ ( A G ' )  rises from the very be- 
ginning (Fig. 1). In view of the fact that addition of methanol 
or ethanol to water produces a series of solvents of progres- 
sively decreasing dielectric constant and that the dissociation of 
HA is an ionogenic process, being accompanied by the creation 
of extra charges it is expected from electrostatic consideration 
that 6(A Go) will increase with increasing organic mol%. Mini- 
mum characteristic for trinitrophenol thus indicates highly spe- 
cific nature of interaction of some of the species involved in the 
ionization process with the solvent. 
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DE AND AITA 

TABLE 3. Values of P( ,K)~ for 2,4,6-trinitrophenol and 6(AG0) for 2,4,6-trinitro- 
phenol, acetic acid, and benzoic acid in methanol-water and ethanol-water solvents 

at 25°C (6(AG0) values are in mole fraction scale) 

Organic 
co-solvent 6(AG0)/(kJ mol-') 

Wt% Mol% ~ ( , K ) N  (N02)3CsHz(OH) CH3COOH* C6HsCOOH* 

Methanol- water 
0 

-2.11 
-2.11 
-0.34 

2.68 

Ethanol - water 
-2.51 
-2.68 
-2.62 
-0.40 

1.88 

*Reference I 1 ( a ) .  

Solvent effect on the dissociation of HA is actually the re- 
sultant of the free energy transfer values of the individual 
species involved in the ionization and is given by (7, 12) 

where A G;(i) represents the free energy change accompanying 
the transfer of one mole of species i from the standard state in 
water to the standard state in the solvent concerned, both on the 
mole fraction scale. 

Since A G ~ ( H + )  is common for all acids in a particular sol- 
vent system, it is evident that relative interaction of acid (HA) 
and its conjugate base (A-) is very much different for 
2,4,6-trinitrophenol as compared to that for acetic acid or ben- 
zoic acid. AG;(H') values for methanol-water and ethanol- 
water solvent systems based on different extrathermodynamic 
assumptions are available in literature but since tetraphenyl 
borate assumption is most reasonable and consistent (13, 
14) and is widely used (15, 16) we have utilized the A G;(H') 
values based on RE (RE = Ph4PBPh4) (Ph = phenyl) based 
on the assumption that AG;(P~,P+) = AG;(P~,B-) = 
~ A G ~ ( P ~ , P B P ~ , )  available from literature (15) to compute 
A G;(A-) - A c~(HA). For ethanol-water, however, re- 
ported values based on average of Ph,PBPh, and Ph,AsBPH, 
assumptions (15) have been used (results calculated via the two 
assumptions, however, differ by small amount which is within 
the range of experimental error (16). 

A G ~ ( A - )  - A G;(HA) for 2,4,6-trinitrophenol, acetic acid, 
and benzoic acid, are reported in Table 4 which shows that for 
trinitrophenol it is negative in the solvent of lower mol% non- 
aqueous component and then becomes increasingly positive as 
the proportion of organic component increases in the solvent 
and thus passes through a minimum. Initial decrease of 
A G;(A-) - A G;(HA) suggests that A c;(A-) < A G;(HA); 
that is, trinitrophenolate anion is more stable than its conjugate 
acid. h G;(HA) for trinitrophenol is likely to be negative since 
it contains an aromatic ring for dispersion interaction with the 
organic component of the solvent mixture. Thus A G;(A-) is 
appreciably large and negative and this occurs in spite of the 
positive contribution to the free energy transfer due to electro- 
static interaction. Free energy of 2,4,6-trinitrophenolate ion 
which is delocalised oscillator is very much lowered by strong 

FIG. 1. Variation of 6(AGn) for different acids as a function of 
mol% organic co-solvent: @, methanol + water; 0, ethanol + 
water; ( A )  and (B), 2,4,6-trinitrophenol; (C) and (E), acetic acid; 
(D), benzoic acid. 

dispersion interaction with organic component of the solvent 
mixture (1 1, 17, 18). The very high polarisability of de- 
localized electrons in the trinitrophenolate ion promotes inter- 
action with localized dispersion centre in nearby solvent mole- 
cules (1 1, 17, 18). The effective density of dispersion centres 
in the solvent molecules being found to increase in the se- 
quence H,O < CH,OH < C2H50H, dispersion interaction 
will be maximum in ethanol-water mixture. The minimum in 
A G ~ ( A - )  - AG;(HA) results from two opposing effects. 
-A G;(HA) is positive and its contribution due to electrostatic 
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TABLE 4. Values of AG;(H+) and AC:(A-) - AG;(HA) in methanol-water and 
ethanol-water colvents at 25OC (AGO values in kJ mol-' (mole fraction scale)) 

AG;(A-) - AG;(HA) 
Wt% organic 

co-solvent A G;(H+)* (NOz),C6Hz(OH) CH3COOH C6H,COOH 

Methanol- water 
- 1.42 

0.78 
5.53 
8.49 

Ethanol- water 
- 1.67 

1.76 
3.67 
4.19 

interaction to AG;(A-) is also positive, and their combined 
contribution simultaneously opposes the negative contribution 
to A G ~ ( A - )  due to very strong dispersion interaction leading to 
a minimum in A G ~ ( A )  - A G;(HA). 

For acetic acid and benzoic acid, A G;(A-) - A G;(HA) is 
very positive (Table 4) and is probably primarily due to electro- 
static interaction of A-. Unlike delocalised oscillator trinitro- 
phenolate ion, the localized oscillator acetate and benzoate 
have weaker (11) dispersion interaction with organic com- 
ponent of the solvent mixture. The dispersion interactions of 
A- and HA are not much different as in case of nitrophenol and 
electrostatic contribution to A G ~ ( A - )  is primarily responsible 
for variation of A G ~ ( A - )  - AG;(HA) in the case of acetic 
acid and benzoic acid. 

In addition to the different forms of interaction described, 
hydrogen bonding interaction with negative charge oxygen 
centres of HA and A- also operate, but this effect is not 
likely to contribute much to the combined term AG;(A-) - 
A G ~ ( H A )  in the aqueous mixtures of ethanol or methanol and 
particularly it has little role in the making of large difference of 
dissociation behaviour between 2,4,6-trinitrophenol and acetic 
acid or benzoic acid. Interaction of H+ is reflected in A G;(H+) 
which may be taken as a measure of relative solvent basicities 
( 5 ,  7). The detailed interpretation of the behaviour of A G;(H') 
in aqueous mixtures of methanol and ethanol have been 
presented (15). The overall dissociation behaviour of different 
uncharged acids in aqueous mixtures of methanol and ethanol 
is thus understood in terms of interactions of the species HA, 
A- and H+ reflected in A G;(i) of eq. [3]. 
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DONALD W. HUGHES, RUSSELL A. BELL, THOMAS NEILSON, and ALEX D. BAIN. Can. J .  Chem. 63, 3133 (1985). 
Assignment of the deoxyribofuranose protons in short DNA oligomers by techniques such as homonuclear shift-correlated 

(COSY) 2-D nmr becomes difficult when there are overlapping diagonal signals. To solve this problem we have applied the 
method of relayed coherence transfer 2-D nmr to generate cross-peaks between protons such as 1 '  and 3', 3' and 5' and 5" 
which are not coupled but belong to the same spin system. Plotting cross-sections through the diagonal peaks of the 3' protons 
produced completely resolved spectra of the deoxyribofuranoside protons for each nucleotide. Chemical shifts were assigned 
by comparing each cross-section with the one-dimensional spectrum. A new phase-cycling procedure for the transmitter and 
receiver was determined and allowed data acquisition with suppression of p-type peaks. This technique is illustrated by the 
spectra of deoxycytidine and the deoxytriribonucleotide, dCpTpGp. 

DONALD W. HUGHES, RUSSELL A. BELL, THOMAS NEILSON et ALEX D. BAIN. Can. J .  Chem. 63, 3133 (1985) 
L'attribution des protons du dtoxyfurannose des petits oligomkres de I'ADN, en faisant appel h des techniques telle la 

spectroscopie de corrClation (COSY) en rmn 2-D, devient difficile lorsque les signaux diagonaux se recouvrent. Pour palier 
h cet inconvknient, nous avons utilist la mCthode du transfert de cohtrence par relais en rmn 2-D pour gCnCrer des pics de 
rCfCrence entre les protons 1' et 3', 3' et 5' et 5" qui ne sont pas couples, mais qui appartiennent au mCme systkme de spin. 
La courbe des sections droites a travers les pics diagonaux des protons 3' produit, pour chaque nucltotide, un spectre 
complktement rCsolu des protons du dCoxyribofurannoside. On a attribuC les dtplacements chimiques en comparant chaque 
section droite avec un spectre unidimensionnel. On a dtterminC une nouvelle mCthode en phase cyclique pour 1'Cmetteur et 
pour le rkcepteur. Elle permet l'acquisition de donntes en supprimant les pics du type p. Les spectres de la dtoxycitidine et 
du dtoxytriribonucltotide dCpTpGp illustrent cette technique. 

[Traduit par le journal] 

Introduction 
The structure in solution of DNA oligomers is currently 

undergoing intensive study by nmr spectroscopy. Increased 
interest in this area has resulted primarily from the improved 
chemical synthesis of DNA oligomers and from the ability of 
high field 'H nmr to observe the conformational changes in the 
deoxyribofuranoside ring and in the phosphate backbone upon 
the binding of various antitumor drugs (1 -4). Reid et al. (5) 
have reported a difference between the solution and solid-state 
helical structures of a self-complementary octamer. Therefore, 
it may be necessary to obtain a detailed knowledge of the 
structure in solution of certain base-paired oligomers even 
though the solid-state X-ray structure may be available. 

Prior to the determination of the solution structure of an 
oligomer by nmr, the 'H resonances must be correctly assigned 
to a specific nucleotide in the sequence. Several methodologies 
are available for analyzing one-dimensional 'H nmr spectra and 
these include incremental analysis (6,7),  chemical shift param- 
eters (8), and a set of empirically derived rules based on obser- 
vations of several DNA oligomers (9). These techniques are 
generally restricted to high temperature spectra (270°C) of 
single strands where base stacking and base pairing are re- 
duced. Nuclear Overhauser effect (nOe) difference spectro- 
scopy has been used to sequence base-paired DNA oligomers 
(5, 10). Considerable growth has occurred in the application of 

' Authors to whom correspondence should be addressed. 
'Present address: Department of Chemistry, University of Toronto, 

80 St. George Street, Toronto, Ontario, Canada M5S IAl. 

two-dimensional nmr techniques because the improved resolu- 
tion and high information content facilitates the assignment of 
the deoxyribofuranoside protons. The connectivity and assign- 
ment of the de~x~ribofuranoside protons is usually achievedby 
COSY (1 1 - 14) and 'H-?'P heteronuclear shift-correlated ex- 
periments (12, 15, 16). Two-dimensional double-quantum 'H 
spectra of DNA tetramers were recently reported (17). Infor- 
mation on the sequence and spatial relationship of nucleotides 
in base-paired duplexes can be obtained by 2-D nOe methods 
(11, 13, 18-20). 

A two-dimensional nmr experiment that can aid in assigning 
the 'H spectra of short DNA oligomers is relayed coherence 
transfer. Initially reported by Bolton and Bodenhausen (21,22) 
and Eich et all (23) ,  relayed coherence transfer is a mod- 
ification of the shift-correlated experiments that produced 
cross-peaks between nuclei which are not coupled but which 
belong to the same spin system. The additional cross-peaks 
eliminate the uncertainties encountered in the COSY experi- 
ment that arise when different spin systems have protons with 
identical chemical shifts on the diagonal, resulting in several 
indistinguishable connectivities. ~ e c e n t  applications of homo- 
nuclear relayed coherence transfer have dealt with the assign- 
ment of the 'H spectra of proteins (24, 25). We report here the 
use of homonuclear relayed coherence transfer 2-D nrnr in 
assigning the deoxyribofuranoside 'H resonances of short DNA 
oligomers. A phase-cycling procedure for the transmitter 
pulses and receiver is also presented, which allows suppression 
of p-type signals. 

Relayed coherence transfer spectra are obtained by mod- 
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INTENSITY 

OPO j 

FIG. 1. Structure and numbering of deoxycytidine and the deoxy- 
triribonucleotide triphosphate dCpTpGp. 

ifying the mixing pulse of the COSY experiment as follows. 
Homonuclear shift-correlated (COSY): 

90 - t ,  - 90 - ACQ 

Relayed coherence transfer: 

To illustrate the effect of the relayed coherence transfer pulse 
sequence, the example of the three-spin system formed by 
protons l ' ,  2',  and 3' of the deoxyribofuranoside ring (Fig. 1) 
will be used. Protons 1 '  and 2', and 2' and 3' have three-bond 
coupling constants, while there is no observed coupling be- 
tween 1 '  and 3'. The first 90" pulse in the relayed coherence 
transfer experiment creates transverse magnetization, which is 
allowed to precess during the evolution period t , .  The second 
90" pulse acts in a manner similar to the COSY mixing pulse 
in that magnetization from the transitions of the 1 '  proton is 
transferred to the connected transitions of 2'. A 180" pulse is 
inserted between the second and third 90" pulses in order to 
remove the effects of chemical shift modulation during this 
time period. The final 90" pulse transfers magnetization from 
the 2' transitions, which now contain frequency information 
from l ' ,  to the 3' proton transitions. The signal from 3' will 
therefore be modulated at frequencies corresponding to both 1 ' 
and 2' and result after 2-D Fourier transformation in a cross- 
peak at w ,  = 61' and w2 = 63'. COSY cross-peaks from 
coupled protons are also observed because they arise from 
transverse magnetization components not affected by the final 
pulse (25). 

The intensities of the relayed coherence transfer cross-peaks 
depend strongly on the exact nature of the spin system, since 
additional spin couplings can provide additional routes for the 

FIG. 2. Intensity of relayed cross-peaks as a function of T for the 
I I c 1 

pathway I '  7' ; > 3' (solid line) and 3' + 4' ' '1 (dashed line with 
1 2" LS' 

higher intensity represents the 3' to 5" cross-peak) in deoxycytidine. 
Curves were calculated from eqs. [I]  and [3] using an estimated Tz 
value calculated from T2 = I/.rr.vl12 with the halfwidth, vl12, of 
1.0 Hz. 

magnetization to follow during relayed coherence transfer (26, 
27). In the present case we are interested in the relay of mag- 
netization from A to X in an AMX spin system where .IAX = 
0. If the spin M is also coupled to nuclei K,  L, . . . etc. (other 
than A and X), then the efficiency of a relayed coherence 
transfer is given by (26-28) 

[ I ]  sin ( n  JAM T) sin ( n  JMX T) n cos ( n  J M ~  T) 
i = K . L  . . . .  

x exp (-TIT? (MI) 

where T is the fixed delay in the relayed coherence transfer 
pulse sequence and T2(M) is the spin-spin relaxation time of 
nucleus M. In particular, the intensity of the relay cross-peak 
between the 1 '  proton and 3' via 2' is proportional to 

[2] sin ( n  J,.?, T) sin ( n  J2r3f T) cos ( n  JTT T) 

exp (-7/T2(2')) 

There is an additional route for relaying the 1 '  proton mag- 
netization to 3' and that is via 2", which results in an efficiency 
given by an equation similar to eq. [2]. These two independent 
routes can be combined to provide an overall efficiency for the 
I '  to 3' relayed coherence transfer given by (27) 

[3] [sin ( n  J,,?, T) sin ( n  J5?'3' T) exp (-7/T2(2')) 

+ sin ( n  J1.T T) sin ( n  JY3, T) exp (-7/T2(2))))] 

x COS (T J2s2" 7) 

Figure 2 shows a plot, derived from the above equations, of 
intensity versus T for the 1 '  to 3' (solid line) and 3' to 5' and 
5" (dashed lines) relayed cross-peaks using the coupling con- 
stants for deoxycytidine (Table 1 ) .  Since the intensities of the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HUGHES ET AL 

Frc. 3 .  (a) Contour plot of the 250-MHz 'H COSY 2-D nmr spectrum of deoxycytidine in D 2 0  at ambient temperature. The solid line indicates 
the connectivity pathway starting at H-1' through to protons 5' and 5". (b) Contour plot of the 'H relayed coherence transfer 2-D nmr spectrum 
of deoxycytidine. The horizontal line indicates both the normal COSY cross-peak between H-1' and H-2', 2" and the new cross-peak to H-3'. 
The vertical line through H-3' shows an additional relayed coherence transfer cross-peak between H-3' and H-5', 5". 

TABLE I.  Proton chemical shifts 
and coupling constants for deoxy- 

cytidine in D 2 0  at 23°C 

Proton 
- 

H-6 
H-5 

Shift 

7.829 
6.002 

Coupling 
constants (Hz) 

peaks depend on the nature of the spin system and all the 
coupling constants, the choice of an optimum value for T al- 
most requires complete knowledge of the spin system before 
the experiment starts. Furthermore, the range of coupling con- 
stants and spin systems in deoxyribofuranoside molecules 
means that an optimum T which provides both uniform mag- 
netization transfer and minimum effect of Tz relaxation is im- 
possible for the whole oligomer. The non-uniform nature of the 
magnetization transfer can be seen in Fig. 2 where the relayed 
cross-peaks reach their maximum value near T = 0.07 s; how- 
ever, there is considerable variation in their relative intensities. 
A value of T was therefore chosen from an average of the 

coupling constants, since although the functional form of eq. 
[ l ]  may be complicated there are relatively few values of T for 
which eq. [ I ]  is close to zero. As in other types of two- 
dimensional spectroscopy, the absence of a correlation peak 
does not mean the absence of a correlation. 

A complex pulse sequence such as this not only creates the 
signals needed to make the correlation, but also many artifacts. 
The main type of artifact that needs to be suppressed is the 
so-called "p-type" peaks which appear symmetrically on the 
other side of F ,  = 0 from the desired peaks. By repeating the 
pulse sequence with different r.f. phases it is almost always 
possible to suppress the undesirable peaks which could lead to 
spurious correlations. The concept of a coherence pathway (29, 
30) was used in designating the sequence of r.f. phases for this 
pulse sequence. 

The spectra of deoxycytidine and the deoxytriribo- 
nucleotide,' dCpTpGp, were used to illustrate the application 
of relayed coherence transfer in assigning deoxyribofuranoside 
resonances. 

Experimental 
All 'H nmr spectra were recorded at 250.13 MHz on a Bruker 

WM-250 spectrometer. The single-pulse spectra for deoxycytidine 
were recorded in 16 scans over a sweep width of 1474.93 Hz (5.554 

'Abbreviations used: 2'-Deoxyribosyl5'-dCpTpGp-3'. The deoxy- 
oligoribonucleotide is written in the normal 5 '  + 3' sequence, and the 
bases are numbered from the 5'-end: dCpTpGp. 

1 2 3  
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TABLE 2. The phase cycling scheme for the 
relayed coherence transfer pulse sequence 90"3 - 

t i  - 90"+2-T- 1 8 0 3 , ~ -  90"*3 - ACQe 

90;) 9 0 3  180:3 90:,1 Receiver8 

0 0 0 0 n / 2  
0 0 n n 7T/2 
0 7T 0 0 7112 
0 n n 7T n / 2  
0 0 0 0 n / 2  
0 0 7T n n /2  
0 n 0 0 n / 2  
0 n n n n / 2  
0 7 ~ / 2  n / 2  7112 3n/2 
0 7 ~ / 2  3n/2 3n/2 3n/2 
0 3n/2 n / 2  n / 2  3n/2 
0 3n/2 3n/2 3n/2 3n/2 
0 7 ~ / 2  n / 2  n / 2  37~12 
0 n / 2  3n/2 3n/2 3a /2  
0 3n/2 n / 2  n / 2  3n/2 
0 3n/2 3a /2  3n/2 3n/2 

s acquisition time) while the dCpTpGp spectra were acquired in 48 
scans using a 1748.25-Hz sweep width (4.686 s acquisition time). 
Spectra were acquired in 16 K data points. Suppression of the HDO 
resonance was achieved by irradiation during the 2.0-s relaxation 
delay prior to acquisition. Sample temperatures were ambient tem- 
perature (23°C) for deoxycytidine and 40.3 -t 1 .O°C for dCpTpGp. 
The latter temperature was maintained by a Bruker BVT-1000 variable 
temperature unit and checked by thermocouple measurement. The free 
induction decays were processed using Gaussian multiplication for 
resolution enhancement and zero-filled to 32 K before Fourier trans- 
formation. 

The 'H shift-correlated (COSY) 2-D nrnr spectra were acquired 
using the pulse sequence: 

90" - tl - a" - ACQ 

where a = 90" for the deoxycytidine experiment and a = 45" for 
dCpTpGp. The 90" pulse width was 6.4 ps. Relayed coherence trans- 
fer 2-D nrnr experiments used the pulse sequence: 

9 0 3  - ttl - 9 0 3  - T - 1802 - T - 90:~ - ACQe 

where T = 0.046 S. The phase cycling +,, +,, +,, and 0 are given in 
Table 2. The HDO resonance was suppressed by pre-saturation during 
the 2.0-s relaxation delay and the evolution and fixed delay times prior 
to acquisition. The 2-D spectra of deoxycytidine were obtained in 16 
scans for each of the 128 FID's which contained 5 12 data points in F2. 
Zero-filling in the Fl dimension during 2-D Fourier transformation 
produced a 256 X 256 data matrix with a digital resolution of 5.761 
Hz/point in both dimensions. The dCpTpGp 2-D spectra consisted of 
256 FID's (I K data points in F2) acquired in 48 scans each. The data 
were zero-filled in F1 to a 5 12 x 5 12 matrix when transformed and 
the resolution was 3.415 Hz/point. All spectra were transformed with 
the application of the squared sine-bell function in both dimensions 
followed by symmetrization of the transformed matrix 

Samples were lyophilized twice from 99.8% DzO and then dis- 
solved in 100% D,O (MSD Isotopes) to concentrations of 0.13 M for 
deoxycytidine and 0.017 M for dCpTpGp. Chemical shifts are re- 
ported in ppm relative to DSS (sodium 4,4-dimethyl-4-silapentan- 
I-sulfonate) using tert-butyl alcohol-OD (1.231 ppm) as internal 
reference. 

Results and discussion 
COSY and relayed coherence transfer 2-D nmr spectra were 

initially recorded on deoxycytidine (Fig. 1) in D 2 0 .  Since the 
relayed coherence transfer experiment creates additional cross- 
peaks, a mononucleoside with well-resolved riboside proton 

90 t ,  90 DZ 180 D2 90 acquisition 

- 1  - receiver 

- 
0) > 0) - 
0) 

C 0 -  

Z 
s 
U 

- 1  - 
FIG. 4. Coherence pathway for the desired signals in the homo- 

nuclear relayed coherence transfer experiment. The solid line traces 
the changes in coherence level (see ref. 29) during the pulse sequence 
depicted at the top of the diagram. The phase cycling procedure in 
Table 2 allows this pathway to survive, but suppresses pathways that 
include coherence level + I during the tl delay. 

sio 610 2.0 ppm 

RG. 5. The 250-MHz 'H nrnr spectrum of dCpTpGp in DzO at 
40.3"C. Peaks marked with (X) are impurities. 

resonances was examined first in order to avoid any compli- 
cations arising from overlapping multiplets. The chemical 
shifts and coupling constants for deoxycytidine are presented in 
Table 1 and the assignments are shown on the one-dimensional 
spectrum in Fig. 3a. Pyrimidine protons H-5 and H-6 form an 
AX spin system. The resonances from the seven deoxy- 
ribofuranoside protons can be grouped into three spin systems 
of the type ABX or ABM as follows: 1 ', 2', and 2"; 3 ' ,  2', and 
2"; 4 ' ,  5',  and 5". From the contour plot of the COSY spectrum 
in Fig. 3a,  the connectivity of the deoxycytidine riboside pro- 
tons can be worked out by locating the appropriate cross-peaks 
indicated by the solid line. Cross-peaks of relatively high in- 
tensity were observed between 1 '  and 2', 2" protons and simi- 
larly between 3' and 2', 2". The digital resolution was insuf- 
ficient to resolve the AB coupling between 2' and 2" protons. 
The connectivity pathway can be completed by following the 
3'-4' cross-peak through the 4' diagonal peak to the cross- 
peak between the 4' and 5 ' ,  5" protons. 

With the connectivities between directly coupled riboside 
protons established from the COSY spectrum, the relayed co- 
herence transfer experiment was then performed. The fixed 
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HUGHES ET AL. 

FIG. 6. (a) Contour plot of the 250-MHz 'H COSY-45 2-D nmr spectrum of the deoxyribofuranoside protons of dCpTpGp in D20 at 40.3"C. 
The solid line indicates the connectivity pathway through the deoxyguanosine furanoside protons. (b) Contour plot of the 250-MHz 'H relayed 
coherence transfer 2-D nmr spectrum of dCpTpGp at 40.3"C. The vertical line indicates the COSY and relayed coherence transfer cross-peaks 
to the deoxyguanosine H-3'. 

delay times in the pulse sequence were adjusted to produce a 
relayed coherence transfer cross-peak between the 1 '  and 3' 
protons. The advantages of a cross-peak between these protons 
are the large separation of the anomeric proton resonance from 
the other riboside proton signals and, in oligomers, the 1' 
resonances are generally not overlapped. An additional advan- 
tage was that the 3' proton chemical shift difference between 
phosphorylated and non-phosphorylated nucleosides could 
be used to identify the 3'-terminal nucleot~de 1' and 2',  2" 

one from 1'  through 2 ' ,  2" to 3' and the other from 3' through 
4' to the 5',  5'' protons. The delay T of 0.046 s provides a 
balanced magnetization transfer throughout the entire deoxy- 
riboside spin system and is derived from an average of all the 
deoxyriboside coupling constants of 5.5 Hz. From Fig. 2 it can 
be seen the T = 0.046 s results in cross-peaks that have consid- 
erably less variation in relative intensity and allow the relayed 
cross-peak between 3' and the 5' protons to be observed at a 
similar intensity level at the 1 '  to 3' cross-peaks. This avoids 

protons. repeating the experiment with different T values in order to 
The coherence pathway for the relayed transfer experiment obtain a specific correlation. 

is given in Fig. 4. The desired signals are those that are in The significance of the 3'-5', 5" relayed coherence transfer 
coherence level - 1 during the t ,  delay and then follow the solid 
line to the receiver; the p-type peaks arise from signals that are 
in coherence level + 1 during t , .  There are three major routes 
by which the p-type signals can reach the receiver, and it can 
be shown by the methods in ref. 29 that the phase-cycling 
procedure in Table 2 eliminates all of them. 

Using the phase-cycling technique in Table 2 and the fixed 
delay T as 0.046 s, the relayed coherence transfer 2-D spectrum 
of deoxycytidine (in Fig. 3b) was acquired. The relayed coher- 
ence transfer cross-peak between 1' and 3' was observed along 
with the COSY cross-peaks. By drawing a horizontal line 
through the 1'-3' cross-peak as shown in Fig. 3b, it is possible 
to identify four of the seven protons of the deoxyribofuranoside 
spin system. The particular value of 7 used also gives a rel- 
atively intense cross-peak between 3' and the 5', 5" protons, 
even though this is a different spin system (27). This additional 
relayed coherence transfer cross-peak arises because the 3' 
proton is actually part of two magnetization transfer pathways: 

cross-peak became evident when a vertical line was drawn 
through the H-3' diagonal peak (Fig. 3b). It was then possible 
to assign all the protons that belonged to the deoxyribo- 
furanoside ring which contained that specific 3' proton. 
Extending these results to short oligomers, it should be possible 
to exploit the effect of phosphorylation on the 3' chemical 
shifts and be able to extract all the protons for each deoxyribo- 
furanoside ring by examining both the COSY and relayed co- 
herence transfer cross-peaks in vertical cross-sections through 
the 3' protons. 

In order to evaluate the ability of the relayed coherence 
transfer experiment to resolve the deoxyribofuranoside proton 
resonances of an oligomer, the deoxytriribonucleoside tri- 
phosphate, dCpTpGp (Fig. 1) was studied. The one-di- 
mensional spectrum of dCpTpGp (Fig. 5) was recorded in DzO 
at 40.3"C. At this temperature the residual HDO signal was not 
overlapped with deoxyribofuranoside proton resonances. A 
preliminary analysis of the one-dimensional spectrum permit- 
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 TABLE^. ' H  chemical shifts for 
dCpTpGp at 40.3"C in D 2 0  

Chemical shifts 

FIG. 7. Plots of the columns of the relayed coherence transfer 2-D 
data matrix through the H-3' resonances showing the proton signals 
for each deoxyribofuranoside ring. The digital resolution of these 
vertical cross-sections was 3.415 Hz/point. 

ted the identification of the type of deoxyribofuranose proton 
resonances as well as some assignments. Of the three anomeric 
proton signals, the H-1' at 6.238 ppm was the only resolved 
multiplet, while the other H-1' signals were overlapped. Multi- 
plets attributed to the 3' protons in the region of 4.7-5.0 ppm 
were each resolved, even though all 3' hydroxyl groups were 
phosphorylated. The region from 4.0-4.4 pprn contained the 
4' protons and the 5', 5" protons from dT and dG. Centered 
near 3.9 ppm was the characteristic AB multiplet correspond- 
ing to the non-phosphorylated 5' terminal dC 5' ,  5" protons. 
Between 2.0 and 3.0 ppm were the AB multiplets from the 2 ' ,  
2" protons. Application of the rules developed by Tran-Dinh et  
al. (9) resulted in the assignment of the signals at 2.829 and 
2.619 pprn to the dG H-2' and H-2", respectively. The highest 
field multiplet near 2.0 pprn had a splitting pattern character- 
istic of a dT H-2' (9). 

A COSY-45 spectrum (Fig. 6a) was then recorded to deter- 
mine the connectivity of the deoxyribofuranoside protons. The 
45" mixing pulse was used to produce a clearer representation 
of cross-peaks near the diagonal (31, 32). The only con- 
nectivity pathway that could be completed with reasonable 

-- 

Proton C T G 

H-6 7.792 7.491 
H-5 6.003 
H-8 8.016 

certainty from Fig. 6a was that of the dG deoxyriboside pro- 
tons. The dC and dT connectivities were complicated by the 
overlap of the H-I' resonances and the H-4' signals near 4.1 
ppm. In the upper right corner of Fig. 6a the coupling of the dC 
and dT 2' and 2" protons could be readily observed because of 
the chemical shift separation of the individual AB rnultiplets. 
The chemical shift separation of the dC and dT 2' and 2" 
protons also helped to identify the coupling to the correspond- 
ing 3' protons. 

To clarify further the connectivity of the deoxyribofurano- 
side protons, the relayed coherence transfer spectrum of 
dCpTpGp was obtained with a fixed delay of 0.046 s. The 
contour plot of this spectrum is shown in Fig. 6b. A vertical 
line through the 3' proton at 4.994 pprn identified all thedeoxy- 
riboside protons of dG. When this method was used to assign 
the dC and dT protons a number of problems arose in dealing 
with the contour plot. There was a loss of intensity of some of 
the 2', 2"-3' cross-peaks and a further reduction of the already 
low intensity 3'-4' cross-peaks. The 1'-3' relayed coherence 
transfer cross-peaks were reasonably intense, but those for dC 
and dT appeared overlapped. The intensity problems may be 
overcome by acquiring more scans and (or) optimizing fixed 
delay times for particular coupling constants. A more satis- 
factory approach than analyzing the contour plot was to com- 
pare the vertical cross-sections through each 3' proton directly 
with the one-dimensional spectrum. This method, shown in 
Fig. 7,  produced a spectrum for each nucleotide in the sequence 
without the problems of signal overlap from other deoxy- 
ribofuranoside protons. The cross-sections could be assigned to 
a specific nucleotide by identifying the resonances whose as- 
signments could be made from the one-dimensional spectrum. 
 he dC signals were determined by noting the alignment of the 
signal near 3.8-3.9 pprn in the bottom cross-section of Fig. 7 
with the AB multiplet of the 5', 5" protons in the one- 
dimensional spectrum. As previously discussed, the dG 2', 2" 
protons generally appear at lower field than the pyrimidine 2', 
2" protons (9). The signals in the top cross-section of Fig. 7 
near 2.6-3.0 pprn correlated with the dG 2', 2" protons in the 
one-dimensional spectrum and therefore identified the dG 
cross-section. This confirmed the COSY-45 connectivities. 
The dT cross-section was assigned by elimination and con- 
firmed by the alignment of the signal near 2.0 ppm with the 
multiplet attributed to the dT H-2'. The chemical shifts of 
dCpTpGp are presented in Table 3. These cross-sections were 
able to assign the dC and dT H-1' resonances at 6.157 and 
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6.127 ppm, respectively. The d C  and d T  H-4' signals were 
insufficiently resolved and the assignments given in Table 3 are 
tentative. 

Conclusions 
Relayed coherence transfer provides an effective means of 

assigning the deoxyribofuranoside 'H resonances of each nu- 
cleotide in short DNA oligomers. The use of cross-sections 
through the 3' protons avoids the ambiguities that arise during 
the analysis of complex shift-correlated contour plots. The 
ability of the cross-sections to resolve the deoxyribofuranoside 
protons should aid in performing other experiments such as 
spin decoupling and one-dimensional nOe's. It is generally 
recommended that the COSY spectrum also be recorded to 
avoid confusing the COSY and relayed coherence transfer 
cross-peaks in the contour plots. The successful application of 
this technique to DNA oligomers requires the resolution of the 
3' proton resonances and this will depend on the base com- 
position and length of the sequence as well as the magnetic 
field strength. 

Acknowledgements 
W e  thank Brian D .  Allore for preparing the trimer dCpTpGp 

used in this study. The authors acknowledge financial support 
from the National Cancer Institute of Canada and the Natural 
Sciences and Engineering Research Council of Canada. 

1. J.-M. NEUMANN, S. TRAN-DINH, J.-P. GIRAULT, J.-C. CHOT- 
TARD, T. HUYNH-DINH, and J. IGOLEN. Eur. J. Biochem. 141, 
465 (1984). 

2. A. T.  M. MARCELIS and J. REEDIJK. Recl. Trav. Chim. Pays-Bas, 
102, 121 (1983). 

3. T. R. KRUGH. I n  Topics in nucleic acid structure. Vol. I .  Edited 
I)! S. Neidle. MacMillan Publishers Ltd., London. 1981. pp. 
197-217. 

4. D. J. PATEL. ACC. Chem. Res. 12, 1 18 (1979). 
5. D. G. REID, S .  A .  SALISBURY, S. BELLARD. Z. SHAKKED, and 

D. H. WILLIAMS. Biochemistry, 22, 2019 (1983). 
6. P. N. BORER, L. S. KAN, and P. 0. P. Ts'O. Biochemistry, 14, 

4847 (1975). 
7. P. 0 .  P. Ts'O, J. L. ALDERFER. P. N. BORER, and L. S. KAN. 

I n  Structure and conformation of nuclcic acids and protein - 
nucleic acid interactions. Edited 6~ M. Sundaralingam and S. T. 
Rao. University Park Press, Baltimore, MD. 1975. pp. 193-206. 

8. R. A. BELL, D. ALKEMA, J. M. CODDINGTON, P. A. HADER, 
D. W. HUGHES. and T. NEILSON. Nucleic Acids Res. 11, 1143 
(1983). 

9. S. TRAN-DINH, J.-M. NEUMANN, J .  TABOURY, T. HUYNH-DINH, 
S. RENOUS, B. GENISSEL, and J. IGOLEN. Eur. J. Biochem. 133, 
579 ( 1983). 

10. D. FRECHET, D. M. CHENG. L. S. KAN, and P. 0 .  P. Ts'O. 
Biochemistry, 22, 5194 (1983). 

11. J .  FEIGON, J .  M. WRIGHT, W. LEUPIN, W. A. DENNY, and D. R. 
KEARNS. J. Am. Chem. Soc. 104. 5540 (1982). 

12. A. PARDI, R. W. WALKER, H. RAPOPORT, G. WIDER, and 
K. WUTHRICH. J. Am. Chem. Soc. 105, 1652 (1983). 

13. D. R. HARE, D. E. WEMMER, S.-H. CHOU, G. DROBNY, and 
B. R. REID. J. MoI. Biol. 171, 319 (1983). 

14. J .  W. LOWN, C. C. HANSTOCK, R. C. BLECKLEY, J.-L. IMBACH, 
B. RAYER, and J. J. VASSEUR. Nucleic Acids Res. 12, 2519 
(1984). 

15. K. LAI, D. 0 .  SHAH, E. DEROSE, and D. G. GORENSTEIN. Bio- 
chem. Biophys. Res. Commun. 121, 1021 (1984). 

16. D. MARION, and G. LANCELOT. Biochem. Biophys. Res. Com- 
mun. 124, 774 (1984). 

17. C. C. HANSTOCK and J. W. LOWN. J. Magn. Reson. 58, 167 
(1984). 

18. R. M. SCHEEK, N. RUSSO. R. BOELENS, R. KAFTEIN, and J. H. 
V A N  BOOM. J. Am. Chem. Soc. 105, 2914 (1983). 

19. R. M. SCHEEK, R. BOOLENS, N. RUSSO, J. H. V A N  BOOM, and 
R. KAFTEIN. Biochemistry, 23, 137 1 (1984). 

20. D. E. WEMMER, S.-H. CHOU, D. R. HARE, and B. R. REID. 
Biochemistry, 23, 2262 (1984). 

21. P. H. BOLTON. J. Magn. Reson. 48, 336 ( 1982). 
22. P. H. BOLTON and G. BODENHAUSEN. Chem. Phys. Lett. 89, 139 

(1982). 
23. G. EICH, G. BODENHAUSEN. and R. R. ERNST. J. Am. Chem. 

SOC. 104, 3731 (1982). 
24. G. KING, and P. E. WRIGHT. J. Magn. Reson. 54, 328 (1983). 
25. G. WAGNER. J. Magn. Reson. 55, 151 (1983). 
26. D. NEUHAUS, G. WIDER, G. WAGNER, and K. WUTHRICH. 

J. Magn. Reson. 57, 164 (1984). 
27. A.  BAX and G. DROBNY. J. Magn. Reson. 61, 306 (1985). 
28. 0 .  W. SORENSEN, G. W. EICH, M. H. LEVI'TT, G. BODEN- 

HAUSEN, and R. R. ERNST. Prog. Nucl. Magn. Reson. Spectrosc. 
16, 163 (1983). 

29. A. D. BAIN. J. Magn. Reson. 56, 418 (1984). 
30. G. BODENHAUSEN, H. KOGLER, and R. R. ERNST. J. Magn. 

Reson. 58, 370 (1984). 
3 1. A. BAX and R. FREEMAN. J. Magn. Reson. 44, 542 (I98 I). 
32. A. BAX. 111 Two dimensional nuclear magnetic resonance in liq- 

uids. D. Rcidel Publishing Co., Boston, MA. 1982. pp. 78-82. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Homolytic versus heterolytic cleavage for the photochemistry of 
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B. ARNOLD, L. DONALD, A. JURGENS, and J. A. PINCOCK. Can. J. Chem. 63, 3140 (1985). 
The photochemical cleavage of the I-naphthylrnethyl derivatives, 1-7, has been examined in methanol solvent under both 

direct and sensitized conditions. The cornpetitition between hornolytic and heterolytic cleavage as a function of multiplicity 
and leaving group has been studied in detail. Only substrates 1, 2, 3, and 7 react on sensitization with xanthone but evidence 
is presented that the resulting reactivity of 1, 2, and 3 may not be triplet cnergy transfer but rather exciplex formation. A 
semi-quantitative scale for photofugacities of the leaving groups from the excited singlet states has been established. 

B. ARNOLD, L. DONALD, A. JURGENS et J. A .  PINCOCK. Can. J .  Chem. 63, 3140 (1985). 
Utilisant le rnkthanol comrne solvant, on a Ctudit le clivage photochimique des dCrivCs du naphtyl-l mCthyle 1 h 7 tant dans 

conditions directes que sous I'influence de sensibilisateurs. On a soigneusernent CtudiC la compCtition entre les clivages 
hornolytique et hCtirolytique en fonction tant de la rnultiplicitC que du groupe labile. Seuls les substrats 1, 2, 3 et 7 reagissent 
lorsqu'on utilise le xanthone cornrne sensibilateur; toutefois, on prouve que la rCactivitC rksultante des dCrivCs 1,  2 et 3 n'est 
pas due h un transfert d'tnergie du triplet rnais plutBt h la formation d'un exciplex. On a Ctabli une Cchelle semi-quantitative 
des photofugacitCs des groupes labiles h partir des Ctats singulets cxcites. 

[Traduit par le journal] 

Introduction 
Since the initial reports by Zimmerman et  nl. (1, 2) on the 

photocleavage of benzylic derivatives (ArCH2-X) in nucleo- 
philic solvents, there has been considerable interest in this 
seemingly simple process. Much of the work has focused on 
the competition between homolytic versus heterolytic cleavage 
as a function of the multiplicity of the excited state (i .e.  direct 
versus sensitized irradiations) and the nature of the photofugal 
group (X = C1 (3-6), Br (5, 6),  I (5-7), NK, (8- lo) ,  SR, 
( l l ) ,  6 ~ 3  (12), OOCR (5, 6 ,  13-16), SO,-R (17, 18), 
0 S 0 2 R  (19)). A partial review, including a theoretical study of 
spin inversion in the radical pairs generated in triplet reactions, 
has also appeared (20). This earlier work was mainly qual- 
itative in that usually only product ratios were determined al- 
though in some cases quantum yields are also available. How- 
ever, an understanding of multiplicity effects in these studies is 
complicated for two reasons. First, the high triplet energy of 
the benzene chromophore makes unambiguous-triplet energy 
transfer sensitization difficult. Second, in direct irradiations, 
the proportion of product derived from the triplet formed via 
intersystem crossing from the singlet as opposed to that formed 
directly from the singlet is unknown since detailed quenching 
studies were not attempted. 

Recently the Cristol group has published (3, 4) an extensive 
quantitative study on the photolysis of a series of substituted 
benzyl chlorides in tert-butyl alcohol. The sensitization and 
quenching techniques used only allowed for information about 
triplet state reactivity. The conclusion was that two excited 
triplet states are important in these reactions, a lower one of 
longer lifetime, which reverts only back to ground-state reac- 
tant, and an upper one of shorter lifetime tha t  gives photo- 
solvolysis products. The other conclusion to be reached from 
this study is that benzyl halides are not the ideal substrates 
recluired to d o  the detailed rate-structure correlations that are 

citation energy of the benzene chromophore (1 10 kcal/mol (3) 
for the singlet and 73-74 kcal/mol (21) for the triplet) allows 
photochemical cleavage of the benzyl carbon - chlorine bond 
(bond strength, 67-69 kcal/mol (22)) to be very exothermic 
and consequently rapid. Cristol's (4) estimates of the lifetime 
of the reactive excited states of 0.4 - 1.4 ns are at,  or beyond, 
the limit of reliable measurement by normal quenching and 
single-photon counting lifetime techniques. 

Our interest in the synthetic utility of benzylic cleavages (23, 
24) led us to examine similar substrates using the naphthalene 
rather than the benzene chromophore and to initiate a system- 
atic study of homolytic versus heterolytic cleavage. As Givens 
et  a l .  (15) have outlined previously, the naphthyl chromophore 
absorbs beyond 300 nm so  that quenching studies free of com- 
petitive absorption problems are possible and, as well, the 
lower triplet energy for naphthalenes of about 6 0  kcal/mol is 
suitable for unambiguous sensitization studies. Moreover, the 
lower excited state energies involved make it likely that a 
group, X,  of low enough photofugacity can be found so  that 
reaction rates will be slow enough for convenient mea- 
surement. With this in mind, we undertook and report here a 
study of the photochemistry of the 1-naphthylmethyl deriva- 
tives, 1-7 (from here on the l-naphthyl ring will be abbrevi- 
ated as N). 

The case for X = I was omitted because a recent study (7) 
indicates that this substrate reacts by a pathway quite different 
from that of the other X groups and involves the radical anion 
of molecular iodine. 

necessary to fully understand the factors which control homol- Results and discussion 
ytic versus heterolytic cleavage. This is because the high ex- 

Direct irradiations 
'Author to whom correspondence may be addressed. As expected, from the literature discussed in the Intro- 
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TABLE I. Product distribution" for the photolysis of the I-naphthylmethyl derivatives 1-7 in 
methanol 

X Conditions" 10 11 (9+10+11)/8 R/IC 

1,  CI D 24 T 32 56:31d 52:30(3)11 
S 16 T 2 1 37 : 48 22 : 73(3)" 
Q 20 T 29 49 : 27 - 

2, Br D 16 ND T 16:74' 26 : 64(6) 
S 8 ND T 8:79 ND : 100(6) 
Q 5 ND T 5:78 - 

3, 5 ( ~ ~ 2 ) 2  D 18 T ND 18:71 12:40(11) 
BFI- S 28 T ND 28 : 30 - 

Q 5 T ND 5:82 - 

4, ~ ( c H ? ) ?  D 5 21 T 26 : 72 27 : 54(9), 42 : 42(10) 
C1- S No reaction NR( 10) 

5, OZCCH, D ND ND ND ND : 87 10:33(6) 
S No reaction - 

6 ,  02P(OEt)2 D ND T ND T:93 - 
S No reaction - 

7, S02CH3 D 68 8 ND 74: 12 100: ND(24) 
S 60 10 ND 70: 5 - 
Q" 36 T ND 36: 19 - 

"All values are reported a s %  yield; ND (none detected); T (<5%). 
"conditions: D, direct; S, sensitized with xanthone; Q, quenched. 
'Product distribution for the corresponding benzyl substrate. 
"Literature values (9+ 10+ 11)/8 6 1 : 39(23). 
'Literature values (9+10+ 11)/8 12: 88(23). 
'lo-' M in 2.5-dimethyl-2.4-hexadiene. 

lo-' M in 2,5-dimethyl-2,4-hexadiene. 
"In tert-butyl alcohol. 

duction, direct photolysis of the derivatives 1-7 in methanol umn that gives the ratio of (9 + 10 + 11)/8; the values for the 
leads to the formation of several products resulting from ex- corresponding benzyl derivatives R/1, where known, are also 
cited state cleavage of the carbon-X bond, eq. [ l ] .  given. Clearly, there is considerable variation in these values 

hv and this seems to be mainly a function of X, because the same 
[ I ]  NCH2-X NCH2-OCH? + NCH,CH2N trends are present for both the 1-naphthylmethyl and the benzyl 

1-7 
CHxOH 

9 derivatives. It is, of course, difficult to interpret these results 
for direct irradiations since, as discussed briefly in the Intro- 

+ NCH3 + NCH'CH20H duction, the multiplicity of the excited state that leads to photo- 
10 11 cleavage is unknown without results from sensitization and 

'The products are easily rationalized if both heterolytic and 
homolytic cleavage are involved. The ether 8 is formed by 
trapping of the 1-naphthylmethyl carbocation by the nucleo- 
philic solvent, methanol. In contrast, the products, 9,  10, and 
11, are all formed from the I-naphthylmethyl radical, 9 by 
coupling, 10 by hydrogen-atom abstraction from the solvent, 
and 11 by coupling with the hydroxymethyl radical formed 
from methanol. As will be discussed, the competition between 
the pathways for formation of 9,  10, 11 is determined by the 
nature of the leaving group, X, and the light intensity. How- 
ever, the competition between 8 and (9, 10, 11) as a group is 
a reflection of the relative amounts of products derived from 
ionic and radical intermediates for these substrates. 

The product distributions determined by calibrated hplc for 
the direct irradiations (Corex filter) of 1-7 are given in Table 
1. As can be seen, the mass balance for the reactions is good 
(>85%) even with very high conversion runs, since the results 
reported are for complete disappearance of starting material. 
Because the products have essentially the same chromophore as 
the starting material there is an obvious internal filter effect 
which slows down the reactions as a function of percent con- 
version. However, the product ratios do not change and this 
was confirmed by demonstrating that all four photoproducts are 
stable to the reaction conditions for at least as long as any of the 
irradiation times. The results are best summarized by the col- 

LJ 

quenching studies. These will be presented in the next section. 
The distribution of products from the radical cleavage (i.e. 

9/10/11) obviously varies with X. Normally, the I-naphthyl- 
methyl radical generated in methanol dimerizes to make 9 the 
major product rather than 10 (all substrates except 4, X = 
N(CH~),CI-). This is reasonable since abstraction of a hydro- 
gen from methanol by the 1-naphthylmethyl radical will be 
endothermic by about 1 1  kcal/mol. This is based on the differ- 
ence between the carbon-hydrogen bond strength in methanol 
(93 kcal/mol) (22) and the estimated carbon-hydrogen bond 
strength in 1-methylnaphthalene (82 kcal/mol, using 85 
kcal/mol (22) for the bond strength in toluene and 3 kcal/mol 
(25) extra stabilization for the 1-naphthylmethyl radical relative 
to the benzyl radical). The only case, 4, where methylnaphtha1- 
ene is the major product is explained by the very favorable 

step shown in eq. [2], where the radical cation of tri- 
methylamine serves as the hydrogen atom donor. The corre- 
sponding case, eq. 131, where X is S(CH&BF~, should not be 
as favorable based on the known ability of nitrogen and sulfur 
to stabilize cations as indicated by at values of - 1.7 for 
-N(CH3)? and -0.6 for -SCH3 (26). Finally, the only sub- 
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TABLE 2. Spectroscopic properties of the I-naphthylmethyl derivatives 1-7 in methanol 

ES" E$ TS X loqd kr X TS X loyf 
Compound (kcal/mol) (kcal/mol) $F" (s) (sf ' )  (s) 

"From the 0.0 band in the S,,-S, absorption band. 
"From phosphorescence in 4 :  1 ethanol/methanol at 77 K; ND (none detected). 
'Based on +I; for naphthalene in methanol of 0.24, by comparison with naphthalene in cyclohexane as 0.23 (27) 
"Measured by single-photon counting. 
"Measured by the integrated absorption band for So S,. 
'Calculated from T = +r/kr. 

strate that gives significant amounts of NCH2CH20H, 11, is 1, on sensitization and therefore the direct irradiations must re- 
X = CI. This is a result of the high value for the bond strength flect singlet reactivity. The substrates 1, X = CI, and 2, X = 
in hydrogen chloride (103 kcal/mol) (22) making the process, Br, have been examined in considerable detail recently by 
eq. [4], occur at a rate that allows competition between the Slocum and Schuster (23) with the conclusion that this sensi- 
dimerization of NCHz. radicals and coupling of NCH,. with tization is actually exciplex formation and that the lowest triplet 

141 X. + H-CH2OH -+ X-H + .CH20H of these two substrates does not react. Cristol has reached the 
same conclusion for TI of benzyl chloride. Therefore the results 

CH,OH. For 2, X = Br, the hydrogen bromide bond strength for sensitized reactions of 1 and 2 probably have nothing to do 
(87 kcal/mol) (22) makes the process in eq. [4] endothermic, with unimolecular excited state cleavage of the carbon- 
by 16 kcal/mol, and unfavorable. halogen bond but reflect bimolecular interactions with the 

In order to sort out multiplicity effects in these reactions 
there are two possible approaches: (i) sensitization to determine 
the reactivity of the triplet state or (ii) selective quenching of 
the triplet state formed in a direct irradiation to determine the 
reactivity of the singlet state. 

Sensitized irradiations 
In the previous studies with benzyl derivatives, there have 

always been difficulties in determining the reactivity of the 
triplet state by sensitization techniques because there are no 
obvious sensitizers with triplet energies high enough to make 
triplet energy transfer to the benzene chromophore (-80 
kcal/mol) exothermic. Acetone (El. = 78 kcal/mol) is the 
logical compromise but it should only be used in non-hydrogen 
atom donating solvents and, therefore, if a nucleophilic alcohol 
is required as well, tert-butyl alcohol is the best choice. Con- 
centrations of the sensitizer must be high (typically 10% or 
greater) to avoid competitive absorption by the benzene chro- 
mophores. The Cristol group (3) have used this method for a 
series of substituted benzyl chlorides and it is the observation 
of changes such as radical/ionic products of 60:26 in direct 
irradiation and 22 :73 in sensitized irradiation that have attrac- 
ted attention. How is the amount of ion-derived product in- 
creased if the multiplicity of the excited state changes from 
singlet (spin-paired) to triplet (spin-unpaired)? 

Examination of this problem for the naphthyl derivatives 
reported here is, on the surface, more straightforward. The 
triplet energy of the substrates is around 60 kcal/mol (Table 2). 
The sensitizer chosen was xanthone, which has been shown by 

sensitizer. The only questionable cases are 3 and 7,  which will 
be discussed in more detail in the next section on quenched 
irradiations. 

That the sensitized photocleavage reactions do not involve 
complete electron transfer was confirmed by applying the 
Weller equation (29) to the redox potentials obtained for 1, 7 ,  
and xanthone, assuming the sensitizer was the donor and the 
substrate the acceptor. Both 1 and 7 exhibited irreversible re- 
duction waves by cyclic voltammetry, the half-wave potentials 
being -2.23 and -2.05 V (vs. Ag/AgCI) respectively. Xan- 
thone exhibits an irreversible wave on oxidation with a half- 
wave potential of + 1.76 V. Using these redox values, singlet 
energy of 79 kcal/mol and triplet energy of 69 kcal/mol for 
xanthone and a Coulombic attraction term ofol  .5 kcal/mol (E 

of methanol = 32, encounter distance = 7 A) in the Weller 
equation gives results that imply that electron transfer will be 
unfavorable for both 1 (AG singlet = 11.5 kcal/mol, AG 
triplet = 21.5 kcal/mol) and 7 (AG singlet = 7.3 kcal/mol, 
AG triplet = 17.3 kcal/mol). 

The conclusion to reach from this section and in particular 
from the work of Cristol and Bindel (3, 4) and Slocum and 
Schuster (23) is that it will be very difficult to obtain reliable 
rate constants for the excited triplet states except by quenching 
of triplet states formed directly by intersystem crossing and 
applying Stern-Vollmer kinetic treatments. Even this ap- 
proach is likely to be complicated because both singlet and 
triplet reaction may be occurring so that the quenching would 
have to be state selective. 

Scaiano (28) to have a triplet energy of 69 kcal/mol, a long Quenched irradiations 
wavelength absorption band with A,,,, 338 nm (E 6800), and a The classic method of studying the reactivity of excited 
rate of reaction with methanol of -10 '  M - '  s- ' ,  which will not singlet states is to selectively quench the triplets by taking 
compete with the diffusion controlled quenching by the naph- advantage of their longer lifetime. For benzyl derivatives this 
thalene derivatives. is in fact quite difficult because of the very short lifetime of 

The results for these sensitization experiments are given in even the triplet states; moreover, the concentration of typical 
Table 1. Three of the substrates, 4, 5 and 6 ,  show no reaction quenchers (like dienes) can not be too high because of com- 
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petitive absorption problems. Again the work by the Cristol 
group (3, 4) for benzyl chlorides has shown the potential of 
these methods since a combination of sensitization and quench- 
ing techniques indicated two triplets, a long-lived one of life- 
time 3-26 ns, which did not photoreact, and a short-lived one 
of lifetime 0.4- 1.4 ns, which led to photosolvolysis products. 
Schuster's work (23) has resulted in a different interpretation of 
these experiments and, more important, demonstrated that, for 
the naphthyl derivatives 1, X = C1, and 2, X = Br, the triplet 
lifetimes are much longer, 180 ns and 175 ns, respectively. 
Thus they are easily quenchable. However, it is well known 
that the excited singlet states of naphthalene derivatives are also 
very efficiently quenched (30) by the usual dienes that are used 
as triplet quenchers. This process can be easily monitored by 
fluorescence quenching or by direct measurement of singlet 
lifetimes as a function of quencher concentration. 

The singlet lifetimes in methanol at 20°C measured by 
single-photon counting for the substrates 1-7 are shown in 
Table 2. Compounds 1, X = C1, 2, X = Br, and 3, X = 

S(CH,),BF, have lifetimes too short (< 1 ns) to be determined. 
A recent (31) value for 1 of 490 ps has been reported. The 
longer-lived singlet states, as expected (29), are very effi- 
ciently quenched by 2,s-dimethyl-2,4-hexadiene. For exam- 
ple, Stern-Volmer fluorescence intensity quenching plots for 
4 and 7 gave k , ~  values of 64 and 301 M- '  respectively. The 
lifetimes in Table 2 then give k, values of 9.3 x 10' M- '  s-' 
and 9.0 X 10' M-' s- '  respectively that are close to the calcu- 
lated value (32), 1.8 x 10" M-'  s- ' ,  for diffusion in methanol. 

The triplet states of these naphthalene derivatives will also be 
quenched at the diffusion controlled rate based on their triplet 
energies (58.8-62.0 kcal/mol, Table 2) and the known triplet 
energy of 2,s-dimethyl-2,4-hexadiene (58.7 kcal/mol (33)). 
However, the different lifetimes of the two excited states make 
selective quenching of the triplet state possible. For instance, 
for chloromethylnaphthalene, 1, TS = 490 ps (3 1) and TT = 180 
ns (23). At lo-' M quencher, the singlet is unquenched because 
it is too short-lived, but 95% of the triplets are quenched. With 
these conditions, irradiation of 1 does not show any significant 
change in rate of photodecomposition or in product ratio 
(Table 1) relative to direct irradiations. Substrates 2 and 3 show 
considerable quenching of radical products but at the expense 
of a good mass balance. Likely radical intermediates generated 
from the unquenched singlet excited state react with the diene 
quencher rather than dimerize. Substrates 4, 5, and 6 do not 
react from the triplet state so quenched runs were unnecessary. 

The results for 7 are different. The longer singlet lifetime (33 
ns, Table 2) means that, even at quencher concentrations of 
lo-? M, 25% of the singlets are quenched. The amount of the 
triplet state quenched is unknown because the triplet lifetime 
for 7 is not known. However, the extensive studies by Givens 
and co-workers (18) on the photochemistry of sulfones indi- 
cates that, for 1-naphthylmethyl sulfones, photocleavage on 
direct irradiation occurs almost exclusively from the triplet 
state formed by intersystem crossing from the singlet. In addi- 
tion, the triplet lifetime of the sulfone, 12, in acetonitrile is 500 
ns (18c). Since the triplet state of 12 is of the naphthalene type 
this is surely a good model for 7. At this lifetime and M 
in the diene quencher, 80% of the triplets will be quenched. In 
agreement with Givens' results for 12, the photocleavage of 7 
in the presence of the quencher becomes very slow and the 
mass balance is low, probably because the competititive singlet 
quenching leads to product formation by cycloaddition of the 
diene to the excited naphthalene (34). 

The conclusion from these semiquantitative studies is that 
reliable rate constant information on photofugacities of leaving 
groups can be obtained for the excited singlet states of the 
substrates 1-6 but that the singlet of 7 reacts too slowly to be 
conveniently measured. 

Quantum yields and photofugacities 
The measurement of rate constants of reaction for excited 

singlet states is, in principle, straightforward according to 
eq. [5] where +, is the reaction quantum yield, kr is the rate 

constant in question, and kd is the total rate of decay of the 
excited singlet state or the reciprocal of the lifetime 7,. The 
lifetimes of the substrates 4,5 ,  6, and 7 are directly measurable 
by single-photon counting of fluorescence decay; 1, 2, and 3 
are too short-lived. 

Reliable estimates of singlet lifetimes can often be made by 
using the expression, eq. [6], where +r is the quantum yield 

of fluorescence and kf the corresponding rate constant. Esti- 
mates of kf can be made from the integrated absorption band for 
the So-S, transition according to eq. [7] (35). For these 

[7] ki = 2.88 X lo-' A,,,, 'n2J~(v)dv 

substrates, evaluation of T, by these methods is not very re- 
liable. The value for the area of the integrated absorption band 
is uncertain because of overlap with the So-S, band. Our best 
estimates are in Table 2. For the bromide 2, the So-S, band is 
in fact not even observable. However, the approximate con- 
stancy of these values for the other substrates is encouraging 
and allows a very crude estimate of k, for 2 as the average of 
the others. 

According to eq. [6] the values of +, for these substrates are 
also necessary to evaluate T,. Values for 1 and 2 have been 
reported previously: 0.003 1 and 0.00 17 respectively in cy- 
clohexane at room temperature (23) and 0.003 and 0.001 in 
benzene at 298 K (36). Our values (Table 2) are lower than 
these and force us to be very uricertain about any of these 
determinations. These substrates are all synthesized from naph- 
thalene derivatives and, moreover, photoreact to produce other 
naphthalene compounds. Photo-unreactive naphthalene deriva- 
tives have quantum yields of fluorescence of about 0.2. There- 
fore impurity levels of 0.5% will give spurious fluorescence 
quantum yields of In fact, without great care, the in- 
tensity of fluorescence for these substrates always increased 
during the irradiation time of the experiment. The values for 1, 
2, and 3 in Table 2 are therefore the maximum values possible 
and the true values are very likely smaller. The larger values for 
4, 5, 6 ,  and 7 are presumably reliable. A value of 0.19 in 
cyclohexane has been reported for 6.' 

Using eq. [6], values of T, can now be calculated for 4, 5 ,6 ,  

' R. S. Givens. Personal communication. 
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TABLE 3. Quantum yields and photofugacities for the singlet states of I-naphthylmethyl 
derivatives 1-7 in methanol 

ks X k l o + l l  x 
Compound $8 $10 $ 1 1  ( s - I )  ( s - I )  20 + $r 

" A  value of 0.08 has been reported (see footnote 

and 7 (Table 2). They are uniformly larger than the observed 
values by a factor of 2 to 3. Even greater overestimations of 
singlet lifetimes by this method have been reported previously 
(37). For the cases reported here, the rigidity of the naphthalene 
ring will keep the geometry of the ground and excited states 
quite similar so the method should work well. The observed 
overestimations are likely due to overlap between the S? and S ,  
absorption bands causing an overestimation of the So-S, proba- 
bility. The singlet lifetimes of 1, 2, and 3 are then certainly 
below 0.5 ns. 

Quantum yields for these photocleavages are reported in 
Table 3. All values are reported at conversions between 5 and 
10% to avoid the internal filter effects that result because the 
products have the same chromophore as the starting materials. 
The dimer 9, which is formed in the preparative scale irra- 
diations, is now only a very minor product, presumably be- 
cause of the lower light intensities on the quantum yield optical 
bench. Methylnaphthalene, 10, is now a major product re- 
sulting from radical cleavage. 

The rate constants for ionic cleavage, k8 = k,, radical cleav- 
age, klo+, ,  = kR, can now be calculated, but in fact only reliably 
for 4 (X = N(CHJ~CI-),  6 (X = 0-PO(OCH2CH3)2), and 7 
(X = S02CH,). Although a lifetime is available for the acetate 
5, the quantum yield for reaction is too small to be reliably 
measured. For 1 (X = Cl), 2 (X = Br), and 3 (X = 

~(cH,),BF,) the very short lifetimes only allow lower limit 
estimates for these rate constants. 

Although only estimates for photofugacity of most of the 
leaving groups studied here are available from our results, the 
large spread in the values is obvious, about lo4 for the ionic and 
lo3 for the radical process. Semi-quantitative trends are also 
obvious, so that a photofugacity order for the ionic process has 
~(cH,)? > C1= N(cH,)' > 02P(OEt)2 > 02CCH7 > S02CH3 
and for the radical process Cl > ~(CH,)?  = Br > N ( c H ~ ) ~  > 
02P(OEt)? = S02CH7 > O,CCH,. The large range of rate 
constants is, in itself, somewhat surprising since from the ex- 
cited singlet state of these naphthalene derivatives all of the 
bond cleavages are exothermic and might have been expected 
to be too fast for any selectivity in reaction rate. This is the 
observation made by Cristol (3, 4) for the excited triplets of 
Qenzylic chlorides. In fact, only two of the leaving groups, 
N(CH3),C1- and 0-PO(OCH2CH3)?, react with rates that are 
conveniently measured and create the opportunity to system- 
atically study the effect of solvent, substituents, temperature, 
etc. on excited state rate constants for this simple bond cleav- 
age process. Of these two, ~(cH,),cI-  is perhaps the best 
choice because it gives a more equal distribution of ionic and 
radical cleavage products, so that the effect of reaction condi- 

tions on this distribution could be studied. 
Finally, we were hoping to answer questions about the two 

possible mechanistic pathways that have been proposed for 
these photocleavages. The first involves cleavage directly from 
the excited state to either a radical pair or an ion pair. Product 
distribution then reflects the partitioning of the excited state 
between these two pathways. The second involves initial ex- 
cited state cleavage to only the radical pair and then exothermic 
electron transfer within the radical pair to the ion pair. Product 
distribution thus reflects the competition between diffusional 
separation of the radical pair and the rate of electron transfer. 

In both of these mechanisms, the product formation and 
hence product distribution could be altered by return of either 
the ion pair or the radical pair to starting material by re- 
combination. This is essentially a process of decay for the ex- 
cited singlet, which lowers the quantum yield and rate constant 
for product formation. In fact, such internal return has been 
observed before for the photochemistry of benzylic sulfones 
(18b) in radical processes and benzylic acetates (16) in ionic 
processes but not for benzylic ammonium salts (38). However, 
even for the substrates where internal return has been observed, 
it is not an important enough process to change rate constants 
by an order of magnitude but only by at most a factor of two. 

We were hopeful that some correlation between known prop- 
erties of the C-X bonds in the substrates and the photo- 
chemical rates would be possible; for instance, C-X bond 
strength or radical cleavage and leaving group ability in solvol- 
ysis reactions for pK, of the acid HX for ionic cleavage. We do 
not see trends in our results that allow correlations of this type 
to distinguish between the two possible mechanistic pathways. 

Although bond strengths are unavailable for the leaving 
groups ~ ( c H , ) ~  and ~(cH,), so that a complete correlation is 
impossible, there are obvious discrepancies even for the known 
cases. Estimates' for the carbon-X band strength for 1 (X = 
Cl), 65 kcal/mol (22); 2 (X = Br), 51 kcal/mol (22); 3 (X = 
S02CH3), 53 kcal/mol (39) predict that 7 and 2 should be 
similar in photolability and less reactive than 1. As seen in 
Table 3, this is not true. 

In terms of ionic cleavage, the order of ground state leaving 
group ability of X can be estimated from solvolysis data from 
the known logarithmic L scale for some of the leaving groups 
used here (40). Values for Br (1.0), C1 (- 1.61), S(CH,)-, 
(-3.01), N(cH~), (-3.54), and OrCCH:, (-4.68) actually 
qualitatively follow the order in Table 3 for ionic photo- 
fugacity, but clearly not quantitatively. The sulfonium salt is 

'The values for the corresponding benzylic cases are decreased by 
3 kcal/mol (25). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ARNOLD ET AL. 3145 

closer in reactivity to the halides than it is to the ammonium 
salt. Similarly pK, values for the conjugate acids H-X: Cl 

(-7.1) (40), Br (-7.7) (40), ~ ( c H ~ ) ?  (-7) (41), S02CH3 
(-2.6) (42), 02P(OCH3CH3)2 (2.1) (43), O,CCH, (4.7) (40), 
and N(cH,), (9.9) (40) seem to fit for the three reactive leaving 
groups but not at all for the four of lower reactivity. 

In conclusion, we have established a qualitative scale for 
fugacities in photochemical benzylic cleavages from the ex- 
cited singlet state. Perhaps not surprisingly, the order is not 
easily rationalized by comparison with related ground state 
reactions. More important, we have identified a leaving group 

N(cH,),c~- that reacts with a rate and product distribution that 
allows a systematic study of the variables that affect ionic 
versus radical cleavage. Such studies are in progress. 

Experimental 
Preparation and prcrificatio of I-naphthylmethyl derivatives 

(NCHZ-X) 
1 ,  X = C1: purchased from Aldrich Chemical Co. and purified by 

low temperature (Dry Ice) recrystallization from hexane; mp 
33-34°C. 

2, X = Br: I-methylnaphthalene (3.0 g, 21 rnmol), NBS (4.1 g, 23 
mmol), and 40 mL of CCI, were irradiated with a 250-W tungsten 
lamp while a continuous stream of nitrogen was passed through the 
refluxing solution. After 4 h the mixture was cooled to O°C and 
filtered. Evaporation of the solvent gave the crude bromide, which 
was recrystallized from pentane and sublimed to give 2.78 g (60%) of 
purified material; mp 54-55°C (lit (44) mp 56°C). 

3, X = S(CH,)?BF,-: I-mercaptomethylnaphthalene (17.4 g, 100 
mrnol) was added to a stirred solution of sodium methoxide (5.94 g, 
150 mmol) in 150 rnL of methanol. After 10 min, methyl iodide (14.2 
g, 100 mmol) was added dropwise and the mixture stirred for I h. 
Addition of 100 mL of water, followed by extraction with 3 X 75 mL 
of CC14, druing with MgSO, and evaporation, gave 21 g of the crude 
sulfide. Vacuum distillation (bp 150- 152°C at 4 Torr ( I  Torr = 133.3 
Pa)) gave 12.7 g (68%) of purified sulfide; nrnr (CDCI,) 6: 7.25-8.23 
(m, 7H), 4.02 (s, 2H), 1.93 (s, 3H). 

Trimethyloxonium fluoroborate (1.63 g, I I mmol) was added to a 
stirred solution of the (I-naphthylmethyl) methyl sulfide (1.88 g, 10 
rnmol) in 20 mL of nitromethane. The resulting mixture was left at 0°C 
for 18 h and then filtered. The crude product was recrystallized at low 
temperature from 3-pentanone to give 2.17 g (75%) of purified salt: 
mp 150.5- 151°C; ir (KBr): 950- 1150 (br) cm-'; nrnr (acetone-d,) 6: 
7.5-8.4 (m, 7H), 5.35 (s, 2H), 3.12 (s, 6H). Atlal. calcd. for 
CI7Hl5BF4S: C 53.82, H 5.21; found: C 53.62, H 5.17. 

+ 
4, X = N(CH,),CI-: trirnethylamine was bubbled through a stirred 

solution of I-chloromethylnaphthalene, 1 (1.88 g, 1 l mmol), in 50 
mL of absolute ethanol. The solvent was evaporated and the crude 
ammonium salt was recrystallized from acetonitrile to give 1.86 g 
(80%) of purified 4; mp 23 1-232°C (lit. (45) mp 226-227°C); nrnr 
(CD,OD) 6: 7.5-8.2 (m, 7H), 5.18 (s, 2H), 3.23 (s, 9H). 

5, X = O,CCH,. To I-naphthylmethanol (1.6 g, 0. I I mmol) in 25 
mL of dry pyridine was added, with stirring, acetyl chloride (I .O g, 
0.13 mmol). The mixture was extracted with 2 X 50 mL of 10% HCI 
and 50 mL of saturated aqueous NaCI. Evaporation of the solvent and 
distillation of the crude ester gave 1.5 g (73%) of a pale yellow oil. 
Two bulb-to-bulb distillations (65"C, I Torr; lit. (46) bp 90-92°C at 
10 Torr) gave the purified ester; nmr (CDCI,) 6: 7.2-8.4 (m, 7H), 
5.47 (s, 2H), 2.00 (s, 3H). 

6, X = 02P(OCH2CH,),. This compound was supplied by Prof. R. 
Givens, Dept. of Chemistry, University of Kansas. 

8, X = OCH,. To a solution of sodium (0.5 1 g, 22 mmol) in 40 mL 
of absolute methanol was added I-chloromethylnaphthalene, 1 (3.53 
g, 21 mmol), and the mixture stirred for 18 h. It was then poured into 
100 mL of water and extracted with 3 X 50 mL of pentane, then was 
combined, dried over Na2S0,, and concentrated to give 3.5 g (95%) 
of crude ether, 7. Bulb-to-bulb distillation gave a purified sample; nrnr 

8: 7.2-8.4 (m, 7H), 4.90 (s, 2H), 3.43 (s, 3H). 
9,  1,2-Di(l-naphthyl)ethane, X = CH,N. This compound was iso- 

lated from photolysis mixtures of 1 and recrystallized from ethanol; 
mp 163- 165°C (lit. (47) mp 160- 161°C); nmr (CDCI,) 8: 7.2-8.4 
(m, 14H), 3.53 (s, 4H). 

10, X = H. Purchased from Aldrich Chemical Co. 
11, X = CH20H. Purchased from Aldrich Chemical Co. 

Analytic procedure for I-naphthylmethyl derivatives 
All substrates were checked for purity by hplc (Waters) with a 

Brownlee lop, RP-8 reverse phase column using 80% methanol/water 
as eluant and detection at 280 nm. Photolyses were monitored and 
products quantified by calibration of the detector with mixtures of 
known concentration. 

Photolyses 
Preparative scale irradiations were done using a 200-W medium 

pressure Hanovia mercury lamp in an immersion well with nitrogen 
purging. The following concentrations were used: direct irradiations, 
200 mg of substrate, 3 10 mL of methanol, and a Corex filter sleeve; 
sensitized irradiations, 200 mg of substrate, 20 mg of xanthone, 3 10 
mL of methanol, and a Pyrex filter sleeve; quenched irradiations were 
the same as direct except 2,5-dimethyl-2,Shexadiene (Aldrich, sub- 
limed) was added at concentrations determined by Stern-Volmer 
fluorescence quenching studies. 

Quantum yield measurements 
Quantum yields were determined using an optical bench equipped 

with a 450-W Hg/Xe lamp, a SPEX minimate monochromator, a 
beam splitter, and a reaction and reference cell. Calibration of light 
intensities and splitting ratios was by ferrioxalate actinometry (48). 
Samples were degassed by nitrogen purging, stirred, and thermo- 
statted at 20°C during the irradiations. Quantum yields are based on 
appearance of products with total conversion of starting material be- 
tween 5 and 10% to minimize the internal filter effects. In a typical 
run, a solution of 4, k = N(CH,),CI - (2.12 x lo-' M in 20 mL of 
CH,OH), irradiated at 280 nm with 0.70 X millieinstein gave 
0.173 x mmol of 8, X = OCH,, 4 = 0.247, and 0.045 mmol 
of 10, X = H, 4 = 0.064, with a conversion to products of 5.8%. 
Values reported in Table 3 are the average of at least two runs with a 
mean deviation always <lo%. 

Fluorescence measurements 
All samples for fluorescence measurements were degassed by four 

freeze-pump-thaw cycles and spectra obtained on an Aminco- 
Bowman spectrophotofluorometer. For quantum yields, naphthalene 
was used as a standard and concentrations used so that the alisorbance 
at 280 nm was constant for all solutions at 0.8 ( I  .0 X 10-'M). The 
quantum yield of fluorescence of naphthalene is 0.24 in methanol 
based on a value of 0.23 (27) in cyclohexane. 

Fluorescence lifetime measurements 
All samples were degassed by four freeze-pump-thaw cycles and 

lifetimes measured by a PRA single photon counting apparatus with 
a hydrogen flash lamp of pulse width 0.8 ns and flash frequency of 30 
kHz. The decay curves generated were deconvoluted using a program 
provided by Professor W. Ware, University of Western Ontario. 
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3-(q6-Benzoyltricarbonylchromium)pyrrole. An example of how substitution isomerism 
in the ligand affects the type (a or 7 ~ )  of complex formed 

NIALL J.  GOGAN, JAMES DOULL, A N D  JANE EVANS 
Department of Chetnistty. Metnorial Universio of Newfoundlnnd, St. John's, Njld., Canada AIB 3x7 
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NIALL J. GOGAN, JAMES DOULL, and JANE EVANS. Can. J. Chem. 63, 3147 (1985). 
The reaction of 3-benzoylpyrrole and Cr(C0)6 yields only the T-complex 3-(~h-benzoyltricarbonylchromium)pyrrole, in 

contrast to the previously reported reaction of 2-benzoylpyrrole and Cr(C0)6 that yielded only the a-chelate, tris(2-benzoyl- 
pyrrolato)chromium(III). The difference in behaviour is explained by a preference for chelate formation that is allowed by the 
stereochemistry of 2-benzoylpyrrole but is not allowed by the stereochemistry of 3-benzoylpyrrole. 

NIALL J. GOGAN, JAMES DOULL et JANE EVANS. Can. J. Chem. 63, 3147 (1985). 
La reaction du benzoyl-3 pyrrole avec le Cr(CO)h ne conduit qu'au complexe-T (qh-benzoyltricarbonylchrome)-3 pyrrole 

alors qu'il a kt6 rapport6 anterieurement que la reaction du benzoyl-2 pyrrole avec le Cr(CO)h ne conduit qu'i  un chelate-a, 
le tris(benzoy1-2 pyrrolato)chrome(llI). On explique la diff6rence dans ces comportements par une pr6fkrence pour la formation 
du chelate qui est permise par la stereochimie du benzoyl-2 pyrrole mais qui n'est pas permise par la stkrkochime du benzoyl-3 
pyrrole. 

[Traduit par le journal] 

Introduction 
Benzoylpyrroles, when reacted with Cr(CO),, have the 

potential of forming either Cr(ll1) a-coordinated complexes or 
T-C~(CO), complexes. We previously reported that 2-benzoyl- 
pyrrole forms the a-chelate, tris(2-benzoylpyrro1ato)chro- 
mium(IlI), when reacted with Cr(C0)6 (1). No evidence of 
T-complexation was found. At the time of our earlier study, it 
was not possible to examine the effect of changing the substi- 
tution position of the benzoyl group because no readily avail- 
able route to 3-benzoylpyrrole existed. Since then, Anderson, 
Loader and co-workers have developed successively better syn- 
thetic routes to 3-substituted pyrroles and have recently devel- 
oped a good method for preparing 3-benzoylpyrroles (2). We 
now wish to report the result of the reaction of 3-benzoyl- 
pyrrole with Cr(C0)6 and contrast the result with that obtained 
earlier for 2-benzoylpyrrole. 

Experimental 
Melting points are uncorrected. Elemental analyses were performed 

by Canadian Microanalytical Service, Vancouver, B.C. The ir spectra 
were recorded on a Perkin-Elmer 283 spectrophotometer in CHCI, 
solution. The 'H nmr spectra were determined using a Bmker WP-80 
Instrument and are expressed in ppm (6 valves) relative to tetramethyl- 
silane as internal reference in CDCI,. Mass spectra were recorded on 
a VG Micromass 7070 HS spectrometer. 

Reaction of he.racarbonylchromium(0) and 3-benzoylpyrrole 
Hexacarbonylchromium (0.297 g; 1.30 mmol) and 3-benzoyl- 

pyrrole (0.203 g; 1.18 mmol) were allowed to react in 50 mL of 
di-n-butyl ether at reflux under a nitrogen atmosphere for 6 h using the 
general method previously described (3). The resulting orange solu- 
tion was evaporated to yield an orange solid, which was recrystallized 
from methylene chloride/petroleum ether (60-80) to yield 0.258 g 
(7 1 % yield assuming 3-benzoylpyrrole Cr(CO),) of orange crystals, 
mp 166- 168°C. A small amount of decomposition product and some 
unreacted starting materials were the only other substances recovered 
from the reaction. Anal. calcd. for CI4H9O4NCr: C 54.72, H 2.95, N 
4.56; found: C 54.57, H 2.71, N 4.58. 

Results and discussion 
The orange product shows two intense bands in the ir 

(CHCl,) spectrum at 1986 and 1914 cm-' characteristic of a 
Cr(CO), group T-bonded to a benzene ring (4). The ketonic vco 

is at 1636 cm-', virtually unchanged from the ligand (1635 
cm-'), and v,, is unchanged at 3470 cm-I. This contrasts with 
tris(2-benzoylpyrrolato)chromium(lll), which has no intense 
bands in the 1850-2100 cm-' region, has the ketonic vco 
shifted from 1621 cm-' (ligand) to 1526 cm-' (complex), and 
has no V N H  The product from 3-benzoylpyrrole has an 'H nmr 
spectrum with benzene proton resonances (6) at 5.36 (meta), 
5.56 (para), and 6.10 (ortho) shifted upfield from the ligand 
values of 7.51, 7.39, and 7.85. These shifts are typical of a 
benzene ring T-bonded to a Cr(CO)3 group (5). The pyrrole 
proton resonances are essentially unchanged. The 'H nmr spec- 
trum of the a-complex from 2-benzoylpyrrole exhibits no sig- 
nals, no doubt owing to its paramagnetism = 3.9 BM). 

The elemental analyses agree with the values calculated for 
the T-complex of 3-benzoylpymole. The mass spectrum shows 
peaks at mle: 307 (13, Mf),  279 (15), 251 (26), 223 (loo), 171 
(26), 94 (66), and 52 (75) corresponding to the molecular ion, 
successive loss of 3 COs, 3-benzoylpyrrole', C4H4NCOf, and 
Crf.  

From the above evidence, it is clear that the product from the 
reaction of 3-benzoylpyrrole and Cr(C0)6 is 3-(q6-benzoyltri- 
carbonylchromium)pyrrole and has the structure shown in (a), 
whereas the product from the reaction of 2-benzoylpyrrole and 
Cr(CO), has, in contrast, the structure shown in (b). This shows 

a dramatic difference in complexing behaviour, under the same 
reaction conditions, of ligands that only differ in the substi- 
tution position of the benzoyl group on the pyrrole ring. It can 
be explained by a strong preference for chelation through the 
pyrrole N and ketonic group 0 .  This preference is allowed by 
the stereochemistry of 2-benzoylpyrrole, i.e. it has the correct 
"bite", but it is not allowed by the stereochemistry of 
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Effects of neutral and anionic substituents on the carbonyl stretching bands of 
ring-substituted acetophenones 

 VAN G. BINEV, TSONKO M. KOLEV, and  VAN N.  JUCHNOVSKI 
Institute of Organic Chemistry, Bulgarian Academy ($Sciences, 11 13  Sofia, B~rlgaria 

Received December 2 1 , 1984 

IVAN G. BINEV, TSONKO M. KOLEV, and IVAN N. JUCHNOVSKI. Can. J .  Chem. 63, 3 149 (1985). 
Satisfactory single-parameter (a') and dual-parameter (according to Yukawa-Tsuno and Taft) correlations have been found 

between frequencies of the title bands (v,,) and substituent constants. It has been found that use of dimethyl sulphoxide instead 
of carbon tetrachloride as solvent does not lower the relative accuracy of the studied correlations. lrhe integrcated intensities 
of the v,, bands do not correlate with any type of substituent constants. The constants a', a n ,  a ] ,  a , ,  and Au, of the anionic 
substituents NC-HC-, 0 - ,  CH3CON-, and C 0 2 - ,  recently determined on the basis of cyano infrared frequencies and 
intensities, have proved satisfactorily reliable with respect to the v,, of acetophenones. The a' constants of m-CHIC02- 
(-0.22 k 0.08) and m-C6H5CON- (-0.66 & 0.13) have been estimated on the basis of v,, data and vco/a' correlations 
(solvent DMSO). 

IVAN G. BINEV, TSONKO M. KOLEV et IVAN N. JUCHNOVSKI. Can. J. Chem. 63, 3149 (1985). 
On a pu Ctablir des corrtlations satisfaisantes du parametre unique (a '  ) et du parametre double (de Yukawa-Tsuno et Taft) 

entre les frtquences des bandes principales mentionnCes dans le titre (v,,) et les constantes des substituants. On a trouvC que 
I'utilisation comme solvant du dimCthylsulfoxyde au lieu du tetrachlorure de carbone ne diminue aucunement la prCcision 
relative des corrClations CtudiCes. On n'a pas pu ttablir'de corr$lations entre les intensitks intCgrCes des bandes v,, et les 
constantes des substituants. Les constantes a ' ,  a'', 0 1 ,  a, et Am, des substituants anioniques NC-HC-, 0 - ,  C H X O N -  et 
C02- ,  qui ont CtC rkcemment dCtermints sur la base des intensitts et des frtquences infrarouges du groupe cyano, s'avttrent 
assez fiables par rapport au v,, des acCtophenones. On a tvalue respectivement i -0,22 * 0,03 et 2 -0,66 * 0,13 les 
constantes a+ du m-CH2CO2- et du m-C6H5CON- en se basant sur les donnCes de vco et sur les corrClations de vCO/u+ (avec 
du DMSO comme solvant). 

[Traduit par le journal] 

Introduction 
Correlations of vco of ring-substituted acetophenones have 

been studied repeatedly (1 - 17); correlations satisfactory, with 
u (2-7), and excellent, with u t  (5, 7 ,  10, 11, 13, 17), have 
been found in this series; some of the dual- and multi-parameter 
correlations have also proved excellent (7, 8,  13). The data 
obtained have been used in studies on steric and mass effects 
of the substituents (3, 4, 13), studies on conformational equi- 
libria (3, 13) and intramolecular hydrogen-bond formation ( 13) 
in some ortho-substituted acetophenones (criticism, see ref. 
17), as well as for estimation of transmission coefficients of 
certain bridge groups (10). Together with other spectroscopic 
series, vco of acetophenones have been used to check the re- 
liability of various types of substituent constants (5- 12, 16) 
and to compare the fit of Hammett-type correlations with that 
of the correlations with certain quantum-chemical indices (14, 
15). The constants for some heterocycles have been determined 
on the basis of acetophenone vco data; the results have been 
compared with those obtained by other methods (1 1). 

In this paper we demonstrate that the use of dimethyl sulph- 
oxide (DMSO) instead of carbon tetrachloride as solvent does 
not lower the relative accuracy of the correlations of vco of 
acetophenones with substituent constants. This makes it possi- 
ble to use this series as a reliability test for the constants of 
some anionic substituents, determined recently (18) on the 
basis of nitrile infrared frequencies and intensities. On the other 
hand, collecting all the data available (both our own and lit- 
erature values for 45 compounds) on v o  of ring-substituted 
acetophenones in CCl, will allow us to specify the parameters 
of acetophenone vco correlations with the most common types 
of substituent constants. 

Experimental 
Acetophenones not commercially available have been prepared and 

purified according to the literature. Acetophenones with anionic sub- 
stituents have been obtained by metalation of the corresponding con- 
jugate acids with dry sodium methoxide in DMSO. Spectra of CCI, 
and DMSO solutions have been recorded on a UR-20 Zeiss spec- 
trophotometer in CaCI? cells, calibration according to the H20-gas 
spectrum. A current calibration (acetophenone in CCI,, v,, = 
1691.0), has also been uscd. vco were reproducible within k 0 . 2  
cm-I; the absolute accuracy of the vco data also seems to be high: 
comparison of our data for compounds 1, 2, 15, 16, 22, 24, 27, 33, 
38, and 39 with those given in ref. 17 shows a maximum deviation 
2 0 . 5  cm-' ,  mean deviation < 0.  I cm- ' .  Comparison with data taken 
from refs. 3 ,  4 ,  7,  9 ,  and 13 shows a similarly good agreement (cf. 
Table 1, data under asterisks). On the other hand, high-accuracy v,, 
data for a few acetophenones have been obtained recently' by using a 
Bruker-113v IR Fourier spectrophotomcter, as follows (compound 
no., solvent, urn): 1, CCI,, 1690.8; 1, DMSO, 1682.1; 24, DMSO, 
1672.9; 39, DMSO, 1691.3 (cf. Table 1). The integrated intensities 
have been determined by direct integration according to Ramsay's 
method (19a), specially adapted (19b) for spectrometers of the UR 
series. The method takes into account both the slit width effects and 
band wings. Aco thus determined were reproducible within *3%. 

Results and discussion 
A .  Acetopherzones with rzeutral su6stituerzts 

The frequencies and integrated intensities of the carbonyl 
stretching bands of a series of acetophenones with neutral sub- 
stituents are listed in Table 1. Statistical treatment data of the 
correlations of v o  with a and u i  constants (values, see refs. 
22, 23) according to the equations of Hammett (u) and 
Brown-Okamoto ( a ' )  (eq. [I]) are given in Table 2. 

It is seen in Table 2 that comparing vco of acetophenones with 
u '  gives excellent correlations (see also Figs. 1 and 4); those 

' R. B. Kuzmanova and J. A. Tsenov. Unpublished data. 
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TABLE 2. Correlations of vco of ring-substituted acetophenones with substituent constants, 
according to the equations of Hammett and Brown-Okamoto (eq. [ I ] )  

No. Solvent Series 6 P b R" ~ . d . ~  nr 

CCI, 
DMSO 
CCI, 
DMSO 
cc1, 
DMSO 
CCIj 
DMSO 
CCI, 
DMSO 
CCI, 
DMSO 

"Correlation coefficient. 
"Standard deviation. 
'Number of data points. 

TABLE 3. Correlations of vco of ring-substituted acetophenones with substituent constants, according to the equations of 
Yukawa-Tsuno and Taft (eqs. [2] and [3]) 

No. Solvent Series Sigma s lo~e(s )  s p d  b R" ~ . d . ~  nc 

13 CC14 m & p a', ha: p = 13.40, r' = 0.678 0.40 1690.6 t 0.2 0.9877 1.1 29 

14 DMSO m & p a', ha: p = 14.25, r' = 0.905 0.44 1681.7 2 0.3 0.9935 1.1 15 

15 CClj BA 
rn al, a, pl = 14.21, p, = 6.73 0.82 1691.0 k 0.3 0.9881 0.7 13 

16 DMSO BA 
rn al,a, p l=17 .92 ,pn=  9.38 0.98 1680.6k0.3 0.9972 0.4 7 

17 CCI, 171 al,a,' p1=13.80,pR= 3.79 0.86 1691.220.3 0.9842 0.8 13 

18 DMSO m a,,a,' p1=18.03,pn= 3.37 1.09 1680.720.3 0.9957 0.5 7 

19 CCI, P a,,a: p1=12.99,pR= 9.84 0.46 1690.5k0.2 0.9897 1.0 18 

20 DMSO p al,a,' p1=14.40,p,=12.84 0.42 1681.420.3 0.9965 0.8 12 

".b.rSee Table 2. 
*Slope inaccuracy or sum of slope inaccuracies. 

with u are considerably poorer. The pronounced predilection 
with respect to u' in agreement with refs. 5 ,7 ,  10, 1 1, 13, and 
17 is due to the essential role of the direct resonance between 
electron-donating substituents and the carbonyl group. Fre- 
quencies of other electron-withdrawing groups also correlate 
with u', as was shown in some earlier publications (5, 24, 25). 
It is also seen in Table 2 that use of the strongly polar DMSO 
instead of CC14 as solvent does not affect the accuracy of the 
correlations obtained. Similar results have been obtained in the 
vcN and ACN series of benzonitriles (1 8) and vco series of benzo- 
phenones, methylbenzoates, and ethylbenzoates (25). Cor- 
relations in the joint (meta and para) series are somewhat 
poorer, due to the slope differences of the meta and para series 
(Table 2, Fig. 1, and ref. 17). The deviation Ap = p ,,,,, , - p,,, 
of ca. 5.1 cm-' found by Berthelot and Laurence remains 
practically the same in our correlations: 4.6 cm-' (solvent 
CCl4, series 7 and 9) and 5.2 cm-' (solvent DMSO, series 8 and 
10). We believe one should search for the origin of this kind of 
deviation in the different contribution of inductive and reso- 
nance effects to the total substituent effects in a given series 
(different, with respect to that in the standard series, in this case 
Brown-Okamoto's, cf. ref. 18). 

It was therefore of interest to check the fit of the dual-pararn- 
eter correlation equations of Yukawa-Tsuno (26) and Taft (27) 
(eqs. [2] and [3]) in the acetophenone vco series. 

solvent CCIL 

para 

FIG. 1. Plot of vco of ring-substituted acetophenones (solvent 
CCI,) vs. a' substituent constants; 0,  meta substituted compounds; 
0, para substituted compounds; a, meta,para di- and tri-substituted 
compounds. 
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FIG. 2. Infrared spectra of the specified carbanion (solid line) and of the corresponding C-H conjugate acid (dotted line). 

FIG. 3. Infrared spectra of the specified carbanion (solid line) and of the corresponding C-H conjugate acid (dotted line). 

TABLE 4. Infrared data for acetophenones with anionic substituents, and constants (18) of these substituents 

u+ u0 AU; No. Substituent + 
vco I O - ' . A ~ ~  UI u R 

1680.4 12 
1679.0 1 1  
1668.4 7 
1620 * 1 Weak 
1671.9 23 
1651.5 24 
1651.0 54 
1666.8 26 
1630 5 1 10 
1678.5 13 
1672.4 25 

BA [3] V c o = p l U l + p R ( T R + b ;  ( T R Z U R  a n d a i  

The results of the statistical treatment of vco data according 
to these equations (substituent constants, see refs. 28 and 29) 
are listed in Table 3. Comparison of the R and s.d. parameters 
of the Yukawa-Tsuno-type correlations (Table 3, series 13 and 
14) with those of the best-fit single-parameter correlations 
(Table 2, series 11 and 12) shows that use of the Yukawa- 
Tsuno's equation results in some improvement of the studied 
correlations. The r '  value obtained for the carbon tetrachloride 
solutions (series 13) is in a good agreement with r '  = 0.612 
found earlier (7) for a series ofpara-substituted acetophenones. 

The correlations according to eq. [3] ( a  values from ref. 29) 

are also satisfactory (Table 3); their accuracy is close to that of 
the corresponding best-fit single-parameter correlations (Table 
2, series 7-10). A direct comparison of these results with 
Krueger's values (13) is not possible because of the differences 
in the a values used. 

In agreement with ref. 3 ,  Aco of acetophenones (solvents 
CC14 and DMSO) do not correlate well with any type of substit- 
uent constants; the "correlations" obtained have R values in the 
0,5-0,7 range, so they cannot be used for any practical pur- 
poses. This result could be related to the one found in the 
studies on Aco in the substituted benzophenones series. The 
lack of correlation of A;: with 8 in that case has been observed 
by several authors (see the references in ref. 25a) and then 
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BINEV ET AL 

TABLE 5. Correlations of vco of acetophenones with neutral and anionic substituents (solvent 
DMSO) with substituent constants, according to eqs. [ l ] ,  [2], and [3] 

No. Series Sigma Slope(s) b R" ~ . d . ~  nc 

".""See Table 2.  

explained (25a) by the presence of a coupling between the v,, 
(of the benzene ring) and vco vibrations. We assume that there 
is no correlation in the present case for similar reasons. This 
assumption finds some support in the data given in Section B, 
viz. data for acetophenones with extremely strong electron- 
releasing substituents, e.g. 0- and NC-HC-. In these cases 

1680 
v o  frequencies are close to v,,, and Aco intensities are the 
lowest ones. 

B .  Acetophenones with anionic substituents 
The good fit of the correlations of vco of acetophenones 

(solvent DMSO) makes it possible to use this series as a test 

solvent OMS0 

the addition of the data for acetop^henonei with anionic substit- 

with respect to the reliability of the constants of certain anionic 
substituents, determined recently (18) on the basis of nitrile 
infrared frequencies and intensities. 

We prepared acetophenones with anionic substituents by 
metalation of the corresponding conjugate C-H, N-H, and 
0-H acids (cf. Experimental). Metalation resulted in essen- 
tial changes in the infrared spectra: decrease in both vco and vc, 
frequencies, strong intensification of the vc, bands and those of 
the aromatic skeletal vibrations, etc. (Figs. 2 and 3). vco and 
Ace of a series of acetophenones with anionic substituents (sol- lGLO- 
vent DMSO) are listed in Table 4 together with the correspond- 
ing substituent constants. 

Adding data for anions in the correlations for the neutral 
acetophenones gives a new set of single- and dual-parameter 
correlations, valid for vco of acetophenones with both neutral 
and anionic substituents (Table 5). A plot of vco vs. a+ for the 
whole series is shown in Fig. 4. 1620- 

Comparison of the R values in Table 5 with those from 

uents to those for neutral compounds does not change signifi- 
cantly the relative accuracy of both single- and dual-parameter 
correlations. Thus, constants u+, uO, Aui, a,, and ui of the 

I 

/ I 
27 

CH~CON-  /I280 o 

-/I C6H5CON- 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
0- /I 
m 
/ 
/ 

/ 
/ 

NC;HC- 

o+, 
r I I I I I 

anionic substituents considered. determined on the basis of 

Tables 2 and 3 (series with corresponding numbers) shows that - 5 L - 3 - 2 - 1 0 1 

nitrile frequencies and intensities in polar aprotic solvents, 
prove satisfactorily reliable in the vco series of ring-substituted 
acetouhenones. We should note that the deviation Ao in the 
new iet of correlation equations is only 1.5 cm-' (cf. Leries 8a 
and 10a). This result is obviously related to the one-sided 
charging of the correlations with data for acetophenones with 
very strong donors (anionic substituents), for which the u+ 
constants have a spectroscopic origin. 

The u+ constants of the anionic substituents 3-CH2C02- and 
3-C6H5CON- are not known. In principle their values can be 
estimated on the basis of data from Table 4 and the correlation 
equations for either series 8 (Table 2) by extrapolation or series 
8a (Table 5) by interpolation. 'The latter method seems better 

FIG. 4. Plot of vco of acetophenones with neutral and anionic 
substituents (solvent DMSO) vs. a' substituent constants; 0, meta 
substituted compounds; 0, para substituted compounds; and 0, 
compounds with anionic substituents. The abscissa width of the rec- 
tangular points corresponds to the inaccuracies (ref. 18) of cr' values 
of anionic substituents. 

justified and it gives the following values: u+ (3-CH2C02-) = 
-0.22 ? 0.08; u+ (3-C6H5CON-) = -0.66 ? 0.13. These 
values seem plausible, compared with a+ of other anionic 
substituents (18). Nevertheless, they are not of high reliability 
because substituent constants, determined in this way, depend 
strongly on the series of definition (30, 18). 

Conclusion 
Correlations found in this work can be used for predicting 

vco of acetophenones with both neutral and anionic substituents 
in a wide frequency region. On the other hand, the satisfactory 
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accuracy of  these correlations could b e  considered as a proof of  
the reliability o f  the  constants of  the anionic substituents. A s  
stated (18),  further refinement of  these constants could be  
achieved by including data for compounds  with anionic sub- 
stituents from other series, including ring-substituted aceto- 
phenones.  
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The acid-catalyzed hydrolysis of phosphinates. IV. Pentacoordinate intermediate 
formation during hydrolysis of a phosphinothionate' 
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ROBERT D. COOK and MARLENE METNI. Can. J .  Chem. 63, 3 155 (1985). 
The hydrolysis of methyl dimethylphosphinothionate in D2S04-D20 solution gives as products the phosphinic acid and 

methyl dimethylphosphinate. The bell-shaped pH-rate profiles for both reactions as well as the values of Bunnett's w and w* 
(3.3 1 and -0.21 respectively), Bunnett-Olsen's c$ (0.82), and Yates-McClelland's r (6.56) support an A-2 pathway. The 
results are interpreted in terms of the presence of a common pentacoordinate intermediate along the reaction pathway. The pK, 
of the above ester as well as that of methyl dimethylphosphinodithioate are reported (-5.53 and -5.38 respectively). 

ROBERT D. COOK et MARLENE METNI. Can. J .  Chem. 63, 3155 (1985). 
L'hydrolyse du dimtthylphosphinothionate de mCthyle dans une solution de D2S04-D'O conduit ii de l'acide phosphinique 

et au dlmCthylphosphinate de rntthyle. La courbe en cloche du pH en fonction de la vitesse, observte pour les deux reactions, 
ainsi que les valeurs w et tv* de Bunnett (3,31 et -0,21 respectivement), la valeur de c$ (0,82) de Bunnett-Olsen ainsi que 
la valeur de r (6.56) de Yates-McClelland confirment I'existence d'un mtcanisme du type A-2 pour les deux reactions. On 
interprete les rtsultats en fonction de la prtsence d'un intermkdiaire commun pentacoordonnt dans le processus rtactionnel. 
On a determint la valeur du pK., de I'ester ci-dessus ainsi que celle du dimtthylphosphinodithioate de mtthyle; ces valeurs sont 
respectivernent -533  et -5,38. 

[Traduit par le journal] 

Introduction 
From our previous studies on the acid-catalyzed hydrolysis 

of phosphinates we reported that methyl dialkylphosphinates 
hydrolyze by an A-2 process and, based on relative rate data for 
the esters l a -d  of 11 : 2.5: 1.2: 1, we suggested that water 
attacks the carbon of the protonated ester with subsequent 
C-0 bond cleavage (2). On the other hand, McClelland has 
shown by 0 -1  8 studies that compounds 2a-c undergo acid- 
catalyzed hydrolysis with approximately 90% P-0 bond 
cleavage (3). In the alkaline hydrolysis of phosphinates, P-0 
bond cleavage is the norm (4) except in the case when phos- 
phorus is substituted with large alkyl groups like iC,H7 where 
Haake and Rahil (5) have shown that there is mixed cleavage 
(approximately 25% C-0 cleavage). In other phosphorus 
esters P-0 cleavage predominates in base and C-0 cleav- 
age in acid (6). 

In the reactions in which nucleophilic attack on acyclic phos- 
phorus esters takes place on phosphorus, two pathways have 
been suggested, one involving a direct displacement (SN2(P)) 
(7) and the other by the formation of a pentacoordinate inter- 
mediate (4). There is, to date, only one report in the literature 
(8a) which gives direct support to intermediate formation in a 
displacement reaction on an acyclic phosphorus ester (phos- 

' Preliminary communication of results in ref. I .  
'Address for the years 1984-1986 at the University of Toronto. 
'Taken in part from the M.S. thesis of M.M., American University 

of Beirut, Beirut, Lebanon (1984). 

phonate). The existence of intermediates is, however, well 
documented both in the displacement reactions on cyclic phos- 
phorus esters (8b) as well as in the reactions of carboxylic 
esters (9). 

Following the observations of Smith and O'Leary (10) and 
Edward, Wong, and Welch (1 I )  that carboxylic thione esters 
undergo both hydrolysis and sulfur-oxygen exchange in acid 
solution and their suggestion that the reaction proceeds by a 
common tetrahedral intermediate, a study was undertaken on 
the hydrolysis in acid of a simple phosphorus analog, methyl 
dimethylphosphinothionate (3). The dimethyl ester was chosen 
in order to maximize the possibility of attack on phosphorus 
because only in this case will both hydrolysis and exchange be 
possible. 

Results 
Rate data 

The hydrolysis of 3 in 25-85% D2S04-D20 solution gives 
not only the phosphinic acid but also methyl dimethylphos- 
phinate ( l a )  (eq. [I]) .  The observed first-order rate constants 

for the conversion of 3 to l a  and 4 are given in Table 1. The 
pH-rate profiles for the above data are given in Fig. 1 and, for 
the sake of comparison, Fig. 2 gives the profiles for the hydrol- 
ysis reaction of 3 to 4 and of l a  to 5 (2). 

Basicity data 
The pK, of 3 as well as that of another phosphinothionate, 
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TABLE 1. First-order rate constants (s-I) for the hydrolysis reactions of methyl dimethylphos- 
phinothionate" in D2S04-D20 solution at 75.3'C 

wt.% D2S04 [D+] (M)' -D$ ktotuld X lo6 k h y r l P / k c x  khyrl X lo6 kex X lo6 

25.10 3.60 1.50 2.33 - 2.33 
31.33 4.79 1.99 2.56 - 2.56 
34.95 5.52 2.28 4.00 - 4.00 
40.06 6.60 2.72 4.93 - 4.93 
44.89 7.79 3.15 6.92 - 6.92 
50.98 8.80 3.68 9.19 3.5 7.15 
55.05 9.58 4.09 35.1 3.3 27.0 
59.71 10.66 4.69 49.9 2.8 36.8 
62.67 1 1.38 5.06 80.6 2.1 44.6 
64.97 12.04 5.42 92.8 0.97 45.7 
67.93 12.92 5.86 94.0 0.97 46.3 
70.01 13.44 6.15 90.6 0.85 41.7 
75.05 14.66 6.92 52.9 1.01 26.6 
79.94 15.78 7.68 63.7 0.59 23.7 
85.17 17.04 8.40 82.2 0.36 21.8 

"[Ester] = 0.04-0.08 M. 
'The molarity; determined from a calibration curve. 
'Hammett acidity function for D2S04, adjusted for temperature (refs. 12 and 13). 
"Rate constants for the disappearance of ester 3. 
'Ratio of k,,, (production of phosphinic acid) to k,, (production of phosphinate ester la). 

FIG. 1. Rate profiles for methyl dimethylphosphinothionate 
hydrolysis ( 0 )  and sulfur-oxygen exchange ( 0 )  reactions in DZS04 
at 75°C. 

methyl dimethylphosphinodithioate, were determined by the 
nmr method (14) and the results are given in Table 2. Included 
in Table 2 are the previously determined results for ester l a  (2). 
The value of m in Table 2 is the slope of the plot of loglo 
[SDf]/[S] versus -Do and its value indicates the extent of 
deviation of the individual substrate from Hammett basicity 
(anilines). Values above one are interpreted as less solvation of 
the substrate and values below one as more solvation of the 

FIG. 2. Rate profiles for the hydrolysis of methyl dimethylphos- 
phinothionate ( 0 )  and methyl dimethylphosphinate ( 0 )  in D2S04 at 
75°C. 

substrate as compared to Hammett bases (14). 

Treatment of the kinetic data 
The rate data for the hydrolysis of 3 (khyd) were analyzed 

using the form of the Bunnett w and w* equations (15), the 
Bunnett-Olsen $I equation (16), and the Yates-McClelland r 
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COOK AND METNI 

TABLE 2. Basicity of the phosphinothionates as determined by the 
nmr method" 

Compoundh Half protonation' pK," m valued rd 

(CH3)2P(S)OCH3 -5.53 -5.53 1.73 0.995 
(CHI)~P(S)SCH~ -5.38 -5.41 1.80 0.985 
(CH3)2P(O)OCH( -3.07 -3.14 0.49 0.993 

" Reference 14. 
I, In D2S04-D20 solution. 
'Taken from a plot of chemical shift versus -Do. 
"Obtained from the least-squares analysis of the plot of log [SD+]/[S] versus 

-Do; m = slope; r = correlation coefficient. 
' Reference 2. 

TABLE 3. Results of the analyses of the kinetic data by 
the Bunnett, Bunnett-Olsen and Yates-McClelland 

equations 

Compound wL1 ,,,*(I 4h r(' 

"Reference 15. 
Reference 16. 

'Reference 17 
"Reference 2. 

value equation (17) for a moderately basic substrate. The re- 
sults for these analyses are given in Table 3 along with the 
results for ester l a  (2). The r plot for 3 is given in Fig. 3. 

Discussion 
The bell-shaped pH-rate profiles for both reactions of 3, 

indicating acid catalysis at lower acidities and acid inhibition at 
higher acidities, are usually interpreted in terms of an A-2 
process (18). All of the other data from the treatment of the rate 
constants using the Bunnett, Bunnett-Olsen, and Yates- 
McClelland equations lend support to this conclusion. The 
concomitant hydrolysis of 3 to acid and exchange of oxygen for 
sulfur in an A-2 process can best be explained in terms of attack 
of water on protonated ester to give a pentacoordinate inter- 
mediate (6) followed by loss of either D,S or DOCH,. It can 
therefore be concluded that in this system there is attack on 
phosphorus with resultant P-0 bond cleavage. There is no 

evidence in the acid-catalyzed hydrolysis of phosphinates of 
reversibility and therefore it can be ruled out that l a  is a result 
of the esterification of 5 (2). 

These results are analogous to those obtained on thion esters 
(10, 11). In these latter systems loss of HIS is faster than loss 
of alcohol at the lower acidities, the opposite of what 1s ob- 
served for compound 3. Since apical departure from a pen- 
tacoordinate species is favored (8), loss of D2S should proceed 
from 6 and loss of DOCH, from 7. The structures 6 and 7 are 
mutually interconvertible by pseudorotation and therefore the 
relative rates for the loss of D2S and DOCH, are independent 
of the relative amounts of 6 and 7. Since it is likely that the 
transition state for breakdown of the intermediate involves an 

FIG. 3. Yates-McClelland r plot of the rate data obtained for 
methyl dimethylphosphinothionate hydrolysis. 

extra proton, the faster loss of alcohol could be due to the 
greater basicity of the oxygen center over the sulfur center. 

The value of r of the Yates-McClelland equation is very 
high (it is typically 2 for carboxylic ester hydrolysis) and this 
is a direct result of the high m value for the ester 3. For the five 
phosphinates that we have studied (ref. 2 and this work), which 
hydrolyze by an A-2 pathway, there is a linear relationship 
between r and m (using eq. [2]). 

h ;" 
121 1% koh - 1% K,+ + hr = r log a ~ ,  + C 
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Qualitatively this is very reasonable since esters which are 
poorly solvated (high m values) will require more additional 
water in the rate-determining step (higher r value). 

The  sulfur exchange result is the best evidence to date in 
support of the formation of pentacoordinate intermediates in 
the displacement reactions at acyclic phosphinate esters. 

'The explanation proposed for these results supposes a com- 
mon intermediate. W e  have no specific evidence on this point. 
It is possible that hydrolysis could proceed by a path different 
from sulfur to oxygen exchange, for example, by a S N 2  (P) 
reaction or  a S N 2  process with C-0 bond cleavage. The  exis- 
tence of an intermediate is only supported by the exchange 
reaction. 

High acidity sulfur exchange 
The upward curvature at high acidities of the pH-rate profile 

in hydrolysis reactions is usually associated with a change in 
mechanism from A-2 to A-1 (17). It is, however, difficult to 
contemplate the unimolecular cleavage of what is essentially a 
P=S double bond. This observed rate increase continues such 
that in 95% D,S04 complete conversion of 3 to l a  takes only 
a few minutes at 75°C. Under these conditions no hydrolysis of 
either 3 or l a  is observed. If an A-1 process is not to be 
considered, then neither can a reaction involving water be 
considered, because of its vanishingly small activity at this acid 
concentration (18). Cox (19) has reported the changing activ- 
ities of sulfuric acid related species over a large range of acid 
concentration. The  only species with increasing activity in this 
high weight percent region is D3S04+.  One  possible pathway 
for the reaction would involve the formation of 8, which results 
from the addition of 3 to D,SO?' (or protonated 3 to &So4) and 
which by loss of a proton would give a betaine similar to what 
is encountered in the Wittig reaction. The  species 8 would then 

8 

decompose to l a  and D2SZo3, thiosulfuric acid. W e  have no 
independent evidence to support this proposal. 

Basicity of the P=S system 
The  esters containing the P=S linkage are approximately 

2 .5  pK, units less basic than those with the P=O linkage. A 
similar decrease in basicity is observed for thione esters with 
respect to  their oxygen analogs (1 1) and dimethyl sulfide is also 
reported to be less basic than dimethyl ether by a similar 
amount (20). There is ample evidence forp-d a-bonding in the 
P=O system (21) but much less evidence is available in sup- 
port of p - d  a-bonding in the P=S linkage. The  low basicity 
of the phosphinothionates is good evidence in support of 
a-bonding and the almost constant decrease in going from a 
oxygen base to a sulfur base in the three systems suggests that 
the nature of the bonding must be similar within the three pairs. 

It is interesting to note that the m value is approximately the 
same for the thione ester and the dithio ester and both are 
considerably larger than the value for the P=O ester. This 
slope parameter, m ,  reflects the deviation from Hammett basic- 
ity of the substrate and values greater than 1 are considered to 

be less solvated than Hammett's anilines and those less than 1 
more solvated (14). The almost identical values for the sulfur- 
containing compounds suggest that it is essentially changes in 
solvation of the P=X (X = 0 or S)  part of the molecule that 
determine the value of m .  

Experimental 
Synthesis of the eslers 

The ester 3 was prepared by the addition of an equimolar amount 
of sodium methoxide in methanol to dimethylphosphinothionyl chlo- 
ride in benzene. The acid chloride was by treating tetra- 
methylbiphosphine disulfide with a equimolar amount of sulfuryl 
chloride in benzene (22). The disulfide was synthesized by adding 
trichlorophosphine sulfide ( 1  mole) to methylmagnesium iodide 
(3 moles) in ether (23). The boiling point of 3 is 79-80°C/2.5 Torr 
(uncorrected) ( 1  Tom = 133.3 Pa); ir (neat): (P=S) 665, 755 cm-'; 
'H nmr 6: 3.55 (3H, d, J = 14 Hz) and 1.87 (6H, d,  J = 14 Hz). 

Kinetic measurements 
The hydrolysis reactions of 3 were run in different weight percent 

solutions of D2S04 in DzO. The molarity of the acid was determined 
from a calibration curve prepared by titration. All rates were followed 
on a Varian Model EM 360L nmr spectrometer. For acidities below 
50% DZS04, where no sulfur exchange was observed, the reactions 
were monitored in a manner similar to that of our previous report (2). 
At higher acidities two regions of the spectra were examined, the 
downfield region represented by all OCH, groups and the upfield 
region represented by all P-CH, groups. In the downfield region 
there is a doublet for 3, a doublet for l a ,  a singlet for methanol, and 
another singlet for dimethyl ether (from the dehydration of methanol). 
The peaks could be integrated separately and the ratio of the areas of 
l a  to methanol and ether gives the ratio of the rate constants for their 
production (khYd/k,,). In the upfield region only 4 peaks appear, a 
doublet for 3 and a doublet for the other 3 compounds ( l a ,  4, and 5). 
Integration of the two areas gives us the rate constant for loss of 3 
(k,,,,,). All assignments were checked at each concentration by adding 
authentic samples to the nmr tubes. With a few of the concentrations 
overlap of peaks occurs. These samples were diluted with D,O before 
analysis. 

Under the reaction conditions l a  also undergoes hydroIysis to give 
5 and therefore the ratio of kh,,/k,, slowly increases. The values used 
in Table I are from the initial points of the reaction. 

We have no evidence as to whether or not acid 4 keeps its integrity 
under the reaction conditions. The chemical shift of the P-CH, 
groups of the two acids 4 and 5 are the same in sulfuric acid solution. 

Measuremenl of the p K, 
The pK,'s of the esters were measured by the nmr method of Haake 

et al. (14) in D2S04-D20 solution at room temperature. 
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Proton affinities of the hydrogen, methyl, and trifluoromethyl haliaes from pulsed 
electron beam high pressure mass spectrometric equilibria measurements 
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T. B. MCMAHON and P. KEBARI-E. Can. J.  Chem. 63, 3160 (1985). 
Pulsed electron beam high pressure mass spectrometric techniques have been used to investigate proton transfer equilibria 

involving hydrogen and trifluoromethyl halides. Methyl cation transfer equilibria have also been used to determine methyl 
cation affinities of hydrogen halides. Proton affinities obtained are HCI = 137.5, HBr = 142.9, HI = 150.9, CF3CI = 139.0, 
CF3Br = 141.3, and CF31 = 150.4 kcal mol-I. Methyl cation affinities obtained are HF = 15 2 2, HCI = 19.8, HBr = 21.3, 
and HI = 31.1 kcal mol-I. The values of methyl cation affinity of hydrogen halides can in turn be used to calculate proton 
affinities of the methyl halides of CH3CI = 160.8; CH,Br = 164.8; and CH31 = 171 kcal mol-'. Linear correlations are found 
between proton affinities and valence ionization potentials and between proton affinities and methyl cation affinities. 

T. B. MCMAHON et P. KEBARLE. Can. J.  Chem. 63, 3160 (1985). 
Faisant appel des technique de spectrometric de masse a haute pression utilisant un faisceau pulse d'electron, on a CtudiC 

les reactions d'equilibre de transfert de proton impliquant des halogenures d'hydrogtne et de trifluoromethyle. On a Cgalement 
utilise I'equilibre de transfert du cation methyle dans le but de determiner les affinitts du cation mCthyle pour les halogtnures 
d'hydrogtne. On a obtenu les affinites suivantes pour le proton: HCI = 137,5; HBr = 142,9; HI = 150,9; CF3CI = 139,O; 
CF,Br = 141,3 et CF,I = 150,4 kcal mol-I. Les affinitts pour le cation methyle sont les suivantes: HF = 15 2 2; HCI = 
19,s; HBr = 21,3 et HI = 31 ,I kcal m o l l .  Par la suite, on peut utiliser les valeurs des affinites du cation methyle pour les 
halogtnures dlhydrog?ne pour calculer les affinitts du proton pour les haloginures de methyle qui sont CH3Cl = 160,8; CH,Br 
= 164,8 et CH31 = 171 kcal mol-I. On a trouvt des correlations lineaires entre les affinitis du proton et les potentiels 
d'ionisation de valence et entre les affinites du proton et les affinites du cation methyle. 

[Traduit par le journal] 

Introduction 
Investigations of gas phase proton transfer equilibria during 

the past decade (for extensive reviews of gas phase basicities, 
see ref. 1) have provided a wealth of data concerning the 
intrinsic basicities of molecules in the absence of solvent ef- 
fects.' These studies have led to many insights into factors 
governing structure, stability, and bonding in ionic species. 
However, while a great deal of data exists for traditional basic 
functional groups such as amines, carbonyls, ethers, alcohols, 
mercaptans, and sulphides, there have been no accurate quan- 
titative equilibrium proton transfer data obtained for the weakly 
basic halide functional groups. These particular groups of com- 
pounds are of special interest since the stability, ready avail- 
ability, and ease of handling of compounds of four members of 
the group (F, C1, Br, I) provide an ideal opportunity to examine 
periodic trends not afforded by any other group of elements. 

The hydrogen halides have been examined by a number of 
investigators. Foster and Beauchamp (3) obtained proton trans- 
fer equilibrium between HF and N?, eq. [ l ] ,  to arrive at AH: 
= - 1.1 kcal mol-l. However, since no accurate proton affinity 

[I]  H2F' + N2 N2H' + HF 

was available for N', an approximate value of proton affinity of 
112 + 2 kcal mol-' was assigned to HF. No other proton 
transfer equilibrium measurements have previously been re- 
ported for the remaining hydrogen halides. Polley and Munson 
(4) have carried out a series of experiments in which a variety 
of proton transfer reactions to hydrogen halides, and from the 
protonated hydrogen halides to other species, were examined. 

' Address correspondence to this author at: Department of Chem- 
istry, University of Waterloo, Waterloo, Ont., Canada N2L 3G1. 

'The quantitative definition of gas phase basicity of a molecule M 
is the proton affinity, PA(M), defined as the negative of the enthalpy 
change for the gas phase reaction: M + H' + MH' at 298 K. 

From such observations of occurrence or non-occurrence of 
proton transfer (bracketing technique) to species of known ba- 
sicity, approximate proton affinity values for the hydrogen 
halides were obtained of 135 + 2 kcal mol-' for HC1, 140 f 
1 kcal mol-I for HBr, and 147 ? 2 kcal mol-' for HI. It must 
be noted, however, that these assignments were again limited 
by the relatively high uncertainty in proton affinity values of 
the reference species involved. 

In an elegant series of experiments Lee and co-workers 
(5, 6) have determined absolute values for proton affinities of 
HF, HC1, and HBr based on photoionization appearance poten- 
tial measurements of the corresponding protonated hydrogen 
halides, H2X+, from the corresponding van der Waals dimers, 
(HX),, formed in a supersonic expansion. The value obtained 
for PA(HF) of 95.5 + 1.4 kcal mol-' was in poor agreement 
with that of Foster and Beauchamp (3); however, the values of 
PA(HC1) of 135 * 1 kcal mol-' and PA(HBr) of 141 ? 1 kcal 
mol-' were in excellent agreement with those of Polley and 
Munson (4). 

No equilibrium proton transfer measurements involving 
methyl halides have been possible to date due to the rapid 
nucleophilic displacement reactions, eq. [2], of the protonated 
methyl halides (7) which compete effectively with proton 
transfer processes, preventing attainment of equilibrium. In a 

systematic study of the gas phase ion chemistry of methyl and 
ethyl halides Beauchamp et al. (7) were able to bracket the 
proton affinities of these compounds approximately. The val- 
ues obtained of PA(CH3F) = 151 kcal mol-I, PA(CH,Cl) = 
160 kcal mol-', PA(CH,Br) = 163 kcal mol-', and PA(CH31) 
= 170 kcal mol-' were again limited by the uncertainties in 
data for the reference species used. 

A number of ab initio quantum chemical investigations of 
the proton affinities of HF, HC1, CH3F, and CH,Cl have been 
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FIG. 1. Variation of relative ionic abundances as a function of time after initial ionization in a mixture of C b ,  N1O, and HBr at a total ion 
source pressure of 3 .0  Torr and a N20/HBr ratio of 2.5:  1. 

carried out. Diercksen et a / .  (8) carried out large basis set 
calculations on HF and H,F' with complete geometry opti- 
mization to obtain a proton affinity of HF of 120 kcal mol-I. 
Jorgensen and co-workers (9) have carried out calculations of 
each of the hydrogen and methyl fluorides and chlorides using 
a variety of basis sets and obtained proton affinities at the 
6-31G:Vevel of 121.4 kcal mol-' for HF, 151.5 kcal mol-' for 
CH,F, 129.1 kcal mol-' for HCl, and 151.3 kcal mol-' for 
CH,Cl. It should be emphasized that none of the above cal- 
culations included contributions due to zero point energy dif- 
ferences between ionic and neutral species or due to differences 
in proton affinity at 0 K and 298 K (10). Pople and co-workers 
( 1  1) have carried out calculations for HF using a 6-3 IG*'': basis 
set incorporating fourth-order Moeller-Ploesset determi- 
nations of the correlation energies and including zero point 
energy differences to obtain a proton affinity of HF of 124.7 
kcal mol-I. 

Very recently, extensive studies of proton transfer equilibria 
from this laboratory (12) have established a quantitative scale 
of gas phase basicities for the proton affinity region below 
water to species as weakly basic as methane. All of these data 
are anchored to the now well-established value for the proton 
affinity of ethylene (13- 15). Included in this basicity scale are 
proton transfer equilibria involving the hydrogen halides HCI, 
HBr, and HI, thus establishing, for the first time, accurate 
values for the proton affinities of these species based on ther- 
mochemical equilibrium measurements. 

As noted above, proton transfer equilibria involving methyl 
halides are not readily observable due to competition from 
nucleophilic displacement processes. However, also recently 
in this laboratory, we have devised techniques for the exam- 
ination of methyl cation transfer equilibria, eq. [3] (16). When 
methyl cation transfer equilibria involving hydrogen halides 

are carried out, accurate thermochemical data for CH3XH+ 
species, i.e. protonated methyl halides, are obtained, which, 
when combined with known neutral thermochemistry, allow 
determination of accurate proton affinities of the methyl 
halides. 

With the exception of some work on CF, by Bohme and 
co-workers (17), no information is available on protonation of 
any of the trifluoromethyl halides. These species are of interest 

because of the strongly destabilizing effect of the electro- 
negative CF, substituent on basicities and because they provide 
another type of molecule where protonation on the halogen will 
occur. Fortunately, these species do not undergo nucleophilic 
displacement reactions and it was possible to incorporate 
CF,Cl, CF,Br, and CF,l into the scale of proton transfer equi- 
librium basicity measurements. 

The proton transfer equilibria involving hydrogen and tri- 
fluoromethyl halides and methyl cation transfer equilibria in- 
volving hydrogen halides provide accurate proton affinity data 
for HX, CH3X, and CF,X compounds. This makes possible an 
analysis of periodic trends and substituent effects in halogen 
basicities, described in the present study. 

Experimental 
All equilibrium measurements were carried out at 400 K using a 

pulsed electron beam high pressure mass spectrometer (hpms) de- 
scribed in detail previously (IS),  which has been recently updated 
incorporating a Lecroy Model 3921 Multichannel Analyzer allowing 
use of dwell times as short as 1 p s  per channel. 

For proton transfer equilibria involving HBr, HI. CF3CI, CF,Br, 
and CF31 the major gas used was CH,, which was flowed through the 
high pressure ion source at pressures between 2 and 5 Torr (I  Torr = 
133.3 Pa). Ion source pressures of the halides and reference 
compounds were in the range of 1 - 10 mTorr. Protonation of halides 
occurred by the well-known reaction sequence in methane, eqs. [4] 
and [5]. Data for a typical proton transfer equilibrium are illustrated 
in Fig. I .  

[4] CHI' + CH, + CH,' + CH, 

(51 CH,' + RX + RXH' + CHI 

Proton transfer equilibria involving HCI and all methyl cation equi- 
libria were carried out using nitrogen as the major bath gas. The use 
of nitrogen rather than methane for proton transfer to HCI was neces- 
sitated by the close proximity of CH, and HCI in proton affinity. The 
principle mode of formation of H,CI' is via the sequence of eqs. [6] 
and [7]. The use of N2 as the major gas for methyl cation transfer 

[6] Nz' + HCI + N,H' + C1 

[7] NZH' + HCI + HzCI' + Nz 

equilibria arises because of the useful sequence of reactions, eqs. 
[8]-[l l] ,  which occurs in CH3F-N2 mixtures. 

[SI Nz' + CH3F --t NzH' + CHzF 
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FIG. 2. Variation of relative ionic abundances as a function of time after initial ionization in a mixture of N2, CH,F, and HC1 at a total ion 
source pressure of 3.8 Tom and a CH,F/HCI ratio of 1 : 1 .  
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TABLE I. Proton transfer equilibria and associated thermochemical 
data for the reaction: MH+ + RX = RXH+ + M used to obtain proton 

affinities of hydrogen and trifluoromethyl halides 

RX M AGO" AS'" AH'" PA(M)"' PA(RX)" 

HF N2 -1.1" 122.0' 120.9 
HCI CH4 -2.6 -1.0 -3.0 134.7 137.7 
HCI N20 4.2 0.6 4.4 142.0 137.6 
HBr N20 -0.7 0.4 -0.5 142.0 142.5 
HBr HCI -4.6 -0.2 -4.7 137.6 142.3 
HBr CO 1.2 3.4 2.6 145.6 143.0 
HBr S02Fz 5.9 2.8 7.0 150.0 143.0 
HI (CF32CO 1.3 4.0 2.9 153.8 150.9 
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- ( c H , ) ~ F +  

---.%..+, 
--, 4 

-m*%-%Nes -<.. -2- . 
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".w-".~dB~dB"Do 

-m-*.... 0 .-. . .%, 
0 ' .". ". 

P 0 sm 0 

- 0 "'*.= 
m om 5 0 ~ . .  

m O. 

"All values in kcal mol-I. 
''All values in cat mol-I K- ' .  
' Reference values taken from T. B. McMahon and P. Kebarle (12). 
"From Foster and Beauchamp (3). 
'From PA(CH,) = 134.7 kcal mol-' and Bohme (21) data. 

~ 1 ~ 1 ~ 1 1 1 ' 1 ~  

rn 0 
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The AH;(CH,N~') and hence the methyl cation affinity (MCA) of N2 
is known from photoionization appearance potential measurements of 
CH,N2' from azomethane (19). In the presence of a large excess of 
N2 eq. [I I] reaches equilibr~um, establishing the methyl cation affinity 
of CH,F. This mixture of CH,F-N2 can then be used as a methylating 
medium and, when methyl cation transfer equilibrium is observed, 
accurate relative methyl cation binding energies may be obtained. A 
typical methyl cation transfer equilibrium is illustrated in Fig. 2. 

In addition to the usual procedures for carring out hpms experiments 
for the present studies, all gases flowing from the gas handling system 
to the high pressure ion source were passed through a U-trap cooled 
by a varlety of slush baths, typically to -95 to -150°C. This pro- 
cedure was necessary to remove traces of HZO. Due to the extremely 
low basicities of the compounds under study, the presence of H20 
even at the part per thousand level led to production of H,O+ and 

higher proton hydrates that precluded observations of the equilibrium 
of interest. 

Results 
Proton transfer equilibria between reference species, M ,  and 

the hydrogen and trifluoromethyl halides, RX, which have 
been used to obtain proton affinities for RX, are summarized in 
Table 1 together with the thermochemical data derived. Values 
for AS0 have been estimated from experimentally known So 
data. For ionic species these were taken from known data for 
isoelectronic neutral molecules (20). For example, So(H2Cl') 
was estimated as  49.7 cal mol-' K- '  based on the value of 
S0(H2S) of 49.2 cal mol-I K-'  and a small correction for differ- 
ences in translational entropy of H2CIt and H2S. 

Proton affinities of reference compounds CH4, NzO, CO,  
C2H6, S02Fz ,  and (CF&CO were taken from recent data from 
this laboratory, in which a quantitative proton affinity scale 
between H 2 0  and CH4 was constructed (12). Although these 
data did not extend to compounds as weakly basic as N,, the 
values for PA(C0)  and PA(CH,) may be combined with 
Bohme's data for compounds less basic than CH, (21) to yield 
PA(N2) = 122.0 kcal mol-I. This then also permits PA(HF) to 
be calculated from the equilibrium data of Foster and Beau- 
champ (3) for eq. [7] as 120.9 kcal mol-'. 

Methyl cation transfer equilibria used to establish methyl 
cation affinities of the hydrogen halides are summarized in 
Table 2. 'The MCA scale is anchored to MCA(N,) which can be 
calculated from AH;(CH,N,') obtained from photoionization 
appearance energy measurements of CH,N; from CH N- T NCH3 (19). The MCA(N2) thus established is 51.9 kcal mol- . 
The thermochemical data derived from the methyl cation trans- 
fer equilibria, also summarized in Table 2,  may be combined 
with MCA(N,) to obtain absolute methyl cation affinities of 
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McMAHON AND KEBARLE 

TABLE 2. Methyl cation transfer equilibria: CH,M+ + RX = CH3XR+ + M and associated thermochemical data 
used to obtain methyl cation affinities of hydrogen halides and proton affinities of methyl halides 

M RX AGO" ASoh AHoo MCA(M)" MCA(RX) AH:(RXCH?+)'I PA(CH,X)" 

Nz CH3F -6.2 2.7 7.3 51.9 59.2 63.7 (148 5 2)" 
N2 HCI -4.8 3.3 -3.2 51.9 55.1 184.2 160.8 
CHJF HCI -1.4 6.0 4.1 59.2 55.1 184.2 160.8 
CHJF HBr -4.2 5.5 -2.0 59.2 61.2 191.3 164.8 

- 

"All values in kcal mol-'. 
"All values in cal mol-' K - ' .  
' From T. B. McMahon and P. Kebarle (12); see reactions [I31 and [14], this work 

each of the hydrogen halides as well as A H ~ ( C H ~ X H ~ )  values. 
These latter quantities may then be used to calculate proton 
affinities of the methyl halides according to eq. [12], derived 
from the mechanism outlined in Scheme 1, where X-A(CH3+) 
represents the appropriate halide ion affinity of methyl cation. 

The MCA(HX), AH:(CH~XH+), and PA(CH3X) values thus 
obtained are also given in Table 2. 

Due to difficulties in handling HF in the glass vacuum sys- 
tem of the hpms no experiments involving CH3+ transfer to HF 
were attempted. Based on the approximate proton affinity of 
CH3F of 148 + 2 kcal mol-' (12) a value for MCA(HF) of 
35 + 2 kcal mol-' is arrived at, substantially below that of N2. 
This means that the MCA(HF) could not have been determined 
quantitatively, relative to N2, in any case, owing to the large 
difference in methyl cation affinity between them. The proton 
affinity of CH3F is evaluated as 148 + 2 kcal mol-I, based on 
the observation of reactions [I31 and [14] and the recently 
determined values of PA(C0) = 145.6 kcal mol-' and 
PA(S02F2) = 150 kcal mol-' (12). 

Methyl cation transfer experiments with HI proceeded very 
slowly and equilibrium was not reached. However, the proton 
affinity of methyl iodide could be evaluated as 17 1 kcal mol-' , 
based on the observation of reaction [15] in both forward and 

1151 H,S+ + CH31 2 CH,IH+ + HzS 

reverse directions, with the conclusion that PA(CH31) = 
PA(H2S) (7) and the known value of PA(H2S) = 169.7 kcal 
mol-' (22). This proton affinity of CH,I leads to a calculated 
methyl cation affinity for HI of 69.6 kcal mol-'. 

Discussion 
The proton affinities of the hydrogen halides obtained in the 

present work are consistent with, and in basically good agree- 
ment with, previous data. The bracketing technique used by 
Polley and Munson (4) gave approximate values ( 2 2  kcal 
mol-I), which were also subject to some changes based on 
revisions in data for reference species used. For example, the 
proton affinity of HCl was bracketed as 135 + 2 kcal mol-', 
based on PA(Br) < PA(HC1) < PA(N20). In light of the 
recently redetermined value of PA(N20) = 142.0 kcal mol-' 
(12) and the established value of PA(Br) = 133 kcal mol-' 
(22), the proton affinity of HC1 based on Munson's experiment 
becomes 137.5 + 4.5 kcal mol-'. However, it was also ob- 
served that PA(HC1) > PA(CH,) and the value of PA(CH,) has 
again been recently redefined as 134.7 kcal mol-' (12). Thus 

the bracketing experiments now define PA(HC1) as 138.5 + 
3.5 kcal mol-', which is entirely consistent with the value 
determined here of 137.6 kcal mol-I. 

Munson's bracketing data for HBr established PA(N,O) < 
PA(HBr) < PA(C0) with the new value of PA(C0) of 145.6 
kcal mol-I (12) and PA(N,O) of 142.0 kcal mol-I, and defines 
PA(HBr) = 143.8 + 1.8 kcal mol-I, in agreement with the 
present determination of 142.9 kcal mol-'. 

The bracketing data for H1 establish PA(H1) > PA(1) = 
145.4 kcal mol-I. The upper limit for PA(H1) was based on the 
observation of the dissociative hydride abstraction reaction, eq. 
[16]. It had been assumed that, in order for this reaction to 

proceed, AH:, must be negative; however, in reality the re- 
quirement for observation of this reaction is that AG;, be nega- 
tive. The entropy change for eq. [16] may be estimated fairly 
accurately as 20 cal mol-' K- ' ,  which yields the enthalpy 
requirement that AH:, 6 kcal mol-I. Using recent data for 
AH:(~-C~H,+), the upper limit PA(H1) 5 156 kcal mol-I is 
obtained, which allows assignment of PA(H1) = 151 + 5 kcal 
mol-', again in agreement with the present determination of 
150.9 kcal mol-'. 

The molecular beam photoionization data of Lee and co- 
workers (5, 6) potentially provide absolute values for the pro- 
ton affinites of HF, HC1, and HBr based on threshold deter- 
minations for eq. [17]. These photo-ionization appearance 

potential measurements yield: PA(HF) = 95.5 + 1.4 kcal 
mol-', PA(HC1) = 135 + I kcal mol-', and PA(HBr) = 
141 + 1 kcal mol-I. Previous similar studies for proton affin- 
ities of H 2 0  (6), H2S (23), and NH3 (24) have obtained agree- 
ment within + 1 kcal mol-' of values arrived at by equilibrium 
proton transfer scales. It is immediately apparent, however, 
that the data for HF are in serious disagreement with the obser- 
vations of proton transfer equilibrium between N, and HF, eq. 
[ l ] ,  yielding PA(HF) = 120.9 kcal mol-' (3). Lee and co- 
workers (5) have interpreted this discrepancy in terms of a 
non-adiabatic transition from (HF)? to (HF),' in which vi- 
brationally excited (HF),' is produced well above the threshold 
for H,Ft formation. From an analysis of the shapes of the 
H,Cl+ and H2Br+ ionization efficiency curves near threshold, 
the authors concluded that these species are more likely to be 
produced in their ground states. The difference between proton 
affinity values for HCl and HBr determined here and in the 
photoionization experiment is 2.7 and 1.7 kcal mol-', with the 
present values both being higher. This difference could be 
caused by residual excitation of some 2 kcal mol-I in HICl' and 
H2Brt produced at the observed threshold, presumably because 
the cross-section for production of H,Xt at the true adiabatic 
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FIG. 3. Variation of proton affinities of HX, CH,X, and CF,X 
(X = F, C1, Br, I) as a function of valence ionization potential. 

limit has become sufficiently small to be- beyond the detection 
limits of the apparatus. 

Only approximate data for proton affinities of the methyl 
halides are available from bracketing experiments. As noted 
above, reactions [13] and [14] establish PA(CH3F) as 148 2 2 
kcal mol-I. Similarly, the proton affinity of CH3C1 has pre- 
viously been established (7) to be between those of C2H4 (162.6 
kcal mol-I) (9- 11) and C,H2 (155.2 kcal mol-I) (22), allowing 
an assignment of 159 k 4 kcal mol-I, in good agreement wih 
the value of 160.8 kcal mol-I obtained here. The proton affinity 
of CH3Br has again previously been determined to be between 
those of C2H4 and H?O (166.4 kcal mol-I) (12, 22), allowing 
an assignment of 164.5 k 2 kcal mol-I, again in good agree- 
ment with the value of 164.8 kcal mol-' obtained here. As 
noted above, the proton affinity of CH,I has been approxi- 
mately determined as 171 2 1 kcal mol-' (7), based on obser- 
vations of eq. [15]. 

No previous proton affinity measurements of any kind have 
been carried out for CF3C1, CF3Br, or CF,I. Bohme and co- 
workers (17) have bracketed the proton affinity of CF, by 

1181 N2H' + CF, 4 CF4Ht + N2 

11 91 CF,H' + CH, + CH,' + CF, 

eqs. [I81 and [19], allowing an assignment of PA(CF,) = 
128 2 6 kcal mol-' . 

In addition to the absolute magnitudes of the proton affinities 
of the hydrogen, methyl, and trifluoromethyl halides, it is of 
interest to examine the relative changes within each group of 
halides, the relationships between each group, and the re- 
lationship between proton affinities and valence ionization po- 
tentials. This last relationship is illustrated in Fig. 3 in a plot of 
proton affinities of each of the types of halide as a function of 
the valence electron ionization potentials determined by either 
photoionization mass spectrometry or photoelectron spec- 
troscopy. Examination of this plot reveals that there is a direct 
correspondence between proton affinity and ionization poten- 
tial, which indicates that the factors affecting both the energy 
required to remove an electron from the highest occupied mo- 
lecular orbital and the energy released when a proton is associ- 
ated with the electrons in the highest occupied molecular orbital 
are similar in nature but different in magnitude. Interestingly, 
the points for both HX and CF,X compounds appear to fit the 

same line. The good proportionality between the two quantities 
suggests that more reliable data may be interpolated from the 
plot. For example, the PA(CF,) of 128 2 6 kcal mol-' can be 
inferred to be at the lower end of this limit if it is assumed that 
CF, should fall on the correlation line for CF,X compounds. If 
this is the case a PA(CF,) of 123.5 kcal mol-' is predicted. 

The one important exception to the proton affinity - ioniza- 
tion potential correlation is the point for methyl fluoride. An 
examination of the photoelectron spectrum and molecular or- 
bital assignments for CH3F (24) reveals that the lowest energy 
ionization process does not correspond to removal of a 2p 
non-bonding electron, as is the case for the other CH3X, but 
rather involves removal of an electron from the orbital that has 
primarily C-H bonding character in the methyl group. The 
proton affinity of CH3F does not fall on the draight line defined 
by the other CH,X for either of these ionization potentials of 
CH3F. This failure to correlate with behaviour of the other 
methyl halides suggests that CH,FH' may be structurally un- 
like the other CH3XHt ions and may, in fact, more closely 
resemble CH,'. involving 3-centre 2-electron bond structures 
such as I or 11. 

The accurate ionization potential and proton affinity data 
may also be used to calculate the homolytic bond dissociation 
energies of RXH', also called the hydrogen atom affinities 
(HA) of RX'. The relationship between proton affinity, ioniza- 
tion potential, and hydrogen atom affinity given by eq. [20] 
may be derived from examination of Scheme 2. Hydrogen atom 
affinities, proton affinities, and ionization potential data for 

each of the compounds examined are summarized in Table 3. 
Also included for comparison are the homolytic bond dis- 
sociation energies in the hydrogen halides. The D(H-X) fol- 
low the same trend as the D(H-XH ') with the difference that 
the hydrogen atom affinities are all somewhat larger. This 
difference in magnitude should be due to the electrostatic at- 
tractive interaction between HX' and H, which contributes to 
the bond energy in H-XH'. The value for HA(CH3Ft) can be 
seen to be anomalously low compared to the relative values for 
HA, CH3X, and CF,X compounds in the other halogen series. 
This is again associated with the fact that the lowest energy 
ionization in CH,F, and used in the calculation of HA(CH3Ft), 
does not correspond to the lone pair electron of the F atom (25). 
This result again suggests that the bonding in CH3FHt may be 
unusual. 

It is interesting to note the order of hydrogen atom affinities 
for each group of halogens. In the fluorides a variation of 15 
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MCMAHON AND KEBARLE 

TABLE 3. Ionization potentials, proton affinities, and halogen atom affinities 
for the hydrogen, methyl, and trifluoromethyl halides 

IP(RX)" PA(RX)" HA(RX+) D(H-X)" 
Species (RX) (eV) (kcal mol-I) (kcal mol-') (kcal mol-I) 

HCI 12.72 137.6 117 103 
CH3CI 11.22 160.8 106 
CF'CI 12.39 139.0 1 1  1 

HBr 11.65 142.9 98 88 
CH3Br 10.54 164.8 94 
CF'Br 12.0 141.3 104 

"Unless otherwise noted all values are taken from ref. 2 
"Reference 26. 
' Reference 25. 
"Data from ref. 12. 
"Calculated from data from ref. 20. 

kcal mol-' is observed between HA(HFf) and HA(CFdt), 
while for the corresponding chlorides the difference is only 6 
kcal mol-I; for the bromides the order actually inverts, with 
HA(CF,Brt) being larger than HA(HBri) by 6 kcal mol-', 
while in the iodides virtually no variation is observed. The 
inversion of order in the bromides and to a lesser extent the 
iodides can be seen, from eq. [20] and the data in Table 3, to 
result from the fact that IP(CF,Br) > IP(HBr) and IP(CF,I) > 
IP(H1). This may be purely a result of poor resolution in the 
photoelectron spectra of CF,Br and CF,I since only vertical 
rather than adiabatic ionization potentials are reported. 

The magnitude of substituent effects of CH, and CF, on the 
proton affinities of halogen bases may be seen from the cor- 
relations shown in Fig. 4. The plot of PA(CH,X) vs. PA(HX) 
gives a linear relationship with a slope of 0.74, indicating that 
the magnitude of the methyl substituent effect decreases in a 
manner proportional to the increase in basicity of the halogen, 
i.e. in the order X = F > C1 > Br > I. For example, replace- 
ment of hydrogen by methyl increases the basicity of F by 28 
kcal mol-' while only increasing that of I by 20 kcal mol-'. The 
fact that the point for HF/CH,F fits on the correlation line is 
noteworthy since it had been suggested above that the bonding 
in CH,FHt might be fundamentally different than than in the 
other CH,XHt species. The data of Fig. 4(a) would suggest 
otherwise. Evidently, the question regarding the structure of 
CH,FHt can not be resolved on the basis of the experimental 
correlations considered in the present work. 

The higher PA of the CH,X relative to the HX compounds 
probably are largely due to stabilization of the positive charge 
in the CH3XHt by the field effect and polarizability of the 
methyl group. The decreasing methyl stabilization energy with 
increasing size of X is then a consequence of the lengthening 
of the C-X bond and the resulting greater distance over which 
the methyl dipole and polarizability have to interact with the 

TABLE 4. Methyl and trifluoromethyl cation affini- 
ties of the hydrogen halides 

D(CH3'-XH) D(CF3'-XH) 
Species (HX) (kcal mol-I) (kcal mol-') 

HF 35 % 2 15 
HCI 55.1 19.8 
HBr 61.2 21.3 
H 1 69.6 31.1 

appears too low. For the present, CF3Br must be regarded as an 
exceptional case. 

In all of the halogens the hydrogen halides and trifluoro- 
methyl halides have similar basicities, indicating that the 
destabilizing field effect of the CF, group is almost exactly 
counterbalanced by the stabilizing through space polarization 
interaction of the CF, group. 

It is also interesting to compare the methyl cation binding 
energies of the halogen acids to the proton affinities as shown 
in Fig. 4c. A good linear relationship between the two quan- 
tities is observed. The slope of I .  12 obtained indicates that 
methyl cation binding energies increase through the halogen 
series more rapidly than do proton affinities. 

The proton affinity data for trifluoromethyl halides can also 
be used to calculate CF,' binding energies for the hydrogen 
halides. These data are summarized in Table 4 together with the 
CH,' binding energies. The plot of the CF3.v affinities of HX 
versus the corresponding CH,' affinities, shown in Fig. 5 ,  
leads to a linear relationship with the exception of the point for 
H 1 . 9 h i s  linear relationship, taken together with the re- 
lationship in Fig. 4c, demonstrates that the halogen acids, HX, 
display the same order of basicities twoards the three Lewis 
acids, H '  , CH,', and CF,'. 

charge centre. The plot of PA(CF;X) vs. PA(HX) again ex- 
hibits a good linear correlation with the exception of the point 'The deviation of the point for HI from the straight line correlation 
for CF,Br. As noted above, the value for HA(CF3Brt) appeared may in fact be due to a poorly defined value of D(CF,'--IH). arising 
anomalously high, while here the proton affinity of CF,Br from an uncertain value for AH:!(cF,I). 
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R +  are substituted methyl cations, decrease with increasing 
electronic stabilization of R + .  The  present result taken in this 

0 
E context must mean that the CF,' cation is more stable relative 

= 160- to CH,', i.e. that stabilization by -IT donation from the F substit- 
0 
x - uent is more important than the destabilization by the electron- - withdrawing field-inductive effect of F. 

- 

- Conclusion 
3 

140 - - 
I I I I I I 

Proton transfer and methyl cation transfer equilibrium ex- 
periments have been used to establish accurate gas phase proton 

-- 150 - affinities for hydrogen, methyl, and trifluoromethyl halides. 
' - 
2 ( b )  The gas phase basicities of each series of halides are seen to 

- correlate with valence ionization potentials and with each 

140- x 
other. Further, the methyl cation affinities of HX correlated - - with the proton affinities, as d o  the CF,' binding energies. 
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Isomerisation des radicaux insatures. 
111. Radicaux cx,cx,p-, cx,P,y- et cx,cx,y-trimethallyles 

HELENE DESLAURIERS ET GUY J .  COLLIN' 
DPpartement des sciences fondamentales, Universitk du QuPbec a Chicoutimi, Chicoutimi (Qut.), Canada G7H 2BI 

R e ~ u  le 21 dtcembre 1984 

HELENE DESLAURIERS et GUY J .  COLLIN. Can. J .  Chem. 63, 3 168 (1985). 
Nous avons gentrt  les radicaux a , a , p - ,  a ,P ,y -  et a,a,y-trimtthallyles en photolysant a 147,O nm les trimethyl-2,3,3 

butkne- I ,  dimithyl-3,4 pentkne-2 et dimethyl-2,4 pentene-2 sous des pressions de quelques tom. Dans ces conditions, une part 
importante de ces radicaux ont une Cnergie interne suffisante pour se fragmenter en divers dienes-1,3 et un peu de diknes-1,2 
et -2,3. Afin d'expliquer la formation de ces produits, on fait appel a un micanisme d'isomerisation base sur un transfert interne 
1,4 d'un atome d'hydrogkne. La fragmentation des radicaux allyles trimethylks se fait surtout par rupture d'un lien P(C-C), 
puis P(C-H) et, de f a ~ o n  beaucoup moindre, par celle d'un lien central C-CH3. 

HELENE DESLAURIERS and GUY J. COLLIN. Can. J .  Chem. 63, 3 168 (1985). 
a , a , p - ,  a ,P ,y - ,  and a,a,y-trimethallyl radicals have been generated in the 147.0-nm gas phase photolysis of 2,3,3-tri- 

methyl-I-butene, 3,4-dimethyl-2-pentene, and 2,4-dimethyl-2-pentene, respectively. Under these conditions, the majority of 
allyl radicals have an internal energy sufficient for further decomposition: they give rise to the formation of various 1,3-dienes 
and small amounts of either 1,2- or 2,3-dienes. An internal sigmatropic 1,4-hydrogen atom transfer process is part of the 
proposed mechanism to explain such products. Moreover, the fragmentation of the trimethyl substituted allyl radicals involves 
the split of one P(C-C) bond, then one P(C-H), and, to a lesser extent, one central C-CH3 bond. 

Introduction 
Dans de precedentes etudes, nous avons montrk que la 

photolyse des alcknes entre 147,O et 184,9 nm constitue une 
bonne source de radicaux allyles, puisque ceux-ci sont formes 
avec des rendements quantiques qui depassent 0,5 et qui 
atteignent parfois 0,9 (1, 2). Ces radicaux sont cependant 
produits avec une energie vibrationnelle relativement im- 
portante, de telle sorte que ces radicaux "chauds" se fragmen- 
tent pouwu que la pression soit suffisamment faible pour ne pas 
les stabiliser par collision (3, 4). Les precedents rapports de 
cette sCrie ont de plus montre que ces reactions de fragmen- 
tation sont en competition avec des reactions d'isornerisation. 
Par exemple, le radical a,P-dimethallyle s'isomerise vers la 
forme a,a-dimethallyle et inversement (5). I1 en est de m&me 
du radical a,y-dimtthallyle qui s'isomerise vers la forme 
a-tthallyle et inversement (6). 

Le but de ce rapport est de verifier ces comportements sur les 
trois radicaux trimCthallyles en scrutant leurs produits de frag- 
mentation. 

Methode experimentale 
Les trimethyl-2,3,3 buttne-1 (tM233B1), dimethyl-3,4 cis- 

penttne-2 (dM34P2) et dimethyl-2,4 pentene-2 (dM24P2) sont des 
produits API. Les puretes affichies de m&me que les analyses de ces 
monomeres sont brikvement indiqutes dans le tableau 1. L'oxygene 
(99,98%) et I'isobutene (99,9%) sont des produits Matheson du Ca- 
nada (gaz de qualit6 recherche). Tous ces produits sont utilises tels que 
r e p s  et manipults a I'aide d'une rampe a vide en Pyrex (1-6). 

Les photolyses sont effectutes a 147,O nm en utilisant une lampe de 
risonance xenon entrainee par un gentrateur micro-onde (7). La 
purete spectrale de la lampe entre 120 et 250 nm est vkrifite a I'aide 
d'un monochromateur McPherson de f m. L'actinometrie est realisee 
en comparant les produits de dCcomposition a ceux obtenus dans la 
photolyse de l'isobutkne cP(al1kne) = 0,52 (8). Toutes les irradiations 
ont kt6 faites la temperature de la chambre (T  - 20°C). Les analyses 
sont faites par chromatographie en phase gazeuse en utilisant soit une 
colonne de squalane (9), soit une colonne de UCON (10) a la tem- 
perature de 50°C. 

' Auteur a qui adresser la correspondance. 

TABLEAU 1. Analyse des monomkres 

Impureti affichee Impuretts visibles par 
Monomere (%I chromatographie (ppm) 

Isobutene 0,1 Isobutane: 920550  
Propane: 6 0 2  10 

tM233B 1 0,06?0,04 Dimethyl-3,3 
butkne- 1 : 15 

dM34P2(cis) 0,11?0,08 ~ t h ~ l - 2  methyl-3 butene-I: 
400 t 5 

dM24P2 0 ,1450,04 dM34P2 (trans): 650 
Trimithyl- 1,3,4 penthe-2 

( ?) : 50 

Resultats 
Le tableau 2 montre les rendements quantiques des produits 

obtenus dans les photolyses des tM233B 1, dM34P2 et dM24P2 
en presence de 10% d'oxygkne. On observe une formation de 
C, avec des rendements quantiques non negligeables. Par 
exemple, le rendement en C,H, est 0,20 dans la photolyse du 
tM233B 1 .  Par contre, les rendements en produits C, sont fai- 
bles et n'apparaissent que dans la photolyse du dM34P2. Les 
dienes-1,3 sont les produits majeurs dans chacun des cas. Le 
dimethyl-2,3 butadikne-1,3 est le produit majeur dans la photo- 
lyse du tM233B1. Dans le cas du dM34P2, l'isoprene et le 
methyl-3 pentadiene-1,3 ont des rendements similaires et 
importants. Finalement, le dM24P2 donne lieu ?i la formation 
de methyl-4 pentadikne-1,3, d'isoprkne et de methyl-2 
pentadikne-1,3. L'effet de pression a etC CtudiC dans le cas du 
melange tM233B1 -02 (100: 10). On observe que les ren- 
dements en dimethyl-2,3 butadikne-1,3 (A) et en methyl-3 
butadikne- 1,2 (B) dkcroissent avec l'augmentation de la pres- 
sion et que @(A)/@(B) = 7,5 (a = 0,65), quelle que soit la 
pression de monomkre entre 2 et 50 Torr (1 Torr = 133,3 Pa). 
Cet effet de pression est rapport6 dans la figure 1 sous la forme 
de courbes de type Stern-Volmer: [ @ ( x ) ] - '  = f ( P ) .  

A ce point, il faut noter que les resultats semblent indiquer 
une certaine invariance des rendements entre 5 et 10 Torr ,  tout 
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DESLAURIERS ET COLLIN 

TABLEAU 2. Photolyse d'alcknes en prCsence de 10% d'oxygkne B 147,O nm. Rendements quan- 
tiques des rnonomkres 

Rendement 

tM233B I dM34P2 dM24P2 

Alckne 5 Torr 10 Torr 5 Tom 10 Torr 5 Torr 10 Torr 

Propkne 
Propyne 
Allkne 
Butadikne-l,2 
Butyne-2 
Methyl-3 butadikne-1,2 
DimCthyl-2,3 butadikne-1,3 
Isoprkne 
Pentadikne- 1,2 + 1,3 (c is )  
Pentadikne-2,3 
Pentadikne- 1,3" (trans) 
Ethyl-2 butadiene-1,3 
MCthyl-3 pentadikne- 1,3" 
MCthyl-2 pentadikne-1,3' 
MCthyl-4 pentadikne- I,? 
DimCthyl-2,4 pentadikne- 1,3 

"Translcis = 1,5 C 0,2. 
bTrans/cis = 1,9 * 0,2. 
"n.m., non mesure. 

TABLEAU 3. Rendements quantiques observes dans la photolyse de trois hep- 
tknes ramifiCs, purs, B 147 nm" 

Produit tM233B 1 dM34P2 (c is )  dM24P2 

MCthane 
Ethane 
Isobutane 
NCopentane 
Methyl-2 butkne-1 
DimCthyl-2,3 pentkne-2 
DimCthyl-3,4 pentkne-2 (trans) 
DimCthyl-3,3 pentkne- l 
Ethyl-2 mCthyl-3 butkne-I 
DimCthyl-4,4 pentkne-2 (trans) 
MCthyl-3 hexkne-3 (trans) + 

trimtthyl-2,2,4 pentane 
TrirnCthyl-2,3,4 pentane 
TrirnCthyl-2,2,3 pentane 
TCtramCthyl-2,2,3,3 butane 

"Pression de l'alckne: 5 Torr (665 N m-'), 
'200 Tom de SF, ont et& ajoutks. 

au moins en ce qui concerne ceux obtenus dans les cas des 
tM233B 1 et dM34P2. PrCcisons que sur une grande Cchelle de 
pression, il y a plut6t dCcroissance lente des rendements avec 
I'augmentation de la pression (fig. 1). Dans le cas du dM24P2, 
il semble au contraire y avoir une augmentation des rendements 
des produits avec l'augmentation de la pression (tableau 2, 
colonnes 6 et 7). Comme nous n'avons pas essay6 d'Ctendre ces 
mesures sur une plus grande Cchelle de pression, et compte tenu 
des incertitudes experimentales apprkhendtes (voir, par exem- 
ple, la distribution des resultats rapportks sur la figure l ) ,  il 
semble pr6maturC de discuter plus h fond cette apparente aug- 
mentation des rendements. 

Les dM34P2 et dM24P2 ont ttC photolyses sans aucun addi- 
tif (tableau 3). On y a observe l'apparition d'un certain nombre 
de produits. L'Cthane (@ = 0,5) est le produit majeur. D'autres 

produits tels que l'isobutane, des heptanes, des heptknes et des 
octanes (tous ramifies) sont aussi formCs, alors qu'ils 
n'apparaissent pas dans les photolyses r6alisCes en presence 
d'oxygkne. 

Ces produits (sauf le methane) sont formCs par reactions de 
combinaison entre les radicaux mCthyles et des radicaux 
allyliques C7H,, ou satures C7Hj3. On ne rediscutera pas plus 
loin de ces resultats. I1 suffit ici de rappeler que ces produits (et 
leur mode de formation anticipee) appuient les schCrnas 
rkactionnels proposes plus loin. 

Discussion 
Fragmentation des rnoltcules photo-excittes 

I1 est maintenant bien Ctabli que les alcknes photo-excites, 
Clectroniquement excites dans un Ctat singulet, retournent vers 
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1 
0 2 0 

Torr 40 

FIG. 1. Photolyse du mClange tM233B1-O2 (100: 10) ii 147 nm, 
en fonction de la pression de I'alckne; .: @(dimCthyl-2.3 butadikne- 
1,3)-' (y = 2,91 + 0,072 P (Torr), r2 = 0,97); @: @(mCthyl-3 
butadikne-l,2)-'. 

leur ttat fondamental en transformant leur Cnergie Clectronique 
en Cnergie vibrationnelle, de sorte que la fragmentation obser- 
vCe est essentiellement le fait de la molCcule vibrationnelle- 
ment trks chaude. Dans ces conditions, et en premikre approxi- 
mation, la fragmentation implique la rupture du (des) lien(s) 
le(s) plus fragile(s). Les molCcules photolystes a 147,O nm ont 
toutes une liaison C-C situCe en position p par rapport a la 
double liaison. Comme ce sont des liens relativement fragiles 
(1 1-13), on ne peut que s'attendre a une scission primaire 
P(C-C) importante (1, 14). 

[21 CH,CH=C(CH,)CH(CH,)2 + CH, 
+ CH,CHC(CH,)CHCH~ 

ou le double astkrisque denote la molCcule photo-excitie et 
l'asttrisque simple, un radical allyle chaud. En effet, l'energie 
du photon est de quelque 81 1 kJ einstein-' auxquels il faut 
ajouter 1'Cnergie thermique de la molCcule a la temperature de 
la chambre, soit environ 12 kJ mol-'. L'Cnergie du lien 
P(C-C) est de quelque 293 kJ mol-I (1 1 - 13). L'excCdent 
dlCnergie du photon (-530 kJ mol-I) est distribue entre les 
tissus vibrationnels des deux fragments et leur energie relative 
cinktique et rotationnelle (2-4). 

D'autres reactions de fragmentation sont egalement possi- 
b l e ~  mais avec une probabilitk beaucoup plus faible, puisque 
les chaleurs de liaison sont plus ClevCes. Des ruptures 
P(C-HI) (cas des dMP2), a(C-C) et a(C-H) sont dis- 
ponibles. La chaleur de liaison P(C-HI) est d'environ 30 kJ 
m o l l  plus Clevee que celle du lien P(C-C) (15). p s  produits 
issus des fragmentations des radicaux allyles C7H,, (des C7H,2 
et des C6Hlo) sont sans doute formCs avec de faibles rendements 
et seulement certains d'entre eux peuvent interferer avec les 
produits mesuris ici. 

Les produits en C,, et probablernent en C,, apparaissant dans 
le tableau 2, sont certainement le resultat de fragmentation 
primaire a(C-C), avec des rendements limit&. Par exemple, 
la formation de propyne et d'allkne est raisonnablement expli- 
quee sur la base du mecanisme impliquant la rupture primaire 
d'un lien a(C-C) avec fragmentation subsequente du radical 
propknyle-2 excite (1 6). 

De la mCme manikre, le dM34P2 peut former le propyne, le 
propene et le butyne-2: 

Compte tenu du fait que (i)  le lien P(C-C) est le plus 
fragile, et (ii) la rupture P(C-HI) semble moins probable, a 
tout le moins dans les cas du methyl-3 butkne-1 (17) et du 
dimethyl-2,3 butene-1 (5), l'intervention des intermediaires 
resultant des fragmentations primaires P(C-H,) peut Ctre 
ignoree. Une preuve de la fragmentation de la molCcule photo- 
excitee par rupture primaire du lien P(C-C) et de son im- 
portance peut Ctre extraite de la lecture des rendements des 
produits d'origine radicalaire (tableau 3). On peut observer en 
effet la formation, en quantitks apprkciables, des radicaux 
mCthyles (@ = 1,2 -+ 0,2) a travers les formations d'ethane 
(CH, + CH,), d'isobutane (CH, + iso-C,H7), de trimethyl 
pentanes (CH, + C7HI5), de dimethylpentenes (CH, + 
C6Hl,) ,  . . . I1 faut remarquer qu'un rendement superieur a 
I'unitC n'est pas anormal puisque, comme on le verra plus tard, 
a la rupture primaire principale, s'ajoutent des reactions secon- 
daires libCrant des radicaux mCthyles avec formation concomi- 
tante de diknes en C5. De la mCme manikre, bien que ce soit de 
f a ~ o n  moins evidente sur le plan quantitatif, les structures des 
divers heptenes ramifies formes sont compatibles avec soit le 
radical allyle forme dans la rupture primaire, soit les radicaux 
allyles issus de I'isomCrisation du precedent par transfert in- 
terne d'un atome d'hydrogkne entre les positions 1,4. 

Radical a,  a, P-trirnkthallyle 
Form6 dans la reaction [I] ,  ce radical excite ne posskde que 

des liaisons P(C-H) et une liaison centrale C-CH, sus- 
ceptible~ de se fragmenter. 

Les produits attendus sont ceux observes dans un rapport 
7 3 :  1 a l'avantage de la formation du dimethyl-2,3 butadikne- 
1,3 (@ = 0,30). Cette fragmentation est en accord avec les 
observations dkja rCalisCes dans la photochimie du tetramt- 
thylkthylkne - dimethyl-2,3 butene-2 (18). L'isomCrisation du 
radical a,a,P-trimkthallyle, par deplacement interne d'un 
atome d'hydrogkne entre les positions 1 et 4 ,  est triviale: elle 
reproduit le radical original. 

I1 faut noter que les reactions [ l l ]  sont endothermiques. La 
chaleur de formation du radical a,a,P-trimkthallyle a Cte mesu- 
rCe: A H :  = 40 r 4 kJ mol-' (15). En admettant que 1'Cnergie 
d'activation de la reaction (1 l a ]  est =5 kJ mol-' (19) et celle 
de la reaction [I 1 b], = 25 kJ mol-I, cela conduit i estimer 1es 
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SCHEMA 2. ~volution du radical a,a,y-trirnCthallyle (cercle median gauche). 

0,13) et les methyl-2 pentadikne-1,3 (cis et trans) (@ = 0,06) 
sont les produits principaux probablement formes au prorata 
des atomes d'hydrogkne disponibles. Le diplacement 1,4 d'un 
atome d'hydrogkne produit les radicaux soit a-isopropyles, soit 
a-ethyl-P-mCthallyles et on peut s'attendre a une formation 
subsiquente de pentadikne-1,3 (cis et trans) (@ = 0,04) et 
d'isoprkne (@ = 0,09). 

L'importance relative de la formation de pentadikne-1,3 et 
d'isoprkne est probablement le resultat de plusieurs facteurs. 
On peut cependant noter que le radical a,a,y-trimkthallyle a 
deux voies rkactionnelles pour aller vers la forme a-ethyl- 
P-mkthallyle et une seule vers la forme a-isopropylallyle. 
Cette proportion correspond au rapport @(pentadhe-1,3)/ 
@(isoprkne). I1 est pertinent de revenir ici sur le mecanisme du 
transfert interne en 1,4 d'un atome d'hydrogkne dans les radi- 
caux mCthallyles. La structure du groupe allyle est plane (22) 
et le radical mCthyle est situe soit en position cis, soit en trans 
(fig. 2). I1 est Cvident que, d'apres cette figure, le dkplacement 
1,4 est nettement favorise dans la structure cis et probablement 
beaucoup plus difficile dans le cas de la structure trans. I1 faut 
rappeler-que 1'Cnergie interne des radicaux allyles qui se frag- 
mentent est considCrable (voir plus haut). Dans ces conditions, 
il est probable que les formes cis et trans sont en Cquilibre, en 
conformit6 avec ce qui est rapport6 dans la littkrature (23, 24). 
Une valeur AG comprise entre 52 et 88 kJ mol-', et proba- 
blement infkrieure 60 kJ mol-', a Ctt estimCe pour cet Cqui- 
libre (24). Enfin, les schCmas reactionnels 1 et 2 ne prtvoient 
pas de transferts internes en 1,5 d'atome d'hydrogkne. Ce type 
de transfert commande la formation transitoire d'un cycle a six 
c6tCs. On peut prevoir, dans ce cas, un facteur de frequence 
plus favorable et une Cnergie de tension du cycle a peu prks 
negligeable (20). Ce transfert ferait cependant disparaitre 
1'Cnergie de rQonance du groupe allyle, ce qui introduit une 
Cnergie d'activation de 50 kJ mol-'. En outre, puisque I'atome 
CchangC provient d'un methyl terminal, cela ajoute quelques 
autres kilojoules par mole 2 1'Cnergie d'activation, puisque les 
liaisons C-H terminales sont plus rigides. 

FIG. 2. ReprCsentation schkrnatique du transfert 1,4 de I'atorne 
d'hydrogkne dans le radical rnCthallyle. 
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R. R. REDDY, A. S. R. REDDY, and V. KRISHNA REDDY. Can. J.  Chem. 63, 3174 (1985). 
New relations are proposed for the determination of bond dissociation energies of diatomic alkali-earth halides. The relations 

are 
- 

DAB = DAB + 3 1 .973e0.363A.r 
and 

DAB = DAB[l - 0.2075(Ax)rel + 52.29Ax 

where D A B  = (D,,,,D~~)'/~, AX represents Pauling's electronegativity differences (XA - Xe) and r, is the internuclear distance. 
The estimated bond energies are in reasonably good agreement with the literature values. The errors calculated with our 
suggested relations for bond energies are 9.9% and 7.5% respectively. The corresponding errors evaluated from Matcha's and 
Pauling's equations are 6.1 % and 48.290, respectively. A simplified formula for,the determination of bond orders of alkali-earth 
halides has been suggested. The formula has the form 9 = 1.5783 X 10-~(o~r , /~ , )" ' .  The definition for bond order given 
by Pam and Borkman differs from that given by Politzer. Thorough investigation of the two statements reveals that the Politzer's 
definition is a better one. 

R. R. REDDY, A. S. R. REDDY et V. KRISHNA REDDY. Can. J. Chem. 63, 3174 (1985). 
On propose de nouvelles relations pour la determination des Cnergies de dissociation des liaisons des halogknures di- 

atomiques de mktaux alcalino-terreux. Ces relations sont les suivantes: 

ot~ DAB = ( D , , D ~ ~ ) ' / ~  et Ax reprksente les diffkrences d'ClectronCgativite de Pauling (X, - XB) alors que r, reprksente la 
distance internuclkaire. Les Cnergies de liaison tvaluCes sont en bon accord avec les valeurs repertoriees dans la litterature. 
Les erreurs calculkes pour nos relations suggCr6es pour les Cnergies de liaisons sont respectivement de 9,9% et de 73%. Les 
erreurs correspondantes Cvalukes a partir des Cquations de Matcha et de Pauling sont respectivement de 6,1% et de 48,2%. 
On suggkre une formule simplifie pour dkterminet les ordres des liaisons des halogtnures des mCtaux alcalino-terreux. La 
formule a la forme suivante: 9 = 1,5783 X lo-' (w,r,/~,)'". La dkfinition de I'ordre de liaison proposCe par Parr et Borkman 
differe de celle donnee par Politzer. Une Ctude soignee des deux dkfinitions rCvble que celle de Politzer est la meilleure. 

[Traduit par le journal] 

Introduction and bond order (7, 8), we have proposed new relations for 
The bond dissociation energy of diatomic molecules is of the determination of bond dissociation energies based on the 

great importance in thermochemistry and astrophysics studies relation of Pauling and Matcha (9, 12). 'l%e relations are 
(1 ,  2). In molecular orbital theory, the bond order, which is 

[ I ]  DAB = DAB + 31 .973e0 '6'Ar 
referred to as the amount of bond charge located on a bond, 
very important in the calculation of various molecular param- [2] DAB = DAB[I - 0.2075(Ax)rC] + 52.29Ax 
eters; e.g., dipole moment and oscillator strength. One pro- 
cedure for the computation of the total bond order in a molecule 
involves the linear combination, with suitable coefficients, of 
atomic orbitals of the two atoms joined by the bond. This 
makes the computation of total bond order a tedious job. The 
models suggested by Parr and Borkman (3, 4) and Politzer (5, 
6) are found to be suitable for those molecules in which the 
ionic and covalent contributions to the binding are almost com- 
parable. This idea has been extended by the present authors to 
test the validity of the model for those molecules in which ionic 
character is predominant. Hence, it is proposed to determine 
the bond dissociation energies and bond orders for diatomic 
alkali-earth halides with the simple formulae suggested. 

Where DAB = ( D ~ ~ D ~ ~ ) " ' ,  AX represents Pauling's electro- 
negativity differences (XA - XB) and r, is the internuclear 
distance. The necessary constants for the present study are 
taken from the literature. The bond energy value of the homo- 
nuclear molecules of alkali-earth metals and halides are given 
in Table 1. 

Matcha (12) has pointed out that Pauling's empirical relation - 
DAB = DAB + 30(Ax)' works badly for ionic molecules. 
Keeping this point in view, it is desirable to have an accurate 
relationship for ionic molecules. In the present study, the 
bond dissociation energies are evaluated using the relations [ l ]  
and [2]. For comparison, bond dissociation energies are also 
computed with Pauling's relation. Matcha (12) has derived an 

(i) Bond dissociation energies equation relating bond energies to electronegativity differ- 
In continuation of our studies on bond dissociation energy ences. This equation has the form 
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REDDY ET AL. 3175 

TABLE 1. Bond energies of homonuclear 
molecules of alkali-earth metals and halides 

Molecule 
Bond energy 
(kcal/mol) 

[3] D A B  = D A B  + N[l - exp [-30(Ax)'/N]] 

where N = 103. He has not given the electronegativity values 
appropriate to his relation so far. In order to test the relia- 
bility of Matcha's relation for ionic molecules, we have used 
Pauling's electronegativities in his formula and estimated 
bond energies. Some conclusions have been drawn by using 
Pauling's electronegativity values in Matcha's formula (P-M 
relation). 

(2) Bond order 
The Pam and Borkman (3, 4) relation of the following form 

for bond order has been modified by the present authors. 

Kc in eq. [4] can be written as w,?/~,r, ' .  From these two 
relations, the following simplified equation has been derived. 

TABLE 2. Comparison of experimental and predicted bond energies 
for alkali-earth halides 

Predicted bond energies (in kcal/mol) 
from 

DAB P-M Pauling's 
Molecule (Exptl.) Eq. [ I ]  Eq. [2] relation relation 

BeF 151 & 13* 
BeCl 110?15* 
BeBr 89.00 
Be1 69.00 
MgF 123?10* 
MgCl 97.00 
MgBr 81.00 
MgI 63.00 
CaF 132?10* 
CaCl 103&10* 
CaBr 96.00 
CaI 78.00 
SrF 132? lo* 
Srcl 112.00 
SrBr 97.00 
SrI 80.00 

Average % deviation 

*Values are approximate. 
TModifieid values - see text. 

TABLE 3. Parameters q and q/(0.5r,)2 for alkali-earth halides 

Molecule Parr and Borkman Present method q/(0.5rC)' 

BeF 1.869 1.882 
Here the experimental values of w,, r,, and B, determine the BeCl 

4.064 
2.093 2.099 2.599 

bond order. The necessary constants for the present study are BeBr 2.130 2.134 2.238 
taken from Huber and Herzberg (10). Be1 2.190 2.194 1.848 

In the present study the defiiitions for bond order 'q' given MgF 2.059 2.062 2.693 
by Parr and Borkman (3, 4) and Politzer (5, 6) have been MgCl 2.183 2.185 1 .807 
studied in detail and it has been found that the interpretation M ~ B ~  
given by Politzer holds. SrF 

BaF 

Results and discussion 
The estimated bond energies for alkali-earth halides from 

relations [ l ]  and [2], the P-M relation and Pauling's expression 
are presented in Table 2. The average percentage deviation 

is also given. The bond order values calculated from relation 
[5] are presented in Table 3. 

The results obtained from eq. [2] reveal that the bond energy 
values for fluoride molecules deviate from the general trend. 
The predicted bond energies have higher values than the experi- 
mental value by 24 kcal/mol. Similar behaviour is observed in 
the case of alkali halides (7). This value is deducted from the 
dissociation energy values obtained from eq. [2] and the mod- 
ified values are presented in Table 2. It is in good agreement 
with Kushawaha's view (16). Several explanations have been 
given for the deviation of fluoride from the other halides 
(13- 16). This may be due to the lower electronic affinity and 
smaller atomic size of fluorine atom as suggested by Politzer 
(17). The estimated bond energy values obtained from relation 
[2] and P-M relation are in good agreement with the ex- 

CaF 2.215 2.214 2.324 
CaCl 2.320 2.324 1.563 
CaBr 2.362 2.363 1.405 
CaI 2.405 2.407 1.203 

perimental values (1 1). Since the bond energy value for Ba, 
molecule is not available, we could not calculate the bond 
energies for barium halides. Some of the experimental bond 
energy values (1 1) are approximate. The correct percentage 
deviation may be calculated if reliable experimental data are 
available. The estimated bond energies from Matcha's relation 
suggest that Matcha's electronegativities (still to be estimated) 
and Pauling's electronegativities for the atoms Be, Mg, Ca, Sr, 
F, C1, Br, and I do not differ greatly. 

Parr and Borkman suggested that q as defined in eq. [5], is 
a measure of charge located in the bond region and thus could 
be identified with bond order. By example, Politzer showed (5, 
6) that the interpretation of q as bond order could be improved 
upon. According to him, a better definition of bond order is 
q/(0.5rC)'. 

The values of q are computed for alkali-earth halides using 
relation [5]. It is obvious from Table 2 that if q is taken as the 
bond order it leads to ambiguity. As we go from F to I, the 
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value of q increases while the binding energy decreases. Ac- 
cording to Pan  and Borkman, CaBr and CaC1; BeI, MgBr, and 
CaF have approximately the same values for q, 2.3 and 2.2, 
respectively (Table 2). It has no meaning to have the same bond 
order for all these molecules. The ambiguity can be removed by 
taking the relation q/(0.5r,)2 as the bond order given by 
Politzer. The present study supports the Politzer view that 
q/(0.5rC)' is the correct definition for the bond order. 
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DIEGO U. BELINZONI, ORESTE A. MASCARETTI, PEDRO M. ALZARI, GRACIELA PUNTE, CARLOS FAERMAN, and ALBERTO 
PODIARNY. Can. J .  Chem. 63, 3177 (1985). 

The pivaloyloxy methyl 6.6-dihalo penicillanates l a ,  l b ,  and l c  have been stereoselectively prepared from the reaction of 
pivaloyloxy methyl 6-diazo penicillanate 2 with either N-halosuccinimide/halide or the interhalogens XI (X = C1, Br). The 
crystal structures of 3S,5R,6R pivaloyloxy methyl 6-bromo, 6-chloro penicillanate l a ;  3S,5R,6R pivaloyloxy methyl 6-iodo, 
6-bromo penicillanate l b ,  and 3S, 5R, 6R pivaloyloxymethyl 6-iodo, 6-chloro penicillanate l c  have been determined by X-ray 
single crystal analysis. The stereochemistry of the displacement reaction is discussed. 

DIEGO U. BELINZONI, ORESTE A. MASCARETTI, PEDRO M. ALZARI, GRACIELA PUNTE, CARLOS FAERMAN et ALBERTO 
PODIARNY. Can. J. Chem. 63, 3177 (1985). 

Le diazo-6 penicillinate de pivaloyloxymCthyle (2) reagit soit avec un melange de N-halosuccinimide/halogCnure soit avec 
les interhalogknes XI (X = Cl, Br) pour conduire de f a ~ o n  stCrCosClective aux dihalo-6.6 penicillinates de pivaloyloxymCthyle 
l a ,  l b  et l c .  On a dktermint, par cristallographie de rayons X sur un monocristal. la structure cristalline du bromo-6 chloro-6 
penicillinate de pivaloyloxym&thyle-3S ,5R ,6R ( I n ) ;  du bromo-6 iodo-6 penicillinate de pivaloyloxymCthyle-3S,5R ,6R ( l b )  
et du chloro-6 iodo-6 penicillinate de pivaloyloxymCthyle-3S,5R,6R ( l c ) .  On discute de la stereochimie de la reaction de 
deplacement. 

[Traduit par le journal] 

Introduction 
Preparation of mixed 6,6-dihalo penicillanic acids has been 

accomplished through the two-phase diazotizationlhalogena- 
tion procedure described by Volkmann et al. (1) or by the work 
of Kellogg and co-workers (2) through diazotization/halogena- 
tion in aqueous media (3). These authors did not, however, 
provide information regarding the stereochemistry at carbon-6. 

Based on mechanistic considerations ( 4 3 ,  and taking into 
account the peculiar structural features of the cup-shaped pen- 
icillin molecule (6, 7), one should expect to observe a notice- 
able control on such type of substitution. 

We therefore decided to study the substitution of a diazo 
group on carbon-6 of the penicillanic framework by either 
N-halosuccinimide/halide or interhalogens. In order to fully 
characterize the resulting 6,6-dihalo penicillanates, we  chose 
to carry out an X-ray crystallographic analysis to establish the 
stereochemistry . 

In this paper we present the synthesis, and crystal and molec- 
ular structures of three pivaloyloxy methyl mixed 6,6-dihalo 
penicillanates l a ,  l b ,  and l c .  

Discussion 
6-Diazo penicillanic acid and its esters have been suggested 

by the work of McMillan and Stoodley (5) and Clayton (3) as 

' Research fellow of CONICET, Argentina. 
'Present address: IQUIOS, Suipacha 531, 2000 Rosario, Argen- 

tina. 
'~esearch fellow CICPBA, Argentina. 
'Member of the Scientific Research Career, CONICET, Argentina. 
'~u thors  to whom correspondence should be addressed. 
"evision received February 12, 1985. 

the key intermediates for the efficient synthesis of a wide vari- 
ety of penicillin derivatives. In order to introduce two halogen 
atoms at C-6 we made use of the reaction of N-halosuccini- 
midelsoft potassium or sodium halide' in the presence of a 
crown ether, or the interhalogens XI (X = C1, Br) with 
pivaloyloxy methyl 6-diazo penicillanate 2, in an organic 
medium (currently methylene dichloride or chloroform), a re- 
action which we found to be applicable to N-haloimideslsoft 
pseudohalides. FolIowing this procedure we were able to syn- 
thesize compounds l a ,  l b ,  and l c  (Scheme 1). 

The starting intermediate 2 for these syntheses was prepared 
according to a known method (8, 9). Although this material can 
be isolated and spectroscopically characterized, it decomposes 
at room temperature. The yields of 6,6-dihalo derivatives 
obtained from the isolated diazo compound were noticeably 
low (ca. 20%) in comparison with those obtained when the 
diazo intermediate was generated in situ (ca. 80%), according 
to the procedure described by Volkmann et al. (1). It is im- 
portant to point out that from both procedures only a single 
compound was detected in each case, with an R,  value within 

'This reaction did not appear useful for the combination N-halo- 
succinimidelhard halides; e.g. potassium or sodium fluorides. 
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CI H Br + H 1 , ;  Br H 
S CH3 NBrSICI- - S CH3 BrI S CH3 bzcH3 - & x k C H 3  -* 

0 
x z k C H 3  

0 0 
C O ~ P O ~  C O ~ P O ~  E O ~ P O ~  

la  2 l b  

Pom = - C H ~ O C C ( C H ~ ) ~  lc  

the range of the 6-6-dihalo derivatives (tlc cyclohexane- TABLE 1. Fractional positional parameters and equivalent iso- 

dioxane, 8:2), l a  R,: 0.84; lb Rr: 0.79; and lc  Rc 0.82). Such tropic thermal parameter with esd's in parentheses for I n  

noticeable stereo control could be accounted for by taking into 
Atom x / a  y / b  z /C u ~ ~ , +  (A2) account the peculiar structural features of the penicillin mole- 

cule, that would greatly influence the diazo group substitution. 
In order to fully characterize those compounds, the ir, mass 

spectra, and 'H and "C nmr spectra were recorded. The low 
resolution mass spectra of compounds la ,  lb, and lc  show, in 
addition to the ions arising from the known fragmentation pat- 
tern (13), the prominent peaks at m/e 57 and m/e 85, charac- 
teristic of the tert-butyl ester moiety. The 'H  nmr data are in 
complete agreement with those reported for similar compounds 
(1); the assignment of the "C nmr signals was carried out by the 
usual techniques: chemical shift theory, signal multiplicities, 
the APT pulse sequence (14), correlation with related com- 
pounds (1  5 - 17), and specific decoupling experiments. The  
most remarkable features are the high field signal (6 0.7 ppm) 
for C-6 in the diazo compound 2, and the heavy atom effect on 
the same carbon for compounds 16 and lc. Nevertheless, none 
of the previously mentioned spectroscopic methods gave any 
valid information regarding the stereochemistry at C-6; w e  thus 
undertook a single crystal X-ray study to obtain the relative 
configuration for all the chiral centers in the molecule. The  fact 
that the absolute configurations at C-3 and C-5 are already 
known allowed us to fully characterize compounds la ,  16, and 
l c  as follows: 3S,5R,6R pivaloyloxy methyl 6-bromo, 6-chloro 
penicillanate, 3S,5R,6R pivaloyloxy methyl 6-iodo, 6-bromo 
penicillanate, and 3S,5R,6R pivaloyloxy methyl 6-iodo, 
6-chloro penicillanate. 

Since all the compounds synthesized are isostructural, the 
molecular structures of only two of them, l a  and 16, have been 
solved from diffractometric data. The configuration of the 
asymmetric carbon-6 of the other, lc, was determined from 
photographic studies in projection. 

Details of structure solution and refinement are presented in 
the experimental section. Final atomic and equivalent isotropic 
thermal parameters for l a  and 16 are given in Tables 1 and 2 
r e s ~ e c t i v e l v . ~  A view of molecular conformation and atom 
labklling of. la  is provided in Fig. 1. H(21 1) -0.131(2) 0.089(1) -0.556(1) 0.13(5) 

The bond lengths and angles within the nucleus (p-lactam H(212) -0.154(2) 0.146(1) -0.441(1) 0.13(5) 
H(213) -0.075(2) 0.026( 1) -0.451(1) 0.13(5) 
C1 -0.1043(3) -0.0475(2) 0.2174(2) 0.044(3) 

"ables of structure factors and anisotropic thermal parameters may Br -0.2165(1) 0.1722(1) 0.2020(1) 0.082(2) 
be purchased from the Depository of Unpublished Data, CISTI, Na- 
tional Research Councll of Canada, Ottawa, Ont., Canada KIA 0S2. *Defined according to Hamilton (22). 
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TABLE 2. Fractional positional parameters and equivalent iso- 
tropic thermal parameter with esd's in parentheses for l b  

Atom x / a  Y I ~  z /C uCq* (Az) 
- - 

-0.2 174(3) 0.1235(2) 
-0.077(1) 0.1951(8) 

0.043(1) 0.129(1) 
0.133(1) 0.1694(9) 
0.014(1) 0.0748(8) 

-0.120(1) 0.0429(8) 
- 0  3 -0.042(2) 
-0.097(1) 0.063(1) 

0.033(1) 0.106(1) 
0.1197(9) 0.1502(7) 

-0.063(1) 0.2995(8) 
-0.152(1) 0.3432(8) 

0.007(1) 0.3377(8) 
-0.026(1) 0.294(1) 
-0.100(1) 0.211(1) 
-0.1 18(1) 0.136(1) 
-0.024(1) 0.249(1) 
-0.188(1) 0.256(1) 

0.071(1) 0.048(1) 
0.027(1) -0.0358(7) 
0.1589(9) 0.088 l(5) 
0.195(2) 0.028(1) 
0.153(2) -0.029(1) 
0.299(2) 0.028(1) 
0.113(1) 0.0460(7) 
0.127(2) 0.135(1) 
0.203(1) 0.198(1) 
0.042(1) 0.142(1) 
0.114(2) 0.083(2) 
0.071(4) 0.11 l(2) 
0.136(2) 0.002(2) 
0.203(2) 0.125(2) 
0.028(2) 0.256(1) 

-0.001(2) 0.284(1) 
0.131(2) 0.243(1) 
0.003(2) 0.313(1) 

-0.090(2) 0.096(1) 
-0.156(2) 0.149(1) 
-0.071(2) 0.1 19(1) 
-0.132(2) 0.020(1) 
-0.08 14(1) -0.0659(3) 
-0.2099(1) 0.1725(1) 

:d according to Hamilton (22). 

and thiazolidine rings) agree with those of other penicillin 
derivatives. The thiazolidine ring adopts the a-COOR axial, 
a-CH3 equatorial, and P-CH, axial configuration, similar to 
that reported for penicillin G and V (18), carfecillin (19), and 
oxacillins (20). Four of its five atoms are nearly coplanar with 
the remaining one (C-3) out of the plane. In the p-lactam ring 
N-4 lies out of the plane of the substituents and shows a 
pyramidal arrangement, the C6,C7,08,N4 fragment is planar 

FIG. 1. Computer generated perspective drawing of l a  with hydro- 
gens omitted. 

TABLE 3. Main structural feature; of p-lactam 
and thiazolidine rings. Lengths in A and angles in 

deg. Standard deviations in parentheses 

Parameter l a  l b  

N4-C7 
C7-08 
C5-S 1 -C2 
Sum of bond angles 

around nitrogen 
Distance of N4 to 

substituents plane 
Distance of C3 to 

best least-squares 
plane S 1 ,C2,N4,C5 

Planarity of fragment 
C6,C7,08,N4 (X') 

Distance of C5 to 
best least-squares 
plane C6,C7,08,N4 

TABLE 4. Side chain selected torsion angles 
(O). Standard deviations in parentheses 

within experimental accuracy. Table 3 shows the main struc- 
tural features of the p-lactam and thiazolidine rings for la ,  and 
l b .  The pivaloyloxy methyl ester side chain exhibits an extend- 
ed conformation (the torsion angles are reported in Table 4). 

Conclusions 
The results of X-ray analysis showed that in all reactions the 

positive (electrophilic) halogen atoms are placed in a P- 
orientation, while the nucleophilic halide atom is in the 
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TABLE 5. Crystal data for l a ,  l b ,  and l c  

Parameter l a  l b  l c  

a (4) 10.198(2) 10.337(8) 10.418(7) 
b 12.956(5) 12.988(7) 13.13(1) 
c (A) 13.720(2) 13.961(3) 13.95(1) 
Mr(g) 480.72 522.2 475.3 
Do(g/cm7) 1.57 1.84 I .65 
~ ( c m  ' )  24.64(MoKa) 38.3 I (MoKa) 44.48(CuKa) 
Temperature Liquid N Liquid N Room temperature 

a-orientation in agreement with the proposed (4, 6, 7, 21) 
two-step mechanism for the displacement reaction. The fact 
that only one isomer was isolated in each case, with no other 
detected by tlc analysis of the crude reaction mixtures, strongly 
supports the Sw2 displacement of N2 shown in Scheme 2, and 
reinforces the validity of a large number of structures for re- 
lated compounds, proposed purely on the basis of mechanistic 
speculations. 

Experimental 
Apparatus nrld tnaterials 

Melting points were determined on a Metler FP 1 device and were 
corrected. The ir spectra were taken on a Perkin Elmcr 700 A instru- 
ment. Mass spectra were recorded at 70 eV in a Varian-Mat CH-7 A 
mass spectrometer interfaced to a Varian-Mat Data System 166 com- 
puter. The 'H and "C nmr spectra were taken on a Bruker WP 80SY 
instrument at 80.13 and 20.15 MHz, respectively, and chemical shifts 
are expressed in parts per million downfield from internal tetramethyl- 
silane. The [a],,s were taken at 20-23OC in 0.5% chloroform solu- 
tions. Silica gel GFIs4 (Type 60 Merck) was utilized for tlc, and silica 
gel 60 H (Merck) for column chromatography. 

Pivaloylo.ry rnethyl 6-ornino pet~icillanate /zyrlrochlorirle 
A previously described procedure (8) was used to prepare this 

compound. 

Pivnloyloxy rnethyl6-diazo penicillarlate 2 
This product was prepared from pivaloyloxy methyl 6-amino peni- 

cillanate hydrochloride following the method dcscribed by Wiering 
and Wynberg (9). Compound 2 was isolated as an amber glass 
(65%). 'This material gave essentially onc spot on tlc ( R r  0.85) in 
benzene/acetonitrile (3: 1); ir (CHCI?): 2090 (N=N=C), 1760 
(C=O) cm-I; 'Hmr (CDCI,): 1.22 (s, 9H), 1.46 (s, 3H), 1.64 (s, 
3H), 4.39 (s, IH), 5.80 (d, IH, H-C14 AB system J = 5.6 Hz), 5.85 
(d, IH, H-C14AB systemJ = 5.6Hz); "Cmr(CDC13): 176.6 (C-16), 
166.7 (C-l I),  166.2 (C-7), 79.7 (C-14), 70.1 (C-3), 68.5 (C-5), 63.6 
(C-2), 38.7 (C-18), 33.7 (C-9), 26.8 (C-I9 - C-21). 25.7 (C-lo), and 
0.7 (C-6). 

Pivaloyloxy methyl 6-P-bromo, 6-a-chloro penicillatzate l a  
A mixture of 18-crown-6 (2.88 g, 10.9 mmol), 50 mL of anhydrous 

chloroform, and potassium chloride (0.813 g, 10.9 mmol) was stirred 
under nitrogen at room temperature for 30 min. To the resulting 
solution, cooled to -30°C, was added a crude solution (CHC13) of 
freshly prepared compound 2, from pivaloyloxy methyl 6-amino peni- 
cillanate hydrochloride (4.0 g, 10.9 mmol), and the mixture stirred for 
10 min at -30°C, followed by the addition of N-bromosuccinimide 
(I .94 g, 10.9 mmol) in 50 mLof anhydrous chloroform, over a period 
of 30 min. The reaction was then allowed to reach room temperature, 
the mixture was washed with cold 6% sodium sulfite (50 mL) and 
water (2 X 50 mL), and dried (Na2S0.,). Removal of the solvent under 
reduced pressure gave an oil, which was chromatographed on a col- 
umn of activated charcoal (Darco) and eluted with n-hexane, affording 
compound l a  as an oil. Crystallization from methanol gave 0.844 g 
of white crystals (18%), mp 98.0-99.S0C; [a],, + 168.5"; ir (KBr): 
1790 (p-lactam), 1760 and 1740 (ester) cm-I; ' ~ m r  (CDCI,): 1.22 (s, 

9H), 1.49 (s, 3H), 1.62 (s, 3H), 4.56 (s, IH), 5.63 (s, I H), 5.83 (d, 
IH, H-C14 AB system J = 5.6 Hz), 5.86 (d, IH, H-C14 AB system 
J = 5.6 Hz); "Cmr (CDCI3): 176.6 (C-16), 165.2 (C-I I), 163.5 
(C-7). 80.7 (C- 14), 79.6 (C-5), 74.7 (C-6), 69.1 (C-3), 64.2 (C-2), 
38.6 (C-18), 33.3 (C-9), 26.7 (C-19 - C-21), 25.6 (C-10); mass 
spectrum, m/e (relative intensity): 431, 429, 427 (1 :4 :3 ,  27) M', 
317, 315, 313 (1 :4:3, 13), 272,270, 268 ( 1  :4:3,97), 217, 215,213 
( I  :4:3, 23), I15 (4). 1 I4 (55.4), 85 (61.6), 57 (100). 

Pivaloj~loxy tnethyl 6-P-iodo. 6-a-brorno penicillnr~ate l b  
To a cooled (-63°C) solution (CHCI,, 50 mL) of freshly prepared 

compound 2, from pivaloyloxy mcthyl 6-amino penicillanate hydro- 
chloride (0.793 g, 2.16 mmol), with stirring under N2, was added 
dropwise a solution of iodine monobromidc (0.450 g, 2.17 mmol) in 
50 mL of chloroform until a persistent brown color was present (it 
consumed approximately 37 mL in 15 min). The mixture was allowed 
to reach room temperature and was washed with cold 6% sodium 
sulfite (50 mL) and water (2 X 50 mL) and dried (NaZS04). Removal 
of the solvent under reduced pressure gave an orange oil (0.462 g), 
which was purified by short-column chromatography on silica gel 
under slight pressure of N2 and eluted with benzene/chloroform ( I  : I). 
The first eluted material furnished a light brown oil which crystallized 
on standing. Recrystallization from methanol yielded white crystals of 
compound l b  (0.233 g, 21 %), mp 125.7"C (dec.); [a],, + 185.9"; ir 
(KBr): 1790 (p-lactam), 1770 and 1750 (ester) cm - I ;  ' ~ m r  (CDCI?): 
1.22 (s, 9H), 1.46 (s, 3H), 1.67 (s, 3H), 4.57 (s, IH), 5.58 (s, IH), 
5.81 (d, IH, H-C14AB system./ = 5.6Hz). 5.84(d, IH, H-C14AB 
system J = 5.6 Hz); ',Cmr (CDCI,): 176.3 (C-18), 165.2 (C- l I) ,  
164.9 (C-7), 80.9 (C-5), 79.6 (C-14). 69.5 (C-3), 65.0 (C-2), 38.6 
(C-18), 33.6 (C-9), 30.6 (C-6). 26.7 (C- 19 - C-21). 26.3 (C- lo); ms 
m/e (relative intensity): 521, 519 ( 1  : 1, 27) M', 407, 405 ( 1  : 1, 6), 
362, 360 ( I :  I ,  8), 307, 305 (1.1, 28.l), 115 (5.4), 114 (68.8), 85 
(84.3), 57 (100). 

Pivaloyloxy methyl 6-P-iodo, 6-a-chloro penicillat~ate l c  
This compound was prepared as described for l b  (starting with 

1.000 g, 2.72 mmol of pivaloyloxy methyl 6-amino penicillanate and 
2.72 mmol of iodine monochloride). After removal of the solvcnt, 
recrystallization from methanol gave compound l c  (0.570 g, 30%), 
mp 1 18.0- 120.0°C; [a],, + 186.0". Compound l c  can be also syn- 
thesized using the procedure described for l a .  In this method iodine 
monochloride (2.72 mmol) was generated in sit11 from N-chlorosuc- 
cinimide and potassium iodide (10, 11) (with 21% yield); ir (KBr): 
1780 (p-lactam), 1760 and 1740 (ester) cm--I; ' ~ m r  (CDCI,): 1.22 (s, 
9H), 1.47 (s, 3H), 1.67 (s, 3H), 4.57 (s, IH), 5.41 (s, IH), 5.81 (d, 
IH, H-Cl4 AB system J = 5.6 Hz), 5.84 (d, IH, H-C14 AB system 
J = 5.6 Hz); "Cmr (CDCI,): 176.5 (C-16), 165.4 (C-l I), 164.3 
(C-7), 81.4 (C-14), 79.7 (C-5), 69.3 (C-3), 65.0 (C-2), 50.2 (C-6), 
38.7 (C-18), 33.6 (C-9), 26.8 (C-19 - C-21), 26.4 (C-lo); ms m/e 
(relative intensity): 477, 475 ( 1  :3, 6.8) M'. 361 (2), 318, 316 ( 1  :3, 
4.0), 263, 261 (1 :3, 9.0), 115 (2). 114 (22), 85 (26), 57 (100). 

Cry,st~~llographic studies 
Single crystals of l a ,  lb ,  and l c  were obtained by slow crystalliza- 

tion from methanol. Preliminary Weissenberg photographs showed 
that the three compounds are isomorphous and belong to the ortho- 
rhombic system, space group P l l  2!, Z = 4. Crystal data are given 
in Table 5. 
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3S,5R,6R Pivaloyloxy methyl 6-bromo, 6-chloro penicillanate l a  and 
3S,5R,6R pivaloyloxy methyl 6-lodo, 6-bromo penicillanate l b  

Intensity data were collected on an Enraf-Fjonius CAD-4 diffrac- 
tometer with MoK a radiation, A = 0.7 1069 A (graphite monochro- 
mated), scan mode: 8-28, scan range (28): 2-54", Lattice parameters 
were refined from the setting of 25 h~gh-angle reflections. From the 
2015 reflections measured for l a  (2235 for lb), the 1661 unique for 
l a  (2028 for lb) with I > 2.5u(I) were considered observed. The 
observed intensities, corrected for Lorentz polarization and absorption 
effects, were used to solve the structures by Patterson and Fourier 
methods. The hand of the model was assigned from the known abso- 
lute configurations at C-3 and C-5. The structures were refined by the 
full matrix least-squares method; anisotropic thermal parameters were 
used for the nonhydrogen atoms. The hydrogen atoms were stereo- 
chemically positioned and allowed to refine isotropically with con- 
straints. The final refinements converged to R factors (R = Z( I F,, I - 

I F, 1 ) /Z I F,, I) of 6.6% for both :tructures. The fina! difference maps 
showed some peaks of about 1 e A-' for l a  and 3 e A-' for l b  around 
the heaviest atoms. No attempt was made to carry out a Bijvoet 
analysis. All the calculations were performed on an IBM 4331 com- 
puter with the SHELX 76 system of programs (12). 

3S,5R,6R Pivaloyloxy rrzethyl 6-iodo, 6-chloro penicillanate l c  
Crystal data are given in Table 5. Accurate cell d~mensions were 

obtained from least-squares fitting of precession film coordinates. 
From these data it is apparent that l c  is both isomorphous and iso- 
structural with l a  and lb. Accordingly, relative intensities for the hkO 
and h01 layers were measured on a rotatlng drum Optronics PI000 
microdensitometer, at 100 pm scanning rasters, from precession pho- 
tographic data. In order to get a qualitatwe R factor for the two 
possible configurations at the 6 position, these data were corrected for 
Lorentz and polarization effects and compared with the calculated 
ones using the structure of l b  as the model. QualitativeR factor values 
(%) for the two possible C-6 configurations of l c  were calculated: ( I)  
assuming the a-chloro P-iodo conf~guration, R(hk0) = 18, R(hO1) = 
20, and (2) assuming the a-iodo P-chloro configuration, R(hk0) = 60, 
R(hO1) = 63. Thus the C-6 configuration is a-chloro, P-iodo. 
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A formal enantiospecific synthesis of California red scale pheromone 
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JOHN H. HUTCHINSON and THOMAS MONEY. Can. J .  Chem. 63, 3 182 ( 1  985). 
Cleavage of a,a-disubstituted P-bromoketone intermediates derived from (+)-camphor forms the basis of an alternative 

enantiospecific synthesis of (Z)-3-methyl-6-isopropenyl-3,9-decadien-l-yl acetate (I) ,  one of the sex pheromones of the female 
California red scale, Aonidiella aurantii (Maskell). 

JOHN H. HUTCHINSON et THOMAS MONEY. Can. J. Chem. 63, 3 182 ( 1985). 
On a utilisC le clivage des P-bromocCtones a,a-disubstitukes intermkdiaires qui proviennent du (+)-camphe comme base 

d'une nouvelle synthkse Cnantios@cifique de I'acCtate de l'isopro@nyl-6 mCthyl-3 dCcadibne-3,9 yle-(2) (I), une des phCrC- 
mones sexuelles de I'Aonidiella aurantii (Maskell). 

[Traduit par le journal] 

The isolation, structure, and enantiospecific synthesis of 
(Z)-3-methyl-6-isopropenyl-3,9-decadien- 1 -yl acetate (I) ,  one 
of the sex pheromones of the female California red scale, 
Aonidiella aurantii (Maskell), has been described by Roelofs et 
al. (1). Other independent syntheses of racemic (2, 3 )  and 
optically active 1 (4) have also been reported. Diene-aldehyde 
2 and trienol 3 are pentultimate intermediates in the synthetic 

(i) Ph3P=C(CH,)CH2C~20~i; (ii) Ac20/CsH5N; (iii) KH/Bu3SnCH21; 
(iv) BuLl/-78°C 

routes devised by Roelofs (1) and Still (2), respectively, and 
this report describes an alternative enantiospecific synthesis 
(Scheme 1) of these compounds from (+)-camphor (4). 

Previous investigations in our laboratory have shown that 
(+)-camphor (4) can easily be converted to (+)-9,lO-dibromo- 
camphor (6) (5) and that the latter compound undergoes facile, 
efficient ring cleavage with sodium hydroxide or sodium meth- 
oxide to provide bromo-acid (7) or the corresponding ester in 
-90% yield (6 ,  7). Reduction (LiAIH4/THF) of acid 7 follow- 
ed by ozonolysis ((i) O,/MeOH, (ii) Me's) and protection of 
the hydroxyl group produced a cyclopentanone derivative ( lo) ,  
which, like 9,lO-dibromocamphor (6), ' is an a,a-disubstituted 

'The yield of -60% cited in this paper for the conversion of 
3,9,1O-tribromocamphor to 9,10-dibromocamphor has been increased 
to -95% by using Zn/HOAc/EtzO/OoC for 30 min. 

P-bromoketone and would therefore be expected to undergo 
Grob-type ring cleavage with base (8, 9). In the event, treat- 
ment of bromoketone 10 with sodium methoxide provided acy- 
clic ester (9) 12 (-57%) and a ketone (-17%) which was 
tentatively assigned structure 13' on the basis of ir (v,,,, 1795 
cm-') and nmr evidence. Attempts to reduce the proportion of 
bicyclic ketone 13 produced in the ring cleavage of bro- 
moketone 10 by varying the time and temperature of the reac- 
tion did not lead to significant increases in the yield of acyclic 
ester 12. Other studies in our laboratory indicated that ring 
cleavage of bromoketal MOM ether (11) can be achieved with 
sodium hydroxide. However, although cyclization did not 
seem to occur under these conditions, the product was difficult 
to purify and the estimated yield of acyclic acid was less than 
that obtained for the formation of acyclic ester 12. 

Reduction of ester 12 with LiAlH4/THF followed by ox- 
idation with PDC/CH,Cl, provided an aldehyde (17), which on 
reaction wih methylenetriphenylphosphorane yielded diene 18 
in -50% overall yield from 12. Our initial synthetic objective, 
diene-aldehyde 2,3 was then prepared from 18 by removal of 
the protecting group (Bu4NF/THF) and oxidation of the alco- 
hol 194 with PDC/CH?Cl,. Finally, treatment of aldehyde 2 
with 2-propenylmagnesium bromide provided diastereomeric 
trienols 3a ,  b (80% yield), which were easily separated by 
column chromatography. Since the stereoselective conversion 
of 3a  and 3b  to 1 has previously been reported (2), the sequence 
of reactions outlined in Scheme 1 represents a formal en- 
antiospecific synthesis of one of the sex pheromones of Califor- 
nia red scale5 and also provides a further 'illustration of the 
versatility of camphor as a chiral starting material in natural 
product synthesis. (12). 

Experimental 
Melting points (mp) were determined on a Kofler micro heating 

stage and are uncorrected. Infrared spectra were recorded on a 

'The structure and absolute configuration of the p-bromobenzoate 
derivative 15 derived from 13 has been confirmed by X-ray crystallo- 
graphic analysis; S. J. Rettig and J. Trotter, unpublished results. 

'We are grateful to Dr. Richard J. Anderson (Zoecon Corporation, 
Palo Alto, California) for providing us with comparative nmr and ir 
spectra for this compound. 

Investigations of an alternative and potentially more efficient route 
to dienol 19, involving sequential treatment of bromoketal 8 with 
diborane and base (10); have so far been inconclusive. 

A total synthesis of the other pheromone of California red scale has 
also been described (1  1). 
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0 (i-iii) & - 0& d (iv) B r 2  __+ (v) Brp 
X HOzC H O  

OSiMe2Buf (x, xi) OR RV -- 
A A 

(i) Br2/CIS0,H/1 h; (ii) Brz/CIS03H/5 days; (iii) Zn/HOAc/EtzO/OOC; 
(iv) KOH/DMSO/H~O; (v) LiAIH,/THF; (vi) 03/MeOH; Me& 

(vii) B u ' M ~ ~ S ~ C ~ / D M A P / C H ~ C I ~ ;  (viii) NaOMe/MeOH/60°C; (ix) PDC/CH2C12; 
(x) CHz=PPh3/THF; (xi) Bu,NF/THF; (xii) CHz=C(CH,)MgBr/THF 

Perkin-Elmer 137 spectrophotometer and optical rotations were made 
on a Perkin-Elmer 141 polarimeter. The 'H nmr spectra were record- 
ed on Bruker WH-400, Bruker WP-80, or Nicolet-Oxford H-270 
instruments. Signal positions are given in delta (6) with tetramethyl- 
silane (TMS) as internal reference (except for compounds containing 
trialkylsilyl groups where TMS was used as an external reference). 
The integrated areas and signal multiplicities are indicated in paren- 
theses. Low resolution mass spectra were determined on a MAT CH-4 
spectrometer and high resolution spectra were recorded on a Kratos 
MS-50 spectrometer. Microanalyses were performed by Mr. P. 
Borda, Microanalytical Laboratory, University of British Columbia. 
Column chromatography was done using Merck silica gel 60 
(230-400 MHz) and thin-layer chromatography (tlc) utilizing silica 
gel 1 B2-F (Baker-flex) sheets. 

acidified with 6 N hydrochloric acid. This was extracted with ether, 
the ether layers then washed with brine, dried (MgSO,), and evapo- 
rated to yield bromoacid 7 (1.2 g; 98%) as a white crystalline solid, 
one spot on tlc. Recrystallization of a small amount of this material 
from petroleum ether (30-60°C) afforded an analytically pure sample 
of bromoacid 7, mp 6 2 4 4 ° C ;  [a], -48.5" ( c  0.4,  MeOH); v,,, 
(CHCI3): 2950, 1705, 1640, 890 cm-';  6 (CDCI?, 400 MHz): 1.08 
(3H, s), 1.39 ( IH,  m), 2.01 ( IH,  m), 2.18 ( IH,  dd, J = 16 Hz, 10 
Hz), 2.32-2.48 (2H, m) ,2 .55 (IH, m), 2.63(1H, dd, J = 16Hz,  4 
Hz), 3.39 (d) and 3.47 (d) (2H, AB quartet, J = 10 Hz), 4.86 ( I H ,  
t, J = 2 Hz), 5.00 ( IH,  t, J = 2 Hz); m/e (relative intensity): 2481246 
(M', 0.4/0.4), 188/186 (4/4), 167 (7), 166 (17), 153 (loo),  111 
(32), 107 (98). Anal. calcd. for CloH,s02Br: C 48.58, H 6.12, Br 
32.35; found: C 48.47, H 6.16, Br 32.20. 

Bromoacid 7 Method B 
9,lO-Dibromocamphor (6) (1.0 g, 3.2 mmol), 0 .5  N potassium 

Method A hydroxide (80 mL, 40  mmol), and tetrahydrofuran (80 mL) were 
To a solution of 9,IO-dibromocamphor (6) (5) (1.5 g, 4.8  mmol) in stirred at room temperature for 4.5 h. Work-up as before gave bromo dimethylsulphoxide (50 mL) was added potassium hydroxide (I  .35 g ,  acid (0,75 g; 94% yield) as a white solid, 

24 mmol) in water ( I 0  mL). After I h, the yellow solution was poured 
onto water and extracted once with ether. The ether layer was washed Bromoalcohol8 
once with water and the combined aqueous layers were then carefully To a solution of bromoacid 7 (2.53 g, 10.2 mmol) in tetrahydro- 
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furan (80 mL) at O°C under argon was added lithium aluminum 
hydride (0.66 g, 17.4 mmol) in portions over 15 min. After a further 
15 min at O°C, the reaction was warmed to room temperature and 
quenched with ice 3 h later. Water and ether were added and the 
aqueous phase carefully acidified with 1 N hydrochloric acid. Extrac- 
tion with ether (2X) followed by work-up in the usual way yielded a 
pale yellow oil (2.30 g). Flash chromatography (silica gel; petroleum 
ether (30-6O0C)/ether 3:2) gave bromoalcohol8 (2.25 g, 95% yield) 
as a colourless oil; [all, -46.2" (c  1.0, MeOH); v,,;,, (film): 3350, 
1650, 890 cm-'; 6 (CDCI,, 400 MHz): 1.04 (3H, s), I .25- 1.47 (2H, 
m), 1.62 (I H, bs, DZO exchangeable). 1.80 (1 H, m), 1.92 (1 H, m), 
2.16(IH,m),2.33(1H,m),2.42(lH,m),3.42(d)and3.49(d)(2H, 
AB quartet, J = 10 Hz), 2.68 (1 H, m) and 2.75 (IH, m), 4.84 (1 H, 
t ,  J = 2 Hz), 4.98 (IH, t, J = 2 Hz); m/e (relative intensity): 217/215 
(26/27), 135 (43), 12 1 (39), 107 (66), 95 ( loo), 93 (89), 9 1 (7 1 ), 79 
(74). Anal. calcd. for C,,,H,,OBr: C 51.52, H 7.35, Br 34.27; found: 
C 51.81, H 7.27, Br 34.09. 

Brornoketal 9 and brornoketal tert-butylclitt~et/zylsilyl ether 10 
A solution of bromoalcohol 8 (796 mg, 3.4 mmol) in dry methanol 

(60 mL) was cooled to -78°C and subjected to a stream of ozone. 
After the solution turned blue it was flushed with oxygen until col- 
ourless, dimethyl sulphide (2 mL) was added, and the mixture stirred 
at room temperatue for 16 h. The methanol was removed under re- 
duced pressure and the resulting oil redissolved in ether, filtered 
through silica gel, and the ether evaporated to yield crude brornoketol 
9 (0.77 g); v,,,, (film): 3400, 1720; 6 (CDCl,, 80 MHz): 1 .OO (3H, s), 
1.5-2.0 (4H, m, 1 proton exchangeable with DZO), 3.3 (d) and 3.7 
(d) (2H, AB quartet, J = 10 Hz), 3.8 (2H, bt, J = 6 Hz); m/e (relative 
intensity): 236/234 (M+, 0.5/0.6), 155 (22), 97 (loo), 95 (20), 93 
(19), 91 (19); Mol. Wt. calcd. for C,Hls02Br: 236.0235/234.0255; 
found (high resolution mass spectrometry): 236.0233/234.0245. 

The crude bromoketol 9 (0.77 g), tert-butyldimethylsilyl chloride 
(0.98 g, 6.6 mmol, freshly sublimed), and 4-(N,N-dimethylamino)- 
pyridine (0.8 g, 6.6 mmol) were dissolved in dry dichloromethane (40 
mL) under argon. After 24 h at room temperature the reaction was 
partitioned between water and ether and worked up in the usual way 
to provide a pale yellow mobile oil (1.41 g). 

Purification by flash chromatography (silica gel, petroleum ether 
(30-60°C)/ether 9: 1) yielded 10 (0.79 g) (67% yield over 2 steps); 
[a], -57.6" (c 0.55 MeOH); v,,, (film): 1740 cm-'; 6 (CDCI,, 400 
MHz): 0.07 (6H, s), 0.91 (9H, s), 0.94 (3H, s), 1.40- 1.54 (2H, m), 
1.74(1H, m), 2.07-2.25 (2H, m), 2.37 ( lH,  m), 2.62(1H, m), 3.29 
(IH, d, J = 10 Hz), 3.61 ( lH,  d, J = 10 Hz), 3.67-3.80 (2H, m); 
m/e (relative intensity): 293/291 (9/9), 21 1 (lo), 169 (9), 167 (a), 
137 (loo), 119 (36), 109 (53), 95 (82), 93 (73). Anal. calcd. for 
CIsH2,OzBrSi: C 51.57, H 8.37, Br 22.87; found: C 51.83, H 8.45, 
Br 22.77. 

Bromoketol MOM ether 11 
To a solution of bromoketol 9 (309 mg, 1.3 mmol) and methylal (5 

mL, 57.5 mmol, in dry dichloromethane (9 mL) under argon was 
added phosphorus pentoxide (1.5 g) in three portions. After 3 h the 
reaction was carefully quenched with ice-cold sodium carbonate solu- 
tion. Ether extraction, followed by work-up in the usual way, provided 
a yellow oil (297 mg) which, after flash chromatography (silica gel; 
petroleum ether (30-60°C)/ether 1.5: I), gave 11 (287.5 mg; 78%) as 
a colourless oil; v,,, (film): 1740 cm-'; 6 (CDCl,, 270 MHz): 0.94 
(3H, s), 1.50(2H,m), 1.81 ( l H , m ) , 2 . 1 7 ( 2 H , m ) , 2 . 3 8 ( 1 H ,  m), 
2.58 (IH, m), 3.28 (IH, d, J = 10 Hz), 3.37 (3H, s), 3.60 (IH, d, 
J = 10 Hz), 3.64 (2H, m), 4.63 (2H, s); m/e (relative intensity): 
280/278 (M+, 0.1 /0.2), 199 (64), 167 (loo), 149 (66), 107 (62), 97 
(62), 95 (61). Exact Mass calcd. for CI 1H1903 (M - Br): 199.1334; 
found (high resolution mass spectrometry): 199.1326 (M - Br). 

Ring cleavage ofbromoketone 1O:formation of methyl 4-isopropenyl- 
6-tert-butyldimetlzylsilyloq~zexanoate 12 and bicyclic ketone 13 

Sodium metal (I40 mg, 6.1 mmol) was added to dry methanol (5 
mL) under argon. When all the sodium had reacted, bromoketone 10 
(215 mg, 0.61 mmol) in dry methanol (6 rnL) was added via a cannula 
needle and the reaction heated to 60°C (oil bath temperature). After 

3.5 h the mixture was added to saturated ammonium chloride solution 
and extracted (3 times) with ethyl acetate. The combined organic 
layers were washed with brine, dried (MgS04), and the solvent re- 
moved. The residue (193 mg) was subjected to flash chromatography 
(silica gel; petroleum ether (30-60°C)/ether; 50: 1) to yield ester 12 
(105 mg, 57% yield; 61% yield based on recovered starting material); 
[a], -0.45" (c 0.66, MeOH); v,,, (film): 1745, 1650, 890 cm-'; 6 
(CDCI,, 400 MHz): 0.03 (6H, s), 0.89 (9H, s), 1.53- 1.77 (7H, m), 
2.13-2.33(3H, m), 3.46-3.60(2H, m), 3.65 (3H, s), 4.69(1H, bs), 
4.78 ( lH,  bs); m/e (relative intensity): 285 (1.4), 269 (2.6), 243 (73), 
211 (16), 171 (40), 157 (40), 151 (100). Anal. calcd. for CI,HS2OSi: 
C 63.95, H 10.73; found: C 63.79, H 10.78. 

Further elution with petroleum ether/ether (10: 1) provided bicyclic 
ketone 13 (28.4 mg; 17% yield; 19% yield based on recovered starting 
material); [a], $54.1" (c 0.29, CH2CI2); v,,, (film): 1790 cm-'; 6 
(CDCIS, 400 MHz): 0.04 (6H, s), 0.89 (9H, s), 1.20 (3H, s), 
1.46-1.62 (4H, m), 1.84 (IH, m), 2.00-2.08 (2H, m), 2.83 ( lH,  
bs), 3.55-3.72 (2H, m); m/e (relative intensity): 268 (M', 2), 253 
(4), 227 (36), 21 1 (71), 183 (41), 165 (33), 119 (34), 107 (32), 93 
(32), 75 (loo), 73 (49). Mol. Wt. calcd. for C,,H,,02Si: 268.1859; 
found (high resolution mass spectrometry): 268.1864. Anal. calcd. for 
CISHZ8O2Si: C 67.11, H 10.51; found: C 67.20, H 10.44. 

The final fractions from the column provided starting material 10 
(1 1.5 mg). 

p-Bromobenzoate (15) derivedfrom bicyclic ketone 13 
To bicyclic ketone 13 (83 mg, 0.31 mmol) was added tetrabutyl- 

ammonium fluoride (3.1 mL, 3.1 mmol, 1 M solution in THF) and the 
solution stirred under argon at room temperature for 2 h. The mixture 
was diluted with ether, washed with brine, dried (MgS04), and the 
solvent removed in vacuo to yield a yellow oil (104 mg) which, on 
column chromatography (silica gel; petroleum ether (30-60°C/ether 
1 : 2) afforded bicyclic ketoalcohol 14 (32 mg, 67% yield); v,,, (film): 
3300, 1790 cm-'; 6 (CDCI,, 80 MHz): 1.18 (3H, s), 2.83 ( lH,  bs), 
3.4-3.9 (2H, m); m/e (relative intensity): 154 (M', I),  93 (87), 81 
(100). , , 

Ketoalcohol14 (27.4 mg, 0.17 mmol) was dissolved in dry pyridine 
(2 mL) and para-bromobenzoyl chloride (77 mg, 0.35 mmol) added. 
The solution was stirred under argon for 24 h, then diluted with ether 
and poured onto 1 N hydrochloric acid. The ether layer was washed 
twice with 2 N potassium hydroxide solution, then with water (3 
times). The crude product, after evaporation of the solvent, was chro- 
matographed on silica gel (petroleum ether (30-6O0C)/ether 4: 1) to 
give para-bromobenzoate (15) (44 mg, 73% yield) as an oil that 
crystallized on standing. Crystallization from petroleum ether 
(30-60°C) provided 15, mp 47.5-48.5"C; v,,, (film): 1780, 1720, 
1595 cm-'; 6 (CDCI,, 80 MHz): 1.28 (3H, s), 1.30-1.85 (4H, m), 
1.85-2.33 (3H, m), 2.90(1H, bs), 4.38 (2H, t, J = 7 Hz), 7.50-8.00 
(4H, m); m/e (relative intensity): 338/336 (M+, 0.3/0.4), 2971295 
(414), 185 (99), 183 (loo), 108 (58), 93 (71). 

4-lsopropenyl-6-tert-butyldimethylsilyloqexanal (17) 
Lithium aluminum hydride (76 mg, 2.0 mmol) was added in 4 

portions to a cooled (0°C) solution of ester 11 (400 mg, 1.33 mmol) 
in tetrahydrofuran (30 mL) under argon. After 1 h at O°C and 1 h at 
room temperature the solution was added to ice, carefully acidified 
(1 N hydrochloric acid), and extracted with ether. Work-up in the 
usual way gave a pale yellow oil (380 mg) which, on flash chro- 
matography (silica gel; petroleum ether (30-60°C)/ether 1 :2), pro- 
vided 3-isopropenyl-l,6-hexanediol monosilyl ether 16 (326 mg, 
90%) as a colourless oil: v,,, (film): 3350, 1640, 880 cm- '; 6 (CDCI,, 
80 MHz): 0.08 (6H, s), 0.95 (9H, s), 1.25-1.75 (]OH, m), 
2.05-2.30 (IH, m), 3.40-3.80 (4H, m), 4.75 (2H, m); m/e (relative 
intensity): 257 (0.2), 213 (13), 123 (47), 105 (33), 81 (60), 75 (100). 
Exact Mass calcd. for CIsH,lSi02 - C4H9: 215.1474; found (high 
resolution mass spectrometry): 2 15.1467. 

A solution of alcohol 16 (170 mg, 0.63 mmol) and pyridinium 
dichromate ( I .  18 g, 3.13 mmol) in dry dichloromethane (20 mL) was 
stirred at room temperature under an argon atmosphere for 16 h. The 
reaction mixture was then diluted with ether, filtered (silica gel), and 
the solvent evaporated under reduced pressure. The residue was puri- 
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fied by chromatography (silica gel; petroleum ether (30-60°C)/ether 
10: 1) to give aldehyde 17 (129 mg, 76% yield) as a co\ourless oil, 
[a], -3.58' (C 0.81, CHZClr); v,;,, (film): 3100, 2730, 1730, 1650, 
895 cm-I; 6 (CDCI,, 80 MHz): 0.08 (6H, s), 0.92 (9H, s), 1.45- 1.85 
(7H, m), 2.05-2.52 (3H, m), 3.55 (2H, t, J = 6 Hz), 4.72 (IH, bs), 
4.80 (IH,  m), 9.68 (IH, t, J = 4 Hz); m/e (relative intensity): 270 
(M+ , 0. I), 269 (0.4), 255 (0.5), 243 (9). 2 13 (27), 12 1 (58), 93 (591, 
75 (100). Anal. calcd. for C,sH,oOzSi: C 66.60, H 1 1.18; found: C 
66.70, H 11.25. 

3-lsopropenyl-hept-6-en-1-01 tert-butyldimethylsilyl ether (18) 
Methyltriphenylphosphonium bromide (259 mg, 0.73 mmol) was 

suspended in dry tetrahydrofuran (5 mL) under an atmosphere of argon 
and cooled to -78OC. n-Butyllithium (0.45 mL, 0.72 mmol; 1.6 M 
solution in hexane) was added and, after 10 min at -78OC, the solu- 
tion stirred for a further 40 min at room temperature. Aldehyde 17 (97 
mg, 0.36 mmol) in tetrahydrofuran (5 mL) was added and the reaction 
mixture stirred for 1 h. After dilution with hexane (20 mL), the 
solution was poured onto a prepacked column of Florisil and eluted 
with hexane. The crude product was then chromatographed on silica 
gel (petroleum ether (30-6O0C/ether 250: 1) to provide diene 18,68.3 
mg (71% yield); v,,,, (film): 3100, 1640, 910, 890 cm-I; S (CDCh, 
400 MHz): 0.03 (6H, s), 0.88 (9H, s), 1.42 (2H, m), 1.56 (2H, m), 
1.60 (3H, bs), 1.88-2.05 (2H, m), 2.20 ( lH,  rn), 3.46-3.60 (2H, 
m), 4.69(1H, bs), 4.75 ( lH,  bs), 4.92(1H, bd,J = IOHz), 4.99(1H, 
bd, J = 17 Hz), 5.80 (IH, overlapping ddt, J = 17, 10, 7 Hz); m/e 
(relative intensity): 253 (0. I), 2 1 1 (20), 129 (26). I01 (39), 75 (loo), 
73 (27). E.ract Mass calcd. for C16H,,0Si - C,H,: 21 1.1518; found 
(high resolution mass spectrometry): 21 1.1520. 

(R)-3-isopropenyl-6-hepterlnl (2) 
A solution of tetrabutylammonium fluoride (2.5 mL, 2.5 mmol; 

1 M solution in tetrahydrofuran) was added to the diene 18 (67 mg, 
0.48 mmol) under argon. After 2.5 h the reaction was diluted with 
ether and water. The aqueous layer was extracted twice more with 
ether and the ether layers were combined and washed twice with brine. 
After drying (MgSO,), the ether was removed to yield 98.6 mg of a 
yellow oil. Purification by column chromatography (silica gel; petro- 
leum ether (30-60°C)/ether 6:  l) prov~ded (R)-3-isopropenylhex-6- 
en-1-01 (19) (38 mg); v,,, (film): 3320, 3080, 1640, 905, 890 cm-I; 
S (CDCI3, 80 MHz): 1.72 (3H, dd, J = 1, 1 Hz), 3 65 (2H, t, J = 6 
Hz), 4.70-5.18 (4H, m), 5.82 (IH, 10-line multiplet); m/e (relative 
intensity): 154 (M', 6), 41 (100). 

Alcohol 19 (26 mg, 0.17 mmol) in dry dichloromethane (7 mL) was 
treated with pyridinium dichromate (315 mg, 0.85 mmol) and the 
reaction stirred under argon for 14 h. The mixture was diluted with 
ether and filtered through a pad of silica gel. Removal of the solvent 
in vaclto at O°C yielded 34.8 mg of crude product. Chromatography 
(silica gel; petroleum ether (30-6O0C)/ether 4: 1) gave aldehyde 2 (16 
mg, 62% over 2 steps) as an unstable volatile oil: [a],, +6. l o  (c 0.74, 
CHZCI2); v ,,,, (film): 3080, 2740, 1730, 1640, 890 cm ' (lit. (1) v ,,,,, 
(CCI,): 3080, 1730 cm-'); 6 (CDC13, 270 MHz): 1.52 (2H, m), 1.69 
(3H, bs), 2.04 (2H, m), 2.46 (2H, multiplet which simplified on 
irradiation at 6 9.66), 2.73 (IH, 5-line multiplet), 4.79 (IH, m), 4.83 
(IH, m), 4.93-5.05 (2H, m), 5.80 (IH, ddt, J = 17, 11, 6 Hz), 9.66 
(IH, t, J = 2 Hz), (lit. (I) S (CDCh): 1.67 (3H, bs), 9.75 (IH, t, J 
= 2 Hz)); rn/e (relative intensity): 15 1 (Mf - H, 0.9), 1.37 (3), 108 
(1 7), 95 (29), 93 (29), 8 1 (33), 79 (29), 69 (1 OO), 67 (53). Exact Mass 
calcd. for CloH160 - H: 15 1.1123; found (high resolution mass spec- 
trometry): 151.1129 (M - I). 

(3R.5R)- and (3S,5S)-5-isopropenyl-2-meth~~l-I,8-t1onadien-3-ol 
(323, 3b) 

A 3-neck flask fitted with a Dry Ice condenser and a pressure 
equalized dropping funnel, and flushed with agron, was charged with 
freshly crushed magnesium turnings (300 mg, 12.5 mmol). A crystal 
of iodine was added, followed by 2-bromopropene (0.75 mL, 8.3 
mmol) in tetrahydrofuran (20 mL, dropwise). After the addition was 
complete, the mixture was refluxed for 30 min and cooled to room 
temperature. An aliquot of this solution (4 mL, approximately 1.6 
mmol) was removed by syringe and added to a solution of the al- 

dehyde 2 (3 1 mg, 0.2 mmol) in tetrahydrofuran (4 mL) at - 15'C. The 
reaction mixture was stirred at this temperature for 30 min, then 
allowed to warm to room temperature over a further 30 min before 
being added to an ice/ammonium chloride solution. Extraction with 
ether and work-up in the usual way provided a crude product (56 mg) 
which was subjected to chromatography (silica gel; petroleum ether 
(30-60°C)/ether 12: 1) to give, in order of elution, the following. 

(i) Least polar diastereomer (3a or 3b) (15.5 mg), Rf 0.46 (petro- 
leum ether (30-60°C)/ether l : l); [a], - 15.47" (c 1.5, CH2C12); vmnx 
(film): 3400,3100, 1645,890 cm- I; 6 (CDCI,, 400 MHz): 1.38- 1.60 
(5H, m, one proton DzO exchangeable), 1.63 (3H, bs), 1.72 (3H, bs), 
1.98 (2H, m), 2.39 (IH, 7-line multiplet), 4.00 (IH, dd, J = 9, 3 Hz), 
4.81 (2H, bs), 4.84 (IH, bs), 4.90-5.03 (3H, m), 5.83 (IH, ddt, J 
= 17, 10, 6.5 Hz); m/e (relative intensity): 194 (M', 0.4), 179 (7), 
135 (30), 109 ( 3 3 ,  107 (34), 95 (34), 93 ( 4 3 ,  84 (47), 8 1 (65), 71 
(86), 70 (57), 69 (loo), 67 (73). Mol. Wt. calcd. for C ~ ~ H Z ~ O :  
194.1671; found (high resolution mass spectrometry): 194.1680. 

(ii) More polar diastereomer (30 or 36). 15.9 mg; Rf 0.32 (petro- 
leum ether (30-60°C)/ether l : l); [a], +50.15"C (c l .34, CH2CIZ); 
v,,,,, (film): 3380, 3100, 1645, 890 cm-I; 6 (CDCI,, 400 MHz): 1.45 
(2H, m), 1 S O -  1.65 (3H, m, one proton D20 exchangeable), 1.67 
(3H, bs), 1.73 (3H, bs), 1.97 (2H, m), 2.14 (IH, 7-line multiplet), 
4.08(1H,t,J=6.5Hz),4.75(lH,bs),4.80(1H,bs),4.84(lH,bs), 
4.90-5.05 (3H, m), 5.80 (IH, ddt, J = 17, 10, 7 Hz); m/e (relative 
intensity): 194 (0.6), 151 ( 3 ,  139 (5), 109 (20), 107 (26), 95 (24), 94 
(35),93 (24), 8 1 (49), 79 (35),7 1 (loo), 69 (82), 68 (78). Exact Mass 
calcd. for CI3H2,O - H20: 176.1565; found (high resolution mass 
spectrometry): 176.1561. 

Total yield of alcohols 30, b: 31.4 mg (79%). Anal. (3a, b, mixture 
of diastereomers) calcd. for CI,H2ZO: C 80.35, H 11.41; found: C 
80.30, H 11.47. 
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63, 3186 (1985). 

The synthesis of cis- and trans-2-amino- I-arylcyclohexanols 1-8, conformationally restricted analogues of the a-adrenergic 
drugs norephedrine 9, methoxamine 10, and isopropylmethoxamine 11, is described. trans-Aminoalcohols were obtained 
through reaction of epoxides 12 or 13 with isopropylamine (to afford 4 and 8) or with sodium azide followed by lithium 
aluminum hydride reduction (to afford 2 and 6), whereas cis-aminoalcohols 1 and 5 were obtained by condensation of 
2-aminocyclohexanone hydrobromide 26 with the appropriate organometallic reagent. Treatment of 1 and 5 with acetone 
followed by sodium borohydride reduction gave isopropylaminoalcohoIs 3 and 7. Configurational and conformational assign- 
ments of aminoalcohols 1-8 have been carried out on the basis of their 'H nmr and "C nmr data and by comparison with 
reference diols 18 and 30. The major or exclusive chair conformation observed for all the compounds has an equatorial aryl 
group. 

ANTONIO DELGADO, RICARDO GRANADOS, DAVID MAULEON, INMACULADA SOUCHEIRON et MIGUEL FELIZ. Can. J .  Chem. 
63, 3186 (1985). 

On dCcrit la synthkse des amino-2 aryl-l cyclohexanols-cis et -trans (1-8) qui sont des analogues a conformation restreinte 
de mkdicaments a-adrtnergiques comme la norCphCdrine 9, la mCthoxamine 10 et I'isopropylmCthoxamine 11. On a obtenu 
les aminoalcools-trans en faisant rkagir les Cpoxydes 12 ou 13 soit avec de I'isopropylamine (pour obtenir les composes 4 et 
8) soit avec I'azoture de sodium, puis avec de I'alanate de lithium (pour obtenir les composCs 2 et 6). On accede aux 
arninoalcools-cis (1  et 5) en faisant rCagir le brornhydrate de I'amino-2 cyclohexanone 26 avec un dCrivC organomCtallique 
appropriC. La rkaction des composCs 1 et 5 avec I'acCtone, suivie d'une rCduction par le borohydrure de sodium, conduit aux 
isopropylaminoalcools 3 et 7. On a procCdC aux attributions configurationnelles et conformationnelles des arninoalcools 1-8 
en se basant sur les donnCes rmn du 'H et du "C ainsi que par une comparaison avec les diols de reference 18 et 30. Dans 
tous les composCs, la conformation chaise observCe de fason majoritaire ou exclusive comporte un groupement aryle en 
position Cquatoriale. 

[Traduit par le journal] 

Introduction 
In connection with our studies on adrenergic agents, we 

focused our attention on the synthesis, by unambiguous routes, 
of cis- and trans-2-amino-1-arylcyclohexanols 1-8, confor- 
mationally restricted analogues of the a-adrenergic stimulants 
norephedrine 9, methoxamine 10, and of the P-adrenergic 
blocker isopropylmethoxamine 11. 

Although cyclic aminoalcohols 1-8 exhibit a higher con- 
formational limitation than the model compounds 9-11, two 
chair conformations are still possible for each of them. Thus, 
while aryl and amino groups are synclinal in both chair con- 
formations of the trans-aminoalcohols, in cis-isomers the 
aryl-axial conformation has antiperiplanar aryl and nitrogen 
groups. Since the pharmacological activity of arylethanol- 
amines has been related to this last disposition (I),  we also wish 
to study the conformation in solution of compounds 1-8, both 
in the base and hydrochloride forms. 

Synthesis of trans-aminoalcohols3 
Synthesis of trans-aminoalcohols 2, 4, 6, and 8 was initially 

'This work was presented in a preliminary form at the XX Reunion 
Bienal de la Real Sociedad Espafiola de Quimica, Castellon, Spain, 
1984. 

'Author to whom all correspondence should be addressed. 
'Cis and trans refer to the hetero functions on C '  and C' in all cases. 

attempted through reaction of epoxides 12 or 13 with the appro- 
priate nucleophile. The preparation of the requisite epoxides 
was carried out according to the synthetic sequence outlined in 
Scheme 2. 

1-Phenylcyclohexene 16 was obtained according to de- 
scribed methods (2). Similarly, 2-bromo-l,4-dimethoxy- 
benzene 15 (3) was converted into the Grignard reagent which, 
on condensation with cyclohexanone followed by acid dehy- 
dration, afforded 1-(2,5-dimethoxyphenyl)cyclohexene 17. 
According to the literature (4), direct epoxidation of 16 with 
peroxybenzoic acid leads to 1-phenylcyclohexene oxide 12. 
However, rearrangement products are also obtained due to the 
high sensitivity of aryloxiranes, such as 12, towards acids. In 
order to circumvent this problem, we attempted the epoxidation 
reaction of 16 with m-chloroperbenzoic acid (MCPBA) in a 
two-phase system of dichloromethane and 0.5 M aqueous 
sodium bicarbonate, a process which has been successfully 
applied to the synthesis of acid-sensitive epoxides (5). Epoxide 
12 could be obtained by this procedure but was contaminated 
with variable amounts of cis- 1-phenyl-l,2-cyclohexanediol 18. 
This compound was identified on the basis of its ir (4) and nmr 
data (6); its formation, as well as the observed stereochemistry 
(7), can be explained by considering the oxirane ring opening 
by water, catalysed by protons from the MCPBA. 

The use of a complex of MCPBA and fluoride ions in di- 
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R R R' R R' 

NH-R' 1. H H cis 5. OCHl H cis 
2. H H tratzs 6. OCHl H tratzs ... 3. H i-Pr cis 7. OCH. i-Pr cis 

R 4. H i-Pr tratzs 8. 0CH3 i-Pr trcltzs 

9. H H 
10. OCH, H 
11. OCH, i-Pr 

14. R = H 
15. R = OCH, 

16. R = H 
17. R = OCH, 

12. R = H 
13. R = OCH, 

a: Mg/ether; b: cyclohexanone; c: KHSOJbenzene or H2S0,/AcOH; d: MCPBA/NaF/CHZCI,; 
e: (R = H) NBS/AcOH/dioxane-Ha; f: (R = H) Na2COI; g (R = H): MCPBA/NaHCOi/CH2CI2 

chloromethane has recently been described for the synthesis of 
acid-sensitive epoxides, such as methylstyrene oxide (8). Ap- 
plication of this procedure to olefins 16 and 17 afforded the 
desired epoxides 12 and 13 in high purity and quantitative 
yield. Spectroscopic data of compound 12 were in agreement 
with those described in the literature (4). The nrnr spectrum of 
1-(2,s-dimethoxyphenyl)cyclohexene oxide 13 shows a multi- 
plet at 6 2.76 due to the cyclohexane C(2)-H proton as the most 
characteristic signal. Epoxide 12 was also obtained from 16 in 
a two-step procedure via an intermediate bromohydrin which, 
upon treatment with excess sodium carbonate, afforded the 
desired epoxide in high yield. This method has been described 
for the preparation of sensitive epoxides, such as 2-vinyl- 
pyridine oxide (9). 

trans-2-Amino- 1 -phenylcyclohexanol 2 and trans-2-amino- 
I-(2,s-dimethoxyphenyl)cyclohexanol 6 were obtained by 
reaction of the corresponding epoxides with sodium azide in 
N, N-dimethylformamide - water followed by reduction of the 
intermediate azidoalcohols with lithium aluminum hydride 
(Scheme 3). This procedure has been used for the synthesis of 
aminoalcohols related to ours (1 a). 

Reduction of the mixture of azides obtained from 12 with 
lithium aluminum hydride in ether afforded a mixture of two 
regioisomeric trans-aminoalcohols which were separated by 
column chromatography and identified as 2 and trans-2-amino- 
2-phenylcyclohexanol 23 (7 : 3 ratio). Similarly, tratts-amino- 
alcohol 6 and trans-2-amino-2-(2,s-dimethoxyphenyl)cyclo- 

hexanol 24 (6:4 ratio) resulted from the starting epoxide 13. 
ldentification and conformational assignment of compounds 2 
and 6 was carried out by 'H nrnr (200 MHz) and I3C nmr, and 
will be described in the corresponding section (see below). 
Aminoalcohols 23 and 24 were identified in a similar way. 
Thus, the 'H nmr spectrum (60 MHz) of 23 shows a broad 
singlet at 6 3.6 due to the C(1)-H proton of the cyclohexane 
ring, while compound 24 also shows a similar signal at 6 4.2. 
Equatorial disposition of this proton in both 23 and 24 was 
confirmed by the W& value near 8 Hz observed for the corre- 
sponding signal.   he I3C nmr spectra of these compounds 
(Table 2) confirmed the presence of a CH-0 group (a doublet 
at 74.5 and 71.6 ppm in 23 and 24, respectively). From these 
results it can be inferred that reaction of azide anion with 
epoxides 12 and 13 leads to a regioisomeric mixture of trans- 
azidoalcohols as a result of the nucleophilic attack upon C(1) 
and C(2) positions of the starting epoxides. While a trans- 
stereochemistry is the expected result for oxirane ring opening 
in alkaline conditions, the regioselectivity of the process de- 
pends on the steric hindrance around the two carbons of the ring 
(lo),  as well as on the benzylic nature of the epoxides, which 
can favour the attack of the nucleophile upon the more hindered 
benzylic carbon atom (1 1). The results of the overall process 
are similar to those described for the direct opening of epoxide 
12 with ammonium hydroxyde (12). 

Treatment of epoxides 12 and 13 with excess isopropylamine 
in ethanol (Scheme 4) afforded in each case a single product 
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2. R = H  (7:3) 23. R = H  
4. R = OCH, (6:4) 24. R = OCH, 

SCHEME 3 

which was identified through its 'H and I3C nmr spectra as 
trans-2-isopropylamino-1-phenylcyclohexanol 4 and trans-2- 
isopropylamino-l-(2,5-dimethoxyphenyl)cyclohexanol 8 ,  re- 
spectively (see below). 

No trace of the regioisomeric 2-aryl-2-isopropylaminocyclo- 
hexanols, resulting from the attack of the amine upon the 
benzylic carbon atom of the starting epoxides, was detected in 
these reactions. This result is in agreement with the bulkier 
nature of isopropylamine compared to the azide anion, which 
prevents the former from the attack upon the more hindered 
position of the oxirane ring. 

In an attempt to obtain trans-aminoalcohol2 by an unambig- 
uous route, we started from cis-diol 18, aiming to convert its 
monomesylate 25 into the trans-azidoalcohol 19 (Scheme 5). 
Thus cis-diol 18  was treated with methanesulfonyl chloride in 
pyridine to afford cis-2-hydroxy-2-phenylcyclohexanol meth- 
anesulfonate 25, whose 'H nmr spectrum showed as character- 
istic signals an apparent triplet at 6 4.8 (W; = 18 Hz) due to the 
axial C(1)-H proton, as well as a singlet at 6 2.1 due to the 
methyl group. 

Treatment of mesylate 25 with sodium azide in N, N -  
dimethylformamide - water failed to afford azidoalcohol 19, 
and a mixture of nitrogen-free products was obtained instead. 
From this mixture, 2-phenylcyclohexanone and phenyl cyclo- 
pentyl ketone were isolated and identified by physical (12) and 
spectroscopic methods. These ketones are also formed when 
mesylate 25 is treated under the same conditions but in the 
absence of sodium azide, so they can result from rearrangement 
of the intermediate carbocation generated by loss of the mes- 
yloxy group. SN2 displacement of the mesyloxy group by the 
azide anion requires a high energy conformation in which the 
bulkiest groups must be axial. 

Synthesis of cis-aminoalcohols 
Condensation of organometallic compounds with suitably 

substituted 2-aminoketones is a general synthetic method for 
cis-aminoalcohols related to ours ( 1  3). The stereochemistry of 
the resulting products can be rationalized according to Cherest 
and Felkin (14) as well as by application of the Cram-Kopecky 
model (1 5). Thus, synthesis of cis-2-amino- 1 -phenylcyclo- 
hexanol 1 is described in the literature (12) by condensation of 
2-aminocyclohexanone hydrobromide 26 with phenylmag- 
nesium bromide (5 equivalents) in ether at reflux temperature. 
According to this method, we have been able to obtain cis- 
aminoalcohol 1 in substantially improved yield (64% vs. 39%). 
However, a small amount of trans-isomer 2 (ratio 112 above 
9:  1 based on nmr) was also obtained. This approach was also 
useful for the synthesis of cis-2-amino-1-(2,5-dimethoxy- 
pheny1)cyclohexanol 5 ,  not described in the literature. In this 
case, the Grignard reagent from 2-bromo-l,4-dimethoxy- 
benzene gave poor yields of 5 ,  so we carried out the reaction 
with 2,5-dimethoxyphenyllithium 27, more reactive towards 
carbonyl groups than the alternative organomagnesium re- 
agent. By this procedure, cis-aminoalcohol 5 was obtained in 
moderate yield (38%), together with small amounts of the 
trans-isomer 6 and a considerable amount of 1,4-dimethoxy- 
benzene, arising in part from an acid-base reaction between 
the organometallic reagent and the NH and (or) the a-CH 
protons of hydrobromide 26. 

Compounds 1 and 5 were purified by column chromatog- 
raphy and crystallization; structural and conformational assign- 
ments were carried out by nmr spectroscopy, as described 
below. 

Synthesis of 2-aminocyclohexanone hydrobromide 26 was 
effected through a combination of described procedures (12, 
16). The whole synthetic pathway leading to cis-aminoalcohols 
1 and 5 is depicted in Scheme 6. 

Aiming to obtain cis-aminoalcohols through an unambig- 
uous route, we tested an alternative procedure in which the key 
step was the SN2 displacement of the mesyloxy group of 29 
with sodium azide. Subsequent reduction of the resulting 
azidoalcohol should lead to the desired cis-aminoalcohol 1.  
This two-step sequence has been successfully applied to the 
transformation of cis-2-phenylcyclohexyl tosylate into trans-2- 
phenylcyclohexylamine with 100% inversion of configuration 
(1 3). trans-2-Hydroxy-2-phenylcyclohexyl methanesulfonate 
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E ( 1 )  Brz/HzO H B r  48%/AcOH t 

(2) potassium reflux 4 h 

ChHsMgBr ( 5  equiv.) 
I ether, reflux 6 h '3 

, lithium (27) (3.5 eq;iv.) 
THF,  -60°C, I h 

0 ~ 0 ~ ~  \ tram isomers 

A u (9: 1 ratio approx.) 

29 was obtained in good yield from trans- 1-phenyl- l,2-cyclo- 
hexanediol 30, synthesized from epoxide 12 according to a 
described procedure (17). After azide treatment of 29 and lith- 
ium aluminum hydride reduction, a 7:  3 mixture of trans- 
aminoalcohol2 and its regioisomer 23 was isolated, and no cis 
isomers were found in the reaction mixture. We have inter- 
preted this result as a consequence of the formation of epoxide 
12 through intramolecular displacement of mesyloxy group by 
the C(1)-hydroxyl function (Scheme 7). Epoxide 12 would then 
react with the azide anion in the way we have previously stated 

(Scheme 3). Internal displacement of the mesyloxy group is a 
favoured process if we take into account the trans-diaxial dis- 
position of the reacting groups in the most stable conformation. 

cis-2-Isopropylamino- 1 -phenylcyclohexanol 3 and cis- l- 
(2,5-dimethoxyphenyl)-2-isopropylaminocyclohexanol 7 were 
synthesized from cis-aminoalcohols 1 and 5, respectively, by 
condensation with excess acetone in refluxing benzene and 
sodium borohydride reduction of the intermediate imines 
(Scheme 8). Their structural and conformational assignment is 
described in the next section. 
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DELGADO ET AL. 3191 

TABLE 2. I3C nuclear magnetic resonance spectra of aminoalcohols 1-8, 23, 24, and diols 18 and 30 (in CDCI,) 

Isopropyl 

Compound C(I) C(2) C(3) C(4) C(5) C(6) C(1') C(2') C(3') C(4') C(5') C(6') OCH, NCH CH, 

1 74.2 55.5 29.8 24.8 21.3 38.4 147.7 125.1 128.2 126.5 128.2 125.1 - - - 
2 74.8 55.4 28.7 19.4 21.3 31.0 146.8 126.0 128.2 127.1 128.2 126.0 - - - 
3 74.1 59.0 28.2 24.8 21.3 38.9 148.2 125.1 128.1 126.4 128.1 125.1 - 45.2 23.6122.6 
4 74.9 60.6 27.3 21.1 21.6 33.9 146.7 126.5 127.9 126.9 127.9 126.5 - 46.3 24.2122.4 
5 74.8 52.1 30.1 24.8 21.2 34.7 136.1 150.4* 114.0 112.2' 153.6* 112.4' 55.71.55.5 - - 
6 76.0 52.7 28.2 19.1 21.1 29.8 134.6 151.3* 115.2 111.9' 153.8* 111.5' 55.6155.5 - - 
7 73.9 55.1 29.4 24.8 21.2 34.4 137.5 153.7* 113.8 111.9' 150.3* 112.3" 55.6155.5 45.9 23.4 
8 75.8 57.0 26.5 19.5 21.1 30.8 135.1 151.6* 115.3 111.7' 153.5* 111.6' 55.7155.6 47.1 23.9122.4 
18 75.8 74.4 29.2 24.3 21.0 38.5 146.5 125.1 128.3 126.9 128.3 125.1 - - - 
30 74.5 73.2 28.4 19.2 21.1 31.4 145.9 126.1 128.3 127.5 128.3 126.1 - - - 
23 74.5 56.7 32.5 21.4 20.1 28.6 146.5 126.3 128.0 126.6 128.0 126.3 - - - 
24 71.6 57.6 31.7 21.3 19.7 27.7 135.5 153.5* 115.6 112.1' 152.0* 111.5' 55.6155.5 - - 

The superscripts * and # imply that the values may be interchanged. 

and 7 adopt in solution, both in the base and hydrochloride 
forms, a chair conformation in which the aryl group is equa- 
torial and, therefore, amino or isopropylamino groups are also 
equatorial. This conformation is favoured both for steric rea- 
sons and intramolecular NH/OH hydrogen bonding. 

On the other hand, 'H nmr spectra of trans-aminoalcohols 2, 
4,  6,  and 8 (base and hydrochloride) show a signal due to 
the C(2)-H equatorial proton whose coupling constants and (or) 
W; values are again in agreement with those found for the 
reference compound trans-diol 30. Thus in 2, 6 ,  and 8 an 
apparent triplet with coupling constants between 3.0 and 
4.0 Hz is observed (trans-diol 30, 2.9-3.3 Hz). However, in 
compounds 4 and 4 - HC1, the coupling constant values are 
higher than those found in the above trans-aminoalcohols 
(Table I), thus indicating an averaging of the C(2)-H equa- 
torial and axial dispositions. Taking a J,, value of l l .5 Hz 
(from the cis isomer 3 HC1) and an approximate Jcc value of 
3.6 Hz (from trans 2 . HCl), a ratio of 60:40 of phenyl- 
equatorial vs. phenyl-axial conformations can be calculated 
for compound 4 . HCI. Moreover, trans-aminoalcohols 2 and 
4 show multiplets at about 6 2.4 and 2.0 due to the C(6)-H axial 
and C(3)-H axial protons, respectively. Comparable signals are 
also observed in the 'H nmr spectra of the corresponding hydro- 
chlorides as well as in that of the reference compound 30. The 
assignment of these protons has been confirmed by spin- 
decoupling experiments and, in the case of 4, through homo- 
nuclear chemical shift correlation 'H- 'H that allowed the com- 
plete assignment of the chemical shifts of all the cyclohexane 
ring protons (see experimental section). The downfield chem- 
ical shift of C(6)-H and C(3)-H axial protons in the trans 
isomers (but not in the cis ones) can be explained by consid- 
ering the anisotropic deshielding effect due to axial amino and 
hydroxyl groups, which confirms the preferred conformation 
of aminoalcohols 2 and 4. 

In the temperature range between 22 and 90°C, the 'H nmr 
spectra of the hydrochlorides of aminoalcohols 2, 4, 6,  and 
8 show a very small increment of the C(2)-H coupling con- 
stants (less than 0.5 Hz), not significant from a conformational 
standpoint. 

Signals in the I3C nmr spectra (Table 2) were assigned by 
their multiplicity (ADEPT program), comparison with model 
compounds (19), and also, in the case of 4 - HC1, through the 
heteronuclear chemical shift correlation I3C/'H. trans- 
Aminoalcohols 2 , 4 , 6 ,  and 8 ,  as well as trans-diol30, showed 

shielded C(4) and C(6) carbon atoms with respect to the corre- 
sponding C(6) and C(4) carbon atoms of cis-aminoalcohols 1 ,  
3 , 5 ,  and 7 ,  and cis-diol18 (AS between 3.6 and 7.4 ppm). This 
shielding effect can be explained by considering a y-gauche 
effect due to the axial C(2) amino (or C(2) hydroxyl) group in 
the trans isomers. On the other hand, AS (6 cis - 6 trans) for 
the C(4) carbon atom in the pairs of stereoisomers 112, 516, 
and 718 is between 5.3 and 5.7 ppm, while in the pair 314 AS 
has a lower value.of 3.7 ppm. This indicates again the existence 
in compound 4 of significant amounts of the phenyl-axial con- 
formation, in which the C(4) position is not shielded. 

Experimental 
Melting points were determined in a capillary tube on a Buchi 

apparatus and are uncorrected. Infrared spectra were recorded on a 
Perkin-Elmer 577 spectrophotometer. Proton magnetic resonance 
were measured at 60 MHz with a Perkin-Elmer R 24B instrument or 
at 200 MHz with an FT Varian XL-200 spectrometer. Signal positions 
are reported in ppm downfield from tetramethylsilane (6 scale) as an 
intemal standard, and CDC1, as a solvent, unless otherwise indicated; 
the number of protons, multiplicity, coupling constants, and proton 
assignments are indicated in parentheses. The "C nmr were measured 
at 50.3 MHz with a Varian XL-200 spectrometer, with internal tetra- 
methylsilane as a reference. Multiplicity of the signals was determined 
by the ADEPT program (automatic distortionless enhancement by 
polarization transfer) (20). Homonuclear chemical shift correlation 
'H/'H was determined by the HOMCOR program (21) and hetero- 
nuclear chemical shift correlation I3C/ 'H by the HETCOR program 
(22). Thin-layer chromatography and column chromatography were 
carried out on silica gel 60, Merck, 5-25 pm and 63-200 pm, 
respectively, and the spots were located with uv light or iodoplatinate 
reagent. All microdistillations were made on a Biichi GKR-50 
Kugelrohr apparatus. Solutions in organic solvents were dried over 
anhydrous sodium sulfate and stripped of solvent with a Buchi rotary 
evaporator connected to a water aspirator. Microanalyses were per- 
formed by the Instituto de Quimica Bio-Orginica, Barcelona. 

trans-2-Amino-I-phenylcyclohexnnol (2) 
A solution of 15.6 g (0.24 mol) of sodium azide in 50 mL of water 
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TABLE 3. Elemental analyses and melting points 

Calculated Found 
Molecular Melting point 

Compound formula C H N X" C H  N X *  ("c) t Purification method$ 

2 (HCI) 

23 (HCI) 

3 (HCI) 
4 (HCI) 
5 (HCI) 
6 (HCI) 
24 
7 (HC1) 
8 (HCI) 
13 
17 
25  
28 

29 

Ethanol - ethyl acetate 

Acetone -ethanol 

Acetone-ethanol 
Acetone-ethanol 
Ethanol-ether 
Hexane - ethyl acetate 
Hexane-ether 
Ethanol-ether 
Ethyl acetate 
Hexane 
bp 105- 107 "C (0.3 Torr) 
Ether 
Ether- acetone 

Ether 

*X stands for C1 or S according to the formula. 
tMelting points described in the literature are indicated in brackets. 
$Crystallization, except for compound 17 (distillation). 

was added to a solution of 8.8 g (0.0506 mol) of I-phenylcyclohexene 
oxide 12 (4) in 350 mL of N, N-dimethylformamide. The reaction 
mixture was heated at 90°C for 14 h, then quenched with water and 
extracted with ether. The ethereal layers were washed thoroughly with 
water and saturated sodium chloride solution, dried, and evaporated to 
afford 9 .4  g (85%) of a mixture of regioisomeric azidoalcohols 1 9  and 
20 (ir neat: 2100 cm-' ,  azide). A solution of the above mixture in 
400 mL of dry ether was added dropwise with external cooling to a 
suspension of 6.8 g (0.181 mol) of lithium aluminum hydride in 
400 mL of dry ether. After stirring for 2 h at room temperature, the 
reaction mixture was poured into 300 mL of 10 N sodium hydroxide 
solution. The ethereal layer was separated and the aqueous one was 
extracted with ether. The combined ethereal layers were extracted 
with 10% hydrochloric acid solution and the acidic aqueous phase was 
basified with 10 N sodium hydroxide solution and extracted with 
ether. The organic extracts were dried and evaporated to give 5.8 g of 
a mixture of aminoalcohols 2 and 23, which were separated by column 
chromatography (eluent ether-diethylamine 97 : 3). Thus, 3.6 g 
(37%) of aminoalcohol2 and 1.6 g (16.5%) of its regioisomer 23 were 
obtained (Table 3). Compound 2, 'H nmr (200 MHz) (see Table 1) 6: 
1.30-2.00 (complex signal, 6H cyclohexane, 3H exchangeable), 
2.08 (m, IH, C(3)-Ha), 2.38 (m, IH, C(6)-Ha), 3.06 (dd, IH, 
C(2)-H), 7.1-7.7 (m, 5H, phenyl); I3C nmr: Table 2. Compound 23, 
'H nmr (60 MHz) 6: 1.2- 1.9 (broad signal, 8H, cyclohexane and 
exchangeable), 3.6 (m, C(2)-H,, W$ = 8 Hz), 7.1-7.5 (m, 5H, 
phenyl); "C nmr: Table 2. 

cis-2-lsopropylamino-I-phenylcyclohexano (3) 
A solution of 2.5 g (1 3.1 mmol) of cis-aminoalcohol 1 (1 2) and 3 g 

(5 1.6 mmol) of acetone in 40 mL of dry benzene was heated at reflux 
temperature in a Dean-Stark apparatus. After 5 h, the solvent was 
removed, the residue was dissolved in 40 mL of ethanol, and 0.75 g 
(20 mmol) of sodium borohydride was added portionwise with exter- 
nal cooling. After stirring for 3 h at room temperature, the reaction 
mixture was poured over ice-water, acidified with 2 N hydrochloric 
acid, and washed with ether. Basification of the aqueous layer with 
ammonium hydroxide and extraction with ether afforded, after evapo- 
ration of the dried extracts, 2.2 g (73%) of compound 3 (Table 3); 'H 
nmr (200 MHz) (see Table 1) 6: 0.77 (d, J = 6.3 Hz, 3H, CH3 
isopropyl), 0.86 (d, J = 6.3 Hz, 3H, CH, isopropyl), 1.35-1.95 
(complex signal, 8H cyclohexane and 2H exchangeable), 2.35 (m, 
IH, CH isopropyl), 3.08 (dd, IH, C(2)-Ha), 7.1-7.75 (m, 5H, 
phenyl); I3C nmr: Table 2. 

trans-2-Isopropylamino-1-phenylcyclohexariol (4)  
A mixture of 4.2 g (24.2 mmol) of I-phenylcyclohexene oxide 12 

(4) and 8.6 g (146.3 mmol) of isopropylamine in 60 mL of absolute 
ethanol was heated at 120°C in a sealed tube for 15 h. After removing 
the solvent and the excess amine, the residue was made acidic with 
2 N hydrochloric acid and washed with ether. The aqueous layer was 
basified and extracted with ether. The organic extracts were dried and 
evaporated to afford 4.0 g (72%) of compound 4 (Table 3); 'H nmr 
(200MHz, base) (see Table 1) 6: 0.72 (d, J = 6.2  Hz, 3H, CH3), 0.88 
(d, J = 6.2  Hz, 3H, CH,), 1.45- 1.67 (complex signal, 6H, cyclo- 
hexane), 2.01 (m, IH, C(3)-Ha), 2.30-2.50 (m, 2H, CH isopropyl 
and C(6)-Ha), 2.82 (dd, IH, C(2)-H,), 7.14-7.62 (m, 5H, phenyl); 
homonuclear chemical shift correlation 'HI1H,  cyclohexane protons, 
hydrochloride (D20) 6: 1.10 (CH,), 1.19 (CH,), 1.63 (C(4)-H, and 
C(4)-H,), 1.80 (C(5)-Ha and C(5)-H,), 1.87 (C(3)-H,), 1.93 
(C(6)-H,), 2.19 (C(3)-H,), 2.35 (C(6)-H,), 2.98 (CH isopropyl), 3.48 
(C(2)-H,); I3C nmr: Table 2. 

cis-2-Amino-I-(2,5-dimethoxyphenyl)cyclohexanol (5) 
A solution of 6.7 g (30.9 mmol) of 2-bromo-l,4-dimethoxybenzene 

15 (3) in 160 mL of dry tetrahydrofuran in a flask equipped with 
magnetic stirrer, gas inlet, and thermometer was treated at -70°C with 
24 mL of 1.3 N butyllithium (31.2 mmol) in hexane. After 15 min, 
1.5 g (7.7 mmol) of 2-aminocyc1ohexanone hydrobromide 26 (12) 
was added portionwise. After stirring at -60°C for 1.5 h, the mixture 
was poured into ice-water, acidified with 2 N hydrochloric acid, and 
extracted with ether. The organic layers were dried and evaporated to 
give 4.1 g of 1,4-dimethoxybenzene. The aqueous layer was made 
basic with concentrated ammonium hydroxide and extracted with 
ether to afford, after evaporation of the dried extracts, 0.75 g (38%) 
of cis-aminoalcohol5 (Table 3); 'H nmr (200 MHz) (see Table 1) 6: 
1.20-2.16 (complex signal, 8H cyclohexane and 3H exchangeable), 
3.47 ( IH,  C(2)-Ha), 3.66 (s, 6H, 0CH3),  6.54-6.76 (m, 3H, aro- 
matic); I3C nmr: Table 2. 

trans-2-Amino-l-(2,5-dimethoxyphenyl)cyclohexanol (6) 
A solution of 7.8 g (120 mmol) of sodium azide in 20 mL of water 

was added to a solution of 4 .0  g (17.1 mmol) of epoxide 13 in 130 mL 
of N, N-dimethylformamide. The reaction mixture was heated at re- 
flux temperature for 48 h and then quenched with water. Similar 
work-up to that described for the synthesis of 2 afforded 3.7 g (78%) 
of a mixture of azidoalcohols 21  and 22 (ir neat: 2100 cm- ' ,  azide). 
A solution of the above mixture in 150 mL of dry ether was treated 
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with 2.0 g (53.1 mmol) of lithium aluminum hydride, under the same 'H nmr (60 MHz, CC1,) 6 : 1.1-2.1 (m, 8H, cyclohexane), 2.76 (m, 
experimental conditions described for 2, to afford 2.3 g of a mixture IH, C(2)-H), 3.56 (s, 3H, OCH3), 3.63 (s, 3H, OCH?),  6.43 (m, 2H, 
of trans-aminoalcohols 6 and 24, which were separated by column aromatic), 6.61 (m, IH, aromatic). 
chromatography. On elution with ether-diethylamine (98 :-2), 1.2 g 
(36%) of 6 was obtained (Table 3); 'H nmr (200 MHz) (see Table 1) 
6 : 1.32-2.34 (complex signal, 8H cyclohexane and 3H exchange- 
able), 3.47 ( IH,  C(2)-H,), 3.72 (s, 3H, 0CH3),  3.81 (s, 3H, 0CH3) ,  
6.64-6.92 (m, 3H, aromatic); 13C nmr: Table 2. On elution with 
ether-diethylamine (96:4), 1.02 g (30%) of 24 were obtained (Table 
3); 'H  nmr (60 MHz) 6 : 1.1-2.1 (complex signal, 8H cyclohexane 
and 3H exchangeable), 3.60 (s, 3H, OCH,), 3.70 (s, 3H, 0CH3),  4.2 
(br s ,  IH, C(2)-H,, W; = 8 Hz), 6.6 (m, 2H, aromatic), 6.8 (m, IH, 
aromatic); I3C nmr: Table 2. 

cis-l-(2,5-Dirnethoxyphenyl)-2-isopropylaminocyclohexa1101 (7 )  
By an identical procedure to that described for aminoalcohol 3, 

0.62 g (2.47 mmol) of aminoalcohol 5 afforded 0.51 g (70%) of 
compound 7 (Table 3); 'H nmr (200 MHz) (see Table 1) S : 0.74 (d, 
J = 6.3 Hz, 3H, CH3 isopropyl), 0.86 (d, J = 6.3 Hz,  3H, CH3 
isopropyl), 1.28- 1.89 (complex signal, 8H cyclohexane), 2.08 (m, 
IH, CH isopropyl), 3.66 (1 H, C(2)-Ha), 3.79 (s, 3H, OCH,), 3.81 
(s, 3H, OCH3), 6.76 (m, 2H, aromatic), 7.38 (m, IH, aromatic); 13C 
nmr: Table 2. 

trans-1 -(2,5-Dimetho.ryphenyl)-2-isopropylarninocyclohexnnol (8)  
A solution of 1.5 g (6.4 mmol) of epoxide 13 and 6.0 g ( I00 mmol) 

of isopropylamine in 60 mL of absolute ethanol was heated in a sealed 
tube at 150°C for 72 h. Similar work-up to that described for com- 
pound 4 afforded 1.06 g (56%) of 8 (Table 3); 'H nmr (200 MHz) (see 
Table 1) 6 : 0.61 (d, J = 6.2 Hz, 3H, CH3 isopropyl), 0.86 (d, J = 
6.2 Hz, 3H, CH3 isopropyl), 1.38-2.38 (complex signal, 8H cyclo- 
hexane and 2H exchangeable), 3.20 ( IH,  C(2)-H,), 3.76 (s, 3H, 
OCH,), 3.86 (s, 3H, OCH,), 6.68-6.90 (m, 3H, aromatic); I3C nmr: 
Table 2. 

1-Phenylcyclohexene oxide (12) 
Method A 
To a stirred suspension of 1.32 g (3 1.4 mmol) of sodium fluoride 

in 200 mL of dry dichloromethane, 3.2 g (equivalent to 15.8 mmol) 
of 85% m-chloroperbenzoic acid was added. After 30 min, 1 g 
(6.32 mmol) of I -phenylcyclohexene 16 (2) was added at once and the 
stirring was continued for 2.5 h at room temperature. The solids 
were removed by filtration and washed thoroughly with dichloro- 
methane. The combined filtrates were washed with diluted sodium 
hydroxide solution and water and dried. Evaporation of the solvent 
afforded 1.07 g (97%) of epoxide 12, which was used without further 
purification; ir (NaCI) (4): 1070 (C-0) cm-I; 'H  nmr (60 MHz, 
CCI,) S : 1.1-2.3 (complex signal, 8H cyclohexane), 2.80 (m, 1H, 
C(2)-H), 6.9-7.3 (m, 5H, phenyl). 

Method B 
A solution of 10 g (63.2 mmol) of 1-phenylcyclohexene 16 (2) and 

3.4 rnL of acetic acid in 170 mL of dioxane-water (3:7) was treated 
portionwise with 12 g (67.0 mmol) of N-bromosuccinimide. 'The mix- 
ture was stirred for 1 h at room temperature, 13.3 g (125.6 mmol) of 
anhydrous sodium carbonate was added, and, after 12 h, the reaction 
mixture was poured into 300 mL of water and extracted with ether. 
The combined organic layers were dried and evaporated to afford 
9.7 g (90%) of epoxide 12. 

1-(2,s-Dirnethoxyphenyl)cyclohexene oxide (13) 
To a stirred suspension of 3.0 g (13.7 mmol) of sodium fluoride in 

150 mL of dry dichloromethane, 7.5 g (equivalent to 37 mmol) of 85% 
m-chloroperbenzoic acid was added. After stirring for 30 min at room 
temperature, the mixture was cooled to - 10°C (acetone-COz bath) 
and 3.0 g (13.7 mmol) of 17 was added in one portion. Stirring was 
continued at -5OC for 30 min and the reaction mixture was filtered. 
Solid materials were washed with small portions of dichloromethane 
and the combined filtrates were washed with 1 N sodium hydroxide 
solution and water and dried. Evaporation of the solvent afforded 
2.8 g (87%) of epoxide 13 (Table 3); ir (CHCI,): 1050 (C-0) cm-I; 

1 -(2,5-Dimethoxyphenyl)cyclohe.xene (I 7 )  
Magnesium turnings (2.75 g ,  l I0 mmol) were placed in a three- 

neck flask fitted with a mechanical stirrer, a condenser, and a dropping 
funnel, and the entire system was flame dried. A few milliliters of a 
solution of bromide 15 (3) (23.5 g, 110 mmol) in 140 mL of dry ether 
were added to the turnings and the reaction was initiated with a small 
iodine crystal. The remaining solution was added dropwise over a I-h 
period and the stirring was continued under reflux temperature for an 
additional 2 h. Cyclohexanone (10.7 g, 1 10 mmol) in 20 mL of dry 
ether was added under nitrogen to the cooled reaction mixture and the u 

stirring was continued overnight. The reaction mixture was poured 
into 300 mL of saturated ammonium chloride solution, and the ethe- 
real layer was separated, washed with water, and dried. Removal of 
the solvent afforded 26 g of a material which was treated with 50 mL 
of a freshly prepared mixture of sulfuric acid - acetic acid (1 : 4  by 
volume). The resulting mixture was swirled for 1 min and poured into 
ether-water (250 mL and 350 mL, respectively). The ethereal layer 
was washed with water and 1 N sodium hydroxide solution, dried, and 
evaporated. After distillation of the crude alkene, 9 .8  g (41%) of 
compound 17 was obtained (Table 3); 'H nmr (60 MHz, CCI,) S : 1.6 
(m, 4H, C(4)H2 and C(5)H2), 2.2 (m, 4H, C(3)Hz and C(6)Hz), 3.6 
(s, 6H, OCH,), 5.40 (m, IH, =CH), 6.40 (s, 3H, aromatic). 

cis-2-Hydroxy-2-phenylcyclohexyl methanesulfonate (25) 
A solution of 4.1 g (35.7 mmol) of methanesulfonyl chloride in 

25 rnL of dry pyridine was added dropwise to an externally ice-cooled 
solution of cis-diol 18 (4) in 200 mL of dry pyridine. The mixture was 
stirred at room temperature for 24 h, poured into water, and extracted 
with benzene. The organic layer was washed thoroughly with 2 N 
hydrochloric acid and water, dried, and evaporated to afford 6.8 g 
(97%) of monomesylate 25 (Table 3); ir (KBr): 3500-3100 (OH), 
1340 (SOz) cm-I; 'H nmr (60 MHz) S : 1.4-2.5 (complex signal, 8H 
cyclohexane and 1H exchangeable), 2.1 (s, 3H, CH,-SOr-), 4.8 
(dd, IH, C(1)-Ha, Wi = 18 Hz), 7.1-7.6 (m, 5H, phenyl). 

2-Phthalimidocyclohexar~one (28) 
To 24 g (129.5 mmol) of potassium phthalimide in 135 rnL of 

N, N-dimethylformamide, 20 g (1 13 mmol) of 2-bromocyclohexanone 
(16) was added. After stirring at 100°C for 6 h, the mixture was poured 
into water and extracted with chloroform. The organic layer was 
washed with 2 N sodium hydroxide, water, and dried. Evaporation of 
the solvent afforded, after crystallization, 13.3 g (49%) of 28 (Table 
3); 'H nmr (60 MHz) S : 1.4-2.8 (complex signal, 8H, cyclohexane), 
4.6 (dd, IH, C(2)-H), 7.2-7.6 (m, 4H, aromatic). 

trans-2-Hydroxy-2-phenylcyclohexyl nlethanesulfonate (29) 
Identical procedure to that described for mesylate 25 afforded 29 

(94%, Table 3) from trans-diol 30 (17); ir (KBr): 35 10 (OH), 1330 
(SO?) cm-I; 'H nmr (60 MHz, DMSO-d6) 6 : 1.2-2.4 (complex 
signal, 8H, cyclohexane), 2.1 (s, 3H, CH3-SO2-), 4 .3  (br s, 1 H, 
C(I)H,, W$ = 7 Hz), 5.2 (s, IH, OH), 6.9-7.6 (m, 5H, phenyl). 
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Selenium isotopic fractionation during ~ e 0 : -  reduction to Seo and H2Se 
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K. RASHID and H. R. KROUSE. Can. J. Chem. 63, 3195 ( 1  985). 
During reduction of SeOf- to SeO by NH20H.HCI, the selenium isotope selectivity fits a two step model with the second 

step two orders of magnitude faster than the first. The ratios of the isotopic rate constants, k7(,/kx?, are 1.007 and 1.020 for 
the first and second steps, respectively. The corresponding klh/kXO values are 1.004, and 1 .0133. During the reduction of se0f-  
to H2Se by a H3P01-HI-HCI mixture, the H,Se was initially enriched but sporadically became depleted In the heavier isotopes 
as the reaction progressed. This is attributed to the formation of se" as an intermediate and the subsequent reaction of its surface 
layers to produce H,Se. 

For all data, the relation 6"se = ( 1  .5q L 0.02)GX0se was observed as predicted theoretically. 

K. RASHID et H. R. KROUSE. Can. J. Chem. 63, 3 195 (1985). 
Lors de la rCduction du s~o:-, sous I'influence du NH,OH.HCI, la sClectivite isotopique du sClCnium correspond B un 

modkle en deux Ctapes ou la vitesse de la deuxikme Ctape est deux ordres de grandeur superieur A celle de la premikre. Les 
rapports des constantes des vitesses isotopiques, k7(,/kx2, sont respectivement de 1,007 et de 1,020 pour la premikre et la 
deuxikme Ctape. Les valeurs correspondantes de k7,/k,, sont de 1,004, et de 1,01&. Lors de la reduction du se0:- en H2Se 
sous I'influence du melange H3P02-HI-HCI, le H,Se s'enrichit au dCbut mais il s'appauvrit sporadiquement en isotopes plus 
lourds au cours de la reaction. On attribue ceci a la formation interrnkdiaire de se" et B la reaction subskquente de ses couches 
de surface pour conduire au H2Se. 

ConformCment aux hypothkses, on observe pour toutes les donnees la relation GH2Se = (1,5., + 0,02)GX0~e. 
[Traduit par le journal] 

1. Introduction 
Relatively little has been published on selenium isotope frac- 

tionation in contrast to the many reports on the isotopes of 
sulfur in the same chemical group. 

Krouse and Thode (1) calculated the 76Se to "Se partition 
function ratios for several selenium compounds and predicted 
fractionations of up to 6% in 76Se - 'lSe equilibrium exchange 
processes. They also studied the fractionation of selenium iso- 
topes during the reduction of selenite to elemental selenium by 
hydroxylamine hydrochloride. Assuming that the rate was con- 
trolled by one step in the competitive reactions, 

they found the ratio of the isotopic rate constants k7,/kX, to be 
1.015 at room temperature. The observed fractionation was 
attributed to the kinetic isotope effect in the initial Se-0 bond 
rupture. 

Rees and Thode (2) conducted several experiments on selen- 
ium isotope selectivity in the reduction of selenite and selenate 
by C6H8O6 They found the rate constant for the 76~e0:-  species 
to be about 1.019 times that for the " ~ e 0 ; -  species. Their 
data were consistent with the activated complex having an 
isotopic partition function ratio similar to the starting s~o:-, 
but missing one frequency term. One component of the 
doubly-degenerate E type asymmetric stretching vibration v, 
(-730 cm-') was omitted since it corresponds to one oxygen 
atom moving away from the rest of the molecule. 

Webster (3) studied s~o:- reduction by NH20H.HC1 and 
found k7,/k,, to be 1.010. This ratio is nearly equivalent to 
k76/kX2 since the mass difference is 6 in each case. 

Thus in the literature, k76/k8z values or their equivalent, 

'Present address: Department of Physics, College of Science and 
Technology, Abu-Dis, Jerusalem. 

'Revision received April 10, 1985. 

range from 1.010 to 1.019 for ~ e 0 : -  reduction to Sea (i.e., a 
factor of 20 greater than the mass spectrometry errors). This 
could indicate that the mechanism of reduction of ~ e 0 : -  by 
ascorbic acid differs markedly from that by NH20H.HCI. 
However, the best fitting models considered only Se and 0 
atoms in the reduced mass term and ignored the reducing agent. 
Further, the differences found in NH,OH.HCl experiments by 
different laboratories require explanation. 

Because of these apparent discrepancies and the potential for 
~ e 0 : -  reduction to effect isotope fractionation in the terrestrial 
selenium cycle, the reaction was re-examined isotopically. 
Since one source of disagreement among data from different 
laboratories might be contaminants in the prepared samples, 
three isotopes 76Se, 'OSe, and "Se were employed to check the 
consistency of the measured isotope effects and to verify their 
expected mass dependence. 

In addition to the conversion of ~ e 0 : -  to Se, reduction to 
H2Se was investigated. 

2. Theory 
For a one step first order conversion, the ratio of the isotopic 

rate constants can be calculated from the isotopic composition 
of the initial reactant and accumulated product by the relation; 

where f is the fraction of reactant converted 

X,/XI r = -  
Ao,lAo, 

subscripts 1 and 2 refer to the lighter and heavier isotopic 
species, respectively; and X and A, refer to accumulated prod- 
uct and initial reactant, respectively. 
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I o THIS WORK 

-30 I I I I 
0 20 4 0 60 80 100 

PERCENT CONVERSION 

FIG. 1. Data from reduction by NHzOH.HCI (Krouse and Thode 
( I ) ;  Webster (3); this work), fit the plot with P L  = K I  = 1.007, 
and K2 = 1.020. Data from ascorbic acid reduction (Rees and Thode 
(2)) could fit a plot with the same K ,  and K2 but larger P L .  

Two consecutive isotopically competitive first order irre- 
versible reaction steps may be written: 

where subscripts A ,  B ,  and C signify reactant, intermediate, 
and product, respectively. For this case, Monster (4) derived 
the following relation between the overall isotopic effect and 
the extent of reaction: 

where R = fractionation factor between the final product and 
the initial reactant. (R - 1) x lo-' is approximately the 6 
value in %, (per mil) of the final product with respect to the 
initial reactant; K ,  = k l /k I  = ratio of the isotopic rate con- 
stants for the first reaction step; Kz = k;/k; = ratio of the 
isotopic rate constants for the second reaction step; PL = 
k,  /k; = ratio of the light isotopic rate constant for the first step 
over that of the second step; E = e-T = e-'" defines the extent 
of the reaction. 

The relation between E and the fraction of reaction f is 

A feature which emerges from Monster's derivation is that 
the isotopic fractionation depends on the ratios of rate constants 
and not their absolute values. 

Figure 1 shows how the 6 values of the final product behave 
as a function of percentage conversion. K ,  and K2 have been 
chosen as 1.007 and 1.020, respectively. It is seen that isotopic 
effects sum for small extents of reaction. As the reaction pro- 
ceeds, this summing is dependent upon the value of P L .  If 
P L  = 1, the summing effects are maximal with the 6 value of 
the product behaving as if it were produced by a single step 

TABLE I .  GX2Se and GXOSe values of components during a first-order 
one step process; k76/kn~ = 1.018, k76/kxo = 1.012'' 

Remaining reactant Accumulated product 
Conversion 

(%) G"Se GXOSe R GX2Se GXOSe R 

conversion with k ,  /k2 = K I K2. If P L  << 1, the 6 value of the 
product quickly approaches the behaviour of a single step with 
a k l /k2  = 1.007. If P L  >> 1, the 6 value adjusts quickly to a 
behaviour consistent with a single step conversion with a 
k l /k2  = 1.020. In summary, the 6 value of the product ex- 
hibits the summing behaviour for very small conversions but 
adjusts to the rate controlling step as the reaction proceeds 
dependent upon the ratio of the slower to faster rate constants. 

It follows that if one step is much slower than the other, it 
dominates throughout most of the reaction and the k l  /k, of the 
faster step has little influence. For example, in Fig. I ,  if 
P L  = then increasing K2 to a higher value say 1.030 
means that the initial product has a 6 value of about 40x0, but 
for most of the reaction, the product still conforms to a 
k l /kz  = 1.007. 

For three isotopes of masses M I ,  M,, and M3 participating 
in a process with rate constants k, , kI ,  and k3, respectively, 
C. E. Rees (private communication, 1978) developed a power 

series relationship. If ( ( M ~ ( ~ M ) ) )  and higher terms are 

ignored, the following approximation arises: 

If the rate constant does not depend solely on M ,  it may not be 
possible to ignore higher terms in the series. For selenium, if 
k76, knO, and kX2 depend solely on the mass of 76Se, " ~ e ,  and 
"Se, respectively, then 

In stable isotope research, it is customary to use 6 values by 
virtue of the measurements process. For the current study, two 
6 scales are defined: 

where "/o (per mil) is parts per thousand. 
"Se/76Se is the ratio of the number of " S e - t ~ - ~ ~ S e  isotopes in 

the sample or standard. 
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RASHID AND KROUSE 

TABLE 2. Gg2Se and 6"se values of reactant and reaction product during ~e0:-  reduction to SeO by 
NH20H. HCI at room temperature 

Remaining reactant 
Accumulated SeO and intermediates 

Conversion 
(%) GX'Se ("/,) SnOSe (%,) RR* 6"Se (%,) 6'OSe (%,) R *  k7,lkn, k76/kn0 

2.5 - 10.8 -7.5 1.44 1.011 1.0075 
3.4 - 10.0 -6.4 1.5, 1.010 1.0065 

62.7 -5.7 -3.7 1.5, +9.9 +6.6 1.50 1.010 1.007 
79.5 -2.9 -1.9 1.5, + 10.9 +7.0 1.5, 1.007 1.0045 
90.2 -1.7 -1.2 1.4, + 14.1 +8.8 1.6, 1.007 1.0045 

"R* = 6R2Se/676Se. 

The standard was the initial selenite. 
In Table 1, expression [l]  has been used in combination with 

[6] and [7] to derive the 6 values of remaining reactant and 
accumulated product in a one step first order conversion. +I0 

k7,/ks2 and k7,/kn0 have been chosen as 1.018 and 1.012, thus 
meeting the condition of eq. [5]. The results show that Zn2Se is 
also equal to 1.5680Se for both the remaining reactant and 8 
accumulated product. Such a relationship was predicted in gen- 
eral terms by Rees. 0 

3. Experimental 
For studies of the reduction of ~ e : -  to Seo, 0.5 g of Na2Se03 

were dissolved in 250 mL of distilled water, and reduced by - 10 
adding predetermined amounts of NH20H.HC1 in solution at 
room temperature. After leaving over night, SeO was separated 0 50 

by centrifuging and washing with distilled water repeatedly and PERCENT CONVERSION 
drying at room temperature for several hours. An excess of 
NH20H.HC1 solution was then added to the supernatant to 
reduce all the remaining ~ e 0 : -  and any intermediate forms in 
solution. This SeO was also centrifuged, washed, and dried. 

When s~o:- was reduced using reflux apparatus and the 
reducing mixture HI - H3P02 - HCl as described by Harrison 
and Thode ( 3 ,  a dark red color was immediately evident in the 
solution, characteristic of elemental selenium. Purging with N2 
revealed that hydrogen selenide was also produced and could 
be trapped in a cadmium acetate solution. The H2Se production 
rate was slow at room temperature and evolution continued for 
more than a week. Precipitated CdSe was removed every 24 h 
and converted to Ag2Se by adding 0.1 N AgNO, solution. 

The reduction mixture (50 mL) was also added to a single 
commercial selenium pellet and the evolved l-12Se treated as 
above. 

Elemental Se and Ag2Se were fluorinated to SeF, by reaction 
with F2 for several hours in closed nickel reaction vessels at 
room temperature. 'The reaction vessel was then immersed in a 
liquid air bath which was subsequently replaced by a n-pentane 
slush bath (- 130°C) to distill off excess F,. For environmental 
purposes, the excess F2 was passed over KBr at 200°C to form 
KF and Br2. The Br2 was trapped and bottled. 

The stable isotope mass spectrometry was carried out on a 
90°, 30.5 cm radius magnetic deflection instrument, built "in 
house". Ion currents of masses 17 1 (76~e '9~:) ,  175 ('OS~~~F:), 
and 177 ("s~F:) were collected simultaneously. The outputs of 
each collector amplifier were fed to a Fluke 8300A digital 
voltmeter which had additional circuitry for measuring the ratio 
of any two voltages. The analyzer tube and ion source of the 
mass spectrometer were baked over-night at 200°C and kept 
at 100°C during analysis. Without baking, the resolution of 
the spectra tended to deteriorate within 20 min. The baking 

Frc. 2. GX'Se and GXOSe values for selenium isotope fractionation 
during reduction of s~o:. by NH20H.HCI compared to values pre- 
dicted by a one step first order conversion using k I / k z  values of 1.004, 
1.006, and 1.0 1 1 .  The lower curves are for the accumulated elemental 
selenium product while the upper curves correspond to unreacted 
~e0: -  plus intermediates. 

programme in combination with the use of ion pumps made 
it possible to maintain the background pressure below 
1 x mm Hg. 

4. Results 

Chemical reduction of ~e:- to SeU 
S8'Se and ZinOSe data for the reduction of ~ e 0 : -  to Seo using 

NH20H.HCl are given in Table 2. For a given percentage 
reaction, k7,/kn2 and k7,/kn0 values are calculated from the 6 
values of both the accumulated product and the remaining 
reactant plus intermediates, using the single step approximation 
eq. [l]. The results from both calculations agreed to within the 
experimental error and hence only one entry is made in Table 
2. There are no data for the remaining reactant plus possible 
intermediates at low conversions since the measured 6 values 
would be smaller than the standard deviation of the mea- 
surements. 

An obvious feature of Table 2 is that k76/k82 and k76/kn0 
decrease as the reaction progresses. These values represent 
averages for the reaction up to the percentage conversion noted. 
Since the k7,/kn2 values are 1 .011 in the initial steps but aver- 
age 1.007 for all products formed up to 80% reaction, the 
instantaneous product formed near 80% conversion must have 
a k7,/k,, value considerably lower than 1.007. Alternatively, 
extrapolating the data back to smaller conversions gives values 
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TABLE 3. Selenium isotope fractionation during s~o:- reduction to HZSe 

Trial Sample Mass (mg) Mass (mg) Conversion 
number 1 Ag2Se Se (%) GX'Se G X O ~ e  

- 0 2 - A  20 40 60 
80 100 

PERCENT CONVERSION 

FIG. 3. GX0Se data for ~ e 0 : -  reduction by NHZOH.HC1 compared 
to a two step first order conversion with K ,  = 1.0046, K, = 1.0133, 
and P L  = 0.01. In comparison to Fig. 1 ,  note that (K, - 1) = 
1.5(Kj - 1) and (K, - 1) = 1.5(K; - 1). 

of k76/k82 higher than 1 ,011. This inconsistency is further 
illustrated in Fig. 2. If one considers a k76/k,2 value of 1.006, 
the 6"Se values at 80 and 90% reaction fall close to the curves 
for both the accumulated product and the remaining reactant. 
However, at small conversions, the aX2Se values fall below the 
k7,/k,, = 1.006 curve by 5%" or 10 times the measurement 
errors. Similarly, if k76/k82 is chosen as 1 .011, the data at small 
conversions and at 63% reaction fit well, but the data at 80 and 
90% depart significantly from the curves. In the case of the 
remaining product curve, the departure at 90% conversion is 
about 20 times the measurement error. Therefore, a simple one 
step model is inadequate to describe the attending isotope frac- 
tionation. Accordingly, a two step model was investigated 
using eq. [3]. 

The inverse of eq. [3] has not been derived to date, i.e., one 
cannot obtain values for K ,  , K,, and P L  from R.  Therefore, eq. 
[3] was programmed on an Apple I1 microcomputer to generate 
plots of 6 values of product versus extent of reaction for 
selected values of K ,  , K 2  , and P L .  Experimental data were 
visually compared to these plots. There is considerable latitude 
in the choice of parameters which are consistent with the data. 
However, values of k76/k,, of 1.007 and 1.020 for K ,  and K, 
and a P L  value of 10, give a reasonable fit (Fig. I) which has 
chemical significance. 1.020 is the maximum k76/k8, value 
reported for se0;- reduction (2) while 1.007 is the value fre- 
quently encountered during latter parts of the conversion 
(Table 2). It is also seen in Fig. 3 that the 6'OSe data fit a 
two-step model which is consistent with eq. [5]. 

Reduction of s~o:- to HzSe 
682Se and 6"Se data for ~ e 0 : -  reduction to H,Se by 

PERCENT Rx 

FIG. 4. ( a )  GX2se values for HzSe evolved during reduction of 
s~o:- by a HCI-H,P02-HI mixture at room temperature; (b) GX'Se 
values for H2Se evolved during reduction of a commercial pellet of 
elemental selenium at room temperature. 

HI-H3P0,-HCl are shown in Table 3, and in Fig. 4(a). These 
data differ from those for elemental selenium produced during 
selenite reduction. Whereas the initial SeO product is depleted 
in the heavier isotopes and its 6 value increases as the reaction 
proceeds, the initially produced H,Se is enriched in the heavier 
isotope with a tendency to become isotopically lighter in a 
sporadic fashion as the reaction proceeds. It is noted that in 
some partial runs, negative 6 values (z8'Se as low as -6.0%") 
were obtained at earlier stages of the reaction but the usual 
tendency was that in Fig. 4. 

Since elemental selenium precipitated during ~ e 0 : -  reduc- 
tion prior to H2Se formation, a separate experiment was con- 
ducted during which a single commercial selenium pellet was 
reduced by HI-H3P0,-HC1 to H,Se. The isotopic variations 
were small (Table 4 and Fig. 4(b)). 

The isotopic behaviour summarized in Table 4 and Fig. 4(a) 
is consistent with the observation that elemental selenium for- 
mation is significantly more rapid than the H,Se generation. If 
the spherules of elemental selenium form and grow concen- 
trically in the reaction medium, their centres will be depleted 
in the heavier isotopes, whereas the outer layers become iso- 
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TABLE 4. S"Se and SXoSe for H'Se evolved from one metallic selen- 
ium pellet by HI-H,P02-HCI reduction mixture at 100°C; original 

pellet mass, 54 mg 

Sample Mass (mg) Mass (mg) Conversion SX'Se SXoSe 
number Ag2Se Se (%) (%) (%I 

I 11  3 0.0-5 + 1.6 + 1.3 
2 37 10 5-24 +1.5 +1.4 
3 48 13 24-48 0.0 0.0 
4 30 8 48-63 -2.7 -1.9 
5 7 1 19 63-98 -0.4 -0.2 

Total 197 Total 53 

topically heavier with increased reduction of s~o:-. If the 
production of H2Se proceeds by peeling the seO spherules layer 
by layer, the initially produced H,Se is isotopically heavier. 
The lack of very positive GX2Se values and the erratic behaviour 
of the isotopic release pattern possibly related to the different 
sizes of spherules and their different initiation times. A further 
complication which is difficult to demonstrate is that some 
H , S ~  may have been produced in a parallel pathway which did 
not have SeO as an intermediate. 

The small isotopic variations found with the pellet are be- 
yond experimental uncertainties and possibly indicate isotopic 
partitioning between phases during manufacture. In this higher 
temperature process, one expects the isotopic composition of 
the pellet to be more uniform that that of spherules formed 
during the chemical reduction of se0;- 

5. Discussion 
Selenium isotope fractionation during the chemical reduc- 

tion of ~ e 0 : -  to SeO is more adequately described by a two step 
process than by the single step mod-1 which has been usually 
employed in similar investigations of kinetic isotope effects. 
The two step model derived from data of this report, is consis- 
tent with the data of Krouse and Thode (1). In addition, the 
7JSe-80Se data of Webster (3) which are nearly equivalent to 
the current 76Se-8'Se data also fit the two step model (Fig. 1). 

The question remains as to whether the current model is 
consistent with the data of Rees and Thode (2) using ascorbic 
acid as the reducing agent. Two points are relevant. At the 
same temperature (24"C), the k76/k82 values at 10 and 20% 
reduction were found to be 1.020 and 1.019, respectively. 
Although the errors for these two determinations overlap, the 
trend is the same as in the current work. The second ~ o i n t  is 
that different isotope selectivities have been noted in chemical 

if a PL value is chosen near 10' (Fig. 1). This interpretation 
means that the second step was more effective in rate- 
controlling in the reductions using NH,OH.HCl. It also implies 
that the mass dependence of these two steps does not depend 
upon the reducing agent, but a particular reductant determines 
which step is more effective in controlling the overall rate. The 
relatively large variation with temperature for the GX'Se values 
of product SeO (3"C, -14.6; 24"C, -16.9, -18.4; 40°C, 
- 14.2, in "/,) during reduction by ascorbic acid could reflect 
variation of PL with temperature. 

'The question arises as to the chemical nature of the two 
steps. Since the one step model was associated with the initial 
Se-0 bond rupture, an obvious interpretation is that the two 
step model represents the consecutive removal of two oxygen 
atoms. The values of K ,  and K, chosen in the present work fall 
well within the calculated extreme values of 1.002 and 1.03 1 
(2). 

The unusual isotopic effects found during the conversion of 
~ e 0 : -  to H2Se can be attributed to the presence of SeO as a 
reaction intermediate. This has implications in natural environ- 
ments where biogenic H2Se may be formed with subsequent 
selenide mineral formation. During bacterial sulphate reduc- 
tion, elemental sulphur is not an intermediate although it may 
form by subsequent reoxidation of sulphide. In these environ- 
ments, significant depletions of the heavier sulphur isotopes in 
the sulphide phase are considered to be indicative of bacterio- 
genesis. In the case of sedimentary selenide deposits, the data 
of this report show that the analogous interpretation will be 
complicated if elemental selenium forms as an intermediate. 

Finally, it is seen that the use of three isotopes in this in- 
vestigation assures that the effects are real and not the con- 
sequence of contamination. This is particularly relevant when 
a sample is prepared as a fluoride since F2 is very chemically 
reactive. For all data of this report, G8'Se = (1.5, + 0.02)GX0Se 
with a multiple linear correlation coefficient of 0.998 and a 
probability of no correlation of less than 6 X lo-''. Besides 
attesting to the experimental consistency, the data verify the 
relationship 

as obtained by Rees (personal communication, 1978). 
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Densities and apparent molar volumes of aqueous NaCI-KBr mixtures at 298.15 K 
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ANIL KUMAR. Can. J. Chem. 63, 3200 (1985). 
Experimental differences in densities Ad of aqueous NaCI-KBr mixtures at I = 1, 2, 3, and 4 mol kg-' and at 298.15 K 

are reported from pure NaCl to pure KBr solutions. Mean apparent molar volumes +*v are calculated and excess volumes of 
mixing Av: are correlated by Friedman equation. Ad and +*v are analysed in terms of recently developed the Pitzer formalism 
without and with mixing terms. Pitzer equations can estimate the densities of such mixtures with uncommon cations and anions 
within 20.02% at the high ionic strength of 4 mol kg-'. 

ANIL KUMAR. Can. J .  Chem. 63, 3200 (1985). 
En se basant sur les valeurs obtenues pour des solutions allant du NaCl pur au KBr pur, on a determine les differences 

experimentales de densitis, Ad, de solutions aqueuses de NaCI-KBr B I = 1, 2, 3, and 4 mol kg-', B 298,15 K. On a calculi 
les volumes molaires apparents moyens, +*v, et on a relie les volumes de melange en excks AV: a ]'equation de Friedman. 
On a analyse les valeurs de Ad et de +*, en fonction du formalisme dkveloppk recemment par Pitzer avec ou sans les termes 
de milange. Les Cquations de Pitzer peuvent Cvaluer les densites de ce type de melanges contenant des cations et dex anions 
qui ne sont pas communs avec une precision de 20,02%, B une grande force ionique de 4 mol kg-'. 

[Traduit par le journal] 

Introduction 
Since the development of the Pitzer formalism (1 ,  2) in 

describing the thermodynamic properties of concentrated aque- 
ous mixed electrolyte solutions, many papers (3) have appeared 
dealing with activity, osmotic coefficients, and enthalpies of 
concentrated aqueous electrolytes. Kumar et al. (4) and Kumar 
and Atkinson (5) were the first to extend successfully the Pitzer 
formalism to the volume properties of aqueous NaCl-CaC1, 
system in the ionic strength range of 0.3 to 20 mol kg-' of water 
and in the temperature range of 278.15 to 308.15 K. The 
system studied had a common anion. 

In the present investigation, we report the experimental den- 
sities of the mixture composed of aqueous NaCl with KBr at the 
constant ionic strengths of l , 2 ,  3 ,  and 4 rnol kg-' at 298.15 K 
and analyse them in terms of the Pitzer theory. This system has 
two different cations and two different anions and the densities 
of pure electrolyte solutions are significantly different. 

Experimental 
NaCl and KBr (Baker Analysed) were recrystallized twice before 

use. The stock solutions were prepared by mass in deionized water. 
The molalities of stock solutions were determined by gravimetric 
method using AgNO,. 

The densities of mixtures were measured with Paar vibrating tube 
densitometer. The relative densities, Ad = (d - do), where & is the 
density of pure water 0.997047 g cm-' at 298.15 K, were obtained as 
reported earlier (4). Temperature of thermostat bath was controlled to 
?0.005 K and density differences were precise to 1 3  x 1 0-6 g cm-'. 
Experimental method and calibration were the same as discussed 
earlier (4, 5). Mixtures of various compositions were prepared by 
appropriate combination of NaCl and KBr solutions at a particular 
ionic strength. 

Results and discussion 
Table 1 reports the differences in densities Ad of mixtures at 

constant ionic strengths 1 ,  2, 3, and 4 mol kg-' as a function 
of ionic strength fraction of KBr (y,). In this paper A and B 

' Alexander Von Humboldt Fellow. Present address: % Professor 
E. U .  Franck, Institute of Physical Chemistry and Electrochemistry, 
University of Karlsruhe, 7500 Karlsruhe, West Germany. 

refer to NaCl and KBr, respectively, and y, + y, = 1. Table 
1 also reports the mean apparent molar volumes of mixture +:, 
calculated by 

J J 

where X mJ is the sum over molalities of electrolytes in mixture 
and  is molecular weight of the electrolytes. 

Wirth (6)  reported the densities of the same system at 298.15 
K, where the concentration of NaCl was kept constant while 
KBr was added to the total ionic strength of 1.5 mol kg-'. It 
was difficult to compare our densities with his values as his 
data were neither at constant ionic strength nor at constant ionic 
strength fraction. 

Experimental Ad and +: can be examined using the Pitzer 
equations. Details of general equations of Pitzer are given 
elsewhere (4, 5 )  but a summary of useful expressions as mod- 
ified for the mixtures of 1 - 1 type of electrolytes mixtures is 
given below. 

Apparent molar volume, &, of an 1- 1 electrolyte (MX) 
based on the Pitzer formalism is 

where 

[ l -  (1 + a ~ ' / ~ )  exp (-al'/"] 

and 

In above equations, a = 2.0 (kg/mol)'/' and b = 1.2 
(kg/mol)'/', R = 83.1441 cm3 bar mol-' K-' and A, is 
Pitzer-Debye-Hiickel slope = 1.874 (cm3/mol) (kg/mol)'/' 
at 298.15 K. 

The mixture under study is composed of two cations Nai and 
K+ and two anions C1- and Br-. To use the Pitzer equations, 
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KUMAR 

TABLE 1. Experimental Ad, $*v, and A v ~ :  of NaCI-KBr-H20 at 298.15 K 

~d x 10' 4; A v',: ~d x 10' $ t A v;,; 
ys (g cm-') (cm' mol-') (cm' mo1-') ys (g cm-') (cm"0l-') (cm' mol-') 

I = l mol kg-' I = 3 mol kg-' 
0.0000 38.982 18.67 0.000 0.0000 108.114 20.17 0.000 
0.1088 43.481 20.59 0.082 0.0856 117.793 21.75 0.141 
0.2175 48.103 22.45 0.113 0.1088 120.437 22.16 0.169 
0.3233 52.416 24.26 0.136 0.1596 126.198 23.07 0.22 1 
0.401 1 55.642 25.58 0.169 0.2695 138.619 25.10 0.336 
0.5025 59.825 27.32 0.183 0.3721 150.223 26.81 0.393 
0.5998 63.867 28.97 0.174 0.4519 159.244 28.17 0.420 
0.7 130 68.573 30.83 0.139 0.5613 171.685 29.98 0.407 
0.8225 73.122 32.63 0.095 0.641 1 180.657 31.31 0.384 
0.91 19 76.815 34.12 0.062 0.765 1 194.708 33.04 0.295 
1 .OOOO 80.494 35.53 0.000 0.8503 204.393 34.63 0.196 

0.9601 216.792 36.34 0.064 
I = 2 mol kg-' 1.0000 221.315 36.95 0.000 

0.0000 75.295 19.29 0.000 
0.1152 84.304 21.40 0.136 I = 4 mol kg-' 
0.2239 92.843 23.35 0.215 0.0000 138.445 20.90 0.000 
0.2987 98.692 24.68 0.265 0.1251 156.636 23.18 0.21 1 
0.4095 107.416 26.60 0.287 0.2005 167.487 24.55 0.332 
0.51 12 115.418 28.34 0.283 0.31 10 183.687 26.49 0.427 
0.6152 123.482 30.15 0.275 0.4152 198.645 28.25 0.48 1 
0.7233 132.015 31.93 0.235 0.5081 212.055 29.81 0.502 
0.8002 137.994 33.22 0.209 0.6111 227.043 31.47 0.459 
0.9008 145.905 34.85 0.115 0.6918 238.692 32.77 0.420 
1 .0000 153.707 36.44 0.000 0.8082 255.616 34.57 0.292 

0.8825 266.320 35.71 0.205 
1 .OOOO 283.392 37.45 0.000 

TABLE 2. Pitzer coefficients for cation-anion interactions 

ap") acm u 4 ( g ) X x o s  ( p ) T ~ ~ o s  
Cation-anion (cm3 mol-') T (T)~ (cm3 mol-') Ref. 

Na-CI 16.58 1.14 
K-Br 34.08 4.93 
Na-Br 23.59 3.49 
K-CI 26.92 1.49 

it is essential to calculate the coefficients (dP'"'/dP),, 
(dP'l)/dP),, and (dC+/dP), for cation-anion pairs as Na-C1, 
Na-Br, K-Br, and K-C1. Equation [2] was used to generate 
these Pitzer coefficients for these pairs. Single electrolyte +V 

data for analysis were taken from elsewhere (5, 7, 8). Table 2 
lists these coefficients along with the standard deviation of fit. 
As clear from this table, single salt data can be accurately fitted 
with Pitzer equation. 

Apparent molar volume of an ion in the mixture of 1- 1 
electrolytes is given by 

A v 
[51 + ,  = +:, + ln (1 + bll") 

+ C c,,m? 
I 

where the sums are over all the jth ion sof opposite charge to 
the ion i. In eq. [5], Pitzer coefficients listed in Table 2 are used 
to estimate &, - thus determined lead to the theoretical mean 
apparent molar volume (+:) as 

where = Z u ~ + , ~ ,  and vi is the stoichiometric factor of the 

ith ion in eleitrolyte. 
Density of mixture can then be computed by relation: 

1000 + C mjMj 

[71 deal = 
I 

1000/do + C ~ J + V J  
J 

Equations [6] and [7] calculate +*, and the density of mixture 
through +,, calculated by the Pitzer equation. Table 3 lists the 
standard deviation of fit for +*, and Ad in mixtures using the 
above relations and considering that the cation-anion inter- 
actions are predominent. Examination of this table shows that 
one can estimate the density of such mixtures at 1 = 4 rnol kg-' 
to within 0.05%. Similarly +*, can be estimated to 20.7%. 

During the above treatment, the interactions between like 
charges ions are neglected. Their consideration need the evalu- 
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FIG. 1 .  AV;: versus y, for aqueous NaCI-KBr at I = 1, 2, 3, and 4 mol k g '  

TABLE 3 .  Standard deviation in relative 
densities (Ad) and +*v of NaCI-KBr- 
H20 at 298.15 K using Pitzer equations 

In g cm-' or c m b o l - '  
i 

( ~ O I  kg-') ~d x 10' +? 

1 0.092 0.034 
(0.061)" (0.017) 

2 0.255 0.056 
(0.143) (0.023) 

3 0.401 0.092 
(0.169) (0.05 1) 

4 0.675 0.210 
(0.254) (0.070) 

"Values in parentheses are the standard de- 
viations with the use of binary mixing terms. 

ation of mixing terms called as binary terms ONaK and 0,,,,, and 
ternary terms as $iVaKclr $ N ~ K B ~ ,  $ N ~ B ~ C I ,  and $KBCI.  Binary inter- 
action terms can easily be evaluated as discussed elsewhere ( 5 ) .  
The extended Pitzer equation for evaluating +,, in this mixture 
can be written by adding an additional term accounting for 
mixing as 

[8] +Vi = RHS of eq. [ 5 ]  + RT z Ojkmk 
K 

where the summations are over the ions of same charge as on 
1 .  

The binary mixing terms eNak and OaB, calculated for these 
mixtures do not vary too widely with the range of I of interest. 
We have, therefore, used the average of the values in mixture 
calculations. The values of ONaK and OCIBr used are 6.3 1 x 
and 2.83 X respectively. Use of these terms bring a 
remarkable improvement in the fit of A d  and +: as clear from 
the standard deviations listed in parentheses in Table 3. One 
now can estimate d and +: to 50.02 and 50.2%. The mag- 
nitude of ternary terms in this case was very small as was in 
NaC1-CaC12-HIO ( 5 ) .  

Excess volumes of mixing AV'," for this system were calcu- 
lated by 

TABLE 4. Friedman parameters for correlating AVE: and y, by eq. 
1 l O l  

I u 
(rnol kg-') vo V I  v 2  (crn3 mol- ') 

In eq. [9], 41) indicates the 4, of each electrolyte at the ionic 
strength of mixture. AV; thus obtained are listed in Table 1 and 
are fitted to Friedman equation [9], 

Figure 1 presents AV',: as a function of yB and Table 4 reports 
the Friedrnan parameters along with standard deviations. 

Above discussion shows that mixture density can accurately 
be estimated using the Pitzer equations. These equations 
emerge as powerful predicting tool. 
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Ozonides de phosphite source d'oxygene singulet: rendement, mecanisme 

ANNE MARIE CAMINADE, FAYEZ EL KHATIB ET MAX KOENIG' 
U.A. 454, Utli\vrsitP Paul Sabatier, 31062 Torilorise Ctclex, Frnt~ce 

ET 

JEAN MARIE AUBRY' 
Laborntoire cle Chitnie CPntrnle, FacriltP de Ptznrmacie. Rue clri Professeur Lnguesse, 59045 Lille Ctdex, France 

Requ le 2 avril 1985 

ANNE MARIE CAMINADE, FAYEZ EL KHATIB, MAX KOENIG et JEAN MARIE AUBRY. Can. J. Chem. 63, 3203 (1985). 
Nous avons fait rCagir dans le dichloromethane les ozonides de plusieurs phosphites sur differents capteurs d'oxygkne 

singulet ('0,): le rubrkne 2, la tCtraphenylcyclopentadienone 4 et le diphenyl-9.10-anthrackne 6. Ces ozonides riagissent lors 
de leur dCcomposition (-47°C < t < 30°C) sur ces capteurs. Les droitcs de Foote obtenues en faisant varier les concentrations 
respectives d'ozonides et de capteurs conduisent aux mtmes parametres que ceux obtenus lors de la photooxydation par '0, 
de ces capteurs. Cela confirme I'aptitude de ces ozonides B engendrer 'O?. La valeur trouvCe du rendement absolu en 'O? est 
de 100% (p  = 1). Les rtsultats confirment aussi la grande efficacitd "is-B-vis de '0, du rubrene (y = 1) et la valeur moyenne 
de la tCtraphCnylcyclopentadienone (y = 0,46). La valeur faible (y = 0.3) de I'efficacitC du diphtnyl-9,lO-anthrackne 4 est 
par contre inattendue. 

ANNE MARIE CAMINADE, FAYEZ EL KHATIB, MAX KOENIG, and JEAN MARIE AUBRY. Can. J. Chem. 63, 3203 (1985). 
The ozonides of several phosphites in solution in dichloromcthane have been reacted with some scavengers of singlet oxygen 

('04 like rubrene (2), tetraphenylcyclopentadienone (4). and 9,IO-diphenylanthracene (6). These ozonides react on the 
scavengers (-47°C < t < 30°C) upon their decomposition. The Foote curves obtained by varying the respective concentrations 
of ozonides and of scavengers lead to parameters similar to those obtained upon the photooxidation of the scavengers by 'Oz. 
Results confirm that these ozonides can lead to the formation of lo2. The absolutc yield of 'Oz is 100% (p  = I). These results 
also confirm the high efficiency of the rubrene toward '02 (y = I )  and the lower efficiency of the tetraphenylcyclopentadienone 
(y = 0.46). However, the low value (y = 0.3) for the efficiency of the 9,lO-diphenylanthracene (4) is unexpected. 

[Journal translation] 

De nombreuses sources chimiques d'oxygene singulet ( '0,) 
sont aujourd'hui facilement utilisables en milieu aqueux ou 
dans des solvants organiques (I). A cet Cgard, les ozonides de 
phosphite connus depuis 1961 (2) sont de bons gCnCrateurs 

\ 
d'oxygene active lors de leur decomposition thermique (3-5). 9 0 3  

(i' '? A02 + ,P=O \ 

De nombreuses reactions d'oxydation ont CtC conduites a I'aide 
de ces ozonides (I): elles aboutissent dans le cas des cyclo- 
additions-1,4 ou dans les he-reactions aux m&mes rtsultats 
que les reactions de photooxydation (6-8). Toutefois certaines 

\ [lo21 7 
reactions comme les cycloadditions-1,2 se produisent a des (ii) 
temperatures infkrieures a celle qui permet de libCrer '0, (9); de 
plus, certaines d'entre elles prksentent une st6reospCcificitC S C H ~ M A  1.  Chemins rkactionnels (i) et (i i)  conduisant au produit 
diffkrente des photooxydations (10). C'est ainsi que dans la d'oxydation AOz a partir d'ozonides de phosphite. 
littkrature les reactions observkes sont attribukes soit a l'oxv- 
gene singulet IibCrC par I'ozonide soit a la rCactivitC propre de 
l'ozonide (schema I). 

Afin dlCclairer les mkcanismes lies a la gCnCration chimique 
d'oxygene active, des mesures des parametres cinktiques et du 
rendement absolu en lo2 ont kt6 effectukes. C'est ainsi que 
pour la reaction C10- + H20, la valeur du rendement est de 
100% (1 1, 12); elle est de 70% pour la dCcomposition des 
peracides (13, 14), et varie entre 35 et 95% pour les endo- 
peroxydes (15). Dans le cas des ozonides de phosphite, le 
rendement en ' 0 2 ,  bien que consider6 comme quantitatif par 
certains auteurs (6, 7,  16), n'a jamais Cte mesure. Nous avons 
mesure, dans le cas des reactions de cycloaddition-1,4 sur 
diffkrents capteurs specifiques d"0, 2, 4, 6 le coefficient de 
Foote (P), I'efficacitk du capteur (y) ainsi que le rendement en 
oxygene singulet (p). 

' Auteurs B qui adresser la correspondance. 

Resultats 
Nous avons fait reagir dans le dichloromCthane les differents 

ozonides la-cl sur trois capteurs classiques d'oxygkne sin- 
gulet: le rubrene 2, la tCtraphtnylcyclopentadienone 4 et le 
diphknyl-9,lO-anthracene 6. 

Les ozonides CtudiCs ne rkagissent pas sur ces accepteurs 5 
basse temperature (-78°C) mais ceux-ci sont oxydCs a des 
temperatures correspondant B la dCcomposition thermique des 
ozonides (reaction [ I ] ,  tableau 1). 

Le bilan de I'action des ozonides sur ces capteurs peut 
s'Ccrire selon les reactions [2], [3] et [4]. Les concentrations 
des produits d'oxydation obtenus dans chaque cas ( 3 , 5 , 7 )  sont 
mesurtes par clhp ou uv. 
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TABLEAU 1. 6 3 1 ~  et enthalpies libres d'activation de la reaction [ l ]  dans CHrClz 

AG* 
Ozonides 6 3 1 ~  T (OC) (kcal rnol-I) Solvant RCfCrences 

/O 
1  a  PhO O I 

\!,O - 63 - 25 18 CHrClz 2, 16, 17, 18 

PhO/ \0Ph 

TABLEAU 2. Cornparaison des paramktres rCactionnels de I'oxydation des capteurs 2, 4, 6 par voie photochirnique et par dCcornposition des 
ozonides de phosphite l a - l d  

Methode p lo4 kr k,  k d  

Capteurs d'oxydation Solvant (M) P Y (M-I s-I) ( M - I  sC1) ( I )  RCfCrences 

Ozonide CHzC12 2,23 1 1 5,4 x lo7 -0 
l a  

Photochim. CH2C1, 4 * 0,8 - 1 4,2 t 1,3 x lo7 -0 

Ozonides CHrClr 1 1 0,46 5 x lo7 6 X 10' 
l a ,  l b ,  l c  

Photochirn. CClzFCClF2 0,5 - 0,37 3,3 X lo6 5,6 X lo6 

Ozonides CH2Clz 10 1 0,3 4,2 x 10' 8 X lo6 
l a ,  l b ,  Id 

Photochirn. cc14 6 - ? 2,8 X lo6 Non donnCe 

1,2 x lo4 Ce 
travail 

1,2 x 10" Ce 
travail 

1,2 x lo4 Ce 
travail 

Les paramktres cinktiques correspondant aux reactions 121, 
131, [4] obtenus a partir des droites de Foote (figures 1, 2, 3) 
figurent dans le tableau 2. 

L'oxydation du rubrkne 2 par l'ozonide l a ,  pour des rapports 
[la]/[2] variables, nous a perrnis d'obtenir une droite de Foote 
(fig. 1) dont la pente est P = 2 X M et l'ordonnee 2 
l'origine p X y = 1. Ces pararnktres conduisent, a partir des 
valeurs de la durCe de vie de lo2 dans CH2C12 (2 1, 22) a une 
constante de vitesse d'oxydation k, = 5,4 X lo7 M- '  s-' dont 
la valeur est la rnCrne (aux erreurs d'expkrience prks) que celle 
obtenue lors de la photooxydation de 2 par lo2 (23, 24). Ce 
resultat confirrne que la voie d'oxydation la plus probable 
obtenue par l'ozonide l a  est celle qui passe par la gtneration 
d"02 (25) (voie (ii), schema 1). 

De plus py = 1 entraine p = 1, et y = 1. Ces deux valeurs 
indiquent que le rendernent absolu en '02 de l'ozonide l a  est 
de 100% et que l'efficacite du rubrkne est totale puisqu'il ne 
desactive pas '02 (k, - 0). 

L'oxydation de 4 par les ozonides l a ,  1 6  et l c  conduit dans 
les rnCmes conditions (fig. 2) aux paramktres P = 1 x M 
et py = 0,46. Cornrne l'ozonide l a  se trouve sur la droite de 
Foote, nous avons conserve sa valeur prCcCdente p = 1 et 
attribue y la valeur 0,46. L'efficacitC de la tetraphenyl- 
cyclopentadienone 4 est donc trks rnoyenne (26). La constante 
de vitesse d'oxydation k, = 5 x lo7 M-'  s f '  posskde une valeur 
proche de celle de la constante de vitesse de desactivation k,. 

L'oxydation du diphknyl-9,lO-anthrackne 6 par les ozonides 
l a ,  16, I d  (fig. 3) conduit a une valeur de la pente P = 10 X 
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FIG. 1. Droite de Foote correspondant a I'oxydation de 2 par I'ozonide l a .  

Ph Ph lod4 M. Cette valeur ClevCe confirme la faible rCactivitC de 6 
comparCe a celle de 2 (k, = 4,2 X lo6 s-' et kr (2)/kr (6) - 10 
(27), mais aussi sa faible efficacitC puisque y = 0,3. 

Discussion 
Comme les ozonides l a - d  ne rkagissent pas sur les accep- 

teurs 2, 4 et 6 a basse tempirature, nous avons Ccrit les reac- 
tions en considkrant '02 comme l'oxydant (nous aurions pu 
conduire le mCme calcul avec des Cquations similaires en con- 
sidCrant les ozonides et non '0, comme l'oxydant). 

Les rkactions ClCmentaires mises en jeu peuvent s'ecrire: 
\ ko \ 

[5]  --PO3 4 -P=O f ' 0 2  

/ / 

l a ,  lb ,  l c  4 

/ 

\ 
-PO3: l a - d ;  A: capteurs 2, 4, 6; S: solvant; AO,: capteur 
/ 
oxydC. 

La variation de la concentration en s'Ccrit alors: 

- kd['O2] - (kr + kq) [lo2:! [A] 

Ph X P h  + CO + ~ P = O  oh (d['02]/dt)f est la vitesse de formation de lo2 par dCcom- 
0 0 position de l'ozonide -k0[PO3]; en appliquant l'hypothkse des 

5 Ctats quasi stationnaires a lo2,  on obtient: 

d'autre part, 

d[Al - 
dt  - - -kr['O2:I[Al 

Ph Ph 

7 + ~ P = O  
kr [A1 

l a ,  16, Id 6 dt  
f kd + (kr + kq)[Al 
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FIG. 2. Droite de Foote correspondant i I'oxydation de 4 par les ozonides l a ,  l b ,  lc .  

PhO ol? 
1 , 4  - 0 : 

0 - p  * :  
P ~ O /  \ 0 p h  

'72 - 

FIG. 3. Droite de Foote correspondant i I'oxydation de 6 par les ozonides l a ,  l b ,  Id. 

L'intkgration 2 t + m conduit alors 2 I'expression [Ale - [A]- = -p In ([Alo/[AlJ 
[91 tP0,lo 

+ PY 
[Ale - [Po310 P ln - + [Alo - [A], = y['021f - 
[Aim Y X 

Soit en divisant par [P0310 concentration initiale d'ozonide de la forme gknkrale 

['O,Ir In [AM[AI. + [AIo - [A]= 
[lo] Y = -p x + py 

r-=P 
[Po310 [Po310 [pollo 

Cette expression est l'kquation de la droite de Foote dont la 
pente donne p et I 'ordonde a l'origine le produit py. Dans le 

Avec p = kd/(k, + k,) coefficient de Foote, y = k,/(k, + k,) cas du mbrkne et du diphknylanthrackne, les valeurs des para- 
efficacitk du capteur et p = ['02]r/[P03]o rendement absolu en mktres ainsi obtenus, en particulier k,, sont proches de celles 
'O,, on obtient 1'Cquation gknkrale obtenues lors des photooxydations. 
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Par contre pour la tttraphtnylcyclopentadienone, si la valeur 
de p est la mCme que celle obtenue par Evans et Tucker (26) 
la valeur de k, diffkre sensiblement. Cet tcart est probablernent 
dQ aux incertitudes exptrimentales mais aussi a la nature difft- 
rente du solvant (CC12FCCIF2) et a l'estimation de la durte de 
vie de I'oxygene singulet dans ce solvant. Evidemrnent, cet 
tcart peut aussi, dans ce cas, provenir d'un rntcanisme diffe- 
rent. 

On remarquera tgalement que les constantes de vitesses 
d'oxydation k, sont peu sensibles aux variations de temptrature 
(dans le domaine -50°C < t < +20°C) puisque les droites de 
Foote contiennent des valeurs de k, obtenues a des temptratures 
difftrentes pour les ozonides la-d .  Ces rtsultats confirment la 
grande efficacitt du rubrkne (y = 1 )  (21, 23) et la valeur 
moyenne de la tttraphtnylcyclopentaditnone (y = 0,46) (21, 
26). Par contre malgrt certaines similitudes structurales, le 
comportement du rubrkne et du diphtnyl anthrackne vis-a-vis 
de '02 sont trks difftrents. Pour le diphtnylanthrackne la cons- 
tante de vitesse k, est 10 fois inftrieure celle du rubrkne et 
de plus sur 10 rnoltcules d"02 qui rtagissent 7 sont quenchtes 
(y = 0,3). La desactivation d"02 est mCme suptrieure dans ce 
cas a celle du dimtthylanthrackne (y = 0,6) (21, 26). 

Ainsi, il nous raisonnable de considtrer que les r t-  
sultats obtenus confirment le schtrna rtactionnel propost. En 
effet la formation des seuls endoperoxydes de rubrkne et de 
diphenylanthrackne est caracttristique de l'oxygkne singulet. 
La valeur de 100% du rendement obtenu pour 2 avec l'ozonide 
l a  confirme bien I'observation suivant laquelle la quantitt 
d'endoperoxyde form6 correspond strictement a la disparition 
du rubrkne. 

Comme l'ozonide l a  se retrouve sur les droites de Foote des 
autres capteurs avec les autres ozonides, nous en concluons que 
le rendement en '02 des ozonides l b ,  l c  et I d  est le m&me que 
celui de l a ,  soit 100%. Ceci nous amene a penser que si les 
substituants influent sur la stabilitt des ozonides c'est-a-dire 
sur la temptrature de dtcomposition, ils n'influent pas de rna- 
nikre sensible sur le mtcanisrne de dtcomposition. 

En effet plusieurs rntcanismes sont envisageables: 
(a) Un mtcanisme concertt qui conduit directement aprks 

rupture et rtarrangement a l'oxygkne activt et au phosphate: 

Ce mecanisme peut conduire directement a la production 
quantitative d"02 Une telle interprttation est compatible avec 
les resultats obtenus dans ce travail mais aussi avec le fait que 
les constantes de vitesse de dtcomposition ko mesurtes a partir 
de cinttiques de degagement d'oxygkne (16-18) sont les 
mEmes lorsque ces cinetiques sont dttermintes par rrnn dans un 
champ magnttique de I'ordre de 23 000 gauss (19, 20). 

De plus, toutes les valeurs d'entropie d'activation de la rtac- 
tion [ l ]  relevtes dans la litttrature, mesurtes par des mtthodes 
difftrentes (17-20, 28) sont ntgatives et comprises entre - 10 
et -20 u.e. Ces rtsultats sont en accord avec ceux obtenus par 
Turro et al. (15) dans l'ttude de la thermolyse des endo- 
peroxydes aromatiques. En effet ce dernier a etabli une cor- 
rtlation entre la valeur ntgative de l'entropie d'activation et les 
hauts rendements en 'O? obtenus par un rntcanisme concert6 de 
type (a). 

Toutefois ce mecanisme simple ne rend pas compte de la 
rtactivitt des ozonides basse temptrature ou de la prtsence de 
radicaux. 

(b) Un me'canisme de type biradicalaire (29) 
L'existence de ce biradical a Cte confirmke en rpe par Pryor 

et Govindan (30) lors de l'ttude de la dtcomposition de 
(PhO),PO, en prtsence de "spin trap": a-phtnyl-N-tert-butyl- 
nitrone (PBN). 

/O' PBN - 
\ 

0-0. 

Un tel mtcanisme a t t t  envisagt dans le cas de la dtcorn- 
position des endoperoxydes aromatiques par Turro et al .  (15) 
et dans le cas des ozonides de phosphite par Mendenhall (16): 

Selon ce schtrna, une homolyse d'une des liaisons 0-0 de 
l'ozonide se produit (voie b) en fournissant un diradical singu- 
let qui peut tvoluer vers la formation d'oxygkne singulet (voie 
d) ou vers un diradical triplet (voie c) par un croisernent inter- 
systeme. Ce dernier peut se scinder a son tour en phosphate et 
en oxygkne fondamental (voie e) par un processus autorist par 
la rkgle de conservation des spins. 

Les rtsultats de notre ttude perrnettent d'tliminer I'hypo- 
these d'un intermtdiaire diradicalaire a longue durte de vie qui 
conduirait a la formation d'une certaine proportion d'oxygkne 
fondarnental et a l'oxydation du rubrkne en un produit difftrent 
de I'endoperoxyde 3. En effet, la sensibilitt aux radicaux pe- 
roxyles ROO' des hydrocarbures aromatiques polycyclique~en 
gtntral (31) et du noyau rubrtnique en particulier (12) est 
connue. 

Toutefois nos exptriences ne s'opposent pas a la proposition 
de Pryor (30) de l ' inte~ention d'un diradical de faible durte de 
vie qui tvoluerait rapidernent, a ternptrature suffisante, vers la 
formation de '02 (voie d) sans subir le processus relativernent 
lent du croisement intersystkme (voie c). 

En conclusion, la dualitt des deux processus (concert6 et 
biradicalaire) subsiste. Cet aspect trks gtntral de nornbreuses 
rtactions est peut-&tre dans ce cas particulier lit a la nature 
complexe des-ttats tlectroniques de-170xygkne singulet (1). 

Partie experimentale 
1 .  Oxydation du rubrtne 

Les solutions d'ozonide de rn&rne concentration sont prCparCes a 
-80°C et rajoutkes a cette tempCrature sur des solutions de rubrkne 2 
de concentrations variables. La formation d'endoperoxyde 3 est dC- 
tectCe par son absorption 254 nm aprks separation d'une prise d'essai 
du mClange rtactionnel par chromatographie liquide haute perfor- 
mance (clhp). 

(a) Prc?pamtion des solutions 
Le solvant utilisC est du dichloromCthane 99,8% (Aldrich) conserve 
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sur NaHC03 pour Cviter I'isomkrisation acido catalyske du rubrkne en 
pseudo rubrkne (32). 

D'autre part le rubrkne subit trks facilement une photooxydation 
auto sensibiliske par la lumikre ambiante lorsque de I'oxygene dissous 
est prksent dans la solution (24, 33) 

hv(400 < A < 580 nm) 
2* 2. 

11 est donc nkcessaire de protCger les rkacteurs de la lumikre et de 
travailler dans une pikce kclairke par une lampe kmettant i A > 580 
nm. Toutes les mesures de volumes B tempkrature ambiante se font par 
peste ( d H I C I Z  = 1,326). La concentration de la solution mere de 
rubrkne est [2ImBrc = 2,699 X lo-' M. 

On fait ensuite 8 prklkvements entre 1,7 et 5 mL, de faqon a obtenir 
8 rkacteurs contenant entre 4,52 et 13,42 x mol de rubrkne. 

On prkpare kgalement un "blanc" qui sera traitt dans les m&mes 
conditions mais qui ne recevra pas d'ozonide, et une solution temoin 
contenant la fois du rubrkne et son endoperoxyde: [2] = 1,254 x 
10-'M et [3] = 6,80 X lo-" M. 

L'endoperoxyde 3 est prepark indkpendamment en irradiant h A > 
530 nm une solution de 2 dans CH2CI, dans laquelle on fait barboter 
de I'oxygkne jusqu'g dCcoloration complkte. Le solvant est ensuite 
Cvaport: le rksidu est repris dans le mtthanol, pass6 aux ultra-sons, 
centrifugk, repris dans I'kther, centrifuge i nouveau et skchk sous 
vide. 

(b) Prkparnlion de In solution ci'ozonide 
La rkaction d'ozonation de I n  (4,98 x lo-' mol) se fait 2 -80°C 

(bain d'acktone/Carboglace) dans I0 mL de CH2C12. Le gaz vecteur 
utilisk ti I'entrke de I'ozoneur est de I'oxygkne, qualitk aviation (con- 
centration en eau infkrieure ?I 20 mg/m3). La concentration en ozone 
est 8 x mol/L. 

On fait passer 1,12 L de melange 03/02: I'excks d'ozone est dose 
par iodomktrie. Ce dosage montre que la totalitk du phosphite a &tk 
oxydke avec une stoechiomktrie [phosphite]/03 = I : 1. 

La solution d'ozonide est ensuite purgke en faisant passer 8 L 
d'argon. Pour vkrifier que cette solution ne contient plus de traces 
d'ozone, on fait un prklevement maintenu i -80°C sur lequel on 
rajoute une solution trks diluke de mbrkne. On n'obsewe pas de 
dkcoloration de cette solution de mbrkne a -80°C. 

Le rendement en ozonide est dktermink par rmn "P 5 -80°C. En 
faisant varier le temps entre deux impulsions de 2,8 10,8 s on 
n'obsewe pas de modifications de l'intkgration des pics correspondant 
k (PhO),PO' (6 = -62) et (PhO)3P=0 (6 = - 18). On trouve ainsi 
un rendement en ozonide de 853%. Cette solution initiale contenant 
85.5% d'ozonide doit Stre diluke avant la rkaction sur le mbrkne. Pour 
cela on prockde i des transferts dans des fioles jaugtes a travers des 
aiguilles, par une surpression d'argon, puis on lave la fiole et I'aiguille 
par la quantitk de CHzCll nkcessaire h la dilution. 

Cette mkthode est utiliske pour toutes les dilutions i -80°C. Le 
CH2C12 diminuant de volume B basse temperature, il est nkcessaire de 
prockder i des corrections de volume. C'est ainsi que lorsqu'on passe 
de -80°C i la tempkrature ordinaire, on observe une augmentation de 
volume de 10% (mesurke par densitk). 

Au total, pour atteindre la concentration adtquate en ozonide, il est 
nkcessaire de proceder i 4 transferts (2 pour une dilution et 2 pour 
transfkrer dans les solutions de mbrene). Ces transferts vont provoquer 
une certaine dkgradation de l'ozonide. Nous avons effectu6 ces memes 
opkrations de transfert sur une solution d'ozonide non diluke, puis 
nous avons mesurk par rmn de "P le pourcentage d'ozonide qui 
subsiste aprks ce traitement. On obtient alors une nouvelle valeur du 
rendement de 74,7% par rapport au phosphite de dkpart. Ce rendement 
sewira de base aux calculs ulterieurs. Ainsi aprks dilution et recti- 
fications dues i la dkgradation on obtient une solution mkre kquivalent 
a 9,21 X lo-% dd'ozonide. 

(c) Rkaction de In solulion d'ozonide sur les solulions de rubrkne 
On fait 8 prtlkvements de 1,l mL de la solution mkre d'ozonide, 

dans les mSmes conditions que prkcCdemment, que I'on transfkre 

-80°C sur les diverses solutions de rubrene et on complkte par CHzClz 
k 8,05 mL. 

On laisse ensuite le melange rkactionnel remonter jusqu'a la tem- 
pkrature ambiante. On a 8 solutions de mSme concentration en ozonide 
[ l a ]  = 1,26 X lo-' M et de concentration initiale en rubrkne [2] 
variable: 

(d) Mesure de l'endoperoxyde fonnk pnr clhp 
La colonne utilisCe a un diamktre de 5 mm et une longueur de 250 

mm. Les particules de silice greffCe phase inverse RP18 ont un dia- 
mktre de 10 pm. 

Le mklange kluant est constituC par 85% d'Cthanol, 15% d'eau. 
Le dtbit est de 12F mL/h pour une pression de 200 atm. (I atm = 

101.3 kPa). La dktection se fait par uv a 254 nm. 
Le pic correspondant ii l'endoperoxyde a un temps de rktention de 

6 min, celui du rubrkne de 9,4 min. 
La solution tkmoin permet de relier la surface des pics de I'endo- 

peroxyde (S3) et du mbrkne (Sz) ramenks a une m&me concentration. 
Pour [2] = [3] on trouve S3/SZ = 2,15. 

On vtrifie ensuite que le "blanc" (solution de mbrkne n'ayant pas 
requ d'ozonide) ne s'est pas oxydC. L'inttgration des pics obtenus 
pour chaque solution de I n  + 2 permet de mesurer le pourcentage 

On prend pour [2] une valeur moyenne 

On vkrifie = 540 nm que la disparition du mbrkne est Cgale B 
I'apparition de son endoperoxyde. 

2. Oxydntion de la te~raphknylcyclopen~ndienone 4 et du 
9,lO-diphPnylan~hracP.ne 6 

(a) On prtpare une solution mere de 4 ou de 6 dans CH1C12 de 
concentration lo-' M. On prklkve des quantitks variables de 4 ou 6 
refroidies P -80°C qui sont ajoutkes sur des solutions d'ozonides I n ,  
l b ,  l c ,  Id .  

(b) Prkparnlion de la sol~ition d'ozonide 
Une solution de phosphite de concentration IO-'M est prCparke. On 

prClkve 1 mL de solution. Aprks ozonation on purge la solution avec 
de l'argon. Le pourcentage d'ozonide form6 par rapport au phosphite 
de depart est obtenu par rmn "P j. basse tempkrature. 11 est de 8070 
pour les ozonides I n ,  Ib ,  I c  et de 6070 pour Id .  

(c) Rkaclion de 4 el 6 sur les .solutions d'ozonides 
On ajoute 5 -78°C des quantitks croissantes de la solution mkre de 

4 ou 6 sur une solution d'ozonide. On laisse le mClange rkactionnel 
revenir lentement i tempkrature ambiante. On effectue ensuite les 
dilutions nkcessaires pour les mesures par uv des concentrations de 
produit non oxydte. 

En effet 4 et 6 posskdent des bandes d'absorption dont les A,,,, sont 
respectivement 510 nm et 370 nm. Nous avons vkrifik que les esters 
phosphoriques correspondants et les produits d'oxydation de 4 et 6 
n'absorbent pas ces longueurs d'ondes. La diminution d'absorption 
obsewte lors de la rkaction par rapport un tkmoin correspond a la 
concentration des produits oxydbs. 
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A conformational study of 1,4-diacetyl-l,4-dihydro-6,7-dimethylquinoxaline is carried out by low temperature nmr in 
CD,CI,. Important acetyl rotation induced shifts have been observed for the peri and ortho protons. These results, together 
with low temperature nOe experiments, permit the determination of the structures and conformations of four diacetyI 
derivatives of dihydropyrido[3,4-el as-triazines and of one diacetyl derivative of a dihydropyrido[4,3-e] as-triazine. 

JOSEPH ARMAND, LINE BOULARES, MARIE-PAULE SIMONNIN, CHRISTIAN BELLEC, ODILE CONVERT, NELLY PLE et GUY 
QUEGUINER. Can. J. Chem. 63, 3210 (1985). 

Une Ctude conformationnelje de la diacCtyl-1.4 dihydro-I ,4 dimCthyl-6.7 quinoxaline a CtC effectuCe par rmn a basse 
tempCrature dans le CD,CI,. La rotation d'un groupe acCtyle entraine d'importantes variations de deplacements chimiques des 
protons situCs en ptr i  et en ortho. Ces rksultats, complttCs par des mesures d'effet nuclCaire Overhauser basse tempkrature 
ont permis la dktermination des structures et des conformations de quatre dCrivCs diacCtylCs de dihydropyrido[3,4-elas-triazines 
et d'un dCrivC diacCtylC d'une dihydropyrido[4,3-e] as-triazine. 

Introduction 
N,N1-diacetyl derivatives of dihydroquinoxalines and of di- 

hydropyrido as-triazines can be obtained in different ways de- 
pending on the starting materials: (i) from quinoxalines and 
pyrido as-triazines, by electrochemical reduction in the pres- 
ence of acetic anhydride; (ii) from their dihydro derivatives, by 
action either of acetic anhydride or of a mixture of acetic acid 
and ethylchloroformate. Theoretically, pyrido as-triazines can 
yield four N,Nr-diacetyl derivatives; thus starting from 
pyrido[3,4-el as-triazines, structures of type I,  11, 111, or IV 
may be expected. In fact, only one or two isomers among the 
four possible are obtained for each compound, giving rise to the 

problem of elucidating their structures. 
'H nuclear magnetic resonance and especially the nuclear 

Overhauser effect (nOe) have been shown to be the methods of 
choice in conformational studies of tertiary amides. This type 
of experiments, performed at low temperature, has been suc- 
cessfully used to carry out a conformational study of monacetyl 
derivatives of nitrogen heterocycles (1) and extended by our 
group (2) to the N,N1-diacetyl derivative 1. 

I I I 
COCH3 iXNZRAC ND:~R I 

I In the present work, we report a structural and confor- 
Ac mational study in solution of various N,Nf-diacetyl derivatives 

I I1 of nitrogen heterocycles. The conformation of 1,4-diacetyl- 
1,4-dihydro-6,7-dimethylquinoxaline 2 is first determined. 

vNa The low temperature nmr data of 2 indicate that rotation of an 

Qf:XRAC 
acetyl group induces large changes in chemical shifts for pro- 

A C / ~  / A C / ~  N R tons located in the peri  and ortho positions (the terms for the 
1 protons are according to R. H.  Martin et a l .  (3)), while meta 

Ac protons are little, or not at all, affected. The results thus ob- 
I11 IV tained are applied to the determination of the structures and 
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TABLE I .  Room temperature 'H nmr data of 5, 6, 9, 10, and 11 in CD,CIg 

Compound 6H3 6H5 6H6 6H7 6H8 6CH3C0 J 

5 7 . 4 0 ( ~ )  8 . 8 7 ( ~ )  - 8.30 (d) ' ~ 7 - 8  = 5.5 

6 7.70(s) 6.67(d) - 7.17 (d x d) 5.45 (d) g::: 4 ~ 5 - 7  = 2 
'J7-, = 8 

9 - 8.72 (s) - 8.40 (d) 8.01 (d) ;::: 'J7-, = 5.5 

10 - 8.75 (s) - 8.51 (d) 8.10 (d) ;:;: 'J7-n = 5.5 

11 7.36 (s) 7.66 (d) 8.33 (d) - 9.23 (s) ;::: 'JS-6 = 5.5 

"6  in pprn relative to internal TMS; J in Hz 

conformations of diacetyl derivatives of dihydropyridotriazines 
and these are confirmed by low temperature nOe experiments. 

Results 
Preparations of N ,N1-diacetyl derivatives 

1,4-Diacetyl- 1,4-dihydro-6,7-dimethylquinoxaline 2 is ob- 
tained by electrochemical reduction of 6,7-dimethylquin- 
oxaline in the presence of acetic anhydride. 

Heating the 1,4-dihydropyrido[3,4-el as-triazine 4 (obtained 
by hydrogenation of 3 (4)) in acetic anhydride gives the 
1,4-diacetyl- l,4-dihydropyrido[3,4-el as-triazine 5. 

Heating 4 in an acetic acid - ethylchloroformate mixture 
leads to another derivative, the 2,6-diacetyl-2,6-dihydro- 
pyrido[3,4-el as-triazine 6. On heating in an excess of acetic 
anhydride for 15 h, compound 6 rearranges to the thermo- 
dynamically more stable derivative 5. 

Heating the 1,4-dihydro-3-phenylpyrido[3,4-el as-triazine 8 
(obtained by hydrogenation of 7 (4)) in Ac20 yields the 
1,4-diacetyl- l,4-dihydro-3-phenylpyrido[3,4-el as-triazine 9. 

3 R = H  
7 R = CeHs 

Electrochemical reduction of 7 in the presence of Ac,O gives 
the 1,2-diacetyl- l,2-dihydro-3-phenylpyrido[3,4-el as-triazine 
10. 

The reaction of acetic anhydride on 1,4-dihydro- 
pyrido[4,3-el as-triazine gives the 1,4-diacetyl- l,4-dihydro- 
pyrido[4,3-el as-triazine 11. 

Roorn temperature 'H  nuclear magnetic resonance spectra 
The 'H nmr spectra of the various N,N1-diacetyl derivatives, 

recorded at room temperature, indicate that rotation around 
both N-CO bonds is fast on the nmr time scale (Table 1). Due 
to its symmetrical structure, the spectrum of 2 displays only 
four singlets at 7.42, 6.41, 2.26, and 2.22 ppm, corresponding 
to the resonances of H5-H8, H2-H3, CH,CO, and CH, re- 
spectively. The spectra of 5, 6, 9, 10, and 11 agree with the 
structures of these compounds and indicate the presence of two 
different acetyl groups. 

The three protons H5, H7, and H8 (or H5, H6, and H8 in 11) 
are strongly deshielded in 5, 9, 10, and 11 and the same figures 
are observed for the vicinal coupling constant 7J7-8 or 'J5-6 (5.5 
Hz) in these four derivatives. These 6 and J values, which are 
close to those observed in pyridine (5), indicate that the pyri- 

TABLE 2. Chemical shifts and relative amounts of the con- 
formers of 2 in CD2CI, at -60°C 

Conformer % 6H2 6H3 6H5 6H8 

I I J , , - H )  = 5 Hz. 

TABLE 3. Acetyl rotation induced shifts for the protons of 2 

Effect 

Acetyl peri ortho meta 

dinic ring retains its aromatic character in 5, 9, 10, and 11; 
therefore these derivatives have structures of type 1 or 11. 

'The resonances of H5, H7, and H8 move upfield in 6 and the 
vicinal coupling constant -'J7_, increases to 8 Hz, as previously 
observed in 1,4-dihydropyridines (6). Hence the pyridinic ring 
has lost its aromatic character in 6 and this compound has a 
structure of type I11 or 1V. 

The room temperature spectra give information on the nature 
of the pyridinic ring, but they give no indication of the location 
of the two acetyl groups. 

Low temperature ' H  nuclear magrzetic resonance spectra 
At low temperature, if the rotation around the N-CO bonds 

becomes slow enough, an individual set of signals should be 
observed for each of the conformers. The low temperature 'H 
spectra show the presence of the three expected conformers of 
2; the coexistence of the four possible conformers is observed 
only in the case of 10, while for 5, 6,  9, and 11 only two 
unequally populated conformers were detected within the limits 
of nmr detection. 

Among the three conformers 2a, 26, and 2c (Table 2), two 
(2a and 2c) have a plane of symmetry. The signals of the 
methyl protons of the acetyl groups lie too close to be selec- 
tively irradiated in order to perform nOe experiments. How- 
ever, the structural analogy between l and 2 and the similarity 
of their nmr data permit an unambiguous assignment of the 
signals due to H2 and H3, as ethylenic protons are less shielded 
when they are syn to the carbonyl oxygen (E) than when they 
are anti (2). An identical sequence is observed for the peri 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. I. CHEM. VOL. 63. 1985 

N O  Or-  s w  
T Y  7 2  2 :  I I w w 

protons H5 and H8. 
The differences between chemical shifts of the conformers 

2b ( 2 ,  E,) and 2c (El E4) lead to the values of A6 related to the 
rotation of the 1-acetyl group for the ortho (H2), tneta (H3), 
and peri (H8) protons. In the same way, A6 values due to the 
rotation of the 4-acetyl group can be obtained from 2a (Z1z4) 
and 2b (ZI E,). The differences A6 = 6(2b) - 6(2c) and A6 = 
6(2a) - 6(2b), reported in Table 3, are positive for the peri 
protons and negative for the ortho and meta protons. These two 
series of values are very similar and mainly depend upon the 

ortho, tneta, or peri position of the protons relative to the 
rotating acetyl group. It should be remarked that the shifts 
induced by an acetyl rotation are larger in peri than in ortho and 
that they become negligible in meta positions, i.e. they de- 
crease when the distance increases. The effects at ortho and 
meta positions for 2 are very similar to those obtained for 1, 
viz., A6 ortho: -0.49 (H6) and -0.51 (H5); A6 meta: -0.04 
(H6) and -0.02 (H5). 

The shift differences induced by the rotation of an acetyl 
group, applied to each pair of conformers in Table 4 ,  allow the 
position of the rotating acetyl group to be determined, while 
nOe experiments have to be performed at low temperature to 
determine precisely the location of the second acetyl group; 
these experiments allow the position of the rotating acetyl 
group to be confirmed. 

Structure of 5 
The differences between chemical shifts of conformers 5 a  

and 5 b  are large and of opposite sign for H5 (0.65 ppm) and H3 
(-0.52 ppm), but small for H7 (-0.08 ppm) and H8 (-0.01 
ppm). These results, compared with those of Table 2, point to 
a peri position for H5 and to an ortho position for H3 with a 
4-acetyl group which changes its orientation from 5a to 5b.  
Moreover, the low-field shift observed for H5 in the most 
populated conformer shows that H5 is syn to the carbonyl 
oxygen (E,) in 5a.  

The observation of only two conformers at -800C, which 
differ in the orientation of the 4-acetyl group, does not tell 
anything about the position of the second acetyl group; it can 
be in position 1 (structure 11) or in position 6 (structure IV). In 
both cases, either the rotation about the N'-CO bond is fast 
on the nrnr time scale at -800C, or the Nr-COCH, adopts a 
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ARMAND ET AL. 

TABLE 5. 'H nuclear Overhauser enhancement data (%) for the conformers of 5,  6, 9, 
and 11 upon irradiation of the CH,CO groups 

Proton 

Irradiated site H3 H5 H6 H7 H8 

CH,C0(4) l l a l l l b  28% ( l l a )  5% ( 1 1 ~ )  0% - 
7% ( l l b )  21% (116) 

0% 

CH,CO(l) l l a l l l b  0% 0% 0% - 0% 

single preferred conformation. 'The nOe experiments were per- 
formed at -80°C. The methyl signals of the 4-acetyl group in 
5a and 56 are too close (2.36 and 2.37 ppm) to be selectively 
irradiated. The simultaneous irradiation of both signals (2.365 
ppm) leads to an enhancement of the signals of H3 (Sa), H3 
(56), H5 (5a), and H5 (56) (Table 5). These results clearly 

indicate that the temperature is not low enough to avoid spin 
saturation transfer; however, they confirm that the rotating 
acetyl group is in the 4-position. 

The irradiation of the methyl protons of the second acetyl 
group (6 = 2.30 ppm), carried out at -80°C, does not lead to 
any enhancement of the different signals. This absence of an 
nOe enhancement excludes the presence of a 6-acetyl and can 
only be explained by a structure in which the peri proton H8 is 
syn to the carbonyl oxygen of a 1-acetyl group in 5a and 56. 
Thus, compound 5 has a structure of type I1 and is the 
1,4-diacetyl- 1,4-dihydropyrido[3,4-el as-triazine. 

Structure of 6 
Due to its poor solubility at low temperature, the spectrum 

of 6 was recorded at -40°C. The differences A6 between the 
two conformers 6a and 66 are large and of opposite sign for H5 
(-0.47 ppm) and H7 (+0.53 pprn), very small for H8 (+0.08 
pprn), and zero for H3. These A6 values indicate the presence 
of a 6-acetyl group which changes its orientation from 6a (E) 
to 66 (Z), i.e. H7 is syn to the carbonyl oxygen in 6a. As the 
structure of 6 is of type 111 or IV, the second acetyl group can 
be in a 2- or 4-position. In this case, also, one can suppose that 
either the rotation about the N'-CO bond is rapid at -40°C, 

or that the N'-COCH, adopts a single preferred con- 
formation. 

The nOe experiments performed at -40°C by successive 
irradiation of the methyl signals of the 6-acetyl group in 6a and 
66 (2.21 and 2.23 ppm) confirm the position of this acetyl, 
although there is spin saturation transfer (Table 5). The absence 
of nOe enhancement upon irradiation of the 2.05-ppm signal is 
consistent with a 2-acetyl group, H3 being syn to the carbonyl 
oxygen in both 6a and 66. Therefore 6 is the 2,6-diacetyl- 
2,6-dihydropyrido[3,4-e] as-triazine. 

Structure of 9 
The differences between chemical shifts of conformers 9a  

and 96 are much smaller than those observed for 2, 5, or 6. The 
largest effect is observed for H5 (A6 = 0.16 ppm), suggesting 
that a 4-acetyl group changes its orientation from 9a to 96. This 
is confirmed by the nOe experiments carried out at -90°C. The 
selective irradiation of the acetyl signals at 1.84 and then at 
2.24 pprn leads to an enhancement of the signals of H5 in both 
9a and 96. This result supports the presence of a 4-acetyl group 
and indicates that spin saturation transfer is occurring, i.e. the 
4-acetyl group changes its conformation from 9a (E) to 96 (Z). 
On the contrary, the irradiation of the signal at 2.5 1 pprn does 
not lead to any nOe enhancement, as could be expected for a 
I-acetyl group with an E type conformation, in which the 
oxygen is syn to H8 in 9a and 96. Thus, 9 must be the 1,4-di- 
acetyl- l,4-dihydro-3-phenylpyrido[3,4-e] as-triazine (structure 
of type 11). 

Structure of 10 
Derivative 10, in which the pyridine ring retains its aromatic 
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TABLE 6. Chemical shifts and relative amounts of the con- 
formers of 10 in CDzClz at -70°C 

- - 

Conformer % SH5" SH7" SHY SCOCH3 

character, but which is different from 9, must have a structure 
of type I; i.e. it is the 1,2-diacetyl- l,2-dihydro-3-phenylpyrido- 
[3,4-el as-triazine. 

Among the four conformers observed at -70°C (Table 6), 
the population of 10d is so weak that the signals of H5, H7, and 
H8 cannot be assigned with certainty. The complexity of the 
spectrum and the closeness of the signals did not allow nOe 
experiments. However, it should be remarked that the presence 
of four conformers shows that rotation of the acetyl groups is 
not prevented, even though they are located on vicinal nitro- 
gens. 

Structure of 11 
Results obtained with 11 at -90°C are very similar to those 

observed with 5: the differences A6 between chemical shifts of 
conformers l l a  and 116 are large and of opposite sign for H5 
(0.78 ppm) and H3 (-0.52 ppm), small for H6 (-0.07 ppm), 
and zero for H8, showing that a 4-acetyl group changes its 
orientation from l l a  (E,)  to 116 (Z4). This conclusion is sup- 
ported by nOe experiments performed at -90°C. Simultaneous 
irradiation of both methyl signals of the 4-acetyl group in I l a  
and 116 (2.525 ppm) leads to an enhancement of the signals of 
H3 ( l l a ) ,  H3 ( l l b ) ,  H5 ( l l a ) ,  and H5 (116) (Table 5). 

No enhancement is observed when irradiating the methyl 
signal of the second acetyl group (6 = 2.43 ppm), i.e. this 
acetyl, located in a 1-position, adopts a single preferred con- 
formation in which the peri proton H8 is syn to the carbonyl 
oxygen. 

Thus compound 11 is the 1,4-diacetyl- l,4-dihydropyrido- 
[4,3-e] as-triazine. 

l la  l l b  

90% E1E4 10% EiZ4 

Discussion 
Results obtained in the course of this work indicate that low 

temperature 'H nmr spectra are a powerful tool for determining 
the structure and conformation of various N,N1-diacetyl deriv- 
atives of dihydropyridotriazines. The location of a rotating 
acetyl group may be safely deduced from the difference be- 
tween chemical shifts of the corresponding conformers. The 
shifts induced by an acetyl rotation mainly depend upon the 
position of a particular proton relative to the rotating acetyl 
group, and decrease from peri to ortho and to meta positions. 
When an acetyl group adopts a single preferred conformation, 
nOe experiments have to be performed at low temperature in 
order to indicate its precise position and its favoured con- 
formation. 

Several results deserve comment. Only two of the four pos- 
sible conformers are observed in the low temperature spectra of 
derivatives 5, 6 ,9 ,  and 11. In each case, the acetyl group which 
adopts a single favoured conformation is located on a nitrogen 
atom next to an sp2 hybridized nitrogen; moreover, the pre- 
ferred conformation is the same in these four cases, i.e. the 
methyl group points towards the sp' nitrogen atom; the other 
conformation, in which the carbonyl oxygen would be syn to 
the sp2 nitrogen, is not observed. This strongly suggests that an 
electrostatic repulsion between the lone pair of the sp2 nitrogen 
and the negatively charged carbonyl oxygen disfavors such a 
conformation. 

Compound 9, which bears a phenyl in the 3-position, has a 
particular behavior as the shifts induced by rotation of the 
4-acetyl group are much smaller than those observed for 5, 6,  
and 11. This suggests that a steric hindrance, due to the pres- 
ence of the 3-phenyl group, induces a distortion of the molecule 
resulting in an increased distance between H5 and the 4-acetyl 
group. Such a deformation would also explain that the nOe 
enhancements observed for 9  are smaller than those determined 
for the analogous structure 5, as these effects decrease with the 
sixth power of the distance. 

Solid-state investigations by X-ray crystallography have 
shown that compounds with a 1,4-diacetyl-l,4-dihydropyra- 
zine structure (2 ,7)  adopt a boat conformation in which the two 
nitrogen atoms lie above the plane determined by the four 
carbon atoms. It seems likely that the triazine ring in 9  is 
similarly in a boat shape and that the presence of the 3-phenyl 
group pushes nitrogen N4 away from the mean plane formed by 
N2 and the three carbon atoms. 

Finally, the existence of the four possible conformers 10a, 
106, 10c, and 10d implies the possibility of rotation of each of 
the two vicinal acetyl groups. The steric hindrance appears as 
rather small, which suggests that the acetyl groups are quite 
remote, as previously observed in the case of 12. The solid 

shows that the value of the dihedral 

angle C(I)N(I)C(2)N(2) is 61 ", and the acetyl groups are far 
enough apart so that they undergo no steric hindrance during 
their rotation. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



ARMAND ET AL. 3215 

Experimental 
The 'H nmr spectra were recorded on a Bruker 250 MHz spec- 

trometer, using tetramethylsilanc (TMS) as internal standard. The nOe 
experiments were performed using solutions carefully degassed by 
three freeze-pump-thaw cycles. 

Preparation of 1,4-diacetyl-1 ,4-dihydro-6,7-dit~zethylqiiinoxaline 2 
The compound was obtained by electrochemical reduction of 

6,7-dimethylquinoxaline in acetonitrile In the presence of acetic 
anhydride according to the procedure used by H Lund et J .  Simonet 
(8) to prepare 1,4-diacetyl- l,4-dihydroquinoxaline from quinoxaline. 
Yield 46%; mp 246°C. 

Preparation of 1,4-diacetyl-1,4-dihydropyrido[3,4-e] as-triazitze 5 
A solution of 0.5 g of 1,4-dihydropyridol3,4-el as-triazine (3.75 x 

lo-' mol) in 20 mL of acetic anhydride was refluxed for 15 h. Acetic 
anhydride was evaporated under vacuum and the residue was washed 
with ethanol, filtered, and crystallized from ethanol-water (50:50); 
350 mg (43%); mp 138°C. 

Preparation of 2,6-diacetyl-2,6-dihydropyrido[3,4-el as-triazine 6 
To a solution of 0.18 g (3 x lo-' mol) of acetic acid and 0.3 g 

(3 x lo-' mol) of triethylamine in 20 mL of chloroform, at O°C, was 
added 0 35 g (2.95 X lo-' mol) of freshly distilled ethyl- 
chloroformate. The mixture was kept at 0°C for half an hour and then 
0.3 g (2.23 x mol) of I ,4-dihydropyrido[3,4-el as-triazine was 
added. The temperature was then raised to 20°C. After being allowed 
to stand for 14 h, 150 mL of water were added. The organic layer was 
dried over magnesium sulfate and the solvent was evaporated. The 
residue was washed with ethanol, chloroform, and tetrahydrofuran to 
give 150 mg of 6 (3 1%);  mp 140°C. 

Preparation of l,4-diacetyl-1,4-dihydro-3-phenylpyrid[3,4-e] 
as-triazine 9 

Compound 8, prepared according to ref. 4 (1 g), was heated under 
reflux for 12 h with acetic anhydride (20 mL). The excess acetic 
anhydride was evaporated and the residue poured into ethanol-water 
(50:50). The precipitate was filtered and recrystallized from 

ethanol-water (5050) to give I g (71%) of 9; mp 148°C. 

Preparation of' l,2-diac.etyl-l,2-dihydr-o-3-phcnylpyrido[3,4-e] 
as-triazine 10 

Electrolysis of 7 was carried out with the technique described pre- 
viously (9) at E = - 1.4 V (sce). The cathodic solution contained 60 
mL of CH3CN, 8 mL of acetic anhydride, 2.2 g of tetrabutyl- 
ammonium iodide, and 1 g of 7. During electrolysis a polymeric 
product precipitated. At the end of electrolysis (2 F/mol) the solution 
was filtered and the filtrate poured into 500 mL of water. The mixture 
was neutralized with NaHC03 and extracted with ether. The extracts 
were dried over Na2S04 and evaporated. The residue was essentially 
(nmr spectrum) a mixture of 9 and 10 (25:75). Recrystallization from 
methanol gave 310 mg (22%) of 10; mp 146°C. 

Preparatiotl of 1,4-diacetyl-1.4-dihydropyrido[4,3-el as-triazine I 1  
With the same procedure as in the case of 5, 0.5 g of 

I ,4-dihydropyrido(4.3-el as-triazine gives 25 mg of 11 (3%); 
mp 149°C (dec.). 
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Synthese d'une a-methylene-y-lactone: application des reactifs organiques du selenium 
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HELENA MARIA CARVALHO FERRAZ et NICOLA PETRAGNANI. Can. J. Chem. 63, 3216 (1985). 
Nous avons dCveloppC une nouvelle synthkse de l'a-mCthylkne-y-lactone 4, qui est presente dans de nombreuses substances 

naturelles sesquiterpeniques. 

HELENA MARIA CARVALHO FERRAZ and NICOLA PETRAGNANI. Can. J.  Chem. 63, 3216 (1985). 
We have developed a new synthetic approach to the a-methylene-y-lactone moiety 4, which is present in numerous 

sesquiterpene natural products. 

Introduction 
Le groupement a-mCthylkne-y-lactone est prCsent dans de 

nombreuses substances naturelles telles que les lactones sesqui- 
terpeniques (1). Ce groupement est responsable de I'activite 
pharmacologique de ces substances (2). L'intCr&t de notre 
groupe de recherche dans ce domaine, tout comme dans la 
chimie des composCs organiques du sClCnium, nous a amenCs 
a dCvelopper des mCthodes sClectives d'obtention d'a-methy- 
lkne-y-lactones bicycliques 2 jonction cis ou trans, dont le but 
est l'utilisation ultCrieure dans la synthese de substances telles 
que le Fmllanolide 1 (3) et 1'Arbusculine B 2 (4). Deux syn- 
thkses des a-mCthyl&ne-y-lactones 3 et 4 ont deja CtC ddtcrites 
(5) et nous voulons maintenant en presenter une troisikme. 

La formation de lactones par l'addition d'un Clectrophyle a 
des acides ou 2 des esters P,y ou y,6-insaturks est connue 
depuis longtemps et sa stCrCochimie est bien Ctablie: I'addition 
a la double liaison est toujours trans (6). Ainsi, la lactonisation 
de l'acide P,y-insaturk 5, par exemple, conduit a une jonction 
cis entre les deux cycles. 

Dans un travail antCrieur ( 5 )  nous avons illustrC l'utilisation 
de I'acide 2-phtnylsCleno-propano'ique 6 pour la synthkse des 
a-mCthylkne-y-lactones 3 (trans) et 4 (cis); plus rkcemment, 
nous avons employ6 le m&me acide 6 pour synthttiser le Frul- 
lanolide 1 (10). 

Nous prtsentons ici une nouvelle synthkse de la cis-lactone 
4, dont le prCcurseur posskde le groupement sClCnophCnyle en 
p du carbonyle, ce qui offre un avantage par rapport 2 la 
mCthode anterieure: l'tlimination du phtnylsClCnoxyde n'en- 
traine que la formation d'une double liaison exocyclique. 

A partir d'une substance simple telle que la cyclohexanone, 
nous avons effectuC la sCquence rtactionnelle representek dans 
le schCma 1. 

Resultats et discussion 
Le cyclohexylidkne acCtate d'Cthyle 7 (1 1) a CtC obtenu par 

la rkaction de Wittig entre la cyclohexanone et le carbG 
thoxymCthylknetriphCnylphosphorane, avec un rendement de 
80%. Ce produit a CtC hydrolysC en milieu basique, donnant 
l'acide cyclohCxylidkne acCtique 8 (12) avec un rendement de 
81%. L'alkylation du dianion de l'acide 8 par le sClCnure de 
bromomCthylphtnyle a fourni 82% du produit 9. 

Nous avons CssayC d'inverser l'ordre sCquentiel de ces deux 
dernieres Ctapes, mais nous n'avons pas reussi a alkyler l'ester 
7 par le mime stlCnure; le seul produit obtenu est l'ester 
P,y-insaturC 11. Le remplacement du reactif par le sClCnure 
d'iodomCthylphCnyle a donne l'alkylation, mais le rendement 
de la rkaction n'a CtC que de 55%. 

Cette reaction est, donc, d'une grande utilitC dans la prC- 
paration stCrCosClective de cis-lactones. 

Par ailleurs, l'utilisation de rkactifs organodlCniCs, soit 7 
comme prCcurseurs de doubles liaisons, soit comme des Clec- 
trophiles pour la lactonisation, a Ctt dernierement tres explorke 

" . " d:::Et 
(2) PhSeCH.1 

(7-9). 
Pour 1'Ctape suivante-lactonisation de 9 en milieu acide- 

' Auteur B qui adresser la correspondance. plusieurs rkactifs ont CtC employCs (H2S04, HCIO,, H3P04, 
Revision reye le 28 mars 1985. AcOH, acide p-toluenesulfonique). Dans tous les cas, nous 
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CARVALHO FERRAZ ET PETRAGNANI 

avons observe la formation d'un mClange complexe de subs- 
tances, parrni lesquelles on a pu constater, outre le produit 
principal 10, la presence en faible quantitC de la lactone 12 
(avec la double liaison endocyclique) et du disClCnure de 
diphknyle. Le meilleur resultat a ete obtenu par traiternent de 
9 avec l'acide phosphorique, qui a produit 50% de la lactone 
attendue 10. 

H3P04 wo @O + PhSeSePh 9 -  \ 

La formation de la lactone 12, aussi bien que du diselenure, 
rnontre que la liaison C-Se s'est rompue; cependant, nous 
n'avons pas de donnkes suffisantes pour suggerer le rnCcanisrne 
de cette reaction indesirable. 

I1 faut bien noter que les rkactions de lactonisation des acides 
y,6-insaturts portant le groupernent sClenophCnyle n'offrent 
pas toujours de bons rendernents ( 5 ,  13), cornrne on peut ob- 
server dans les exernples ci-dessous (nous n'avons trouve dans 
la literature aucun cas de lactonisation d'un acide sClCniC 
P,y-insature). 

SePh 

PhSeCl qo (RCf 13) 

SePh 
SePh 

R = H, 70% 
R = M e ,  61% 

Partie experimentale 

2 2  

Les spectres ir ont CtC rnesurCs avec un spectrophotomktre 
Perkin-Elmer 457A. Les spectres de rmn ont CtC enregistrks sur un 
appareil Varian T-60 i 60 MHz et dans le CC4.  Les analyses par 
chromatographie en phase gazeuse ont CtC effectuCes sur un appareil 
Varian 2800 a ionisation de flamme; le gaz vecteur est I'azote et la 
colonne utilisCe, la FFAP (10%) Chromosorb W 60-80 mesh. Les 
analyses (C, H) ont CtC effectuCes par le Laboratoire de Microanalyse 
de 1'Institut de Chirnie de I'UniversitC de S. Paulo. 

Cyclohtxylidine ace'rare d'krhyle 7 
Une solution de la cyclohexanone (29,4 g, 0,3 rnol), du carbCthoxy- 

rnethylknetriphCnylphosphorane (21,O g, 0,06 rnol) et de I'acide 
benzoi'que (2 g) dans le benzkne anhydre (70 rnL) est chauffCe au 
reflux pendant 48 h, sous une atrnosphkre d'azote. Aprks la distillation 
du benzene, on ajoute de l'hexane et le triphenylphosphinoxide form6 
est filtrC. La solution est lavCe successivement avec une solution 
saturCe de NaHCOs, une solution dilutCe de HC1 et une solution 
saturCe de NaCI. Le solvant et I'exces de la cyclohexanone sont 
ClirninCs par distillation; le rCsidu est distill6 sous vide. Rendement: 
8 , l  g (80%); p.e. 116"C/30 Torr (1 Torr = 133,3 Pa). 

q0 
SePh 
I I 
0 

Acide cyclohexylidine actfique 8 
Une solution de l'ester 7 (5,O g, 0,03 mol) dans 1'Cthanol (30 mL) 

est traitCe par du NaOH (15 rnL d'une solution B 30%). Au bout de 
3 h i reflux, le mClange rkactionnel est acidulC par une solution 
concentrCe de HCI et la solution aqueuse est extraite par 1'Cther et 
sechCe sur Na2S04. Le rksidu obtenu apres 1'Climination du solvant est 
recristallisC a partir du melange acCtate dlCthyle - hexane. Rendernent: 
3,4 g (81%); p.f. 90-91°C (lit. (1 1) p.f. 90-92°C). 

- Po 
4 

Acide 3-phtnylse'lPno-2-(1'-cyclohexPny1)-propanoi'que 9 
A une solution de LDA (4,4 mmol) dans le THF anhydre ( 4 3  mL) 

B 0°C et sous une atmosphkre d'azote, on ajoute une solution de I'acide 
8 (0,28 g, 2 mrnol) dans le THF (2 mL). Au bout de 1 h i 45"C, le 
mClange rkactionnel est refroidi h 0°C et est additionnk d'une solution 
du sClCnure de bromornCthylphCnyle (0,60 g, 2,4 mmol) dans le THF 
(2 mL). Aprks 2 h i 40°C, le melange est acidulC par une solution 
concentrCe de HC1, extrait par I'tther et sCchC sur Na2S04. Le solvant 
est CvaporC et le rCsidu est distill6 sous vide (tube B boules). Ren- 
dement: 0,51 g (82%); p.e. 140°C/0,005 Torr; ir (Nujol) v,,,: 1705, 
760,730,685 cm-'; 'H rmn (CC4) 6: 11, l (s, lH), 7,O-7.6 (m, 5H), 
5,5-5,8 (rn, lH), 2,8-3,4 (rn, 3H), 1,2-2,3 ppm (m, 8H). Anal. 
calc. pour CISHZ802Se: C 58,27%, H 5,87%; t;ouvC: C 58,11%, H 
5,7876. 

Finalement, l'oxydation (14) de 10 a fourni I'a-rnCthy- Lacrone de /'acide 3-phenylsPlkno-2-(cis-2'-hydroxycyclohexyl)- 
lkne-y-lactone 4 avec un rendement de 81%. propanoi'que 10 

En ce moment, nous sommes en train d'appliquer une vari- On traite I'acide 9 (0,124 g, 0,4 mrnol) par de I'acide phosphorique 
ante de la sequence rkactionnelle dCcrite ici aux synthkses du (0,5 g) pendant 6 h a 110°C. Le melange rtactionnel est additionnC 
Frullanolide et de 1'Arbusculine B. d'eau (5 rnL) et la solution aqueuse est extraite par CHCI,. Par chro- 
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matographie sur gel de silice (par Clution au mClange hexane-benzirne d e  Amparo a Pesquisa d o  Estado de S .  Paulo) d e  l'aide 
- acCtate d'Cthyle, 5: 3 :2) on isole la lactone 10, qui ne cristallise pas financikre accordee. 
et qui est donc distillCe sous vide (tube a boules).-Rendement: 0,061 
g (50%); p.e. 125"C/0,005 Tom; ir (film) v,,,,,: 1770, 740, 690 cm-I; 1. T. K. DEVON et A. I. SCOTT. Hand-book of naturally occurring 
'H rmn (CCI,) 6: 7.0-7,7 (m, 5H), 4,2-4,5 (m, IH), 1,O-3,l ppm compounds. Vol. 2. Academic Press, New York. 1972. 
(m, 12H). Anal. calc. pour C15H180ZSe: C 58,27%, H 5,87%; trouvk: 2. C. H. et BiOchem. B i o ~ h ~ s .  Actal 2763 94 
C 58,50%, H 5,69%. 3. G. W. PEROLD, J .  C. MULLER et G. OURISSON. Tetrahedron, 28, 

5797 (19721. 
Lactone de l'acide 2-(cis-2'-hydroxycyclohexy1)-propknofque 4 

Une solution de la lactone 10 (0,05 g, 0,16 rnmol) et de l'acide 
acCtique (0,03 mL) dans le THF (I mL) est traitCe par HZOz i 30% 
(0,15 mL) pendant 30 min a 0°C. Le mClange rkactionnel est addi- 
tionnC d'une solution saturCe de NaHCO? (3 mL) et extrait par I'tther. 
La solution est lavCe i I'eau, puis par une solution saturCe de NaCl et 
enfin sechCe sur NaZSO,. Le rtsidu obtenu aprks I'Cvaporation du 
solvant est chrornatographiC sur gel de silice (CluC par le rnClange 
hexane - acCtate dlCthyle 1 : 1). Rendement: 0,02 g (8 1 %). Les spec- 
tres de 'H rmn et de ir sont identiques a ceux d'un Cchantillon prepark 
par une rnCthode diff6rente (15). 
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Solvent-induced conformational changes in benzyl fluoride. Long-range C,F; H,H; 
H,F spin - spin couplings 
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TED SCHAEFER, JAMES PEELING, and RUDY SEBASTIAN. Can. J. Chem. 63, 32 19 (1985). 
The 'H and "F nmr spectra of benzyl fluoride, although very tightly coupled at 300 MHz, are analyzed for dilute CSZ and 

acetone solutions. "C, "F spin-spin coupling constants for benzyl fluoride in a series of solvents are also measured. 
Geometry-optimized S T 0  3G MO computations on benzyl fluoride indicate a small twofold barrier to rotation about the 
exocyclic C-C bond in the gas phase. All the long-range couplings between '"F and ring protons or carbon-13 nuclei and 
between methylene and ring protons are consistent with the conclusion that the barrier to internal rotation in benzyl fluoride 
is small and that the conformation in which the C-F bond lies in a plane perpendicular to the benzene plane is stabilized by 
2 kJ/mol in going from CSZ to DMSO or acetone solutions. 'The solvent dependence of the internal barrier may account for 
the diversity of conformational conclusions in the literature. Furthermore, it is clear that the internal barrier will depend on 
the presence of substituents at any site in the ring. 

TED SCHAEFER, JAMES PEELING, and RUDY SEBASTIAN. Can. J .  Chem. 63, 3219 (1985). 
Meme si les spectres rmn du 'H et du '"F du fluorure de  benzyle sont intimement couplCs 2 300 MHz, on a pu les analyser 

pour des solutions diluies dans le CS, ou dans I'acttone. On a aussi mesurC les constantes de couplage spin-spin "C-'"F 
dans le fluorure de benzyle en solution dans divers solvants. Des calculs d'orbitales molCculaires S T 0  3G, optimisCs pour la 
giomktrie, effectuis sur le fluorure de benzyle indiquent que, en phase gazeuse, i l  existe une Itgkre barrikre binaire B la rotation 
autour de la liaison exocyclique C-C. Toutes les constantes de couplage i longue distance entre le '"F et les protons ou les 
noyaux "C du cycle ainsi que entre les protons mCthylCniques et ceux du cycle sont en accord avec la conclusion selon laquelle 
la barriere a la rotation interne, dans le fluorure de benzyle, est petite et que la conformation dans laquelle la liaison C-F 
se trouve dans un plan perpendiculaire a celui du benzene est stabilisee par environ 2 kJ/mol lorsqu'on passe de solutions dans 
le CSI B des solutions dans le DMSO ou dans I'acCtone. L'influence du solvant sur la barriere interne explique 
vraisemblablement la diversit6 des conclusions conformationnelles que I'on retrouve dans la IittCrature. De plus, il est clair 
que la barriere interne dependra de la prisence de substituants sur divers sites du cycles. 

[Traduit par le journal] 

Introduction 
The study of solvent effects on conformational equilibria has 

a long history (1 ,  2). 'The common observation that the more 
polar conformer becomes more stable in polar solvents is 
rationalized by reaction field theory (2, 3), although the model 
usually overestimates the degree of stabilization. Of course, the 
solvent is not a dielectric continuum and the origin of solvent 
effects must lie in the minutiae of intermolecular interactions 
(4), including electrostatic interactions as well as nonelectro- 
static packing effects. Recent theoretical methods involving 
molecular dynamics and Monte Carlo statistical mechanics 
methods have had remarkable success in assessing the nature of 
the solvent-induced changes in conformational equilibria (4), 
although computational requirements have restricted the num- 
ber of such calculations. 

Experimentally, solvent effects on conformational distribu- 
tions have been most often investigated by nuclear magnetic 
resonance, Raman, and infrared spectroscopies. These tech- 
niques suffer from various disadvantages. For example, with 
the latter two methods energy differences are usually obtained 
from the temperature dependence of equilibrium constants (as- 
suming correct assignments of vibrational bands) under the 
assumption of temperature independent enthalpies. In prin- 
ciple, the latter assumption is surely incorrect in solution. 

The nmr technique often uses angle dependent spin-spin 
vicinal couplings to assess energy differences between con- 
formers, for instance in ethane derivatives (2). However, the 
approximation of an equilibrium between two or more rigid 

'Permanent address: University of Petroleum and Minerals, 
Dhahran, Saudi Arabia. 

(gauche and trans) conformations (n-site model) is often made. 
Because conformations are not rigid, this model can lead to 
severe errors in the derived energy differences (5). 

When the barrier to interconversion between the conformers 
is smaller than thermal energies, such an approach becomes 
useless. For example, benzyl fluoride can be thought to exist 
in two possible conformations, 1 and 2. If the free energy 
difference between 1 and 2 were large, then a spin-spin cou- 
pling constant, J ,  known for 1 and 2, could be employed as 
a straightforward indicator of this energy difference, that is, 
AGO = -RT In (p(l)/p(2)), and the observed J would then be 
given by J( l )p( l )  + J(2)p(2) where p(1) + p(2) is unity. 

However, if the potential hindering rotation is rather flat, 
then the molecule samples all 0 values with comparable proba- 
bility magnitudes and a 2-site treatment is invalid. It becomes 
ne'cessary to know the complete 0 dependence of J and the 
functional form of the potential governing the internal rotation 
if a satisfactory treatment of the solvent dependence of the 
conformational equilibrium is to be presented. A measurement 
of J then yields the magnitude of the potential function. 

For example, for ethylbenzene derivatives (6), both 6J(H,H), 
the coupling over six bonds between the methylene and para  
ring protons, and 'J(H,C), the coupling involving the para  I3C 
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nucleus, depend on sin2$ (replace F with CH3 in 1 and 2). Both 
couplings, when combined with a hindered rotor model (7), 
demonstrate that 2 is the stable conformer in solution and that 
the bamer, assumed twofold, is 5.2 kJ/mol. 

Returning to benzyl fluoride, a rather extensive geometry 
optimization procedure at the S T 0  3G level of ab initio molec- 
ular orbital theory (see Experimental) yields the twofold poten- 
tial V2 (kJ mol-l) = (1.64 ? 0.04) sin2 0 at the 95% confidence 
level. Alternatively, the computed values can be fit to a poten- 
tial curve which includes a fourfold component, V = (1.61 ? 

0.05) sin2 0 + (0.05 2 0.04) sin2 20. For the isolated molecule, 
therefore, the computation implies a flat, essentially twofold, 
internal rotational potential favoring 1. 'The preference of an 
in-plane C-F bond is possibly related to an electrostatic pref- 
erence, the Ct--F- dipole lying near the ortho C-Ht dipole 
(calculated net charges on fluorine and the ortho hydrogen are 
+0.06 and -0.15 in units of electron charge for 1). An anal- 
ogous eclipsing conformation is found to be most stable in 
3-fluoropropene (8). 

Now, on the assumption that the shape of the internal poten- 
tial remains twofold in solution, it seems sensible, however, 
that its magnitude will change in the presence of solvent mole- 
cules because of packing effects, if for no other reason, since 
0 can adjust easily to optimize intermolecular interactions (4). 
In terms of a reaction field model, 2 might well be favored over 
1 in polar solvents. The dipole moment of benzyl fluoride is 
1.77 ? 0.05 D in benzene at 298 K (9). CNDO MO com- 
putations give accurate dipole moments for organic fluorine 
compounds (10) and yield 1.73 D for 1 and 1.86 D for 2 
(Experimental). In terms of the reaction field model, 1 and 2 
are stabilized by 1.09 and 1.30 kJ/mol, respectively, on going 
from the vapor to CS2 solution (dipole approximation). If the 
polarizability of the solvent is taken into account, these num- 
bers increase by a factor of 1.25. In acetone solution, 2 is more 
stabilized than 1 by 0.46 kJ/mol relative to the vapor. In other 
words, the simplest model suggests stabilization of 2 relative to 
1 by only about 0.25 kJ/mol in passing from CS2 to acetone 
solution. Combined with the S T 0  3G MO results, one has the 
prediction that the twofold barrier should be as low as 1.2 
kJ/mol in acetone, 1 stable. 

Numerous investigations of the conformational preferences 
of benzyl fluoride and its derivatives vary widely in their con- 
clusions. Confining the discussion to benzyl fluoride itself, a 
combined gas phase electron diffraction and molecular me- 
chanics investigation implied a preferred conformation with 0 
near 50 or 60", together with a barrier to rotation of about 1.7 
kJ/mol (1 1). A S T 0  3G MO calculation was also done. The 
geminal proton coupling constant in CDCl, solution was inter- 
preted to mean that either 0 was 54" or that a nonplanar con- 
formation was preferred with a small barrier to rotation (1 1). 

CND0/2 and PClLO computations suggest that 1 is 12.3 
kJ/mol more stable than 2 (12) and extensive measurements of 
2H relaxation times on partially and fully deuterated benzyl 
fluoride by the same group (13) are interpreted to yield an 
internal barrier of 11.3 kJ/mol in the neat liquids. It may be 
relevant that the temperature dependence of the viscosity of the 
neat liquid indicates an activation energy of 11.3 kJ/mol. In 
acetone and methanol solutions (14), the internal barriers were 
found to be 7.6 and 10.7 kJ/mol, respectively, from 'H mea- 
surements. 

The temperature dependence of the I9F nmr chemical shifts 
of benzyl fluoride and some of its derivatives in acetone solu- 
tion, together with MO calculations, was taken to mean (15) 

TABLE 1. Values of "J(C,F) in Hz for benzyl fluoride in a number of 
solvents at 300 K 

S~lvent".~ - 'J 'J 9 I ? J  I S J ~ . C . ~  

CS2 (2.3) 
CCI, (3.4) 
C6D6 (3.3) 
CDCI' (3.0) 
Neat 
CD'OD (1  .O) 
(CD')2=0 (2.8) 
DMSO (2.5) 

"Concentrations in mol% are given in parentheses. 
bAll couplings are reproducible to better than 0.02 Hz in all cases. For 

example 5J(C,F) in DMSO solution is 3.245 ? 0.005 Hz, as judged from 
repeated measurements. 

r 2  J, ' J ,  and 5J are positive; see Experimental. 
d F ~ r  benzotrifluoride, 'J, 'J, and 5J in acetone and CS2 solutions are 3.92(5), 

3.85(1); 0.0, 0.0; and 1.39(3), 1.37(1) Hz, respectively. In CDCI, and CS2 
solutions 'J is 272.1, 272.23 Hz, respectively, and 'J is 32.2(1), 32.28(1) Hz. 
These data suggest minimal intrinsic solvent perturbations of sidechain I9F 
nuclei and aromatic "C nuclei. 

that 2 is most stable, by 1.7 kJ/mol. 
An interesting application of the stereospecific coupling over 

five bonds betwen 19F and the I3C nucleus in the para position, 
'J(C,F), was taken to imply that, in chloroform solution, there 
exists essentially free rotation of the fluoromethyl group in 
benzyl fluoride (16). 

In view of this diversity of conclusions concerning the inter- 
nal rotational potential in benzyl fluoride, part of which may 
well be caused by solvent effects, it seems sensible to measure 
the solvent dependence of some molecular properties of benzyl 
fluoride. For this purpose 'J(C,F) was chosen and this paper 
reports on its solvent dependence. Furthermore, the 'H and I9F 
nmr spectra in CS2 and acetone solutions at 300 MHz, although 
extremely highly coupled, are analyzable. They yield some 
H,H and H,F couplings that also depend on conformation. 

Experimental 
Dilute solutions of benzyl fluoride from Pierce Chem. Co. were 

prepared in a number of solvents (see Table 1). Proton decoupled ''C 
nmr spectra were taken on an AM300 Bruker spectrometer at a probe 
temperature of 300 K. Typically, 64 FIDs were accumulated for each 
spectral region, e.g. a width of 400 Hz into 16K, with an  acquisition 
time of 20.48 s. Two or more sets of spectra were obtained. A dilute 
solution of 3,5-dichlorobenzyl fluoride was used to determine the 
signs of 'J(C,F), 'J(C,F), and 'J(C,F) relative to 'J(H,F) by "C{'H) 
experiments. Decoupling (17) of the methylene protons for a given 
spin state of I9F caused characteristic collapses in the ipso, para, and 
ortho "C multiplets. 

A 2.3 mol% solution of benzyl fluoride in CSr, containing 10.0 
mol% of C6D,,, 0.5 mol% TMS, and a drop of C6F6 was transferred 
to a 5-mm od nmr sample tube. The solution was degassed by a 
number of freeze-pump-thaw cycles and the tube was then flame- 
sealed under vacuum. A similar procedure was applied to a 2.8 mol% 
solution of benzy fluoride in acetone-d6, also containing some TMS 
and C6F6. 

The 'H and ' 9 ~  nmr spectra were accumulated at a probe tempera- 
ture of 300 K on the AM300 instrument. Wide sweepwidth survey 
spectra were obtained in order to reference the spectra with respect to 
TMS and C6F6, and to obtain the locations of the aromatic and side- 
chain proton peaks. Each region was examined in detail, with sweep- 
widthand data region adjusted to give acquisition times of approxi- 
mately 40 s. Four to sixteen scans were acquired. Zero filling to twice 
the original data region was done before transforming the FIDs using 
a small amount of gaussian multiplication. Line widths at half height 
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SCHAEFER ET AL. 

TABLE 2. 'H and "F spectral parameters for benzyl fluoride in CS2 and acetone-d6 solutions at 300 K 

Value Value 

Parameter CS; Acetoneh Parameter CSz" ~cetone" 
- - - - 

VCH 1568.342(1)' 1618.561(1)' 4J(H,CH2) -0.610(1) -0.560(2) 
vo 2170.535(1) 2226.457(2) 'J(H,CHz) 0.299(1) 0.282(2) 
v,, 2181.595(1) 2223.543(2) 'J(H,CH2) -0.452(2) -0.409(2) 
VP 2170.271(2) 2212.983(1) 4J(H,F) -1.680(2) -1.961(3) 
VF - 12895.269(2)" - 12017.359(3) 'J(H,F) 1.107(2) 1.164(2) 
'J(F,cH,) 47.908(2)' 47.967(2) 6J(H,F) - 1.539(2) - 1.800(2) 
3 ~ 2 ~  7.686(1) 7.707(1) Calcd. transitions 833 935 
3J34 7.492(2) 7.508(3) Assign. transitions 662 643 
4J26 1.876(2) 1.886(3) Peaks observed 300 29 1 
4J24 1.268(2) 1.259(3) Largest deviation 0.041 0.039 
4J35 1.371(1) 1.378(3) rms deviation 0.013~' 0.0137g 
'J25 0.606(1) 0.619(1) 

"2.3 mol% containing some internal TMS, C,D,?, and C6F6. 
bAs in a but 2.8 mol% and no C6Dl,. 
'The 'H shifts are in Hz at 300.135 MHz to low field of internal tetramethylsilane, TMS. 
dThe 19F shifts are in Hz at 282.363 MHz to high field of internal C6F6 (same probe). 
'The numbers in parentheses are the standard deviations in the last figure from the analysis with the program 

NUMARIT. 
'There are no correlations as large as 0.3, but 'J(H,CH2) and ' J ~  correlate with -0.297. 
"There are some substantial correlations, namely, -0.576 for 'J(H,CHZ) and 'J(H,CHZ); -0.473 for 4J(H,F) 

and 'J(H,F). Note that the shift difference between ortho and meta protons is just under 3 Hz. 

were approximately 0.04 Hz. 
ST0 3G MO computations (18) on benzyl fluoride employed the 

program MONSTERGAUSS (19) and an Amdahl V8 system. Geom- 
etry optimization of all bond angles and bond lengths was done at 15" 
intervals for 0 5 0 5 90" with the proviso that the phenyl carbon 
framework remain a regular hexagon. INDO MO FPT calculations 
(20, 21) of various coupling constants in benzyl fluoride utilized the 
same computer, as did CND0/2 computations (22) of dipole mo- 
ments. 

Results and discussion 
Spectral analyses 

"J(C,F) could be measured as splittings in the 'H decoupled 
I3C n m  spectra, and values appear in Table I .  Two or more 
sets of measurements on a given sample gave an average error 
of less than 0.02 Hz. The partial decoupling experiments show 
that 2J(C,F), 3J(C,F), and 'J(C,F) have the same sign as 
2J(H,F), which is positive (23). 'J(C,F) is + 1.98(2) Hz and 
3J(C,F) is +6.86(1) Hz in 3,5-dichlorobenzyl fluoride in CS2 
solution. Comparison with the numbers in Table 1 strongly 
implies the same signs for benzyl fluoride. 

A full analysis of the 'H and I9F nmr spectra of benzyl 
fluoride in CS, and acetone solutions was ~erformed with the 
computer NUMARIT (24). The e k i n g  spectral pa- 
rameters are found in Table 2. Although the ring proton shift 
range in CS2 solution is less than 38 ppb, the spectral parame- 
ters are known with same precision (see explinatory notes in 
Table 2). Figure 1 displays the observed and calculated 'H n m  
spectra of the methylene protons in acetone solution. Figure 2 
shows the calculated and observed 'H nmr spectra of the aro- 
matic protons for the CS2 solution. 

Coupling mechanisms 
INDO MO FPT computations of the contact contribution to 

nuclear spin-spin coupling constants, J ,  do not normally agree 
quantitatively with experiment, due to the parameterization of 
the semiempirical approach, to neglect of noncontact contribu- 
tions, and to deviations of the assumed from the actual geom- 
etry of the molecule (25). However, often the qualitative and 

FIG. 1. The methylene proton nmr spectrum of a 2.8 mol% solu- 
tion of benzyl fluoride in acetone-d6 at 300.135 MHz and 300 K is 
compared to the spectrum calculated with the spectral parameters in 
Table 2. The computed spectrum assumes a line width at half height 
of 0.03 Hz. 

sometimes even the quantitative conformational dependence of 
J is reproduced by such calculations, particularly for long- 
range couplings. For example, 6J(H,H) in toluene depends on 
sin2* (see 1 or 2) and its value at IJJ = 90" is computed for a 
standard geometry as - 1.22 Hz (26), in good agreement with 
an experimentally derived value of - 1.20 Hz (27). Rather 
poorer agreement with experiment is obtained for 6 ~ ( H , F )  in 
p-fluorotoluene (28), yet its functional dependence on 0 is most 
likely reproduced qualitatively (26, 28). 

An extensive discussion of "J(C,F) in benzotrifluoride (29) 
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FIG. 2. The aromatic ring proton nmr spectrum of a 2.3 mot% solution of benzyl fluoride in CS2/C6D12/TMS solution at 300.135 MHz and 
300 K is compared to the spectrum calculated with the parameters in Table 2. The widths at half height of the observed peaks are about 0.04 Hz. 

demonstrates the qualitative reliability of INDO MO FPT com- 
putations of many of these parameters. The calculated 0 de- 
pendence of 5J(C,F) and 4J(C,F) can be used to rationalize the 
absence of 4J(C,F), for example, as a cancellation of u and 
u-IT components of opposite sign; the former is dependent on 
sin2(O/2) and the latter on sin20. 

In view of these remarks, computations of various couplings 
in benzyl fluoride were performed so as to have indications of 
their 0 and + dependence. Because their absolute values are 
probably not very reliable, the results are not tabulated here. 
Their salient characteristics can be summarized as follows. 

For the S T 0  3G MO geometry-optimized structure, in which 
the C-F bond length is 138.5 pm, the exocyclic C-C bond 
length is 154.1 pm, and the CCF bond angle is 1 1  1.9", the 0 
dependence of 6 ~ ( ~ , ~ )  can be written as eq. [I]. The u-IT 
mechanism is indicated by this equation, just as it is for 6~(H,H)  

[l]  6 ~ ( ~ , ~ )  (Hz) = -0.061 2 0.006 - 2.373 ? 
0.009 sin2 0 

in toluene (26). The angle-independent term may well be an 
artifact of the computation. As a u-IT coupling, the computed 
6J(H,F) will depend strongly, probably exponentially (30), on 
the C-C distance. Thus, for a standard geometry (31), its 
computed values (32) can be written as eq. [2]. In other words, 
the value of 6J(H,F) at 0 = 90" cannot be certain. What is fairly 

[2] 6 J ( H , ~ )  (Hz) = -0.06 ? 0.01 - 3.12 ? 0.01 sin2 0 

certain, however, is that the magnitude of 6J(H,F) will increase 
as conformation 2 increases in stability relative to 1. Again, 
because 6J(H,H) is undoubtedly a u-IT coupling (7) and be- 
cause it depends on sin2 +, its magnitude will decrease as 2 
becomes more stable. It is known that the maximum magnitude 

of 6J(H,H) depends on the electronegativity of the a-substituent 
(7), its value for benzyl fluoride not being certain. For a stan- 
dard geometry, INDO methods suggest it as about - 1.1 Hz 
(32). 4 ~ ( H , ~ )  and 4J(H,F) will also contain large u-IT com- 
ponents, whereas 5J(H,H) and 5J(H,F) probably consist of a 
u-IT part together with a u component of comparable mag- 
nitude and dependent (33) on sin' ($12) or sin' (012). 

Turning to "J(C,F), the computations on the optimized ge- 
ometry imply eq. [3] for 'J(C,F) and therefore that it is a u-IT 
coupling. The analogous 'J(H,C) in toluene has been shown to 

[3] 'J(C,F) (Hz) = 0.26 0.04 + 7.73 ? 0.07 sin' 0 

be a u-IT coupling (6), in agreement with INDO MO FPT 
computations. Also, 'J(C,F) in benzotrifluoride can be ration- 
alized as a u-IT coupling (29), although its magnitude is 
computed as too large. Similar remarks apply to eq. [3] but the 
sign agrees with that in Table 1.  

4J(C,F) in benzyl fluoride is computed as small and positive 
near 0 = 0 and 180°, becoming large and negative at 90". In 
other words, it is predicted as a predominant a-IT coupling. 
3J(C,F) is calculated to be large and positive at 0 = 0 and 180°, 
and decreasing for other values of 0, having a minimum near 
0 = 80". Its computed behavior in benzotrifluoride has been 
discussed in detail (29). A similar treatment could be done for 
'J(C,F) in benzyl fluoride but would not add to the present 
paper, except to note that its 0 dependence resembles a mod- 
ified Karplus behaviour. 'J(C,F) is computed to become more 
negative as 0 increases, as is 'J(C,F). Both of these couplings 
may well contain some noncontact contributions (29). 

In the next section it is pointed out that all the couplings in 
Tables 1 and 2 (except 'J(C,F)), when compared with the 
computed trends, strongly indicate an increase in stability of 2 
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in the more polar solvents. 

Conformational perturbations by solvent 
(i) Qualitative trends 

Qualitatively, it is clear from the long-range couplings that 
2 (C-F bond in a plane perpendicular to the benzene plane) 
is increasingly favored over 1 as the dielectric constant of the 
solvent increases. Thus, 'J(C,F) increases from 2.76 Hz in CS, 
to 3.25 Hz in DMSO solutions, as expected for a predom- 
inantly u-T coupling. If 'J(C,F) displays a Karplus type be- 
havior with a minimum near 8 = 90" (as it apparently does in 
benzotrifluoride (29)), then its decrease in the polar solvents is 
reasonable. Again, 6 J ( ~ , F )  is larger in magnitude in acetone 
than in CS2 solution, while 6J(H,H) displays the opposite be- 
havior (an increase in 8 for the C-F bond implies a decrease 
in +). 4J(H,F) and 4J(H,H) display analogous trends, as ex- 
pected if they are also mainly u-T couplings (26, 34). 

4J(C,F) in Table 1 increases in magnitude in the polar sol- 
vents. If it is negative as computed and is dominated by a 
negative u-T component, then this observation is also consis- 
tent with an increased stability of 2 in polar solvents. 'J(C,F) 
decreases in magnitude in the polar solvents and is computed 
to decrease as 2 becomes preferred; 'J(C,F) is large and posi- 
tive in benzotrifluoride (29) and is very likely positive in benzyl 
fluoride. 

Finally, 'J(C,F) is no doubt negative, no positive values 
being known. It increases by about 9 Hz in going from CS2 to 
DMSO solutions. The INDO MO FPT results suggest that 
'JC,F) decreases as 8 increases. This single inconsistency be- 
tween computation and observation may well arise from non- 
contact contributions to the coupling. Consequently, the theo- 
retical result is not taken as evidence against a stabilization of 
2 in the polar solvents. 

(ii) Estimates of changes in V, 
The aim of this section is to demonstrate that the internal 

barrier is small in benzyl fluoride in solution and that it changes 
by about 2 kJ/mol in passing from CS2 to DMSO solutions. In 
line with the geometry optimized ST0 3G MO computations, 
a twofold potential barrier is assumed in the following dis- 
cussion. A vanishing barrier would imply that the expectation 
values of sin2 8 and 8 are 0.5 and 45", respectively. 

Because of the uncertainties in the extremes of the u-T 
couplings, namely, their magnitudes when the C-H or C-F 
bonds are twisted by 90" out of the benzene plane, the fol- 
lowing approach turns out to be useful. The various confor- 
mational conclusions in the literature are taken as reference 
points for V2, the solvent-induced changes in V2 are then de- 
duced from 'J(C,F), and a comparison with 6J(H,H) and 
6J(H,F) is made in an attempt to find the most consistent set of 
data. 

Assume that 'J(C,F) is indeed proportional to sin2 8 in benzyl 
fluoride. On the basis of 'J(C,F) values in some model com- 
pounds (16), it is suggested that V, vanishes in CDCI, solution. 
Because 'J(C,F) is 3.09 Hz (Table l), 'JW follows as 6.18 Hz. 
Then (sin2 8) in the other solvents follows as in Table 3. Tables 
(7, 35) of (sin2 8) as a function of temperature and internal 
barrier yield the V2 numbers in Table 3. In CS2 solution, V2 is 
1.1 kJ/mol, 1 stable, and becomes 0.5 kJ/mol in DMSO solu- 
tion, 2 preferred. 

If 2 is favored by 1.7 kJ/mol in acetone solution, as deduced 
from I9F chemical shifts (15), then (sin2 8) follows as 0.585. 
'JW becomes 5.38 Hz because 'J(C,F) in acetone solution is 
3.15 Hz (Table 1). Consequently, 2 is more stable than 1 by 0.2 

TABLE 3. Values of the internal twofold banier in benzyl fluoride in 
solution derived from different 'J(C,F) values for 0 = 90" 

Solvent (sin2 0)" vzb VZc v / I  VZP (kJ mol-') 

csz 0.446 1 . 1  0.2 0.6 0.0 
CCI, 0.455 0.9 0.4 0.8 0.2 
c&, 0.473 0.5 0.8 1.3 0.7 
Neat 0.499 0.0 1.4 1.8 1.9 
CDC13 0.500 0.0 1.4 1.8 1.9 
CD3OD 0.506 0.1 1.6 2.1 2.0 
(CD,)ZC=O 0.509 0.2 1.7 2.2 2.1 
DMSO 0.525 0.5 2.1 2.6 2.5 

"On the assumption that V, is zero in CDCI, solution (16). Because 'J(C,F) 
is 3.09 Hz (Table 1 ,  'Jm follows as 6.18 HZ because (sin' 0) is 0.500 for a 
vanishing barrier. 

bFollowing from (sin2 0) in the preceding column. Values of (sin' 0) less than 
0.5 imply 1 as the preferred conformation. If (sin' 0) is greater than 0.5, then 
2 is preferred. 

'Derived on the assumption that 2 is favored by 1.7 kJ/mol in acetone 
solution (15). In the latter 5J(C,F) is 3.148(7)Hz (Table I), so that (sin' 0) 
becomes 0.581 and 'JW is 5.42 HZ. 2 is most stable in all solvents. 

the assumption that 'J(C,F) is 5,2 Hz at 0 = 90". as implied by its values 
in I-fluoroindan (16). 2 is most stable in all solvents. 

'On the assumption that 'J(C,F) = 0.3 + 4.9 2 0.3 sin' 0.  Then 2 is the 
stable form in most solutions, but is of the same stability as 1 in CS2 to within 
experimental error. 

'A referee asks what consequences there are for V2 if the extremes of 4.7 and 
5.7 Hz for 5JW(C,F) are assumed. For a value of 4.7 Hz, 2 is stable in all 
solvents, V2 rising from 1.8 kJ/mol to 4.2 kJ/mol in passing from CSZ to 
DMSO solution. If 5JW is 5.7 HZ, then 1 is stable in CS2 solution with a V2 of 
0.3 kJ/mol and 2 is stable in DMSO solution with a V 2  of 1.4 kJ/mol. 

kJ/mol in CS2 solution. Increasing polarity of the solvent sta- 
bilizes 2, until in DMSO solution 2 is more stable than 1 by 2.1 
kJ/mol. V2 has changed by about 2 kJ/mol. As usual (2), 
benzene behaves as a more polar solvent than its static di- 
electric constant would indicate. 

Now, 'JW is computed as 5.2 t 0.3 Hz from a value of 
3.9 t 0.2 Hz in the model compound, 1-fluoroindan, in which 
8 is taken as 60" (16). However, in 1-fluoro-4-methyl- 1,2,3,4- 
tetrahydro-l,4-ethanonaphthalene, in which 8 is very near 0°, 
'J(C,F) is 0.5 Hz (16). Conceivably, there exist additional 
coupling pathways in this bridged compound accounting for at 
least part of the 0.5 Hz. A similar statement would apply to the 
indan derivative. On the assumption that 'J(C,F) contains an 
angle-independent component of 0.3 Hz, 'J(C,F,) (Hz) = 0.3 
+ (4.9 2 0.3) (sin2 8). Table 3 also contains the V2 values 
deduced from this equation. Then V2 is essentially zero in CS2 
solution, becoming 2.5 kJ/mol in DMSO solution, 2 stable 
(uncertainties of ca. 0.5 kJ/mol). 

If 'J(C,F) (Hz) = 5.2 sin2 8, then V2 is 0.6 kJ/mol in CS2 and 
increases to 2.6 kJ/mol in DMSO, 2 stable. These numbers are 
also given in Table 3. From all these comparisons, V2 appears 
indeed to be small, changing by about 2 kJ/mol in passing from 
CS2 to DMSO solutions. 

In contrast, the relaxation data suggest an internal bamer of 
11.8 kJ/mol in neat benzyl fluoride (13). If 1 is the stable form, 
then the value of 'J(C,F) for 8 = 90" follows as 23.4 Hz and 
as 15.7 Hz for a bamer of 7.6 kJ/mol deduced from relaxation 
data in acetone solution (14). Therefore 1 cannot be the pre- 
ferred conformation if V, is large. If 2 is stable, then ?IW 
follows as 3.55, 3.94, and 3.65 Hz from the relaxation baniers 
in neat benzyl fluoride, acetone, and methanol, respectively, 
giving an average of 3.7 Hz. The ?I(C,F) numbers in Table 1 
then yield an internal barrier of 5.3 kJ/mol in CS2 solution and 
12.0 kJ/mol in DMSO solution. However, it is most unlikely 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3224 CAN. J .  CHEM. VOL. 63, 1985 

that 'Jw is as small as 3.7 Hz, the average of the numbers 
above. 

This unlikelihood is emphasized by a consideration of 
6J(H,H) for benzyl fluoride in CS2 and acetone solutions (Table 
2). A relaxation barrier of 7.6 kJ/mol in acetone solution, 2 
stable, implies a (sin' 4 )  of 0.35 1 (see 1 for the definition of 
4).  Because 6J(H,H) is a a-n coupling, it follows that its 
extreme at $ = 90' is -0.409/0.351 or - 1.17 Hz (the barrier 
in CS2 solution would then follow as 5.2 kJ/mol from the 
6J(H,H) of 0.452 Hz). This value of 'J, is much too large in 
magnitude. 6Jw in toluene has recently been redetermined 
as -1.20 Hz (27) and it is known that the magnitude of 
6Jw decreases significantly as the electronegativity of the 
a-substituent increases (7). In particular, a detailed study of the 
solvent dependence of the conformational behavior of 2- 
hydroxybenzyl methyl ether (36) shows that 6Jw is - 1.02 HZ. 
Because fluorine is more electronegative than OCH,, the mag- 
nitude of 6Jw must be less than 1.02 Hz in benzyl fluoride. 
Assuming a linear dependence of 6Jw on the electronegativity 
of the substituent (7 ,  35) and using the electronegativities 
deduced (37) from internal chemical shifts (see also refs. 38, 
39), yields 6Jw as -0.95 Hz in benzyl fluoride. 

Concluding therefore that V2 in benzyl fluoride in solution is 
indeed small, an attempt at discrimination between the V2 sets 
in Table 3 essays as follows. From the relationship (sin2 $) = 
0.75 - 0.5 (sin2 0), - 6 ~ w  for 6J(H,H) is deduced in pairs (CS2 
and acetone): 0.878, 0.826 Hz if V? = 0 in CDCI,; 0.894, 
0.915 Hz if 2 is favored by 1.7 kJ/mol in acetone; and 0.964, 
0.954 Hz if 'J(C,F) is 4.9 Hz and no angle-independent con- 
tribution exists in the latter. If an angle-independent term of 
0.3 Hz exists additionally, then -6Jw becomes 0.905, 0.891 
Hz. If 'J(C,F) (Hz) = 5.2 sin2 0, one has 0.933, 0.91 5 Hz for 
-6Jw. These comparisons suggest a nonzero V2 in CDCl, solu- 
tion and that a reasonable relation is 'J(C,F) (Hz) = 4.9 sin' 0. 
With the latter and 6 ~ ( ~ , H )  = -0.959 sin2 0, V2 varies between 
1.0 kJ/mol in CS2 and 3.3 kJ/mol in DMSO solutions. 

Similar tests for 6 ~ ( H , ~ , )  yield -6J, as 3.45, 3.53 if V2 
vanishes in CDCI,; 3.00, 3.08 if 2 is preferred by 1.7 kJ/mol 
in acetone; and 2.74, 2.80 Hz if 'J(C,F) is 4.9 Hz at 0 = 90' 
in the absence of an angle-independent component. In 2,6- 
dichlorobenzyl fluoride, 6~(H,F , )  is -2.43 Hz (32). Fully opti- 
mized ST0 3G MO computations give V2 (kJ/mol) = 12.2 cos2 
0 - 2.0 sin2 20 for the internal potential. If the fourfold com- 
ponent is ignored, (sin2 0) is 0.879 and 6 ~ w  becomes -2.76 Hz. 
If the fourfold component is included, a classical average gives 
(sin2 0) as 0.844 and 6J, becomes -2.87 Hz. These numbers 
lie reasonably close to the assumption that 'J(C,F) (Hz) = 
4.9(sin2 0). Again, 'J(C,F) is 4.0 + 0.2 Hz in 2,6-dichloro- 
benzyl fluoride (16). The potential function above then implies 
'Jw as 4.7 5 0.3 Hz for 'J(C,F), again in reasonable agreement 
with the above assumption. 

One further point must be made. In 2,6-dichloro-4- 
methylbenzyl fluoride in CS2 solution, 7J(F,CH3) is 2.83 Hz 
(40), compared to a 6~(H,F)  of -2.43 Hz for 2,6-dichloro- 
benzyl fluoride in benzene solution (32). If the methyl substit- 
uent causes no change in V2, then it follows that 6J(H,F) con- 
tains a positive non u -n  component of about 0.4 Hz, it being 
most unlikely that 7J(F,CH3) is other than a pure a-n cou- 
pling. Yet it is known that a para methyl group increases the 
stability of 2 in the absence of chlorine substituents (15, 40). 
Therefore part of the discrepancy above may arise in this man- 
ner. A small non u- n component of 6J(F,H) may be present, 
however. The perturbation by ring substituents of the internal 

potential function in benzyl fluoride is significant. Thus, 
'J(C,F) is 2.0 Hz in 3,s-dichlorobenzyl fluoride in CS2 solution 
(see Experimental) and, because meta substituents appear to 
cause very small changes in u -n  couplings (7), it follows that 
V2 is 1.9 kJ/mol with 1 as the stable form, if 'JW is taken as 4.9 
Hz. 6J(H,H) is -0.537(0) Hz, implying 1 as more stable than 
2 by 2.7 kJ/mol if 6 ~ W  is taken as -0.95 Hz. 6 ~ ( ~ , ~ )  is 
- 1.026(1) Hz and 1 is more stable than 2 by 2.8 kJ/mol if 6Jw 
is -2.81, Hz, the mean of the two values above. Clearly, 1 in 
the 3,5-dichloro derivative is more stable than in benzyl fluo- 
ride by at least 2 kJ/mol. Our ST0 3G MO calculations suggest 
a twofold bamer which is 0.8 kJ/mol larger than in benzyl 
fluoride, 1 stable. The conformational preference of a given 
benzyl fluoride derivative will be a function of the substituents 
and of the solvent. 

In summary, there is little doubt that 2 in benzyl fluoride is 
stabilized relative to 1 by about 2 kJ/mol as the solvent changes 
from CS2 to DMSO, in qualitative accord with simple dielectric 
continuum models. However, the long-range couplings used in 
this study, although in agreement with a rather small twofold 
internal barrier, leave some doubt as to the minimum in the 
potential function in CS2 solution. The result most consistent 
with all three types of couplings is that the potential function is 
almost flat in this solvent, 2 being favored over 1 by perhaps 
as much as 1 kJ/mol. 

(iii) Conformational changes in other "J(C,F) 
For benzotrifluoride, 'J(C,F) was treated as a a-n coupling 

and the vanishing 'J(C,F) could then be accounted for by a 
composite mechanism, consisting of a negative a-n compo- 
nent proportional to sin2 0 and a smaller positive u component 
depending on sin2 (012). The expectation value of sin2 (012) is 
0.5 for a twofold barrier. On the assumption that 4J(C,F) be- 
haves similarly in benzyl fluoride, one may write 'J(C,F) = 'Jw 
(sin2 0) + 0.5 4Jlno. Use of V2 values in the last column of Table 
3 for CS2 and DMSO solutions to find (sin2 0) yields 4J& as 
-5.12 Hz and 'Jlno as 3.30 Hz. These numbers assume a 
negative 4J in Table 1. A positive 4J would yield a positive 'f",, 
rather unlikely because of spin correlation (29). This parame- 
terization can be tested for the other solvents with the result that 
the mean deviation between observed and calculated values for 
the other six solvents is 0.03 Hz, 6% of the observed change. 
In other words, the present formulation of the 0 dependence of 
4J is consistent with an increased stability of 2 in the more polar 
solvents. However, the values of '& and must be consid- 
ered as approximate. Furthermore, 'J(C,F) vanishes in 3 3 -  
dichlorobenzyl fluoride, so that this coupling is strongly sub- 
stituent dependent. In 4-methylbenzyl fluoride in CS2 solution 
'J(C,F) is 1.34 t 0.06 Hz. If negative and unperturbed by the 
methyl group, (sin2 0) follows as 0.58 5 0.12 from the above 
parameterization, in rough agreement with the 0.64 + 0.04 
deduced (40) from 7J(F,CH3). 

'J(C,F) is + 18.3 + 0.1 Hz in 3,5-dichlorobenzyl fluoride in 
CS2 solution. In benzyl fluoride, 'J(C,F) is therefore no doubt 
positive as well, decreasing from 17.5 Hz in CS2 to 16.6 Hz in 
DMSO solutions. This decrease is consistent with the quali- 
tative indications from the INDO MO FPT computations if 2 
increases in stability in the polar solvents. The higher observed 
value in the 33-dichloro derivative is expected if, as deduced 
abbve, the stability of 1 is enhanced by the ring substituents. 

'J(C ,F) changes from - 170.5 Hz in CS2 solution to - 16 1.9 
Hz in DMSO solution. For the sake of argument, write 'J(C,F) 
as A + B sin2 0. Then, using the V2 values in the last column 
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of Table 3,  one has A = -206.4 Hz and B = 71.5j Hz. In P. BAKKEN. J .  Mol. Struct. 57, 149 (1979). 
3,5-dichlorobenzyl fluoride, 'J(C,F) is - 173.7 Hz, come- 12. C. BECUIN and E. GOUT-MALLARET. J .  Fluorine Chem. 8, 279 
sponding to a (sin' 0) of 0.457. 'Then 1 is favored by 0.9 kJ/mol (1976). 
for his molecule, differing by 1 kJImol from the value implied 13. C. BEGUIN and R. DUPEYRE. J .  Magn. Reson. 44, 294 (198 1). 
by ~J(c,F) above. intrinsic substituent effect on IJ(c,F) 14. R. DUPEYRE and C. BEGUIN. J. Chim. Phys. 78, 363 (1981). 

15. R. T. C. BROWNLEE and D. J. CRAIK. Tetrahedron Lett. 21, 168 1 has been ignored in this comparison. Certainly, para and ortho (1980). 
substituents perturb IJ('lF) as do 'J(H,C), for 16. W, ADCOCK and A. N. ABEYWICKREMA, Aust. J .  Chem. 33, 181 
example (41). Therefore, further comparisons will not be done. (1980). 

17. J. P. MAHER and D. F. EVANS. Proc. Chem. Soc. London, 208 
Conclusions (1961). 

The perpendicular conformer of benzyl fluoride, in which 
the C-F bond lies in a plane perpendicular to the benzene 
plane, is stabilized by about 2 kJ/mol in passing from CS2 to 
DMSO solutions. This magnitude is about equal to the error in 
Raman and infrared measurements of solvent effects on con- 
formational equilibria (4). It is likely that in CS2 solution the 
conformational preference is very weak at 300 K, the twofold 
barrier to internal rotation being very near zero. Each benzyl 
fluoride derivative will have its own internal barrier and this 
will also be solvent dependent, particularly for meta and para 
substituted compounds. 
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Charge distributions and chemical effects. XXXVIII. Correlations between nuclear 
magnetic resonance shifts and electronic charges of nitrogen atoms 
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M. COMEAU, M.-T. BERALDIN, E. C. VAUTHIER, and S. FLISZAR. Can. J .  Chem. 63, 3226 (1985). 
Correlations between nuclear magnetic resonance shifts and atomic charges of nitrogen in selected alkylamines, nitroalkanes, 

isonitriles, and azines consistently follow the general trends observed for carbon and oxygen nuclei. In azines, any increase 
in total electronic population on nitrogen, resulting from a gain in -rr charge prevailing over a concurrent loss of o electrons, 
is accompanied by an upfield resonance shift-as found for aromatic and ethylenic carbon and carbonyl oxygen atoms. On 
the other hand, any gain in total charge dictated by that of a populations translates into a downfield '% shift, which is the 
trend exhibited by alkylamines, nitroalkanes, and isonitriles-a situation encountered earlier with sp3-hybridized carbon, 
carbonyl carbon, and dialkyl ether oxygen atoms. 

M. COMEAU, M.-T. BERALDIN, E. C. VAUTHIER et S. FLISZAR. Can. J .  Chem. 63, 3226 (1985). 
Les corrClations, en rmn, entre les dCplacements chimiques et les charges Clectroniques portCes par les azotes d'alkylamines, 

de nitroalcanes, d'isonitriles et d'azines choisis ont le m&me comportement que celui prCcCdemment Ctabli pour les noyaux 
de carbone et d'oxygkne. Dans le cas des azines, une augmentation de la charge Clectronique totale sur I'azote+ui provient 
d'une augmentation de la charge -II au detriment de la charge o-st accompagnke d'un dkplacement chimique vers les champs 
forts; ce comportement est identique B celui dCjB rencontrk pour les "C de composCs aromatiques et CthylCniques et pour les 
atomes d'oxygkne de groupements carbonyles. Par contre, pour les alkylamines, les nitroalcanes et les isonitriles, une 
augmentation de la charge Clectronique totale sur l'azote-provenant d'un gain en Clectrons o-provoque un glissement vers 
les champs faibles pour ce noyau; cette situation a dCji CtC rencontrte pour les carbones hybrid& sp3 des alcanes, pour les "C 
de groupements carbonyles et pour les atomes d'oxygkne d'Cthers dialkylks. 

[Traduit par le journal] 

Introduction 
Correlations between atomic charges and nuclear magnetic 

resonance shifts have become best known for I3C and "0 nuclei 
( 1 ,  2): in some cases they are excellent (albeit not free from 
conceptual difficulties) (3-5) and of considerable help in the 
accurate evaluation of charge effects governing molecular ener- 
gies (2, 6). Unfortunately, no corresponding information is 
presently available for I5N nuclei-a problem attacked here 
with a critical examination of possible charge-shift correla- 
tions for nitrogen atoms. 

Indeed, a theoretical analysis of the nuclear magnetic 
shielding of I5N in a well-diversified variety of compounds 
(amines, azines, etc.) reveals that the changes in total shielding 
are almost entirely dictated by those of the local paramag- 
netic contribution (i.e., Au,,,,, = AuEL:r'), in a range covering 
-400 ppm (7). This result suggests possible correlations be- 
tween "N nmr shifts and atomic charges which, of course, are 
essentially local in character. The fact, however, that Au,,,,, = 
AUK:;' holds true for different types of N atoms does not imply 
that all of them are covered by a single charge-shift rela- 
tionship. The nature of the latter depends, indeed, on the way 
AuE::' varies with a change in local electron density, hence the 
reason for distinguishing N atoms belonging to different classes 
of compounds. 

Calculation of charges 
All SCF calculations were performed by means of Pople's 

STO-3G method (g), using the Gaussian 76 set of programs 
(9). Molecular geometries and all 5 parameters were optimized 
in most cases, a point which is important because atomic 
charges are very sensitive to the molecular environment and, 
hence, to 5 optimization: the internally most consistent charge 
results are obtained when these optimizations are carried out at 

'Author to whom correspondence may be addressed. 

their best for each atom (or group of equivalent atoms) of the 
molecules under study, until stable charges are obtained (2). 
This task is practically feasible only in minimal basis set cal- 
culations, hence our choice for the fully optimized STO-3G 
method. 

Population analyses were carried out following Mulliken 
(10). Of course, atomic charges deduced in this manner should 
not be taken at their face value because they are strongly basis 
set dependent (2, 1 1); they should only be used in comparisons 
between like atoms (e.g., between nitrogen atoms of primary 
amines, or nitrogen atoms of secondary amines, etc.), in which 
case the trends indicated by Mulliken's population analysis are 
valid (2). This restriction is important, indeed, because Mulli- 
ken's charges include, throughout, a half-and-half partitioning 
of overlap populations in their computation, a circumstance 
which may carry an error in situations involving heteronuclear 
atom pairs (2) (as in the NH, NC, and CH bonds, in the present 
case), but, as discussed below, this is not the only reason. 
(Typical examples illustrating the effect of lifting the equi- 
partitioning of overlap population terms in STO-3G charge 
analyses based on Mulliken's scheme are found in charge - 
nmr shift comparisons offered for alkanes (12) and alkyl- 
substituted ethylenes (13).) With these reservations in mind, 
Mulliken charges deduced from optimized STO-3G wave func- 
tions are of undisputed value in comparative studies like the 
one presented below. In more realistic charge calculations, 
however, larger basis sets and inclusion of configuration inter- 
action become a must (14). 

Results 
Alkylamines 

Fully optimized STO-3G results obtained for selected 
mono-, di-, and trialkylamines are indicated in Table 1.  Within 
each series, a comparison with known adiabatic ionization po- 
tentials (15) reveals that the latter decrease as electronic charge 
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COMEAU ET AL. 

FIG. 1. Correlation between "N resonance shifts of alkylamines (ppm, upfield from HN03, in methanol) and nitrogen net charges (in 
me = e units). 

TABLE 1. Orbital populations N (electron), net atom charges q~ (me = e), "N 
resonance shifts (ppm, from HN03, in methanol), and ionization potentials (IP) 

(kcal mol-I) of selected alkylamines 

Molecule" N(ls)  N(2s) N(2p) q~ S("N)' 1P 

1 Methyl-NH2 1.9949 1.5803 3.7992 -374.4 371.1 206.8 
2 Isobutyl-NHZ 1.9950 1.5810 3.8055 -381.5 356.5 
3 Propyl-NH2 1.9950 1.5831 3.8060 -384.2 353.4 202.5 
4 Ethyl-NH2 1.9950 1.5833 3.8063 -384.6 349.2 204.3 
5 Isopropyl-NH2 1.9950 1.5850 3.8122 -392.2 331.9 201.1 
6 tert-Butyl-NH2 1.9951 1.5874 3.8149 -397.3 318.1 199.2 
7 Dimethyl-NH 1.9950 1.5784 3.7351 -308.5 363.3 190.0 
8 Methyl, ethyl-NH 1.9951 1.5833 3.7382 -316.6 345.8 
9 Dipropyl-NH 1.9951 1.5856 3.7445 -323.3 334.3 

10 Diethyl-NH 1.9951 1.5840 3.7464 -325.4 327.5 184.7 
11 Trimethyl-N 1.9951 1.5697 3.6903 -255.1 356.9 180.3 
12 Dimethyl, ethyl-N 1.9952 1.5751 3.6977 -268.0 345.1 
13 Diethyl, methyl-N 1.9952 1.5773 3.7083 -280.8 334.3 

"The numbering corresponds to that of Fig. 1. 
this convention, increasingly larger 6(I5N) values indicate upfield resonance shifts. 

'The STO-3G Mulliken net charges (2) of carbon replacing N in the analogous hydrocarbons 
(see text) are, in me, -21.0 (1). -22.6 (2), -23.1 (3), -23.8 (4), -26.4 (S), -28.5 (6) ,  6.1 
(7), 3.5 (8). 2.2 (9), 0.8 (lo), 33.6 ( l l ) ,  32.2 (12), and 30.2 (13). 

tends to build up on nitrogen, as one would normally expect in 
a rough first approximation, thus suggesting that the charges 
calculated here are, indeed, in the right order. On the other 
hand, a gain in electronic charge also appears to be accom- 
panied by a concurring downfield 15N chemical shift (Fig. 1). 
This trend is similar to that encountered earlier with typical sp3 
carbon atoms (in normal and branched paraffins and in the 
cyclohexane series, including polycyclic hydrocarbons con- 
structed from chair and (or) boat cyclohexane rings), with 
carbonyl carbon atoms, and with the oxygen atoms in dialkyl- 
ethers (1, 2,  16). 

Separate correlation lines are observed for mono-, di-, and 
trialkylamines-a fact which may partially be accounted for by 
the present use of Mulliken charges, as in the case of saturated 

and ethylenic hydrocarbons (2, 12, 13). Each of these charge- 
shift correlations can be represented by A6(I5N) = aNAqN.  
The slope, a,, for tertiary amines would appear to differ sig- 
nificantly from what is found for mono- and dialkylamines. 
There are reasons to suspect, however, that this apparent 
change in a ,  reflects, at least in part, a computational artefact 
in the evaluation of charges, rather than a genuine physical 
effect. Consider here the parent alkanes obtained by relacing N 
with CH and compare the charge of each nitrogen with that of 
the carbon replacing it. The slope relating the AqN's to the 
corresponding "parent" Aq,'s appears to be -2.5 times larger 
for tertiary than for secondary and primary nitrogen atoms. 
This observation casts serious doubts concerning the balance 
of the present STO-3G nitrogen charges because tertiary nitro- 
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gen should not be all that exceptional as regards the regular 
patterns of partial charge transfers accompanying equal-sub- 
stitutions at N and CH. Of course, if the AqN's of tertiary 
amines were, indeed, in error by a factor -2.5 (relative to the 
results deduced for the other ahines), the readjusted slopes, 
A6('5N)/AqN = a ~ ,  of Fig. 1 would be nearly the same. It 
must be made clear that charge analyses are plagued at the 
outset by an unbalance in the hydrogen basis sets currently used 
in ab initio calculations (1 1 ,  18-21), which alters significantly 
the description of nitrogen itself. Basis set superposition errors 
were evaluated (1 1) by replacing Pople's standard 6-31G* 
basis by an extended form in which the basis of the ammonia 
H atoms and that of the methyl groups of trimethylamine were 
retained in the treatment of each alkylamine (i.e., mono-, di-, 
and trimethylamine) and of ammonia itself: the results indi- 
cated that the quality of the treatment of amine nitrogen atoms 
is strongly dependent on the number of methyl groups because 
the replacement of alkyl groups by hydrogens greatly impover- 
ishes the basis. On these grounds, a new, augmented basis was 
proposed for hydrogen, which appears to be reasonably well 
balanced. Comparison with familiar (e.g., 6-3 IG*) calcula- 
tions revealed in what manner the treatment of nitrogen is 
worsened when even just one methyl group is replaced by 
hydrogen, unless the impoverishment of the basis is suitably 
taken care of. The effect on nitrogen atomic charges is spectac- 
ular in that only minor variations seem to occur in going from 
ammonia to trimethylamine (--0.53 e for NH,, CH,NH,, and 
(CH3),NH; --0.54 e for (CH,)3N), quite unlike the trends 
displayed in Table 1. This and related studies (19-21) warn 
against reaching hasty conclusions concerning charge distribu- 
tions in alkylamines, namely, as regards a direct comparison 
between mono-, di-, and trimethylamine. Presently we feel 
unable to go beyond comparisons restricted to individual series 
with the same number of alkyl substituents, following the ap- 
proach described in the text, in which case distortions arising 
from superposition effects are minimized. 

Adding to the theoretical difficulties, there is also the prob- 
lem of assessing the appropriateness of the nmr data selected 
for use in comparisons like those described here, because sol- 
vent and concentration effects are often much larger for 
nitrogen- 15 than for carbon- 13 nmr spectra (22). Litchman and 
co-workers (23), for example, investigated in detail the effects 
of binding of the solvent protons to the nitrogen lone pair and 
(or) influences of solvent lone pairs binding with the protons on 
nitrogen, concluding that different solvent effects are generally 
to be expected for primary and tertiary amines, and probably 
for secondary amines as well. Besides hydrogen bonding, other 
possible causes for the solvent effects on I5N chemical shifts 
include polarization of solute molecules in a very polar medium 
and conformational changes resulting from strong solvent- 
solute interactions. The large solvent effects on propylamines 
have been rationalized on the basis of changes in the popula- 
tions of the gauche conformers (17, 24). The importance of 
these interactions is revealed by the correlations observed for 
the "N chemical shifts of the saturated amines with the I3C 
shifts of the corresponding carbons in analogous hydrocarbons 
(17, 24-26), namely, by the very existence of separate, 
solvent-sensitive, linear correlations for primary, secondary, 
and closely related groups of tertiary amines. Results of this 
sort, obtained with great care for a large variety of compounds 
and interpreted in detail by Roberts and co-workers (17, 
24-26), are instrumental in a more balanced assessment of the 
charge-shift correlations shown in Fig. 1 .  It appears, indeed, 

'OL. 63,  1985 

TABLE 2. Orbital populations, N (e), net atomic charges," 
q~ (me), and I4N resonance shifts of nitroalkanes R-NO2 

R N ( l s )  N(2s) N(2p) q~ 6(I4N) 

"From standard STO-3G calculations using the scale factors and 
geometries indicated by Hehre and Pople (29). namely, those of 
nitromethane for N,  0, C, and H in the a-position, and those 
determined for hydrocarbons otherwise. 

FIG. 2. Comparison between net charges and resonance shifts 
(ppm, downfield from CH,NO,) of nitrogen in selected nitroalkanes. 

that the charges to be used in this type of correlations should not 
be those of the isolated amines but rather those of the (still 
i1l;known) aggregates as they are physically present in shift 
measurements. However, the linearity of the '5N/'3C cor- 
relations, as well as the corresponding ones between atomic 
charges, supports the overall validity of correlations involving 
observed I5N shifts and nitrogen charges of model isolated 
amines, at least as regards general charge-shift trends within 
series of closely related compounds. 

Hence, despite the theoretical and solvent-related difficulties 
outlined above, it may be concluded from the present results 
that any increase in electronic charge at amine nitrogen atoms 
translates into a downfield chemical shift. This trend is also 
followed by other types of nitrogen atoms. 

Nitroalkanes 
In nitroalkanes, R-NO2, a regular upfield shift of the nitro- 

gen resonance with increasing electronegativity of R is ob- 
served and obeys simple additivity rules (27). Upon replacing 
hydrogen atoms in CH3N0, with alkyl groups, a downfield 
shift of - 10 ppm takes place-a trend similar to that encoun- 
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COMEAU ET AL. 

TABLE 3. Orbital populations, N (e), Mulliken net charges," q ,  
(me), and 14N resonance shifts of selected isonitriles R-NC 

"From standard STO-3C calculations, using geometries defined by 
Pople and Gordon (3l), and scale factors of ref. 8. A distance of 1.16 A 
was used for NC. 

FIG. 3. Comparison between chemical shifts (ppm, upfield from 
NO;) and atomic charges of nitrogen in selected isonitriles. 

tered with amine nitrogen resonances. This trend visibly re- 
flects the usual electron-releasing ability of alkyl groups, in the 
order tert-C,H9 > i-C,H7 > C2HS > CH,. Charge analyses at 
the STO-3G level, as well as the appropriate shift data (28) 
(downfield from nitromethane, for neat compounds) are indi- 
cated in Table 2. 

Again, these are basis set dependent Mulliken charges which 
should not be taken at their face value. The trend indicating an 
electron enrichment at N for increasingly better electron- 
donating substituent, however, certainly corresponds to what 
would be  expected. Figure 2 illustrates that a gain in elec- 
tronic charge at nitrogen translates linearly into a downfield 
nmr shift in the case of nitroalkanes. Interestingly, the slope 
(-2 ppm/me) is similar to those found for alkylamines 
(2.3 ppm/me) and dialkylamines (2.1 ppm/me). 

Isonitriles 
The nitrogen resonance signal of isonitriles moves to higher 

fields (30) with increasing electronegativity of the group R in 
R-NC. The shift is very regular, about 15 ppm downfield for 
each H atom in CH,-NC replaced with an alkyl group. This 
resembles the trends observed for amines and nitro groups. 

TABLE 4. Nitrogen u ,  n ,  and total (u  + n )  Mulliken net 
charges (me) and ' 5 ~  resonance shifts of 4-substituted pyridines 

(1-9) and of selected azines (10-13) 

Molecule" qgr 4 ~  q  S("N)" 

1 HO-pyr -175.5 -95.3 -270.8 -138 
2 NHz-pyr -176.2 -96.6 -272.8 -42 
3 0CH3-pyr -189.0 -69.9 -258.9 -27 
4 CH,-pyr -190.6 -69.7 -260.3 -1  1 
5 H-pyr -195.5 -59.6 -255.1 0 
6 CN-pyr -200.5 -39.7 -240.2 9 
7 COCH3-pyr -199.0 -51.2 -250.2 25 
8 NO2-pyr -204.4 -28.8 -233.1 28 
9 CHO-pyr -199.4 -49.3 -248.7 29 

10 1,4-Diazine -196.0 -18.8 -214.8 46.1 
11 Pyridine -186.6 -53.8 -240.4 63.5 
12 1,3-Diazine -180.8 -84.1 -264.9 84.5 
13 1,3,5-Triazine -183.3 -101.3 -284.6 98.5 

"Molecules 1-9 were partially optimized as described in the text; the 
results for 10-13 were derived with full (geometry and scale factor) 
optimization. 

"1n ppm from pyridine (= 6,,, - ss) for 1-9; ppm from external 
MeNO? for 10-13 (from ref. 22). In these scales, large 6(I5N) values 
indicate downfield shifts (1-9). viz. upfield shifts (10-13). 

FIG. 4. Correlation between the nitrogen net charges of selected 
4-R-pyridines and those of C-4 in the analogous R-substituted ben- 
zenes (5). (A similar correlation holds also for the corresponding T 

charges.) 

STO-3G charges (Table 3) and Fig. 3 show, indeed, that the 
nitrogen signal (30) is farther downfield as electronic charge 
increases at this atom, with a slope of -3 ppm/me. 

Azines 
Using the experimental geometry of pyridine (32), the STO- 

3G optimization of its scale factors was performed until charges 
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FIG. 5. Comparison between nitrogen u and 7~ net charges in 
4-R-pyridines. 

were stable to within -0.01 me. Taking advantage of Del 
Bene's work (33) showing that the pyridine ring is essentially 
unchanged in the equilibrium structures of 4-R-pyridines, only 
the geometries and scale factors of the substituents were sub- 
sequently optimized for the 4-substituted derivatives, under the 
appropriate symmetry constraints (C2, for NO, and NH,, C, 
otherwise). The results are indicated in Table 4. 

Electron-releasing substituents (NH,, OH, OCH,, CH,) ap- 
pear to increase the n (and total) charge of the ring nitrogen, 
whereas the opposite is true for electron-withdrawing groups 
(NO2, CHO, CN, COCH,), in accord with common expecta- 
tion. These results match those of Hehre, Taft, and Topsom (5) 
showing that carbon-4 in substituted benzenes gains or loses 
charge depending on whether the substituent donates or with- 
draws electrons: earlier studies by Pople and co-workers (34) 
on related systems similarly concluded that theoretical charge 
distributions do, indeed, support many of the ideas of classical 
organic chemistry. The parallelism between the behavior of 
nitrogen in 4-substituted pyridines and that of the corre- 
sponding carbon in substituted benzenes is illustrated in Fig. 4. 

The results of Table 4 reveal another important similarity 
between 4-pyridine nitrogens and aromatic carbons. As is the 
case for the latter (1, 2, 5) a and n populations of the ring 
nitrogens vary in inverse manner, the changes in n charge 
being predominant (Fig. 5). 

Finally, the correlation between resonance shifts (35) and 
atomic charges of the pyridine nitrogen atoms also follows the 
pattern which is so well known for their aromatic carbon ana- 
logs, i.e., an upfield shift accompanying a gain in total 
( a  + n) electron population (Fig. 6). 4-Hydroxypyridine is not 

FIG. 6. Correlation between nmr shifts and net charges of nitrogen 
in substituted pyridines (neat for 5, 7, 9; otherwise in acetone), sug- 
gesting that some scatter may be due to solvent effects and experi- 
mental uncertainties (-6 ppm for 3, 8, 9; -12 pprn for 7). 

included in this correlation because its tautomeric equilibrium 
is predominantly shifted in the direction of the corresponding 
pyridone form (36-38). Of course, because of the linear in- 
verse relationship between cr and n charges (Fig. 5 ) ,  the corre- 
lation with total charges also implies the existence of individual 
linear correlations with a and n populations, namely, upfield 
shifts for increasing n-electron densities, just as in the case of 
aromatic hydrocarbons. The latter result also follows from 
Pariser-Parr-Pople calculations of n charge densities re- 
ported by Witanowski et al. (39). All the above considerations 
apply equally well to the series including pyridine, 1,3-diazine, 
1,4- diazine, and 1,3,5-triazine (Fig. 7), as revealed by re- 
cently determined I5N spectra (40). 

It is clear that solvent and concentration effects should not be 
disregarded in the present evaluation of charge-shift correla- 
tions. Shielding solvent effects affecting the I5N resonances of 
pyridines, and indeed more generally of sp2-hybridized nitro- 
gens, are associated with hydrogen bonding to the nitrogen 
unshared pairs. Such hydrogen bonding changes the n--tn* 
transition energies and, hence, the paramagnetic screening that 
appears to be the dominant influence on the chemical shifts of 
these compounds (41). Because of a careful selection of suit- 
able "standard experimental conditions, however, these sol- 
vent effects should not impair the overall validity of the present 
conclusions, namely, that any gain in total charge at azine 
nitrogens translates into an upfield shift-in sharp contrast with 
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the results obtained for amines, nitroalkanes, and isonitriles. 

Conclusions 
Linear correlations between nitrogen-15 nmr shifts and 

atomic populations closely resemble similar empirical correla- 
tions existing for carbon-13 and oxygen- 17 nuclei, namely, as 
regards their sign (upfield or downfield resonance shifts ac- 
companying a gain in local charge density). Supporting evi- 
dence is offered by linear correlations involving the resonance 
shifts of "N nuclei and those of the corresponding carbon 
nuclei in analogous hydrocarbons, showing that for a large 
variety of substituents (i.e., over a wide chemical shift range) 
shielding of the ISN and I3C nuclei in aromatic (42) and non- 
aromatic (17, 24, 25, 43) systems is governed by the same 
electronic factors. This holds true for 170 as well (44). 

Nitrogen atoms contained in aromatic structures exhibit the 
same behavior as aromatic and ethylenic carbon atoms and 
carbonyl oxygen (ref. 1): an increase in total electronic popula- 
tion is accompanied by an upfield resonance shift when the 
electron enrichment results from a gain in IT charge prevailing 
over the concurrent loss in u electrons. On the other hand, 
nitrogen in alkylamines, nitroalkanes, and isonitriles behaves 
like typical sp3-carbons, carbonyl carbon, and dialkyl ether 
oxygen atoms: any increase in total electronic population trans- 
lates into a downfield resonance shift when the gain in charge 
is dictated by that of the u population. For amines and nitro- 
alkanes, STO-3G calculations indicate that charges vary in the 
same direction both at the 2s level (-30%) and the 2p level 
(-70%), whereas the 2p population remains virtually un- 
changed in alkylisonitriles. 

Inclusion of nitrogen in a unified picture encompassing car- 

bon and oxygen nuclei in a variety of situations hopefully paves 
the way to a better assessment of circumstances that may be 
encountered in the study of charge-shift relationships, also as 
regards possible drawbacks introduced by an indiscriminate use 
of theoretical charges. The latter, of course, depend on the 
basis set chosen. In addition, the inherent difficulties associ- 
ated with the overlap populations of the Mulliken scheme must 
always be borne in mind: simply using an extended basis set is 
not a panacea. In our experience, the relevant trends in series 
of closely related compounds are, indeed, adequately described 
by optimized minimal basis set calculations. 

In a widely accepted formulation of the local paramagnetic 
term ( 4 3 ,  there are a number of variables in addition to those 
that may be correlated with atomic charges: thus, there is no a 
priori reason to expect good charge-shift correlations. The 
fact that different, but good, correlations are observed for dif- 
ferent types of atoms is certainly of interest, moreover, as the 
same patterns of behavior have now been shown to exist for 
carbon, nitrogen, and oxygen. This observation should encour- 
age future reexamination of the challenging question regarding 
the dependence of the local paramagnetic term on the local 
charge. In the meantime, the possibility of retrieving atomic 
charges from critically established empirical correlations is of 
interest because it opens a convenient access to the study of 
charge-related molecular properties, such as the energies (2). 
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PELAYO CAMPS, JOSE ALIACA, MARTA FICUEREDO, ROSA MAR~A ORTUNO, ANTONIO GIL DE GOMEZ, MARIA TERESA 
SANTOS, JOAN CASTANE, and MICUEL FELIZ. Can. J. Chem. 63, 3233 (1985). 

A synthesis of dimethyl tetracyclo(5.2. I .02~h.0".x]decane-7,8-dicarboxylate, 3, whose key step implies the formation of the 
CI-C2 bond by regioselective intramolecular C-H insertion of a carbene generated from dimethyl (lR,2S,6R,7S)-lO- 
oxotricyclo[5.2.1 .0'~6]decane-2,6-dicarboxylate, 1 via its tosylhydrazone, is described. Attempts to synthesize diester 3 or 
compounds containing its carbon skeleton, by forming the same C-C bond, starting from dimethyl (lR,2R,6S,7S)-4- 
oxotricyclo[5.2.1 .O2."decane-2,6-dicarboxylate, 2, or the corresponding anhydride, 13, are also included. 

PELAYO CAMPS, JOSE ALIACA, MARTA FICUEREDO, ROSA MARIA ORTUNO, ANTONIO GIL DE GOMEZ, MARIA TERESA 
SANTOS, JOAN CASTANE et MICUEL FELIZ. Can. J. Chem. 63, 3233 (1985). 

On dCcrit une synthkse du tttracyclo[5.2.1 .0'.?03.'] dCcane dicarboxylate-7,8 de dimkthyle (3) dont 1'Ctape clk implique la 
formation d'une liaison C1-C2 par une insertion C-H intramolkculaire regiosClective d'un carbkne gtnkrk, par le biais de 
sa tosylhydrazone, partir de 1'0x0-10 tricyclo[5.2.1.02." dkcane dicarboxylate de dimkthyle-1 R,2S,6R,7S (I). On a aussi 
inclus la description d'essais effectuCs dans le but de synthktiser le diester 3, ou des composCs contenant son squelette carbonk, 
en faisant appel a la formation de la m&me liaison C-C a partir de 1'0x0-4 tricyclo[5.2.1 .0'.6] dCcane dicarboxylate de 
dimkthyle-1 R,2R,6S,7S, 2, ou de I'anhydride correspondant, 13. 

[Traduit par le journal] 

Recently, Paquette et al.  have published the first syntheses 
of dodecahedrane (1) and its methyl (2) and 1,16-dimethyl 
derivatives (3), the first compounds containing such a type of 
carbocyclic skeleton. The synthesis of dodecahedrane, how- 
ever, implies 23 consecutive steps from cyclopentadiene, the 
overall yield being in the range of 0.1%, which limits its 
supply. Consequently it is still a challenge to obtain it through 
a shorter and higher yielding sequence (4). 

As part of our contribution to polyquinane chemistry (5-7), 
we describe herein the studies that have led to the successful 
synthesis of dimethyl tetracyclo[5.2. 1.0"6.03.8]decane-7,8-di- 
carboxylate, 3, a possible intermediate for a convergent 
synthesis of dodecahedrane. 

The retrosynthetic analysis of diester 3 shows that cleavage 
of the strategic (8) C1-C2 bond gives the well-known 
tricyclo[5.2.1 .02.6]decane skeleton, in contrast with other 
cleavages, which give precursors that are not easily accessible. 
Since the C1 and C2 atoms and their neighbours in compound 
3 have no functionality, intramolecular C-H insertion of a 
carbene was considered to be the reaction of choice to form the 

'Author to whom correspondence may be addressed. 

C 1-C2 bond. As shown in Scheme 1, there exist two ways to 
carry out such a transformation, depending on the carbon atom 
at which the carbene is generated. In fact, Neff and Nordlander 
(9) had utilized the first way in order to synthesize tetracyclo- 
[5.2.1 .02,6.03*8]decane from tricyclo[5.2.1 .02,6]decan- 1 0-one. 

Because the synthesis of dimethyl (1 R,2R,6S,7S)-4-oxotri- 
cyclo[5.2.1 .02s6]decane-2,6-dicarboxylate, 2, appeared to be 
easier (5) than that of dimethyl (1 R,2S,6R,7S)-1O-oxotricyclo- 
[5.2. l.02~6]decane-2,6-dicarboxylate, 1, and because we were 
looking for a new entry into this carbocyclic skeleton (9, lo), 
we undertook the preparation of ketodiester 2 through the 
sequence depicted in Scheme 2. 

The starting product for this synthesis was bicyclo[2.2.1]- 
hept-2-ene-2,3-dicarboxylic anhydride, 4 (1 1). Reaction of 
anhydride 4 with excess butadiene gave (1 R,2R,7S,8S)-tri- 
cyclo[6.2.1 .0'~7]undec-4-ene-2,7-dicarboxylic anhydride, 5, in 
81% yield. This compound had been previously prepared by 
Alder and Backendorf (l2), but its configuration was not estab- 
lished. However, owing to the fact that reaction of bicyclo- 
[2.2.l]hepta-2,5-diene-2,3-dicarboxylic anhydride with buta- 
diene (13) gives a 1 : 1 mixture of the endo and exo adducts, it 
seems reasonable that anhydride 4, with the C4-C5 bond 
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saturated, would give mainly the exo adduct 5 on reaction with 
butadiene, whether the control of the reaction is kinetic or 
thermodynamic. Saponification of anhydride 5 gave the cor- 
responding diacid 6, a compound that readily reverts to its 
anhydride. Thus, a solid sample of diacid 6 after several days 
at room temperature gave anhydride 5 nearly quantitatively, and 
the observed mp for diacid 6 was the same as that for anhydride 
5. For this reason, diacid 6 was esterified with an ethereal 
sdution of diazomethane immediately after its preparation, 
giving rise to dimethyl (1 R,2R,7S,8S)-tricyc10[6.2.1 .02*']- 
undec-4-ene-2,7-dicarboxylate, 7, contaminated with a small 
quantity (less than 10%) of anhydride 5. Low pressure column 
chromatography (14) using silica gel (230-400 mesh) and 
methylene chloride as eluent gave pure diester 7 (96% yield if 
5 was recovered). The comparison of the 200-MHz 'H nmr 
spectra of anhydride 5 and diester 7 showed that the 
H9(lO)endo protons of 7 are deshielded by 0.45 ppm with 
respect to 5. This fact is in accord with the assumed config- 
uration of anhydride 5, since the change of its rigid anhydride 
function by the freely rotating methoxycarbonyl groups of 7 
must deshield the H9(lO)endo protons, due to the contribution 
of conformations in which the carbonyl oxygen atoms are close 
to these protons (6, 15). 

Oxidation of diester 7 with potassium permanganate under 
the phase transfer conditions described by Krapcho et al. (16) 
gave dimethyl (1 R,2R,3S,4S)-2,3-bishydroxycarbonylmethyl- 
bicyclo[2.2. Ilheptane-2,3-dicarboxylate, 8, in low yield (less 
than 30%). The analytical sample was obtained by crystal- 
lization from ether. For preparative purposes, the crude diacid 
8 was directly esterified with ethereal solution of diazomethane 
to give, after crystallization from methanol, pure dimethyl 
(1 R,2R,3S,4S)-2,3-bismethoxycarbonylbicyclo[2.2. llheptane- 

benzene 

2,3-diacetate, 9, in 13% overall yield from diester 7. The low 
yield oxidation of diester 7 contrasts with the high yield (75%) 
oxidation of the related compound, dimethyl cis-bicyclo- 
[4.3 .O]non-3-ene- 1,6-dicarboxylate, under similar reaction 
conditions (5). However, several attempts to increase the yield 
of that oxidation were fruitless. 

Reaction of tetraester 9 with excess sodium hydride in anhy- 
drous tetrahydrofuran gave trimethyl (lRS,2RS,6SR,7SR)-4- 
hydroxytricyclo[5.2.1 .02.6]dec-3-ene-2,3,6-tricarboxylate, 10, 
in 99% yield. This compound exists mainly in the indicated 
en01 form, as shown by its spectroscopic data (ir, 'H and I3C 
nmr). Decarbomethoxylation of compound 10 was easily 
achieved using the Krapcho and Lovey reaction conditions 
(17), giving rise to ketodiester 2 in 88% yield. 

Since the yield of the described conversion of anhydride 5 
into ketodiester 2 was very low, the transformations shown in 
Scheme 3 were carried out in order to increase it. 

Oxidation of anhydride 5 with potassium permanganate, 
under the same phase transfer conditions utilized to oxidize 
diester 7, gave (1 R,2R,3S,4S)-2,3-bishydroxycarbonylmethyl- 
bicyclo[2.2.l]heptane-2,3-dicarboxylic anhydride, 11, in 83% 
yield. This unexpected result opened the possibility of devel- 
oping a higher yielding synthesis of ketodiester 2. Conversion 
of compound 11 into tetraester 9 seemed the most obvious way. 
However, all attempts to cany out such a transformation were 
fruitless. Alkaline hydrolysis of 11 followed by reaction with 
excess dimethyl sulfate in dimethyl formamide gave, quanti- 
tatively, (1 R,2R,3S,4S)-2,3-bismethoxycarbonylmethylbicy- 
clo[2.2. I Iheptane-2,3-dicarboxylic anhydride, 12. Probably 
12 is formed from the corresponding diacid during the work- 
up. Compound 12 was also prepared in 86% yield by ester- 
ification of 11 with an ethereal solution of diazomethane. 
Attempted esterification of the tetraacid corresponding to 11 
with diazomethane gave, quantitatively, diester 12. Reaction of 
12 with one equivalent of sodium methoxide in methanol fol- 
lowed by acidification and treatment with an ethereal solution 
of diazomethane gave the starting product, probably reformed 
during acidification. 

Pyrolysis of an intimate mixture of compound 11 and barium 
hydroxide gave (1 R,2R,6S,7S)-4-oxotricyclo[5.2.1 .02.6]dec- 
ane-2,6-dicarboxylic anhydride, 13, in only 25% yield. How- 
ever, compound 13 could be obtained in 60% yield by reaction 
of compound 12 with 12 equivalents of sodium hydride in a 
mixture of anhydrous tetrahydrofuran and methanol, followed 
by heating the crude product under reflux with aqueous hydro- 
chloric acid 1 : 1.  Alkaline hydrolysis of ketoanhydride 13 gave 
the corresponding diacid, which was esterified with an ethereal 
solution of diazomethane to give ketodiester 3 in 73% yield. 
Thus, the overall yield for the conversion of anhydride 5 into 
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ketodiester 2 was 33%. An attempt to convert diester 7 directly 
into tetraester 9 by ozonolysis (18) in methanol solution 
containing 10% hydrogen chloride was fruitless. 

According to the retrosynthetic analysis shown in Scheme I ,  
insertion of the intermediate carbene generated from the 
ketonic function of compound 2 into the CIO-H,,, bond 
would give diester 3. To carry out such a transformation, the 
Bamford-Stevens reaction (19) was chosen (see Scheme 4). 

Reaction of ketodiester 2 with tosylhydrazide in glacial 
acetic acid gave the corresponding tosylhydrazone, dimethyl 
( 1 R ,2R ,6S,7S)-4-(p-toluenesu1fonylhydrazono)tricyclo- 
[5.2.1.02~6]decane-2,6-dicarboxylate, 14, in 78% yield. The 
sodium salt of 14 was obtained by heating under reflux a 
solution of 14 and a slight molar excess of sodium methoxide 
in anhydrous methanol. Pyrolysis of the dried sodium salt of 14 
in a rotary microdistillation apparatus at 136"C/0.1 Torr (1 
Torr = 133.3 Pa) gave in 93% yield a single compound, which 
was characterized as dimethyl (lRS,2RS,6SR,7SR)-tricyclo- 
[5.2.1 .02~6]dec-3-ene-2,6-dicarboxylate, 15. A similar result 
was obtained by pyrolysis of the lithium salt of 14 following the 
procedure described by Neff and Nordlander (9) for a related 
case. Photochemical decomposition of the sodium salt of 14 in 
a Pyrex reactor utilizing a 125-W uv lamp, in dimethoxyethane 
as solvent, gave a mixture of compound 15 and ketodiester 2 
(probably formed by hydrolysis of the sodium salt of 14 under 
the reaction conditions) in the ratio 2:5,  as shown by glc/ms 
analysis. Formation of diester 3 was not observed in all these 
reactions. These results must be related to the preference of the 
intermediate carbene, whether generated thermally or photo- 
chemically, to experience insertion at a neighbouring C-H 
bond rather than at the ClO-H,,, one. Consequently, the use 
of other methods to generate the intermediate carbene from 
ketodiester 2 was not considered. 

Another approach to the carbocyclic skeleton of 3 from di- 
ester 2 might be the ketone to cyclopentanol photocyclization 
reaction utilized three times by Paquette (1) in his synthesis of 
dodecahedrane (see Scheme 4). However, irradiation of keto- 
diester 2, in benzene solution for 40 h utilizing a 400-W uv 
quartz lamp, left the starting product unchanged, while by 
utilizing a mixture benzeneltert-butyl alcohol 5 :  1 as solvent, 
the formation of a new compound, probably by addition of 
tert-butyl alcohol to 2, was observed (glclms). Similar results 
were obtained on irradiation of ketoanhydride 13. Formation 
of hydroxydiester 16 or hydroxyanhydride 17 could not be 
detected in all these reactions. 

Just after this work had been finished, Trost and Renaut (20) 
published a synthesis of (2)-albene, in which the compounds 
2 and 15 were prepared by an entirely different approach. 

In view of the preceding results, we prepared ketodiester 1 

in a non-stereoselective way from the endo adduct between 
6,6-dimethylfulvene and cyclopent- 1 -ene- 1 ,2-dicarboxylic an- 
hydride (6). Moreover, a stereoselective synthesis of com- 
pound 1 was carried out from the Diels-Alder adduct, 18, 
between 5,5-diethoxycyclopentadiene and N-phenylmaleimide, 
as shown in Scheme 5 (published as a preliminary com- 
munication (7)). 

While annelation of the dianion derived from adduct 18 with 
1,3-dibromopropane takes place mainly by the endo face (21) 
to give dicarboximide 19, the corresponding reaction of the 
dianion derived from (3aR,4S,7R,7aS)-8,8-diethoxy-2-phenyl- 
3a,5,6,7a-tetrahydro- 1 H,3H-4,7-methanoisoindol- 1,3-dione, 
21, takes place preferently by the exo face to give (3aR,4S, 
7R,7aS)- 1 1 , l  l-diethoxy-5,6-dihydr0-2-phenyl-lH,3H-4,7- 
methano-3a,7a-propanoisoindol- 1,3-dione, 22. The config- 
uration of compound 22 was clearly established (7) by com- 
parison of its I3C nmr spectrum with that of (3aR,4R,7S,7aS)- 
11,l  l-diethoxy-5,6-dihydro-2-phenyl-1H,3H-4,7-methano- 
3a,7a-propanoisoindol-1,3-dione, 20, obtained by hydrogen- 
ation of compound 19. 

The conversion of dicarboximide 22 into ketodiester 1 
required only two transformations: (a) hydrolysis of the acetal 
function, and (b) hydrolysis of the dicarboximide group fol- 
lowed by esterification. While the first transformation could be 
easily carried out by reaction of 22 with aqueous perchloric 
acid, giving rise to (3aR,4S,7R,7aS)-5,6-dihydro-2-phenyl- 
1H,3H-4,7-methano-3a,7a-propanoisoindol- 1,3,11-trione, 23, 
in 95% yield, we were able to hydrolyze the dicarboximide 
function of neither compound 22 nor 23, under a variety of 
basic and acidic conditions. 

The synthesis of ketodiester 1 from dicarboximide 21 was 
achieved by carrying out first the hydrolysis of the dicarboxi- 
mide function and then the annelation with 1,3-dibromopro- 
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pane. Thus, basic hydrolysis of compound 21, followed by 
esterification of the corresponding diacid with an ethereal solu- 
tion of diazomethane, gave dimethyl (1  RS,2RS,3RS,4SR)- 
7,7-diethoxybicyclo[2.2.l]heptane-2,3-dicarboxylate, 24, 
slightly contaminated with the meso stereoisomers, in 60% 
yield. Reaction of the dianion derived from diester 24 with 
1,3-dibromopropane gave dimethyl (lR,2S,6R,7S)- 10,lO-di- 
ethoxytricyclo[5.2.1 .02,6]decane-2,6-dicarboxylate, 25, in 29% 
yield (22), which was easily converted into ketodiester 1 in 
83% yield by reaction with aqueous perchloric acid. This com- 
pound was identical (mp, mixed mp, glc, ir, and 'H nrnr) to 
the product we had previously obtained (6), confirming the 
expected annelation of the dianion derived from diester 24 by 
the exo face. 

Reaction of ketodiester 1 with tosylhydrazide under the con- 
ditions utilized to prepare tosylhydrazone 14 left the starting 
product unchanged. However, by heating under reflux for 28 h 
an equimolar mixture of ketodiester 1 and tosylhydrazide in 
isopropanol to which a catalytic amount of concentrated hydro- 
chloric acid was added, dimethyl (1 R,2S,6R,7S)-lO-(p-tolu- 
enesulfonylhydrazono)tricyclo[5.2.1 .02.6]decane-2,6-dicar- 
boxylate, 26, was obtained in 75% yield. Reaction of tosyl- 
hydrazone 26 with sodium methoxide in anhydrous methanol 
gave the corresponding sodium salt, which after drying was 
pyrolyzed at 170°C/1 Tom. The distillate was shown to be 
mainly a unique compound (glc, 97% relative area, 89% yield) 
that, crystallized from isopropanol, showed mp 62-63°C. The 
spectroscopic data (ir, 'H and I3C nmr, and ms) and elemental 
analysis were concordant with expectations for diester 3. In 
particular, the I3C nrnr spectrum clearly showed its symmetry 
(eight carbon resonances), thus ruling out other possible prod- 
ucts derived from the insertion of the intermediate carbene into 
C-H bonds different from the C4-H. 

The synthesis of diester 3 opens a rapid access to complex 
polyquinanes, a matter that is currently being investigated. 

Experimental 
Infrared spectra were recorded on Perkin -Elmer model 7 IOB, 720, 

or 1310 spectrometers. The 'H and "C nmr spectra, unless otherwise 
stated, were taken at 200 MHz and 50 MHz respectively, on a Varian 
XL 200 spectrometer, while 80-MHz 'H and 20-MHz "C nmr spectra 
were recorded on a Bruker model WPSOSY, and 60-MHz 'H nrnr 
spectra on a Perkin-Elmer R-12A spectrometer. Chemical shifts are 
given in ppm relative to internal TMS (6 scale). Mass spectra and 
glc/ms analyses were performed on a Hewlett-Packard model 5930 
mass spectrometer working at 70 eV. Gas-liquid chromatographic 
(glc) analyses were carried out on Perkin-Elmer models Sigma-] and 
Sigma 3B and Hewlett-Packard model 5830A chromatographs. 
Medium pressure 125- or 400-W mercury lamps were utilized in the 
photochemical reactions. Melting points were determined on a Kofler 
hot-stage or on a Biichi SMP-20 apparatus and are uncorrected. Micro- 
analyses were carried out at the Analytical Section of the "Instituto de 
Quimica Bio-orginica de Barcelona (C.S.I.C.)", Spain. 

Spectral data of (I R,2 R,7S,8S)-tricyclo[6.2.1 .02.7/undec-4-ene- 
2,7-dicarbo.rylic anhydride, 5 

Proton nmr (CDCI,)S: 1.42 (m, 2H, H9(lO)endo), 1.56 (br d, 
J = I I Hz, IH, Hllant i ) ,  1.61 (m, 2H, H9(lO)exo), 1.96 (d, J = 15 
Hz, H3(6)e.~o), 2.02 (br d, J = l l Hz, IH, HI lsyn), 2.43 (br s, 2H, 
HI@)), 2.75 (ddd, J = 15 Hz, J' = 5 Hz, J" = 3.5 Hz, 2H, 
H3(6)endo), 5.85 (m, 2H, H4(5)). On irradiation at 6 2.43, the 
absorption at 6 2.02 became a dt, J = l l Hz, J' = 2.5 Hz; "C nmr 
(CDCI,) 6: 25.9 (t, C9(10)), 29.5 (t, C3(6)), 39.3 (t, C l  I), 47.2 (d, 
C1(8)), 60.4 (s, C2(7)), 127.8 (d, C4(5)), 175.8 (s, -COO-). 

Dimethyl (1 ~ , 2  ~,7S,8S)- t r ic~clo[6.2 .1  .0777]~~ndec-4-ene-2,7- 
dicarboxylate, 7 

A mixture of 6.63 g (30.4 mmol) of anhydride 5, 3.0 g (75 mmol) 
NaOH, and 25 mL water was heated under reflux for 4 h. The solution 
was cooled in an ice bath, I0 g ice was added, and then it was acidified 
with 6 N HCI. The precipitate was filtered and the filtrate extracted 
with ether (2 X 20 mL). The ether extracts and the precipitate were 
combined and, immediately after, treated with an ethereal solution of 
diazomethane until the yellow colour of diazomethane persisted. 
Evaporation of the volatile products from the dried solution (anhy- 
drous Na2S0,) gave 7.75 g of a mixture of diester 7 and starting 
anhydride. This mixture was chromatographed through 120 g silica 
gel (230-400 mesh) using a slight overpressure (14) and CH2CI, 
as eluent to give 7.01 g of 7 and 0.60 g of 5. Yield of 7, if 5 
was recovered, 96%. A sample of 7 crystallized from hexane showed 
mp 71 -73°C; ir (CHCI,) v: 1730 (s) c m ' ;  'H nmr (CDCI,) 6: 1.34 
(br d, J = 10 Hz, IH, HI l anti), 1.48 (m, 2H, H9(lO)exo), 1.87 
(m, 2H, H9(lO)endo), 2.03 (d, J = 15 Hz, 2H, H3(6)exo), 2.19 
(br d, J = 10 Hz, IH, Hllsyn),  2.27 (br s, 2H, HI@)), 2.58 (ddd, 
J = 15 Hz, J' = 4 Hz, J" = 2.5 Hz, 2H, H3(6)endo), 3.60 (s, 6H, 
-OCH,), 5.90 (m, 2H, H4(5)). On irradiation at 6 2.27, the absorp- 
tion at 6 1.34 became a sharp doublet and that at 6 2.19, a dt, J = 
10 Hz, J'  = 2.5 Hz. On irradiation at 6 1.48, the absorption at 6 1.87 
became a doublet J = 2.5 Hz; "C nmr (CDCI,) 6: 25.8 (t, C9(10)), 
33.5 (t, C3(6)), 37.1 (t, C l  I), 49.6 (d, C1(8)), 51.4 (q, -OCH,), 
58.7 (s, C2(7)), 127.3 (d, C4(5)), 175.2 (s, -COOMe). Anal. calcd. 
for CI5H?0O4: C 68.16, H 7.63; found: C 68.36, H 7.79. 

Dimethyl ( I  R,2 R , 3 S , 4 S ) - 2 , 3 - b i s h y d r o . r y c n r b o n y l ~ c l o -  
[2.2.l]heptane-2,3-dicarboxylate, 8 

To a cold (0°C) solution of 0.4 1 g (2.0 mmol) KMn04 in 5 mL 
water, 200 mg (0.76 mmol) diester 7 in 10 mL benzene, 3 mg tetra- 
n-butylammonium bromide, and 3 mL glacial acetic acid were added, 
and the mixture vigorously stirred magnetically at room temperature 
for 16 h. The mixture was cooled in an ice bath, 445 mg (3.5 mrnol) 
Na2S0, was added at once, and then, 0.9 mL 6 N HCI dropwise and 
with stirring, the final solution being slightly acidic. The organic 
phase was separated and the aqueous one extracted with benzene (5 X 

4 mL). The organic phase and the benzene extracts were combined and 
washed with water (1 x 2 mL). Evaporation of the solvent from the 
dried extracts (anhydrous Na2S04) gave 130 mg of an unidentified 
residue. The aqueous phase was extracted with ether (5 X 6 mL), and 
the combined ether extracts washed with water (I X 2 rnL) and dried 
over anhydrous Na2S04. Evaporation of the volatile products gave 
80 mg of a product consisting mainly of diacid 8. Crystallization from 
ether gave pure 8, mp 163- 167°C (dec.); ir (KBr) v: 3600-2400 (s), 
1740 (s), 1710 (s) cm-'; 60-MHz 'H nmr (acetone-d6) 6: 1.20- 1.90 
(m, 6H), 2.62 (m, 2H, H2(3)), 2.84 (s, 4H, -CH2COOH), 3.60 
(s, 6H). Anal. calcd. for ClsH?oOx: C 54.88, H 6.14; found: C 54.94, 
H 6.28. 

Dimethyl ( I  R,2 R,3S,4S)-2,3-bisrnethoxycarborzylbicyclo[2.2. I]- 
heptane-2,3-diacetate, 9 

An ethereal solution of diazomethane was added to 2.9 g of crude 
8 (obtained from 7 g diester 7 as described before) until the yellow 
colour persisted. Evaporation of the dried solution (anhydrous 
Na2S04) gave 2.6 g of a product that crystallized from methanol, 
yielding 1.2 g of pure 9, bp 160- 165°C (oven)/O. l Tom, mp 
109- 1 10°C. Evaporation of the mother liquors of crystallization gave 
a residue whose 'H nmr spectrum showed that it did not contain more 
9. Total yield of 9 from diester 7, 13%; ir (CHCI,) v: 1750 (s), 1740 
(s) cm-'; 'H nmr (CDCI,) 6: 1.34 (dm, J = 10.8 Hz, IH, H7anri), 
1.42- 1.56 (m, 2H, H5(6)exo), 1.80- 1.94 (m, 3H, H5(6)endo and 
H7syn), 2.45 (br s, 2H, HI (4)), 2.78 (s, 4H, -CH2COOMe), 3.67 
(s, 6H), 3.69 (s, 6H); I3C nmr (CDCI,) 6: 24.7 (t, C5(6)), 35.7 (t, C7), 
40.4 (t, -CH2COOMe), 47.3 (d, C1(4)), 51.7 (q) and 51.9 (q) 
(-COOCH,), 57.6 (s, C2(3)), 170.9 (s, -CH2-COOMe), 173.1 
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I 
(s, -C-COOMe). Anal. calcd. for CI7H24o8: C 57.30, H 6.79; 

I 
found: C 57.23, H 6.77. 

Trimethyl ( I  RS,2RS,6SR,7SR)-4-hydroxytricyc10[5.2.1 .02."dec- 
3-ene-2,3,6-tricarbo-rylate, 10  

In a 50-mL flask was placed 185 mg NaH (70% in mineral oil, 5.4 
mmol). After washing with anhydrous THF (3 X 10 mL), the solid 
was covered with a small volume of the same solvent, and the mixture 
cooled in an ice bath. A solution of 600 mg tetraester 9 (1.69 mmol) 
in 20 mL anhydrous THF was added with care, a reflux condenser 
with a CaC12 tube was adapted to the flask, and the reaction mixture 
heated under reflux for 3 h. The mixture was cooled to O°C and treated 
with 6 N HCI until neutral pH, then made slightly acidic with 0. I N 
HCl. The organic phase was separated and the aqueous one extracted 
with CHCIl (4 X 7 mL). The extracts and the organic phase were 
combined, washed with water (2 X 2 mL), and dried over anhydrous 
Na2S04. Evaporation of the solvent from the extracts gave 544 mg 
(1.68 mmol) of 10 as a viscous liquid that solidified on standing, bp 
140- 145°C (oven)/O. I Torr, mp 105- 108°C (methanol), 99% yield. 
Gas-liquid chromatographic analysis (column SE-30, 2 m; oven 
temperature 180°C; injector temperature 200°C; flow 20 mL N2/min) 
of this compound gave a unique signal whose rt (retention time) 
(4.04 min) was the same as ketodiester 2, showing that decar- 
bomethoxylation of 10 to 2 took place in the injection chamber. 
Infrared (CHC1,) v: 3600-2850 (m), 1740 (s), 1660 (s), 1620 (m) 
cm-'; 'H nmr (CDCI,) 6: 1.20- 1.45 (m, 3H, H8ex0, H9ex0, and 
HlOanti), 1.50-1.80 (m, 2H, H8endo and H9endo), 2.21 (br s, lH, 
H7), 2.46 (m, IH, HlOsyn), 2.58 (d, J = 19 Hz, 1H) and 3.36 (d, 
J = 19 Hz, 1H) (H5exo and HSendo), 2.65 (br s, lH, Hl),  3.60 (s, 
3H), 3.69 (s, 3H), 3.74 (s, 3H); I3C nmr (CDCIl) 6: 23.3 (t, C8), 26.4 
(t, C9), 35.7 (t, ClO), 42.8 (d, C7), 43.2 (t, C5), 50.6 (d, Cl) ,  51.4 
(q), 5 1.5 (q), and 52.0 (q) (-O--CH3), 58.5 (s, C6), 64.3 (s, C2), 
104.4 (s, C3), 168.9 (s, C4), 173.0 (s), 173.4 (s), and 176.0 (s) 
(-COOMe). Anal. calcd. for C16H2007: C 59.25, H 6.22; found: 
C 59.85, H 6.41. 

Dimethyl ( I  R,2 R,6S,7S)-4-oxotricyclo[5.2.1 .02 "decane-2,6- 
dicarboxylate, 2 

A mixture of 544 mg (1.68 mmol) of 10, 100 mg NaCl(1.7 mmol), 
100 mg water (5.6 mmol), and 10 mL DMSO was heated at 120°C 
with magnetic stirring for 2 h. To the cold (room temperature) mix- 
ture, 25 mL water was added, and then it was extracted with CHC13 
(5 X 10 mL). The chloroform extracts were combined, washed with 
water (3 X 7 mL), and dried over anhydrous Na2S04. Evaporation of 
the volatile products and distillation of the residue in a microdistil- 
lation apparatus gave 395 mg of 2 (1.48 mmol, 88% yield), bp 120°C 
(oven)/O. 1 Tom, mp 84-88°C (methanol/water); ir (CHC1,) v: 1740 
(s) cm-I; 'H nmr (CDC1,) 6: 1.30- 1.60 (m, 4H, H lOsyn, H loanti, 
and H8(9)exo), 1.68-1.82 (m, 2H, H8(9)endo), 2.28 (br s, 2H, 
Hl(7)). 2.34 (d, J = 19.8 Hz, 2H), 2.98 (d, J = 19.8 Hz, 2H) 
(H3(5)exo and H3(5)endo), 3.62 (s, 6H); "C nmr (CDCI?) 6: 25.0 (t, 
C8(9)), 35.5 (t, ClO), 48.5 (d, C1(7)), 50.1 (t, C3(5)), 51.9 (q, 
-0-CH3), 59.1 (s, C2(6)), 174.0 (s, -COOMe), 214.5 (s, C4). 
Anal. calcd. for Cl4HIHOs: C 63.15, H 6.81; found: C 62.92, H 6.79. 

( I  R,2 R,3S,4S)-2,3-bishydroxycarbonylmethylbicyclo[2.2 . I ] -  
heptane-2,3-dicarbo-rylic anhydride, 1 I 

To a cold solution (0°C) of 2.48 g (15.7 mmol) KMn04 in 25 mL 
water, a solution of 1 .O g (4.6 mmol) anhydride 5 in 75 mL benzene, 
16 mg tetra-n-butylammonium bromide, and 17 mL glacial acetic acid 
were added. The mixture was efficiently stirred magnetically at room 
temperature for 16 h. After cooling in an ice bath, 2.7 g (21.4 mmol) 
Na2S03 was added at once and then, dropwise and with stirring, 
5.5 mL 6 N HC1, the final pH being slightly acidic. The organic phase 
was separated and the aqueous one extracted with benzene (2 x 10 
mL). The benzene extracts and the organic phase were combined, 

washed with water (1 X 2 mL), and dried over anhydrous NaZS04. 
Evaporation of the solvent yielded 40 mg of an unidentified residue. 
The aqueous phase was extracted with ether (5 X 20 mL) and the 
combined ether extracts were washed with water (1 X 2 mL) and dried 
over anhydrous Na2S04. Evaporation of the solvent left a residue that 
was dried in a desiccator containing KOH pellets, to give 940 mg of 
11. Continuous extraction of the aqueous phase with ether for 16 h 
gave 140 mg more product. Total yield 1.08 g (3.83 mmol, 83%). An 
analytical sample obtained by crystallization from ether showed a 
poorly defined mp at 240-248°C (dec.) with changes near 210°C; ir 
(KBr) v: 3340-2040 (s), 1860 (m), 1780 (s), 17 I0 (s) cm-'; 60-MHz 
'H nmr (acetone-d6) 6: 1.2- 1.9 (complex absorption, 6H), 2.9 (br s, 
6H, H l(4)) and -CH,COOH), 9.9 (br absorption, 2H). Anal. calcd. 
for Cl3HI4o7:  C 55.32, H 5.00; found: C 55.57, H 5.05. 

( I  R,2 R,6SS7S)-4-oxotricyclo[5.2 . I  .02."ldecane-2,6-dicarboxylic 
anhydride. 1 3  

An intimate mixture of 930 mg (3.30 mmol) diacid 11 and 40 mg 
(0.20 mmol) anhydrous Ba(OH)Z was heated in the oven of a rotary 
microdistillation apparatus at 170°C/0.05 Tom, giving rise to 185 mg 
(0.84 mmol) of 13, 25% yield. Crystallized from CHC13/ether, the 
product showed mp 185- 190°C (not well-defined); ir (CHCI,) v: 
1880 (w), 1860 (w), 1780 (s), 1750 (s) cm-I; 'H nmr (CDC13) 6: 
1.46-1.90 (m, 6H), 2.54 (d, J = 20.7 Hz, 2H), 2.68 (br s, 2H, 
H1(7)), 2.99 (d, J = 20.7 Hz, 2H); "C nmr (CDCI,) 6: 25.3 
(t, C8(9)), 38.0 (t, CIO), 46.1 (t, C3(5)), 47.0 (d, C1(7)), 61.3 
(s, C2(6)), 173.8 (s, -COO-), 212.5 (s, C4). Anal. calcd. for 
C12HIZ04:  C 65.45, H 5.49; found: C 65.57, H 5.72. 

( I  R.2 R,3S,4 S)-2,3-bismethoxycarbonylmethylbicyclo[2.2 . I ] -  
heptane-2,3-dicarboxylic anhydride, 12 

To a solution of 500 mg diacid 11 (1.77 mmol) in 25 mL ether was 
added excess ethereal solution of diazomethane. After 1 h at room 
temperature, the volatile material was evaporated at reduced pressure 
and the solid residue (600 mg) crystallized from benzenelhexane to 
give 470 mg of diester 12, mp 158- 160°C, 86% yield; ir (CHC13) v: 
1840 (m), 1780 (s), 1740 (s) cm-'; 'H nmr (CDCl), 6: 1.50- 1.90 
(m, 6H, H5(6)endo, H5(6)exo, H7syn, and H7anti), 2.79 (s, 4H, 
-CH2COOMe), 2.83 (br s, 2H, H 1(4)), 3.73 (s, 6H, -OCH,); "C 
nmr (CDCI), 6: 25.3 (t, C5(6)), 36.7 (t, -CHZCOOMe), 38.2 (t, 
C7), 47.1 (d, C1(4)), 52.5 (q, -OCH,), 59.2 (s, C2(3)), 17 1.3 (s, 
--COOMe), 173.5 (s, -COO-). Anal. calcd. for CISH1807: C 
58.06, H 5.85; found: C 57.90, H 5.88. 

Attempted synthesis of dimethyl ( I  R,2 R,3S ,4S)-bismethoxycarbonyl- 
bicyclo[2.2 .I]heptane-2,3-diacetate, 9 1 .  From 
( 1  R,2 R,3S,4S)-2,3-bishydroxycarbonylmethylbicyclo[2.2.1]- 
heptane-2,3-dicarboxylic anhydride, 1 1 .  Obtention of dimethyl 
( I  R,2 R,3S,4S)-2,3-bismethoxycarbonylmethylbicyclo[2.2.1]- 
heptane-2,3-dicarboxylic anhydride, 12 

(a) A mixture of 213 mg of compound 11 (0.76 mmol), 500 mg 
NaOH (12.5 mmol), and 5 mL water was heated under reflux for 4 h. 
The solution was evaporated to dryness in vacuo. The ir spectrum of 
the residue did not show the carbonyl anhydride absorption. This 
residue was dissolved in 2 mL water, 100 mg tetra-n-butylammonium 
bromide added, and the solution cooled in an ice bath. An ethereal 
solution of hydrogen chloride was added with vigorous stirring until 
the aqueous phase became slightly acidic and, immediately after, i t  
was treated with an ethereal solution of diazomethane until a yellow 
colour persisted. Evaporation of the dried organic phase gave 268 mg 
of crude diester 12. 

(b) A mixture of 208 mg of compound 11 (0.74 mmol), 120 mg 
NaOH (3 mmol), and 5 mL water was heated under reflux for 4 h. The 
solution was evaporated to dryness in vacuo. Anhydrous DMF (5 mL) 
and 370 mg dimethyl sulfate (2.9 mmol) were added to the residue and 
the mixture heated under reflux for 16 h. The solvent was evaporated 
at reduced pressure and the solid residue washed with water and 
extracted with ether (5 X 10 mL). Evaporation of the solvent from the 
dried solution gave 260 mg of crude diester 12. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3238 CAN. 1. CHEM. VOL. 63 .  1985 

2. From ( I  R,2 R,3S,4S)-2,3-bismethoxycarbonyl1nethylbicyclo- 
12.2 .I]heptane-2.3-dicarboxylic anhydride. 12 

A mixture of 470 mg diester 12 (1.7 mmol), 220 mg anhydrous 
sodium methoxide (4 mmol), and 5 mL anhydrous methanol was 
heated under reflux for 16 h. The mixture was cooled to 0°C and 
neutralized with concentrated HCI. The solvent was removed in vaclco 
without heating and the residue was treated with excess ethereal solu- 
tion of diazomethane. Evaporation of the solvent left a crude mixture 
consisting mainly of the starting product. 

Attempted conversion of ( I  R,2 R,3S,4S)-2,3-bisrnethoxycarbonyl- 
methylbicyclo[2.2 .I]heptane-2.3-dicarboxylic anhydride, 12, 
into ( I  R,2 R,3S,4S)-4-0xotricyclo[5.2.1 .O',"decane-2,6- 
dicarboxylic anhydride, 13 

A 50% dispersion of NaH in mineral oil (375 mg, 7.8 mmol) was 
washed with anhydrous THF (3  x 5 mL). A solution of 5 15 mg diester 
12 (1.6 mmol) in 5 mL anhydrous THF was added and the mixture 
heated under reflux for 4 h. The cold mixture was acidified with 
aqueous 0.5 N HC1 and extracted with ether (5 X 10 mL). After the 
usual work-up, a crude mixture consisting mainly of the starting 
product was obtained. 

( I  R,2 R,3S,4S)-4-oxotricyclo[5.2.I .O',"decane-2,6-dicarboxylic 
anhydride, 13 

A 50% dispersion of NaH in mineral oil (600 mg, 12.5 mmol) was 
washed with anhydrous THF (3 x 5 mL). A solution of 21 1 mg of 
compound 12 (0.68 mmol) in 4 mL anhydrous THF and 4 mL anhy- 
drous methanol was added and the mixture heated under reflux for 4 
h. Aqueous 1 N HCI was added until pH 3, and the mixture extracted 
with CHC13. After the usual work-up a product was obtained (140 
mg), which was heated under reflux with 20 mL 6 N HCI for 4 h. 
Evaporation of the volatile products in vacuo left a solid residue, 
which was washed with aqueous 7% NaHC03. The insoluble material 
was washed with water and dried in a desiccator to give 89.3 mg of 
compound 13, 60% yield, identical (60-MHz 'H nmr) to the product 
previously obtained. 

Dimethyl ( I  R,2 R,6S,7S)-4-oxotricycl0[5.2.1 .02,"decane-2,6- 
dicarboxylate, 2 

A mixture of 91.8 mg anhydride 1 3  (0.42 mmol), l .O g NaOH, and 
5 mL water was heated under reflux for 4 h. The cold solution (ice 
bath) was acidified with concentrated HzS04. An ethereal solution of 
diazomethane was added with vigorous stirring until the yellow colour 
of diazomethane persisted. The organic layer was dried and evapo- 
rated, and the residue purified by passing it through a small column 
of silica gel using CHCI, as eluent, giving rise to 81.9 mg of diester 
2 (0.308 mmol), 73% yield. 

Dimethyl ( I  R,2 R,6S, 7S)-4-(p-t0lrter1esulfonylt1ydrazono)tricyclo- 
15.2.1 .02~~decarze-2,6-dicarboxylate, 14 

To a solution of 100 mg ketodiester 2 (0.376 mmol) in 3 mL glacial 
acetic acid, a solution of 140 mg p-toluenesulfonylhydrazide (0.75 
mmol) in 3 mL of the same solvent was added and the reaction mixture 
left to stand at room temperature for 2 h. Water was added until 
turbidity, and the mixture allowed to stand in the refrigerator (0°C) for 
16 h. The precipitate was filtered, washed with water, and dried in a 
desiccator containing KOH pellets, giving rise to 128 mg (0.29 mmol) 
of tosylhydrazone 14 (78% yield), mp 15 1 - 155°C; ir (CHCI,) v: 3325 
(w), 3240 (w), 3050 (m), 1740 (s) cm-' ;  60-MHz 'H nmr (CDC1)3 6: 
1.10- 1.85 (m, 6H), 2.15-3.42 (complex absorption, 2.45 (s), total 
9H), 3.60 (s, 6H), 7.30 (d, J = 8 Hz, 2H), 7.5-8.0 (complex 
absorption, 7.80 (d, J = 8 Hz), total 3H). Anal. calcd. for 
C ~ I H ~ ~ N Z O ~ S :  C 58.06, H 6.03, N 6.45; found: C 57.68, H 5.97, N 
6.67. 

Dimethyl ( I  RS,2 RS,6SR,7SR)-tricyclo[5.2 . I  .02."dec-3-erze-2,6- 
dicarboxylate, 15 

In a 10-mL flask fitted with a reflux condenser with a CaC12 tube, 
64 mg (0.147 mmol) tosylhydrazone 14,9 .7  mg (0.180 mmol) sodium 
methoxide, and 5 mL anhydrous methanol were placed. The mixture 
was heated under reflux for 2 h, the solvent was removed in a rotary 

evaporator without heating, and the residue dried in vacuo (1 Torr). 
The flask was connected to a microdistillation apparatus and heated 
progressively, the pressure in the system being 0.1 Torr. A liquid, 
which solidified as white crystals, distilled at 136"C/O. 1 Torr, sub- 
limed at 60-65"C/0.1 Torr, and showed mp 52-56°C. It was charac- 
terized as alkene 15; yield, 34 mg (0.136 mmol), 93%; ir (CHC13) v: 
1740 (s), 1640 (w) cm-';  'H nmr (CDCI)3 6: 1.22 (br d ,  J = 10 Hz, 
IH, HlOanti), 1.44-1.56 (m, 2H, H8exo and H9exo), 1.66-2.00 
(m, 3H, H8end0, H9end0, and H IOsyn), 2.29 (complex absorption, 
3H, Hl(7) and H5endo or HSexo), 2.99 (dt, J = 17.6 Hz, J' = 2.5 
Hz, IH, H5exo or HSendo), 3.63 (s, 3H), 3.66 (s, 3H), 5.64 (dt, J 
= 6 H z , J 1  = 2.5Hz,  lH)and5.83(dt ,  J =  6 H z ,  J ' =  2.5Hz,  1H) 
(H3 and H4); "C nmr (CDC13) 6: 24.7 (t, C8), 25.6 (t, C9), 34.8 (t, 
ClO), 46.6 (d, C7), 47.3 (t, C5), 47.7 (d, Cl) ,  51.4 (q) and 51.6 (q) 
(-OCH3), 60.4 (s, C6), 70.9 (s, C2), 132.0 (d) and 132.5 (d) (C3 
and C4), 173.2 (s) and 175.1 (s) (-COOMe). Anal. calcd. for 
C~IHIXOA: C 67.18, H 7.25; found: C 67.36, H 7.39. 

Photochemical decomposition of the sodium salt of tosylhydrazone 14 
A solution of 50 mg of the sodium salt of 14 (0.112 mmol), obtained 

as described before, in 15 mL anhydrous DME was placed in a Pyrex 
photoreactor and deoxygenated by bubbling nitrogen. The reactor was 
stoppered, and the mixture, magnetically stirred, was irradiated with 
a 125-W lamp for 16 h. The solvent was evaporated, the residue 
treated with 5 mL CHC13, and the suspension filtered; glc analysis of 
the filtrate (column, SE-30, 2 m; injector temperature 200°C; oven 
temperature, 160°C; flow, 20 mL Nz/min) showed it to contain mainly 
ketodiester 2 (rt 8.22 min, 66% relative area) and alkene 15 (rt 
4.02 min, 26% relative area). 

Thermal decornpositiorz of the lithium salt of tosylhydrazone 14 
To a cold solution (0°C) of 70 mg tosylhydrazone 14 (0.16 mmol) 

in 5 mL anhydrous ether, magnetically stirred under an argon atmo- 
sphere, 0.1 1 mL of a 1.6 M solution of n-butyllithium in hexane was 
added with the aid of a syringe. The mixture was stirred at room 
temperature for 1 h, the solvent was evaporated at reduced pressure 
without heating, and the residue dried in vacrto (1 Torr). The dry 
lithium salt was placed in a 10-mL flask, connected to a microdistil- 
lation apparatus, and heated gradually up to 135"C/0.2 Torr, giving 
rise to 25 mg of alkene 15, 62% yield. 

Attempted conversion of ketodiester 2 into climethyl l-hydroxytetra- 
cyclo[5.2.1.0'~?0~~~]decane-7,8-dic~, 16 

(a) In anhydrous benzene 
A solution of 50 mg of 2 (0.188 mmol) in 5 mL benzene was placed 

in a quartz cell, and dry argon was bubbled through the solution for 
20 min. The cell was stoppered and leaned against the refrigeration 
jacket of a 400-W uv lamp. The reaction was followed by glc (column 
SE-30, 2 m; injector temperature, 200°C; oven temperature, 180°C; 
flow, 20 mL N,/min) and, after irradiating for 40 h, only the starting 
product (rt 3.95 min) was detected. 

(b) In benzeneltert-butyl alcohol 
The procedure described before, except for the use of a 5 :  1 

benzeneltert-butyl alcohol mixture as solvent, was followed. After 
irradiating for 68 h, a new compound (rt 7.19 min) was formed, whose 
relative area with respect to 2 was 1.43. After irradiating for 40 h 
more, this ratio remained unchanged; glc/ms analysis of this mixture 
showed that the compound of rt 7.19 min was not the desired hydroxy- 
diester 16, but probably a product of addition of tert-butyl alcohol. 
Mass spectrum of the compound of rt 7.19 min: 267(5), 253(5), 
252(5), 218(18), 186(20), 185(22), 153(13), 140(14), 119(14), 
105(14), 91(25), 79(17), 77(18), 67(23), 59(45), 57(100). 

Attempted cor~version of ketoanhydride 13 into l-hydroxytetracyclo- 
15.2.1 .02~~03~8]decane-7,8-dicarboxylic anhydride, 17 

(a) In benzene 
The same procedure described before for compound 2 was fol- 

lowed, but starting with 25 mg (0.1 14 mmol) ketoanhydride 13. After 
irradiating for 100 h, only the starting product was detected by glc 
analysis (rt 5.22 min, using the same conditions as before). 
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(b) I12 benzeneltert-butyl alcohol 

CAMPS ET AL. 

found: C 71.44. H 7.39. N 3.79. 
The procedure described before was followed, using a 5:l  

benzeneltert-butyl alcohol mixture as solvent, and starting with 20 mg 
of 13 (0.091 mmol). After irradiating for 90 h, the starting product had 
disappeared and a new compound (rt 5.90 min, 70% relative area) 
had been formed; glclms analysis showed that this compound was not 
the desired hydroxyanhydride 17, but probably a product of addition 
of tert-butyl alcohol. Mass spectrum of the compound of rt 5.90 min: 
279(3), 239(12), 238(10), 222(5), 221(23), 193(18), 166(28), 
138(38), 91(35), 77(31), 67(34), 57(100). 

(3aR,4S, 7R,7aS)-8,8-Diethoxy-2-phenyI-3~,5,6,7a-tetrahydro- 
I H,3 H-4,7-methanoisoindol-I ,3-dione, 21 

A mixture of 27.9 g dicarboximide 18 (85.3 mmol), 1.0 g of 10% 
Pd on charcoal, and 150 mL ethyl acetate was hydrogenated in a 
medium pressure hydrogenation apparatus at 4.2 atm for 82 h. Addi- 
tional quantities of catalyst (0.5 g) were introduced after 48 and 72 h 
reaction. Most of the starting and reaction product remained un- 
dissolved during hydrogenation. Ethyl acetate was added to dissolve 
all the organic material, the mixture was filtered, and the solvent 
evaporated from the filtrate at reduced pressure to give 27.35 g of 21 
(97% yield), mp 149- 152°C (methanol); ir (CHCI,) v: 1710 (s) cm-'; 
'H nmr (CDCI), 6: 1.24 (t, J = 7 Hz, 6H), 1.38- 1.52 (m, 2H, 
H5(6)endo), 1.86-2.02 (m, 2H, H5(6)exo), 2.66-2.74 (m, 2H, 
H4(7)), 3.40-3.48 (m, 2H, H3a(7a)), 3.57 (q, J = 7 Hz) and 3.59 
(q, J = 7 Hz) (total 4H), 7.24-7.54 (m, 5H); I3C nmr (CDCl), 6: 
15.40 (q) and 15.44 (q) (-0CH2CH,), 22.7 (t, C5(6)), 41.4 (d, 
C4(7)), 46.1 (d, C3a(7a)), 58.8 (t) and 59.0 (t) (-0CH2CH3), 115.1 
(s, C8), 126.7 (d, -CH= ortho), 128.7 (d, -CH=para), 129.2 

I 
(d, -CH= meta), 132.0 (s, -C= ~pso), 177.7 (s, -CO-). 
Anal. calcd. for C19H23NOJ: C 69.28, H 7.04, N 4.25; found: C 
69.20, H 7.01, N 4.15. 

(3aR,4S,7R,7aS)-11,II-Diethoxy-5,6-dihydro-2-phenyl-lH,3H-4,7- 
rnethat~o-3a, 7a-propnnoisoindol-I ,3-dione, 22 

In a one-liter three-necked flask equipped with low temperature 
thermometer, addition funnel, magnetic stirrer, and dry nitrogen at- 
mosphere were placed 300 mL anhydrous THF, 4.0 g (30 mmol) 
naphthalene, and 2.1 g of a dispersion of lithium in solid paraffin 
containing 0.84 g lithium. The mixture was vigorously stirred for 10 
min, taking on a dark-green colour. Diisopropylamine (18 mL, 120 
mmol) was added with stirring and keeping the temperature below 
30°C. The mixture was stirred until all the lithium had reacted, 
showing at this time an orange colour. The mixture was cooled at 
-78°C and 13.2 g of dicarboximide 21 (40 mmol) In 200 mL anhy- 
drous THF was added at once. After 45 min stirring, the mixture was 
allowed to reach O°C, and 4.1 mL 1,3-dibromopropane (40 mmol) was 
slowly added. After 1 h stirring at this temperature, most of the THF 
was evaporated at reduced pressure, and then 200 mL water and 
200 mL CHC1, were added. The aqueous phase was acidified with 
dilute HCI, separated from the organic phase, and extracted with 
CHC13 (5 x 100 mL). The organic phase and the extracts were com- 
bined, washed with an aqueous solution of NaHCO, and water, and 
dried over anhydrous Na,SO,. Evaporation of the solvents at reduced 
pressure left a viscous residue that was extracted with hot hexane (5 
x 50 mL), giving rise on cooling to 5.94 g of dicarboximide 22 as 
yellow crystals (40% yield). The product was dissolved in CHCl,, 
decolorized with active charcoal, and crystallized from hexane, mp 
132- 134°C; ir (CHC13) v: 1765 (s), 1700 (s), 1590 (w) cm-'; 'H nmr 
(CDCI?) 6: 1.20 (t, J = 7 Hz, 3H), 1.22 (t, J = 7 Hz, 3H), 1.26- 1.56 
(m, 3H), 1.78-2.00 (m, 3H), 2.14-2.36 (m, 4H), 2.52-2.62 (m, 
2H, H4(7)), 3.51 (q, J = 7 Hz, 2H), 3.52 (q, J = 7 Hz, 2H), 
7.20-7.54 (m, 5H); "C nmr (CDCI,) 6: 14.5 (q) and 15.2 (q) 
(-OCH,CH3), 23.6 (t, C5(6)), 25.4 (t, C9), 34.3 (t, C8(10)), 43.2 
(d, C4(7)), 57.8 (t) and 58.4 (t) (-0CH2CH3), 63.1 (s, C3a(7a)), 
115.4 (s, C1 I), 126.6 (d, -CH= ortho), 128.7 (d, -CH=para), 

I 
129.2 (d, -CH= meta), 132.1 (s, -c= ipso), 181.3 (s, 
-CO-). Anal. calcd. for C22H27NOJ: C 71.52, H 7.34, N 3.79; 

(3aR,4R,7S,7aS)-II , I  1 -Diethoxy-2-phenyl-I H,3H-4,7-methano- 
3a,7a-propan0is0ind01-1,3-dione, 19 (21) 

'This compound was prepared, as described before for dicarboxi- 
mide 21, in 30% yield. Extraction of the crude reaction mixture with 
hot hexane gave, on cooling, crystalline 19, thus avoiding the column 
chromatography used by Garratt and Hollowood (21) to isolate this 
compound; I3C nmr (CDCl,) 6: 15.0 (q) and 15.4 (q) (-0CH2CH3), 
27.3 (t, C9), 34.1 (t, C8(10)), 52.1 (d, C4(7)), 58.9 (t) and 60.1 (t) 
(-0CH2CH3), 63.4 (s, C3a(7a)), 121.1 (s, CII) ,  125.8 (d, 
-CH= ortho), 127.8 (d, -CH= para), 128.7 (d, -CH= 

I 
meta), 132.7 (s, -C = ipso), 135.1 (d, C5(6)), 180.6 (s, -CO-). 

(3aR,4R,7S,7aS)-ll,Il-Diethoxy-5,6-dihydro-2-phenyl-l H,3H-4,7- 
methano-3a, 7a-propanoisoindol-l,3-dione, 20 

A mixture of 1.0 g dicarboximide 19 (2.72 mmol), 0.5 g of Pd on 
charcoal, and 50 mL ethyl acetate was hydrogenated in a medium 
pressure hydrogenation apparatus at 4.0 atm for 26 h. The mixture was 
filtered and the solvent evaporated from the filtrate to give 0.98 g of 
20, 98% yield, mp 136- 138°C (methanol); ir (CHC13) v: 1760 (m), 
1700 (s), 1585 (w) cm-'; 'H nmr (CDC1,) 6: 0.96 (t, J = 7.1 Hz, 3H), 
1.20 (t, J = 7.1 Hz, 3H), 1.48-1.68 (m, 2H), 1.64-2.00 (m, 6H), 
2.04-2.32 (m, 2H), 2.65 (m, 2H, H4(7)), 3.37 (q, J = 7.1 Hz, 2H), 
3.50 (q, J = 7.1 Hz, 2H), 7.28-7.52 (m, 5H); "C nmr (CDCI,) 6: 
15.2 (q) and 15.3 (q) (-0CH2CH3), 21.1 (t, C5(6)), 28.7 (t, C9), 
32.0 (t, C8(10)), 45.5 (d, C4(7)), 58.3 (t) and 59.1 (t) (-0CH2CH3), 
60.4 (s, C3a(7a)), 115.3 (s, C l l ) ,  125.8 (d, -CH= ortho), 

I 
127.7 (d, -CH=para), 128.7 (d, -CH= meta), 132.8 (s -C= 
ipso), 181.6 (s, -COP). Anal. calcd. for CZZHz7N04: C 71.52, H 
7.37, N 3.79; found: C'11.44, H 7.39, N 3.79. 

(3aR,4S, 7R, 7aS)-5,6-Dihydro-2-phetzyl-1 H,3H-4.7-rnethano-3a,7a- 
propanoisoindol-l,3,Il -trione, 23 

A mixture of 3.0 g dicarboximide 22 (8.1 1 mmol) and 60 mL 15% 
aqueous HC1O4 was heated under reflux for 12 h. The cold mixture 
was extracted with CHC13 (3 X 50 mL). The combined extracts were 
washed with water and dried over anhydrous Na2S04. Evaporation of 
the solvent gave a residue that was purified by filtration through a 
small column of silica gel eluting with CHC1,. Evaporation of the 
solvent gave 2.52 g of 23, mp 118- 119°C (benzenelhexane), 95% 
yield; ir (CHCl,) v: 1770 (s), 1710 (s), 1590 (w) cm-'; 'H nmr 
(CDCl,) 6: 1.24- 1.70 (m, 5H), 1.74- 1.88 (m, 1 H), 1.94-2.06 (m, 
2H), 2.44-2.60 (m, 4H), 7.22-7.28 (m, 2H), 7.38-7.58 (m, 3H); 
I3C nmr (CDC1,) 6: 19.0 (t, C5(6)), 24.5 (t, C9), 35.3 (t, C8(10)), 
46.5 (d, C4(7)), 56.6 (s, C3a(7a)), 126.5 (d, -CH= ortho), 129.1 

I 
(d, -CH= para), 129.4 (d, -CH= meta), 131.8 (s, -c= 
ipso), 178.5 (s, -CON), 208.7 (s, -CO-). Anal. calcd. for 
CI8Hl7NO3: C 73.20, H 5.80, N 4.87; found: C 73.28, H 5.94, 
N 4.74. 

Dimethyl (I RS,2 RS,3 RS,4SR)-7,7-diethoxybicyclo[2.2.l]heptane- 
2,3-dicarboqlate, 24 

A mixture of 1 1  .O g dicarboximide 21 (33.4 mmol), 1 1  g KOH (196 
mmol), and 17 mL triethylene glycol was heated under reflux for Ih. 
The starting product went completely into solution and at the end of 
the reaction a voluminous white precipitate appeared. To the cold 
mixture, ice and concentrated HCI were added until the solution be- 
came acidic. The mixture was extracted with ether (3 x 50 mL) and 
the combined extracts were washed with water (3 X 10 mL) and dried 
over anhydrous Na,SO,. Evaporation of the solvent gave a solid 
residue, which was treated with an excess of an ethereal solution of 
diazomethane. Evaporation of the volatile material left a viscous 
liquid that was distilled in a rotary microdistillation apparatus, bp 
165- 175°C (oven)/0.2 Torr, to give 6.64 g of 24 (60% yield from 
21); ir (CHCI,) v: 1730 (s) cm-'; 'H nmr (CDCl,) 6: 1.06- 1.42 (m, 
1.09 (t, J = 7.1 Hz), 1.19 (t, J = 7.1 Hz), total 8H, -OCH2CH3, 
HSendo, and H6endo), 1.64- 1.94 (m, 2H, H5exo and H6exo), 2.47 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3240 CAN. 1. CHEM. 

(br t, J = 4 Hz, IH, H4), 2.68 (br d, J = 4 Hz, lH, HI), 2.93 (d, 
J = 5.5 Hz, lH, H2), 3.38-3.67 (m, 5H, -OCHzCH3 and H3), 
3.68 (s, 3H) and 3.72 (s, 3H) (-OCH,); ',c nmr (CDCI,) 6: 15.0 (q) 
and 15.4 (q) (-0CH2CH,), 22.3 (t, C5), 26.2 (t, C6), 42.2 (d) and 
42.3 (d) (C1 and C4), 46.4 (d, C2), 47.9 (d, C3), 51.8 (q) and 51.9 
(q) (-OCH,), 58.49 (t) and 58.53 (t) (-0CH2CH3), 112.9 (s, C7), 
173.8 (s) and 174.3 (s) (-COOMe). Anal. calcd. for C15H2406: 
C 60.03, H 7.99; found: C 60.07, H 8.09. 

Dimethyl (1 R,2S,6R, 7s)-10,lO-diethoxytricyclo[5.2.1 .0'.6]decane- 
2,6-dicarboxylate. 25 
In a 250-mL three-necked flask equipped with low temperature 

thermometer, addition funnel, magnetic stirrer, and dry nitrogen at- 
mosphere were placed 100 mL anhydrous THF, 1.5 g (10 mmol) 
naphthalene, and 0.71 g of a dispersion of lithium in solid paraffin 
containing 0.284 g lithium. The mixture was vigorously stirred for 15 
min, taking on a dark-green colour. Diisopropylamine (4.5 mL, 30 
mmol) was added with stirring and keeping the temperature of the 
reaction mixture below 30°C. The mixture was stirred until all lithium 
had reacted, showing at this time an orange colour. After cooling at 
-78"C, 3.0 g of diester 24 (10 mmol) in 50 mL anhydrous THF was 
added at once. The mixture was stirred for lh and allowed to reach 
0°C. 1,3-Dibromopropane (1.1 mL, 10 mmol) was slowly added, and 
the mixture stirred for 75 min at this temperature. The solvent was 
evaporated at reduced pressure, 75 mL water and 75 mL CHCI, were 
added, and the aqueous phase made acidic with 25 mL dilute HC1. The 
organic phase was separated and the aqueous one extracted with 
CHC1, (3 x 30 mL). The combined organic phase and extracts were 
washed with water and dried over anhydrous Na2S0,. Evaporation of 
the solvent left a liquid residue that was chromatographed through 
silica gel, giving rise, on elution with CH2C12, to 1.7 g of a mixture 
of starting product and 25, which was fractionally distilled in a rotary 
microdistillation apparatus. Obtained was 1.0 g of 25, bp 200-210°C 
(oven)/0.2 Torr, 29% yield; ir (CHC1,) v: 1730 (s) cm-'; 'H nrnr 
(CDCI,) 6: 1.16 (t, J = 7.1 Hz, 3H), 1.19 (t, J = 7.1 HZ, 3H), 
1.5-2.1 (m, 6H), 2.1-2.5 (m, 6H), 3.47 (q, J = 7.1 Hz, 2H), 
3.49 (q, J = 7.1 Hz, 2H), 3.63 (s, 6H); I7C nrnr (CDC17) 6: 14.4 (q) 
and 15.1 (q) (-0CH2CH3), 22.5 (m, C8(9)), 26.1 (t, C4), 38.1 
(m, C3(5)), 46.6 (d, C1(7)), 51.4 (q, -OCH,), 57.4 (t) and 
58.2 (t) (-OCH,CH,), 63.7 (s, C2(6)), 112.6 (s, ClO), 175.2 
(s, -COOMe). Anal. calcd. for CIXH280S: C 63.51, H 8.29; found: 
C 63.93, H 8.35. 

Dimethyl (1 R,2S,6R,7S)-10-oxotricyclo[5.2 . I  .02."decane-2,6- 
dicarboxylate, 1 

A mixture of 0.45 g diester 25 and 6.75 mL 15% aqueous HC104 
was heated under reflux for 5 h. The cold mixture was extracted with 
CHC1, (3 X 20 mL). The combined extracts were washed with water 
and dried over anhydrous Na2S04. Evaporation of the solvent left 0.28 
g of a solid that crystallized from methanol, and showed mp 78-8 1°C. 
Ketodiester 1, prepared by the procedure previously described (7), 
melts at 81 -83°C. The mixture mp was 79-82°C. The spectroscopic 
data (ir and 60-MHz 'H nmr) and glc analysis confirm the identity of 
both compounds. 

Dimethyl (1 R,2 S ,6  R, 7s)-10-(p-toluenesulfony1hydrazono)tricyclo- 
15.2.1 .0z6]decane-2,6-dicarboxylate, 26 

A mixture of 2.66 g ketodiester 1 (10 mmol), 2.05 g tosylhydrazide 
(1 1 mmol), 16 mL isopropanol, and four drops of concentrated HC1 
was heated under reflux for 28 h. The mixture was cooled in the 
refrigerator (- 10°C) for 8 days and the precipitated white crystals 
were filtered and dried in vacuo (0.05 Torr) to give 3.26 g of 26, mp 
170-172"C, 75% yield. Recrystallized from isopropanol, the mp 
remained unchanged; ir (KBr) v: 3175 (m), 1732 (s), 1705 (s), 1600 
(m) cm-'; 80-MHz 'H nrnr (CDC1,) 6: 0.9-2.6 (complex absorption, 
14H, 2.50 (s)), 2.92 (m, IH), 3.60 (s, 6H), 7.35 (d, J = 8 Hz, 2H), 
7.85 (d, J = 8 Hz, 2H), 8.1 (br absorption, 1H); 20-MHz nmr 

I 
(CDCl,) 6: 21.2 (m) and 22.0 (m) (C8 and C9), 21.5 (q, =c-CH,), 
24.9 (t, C4), 38.5 (t) and 39.5 (t) (C3 and C5), 43.2 (d) and 49.2 (d) 

(C1 and C7), 51.7 (q, -OCH,), 60.9 (s) and 61.6 (s) (C2 and C6), 
I 

127.9 (d) and 129.5 (d) (-CH=), 135.5 (s, =C-CH,), 144.1 (s, 
I 

=C-SO2--), 167.1 (s, ClO), 173.4 (s) and 173.6 (s) (-COOMe). 
Anal. calcd. for C Z I H ~ S N ~ S O ~ :  C 58.05, H 6.03, N 6.45; found: C 
57.99, H 5.88, N 6.26. 

Dimethyl tetracyclo[5.2.1 .02." 03~3.X]decane-7,8-dicarboxylate, 3 
In a 250-mL flask fitted with a reflux condenser with a CaC12 tube 

was placed a solution of 2.25 g of tosylhydrazone 26 (5.18 mmol) in 
60 mL anhydrous methanol. Then a solution of 286 mg anhydrous 
sodium methoxide (5.3 mmol) in 40 mL anhydrous methanol was 
added, and the mixture heated under reflux for 2 h. The solvent was 
removed at reduced pressure (30 Torr) and the residue dried at 0.1 
Torr for 1.5 h. The flask containing the sodium salt of 26 was con- 
nected to a rotary microdistillation apparatus and heated at 170°C/1 
Torr, to give 1.14 g of a colourless viscous distillate consisting mainly 
of 3 (glc analysis, column OV-1, 2 m; injector temperature 250°C; 
oven temperature 160°C; flow, 25 mL N2/min; rt 5.80 min; relative 
area 97%). Crystallization from isopropanol gave needles, mp 
62-63"C, 89% yield; ir (KBr) v: 1725 (s) cm-'; 'H nrnr (CDC1,) 6: 
1.44-1.60 (m, 2H), 1.82-2.08 (m, 7H), 2.36-2.48 (m, 3H), 3.67 
(s, 6H); 20-MHz I3C nrnr (CDC1,) 6: 21.7 (t, C4(5)), 34.3 (d, Cl) ,  
49.6 (t, C9(10)), 49.9 (d, C2), 50.8 (q, -OCH,), 57.4 (d, C3(6)), 
57.8 (s, C7(8)), 172. 4 (s, -COOMe); ms: 250(M', 3), 219(38), 
218(100), 191(11), 190(41), 159(22), 158(24), 132(16), 131(100), 
130(30), 129(27), 128(14), 125(24), 124(14),119(14), 117(14), 
116(16), 115(22), 93(14), 92(8), 91(38), 79(16), 78(1 l ) ,  77(24), 
65(1 l ) ,  64(8), 63(19), 59(19). Anal. calcd. for C14H1804: C 67.18, H 
7.25; found: C 67.09, H 7.31. 
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DANIELLE GONBEAU, GENEVIEVE PFISTER-GUILLOUZO, MARIE-ROSE MAZIERES et MICHEL SANCHEZ. Can. J .  Chem. 63, 
3242 (1985). 

Une Ctude quantochimique sur le motif phosphazkne a CtC effectuCe par le biais de calculs rCalisCs en base nb initio double 
zeta (5) de valence sur des composCs neutres et ioniques. La nature de la liaison P-N dans I'iminophosphane HzPNH est A 
rapprocher de celle de la liaison P-C des ylures du phosphore. Les caractkristiques 6lectroniques des formes cationiques 
(H2PNHz)', (HzPNH?)+ et anioniques (HPNHz)-, (H2PNH)- dCrivCes de I'iminophosphane et de sa forme tautomkre, 
I'aminophosphane, ont t t k  analysees. Les rCsultats obtenus permettent d'interpreter raisonnablement les donnCes expCri- 
mentales obtenues pour ce type d'entitCs. 

DANIELLE GONBEAU, GENEVIEVE PFISTER-GUILLOUZO, MARIE-ROSE MAZIERES, and MICHEL SANCHEZ. Can. J .  Chem. 63, 
3242 (1985). 

Ab initio molecular orbital calculations have been performed on the phosphazene bond using a split valence basis set on 
neutral and ionic compounds. The nature of the P-N multiple bond in H,PNH shows similarities with that of the P-C bond 
in phosphorus ylides. Electronic characteristics of cations (H2PNHz)+, (H,PNH2)' and anions (HPNH2)-, (H2PNH)- related 
to H,PNH and its tautomer H2PNH2 were investigated. The results obtained were used to explain experimental observations 
for this type of compounds. 

1. Introduction 
L'Ctude quantique antCrieure rCalisCe sur la liaison phospha- 

zkne P=N concernait l'espkce neutre a coordinence deux 
HP=NH (1). Nous avons Ctendu cette approche, d'une part, 
a la coordinence quatre H,P=NH et, d'autre part, a certains 
modeles cationiques (H3PNHI)+, (H2PNH,)' et anioniques 
(HPNH,)-, (H2PNH)- correspondant pour certains a des entitCs 
recemment synthCtisCes; pour ces dCrivCs, la nature de la liai- 
son P-N avait CtC Ctablie sur la base de leur rCactivitC ou 
d'aprks des donnCes spectroscopiques essentiellement de reso- 
nance magnCtique nucleaire. 

L'objet de ce travail est de prCciser la structure Clectronique 
de ces especes et de gCnCraliser les degrCs de polarite et de 
polarisabilitC respectifs des atomes de phosphore et d'azote 
selon l'environnement. 

2. Conditions de calcul 
Tous les calculs ont CtC rCalisCs a l'aide du programme 

MONSTERGAUSS 80 (2). 
Une base ab initio double 5 de valence 4-31G (3) avec 

orbitales de polarisation de type d sur les hCtCro-atomes a Ctt 
utilisCe (une orbitale gaussienne de type d,  5: = 0,57, {d, = 
0 8 ) .  

Les parametres gComCtriques ont CtC optimisCs avec la base 
ainsi dCfinie, grsce a un processus de minimisation a mCtrique 
variable, avec Cvaluation du gradient selon l'algorithme de 
Broyden-Fletcher-Goldfard-Shanno. 

Toutefois, afin d'obtenir une description correcte des es- 
pkces anioniques (4), nous avons ultkrieurement effectuC des 
calculs simples en introduisant, sur les deux hCtCro-atomes, un 
jeu de fonctions diffuses de type s e t p  avec les exposants 0,053 

'~u teur  A qui adresser la correspondance. 

pour N et 0,032 pour P,  prCcCdemment optimises par Lohr et 
Ponas (4b). 

Les calculs sur les anions (H2PNH)- et (HPNH,)- ont CtC 
effectuCs sur le Cray One du Centre de calcul vectoriel pour la 
recherche ( ~ c o l e  polytechnique, Palaiseau) dans le cadre de 
1'ATP Cray 1984. 

3. Analyse des resultats 
3.1 Iminophosphane H3P=NH 

3.1.1 Structure ge'ome'trique, orbitales mole'culaires, popu- 
lations de Mulliken 

A notre connaissance, seule une approche theorique en mi- 
thode CND0/2 a CtC rCalisCe sur ce modkle (5). 

Les valeurs optimistes des paramktres gtomCtriques pour 
l'iminophosphane sont prCsentCes dans le tableau 1. 

La structure CnergCtiquement privilCgiCe de cette molCcule 
correspond a un Ctat d'hybridation de type sp' de l'atome 
d'azote et a une position dCcalCe de la liaison N-H vis-a-vis 
du groupement pH3 tCtraCdrique. 

La principale caractCrisJique concerne la longueur, parti- 
culikrement courte (1,532 A), de la liaison P-N. Quoique tres 
nettement differeate de celle Cvalute par d'autres auteurs en 
CND0/2 (1,66 A) ( 3 ,  celle-ci tout fait en accord avec les 
donnCes expkrimentales obtenues par ailleurs (6a). 

De plus, une population de recouvrement de 0,51 pour la 
liaison P-N rCvkle bien une liaison a caractkre multiple; pour 
la double liaison P=N dans HP=NH, nous avions obsemk 
une valeur de 0,45. 

Par le biais d'une analyse des populations de Mulliken et des 
orbitales molCculaires, nous avons cherchC 2 prkciser la nature 
de cette liaison. 

La molCcule d'iminophosphane peut &tre considCree comme 
le produit de reaction d'une phosphine et d'un nitrene singulet, 
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TABLEAU 1 .  Geometries minimisees pour I'iminophosphane et I'aminophosphane" 

P-N 
N-H I 

N-Hz 
P-H? 
P-H4 
P-H5 
H , ~ N P  
H ~ ~ P  
H p H 2  
H C N  
H4PN 
H;?N 
~ 3 2 ~ 4  

W N H  I 

H,PNH, 
H3PNH4 
HsPNH5 
EClb 
E,,' (N-N) 
E ,  
A Et 

"Longueurs, en angstroms; angles, en degrCs; E ,  en hartrees; A E ,  CvaluC v ~ s - i - v ~ s  de la forme la plus stable, en kilojoules par mole. 
'E,,: Cnergie d'interaction electron-noyau, electron-tlectron. 
'E,,: Cnergie de repulsion internucleaire. 

l'approche de la paire libre de la phosphine np Ctant rCalisCe 
dans la direction de l'orbitale vacante du nitrkne, avec les deux 
paires libres de cette entitC dans le plan orthogonal. 

"'1 

La dClocalisation de la paire du phosphore vers l'orbitale 
vacante du nitrene assure la liaison P-N en u. Cette liaison 
apparait polarisCe Pt-N-, compte tenu du fort pouvoir attrac- 
teur de l'azote. On remarque toutefois un phknomkne de rCtro- 
donation selon l'axe P-N, qui aboutit un peuplement de 
0,13 e de l'orbitale d du phosphore dirigCe selon cet axe. 

Parallklement, des transferts interviennent des deux paires de 
l'atome d'azote, que nous dkfinissons par nxpaire perpendi- 
culaire au plan H4PNH,) et nz (paire dans le plan H4PNH,), 
vers les orbitales d de symCtrie adaptCe du phosphore, condui- 
sant a des populations respectives de 0,17 et de 0,25 sur ces 
orbitales. Nous observons de plus en TT une dClocalisation par 
hyperconjugaison de la paire n",ers les liaisons P-H. 

. 

Ces interactions n~ + d, apparaissent au niveau des deux 
dernikres orbitales occupCes de I'iminophosphane a -9,79 et 
- 10,77 eV, qui prCsentent de fortes localisations sur les deux 
paires de l'azote. La visualisation par le track des courbes 
d'isovaleurs de fonction est prCsentCe dans la figure 1 pour 
I'HOMO (nl;). 

Ainsi, les trois types de transferts analysCs (np + ni,  ni  + 

d;, nz + d;) sont a l'origine de la faible longueur de liaison 

P-N dans l'iminophosphane, qui peut donc ttre considCrCe 
comme une "pseudo triple liaison". 

L'ensemble des transferts en retour sur le phosphore est 
toutefois assez faible (population totale de 0,55 e sur les orbi- 
tales d )  et, globalement, la liaison P-N apparait comme 
extr&mement polaire: fort caractere positif sur le phosphore et 
fort caractke nCgatif sur l'azote (fig. 2). 

Cette charge nette nkgative tres importante sur l'atome 
d'azote (- 1,02) est bien en accord avec les valeurs inhabi- 
tuelles des dkplacements chimiques S ISN observCes pour ce 
type de systkmes (6b),  vis-a-vis de celles caractkristiques d'un 
azote dicoordonnk; de mtme la comparaison des moments di- 
polaires expkrimental (3,l D pour +,PN+) et thCorique (3,2 D 
pour H3PNH) est tout a fait satisfaisante. Le caractere de ce 
phosphore tCtracoordonnC (+0,73 en charge nette totale) est 
nettement plus positif que celui du phosphore divalent dans 
HPNH (+0,49 en charge nette totale) et du phosphore trivalent 
dans H2PNH2 (+0,39 en charge nette totale). Enfin, la rCacti- 
vitC des iminophosphanes (6c) s'interprkte parfaitement a partir 
de la polarisation Pt-N- de cette liaison. 

L'analyse des facteurs gComCtriques et Clectroniques met 
donc en evidence le caractkre particulier de la liaison P-N 
dans la molCcule d'iminophosphane. Elle rCvele une structure 

H 
\s+::----ss- 

du type H - P e N H  qui doit &tre considCrCe comme une 
H / 

simple liaison u, issue d'un transfert en p du phosphore vers 
I'azote, renforcCe essentiellement par les deux transferts en 
retour nN + dp. 

Ce caractke est a rapprocher de celui invoquC dans le cas des 
ylures du phosphore pour lesquels une longueur anormalement 
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FIG. 1. H3PNH. (a) HOMO (symktrie A"); (b) 1" virtuelle de symktrie A". Courbes d'isovaleurs de fonction pour les valeurs suivantes de 
JI: (a) 0 ,  1: t0 ,001;  2: t 0 , 0 3 ;  3: r0 ,05 ;  4: *0,1; 5: a0 ,2 ;  6: ?0,3; (b) 0; 1: *0,003; 2: *0,01; 3: *0,03; 4: +0,05; 5: *0,1; 6: *0,15 (valeurs 
positives: traits pleins; valeurs nkgatives: traits pointill6s). 

FIG. 2. H3PNH-H2PNH2. Analyse des populations selon Mulliken. Charges nettes totales - populations de recouvrement (entre 
parenthbses). 

courte a egalement CtC obtenue pour la liaison P-C (7) et 
correspond a ce qui vient d'Ctre rtcemment propose a partir 
d'une Ctude thCorique pour H3P0 (8). 

Cette nature particuliere de la liaison P=N explique la faible 
barriere it la rotation calculee (de l'ordre de 8 W/mol) et qui n'a 
jamais Ctt mise en tvidence expCrimentalement. 

La forme mise en jeu, liaison N-H en position CclipsCe 
vis-a-vis du groupement pH3, prtsente une structure tlectro- 
nique tres voisine de celle obtenue pour une position dCcalte, 
transferts n, + dp du mCme type et du meme ordre. Ainsi, des 
energies Clectroniques tres voisines sont obtenues pour les deux 
entitCs, la forme CclipsCe ttant dtfavoriske de part des rtpul- 
sions internucleaires importantes (de l'ordre de 47 W/mol). 

Ceci conditionne l'origine de la barrikre a la rotation dans 
l'iminophosphane, le "caractere multiple" lie it des interactions 
p-d n'ttant pas modifiC par la rotation, contrairement au cas 
de liaisons pn-pn. En effet, pour la double liaison P-N dans 
l'iminophosphkne, une barriere beaucoup plus Clevte (environ 
205 W/mol) avait Ctt diterminte. 

En outre, la valeur plus importante (environ 26 W/mol) que 
nous avions obtenue pour la barriere a la rotation dans l'amino- 
phosphane avait une toute autre origine (9). Dans ce cas, c'ttait 
un facteur non pas de rkpulsion nuclCaire mais Clectronique, lit 
aux modifications d'interactions paire P - paire N, qui gouver- 
nait la barrikre. 

Pour l'iminophosphane, la rotation assez aisCe autour de la 
liaison P-N et l'ensemble des donnees gComttriques et Clec- 
troniques favorables a une migration 1-2 sont autant de fac- 
teurs qui permettent d'interprtter l'existence de l'tquilibre 
prototropique H3P=NH * H2P-NH2. 

Cet Cquilibre a kt6 mis en tvidence, ces dernikres anntes, par 
diffkrentes Cquipes: Schmidpeter et Rossknecht (10) et Binder 
et Fisher (1 1). Ces derniers ont ttudike l'influence de la temp6 
rature et montrt la prtpondtrance, dans de nombreux cas, de 
la forme aminophosphane. 

Sur les dCrivts modkles examines (H3PNH et H2PNH2), nous 
avons obtenu une diffkrence tnergttique de l'ordre de 71 
W/mol en faveur de l'aminophosphane. Comme le font appa- 
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GONBEAU ET AL. 

F I G .  3. (H3PNH2)+ (H~PNH:). Analyse des populations selon Mulliken. Charges nettes totales - populations de recouvrement (entre 
parenthbses). 

raitre les rksultats prCsentks dans le tableau 1, ce sont les termes TABLEAU 2. GComCtries minimisCes pour (H3PNH2)+ et (H2PNH3)+" 
de rCpulsion internuclkaires qui sont a l'origine de la stabilisa- 
tion plus importante de l'aminophosphane. H6\ H5, ,,& 

3.1.2 Rtactivitt des iminophosphanes: dimtrisation Paramktre HS---P-$' / J ~ - ~ , - H ~  
H4 HI 

H4 
Le phknomkne de dimerisation est bien connu au niveau des HI 

liaisons phosphazknes et un grand nombre de composCs diaza- 
phosphktidines ont Ctk synthttisks ces dernieres annkes (12). P-N 1,616 1,882 

Lors d'une Ctude antkrieure sur l'iminophosphkne ( l ) ,  l'ana- N-H1 1 0,997 
N-H2 lyse de ce phknomkne a Cte interprCtCe par un mCcanisme sous N-H3 

1 
0.996 

contr6le orbitalaire. En effet, les orbitales caractkristiques des P-H4 1,405 1,412 
liaisons TTT~,N et prksentaient des localisations trks impor- p - ~ ~  1,405 1,412 
tantes, respectivement sur l'azote et le phosphore, qui permet- p-H, 1,405 
taient de lever les restrictions de symktrie (13) et d'envisager 122.85 114,87 
une addition 2+2 conduisant au dimkre tCte-bCche. H2pP 121,6 109,98 

Pour l'iminophosphane, trois facteurs paraissent aller a l'en- H3NP 109,92 
contre d'un mCcanisme sous contr6le frontalier: (i) La sCpara- 
tion knergktique entre les deux orbitales occupCe et virtuelle H1^NH2 113,37 107,71 

susceptibles d'entrer en jeu lors de la dimkrisation est nettement 107.55 

plus importante que pour l'iminophosphkne (= 17 eV H41N 1 1 1,93 92,66 
pour l'iminophosphane, =13 eV pour l'iminophosphkne). H c N  107,99 92,65 
(ii) L'HOMO du systkme prksente bien un poids important sur HgN 116,Ol 
l'atome d'azote, mais la localisation au niveau de la virtuelle &zHS 108,08 94,88 
est moins marquee sur le phosphore (fig. 1). (iii) Nous obser- &PH, 105,63 
vons au niveau de cette orbitale virtuelle, une intervention des H4PNHI 58,76 47,43 
orbitales d du phosphore qui conduit a une diminution du re- H~PNHI 177,62 47,58 
couvrement positif lors de l'approche tCte-bCche. H6PNH 62,54 

Par contre, comme nous l'avons dkja notk, la polaritk de la -469,851525 -464,598516 

liaison P-N dans l'iminophosphane est trks importante, avec E,,' (N-N) 72,4393 16 67,176273 
E I - 397,4 12209 -397,422 143 des charges nettes de +0,73 sur P et - 1,02 sur N. 
A Et 26,05 AU vu de cet ensemble de rtsultats, nous sommes amenks a 

envisager une dimirisation au niveau de l'iminophosphane, "Longueurs, en angstroms; angles, en degrCs; E ,  en hartrees; AE, = 

mettant en jeu un mkcanisme sous contr6le de charge plut6t que E ( ~ , P N H ~ )  - E(H~PNH:), en kiloloules Par 

sous contr6le orbitalaire. E.,: Cnerg~e d'interactlon Clectron-noyau, Clectron-electron. 
'E,,. tnergie de rCpulsion internucliaire. 

Cette conclusion se trouve confortie par les observations 
expkrimentales selon lesquelles des substituants klectro- 
donneurs sur I ' ~ ~ ~ ~ ~  ou ~lectro-accepteurs sur le phosphore, rkpartition des charges sur les deux cations sont prksentis dans 

qui tendent a accentuer la polaritk de la liaison P-N, favo- le et la figure 3. 

risent Cgalement la dimkrisation (1 2a). H+(N) 
3.2 Syst2mes ioniques H3P=NH - (H3PNH2)' 

3.2.1 Cations (H3PNH2)+ et (H2PNH3)+ 
L'une des caractkristiques des iminophosphanes Ctant leur 

affinitk vis-a-vis des Clectrophiles, nous avons entrepris l'ana- 
lyse de la structure Clectronique du systkme (H3PNH2)+ qui 
correspond une protonation sur l'azote de l'iminophosphane. H2P-NH2 H+(N) ' (H2PNH3)' 
Cette forme peut Cgalement rCsulter d'une protonation sur le 
phosphore de l'aminophosphane. Pour le catioa (H3PNH2)+, nous observons une longueur de  

fitant donne la prototropie H3PNH F? H2PNH2, nous avons liaison (1 ,6160A) intermkdiaire entre celles de j'iminophos- 
Cgalement examink le cation (H2PNH3)+ issu d'une protonation phane (1,532 A) et de l'aminophosphane (1,685 A), mais plus 
sur l'azote de l'aminophosphane. proche de cette dernikre. De la mCme manikre, l'indice de  

L'ensemble des paramktres gComCtriques minimis& et la population obtenu pour la liaison P-N (0,32) est plus proche 
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de celui de l'aminophosphane (0,24) que de la valeur trouvee 
dans le cas de l'iminophosphane (0,5 1). 

Parallelement, nous constatons une pyramidalisation de 
l'atome de phosphore plus marquee que dans l'iminophos- 
phane. L'atome d'azote prtsente, quant a lui, un etat d'hybri- 
dation voisin de sp2, trks proche de celui obtenu pour l'ami- 
nophosphane, la derniere orbitale occupee du systkme Ctant 
fortement localisee sur l'azote et correspondant a la n;. 

Au vu de sa structure geomttrique, cecation se presente plus 
comme le resultat d'une protonation sur le phosphore de l'ami- 
nophosphane que comme celui d'une protonation sur l'azote de 
l'iminophosphane. 

L'analyse de population selon Mulliken fait toujours 
apparaitre une polarite Pi-N- moins marquee que pour 
H3PNH, avec un phosphore un peu moins positif et un azote 
legkrement plus negatif. I1 faut remarquer que la charge + 1 est 
entibement localiske sur le groupement pH3. 

Ces resultats sont a rapprocher de ceux obtenus pour l'imino- 
phosphkne (HP=NH), a savoir que, lors d'une protonation sur 
l'azote, cet atome qui avait perdu des electrons en drainait 
toujours fortement en retour et l'espece protonee se presentait, 
dans ce cas, comme un ion phosphenium (H-P-NH,)'. 

De meme, la structure tlectronique du cation (H3PNH2)+ 
n'est pas celle d'un ion imminium, mais plus caractkristique 

H\ 6+ 6-/H 
d'un ion aminophosphonium du type H/P 

'H 
issu 

H 
d'une protonation sur le phosphore de l'aminophosphane. 

En ce qui concerne le cation (H2PNH3)' qui correspond 
une protonation sur le site azote de l'aminophosphane, nous 
observons un allongement tres important de-la liaison P-N 
(tableau 2). Simultanement, nous notons un etat d'hybridation 
plus nettement sp3 au niveau de l'azote et une pyramidalisation 
tres marquee au niveau du phosphore, I'HOMO du systkme 
Ctant localisee sur la paire de cet atome. 

La polarit6 de la liaison P-N, toujours de type Pi-N-, est 
pratiquement inchangee vis-a-vis de celle he l'aminophos- 
phane, la charge + 1 &ant presque Cgalement repartie sur les 
deux groupements NH3 et pH2, avec un caractere plus positif, 
toutefois, chez ce dernier. 

Ce cation presente donc un caractere hybride phosphane 
ammonium, avec une liaison P-N particulikrement longue, ce 
qui entraine une importante diminution des repulsions internu- 
cleaires. Ainsi, le cation (H2PNH3)+, en dCpit du facteur Clec- 
tronique dtfavorable, apparait comme l'espkce la plus stable 
Cnergktiquement (tableau 2). 

Toutefois, la difference CnergCtique entre les deux formes 
protontes (H3PNH2)+ et (H2PNH3)+ est faible (de l'ordre de 26 
kJ/mol), soit environ quatre fois moins importante que celle 
obtenue precedemment entre (H2PNH)' et (HPNH2)t. Ceci 
peut expliquer la detection, par Dahl (14), des deux especes 
cationiques en equilibre lors de la reaction d'aminophosphanes 
diversement substituCes avec CF3S03H. 

L'atome d'azote est donc le site preferentiel de protonation 
dans l'aminophosphane. I1 faut noter qu'une etude similaire sur 
l'iminosphosphene nous avait conduit la m&me conclusion 
quant a la comparaison des sites P et N. Les affinites proto- 
niques n'ont pas kt6 dCterminCes pour les composts examines, 
mais les resultats obtenus sont tout a fait coherents avec ceux 
de Lohr et al. (15) concernant les affinites protoniques en phase 
gazeuse de derivks phosphorks a liaison multiple P-C pour 
lesquels les comparaisons avec les analogues azotCs ont tou- 
jours montrk des valeurs plus importantes pour ces derniers. 

L'examen comparatif, ci-dessous, des resultats obtenus pour 
les quatre cations provenant de la protonation de l'iminophos- 
phene (1  et 2) et de I'iminophosphane (3 et 4), nous conduit aux 
remarques suivantes. 

Dans tous les cas, la polarite de la liaison P-N est du type 
Pi-N- et le caractkre positif du phosphore va en diminuant de 
la structure phosphenium (1) au cation phospha-ammoniup 
(4). Les longueurs de liaison P-N varient de 1,484 a 1,882 A. 
11 est interessant de constater que ces deux longueurs de liaison 
limites apparaissent dans les deux cations resultant de la proto- 
nation de l'atome d ' a z ~ t e  d'une liaison PEN: iminophosphene 
pour 2 (dPN = 1,481 A), iminophosphane pour 4 (dpN = 1,882 
A). Cette derniere valeur particulikrement grande est liee 2 
la non-existence de transfert d'klectrons de l'atome d'azote 
vers le phosphore. 

3.2.2 Anions (H,PNH)- et (HPNH?)- 
Bien que les reactions d'abstraction d'hydrogkne sur des 

aminophosphanes aient ett frequemment invoquees lors de 
syntheses de derives phosphores et azotks (16), ce n'est 
que recemment que la structure des especes anioniques impli- 
quees a Ctk discutee, par Cowley et Kemp (17), sur des bases 
experimentales. 

Nous avons donc entrepris l'analyse quantochimique de 
telles entitks en examinant les deux systemes, (HPNH2)- et 
(H2PNH)-. 11s correspondent au depart d'un proton des sites P 
ou N de l'aminophosphane, (H2PNH)- pouvant Ctre aussi 
consider6 comme issu d'une deprotonation sur le phosphore de 
l'iminophosphane. I1 faut remarquer Cgalement que l'addition 
de H- sur l'iminophosphene peut conduire formellement aux 
mCmes especes. 

-H+(P) 
H2P-NH2 - (HPNH2)- 

Les valeurs minimisees des paramktres geometriques et les 
repartitions de charge obtenues pour (HPNH,)- et (H2PNH)- 
sont presentees dans le tableau 3 et la figure 4. 

Dans le cas de (H2PNH)-, c'est-a-dire lors d'un depart de 
Hf du site azote de l'aminophosphane, nous constatons que 
l'apport Clectronique ne reste pas localis6 sur cet atome, mais 
qu'un transfert vers le phosphore intervient via une interaction 
p"-d"; on note ainsi une population de 0,4 sur les orbitales d 
du phosphore et de 0,3 1 sur les diffuses de ce mCme centre. La 
polarit6 de la liaison demeure toutefois Pi-N-. Ce transfert 
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GONBEAU ET AL 

FIG. 4. (H2PNH)- (HPNH2)-. Analyse des populations selon Mulliken. Charges nettes totales - populations de recouvrement (entre 
parentheses). 

TABLEAU 3. GComCtries minimisees pour (HZPNH) et (HPNHz)-" 

P-N 
N-HI 
N-H2 
P- HS 
P-H4 
H,%P 
H,%P 
H ~ ~ N H ~  
H 
&,PN 
H,PH4 
H3PNH I 
H,PNHI 
EClb 
ErepC (N- 
E,  
A Et 

A 

l'atome d'azote (EN = 333,6"). 
11 est Cgalement intCressant de noter une disposition des 

paires du phosphore et de l'azote identique a ce qu'elle etait 
dans H,PNH,, aucune rotation n'ayant eu lieu consCcutivement 
au depart de H'. L'interaction entre ces paires intervient au 
niveau de l'avant derniere orbitale occupee du systeme, 
I'HOMO Ctant caracteristique de la paire du phosphore reloca- 
l i k e  suite au dCpart de H'. 

Les deux anions, (H,PNH)- et (HPNH,)-, presentent ainsi 
des structures bien differencees. Dans le cas de (H2PNH)-, elle 

6-6- 
est du typeH>P-NH, avec une forte charge negative sur 

H ' 
l'atome d'azote. L'anion (HPNHJ correspond, quant a lui, a 

6- 6-6- H 
une structure HP - N ' , simple liaison P-N avec atome 

\H 
d'azote porteur de la charge negative la plus importante. 

Ainsi, parmi les formes limites generalement envisagees 
pour ces anions, les rksultats obtenus mettent parfaitement en 
evidence une structure 6, et non 7, pour l'anion (H,PNH)- qui 
apparait comme un anion de type phospha-amidure. 

/11 

.. 
"Longueurs, en angstroms; angles, en degres; E ,  en hartrees; A E ,  = \ .. a s \  - 

E ( H 2 P N H - )  - E ( H P N H I ) ,  en kilojoules par mole. P'LN /" \H /p-N- 
h ~ , , :  inergie d'interaction Clectron-noyau, ilectron-electron. 
'E,,: Cnergie de ripulsion intemucliaire. 

H \H H /P=N-H 

5 6 7 

est a l'origine de la diminution de la longueur de liaison P-N 
(1,64 A) vis-a-vis de celle obtenue dans l'aminophosphane 
(1,685 A). 

On remarque Cgalement une pyramidalisation plus marquCe 
de l'atome de phosphore et une rotation du systeke qui conduit 
a une augmentation de l'angle entre les paires du phosphore et 
de l'azote vis-a-vis de l'aminophosphane. L'HOMO de 
(H2PNH)- rksulte de l'interaction entre ces paires, l'avant der- 
niere orbitale occupCe correspondant a la paire de l'azote relo- 
calisee par suite de la deprotonation. 

En ce qui concerne l'anion (HPNH,)-, au contraire, l'apport 
Clectronique engendrC par le dCpart de H', lie 21 P,  reste localis6 
sur le phosphore qui presente ainsi une charge de -0,5; on 
remarque Cgalement, pour ce compose, une population impor- 
tante de 0,77 sur les fonctions diffuses. La repartition de charge 
au niveau du groupement NH, est inchangee par rapport 2 celle 
obtenue dans l'aminophosphane; l'atome d'azote demeure 
neanmoins le centre porteur de la charge nCgative la plus im- 
portante du systeme. 

~ t a n t  donne qu'une interaction p:-dc ne peut intervenir, 
nous observons, dans ce c!s, un allongement-trb not!ble de 
la liaison P-N (1,685 A dans H2PNH2 et 1,81 A dans 
(HPNH,)-), qui s'accompagne d'une nette pyramidalisation de 

Ceci va a l'encontre des conclusions CnoncCes par Cowley 
(17) qui, sur des bases experimentales, proposait une structure 
de type 7 pour ce m&me anion. 

En ce qui concerne les stabilitCs relatives des deux anions 
examines, l'allongement notable de la liaison P-N dans 
(HPNH,)- induit une diminution importante des rCpulsions 
internuclkaires, ce qui conduit globalement, en depit d'une 
Cnergie Clectronique plus basse pour (H,PNH)-, a une forme 
(HPNH,)- favorisCe Cnergttiquement. I1 faut noter, toutefois, 
que la diffkrence est assez faible entre les deux anions (de 
l'ordre de 5 1 kJ/mol). 

L'aminophosphane peut &tre ainsi considCree comme un 
acide de site P. Ces rCsultats sont cohCrents avec ceux obtenus 
par Lohr et Ponas (4b) lors d'une Ctude sur les aciditCs en phase 
gazeuse de systemes a liaisons multiples C-N et C-P et, en 
particulier, de H3CNH2 et H3CPH2. Ces deux derniers com- 
posCs sont apparus comme des acides de site hCttro-atome, 
H3CPH2 Ctant un acide plus fort que H3CNH2. 

Si nous examinons maintenant l'addition de H- sur l'imino- 
phosphene, nous ne pouvons, au vu de la rkpartition de charge 
sur ce systeme (Qp = +0,49; QN = -0,8 I ) ,  que conclure a un 
produit cinCtique (H2PNH)- de structure 6, diffkrent du produit 
thermodynamique (HPNH2)- de structure 5. Les dispositions 
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relatives d e  la paire d e  l 'azote e t  des  protons du  groupement 
PH, permettent d 'envisager cette Cvolution via une migration 
1,2, c e  qui pourrait expliquer raisonnablement les rCsultats 
expkrimentaux (1 7). 
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GEORGE A. KATSOULOS, CONSTANTINOS A. TSIPIS, and FOTIOS D. VAKOULIS. Can. J .  Chem. 63, 3249 (1985). 
A new series of homobinuclear iron(II1) halobisdithiocarbamate complexes antiferromagnetically coupled through a molecu- 

lar halogen bridging unit has been synthesised and studied. The complexes have been characterized chemically and by 
spectroscopic methods and magnetic susceptibility measurements. The volatility characteristics and thermogravimetric analysis 
data for the new compounds are also studied. Finally, quantum-chemical calculations have been used to provide a qualitative 
guide to the possible pathways for the superexchange processes observed in these molecular magnetic systems, as well as to 
interpret their electronic spectra. 

GEORGE A. KATSOULOS, CONSTANTINOS A. TSIPIS et FOTIOS D. VAKOULIS. Can. J.  Chem. 63, 3249 (1985). 
On a synthttisi et CtudiC une nouvelle sCrie de complexes halobisdithiocarbamate de fer(II1) couplCs de faqon anti- 

ferromagnktique B I'aide d'un haloghe molCculaire en position de pont. On a fait appel B des methodes spectroscopiques et 
A des mesures de susceptibilitC magnCtique pour caractkriser chimiquement ces complexes. On a tgalement CtudiC les 
caractCristiques de volatilitk et les donnees d'analyse thermogravimCtrique des nouveaux composes. Finalement on a fait appel 
i des calculs de chimie quantique pour obtenir un guide qualitatif des voies d'accks possibles au processus de superechange 
observe dans ces systemes magnetiques molCculaires, aussi bien que pour interpreter leur spectre Clectronique. 

[Traduit par le journal] 

Introduction 
The rare occurrence of iron(II1) in an S = 312 ground state 

associated with an unusual coordination of the iron atom has 
made the halobis(N,N-dialkyldithiocarbamato)iron(III) com- 
plexes the object of numerous experimental and theoretical 
investigations (1 -8). In addition, the iodobisdithiocarbamate 
complexes, [Fe(R,dt~)~l], were found to react with molecular 
iodine in aprotic solvents (9) to yield several types of products, 
including those with stoichiometry Fe(R2dtc),12 (where R = 
Me or Pr') and Fe(Et2dtc),13. The last compound has been 
proved to be an iron(II1) complex containing coordinated tri- 
iodide, the presence of an 1, unit with one of the terminal 
iodines bonded to the metal ion of the {Fe(Et,dtc),) group being 
demonstrated by 57Fe and '"1 Mossbauer spectroscopy (10, 
11). For the remaining complexes it has been suggested (9) that 
they may be adducts of the type 2[Fe(R2dtc),I].I,. Further- 
more, Mijssbauer measurements on the molecular complex 
Fe(Me2dtc),12 have demonstrated (1 1) that it contains a molecu- 
lar iodine (I2) unit mediating the formation of weakly coupled 
dimers with antiferromagnetic interaction. These conclusions 
are consistent with an X-ray crystal structure determina- 
tion (12) of another derivative of this series containing the 
pyrrolidinyldithiocarbamato ligand. Thus, an interaction be- 
tween the iodine molecule and the iodide ligands of the 
complex was confirmed, with the overall result that there 
would be a loose "dimeric" association of the type 
(R2NCS2)2FeI.. - I-I. -. IFe(SZCNR2)2. Although a detailed 
study of the effect of the particular iron(II1) dithiocarbamate 
used on the course of the aforesaid reaction has not been under- 
taken, it does appear that the nitrogen substituent R has an 
effect on the nature of the obtained products (9, 11). Moreover, 
a study of the role of bridging molecular halogens (X;) in the 
formation of antiferromagnetically coupled dimers would be of 
considerable importance. In this paper we present our results on 
the synthesis and the characterization of some new homo- 
binuclear iron(II1) dithiocarbamate complexes of the general 

'Author to whom correspondence should be addressed. 

formula [Fe(R,dtc),XI2(p - X;), as well as the theoretical pre- 
diction based on EHMO quantum-chemical calculations, of the 
possible pathways for the-superexchange processes observed in 
these compounds. 

Experimental 
Physical measurements 

Infrared spectra were recorded in the 4000-250 cm-' region on a 
Perkin-Elmer 467 spectrophotometer using KBr pellets or Nujol 
mulls. Electronic spectra were obtained on a Cary 17DX spectro- 
photometer using freshly prepared methylene chloride solutions. 
Mossbauer spectra were obtained with a conventional constant ac- 
celerator spectrometer. The source was 25 mCi of "Co in a copper 
matrix. Mass spectra were measured on a RMU-6L Hitachi Perkin- 
Elmer mass spectrometer with ionisation source of T-2p type oper- 
ating at 70 eV. The thermogravimetric curves were obtained on a 
TGS-2 Perkin-Elmer thermobalance using nitrogen furnace atmo- 
sphere. Magnetic susceptibility measurements in solid state were done 
by the Faraday technique at different magnetic field strengths using 
Hg[Co(SCN),] as the calibrant. Diamagnetic corrections were made 
using Pascal's constants. Conductivity measurements were done in a 
Wheatstone bridge Model RC 216B2 using lo-' M solutions in ace- 
tone. Molecular weights were determined using a Perkin-Elmer 
molecular weight apparatus Model 115 in methylene chloride solu- 
tions. The elemental analysis of carbon, nitrogen, and hydrogen was 
performed on a Perkin-Elmer 240B Elemental Analyzer. 

Starting materials 
All solvents were of reagent grade and were used without 

further purification in synthetic work. Tris(N, N-disubstituted-dithio- 
carbamato)iron(III) complexes were prepared and recrystallised as 
previously reported (13). The halobis(N,N-dialkyldithiocarbamato)- 
iron(II1) complexes were obtained from the reaction between an 
iron(II1) trisdithiocarbamate and aqueous hydrohalic acid (1, 2). All 
the other reagents were obtained commercially. 

Preparation of the complexes 
The new complexes were prepared according to the following gen- 

eral method. A solution .of 2 mmol of the appropriate [Fe(R2dtc)zX] 
complex in 50 cm3 of methylene chloride was treated with 1 mmol of 
IZ or Brz dissolved in the same solvent and the reaction mixture was 
left for 5 h at room temperature under continuous magnetic stirring. 
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FIG. 1.  Molecular structure of bromobis(N ,N-diisopropyldithiocarbamato)iron(II1). Distances are given in A (8) 

TABLE 1. Analytical data for the new complexes* 

Analysis (%) 

Compound Yield (%) Melting point ("C) C N H Molecular weight 

2[Fe(Me2dtc)2C1] - 12 62 180-182 dec. 15.90 (15.71) 6.02 (6.11) 2.51 (2.64) 960 (917.3) 
2[Fe(Et2dtc)2C1] I2 67 178-180 dec. 23.40 (23.33) 5.49 (5.44) 3.87 (3.92) 1050 (1029.5) 

2[Fe(Pr2dtc)2CI] Br2 68 170- 172 dec. 32.00 (32.10) 5.28 (5.35) 5.24 (5.39) 1100 (1047.7) 

2[Fe(Pi2dtc)2CI] . I2 75 212-214 dec. 29.01 (29.46) 4.71 (4.91) 4.85 (4.94) 1180 (1 141.7) 

2 [ ~ e ( ~ r k d t c ) ~ ~ r ] .  Iz 77 184-186 dec. 27.62 (27.33) 4.38 (4.55) 4.61 (4.59) 1260 (1230.6) 

2[Fe(Pr2dtc)21] - Br2 72 210-212 dec. 27.46 (27.33) 4.67 (4.55) 4.70 (4.59) 1290 (1230.6) 

*Calculated values in parentheses. 

After the addition of 50 cm' of cyclohexane the solution was con- 
densed to a small volume under reduced pressure, causing black 
crystals to separate. The resultant solid material was filtered off, 
washed with cyclohexane, recrystallised several times from methylene 
chloride-cyclohexane mixtures, and dried under vacuum. 

Calculations 
The quantum-chemical calculations on the [Fe(Pr;dtc),Br] 

complex and the linear tetratomic halogeno bridging unit were 
carried out by means of the LCAO-MO extended Hiickel 
method (14). The computer program (15) used was based on 
the self-consistent charge method. The cartesian coordinates of 
the atoms were computed using a recently published (8) crystal 
structure of the complex which is depicted in Fig. 1. The z axis 
of the coordinate system has been taken along the direction of 
Fe-Br, and the x axis in the plane of the atoms Fe, Br, and 
C,  and parallel to the plane of the four sulfur atoms. In order 
to limit the number of atomic wave functions, the isopropyl 
groups wereoreplaced by hydrogen atoms, the N-H distance 
being 1.01 A (16). The basis set used consisted of all the 49 
valence orbitals, in which 58 electrons were placed. The radial 
part of the atomic wave functions were the double exponent (3d 
functions) or single exponent (all the other functions) Slater- 
type orbitals given in the literature (17- 19). 

Results and discussion 
Reaction of a solution of [Fe(R,dtc),X] (R = Me, Et, Pr'; 

X = C1, Br, 1) in methylene chloride with molecular halogens 
(2: 1 molar ratios) rapidly gave clear solutions from which solid 
compounds of stoichiometry Fe(R2dtc)?XX1 (X' = Br, I) were 

isolated, either by precipitation with cyclohexane or by re- 
moval of solvent under reduced pressure. The dihalide com- 
plexes crystallise as black crystals. 'These crystals are soluble 
in acetone, methylene chloride, acetonitrile, and nitromethane 
to give brownish solutions, and are insoluble in benzene, cyclo- 
hexane, ether, and water. The compounds are stable in the 
absence of moist air, while in the presence of atmospheric 
moisture they slowly hydrolyse. This tendency to hydrolyse 
increases on passing from the chloro to the iodo derivatives, 
perhaps because of the presence of a weak iron(II1)-iodine 
bond. They also decompose at lower temperatures than the 
corresponding halobisdithiocarbamate complexes. The low 
values of the molar conductivity in anhydrous acetone (2- 
10 ohm-' cm' mol-') indicate the non-electrolyte character of 
the complexes, whereas osmometric molecular-weight mea- 
surements in methylene chloride show them to be dimeric. Data 
from elemental analyses, decomposition temperatures, and 
molecular weights of the new compounds are given in Table 1. 

The compounds were found to react with olefins, such as 
ethylene and cyclohexene, in methylene chloride solutions to 
afford green crystalline complexes formulated as [Fe(R?dt~)~Xl  
and the corresponding 1,2-addition products. The halogenation 
reaction were carried out at room temperature and, in the case 
of ethylene, under atmospheric pressure. This easy addition of 
halogen to an unhindered carbon-carbon double bond strongly 
suggests that the complexes under investigation may be adducts 
with molecular halogens. 

The frequencies (cm-I) of the most relevant absorption 
bands in the ir spectra of the studied compounds and their 
tentative assignments are presented in Table 2. The v(C-N) 
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TABLE 2. The most relevant ir frequencies (cm-') of the investigated 
compounds and their assignments (KBr discs)* 

Compound v(C_N) v(C-S) v(Fe-S) v(Fe-X) 

2[Fe(Me2dtc)2C1] - I? 1540vs 992s 355vs 301m 
2[Fe(Et2dtc)2C1]. I2 1535vs 996s 355s 310m 

2 [ ~ e ( P r i d t c ) ~ ~ l ] .  Br2 15 15vs 1020s 367vs 318w 

2 [ F e ( ~ & d t c ) ~ ~ l ] .  I~ 15 18vs 1020s 365vs 3 18w 

2 [ F e ( ~ r ~ d t c ) ~ ~ r ] .  I, 15 18vs 102 1s 366vs 295m 

2[Fe(~r~dtc)~1]  - Br2 15 15vs 1025m 368s 

*vs = very strong, s = strong, m = medium, w = weak. 

and v(C-S) stretching frequencies fall in the range 1540- 
1515 c m '  and 1025-992 cm-' ,  respectively. The presence of 
only one strong band in the region where v(C=S) lies, 
strongly supports chelation of the dithiocarbamates, a doublet 
being expected in the region 1000 70 cm-' in the unchelated 
dithiocarbamates (20). However, the spectra did not show any 
peaks that could be ascribed to monodentate dithiocarbamato 
ligand or to thiuram disulfide (21). The bidentate bonding 
mode of the dithio-ligands was further established by the 
position of the v ( C x N )  band (22). This band is shifted to 
somewhat higher frequencies compared to the corresponding 
[Fe(R,dtc),X] complexes (9, 23). Furthermore, single peaks 
have been observed in the range 370-355 cm-', which are 
likely to be due to metal-sulfur modes according to the ob- 
served values for the dithiocarbamates of the first-row transi- 
tion metals. Finally, the bands occurring in the range 318- 
295 cm-' were attributed to the iron-halogen stretching vibra- 
tions (24, 25) and are in good agreement with those previously 
reported for the five-coordinated iron(II1) halobisdithio- 
carbamate complexes. This is an indication for the coordination 
of only one halogen to the metal atom, because the vibrational 
modes v(Fe-X) are strongly dependent on the stereo- 
chemistry of the complex for an increasing of the coordination 
number results in a decrease in the M-X stretching vibrations 
(23, 26). 

The magnetic susceptibilities corrected for diamagnetism are 
shown in Table 3. The room-temperature moments for all the 
derivatives range from 3.77 to 3.92 BM, thus approximating 
well the theoretical effective moment of 3.88 BM predicted for 
S = 312 and g = 2.00. The structural requirement for such 
behaviour can be met by a square-pyramidal symmetry around 
the ferric ion (27, 28). 

Mossbauer spectra were recorded at liquid nitrogen tempera- 
ture; the data (6, isomer shift; A,  quadrupole splitting) for the 
new complexes are listed in Table 3 ,  and a representative 
spectrum is shown in Fig. 2. The spectra consisted of widely 
split doublets with peaks of equal area. 'The experimental error 
in the quadrupole splittings was estimated to be 0 . 0 3  mm s- '  
on the bases of replicate measurements. The isomer shifts occur 
in the range 0.67-0.70 mm s-',  relative to sodium nitro- 
prusside. These values are comparable to the shifts expected for 
iron(lI1) dithiocarbamates (3, 29). The complexes had also 
quadrupole splittings in the 2.71 -2.86 mm s-' range similar to 
those of the [Fe(R,dtc),X] complexes (3). The similarity in 
magnetic susceptibility and in the Mijssbauer parameters sug- 
gests a geometrical correspondence between the studied com- 
pounds and the halobisdithiocarbamates, which can be at- 
tained by the presence of a molecular halogen moiety weakly 
bonded to two {Fe(R,dtc),X) units as required by stoichiom- 

-2 0 2 

UELBCITY ( r n r n l s )  

FIG. 2. MGssbauer spectrum of [ F e ( ~ r ; d t c ) ~ ~ ] ~ ( ~  - Br2) at 77 K. 

FIG. 3. Proposed structural model of the [Fe(R2dt~)2X]2(~ - X;) 
complexes. 

etry. The proposed configuration for the five-coordinated 
2[Fe(Rzdtc),X]. Xi complexes is depicted in Fig. 3. 

The thermogravimetric study of both the halobisdithio- 
carbamates and the compounds under investigation further con- 
firms the formation of a dimeric association through a molecu- 
lar halogen bridging unit. For example, the thermograms of the 
[Fe(Et2dtc)2C1] complex show three endothermic decomposi- 
tions corresponding to a three-stage weight loss of 78%. A long 
plateau then results for which there is evidence of FeS forma- 
tion. The three weight losses occur at 260, 300, and 410°C and 
can be attributed to the loss of {2Et2NCS] (found: 61.0%; 
calcd.: 59.9%), {Cl) (found: 9.0%; calcd.: 9.1%), and {S) 
(found: 8.0%; calcd.: 8.3%), respectively. On the other hand, 
the thermograms of 2[Fe(Et,dt~)~Cl].I, composed of three 
weight losses, all of them endothermic at 110, 290, and 370°C 
which can be attributed to loss of {4Et2NCS + 21) (found: 
69.5%; calcd.: 69.8%), {2C1) (found: 7.0%; calcd.: 6.9%), and 
(2s) (found: 6.5%; calcd.: 6.2%), respectively. 

Finally, the mass spectra of the compounds reveal the pres- 
ence of a molecular halogen moiety. The molecular ions of the 
dimeric species are not detected in the ms. The absence of 
molecular ions can be attributed either to pyrolytic decomposi- 
tion, in the direct inlet, under the high temperature which was 
used (200-280°C), or to electron impact. However, in all 
spectra the ion [Fe(R?dt~)~Xl+ is present and can be regarded 
as direct fragment of the molecular ion upon elimination of the 
molecular halogen bridging unit. This is further supported by 
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TABLE 3. Magnetic data* and Mossbauer parameters of the complexes at 77 K 

Compound X M  X 106 (cgsu) (BM) 6? (mm s- ' )  A (mm s-I) 

*Temperature = 22°C. 
?Isomer shift relative to sodium nitropmsside 

TABLE 4. Valence molecular orbitals of the square-pyramidal (C,,,) [ F e ( ~ r L d t c ) ~ ~ r ]  
complex* 

Charge distribution$ (%) Basis functions 

Level? Energy (eV) Fe Br 4s 2N 2C 4H Fe Br 4s 

*The valence molecular orbitals listed are only those associated with both the central atom and 
ligand valence AO's. 

?The highest occupied level is I l a , .  
$Percentage of the MO's total population located on the indicated atoms or group of atoms. 

the detection of a peak with a variable relative intensity 
(54- 100%) due to Xi'' ion. In the cases of 2[Fe(R,dtc),X]-I? 
complexes the base peak of the spectra corresponds to the 
1:' ion. 

The electronic spectra of the studied compounds are compli- 
cated, exhibiting a number of overlapping intense bands in the 
ultraviolet and visible region. The complicated nature of the 
spectra prevents any simple classification and rationalization in 
terms of the ligand-field model. This is a general problem 
encountered in any ligand-field interpretation of the electronic 
spectra of many iron(II1) halobisdithiocarbamate complexes (3, 
7 ,  9, 23, 30). Therefore, an attempt was made to interpret the 
electronic spectra of the dimeric complexes by means of 
EHMO quantum-chemical calculations on a representative 
mononuclear complex bearing the same FeS,X chromophore, 

namely, [ ~ e ( ~ r ; d t c ) , ~ r ] .  
The calculated ground state l e  energies, charge distributions 

and partial wave analyses for the valence molecular orbitals 
associated with both the central atom and the ligand valence 
AO's of the complex are summarized in Table 4. The energy 
level spacings of the predominantly 3d-orbital-based MO's are 
given in Fig. 4. This sequence of MO's is exactly the one 
expected on the basis of esr measurements (2). The high energy 
of the 6a2 molecular orbital accounts for the spin pairing of the 
fifth d electron. The occupied valence molecular orbitals of the 
complex have energies in the range -30.49 to -9.73 eV, 
while the energies of the virtual MO's range from -7.85 to 
80.02 eV. The two-center energy terms for the Fe-Br 
(-7.05 eV) and Fe-S (-4.74 eV) bonds clearly show that 
the former is the most covalent. This is also consistent with the 
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i i a ,  -. d , ~  

7b2 t dyz 
Sb, d,, 

FIG. 4. Energy level spacings o f  the predominantly 3d-orbital- 
based MO's o f  bromobis(N ,N-diisopropyldithiocarbamato)iron(III). 

TABLE 5. Transitions and assignments in the electronic spectrum of  
the [ ~ e ( ~ r i d t c ) ~ ~ r ]  complex 

Observed bands 
kK (log €,",I) 

39.7 (4.48) 

Assignment 

IObl + 661 
12aI + 66, 
602 + 861 
llal + 6a1 
12al + 8a1 
lobl +9aI 
12aI +gal 
lob1 +7b1 
6a2 + 662 
762 + 3b2 
12al + 56, 
lobl + 5a2 
7b2 + 3a2 
llal + 7aI 
7b2 + 7a1 
6a2 + 9b1 
6a2 + 762 
12aI + 10al 
10bI +9b1 
12al + 9b, 
12al + 76, 
lobl + lla] 
llal + 10al 
7b2 + 10al 
9bl + 10al 

Calcd 
kK General classification 

L(.rr*) '+ L ( r )  
L(lT*) + L(T) 
M(d) + L(.rr) 
M(d) + L(.rr) 
L(lT*) + L(T) 
L(.rr*) + L(.rr) 
L(.rr*) + L(.rr) 
L(.rr*) + L(.rr) 
M(d) + L(.rr) 
M(d) + L(.rr) 
L(.rr*) + n(S) 
L(.rr*) + n(S) 
M(d) + L(.rr) 
M(d) + L(.rr) 
M(d) + L(.rr) 
M(d) + M(d) 
M(d) + M(d) 
L(.rr*) + M(d) 
L(.rr*) + M(d) 
L(.rr*) 6 M(d) 
L(a*) + M(d) 
L(.rr*) + M(d) 
M(d) + M(d) 
M(d) + M(d) 
M(d) + M(d) 

values of the overlap population which is 0.574 and 0.412, 
respectively. These values are characteristic for a high co- 
valency of the two bonds which further explains the low posi- 
tive charge on the central atom (Q = +0.099). Moreover, the 
net charges on the Br and S atoms are -0.373 and -0.039 
electron units, respectively. The higher electron charge on the 
halogeno-ligand may also account for its weak interactions 
with the molecular halogen through the virtual u* antibonding 
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FIG. 5. The possible pairwise orbital interactions supporting the 
superexchange processes observed in the [Fe(Rzdtc)zX]z(p - XS) 
molecular magnetic systems. 

MO. The accumulation of the electron density on the cr* virtual 
MO of the molecular halogen due to this interaction also ex- 
plains the enhancement of its reactivity towards 1,2-addition 
reactions to olefins. 

The electronic spectral data of the complexes under investi- 
gation along with the assignments of the absorption bands are 
listed in Tables 5 and 6. Assignments were made by associating 
the observed bands with the transitions they most nearly match 
in energy. From these results it is evident that the electronic 
spectra of the 2[Fe(R2dtc),X].Xi complexes are similar to 
those of the corresponding halobisdithiocarbamates. There- 
fore, it is reasonable to invoke the same assignments of the 
bands for the dihalide complexes as well. Furthermore, the 
interaction between the molecular iodine and coordinated halo- 
gen in these cases persists in methylene chloride solutions since 
the characteristic visible peak of I, at 520-540 nm is missing. 
Unfortunately, the crystal-field bands in the electronic spectra 
of the compounds were impossible to observe, since the intense 
charge transfer bands are extended up to the ligand field part of 
the spectra, obscuring the weaker d-d  transitions. However, 
spectra obtained in solid state (Nujol mull) showed two distinct 
absorption bands at 6.9 and 8.7 kK which are in fair agreement 
with the spectral excitation energies derived from the quantum- 
chemical calculations, bearing in mind the approximate nature 
of the extended Hiickel method. 

Although facilities for low-temperature magnetic suscepti- 
bility studies were unavailable, the dependence of the room- 
temperature magnetic data on the magnetic field strengths 
strongly suggests weak magnetic exchange interactions be- 
tween the two iron centers propagated probably through the 
linear tetratomic halogeno bridging unit (3 1). 'The low mag- 
netic moments observed both at low and high field strengths 
as well as the slight decrease of the moments as the magnetic 
field decreases support evidence for the operation of antiferro- 
magnetism in these compounds. The occurrence of antiferro- 
magnetically coupled dimers and a magnetic ordering transition 
below 1.6 K have already been demonstrated for the 
Fe(Me,dtc),I, complex (1 1)  by 57Fe Mossbauer spectra from 
4.2 to 1.36 K and in magnetic fields up to 7.5 T. Consequently, 
in order to obtain additional insight on the possible pathways 
for the superexchange processes observed in these molecular 
magnetic systems, in terms of pairwise interactions of dimeric 
molecular orbitals (32), EHMO quantum-chemical calculations 
have also been used. According to these calculations the fol- 
lowing three magnetic orbitals, depicted schematically in Fig. 
5 ,  are predicted to be the most suitable pathways for the trans- 
mission of the electronic effects over long distances: 

$,(A,) - d,:(A) + 3a, + d,l(B) 

$?(A,) - d,:(A) + 3a, + d,,:(B) 

$364,) - dr:(A) + 3au - dr:(B) 
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Analysis of solvent and substituent effects on uv and visible spectra of 
N-(a-methylary1idene)-p-(N', N' -dimethylamino)-anilines 
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PIOTR MILART and TADEUSZ M. KRYGOWSKI. Can. J .  Chern. 63, 3256 (1 985). 
Substituent effect on the long wave band in uv/vis spectra of p-substituted N-(a-rnethy1arylidene)-p-(N1,N'-dirnethyl- 

amino)-anilines (X = CH,O, CH,, H, C1, and NO2) measured in eight solvents follows well the Harnrnett equation. Solvent 
effect on this band depends well on ET only for CI- and NOz-substituted species. Both gese findings support the conclusion 
that the long-wave band is in fact intramolecular charge transfer form the basicity center (NMez or N=C) towards substituents. 

PIOTR MILART et TADEUSZ M. KRYGOWSKI. Can. J .  Chem. 63, 3256 (1985). 
OpCrant dans huit solvants differents, on a mesurC I'effet des substituants sur la bande aux grandes ondes des spectres uv/vis 

des N-(cr-mCthylarylidknes)-p-(N',N'-dimCthylamino)-anilines substitukes en position para par des groupements X = OCH3, 
CH3, H, CI et NOz; les valeurs obtenues peuvent &tre reliCs par une Cquation de Hammett. L'effet du solvant sur cette bande 
ne dipend bien de ET que pour les espkces substitukes par les groupements C1 et NO2. Ces deux rksultats sont en accord avec 
la conclusion selon laquelle la bande aux grandes ondes est de fait la forme de transfert de charge intramolCculaire du centre - 
de basicit6 ( N M ~ ,  ou N=c) vers les substituants. 

[Traduit par le journal] 

The title compounds belong to a group of T-electron systems 
widely studied for their spectral properties strongly dependent 
on molecular geometry (1-4), which, in turn, is sometimes 
very complex. X-ray diffraction studies for similar systems 
(5, 6) corroborate this picture. In p- and p'-disubstituted 
benzylideneanilines with an electron donor and acceptor there 
occurs an intramolecular charge transfer between these substit- 
uents. Hence the title systems may bear dipoles depending on 
the kind of substituent at thep-position of the benzilidene ring. 
Hence it seems interesting to study solvent effect on uv/vis 
spectral properties of the differently p-substituted title com- 
pounds. For this purpose the complementary Lewis acid-base 
description (7) of solvent effect is applied using solvent param- 
eters ET (8, 9) for acidity and BKT (10) for basicity. The stan- 
dard Hammett rule is used to intemret the substituent effect on 

Results and discussion 
The title compounds read schematically as follows: 

with substituents X = (a)  OCH,, (b) CH,, ( c )  H, ( d )  C1, and 
(e) NOZ. In these systems two uv bands are observed: the Ez 
band due to local excitation in one of two rings of the molecules 
of la-e ,  and the K-band due to intramolecular CT transition. 
In the long-wave part of the spectra there exists an additional 
band (X - 350-400 nm) strongly dependent on both, the 
nature of substituent X, as well as the solvent in which the 
measurement is carried out. Table 1 presents ;-values of the 
long-wave band for l a - e  measured in eight solvents. From the 
scheme of canonical forms for molecules under study [2], 

TABLE 1. Location of the long-wave absorption band for compounds 
la-e  in eight solvents 

Location of the long-wave absorption 
band Glcm-' 

Solvent l a  l b  l c  Id  1 e 

N-Hexane 
Carbon tetrachloride 
1,4-Dioxane 
Tetrahydrofuran 
Methylene chloride 
Acetonitrile 
Ethanol 
Methanol 

CH3 
it follows that both electrical poles may be involved in specific 
interactions with solvent molecules. Hence, two solvent 
parameters, one for Lewis acidity, ET (9, lo), and the other, 
BKT (1 1, 12), for Lewis basicity of the solvent, were used to 
describe the dependence of ;-values on the nature of the sol- 
vent: 

[3] ; = a ~ y  + Go 
and 

[4] 5 = PBKT + 5;) 
Table 2 compiles the relevent data for compounds la-e .  It is 
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TABLE 2. Intercepts and slopes of eqs. [3] and [4] 

Corr. coeff. Corr. coeff. 
of eq. [3] of eq. [4] 

Compound a Go (cm-') R P $, (cm-') R 

FIG. 1. Plot of the total variance explained by eq. [3], i.e. by Lewis 
acidity properties of solvents, against the Hammett IT, describing an 
increasing dipolar character as a result of intramolecular CT of the 
system under study. 

immediately apparent that only eq. [3] works well and only in 
the case when X is strongly electron accepting (Cl, NO?). Quite 
unusual graph presented in Fig. 1 is obtained while plotting the 
squarred correlation coefficient of eq. [3] R' against the Ham- 
mett up-constants. Its statistical meaning is that an increase of 
electron-accepting properties of the substituent causes an in- 
crease of percentage of the variance explained by eq. [3], i.e. 
by Lewis acidity of the solvents. Consequently, this means that 
negatively charged poles of l a - e  compounds are much more 
involved in solvent effect on electron excitation than the posi- 
tively charged ones. 

When we analyze the data of Table 1 by using the Hammett 
equation [5] 

the dependence of 5 on the substituent effects appears to be 
very good ( R  always > 0.97). The relevant data are given in 
Table 3. The negative value of p means that an increase of 
electron-accepting properties of X induces a decrease of energy 
necessary to excite electrons involved in the transition. These 
electrons may come from the NMe,- or c=N-groups. This 
conclusion is in line with the values of the slopes in eq. [3]. For 
Id and l e  the agreement of eq. [3] with experimental results 
ranges from good to excellent. This means that an increase of 
Lewis acidity of the solvents induces an increase of energy 
necessary to excite electrons involved in the transition. This 
would suggest that the transition is really an intramolecular 
charge transfer from most probably the N ~ e , - ~ r o u ~ .  If the lone 
electron pair at the N=c group had to be excited, it would 
need a break of near co-planarity of the whole T-electron sys- 
tem in l a - e .  However, this cannot be excluded since eq. [3] 

TABLE 3. Statistical data of eq. [5] 

Solvent P Go (cm-') R 

n-Hexane -4421 27 924 -0.984 
Carbon tetrachloride -5248 27 632 -0.998 
1,4-Dioxane -3886 27297 -0.975 
Tetrahydrofuran -3901 27 032 -0.974 
Methylene chloride -4308 27 603 -0.994 
Acetonitrile -3742 27 570 -0.992 
Ethanol -4412 28 147 -0.995 
Methanol -4072 28 I48 -0.979 

evidently fails for u 2 0. More detailed studies have to be 
undertaken in this direction. 

Experimental 
Compounds la-e were obtained by literature methods (13, 14) 

Anal. calcd. for le:  CI6Hl7N3O2 (mw 283.3); C 67.77, H 6.00, N 
14.83; found: C 67.57, H 5.88, N 14.63. mp 182-183"C, ms m / e :  
233 (M', 100%); 284 (M + 1, 17.7%); 268 (M - 15, 32.0%); ir 
(Nujol) cm-'; 1590 s (C=N); 1520 s 1345 s (NOzs), 'H nmr 
(CDCI,) TMS/ppm: 8.26 (q, 4H, JH.H = 6 HZ); 6.90 (s, 4H); 3.08 (s, 
6H); 2.40 (s, 3H). 

The uv/vis spectra were recorded on a VSU-2P/Zeiss Jena, 
GDR/apparatus using quartz cuvettes 1.0 and 0. I cm. The solutions 
were prepared directly before the measurements using solvents of 
spectrographic or pro analysis purity or they were purified by standard 
procedures (1 5). 
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Crystal structure and infrared spectra of an inclusion compound of 
cyclotriveratrylene and water' 
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AND 
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GEORGE I. BIRNBAUM, DENNIS D. KLUG, JOHN A. RIPMEESTER, and JOHN S. TSE. Can J. Chem. 63, 3258 (1985). 
A crystal grown by slow evaporation from a solution of cyclotriveratrylene (CTV) in toluene was found to be an inclusion 

compound with water as the only encaged guest. Its stoichiometry is C27H3006b~HZO (X = 0.16) and it belongs to the 
monoclinic space group C2/c, with a = 24.216(21), b = 9.636(2), c = 23.1 17(4) A, P = 118.08(5)", Z = 8. X-ray intensity 
data were measured with a diffractometer and the structure was solved by direct methods. Least-squares refinement, which 
included all hydrogen atoms of the host molecule, converged at R = 0.046 for 3986 observed reflections. The geometry of 
the host molecule is compared to that of analogous structures and to cyclononatriene. Significant differences are ascribed to 
the effects of homoaromaticity and steric strain. Both the X-ray analysis and an FTIR study of the OH stretching show that 
the water molecules are weakly bound to the methoxy oxygen atoms of CTV. The molecular packing of CTV clathrates is 
discussed on the basis of crystallographic and spectroscopic evidence. 

GEORGE I. BIRNBAUM, DENNIS D. KLUG, JOHN A. RIPMEESTER et JOHN S. TSE. Can J. Chem. 63, 3258 (1985). 
On a trouvt que le cristal obtenu par kvaporation lente d'une solution de cyclotriveratrylene (CTV) dans le toluene est un 

cornposk d'inclusion contenant uniquement I'eau comme molkcule encagte. Ce composk a pour formule C27H300h..xH2~ 
( X  = 0,16) et appartient au groupe d'espace monoclinique C 2 / c ,  avec a = 24,216(21), b = 9,636(2), c = 23,117(4) A, 
p = 118,08(5)" et Z = 8. On a utilisk un diffractornetre pour mesurer les donnkes d'intensitk de rayons X et on a rtsolu la 
structure par des mtthodes directes. On l'a affinte par la mtthodc des moindres carrks, qui inclut tous les atomes d'hydrogenes 
de la rnolCcule h6te, jusqu'i une valeur de R = 0,046 pour 3986 reflexions observees. On a compare la gkomttrie de la 
rnoltcule h6te A celle de structures analogues et a celle du cyclononatriene. On attribue les differences rnarquantes a des effets 
d'htttroaromaticitt et des contraintes stkriques. Tant I'analyse par des rayons X que des ttudes IR/TF de I'klongation du 
groupe OH montrent que les molCcules d'eau sont faiblement likes a I'atome d'oxygene du groupe methoxy du CTV. On discute 
de I'entassement moltculaire des clathrates de CTV en se basant sur les donnees cristallographiques et spectroscopiques. 

[Traduit par le journal] 

Introduction 
Solvates of cyclotriveratrylene (2,3,7,8,12,13-hexamethoxy- 

5,lO-dihydro- 15H-tribenzo[a,d,g]cyclononene; CTV) were first 
reported in the literature during the fifties (1). Subsequent 
infrared and X-ray diffraction studies revealed that these CTV 
complexes belong to a special class of channel inclusion com- 
pounds. From X-ray measurements, it was found that the unit 
cell dimensions of the inclusion complexes depended on the 
size of the guest molecules (2, 3). Two monoclinic phases have 
been identified (3), the unique feature of each modification 
being the near constancy of the unit cell dimension b. The angle 
p and the lengths of a and c ,  however, vary with the nature of 
the encaged molecules. So far, only one complete crystal 
structure is available for CTV complexes, that for C T V .  
0.5benzene-water (CTVBW) (4). In the crystal, the host 
cyclotriveratrylene cyclic trimer adopts an umbrella shape with 
the methyl groups approximately coplanar with the benzene 
rings. 'The benzene and water molecules were trapped inside 
the cavities formed by the methyl groups. 

Recently, CTV clathrates have been prepared by dissolving 
the host compound in different organic solvents (5). 'The crys- 
talline solids obtained were characterized by nmr techniques. It 
was found that the inclusion process for CTV is quite selective 
and, in some instances, depends critically on the presence or  
absence of water. From the analysis of the solid state "C nmr 
splitting patterns it was established that more than one struc- 

'NRCC No. 24723. 

tural type of CTV inclusion can be formed (5). For example, 
the solid obtained bv slow coolino of a solution of CTV in hot 

u 

toluene gave a nmr splitting pattern which could only be 
assigned if there were two magnetically distinct CTV mole- 
cules per asymmetric unit, with toluene as the sole occupant in 
the cavities. This observation is at variance with the crystal 
structure of CTVBW where only one CTV molecule is present 
in each asymmetric unit. Obviously, there are fundamental 
structural differences between the two c o m ~ o u n d s .  More in- 
triguingly, when the toluene solution was allowed to evaporate 
in air, the crystal obtained showed a completely different nmr 
splitting pattern which was very similar to that obtained for the 
benzene analogue, but no toluene was found to be present. 
The 'H  nmr spectrum of the dissolved material showed a trace 
of water to be present, suggesting water might be the only 
encaged guest. 

About twenty years ago, an X-ray analysis of cis,cis,cis- 
1,4,7-cyclononatriene was carried out (6) in order to resolve 
contradictory predictions of homoaromaticity in that molecule 
(7-9). The authors concluded that the C(sp2)-C(sp3)- 
C(sp2) bond angle of 108" and the C(sp2) - . -C(sp2)  nonbonded 
distance of 2.46 A in the crown-shaped triene precluded the 
possibility of any meaningful homoaromaticity. However, a 
subsequent study established a significant extent of through- 
space interaction bet.ween the T-orbitals by the use of photo- 
electron spectroscopy (10). More recently, the structure of a 
CTV homologue has been studied by X-ray crystallography 
(11) in addition to CTVBW (4) and a complex of cyclotri- 
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TABLE 1. Final atomic parameters and their standard deviations'' 

Atom Atom 

- - - - - 

"The nonhydrogen coordinates of CTV were multiplied by lo5, the U., values by lo4, and the parameters of O(W) and the hydrogen atoms by 10'. 

catechylene with 2-propanol (CTCP) (12). In all these mole- 
cules, the nine-membered ring also assumes a crown con- 
formation, but the detailed geometry differs significantly from 
that of the unsubstituted cyclononatriene ring system. In order 
to investigate this fact, on which previous authors have not 
commented, as well as the guest-host interaction, we decided 
to carry out a precise crystallographic study. This seemed par- 
ticularly desirable since in previous X-ray analyses (4, 6, 11, 
12) the positions of the hydrogen atoms had not been refined. 
We obtained single crystals of a complex of CTV with water 
(CTVW) and subjected them to X-ray and FTIR analyses. 

Experimental 
Pale yellow prismatic crystals of cyclotriveratrylene hydrate were 

grown from slow evaporation of a saturated solution of CTV in 
toluene. Precession photographs showed systematic absences corre- 
sponding to space groups Cc and C2/c. A crystal fragment measuring 
0.15 X 0.30 x 0.45 mm was mounted on an Enraf-Nonius CAD-4 
diffractometer; it provided the following data: 
C ~ ~ H ~ ~ O ~ . X H Z O  (X = 0.16) fw = 453.39 
Monoclinic, a = 24.216(21), b = 9.636(2), c = 23.117(4) A, P = 
118.08(5)", V 4759.30 A ~ ,  p, = 1.26 g cm-', Z = 8 (20°C; CUKCX,, 
h = 1.54056 A); F(000) = 1931, p,(CuKa) = 6.8 cm-'. 

The cell dimensions were determined with high precision from 
angular settings of 22 high-order (20 > 80") reflections. However, 
their values, particularly that of a, were fluctuating during the data 
collection. The dimensions listed above represent averages of 15 

determinations. Intensities were measured with Ni-filtered CuKa 
radiation, using w/20 scans with variable scan ranges and speeds. 
Three standard reflections were monitored at frequent intervals. Their 
intensities fluctuated by +2% and decreased by 7% during the course 
of the data collection. There are 4905 unique reflections accessible to 
the diffractometer (20 S 150"), of which 900 with I 5 3a(I) were 
considered unobserved. The intensities were corrected for Lorentz 
and polarization factors; absorption corrections were considered 
unnecessary. 

The structure was determined by direct methods with the aid of the 
computer program MULTAN78 (13). The E statistics clearly indi- 
cated a centrosymmetric space group, i.e. C2/c rather than Cc. Of the 
64 starting sets subjected to tangent refinement, the solution with the 
highest combined figure of merit yielded an E map on which all 33 
nonhydrogen atoms of the CTV molecule were located. Atomic pa- 
rameters were refined by block-diagonal least squares. All 30 hydro- 
gen atoms were located on a difference Fourier map and refined with 
isotropic temperature parameters. The scattering factors were taken 
from the "International tables for X-ray crystallography" (14). 
Throughout the refinement the function C\V(IF,,J - IF,l)' was 
minimized and a factor of 0.8 applied to all shifts. The following 
weighting scheme was used during the final stages: w = rvl  w ~ ,  where 
w, = I for IF,( S 15, w, = 15/(F,l for IF, > 15; and w~ = sin%/O.5 
for sin2 0 < 0.5, w2 = I for sin' 0 Z 0.5. This scheme made the 
average value of ~ ( A F "  independent of  IF,,^ and sin' 0. The refine- 
ment converged to a conventional residual index R = (ClAF(/CIF,,I) 
of 0.051 and a weighted index R,,. = (CwAF'/CwF,,')"' of 0.062. A 
difference Fourier map calculated at this stage revealed a residual peak 
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FIG. I. Geometry of the CTV molecule. (Top) Bond distances (4); 
their estimated standard deviations (esd's) are 0.002-0.003 A. 
(Center) Bond angles (deg); their esd's are 0.13-0.16". (Bottom) 
Torsion angles (deg); their esd's are 0.2-0.3". 

refinement was resumed with the inclusion of the coordinates, an 
isotropic temperature parameter, and an occupancy factor for this 
oxygen atom. After the final cycle this occupancy factor converged to 
0.16(1). The average shift for all atomic parameters equalled 0 . 0 4 ~  
and the largest one 0 . 5 3 ~ .  There was a significant drop of the residual 
indices: the final R value is 0.046 and R,,, is 0.057 for 3986 observed 
reflections (19 low-order reflections suffered from extinction and 
were given zero weights). The final atomic parameters are listed in 
Table 1. Lists of anisotropic temperature parameters and of observed 
and calculated structure factors are available.' 

The mid-infrared spectra were obtained using a Nicolet 7199 FrIR 
spectrometer equipped with a HgCdTe photodetector. All spectra were 
run with a resolution of 2 cm-'. Samples (3.6 mg) were mixed with 
0.40 g of KBr in a mechanical grinder and pressed into clear pellets. 
A KBr pellet was used as the background. 

Results and discussion 
The cyclononatriene ring assumes a crown conformation but 

certain details of its geometry (Fig. 1) are significantly different 
from those in unsubstituted cyclononatriene (6). We believe 
that this fact is due to the absence of homoaromaticity in this, 
as well as in related cyclic trimers. Without this stabilizing 
interaction, one of the aromatic rings (in the present case, 
ring C) is pushed away from the other two rings. Consequently, 
the bond angles at C(14) (1 14.5") and C(21) (115.4") and the 
nonbonded digtances C(1) -..C(20) (2.575 A) and C(13) - - -  
C(15) (2.550 A) are substantially increased. On the other hand, 
the increases of the bond a ~ g l e  at C(7) (110.5") and the 
C(6) .--C(8) distance (2.492 A) are much smaller. Thus, in- 
stead of possessing a threefold molecular symmetry, all mole- 
cules related to CTV exhibit approximate mirror symmetry 
with a "mirror plane" passing through one of the methylene 
carbon atoms and through the midpoints of the transannular 
aromatic ring. 

With a cyclononatriene ring in crown conformation, there 
are three C(sp3)-H bonds pointed towards the center of the 
ring, bringing the three hydrogen atoms into close contact 
(Fig. 2). In the case of cycloaonatriene this nonbonded distance 
was calculated to be 1.95 A (6). This being the first X-ray 
analysis of a CTV molecule in which hydrogen parameters 
were refined (we normalized all C-H bond lengths to 1.09 
A), we can examine the H . . . H contacts in detail. It has been 
assumed (6, 15) that in cyclononatriene an increase of the bond 
angles at the trigonal carbon atoms from 120 to 124" is neces- 
sary in order to separate the intraannular hydrogen atoms. 
However, an increase of the C=C-C angle is normal is 
cis-substituted olefins (16). Consequently, the decrease in the 
tetrahedral bond angles to 108" in cyclononatriene which ac- 
companies homoconjugation is sufficient to k ~ e p  the intra- 
annular hydrogen atoms at a distance of 1.95 A. In CTVW, 
where, in the absence of homoaromaticity, two of the angles 
are 115.0 +- 0.5", this separation can be achieved only by a 
substantial twist of the crown conformation. Thus, the endo- 
cyclic torsion angles at the aromatic bonds at rings A and B are 
5.0 f- 0.7" rather than 0" (Fig. 1). Other torsion angles also 
differ from the values (0" and 95") found in cyclononatriene. As 
a result, the intraannular H H distances in CTVW are as 
follows: H(72) .-eH(142) 1.96 A, H(72) ... H(212) 1.96 A, and 
H(142) .-eH(212) 2.06 A. Similar distances are likely to occur 
in related molecules as well, since in all of them the crown 
conformation was found to be twisted (4, 11, 12). 

five times stronger than the background, but no other significant 
features. On the basis of nonbonded distances this peak was attributed 
to the oxygen atom of a disordered water molecule. Consequently, the 

' ~ h e s e  tables may be purchased from the Depository of Unpub- 
lished Data, CISTI, NationaI Research Council of Canada, Ottawa, 
Ont., Canada KIA OS2. 
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FIG. 2. Stereoscopic view of CTV. The ellipsoids correspond to 50% probability. 

FIG. 3. Average bond lengths (A) and bond angles (deg) in CTV. 

The present X-ray analysis yielded results which are signifi- 
cantly more precise than those of the previously reported CTV 
inclusion compounds; it is the first structure determination in 
which the parameters of all atoms of such a host molecule were 
refined. Consequently, it is of interest to examine other details 
of the geometry of cyclotriveratrylene. 

The lengths of the symmetrically disposed bonds do not 
deviate significantly from average values, therefore these 
values (shown in Fig. 3) can be used in the discussion. The 
bond lengths in the aromatic rings are significantly unequal: 
they show an alternating pattern of shorter and longer bonds 
which indicates partial localization of the TT electrons. This is 
a common feature of o-dimethoxybenzenes (17, Is) ,  pre- 
sumably indicating some contribution of the resonance form 
shown below. 

+ 
CH3-0 0-CH3 

6- 
The bond angles, apart from those in the nine-membered 

ring, are also quite similar and can therefore be averaged. In the 
aromatic rings the angles deviate significantly from 120", re- 
flecting the effect of substitution by electron-donating groups 
(19). The exocyclic angles at the methoxy-bearing carbon 
atoms and at the oxygen atoms are in very good agreement with 
values obtained from a survey of crystal structures of o-dimeth- 
oxybenzenes (20). The survey revealed a strong preference of 
near-coplanarity of the methoxy groups with the aromatic 
rings. On the other hand, using photoelectron spectroscopy and 
a b  iriitio STO-3G calculations, the authors found a preference 
for a nonplanar conformation, with one 0-CH, bond perpen- 
dicular to the aromatic ring, both in solution and in the gas 
phase. In view of the contribution of the resonance form shown 
above (which is only one of several possible ones), this was a 
surprising finding which has since been disproved, at least for 
the solution conformation (21, 22). In the present structure the 
methyl groups are somewhat displaced from the ring planes in 
order to diminish interactions between their hydrogen atoms 
and those at the ortho positions. Further relief is provided by 
increases of the C-C-0 and C-0-CH, bond angles. 

In agreement with the nrnr study (5), the X-ray analysis 
shows no evidence of included toluene, water being the only 
guest material. It is somewhat surprising that the CTV mole- 
cules preferentially occlude the water from the air rather than 
the more abundant toluene molecules. This suggests that polar 
guest molecules are preferred over nonpolar ones. The fluctu- 
ations in the length of a and of the intensities of the standard 
reflections (see above) suggest that the occupancy factor of 
O(W) may have varied during the period of data collection, 
possibly as a function of humidity. In this inclusion compound, 
water molecules reside in channels between CTV molecules 
stacked along y (Fig. 4). Their oxygen atoms are at a distance 
of 3.086 A from the methoxy oxygen atoms 0(4),  indicating a 
weak O(W)-H-..0(4) hydrogen bond. Thc distance to the 
other methoxy oxygen, O(W) ...0(3) 3.330 A, is too long for 
a hydrogen bond. This weak binding of water accounts for the 
low occupancy factor of 0.16 which means that, on average, 
there is approximately one water molecule per unit cell, even 
though there is enough space for eight molecules. If all posi- 
tions were fully o$cupied, the shortest O(W) O(W) distances 
would be 2.783 A. 

To understand the mode of hydrogen bonding in the com- 
plex, we have measured the ir spectrum of the clathrate in the 
OH stretching region. It is generally recognized that there are 
several characteristic changes in the OH stretch mode when 
hydrogen bonds are formed (23-25): (a) a decrease in the 
frequency of the OH stretch band; (b) an increase in the half- 
width of this band; and (c) an increase in the intensity of this 
vibrational mode. Furthermore, there have been several studies 
of the relationship between the hydrogen bonded 0 - - -0  dis- 
tance and OH stretching frequencies (26-29). It has been 
found that in all cases the OH frequency shifts monotonically 
to lower frequencies as the 0..-0 distance is decreased. For 
instance, the OH stretching frequency in the matrix isolated 
water dimer occurs at 3691 and 3546 cm-' (30, 31), and is 
lowered to 3150 cm-' in hexagonal ice (32). These frequency 
shifts can be correlated withJhe 0 - - -  0 separation of 2.976 A 
in the dimer (33) and 2.72 A in the ice (23). 

Two peaks can be readily identified from the ir spectrum in 
the OH region (Fig. 5): a strong absorption at 3520 cm-' (A, 
v,) with a band width of 38 cm-' and a weak but sharp band at 
3660 cm-' (B, u,) with a half-width of 20 cm-'. The two bands 
support the conclusion that the v, symmetric and the u, asym- 
metric stretching vibrations are shifted by about 140 and 
100 cm-' from the gas phase values for water (34). Their 
splitting is increased by 40 cm-' and the band at 3520 cm-' has 
a higher intensity than the band at 3660 cm-'. This is in 
contrast with the gas phase spectrum for an isolated water 
molecule, but is in qualitative agreement with the water dimer 
spectrum and recent theoretical calculations on the ir stretching 
intensities (25). It indicates that the encaged water molecule is 
probably weakly hydrogen-bonded to one of the methoxy 
oxygen atoms of CTV. From the correlation between the 
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FIG. 4. Stereoscopic view along y of the molecular packing in the crystal. The isolated circles indicate possible positions of the water oxygen 
atoms. The directions of the axes are x 7 and z+. 

A 
65.3 I I I 

3200 3400 3600 3800 

WAVENUMBERS 

FIG. 5. lnfrared spectrum of CTVW in the OH stretching region. 

0 -.. 0 distance and OH stretching frequencies shifts in a crys- 
tallin? monohydrate (29), we estimate the 0 ... 0 distance to be 
2.98 A. Tbis value is fairly close to the O(4). . . O(W) distance 
of 3.086 A. Our ir data obviously do not support a water dimer 
structure with a short O... 0 distance. Therefore the water is 
best described as weakly bonded to the methoxy oxygen and is 
not tightly held. This is very similar to the situation in the 
CTVBW complex (4). 

In several classes of organic clathrates the crystal packing of 
the host molecules is not affected significantly by the nature or 
the size of the occluded guests (35). Most notable among 
them are 4-p-hydroxyphenyl-2,2,4-trimethylchroman, widely 
known as Dianin's compound (36), and P-hydroquinone (37). 
In order to compare the packing of the CTV molecules in the 
present structure with that in the CTVBW crystal, we have 
calculated unit cell parameters for different cell choices in 
space group C2/c (38). The parameters for CTVBW are very 
similar to those reported in an earlier X-ray study (3). The 
results, given in Table 2, show very similar cell lengths in 
the two crystals, but the angle P is greatly decteased in 
CTVBW. This gives rise to a larger unit cell (5341 .O A3) which 
can accommodate the sterically demanding benzene guest 
molecules. 

On the basis of the ir spectra and the unit cell dimensions, it 
has been suggested (3) that the CTV clathrates may be classi- 
fied into two monoclinic modifications. CTV clathrates of the 

TABLE 2. Alternative lattice parameters for CTVBW 
and CTVW 

Compound, Lattice Transformation 
space group parameters matrix 

a = 22.748 A 0 0  1 
CTVB w b = 9.629 A~ o r 0  
12/a c = 24.397 A 1 0 1  

p = 91.91" 
a=23 .117~A o o i  

CTVW b = 9.636 A - o i o  
A2/a c = 24.216 A 1 0 0  

p = 118.08" 

a phase have very similar a and c cell dimensions. On the other 
hand, the P phases have a longer c dimension (3, 4). Their ir 
spectra in the fingerprint region also show characteristic differ- 
ences. More specifically (3), the a form shows no splitting of 
the ir peaks at 850, 994, and 1039 cm-' and the absorption at 
905 cm-' is absent. We measured the ir spectrum of CTVW in 
this region and the positions of the peaks (in cm-I) can be 
compared with those previously reported (3) for CTV .benzene 
(given in parentheses): 740 (737), 851 (850), 870 (871), 884 
(882), 926 (925), 942 (942), 996 (994), 1041 (1039). Apart 
from a slight variation in the vibration frequencies, the two 
spectra are very similar. Due to better instrumental resolution, 
we also observed shoulders adjacent to the peaks at 851 and 
1041 cm-I; however, no splitting of the peaks was observed. 
According to the spectral features, we can identify the CTVW 
crystal as an a phase. The similarity in the length of the a and 
c cell dimensions also supports such an assignment. From 
limited experimental data, the a phase seems to be formed 
when bulky molecules are included, whereas the P phase 
allows the accommodation of thread-like molecules. Since 
water is quite small as compared with organic molecules, it is 
perhaps surprising that the CTVW crystal exists in the a form. 
Our results imply that the classification scheme may not be 
well founded and more structural information on this class of 
clathrates is needed to clarify the situation. This would be 
especially interesting in view of the fact that such clathrates 
may be used as suitable systems for photochemical reactions 
and as camers of drugs. 
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Ab initio SCF and MRD-CI description of the A 'Af - XZAff transition of the as yet 
unknown HNCl molecule 
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BRITTA L. SCHIJRMANN and ROBERT J .  BUENKER. Can. J .  Chem. 63, 3264 (1985). 
Ab initio potential curves of the X 'A" ground state and the first excited A 'A '  state (3 in linear geometry) of HNCl are 

calculated employing multi-reference single- and double-excitation configuration interaction in order to aid in the search for 
this system experimentally. A vibrational analysis (frequencies and Franck-Condon factors) of the A 'A'  - X 'A" transition 
is undertaken by neglecting coupling between the various modes. Diagonal and off-diagonal force constants together with the 
fundamental frequencies have been calculated by including mode coupling for both electronic states, and oscillator strengths 
and radiative lifetimes are also obtained. Comparison with theoretical and experimental results for other isovalent systems is 
also made in order to establish trends in this group of HAB systems. 

BRITTA L. SCHURMANN et ROBERT J .  BUENKER. Can. J .  Chem. 63, 3264 (1985). 
Dans le but d'aider dans la recherche experimentale de ce systeme et utilisant ['interaction de configuration 5 excitation 

simple ou double et 5 multi-rCfCrence, on a calculC les courbes de potentiel ah iriitio de I'Ctat fondamental X 'A" et du premier 
Ctat excite A 'A' ('II dans la gComCtrie IinCaire) du HNCI. On a entrepris une analyse vibrationelle (frCquences et facteurs de 
Franck-Condon) de la transition A 'A'  - X 'A" en nCgligeant le couplage entre les divers modes. On a calculi les constantes 
de force, selon la diagonale et hors de la diagonale, ainsi que les frCquences fondamentales en incluant le mode de couplage 
des deux Ctats Clectroniques et I'on a Cgalement obtenu les forces de I'oscillatcur ainsi que Ies temps de vie radiative. Dans 
le but d'Ctablir les tendances existant dans ce groupe de systkmes de type HAB, on a Cgalement etabli des comparaisons avec 
les rCsultats thkoriques et expCrimentaux d'autres systkmes isovalents. 

[Traduit par le journal] 

1. Introduction 
In recent years it has been possible to predict details of the 

spectra of a number of small polyatomic molecules with suf- 
ficiently high accuracy to help in the subsequent identification 
of these systems experimentally. Several examples include the 
H'CS (1,2) and HSO (3-5) systems, for which both computed 
electronic transition energies and vibrational frequencies could 
be used effectively in confirming the successful generation of 
previously unknown substances. At the same time a radiative 
lifetime of the 'A' state of HSO was predicted (3) to lie in the 
40-50 FS range, and recently experimental work (6) has led to 
an observed value of 51 * 5 FS. In a similar theoretical study 
(7) vibrational frequencies and transition energies for the re- 
lated system HS2 were obtained, which have recently aided in 
the detection of this molecule in chemiluminescence experi- 
ments (8); again good agreement between measured and com- 
puted vibrational frequencies was observed. 

With this background it seemed promising to carry out sim- 
ilar calculations for a number of other HAB molecules which 
are as yet unobserved. Because of their isovalent relationship 
to the H02-HSO-HS2 family, the group of molecules of HAB 
type in which the two non-hydrogenic atoms come from the 
nitrogen and halogen groups of the periodic table, respectively, 
is especially appropriate for such a systematic theoretical in- 
vestigation. The parent system HNF is known experimentally 
and a theoretical study of this system has recently been reported 
(9), again finding good agreement with observed data. The 
subject of the present series of calculations is HNCI, for which 
no experimental information is as yet available. 

The aim of this study is to predict vibrational frequencies, 
Franck-Condon factors and radiative lifetimes for the A 'A' - 
X 'A" transition of HNCl, as well as the equilibrium geometries 
of the two participating electronic states. 

2. Technical details 
The cartesian gaussian A 0  basis set employed in this work 

is of double-zeta + polarization quality for the nitrogen and 
chlorine species. The (4s,  2 p )  nitrogen contraction is taken 
from Dunning ( lo) ,  augmented by a set of (six-component) 
d-type functions ( a  = 0.95), while the chlorine set (6s,  5 p )  is 
adopted from the work of McLean et al. (1 l) ,  with the addition 
of a d-type set with exponent a = 0.68. For the hydrogen atom 
a special ( 5 s )  contraction of Clementi and Lie (12) plus an 
s-type function ( a  = 1.0) and a p-type polarization function 
with exponent a = 0.85 is employed. The total A 0  basis thus 
consists of 52 contracted functions and the molecule is treated 
in C, symmetry. 

The a b  initio calculations are of the standard multi-reference 
single- and double-excitation CI type with configuration 
selection, energy extrapolation (13, 14) and full-CI correction 
(FCI, 15); the computer programs employed make use of the 
Table CI method (16). A core of three MO's corresponding to 
the 1 s shell of nitrogen and the 1 s and 2 s  shells of chlorine 
is kept doubly occupied in all configurations, while the two 
virtual MO's with highest orbital energy are excluded from the 
excitation procedure. The single- and double-excitation space 
is generated from two reference configurations for each state. 
These correspond to . . . 9 a 1  '10a' 22a"'3a" and . . . 9  a '  210a'2 
2 a ~ ~  3 a ~  2 for the ground state and . . . 9  a '  '10a' 2a"'3aU' 
and . . . 9 a '  10a'22a"'3a"2 for the 'A' excited state. For 
geometries with large r(N-H) and r(N-Cl) nuclear dis- 
tances the number of reference configurations has been in- 
creased to four. In all of these calculations the c' value is in the 
0.89-0.90 range, which is typical for a system with 19 active 
electrons. The total generated (MRD-CI) configuration space 
has an order of approximately 200 000, and the dimension of 
the secular equations actually solved (the selection threshold 
corresponds to 10 ~har t ree)  is in the range of 6000 - 8000. For 
each electronic state the parent SCF orbitals are used as MO 
basis for constructing the many-electron basis functions. The 
final (FCI) results take the energy contribution of higher-than- 
double-excitation-configurations into account by means of the 
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rND BUENKER 

TABLE 1. Molecular constants computed for the HNCl omolecule 
employing the estimated FCI data; distances !re given in A, angles 
in deg, force constants in mdyn/A, mdyn/A rad, or mdyn/rad2, 

respectively, and frequencies in cm-I 

Parameter X 'A" A 'A' 

HN 1.026 1.046 
NCI 1.714 1.626 
LHNCI 102.51 132.94 
K I  I (HN) 6.4123" 6.6087 8.4170" 8.7174 
K22 (LHNCI) 1.0789 1.0527 0.5364" 0.7423 
K33 (NCI ) 3.5630" 3.7456 4.1964" 4.8469 
K I Z  0.1698 -0.2996 
K I ~  -0.0640 0.3755 
K23 0.3525 0.1046 

V I  (HN) 3319" 3452 3866" 3970 
V I  (DN) 2369" 2522 2759 2904 
vz (LHNCL) 1252" 1356 922" 1020 
vz (LDNCI) 862" 1010 672" 734 
v3 (HNCL) 733" 776 895" 912 
v3 (oNC1) 702" 760 876" 898 

"These values are obtalned in the independent mode approximation. 

formula (15) 

3. Potential energy curves and equilibrium geometries 
The first series of calculations was undertaken to determine 

the equilibrium geometries of both the 'A" and 'A' states at 
the estimated full CI (FCI) level. The equilibrium structural 
parameters (Table 1) obtained for the ground state 'A" in the 
given basis are: H-N = 1.026 A, N-Cl = 1.714 A and 
LHNCl = 102.51"; for the first excited state 'A' the eqyi- 
librium geometryo was calculated to be: H-N = 1.046 A, 
N-Cl = 1.626 A and LHNCl = 132.9". These values have 
been calculated by determination of the minimum of the three- 
dimensional hyperface polynominal fit of the FCI energy data. 
The resulting T, value corresponding to the difference of the 
FCI energies of these two electronic states in their equilibrium 
geometries is 21772 cm-' (2.70 eV). 

It is interesting to compare these results with the corre- 
sponding data for HNF, for which experimental results are also 
available. The N-H bond distances for the X 'A" and A 2A' 
states have been computed (9) to be 1.03 and 1.02 A, while the 
observed values are somewhat larger (1.06 and 1.03 A, re- 
spectively). The N-F bond distance decreases by 0.05 A from 
ground to excited state in the computations and only 0.!3 A 
experimentally, so the present N-Cl decrease of 0.09 A for 
HNCl is relatively large. Finally the bond angle values for HNF 
are 101. l o  (X 'A") and 123.2" (A 'A'), compared with the 
observed values of 105 and 125", so a definite trend toward 
increased bond angle upon excitation is typical for such sys- 
tems. According to qualitative MO theory (Walsh's rules) this 
fact is understandable in terms of the fact that the 10a' MO 
favors strongly bent geometries (doubly occupied in 'A" but 
only singly in 'A') while 3a" shows a much weaker trend in this 
direction (oppositely occupied in the two states). This state of 
affairs is mirrored in the spectroscopic data for such systems by 
the occurrence of a fairly long bending progression in both 
absorption and emission. 

Nonetheless comparison with isovalent HSO shows that such 

FIG. 1. Potential Snergy curves for the N-CI stretching coordi- 
nate: HN = 1.026 A, LHNC1 = 102.51" for the ground state; 
HN = 1.046 A,  LHNCl = 132.9" for the first excited state. Franck- 
Condon factors for the transition from v" = 0 to various v' levels and 
from u2' = 0 to v: are also given. 

trends cannot be relied upon to any great degree. In this case 
both calculations (3) and experiment (4, 5) show that the bond 
angle decreases slightly upon excitation to 'A', while the S-0 
bond length increases by 0.13 A, in stark contrast to what is 
found for HNF and HNCI. At the same time the HS2 geo- 
metrical data parallel that of HSO quite closely. Thus it is 
evident that there is a clear distinction between such isovalent 
systems, with the nitrogen-halogen HAB type showing a dif- 
ferent pattern than their oxygen-oxygen counterparts. 

The T, value for HNF is computed at the FCI level as 
2.58 eV, only 0.12 eV smaller than the present result for 
HNCI. These energy separations are again quite different from 
what is found for the HSO-H02-HS2 group of isovalent spe- 
cies. In HO? the T, value is computed (17) to be only 0.85 eV, 
and nearly the same result (0.86 eV) is found for HS2 (7). The 
mixed system HSO has a computed T, value of 1.56 eV (3), 
some 0.2 eV smaller than measured (4, 5), but its SOH isomer, 
not yet found experimentally, is predicted (18) to have an even 
smaller T, value of only 0.65 eV. 

Starting from these equilibrium geometries one-dimensional 
potential curves corresponding to the stretching and bending 
coordinates for the 'A" and 2A' states have been calculated 
without further optimization of the other structural parameters. 
The computations have not been extended to geometries associ- 
ated with molecular fragmentation, but it is still helpful to note 
which asymptotes correspond to the two states under study. For 
N-Cl dissociation the products are in both cases Cl('P,) -t 
HN(3C-). These species represent three open shells and there 
is therefore a change in configuration from the equilibrium 
structures (one open shell) in each instance; at the bond dis- 
tance values treated in this work, this change in configuration 
has not yet occurred, so the convergence of the two N-Cl 
potential curves at infinite bond distance is not apparent in 
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TABLE 2. Franck-Condon factors I < v" I v' > I ' for the normal modes of HNCI" 

H-N vibrations" N-C1 vibrations Bending vibrations 

v '  H-(NCI) D-(NCI) HN-CI DN-C1 HNCl DNCl 

"In  each case the fixed geometrical parameters are held equal to the respective equilibrium 
values of the states under consideration. 

FIG. 2. Potential eaergy curves for the H-N stretching coordi- 
nate: NC1= t.714 A, LHNCI = 102.51" for the ground state; 
NCl= 1.626 A, LHNCl= 132.9" for the 'A' state. 

Fig. 1, in which the computed results are plotted. A similar 
situation is expected for the N-H potential curves at large 
distances (Fig. 2), except that in this case X 'A" dissociates 
adiabatically to H('S) + NCl('C-) while A 'A' correlates with 
H('S) + NCl ( 'A) ,  again asymptotes with three open shells. 

The corresponding bending potential curves are given in 
Fig. 3 and show that the two states become degenerate ('T) in 
linear nuclear conformations. As a result a significant Renner- 
Teller interaction is expected in the region of the relatively 
small barrier to linearity of the upper state; an analogous situ- 
ation has been found for HNF (9), for which the Renner-Teller 
coupling between the X 'A" and A 'A' states has been carried 
out explicitly. 

4. Vibrational calculations and X 'A" - A  'A' 
intensity distribution 

The potential curves obtained at the estimated FCI level 
have been fitted in terms of various polynomial expansions in 
order to calculate the vibrational energies within the Born- 

I I I I I I I - 
80 120 160 180 9 HNCI 

FIG. 3. Pot$ntial energy curves for the bendiag coordinate: 
NCI = 1.714 A, HN = 1.026 A for 'A"; NC1= 1.626 A, HN = L .046 
A for ' A ' .  Only the bound vibrational levels are calculated for the 
'A'  state. 

Oppenheimer approximation. 
In the first approach coupling between the various modes 

was neglected and sixth-order polynomials were employed in 
each instance; standard deviations for the fits are in the order 
of 1 x au. The corresponding vibrational levels and wave- 
functions were then obtained in each case by diagonalizing the 
corresponding one-dimensional Hamiltonian matrices formed 
in the basis of harmonic oscillator eigenfunctions (19). These 
calculations were supplemented by a coupled-mode treatment 
employing the Wilson F-G matrix formalism (20), in which 
a strictly harmonic force field is assumed. For this purpose a 
three-dimensional fit to the energy hypersurface was carried 
out, with a root-mean-square deiiation of 3 x au being 
found. The resulting molecular constants and vibrational fre- 
quencies are also contained in Table 1. 

The N-H stretching frequencies are 100- 300 cm- ' higher 
for each electronic state than those obtained earlier for HNF 
(the independent-mode approximation was used exclusively for 
HNF (9)), but the differences are only slightly greater than the 
error bars expected for such calculations. In both systems 
it is found that the NH stretching frequency increases by 
400-500 cm-' upon excitation to the upper 'A' electronic 
state. The bending frequency also shows similar behavior in 
HNF and HNCl upon electronic excitation, dropping in each 
case by roughly 300 cm-', as seems understandable on the 
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TABLE 3. Oscillator strengths and radiative lifetimes for the 'A' - 'A" 
transition in HNCl at several nuclear geometries 

Geometry 

NCI (au) 
HN = 1.939 au LHNCI (deg) f(r) T (s) 

H N F  
HN = 1.93 au 
NF = 2.56 au 
LHNF = 100" 

basis of the potential curves of Fig. 3. In this case the computed 
frequencies should be accurate to 50- 100 cm-' according to 
previous experience with such calculations. Similar error limits 
are expected for the N-Cl frequencies, which indicate an 
increase of 140- 160 cm-' upon excitation. Not surprisingly, 
these results are uniformly smaller (by about 300 cm-') for the 
corresponding NF frequencies in HNF (9). Results for the 
deuterated isomer are also given in Table 2. 

Previous experience with employing such ab initio calcu- 
lations to aid in the identification of unknown substances has 
indicated that Franck-Condon factors are especially useful in 
this regard (3, 7). These results have been obtained in the 
independent-mode approximation (Table 2) and are also shown 
in F&S. 1-3 along with the corresponding potential curves; in 
each case results are given for both absorption and emission 
relative to the v = 0 level of the initial state. Vibrational 
progressions are expected in both the bending and N-C1 
modes, particularly the former; only the 0-0 transition should 
be observed for N-H stretch, however. The most intense cold 
band should occur to the 'A' (0,1,3) vibronic state with a com- 
puted transition energy of 26072 cm-'. 

As a further aid for the identification of the 3 1  system, 
the dipole transition moment matrix element R,.,,, has been 
computed between the X 'A" and A 'A' states. These results are 
then employed to compute the oscillator strength f and radiative 
lifetime T of the excited state according to the formulae (21): 

2 - [ l ]  f ( r )  = 3 1 R.,,. I 'A E 

and 

[2] T = 1.499/f (T) v2 
where T is the transition energy in units of cm-' and otherwise 
atomic units are assumed. For this purpose both electronic 
states have been obtained employing the ground state MO's 
as one-electron basis, in order to avoid the more cumber- 
some computations which are required when different (non- 
orthogonal) MO basis sets are used for each state. These results 
have been obtained at several N-C1 bond distances and bend- 
ing angles and are shown in Table 3. The indication is that the 
transition moment is relatively insensitive to changes in nuclear 
conformation, so that the Franck-Condon approximation is 
quite acceptable for this system. A relatively long lifetime of 
2.0 ps is indicated for this dipole-allowed transition, which is 
at least consistent with the fact that in the linear geometry the 

TABLE 4. Dipole moment (D) calculated for the ground and first 
excited state of HNF and HNCl at the respective equilibrium 

geometries" 

'A" 'A ' 

Molecule CL, P lPl k, PS 1 PI 

HNF -1.013 1.780 2.048 -1.203 1.213 1.708 
HNCl -0.090 1.700 1.702 -0.461 1.087 1.173 

"The geometrical coordinates employed are HNF: 'A",  H (-0.336, 1.906). 
F (2.560, 0.0); ' A ' ,  H (-1.068, 1.583), F (2.510, 0.0); HNCI: 'A",  H 
(-0.419, 1.893). CI (3.239, 0.0); 'A', H (- 1.345, 1.448). C1 (3.037, 0.0). 

transition moment vanishes by symmetry. This lifetime is 
nonetheless some three times longer than that of HNF, which 
has also been computed in the present study (0.6 ps). An 
earlier prediction of the corresponding lifetime for HSO of 
40 ps  has recently been found to be of good accuracy, with an 
experimental value of 51 + 5 ps  having been reported (6). 

Finally, the dipole moment matrix elements for both HNCl 
electronic states have also been computed, which information 
would also be needed in a treatment of the Renner-Teller 
coupling of this system. These results are presented along with 
the corresponding findings for HNF in Table 4; in all cases the 
equilibrium geometries are employed for a given state (see 
Table 1 and also Table 1 of ref. 9). The polarity of each 
molecule is seen to decrease upon A 'A' - X 'A" excitation, 
with HNF being somewhat more polar than HNCl in each case. 
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Excess volumes and excess enthalpies of acetic and its methyl-substituted 
acids + acetonitrile 
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B. S .  LARK and T .  S.  BANIPAL. Can. J.  Chem. 63, 3269 (1985). 
Excess volumes of the systems acetonitrile (ACN) + acetic acid (AA), + propionic acid (PA) and + isobutyric acid (IBA) 

at 298.15 and 308.15 K and + trimethylacetic acid (TMA) at 313.15 K have been measured using dilatometric method. The 
observed values are found to be negative for the first three systems while the last system has sigmoid concentration dependence. 
Excess enthalpies for the first three systems at 308.15 K and for the last system at 313.15 K have also been determined and 
found to be positive. The results have been explained in terms of depolymerization of the acids, dipole-dipole interactions 
between heteromolecules and the steric hindrance caused by the increasing methylation. 

B. S .  LARK et T .  S .  BANIPAL. Can. J. Chem. 63, 3269 (1985). 
Utilisant une mCthode dilatomitrique, on a mesurC les volumes en excks de I'acCtonitrile (ACN) avec les acides acetique 

(AA), propionique (AP) et isobutyrique (AIP) 298,15 et 308.15 K ainsi qu'avec I'acide trimCthylacCtique (ATM) i 313,15 
K. On a observe des valeurs nCgatives pour les trois premiers systemes alors que dans le dernier cas les valeurs varient d'une 
f a ~ o n  sigmo'ide avec la concentration. On a Cgalement dCterminC les enthalpies en excks pour les trois premiers systkmes 
308.15 K et pour le dernier a 313,15 K et toutes ces enthalples sont positives. On explique ces rCsultats en fonction d'une 
dtpolymCrisation des acides, d'interactions dip6les-dipbles entre des hCtCrornolCcules et par des encombrements sttriques 
provoquCs par une augmentation de mCthylation. 

[Traduit par le journal] 

Introduction 
Excess thermodynamic functions of mixtures consisting of 

acetic and its methyl-substituted acids with variety of solvents 
have been reported previously from these (1-5) and other 
laboratories (6- 12). These acids in the pure state exist mainly 
as cyclic dimers. However, trimers formed because of strong 
interactions between ring dimers and monomers do also exist 
(9). The mixing behaviour of these acids with various solvents 
is interesting: e.g., acetic and propionic acids when mixed with 
non-polar solvents show large positive excess free energies as 
compared to positive enthalpies and thus exhibit negative ex- 
cess entropies (4-6). This behaviour has been attributed to the 
breaking up of acid dimer-monomer interactions on the addi- 
tion of a non-polar solvent and to the formation of dimers from 
the monomers thus set free, which gives increasing proportions 
of dimers with the increasing mole fraction of non-polar com- 
ponent (6). Methanol (B) gives large negative excess volumes 
with these acids (1 -3, 7, 8) because of the formation of hydro- 
gen bonded AB and AB, type of complexes by the de- 
polymerized acid (A) monomers, for which even the spectral 
evidence has been advanced by Izmailov (13) and Apelblat 
(14). Campbell and Gieskes (10) have shown that chloroform 
( p  = 1.15 D and E = 4.806 at 298.15 K) with acetic acid gives 
positive excess volumes and negative excess enthalpies. The 
authors explain this phenomenon by the preferred association 
of ring dimers of acetic acid with chloroform molecules in an 
antiparallel dipole arrangement. 

Acetonitrile is a purely polar unassociated solvent ( p  = 3.37 
D and E = 36.01 at 298.15 K) which has very small tendency 
of H-bond formation (1 5). Excess functions of title acids in this 
solvent are unexplored and presently we report excess volumes 
and excess enthalpies for such mixtures and use the data to 
divulge qualitatively the role played by such a highly polar 
solvent. 

' To whom all correspondence should be addressed. 
'Revision received April 17, 1985. 

Experimental 
Acetic and propionic acids (A.R., B.D.H.) for the present work 

were the same as used in the earlier reports (4, 5). 
Isobutyric acid (L.R., SRL) was dried by refluxing it over phos- 

phorus pentaoxide and then fractionally distilled. Middle fraction was 
further refluxed over potassium permanganate and fractionally dis- 
tilled. The fraction distilling at 427.5 K was collected. Trimethyl- 
acetic acid (G.R., Tokyo Kasei Kogyo Co., Ltd., Japan) was first 
fractionally crystallised and the liquid layer was discarded. The solid 
portion (mp 308.55 K) was then distilled under reduced pressure. 

Acetonitrile (L.R. E.  Merck) was first distilled over phosphorus 
pentaoxide under protection from air by a phosphorus pentaoxide 
tube. The same procedure was repeated until phosphorus pentaoxide 
no longer became coloured.  hi; was then dl'stilled over-anhydrous 
potassium carbonate to remove traces of phosphorus pentaoxide and 
finally without a drying agent. The fraction distilling at 354.7 K was 
collected. 'The purity of the solvents was checked by determining their 
densities and refractive indices which have been compared with the 
literature (16- 18) values of Table 1. The agreement is quite good. All 
solvents were thoroughly degassed before use. 

Excess volumes have been measured by using a batch dilatometer, 
the design and working of which have been reported earlier (19). For 
measurement of excess enthalpies, adiabatic calorimeter introduced 
by McGlashan (20) and later modified by Nigam and Mahl (21) has 
been used. The two-limbed calorimeter has the advantage of the 
absence of the vapour phase and at the same time allows for the 
volume change accompanied with the mixing of the components. The 
presently used calorimeter had slight improvement over that of Nigam 
and Mahl's (21) that instead of one thermistor, two thermistors, one 
in its each limb were used to sense the heat changes ensuring better 
sensitivity. The working of this calorimeter was checked by deter- 
mining H E  values for cyclohexane + benzene system at 298.15 K 
(Table 2). The results are fitted to the following equation by the 
method of least squares: 

where x is the mole fraction of cyclohexane. 
The differences of the presently obtained H E  values from those 

reported by various workers (22-28) are illustrated as a function of 
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TABLE 1. Physical constants of pure compounds 

Refractive index Density (g/cmS) 
at 298.15 K at 298.15 K 

Index Compound Obs. Lit. Obs. Lit. 

1 Isobutyric acid 1.3933" 1.3930" (16) 0.94428 0.94423 (17) 
2 Trimethylacetic 

acid 1 .3925b - 0.90396' 0.90401" (18) 
3 Acetonitrile 1.3415 1.3416 (16) 0.7766 0.7768 (16) 

Dimerization constants Kd (Tort-') 

"At 293.15 K. 
"At 313.15 K. 

TABLE 2. Experimental excess enthalpies for the system xChHl2 
+ (1 - x)C&* 

composition in Fig. I .  It may be seen that scatter is quite random 
except in case of ref. 28, where H E  values are smaller throughout the 
composition range. Also the scatter is well within the uncertainty limit 
of this instrument. 

The temperature of 150 L water-thermostat was controlled to 20.01 
K with the help of 0.01 K Beckmann thermometer calibrated by 
determining the transition temperature of Glauber's salt (305.534 K). 

Results and discussion 
Excess volumes as a function of mole fraction of the acid 

component for the systems ACN + AA, + PA, and + IBA at 
298.15 and 308.15 K and for +TMA at 313.15 K have been 
summarized in Table 3, while H E  values for the first three 
systems at 308.15 K and for the last at 313.15 K appear in 
Table 4. The results have been fitted by the method of least 
squares to the equation, 

where XE may be VE or H E  andx is the mole fraction of the acid. 
The values of the fitting parameters A ,  B, C . . . for the various 
systems along with the standard deviations (IT'S) are sum- 
marized in Table 5. Systematic error analysis shows that for the 
uncertainties in (i) weights of the components taken in the 
dilatometer (ii) change in the level of the liquid of the capillary 
of the dilatometer on mixing of the components, (iii) the cali- 
bration of the capillary, and (iv) temperature variation of 
20.01 K ,  the total uncertainty in the final VE values comes out 
to be 20.002 cm3 mol-'. It is encouraging to note that the 
standard deviations as given in Table 5 are much within the 
uncertainty limits. In case of H~ measurements, the individual 
deviations of the measured values seldom exceed the standard 

FIG. I.  Differences SHE between the literature values and the 
present values as a function of .r for the system xC,H,, + (1 - ,r)C6Hh 
at 298.15 K: -.-.- (22); -0- (23); - X - (24); .... (25); - + - (26)- 
(27); - 0 - (28). 

deviations and are of the order of * 1% of the measured H E  
values. 

VE values as illustrated in Fig. 2 are negative for the entire 
concentration range at both the temperatures for all the systems 
except that with TMA where both positive and negative VE 
values are observed. About 10% more negative VE values at 
higher temperature (for first three systems only) may be ex- 
plained by increased population of acid monomers to enter into 
hetero intermolecular interactions. It may further be seen that 
VE values are most negative in case of PA and the magnitude 
decreases in the order: 

PA > AA > IBA > TMA 

The other important observation which may be made is that 
the minimum which in case of AA is in the acid rich region 
shifts slowly to the acetonitrile-rich region as the methylation 
of AA increases, so much so, in case of TMA sigmoid VE 
dependence becomes apparent. VE in this system is negative for 
x upto 0.68 and then becomes slightly positive. These obser- 
vations may be explained by considering the following three 
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TABLE 3. Excess volumes of various carboxylic acids with acetonitrile 
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TABLE 3. (Concluded) 

TABLE 4. Excess heats of various carboxylic acids with acetonitrile at 
308.15 K 

"At 313.15 K. 

equilibria accompanying the mixing process, 

[2] D - M E D + M  

[3] D 2M 

[4] M + ACN E M-ACN 

where D and M denote a dimer and a monomer of the acid 
under question. The first process is accompanied with large 
volume increase in the right direction, second is isochoric, i.e., 
the volume of the dimer is assumed to be equal to twice the 

volume of the monomer (9) and the third is accompanied with 
large contraction. The addition of acetonitrile to any one of the 
acids first creates monomers by the first two steps resulting in 
expansion and then stronger heteromolecular dipole-dipole 
interactions result in the observed negative VE values. This 
conclusion finds sufficient support from the contractive mixing 
behaviour of ACN + CH30H and + (CH3),C0. Vqor  equi- 
molar mixture of ACN + MeOH as reported by Cibulka et al. 
(29) is -0.131 cm3 mol-' and the corresponding value for 
mixture with (CH3),C0 which we determined separately is 
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LARK AND BANIPAL 

TABLE 5. Values of the constants in eq. [ I ]  and standard deviations 

vE W E )  

T / K  A B C D cm3 mol-' 

FIG. 2. Plot of vE VS. X. 1 , 2 :  AA + ACN at 298.15 K  and 308.15 
K ;  3, 4: PA + ACN at 298.15 and 308.15 K ;  5, 6: IBA + ACN at 
298.15 and 308.15 K ;  7: TMA + ACN at 313.15 K .  

-0.132 cm3 mol-'. 
The dimerization constants (Kdls) of AA and PA are avail- 

able in the vapour phase only and Kd for PA is higher than that 
of AA (Table 1). The increased K, values should reduce the 

number of available (D-M) trimers and accordingly positive 
contribution to the overall VE is diminished further. This is 
actually observed in case of PA but beyond that, i.e., for IBA 
VE becomes less negative and in case of TMA sigmoid de- 
pendence is observed. This behaviour may be attributed to the 
increasing steric hindrance of methyl groups. The shifting of 
minimum to the acid poor region may be due to increase in both 
steric hindrance and dimerization constant. This is further sup- 
ported by the findings of Cibulka et al. (29) who have shown 
that for the binary systems containing alkanol and ACN, VE 
increases in the order 

V ~ ( A C N  + normal alkanol) < vE(ACN + branched alkanol) 

< vE(ACN + secondary alkanol) 

To amve at the behaviour of individual acids and the solvent 
in each case, excess partial molar volumes (VE) were estimated 
and as a function of composition are illustrated in Fig. 3. It may 
be seen that in case of first three acids the behaviour is almost 
similar and the partial molar volume of both acid and solvent 
decreases as the concentration of the other component in- 
creases. In case of TMA, the excess partial molar volume is 
positive for x r 0. 27 and then decreases very sharply. Con- 
traction of ACN in this acid is much smaller than as observed 
in other acids and which becomes positive at its dilute end. To 
divulge the nature of interactions, the partial molar volume data 
in the dilute region have further been analyzed for values of xi 
5 0.15 using the following equation 
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TABLE 6. Var~ous quantities (in cm' mol-') calculated from eq. [5] 

v,, v,,, 
- 0 v:,,, VA, , ,  - V ,  N V ~ C N  V:cN - V:CN Acid ACN Acid ACN 

FIG. 3. Plot of B E  VS. X .  I ,  2,  3 , 4  are the plots for AA, PA, IBA, 
TMA and l ' ,  2',  3 ' ,  4' are the plots for ACN in the respective acids. 

where n, number of moles of component i. Vp = molar volume 
of component i at infinite dilution. V: = molar volume of pure 
component i, V,, and V,,, = two body and three body 
solute-solute interactions, i = 1,2. 

The estimated values of v:, Vy, V,,, and V,,, are summarized 
in Table 6. It may be seen that the values of (7 ;  - v:), i.e., 
volume of transfer of the solute from its pure liquid state to 
infinite dilution, is positive only in case of the transfer of ACN 
to TMA while it is negative in all other cases. The values of V,, 
and V,,, show that the solute-solute interactions contribution is 
positive for all the acids and the values increase from AA to 
TMA while the acetonitrile gives negative contribution in case 
of TMA only. This may be due to the rebuilding of 
dipole-dipole interactions which at infinite dilution are tom 

FIG. 4. Plot of H E  VS. X .  I :  AA + ACN; 2: PA + ACN; 3 :  IBA 
+ ACN at 308.15 K; and4 :  TMA + ACN at 313.15 K. 

apart by TMA molecules till when the concentration of ACN is 
enough to break up the acid D-M interactions. 

H E  values determined for the systems under investigation are 
positive over the whole composition range and the magnitude 
decrease in the order (Fig. 4) 

TMA > IBA > PA > AA 

In view of the above equilibria (reactions [2]-[4]) ex- 
plaining the mixing process, it may be said that endothermic 
contributions from the first two equilibria overweigh the possi- 
bly small exothermic contribution from the last one. The two 
relating evidences in support may be cited from literature. The 
incapability of H-bond formation between OH and CN groups 
result in appreciablL endothermic mixing of ACN and ethanol 
arising mainly from depolymerization of the latter (30). H E  
values in case of propionitrile + (CH,),CO mixtures as report- 
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Phase diagram measurements and thermodynamic analysis of the PbC12-NaCl, 
PbC12-KCl, and PbC12-KCl-NaCl systems 
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ARMAND GABRIEL and ARTHUR D. PELTON. Can. J. Chem. 63, 3276 (1985). 
The phase diagrams of the PbCI2-NaCI and PbC12-KC1 systems have been measured by the cooling curve technique. In 

addition, a number of measurements at compositions in the ternary system PbCIZ-KC1-NaCI have been made. The binary data 
have been analysed along with other available thermodynamic data for the binary systems in order to obtain mathematical 
expressions for the binary thermodynamic properties. Various estimation procedures were then used to calculate the Gibbs 
energy of the ternary liquid from the binary expressions, and the ternary phase diagram calculated therefrom was compared 
to the experimental ternary points. In the case of the Conformal lonic Solution equation, agreement was within 3°C at all 
measured points. In the case of two "geometric" estimation techniques, the Kohler and Toop equations, agreement was within 
10°C but could be brought to within 3°C by the addition of only one small adjustable ternary correction term. The technique 
of coupled thermodynamic/phase diagram analysis permits a large reduction in the amount of experimental work necessary 
to measure the ternary diagram. In addition, the ternary thermodynamic expressions developed can be used to calculate all 
thermodynamic properties of the ternary liquid. 

ARMAND GABRIEL et ARTHUR D. PELTON. Can. J .  Chem. 63, 3276 (1985). 
Faisant appel a la technique de la courbe de refroidissement, on a mesure les diagrammes de phase des systkmes PbC12-NaCI 

et PbC12-KCI. De plus, on a fait un certain nombre de mesures a des compositions comprises dans le systkme ternaire 
PbC12-KC1-NaCI. On a analyse les donnees binaires de concert avec d'autres donnies thermodynamiques disponibles pour 
les systkmes binaires dans le but d'obtenir des expressions mathtmatiques pour les propriCtCs thermodynamiques binaires. On 
a utilisC diverses methodes d'Cvaluation pour calculer 1'Cnergie de Gibbs du liquide ternaire a partir d'expressions binaires; on 
a compare les points ternaires expkrimentaux avec le diagramme de phase ternaire calculC en utilisant la mCthode dCcrite plus 
haut. Dans le cas de I'equation de Solution lonique Conformale, la correspondance se situe ?i moins de 3°C pour chacun des 
points mesurks. Dans les cas des deux techniques "gtomCtriques" d'evaluation, les equations de Kohler ou de Toop, la 
correspondance est meilleure que 10°C; toutefois, elle peut Ctre ramente a moins de 3°C par I'addition d'un seul petit terme 
ajustable ternaire de correction. La technique de I'analyse des diagrammes de phase couplCs a la thermodynamique permet de 
reduire considtrablement la quantite de travail expCrimental ntcessaire pour mesurer un diagramme ternaire. De plus, les 
expressions thermodynamiques ternaires dCvelopp6es peuvent Ctre utiliskes pour calculer toutes les propriCtCs therrno- 
dynamiques du liquide ternaire. 

[Traduit par le journal] 

Introduction 
The complete measurement of the liquidus of a ternary sys- 

tem has usually involved the tedious determination of liquidus 
temperatures at a large number of compositions followed by a 
series of rather subjective interpolations to obtain isotherms 
and univariant lines. 

The amount of experimental work can be greatly decreased 
while at the same time the accuracy of the diagram can be 
increased in many cases by the technique of computer-coupled 
thermodynamic/phase diagram analysis. 

The first step in this method is the accurate determination of 
the phase diagrams of the three binary subsystems. These bi- 
nary diagrams are then analysed along with other available 
binary thermodynamic data with a view to deriving equations 
for the Gibbs energies of all binary phases as functions of 
temperature and composition. In the next step, estimation for- 
mulae based upon solution models are used to calculate the 
Gibbs energies of the ternary phases from the previously ob- 
tained binary expressions. The ternary phase diagram is calcu- 
lated from these thermodynamic expressions and compared to 
ternary liquidus temperatures measured at a few selected com- 
positions. A few adjustable ternary correction terms may then 
be added to the expressions for the Gibbs energies in order to 
bring the calculated diagram into coincidence with the mea- 
sured diagram. In this way, the shapes of all isotherms and 

' Revision received January 11, 1985. 

univariant lines are consistent with thermodynamic principles 
and the number of experimental data points needed to obtain an 
accurate diagram is much reduced. 

At the same time, a set of equations for all the thermo- 
dynamic properties of the binary and ternary systems is ob- 
tained. These equations are in a form well suited to computer 
storage and retrieval. They can be used along with suitable 
computer programs to generate, for example, ternary iso- 
activity, iso-vapour pressure, and iso-emf lines, as well as  to 
generate polythermal projections or isothermal sections of the 
ternary phase diagram. Finally, the thermodynamic properties 
and the phase diagram are all rendered consistent. 

The PbC12-KCI-NaCl system 
The PbC1,-KCl-NaCl system is of interest as  a possible 

electrolyte in the electrowinning of lead. 
The PbC1,-NaCl phase diagram has been reported by a 

number of investigators (1-5)' All are in agreement on the 
existence of one eutectic near 410°C. Most reported liquidus 
lines are in agreement with one another to  within 10°C. T h e  
PbC1,-KC1 phase diagram has also been investigated several 
times (1, 6-10). A congruently melting compound 
2PbCl2-KCI with a melting point near 440°C and an incongru- 
ently melting compound, PbC12.2KC1, associated with a peri- 
tectic near 490°C are reported along with two eutectics near 
425°C and 410°C. Most reported diagrams are in agreement 
with one another to within 15°C. The  melting point of pure 
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system was also measured, but is reported elsewhere (1 1). 

GABRIEL AND PELTON 3277 

Experimental 

TABLE I .  Measured liquidus 800-  

points for the PbC1,-NaCI 
system 750 

XN~CI  Temperature ("C) 700 

0.050 489 
0.094 479 0 650 

0 

0.110 475 
470 

a3 
0.128 L 600-  

0.189 45 2 
a - 
0 

0.237 433 5 5 0 -  

0.284 416 n 

0.301 410.5 5 500 

0.313 415.5 I- 

0.324 423 450 

0.352 445 
0.429 50 1 
0.520 565 

4 0 0  

0.647 645 o 

The binary and ternary liquidus curves and invariant temperatures 
were measured by the method of cooling curves. 

Reagent grade salts were dried under vacuum and with dry HCI gas 
at 700°C in the case of NaCl and KC1 and at 450°C in the case of 
PbCI,. Samples of approximately 25 g were placed in sealed evacuated 
fused silica cells. The method of consecutive additions was not used. 
Samples at each composition were weighed out separately. A thermo- 
couple was sheathed in close fitting fused silica tubes blown into the 
cells. The cells were placed in a grounded lnconel metal sheath and 
placed in a vertical electrical resistance furnace which was cooled at 
a rate of I0C/min. The melt filled the cells to a depth of about 3 cm 
and the thermocouple sheath extended about 2 cm below the surface 
of the melt. Supercooling was kept to less than 2°C by attaching the 
cell assembly to a mechanical vibrator. A 24-gauge chromel-alumel 
thermocouple was used. The manufacturer's calibration was checked 
against the melting point of Pb, Sn, and Zn and was found to agree to 
within 0.5"C. 

Results 

0.763 706 PbC12 M o l e  f r a c l l o n  X N a c 1  No Cl 

0.859 748 
0.935 780.5 Frc. 1. The PbC1,-NaC1 phase diagram. Points are experimental. 

Lines are calculated from the thermodynamic analysis. Dashed lines 
are limiting liquidus slopes calculated for zero solid solubility. 

PbC1, reported by the different authors varies over a 9°C range. 
The PbC1,-KCI-NaCI ternary phase diagram has been report- TABLE 2. Measured liquidus 
ed by Treis (I) .  Two ternary eutectics and one ternary peritectic points for the PbCI-KC1 system 
are reported. An accuracy of about 230°C is estimated for this 
ternary diagram. XKCI Temperature ("C) 

In the present study, the PbC1,-NaCI, PbC1,-KCI, and 0.075 479 
PbC1,-KCI-NaCI liquidus surfaces were studied by the rneth- 0.129 458.5 
od of cooling curves. The liquidus of the NaCI-KC1 binary 0.198 430 

I I I I I I I 
801' 

- /' JI 
- - 

- - // - 

- 

~ ~ 9 9 . 5 -  ./. - 

- \*\ 1 - 

.\J 4 0 9 -  

- - 0.307 

I I I I I I I I I 

0.2 0.4 0.6 0.8 

Three separate measurements of the melting point of pure 
KC1 gave 770.5,77 1.2, and 77 1.8"C which agree well with the 
value of 771°C given in the most recent compilations (12). 
Several measurements of the melting point of pure NaCl gave 
values within 0.5"C of the value of 801°C given in the most 
recent literature (12). 

Several measurements of the melting point of pure PbC1, 
gave 499.5 * 1°C, in reasonable agreement with the value of 
499°C given by refs. 13 and 14 and the value of 501°C given 

1.0 

PbCG -NaCl 
For the PbC12-NaCl system, measured liquidus points are 

listed in Table 1 and are plotted in Fig. 1 .  Accuracy is estimated 
to be t- 2°C. 

Eutectic halts were observed in the cooling curves. Mea- 
surements at five compositions near the eutectic composition 
(where the eutectic halt is most pronounced) gave the tern- 
perature as 409 & 0.5"C. 

by ref. 15. Other sources, for example (12), list melting points PbClz-KC1 
around 495°C. Values around 495°C were also obtained in the For the PbC1,-KC1 system, measured liquidus points are 
present study unless great care was taken in drying the salt. listed in Table 2 and are plotted in Fig. 2. Accuracy is estimated 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
6.

9.
20

9.
11

3 
on

 0
9/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. 1. CHEM. VOL. 63, 1985 

TABLE 3. Measured liquidus and invariant points for the PbCI?-KCI-NaCI system 

Experiment Mole fraction Mole fraction Liquidus Invariant 
number NaCl KC1 temperature ("C) halt ("C) 

FIG. 2. The PbC12-KC1 phase diagram. Points are experimental. 
Lines are calculated from the thermodynamic analysis. Dashed lines 
are limiting liquidus slopes calculated for zero solid solubility. 

as +2.5"C. 
Two eutectics and one peritectic were observed. Measure- 

ments of cooling curve halts at six compositions over the range 
0.37 < XpKl, < 0.55 gave the eutectic temperature as 409 + 
0.8"C. ~easurements at six compositions over the range 0.075 
< XpK12 < 0.29 gave eutectic halts between 419 and 422°C 
with an average value of 420°C. Measurements at four com- 
positions over the range 0.62 < XpKl, < 0.66 gave peritectic 
halts between 487.5 and 488°C. 

PbC12 - KCl-NaCl 
Measurements were made at eight ternary compositions 

given in Table 3. These compositions are also shown on Fig. 3. 
Liquidus temperatures given in Table 3 are estimated to be 
accurate to k3"C. Invariant halts were also observed in the 
cooling curves for five of the samples as indicated. 

Thermodynamic analysis of binary systems 
Pure components 

The thermodynamic analysis of the binary systems requires 
a knowledge of the thermodynamic properties of the pure com- 
ponents. In Table 4 are listed the melting points, the enthalpies 
of fusion at the melting points, and the Gibbs energies of fusion 
of KCl, NaCl, and PbCl,. The melting points are those of the 

Pb CI ,  

A 

KC1 NoCl  

Mol % 

FIG. 3. The PbCI2-KCI-NaCI phase diagram calculated from the 
thermodynamic analysis. Temperatures are in "C. Composition points 
indicated correspond to experimental points in Table 3. 

present study. Enthalpies and Gibbs energies of fusion are from 
ref. 12. The Gibbs energies of fusion are expressed as functions 
of T (K) by the following expression: 

Solid solubility - limiting slopes of liquidus curves 
For a component A in a binary system A-B, the difference 

between the limiting slopes of the liquidus and solidus at mole 
fraction XA = 1 is given by Raoult's law as: 

where T : ~ ~ ~ ~ ~ ~ ~ ,  and  AH^^,,,,^, are the melting point of pure A 
and its enthalpy of fusion at the melting point. 

The liquidus curves drawn on Figs. 1 and 2 were calculated 
from the thermodynamic analysis discussed below under the 
assumption of zero solid solubility. Hence, the limiting liq- 
uidus slopes shown at compositions corresponding to pure 
KCl, NaCl, and PbCl, are;hose given by eq. [2] with dX:/dT 
= 0 and with values of T,,,, and  AH^,,, from Table 4. 

From the agreement with the experimental points in Figs. 1 
and 2 it can be seen that solid solubility of PbCl, in NaCl and 
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TABLE 4. Thermodynamic properties of the pure components 

Coefficients of eq. [I]p the Gibbs 
energy of fusion, AGhhi,, (J/mol) 

Melting point Enthalpy of fusion 
T:~,,,. ("C) AH:,,,,, (J/mol) at T:' ,,,,, , A B C x lo' D E x 

KC1 77 1 26 280 4755 215.399 12.734 -33.581 1.82 
NaCl 80 1 28 160 7735 202.091 11.925 -31.824 - 

PbClz 499.5 23 850 2697 269.234 20.769 -43.426 - 

KC1, or of NaCl and KC1 in PbCl,, is small. If error limits of 
+2"C are assumed for the experimental liquidus points, then 
from eq [2] maximum limiting solidus slopes dXi/dT of the 
order of 0.02 (mol% per deg) may be calculated. 

In view of the low mutual solid solubility of KC1 and PbCl,, 
it is expected that the ranges of stoichiometry of the two inter- 
mediate compounds 2PbC1,. KC1 and PbC1, - 2KC1 will be nar- 
row. Hence, these have been indicated as stoichiometric com- 
pounds on Fig. 2. 

No verification of the stoichiometry of the incongruently 
melting compound was made. However, the liquidus curve for 
this compound, when extrapolated, passes through a maximum 
near the composition PbC1,. 2KCI. 

Methodology 
In the binary systems PbC1,-AC1 (A = Na or K), under 

the assumption of zero solid solubility, the following equa- 
tions apply along the PbC1,- and AC1-liquidus curves, 
respectively: 

where Xi, ai ,  and G: are the mole fraction, activity, and excess 
partial molar Gibbs energy of i along the liquidus. 

The excess integral molar Gibbs energy of the liquid phase 
may be expressed as: 

where AH is the molar enthalpy of mixing and S E  is the molar 
excess entropy. It is assumed-that AH and S E  are independent 
of temperature. 

For a binary system, AH and S E  may be conveniently ex- 
pressed as polynomials in the mole fractions. In the case of 
molten salt solutions, it has been observed that the number of 
terms required in the polynomial expansions to give a satis- 
factory representation can sometimes be reduced if equivalent 
fractions rather than mole fractions are used. Furthermore, the 
Conformal Ionic Solution Theory discussed in the next section 
in relation ot the ternary calculations requires that equivalent 
fractions be used in the binary expansions. Since Pb" is di- 
valent and Naf and K+ are univalent, the equivalent fractions 
Y, are given by: 

The polynomial expansions for the molar enthalpy and excess 
entropy are then: 

where the coefficients h, and si are found empirically. The 
number of terms in each series is chosen as the minimum 
required to fit the experimental data satisfactorily. 

Differentiation of eqs. [8] and [9] yields the following ex- 
pressions for the partial molar excess Gibbs energies of PbC12 
and ACl: 

[ill G i C l  = 2 C (h, - Ts,) ( j  + 1)yibClZ y iCl  
j s - 0  

In the case of the PbC1,-NaC1 and PbC1,-KC1 systems, AH 
has been measured by mixing calorimetry (16). These data 
were first fitted by a least-squares technique to obtain values of 
the enthalpy coefficients hi. Next, values of the excess entropy 
coefficients si were determined in order to give the best fit to 
the measured PbC1,- and ACI-liquidus curves in each system. 
To this end, a least-squares "optimisation" technique described 
elsewhere (17) and a computer program called FITBIN (18) 
were used. 

Enthalpy of mixing expressions 
Enthalpies of mixing in the PbC1,-NaC1 and PbC1,-KC1 

systems have been measured by mixing calorimetry (16) only 
over the composition range 0.5 < XpKl, < 1.  However, corn- 
parison of the experimental (16) "interaction parameter" A = 
AH/(XPbCI,XACI) for all the Systems PbCl,-ACl (A = Li, Na, 
K, Rb) indicates a simple dependence of A with XACl which is 
not far from linearity, thereby permitting a reasonable extrapo- 
lation to be made. The following three term expressions for AH 
were thus found by least-squares regression for the PbC12- 
NaCl and PbC12-KC1 systems, respectively: 

The PbC12-NaC1 system 
With eq. [12] for AH, a set of coefficient si were found 

which best reproduce the measured liquidus curves. Three co- 
efficients were found to suffice: 

The phase diagram, calculated by computer with eqs. [12] and 
[14] for AH and S" is drawn in Fig. 1. (For a description of the 
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computer program, see ref. 18.) Agreement with the experi- 
mental points is everywhere within the experimental limits of 
?2"C, and the measured and calculated eutectic agree exactly. 

Furthermore, values of GFhCI2 calculated at 500, 600, 700, 
and 800°C via eqs. [lo], [12], [14] agree with values measured 
by emf techniques (19,20) within the experimental error limits. 

The PbCI2-KC1 system 
With eq. [13] for A H ,  the following three-term expansion 

for sE was found to reproduce the measured PbC1?- and 
KCI-liquidus curves: 

Next, the following expressions for the Gibbs energies of 
fusion of the two intermediate compounds were determined in 
order to reproduce their measured liquidus curves: 

[ 161 Compound 2/3(PbC12) 1 /3(KC1): = 

[17] Compound 1 /3(PbC12) -2/3(KCl): AC~~,~,,,  = 

The phase diagram, calculated by computer from eqs. [13], 
[15], [16], [17] is drawn in Fig. 2. Agreement with the experi- 
mental points is everywhere within the experimental error 
limits of k2.5"C except for two points on the PbC1,.2KCl 
liquidus at which the agreement is within 4°C. All measured 
invariant temperatures are reproduced to within 0.5"C. 

Furthermore, values of G~~~~~ calculated at 500, 600, and 
700°C via eqs. [lo], [13], [15] agree with values measured by 
emf techniques (20) within the experimental error limits. 

The NaCI- KC1 system 
Liquidus points in this binary system were also measured in 

the present study, but are reported elsewhere (1 1). This system 
exhibits complete miscibility of the solid solutions at elevated 
temperatures with a minimum in the solidus/liquidus at 657°C. 
In addition, a solid-solid miscibility gap with a consolute 
temperature near 500°C is observed. 

A complete thermodynamic analysis of this binary system 
was made (1 1) in which measured liquidus points, miscibility 
gap boundaries, liquid enthalpies of mixing, and solid en- 
thalpies of mixing at 25°C were all taken into account in order 
to obtain polynomial expressions for A H  and S%f both the 
liquid and solid solutions. Because of the large temperature 
range (25-800°C) over which data were available, a small 
temperature dependence was included in the expression for A H  
of the solid solution. However, the computer program 
TERNFIG used to calculate the ternary phase diagram as dis- 
cussed below will not accept a temperature dependent A H .  
Hence, the data were re-fitted with a constant A H  for the solid. 
The following expressions were obtained: 

(Note that mole fractions and equivalent fractions are identical 

in this binary system in which both cations are univalent.) 
Equations [IS]-[21] differ only very slightly from those 

given previously (I 1) at temperatures above 500°C. For exam- 
ple, the NaC1-KC1 liquidus calculated via eqs. [18]-[21] 
agrees everywhere within 2°C with the measured liquidus 
points. 

Thermodynamic analysis of the ternary system 
The procedure followed in the ternary analysis was as fol- 

lows. First, an expression for GE in the ternary system was 
calculated from the binary expressions of the preceding section 
by means of various estimation formulae based upon solution 
models. Next, the ternary phase diagram was calculated from 
this expression for G E  by a computer program called TERNFIG 
described elsewhere (18), and this calculated diagram was 
compared with the measured points (Table 3). If necessary, 
adjustable ternary correction terms were then added to the 
expansion of GE in order to bring the calculated and measured 
diagrams into coincidence. 

The Conformal Ionic Solution (CIS) Theory 
The CIS theory (21 -25) for an additive ternary molten salt 

system, which is based upon statistical mechanical perturbation 
theory, gives the following expression for GE in a ternary 
system with components 1-2-3: 

where, for the binary system i-j: 

[23] G; (Jlequivalent) = YiY,(a, + bijYi + bjiYj + coy? Y,?) 

Binary expressions of the type G: = YiY, (e  + fY, + g~,!) as 
used in eqs. [12]-[15], [IS], [19] of the preceding section can 
easily be converted to expressions of the form of eq. [23]. 
(Note that as a result bi, = b,,.) Equations [22], [23] give G E  in 
Jlequivalent. To convert to J/mol in the PbC1,-KC1-NaCl 
system, multiply by (2Xpbcl2 + XKCI + XN~CI) .  

The ternary phase diagram calculated from eq. [22] with 
coefficients obtained from eqs. [12]-[15], [IS], [19] is plotted 
in Fig. 3.  As can be seen from Table 3, agreement with all 
experimental liquidus points is within 3°C. In addition, two 
ternary invariants were calculated at 379 and 385°C in agree- 
ment with the measured values. The calculations show these 
invariants to be ternary eutectics with compositions XNaCl = 
0.20,XKCl = 0.14andXNaCI = O.ll ,XKCl = 0.43. 

In addition, a ternary peritectic at 429°C is calculated atXNacl 
= 0.13, XKCl = 0.49. Since the peritectic reaction involves the 
separation of the NaCl-KC1 solid solution into two phases at 
a temperature near the consolute point where the Gibbs energy 
and enthalpy associated with the separation are very small, it is 
not surprising that this invariant was not observed in the ther- 
mal analysis experiments since the heat effect would be very 
small. For the same reason, the calculations are very sensitive 
in this area. That is, a small change in the Gibbs energy of the 
solid will have a large effect on the extent of solid-solid 
immiscibility at a given temperature. Hence, the temperature 
and composition of the ternary peritectic cannot be determined 
with accuracy. 
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The diagram in Fig. 3 agrees within about 25°C with that 
reported by Treis (1). 

Because of the very good agreement of the calculations with 
the measurements, it was not necessary to add any adjustable 
ternary correction terms to eq. [22] for GE. 

Geometric estimation methods 
In the "geometric" estimation formulae, GE at a composition 

point in the ternary system 1-2-3 is related to G E  at one 
composition point in each of the three binary systems. One 
such formula is the Kohler equation (26): 

where GEJlx, is the value of G E  in the j-k binary at the same 

ratio Xj/Xk as at the ternary composition point. 
Another such formula is the Toop equation (27): 

where G:, and GF3 are values of G E  in the 1-2 and 1-3 binaries 
at the same value of XI as at the ternary composition point, and 
G?E, is the value in the 2-3 binary at the same ratio X3/X2 as at 
the ternary point. 

Equations [24] and [25] are exact if the solutions are regular, 
and may be considered as extensions of regular solution theory. 
The various geometrical estimation formulae have been re- 
viewed (28). 

The ternary PbC1,-KCl-NaCl phase diagrams calculated 
from eq. [24] or from eq. [25] were very close to that shown 
in Fig. 3, except that the calculated ternary eutectic tem- 
peratures were 5 to 10°C too low. Consequently, one adjustable 
ternary correction term of the form cXpbcI,XKclXN,cl was added 
to eqs. [24] and [25], and the value of the parameter c was 
chosen in each case in order to best reproduce the ternary 
eutectic temperatures. With a value of c = 2090 J/mol in the 
case of the Kohler equation [24] and c = 2270 J/mol for the 
Toop equation [25], all three ternary invariant temperatures 
agreed with 1°C with those calculated by the CIS equation. 
Furthermore, all isotherms and univariant lines on the ternary 
phase diagrams calculated by the three techniques (CIS, Koh- 
ler, Toop) agreed with each other within l mol% everywhere. 

Conclusions 
Liquidus curves of the PbC1,-NaC1 and PbC1,-KC1 binary 

systems have been measured. A thermodynamic analysis of the 
measured phase diagrams, along with other available thermo- 
dynamic data for the systems, has permitted expressions for the 
enthalpy and entropy of the binary liquid phases to be deter- 
mined which can reproduce the measured phase diagrams as 
well as the measured thermodynamic properties within experi- 
mental error limits. 

Various estimation formulae were used to calculate the 
Gibbs energy of the ternary liquid from the binary data, and the 
ternary phase diagram calculated therefrom was compared to 
measured ternary liquidus and invariant temperatures. When 
the Conformal Ionic Solution equation was used, the calculated 
diagram agreed with the measured points within experimental 
error limits with no ternary correction terms. Similar agreement 
was obtained with the Kohler and Toop equations provided one 
small ternary correction term was added to the expression for 
the Gibbs energy in each case. 

The ternary phase diagram resulting from this coupled 

thermodynamic/phase diagram analysis is estimated to be ac- 
curate to +5" except possibily near the ternary peritectic. 

The ability of a ternary Gibbs energy equation to reproduce 
the phase diagram is a sensitive test of its accuracy. This 
sensitivity has already been illustrated with regard to the afore- 
mentioned "ternary correction term". A term equal to 
2720XPbCI2'XKCI .XNaCI J, which achieves a maximum value of 
only 100 J when Xpbcl, = XKcl = XWJC, = 113, can change the 
ternary eutectic by 16". Hence, eq. [22] (or eq. [24] or [25] 
with the one ternary correction term in each case) can be used 
to calculate the Gibbs energy of the ternary solution. For exam- 
ple, iso-activity, iso-vapour pressure, or iso-emf curves can 
easily be generated by computer. Separation of the Gibbs ener- 
gy into enthalpy and entropy terms will be less precise. In 
addition, isothermal sections of the phase diagram can be com- 
puter calculated at any temperature. Hence, the storage in com- 
puter memory of a small set of coefficients along with the 
appropriate programs for retrieval permits the calculation of the 
phase diagram and all the thermodynamic properties of the 
ternary system. 
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TABLE 1. Equilibrium geometries of 1 and 1' (4-31G)" 

Parameter 1 9 0 , 9 0 ( ' ~ ~ )  90,90('B2) 9 0 , 0 ( 2 ~ " )  O , ~ ( * A )  

r12 1.503 1.941 1.400 (2.322)h (2.535)h 
r13 1.503 1.483 1.720 1.434 1.430 
r23 1 SO3 1.483 1.720 1.569 1.430 
rl4 1.072 1.072 1.072 1.076 1.072 
r15 1.072 1.072 1.072 1.076 1.07 1 
r26 1.072 1.072 1.072 1.071 1.072 
r27 1.072 1.072 1.072 1.070 1.07 1 
TZX 1.072 1.075 1.069 1.080 1.119 
r39 1.072 1.075 1.069 1.080 1.119 

LHC(1)H 113.7 118.2 117.2 117.2 117.8 
LHC(2)H 113.7 118.2 117.2 120.9 117.8 
LHC(3)H 113.7 113.6 120.6 111.3 93.0 
LC(I)C(2)C(3) 60.0 81.7 48.0 101.2 124.8 

a,(' 150.0 179.9 126.7 175.0 180.0 
aZC 150.0 179.9 126.7 179.5 180.0 
a3 (' 0.0 0.0 0.0 5.8 0.0 

cold 0.0 0.0 0.0 0.0 1.5 
d 

02 0.0 0.0 0.0 5.3 - 1.5 
wjd 0.0 0.0 0.0 0.0 0.0 

0," 90.0 90.0 90.0 90.0 0.0 
02' 90.0 90.0 90.0 0.0 0.0 
bl' 90.0 90.0 90.0 90.0 90.0 

"All bond lengths are in A (angstrom) and all angles are in degrees. 
hlnternuclear distance. 
' a, is the angle representing the wagging motion of the C(i) methylene. It is the angle between 

the C(i)C(3) bond and the intersection of the plane of the C(i) methylene with the plane of the 
carbons. a, is measured with respect to the C(I)C(3) bond. 

is the angle representing the rocking motion of the C(i) methylene. It is the angle between 
the line which bisects the HC(i)H methylene and the line which is the intersection of the plane 
of the methylene and the plane of the carbons. 

"0, is the angle representing the torsional motion of the C(i) methylene. It is the angle between 
the plane of the C(i) methylene and the plane of the carbons. 

90,30; 90,60 conformers (single methylene rotation) and the 
60,60; 45,45; and 30,30 conformers (conrotatory and dis- 
rotatory synchronous double methylene rotation) were carried 
out at the 4-31G level. Single point calculations using the 
4-31G optimized structures were carried out at the 
MP2/4-3 lG, MP3/4-3 lG, HF/4-3 lG*, and MP2/4-3 lG* 
 level^.^ 

Discussion 
Structural and electronic aspects of 1' in the 90,90 ('A, and 

'B2 states) and the 90,O conformations have been discussed in 
detail (3). The structure of the 0,O conformer of 1' has not been 
reported. It is useful, however, to review briefly some of the 
features of all of these structures. The Mulliken overlap be- 
tween the carbons, the charge distribution, and the spin distri- 
bution in these conformers are shown in Tables 2, 3, and 4 
respectively. 

An interesting feature of the 'A, structure (90,90 conformer) 
is that the values of a, and a, indicate that C(l)  and C(2) have 
adopted a planar geometry (i.e. C(l)  and C(2) are sp' hybrid- 
ized). This geometry allows effective bonding between C(1) 
and C(2) even though LC(l)C(3)C(2) has increased relative to 

 he notation MP2/4-3 lG*//HF/4-3 1G indicates that a MP2 cal- 
culation with the 4-31G* basis set has been carried out at the equi- 
librium geometry obtained by Hartree-Fock calculations at the 4-3 1G 
level. In Table 5 the notation is simplified to MP2/4-31G*//4-31G. 

TABLE 2. Mulliken overlap populations for the carbons in 1 and 1' 

Overlap 
Molecule 

or ion Basis set ClCz Clc3 c2c3 

1 4-31G//4-31G 0.1705 0.1705 0.1705 
4-31G*//4-31G 0.2646 0.2646 0.2646 

1' (?A,) 4-31G//4-31G 0.0226 0.1922 0.1922 
4-31G*//4-3 1G 0.0597 0.2608 0.2608 

1' ('B2) 4-31G//4-31G 0.2060 0.0883 0.0883 
4-31G"//4-31G 0.3057 0.1332 0.1332 

1' (90,O) 4-31G//4-31G -0.0326 0.2557 0.2097 
4-31G*//4-31G -0.0169 0.3297 0.2508 

1' (0.0) 4-31G//4-31G -0.0609 0.3025 0.3025 
4-31G"//4-31G -0.0588 0.3654 0.3654 

that in 1. The magnitude of LC(l)C(3)C(2) (only 81.7") and 
the Mulliken overlap between C(1) and C(2) (Table 2) are an 
indication that there is a considerable C(l)C(2) bonding inter- 
action in this species. This geometry is consistent with the 
Walsh model for bonding in cyclopropane (14) in which the 
electron has been removed from the e: orbital. 

The values of a, and a, in the 'B2 state (90,90 conformer) are 
much smaller than that in the 'A, state. This structure has been 
described as a T-complex between ethylene and the methylene 
cation. It is preferable, therefore, to consider the angle P 
(Fig. l ) ,  which would have a value of 180" in the case of 
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WAYNER 

TABLE 3. Atomic charge densities in 1 and 1'" 

Molecule or ion Atom 4-3 IG//4-3 1G 4-3 IG*//4-3 1G 

"Atomic units. 

TABLE 4. Atomic spin densities and Fermi contact in 1'" 

4-3 1G//4-3 lGh 4-3 1G*//4-3 1G 

Spin Fermi Spin Fermi 
Ion Atom density contact density contact 

"Atomic units. 
bThe expectation value of S2 is 0.781,0.756,0.766, and 0.832, for 1' ('A,), 

1' ('B,), 1' (90,0), and 1' (0,0), respectively. 

ethylene. For 1' (2B,) P has a value of 167.2". The Mulliken 
overlap between C(l)  and C(2) has increased relative to 1 .  This 
structure is consistent with the Walsh model in which the elec- 
tron has been removed from the orbital of e: symmetry. 

The 90,O conformer of 1+ has approximately C, symmetry 
and exists as a 2A" ground state. In the 90,O conformer of 1' 
there is no evidence for bonding between C(l )  and C(2). The 
C(l)C(3) bond has shortened while the C(2)C(3) bond (C(2) 

FIG. I .  Representation of bonds and angles of l', as defined in 
Table 1. 

has rotated 90") has lengthened. The interesting feature of this 
conformer is that while the charge density is delocalized over 
the three methylene groups (Table 3) the spin density is local- 
ized on C(2) (Table 4), a consequence of the orthogonality of 
the two methylenes. In these delocalized species, considerable 
spin contamination might be expected since the calculations 
have been carried out within the unrestricted Hartree-Fock 
formalism. Our results show, however, that the contamination 
by quartet and higher terms is substantial in the 0,O conformer 
but small in the other three cases (Table 4). The application of 
spin annihilation methods would improve the (S2) values, but 
would not be expected to alter the basic conclusions. 

The 0,O conformer of 1' has C2 symmetry and exists as a 2A 
ground state. However, since the values of a, and a2 in this 
conformer are very close to 180.0" (actually 179.95"), it could 
be classified in the C2,, point group and, as such, would have 
a 'A, ground state. While there is substantial overlap between 
C(l )  and C(3) and between C(2) and C(3), there is no bond 
between C(1) and C(2) (Table 2). The CH bond lengths, the 
HCH angles, and the values of a,  and a2 are consistent with sp2 
hybridization at C(1) and C(2). The geometry at C(3), how- 
ever, is very different. The value of LC(l)C(3)C(2) is anoma- 
lously large (124.g0), the C(3)H bonds are anomalously long 
and the HC(3)H angle is smaller than expected (Table 1). This 
unique geometry can be understood. The steric repulsion be- 
tween the hydrogens on C( l )  and C(2) must be responsible for 
the unusually large value of LC(l)C(3)C(2). The value of 
124.8" is close to the value expected for a bond angle in an sp' 
hybridized carbon. If it is assumed that the hybridization at 
C(3) is sp2, then each C-C bond would be formed with one 
of the three available sp2 orbitals on C(3). This arrangement 
will leave one sp2 and one p-orbital to form the two C-H 
bonds. Rehybridization of the sp2 and p-orbitals leads to the 
formation of two spS-orbitals. The increased "p" character of 
these new orbitals leads to much longer C-H bonds (e.g. 
C(sp3)-H bonds are longer than C(sp2)-H bonds). Further- 
more, the angle between two sp5-orbitals is 101.2" (15), which 
is larger than the 93.0" obtained for the 0,O conformer but, 
nevertheless, is in the right direction. 

In the 0,O conformer of l', 85% of the charge is on the C( l )  
and C(2) methylenes and only 15% of the charge is on the C(3) 
methylene. The large negative charge on C(3) is likely a result 
of polarization of electron density similar to that found for the 
90,O conformer (3). As expected, most of the spin density is 
shared between C(l )  and C(2). It is found, however, that while 
C(3) has an excess of P-spin density, the hydrogens bonded to 
C(3) do izot have, as expected, an excess of a-spin density. The 
reason for this unusual behaviour is not understood. 

The surface for cis-trans isomerization and racemization of 
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TABLE 5 .  Relative energies of conformers of 1+ (kcal mol-')" 

Conformer 4-3 1G//4-3 1G 4-31G*//4-3 1G MP2/4-3 IG//4-3 1G MP3/4-3 1G//4-3 1G MP2/4-3 1 ~ * / / 4 - 3  1~ 

"The total energy of the 90,90 ('A,) conformer at the 4-3 1G//4-3 IG, 4-3 1G'"/4-3 IG, MP2/4-31G//4-3 IG, MP3/4-31G//4-3 IG, and 
MP2/4-3 IG*//4-31G levels are -I 16.573588, - 1 1  6.632448, - 116.812395, - 1 16.840616. and - 116.979836 hartrees, respectively. 

1 has been studied experimentally (5) and by molecular orbital 
methods (6, 7). The theoretical calculations predict that the 
barrier to racemization is less than the barrier to isomerization. 
This effect has been rationalized in terms of orbital symmetry 
allowed opening of the cyclopropane ring. At the transition 
state (the 0,O conformer) there is "pseudo-conjugation" through 
the central methylene, leading to the "allowed" conrotatory 
closure to give 1. The energy difference between the barriers 
for isomerization and racemization has been estimated to be 
approximately 2.5 kcal mol-' (7). 

It is interesting to compare the results obtained for the isom- 
erization and racemization of 1' to those results for 1. At the 
outset, it should be noted that the work of Collins and Gallup 
(2a) predicted the energy of the 'A, conformer to be 6.6 kcal 
mol-' higher than that of the 'B' structure. The results obtained 
from this study show that at all levels of theory used, the 'A, 
structure is lowest in energy (Table 5). Furthermore, recent 
experimental results have confirmed that the unpaired electron 
occupies the 60, orbital (16). 

The calculated barrier to cis- trans isomerization of 1 using 
a minimal basis set and configuration interaction with all single 
and double substitutions is 52.6 kcal mol-' (6a). This is an 
underestimate of the experimental value (65 kcal mol-', 8) 
since CI was performed only on the 90,O conformer. Moreover, 
a minimal basis set is too small for accurate CI calculations. 
There should be a large negative correction to the energy of 1 
when CI is included. Since, for 1 '  ('A,), the electron has been 
removed from an orbital which is predominantly bonding be- 
tween C(1) and C(2), the strength of the resulting one-electron, 
two-centre bond should be no more than half of the bond 
strength in 1. The calculated strength of the one-electron, two- 
centre bond depends on the basis set used (Table 5). However, 
even at the MP2/4-3 lG:qevel, the bond strength is still less 
than half of the experimental value. It is clear that as the basis 
set becomes more sophisticated, the calculated bond strength 
increases, and that inclusion of polarization functions has as 
great an effect as electron correlation. 

The calculated energy of the 0,O conformer of 1' (Table 5) 
is greater than the calculated energy of the 90,O conformer 
when electron correlation is not included. However, the effect 
of electron correlation is to reduce the energy of the 0,O con- 
former (in contrast to the effect of electron correlation on the 
energy of the 90,O conformer). The result is that the relative 
energy of the 0,O conformer is much less than the energy of the 
90,O conformer when electron correlation is included. This 
energy difference is as much as 10 kcal mol-I, far greater than 
the analogous energy difference calculated for racemization 
versus ~somerization in 1. 

The conrotatory closure of the 0,O conformer of 1' should be 
an allowed process by orbital symmetry. Since this conformer 
has a 'A, ground state, the singly occupied MO is symmetric 
with respect to rotation about the C(2) axis. Examination of the 

Frc. 2. Energy (relative to the 90.90 ('A,) conformer of 1') versus 
the torsional angle (OZ) for the single methylene rotation of 1'. 

molecular orbital coefficients reveals that there is no con- 
tribution from the atomic orbitals on the C(3) methylene. This 
can be rationalized since the 0,O conformer is structurally re- 
lated to the allyl radical (a protonated allyl radical). The singly 
occupied MO of the 0,O conformer is, in fact, electronically 
very similar to the singly occupied MO of the allyl radical. 

The partial surface for twisting of one methylene from the 
'A, state of 1' to the 90,O conformer has been obtained. The 
fully optimized geometries of 1' in the 90,O; 90,lO; 90,20; 
90,30; 90,60; and 90,90 conformations reveal several inter- 
esting trends. The energy profile for twisting is shown in Fig. 
2. It is clear that near the transition state the torsional surface 
is very "soft"; i.e. since there is little bonding between C(1) and 
C(2), rotation of C(2) has only a small effect on the relative 
energy. Near the 'A, structure, however, small changes in 0(2) 
result in larger changes in the relative energy. This is expected, 
since the one-electron, two-centre bond is being broken by 
twisting. This can be compared to twisting in the ethylene 
radical cation (17) where the torsional potential is much softer. 
At a torsional angle of 30°, the energy change is only 1.6 kcal 
mol-' at this level of theory (compared to over 7 kcal mol-' in 
1 k). 

The surface for synchronous conrotatory and synchronous 
disrotatory opening of the 90,90 conformer of 1' to the 0,O 
conformer of 1' is shown in Fig. 3. The points at 90°, 60°, 45", 
30°, and 0" were obtained from the fully optimized structures 
in each conformation. The points at 85", 80°, lo0, and 5" were 
single point calculations using the optimized structural pararn- 
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WAYNER ET AL 

FIG. 3. Energy (relative to the 90,90 ('A,) conformer of 1') versus 
the torsional angle for (a) conrotatory double rnethylene rotation (0) 
and (b) disrotatory double rnethylene rotation (0) of 1'. 

eters from the 90,90 conformer or the 0,O conformer. 
It is found that the transformation of the 90,90 conformer 

('A,) of 1' to the 0,O conformer ('A,) by synchronous con- 
rotation occurs on the 'A surface with an activation energy of 
about 24 kcal mol-' near a torsional angle of 40". On the other 
hand, disrotation of the 90,90 conformer begins on the 'A' 
surface while disrotation of the 0,O conformer begins on the 'A" 
surface. These torsional surfaces are remarkably similar to state 
correlation diagrams determined for disrotation and conrotation 
of the cyclopropyl radical (18a). In contrast to 1', however, in 
the case of the cyclopropyl radical the ground state orbital 
symmetry is not the same as the ground state orbital symmetry 
of the ally1 radical (18b), so the two orbitals do not correlate 
with each other. 

It is clear that neither disrotation nor conrotation is over- 
whelmingly preferred. Both modes appear to have some activa- 
tion barrier. Calculations by Goddard and co-workers on the 
trimethylene biradical, on the other hand, suggest that dis- 
rotatory closure of the biradical is activated while conrotatary 
closure is activationless (7). It would appear, therefore, that the 
opening of 1' more closely parallels that of the cyclopropyl 
radical. 

The geometric changes associated with single methylene 
rotation are also of interest. As the torsional angle is decreased 
from 90 to O", there is a progressive increase in the value of 
LC(l)C(3)C(2). This is expected as the extent of bonding 
between C(1) and C(2) decreases (Fig. 4a). 

The associated wagging of the methylenes (C( 1) and C(2)) is 
particularly intriguing. Salem and co-workers, in their study of 
the isomerization of 1, found that large pyramidal distortions 
were associated with the trimethylene structures (6a). For the 
90,O conformer (of 1) this distortion from planarity was 14" for 
the carbon that had twisted. At the STO-3G level, a pyramidal 
distortion of the C(2) methylene (in the 90,O conformer of 1') 

FIG. 4. (a) LC(l)C(3)C(2) versus torsional angle (0J; (b) wagging 
angle of the C(1) rnethylene ( a , ,  positive values arc in the direction 
of the central rnethylene) versus the torsional angle (el); and (c) 
wagging angle of the C(2) rnethylene (az ,  positive angles are in the 
direction of the central rnethylene) versus the torsional angle for the 
single rnethylene rotation of 1'. 

of 28" is observed. However, at the 4-3 1G level, this distortion 
completely disappears. 

The wagging motion of the C( l )  methylene of 1' as the 
torsional angle is decreased from 90 to O" reveals that initially 
there is a small pyramidal distortion away from the central 
methylene (Fig. 4b). This distortion reaches a minimum near 
0' = 30" and, near the transition state, undergoes an inversion 
so that, at the transition state, the C(1) rnethylene is pyr- 
amidally distorted towards the central methylene. The in- 
version near the transition state is best rationalized as a result 
of the steric repulsion between the hydrogens of the C( 1) meth- 
ylene and the hydrogen of the C(2) methylene. 

The C(2) methylene slowly pyramidalizes away from the 
C( l )  methylene as the torsional angle decreases (Fig. 4c) and 
reaches a maximum near O2 = 1.5". At the transition state, there 
is no pyramidal distortion at the C(2) methylene. This motion 
is a response to increased steric interaction with the C( l )  meth- 
ylene, which moves towards one of the hydrogens bonded to 
C(2). The observation that the distortion of the C(2) methylene 
continued even after the distortion of the C( l )  methylene has 
reached a maximum is consistent with this idea. At (or near) a 
torsional angle of 15", further pyramidalization of the C(2) 
methylene becomes energetically less favourable than de- 
pyramidalization of the C(l)  methylene. So, while the wagging 
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motion of the C(2) methylene can be rationalized as a motion 
coupled to the motion of C( l ) ,  it is not immediately clear why 
pyramidalization of C ( l )  should be favourable. Goddard and 
co-workers (7) suggested that the pyramidal distortions in tri- 
methylene were favourable, since this conformation avoided 
eclipsing of more than two bonds. This explanation is feasible 
in the trimethylene system where the distortions are large. For 
I t ,  where the distortions are much smaller, this suggestion 
seems less likely. However, it should be noted that this repre- 
sents a non-dynamic path between the 90,90 (2A,) conformer 
and the 90,O ('A") conformer, since the conformation of the 
C( l )  methylene is fixed. 

These results have some relevance to ion cyclotron reso- 
nance and mass spectral experiments reported in the literature. 
For example, Ausloos and co-workers reported that the proton 
transfer reaction between I' and methanol occurred at the same 
rate as proton transfer from the propylene radical cation to  
methanol ( l c ) .  It was concluded that the proton transfer from 
1' to methanol only occurred from "ring opened" 1' and that 
at an ionization voltage of 10.6 eV only 15- 16% of 1' under- 
went the ring opening. It makes sense that the facile proton 
transfer will occur from the 0,O conformer of l', since the 
terminal methylenes will be in a conformation similar to the 
geometry of the ally1 radical. The similarity of the rate coeffi- 
cients to that for the propylene radical cation is expected for 
deprotonation from this conformation, because in both cases 
the proton can be lost along a line perpendicular to the devel- 
oping n-system. In contrast, the "ring o p e n e d  species in the 
90,90 conformation is less likely to deprotonate, since the 
deprotonation would either give, initially, an orthogonal 
n-system or synchronous rotation of two methylenes would 
have to occur. In neither case is the reaction expected to be 
even competitive with the deprotonation of the propylene radi- 
cal cation. 

The  adiabatic ionization potential of 1 is 9 .8  eV (19). It is 
interesting to note that, using an ionizing voltage of 10.6 eV,  
the initially formed ion has an excess energy of about 18 kcal 
mol-I. That this only leads to 16% ring opening is consistent 
with the activation barrier of about 24  kcal mol-' calculated for 
double methylene rotation of 1'. An explanation of this result 
is important, because the barrier to isomerize 1' to the pro- 
pylene radical cation is much larger than 2 0  kcal mo]-' ( l a ) .  
However, it is evident from this work that isomerization of 1' 
to the propylene radical cation need not precede the de- 
protonation. Therefore, there is no need to invoke special con- 
ditions under which the barrier to isomerize 1' to the propylene 
radical cation would be low. The difficulty will be in dis- 
tinguishing between reactions which occur from the ring 
opened (0,O) conformer of 1' and from the propylene radical 
cation, since their reactivities, toward deprotonation, should be 
similar. 

Recently, Williams and co-workers have reported esr evi- 
dence for the 90,O conformer of the cyclopropane radical cation 
(20) and the tetramethylcyclopropane radical cation (21). The  
structural assignments were based on analysis of the esr spectra 
that were irreversibly produced upon annealing a Freon matrix 
containing the radical cation in the 90,90 conformation. The  
assignments were made in part by analogy to a similar study of 
the oxirane radical cation (22). Clearly, these assignments can- 
not be correct. 

In the case of oxirane, the lone pair of electrons in the 2 p  
orbital will increase the bond order to the carbons. It is not 
surprising that the 0,O conformer of this species is more stable 

than the 90,90 conformer. For l', however, opening of the ring 
(whether by single or double methylene rotation) is endo- 
thermic. Our calculations show that the ring closure of the 90,O 
conformer is activationless; therefore, if formation of this con- 
former were to occur, it must be reversible. 

There is an alternate interpretation to the esr results of 
Williams and co-workers. W e  suggest that the irreversible re- 
action that occurs, upon annealing the matrix, leads to the 
formation of the 3-chloro-l -propyl radical, in the case of l', 
and C(CH3)2C1CH2C(CHj)2- from the tetramethylcyclopropane 
radical cation. The  evidence in favour of this alternative is 
strong. Interaction of radicals and radical ions with chlorine or  
chloride in Freon matrices is known (23). The reported esr 
parameters for the 3-chloropropyl radical are very similar 
(within fractions of a gauss) to those parameters determined 
from the esr spectrum of the radical in the annealed matrix (24). 
In the case of the tetramethylcyclopropane radical cation (21) 
it was noted that the radical CC13CHZC(CH3),. has the same esr 
parameters as the species observed in the annealed matrix. It 
was suggested that the electron-withdrawing nature of -CC13 
would be similar to the electron-withdrawing nature of 
-C(CH3)?+ and the assignment to the perpendicular radical 
cations was made on this basis. However, the radical 
C(CH3)3CH2C(CH3)2- also has a very similar spectrum (25); 
thus it is not unlikely that C(CH3)2CICHZC(CH3)2. also has a 
similar esr spectrum. 
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Synthesis, base strength, and prototropic behaviour of a number of alkyllumazines 
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ROSS STEWART and S. J .  GUMBLEY. Can. J .  Chem. 63, 3290 (1985). 
A number of lumazines and 5-deazalumazines containing a methyl group at C-7 have been prepared, their pKBH+ values 

determined, and measurements made of the rates at which the hydrogen atoms of their 7-methyl groups undergo isotopic 
exchange in aqueous sulfuric acid. The presence of an alkyl group at N-8 in the protonated forms of these compounds activates 
the neighbouring methyl group at C-7; the effect is considerably larger than that previously observed for a methyl group at C-6, 
which is the other neighbouring position. The comparison of methyl and hydrogen at N-8 can be made only for the 
acid-catalyzed reaction because the structures of the neutral compounds, which take part in the base-catalyzed reaction, are 
not analogous. 

Ross STEWART et S. J .  GUMBLEY. Can. J .  Chem. 63, 3290 (1985) 
On a prkpark un certain nombre de lumazines et de dCaza-5 lumazines contenant un groupement mkthyle en position C-7; 

de plus, on a determink les valeurs de leurs pKBH+ et, opkrant dans de I'acide sulfurique aqueux, on a mesure les vitesses 
d'kchange isotopique des atomes d'hydrogenes de leurs groupements mkthyles en C-7. La prksence d'un groupement alkyle 
dans la position N-8 des formes protonkes de ces composCs active le groupement mCthyle voisin en C-7; cet effet est beaucoup 
plus important que celui observk antkrieurement pour un groupement mCthyle en C-6, I'autre position adjacente. On ne peut 
faire une cornparaison entre les effets des groupements mkthyles et ceux des atomes d'hydrogenes en N-8 que pour les rkactions 
acido-catalysCes puisque les structures des composks neutres, qui prennent part 3 la rkaction catalyske par les bases, ne sont 
pas semblables. 

[Traduit par le journal] 

Introduction 
In 6,7,8-trimethyllumazine, 1, the 7-methyl group (marked 

by an asterisk) is reactive and undergoes rapid general base 
(and general acid) catalyzed exchange in protic solvents (I -6). 
The presence of an N-alkyl group (position 8) is important here, 
as noted by Beach and Plaut (2), since the parent ring system 
has the form shown in 2, with the consequence that a 7-methyl 
substituent in such compounds as 2 is relatively inert to the 
action of base. 

The kinetics and mechanism of both the general base and 
general acid catalyzed reactions have been thoroughly studied 
previously (1 -6); the ease with which the two exchange pro- 
cesses (and other reactions) take place is a result of the stability 
of 3 and 4, which are the respective intermediates in the general 
base and general acid catalyzed routes for 1. 

isotopic exchange, although their reactivity is much less than is 
the case with the 7-methyl group in 1.  

We have previously observed that an alkyl group at position 
6 activates the reactive methyl group at the neighbouring posi- 
tions in 1 and 5, whereas more distant methyl groups are 

substantially deactivating, as shown, for example, by the mutu- 
a1 deactivating effects of the 5- and 7-methyl groups in 5 (R = 
R' = CH,) (6, 7). 

We wished to examine the effect of a neighbouring alkyl 
group at nitrogen (position 8 in, for example, 1) to see if it too 
activates the group at position 7. As noted earlier, the reactions 
of 1 and 2 with base cannot be directly compared because of 
structural differences. Although the general base catalyzed re- 
action is thus disqualified from consideration in this respect, 
the general acid catalyzed reaction is not. This is because 
protonation occurs at N-8 in 2 (7), and at N-1 in 1,' which 

3 4 H H 
N. i-I N 

In the case of 5,7,8-trimethyl-5-deazalumazine 5 (R = R' = I21 2 + H +  = cH3",qg 
CH,), the methyl groups at the 5-  and 7-positions both undergo CH3 

- 
0 

' Author to whom correspondence may be addressed. 'References 5 and 8, and references therein. 
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STEWART AND GUMBLEY 

TABLE I. Basicity constants and rates of exchange of lumazines and de- 
azalumazines in sulfuric acid solution at 25OC 

Compound 

- 

"Reference 6 gives 0.93. 
"Insoluble. 
' Reference 6. 

produces identical cations except for the substitution of hydro- 
gen for methyl at N-8 (eqs. [ l ]  and [2]). 

In the present work we compare the rate of exchange of 
deuterium for protium in the 7-methyl groups of 1 and 2 and at 
the 5- and 7-positions of 5 (R = CH,, R' = H or CH,) under 
strongly acidic conditions. In addition, several other relevant 
lumazine derivatives have been prepared and examined. 

Experimental 
Synthesis 

(a) 8-Al!iyllumnzines 
6-Chlorouracil was nitrated by the method of Cheng and Cheng (9) 

to give 6-chloro-5-nitrouracil, which was converted to the several 
6-alkylamino-5-nitrouracils by treatment with the appropriate al- 
kylamine. These compounds were then suspended in 50% 
ethanol-water and reduced with sodium dithionite. A 1,2-diketone 
(butane-2,3-dione or pentane-2,3-dione) was added to the warm solu- 
tion of the diamine and the mixture heated for a further 15 min. 'The 
reaction solutions were then taken to dryness and separated on a silica 
gel column w~th methanol/water as the eluant. The resulting lum- 
azines were recrystallized from ethanol-water to give yellow to or- 
ange crystals. The products were 1 (I),  6 (6), and 8. The nmr spectra 
of 8 consisted of a tr~plet centered at 6 1.77 (3H), singlets at 2.97 (3H) 
and at 3.17 (3H), and a quartet centered at 4.96 (2H). Annl. calcd. for 
CIOHIZN402: C 54.54, H 5.49, N 25.44; found: C 54.34, H 5.57, N 
25.58. 

(b) 6,7-Dimethyllumazine (2) and 7-methyllurnnzine ( 7 )  
These compounds were prepared in the same manner as the N- 

alkyllumazines, except that 5,6-diaminourac~l and butane-2,3-dione 
and pyruvaldehyde were used. The latter compound gave a mixture of 
the 6- and 7-methyl isomers. (Sharefkin, using the same method, 
appeared to get only 7-methyllumazine (lo).) The exchange reactions 
were carried out on the mixture and showed that the hydrogen atoms 
of the methyl group of only one of the components underwent ex- 
change. Exchange was also observed for one of the methyl groups of 
2, presumably that at the 7-position since Beach and Plaut observed 
that 6-methyllumazine does not undergo exchange in DZO (2). Com- 
pound 2 was recrystallized repeatedly from water and gave white 
crystals. Anal. calcd. for C8HnN40Z: C 50.00, H 4.20, N 29.15; 
found: C 49.75, H 4.30, N 29.05. 

(c) 5-Denzalumazines 
Compound 9 was prepared as previously described (6). 6,7-Di- 

methyl-5-deazalumazine (lo),  which has been previously synthesized 
by Robins and Hitchings ( I  I), was prepared by the following alterna- 
tive procedure. 6-Aminouracil in 10% sulfuric acid was refluxed with 
the dimethyl acetal of 2-methyl-3-oxobutanal for 2 h. The solution 
was cooled and neutralized with aqueous ammonia and the precip- 
itated solid crystallized repeatedly from water to give white crystals of 

10; nmr in trifluoroacetic acid, 6: 2.63 (3H), 2.93 (3H). and 8.94 
(IH). 5,6-Dimethyl-5-deazalumazine (11) was prepared as described 
by Wood et a / .  (12), except that the mixture was refluxed for 3 h 
instead of being stirred at room temperaturc for 36 h; the product was 
recrystallized from water - dimethyl sulfoxide. The nmr spectrum of 
the product in trifluoroacetic acid agreed with that given by Wood et 
nl. 

p KHH+ mensurements 
Basicity constants were determined spectrophotometrically in aque- 

ous solution, essentially as previously described (6), except that aque- 
ous sulfuric acid was used for the least basic compounds, with the Ho 
value of the solution being used to calculate pKB,+- (13). 

Rate measurements 
The exchange reaction was followed in D2S04-D20 mixtures by 

means of nmr spectroscopy, essentially as previously described 
(4, 14). 

Results and discussion 
In Table 1 ,  the exchange kinetics for the lumazines and 

deazalumazines are given for two concentrations of sulfuric 
acid. The rates are generally smaller in the more concentrated 
acid, presumably as a result of the lower activity of water in this 
solution; incomplete protonation of some of the substrates in 
the 25% acid medium appears to be largely responsible for the 
variation in the ratios of the rates in the two media from com- 
pound to compound. (The weakest base among the compounds 
studied is 7-methyllumazine (7), for which pKBH+ must be more 
negative than -2.0, judging from the effect of the additional 
6-methyl group in 1 compared to 6; because the H ,  scale was 
used in the pK determinations and the Ho value of 25% sulfuric 
acid is only - 1.4, the substrate will be less than 20% pro- 
tonated in this medium.) 

It is clear from a comparison of the reactivities of 1 and 2, 
6 and 7 ,  and 9 and 10 that replacing a hydrogen atom at position 
8 with a methyl group has a large accelerating effect (between 
one and two orders of magnitude) on the exchange rate of the 
protons of the adjacent methyl group. This effect is in the same 
direction but is significantly greater than the effect of a methyl 
group at the other neighbouring position, that is, at position 6. 
It is also greater than the effect that N-methylation produces in 
pyrimidonium systems (15). There is always the possibility in  
reactions of the type considered herein that the reactive pro- 
tonated intermediate is not the normal cationic form (eq. [2]) 
but a minor tautomer, which would make a simple comparison 
of rates invalid. This possibility seems remote in the present 
instance since the only stable neutral intermediate that can be  
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O.D. 

FIG. 1.  Ultraviolet absorption spectra of 1 (solid line) and 2 (dotted 
line) in 52% aqueous sulfuric acid, C = 5.1 X lo-' molar; A,,, and 
log E values are, for 1, 358 nrn (4.15) and 245 nrn (4.02), and for 2, 
347 nrn (4.00) and 236 nrn (4.15). 

formed by deprotonating the 7-methyl group is 4, which is 
derived from the predominant cation (eq. [2]). In this con- 
nection, the ultraviolet spectra of 1 and 2 are very similar in 
acid solution (Fig. l) ,  except that the 8-methyl group that is 
present in the conjugate acid of 1 and absent in that of 2 causes 
a red shift of about 10 nm in the principal absorption bands. As 
can be seen, the neutral forms of 1 and 2 have quite different 
spectra (Fig. 2). Furthermore, the nmr spectra of 1 and 2 in 
trifluoroacetic acid solution are very similar except for the 
presence of an additional methyl absorption in the conjugate 
acid of 1. The 7-methyl group (that which undergoes exchange) 
is at 6 2.98 in 1.H' and at 2.93 in 2.Ht; the 6-methyl group is 
at 2.68 in l.H' and at 2.63 in 2.H'. 

We had earlier considered the possibility that strain induced 
by the presence of adjacent alkyl groups might be responsible 
for the higher reactivity we have found to be associated with 
~ l u s t e r i n ~ o f  methyl goups,  although it is not obvious in many 
cases that a partial proton loss from a C-5 or C-7 or analogous 
methyl group would, in fact, relieve such strain. An exam- 
ination of the crystal structures of a number of alkyl substituted 
pyrimidonium salts that exhibit steric acceleration showed that 
ring strain was not the major factor in determining the reactivity 
of the groups in question, although it appeared to play a role in 
several cases (15). It is entirely possible that the lumazine 
system is more sensitive than the pyrimidonium system to ring 
strain and that this is reflected in the large effect we observe for 
alkylation of the nitrogen atom at position 8. At any rate, it is 
clear that the phenomenon of neighbouring alkyl groups in- 
creasing the prototropic reactivity of the 7-methyl group in 
lumazines and 5-deazalumazines applies to methyl substitution 
at both positions 6 and 8, with substitution at the latter position 
producing the larger effect. It can be seen from the results in 
Table 1 that the effect of ethyl at N-8 is little different from that 
of methyl; repeated attempts to prepare the compounds pos- 
sessing an isopropyl or tert-butyl group at N-8 were un- 
successful. 

With regard to conformational effects in the sidechains 
themselves, it may well be that proton loss from methyl 
changes the conformation from one that is gear-clashed 

CH. I 

FIG. 2. Ultraviolet absorption spectra of 1 (solid line) and 2 (dotted 
line) in water, C = 5.1 x lo-' molar; A,,, and log E values are, for 
1,  403 nrn (4.06) and 275 nrn (4.02), and 255 nrn (4.15), and for 2, 
328 nrn (4.01) and 249 nm (3.93). 

methyl-methyl (16, 17) to one that is gear-meshed (or gear- 
locked) methyl- methylene. The possibility that this effect is 
favourable, together with a consideration of polarizability 
effects and hybridization changes at nitrogen, will be addressed 
in a subsequent publication. 

Basicity constants 
Lumazines that carry an 8-substituent have a ring structure of 

the type shown in 1 and those that lack such a group have a ring 
structure of the type shown in 2. The greater stability of the 
latter system is reflected in the lower basicity of such com- 
pounds, the difference amounting to 1.7 pK units in the case of 
the isomeric compounds 2 and 6. In the case of the de- 
azalumazines the pK difference appears to be somewhat less, 
being only 1.4 units (including the inductive effect of an addi- 
tional methyl group) in the cases of 9 and 10. 
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MICHAEL JESSE BLANDAMER, JOHN MARSHALL WILLIAM SCOTT, and DANNY SUMMERS. Can. J .  Chem. 63, 3294 (1985). 
The differential equations which describe the kinetics of the general reaction 

kl k3 
A + B  8 C +  D 

k2 
are cast in a nondimensional form and analysed. The problem reduces to two first-order nonlinear ordinary differential 
equations containing three nondimensional constants together with two initial conditions. Composition-time curves are 
deduced for the general case. For the case when k 2 / k l  [Ale << 1, where [A],, is the initial concentration of A, simple analytical 
solutions are obtained. Numerical integrations of the full equations are reported and the analytical solutions are found to 
represent accurate solutions to the nonlinear problenl for sufficiently small values of k 2 .  

MICHAEL JESSE BLANDAMER, JOHN MARSHALL WILLIAM SCOTT et DANNY SUMMERS. Can. J .  Chem. 63, 3294 (1985). 
On a dCveloppC une forme sans dimensions et on a analyse les equations differentielles qui dtcrivent la rtaction gCnCrale 

kt k3 
A + B  * C + D 

kz 
Le probleme est alors reduit i deux equations differentielles ordinaires, non lineaires, du premier degrC et contenant trois 
constantes sans dimensions et B deux conditions initiales. On a dtduit, dans le cas gkntral, les courbes de la composition en 
fonction du temps. On obtient des solutions analytiques simples pour le cas ou k , / k l  [A], << 1 ([A], est la concentration initiale 
de A). On rapporte des integrations numkriques des Cquations completes et, dans les cas ou les valeurs de k2 sont suffisamment 
faibles, on a trouvC que les solutions analytiques representent des solutions prtcises au probleme nonlintaire. 

[Traduit par le journal] 

Introduction 
Recently we have been interested in the behaviour of the 

lA1 - - kl [A] [B] + k,[C] 131 dt - 
system, 

where k,. k,, and k3 are first-order constants (1) .  The mathe- 151 = kl [A] [B] - (k2 + k3) [C] 
matical techniques for handling this and related systems are 
well developed. No analysis has been attempted in the case that 

d [Dl k, is a second-order constant. The present contribution is an 161 - 

account of the formal treatment of the system 
- k3lCl 

kl k3 
(21 A + B  * C +  D and subject to the boundary conditions, 

k2 [7] [A] = [A],, [B] = [B],, [C] = 0 ,  [Dl = 0 at t = 0 
where kl in eq. [2] is a second-order constant. It is intended to 
use the relationships and techniques discussed in this paper for If the concentrations [A], [Bl, [Cl 7 and [Dl are measured on the 

a kinetic and thermodynamic discussion of the system molar concentration scale, their second-order rate constant k, 
has the dimensions dm3 mol-' s-I, and the first-order rate 

[2a] A + B F ? C d D + E  constants k, and k3 have dimensions s-I. The system of eqs. 

In the meantime the results reported in this paper would appear 131-[6] is symmetrical with respect to the interchange of [A] 

to be of general interest. and [B]. 

The general reaction, [2], is described by the following sys- Equation [4] may be readily integrated to give 
- - 

tern of differential equations: 181 (81 = [A1 + lB10 - [A10 

' Author to whom correspondence may be addressed. and from eqs. 131, [5], and [6] we may deduce that 
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from which we deduce the further integral 

[I01 [A1 + [Cl + [Dl = [A],, 

Equation [lo] is more usually derived from the condition of 
mass balance for the system. 

Elementary considerations of the isoclinals of the system 
lead to the following results: 

(a) If [A], = [B]", then 

[ I l l  [A]-+O, [B]-+O,  [C]-+O, [Dl-+ [A],, a s t - +  a 

(b) if [A], > [B],, then 

[I21 [A1 -+ [Alo - @lo, P I - +  0,  [Cl-+ 0,  
[Dl -+ [BIo, as t -+ 

The symmetry of the problem with respect to A and B makes 
the case when [A]" < [BIo superfluous since it is equivalent to 
(b) above. The mathematical conclusions [I 11 and [12] follow 
the anticipated physical behaviour of the system for large 
times. 

It is useful to define the following nondimensional variables: 

With these variables the system [3]-[8] and [9] reduces to 

L161 YI(O) = l , y ? ( O ) = O  

[I71 ~3 = 1 - Y I  - ~2 

[I81 y4 = Y I  - (1 - a )  

where a ,  p, and y are defined by the relationships 

[I91 a = [Blo/[Alo; P = kZ/kl [Ale, 

and y = k3/kl [AIo 
The general problem is thus reduced to the solution of the 

nonlinear, autonomous system represented by eqs. [14] and 
[15], subject to the initial conditions [16], where a is a constant 
such that 0 < a 5 1, and p and y are both positive constants. 
Unfortunately, exact analytical solutions to eqs. [14] and [15] 
cannot be obtained, even in the special case when a = 1. 
Nevertheless, the qualitative behaviour of the dimensionless 
quantities y , ,  y2, y3, and y, is readily deduced, and the results 
are given schematically in Fig. 1. 

Analysis 
If we add eqs. [14] and [15] then 

Equation [20] may be integrated to yield 

Solutions for the model are straightforward for cases when k2 
is small, i.e. when 0 < p << 1. If P = 0 ,  eq. [14] is reduced 

FIG. 1. Schematic solution curves of the system [14]-[18] in the 
cases a = 1, and 0 < a < 1. These curves represent solutions to the 
reaction [2] for all possible values of the rate constants k , ,  k l ,  and k, ,  
and all initial concentrations [A]" and [B]". 

to a separable equation when a = 1, and to a Bernoulli Equa- 
tion if 0 < a < l (e.g. see ref. 2). The appropriate solutions 
are given by 

[22] yl(x) = 1/(1 + x), a = 1 

[23] yl(x) = (1 - a ) / ( l  - ae-'l- "'"), 0 < a  < 1 

and the corresponding solutions for y2, obtained from eq. [21], 
are 

where 
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FIG. 2. Solution curves for the case k l  = 1 dm3 mol-' s-', ks = 2.5 X lo-' s-I, [Ale = [B]" = lo-' rnol dm-"i.e. a = 1, y = 0.25). 
The broken curves represent the analytical solutions [22], [24]; the full curves represent the numerical solution of the system [14]-1181 when 
kZ = 5 X S-' (i.e. P = 0.05). The set of particular points shown are those of the numerical solution of [14]-1181 when k2 < 5 X 

s-I (i.e. fj < 5 x 10-7). 

where Substitution of eqs. [29] and [30] into eqs. [13] and [lo] leads 
.(I -.)I u($-- I) to solutions for Y, ,  and Y2, in the form 

) =  d u 
[31] Y,,(x) = I- r ( u  + l)'$(u) du 

Results [22] and [23] are well known (e.g. they appear in a (x + o 

slightly different form in ref. 3, pp. 335-336). The reader is 
[32] Y2,(x) = -Yll(x) + ye-?" also referred to the related work in refs. 6 and 7. 

In general, the integrals I, and I, are not expressible in 
simple, closed form although they may be evaluated to any for the case a = 1. The series solutions [29] and [30] are not 

desired precision by a suitable numerical quadrature (e.g. a considered further here. Rather, the utility of the zero-order 

5-point Newton-Cotes formula as, for instance, given in solutions [22]-[25] is examined by comparing these with the 

ref. 4). numerical solutions of eqs. [14] and [15]. 

The integral I, can be evaluated in closed form for some 
special cases, e.g. for y/(l  - a )  = 1, 2, 3 , .  . . . , or for 
y/(l  - a )  = 112. Examples of such solutions are 

e( l  - a ) x  - 
[271 I, (x) = e" - - 1 + a l n {  - a a ] ,  

If desired, the solutions [21]-[24] may be extended by 
setting 

1291 yl (x) = Y ,(x) + PYl l  (x) + P2Y12(x) + . . . 
[301 Y,(x) = Y2(x) + PY21(x) + P2Y22(x) + . . . 
where YII(0) = YI2(0) = . . . = Y2,(0) = Y2,(0) = . . . = 0. and 
j , ,  5, are the zero-order solutions given by eqs. [21]- [24]. 

Numerical results and discussion 
Figures 2 and 3 represent solutions to the model when a = 

1 and a = 0.5, respectively. In both figures the values for k, 
and k3 are respectively 1 dm3 mol-' s-I, 2.5 X s-I, and 
[Ale = mol dm-3. In Fig. 2 we have taken [BIo = low2 mol 
dm-3, and in Fig. 3 we have taken [B], = 5 X mol dm-3. 
Equations [14] and 1151 were integrated numerically on an IBM 
370 machine using an algorithm based on a modified divided- 
difference form of the Adams-Pece formulae and local extra- 
polation (see ref. 5). The algorithm adjusts the order of the 
interpolation scheme and the step size so as to control the local 
error per unit step. The analytical solutions [22]-[25] were 
found in general to represent accurately the numerical solutions 
to the full equations for sufficiently small values of the param- 
eter p. In particular, the analytical and numerical com- 
position-time curves are virtually coincident for values of p 
when p < 5 X (or k2 < 5 X s-I) for a = 1, and when 
p < 0.01 (or k2 < loT4 s-I) for a = 0.5. Numerical solutions 
are also given for p = 0.05 in both of the cases a = 1 and cr 
= 0.5. We note that when the concentration of species B is 
depleted the reaction approximates a simple (first-order) reac- 
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BLANDAMER ET AL. 

FIG. 3. Solution curves for the case kl = 1 dm%olol s-I, k, = 2.5 X lo-%-', [A], = mol dm-', and [B], = 5 X 10-"01 dm-' 
(i.e. (Y = 0.5, Y = 0.25). The broken curves represent the analytical solutions 1231, [25]; the full curves represent the numerical solution of the 
system 1141-1181 when kz = 5 x s- '  (i.e. p = 0.05). The set of particular points shown represents those of the numerical solution of 
[14]-[I81 when k2 < s-' (i.e. P < 0.01). 

tion, and the model becomes virtually linear. This situation 
occurs in Fig. 3 for x > 6 (or t > 600 s). General solutions for 
[C] and [Dl when [B] is negligible (or when [A] , [A], - [B],) 
are given by 

where K is a constant depending on the parameters ci and y. 
Results [33] may be deduced from the solutions [17], [18], 
[23], and [25] by letting x + m. 

In summary, we find that though the full nonlinear equations 
1131 and [14] are not amenable to analytical solutions, the 
simple analytical solutions [22]-1251 represent accurate, use- 
'hl solutions to the nonlinear model for the case when the 
parameter p = k2 /k ,  [A], is sufficiently small. 

1. M. J. BLANDAMER, J. BURGESS, R. E. ROBERTSON, and J.  M. W. 
SCOTT. Chem. Rev. 82, 259 (1982). 

2. E. L. INCE. Ordinary differential equations. Dover, New York. 
1956. 

3. W. J. MOORE. Physical chemistry. Prentice-Hall, New Jersey. 
1972. 

4. R. L. BURDEN, J. D. FAIRES, and A. C. REYNOLDS. Numerical 
analysis. Prindle, Weber, and Schmidt, Boston. 1981. 

5. L. F. SHAMPINE and M. K. GORDON. Computer solution of ordi- 
nary differential equations. The initial value problem. Freeman, 
San Francisco. 1975. 

6. C. H. BAMFORD and C. F. TIPPER (Editors). Comprehensive 
chemical kinetics. Vol. 2. Theory of kinetics. Elsevier, Am- 
sterdam. 1969. 

7. R. L. ANDERSON, R. S. NOHR, and L. 0 .  SPREER. J.  Chem. Educ. 
52, 437 (1975). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



The crystal structure of a chiral m-cyclophane 
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T. H .  CHAN, G. J .  KANG, F. BELANGER-GARIEPY, F. BRISSE, and K. STELIOU. Can. J. Chem. 63, 3298 (1985). 
The crystal structure of a chiral rn-cyclophane, the a-isomer of (S)-a-methoxy-a-(trifluoromethyl)phenylacetate ester of 

13-(methoxycarbonyl)-14-hydroxy-17-methyl-[I I]-m-cyclophane (C30H3705F3r FW = 534.62) has been solved by direct 
methods and refined by a least-squares procedure to a final R = 0.048 for 2756 independent r~flections. The crystals belong 
to the orthorhombic system, a = 10.8077(13), b = 13.676(3), c = 19.060(4) A, V = 2817.2 A', Z = 4, and the space group 
is P2 ,2 ,2 , .  The absolute configuration of the chiral plane, using the S-configuration of the a-methoxy-a-(trifluoromethy1)phen- 
ylacetate ester as reference, is found to be S, in agreement with the X-ray result. The 14-membered ring has the slightly 
distorted rectangular conformation that has been described by Dale as the rectangular diamond-lattice conformation [3434]. 
The distortions, also observed in similar 14-membered rings, have been successfully approximated by molecular mechanics 
calculations. 

T. H. CHAN, G. J .  KANG, F. BELANGER-GARIEPY, F. BRISSE et K. STELIOU. Can. J .  Chem. 63, 3298 (1985). 
La structure cristalline d'un m-cyclophane chiral, l'isomkre a de I'ester (S)-a-mCthoxy-a-(trifluorom6thyl)phCnylactate de 

I3-(mCthoxycarbonyl)-14-hydroxy-l7-rnCthyl-[ll]-m-cyclophane (C30H3705F3r PM = 534,62) a CtC dCterminCe par methodes 
directes et affinCe par moindres-carrCs jusqu'a la valeur finale de R = 0,048 pour 2756 rCflexions unique!. Les cristaux 
appartiennent au systkme orthorhombique, a = 10,8077(13), b = 13,676(3), c = 19,060(4) A,  V = 2817,2 A', Z = 4 et le 
groupe d'espace est P2 ,2 ,2 , .  En se basant sur la configuration S de l'ester a-methoxy-a-(trifluoromethyl) phCnylacCtate comme 
refkrence, la configuration absolue du plan chiral est aussi S,  en accord avec la dktermination par rayons X. Le cycle 14 
atomes a la conformation rectangulaire [3434] ICgkrement deformee telle que dCcrite partir de la structure du diamant par 
Dale. Ces deformations, aussi observkes dans d'autres cycles a 14 atornes, ont pu Ctre raisonnablement reproduites par des 
calculs de mtcanique moltculaire. 

Introduction 
We recently reported (1, 2) on the first successful optical 

resolution of a number of intraannularly substituted chiral m- 
cyclophanes such as 1 and 2. The existence of enantiomerism 
in these compounds, which belong to the class of "planar" 

chiral m-cyclophanes, the absolute configurations of these 
compounds were needed. A number of methods are available 
for the correlation of absolute configurations of "planar" dis- 
symmetric molecules, provided that a configuration standard is 
available (3). Since these are the first optically active m-cyclo- 
phanes to be resolved, direct X-ray determination was used to 
unequivocally deduce their absolute configurations. 

dissymmetric molecules, is caused by restricted rotation of the 
macrocyclic hydrocarbon ring. As long as the cavity of the 
hydrocarbon ring is not large enough to accommodate the intra- 
annular substituent, the hydrocarbon ring and the intraannular 
substituent must be located on different sides of the aromatic 
plane. For example, since the aromatic ring in 1 is also substi- 
tuted by two different groups, the compound is chiral and, in 
practice, resolvable if the energy barrier of the rotation is suf- 
ficiently high. This can easily be ascertained through the use of 
dynamic nmr studies to probe the energy barrier of the rota- 
tional process (1). 

To further investigate the stereochemical properties of these 

' Authors to whom correspondence may be addressed. 

Experimental 
Compound 3, the (S)-a-methoxy-a-(trifluoromethy1)phenylacetate 

ester of 13-(methoxycarbonyl)- 14-hydroxy-17-methyl-[I I]-m-cyclo- 
phane, was prepared and purified by flash chromatography into two 
diastereoisorners ( a  and p) (1). The a-diastereoisomer was re- 
crystallized from hexane to give clear, well-developed crystals. The 
large crystals so obtained were cut to get a fragment of 0.18 x 0.40 
X 0.40 mm, suitable for X-ray diffraction. Accurate unit-cell dirnen- 
sions were derived from the angular settings of 25 well-centered 
reflections chosen in the range 16 < 28 < 38". The space group is 
P212121, since the only systematic absences are of the type h00, h + 
2n; OkO, k + 2n; and 001, 1 + 2n. Crystal data of interest are given 
in Table I .  The data collection was performed by the o-28 scan 
method with a scan width Aw = (1 .OO + 0.14 tan 8)" on a Nonius 
CAD-4 automatic diffractometer. The orientation and stability of the 
crystal were monitored using standard reflections whose intensities 
were measured every hour and their orientation checked every 100 
reflections. Using the CuKa graphite monochromatized radiation, the 
intensities of 3269 reflections were measured within the sphere of 
reflection limited by 28,,, = 150" and 0 5 h 5 13, 0 5 k 5 17, 0 
5 1 5 23. The largest fluctuation of the intensities of the standards was 
1.9%. 'The 2756 reflections satisfying I 2 1.96 u(1) were retained for 
the structure determination and refinement. No absorption correction 
was applied since the absorption coefficient was small. The structure 
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TABLE 1. Crystal data 

C~OH,,O~F, FW = 534.62 F(000) = 1136 e 
a = 10.8077(13) b=13.676(3) c=19.060(4)A V=2817 .2A3  
p212121 Z = 4 d, = 1.260 g ~ m - ~  p(CuKa) = 0.78 mm-' 
X(CuKa) = 1.54178 A T = 293 K 

TABLE 2. Fractional atomic coordinates for F, 0 ,  and C atoms (X 104), and for H at;m; (X lo3), U,, (A2, X lo4 
for F, 0 and C), Ui,, (A', X 10' for H atoms). U,, = f Z 'C U,, a ;  a j  ai'aj 

; j 

Atom x Y z U,, Atom x Y z u,,, 

was solved by direct methods using MULTAN.' The least-squares 
refinement based on F's (by the block-diagonal approximation, aniso- 
tropic for F, 0 ,  and C and isotropic for H atoms) converged to R = 
0.048, R,, = 0.058, S = 1.37. The weights were derived from the 
counting statistics. Maximum (A/w) = 0.55 and mean (A/u) = 0.09. 
The extreme values of the residual electron dpsity on the final differ- 
ence Fourier map were -0.2 1 and t o .  19 e A-'. Although the anom- 
alous dispersion contributions of 0 and Fare very small, for the other 
configuration, the values of R,  R ,,., and S are 0.048, 0.059, and 1.38, 
respectively, thus indicating that the most likely absolute config- 

uration is that which was found in the first place. The scattering curves 
for C,  0 ,  and F were taken from Cromer and Mann (4), and from 
Stewart, Davidson, and Simpson (5) for H atoms. The real and imag- 
inary parts of the anomalous scattering for 0 and F were those of 
Cromer and Liberman (6). 

Results and discussion 
The final atomic coordinates and the equivalent Ui,, values 

are given in Table 2.3 For the purpose of discussion of the 
X-ray results the atomic numbering for compound 3 is shown 

'The programs used here are modified versions of NRC-2, data 
reduction; NRC-10, bond distances and angles; and NRC-22, mean 
planes; FORDAP, Fourier and Patterson maps (A. Zalkin); MULTAN, 
multisolution program; NUCLS, least-squares refinement; and 
ORTEP stereodrawings (7- 10). 

'Tables of atomic positions for hydrogen atoms, least-squares 
planes, anisotropic temperature factors, and structure factors have 
been deposited and may be purchased from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada KIA OS2. 
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FIG. 1 .  Schematic view of the molecule and atomic numbering. 

in Fig. 1 while a stereoview showing the molecular con- 
formation is represented in Fig. 2. The bond distances and bond 
angles of the molecule are given in Table 3. 

Since 3 was prepared from (S)-a-methoxy-a-(trifluoro- 
methy1)phenylacetate acid, the chiral center at C(2) has the S 
configuration. This is in agreement with the absolute configu- 
ration indicated by the X-ray structure and represented in 
Fig. 2. One can deduce from Fig. 2 that the chiral plane in the 
m-cyclophane moiety of 3 has the S-configuration ( 1  1). Since 
3 was reduced by lithium aluminium hydride to obtain (+)- 
13-hydroxymethyl-14-hydroxy-17-methyl-[ 1 11-m-cyclophane 
(4), it follows that (+)-4 has the S-configuration as well. Com- 
pound 4 can now serve as the configurational standard for other 
chiral m-cyclophanes. 

Ph 
I 

F3C-C-0CH3 
I 

In addition to a confirmation of the absolute configuration, 
the X-ray structural data yielded other information of general 
interest, which is discussed below. 

The 14-membered ring 
Previous theoretical energy minimization calculations 

(12-15) have led to the most likely 14-membered ring con- 
formation, which is described by Dale in terms of a diamond 
lattice (14, 16). At the same time, a number of crystal struc- 
tures involving 14-membered rings have been reported. These 
are 1,8-dihydroxy- l,8-diazacyclotetradecane (17), cyclotetra- 
decane oxime (1 8), cyclotetradecane (19), and cyclotetra- 
decanone (20). In all these compounds the "rectangular" 
diamond-lattice conformation [3434] is favoured (see Fig. 3). 
In order to describe the 14-membered ring and to compare it 
with the theoretical and observed conformations, the following 
least-squares planes of atoms characterizing the "rectangular" 
lattice have been defined. Plane A = [C(10), C( l  I) ,  C(12), 
C(13)l; plane B = [C(17), C(18), C(19), C(20)l; plane C = 

[C(6), C(7), C(8), C(lO), C(20)]; and plane D = [C( 13), 
C(14), C(15), C(16), C(17)l. These groups of atoms are not 
strictly coplanar, since the extreme deviations from their re- 
spective least-squares planes' are 20 u, 25 u,  8 u, and 8 a, 
respectively. Nonetheless, the general features of the rec- 
tangular conformation are apparent from the dihedral angle 
values. These are compared in Table 4 to the corresponding 
quantities in the diamond-based rectangular conformation (4). 
This comparison reveals, however, one important discrepancy. 
The C and D planes, which should be parallel to each other, 
form an angle of 15" between one another. It is the presence of 
the C(21) methyl group that is responsible for the observed 
distortion. The two planes are tilted with respect to one another 
in order to minimize the interactions between H atoms on 
C(21) and those on C(10) and C(l l ) ,  as well as those on C(19) 
and C(20). The shopest intramolecular contacts are H(211)- 
H(191) = 2.22(5) A, H(211)-H(111) = 2.42(5), H(212)- 
H(101) = 2.23(5), H(212)-H(ll1) = 2.57(5), H(213)- 
H(191) = 2.66(5), and H(:13)-H(201) = 2.23(6). Other 
contacts are larger than 3.00 A. To appreciate the conformation 
of the 14-membered ring in greater detail, the endocyclic tor- 
sion angles of this molecule and others whose structures have 
already been established are compared, in Table 5 ,  to those 
derived from the rectangular diamond lattice. 

It is apparent that none of the crystal conformations con- 
forms strictly to the theoretical one. Even cyclotetradecane, an 
unsubstituted 14-membered ring, has torsion angles in its con- 
formation deviating by as much as 10" from predicted values. 
There is at least one feature common to all these structures, that 
is, both C( 10)-C( 1 1)-C(l2)-C(13) and C(17)-C(18)- 
C(19)-C(20) torsion angles have values always close to 170" 
rather than the expected 180". This systematic difference is 

%&? "8 
FIG. 2. Stereopair showing the molecular conformation. 
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CHAN ET AL. 

TABLE 3. Bond distances (A) and angles (degrees) calculated from the final 
atomic coordinates 

Bond Distance Bond Distance 

Bond Angle Bond Angle 

significant. All the other deviations are small or may be 
attributed to the presence of various ring substituents. For 
instance, in the case of the compound under study, four torsion 
angles differ significantly from their counterparts in other 
14-membered rings. These are the torsion angles 
C(8)-C(7)-C(6)-C( lo), C(7)-C(6)-C(10)-C(l l ) ,  
C(19)-C(20)--C(8)-C(7), and C(20)-C(8)-C(7)- 
C(6). The effect of having the 14-membered ring fused along 

C(6)-C(7) and C(7)-C(8) of the benzene ring in 3 should 
not cause the torsion angle to deviate from 180°, and yet as 
much as a 10" difference is observed. 

The 14-membered ring has an apparent mirror plane of sym- 
metry. The distances from equivalent atoms to the pseudo- 
mirror plane, defined.by 0(3), C(4), C(7), C(15), and C(21) 
are compared in Table 6. The averageodeviation from a perfect 
plane of symmetry is less than 0.02 A. 
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A 

RG. 3. (A) The conformation of the 14-membered ring of 3 shown in the same orientation. (B) The three lowest energy conformations, 
including the [3434] (after ref. 14) rectangular diamond conformation. 

TABLE 4. Dihedral angles (degrees) 

Dihedral angles between planes 

Reference A/B C/D A/C A/D B/C B/D 

This work 3 15 92 90 91 90 
Rectangular diamond 0 0 90 90 90 90 

lattice (14) 

The aromatic rings C(4) + C(9) and C(25) + C(30) 
In the first ring, the averages of the bond distances and bond 

angles are 1.393 A and 1 19.9", respectively. However, the ring 
is very strongly distorted. When all six atoms are included in 
the least-squares plane calculation, C(7) is 15 u away from the 
plane. Once C(7) is excluded, the five remaining atoms are 
closer to a plane. Then C(7) and C(21) are displaced from that 
plane by 0.086(3) A and 0.318(4) A, respectively. 

This distortion is again related to the short contacts between 
the H atoms on C(21) and those in the 14-membered ring. The 
other atoms bonded to the benzene ring, C(10), C(201, and 
C(22), are at 0.100(3), -0.168(3), and 0.026(3) A, re- 
spectively. There is nothing unusual in the benzene ring con- 
taining atoms C(25) ? C(30); the average C(sp2)-C(sp2) 
bond distance is 1.380 A, the six carbon atoms are coplanar, 
and the H atoms are all within 0.02 A from this plane. 

The trifluoro group 
The three C-F distances varying between 1.325(4) and 

1.343(4) A compare well with published data. The bond angles 
around C(1) vary significantly, depending upon whether one or 

two fluorine atoms are implicated. The averages for the 
C-C-F and the F-C-F angles are 1 1 1.8 and 107.0°, 
respectively. 

A view of the disposition of the various substituents at C(2) 
and C(3) is shown in Fig. 4 by the Newmann projection along 
the C(2)-C(3) bond. 

There are no unduly short contacts between neighbouring 
molecules. The relative disposition of the molecules in their 
unit cell is shown in Fig. 5. 

Molecular mechanics calculation 
In view of some important deviations of the crystal structure 

of 3 and others from the "theoretical" conformation based on 
the diamond lattice, we have carried out a molecular mechanics 
calculation for 3. Using Still's (21, 22) programs MODEL4 (an 
enhanced graphics interactive version of Allinger's MM2 mo- 
lecular mechanics program (23)) and RINGMAKER (a 
ringlchain generating program), 317 random starting con- 
formations with torsion angle constraints of 60" resolution were 
generated for the 14-membered ring from an energy pre- 
minimized m-dimethylene substituted phenyl appendage. Mul- 
tiple energy minimizations reduced these to 30 unique local 
energy minimized structures, 9 of which were found to be 
within 3.0 kcal mol-' of the global energy minimum (65.2 kcal 
mol-') conformer. The 3.0 kcal mol-' limitation was set to 
ignore negligibly populated conformational states. 

Further minimization of the global energy minimum con- 
former by minor movement of the atomic coordinates of each 

M M ~  is available from Indiana's University Quantum Chemistry 
Program Exchange as program number 395. 
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TABLE 5. Comparison of torsion angles (degrees) in 14-membered rings 

Sources" 

Atoms 1 2 3 4 5 6 7 

- - - -- 

"Numbered headings indicate the following sources: 1 .  Theoretical conformation based on the diamond iattice (14). 2. This work. 3. 
Cyclotetradecane (19). 4. Cyclotetradecane oxime (18). 5. Dihydrodiazacyclotetradecane (17). 6.  Cyclotetradecanone (20). 7. MMPM 
calculation, this work. 

values doubly underlined refer to the 14-mcmbercd ring distortions associated with thc inclusion of the aromatic ring. 
"The singly underlined values mark the systematic deviations, from an otherwise nearly perfect "rectangular" conformation, characteristic 

of 14-membered rings. 

TABLE 6. Distances, A, from equivalent 
atoms to a median plane 

Atom 

C(5) 
C(6) 
C(10) 
C(11) 
C( 12) 
C( 13) 

Distance Atom Distance 

-1.193(3) C(9) 1.211(3) 
- 1.205(3) C(8) 1.220(3) 
-2.538(4) C(20) 2.539(3) 
-2.701(4) C(19) 2.690(4) 
-2.677(4) C(18) 2.708(4) 
-2.549(4) C(17) 2.545(5) 

FIG. 4. Newmann projection along C(2)-C(3). 

atom led to a final global energy minimum of 65.0 kcal mol-'. 
However, since MODEL only approximates delocalized 
T-systems as comprisng 1,3-butadiene components, the atomic 
coordinates of this conformer were then used as input to 

FIG. 5. Packing of the molecules in the unit cell 

MMPM,5 a T-enhanced version of MM2 for recalculation 
under the T-planar non-restriction mode. This resulted in a new 
energy minimum of 77.8 kcal mol-' and values for the torsion 
angles about the 14-membered ring that can be considered to be 
within the experimental error of the corresponding angles in the 
X-ray structure. For comparison, we have listed in Table 5 ,  
column 7,  the torsion angles of the 14-membered ring con- 
former derived from the MMPM calculation. It is clear from 
Table 5 that, in this example, the combination of these pro- 
grams has successfully approximated, within 5",  the observed 
deviations of the C(10)-C(I1)-C(12)-C(13) and the 
C(17)-C(18)-C(19)-C(20) torsion angles from the ideal 
value of 180". Since these deviations are also observed in all 
the 14-membered rings whose X-ray structures have been re- 
ported, they suggest that in the crystal structure of 3, the devi- 
ation from the ideal diamond-lattice conformation is not due to 
any solid state effect in the crystal lattice, but inherent in the 
structure itself. 
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S.  P. MALLELA, J .  R. SAMS, and F. AUBKE. Can. J .  Chem. 63, 3305 (1985). 
The quantitative conversion of fluorosulfates into trifluoromethyl sulfates is systematically investigated. The reaction 

proceeds initially according to the general equation 

where E is a coordinatively saturated metal or an organometallic moiety. However, the key to a quantitative substitution is the 
observed degradation of the SO,F group by excess HS03CF3 and the noted observation of various volatile by-products that 
do not appear to interfere in the isolation of analytically pure trifluoromethyl sulfates. The fluorosulfates selected are 
representatives of the most common bond and coordination types-ionic or covalent with coordination through one, two, or 
three oxygens of the S 0 3 F  groups. The selected substrates display a fairly wide range of solubilities in HSO.?F. All conversion 
attempts are successful except for one, that of polymeric Hg(SO,F)?, and a number of new S03CF3 derivatives of tin, platinum, 
germanium, and palladium are described. The solvolysis of tin(1V) acetate in HS03CF, is reinvestigated and the syntheses of 
two other trifluoromethyl sulfuric acid derivatives, CsS03CF3-HS03CF3 and CH3C02H. HS03CF3, are described. 

S.  P. MALLELA, J .  R. SAMS et F. AUBKE. Can. J .  Chem. 63, 3305 (1985). 
On a CtudiC d'une faqon systCmatique la conversion quantitative des fluorosulfates en sulfates de trifluoromCthyles. Au 

depart, la rCaction proctde d'aprts 1'Cquation gCnCrale 

dans laquelle, E est un metal saturC par coordination ou une groupement organomttallique. Toutefois, la clC a une substitution 
quantitative est l'observation de la dtgradation du groupement S03F  par un excks de HS03CF7 ainsi que celle de la formation 
de divers produits secondaires volatils qui ne semblent pas interfirer dans l'isolement de sulfates de trifluoromCthyles qui sont 
analytiquement purs. Les fluorosulfates choisis sont reprisentatifs des types de liaisons et de coordinations les plus 
courantes-ionique ou covalente avec des coordinations impliquant un, deux ou trois des oxygtnes des groupements S03F.  
Les solubilitCs, dans le HS03F, des diverses substantes choisies correspondent a un large Cventail. Tous les essais en vue 
d'effectuer des conversions ont rCussi, a l'exception de celui rCalisC sur du Hg(S03F), i 1'Ctat de polymtre; on dCcrit les 
proprittts d'un certain nombre de nouveaux dCrivCs S03CF3 de l'Ctain, du platine, du germanium et du palladium. On a 
rCCtudiC la solvolyse de llacCtate d'Ctain(1V) dans le HS03CF3 et on dCcrit les synthtses de deux autres dCrivts de I'acide 
trifluoromCthylsulfurique, CsS03CF,. HS03CF, et CH3COzH HS03CF3. 

[Traduit par le journa(] 

Introduction 
Trifluoromethyl sulfuric acid, HS03CF3, and fluorosulfuric 

acid, HS03F, have many chemical and physical properties in 
common (1, 2). Both rank among the strongest simple protonic 
acids. While the exact order of acid strength is subject to some 
discussion (3-5), the actual difference in acidity appears to be 
rather small. Both are strongly ionizing solvents, and both form 
the basis for superacid systems with solutes such as SbFS and 
TaFS (5). In addition to solvent characteristics, many physical 
properties are intriguingly similar for both acids (1, 2). 

A large number of derivatives are known for both HS03CF3 
and HS03F. These range from ionic salts with S03CF; and 
SO$- anions (1, 2, 6), over halogen sulfonates (7) to organic 
esters (1, 2, 6). When covalently bonded to metals or or- 
ganometallic moieties, both sulfonate groups may coordinate 
through one, two, or three oxygen atoms. The resulting mate- 
rials often have similar molecular structures; e.g., in or- 
ganotin(1V) sulfonates of the type R2Sn(S03X)2, with R = 
CH3, C2HS, n-C3H7, n-C4Hg and X = F or CF,, bidentate 
briding sulfonate groups produce sheet-like polymers (8) with 
almost identical 'I9Sn Mossbauer parameters (9) for compounds 
with common R groups. Sometimes, however, possibly due to 
steric differences between both sulfonate groups, contrasting 
electronic structures of the central metal are noticed. 

Ag(S03F), is magnetically dilute down to 80 K (lo), while in 
Ag(S03CF3), antiferromagnetism is found in the same tem- 
perature range (1 1). 

In respect to chemical reactivity, some important differences 
between HS03F and HS03CF3 are apparent. 

(i) Self-dissociation is found primarily for HS03F, reflected 
in the equilibrium: 

for K:" < 3 x mo12 kg-,. This process explains both the 
oxidizing ability of HS03F as well as its use as fluorinating 
agent (12). 

(ii) The S-C linkage in HS03CF3, and in its derivatives, 
appears to be sensitive towards oxidation. As a consequence, 
oxidizing agents like the peroxide S206(CF3), (13) or the halo- 
gen derivatives BrS03CF3 and ClS03CF3 (14, 15) undergo 
spontaneous decomposition at 25OC and are of limited use in 
synthesis (19, 20), quite in contrast to their fluorosulfate ana- 
logues S2O6F2, BrS03F, and C1S03F (7, 16). These fluoro- 
sulfate analogues dissolve readily in HS03CF3, but the re- 
sulting solutions are metastable and decompose exothermically 
(17) at room temperature. 

(iii) The S-F linkage in HS03F, as well as in most fluo- 
rosulfate derivatives, is instable towards hydrolysis, in particu- 
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lar in acidic or strongly basic aqueous medium. On the other 
hand, HSO,CF, is mixable with water and forms well-defined 
hydrates (18). It should generally be possible to isolate tri- 
fluoromethyl sulfates in high yields, where H 2 0  is a by-product 
of the reaction. 

Synthetic routes to inorganic trifluoromethyl sulfates have 
largely involved HSO,CF, as reagent in solvolysis reactions, 
or, to a lesser extent, salts like AgSO,CF, in metathetical 
reactions. Bis(fluorosulfuryl)peroxide, S1O6F2, in HS0,F as 
solvent, on the other hand has been widely used to prepare high 
valent metal fluorosulfates as well ternary fluorosulfates 
(21-23). Due to the unavailability of similar routes in SO,CF? 
chemistry, solvolysis reactions of the general type: 

[2] MX,, + rzHSO3CFj + M(S03CF3),, + rzHX 

with X = F, C1, Br, H, alkyl, carboxylate, etc., have been the 
principal preparative method. Both the reactivity and avail- 
ability of suitable precursors pose obvious limitations. 

It had occurred to us some time ago (24) that extension of the 
solvolysis reaction to fluorosulfates according to 

should be feasible, which would widen the scope of synthetic 
routes to trifluoromethyl sulfates considerably. Indeed a num- 
ber of iodine(III)trifluoromethyl sulfates (24) and iodine oxy- 
trifluoromethyl sulfates (25) could be obtained from their fluo- 
rosulfate precursors. The observed quantitative conversion 
seemed initially puzzling. A subsequent study by Olah and 
Ohyama (26) and a reinvestigation by Noftle (27) of the reac- 
tion of the two acids HSO?CF? and HS0,F provided a possible 
explanation. A degradation reaction was noted, generally for- 
mulated as: 

COF?, COz, SO>, 
[4] 2HSOlCFl + HSOlF CFlSOlF, C F ~ S O ~ C F ~  

SiFJ + . . . , 
with SiF4 formed as a secondary product in the interaction of 
HF with glass. Evidence for a similar range of volatile reaction 
products was later noted by us during the syntheses of 
Ag(S03CF3)2 and a number of gold(III)trifluoromethyl sulfates 
from the corresponding fluorosulfates (1 1). Mechanistic pro- 
posals (26, 27) for the acid degradation reaction had agreed on 
the initial step, protonation of HS03CFl by HSOIF, but had 
differed in respect to reactive intermediates-CF,SO,' (26) or 
CF,' (27)-and in respect to some of the final products. Our 
interest had focussed on the apparent similarity between the 
acid degradation reaction and the quantitative conversion of 
fluorosulfates into trifluoromethyl sulfates. It became inter- 
esting to study this conversion in a more systematic manner, in 
order to estimate its general usefulness. 

Results and discussion 
The principal bond types and coordination modes of the 

fluorosulfate group are illustrated in Fig. 1. Covalent bonding 
or coordination occurs through oxygen, with similar linkages 
possible also for the trifluoromethyl sulfate group. All exam- 
ples of bi- or tridentate fluorosulfate groups so far studied seem 
to involve bridging rather than chelating configurations, re- 
sulting in polymeric structures. Hence all substrates selected 
are solids, and some remain solids during the conversion reac- 
tion, thus allowing easy separation from excess HS0,CF3. For 
each bonding or coordination type the following fluorosuIfate 
substrates are selected. 

ionic covalent monodentate 

iso-bidentate aniso-tridentate 
(bridging (bridging) 

trldentate 
(bridging) 

FIG. 1 .  The principal bonding and coordination modes of the 
fluorosulfate group. 

(i) Ionic fluorosulfates: KSO,F 
The crystal structure of this compound is well known (28). 

The expected product KSO,CF,, like all other alkali metal 
trifluoromethyl sulfates, has been reported (2). 

(ii) Covalent monodentate: K2[Sn(SO3F)6] and CS,[P~(SO~F)~]  
Structural studies consist of 'I9Sn Mossbauer and vibrational 

spectra obtained on the solids (21, 22, 29), as well as of 'I9Sn 
and I9F nmr, Raman, and conductometric studies in HS0,F 
solution (21, 22). Here the solvated [M(S03F)6]2- derivatives, 
M = Sn or Pt, persist as integer complex ions. The correspond- 
ing SO,CF, derivatives are unknown; however, the 
[Sn(S0,CF3)6]2- ion appears to be present in a mixed valency 
tin compound formulated as Sn(ll)[Sn(SO3CF3),] (30). 

(iii) Iso-bidentate: (CH3)2Sn(S0,F)1 and GeF2(S0,F)2 
Symmetrical, bridging bidentate groups are found in the 

polymeric, sheet-like (CH3)2Sn(S0,F)1 (8). The corresponding 
trifluoromethyl sulfate is known (31) and has, judging by the 
nearly identical 'I9Sn Mossbauer spectrum, a similar molecular 
structure. Both sulfonates are prepared by acidolysis of either 
Sn(CH3)4, (CH3)3SnCl, or (CH3),SnCI1 in the appropriate acid, 
with the (CH,),Sn moiety resistant to further acidolysis at room 
temperature (3 1, 32). GeF2(S03F), has been obtained very re- 
cently (22) with no S0,CF3 analogue known. structural conclu- 
sions for GeF,(SO,F), are based on vibrational spectra. 

( iv)  Aniso-bidentate: Pd(II)[Pd(SO,F),] (33) and 
Mn(II)[Sn(SO3F)61 (34) 

In both examples either two different metals or two different 
oxidation states of the same metal are encountered. The two 
oxidation states are +2  and +4, with the higher oxidation state 
implying a greater coordinating ability of the metal concerned. 
Structural evidence for these coordination polymers rests on 
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MALLELA ET AL.  

TABLE 1. Experimental details of the conversion reactions 

Substrate HS03CF< 
Starting material (mmol) 

KS03F 3.71 5 

Reaction 
time (h) 

Reaction 
temp. ("C) Method of product isolation; comments 

Clear solution forms, volatiles removed 
in vacrto at 50°C 

Clear solution formsh 
Yellow solution formsh 
Some solid remains throughouth 
Some solid remains throughout" 
Some solid remains throughout" 
Some solid remains throughout" 
Some solid remains throughout" 
Some solid remains throughout" 
Clear solution within 0.5 hb 
Clear solution within 0.5 hh 
Clear solution forms immediatelyh 

"Approximate, 5 rnL HSO,CF, corresponds to about 55 rnmol. 
hIsolation by removal of volatiles in vacuo. 
'Isolation by filtration, washing with HSO,CF,. 
"HSO~F. 

TABLE 2. " " ~ n  Mossbauer data of tin(1V) sulfonates 

Isomer shift" Quadrupole Line width r Temperature 
Compound 6 (mm s-I) splitting A (mm s-I) (mm s- ' )  (K) 

Sn(S03CF3)4 -0.213 1.18 1.037 1.085 80 
Sn(S03CF3)4 -0.241 1.27 0.929 0.975 298 
Sn(S03F)4b -0.242 1.200 1.194 1.206 80 
Cs[Sn(S03CF3)~1 -0.208 0.499 0.918 0.833 80 
CS[S~(SO~F)S)~  -0.239 0.617 1.185 1.279 80 
Kz[Sn(S03CF3)61 -0.305 - 0.988 80 
Kz[Sn(S03F)6Ic -0.260 - 1.140 80 
(CH~COZHZIZ[S~(SOICF~)~I -0.231 - 1.040 80 
Mn(Sn(S03CF3)6] -0.257 - 1.063 80 
Mn[Sn(SO,CS)61 -0.281 - 1.012 298 
Mn[Sn(SO,F)6Y -0.271 - 1.124 80 

"Relative to Sn02. 
Reference 22. 

'Reference 29. 
"Reference 34. 

vibrational spectra, magnetic studies down to 80 K,  and, in the 
case of the tin compound, on Il9Sn Mossbauer spectra. The 
corresponding S03CF, complexes are unknown. 

(v )  Tridentate: Hg(S03F)2 and Pd(S03F)2 
The tridentate bridging fluorosulfate group is commonly en- 

countered in metal bis(fluorosu1fates) (35). Their polymeric 
nature and the complete lack of solubility in HS0,F have so far 
prevented an X-ray diffraction study, and indirect methods, 
employed to confirm the proposed structures (33, 35, 36), have 
provided evidence for a regular octahedral environment with a 
3A2, groundstate for Pd" (33). Only Hg(S03CF& has been 
reported previously (37). Jahn Teller distortion is expected and 
found for Ag(SO,F), ( lo),  which had previously been con- 
verted to the trifluoromethyl sulfate. 

In addition to these substrates, two materials are selected, 
where both bidentate bridging and monodentate fluorosulfate 
groups are present: Sn(S03F), (38) and C S [ S ~ ( S O ~ F ) ~ ]  (22). 
Vibrational and "9Sn Mossbauer spectra have been used to 
deduce the structures. Only Sn(SO,CF,), has been reported 
before (30), obtained by acidolysis of tin(IV)tetrakis(acetate) in 
HSO3CF3. 

The experimental details of the conversion reactions are 
summarized in Table 1. Most substrates dissolve in HSO,CF, 
either at 25OC or, like C S ~ [ P ~ ( S ~ ~ F ) ~ ] ,  after heating to 6O0C, 
indicating instantaneous reaction. However, some, like 
GeF2(S03F)2, Hg(SO3FI2, Pd(SO,F)2, and Pd(II)[Pd(S03F)61, 
remain solids throughout. Since no dramatic color changes 
occur, it is difficult in these cases to monitor the conversion. 
Due to the rather complex mixture of volatile by-products 
formed, the noticeable increase in vapor pressure in the reactor 
provides only a rough indication.   here fore the reaction times 
listed constitute the upper time limits observed to achieve con- 
version. These times do not allow any conclusions regarding 
the relative rates of the various conversion reactions. 

The best criterion by which to judge a successful quantitative 
conversion is provided by chemical analysis. In particular, the 
sulfur to fluorine ratio and the carbon content are useful in this 
regard. Analytical data are not reported here, but have been 
made available to the referees. ll9Sn Mossbauer data are listed 
in Table 2. Vibrational spectra, "F nmr data, obtained in some 
cases on solids, in some instances on solutions and other phys- 
ical properties, are summarized for new compounds in the 
experimental section. Vibrational data are mostly used for fin- 
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Note. The resonance due to HSOJh 
at - 77 0 ppm re/. to CFCI, is not shown 
All chemical shifts shown hove negative 
8 volues. 

FIG. 2. The '"F nmr spectra of Sn(SO,CF,), and CS[S~(SO,CF,)~] in HSO,CF, solution. 

gerprinting only. Two diagnostic bands may be mentioned. 
Sulfur-fluorine stretching modes, usually observed between 
800 and 900 cm-', should be absent in the S03CF3 compounds, 
while a rather sharp, medium intensity ir peak with a very 
intense Raman counterpart is found now at -770 cm-'. In most 
instances strong fluorescence, found also for liquid HS03CF3, 
prevents the acquisition of meaningful Raman data. The Il9Sn 
Mossbauer spectra for tin fluorosulfates and their S03CF3 ana- 
logues differ for the most part very little. For example, the 
isomer shift 6 and the quadrupole splitting A for 
C S [ S ~ ( S O ~ C F ~ ) ~ ] ,  of -0.208 mm s-' relative to SnO, and 
0.499 mm s-I, vary only marginally from -0.239 mm s-' and 
0.617 mm s-I, reported previously for Cs[Sn(SO,F,), (22), and 
a similar, possibly oligomeric, sulfonate-bridged structure is 
suggested for both. 

A marked difference is found for the I9F nmr data. Besides 
a rather obvious chemical shift difference (fluorosulfates have 
positive 6 values relative to CFC13 and trifluoromethyl sulfates 
have negative shifts (6 between -38 and -95 ppm)), the single 
line resonances for [Sn(S03F),]- or [Sn(S03F)6]'- (22, 29) are 
contrasted by rather broad multiplets for the triflates. A typical 

spectrum is shown in Fig. 2, and data for Sn(S03CF3)4, 
CS[S~(SO~CF,)~] ,  and K2[Sn(S03CF3),] in HSO,CF, are tabu- 
lated (Table 3) and form the basis for a more detailed dis- 
cussion later on. 

As is apparent from Table 1 and the chemical analysis, 
conversions proceed quantitatively either at 25OC or, in two 
instances, at 60°C. There is only one exception. Highly poly- 
meric Hg(S03F)2 is incompletely converted even at elevated 
temperatures. It appears that raising the reaction temperature, 
first to 85OC and then to 100°C, does not increase the con- 
version rate but leads to rather impure materials, possibly due 
to side reactions with the by-products of the degradation reac- 
tion. In all other instances complete and rapid conversion is 
observed. A number of these conversion reactions deserve spe- 
cial comment. 

(i) Ionic salts: The reaction of KS03F with an excess of 
HSO,CF, results initially in clear solutions, from which a 
white, crystalline solid is obtained after removal of all volatiles 
in vacuo. Initial analysis indicates the retention of an almost 
equimolar amount of HS03CF3. Prolonged heating to 60°C in 
vacuo produces KS0,CF3. A similar strong retention of excess 
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TABLE 3. '"F nuclear magnetic resonance of trifluoro- 
methane sulfonates of tin in HS03CFT 

-38.52 ms -38.68 ms -39.04 ms 
-41.39 s, sh -41.50 s, sh -41.49 s, sh 
-41.81 s -41.98 s -42.40 s 
-46.43 ms -46.60 ms -46.49 ms 

"Resonance for HS01CF3 1s found In all cases at -77 0 pprn 
relat~ve to CFCI,. 

"Relat~ve to CFCI, 

acid is noted when alkali metal fluorosulfates are prepared from 
their chlorides and HS0,F. Vast and co-workers (39) have 
succeeded in isolating well-defined solvates of the type 
MS03F.HS03F for M = Na and Cs only, and the crystal 
structure of the cesium salt (40) has suggested formulation as 
Csb[02FSOHOSF02]- with a symmetrical hydrogen bridge. 
Similar S03CF3 salts appear to be unknown; however, the 
cesium salt is found to form readily via: 

No definitive structural conclusions are possible. The 'H nmr 
signal is very broad, quite unlike the sharp resonance at 6 = 
10.9 ppm found for CsSOP-HS0,F (41). Two I9F nmr signals 
at 6 = -93.1 and -78.8 ppm relative to CFC1, are found and 
the infrared spectrum differs only marginally from that of 
CsSO,CF,, similar to findings (39) for NaS0,F-HS0,F and 
NaS0,F. 

(ii) Isobidentate sulfonate groups: The conversion of 
GeF2(S0,F), to GeF2(S0,CF,)2 proceeds seemingly under re- 
tention of a polymeric structure with a solid-liquid mixture 
present throughout the reaction. A minimum reaction tem- 
perature of 60°C and a reaction time of 6 days are required. 
Analysis justifies formulation as GeF2(S0,CF3)?, but vi- 
brational spectroscopy, which had suggested a fluorosulfate 
bridged polymer with a linear GeF? group for GeF2(S03F)2 
(22), is less helpful in this case. Infrared spectra compare well 
to those of other compounds with bidentate S03CF, groups (9, 
24, 25) but the GeF2 vibrations are not clearly identifiable, due 
to the observation of SO,CF, vibrations in the regions expected 
for vGeF2 at 770 and vGeFz sym. at 650 cm-'. The position of 
a medium intensity band at 726 cm-I appears to be rather low 
for a GeF2 stretch. Both GeF2-sulfonates have rather similar 
melting points: 150°C for GeF2(S0,CF,)2 and 146°C for 
GeF2(S03F)?. 

The other example of an isobidentate bridging fluorosulfate 
group, (CH,)2Sn(S0,F)2 (8), can be converted smoothly at 
25°C to (CH,),Sn(SO,CF,), within 6 days. Under the reaction 
conditions, some solid material persists in the reaction mixture 
throughout, but the conversion is quantitative. Not un- 
expectedly, the conversion reaction can be reversed when 
(CH3)2Sn(S0,CF3)2 is reacted with an excess of HS0,F. This 
time a clear solution forms and the reaction is complete within 
2 days. 

With neither reaction of any synthetic interest, three com- 
ments may be made: (a) Polymers with bridging sulfonate 
groups are readily susceptible to solvolysis, and complete con- 
version is noted. (b) The GeF, group in GeF?(SO,F)? appears 
to be unaffected by solvolysis. (c) With acid degradation re- 
sponsible for a quantitative reaction, the fluorosulfate to tri- 
fluoromethyl sulfate conversion is expected to be reversible 

and more examples for reversibility should exist. However, no 
other attempts are made by us. 

(iii) Mono- and Didentate: The successful conversion of 
Sn(S03F)4 to Sn(SO,CF,), presents another interesting prob- 
lem. It is already surprising that Sn(SO,F),, which is extremely 
sparingly soluble in HS0,F (38), dissolves in HSO,CF, at 25°C 
in 30 min. The resulting solution remains clear, and white, 
solid Sn(SO,CF,), is only obtained after removal of all volatiles 
in vacuo. The very same compound has been obtained pre- 
viously by us (30) when tin(IV)tetrakis(acetate), Sn(O2CCH,), 
is solvolyzed in an excess of HSO,CF,. Infrared spectra for 
both products match fairly well, and the melting point of 235°C 
agrees reasonably well with the reported range of 225-227°C 
(30). The "'Sn Mossbauer spectrum, observed now, differs 
completely from the reported (30) single line spectrum with 6 
= -0.22 mm s-' relative to Sn0,. A well-resolved doublet, 
with A = 1.18 mm s-I and 6 = -0.213 mm s-' is observed at 
80 K. The new data agree well with those reported for 
Sn(S03F)4 (38), suggesting a similar octahedral environment 
for tin. 

A subsequent reinvestigation of the solvolysis of 
Sn(02CCH3), in HSO,CF, provides a plausible explanation. 
When the reaction is performed in a dry-box as described (30) 
and only a small excess of HSO,CF, is used, acetic acid is 
formed in an exothermic reaction and Sn(SO,CF,), is obtained 
according to: 

just as reported (30). However, where a larger excess of 
HSO,CF, is employed and acetic acid is not immediately re- 
moved, proton transfer occurs and CH,C02H2+ SO,CF,- forms. 
This material can be obtained more directly by combining 
equimolar amounts of the parent acids. It is a white solid that 
melts at +37"C and undergoes dissociation into ions in 
HSO,CF,. The solid state structure should be similar to the one 
reported for CH3C02H2' SO,F- (42), involving extensive hy- 
drogen bridging between the individual ions resulting in poly- 
meric chains. 'The infrared spectrum of CH,CO,H HS03CF, 
suggests a bidentate, possibly bridging trifluoromethyl sulfate 
group; the single 'H resonance in the nmr spectrum of the solid 
at 6 = 11.3 ppm is consistent with hydrogen bridging. During 
solvolysis of Sn(O,CCH,), in excess HSO,CF, the initially 
formed Sn(SO,CF,), acts as S0,CF3- ion acceptor, and a solid, 
sparingly soluble material of the composition [CH3CO2H2I2- 
[Sn(S03CF3)6] is obtained, which melts at 255°C and gives rise 
to a single line in the "'Sn Mossbauer spectrum at -0.231 mm 
s-I relative to Sn0,. Hydrogen bridging is a plausible cause of 
the high melting point and the limited solubility in HSO,CF,. 
The overall reaction may be formulated as: 

It appears that the course of the Sn(O,CCH,), solvolysis reac- 
tion in HSO,CF, depends critically on the amount of acid used 
and the subsequent work-up of the reaction products. The reac- 
tion may lead to Sn(SO,CF,), or to the salt [CH3CO2H2I2- 
[Sn(S03CF,)6]. The use of nearly stoichiometric amounts of 
HSO,CF, to achieve complete solvolysis and the subsequent 
removal of all acetic acid formed are necessary in order to 
obtain Sn(SO,CF,),, while any excess of HSO,CF, will favor 
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protonation of acetic acid and precipitation of [CH,CO,H,],- 
[Sn(SO,CF,),] while Sn(SO,CF,), remains in solution. These 
subtleties had not been recognized in our initial preparation of 
Sn(S03CF,), (30) and different preparations employing differ- 
ent reactant ratios had apparently resulted in the formation of 
either Sn(SO,CF,),, used for chemical analysis and infrared 
spectroscopy, or the acetate acidium salt, evidently used to 
obtain the single line "'Sn Mossbauer spectrum reported pre- 
viously (30). 

Two conclusions regarding Sn(S03CF,)4 may be made: (i) 
Solvolysis of Sn(S03F)? in an excess of HS03CF3 is the better 
synthetic route to this compound. (ii) Its solubility in tri- 
fluoromethyl sulfuric acid and the existence of thermally stable 
salts like CS[S~(SO,CF,)~]  and K2[Sn(S0,CF3)6], both de- 
scribed in this study, together with observations made during 
the solvolysis of tin(1V)acetate in HSO,CF,, suggest a promis- 
ing superacid system. The "F nmr spectra, due to the three 
solutes Sn(SO,CF,),, C S [ S ~ ( S O ~ C F , ) ~ ] ,  and KI[Sn(S03CF3)6], 
summarized in Table 3,  are intriguingly similar and point to the 
presence of a common species in solution. In all three cases a 
sharp single line resonance at 6 = -77.0 ppm relative to 
CFC13-, attributed to HSO,CF,, is observed and allows the 
conclusion that SO,CF,- exchange between solvent and solute 
does not occur. 

The irregular shapes and the spacing of the resonance lines 
(see Fig. 2), due to the solute in the region of 6 = -39 to -47 
ppm relative to CFCl,, suggest magnetic inequivalence of indi- 
vidual fluorine atoms within CF3 groups, possibly caused by 
steric effects in these rather bulky solute ions, since any 
spin-spin coupling between fluorine in different CF, groups or 
coupling with other nuclei as causes for the observed complex- 
ity is rather improbable. 

A more detailed study of the HS03CF3 solvent system is 
required to explore the promising superacidity effects more 
fully. Such a study is clearly beyond the scope of the in- 
vestigation described here. Similarly, the results of a magnetic 
susceptibility study, including Mn[Sn(S03CF,)6] and the two 
paramagnetic palladium trifluoromethyl sulfates, is currently 
underway, and the results will be published later. 

Summarv 
The stricti synthetic orientation of this study permits only a 

few rather geiicral comments regarding the nature of the con- 
version reaction utilized extensively in this study. The quan- 
titative conversion of fluorosulfates into trifluoromethyl sul- 
fates is observed in all but one instance, where the polymeric 
nature of the substrate and the tridentate configuration of the 
S 0 3 F  group appear to limit reactivity. The following conclu- 
sions can be reached: 

(i) Complete degradation of S 0 3 F  moieties by HS03CF, is 
the reason for quantitative substitution of S 0 3 F  by S03CF3.  

(ii) Substitution does not appear to involve a change in the 
bond type or  the denticity of the sulfonate group. 

(iii) The volatile products formed, either initially or by reac- 
tion with the glass vessel, d o  not affect the conversion reaction 
adversely or  interfere in the isolation of the trifluoromethyl 
sulfates. It appears unlikely that H2S04,  which is nonvolatile 
under the reaction condition, is formed, with all volatiles re- 
movable at 25°C in vacuo. 

(iv) The range of volatile by-products formed, as observed 
by gas phase infrared spectroscopy, is the same as found during 
the reaction of HS03CF, and HS0,F  at a 2:  1 molar ratio (27). 

A quantitative distribution analysis is neither intended nor 
meaningful. Crucial steps in the proposed reaction mechanism, 
initial protonation of HSO,CF, by the allegedly stronger acid 
H S 0 3 F  (26), or the formation of CF,SO,' (26) or CF,' (27) in 
HSO,F, are in our view unlikely in these reactions. The ob- 
served formation of CO, and COF, is not easily explained by 
such a previous proposal (26). 

In summary, while the conversion reaction appears to  be 
general and useful, a mechanistic understanding of the deg- 
radation reaction is still lacking. 

Experimental 
Che~nicals 

Commercially available chemicals of analytical or reagent grades 
were used without purification. Technical grade fluorosulfuric acid 
(Allied Chemicals) was doubly distilled at atmospheric pressure in a 
counter stream of dry nitrogen. Trifluoromethane sulfuric acid (3M 
Company) was distilled from concentrated H2S04 in a stream of dry 
nitrogen. Tin(1V) acetate was synthesized by the reaction of SnI, with 
TIC02CH3 (43). The following fluorosulfates were prepared 
according to literature methods: KS03F (44). (CH3)2Sn(S03F)2 (32), 
(CH,)2Sn(S0,CF3)2 (321, Sn(SO3FI4 (221, K2[Sn(S0,F)61 (22), 
Cs[Sn(S03F),I (22), GeF2(S0,F)2 (221, Pd(S0,F)2 (33), Hg(S03F), 
(361, Mn[Sn(S03F)61 (34), CS~LP~(SO,F)~I (211, and PdlPd(S03F)nl 
(33). 

Instrumentation 
Infrared spectra were recorded on a Perkin-Elmer 598 grating 

spectrometer. Silver chloride and bromide (Harshaw Chemicals) were 
used as window materials. Samples were either mulled with Nujol or 
hexachlorobutadiene or used without mulling agent. The Raman and 
Mossbauer spectrometers have been described before (22, 29). The 
19 F nmr spectra in HS0,CF3 were obtained on an XL-100 spectrometer 
(Varian Associates). 'H and I9F high resolution solid-state nmr spectra 
were recorded on Bruker's CXP 200 MHz spectrometer. 'H and "F 
chemical shifts are reported with respect to TMS and CFCI,, re- 
spectively, with shifts to lower fields considered positive. 

All moisture-sensitive solids were handled in a Vacuum Atmo- 
spheres Corp. "Dri-Lab" Model No. HE-43-2, filled with purified dry 
nitrogen and equipped with a Dri-Train circulating unit. All reactions 
were performed in Pyrex reaction vials of about 40-mL capacity, 
which were fitted with Kontes Teflon stem valves and equipped with 
Teflon-coated spin bars. All reactions were monitored by weight. 
Product isolation by filtration was performed in an apparatus described 
by Shriver (45). Chemical analysis was carried out by the Analytische 
Laboratorium, Gummersbach, West Germany. The carbon and hydro- 
gen content was determined by Mr. P. Borda of this Department. 

General procedure for the conversion ojfliiorosulfutes into tr~jluoro- 
methyl sulfates 

A known amount of the fluorosulfate compound was filled inside 
the dry-box into a pre-weighed, dried reaction vial, fitted with a 
Teflon-coated magnetic stirring bar and a Teflon-stem stopcock. After 
evacuation of the reactor an approximate volume, usually 5 mL, of 
freshly distilled HS03CF, was transferred on a vacuum line onto the 
solid substrate. The reaction mixture was allowed to warm to room 
temperature before stirring was commenced. Occasionally, as noted in 
Table 1, complete or partial dissolution of the solid substrate occurred, 
either at 25OC or at a slightly elevated temperature. In some instances 
a solid remained in the reactor throughout the reaction. Product iso- 
lation involved, in all but one instance, removal of all volatiles in 
vacuo, which permitted us to follow the reaction by weighing. The 
solid product was subsequently dried in vacuo to constant weight. A 
slight pressure buildup in the reaction vessel was invariably noted 
during the reaction, but gas evolution appeared to be too slow to allow 
visual detection. An identical procedure was used to convert 
(CH,)2Sn(S03CF,)2 back to the fluorosulfate, employing about 5 rnL 
of HSO3F. 
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Addifionnl synfhefic rencfions 
(a) [ C H . ~ C O ~ H ~ I ~ [ S ~ ~ ( S O . T C F ~ ) O ]  
To a 600-mg sample of Sn(C02CH,)4, an excess of HS03CF3 was 

added in the dry-box and vigorously stirred. The clear solution on slow 
concentration in vacrro produced a white, crystalline product. The 
compound was isolated, by vacuum filtration and subsequent washing 
with a small amount of HS03CF3, and dried in vncuo. 

(b) CH.qCO,H. HS0.TCF.r 
Nearly equimolar quantities of HS03CF, (4.91 g, 32.72 mmol) and 

CH,COOH (2.02 g, 33.5 mmol) were mixed and stirred for an hour. 
On cooling the solution, a crystalline product was formed. The crys- 
tals were filtered and washed with a small amount of acetic acid 
followed by dry carbon tetrachloride, and dried in vncuo at room 
temperatue. 

(c) css0.TCF.1. HSO.TCF3 
About 5 mL of HS03CF3 were distilled onto 554.1 mg (3.29 mmol) 

CsCI. In a vigorous reaction at ambivant temperature, HCI was pro- 
duced and removed in vncuo. The mixture was vigorously stirred for 
30 min. On removal of all the volatile materials, a white crystalline 
product, CsS03CF3.HS03CF3 (1406.1 mg, 3.25 mmol), was 
obtained. 

Charac~eriza~ion of new cornporolds 
The melting points quoted are uncorrected. the nmr data are quoted 

relative to TMS ('H) or CFCI, ("F). Infrared data are quoted in cm-'. 
Relative intensities are listed using the following abbreviations: s = 
strong, sh = shoulder, m = medium, w = weak, v = very, b = broad. 

K2[S~t(S03CF3)6]: white, hygroscopic solid, does not melt below 
290°C. very soluble in HS03CF3; ir: 1445 m, 1427 s, 1360 vs, 1230 
vs, 1195 vs, 1145 s, 1100 w, sh, 1000 w, sh, 965 s, b, 930 s, sh, 895 
m, 825 m, 770 m, 730 vw, 625 vs, 606 s, sh, 572 w, 560 w, 522 m-w, 
511 s, 500 msh, 425 w, sh. 

CS~[P~(SO,CF.~)~]: deep yellow, hygroscopic solid, which does not 
melt below 275°C; ir: 1445 w, 1427 m, sh, 1360 vs, b, 1230 vs b, 
1195 vs, 1125 s, 1100 vw, sh, 1015 w, 965 msh, 900 s, b, 815 vw, 
sh, 765 ms, 685 w, 642 msh, 615 s, 606 s, 578 m, 549 vw, 518 m-s, 
500 m, 418 w, 395 w, 375 m, 350 w, 340 w, 321 w, 310 m. Raman: 
1381 m, 1255 s, 1235 w, 1168 s ,  1020 m, 771 m, 606 s, 540 m, 372 
m, 328 w, 255 s, 220 s. 

GeF2(S0.jCF,)2: white, very hygroscopic glass wool-like solid, 
melts at 150°C, seems insoluble in HS03CF3; ir: 1409 msh, 1370 vs, 
1317 vs, 1245 s, 1215 s, sh, 1201 vs, 1145 vs, 1079 s, 1035 s, 1020 
s, sh, 875 vw, 782 ms, 775 ms, 726 m-w, 640 s, 612 s, 585 m, 540 
m, 529 s, 433 s, 419 m, 373 s, 350 s, sh, 340 s, 320 s, sh. 

Pd[Pd(S03CF,)6]: brown-white solid, hygroscopic, thermally sta- 
ble up to 250°C; ir: 1420 w, sh, 1391 s, 1365 s, 1245 s, sh, 1208 vs, 
1125 m, sh, 1035 s, 940 w, 855 vw, 771 m, 639 s, 605 w, 580 w, 529 
s, 504 w, 499 m, 480 vw. 

Pd(S03CF.j)2: light purple, very hygroscopic solid, which does not 
melt below 250°C; ir: 1425 vw, 1392 vw, 1350 m, sh, 1220 vs, b, 
1180 w, sh, 1090 s, 1050 w, sh, 1030 m, 980 vs, 852 vs, 770 vw, 720 
w ,  635 ms, 608 s, 595 wsh, 565 ms, 527 ms, 505 vw, 415 s, 382 w, 
356 s, 340 w, 332 w, 320 w. 

CS[SIZ(SO.,CF~)~]: white, hygroscopic crystalline solid, which does 
not melt below 280°C; ir: 1440 w, sh, 1415 s, sh, 1370 vs, 1240 s, 
sh, 1220 s, sh, 1195 vs, b, 1135 s, b, 1095 w, sh, 985 s, b, 930 m, 
sh, 920 w, sh, 830 vw, 769 ms, 730 w, 625 vs, 603 s, sh, 570 vw, 
512 s, 500 m. Raman: 1390 s, 1260 s, 1240 s, 1208 m, 1173 m, 1153 
w, 1081 m, 1055 s, 920 m, 775 and 772 vs, 635 w, 610 w, sh, 599 
s, 569 s, 536 m, 517 w, 388 m, 343 s, 328 s, 314 s, 258 s. 

[CH,C02H1]2[Sn(S03CF.r)6]: white, very hygroscopic crystalline 
solid, mp 255°C; ir: 3000 vs, b, 1610 s, 1575 w, 1555 m, 1543 m, 
1360 s, 1200 vs, b, 1140 s, b, 1037 w, 980 m, 895 vw, 769 m, 755 
vw, 625 vs, 602 s, 570 m, 525 m, sh, 505 s, 495 s, sh, 425 w; "F 
nmr, solid state: broad resonance at 6 = -79.2 ppm. 

Sn(S03CF.,)$: white hygroscopic solid, mp 235°C; ir: 143 1 w, 1400 
m, sh, 1360 s, b, 1310 vw, sh, 1256 s, sh, 1210 vs, b, 1138 m, 1060 
s, 1000 vs, b, 955 vw, 915 ms, 778 m, 771 m, 635 s, 613 s, sh, 575 
vw, sh, 540 w sh, 515 ms, 450 vw, sh, 410 w, 381 s, 366 s, 320 wsh. 

CHICOZH-HSO,CF,: white crystalline hygroscopic solid, melts at 
+37"C, very soluble in HS03CF3; ir: 2920 vs, b, 2460 s, b, 1885 m, 
b, 1615 s, 1545 ms, 1400 m, 1365 w, 1300 s, 1195 s, b, 1145 w, 1015 
s, 930 w, 895 vw, 765 m, 634 s, 615 s, 573 mw, 515 m, 500 m, 470 
w, b. Raman (strong fluorescence): 2950 wb, 1305 w, 1220 w, 1020 
s, 902 m, 768 ms, 635 w, 615 w, 572 w, 498 w, 480 mb, 345 m, 319 
m, 209 m. 

CsSO,CF,.HSO,CF.,: white, hygroscopic solid, mp 119°C; ir: 
weak, very broad band at 2800-2200 cm- ' ,  1315 m, sh, 1285 sb, 
1185 vs, b, 1145 vw, sh, 1065 w, sh, 1020 vs, 940 w, 770 m, 640 
s, 61 1 s, 565 s, sh, 555 s, 505 s, 440 s, b; "'F nmr (solid state): 6 = 
-93.1 (broad), 6 = -78.83. 

M~[SII(SO.~CF~)~]: white, hygroscopic solid, does not melt below 
300°C; ir: 1375 vs, 1360 s, sh, 1240 s, sh, 1200 s, b, 1125 s, 1100 
w, sh, 980 m, sh, 960 vs, 870 vw, sh, 775 s, 674 m, sh, 639 s, 606 
s, 585 s, 535 s, sh, 525 s, 507 m, sh, 452 w, 422 w, sh. 398 s, 361 
s, 351 s, sh, 335 m. 
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A brief survey of the use of the Pummerer rearrangement for the alkylation of 
1,3-oxathiolan-5-ones and 1,3-thiazolidin-4-ones 
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JOHN M. MCINTOSH and RANDY K. LEAVITT. Can. J. Chem. 63,  33 13 (1985). 
Oxidation of 1,3-oxathiolan-5-ones (1) gives acceptable yields of sulfoxides only when C4 is unsubstituted. Sulfoxides 

derived from 1,3-thiazolidine-4-ones (8) are easily prepared. Acid-catalyzed rearrangement in the presence of 1-alkenes or 
benzene leads to alkylation (arylation) at C5. Alkylation of 8c may be generally more effective than that of 1. An aldol 
condensation of 8c shows little stereoselectivity. 

JOHN M. MCINTOSH et RANDY K. LEAVITT. Can. J. Chem. 63 ,  3313 (1985) 
L'oxydation des oxathiolane-1,3 ones-5 (1) ne donne des rendements acceptables des sulfoxydes que lorsque le C4 n'est pas 

substitut. On peut facilement prCparer les sulfoxydes qui proviennent des thiazolidine-1,3 ones-4 (8). La transposition 
acido-catalyste, en prCsence d'alcknes-1 ou de benzkne, provoque une alkylation (ou une arylation) en position C5. L'alkyla- 
tion du compost 8c &st gCnCralement plus efficace que celle du compost 1. Une condensation aldolique du cornposC 8c ne 
prksente pas beaucoup de stCreostlectivitt. 

[Traduit par le journal] 

Recently, we described (1) the alkylation and aldol conden- 
sation reactions of 1,3-oxathiolan-5-ones (1) and the use of 
the products in the formation of 2-mercaptoaldehydes and 
2,5-dihydrothiophenes (2). In that report it was noted that the 
alkylation of l a  was unsuccessful with all alkyl halides, while 
alkylation of l b  gave acceptable yields of products only with 
very reactive halides. The interest in this alkylation stems from 
its potential to form 2-mercaptoaldehydes in a protected form 
from readily available starting materials. In an effort to circum- 
vent the observed difficulties~, we considered the use of the ion 
3 ,  generated by treatment of sulfoxide 2 with acids, as the 
electrophilic partner in an alkylation reaction (Scheme 1). Our 
intent was to use olefins as the nucleophilic species, which 
results in an "umpolung" of the previously examined anionic 
alkylation. Recently disclosed examinations of closely related 
systems (3) prompts us to present our results at this time. 

The capture of ions analogous to 3 by alkenes has been 
documented. In a series of papers, Tamura et al. (4) examined 
the cyclization of acyclic olefinic P-0x0-sulfoxides. The 
a-thiocarbocation derived formally by the elimination of OH- 
from the sulfoxide was captured intramolecularly with aromatic 
(4b) and olefinic (4a) nucleophiles to generate 5- and 
6-membered rings. Intermolecular capture (4c, d) was demon- 
strated with terminal alkenes. These reactions can be envisaged 
as proceeding either via an ene type reaction or as simple attack 
of the olefinic T-bond on the ion analogous to 3. Other exam- 
ples of this and related systems can also be found in the litera- 
ture (5). In this report, the results of the use of l and the related 
lactams 8 in such reactions are documented. 

0 
4 5 6 a  R = H ,  R' = OTFA 7 

b R = Me, R' = OH 
c R = Ph, R' = H 

To our knowledge, only one example of the sulfoxide de- 
rived from the 1,3-oxathiolan-5-one system has been reported. 
Kay and co-workers reported 4 (6) and its stereospecific Pum- 
merer rearrangement into 5. In our hands, oxidation of l a  using 

hydrogen peroxide in acetic acid afforded 2a  in 87% yield. 
Pummerer rearrangement using TFAITFAA in benzene gave a 
modest yield of 6 a  with no sign of 6c, the product expected 
from capture of 3 a  by the solvent. Clearly, the intermolecular 
capture of 3 a  cannot compete with the intramolecular rear- 
rangement. In view of results to be presented later, this may be 
ascribed to the steric hindrance imparted by the C2 gem substi- 
tution and (or) the instability of the lactone function to the 
strongly acidic conditions of the Pummerer rearrangement. 
Stronger acids caused immediate decomposition of 2a and no 
identifiable products could be obtained. Oxidation of l b  fol- 
lowed by aqueous work-up gave a low yield of the hydrolyzed 
Pummerer product 66. No sulfoxide could be detected in the 
spectra of the crude product. When oxidation of l c  was at- 
tempted, an inseparable mixture of 2c and a compound to 
which the structure 7 is assigned, on the basis of the 'H nmr of 
the crude mixture (quartet at 6 = 6.8), was formed. In addition, 
large amounts of l c  remained in the mixture. Attempted sepa- 
ration of 7 or 2c from the reaction mixture led only to severe 
decomposition. The use of MCPBA or TBHP as oxidants did 
not improve these results. The instability of 2c, 6a ,  and 7 
precluded their purification. It is clear from these results that 
the sulfoxides, like 26 and 2c, that possess C4 substituents 
must be unusually sensitive materials whose use in synthesis 
would be unattractive. 

Because the lactam analogs (8 and 9) of 1 and 2 were ex- 
pected to be more stable and because the DIBAL reduction of 
substituted 8 to 2-mercaptoaldehydes was expected to be rou- 
tine, our attention was shifted toward this heterocycle. Three 
examples were examined (8a, b, c). In each case these were 
oxidized to 9 in acceptable yields and each 9 proved to be a 
stable material. 

Treatment of 9 a  with TsOH/Ac20 gave 10a, while l o b  (the 
hydrolyzed Pummerer product formed from the aqueous work- 
up) and 10c were formed from 96 or 9c  respectively, on treat- 
ment with TFAITFAA. Reaction of each 9 with benzene in 
concentrated H2S04 gave the corresponding 5-phenyl deriva- 
tives (11) of 8 in 75-95% yields.' However, these conditions 

' Formation of 116 has also been observed by I. T. Kay (personal 
communication). 
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0 

8a R = -(CH,),-, R' = Ph 9 10a R = -(CH,),-, R' = Ph, X = OAc 
b R = -(CH,),-, R' = Me b R = -(CHZ)5-, R' = Me, X = OH 
c R = H, R ' =  Me c R = H,  R' = Me, X = OTFA 

lla R = -(CH,),-, R' = Ph 
b R = R' = Me 
c R = H , R '  = Me 

caused immediate decomposition of the alkenes that we hoped 
to use in the alkylation reaction. Attempts to use H2S04 or other 
strong Lewis (BF3, SnC14, AlCl,) or protonic (PPA, MeS03H) 
acids in catalytic amounts at low temperatures in the phenyl- 
ation of 9a or 96 led to low yields of complex mixtures of 
products. The appearance of materials whose molecular weight 
(mass spectra) indicated the incorporation of two heterocyclic 
units joined by an ether linkage suggested that the presence of 
water formed in the Pummerer rearrangement was interfering 
with the desired reaction. Presumably, when concentrated 
H2S04 is used, the water is completely protonated and cannot 
react further. Incorporation of anhydrous CuS04 in the sulfuric 
acid catalyzed reaction did not improve the results. 

Sulfoxide 9c did react with 1-alkenes in TFA/TFAA solu- 
tion to give 12 in acceptable yields (Scheme 3). 2-Alkenes 
(2-hexene, cyclohexene) gave mixtures of products containing 
10c along with a mixture of "ene" products and their addition 
products with TFA. 

The reported (3, 4) examples of successful alkylations of 
P-0x0-sulfoxides by alkenes under acidic conditions all utilize 
compounds in which a methyl group is attached to sulfur. It is 
clear from our results that increasing the size of this group has 
a profoundly deleterious effect on the reaction and makes this 
methodology of limited applicability to 1 and 8. 

In conclusion, it is worth noting that alkylation of the anion 
derived from lactam 8c  gave acceptable yields of alkylated 
materials (13), even with a halide (BuI) that was unreactive 
with lactones l a  or l b  (Scheme 3). Methylation afforded a 6: 1 
mixture of mono- and dialkylated product (13a) while BuI gave 
only monoalkylated product (13b). Again, the difference may 
lie in the steric effect of the gem-dimethyl group in 1.  Aldol 
reactions are also possible, as is evidenced by the reaction with 
benzaldehyde to afford 14 as a 3 :2  mixture of diastereomers 
14a and 146. Since the C2-unsubstituted lactam 8c  is more 
readily prepared than the analogous lactone, the use of this 

heterocycle may circumvent the difficulties encountered in the 
alkylation of 1 and permit an alkylative approach to a general 
synthesis of 2-mercaptoaldehydes. 

This work represents the end of our investigations into the 
chemistry of these heterocycles. 

Experimental 
All infrared spectra were run in chloroform solution on either a 

Perkin-Elmer Model 180 instrument or on a Nicolet 5-DX instrument 
in the FT mode. The four strongest peaks are reported. The nmr 
spectra were run at 60 MHz ('H nmr) or 22.64 MHz (I3C nmr) in 
CDCI3 solution and are referenced to internal TMS. The data are 
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presented in the format (multiplicity, number of hydrogens, coupling 
constant). Gas chromatographic analyses were performed using a 1.5 
ft X 118 in. column packed with 5% OV-101 on Chromosorb W. 
Solvents were removed at reduced pressure and the drying agent was 
anhydrous MgS04. Column chromatography utilized silica gel 60 
(Merck). Microanalyses were performed by Canadian Microanalytical 
Services, Vancouver; Guelph Chemical Laboratories, Guelph, 
Ontario; and Uniroyal Research Laboratories, Guelph, Ontario. 

Materials 
1,3-Oxathiolan-5-ones 1 (2) and thiazolidinone 8c (7) were pre- 

pared by literature procedures. 
3-Phenyl-2,2-pentamethylenethiazolidin-4-one (8a) 
A solution of the ketimine derived from aniline and cyclohexanone 

(24 g, 0.14 mol) and 15 g (0.16 mol) 2-mercaptoacetic acid was 
refluxed under a Dean-Stark water separator overnight (3 mL of water 
collected). The solvent was removed and the solid residue re- 
crystallized to give 8a; 70%; rnp 168°C (EtOH); ir: 2940, 1665, 1490, 
1380 cm-'; 'H nmr: 7.4-6.9,(m, 5H), 3.9 (s, 2H), 2.3-0.45 (m, 
10H); I3Cnmr: 171.7, 136.5, 130.4, 129.3, 128.6,74.1, 39.2,31.5, 
24.2, 23.4. Anal. calcd. (CI4Hl7NOS): C 67.97, H 6.92; found: C 
68.08, H 6.96. 

3-Methyl-2,2-pentamethylenethiazolidin-4-one (8b) (ref. 7) 
A solution of methylamine in ethanol was prepared as follows. To 

a mixture of 27 mL of ethanol and 35 mL of 50% aqueous KOH, 
which was cooled in an ice bath, was added 21.9 g of methylamine 
hydrochloride. The solution was stirred for 1 h, filtered, and the layers 
separated. To the organic layer was added 2-mercaptoacetic acid (20.6 
g, 0.22 mol) dropwise with stirring at PC .  Stirring was continued for 
1 h, the solvent was removed, the resulting solid dissolved in toluene, 
and 20 g of cyclohexanone was added. Refluxing under a Dean-Stark 
water separator followed by evaporation gave an oil which was dis- 
tilled to give 8b; 64%; bp 120°C (0.1 Torr) (1 Tom = 133.3 Pa) ir: 
3020, 2950, 1660, 1400 cm-'; 'H  nmr: 3.50 (s, 2H), 2.87 (s, 3H), 
2.35-2.07 (m, 10H); I3C nmr: 170.1, 73.0, 36.9, 30.9, 26.9, 24.1, 
22.8. 

General oxidation procedure 
In a typical experiment, 0.02 mol of sulfide was dissolved in 10 mL 

of glacial acetic acid and cooled to 0-5°C. To this was added 1.15 
equiv. of 30% hydrogen peroxide dropwise with stirring. The mixture 
was allowed to come to ambient temperature overnight and diluted 
with 15 mL of water. Solid sodium bisulfite was added until a negative 
peroxide test was achieved. The organics were extracted into chloro- 
form and washed with saturated aqueous bicarbonate until the wash- 
ings were basic. The extracts were dried and the solvent removed to 
give the crude product, which was purified as noted below. 

2a: (Continuous extraction (CHCI,) was required for acceptable 
yields.) Chromatographic purification (EtOAc) gave 2a; 87%; mp 
77°C; ir: 1799, 1780, 1236, 1070 cm-'; 'H nmr: 3.82 (ABq, 2H, J = 
12 Hz), 1.75 (s, 3H), 1.60 (s, 3H); "C nmr: 169.5, 98.5, 52.7, 23.1, 
20.0. Anal. calcd. (C5H803S): C 40.53, H 5.44; found: C 40.06, H 
5.31. 

66: Unstable oil (25% crude, not purified); ir: 3500-3300, 1750, 
1450, 1375 cm-'; 'H nmr: 4.78 (bs, IH, exchanges with D20), 1.90 
(s, 3H), 1.88 (s, 3H), 1.76 (s, 3H); I3C nmr: 174.3, 100.2, 86.6, 32.7, 
30.9, 27.6. 

9a: 86%; mp 166°C (benzene); ir: 2950, 1680, 1363, 1100 cm-'; 
'H nmr: 7.7-7.0 (m, 5H), 3.65 (ABq, 2H, J = 15 Hz), 2.7-0.7 (m, 
10H); "C nmr: 168.6, 135.8, 129.9, 129.5, 128.9, 83.5,51.8, 32.7, 
28.9,24.0, 23.6,22.3. Anal. calcd. (Ci4Hl7NOZS): C 63.84, H 6.50; 
found: C 63.65, H 6.44. 

9b: 57%; mp 123°C (CCI,); ir: 3015, 2980, 1680, 1050 cm-'; 'H 
nmr: 3.53 (ABq, 2H, J = 9 Hz), 2.90 (s, 3H), 2.5 1 -0.80 (rn, 1 OH); 
"C nmr: 167.0, 82.12, 51.3, 29.7, 28.9, 23.7, 22.8, 21.7. Anal. 
calcd. (C9HI5NO2S): C 53.70, H 7.5 1; found: C 53.79, H 7.53. 

9c: This very water-soluble compound was decomposed by con- 
tinous extraction into CHCI,. Therefore the work-up was modified as 
follows. After destruction of the excess peroxide, the solvents were 

removed at room temperature and 0.4 Torr pressure. The residue was 
taken up in CHC13, stirred with solid KzC09, filtered, and evaporated. 
The product was crystallized by precipitation from acetone with petro- 
leum ether to give 9c; 55%; mp 109°C (benzene); ir: 3010, 1695, 
1225, 1055 cm-'; 'H nmr: 4.39 (ABq, 2H, J = 11 Hz), 3.53 (ABq, 
2H, J = 3 Hz), 3.0 (s, 3H); I3C nmr: 167.5, 70.2, 54. I, 31.1. Anal. 
calcd. (C4H,NOZS): C 36.07, H 5.29; found: C 36.32, H 5.23. 

Pummerer rearrangements 
In a typical experiment, a solution of 0.2 mol of the heterocycle in 

10- 15 mL of TFA containing 2 equiv. of benzene was cooled to 0°C 
and I. 1 equiv. of TFAA was added dropwise. The mixture was stirred 
at 0°C for 3-4 h, diluted with water (10- 15 mL), and extracted with 
chloroform. The extracts were washed with aqueous bicarbonate solu- 
tion, dried, and evaporated. In the case of 10a, the reaction mixture 
consisted of CH2Cl,/benzene and a catalytic amount of TsOH, and the 
electrophile was acetic anhydride. 

6a: 45%; bp 52°C (0.75 Torr); ir: 1800- 1780, 1240, 1170, 1140 
cm-'; 'H nmr: 6.58 (s, lH), 2.15 (s, 3H), 2.10 (s, 3H); "C nmr: 
166.9, 156.4 (q), 118.4 (q), 91.1, 80.5, 33.3, 30.0. 

10a: 55%; mp 132°C (benzene or EtOH); ir: 2950, 1780, 1680, 
1220 cm-'; 'H nmr: 7.75-6.90 (m, 5H), 6.28 (s, lH), 2.65-0.85 (m, 
13H); "Cnmr: 168.9, 168.1, 135.9, 130.3, 129.5, 129.1,74.9,74.1, 
40.6, 39.4, 24.1, 23.9, 23.4, 21.0. Anal. calcd. (C16H1yN03S): C 
62.92, H 6.27; found: C 63.16, H 6.3 1. 

lob: 70%; mp 163°C (benzene); ir: 2950, 1670, 1395, 1200 cm-'; 
'H nmr: 5.78 (bs, lH), 5.57 (s, IH), 2.86 (s, 3H), 2.43-0.67 (m, 
1 OH). 

10c: 100% crude (not purified); oil; 'H nmr; 6.38 (d, lH, J = 2 Hz), 
4.56 (ABq, 2H, J = 8 Hz) (high field side further split, J = 2 Hz), 
3.05 (s, 3H). 

Phenylation reactions 
To a vigorously stirred mixture of 5 mL of concentrated HzSOJ and 

4 rnL of benzene was added 0.5 g of the sulfoxide. Stirring was 
continued until the exotherm ceased (ca. 40 min). The yellow solution 
was poured over 10 g of ice and extracted into CH2C12. The phases 
were separated and the organic phase dried and evaporated to yield the 
crude product, which was purified by crystallization or chro- 
matography. 

l l a :  93%; mp 119-121°C (benzene); ir: 2950, 1670, 1375, 1200 
cm-'; 'H nmr: 7.82-7.05 (m, IOH), 5.08 (s, lH), 2.35-0.47 (m, 
IOH); I3c nmr: 172.3, 138.2, 136.8, 130.6, 129.3, 128.7, 127.9, 
102.7, 72.3, 51.0, 40.2, 39.8, 24.2, 23.9, 23.6. Anal. calcd. 
(CZOHIyNOS): C 74.26, H 6.54; found: C 74.52, H 6.54. 

11 b: 95%; mp 163°C (benzene); ir: 2960, 1660, 1400, 1200 cm- ' ; 
'Hnmr: 7.77-7.2 (m, 5H), 5.00(s, IH), 2.95 (s, 3H), 2.36-0.85 (m, 
10H); "Cnmr: 170.8, 138.1, 128.3, 128.1, 127.5, 102.5,71.3,49.9, 
38.0, 37.3, 27.7, 24.2, 22.9. Anal. calcd. (CI5HI9NOS): C 68.92, H 
7.32; found: C 68.83, H 7.54. 

l l c :  76%; oil (chromatography 1: 1 EtOAclbenzene); ir: 3015, 
1670, 1390, 1230 cm-I; 'H nmr: 7.23 (m, 5H), 4.80 (s, lH), 4.30 (s, 
2H), 2.90(s, 3H); I3Cnmr: 171.4, 138.3, 128.6, 128.2, 127.9, 50.6, 
47.7, 31.7. Anal. calcd. (CloHliNOS): C 62.15, H 5.74; found: C 
62.09, H 5.89. 

Reaction with alkenes 
To a cold solution of 9c in 20 mL TFA and 1.5 equiv. of the alkene 

(I-octene or I-hexene) was added 1.1 equiv. of TFAA dropwise with 
stirring. After 1 h, the solution was diluted with 20 mL of water and 
extracted with chloroform. The extracts were washed with aqueous 
bicarbonate and water, dried, and evaporated to give 12a or 126. E/Z 
ratios were determined by the relative peak intensities of the sp2 
carbons in the I3C nmr spectra. When 2-alkenes (cyclohexene, 
2-hexene) were used, 'H nmr spectra and gas chromatography indi- 
cated the presence of complex mixtures. 

12a: 62%; bp 193°C (13 Torr (E/Z = 3: 1); ir: 2970,2940, 1665, 
1400 cm-'; 'H nmr: 5.78-5.03 (m, 2H), 4.22 (s, 2H), 3.92-3.55 (m, 
lH), 2.92 (s, 3H), 2.85-0.55 (m, 13H); "C nmr: 172.4, 134.3, 
133.4, 125.0, 124.4, 47.5, 36.9, 32.3,31.3, 29.1,28.8, 22.3, 18.9. 
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Anal. calcd. (CIZHZINOS): C 63.39, H 9.30; found: C 62.78, H 9.27. 
126: 49%; bp 1 15°C (0.6 Tom) (EIZ = 2: 1); ir: 2975, 1670, 1420, 

1395 cm-'; 'H nmr: 5.65-5.05 (m, 2H), 4.25 (s, 2H), 3.95-3.60 (m, 
lH), 2.92 (s, 3H), 2.90-0.80 (m, 12H); "C nmr: 172.4, 134.1, 
133.3, 125.3, 124.7, 47.6, 37.0, 34.8, 34.5, 31.8, 31.6, 22.6, 22.4, 
18.6. Anal. calcd. (CloH17NOS): C 60.26, H 8.59; found: C 59.92, H 
8.58. 

Alkylation reactions 
All alkylation reactions were run as previously reported (1). Com- 

pound 13a was obtained as a mixture of mono- and dimethylated 
products in a ratio of 6: 1 as indicated by gas chromatographic anal- 
ysis. 

130: bp 104°C (1 1 Tom); ir: 3010, 1670, 1500, 1400 cm-I; 'H nmr: 
4.38 (s, 2H), 3.85 (q, IH, J = 7 Hz), 2.97 (s, 3H), 1.55 (d, 3H, J 
= 7 Hz) [1.55 (s, 6H) for dimethyl derivative]; "C nmr: 178.2, 46.8, 
40.7, 31.3, 19.3 [19.11]. 

136: 44%; bp 95°C (0.5 Tom); ir: 2980,2950, 1670, 1400 cm-'; 'H 
nmr: 4.3 (dd, 2H, J < 1 Hz), 4.0-3.5 (m, lH), 2.95 (s, 3H), 2.5-0.7 
(m, 9H); I3C nmr: 172.9, 47.5, 47.2, 33.6, 31.2, 29.1, 22.1, 13.8. 
Anal. calcd. (C8HIsNOS): C 55.45, H 8.72; found: C 55.44, H 8.89. 

Aldol condensation 
The aldol condensation was run as previously reported (1). Com- 

pound 14 was obtained as a mixture of diastereomers (14a and 146) 
in an isolated ratio of 3:2. The total yield was 54%. 

14a: 33%; mp 145°C ( I :  1 EtOAcIbenzene); ir: 3650-3200 (no 
change upon dilution), 3010, 1670, 1400 cm-I; 'H nmr: 7.65-7.2 (m, 
5H), 5.39 (ABq, lH, J = 2.2 Hz), 3.60 (d, IH, J = 2.5 Hz, ex- 
changeable), 4.18 (d, 1 H, J = 2.5 Hz), 4. I6 (ABq, 2H, J = 7.0 Hz) 
(high field end split into doublet, J = 2.2 Hz), 2.95 (s, 3H); I3C nmr: 
171.4, 141.2, 128.4, 128.0, 126.0, 73.0, 55.4, 48.4, 31.6. Anal. 
calcd. (CIIHl3NO2S): C 59.16, H 5.86; found: C 59.18, H 5.87. 

146: Oil (dec. on attempted distillation); ir: 3704-3224 (no change 

upon dilution), 3008, 1663, 1400 cm-I; 'H nmr: 7.5-7.1 (m, 5H), 
5.2 (s, 1 H, exchangeable), 4.90 (d, 1 H, J = 8.5 Hz), 4.25 (d, 1 H, J 
= 7 Hz), 4.15-3.95 (m, 2H), 2.75 (s, 3H); "C nmr: 172.9, 140.0, 
128.7, 128.5, 127.2, 76.5, 52.2, 47.7, 31.6 
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M. M.  GIRGIS, S.  A. EL-SHATOURY, and Z. H. KHALIL. Can. J .  Chem. 63, 3317 (1985). 
The initial oxidation stages of lactic acid by acid permanganate were investigated. The rate of the induction period was slow 

and then gradually increased. The kinetics of oxidation were second order, first order with respect to both lactic acid and 
Mn(VI1). The reaction was acid catalyzed. Addition of Mn(I1) ions largely increased the rate of the initial stages and decreased 
the rate of the following stages. The oxidation rate was decreased by the addition of F- or P,o:- ions. The Arrhenius equation 
was valid for the reaction between 16.5 and 34°C. Activation parameters were evaluated and a mechanism consistent with the 
results obtained was proposed. 

M.  M. GIRGIS, S.  A. EL-SHATOURY et Z. H. KHALIL. Can. J .  Chem. 63, 3317 (1985). 
On a CtudiC les Ctapes initiales de I'oxydation de I'acide lactique par le permanganate de potassium en milieu acide. La vitesse 

de la p6riode d'induction est lente mais elle augmente graduellement. La cinetique de I'oxydation est d'ordre deux, soit d'ordre 
un tant par rapport a l'acide lactique que par rapport au Mn(VI1). La reaction est catalyske par les acides. L'addition d'ions 
Mn(1I) augmente grandement la vitesse des Ctapes initiales et diminue celle des ttapes suivantes. L'addition d'ions F-' ou 
P2074- diminue la vitesse d'oxydation. L'Cquation d'ArrhCnius s'applique a cette reaction entre 16,5 et 34°C. On a Cvalut les 
paramttres d'activation et on propose un mecanisme qui s'accorde avec les resultats obtenus. 

[Traduit par le journal] 

Introduction 
The extent of oxidation of organic substrate by permanga- 

nate depends mainly on the acidity of the medium. In alkaline 
or weakly acidic solution Mn(VI1) changes to Mn(IV), while in 
strongly acidic medium Mn(VI1) is further reduced, forming 
ultimately Mn(I1). During this valence change of manganese 
almost every conceivable intermediate ion was suggested as 
participating oxidant. But the species having the main role as 
potential oxidant depends on the nature of the substrate and on 
the pH of the medium. 

Considerable kinetic data were collected on the oxidation of 
organic compounds by potassium permanganate. Kinetics of 
oxidation of some a-hydroxy carboxylic acids, e.g. tartaric 
acid (1-3), citric acid (4, 5), and glycolic acid (6) by acid 
permanganate have been reported earlier. However, the details 
of permanganate oxidation of lactic acid are not yet known 
although kinetics of oxidation of this acid by other oxidants 
(7- 10) has been reported. We were prompted to undertake the 
present investigation on the oxidation of lactic acid by per- 
manganate in acid medium with a view to having an insight into 
the reaction mechanism. 

Materials and method 
Potassium permanganate was of GR (E. Merck) grade whereas 

lactic and sulphuric acids were of Analar (BDH) grade. All other 
reagents were chemically pure. All the solutions were prepared in 
doubly distilled conductivity water. 'The solution of KMnO, was 
boiled and filtered into a dark glass bottle for storage. Permanganate 
solutions were standardized by titration against oxalate (I  I), whereas 
lactic acid solutions were standardized by titration against sodium 
hydroxide. 

Kinetic experiments were carried out in a temperature-controlled 
(?0.l0C) water bath. The reaction was initiated by adding to an 
equilibrated mixture of lactic acid and sulphuric acid the requisite 
quantity of pre-equilibrated potassium permanganate solution. The 
course of the reaction was followed by measuring the absorbance of 
the remaining permanganate ions at known intervals at 545 nm on a 
spectromom 402 photoelectric photometer, using a I-cm matched 
silica cell. Absorption spectra were recordcd on a Shimadzu UV-200 
S double beam spectrophotometer, using the cell of path length 1 cm. 
It was verified that there is no interference due to other reagents at 545 
nm. 'The reactions were usually followed up to not less than 70% 
completion. 

The concentration of lactic acid was always kept in large excess, 
and pseudo-first-order rate constants were calculated by plotting log 
[MnOh] versus time. 

Results 
Reaction-time curve 

The log [MnO,] versus time plots indicate clearly that the 
oxidation process has an "induction period" (2, 12) followed by 
"autoacceleration", Fig. 1.A. It was noticed that the extent of 
the "induction period" depends on the reaction conditions. The 
rates of the initial stages of the reaction were determined from 
the measurements of the slopes of the lines extended over the 
"induction period". 

Stoichiometry and identification of reaction products 
A solution of potassium permanganate (0.14 M) was added 

dropwise to a warm solution (40-50°C) of lactic acid (4 mL, 
0.87 M) containing sulphuric acid (10 mL, 2 M) until a per- 
manent permanganate colour appeared. Different titrimetric 
experiments verified that one mole of permanganate reacts with 
1.25 t 0.02 mol of lactic acid to produce acetic acid (13) and 
carbon dioxide as final oxidation products according to the 
stoichiometric equation 

Acetaldehyde and carbon dioxide were detected under ex- 
perimental conditions in which [lactic acid] >> [MnO,]. These 
products were identified by the 2,4-DNP' derivative and the 
turbidity of the Ca(OH), solution, respectively. Obviously ace- 
tic acid was formed by the oxidation of acetaldehyde. 

To find the yield of acetaldehyde under these experimental 
conditions ([lactic acid] >> [MnO,]), lactic acid (0.24 M) was 
mixed with permanganate solution (0.004-0.012 M) and sul- 
phuric acid (2 M). After an hour, the reaction mixture was 
cooled in an ice bath to which an excess of 2,4-DNP solution 
was added and the mixture was stored overnight in the refrig- 
erator. The precipitated 2,4-DNP product was filtered onto a 
weighed crucible, dried, and weighed. A blank using acetal- 
dehyde under the same experimental conditions was also run. 

' DNP, 2,4-dinitrophenylhydrazine. 
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FIG. 1.A. Order with respect to [MnOh]. Plot of 5 + log [MnO,] versus time; [lactic acid] = 2.0 X M; [HzS04] = 2.0 M; temperature 
= 23.5"C. B. Order with respect to [lactic acid]. Plot of 3 + log k' versus 3 + log [lactic acid]; [MnOS] = 2.10 X M; [HzS04] = 2.0 M; 
temperature = 25°C. C. Plot of log kz versus -H0. [MnO,] = 2. l l x M; [lactic acid] = 2.0 X lo-"; temperature = 23.5"C. D. The 
Arrhenius plot of log kz versus 1/T. 

It was found that the yield of 2,4-DNP derivative was 56.24% of rate on [KMnO,] in the initial stages of the reaction, Fig. 1A. 
of the theoretical, according to the stoichiometric equation [2] This was also confirmed by varying [KMn04], which did not 

show any change in pseudo-first-order rate constant (kt) 
[2] 2MnOh + 5C3H6O3 + 6H+ = 5CzH40 + 5COz values. The average value of k' was found to be (73.6 ? 0.5) 

+ 8HZ0 + 2Mn2+ X min-I. 

The precipitated 2,4-DNP derivative was recrystallized from 
ethanol and the product identity was established by mp and 
mixture mp. 

Rate dependence on [permanganate] 
The order with respect to permanganate was determined by 

studying the reaction at different initial concentrations of per- 
manganate with fixed [lactic acid]. The [MnO,] was varied in 
the range (0.48-10.01) x 10-"M, [lactic acid] = 2.0 X 

M, and [H2S04] = 2.0 M at 23.5"C. Under these condi- 
tions, where [lactic acid] >> [Mn04-1, the plots of log [MnO,] 
versus time were linear, indicating the first-order dependence 

Rate dependence on [lactic acid] 
The order with respect to lactic acid was deduced from the 

measurement of the initial rates at several lactic acid and fixed 
permanganate concentrations. The [lactic acid] was varied in 
the range (1.35-3.60) X M, [MnO,] = 2.1 X M, 
and [H2S04] = 2.0 M at 25°C. The average value of kl/[lactic 
acid] was found to be (4.03 2 0.08) L mol-' min-' (Table 1). 
The experimental results, Fig. 1 .B and Table 1, indicate that 
the order with respect to lactic acid is one. Thus, the reaction 
in the initial stages follows second-order kinetics. Our results 
are in good agreement with those given earlier by Sengupta et 
al. for the acid permanganate oxidation of glycolic acid (6). 
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TABLE I. Effect of varying [lactic acid] on the 
initial rates. [MnOi] = 2.10 x 10-'M; 

[H2S0,] = 2.0 M; temperature = 25°C 

[Lactic acid] k' x lo3 kl/[lactic acid] 
x lo3 M (min-I) (L mol-' rnin-I) 

TABLE 2. Effect of varying [H2S04] on the ini- 
tial oxidation rates. [MnO,] = 2.11 X M; 
[lactic acid] = 2.0 x M; temperature = 

25°C 

Rate dependence on [H2S04]  
The reaction rates were found to increase considerably with 

increasing [H2S04], Table 2. The plot of log k2 versus the 
Hammett acidity function (H,) is linear with slope 1.04 (Fig. 
1 .C). Thus, an "encumbered carbonium ion" (14, 15) may be 
involved in the transition state involving protonation of lactic 
acid. 

Effect of added manganous sulphate 
It is reported (16) that acidified permanganate is reduced by 

Mn(I1) to Mn(I1I) and Mn(1V) according to the equation: 

The rate at which permanganate is reduced by Mn(I1) and the 
effect of [Mn(Il)] on the reduction rate of Mn04- was studied 
spectrophotometrically. The spectrum of acidified per- 
manganate solution possesses absorption bands located at k,,, 
225, 3 1 1, 490 (sh), 508, 525, 545, and 566 nm, respectively. 
This spectrum changes by the addition of MnS04, when the 
bands at 508, 525, 545, and 566 nm gradually disappear with 
the appearance of a single broad band of low intensity at 490 
nm, and the band at 31 1 nm is blue-shifted to an intense 
shoulder located at A,,, 290 nm. The time needed to stabilize 
the new spectrum (i.e. the time required to reach a steady state 
of the reaction between MnO, and Mn2+) ranges from a few 
minutes to about 2 h depending on [Mn(II)]. It is worth men- 
tioning that the new stabilized spectrum is that of Mn(II1) ions 
(cf. Discussion). 

The new oxidizing solution was prepared by adding MnSO, 
to an acidified permanganate solution. The mixture was kept in 
the dark for -5 h before its use in lactic acid oxidation. The 
rate of oxidation was followed spectrophotometrically at 290 
nm. The results obtained are given in Table 3 and Fig. 2. It can 
be noticed that the induction period disappeared completely 
even at low [Mn(II)] while the oxidation rates decrease gradu- 
ally with increasing [Mn(II)]. 

Effect of added sodium py_rophosphate 
It is reported that P20, Ions form complexes with Mn(II1) 

and Mn(IV), while no interaction with Mn04- has been men- 
tioned (17-20).2 To substantiate the formation of Mn(II1) and 

'See also ref. 1 1, p. 327 

TABLE 3. Effect of added manganous 
sulphate on the reaction rate. [MnOl] = 
4.0 X lo-' M; [lactic acid] = 2.0 X 

* In the "induction period". 
t In the "autoacceleration period" 

TABLE 4. Effect of added sodium pyrophosphate on 
the reaction rate. [MnOTl = 2.24 X lO-'M; llactic 
acid] = 2.0 x lo-' M; [H~so,] = 2.0 M; temperature 

= 21°C 

Percentage of reaction 
[Pyrophosphate] X lo3 M after 55 min 

TABLE 5. Effect of added sodium fluoride 
on the reaction rate. [MnOd] = 2.01 x 

M; [lactic acid] = 2.0 X M; 
[H'SO,] = 2.0 M; temperature = 24°C 

Percentage of reaction 
[NaF] X 10' M after 25 min 

0.0 70.0 
2.0 57.8 
5.0 55.8 

10.0 35.4 
15.0 28.5 

(or) Mn(IV) during the oxidation of lactic acid by acid per- 
manganate and to clarify the role of these oxidizing species, 
different amounts of pyrophosphate were added to the reaction 
mixture. It was found that the oxidation rate of lactic acid is 
decreased by adding ~ ~ 0 ; -  ions, while the induction period is 
increased with increasing [p20;-] (cf. Table 4). This indicates 
that Mn(II1) and (or) Mn(1V) are the main reactive species in 
the autoacceleration period. 

Effect of added sodium jluoride 
The influence of NaF on the reaction rate parallels that ob- 

served with Na4P207 (cf. Table 5). As [NaF] increases the rate 
decreases. This may be due to complex formation between 
Mn(II1) and Mn(1V) and F- ions (20). 

Rate dependence on temperature 
The reaction was studied at 16.5, 23.5, 29, and 34°C at 

[lactic acid] = 2.0 X M, [MnO,] = 2.13 X M, and 
[H2S04] = 2.0 M. The second-order rate constants (k?) were 
calculated from rate expressions. The Arrhenius plot of log k, 
against l / T  was linear (Fig. l.D). The value of activation 
energy was calculated from the slope of log k2 versus 1 /T  and 
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FIG. 2.A. Effect of added manganous sulphate on the reaction rate at 27OC. [MnO,] = 4.0 X M; [lactic acid] = 2.0 X lo-' M ;  [H2S04] 
= 2.0 M; [MnS04] x I@ M: (1) 0.00, (2) 0.50, (3) 1.25, (4) 2.50, (5) 12.50, and (6) 25.00. B. Oxidation reaction of lactic acid by 2.0 X 

M of (a) MII,(SO~)~; (b) KMn04 at 26°C. [H2S04] = 2.0 M ;  [lactic acid] = 2.0 X lo-' M; (e) = A, (X) = B. 

TABLE 6. Activation parameters 
for the reaction between MnO, 

and lactic acid 

Parameter 

K* (L mol-' min-I) 
E, (kJ mol-') 
loglo A (kJ mol-I) 
AG+* (kJ mol-I) 
AH+* (kJ mol-I) 
AS+* (e.u.) 

Value 

66.0 
61.77 
48.13 
63.44 
59.26 

-13.84 

has been recorded along with other activation parameters 
(Table 6). 

The kinetics of oxidation of lactic acid by Mn(II1) (prepared 
as recommended by Vogel, footnote 2) were studied spec- 
trophotometrically at 290 nm to decide whether Mn(II1) and 
(or) Mn(1V) is the principal reactive species in the 
"autoacceleration period.  The spectum of manganic sulphate 
solution shows intense bands at A,,, 215 (sh) and 290 (sh) nm 
and an absorption band of low intensity at A,,, 492 nm. Under 
identical experimental conditions, [H2S04] = 2.0 M, [lactic 
acid] = 2.0 X M, [Mn(III)] = [Mn(VII)] = 4.0 x 

M, and temperature = 26"C, it was found that the rate of 
oxidation of lactic acid by acid permanganate is 6.71 X 

min-' in the autoacceleration period, whereas the oxidation rate 
using Mn(II1) is 3.89 x lo-' min-', Fig. 2. This indicates that 
Mn(IV) is the principal reactive species of the autoacceleration 
period. 

Discussion From the previous results the following mechanism can be 
The first-order dependence on both MnO, and lactic acid in suggested, Scheme 1.  

the initial stages of the reaction leads to a simple rate expres- This mechanism is in agreement with the results of Sengupta et 
sion [i]; assuming that MnO, ion is the main oxidizing species al. (6), Murthy and Sundaram (21), and Bakore et al. (22). 
in the induction period: It is suggested that the induction period is followed by an 

-d [Mn(VII)] autoacceleration between Mn(IV) and the substrate through 
[il d t  = k2 [lactic acid] [MnO,] complex formation: 

KI 
The effect of addition of ~ n " ,  P,o;-, and F- ions shows [51 Mn(1V) + HA * Mn(IV)A + H+ 

conclusively that MnO, ion is the main reactive oxidizing fast 
K2 species in the "induction period" whereas Mn(II1) and (or) [6] Mn(IV)A + HA s Mn(IV)A2 + H' 

Mn(1V) are the reactive species in the "autoacceleration fast 
period". where A represents lactate species. By using the stability con- 

The decrease in the oxidation rate of lactic acid with in- stants defined by eqs. [7] and [8], 
creasing amounts of manganous sulphate added (Fig. 2) indi- 
cates that Mn(IV) is involved, as the [Mn(IV)] is expected to [71 K, = [Mn(IV)Al [H+l 
decrease by the addition of Mn(I1) ions: [Mn(IV)I [HA1 
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fast + 
[i] CH3-CH-OH + H+ - CH3-CH-OH2 

I 
COOH 

I 
COOH 

H3C\+ fast H ~ C \  
[ii] (0-MnOr) + / I  C....0H2 - Mn03-0-C-H / + H 2 0  

slow - CH3CH0 + C02+H+ + MnOS 

fast 
[iv] 2Mn(V) - Mn(VI1) + Mn(II1) (ref. 21) 

fast 
[v] 2Mn(III) - Mn(IV) + Mn(II) (ref. 16) 

and the total concentration of Mn(1V) 

the concentrations of Mn(IV), Mn(IV)A, and Mn(IV)A2 can be 
derived as 

[ l  11 [Mn(IV)A] = 
K, [HA] [H+l [Mn(IV)I,,,,, 

[H'I2 + KI [HA] [H+] + KI K2 [HA]' 

and 

(121 [Mn(IV)A2] = 
KI K' [HA]' [Mn(IV)Ilo,,, 

[H']' + KI [HA1 [H+] + K~ K2 [HA]' 

When the following competitive reactions are considered for 
the autoacceleration process 

Ka 
[I31 Mn(1V)A + reaction products 

Kb 
[I41 Mn(IV)A, + reaction products 

the variation of the rate of reaction with the change of substrate 
and hydrogen ion concentration can be expressed by the follow- 
ing relationship: 

[K, K, [HA] [H+l + KbKl K2 [HA171 [Mn(IV)I,ol,l 
[I51 Rate = 

[H']' + KI [HA] [H+] + K,K~[HA]'  

Under the experimental conditions, the factor K ,  K2 [HA]' << 1 
and may be neglected. Then, eq. 1151 takes the form 

[16] Rate = 
Kf[HA1 [H+l [M~(IV)I,,,,I 

[H']' + Kl [HA] [H+] 

where k' = K,K,. Equation [16] requires the plot of l/rate 
against l/[substrate] to be linear. The existing data satisfy this 
requirement. Unfortunately, the other requirement, that the 
plot of the reciprocal of the rate constant against the hydrogen 
ion concentration be linear, could not be tested because the 

ionic strength of the solution was not constant through the 
experimental conditions. Consequently, eq. [16] will no longer 
be expected to be valid. 
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Thomsenolite, NaCaAlF6. HzO: hydrogen bonding and comparison with pachnolite 
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D. ADHIKESAVALU, T.  STANLEY CAMERON, and OSVALD KNOP. Can. J .  Chem. 63, 3322 (1985). 
The crystal structure of thomsenolite, NaCaAIF6. H'O, has been redetermined to establish the hydrogen-bonding scheme in 

this mineral. Both hydrogen atoms participate in branched 0-H..-F bonds. The hydrogen bonds link the A1F6 octahedra to 
form infinite chains Ilb, which in turn are cross-linked to form infinite double sheets {[A1F6] + Ca)-(H20)-{[~IF6] + 
Ca)11(001). The Na atoms are located exclusively in layers (l(001) which separate the double sheets. A detailed comparison of 
thomsenolite with its dimorph, pachnolite, shows that the structure of pachnolite is obtained in essence by interchanging the 
positions of one half of the Na atoms and one half of the water molecules in thomsenolite. The two-dimensional, layerlike 
hydrogen-bonding network in thomsenolite is thereby changed to one of a three-dimensional character in pachnolite. Other 
features of the two structures, including the A1-F and Na...F distances, are compared and discussed in some detail. 

D. ADHIKESAVALU, T. STANLEY CAMERON et OSVALD KNOP. Can. J .  Chem. 63, 3322 (1985). 
On a redetermink la structure cristalline de la thomsenolite, NaCaAIFh. H20 ,  dans le but d'etablir la disposition des liaisons 

hydrogknes de ce mineral. Chacun des deux atomes d'hydrogkne est implique dans des liaisons 0-H...F ramifikes. Ces 
liaisons hydrogenes relient les octakdres de AlF6 de f a ~ o n  h former des chaines infinies Ilb qui, h leur tour, sont reticulees pour 
former des doubles couches infinies {[AlF,] + Ca)-(H20)-{[AlF6] + Ca)11(001). Les atomes de sodium se retrouvent 
uniquement dans les couches 11(001) qui skparent les doubles couches. Si on compare soigneusement la thomsenolite h sa forme 
dimorphe, la pachnolite, on s'aper~oit que, en essence, on obtient la structure de la pachnolite en interchangeant les positions 
de la moitik des atomes de sodium et de la moitie des molCcules d'eau de la thomsenolite. Le rkseau bidimensionnel des liaisons 
hydrogknes de la thomsenolite acquiert alors un caractkre tridimensionnel dans la pachnolite. On compare d'autres caracte- 
ristiques de ces deux structures, y compris les distances AI-F et Na.- .F,  et on les discute en detail. 

[Traduit par le journal] 

The hydrated fluoride mineral thomsenolite (T) has been 
known since 1862. Its X-ray crystal data were reported in 1946 
by Ferguson (I) ,  and its structure, with isotropic temperature 
factors, was determined from photographic intensities by 
Cocco et al. (2). The positions of the hydrogen atoms were not 
established. The absence of this detail came to our notice 
during our recent investigation of complex fluorides (3-5) 
concerned in part with hydrogen bonding, and as information 
on X-H---F bonds is not nearly as plentiful as that, for 
example, on X-H..-O bonds, we set out to redetermine the 
structure of T with a view to completing its description. 

Experimental 
A small (0.008 mm'), nearly equiaxial and carefully selected crystal 

for this investigation was supplied by Professor H. Pauly from his 
comprehensive collection of fluoride minerals from Ivigtut. A CAD-4 
four-circle diffractometer was used in the determination of the unit cell 
dimensions and in the intensity collection. The intensities were re- 
duced by routine procedures (6). Lorentz and polarization corrections 
were applied, but no absorption or extinction corrections. Scattering 
factors were taken from ref. 7. The structure was refined using the 
SHELX system (8). Full-matrix least-squares (wAF2 = minimum) 
refinement was carried out with isotropic temperature factors using the 
positional parameters of ref. 2 as starting values. The positions, near 
the oxygen atom, of the maxima which were clearly visible in the 
difference Fourier map calculated at this stage, left no doubt that these 
maxima corresponded to the H atoms. The 0-H bond lengths were 
constrained to 0.98(1) A and the H H distance to 1.60(2) A, and the 
refinement was continued with isotropic temperature factors on the 
hydrogens and anisotropic on all the other atoms until R = 4.7% 
(Table 1). The anisotropic temperature factor is defined as T = 
exp [ - 2 n ' ( ~ ~ ~ h ' a * '  + ~ ~ ~ k ' b * ~  + U3'l'c*' + 2U2'klb*c* + 
2UI3hla*c* + 2Ulzhka*b*)]. The least-squares weights were calcu- 
lated from w-I = 1 .3067a21~,I + 0.0002~,', where u is the weight 

'To whom all correspondence may be addressed. 

TABLE 1. Crystal data of thomsenolite 

Value 

Parameter Ref. 1 Ref. 2" This work 

a ,  4 5.57 5.583(4) 5.563(2) 
b, A 5.50 5.508(5) 5.541(2) 
c, A 16.10 16.127(6) 16.1 15(1) 
I% 4% 96.45 96.43(5) 96.35(3) 
V, A' 492.8(10) 493.7(4) 
pa, g / m 3  2.92-3.01 2.981 
PC, g/cm3 2.974b 2.986(3) 
Reflections: 

Total measured 938 990 
Used in refinement 735 813' 
100R; 100R,,. 9.0; - 4.72; 4.58 

"Cu Ka; isotropic temperature factors. 
*Recalculated, 2.992. 
' I  > 2 a ( l ) ;  0 = 2-25". 

for an individual reflection derived from the diffractometer counting 
statistics. 
Crystal data 
AICaF6H2Na0 fwo= 221.97 
Monoclinic, P 2 , / c  (no. 14), Z = 4; Mo K a , ,  A = 0.70926 A (graphite 
monochromator), p,,.,o = 14.6 cm-' ,  F(000) = 432 e. For other data 
see Table I. 

The structure factors are listed in Table 2,' the positional and 
thermal parameters in Table 3, interatomic distances and bond angles 
in Table 4, and details of the hydrogen bonding in Table 5. 

Results and discussion 
The positional parameters of the nonhydrogen atoms differ 

'A copy of this table may be purchased from the Depository of 
Unpublished Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada K1A 0S2. 
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ADHIKESAVALU ET AL. 3323 

TABLE 3. Thomsenolite: positional and thermal parameters ( X  10')" 

r Ax U I  I U I ~  
Atom Y AY Urr  u 1 3  

z Az u 3 3  u 2 3  

Na 2545(4) -3(9) 153(10) 57(9) 
1454(4) l(10) 193(11) 1 I@) 
2484(1) 3(3) 136(10) 14(9) 

Ca 1894(2) -2(4) 435)  -4(3) 
6745(2) O(4) 53(5) -5(3) 
0990(1) 2( 1) 74(5) 2(4) 

Al 7177(2) -3(6) 45(6) 1(5) 
1796(2) - 1(6) 36(7) - 14(5) 
1391(1) - 1(2) 68(7) 6(5) 

F(1) 5496(5) 15(2) 79(13) 4 4 1  1) 
4643(5) -9(13) 82(14) - lO(11) 
1267(2) 4(4) 144(15) -3(11) 

F(2) 9880(5) 712) 58( 13) -42(11) 
365 l(5) -2(13) 97(14) - lO(10) 
1563(2) - 1(4) 140(14) 21(12) 

F(3) 4408(5) -2(12) 84( I 3) -62(11) 
0 102(5) 24(13) 114(14) 14(11) 
1273(2) 8(4) 145(15) - 12(12) 

F(4) 9039(5) -2(12) 96(13) 47(11) 
-0834(5) 7(13) 76(14) 14(11) 

1576(2) - 1(4) 134(14) 8(11) 

F(5) 6873(5) - 1(5) 82(13) lO(11) 
1985(5) -2(12) 145(16) -4(10) 
2497 (2) -2(4) 82(13) - l(11) 

F(6) 7357(5) 5(12) 121(14) -23(11) 
1668(5) 4( 14) 88(14) 3(11) 
0294(2) 7(4) 99( 14) lO(11) 

0 8008(6) 1 l(15) 94( 16) 13(13) 
6599(6) - 14(16) 78(16) 2(14) 
0059(2) 6(5) 136(18) 13(14) 

H(1) 7354(129) 454(205)' 
6223(121) 
0583(30) 

H(2) 7486(150) 489(257)" 
82 1 6(69) 

-0127(46) 

" A x  =   ref. 2) - x(this work)] X lo', etc.; value in parentheses, esd of 
x in ref. 2, etc. 

hlsotropic temperature factor U,,,. 

only insignificantly from those of ref. 2 (Table 3), regardless 
of whether scattering factors for neutral or for ionized atoms 
were used in the refinement. For the nonhydrogen atoms the 
only improvement over ref. 2 is in the anisotropic refinement. 
The U,, are small, with only a slight anisotropy. Those of Na 
are the largest; this agrees with ref. 2, where Na also has the 
largest (isotropic) temperature factor. Corrections to the Al-F 
distances arising from the rigid-body motion of the AlF6 octa- 
hedron were 0.003-0.005 A and thus comparable to l a  for the 
distance; those to the FAlF angles were completely negligible. 

A projection of the structure along a (Fig. 1) shows that the 
structure may be regarded as consisting of {[AlF,] + Ca} layers 
l((001) which are intercalated alternately with layers of Na 
atoms and layers of water molecules. The coordination poly- 
hedra of the Na and Ca atoms are irregular. Cocco et al. (2) 
describe the F602 coordination polyhedron of Ca as a distorted 
square antiprism and the F, polyhedron of Na as an augmented 
trigonal prism, and this description seems adequate. 

FIG. 1. Projection of the unit cell of thomsenolite along a on (loo), 
displaying the hydrogen-bonding scheme. The hydrogen bonds are 
represented by broken lines; because of crowding only one of the two 
H -.- F components of the bifurcated H(2) .-. F bond is shown for the 
lower-level H(2) atoms. 

The nearest cation neighbours of an oxygen atom are two 
almost equidistant Ca atoms (Fig. 2, top). Together with the H 
atoms they coordinate the oxygen atom approximately tetra- 
hedrally. The appreciable deviations of the CaOH(l), 82(4)", 
and Ca10H(2), 120(4)", angles from tetrahedral seem to be 
real, as the CaOCa' angle is quite accurate and the dimensions 
to which the water molecule was constrained in the refinement 
represent the statistical mean for the H20 geometry in crys- 
talline hydrates, which is known to have only a narrow range 
of variation (9, 10). 

Both H atoms are strongly bonded to F atoms (Table 5 ,  
Fig. 3). H(2) is involved in a fairly symmetrically bifurcated 
H(2)...F(6),F(3) bond, while H(1) participates in a bond to 
several acceptors, with 0-H(l)...F(l) as the principal com- 
ponent. There is probably a weak participation of a more dis- 
tant F neighbour in the bond to H(2). In Fig. 4 (top) OHF 
angles greater than 90" are plotted against their respective 
H . . S F  distances. The H F,OHF pa@ are distributed fairly 
uniformly, with a mean of 2.31(30) A and 123(23)", and are 
strongly correlated ( r  = -0.93). While it is uncertain what 
constitutes the upper H . . F limit for effective hydrogen 
bonding, all H. . .F  distances corresponding to OHF 2 90" 
could in principle be viewed as involved in hydrogen-bonding 
interaction, especially when even the shortest H . . . F distances 
in the structure belong to bent 0-H...F geometries. Without 
wishing to enter the "upper limit" controversy at this time,3 we 
simply regard the H--.F,OHF plot as a convenient description 

"his matter will be discussed elsewhere. 
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TABLE 4. Thomsenolite: interatomic distances (A) and bond angles (deg) 

Atoms Distance A<' Atoms Angle 

F(1)-AI-F(2) 86.18(14) 
--F(3) 90.96(14) 
--F(4) 174.48(16) 
--F(5) 87.44(14) 
-F(6) 90.59(14) 

F(2)-Al-F(3) 175.84(16) 
-F(4) 88.93(14) 
-F(5) 89.03(14) 
-F(6) 92.13(14) 

F(3)-A1-F(4) 93.79(15) 
-F(5) 87.83(14) 
--F(6) 90.91(15) 

F(4)-A1-F(5) 89.94(14) 
--F(6) 92.14(15) 

F(5)-AI-F(6) 177.64(16) 
Symmetry code: 
A x  Y  z 
B - x  -Y - z 
c - x  f + y  f - z  
D x  + - Y  $ + z  
a X + ( O , 1 , 0 )  
b X + ( l , O , O )  
c X + (2, 0, 0) 
d X + (0, 0, -1) 
e X + (-I,  0, 0) 
f x + (-I ,  1, 0) 
g x + (1, 1, 0) 

"A = [d(ref. 2) - d(this work)] X 10'; value in parentheses, esd of d in ref. 2. 

TABLE 2. Thomsenolite: 0 .. - F and H . . . F distances 
(A) and OHF angles (deg) (cf. Fig. 3)" 

Distance 
Angle 

0 H F O...F H...F OHF 

Da 1Da IDa 2.742(4) 1.82(6) 157(6) 
4D 2.832(4) 2.40(6) 106(4) 
2Da 3.01 l(4) 2.45(7) 116(5) 
6Da 2.788(4) 2.57(6) 93(4) 

Da 2Da 6D 2.862(4) 2.03(7) 141(5) 
3Cb 3.01 9(4) 2.23(7) 137(5) 
6Cb 3.127(4) 2.68(6) 108(4) 

"For symmetry code see Table 4. 

of the total (as distinct from the local) hydrogen-bonding inter- 
action in the crystal, the standard deviations of (H..-F) and 
(OHF) being measures of the dispersion. This plot will be 
found useful when comparing T with pachnolite (see be l~w) .  

The shortest H...F distance, H(l ) . . -F( l )  = 1.82(6) A, is 
statistically indistinguishable from 1.85(11) P\, the mean of the 
sample of 33 normal (i.e. to a single acceptor) H . - - F  bond 
lengths in metal fluoride hydrates (X-ray data) examined in 
ref. 11. It is, however, appreciably longer than the H . . - F  
distances observed for H20 coordinated to M in octahedral 
[MF5(H20)I2- complexes: 1.59(6) A in (NH4)2[A1F5(H20)] (4) 
and 1.6 1 and 1.63 A in Rb[VF4(H20),] (1 l) ,  the shortest such 
distances known to date. Similarly, the shortest 0. - -  F distance 
in T, 2.74 A, is typical (and close to the mean) of O;.-F 
distances in the sample of ref. 1 1 and compar!ble to the Ow.. - F 
distances in A2[MF4F2/2] . H20,  2.73-2.75 A (12- 15), and in 
A[MF4F2/2] - H20, 2.80-2.82 P\ (16), but longer than in the 

FIG. 2. Coordination of the oxygen atom in T (top) and P (bottom, 
after ref. 18). The CaOCa angles in T and P are 1 10.2(2)" and 110.5", 
respectively; the HOH angles are 1 1 O(6)" and 1:2(6)", respectively. 
Fluorine atoms at H. .-F distances of up to 2.9 A are shown. 
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FIG. 3. Details of the hydrogen bonding in T (top) and P (bottom, 
after ref. 18). Projection on approximately the plane of the water 
molecule (on (100) in T, on ((310) in P). Unlabelled circles joined to 
the oxygens by dotted lines are Ca atoms. For OHF angles in T see 
Table 5. 

A2[MF5(H20)] structures: 2.55 A in (NH4),[A1F5(H20)] (4), 
2.61 A in Cs,[FeF,(H,O)] (17). 

The F atoms involved in the shortest H F distances, F(l)  
and F(6), and the two Ca neighbours define the minimum 
coordination polyhedron of the water molecule. This poly- 
hedron is, in T and A2[MF4F2,,].H20 alike, an approximate 
tetrahedron. However, the AOA angle of this tetrahedron is 
much larger in T (and in pachnolite, see below) than in the 
alkali compounds, while the FOF angles are comparable: 

Angle (deg) 

Compound AOA FOF 

Ca20F2 in T 110.2 102.3 
Ca20F2 in pachnolite (see below) 1 10.5 105.6 
K20F2 in K2MnF5. H20 (12) 86.4 99.3 
Rb20F2 in Rb2MnF5.H20 (14) 85.9 95.3 
Cs20F2 in Cs2MnF5. H,O (1 3) 91.4 
Rb20F2 in Rb2A1F5.H20 (15) 86.7 83.5 

Comparison with pachnolite 
Pachnolite (P) is a monoclinic dimorph of T.  Like the latter, 

it is a natural alteration product of cryolite, Na,AlF6. Its struc- 
ture was recently reported by Hawthorne and Ferguson (18), 
who adopted for its description the F2/d  setting of C2/c. This 
setting (a, = 2ac + cc, b, = bc, cF = cc) corresponds to a 
very nearly orthogonal unit cell as well as to the original mor- 
phological description (I), and is retained in the following. 

FIG. 4. Distribution of the H...F distances (12.9 A) and OHF 
angles (290") in T (top) and P (bottom, after ref. 18). The ellipses 
represent the normal bivariate frequency contours for half maximum 
frequency. Adjustment of the 0-H distances in P to 0.98 A brings 
the He--F, OHF distribution in P closer to that shown for T. 

Hawthorne and Ferguson have pointed out that a feature 
common to both T and P is the presence of [CazF,2(H20)2]8- 
dimers (or, more simply, Ca20z rings), and they have shown 
that these dimers have, in the two structures, different orien- 
tations relative to the adopted crystallographic axes (Fig. 4 of 
ref. 18). Further examination brings to light an even closer 
similarity. 

Inspection of the positional coordinates of the atoms in T 
(Table 3) and P (18) reveals that most of them are quite close 
to multiples of g. Furthermore, V(P)/16 = V(T)/4 to within 
0.2%, i.e. the dimorphs are equally dense, and a(P) - 2a(T), 
b(P) - 2b(T), c(P) - c(T), P(T) - P(P) = 6.0". When the 
fractional coordinates are approximated by the nearest multi- 
ples of $ and the T cell is quadrupled by doubling a and b, the 
similarity of these idealized T and P structures is immediately 
evident (Fig. 5). 

The AlF6 octahedra in both structures are arranged in sheets 
11(010). These sheets are planar in P but undulating in T. The 
Ca atoms occupy analogous positions between the AlF6 octa- 
hedra in the two structures and so do one half of the Na and one 
half of the 0 atoms, but the other half of the Na atoms in T 
correspond to the other half of the oxygen atoms in P, and 
conversely. The result of this interchange is that in T there are 
layers 11(001) consisting exclusively of Na atoms; these layers 
alternate with similar layers consisting only of water mole- 
cules. In contrast, in P each of the corresponding layers con- 
tains both Na and 0 atoms in equal numbers. This has the 
consequence that the planes of the Ca202 rings in P are 11(100), 
with the Ca atoms on C2 axes, whereas in T the centro- 
symmetric rings are essentially in planes (1(010) but tilted as a 
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TABLE 6. Comparison of selected interatomic distances (A) and bond 
angles (deg) in T and Po 

Distance Coordination 
or angle figure T P 

(AI-F) AlFb 1.806(18) 1.807(11) q 
2.57(20) (Na-.-F) NaF, (T), NaF, (P) 2.47(12) 

2.35(6) 2.34(4)h : : : ] 2.503(14) 2.509(47) 
Ca...Ca 4.108(3) 4.122(3) 
O.-.O 2.860(5) 2.862(6) 
OCaO Caz02 69.7(2) 69.3(18)" 
CaOCa 110.2(2) 110.5 1 , @ No 

(A1 .. . Ca) AlCa6, CaAlh 4.02(11) 4.02(9) 
(A1 ... Na) AIN*, NaAI, 3.30(13) 3.30(3)" 5 

7 0 c o  

(Ca.. - Na) CaNa,, NaCa4 3.69(11) 3.68(4) 

"For the means the value in the parentheses is the  mean). For other (single) 
0 0  

values it is the esd from the structure determination. 
"2.366 A in CaF?. 
"Mean. 
"3.39 A in cryolithionite (22). 

w i  
result of the undulation of the {[AlF,] + Ca) sheets. The rota- 
tional displacements of the AlF, octahedra are neglected in this 
idealization. However, as pointed out in ref. 18, it is these tilts i 

that are responsible for the increase in the C.N. of Na with 

6 0  

respect to F from eight in T to nine in P. 
O 2  

C- 

The geometry of the planar Ca,O, rings in T and P resembles ' O2 '% 

.-.----- - - - -  2 L . . . *. . . - - - - - - - - - - . - - - - - 
that observed with many other p-dioxo M202 rings with M of 6 6 
a size comparable to Ca (19), but the dimensional similarity of 
these rings in the two structures (Table 6) is remarkable. The FIG. 5. Schematic representation of the relationship between the 

close kinship of the and structures is also reflected in the T aud P structures. (Top) Idealized T structure. Projection of two 
unit cells on (010); origin shifted by (0, 0, ,'), P taken as 90°, y great similarity of the various mean interatomic distances, not coordinates indicated in eighths of b(T). (Bottom) Idealized strut- 

M-F and M-"j but M-"' (Ta!le 6). The excep- ture. Projection of the lower half of the unit cell on (010); P taken as 
tion isothe mean Na. . -F  distance (2.47(12) A in T), which is 900, coordinates indicated in sixteenths of b(p). 
-0.1 A longer in P as a consequence of the increased C.N. The 
M-X coordination figures are AlF6 octahedra and the less 
regular CaF602 and NaF, (or NaF,) polyhedra. 

The constancy of the mean Al-F distance in the AlF, octa- 
hedra is striking. The weighted mean computed from the 
individual A1-F means in T, P (18), a-Li3[A1F6] (20), Na,- 
[AlF,] (cryolite) (21), NalLi3[A1F6]? (cryolithionite) (22), Nal- 
Mg[AlF6]F (weberite) (3, 23), Rb[tran~-AlF,F,~~] (24), and 
jarlite, Na(Sr, Na, O), (Mg, 0){[AlF4F2~~J[A1F5Fl~212)2(OH, 
H20)? (25) - all accurately determined strucpres - is 1.807 
A, with a standard deviation of only 0.001 A., 

The similarity of the T and P structures is also evident in the 
more distant coordination: in both structures the AlCa, and 
CaAl, coordination figures are somewhat irregular octahedra, 
and NaAl, and NaCa, are tetrahedra. The AlNa, and CaNa, 
groupings are fairly regular square pyramids (with A1 or Ca at 
the apex) in T but highly distorted (C?) square pyramids in P. 

Hydrogen bonding in T and P 
The different orientation of the Ca202 rings in the two struc- 

tures results in differences in the hydrogen bonding and the 

'In Rbz[trans-A1F4Fz12] -HzO (15) the unusually large elongation of 
the AIFb octahedron in thendirection of the [A1F4F2/2]Iz- chain results 
in (Al-F) = 1.818(54) A. This value has not been included in the 
above mean. However, the mean of !he Al-F distances involving 
the unsharedo F atoms is 1.783(10) A, i.e. identical with (Al-F) 
= 1.789(6) A in [A1F5(H20)12- (4). The (Al-F) value in the aquo 
complex is smaller than in [AIF~]'-, which is to be expected because 
of the lower charge on the aquo ion. 

coordination of the 0 atom, Ca20H2. A comparison can at best 
be approximate, given the large uncertainties in the positions of 
the H atoms. In the refinement of T the H 2 0  geometry was 
constrained to the mean observed in crystalline hydrates, 
whereas for P no constraint appears to have been applied, with 
the not unexpected result that 0-H(1) = 0.75(6) A, 0-H(2) 
= 0.85(7) A, i.e. too short, and H(l)OH(2) = 122(6)", i.e. too 
large. These values, when used in the calculation of H . - - F  
distances and OHF angles, generate further uncertainties, thus 
affecting the comparison. 

The F neighbours of a water molecule in T and P, eligible as 
hydrogen-bond acceptors, are shown in Fig. 3. In P the prin- 
cipal hydrogen bonds clearly are H(1) ... F(5) and H(2) ..-F(4), 
but the bonding interaction is not necessarily restricted to these 
two shortest H...F distances. The OH(l)F(5) angle corre- 
sponding to H(l)  -..F(5) = 2.14 A is only 142(7)" (18), and it 
is almost certain that the 0-H(l)..-F bond has a second 
component, with F(2) as the likely candidate. A similar, though 
weaker, argument can be made for H(2). Repositioning the H 
atoms to obtain more realistic 0-H and HOH values would 
alter the H.. .F distances and OHF angles of Fig. 3: when the 
0-H(l) and 0-H(2) distances of ref. 18 are lengthened to 
0.98 A, this adjustment alone reduces the OH(2)F(4) = 170(7)" 
and OH(l)F(5) = 142(7)" angles of ref. by about 20" each. The 
probability of the 0-H...F bonds in P being nearly straight, 
or at least unbranched, is thus quite low, and with the H atoms 
properly positioned, one would expect the hydrogen-bonding 
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situation at the water molecule in P to resemble that in T. 
This expectation is supported by comparing the distribu- 

tions, in T and P, of H...F distances which correspond to OHF 
angles favourable for 0-H . - -F -  bonding, i.e. OHF r 90" 
(Fig. 4). Application of a generalized t test (Hotelling's T' test) 
shows that the two H.- -F,OHF means (centres of the normal 
bivariate frequency contours in Fig. 4) are indistinguishable at 
the 0.5% significance level, i.e. there is no significant differ- 
ence in the total hydrogen-bond engagement between T and P 
as measured by these  distribution^.^ When the H --. F and OHF 
values based on ref. 18 are recalculated from the lengthened 
0-H(1) and 0-H(2) distances, the mean for P falls closer to 
the mean for T ,  so that this new mean is a fortiori indistinguish- 
able from that for T. A similar result would be expected from 
the distribution based on more realistic (unavailable) positions 
of the P hydrogens. 

In P the dihedral angles Ca(l)OCa(2)/F(4)OF(5) and Ca(1)- 
OCa(2)/H(l)OH(2) of ref. 18 are about the same, 85" and 83", 
respectively, i.e, the 0-H(l) F(5) and 0-H(2) -- .  F(4) 
bonds are practically coplanar. In T,  on the other hand, the 
CaOCa1/F(I)OF(6) angle, 87", differs appreciably from the 
CaOCa1/H(1)OH(2) angle, 75"; this noncoincidence reflects 
the bifurcation of the 0-H(2) ... F bond. 

Ultimately, a detailed comparison of the hydrogen bonds in 
T and P will have to await the results of a neutron-diffraction 
study, or at least a redetermination of both structures from 
low-temperature X-ray data. However, while the individual 
H - - - F  and OHF values available at present suffer from 
large uncertainties, the overall hydrogen-bonding schemes can 
be regarded as substantially established. In T adjacent layers 
of AlF6 octahedra parallel to (001) are joined by intra- and 
interlayer hydrogen bonds to form double layers which are 
separated by layers of Na atoms (Fig. l ) ,  whereas in P the 
hydrogen-bond cross-linking of the AlF6 sheets has a three- 
dimensional rather than a layerlike character (cf. Fig. 5). 
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OSVALD KNOP, WOLFGANG J .  WESTERHAUS, MICHAEL FALK, and WERNER MASSA. Can. J .  Chem. 63, 3328 (1985). 
The ir spectra of the isotopic probe ion NH3Dt have been used to obtain information about the symmetry, orientation, and 

hydrogen-bonding involvement of the ammonium ion, between 10 K and room temperature, in NH4F, NH4HF,, 
(NH4)2[Cr(H20),]F,, NH4PF6, (NH4),SiF7, the elpasolites (NH4)?BFeF6 (B = Na, K) and CslNH4MF6 (M = Fe, Al), and the 
cryolites (NH4),MF6 (M = Al, Cr, Fe). Several of these fluorides exhibit low-temperature transitions, some of which are 
evident in the probe-ion spectra. It is shown that relating the isotopically isolated ND stretching and bending frequencies to 
the N F distances and to the coordination numbers of the ammonium ion reveals important trends in the dependence of the 
behaviour of the ion on its immediate environment in the crystal. A detailed discussion is presented of the effect of ionic size 
and the geometric tolerance factor r on the transition temperatures of cubic cryolite, perovskite, and elpasolite halides, as well 
as on the anisotropy of the principal thermal amplitudes of the halogen atom in such compounds. The relation between T,, and 
the frequency of the ND stretching absorption of NH,D' in the ammonium representatives of these classes of halides is also 
explored. 

OSVALD KNOP, WOLFGANG J .  WESTERHAUS, MICHAEL FALK et WERNER MASSA. Can. J .  Chem. 63, 3328 (1985) 
En se basant sur les spectres IR de I'ion NH,D' utilisC comme sonde isotopique, on a pu obtenir des informations concernant 

la symdtrie, ]'orientation et I'implication de I'ion ammonium dans des liaisons hydrogknes dans le NH4F, le NH4HF2, le 
(NH4)2[Cr(H20)6]F5, le NH4PF6, le (NH4),SiF7, dans les elpasolites (NH4)?BFeF6 (B = Na, K) et Cs2NH4MF6 (M = Fe, Al) 
et dans les cryolites (NH4),MF6 (M = Al, Cr, Fe), a des temperatures allant de 10 K i la tempkrature ambiante. Plusieurs de 
ces fluorures prksentent des transitions a basses tempkratures et certaines d'entre elles sont trks Cvidentes dans le spectre de 
I'ion sonde. On montre que si I'on relie les frtquences d'elongation et de deformation de la liaison ND isotopiquement isolCe 
aux distances N F et au nombre de coordination de I'ion ammonium, on peut mettre en tvidence des tendances importantes 
entre le comportement de I'ion et sont environnement immCdiat dans le cristal. On discute en detail de I'effet de la dimension 
de I'ion et du facteur de tolCrance gComCtrique, t ,  sur les tempCratures de transition des halogCnures cubiques de la cryolite, 
de la grovskite et de I'elpasolite ainsi que sur I'anisotropie des amplitudes thermiques principales de I'atome d'halogkne de 
ces composCs. On a Cgalement Ctudit la relation qui existe entre le T,, et la frkquence d'absorption de I'Clongation de la liaison 
ND de I'ion NH3D' de cette classe representative d'haloginures d'ammonium. 

[Traduit par le journal] 

In Part VI (2) an effort was made to explore, systematically, 
the dependence of the strength and type of hydrogen bonding 
of the ammonium ion in a variety of halides on factors such as 
the nature of the acceptor atom X, the coordination number of 
the ammonium ion and the N-H . - .X angle. Whilst the gross 
features of this dependence were successfully identified, the 
compounds were too few to obtain a detailed picture of the 
overall situation. In particular, the number of fluorides in- 
cluded was not sufficiently large if one considers that the 
fluorides determine the observed trend in a greater measure 
than the other halides, which exhibit a relatively narrow range 
of behaviour and form a fairly homogeneous group. 

In the present work we have supplemented these results by 
obtaining the v,  and v,,, spectra of the NH3Dt probe ion in 
additional fluorides, including some recently described (3-5) 

' For Part XIII, see ref. 1. 
'Present address: Max-Planck-Institut fiir Festkorperforschung, 

D-7000 Stuttgart 80, Federal Republic of Germany. 
' NRCC No. 24746. 

complex ammonium fluorides in which the ammonium ion has 
the rare C.N. of 4 and 6. Advantage has also been taken of the 
improved cryogenic system to reinvestigate the spectra of some 
of the fluorides dealt with in ref. 2,  down to 10 K.  These 
extensions have resulted, among other things, in a better under- 
standing of some of the problems investigated by Epple (5, 6) 
on undeuterated samples of the (NH&MF6 (M = Al, Cr, Fe) 
cryolites and the (NH4)2BFeF6 (B = Na, K)  and Cs2NH4MF, 
(M.= Al, Cr, Fe) elpasolites. 

The compounds included in the present analysis of hydrogen 
bonding in ammonium fluorides are listed in Table 1. The 
symbols, abbreviations and numbering of the compounds fol- 
low ref. 2; v,(10) stands for v , (NH3Dt)  at 10 K etc. 

Experimental 
Preparation of deuterated sntnples 

High-purity NH4F was deuterated by recrystallization from 
MeOH-MeOD mixtures of the requisite composition. 54 was pre- 
pared as in ref. 4 using weakly deuterated reactants throughout. 

The elpasolites 57, 58, 63, and 64 were prepared by reacting par- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



KNOP ET AL. 

TABLE 1. Structural features of the ammonium fluorides discussed in this w o r k  

No. Compound Typeh C.N. S E Tt,, K References 

W 

CsCl 
NaCl 
E 
E 
CsCl 
P 
P 
P 
BaS04 
A 
T 
T 
A 
T 
T 
A 
E 
E 
C 
C" 
C" 

7, 8 
4, 9 
10 
11 
12 
3, 13; this work 
3 
14 
15-18 
15 
15 
12, 19 
2, 10 
20 
20 
2 1 
20, 21 
20, 22 
23 
3, 13, 31; this work 
3; this work 
24 
5,  13, 24 
13, 25-28 
29 

"At  room temperature. C.N., coordination number of NH,'; S, site symmetry; E, effective symmetry of NH,'; T,,, transition 
temperature. Compounds with running numbers 44 and lower were reported in ref. 2. 

"Cationlanion packing type. A, antifluorite; C, cryolite; E, elpasolite; P, perovskite; T,  P-(NH,)?SiF6 type; W, wurtzite. 
" A-point, AS,,/R = 1.12 (30). 
"Gradual, A-point resembling transition; AS,,/R = 1.24 (30). 
"AS,,/R = 2.3 (ref. 19, p. 340). 
'A-point, AS,,/R = 0.7 (ref. 19, p. 340). 
'A-points, AS,,/R = 0.5 and 2.2. respectively (24). 
"Low-temperature phase is derived from the Fn13m phase by triclinic distortion (5, 13). 
'A-point, AS,,/R = 3.0 (25). 

tially deuterated (NH4),MF6 with the appropriate anhydrous fluorides 
in sealed Pt capsules at 300°C. The capsules were heated in an auto- 
clave in N2 at 100-200 atm. The compounds 57 and 58 gave very 
sharp diffraction patterns; the powder patterns of 63 and 64 were less 
well defined. Some of the 58 preparations were slightly contaminated 
with Cs2SiF6, the silicon having been introduced through accidental 
contact of the reactants with silica glass. Because of this and of the 
variation in the detail of some of the ND absorptions in the spectra of 
the first two 58 preparations, a special effort was made to eliminate the 
contamination by modifying the conditions of the high-pressure syn- 
thesis. Altogether, three undeuterated and five deuterated samples 
were prepared; the last 0% D and 4% D preparations were pure 
elpasolite phases within the limits of detection by careful X-ray pow- 
der diffractometry (both 58 and CszSiF6 are cubic). In spite of these 
precautions, however, the slight variability, from sample to sample, 
of the ND spectra remained. The reasons for the variability have not 
been established, but is is possible that kinetic factors are responsible, 
analogous to those leading occasionally and unpredictably to the sup- 
pression of low-temperature transitions in ammonium hexabromo- 
metallates(1V) (cf. footnotes 10 and 13 below). 

The c~yolites 59, 60, and 61 were precipitated from partially 
deuterated hot concentrated solutions of AIF,, CrF,, and Fe(NO&, 
respectively, in aqueous HF with excess solid NH,F. 

To prepare 62, solutions of (NH,),SiF6 and excess NH4F in 5% D20  
were mixed and evaporated on a steam bath until crystallization began. 
The colourless needles were washed with ether and dried in air. 

Commercial reagent-grade NH,HF2 and NH4PF, were deuterated 
by recrystallization from aqueous solutions containing DZO and acid- 
ified with HF. 

Infrared spectra 
Unless noted otherwise the finely ground sample powders were 

mulled in fluorolube and the rnulls were supported between CaFz 
plates. The variable-temperature spectral runs were made in the heat- 
ing mode, but thermal cycling through T,, was employed where appli- 
cable. Most of the spectra were recorded on a Perkin-Elmer model 
180 spectrophotometer; some were also obtained with a Fourier- 
transform ir spectrometer (Bomem DA3.02) which became available 
in the later stages of this investigation. Both instruments were fitted 
with a closed-cycle He refrigerator. 

Results 

NHdF (1) 
T h e  site symmetry S at the N a tom in this crystal is C3,, 

hence the effective symmetry E of the NH4+ ion is a lso  C3,. 
T w o  bands in a 3 : 1 intensity ratio would therefore be expected 
for the v ,  and three bands,  in a 2:  3 : 3 intensity ratio, for  the vab, 
fundamental of  the probe ion. However,  as pointed ou t  earlier 
(2), the displacement between the N and F hcp  sublattices of  
this P63m5 structure is such that each ion is equidistant, a t  
2.708(3) A, f rom its nearest counterion neighbours (7 ,  8 )  
(Fig. 1). O n  this evidence the symmetry of  the NH,' ion is 
indistinguishable f rom T,,, and one  band each would be  ex- 
pected for  the two fundamentals.  A single v ,  and a single v4bc 
band were indeed observed, at  all temperatures between 5 a ~ d  
293 K,  at  the levels of  resolution and deuteration employed in  
the previous study (2). We have now reinvestigated the  NH3D+ 
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F I G .  1 .  Schematic representation of the hydrogen bonding in NH4F 
(one layer, top) and NH,HF2 (bottom). 

absorptions in more detail, mainly to see whether the two 
bands show incipient resolution under improved experimental 
conditions. 

The v,  region presents a number of complications. It con- 
tains intense overtone bands of undeuterated NH4F, so that at 
low deuteration the v,  absorption is a small band on a sloping 
background which changes with temperature. This and the 
Christiansen effect at low temperatures result in a considerable 
uncertainty as to the true band shape and temperature shifts. 
We therefore made every effort to minimize the Christiansen 
effect and, taking advantage of the superior sensitivity of the 
FT over the previously employed grating spectrometer, we 
were able to record very good spectra not only at -0.3% D, but 
even at an estimated 0.04% D isotopic replacement, i.e. at a 
concentration level approaching the natural abundance of D in 
water. 

The maximum of the vl band at 10 K in these spectra (Fig. 
2) was at 2182.4(2) cm-I, in agreement with the previously 
reported value of 2182.0 cm-' at 5 K (2). The small halfwidth 
of the band (4.0 cm-I at 0.3% D and 3.3 cm-' at 0.04% D), 
its visual symmetry, and the absence of any absorption, in the 
v, region, responding to variable deuteration and of an intensity 
approximately either one-third or three times that of the 2182 
cm-I band, are evidence that the latter band in fact constitutes 
all of the v,  absorption. The two vl  components, if indeed 
distinct, cannot thus be separated by more then 2 cm-I. The v4bc 
fundamental, on the other hand, did show structure. At 10 K it 
appeared as a barely resolved doublet at 1324.5 and 1326.2 

IOK 

F I G .  2 .  Spectra of NH4F (0.3% D) in the regions of the ND stretch- 
ing fundamental v ,  (left) and the ND bending fundamental v,,, (right) 
of the NH3D+ probe ion at different temperatures. The bottom spec- 
trum is that of a 0.04% D sample at 10 K. 

cm-I, with a band shape not inconsistent with the 2 :  3 : 3 triplet 
required by E = C3,. 

With increasing temperature both v, and v4,, gradually 
moved to lower wavenumbers (Fig. 3). The dv/dT coefficient 
was almost zero at 10 K but increased with temperature. The 
halfwidth of the v, band changed very little with temperature up 
to about 100 K ,  after which it increased gradually. The increase 
was only about half that encountered with the other compounds 
investigated here. The integrated intensity of v, decreased with 
increasing temperature, at first slowly and then very sharply. 
At room temperature the band area was only about one tenth of 
that at 10 K and above about 200 K the band position and 
halfwidth could not be measured with confidence. The half- 
width of the V4bc band remained almost stationary with tem- 
perature, while its integrated intensity decreased somewhat on 
warming the sample, though much less rapidly than for v, .  

The v, band was accompanied by several pairs of satellites, 
of which the most prominent were at 221 1 and 2146 cm-', the 
latter enhanced by the NH4F overtone band at 2142 cm-'. The 
intensities of these satellites, relative to v,, diminished with 
increasing isotopic dilution and their positions shifted with 
temperature in the same direction though not exactly at the 
same rate as v , .  The satellites appear to correspond to the 
in-phase and out-of-phase modes arising from pairs of adjacent 
NH3D+ ions in the crystal. Similar satellites are observed in 
other ammonium salts, but they are much less intense at com- 
parable levels of deuteration. Their unusual prominence in 1 is 
due to the distinctive features of the N h F  structure: the low 
C.N. of NH4+ in 1 increases the frequency of occurrence of 
such pairs compared with crystals of C.N. > 4, and the small 
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KNOP ET AL 

FIG. 3. Temperature variation of the peak positions, halfwidths and 
relative band areas A(T)/A (10) for V ,  (NH,D+) (left) and v l b c  (right) 
in NH4F. 

" 

2185 
- 
5 - 
z 
0 
c 

2180 
0 
a 
Y 
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a 

FIG. 4. Schematic representation of the hydrogen bonding of the 
ammonium ion in (NH4)2[Cr(H20)6]F5. Heavily outlined circles, F; 
open circles, 0 ;  shaded circles, N. 

FIG. 5. Spectra of (NH4)2[Cr(H20)6JF5 (3% D) in the v ,  (left) and 
v4bc (right) regions at different temperatures. 

0 200 0 200 
TEMPERATURE ( K )  

- 

. . .. 

'. - 

I I I 

H...F separation, - 1.67 A, which corresponds to a strong 
hydrogen-bonding interaction, gives rise to strong coupling of 
neighbouring transition dipoles. 

(NH&[CrfH2O)dF5 (54) 
The crystal structure was originally (4) described as mono- 

clinic (C2/c, no. 15; Z = 4) but metrically indistinguishable 
from orthohexagona_l. It seems, however, that the true sym- 
metry is trigonal (P3c1, no. 165; Z = 2).4 In the following the 
trigonal description has been adopted and the F and 0 atoms 
renamed accordingly (all oxygens are now equivalent; F(2) and 
F(3) of C2/c are now F(2)). 

The N atom (site symmetry C3) is coordinated by an F(1) 
atom on the same threefold axis, at an N.-.F(l)  distance of 
2.732 A, and by three nonaxial fluorines F(2) at N--.F(2) = 
2.722 A. The coordination figure of N is thus an almost regular 
F4 tetrahedron and resembles more closely than in any other 
ammonium compound the coordination of N in NH4F. The F(1) 
atom in turn is coordinated by three nonaxial oxygens at 2.564 
A (Fig. 4). 

For an ammonium ion of C3 symmetry we would expect a 
1 :3  v, doublet and a 2 :3:3  V4bc triplet. Noting that in NH4F 
( E  = C3,,) v l  was a singlet and v4,, was an only partially re- 
solved band even at 10 K,  it would seem a priori unlikely that 

.: . . .. - 
.-.. 

- 
I I I 

4This has in the meantime been pointed ogt, independently, in a 
recent paper by Marsh and Herbstein (9). In P3cl  the atoms would be 
distributed as follows: Cr in 2(b), N and F(l) in 4(d), F(2) + F(3) in 
6( f ), and O(1) + O(2) + O(3) in 12(g). 
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FIG. 6. Spectra of NH,HF2 (1.8% D) in the v ,  ( lef t)  and vjbc (right)  
regions at different temperatures. 

these composite absorptions would be resolved in 54, where the 
N F(1) and N --.F(2) distances are practically identical and 
only slightly longer than the N . - . F  distances in NH,F. 

The spectrum of the undeuterated material showed consid- 
erable complexity and was dominated by broad and very in- 
tense OH stretching bands of strongly hydrogen-bonded water 
of coordination. On deuteration two bands in the ND stretching 
region and two bands in the ND bending region appeared 
(Fig. 5), in positions intermediate between the corresponding 
respective absorptions of NH4F and NH4HF,, and thus in the 
range expected for v l  and v,,,. When the lower v,  frequency is 
paired with the higher V4bc frequency, and the higher v, fre- 
quency with the lower V4bc frequency, the two v , ,  vjbc points fall 
close to the best straight line drawn through the corresponding 
points for NH4F, NH4HF2 and NH4A1F4 in the v, ,  v,,, plot of 
Fig. 3 of ref. 2; similarly, the two v,  points fall very close to 
the point for v, (n) of NH4SnF3 in the v, vs. d(H ..ex) plot (Fig. 
1 of ref. 2). There is thus little doubt that the observed four 
bands are genuine NH,D+ absorptions. 

At 10 K the two narrow v,  bands, with intensities in an 
approximate ratio of 1 :3,  were at 2267(1) and 2233(1) cm-'. 
The v,,, bands appeared at 13 17 and 1304 cm-I. This approx- 
imately 2 : 3 v,,, doublet may represent a more complex, incom- 
pletely resolved multiplet; the somewhat broader 1304 cm-' 
feature may contain several unresolved components. The fre- 
quencies of all these bands decreased with increasing tem- 
perature by not more than 2 cm-' between 10 and 200 K. The 
estimated halfwidths of all the v, and v,,, bands at 10 K were 
about 9 cm-', increasing to about 14 cm-' at 200 K, i.e. by an 
amount comparable to that observed for NH4F. 

TEMPERATURE ( K )  

FIG. 7. Temperature variation of the v ,  ( l e f t )  and v4,, (right) peak 
positions, halfwidths and relative band areas A ( T ) / A ( l O )  in NH4HF2. 
The v ,  band parameters have been extrapolated to 0% D; those for v,,, 
are for 1.8% D. 

The question arises why two v, components, separated by 34 
cm-I, are observed when the N...F(l) and N...F(2) distances 
are practically the same. The explanation must be in the dissim- 
ilar acceptor strengths of the four nearest F neighbours of the 
ammonium ion. In addition to the hydrogen bond to the central 
nitrogen, each F(2) atom is hydrogen-bonded to another N and 
to two oxygens, whereas the F(l)  atom is hydrogen-bonded to 
three oxygens (Fig. 4). This would make F(l)  a weaker ac- 
ceptor. The lower acceptor strength, perhaps also reflected in 
the marginally longer N...F(l) distance, would raise the v, 
frequency of the axial ND bond. Explanation along these lines 
is consistent with the v,  frequency observed in NH,F, 2183 
cm-' at 10 K,  in which crystal the four F atoms coordinating 
an ammonium ion are hydrogen-bonded to three other N atoms 
each and thus have acceptor strength greater than any of the 
fluorines in 54. From these observations it follows that for very 
short hydrogen-bonded N - - . F  distances the v,  frequency is 
highly sensitive to small changes in the acceptor strength. 

NH4HF2 (53) 
This structure is a distorted version of the CsCl arrangement 

(Pmna, no. 53; Z = 4) and thus nominally it belongs to the 
C.N. 8 group of compounds. Although the ammonium ion in 
8-coordination often is a case of 4-coordination with alternative 
orientations (e.g. in NH4A1F4), in 53 it may be considered as 
genuinely 4-coordinated, E = C, (Fig. 1). TheNa- .F  distances 
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FIG. 8. Schematic representation of the environments of an ammonium ion in the 4-coordinated fluorides NH4F, (NH4)2[Cr(H20)6]F5, and 
NH4HF2. 

ELPASOLITES CN 12 
( N H , ) ~ N ~ M ~ + F ,  

PEROVSKITES CN 12 ELPASOLITES CN 6 CRYOLITES CN 6+12 
(NH, ) , M ~ + M ~ + F ,  c ~ ~ N H , M ~ + F ~  ( N H ~ ) ~ N H , M ~ + F ,  

FIG. 9. Schematic representation of the relationships between the structures of complex ammonium fluorides derived from the antifluorite 
structure. Full circles, F; open circles, alkali ions (Na+, Cs+); octahedra, [ M F J -  or [MF~]'-; tetrahedra, NH4+. The orientations of the 
ammonium ions in these room-temperature structures are well defined only in (NH4)2MF6. 

are 2.80 and 2.82 and the corresponding H - . . F  distances, 
- 1.92 and - 1.95 A; the N-H - - . F  bonds are straight within 
the error limits of the structure determination (1 1). A 1 : 1 
doublet would be expected for the v l  and a 1 : 1 : 1 : 1 quartet for 
the v,,, absorption. 

The good quality of the spectra obtained from samples con- 
taining 0.8-3.6% D (Fig. 6) made possible extrapolation of the 
v ,  band parameters to 0% D, i.e. to infinite isotopic dilution 
(Fig. 7). For the v,,, absorption the variation of the band param- 
eters with the D content was insignificant. 

At 10 K the v ,  fundamental was a visually symmetric singlet 
at 2325 cm-' which shifted gradually to 2321 cm-' at room 
temperature (Fig. 7), i.e. in the same direction as in NH4F and 
54. The v,,, absorption at 10 K,  centred at 1298 cm-', showed 
evidence of at least three components; the mean position of this 

band remained almost stationary with temperature. The tem- 
perature variation of the v ,  halfwidth was similar to that in 
NH4F, while the width of the vdbc absorption was practically 
constant. The integrated intensity diminished with increasing 
temperature, but unlike for NH4F the changes were more pro- 
nounced for v4,, than for v , .  

To reconcile the probe-ion spectra with the reported crystal 
structure, the observed v l  and v,,, bands must be interpreted as 
an unresolved doublet and a partially resolved quartet re- 
spectively. considering that theo two nonequivalent N . . . F dis- 
tances differ by only 0.025(4) A (1 1) and that - unlike in 54 
- each of the four F atoms coordinating NH4+ has a similar 
environment, it is not surprising that the presumed v l  doublet 
is unresolved. 

The environments of an ammonium ion in the three fluorides 
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FIG. 10. Schematic representation of structures, with 6-coordi- 
nated cations, of importance for complex ammonium fluorides: NaCl 
type (top lefi); NaC1-type matrix containing NH,' at random (top 
right). The NH4PF6 structure is of the NaCl type if regarded as 
[NH4'][PF6-1; for actual NH,' and PF6- orientations see text. For 
symbols, see caption of Fig. 9. 

with C.N. 4 (1,53,54) are compared in Fig. 8. The importance 
of the surrounding of the nearest-neighbour F atoms for the 
spectral parameters of NH3D+ is clearly seen. 

Ammonium elpasolites and cryolites (57-61, 63, 64) 
The structures of these fluorides are cubic at room tem- 

perature (Fm3m, no. 225; Z = 4). They are formally obtain- 
able by filling the octahedral or the dodecahedra1 interstices or 
both in a hypothetical fcc parent structure composed of octa- 
hedral [MF,] ions: 

Antifluorite type - Cryolites +- NaCl type 

[ ( N H , ) ~ ] " ~ ~ [ ~ ] " M F ~  [(NH~)~]""[NH,]"MF~ [O,I"~~[NH,]" 'MF~ 

(NH4)?SiF6 (18) (NH,),MFb (59-61) NH,PF6 (40) 

1 1 
[(NH,)~]""[B]"MF~ +- Elpasolites - [A~]"~~[NH,]"MF~ 

(NH&BFeFh (57, 63) Cs2NH4MF6 (58, 64) 

These structural relationships are represented in Figs. 9 and 10. 
In particular, NH4PF6 = n2NH4PF6 is to Cs2NH,MF6 as 
(NH,)?MF6 = (NH4)2nMF6 is to (NH,),BMF6, as far as inter- 
actions between adjacent cations are concerned. 

The elpasolites ( I V H ~ ) ~ N ~ F ~ F ~  (57) and (NH&KFeF6 (63) 
Classical de~cr ip t ion.~  In this section it is assumed that in the 

(NH4)?BMF6 structure (Fm3m, Z = 4) M is in 4(a) - etc., 

50bjections to this classical description are briefly reviewed in 
Discussion. 

FIG. I I .  Schematic representation of possible hydrogen-bonding 
schemes involving NH,+.- (Top left) ~ i r e c t i o n  of  an^-^ F bond 
in NH,MF, perovskites, C.N. 12. (Top right) Direction of an 
N-H ... X bond of an ammonium ion in a CsCl-type matrix, C.N. 8. 
(Bottom left) Orientation of NH,' in cubic (NH,)2MX6, C.N. 12. 
(Bottom right) The most symmetric possible orientation of an ammo- 
nium ion in an NaCI-type matrix, C.N. 6. 

B in 4(b) - $11. etc., N in 8(c) - $44 etc., and F in 24(e) - 
xOO etc. (3). The site symmetry in 8(c), TA, is consistent with 
the tetrahedral symmetry of the ammonium ion. Considering 
that the cubic perovskites NH,MF3 may be represented as 
(NHJ2BMF6 with B = M and x(F) = a, the cubic elpasolites 
(NH,),BMF6 may be regarded as ordered perovskites with B + 
M and x(F) < 4 (Fig. 9). The elpasolite unit cell may thus be 
thought of as divided into eight subcubes, each containing at its 
centre an ammonium ion 12-coordinated by F. This situation 
resembles the cubic (NH,)?MF6 structure (Fig. 11) except that 
in the elpasolites every comer of a subcube is occupied by a 
metal atom, with M and B alternating. An NH,' ion in its most 
symmetric orientation, S f l  E = S = E = T,, would have the 
N-H vectors pointing at either the M or the B comers, unlike 
in (NH,),MF6, where these vectors point at the unoccupied 
comers of the subcubes. The spectroscopic expectation from 
this model would thus be a single vl and a single v,,, absorption 
as long as the structure remains cubic. 

Observed spectra. The spectra of 57 were of particularly 
good quality (Fig. 12). At 10 K a very regular 1 : 1 : 1: 1 v, 
quadruplet and an approximately 1 : 2 : 1 : 4 v4bc quadruplet were 
observed. On warming the sample the two absorptions per- 
sisted essentially unchanged until 157(1) K,  when a sharp tran- 
sition occurred (Fig. 13). The transition, which was reversible, 
manifested itself by the collapse of the vl quartet to a broad 
singlet, while the v,,, multiplet collapsed to an asymmetric 
doublet. The v, singlet, at 2372 at 160 K, shifted to higher 
wavenumbers with increasing temperature. The v,,, doublet 
was incompletely resolved (1283 and 1276 cm-' at 160 K). The 
halfwidths of its components increased and the resolution de- 
creased with increasing temperature until at ca. 200 K a single, 
practically symmetric band resulted. At the same time the 
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FIG. 12. Spectra of (NH4),NaFeF6 (4% D) in the regions of the v l  
(left) and v4bc (right) NH3DC fundamentals at different temperatures. 

bands underwent a small shift to lower wavenumbers. 
The spectra of 63 resembled those of 57, but the much higher 

transition temperature was difficult to estimate with any accu- 
racy because of the considerable band breadth at sample tem- 
peratures close to room (Figs. 14 and 15). A tentative estimate 
of TI,  is 290(15) K.6 The vl  component frequencies at 10 K were 
lower than in 57 and their spread was considerably greater, 1 12 
cm-' compared to 55 cm-' in the Na compound. The v,,, 
absorption was again a quadruplet, but different in appearance 
from that in 57. Its component intensities were estimated as 
3 : 3 : 1 : 1. The overall frequency lowering in 63 relative to 57 
is a consequence of the latti~e~expansion resulting @om the 
substitution of Na (a  = 8.484 A) by K (a  = 8.925 A). 

The four v, components observed in the spectra of 57 (and 
less sharply in 63) below TI,  are indicative of E = C, ,  assuming 
only one type of NH,' is present in the crystal. If fully re- 
solved, the v,,, absorption for E = C, would be an octet. The 
observed 1 :2:  1 : 4  quadruplet is not inconsistent with this ex- 
pectation. The effective symmetry E = C, corresponds to S = 
C, or C , .  The relative narrowness and practically no shift with 
temperature of the v, components would indicate that the am- 
monium ion engages in four essentially normal hydrogen 
bonds, of different strength. The suddenness of the collapse of 
the quartet to a singlet at T,, is reminiscent of the NH4MF, 
(M = Mn, Co, Zn) perovskites (15) and points to a first-order 

0 100 200 300 
TEMPERATURE ( K )  

FIG. 13. Temperature variation of the peak position of the bands in 
Fig. 12. 

transition.' 
The shift of the v, singlet to high wavenumbers with in- 

creasing temperature is characteristic of a normal rather than 
trifurcated hydrogen bond (15, 20). At the same time, the 
appearance of a v,,, doublet above TI,  instead of the singlet 
expected for S = E = T i  of the room-temperature structure, and 
the gradual coalescence of this doublet to a singlet with in- 
creasing temperature are completely analogous to what is ob- 
served for the probe-ion spectra of NH,ZnF, (cf. Fig. 4 of ref. 
15), even to the point of similarity of the v, and the v,~, fre- 
quencies at temperatures immediately above the respective TI,. 
Referring to the argument presented for the cubic NH4MF3 
perovskites in ref. 15, one must conclude that in 57 and 63, too, 
the ammonium ions adopt, at T > T,,, orientations of a sym- 
metry lower than S n  E = T , ,  the maximum symmetry permit- 
ted by the classical structure. Similar to NH4MF3, the instanta- 
neous symmetry of the ammonium ion is effectively tetragonal, 
with dynamic disorder over the six possible orientations rela- 
tive to the directions of the crystallographic axes. The 
N-H...F bonds thus are not symmetrically trifurcated, with 
the N-H vectors pointing at Fe or Na (or K), but normal 
though bent (Fig. 11). However, unlike in NH4MF3, where all 
the comers of a subcube are occupied by the same kind of metal 
atom and the instantaneous symmetry is DZd,  in the 
(NH,)2BMF6 elpasolites this symmetry can be at most S,. This 

"he samples prepared and studied by Massa (3) and by Epple (5) 'This agrees with the sudden disappearance of the quadmpole split- 
were cubic at room temperature. ting in the Mossbauer "Fe spectrum at T,, (31). 
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FIG. 14. Spectra of (NH&KFeF6 (4% D) in  the v ,  (left) and v 4 b ,  

(right) regions at different temperatures. 

symmetry lowering would not affect the probe-ion spectrum, as 
a v, singlet and a 1 : 1 v,,, doublet would be expected both for 
D 2 ,  and S, (Table 1, ref. 15). 

The difference in the corner occupancy of an elpasolite sub- 
cube and of an NH4MF3 unit cell is also likely the reason for the 
difference in the probe-ion symmetries in the respective low- 
temperature phases. In 57 and 63 the v, absorptions are well- 
resolved 1 : 1 : 1 : 1 quartets, whereas in NH4MF3 they are 1 : 1 : 2 
triplets, i.e. E = C ,  as against E = C,. In terms of the model 
of ref. 15 for the perovskites, the plane of reflection of NH4+ 
in the low phase is destroyed, in the elpasolites, by the alterna- 
tion of B and M at the subcube comers. 

At 150 K the mean of the four v, component frequencies in 
57 is -2362 cm-' compared to -2372 cm-' of the singlet at 
160 K, i.e. just above TI ,  (Fig. 13). This indicates an overall 
strengthening of hydrogen bonding when the temperature is 
lowered through TI,. In this respect 57 again closely resembles 
the NH4MF3 perovskites: one of the N-H--.F bonds weakens 
on passage from the high to the low phase while the other three 
are strengthened, one of them appreciably (by some 35 cm-I). 
The total high-low spread of the v, component frequencies in 
57 is -55 cm-' at 10 K,  which compares with the correspond- 
ing spread in NH4MnF3, -51 cm-'; in NH,CoF3 and NH4ZnF3 
the spread is only about one-half of this (15). In contrast, the 
spread in 63 is very large, about twice that in 57 (Fig. 15), 
pointing to the existence of a privileged, unusually strong 
N-H...F bond in the low phase. The degree of hydrogen- 
bond strengthening in 63 on cooling through T,, could not be 
estimated because of the proximity of T,, to room temperature 
(Figs. 14 and 15). 

TEMPERATURE (K) 

FIG. 15. Temperature variation of the peak positions of the bands 
in Fig. 14. 

The elpasolites Cs,NH,FeF6 (58) and Cs2NH&1F6 (64) 
These elpasolites are of particular interest in that they might 

be expected to provide clues leading to an understanding of the 
vibrational behaviour of NH,' in fcc alkali halide matrices, a 
problem which so far has eluded explanation. The ammonium 
ion is 6-coordinated (S = 0,,), similar to that in KX and RbX 
(X = C1, Br, I) matrices (ref. 2 and results to be published). 
Single v, and v4bc absorptions would thus be expected, with 
frequencies between those in NH4F and NH4C1. In 58, for 
which we have low-temperature powder diffraction data, this 
expectation would hold down to the temperature of the revers- 
ible transition at 194(3) K.8 

Five deuterated and three undeuterated samples of 58, each 
the product of a separate high-pressure synthesis, were exam- 
ined. Apart from the ND features, the intensity of which de- 
pended on the degree of deuteration, the room-temperature 
spectra of all eight samples were identical; those of the un- 
deuterated samples agreed with the room-temperature spectra 
reported by Epple ( 5 ,  6). Some differences between samples 
were observed in the low-temperature spectra. The spectra 
shown in Fig. 16 are those of the deuterated product judged to 
be the purest (see Experimental). 

At 10 K the vl absorption consisted of a broad band centred 
at 2251 cm-I, with a halfwidth of -35 cm-I, and a shoulder at 
-2225 cm-' (Fig. 16). The presence of this shoulder was 

At 203 K, a(cubic) = 9.196 4; at 173 K t h ~  structure appeared to 
be pseudotetragonal, a = 9.1 18 A, c = 9.253 A, which would corre- 
spond to a volume reduction of about 1% on cooling through T,,. 
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FIG. 16. fl spectra of Cs2NH4FeF6 (4% D) in the v l  (left) and v4bc 

(right) regions at different temperatures. The spectra in broken lines 
are the 0% D backgrounds at 10 and 295 K,  respectively. 

detected only after a careful comparison with the appreciable 
irregular background absorption of the 0% D samples in this 
region. The 2251 cm-' band may be considered to be an un- 
resolved envelope of two or more features. Indeed, in the 10 K 
spectra of some of the samples this band was partially resolved 
into several components (at 2268, 2260, 225 1, and 2229 cm-' 
in the best resolved spectrum), with estimated halfwidths of 
- 15 cm-'. This is larger than the v,  (10) halfwidth of any of the 
other compounds examined in the present study and somewhat 
larger than for the KX and RbX matrices. Where the splitting 
did occur, it rapidly diminished on warming the sample and 
above -70 K only a singlet was seen. With increasing tem- 
perature the 225 1 cm-' peak shifted to lower wavenumbers and 
broadened, until at room temperature only a very broad band of 
low peak height was visible. 

The v,,,(lO) absorption (Fig. 16) consisted of an unusually 
complex pattern of bands, with main features at 13 15 and 1278 
cm-' and smaller bands at 1295, 1259, and 1253 cm-'. An 
additional band at 1227 cm-' was sometimes observed, as in 
Fig. 15. The total range of this composite absorption was at 
least 62 cm-' (centre of gravity, -1278 cm-I). Increasing 
temperature caused gradual broadening and coalescence of 
these bands, with the outside bands moving toward the centre, 
as well as a sudden disappearance of the1315 cm-' peak at 
195(10) K. Within the uncertainty estimate this temperature 
coincides with the above transition temperature established 
from X-ray evidence. The unusual increase of intensity of the 
1227 cm.-' and 1253 cm-' bands between 185 and 230 K 
(i.e. spanning the transition temperature, cf. Fig. 16) was not 
observed in the other samples. At room temperature only a 
broad singlet remained in the spectra of all the samples, con- 
sistent with the expectation from the room-temperature crystal 
structure. 

Compared to 58, the ND spectra of 64 were of inferior 
quality, owing perhaps more to poor crystallinity of the sample 
than to a difference between 58 and 64 per se. The asymmetry 
of the broad vl(lO) singlet (at 2265(2) cm-' and with a total 
halfwidth of ca. 46 cm-I) decreased with increasing tem- 
perature and the peak position at 250 K was 2259(3) cm-'. The 
v4,,(10) absorption was approximately a doublet but with clear 
indications of further unresolved structure. In general the v,,, 
absorption of 64 was reminiscent of that of 58, with differences 
in the intensity distribution within the complex bands, es- 
pecially at higher temperatures. 

The low quality of the spectra precludes any conclusions 
about the possibility of existence of a structural transition in 64 
between 10 and 295 K. 

The cryolites (NH,),MF,, M = A1 (59), Cr (60), F e  (61)9 
The probe-ion spectra of the cubic phases would be expected 

to contain v,  and v4bc absorptions corresponding to those of the 
ammonium ion in (NH4)?BMF6 as well as those of Cs2NH4MF6, 
plus any features that might arise from the interaction of adja- 
cent ( N H ~ D ~ ) " ~  and (NH,D')" ions (Fig. 8). Superposition 
without interaction of the (NH3D')"i and (NH,Dt)" spectra 
above T,, would be expected to yield two single absorptions in 
the ND stretching region, at ca. 2350 and 2250 cm-', re- 
spectively, and in an intensity ratio of 2: 1, and a 1 : 1 doublet 
and a singlet in the ND bending region between 1280 and 1320 
cm-' . Unfortunately, the symmetry-lowering transitions which 
all three cryolites studied undergo occur above 200 K (Table 
1),1° at which temperature the appreciable broadening of the 
absorptions and decrease in the intensity considerably reduce 
the usefulness of our method for the study of the high phases, 
for which the structural information available is the amplest. 

The X-ray powder patterns of the Cr and Fe compounds 
below TI, could be indexed (5, 13; cf. also ref. 26) on unit cells 
deriving from the Fm3m cell by triclinic distortions; the dis- 
tortions as well as AV,, are more appreciable for the Cr com- 
pound. A P 1 unit cell with Z = 4 would imply the existence of 
four nonequivalent centrosymmetric pairs of (NH4-'-)"i ions of 
S = C , ,  and four nonequivalent types of single (NH,')" ions at 
sites of symmetry C;. The (NH4t)"i ions would then be ex- 
pected to give rise, in principle, to four v, quartets and four v,,, 
octets. Since ammonium ions are noncentrosymmetric, the 
presence of the (NH,')" ions at sites of symmetry C; implies 
twofold orientational disorder at all temperatures T < T,,, un- 
less a second transition is found below the lowest temperature 
so far investigated (i.e. below 15 K for the Fe compound, cf. 
ref. 22)." The (NH,')" ions, too, would then be of symmetry 
C I ,  and four v,  quartets and four V4bc octets would be expected, 

'By an oversight (NH4),FeF6, which was listed as 45 in ref. 2, has 
been renumbered here as 61. The number 45 has been reassigned to 
(NH4)ZReC16 (cf. ref. 32). 

''The T,, obtained from C,, measurements (24, 25) and listed in 
Table 1 do not always agree with the estimates from X-ray powder 
diffraction, dta, esr, ir, and other measurements (5, 26, 27, 33, 34). 
A pronounced tendency to undercooling has been reported for the 
intermediate phase of 59 (24), and similar hysteresis phenomena 
known to exist in other complex fluorides (e.g. in hexafluoro- 
phosphates, cf. footnote 13) are responsible for discrepancies between 
different literature accounts of the same compound. 

' I  Unlike 60 and 61, the A1 compound 59 has two low-temperature 
transitions (24). No information appears to be available on the crys- 
tallographic symmetry of either low-temperature phase, so we do not 
know whether the above arguments for 60 and 61 apply to 59. 
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FIG. 17. Spectra of (NH4),MF, (2% D) (M = Al, Cr, Fe) in the v ,  
(left) and v,,, (right) regions at 10 K. Difference FT spectra of Nujol 
mulls obtained by subtracting the 0% D spectra. 

Frc. 18. Spectra of (NH4),AIF6 (2% D) in the v l  (left) and v,,, 
(right) regions at different temperatures. 

0 200 0 2C:o 
TEMPERATURE (K) 

FIG. 19. Temperature variation of the peak positions of the bands 
in Figs. 18 and 20. 

with each component in principle doubled or at least broadened 
in consequence of the orientational disorder. 

The probe-ion spectra in the ND stretching and ND bending 
regions at 10 K are of the same type in all three compounds 
(Fig. 17). For 59 nine well-resolved vl components were ob- 
served, their frequencies spanning 103 cm-I, from 2260 to 
2363 cm-I. Shoulders and unusual breadth of the resolved 
features indicate the existence of an undetermined number of 
additional components. The highest-frequency, weak bands at 
2334, 2346, and 2363 cm-' (group I )  may be assigned to the 
ND stretching modes of (NH3D+)xii ions, in analogy with 57 
and 63. In group II, of higher intensity, with bands between 
2260 and 2310 cm-I (centre of gravity, 2291 cm-I), some of 
the lower-frequency bands appear to correspond to the ND 
stretching modes of (NH3D+)" ions (cf. 58 and 64), while the 
bands at the higher frequencies are probably a mixed set of 
vl  ( N H 3 ~ + ) " i  and vI(NH3D')" component bands. Detailed as- 
signments are not possible at present. 

With increasing temperature all the vl  components of 59 
broadened and gradually collapsed (Figs. 18 and 19), but the 
collapse occurred for groups I and II separately. By 160 K 
region I showed only one broad band at 2335 cm-I. By 210 K 
the bands of region II had also collapsed to a single band, at 
2291 cm-I. At -225 K a large increase of width occurred, 
coincident with the upper transition (Fig. 18). Very little addi- 
tional change was observed between 230 K and room tem- 
perature. 
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FIG. 20. Spectra of (NH4),FeF6 (2% D) in the v ,  (left) and v,,, 
(right) regions at different temperatures. 

In the ND bending region of 59 seven well-resolved com- 
ponents were seen, from 1266 to 1315 cm-I (total range of 49 
cm-I), with a centre of gravity at -1294 cm-'. Comparison 
with the ND bending regions of 63 and 58 (Figs. 14 and 16) 
shows that the (NH,D')"'and (NH3D*)" components in the 
spectra of 59 almost certainly intermesh, making attempts at 
detailed assignment fruitless.l2 Increasing temperature caused a 
gradual broadening and eventual collapse of the bands until at 
220 K only a broad doublet remained, at 1281 and 1292 cm-'. 
At -225 K a sharp change in bandwidth and band shape oc- 
curred, yielding a broad singlet at 1282 cm-' (Fig. 18). Above 
230 K this singlet shifted gradually to lower frequencies, end- 
ing up at 1279 cm-' at room temperature. 

Thus while above the upper TI,  the two very broad v, bands 
are consistent in number, though not in idealized relative in- 
tensity, with the existence of (NH4')"'and (NH,')" ions at sites 
of cubic symmetry, no structural conclusion can be made from 
the presence of the broad singlet in the v,,, region. Below the 
upper T,, the v, and v,,, spectra are so complex that no detailed 

I2 An unsuccessful attempt was made to identify the components by 
comparing the spectrum of 61 with that of (NH4)Z 31<0 7FeF6. The latter 
compound was prepared especially for this purpose, in the hope that 
the smaller K' would populate exclusively the C.N. 6 sites, corre- 
sponding ~O.(NH~)~[(NH,), ,KO 7]FeF6 and leading to a decrease in the 
relative intensity of the v,,,(NH,')" components. However, there was 
no discernible difference between the two spectra, perhaps owing to 
a statistical distribution of the potassium between the two types of 
sites. 

conclusion is possible about the symmetries of the two ions, 
although one may reasonably assume that the respective C.N.'s 
are conserved, albeit in distorted environments. No evidence of 
the lower transition was observed in the probe-ion spectra. 

The survey spectrum of 61 in the 4000-800 cm-' region 
resembled that of 59 closely, both at room temperature and at 
10 K (Fig. 20). In the v ,  (10) spectrum nine peaks were clearly 
resolved and the distribution of intensity approximated that for 
59. The effect of temperature also was analogous. With in- 
creasing temperature the multiplet gradually broadened and 
collapsed to what by 250 K was one broad asymmetric band. 
The large additional broadening coming into evidence between 
260 and 265 K appears to be the consequence of the phase 
transition. 

The ND bending region of 61 at 10 K,  too, was very similar 
to that of 59 and showed a similar temperature dependence. 
The band resulting from the thermal collapse of the nine peaks 
that were clearly resolved in the 10 K spectrum (Fig. 20) still 
showed some structure (three residual components) at 260 K, 
but at 265 K only a broad singlet was observed. The same 
arguments are therefore applicable to the interpretation of the 
probe-ion spectra of 61 as advanced above for 59. 

Although the room-temperature survey spectrum of 60 re- 
sembled closely those of 59 and 61, at 10 K the components of 
the probe-ion spectrum were much broader and less-well re- 
solved. The overall pattern was clearly the same as for 59 and 
61 (Fig. 17), as was also the temperature variation. However, 
the bands were too broad to see much change on passage 
through T,,. It is not clear whether the less complete resolution 
of the probe-ion spectra is due to poor crystallinity of the 
material or to an intrinsic cause, e.g. fewer near-coincidences 
of the component frequencies, as a result of the more pro- 
nounced distortion of the structure of 60 on cooling through TI,. 

Considering that a typical halfwidth of ~ ~ ( 1 0 )  in ammonium 
halides is 5 cm-', the detail of the 10 K ND stretching absorp- 
tion of 61 (Fig. 17) is reasonably well resolved, but it would be 
difficult to argue convincingly that the absorption contains the 
12 components expected from the triclinic symmetry of the low 
phase. The overall impression, however, apart from the large 
variation in the intensity of the individual peaks, is that of a v, 
spectrum arising from two nonequivalent (NH,')"' and one 
(NH,')" ions, and this impression may well substantially corre- 
spond with the nature of the distortion of the structure below 
TIr. 

NH4PF6 (40) 
Calorimetric and nmr ('H, 'H, I9F) evidence indicates the 

existence of two transitions below room temperature (Table 1) 
and suggests that the upper, A-type transition is associated with 
changes in the reorientational motion of the anions (30, 35, 
36). The lower, "gradual" transition, at - 132 K, ought then to 
correspond to the onset of a cooperative process involving the 
ammonium ion. 

The crystallography of 40 at room temperature is uncertain 
and nothing appears to be known about the structures of the 
low-temperature phases. For lack of better information we shall 
assume that the room-temperature phase of 40 is isostructural 
with the room-temperature phase I of KPF6; however, even for 
KPF,(I) the structure cannot be regarded as completely estab- 
lished (cf. refs. 37 and 38). On this assumption the P and N 
atoms in NH4PF6(I) are on an NaC1-type lattice (Fm3m, Z = 
4,  P in 4(a) - 000 etc., N in 4(b) - {i: etc.), but for steric 
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reasons (37-39) the PF6 octahedra cannot have the orientations 
shown in Fig. 10, which are the most symmetric orientations 
possible (F in 24(e) - xOO etc.). For the N ... F distance to be 
reasonable, the octahedra must be rotated away from the axial 
directions of the unit cell. This results in a C.N. > 6 for the 
ammonium ion and in fractional occupancy by F of an equi- 
point higher than 24-fold if the diffraction symmetry is to 
remain Fm3m, i.e. that claimed for KPF6 (I) (37). In the latter 
crystal this equipoint is taken to be 192(1) - xyz etc., which 
corresponds to 48 equivalent positions surrounding the cation 
in six sets of eight, one position in each set being occupied by 
F at any one time. 'The site symmetry of NH,' in such a 
disordered structure would be statistically equal to O , ,  with 
broadened vl  and v4bc singlets expected in the probe-ion spec- 
trum above the upper T,, - 192 K. 

A preliminary account of the probe-ion spectra of 40 was 
given in refs. 2 and 12. Specifically, a single v, and a single v4bc 
absorption were observed over the temperature range studied, 
-90-295 K; the halfwidths at the lowest temperature were 6 
and 7 cm-I, respectively. The spectra did not reflect the exis- 
tence of the two transitions. It is now clear from the present 
results for 10-293 K (Fig. 21) that in the previous experiments 
the lower transition had not in fact occurred.13 Otherwise the 
earlier findings are confirmed. 

At 10 K the v, fundamental appeared to be a 1: 1 doublet 
with components at 2441.5(3) and 2435.5(3) cm-', of about 4 
cm-' halfwidth. This halfwidth is quite small, comparable to 
that in NH4BPh4 (40). The v4,, fundamental at 10 K consisted 
of four components of about 5 cm-' halfwidth, the two middle 
components being separated by -1.5 cm-' and hence only 
resolved in some of the runs (Fig. 22). With increasing tem- 
perature both the v l  doublet and the v4br quartet collapsed to 
singlets, the collapse being complete at 120(10) K. Further 
increase of temperature produced a shift of vl to lower and of 
v4bc to higher wavenumbers. There was no clear evidence of the 
existence of the upper transition in our spectra. 

The v, + v6 combination band of NH,', which at 10 K was 
a narrow, clearly visible singlet at 1680 cm-', rapidly dimin- 
ished with increasing temperature and by 100 K was no longer 
observed. 

The probe-ion spectra are interpreted as follows. The col- 
lapse at 120(10) K corresponds to the lower transition. The v, 
doublet and the v4bc quartet observed below this temperature are 
indicative of E = C2 (consistent with the site symmetries S = 
C2, C2h, C4) or C2" (S = C2,,, D2h, C4,,) (Table 1, ref. 15). 
Alternatively, though in our view less likely, there could be 
two crystallographically nonequivalent ammonium ions at sites 
of nonpolar tetragonal symmetry or D2), (different orientation 
from that for E = C2,,) or D2. Above - 130 K the site symmetry 
of the ammonium ion must be effectively cubic and E,(, = Td 
or T. The shift of v, toward lower and of v,,, toward higher 
frequencies with increasing temperature is characteristic of 
weak, highly bent (bifurcated or trifurcated) N-H F bonds 
(20). The vl  frequencies are high, between -2432 and -2442 

"The reason for this is difficult to establish. While the temperature 
control at the sample in the earlier experiments was inferior to that 
obtainable with the cryogenic system used at present, it is hardly likely 
that the actual sample temperature would have been off by more than 
40 deg. Staveley et al. (30) experienced difficulties in obtaining re- 
producible C, values with NH4PF6 and RbPF6 as well as with 
(NH4)?SnC16 and (NH4),SnBr6, and suppression of low-temperature 
transitions in some samples of ammonium hexahalometallates(IV) 
was encountered in our own work (32). 

FIG. 21. Spectra of NH4PF6 (1% D) in the v l  (left) and V4bc (right) 
regions at different temperatures. Only the features marked D are due 
to the isotopically diluted NH3D+ ions. 

cm-' in the temperature range studied; values as high as these 
are typical of high coordination numbers and trifurcated 
N-H - - . F  bonds, e.g. in (NH4),SiF6 or NH4BF4 (2), and are 
consistent with the observed low barrier to reorientation of the 
NH4+ ion (see Discussion). 

(NH413SiF7 (62) 
The structure determination of 62 dates back to 1942 (29) 

and its accuracy is uncertain, but its general correctness is 
supported by the recent work (41) on a variety of compounds 
of this type (A2A1MF,: A, A' = K, Rb, Cs; M = Si, Ti, Cr, 
Mn, Ni). The tetragonal (P4/mbm, no. 127; Z = 2) structure 
is built up from SiF62- and F- anions and two types of NH4+ 
ions, NH4(l) in 14-coordination (2(a), S = C4),) and NH4(2) in 
10-coordination (4(h), S = C?,); NH4(2) is twice as abundant 
as NH4(1). The approxivate N...F distances for NH4(1) are 
2.92 A to F- (2X), 3.06 A (4X), and 3.50 P\ (8x) .  For NH4(2) 
they are 2.79 A (2x) ,  2.90 A to F- (2X), 2.98 P\ (2x) ,  and 
3.09 P\ ( 4 x )  (Fig. 23). A fully resolved vl absorption would be 
expected to consist of a singlet and a doublet, and the v4,, 
absorption, of a doublet and a quartet, with all the component 
intensities ideally equal: E = S4 for NH4(l) and C2, for N b ( 2 ) .  

At 10 K ten distinct narrow peaks were resolved in the v l  and 
no fewer than 14 in the vlbc absorption region (Fig. 24). This 
spectrum appears to correspond, with some unavoidable coin- 
cidences, to the 12 vl  and the 24 v4,, components expected for 
three nonequivalent, equally abundant ammonium ions of C,  
symmetry. The multiplets broadened and collapsed gradually 
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I I I I I I I I I 
0 200 0 200 

'TEMPERATURE ( K )  

FIG. 22. Temperature variation of the peak positions of the bands 
in Fig. 21. The halfwidths for the lowest-temperature phase refer to 
the resolved single components. 

with increasing temperature. The v,  absorption above 100 K 
was on an increasingly sloping background, which made the 
shape and symmetry of the bands difficult to assess. At no 
temperature did the v ,  and vjbc band envelopes resemble the 
simple bands shapes predicted for an S = C4,, ion of single 
weight and an S = Cz,. ion of double weight. The possibility of 
existence of a transition in the 200 K region cannot be 
excluded. 

The v,  frequencies are high (Fig. 25), in the range associated 
with NH,PF6 and (NH4)2MF6. This alone would point to hydro- 
gen bonding of the trifurcated type, in spite of the presence of 
F- ions in the structure - presumably much stronger 
hydrogen-bond acceptors than the fluorines of the SiF6'- 
anions. However, the direction of the change of the v,  
frequency with temperature could not be ascertained. 

Discussion 
Fluorides with C.N. 4 (1, 53, 54) 

The v,  and v,,, frequencies in these three compounds de- 
crease slightly with increasing temperature (Figs. 3 and 7), 
although in 53 the temperature variation of v,,, could not be 
established with certainty. Since both frequencies change in the 
same direction and the N-H...F bonds in these crystals are 
straight, the negative sign of the temperature coefficient dv/dT 
must be attributed to the thermal variation of the lattice dimen- 
sions, i.e. expansion on heating. 

The difference in the rate of decrease in the relative intensity 
of the v, and v,,, absorption in 1 on heating (Figs. 2 and 3) is 

FIG. 23. Coordinations of the NH4(l) (C.N. 14, S = Cq,,; bottom) 
and NH4(2) (C.N. 10, S = Cz,; top) ions in (NHJ)?SiF7, after ref. 29. 
Full circles, N; open circles, F of SiF,'-; stippled circles, F-. In the 
bottom drawing the two F- ions (on C,) overlap in projection with 
N(1). The positions of the H atoms have not been determined, but if 
the orientation of NH4(2) matches the Cz, site symmetry of N(2) (as 
indicated in the drawing), then the hydrogen bonds are trifurcated, 
N-He.. [F(2), 2F(3')] for the lower and N-H ... [F(l), 2F(3)] for 
the upper level H atoms. Assuming that the hydrogens of NH4(1) (on 
the dotted circle) do not point in the direction of the Si atoms, two 
equivalent orientations of the ammonium ion are possible; the hydro- 
gen bonds would be asymmetrically trifurcated. 

striking, as is also the constancy of the v,,, halfwidth, -7 
cm-I, over the entire 10-293 K range. 

NH4PF6 (40) 
Obviously the thermal behaviour of solid 40 can be properly 

understood only when reliable crystallography of all three 
phases is available. In the interim, while attempting to secure 
this information, we offer the following qualitative model 
which permits the probe-ion spectra and other observations to 
be rationalized. Inasmuch as the two transitions appear to be 
second-order (or at least not isothermal), we assume that the 
basic face-centred arrangement of the P and N atoms is pre- 
served in all the phases. 

Phase I (above 192 K). The P and N atoms are in an NaC1- 
like cubic arrangement (Fm3m, Z = 4; cf. ref. 38). The PF6 
octahedra are rotationally displaced from their most symmetric 
possible orientations (i.e. those with F in xOO etc.) and undergo 
rapid reorientations as well as large-amplitude librational 
motions. The cation is moving in a potential field with a large 
number of local minima constituted by the instantaneous 
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1 I I I I I I I J 
0 200 0 200 

TEMPERATURE (K1 

FIG. 24. Spectra of (NH4)&F7 (5% D) in the v l  (left) and v4bv FIG. 25. Temperature variation of the peak positions of the bands 
(right) regions at different temperatures. in Fig. 24. 

whereabouts of the F atoms (up to 48 such minima would be 
consistent with Fm3m). The diffraction symmetry of the crys- 
tal is thus Fm3m and the effective site symmetry at N, as 
deduced from the probe-ion spectra, is cubic. 

Phase 11 (132- 192 K). The orientations of the rotated PF, 
octahedra are correlated, though the octahedra are still rapidly 
reorientating. This results in a decreased symmetry of the PF6 
sublattice, but since the ammonium ions still move in a multi- 
minimum, pseudospherical potential (though less "flat" than in 
I ) ,  with the F atoms at distances comparable to those in I ,  no 
abrupt changes are observed in the probe-ion spectra on pas- 
sage through the I - 11 transition. The effective symmetry at 
N is still cubic. The small but definite decrease in the vl and 
increase in the v4bc frequency with increasing temperature (Fig. 
22) indicates (20) that highly-bent hydrogen bonds are present 
in 11 and probably also in I .  

Phase 111 (below 132 K). The PF6 arrangement is essentially 
the same as in 11, but the ammonium ions, while still reor- 
ientating rapidly, begin to respond to hydrogen-bonding inter- 
actions. Their librational motions are now increasingly re- 
stricted as the temperature decreases, with the result that the 
site symmetry at N is no longer cubic but C2 or C?,., and the 
distortion of the NH,' ion (and hence the extent of the sym- 
metry lowering of the crystal) increases smoothly with cooling. 
However, even at 10 K the distortion of the ammonium ion 
must be small, for the v, absorption at this temperature is split 
by only about 7 cm-'. The 11 + Ill transition may thus be 
described as a gradual change of crystallographic symmetry. 
The C2 and C2,, site symmetries occur in a number of cubic 

space groups, but with Z + 4. It seems probable that the crystal 
symmetry of 111 is no higher than tetragonal. The increased 
effectivity of the hydrogen bonding in restricting the librational 
motion of the ammonium ion is manifested in the appearance 
of the v, + v6 combination band of NH,' , which is absent in 
11,'~ and in the magnitude of the total splitting of v,,, at 10 K,  
which is about 20 cm-' and thus three times that of the v, 
splitting. It thus seems that the increased restriction of the 
torsional oscillation in Ill comes from a change in the coordi- 
nation geometry of the ammonium ion rather than from a sig- 
nificant change in the H -. . F distance. 

The v, frequency in I and 11 differs little from the mean vl  
frequency in 111, and similarly for vdbc This constancy, the 
negative temperature coefficient of the v, and the positive tem- 
perature coefficient of the v4bc frequency all indicate that the 
type of hydrogen bonding is the same in all three phases and 
corresponds to highly bent, bifurcated or trifurcated N-H - - .  F 
bonds. Because of the rotational displacement of the PF6 octa- 
hedra the ammonium ion in 40 does not move inside a regular 
octahedron of F atoms, hence its C.N. > 6. The v, and v,,, 
frequencies in 40 are comparable to the corresponding fre- 
quencies in cubic (NH,),MF6 (2, lo), but they are quite differ- 
ent from those for NH,I(I), for NH,' isolated in fcc alkali 
halide matrices (ref. 2 and results to be published) and, most 
importantly, for Cs2NH,FeF6, the only case so far examined of 

I 4  The absence of this band in the room-temperature spectrum of 
NH4PF6 led Waddington (42) to conclude that the ammonium ion was 
free to rotate. 
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NH,' inside a regular F6 octahedron (cf. above and Fig. 16). 
The points for NH,PF6 (1-111) fall in an entirely different 
region of the v,,, vs. v, plot (Fig. 3 of ref. 2) than the points 
for the C.N. 6 structures just mentioned. In fact, they fall in the 
extreme margin of the C.N. 12, trifurcated N-H ... F bonds 
group. Unlike in NH41 (I), the hydrogen bonding in NfiPF6 (I) 
is not characterized by instantaneous privileged, essentially 
straight and strong N-H...X bonds: the vl -2250 cm-' and 
v4,, -1260- 1320 cm-' frequencies of Cs2NH4FeF6 correspond 
more to the frequencies in NH,SnF3 (normal hydrogen bonds) 
and (NH4)2[Cr(H20)6]F5 than to those in 40, even when qual- 
itative allowance is made for the different formal charges on the 
F atoms in PF6- and FeF6)-. 

Specifically, the above model is consistent with the follow- 
ing observations. 

(a) The time-of-flight spectrum of slow neutrons scattered 
inelastically from 40 at room temperature approaches the shape 
expected for free rotation of NH,', while the corresponding 
103 K spectrum (i.e. for phase III) is significantly different 
(43). 

(b) 2H and I9F nmr measurements on ND4PF6 (35) show that 
the upper transition is associated with a change in the reor- 
ientational motion of the PF6- ions only, while the lower tran- 
sition was found to have little influence on the reorientational 
motions of both ions. 'The activation energies E, for reor- 
ientation of the ammonium ion in I and 111 were found to differ 
only slightly: 0.71(1) kcal/mol between 170 and 300 K, and 
0.83(1) kcal/mol between 20 and 71 K. The latter value is in 
reasonable agreement with E, = 1.0 kcal/mol (44) and 0.90 
kcal/mol(36) reported by other authors. The TI in I is long and 
almost temperature independent: TI (IH) = 18 s and TI (I9F) = 
6 s, corresponding to almost free rotation (36). 

(c) The second moment of the IH nmr resonance, both at 
room temperature and at 77 K, increases by only about 50% 
from 1 bar to 14 kbar (45). This is consistent with the existence 
of a multiminimum, flat potential (i.e. C.N. > 6) and weak 
hydrogen bonding in all three phases. 

(d) The upper C, anomaly is a characteristic A-type transition 
(30). In contrast, the lower transition is described as "gradual" 
rather than a typical A point. This would be consistent with the 
postulated gradual crystallographic distortion (cf. Fig. 22) 
taking place simultaneously with orientational ordering of the 
ammonium ions (plus the attendant response from the PF6 octa- 
hedra) on cooling below 132 K. Stated differently, the extra 
energy required to overcome the crystallographic distortion of 
the 10 K structure on heating may become significant at tem- 
peratures lower than a consideration of the C, vs. T graph (Fig. 
2 of ref. 30) alone might suggest, i.e. the AS,, value for this 
transition quoted in ref. 30, 2.48 cal/deg mol, may in fact be 
an underestimate. Inspection of Fig. 22 and of Figs. 2 and 4 of 
ref. 30 would suggest 30-40 K as the temperature at which the 
"extra" contribution to heat capacity becomes perceptible. 

(e) In ref. 30 the authors do not appear to exclude the possi- 
bility that the entropy change associated with the A-transition in 
NH4PF6 and RbPF6 is in fact R In 4 = 2.75 cal/deg mol, i.e. 
higher than the values of 2.23 and 2.42 cal/deg mol, re- 
spectively, deduced from the experiment. The high value 
would be consistent with our model. If the I t, II transition is, 
for example, between Fm3m (24 F in 192(1) - xyz etc.) for I 
and the subgroup F23 (24 F in 48(h) - xyz etc.) for 11, the 

FIG. 26. Correlation of the NH stretching frequency of NH,' ( A )  
and the ND stretching frequency of NH3D' (B) with ii = (v /z)"~ for 
cubic elpasolites (NH4)*BMF6 (B = Na, K) and Cs2NH4MF6, cryolites 
(NH4)3MF6 (squares) and perovskites NH4MF3. The v3(NH4+) values 
(room temperature) are from refs. 5, 13, and 46. The broken lines and 
full circles refer to the NH stretching frequencies V ,  (NHD3') obtained 
by conversion from v,(NH,D') (see text). 

the twofold axis, AS,,/R = 1.39 = In 4 (1.24 measured, but see 
d),  the number of equivalent NH4+ orientations in II would be 
8 if S(III) = C2 and 16 if S(II1) = C,,. 

Elpasolites and cryolites: NH,' vs. NH3D+ spectra 
The effect of the C.N. (and hence of the hydrogen bonding) 

of the ammonium ion on the spectra of NH,' in fluoride el- 
pasolites and cryolites has been investigated by Epple and 
Massa (5, 6, 13) on undeuterated samples at room temperature. 
They were able to distinguish between the (NH,')" and 
(NH,')"" absorptions in spite of the usual complications (broad, 
poorly resolved peaks, vibrational coupling and Fermi reso- 
nance) inherent in the room-temperature spectra of NH,' in the 
NH stretching region, and they examined the implications of 
the coexistence of the 6- and 12-coordinated ammonium ions in 
the crystals as far as was possible from such spectra. It is of 
interest to see to what extent these NH,' spectra match those of 
the isotopically isolated NH3D' probe ion. 

When Epple's v3(NH4'Yii and v~(NH,')" values for 
(NH4)2NaMF6, (NH4)2KMF6, (NH4)&IF6, and Cs2NH4MF6 
(and also NH4MF3)I5 are plotted against ii(293) (Fig. 26A), 

reduction inthe number of possible equivalent F positions is by l 5  Epple's v3(NH4+) values for the ammonium cryolites have been 
192148 = 4. Similarly, for the ammonium ion, in III the site supplemented by three values estimated from the spectra shown in 
symmetry S is C2 or C2". If we assume ordering with respect to ref. 46. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3344 CAN. J .  CHEM. \ 

Tt, not known @ D A. 0 
C 

TOLERANCE FACTOR t 

FIG. 27. Variation of the anisotropy of the principal thermal ampli- 
tudes of the X atom in cubic A,BMX6 elpasolites (full circles) and 
AMX? perovskites (open circles) with the tolerance factor t and the 
temperature difference T - T,,. The diameters of the circles are pro- 
portional to B3?/Bl1 = B,(M - X)/BII(M - X). A ,  K2NaCrF6 (5); B, 
RbzLiFeF, (13); C, Rb2NaFeF, (13, 49); D, Rb,KFeFh (13, 49); E, 
(NH&NaFeF, (13, 31); F, CszNaFeFh (13); G,  Cs2NaNdCI6 (5 1) ;  H, 
KMnF? (52-54); J, KCOF? (55); K, KNiF? (52); L, RbCaF? (54, 56); 
M, NH4MnC13 (57); N, CsPbCI? (53, 58); P, CsPbBr? (58); Q, 
MeNH3PbC13, and R ,  MeNH3PbBr3 (Knop, Cameron, and Ad- 
hikesavalu, to be published). 

recognizable trends emerge, since the large number of com- 
positions (M = Al, Ga, V,  Cr, Fe) tends to compensate for the 
lack of accuracy in the indivudal estimates. The v,(NH,')"" 
variation with ii is practically linear ( r2  = 0.82). As for 
v3(NH4')", the points for (NH4),MF6 and Cs2NH4MF6 have 
been regressed as belonging to one set, but the spread is 
considerable. 

Regressing the available room-temperature v l  values linearly 
on (11~3)' (see below) results in a high degree of correlation for 
C.N. 12 (r' = 0.98) and in a poorer fit for C.N. 6 (r' = 0.66). 
Replotted against d ,  the correlation lines in the observed ii 
range are almost straight (Fig. 26B). When the v,(NH,D') 
values for C.N. 12 are convertedI6 to the corresponding 
v, (NHD, ') values (i.e. the isotopically isolated NH stretching 

frequencies), the points fall on a line which is not parallel to the 
v,(NH;')"" line (Fig. 26A). Since v, (NHD,') is expected to 
vary in much the same manner as vl (NH,'), this implies that 
the symmetric and the antisymmetric stretching frequencies of 
(NH,')"" in these fluorides converge as ii decreases, i.e. in- 
creasing "chemical" lattice compression results in a significant 
reduction of the difference v3(NH4.') - v ,  (NH,'). 'This con- 
vergence is analogous to that reported by Schiffer (48) for the 
symmetric and antisymmetric stretching modes of the HzO 
molecule in crystalline hydrates. 

Conversion of the v l  (NH3D ')" to v, (NHD,'.) frequencies for 
the two Cs elpasolites yields values which agree closely with 
Epple's v,(NH,')" for those compounds, while the agreement 
is not as good for the two cryolites, 58 and 64. It is possible that 
the (NH,+)" frequencies are more sensitive to structural vari- 
ation than the (NH,')"" frequencies, and that the cryolite and 
the Cs elpasolite points should in fact be fitted separately. The 
present evidence is insufficient for resolving this problem. 

The elpasolites (NH,)?BFeF, (57, 63) 
Inadequacy of the classical moclel. A number of obser- 

vations have been invoked in support of the suggestion (5, 13, 
3 1, 49) that the F atoms in the cubic A,BMF6 elpasolites may 
in fact be less sharply localized than in the classical model. 

(1) The principal thermal amplitudes B,, of the F atoms show 
strong anisotropy. The B ,  in the plane perpendicular to an 
M-F bond (e.g. 11(100)) are several times that along the bond 
(refs. 13 and 49; Babel, Epple, and Massa, results to be pub- 
lished), and the B,,/Bl, = BI(M-F)/B(~(M-F) ratio in- 
creases with the decreasing tolerance factori7 t = (rAX" + 
r F - ) f i / ( r B Y i  + rMvi + 2rF-) and with decreasing temperature 
or, more accurately, with the decreasing difference T - T,,. 
This is shown quite clearly in Fig. 27, both for cubic A2BMX6 
elpasolites and AMX, (=A,MMX6) perovskites, in spite of the 
considerable dependence of the individual values of the B13/BII 
ratio on the method and accuracy of the structure refinement. 

(2) The s7Fe Mossbauer absorption of an Fe,,,,'. atom at a site 
of cubic symmetry (i.e. at 4(a) of Fm3m) should be a single, 
essentially unbroadened line. This is observed in Cs,NaFeCI6 
both at 5 and 195 K. However, in K2NaFeF6, RbzNaFeF6 and 
cubic Cs,NaFeF6 the linewidths of the single absorption are 
about twice as large at all temperatures between 5 and 600 K; 
even more unexpectedly, they decrease with increasing tem- 
perature (59). ln-57, which was investigated at our instigation 
by Pebler et al. (31), the linewidth above T,, is comparable to 
that in the above three fluorides, but unlike in them it is prac- 
tically independent of temperature. 

(3) The absorption corresponding to the asymmetric Cr-F 
stretching vibration v3 (Flu)  in the room-temperature spectra of 
A,BCrF6 is broad and possibly asymmetric (5). 

(4) Difference electron-density maps for K,NaCrF6, 
Rb,NaFeF6, and Rb2KFeF6 in planes perpendicualr to the 
M-F bond and passing through the F position of the classical 
model show local maxima near the F position (refs. 5 and 13; 
Babel, Epple, and Massa, to be published). 

These observations point to displacement, static or dynamic, 
of the F atoms from the 24(e) -xOO etc. positions. They also 
raise the question of what is the proper description of the cubic 

1 6  
elpasolite~structure, and does thk displacement of the F atoms 

The conversion is accomplished by utilizing the correlation of from the classical position affect the conclusions from the 
the isotopically isolated v1(NH3D') and v,(NHD,') values in probe-ion spectra in any significant way? 
(NH4)2Cr207 (471, which is linear between v,  (NH,D') = 2234 and 
2392 cm-I and accommodates v l  (NH~D')Iv~ (NHD~')  pairs for other 
compounds as well (results to be published). 17 Shannon's ionic radii (50). 
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The observed manifestations of the displacement would 
appear to be accounted for if the F atoms were placed in 
the equipoint 96( j )  - .qO etc. of Ftn3rn, with fractional 
occupancy (13). This would result in four symmetry-equivalent 
xyO etc. positions, at equal distances from M ,  associated with 
each classical F position s o 0  etc., and the geometry of an 
individual MF6 octahedron would depend on the (instanta- 
neous) distribution of the six F atoms over the 24 positions, 
possibly subject to a minimum symmetry constraint (e.g. that 
MF6 be centrosymmetric). Detailed arguments in support of 
this description will be reviewed elsewhere. 

Effect of F displacement on probe-ion spectra. The  classical 
description of the elpasolite structure accounts quite satis- 
factorily for the observed probe-ion spectra of the cubic phases. 
However, if the F atoms are in fact disordered over 96( j )  - 
xy0 etc. of Fm3m,  the diffraction symmetry of the crystal will 
remain Fm3m,  but the individual MF6 octahedra will be dis- 
torted or  rotated about M .  These distortions or  rotations may be 
random or, if the disorder is dynamic, they might be correlated 
through a collective lattice mode. In either case the 
12-coordination of NH,' by F will be maintained, but the 
effective symmetry of an individual ion between reorientations 
will be C? C S4 or  C , ,  rarely S,. Each C? configuration would 
generate a v,  doublet and a v,,, quartet, and each C I  config- 
uration a v,  quartet and a v,,, octet, not necessarily resolved. 
The abundance-weighted superposition of all the distinct v ,  
multiplets would then result in an overall v ,  absorption that is 
itself a complex multiplet o r  at least a broad envelope, and 
similarly for v,,,. 

In 57 at 160 K the estimated v l  halfwidth was 58  cm- ' ;  in 63 
an estimate is difficult because of the high TI,. In NH,MF, just 
above TI, the corresponding estimated halfwidths were 6 0  cm- '  
for Mn and 37 cm- '  for Zn (15). In the Zn compound the 
halfwidth was 40  cm- '  even at 193 K, compared with -60 
cm- '  for NH4MnF3. The  v,  halfwidths just above TI, in all three 
perovskites seem to mimic the magnitude of the high-low 
spread of the v,  components at 10 K in that the halfwidth is 
never smaller than the spread. This would seem to be the case 
also in 63 (Fig. 14) insofar as an estimate of the halfwidth at 
room temperature is possible. The symmetry of the v,  band 
shapes above TI, is difficult to ascertain, given the low intensity 
and large width, although the bands give the general impression 
of being symmetric. 

These halfwidths are certainly large. In the ammonium com- 
pounds we have studied to date, the v1  (293) halfwidths rarely 
exceed 30-35 cm-I, so the above values could be taken as 
evidence of the F atoms being disordered. On the other hand, 
it is in the cubic (NH,),BFeF6 and NH,MnF3 that the ammo- 
nium ions are librationally and reorientationally highly mobile, 
hence it can be argued that unusually large halfwidths are to be 
expected for this reason alone. As for the low-temperature 
phases, there is nothing in their behaviour that would suggest 
that v l  and v4,, halfwidths in these compounds should be intrin- 
sically large. At 10 K the resolved v,  and Vdbc bands are visually 
symmetric in both 57 and 63 as well as in the perovskites. The 
v ,  component halfwidths were -4 cm- '  in 57 and 8- 10 cm- '  
in 63. The corresponding vdhc values were -4 cm-I in both 
compounds. Compared with the v l  and vlbL halfwidths in 
NH,MF3 at 10 K ,  -11 and -7 cm- ' ,  respectively, for 
NH,MnF, and -9 and -8 cm-I, respectively, for NH,ZnF, 
(15), the elpasolite halfwidths must be regarded as narrow. 

It must be concluded that the information obtainable from the 
probe-ion spectra neither supports nor disproves the postulated 

displacement of the F atoms in cubic A,BMF6 elpasolites and 
AMF6 perovskites. 

Low-temperature phases. The  v,  and vjbc component fre- 
quencies below TI, change very little with temperature (Figs. 13 
and 15). This is consistent with the near constancy of the "Fe 
quadrupole splitting in 57 between 4.2 K and TI, (31). T h e  
existence of this splitting (ca. 0.31 mm/s) indicates that the 
FeF6 octahedra are not merely rotated but distorted, and this 
again is consistent with the low site symmetry at the NH,' ion 
( C ,  as deduced from the probe-ion spectra) and with the non- 
equivalence of the N-H e e F bond strengths. 

Recent work (13)oindicates that at 170 K the unit cell of 57 
is cubic, a = 8.474 A.  Sharp Guinier patterns obtained with the 
sample at 150 K, i.e. just below TI,, coul! be  complete!^ 
indexed on a tetragonal unit cell ( a  = 8.438 A ,  c = 8.578 A ,  
c /a  = 1.017, v"' = 8.484 A), but broadening of several lines 
suggests that the real symmetry is lower. This situation is 
strongly reminiscent of the NHJMF3 (M = Mn, Co,  Zn) perov- 
skites. Helmholdt et a/.  (16) indexed the X-ray and neutron 
powder patterns of the low phases of these three fluorides as  
tetragonal, with c /o  ratios at 4 . 2  K between 1.014 and 1.019.'" 
However, both these authors and BartolomC et a l .  (75) adduce 
reasons for the actual symmetry being lower than tetragonal 
(cf. also ref. 15). I" 

The four v l  components observed in the spectra of 57 be- 
tween 10 K and TI, leave no doubt that the effective symmetry 
E of the ammonium ion is C ,  (if all the NH,.' ions are equiv- 
alent, i.e. the v,  absorption is a quartet, St  = Ci  or C , )  o r  Cz,. 
or C2 (if there are two types of NH4+ ions in the structure, i.e. 
the v,  absorption consists of two doublets of equal weight, S"  
= C,,., C,, Dzl,, CIr, CZh. C?). The third possibility, S"' = D?,,  
S,, or D2,  is unlikely, as it would imply the existence of four 
types of ammonium ions, the four N-H...F bonds in an ion 
being equivalent but of different strength in each of the four 
types; furthermore, E = D?,, or  S, would imply a tetragonal unit 
cell. The  vqbc absorption is of no help in deciding which of the 
three possibilities applies, as an octet would be expected in all 
three cases. 

For the low phase to have a "zellengleiche" subgroup sym- 
metry of Fm3m (2 = 4)  and a site symmetry S' in an eightfold 
equipoint, o r  S" in two fourfold equipoints, the cubic symmetry 
of the high phase would have to be reduced to no higher than 
monoclinic (possibly CZll3 - F2/m).  For a "klassengleiche" 
subgroup symmetry the possibilities are too numerous for a 
conclusion to be made in the absence of further information, 
but even from a cursory examination of the "klassengleiche" 
subgroups of F4/tnmm C Fm3m it seems probable that an 
eligible subgroup would be no higher than orthorhombic. 

It is surprising to find that pseudotetragonal distortions of the 
cubic cell as small as c / a  - 1.02 should produce, in 57 and 
NH,MnF3, a high-low spread of the v,  (10) coinponents in ex- 
cess of 5 0  cm- ' .  The  distortion in the low phase of 63, where 
the spread is -1 10 c m - ' ,  has not yet been determined. 'The 
high-low spread of v ,  (10) (and, to a smaller extent, of v,,, (10)) 
appears to correlate with the tolerance factor t (Fig. 28). 

The elpasolites Cs2NH1MF6 (58, 64) 
The  following relates to 58; the quality of the spectra of 64 

I X  These are the ratios from Table 3 of ref. 16. Extrapolation to 4.2 
K of the a ,  c ,  and c / a  curves in Figs. 2 and 3 of the same paper gives 
slightly different values. 

I9  Tornero ef a / .  (57) found single crystals of the low phase of 
NH,MnCl, to be orthorhornbic. 
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TOLERANCE FACTOR t 

FIG. 28. Variation of the total frequency spread of the v ,  (10) and 
v,,, (10) components of the (NH,D')"" absorptions with the tolerance 
factor r .  For the cryolites 59-61 the components of the (NHlD')"" 
absorptions cannot be separated with confidence from those of the 
(NH,D')" absorptions; the values included in the plot represent the 
total range of v ,  (10) and v,,, (10) in these fluorides. 

was not good enough to provide more than a qualitative support 
of the results obtained with 58. 

The cubic Cs,NH4MF6 elpasolites are at present the only 
known crystals that contain the ammonium ion symmetrically 
coordinated by six F atoms. It is therefore disappointing to find 
that the hoped-for opportunity for investigating the spec- 
troscopic behaviour of the ion in 58 is frustrated by the exis- 
tence of the crystallographic transition at ca. 194 K. Above TI, 
the spectra are not well enough defined to be of much use, 
while below TI,  the NH,' environment is no longer cubic and 
its symmetry and structure are not known. 

Interpretation of the v,  and v,,, spectra of 58 below TI, is 
moreover rendered uncertain by the variability of the ND ab- 
sorptions from sample to sample. The v, absorption observed 
at 10 K is a single band but not a clean singlet. The halfwidth 
of the main component, ca. 35 cm-', is appreciable in com- 
parison with v,(10) of the probe ion in the fcc alkali halide 
matrices (ref. 2 and unpublished work), where the symmetric 
v,  singlet has no shoulders and a halfwidth not exceeding 12 
cm-'. The ~ ' ( 1 0 )  absorption in 58 clearly is composite, but the 
number of components and their relative intensities cannot be 
established with confidence. The frequency separation of the 
components of this unresolved (in some spectra minimally re- 
solved) multiplet is only about 10 cm-' (ca. 20 cm-' for the 
low-frequency shoulder). This would point to N-H-.-F 
bonds of very similar strength and thus to only a small dis- 
tortion of the F6 octahedron: in this frequency region vl  varies 
steeply with d(N . - ex )  and thus with d(H - - e x )  (Fig. 30), so 
that a large change in v, corresponds to a small change in the 
distance. As anticipated, the peak ~ ' ( 1 0 )  frequency is between 
the v, (10) of NH,F and NH4Cl, i.e. the hydrogen bonding is 
strong. 

The surprising and entirely unexpected feature of the probe- 
ion spectrum of 58 is the complexity and extent of the absorp- 
tion in the ND bending region (Fig. 16). The total breadth, 
which is at least 62 cm-', is the largest observed for ND 
bending in any ammonium compound to date. It is in fact larger 
than the total breadth of the ND bending absorption in the 

ammonium cryolites, which arises from both (NH3Dt)" and 
(NH~D')"". Considering that in the fcc alkali halide matrices 
the halfwidth of v4,,(10) is 9- 12 cm-' and that, on the evidence 
from v,(10), the distortion of the F6 coordination octahedron 
cannot be appreciable, this breadth is so puzzling that it invites 
the question, do all the components of the absorption in this 
region belong legitimately to v,,,? Since none of the peaks is 
observed in the spectra of undeuterated 58 (Fig. 16), the peaks 
must involve ND vibrations and thus the ammonium ion. The 
possibility that some of the ND absorption is due to Fermi- 
resonance enhanced combination or overtone bands of NH3Df 
appears unlikely. The only bands of any intensity between 100 
and 1400 cm-' in Epple's spectra (6) of undeuterated 
Cs2NH4MF6 are the asymmetric MF stretch v3(FIU) (at 470 
cm-' for Fe and 560 cm-' for Al), the asymmetric MF bend 
v4(Flu) (at 298 cm-' for Cr and 387 cm-' for Al), and the 
Ss(FIu) lattice mode of NH,' (at 214 cm-' for Cr and 215 cm-' 
for Al). None of these fundamentals looks like a candidate for 
producing overtones or combinations which would give rise to 
absorptions of significant intensity in the 1220-1320 cm-' 
region. It is thus concluded that the entire multiplet shown in 
Fig. 16 constitutes the V4bc absorption. 

We can offer no explanation at present for the sample de- 
pendence of the v4,, multiplet profiles nor for the associated, 
seemingly erratic disappearance of the 1227 cm-' component 
of the multiplet or for the unusual temperature variation of the 
intensity of the lowest-lying components (seen in Fig. 16); the 
same applies to the variability of the profile of the v, 
absorption. 

Variation of the ND stretching frequency 
To see how the isotopically isolated ND stretching frequency 

varies from compound to compound, vl (293) is plotted in Fig. 
29 against d(N...F) . This is a choice faute de mieux. The 
N...F distance may not be the most suitable parameter, but it 
is the best parameter available: the H ... F distances are not 
known with sufficient accuracy (not even approximate H posi- 
tions have been established in some of the structures), and the 
compounds included represent different structure types and 
C.N.'s and contain hydrogen bonds of different types. The v, 
vs. d(N ,,.F) plot, too, has its limitations. Some of the N - - S F  
distances are not accurately known, and for some of the com- 
pounds the room-temperature values of the v, frequency are 
poorly defined or not available, so that estimated values had to 
be substituted. In 37 the F environment of the ammonium ion 
is quite irregular, and in 40 and in the elpasolites and cryolites 
the whereabouts of the F atoms are uncertain (see above). 

In spite of these deficiencies Fig. 29 amply confirms, in the 
small, the general trends pointed out in ref. 2. The N...F 
distance must increase with the C.N. of the ammonium ion and 
hence the strength of the N-He--F bonds must decrease. This 
is reflected in the increase of v,  with d(N F) in the sequence 
1-54-53-39-50-18. However, in an isostructural or quasi- 
isostructural series v ,  decreases with increasing d (N . . . F) as a 
consequence of a "decompression" effect, i.e. increasing sepa- 
ration of the ionic charges in the structure. The perovskite and 
"ordered" perovskite (elpasolite and cryolite) sequence 
51-50-35-57-59-61 is the most extended such series, but 
the trigonal (NH4)*MF6 (31-32-33) also show this effect and 
the cubic (NH4)2MF6 undoubtedly would if the d (N . F) were 
more accurately known. 

The existence of these two trends, though clearly evident for 
the fluorides, is demonstrated more dramatically when other 
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FIG. 29. Variation of the room-temperature ND stretching frequency v1NH3D+ with the N...F distance in ammonium fluorides with C.N. 
# 6 (see text), For code numbers see Table 1; a ,  axial; n,  nonaxial. Inset: the v, vs. d(N...X) variation for C.N. 6, in 58 and 64 and in fcc 
alkali-halide matrices (ref. 2 and results to be published). Note the different d scales. 

ammonium halides are included. In Fig. 30  and v l  are plotted 
against the inverse cube of the N . .. X distance. The advantage 
of this presentation is that it effectively linearizes the com- 
pression effect within the observed d(N. - .X)  range." The 
cubic (NH4)*MX6 (X = F ,  C1, Br, I) series provides a con- 
vincing illustration of the compression effect." No v l  values 
are available for chloride perovskites, but if Epple's (5) 
v3(NH4+) = 3240 cm-' for NH,MnCl, is used to obtain an 
estimate of v l  (NH3D+) (cf. Fig. 2 6  and footnote 16), the point 
for the estimate (P in Fig. 30) falls on an extension of the 
regression line for the "perovskite" fluorides. 

The increase in v l  along the fluoride sequence 1-54-53- 
39-50-18 reflects the effect of decreasing acceptor strength 
(associated with the change in the effective ionic charge on the 
F atom) as well as the effect of the increasing d(N...F) and of 
the N-H...F bond type. In 1 and 5 4  the hydrogen-bond 
acceptors are F- ions, whereas in the other crystals the accept- 
ors are composite MF::- anions of different connectivity and 
different formal charge on the M atom. 

20 For HF2- in fcc alkali halide matrices the "chemical" (i.e. not due 
to external pressure) compression effect appears to vary v3(HF2-) as 
( 1 1 ~ ) ~  (2), but this variation involves certain assumptions the validity 
of which is not quite clear. A plot of vl against dNx-4 is less linear than 
Fig. 30; we have not investigated whether the inverse cube represents 
the optimum power. A vl vs. dHX-' plot is less informative than 
Fig. 30 owing to uncertainties in the choice and values of the H...X 
distances. 

2 1 Most of the v l  values in this set refer to liquid-nitrogen tem- 
perature. The consistency would improve somewhat if the actual 
vl (293) values were available: the correction would bring 20 closer to 
18, and some of the X = Cl points would be lowered by 2-5 cm-'. 
The importance of the temperature correction decreases with in- 
creasing d(N .-. X). 

The points for NH,X (X # F)?' and MX:NH, fall in one 
particular region of Fig. 30. Among the conspicuous features 
of this group is the great similarity in the v l  values for NH,Cl 
(3) and RbC1: NH, (12) (to a lesser degree also for N&Br (5) 
and RbBr: NH, (13)), in spite of the difference in C .N.  and 
hence in the effective ionic radii. This observation is of funda- 
mental importance for an understanding of the hydrogen bond- 
ing of 6-coordinated ammonium ions. W e  intend to discuss it 
elsewhere, together with two further trends in Fig. 30: (1) The  
common-anion tie lines for the K X  : NH, (9 ,12)  and RbX : N& 
(10, 13) points accommodate very well the corresponding 
CsX:NH4 points 1 5  and 16, respectively, again in spite of the 
difference in the C.N.  The slopes of these straight lines are 
positive, i.e. they reflect a compression rather than an acceptor- 
strength effect. (2) The v,  values in the common-cation matri- 
ces (including CsX:NH,) increase from C1 to I. In contrast, 
those in NH,X (3-5-8) decrease from C1 to  I,  similar to  
(NH4)&IX6 and probably the NH4MF3 perovskites. 

It is not self-evident how the v l  frequencies in the alkali 
halide matrices can be related to the v ,  frequencies in the 
fluorides. No instances of 4-coordinated NH,' in halides are 
known except in fluorides, and the only fluorides in Fig. 30 that 
contain 6-coordinated NH4+ ions are 58 and 64. However, the 
v ,  frequency of an ammonium ion forming "straight" 
N-H . . . X bonds is determined principally by the N . . X dis- 

"'t'he v1 (293) values of NH4CI and NH4Br fall in a region where 
vl increases steeply with temperature, and v, (293) of NH41 refers to 
the fcc phase I. This makes meaningful comparison at this temperature 
difficult. To circumvent this difficulty the v1 (10) values are used for 
these halides in Fig. 30; the N.-.X distances are extrapolated to 10 K 
from literature values for different temperatures. The vl values in all 
three halides remain practically constant up to about 150 K. 
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FIG. 30. Variation of the room-temperature ND stretching frequency v ,  with the inverse cube of the N.. .X distance in ammonium halides. 
For code numbers see Table 1 and ref. 2. The two unnumbered points for (NH4)?M16 are for M = Pt and Te (32). For NH4MnCI3 (P) and NH,X 
(3, 5, 8; 10 K values), see text. The v ,  values are from the present work and from previous papers in this series. 

tance, which in turn depends on the C.N. The orientational 
ambiguity which distinguishes an NH4+ ion in symmetric 
8-coordination from that in symmetric 4-coordination is not a 
significant factor. A case can thus be made for comparing 
NH4F with CsX : NH, along the sequence 1- 15-16-17, which 
is analogous to the fluoride sequence 1-54-53-39. Similarly, 
the sequence 58-12-13-14 permits a comparison of v ,  
frequencies for 6-coordination, taking into account that the 
N - - - F  distance in 58 is somewhat shorter than the nominal 
N - - .F  (= Rb...F) distance would be in RbF: NH,. An anal- 
ogous sequence does not, however, obtain for NH4F and the sc 
NH4X (X = C1, Br, I) halides (1, 3, 5, 8) because of the 
decrease of v ,  from C1 to I in the latter. 

Structural transitions 
Transition temperature and ionic size. Transitions from 

cubic to lower ("tetragonal") symmetry in A2BMX6 (B = A, B, 
M or 0) halides have been shown in many cases to be the 
consequence of the condensation of a rotatory mode of the M& 
octahedron on cooling. Assuming that the transition mech- 
anism is always of this type and that comparison is thus possi- 
ble, we have plotted the available T,, against Shannon's r v i ( ~ )  
(Fig. 31) as well as against the tolerance factor t (Figs. 32 and 

33). These plots are in many respects lacunary and the T,, are 
often not accurately known; as well, the tolerance factor con- 
tains an accumulation of the uncertainties in the individual 
ionic radii as applied to the A2BMX6 halides. Nevertheless, 
examination of the plots permits the following observations. 

The T,, of the (NH4),MF6 cryolites increases with rVi(M3+) 
(Fig. 31). The variation can be represented, to a good approx- 
imation (r2 = 0.96, a = 10 deg), by a straight line. In the 
K3MF6 series the variation is, however, different: the T,, de- 
creases steadily at first, from A1 to Ti, but then takes an upward 
turn with T,,(In). The T,, of M = Lu to Dy do not appear to be 
reliably known, but such as they are they provide further sup- 
port for the existence of the upward turn. In fact, fitting the 
K3MF6 points of Fig. 31 to a cubic polynomial (dashed line) 
yields r2 = 0.98, a = 6.2 deg, which suggests a significant 
correlation. The minimum of this fit falls between Ti and Sc, 
but as T,,(Sc) has not yet been reported, the presumed course 
of the variation between Ti and In cannot be verified at present. 

The Rb3MF6 and Cs3MF6 series are less well defined. Apart 
from the T,, values for Cr and Fe only upper estimates are 
available for some of the M = Ln compounds. When the 
Rb3MF6 points are fitted by a cubic polynomial (r' = 0.998, a 
= 5.1 deg), the curve is quasi-parallel to the K3MF6 curve in 
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FIG. 31. Variation of T,, in the cryolites A,MFfi (open circles), elpasolites A2BMX6 (full circles) and perovskites NH4MXs (squares) with 
Shannon's effective ionic radius r v i ( ~ ) .  The T,, values are from refs. 5, 13, 17, 24, 26, 34, 51, 60-74, 76-80, and from this work. 

the 3d-element region, but it does not turn upward with in- 
creasing rv'(M). Instead, it keeps dropping over the entire phys- 
ically possible range of rv'(M). The crossover of the K3MF6 and 
Rb3MF6 curves occurs near M = In, suggesting that the TI, of 
the In compounds are quite similar. The set of T,, values for the 
Cs series (not all TI, shown) is of poorer quality, but the general 
trend appears to parallel that for Rb,MF6. 

The T,, of Rb,MF6 and Cs3MF6 (M = Cr, Fe) are higher than 
in the corresponding K cryolites and some 400 deg higher than 
in the corresponding (NH4),MF6. The essence of this obser- 
vation is then that ( I )  the T,, of the ammonium cryolites are 
much lower than the TI, of any of the other cryolites studied 
(i.e. the presence of the NH4+ ion hinders the MF6 rotatory 
modes from condensing), and (2) the increase of TI, with 
rV1(M3+) in the (NH4),MF6 series is not matched by similar 
trends in the alkali series: for K3MF6 the variation is not even 
monotonic, and in the Rb3MF6 series the tend is opposite 
throughout, the similarity of the effective Rbt and NHJt radii 
notwithstanding. Compared with Rb', NH4+ affects TI, as if it 
were a much smaller ion. 

When the cubic (T > TI,) A2BMX6 (X = F, C1, Br) el- 
pasolites and perovskites are included in Fig. 31, it is again 
found that the halides containing NH,' tend to have T,, below 
ambient. The depressory effect, relative to Rbt, of introducing 
a third ammonium ion into (NH4)2BMF6 (B = Na, K, Rb), 
while less dramatic than for Rb,MF6 + (NH4),MF6, still 

amounts to at least 60 deg (Fig. 32, inset).23 The TI, variation 
in the NH4MF3 = (NH4)?MMF6 perovskites is roughly parallel 
to that for (NH4),MF6. 

A partial rationalization of these trends in terms of a hard- 
sphere model is possible from the TI, vs. t plots of Figs. 32 and 
33. The ammonium compounds with the highest t values have 
the lowest TI,. This is also true of most of the elpasolites and 
perovskites included in these plots, although for the KMCI, 
perovskites the trend is somewhat confused. The alkali A3MF6 
cryolites, however, show a different behaviour. 

In the elpasolites and perovskites TI, is raised on replacing a 
smaller halogen by a larger one, i.e. on decreasing t: F + C1 
in NH4MX, and Rb,NaTmX6, C1 + Br + I in CsPbX, and 
MeNH,PbX, (results to be published). Similarly, T,, is raised 
by a t-reducing substitution of B in A2BMF6 and of M in AMX,: 
Cs2BHoF6, Cs2NaLnBr6, KMF,, RbMX3, CsMC1,. In contrast, 
t-reducing substitution of A in A2BMF6 and AMX3 lowers T,,: 

"Lorient et al. (26) report a miscibility gap in the solid-solution 
system (NH4, Rb)3FeFfi between (NH4)?RbFeFfi (T,, = 397(5) K) and 
(NH4)2.1Rb0.9FeFfi. The estimated T,, obtained by extrapolation from 
Fig. 4 of ref. 26 is 325(10) K. Since the site occupancies and the extent 
of order in these two limiting compositions are not known, both T,, 
values are plotted in Figs. 31 and 32. The lower T,, gives a "linear" 
variation of T,,[(NH4)2BFeF6] with rvi(B) or t ;  the higher T,, would 
make the depressory effect of the substitution of B by NH, even larger, 
-130 K. 
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0.9 1 .O 0.90 0.95 

TOLERANCE FACTOR t 

FIG. 32. (Left) Variation of TI, in the cryolites A,MF6 (open circles), elpasolites AZBMF6 (full circles) and perovskites NH4MF3 (squares) with 
the tolerance factor t (see text). For sources of T,, values see caption of Fig. 3 1 ; for the two T,, values of (N&),RbFeF6 see text. (Right) Variation 
of TI, in the elpasolites A,BLnX6 with t. X = C1 (full circles), Brand I (open circles); the perovskite NH4MnC13 is also included. Inset: Variation 
of T,, with r "  (B') in the series (NH4)ZBFeF6 (B = Na, K, Rb, NH,). The lower T,,(Rb) represents an estimate for (NH4)2 ,Rho 9FeF.5; the higher 
T,,(Rb) corresponds to (NH4),RbFeF6, possibly disordered (see text). 

ACaX3, A2NaHoF6. 
The rate of change of T,, in many of these substitution se- 

quences is quite steep, amounting, for example, to about 100 
deg per 0.01 change in t for the Ln substitution in CszNaLnBr6 
and about as much for the F -+ C1 substitution in RbCaX,. It 
is thus clear that TI, is quite sensitive to changes in the effective 
ionic size and that geometry, within a given structure type, is 
a dominant, perhaps the dominant, factor affecting T,,. The T,,, 
t points in many of the substitution sequences can be accommo- 
dated on reasonably smooth lines. It is noteworthy that in some 
cases a chloride sequence is an almost smooth continuation of 
the corresponding fluoride sequence. Examples are RbMF3 and 
RbMC13 (perhaps also NH4MF6 and NH,MCl,?), or the entire 
Cs sequence in the lower left corner of Fig. 33, and similarly 
for CszNaLnC16 and Cs2NaLnBr6 (Fig. 32). 

Figures 32 and 33 also contain material for other interesting 
deductions, but as these do not specifically concern ammonium 
compounds, they will not be discussed here. Two points may, 
however, be made. In some cases (e.g. KFeF,) the initial low- 
ering of the cubic symmetry is purely magnetic in origin and 
the T,, (cubic -+ noncubic) cannot be compared with the transi- 
tion temperatures involving condensations of rotatory modes.24 
It is conceivable, however, that a rotatory mechanism is in- 
volved in a transition occurring in such crystals at a lower 

24 In NH4CoF3 the temperatures of the crystallographic and the 
magnetic transition coincide (102). 

temperature and that it is that T,, that should appear in the T,, vs. 
t plot. Secondly, if the C.N. of the B atom in cubic AlBMX6 
elpasolites is effectively higher than six as a result of the dis- 
placement of X from the classical position, the effective ionic 
radius of B would be greater than the rv'(B) and consequently 
t would be lower than shown in Figs. 32 and 33. The resulting 
change would modify, to a varying degree, the relative posi- 
tions of the TI,, t points in these figures, and there is the effect 
of temperature on the ionic radius as well. 

The different behaviour of the alkali A3MF6 cryolites is at 
present unexplained. 

EfSect of T,, on the ND stretching absorption. When consid- 
ering a to c below, it must be emphasized that the volume of 
the available probe-ion data is limited and that the complexity 
(sometimes also the quality) of some of the spectra renders 
them intrinsically inadequate. The observations based on the 
present information must thus be regarded as no more than 
qualitative. 

(a)  The total spread of the vl component frequencies in the 
low-temperature phases increases with the transition tem- 
perature both in the perovskite-derived and in the trigonal 
(NH4)?MF6 series (Fig. 34A). 

(b) The decrease (A+,),, = +, (>TI,) - F1 (10) of the mean 
frequency on cooling also increases with T,, (Fig. 34B). 

(c) The frequency of the lowest-lying vl  component in the 
low phases decreases with increasing T,,, while (APl),, and the 
total spread increase (Fig. 35). This indicates a progressive 
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TOLERANCE FACTOR t 

FIG. 33. Variation of T,, in the cryolites A3MX6, elpasolites A2BMX6, and perovskites AMX3 with the tolerance factor t. For sources of T,, 
values see caption of Fig. 31 plus refs. 16, 53, 54, 58, 75, 81 - 102. (Left) K,  Cs, and NH, compounds; (nght) Rb compounds. 

strengthening of the strongest N-H . - -  F bond at the expense 
- 120 of the others. The frequency of the highest v,  component ap- 

proaches the limiting v, value for weak N-H...F bonding 
I00 - - too modified by the compression effect. 

LL 

Conclusions While NH,' and Rb' are dimensionally com- 
parable, replacing Rb' by NH,', at about the same t ,  has a 

k dramatlc effect on TI,. In the A3MF6 cryolites the difference 
- T,,(AM) - T,,(NH,M) amounts to as much as -420 deg for 

AM = RbCr and would be expected to be even larger for RbAI. 
The trends for the ammonium compounds can be ration- 

alized, qualitatively, w ~ t h  recourse to the geometric meaning 
of the tolerance factor t. The closer t is to unity, the more 
complete is the contact of all the (spherical) atoms In the struc- 
ture. Conversely, the more t falls below unity, the more room 

loo 200 300 o too 200 300 is there for the 12-coordinated ammonium ion, and the more 
T i , ' K  

opportunity for this ion to establish a strong, possibly privi- 
leged N-H -. .F bond at the expense of the other N-H . - - F  

FIG. 34. ( A )  Variation of the total frequency spread, at 10 K, of the bonds. This process 1s likely to involve a displacement of the 
VI  components of the (NH?Dt)"" ion with T,, in perovskite-derived atom from the ;;a position toward the most strongly bonded (opcn circles) and trigonal (NH4)2MF6 (full circles) ammonium fluo- 
rides. 31, (NH,)?SiF6; 34, (NH4)8nF6. (B) Variation of the vl fre- F atom. The stronger this privileged bond, the lower the lowest 

quency decrease (Av,),, on cooling these fluorides through TI,. In v l  component the larger the 'plead of the '1 'Om- 

= 81 (>Tt,) - 8,(10), the first term refers to a temperature just ponent frequencies, the larger (Ac,),,, and the greater the sta- 
above T,, (in the cubic phases, a single frequency); the second term is bility of the low phase, i.e. the higher TI,. The slope of the Tlr 
the mean of the component frequencies at 10 K weighted by idealized vs. rvl(M) (Fig. 3 1) or the TI, vs. t (Fig. 32) variation is a 
intensity. The lines through the points are power fits CT,,'. consequence of these trends. 

I I I I I I I I 
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FIG. 35. Variation of the highest and the lowest v,  (10) component 
frequencies of (NH,D')"" with T,, in the perovskite-derived (open 
rectangles) and trigonal (NHJ2MF6 (shaded rectangles) fluorides. The 
sol~d portion of a rectangle indicates (AF,) , ,  (see caption of Fig. 34; not 
available for 61 and 58; -6 cm-'  for 40). 

While this rationale accounts, qualitatively, for the thermal 
behaviour of the above properties of the C .N.  12 ammonium 
fluorides, it does not make clear why the large differences in T,, 
between the ammonium and the alkali fluorides exist in the first 
place, i .e.  what is responsible for the stability of the low phases 
of say K1A1F6 or  Rb,CrF6 up to quite high temperatures com- 
pared with the corresponding ammonium  compound^.^^ Nor 
does it tell us to what extent the ammonium ion is co- 
responsible, as  a causative factor, for the occurrence of a struc- 
tural transition in these compounds. It is unlikely that the mar- 
ginal difference in t between Rb,CrF6 and K,CrF6, for example, 
would by itself produce a T,, difference of 180 deg, and one has 
to look beyond simple packing arguments for explanations. 
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J. ORTEGA, M. 1. PAZ-ANDRADE, E. RODRIGUEZ-NUNEZ, and E. JIMENEZ. Can. J .  Chem. 63, 3354 (1985). 

The excess molar volumes, V: , of 2-hexanone (MBK) with n-hexane, n-heptane, n-octane, n-nonane, 12-decane, 
n-undecane, n-dodecane, and n-tridecane have been obtained at 298.15 K from densities measured with a vibrating tube 
densimeter. The V: are positive over the entire composition range in all mixtures, with the exception of the MBK + n-hexane 
system, where an inversion of the sign of V: is observed. In other systems, V: increases with increasing size of the alkyl group 
in n-alkane. 

J. ORTEGA, M. I. PAZ-ANDRADE, E. RODRIGUEZ-NUNEZ et E. JIMENEZ. Can. J .  Chem. 63, 3354 (1985). 
OpCrant ti 298,15 K et faisant appel aux densites mesurtes a I'aide d'un densimttre i tube vibrant, on a obtenu les volumes 

molaires en excks, v:, de I'hexanone-2 (MBC) avec le n-hexane, le n-heptane, le n-octane, le n-nonane, le n-dtcane, le 
n-undkcane, le n-dodtcane et le n-tridtcane. Les valeurs de V: sont positives dans tous les domaines de composition des 
mClanges, a I'exception du systtme MBC + n-hexane o" I'on observe une inversion du signe de v:. Dans les autres systtmes, 
la valeur de V: augmente avec la taille du groupement alkyle des n-alcanes. 

[Traduit par le journal] 

Introduction TABLE I. Densities p of component liquids at 298.15 K 

This paper is a study of the effect of alkane chain length 
on the excess volumes of binary mixtures of aliphatic ketones p/(kg m-3) 

with n-alkanes (1 -3). We have obtained den~ ike t r i ca l l~  the Component This work Literature 
value at 298.15 K of the V: of eight binary mixtures of 
2-hexanone (MBK) with a normal alkane CbHZb+? (b = 6 to 2-Hexanone CH3CO(CHZ)3CH3 807.25 807.96" 

13). The results, together with previously published findings, n-Hexane C6H 1 4  654.82 654.7 1 ' 
suggest the possibility of specific interactions between unlike 654.83" 
molecules 

Experimental 
Component liquids 

The 2-hexanone (MBK) used was supplied by Aldrich Chem. Co. 
with a specified purity of 99+ mol%. The eight n-alkanes (C6HI4 to 
CI3H28) were Fluka A. G. "puriss." grade and their purity was 
>99.5 mol%. Both 2-hexanone and n-alkanes were used as received, 
but prior to actual measurements all liquids were dried with molecular 
sieve (Union Carbide Type 4A, from Fluka) and were partially de- 
gassed. The purities of the liquids were tested by measuring densities 
at 298.15 K. Our results agree closely with the published values 
(Table 1). 

Determination of excess volumes 
Binary mixtures were prepared by weight (6) and the probable error 

in the mole fraction is less than The densities, p, were measured 
with a DMA-55 digital densimeter (Anton Paar, Graz, Austria) with 
a reproductibility of *0.01 kg m-! Details of the auxiliary equipment 
and of the operating procedure have been described previously (7, 8). 

From the densities, pi, and molar masses, M i ,  of the pure liquids 
(i = 1 for MBK, 2 for n-alkane) and the density p of the mixture, the 
molar excess volumes are given by 

where x is the mole fraction of MBK. 
The results for V: are estimated to be accurate to better than 

'To whom all correspondence should be addressed. 

"Reference 2. 
'~eference 4. 
"Reference 13. 
"~eference 12. 
"Reference 8. 
l~eference I .  
"eference 5. 

*0.002 cm' mol-' (8). The accuracy of the technique was checked 
by measuring the v:, data for the test binary mixture benzene + 
cyclohexane at 298.15 K and the results agree satisfactorily with the 
literature (6). 
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ORTEGA ET AL. 

TABLE 2. Excess molar volumes, v:,, for (x2-hcxanone + (1 - x)n-alkane) at 298.15 K 

Results 
The excess molar volumes vfj, at 298.15 K for each of the 

eight binary mixtures are tabulated in Table 2 overthe complete 
range of mole fractions x.  The composition dependence of vfj, 
has been calculated in accordance with the smoothing equation 

,I - I 

[2] v;/(cm3 mol-') = x ( l  - x) 2 v , ( k  - 1)' 
r = O  

where x is the mole fraction of MBK. The values of the coef- 
ficients v,  determined by the method of least squares with all 
points equally weighted and the standard deviations s (9) are 
shown in Table 3. In each case the number n of the v, was 
determined by means of an F test for the validity of an addi- 

tional term (1 0). 
The experimental results for vfj, are plotted against x in 

Fig. 1, together with the curves calculated in accordance with 
e q  [21. 

Discussion 
Only one of the mixtures considered here, MBK + 

n-heptane, appears to have been studied previously (Dusart et 
al. (2)). In general, our results for this mixture are very similar 
to theirs, but their V; are rather higher than ours, especially 
v:,,,, (Fig. 2); it may be pointed out that their data for the 
mixture MEK + n-heptane are likewise higher than those of 
Grolier and Benson (I). 
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TABLE 3. Coefficients, v i ,  and standard deviations, s ,  for representations of v;,/(cm3 mol-I) by eq. [2] 

System 

FIG. 2. Plots of v:,,,,,, at 298.15 K for {XCH,CO(CH~)~CH~ + 
(1 - x ) C ~ H ~ ~ + ~ }  against b :  0, this work; A ,  Dusart et al. (2). 

given n-alkane mixed with different Zalkylketones V: de- 
creases as the hydrocarbon chain of the latter lengthens (1, 2). 

F1c.1. Excess molar volumes. v:,, at 298.15 K for 
{xCH3CO(CH2)3CH3 + (1 - x)C,,H2,,+?}: 0, b = 6; 0, b 7; 
A ,  b = 8; 0, b = 9; 7, b = 10; ., b = 11; ., b = 12; 
A,  b = 13. The curves (-) were calculated from eq. [2] with coeffi- 
cients from Table 3. 

As expected, given the excess volumes (1 -3) and excess 
enthalpies (1 1 - 14) of other 2-alkanone + n-alkane mixtures, 
the V: are positive. This implies that the predominant effect is 
expansion consequent on the rupture of strong dipole-dipole 
interactions between ketone molecules (13). The negative val- 
ues of V: in the ketone-rich range of MBK + n-hexane are 
nevertheless indicative of important interactions between un- 
like molecules. The excess heat capacities, c;,, ( I ) ,  and ex- 
cess volumes at infinite dilution, vFm and V? (2), show that 
these are probably interactions between the ketoxy group of the 
ketone and the alkyl group of the hydrocarbon leading to co- 
operative conformational arrangements such as quasi-cyclic 
structures (1,2 ). 

The very steady increase in V: as the size of the hydrocarbon 
increases suggests that with larger molecules the conforma- 
tional effect is much less important. It is also interesting that 
the curves become more symmetrical with increasing hydro- 
carbon size. The V: results presented in the present paper are 
coherent with data already published for H E  (1 1 - 13): for a 

1. J.-P. E. GROLIER and G. C. BENSON. Can. J. Chem. 62, 949 
(1984). 

2. 0. DUSART, C. PIEKARSKI, S. PIEKARSKI, and A. VIALLARD. 
J. Chim. Phys. 73, 837 (1976). 

3. G. R. NAIDU and P. R. NAIDU. J. Chem. Eng. Data, 26, 197 
(1981). 

4. Selected Values of Properties of Hydrocarbons and Related Corn- 
pounds. American Petroleum Institute Research Project 44. Ther- 
modynamics Research Center, Texas A & M University, College 
Station, Texas. June 30, 1973. Table 23-2-(1.101)-d. 

5. K. CHYLINSKI and R. STRYJEK. 1. Chern. Thermodyn. 16, 153 
(1984). 

6. M. TAKENAKA, R. TANAKA, and S. MURAKAMI. J. Chern. 
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8. J .  R. GOATES, J. B. O n ,  and R. B. GRIGG. J. Chern. Thermo- 
dyn. 11, 497 (1979). 
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Presentation of Uncertainties of the Numerical Results of 
Thermodynamic Measurements. J. Chem. Thermodyn. 13, 603 
(1981). 

10. P. BEVINGTON. Data reduction and error analysis for the physical 
sciences. McGraw-Hill, New York. 1969. 

11. A. DE TORRE, I. VELASCO, S. OTIN, and C. GUTIERREZ LOSA. 
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PAUL A. ARP and W. LENSE MEYER. Can. J .  Chem. 63, 3357 ( 1985). 
The possible formation of organo-metal-phosphate complexes (0-M-P) in aqueous solutions is examined by poten- 

tiometric titration analysis. The complex-forming solutions contain A?+-ions or Few-ions, organic acids (salicylic, phthalic, 
oxalic, and citric acids) and phosphate ions. The titrations are done within the precipitation-free pH-region from 2 to 4.5 
(approximately) at 25°C under nitrogen at an ionic strength of 0.2 M KC1. 'The calibration of the electrode pair (glass-electrode, 
calomel-reference electrode) and the determination of the formation constants are facilitated by analyzing the pertinent curves 
with the ACBA-(Arena et 01.) and MINIQUAD-(Cans et 01.) computer programs. The results suggest ( i )  that 0-M-P 
complexes are readily formed, and that the power of selected organic acids to form ternary mixed-ligand complexes with 
A1"-ions and phosphate ions decreases in the order salycilate > citrate > oxalate > phthalate. Also, Fe"-ions are found to 
be more strongly bound by salicylate and phosphate ions than ~l '+-ions. The effect of 0-M-P formation on the chemical 
speciation of Al in buffered aqueous solutions containing mineral nutrients for the growth of biological organisms is demon- 
strated for a special case study. 

PAUL A. ARP et W. LENSE MEYER. Can. J .  Chcm. 63, 3357 (1985). 
Faisant appel au titrate potentiometrique, on a ttudie la formation possible de complexes organo-metal-phosphate 

(0-M-P) dans des solutions aqueuses. Les solutions qui forment ces complexes contiennent des ions Al" ou Fe", des acides 
organiques (acides salicyclique, phtalique, oxalique ou citrique) et des ions phosphates. On a realist les titrates a 25"C, sous 
atmosphttre d'azote, a une force ionique de 0.2 M de KC1 et des pH allant de 2 a 4,5 (approximativement) ou il n'y a pas 
de precipitation. La calibration de la paire d'electrode (electrode de verrc et electrode de reference ou calomel) et la 
determination des constantes de formation sont facilittes par une analyse des courbes approprites a I'aide des logiciels,ACBA 
(Arena et al.) et MINIQUAD (Cans et al.). Les resultats suggkrent que les complexes 0-M-P se forment facilement et que 
la facilitt des acides organiques choisis a former des complexes ternaires comportant des ligands mixtes avec les ions AI'+ 
et phosphates diminue dans I'ordre suivant: salycilate > citrate > oxalate > phtalate. On a trouvt tgalement que les ions 
salycilates et phosphates se lient plus fortement aux ions ~e ."  qu'aux ions ~ 1 ~ " .  Dans une etude d'un cas spCcial, on a pu 
demontrer I'influence de la formation du complexe 0-M-P sur la speciation chimique de I'aluminium dans des solutions 
aqueuses tamponees contenant des sels mintraux facilitant la croissance d'organismes biologiques. 

[Traduit par le journal] 

Introduction 
The objective of this paper is to provide information about 

the possible formation and the associated formation constants 
of various relevant and as yet poorly described chemical com- 
binations of phosphate ions, metal ions (Fe3+ and Al"), and 
lower molecular weight organic acids (i.e. salicylic, phthalic, 
oxalic, and citric acid). Such combinations, in general, are 
likely found as mixed ligand complexes in aqueous environ- 
ments with Al ,  Fe, phosphate, and organic substances as  chem- 
ical components. The presence - or  the formation - of such 
organo-metal-phosphate complexes (0-M-P) has many 
physiological and environmental implications be they related to 
A13+-, Fe3+-, and phosphate-solubility, subsequent inter- and 
intra-cellular transport mechanisms for phosphate ions and 
metal ions, and metabolic processing of phosphate and metal 
ions via enzymatic substrate reactions (I) .  The particular or- 
ganic acids examined here are also relevant in this respect 
because they are common metabolites, root exudates, micro- 
bial byproducts, and strong metal chelators (1). 

Quantitative information about the formation constants of 
selected 0 - M - P  complexes can be obtained by using an opti- 
mally adjusted potentiometric titration technique designed to 
eliminate chemical interferences from the complex-forming re- 
actions, and from the electormotive force response of the 
electrode-pair used to trace the changing pH of the titrated 
solution ("titrand") following sequential "titrant" additions. 
The titration curves so  generated can be analyzed with special- 
ized computer programs (see below) which allow a complete 
and precise calibration of the electrode pair, a quantitative 
analysis of the organic reagents used, statistical refinement of 

the formation constants of the 0 - M - P  complexes which are to 
be found in the titrated solutions with greatest likelihood, and 
the prediction of the chemical speciation of the O-M-P- 
containing titrand solutions as function of pH. 

The following contains ( i )  a brief review of published results 
concerning 0 - M - P  complexes, (ii)  a description of the the- 
oretical and experimental procedures to generate quantitative 
information about 0 - M - P  complexation from potentiometric 
titration data, (iii) a summary of 0 - M - P  complexes the for- 
mation of which is strongly suggested by the analysis, and ( iv)  
a demonstration on how the presence of such complexes may 
affect the chemical speciation of, e.g.,  A13' in buffered aque- 
ous solutions containing mineral nutrients for the growth of 
biological organisms. The subject of Al-speciation in aqueous 
solutions, in particular, is relevant towards understanding the 
toxic effects of solubilized A1 on plant growth ( 2 ) ,  aquatic 
organisms (see, e.g.,  (3)), and possible effects of Al-intake o n  
human health (4). 

The Al- and Fe-chelation effect of organic matter (e.g. 
humic substances) in aqueous solutions has been known for 
some time. The exact mechanism of organic metal-ion chela- 
tion probably involves several reactive groups such as carboxyl 
(-COOH), hydroxyl (-OH), carbonyl (--C=O), amine 
(-NH,), and quinone (-R=O) groups (Mortensen ( 5 ) ) .  
Cheam (6), Stevenson (7), and VanDijk (8) suggest that 
salicylate-like groups occurring on,  e.g.,  humic acids appear to  
bind A13+- and Fe3+-ions by partial chemical bonding. Piccolo 
and Stevenson (9), in addition, demonstrate the participation of  
molecular OH- and COOH-groups in the humic binding of 
metal cations via phthalate- and salicylate-like groups. 
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There are few definite studies supporting the formation of 
ternary complexes having Al3+- (or Fe3+-) ions as central ions, 
and organic acids and phosphate ions as ligands. Levesque and 
Schnitzer ( lo),  for example, conclude that actual organo- 
metal-phosphate (0-M-P) complexes will form in solutions 
containing low concentrations of reactive metal ions relative to 
the concentration of the metal-chelating groups normally found 
on, e.g., fulvic acid molecules. Metal phosphates may precip- 
itate within the fulvic acid solution when the metal to reactive- 
group ratio (in equivalents) is large. Sinha (1 1) confirms the 
existence of 0-M-P complexes in the soil and postulates 
metal-ion linkages between organic molecules and phosphate 
ions. In addition, it would appear from Sinha's work that phos- 
phate bound as 0-M-P complex tends (i)  to be more mobile 
and water-soluble than the organic phosphate fraction of soil 
organic matter, and (ii) such a complex breaks apart in strong 
acid solution. Similar work by Bloom (12) has shown that 
phosphate ions may be either absorbed by an aluminum-peat 
complex or may precipitate as aluminum phosphate depending 
on the relative concentrations of peat and aluminum- and 
phosphate-ions. Quantitative analyses concerning the for- 
mation constants of 0 -M-P  complexes via potentiometric 
titrations were done by Ramamoorthy and Manning (1, 13- 18) 
with special emphasis on humic substances as organic ligands. 
Their results are summarized in Table 1 in terms of the notation 
of the following section. 

Theory 
The law of mass action for the general reaction 

concerning ternary mixed-ligand complexation (with, say, M 
as metal ion, L1 as phosphate ligand, and L2 as organic ligand) 
is given by 

with p as the formation constant for constant temperature and 
ionic strength of the complex-forming solution (19). 

Empirical determinations of p-values via potentiometric 
analysis, in general, are facilitated by combining the law of 
mass action with the mass balance for each complex-forming 
component at each titration point of a complex-forming solu- 
tion. For example, one may consider HA as the "complex" and 
A- and Ht as the complex-forming components for the reaction 

with 

The mass balance for each component leads to 

[5] HT = total H-content of solution (equiv./L) = [HA] 
+ [Ht1 

and 

[6] AT = total A-content of solution (equiv./L) = [HA] 
+ [A-I 

The total concentrations (HT and AT) are generally known or 
can be determined from the "recipe" used to mix the complex- 
forming solution. Glass electrodes are particularly convenient 
for obtaining precise values for [Ht] via the Nernst equation 

which relates the activity of the Ht-ions in solution (i.e., {Ht)) 
to the electromotive force ( E  = emf) of the glass-electrode 
reference-electrode combination. The Nernst equation may 
then be used to obtain [Ht] by noting that 

with Eh = Eo + (RTIF) In y, and y, as activity coefficient for 
[Ht1. 

By summarizing, it is seen that there are five unknowns 
([HIt, [HA], [A-I, P ,  and EL) and four equations ([4] to [7]) 
for each titration point when [Ht] is to be obtained by poten- 
tiometric analysis. This set of equations, therefore, cannot be 
solved by considering each titration point independently. Si- 
multaneous examination of more than 1 titration point, in turn, 
leads to an overdetermined system of equations thereby en- 
abling statistical procedures for obtaining best-fitted estimates 
for the parameters held in common across the various titration 
points (20). 

At present there are several computer programs that facilitate 
the extraction of parametric information from potentiometric 
titration curves (Legett (21) and Nordstrom et al. (22). The 
ACBA-program developed by Arena et al. (23), for example, 
is particularly useful for the potentiometric examination of 
acids and bases (weak and strong). This program calculates the 
"best" acidlbase formation constants and concentrations from 
glass-electrode emf-readings and added titrant volumes. It 
also refines EL simultaneously via nonlinear least-squares 
procedures. 

The MINIQUAD-75 program by Gans et al. (24) yields 
best-fitted estimates from potentiometric titration data for the 
formation constants of complexes of the general type shown in 
eq. [2]. This program is also based on a nonlinear least-squares 
algorithm designed to minimize the deviations (residuals) 
between the actual and calculated concentrations of all com- 
plex-forming components present in the titrated solution in 
accordance with the mass balance for each such component, 

minimize z {[M,] (calcd.) - [ M ~ ]  (actual) ,)* 
i= l 

,I 

minimize 2 {[LjT] (calcd.); - [LjT] (a~tual ) ; )~ ,  

and 
,I 

minimize z {[HT] (calcd.) - [HT] 
i= l 

'This is done iteratively starting from guess-estimates for each 
p for all the postulated complexes that may form in the solution 
during the course of the titration. The sum of all complexes or 
species considered constitutes the "refinement model". Several 
numerical checks throughout the iteration procedure may lead 
to the rejection of some or all of the postulated complexes from 
the refinement model. The "refined model", in turn, represents 
the best-fit of the actual component concentrations based on 
those chemical complexes or species that remain part of the 
refined model. The refined model, in turn, depends on the 
formulation of the original refinement model. Trial-and-error " 
coupled with chemical thought, therefore, is required to yield 
successive model improvements until (i) all remaining species 
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TABLE 1. Published formation constants for organo-metal-phosphate complexes" 

Reaction Log P Reaction 1% P 

A13' + Cit3- + HPO:- * Cit-AI-HPO:- 19.29(1) CaZ' + dl-Tar + HPO:- i2 dl-Tar-Ca-HPO, 9.69(18) 

A13' + +it3- + HPO:- F', Cit-AI-HPO:- 15.00h cdZ' + dl-Tar + HPO:- dl-Tar-Cd-HPO, 8.13(18) 

Fe3' + Cit3- + HPO:- & Cit-Fe-HP0:- 19.46(16) CuZ' + dl-Tar + HPO:- i2 dl-Tar-Cu-HPO, 9.88(13) 

Fe3+ + Cit3- + HPO:- & cit-Fe-HP0:- 14.84"." CuZ' + meso-Tar + HPO:- i2 meso-Tar-Cu-HPO, 10.09(13) 

Fe3+ + Cit3- + HPO:- & cit-Fe-HP0:- 20.34b," znZ' + dl-Tar + HPO:- i2 dl-Tar-Zn-HPO, 8.55(15) 

CaZ' + Cit3- + HPO:- & c~~-c~-HPo:- 10.72(18) A I ~ '  + ~ u l v  + HPO:- Fulv-AI-HPO4 14.48(1) 

CdZ' + Cit3- + HPO:- & Cit-Cd-HP0:- 9.56(18) CdZ' + Fulv + HPO:- i2 Fulv-Cd-HPO, 11.27(15) 

CuZ' + Cit3- + HPO:- & C~~-CU-HPO~-  15.27(13) znZ' + Fulv + HPO:- S Fulv-Zn-HP04 6.90( 15) 

Fe3+ + NTA3- + HPO:- & NTA-Fe-HPO:- 21.09(16) A I ~ '  + cystZ- + HPO:- * C~S~-AI-HPO; 15.66(1) 

CaZ' + NTA'- + HPO:- $ NTA-Ca-HP@- 14.50(18) CaZ' + CystZ- + HPO:- i2 c~s~-c~-HPo:- 8.49(18) 

Cdz' + NTA3- + HPO:- NTA-cd-HP@- 18.35(18) cdZ' + cystZ- + HPO:- C~S~-C~-HPO:-  11.45(18) 
pbZ+ + NTA3- + HPO:- & NTA-Pb-HPO:- 13.08(15) CuZ' + AspZ- + PO:- i2 AS~-CU-PO:- 8.28(13) 

znZ' + NTA3- + HPO~-  & NTA-~n-HPO:- 11.55(15) CuZ' + Gly- + PO:- a GI~-CU-PO:- 6.79(13) 

Cu2' + HNTAZ- + H2POi S HNTA-CU-HzPO; 10.06(13) HPO:- H' + PO:- -1 1.83(13) 

cuZ' + H N T A ~ -  + HPO:- $ HNTA-CU-HPO:- 13.05(13) pbZ' + ~ u l v  + HPO:- Fulv-Pb-HP04 11.27(15) 

CaZ' + HNTAZ- + HPO:- $ HNTA-Ca-HPO:- 9.07(13) 

"I = 0.1 M NaCI04, T = 25.0°C; NTA = nitrilotriacetic acid, Fulv = fulvic acid, dl-Tar = dl-tartaric acid, Cyst = cysteine, meso-Tar = n~eso-tartaric acid, Asp = aspartic ac~d, 
Cit = citric acid. 

bThis study (I = 0.2 M KCI, T = 25.0°C). 
"Fresh sample. 
dAge of sample: 3 h prior to titration. 
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TABLE 2. Organo-metal-(Al, Fe)-phosphate test solutions 

Fe3' 
- 

A I ~ +  

Titrand components Titrand Titrant Titrand components Titrand Titrant 
and molarity volume molarity E6 and molarity volume molarity EA 

Titrand name (MI (mL) (M) (mv) (MI ( d l  (MI (mv) 

0.0010 Salicylic acid 
SAL (1) 0.005 lron nitrate" 

0.00105 Phosphoric acid 

0.005 Phthalic acid 
PHT (1) 0.001 lron nitrate 

0.001 Phosphoric acid 

0.001 Phthalic acid 
PHT (2) 0.001 lron nitrate 

0.001 Phosphoric acid 

0.001 Oxalic acid'' 
O x  (1) 0.001 Iron nitrate 

0.001 Phosphoric acid 

0.001 Oxalic acid 
O x  (2) 0.005 lron nitrate 

0.001 Phosphoric acid 

0.001 Citric acid 
CIT 0.001 lron nitrate 

0.001 Phosphoric acid 

0.005 Salicylic acid 
100 1 .OO sodium 370.9 0.001 Aluminum nitrate' 

hydroxide 0.00105 Phosphoric acid 

0.005 Phthalic acid 
I - - 0.001 Aluminum Nitrate 

0.00105 Phosphoric acid 

0.001 Oxalic acid 
I - - 0.001 Aluminum nitrate 

0.00105 Phosphoric acid 

0.001 Citric acid 
100 0.25 sodium 364.9 0.001 Aluminum nitrate 

hydroxide 0.00105 Phosphoric acid 

100 0.01 Sodium 370.0 
hydroxide 

100 0.01 Sodium 368.6 
hydroxidc 

100 0.01 Sodium 370.0 
hydroxide 

100 0.2 Sodium 370.0 
hydroxide 

"All titrand solutions adjusted to an ionic strength of 0.2 M using potassium chloride. 
"Fe(NO3),.9H,O. 
' AI(NO,)j.9HZO. 
"Precipitate occurred. 
"(COOH)2. 12H20. 

are'well-defined in terms of the asymptotic standard deviations 
associated with each p-value, and (i i)  until the residuals 
(i.e. MT(calcd.) - MT(actual), L,,(calcd.) - LjT(actual), 
HT(calcd.) - HT(actual)] acquire a random or near random 
pattern about zero as function of successive titration points. 

The values for the formation constants so generated may be 
used in conjunction with the calculation of, e .g. ,  the chemical 
species distribution of aqueous solutions at given pH, temper- 
ature, ionic strength, redox potential, and imposed atmospheric 
conditions (e.g., total pressure and COz-partial pressures). 
This can be done with, e.g., the MlNEQL computer program 
(Westall et al. (25)) which computes the concentrations (or 
contents) of all soluble components, soluble complexes, pre- 
cipitated solids not allowed to dissolve, precipitated solids sub- 
ject to dissolution, or dissolved solids subject to precipitation. 
In particular, the MINEQL-program contains an extensive yet 
readily expandable data base with an elaborate list of com- 
plexes, formation constants and solubility products. All con- 
stants (or products) are based on a temperature of T = 25°C and 
an ionic strength of zero. All constants are recalculated with 
appropriate estimates for the various activity coefficients (19, 
26) involved once the actual ionic strength for a given solution 
is specified. The input requirements of the MINEQL-program 
include ( i )  specification of the list of chemical components to 
be encountered (e.g., Fe, Al, H, etc.), (ii) initial estimates for 
the free concentrations of these components (e.g., [A17'.], 
[Fe3+], [H'], etc.), and (iii) the specification for all component 
concentrations. 

Methods 
Stock- and test- solutions (Table 2) were prepared with 

deionized water and stored (maximum 14 days) in a glove 
box filled with nitrogen (N2) gas to minimize carbon dioxide 

contamination. 
A titration cell modelled after Perrin and Sayce (27) was 

assembled using a flanged 200 mL Berzelius beaker and a 
special two-piece plexiglass seal assembly to protect the 
titrands from C02-contamination (28). 

Titrant solutions were added to stirred titrand solutions with 
a Gilmont Precision Micrometer Buret (2.5 mL maximum 
capacity). 

Electromotive force (emf) measurements were obtained with 
a glass/reference electrode pair (Orion research glass-electrode 
and a single-junction reference electrode Model No. 90-1) for 
each titration step with a precision of 20 .1  mV. The electrode 
pair chosen proved to be relatively free of electrode drifts with 
4 N KC1 as reference solution. 

Titratiotl procedures 
The number of titration points and the location of these 

points along the pH-axis or emf-axis, in general, affects the 
accuracy of the titration analysis. For-example, Still (29) has 
shown that the use of the "law of large numbers" for the 
determination of equivalence points and formation constants 
can be applied provided that each titration point carries equal 
weight. This diminishes the standard error of the mean by a 
factor of 1 / f i  (N = number of points). Consequently, the 
larger the number of observations the more confidence there is 
that the calculated means are good estimates of the parameters 
sought. About 40 to 50 equally-spaced titration points were 
obtained for each titration curve to comply with these ob- 

A .  

servations. Furthermore, each complex-forming solution was 
titrated three times as a check for reproducibility. 

The following solutions were tested by potentiometric 
titration. 

( i)  Solutions containing only dilute phosphoric acid (or one 
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ARP AND MEYER 

I C 8 

0 0.2 0.4 0.6 0.8 1 .O 
OH-- meq 

FIG. 1. Precipitation-free portions of the titration curves (emf versus mequiv. of base added) for the various complex-forming solutions in 
Table 2. 0: AI-Sal-PO4, @: AI-Pht-PO4, @: AI-Ox-POn, @: Al-Cit-POn, @: Fe-Sal-POn. The pH-scale on the ri ht is constructed 
via eq. 181 with Eh = 370 mV. The inset shows the titration curves for the Fe-Cit-PO, solutions (solution age is 3 h for &$ and 0 for @. 

of the organic acids listed in Table 2) were titrated and sub- 
sequently analyzed with the ACBA-program to (a) establish 
the EA-value in eq. [8] from time to time, and to (b) ascertain 
the precise titrand and titrant concentrations of the various 
stock-solutions in Table 2. The best-fitted E;-values so gener- 
ated fluctuated drift-free between 364 and 370 mV thereby 
indicating that the electrode-pair employed in this study was 
remarkably stable for each titration and from one titration curve 
to another. 

(ii) Most of the complex-forming test solution (i.e. those of 
Table 2) had an initial pH of = 2.5, and were titrated with base. 
The resulting titration curves were subjected to analysis via the 
MINIQUAD program. Each titration curve was generated in 
the course of 2 to 3 h by adding small volume increments of 
titrant, one at a time. The resulting emf-response of the glass 
electrode as measured with a pH-meter was traced with a 
recorder. Digital emf-readings were taken for each volume 
increment once the recorder trace had stabilized. Examples of 
the ensuing titration curves are shown in Fig. 1 for each 
titration solution in Table 2. 

Emf-stabilization, in general, occurred rapidly at low pH but 
slowed with increasing pH until complete lack of stabilization 
occurred on account of precipitation reactions. The first indi- 
cation of such reactions terminated the titration, and only those 
titration points free of precipitation reactions were subjected to 
computer analysis. All complex-forming test solutions ex- 
hibited precipitation reactions above a certain pH-value (see 
Fig. 1). The Fe3+ solutions with oxalate and phthalate ions as 
ligands produced precipitation reactions soon after mixing and 
were, therefore, excluded from further analysis. The Fe- 
Cit-PO4 solution, in contrast, remained clear initially, but 
yielded titration curves with increasing emf-values as function 
of solution age (see Fig. 1). 

Results 
The precipitation-free region of each titration curves for each 

of the stable complex-forming solutions specified in Table 2 
was analyzed with the MINIQUAD program to generate infor- 
mation about the pH-dependent chemical species-mix for each 
titrated solution, and the log @-values for each ternary complex 
that may be present in each of these solutions in appreciable 
concentrations. The MINIQUAD-calculations were done in a 
progressive fashion starting with an initial refinement model 
which included all non-ternary species that may be present. The 
list of such species for, e.g., the A1-Ox-P mixture included 
AV+, AI(oH)~+,  A~(oH);, A~H~PO:' , HOX-, ox2-,  H ~ O X ,  
H2P0,, H3P04, AlOx', Al(Ox);, and A~(ox):-. 

All MINIQUAD-calculations based on such a list, however, 
led to ( i)  convergence problems, (ii) poor parametric estimates 
for the refined log p-values associated with these species, ( i i i )  
poor residuals for the mass-balance equations for each of the 
four components considered, or ( iv)  a general lack of random- 
ness of the residual plots for each of the components as a 
function of successive titration points. 

Adding mixed-ligand complexes of the type M-L2- 
Ll -H with stoichiometric coefficients corresponding to 1 1  11, 
1 1 12, or 1122 in suitable combinations strongly improved the 
goodness-of-fit between the MINIQUAD-calculated compo- 
nent concentrations and their actual counterparts as indicated in 
Table .3 by the "SD-values" defined as 

L i z ,  J 

where NT is the number of titration points, DF = NT - N, (N, 
is the number of refined log @-values), and (e.g.) 

AMi = [Al,], (calcd.) - [Al;], (actual) 
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TABLE 3. Best-fitted log p-values for selected 0-M-P complexes via the MlNlQUAD computer program 

Best-fitted model: 
stoichiometric 
coefficients ? Standard 
of species ? Asymptotic deviation range 

Solution Refinement log P" f standard deviation of residualsf 
(M-L2-Ll)" M LI"  L2' H key" 95% C1 for log P" ( x  

A1 - Sal- PO4 0 0 1 1  0 
0 0 1 2  1 
1 1 1 1  1 
1 1 1 2  1 

Al-Pht-PO, 0 0 1 1 0 
0 0 1 2  1 
1 1 1 1  1 
1 1 1 2  1 

AI-OX-PO, 0 0 1 1 0 
0 0 1 2  0 
1 0  1 0  0 
I 0  2 0 0 
1 I 1 2  1 
1 2  1 2  1 
0 1 0 2 1 

Al-Cit-PO, 0 0 I 1  0 
0 0 1 2  0 
0 0 1 3  0 
1 1 1 1  0 
1 1 1 2  I 

Fe-Sal-PO, 0 0 1 1  0 
0 0 1 2  0 
I 0  1 0  0 
1 0  2 0 0 
1 0  3 0 1 
1 1 I 1  1 
1 1 1 2  1 
0 1 0 2 1 

Common to all 
mixtures: 0 I 0 1 0 

0 1 0 2 O o r l "  
0 1 0 3 0 

"Refinement key = I means that P is to be refined by MINIQUAD. Refinement key = 0 means that P is to be used to refine other 
formation constants in the same model. 

'Formation constants based on ACBA-analyzed titrations or obtained from Martell and Smith (30) and adjusted for ionic strength (I = 
0.2 M adjusted with KCI) using the Davies formula. 

"Refinement key = 1 for oxalate and iron-salicylate mixtures, 0 otherwise. 
"Average values for three separate titrations for each complex-forming solution. 
"LI = PO:-; L2 = Sal, Pht, Ox, or Cit. 
'Refers to the f SD (residuals) across M,  L I ,  L2, and H. Temperature = 25.0°C, titrand volume = 100.0 mL. 

The general SD-range for the best-fitted models in Table 3 
range from ?5 to lo-' to ? 4 x M. 'These values are very 
small when compared with the actual component concen- 
trations ranging from 0.001 to 0.005 M for HT, L,, ( j  = 1, 2) 
and MT (see Table 2). Other mixed-ligand species with m, n , ,  
n2 = 1 or 2 and -3 5 p 5 4 were also added to the initial 
refinement list either singly or in combinations. The ensuing 
results, however, were in each case inferior to those already 
obtained with the 11 1 1-, 11 12-, and 1122-combinations. In 
fact, the resulting SD-values rarely fell below M.  Also, 
the "residual-plot" pattern for each component was definitely 
not "random" as function of successive titration points. 

'The admission of 1 1 1 I-, 1 1 12-, and 1 122-species to the 
original list of nontemary species led - invariably - to the 
mass-balance elimination of many species considered. The 
final MINIQUAD models are assembled in Table 3 in terms of 

the remaining species for each of the precipitation-free solu- 
tions in Table 2. Also indicated in Table 3 are the log p-values 
which were (or were not) subject to parametric refinement 
(refinement key = 0 or 1, respectively). Well-established 
values for log P pertaining to some of the species listed, in 
general, were accepted as such. Their inclusion as refineable 
parameters, however, added chemical credibility of the final 
solutions when the refined log p-values were in good agree- 
ment with their well-established counterparts. For example 
(29), 

log pH2po,(established) = 18.17 vs. log PHqpo,(refined) 
= 18.~02 and 18.38 

log P~~~~l(es tabl ished)  = 16.28 vs. log PHzsa,(refined) 
= 15.91 

and 
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1 MEYER 3363 

log PHzph,(established) = 7.68 vs. log PHlPh,(refined) 
= 7.43 

(I = 0.2 M in all cases). 
The species list and the corresponding values for log P in 

Table 3 ,  in summary, appear to represent the best possible 
characterization of the chemical speciation in the complex- 
forming solutions as affected by potentiometric titration. The 
actual chemical speciation pattern in the various titrated solu- 
tions is shown in Fig. 2 as function of pH. These diagrams 
indicated that the 0-M-P complexes Ox-A1-H2P04 and 
Sal-Fe-HPO, are particularly prevalent in the pH-range from 
2.5 to 4.5. Other complexes such as Ox-Al-(H2P04); and 
Cit-Al-HPO, appear to be prevalent at pH > 4.5; 
Sal-Fe-H2P0, is prevalent at pH < 2.5. 0-M-P complexes 
such as Sal-Al-H2P0, and Sal-Al-HPO, are also present but 
only in minor quantities. Other 0-M-P complexes may form 
outside the pH range considered here, but precipitation reac- 
tions above the pH cut-off levels in Fig. 1 prevent their detec- 
tion by potentiometric enquiry. 

Complex-forming mixtures with Fe", in general, appear to 
be sensitive to precipitation reactions in the course of time as 
was the case for the Fe-Ox-PO,, Fe-Pht-PO,, and 
Fe-Cit-PO, solutions in Table 2. The Fe-Cit-PO, solution, 
as mentioned above, was originally clear, and allowed immedi- 
ate titration. In fact, the MINIQUAD analysis of the resulting 
curve indicated the presence of mixed-ligand complexes of the 
types 1 1 11- and 11 12-corresponding to log P = 26.37 and 
30.32, respectively. These values, however, appeared to de- 
pend on the age of the mixture, because the other titration curve 
in Fig. 1 generated with a 3 h-old mixture yielded (via MINI- 
QUAD) the same complexes but with log P = 31.87 and 
35.32, respectively. It is possible that these complexes con- 
tinued to exist during the ensuing precipitation reaction, and 
that the log P-differences were caused by slow rates of reac- 
tions or, alternatively, by time-dependent structural changes 
within each complex so formed. 

Discussion 
Comparison of formation constants 

The magnitude of the formation constants decreases in the 
order salicylate > citrate > oxalate > phthalate for the organic 
acid - A1 - P mixtures. This sequence is probably related to 
the structural changes from one type of complex to the other 
(i.e., five- and six-membered rings being more stable than 
seven-membered rings) and can be compared with the chelation 
sequence presented by Violante and Violante (31). These au- 
thors propose that the extent of A13+-chelation (and consequent 
suppression of A1(OH)3-precipitation) decreases in the order 
citric acid > salicylic acid > oxalic acid > phthalic acid. A 
possible reason for the salicylate-citrate reversal between this 
study and that of (31) may be due to the presence (or absence) 
of the H P O : - - ~ ~ O U ~  and subsequent steric hindrance between 
the phosphate ion and the large citrate-ion in the formation of 
OM-Al-P complexes. 

Oxalic acid has the smallest physical size among the acids 
tested which may account for the ability of the oxalate-ions to 
chelate AlW-ions with two ~ ~ ~ i - - i o n s  attached. The larger 
size of salicylic, phthalic, and citric acids, again, may cause 
steric hindrance thereby reducing the number of phosphate 
groups per 0-M-P complex to one. 

Compared to A13+-ions, Fe3+-ions form more stable com- 
plexes with salicylate and phosphate ions. This is probably due 

to differences in ionic size (r,,,z+ = 0.53 A, r,,j+ = 0.60 A) and 
type of electronic orbital structure available for complexation 
(p-type orbitals available for Al", and p- and d-type orbitals 
available for Fe3+). 

The values of the individual formation constants in Tables 1 
and 3 suggest that Fe3+- and A13+-ions form the most stable 
ternary complexes with phosphate ions and organic acids 
among all the metal ions examined. Furthermore, Fe3'--ions 
appear to bind citrate- and phosphate-ions slightly better than 
~ l ~ + - i o n s .  The values of the formation constants of the citrate 
mixtures (Table 3) involving iron (or aluminum) and phos- 
phate, however, are not as small as those presented in Table 1. 

In general, there are report-based differences in assessing 
log P depending on which species are considered for the 
complex-forming components. In this paper the complex- 
forming components are all considered to be unprotonated (see 
Table 3). In contrast, some complex-forming components, as 
defined in other papers, cany protons, e.g. HPO~-  instead of 
PO:- (see Table 1). Conversions from one log p-value to the 
other, however, are easily done by noting that, e.g., log 
P(M-Cit-PO,-H) = log P(M-Cit-HPO,) + log PHpol with 
log PHpod = 11.53 at I = 0.2 M. 

The titration results in Table 1 for the Fe-Cit-PO, and 
Al-Cit-PO4 mixtures when referred to mixed-ligand com- 
plexes of the type M-Cit-PO,-H yield log P = 30.8 and log 
p = 3 1.0 for the corresponding 11 1 1-complexes, respectively. 
The former log p-value compares well with the corresponding 
11 1 1-value for the 3 h-old Fe-Cit-PO, mixture. The differ- 
ence arising for the log p-value with the Al-Cit-PO,, in con- 
trast, is probably due to a difference with respect to the speci- 
ation assessment of the resulting titration curves. This work 
generated two mixed-ligand complexes, namely a 11 12- 
complex in addition to the 1 1 1 1-complex in Table 1. In fact, 
the former appears to be the prevalent species within the actual 
titration range (see Fig. 2). 

Al-speciation in a buffered nutrient solzitiotz 
The possible role of 0-M-P complexes in buffered solu- 

tions such as those used for growing biological organisms may 
be examined in terms of the chemical speciation of A1 in the 
Ingestad-solution (32) employed for growing tree seedlings. 
The chemical composition of this solution is shown in Table 4 
with oxalic acid as the buffering agent. Added to this solution 
are five levels of A12(S04)3.6H20, and two levels of oxalic acid 
at 6 physiologically important pH-levels. Adjustments for each 
pH-level can be made by adding appropriate amounts of, e.g., 
1 M HC1 or 1 M NaOH. Using the specifications in Table 4 as 
input for the MINEQL-program yields the Al-speciation pat- 
tern illustrated in Fig. 3 for the high and low oxalic acid levels 
when Ox-A1-P complexes are present in accordance with the 
results of Table 3, and when such complexes are not 
considered. The following can be observed. 

(i) Consideration of Ox-A1-P complexes significantly 
affects the Al-speciation as function of pH, Al-content, and 
oxalic acid content. 

(ii) The postulated formation of the Ox-A1-P complexes, 
in general, enhances the Al- and P-solubility in the buffered 
solutions, particularly so at low Al-levels. 

(iii) Ox-Al-P complexation decreases with increasing Al- 
concentrations on account of enhanced Al-Ox-complexation 
and (or) enhanced AlP0,- and Al(OH),-precipitation. 

(iv) Changes in pH from 3 to 6 favors Ox-A1-2P over 
Ox-Al-P formation. 
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TABLE 4. Total chemical component-concentrations for the lngestad 
nutrient solutions treated with 2 levels of oxalic acid, 5 levels of 

A12(S0,)3, and 6 pH-levels" 

Treatments 

pH (adjusted with, 
Oxalic acid Aluminum sulphate e.g., 1 M HCI 

Level (mmol/L) (mmol/L) and 1 M NaOH) 

"For all solutions: total SO:- = 12.8 mM; total Ca" = 0.96 mM; total 
N = 42.84 mM (=[NH:] + [NO,]); total Mg" = 2.10 mM; total PO:- = 
5.02 mM; total Feu = 0.07 mM; total K' = 9.97 mM. 

All of this suggests that 0-M-P formation, in general, must 
be taken into account when certain growth responses of biolog- 
ical organisms are to be related to the chemical speciation of 
nutrient solutions. For example, such growth responses may be 
positively or negatively affected depending on the sensitivity of 
the growing organism with respect to, e.g., the extent of Al- 
solubilization, the concentration (activity) of a particular 
0-M-complex or 0-M-P-species, or the improved avail- 
ability of P and Fe due to enhanced P- and Fe-solubility. 

Conclusions 
The potentiometric method for extracting formation con- 

stants coupled with the ACBA and MINIQUAD data analysis 
proves to be a means to generate information about the chem- 
ical speciation of A13+- and Fe3+-ions as affected by mixed- 
ligand complexation involving A13+- or Fe3+-ions, phosphate 
ions and organic acids in aqueous solutions. This analysis indi- 
cates the presence of stable organo-metal-phosphate com- 
plexes in specifically formulated complex-forming mixtures. 
The magnitude of the formation constants of such complexes 
decreases in the order Fe3+ > A13+ and salicylate > citrate > 
oxalate > phthalate. Oxalic acid as a ligand yields 0-M-P 
complexes containing two phosphate ions. The elucidation of 
the actual structures for the various 0-M-P complexes exam- 
ined in this study awaits further experimental investigations. 

The potentiometric evaluations, in general, should be 
done repeatedly for A13+- and Fe3+-complex-forming solutions 
of varying age to ensure that the refined log p-values are 
reproducible. 
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Hydrogen bonding of alcohols with AOT in carbon tetrachloride: an infrared study 
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PIERRE MENASSA and CAMILLE SANDORN. Can. J .  Chem. 63, 3367 (1985). 
The interaction of the inverted micelles of AOT (sodium di(2-ethylhexyl)sulfosuccinate) with different alcohols due to 

hydrogen bonding has been studied by means of infrared spectroscopy. Spectra of solutions of the alcohols with increasing 
concentrations of AOT showed a decrease in the intensity of the free OH stretching band. At the same time a new OH band 
due to a H-bonded alcohol-inverted micelle complex appears and its intensity increases as the intensity of the free band 
decreases. Calculated values of the equilibrium constants for the formation of the complexes n-alcohol-AOT, showed a 
decrease in alcohol-AOT association with the increase of the length of the aliphatic chains in the n-alcohols. Surprisingly, 
cholesterol behaved like a short chain while other cyclic alcohols like long chain alcohols. 

PIERRE MENASSA et CAMILLE SANDORFY. Can. J. Chem. 63,  3367 (1985). 
L'interaction dans le tttrachlorure de carbone des micelles inverses du bis(Cthy1-2-hCxyl) sulfosuccinate de sodium (AOT) 

avec differents alcools a CtC CtudiCe par spectroscopie infrarouge. L'Ctude spectroscopique de differentes solutions d'alcool et 
d'AOT montrent une diminution de I'intensitC de la bande OH libre alors que paralltllement I'intensitC d'une bande associCe 
alcool- AOT augmente. Les calculs des constantes d'association n-alcool-AOT indiquent une diminution du degre d'associa- 
tion avec la longueur de la chaine hydrocarbure. Le cholestCrol se comporte comme un alcool j. chaine courte tandis que d'autres 
alcools cycliques se comportent comme des alcools j. chaine longue. 

Introduction 
It has been known for a long time that n-alcohols have some 

anesthetic potency (1). Recently Pringle et al. (2 )  showed that 
this potency increases with the length of the hydrocarbon chain. 
However, a "cutoff" in this anesthetic effect occurs at CI3 The 
latter may still be considered as a very weak anesthetic but C,, 
has no anesthetic potency at all. 

Recently Wilson et al. (3 )  in an attempt to explain this 
"cutoff" undertook a comparative study of H-bonding in n- 
alcohols from C, to CIS.  The results they obtained could not 
explain this "cutoff". Instead, they showed that for the same 
solvent, the degree of association by hydrogen bonding of the 
dissolved n-alcohols did not depend on the length of their 
hydrocarbon chain. They also showed that the degree of asso- 
ciation of esters with different alcohols was independent of 
their chain length. These results prompted us to start a series of 
experiments to ascertain whether this independence of chain 
length of the association of aliphatic alcohols was still true in 
membrane mimetic environments. Apart from the afor- 
mentioned considerations, the present study may be considered 
as a first step toward a more realistic approach to hydrogen 
bonded systems of biological importance. 

Experimental 
The method used was infrared spectroscopy. Since the region to be 

studied was the one between 4 000 and 3 000 cm-' ,  carbon tetra- 
chloride was chosen as a solvent. Sodium di(2-ethylhexyl)sulfo- 
succinate known under the commercial name of AOT was used as a 
detergent. This choice was dictated by the fact that its micellar param- 
eters are fairly well established and its average aggregation number in 
CCI, ( I  7 molecules of AOT per inverted micelle (4)) 1s relatively high 
for an inverted micelle in CC&. In order to compare different alcohols, 
association constants were calculated following a scheme described 
earlier (5). 

The chemical AOT (Fluka, Switzerland) was purified from its re- 
sidual organic and inorganic impurities according to the method de- 
scribed by El Seoud and da Silva (6). Traces of water were, however, 
found in the ir spectrum of dried AOT. Some authors questioncd the 
feasability of inverted micelles without traces of water (7). Most of the 
alcohols (Aldrich Chemical Co. and Slgma Chemical Co.) were stated 
to be 99% pure or more. Nonanol97% was distilled under vacuum and 

its purity confirmed by gc ms. trans-Decahydro-2-naphtol was a gift 
of International Flavour and Flagrance Inc. Spectroscopic grade car- 
bon tetrachloride (American Chemicals Ltd.) was used without further 
purification. Its ir spectrum, recorded in a 5 mm cell, did not show any 
water or other impurity bands. 

Spectra were recorded at room temperature on a Perkin Elmer 
model 521 spectrometer using 5 mm infrasil cells (Hellma Limited), 
and on a Nicolet 6000 F.T.I.R. instrument using 0.120 or 0.510 mm 
sodium chloride cells (Wilmad Glass Co Inc.). The spectra presented 
here have been recorded on the latter. Solvent and AOT absorption 
were compensated for on the Perkin-Elmer and were subtracted on the 
Nicolet F.T.I.R. instrument. 

Results and discussion 
n-Alcohols 

All n-alcohols studied behaved the same way and presented 
the same spectral characteristics. The figures depicted in this 
work are those of n-hexanol. The dashed lines in Fig. 1 repre- 
sent a part of the ir spectrum of a 0.2 M solution of hexanol in 
CCI,. The band at 3639 cm-' represents the non-bonded free 
OH stretching vibration. The shoulder at ca. 3498 cm-' is that 
of the self-associated dimers H-0: . . . H-0 and the broad 
band centered at about 3346 cm-' is due to the self associated 
multimers. The solid line in Fig. 1 represents a part of the 
infrared spectrum of a mixture of alcohol (0.2 M )  and AOT 
(0.02 M )  in CCl,. There is a decrease in the intensities of both 
the free and multimer bands. Note, however, that this last band 
shifted slightly toward higher frequencies indicating the pres- 
ence of another band. It is clear from this figure that AOT 
dissociates a part of the H-bonded multimers and is associating 
with the free OH. Next a solution of 0.4 M of AOT and 0.2 M 
of alcohol in CCI, was prepared. A part of its ir spectrum is 
represented by the solid line of Fig. 2. There is a sharp decrease 
in the monomer band while the multimer band disappears al- 
most completely. A new band located at ca. 3417 cm-' is now 
present in the spectrum. Since the absorption due to AOT has 
been subtracted and since this new band appears only when 
AOT is added to the alcohol, it can only be attributed to the 
formation of a complex AOT . . . OH. The dimeric species are 
still seen around 3498 cm-'. The broken line represents the 
spectrum of a solution of 0.20 M of alcohol in CCI+ 
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0 
0 5 10 15 

Number  o f  Carbons 

FIG. 4. Formation constants, K (L mol-'), of hydrogen bonded 
complexes (alcohol-AOT) as a function of the number of carbons 
present in the aliphatic chain of the n-alcohols. The formation con- 
stants for isopropanol and cholesterol are also shown. 

AOT 0.010 n 1-1 
SOLVENT : CCl* 

AOT 0.010 M + HEXRNOL 0.90 M ( - - - I  

FIG. 5. Part of the infared spectrum of 0.01 M AOT (-) and a 
mixture of 0.01 M AOT and 0.90 M hexanol (---) in CC14. 

logical that in order to reach the SO3- group, the OH of the 
alcohol must penetrate the micellar core. Thus, it appears that 
the longer the alcohol's paraffinic chain is, the harder it is to 
reach the sulfonate group and the smaller is the association 
constant. The association constants level off at ca. K = 6 L 
mol-' for C r 10. This shows that only a certain part of the 
alcohol chain is affected by the micellar core. This part can be 
roughly approximated by the length of a chain of 10 carbons, 
about 13 A. According to the chemical structure of AOT (9), 
the linear length of the molecule is 12 A. The part of the 
aliphatic chain laying beyond the length of an AOT molecule 
cannot affect the association constants since it can move freely 
and does not interact with the micellar tail. The association 

ROT 0.010 M 1-1 

AOT 0 .010  M + HEXANOL 0 .90  M ( - - - I  

3369 

SOLVENT: CCI+ 

FIG. 6. Part of the infrared spectrum of (-) AOT (0.01 M) and 
(- - -) a solution containing AOT (0.01 M) and hexanol (0.90 M) in 
CCI,. 

constant of a long and branched alcohol should also be small 
since its OH group can hardly reach the inside of the inverted 
micelle. Furthermore, K of a short, branched alcohol should be 
large since its OH group can easily reach the inside of the 
inverted micelle. Moreover, the association constant of water 
and AOT should be extremely high since the water molecule is 
very small, polar and is located in the inside of the inverted 
micelle. The branched alcohols studied were 4-decanol and 
isopropanol. For isopropanol the free OH band was located at 
3620 cm-I and that of the OH-bonded OH.  . . AOT band at ca. 
3390 cm-I. Although the positions of these bands are different 
from the respectivebands of n-alcohols, upon addition of AOT 
the branched alcohols behaved the same way as the n-alcohols 
did (i.e., a decrease in the free OH band and a concomitant 
increase in the OH . . . AOT band). Their association constants 
were then calculated. As expected K of isopropanol was found 
to be relatively large, K = 13.0 2 0.2 L mol-' (K = 11.0 ? 

0.5 L mol-I for propanol), and that of 4-decanol very small, 
K = 2.0 ? 0.2 L mol-l. The association constant of water and 
AOT was also calculated. Solubility considerations dictated the 
use of CDCl,, a slightly polar solvent. The association constant 
of water and A O T ~ ~  deuterated chloroform was found to be, 
as expected, extremely high, K = 57.0 ? 10.0 L mol-'. 

The addition of a fourth component to a three component 
system can alter the phase diagram of the latter (10). It is 
known that in the presence of small amounts of water, AOT in 
carbon tetrachloride forms inverted micelles. It is not known, 
however, to what extent these inverted micelles are affected by 
the presence of small amounts of cosurfactants (like alcohols). 
Four component systems formed of hydrocarbons, pentanol, 
water, and surfactants were studied by Sjoblom et al. (1 1). 
They showed that reversed micellar solutions were encountered 
only for quite high concentrations of hydrocarbons. The system 
we studied did not contain hvdrocarbons but carbon tetra- 
chloride which, like hydrocarbons, is an apolar solvent. In 
view of the results of Sjoblom et al. we do not have any reason 
to suspect major changes in the micellar form and parameters 
of AOT in carbon tetrachloride to which 0.02 mol of alcohol 
was added. Furthermore, all our experimental evidence seems 
to indicate the presence of inverted micelles. Therefore we feel 
that, in this work, the use of the words "inverted micelles" is 
justified. 
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TABLE 
drogen 

2. Formation constants, K (L mol-I), of hy- 
I bonded complexes between cyclic or branch- 

ed alcohols and AOT 

Association constant 
Alcohol K (L mol-I) 

Isopropanol 13.0 + 0.2 
4-Decanol 2.0 t 0.2 
Cholesterol 11.0 t 0.8 
Cyclohexylmethanol 7.0 t 0.3 
Cyclohexanol 7.0 t 0.3 
trans-Decahy dro-2-naphtol 7.0 t 0.4 

Cholesterol and other cvclic alcohols 
It has been recognized that excess serum cholesterol can lead 

to atherosclerosis (12). The latter is considered by medical 
authorities as a major risk factor in heart diseases. Thus the 
understanding of cholesterol's behaviour in membranes is im- 
portant for the understanding of the way in which it interacts 
with the arterial wall. Parker and Bashkar (13) showed that 
cholesterol, like any other alcohol, self associates through 
hydrogen bonds. They have also shown (14) that 26-hydroxy- 
cholesterol associates with triglycerides and that this might 
initiate the formation of plaques causing atherosclerosis. 
Mercier et al. (15) have studied the H-bonds formed between 
cholesterol and ester or amide carbonyls and the way in which 
they are affected by various H-bond breakers. The molecule of 
chol~sterol is known to be a planar molecule with a length of 
19 A (16). Thus according to the scheme described earlier, 
cholesterol should behave like a long chain alcohol with a 
relatively small association constant. This was not found to be 
the case. The association constant of cholesterol and AOT was 
found to be equal to K = 11.0 t 0.8 L mol-I. This shows that, 
despite its bulky hydrocarbon radical, cholesterol behaved like 
a small chain alcohol (propanol). Nonetheless, a series of ex- 
periments were conducted on cyclic alcohols to see whether 
this "~eculiar" behaviour of cholisterol is due to the interaction 
of the cyclic hydrocarbon radical with the inverted micelles. 
The cyclic alcohols studied were trans-decahydro-2-naphtol, 
cyclohexyl methanol, and cyclohexanol. The free OH band of 
these alochols was found between 3620 and 3640 cm-' and that 
of the H-bonded O H .  . . AOT around 3390 cm-I. Their associ- 
ation constants with AOT were calculated. They were found 
equal to K = 7.0 2 0.4 L mol-I, K = 7.0 + 0.3 L mol-I, and 
K = 7.0 + 0.3 L mol-' for trans-decahydro-2-naphtol, cy- 
clohexyl methanol, and cyclohexanol, respectively, while as 
stated above. that of cholesterol is 11.0 t 0.8 L mol-'. The 
results are summarized in Table 2. These results are in line with 
the model described earlier. It clearly shows that the behaviour 
of cholesterol is not due to the interaction of the cycles with 
AOT. Fuller explanation of this behaviour will have to await 
further experimental work. 

Conclusions 
It has been shown that aliphatic alcohols and AOT form 

complexes in carbon tetrachloride. The degree of association of 
these alcohols with AOT was shown to decrease as the length 
of the aliphatic hydrocarbon chain increases. The association 
constant is probably related to the ability of the hydroxyl group 
of the alcohol to penetrate the inside of the inverted micelle and 
to bond with the sulfonate group. This was further confirmed 
by showing that the long branched alcohol 4-decanol has a 
small association constant while the association constant of the 
short branched alcohol isopropanol was found to be large. 
Cholesterol in spite of its bulky hydrocarbon radical behaved 
like a small chain alcohol. A study of cyclic alcohols showed 
that this strong association of cholesterol with AOT was not 
due to the interaction of the hydrocarbon cycle and AOT. 
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WESLEY A. DOAK, CHARLES KNESSL, HENRYK LABAZIEWICZ, SALLY E. O'CONNOR, LIVIU PUP, GERARD PUTZ, MARIJO 
SCHRANZ, ROBERT I. WALTER, LING YANG, and NICK H. WERSTIUK. Can. J. Chem. 63, 3371 (1985). 

Procedures have been developed for the preparation, at levels of label which exceed 90%, of ring-deuterated diphenylamines 
(DPAs) with the label at specific ring positions. The compounds so prepared are DPA-dl,, DPA-2,4,6,2',4',6'-d,, DPA- 
2,6,2',6'-d4, and DPA-4,4'-d2. 

WESLEY A. DOAK, CHARLES KNESSL, HENRYK LABAZIEWICZ, SALLY E. O'CONNOR, LIVIU PUP, GERARD PUTZ, MARIJO 
SCHRANZ, ROBERT I. WALTER, LING YANG et NICK H. WERSTIUK. Can. J. Chem. 63, 3371 (1985). 

On a dCveloppC des mCthodes qui permettent de prkparer des diphenylamines (DPA) marquees dans des positions spCcifiques 
des cycles et i des niveaux de marquage qui dkpassent les 90%. On a ainsi prCparC les DPA-dl,,, DPA-d,-2,4,6,2',4',6', 
DPA-d4-2,6,2',6' et DPA-d2-4,4'. 

[Traduit par le journal] 

Introduction 
Only a limited number of deuterium-labelled diphen- 

ylamines (DPAs) have been described. Neugebauer and 
Bamberger ( I )  prepared DPA-d,, (here and subsequently we 
consider only deuterium on aromatic carbon, and ignore possi- 
ble deuteration on the nitrogen atom, since that rapidly back 
exchanges in protic solvents) by synthesis from bromobenzene- 
d, and acetanilide-d,. 'They subsequently converted this sub- 
stance to DPA-3,5,3',S1-d4 by back exchange in refluxing acid- 
ified ethanol. We give here the preparations of DPAs specifi- 
cally deuterated at other sets of structurally equivalent positions 
in the molecule. These labelled DPAs were subsequently con- 
verted to labelled 1-picryl-2,2-diphenylhydrazyl free radicals 
in which the labels served to identify the nmr or ENDOR 
(electron-nuclear double resonance) signals from various posi- 
tions in this radical (2). With the modified methods described 
here, it is now possible to prepare even more fully labelled 
samples than were available for those studies. 

A number of potential routes for the substitution of deu- 
terium at specific sites were unsatisfactory in our hands. Lith- 
iation of 4,4'-dibromodiphenylmethylamine, followed by 
quenching with deuterium oxide, was used by Shatenshtein et 
al. (3) to prepare the 4,4'-d2 label on their tertiary amine. The 
reaction is unsuccessful with the secondary amine; the major 
product with a 3 : 1 mole ratio of butyllithium to amine probably 
is N-butyldiphenylamine (the mass spectrum (ms) gives the 
molecular ion at mass 225), formed by displacement of halogen 
from butyl bromide by the nucleophilic amide that is produced 
by the lithiation. The reduction of 4,4'-dihalodiphenylamines 
with lithium aluminum deuteride (4) is unsatisfactory because 
this expensive reagent is used so inefficiently: only the reaction 
of the first deuteride is fast, and later transfers are successively 
slower. Consequently it is necessary to use at least a fourfold 

' Presented in part at the ACS/CSJ Chemical Congress, Honolulu, 
April 1979, paper ORGN 89. 

'Author to whom correspondence may be addressed. 
"evision received July 3, 1985. 

excess of the reducing agent, even when the halogen is iodine. 
It is also necessary to quench the intermediate with excess 
deuterium oxide to avoidincorporation of protons when water 
is subsequently added to the reaction mixture. The procedure is 
viable: we used it for our first successful preparations of DPA- 
4,4'-d2 and DPA-2,6,2',6'-d4. 

We were slow to try hydrogenolysis (deuterolysis) of the aryl 
halide because representative procedures4 specify excessively 
large amounts of the catalyst. When we did so, we found that 
reduction of halogen-substituted DPAs in alkaline ethanol over 
palladium on charcoal catalyst is fast and complete; this is our  
procedure of choice. Furthermore, brominated DPAs are supe- 
rior to iodinated DPAs (which reduce substantially faster) 
whenever acid-catalyzed deuterium exchange is required, be- 
cause the brominated compounds are distinctly more stable 
under the conditions of the exchange reaction. 

Experimental 
Ethanol-d was prepared by the method of Pasto and Meyer (6) from 

ethyl orthosilicate and deuterium oxide; the level of label was ca. 
99%. This reaction is superior to that of Grieve and Sporek (7), which 
invariably gives an oily impurity that we have been unable to separate 
from the product. In all cases, ethanol-d was conserved by carrying 
out acid-catalyzed deuterium exchange in 3-5 stages with succes- 
sively higher levels of label in the alcohol. 

DPA and its labelled derivatives were purified by Soxhlet extraction 
into pentane, and (or) by sublimation at 45°C. With careful drying, 
these procedures give product DPAs which melt over 0.5- lo in the 
range 53-54.5"C. When sublimation is used, it is essential to remove 
residual acid from the amine by pouring an acetone solution into 
ice-bicarbonate solution. Sublimation with residual acid present 
gives poor recoveries and leaves a gummy residue that no longer melts 
at 53-55°C and is nearly insoluble in acetone and other solvents. 

Levels of label in the products were checked by ms (Hewlett- 
Packard 5985A). Unfortunately, the ms of DPA (8) has no value 
because the very prominent (M - I ) +  and (M - 2)+ and weaker (M 

4For example, 0.2 g halogen compound with I g palladium on 
calcium carbonate catalyst (5a) or 1 g catalyst with 0.5 g 7cw-bromo- 
pregnenolone acetate (5b). 
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- 3)' peaks coincide with the molecular ions that arise from the most 
important incompletely deuterated species, and the relative intensities 
of these peaks vary significantly in ms runs at different times. Con- 
sequently, the quantitative determination of total label is impossible 
by this method, and the mass of the molecular ion M' is used only 
to confirm that the expected number of labelled positions has been 
reached in the major labelled product. 

Positions of the labels were routinely monitored during exchange by 
both proton and deuterium nmr; the results obtained with the two 
nuclei are consistent. The proton-decoupled deuterium spectra consist 
of intense, somewhat broad (1 -3 Hz at half-height) lines at the chem- 
ical shifts expected for the labelled sites. None of these lines display 
visible satellites due to introduction of label at other positions than 
those expected; in particular, there is no evidence for acid-catalyzed 
exchange in ethanol-d at the meta positions. 

The 60-MHz aromatic proton spectra cannot be interpreted quan- 
titatively; they are far from first order, and some lines are seriously 
broadened by unresolved structure due to coupling with other ring 
protons, and by the quadrupole moment of deuterium label. Better 
results can be obtained at 200 MHz (Bruker WP-200 SY). At this 
frequency, the ortho, meta, and para ring protons have sufficiently 
different chemical shifts (see discussion of DPA-d,,,) that it is ~robablv  . .. , 
safe to assign all of the lines in the DPA spectrum. Duplicate spectra 
show scatter in the quantitative integral values from the Bruker inte- 
gration routine over a range up to 7%. It is customary to assign an error 
of &5% for such data (9); we believe our error may be larger. Values 
were confirmed by cutting out and weighing the plotted peaks; the 
scatter in these values was up to 10%. In these determinations, the 
meta peak was taken as an internal reference for the area due to four 
hydrogen atoms; this of course requires the assumption that no deu- 
terium exchange occurs at these positions. The estimated rate ratio for 
electrophilic substitution at positions activated by a secondary aro- 
matic amino group would be ortho-paralmeta >lo6, and this is 
confirmed by the absence of evidence for meta substitution in the 
deuterium nmr spectra. Our spectra were obtained with 0 .  I0  M sam- 
ples in DMSO-d6 solution. The relaxation delay was set at 30 s,  since 
our measured T ,  for the protons in DPA in DMSO solution is about 
7 s.  The center line of the solvent residual proton pattern was set at 
2.49 ppm to establish the chemical shift scale. 

Diphenylatnine-dl,, 
Werstiuk's exchange procedure (10) was used to prepare this com- 

pound. DPA (17 g) and 0.5 M deuterium chloride in deuterium oxide 
(100 mL) is degassed by successive freeze-pump-thaw cycles, 
sealed, and heated for 30 h at 250°C. After cooling, the yellowish 
pellet of amine is taken up in hexane and washed with dilute potassium 
hydroxide solution and with water. Evaporation of the hexane gives 
solid, which is purified by sublimation to give 12.2 g of product; nmr 
indicates about 85% deuteration. A second exchange under the same 
conditions gives 7.4 g of sublimed product. The nmr shows weak lines 
due to uncoupled residual protons at 6.80 (para),  7.05 (ortho), and 
7.21 ppm (meta) in DMSO solution. In this case, the tneta peak is not 
available as an internal intensity standard; instead, the residual proton 
peak intensities are compared with the (possibly unreliable) N-H 
peak. By this standard, there are 1% residual protons at the meta and 
para  positions, and 2% at the ortho positions. The mass spectrum 
gives the molecular ion at 179 Da (daltons). Acidification of the 
alkaline extracts of the crude product precipitates deuterated phenol. 

Diphenylamine-2,4,6,2',4',6'-do 
DPA (17 g) is refluxed for 6 h with 200 mL of ethanol-d which 

contains 0.2 M deuterium sulfate. (The mobile solvent deuterium is 
close to equilibrium with the exchangeable ortho, para,  and amine 
HID pool under these conditions. If 99% ethanol-d and DzS04 are 
used at each stage, two exchanges to equilibrium under the conditions 
described would give 96% label with back exchange of the amino 
position assumed during work-up. However, we always used re- 
covered ethanol-d at label levels in the range 75-90% for the first 
exchange steps, and fresh ethanol-d only for the last. Under these 
conditions, 3 or 4 exchange steps may be required to reach label levels 

of 95%.) After the exchange under reflux, 6 g of anhydrous NazCOJ 
is stirred into the cold solution, the NazS04 filtered off, and solvent 
removed by vacuum distillation. The residue is partitioned between 
methylene chloride and water, the organic layer washed again, dried 
with anhydrous Na2S04, and the solvent recovered under vacuum. 
The labelled product is purified by sublimation and recovered in over 
90% yield. Proton nmr at 200 MHz gives line areas which show 8% 
residual protons at the ortho positions, and 4% protons at the para  
positions. These areas are measured relative to that for the meta proton 
lines; exchange is assumed to be negligible at the meta positions. The 
calculated equilibrium level is 5% residual protons after successive 
exchanges in 75, 90, and 99% ethanol-d. The mass spectrum gives the 
molecular ion at 175 Da. 

4,4'-Dibromodiphenylarnine 
Three procedures for this straightforward-appearing preparation 

were investigated; they are listed here together with the overall yield 
for each. (i). Direct bromination of diphenylamine with bromine in 
acetic acid (1 I) ,  29%. (ii). Direct bromination with 2,4,4,6-tetra- 
bromo-2,5-cyclohexadienone (12), 51%. (iii). Bromination of N- 
benzoyldiphenylamine, followed by saponification in 10% ethanolic 
KOH (13), 46%. The low yield in method (i)  is due to the many (6 
or 7) recrystallizations required to obtain pure product. Of the latter 
two methods, (ii) is probably better for small-scale (up to 10 g) 
synthesis; it would require excessive amounts of solvents on a large 
scale. On a mole scale, (iii) is best because it requires less solvent, 
even though there are three steps from diphenylamine. The product is 
pure by tlc on silica developed with cyclohexane/acetic acid (85 : 15% 
by volume); mp 106- 107°C. 

Diphenylamine-2,6,2',6'-dJ 
Much more drastic conditions are required for a reasonable ex- 

change rate with the brominated DPA than with DPA itself. 
4,4'-Dibromodiphenylamine (0.15 mol) in 225 mL of 1.7 M deu- 
terium sulfate in ethanol-d is refluxed for 50 h, most of the solvent 
removed by vacuum distillation, and the liquid residue stirred into ice. 
The solids are then filtered, washed, and dried. After three such 
exchange steps the very dark and somewhat gummy residue is dis- 
solved in methylene choride, stirred with activated silica, and the 
solids (which cany all of the colored impurities) filtered off. The 
amine can be recovered and recrystallized from heptane; the yield is 
65%. Residual protons in the ortho positions are 6% by nmr; the 
calculated value after successive equilibrations with 86, 95, and 99% 
ethanol-d is 5%. 

This solid is dissolved in 300 mL of 1.3 M ethanolic KOH, 0.5 g 
of 10% palladium on charcoal catalyst is added, and the mixture is 
reduced with hydrogen in the low pressure Parr shaker (rapid during 
the first hour, and complete overnight). The solution is filtered to 
remove spent catalyst and potassium bromide, the solvent removed 
under vacuum, and the amine recovered, washed thoroughly with 
water, dried, and purified by sublimation. The yield of purified amine 
exceeds 80%. Proton nmr: an A2B pattern with the downfield (A) lines 
broadened by deuterium nuclear quadrupole relaxation. At 200 MHz, 
integration shows 8% residual ortho protons. Deuterium nmr shows a 
single line at 7.05 ppm chemical shift, and no other visible lines. The 
ms gives the molecular ion at 173 Da. 

DPA-4,4'-dz 
4,4'-Dibromodiphenylamine (0.10 mol) is reduced in 300 mL of 

1.3 M ethanolic KOH with deuterium gas in the presence of 0.5 g of 
10% palladium on charcoal catalyst. The product is recovered and 
purified as described in the preceding preparation. The yields again 
exceed 80%. The proton nmr is an AA'BB' pattern with the downfield 
lines broadened by the deuterium quadrupole relaxation. Proton nmr 
at 200 MHz shows 7% residual para protons. Deuterium nmr gives a 
single broadened line at 6.80 ppm, with no other visible lines. The 
mass spectrum gives a molecular ion at 171 Da. 
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C. FAERMAN, S. C. NYBURG, G. PUNTE, B. E. RIVERO, A. A. VITALE, and N. S. NUDELMAN. Can. J .  Chem. 63,3374 (1985). 
The crystal and molecular structure of the title c o ~ p o u n d ,  C l s H  1 4 0 3 ,  is described. Crystals are monoclinic, space group 

P2 , /n ,  a = 9.893(5), b = 10.719(5), c = 12.136(3) A, P = 90.56(3)". The molecule has a twist conformation and interactions 
between oxygen atoms of the methoxyl groups are thought to play some part in this. 

C. FAERMAN, S. C. NYBURG, G. PUNTE, B. E. RIVERO, A. A. VlTALE et N. S. NUDELMAN. Can. J .  Chem. 63, 3374 (1985). 
On decrit la structure cristalline et moleculaire du compose mentionnk dans le titte, ClsH 1 4 0 - 1 .  Les cristaux sont mono- 

cliniques, groupe d'espace P21/n ,  n = 9,893(5), b = 10,719(5) et c = 12,136(3) A et P = 90,56(3)'. La molecule existe 
dans une conformation croisCe et on croit que les interactions entre les atomes d'oxygkne et les groupements methoxyles jouent 
un r81e dans cette situation. 

[Traduit par le journal] 

Introduction Preliminary data were obtained photographically. All other measure- 

An X-ray crystal structure analysis of di-o-anisylketone, 1, 
was undertaken as part of an investigation of the molecular con- 
formations of bridged diphenyl compounds (1). The purpose of 
this investigation was to determine the influence of different 
bridging atoms, phenyl substituents, and lattice forces on mo- 
lecular conformation. 

Since the crystal structure of benzophenone, 2, has been 
determined (2), showing the molecule to be in a twist con- 
formation, an ortho disubstituted benzophenone, 1, was chosen 
to elucidate whether its conformation is governed by the aryl- 
carbonyl group, by steric effects of the ortho substituents, or by 
crystal environment effects. 

Experimental 
Compound 1 was prepared from the reaction of o-anisyllithium with 

carbon dioxide. A modification of the Glaze and Ranade (3) metal- 
halogen interchange method was used to prepare o-anisyllithium; 
0.7 mL (5.6 mmol) of o-bromoanisole was added to 6 mmol of a 
0.3 M ligroin solution of butyllithium prepared as previously de- 
scribed (4), and the reaction mixture was worked up as described for 
the preparation of phenyllithium (5). White crystals of o-anisyllithium 
were dissolved in THF and the solution flushed with carbon dioxide. 

Recrystallization from methanol yielded white crystals of 1, mp 
104- 105°C (lit. (6) mp 104"C), overall yield 70%. The compound 
may also be obtained from the reaction of o-anisyllithium with car- 
bon monoxide (7). Infrared (KBr, cm- ' ) :  2800 (st C-H), 1620 
(st C=O), 1600 (st C=C), 1450 (def C-H), 1250 (st C-0), 850 
(def C-H ar); nmr (CC14) 6: 3.5 (s, 6H,-0CH3), 6.84 (m, 4H, ar 
H3, HI3 and H5, HII) ,  7.3 (m, 4H, ar H4, HI2 and H6, H10); ms 
m/e (% rel. ab.): 242 (M, 48). 21 l (12), 135 (loo), 77 (40). 

Structure determinatiorz and reJinemenr 
The crystal used for data collection was 0.20 X 0.08 x 0.05 mm. 

ments were made on an ~ n r a f - ~ o n i u s  CAD-4 diffractometer using 
graphite monochromatized MoK radiation (A = 0.7107 A). Unit cell 
dimensions were based on 25 centered reflections. lntensity data were 
collected in the 0-20 scan mode in quadrants (h,k,?l) with scan 
width (0.9 + 0.35 tan 0) deg to a maximum 20 of 50". Three standard 
reflections were measured every 3 h; no significant variations were 
observed. Reflections were measured for intensity whenever their 
initial scan indicated (u( I ) / I )  > 0.04. A considerable number of the 
5921 measured reflections were symmetry related. Of these, 2267 
were unique and, in turn, of these, 1383 significant on the criterion 
I > 3u(I) .  Crystal data are as follows. 

CrsH 1 4 0 3  M, = 242.28 
Monoclinic, ~2 , /11 ,  n = 9.893(5), b = 10.719(5), c = 12.136(3) A, 
p = 90.56(3)", V = 1288 A3, Z = 4 molecules/cell, D, = 1.26, D,, 
(not det) mg m-3; k(MoKa) = 4.8 cm-'; t = 25°C. No absorption 
corrections were applied. 

The structure was solved by using MULTAN (8). All atoms were 
located and the positions of the non-hydrogen atoms were refined 
anisotropically, those of the hydrogen atoms isotropically. Full-matrix 
least-squares refinement minimizing 2w(  1 F ,  - F, 1 ) '  converged 
(maximum shiftlerror = 0.05) to final agreement indices R = 0.046, 
R,,, = 0.059. In the final cycle, weights were assigned w = 4 F 2 /  
( ~ ( 1 ) '  + (0.04~') ' ) .  The final AF map was featureless, the largest 
peak being 0.2 e A-'; the goodness of fit, s = [2wAFZ/(m - n)]', 
was 1.834. Computer programs and atomic scattering factors used 
were those in the Enraf-Nonius SDP package (9) on a PDP 11/23 
computer. 

Final positional and equivalent isotropic thermal parameters, B,,, 
for non-hydrogen atoms are given in Table I. 

 tomi id labelling and bondlengths are given in Fig. I; bond angles 
in Fig. 2.4 

Results and discussion 
An ORTEP (10) stereoscopic view of the molecule is shown 

'Authors to whom reprint requests should be addressed. 
'Members of "Carrera del lnvestigador Cientifico," CONICET 
'Member of "Carrera del lnvestigador," ClCPBA. 

"Tables of structure factors and anisotropic thermal parameters may 
be purchased from the Depository of Unpublished Data, CISTI, Na- 
tional Research Council of Canada, Ottawa, Ont., Canada KIA OS2. 
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TABLE 1. Positional parameters and their estimated stan- 
dard deviations 

Atom x Y jr Be,* 

Cl -0.1380(4) 0.3810(3) 0.5342(2) 8.05(9) 
C2 -0.1819(2) 0.2510(2) 0.3794(2) 3.77(5) 
C3 -0.3065(3) 0.2167(3) 0.4187(2) 5.13(6) 
c 4  -0.3816(3) 0.1275(3) 0.3654(2) 5.75(7) 
C5 -0.3353(3) 0.0717(3) 0.2717(2) 5.37(7) 
C6 -0.2129(3) 0.1059(3) 0.2323(2) 4.79(6) 
c 7  -0.1323(2) 0.1964(2) 0.2835(2) 3.83(5) 
C8 -0.0049(2) 0.2300(3) 0.2286(2) 4.58(6) 
C9 0.1168(2) 0.2818(2) 0.2841 (2) 3.72(5) 
ClO 0.1906(3) 0.3724(3) 0.2285(2) 4.93(6) 
C l l  0.3078(3) 0.4204(3) 0.2696(3) 5.99(7) 
C12 0.3552(3) 0.3772(3) 0.369 1 (3) 6.09(7) 
C13 0.2869(3) 0.2879(3) 0.4264(2) 5.00(6) 
C14 0.1676(2) 0.2398(2) 0.3846(2) 3.80(5) 
Cl5 0.1364(4) 0.1121 (3) 0.5424(2) 7.94(9) 
0 1  -0.1044(2) 0.3420(2) 0.4266(1) 4.82(4) 
0 2  0.0003(2) 0.2159(3) 0.1296(1) 9.05(7) 
0 3  0.0969(2) 0.1471(2) 0.4345(1) 4.83(4) 

*Be, = ~ [ a ' B ( l , l )  + b'B(2.2) + c2B(3,3)  + abB(I.2) X 

cos y + acB(1,3)cos p + bcB(2.3)cos a] .  

0 2  

FIG. 1. Atomic labelling and intramolecular bond lengths. 

in Fig. 3. The molecule has a twist conformation (1 I), as can 
be seen both from Fig. 3 and from the central torsion angles 
listed in Table 2. In this table are also listed the central torsion 
angles for three other molecules containing the benzophenone 
moiety, none of which, however, has any ortho substituents 
(12,13). At first sight, the conformations seem closely similar 
and this is suggested by an unconstrained best molecular fit 
(14), f9r example, of benzophenone (2), 2, with 1 (CA2 = 
0.032 A*). This correspondence is illustrated in Fig. 4. Never- 
theless, there is some evidence that the oxygen atoms of the 
proximal methoxy groups have an influence on the conforma- 
tion of l .  For all the other molecules of Table 2 we have calcu- 
lated what the distance between such oxygen atoms would have 
been had they been placed in idealized proximal ortho positions 
with the C(ar)-0 bond length 1.362 A. It can be seen that, in 
each case, the distance is somewhat shorter than that actually 
found in 1. This suggests that the methoxy oxygen atoms in 1 
are in slight steric conflict. This is also evidenced by the in- 
ternal angle C7-C8-C9 of 125.4(5)" at the carbonyl group, 
which, as seen in Table 2, is greater than in the other three 
examples that lack ortho substituents. 

FIG. 2. Intramolecular bond angles. 

It is only the oxygen atoms of the methoxyl groups that 
are close together; none of the hydrogen atomso of the two 
methyl groups are closer to each other than 3.03 A. The bond 
angles at the ring carbon atoms to which the methoxyl groups 
are attached are of some interest. The torsion angles C1- 
01-C2-C3 and C15-03-C14-C13 are 14.0" and 8.6", 
respectively. Note that angle 01-C2-C3 is larger than 
01 -C2-C7 (123.2" is against 1 16.7") and, similarly, that 
03-C14-C13 is larger than 03-C14-C9 (123.4" as 
against 1 16.3"). We have used the Cambridge Crystallographic 
Database (15) to retrieve all methoxy-substituted benzene rings 
in which the positions adjacent to methoxy are unsubsti t~ted.~ 
In every case, the exterior bond angle at the methoxy-sub- 
stituted ring carbon atom was larger than 120" on the side ofthe 
smaller torsion angle and vice versa. This suggests that there is 
an interaction between the methyl group and the adjacent hy- 
drogen of the benzene ring; t h ~  distances H102..  . H3 and 
H153 . . H13 of 2.12 and 2.3 1 A, respectively, confirm this. 
Although there is no net force on any molecule in a crystal at 
equilibrium, it seems that there is a local repulsion which is 
forcing the methoxyl methyl groups into the plane of the ben- 
zene rings to which they are attached. Thus the methyl groups 
are forced up against the adjacent ring hydrogen atom and it is 
this interaction which opens up the exterior bond angle at the 
substituted ring carbon atom. There is additional supporting 
evidence in the present case, namely that, of the shortest ten 
0 .  . . C and C . . . C intermolecular distances, six involve the 
methoxy carbon atoms C1 and ~ 1 5  .6 Both benzene rings are 
closely pl!nar, the maximum deviation from the planes being 
0.005(7) A . ~  

An important factor governing the conformation and causing 
the methoxyl oxygen atoms to be in close contact is undoubt- 
edly the need to preserve extended carbonyl resonance with the 
aryl rings. This will stabilize the ground state and increase the 
formal charge distribution on the carbonyl group. This is shown 
by carbonyl stretching infrared absorption frequencies. Thus, 
in both'the crystal (16a) and in carbon tetrachloride solutions 
of dibenzophenone, 2 (16b), the frequency is 1670 cm-' com- 
pared with a standard (unconjugated) value of 1700 cm-' . One 
would expect the present compound to exhibit a slightly higher 
frequency, but it is somewhat lower, at 1620 cm-I. This can 

'The 334 REFCODES retrieved have been deposited (as in footnote 
4). The results of this survey are in press (J.  Mol. Struct.). 

6~hortest non-hydrogen intermolecular contacts and least-squares 
planes data have been deposited (as in footnote 4). 
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FIG. 3. ORTEP stereoscopic view of 1. 

FIG. 4. Stereoscopic view of 1 and 2 superimposed by BMFIT. 

TABLE 2. Conformations of benzophenones 

&b dihedral I A-B-C-B' 

dihedral 11 A'-B'-C-B 

Compound (i):@ (ii) ( i i i )  (iv) Reference 

Benzophenone 32.7 32.1 121.8 2.52 2 
p,p-Dimethoxybenzophenone 

(molecule I )  25.6 36.0 120.6 2.45 12 
p,p-Dimethoxybenzophenone 

(molecule 2) 27.8 36.2 120.3 2.52 12 
Bis(4-nitropheny1)ketone 18.5 35.9 120.4 2.44 13 
Di-o-anisvlketone 42.2 28.3 125.4 2.89 This paper 

*( i ) ,  (ii) are moduli (deg) of dihedral angles I ,  I 1  respectively; (iii) angle at C; ( iv)  distance 
between hypothetically located (and, in the last case, actual) proximal orrho oxygen atoms 
with C(ar)-0 = 1.362 A .  

be attributed to the presence of the electron-releasing methoxy 
groups. 

In compounds where there is no conjugation through the car- 
bony1 group, the conformation seems to be governed by other 
factors. In the case of unsubstituted diphenylmethane (17), the 
twist conformation may have been imposed by lattice forces. In 
di-o-anisylcarbinol ( l ) ,  possibly both lattice forces and steric 
effects are responsible for the twist-skew conformation. 

In summary, the results presented here are consistent with 
the view that the interaction between methoxy oxygen atoms 
brings about a slight conformational change in 1 relative to that 
found in ortho-unsubstituted molecules. 
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STEVE C. F. Au-YEUNG, DONALD R. EATON, THOMAS BIRCHALL, GEORGES DENES, JOHN E. GREEDAN, CHRISTOPHER 
HALLE-IT, and KRZYSZTOF RUEBENBAUER. Can. J. Chem. 63, 3378 (1985). 

Iron trihydroxide has been prepared by the oxidation of FeS04 with [Co(III)(en)(dien)]202[C104]4, [Co(III)(tetra- 
en)]202[C104]4, and H202 in acid solution. These materials have been characterized by DTA, magnetic susceptibility, 
Mossbauer spectroscopy, X-ray powder diffraction, and electron microscopy. Parti~le sizes are found to be -80 A in diameter, 
but in the case of the (tetraen) preparation we find needle-like crystallites - 1200 A x 400 A x 50 A in size. The magnitudes 
of the hyperfine fields follow the particle size variation. These materials have quite a different behaviour from the Fe(OH), 
gels prepared from basic solution. 

STEVE C. F. Au-YEUNG, DONALD R. EATON, THOMAS BIRCHALL, GEORGES DENES, JOHN E. GREEDAN, CHRISTOPHER 
HALLE-IT et KRZYSZTOF RUEBENBAUER. Can. J. Chem. 63, 3378 (1985). 

On a prkpare du trihydroxyde de fer en prockdant a I'oxydation du FeS04 par le [C0(1II)(en)(dien)]~O~[ClO~]~, le [Co(III)- 
(tktrabn)]202[C104]4 et le H2O2 en solution acide. On a caractkrisk ces matkriaux par I'analyse thermique diffkrentielle, par les 
susceptibilitks magnktiques, par la spectroscopie de Mossbauer, par la diffraction d$s rayons-X sur des poudres et par 
rnicroscopie Clectronique. On a trouvC que le diamktre des particules est d'evniron -80 A; dans le cas du produit obtenu grdce 
i la prCp!ration (tkirakne), oa trouve toutefois des aiguilles qui sont de nature cristalline et dont les dimensions sont d'environ 
-1200 A x 400 A x 50 A. Les amplitudes des champs hyperfins varient en fonction de la grosseur des particules. Ces 
matkriaux ont des comportements trbs diffkrents de ceux que prksentent les gels de Fe(OH),, prkparks en solutions basiques. 

[Traduit par le journal] 

Introduction 
We have recently found that the oxidation of FeSO4*7H2O 

by {[C0(11I)(en)(dien)]~O~}[ClO~]~ in aqueous solution results 
in the precipitation of iron trihydroxide, Fe(OH), (1). This 
material was shown to be quite different from any other hy- 
drated iron(II1) oxide or iron(II1) hydroxides that had been 
reported previously (2- 11). It was concluded that this sample 
of Fe(OH)3 had an average particle size of -80 P\ in diameter 
and that the two types of iron environment, visible in the low 
temperature 57Fe Mossbauer spectrum, were due to surface and 
bulk iron; the former having a hyperfine field of 437 kOe while 
the latter, presumably more magnetically ordered, has a field of 
486 kOe. 

We have found that, by changing the reaction conditions, it 
is possible to obtain other varieties of Fe(OH)3, some of which 
only appear to differ from the earlier sample (1) in particle size, 
while others appear to have quite different properties. In this 
paper we present 57Fe Mossbauer, magnetization, X-ray pow- 
der diffraction, electron microscopy and therml analytical data 
for a number of these hydroxides. The Mossbauer data of one 
of these is analysed in some detail. The results are compared to 
those of the gels obtained by the precipitation of Fe3+ from 
aqueous solution by strong base. 

I To whom all correspondence should be addressed. 
Present address: Department of Chemistry, Concordia University, 

1455 De Maisonneuve Blvd. W. ,  Montreal, P.Q., Canada H3G 1M8. 

Experimental 
Materials 

Ferrous sulphate heptahydrate (A.C.S. spec.) and hydrogen per- 
oxide were obtained from Baker Chemical and were used without 
futher purification. The Co(II1) complexes were prepared according to 
standard literature methods (12- 14). 

Preparation of samples 
The "powder" samples were prepared by the oxidation of Fe2+, in 

the form of FeS04.7H20, and the "gel" samples by the hydrolysis of 
Fe3+ at high pH. The majority of the samples prepared by oxidation 
employed peroxy cobaltate(II1) complexes as the oxidant, but some 
samples were obtained using hydrogen peroxide as the oxidant under 
either acid (sample 6, Table I), or basic (sample 8, Table 1) condi- 
tions. 'The peroxy complexes {[C~(en)(dien)]~O~)~+ (en = ethylene- 
diamine, dien = diethvlenetriamine), {Co(tetraen)1202)4+ (tetraen = 
tetraethylenepentamine), and { [ C O ( S ~ ~ ~ ~ ) ] ~ O ~ ( D M S O ) ~  (salen = bis- 
(salicylaldehyde)ethylinediimine, DMSO = dimethylsulfoxide) were 
used. 

The preparation of Fe(OH), powder samples involved dissolving 
stoichiometric amounts of the reactants (2: 1, FeS04.7H20:co-di- 
oxygen complex) in aqueous solution under argon. In a typical prep- 
aration, 0.4654 g of the dioxygen complex was dissolved in 280 rnL 
of argon-saturated distilled water, giving a concentration of 1.794 x 
lo-, M in dioxygen complex. The pH of this solution was 7. FeSO,, 
0.2894 g, was introduced into the solution, with vigorous stirring, 
under a blanket of argon. Reaction started after -10 min of stirring 
and was completed after 24 h, the argon atmosphere being maintained 
during this period. The product was collected by filtration and allowed 
to dry in air at room temperature until a constant weight was obtained. 
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TABLE 1. Chemical analysis of % wt. (Fe and Co by atomic absorp- 
tion and Fe203 and H1O by thermal decomposition) 

Sample number* 

Calculated 
1 
2 
3 
4 
5 
6 
7 
8 

Fe Co Fe203 H 2 0  Density 

* 1, from 5 mM [Co(en)(dien)120~+ (unwashed); 2, from 5 mM [Co- 
(en)(dien)lz0r" (washed); 3, from 1.8 mM [Co(tetraen)120;+ (unwashed); 4, 
from 1.8 mM [Co(tetraen)l20;+ (washed); 5, from 1.8 mM [CO(NH~)~]~O:+ 
(unwashed pH = 8); 6, from 0.1 M FeS0,.7H10 + H202 (pH = 4.5); 7, from 
0.1 M Fe3+ + OH-; 8, from 0.1 M FeSOc7Hz0 + H?OZ (pH = 10.86). 

The yield was 90%. The pH of the filtrate was 5.83. The crude product 
usually contained some Co" and free amine ligands. It was essential 
to wash the product by completely suspending in water, stirr~ng for 30 
min and then re-filtering. The washing procedure was usually repeated 
three times. The weight of the product reached a limiting value after 
drying by standing for two days under normal atmospheric conditions. 

Electron microscopy 
Samples were prepared by enclosing Fe(OH)3 powder in carbon by 

the evaporation of carbon onto a glass microscope slide which had 
been sparsely coated with the powder, and mounting segments of the 
resultant carbon film on 3 mm copper grids. Other samples were 
prepared by grinding Fe(OH)? powder under butanol and allowing a 
drop of the suspension to dry on a carbon-coated grid. The samples 
were examined in a "VG Microscopes" HB5 Scanning Transmission 
Electron Microscope (STEM) equipped with a field emission gun, and 
operated at an accelerating voltage of 100 kV in the STEM mode. 
Electron micrographs were recorded using both bright field and dark 
field detectors. Energy dispersive analysis of the X-rays, emitted by 
the specimen, was used to qualitatively distinguish the particles of 
Fe(OH)? examined from small numbers of contaminant particles. 

Analyses 
The analyses of the materials was carried out according to the 

procedure already reported (1). Analytical data for the various prod- 
ucts are summarized in Table 1, together with the measured densities. 
Densities, thermogravimetric analyses, Mossbauer data and magnetic 
measurements were carried out according to the procedures already 
described (1). Computer fitting of the Mossbauer data were carried out 
using the computer program GMFPSS (15), for time independent 
spectra while, for time-dependent (relaxation) spectra, a simple model 
described below was adopted. For the latter case a newly developed 
GMFPSR program was used. 

Results 
Chemical composition 

The analytical data establish that the "Fe(OH)3 powders" 
have a composition close to that of Fe(OH),. The "Fe(OH), 
gels" deviate somewhat from this stoichiometry. That the 
"gels" have a different structure from those of the "powders" is 
evident from the behaviour under controlled thermal analysis. 
Figure 1 shows the differential thermal analysis (DTA) curves 
of these compounds measured under the same conditions. The 
"gels" have quite a different behaviour in that they lose all of 
their available Hz0 molecules by -200°C, whereas the 
"powders" retain one molecule of H20  up to -600°C. At this 

FIG. 1. Differential thermal gravimetric curves from various prepa- 
rations of Fe(OH),. (a)  Fe2+ + [C0(III)(en)(dien)]~O~[C10~]~, 5 mM 
(powder); (b) ~ e ' +  + H202,  pH = 4.5, 100 mM (powder); (c) Fe" 
+ [C~(III)(tetraen)]~O~[ClO~]~, 1.8 mM (powder); ( d )  ~ e ' +  + H102, 
pH = 10.9, 100 mM (gel); (e)  ~ e "  + NH40H, 100 mM (gel). 

stage the formal composition is Fe,03.H20 or FeOOH. Much 
stronger heating is required to remove this last water molecule 
and even by -700°C a small residual amount of water (-2%) 
is retained. This latter stage has been characterized as 
"hydroxohematite", Fe203. nH,O (5). 

X-ray difSraction 
The X-ray powder diffraction patterns for those materials 

prepared from the [C0(11I)(en)(dien)]~O~[ClO~]~ reaction both 
have similar powder patterns to that reported earlier (I) ,  again 
with rather broad lines. The preparation using [Co(III)(tet- 
raen)]20,[C104]4 gives similarly broad X-ray diffraction peaks 
suggesting that the particle sizes are small. This broadening is 
illustrated in Fig. 2 which shows that part of the X-ray diffrac- 
tion pattern where some of the strongest lines are observed. 
Those X-ray lines that could be measured were found at d (A) 
4.85, 4.20, 3.75, 2.70, 2.58, 2.46, 2.25, 2.19, 1.72, 1.57, 
1.5 1, 1.46. As in our previous report on "Fe(OH)] powder" ( I ) ,  
the observed diffraction peaks could not be indexed to any of 
the known various phases of Fe,03, or its hydrates, that have 
been published. On this figure we have indicated the positions 
of lines characteristic of S'FeOOH: it is clear that none of this 
compound is present at room temperature. 

Mossbauer spectroscopy 
All of the samples examined show essentially a broadened 

doublet at room temperature typical of a Fe3+ in an oxygen 
ligand environment. Close examination of some of these spec- 
tra revealed that the broadened doublet was superimposed on a 
broad absorption indicative of the presence of a collapsed hy- 
perfine field. This was quickly confirmed by cooling these 
samples to low temperature, 77 K. In addition to the para- 
magnetic doublet a clearly defined magnetic hyperfine spec- 
trum was observed, but the lines were broad. Such was the case 
for the samples prepared using [C0(11I)(en)(dien)]~O~~ClO~]~, 
20 mM, or [C~(III)(tetraen)],O~[ClO~]~, Fig. 3. For those prep- 
arations using lower concentrations of [Co(III)(en)(dien)]fi- 
[ClO,], (i.e. 5 and 8.5 mM), or [C0(11I)(salen)],O~[DMS0]~ or 
H,O, at pH 4.5, magnetic ordering only occurred below 77 K. 
In the case of the "Fe(OH), gels" prepared in basic solution, 
magnetic ordering was only observed <77 K, that is at 4 K. At 
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FIG. 2. X-ray powder diffraction pattern of Fe(OH), powder prepared from Fe'+ and [C~(lll)(tetraen)]~O~[ClO~]~. 

TABLE 2. 57Fe Mossbauer data for Fe(OH), powders and gels 

Temperature H 
Preparation (K) 8" A * r* (kOe) 

room temperature and liquid nitrogen temperatures the spectra 
appeared as rather broad Fe" doublets suggesting that there 
was rather a large distribution of Fe" environments in these 
gels. The other paramagnetic spectra could all be fitted to 
overlapping doublets. 

All of the data that we have obtained are summarized in 
Table 2. We have included data from ref. 1 pertaining to the 
Fe(OH), powder preparation using a 20 mM solution of [Co- 
(III)(en)(d1en)]~O~[C10~]~. 

The behaviour of the samples which show hyperfine fields 
over the range of temperatures from 4.2 to 298 K is quite 
complex. In only one case was it possible to clearly distinguish 
two magnetic hyperfine sites at 4.2 K, which have been attrib- 
yted as arising from bulk and surface Fe" in particles of -80 
A diameter (1). As the temperature is raised the magnetic field 
collapses slowly and a paramagnetic doublet replaces the mag- 
netic spectrum. By 298 K this conversion is virtually complete, 
and from this behaviour we concluded that this material was of 
realtively uniform particle size. None of the other samples 
showed more than one magnetic hyperfine component at 4.2 K 
(Fig. 3), but it is clear from the collapse of these spectra at 
higher temperature that more than one iron site is present, and 
at room temperature the spectra must be fitted to two quadru- 
pole doublets. The complexity of the spectra at intermediate 

FIG. 3. 57Mossbauer spectrum of Fe(OH)? gel, prepared from Fe" 
and Hz02 at pH 1.09, at 4.2 K. 

temperatures (see Fig. 4) for the tetraen case, and the way that 
the spectrum collapses, leads us to the conclusion that we are 
dealing here with less well ordered particles having a rather 
broad range of sizes. This leads to the poorly resolved spectra 
in the range 77-298 K (Fig. 4). 

Magnetic properties 
The magnetic behaviour of the powders prepared using 

[C0(1II)(en)(dien)]~O~[ClO~]~ at various concentrations are 
very similar and the data for the sample prepared using a 
20 mM concentration of oxidant have already been commented 
upon in detail (1). Similar behaviour is found for the ''Fe(OH)3 
powder" prepared using [C~(III)(tetraen)]~O~[ClO~]~ (1.8 
mM), and these data are shown in Fig. 5 .  At 66 K ,  and above, 
the magnetization data do not show any variation with tem- 
perature which is indicative of superparamagnetic behaviour. 
The data obtained in the range 66- 141 K have been fitted to a 
Langevin function, u, = us coth (mH/kT - kT/mH) where m 
is the single particle moment and us the saturation moment of 
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AU-YEUNG ET AL. 

V E L O C I T Y  ( m m / s )  V E L O C I T Y  ( m m / s )  

V E L O C I T Y  ( m m / s )  V E L O C I T Y  ( m m / s )  

FIG. 4. 57Mossbauer spectra of Fe(OH), powder prepared from ~ e ' +  and [C~(llI)(tetraen)]~O~[ClO~]~: sample 4, ( a )  298 K; (b) 285 K; ( c )  
150 K; (d) 80 K. 

the bulk sample: a, and m were found to be 1.8 emu g- '  and Electron microscopy 
6.8 x 10-l9 erg/Oe, respectively. These values are smaller The iron(II1) hydroxide powder, prepared using the [Co- 
than those obtained for the sample prepared using [Co(III)- (111)(tetraen)]202[C1041,, was investigated by electron micros- 
(en)(dien)]202[C10,], (1). This combined with the lower copy to evaluate the morphology of the Fe(OH), particles and 
density suggest that the particle size is smaller than the -80 A the distribution of sizes of the Fe(OH), particles. 
diameter found for the [C0(1II)(en)(dien)]~O~[ClO~]~ sample. A cursory inspection of each specimen of Fe(OH), powder, 
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- LANGEVIN 0.51 FUNC, 
P 

FIG. 5. Magnetization per gram versus HIT for Fe(OH)3 powder 
prepared from Fez+ and [C~(III)(tetraen)]~O~[ClO~]~. 

in the electron microscope, showed large areas of dark contrast 
which appeared to be relatively thickowith regard to the pene- 
trating power of the beam (ca. 2000 A). Examination of these 
regions at higher magnification showed them to be clusters 
composed of large numbers of aggregated smaller particles. 
Some typical electron micrographs recorded from the thin areas 
located at, or near to, the edges of the clusters are presented in 
Fig. 6. 

The low contrast observed in the micrographs indicates that 
the individual particles are thin. Indeed, the poor contrast was 
not significantly improved when a collector aperture was in- 
serted into the beam to prevent scattered electrons from con- 
tributing to the bright field image. This observation reflects the 
limited amount of electron scattering which might be expected 
to be a feature of such thin particles. 

It was not possible to record electron diffraction patterns 
which were amenable to indexing, although some weak diffrac- 
tion spots were observed when the electron probe was stopped 
on individual particles. This observation appears to indicate 
that the thin particles have some degree of crystallinity and this 
is consistent with the regular shapes of some of the particles in 
Fig. 6. A future electron diffraction study might yield valuable 
information as to the crystallographic properties of this novel 
form of Fe(OH),, since powder X-ray diffraction has proved to 
be of limited use in the characterization of this species (1). 

From Fig. 6.1 to 6.5 it appears that the Fe(OH), powder 
consists of particles which take the form of needles or elon- 
gated platelets. Although the size of the microcrystals varied 
between 300 and 2000 A in length and 100 and 500 A in width, 
a typical microcrystal might be de5cribed as a platelet having 
dimensions of ca. 1200 A by 400 A. The precise thickness of 
the particles is difficult to establish in the absence of con- 

FIG. 6. Scanning transmission electron microscope photographs, 
1-6, of the Fe(OH), powder crystallites prepared from Fe and [Co- 
(III)(tetraen)]z0z[CI04]-I: 2 - arrows indicate unusually small par- 
ticles, 6 - arrows indicate boundaries between different particles. 

vergent beam electron diffraction patterns. However, whilst it 
is acknowledged that much caution must be exercised when 
directly interpreting contrast effects observed in electron mi- 
crographs, Fig. 6.6 shows a particle which appears to be com- 
posed of several platelets stacked "edge on" to the beam. Given 
this assumption the !hickness of the individual microcrystals 
seems to be ca. 50 A. This would be consistent with the low 
contrast in the images. 

It is relevant to recall that attempts to determine the particle 
size of Fe(OH), powder by applying the Schemer formula to 
linewidths observed in the powder X-ray dif!raction patterns of 
Fe(OH), indicated particle sizes of ca. 80 A. The direct mea- 
surement of particle size by electron microscopy could reason- 
ably be expected to be more accurate than the inference of such 
data from X-ray diffraction pattern linewidths, which might 
rather reflect a low degree of crystallinity. However, it is no- 
table that some very small particles yere  observed (Fig. 6.2) in 
the Fe(OH), powder, of some 100 A in length. These particles 
were only rarely encountered. 

Iron(II1) hydroxide powder might be expected (1) to undergo 
dehydration and recrystallization processes, to give Fe203- 
2H,O, FeOOH, and ultimately FezO3 if subjected to excessive 
heat and/or a vacuum. It is therefore pertinent to note that no 
recrystallization processes were observed in the electron micro- 
scope, and that the images of the Fe(OH), crystals did not 
undergo change even on prolonged irradiation. Hence, al- 
though it is likely that some water was lost on exposing the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



AU-YEUNG ET AL. 3383 

powder to a vacuum and the beam, this did not appear to 
influence the crystal shapes and sizes. 

Discussion 
Mechanism of oxidatiorz 

The Co(II1) peroxy complexes used as oxidants exist in a 
number of isomeric forms which have been distinguished by 
59Co nmr (16). It has also been shown (17) that the rate of the 
electron transfer reaction depends on the isomeric structure. It 
is usually considered that an inner sphere electron transfer 
mechanism is involved with the Fe" coordinated to the peroxy 
group: 

The rate depends on the nature of the ligands attached to the 
Co3+ ions. Detailed reaction schemes have been suggested by 
Hyde and Sykes (18) and by McLendon and Martell (19). If 
Fe(OH), is produced by hydrolysis of an Fe3+ compound the 
ligand environment of the ion will be that which is most stable 
for an Fe3+ ion at that pH. If, on the other hand, Fe(OH), is 
produced by an inner sphere electron transfer reaction, the Fe3+ 
will find itself in a ligand environment appropriate to Fe2' at 
the pH of the experiment. Given that the pK,'s of water coor- 
dinated to Fez+ will differ from that of water coordinated to 
Fe3+, this effect could lead to a difference in the environment 
of the Fe3+ in the precipitated hydroxide which could, in turn, 
account for the differences in physical properties described 
above. 

Mossbauer and related phenomena 
It is apparent from an examination of the data for these 

iron(II1) hydroxides that there are three different types of prod- 
uct. The first, characterized by preparations using low concen- 
trations of [C0(III)(en)(dien)]~O~[C10~]~ or H202 at pH 4.5, 
exhibits a paramagnetic 57Fe Mossbauer spectrum at room tem- 
perature. At liquid nitrogen temperature a magnetic component 
is visible together with a paramagnetic doublet, but on cooling 
further to 4.2 K the sample becomes completely ordered 
magnetically. The second type obtained from preparations 
involving relatively high (20 mM) concentrations of [Co(III)- 
(en)(dien)]202[C10,]4, or [C~(III)(tetraen)]~O~[ClO~]~, show 
Mossbauer spectra which have both paramagnetic and mag- 
netic components present, at all temperatures from liquid nitro- 
gen to room temperature, but are magnetically ordered at 4.2 
K. The Fe(OH), gels show the third type of behaviour in that 
the Mossbauer spectra remain as broad doublets until below 
liquid nitrogen temperature and are magnetically ordered at 4.2 
K. This behaviour is typical of the Fe(OH)3 gels that have been 
reported previously. 

In an earlier report (1) we presented evidence to show that 
the particle size of the crystallites of Fe(OH)3, from the [Co; 
(111)(en)(dien)]202[C104]4 preparation, was of the order of 80 A 
diameter and a broad X-ray powder diffraction pattern was 
obtained. Of the other samples only that from the "tetraen" 
preparation gave an X-ray diffraction pattern, and this showed 
non-uniform broad Bragg peaks (Fig. 2) suggestive of a range 
of particle sizes. This is consistent with the electron micro- 
graphs which showed particles ranging in length from 100 to 
2000 A. The other samples gave no X-ray patterns and pre- 
sumably are composed of very small particles or amorphous 
material. We have chosen to discuss the behaviour of the 

"tetraen" sample in some detail. 
The magnetization measurements versus temperature and 

applied field, performed upon Fe(OH), (tetraen preparation), 
are indicative of a complex magnetic behaviour having at least 
two scales of ordering. The low temperature magnetization is 
dominated by a kind of microscopic antiferromagnetic order- 
ing. However, at high temperatures, the data are fitted to a 
Langevin function showing the presence of superparamagnetic 
particles with the internal coupling being largely anti- 
ferromagnetic, but with the magnetic moment per particle not 
being entirely compensated. At still higher temperatures the 
normal paramagnetic behaviour is eventually restored indi- 
cating that a phase transition to the paramagnetic state occurs 
at the microscopic level. Electron microscope images indicate 
the presence of small plate-like particles many of which are 
clumped into larger aggregates (see Fig. 6) and which would be 

- - -  

expected to behave in the manner described above. 
The Mossbauer spectra are relatively simple at the extreme 

ends of the temperature scale, but become very complex in the 
superparamagnetic region. The 4.2 K spectrum consists of a 
unique magnetically split pattern with HCii = 509 kOe and ACif 
= -0.25 mm/s. The lines are slightly broadened, but the 
magnetic field distribution is not pronounced to any significant 
level. This finding means that the saturation value of the hyper- 
fine magnetic field does not depend upon the particular particle 
size and/or location of the Fe-'+ within a particle. This is proba- 
bly due to the fact that most of the field is produced by local 
Fermi terms which are only spatially fixed by the interatomic 
interactions. 

From the Mossbauer point of view at least some proportion 
of the material remains magnetically ordered at room tem- 
perature where the magnetization data do not show any appre- 
ciable ordering. This phenomenon could be attributed to the 
fact that the techniques involved have time scales which differ 
by several orders of magnitude, and this is indicative of relax- 
ation phenomena within the ensemble of Neil type particles. 
The quadrupole splitting lA\ = 0.47 mm s-' at this high tem- 
perature limit is indicative of V,, being nonco-axial with the 
HClf. However, the quadrupole interaction is small compared 
with the magnetic one, and therefore most of the magnetic 
spectra can be treated by including the quadrupole interaction 
as a small perturbation, so justifying the use of the first order 
approximation. Unfortunately, Mossbauer measurements 
above room temperature provide little further information, be- 
cause these Fe(OH)3 samples start to lose water just above this 
temperature. Spectra between 80 and 298 K,  recorded without 
an external magnetic field, are composite ones showing many 
widely separated hyperfine fields and in addition are smeared 
out by magnetic relaxation occurring at different rates. 

The very fact that an unique field is observed close to satu- 
ration, while many fields are present at intermediate tem- 
peratures, indicates (Fig. 4) that the magnetic transition tem- 
perature is very poorly defined. Such a poor definition of a 
transition point means that a significant amount of material 
must be composed of very fine particles. A distribution of 
relaxation frequencies is most likely due to the distribution of 
volume and shape anisotropy between the differently shaped 
and sized particles (Fig. 6). The clumping of the material is 
likely to play some secondary role in this process. 

There is an obvious correlation between relaxation frequency 
and hyperfine field, i.e., higher frequencies are correlated with 
smaller fields and this corroborates the idea that these sub- 
spectra originate in smaller particles (Table 3). The complexity 
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TABLE 3. Hyperfine fields and relaxation frequencies as obtained from the Mossbauer data 
fits to the simple "Kramer's doublet" relaxation model for the Fe(OH)3 powder prepared using 

[C~(III)(tetraen)]~O~[ClO~]~: sample 4 

T (K) H I  (kOe) Hz (kOe) H3 (kOe) W ,  (MHz) W z  (MHz) W ,  (MHz) 

298 24 249 - - 36.5 - 
285 35 248 - 23.2 - 
275 162 316 - 19.2 5.3 - 
262 154 323 - 17.0 5.9 
250 14 1 290 350 14.9 4.2 3.1 
237 170 305 365 16.0 4.2 2.6 
225 173 316 373 15.2 4.4 2.7 
200 20 1 338 39 1 15.0 4.1 2.3 
150 195 377 424 14.3 3.1 1.7 
100 375 418 450 4.4 1.5 0.3 
80 379 420 447 4.9 1.2 0.8 
11.4 485 - - 0 - - 
4.2 509 - - 0 - - 

of the magnetic behaviour prevents, in our opinion, a detailed 
quantitative analysis of the Mossbauer spectra unless well de- 
fined and dispersed particles, or bulk material, can be pro- 
duced. 

However, in order to get some idea of the system behaviour 
we have fitted our spectra using a very simple relaxation model 
as follows. Spectra were fitted, within the Lorentzian approxi- 
mation, as composite ones with each component being de- 
scribed by the magnetic Hamiltonian, with the quadrupole in- 
teraction included as a first order approximation, and a relax- 
ation matrix taking on the following form in the quantization 
coordinates, 

with both states having equal probabilities at thermal equi- 
librium. Such a model corresponds to the exact description of 
the axially symmetric and isolated Kramer's doublet (20), and 
yields the following eigenvalues of the relaxation superoperator 
for the 14.4 keV of the "Fe transition 

where 

and 

All symbols have their conventional meaning with w being an 
average switching rate, i.e. relaxation frequency. The real (line 
position) and imaginary (line broadening) parts of the eigen- 
value A(m,m,) are shown versus relaxation frequency w in Fig. 
7. The results of the fits are summarized in Table 3, while some 
typical spectra are shown in Fig. 4. 

No attempt was made to correct intensities (partial areas) of 
the "broad" and "narrow" components by using eigenvectors of 
the relaxation matrix W. However, this correction is only rele- 
vant for w > IEMl for a given pair of lines. The "broad" 
component is always already smeared out in this region of 
relaxation frequency, and therefore the correction is very 
small. The only parameter seriously influenced is the total area 
of the spectrum. This parameter can be treated, in the given 

"broad" solution 

narrow" solution 
I 
I 

FIG. 7. The real and imaginary parts of the relaxation super- 
operator eigenvalues plotted versus relaxation frequency. 

context, as a phenomenological one and therefore has no spe- 
cial meaning. The relative contribution of different "sites" is 
also influenced to some extent, but they also have no special 
meaning for such complex spectra. 

Conclusions 
Addition of base to a solution of Fe3+ results in the precip- 

itation of Fe(OH),. Oxidation of Fez+ in basic solution also 
produces Fe(OH),. In both of these cases the precipitate is in 
the gelatinous form and these materials are magnetically or- 
dered below liquid nitrogen temperature. The magnetic hyper- 
fine fields are quite different in the two cases, being higher for 
the case where oxidation from Fez+ to Fe3+ must take place. 
Since the DTA results show that both of these gels lose all water 
molecules by 250°C, we conclude that the water molecules in 
these two gels (Fez03 3HzO) are held in a very similar fashion 
in the structure. The fact that the hyperfine fields are different 
is perhaps due to particle size effects. 
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The Fe(OH), powder, prepared by oxidation of Fe2+ with 
H202 at pH 4.5, has a similar Mossbauer behaviour to the gels. 
Its structure, however, must be quite different from that of the 
gels since the bound water molecules are lost in stages rather 
than all at once. The hyperfine magnetic field is smaller than 
for the other powders (Table 2) which we attribute to a particle 
size effect. No X-ray powder pattern could be observed for this 
material suggesting that the particle size is <<80 A in 
diameter. W e  believe that the rate of oxidation of Fe2+ to Fe3+ 
will govern the particle size. The "powder" preparations 
involving [C0(1II)(en)(dien)]~O~[ClO~]~ and [Co(III)(tetra- 
en)]202[C104]4 resulto in materials which have particle sizes 
estimate! to be  -80 A in giameter for the former case, and are 
- 1200 A X 400 i% x 50  A in the latter case (see Experimental 
section). As discussed above, the rate of the electron transfer 
reactions during these oxidations is controlled by the nature of 
the oxidant, and indeed the isomeric form of the Co(II1) 
complex. Since the magnitude of the hyperfine field, in the 
Fe(OH)3 powders, appears to follow the particle size estimates, 
we conclude that the oxidation of Fe2+ to Fe3+ is in the order 
H 2 0 2  > [C0(III)(en)(dien)]~O~[Cl0~]~ > [C~(llI)(tetraen)]~O,- 
[c10414. 
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M. J. BERTRAND, L. MALTAIS, F. BRISSE, and M.-J. OLIVIER. Can. J. Chem. 63, 3386 (1985). 
The condensation product of 1,3-diaminonaphthalene with pyruvic acid was prepared, isolated in its crystalline form, and 

submitted to X-ray and FT-IR analyses. Results indicate that the amide form of the derivative is predominant in the crystalline 
state and that nearly planar molecules form dimers through hydrogen bonding across a center of sypmetry; mw = 210.24, 
monoclinic, C 2 / c ,  a = 19.834(8), b = 4.636(6), c = 22.360(2) A, P = 96.30(9)", V = 2043.6 A', Z = 8, d,, = 1.358, 
d,. = 1.366 g cm-', h(CuKol) = 1.54178 A, p(CuKol) = 6.75 mm-I, F(000) = 880, T = 298 K, R = 0.050 for 781 
observed reflections. 

M. J. BERTRAND, L. MALTAIS, F. BRISSE et M.-J. OLIVIER. Can. J. Chem. 63, 3386 (1985). 
Le produit issu de la condensation du 2,3-diaminonaphtal&ne avec I'acide pyruvique a CtC prtparC, isolC sous sa forme 

cristalline et soumis a I'analyse par diffractions des rayons X et FT-IR. Les rCsultats obtenus indiquent que le dtrivC existe 
essentiellement sous sa forme amide a l'ttat solide et que les moltcules quasi-planaires forment, par liaisons hydrogenes, des 
dimkres centrosymmCtriques; pm 210,24, monoclinique, C 2 / c ,  a = 19,834(8), b = 4,636(6), c = 22,360(2) A, P = 

96,30(9)", V = 2043,6 A', Z = 8, do  = 1,358, d,. = 1,366 g cm-', h(CuK3 = 1,54178 A, p(CuK3 = 6,75 mm-I, 
F(000) = 880, T = 298 K, R = 0,050 pour 781 rtflexions observtes. 

Introduction 
Hinsberg was the first to report on the condensation reaction 

of 1,2-diaminobenzene with a-keto acids to give 3-alkyl-2- 
hydroxyquinoxaline (1). Later on, Morrison used this reaction 
as a basis for the quantitative analysis of a-keto acids from 
biological materials (2). The analytical advantages of this reac- 
tion reside in its rapidity and in the fact that it can be done 
directly in aqueous media, where under acidic conditions it 
yields thermally and hydrolytically stable derivatives that can 
readily be extracted by organic solvents. 

Furthermore, the reaction is selective to a-keto acids since 
the formation of a six-membered ring stabilizes the derivatives, 
whereas other keto-containing groups form imines, which are 
hydrolyzed under the reaction conditions. For gas chromato- 
graphic analysis the derivatives are further converted to the 
trimethylsilyl ethers. This approach has been used extensively 
and several substituted 1,2-diaminobenzenes have been studied 
in order to increase the selectivity of the analysis and achieve 
better limits of detection (3). 

In a report on the gas chromatographic analysis of quinoxal- 
in01 derivatives, Hoffman and Killinger (4) have indicated that 
the condensation products of the reaction of a-keto acids with 
1,2-diaminobenzene existed entirely in the keto form, and not 
in the hydroxyquinoxaline as had been proposed previously 
(1, 2). They mentioned having obtained evidence from nmr 
and ir data that the condensation products are amides and that 
further silylation occurs on the nitrogen atom. Later reports by 
Frigerio et al. ( 5 )  and Langenbeck et al. (6) using FT-IR and 
mass spectrometry seem to indicate that silylation of the 
"quinoxalinol" derivatives takes place at the oxygen. Langen- 
beck suggested that an enol-keto equilibrium in solution could 
account for the results. 

In order to eliminate the additional step of silylation neces- 
sary for the gas chromatographic analysis of the derivatives, 

'Author to whom correspondence may be addressed. 

Hayashi et al. (7) have used the 2,3-diaminonaphthalene deriv- 
ative and hplc to analyse phenylpyruvic acid. They give the 
phenolic form as the reaction product but present no evidence 
for it. The condensation reaction of 2,3-diaminonaphthalene 
with pyruvic acid has also been reported by Goldstein and 
Streuil (8). They refer to the reaction product as 3-methyl- 
2-0x0-benzoquinoxaline, but do not present any structural 
evidence. 

The use of 2,3-diaminonaphthalene to form derivatives with 
keto acids presents favorable conditions for their selective anal- 
ysis by hplc, since the derivatives formed possess high absorb- 
ance and fluorescence properties. In seeking to use this reaction 
for the analysis of keto acids, we have prepared 18 derivatives 
(9) and have proceeded to characterize the reaction products in 
order to optimize the analytical method. Because some con- 
fusion remains regarding the structure of the condensation 
products of the reaction of 2,3-diaminonaphthalene with a-keto 
acids, we report here on the crystalline structure of the con- 
densation product of 2,3-diaminonaphthalene with pyruvic 
acid. 

Experimental 
The condensation product CI,Hl,,N20 was prepared by reaction of 

pyruvic acid (Sigma Chemicals, USA) with 2,3-diaminonaphthalene 
hydrochloride (Aldrich Chemicals, USA) in a 2.5 N hydrochloric acid 
solution according to an existing procedure (8). The compound was 
isolated from the reaction media and crystals were obtained by slow 
vacuum sublimation. The yellow solid decomposes at 290 * 1°C, 
which is in accordance with published data (8). 

The mass spectrum of the compound was obtained on a Kratos 
MS-50 TA mass spectrometer using 70-eV electrons and a source 
temperature of 200°C. 'The molecular ion is the base peak of the 
spectrum and the measured monoisotopic mass at high resolution 
(ca. 12 000) was 210.0794, which is in accordance with the formula 
C I ~ H l o N 2 0  (calcd. 210.0792). 

FT-IR spectra were recorded on a Digilab FTS-15/C Fourier Trans- 
form Michelson interferometer, equipped with a high sensitivity 
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BERTRAND ET AL. 3387 

TABLE 1 .  Fractional atomic coordinates (X loJ for 0 ,  
N, and C; X 10' for H atoms), U,, (X 10' for 0 ,  N, and 

NH2 OH 
C), and U,,, ( x  lo3 for H atoms) for 3-methyl-2-oxo- 

benzo(g)quinoxalinone 
H 

Atom x Y z Uccl/U is<> 

HgCdTe detector and a KBr beam splitter. The compound was intro- 
duced as KC1 pellets and the resulting spectra were obtained after 1000 
accumulations and subtraction of the reference material. 

For the X-ray analysis, the very long flat crystalline filaments, up 
to 2 cm in length, were cut to an appropriate size for single crystal 
diffractometry. The orientation of the crystal and its unit-cell dimen- 
sions were obtained by a least-squares fit to the angular settings of 25 
well-centered reflections on a Nonius CAD-4 automatic diffractom- 
eter. The crystals are monoclinic, with a unit cell of dimensions 
a = 19.834(8), b = 4.636(6), c = 22.360(2) A, P = 96.30(9)", 
V = 2043.6 A'. The systematic absences of the type hkl, h+k#2n 
and h01, l#2n,  are compatible with both the C2/c and the Cc space 
groups. However, since the agreement between observed (do = 
1.358 g cm-3 and calculated densities (d,. = 1.366 g c K 3 )  occurs 
for2 = 8 molecules per unit cell, the most likely space group is C2/c. 
Integrated intensities were collected using CuKZ (A = 1.54178 A) 
graphits-monochromatized radiation for all reflections within the hkl 
and hkl octants of the Ewald sphere limited by 20 5 130". Since the 
cut fragment was of dimensions 0.01 x 0.10 X 0.55 mm, the FLAT 
option which minimizes the absorption effects was used during the 
data collection. The w/20 scan mode was used with a scan range 
defined by Aw = (1 .OO + 0.14 tan 0)'. The orientation of the crystal 
and the intensities of three reference reflections were monitored every 
100 reflections and every hour respectively. The intensity fluctuations 
were no higher than 2% over the duration of the measurements. The 
78 1 reflections satisfying the criterion 1 /a(l) 1.90 were considered 
observed. 

The X-ray scattering curves for C,  N, and 0 were taken from 
Cromcr and Mann (10) and from Stewart, Davidson and Simpson (1 I )  
for H atoms. The structure was solved by direct methods in the C2/c 
space group using the MULTAN' program with all E's r 1.50. The 
atomic coordinates and individual anisotropic temperature factors for 
0 ,  N, and C atoms were refined by the block-diagonal approximation. 
The H atoms were found on a difference Fourier synthesis. Because 
of the small number of observations, the atomic coordinates and the 
isotropic temperature of only H(1) were refined. All the other H atoms 
were kept at a fixed position, 0.95 A from their respective C atoms, 
and given an isotropic temperature factor B of 6.0 A'. At the end of 
the refinement, when the average (shift to a ratio) was 0.07, 
R = C.((F, ,~ - F,.I/C( F,,( = 0.050 and WR = [CWAF'/C,VF,',]~ = 

0.056, while the goodness-of-fit, S = [C,vAF'/(rn - n)]f = 1.67. 
The weighting scheme chosen was based on the counting statistics. 
The extreme fluctuations of tbe electron density on the final difference 
Fourier map were 20.10 e A--3. 

Results and discussion 
The final atomic coordinates and their standard devia- 

tions for 3-methyl-2-oxo-benzo(g)quinoxalinone are given in 
Table 1 ,' while the molecular structure is represented by the 
pair of stereoscopic drawings in Fig. 1. The molecule, which 
consists of a three-ring system, is best described as a naph- 

'The programs used here are modified versions of NRC-2, data 
reduction; NRC-10, bond distances and angles; NRC-22, mean 
planes; FORDAP, Fourier and Patterson maps (A. Zalkin); 
MULTAN, multisolution program; NUCLS, least-squares refinement; 
and ORTEP, stereodrawings (12- 15). 

'The structure factor table and the list of anisotropic temperature 
factors may be purchased from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, KIA 0S2. 

FIG. 1. Stereoscopic pair of 3-methyl-2-oxo-benzo(g)quinox- 
alinone. 

thalene P-substituted by two amino groups taking part in a 
six-membered heterocycle. To that ring are attached, next to 
each nitrogen, a ketone and a methyl group, respectively. 

Molecular conformation 
The interatomic distances and angles are indicated on the 

schematic diagrams of the molecule shown in Fig. 2. In the 
naphthalene part of the molecule, the bond distances are alter- 
nately short and long, with values varying between 1.352(6) 
and 1.433(6) A. Such an occurrence is not unusual. Indeed, it 
is strikingly similar to the one observed for anthracene and 
anthracene-like complexes with tetracyanobenzene or picric 
acid. The bond distances and angles from six such compounds 
(refs. 16-20) have been averaged and are compared in Fig. 2 
to the corresponding values as found in CI3HION2O. There are 
no significant differences between the two sets of bond dis- 
tances and angles except for the C ( 1 3 ) 4 ( 1 4 )  distance 
(Ad = 6a)  and the C ( 1 3 ) 4 ( 1 4 ) - X ( 5 )  angle (Aa = 6s) .  
These differences arise because of the stress imposed by N(l) 
being out of the molecular plane. 

In the heterocycle part of the molecule, the conjugated 
double bonds C(2)-O(2) and C(3)-N(4), together with the 
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CAN. 1. CHEM. VOL. 63. 1985 

FIG. 2. Intramolecular dimensions of C13HloN,0. 'The upper values are for C,3HlclNz0, the values in italics refer to the corresponding$istances 
and angles averaged trom anthracene and anthracene complexes. The hydrogen bonding geometry is also included. Bond distances (A); e.s.d. 
range 0.005-0.006 A. Bond angles ("); e.s.d. range 0.3-0.4". 

The nearly planar dimers are packed in the unit cell in a 
c herringbone manner. This arrangement is shown by the stereo- 

pair of Fig. 3. 

FT-IR spectra 
In order to compare these results with those that have been 

published in the literature on similar systems (5, 6), we have 
taken the FT-IR of this compound and of its deuterated ana- 
logue. The ir data are presented in Fig. 4 and are consistent 
with the diffraction data. The spectrum clearly indicates the 
presence of the carbonyl group at 1667 cm-', with additional 
bands at 33 11, 1525, and 887 cm-' that can tentatively be 

FIG. 3. Stereoscopic view of the packing of the molecules. assigned to the NH stretching and bending modes. The 331 1 
band is accompanied by a series of bands in between 3233 and aromatic C ( 5 ) 2 ( 1 4 )  bond, tend to flatten the heterocycle. 

c m - l ,  which can be associated with the N-H . . Indeed, the sum of the angles in this cycle is 720. l o  although 
there are some large deviations from 120°, especially at N(1), hydrogen bond. 

C(2), and C(3). The only group of atoms which is really co- The spectrum of the deuterated molecule shows that deuter- 

planar is that constituted of C(7)-C(12), the ring farthest from ation (D/H = 60 :40 as measured by ms) has an effect on all 

the amino group. The deviations of these atoms from their the bands that are assigned to the NH group (331 1, 1525, 887, 

mean plane ( x 2  = 8.9) are of the order of l u .  However, when and 3233-31 10 cm-I), thus confirming the presence of the 

the ten atoms C(5)-C(14) are included in the calculation, the amide form in the solid. Furthermore, in the spectrum of the 

deviations are more noticeable, from 5 to 10 u .  The highest partially deuterated compound, the intensity of the carbonyl 

deviation is noted at C(14). Of the heterocycle, C(2) and N(1) band at 1667 cm-' is seen to decrease by more than half and is 

are the fartbest from the above plane, at -0.101(3) and shifted to 1652 cm-', as would be predicted by the presence 

-0.133(4) A, respectively. of hydrogen bonding (C=O . . . D). A systematic study of the 
ir spectra of these compounds is presently being conducted 

Molecular packing and hydrogen bonding on several derivatives, varying the R groups in order to con- 
H( 1) is bonded to the N(1) atom at 0.94( 1) A, thus cancelling firm band assignment and the structure of the com~ounds  in ., 

the hypothesis of enolization of the ketone at C(2). Two centro- solution. 
symmetrically related molecules form a dimer through two 
hydrogen bonds of the type N(l)--H(1). . . 0(2'K) where the 
N(1). . .0(2*)  distance is 2.841(5) A. A similar situation Conclusion 
was observed in 5-chloro-2-pyridone (21) and in 2-pyridone The results presented in this work demonstrate that the solid 
(22), where the N . . . 0" distances observed in the dimers are form of the condensation product of the reaction of 2,3- 
slightly shorter, 2.796 and 2.77 A, respectively. The character- diaminonaphthalene with pyruvic acid exists predominantly in 
istic geometry of the H-bonding scheme is shown schemati- the keto form. The data obtained by both methods of analysis 
cally in Fig. 2. confirm this structure. In the X-ray analysis the compound is 
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BERTRAND ET AL. 

Frequency, cm-' 

FIG. 4. FT-IR spectra of (a) 3-methyl-2-0x0-benzo(g)quinoxalinone; (b) D20 exchanged as above. 

found to exist solely in the amide form, the bydrogen atoms 
being very close to the nitrogen atoms (0.94 A). No evidence 
is found for the presence of the tautomeric hydroxy form. In a 
similar fashion, data from the infrared analysis show the pres- 
ence of the carbonyl group and also the band that can be 
associated to the amine at 331 1,  1525, and 887 cm-'.  Those 
bands are affected by deuteration and the carbonyl band is seen 
as a doubIet in the spectra of the partiaIly deuterated com- 
pound, which is an indication of hydrogen bonding in the 
partially deuterated sample. Close examination of the ir spectra 
of the compound and its deuterated analogue shows a small 
signal at 1199 cm-' that is affected by deuteration and that 
could possibly be related to the presence of a small amount of 
C - G H .  A further study on the ir spectra of several deriva- 
tives with varying R groups in the solid state and in solution is 
being conducted, to study the possible existence of the hydroxy 
compound for which there is still no evidence published. 
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~ t u d e  comparative dans la serie des dibenzamido-alcanes, composes modeles 
des poly(oligomethy1enes terephtalamides) 
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Requ le 2 avril 1985 

JOSEE BRISSON et F R A N ~ O I S  BRISSE. Can. J. Chern. 63, 3390 (1985). 
La sCrie des dibenzarnido-alcanes (nDBN) a CtC synthCtisCe pour n = 2- 10 et caracttriste par diffraction de rayons X et 

par spectroscopies infrarouge et Rarnan. L'Ctude par diffraction des rayons X rCvkle que I'angle dikde E entre le cycle 
arornatique et le groupernent arnide varie peu, Ctant en rnoyenne de 28,3". Par contre, I'angle de torsion T entre le groupernent 
arnide et la chaine aliphatique prend des valeurs prks de 180" pour tz = 4, 6, 8 et 10, et prks de 98", pour tz = 2, 3, 5 et 7. 
Dans ces derniers cas, le plan de la chaine aliphatique est perpendiculaire au groupernent arnide. L'Ctude des spectres ir et 
Rarnan a perrnis de constater que la position de la bande amide V depend de I'angle T et peut servir 2 Ctablir si celui-ci est 
prks de 180" ou non. 

J O S ~ E  BRISSON and FRAN~OIS BRISSE. Can. J. Chern. 63, 3390 (1985). 
The dibenzamido alcanes, tzDBN, for n = 2- 10, have been synthesized and characterized by X-ray diffraction and infrared 

and Rarnan spectroscopy. From X-ray diffraction it was observed than the dihedral angle E between the aromatic ring and the 
arnido group averaged 28.3" and did not vary significantly with n. The torsion angle T between the amide group and the-aliphatic 
chain was found to bc near 180" for n = 4, 6, 8, and 10. However, for n = 2, 3, 5, and 7, T averaged 98". In this last case 
the plane of the aliphatic chain is nearly perpendicular to the plane of the amide group. The study of ir and Rarnan spectra 
in relation to conformation revealed that the position of the arnide V band depends on the value of the T angle and could be 
used to infer if the latter is close to 180" or not. 

Introduction 
Dans le cadre d'une Ctude portant sur la corrClation entre 

structure et proprikte, nous nous sornrnes interesses aux poly- 
(oligornCthylknes terephtalarnides) ou Nylons nT. Cornme la 
structure de ces polyarnides n'est pas facile 2 obtenir en diffrac- 
tion de rayons X,  en raison du faible nornbre de taches de 
diffraction enregistrees, on fait appel l'etude de composes 
rnodkles pour Ctablir les conformations prifkrentielles de ce 
type de cornpose ainsi que les parametres gCornCtriques des 
rnolCcules (distances et angles) et leurs modes d'assemblage 
par ponts hydrogkne. Les composes rnodkles doivent avoir un 
motif chirnique trks sernblable 2 celui des polyrnkres appa- 
rentes, aussi avons nous choisi d'Ctudier les dibenzarnido- 
alcanes (nDBN), pour n variant de 2 a 10 atornes de carbone. 
La relation entre l'un des cornposCs rnodkles et le polyrnkre 
parent est reprCsentee en schema 1 .  

Des etudes structurales par diffraction de rayons X et par 
spectroscopies infrarouge et Rarnan ont Cte effectukes sur ces 
produits ainsi que sur les deux series d'analogues deutiries, les 
nDBN-d, pour lesquels les protons sur l'azote sont rernplaces 
par des deuteriums, et les nDBN-d,, pour lesquels les protons 
des cycles arornatiques sont remplacks par des deuteriurns. 

Partie experimentale 
Synthese des dibenzamido-alcanes et rle le~trs analogues deute'rits 

La synthkse des dibenzamido-alcanes s'effectue par acylation de la 
diamine par le chlorure de benzoyle, tel que dCcrit par Palmer et Brisse 
(I). La preparation des nDBN-d2 se fait par reflux, durant environ 6 h, 
des nDBN dans EtOD 95%. Les nDBN-d,o sont synthttisCs a partir de 
C6D5COCI, de la rn&rne faqon que les nDBN. Tous ont CtC synthCtists 
pour tl = 2-10. 

Les poly(oligornCthylknes tCrCphtalarnides) ont CtC synthCtisCs, 
pour n = 2- 10, par polycondensation interfaciale selon la rnethode de 
Shashoua et Eareckson (2), puis lavC avec NaOH 5%. 

Les spectres infrarouges ont CtC enregistrCs j. partir de pastilles de 
KBr, avec un appareil IRTF Nicolet 7199 dot6 d'un laser HeNe de 

' Auteur a qui adresser la correspondance. 

classe 11. Les spectres Raman en phase solide ont CtC enregistrCs sur 
un double spectrornktre Spex 14018 dot6 d'un photornktre digital 
DPC-2 a partir de la raie i 5 14,5 nrn d'un laser i argon ionis6 Coherent 
Innova 90 sCrie 1 12. Les fentes du monochromateur Ctaient i 100-200 
pm-' , ce qui correspond i une rCsolution de 2 crn-' . 

Les densites ont CtC rnesurtes par flottation dans une solution 
aqueuse de ZnC12. Les points de fusion ont CtC rnesurCs sur un appareil 
Mettler FP61 avec un taux de chauffe de 1 K rnin-'. 

Les dCtails des rnesures de diffraction des rayons X sont rapportCs 
dans les sections spkcifiques j. chacun des composts (1, 3-8). 

Discussion 
Les proprietes physiques des nDBN ayant un nombre pair de 

groupes rnethyleniques sont sernblables; les densites et les 
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BRISSON ET BRISSE 

FIG. 1 .  Variation des points de fusion et des densites en fonction de la longueur de la chaine. 

points de fusion diminuent rCgulierement lorsque le nombre 
d'atomes de carbone augmente en raison de la diminution rela- 
tive du volume du groupement amide par rapport au restant de 
la molCcule (fig. 1). Ces composCs ont Cgalement des solu- 
bilitCs voisines, et l'obtention de monocristaux dans 1'Cthanol 
est rapide. 

Cependant, lorsque le nombre d'unites mCthyltniques de la 
chaine est impair, on remarque une diminution significative des 
densitCs et des points de fusion, ce qui indique une cohCsion 
molCculaire moins grande. Les solubilitiCs sont plus ClevCes, et 
il devient plus difficile d'obtenir des monocristaux. 

Les dimensions des mailles et d'autres donntes cris- 
tallographiques des nDBN sont prCsentCes au tableau 1. Alors 
que les dimensions a et b et l'angle P varient trks peu, on 
remarque (fig. 2) une augmentation rCgulikre de la dimension 
c de la maille en fonction du nombre d'atomes de carbone de 
la chaine aliphatique, pour n = 4, 6, 8 et 10. On peut exprimer 
cette variation lineaire des parametres a ,  b et c (Angstrom) et 
du volume (Angstrom cube) de la maille des nDBN pairs en 
fonction de n par les relations: 

I1 est probable qu'il en sera de m&me pour les autres composCs 
pairs de cette sCrie. Cependant, le 2DBN ne fait pas partie de 
cette dr ie ,  et il n'existe pas de relation semblable pour les 
composts ayant un nombre impair de CH2. 

Les dimensions des mailles des produits deuteriCs ont CtC 
mesurCes pour les 2DBN-d,,, 6DBN-d,,, IODBN-dl,, 
6DBN-d2 et 8DBN-d2. Les dimensions des rnailles cristallines 
des produits deutCriCs sont tres semblables celles de leurs 
homologues non deutCries (tableau 2). Les changements sont 
surtout notables sur la dimension c et le volume de la maille. 

FIG. 2. Variation des paramktres de maille en fonction du nombre 
de mithyl&nes, pour n = 4, 6, 8 et 10. 

pour n = 2 (I), 3 (6), 4 (4), 5 (6), 6 (5), 7 (3), 8 (7) et 10 (8). 
Les conformations des molecules de nDBN sont comparees a 
la figure 3. La structure du 5DBN prCsentait, a tempCrature de 
la pikce, un dCsordre Cvident au niveau de la chaine ali- 
phatique. Pour essayer d'atttnuer ce desordre, nous avons ef- 
fectuC une seconde collection de donnCes T = 173 K. Effec- 
tivement, a cette temptrature, il n'y avait plus de dCsordre et 
les distances et facteurs de tempCrature etaient alors cornpara- 
bles i ceux des autres dibenzamido-alcanes connus. 

Toutefois, on observe que, systkmatiquement, les nDBN-dl, Distances et angles 
ont des volumes 1Cgkrement infkrieurs a ceux de leurs Les distances et angles moyens des dibenzamido-alcanes 
homologues non deutCriCs, alors que c'est l'inverse pour les sont rapport& au tableau 3,  except6 pour le lODBN, car les trks 
nDBN-d2. faibles dimensions du cristal n'on pas permis un affinement trks 

Les structures des dibenzamido-alcanes ont CtC dCterminCes poussC de la structure. Les distances et angles moyens sont 
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comparables a 2 a prks, sauf pour les angles C(sp3)-C(sp3) 
-C(sp3) dont la moyenne est de 112,4(3)" pour les 4DBN, 
6DBN et 8DBN. Pour les 3DBN, SDBN et 7DBN, cette valeur 
augmente ligkrement avec le nombre d'atomes de carbone en 
chaine: elle passe de 112,9(3)" pour le 3DBN, a 1 13,5(2)" pour 
le SDBN et 115,3(5)" pour le 7DBN. On ne remarque pas 
d'effet notable sur les moyennes des distances et des angles du 
SDBN dont la structure a CtC mesurCe basse tempkrature. 

Si l'on Ctudie de plus prks les distances et angles du cycle 
aromatique des compods, on remarque que l'angle a situk sur 
le carbone porteur du groupement amide est systkmatiquement 
infkrieur de 1 a 2" a la moyenne de 120" des angles intra- 
cycliques. Domenicano et Vaciago (9) ont attribuk ceci 2 un 
effet de conjugaison entre le cycle aromatique et le substituant. 
Ces auteurs observaient Cgalement des valeurs supkrieures a 
120" pour les angles P adjacents a l'angle du carbone substituk, 
ce qui est aussi le cas pour tous les nDBN, sauf pour un des 
angles du 6DBN. 

Conformation 
On peut distinguer trois ClCments importants de la con- 

formation des dibenzamido-alcanes: (i) l'angle dikdre E entre 
les plans du cycle aromatique et du groupement amide; (ii) 
l'angle de torsion T qui dCsigne l'angle entre le groupement 
amide et la chaine aliphatique; (iii) la conformation de la chaine 
aliphatique. 

On remarque, pour tous les ILDBN, une constance au niveau 
de la valeur de l'angle E (fig. 4a).  Celui-ci est de 28,3", en 
moyenne, avec des valeurs extrCmes de 19,O (2DBN) et 34,1° 
(3DBN). Ces valeurs concordent bien avec celles obtenues par 
analyse conformationnelle des benzamides par Laupktre et 
Monnerie (10). Ces auteurs notaient un minimum d'knergie 
conformationnelle pour E = 30°, avec une barrikre d'energie de 
rotation peu ClevCe entre 0 et 30". La valeur de l'angle E ne 
dkpend pas de la longueur de la chaine aliphatique. 

Pour ce qui est de l'angle T (fig. 4b), on remarque une 
beaucoup plus grande dispersion des rCsultats avec, cependant, 
certaines constances. Pour les tzDBN pairs, la valeur de cet 
angle se situe aux alentours de 180°, sauf dans le cas du 2DBN 
pour lequel cet angle est de 91,5". Dans le cas des nDBN 
impairs, on n'observe pas d'angle T prks de 180". La valeur de 
cet angle se rapproche plutat de celle observCe pour le 2DBN, 
la moyenne de I T )  etant de 98". Ceci, ainsi que le mode d'empi- 
lement molCculaire, nous fait inclure le 2DBN dans le groupe 
des nDBN impairs au point de vue structural. 

Trois autres composks, les N,NJ-dibenzoyl-para-phCny- 
lknediamine (1 1 ), N, Nr-dikthyladipamide (12) et N, Nf-bis(P- 
chloro-kthy1)pimklamide (1  3), prCsentent des angles de torsion 
T diffkrents de 180°, soient -56,3, - 124 et 162", respective- 
ment . 

La conformation de la chaine aliphatique des nDBN, pour n 
= 4,  6 ,  8 et 10, est entikrement trans coplanaire. C'est le cas 
aussi du 2DBN et du 7DBN. Par ailleurs, dans les cas du 3DBN 
et du SDBN, on note des conformations a-tgtat et gtgttgttat 
(t = 180"; g - 60"; a est non trans, non gauche), soit une 
alternance d'angles gauche et trans si l'on fait abstraction des 
premiers et derniers angles de ces sCquences qui sont les angles 
7.  

Cohe'sion mole'culaire et ponts hydrogbne 
Les molCcules des dibenzamido-alcanes sont maintenues en- 

tre elles par ponts hydrogkne. L'empilement molCculaire re- 
flkte les disparitks entre nDBN pairs et impairs (fig. 5). Pour 
n = 4, 6, 8 et 10, chaque molCcule est like par ponts hydrogkne 
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TABLEAU 2. Comparison des dimensions des mailles cristallines des nDBN deutCriCs 

Composk a (A) b (A) c (A) P (") v (A') AV/V (%) 

FIG. 3. Diverses conformations adoptCes par les moltcules de nDBN selon n. 

FIG. 4.(a) Variation de I'angle E en fonction du nombre de mCthylknes. (b) Variation de I'angle T en fonction du nombre de mCthylknes. 

a deux autres, formant ainsi de longs rubans. Ces derniers sont cule est like a deux voisines par ponts hydrogene, formant aussi 
imbriquts les uns vis-2-vis des autres par un assemblage en de longs rubans, tel que l'on peut le voir sur la figure 5. 
ar&te de poisson. MalgrC des differences de conformation, le Alors que dans les cas prtctdents chaque moltcule ttait 
3DBN adopte aussi le m&me arrangement. Bien que le 7DBN relite a deux voisines par ponts hydrogene, dans le cas du 
prtsente un empilement moltculaire difftrent, chaque molt- 2DBN et du SDBN, chaque moltcule est maintenant relite 
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TABLEAU 3. Distances ct angles moyens des nDBN et pkriode de fibre thCorique pour les polymkres parents pairs 

2DBN 3DBN 4DBN 5DBN 6DBN 7DBN 8DBN 

PCriode de fibre thkorique a 
des polymkres parents (A) 

E = 300.T = 1800 11,09 
E = 300, T = 98' 10,90 

"a. angle intracyclique i I'atorne porteur du groupement arnide; P, rnoyenne des angles intracycliques adjacents ti a. 

TABLEAU 4. GComCtrie des ponts hydrogkne des dibenzamido-alcanes 

Distance (A) Angles (") 

Alcane N-H H. . .O N. . .O N-H...O N...O--C 

3DBN 
N(1)-H(N1) ... O(1) 
N(2)-H(N2). . . O(2) 

SDBN 
N(1)-H(Nl),..O(2) 
N(2)-H(N2). . . O(2) 

7DBN 
N(1)-H(N1) ... O(1) 
N(2)-H(N2). . . O(2) 

2DBN 
N(1)-H(N1) ... O(1) 

4DBN 
N(1)-H(N1) ... O(1) 

6DBN 
N(1)-H(N1) ... O(1) 

8DBN 
N(1)-H(N1) . . .O( l )  

quatre molCcules diffkrentes. Pour le 2DBN, ceci est dQ a un 
glissement des molCcules perpendiculairement a la direction de 
propagation des ponts hydrogene, et a pour effet de crier un 
rCseau bidimensionnel de ponts hydrogkne, les molCcules re- 
unies entre elles formant des feuillets. On retrouve un rCseau de 
ponts hydrogene semblable pour le N,N1-bis(P-chloro-Cthyl)- 
pimelamide (13). Le 5DBN ne peut &tre apparent6 a aucune 
autre structure prCcCdemment decrite dans cette sCrie; celui-ci 
forme un rCseau tridimensionnel de ponts hydrogkne ou le 
premier groupement amide de chaque moltcule est perpendi- 
culaire au second. 11 s'ensuit que chaque molecule est reliCe a 
quatre voisines selon deux directions diffkrentes, perpendi- 
culaires entre elles, et perpendiculaires j. la direction d'elon- 
gation de la chaine aliphatique. Si l'on compare la gComCtrie 
des ponts hydrogene des dibenzamido-alcanes (tableau 4), on 
remarque d'abord une deviation de la 1inCaritC des ponts hydro- 
gene des 2, 3, 5 et 7DBN par rapport aux 4, 6, 8 et IODBN, 
car pour l'angle N.. .O-C, on observe une variation d'au 
moins 10" en passant d'un groupe a l'autre. Les distances 

0.. . N et H . . . 0 sont comparables, avec des valeurs particu- 
lierement courtes pour le 5DBN. M&me la structure mesurCe a 
la tempCrature de la pikce donnait des distances N.. . O  plus 
courtes que celles des autres tzDBN. Leur raccourcissement 
n'est donc pas un effet attribuable 2 la temperature a laquelle 
la mesure a CtC prise. 

Spectroscopies itlfrarouge et Raman 
Depuis plusieurs annCes, on remarque la publication de 

nombreux articles ou il est question de la determination de la 
conformation de polymkres partir des spectres ir et Raman. 
Les Nylons aliphatiques (15-18) et, plus recemment, les 
poly(oligomethy1enes terkphtalates) (19-21) ont ainsi CtC 
CtudiCs. Nous avons voulu etudier la possibilitk d'appliquer 
1'Ctude des spectroscopies ir et Raman aux poly(oligom6 
thylknes tCrCphtalamides). Afin d'Ctablir une base solide pour 
1'Ctude des spectres des polymkres, nous avons d'abord exa- 
mink les spectres ir et Raman des nDBN. Les spectres de leurs 
analogues N-deutCriCs (nDBN-dz) et deutCriCs sur le cycle 
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FIG. 5. RCseaux de ponts hydrogene des nDBN. 

arornatique (nDBN-d,o) ont Cte utilises pour l'attribution des 
bandes.' Les spectres ir des arnides sont caractCrisCs par la 
prCsence de cinq bandes bien distinctes. Les bandes arnide 11, 
arnide V, et la region de cisaillement des rnethylenes seront 
surtout CtudiCes ici (fig. 6 et tableau 5). 

(1) Position de la bande amide 11 
On observe une variation de la frequence de la bande arnide 

11: celle-ci passe de 1535 crn-' approximativernent, pour la 
plupart des cornposCs, 1562 cm-' pour le 2DBN et 1553 cm-' 
pour le 5DBN. On aurait pu attribuer cette variation aux diffe- 
rences de valeur de l'angle T dans les deux forrnes, rnais ce 
n'est pas le cas puisque le 3DBN et le 7DBN ne presentent pas 
un tel deplacement de la bande arnide 11. Cornrne ces deux 
cornposCs prisentent des ponts hydrogene avec quatre mole- 
cules voisines, on peut supposer que la frkquence de vibration 
est plus ClevCe, dans ce cas, en raison des contraintes accrues 
dans un tel rCseau de ponts hydrogkne. 

(2) Batzde amide V 
Cette bande du spectre ir est la plus informative au point de 

vue conforrnationnel. Elle est en effet sensible a la valeur de 
l'angle T. Sa valeur passe de 644-652 cm-', lorsque l'angle T 

est prks de 180°, a 664-673 crn-I, lorsque celui-ci est diffkrent 
de 180" (fig. 6 et tableau 5). Cette bande est due a la vibration 
de deformation hors plan S(N-H). Lorsque l'angle T est de 
180°, la chaine aliphatique se trouve dans le rnCme plan que le 
groupement arnide et la vibration hors plan peut s'effectuer 
sans interaction avec les rn6thylenes. Par ailleurs, lorsque 
l'angle T est diffkrent de 180°, les groupernents rnCthylenes se 
retrouvent dans un plan perpendiculaire au groupement amide, 

'On peut se procurer les tableaux des frequences infrarouge et 
Raman des nDBN, nDBN-dl et IIDBN-dlo en s'adressant au DCpbt 
des donnCes non publiCes, ICIST, Conseil national de recherches du 
Canada, Ottawa (Ont.), Canada K I A  0S2. 

FIG. 6. Spectres infrarouges des 2DBN, 3DBN et 4DBN. (a) R t -  
gion de cisaillement des mithylenes. (b) Region de la bande arnide V, 
dCformation hors plan 6(N-H). 

et la vibration hors plan N-H peut Ctre gCnee par la presence 
des hydrogenes rnCthylCniques, ce qui se traduit par une aug- 
mentation de la frequence de vibration S(N-H). 

(3) Re'giorz de cisaillement des me'thyl2tzes 
Cette rCgion qui s'etend de 1465 a 1431 crn-' est particu- 

lierernent irnportante. En effet, on observe des bandes d'in- 
tensit6 rnoyenne entre 1465 et 1431 crn-', dans le cas des 
2DBN, 3DBN, 5DBN et 7DBN en infrarouge, alors que celles- 
ci sont tres faibles pour les 4DBN, 6DBN, 8DBN et IODBN. 
Ces bandes sont attribuees ?i des vibrations de cisaillement des 
rnethylenes. Dans les spectres Raman, par contre, les bandes 
entre 1465 et 1445 crn-' sont d'intensite rnoyenne pour tous les 
dibenzamido-alcanes. Ceci nous mene ti penser que la faible 
intensite de ces bandes en ir, pour les 4 , 6 ,  8 et 10 DBN, serait 
due a la presence du centre de symetrie cristallographique au 
milieu du lien CH,-CH, central de ces molecules. Les spec- 
tres du 2DBN revdent que la bande 5 1441 cm-' est prksente 
en ir, et absente en Rarnan. C'est l'inverse qui est observee 
pour les autres rlDBN pairs. Ceci pourrait Ctre dG au fait que, 
dans ce cas, le plan des rnCthyl6nes est perpendiculaire au plan 
des groupernents arnides. Cette vibration serait due au ci- 
saillernent des rnkthylenes adjacents a la fonction arnide. L'in- 
tensit6 de ces bandes serait donc fonction de la symetrie de la 
chaine et de son orientation par rapport au groupement arnide. 

(4) Structure du dibetzzamido-1,9 rlonatze (9DBN) 
Jusqu'ici, la structure du dibenzarnido-1,9 nonane n'a pas pu 
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TABLEAU 5. Bandes caractkristiques des spectres 

4DBN 6DBN 8DBN lODBN 

Infrarouge Rarnan lnfrarouge Rarnan lnfrarouge Rarnan lnfrarouge Rarnan 

Bande arnide I1 1535TF 1540f 1535TF 1540f 1530TF 1530tf 1534TF 1540tf 

6(C-H) 1482 rn 1480F 1478111 1476f 1476111 1475f 1476111 - 
Cisaillernent 1456 tf - 1461 f 1460 rn 1452 f 1462 f 1465 tf 

des rnCthylknes 1447 f 1447 rn 1446 tf 1452 rn 1447 f 1446111 1455tf 1445m 
1441 tf - 1436 f 1439 f 

Bande amide V 652 m - 647 m 645 rn - 644 rn - 

*TF: trts forte; F: forte; rn: rnoyenne; f: faible; tf: trts faible; ep: Cpaulernent. 

&tre itablie par diffraction de rayons X, car nous n'avons pas 
pu obtenir de monocristaux de taille adiquate. Cependant, nous 
avons pu determiner les parametres a ,  b et P de la maille par 
precession sur un cristal maclC. Ceci nous a permis d'indexer 
le diagramme de poudre du 9DBN. Les dimensions de la maille 
cristalline presentees au tableau 1 sont tres comparables 2 celles 
du 7DBN. 

L'etude des spectres ir et Raman nous permet d'affirmer que 
l'angle T sera different de 180" en raison de la position de la 
bande amide V qui se retrouve vers 668 cm-', comme dans le 
cas des 2DBN, 3DBN, SDBN et 7DBN. On retrouve la bande 
amide 11 a 1538 cm-', comme dans le cas de la plupart des 
dibenzamido-alcanes, sauf du 2DBN et du SDBN, ce qui nous 
fait supposer que les molecules devraient Stre assemblkes entre 
elles par ponts hydrogkne formant des rubans, et non par un 
reseau de ponts hydrogene bi- ou tri-dimensionnel. De meme, 
les bandes a 1467 et 1431 cm-' sont dlintensitC moyenne en ir 
et en Raman, ce qui confirme la presence d'angles T diffkrents 
de 180". 

Le 9DBN aurait donc une structure comparable soit a celle 
du 3DBN soit a celle du 7DBN, dependant de la conformation 
de la chaine aliphatique qui n'est pas ttablie. On serait porte a 
dCcrire la structure du 9DBN de la m&me maniere que celle du 
7DBN, puisque leurs mailles cristallines ont de grandes 
analogies. 

(5) spectroscopie des polymtres 
(a) Spectre infrarouge du Nylon 6 
Si l'on confronte les rksultats obtenus par 1'Ctude des spec- 

tres ir et Raman des dibenzamido-alcanes 2 ceux obtenus prC- 
ctdemment pour le Nylon 6 (IS), on remarque une analogie 
Cvidente. Le Nylon 6 est polymorphique et l'on observe des 
frkquences differentes pour les bandes amide 11 et V des formes 
a et y. 

Arimoto (15) notait un dtplacement de la bande amide I1 de 
1545 pour le Nylon 6, forme a ,  a 1562 cm-' pour le Nylon 6 ,  
forme y. Le Nylon 6, forme a, est entierement trans co- 
planaire, alors que dans le modkle propost par Vogelsong (14) 
pour la forme y du Nylon 6, on note un rtseau de ponts 
hydrogkne tridimensionnel, semblable a celui du SDBN. Ceci 
viendrait appuyer la relation entre ce deplacement de frequence 
et le type de rkseau de ponts hydrogene. 

D'autre part, on constate une augmentation de la frtquence 
de la bande amide V lorsque l'on passe de la forme a 2 la forme 
y du Nylon 6; celle-ci varie de 692 a 708 cm-' (15). Comme 
Qn observe une valeur de l'angle T de -93" (14) pour la forme 

y du Nylon 6, on peut ici aussi attribuer ce dkplacement a la 
valeur de l'angle T ,  comme pour les dibenzamido-alcanes. 

(b) Structure du Nylon 6T 
La periode de repetition du Nylon 6T est connue; elle est 

de 15,60 A (22, 23). Si ce compose Ctait entierement trans 
coplanaire avec des angles E $e +30°, on observerait une PC- 
riode de repetition de 16,lO A. L'Ccart entre ces deux valeurs 
peut s7exp1iquer soit par la presence d'un angle de torsion 
gauche au sein de la chaine aliphatique, soit par une valeur de 
l'angle T de 99". L'itude du spectre ir du Nylon 6T est en ac- 
cord avec une valeur de ]'angle T differente de 180°, puisque 
l'on observe des bandes d'intensite moyenne entre 1450 et 
1420 cm-' et que la bande amide V se retrouve 2 une frequence 
de 670 cm-' comme pour les 2DBN, 3DBN, SDBN et 7DBN. 

Conclusion 
L'analyse des dibenzamido-alcanes nous a permis d'ttablir: 

(i) que la valeur de l'angle E entre le groupement aromatique et 
le groupement amide varie tres peu et est en moyenne de 28,3"; 
(ii) que l'angle T entre le groupement amide et la chaine ali- 
phatique peut varier et prend des valeurs proches de 180 ou 90"; 
(iii) que la conformation trans coplanaire et les conformations 
composees d'une altemance d'angles gauche et trans sont fa- 
voristes; (iv) qu'on peut, a l'aide de la spectroscopie ir, dtter- 
miner si l'angle T est pres de 180" ou non. 
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Adducts of diphenyllead diselenocyanate with some 0- and N-donor ligands' 
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IVOR WHARF, RYSZARD WOJTOWSKI, and MARIO ONYSZCHUK. Can. J .  Chem. 63, 3398 (1985). 
The preparation and properties of PhzPb(SeCN)2 have been reinvestigated. Infrared spectra show that the solid is polymeric 

with stronger Pb-Se and weaker Pb-N bonds. In N,N-dimethylformamide (DMF) solution v(CN) values are consistent with 
complete ionization to NCSe-, but coordinated N- and Se-bound selenocyanate species are observed when DMF/CH2C12 
mixtures are used as solvents. The first 1 : 2  adducts of Ph2Pb(SeCN)' with hexamethylphosphoramide (HMPA), triphen- 
ylphosphine oxide (Ph,PO), pyridine-N-oxide (pyO), 2,4,6-collidine-N-oxide (collO), and dimethyl sulphoxide (DMSO) have 
been prepared, while with 4-picoline-N-oxide (4-picO) a 1 : 4 adduct is obtained. Infrared data show Ph2Pb(SeCN)z. 2L (L = 
HMPA, Ph,PO, collO) are in fact isoselenocyanates, but the pyO and DMSO adducts are selenocyanates. Amine adducts 
Ph2Pb(SeCN)2 - 2L (L = morpholine (morph), quinoline (quin), piperidine (pipy)) and Ph2Pb(SeCN)2. 3LL (LL = 
a,a'-dipyridyl (dipy), 1,lO-phenanthroline (phen)) have been prepared. Infrared data suggest that amine adducts most probably 
have N-bonded selenocyanate groups, in some cases with ionic selenocyanate also present. The adduct with 4-pic0 also 
contains ionic selenocyanate. 

IVOR WHARF, RYSZARD WOJTOWSKI et MARIO ONYSZCHUK. Can. J .  Chem. 63, 3398 (1985). 
On Ctudie de nouveau la prCparation et les proprittts du PhzPb(SeCN)2. Les spectres infrarouges rCvklent que le solide est 

un polymkre ayant des liaisons Pb-Se plus fortes et des liaisons Pb-N plus faibles. En solution dans le 
N,N-dimCthylformamide (DMF), les valeurs de v(CN) sont en accord avec une ionisation complkte donnant des ions NCSe-; 
cependant, si on utilise des mClanges de DMF/CH2C12 comme solvants, on observe la prCsence d'espkces sClCnocyanates N- 
et Se-coordonnCes. On a prCparC les premiers adduits-1:2 du PhzPb(SeCN)* avec l'hexamCthylphosphoramide (HMPA), 
l'oxyde de triphCnylphosphine (Ph3PO), le N-oxyde de pyridine (pyO), le N-oxyde de collidine-2,4,6 (collO) et le dimtthyl- 
sulfoxyde (DMSO) tandis qu'avec le N-oxyde de picoline-4 (picO-4) on obtient un adduit 1 : 4. Les spectres infrarouges rCvklent 
que les complexes Ph2Pb(SeCN)2.2L (L = HMPA, Ph3P0, collO) sont en fait des isosClCnocyanates alors que les adduits avec 
la pyO ou le DMSO sont des sC1Cnocyanates. On a prCparC les adduits aminCs Ph2Pb(SeCN)2-2L (L = morpholine (morph), 
quinoline (quin), pipCridine (pipy)) et Ph2Pb(SeCN)2.3LL (LL = a,aldipyridyle (dipy), phknantroline-1 , l 0  (phen)). Les 
donnCes infrarouges suggerent que les adduits aminCs sont probablement des groupes sClCnocyanates lies par I'azote et que, 
dans certains cas, il y a aussi du sClCnocyanate sous forme ionique. L'adduit avec le picO-4 contient Cgalement du sClC- 
nocyanate sous la forme ionique. 

[Traduit par le journal] 

Introduction 
In a study of adducts formed by triphenyllead isothiocyanate 

and selenocyanate (1) significant changes in bonding were no- 
ticed on going from Ph,PbNCS.L (all Pb-N bonded) to 
Ph,PbNCSe-L (Pb-N or Pb-Se bonded) depending on L, 
with the latter systems showing linkage isomerism in solution. 
Therefore, we decided to study the adducts formed by diphen- 
yllead diselenocyanate with a variety of 0 -  and N-donor 
ligands for comparison with their thiocyanate analogues, 
Ph,Pb(NCS), .2L, which were reported earlier (2). As before, 
NCSe group frequencies, particularly w(CN) and w(CSe), have 
been used to determine the selenocyanate bonding mode in 
these compounds. 

Diphenyllead diselenocyanate was prepared earlier (3) using 
selenium selenocyanate and triphenyllead selenocyanate. We 
now report a more convenient preparation with higher yield 
from diphenyllead dichloride, together with a more detailed 
study of the selenocyanate. 

ExperimentaI 
All experimental procedures were as described earlier (1, 2). Di- 

phenyllead dichloride (Alfa) was used as received. All operations 
were carried out in the absetrce of light. 

' Presented in pait by I.W. at the Fourth International Conference 
on the Organometallic and Coordination Chemistry of Germanium, 
Tin and Lead, Montreal, Canada, Aug. 8- 11, 1983, paper P-19. 

'To whom correspondence should be addressed. 

Preparations 
Diphenyllead di.seletrocyatrate 
Diphenyllead dichloride (13.0 g) was stirred in methanol (1.0 L) at 

room temperature for 45 min. Potassium selenocyanate (13.0 g) was 
added to the well-stirred suspension and the mixture vigorously stirred 
for 2.5 h at room temperature. It was then poured into stirred ice-cold 
water (1.0 L). The resulting white solid was filtered, washed with 
water, and dried in a vacuum desiccator; yield, 97%, mp 179°C (dec.). 
Anal. calcd. for (C6H5),Pb(SeCN)z: C 29.4, H 1.75, N 4.9; found: C 
29.7, H 1.8, N 4.9. 

Adducts of diphenyllead diselenocyatlare 
0-Donor adducts. Diphenyllead diselenocy anate (1.0 g) (I) was 

stirred at room temperature with a toluene solution containing a large 
excess of the ligand for 24-48 h. The white adducr obtained was 
filtered, washed with toluene, and dried in vacuum at room tem- 
perature. 

Prepared in this manner from I were P ~ Z , P ~ ( S ~ C N ) ~  .2Ph.{PO using 
Ph3P0 (2.0 g) in toluene (20 mL); yield, 81%, mp 137°C. Anal. calcd. 
for C50H40N202PzPbSe2: C 53.2, H 3.6, N 2.5; found: C 53. I, H 3.6, 
N 2.35. Ir (Nujol mull): 1142 cm-' (coordinated P=O); 
P I I ~ P ~ ( S ~ C N ) ~ . ~ D M S O  using DMSO (2.0 g) in toluene (10 mL); 
yield, 95%, mp 70°C (dec.). Anal. calcd. for Cl~HzzN20zPbSzSez: C 
29.7, H 3.0, N 3.85; found: C 29.8, H 2.9, N 3.8. Ir (Nujol mull): 
950, 946 cm-' (coordinated S=O); Ph2Pb(SeCN)2-2py0 using pyO 
(I .O g) in toluene (50 mL); yield, 45%, mp 97°C. Anal. calcd. for 
Cr*HzoN,OzPbSez: C 37.85, H 2.6, N 7.35; found: C 38.1, H 2.6, 
N 7.2. Ir (Nujol mull): 1206 cm-' (coordinated N + 0 ) ;  
PhZPb(SeCN)2.4(4-pic0) using 4-pic0 (1.0 g) in toluene (100 mL); 
yield, 80%. mp 103°C. Anal. calcd. for C3uH38Nh04PbSel: C 45.3, H 
3.8, N 8.3%; found: C 45.1, H 3.8, N 8.1. Ir (Nujol mull): 1202 cm-' 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



WHARF ET AL. 3399 

(coordinated N + 0); Ph2Pb(SeCN)z.2col10 using collO (3.0 g) in N,N, N', N'-tetramethylethylene diamine were unsuccessful by 
toluene (10 mL); yield, 78%, mp II1"C. Anal. calcd. for the methods used here. Since DMF formed an adduct with 
C,oH~ZN40ZPbSe~: C 42.6, H 3.8, N 6.6; found: C 43.0, H 3.9, N ph,pb(NCS),, this result could imply that the selenocyanate 
6.55. Ir (Nujol mull): 1199 cm-' (coordinated N + 0) .  analogue is the weaker Lewis acid. However, when adduct 

Diphenyllead di.selenocyanate-hexa~~~et/~ylphosphorarnide ( 1  : 2 )  formation requires the fission of chalcocyanate bridges before 
Pentane (50 mL) was added a mixture of I g) in  HMPA metal-ligand bonds can be formed, the range of adducts pre- 

(4.0 g) which had been stirred at room temperature for 24 h. Further 
stirring (2 h)  gave the crystalline addrtct which was filtered, washed pared may not reflect the relative strengths of similar Lewis 

with pentane, and dried as above; yield, 68%, mp 124°C. Atzal. calcd. acids, as was found earlier for the Ph,PbSeCN/Ph,PbNCS 

for CZ6H46NX01PZPbSel: C 33.6, H 5.0, N 12.05; found: C 33.8, H palr 
5.1. N 12.0. Ir (Nujol mull): 1192 cm-' (coordinated P=O). 

N-Donor adducts. Diphenyllead d~selenocyante (1.0 g) (I) was 
stirred at room temperature with a pentane, benzene, or anhydrous 
ether solution of a large excess of the l~gand for 24-48 h. The white 
adduct (sometimes first formed as an oil) was filtered, washed with the 
reaction solvent, and dricd in air or in vacuum at room temperature 

Prepared in this manner from I were P / Z ~ P ~ ( S ~ C N ) ~  .2morph uslng 
morpholine (3.0 g) in anhydrous ether (40 mL); yield, 7576, dec 
77-83°C. Anal. calcd. for CzZHzxN401PbSez: C 35.4, H 3.8, N 7.5; 
found: C 34.9, H 3.8, N 7.2; Ph2Pb(SeCN)2.2qu~t~ using quinuclldine 
(3.0 g) in pentane (20 mL); yield, 92%, mp 107°C. Anal. calcd. for 
C2xH36N4PbSez: C 42.4, H 4.6, N 7.05; found: C 42. I ,  H 4.5, N 7.0; 
Ph2Pb(SeCN)2.3dipy using a,c-ul-dipyridyl (1.5 g) in pentane (I5 mL); 
yield, 90%, dec. 113-123°C. Anal. calcd. for CuH34NxPbSe2: C 
50.8, H 3.3, N 10.8; found: C 51.4, H 3.25, N 10.95; 
PhzPb(SeCN)Z e3pher1 using I ,  10-phenanthroline (2.0 g) in benzene 
(20 mL); yield, 9890, mp 138°C (dec.). A~lal.  calcd. for 
C50H34NxPbSeZ: C 53.95, H 3 I ,  N 10.1; found: C 53.2, H 3.45, N 
10.1. 

Dipher~yllead di~eler~ocyar~ate-prper~dirze ( 1  : 2)  
A mixture of I ( I  .O g) and piperidine (3.0 g) was stirred for 4 h at 

room temperature to form an oily solution. Adding pentane (I5 mL) 
produced an oily mixture wh~ch with further stirring (24 h) gave the 
pale yellow adduct, which was isolated as above; yield, 98%, mp 
36-39°C (dec.). Anal. calcd. for C24H32N,PbSc1: C 38.9, H 4.3, N 
7.55; found: C 39.0, H 4.4, N 7.7. 

Results and discussion 
Properties 

As reported earlier (3), Ph,Pb(SeCN), is a white powder 
insoluble in water and non-coordinating solvents, but soluble in 
strong donor organic solvents like dimethylformamide, di- 
methylsulphoxide, etc. However, we have found that it is light- 
sensitive, unlike Ph,PbSeCN, turning pink on slight exposure 
and dark red on strong exposure to light. Presumably this 
reflects a stronger tendency to decompose with loss of selenium 
than found for Ph3PbSeCN. Although apparently insoluble in 
weak donor solvents like acetone and tetrahydrofuran, 
Ph2Pb(SeCN)z rapidly became pink when shaken with these 
solvents indicating sufficient solubility to promote decom- 
position, while Ph3PbSeCN also tends to decompose more eas- 
ily in solution. 

A11 adducts are white solids (except PhlPb(SeCN)2.2pipy 
which is pale yellow) with melting points (- 100°C) often with 
decomposition, which are lower than those of their thiocyanate 
analogues (2). The same trend was noted earlier (1 )  when 
comparing corresponding data for Ph,PbX-L (X = NCS or 
SeCN) pairs. All adducts decomposed when washed with or- 
ganic solvents, e.g., benzene, acetone, etc., leaving behind 
insoluble Ph,Pb(SeCN)z, unlike those of Ph2Pb(NCS),, includ- 
ing PhzPb(NCS),.2HMPA which could be recrystallized from 
benzene. In this work Ph,Pb(NCSe)2.2HMPA could only be 
recrystallized by using a large excess of HMPA. 

Attempts to isolate adducts of Ph,Pb(SeCN)2 with N,N-di- 
methylformamide (DMF), trimethylphosphate, triphenyl- 
phosphine sulphide, pyridine and picolines, pyrrolidine, and 

Infrared spectra and seletzocyatzate Ootzditzg 
When as in the present case substances cannot be obtained as 

single crystals because of the preparative methods used, or 
cannot be examined in solution due to their insolubility and/or 
decomposition, solid state infrared measurements remain as the 
only readily available method for studying the structures of 
these compounds.3 All compounds showed the absorptions 
(1700-400 cm-I) expected for the "Ph,PbW moiety as well as, 
for the adducts, ligand peaks, including those shifted by ligand 
coordination to the lead atom. In particular, v(S0) values show 
the DMSO ligands are 0-bonded in the adduct with this ligand, 
and there are no absorptions in the region for S-bonded DMSO 
(4). Of more significance are selenocyanate group frequencies 
v(CN), v(CSe), and v(NCSe) as these indicate the mode of 
coordination. The vibrational criteria for determining NCSe 
bonding type used here were those proposed by Norbury ( 5 )  
and have been listed elsewhere (1) .  Although G(NCSe) values 
(or overtones) provide some useful information, in this work, 
we found definite identification of these weak to very weak 
absorptions, often overlapping with phenyl or ligand bands 
virtually impossible, and so only v(CN) and v(CSe) values 
have been reported in Table 1. Nearly all v(CN) absorptions 
have weak shoulders 40-50 cm-' to lower frequency, corre- 
sponding to the expected v(I3CN) peaks. 

(i) Ph2Pb(SeCN)? 
Values of v(CN) and especially v(CSe) show Ph2Pb(SeCN)2 

has bridging selenocyanate groups giving a polymeric structure 
similar to that proposed earlier for PhzPb(NCS), (2). The pre- 
vious (3) assumption of lead-selenium bonding based on the 
v(CN) value alone is inconsistent with the properties of 
Ph,Pb(SeCN),, although Pb-Se bonds are probably stronger 
than Pb-N bonds in the suggested structure. In,ph2Pb(NCS)2 
it is the Pb-N bonds which are stronger. 

The infrared spectrum of a solution of PhzPb(SeCN)l in 
dimethylformamide (0.01 -0.025 M) has a single sharp absorp- 
tion (2066 cm-'; v , , ~  = 13- 16 cm-I; Am = 2.7 x 10"' in the 
v(CN) region characteristic of ionic selenocyanate. Thus 
Ph,Pb(SeCN), dissolves only when ionization can occur in a 
strong donor solvent, L. 

excess L 
PhzPb(SeCN),(s) PhZpbLjl' + 2NCSe- 

To determine whether other species may exist, following our 
earlier work (6), the DMF was diluted with a non-coordinating 
solvent, CH2C1,. In 50% (v/v) DMF/CH2C1? solutions of 
Ph,Pb(SeCN), (0.010-0.012 M) only one v(CN) peak was 
observed (2067 cm-I; vli2 = 17 cm-I; A = 3.0 X 10') but 
further dilution (20% DMF/CH2C1,) caused a weak absorption 

'Raman spectra of Ph1Pb(SeCN)2 and its adducts could not be 
obtained because of their ready tendency to undergo thermal- and 
photo-decomposition. 
' v l l z  is the width at half-pcak hcight; A,, is the integrated molar 

absorptivity in M-' cm -' (NCSc)-'. 
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CAN. J .  CHEM. VOL. 63, 1985 

TABLE 1. Selenocyanate group frequencies (cm-I) (ir data, Nujol mull) for :Ph,Pb(SeCN), and 
adducts 

Compound v(CN) v(CSe) Bonding modes 

" v(CN) for Ph,Pb(SeCN)z. 
bobscured by ligand bands. 
'v(CSe) for PhzPb(SeCN),. 

21 17 vs, sp; 2072 w 5556 wm, sp 
2109 w; 2040 vs, br 618 w; 613 sh  
2117 vw;" 2111 vw; 618 w; 613 w 
2033 vs, br; 1991 w 
2105 vs, sp; 2059 w 537 vw 
2063 s; (2053 m, 6 - 

2045 s) sp; 20 13 w 
21 11 w; 2060 sh; 602 w; 565 vw 
2034 vs, br; 1989 w 
21 17 m, sp;" 2109 s; 555 w, spc 
2091 sh; 207 1 sh; 2066 sh 
(2091, 2082) vs, br 597 w; 587 vw; 

563 w 
2109 vw; 2082 sh; 618 wm, -' 
(2074, 2066) s, sp; 
2043 sh; 2030 s; 1992 sh 
2144 w, m; 2107 s; 2091 vs, 613 w 
br; 2063 br, sh; 2045 sh  

21 15 sh; 2097 s; 580 w 
2034 vs, br; 1988 w 

2118 w;" 2077 w, sp; 6 - 
2059 s, sp; 2038 wm; 
20 16 vs, br; 1972 vw 

FREQUENCY (cm-') 

Pb-SeCN 
IONIC 

0.00051 I I I I 
2199 2148 2097 2046 19% 

FREQUENCY (cm-') 

FIG. 1. Infrared spectra in the v(CN) region of Ph,Pb(SeCN), in (a) 10% DMF/CH2C12 (0.0030 M), and (b) 5% DMF/CH,Cl, (0.0021 M). 

at 2120 cm-' (vl12 - 16 cm-') to appear, indicative of a species Se-bonded and N-bonded selenocyanate groups were observed 
containing the Pb-SeCN unit. This peak grows as more at 2120 and 2037 cm-', respectively. Unfortunately, as DMF 
CH2C12 is added and in 10% DMF/CH2C12 the infrared spec- is diluted with CH2C12 the solubility of Ph,Pb(SeCN), de- 
trum (Fig. l(a)) has a broad shoulder at 2031 cm-' showing an creased so that in the last case (5% DMF/CH2C12), the satur- 
N-bonded species is also present. Finally in 5% DMF/CH2C12 ated solution concentration was 50.002 M. With this in mind 
(Fig. l(b)) two quite distinct peaks which may be assigned to it would be unwise to attribute the splitting of the absorption at 
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-2065 cm-' definitely to the presence of a new solute species 
rather than to the background "noise" expected in the spectrum 
of such a dilute solution. Further dilution of DMF by CH2C12 
caused Ph2Pb(SeCN)2 to precipitate from even more dilute 
solutions, rendering solution infared studies impossible. Bear- 
ing in mind that adducts Ph,Pb(SeCN),.2L do not appear to 
dissolve in CH2C12, it is likely that the new species which form 
as the DMF mixture is diluted further are still ionic, e.g., 
Ph2Pb(SeCN)L3' (L = DMF) with both Se-bonded and 
N-bonded isomers present. Since AcN(N-bonded) r 10AcN(Se- 
bonded) the higher intensity of the 2120 cm-' absorption com- 
pared with that at 2035 cm-' shows that the Se-bonded species 
predominates in this case, as was found also for Ph3PbSeCN. L 
in 5% DMF/CH,Cl, (6). 

(ii) Adducts with 0-donor ligands 
Values of v(CN) and v(CSe) show Ph2Pb(SeCN)?. 2py0 to 

be a true selenocyanate as is the DMSO adduct even though this 
dissociated to some extent when mulled. In contrast, adducts 
with HMPA and collO are N-bonded, although a weak absorp- 
tion at -21 10 cm-' might indicate some Pb-SeCN units are 
present. While there seems to be a general trend for stronger 
"hard" 0-donor ligands to favour N-bonded species (1) this is 
perhaps not always the case. Thus, the triphenylphosphine 
oxide adduct of Ph,Pb(SeCN), is clearly N-bonded unlike the 
adduct with Ph3PbSeCN which is Se-bonded ( 1 ) .  While all 
adducts, Ph2Pb(SeCN),.2L, probably have linear "Ph,Pb" 
units (cf. Ph,PbCl, (7)), it is not possible to decide un- 
ambiguously from infrared data alone whether the ligands (and 
NCSe groups) are trans or cis in these compounds, although a 
single infrared absorption would favour the trans arrangement. 

The adduct with 4-picoline-N-oxide is unusual not only in 
regard to its stoichiometry but also in its complex infrared 
spectrum in the v(CN) region even though Se-bonded sele- 
nocyanate is clearly absent. Since no v(N + 0 )  absorption due 
to free ligand is observed, the most plausible structure is ionic, 
probably [Ph,Pb(4-pi~O)~~']  [NCSe-1,. However, the sharp 
peaks at -2050 cm-' require extensive crystal lattice effects to 
account for the splitting and lowering of the v(CN) value from 
that found for KNCSe (2070 cm-') (8) while the broader and 
strong absorption at 2063 cm-' could be assigned to either ionic 
or N-bonded selenocyanate groups. 

(iii) Adducts with N-donor ligands 
Adducts with monodentate N-donor ligands have the simple 

formula Ph2Pb(SeCN),.2L but their spectra in the v(CN) re- 
gion are more complex than those for 0-donor adducts with the 
same formula. For example, the morpholine adduct shows a 
doublet at -2090 crn-' which could indicate Se-bonded or 
N-bonded selenocyanate groups. However, the peak shape fa- 
vours the latter assignment as do the v(CSe) values observed. 
It is not possible to decide unequivocally whether the observed 
splittings in v(CN) are due to a cis-Pb(m~rph)~ arrangement in 
the adduct or strong crystal lattice effects. In contrast, the 
spectrum in the v(CN) region of the quinoline adduct is even 
more complex. Sharp peaks at -2070 cm-' show the presence 
of ionic selenocyanate with lattice effects accounting for the 
splitting, while the broader v(CN) absorption at 2030 cm-' and 
v(CSe) at 61 8 cm-' are clearly due to N-bonded selenocyanate. 
Thus, we suggest that the bulkier quinoline ligand stabilizes the 
formation of 4-coordinate ions Ph,Pb(quin),'+ and adduct mol- 
ecules which may have a trans-Pb(q~in)~ geometry. The simi- 
larity of v(CN) values for this adduct and those with 0-donor 
ligands which are also possibly trans is noteworthy. 

Coordination-sensitive ring modes of the ligand show both 
complexed (815, 567 cm-') and "free" (800, 555 cm-') ligand 
molecules are present in the piperidine adduct (4). This is 
supported by the low melting point of this adduct and its ten- 
dency to lose piperidine readily on standing in the open. Sim- 
ilar intensities for equivalent "free" and complexed ligand 
bands suggest that only one piperidine molecule is attached to 
each lead with hexa-coordination maintained by equal numbers 
of bridging and terminal NCSe groups being present. The 
selenocyanate group infrared data are consistent with this 
picture while v(CSe) at 613 cm-' confirms that the terminal 
selenocyanates are N-bonded. 

The Ph,Pb(SeCN), adducts with bidentate N-donor ligands 
show a quite different stoichiometry from that of their thio- 
cyanate analogues. In the dipyridyl adduct spectrum the 2 to 1 
intensity ratio of 6(CH) (out-of-plane) ligand mode absorptions 
at 756 cm-' ("free") and 769 cm-' (complexed) (4) suggests 
that the adduct formula is Ph,Pb(SeCN),dipy -2dipy, i.e., only 
one of the three dipyridyl molecules is acting as a ligand. As 
with Ph:Pb(NCS),dipy, the infrared spectrum of the seleno- 
cyanate compound can be assigned to a structure with both 
bridging and N-bonded selenocyanate groups. However, 
alternate monomeric structures containing cis-(SeCN- 
Pb-SeCN) or c i~-Pb(NcSe)~ moieties cannot be ruled out, 
although in the latter case strong vibrational coupling between 
geminal C-N bonds is required to account for the widely 
separated v(CN) frequencies. The more complex pattern ob- 
served for the 1,lO-phenanthroline adduct suggests at least two 
selenocyanate species are present, i.e., the pair of sharp peaks 
centered on 2068 cm-' may be assigned to NCSe- with lattice 
effects accounting for the splitting, while the two broad absorp- 
tions at lower frequency can be assigned to N-bonded 
selenocyanates in a cis arrangement. Thus it is possible this 
adduct contains both [Ph,Pb(phen),]'t[NCSe-]2 and cis- 
Ph2Pb(NCSe),.phen species with the remaining ligands un- 
complexed in the lattice as shown by absorptions at 1506,734, 
705, and 621 cm-I, while bound ligands absorb at 1514, 719, 
and 635 cm-' (4). 

Conclusion 
Infrared spectral data usually enable only general conclu- 

sions to be drawn regarding the chemical bonding and geome- 
try found in complex ions and molecules, especially when 
complementary Raman data are not available. For the com- 
pounds studied here it was possible to suggest the type of 
lead-selenocyanate bonding for most adducts with 0-donor 
ligands, but those with N-donor ligands clearly had more corn- 
plex behaviour and the types of bonding proposed are very 
tentative. As with Ph2Pb(NCS)2-2L (except when L = HMPA) 
systems (2), the diphenyllead diselenocyanate adducts reported 
here were obtained as powders which could not be re- 
crystallized without decomposition, thus rendering the neces- 
sary X-ray diffraction studies impossible at this time. Other 
techniques, e.g., I4N nqr spectra (9) or solid state NMR mea- 
surements (10) which have been used to study thiocyanate 
complexes, may be required to determine better the structures 
of the compounds reported in this paper. 
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PEETER KRUUS and CATHERINE A. HAYES. Can. J .  Chem. 63, 3403 (1985). 
The solubility of carbon dioxide has been determined in tertiary butanol - water mixtures over the temperature range 1-25°C. 

The solubility exhibits a sharp, temperature-dependent minimum in water-rich solutions corresponding to a maximum in the 
activity coefficient of t-butanol, which has also been determined. The activity coefficient of t-butanol has a prominent 
temperature-dependent maximum (y > 7.0) at a solution composition of about 0.06 mole fraction alcohol. Application of the 
scaled particle theory indicates that volume effects are a governing factor in the gas solubility, but are insufficient to explain 
the total effect. The pH of t-butanol-water and t-butanol-water-C02 mixtures reveals no major anomalous solvation effect. 

PEETER KRUUS et CATHERINE A. HAYES. Can. J .  Chem. 63, 3403 (1985). 
Operant dans un intervalle de temperature aliant de I h 25"C, on a dCterminC la solubilite du dioxyde de carbone dans des 

mClanges de tert-butanol/eau. La solubilite presente un minimum prononcC qui dCpend de la temperature dans des solutions 
riches en eau qui correspondent h des maxima dans les coefficients d'activitk du tert-butanol que I'on a aussi determinis. A 
une composition de la solution correspondant h une fraction molaire en alcool d'environ 0,06, lcs coefficients d'activite du 
tert-butanol presentent un important maximum (y > 7,O) qui varie avec la temperature. L'utilisation de la thCorie des particules 
divisCes indique que les effets de volume sont les facteurs qui influencent la solubilit6 du gaz; toutefois, ils ne suffisent pas 
pour expliquer I'effet global. Le pH de mClanges de tert-butanolleau et de tert-butanol/eau/C02 ne revele pas d'anomalies 
importantes dans l'effet de solvatation. 

[Traduit par le journal] 

1. Introduction 
Carbon dioxide in its various states plays an important role 

in both natural and industrial processes. Recently, liquid and 
supercritical carbon dioxide have found wide-scale use for ex- 
tractions in the food and mining industries, and are of potential 
use in tertiary oil recovery. Although many bulk properties of 
carbon dioxide solutions have been characterized, little is 
known of the fundamental interactions of carbon dioxide with 
nonelectrolyte solutes in aqueous solution. The study of simple 
carbon dioxide - nonelectrolyte - water systems may provide 
models which can be applied to more complex systems. 

Tertiary butanol was chosen as a co-solute in this study for 
several reasons: (i) it is miscible with water in all proportions, 
(ii) many properties of t-butanol-water solutions have been 
investigated (1 ,  2), and (iii) the peculiar features of alcohol- 
water solutions are particularly well-developed in aqueous 
t-butanol due to its bulky alkyl group. Although there have 
been several studies of the solubility of gases in water-alcohol 
systems (3, 4), the combination of water (subscript 1) - 
t-butanol (subscript 2) - carbon dioxide (subscript 3) has not 
been investigated to date. 

The solubility of a substance in a two-component solvent 
system is fundamentally related to the chemical potentials of 
the two solvent components. Other "continuum" properties of 
the solvent system are also related to the chemical potentials (or 
their derivatives) of the components. Kenttamaa et al. (2) have 
obtained the activities of the components of water-t-butanol at 
temperatures above 25°C. However, in spite of the great num- 
ber of experimental studies of continuum-type properties of this 
system ( I ,  5 ,6 )  the component activities at temperatures below 
25°C have not been reported in the literature. Such activities are 
reported here for 1°C and 10°C. 

Experimental 
(a) Materials 

The following chemicals were used in this study: filtered Millipore 
deionized water, freshly distilled Fisher Certified t-butanol, Matheson 
Research Grade carbon dioxrde (99.95%), and helium (99.9999%). 

The composition of the water-t-butanol solvent mixture was deter- 
mined through refractive index measurements. 

(b) Apparatus 
The apparatus for the measurement of gas solubility can best be 

described as a modified BET-type apparatus used normally to measurc 
the adsorption of gas on a solid. It consists of a constant-volume 
manometer, a seven-bulb gas burette, and a solubility cell which 
contains the liquid sample. The volume of each bulb in the gas burette 
is known to 50.0002 cm3 through dcterrnination of thc mass of mer- 
cury it contains. The mercury level in the manometer is read with a 
cathetometer to 50.0001 cm. The solubility cell is constructed with 
a Teflon stopcock so that there is no contamination of the sample by 
vacuum grease. The sample is stirred magnetically and thermostatted 
to t0.05°C. The vacuum in the system is monitored with a thermo- 
couple gauge (Veeco type RG-3 1 X). 

The line volume (which is all capillary tubing) and the dead volume 
(the volume between the first stopcock leading to the line and the 
liquid level in the solubility cell) were dctcrmined with research grade 
helium assuming He to be an ideal gas. The line volume was 15.53 5 
0.08 cm3; the dead volume (cell empty) was 34.12 ? 0.25 cm7. 
Temperatures were monitored with a five junction chromel-alumel 
thermocouple referenced to an ice bath. 

In order to check for any adsorption of COz on the glass walls of the 
tubing, the line volume and dead volume were also calibrated with 
CO?, assuming ideal gas behaviour. The results were within 1.0% of 
those obtained with helium. 

(c) Vapour pressure and gas solubility tt1ea.suretnent.s 
The procedures followed for these measurements are quite similar, 

and are briefly outlined here. 
The sample of water-t-butanol was first degassed under vacuum by 

at least five freeze-pump-thaw cycles, weighed, then stirred and 
thermostatted to the desired temperature. The equilibrium time re- 
quired before a vapour pressure measurement was typically I h. 

For solubility measurements, the line volume was evacuated, typi- 
cally to 0.0001 Torr, and then filled with COZ to a pressure of about 
700 Torr. The number of moles of C 0 2  in the line volume was 
determined from three volume/pressure measurements, the level of 
mercury in the manometer and the burette was then adjusted to give 
the desired pressure of COa, and the gas was admitted to the sample 
cell. When equilibrium was reached after about 1 h, the first stopcock 
was closed and the number of moles of C02  remaining in the line 
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TABLE I.  Experimentally measured vapour pressures of 
t-butanol-water mixtures 

I0.OO0C 1 .0o0c 

XI PTo.F x2 P ~ ~ , "  
(30.0002) (lo-' atm) (70.0002) (lo-' atm) 

"Maximum experimental error: 20.07 X 10.' atm, 

volume was measured. The number of moles of C 0 2  remaining in the 
dead volume could be calculated from the equilibrium pressure and the 
known dead volume; the number of moles of C 0 2  absorbed by the 
sample could thus be calculated. 

This procedure was repeated until at least five points were obtained 
for a Henry's law plot of P, VS. X3. At the end of the experiment the 
composition was determined through a measurement of the refractive 
index as the degassing procedure preferentially removed the alcohol 
and altered the initial composition. The typical time required for the 
complete experiment was 10 h. 

In calculating the number of moles of C 0 2 ,  the pressure was cor- 
rected for the non-ideality of the gas according to the virial equation 
of state with values of coefficients from ref. 7. For these calculations 
the gas temperature was assumed to be the room temperature in the 
line volume and the sample temperature in the dead volume. The dead 
volume was corrected for the volume of the sample using densities of 
water-t-butanol solutions found in ref. 8 for 10°C and 25°C; densities 
at 0°C (9) were used to correct the dead volume for measurements at 
1°C. 

Clearly the gas contained in the dead volume consists of both carbon 
dioxide and sample vapour, but it can be assumed that the line volume 
contains only carbon dioxide since it is composed of capillary tubing, 
and as pressure changes from the line volume to the dead volume were 
always positive. 'The gas pressure was corrected for the presence of 
sample vapour in the dead volume through an iteration procedure 
assuming Raoult's law. 

(d) Refractive index measrtrements 
Refractive index measurements were made with an Abbe refrac- 

tometer (Officione Galileo) thermostatted at 25.00 5 0.05"C. Using 
solutions prepared from t-butanol dried over 4A molecular sieves, a 
calibration curve was constructed and fitted to a sixth-order poly- 
nomial. The composition of all water-t-butanol solutions prepared 
were then calculated from refractive index measurements. In the com- 
position region of most interest (XI - 0.1), X2 could be obtained to 
an accuracy of ?0.0001 by this method. At higher (>0.4) ranges of 
XI, n is not as sensitive to X2 and the accuracy was lower (+0.0005 
to +0.001 mole fraction alcohol). 

(e) pH measurements 
Measurements of pH were made with a combination glass Ag/AgCI 

electrode (Fisher 13-639-92) and a digital pH meter (Fisher Model 

FIG. I .  Vapour pressures of t-butanol-water mixtures at 10.OO°C: 
A,  experimental points; -, computer-fitted curves. 

620). The pH meter calibration was checked by using buffer solutions 
at pH 4, 7, and 10. For the measurement of the pH of water-t-butanol 
solutions, the water was first degassed by refluxing and then sparged 
continuously with argon during the experiment. Solid t-butanol was 
gradually added to the solution, which was magnetically stirred and 
thermostatted to 25.00 2 0.05"C. 

For the measurement of the pH of water - t-butanol - carbon 
dioxide solutions, a water- t-butanol solution was first degassed under 
vacuum by several freeze-pump-thaw cycles. The solution was then 
quickly transferred to the measuring flask and carbon dioxide was 
bubbled continuously through the sample. The pH reading usually 
equilibrated within minutes. The refractive index of the solution was 
tested immediately after a pH reading was taken to check the solution 
composition. 

Results 
(a) The solvent system water-t-butanol 

The vapour pressures of water-t-butanol mixtures were 
measured over the concentration ranges where the samples 
were liquid at 10.OO°C and l.OO°C. The vapour pressure of 
pure t-butanol and water were taken from ref. 10 as it was 
difficult to reach equilibrium when the system contained only 
water. The vapour pressures at 25°C have been measured pre- 
viously by Brown and Ives (1 1). The experimental vapour 
pressures are given in Table 1. The shapes of the total vapour 
pressure curves for 10°C (Fig. 1) and 1°C are similar to that 
reported by Brown and Ives for 25°C and by Kenttamaa et al. 
at 25, 50, and 75°C (2). 

Brown and Ives used an equilibrium still to make their va- 
pour pressure measurements i n d  were able to determine the 
composition of the vapour phase with this apparatus. The par- 
tial pressure of each component was then calculated by an 
application of the Duhem-Margules relation. Using their data 
for the partial pressure of each component at 25"C, the partial 
pressures at other temperatures could be calculated under the 
assumption that the activity coefficient of the water is relatively 
insensitive to temperature. 

The calculations were done as follows. The activity coeffi- 
cient of water, y , ,  was calculated from the partial pressure of 
water at 25°C according to Raoult's law. It was then assumed 
that the activity coefficient of water changes negligibly (within 
experimental error) in the temperature range 1-25°C. This 
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KRUUS AND HAYES 

TABLE 2. Vapour pressures, activity coefficients, and AG; for water-t-butanol mixtures 

8 I I I 1 
0.2 0.4 0.6 0.8 1.0 

x2 

FIG. 2. Activity coefficients of r-butanol and water determined 
from vapour pressures. -data for y, as taken from refs. 2 and I I for 
25.0°C. The y, curve is assumed temperature independent. 1, data at 
50.0°C from ref. 2. 

assumption seems justified, as t h e y ,  values at 50°C from ref. 2 
are essentially the same as those at 25°C from refs. 2 and 11 
(Fig. 2). The partial pressure of water at a given temperature 
was then calculated and the partial pressure of t-butanol deter- 
mined by subtraction from the known total pressure. 'The activ- 
ity coefficient of t-butanol is thus 

The activity coefficients calculated in this manner were 
found to be consistent with the Gibbs-Duhem relation to with- 
in about 0.8%. The smoothed data for the system at 25, 10, and 
1°C are tabulated in Table 2. The  rms deviation for the com- 
puter fit of the total pressure curves obtained in this study 
ranged from (0.04 to 0.12) x lo-' atm; the data of Brown and 
Ives were fitted with an rms deviation of about 0.24 X lo-' 
atm. This is another indication that no great errors are intro- 
duced by assuming y ,  to be independent of temperature from 0 
to 25°C. 

The large positive deviation from Raoult's law of the alcohol 
partial pressure is seen in Fig. 1, and more clearly in Fig. 2 
where the activity coefficients of t-butanol and water as a 
function of solution composition are given. The  activity coeffi- 
cient of t-butanol exhibits a temperature-dependent maximum 
at a low mole fraction of alcohol (X? = 0.04 at 2S°C, 0.05 at  
IO°C, and 0.07 at 1°C). The data of Kenttamaa et al. (2) are not 
detailed enough to note the value of X 2  at which y2  is a max- 
imum. The  magnitude of their maximum value of y? does, 
however, also show an increase with temperature, as in Fig. 2. 
For 25°C they report yZ,,,,, = 10.7 at X2 = 0.033, for 50°C, 
yr,,,l.lx = 15.7atX2=0.011,andfor75"C, y?,,,,, = 2 5 . 5 a t X 2  
= 0.010. 

The  excess Gibb's free energy of mixing AG;, is defined by 
the relation: 

The AG; values calculated for water-t-butanol mixtures at 
different temperatures are illustrated in Fig. 3 .  The  maximum 
AG; values occur at X? - 0.4,  as  in the case for higher 
temperatures (2). It is in principle possible to calculate AHM 
and AS; from a knowledge of the temperature dependence of 
AG;, but the data obtained here are not detailed enough for a 
meaningful calculation. 
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TABLE 3. Solubility of C 0 2  in water-t-butanol mixtures 

7' = 25.OO0C 7' = 10.OO°C T = I .OO°C 

xz k~ AG:,,~ xz k~ AGL xz kt, AGR, 
(30.0002) (atm) (kJ mol-I) (70.0002) (atm) (kJ rnol-I) (70.0002) (atm) (kJ mol-') 

x2 

FIG. 3. Excess free energy of mixing of t-butanol-water mixtures. 

(b) Solubility of carbon dioxide in t-butanol-water mixtures 
The accuracy of the experimental method used to calculate 

the solubility of C0 ,  can be estimated by comparing the results 
for the solubility of C0 ,  in pure water at 25.00°C with those 
available in the literature (12- 14). The value obtained in this 
study agrees with the literature values to within 3%. Some of 
this deviation arises from the ideal gas assumption used to 
convert the Henry's law constant to the Bunsen coefficient and 
the Ostwald solubility coefficient for comparison with the liter- 
ature values. However, the main source of error in this experi- 
ment was the assumption that the gas in the dead volume is at 
the same temperature as the sample. It is, however, difficult to 
apply a correction to the thermal gradient from the sample to 
the room temperature. Such errors would have negligible ef- 
fects in considerations of relative solubilities. 

Plots (P, vs. X,) for the solubility of CO, were linear to 
within an average standard deviation of 1.5% (Table 3) with no 
regular deviation from linearity. The pressures used were suf- 
ficiently low so that the error introduced in replacing fugacity 
by partial pressure is negligible (1%) and the second term in the 
expansion P3 = kHX3 + k ' ~ :  +.  . . gives a negligible con- 
tribution. The intercepts of the lines did not always pass 

FIG. 4 .  Henry's law constant, k H ,  as a function of t-butanol concen- 
tration at 25, 10, and 1°C. 

through zero pressure as expected. The small positive intercept 
values noted are probably due to incomplete degassing and the 
assumption of uniform dead volume temperature. Figure 4 
shows that there is at all three temperatures a minimum in 
solubility (maximum in k,) at low X2. It was not possible to 
determine the point of minimum solubility more precisely, as 
the solvent composition changed in the degassing procedure 
and could not be exactly predetermined. 

The free energy change of solution, AG:~,,  was calculated 
from the Henry's Law constant and is included in Table 3. The 
enthalpy change, AH:,, and entropy change, AS!,,, of solution 
at 10°C as a function of alcohol concentration are shown in Fig. 
5.  The shapes of these curves are similar to those for the 
solution of CO, in water-ethanol (4). 
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KRUUS AND HAYES 

FIG. 5. Free energy, enthalpy, and entropy of solution of carbon dioxide in t-butanol-water mixtures at 10°C. 

FIG. 6. pH of t-butanol-water and t-butanol-water-C02 mixtures 
at 25°C. 0, t-butanol-water mixtures sparged with Ar; ---, predicted 
pH of t-butanol-water mixtures from Kw values; a, t-butanol-water 
mixtures sparged with COz. 

(c) pH measurement 
The measurements of t-butanol-water mixtures with an ar- 

gon and a C 0 2  sparge are illustrated in Fig. 6. Addition of 
t-butanol to pH 4, 7, and 10 buffers indicated a small linear 
increase in pH readings with addition of alcohol in all three 
cases. Such a change can be related to the change in the pK of 
the buffer due to the addition of t-butanol and a change in the 

junction potential. The latter effect is negligible as compared to 
experimental error. 

The effect of the changing dielectric constant on the ioniza- 
tion constant of water must also be considered. Woolley et al. 
(15) have obtained measurements of Kw in t-butanol-water 
mixtures, from which the change in pH due to the change in Kw 
can be predicted. In Fig. 6, the "predicted" pH curve and the 
experimental pH curve obtained in this study are seen to be 
similar in value and in slope for dilute solutions. 

In aqueous media at pH less than 7 ,  carbon dioxide species 
exist as C02(aq), H,CO,(aq), and HCO,(aq). Assuming that 
[COdaq)] >> [H2CO,(aq)] (16); [HCO,(aq)l = [Ht(aq)l OH, 
the first dissociation constant of carbonic acid can be written as 

The concentration of C02(aq) can be determined from the 
known solubility of CO, in t-butanol-water mixtures so that it 
is possible to calculate the values of pKI shown in Table 4. The 
standard state used here is that for the molarity composition 
scale in order to be consistent with other data (16). 

The value of pK; in pure water calculated from the experi- 
mental pH is 5.92, as compared to Harned and Davies' (16) 
value of 6.352. The increase in pKI indicated in Table 4 is to 
be expected since the dielectric constant of the solvent is de- 
creasing. The distance of closest approach, d, of the two ions 
formed by the dissociation of carbonic acid (Ht and HCO,) can 
be estimated from a plot of In K ;  vs. 1 / ~  using the Fuoss 
equation. The value obtained using the relative permittivity 
values from ref. 1 1 is 0.11 nm, which is of the correct order of 
magnitude. 

Discussion 
(a) The solvent system water-t-butanol 

Figure 7 summarizes the behaviour of some "continuum" 
properties of water-t-butanol in the low X2 range. Ultrasonic 
absorption and Rayleigh scattering are included in Fig. 7 as 
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TABLE 4. pKI of carbonic acid in I-butanol-water mixtures at 25OC 

XZ Xi" [c02(aq)lh pH' GI 
(20.0002) ( X  10") ( x  (*o.oI) ( x  ~ K I  

0 6.28 3.4 3.69 2.04 5.92 
0.0163 6.25 3.26 3.78 1.66 6.07 
0.0300 6.2 3.11 3.85 1.41 6.19 
0.0346 6.05 2.9 3.88 1.32 6.23 
0.0567 6.1 2.8 4.00 1.00 6.46 
0.0623 6.6 2.96 4.03 0.933 6.53 
0.0840 7.7 3.2 4.14 0.724 6.79 
0.1300 10.6 3.89 4.39 0.407 7.37 
0.2810 22. 5.8 5.20 0.063 9.17 

"Calculated from k,, at I atm. 
hIn mol L - ' .  
' Obtained by fitting experimental pH values to a straight line; standard 

deviation of fit = 0.09. 

they involve interactions with sufficiently large wavelengths of 
sound and light, respectively, to be considered in terms of 
continuum models (5, 6). 

Analyses of such data have also been carried out on the basis 
of molecular level models (17, 18). However, extrema in such 
properties are fundamentally related to extrema in the chemical 
potentials (or their derivatives) of the components. A desirable 
test of molecular-level models would be to use them to predict 
data for fundamental properties such as activities in addition to 
the more specific derived properties. 

Deviations from Raoult's law for mixtures indicate non-ideal 
interactions between the solute and solvent molecules. The 
strong positive deviation of y2 in water-rich solution indicates 
that the alcohol molecules are on the average in a less favour- 
able environment despite the possibility of formation of favour- 
able hydrogen bonds with the water. This positive deviation 
arises from the strong interaction between the bulky, hydro- 
phobic alkyl group of the alcohol and surrounding water mole- 
cules. It is interesting to note that the magnitude of this positive 
deviation in y, becomes greater as temperature increases (Fig. 
2 and ref. 2). 

This phenomenon of "hydrophobic hydration" is thought to 
increase the water structure in the immediate vicinity of the 
hydrophobic residue. The sharp maximum which occurs in y? 
at about X2 = 0.05 at 25OC can be interpreted as corresponding 
to a maximum in the structuring effect on the surrounding 
water. At concentrations of alcohol greater than this maximum, 
the addition of further alcohol causes a rapid destruction of the 
water structure. The shift of the maximum to slightly lower 
alcohol concentrations (Fig. 2) and the increase in y2,,,, (Fig. 
2, ref. 2) as the temperature is raised may be due to the smaller 
degree of structuring present in pure water. At higher tem- 
peratures, the structuring caused by the alcohol can be greater, 
but will be destroyed at lower alcohol concentrations due to 
greater thermal motion. 

Desnoyers and colleagues (19, 20) have suggested that the 
sharp extrema in various thermodynamic properties of t- 
butanol-water solutions are due to transitions which resemble 
micellization. These "microphases" cannot be called micelles 
however, because alcohols do not form well-defined aggre- 
gates in water. 

Mikhailov (21) has predicted the activity coefficients of eth- 
anol and water in mixtures covering the entire concentration 
range based on the model he has proposed for aqueous solu- 
tions of nonelectrolytes. The predicted activity coefficient 
curves exhibit a sharp maximum in y,,,, in dilute solution and 

FIG. 7. Properties of t-butanol-water mixtures at 25OC: y2 activity 
coefficient of TBA (this work), k ,  solubility of carbon dioxide (this 
work). +c apparent molal heat capacity of TBA (8), cPv apparent molal 
volume of TBA (8). R ,  Rayleigh scattering intensity (18). a / f 2  ultra- 
sonic absorption (26). 

a positive deviation in y ,  in more concentrated solutions. These 
features agree well with the curves experimentally obtained for 
t-butanol-water in this study. 

The component activities in the system water-t-butanol ob- 
tained at three temperatures in this study are fundamental in 
understanding all equilibrium continuum properties. It seems 
desirable to check proposed models of systems against these 
data as well as against data derived from them. 

(b )  Solubility of carbon dioxide 
The Henry's Law constant is related to the Gibbs free energy 

of solution as AG:,,, = -RT In k,,. The AG;, for carbon dioxide 
in t-butanol-water mixtures over the entire mole fraction range 
at 25°C is shown in Fig. 8 as a function of both mole and 
volume fraction. The experimental data can be compared to an 
"ideal" curve where 

where f refers to either mole or volume fraction and A G : ~ , . ~  
(= -RT In kH,J refers to the Gibbs free energy of solution of 
CO? in pure t-butanol. 

When AG:~, is plotted as a function of the volume fraction of 
t-butanol, the curve retains the same features as the mole frac- 
tion dependent curve. The curves can be compared to the 
"ideal" curve by considering the excess free energy of solution, 
AGf0, = A G ~ ~ , ,  - AG:,. For the volume fraction curve, A C ~ ~ ,  
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KRUUS AND HAYES 3409 

FIG. 8. - AG:~,, for carbon dioxide solubility in r-butanol-water 
mixtures at 25.0°C as a function of mole fraction (@) and volume 
fraction (0) of 1-butanol. --- AG:,, (see text for definition). 

will be positive over the whole concentration range; whereas 
for the mole fraction curve AG:,, becomes negative at about 
Xz = 0.1. 

The data are analyzed in both ways, as in a study of the 
solubility of electrolytes in aqueous non-electrolyte solutions, 
the solubilities were best fitted by an expression incorporating 
the volume fraction rather than the mole fraction of the organic 
cosolute (22). When the solute molecules interact primarily 
with individual solvent molecules, then it is more reasonable to 
do the analysis using a mole fraction scale. When the inter- 
action is primarily of a "continuium" kind, e.g. involving the 
dielectric constant, then a volume fraction scale is more reason- 
able. 

The shape and temperature dependance of the A G ~ ~ ,  func- 
tions when considered on a mole fraction scale are for this 
system quite similar to those observed for the solubility of Ar, 
H2, and He as calculated by Lucas and Cargill (23). The differ- 
ence noted are that the data of Cargill shows that AG,",, exhibits 
a small negative minimum at very low mole fraction of alcohol; 
and the absolute magnitudes of A G ~ ,  are less than in the carbon 
dioxide - water - t-butanol system. 

From the AG;, curves for the solubility of CO, in t- 
butanol-water mixtures it is possible to calculate the activity 
coefficient of carbon dioxide from p.: = RT In y,. Several 
reference states can be used to express activity coefficients, but 
the meaningful one here is Raoult's Law, where the reference 
state for the solute is unit mole fraction. When the pressure is 
sufficiently low to equate fugacity and partial pressure, then the 
solute activity is defined as 

where P: is the vapour pressure of the pure liquid solute. Thus 
the activity coefficient approaches unity as X, approaches the 
pure solute. 

TABLE 5. Activity coefficient of COz in COz-H20- 
TBA mixtures at 25.00°C 

Using the value P ;  = 63.49 atm at 25°C (10) the activity 
coefficients of carbon dioxide in the alcohol-water mixtures 
were calculated from the experimental Henry's Law constant at 
25.00°C. The results (Table 5) indicate that the activity coeffi- 
cient (and the excess chemical potential) of carbon dioxide in 
the mixture reaches a maximum at X? = 0.05. The activity 
coefficient of t-butanol in water also shows a maximum at this 
mole fraction (Fig. 7). The value of y, in water is about 15 
times that in the alcohol, where it is close to unity. This indi- 
cates that the affinity of the carbon dioxide gas for the alcohol 
is similar to its affinity for liquid carbon dioxide. The free 
energy of transfer from water to t-butanol (Table 3) also reflects 
this difference. 

(c) Moclels for- the solubility of CO? in water-TBA 
The variation of COz solubility with composition of the 

water-t-butanol mixture can involve energy, entropy, and vol- 
ume effects. Scaled particle theory provides a method for esti- 
mating the importance of volume effects. Lucas and Cargill 
(23) have compared the experimental free energies of solubility 
of He, HZ, and Ar in water-ethanol and water-t-butanol mix- 
tures with values predicted by the scaled particle theory (SPT). 
Their calculated excess free energies of solution show a similar 
dependence on alcohol concentration as that observed experi- 
mentally. 

The expression for the free energy of solution, AG:~,, de- 
rived from SPT is: 

In [6], V is the apparent molar volume of the mixture, and G, 
is the free energy of cavity formation, given by: 

[7] G,/RT = -In (1 - y) + [3X/( I - y)] D, i 
N T P  + [3Y/(l - y)' + 4.5X2/(1 - y ) i ] ~ :  + 

D:] 

where p equals 3 for y, 2 for X, and 1 for Y; D , ,  Dz, 0, are the 
hard sphere diametersof water, alcohol, and gas, respectively; 
V ;  is the molar volume of pure water and + V , 2  is the apparent 
rnolal volume of the alcohol in the mixture. 

The contribution of the free energy of interaction, G,,  was 
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FIG. 9. Excess free energy of solution AGE,,, of CO? in t-butanol- 
water mixtures at 25OC. Curve I. Experimental AGE,, (see Fig. 8). 
Curve 2. Scalcd particle theory. Curvc 3. Scaled particle theory, ideal 
volume of mixing. 

neglected by Lucas and Cargill on the assumption that when a 
gas is transferred from water to another polar solvent, GI  is very 
small. The calculated and experimental free energies of transfer 
from alcohol to water were found to be similar, which lends 
some validity to this assumption. 

'The SPT and experimental values for the free energy of 
solution were compared by computing A G ~ ~ ,  for carbon dioxide 
in water-t-butanol mixtures at 25°C using experimental appar- 
ent molar volumes (8). The computer program was tested by 
calculating the free energy of transfer of argon from water to  
t-butanol at 25°C. The value of 9.2 1 kJ mol-' computed at 25°C 
compares well with the value of 9.1 kJ mol-I computed by 
Lucas and Cargill at 12°C. 

The excess free energy of solution, A G ~ , ,  for carbon dioxide 
is illustrated in Fig. 9. The AG:, used in Fig. 9 are calculated 
using the computed values of A G ~ ~ , ~ ,  and AG;,,,; these com- 
puted values are about three times the experimental values for 
the case D1 = 0.394 nm (24), D l  = 0.2733 nm (24), and D2 = 
0.529 nm (25) (curve 2). The computed curve exhibits a small 
minimum at X2 = 0.015 and a maximum at X2 = 0.05. The 
minimum, which corresponds to a slight increase in carbon 
dioxide solubility, was not observed experimentally. This is 
possibly because the initial increase in solubility falls within the 
experimental error of the present study. The height of the 
computed maximum is much smaller than that observed experi- 
mentally. 

An increase in the alcohol diameter changes the magnitude 
and concentrations dependence of A G ~ ~ ,  dramatically, but a 
corresponding increase in D, o r  D l  has only a slight effect, with 
no change in the shape of the curve. It is of some interest to 
compute the solubility of carbon dioxide in "ideal" 
water-t-butanol mixtures; that is, assuming that the volume of 
mixing is zero rather than using experimental values of the 
molar volume. Curve 3 in Fig. 9 shows the value of this "excess 
ideal free energy" to be positive and to reach a maximum at 
X2 = 0.1. The difference between curves 2 and 3 is an indi- 
cation of the effect of the non-idealities of the system volume 
on the solubility of carbon dioxide. It is quite obviously a very 
important effect. 

The variation in the chemical potential of carbon dioxide in 
t-butanol-water mixtures as a function of alcohol concen- 
tration is qualitatively the same as the variation of the chemical 
potentiel of the alcohol itself. The minimum in the gas solu- 
bility in very dilute alcohol solutions corresponds to the max- 
imum in the activity coefficient curve of t-butanol and shows 
the same trends with temperature. A qualitative explanation of 
the variation of the solubility of carbon dioxide with concen- 
tration would be similar to the explanation of the variation of 
the activity coefficient of t-butanol with concentration given 
earlier. 
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The dependence of the photochemically induced reduction of lumiflavin on pH, light 
intensity, and concentration of sulphydryl compounds 
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PARMINDER S. SURDHAR and DAVID A. ARMSTRONG. Can. J .  Chem. 63, 341 1 (1985). 
The spectral changes which occur on photolysis of flavin solutions containing P-mercaptoethanol (RSH) and lipoamide 

(L(SH),) are in accord with the formation of dihydroflavin, except at pH values below 3 for RSH. Here an oxygen-stable 
product is formed, which has X,,, 360 nm and is probably a C-4a substituted dihydroflavin. 'The fraction of flavin present when 
FlH2 reaches a photostationary state f(F1H2),, is dependent on pH and on the absorbed light intensity I,. At certain pH values 
the actual photostationary concentration of FlH2 is linear in the concentration of RSH, but for the lipoamide system shows a 
more complex dependence on concentration. The initial quantum yields are independent of absorbed light intensity in the pH 
range 7 to 10 for RSH, and increase strongly with pH in the region 7 to 9 for both sulphydryl compounds. In the pH range 
5-6 they are linear in sulphydryl concentration. For RSH the results can be explained by a mechanism in which flavin triplet 
abstracts a hydrogen atom from RSH to form RS. and .FIH radicals, These radicals undergo back reaction to RSH and F1 or 
form RSSR and FlH2 by one of two mechanisms: (a) formation of RSSR--. which electron transfers to F1 or .FIH or (b) reaction 
of RS. with .FIH--RSH complexes. The results with L(SH), can be explained similarly. 

PARMINDER S. SURDHAR et DAVID A. ARMSTRONG. Can. J .  Chem. 63, 34 1 1 ( 1  985). 
Les changements spectraux qui se produisent lors de la photolyse de solutions de flavines contenant du P-mercaptoCthano1 

(RSH) et de la lipoamide (L(SH),) pourraient Ctre expliques par la formation de la dihydroflavine, i I'exception des pH 
inftrieurs i 3 dans le cas du RSH. Dans ces cas, il y a formation d'un produit qui est stable vis-i-vis de I'oxygtne, qui prtsente 
un X,,,, i 360 nm et qui est probablement une dihydroflavine substitute en position C-4a. La fraction de flavine qui est prtsente 
quand la FIH, atteint un Ctat photostationnaire, f(FIH,),,, qui depend du pH et de l'intensitk de la Lumikre absorbte, I,. A 
certains pH, la concentration photostationnaire reelle de la FlH, varie d'une f a ~ o n  lintaire avec la concentration en RSH; dans 
le cas du systtme de la lipoamide, on note toutefois une relation plus complexe avec la concentration. Dans le cas du systtme 
du RSH et i d e s  pH allant de 7 a 10, les rendements quantiques initiaux ne dkpendent pas de I'intensitk de la lumikre absorbCe; 
toutefois, pour chacun des composes sulfurCs et i des pH allant de 7 2 9,  ces rendements augmentent rapidement. Aux pH allant 
de 5 i 6, ils sont IinCaires avec les concentrations en sulfhydryles. Pour le systkme RSH, les rtsultats peuvent Ctre expliquCs 
par un mecanisme dans lequel 1'Ctat triplet d'une flavine enlkve une hydrogtne du RSH pour former des radicaux RS et . FIH. 
Ces radicaux subissent des reactions de retpur vers le RSH et la F1 ou ils forment du RSSR et de la FIH, par I'un des deux 
mtcanismes suivants: (a) formation de RSSR- qui donne des reactions de transferts d'electron conduisant i la F1 ou au .FIH 
ou (b) rCaction du RS. avec des complexes .FIH--RSH. On peut expliqucr de la mCme manikre les rCsultats obtenus avec le 
L(SH),. 

[Traduit par le journal] 

Introduction 
Flavin molecules are prosthetic groups in a large number of 

essential oxidation-reduction enzymes (I)  and there is a strong 
interest in the redox chemistry of their ground and excited 
states (2-5). Scheme 1 depicts the sequences of reactions 
which have been postulated to explain products formed on 
photolysis with light in the wavelength range 400-500 nm. 
Here DH2 represents a reductant or hydrogen donor and F1 the 
oxidised form of the flavin, while F1.- and FlH. are the anionic 
and neutral forms of the semiquinone free radical. Fll and F13 
are the flavin singlet and triplet excited states. For common 
flavins, such as flavin mononucleotide (FMN), flavin adenine 
dinucleotide (FAD), and lumiflavin (LFI), the 1,s-dihydro- 
flavin or FlH, form has a pK in the region of 6 to 7 (6). The 

SCHEME 1. Reactions: 
[fl = fluorescence, 

[isc] = intersystem crossing, 
[ip] = triplet decay via isc and phosphorence, 
Is] = singlet quenching, 
[t] = triplet quenching, 

[ts] = triplet + singlet, 
[p] = proton transfer, 
[dl = back donation, 

[eb], [el = electron transfer, 
[a] = outward diffusion of geminate pair. 
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pK for the semiquinone is near 8.3 (7). The structural formulae 
of lumiflavin, F1, and dihydrolumiflavin anion, FlH-, are 

Detailed photochemical and flash photolysis experiments 
(2-5, 8- 10) have been performed with a large variety of DH? 
species, so that values of k, have been determined for phenols, 
amines, amino acids, and certain sulphur-containing com- 
pounds, as well as the photophysical constants kr and k,,,. 

The case of the sulphydryl-containing amino acid L-cysteine 
is particularly interesting. Here the value of k, at pH 7 (4.5 * 
0.5 x lo7 M- '  s-I) is some hundred fold or more larger than 
for glycine (8), implying that the sulphydryl group is involved 
in reaction [t]. Furthermore there are strong indications that the 
quenching process occurs by .H transfer rather than the se- 
quence [t] and [p] as in Scheme 1. This observation is actually 
in line with the well-known hydrogen-donating ability of sul- 
phydryl molecules (RSH) (1 1 )  and the reaction may be written: 

[ I ]  F1' + RSH -+ (.FIH + RS.)' 

Ahmad and Armstrong (12) have studied the reactions of 
RS. radicals with flavin species. They pointed out that the 
redox potential of reaction [2] is relatively high 

[2] RS. + e-  = RS- 

( E :  = 1.0 V), and that RS. would oxidise .FIH and FIH,. 
However, at pH 2 pK, ( ~ 8 . 5  for cysteine (1 3)), RS . 
111 RSH = RS- + H+ 

forms RSSR- 
[h] RS- + RS. = RSSR- 
This species was shown to reduce F1 (12). 

[3b] RSSR- + F1+ RSSR + FI.- 

It would also be capable of reducing .FIH: 

[3b1] RSSR-- + .FIH + RSSR + FIH- 

It follows that at pH values below pKi the back reaction 

[3] (-FIH + RS .)? -+ FI + RSH 

should be the dominant route for removal of the radical pair 
formed in [ l] .  This also should be true for radical pairs, which 
initially separate from each other (reaction [cr] in scheme 1) and 
subsequently react by random diffusion. 

[3a] -FIH + RS. -+ F1 + RSH 

In either event the fraction of radical pairs producing FIH- (or 
FIH,) should be small. On the other hand at pH 2 pKi reactions 
[3b] and [3b1] may compete with [3a]. Thus the yield of 
dihydroflavin should rise with increasing pH in the region of 
pK,, until it reaches a maximum. The surprising feature of the 
experiments with cysteine was the fact that a relatively large 
proportion of -FlH + RS . radical pairs actually formed FlH, at 
pH 7 (3), which is well below pKi (13). This observation 
suggests that there are additional reactions to those considered 
above. 

The present study was undertaken with the objective of de- 
termining the initial quantum yields and maximum concen- 
trations of FIH, formed by photolysis in the presence of sul- 
phydryl molecules, and studying their dependence on pH, light 
intensity, and RSH concentration. The flavin used was lumi- 
flavin and P-mercaptoethanol was chosen as the RSH mole- 
cule. It is simpler than cysteine in that ionisation of the -SH 
group is the only process which leads to changes in net charge 
of the molecule with pH. The pKi and the magnitude of K, are 
known to be 10.0 and 1.8 X 10"-', respectively (14, 15). 
The disulphydryl lipoamide L(SH), was also used. It-differs 
from monosulphydryls in that the disulphide anion (LS?) and 
its protonated form (LS,H), which has a pK of 5.5 (16- 18), are 
both considered to exist as stable ring structures: 

Thus in this system LS,H replaces the RS-  species. Also the 
proportions of LS,H and LS;. are independent of [L(SH),] and 
aredetermined only by pH, while with RSH the proportion of 
RSSR- increases with [RSH]. 

Experimental 
Materials 

Lumiflavin and P-mercaptoethanol (RSH) were supplied by Sigma 
Chemical Co. Dihydrolipoamide (L(SH)Z) was prepared from lipo- 
amide by the method of Reed et al. (19). All other chemicals were the 
purest grade available and used as supplied. 

Methods 
All solutions were prepared from triply distilled water and saturated 

with high purity NZO (Matheson), which was first passed through a 
column of "ridox" (Fisher Scientific Company) to remove traces of 
oxygen. All solutions were buffered with phosphate buffer and pro- 
tected from light as much as possible. For all solutions of L(SH)Z and 
RSH above pH 9, the buffer and other solutes were added and the 
solution deareated before the addition of L(SH), or RSH. Finally the 
pH was adjusted by the addition of NaOH or perchloric acid. This was 
done in order to minimise air oxidation of the sulphydryl. All experi- 
ments were carried out at 23 * 2°C. Concentrations of FI and FIH, 
were calculated with the following extinction coefficients at 440 nm 
- F1: 12320 pH 4-8; 12045 pH 9-1 1; FIHJFIH-: 1454 pH 4-6, 
1488 pH 7-8, 1230 pH 9- 11. 

Apparatus 
The photolysis lamp consisted of a 250 W Halogen Bellophot fitted 

with a water filter. The light was collimated through filters with 
maximum h and minimum h transmissions of 465 and 420 nm, re- 
spectively. Light intensities at various distances were determined 
chemically using ferrioxalate actinometry (20). The actinometer solu- 
tion was 0.15 M potassium ferrioxalate in 0. I N sulphuric acid. A 
molar extinction coefficient of 1.05 x lo4 M- '  cm-' at 510 nm for 
I ,  10-phenanthroline complex was determined experimentally by the 
procedures of Hatchard and Parker (20). 

The spectrum incident on the I cm square quartz photolysis cell was 
calculated form the emission spectrum of the lamp and the percentage 
transmission of the filters. The fraction of light absorbed over the band 
of wavelengths was calculated from the absorption spectrum of each 
irradiated solution. 

Steady statc radiolyses wcre performed in an AECL '"Co y cell with 
a steady dose rate of - 10.0 Gy min-'. The dose rate was determined 
by ferrous sulphate dosimetry, assuming G(F~'+)  = 15.6 molecules 
per 100 eV (21), and checked periodically to correct for the natural 
decay of the isotope. The net number of moles of radicals produced 
per litre of solution for a given radiation dose, ere*, was calculated by 
means of eq. [12] of ref. 22. 
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FIG. 1. Spectra obtained from NzO-saturated solution of 20-23 pM lumiflavin in 10 mM RSH and 10 mM phosphate buffer at ( a )  pH 3 and 
( b )  pH 9 before and after photolysis with light intensities (I,,) of 6.82 X lo-" and 2.09 X einsteins cm-'s-', respectively. Dashed lines 
(----) show spectra after aeration, the one in ( b )  coinciding with initial spectrum. Inset: Changes in AAw0 versus time after photolysis. 

Results 
Spectral changes 

The changes in absorbance which occur on photolysis of 
flavin solutions containing (3-mercaptoethanol are illustrated in 
Fig. l a  and b. As shown in Fig. 16, at pH 9 the flavin absorp- 
tion is reduced by each successive exposure to light, until 
finally a photostationary state is reached. The change in absorb- 
ance at 440 nm (AA,,) has been plotted as a function of pho- 
tolysis time in the inset. On addition of air the initial flavin 
absorbance is restored, dashed line in Fig. 1 b. This feature, the 
isobestic point at 333 nm and the nature of the spectral changes 
are in accord with the formation of dihydroflavin, a conclusion 
which also conforms with the earlier study of Heelis et al.  (3). 

At pH values below 3 the changes in absorbance are differ- 
ent. As illustrated in Fig. l a  the absorbance above 330 nm is 
suppressed less before the stationary state is reached and there 
is no longer a clear cut isobestic point. In addition, on aeration 
the flavin absorbance is not entirely restored. The spectral 
changes indicate that in addition to FIH-, an oxygen-stable prod- 
uct has been formed and that this has isobestic points with F1 
at -358, -382, and -402 nm. By estimating the concen- 
tration of FlH, in the mixture at the photostationary state from 
the change in AA at 440 nm on addition of air and that of 
residual FI from the absorbance at 470 nm where the absorb- 
ance of reduced flavins is mall, w e  were able to calculate the 
absorbance due to F1 and FIH, from their known spectra. The 
absorbance of the other product was then obtained by sub- 
traction from the absorbance of the mixture. This was found to 
have a maximum at 360 nm, which is typical of a 
4a-substituted dihydroflavin (23, 24), such products being 
formed by additions of free radicals to -F lH radicals. In the 
present instance the oxygen-stable product was shown to be 
stable under our conditions both at low and high pH. Thus there 
is no evidence for its reacting with RSH or  RS-. Its identi- 
fication and properties were not pursued further here. 

The  photochemical effects observed with lipoamide as the 
sulphydryl were similar to those described above, except that 
there was no evidence for an oxygen-stable product and revers- 
ible reduction to F1H2 was seen at all pH values. 

Photostationary concentratiorzs 
The fraction of flavin present as FIH2 in the photostationary 

state'f (FlH,),, has been plotted as a function of pH in Fig. 2 n  
and b for solutions containing 10 m M  (3-mercaptoethanol and 
1.0 m M  lipoamide, respectively. Data are shown for different 
incident light intensities, lo. 

The results obtained for y-radiolysis in the absence of light 
are included for comparison.? It is apparent that with both 
sulphydryl molecules f(FlH2),, is ( a )  dependent o n  pH, ( b )  
increases with incident light intensity, (c) is larger for the 
photochemically than the radiation chemically stimulated 
system. 

As a means of demonstrating that a true photostationary state 
was involved, it was shown that if after reaching a stationary 
state at a high intensity, the solution was subjected to a lower 
intensity then f (F1H2),, decreased to the value characteristic of 
that intensity. 

The  photostationary concentration of FlH2 was measured in 
the presence of varying [RSH] at pH 6 ,  where it is about half 
way to its maximum value at the higher intensity in Fig. 2a .  It 
can be seen from Fig. 3 that [FlH,],,, is linear in [RSH] and 
proportional to I,"'. Here it should be noted that I,, the ab- 
sorbed light intensity averaged over the cell length, was calcu- 
lated from the observed concentration of Fl at the stationary 

''The formula f (F1H2),, has been used to denote reduced flavin 
present at the photostationary state regardless of pH. 

'Note that in the first approximation [FIHZ],, should be independent 
of the y ray dose rate. Unfortunately it was not practical to check this 
point by altering the dose rate to give a range of radical production 
rates in the same range as those obtained in photolysis. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J.  CHEM. VOL. 63. 1985 

FIG. 2. Values of f(FlH,),, versus pH for the photoreduction of lurniflavin with 10 rnM RSH ( a )  and 1 rnM L(SH), (b) at light intensities 
(I,) of (0) 6.82 x (A) 2.09 x lo-' einsteins cm-' s-', respectively. The solid ( e )  points are for y-radiolysis at a radical formation rate 
of 1. I x lo-' M s C ' ,  and the dashed lines (----) are the calculated fraction of B .  radicals. 

FIG. 3. Plot of {[FIH,],,/~I,} x 10.' versus the concentration of 
RSH at pH 6 using light intensities (I,,) of (0) 6.82 x lo-', ( e )  3.68 
x lo-' einsteins cm-' s - ' ,  respectively. 

FIG. 4. Plot of [FIH,],,/~I,} versus the concentration of L(SH)Z at 
pH 5 using light intensity (I,,) of 6.82 X 10-"insteins cm-2 s- ' .  Inset: 
plot of [FIH,],, X 1 0 ' 1 ~  versus d ~ ,  X 104 using light intensities in 
the range 1-226 x lo-' einsteins crn-2 sC '  at pH 3 (A) and at pH 4 
( e ) ,  respectively. 

FIG. 5. Plot of initial rate versus concentration of L(SH), and RSH 
at pH 5 and 6, respectively, using light intensities (I,,) of 6.82 X lo-' 
einsteins crn-' s- I. 

state and the incident light intensity. 
For the lipoamide system in the pH range 3 to 5 ,  where 

f (FIH2),, was rising with pH, [FIH2],, is again apparently linear 
in I,'/'. However, in this instance it was independent of 
[L(SH)J, see Fig. 4. Also the results were less reproducible. 

Initial rates and quantum yields 
The initial slopes of plots like the inset in Figure l b  were 

divided by (E, - eFIH,) and used to calculate initial rates. The 
dependences of these-on sulphydryl concentration were deter- 
mined at pH values in the region 5 to 7, Fig. 5 ,  For both 
systems they are linear in concentration. However, there is an 
intercept or concentration-independent component for lipo- 
amide, which is not present for RSH. 

Quantum yields, calculated by dividing the initial rates of 
flavin reduction by the absorbed intensity, are depicted in Fig. 
6a  and b for 10 mM RSH and 1 mM L(SH)2 respectively. A 
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SURDHAR AND ARMSTRONG 

TABLE I. Summary of reactions for RSH' 

FI , ' .FIH , ' FlHz 
111  F I ~  + RSH + .FIH + A .  

[30'] .FIH + B -  (+ H+) + RSSR + FIH, 
[3b] F1 + B .  (+ H+) 4 .FIH + RSSR 

I51 
2.F1H = F1 + FIHz 

L-51 L-51 
F1 + FIH2 = 2.FIH 

I51 

[3a] FI + RSH + .FIH + A. [4] .FIH + RSH + A + FIH2 
[3c] - C  + A. + RSSR + FIH, 

[3c1] F1 + 2RSH + . C  + A. 
[3c1'] . C  + A . 4  RSFIH + RSH 
[3"] -FIH + A. + RSFIH 
[ 6 ]  -FIH + RSSR + RSFIH + A .  

[7] FI + R S . +  RSH + A + +  RSFlH 
[8] RSFIH + RS-- + H+ 4 RSSR + FIHz 

' A  few obvious alterations are needed to balance these equations for L(SH)2. 

FIG. 6. Plots of quantum yield versus pH for (a )  RSH and (b) L(SH)? using light intensities (I,,) of (A) 2.09 x (@) 3.22 X (0) 
6.82 x lo-', and (0) 3.68 x 10-'einsteins cm-' s-'. respectively. Dashed line (----) shows the relativc quantum yields for the photoreduction 
of riboflavin by EDTA from Fife and Moore (4). The ordinate scale for this has been multiplied by 0.255. 

strong dependence on pH is clearly evident. Also demonstrated radicals. Since these two reactions and the reverse processes 
for the RSH system is the fact that these initial yields are are known to be rapid (14, 25) it is reasonable to assume as a 
independent of absorbed intensity (see different sets of points) first approximation that equilibrium is maintained between the 
for pH in the range 7 to 10. A .  and B - radicals. One then has 

Discussion [B -1 = [A -1 6, 

The mechanism where is given by 
The flavin molecule reactions considered here are sum- 

marised in Table 1. In the y-radiolysis experimenfs there are 6, = [RSHI,,,.,I + [HF1/K,)-' 
the additional reactions producing the RS.  or  LS,H radical 

for RSH, and (18): 

[lo] e, + NZO + HZO + NZ + O H  + .OH for L(SH)? respectively. It may be recalled that the B radicals 

[ I l l  - O H ( o r . H ) + R S H + H z O ( o r H Z ) + R S -  are reductive and the A .  radicals oxidative towards FlH, and 
. FlH (ref. 12 and above). 

[I 111 .OH (or - H )  + L(SH), -t HzO (or HZ) + L S ~ H  All of the reactions down to [3n ]  and [4] in Table 1 were 
contained in the mechanism of Ahmad and Armstrong (12). For c~nvenience~these  radicals are symbolised by A .  in Table 
However, those below [41 are new, and the equilibrium 1, while the RSSR- and LS- radicals formed in reaction [ b j  

and [ b l ] ,  respectively (see Introduction) are referred to as B e  [c] RSH or L(SH), + .FIH .C 
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has been assumed for .FlH and its complex with RSH or 
L(SH),, .C.  The evidence for this stems from recent studies of 
flavin semiquinone spectra in the presence of RSH or RS- 
molecules (26, 27). In the equations which follow we write 
[. C] = 0c [a FIH] , where Oc is equal to K, [RSH]. 

Given the existence of the complex .C, it is feasible to 
consider the formation of FlH, via [3c]. Also the production of 
a C-4a adduct RSFlH could be explained through reactions [3"] 
and [3cV]. Reaction [3cr]  is incorporated for completeness. 
There are then three pathways for the formation of FIH, from 
eF1H: [3b1j, [3c], and [3"j or [3cU] + [8]. However, as we have 
seen earlier, the present experiments indicate that the oxygen- 
stable product is stable to both RSH and RS-. Thus there is no 
evidence for reaction [8] in this system. Also the C-4a adduct 
is not seen at pH > 3. Therefore the last pathway is not 
considered further here. 

The photostatiorlary state 
Application of the steady state approximation now leads to 

the following equation for [FlH,],,, in which p is proportional 
to I, (see further below): 

For radiolysis the first term in p is zero. Furthermore, if OB is 
zero, the second term is zero and there is no process for con- 
verting F1 to .FIH. It follows that [FlH,],, for the y radiolysis 
will be near zero unless O B  is significant (2 0.1). Also it will 
be less than [FlH,],, for photolysis under comparable condi- 
tions and should more closely depend on 0, or more specifical- 
ly the fraction of radicals present as B ., (0,(1 + OB)-'). These 
features are confirmed by the data in Fig. 2a and b. Note that 
BB(l + 0,)-', which has been plotted as a function of pH, 
closely parallels the points for y-radiolysis. 

Unfortunately the mechanism is too complex for exact ex- 
pressions for the values of [A-],, and [.FlH],, to be derived. 
However, an approximate relation, which is a useful semi- 
quantitative quide, may be obtained, if one assumes that 
k5 [a FIH];, = k-s [Fl],, [FlH,],, and [. FlH],, = [A a],,, viz: 

The latter assumption is reasonable in the regions of low effi- 
ciency of reduction where the k,, and k,,.. terms are small and 
reaction [3a] dominates over [3b1]. Thus expression [I 31 
reduces to: 

This equation predicts the dependence of [FlH,],, on pl/' which 
is seen in Fig. 3 and the inset in Fig. 4. Basically the reason for 
this dependence is the competition for A .  radicals between 
FlH, (reaction [4]) and - C  (reaction [3c]). At low reduction 
efficiencies (i.e. low pH) the concentration of - C  is controlled 
largely by reaction [3a], and is therefore approximately de- 
pendent on p'/'. 

One may note that we were unable to explain the dependence 
on p'/' on the basis of B - radical reactions alone. However, at 
high pH, where O B  becomes > 1, reactions [3b] and [3b1] 
should become more important than [3a] and the "B. 
mechanism" takes over. The f(FlH,),, loses its intensity de- 
pendence, Fig. 2a and b. 

The sulphydryl molecule concentration dependence is ob- 
tained on substituting the appropriate formulae for 0, and Oc. 
For RSH it is linear with zero intercept: 

which is in accord with the data in Fig. 3. In the case of L(SH), 
there is an [L(SH),] independent term, arising from 0,, viz: 

From the data in Fig. 5 this term seems to dominate, since there 
is no evidence for a strong positive slope. 

Initial rates 
Application of the steady state assumption to the concen- 

trations of intermediates leads to the following expression for 
the initial rate of formation of FlH,: 

Here p and r are, respectively, the rates of formation of A-  
radicals in reactions [ l ]  and [I I ]  or [ l  l l ] ,  respectively. The 
former applies in photolysis and the latter in radiolysis. If the 
same assumptions are made for the region of low efficiency of 
reduction as before, then for photolysis with RSH one has: 

+ k3rKc) [RSHllou~ x pIk,u 
and with L(SH)?: 

Again in each case there is a linear dependence on sulphydryl 
molecule concentration. However, for L(SH), there is a con- 
centration independent term containing klb'Kbl. This can ex- 
plain the presence of the intercept for L(SH), plot in Fig. 5. The 
linear portion of that plot is consistent with the occurrence of 
reaction [3c]. In further agreement with the mechanism there is 
no intercept for RSH. 

Quantum yields 
The maximum value of d[FlH,/dt is seen from expression 

[I71 to occur for the condition {k,, + 0ck3c.) << (k3b.0~ + 
k3,OC). Expression [17] then reduces to: 

cl[FlH,I 
-- 

dt  - P  

for photolysis and 1-12 for radiolysis. The efficiencies of con- 
version, E, may be defined as (d[FlH,]/dt)lp and 
2(d[F1H2]/dt)/r for photolysis and radiolysis, respectively. 
Values of E may be calculated from the data of Ahmad and 
Armstrong (12) for y-radiolysis of the FAD-L(SH)? system at 
pH 7. The magnitude of E was 1.0 -C- 0.1 independent of 
[L(SH),] in the range 0.5 to 1.5 mM. Similar results were 
obtained here for LFl-L(SH),. At lower pH values E falls as 
expected, becoming zero at about pH 4. Values of E for RSH 
are summarised in Table 2. At pH 7 and below it was immea- 
surably small in 10 mM solutions. It rises steeply at pH 8 to 
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S U R D H A R A N D  ARMSTRONG 

TABLE 2. Valucs of E for RSH 

[LFI] FM [RSH] mM pH cff , E 0tl f ~ .  

about 0 .8  remaining at 0 .75 to I .  l up to pH I I .  At pH 10 it 
increases with concentration of RSH. 

An interesting feature is that the fraction of B radicals OB(l 
+ €IB)-' (see columns 4 and 6) does not correlate well with E. 
'This is probably an indication that the complex . C is involved 
in the .FIH to FlH, step of the y-radiolysis mechanism, al- 
though as pointed out above the F1 to .FIH stage is supported 
here only by B radicals. 

The overall quantum yields in Fig. 6 a  and b could be used 
to calculate E, if the quantum yield Q(.FlH) for eaction [ l ]  
were known. Actually this has been measured only for the 
cysteine-FMN system at pH 7 and 4 .  I ,  where it is 0.14 and 
0.45,  respectively (8). Assuming similar yields apply to the 
P-mercaptoethanol-LFI system, on dividing the quantum 
yields in Fig. 6 a  by these numbers one obtains E = 0.41 and 
0.009 at pH 7.0 and 4 .  I ,  respectively. These results, though 
approximate, demonstrate clearly the pH dependence of E. 

The  above results of Heelis et a l .  (8) demonstrate that 
@(-FlH) falls off with pH for cysteine. The reason for this is not 
clear. However, a dependence of a,,, on pH has been demon- 
strated with other hydrogen donating solutes (4). This is shown 
by the dashed line in Fig. 66.  It would be reasonable to suppose 
that this drop off at pH > 8 is responsible for the fall off in the 
overall quantum yields for FlH,/FlH-. More detailed conclu- 
sions cannot be drawn until further values of @(.FlH) have 
been reported. 

Finally there is one published quantum yield of FlH, for 
FMN in 0.04 M cysteine at pH 7 ,  with which the present results 
may be compared. This is the value of 0.076 ? 0.008 reported 
by Heelis et al.  (3). It is in good agreement with our  value of 
0.050 to 0.065 for RSH in Fig. 6a .  

T o  summarise, the present study has confirmed that photo- 
reduction of F1 to FIH, occurs in the presence of sulphydryl 
molecules, and demonstrated the formation of photostationary 
FlH, concentrations and a strong dependence of the initial 
quantum yields on pH. The mechanism proposed rationalises 
these observations and the dependences of the initial rates on 
sulphydryl concentration. While the reactions of B .  radicals 
undoubtedly play a dominant role at high pH, there is also 
evidence for reduction of .FlH,  which is precomplexed with 
sulphydryl, by RS . radicals in reaction [3c]. That process may 
be rewritten as 

or,  if the RSH in the complex is deprotonated, as 

[ ~ c J ]  RS. + RS---.FIH + RSSR + FIH 

Further studies of these reactions will be undertaken and their 
relevance to biological flavin systems will be examined. 
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EDWARD PIERS, BRIAN F. ABEYSEKERA, DAVID J .  HERBERT, and I A N  D; SUCKLING. Can. J .  Chem. 63, 3418 (1985). 
Total syntheses of the stemodane-type diterpenoids (+-)-stemodin (2) and (2)-maritimol(4), as well as formal total syntheses 

of (*)-stemodinone (3) and (?)-2-desoxystemodinone (5). are described. The known ketol 12 was converted into the tricyclic 
enone 7. Photoaddition of allene to 7 gave (96%) a mixture of the photoadducts 20-23 (40: 51 :6: 3, respectively). Ozonolysis 
of 20, followed by treatment of the resultant d~one 24 with MeONa-MeOH (room temperature, 2.5 h), provided the keto ester 
26 (94%). Subjection of 21 to an identical sequence of reactions gave (86%) the same product 26. On the other hand, when 
the dione 25 was treated with MeONa-MeOH under much milder conditions (PC, 5 min), the Isomeric keto esters 27 (39%) 
and 28 (33%) were produced. Both 27 and 28, upon reaction with MeONa-MeOH at room temperature, were converted 
efficiently into 26. Reduction (NaBH, or Lisec-BulBH) of 26 provided separable mixtures of the ester alcohol 32 and the 
lactone 33, which could be transformed readily into the dimesylates 35 and 39, respectively. Reaction of 35 and 39 with NaCN 
in warm hexamethylphosphoramide afforded the dinitriles 37 and 40, both of which, upon treatment with t-BuOK in refluxing 
t-BuOH, produced the same enaminonitrile 41. Acid hydrolys~s of 41 provided the dione 42. Preparatively, compound 26 could 
be transformed conveniently into the dione 42 (52% overall yield) without separation of mixtures of isomeric synthetic 
intermediates. Treatment (CH2CI2, -95°C) of 42 with MelSil-EtlN, followed by oxidation of the resultant products 46 and 
47 with Pd(OAc)> in acetonitrile, gave the bis enones 48 (67%) and 49 (19%). Compound 48 was converted into the dione 
52 which, upon reaction with (i-PrO)lTiMe in ether, provided an 86: 14 mixture of the keto alcohols 53 and 54 (63% from 
48). Reduction (NaBH4) of 53 afforded (*)-maritimol (4). On the other hand, conversion of the 86: 14 mixture of 53 and 54 
into the p-toluenesulfonylhydrazones 55 and subsequent reaction of 55 with NaH in refluxing toluene gave the alkene alcohols 
56 (58%) and 57 (12%). Hydroboration-oxidation (9-BBN, refluxing tetrahydrofuran; NaOH, Hz02) of 56 afforded (88%) 
(*)-stemodin (2). 

EDWARD PIERS, BRIAN F. ABEYSEKERA, DAVID J .  HERBERT et I A N  D. SUCKLING. Can. J .  Chem. 63, 3418 (1985). 
On dCcrit des synthkses totales des diterpenoi'des, du type stCmodane, (2)-stCmodine (2) et (t)-maritimol (4) ainsi que des 

synthkses totales formelles de la (*)-stemodinone (3) et de la (*)-dCoxy-2 stCmodinone (5). On a transform6 le cCtol connu 
12 en Cnone trieyclique 7. La photoaddition de I'allkne sur 7 conduit a un mClange (96% de rendement) des photoadduits 20-23 
(prCsents respectivement dans les rapports 40:51:6:3). L'ozonolyse du composC 20, suivie par un traitement de la dione 24 
qui en rCsulte par du MeONa-MeOH (tempirature ambiante, 2.5 h), conduit au cCto-ester 26 (94%). Lorsqu'on soumet le 
composC 21 a une sCrie identique de rkactions, i l  y a formation du m@me composC 26 (86%). Par ailleurs, si I'on traite la dione 
25 par du MeONa-MeOH, dans des conditions beaucoup plus douces (O°C, 5 rnin), il y a formation des cCto-esters 27 (39%) 
et 28 (33%). Les composCs 27 et 28, par rCaction avec du MeONa-MeOH a la tempkrature ambiante, sont transform& d'une 
faqon efficace en 26. La riduction de 26 par du NaBH, ou par du Lisec-Bu3BH conduit des mClanges de I'ester alcool 32 
et de la lactone 33 qui peuvent &tre sCparCs et qui peuvent respectivement &tre transform& en dimCsylates 35 et 39. La rCaction 
des composCs 35 et 39 avec du NaCN dans de I'hexamCthylphosphoramide 5 chaud conduit aux dinitriles 37 et 40 qui, par 
traitement avec du tert-BuOK dans du tert-BuOH au reflux, conduisent tous les deux 6 la m&me haminonitrile 41. L'hydrolyse 
acide de 41 conduit a la dione 42. Sur une base preparative, on peut facilement transformer le composC 26 en dione 42 
(rendement global de 52%) sans sCparer les mClanges d'intermkdiaires de synthkse. La rCaction (CH2C12, -95°C) du composC 
42 avec du Me,SiI-Et,N, suivie d'une oxydation des produits 46 et 47 qui en rCsultent par du Pd(OAc), dans I1acCtonitrile, 
conduit aux bis-Cnones 48 (67%) et 49 (19%). On peut transformer le composC 48 en dione 52 qui, par &action avec du 
(i-PrO),TiMe dans de I'Cther, conduit a un mtlange 86: 14 des &to-alcools 53 et 54 (63% a partir de 48). La reduction (NaBH4) 
de 53 conduit au (t)-maritimol (4). Par ailleurs, la transformation d'un mClange 86: 14 de 53 et de 54 en p- 
toluknesulfonylhydrazones 55 et la rCaction subskquente de ce dCrivC avec du NaH dans du tolukne au reflux conduit aux alcools 
olCfiniques 56 (58%) et 57 (12%). L'hydroboration suivie d'une oxydation (BBN-9, tktrahydrofuranne au reflux; NaOH, H202) 
du composC 56, permet d'obtenir (88%) la (*)-stkmodine (2). 

[Traduit par le journal] 

Introduction 
More than a decade ago, Hesp and co-workers reported (1) 

the isolation and structural elucidation of (+)-aphidicolin, a 
diterpenoid metabolite from the fungus Cephalosporii~m 
aphidicola Petch.' This natural product was shown (1) to have 
the constitution and absolute stereochemistry shown in 1 and to 
exhibit antiviral (3) and antitumor (4) activity. These inter- 
esting physiological properties, along with the fact that 
aphidicolin (1) possesses a novel diterpenoid carbon skeleton, 

have prompted a considerable number of synthetic investi- 
gations. Indeed, during the past six years, several elegant, 
well-designed total syntheses of (+)-I  have been completed (5) 
and other reports (6) have described approaches to the synthesis 
of this interesting substance. 

Various examinations of the above-ground portion of 
Stemodia maritimn L. (Scrophulariaceae), a plant used on the 
Caribbean island of Curacao for the treatment of venereal 
disease, have resulted in the isolation of a number of di- 

' (+I-Aphidicolin was subsequently isolated from Nigrosporum terpenoids, including (-)-stemodin (2) (7), (+)-stemodinone 
sphnericn (2). (3) (7), (+)-rnaritimol (4) (8), and (+)-2-desoxystemodinone 
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(5) (9).2 Although these naturally occurring substances have 
structures that are quite similar to that of aphidicolin (I) ,  it is 
evident that the aphidicolane- and stemodane-type diterpenoids 
differ in the stereochemical arrangement of rings C and D. 

Some time ago, we initiated a program with the aim of 
completing the total synthesis of (+)-aphidicolin and (some of) 
the stemodane-type diterpenoids. We describe herein the por- 
tion of this investigation which culminated in the preparation of 
(+)-stemodin (2) and (t)-maritimol (4) and in the formal total 
synthesis of (+)-stemodinone (3) and (2)-2-desoxystemodi- 
none (5).' Several other reports of the synthesis of stemodane- 
type diterpenoids have been published (6g, 9,  10, 13- 16). 

 nothe her diterpenoid, named sternodinol, was isolated from S. 
maritima L. and was assigned the structure represented by formula 6 
(8). However, subsequent work (9, 10) showed that this substance 
was, in fact, identical with (+)-stemarin ( I I ) ,  a diterpenoid pos- 
sessing a carbon skeleton different from that of compounds 2-5. 
Apparently, 6 has not yet been obtained from natural sources. 
' A portion of this work has been reported in preliminary form (12). 

Results and discussion 
(a) Synthetic plan (see Scheme 1 )  

An examination of the structures of 1-5 indicates that, al- 
though the nature, position, and arrangement of functional 
groups on ring A of these substances varies significantly, it 
should be possible to synthesize all of these diterpenoids from 
a common precursor. More explicitly, since the basic carbon 
skeleton of rings A, B, and C is common to compounds 1-5, 
it ameared that an intermediate such as the enone ketal7 could 

L L 

serve as a suitable synthetic precursor for these natural prod- 
ucts. In our originally formulated plan, we proposed to intro- 
duce. in each of the two ~ossible stereochemical orientations. 
a suitable two-carbon unit at the P-carbon of the a , P -  
unsaturated ketone function in 7. Stereo- and (or) regio- 
chemically controlled synthetic manipulations on the resultant 
products would, hopefully, lead to the intermediates 8 and 10 
(X = leaving group). Successful reaction of each of the latter 
substances with a reagent synthetically equivalent to the dl ,d '  
carbonyl synthon (see ref. 17) would provide the keto ketals 9 
and 11, respectively. In order to convert compound 9 into 
(+)-aphidicolin ( I ) ,  the keto group in ring D and the "hidden" 
carbonyl function in ring A would have to serve as handles for 
the introduction of the necessary appendages and func- 
tionalities. Similarly, suitable synthetic operations involving 
the keto and ketal groups of 11 would, presumably, provide the 
stemodane-type diterpenoids 2-5. 

(b) Preparation of the keto ketal 7 (see Scheme 2 )  
Ketalization of the known ketol 12 (18) with 2,2-dimethyl- 

1,3-propanediol provided the crystalline ketal alcohol 13, 
which, upon oxidation with pyridinium chlorochromate in the 
presence of sodium acetate (19), gave the keto ketal 14 (mp 
68-70°C). Conversion of the latter material into the desired 
enone 7 was accomplished satisfactorily via two different 
routes. One of these, involving a new cyclopentenone annu- 
lation method that had been developed in our laboratory, has 
been described (20). The other, which was somewhat more 
amenable to large scale reactions, was patterned on work done 
by Brown and Ragault (21) and was similar to the annulation 
method employed by McMurry et al. (5b)  in their synthesis of 
(2)-aphidicolin (1). Thus, alkylation (lithium diisopropyl- 
amide, tetrahydrofuran, 0°C; excess methallyl iodide, -78°C 
to room temperature) of the ketone 14 gave a mixture of com- 
pounds that included the desired monoalkylation product 15, 
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12 13 R = 0-OH, a-H 15 K = I- i .  K' = methallyl 
1 4 K = O  16 R = rnethallyl, R '  = H 

17 R = R'  = methallyl 

the corresponding epimer 16,4 and a small amount of the di- 
alkylation product 17. Since 16 (axial methallyl group) would 
be expected to be considerably less stable than 15, the mixture 
was keated briefly with sodium methoxide in methanol. The 
resultant material consisted of a mixture of 15 and 17 in a ratio 
of -95 : 5,  respectively. Although these two substances could 
be separated by column chromatography and were individually 
characterized, the next step of the reaction sequence was typi- 
cally carried out on the crude mixture. Thus, treatment of the 
95:5 mixture of 15 and 17 with six equivalents of sodium 
metaperiodate, a catalytic amount of osmium tetroxide, and 
one equivalent of sodium acetate5 in tert-butyl alcohol - water 
provided, after purification of the crude product by means of 
fractional crystallization and column chromatography, the 
crystalline (rnp 90-91°C) ketal dione 18 (88% from 14). 

The svntheticallv crucial conversion of the dione 18 into the 
enone 7, involving base-promoted intramolecular aldol con- 
densation - dehydration, proved to be problematic. Not un- 
expectedly, the difficulties were associated entirely with the 
fact that the desired, initially formed enone 7 can, in the pres- 
ence of base, isomerize to the positional isomer 19. In fact, 
appropriate experiments showed that 19 is thermodynamically 
more stable than 7 and, thus, since 19 was of no use in our 
synthetic efforts, it was important to find reaction conditions 
under which the conversion of 18 into 7 was (considerablv) 

4 ,  

faster than the transformation of 7 into 19. Several procedures 
(different bases, solvents, and reaction conditions) were in- 
vestigated and, eventually, it was found that the most satis- 
factory results were obtained employing a method (sodium 
hydride, catalytic amount of tert-amyl alcohol, benzene, re- 
flux) similar to that used by McMurry et al. (5b) in their 
synthesis of (?)-aphidicolin. However, when the reaction was 
allowed to proceed until (nearly) all of the starting material 18 
had been consumed, even this procedure produced significant 
amounts of the unwanted enone 19. e here fore, the-reaction 
mixture was monitored and work-up was carried out when 
traces of 19 began to appear. Chromatographic separation of 
the mixture thus obtained gave - 11% of the starting material 
18, 73% (83% based on consumed starting material) of the 

The relative amounts of 15 and 16 varied somewhat from experi- 
ment to experiment. 

'In the absence of sodium acetate, a small amount of ketal hydrol- 
ysis occurred. 

desired enone 7, and <5% of the enone 19. 
It is pertinent to comment briefly on the stereochemistry 

assigned to compound 19. This assignment was based initially 
on the prediction that, of the two possible epimers that could be 
formed from isomerization of 7, enone 19 would be the more 
stable isomer. In the alternative diastereomer (@ allylic bridge- 
head proton), ring B is required to adopt an unstable, boat-like 
conformation. Evidence supporting the stereochemical conclu- 
sion was obtained by examining the 'H nmr spectrum of 19. A 
molecular model of this compound shows that the protons of 
the angular methyl group are situated within the "shielding 
cone" (22) of the carbon-carbon double bond of the enone 
system, and, therefore, these protons should resonate at unusu- 
ally high field. This is indeed the case, since the 'H nmr 
spectrum of 19 exhibits a 3-proton singlet at 6 0.64. In contrast, 
the angular methyl group of 7 produces a singlet at 6 1.13. 

(c) Conversion of the keto ketal 7 into the keto ester 26 (see 
Scheme 3) 

Bearing in mind our original synthetic plan (Scheme I ) ,  it 
was necessary at this stage of the synthesis to introduce a 
two-carbon unit to the @ carbon of the a,@-unsaturated ketone 
function of 7. Initial attempts in this direction, involving treat- 
ment of 7 with lithium divinylcuprate (23) under a variety of 
reaction conditions, failed to produce any of the desired conju- 
gate addition  product(^).^ Therefore, an alternative method had 
to be adopted. 

A reaction sequence involving photoaddition of allene to an 
enone, oxidative cleavage of the carbon-carbon double bond 
of the photoadduct, and subsequent ring opening of the re- 
sultant dione has been employed quite frequently as a method 
for the overall conjugate addition of a functionalized two- 
carbon side chain to an a,P-unsaturated ketone (6d, 9, 10, 1 lb ,  
15, 24). Therefore, it seemed appropriate to investigate the 
photochemically induced cycloaddition of allene to the enone 
7.  

Irradiation of a tetrahydrofuran solution (-78°C) of allene 
and compound 7 provided, in 96% yield, a mixture of four 
isomeric products, 20-23, in a ratio of 40: 51 : 6:3,  re- 

Similar observations were recorded independently by McMurry et 
al. (Sb),  who were unsuccessful in effecting conjugate addition of 
various reagents (including divinylcuprate) to an enone structurally 
similar to 7. 
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spectively (glc analysis). Subjection of the mixture to column 
chromatography on silica gel provided the two major products 
20 (mp 134- 135"C, 39% yield) and 21 (mp 132- 134"C, 42% 
yield). On the basis of spectral data, it was clear that these two 
substances were isomeric and, taking into account literature 
precedents (6c1, 9, 10, 116, 15, 24, 25) regarding the regio- 
chemistry of allene photoaddition to enones, the constitutions 
of 20 and 21 could be assigned with confidence. However, at 
this stage, the stereochemical designations could not be made 
unambiguously. Consequently, a suitable crystal of the isomer 
with mp 134-135°C was subjected to X-ray analysis, which 
showed conclusively that this substance possessed the consti- 
tution and relative stereochemistry shown in 20 (26). The iso- 
meric photoaddition product with mp 132- 134°C was, there- 
fore, assigned the structure represented by forn~ula 21.' 

In the execution of a total synthesis of a complex natural 
product, it is usually desirable that each (crucial) step, in- 
volving the introduction of one or more new chiral centers, be 
accomplished in a highly stereoselective manner. Therefore, 
the lack of stereoselectivity observed in the photochemically 
induced addition of allene to the cyclopentenone 7 h a s  ini- 
tially disconcerting. On the other hand, since our original ob- 
jectives included the synthesis of both aphidicolane- and 
stemodane-type diterpenoids and since the photoadducts 20 and 
21 could be separated quite readily, it appeared that we could, 
in fact, take advantage of the non-stereoselective nature of the 
cycloaddition reaction. Thus, it seemed likely that 20 could be 
employed as a precursor for the stemodane natural products, 
while 21 could serve as an intermediate for the synthesis of 
(+)-aphidicolin. 

Treatment (-78"C, dichloromethane containing a small 
amount of methanol) of the photoadduct 20 with ozone, follow- 
ed by reduction of the ozonide with dimethylsulfide, gave the 
rather unstable dione 24. When the latter material was allowed 
to react with sodium methoxide in dry methanol (room tem- 
perature, 2.5 h),"he keto ester 26, mp 139- 140°C, was pro- 
duced in high yield. 

When the photoadduct 21 was subjected to a sequence of 
reactions identical with that outlined above, an unexpected and 
initially puzzling result was obtained. Thus, the product, 
formed cleanly and efficiently, was not the anticipated keto 

'The structures of the two minor products, 22 and 23, obtained 
from photoaddition of allene to 7 are discussed at the end of this 
section of the paper. 

'Interestingly, photoaddition of allene to the enone i provides ex- 
clusively the ketone ii (27). Furthermore, a similar transformation 
involving a cyclohexenone iii structurally similar to 7 provides, highly 
stereoselectively, the photoadduct iv ( 1  1 b). A comparison of the reac- 
tions involving substrates 7 and iii makes it clear that the size of the 
enone ring has a profound effect on the stereochemistry of the photo- 
addition process. 

: : H 
~ e 0 z k  Me02C 

i ii iii iv 

"It was shown subsequently that the conversion of 24 into 26 (with 
NaOMe-MeOH) was complete after the reaction mixture had been 
stirred for a few minutes at 0°C. 

ester 27 but, in fact, proved to be the same product 26 as had 
been obtained from the photoadduct 20. This surprising result 
led to some uncertainty with respect to the stereochemistry 
which had been assigned to 21. Therefore, conclusive evidence 
regarding this point was sought. 

In contrast to 20, the photoadduct 21 did not crystallize 
easily. Nevertheless, after many attempts at recrystallization, it 
was possible to obtain a single crystal suitable for X-ray anal- 
ysis. This study (28) showed that the photoadduct in question 
definitely possessed the constitution and relative stereo- 
chemistry shown in formula 21. Furthermore, reduction of 21 
with sodium borohydride, followed by treatment of the re- 
sultant alcohol 29 with p-bromobenzoyl chloride in pyridine, 
provided the p-bromobenzoate 30, mp 184- 185°C. Re- 
crystallization of this material from ethanol produced crystals 
of high quality. An X-ray crystallographic study (28) showed 
conclusively that this substance possessed structure 30. 

With the structures of 20 and 21 firmly established, it was of 
some interest to determine how the reaction sequence outlined 
above (0,; Me,S; MeONa, MeOH) converts 21 into the keto 
ester 26. To obtain evidence concerning this point, the unstable 
diketone 25 (obtained by ozonolysis-reduction of 21) was 
treated with sodium methoxide in methanol at 0°C for 5 min. 
The mixture of substances thus produced contained only a trace 
of the keto ester 26 and consisted nearly entirely of two new 
products. Subjection of this mixture to column chromatography 
provided the keto ester 27 (mp 156- 157"C, 39%) and, remark- 
ably, the cyclobutanone 28 (mp 157- 158"C, 33%). Also 
obtained was a mixed fraction (13%) containing 26-28 (ratio 
- 1 : 6 :  4, respectively). 

The spectral properties of 27, which were similar to but 
clearly different from those of the previously obtained keto 
ester 26, left little doubt concerning the structure of this new 
diastereomer. Although 27 should serve as a suitable synthetic 
precursor for (+)-aphidicolin ( I ) ,  the low yield of this material 
from 21 (due to competitive formation of the cyclobutanone 28) 
precludes the use of the route 21 + 25 + 27 as a viable 
pathway for the preparation of (+)-I .  Of course, the photo- 
adduct 21 could be used as the starting point for an alternative 
route to (+)-I ,  but we have not yet done any work in this 
direction. 

Evidence for the structure of the cyclobutanone 28, which 
was shown (mass spectrometry) to be isomeric with 26 and 27, 
was obtained readily from spectral data. The ir spectrum of 28 
shows carbonyl stretching absorptions at 1760 and 1720 cm-', 
while the 'H nmr spectrum exhibits a three-proton singlet (6 
3.70, C02Me) and a four-proton ABMN system in the regions 
6 2.57-2.78 and 6 2.91-3.08 (CH2COCH2). It is known (29) 
that protons on a cyclobutanone ring such as that present in 28 
exhibit, in addition to the expected geminal couplings, long 
range couplings (both cis and trans) across the four-membered 
ring. While complete analysis of the coupling constants and 
chemical sh i f t  of these four protons in 28 was not carried out, 
it was observed that irradiation of the higher field (6 
2.57-2.78) two-proton multiplet essentially removed the large 
(J = 18 Hz) geminal couplings from the 6 2.91-3.08 multi- 
plet. This decoupling experiment indicated that the AB and MN 
parts of this ABMN system are, in each case, due to protons on 
different carbon atoms of the four-membered ring. 

Treatment of the keto esters 27 and 28 with sodium meth- 
oxide in methanol (room temperature, 2.5 h) led, in each case, 
to the clean, efficient (91%, 81%, respectively) formation of 
the isomeric substance 26. On the basis of these reactions, 
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7 20 R = CH, 21 R = CHz 22 
r 2 4 ~ = 0  r 2 5 ~ = 0  1 

along with those summarized above, it seems reasonable to 
propose that the dione 25 is converted into 26 via two distinct 
pathways (see Scheme 4). Attack of methoxide ion on carbonyl 
A of 25, followed by ring opening and protonation of the 
resultant enolate anion, provides the keto ester 27, which, as 
noted above, can be isolated. Intramolecular condensation of 
27, involving C* and the ester carbonyl A, would lead to the 
dione 31 that, upon retro-condensation (attack of methoxide 
ion on carbonyl B), would give the final product 26. On the 
other hand, the cyclobutanone 28 (also isolable) is evidently 
formed by initial attack of methoxide ion on carbonyl B of 25. 
Subsequent condensation involving C* and the ester carbonyl 
(B) of 28 would produce the dione 24. As already recorded 
earlier, the latter substance is rapidly transformed, presumably 
by methoxide ion attack on carbonyl (A), into 26. It is inter- 
esting to note that in the first pathway, involving intermediates 

27 and 31, the ester carbonyl of 26 is ultimately derived from 
the cyclopentanone carbonyl of 25, while in the second route 
the C0,Me group of 26 finds its origin in the cylobutanone 
carbonyl of 25. 

The conversion 25 + 28 represents an unusual (probably 
unique) base-promoted cleavage of a bicyclo[3.2.0]heptane- 
2,7-dione system. Clearly, the only expected product, resulting 
from initial attack of methoxide ion on the strained cyclo- 
butanone carbonyl of 25, was the keto ester 27. The formation 
of a significant quantity of 28 was, therefore, surprising and 
initially puzzling. However, molecular models show that the 
five-membered ring in 25 suffers from considerable angle 
strain and, consequently, one would expect the carbonyl group 
B of this material to be unusually susceptible to attack by 
nucleophilic reagents. On this basis, it is possible to ration- 
alize, in a qualitative sense, why methoxide ion attack on 
carbonyl B of 25 is competitive with attack at the (probably) 
more strained, but quite hindered, cyclobutanone carbonyl 
group. In contrast, the cyclopentanone ring of 24 appears to be 
relatively free of angle strain and, apparently, treatment of this 
substance with methoxide ion leads directly and exclusively to 
the keto ester 26. 

If one considers the structures of compounds 24-28 and 31 
(see Scheme 4), it is not difficult to understand why, thermo- 
dynamically speaking, the keto ester 26 is considerably more 
stable than each of the substances 24, 25, 28, and 31. There- 
fore, since all of the conversions shown in Scheme 4 are, in 
principle, reversible, each of the latter intermediates should 
eventually be transformed into 26. However, why does the 
equilibrium 27 26 favor the latter isomer? Or, in other 
words, why is 26 more stable than 27? Conformational analysis 
indicates that the non-bonded interactions present in the two 
compounds are quite similar. However, molecular models indi- 
cate that angle strain in the five-membered ring of 27 (compare 
with 25, see above) is considerably greater than that in the 
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corresponding ring of 26 (compare with 24, see above). On this 
basis, it is possible to rationalize, qualitatively, the fact that 27 
is converted efficiently into the isomer 26. 

The results summarized above showed that, insofar as the 
synthesis of stemodane-type diterpenoids was concerned, the 
non-stereoselective nature of the photoaddition of allene to the 
enone 7 was of little consequence, since both of the major 
photoadducts 20 and 21 could be converted efficiently into the 
keto ester 26, a promising stemodane precursor. Furthermore, 
it was obvious that chromatographic separation of 20 and 21, 
although readily accomplished, was unnecessary. Thus, 
subjection of the mixture of photoadducts 20-23 (ratio 
40 : 5 1 : 6 : 3, respectively, vide supra) to the sequence of reac- 
tions (03; Me2S; MeONa, MeOH) developed earlier provided 
a mixture of compounds from which the keto ester 26 could be 
isolated (73% overall yield from the enone 7) by flash column 
chromatography (30). 

The first-eluted fractions of the above-mentioned chro- 
matography contained a small amount of a mixture of the minor 
photoadducts 22 and 23." Since it seemed desirable to charac- 
terize these compounds, the mixture was resubjected to chro- 
matography. The pure compounds 22 (mp 132-133.5"C) and 
23 (mp 146- 148°C) thus obtained were, on the basis of mass 
spectrometric measurements, isomeric with the previously iso- 
lated photoadducts 20 and 21. The stereochemical assignments 
were made on the basis of the 'H nmr spectra of 22 and 23. First 
of all, the spectrum of 23 shows an unusually high-field (6 

10 Probably due to the very hindered nature of the carbon-carbon 
double bonds in 22 and 23, these substances, apparently, underwent 
ozonolysis much more slowly than the isomeric photoadducts 20 and 
21. 

0.89) one-proton multiplet. Examination of a molecular model 
of this material shows that the proton H" is situated directly in 
the "shielding cone" (22) produced by the olefinic double bond. 
No similarly shielded proton is found in the isomer 22. Sec- 
ondly, examination of a molecular model of 22 shows that one 
of the olefinic protons (H* in 22) is very near to the angular 
methyl group. This close proximity was corroborated by a 
nuclear Overhauser effect (nOe) difference experiment (31). 
Thus, irradiation at 6 0.94 (the tertiary methyl groups of 22 
resonate at 6 0.89,0.94, and 0.99) caused a small enhancement 
of the signal (6 5.26) due to one of the olefinic protons. No 
corresponding signal enhancement was observed when a simi- 
lar experiment was carried out on the isomer 23. Finally, one 

22 23 
of the olefinic protons of the photoadduct 22 resonates (6 5.26) 
significantly downfield from the olefinic protons in compounds 
20, 21, and 23 (6 4.80-5.02). Since steric compression is 
known to deshield protons (22), this evidence is also consistent 
with one of the olefinic protons of 22 being in close proximity 
to the angular methyl group. Indeed, it was the 6 5.26 signal 
that showed enhancement when the resonance due to the angu- 
lar methyl group was irradiated. 

(d) Conversion of the keto ester 26 into the dione 42 (see 
Scheme 5 )  

Since a suitable procedure for the efficient conversion of 
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enone 7 into the keto ester 26 had been developed, the next 
stage of the original synthetic plan for the synthesis of the 
stemodane-type diterpenoids (see Scheme I) could be pursued. 
To that end, compound 26 had to be converted into an inter- 
mediate of general structure 10 (X = leaving group), thus 
allowing for an investigation of the reaction of the latter sub- 
stance with a d l ,d l  carbonyl reagent (to produce 11) .  

Reduction of 26 with sodium borohydride in methanol gave 
a 1 : 1 mixture of the alcohol 32 and the lactone 33 (mp 194"C), 
which could be separated readily by chromatography. In 
attempts to increase the relative amounts of the desired product 
32, compound 26 was reduced with lithium tri-sec-butylboro- 
hydride in tetrahydrofuran at -78°C. Separation of the re- 
sultant product mixture gave the alcohol 32 (74%) and the 
lactone 33 (23%). Treatment of 32 with lithium aluminum 
hydride in ether, followed by reaction of the resultant diol 34 
with methanesulfonyl chloride in pyridine, gave the dimesylate 
35. The latter substance is identical with 10 (X = OMS) and, 
consequently, the preparation of a key, originally postulated 
intermediate had been achieved. 

Although a number of reagents which are synthetically 
equivalent to the d ' ,dl  carbonyl synthon are known (32), it 
appears that methyl methylthiomethyl sulfoxide (45) (33) is 
particularly effective for the conversion of l ,w-dihaloalkanes 
or 1 ,w-di(p-tosyloxy)alkanes into cyclic ketones. However, 
when the dimesylate 35 was treated (tetrahydrofuran, -78°C to 
O°C, 30 min; room temperature, 12 h) with an excess (2.5 
equivalents) of the anion of 45 (prepared by reaction of 45 with 
n-butyllithium) the major substance isolated was the starting 
material 35. Although the crude product contained a number of 
minor components, none of these had the spectral character- 
istics expected for the desired product 36. 

Attempts to convert 35 into 36 using modified reaction con- 
ditions (e.g. use of [MeSCHSOMeI-K', addition of hexa- 
methylphosphoramide to the reaction mixture, higher tem- 
peratures) also proved to be unsuccessful. Although varying 
amounts of starting material were consumed, careful spec- 
troscopic examination of the product mixtures provided no 
evidence for the presence of compound 36. 

It seems reasonable to propose that failure to effect con- 
version of 35 into 36 was due primarily to steric factors. The 
anion of 45 is relatively bulky and molecular models indicate 
that both of the carbon centers bearing the mesyloxy group are 
quite hindered toward SN2-type attack of a nucleophile. In any 
case, it was evident that our original synthetic plan had to be 
modified. Explicitly, it appeared that ring D of the diterpenoid 
skeleton would have to be formed via a route involving reaction 
of the dimesylate 35 with a nucleophile that is much smaller 
than the anion of 45. 

When compound 35 was allowed to react with excess sodium 
cyanide in hexamethylphosphoramide (room temperature, 3 h; 
60°C, 48 h), the crystalline dinitrile 37 was produced in 60% 
yield. It was gratifying to find that treatment of 37 with potas- 
sium tert-butoxide in refluxing tert-butyl alcohol (34) effected 
smoothly a Thorpe-Ziegler condensation (35) to afford, in 
90% yield," the enaminonitrile 41, mp 21 3-21 5°C. 

' I  It was found that the Thorpe-Ziegler condensation, as well as the 
subsequent hydrolysis-decarboxylation of the resulting enamino- 
nitrile 41 (vide infro), had to be carried out with the careful exclusion 
of oxygen. If this was not done, significant amounts of a side product, 
apparently arising from oxidation of the enaminonitrile moiety, were 
formed. 

It seemed likely that, since the secondary cyano group of 
the dinitrile 40 should be susceptible to base-catalyzed 
epimerization, this substance should also undergo a Thorpe- 
Ziegler cyclization. Indeed, conversion of the lactone 33, via 
the intermediates 38 and 39, into the dinitrile 40 (mp 194"C), 
followed by treatment of the latter material with potassium 
tert-butoxide in hot tert-butyl alcohol (34), provided the enam- 
inonitrile 41 in 47% overall yield. 

Although conversion of the keto ester 26 into the dinitriles 37 
and 40, along with the Thorpe-Ziegler cyclization of the latter 
materials, provided an efficient pathway for the construction of 
ring D of the stemodane carbon skeleton, it was in the next step 
of the synthesis that this route lost some of its attractiveness. It 
is known that base hydrolysis of enaminonitriles is, at best, 
problematic and, in fact, usually fails to provide useful quan- 
tities of ketonic products. On the other hand, while acid hydrol- 
ysis - decarboxylation is usually efficiently successful, such a 
procedure would, in the case of 41, also hydrolyze the ketal 
group on ring A. Clearly, to make use of the resultant product 
42 in subsequent steps of the synthesis, one would have to 
distinguish chemically between two environmentally similar 
carbonyl groups. 

One possible way to avoid this problem would be to convert 
the dinitriles 37 and 40 into the corresponding di-esters and 
subject the latter compounds to Dieckmann condensation (35). 
Base hydrolysis and decarboxylation of the resultant P-keto 
ester could, presumably, be carried out under conditions that 
would not be deleterious to the ketal function on ring A. How- 
ever, although both 37 and 40 could be converted by standard 
reactions into the corresponding di-esters, all attempts to effect 
Dieckmann cyclization of the latter substances, using a variety 
of bases, solvents, and reaction conditions, failed. These fail- 
ures, although puzzling, led us back to an investigation of a 
synthetic route involving the enaminonitrile 41 as an inter- 
mediate. 

Acid hydrolysis of 41 with phosphoric acid in refluxing 
aqueous acetic acid (34)" afforded, in 80% yield, the crys- 
talline dione 42, mp 132°C. At this stage, there appeared to be 
little doubt that this material possessed the structure implied by 
formula 42. However, since the dione was formed under 
strongly acidic conditions and since the possibility of acid 
catalyzed rearrangements could not be rigorously excluded, 
independent structural evidence was sought. Gratifyingly, an 
X-ray crystallographic study (36) showed conclusively that the 
hydrolysis product had the constitution and relative stereo- 
chemistry shown in 42. 

The results summarized above showed clearly that, in the 
route eventually adopted for the transformation of the keto ester 
26 into the dione 42, the presence or absence of stereo- 
selectivity in the reduction of the ketonic carbonyl group of 26 
is irrelevant. Indeed, in preparative scale reactions, the con- 
version of 26 into 42 could be done without separation of 
isomeric compounds. Thus, reduction of 26 with excess lith- 
ium aluminum hydride, conversion of the resultant mixture of 
diols 34 and 38 into the corresponding dimesylates 35 and 39, 
and subsequent reaction of the-latter mixture with cyanide ion 
in warm hexamethylphosphoramide afforded, in 63% overall 
yield," a mixture of the dinitriles 37 and 40. Subjection of this 
mixture to Thorpe-Ziegler cyclization, followed by acid hy- 

"Also isolated, in 6% yield, was a I :  1 mixture of the two elimi- 
nation products, the olefinic nitriles 43 and 44 (see Scheme 5) .  
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55 
53 R = Me, R'  = OH 
54 R = O H ,  R' = Me 

I 

56 R = Me. R '  = OH 
57 R = OH, K' = Me 

drolysis of the resultant crude enaminonitrile 41, provided the 
dione 42. In this manner, the latter substance was obtained 
from the keto ester 26 in 52% overall yield. 

(e) Conversion of the dione 42 into (*)-maritimol (4) and 
())-stetnodin (2) (see Scheme 6) 

As pointed out earlier, in order to prepare stemodane-type 
diterpenoids from the dione 42, it was necessary at this stage 
to distinguish chemically between the two carbonyl groups of 
the latter intermediate. In this connection, if one bears in mind 
that introduction of two methyl groups at C-4 of 42 is also 
required, it appears that conversion of 42 into the correspond- 
ing bis enone 48 would be synthetically profitable. Explicitly, 
it is obvious that 48 could be converted into only one enolate 
anion and the latter species would involve the carbon center 
(C-4) at which the two methyl groups have to be introduced. 

Although there are many different methods via which a ke- 
tone can be converted into the corresponding enone, efficient 
transformation of 42 into 48 proved to be nontrivial. For exam- 
ple, treatment of 42 with excess lithium diisopropylamide 
under conditions presumed to lead to kinetically controlled 
deprotonation (37), followed by trapping of the bis enolate 
anions with tert-butyldimethylsilyl chloride, gave a 1 : 1 mix- 
ture of positionally isomeric bis en01 ethers (46,47, t-BuMe2Si 
in place of Me3Si). Therefore, it was apparent that conversion 
of 42 into 48 had to be accomplished via a route other than that 
initially involving kinetically controlled deprotonation of 42. 

Eventually, after a substantial number of unsuccessful or only 
moderately successful experiments, it was found that treatment 
of 42 with an excess of freshly prepared trimethylsilyl iodide 
(38) in the presence of triethylamine in cold (-95°C) dichlo- 
romethane for 1 h led to a mixture of the bis en01 ethers 46 and 
47 in a ratio of about 4-5: 1 ,  respectively." Oxidation of this 
mixture with palladium(ll) acetate in acetonitrile (39), fol- 
lowed by chromatographic separation of the resultant products, 
gave the crystalline bis enones 48 (67%) and 49 (19%). 

Dimethylation of the bis enone 48 also proved to be some- 
what more difficult than anticipated. Eventually, it was found 
that a 2-step process gave the most satisfactory result. Rapid 
treatment of the enolate anion (lithium bis(trimethylsily1)- 
amide, dimethoxyethane, 0°C) of 48 with a large excess of 
methyl iodide gave nearly exclusively (95%) the monomethyl- 
ated product 50, mp 149- 150°C. The stereochemistry at C-4 of 
this substance was shown by a 'H nmr decoupling experiment. 
Irradiation at 6 1.17 (3-proton doublet due to C-4 methyl 
group) caused collapse of the doublet of quartets at 6 2.38 (C-4 
proton) to a clean doublet with J = 13 Hz (geminal trans 
diaxial coupling). Subjection of 50 to a second methylation via 

"Use of higher reaction temperatures and (or) other bases (e.g. 
i-PrzNEt, (Me,Si)2NH), as well as use of other silylating agents (e.g. 
Me3SiC1, Me3SiOS02CF3) gave mixtures of 46 and 47 containing 
lower proportions of the desired product 46. 
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column chromatography (30) (elution with 10% ethyl acetate in hex- 
anes) provided samples of the products 17 (eluted first) and 15. 

Ketone 17, a colorless, viscous oil, exh~bited 'H nrnr (80 MHz) 6: 
0.91, 1.03, 1.08 (s, s, s, 3H each), 1.61, 1.71 (br s,  br s,  3H each), 
3.27-3.73 (m, 4H), 4.64, 4.86 (m, m, 2H each). Exact Mass calcd. 
for Cz4H?,O?: 374.2821 ; found: 374.282 1. 

Ketone 15, a white solid, was recrystallized from a mixture of ether 
and hexanes and exhibited mp 87°C; Ir (CHC13): 1700, 1630, 1 105, 
1095 cm-'; 'H nrnr (400 MHz) 6: 0.90, 1.03, 1.15 (s, s, s,  3H each), 
1.69 (br s,  3H), 1.93 (d of t, IH, J = 13,2.5 Hz), 2.08 (m, IH), 2.36 
( d o f d o f d ,  I H , J  = 1 4 , 6 , 3  Hz) ,2 .54(dofd ,  IH, J = 15 ,5Hz) ,  
2.80(m, IH), 3.39, 3 . 4 4 ( d o f d ,  d o f  d, IH each, J = 11, 1 Hzin 
each case, equatorial ketal methylene protons), 3.5 1, 3.59 (d, d, I H 
each, J = I I Hz in each case, axial ketal methylene protons), 4.63, 
4.75 (br s, br s, IH each). Exact Mass calcd. for CzoH,203: 320.2351; 
found: 320.2353. 

Preparation of the diketone 18 
To a stirred mixture (room temperature) of sodium metaperlodate 

(24.13 g, 112.8 mmol, freshly recrystallized from water), sodium 
acetate (1.54 g, 18.8 mmol), a catalytic amount of osmium tetroxide, 
and 200 mL of distilled water was added in one portion a solution of 
the mixture of ketones 15 and 17 (6.34 g, prepared as described above) 
in 150 mL of distilled tert-butyl alcohol. The mixture was stoppered 
and stirred for 2 h, after which time the initially formed brown color 
had been discharged. Distilled water (I50 mL) was added, the mixture 
was stirred for a further 4 h, and then was extracted thoroughly with 
ether. The combined ethcreal extract was washed with brine, dried 
(MgSO,), and concentrated under reduced pressure. The remaining 
brown oil was dissolved in ether and the solution was filtered through 
a plug of silica gel to remove much of the colored material. Removal 
of the solvent, followed by crystallization of the residual oil from 
hexanes afforded 4.51 g (74%) of the dione 18 as off-white crystals 
exhibiting mp 89-91°C. Flash column chromatography (30) (elution 
with 20% ethyl acetate in hexanes) of the material from the mothcr 
liquor afforded a further 0.80 g of 18 (total yield = 5.31 g, 88%). 
Recrystalllzation of a small amount of this material from hexanes 
afforded an analytical sample of 18 as colorless needles, mp 90-9 1°C; 
ir (CHCIj): 1700 cm-'; 'H nrnr (400 MHz) 6: 0.88, 1.02, 1.17 (s, s, 
s ,  3H each), 1.91 (d of t, IH, J = 13, 3 Hz), 2.09 (d of d, IH, J = 
17, 5 Hz), 2.20 (s, 3H), 2.35 (d of q, IH, J = 14, 3.5 Hz), 2.92 (d 
of d, IH, J = 17, 8 Hz), 3.32 (m, IH), 3.36-3.60 (m, 4H). Anal. 
calcd. for Cl9HTOO4: C 70.77, H 9.38; found: C 70.73, H 9.45. 

Preparation of the enones 7 orld 19 
To sodium hydride (1 1.6 mmol, washed free of oil with ether), 

under an atmosphere of argon, was added dry benzene (200 mL) and 
dry tert-amyl alcohol (500 pL, 4.7 mmol). After the mixture had been 
stirred at room temperature for 20 min, 3.0 g (9.3 mmol) of the 
crystalline dione 18 was added and the resultant mixture was refluxed 
for I h. The cooled reaction mixture was treated with aqueous ammo- 

- nium chloride and ether. The organic extract was washed with brine, 
dried (MgSO,), and concentrated. Gas-liquid chromatographic anal- 
ysis of the remaining yellow oil showed that i t  was a mixture of the 
starting material 18 (13%), the tricyclic enone 7 (82%). and the 
isomeric enone 19 (5%). Separation of this mixture by preparative 
hplc (silica gel, elution with 30% ethyl acetate in petroleum ether) and 
rechromatography of the mixed fractions by flash column chromatog- 
raphy (30) (solvent as above) afforded 333 mg (I I%) of recovered 
starting material 18 as the first-eluted component, 2.08 g (73%, 83% 
based on consumed starting material) of the desired enone 7,  mp 
115- 117"C, and 139 mg (5%) of a mixture of the enones 7 and 19. 

Recrystallization (ether-hexanes) of a small sample of the major 
product afforded an analytical sample of the enone 7,  which exhibited 
mp 1 15- 1 16°C; uv A,,,,: 230 nm (E 17 100); ir (CHCI,): 1690, 1670, 
1600 c m ' ;  'H nrnr (400 MHz) 6: 0.94, 1.00, 1.13 (s, s, s, 3H each), 
1.18 (m, IH), 1.39-1.67 (diffuse, 6H), 1.73 (q of d, IH, J = 14, 4 
Hz), 1 .96(dofd,  I H , J =  18,2Hz),  1 .99(doft ,  l H , J =  13,3Hz), 
2.18 (m, IH), 2.34 (d of d of d, IH, J = 13.5, 6.5, 3 Hz), 2.57 (d 
of d, IH, J = 18,7 Hz), 2.98 (m, IH), 3.42-3.61 (m, 4H), 5.80 (d, 

IH, J = 1.5 Hz). Dccoupling experiments: irradiation at 6 5.80 
sharpened the multiplet at 8 2.98; irradiation at 6 2.98 caused the 
doublet at 6 5.80 to collapse to a singlet and the signals at 6 2.57 and 
6 1.96 to collapse to doublets, J = 18 Hz; irradiation at 6 2.57 
sharpened the multiplet at 6 2.98 and changed the signal at 6 1.96 to 
a doublet, J = 2 Hz. Anrtl. calcd. for CI9H2x0,: C 74.96, H 9.27; 
found: C 74.76, H 9.47. 

Flash column chromatography (30) (4: 2: 3 cyclohexane-hexanes - 
ethyl acetate, 3-cm column) of the mixture of 7 and 19 (see above), 
followed by crystallization (ether-hexanes) of the material obtained 
from the appropriate fractions, afforded a pure sample of the enonc 19, 
which exhibited mp 139- 140°C; uv A,,,.,,: 232 nm (E 17 000); ir 
(CHCI,): 1690, 1665, 1610, 1105 cm-'; 'H nrnr (400 MHz) 6: 0.64, 
0.93, 1.04 (s, s. s, 3H each), 1.31 - 1.49 (diffuse, 5H). 1.62 (m, IH), 
1.77 ( t o f t ,  IH, J = 13, 3.5 Hz), 1.96 (d of t, IH. J = 13, 3.5 Hz), 
2.17 (d o f d ,  1H. J = 19, 2 Hz). 2.24-2.41 (m, 2H), 2.30 (dof  d, 
IH, J = 1 9 , 7 H z ) , 2 , 5 4 ( b r d ,  1 H , J  = 7 H z ) , 2 . 8 0 ( b r d o f d ,  1H. 
J = 15, 5 Hz), 3.45-3.65 (m, 4H), 5.90 (d of d ,  IH, J = 2, 2 Hz). 
Decoupling experiments: irradiation at 6 5.90 sharpened the signal at 
6 2.54; irradiation at 6 2.54 collapsed the signals at 6 5.90, 2.17, and 
2.30 to doublets, J = 2, 19, and 19 Hz, respectively; irradiation at 6 
2.17 sharpened the signal at 6 2.54. Exact Mass calcd. for C19H2X03: 
304.2039; found: 304.2039. 

Photoaddition of allene to the enone 7. Isolatiorl and characterization 
of the photoadducts 20 and 21 

A cold (-78"C), stirred solution of the enone 7 (3.0 g, 9.87 mmol) 
and allene (5 mL) in 55 mL of dry tetrahydrofuran, contained in a 
Pyrex tube, was irradiated (450-W Hanovia lamp) for 7 h. During this 
time, a slow stream of argon was bubbled through the solution. The 
vigorously stirred solution was allowed to warm to room temperature 
and the solvent was then removed under reduced pressure. Flash 
column chromatography (30) (elution with 20% ethyl acetate in hex- 
anes, 5-cm column) of the residue gave 3.25 g (96%) of a mixture 
(viscous oil) of the four photoadducts 20-23, in a ratio (glc) of 
40: 51 :6: 3, respectively. Subjection of this mixture to flash column 
chromatography (elution with a 10:5:2 mixture of cyclohexane, hex- 
ane, and ethyl acetate) provided a white solid that, upon re- 
crystallization from ether-hexanes, gave 1.32 g (39%) of the photo- 
adduct 20, which exhibited mp 134- 135°C; ir (CHC1-r): 1725, 1670 
cm-' .  ' , H nrnr (400 MHz) 6: 0.87, 0.95, 0.97 (s, s,  s,  3H each), 1.73 
(b rm,  IH), 1 . 8 9 ( d o f d ,  IH, J = 17, 1 Hz), 1 . 9 5 ( d o f t ,  1H.J  = 
14, 3 Hz), 2.12-2.27 (m, 2H), 2.66 (br d of d ,  IH, J = 17, 3 Hz), 
2 . 8 3 ( b r d o f d , 2 H , J =  17,2.5Hz),2.93(dofd,  l H , J =  17,6Hz),  
3.26(brs, lH),3.41-3.55(m,4H),4.80(brd, I H , J = 2 . 5 H z ) , 4 . 9 5  
(br d, IH, J = 2 Hz). Anal. calcd. for C ~ 2 H ~ ~ 0 3 :  C 76.70, H 9.36; 
found: C 76.90, H 9.47. Exact Mass calcd.: 344.2351; found: 
344.2349. 

Further elution of the column with the same solvent mixture af- 
forded 1.42 g (42%) of the photoadduct 21, mp 132- 134°C (re- 
crystallization from ether-hexanes); ir (CHCI,): 1725, 1670 cm-'; 'H 
nrnr (400 MHz) 6: 0.90, 0.95, 1.00, (s, s,  s,  3H each), 1.90 (d of t, 
I H , J =  1 3 , 3 H z ) , 2 . 1 9 ( d o f d o f d ,  I H , J =  15 ,6 ,  1 Hz) ,2 .23(m, 
IH), 2.38 (m, IH), 2.45 (m, IH), 2.68-2.83 (br AB pair of d ,  2H, 
J = 17 Hz), 3.09 (br s, IH), 3.43-3.58 (m, 4H), 4.78 (br d, IH, 
J = 2.5 Hz), 4.92 (br d, IH, J = 2 Hz). Decoupling experiments: 
irradiation at 6 3.09 simplifies the signal at 6 2.19 to a d  of d, J = 15, 
6 Hz; irradiation at 6 2.22 (6 2.19 and 2.23 signals) simplifies the 
multiplet at 6 2.45. Anal. calcd. for C2zH3z03: C 76.70, H 9.36; 
found: C 76.99, H 9.63. Exact Mass calcd.: 344.2351; found: 
344.2343. 

Preparation of the alcohol 29 and the p-bromoDenzoate 30 
To a cold (O°C), stirred solution of the photoadduct 21 (67 mg, 

0.195 mmol) in 20 mL of methanol was added an excess of sodium 
borohydride. The reaction mixture was allowed to warm to room 
temperature and was stirred for 40 min. The solvent was removed 
under reduced pressure and the residue was partitioned between ether 
and water. The organic phase was washed with brine and dried 
(MgS04). Removal of the solvent provided 63 mg (93%) of the alco- 
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hol 29 as a viscous colorless oil which could not be induced to 
crystallize. The oil exhibited ir (CHCI,): 3540, 3450, 1660 cm-'; 'H 
nmr (80 MHz) 6: 0.85, 0.93, 0.98 (s, s, s, 3H each), 3.3 1-3.67 (m, 
4H), 4. I0 (br m, IH), 4.86 (m, 2H). Exact Mass calcd. for CzzH340,: 
346.2508; found: 346.2509. 

Treatment of the alcohol with p-bromobenzoyl chloride (pyridine, 
room temperature, 16 h) provided thep-bromobenzoate 30, which was 
purified by preparative tlc and recrystallized from ethanol. Compound 
30 exhibited mp 184- 185°C; ir (CHCI,): 1700, 1665, 1590 cm--I; 'H 
nmr (270 MHz) 6: 0.89, 0.92, 0.99 (s, s, s, 3H each), 2.44, 2.65 (br 
d, brd, lHeach, J = 19Hzineachcase), 3.29(brd, lH, J = ~ H z ) ,  
3.39-3.60 (m, 4H), 4.58, 4.74 (br d, br d ,  1 H each, J = 2 Hz in each 
case), 5.15 (m, IH), 7.54 (br d, 2H, J = 8 Hz), 7.86 (br d, 2H, J = 
8 Hz). Exoct Mass calcd. for C z s ~ 3 7 7 ' ~ r O q :  528.1875; found: 
528.1871. 

Conversion of the photoodduct 21 into the keto esters 27 and 28 
A cold (-78°C) solution of the photoadduct 21 (88 mg, 0.255 

mmol) in 15 mL of dry dichloromethane containing 16 p,L (0.383 
mmol) of dry methanol was treated with a stream of dry ozone in 
oxygen until the solution remained blue. After the solution had been 
flushed with a stream of dry oxygen until colorless, it was treated with 
200 pL of dry dimethyl sulfide. The solution was stirred under an 
atmosphere of argon for 15 min at -78OC and for 2 h at room tem- 
perature. Removal of the volatile materials gave a partially crystalline 
viscous oil which was dissolved in 20 mL of dry methanol. The 
solution was cooled to O°C and a small amount of methanolic sodium 
methoxide was added. After the solution had been stirred at O°C for 
5 min, 2 drops of glacial acetic acid were added and the resulting 
mixture was concentrated under reduced pressure. The residual mate- 
rial was dissolved in ether and the solution was washed successively 
with 10% aqueous sodium carbonate and brine, dried (MgS04), and 
concentrated. The remaining oil (85 mg) was subjected to flash col- 
umn chromatography (30) (elution with a 4 :2 :3  mixture of cy- 
clohexane, hexanes, and ethyl acetate, respectively). The first-eluted 
material, upon recrystallization from ether-hexanes, gave 32 mg 
(33%) of the cyclobutanone 28, mp 157-158°C; ir (CHCI?): 1760, 
1720 cm-'; 'H nmr (400 MHz) 6: 0.91, 0.98, 1 .OO (s, s, s, 3H each), 
1 . 7 7 ( d o f d o f d ,  1 H , J  = 1 4 , 7 , 4 H z ) ,  1 .89(dof t ,  I H , J  = 14, 3 
Hz), 2.01 (d of d, IH, J = 15, 10 Hz), 2.26 (d of d of d, IH, J = 
13, 7, 4 Hz), 2.45 (d of d, lH, J = 15, 3 Hz), 2.55 (m, IH), 
2.57-2.78 (AB part of ABMN system, 2H), 2.91-3.08 (MN part of 
ABMN system, 2H), 3.41-3.62 (m, 4H), 3.69 (s, 3H). Decoupling 
experiments: irradiation at 6 2.01 removes the 15-Hz coupling from 
the signal at 6 2.45 and simplifies the multiplet at 6 2.55; irradiation 
at 6 2.71 essentially removes the large ( J  = 18 Hz) couplings from the 
6 2.91-3.08 multiplet. Exact Moss calcd. for CZzH3,05: 378.2406; 
found: 378.2410. 

Further elution of the column gave 13 mg (1 3%) of a mixture of the 
keto esters 26-28 in the approximate ratio ('H nmr) of 1 :6:4, re- 
spectively. 

Further elution of the column afforded 38 mg (39%) of the keto 
ester 27, which, after recrystallization from hexanes, exhibited mp 
156- 157°C; ir (CHCI,): 1725 (br) cm-'; 'H nmr (400 MHz) 6: 0.89, 
1.03, 1.04 (s, s, s, 3H each), 1.65- 1.75 (m, 2H), 1.84- 1.96 (m, 
2H), 2.03-2.21 (AB part of ABX system, 2H, JAB = 18 HZ), 2. I5 

. . .  (d, IH, J = 18 Hz), 2.30 (m, IH), 2.34(d, lH, J = 15 Hz), 2.43 (m, 
IH), 2.49 (d, IH, J = 18 Hz), 2.73 (d of d, IH, J = 15, 1 Hz), 
3.42-3.62 (m, 4H), 3.59 (s, 3H). Anal. calcd. for CZZH340s: C 69.8 1 , 
H 9.05; found: C 69.84, H 8.96. Exact Moss calcd.: 378.2406; found: 
378.2407. 

Preparation of the keto ester 26 
(a) From the photoadduct 20 
Ozonolysis of the photoadduct 20, followed by treatment of the 

resultant dione 24 with sodium methoxide in methanol, was carried 
out via a procedure identical with that described above (21 + 27 + 
28). From 58 mg of compound 20 there was obtained 60 mg (94%) of 
the keto ester 26, which, after recrystallization from ether-hexanes, 
exhibited mp 139- 140°C; ir (CHCI,): 1720 (br) cm-'; 'H nmr (400 

MHz) 6: 0.92, 1.00, 1.02 (s, s, s, 3H each), 1.70- I .80 (m, 2H), 1.88 
(d, l H , J =  19Hz). 1 .93(dof t ,  I H , J =  1 4 , 3 H z ) , 2 . 1 7 ( d o f d o f  
d, IH, J = 13, 6, 3 Hz), 2.33-2.44 (m, 3H), 2.46-2.61 (m, 3H), 
3.40-3.57 (m, 4H), 3.63 (s, 3H). Anal. calcd. for CZZH34Os: C 69.8 1, 
H 9.05; found: C 69.65, H 8.94. Exact Mass calcd.: 378.2406; found: 
378.2410. 

(b) From the photoodduct 21 
Ozonolysis of compound 21 (295 mg, 0.86 mmol) was carried out 

via a procedure very similar to that described above. A solution of the 
resultant crude dione 25 in methanol containing a small amount of 
sodium methoxide was stirred at room temperature for 2.5 h. Work-up 
as described above, followed by recrystallization of the crude product 
from ether-hexanes, gave 275 mg (85%) of the keto ester 26. 

(c) Frorn the keto ester 27 
A solution of compound 27 (54 mg, 0.143 mmol) in 20 mL of dry 

methanol containing a small amount of sodium methoxide was stirred 
at room temperature (argon atmosphere) for 2.5 h. Most of the solvent 
was removed (reduced pressure) and the residue was partitioned be- 
tween ether and water. The organic phase was washed with brine, 
dried (MgSO,), and concentrated to yield 49 mg (91%) of the keto 
ester 26. 

(d) Frorn the keto ester 28 
Conversion of the cyclobutanone 28 into compound 26 was accom- 

plished via a procedure identical with that described above (27 + 26). 
From 36 mg (0.095 mmol) of 28 there was obtained 29 mg (8 1%) of 
26. 

(e) Fro111 a ri~ixture of the photoadducts 20-23 
A mixture of the photoadducts 20-23 (ratio 40:51 :6:3, re- 

spectively, vide supra) was subjected to ozonolysis via a procedure 
very similar to that described previously (21 + 27 + 28, see above). 
The quantities of reagents and solvents were as follows: photoadduct 
mixture, 3.1 l g (9.02 mmol); methanol, 550 pL (13.53 mmol); di- 
chloromethane, 100 mL, dimethyl sulfide, 3 mL. 

The semi-solid material obtained after work-up of the ozonolysis 
reaction was dissolved in dry methanol (80 mL) containing freshly 
prepared sodium methoxide and the resulting solution was stirred at 
room temperature for 4 h. The methanol was removed (reduced pres- 
sure) and the residual material was dissolved in ether. The solution 
was washed with brine, dried (MgSOJ, and concentrated to give a 
colorless solid. Flash column chromatography (30) (elution with a 
2: 1 : 1 mixture of cyclohexane, hexanes, and ethyl acetate) of this 
material gave initially 88 mg of a mixture of compounds that contained 
mainly the minor photoadducts 22 and 23 (see below). 

Further elution of the column gave a white solid, which upon 
recrystallization from hexanes provided 2.60 (76%) of the desired keto 
ester 26. 

Purificotioii and chorocterization of the photoodrlucts 22 and 23 
Flash column chromatography (30) (elution with a 10:5:2 mixture 

of cyclohexane, hexanes, and ethyl acetate) of 119 mg of mixture 
containing mainly the minor photoadducts 22 and 23 (see previous 
experiment for the origin of this material) afforded, as the first-eluted 
compound, 62 mg of 23. Recrystallization of this material from 
ether-hexanes provided pure 23, which exhibited mp 146- 148°C; ir 
(CHCI,): 1720, 1660, 1100 cm-'; 'H nmr (400 MHz) 6: 0.89 (m, IH), 
0.97 (s, 6H), 1.00 (s, 3H), 1.71 (m, IH), 1.88 (d of d, lH, J = 17, 
2 Hz), 1.98 (d o f t ,  IH, J = 13, 3 Hz), 2.16 (d of q, IH, J = 13, 3 
Hz), 2.26-2.35 (m, 2H), 2.67 (br d, IH, J = 10 Hz), 2.88 (d of d, 
IH, J = 17, 6 Hz), 2.90 (m, IH), 3.47, 3.52 (s, s, 2H each), 5.00 
(t, I H, J = 2.5 Hz), 5.01 (t, lH, J = 2 Hz). In a difference nOe 
experiment, irradiation at 6 0.97 gave rise to no enhancement of the 
signals at 6 5.00 or 5.01. Exact Moss calcd. for C22H3201: 344.235 1; 
found: 344.2347. 

Further elution of the column afforded 31 mg of the photoadduct 
22, which, after recrystallization from hexanes, exhibited mp 
132- 133.5"C; ir (CHCI,): 1720, 1650, 1 l00cm--'; 'H nmr (400 MHz) 
6:0.89,0.94,0.99(s ,s ,s ,3Heach) ,  1.85(tofd, I H , J =  14,4Hz), 
1.90-2.00 (m, 2H), 1.90-2.00 (m, 2H), 2.13-2.29 (m, 4H), 2.46 
(d, IH, J = 15 Hz), 2.52 (br d, IH, J = 10 Hz), 2.78 (d of d o f t ,  
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PIERS ET AL. 3429 

IH, J = 16, 1 I, 3 Hz), 3.43-3.58 (m, 4H), 5.1 1 (br s, IH), 5.26 (t, silicagel (elution with 9: 1 methylene chloride-ether), provided 57.7 
IH, J = 3 Hz). In a difference nOe experiment, irradiation at 6 0.94 mg (80%) of the dimesylate 35 as a pale yellow oil which exhibited 
led to enhancement of the signal at 6 5.26. Exact Mass calcd. for ir (CHCI,): 1360, 1340, 1 170 cm- ' ;  'H  nmr 6: 0.93, 0.94, I .OO (s, s, 
C22H3Z03: 344.2351; found: 344.2359. s, 3Heach), 3.01, 3.04(s, s,3Heach), 3.5(m,4H),4.3 (t,2H, J = 

8 Hz), 5.28 (m, IH). Exact Mass calcd. for C23H400XS1: 508.2165; 
Reduction of the keto ester 26. Prepnratiorl of the alcohol 32 arld the found: 508,2160, 
lactone 33 

(a) Reduction with sodium Dorohydride 
A solution of the keto ester 26 (240 nig, 0.63 mmol) and sodium 

borohydride (190 mg, 5 mmol) in 25 mL of methanol was stirred at 
room temperature for 30 min, and the methanol was then removed 
under reduced pressure. The residual material was partitioned between 
ether and water. The organic phase was washed twice with water, 
dried (Na2S04), and concentrated. The remaining oil was subjected to 
column chromatography on sllica gel. Elution of the column with 4: 1 
methylene chloride - ether gave 108 mg (4970) of the lactone 33, 
which, after recrystallization from methanol, exhibited mp 194°C; lr 
(CHCI,): 1730, 1 1  15, I100 c m  ' ;  'H nmr 6: 0.88, 0.92, 1 .OO (s, s, 
s, 3H each), 3.50 (m, 4H), 4.78 (m, IH). Anal. calcd. for Cz,H,204: 
C 72.38, H 9.26; found: C 71.97, H 8.95. E.mct Mass calcd.: 
348.230 1 ; found: 348.2304. 

Further elution of the column with the same solvent mixture pro- 
vided 121 mg (50%) of the alcohol 32 as a viscous, colorless oil that 
exhibited one spot on tlc analysis; ir (CHCI,): 3400, 1725, 1 1 15, 1095 
c m - ~ .  , I H nmr 6: 0.95 (s, 3H), 0.99 (s, 6H), 3.58 (m, 4H), 3.65 (s, 

3H), 4.54 (m, l H). Exact Mass calcd. for C2ZH,60s: 380.2562; found: 
380.256 1. 

(b) Reduction with lithium tri-sec-l.utylborohydride 
A cold (-78°C) solution of compound 26 (25 mg, 0.066 mmol) and 

lithium tri-sec-butylborohydride (0.10 mmol) in 5 mL of dry tet- 
rahydrofuran was stirred at -78'C for 3 h. Water (I rnL), I M aque- 
ous sodium hydroxide (100 pL), and 30% hydrogen peroxide (25 pL) 
were added consecutively and the mixture was stirred at room tem- 
perature for 15 min. The mixture was extracted thoroughly with ether 
and the combined extract was dried (Na2SO4) and concentrated. Sep- 
aration of the mixture of products by column chromatography as 
described above gave 5.3 mg (23%) of the lactone 33 and 18.6 mg 
(74%) of the alcohol 32. 

Preparation of the diol34 
A solution of ester alcohol 32 (57 mg, 0.15 mmol) and lithium 

aluminum hydride (14.4 mg, 0.38 mmol) in 6 mL of dry ether was 
stirred at O°C for 15 min and at room temperature for 30 min. Excess 
reducing agent was destroyed by careful addition of solid sodium 
sulfate decahydrate. The mixture was filtered and the collected solid 
material was washed thoroughly with ether. Removal of the solvent 
from the combined filtrate gave 50 mg (94%) of the diol 34 as a 
colorless oil that exhibited one spot on tlc analysis; ir (CHCI3): 3400 
(br), 1120, 1100 cm-'; 'H nmr 6: 0.94 (s, 3H), 0.96 (s, 6H), 3.52 (m, 
4H), 3.70 (t, 2H, J = 8 Hz), 4.54 (m, IH). Exact Mass calcd. for 
C2,H,60,: 352.2613; found: 352.261 3. 

Preparation of the diol38 
A vigorously stirred solution of the lactone 33 (50 mg, 0.14 mmol) 

and lithium aluminum hydride (13.3 mg, 0.35 mmol) in 10 mL of dry 
ether was refluxed for 2.5 h. The cooled solution was subjected to 
a work-up procedure identical with that described above. Re- 
crystallization of the crude product gave 48 mg (95%) of the diol 38, 
mp 180-182°C; ir (CHCI,): 3350 (br), 1120, 1100 cm-'; 'H nmr 6: 
0.93 (s, 6H), 1.00 (s, 3H), 3.51 (br s, 4H), 3.80 ( t ,  2H, J = 7 Hz), 
4.55 (rn, IH). Exact Mass calcd. for C Z ~ H ~ ~ O , :  352.2613; found: 
352.2623. 

Preparation of the dimesylate 35 
A solution of the diol34 (50 mg, 0.14 mmol) and methanesulfonyl 

chloride (54 pL, 0.70 mmol) in 10 mL of dry pyridine was stirred at 
room temperature overnight and was then poured into 10 g of crushed 
ice. The mixture was extracted with ether, and the combined ether 
extract was washed with water and dried (NaZS04). Removal of the 
solvent, followed by column chromatography of the remaining oil on 

Preparation of the dirnesylate 39 
Compound 39 was prepared from the diol 38 via a procedure iden- 

tical with that used for the conversion of 34 into 35. From 50 mg of 
the diol38 there was obtained 68.5 mg (95%) of the dimesylate 39 as 
a pale yellow oil which showed ir (CHCI,): 1350, 1330, 1175 cm-'; 
'H nmr 6: 0.93, 0.97, 1.01 (s, s, s, 3H each), 3.02, 3.03 (s, s, 3H 
each), 3.5 (m, 4H), 4.4 (t, 2H, J = 8 Hz), 5.3 (m, IH). Exact Mass 
calcd. for CZ3H400xS2: 508.2 165; found: 508.2 167. 

Preparatiori of the dinitrile 37 
A stirred solution of the dimesylate 35 (30 mg, 0.059 mmol) in 

3 mL of dry hexamethylphosphoramide at room temperature was 
treated with sodium cyanide until the solution was saturated. The 
mixture, under an atmosphere of argon, was stirred at room tem- 
perature for 3 h and then at 60°C for 48 h. The cooled reaction mixture 
was diluted with ether, washed once with water, twice with saturated 
aqueous copper sulfate, once with brine, and dried (Na2S04). Re- 
moval of the solvent, followed by column chromatography of the 
residue on silica gel (elution with 3: 1 hexanes - ethyl acetate) gave 
a white solid that, upon recrystallization from methanol, provided 
13.1 mg (60%) of the dinitrile 37, mp 159- 161°C; ir (CHCI,): 2240, 
2230 cm-'; 'H nmr 6: 0.91, 0.98, 1.01 (s, s, s, 3H each), 3.03 (rn, 
IH), 3.5 (m, 4H). Exact Mass calcd. for C23H14N202: 370.2620; 
found: 370.2619. 

Preparation of the dinitrile 40 
Transformation of the dimesylate 39 into the dinitrile 40 was carried 

out via a procedure identical with that described above (35 + 37). 
From 30 mg of 39 there was obtained 14.2 mg (65%) of 40, mp 194°C; 
ir (CHCI,): 2240, 2230 cm-I; 'H nmr 6: 0.95 (s, 6H), 0.97 (s, 3H), 
2.95 (m, IH), 3.5 (br s, 4H). Exact Mass calcd. for Cz3H,,N202: 
370.2620; found: 370.2618. 

Preparation of a mixture of dinitriles 37 and 40 from the keto ester 26  
(preparative scale) 

To a cold (O°C), stirred suspension-solution of lithium aluminum 
hydride (360 mg, 9.5 mmol) in 50 mL of dry ether was added, 
dropwise, a solution of the keto ester 26 (2.40 g, 6.33 mmol) in 100 
mL of dry ether. The mixture was allowed to warm to room tern- 
perature and stirred for 4 h. The mixture was recooled to 0°C and 
excess reducing agent was destroyed by careful addition of solid 
Na2S04. 10H20. The resulting mixture was filtered through a plug of 
Florisil and the collected solid was washed thoroughly with ethyl 
acetate. Concentration of the combined filtrate gave 2.17 g of a mix- 
ture (white solid) of the epimeric diols 34 and 38. 

To a cold (O°C), stirred solution of the epimeric diols and dry 
triethylamine (2.55 mL, 18.3 mmol) in 30 mL of dry dichloromethank 
was added, dropwise, 1.03 mL (13.3 mmol) of methanesulfonyl chlo- 
ride. The solution was stirred at O°C for 1 h, was diluted with dichlo- 
romethane, washed consecutively with cold water and brine, and dried 
(MgSO,). Removal of the solvent gave a yellow residue, which was 
dissolved in dichloromethane. The solution was filtered through a 
short column of silica gel and the column was washed with ethyl 
acetate. Removal of the solvent from the combined eluate afforded 
3.15 g of the epimeric dimesylates 35 and 39. 

The mixture of 35 and 39 was dissolved in dry hexamethyl- 
phosphoramide (25 mL) and enough sodium cyanide was added to 
saturate the solution. The resulting mixture was stirred, under an 
atmosphere of argon, at 62OC for 16 h. The cooled reaction mixture 
was partitioned between ether and water and the aqueous phase was 
extracted twice with ether. The combined organic extract was washed 
twice with aqueous copper sulfate, once with brine, and dried 
(MgSO,). Removal of the solvent gave 2.48 g of a yellowish semi- 
solid, which was subjected to flash column chromatography (30) on 
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alkylated again under identical reaction conditions, except that, after 
addition of the methyl iodide, the reaction mixture was stirred at room 
temperature for 6 h. Recrystallization (cther-hexanes) of the white 
solid obtained from work-up gave 126 mg of the bis enone 51. Flash 
column chromatography (30) (elution with 35% hexanes in ether) of 
the material from the mother liquor afforded a futher 34 mg of 51, for 
a total yield of 160 mg (77%). The crystalline bis cnone 51 exhibited 
mp 154- 156°C; ir (CHCI,): 1660 (br) cm--'; 'H nmr (400 MHz) 6: 
1.16, 1.20, 1 .44(s , s , s ,3Heach) ,  1.37(m, IH), 1.68(d, I H . J =  
12 Hz), 1.74(d o f d o f  d, IH, J = 14, 8, :!Hz), 1.83 (d of d, IH, 
J = 14, 7.5 Hz), 2.04-2.21 (m, 3H), 2.30 (dof d of d, IH, J = 12, 
6, 3Hz) ,2 .92(br t ,  I H , J - 7 H z ) , 5 . 8 9 ( d ,  l H , J  = 10.5 Hz), 5.99 
(d of d, IH, J = 10.5, 2.5 Hz), 6.66 (d, IH, J = 10.5 Hz), 7.35 (d 
of d, IH, J = 10.5, 3 Hz). Decoupling experiment: irradiation at 6 
7.35 collapses the signal at 6 5.99 to a doublet (J = 2.5 Hz) and 
simplifies the signal at 6 2.30 to a d  of d (J = 12, 6 Hz). Anal. calcd. 
for C19H2402: C 80.24, H 8.51; found: C 80.08, H 8.40. Exact Mass 
calcd.: 284.1776; found: 284.1778. 

Preparation of (?)-I 7-nor-stetnodone-3,13-dione (52) 
A mixture of the bis enone 51 (77.5 mg, 0.273 mmol), dry dioxane 

(3 mL), and a small amount of 5% palladium-on-carbon was stirred 
vigorously under an atmosphere of hydrogen at room temperature and 
atmospheric pressure. After 2 h, tlc analysis indicated that no starting 
material remained. The mixture was diluted with ethyl acetate and 
filtered through a plug of Celite. Concentration of the filtrate afforded 
77.6 mg (99%) of the dione 52 as a colorless solid. Recrystallization 
of a small amount of this material from ethyl acctate - hexanes pro- 
vided a pure sample of 52, which exhibited mp 151 - 152°C; ir 
(CHCI,): 1700 cm-'; 'H nmr (400 MHz) 6: 1.10, 1.12, 1.18 (s, s, s, 
3H each), 1.26 (m, IH), 1.46- 1.79 (diffuse m, 7H), 1.89- 1.99 (m, 
4H), 2.04 (m, IH), 2.18-2.30 (m, 2H), 2.34 (d of d of d, IH, J = 
16, 5, 3 Hz), 2.50 (br d of d of d, IH, J = 17, 9, 9 Hz), 2.58 (d of 
d of d, J = 16, 13, 6 Hz), 2.69 (br t, 1 H, J - 7 Hz). Anal. calcd. for 
C,sHz,O,: C 79.12, H 9.78; found: C 79.03, H 9.80. E.ract Mass 
calcd.: 288.2089; found: 288.2086. 

Preparation of a tnrxtltre of (~)-stemodat~-13a-oI-S-ot~e (53) rind 
(?)-sternodan-l3~-ol-3-ot1e (54). Characterizatiorl qf'53 

To a stirred solution of the dione 52 (20.8 mg, 0.072 mmol) in 2 mL 
of dry ether, under an atmosphere of argon, was added 1 mL (-4 
mmol) of neat methyltriisopropoxytitanium (40, 41) and the resulting 
solution was stirred at room temperature for 10 h. The solution was 
poured carefully into a well-stirred mixture of ether and 1 N hydro- 
chloric acid and the aqueous phase was extracted twice more with 
ether. The combined organic extract was washed with aqueous sodium 
bicarbonate and brine, dried (MgSO,), and concentrated. Flash col- 
umn chromatography (30) (elution with 30% tetrahydrofuran in hex- 
anes) of the residual material gave 18.0 mg (82%) of an 86: 14 mixture 
(glc analysis) of the epimeric keto alcohols 53 and 54. This oil ex- 
hibited ir (CHCI,): 3580,3400, 1690 c m ' ;  'H  nmr (80 MHz) 6: 1.09, 
1.12, 1.13, 1.24 (s, s, s, s). Exact Mass calcd. for C2,)H32o2: 
304.2403; found 304.2405. 

In another experiment, carried out as described above, concen- 
tration of the later fractions obtained from chromatography of the 
crude reaction product afforded a viscous 011 containing mainly (94%) 
the alcohol 53. Crystallization of this oil from hexanes provided a pure 
sample of (?)-stemodan- 13a-01-3-one (53), mp 93°C (lit. (1 5) mp 
90-91°C); ir (CHCI,): 3570, 3320, 1690, 905 cm-I; ' H  nmr (400 
MHz) 6: 1.09, 1.10, 1.12, 1.14 (s, s, s, s, 3H each), 1.91-2.03 (m, 
3H), 2.29 (dof d o f d ,  IH, J = 16, 4.5, 3.5 Hz), 2.57 ( d o f d o f  d, 
IH, J = 16, 14, 6 Hz). Exact Mass calcd. for Cz0H3,O2: 304.2402; 
found: 304.2404. 

Preparation of (5)-tnaritirnol (4) 
A solution of the keto alcohol 53 (1 1.7 mg, 0.038 mmol) in 2 mL 

of methanol containing excess sodium borohydride was stirred at O°C 
for 2 h, and the solvent was removed under reduced pressure. The 
residue was partitioned between ethyl acetate and brine. The organic 
phase was dried (MgSO,) and concentrated. Crystallization of the 

residual oil from ethyl acctate gavc 5.6 mg of (5)-maritimol (4). 
Chromatography of the material from the mother liquor on silica gel 
(elution with I : 1 ethyl acetate - hexanes) afforded an additional 3 mg 
of crystalline (2)-maritimol (4), for a total yield of 8.6 mg (73%). 
Recrystallization from ether-hexanes gavc a purc sample of ( t ) - 4 ,  
which exhibited mp 221-222°C (lit. (14) rnp 212.5-214°C and (15) 
mp 21 1.5-212.5"C); ir (KBr): 3340 (br) cm-';  'H  nmr (400 MHz, 
CDC13-(CD3)zSO) 6: 0.84, 0.95, 1.02, 1.1 l (s, s, s, s,  3H each), 
1.75 (s, IH, exchanges with DzO). 1.83 (d, IH, J = 12 Hz), 
1.88-1.98 (m, 2H), 2.04 (d, IH, J = 6 Hz, exchanges with DzO), 
3.18 (d of d of d, l H, J = 13, 6, 5 Hz; on addition of D1O, d of d, 
J = 13. 5 Hz). This material was identical with a sample of 
(+)-maritimol (8) by glc (coinjection), tlc (four solvent systems), 'H 
nmr (400 MHz), and mass spcctrornetry. Atlrrl. calcd. for C70H3401: 
C 78.38, H 1 1.18; found: C 78.26, H 1 1.28. Exr1ct Mrrss calcd.: 
306.2559; found: 306.2560. 

Preparatiorl of (2)-.stemod-2-et~-l3a-ol (56) nnd (?)-.stetnod-'-en- 
13p-01 (57) 

A stirred solution of an 86: 14 mixturc of the keto alcohols 53 and 
54 (vide supra) (61.1 mg, 0.201 mmol), and p-toluenesulfonyl- 
hydrazide (48.6 mg, 0.261 mmol) in 1 mL of absolute ethanol was 
refluxed under an argon atmosphere for 3 h. A white precipitate 
formed. The mixture was concentrated and the residue was dried under 
vacuum (oil pump) for 3 h to provide the crude p-toluenesulfonyl- 
hydrazones 55. A stirred suspension of this material in 15 mL of dry 
toluene was treated with sodium hydride (5.34 mmol, 225 mg of a 
57% dispersion in mineral oil, freed of oil by washing three times with 
ether) and the resulting mixturc was retluxed under an atmosphere of 
argon for 3 h. The reaction mixture was cooled to room temperature. 
excess base was destroyed by cautious addition of water, and the 
resulting mixture was partitioned between ether and aqucous ammo- 
nium chloride. The aqueous phase was extracted once more with ether 
and the combined extract was washed with brine, dried (MgSO,), and 
concentrated. The remaining oil was subjected to column chro- 
matography ( I5  g silica gel, elution with 15% ethyl acetate in hexanes) 
to afford 33.5 mg (58%) of (*)-stemod-2-en-l3a-ol (56) as a white 
solid. Recrystallization of a small amount of this material from 
hexanes gave an analytical sample of 56, which exhibited mp 
129.5-131°C (lit (13) mp 119-122°C; (15) mp 128-129°C); ir 
(CHCI,): 3600 cm-';  'H nmr (400 MHz) 6: 0.92, 0.96, 0.97, 1.12 (s, 
s, s, s, 3H each), 2.08 (br d ,  IH, J = 17 Hz), 5.32 (d of d ,  IH, J = 
l0 ,2 .5Hz) ,5 .50(dofdofd ,  l H , J =  10,6.5,2.5Hz).Atlal .calcd. 
for Cz,,H,20: C 83.27, H 1 1.18; found: C 83.27, H 1 1.10. E.mct Mass 
calcd. : 288.2453; found: 288.2455. 

Further elution of the column afforded 7.0 mg (12%) of 
(t)-stemod-2-en-l3P-oI (57) as a white solid that, after re- 
crystallization from heptane, exhibited mp 153- 154°C (lit. (13) mp 
147- 149°C); ir (KBr): 3300 cm-'; 'H  nmr (80 MHz) 6: 0.90 (s, 3H), 
0.95 (s, 6H), 1.23 (s, 3H). 5.18-5.62 (m, 2H). E.ract Mass calcd. for 
C20H,20: 288.2453; found: 288.2456. 

Preparation of' (*)-stetnodin (2) 
A solution of the alkene 56 (33.3 mg, 0.1 16 mmol) and 9-bora- 

bicyclo[3.3. llnonane (200 mg) in 3 mL of dry tetrahydrofuran, under 
an atmosphere of argon, was refluxed for 48 h. The cooled reaction 
mixture was treated consecutively with 3 mL of ethanol, 3 mL of 7 M 
aqueous sodium hydroxide, and 3 mL of 30% aqueous hydrogen 
peroxide, and was then heated at 50°C for I h. The cooled mixture was 
partitioned between ethyl acetate and aqueous sodium bicarbonate. 
The aqueous phase was extracted with ethyl acetate and the combined 
extract was washed with brine, dried (MgSO,), and concentrated. 
Column chromatography (25 g silica gel, elution with 3: 1 ethyl acc- 
tate - hexanes) of the residual oil afforded 31.3 mg (88%) of 
(*)-stemodin (2) as a white solid. Recrystallization (acetone- hexanes 
or ethyl acetate) of this material provided (?)-2 as colorless plates. 
which exhibited mp 220.5-222°C (lit. (13) mp 218-220°C); ir (KBr): 
3300 cm-I; 'H nmr (400 MHz. CDC13-(CD3)3SO) 6: 0.90. 0.94. 
0.97, 1.08 (s, s, s, s, 3H each), 1.59- 1.76 (m, 5H), 1.85-2.00 (m, 
4H), 2.87, 3.41 (br s, br s, IH each), 3.67 (m, IH). On addition of 
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D20,  the signals at 6 2.87 and 3.41 disappeared and the signal at 6 G. GOWDA, A. MUKHOPADHYAY, and P. S. MANCHAND. Can. 
3.67 simplified. This material was identical with an authentic sample J. Chem. 61. 269 (1983). 
of (-)-stemodin (7) by glc (coinjection), tlc (four solvent systems), 'H 10. R. B. KELLY, M. L. HARLEY, S. J. ALWARD, and P. S. MAN- 
nmr (400 MHz), and mass spectrometry. Exact Mass calcd. for CHAND. Can. J. Chem. 60, 675 (1982). 
C20H3402: 306.2558; found: 306.2558. 11. (a)  P. S. MANCHAND and J. F. BLOUNT. J.  Chem. Soc. Chem. 

Commun. 894 (1975); (b) R. B. KELLY, M. L. HARLEY. and 
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The ion-pair mechanism and bimolecular displacement at saturated carbon. V.' 
Racemization and bromide - radio-bromide exchange for substituted 

1-phenylbromoethanes in acetone 

ALLAN R. STEIN' AND ELIZABETH A. MOFFATT 
Department of Chemistry, Memorial U~ziversity of Newfonndland, St. John's, Nfld., Canada AIB 3x7 

Received March 29, 1985 

ALLAN R. STEIN and ELIZABETH A. MOFFATT. Can. J.  Chem. 63, 3433 (1985). 
Results of kinetic studies of the racemizations and radio-bromide exchanges with I -arylbromoethanes in acetone with added 

LiBr are reported. The results are direct empirical evidence supporting the ion-pair mechanism for bimolecular nucleophilic 
displacement at saturated carbon. For the unsubstituted and less electron rich substrates, behaviour expected for a classical SN2 
mechanism is found, but for 1-(4-methylphenyl)bromoethane, the racemization rate is greater than twice the exchange rate, 
indicating internal return with racemization from a solvated ion pair. For 1-(3,4-dimethylphenyl)bromoethane, the carbocation 
is sufficiently stabilized that the reaction shows intermediate behaviour; the racemization rate is significantly less than twice 
the exchange rate, for example. Through the series from the electron withdrawer to electron donor substituted substrate, the 
activation parameter AH) progressively decreases and AS9 becomes rapidly more negative. 

ALLAN R. STEIN et ELIZABETH A. MOFFATT. Can. J .  Chem. 63, 3433 (1985). 
On rapporte les r6sultats obtenus lors d'ktudes cinttiques relatives aux ractmisations et aux Cchanges de radio-bromures 

d'aryl-1 bromoethanes dans de I'acCtone B laquelle on a ajoutC du LiBr. Les rksultats obtenus correspondent B des donnees 
empiriques directes qui apportent un support au mtcanisme par paire d'ions lors des reactions de substitutions nucltophiles 
bimolCculaires au niveau de carbones saturks. Dans les cas des substrats qui ne sont pas substitues ou qui sont moins riches 
en Clectrons, on observe le comportement attendu pour un mecanisme SN? classique; toutefois, avec le (methyl-4 phCny1)-l 
bromotthane, la vitesse de ractmisation est au moins deux fois plus grande que la vitesse dlCchange et ceci suggkre la presence 
d'un retour interne avec ractmisation dans une paire d'ions solvatCs. Dans le cas du (dimtthyl-3,4 phCny1)-1 bromotthane, 
le carbocation est suffisamment stabilist pour que la reaction prksente un comportement intermediaire; par exemple, la vitesse 
de racemisation est au moins deux fois plus faible que la vitesse d'tchange. Lorsque I'on passe des substrats portant des 
groupements Clectroaffinitaires i ceux portant des groupements Clectro-donneurs, il y a une diminution graduelle du AH) alors 
que le AS+ devient rapidement plus negatif. 

[Traduit par le journal] 

Since Sneen and Larsen (I), in 1969, proposed an elabo- 
ration of the Winstein ion-pair scheme (2) as a "unified 
mechanism" for nucleophilic substitutions at saturated carbon, 
it has slowly been gaining respectability, so much so that the 
ion-pair mechanism now receives extensive discussion in un- 
dergraduate textbooks (3). 

The ion-pair mechanism can perhaps best be approached by 
considering the process of ionization and dissociation of a 
substrate RX. This can be considered a stepwise process of 
ionization to a contact or intimate ion pair within a solvation 
sheath or cage followed by separation of the two ions, R+ and 
X-. The separation of the ions would occur with layer by layer 
of solvent inserting itself between the ions to give, pro- 
gressively, the solvent-separated ion pair with one, the solvated 
ion pairs with two, with three, with four, and so on, layers of 
solvation between the ions until finally the free, independently 
solvated, dissociated ions are reached. In principle at least, 
every stage of this ionization - solvent separation - dissociation 
process is reversible. Introducing a nucleophile, Z-, could, 
again in principle, lead to nucleophilic attack at any stage of the 
dissociative process as indicated in Scheme 1. 

Nucleophilic attack concurrent with ionization would, of 
course, represent the classical Hughes-Ingold bimolecular nu- 
cleophilic substitution, the SN2 mechanism (4), whereas attack 
after complete dissociation of the initially formed ion pair 
would represent their unimolecular reaction, the S,1 mech- 
anism (5). 

I While not sequentially numbered, refs. 22-24 and ref. 15 are 
considered parts I-IV of this series. 

'Author to whom correspondence may be addressed. 

There is much direct or empirical evidence for the in- 
volvement of ion pairs in reactions at or near the unimolecular 
extreme, that is for SN1 reactions (2, 6), but while evidence is 
accumulating for ion-pair involvement in bimolecular displace- 
ments, it is generally indirect. Thus computer simulations of 
bimolecular processes may require an intermediate species, or 
an intermediate may be implied by various correlations (7, 8). 
Such intermediates could be ion pairs. Direct empirical evi- 
dence is, to say the least, rare. It was in hopes of finding such 
direct evidence that the study reported here was undertaken. 

Scheme 2 contains minimal representations for the SN2 or 
ion-pair bimolecular, A, and SN1 unimolecular substitution, B. 
In the following discussion we will assume the substrate was 
optically active. If *X is identical to X, any chirality is lost by 
the central-intermediate or transition-state stage. If, however, 
*X + X, be they different neutral species (e.g. H 2 0  vs. 
CH,OH), anions (e.g. CN- vs. C1-), or even isotopic (e.g. 
radio-bromide vs. bromide) as in our case, chiral differ- 
entiation remains throughout in A but not in B. Thus if return 
to starting material occurs with the same anion in an SN2 pro- 
cess, i.e. Scheme 2A, chirality of the substrate is retained. 
There has been neither racemization nor exchange. Should 
substitution occur, both exchange of covalently bound X and 
ionic *X and inversion of the stereochemistry of the substrate 
take place. Ignoring any isotope effect on optical activity, that 
single substitution results in the loss of two units of optical 
rotation, one for the molecule of substrate inverted and, be- 
cause its rotational contribution is now opposite, another to 
cancel that contribution. A single exchange with inversion 
gives two molecules as a inactive racemi; mixture. In the .. 
classical SN2 mechanism, the only route for racemization is 
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mainly 
"sN2" 

mixed 

SCHEME 1. The ion-pair mechanism. 

\= k l ?r *x- q.. 
B. C-X 4 s  X- + C+ 112 *X-C + 112 C-*X 

/ k2 I k2 \ / 

SCHEME 2. Mechanistic representations. 

through nucleophilic substitution so  that the racemization rate 
constant, k,,, should be precisely twice the exchange (or in- 
version) rate constant, kexch (10). 

If a bimolecular ion-pair mechanism is operating, i.e. a 
substitution towards the left-hand side of Scheme 1 ,  there is 
another possibility. Should the ion pair become sufficiently 
separated for the carbocation to turn over with respect to the 
leaving group, internal return with inversion could occur. Such 
racemization without exchange would result in a racemization 
rate greater than twice the exchange or substitution rate. The 
probability that such internal return with racemization would 
occur should increase as the ion-pair species becomes longer 
lived, increasing the time available for solvent separation. Pre- 
sumedly several layers of solvation would be required to 
"lubricate" the roll over of the carbocation. 

Of course, should ion-pair separation-dissociation be fa- 
voured too much, return becomes unlikely and, in the extreme, 
the reaction follows the classical SN1 mechanism indicated in 
Scheme 2B. Complete separation of the carbocation and the 
leaving group occurs before nucleophilic attack; all chiral in- 
formation is lost and the leaving group enters the anion "pool". 
Attack by anion can occur from either side of the dissociated 
carbocation to give racemization with exchange; the rate con- 
stants for racemization and exchange would be equal. 

The chiral 1-phenylbromoethanes, with bromide ion as the 
nucleophile, were selected for study. Since the leaving group 
and the nucleophile are the same, separation of substrate and 
product was unnecessary, all reactions are pseuclo-first order, 
and the implied symmetry of the reaction coordinate minimizes 
problems associated with specific solvation effects, etc. Substi- 
tution was followed through bromide - radio-bromide ("Br) 
exchange using the electrodeposition method of Beronius (9). 
Stereochemical inversion results in racemization of the sub- 
strate and was followed polarimetrically. There will be con- 
tributions to the observed rate of racemization from substitution 
and from internal return with inversion. Phenyl substituent 
effects on the racemization and exchange kinetics in acetone 
were studied initially and are reported here. 

Results and discussion 
The preparation of the optically active substrates is discussed 

in the following paper (1 1) and the methods employed in fol- 
lowing the racemization and radio-bromide exchange rates 
have previously been presented (9, 10). 

In Table 1, racemization and exchange rate constants for the 
various phenyl-substituted 1-phenylbromoethanes at a number 
of temperatures and lithium bromide concentrations in acetone 
are reported. The rate constants reported are usually the aver- 
ages of two or three runs under the same conditions but occa- 
sionally only one (especially for the 4-nitro compound), or as 
many as  ten, was done. In comparing the rate constants it must 
be kept in mind that while all but the racemization studies on 
1-(4-bromopheny1)bromoethane was done by the principal in- 
vestigator over a decade, racemizations were done in three 
different laboratories, the exchanges in two, using solvent of 
different origin, different equipment, different thermostat 
baths, and thermometers (calibrated only at 0°C). Additionally, 
traces of moisture greatly retard the reactions; those at the 
lower lithium bromide concentrations were especially sensi- 
tive. Thus exchange studies on the nitro compound with [LiBr] 
= 0.0005 M at 25°C gave rate constants of 10.24 * 0.20 X 

lo-' L mol-' s-' with solutions that had been stored in 
Parafilm-wrapped glass-stoppered volumetric flasks for 6 days 
and 14.67 + 0.16 X lo-' L mol-I s-I with freshly prepared 
solutions. Addition of a few microliters of water per 100 mL, 
a concentration of about 1 x lo-' M water, produced similar 
or larger retardations. The obvious solution of using aqueous 
acetone was ruled out because even 0.5% water resulted in 
some hydrolysis of 1-phenylbromoethane, as evidenced by an 
accelerating rate of racemization-the bromide ion produced 
by hydrolysis increases the halide ion concentration and hence 
the reaction rate. While considerable care was taken to obtain 
internally consistent results, variations are greater than 
desirable. 

SimiIar marked rate retardations by added water have been 
reported by other workers for bimolecular processes. Thus 
Bohme and Raksit (12a), in a recent study of the influence of 
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TABLE 1. Rate constants for racernization and bromide exchange for I-phenylbrornoethanes in acetone containing lithium bromide 

Concentration of LiBr (M) 
T k 

("C) ( x  lo7 L rnol-' s - ' )  0.01 0.005 0.002 0.001 0.0005 
- - - - 

1-(3,4-Dirnethylpheny1)brornoethane 

25 rac 6.09 2 0.66 
exch - 

30 rac 9.26 2 0.67 
exch 5.03 t 0.52 

35 rac 13.39 t 1.14 
40 rac 19.36 2 3.38 

exch - 

I -(4-Methylphenyl)brornoethane 

25 rac 7.59 2 0.20 
exch 2.88 t 0.06" 

30 rac 9.76 -+ 0.46 
exch 4.26 t 0.41 

35 rac 15.73 2 0.97 
exch 6.24 2 0.69 

40 rac 23.00 t 0.94 
exch 8.60 I+_ 0.33*: 

45 rac 32.72 t 0.43 

I -Phenylbrornoethane 

25 rac 2.67 2 0.03 
exch 1.46 -+ 0.15 

30 rac 4.18 2 0.02 
exch 2.09 t 0.08 

35 rac 6.55 -+ 0.02 
exch 3.24 t 0.60 

40 rac 9.86 2 0.02 
exch 5.07 t 0.03 

45 rac 14.66 2 0.11 

I-(4-Brornophenyl)brornoethane 

25 rac 5.93 ? 0.30 
exch 2.09 -+ 0.01 

30 rac 9.97 t 0.50 
exch 4.52 t 0.16 

35 rac 14.17 2 0.04 
exch 6.89 2 0.62 

40 rac 21.49 t 0.54 
exch 11.06 t 0.14' 

25 rac 
exch 

30 rac 
exch 

35 rac 
exch 

40 rac 
exch 

45 rac 

* A  single run was done. 

hydration in gas phase substitutions by, for example, the hy- tion of about 0.4% water. 
droxide ion in methyl halides, found a marked rate retardation By contrast, for unimolecular processes in aprotic solvents, 
as the nucleophile is mono-, di-, or trihydrated. Similar rate the addition of water commonly accelerates substitutions. Fari- 
retardations are observed for traces of water in aprotic, relative- nacci and Hammett (1  3a)  reported nearly 50 years ago that 
ly nonpolar solvents. Holmgren and Beronius (12b), for exam- addition of small amounts of water to the ethanol used in 
ple, report the rates of bromide exchanges in acetone as the ethanolysis of diphenylmethyl chloride increased the solvolysis 
water concentration is increased. The rate halves with the addi- rate but left the product almost exclusively the ethyl ether. 
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TABLE 2. Typical alkyl bromide concentrations (all RBr concen- 
trations have units x lo-' M)  

Exchanges at given [LiBr] 
Compound Racemization 

used studies 0.01 M 0.002 M 0.0005 M 

4-Nitro 7.0 6.7 1.4 1.4 
4-Bromo 9.0 6.5 1.4 1.4 
Unsubstituted 7.5 7.4 1.6 1.6 
4-Methyl 18.0 6.6 I .5 1.4 
3,4-Dimethyl 23.0 6.0 1.4 1.4 

Other workers (refs. 13b, c, and, for related discussion, ref. 
13d) have reported similar accelerations and observed (13a) 
that, for SN1 reactions in binary (aqueous) solvents, rate con- 
stants vary with the log of the water concentration for low water 
concentrations; the slope gives the number of water molecules 
involved. 

This difference in behaviour for uni- and bimolecular pro- 
cesses presumedly arises principally because, in the former, the 
effective H-bonding solvation of the leaving group facilitates 
its departure as an anion whereas, in the latter, similar solvation 
of the nucleophile markedly reduces its nucleophilicity. 

k,,/k,,,, ratios 1  
In the introduction we indicated that the racemization rate 

could exceed twice the exchange rate if there was significant 
return with inversion. The average calculated ratio of k,,/kC,,, 
for unsubstituted 1-phenylbromoethane, for all LiBr concen- 

0  1 2  5 10 x M ~ i ~ r  

trations at each temperature, ranges from 1.93 to 1.95 and FIG. I. Reaction rate ratios as a function of lithium bromide con- 
averages 1.940 + 0.069 overall. Clearly there is no evidence centration. (Rate Ratio is the observed reaction rate divided by that for 
for ion-pair return with racemization here, nor is there for the [LiBr] = 0.005 M, all at 30°C.) Racemizations: unsubstituted, 0;  

compounds with bromo- or nitro-s~bstit~ents, as perusal of the 4-methyl. 0; 4-nitr0, 0; and 3,4-dimethyl7 A; and exchanges: 

data re~orted in Table 1 will confirm. 4-bromo, 0; and 3,4-dimethyl, A .  

As bedicted, increasing the stability of the carbocation and TABLE 3. Dissociation of LiBr in acetone* 
hence of the ion pair by introducing a para-methyl substituent 
results in k,,,/kcXch ratios greater than 2. Averaged over the Activity coeff. of Br- at given [LiBr] 
concentration range of LiBr, the ratio is 2.58 + 0.07, 2.33 + T 
0.23, 2.38 + 0.14, and 2.23 + 0.39 at 25, 30, 35, and 40°C ("C) K ,,,, 0.01 0.005 0.002 0.001 0.0005 
respectively. The overall average for all values is 2.36 2 0.24, 
a ratio that would be more convincing if the variation was less. 
However, that ratio means that racemization via an internal 
return pathway is over one-third as fast as substitution. 

If one methyl is good, two should be better, so that 
(3,4-dimethylpheny1)bromoethane substrate was studied. With 
this compound great difficulty was experienced in, first, 
making half esters of the corresponding ethanol without de- 
hydration and hence accomplishing the resolution of the 
alcohol until the current procedure ( 1 1 ) was developed, and, 
finally, in converting the alcohols to bromide without extensive 
racemization (1 1). In both the racemization and the exchange 
studies, reproducibility was a real problem. Elimination of HBr 
seems to be largely responsible for this lack of reproducibility. 
Even on storage in an evacuated sealed ampoule for a few days 
at -5 to -lO°C, neat, optically active substrate begins to 
racemize at increasing rates. The liquid eventually becomes 
cloudy and, after months at room temperature, partially poly- 
merized styrene separates out. The racemic material used for 
the exchange studies behaves similarly; it also had to be freshly 
made and (or) redistilled every few days. 

In both sets of measurements, the concentration of the alkyl 
bromide was much higher than that of the lithium bromide. 
Exchange rates were determined by starting with ionic bromide 
containing "Br ions; the decreasing radioactivity of samples of 

* Calculated from data given by Beronius ef al. in ref. 14. 

the ionic bromide electrodeposited on silver discs at appropri- 
ate times was then used to follow ionic-covalent bromide 
exchange. In effect, isotopic dilution of "Br was occurring; the 
infinity value V,  corresponds to statistical distribution of 82Br 
between RBr and ionic material, that is, V,  = V,  ([LiBr]/[RBr] 
+ [LiBrJ). To get a reasonable variation in values through the 
reaction and minimize the effect of random errors, the concen- 
tration of the alkyl bromide had to be much larger than that of 
the lithium bromide. Concentration ratios of about 8: 1 at the 
highest and 25 : 1 at the lowest LiBr concentration were used. 
  or the racemizations, it was the measured initial rotation that 
dictated concentrations. For minimally acceptable signal-to- 
noise ratio, the initial rotation had to be 0.25" or more. Typical 
concentrations are given in Table 2. Because of the relatively 
low optical activities of the 3,4-dimethyl substrate, the concen- 
trations had to be especially high in the racemization studies; 
here, the molar ratio of RBr to LiBr ranged from 23 to 460. 
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STEIN AND MOFFA'IT 

TABLE 4. Racemization results corrected for association of lithium bromide 

T C O ~ .  k,,, AH+ AS+ 
("C) Reaction order in Br- L mol-' s- '  (kJ M-') J M-' deg-' 

*Only two data points, hence no error limits can be calculated. 
?Rate constant becomes 21.340 2 0.089 X lo-' L mol-' s - '  if the two data points (at 0.102 and 

0.200 M LiBr) of Hughes er al. (25) are included in the calculations. 
$Relatively few concentrations of LiBr were used so that error limits are usually large. 

Since elimination would liberate HBr, the bromide ion so pro- 
duced would increase the bromide concentration and activity in 
the reaction mixture. At 0.002 M LiBr, 0.1 % elimination could 
increase the bromide ion concentration by over 10% for the 
racemizations versus 0.7% for the exchanges. This additional 
bromide ion would accelerate the racemization and exchanges. 
The errors introduced from this source would be greatest at the 
lower concentrations of lithium bromide, so those rates and 
hence rate ratios are least secure. 

For the 3,4-dimethyl compound, all values of the k,,,/k,,,, 
ratios are less than the theoretical value of 2.00 for the SN2 
mechanism; at 30°C, they are 1.84, 1.98, 1.72, and 1.10 at 
0.01, 0.005, 0.002, and 0.0005 M lithium bromide re- 
spectively and, for all the data points available, average 1.52 
+ 0.39. Yet, because of the concentrations employed, any HBr 
in the added RBr should increase, not decrease that ratio. 
Consequently there has been a significant mechanistic change 
in going from the 4-methyl- to the 3,4-dimethyl compounds. 

Effect of LiBr concentration 
In Fig. 1, rate ratios, the reaction rate at the appropriate 

concentration, that is k x [LiBr], divided by the rate at [LiBr] 
= 0.0005 M, are plotted as a function of LiBr concentration at 
30°C. All the compounds but (1-(3,4-dimethy1phenyl)bromo- 

ethane fall on, or very near, the curve for the unsubstituted 
compound. For the 3,4-dimethyl compound, the racemization 
rate increases much more rapidly, the exchange less rapidly 
than for the other substrates, as the concentration of LiBr is 
increased. 

In our discussion above, we indicated that any elimination of 
HBr and the concomitant increase in rate should have been 
most significant for the lowest lithium bromide concentrations. 
For the racemization studies with the 3,4-dimethyl compound, 
however, the deviations are just the opposite-either the rates 
for high LiBr concentrations are "excessive" or that at the 
lowest is far too low. Exchanges deviate in the opposite sense. 
For both reactions, like the reactions of the other compounds, 
the rates are clearly dependent upon the concentration of the 
inorganic bromide. They are not unimolecular processes. 

Beronius et al. have determined the dissociation constants 
for lithium bromide in acetone (14). Using their equilibrium 
data and applying similar data analysis, our observed race- 
mization rates can be corrected for the activity of the bromide 
ion. The results obtained are summarized in Tables 3 and 4. 
Several features stand out. Firstly, the reaction order in nucleo- 
phile reported in Table 4, i.e. the slope of a plot of the log of 
the observed rate k,,, X [LiBr] vs. the log of the calculated 
bromide ion activity from Table 3, should be unity. It is per- 
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TABLE 5. Eliminations in acetone with added lutidine 

T [LiBr] [Lutidine] keli,n:ii k,,,,'l 
Compound ("C) (M) (M) lo-\S-' lo-\s1 

3,4-DiMe 30 0.002 0.0343 0.673 k 0.008 15.92 
4-Me 30 0.002 0.0343 0.266 t 0.003 27.4 
3,4-DiMe 45 0.002 0.0343 4.46 * 0.14 84.2$ 
4-Me 45 0.002 0.0343 1.41 ? 0.011 100.2 
Unsubst. 45 0.002 0.0343 0.0645 t 0.0001(j 50.82 
3,4-DiMe 45 0.01 0.0686 4.38 * 0.49 293.73; 
4-Me 45 0.01 0.0686 1.64 k 0.08 372.2 

"Pserrdo-first-order elimination rate constant 
i Corresponding pseudo-first-order racemizati 
i Calculated. 
$Reaction was followed for only 190 h or to 

haps significantly above one for the p-methyl substrate and 
averages 1.2 for the 3,bdimethyl substrate. Thus, as we noted 
earlier, for the latter compound, the rate of racemization in- 
creases more rapidly with lithium bromide concentration than 
it should for a SN2 process. 

Another feature of the results in Table 4 is worth comment. 
Despite the fact that reaction rates for the 3,4-dimethyl com- 
pound are somewhat unexpectedly lower than the bmethyl 
rates, the progressive decrease in A H +  continues as the carbo- 
cation stability increases. The markedly more negative AS+ 
accounts for the rate falloff. 'This variation in the activation 
parameters, using values not corrected for association of LiBr 
and preliminary results for the 3,bdimethyl substrate, has al- 
ready been discussed (15). 

Elimination rates 
We have already considered the effect of elimination of HBr 

from a small portion of the substrate prior to its addition to the 
acetone - lithium bromide mixture. The possibility of elimi- 
nation being a competing reaction has not yet been considered. 
What would be the expected effect of a parallel elimination 
process'? 

For a bimolecular nucleophilic substitution process, the race- 
mization rate should be twice that of exchange. Elimination of 
HBr would, of course, give achiral alkene with loss of one, not 
two, units of optical activity. The liberated bromide ion would 
result in isotopic dilution of the radio-labelled lithium bromide 
solution and, hence, be indistinguishable from an exchange. 
For elimination, apparent "racemization" and "exchange" rates 
would be equal. 

A reaction mixture in which both substitution and elimi- 
nation were occurring would, at first glace, seem to explain a 
lot of our observations for the 3,4-dimethyl compound. The 
krJc/kcXch ratio would be expected to fall between the value of 2 
for the SN2 and 1 for the elimination pathway. Solvation ef- 
fects, principally about the proton and bromide eliminated, 
could account for the large negative entropy of activation. 
Explaining the higher than unity reaction order in bromide is a 
problem unless the elimination process is very sensitive to ionic 
strength. 

There are other problems, however, with this facile expla- 
nation. We have not considered the effect of the liberated 
halide ion on the rates of racemization and exchange-it 
should increase the rates of both. There should be an auto- 
catalytic effect as the reaction proceeds and the halide ion 
concentration increases. None was observed. Nonetheless, the 

with added lutidine. 
ion rate constant in the absence of lutidine. 

5% completion 

rate of elimination was examined. 
Over three or four half-lives for the racemization reactions. 

it was not possible to detect any consistent decrease in the area 
of the alkyl bromide peak by glc for the unsubstituted, or for 
the methyl-, bromo-, or nitro-substituted species (1 0). When 
lutidine was added to the acetone solutions, determination of 
elimination rates became possible. Some are presented in Table 
5.  The rate of elimination is apparently independent of bromide 
ion concentration and, at 0.002 M LiBr for the 3,bdimethyl 
compound, corresponds to about 5% of the racemization rate. 
It must be kept in mind that this is in the presence of added 
base. In butyl tosylate solvolysis, ~ a n n e n b e r ~  et al. (16), 
found that the amount of 2-butene increased with the con- 
centration of trifluoroacetate ion in the CF3C02Na/CF3C02H 
buffer. Similarly, in the solvolysis of 1-(4-methylpheny1)-1- 
chloroethane in 5 0 5 0  TFE/H,O, Richard and Jencks (17) 
report that the fraction of the product represented by 4-meth- 
ylstyrene increases linearly with added sodium acetate, even 
for such weaklv basic acetates as chloro- and trifluoroacetates. 
Thus even extremely weak base is enough to divert the reac- 
tions towards elimination. With lutidine added in excess, as it 
was for the results reported in Table 5, elimination could also 
have been accelerated. Consequently the elimination rates 
reported should be considered upper limits. Without lutidine, 
the eliminations were much slower and the bromide ion con- 
centration tended to reach a plateau value a bit above the initial 
concentration, a value which varied considerably even in 
duplicate runs. Thus under the racemization and exchange con- 
ditjons, elimination is apparently considerably slower-and is 
apparently a reversible process. Addition of a large excess of 
an alkene, cyclohexene, had only a small retarding effect, so 
HBr was not intercepted to any extent under racemization 
conditions. 

These results do not rule out the possibility of racemization 
via elimination followed by re-addition, all within a solvent 
cage or solvation sheath. Here though, unlike, say, the race- 
mization of norbornyl brosylate (2) where only a small trans- 
lation, the oxygen equilibration of esters (18) where only a 
small rotation, or the cis-trans isomerism through linear vinyl- 
ic carbocations (19) where a facile rotation or migration is 
required, the HBr must migrate to the other side of the planar 
styrene. Here, unlike the situation for ion pairs, there would be 
no electrostatic attraction between the s~ec ies  involved and. 
especially in the presence of the added lutidine, it is unlikely 
the solvent cage lifetime would be sufficiently long for such a 
migration to occur to a significant extent. Consequently it can 
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F. 1: 1: 
C-x C+X- ,- t + J l x  etc. 
/ I I 

\: 1: 
C-X* e e C+ 1 1  2- etc. 
/ I 

* T 
B. x- + c-x - x- e+x- 2- 1171 1 x- etc. 

/ * 1 1 1  :' 
X- halide exchange 

* TI 

be concluded that elimination is a competing but much slower 
process that can not explain the observed racemization and 
exchange rate behavior. 

A mechanistic explanation 
As substituents on 1-phenylbromoethane are changed 

through the series p-NO?, p-Br, none, p-CH? and 3,4-(CH,),, 
the average value of the k,,c/kc,,h ratio changes from essentially 
2.00 for the first three to 2.36 and 1.52 for the last two com- 
pounds, respectively. Thep-CH3 rate ratio of greater than 2.00, 
the value predicted for the classical SN2 mechanism, is easily 
accommodated by, and in fact is confirmatory of, the simple 
ion-pair mechanism depicted in Scheme 1. The ion-pair life- 
time has become sufficient for carbocation inversion to occur 
before collapse, that is, for internal return with racemization to 
occur. Interestingly, Richard and Jencks, in their extensive 
study of the solvolyses of various 1-phenylethyl substrates, 
found that it was also the p-CH3 substituted one which clearly 
showed internal return from an ion pair (17). 

When the carbocation and hence the ion pair is further sta- 
bilized as with the 3,4-(CH,)? substrate, the simple ion-pair 
scheme is not adequate in explaining the observations. The 
progressive change in activation parameters does not suggest a 
major mechanistic discontinuity (15); the enthalpy and entropy 
of activation decrease progressively, with the latter becoming 
markedly more negative, through the series of substrates as the 
expected carbocation/ion pair becomes more stable. Yet for 
the dimethyl compound, the k,,,/kcXch ratio is appropriate for a 
reaction of mixed mechanism, one about 50:50 classical 
SNl/SN2. The racemization, however, does not shift from first 
towards zeroth order in bromide ion; rather, the order increases 
to slightly over one. Clearly the SN 1 -SN2 mechanistic pair also 
are inadequate in explaining the results. 

A logical modification to the ion-pair mechanism readily 
accommodates the observations. In a simplistic form, it is 
shown in Scheme 3A. Including exchange of leaving group 
with the anion pool allows for some retention of configuration 
with bromide exchange. Perhaps a more realistic version, with 
leaving group - anion pool exchange occurring through a solv- 

ated triple ion, is shown as Scheme 3B. Without getting in- 
volved in any controversy about the timing of nucleophilic 
involvement, that is, does it commence prior to (17, 20), con- 
current with (21), or subsequent to (1 b, 7, 8a)  breaking of the 
substrate - leaving group bond to form the ion pair, the triple 
ion is quite analogous to the proposals of Jencks (17, 20) and 
of Bentley and Schleyer (21) and their respective co-workers. 
The nucleophilic involvement of solvent in the latter and of a 
good nucleophile in the former is replaced by that of a nucleo- 
phile identical to the leaving group to give a symmetrical 
species. 

As pointed out by Bentley et al. (21), there is a marked 
tendency to treat the extended ion-pair scheme of Winstein (2), 
or as applied by Sneen ( l ) ,  literally, that is, to ignore the fact 
that the reaction is occurring in a solvent, often with other 
added species present. Thus there are substrate-solvent 
(dipole-dipole) and ion pair - solvent (ion-dipole) inter- 
actions as well as substrate and ion-pair interactions with other 
species in solution, all of which are rarely shown or explicitly 
considered in mechanistic presentations. The "special salt 
effects" first noted by Winstein (2) confirm direct ion (or salt) 
involvement in ion-pair mechanisms. Added "inert" electrolyte 
at low concentration in relatively non-ionizing media can 
greatly promote dissociation of ion pairs. That this is through 
some sort of one-on-one interaction between the electrolyte and 
substrate is confirmed by the fact that, at higher salt concen- 
trations where there is a generous supply of added ions, the rate 
acceleration becomes simply that of a normal salt effect. In 
more polar solvents, solvent dipole orientation can swamp the 
ion electric field in promoting dissociation. In our case, back- 
side "nucleophilic assistance" (21) in ionization and (or) dis- 
sociation of the substrate would be by the 6(-) carbonyl 
oxygen of acetone and by Br-. Li' might also play a role, for 
example, in facilitating the front-side leaving group - anion 
pool bromide exchange. 

In any event, incorporation a leaving group exchange branch 
in the ion-pair mechanism allows for substitution-bromide 
exchange-with retention of configuration or, perhaps more 
accurately, collapse from triple ion to racemic substrate. Either 
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would result in the k,,,/k,x,h ratio falling below the SN2 value of 
2.00. The contribution to the racemization rate made by leaving 
group exchange at the triple ion-it should be second order in 
bromide ion-would also account for the changes in reaction 
order. 

Conclusions 
The results reported here strongly support the ion-pair mech- 

anistic scheme for bimolecular displacement at saturated car- 
bon. The effect of increasing the stability of the carbocation 
and hence the ease of ionization/separation is best explained 
through the ion-pair mechanism of Scheme 1, modified to 
include the ionization/separation assistance of other ions in 
solution as in Scheme 3B. 

For the substrates lacking electron donating substituents, the 
ion pairs are not sufficiently stable and long lived to undergo 
the significant solvent separation required for inversion without 
exchange before collapse to starting material or rear-side attack 
by nucleophile. With moderate stabilization, as by the p-CH1 
group, the average point of nucleophilic attack is shifted suf- 
ficiently to the right, towards ion-pair separation, to permit 
internal return with racemization, and k,,,/k,,,,, becomes greater 
than the theoretical SN2 value of 2.00. As the stability is further 
increased, as with our 3,4-dimethyl substrate, ion-pair life- 
times become still greater and exchange of anion involved in 
the ion pair with the anion pool can occur; exchange becomes 
more rapid. Relative exchange and racemization rates are inter- 
mediate between those predicted for the classical SN2 and SN1 
mechanisms. This logical progression thus explains the obser- 
vations reported in this paper. 

The effects of solvent and isotopic substitution are currently 
under investigation. 

Experimental 
All solvents were reagent or Analar grade; the acetonc was freshly 

distilled from Type 4A molecular sieves under dry tank nitrogen that 
was further dried by bubbling it through concentrated-HzSO, followed 
by a column of Type 3A molecular sieves. The analytical grade 
(Merck or BDH) lithium bromide was oven dried at 225-250°C, the 
reagent grade (BDH) 2,6-dimethylpyridine (lutidinc) was doubly 
vacuum distilled through a short column, and the silver nitrate was 
reagent grade. 

Chiral substrates were prepared by the procedures described in the 
following paper (1 I), racemic ones by treating the corresponding 
racemic I-phenylethanol instead of the resolved one with HBr in 
benzcne or toluene. The racemic I-phenylethanols, except the com- 
mercially available unsubstituted compound (Eastman), were made 
from the corresponding commercially available acctophenone by re- 
duction with NaBH, in ice/aqueous methanol by procedures anal- 
ogous to that reported for I-(4-nitrophenyl)ethanol (I I ) .  The 
I-phenylethanols were free of carbonyl absorptions in the ir, the 
bromides free of OH absorptions, and all gave clean nmr spectra in 
DCCI?. Physical properties of the chiral materials have been reported 
(I 1); those of the racemic materials were almost identical. 

For the kinetics reported in this paper, temperature control was 
better than 0.02"C for the longest runs, *0.0I0C in general. Standard 
linear regression analysis was done on the data; for the eliminations, 
the infinity value was determined iteratively. When a single run was 
done, the error range reported in Tables I and 5 is the standard 
deviation or u of the linear regression. When duplicate or multi-runs 
were done, the standard deviation on the average value is reported. 
Generally the regression correlation coefficient was 0.99-0.99999, 
with polarimetry being near the upper end and exchanges and elimi- 
nations, which were aliquot methods with relatively few points, being 
nearer the lower end of the range. For all but the slowest reactions, two 

to three or more half-lives were used. 
Kinetics of racemization were followed using a Perkin-Elmer 

model 141MC polarimeter as previously described (10). All solutions 
were prepared, stored, and transferred in a dry nitrogen-filled glove 
bag or box. the solution was prepared. and the jacketted cell was filled 
and quickly removed from the bag, connected to the constant tem- 
perature bath, and placed in the polarimeter. Rotations and times were 
measured from the graph of the potentiomctric recorder with the first 
value taken some 5-8 min after the solution was initially prepared. 
Results are reported in Tables I ,  4, and 5. 

Kinetics ofexchange were followed as previously outlined (1 0). For 
I-(3.4-dimethylpheny1)bromoethane the ~ i * ' ~ r  was prepared by neu- 
tron bombardment of inactive salt in the reactors of Atomic Energy of 
Canada, Chalk Rivcr, Ontario; for the rest, the source was Aktiebola- 
get Atomenergi, Isotopscrvicc, Nykoping, Sweden. 

Kinetics of elimination were followed in anhydrous acetone with 
added lutidine as follows. Stock solutions of acetone 0.02000 r 
0.0005 M in LiBr were prepared and sealed in hypo-vials in a dry 
nitrogen-filled glove bag. This solution was diluted with freshly dis- 
tilled acetone as required; 25 mL with I mL lutidine diluted to 250 mL 
gave a solution 2.00 x 10-3 M in LiBr and 34.3 x 10.' M in lutidine. 
After 50 mL of this solution in a glass-stoppered volumetric flask had 
equilibrated to the desired temperature in the thermostatted bath, a 
weighed amount of the alkyl bromide, e.g. 0.1284 g of the p-methyl 
substrate, to give a 12.90 X lO-'M solution, was added with a 
syringe, the reaction timer started, and the flask quickly removed, 
shaken, and returned to the bath. An aliquot, usually 3 mL, was 
removed with a pipet, the elapsed time noted, and the solution run into 
the upper of two chilled 50-mL separatory funnels which contained 15 
mL of ice-cold, distilled water and 10 mL of cold ether. The funnel 
was immediately shaken for 10 s, allowed to settle for 30 s, and the 
aqueous layer drained into the second funnel, which contained 10 mL 
of ether. Shaking and settling were repeated, the aqueous layer drained 
into a small flask and 5, 10. or 15 mL pipetted into the cell of a 
Radiometer 'ITTld/SBR2C automatic titrator. The potentiometric ti- 
tration of aqueous bromide ion was done with 5.00 x lo-' M AgNO, 
using silver and calomel electrodes. The first aliquot could be removed 
at 60-s, subsequent ones at as little as 5-min intervals but, as most 
reactions were very slow, the 10- 15 points were normally taken at 
much longer intervals and 2-5 runs were done simultaneously. Blanks 
were run without added RBr and, for slower runs, the first kinetic 
point agreed to within a few percent of the blank value and the 
least-squares calculated t = 0 value. For example, with the un- 
substituted compound in 2.00 x lo-' M LiBr at 45OC, reaction was 
only approximately 5% complete with the tenth and last point at 687 
600 s-8 days-but gave k = 6.54 * 0.01 x sC' with R = 
0.9997, blank zero 5.35; least-squares calculated t = 0, 5.313; value 
at 900 s,  5.40. Faster runs tended to behave better as a much larger 
fraction of reaction was available. Results are reported in Table 5. 
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ALLAN R. STEIN. ROBERT D. DAWE, and JAMES R. SWEET. Can. J .  Chern. 63. 3442 (1985). 
A fast, convenient procedure for preparing and resolving moderate to large quantities of chiral secondary alcohols is de- 

scribed. The general procedure involves a one-pot conversion of thc kctone (various acctophenoncs) to the half-ester of a 
diacid (succinic, phthalic ...) and resolution with (+)- and (-)-I-phenylethylarnines. Overall yields of the enantiomeric 
alcohols, the variously substituted 1-phenylethanols, are generally 65-85% with optical purities of approximately 90%. 
Properties and optical rotations of a number of chiral I-phenylethanols and of the bromides made from them are tabulated. A 
discussion of optical purity determinations using nmr methods is included and absolute configurations are reported. 

ALLAN R. STEIN, ROBERT D. DAWE et JAMES R. SWEET. Can. J. Chem. 63, 3442 ( 1985). 
On dCcrit une mCthode simple et rapide de prtparer et de rCsoudre en antipodes optiques des quantites importantes d'alcools 

secondaires chiraux. La mCthode gCnCrale implique une conversion, dans un  seul recipient, de la cttone (diverses acC- 
tophtnones) en esters acides de diacides (acides succinique, phtalique. ..) puis une rksolution par les phtnyl-l Cthylamines (+) 
et (-). Les rendements globaux en alcools CnantiomCriques, divers phtnyl-l Cthanols substituCs, sont de l'ordre de 65 B 85% 
et les puretts optiques sont d'environ 90%. On rapporte les propriCtts et les rotations optiques d 'un certain nombre de phtnyl-1 
Cthanols chiraux ainsi que celles des bromures qui en rtsultent. On rapporte aussi une discussion relative a I'utilisation de la 
rmn pour la dttermination des puretCs optiques ainsi que les configurations absolues. 

[Traduit par le journal] 

For a continuing study of the ion-pair mechanism for nu- phenylethanols, generally the unsubstituted and occasionally 
cleophilic displacement at saturated carbon ( I ) ,  relatively large 
quantities of variously phenyl-substituted chiral l-phenyl- 
bromoethanes were required. These were best made from the 
corresponding chiral 1-phenylethanols with hydrogen bromide 
in toluene or benzene. Since the optical resolutions evolved in 
this study are quite convenient and efficient, give a high optical 
purity, and can be extended to other substituents, halides, and 
carbon skeletons, they are reported in some detail. 

Several of the chiral phenyl-substituted 1-phenylethanols 
have previously been resolved; the resolution of the parent 
compound, 1-phenylethanol itself, is a well-established pro- 
cess which nonetheless presents some difficulties. The classical 
Downer and Kenyon procedure (2) calls for the resolution of 
the mono- or half-ester of phthalic acid, i.e. (+)-1-phenylethyl 
hydrogen phthalate, in acetone with brucine, not the safest or 
most pleasant material to use in large quantities. Unless there 
are seed crystals available, obtaining the (-)-enantiomer of the 
half-ester instead of the racemic hydrogen phthalate salt of 
brucine can be quite a challenge! Even then, obtaining high 
optical purity requires removal of the racemic half-ester from 
the recovered chirally enriched hydrogen phthalate obtained by 
removal of the brucine from the precipitated salt through re- 
peated large-volume acid extractions. This removal of the less 
soluble racemic half-ester is best accomplished by careful and 
repeated fractional crystallizations from carbon disulfide. The 
other enantiomer must be recovered from the somewhat en- 
riched original mother liquor, again after removal of the un- 
precipitated brucine and by repeated crystallization and re- 
moval of the racemic ester from carbon disulfide. Obtaining 
moderate yields of resolved material requires repeated recy- 
cling of the recovered racemate. 

At least the 1-(4'-nitropheny1)ethanol analog has been made 
by electrophilic substitution on chiral unsubstituted l-phenyl- 
ethanol but yields of the 4-isomer were less than 25% (3). In 
addition, the optical purity was low and the desired product was 
accompanied by a higher yield of the 2-isomer. Selected chiral 

' Author to whom correspondence may be addressed. 

the 4'-methyl analogue, have been made by asymmetric reduc- 
tion of the corresponding acetophenones (4, 5) using metal 
hydrides complexed with naturally occurring chiral alcohols, 
for example, LiA1H3(OR*), LiA1H2(0R'"2, or LiAIH(OR*), 
where HOR* is N-methylephedrine, C6H5CHOHCH(N(CH,)2)- 
CH,, or other chiral alcohol (4b). Needless to say, the required 
reagents are expensive to use for a large-scale preparation and 
usually only one of the enantiomeric alcohols is obtainable. 
Optical purities were generally 35-85%. 

An enzymatic method that allows isolation of both en- 
antiomeric alcohols in good yields and high activity has recent- 
ly been published (5). It involves use of a carbonyl esterase as 
a stereoselective transesterification catalyst on the racemic al- 
cohol and an excess of an ester. One enantiomer of the alcohol 
is recovered unreacted, the other after hydrolysis of the newly 
formed chiral ester. Should the method prove general, it alone 
may prove competitive with that published below for making 
relatively large quantities of both enantiomers of chiral alco- 
hols with high optical purities. 

Classically, optical purities were relative, that is, the optical 
rotation of a newly prepared sample was compared to the 
literature value, supposedly the highest optical activity yet 
achieved for the compound. More recently, the different chem- 
ical shifts exhibited by "diastereomeric species" in nuclear 
magnetic resonance spectroscopy have been utilized (6, 7). 
Most commonly the chiral substrate is an alcohol or an amine 
and the "diastereomeric species" is generated by use of a chiral 
H-bonding solvent (60) or a chiral lanthanide paramagnetic 
nmr shift reagent, usually a europium(ll) or phaseodymium(III) 
complex (6b), or by derivatizing with a chiral acid (6c). 

Results and discussion 
Since (+)- and (-)-phenylethylamines are commercially 

available, it seemed worthwhile to evolve procedures using 
these amines and the appropriate half-esters of the correspond- 
ing alcohols. The procedures finally arrived at for the various 
species are summarized below. Selected ones are presented in 
more detail in the experimental section. 
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STEIN ET AL 

TABLE I .  Preparation and resolution of half-esters and I-phenylethanols" 

Diastereomeric salt'." Chiral alcohol from salt" 
Recryst. Y i e l d  Melting 

Substrateh solvent (%) point ("C) % ( + ) - A m h e  % ( - ) - A m h e  (+) -Amine '  (-)-Amine" 

Benzene 
Benzene 

peg 

pe" 
pe" 

Toluene 
Toluene 
Toluene 

"Unless otherwise noted, phthalic acid half-esters were resolved in ether and base catalysis was used for their hydrolyses. 
I-Phenylethanol prepared and resolved. 

'Yields are based upon starting acetophenone except where otherwise noted. The total yield is the sum of the yields for the two diastereomeric salts. 
''Salt of half-ester and (+)- or (-)-1-phenylethylamine, 
'Boiling point in "C(uncomected)/pressure in Tom, sign of rotation and yield respectively of the alcohol obtained from the diastereomeric salt of the indicated 

I-phenylethylamine. 
'The corresponding racemic I-phenylethanol was used to make the half-ester. Yields are based upon this alcohol. 
'.'80- 100°C petroleum ether. 

Yields based upon LiAID,. 
'The viscous biphthalate half-ester crystallized after prolonged pumping and chilling. These crystals were repeatedly washed with pe*. 

. . 'The resolving solvent was acetone. 
"The resolving solvent was ethyl acetate. 
'Succinic half-ester was used and the hydrolysis was acid catalyzed. 

In general, the commercially available substituted aceto- 
phenones were reduced in anhydrous tetrahydrofuran (THF) 
with LiAlH, and LiAlD,. A slight excess of purified anhydride, 
usually phthalic or succinic anhydride, was then added to the 
solution. (Commerical anhydrides contain small to moderate 
amounts of the diacids, which destroy the desired alcohol salt 
and markedly reduce yields of the half-ester.) Standard work- 
up and one or two recrystallizations generally gave yields of 
85-98% (based upon starting acetophenone) in this one-pot 
reduction-esterification to half-ester. 

Since the nitro group is also reduced by LiAlH,, 4-nitro- 
acetophenone was reduced to the corresponding ethanol with 
NaBH, in ice - aqueous methanol solution. The 4-nitro- 
phenylethanol and phenylethanol itself, which is commercially 
available, were then converted to the half-ester by treating them 
with the appropriate acid anhydride and an excess of pyridine. 

In the procedure for resolving the half-esters, a near-satu- 
rated solution of the half-ester in the solvent indicated in Table 
1 was treated with about one-third of a molar equivalent of, for 
example, d-(+)-1-phenylethylamine. A precipitate formed, 
sometimes immediately, sometimes after some hours in a 
refrigerator-stubborn cases responded well to seed crystals 
once these were available. Filtering and washing gave varying 
amounts of diastereomeric salt. The mother liquor was ex- 
tracted with acid to recover unprecipitated amine. Addition of 
slightly more than one-half of a molar-equivalent of the 
(-)-amine precipitated the other diastereomeric salt. Recycling 
gives near quantitative yields of the two salts. 

Partition of the diastereomeric salt between ether and aque- 
ous hydrochloric acid allowed isolation of the chiral half-ester 
from the ether layer. Subsequent hydrolysis, with acid or base 
catalysis, gave the chiral 1-phenylethanols. The combined 
yields of the enantiomeric phenylethanols were 60-85% based 
upon starting ketone. Well over 70% of the phenylethylamines 
could be recovered from the combined acidic aqueous solutions 
by basification with sodium hydroxide or carbonate followed 

by extractive work-up and distillation. If the intermediate acid 
extractions of unprecipitated amines were thoroughly done, the 
recovered 1-phenylethylamines had rotations unchanged from 
those of the original materials. 

Conversion of the alcohols to the bromides was accom- 
plished by bubbling hydrogen bromide into a benzene or tolu- 
ene solution-the latter solvent tended to give severe foaming 
problems in the subsequent vacuum distillations-of the re- 
solved alcohol, generally at - 10 to 0°C. The 4-nitro alcohol 
reacted very slowly and required warming and prolonged con- 
tact. For the others, especially the 4-methyl- and the 3,4-di- 
methyl-substituted alcohols, contact times and temperatures 
had to be minimized and the vacuum distillation performed 
quickly and smoothly to prevent excessive racemization of the 
bromides. Hydrogen bromide in benzene or toluene proved 
more satisfactory than other recipes tried; both yields and opti- 
cal activities were higher than for other procedures, including 
PBr3 or PBrS in ether, triphenylphosphine and bromine, or 
N-bromosuccinimide in pyridine. Also the aromatic hydro- 
carbon solvents were much more satisfactory than solvents like 
hexane, chloroform, or carbon tetrachloride, presumedly be- 
cause the solubility of the hydrogen bromide is higher in the 
aromatic hydrocarbon solvents. 

Details of the synthesis and resolution of several of the 
alcohols are given in the experimental section. The acid anhy- 
dride, the solvents, and the hydrolysis procedures used for the 
specific alcohols are given in Table 1. The optical rotations of 
samples of the various 1-phenylethanols and of the bromides 
derived from them are reported in Table 2, the optical or en- 
antiomeric purities of the alcohols in Table 3. 

In all cases, the half-esters had rotations opposite to those of 
the 1-phenylethylamine used in their resolution; the resultant 
phenylethanols had the same sign of rotation as the amine used. 
Only for the 1-(4'-methyl- and 3',4'-dimethylpheny1)ethanols 
are the signs of rotation of the ethanols and bromides made 
from them the same. 
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Optical purities 
The results of determinations of optical purities of the re- 

solved alcohols with the chiral shift reagent Eu-Opt2 are sum- 
marized in Table 3. Cervinka et al. (8) and Okamoto et al. (9) 
previously used chiral nmr shift reagents to determine the opti- 
cal purities of several of the same l-phenylethanols. Based 
upon their measurements, the optical purity of our l-phenyl- 
ethanol was 93.6 or 92.5% respectively vs. our 99.7%. Ac- 
cording to the former authors (8), our 4'-methyl derivative had 
an optical purity of 88.6%, almost identical to our deter- 
mination. While the latter authors (9) also reported optical 
purities for 1-(4'-nitrophenyl)ethanol, it is not clear how they 
measured their optical activity so that we were unable to relate 
our activity to theirs. 

With Eu-Opt2 large shifts occurred; for example, with a 
molar ratio of 4 : 3  of 1-(3,4-dimethylpheny1)ethanol to shift 
reagent in DCC13 at 0°C on the 360-MHz machine, the aromatic 
proton multiplet was shifted from 6 7.16-7.08 to 7.65-7.27, 
the methine proton quartet from 6 4.82 to a pair of quartets 
centred at 5.965 and 5.935, the hydroxylic proton from 6 1.96 
to 6.42, the aromatic methyl protons from 6 2.29 and 2.25 to 
2.37 and 2.34, and the other methyl proton doublet at 6 1.48 
to an ill-resolved "doublet" at 2.10. All signals are extensively 
broadened, the signal-to-noise ratio is degraded, and new sig- 
nals due to the camphato residues of the shift reagent interfere 
with the region upfield of about 6 3. With decoupling from the 
a-methyl protons, the methine pair of quartets became two 
singlets at 6 5.965 for the (+)- and at 6 5.935 for the 
(-)-enantiomer. The overlap of the broadened peaks was such 
that, for the racemic mixture, the valley height was more than 
half the peak height, and for the (-)-alcohol, the (+)-enan- 
tiomer showed up as a very small blip on the upfield shoulder 
of the signal due to the major enantiomer. "Deconvolution" 
techniques had to be resorted to. Areas and hence enantiomeric 
purities have considerable uncertainty associated with them. 
Thus the determined ratio of (+)- to (-)-enantiomer for race- 
mic mixtures ranged from as good as 48.4:51.6 to as bad as 
43.1 : 56.7. Such uncertainties, with a standard deviation of 5.1 
parts in 50 for the five racemic mixtures, reduce one's con- 
fidence in all of the results. 

Despite a report in the literature that the purity of partially 
resolved l-(4-nitropheny1)ethanol was determinable (9), we 
were unable to separate any of the proton signals into con- 
tributions for the enantiomers even with substrate to shift re- 
agent ratios as high as 1 : 2 at temperatures as low as -50°C on 
the high-field machine. The oxygens of the nitro group appar- 
ently compete very successfully with that of the hydroxyl for 
the Lewis acid shift reagent. 

Commercial availability of resolved 2-methoxy-2-trifluoro- 
methyl-2-phenylacetic acid, MTPA, facilitates determination 
of optical purities through use of the diastereomeric esters, the 
method of Dale and Mosher (6c). Their derivatization method 
has the advantage that several nuclei can be used; there are 
internal checks. Thus, with the l-(4-methylpheny1)ethyl esters 
of (+)-MTPA, the methine proton (with decoupling from the 
methyl protons), the methoxy proton, the para-methyl and the 
aliphatic methyl protons (with decoupling from the methine 
proton), all could be used in proton, and the trifluoromethyl 
fluorines in fluorine, nmr. 

u 
c m 
V) - 
0 
c m 
5 
e, - 
X 
c 
e, 
C e 
d 

'Eu-Opt is Eu(C,,H,,F,O,),, tris-[3-trifluoroacetyl-(+)-camph- 
ato]europium(lll) available from the Alfa Division of Ventron 
Corporation. 
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TABLE 3. Optical purities of samples of I-phenylethanols of Table 2 

Substituent 
present 

None 

Optical purity or enantiomeric excess (as %) found based upon: 

Literature 
value" 

93 .6  (8), 
92 .5  (9) 
88.6 (9) 

Diastereomers ester" based upon: 
Shift 

reagenth Methine Methoxy ArCH? RCHl Fluoro" 
Average 

value 

"Calculated purity based upon observed rotation and enantiomeric purity data given in the reference indicated. 
"Chiral nmr shift reagent Eu-Opt in DCCI,. 
"Ester of (+)-2-methoxy-2-trifluoromethyl-2-phenylacetic acid in DCCI,. 
"Measured on the 80-MHz machine; the rest were done at 360 MHz. 

TABLE 4.  Nuclear magnetic resonance data for (4-nitropheny1)ethyl esters of (+)-MTPA 

Atoms(s) 
Enantiomer 
8 (ppm) 
AS (ppm)" 
Character 

Area ratios 
(?)-Alcohol 
(+)-Alcohol 

A r H  
- 

8.12 ,  7.34 
- 

Twin 
multiplets 

-C-H 
( + I  (-1 

6 .05  6 . 0 2  
0.025 

Overlapping 
quartets" 

-0CH3 
( + I  (-1 

3.401 3.502 
-0.079 
Twin 

quartets' 

-C-CHI 
( + I  (-1 

1.516 1.568 
-0.041 

Overlapping 
doublets" 

- - 
-0.118 
Twin  

quartets'  

"Determined from an expanded spectrum as A8 = (8(+) - 8(-)) in ppm. 
"Coupled to methyl protons, J = 6.6 Hz. 
'Coupled weakly, J = 1.3 Hz, to fluorines. 
"Coupled to methine proton, J = 6.6 Hz. 
"Coupled to methoxy protons, J = 1.3 Hz. 
'Calculated ratio from average of (+)-enantiomeric analysis values, 74.1% (+) and 25.9% ( - )  

The derivatization method with MTPA does have its disad- configuration (1 1). Dale and Mosher (6c) have established that 
vantages. It requires considerably more laboratory time but 
generally less effort on the spectrometer than the chiral shift 
reagent method. It depends upon quantitative conversion of, in 
our case, the alcohol to the ester. To minimize enantiomeric 
discrimination, minimal work-up and no separation of the di- 
astereomeric esters is possible. Thus any impurities (grease, 
solvent and reagent residues, and the like) remain in the sample 
after preparation and extractive work-up. The aliphatic methyl 
proton signals, typically at 6 1.54- 1.56 and 1.58- 160, were 

MPTA esters can be used to assign configurations to alcohols. 
Using esters of (R)-(+)-MPTA, for (S)-phenylethanol the 
methyl group, as the medium sized group, is shielded by the 
phenyl of the acid residue. Thus these CH3 protons appear at 
higher fields than those of the (R) configuration. Since substit- 
uents on the phenyl of the alcohol should enhance, not invert, 
the relative bulk of the aromatic vs. the methyl group, the same 
relative shifts would be predicted for our substituted phenyl- 
ethanols. In all cases examined, the CH3 protons for the ester 

especially prone to interference from trace impurities. Addi- of the (-)-alcohol wih R-(+)-MPTA were at higher fields and 
tionally, the MTPA used must be optically pure. It is prepared hence all are (S)-(-)-phenylethanols. 
by resolving the acid with a-phenylethylamine (10) so that For the studies contemplated ( l ) ,  the actual optical purity of 
100% optical purity is highly unlikely. Since enantiomers the required bromides did not matter. Consequently no attempt 
would have coincidental signals, the optical purities deter- was made to maximize the activities of the intermediate alco- 
mined using MPTA are minimum values. hols. Nor were the particular samples of the alcohols and their 

Since the chiral shift reagent method was found unsuitable 
for 4-nitrophenylethanol, the results using the diastereomeric 
esters prepared by derivatizing with (+)-MTPA are presented 
in Table 4. Overall, the results with MPTA show somewhat 
better internal agreement than do those with the shift reagent. 

In Table 3, the determined optical purities or enantiomeric 
excesses of the particular samples of the alcohols of Table 2 are 
presented. Also included in Table 2 are the configurations of 
the alcohols. The configuration of (-)-phenylethanol has been 
related to (-)-lactic acid and consequently was assigned the (S) 

corresponding half-esters and bromides, for which physical 
properties, optical rotations, and optical purities are recorded, 
necessarily the ones with the highest purities; they simply re- 
flect the particular samples of the alcohols used in the optical 
purity determinations. The use of more dilute solutions, a 
smaller mole fraction of chiral amine, and additional slurrying 
of the salt in the appropriate solvent increases the laboratory 
time but gives higher activities. 

Finally, conversion of the alcohols to the bromides, es- 
pecially for the methyl-substituted ones, leads to completely or 
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nearly completely racemic products if care is  not exercised. 
Consequently,  considerable racemization almost certainly 
occurs in all cases. T h e  optical purity of  the bromide must not 
be  equated to that of  the alcohol used to prepare it; the alcohol 
purity merely establishes the maximum limit for  bromide 
purity. 

Experimental 
Solvents 

All solvents used were ACS or Reagent Grade. The THF was dried 
and purified by standing, with periodic shaking, over KOH pellets for 
several days before being refluxed for several hours over, and then 
distilled from LiAlH, under nitrogen, which itself had been further 
dried by bubbling through concentrated sulfuric acid followed by a 
column of Type 4A molecular sieves. The THF was distilled as re- 
quired using oven-dried glassware. 

Acetophenones 
Commercial products were freshly vacuum distilled. 

Acid anhydrides 
Commercially available phthalic and succinic anhydrides from a 

variety of suppliers were found to contain 8-20% of the correspond- 
ing diacid. Purification is possible by repeated sublimations, but was 
more easily accomplished by recrystallization from chloroform. The 
diacid is almost totally insoluble whereas the anhydride is quite solu- 
ble. After drying briefly in a hood, the recrystallized anhydride was 
pumped for some hours at room temperature or with gentle heating. 
The anhydride was stored in an evacuated flask until required. 

Melting and boiling points are uncorrected. Optical rotations were 
measured on a Perkin Elmer Model 141MC recording polarimeter 
using sodium (489 nm) and mercury vapour lamps as light sources. 

Preparation of the half-esters 
To illustrate the generalized procedures, the preparation of two 

particular half-esters, one from the acetophenone in one pot, the other 
via the phenylethanol, are presented here. 

1 -(4'-Methylpheny1)ethyl hydrogen phthalate 
Under dried N,, THF (approximately 250 mL) was distilled into an 

oven-dried flask containing a magnetic stirrer bar and 6.3 g 
(0.166 mol) of LiAIH,. With stirring, chilling in ice, and still under 
N2, 80.2 g (0.598 mol) of 4-methylacetophenone was added over a 
40-min period. The mixture was then refluxed gently for 4 h. After 
cooling to ice temperature, 89.2 g (0.602 mol) of phthalic anhydride 
was added in four batches over 20-30 min with stirring, which was 
continued as the reaction was slowly heated and refluxed overnight. 

Work-up consisted of removing the bulk of the THF on a rotatory 
evaporator (rot. evap.) and taking up the residue in about 400 mL of 
diethyl ether and 250 mL of 3.5 M HC1. The ethereal layer was 
washed several times with more dilute acid, water, and then saturated 
aqueous NaCl before being dried briefly over Na2S04. The aqueous 
fractions were reextracted with ether, which was similarly treated and 
added to the first ethereal layer. The ether was removed, leaving a 
viscous cloudy oil, which was transferred to a 2-L Erlenmeyer flask. 
About 750 mL of 80- 100°C petroleum ether was added and heated to 
boiling. The solution was decanted carefully from the undissolved 
half-ester into a I-L Erlenmeyer flask. After cooling and chilling, the 
solvent was decanted from the crystalline product back into the first 
flask and the procedure repeated until only white crystals of phthalic 
acid (5.5 g, corresponding to 5.5% of the starting anhydride) remained 
in the original flask. The yield of half-ester was 149.2 g ,  88%, mp 
118.5-120.5°C. The deuterium-labelled analog was made on a 
0.  I-molar scale using LiAID, as the limiting reagent. 

1-(4'-Nitropheny1)ettiyl hydrogen sliccitzate 
To 130.0 g (0.788 mol) of 4-nitroacetophenone in a I-L flask, about 

250 g of ice and 400 mL of methanol were added. With magnetic 
stirring, 9.25 g (0.244 mol) of NaBH, was added in four batches over 
a half-hour period. After another half hour, the mixture, with con- 

tinued stirring, was slowly heated to reflux and refluxed overnight. 
Once the bulk of the methanol had been removed on the rot. evap., 
ether and about a 50% excess of hydrochloric acid were added to the 
two-phase mixture. After washing with several portions of each of 
I M HCI, water, and saturated aqueous NaCl and drying over Na2S04, 
the ethereal layer, combined with the ethereal layers from reextracting 
the aqueous fractions, was concentrated. Two vacuum distillations at 
127.5"C and 0.65 Torr (I Torr = 133.3 Pa) gave (4'-nitropheny1)- 
ethanol (I 13.3 g, 86%). It was not, however, necessary to isolate the 
alcohol; addition of benzene to the concentrate from the ethereal layers 
and azeotroping the water from the mixture allowed the crude product 
to be used directly, as was done in the following steps. 

To the benzene-alcohol solution (or to the isolated alcohol) were 
added 100 mL of pyridine and 85.7 g (0.855 mol) of recrystallized 
succinic anhydride. The mixture was heated to 75-80°C with mag- 
netic stirring overnight, the bulk of the excess pyridine removed on the 
rot. evap., 250 mL of ether added, and the mixture repeatedly extract- 
ed with ice-cold 2-3 M HCI to remove the remaining pyridine. The 
ethereal layer was combined with that from reextracting the various 
aqueous fractions, washed with water and saturated aqueous NaCl 
several times, dried, and concentrated on the rot, evap. The residue 
was taken up in 600 mL of hot toluene, decolorized with a generous 
amount of charcoal, and allowed to cool with periodic scratching to 
induce crystallization. A second and third crop of half-ester was 
obtained by concentrating the toluene phase. Based upon p-nitro- 
acetophenone, the total yield of half-ester was 183 g (87%) without, 
160 g (76%) with isolation of the alcohol. 

Preparation of diastereomeric salts of half-esters and (+)- and ( - ) - I -  
Pheny lethylatnine 

To illustrate the procedures employed, resolutions in a water in- 
soluble solvent (ether) and in a water soluble one (acetone) are out- 
lined. 

Resolution of the 4'-methyl half-ester 
In a I-L Erlenmeyer flask, 147.5 g (0.519 mol) of the phthalate 

half-ester was dissolved in 400 mL of the ether by stirring and gentle 
warming. After chilling to ice temperatures, with sitrring, 27.0 g 
(0.223 mol) of (+)-phenylethylamine was added in I- to 2-mL por- 
tions to minimize overheating and boiling. After several minutes, 
snow-like crystals formed ever faster until the solution gelled, and, 
despite continued cooling, considerable ether boiled off due to the heat 
of crystallization. The flask was placed in a freezer for 5 h ,  the solid 
was broken up with a stirring rod, and the thick slurry suction filtered. 
The solid was twice returned to the flask and slurried with fresh ether, 
chilled, and refiltered to give 82.1 g or 78% of the theoretical amount 
of salt based upon the chiral amine. 

The combined filtrates were extracted with several 250-mL portions 
and several smaller portions of ice-cold 1.5 M HC1, water, and satu- 
rated NaCl. The volume of the ethereal layer, combined with that from 
reextracting the various aqueous phases, was reduced to about 600 mL 
and 28.4 g (0.234 mol) of (-)-amine added as before. Similar boiling 
occurred. Filtering and washing as before gave 86.9 g or 82.5% of the 
ammonium salt based on the starting chiral amine. 

The combined ethereal washes and filtrates were treated as before 
except that they were reduced to approximately 300 mL before 10.5 g 
(0.086 mol) of the (+)-amine was added. The usual work-up gave 
23.1 g for a total of 105.2 g or 100% of the (+)-amine diastereomeric 
salt based upon the starting racemic half-ester. (An estimated 5-6 g 
of the product was amine salt of phthalic acid from impurities in, and 
from hydrolysis of, the half-ester.) A second crop of the (-)-amine 
salt was obtained by adding 7.0 g of the amine to a concentrated 
ethereal phase after the usual work-up. The yield of the salt was 10.0 
g, giving a total yield of the other diastereomeric salt of 96.9 g or 
92.1%. 

The combined yield of the diastereomeric salts was 84.5% based 
upon starting 4-methylacetophenone. (Approximately 80% of the un- 
precipitated chiral amines was recovered by neutralizing the first acid 
wash fractions with NaOH pellets, ether extraction, washing, drying, 
and vacuum distillation.) The salts were stored until required. 
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Resolutiot~ of the 4'-brotno half-ester 
With cooling and stirring, 27.8 g (0.229 mol) of (-)- l-phenyl- 

ethylamine was added to the solution of 175 g (0.501 mol) of 
I-(4'-bromopheny1)ethyl hydrogen phthalate in 400 mL of acetone. 
After a half hour the solution was seeded with a crystal of the salt (or 
scratched repeatedly the first time) and placed in a freezer. The next 
morning, the slurry was filtered and the salt, returned to the flask, 
slurried with, then refiltered from. fresh fractions of chilled acetone 
three times. After drying, 53.0 g of the (-)-amine salt was obtained. 

The combined acetone fractions were strimed of acetone on the rot. . . 
evap. and the residue taken up in ether, which was In turn extracted 
with aqueous acid etc. as in the previous example. After drying, the 
ether was removed on the rot. evap., the residue taken up in about 400 
mL of acetone, and 30.0 g (0.248 mol) of (+)-amine added. After 
standing In a freezer overnight, work-up as before gave 90.5 g of the 
(+)-amine salt. The filtrate was treated as before except that the 
residue from the ether was taken up in only 250 mL of acetone and 
15.2 g (0.125 mol) of the (-)-amine was added to give 49.9 g of the 
salt. Recycling with 8.9 g (0.073 mol) of the (+)-amine gave 24.5 g 
of salt. Finally 6.25 g (0.052 mol) of the (-)-amine was used to obtain 
14.1 g of salt. 

The combined yields of the two diastereomeric ammonium bi- 
phthalate salts were 117.0 g or 99.4% and 115.0 g or 97.6% of the 
(-)-and (+)-amhe salts, respectively, or a total of 98.5% based upon 
the half-ester. Based upon 4-bromoacetophenone the combined yield 
of the resolved ammonium salts was 83.0%. 

Isolation of the chiral alcol~ols 
Only a generalized procedure is outlined since, with the exception 

of the nitro substrates, all were treated similarly. 
The diastereomeric amine salt was partitioned between ether and 

ice-cold 2 M HCI by stirring magnetically for 15-60 min. The ethe- 
real layer was reextracted with several more portions of chilled acid, 
washed several times with water, and concentrated on the rot. evap. 
About two molar equivalents of 3 M NaOH were added and the 
solution heated at gentle reflux with stirr~ng for several hours, usually 
overnight. After chilling, the organic layer was extracted with several 
fractions of ether, which in turn was washed several times with I M 
base, water, and saturated aqueous NaCl before being dried over 
K2C03. Concentration, followed by vacuum distillation, gave the 
chiral I-phenylethanol, typically in 95-98.5% yield based upon the 
salt. Boiling points and yields are given in Table I. The chiral amine 
was recovered from the original aqueous acid phases by basification, 
extraction with ether, and vacuum distillation, with about 75% recov- 
ery of material with an optical activity the same as, and on occasion 
even slightly higher than, the starting amine. 

NOTE: The base-catalyzed hydrolysis of the nitro substrate gave 
intractable tars. Acid-catalyzed hydrolysis with the obvious mod- 
ifications in procedure was done for this case. Acid catalysis is, of 
course, possible for the other compounds but the fact that the diacid 
produced is soluble in the aqueous phase in the case of base hydrolysis 
simplified the work-up and makes that the preferred method. 

Optical purities of the ethanols 
Chiral shift reagent, Eu-Opt 
Analogous procedures were used for all of the cases examined so 

that only the 1-(3',4'-dimethylpheny1)ethanol compound is discussed. 
To a nmr tube containing 20 p L  (approx. 1.3 x 10-"01) of 

I-(3',4'-dimethylpheny1)ethanol in 400 p L  of DCCI,, the amount of 
a solution of Eu-Opt (0.1797 g ,  0.201 mmol/mL in DCCI,) added was 
incrementally increased. A multi-scan nmr spectrum was obtained 
after each Eu-Opt addition. The a-H quartet centred at 4.81 6 in the 
absence of shift reagent was progressively shifted and separated into 
overlapping quartets. With 50 p L  of added shift solution the sepa- 
ration was moderately good and the temperature was lowered to 
0°C-the pair of quartets was then centred at 6 5.965 and 5.935. 
Decoupling from the methyl protons resolved that signal into an in- 
completely resolved pair of singlets with an area ratio of 47.8:52.2. 
Running the spectrum of the (-)-alcohol at the same shift reagent 
concentration and temperature gave a "clean" quartet at 6 5.93, which, 

on decoupling from the methyl protons. gave a broad singlct (6 5.925) 
with a small up-field shoulder (6 5.96) due to traces of the other 
enantiomer. Deconvolution gavc the area ratio 5.6:94.4 for the (+)- 
and (-)-enantiomers respectively. The optical purity of the 
(-)-3,4-dimethylphenylethanol is thus approximately 89%. Mixed 
samples of the racemic and (-)-alcohols were also run to check the 
consistency of the determinations. For example, a mixture of 10 p L  
of each of (?)- and (-)-alcohols gave the area ratio 25.4: 74.6 versus 
the calculated ratio 27.8:72.2 based upon the just determined purity 
of the (-)-alcohol. 

Diastereomeric esters of (+)-MTPA (6c, 10) 
(+)-MTPA (Sigma Chemical Company) was converted to the acid 

chloride with freshly distilled thionyl chloride (10). In oven-dried 
vials equipped with a screw cap and a Teflon-lined septum, about 0.10 
mmol of the alcohol (12- 15 p L  depending upon its molar mass and 
density), 300 p L  of each of molecular sieve dried pyridine and carbon 
tetrachloride, and 25 pL  (34 mg, 0.14 mmol) of the (+)-MTPA-CL 
were injected, shaken, and allowed to stand overnight (12- 14 h). An 
excess, 25 p L  (21 mg, 0.20 mmol) of 3-dimethylaminopropylamine 
was added to convert any cxcess (+)-MTPA-CI into the aqueous acid 
soluble aminoamide. After shaking and standing for 30-90 min, the 
contents of the vial were quantitatively transferred to a 25-mL sepa- 
ratory funnel, taken up in 10 mL of ether, and the ethereal layer 
extracted successively with two chilled 10- to 15-mL portions of each 
of 3 M HCI, concentrated K2C03, and saturated salt solution. The 
ethereal layer was poured onto a layer of molecular sieves in a small 
flask, stoppered, and allowed to stand with occasional swirling for 
several hours. 

The solution was pipetted into a pear-shaped flask and the ether 
femoved on a rot. evap. Three small portions of DCCh were added 
and stripped off to ensure that the last traccs of ethcr were removed and 
the residue was taken up in 400 p L  of DCC13 for nmr analysis. 

In the proton spectrum, the aliphatic methyl (6 - 1.6). the aromatic 
methyl if present (6 -2.3), the methoxy (6 - 3 . 3 ,  and the mcthine 
(6 -6.1) protons were expandcd, decoupled if nccessary. and, if 
separation was adequate, the relative areas for the signals of thc two 
diastereomeric components determined. Fluorine nmr was also used. 
Results for 4-nitrophenylethanol are reported in Tablc 4 and selected 
results are summarized in Table 3.  

Preparatiotl of chiral substitrtterl I -pl~et~ylbrotnoetl~trrles 
The chiral I-phenylethanol was added to about eight volumes of 

bcnzene or toluene and chilled in an ice-acetone bath to well below 
0°C for all except the 4'-bromo and 4'-nitro compounds, which were 
run near 0 and 40°C respectively. Hydrogen bromidc gas was bubbled 
in at a relatively slow rate to reducc heating effects; the rate was such 
that the solution was saturated in HBr in about 5 min. With continuous 
slow bubbling or periodic resaturation with HBr, the methyl- 
substituted materials were allowed to stand less than 5,  the un- 
substituted, about 10, the bromo-substituted, about 20 min, and the 
nitro-substituted, several hours, beforc the lower aqueous layer was 
removed with a dropping pipet and the excess HBr removed at aspi- 
rator pressures and the same temperature as that at which the reaction 
was run. A nitrogen bleed was used to prevent bumping. After a few 
minutes, the solution was decanted from the remaining water into a 
clean pear-shaped flask and the remaining HBr and aromatic solvent 
removed on a vacuum pump. The product was then vacuum distilled 
as quickly and smoothly as possible to minimize racemization. Heat- 
ing was best done with a micro-burner for specd. The boiling points 
and pressures arc tabulated in Table 2. Using 5-8 g of the alcohols, 
yields of 85-95% of the corresponding bromide, which showed no 
OH-absorption in the infrared, were obtained. The nmr spectra were 
clean. The optical activities of the alcohol and of the bromide made 
from that particular batch of the alcohol are presented in Table 2. 
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The use of homogeneous and heterogeneous Lewis acids to catalyse the 
photoisomerizations of phenols 
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SATISH K. CHADDA and RONALD F. CHILDS. Can. J. Chem. 63, 3449 (1985). 
The reaction of methyl substituted phenols with CH,CI2 solutions of AI2Br(, leads to the formation of two types of complexes. 

In both of these the aluminum is bound to the oxygen atom of the phenol but they differ in that the OH proton can either remain 
on oxygen, oxonium complex, or migrate to one, usually the para, ring carbon, keto complex. The equilibrium position 
between the two types of complex depends on the position of the methyl groups. Irradiation of a complex of the keto type leads 
initially to the formation of a complexed bicyclo[3. I .O]hexenone and subsequently to the formation of an isomeric complexed 
phenol. Only in the case of the tetramethylphenols is the yield of the bicyclic ketone high enough to warrant the use of this 
photoisomerization as a preparative procedure, although the technique can be used to isomerize a range of phenols to their 
4-substituted isomers. The photoisomerizations are not restricted to the use of a homogeneous Lewis acid such as AlzBrh but 
heterogeneous aluminosilicates can also be used. The adsorption of 2,3,5,6-tetramethylphenol, l h ,  on an aluminosilicate was 
monitored quantitatively and it was shown that a monolayer was formed in which the phenol was at least partially present in 
the keto form. Irradiation of l h  in the presence of stirred slurries of the aluminosilicate led to the formation of 2,3,4,6-tetra- 
methylphenol. No bicyclic ketones were present in the contacting solution but traces were detected on the catalyst when the 
irradiations were carried out on adsorbed material in the absence of a solvent. In the case of heterogeneous acids, the selectivity 
in the adsorption of the starting phenol and the photoproducts is important in determining the composition of the final mixture. 

SATISH K.  CHADDA et RONALD F. CHILDS. Can. J .  Chem. 63, 3449 (1985). 
La rtaction de phenols substituts par des groupements mtthyles avec des solutions de A12Br, du CH2C12 conduit 2 la 

formation de deux types de complexes. Dans chacun de ces complexes, I'aluminium est lie a I'atome d'oxygkne du phenol; 
toutefois, ils diffkrent par le fait que le proton du OH peut soit demeurer sur I'oxygene, complexe onium, soit migrer sur I'un, 
gtntralement celui en para, des carbones du cycle, complexe ctto. La position de l'equilibre entre ces deux types de complexes 
dipend de la position des groupements mtthyles. L'irradiation d'un complexe de type c t to  conduit initialement a la formation 
d'une bicyclo[3.1 .O]hexknone complexte et substquement en un phtnol complext isomere. I1 n'y a que dans les cas des 
tCtramCthylphtnols que les rendements en &tones bicycliques sont suffisamment t levts  pour justifier l'utilisation de cette 
photoisomtrisation comme methode preparative, mCme si cette technique peut Ctre utiliste pour transformer un grand nombre 
de phinols en leurs isomkres substituts en position 4. Les photoisomtrisations ne sont pas restreintes a l'usage d'un acide de 
Lewis homogene, comme le A12Brh; on peut aussi utiliser des aluminosilicates htttrogknes. On a dttermint les taux d'adsorp- 
tion du tttramethyl-2,3,5,6 phenol, l h ,  sur un aluminosilicate et on a montrt qu'il se forme une monocouche dans laquelle 
le phtnol est prtsent, au moins en partie, sous la forme ctto. L'irradiation de l h  en presence de suspensions agitkes 
d'aluminosilicates conduit a la formation de tttramtthyl-2,3,4,6 phtnol. On n'a pas trouvt de cetones bicycliques dans la 
solution en contact; toutefois, on en a dttectte sur le catalyseur lorsqu'on a effectut des irradiations sur des mattriaux adsorb&, 
en I'absence de solvant. Dans les cas des acides htttrogknes, la stlectivitt dans l'adsorption du phtnol de depart et des 
photoproduits est importante dans la determination de la composition du mtlange final. 

[Traduit par le journal] 

Phenols are relatively basic molecules that can be protonated 
readily in a variety of strong and super-acid media (1). Two 
types of cations can be formed, with protonation occurring 
either on oxygen to form an oxonium ion or on one of the ring 
carbons to give a protonated ketone structure. The preferred 
site of protonation depends both on the nature of the acid 
medium used and on the substituents on the phenol. 

Ring protonated phenols have been shown to isomerize on 
irradiation to yield protonated bicyclo[3.1 .O]hex-3-en-2-ones 
(2). This facile photoisomerization of the C-protonated phenols 
stands in marked contrast to the general lack of photochemical 
reactivity of the parent phenols or their oxygen protonated 
counterparts. Protonated bicyclo[3.1 .O]hexenones are photo- 
chemically labile and undergo further reaction on irradiation, 
Scheme 1. With appropriate wavelength control of the illu- 
mination system it is possible to stop these reactions at either 
the bicyclic ketone or isomeric phenol stage. 

This photochemical isomerization of para-protonated phe- 
nols is analogous to the photoisomerizations of 2,5-cyclo- 
hexadienones (3) and as such it is potentially a very useful 

' Author to whom correspondence should be addressed. 

method of preparing a wide variety of bicyclo[3. I .O]hexenones 
with one or two hydrogens at C6 (4). In addition to their 
potential synthetic utility, these photoreactions of protonated 
phenols hold promise as candidates for a photochemical latent 
heat storage system (5). 

The principal disadvantage of these photoisomerization reac- 
tions, which prevents their widespread use for either synthetic 
purposes or solar energy storage, lies in the need to use strong 
acids as solvents. These acids must be neutralized to recover 
the products, and the scale-up of these vigorously exothermic 
reactions is always difficult. 

We have sought ways around this problem of the use of 
strong protic acids and report here the results of a study of two 
related approaches. These involve the use of a Lewis acid to 
catalyse the photoisomerizations and, secondly, the use of het- 
erogeneous acids as photocatalysts. The latter possibility would 
be particularly attractive in terms of energy storage. 

Results and discussion 
Homogeneous Lewis acids 

Koptyug et al. have investigated the reactions of aluminum 
trichloride and tribromide with various methyl substituted phe- 
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3450 CAN. J .  CHEM. VOL. 63, 1985 

TABLE 1. 'H nuclear magnetic resonance and ultraviolet spectra of A12Br6 complexes of phenols" 

Chemical shift (ppm) Ultraviolet 
Phenol or Predominant 

ketone complex formed HI H2 H3 H4 H5 H6 OH A,,, (nm) log E 

1 a 2a (2.40) - 6.95 - (2.40) 7.8 300 2.41 
27 1 3.23 
27 8 3.21 

l b  3b (2.10) 7.85 3.74 (2.41) 7.17 - 298 3.04 
1 c 3c 6.95 (2.50) 3.85 (2.50) 6.95 - 303 2.37 
1 d 2d (2.39)b 7.06 (2.27)b 77.d 7.30d 8.0 298 2.27 
l e  2e 7.13 (2.20) (2.20) 7.13d 7.13d nd 262 2.87 
I f  2 f  (2.40) 6.95 (2.28) 6.95 (2.40) 7.8 283 3.23 
1 g 3g (2.25) 2.35 3.80 6.90 (2.25) 3 14 2.76 - 
l h  3h (2.25) (2.45) 3.85 (2.45) (2.35) - 322 3.16 
1 i 2i (2.26)b (2.32)b (2 .10)~  6.95 (2. 7.8 324 2.91 
4 5 (1.55) - (1.51) (1.70) (2.26) 1.62d, 2.38d 324 3.78 

250 4.21 

"Solvent CH2C12 or CD2C12; nd, not detected; d = doublet, rn = rnultiplet. 
bAssignrnent may be reversed. 

a R' = R" = CH3; R.1 = R' = R' = H 
b R' = R5 = CH,; R' = R' = R" = H 

R' = R5 = CH,; 
d R' = R' = CH,; R' = R S  = R" = H 
e R' = R' = CHI; R' = R5 = R(' H ~5 R3 
f R' = R' = R0 = CHI; R' = R' = H 
g R' = R' = R" = CH,; R' = ~5 = H 
1, R' = R' = R5 = R" = CHI; R' = H 3 
j R 2  = R' = R' = R" = CH . R' = H 1, 

nols and found that two types of complexes can be formed, eq. 
[ l ]  (6). In each of these complexes the Lewis acid is bound to 
the oxygen of the phenol but the OH proton can either remain 
on oxygen, 2, or migrate to the para ring carbon, 3.  The 
position of the equilibrium established between 2 and 3 was 
shown to depend both on the substituents on the phenol and 
also on the ratio of Lewis acid to phenol used. It was found 
necessary to have at least one methyl group in a meta position 
in order for the keto type complex 3 to be the major species 
present. 

We have reexamined the reactions of phenols l a - c  with 
A12Br6 and have confirmed the results of Koptyug et al. (6). In 
each case the phenol was reacted with a slight molar excess of 
the Lewis acid in CH2C12 (or CD2C12) solution and the 'H nmr 
(nuclear magnetic resonance) and uv (ultraviolet) spectra ob- 
tained (Table 1). Complexes of the hydroxy form, 2, were the 
major species present in phenols l a ,  d, e ,  f, and i ,  while the 
keto complexes, 3,  predominated with l b ,  e ,  g, and h.  In 
general, under the conditions used here, it was found that not 
only was it important to have a methyl group in the meta 
position for the formation of the keto form 3 of these complexes 
but also that the para position should be unsubstituted. This 
pattern of substituent effects is understandable in terms of the 
stabilizing effect of a methyl group on benzenium cations (7). 
In the case of l i  it would seem that the effect of two methyl 
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CHADDA A N D  CHILDS 

2'00 4'00 
Time of irradiation (rnin) 

FIG. 1. Change in composition on irradiation of l h ;  A, lh ;  O, l i ;  0, 4 .  

groups in the tneta positions outweighs the expected de- 
stabilizing effect that the para methyl group exerts on the keto 
complexes. The uv spectra of the various complexes are given 
in Table 1.  It can be seen from these data that the keto 
complexes exhibit quite different uv spectra from those of the 
hydroxy complexes. Typically the keto complexes have strong 
adsorption maxima at wavelengths above 300 nm. Similar uv 
spectra have been reported for protonated 2,5-cyclohexa- 
dienones (8) and para protonated phenols (2). 

Photoisomerizations 
Unless otherwise specified, all irradiations were carried out 

using a Rayonet photoreactor and 300-nm lamps, conditions 
which have been shown to generally maximize the formation of 
bicyclic products. The reactions were followed by obtaining 'H 
nrnr spectra of the irradiated solutions and subsequently more 
detailed product analyses were carried out by gc (gas chroma- 
tography) after neutralization of the Lewis acids. Control reac- 
tions were carried out in each case to ensure that the observed 
reactions were photochemical rather than thermally induced. 

The simplest cases present are the result of the irradiation of 
solutions of 1 f, l a ,  Id, and l c ,  as no photoisomerizations were 
observed. The AlBr, complexes of each of these phenols are 
primarily in the oxonium form (2f, 22, 2d,  and 2e,  re- 
spectively) and the fqilure to undergo photoisomerization is 
entirely consistent with the corresponding lack of reactivity of 
these oxonium ions in strong acid solutions (2, 4). 

Irradiation of a solution of l h  in the presence of an equiv- 
alent amount of AlBr, led to the formation of 4 and sub- 
sequently l i ,  eq. [2]. The identity of 4 was established by 

reached relatively early in the reaction, Fig. 1. Eventually a 
photostationary state appeared to be set up between 4 and l i .  
To confirm this, a solution of l i  in the presence of AlBr, was 
irradiated. A mixture of 4 and l i  was obtained with a similar 
ratio to that reached starting with lh .  During the early stages 
of this reaction small amounts of l h  were detected in the 
reaction mixture. The AlBr, complex of the bicyclic ketone 4 
was shown to be thermally stable under the reaction conditions. 
Irradiation of a CH2C1, solution of this complex led to the 
formation of the A1Br3 complex of l i .  The effect of the vari- 
ation in the molar ratio of Lewis acid to phenol l h  used in these 
reactions was examined. No difference in the composition of 
the resulting products was observed as the ratio was changed 
from 1 : 1 to 1 : 2 to 1 :4 (phenol/AlBr,). No photoisomerization 
of l h  or l i  could be detected in the absence of AlBr,. 

These results clearly indicate that it is possible to catalyze the 
photoreactions of these tetramethylphenols using a strong 
Lewis acid. The reactions observed are directly comparable to 
the reactions observed in FS0,H or CF,SO,H solutions and can 
be understood in terms of the interrelationships shown in 
Scheme 2. The distribution of products observed in these 
reactions of the AlBr, complexes of l h  is different from that 
obtained in protic acid solution in that a much higher limiting 
concentration of l i  is obtained. This can be readily understood 
in terms of the thermodynamic preference for the complex of 
l i  to be in the photochemically inert oxonium form, with only 
small amounts being in the photochemically active dienone 
form. The importance of this equilibrium is more pronounced 
in the photoreactions of some of the other phenols described 
below. 

Irradiation of l g  in the presence of AlBr, led to the formation 

1 AIBr., hv 

, & + & of 1 f and only traces (<4% maximum concentration) of mate- 
rials which were possibly isomeric bicyclo[3.1 .O]hexenones, 

2. H?O although these materials were not isolated and characterized in 
view of the small amounts present. As has already been shown, 
1 f is inert when irradiated in the presence of AlBr, because it 
~referentiallv exists as the oxonium com~lex.  The ~ h o t o -  

comparison with authentic material using 'H nmr and gc (4). isomerization of l g  can be understood in terms of the sequence 
The maximum conversion of l h  to 4 was ca. 60% and this was of reactions shown in the top part of Scheme 2. The difference 
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in this case is that the Lewis acid complex of 1 f is in the 
photochemically inert oxonium form and this serves as the sink 
for the reaction. 

The photochemical behaviour of 16 in the presence of AlBr, 
was similar to that of l g  described above in that the major 
products were again isomeric phenols, eq. [3]. In this case 
these photoproducts were identified as l a  and l e .  Traces of 
other unidentified products were present. 

+ others 

In the case of l c .  irradiation in the Dresence of AlBr, led to 
the formation of twb major products, khich were identified as 
l e  and l b .  Traces of materials (<2.5%) that could be bicyclic 
ketones were detected by gc, and also small amounts of l a ,  eq. 
[4]. As l b  is photochemically active when complexed, the 
amount of l b  present decreased with longer irradiation times. 

The AlBr, catalysed photoisomerizations of l b  and l c  differ 
from the reactions described above in that a net migration of a 
methyl group from the meta to the ortho position has occurred. 
These reactions were shown to be photochemically rather than 
thermally initiated. One possible route whereby this could 

+ others 

occur would be if, in addition to the C4 protonated complexes 
present as the predominant species in solution of l b  and l c  and 
AIBr,, smaller amounts of the two ortho C-protonated forms 
were present. These species, by analogy with the protonated 
2,4-cyclohexadienones, photoisomerize as shown in Scheme 3 
(3, 9). 

Careful examination of the 'H nmr spectra of solutions of l b  
and l c  in the presence of AlBr, did not show any evidence for 
the presence of ortho protonated complexes. If these species 
were present they were either in rapid exchange with the major 
para protonated complexes, 36 and 3c  respectively, or in such 
small amounts that they were below nmr detection limits. 

EME 2 

The uv spectra of protonated 2,4-cyclohexadienones exhibit 
bands at substantially longer wavelengths than protonated 
2,5-cyclohexadienones (8, 9) and, if comparable ortho pro- 
tonated complexes were present, it should be possible to detect 
them in the uv spectra of l b  and lc/AlBr, solutions. No dis- 
tinct band could be observed in their spectra that could be 
attributed to the ortho protonated complexes but it should be 
noted that there is a very large band associated with the para 
protonated complexes, whichtrails into the region expected for 
the ortho protonated complexes, and small amounts of these 
materials would not be detected. However, if these ortho com- 
plexes were involved, then the yields of the products from any 
ortho protonated species should be increased as longer wave- 
length light is used. This is indeed the case, as is evident from 
the data in Table 2. For exam~le .  irradiation of 16 in the 
presence of AlBr, using 350-11; lamps led to the exclusive 
formation of l a .  These results give strong support to the se- 
quence of events depicted in Scheme 3. 

Solid Acid Catalysts 
Aluminosilicates contain both Bronsted and Lewis acid sites. 

These materials can be very acidic when dry and they should 
be capable of either protonating or complexing with a phenol 
(9). 

The adsorption of l h  on an aluminosilicate containing 12% 
A1203 was followed quantitatively by gc and the results shown 
in Fig. 2. It would seem that a monolayer coverage of the 
catalyst occurs with about 0.4 mmol of l h l g  of catalyst being 
adsorbed. As the concentration of l h  in the contacting cy- 
clohexane solution was increased beyond 2 X lo-* M, a grad- 
ual increase in amount absorbed was noted. The phenol l h  was 
recovered unchanged on treatment of the catalyst or reaction 
mixture with water. 
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CHADDA AND CHILDS 

TABLE 2. Photoisornerization of phenols in presence of AIBG 

Products" 
Starting Wavelength Total 
phenol (nm) isornerization (%) Phenols (%) Other" (%) 

la 300 0 - - 

1 d 300 0 - - 
1 e 300 0 - - 
lb 300 62 la (21) Id (76) (3) 
lb 350 26 la (100) - 
1 c 300 68 le (82), lb (14), la (1) (3) 
lc 350 2 1 lb (100) - 
If 300 0 - - 

1 g 300 37 If (89) (1 1) 
lh 300 52 li (65) 4 (35) 
li 300 36 1s (50) 4 (50) 
4 300 81 li (77) (5) 

"Samples irradiated for 24 h. 
'Expressed as a percentage of total products. 
'Unidentified unless otherwise specified. 

TABLE 3. Irradiation of lh in the presence of AI,O,/SiOP" 

Composition (% li) 
Starting concentration lh (g/g catalyst)" Length of Total recovery 

of lh (M) ( X  lo3) ( X  1@) irradiation (h) (% lh + li) Solution Catalyst 

"Irradiations carried out at 300 nm in glass apparatus with ca. I g of catalyst and 25 mL of cyclohexane as solvent. 

FIG. 2. Adsorption of lh on alurninosilicate 

In order to characterize the nature of the adsorbed species, 
the uv spectra of slurries of the catalyst were examined in the 
presence of CHzClz solutions of the phenol l h .  A new strong 
absorption band was found at 322 nm, which was absent in 
either the spectrum of the phenol itself in CHzClz or the catalyst 
sluny in CHzClz in the absence of the phenol. It was not 
possible to make reliable quantitative measurements of the new 
band but clearly the position of its absorption maximum is 

entirely consistent with the formation of ring protonated (keto 
type) complexes of l h .  

Irradiation of l h  in the presence of the aluminosilicate was 
carried out at 300 nm while stirring the cyclohexane/catalyst 
mixtures. The composition of the solution in contact with the 
catalyst and the composition of the materials adsorbed on the 
catalyst were determined by gc. The only photoproduct de- 
tected, in both the solution in contact with the catalyst and also 
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TABLE 4. Effect of catalyst loading on the photoisomerization of l h  

Initial 
concentration Total 

Ih (g/g catalyst) of l h  yield of l i b  l i  (g/g catalyst) 
( X  10") (MI ( x  lo3) (%) ( X  10') 

Conclusion 
The results presented here confirm our original suggestion 

that Lewis acids and heterogeneous acid surfaces could func- 
tion as catalysts for the photoiosmerization of phenols. How- 
ever, apart from one case ( l h  with AIBrj), these reactions do 
not provide a convenient synthetic route to bicyclo[3.1.0]- 
hexenones. The major cause of this failure would seem to lie 
in the relative basicities of the bicyclic ketones as compared to 
the phenols, coupled with the photochemical inertness of the 
secondary photoproducts of these bicyclic materials. The ex- 
ception to this generalization is the case of 4, where l i ,  its 
photoproduct, is still photochemically active and converted 
back to 4. The importance of the relative basicities of starting 
material and product in Lewis acid catalysed photoreactions 
has been previously noted (10). 

"All irradiations carried out in cyclohexane (50 mL) using 300-nm lamps for 
24 h and Pyrex apparatus. 

''Total yield of l i  in the resulting solution and adsorbed on the catalyst. 

adsorbed on the catalyst, was l i .  As can be seen from Table 3, 
the proportion of l i  in solution and adsorbed on the catalyst was 
approximately the same throughout the course of the irra- 
diation, suggesting that the two phenols are adsorbed to about 
the same extent on the aluminosilicate. 

The effect of concentration of the phenol l h  on the photo- 
reaction was examined (Table 4). It is clear from these data that 
quite high substrate/catalyst loadings can be used and the pho- 
toreaction still proceeds to give l i .  There appears to be an 
optimum loading in terms of efficiency of the photoreaction in 
the region of 0.035 g of l h l g  of catalyst; however, it should be 
noted that the conversions to l i  in the cases with low catalyst 
loadings are very high and the recorded conversions are limited 
by the amount of l h  present. 

It should be stressed that no photoreactions of l h  were ob- 
served in the absence of the aluminosilicate and no isomer- 
ization of l h  to l i  could be detected in the presence of the 
catalyst but the absence of light. The isomerizations observed 
are clearly photochemical reactions that are occurring on the 
catalyst surface. The photoreaction is not limited to l h .  The 
conversion of l g  to 1 f was also observed on irradiation of a 
cyclohexane solution in the presence of the aluminosilicate. 

While it would seem most likely that the aluminosilicate 
functions in a comparable manner to the homogeneous Lewis 
or Bronsted acid catalyst with photoisomerizations of phenols, 
the question arises as to why, in the case of this heterogeneous 
acid, no bicyclic ketone, 4, is produced in these reactions. One 
possibility is that the ketone is more strongly adsorbed to the 
catalyst surface than either of the phenols and that it undergoes 
further photoisomerization to give l i .  In order to check for this, 
competitive adsorptions of l h  and 4 were carried out (Table 5). 
From the data given in this table it can be seen that 4 is indeed 
much more strongly adsorbed than 1 on aluminosilicate. In 
view of the facility with which protonated or complexed 4 can 
undergo photoisomerization to l i ,  it is likely that the adsorbed 
ketone undergoes a comparable photoreaction. 

It is interesting to note that when l h  is vacuum deposited in 
low surface concentration on aluminosilicate and then irra- 
diated, low concentrations (6%) of 4 can be detected in the 
presence of l i  (94%) at relatively low total conversions of l h .  
It would seem clear that the overall chemistry occurring on the 
catalyst surface is very similar to that occurring in solutions of 
these phenols containing strong Bronsted or Lewis acids. 

Experimental 
Materials 

All solvents were dried and distilled in oven-dried glassware under 
nitrogen immediately before use. The phenols were obtained commer- 
cially and purified by distillation. Aluminum bromide was sublimed 
before use. Aluminosilicate pellets (Stern chemicals) containing 12% 
AI2o3 were powdered and dried under vacuum at 350°C for 24 h 
before use. 

Ger~eral 
The 'H nmr spectra were obtained on a Varian EM390 instrument. 

The uv spectra were recorded on a Pye Unicam SP8-100 spectrometer. 
Gas chromatography was carried out using a Varian 3700 or a Hewlett 
Packard 5790A instrument, coupled with Varion C D S l l l  and 
HP3390A integrators, respectively. Columns used were 8 ft X 118 in. 
copper column packed with 10% PEGA on Chromosorb W and 
10 ft X 118 in. stainless steel column packed with 10% Fluorad FC43 I 
on Chromosorb W. 

Photochemical procedrires 
Irradiations were carried out using a Rayonet photoreactor (South- 

em New England Lll~aviolet Company) with ten lamps.'rhe lamps 
used were RPR 3000 A or RPR 3500 A,  depending on the wavelength 
desired. 

For nmr work, the samples were prepared in 5-mm nmr tubes sealed 
with plastic caps and Teflon tape. Pyrex tubes of 1.5-cm diameter 
were used for preparative work. The reaction mixtures were stirred 
with magnetic stirrer during irradiation. 

Preparatiorl of solutiotzs of complexes 
All the manipulations were carried out in a nitrogen-filled glove 

bag. Solutions of the complexes were prepared by adding the purified 
phenols to a suspension of AIBr3 in methylene chloride at -78°C. The 
reaction mixture was slowly brought to room temperature. The ratio 
of phenol to AIBr, was controlled by weighing both components. 
Unless otherwise stated, a 1. I to 1.2 molar excess of the Lewis acid 
was used. 

Adsorption studies were carried out using weighed samples of dried 
A1203/Si02 catalyst and varying amounts of l h  in dry cyclohexane. 
The uptake of l h  was followed by analyzing the solution by gc, using 
naphthalene as an internal standard. The adsorption was followed until 
no further change in concentration was observed. Competitive ad- 
sorption of l h  and its photoisomers was carried out by adding a known 
amount of phenol and its photoisomer to dried AI2O3/SiO2 catalyst in 
25 mL of cyclohexane. After 24 h stirring, the composition of isomers 
in the solution and on the catalyst was determined by analytical gc. 

Desorptiorz 
The composition of products on A1203/Si02 after irradiation was 

determined by stirring the catalyst for 2 h in the presence of water and 
extracting the organic materials with CHZClr. 
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CHADDA AND CHILDS 

TABLE 5. Competitive adsorption of l h  and its photoisomers on A1203/Si02" 

Final composition (g X 10') 
Starting composition 

(g X 103 Solution Catalyst 

l h  4 l i  l h  4 l i  l h  4 l i  KI/K2' 

"Volume of cyclohexane used, 25 mL. 
adsorbed 4 or li (g)  solution lh (g)  

' K I / K 2  = x 
solution 4 or li (g)  adsorbed lh (g)  

Analysis of products 
Phenols l a - e  were converted to their benzoates using benzoyl 

chloride while phenols l h  and l i  were converted to trimethylsilylaryl 
ethers using bis(trimethylsilyl)trifluoroacetamide, BSTFA. Products 
were identified by comparison with derivatives of authentic samples, 
and quantitively determined by gc using naphthalene as an internal 
standard. 

The products were recovered from the AIBr3 reaction mixtures by 
adding the mixtures slowly to water - methylene chloride mixture at 
0°C. The methylene chloride layer was separated and washed well 
with water. The dried solutions (Na2S04) were filtered and the CH2C12 
was removed by evaporation through a Vigreux column. 

Benzoates were prepared by adding 0. I g of product to 5 mL of 5% 
NaOH solution. To this 0.5 mL benzoyl chloride was slowly added 
and the mixture stirred for 1 h. After leaving the reaction mixture for 
12 h at room temperature, it was extracted with ether. The ether 
extract, after washing with water, gave the appropriate benzoates. 

Trimethylsilyl aryl ethers were prepared by adding 100 p L  BSTFA 
to a solution of I00 p L  reaction mixture in dry cyclohexane and 10 p L  
pyridine in a screw cap septum reacti-vial. The reaction mixture was 
allowed to stand at room temperature for 1 h to obtain the silyl ethers. 

Control experiments were run with both procedures using mixtures 
of phenols with known compositions in order to ensure that the assay 
methods were reliable. 
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Preparation, infrared spectra, and crystal structure of two modifications of the 
(thymidinato-N3)methylmercury(II) complex 
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De'partement de Chimie, UniversitP de Montrial, C.P. 6210, Succ. A, Montre'al (P.Q.), Canada H3C 3VI 
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FRANCE GUAY and ANDRE L. BEAUCHAMP. Can. J. Chem. 63, 3456 (1 985). 
Reaction of CH3HgOH with thymidine (HT) yielded the neutral CH3HgT complex crystallizing as a hydrated or an anhydrous 

material, depending on preparation conditions. Both forms were examined by X-ray diffraction. The anhydrous variety is 
monoclinic, space group P2, ,  a = 4.798(6), b = 14.270(8), c = 10.390(4) A, P = 102.74(9)", andZ = 2 molecules per cell. 
The structure was refined on 1552 nonzero MoKa reflections to a conventional R factor of 0.034. The hydrated form belongs 
to the orthorhombic space group P2,2,2,,  a = 10.484(3), b = 14.633(3), c = 18.538(5), Z = 8. The structure was refined 
on 1816 nonzero MoKa reflections to R = 0.036. In both forms, the CH3Hg' ion is linearly bonded to the deprotonated N(3) 
site of thymidine. The water molecules and hydroxyl groups in the ribose unit participate in a hydrogen bonding network, in 
which the carbonyl groups are involved as acceptors. The infrared spectra of the two forms differ significantly only by the 
absorptions due to the water molecules. By comparing with the spectrum of thymidine, diagnostic regions for cornplexation 
with deprotonated thymidine have been proposed. 

FRANCE GUAY et ANDRE L. BEAUCHAMP. Can. J. Chem. 63, 3456 (1985) 
La reaction de CH3HgOH avec la thymidine (HT) conduit au complexe neutre CH3HgT, qui cristallise sous forme hydratte 

ou anhydre, selon les conditions de prkparation. Les deux formes ont CtC CtudiCes par diffracticn des rayons X. La forme 
anhydre est monoclinique, groupe spatial P2 , ,  a = 4,798(6), b = 14,270(8), c = 10,390(4) A. P = 102,74(9)", Z = 2 
molCcules par maille. La structure a CtC affinke au moyen de 1552 rkflexions MoKa significativement observkes jusqu'k un 
facteur R conventionnel d~ 0,034. La forme hydratCe appartient au groupe orthorhombique P212121, a = 10,484(3), b = 
14,633(3), c = 18,538(5) A, Z = 8. La structure a CtC affinCe au moyen de 1816 reflexions MoKa significativement observCes 
jusqu'i R = 0,036. Dans les deux sortes de cristaux, l'ion CH3Hg+ est 1inCairement liC au site N(3) dCprotont de la thymidine. 
Les molCcules d'eau et les groupes hydroxyles du ribose participent a des liaisons hydrogkne, pour lesquelles les groupes 
carbonyles jouent le r61e d'accepteurs. Les spectres infrarouges des deux formes ne diffhrent apprkciablement que dans les 
regions associCes ?i la moltcule d'eau. Par comparaison avec le spectre de la thymidine, on identifie des rCgions diagnostiques 
pour la complexation avec la thymidine dCprotonCe. 

Introduction 
It has been shown by various methods that mercury reacts 

with N(1)-blocked uracil and thymine ligands by displacing the 
acidic N(3)-H proton (1-7). Substitution by the less electron- 
attracting metal atom is expected to increase the basic character 
of the nearby carbonyl groups. In agreement with this assump- 
tion, when CH3HgMT (where MT- = deprotonated l-methyl- 
thymine) is allowed to precipitate in the presence of simple 
salts, mixed compounds such as CH3HgMT-NaC104 (8) and 
CH3HgMT-jNaN03 (7) are obtained. The carbonyl groups of 
the thymine unit have been shown to interact with the Na+ ions 
in these mixed compounds. In order to determine whether such 
Na+-carbonyl interaction are retained when good hydrogen- 
bond donors are simultaneously present, attempts were made to 
obtain mixed compounds containing the similar CH3HgT com- 
plex, in which the ligand would be the deoxynucleoside thy- 
midine HT. No mixed complexes could be prepared, but two 
forms of the neutral CH3HgT complex have been isolated. 
They are discussed in the present paper. 

Experimental section 
Preparation 

CHjHgT 
Thymidine (Het-Chem, 0.243 g, 1 mmol) was mixed with 1.0 rnL 

of 1 M aqueous CH3HgOH (Alfa) in 30 mL of hot 95% ethanol. After 
evaporation at room temperature to dryness, the solid was washed with 
absolute ethanol and dried in vacuo. Yield: 0.34 g. Anal. calcd. for 
CIIH16N205Hg: C 28.92, H 3.53, N 6.13, Hg43.91; found: C 29.37, 
H 3.67, N 6.08, Hg 43.68. 

C H ~ H ~ T -  0 . 6 9 ~ ~ 0 '  
Thymidine and CH3HgOH were mixed (same proportions as above) 

in 30 mL of hot water. The mixture was allowed to evaporate at room 
temperature to a volume of 10 mL. The solid was filtered and dried 
in vacuo. Yield: 0.33 g, 70%. A ~ m l .  calcd. for Cl1H,,N2O5Hg, 
0.69H20: C 28.15, H 3.73, N 5.97, Hg 42.74; found: C 28.41, H 
3.90, N 5.95, Hg 42.37. 

Infrared spectroscopy 
The spectra were recorded on KBr pellets with a Digilab FTS-15 

C/D Fourier-transform infrared spectrometer equipped with a Globar 
source and a wide-band mercury cadmium telluride detector (Infrared 
Associates, New Brunswick, NJ). Typically, 100 interferograrns of 
4096 points recorded with an optical velocity of 1.2 cm s-' and 
maximum optical retardation of 0.5 cm were co-added, apodized with 
a boxcar function, and Fourier transformed with 4 levels of zero filling 
resulting in a spectral resolution of 2 cm-I. The apparatus was purged 
with nitrogen during the experiment. 

Crystallographic measurements and structure resolution 
CHjHgT 

CI  I H I ~ H ~ N z ~ ~  fw = 456.8 
Monoclinic, P2 , ,  a = 4.798(6) &, b = 14.270(8) A, c = 10.390(4) 
A, p = 102.74(9)", V = 693.9 A', D,, = 2.16(2) g cm-?, Z = 2, D, 
= 2.186 g ~ m - ~ ,  h(MoK6) = 0.71069 (graphite monochromator), t 
= 20°C, k(MoKa) =- 110.9 cm-I, crystal thic_kness (mm) between 
pairs of faes :  0.64 (010-010) x 0.06 (001-001) X 0.06 (01 1-01 1) 
x 0.10 (01 1-01 I), transmission range: 0.33-0.60, average fluctu- 
ation of standard reflections: 2 1.6%. 

Space group was determined from precession and cone axis photo- 
graphs. The systematic absences (OkO, k + 2n) were consistent with 
space groups P2,  and P2,/m, but the latter was rejected as inconsis- 

' To whom all correspondence should be addressed. 
Revision received June 3, 1985. 

' Formula based on an occupancy factor of 0.38 for water molecule 
W(2). 
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GUAY AND BEAUCHAMP 

tent with the presence of asymmetric centers in the D-deoxyribose 
unit. The intensity data were collected with an Enraf-Nonius CAD4 
diffractometer, following a procedure described elsewhere (9). A set 
of 2099 hkl and hki reflections in a reflection sphere limited by 20 = 
60" was collected. The 1552 reflections significantly above back- 
grounds (I  > 3u(l)) were retained for structure resolution. 

The structure was solved by the heavy-atom method and refined on 
 IF‘,^ by full-matrix least-squares in the early stages. The x and z 
coordinates of Hg were determined from a Patterson synthesis, where- 
as they coordinated was arbitrarily set to 0.25 to fix the origin along 
b. The difference Fourier map (AF) phased on Hg showed P2/m 
symmetry as expected, but the pyrimidine ring and both carbonyl 
oxygens from one of the two overlapping images could be un- 
ambiguously assembled. A subsequent AF map phased on the known 
portion of the structure revealed the positions of all the remaining 
non-hydrogen atoms. Isotropic refinement converged to R = CllFol - 
IF~I~/CIF,,I = 0.120 and R,,. = [CW(~F,,~ - IF,I)'/CW~F,,\']"' = 0.143. 
At this stage, it was checked that the D-deoxyribose unit had the 
correct absolute configuration. Refinement was continued by block- 
diagonal least squares. The hydrogen atoms (except that of O(5'A)) 
were located from the AF map. They were introduced into tee struc- 
ture at idealized positions ( B  = 6.0 A', C-H = 0.95 A). The 
hydrogen parameters were not refined, but the coordinates were re- 
calculated after each least-squares cycle. Anisotropic refinement of all 
non-hydrogen atoms reached convergence for R = 0.034 and R,,. = 
0.038. The goodness-of-fit ratio was 1.27. The final AF map showed 
a general backgrou~d below k0.7 e/A3, with a few extra peaks in the 
range 0.9-2.6 e / ~ ~  near mercury. 

CH.3HgT hydrate 
C I  IHlhHgN~05, 0.69 Hz0 fw = !69.28 
Orthorhombic, P212121 ,  a = 10.484(3) A, b = 14.633(3) A, c = 
18.538(5) A, V = 2844.0 A3, D,, =a2.18(2) g ~ m - ~ ,  Z = 8, D, = 
2.193 g cm--'. A(MoK6) = 0.7 1069 A, t = 20°C p,(MoKa) = 108.1 
c m l l ,  thickness (mm) between pairs of faces: 0.30 (00 1 -00T) X 0.24 
(201 -201) x 0.20 (010-010) transmission range: 0.06-0.23; aver- 
age fluctuation of standards: * 1.4%. 

Space group was unambiguously defined from the systematic ab- 
sences (h00, h # 2n; OkO, k # 2n; 001, 1 # 2n) noted on precession 
films. A set of 2684 independent hkl reflections in a sphere limited 20 
= 49" was collected, of which 1816 were retained as significantly 
above background ( I  > 3u(l)).  

The structure was solved by the heavy-atom method and refined on 
 IF,,^ by full-matrix least-squares in the early stages. Both non- 
equivalent Hg atoms were located from a Patterson map, and the 
non-hydrogen atoms were progressively identified from structure fac- 
tor calculations and AF maps. Electron density was found at suitable 
positions for all non-hydrogen atoms of both independent CH3HgT 
units and two water molecules. Isotropic refinement converged to R = 
0.064 and R,,. = 0.069. Absolute configuration was checked at this 
point. Mercury was then refined anisotropically. It was then noticed 
that O(5'B) and water molecule W(2) had very high thermal motion. 
In addition, the AF map showed a residual peak properly located to 
correspond to an alternate position for O(5'B). Thus, two positions 
O(5'B) and O(5"B) were assigned to this terminal hydroxyl group with 
half occupancies. 

Refinement was continued by full-matrix least-squares as above, 
. . except that besides the coordinates and isotropic temperature factors, 

occupancy factors were also refined for 0(5'B), 0(5"B), and W(2). 
For these atoms, only 20% of the calculated shifts were applied at each 
cycle to stabilize the convergence process. The occupancy factors 
converged to 0.40(5), 0.61(4), and 0.33(5) for W(2), 0(5'B), and 
0(5"B), respectively. As total occupancy for O(5'B) and O(5"B) must 
be unity, the corresponding factors were normalized to 0.65 and 0.35, 
respectively, and kept constant in the subsequent steps of the refine- 
ment, whereas the occupancy factor of W(2) remained an adjustable 
parameter. The last steps were carried out by block-diagonal least 
squares. The hydrogens attached to C(8) and the ribose carbons were 
visible in the AF map and they were fixed at idealized positions (B = 
6.0 A', C-H = 0.95 A). Their parameters were not refined, but their 

FIG. 1. ORTEP drawing of the CH,HgT molecule B in the hy- 
drated (P212121) compound. Ellipsoids correspond to 50% proba- 
bility. The two disordered positions for the terminal 5' hydroxyl of 
molecule B are shown, O(5") corresponding to the minor component 
(occupancy factor = 0.33(5)). No disorder is found for molecule A 
(anhydrous compound) and molecule C (hydrated compound). 

coordinates were recalculz:-d after each least-squares cycle. The 
methyl and hydroxyl hydrogens were not detected in the AF map. All 
non-hydrogen atoms were anisotropically refined and convergence 
was reached for R = 0.036, R,,. = 0.038 and a goodness-of-fit ratio 
of 1.2 1. As a check on the validity of the occupancy factors for O(5'B) 
and 0(5"B), extra cycle were calculated including the occupancy 
factors of these atoms in the refinement. The parameters of the remain- 
ing non-hydrogen atoms shifted by <0.05u. The occupancy factor of 
O(5'B) and O(5"B) returned to the values found earlier (u = 0.04), 
while their temperature factors changed slightly as expected. There- 
fore, the parameters obtained with the normalized values for these 
occupancy factors were retaiaed. The general background in the final 
AF map was b ~ l o w  t 0 . 9  e / ~ ? .  Some peaks near Hg were in the range 
r0 .9 -  1.2 e/A3. 

The refined coordinates for both structures are listed in Table I.  
Tables of temperature factors and structure factor amplitudes are pro- 
vided in the supplementary material.' The form factors used were 
those of Cromer and Waber (10). exccpt for hydrogen (1 1). The 
anomalous dispersion terms of Hg (12) were included in structure 
factor calculations. The programs used are listed elsewhere (13). 

Results and discussion 
Description of the structures 

These two structures contain three non-equivalent CH,HgT 
units: the hydrated compound consists of two independent mol- 
ecules (B and C), whereas the molecules in the anhydrous form 
are all equivalent (type A). In all cases, the CH,Hg+ ion is 

'~istances and angles in the thymidine ligands, tables of structure 
factor amplitudes, temperature factors, calculated hydrogen coordi- 
nates, least-squares plane calculations, distances and angles around 
oxygen atoms, as well as copies of the infrared spectra for both 
compounds may be purchased from the Depository of Unpublished 
data, CISTI, National Research Council of Canada, Ottawa, Ont., 
Canada K 1A 0S2. 
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3458 CAN. J. CHEM. VOL. 63. 1985 

TABLE I. Refined coordinates and equivalent temperature factors 

( a )  anhydro~sCH~HgT(P2,)  (x, y,  z X lo', Hg X los; U,, X lo3) 

Atom x Y z ucqC 

Hg(3A) 9974(8) 25000 23 1 15(4) 39 
N(1A) 55(19) -453(6) 2797(8) 29 
C(2A) 1066(2 1 ) 455(7) 2986(12) 32 
()@A) 3284(18) 648(6) 38 18(9) 46 
N(3A) -454(22) I I 33(7) 22 19(9) 36 
C(3A) 2357(46) 3837(11) 2345(16) 73 
C(4A) - 3039(24) 967(8) 1316(11) 34 
O(4A) 
C(5A) 
C(6A) 
C(7A) 
C(I 'A) 
0( 1 'A1 
C(2'A) -303(23) -1801(8) 4301(11) 3 3 
C(3'A) 1 162(25) -2762(7) 4384(11) 35 
O(3'A) 3379(19) -2756(5) 5542(8) 47 
C(4'A) 2295(21) -2795(6) 3 1 16(12) 29 
C(5'A) 491(25) -3320(10) 1977(12) 42 
O(5'A) -2404(18) -3020(7) 1742(9) 50 

(b) Hydrated CH,HgT (P2,2,2 , )  (x, y,  z X lo4, Hg X lo5; 
u,, x 10') 

Atom x Y z Ueq' 

Hg(3B) 
Hg(3C) 
N( I B) 
C(2B) 
O(2B) 
N(3B) 
C(3B) 
C(4B) 
0(4B) 
C(5B) 
C(6B) 
C(7B) 
C(1'B) 
0 (  1 'B) 
C(2'B) 
C(3'B) 
O(3'B) 
C(4'B) 
C(5'B) 
O(5'B)" 
o(5"~)"  
N(IC) 
C(2C) 
O(2C) 
N(3C) 
C(3C) 
C(4C) 
O(4C) 
C(5C) 
C(6C) 
C(7C) 
C( 1 'C) 
O(1 'C) 
C(2'C) 
C(3'C) 
O(3'C) 
C(4'C) 
C(5'C) 

TABLE I. (Continued) 

Atom x )I 7 UcqC 

O(5'C) -3624(12) - I 146(10) 3942(8) 60 
w(1) 4567(15) - 151 8(11) 2942(8) 69 
W(2)" 3835(42) 266 1 (4 1 ) 5054(25) 116 

"Occupancy factor, 0.40(5). 
"Occupancy factors for O(5'B) and O(5"B) refined to 0.61(4) and 

0.33(5), normalized to 0.65 and 0.35, respectively. 
u ~ ,  = (C,C,~,,aTara,a,)/3. 

TABLE 2. Selected interatomic distances and bond angles" 

Distance (A) 

Bond A B C 

Angle (deg) 

Bonds A B C 

"Molecule A in the anhydrous compound (P2,). B and C in the 
hydrated compound (P2,2,2,). 

bonded to the deprotonated N(3) site of the pyrimidine ring 
(Fig. l) ,  in the same manner as in the corresponding 
1 -methylthymine complex (7). The usual linear coordination of 
mercury is observed (Table 2). The departure from linearity in 
molecule C is significant (C(3C)-Hg(3C)-N(3C) = 
176.8(7)"), although relatively small and not unprecedented. 
The HgTN and Hg-C bond lengths (averaging 2.09(1) and 
2.04(2) A,  respectively) correspond within experimental errors 
with those found in similar compounds (6, 7). 

Linearly coordinated mercury usually forms a variable num- 
ber of weaker bonds or contacts with donor atoms in the region 
of the equatorial plane (assuming the H,C-Hg-N direction 
to be axial). In the present case, the carbonyl groups O(2) and 
O(4) fill some of the space in the equatorial region, and it is not 
clear whether these intramolecular Hg . . . 0 contacts (Table 3) 
have significan! bonding character, even if some of them are 
below the 3.0 A limit corresponding to the sum of the van der 
Waals radii (14). Indeed, the C=O.. . Hg angles are -70°, 
and electron density along this direction is not expected to be 
high (15). The intramolecular Hg-0 distances are shorter 
with O(4) than with 0(2),  and this would be consistent with the 
greater basicity of the former. However, these differences may 
simply reflect distortions imposed by packing on the tube-like 
CH3Hg+ group extending far into the structure. The best 
Hg . . . 0 contacts are intermolecular and they involve the O ( l f )  
atom of the ribose rings: Hg(3B)-O(llC) = 2.90(1) A and 
Hg(3C)-O(llB) = 2.89(1) A. They play an important part in 
packing for the hydrated complex (vide infra). 

The distances and angles in the pyrimidine rings are provided 
in the suppl~mentary material. Within the experimental errors 
( a  - 0.02 A on distances and - lo  on angles), they compare 
well with those of free thymidine (16). The six-membered ring 
is planar within 0.04 A (4u) for molecule A and within 0.01 A 
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GUAY AND BEAUCHAMP 

TABLE 3. Selected hydrogen-bonding distances and Hg . . .O contacts 

(a) Hg . . . 0 contacts 

Atoms Distance (A) Atoms Distance (A) 

Hg(3A)-O(4A) 2.96(1) Hg(3B)-O(4C) 2.99(1) 
Hg(3A)-O(3'A)" 3.09(1) Hg(3B)-0(1 'C)' 2.90(1) 
Hg(3A)-O(2A) 3.14(1) Hg(3C)-O(4B) 2.99(1) 
Hg(3B)-O(2B) 3.1 l(1) Hg(3C)-O(4C) 2.92(1) 
Hg(3B)-O(4B) 2.99(1) Hg(3C)-0(1 'B)' 2.89(1) 

(b )  Hydrogen bonds 

Bond Distance (A) Bond Distance (A) 

TABLE 4. Selected torsion angles (deg) 

Angle 

Bonds A B C Thymidine (16) 

( l a )  for molecules B and C. In molecules A and C, the 
CH3Hgt group significantly deviates from the plane. The atom- 
to-plane distances are Hg(3A), 0.1915(4); C(3A), 0.38(2); 
Hg(3C), 0.255(1); C(3C), 0.58(2) A. This supports the exis- 
tence of packing effects on this linear group, which would 
normally lie in the plane and form equal Hg-N-C angles. 
Other exocyclic atoms a150 depart from the plane of the ring, 
namely O(4A) (0.12(1) A), C(1'B) (0.15(2) A), and O(4C) 
(0.03(1) A). 

The conformation of the ribose portion in nucleosides has 
been discussed by Sundaralingam (17). The rings for the three 
complexes have a C(3')-exo confo~a t ion ,  the C(3') atom be- 
ing 0.46(1), 0.53(2), and 0.30(2) A above the C(1')-O(1') 
-C(2')-C(4') plane for molecules A, B, and C, re- 
spectively. The torsion angles given in Table 4 show that the 
conformation of thymidine is not drastically changed in the 
complexes. The relative orientation of the pyrimidine moiety 
with respect to the deoxyribose ring corresponds to the anti 
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FIG. 2. Stereo view of the unit cell of the anhydrous compound ( P 2 , ) .  The cell origin is shown as a black dot. Some atoms are labelled in 
one of the molecules. The others can be identified by comparison with Fig. 1. Dashed lines correspond to hydrogen bonds. 

configuration as in thymidine, but the C(6)-N(1)-C(l1)- 
0(11) angle spans a range of k23" about the value of 39" found 
in thymidine. This angle is very sensitive to ring stacking and 
H-bonding. The orientation of the terminal O(5') hydroxyl 
group is not a highly restricted variable in this structure, and the 
torsion angle about C(4')-C(5') seems to adjust to H-bonding 
opportunities. 

A packing pattern for the anhydrous compound is shown in 
Fig. 2. The structure consists of layers in which each CH3HgT 
molecule is anchored to four aeighbors by strong hydrogen 
bonds ( 0  ... 0 = 2.74-2.77 A) (Table 3). Each molecule 
provides two H-bond donors (O(3'A) and O(5'A) hydroxyl 
groups) and two acceptor sites (O(2A) and O(4A) carbonyl 
troups). These superimposed layers interact mainly by normal 
vaii der Waals contacts. The only particular contact involving 
Hg(3A) is established with an adjacent O(3'A) group at 3.09(1) 
A, which is already strongly hydrogen-bonded with the O(2A) 
carbonyl oxygen. 

In the anhydrous form, the 0(11) atom plays no particular 
role in hydrogen bonds or contacts with mercury. Its role is 
more important in the hydrated form. The structure can be 
described as irregular columns of molecules stacked along the 
b direction (Fig. 3). Molecules of type B alternate with mole- 
cules of type C along the column. They are grouped in pairs by 
means of two complementary Hg . . . 0(11) contacts of 2.89 A. 
In both cases, the geometry is favorable: 0(11) lies near the 
equatorial plane of mercury, whereas the Hg-0(11) direction 
defines roughly equal Hg-O(1 I)-C(ll) and Hg-O(l1)- 
C(4') angles. Between these pairs is found another pair of 
complementary Hg . . . 0 contacts, this time with O(4). They 
are longer (2.99 A) than those with O(1') and they compare 
well with those found for the columns of CH3HgMT molecules 
in the crystal of the hemihydrate (7). B . . . C pairs belonging to 
adjacent columns are joined in the a direction (Fig. 3) by a 
pattern of four hydrogen bonds centered on the non-disordered 
water molecule W(l),  acting as a donor to O(2C) and 0(3'B), 
and as an acceptor from O(5'C). The pattern is completed with 
an extra O(3'B)-H .. . O(4B) interaction. Therefore, in the ab 
plane, cohesion is achieved through Hg . . . 0 contacts along b 

FIG. 3. View of a molecular layer parallel to the ab plane in the unit 
cell of the hydrated compound (P2 ,2 ,2 , ) .  The origin is shown as a 
black dot and the c axis is perpendicular to the figure and directed 
toward the reader. Thin lines correspond to Hg ... 0 contacts and 
dashed lines to hydrogen bonds. The water molecules are labelled, as 
well as some of the oxygen atoms involved in hydrogen bonding. 
Small B and C labels are used to distinguish the two unequivalent 
CH3HgT molecules in the unit cell. The hydrogen bond formed by the 
disordered O(5"B) group is indicated by an arrow in the framed unit 
cell. The alternative site O(5 'B )  is shown by another arrow in the 
unframed unit cell. 

and by hydrogen bonding along a. Part of the time, the O(5') 
group of molecule B in its minor orientation O(5"B) contributes 
to cohesion within the coluvns by forming an O(5"B)- 
H . . . O(5'C) bond of 2.94(7) A (indicated by an arrow in the 
framed unit cell, Fig. 3, right). It should be noted that in its 
major orientation O(SIB), this group assumes no particular role 
in the ab plane (see unframed cell, left of Fig. 3). 

The columns along b and the intervening hydrogen-bond 
network define layers parallel to the ab plane, which are 
viewed down the b axis in Fig. 4. These layers are centered at 
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GUAY AND BEAUCHAMP 

RG. 4. Stereo view of the unit cell of the hydrated (P2,2,2,) CH,HgT compound down the b axis. The origin is indicated by a black dot. 
'The b axis in perpendicular to the drawing and directed toward the reader. Hg . . . 0 contacts are shown as thin lines and hydrogen bonds as dashed 
lines. No disorder is present in the inter-layer region at z - 112. In the z - 0 (or - 1 )  region, occupancy for W(2) is only 0.37 and the O(5') 
group of molecule B is disordered over the sites O(5'B) (occupancy 0.63, white spheres) and O(5"B) (occupancy 0.37, black spheres). A11 0. .. 0 
contacts shorter than 3.1 A are shown in the z - 0 region. The local hydrogen-bonding patterns proposed to explain the disorder are shown in 
the z - I region. An enlarged view of this region with atoms labelled is given in Fig. 5. 

FIG. 5. Model proposed for the hydrogen-bonding pattern in the z - 0 (or - I )  inter-layer region of the unit cell of the hydrated compound. 
The circled W2 sites are those actually occupied. 

z - a and - a. They are symmetry equivalent, but the two 
inter-layer regions, at z - 0 (or - 1) and - 4, respectively, are 
not. In the z - region, there is no disorder and besides normal 
van der Waals contacts, an O(3'C)-H .. . O(2B) hydrogen 
bond of 2.85(2) provides packing interactions. 

The other inter-layer region is more complex. All the atomic 
positions for W(2), 0(5'B), and O(5"B) are shown in the z - 
0 layer in Fig. 4, together with the 0.. .0 contacts shorter than 
3.1 A. The occupancy values are 0.40, 0.65, and 0.35 (cr = 
0.05), respectively, for these three atom types. Interpretation in 
terms of local hydrogen-bonding patterns is not unambiguous. 
We are retaining the following model, which is based on the 
fact that the occupancy factors for W(2) and O(5"B) are not 
significantly different. The average value (0.37) will be used 
for both in the following discussion. We are also assuming that 
the occupancy of these two sites is correlated, that is, the 
occupancy of a W(2) site (37% of the time) forces the O(5"B) 
crientation for an equal number of terminal O(5') groups in B 
molecules. The assumed pattern is shown in the right portion 
of the z - 1 layer (Fig. 4), which is schematically represented 
in Fig. 5,  with atom labels, distances and angles. A link in 
created between two O(4C) carbonyl groups by means of a 
W(2) water molecule and an O(5'B) hydroxyl group. The 
angles are al! favorable and the W(2)-H .. . O(5'B) interaction 
of 2.66(6) A is particularly strong. Another nearby O(5'B) 
position at 3.03(6) A from the same W(2) molecule is not in a 
favorable orientation to hydrogen bond. This hydroxyl group is 
assumed to possess the O(5"B) orientation, thus forming a 

hydrogen bond with O(5'C) in the b direction as discyssed 
earlier (Fig. 3), with an 0.. .0 separation of 2.94(7) A and 
more favorable angles. When the O(5"B) site is occupied, the 
next W(2) molecule is deprived from its best hydrogen-bonding 
partner and, for this reason, this W(2) site would be vacant. 
This is the basic unit of the hydrogen-bond pattern. 

In this unit, half of the W(2) sites are occupied. As the 
occupancy factor of W(2) is less than 0.50, there must be gaps 
between the units as they are repeated along c. If every fifth 
W(2) site is also vacant, as shown in Fig. 5, the vacant (V) and 
occupied ( 0 )  W(2) sites would be distributed along c as 
follows: 

-(O-v-0-V)-v-(0-v-0-V)-v- 

This would correspond to 0.40 occupancy for W(2), and also 
for O(5"B) since the presence of a W(2) molecule is assumed 
to force the O(5"B) orientation for the adjacent hydroxyl group. 
In fact, these occupancies are slightly lower (0.37), indicating 
that the gaps occur, on the average, slightly more often than 
20% of the time. It should be noted that the present model does 
not imply a periodic pattern: strings of successive units without 
gaps may be longer than 2, and the gaps may consist of more 
than one missing W(2) molecule. 

The above discussion takes care of only some of the O(5'B) 
sites, those which are part of the basic unit defined above (i.e. 
0.37). The remaining O(5'B) sites are those facing the gaps, 
where consecutive W(2) sites are vacant. this is represented in 
Fig. 4 (layer z - 1, left) and in Fig. 5 (middle). In this case, 
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TABLE 5. Wavenumbers (crn-I) of the infrared spectra 

HT CH3HgT HT CH3HgT HT CH3HgT 

1515 vw 1505 vw, sh 1172 w 1146 w 853 rn - 

1477 s 1464 s 1121s 1136w 804 vw - 
1454 w 1451 s 1099 s 1097 s - 799 w 
1435 s - 1067vs 1061w 794 vw 790 w 
1401 rn 1396 rn - 1053 w, sh 767 w 775 w 
1391 rn 1386 rn 1025 rn 1022 w 758 w 764 w 
1363 w 1374 rn 1010 rn 990 rn 734 w 712 vw 
1352 w 1345 vw 1001 s 981 rn 674 w 672 vw 
1318 rn 1305 s 971 rn 947 w 627 rn 628 w 
1287 s,  sh 1296 s,  sh 959 rn 934 w 578 vw 577 vw 
1274 s 1288 s 905 rn - 562 vw, sh 563 vw 
1254 rn - 897 rn 896 vw 550 w 544 vw 
1224 rn 1238 rn, br 883 w 885 w - 505 w 
- 1202 rn 871 rn 872 vw 

1197 w 1194 rn 

FIG. 6 .  Infrared spectra (1800- 1500 crn-I) of thyrnidine (A) and 
the methylmercury complexes (B = anhydrous P21 form; C = hy- 
drated P2,2,2, form). 

the hydroxyl group occupying an O(5'B) site is hydrogen- 
bonded to O(4C) as it is within the basic unit, but does not 
participate in other H-bonding interactions. 

Infrared spectroscopy 
The infrared spectra of thymidine and its CH3Hg+ complex 

are compared in Fig. 6 and Table 5. Copies of the spectra are 
provided in the supplementary material.4 

The vibrations of the pyrimidine and sugar units have been 
discussed by several authors (18-21). However, owing to the 
absence of a detailed analysis for thymidine itself, the present 
discussion will be restricted to a few spectral features found to 
be useful as diagnostic for N(3) complexation in the methyl- 
thymine system (22). 

The presence of the CH3Hg+ group is evident from the char- 
acteristic methyl C-H stretching band at 2925 cm-', which 
has become the dominant feature in the v(C-H) region for the 
complexes. The medium band at 1202 cm-' probably origi- 
nates from the S(CH3) mode of the same group. The p(CH3) 
(-800 cm-') and Hg-C modes (-560 cm-') usually ob- 
served in infrared (22) are masked here by ligand bands. 

The spectra show that the N(3)-H proton has been substi- 
tuted. The broad absorption underlying the v(C-H) region for 
thymidine (2600-3400 cm-') and containing a contribution 
(-3 100 cm-') (22) from v(N-H) motion, is removed from the 
spectra of the complexes. The remaining strong band in this 
region arises from the deoxyribose OH groups (and water mol- 
ecules). The disappearanc of the y(N-H) mode simplifies the 
spectrum at -900 cm-', but the presence of deoxyribose bands 
in this region complicates the analysis. As to the S(N-H) 
mode, it has been calculated to occur ca. 1453 cm-I and thy- 
midine indeed contains a band at this position, which disap- 
pears in the complexes. Another nearby band is shifted from 
1477 to 1464 cm-' by complexation. Similar displacements 
have been noted in Raman upon CH3Hg+ complexation of 
uridine (4) and TMP (2), and in infrared and Raman, for 
1-methylthymine (22). This shift could be due to loss of cou- 
pling with N-H motion for a ring mode. 

The 1500- 1800 cm-' spectral region (Fig. 6) is devoid of 
strong absorptions from the sugar moiety. Free thymidine 
shows a triplet at 1704 cm-' mainly due to C(2)=0(2) stretch- 
ing (18, 23). A broad band at 1650, together with a weak 
component at - 1630 cm-' (masked here, but observed in D 2 0  
solutions of TMP (2)) originate mainly from coupled motion of 
the C(5)=C(6) and C(4)=0(4) bonds. The changes intro- 
duced by complexation have been discussed in the case of 
1-methylthymine (22). Three well-separated bands are ob- 
served at 1639, 1618, and 1579 cm-'. The latter band is be- 
lieved to arise mainly from the C(4)=0(4) bond, having lost 
some double bond character. A similar effect on C(2)=0(2) 
produces a negative shift of the absorption originally found at 
1704 cm-I in thymidine, so that the pair of bands at 1639/1618 
cm-' results from coupled C(5)=C(6) and C(2)=0(2) mo- 
tions. 

A few spectral changes are in good agreement with those 
observed in the Raman spectra of similar systems. For instance, 
a weak, but clearly observed, band of thymidine at 1254 cm-' 
seems to shift to higher wavenumber and coalesce with the 
strong 1288 cm-' band for the complexes. Similar shifts were 
observed in Raman for TMP (1239 to 1247 cm-') (2) and 
1-methylthymine (1241 to 1262 cm-I) (22). Another example 
is the disappearance of the band at 1172 cm-I, possibly cen- 
tered in the N(1)-C(1') glycosidic bond (21), which is appar- 
ently displaced to 1145 cm-I. Similarly, a band at 1172 cm-' 
disappears from the Raman spectrum of TMP after complex 
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GUAY AND BEAUCHAMP 3463 

formation, whereas significant intensity increase is noted at 
1140 cm-' (2). 

The presence of water in the hydrated compound produces a 
S(H,O) peak at 1649 cm-I (spectrum C,  Fig. 6), superimposed 
on the double bond stretching bands. Besides, a doublet at 
9471934 cm-' for the anhydrous compound occurs as 9331928 
cm-' in the hydrated complex. This spectral region contains 
several bands originating from the deoxyribose unit (20, 21) 
and the observed shift reflects the difference in hydrogen bond- 
ing in the two compounds. 

Conclusion 
Both forms of the present CH3Hg-thymidine compound 

show the characteristics already noted for the analogous 
1-methylthymine compound (7), namely, binding to the de- 
protonated N(3) site and minimal interactions with the adjacent 
carbonyl groups. The oxygen donors in the deoxyribose moiety 
do not affect this general behavior, thus confirming the low 
affinity of CH,Hg+ for this component of DNA. The same solid 
phases were obtained in all our attempts to prepare "adducts" 
with NaN03, NaClO, and other salts, which had been found to 
form such "adducts" with the CH3Hg-methylthymine complex 
(7, 8). This suggests that carbonyl groups forming H-bonds 
with deoxyribose hydroxyl groups provide good stabilization to 
the crystal and that their affinity for hard cations like Na+ is not 
very strong. 
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RAYMOND LE VAN MAO, PIERRE LEVESQUE, BERNARD SJIARIEL, and PETER HANS BIRD. Can. J .  Chem. 63, 3464 (1985). 
A procedure has been developed which allows growth of the zeolite ZSM-5 in chrysotile (asbestos) fibers which have 

previously had magnesium partially leached out. The resulting materials, when used as catalysts in the conversion of methanol 
into hydrocarbons showed very interesting product selectivities: i.e., (a)  at high magnesium leaching degree (MLD), relatively 
larger amounts of aromatics and isoparaffins were produced; and (b) at low MLD, light olefins were the main products in the 
gaseous phase. 

From NH, absorption/temperature programmed desorption studies, it was suggested that at lower MLD (higher magnesium 
content) the dual acidic and basic adsorption sites were responsible for the enhanced production of light olefins from methanol 
conversion. 

RAYMOND LE VAN MAO, PIERRE LEVESQUE, BERNARD SJIARIEL et PETER HANS BIRD. Can. J .  Chem. 63, 3464 (1985). 
On a dCveloppt un procede de cristallisation de la ztolite ZSM-5 dans les fibres d'amiante chrysotile dont une partie du 

magnCsium a CtC lixivite. Le materiel resultant, utilise comme catalyseurs de conversion du mCthanol en hydrocarbures, 
presente d'intkressantes stlectivites en produits; c'est-a-dire: (a) un haut degrC de lixiviation (MLD), les aromatiques et les 
isoparaffines se foment  en quantites relativement larges; et (b) a un MLD inferieur, les olefines lCgtres sont les produits 
principaux dans la phase gazeuse. 

Des Ctudes d'adsorption et de dtsorption a temperature programmte de l'ammoniac, il a CtC suggCr6 qu'a un MLD inftrieur 
(ou a un contenu suptrieur en magnCsium), les sites acides et basiques en "duo" Ctaient responsables de cette augmentation 
de production des olefines 1Cg&res a partir du methanol. 

Introduction 
The zeolite ZSM-5 has received great attention in recent 

years because of its high shape selectivity in many industrially 
important reactions. These include xylene isomerization, tolu- 
ene disproportionation, aromatic alkylation, and methanol con- 
version to gasoline (1). The shape selectivity is attributed to its 
tridimensional channel network, and a pore size intermediate 
between the small pore (A type) and large pore (X and Y type) 
zeolites. 

Doping or coating the pure ZSM-5 zeolite with inorganic 
materials can lead to an enhanced product selectivity (2, 3). 
The same phenomenon was observed by aggregation of the 
ZSM-5 microcrystals (4). Effects at the pore openings were 
suggested (4). 

In the present paper, the preparation of a composite ZSM-5 
zeolite/asbestos catalyst is described. It consists of partially 
leaching the magnesium out of the chyrsotile asbestos fibers 
and then growing the ZSM-5 zeolite into the leach asbestos 
macrostructure (5). 

The composite catalysts were characterized by usual 
physico-chemical techniques and were tested in the catalytic 
conversion of methanol. The data for some "ZSM-5/asbestos" 
catalysts were compared to data obtained by using pure ZSM-5 
catalysts with similar characteristics. 

Experimental 
Preparation of the catalysts (5)  

Chrysotile fibers were first subjected to the Mg leaching operation. 
Mineral and organic acids were used as leaching agents. In general, 
the asbestos fibers (7 TF- 12 short fiber grade" were digested with a 
mineral acid solution (usually HC1) at 80°C for several hours. After 
dilution with cool water, the suspension was allowed to settle for a 
while, then filtered, washed with water and finally dried at 120°C. The 

'To whom all correspondence should be addressed. 
2Chemical composition (dried oxide basis): SiOz = 42.8% wt/wt, 

MgO = 50.2%, Fe203 = 6.6% (as FeO and Fe304 forms); A1203 = 
0.1% and NazO = 0.1%. 

experimental parameters for the preparation of the leached asbestos 
(Alix) are reported in Table I .  

The resulting solid materials (Alix) were mixed with aqueous solu- 
tions containing tetrapropylammonium bromide (TPA, Br), NaOH, 
and sodium aluminate in proportions shown in Table 2. The sus- 
pensions were loaded in an autoclave and heated at 170°C (k5"C) for 
I0 days. After unloading, the suspensions were filtered and the solids 
were washed thoroughly with distilled water, dried, and finally cal- 
cined at 550°C for 10 h. Thereafter, the solids were submitted to NH4+ 
ion-exchange using NH4C1 aqueous solution ( I  M). The NH4+ forms 
when activated at 550°C for at least 10 h, yielded the acid forms (or 
H-forms) of the catalysts. 

The acid forms of the catalysts were intimately mixed with ben- 
tonite (20% by weight) and made into pastes with water. The pastes 
were pressed into 1 mm od extrudates. 

Physico-chemical characterization 
Elemental analysis, X-ray diffraction powder pattern deter- 

mination, scanning electron microscopy (SEM), the adsorption of 
water and n-hexane, and the adsorption/temperature programmed de- 
sorption of ammonia, were techniques used to characterize our sam- 
ples. 

(a) Elemental analysis 
Common techniques via atomic absorption were used for Si,  Al, 

Na, Mg, and Fe concentration measurements. 
Two derived quantities were particularly significant. 
The first, the magnesium leaching degree (MLD), is defined as: 

(MgO)i - ( M P ) f  (%) 
(MLD) = 

(Mg0)i 
where (MgO)i and (MgO)f are, respectively, the initial and final mag- 
nesium contents (on the dried oxide basis). 

The second is the (Mat/Al) atom ratio: 

(Si) + (Al) + (Na) + (Mg) + (Fe) 
(Mat/Al) = 

('41) 

where (Si), (Al), (Na), (Mg), (Fe) are the numbers of atoms of each 
element in a dehydrated sample. 

In the case of our composite catalysts, this ratio can be seen as 
proportional to the reciprocal of the aluminum atom concentration, 
and thus acid site concentration. 
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TABLE I. Preparation of leached asbestos (Alix) 

Product 
Amount of HCI solution Heating 

7TF- 12 asbestos time (Dehyd) Si02 A1203 NazO MgO Fe?03 MLD 
Al~x (g) N mL (80°C) (PI (%) (%) (%) (%) (%) (%) 

00112 100 3.0 1000 7.0 h 40 98.2 0.36 0.14 1.06 0.28 98 
013 100 2.4 1000 4.5 h 44 89.0 0.51 0.14 4.14 6.22 92 
025 200 3.0 2000 5.0 h 87 90.6 0.32 0.14 2.95 2.57 94 
02012 100 2.4 1000 4.0 h 42 91.8 0.38 0.14 3.38 4.35 93 
024 120 2.4 1200 3.5 h 53 88.0 0.35 0.13 5.88 5.65 88 
01811 100 2.4 1000 3.5 h 45 85.2 0.36 0.16 6.60 7.65 87 
01812 100 2.4 1000 3.5 h 43 86.1 0.32 0.14 6.23 7.15 88 
027 150 2.4 1500 2 5 h 7 1 82.6 0.43 0.19 9.39 7.68 8 1 
030 150 2.4 1500 2.5 h 69 83.7 0.22 0.16 8.99 6.98 82 
017 100 2.4 1000 2.5 h 4 1 81.8 0.45 0.12 10.10 7.59 80 
016 100 2.4 1000 1.25 h 47 82.0 0.18 0.13 10.53 7.20 80 

TABLE 2. Synthesis of ZSM-zeolite from silica gel and Alix* 

Synthesis 
Added 

Catalyst W Silica gel Na aluminate TPA bromide NaOH water T Time producti3' 
precursor Alix (g) (g) (PI (g) (8) (mL) ("C) (days) (g) 

*Silica gel Baker: (1)  = 60% in Si02; (2) = 90% in Si02; (3) the product was dried 12 h at 120°C and then further 12 h at 550°C 

TABLE 3. n-Hexane and water adsorption = operating conditions 

Critical Vaporization Vapor Adsorption Time 
diameter temperature pressure temperature required 

Adsorbate (A) ("c) (Tom) ("c) 

n-Hexane 4.9 0 45 25 3 h  
Water 2.8 22 22 25 Overnight 

constant constant 
(Mat/Al) = - = - 

('41) (H') 
'The (Mat/Al) atom ratio is equivalent to the (Si/Al) ratio commonly 
used for pure zeolites. 

(b )  X-ray powder diffraction 
The ZSM-5 zeolite was identified by means of its characteristic of 

diffraction pattern (6). The degree of crystallinity (DC) in ZSM-5 
zeolite structure of the samples was determined by a procedure similar 
to that of Kulkarni et al. (7). However, to ensure that the measurement 
did not depend on sample preparation, we used BaCI, as internal 
standard: this compound exhibits a strong diffraction peak at 20 = 
31 .O-32.5". The pure ZSM-5 zeolite sample (HP-38) was assigned a 
100% value of crystallinity. 

(c) Scanning Electron Microscopy (SEM) 
Using the Hitachi Model S-20 SEM, it was possible to follow the 

morphological change of our samples: original asbestos fibers 4 

leached fibers (Alix) 4 ZSM-5/asbestos catalyst. The SEM obser- 

vations were necessary for ascertaining that our samples were not 
simply mechanical mixtures of "ZSM-5" and "unconverted asbestos". 

(d) Adsorption of water and n-hexane 
The adsorbates used were water and n-hexane. The technique adopt- 

ed has been described elsewhere (8, 9). The operating conditions are 
reported in Table 3. Adsorption measurements were done on both the 
catalyst H-forms, and the magnesium leached asbestos (Alix) which 
had been used for the catalyst preparation. The relative adsorption 
affinity index (RAI) was defined as the volume ratio of adsorbed 
n-hexane to adsorbed water in zeolites. This index was used to evalu- 
ate the hydrophobic character of the ZSM-5 based materials (8- 10). 

(e) Adsorptionltemperature programmed desorption of ammonia 
(A ITPD) 

In order to study the acid strength and density of our samples, 
ammonia was adsorbed on the catalyst (final form) at 373 K and at 
room temperature, and then desorbed in a temperature programmed 
way (up to 723 K, heating rate = 5 K/min). The procedure used was 
similar to that described in reference (I I). To minimize the phenorn- 
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enon of physi-sorption, most likely with the adsorption performed at 
room temperature, vigorous flushing with nitrogen was carried out 
prior to the desorption phase. During the NH3 desorption operation, 
the nitrogen stream which carried the desorbed ammonia was bubbled 
into a solution of diluted HCI. After the desorption step, this HCI 
solution was titrated with NaOH and the amount of NH3 desorbed was 
calculated knowing the NaOH titer, and original HC1 concentration. 
The amount of amrnonla adsorbed at 100°C and then desorbed was 
believed to be related to acid sites of medium and strong character 
(1 I ) ,  wh~le that adsorbed at room temperature should be related to the 
overall acidity which should include indeed weak sites. 

Catalytic tests were performed by injecting methanol using an injec- 
tion syringe on an infusion pump into a methanol vaporizer gas mixer. 
Nitrogen gas was supplied to the methanol vaporizer and gas mixer 
from a cylinder connectcd in-line with a flowmeter. The vaporized 
methanol was then carried by the nitrogen gas through a catalyst bed 
set in a catalytic reactor contained inside an oven which was thermo- 
regulated. A chromel-alumel thermocouple was placed in the catalyst 
bed and was used, in conjunction with a digital thermometer unit, to 
monitor the temperature of the catalyst bed. The gaseous mixture 
flowing out of the catalytic reactor was run through a series of con- 
densors maintained at 5- 10°C, to a liquid collector immersed in an ice 
bath followed by a cylinder from which gas sampling was carried out. 

Following a pre-run of 10 min, the liquid products were collected 
and the gaseous ones were analyzed periodically by gas chroma- 
tography using a 3.5 m long column packcd with Chromosorb P 
coated with 20% by weight of Squalane. The GC used was a dual FID 
Hewlett-Packard Model 5790. It was equipped also with a capillary 
column (length: 50 m; PONA type fused silica coated with a cross- 
linked polymer) which was used for accurate analyses of the liquid 
fractions after a run was completed. The composition of the aqueous 
layer was also determined by gc using a methanol in water calibration 
standard. 

Table 4 reports the reaction conditions used in the experiments. 

Results and discussion 
Table 5 reports the main physico-chemical characteristics of 

the sample studied. In this table, the label HA represents cata- 
lysts prepared from the 7T12 asbestos fibers and H P  stands for 
catalysts made from pure ZSM-5 zeolite. The characteristics 
shown are: the magnesium leaching degree (MLD) in % wtlwt ,  
the (MatIAl) atom ratio, the iron content FC (% by weight), the 
degree of crystallinity, DC, in %. Table 6 reports the sorptive 
capacities, in % wtlwt,  and in particular the RAI values, of our 
samples and of their Alix precursors. Table 7 reports the acidity 
measurements (as obtained through ammonia adsorption and 
desorption) of our samples and their alix precursors. Figures 1, 
2 ,  and 3 are the electron micrographs of samples (acid form) 
HA-39, HA-49, and HA-48, respectively (with magnifications 
as indicated). 

Tables 8 and 9 report the catalytic conversion and product 
selectivities of all our catalysts at 400°C, and of the HP-38 and 
HA-60 samples at various temperatures, respectively. The 
methanol conversion is the C atom based yield in hydro- 
carbons. The balance (in C atoms) includes volatile gases 
(CO?, H2, etc.), dimethyl ether and methanol found in the 
liquid phase and C deposited onto the catalyst. 

It can be expressed as follows: 

(NC),, 
Conversion = - 

(NCIfccd 

where (NC)rccd is the number of C atoms in the (methanol) feed 
and (NC)Prod is the number of C atoms in the (hydrocarbon) 
products. 

TABLE 4. Reaction conditions 

Parameter Value 

Catalyst weight 4 g 
(dehydrated) 

Temperature ("C) 350-500 
Total pressure I atm 
Methanol pressure 0.9 atm 
Inert gas (stripping gas) Nitrogen 
W.H.S.V.* 2.4 h 
Reaction duration 4 h  

*Weight hourly space velocity. 
W.H.S.V. = 

g of injected methanol per hour 
g of catalyst 

(h-') 

F a .  1. SEM of the HA-39 sample (MLD = 97%). Magnification 
x20 000. 

The product selectivity is expressed as follows: 

where CC and CiCi are the sums of all hydrocarbons produced 
and of the selected products, respectively. 

If we compare the degree of crystallinity in the ZSM-5 ze- 
olite structure, and the (MatIAl) ratio of our samples, they are 
very close to each other. Scanning electron microscopy studies 
showed that while the leached asbestos (Alix) kept the fibrous 
form of the original chrysotile asbestos even at a high mag- 
nesium leaching degree (Alix 00112, MLD = 98%), the com- 
posite ZSM-51asbestos samples had a clearly degraded struc- 
ture. Submicron ZSM-5 zeolite particles were embedded in the 
asbestos remnants, which resembled blocks, a few microns in 
size (see Figs. 1, 2 ,  and 3). Moreover, these submicron zeolite 
particles decreased in size as the magnesium leaching degree 
decreased (approximate size of ZSM-5 particles in the HA-60 
sample (80% MLD) = 0.02 micron). The  RAI values de- 
creased at lower MLD (see Table 6). This suggested that the 
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TABLE 5. Physical and chemical properties of ZSMJ and composite catalysts 

SiOz A1203 NazO MgO Fe203 MLD Mat/Al DCt 
Catalyst* (%I (%) (%) (%I (%) (%) (%I 

*Acid form, dried oxide basis. 
t Crystallinity. 

TABLE 6. Water and n-hexane sorptive capacities of the HP TABLE 7. NH, adsorption/temperature programmed desorption 
and HA samples studies 

MLD n-Hexane Hz0 Z, = amount of NH3 adsorbed* 
Catalyst (%) (% wtlwt) (% wtlwt) RAI* 

MLD Room to At 100°C 
HP-68 - 5.35 8.04 1.01 Catalyst (%) ( x  lo4) Z,/Z,,t ( x  lo4)$ (3) Z,/Z,,t 

HA-39 
HA-45 
HA-56 
HA-58 
HA-54 
HA-60 

Alix 00112 
Alix 02012 
Alix 013 92 5.88 5.48 1.63 
Alix 024 88 7.5 1 7.47 1.52 Alix 00112 98 2.22 
Alix 01812 88 7.63 8.26 1.40 Alix 02012 93 1.40 
Alix 016 80 7.63 8.12 1.42 Alix 013 92 1.36 

Alix 024 88 1.02 
* RAI = n-hexane/HzO (vol/vol) of relative adsorption affinity Alix 01812 '88 3.20 

hydrophobicity of the composite catalyst was closely de- 
pendent upon the magnesium content, e.g. a higher magnesium 
content, a lower hydrophobicity. A similar behavior observed 
with the Alix samples strongly supports this statement (Table 
6). With the composite samples, the NH, adsorption was higher 
at lower magnesium leaching degree both for room temperature 
and 100°C operations while the Alix samples exhibited low 
adsorption of NH3 (see Table 7). This behavior of the com- 
posite catalysts could not be accounted for on the basis of an 
enhanced acidity due to the formation of a larger amount of 
mixed oxides (SO2-MgO) at low MLD, although acidity was 
said to exist in mixed oxides (e.g. SO2-MgO) (12). Increased 
NH3 adsorption at low MLD was better related to the presence 
of basic sites (from MgO) along with the acid sites. (The 
Bronsted sites were probably located on the external surface of 
the zeolite particles. The amount of such acid sites increased 
with the external surface area and corresponding particle size 
decrease, e.g. at low MLD as observed through B e  SEM.) In 
fact, NH3 was expected to be dissociated into NH2 and H+ 
when adsorbed onto both basic and acidic sites (12) (see also 

Alix 017 80 0.79 
Alix 016 80 1.03 

*Expressed in lo-" mol of NH,/g of catalyst. 
tZ,/Z,, is the ratio of the molar amount of NH3 adsorbed to the molar 

amount of Al present in 1 g of catalyst. 
X With HP and HA samples = circa 95% NH3 desorbed at 423-473 K and 

circa 5%. at 673-723 K. 

Fig. 4). Upon heating, these species would recombine and be 
desorbed as gaseous NH,. Such an increased NH, adsorption 
was not observed with the Alix samples because they had only 
basic sites. No acid sites existed which could adsorb the NH2 
species from the dissociated ammonia. 

Table 8 shows that when the MLD was higher than 90%, the 
composite catalysts exhibited catalytic properties quite similar 
to those of a pure ZSM-5 based catalyst. However, when the 
MLD was less than 90%, more light olefins were produced at 
the expense of the paraffins (primarily) and the aromatics. A 
possible explanation could be the effect of the smaller zeolite 
particles at higher MLD, in provoking the lack of selectivity (to 
hydrocarbons higher than light olefins) in the reaction. Howev- 
er, it seems unlikely that a small change in crystallite size could 
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TABLE 8. Catalytic data of the HP and HA catalysis at 400°C 

Product selectivities (%) 

Methanol Cz-C4 
MLD conversion into CI-C4 olefins Aromatics Nonaromatic AR + OLE OLE + liquids OLE/ 

Catalyst (%) hydrocarbons (%) paraffins (OLE) (AR) (cs+) (%I (Liq + Par) 

TABLE 9. Catalytic data of the HP-38 and HA-60 (MLD = 80%) at various reaction temperatures 

Product selectivity (%) 
CHJOH 

conversion CI -C4 CZ-C4 Ole + Liq 
T into hydro- paraffins olefins Aromatics Nonaromatics (Liq = Ole/ 

Catalyst ("C) carbon (%) (Par) (Ole) (AR) (c5 + 1 Ar + C5') Ole + Ar (Liq + Par) 

HP-38 (H-ZSM5) 375 98 3 1 17 26 26 69 43 0.21 
HA-60 (80% MLD) 375 80 9 41 14 36 9 1 55 0.70 

FIG. 2. SEM of the HA-49 sample (MLD = 90%). Magnification FIG. 3. SEM of the HA-48 (MLD = 84%). Magnification 
x20 000. x lo 000. 
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FIG. 4. Effects of simultaneous presence of acidic (zeolite) and 
basic sites (MgO) on NH, adsorption and on methanol conversion into 
olefins. 
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and the methanol bond scission was said to be facilitated by 
cooperative action of acidic and basic sites in the zeolite lattice 
(14) (see Fig. 4). This mechanistic view could bring our cata- 
lytic data over methanol, very close to ammonia sorption re- 
sults: basically, methanol does not greatly differ in terms of 
adsorption from ammonia. 

Conclusion 
With pure ZSM-5 based catalysts, for the conversion of 

methanol, olefins were regarded-as the initial products fol- 
lowed by their conversion into paraffins and aromatics (16) and 
their production was mainly related to the existence of acid 

bring about such a large variation in the product spectrum (see 
Table 8). 

Thus a possible explanation should be found in the two most 
probable effects of MgO on the Bronsted acid sites which were 
mainly located on the external surface of the tiny zeolite par- 
ticles embedded in the asbestos remnants. 

The first effect of the MgO could be a "partial neutralization" 
of the acid sites with a subsequent decrease in the medium and 
strong acidity (see Table 7, column "temperature 1OO0C", cases 
of samples HA-39 and HA-45 with 97% and 94% as MLD, 
respectively; e.g. low Mg contents). Such a MgO effect was 
fairly well supported by the fact that, though the acid sites were 
located at the external surface of the zeolite particles (e.g. there 
was no beneficial effect in terms of coking prevention, from the 
shape-selective framework of the ZSM-5 zeolite), the carbon 
deposit onto the composite catalysts was very low (less than 1 % 
wt/wt for 4-hour runs at 400°C) while the pure ZSM-5 based 
catalyst like the HP-68 received about 2% wt/wt of coking 
under the same reaction conditions. This seemed to be in fair 
agreement with the work of Chang et al. (13) which showed an 
increased production of light olefins with a decreasing Bron- 
sted acidity (high SiOz/Alz03). 

However, according to our ammonia adsorption data (Table 
7), composite catalysts which were very selective in olefin 
formation (MLD lower than 90%) exhibited also a high NH, 
adsorption both at room temperature and at 100°C. Such a 
phenomenon could be explained by a dissociative adsorption of 
NH, on dual acid-basic sites (see Fig. 4). The regular distribu- 
tion of the MgO sites facing the SiOz sites in the original 
asbestos fibers could be assumed to remain non significantly 
changed when Bronsted acid sites (Ht---Al) were introduced 
into the zeolite particles following the crystallization of the 
SiOz component of the asbestos. Therefore, a plausible expla- 
nation, different from the "acid-base neutralization" and 
which could be applied to our data has been given by Swabb 
and Gates (14) who studied the dehydration of methanol over 
H-mordenite at 155-240°C, and detected traces of olefin at 
240°C. Olefin formation was explained by an a-elimination 
mechanism (see also the mechanistic review by Chang (15)) 

sites having a certain acid strength (17). However, the high 
olefins yield observed with our composite ZSM-5 (asbestos 
catalysts having a magnesium leaching degree less than 90% 
(see Tables 8 and 9)) could be better explained by the simulta- 
neous presence (in addition to the acid sites inside the zeolite 
pores) of acid sites on the external surface of the small zeolite 
particles and of basic sites due to the MgO of the asbestos 
remnants. 'This interaction led to the formation in larger yields 
of olefins which did not undergo further transformation. This 
hypothesis of the dual presence of acidic and basic sites was 
strongly supported by greater adsorption of ammonia on these 
composite catalysts which had higher MgO contents. Such an 
enhanced NH3 sorptive behavior was not observed either on 
leached asbestos p~ecursors (Alix) (only basic sites due to the 
MgO) nor on pure ZSM-5 (large sized crystals with no basic 
sites). The regular increase in olefins formation and in ammo- 
nia adsorption which was parallel to the regular decrease in 
zeolite particle size (i.e., a parallel increase in zeolite external 
surface in contact with the asbestos remnants) suggested a 
strong interaction of the "microstructural" support (asbestos 
remnants) and the sub-micron size zeolite Therefore, 
these phenomena were quite different from the effects observed 
with the ZSM-5 zeolites on which Mg (18) or P (18, 19) was 
deposited. These Mg or P bearing zeolites were very selective 
to the para-isomer in the alkylation reaction of alkylaromatics 
probably due to a change in diffusion resistance (18, 19). 

Moreover, the microstructural support (asbestos remnants) 
could "bear" transition metal ions leading to a composite cata- 
lyst which was found to be very selective to the simultaneous 
production of olefins and aromatics (20). 
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A. ALBA, M. A. ARAMENDIA, V. BORAU, C. JIMENEZ, and J .  M. MARINAS. Can. J. Chem. 63, 3471 (1985) 
A study on the liquid phase hydrogenation of cyclohexene over a series of Pd catalysts supported on various SiOr-AIPO, 

systems (using a concentration of 2.47 M, with methanol as solvent, the initial hydrogen pressure is 5 bar and reaction 
temperature 300 K) is reported in this paper. The reaction has been studied as a standard in order to determine the most suitable 
preparation conditions for these catalysts. 

We have also studied the influence of other factors such as the kind of support, the nature of the metal precursor, the previous 
calcination of the precursor, the addition of alkaline hydroxides, and the catalyst reduction with various agents, on the catalytic 
activity of different Pd-supported systems. 

A. ALBA, M. A. ARAMENDIA, V. BORAU, C. JIMENEZ et J .  M. MARINAS. Can. J .  Chem. 63, 3471 (1985). 
On a CtudiC I'hydrogCnation en phase liquide du cyclohexkne sur un serie de catalyseurs de Pd supportCs par divers systkmes 

de Si02-AIPO, (utilisant une concentration de 2,47 M, le methanol comme solvant, une pression initiale d'hydrogkne de 5 
bar et une temperature de reaction de 300 K). Cette Ctude a CtC rkaliste comme modkle pour determiner les conditions les plus 
appropriCes pour la prkparation de ces catalyseurs. 

Nous avons aussi CtudiC I'influence de faceurs tels que la nature du support, la nature du prCcurseur du mCtal, les calcinations 
antkrieures du prkcurseur, l'addition d'hydroxydes alcalins et la nature des agents de reduction du catalyseur sur I'activitC 
catalytique de divers systkmes catalytiques portant du Pd. 

[Traduit par le journal] 

Introduction 
The catalytic activity of a supported metal depends on a 

series of variables such as the texture, acid-base and redox 
properties of the supports used, as well as on the metal dis- 
persion, metal-support interaction, etc. On the other hand, 
most of these characteristics depend, in turn, on the conditions 
used in the preparation of the metal-supported catalyst. 

In this context, several authors have studied the effect of the 
preparation procedure on the surface properties of various 
metal-supported catalysts. Thus, Hyde and Rudhan (1) have 
recently reported on rhodium supported on y-alumina, and 
Hanika et al. (2) have studied the relationship between the 
preparation conditions and the activity of supported platinum 
catalysts. 

In earlier papers we have shown the usefulness of aluminium 
orthophosphate (AlP04), AlP04-Al,O,, and Si02-A1P04 sys- 
tems as supports for dispersed metals such as Ni (3, 4), Pd ( 5 ,  
6), Pt (7, 8), and Rh (9, 10). Since these supports have acidic 
and basic sites likely to take part in the catalytic process, the 
metal systems are bifunctional catalysts which can act simulta- 
neously as acid-base or metal catalysts able to catalyze both 
C-C bond cleavage (11) and hydrogenation (or dehy- 
drogenation) of hydrocarbons. 

On the other hand, it has been pointed out that the catalyst 
activity might be determined by the interaction between metal 
particle and support, which is known as the "support effect" 
(12). . . 

As for nickel supported on phosphate-containing materials 
such as aluminium phosphate (13), mixed alumina-aluminium 
phosphate (14), and mixed magnesia - alumina - aluminium 

' All correspondence concerning this paper should be adressed to: 
Prof. J. M. Marinas Rubio, Dpto. Quimica Orghnica, Facultad de 
Ciencias, Universidad de Cbrdoba, Avda. Medina Azahara, s/n 
14005-Cordoba (Espafia). 

'Revision received May 1, 1985. 

phosphate (15), it has been proved that these systems suppress 
the hydrogen chemisorption characteristic of a strong 
metal-support interaction (SMSI) state. 

We have shown (4, 16) that for nickel, the metal-support 
interaction follows the trend 

Ni/Si02 < Ni/SiOt-AlPO, < Ni/AIPO, 

We have recently studied in our laboratory (17) the hydro- 
genation of 1-hexene following several procedures for pre- 
paring the Ni/AlP04 supported catalysts and comparing the 
tendency of various precursors to yield different crystallite 
diameters for the catalyst. On the other hand, the prior impreg- 
nation of the support with alkali cations greatly influences the 
catalyst activity, with no change in the real rate of the catalyzed 
reaction. 

This paper deals with the liquid-phase catalytic hydro- 
genation of cyclohexene as a standard reaction which Boudart 
and co-workers (18) have convincingly shown to be structure- 
insensitive, and which we have studied by hydrogenation over 
new Pd catalysts supported on Si02-A1P04. 

The purpose of the present study is to systematically in- 
vestigate the effect of various pretreatment steps and control- 
lable preparation variables on the catalytic activity of the re- 
sulting systems. Among these variables, we have taken into 
account the kind of support, the nature of the metal precursor 
(either inorganic salts or organometals), the addition of alkaline 
hydroxides, the calcination or the lack thereof prior to the metal 
reduction and its nature (either with hydrogen or by various 
chemicals). 

Experimental 
Supports 

Supports denominated APS,, APS2. APS,, and APS, have been 
synthesized by procedures reported elsewhere (19, 20). They consist 
of Si02-AlPO,, 80:20 in weight, and their texture properties, sum- 
marized in Table I ,  have been described previously. 
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TABLE 1. Texture properties of the supports 

Chemical S , , , t  15 V,*0.05 
Supports composition Gelling medium ( m k g - ' )  (mL g ' )  F, (A) I.P. 

APS 1 
SOZ-AIP04 Propy lene 465 0.56 35 4.3 

(80 : 20) oxide 

APS2 Si02-A1P04 Ammoniacal 310 0.52 35 3.2 
(80 : 20) 

A P S ~ ~  Si0,-AIPO, Propylene 410 0.56 35 4.0 
(80 : 20) oxide 

APS4h Si02-AIP04 Ethylene 420 0.58 32 3.8 
(80 : 20) oxide 

AP AIPOl Ammoniacal 156 0.49 40 3.2 
S SiOz Commercial 395 0.55 28 1.0 

"S,,,, specific surface; V,, total pore volume; I.P., isoelectric point or zero point of charge; F,, average 
pore radius. 

" ~ f t e r  obtaining the supports they are soaked in isopropyl alcohol. 

O ADSORPTION 

* DESORPTION 
I 

I I I 
0 1 

1 
10 20 30 

Ro, Torr 

FIG. I. CO adsorption-desorption isotherm for catalyst Pdo.6xS' C. 

Support AP is made of pure aluminium phosphate synthesized as uncalcined before reduction, respectively. The type and amount of 
reported in ref. 21. A summary of its texture properties has been alkaline hydroxide added (NaOH, KOH, etc.) is also indicated. 
included in Table 1. When the metal precursor has been chemically reduced, the reduc- 

The silica used was supplied by Merck, ref. 7734. All supports were ing agent used in each case is indicated. 
sieved through 70-230 mesh. 

Chemicals 
Metal systems All chemicals were either Fluka or Merck puris 

Catalysts have been obtained either by impregnation or by ion 
exchange. 

Catalysts Pdo.68S+, Pd,APS+, and Pdo.97AP' have been syn- 
thesized by cation exchange between P ~ ( N H , ) ~ +  and the correspond- 
ing support: S, APS,, AP (see above); catalysts Pd, support K, N, M, 
0 ,  P, and Q have been obtained by impregnation of the corresponding 
support with a solution of PdCI,, P~(NH~):', Na2PdC1,, Pd(N03)2, 
palladium(1I) acetylacetonate and palladium(I1) acetate, respectively, 
with H 2 0  as solvent for the first three reagents and N,N-dimethyl- 
formamide for the rest. In all cases, the subscripts in the labels of the 
catalysts stand for the metal loading (% weight). 

The precursor systems were dried at 393 K for 24 h, then heated 
from 293 K in air at a constant heating rate of I deg min-', the final 
temperature being kept constant for 15 min. A similar treatment up to 
and at 573 K in a hydrogen stream (60 mL min-I) was then given. 
When naming the catalysts, C and NC stand for samples calcined or 

Procedure 
Specific area and pore volume 
The specific surface area (SBETN,, AN? = 16.2 A2) of the supports 

was determined on a volumetric adsorption apparatus. The pore vol- 
ume was obtained from the desorption branch of the nitrogen 
adsorption-desorption isotherm, following the Innes method as mod- 
ified by Lippens et al. (22). An average pore radius (?,, Table 1) was 
obtained directly from the experimental plots. 

Metal loading 
The chemical analysis of the metal loading was performed by 

atomic absorption spectrometry at A = 247.8 nm, using a 
Perkin-Elmer 370 instrument with a hollow cathode lamp. An aque- 
ous solution (5%) of lanthanum oxide was added in order to eliminate 
the interference from aluminium. 
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FIG. 2. Metal particle size distribution for catalyst PdohXS+ C.  

Metal surface area 
The metal surface area has been determined by CO chemisorption, 

transmission electron microscopy (TEM), and X-ray diffraction for 
catalysts with a metal loading equal to or less than 1%. Prior to 
carrying out X-ray measurements, these catalysts were subject to a 
procedure for enriching the sample with metal loading, involving the 
dissolution of the support into hydrofluoric acid in much the same way 
as in the extractive replica method used to prepare the samples for 
TEM measurements. In an earlier work it was shown that this treat- 
ment does not modify the results obtained by the X-ray technique (9). 
The remainder of metal catalysts were assayed by X-ray diffraction. 

Carbon tnonoxide chemisor~tiotl 
CO chemisorption measurements have been carried out by means of 

a thermogravimetric procedure, using a Cahn RG thennobalance. 
Prior to starting the measurements, the systems was subject to an 
operation involving the cleaning of the metal surface by applying a 
high vacuum Torr) at 448 K for 10 h. 

The adsorption isotherm was run with high-purity (over 99.97%) 
CO supplied by the "SocietC de 1'Air Llquide". Before being intro- 
duced into the storage flask of the gravimetric system, the gas was 
passed through a purifying train and condensed at the temperature of 
liquid nitrogen. An adsorption temperature of 301 K and pressures 
ranging from 10-4-40 Torr were used. The isotherm was recorded 
under these conditions by plotting Am ( p g  adsorbed CO/g catalyst) 
vs. CO pressure. Figure 1 shows the shape of the isotherm obtained 
for catalyst Pd,, hXS+ C. 

The amount of chemisorbed gas was assessed by extrapolating the 
desorption branch of the isotherm to zero. 

Blank isotherms were recorded for all the supports in order to make 
the corrections corresponding to the adsorption of CO on the support. 
In our case, the extent of adsorption was nil, and therefore, weighing 
fluctuations fell in the experimental error range. A value of 1.15 was 
chosen for the stoichiometric coefficient of CO following recommen- 
dations from other authors (23-25). A spherical particle model was 
assumed to calculate the average metal particle size (Go) .  

TEM measurements 
Transmission electron microscopy measurements were carried out 

on a Philips AM-300 instrument working at 100 kV. Samples were 
prepared by an extractive replica method, and metallic size distri- 
bution was determined by counting 1400-3000 particles. Figure 2 
shows the distribution particle as a function of their size for catalyst 
PdohnS' C.  The average diameter (dTEM) was obtained from the 
volume/surface ratio. 

X-ray drffraction rneasurernents 
X-ray diffractograms were recorded on a Philips 1 120/00/60 appa- 

ratus by using the CuKu radiation, with A = 1.5418 A. The half-peak 

TABLE 2. Influence of the support on the catalyst activity" 

Catalysts dco (A) (A) (A) lo5 rA(m01 S- '  m~:) 

P ~ ~ . ~ ~ A P s :  C 32 3 2 39 1.90 
P~,,,APs: C 44 43 46 0.93 
P ~ ~ ~ ~ A P s ~  C 38 34 44 2.37 
PdawAP+ C 31 33 36 0.12 

Pdo.68 S+  C 18 18 27 3.07 

" T  = 300 K; VT = 20 mL; C = 2.47 M; 5 X g Pd. rh, initial reduction 
rate as calculated by using the surface data obtained by CO chemisorption; dco, 
average metallic panicles diameter (a) as measured by CO chemisorption; 
&,,, average metallic panicles diameter (A) as measured by TEM; d X p n ,  
average metallic particles diameter (A) as measured by X-ray diffraction. 

width was graphically measured, at an angle 20 = 40. lo0 correspond- 
ing to plane (1 I I) of Pd, and a value of 0.89 was taken for constant 
C of the Debye-Scherrer equation (26). 

Catalytic activity 
Hydrogenation runs were carried out in a conventional low-pressure 

Gerhardt hydrogenator equipped with a manometcr which showed 
hydrogen pressure in the reaction vessel. Rcactions were accom- 
plished in a 2.47 M solution (20 mL) at 300 K, under an initial 
hydrogen pressure of 5 bar. A fresh 5 X lo-" g Pd sample of catalyst 
was used for each experiment. The reaction temperature was con- 
trolled by pumping water from a thermostatic bath through the vessel 
jacket. 

The reaction rate was calculated by taking the initial slope of the 
plot of the decrease in the hydrogen pressure at the manometer versus 
time. Blank tests were performed prior to obtaining kinetic data in 
order to check the absence of phenomena other than those inherent in 
the catalytic process. Neither the support nor any other parts of the 
reactor used proved to be active in the reduction of cyclohexenc. No 
diffusion phenomena, which might distort the results obtained, were 
observed under the present reaction conditions. 

The rate of the hydrogen transfer from the gas-phase to the reaction 
medium was shown not to be the rate-determining step of the process. 
Under our working conditions we have shown that the initial rate of 
reaction increases linearly with the amount of catalyst used. 

Product analysis 
The reaction products wcre analyzed by using a Hcwlett-Packard 

5830 A gas chromatograph fitted with a H-PI8850 GC terminal; the 
column was packed with 5% Carbowax 20 M on 80/100 chromosorb 
G-AWDMCS. Under our experimental conditions the only product 
detected in the hydrogenation of cyclohexene was cyclohexane. The 
nature of the products was confirmed by coupling the gc apparatus to 
a Hewlett-Packard 5992B mass spectrometer. 

Results and discussion 
Table 1 lists the texture properties and the isoelectric points 

of the different supports used. All these supports have a high 
specific surface (as determined by the BET method) and an 
average pore radius to allow the occurrence of ion exchange 
inside the pores. 

From the study of the Z potential curves (6, 27) it can be 
concluded that at pH's above the isoelectric point all the sup- 
ports can act as cation exchangers. The complex Pd(NH3)4C12, 
in which the metal nucleus is in a cation form, was used with 
this purpose. 

Table 2 gathers the average metal particle diameters found 
by CO chemisorption, transmission electron microscopy, and 
X-ray diffraction. The particle size values obtained by the three 
procedures are very much alike. In fact, only catalyst Pdo.68S+ 
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TABLE 3. Influence of the nature of the metal precursor and calcination on the 
catalytic activity of the system" 

10' ro 10' r;, 
Catalyst Solventb dXPR (A) (mol s-' g;) (mol s-' rn,;?) 

Hz0 
Hz0 
Hz0 
Hz0 
Hz0 I 
Hz0 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 

" T  = 300 K; VT = 20 mL; C = 2.47 M; 5 X lo-' g Pd; ro, initial reduction rate; rh, 
initial reduction rate as calculated by using the surface data obtained by X-ray diffraction; 
d, average metallic particles diameter as determined by X-ray diffraction. 

"AS used for the impregnation of the support. 

C ,  which has a very small particle size (as determined by CO 
chemisorption), represents a higher extent of dispersion from 
the results obtained. As a rule, particle sizes obtained by CO 
chemisorption and TEM are practically the same, whereas 
those found by X-ray diffraction are slightly larger as compared 
to catalysts with a small particle size.-  his is a not surprising 
finding, considering the fact that no small crystallites can be 
observed by the X-ray diffraction technique. 

The specific activity of the catalysts obtained by ion ex- 
change was determined in the hydrogenation reaction of cy- 
clohexene (Table 2), using the values of metal surface found by 
CO chemisorption. As can be seen, it is the silica support 
which yields the most disperse and active systems.   hose-sup- 
ported on Si0,-AlPO, show medium activities. The system 
obtained over AIPOj, although with a similar particle size to 
that of Si0,-AlPO, supports, show a low specific activity. 
This fact can be attributed to a strong metal-support interaction 
(16). 

Table 3 shows the results of average metal particle diameter 
and catalytic activity found for the catalysts synthesized from 
various precursor salts over support APS,, using either water 
or dimethylformamide (DMF) as impregnating solvent, de- 
pending on the solubility of the different salts employed. 

The best dispersed system is obtained from Pd(I1) acetyl- 
acetonate, which is logical in view of the type of interaction 
between this precursor and the OH groups of the supports, 
yielding a great extent of dispersion according to several au- 
thors (28). 

$-OH + Pd(AcAc), 3-0-P~(ACAC) + AcAcH (ads) 

The influence of the metal precursor is drastic. Thus, whilst 
Na,PdCl, (which yields PdO after calcination) can be reduced 
at room temperature, resulting in good dispersion, it sinters 
easily above 573 K. Conversely, Pd(NH3),Cl2 cannot be re- 
duced below 373 K ,  but yields good dispersion even at high 
temperatures. This type of precursor may be interesting if the 
catalyst should remain at high temperatures for a long time, as 
in our hydrogen-transfer reduction reactions. The high stability 
of the Pd-NH, bond makes it obviously difficult to reduce this 
precursor. Analogous results have been found by Gubitosa et 

TABLE 4. Promoting effect of NaOH and comparison between 
various alkaline hydroxides" 

lo4 additive (mol gia\) dXPR (A) 103 r0 (mol s- '  g;) 

- 

5.56 NaOH 
8.34 NaOH 

11.12 NaOH 
13.90 NaOH 
16.68 NaOH 
22.24 NaOH 
11.12 LiOH 
11.12 KOH 

"Catalyst: Pd,APS,K C;  T = 300 K; VT = 20 mL; C = 2.47 M; 
5 x lo-' g Pd; 2, average particles diameter as determined by X-ray 
diffraction; r,, initial reduction rate. 

al. (29). 
On the other hand, we have found that the reduction with 

Na,PdCl, (PdO) at 373 K is not complete, but takes place in 
two steps: a first one at room temperature and a subsequent one 
around 503 K for all supports except AP, for which it occurs 
at approximately 593 K. Vasudevan et al.  (30) have found 
similar results on the study of Pdly-Al,03 catalysts, the two 
reduction steps occurring at room temperature and at 513 K, 
respectively. This fact may be due to the formation of various 
types of oxides with different ease of reduction. 

As to the use of organometals (palladium acetate and acetyl- 
acetonate) as metal precursors, literature (30) indicates they do 
not yield bulky oxides when the systems are calcined at temper- 
atures below 573 K, giving rise to high mononodal dispersion. 
In our case, the palladium acetate and acetylacetonate em- 
ployed can be partially reduced with Hz at room temperature, 
finding optimum reaction conditions similar to those of 
Na,PdCl,, as long as a temperature of 573 K is not exceeded. 

The higher metal dispersion provided by the acetylacetonate 
as opposed to that of the acetate, may be due to the larger 
volume of the ligand of the former. As can be observed, the 
calcination prior to the reduction has a varying influence on the 
metal particle size according to the precursor salt. 
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TABLE 5. Influence of the reducer on the catalyst activity" 

10' ro 
Reducer (mol s - '  gii) X (% 2h) 

OH 0 
Hydroquinone 

Formaldehyde 

Formic acid 

NHz - NHZ'HZO 4 Nz + HZO + 2H2 0.50 2.9 
Hydrazine hydrate 

2NHZOH.HCl 4 Nz + 2HC1 + 2HzO + Hz 1.37 7.8 
Hydroxy lamine 

NaBH, + BNa + 2H2 1.40 10.2 

(NzH5)ZSOa -+ HzS04 + 2N2 + 4H2 0.10 0.8 
Hydrazine sulphate 

Cyclohexene 

"Catalyst: Pd,APS,N C; T = 300 K; VT = 20 mL; C = 2.47 M; 5 X lo-' g Pd; r,, initial 
reduction rate; X (% 2h), conversion of cyclohexene to cyclohexane, in wt.%, after 2 h 
reaction. 

On comparing the catalytic activity values found, the results 
are different if expressed by square meter or by gram of Pd. 
Although no generalization can be made, calcination usually 
results in more active catalysts, even though the best specific 
activity results are obtained using Pd(l1) nitrate reduced un- 
calcined. 

A more marked influence of the particle size and catalytic 
activity is observed when adding alkaline hydroxides in the 
preparation of the catalyst. This is of special interest since their 
effect has been described to show in: (a)  increasing the selec- 
tivity or specificity of a reaction; ( b )  increasing the catalyst 
activity; and ( c )  lengthening the catalyst lifetime. 

The order in which the metal precursor and the alkaline metal 
are added onto the support has been shown to be important on 
the final activity of the systems; thus, with Coly-A1203 sys- 
tems, Lycourghiotis et al. (31) have observed that the worst 
results are obtained if cobalt is first added and the alkaline 
metal is added in a second step, after calcination. We have used 
three different methods: Method 1, the support is first impreg- 
nated with an aqueous solution of PdCl,, then filtered, dried, 
and calcined, and a second impregnation with aqueous NaOH 
is then performed. Method 2,  the support is first impregnated 
with aqueous NaOH, and then with PdC12. Method 3, only one 

1 

01 5 10 15 2 0 25 

104(mol N ~ o H / ~  Cat. ) 

FIG. 3. Specific activity of catalyst Pd3APS2K C as a function of 
the amount of NaOH added. 

impregnation with an aqueous solution containing NaOH and 
PdC12 is carried out. 

Similar to the results reported by Lycourghiotis et al. (31), 
method 1 yields very low metal dispersion. As methods 2 and 
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FIG. 4. Specific activity of catalyst Pd3APS2K C as a function of 
the radius of the alkaline cation added. 

3 lead to similar results, method 3 is chosen. 
Table 4 gathers the values of particle size and catalytic activ- 

ity per g of metal found for catalysts to which various amounts 
of alkaline hydroxides are added. As can be seen, the catalyst 
with the greatest activity and most suitable particle size is that 
containing 8.34 X lo-' mol of NaOH per g of catalyst. 

Figure 3 reflects a similar behaviour in the plot of the spe- 
cific catalytic activity as a function of the amount of sodium 
hydroxide added. For a given amount of alkali added, the 
specific catalytic activity decreases with increasing ionic radius 
of the alkaline metal (Fig. 4). Insofar as the specific catalytic 
activity is not directly related to the particle size, it must be a 
function of parameters involved in ( I )  change in the number of 
active centres of the catalyst or in the surface morphology; and 
(2) modification of the metal-support interactions. 

Mross (32), in a comprehensive-review on the effect of the 
addition of alkaline hydroxides to heterogeneous catalysts in 
different reactions, suggests several reasons to account for such 
an effect: (a) the alkali may act as an active component; (b) 
acid centres may be neutralized; ( c )  the population of basic 
centres may increase; (d) an electronic interaction between the 
metal and the alkali may occur; ( e )  the active component of its 
precursors may be rendered less volatile. In this context, we 
have shown (33) the gradual addition of alkaline hydroxides up 
to a given ratio result both in a significant increase in the 
population of basic centres and in a decrease in the number of 
oxidizing centres, whereas acidic and reducing centres remain 
practically unaltered. 

The reducing agent used is another variable affecting the 
synthesis of Pd catalysts. In every case, the reductant was used 
dissolved in methanol (V, = 20 mL), employing 20 mol of the 
agent per mol of Pd(NH,),CI, and reducing in reflux (358 K) 
for 8 h. The results thus obtained are listed in Table 5 and 
compared with those found for the catalyst reduced in a hydro- 
gen stream under conditions identical with those in Table 3. 
The best results are obtained for the catalyst reduced with 
cyclohexene. Hydroxylamine and NaBH, also yield acceptable 
results from a catalytic point of view, better than those obtained 
by reducing the precursor with gaseous hydrogen. The remain- 
ing reductants used yield poor results, especially for hydrazine 
sulphate. We cannot rule out an inhibitory effect exerted by 
some of the chemical agents used to reduce the catalyst. On the 
other hand, this potential effect cannot be eliminated by succes- 
sive washing of the catalysts. Therefore, we have opted for 
providing the activity per g of Pd and conversion after 2 h for 

such catalysts instead of their specific activity. 
In summary, we can state that the nature of the support, the 

type of metal precursor used, the addition of alkaline hydrox- 
ides, and the reductant of the precursor are potential factors 
exerting a significant influence on the activity of the resulting 
catalyst. Therefore, no accurate prediction of a catalyst activity 
can be made unless every synthetic variable is individually 
optimized. 
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Selectivite du transport de Ca2'/Mg2' a travers une membrane liquide par 
A.23187 (calcimycine) et son derive N-methyle 

JEAN BOLTE, COLETTE DEMUYNCK ET GEORGES JEMINET 
Laboratoire de Chimie Organique Biologique, ERA 392 du CNRS, Universitk de Clermont II 

B.P. 45, 63170 Aubiere, France 
Re~u le 14 janvier 1985 

JEAN BOLTE, COLETTE DEMUYNCK et GEORGES JEMINET. Can. J. Chem. 63, 3478 (1985). 
Le transport prCfCrentie1 de Ca2'/Mg2' par A.23187 est mis en evidence dans une cellule eau/CHCl,/eau. Par des mesures 

de flux d'extraction et de flux de liberation dans une demi-cellule eau/CHCl,, on montre que la sClectivitC du transport est 
liCe i une cinCtique de libtration nettement diffkrente pour les deux ions, qui pourrait s'expliquer par la structure des complexes 
dimCriques formCs, si on se rCf6re aux Ctudes cristallographiques correspondantes. La mtthylation du groupement -NHCH, 
entraine une inversion de la sClectivitC de transport. 

JEAN BOLTE, C O L ~ E  DEMUYNCK, and GEORGES JEMINET. Can. J. Chem. 63, 3478 (1985). 
Operating in a cell of water/CHCl,/water, it is shown that there is a preferential transport of Ca"/Mg2' by A.23187. On 

the basis of measurements of flux of extraction and of flux of liberation in a half-cell of water/CHCI,, it is shown that the 
selectivity of the transport is related to the kinetics of liberation, which is markedly different for the two ions and which could 
be explained by the structure of the complex dimers that are formed, according to the corresponding crystallographic studies. 
The methylation of the -NHCH3 entails an inversion of the selectivity in the transport. 

[Traduit par le journal] 

Introduction 
L'Ctude du transport cationique induit par les antibiotiques 

polyCthers carboxyliques, a travers une membrane liquide 
Cpaisse, a CtC abordCe au laboratoire dans le cadre plus gCnCral 
d'une recherche menCe sur le mode d'action de ces composCs. 

Un premier travail consacrC aux ionophores X.537A, 
A.23187 et X. 14547A (I ) ,  classCs comme des transporteurs 
des ions divalents (2), avait permis de rnettre en evidence dans 
le systkme triphasique eau/CHCl,/eau: (i) l'existence d'une 
courbe sigrno'idale de transport reliant le flux ionique JCaz+ au 
pH du cornpartirnent d'extraction, et (ii) le dCcalage des 
courbes d'un ionophore ii I'autre, attribue aux diffkrences de 
stabilitC des associations forrnCes aux interfaces avec H+ et 
Ca2+. 

RCcemrnent, une Ctude semblable a CtC abordCe d'une ma- 
niere approfondie pour des polyCthers couronnes de synthese 
portant une ou deux fonctions -COOH (3). 

Des trois ionophores citCs, A.23187 (cornposC 1, fig. 1) est 
le seul qui transporte prCfCrentiellernent les cations divalents et 
particulierement Ca" et Mg2+ presents "in vivo" dans les com- 
partirnents cellulaires (4). I1 paraissait donc intiresant d'Ctu- 
dier dans le systerne rnodkle CvoquC la sClectivitC de transport 
de ces deux ions et d'en preciser l'origine. Dans les conditions 
experimentales utilisCes mettant ou non en compCtition les 
deux ions, on observe que Jc,l+ > JM,z+ quel que soit le pH. J 
represente le nornbre de moles transportCes par s et par crn2. Le 
rn&me transport preferentiel a CtC rnentionnC dans des vCsicules 
de D.M.P.C. (5), des B.L.M. (6), ou dans la membrane rnito- 
chondriale (7). Une Ctude rCcente fait apparaitre une augrnen- 
tation de cette sClectivitC pour un analogue brornC sur le cycle 
benzinique de A.23187 (8). Par opposition, le prCsent travail 
rnontre qu'une rnkthylation du groupernent -NHCH, (corn- 
posC 2, fig. 1) entraine une inversion de cette sClectivitC. 

Les valeurs des constantes therrnodynamiques de cornplexa- 
tion rnesurCes dans le rnkthanol ne perrnettent pas de prCvoir 
les ~Clectivites observkes; la determination des cinetiques 
d'Cchange dans une derni-cellule eau/chloroforme autorise une 
interpretation des rksultats en relation avec la structure des 
complexes dirnCriques connus 1'Ctat cristallin. 

A. ~ t u d e  de la stlectivitk Ca2'/Mg2' pour A.23187 1.  Trans- 
port dans une cellule eau/CHCl,/eau 

Les variations du flux ionique J en fonction du pH du com- 
partiment d'extraction sont reprCsentCes sur la fig. 1. 

Pour Ca", J est infkrieur a lo-" rnol s-' ~ r n - ~  (limite de 
sensibilitC de la rnCthode) lorsque pH < 6,6, puis il augmente 
jusqu'a pH 9 sans atteindre un palier distinct. Pour Mg2', on ne 
dCckle aucun transport a pH < 7,4, au-dela duquel le flux reste 
faible. 11 existe donc un transport preferentiel en faveur de Ca" 
qui se trouve confirm6 si les deux cations sont presents en 
cornpCtition dans la phase aqueuse d'extraction, la mesure du 
flux a pH 8,s  montre alors un transport exclusif de Ca" avec 
une valeur J = 1 x lo-" mol s- '  crn-'. 

Une telle sClectivitC n'est pas apparente pour les constantes 
de formation des complexes 1 : 1 et 2 :  1 mesurCes dans le 
rnCthano1 (1) exprirnees sous la forrne: 

1% PA?,, = 16,2 log PA?,, = 15,9 

ou pour 1'Cquation globale de I'echange: 

PLM 
[3] 2AH + M2+ A2M + 2H+ 

La diffkrence de flux ionique doit donc se crCer au cours des 
Cchanges aux interfaces dans le processus global reprCsentC sur 
la fig. 2 pour un transport par l'interrnkdiaire d'un cornplexe 
2:  1. 

Pour prCciser ce point nous avons utilisC une approche ex- 
~Crimentale en Ctudiant les cinCtiques d'Cchange dans une 
demi-cellule eau/CHCl,, a partir de l'acide libre, pour obtenir 
une information sur l'entrCe de M2+ dans la phase organique 
ou, a partir du complexe 2:  1, pour la 1ibCration du cation dans 
la phase aqueuse. Ces conditions expirimentales different donc 
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eau CHCI3 eau 

FIG. I .  Transport non cornpetitif de Ca" et ME'+ par 1 (0) et 2 
(a), dans une cellule eau/CHC17/eau. Variations du flux J en mol s-' 
cm-' en fonction du pH de la phase aqueuse d'extraction. Conditions 
initiales: [ionophore],,, = 4 X lo-' M, [M"],, = lo-' M. 

necessairement du processus dynamique qui s'ktablit au cours 
du transfert triphasique. L'information recueillie sous cette 
forme permet cependant de proposer une explication a la 
discrimination Ca2+/Mg'+ qui s'opkre. 

Cine'tique d'extraction duns une demi-cellule euu/CHCll 
On mesure la cinetique d'entree de ~ a ' '  ou Mg" dans la 

phase organique contenant l'antibiotique (4 x 10-4 M) a partir 
d'une solution aqueuse lo-' M de ces cations tamponnee a pH 
8,5 qui correspond a un maximum d'extraction. La pente des 
droites representant la quantite de cation extrait en fonction du 
temps permet d'acceder aux flux initiaux d'entree qui sont 
respectivement: 

Jc,z+ = 1, l  x lo-'' mol s- '  cm-' 

JMgl+ = 1,2 x lo-'' mol s-' cm-' 

Ces valeurs ne refletent aucune difference notable entre les 
deux cations. 

Cinktique de libe'ration duns une detni-cellnle eu~ lCHC1.~  
La cinetique d'apparition de Capk ou Mg" dans la phase 

aqueuse tamponnee 2 pH 7,O est mesuree 2 partir des sels 
cristallises de A.23187 dissous dans la phase organique a la 
concentration 2 x M. Les courbes ainsi obtenues sont 
representees sur la fig. 3. La difference entre les vitesses de 
liberation des deux ions est apparente, les flux initiaux sont 
respectivement: 

Jc,?+ = 4,5 x lo-'' mol s-' cm-' 

soit un rapport J c , ~ + / J M g ~ +  - 13. Le m&me type de courbe est 
obtenu dans I'intervalle de pH 7,O- 1 ,O. Les flux initiaux mesu- 

FIG. 2. Representation du mkcanisme d'kchange M" - 2H+ aux 
interfaces, dans le transport i travers une membrane liquide Cpaisse. 

0 10 20 30 40 t min 

FIG. 3. Liberation non competitive de ~ a "  et Mg" dans la phase 
aqueuse, i partir des complexes cationiques dimeres de la Calci- 
mycine dissous dans la phase chloroformique, pour u n  systeme 
eau/CHCI,. Conditions initiales: [complexe] = 2 X lo-'' M, pH de 
la phase aqueuse = 7,O. 

rCs sont independants de [H'] dans la phase aqueuse. 
Les premieres etudes cinktiques entreprises en phase ho- 

mogkne dans le methanol ou le melange methanol 70/eau 30 
(w/w) par des techniques de flux stoppe ou saut de temperature 
(9) donnent pour la constante cinetique globale de dissociation 
du complexe 1 : 1 qui constitue l'etape limitante (en s-I): 

Ca" MeOH 2.2 2 1.4 ME'+ MeOH 0.3 2 0.2 " - - 
MeOH 7O/eau 30 >600 MeOH 70/eau 30 89 2 20 

Ceci conduit les auteurs a admettre que si I'etape limitante dans 
le transport est la liberation du cation, on doit attendre une 
stlectivitk de l'ordre de 8 en faveur de Ca". Les resultats 
mentionnks dans ce travail qui decrivent une cinktique globale 
de liberation a I'interface eau/CHC13 sont en accord avec cette 
proposition. 

Les differences de proprietks des ions Ca" et Mglk en bio- 
logie ont kt6 frkquemment di:cutees notamment par Williams 
(10). I1 note que Ca2+ (1,06 A) s'associe aux ligandes avec un 
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indice de coordination minimum de 6 rnais plus frequernrnent 
7 ou 8 dans une geometric irreguliere (angles et longueurs de 
liaison), alors que Mg2' (0,78 A) est generalernent hexa- 
coordine dans une geornetrie proche de l'octaedre. Pour l'as- 
sernblage molCculaire trks particulier que represente le dirnere 
de A.23187 la proposition de Williams est respectee si l'on 
compare l'heptacoordination irrkgulikre de Ca" (1 1) et 
l'hexacoordination octaedrique de Mg" ( 12). Cet aspect a etC 
examine recernrnent par Gresh et Pullman (13) au rnoyen de 
simulations t h ~ o r i ~ u e s  a partir des donnkes cristallographiques. 
11s montrent que la presence d'une rnolCcule d'eau observke 
dans le cristal du cornplexe avec Ca" cornrne 7krne site 
coordinant (1 1) est necessaire pour assurer au cornplexe une 
stabilite comparable a celle du cornplexe avec Mg2+; la possi- 
bilite d'un co-transport de molecules d'eau dans la migration 
intrarnernbranaire est envisagee par les auteurs. 

Ces differences structurales observ~es B I'Ctat cristallin cons- 
tituent un argument en faveur d'une differenciation entre les 
vitesses de liberation des ions Ca" et Mg2' a partir de leurs 
complexes, si I'on adrnet des structures cornparables en solu- 
tion. I1 serait interessant de preciser le rnecanisrne de cette 
discrimination cinetique. Dans un premier temps nous nous 
proposons d'etudier la presence eventuelle de molecules d'eau 
dans l'espkce qui assure le transport; cela necessite la rnise au 
point d'un processus experimental approprie. 

B. SClectivitP Ca2'/Mg2' pour N-Me A.23187 2 
Les deux substituants -NHCH, et -COOH (ou -COO-) 

dans A.23 187 (fig. I ,  R = H) presentent une chelation intra- 
rnolCculaire -NH (CH3). . . O=C(. . . ) qui les rnaintient dans 
le plan du benzoxazole, si l'on se rapporte aux resultats radio- 
cristallographiques donnes sur I'acide libre (14) et les sels 
complexes (I 1, 12). L'introduction d'un deuxikrne groupement 
rnethyle sur -NHCH, (15) (fig. 1, R = CH3) supprime cette 
possibilite de chelation et entraine une modification des pro- 
priCtCs d'association avec les cations qui apparait B I'exarnen 
des constantes de formation des complexes 1 : 1 et 2 :  1 dans le 
methanol (1 6) (equilibres [ 11 - [3]). 

log PAT,,+ = 4,7 log PA*,,, = 8,5 
log PA~M,+ = 5,2 log PA.,,, = 9,5 

Pi,,ca = 1,26 X lo-' ,  
Pa.,Mg = 1,25 X 10-l2 

ou I'on observe une nette destabilisation des associations for- 
rnees. 

Les resultats du transport cationique dans un systkrne 
eau/CHCl,/eau par cet ionophore rnodifik sont representes sur 
la fig. 1.  L'ion Mg2+ est transporte preferentiellernent 2 Ca", 
le flux rnaxirnun atteint ttant superieur B celui de Ca2+ pour 
A.23 187 bien que la stabilite des complexes soit trks inferieure. 
On avait d6jB observe un phenornkne semblable pour X.537A 
(1). 

Lorsque les deux cations sont presents en competition dans 
la phase d'extraction, les flux initiaux rnesures B pH 8,5 sont 
respectivernent 

JCrz+ = 0,2 X lo-' '  rnol s- '  crn-' 
JM,2+ = 2,3 X lo-' '  rnol s-' crn-' 

La faible modification introduite sur la structure naturelle a 
donc pour effet d'inverser la sClectivitC du transport 
Ca'+/Mg2+ dans ce systkrne rnernbranaire. 

Cornrne precedernrnent, les flux initiaux correspondant aux 
phenornknes d'extraction et de liberation des cations dans une 

demi-cellule eau/CHCl, ont Cte rnesures; on obtient les valeurs 
suivantes: 

Flux d'extraction Flux de libtration 

Jc,,l+ = 1,7 X lo-" Jc;,l+ = 8 X lo-" 

JMgz+ = 5,3 X lo- ' '  JMgl+ = 15 X lo-" 

Les flux d'entree sont plus faibles si l'on se refkre i 
A.23 187. Par ailleurs, tant B l'entree qu' i  la sortie de la phase 
organique les valeurs des flux sont en faveur de Mg" ce qui 
peut entrainer un transport global preferentiel de ce cation. 
Ainsi la transformation de -NHCH, en -N(CH,)? suffit pour 
creer des effets steriques et klectroniques autour du -C02H 
qui rnodifient la structure des complexes dirneriques forrnes et 
par voie de condquence les cinetiques d'echange aux inter- 
faces, confirmant ainsi les observations faites pour A.23 187. 

En conclusion, il est necessaire d'insister sur le fait que ces 
resultats ne sont pas necessairernent transposables syste- 
rnatiquement B d'autres phases rnernbranaires, en particulier a 
la membrane rnitochondriale (4) ou un bon ionophore des 
cations divalents doit posseder des constantes d'associations 
elevkes avec ces cations, cornpte tenu de la competition avec 
les sites propres de la rnitochondrie; c'est le cas de A.23187, 
rnais c'est un transporteur lent (9). 

Les ~rerniers rtsultats obtenus avec N-Me A.23187 aui 
forme des complexes rnoins stables montrent effectivement que 
c'est un ionophore peu efficace dans cet organite.' 

Le transport preferentiel de Ca2+/Mg2+ mis en evidence pour 
A.23187 dans differentes conditions experimentales (5-7) est 
trks vraisernblablement attribuable a une cinktique de liberation 
differente pour ces deux ions comrne dans la membrane liquide 
chloroforrnique qui constitue sur ce point un modkle inti- 
ressant. 

Partie experimentale 
Produirs 

L'antibiotique A.23187 1 est is016 a partir d'une culture en fer- 
menteur de 20 L de la souche NRRL 3882 (Srrepromyces charrreusis) 
(1). La prkparation du dCrivC 2 est dtcrite dans la ref. 15. 

Les sels de Ca2+ et Mg2+ sont prCparCs et isolCs selon la technique 
de Deber et Pfeiffer (17). Le complexe cristallisC obtenu avec Mg" 
a servi conjointement pour les dkterminations radiocristallographiques 
(12). Pour la N-mCthylcalcimycine 2, les sels de Ca" et Mg2* sont 
prCparCs in siru en agitant au vortex une solution chloroformique 2 x 

M du dCrivC et une solution aqueuse tamponnee pH 10,3 des 
sels Mg(C104)2 ou Ca(C104)2 Merck, lo-%. La formation du com- 
plexe 2: 1 dans la phase chloroformique est totale, elle est vCrifiCe sur 
une quantitC aliquote par IibCration des cations I'aide d'HCI 0, I N 
et mesure de leur concentration par absorption atomique (appareil 
Perkin-Elmer 420). 

Les solutions aqueuses sont tamponnCes par un melange 
tricine-trikthanolamine Merck M, le pH est ajustC avec une 
prCcision de 0,02 unitCs. 

Transport rriphasique ea~/CHCl.~/eau (fig. I )  
La cellule utilisCe et les conditions du transport ont CtC dCcrites 

prCcCdemment (1). La phase chloroformique est prCalablement saturCe 
d'eau, elle contient I'ionophore 1 ou 2 A la concentration 4 x lo-' M. 
La phase aqueuse d'extraction ou d'entrCe est une solution lo-' M de 
Ca(C104)2 ou Mg(C104)2 Merck. 

On mesure les flux ioniques exprimCs en mol s- '  cm-' a I'Cta- 
blissement du rCgime quasi-stationnaire dans la phase aqueuse de 
liberation ou de sortie, maintenue a pH 7,0, pour chaque valeur du pH 

' J .  Guyot, travaux non publiCs. 
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de la phase d'entrte. Pour cela, un tchantillon de 1 mL est prtlevt 1, J ,  BOLTE, C, DEMUYNCK, G ,  JEMINET, J ,  jUILLARD et C, TISSIER. 
dans la phase de sortie B intervalles de temps rtguliers et dose par Can. J. Chem. 60, 981 (1982). 
absorption atomique, la meme quantitt de phase aqueuse tamponnee 2. J .  W. WESTLEY (Editor). Polyether antibiotics. Vol. 1. Biology. 
est introduite dans la cellule en compensation. M. Dekker, New York. 1982. 

Le pH de la phase d'entrte est contrBlte en permanence. 3. L. M .  DULYEA, T.  M. FYLES et D.  M.  WHITFIELD. Can. J .  Chem. 

Cindtiques de libe'ration eau/CHCI., (fig. 3) 
Une solution chloroformique (6 mL) prtalablement saturte d'eau 

contenant le complexe de Ca'+ ou Mg" des composts 1 ou 2 a la 
concentration 2 X lo-' M et 6 mL d'une solution aqueuse 2 pH 7,O 
(tampon tricine M )  sont mis en contact dans une cellule 
cyclindrique thermortgulte B 25°C (diametre inttrieur 2 cm, hauteur 
6 cm). 

La phase organique est agitte par un agitateur magnetique tournant 
B 600 tours/min et la phase aqueuse par une baguette de verre 
(diametre 3 mm) terminte par une pale rectangulaire de 6 x 3 mm mue 
par un moteur Clectrique synchrone tournant B 600 tours/min. La 
concentration des cations dans la phase aqueuse est mesurte par 
absorption atomique. 

Cine'tiques d'extraction enu/CHCl., 
La m&me cellule que prtctdemment est utiliste. Une solution chlo- 

roformique (6 mL) de 1 ou 2 2 la concentration 2 x lo-' M et 6 mL 
d'une solution tamponnte B pH 8,5 (tritthanolamine-tricine) de 
Ca(C104)2 ou Mg(C1O4)' lo-' M sont mis en contact et agittes comme 
ci-dessus. 

La vitesse d'apparition du cation dans la phase organique est me- 
surte en prklevant 1 mL de celle-ci que I'on traite par I mL de HC1 
0, I N pour libtrer le cation et le doser. Pour faire des mesures en 
fonction du temps on opere avec une strie de cellules synchronistes. 
Les valeurs de flux initiaux mentionnks portent sur trois mesures. 
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Structure cristalline du complexe de magnesium de la calcimycine (A. 23187) 

MARC ALLEAUME' ET YVETTE BARRANS 
Laboratoire de cristallogrphie, U.A. 144, C.N.R.S., Universift de Bordeaeaux 1, 33405 Talence Ctdex, France 

R e ~ u  le 14 janvier 1985 

MARC ALLEAUME et YVETTE BARRANS. Can. J .  Chern. 63, 3482 (1985). 
Le cornplexe de rnagnCsium 1 : 2 de I'antibiotique calcirnycine (A. z3 187) cristallise dans le groupe spatial P2  I , avec des 

paramktres de rnaille a = 11,152(2), b = 27,684(2), c = 10,168(2) A, P = 107,02(2)" et Z = 2. La structure a CtC affinCe 
jusqu'i un facteur de reliabilitk R = 0,063 pour 3473 reflexions observCes. La coordination octatdrique de I'ion ~ g ' +  est 
hauternent syrnitrique. Chaque ion calcimycine est liC i Mg2+ par un oxy8ene carboayle, un oxygkne carboxyle et I'azote dy 
cycle benzoxazole. Les distances Mg-0 sont respectivernent de 2,00 A et 2,06 A, les distances Mg-N sont de 2,23 A 
( a  = 0.01 A). 

MARC ALLEAUME and YVETTE BARRANS. Can. J .  Chem. 63, 3482 (1985). 
The 1 : 2  magnesium ion complex of the antibiotic calcirn~cine (A. 23187) crystallizes in the space group P 2 ]  with cell 

dimensions a = 11.152(2), b = 27.684(2), c = 10.168(2) A, P = 107.02(2)0, and Z = 2. The structure was refined to an 
R = 0.063 based on 3473 observed reflections. The octahedral coordination of the Mg2+ ion is highly symmetrical. Each 
calcirnycine ion is bound to Mg2+ through a carboxyl~oxygen, a carbonyl oxygen, and the nitrog~n of the ben~oxazole ring 
system. The Mg-0 distances are respectively 2.00 A and 2.06 A, the Mg-N distances 2.23 A ( a  = 0.01 A). 

La calcimycine ou A. 23 187 est un polyCther monocarboxy- 
lique douC de propriCtCs ionophores: il complexe et  transporte 
essentiellement les cations divalents Cap', M g 2 + .  

Plusieurs structures cristallines de la calcimycine' ont i t &  
determinees: calcirnycine, acide libre (I) ;  2[calci]- Ca2+,  2 
Cthanol (2); 2[calci]- Ca", H 2 0  (3); et, plus rCcemment, 
2[calci]- Fe2+,  2 Cthanol (4). Nous publierons prochainement 
la structure du complexe 2[calci]- Mn". 

MeN 

Calcimycine = A.23 187 

Les conditions d'extraction et de purification de la calci- 
rnycine a partir de la souche de Streptomyces chartreusensis 
sont prCcisCes dans I'article suivant (5). 

Partie experimentale 
Les cristaux du complexe 2[calci]- Mg2+ ont CtC obtenus par 

cristallisation d'une solution dans un mClange rnCthanol + acCtone. 
Le cristal utilisC pour la collection des donnCes Ctait une aiguille 
prisrnatique de dimensions 0,20 x 0,30 x 0,25 rnm7. Toutes les 
donnCes cristallographiques-pararnktres cristallins et intensitCs 
diffracttes-ont CtC mesurCes sur un diffractomktre Enraf-Nonius 
CAD-4 equip6 d'un rnonochrornateur au graphite (XK,, , = 1,5405 A). 
Le tableau I rCsume les donnCes cristallographiques et les conditions 
de rnesure 

Affinemerlt de la srritcture 
Sur les 5207 rkflexions independantes mesurCes, 3473 riflexions 

"observ~es" ( I  > 3u(I)) ont CtC utilisCes dans la suite des calculs, 
aprks correction de Lorentz et de polarisation. Aucune correction d'ab- 

sorption n'a CtC appliquCe (pR < 0,002). La structure a CtC dCterrninCe 
par rnkthodes directes en utilisant le programme MULTAN. Les 213 
des atornes "lourds" sont apparus sur la prernikre carte de densit6 
Clectronique. Aprks 7 cycles d'affinement isotrope portant sur les 77 
atornes "lourds", 3 cycles d'affinement anisotrope furent conduits 
avant I'introduction des atornes d'hydrogkne. Tous les atornes d'hydro- 
gkne ont CtC affect& d'un coefficient d'agitation thermique isotrope. 
Les hydrogenes portCs par les groupements rnCthyle n'ont pas CtC 
introduits dans I'affinernent. Trois nouveaux cycles d'affinernent sur 
ces 1 19 atomes ont conduit a un facteur de reliabilitC R = 0,063 pour 
les 3473 rkflexions obsewkes (R = C 11 F,, ( - I F, I /  / C I F ,  I), et un 

paramktre d'accord s = 1,52. La densit6 Clectronique 

rCsiduelLe sur la carte de Fourier-diffirence finale est inferieure i 
0,30 e A-'. Les coordonnCes atorniques (tableau 2), les pararnktres 
d'agitation thermique anisotrope7 ou isotrope (atornes d'hydrogkne) 
ont CtC affinCs par rnoindres carrCs, en bloc diagonal; valeur minimiske 
C w( I F,, I - / FF 1  ) 2 ;  schCrna de pondCrttion: 6 = 1 si I F,, I < p et 

= p / F ,  sl / F,,( > p  avec p = [ F ;  ,,,,,, / 10]1/2; facteurs de dif- 
fusion de International Tables for X-Ray Crystallography (1974) pour 
les atornes lourds et de Stewart etnl.  (6) pour les atomes d'hydrogkne. 

Discussion 
Comme dans le complexe de C a 2 + ,  2 ions [calcil- s'asso- 

cient t&te-b&che pour crCer une cavite complexante fermCe. 
Chaque ion [calcil- forme une derni-coquille (fig. I). Les 2 
demi-coquilles identiques qui encagent le cation Mg2+ se  
dCduisent I'une de  l'autre par un pseudo-axe binaire $(A2) 
passant par le cation (fig. 1). Deux liaisons hydrogkne iden- 
tiques N(32)-H(321). . . O(73) et N(72)-H(721). . . 0 ( 3 3 ) ,  
avec N-0 quasi identiques (2,84 A et 2 ,85 A), complktent la 
stabilisation de  c e  systkme complexant. 11 faut cependant 
remarquer que les angles O H .  . . N sont voisins de  150" (a = 
lo0) ,  ce  qui implique une liaison hydrogkne rnoins forte que ne 
l'indiquent les seules distances N . . . 0. 

1 .  Ions calcimycine 
A l'exception des distances autour des carbones hornologues 

1 %  A qui doit Ctre adressC toute correspondance sur ce travail. 
' ~ a n s  la suite de cet article, nous dksignerons sous I'abrCviation 

[calcil- I'ion resultant de la dCprotonation de la rnol6cule de calci- 
rnycine. 

'Les coefficients d'agitation thermique et les facteurs de structures 
observks et calculCs ont ttC dCposCs; on peut les acheter en s'adres- 
sant au DCpBt des donnCes non publiCes, ICIST, Conseil national de 
recherches du Canada, Ottawa (Ont.), Canada KIA 0S2. 
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TABLEAU 1. DonnCes cristallographiques et conditions de 
mesure 

Formule chimique: (C29H36N30h)2Mg 
M: 1069,5 

(a) Groupe spatial P 2 ,  

z = 2  n = 11,152 (2) 4 
b = 27,684 (2) A 

F ,  = 1136 c = 10,168 (2) A 
D, = 1,18 mg x m-3 p = 107,02" 12) 
p = 0,66 cm-' V = 3001,7 A" 

(b) Balayage 0 - o; rapport de vitesse 0 / o  = 1/2 
0,i. = lo; Om,, = 65" 
Reflexions de contrdle: 240; 212; pCriodicitC 5400 s 

TABLEAU 2. CoordonnCes atomiques (X loJ), et B Cquivalents des 
atomes lourds* 

Atome x Y 7 B c q  

TABLEAU 2. (Suite) 

Atome x Y z B,,, 

*B,,  = ;(aZP1, + bZPZ1 + cZP33 + bcPZ3 + caPll + a b P I 2 )  Les co- 
ordondes  atomiques et les B isotropes des atomes d'hydrogcne ont 6te deposes 
(Tableau 2'). 

FIG. 1. Projection stCriographique du complexe sur un plan passant 
par +(Az). 

C(5) et C(45), aucune variation significative n'apparait entre 
les ions [calci], et [calci],. La figure 2 donne les valeurs 
rnoyennes des distances et des  angle^.^ 

Cette identit6 conforrnationnelle des ions I et I1 est confirrnee 
par l'accord entre les deux series d'angles de torsion x (tableau 
3) ((8x)lnax = 4O, ( 8 ~ ) ~ ~ ~ ~  = 2,3O, = lSO)) .  11 faut 
noter que dans le cornplexe de Ca2' (3) les variations d'angles 
de torsion entre les ions I et I1 sont beaucoup plus irnportantes 
((8x)max = 20'; (8x)moy = 674'; ~ ( 8 , ~ ~ ~ )  = 4,2"). 

Le tableau 4 donne les Ccarts significatifs aux groupernents 
plans benzoxazole et citopyrrole. L'ecart de l'atorne C(9) est 
dO aux contraintes steriques irnposees par le spiroacetal. La 
variation de position des rnethyles C(25)I et C(65)II pourrait 

- 

' ~ e s  figures 2' et 2" donnant respectivement les longueurs de liai- 
sons et les angles de valence de chacun des 2 ions [calci] ont CtC 
dCpostes; on peut les acheter en s'adressant au DCpdt des donnCes non 
publites, ICIST, Conseil national de recherches du Canada, Ottawa 
(Ont.), Canada K1A 0S2. 
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*-, 

29 

34 

FIG. 2. Valeurs moyennes des distances et des angles. uc-c = 0,007-0,015 A; UC-0 ' 0,07 A; UC-N ' 0,07 A; UC-c-c ' 0,7'; UC-0-C, 

UC-N-C = 0,s'. 

TABLEAU 3. Angles de torsion (") des ions [calci], et N(3 1) . . . . N(71) ou O(38). . . O(73)) sont de type contacts de 
[calci],; u = lo van der Waals, ?n est conduit 5 prend~e les valeurs suivante:: 

RMg1+ = 0,60 A; Ro carboxylc = 1740 A; RO carbonylc = 1,46 A; 
X [calci], [calci], R N  = 1,65 A. 

O(35) C(8) C(9) C(10) 
Les valeurs que nous proposons sont 1Cgerement diffkrentes 

- 95 - 99 
N(3 1) C(8) C(9) C(10) 76 73 de celles habituellement adrnises (7, 8). Le tableau 5, colonnes 

C(8) C(9) C(l0) O(36) 50 52 (a) et (b), rnontre qu'elles donnent, pour le complexe CtudiC, un 

C(8) C(9) C(10) C(l1) 174 173 excellent accord entre les distances "observCes" et les distances 
O(37) C(18) C(19) C(20) 67 63 calculCes 5 partir de nos propres valeurs. 11 en est de rnCrne pour 
C(17) C(18) C(19) C(20) -171 - 173 d'autres complexes hexacoordonnCs de Mg" . La structure de 
C(18) C(19) C(20) C(21) -98 -98 Mg-malate pentahydrate (9) donne des rCsultats cornparables: 

Mg" . . . 0 de 2,02 2 2 , l l  A. Ces valeurs sont aussi en accord 

&tre like aux variations de distances autour du carbone C(5) 
signalCes plus haut. 

11 faut noter que l'ion Mg" est toujours voisin du plan du 
cycle, ce qui correspond a la gtomttrie la plus favorable de 
l'interaction ion-ligande pour les 3 ligandes O(carboxyle), 
O(carbonyle), N(pyrro1e). 

2. Environnement du cation 
La complexation hexacoordonnCe de l'ion Mg2' est assurCe 

par 4 atomes d'oxygkne et 2 atomes d'azote, chacun des 2 ions 
[calcil- apportant la mCme contribution 5 cette cornplexation 
(tableau 5). Ces 6 ligandes forment un octakdre quasi parfait 
autour de Mg2'. La figure 3 donne une reprksentation schC- 
matique de cet octakdre, le pseudo-axe binaire $ ( A z )  Ctant dans 
le plan de la figure. 

Si l'on admet que les distances cation-ligande sont pra- 
tiquement Cgales ?i la somme (rayon ionique + rayon de van der 
Waals), et que pour les atomes irnpliquCs dans ces coordi- 
nations octakdriques, les contacts [calci], - [calci], (comrne 

- 
avec les distances cation-ligande observkes dans le complexe 
de Ca2' monohydratC 0(3), a condition de prendre un rayon 
ionique Rc,2+ = 0,90 A. hes distances cation-ligande calcu- 
lCes vont de 2,?0 A a 2,52 A, les distances rnoyennes observCes 
Ctant de 2,27 A 2 2,63 A. 

De plus, ces deux sCries de valeurs calculCes pour les com- 
plexes de Mg2' et de Ca2' sont identiques aux valeurs obtenues 
par minimisation d'Cnergie (10). La cornparaison des distances 
cation-ligande dans ces deux structures permet d'affirmer que 
la premikre structure de complexe publike (2) a CtC interpritCe 
incorrectement: il ne s'agit pas d'un cornplexe de Ca2', mais 
bien d'un comglexe de Mg". Les distances cation-ligande 
vont de 1,92 A 2 2,22 A. Ces valeurs, voisines de celles 
produites par le prisent travail, ne peuvent $re attribuCes a des 
distances ca2'-ligande, qui sont de 0,30 A plus grandes. 

Conclusions 
Les deux traits majeurs du complexe 2[calci]- MgZ' a 1'Ctat 

cristallin sont ( i )  I'identitC conforrnationnelle des 2 ions 
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TABLEAU 4.   carts aux plans moyens des groupements benzoxazole et cktopyrrole 

Atome 

Atomes dkfinissant le plan  cart au plan (A) (a 5 0.01 A) 

Plan 1, I 
C(2), C(3), C(4), C(5), C(6) 
C(7), C(8), NU]), O(35) 

Plan 1, I1 
C(42), C(43), C(44), C(45), C(46) 
C(47), C(48), N(71), O(75) 

Plan 2, I 
c(20), C(22), C(23) 
C(24), N(32) 

Plan 2, I1 
C(60), C(61), C(62), C(63) 
C(64), N(72) 

FIG. 3. Environnernent octakdrique de I'ion Mg" 

TABLEAU 6. Angles autour du 
cation Mg2+ 

Atomes Angles (") 

N(3 1)-Mg-O(33) 82,7(3) 
N(3 1)-Mg-O(38) 86,7(3) 
N(3 1)-Mg-N(7 1) 95,4(3) 
N(3 1)-Mg-O(73) 96,6(3) 
N(3 1)-Mg-O(78) 170,5(3) 
O(33)-Mg-O(38) 91,0(3) 
O(33)-Mg-N(71) 96,5(3) 
O(33)-Mg-O(73) 178,8(3) 
O(33)-Mg-O(78) 88,2(3) 
O(38)-Mg-N(71) 172,4(3) 
O(38)-Mg-O(73) 89,9(3) 
O(38)-Mg-O(78) 90,7(3) 
N(7 1 )-Mg-O(73) 82,6(3) 
N(7 1)-Mg-O(78) 88,3(3) 
O(73)-Mg-O(78) 92,5(3) 

TABLEAU 5. Distances obsewkes (a) et calculkes (b) 
pour l'octakdre de coordination 

(a) (b) 
Atornes Distance (A) Distance (A) 

[calcil-; et (ii) la symetrie octakdrique quasi parfaite des 6 
ligandes qui assurent la complexation de I'ion Mg" . 

La grande symetrie du complexe de Mg" ne se retrouve pas 
dans le complexe de Ca2+; nous pensons que ces caract6 
ristiques structurales, si elles se conservent en solution, pour- 
raient &tre liees au transport preferentiel du Ca2' par rapport au 
Mg2+ (5). La decomplexation du cation est, avec ce type de 

complexe, une operation de "rupture de symCtrieW, que favori- 
serait une dissymktrie prkexistante, comme celle que prCsente 
le complexe de Ca l f .  
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An evaluation of the kinetic data for the hydrogen transfer reactions: 
CH3 + CH3COCH3, CD3 + CD3COCD3 and CH3 + CH3NNCH3 

NEV~LLE L. ARTHUR AND PAULA J .  NEWIIT 
Department of Physical Chemistry, La Trobe University, Melbourrze, Victoria. Australia, 3083 

Received June 20, 1985 

NEVILLE L. ARTHUR and PAULA J .  NEWIT. Can. J .  Chem. 63, 3486 (1985). 
An evaluation of the kinetic data for the reactions 

[2] CH? + CH,COCH, + CH4 + CH,COCHz 

[7] CD, + CD,COCD3 + CD4 + CD3COCD2 

[I I ]  CH, + CH3NNCH3 + CH, + CH,NNCHz 

has been undertaken, and the following rate constants, based on the value 1013-'%m' mol-I s- '  for the recombination of CH3 
and CD, radicals, are recommended: 

log kz = ( I  1.54 ? 0.03) - (40490 ? 280)/19.145T 

log k7 = ( 1  1.78 i 0.08) - (48500 i 690)/19.145T 

log k 1 = (1 1.05 ? 0.07) - (33390 k 560)/ 19.145T 

log ~ ~ ~ ( c o I T )  = (11.21 i 0.08) - (34570 2 590)/19.145T 

where k is in c m  mol-I s-I, E is in J mol-I, the error limits are standard deviations, and k , ,  (corr) refers to the rate constant 
corrected for the intramolecular elimination of CIH6 in the photolysis of CH,NNCH3. 

NEVILLE L. ARTHUR et PAULA J .  NEWIT. Can. J .  Chem. 63, 3486 (1985). 
On a prockdk a une &valuation des donnkes cinktiques relatives aux rkactions 

[2] CH, + CH,COCH, + CH, + CH,COCH2 

[7] CD, + CD,COCD3 + CD4 + CD,COCD2 

[I I ]  CH, + CH3NNCH3 + CH, + CH,NNCH, 

et, en se basant sur la valeur de IO"." cm' mol-' s- '  pour la recombination des radicaux CH2 et CD3, on recommande les 
constantes de vitesses suivantes: 

log k2 = ( 1  1,54 t 0,03) - (40490 k 280)/19,145T 

log k, = (1 1,78 ? 0,08) - (48500 t 690)/19,145T 

log k I = (1 1,05 t 0,07) - (33390 t 560)/ 19, 3457 

log k,  (corr) = (1 1,21 ? 0,08) - (34570 k 590)/ 19,145T 

dans lesquelles k est en cm3 mol-' s-I, E est en J mol-I, les limites d'erreur sont les deviations standards et k l  I (corr) se rkfkre 
i la constante de vitesse corrigke pour I'klimination intramolkculaire de CzH6 lors de la photolyse du CH2NNCH,. 

[Traduit par le journal] 

Introduction 
A vast quantity of kinetic data on the hydrogen transfer 

reactions of C H ,  and C D ,  radicals has been gathered over the 
past thirty years ( I ,  2 ) .  This has been made possible by the 
availability of convenient, clean, sources of radicals: the pho- 
tolyses of acetone, acetone-d6, and azomethane. 

For kinetic studies of this kind, the key reactions in the 
photolysis of acetone (3) are: 

photolyzed in the presence of a substrate, CH4 is also formed: 

[5] CH, + RH + CH, + R 

Provided that k z  is known, that part of the total CH4 resulting 
from reaction [ 2 ]  ca? be calculated from RCzH6,  and subtraction 

gives RcH,[5 ] .  k 5 / k :  is then obtained from 

[61 k51ki  = R C H , D I / ( R ~ ~ ~ ~ [ R H I )  

k z  and k5 can be evaluated by inserting a value of k ,  from the 
literature. 

In the case of acetone-d6, two isotopically distinguishable 
methanes are formed: 

and the rate constant for reaction [ 2 ]  is evaluated relative to that [7] cD, + CD,COCD, + CD, + CD,COCD, 
for [ 3 ]  from the expression 

I I r81 CD, + RH + CDXH + R 
L 2 

[41 k? / k :  = RCH, [ ~ ~ / ( R ~ ~ H ~ [ C H ~ C O C H ~ I )  k g  can be evaluated by means of an expression analogous to 
where R represents the rate of formation. When acetone is eq. [ 6 ] ,  or  the ratio k , / k ,  can be obtained from 
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ARTHUR A N D  N E W I R  3487 

and substitution for k7 gives a value for k , .  
The relevant reactions in the photolysis of azomethane are 

and a relation similar to eq. [4] allows k l l  to be evaluated from 
RCH4 and RCZH6. However, there is a considerable amount of 
evidence (5, 6) that suggests that about 0.9% of the N2 formed 
in the photolysis is produced by the intramolecular elimination 
reaction 

and the expression for k , , ,  corrected for the occurrence of 
reaction [ 121, therefore becomes 

When azomethane-substrate mixtures are photolyzed, reac- 
tion [5] must be added to those above. kS  may be evaluated, 
either by the analogue of eq. [6], ignoring the small correction 
for reaction [12], or, taking it into account, by means of the 
relation 

where RcH,[5] is calculated from kIl(corr) via eq. [13]. 
It can be seen from the above that rate constants for a par- 

ticular hydrogen transfer reaction can only be evaluated if rate 
constants for attack on the radical source have previously been 
measured. In order to determine whether a particular set of data 
for abstraction from the radical source falls within acceptable 
limits, and therefore whether subsequent data collected in the 
same system can be regarded as reliable, best values for the 
Arrhenius parameters for attack on the radical source must be 
established. 

Because of the limited amount of published rate constant 
data available for attack on CH3COCH3, CD,COCD,, and 
CH,NNCH,, previous evaluations (1, 4) have been confined to 
the averaging of Arrhenius parameters. We have obtained a 
large quantity of additional data by communicating with the 
authors, or by reference to theses, and the evaluation presented 
here is therefore based on a sounder statistical approach than 
has previously been used. 

Evaluation procedure 
The handling of the large amount of data involved in this 

work was greatly facilitated by the availability of an interactive 
computer-based storage, retrieval, and analysis system devel- 
oped in this laboratory (7). For each investigation of a par- 
ticular reaction, an input file in a standard format is created, 
containing the following information: authors, bibliographical 
reference, radical source, reference reaction, temperature and 
pressure ranges, comments, the rate constant versus tempera- 
ture data, and the Arrhenius parameters resulting from a least- 
squares treatment of the data.' 

The information contained in the files can be retrieved ac- 

'A  complete set of these data files is available and may be purchased 
from the Depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada K I A  0R6. 

cording to reaction type (attacking radical), reaction, author or 
reference, and the data from selected files can be combined into 
a single large set. A least-squares analysis of the data is then 
carried out to yield the Arrhenius parameters and their standard 
deviations; the output includes a value for the deviation of each 
data point from the line of best fit, and the data point furthest 
from the line is identified. This, or any other, point can be 
temporarily deleted and the remainder of the set reanalysed, a 
process which can be repeated at the discretion of the evaluator. 
To assist in the visual interpretation of the data analysis, the 
option of a hard copy Arrhenius plot is available at any stage 
of the analysis procedure. 

Results and discussion 
CH3 attack on acetone 

Of the 40 studies of abstraction from acetone by CH, radicals 
in the open literature, only 21 contain rate constant data. We 
obtained a further 12 sets of data from the authors or from 
theses, leaving only 7 studies for which data are not now 
available. All of the results are summarized in Table 1 ,  together 
with the corresponding temperature ranges, and also rate con- 
stants evaluated at 400 K. The Arrhenius parameters quoted 
have been recalculated by us from the original data by the 
method described in the previous section, but without elimi- 
nating any of the data points. A number of discrepancies be- 
tween these values and those originally reported were noticed, 
especially in the work done before electronic calculators and 
computers came into common use. 

Most of the data fall within the temperature range 393- 
523 K (120-250°C), and data outside of this range were ex- 
cluded. Three reasons contributed to this decision: the Arrhen- 
ius plot is known to be nonlinear at temperatures below about 
393 K (3); product analyses outside these limits are less reliable 
than within (at high temperatures much more CH4 is formed 
than C2H6, whereas at low temperatures C1H6 predominates); 
and, because the points are at the ends of the line, inclusion of 
the small number of rate constants involved would have had a 
disproportionate effect on the calculated Arrhenius parameters. 
In addition to these data, those contained in ref. 14 were also 
omitted because in that case CH, radicals were generated by 
means of the thermal decomposition of di-tert-butyl peroxide, 
rather than by the photolysis of acetone. 

The combined data set edited in this way consisted of 395 
points in 3 1 individual sets. Analysis by the method described 
in the previous section showed that 4 points were greater than 
4 standard deviations from the line of best fit. After these points 
had been deleted, and taking the value of k, to be crn3 
mol-' s-I (48, 49), analysis of the remaining 391 points (in 
31 sets) gave 

[Is]  log k2 = (11.54 1+_ 0.03) - (40490 1+_ 280)/19.145T 

where k2 and A2 are in cm3 mol-' s-I and E is in J mol-'. The 
data points and the line represented by eq. [I51 are shown in 
Fig. 1. 

The averages of the Arrhenius parameters listed in Table 1 - 
(omitting the very low results of ref. 9 and those from 
experiments in which di-tert-butyl peroxide was the radical 
source (14, 18)) are: log A = (1 1.48 5 0.23) and E = (39.84 
5 1.57) kJ mol-', where the error limits are standard devia- 
tions from the mean. These values are slightly lower than those 
suggested by Kerr and Parsonage ( 1), log A = ( 1 1.54 ? 0.2), 
E = (40.6 ? 2.1) kJ mol-' and Arthur et al. (4), logA = 
11.54, E = 40.29 kJ mol-I. In view of the much larger quan- 
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TABLE 1 .  Hydrogen abstraction from CH,COCH, by CH, radicals 

log A log A 
Temp. (~ /c rn ,  E log k Temp. (A/cm3 E log k 

(K) mol-' s- ') (kJ mol- I )  (400 K) Ref. (K) mol-' s- ' )  (kJ mol-I) (400 K) Ref. 

"Reevaluated. 
*Di-tert-butyl peroxide was employed as the radical source. 
'The authors reworked the data of ref. 15, allowing for three different light intensities. 
"Average value at 406-408 K. 
'N. L. Arthur and J. C. Biordi. Unpublished data, 1969. 

tity of data involved in the present evaluation, the more rigor- 
ous approach employed, and the errors found in some of the 
reported Arrhenius parameters, the agreement between the Ar- 
rhenius parameters proposed in the earlier evaluations and 
those recommended here must be regarded as fortunate. 

It is our opinion that the performance of a particular experi- 
mental system can be considered satisfactory only if the data 
obtained with it for CH, attack on acetone yield Arrhenius 
parameters that lie within four standard deviations of the val- 
ues given in eq. [15]. Our recommended values for the Ar- 
rhenius parameters for this reaction are therefore log A = 
( 1  1.54 + 0.12) and E = (40.49 + 1.12) kJ mol-'. On this 
basis the error limits suggested by Kerr and Parsonage are 
rather too generous. 

CD3 attack on acetone-d6 
Of the 19 studies of deuterium abstraction from CD3COCD3 

by CD, radicals in the literature, only 9 include rate constant - 
temperature data. We have secured a further 6 sets of data 
through correspondence with the authors. 

A summary of the Arrhenius parameters is presented in 
Table 2. Before the combined data were analysed, rate con- 
stants outside the range 393-523 K were excluded, leaving 
183 of the original 242 points in 14 individual sets. Least- 
squares analysis of these data, together with the same value for 
k, as for CH3 recombination (49),  yielded 

[16] log k, = (11.78 + 0.08) - (48500 + 690)/19.145T 

where the units are the same as before. An Arrhenius plot of the 
data is shown in Fig. 2. All of the data points were found to be 
within four standard deviations of the line of best fit. It is 
interesting to note that with one exception, the only values of 
the Arrhenius parameters for the individual studies more than 
four standard deviations from the values in eq. [16] come from 

FIG. 1 .  Hydrogen abstraction from acetone by CH, radicals. 

work undertaken prior to 1955, before samples of acetone-d6 of 
high isotopic purity became available commercially. 

The arithmetic means of the Arrhenius parameters from 
Table 2 are log A = ( 1  1.61 + 0.22) and E = (46.71 + 2.20) 
kJ mol-I. These values are somewhat lower than those in eq. 
[16] as a result of the influence on them of several low values 
derived from a small number of points. The values recom- 
mended by Kerr and Parsonage, log A = (1 1.68 + 0.2) and 
E = (47.7 + 2.1) kJ mol-I, and by Arthur et al.,  log A = 
1 1.69 and E = 47.99 kJ mol-I, would also have been similarly 
affected. 

We consider that Arrhenius parameters which fall more than 
four standard deviations outside the values given in eq. [16] are 
almost certainly unreliable, and therefore our recommended 
values are log A = ( 1  1.78 + 0.32) and E = (48.50 * 2.76) 
kJ mol-I. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



ARTHUR AND NEWITT 3489 

TABLE 2. Deuterium abstraction from CD3COCD3 by CD, radicals 

log A log A 
Temp. (A/cm3 E log k Temp. ( ~ / c m '  E log k 

(K) mol-' sC1) (kJ mol-') (400 K) Ref. (K) mol-I s-I) (kJ mol-') (400 K) Ref. 

"Reevaluated. 
'Average rate constant value at 471 K. 
"Pyrolysis of acetonelacetone-d, mixture. 
"G. Grieg. Private communication. 

mechanical tunnelling (60), or to the loss of bending vibrations 
in the transition state (61). 

0.0 CH, attack on azomethane 
We have traced 31 studies of the reaction of CH, radicals 

with azomethane, but in only 10 of these were rate constant - 
2ym temperature data reported. Although we have obtained a further x 0-5 
Y 

8 sets of data from the authors, the proportion of the total for 
0 
0 

which data are now available is still more than 20% less than 
- for CH, attack on acetone and acetone-d6. 

-1.0 The Arrhenius parameters for each study, together with the 
corresponding temperature ranges, are summarized in Table 3. 
As before, the Arrhenius parameters have been recalculated 
from the orginal data wherever possible. 

2.0 2.2 2.4 We conducted two evaluations of the combined data: one of 

FIG. 2. Deuterium abstraction from acetone-d6 by CD, radicals. 

Kinetic isotope effect for CH3 attack on 
CH3COCH3/CD3COCH3 

If it is assumed that the reactivities of CH, and CD3 radicals 
are equal (47, 51), the kinetic isotope effect for attack on 
CH3COCH, and CD3COCD3 can be evaluated from 

Substituting our recommended values into this equation leads 
to A H / A ~  = 0.58, E D  - E H  = 8.01 kJ mol-', and kH/kD = 
6.4 at 400 K. 

Experimental kinetic isotope effects are usually compared 
with those predicted by the simple model that assumes the bond 
being attacked is broken in forming the transition state (4). 
According to this model, the ratio of A factors, AH/AD, is 1, 
and the difference in activation energies, E D  - E H ,  is identi- 
fied with the difference in zero-point energies of the C-H and 
C-D bonds, Azpe. kH/kD is therefore given by 

The vibrational frequencies of these bonds in CH3COCH3 and 
CD3COCD, are 2937 cm-' and 2123 cm-', respectively (59), 
from which Azpe = 4.87 kJ mol-I, and hence kH/kD = 4.3 at 
400 K. Comparison of the predicted and experimental values 
shows thatED - EH > Azpe,AH/AD < 1, and kH/kD > 4.3 
at 400 K. This may be due to the occurrence of quantum 

rate constants uncorrected for the intramolecular elimination of 
C2H6, reaction [12]; and the other of corrected data. In each 
case only rate constants within the temperature range 333- 
463 K (60- 190°C) were considered, and the data of ref. 62 
and 69 were omitted because of their unusually high degree of 
scatter. 

After pruning the data in this way, 12 sets of rate constants 
uncorrected for reaction [I21 remained, containing 166 points. 
Least-squares analysis of these data, with the same value of k, 
as before, gave 

[I91 log k , ,  = (1 1.05 + 0.07) - (33390 k 560)/19.145T 

An Arrhenius plot of the data is shown in Fig. 3. The simple 
averages of the Arrhenius parameters for these 12 sets of data, 
taken from Table 3, are log A = (10.89 k 0.30) and E = 
(32.56 k 1.96) kJ mol-I. These values are somewhat lower 
than those obtained in a similar way by Kerr and Parsonage: 
log A = (1 1.05 + 0.03) and E = (33.1 5 2.1) kJ mol-'. 
Again, the agreement between these values and those given 
in eq. [19] is rather fortuitous, especially since Kerr and 
Parsonage did not distinguish between Arrhenius parameters 
corresponding to corrected and uncorrected rate constants. On 
the basis that Arrhenius parameters that fall outside four stan- 
dard deviations from the values given in eq. [19] are suspect, 
we recommend the values log A = (1 1.05 2 0.28) and E = 
(33.39 k 2.24) kJ mol-I. 

Fifteen studies have reported Arrhenius parameters derived 
from rate constants corrected for the intramolecular elimination 
of CzH6. Of these only 8 contained tables showing the rate of 
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TABLE 3. Hydrogen abstraction from CH3NNCH3 by CH3 radicals 

Temp. 
(K) 

log A 
(A/cm3 E log k 

mol-' s-I) (kJ mol-I) (400 K) Ref. 

10.12k0. l l 27.32t0.81 6.55 62" 
10.45k0.13 29.34k0.91 6.62 62"."' 
10.49 30.50 6.51 63 
10.54?0.07 30.7 1 20.47 6.53 64" 
10.55k0.09 30.7620.57 6.53 64".h1 
- - 5.40 '  65 
- 35.121.3 - 66 

8.85.20.22 20.41 k 1.03 6.18 67" 
10.93k0.1 l 32.8020.80 6.65 68 
- - 6.95'" 69 

10.94k0.26 32.642 1.67 6.68 70 
10.97t0.04 32.76k0.33 6.69 71 
- - 6.00"2 

10.7020.05 31.10k0.36 6.64 73" 
1 1.03k0.06 34.3 120.42 6.55 74 
10.84k0.08 32.7520.64 6.56 75" 
10.84t0.09 32.73k0.72 6.57 75".h' 
10.9 32.6 6.64 76 
10.9720.04 32.97k0.33 6.66 77 
11.5 36.4 6.75 78"2 

log A 
Temp. (A/cm3 E log k 

(K) mol-I s f ' )  (kJ mol-') (400 K) 

337-431 10.84t0.17 32.682 1.24 6.57 
298-437 11.55k0.10 36.4020.84 6.80 
369-457 11.2620.17 34.72k 1.34 6.73 

11.2520.18 34.55* 1.36 6.74 
298-453 11.6k0.3 36.022.1 6.90 
344-526 11.1 31.8 6.95 
323-470 11.13k0.07 32.8720.55 6.84 
366-447 1 1.01 20.05 32.18k0.35 6.81 

11.03k0.05 32.2620.35 6.82 
372-441 10.6720.09 30.39k0.67 6.70 

10.7020.09 30.5720.68 6.7 1 
352-450 11.48kO. 13 36.442 1.01 6.72 
30 1 - - 5.29"4 
298-491 11.16k0.25 33.6821.84 6.76 
323-453 12.0020.18 40.782 1.32 6.67 
320-450 11.08t0.03 33.7520.24 6.67 

11.10L0.04 33.8920.25 6.67 
334-463 10.98t0.02 32.5520.16 6.73 

11.04k0.02 32.9720.18 6.73 

Ref. 

"Reevaluated. 
hCorrected for the intramolecular elimination of ethane: 1(0.009), 2(0.007), 3(0.012), 4(0.013), 5(0.0092). 
'Average rate constant value at: l(296 K), 2(423 K), 3(333 K), 4(301 K). 
"Approximate temperature range. 
'P. Gray and L. J .  Leyshon. Private communication. 

FIG. 3. Hydrogen abstraction from azomethane by CH, radicals. 

nitrogen formation, R N z ,  and hence only for these could rate 
constants and Arrhenius parameters be recalculated. Analysis 
of the 128 points involved gave 

[20] log k,,(corr) = (11.21 2 0.08) 
- (34570 2 590)/19.145T 

These values are slightly higher than those corresponding to 
the uncorrected data. The simple averages of the 8 pairs of 
Arrhenius parameters are log A = (1 1 .OO 2 0.46) and E = 
(33.09 2 3.33) kJ mol-' . We recommend that only Arrhenius 
parameters which fall within the range log A = (1 1.21 ? 0.32) 
and E = (34.57 2 2.36) kJ mol-' should be considered 
satisfactory. 
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~ t u d e  statistique des effets de solvant. 111.' Calcul et interpretation de parametres 
empiriques de polarite a partir de proprietes physicochimiques des solvants purs 
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Laboratoire de chimie organique physique, UA 463, Universite' Lyon 1 ,  43 Boulevard du 11 Novembre 1918, 

69622 Ville~trbanne Ce'dex, France 
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M. CHASTRETTE et J. CARRETTO. Can. J.  Chem. 63, 3492 (1985). 
Le calcul et I'interprttation des parametres empiriques de polarit6 des solvants sont abordts dans cet article A I'aide de 

methodes statistiques multivariees. L'importance de I'Cchantillon traitt (57 solvants aprotiques et 24 solvants protiques) 
garantit une bonne representativitk de I'ensemble des solvants. Les donntes recueillies sur les solvants sont des constantes 
physiques (constante dielectrique, moment dipolaire, indice de refraction, refraction molaire, temptrature d'ebullition, para- 
mktre 6 de Hildebrand) ou des grandeurs theoriques (niveaux d'tnergie des orbitales frontikres). Les methodes utilisees sont 
I'analyse factorielle et la regression multiple. Les rksultats obtenus montrent que le paramktre ET mesure la polaritt, la 
polarisabilite et la cohtsion du solvant dans les proportions respectives de 43, 39 et 18% pour les solvants aprotiques. Pour 
IT* ces proportions sont de 53, 18 et 29%. Dans le cas des solvants protiques ET est explique par les m&mes variables, sauf 
pour 5 solvants plus acides que l'eau, par suite de la basicite de I'oxygkne de la btta'ine qui sert h dtfinir ET. 

M. CHASTRETTE and J .  CARRET~O. Can. J .  Chem. 63, 3492 (1985) 
Using multivariational statistical methods, the calculation and interpretation of empirical parameters of the polarity of 

solvents has been reexamined. The size of the sample used (57 aprotic solvents and 24 protic solvents) assures that it is 
representative. For each solvent, the data tabulated include some physical constants (dielectric constants, dipole moments, 
refractive indices, molar refractions, boiling points, Hildebrand's 6 parameters) or theoretical values (energy levels of frontier 
orbitals). The methods used are factorial analysis and multiple regression. The results obtained show that, for the aprotic 
solvents, the parameter ET is a measure of the polarity, of the polarizability, and of the cohesion of the solvent to the extent 
of 43, 39, and 18% respectively. For the parameter a*, these proportions are respectively 53, 18, and 29%. For the protic 
solvents, the parameter ET is explained by the same variables except for 5 solvents more acidic than water; this anomaly is 
explained by the basicity of the oxygen of the betaine used to define ET. 

[Journal translation] 

Introduction 
Dans les approches quantitatives de I'effet des solvants sur 

les processus chimiques, une propriCtC mesurant cet effet est 
considCrCe comme une fonction linCaire, soit d'un ou plusieurs 
paramktres empiriques, soit d'une ou plusieurs grandeurs phy- 
sicochimiques du solvant, soit de combinaisons des deux types 
de variable. 

De nombreuses Cchelles empiriques ont CtC proposies pour 
rendre compte: (i) de la polarisabilitC et de la polarit6 des 
solvants, comme ET (1) et ETN (2), Z (3) et r* (4); (ii) de leur 
acidit6 et de leur basicite de Lewis, comme par exemple AN et 
DN (5) ou AH BF3 (6); (iii) de leur basicite (en tant qu'ac- 
cepteurs de liaisons H), comme B (7) ou p (8a). Taft et coll. 
(8b) ont aussi dCfini une Cchelle d'aciditC des solvants en tant 
que donneurs de liaisons H avec a. 

Ces Cchelles ont en commun d'Ctre dCfinies par la variation 
de propriCtCs spectroscopiques d'une ou plusieurs molCcules- 
sondes (ou de propriCtCs thermodynamiques de reactions mo- 
dkles) quand on passe d'un solvant a un autre. C'est d'ailleurs 
ce qui limite leur efficacitC quand on veut les utiliser seules 
dans des conditions trop diffirentes de celles dans lesquelles 
elles ont CtC dCfinies (9, 10a). 

lations a la fois des parametres empiriques et des grandeurs 
physiques caractkristiques des solvants. 

Les difficultks rencontries pour attribuer un sens physique 
prCcis aux paramktres empiriques et pour les utiliser va- 
lablement dans des conditions variCes ont conduit a n'utiliser 
(16) que des grandeurs physicochimiques. De mCme le para- 
mktre r* de Taft et Kamlet a CtC calculC (17, 18) a partir de 
fonctions de la constante diklectrique et de l'indice de rCfrac- 
tion des solvants. 

A partir de nombreuses donnCes cinktiques, thermo- 
dynamiques et spectroscopiques, C. G. Swain et al. (19a) ont 
calculi les deux paramktres A et B nommCs "acitC" et "basit?'. 
D'aprks ces auteurs, A mesure la capacitC d'un solvant a sol- 
vater les anions et B sa capacitC a solvater les cations, ce que 
contestent Taft et al .  (19b). 

La notion de polarit6 d'un solvant Ctant la plus largement 
utilisCe dans la pratique quotidienne des chimistes, il est im- 
portant de savoir ce que mesurent les parametres empiriques de 
polarite. Or (20, 21), i l  y a encore un grand fossC a combler 
pour Ctablir les fondements thCoriques de ]'interpretation des 
interactions entre molCcules-sondes et solvants. Dans un prCcC- 

Pour amCliorer les rCsultats en essayant de prendre en compte dent article (12) nous avons montrC que les paramktres E;, Z et 
toutes les interactions solute-solvant, plusieurs auteurs ont AN peuvent Ctre calculCs correctement a partir de quatre pro- 
prCconisC une approche multiparamCtrique (4, 5 ,  13, 14). priCtCs physicochimiques des solvants purs (moment dipolaire 
Certains autres (9, 1 1, 15) ont fait intervenir dans leurs re- p,, constante diilectrique E, rkfraction molaire RM et paramktre 

8 de Hildebrand). Dans le prCsent article nous Ctendons cette 
' Articles prCcCdents; voir references I I et 12. Ctude a un nombre beaucoup plus ClevC de solvants (8 1 au total) 
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TABLEAU I. Solvants SLH: variables physicochirniques et pararnktres empiriques 

Solvants SLH KIR RM p 6 1111 Tc ET T* Z 

Hexane + X 0,185 29,9 0 7,27 1,375 
Cyclohexane + X  0,202 27,7 0 8,19 1,426 
TriCthylamine + X  0,243 33,l 2,9 7,42 1,401 
Sulfure de carbone 0,261 21,3 0 10 1,626 
Sulfolane + X  0,483 27,2 16,05 12,5 1,482 
DimCthylsulfoxyde + X  0,484 20,l 13 13 1,478 
DimCthylformarnide + X  0,48 19,9 12,88 11,79 1,431 
DimCthylacCtamide + X  0,48 24,2 12,41 10,8 1,438 
HMPT x 0,475 47,7 18,48 8,9 1,458 
N-Mtthylpyrrolidone + X  0,478 27 13,64 11,3 1,47 
TCtramCthylurCe 0,469 32,2 11,58 9,5 1,449 
Nitromethane x 0,479 12,5 11,88 12,9 1,381 
Acttonitrile x 0,48 11,l 11,48 12,11 1,344 
Butyronitrile x 0,464 21,2 13,58 10,17 1,384 
Propionitrile 0,473 15,8 11,91 10,73 1,366 
AcCtone + X  0,465 16,2 9 3 4  9,62 1,359 
MCthylCthylcCtone +X 0,461 20,7 9,21 9,45 1,379 
DiCthylcCtone 0,457 25,2 9,41 9,06 1,392 
Cyclohexanone +X 0,46 27,9 10,04 10,42 1,451 
Cyclopentanone + X  0,446 23,2 9,44 10,4 1,437 
Oxyde de diCthyle + X  0,345 22,l 4,34 7 3 3  1,352 
Oxyde de dibutyle + X  0,291 40,8 3,94 7,76 1,399 
Oxyde de diisopropyle + X 0,329 31.7 4,2 7,06 1,368 
THF +X 0,407 19,9 5,84 9,32 1,407 
Dioxanne x 0,223 21,6 1,5 10,13 1,422 
I ,2-DimCthoxyCthane x 0,403 24,l 5,7 8,3 1,38 
Anhydride acCtique + 0,465 22,4 9,41 10,65 1,39 
AcCtate de mCthyle + X  0,396 17,6 5,37 9,46 1,361 
Acetate d'Cthyle + X  0,385 22,3 6,27 8,91 1,372 
Carbonate de diCthyle 0,274 28,4 3,63 8,8 1,385 
Carbonate de propanediol x 0,489 21,6 16 , j  13,5 1,421 
Benzkne 0,23 26,2 0 9,16 1,501 
Tolukne 0,24 31,l 1,43 8,93 1,497 
o-Xy lkne 0,258 35,8 2,07 9,06 1,505 
m-Xylkne 0,241 36 1,22 8,9 1,497 
p-Xylkne 0,232 36 0 8,83 1,496 
MCsitylkne 0,23 40,8 0 8,88 1,499 
Fluorobenzkne 0,373 26,l 4,9 9,11 1,468 
Chlorobenzkne 0,377 31,2 5,14 9,67 1,525 
Bromobenzkne 0,373 33,7 5,17 9,87 1,56 
Iodobenzkne 0,354 39,2 4,64 10,13 1,62 
o-Dichlorobenzkne 0,428 35,9 737  10,04 1,552 
m-Dichlorobenzkne 0,364 36 5,74 9,8 1,546 
Pyridine 0,442 24,l 7,91 10,62 1,51 
Nitrobenzene 0,479 32,7 13,44 10,4 1,553 
Benzonitrile 0,471 31,6 13,51 10,7 1,528 
AcCtophCnone 0,458 36,3 9,87 10,58 1,534 
Oxyde de diphinyle 0,321 52,8 3,87 10,l 1,589 
Anisole 0,345 33 4,17 9 1,52 
PhCnCtole 0,341 37,6 4 3 4  9,2 1,507 
Benzoate d'Cthyle 0,385 42,5 6,67 9,75 1,501 
TCtrachloromCthane 0,226 25,8 0 8,55 1,46 
DichloromCthane 0,42 16 5,17 9,88 1,424 
1,2-DichloroCthane 0,431 21 6 2  9,86 1,445 
TrichloroCthylkne 0,309 25,5 2,7 9,16 1,478 
I, I-DichloroCthane 0,429 21,2 6,87 8,92 1,417 
Chloroforme 0,359 21 3,84 9,16 1,445 

Note: Les valeurs des grandeurs physicochimiques sont tirees des references 4, IOe, 26, 45- 

et de proprittts (6 au lieu de 4). Nous cherchons a determiner I. Choix des variables et methodes 
non seulement la nature mais aussi l'importance relative des Choix des solvants 
variables physicochimiques dont dependent les parametres de Nous avons choisi le nombre maximum de solvants de 
polarit6 ET, Z et n*. fonctions chimiques varikes, capables ou non de donner des 
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TABLEAU 2. Variables physicochimiques et paramktres de Reichardt pour 24 solvants 
ALH 

Solvants ALH KIR RM IJ. 6 n~ re E-r 

Forrnarnide 
N-MCthylforrnamide 
N-MCthylacCtarnide 
Eau 
MCthanol 
Ethanol 
Butanol- l 
Ethyleneglycol (*) 
Isopropanol 
Butanol-2 
DiCthylkneglycol 
Propanol- 1 
lsobutanol 
Isopentanol 
Pentanol-2 
Pentanol-3 
Pentanol- l 
Hexanol- l 
Octanol- l 
Cyclohexanol 
TrifluoroCthanol (*) 
MCthoxy-2 Cthanol (*) 
Acide acCtique (*) 
Acide forrnique (*) 

Note: Les valeurs des grandeurs physicochimiques sont tirtes des rifirences 4, IOe, 26, 45-48. 

liaisons hydrogkne, pour lesquels nous avons pu rassembler a de Block-Walker, O(E), qui surestime sans doute l'importance 
la fois les valeurs des propriCtCs physiques retenues et celles de l'effet de saturation. Une variable tenant compte de la stpa- 
des paramktres ET, Z et n*. Pour E., 1'Cchantillon comporte 81 ration des effets d'orientation et de polarisation Clectronique a 
solvants, repartis en 57 solvants ne pouvant donner de liaison CtC utilisCe dans des correlations (18, 26) sans avantage trks 
hydrogene (appeles ici SLH) et 24 solvants donneurs de liai- determinant sur les expressions classiques. Nous avons donc 
sons hydrogene (appelCs ici ALH). Les 57 solvants SLH com- retenu la fonction de Kirkwood-Onsager, (E - 1 ) / ( 2 ~  + I), 
portent 20 aromatiques et 6 aliphatiques chlorCs (tableau 1). que nous appelons KIR dans la suite. 
Les solvants ALH comportent l'eau, 1 8  alcools, 2 acides car- En ce qui concerne l'indice de refraction n,, nous avons 
boxyliques et 3 amides (tableau 2). vCrifie que les differentes fonctions dans lesquelles il intervient . . 

g~ntralement sont trks bien corrClCes avec 1"i: ainsi r = 0,998 
Choix des variables physicochimiques et de la forme des pour (n2, - l)/(n2, + 1) et (n2, - 1)/(2n2, + 1); r = 0,999 

fonctions utilise'es pour (n2, - l)/(n2, + 2). Nous avons donc utilisC simplement 
En plus de E et de tz,, liCs respectivement la polarit6 et a la 

polarisabilitk, nous avons retenu le moment dipolaire p, la nu. 
Les deux Cchantillons SLH et ALH ont etC trait& sCpa- 

rkfraction molaire RM (produit du volume moleculaire par la rement. Les six variables physicochimiques appelees Xi dans la 
fonction (n' - I)/(n2 + 2)), la temperature d'kbullition T.. et suite sent prCsentCes dans les tableaux 2. 
le paramktre de solubilite 6 de Hildebrand (22). I1 serait sans 
doute preferable d'utiliser la pression interne P i  plutot que 6. Me'thodes statistiques 
En effet 6 est dCfinit a partir de la densite d'6nergie de cohesion Aucune hypothkse n'est faite a priori sur la dkpendance entre 
et donc a partir de l'energie mise en jeu pour vaporiser le un paramktre particulier et les variables que sont les propriCtCs 
solvant en supprimant toutes les interactions. Au contraire P i  des solvants purs. Dans un premier temps on tente, par une 
est dCfinie comme la variation d'knergie interne lors d'un ex- analyse en composantes principales (12, 3 3 ,  de dtfinir les 
pansion elementaire du liquide, au cours de laquelle toutes les relations entre les variables, puis de les remplacer par des 
interactions entre molCcules (et en particulier les liaisons hy- facteurs qui en sont des combinaisons linkaires. Ensuite, on 
drogkne) ne sont pas rompues (23). P ,  traduit donc mieux la cherche si l'information associCe aux facteurs permet de rendre 
situation crCCe par l'introduction d'une molecule de solute, 
mais comme on n'en connait la valeur que pour un nombre 
insuffisant des solvants que nous Ctudions ici, nous avons 
utilisC 6. 

Le moment dipolaire p, le paramktre de solubilitC 6 et la 
tempCrature d'Cbullition T, ont CtC utilisCs directement. La 
constante diklectrique E peut intervenir sous forme de diffi- 
rentes fonctions analysees par Taft et coll. (ref. 24, pp. 
488-500). L'un de nous (25) a etudie le degrC de similitude de 
ces fonctions pour des valeurs de E comprises entre 2 et 80. 
Pour E > 6 toutes les fonctions sont proportionnelles, sauf celle 

compte de la variation des parametres empiriques, en effec- 
tuant une regression de ces derniers sur les facteurs. Enfin, une 
rCgression multiple d'un paramktre empirique sur les propriCtCs 
du solvant pur permet de prCciser la signification de ce para- 
mktre. 

2. Resultats 
2.1. Solvants SLH 

Cas de E, 
Le paramktre ET a 6tC utilisk dans de trks nombreuses cor- 

rClations avec des vitesses de reaction (10). 11 est curieux de 
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CHASTRETTE ET CARRETTO 3495 

TABLEAU 3. Coefficients de correlation entre facteurs et variables physicochimiques, pour obtenir une interpretation claire. 
pour 57 solvants SLH Pour les 57 solvants SLH consideres. la regression entre ET .., 

et les valeurs de Xi  est la suivante:" 
Variable F, F2 F3 F4 Fs F6 

[2] ET = 35,58 ( t 2 , 7 5 )  + 22 , l l  ( 2  1,86) KIR 
KIR 0,920 0,162 0,139 0,304 0,120 0,027 
RM 0.286 0.882 0.358 0.014 0.067 0.085 + 1,358 (20,127) 6 - 12,63 (21,91) nu 

P- 01950 0;026 0:262 0;057 0: 152 oh45 n = 57; r = 0,971; s = 0,86; F  = 301. Les coefficients de RM, 
6 0y862 09052 07440 09229 09059 0t063 p et T, ne sont pas significatifs. L'Cquation [2] rend compte de  
nu 
T, 

0'053 0'841 0'457 0'279 0'008 94,4% de la variance de ET (89,8% ii partir de KIR et 6; et 0,520 ,0,803 0,156 0,227 0,001 0,094 
81 3 %  2 partir de KIR seul).' 

constater la varitte des interpretations qui en sont donnkes. ET 
a ete considere uniquement comme une mesure des propriCtes 
Clectrophiles du solvant par plusieurs auteurs parmi l;squels 
Krygowski (15, 27-29), Mayer (30) et Koppel et Pal'm (7, 
13); ces derniers ont en effet difini leur Cchelle d'aciditC de 
Lewis 2 partir de ET en lui enlevant la contribution de la polarite 
et de la polarisabilitk. Ce point de vue a CtC contest6 (31, 12). 
Taft et coll. (32) considerent ET comme un paramktre de 
polaritClpolarisabilitC contenant une contribution importante 
des propriCtCs Clectrophiles des solvants. D'autres ont note de 
fortes correlations de ET avec le paramktre de solubilitC de 
Hildebrand, 6 (12), ou avec 6' ou avec In 6 (33). Enfin, 
rCcemment, le role des forces de dispersion dej5 signale (9) a 
t te  mis en evidence par Haak et Engberts (34). 11 nous a semble 
intCressant de comDarer les im~ortances relatives de ces diffk- 
rentes variables dans le calcul et l'interpretation de ET. 

11 est possible, en utilisant les six variables physi- 
cochimiques X i  prCcisCes plus haut, d'ktudier 57 solvants SLH 
(tableau 1). Dans un premier temps il fallait verifier que les 
variables Xi  retenues fournissaient bien une information suf- 
fisante pour determiner ET. Pour ce faire, tenant compte de ce 
que ces variables Xi  ne sont pas independantes les unes des 
autres, nous avons effectue une analyse en composantes prin- 
cipales normee (1 1, 35a) permettant de definir a partir des 
variables Xi  six facteurs Fi  totalement independants. ~e tableau 
3 presente les valeurs des coefficients de correlation entre les 
facteurs Fi  et les grandeurs physiques Xi .  Cette analyse permet 
de selectionner les facteurs qui portent le plus d'information. 
Dans le cas des 57 solvants SLH, les trois premiers facteurs 
contiennent 94,2% de l'information totale. 

ET peut Ctre calculC par une regression orthogonalisee (35b) 
sur ces trois facteurs. Le coefficient de F ,  n'est pas ~ignificatif;~ 
on obtient I'equation [I]: 

n = 57; r = 0,971; s = 0,87; F  = 297. Cette equation rend 
compte de 94,3% de la variance de ET3 (87,8% pour F ,  seul). 
D'apres le tableau 3 on constate qu'il est difficile d'attribuer 
une signification physique aux differents facteurs retenus. F ,  
est tres lie aux variables de polarit6 (KIR, p et 8) alors que F2 
est liC aux variables de polarisabilite (RM et nu). La signifi- 
cation de F3 reste obscure mais il n'intervient pas dans ET. 
L'Cquation [ l ]  montre que l'analyse de ET en termes de varia- 
bles physicochimiques du solvant pur est possible (l'in- 
formation totale est suffisante). 

11 nous parait prefirable d'utiliser directement les variables 

'Les coefficients de regression sont consideris comme significatif 
quand leur probabilite critique est infkrieure a 5%. Le plus souvent elle 
est inferieure a O,I%. 

'Les valeurs de E, ne sont pas normalisCes. 

Pour priciser l'importance relative des trois variables physi- 
cochimiques dans la determination de ET on dispose d'une 
methode employee par Gore (36), Krygowski (27) et plus re- 
cemment par Maccarone et Perrini (37) qui consiste a ponderer 
les coefficients de la regression par les Ccarts-types des varia- 
bles. On trouve ainsi que KIR est le plus important (43,2%), 
suivi de 6 (38,5%) et de n,, (18,3%). L'equation [2] montre que 
ET est lie (i) a la polarit6 du solvant par llintermCdiaire de KIR. 
KIR et p ttant bien correles ( r  = 0,913), il est normal qu'une 
seule des variables apparaisse dans [2]; (ii) a la polarisabilite, 
a travers l'indice de refraction n, avec un coefficient de re- 
gression negatif indiquant que ET croit lorsque la polarisabilitk 
du solvant diminue; (iii) B la cohesion, par l'intermediaire du 
parametre 6 de Hildebrand. On ne doit pas s'ktonner que ET, 
qui apparait comme un bon parametre de polaritClpolari- 
sabilitC, depende aussi nettement de 6 car les echelles empiri- 
ques de polarit6 peuvent toutes faire intervenir plus ou moins 
1'Cnergie de cohesion du solvant. Cette dependance multiple 
explique que l'echelle de Dimroth et Reichardt soit employee 
avec succes pour rendre compte des effets de la polarit6 des 
solvants ( lob).  

Pour determiner l'influence du choix des solvants sur les 
resultats obtenus, nous avons trait6 separement une sous- 
population de 19 solvants aliphatiques non halogenes (que Taft 
et al. nomment "select solvents"). Ces solvants ont etC choisis 
parce que communs a notre Cchantillon et a la liste de "select 
solvents" donnee par Taft et coll. dans une publication recente 
(38) (ils sont marques d'un signe + dans le tableau 1). La 
regression de ET sur les variables physicochimiques conduit j. 
retenir I'kquation: 

r = 0,980; n = 19; s = 0,835; F  = 124. 
On constate que les variables significatives restent les 

mCmes que pour l'echantillon entier mais surtout qu'il est 
necessaire de faire intervenir la cohesion du solvant pour 
obtenir une corrklation acceptable (avec seulement KIR, r = 
0,922; avec 6 seul, r = 0,922; avec KIR et 6, r = 0,963). 
L'introduction du parametre 6 rend inutile l'emploi dans la 
correlation de termes croises (comme par exemple le produit 
KIR x nu). 

Par ailleurs, il est connu que ET est bien corrClC avec AN (2) 
mais nous avons montre que AN etait non seulement une me- 
sure de I'acidite mais aussi une bonne mesure de la polarit6 des 
solvants (12). Ceci est confirme par la bonne correlation obser- 
vCe entre AN et n* (38, 39). Pour verifier si ET depend reel- 
lement de l'acidite de Lewis des solvants, nous avons Ctudie la 

'Dans le cas des solvants SLH, pour le calcul de E,, le resultat 
obtenu en remplaqant 6 par 6' dans le groupe de variables 6, KIR et 
nu est pratiquement le mCme qu'avec 6. 
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corrClation entre E ,  et I'Cnergie de la plus basse orbitale non 
occupCe, LUMO. En effet, Sabatino et al. (40) ont montrC que 
1'Cnergie de l'orbitale LUMO et AN se comportaient de 
maniere tout a fait semblable dans des corrClations avec des 
vitesses de rCaction et des energies de solvatation. Pour 53 
solvants SLH de notre Cchantillon dont les valeurs de LUMO 
sont connues (25), le coefficient de corrClation entre E ,  et 
LUMO est r = 0,423. ET n'est donc pratiquement pas liC a 
l'aciditi de Lewis des solvants SLH. 

Cas de Z 
L'Ctude de Z a CtC menCe pour 29 solvants SLH (ceux de 

l'echantillon de 57 solvants pour lesquels Z est connu). Le 
calcul de Z n'a CtC effectuC qu'a partir des variables physi- 
cochimiques (tableau 1). Les corrClations entre ces differentes 
variables sont du m&me ordre que pour l'ensemble des 57 
solvants SLH. L'Cquation [4] permet de rendre compte de 87% 
de la variance de Z: 

[4] Z = 104,l (5 10,70) - 0,499 (-+0,059) RM 

- 26,30 (+7,97) n,, + 0,082 (+0,007) T, 

I1 faut noter que 6, dont le coefficient dans la rigression 
multiple n'est pas significatif, est le parametre qui, considere 
seul, presente la plus forte corrClation avec Z ( r  = 0,828). 
Parmi les trois variables dont depend Z, l'importance de l'in- 
dice de rCfraction est nettement la plus grande: 62,7%, contre 
20,7% pour la tempkrature d'kbullition et 16,6% pour la rCfrac- 
tion molaire. Z semble donc dCpendre principalement de la 
polarisabilitii du solvant: quand celle-ci augmente, Z diminue. 
Comme pour E.,, aucune corrClation significative n'existe entre 
Z et LUMO. 

Cas de T:* 
Les valeurs de T* sont connues pour 52 des 57 solvants de 

notre Cchantillon de solvants SLH (tableau 1). Les trois pre- 
miers facteurs obtenus par analyse en composantes principales 
normCe a partir des Xi portent 943% de l'information totale. 
Mais 1'Cquation obtenue par rCgression de T* sur ces trois 
facteurs ne rend compte que de 8 1,3% de la variance de n*. En 
considCrant les quatre premiers facteurs on obtient l'iquation 
[5] qui ne permet d7expliquer que 88,6% de la variance he T*: 

n = 52; r = 0,941; s = 0,007; F = 92. 
La prise en compte du cinquieme facteur n'apporte pas 

d'amklioration sensible ( r  = 0,947; s = 0,006; F = 80). 
Attribuer une signification physique aux facteurs F, est tout 
aussi complexe que dans le cas de ET et nous avons prCfCrC 
Ctablir la rCgression multiple qui permet de calculer n* en 
fonction des proprietes physiques elles-m&mes: 

[6] n* = -2,419 (20,249) + 1,85 (&0,173) KIR 

n = 52; r = 0,946; s = 0,006; F = 138. 
L'Cquation [6] rend compte de 89,6% de la variance de n* 

(64,8% avec KIR seul; 61% avec 6 seul). D'aprks [6], T* est 
liC, comme E.,, a la polaritC, a la polarisabilitC et a la cohCsion 
du solvant. C'est le parametre de Kirkwood qui est ici le plus 
important dans la determination de T* (53,2%), suivi de n, 
(28,5%) et de 6 (18,3%). A partir des variables physico- 

chimiques choisies, mCme en gardant prks de 99% de l'in- 
formation, on ne peut pas calculer T* de fa~on satisfaisante. 
Pour 48 des 52 solvants pour lesquels on connait les valeurs de 
LUMO, le coefficient de corrClation simple entre T* et LUMO 
est r = 0,715. T* apparait donc tres faiblement liC 1'aciditC 
de Lewis du solvant. En faisant intervenir ce parametre dans 
l'equation de rCgression on obtient: 

[7] T* = - 1,929 (50,291) + 1,697 (+0,182) KIR 

+ 0,035 (&0,011) 6 + 1,006 ('0,197) n, 

- 0,015 (50,005) LUMO 

n = 48; r = 0,955; s = 0,006; F = 113. 
Cette Cquation rend compte de 91,2% de la variance de T*. 

En effectuant le meme calcul pour ET, on constate que le 
coefficient de LUMO dans 1'Cquation de rCgression n'est pas 
significatif. 

Suivant Bekarek (17) nous avons repris le calcul de T* en 
fonction des variables physicochimiques pour, respectivement, 
25 solvants aliphatiques non-halogenes et 18 solvants aro- 
matiques, appartenant tous 2 notre Cchantillon de 52 solvants 
SLH. Dans les deux cas, le calcul de T* se trouve nettement 
amCliorC. Pour les 18 solvants aromatiques, la rCgression fait 
intewenir KIR, RM et n, ( r  = 0,964, s = 0,002). Dans le cas 
des 25 solvants aliphatiques non halogCnCs (repCrCs par le signe 
X dans le tableau l), T* peut etre calculC partir de KIR, 6 et 
n,: 

[8] n* = -2,616 (+0,649) + 2,082 (20,258) KIR 

+ 0,040 (+0,014) 6 + 1,409 (+0,488) no 

Pour 36 solvants "select", dont 23 figurent aussi dans notre 
Cchantillon, Abboud et al. (26) ont obtenu 1'Cquation: 

n = 36; r = 0,983; s = 0,05; F = 472, avec 

Les fonctions A l  et A2 (de E et de n,,) conviennent donc mieux 
au calcul de T* que KIR et n, lui-m&me. 

2.2. Solvants ALH 
En raison de la faible taille des Cchantillons de solvants ALH 

pour lesquels on connait n* ou Z, nous avons men6 cette Ctude 
uniquement pour ET. L'Cchantillon de 24 solvants considCrC 
comprend l'eau, 18 alcools primaires ou secondaires, 3 amides 
non tertiaires et 2 acides carboxyliques (tableau 2). Une Ctude 
similaire 21 celle qui a CtC effectuCe pour les solvants SLH a CtC 
rCalisCe pour ces solvants qui peuvent participer ?i des liaisons 
hydrogkne. Une analyse factorielle normCe effectuCe sur les six 
variables physicochimiques Xi fournit six facteurs Fi indCpen- 
dants. I1 faut considirer les 4 premiers facteurs pour rendre 
compte de 96,2% de l'information totale. La rigression ortho- 
gonalisCe sur ces quatre facteurs conduit a: 

n = 24; r = 0,85; s = 5,40; F = 573,  les coefficients des 
autres facteurs n'Ctant pas significatifs. Cette relation n'ex- 
plique que 72% de la variance de ET. De plus, les tests de 
qualite de la rkgression [lo] (41) (variance des Ccarts (42a); test 
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CHASTREITE ET CARREITO 

TABLEAU 4. Coefficients de corrClation entre facteurs et variables 
pour 19 solvants ALH 

Variable F ,  Fz F ,  F.4 Fs F a  

KIR 0,820 0,218 0,266 0,456 0,029 0,022 
RM 0,817 0,483 0,099 0,145 0,234 0,114 
F 0,574 0,624 0,399 0,343 0,013 0,065 
6 0,874 0,050 0,460 0,021 0,102 0,111 
nu 0,272 0,891 0,170 0,133 0,288 0,051 
Tc 0,059 0,955 0,189 0,076 0,147 0,149 

4 d'Exner (426)) ne sont pas satisfaisants. Reichardt (10c) 
reconnait que la principale limite de l'tchelle de polaritt dtfinie 
par ET rtside dans le fait que les valeurs de ET ne sont pas 
mesurables dans les solvants acides. En effet, toute addition 
d'acide a une solution contenant la betai'ne de Dimroth 
provoque la protonation de l'oxygkne phtnolique. Nous avons 
donc repris ce calcul aprks avoir tlimint de notre tchantillon 
les solvants plus acides que l'eau, c'est-a-dire les acides 
formique et acttique (pK, = 3,75 et 4,75), le trifluorotthanol 
(pK, = 12,4 (43), l'tthyltneglycol (pK, = 14,2) et le mtth- 
oxy-2 tthanol (pK, = 14,8 (44)). L'ttude effectute sur les 19 
solvants ALH restant (tableau 2, solvants sans*) a partir des 
trois premiers facteurs qui portent 96,6% de l'information 
totale, conduit a: 

r = 19; n = 0,967; s = 1,40; F = 73. 
La qualitt de la rtgression se trouve sensiblement amtliorte 

puisque l'tquation [l  11 explique 93% de la variance de ET (F,  
seul en explique 77%). Dans ce cas, comme dans celui des 
solvants SLH, il n'est pas possible de faire le lien de fa~on 
univoque entre un facteur Fi et une proprittt caracttristique des 
solvants (tableau 4). Le calcul a partir des proprittts des sol- 
vants purs limitt aux 19 solvants finalement retenus conduit a 
l'tquation: 

La relation [12] rend compte de 96,4% de la variance de ET 
(6 seul en explique 90,5%). C'est 6 qui a l'importance relative 
la plus grande (41,9%), suivi par l'indice de rtfraction nu 
(31 3%)  puis par la temptrature d'tbullition Tc (26,6%). Ceci 
montre que, pour les 19 solvants ALH pas trop acides, ET est 
lit 2 la cohtsion et a la polarisabilitt du solvant. L'existence 
d'une faible corrtlation ( r  = 0,791) entre 6 et KIR suggkre un 
lien plus faible avec la polaritt. I1 n'existe pas de corrtlation 
significative entre ET et LUMO pour les 17 solvants ALH de 
notre tchantillon pour lesquels les valeurs de LUMO sont con- 
nues. Par contre, nous avons constatt que l'introduction du 
paramktre a de Taft dans l'tquation de rtgression de ET amt- 
liore nettement le rtsultat obtenu pour des solvants d'aciditt 
varite (acide acttique, formamide, alcools, eau) (pour ET = 
f(KIR, 6, a) ,  n = 10, r = 0,989, s = 0,64). Mais, a ttant 
connu (32) pour 10 seulement des 24 solvants ALH, ce rtsultat 
n'a pas une grande portte. 

3. Discussion 
Pour les solvants SLH, ce sont les m&mes variables physico- 

TABLEAU 5. Importances relatives de KIR, 6 et nu 
dans le calcul de ET et T* (solvants SLH) 

Nb. solv. KIR 6 nl, 

chimiques KIR, 6 et n,, qui interviennent dans les tquations de 
rtgression de ET et T*. Les deux paramktres empiriques appa- 
raissent donc lits a la polaritt et a la polarisabilitt comme l'ont 
dtja observt de nombreux chercheurs. Nous montrons de plus 
que ET et T* contiennent une contribution importante de la 
cohtsion de solvant, par i'intermtdiaire du parametre 6 de 
Hildebrand. Ce paramktre permet de tenir compte de l'tnergie 
ntcessaire pour former dais le solvant une cavitt ou loge; le 
solutt. I1 convient donc de comparer les difftrents paramktres 
de polaritt en tenant compte de ces trois aspects et non plus 
seulement des deux premiers. L'importance relative des trois 
variables n'est pas la m&me pour ET et pour T* (tableau 5) et, 
de plus, le signe du coefficient de nu dans la rtgression est 
difftrent. 

I1 est possible d'inteprtter la contribution plus tlevte de 6 
pour ET que pour T* en considtrant que la btta'ine utiliste pour 
dtfinir ET est bien plus volumineuse que les composts utilists 
dans la dtfinition de T*. 

Si I'on admet (18 et rtftrences cities) que l'tnergie de sol- 
vatation due a la polarisation tlectronique est donnte par 
l'tquation: 

(ou p~ et pG sont respectivement les moments dipolaires des 
ttats excitt et fondamental) on peut rendre compte du signe du 
coefficient de rtgression de n, qui est celui de la difftrence p2, 
- pZG. En effet, d'aprks Reichardt (10d) les moments di- 
polaires a l'ttat excitt et a 1'6tat fondamental de lap-nitro-N, N- 
ditthyl aniline, qui a semi parmi d'autres composts semblables 
a la dtfinition de T*, sont respectivement de 12,9 et 5,l  D, ce 
qui correspond a pZE - p2G = 140,4. Pour le btta'ine de Dim- 
roth, les moments dipolaires a l'ttat excitt et fondamental sont 
respectivement de 6 et 14,7 D, ce qui correspond a pZE - pZG 
= - 180,l. I1 est donc normal de trouver que le coefficient de 
rtgression pour la variable n, est positif pour T* et ntgatif pour 
ET . 

Pour les 52 solvants SLH communs aux deux ttudes, ET et 
T* ne prtsentent qu'une corrtlation tres moyenne ( r  = 0,788). 
Kamlet, Abboud et Taft (rtf. 24, p. 573) ont aussi constatt ce 
fait et l'attribuent a un dosage de polarisabilitt et de polarit6 
difftrent pour les deux paramktres empiriques, ce qui est vtrifit 
si l'on considkre le tableau 5. D'ailleurs, nous constatons que 
la corrtlation entre ET et T* est nettement meilleure quand 
l'tquation de rtgression fait intervenir nu ( r  = 0,933, s = 
0,008, n = 50), lit a la polarisabilitt. Taft et coll. (4) 
obtiennent aussi une nette amtlioration de la corrtlation entre 
ET et T* en ttudiant stpartment des familles de solvants de 
m&me type (aliphatiques non chlorts, aliphatiques polychlorts, 
aromatiques) ayant des caracttristiques de polarisabilitt 
communes. 

Pour les solvants ALH, ET peut &tre calcult a partir des 
grandeurs physicochimiques, a condition de ne pas prendre en 
considtration les solvants les plus acides (pK, < 15). Ceci 
correspond au caractkre basique de la btta'ine de Dirnroth dont 
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TABLEAU 6. Importances relatives de quatre variables physi- 
cochimiques dans le calcul de ET 

6 1111 KlR T c  

57 solvants SLH 38,5% 18,3% 43,2% - 
19 solvants ALH 41.9% 3 1 3 %  - 26,6% 

les solvants les plus acides provoquent la protonation de l'oxy- 
gkne phenolique (IOc). Pour les deux types d e  solvants, ET 
depend significativement d e  la polarisabilite, a travers l'indice 
d e  refraction, et d e  la cohesion, par l'intermediaire de 6. KIR, 
bien corrCl6 avec le moment dipolaire, intewient dans I'ex- 
pression de ET pour les solvants SLH. Par contre, ni KIR ni p- 
ne figurent dans l'expression de ET pour les solvants ALH. 11 
faut toutefois noter que, dans ce dernier cas, il existe une 
correlation faible ( r  = 0,791) entre 6 et KIR. Pour ET, 6 a une 
importance relative notable et remarquablement proche pour 
les deux types de solvants (cf. tableau 6). Ceci montre l'in- 
fluence trks importante du processus de crtation d'une cavitt  
dans le solvant et donc la necessite de prendre en compte une 
grandeur like a la cohtsion du solvant dans tout traitement des 
effets de solvant. 

Conclusion 
Dans cette etude qui geniralise la precedente (12) nous avons 

calculk Er uniquement partir de variables physicochimiques 
caractkristiques des solvants purs. Cette demarche nous a per- 
mis, pour un nombre raisonnable de solvants (57 SLH et 19 
ALH), de rendre compte de plus de 94% de la variance de ET 
et de conclure que l'echelle empirique de Dimroth et Reichardt 
est bien une echelle de polarite-polarisabilite avec une forte 
influence d e  la cohesion et une trks faible influence de l'acidite 
du solvant. 

En ce qui concerne IT* et Z ,  et pour les echantillons de 
solvants SLH correspondants (52 pour IT*, 29 pour Z ) ,  une 
conclusion plus nuancee s'impose bien que les mCmes effets 
soient mis en evidence. 
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Syntheses et analyses structurales de perchlorates anhydres d'In(II1) et de Tl(II1) 
M(C104)3 et C102M(C104)4; (M = In, T1) 

MOHIEDDINE FOURATI, MONCEF CHAABOUNI ET HASSINE FERID AYEDI 
~ c o l e  Nationale d'ltzgtnieurs de Sfax, Laboratoire de Chitnie Physique et Itzorgnt~ique, B.P. W .  3038 Sfax, Tunisie 

ET 
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R e ~ u  le 20 mars 1985 

MOHIEDDINE FOURATI, MONCEF CHAABOUNI, HASSINE FERID AYEDI, JEAN-LOUIS PASCAL et JACQUELINE POTIER. Can. J. 
Chem. 63, 3499 (1985). 

Les reactions du trioxyde de chlore (C1206) sur les InCI, et TIC13 anhydres ou InCI3,4HIO ont conduit a deux nouveaux 
perchlorato mCtallates de chloryle C1Ozln(C1O4), et CI02TI(C104)4. Par degradation thermique sous vide dynamique, ces deux 
sels de chloryle donnent respectivement, vers 80°C, In(C104)3 et TI(C104)3. TI(CI04)3 se transforme des 95°C en T100.s(C_104)2 
alors que In(C104), est stable jusqu'i 272°C. In(CI04) et TI(CIO,), cristallisent dans le mCme groupe d'espace P3. La 
meilleure interpretation des spectres de vibration ir et Raman peut Ctre effectute en considerant une molCcule polymere de type 
Asl,. Les groupes (C104) sont bidentCs en pont et fortement lies au mttal. Les composCs C102M(CI04), (M = In, TI) sont 
des complexes dCfinis comportant le cation ~ 1 0 ~ '  en interaction avec I'anion M(C104)4-. II existe dans cet anion des groupes 
(Clod) monodentCs et bidentCs. 

MOHIEDDINE FOURATI, MONCEF CHAABOUNI, HASSINE FERID AYEDI, JEAN-LOUIS PASCAL, and JACQUELINE POTIER. Can. 
J. Chem. 63, 3499 (1985). 

Reactions of chlorine trioxide (CIZOh) with anhydrous InCI,, TIC],, and InC13.4Hz0 have been investigated. They give two 
chloryl perchlorato metallates: C10zln(C104)4 and C102TI(CI04)4, which can be decomposed on heating (80°C) under dynamic 
vacuum. They yield respectively In(CI04), and T1(C104)2. TI(CI04)3 appears to have weaker thermal stability than In(C104)3, 
which is stable up to272"C; the former decomposes starting at 95°C to give T100.s(C104)2. In(CI04)3 and TI(C104), have the 
same space group P3. The best assignment of their ir and Raman vibrational spectra can be made on the basis of a polymeric 
structure (As13 type) with bridging bidentate perchlorato groups strongly bonded to the metal. The C102M(C104)4 (M = In, 
TI) salts are well defined. The cation C102' is unambiguously characterized; i t  interacts with the anion M(CI04),-, which has 
monodentate and bidentate perchlorate groups. 

Introduction 
L'utilisation d'agents perchloratants efficaces tels que C1206, 

HCIO,, ClCIO,, ... a permis ?I Schmeisser et Brandle (I) ,  Ros- 
olovskii et coll. (2), Christe et coll. (3) et nous-mCmes (4) de 
prtparer plusieurs complexes perchlorato anhydres des mttaux 
de transition et d'tltments du bloc p. 

Dans la colonne 111, il a ttC mis en tvidence des complexes 
de type MCl(ClO,), (M = B (5)); MC12(C10,) (M = B (5) et 
Ga (6)); M(C104)3 (M = B ( 9 ,  A1 (2a) et Ga (6)); 
A,,M(C104)3+,, (M = B,  n = 1, A = alcalin, NH,', NO?'; M 
= Al, n = 1, A = CIOzf; I < n < 3, A = alcalin, NH,', NOz+; 
M = Ga, n = 1, A = CIOz+ (5- 11). Aucun perchlorate 
anhydre d'In(II1) ou de Tl(II1) analogue aux prtctdents n'est 
connu. Seuls sont signalts dans la litterature des perchlorates 
In(1) et de Tl(1) (12a, 13) ainsi que des complexes de type 
ML,(CIO,),; M = In, TI, L = base organique (12b, 13). 

L'ttude des structures de Sn,OzC1,(C1O,),, Sb2C16(0)(0H)- 
(CIO,) par RX (rayons X) (14, 15) et des complexes de type 
M(CIO4), (M = Cu (1 6a), Co, Ni (1 6b)) par EXAFS (Extend- 
ed X-Ray Absorption Fine Structure) a permis d'affiner les 
donntes de la spectroscopie de vibration. 

On a pu Ctablir d'une fason rigoureuse les corrtlations: frC- 
quences des vibrations - longueurs des liaisons et nombre de 
vibrations - gtometrie du ligand (monodentt, bidentt en 
pont, trident6 en pont.) 

Nous prksentons ici le mode de prkparation des perchlorates 
anhydres d'indium(II1) et de thallium(II1) et proposons une 

' Auteur a qui adresser la correspondance. 

analyse structurale des composCs obtenus. Cette analyse repose 
sur les donntes de la spectroscopie de vibration ir et Raman, 
des diagrammes de poudre X et de rtcents rtsultats en EXAFS 
sur Ga(ClO,)? (17). 

Partie experimentale 
Attention: Le trioxyde de chlore et les perchlorates anhydres sont 

des composCs tres rkactifs, particulierement au contact des matieres 
organiques ou sous les chocs. Les reactions doivent Etre surveilltes 
attentivement. Les complexes sont extrCment hygroscopiques; ils sont 
manipules sur une ligne de vide (18) ou dans une boite a gant con- 
tenant de l'azote tres sec. 

Produits de base 
La preparation et la purification du trioxyde de chlore ont deji CtC 

dCcrites (19). InC1, (Alfa Ventron ou Merck pour analyse) et TICI, 
(Cerac (99,9)) sont utilisks sans purification prealable. 

InC1,,4H20 est obtenu par recristallisation dans I'eau de InC13 anhy- 
dre et chauffage sous vide a 50-60°C jusqu'i poids constant. 

MPthodes d'analyse 
Les appareils d'analyse ir, Raman et RX sur poudre ainsi que les 

mCthodes dlCchantillonnage sont presentkes par ailleurs (4, 5). 
Pour I'analyse chimique, la mise en solution des perchlorates anhy- 

dres est effectute avec beaucoup de prtcautions (4). Les dosages de 
In (20), TI (20), de C102' (4, 21) et de CI04- (22) sont effectues 
gtneralement de f a ~ o n  classique comme indiqut dans la ICgende du 
tableau I.  Seule I'analyse de dans les complexes du thallium 
fait I'objet d'une mCthode originale mise au point au cours de ce 
travail. 

Par suite d'une reaction de complexation secondaire (23), les com- 
plexes du thallium ne peuvent pas Ctre titrCs par potentiomktrie gr2ce 
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3500 CAN. I. CHEM. VOL. 63. 1985 

FIG. 1. Spectres ir et Rarnan de In(C104)3. 

A r. 

FIG. 2. Spectres ir et Rarnan de Tl(C104)~. (I) v,, Clot; (2) v, Clot; 
(3) v,, v,, C10,; (4) p,, p, et 6 C10,; (5) p, et 6 CIO,; (6) v,, v,, 1T1061. 

au chlorure de tCtraphCnyl-arsoniurn (22). 
La concentration en C1O4- est dCterminCe en utilisant une courbe 

d'ktalonnage prialablement Ctablie h partir des potentiels d'Clectrode 
de plusieurs solutions Ctalons de perchlorates de potassium (5 X 
< M < 5 X lo-'). Pour tous les Cchantillons la force ionique est 
maintenue constante par addition de (NH4)2S04. 

Synthise des complexes perchlorato d'indium et de thallium 
Les mCcanismes de synthbes et de dCcomposition obeissent des 

rkgles dCji rencontrkes (4): 
(i) A partir d'un chlorure anhydre: 

(ii) A partir d'un chlorure hydrate: 

FIG. 3. Spectres ir et Rarnan de C1021n(C104). A C102+; I groupe 
C1O4 monodenti. 

FIG. 4. Spectres ir et Rarnan de C102T1(C104)4. A et I, cf. figure 
3. 4 en ir indique les vibrations proches de celles de Cl,06 liquide 
(-C102-C104-),,, rCf. 31. 

Contrairement au bore (5) et au gallium (6), on n'obtient jamais 
avec l'indiurn et le thallium, dans un premier stade, des complexes de 
type MCI,, - ,(C104),,. 

Dans une expCrience classique on distille h - 180°C sur 0,5 i 6 X 

lo-' mole de chlorure, un exces de C1206 (2 i 5 fois plus). On laisse 
ensuite rechauffer doucement ce mClange jusquh 10°C, puis on agite 
plusieurs heures (de 3 i 8 h) jusqu'h ce que le maximum de trioxyde 
de chlore soit consornrnC. Durant I'agitation on note un fort dC- 
gagement de C102, Oz, Clz. Ces gaz doivent &tre CliminCs pCriodi- 
quement sous vide dynamique du milieu rkactionnel. Aprks avoir 
enlevC par pompage l'excks de C1206, on aboutit un composC orange 
qui enrobe souvent des particules de chlorure qui n'ont pas rCagi. On 
broit ce mClange en boite h gant puis on le retraite par C1206. Le 
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FOURATI ET AL. 3501 

TABLEAU I. Synthkse des complexes perchlorato d'indium et de thallium 

Analyse (%)' 

Produit de base" ClzO; T h  Produit obtenu Couleur M C104 CIOz Go.' " 

InCI3 (0,615) l 6  10 C I O ~ I ~ ( C I O ~ ) ~  20,9 68,20 10,64 s. orange 
InC1,,4H20 (1,672) 12 (19,79) (68,57) (10,60) 

TICI, (0,165) 5 10 CIOzTI(C104)4 s. orange 30,41 59,20 10,44 
(30,52) (59,40) ( I  0,07) 

C1021n(C104)4 (0,46 14) - 85 In(C104)? s. blanc 27,00 71,81 - 0,3389 
(27,78) (72,21) - (0,3286) 

CIOzTI(C104)4 (1,2363) - 80 TI(C104); s. blanc ivoire ou 38,89 59,85 - 0,9281 
s. laune orang6 (40,65) (59,35) - (0,9273) 

C1O2T1(Cl04)4 (2.8 164) - 95 ~10o.~(C104)z/ s. jaune clair - - - 1,7298 
( 1.7243) 

In(C104)3 (0,1056) - 272 III(CIO~)~ s. blanc - - 

"QuantitC en g (experience type). 
hTempCrature de la reaction ou de la decomposition ("C). 
"Les valeurs attendues sont donnies entre parentheses. Analyse: In par complexomCtrie (20); TI(II1) sous forme de 'TI(1) par iodomitrie (20); Clod- 

dans les complexes d'ln par potentiomitrie (22); pour ceux de TI, cf. texte; CIO1' sous forme de C103 par reduction au sel ferreux (21). 
"G: thermogravimitrie. 
'Quelque soit sa couleur, TI(CI04), a les mCmes propriitis (ir, Raman, RX). 
'Le diagramme de poudre X et le spectre Raman indiquent qu'il s'agit d 'un  milange. On releve I'existence de TI(CI04).,, T1,0, et d'un ox,operchlorato 

non identifii comportant des groupes Clod monodentis fortement liCs et des groupes CIO, bidentis faiblement liis. 

TABLEAU 2. Diagramme de poudre 

In(C104)3 Tl(C104)3 C1OzIn(C1O4)4 C102Tl(C104)4' 

I d obs d calc. I d obs d calc. Indexation I d obs I d obs 

(sh) 3,60 
15 3.36 
15 3,25 
30 2.82 
10 2,71 
5 2,61 
5 2,55 

20 2,39 
15 2,28 

"Les Cchantillons de C102TI(C104)4 sont protigis par une feuille en Kapton; elle ne permet pas de faire de bonnes mesures d'intensitis 
relatives. La signification de s, m, w est donnie dans le tableau 3. 

produit final est un sel de chloryle pur, C102M(C104)4. Par chauffage Resultats 
sous vide dynamique du sel de chloryle on obtient M(C104)3. Cette 
dernikre operation doit Ctre men6e avec precaution, avec le sel de Analyse 

thallium pour Cviter la formation d'un 0x0 perchlorato complexe. Les composCs synthetises sont anhydres car les spectres ir et 
Les caractCristiques des reactions, l'analyse des cornposCs isolCs Raman (figures 1-4) ne ~resentent aucune b a d e  ou raie dans 

sont reportees dans le tableau I. On doit remarquer que In(CI04), est les domaines de vibrations du vibrateur 0-H (3600-3000 
stable jusqu'i 272°C. cm-' et 1800- 1500 cm-'). 
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In(C104I3 
La similitude des spectres ir et Raman de In(C104)3 et 

Ga(ClO,), (fig. 1 et rCf. 6) indique que l'environnement du 
mCtal et la symCtrie locale sont identiques dans les deux com- 
plexes. 

Leurs diagrarnrnes de poudre sont cependant diffkrents. I1 est 
possible Cindexer les raies de celui de Ga(CI04)3 partir du 
groupe R3 (17). Pour In(C104), on est conduit 2 adopter le 
groupe P 3  pour lequel les arrangements dans la rnaille sont 
voisins (tableau 2). On reste ainsi cohirent avec les donnCes de 
la spectroscopie de vibration. 

Une Ctude structurale par EXAFS de Ga(C104), (17) a rnon- 
tre que sa structure dCrive de celle de Asl, (24). C'est un 
polyrncre a structure larnellaire, la distance Ga-Ga est de 
4,71 A. Les groupes C104 sont bidentes en pont (fig. 5 et 
rCf. 17). 

Autour de chaque atome de rnCtal la syrnetrie locale est D3.  
Dans le cristal le groupe facteur est S6. Ceci conduit au tableau 
de corrClation 3a pour le squelette M06. 

Pour les groupes ClO, on peut dresser le tableau de cor- 
rClation 3b. 

I1 est bien Cvident que l'on ne pourra observer, pour les 6 
molCcules contenues dans la rnaille, les ((3 x 16 x 6) - 3 = 
285) vibrations attendues. Par contre, on peut rendre cornpte 
des perturbations et effets de rnultiplicitC pour les groupes ClO, 
et des vibrations du squelette mCtal-oxygkne. 

Frc. 5. Environnement de Ga dans Ga(CI04)? d'aprks rtf. 17. 

On note, pour les 18 modes de vibration attendus du groupe 
C104 entre 1400 et 400 cm-I, 14 cornposantes principales en 
Rarnan et 12 en ir. L'activitt sClective ir-Rarnan prkvue est 
vCrifiCe en particulier dans le dornaine des vibrations de va- 
lence C10, ( 0 ,  = oxygkne terminal) (fig. 1). 

La prCsence de ligands ClO, bidentCs est confirmCe par 4 
groupes de bandes ou raies dans le dornaine des vibrations de 
valence (18, 25) (cf. tableau 4). Sous l'effet du groupe facteur 
(tableau 3b) chacun de ces modes de vibrations se dedouble en 
deux cornposantes A, et E, en Rarnan et A, et E, en ir (tableau 
4). Par exemple v,, C10, est observe a 1326 et 1306 crn-' en 
Rarnan et 1290 et 1275 crn-' en ir et v, C10, apparait a 1202 et 
1156 crn-' en Rarnan et 1165 et 1143 crn-' en ir. L'effet de 
rnultiplicitt dO a la prCsence de 6 motifs dans la rnaille permet 
d'expliquer, notarnment les cornposantes 1305 cm-' en ir et 
2 1293 cm-' en Rarnan. La plus faible rCsolution dans le do- 
rnaine des modes de deformation de C1O4 (700-400 crn-I) ne 
permet pas de voir l'ensernble des cornposantes attendues (fig. 
1). Les attributions les plus logiques sont donnees dans le 
tableau 4. 

Quatre raies en Rarnan (autour de 241 cm-I) et deux bandes 
en ir (vers 222 crn-I) caracterisent les vibrations de valence du 
squelette. 

Bien que le grqupe ClO, soit forternent lie au metal, 
d(ln-0) = 2,19 A (17), les frequences moyennes v In-0 
(-230 crn-I) sont infkrieures a celles notees pour l'act- 
tylacetonate, v,: 444 crn-' (27), les acetates, v,: 300 crn-' (28) 
ou d'autres complexes organo rnttalliques signales dans la lit- 
tCrature (29). Ceci est bien sur lie a la faible basicite du groupe 
clod. 

En dessous de 150 crn-' on attend les vibrations de dCfor- 
rnation de l'octaedre et les modes de rkseau. Une attribution 
spCcifique semble delicate, cependant, sans ambigui'tC, les 
raies a 143, 137 et 107 crn-' doivent plut6t dCcrire des modes 
de deformation de syrnCtrie A, et E,. 

T ~ ( C ~ O ~ ) J  
La comparaison des diagrarnrnes de poudre de In(Clo4), et 

Tl(ClO,), (tableau 2) montre que ces deux complexes cris- 
tallisent dans le r n h e  groupe d'espace. Leurs spectres ir sont 
identiques, ainsi qu'une grande partie de leurs spectres Raman. 
Par contre, le dornaine des vibrations de valence C10, presente 
en Rarnan une grande difference. Pour l'indiurn on releve trois 
raies 2 872, 945 et 896 crn-' et deux pour le thallium a 799 et 
917 cm-I. Les vibrations du pont Ctant les plus affecttes par le 
mode de coordination, on pourrait expliquer ces differences par 
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!T AL. 3503 

TABLEAU 4. Attributions des bandes ir et des raies Raman de 
In(CI04)3 (s: fort, rn: rnoyen, w: faible, sh: Cpaulernent) 

Rarnan Infrarouge Attributions 

1326 (15) (A,) 
1306 (15) (E,) 
1293 (sh) 

1202 (45) (A,) 

1156 (15) (E,) 

945 (100) (A, + E,) 

896 (10) (E,) 
872 (70) (A,) 
661 (15) (A, + E,) 

616 (35) (A, + E,) 

606 (30) (A, + E,) 

514 (5) 
486 (65) (A, + E,) 

458 (40) (A, + E,) 

430 (3) 
270 (10) (E,) 
253 (80) (A,) 

1305 (sh) 1 
1290 (s) (A,) 
1275 (s) (E,) 

1165 (sh) (A,) 

1 143 (s) (E.) 
lolo (m) (E, + A,) 

902 (s, br) (E, + A.) 

652 (rn) (A,, + E.1 1 
608 (s) (A, + Eu) I 

1 
598 (s) (A. + E,,) J 

485 (w) (A, + E,) 1 
1 

244 (sh) (A,) 
199 (3) (Ed 

143 (20) 
137 (20) 
107 (10) 
89 (sh) 
80 (sh) 
52 (sh) 

v;,, CIO, 

v, ClO, 

v, CIO, 

v,, CIO, 

Pr 

P w  

6 C10, 

PI 

s CIO, 

v GaOn 

6 GaOh 

RCseau 

I'existence de groupements T1(C104), discrets comportant des 
groupes C104 bidentes chelatants. Cependant, ce type d'en- 
gagement est rare (26). En l'absence de toute autre informa- 
tion, on conservera pour TI(ClO,), le mCme type d'analyse que 
precedemment. On admet que 1'Cvolution des vibrations v C lop  
est liee aux differences de masse et de rayon ionique de 
1'ClCment central. La moyenne des frequences v C lop  (889 
cm-') dans TI(C104), subit un deplacement normal par rapport 
aux complexes de la mCme sCrie AI(CIO,),: 935 cm-', 
Ga(C104),: 90 1 cm-' , In(ClO,),: 906 cm-' . 

Comme attendu, les vibrations de valence v MO du squelette 
T106 apparaissent 2 des frequences plus basses que celui de 
In06: Av, = - 18 cm-I. Les principales attributions sont notees 
sur le spectre (fig. 2). 

C10M(C104)4 (M = In, T1) 
Les diagrammes de poudre (tableau 2) montrent que ces sels 

sont des complexes difinis puisque on n'y retrouve pas les raies 
de M(C10,),. Les spectres ir et Raman sont donnks sur les 
figures 3 et 4. On note une certaine similitude. 

Le cation CIOzt est defini par les bandes ou raies carac- 
teristiques vers 1300 (v,,), 1055 (v,) et 5 15 (6) cm-'. 

Sur les spectres on releve des composantes a des frequences 
voisines de celle observees pour le perchlorato metal corres- 
pondant. Elles sont attribuees a des groupes ClO, bidentes en 
pont. I1 apparait en outre des bandes et raies supplementaires, 
par exemple pour l'indium, dans le domaine des vibrations de 
valence 1225 (ir), 1240 (R), 1000 (ir), 1023 (R), 855 (ir) et 
759 (R). Elles sont caracteristiques de groupes CIO, mono- 
dentes, ainsi que la raie a 375 cm-' (balancement de C10,) 
(18). 

L'existence des deux types de ligand est confirme par la 
presence de trois bandes dans le domaine des vibrations v MO 
alors qu'on en observe au plus deux pour le perchlorato metal 
(par exemple, pour les complexes d'indium, on a res- 
pectivement en ir: 290, 270, 220 et 250, 195 cm-I). 

On doit noter que a la difference du ligand NO3 (30) le ligand 
ClO, ne parait pas apte a donner une environnement 8 pour TI. 

La raie Raman vers 760 cm-' attribute a v, Cl-0, du 
groupe ClO, monodenti est caracteristique d'une coordination 
forte entre le metal et le ligand. Ceci devrait se traduire par 
l'apparition, vers 1300 cm-', de bandes correspondant a v,, 
C1-0, (5). Ici cette vibration est relevee autour de 1220 (ir), 
1240 cm-' (R), alors que pour C1O2Ga(C10,), elle est observCe 
vers 1235 cm-'. Pour le complexe du gallium, ce deplacement 
vers les basse frequences a Cte explique par une interaction 
metal-perchlorate supplementaire conduisant a une semi- 
coordination (18). I1 semblerait plus logique d'admettre une 
interaction entre CIOzt et les groupes ClO, monodentes dans 
M(CIO,),-. Ceci tendrait a recrier des enchainements com- 
parables a ceux rencontres dans CI1o6 liquide (31). Cette hy- 
pothkse n'est pas aberrante puisque des interactions 
CIO?+-anion ont t te  observees lors de l'etude structurale de 
C1O2Sb2FI I, C102GeFS et C102BF, (32). Elle permet de plus, de 
rendre compte du mecanisme rkactionnel de la transformation 
relativement facile de C102M(C10,)4 en M(CIO,), avec elimi- 
nation de C1OlC1O4. 

Conclusion 
G r k e  a ce travail, on a pu completer l'etude des complexes 

perchlorato des elements du groupe IIIB. L'action de C1206 sur 
InCll (ou InC1,,4Hz0) et TlCl, conduit a la formation de quatre 
nouveaux perchlorates anhydres, deux perchlorato-metal 
M(C10,), et deux sels de chloryle C1O2M(C10,), (M = In, TI). 

L'analyse structurale par spectroscopie de vibration in- 
frarouge et Raman et diagrammes de poudre RX a permis de 
montrer que les perchlorato metal, M(CI04), (M = In, T1) ont 
des structures proches de celle de Ga(CIO,),. Ce sont des poly- 
meres avec des groupes ClO, bidentes en pont ou tous les 
groupes C104 sont en interactions forte avec le metal, alors que 
dans C10zIn(C10,)4 et C10,T1(C104)4 il faut distinguer des 
groupes ClO, de mCme nature que les precedents et des groupes 
CIO, monodentes presentant une interaction importante avec 
I'ion chloryle. Par ailleurs, on a pu mettre en evidence les 
evolutions des frequences de vibration v C10, et v MO dans la 
colonne lllB pour la sirie M(C104)3 (M = Al, Ga, In et TI). 
Elles sont directement likes aux rayons ioniques et a la masse 
de l'klement central. 
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entre les deux laboratoires et I'aide f inancibe qu'ils leur ont 
apportC. 
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Acidity measurements in THF. V.'  
Heteroaromatic compounds containing 5-membered rings 
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ROBERT R. FRASER, TAREK S. MANSOUR, and SYLVAIN SAVARD. Can. J. Chem. 63, 3505 (1985). 
The pK,'s of 13 heterocyclic aromatic compounds have been measured in tetrahydrofuran (THF) using I3C nmr spectroscopy. 

The acidifying effect of a nitrogen heteroatom is seen to be quite large (4-6 pK units versus C-H) on an adjacent C-H bond 
but small on a more remote hydrogen. Most of these aromatic heterocycles are sufficiently acidic, pK,, < 34, to be completely 
deprotonated by lithium tetramethylpiperidide in THF. Benzoxazole appears to be an extremely strong carbon acid, its 
ring-opened isomer having a pK., of less than 15.7. 

ROBERT R. FRASER, TAREK S. MANSOUR et SYLVAIN SAVARD. Can. J .  Chem. 63, 3505 (1985). 
Faisant appel a la rmn du I3C et optrant dans le titrahydrofuranne (THF), on a mesurC les pK, de 13 composCs hCtCro- 

cycliques ar&natiques. L'effet produit par l'acidification d'un azote hCtCroatomique est assez important (4-6 unites de pK par 
rapport B un C-H) pour une liaison C-H adjacente; toutefois, cet effet n'est pas important pour les hydrogenes plus CloignCs. 
La plupart de ces httCrocycles aromatiques sont suffisamment acides, pK. < 34, pour &tre dCprontonts par le tCtramCthyl- 
pipCridure dans le THF. Le benzoxazole semble &tre une acide carbonk extremement fort; le pK, de son isomere a cycle ouvert 
est plus bas que 15.7. 

[Traduit par le journal] 

In recent times, the metalation of organic compounds has lithiated amine after equilibration at room temperature. In addi- 
become an exceedingly useful component of synthetic meth- tion to LTMP and LDA we have used five other lithiated 
odology, the current reagent of choice being lithium diiso- amines whose acidities vary from 25.8 to 39.5 (9) and thereby 
propylamide, (LDA) ( I ) ,  or lithium tetramethylpiperidide, provide a wide accessibility of measurable pK. Certain of the 
(LTMP) (2). Use of these and other lithiated dialkylamines (3) lithiated heterocycles proved to be unstable at room tem- 
is preferable to direct treatment of a weak organic acid with perature, in which cases we have carried out the pK, deter- 
butyl o r  methyllithium, as their selectivity in deprotonation mination at -60°C.' When decomposition persisted at the 
avoids harmful side reactions. Nevertheless, alkyllithiums are lower temperature, we carried out the measurement of the 
still often employed in instances in which LDA or its counter- heterocycle in equilibrium with a second carbon acid of appro- 
parts might be more effective. T o  determine how strong a base priate acid strenth."or comparison, both types of equilibrium 
is required for a given deprotonation, one simply requires measurements were done with benzothiophene. There was a 
knowledge of the pK, of the proton to be removed. Then, 1-unit difference in p K  between the two methods. For two other 
lithiation of an amine less acidic by at least 4 pK units will compounds, N-methylpyrrole and dimethylaminopyrrole, the 
provide the requisite base. For this reason, the measurement of difference was negligible. As a verification of the nmr method, 
acidities of weak carbon acids in T H F  is of considerable prac- we routinely examined a sample of each heterocyclic com- 
tical importance to organic chemists. Until recently, most of pound after quenching the equilibrium mixture with methanol- 
the accumulated data on weak carbon acid acidities have been 0 - d .  The % deuterium content, as measured by mass spec- 
obtained in DMSO (4) o r  cyclohexylamine (5) as solvent. trometry, was slightly lower (5- 10%) than the % metalation 
However, it has been established that there are often significant measured by nmr. Such differences were not enough to alter the 
solvent effects on acidity that are not completely predictable (5, value for the pK, beyond the experimental error of 0 .2 p K  
6). W e  have therefore recently undertaken a series of deter- units, and the lower ms value probably reflects traces of proton 
minations of pK values in THF. Those compounds studied impurity in the medium, i.e. slight excess of amine or uptake 
included arylmethanes (7), benzene derivatives (8), hindered of moisture in methanol-0-d. The results appear in Table 1 .4 

amines (9), and alkylpyridines (10). In this paper we wish to 
describe pK measurements on a series of 5-membered aromatic 'In all cases that we have examined, there has been no observable 
heterocycles and some of their benz-fused derivatives. 

Method of pK, measurement 
As in previous studies, we have used '?C nmr to measure the 

relative concentrations of all four species in equilibrium, eq. 
[ l l ,  

[ I ]  HA, + AS = A ,  + HA, 

from which K = Kl/K2 and thus yields a ApK = -log K = pKl 
- pK2 (5). In most cases the measurements were done on a 
mixture of the heterocyclic compound and an equivalent of 

'This is the fifth in a series of papers describing acidity measure- 
ments in tetrahydrofuran (THF). Parts 111 and IV are assigned to refs. 
I I and 9 respectively. 

change in ApK over this 90" temperature range ( I  I ) .  We earlier 
observed no pK change for a 5-fold change in concentration (7). 
' Decomposition prevented us from studying benzothiazole in equi- 

librium with its lithio derivative. Nevertheless, we were able to assess 
its pK from low temperature experiments in which it was either com- 
pletely deprotonated or untouched in the presence of lithiated amines 
(see Table 1). Extensive use of 2-lithiobenzothiazole in synthesis has 
been reported by Corey and Boger (12). Unfortunately, lack of solu- 
bility prevented us from obtaining any acidity data for n-propylbenz- 
imidazole. 

AS mentioned in our first paper (7), these pK values likely repre- 
sent ion-pair or ion-aggregate acidities. The extent of aggregation has 
recently been found to vary considerably with structure (33). Since it 
can also vary with solvent and thereby influence pK, we feel the data 
in THF, though representing uncertain species, are the most useful to 
organic chemists. 
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TABLE 1. Heteroaromatic proton acidities (pKI) 

Acid, Reference acid (pKZ) Kcq -log K pKI 

DIPA (35.7) 1.3 

CbHsSCH, (38.1 ) 

ChHsSCH, (38.1) 

TMP (37.3) 

(CH ) C N-Si(CH,), (33.6) 0.84 
3 3  - 1  

H 

H 
Thiophene (33.0) 0.6 

Thiophene (33.0) 4.6 

(CH3),CCH2 N -Si(CH,), (33.2) 0.5 
I 

H 

C6Hs-SCH3 (38.1) 0.95 

"Due to slow equilibration Kc, was estimated by extrapolation, and verified by the second determination 
below. 

"The value for K measuring the deuterium content of a sample quenched with CH,OD at 5°C. 
' Determined at -60°C. All other metalated amines caused decomposition at this temperature. 
dAs explained in the text, the pK being measured is that of o-isocyanophenol. 

Discussion of results of a second nitrogen heteroatom is appreciable (6 vs. 3) when 
a, causing a 4-6 pK unit decrease, but becomes smaller (5 vs. 

The data in Table 1 reveal several qualitative correlations 3) when P. An attached benzene ring has a small, somewhat 
between structure and acidity. For the monocyclic 5-membered variable, acidifying effect of up to 3 pK units, and tends to 
heterocycles, there is a significant acid strengthening effect of decrease the effect of the heteroatom, for example in benzo- 
the heteroatom on the adjacent C-H bond (a) with S > 0 > thiophene, 10, vs. benzofuran, 9. Table 3 summarizes all the 
N in acidifying influence (i.e. 2 > 1 > 3 in acidity). The effect pK data. 
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FRASER ET AL 

TABLE 2. '" chemical shifts (ppm from THF = 69.00) 

Compound X C2 C3 C4 C5 N-alkyl 

1 H 144.1 110.8 110.8 144.1 
Li 165.0 123.1 108.6 145.1 

2 H 128.3 126.5 126.5 128.3 
Li 174.0 137.4 130.8 127.7 

3 H 122.7 109.5 109.5 122.7 36.6 
Li 173.7 121.8 109.0 123.1 41.1 

4 H 117.3 107.1 107.1 117.3 49.3 
Li 157.6 112.3 109.2 117.1 49.9 

5 H 139.9 106.0 130.1 54.9, 25.4, 12.2 
Li - 137.9 116.0 186.4 57.8, 26.4, 12.6 

6 H 139.6 - 130.5 121.7 
Li 171.5 - 129.1 118.9 

Compound X C2 C3 C4 C5 C6 C7 C8 C9 

9 H 146.8 108.8 122.6 124.2 125.7 112.7 n.0. n.0. 
Li" n.0. 119.3 119.8 120.1 121.1 110.5 n.0. n.0. 

10 H 127.9 125.4 125.2 125.7 125.6 124.0 144.5 141.5 
Li 175.7 132.2 122.5 122.2 121.3 119.9 146.1 150.0 

11 H 130.2 102.2 122.6 120.5 122.0 110.6 138.6 130.5 
Li 175.9 113.4 118.1 117.2 117.7 108.3 134.3 142.3 

H 154.8 122.0 126.9 125.9 112.3 151.9 142.2 
12 Li 167.0 131.2 128.7 122.8 113.9 165.8 119.0 

Rh 164.8 131.4 128.2 121.2 115.8 165.4 118.5 

H 155.7 125.1 127.5 126.9 123.5 135.7 155.4 
13 Li n.0. 122.3 124.0 122.3 120.5 139.6 159.0 

R" 164.8 126.1 134.7 129.3 122.5 132.0 146.5 

"Signals for the lithio derivative were slightly broadened, so that quaternary carbons were not observed (n.0.) 
in some cases. 
'R represents the shifts calculated for the ring-opened isomer. In these two cases the numbering system does 

not apply. 

From the data in Tables 1 and 3 it can be seen that benzo- 
thiazole (pK, = 28-29)) is about 4 pK units more acidic than 
benzothiiphene. For comparison, the pK values for the same 
two compounds in cyclohexylamine were 28.1 and 37.0, the 
latter being clearly sensitive to the change in solvent, as are the 
acidities of thiophene and benzofuran (38.2 and 36.8 re- 
spectively, in cyclohexylamine (13)). These are the only exam- 
ples for which data on another solvent are available. However, 
there are some data on the kinetic acidities of several of the 
heterocycles and related derivatives. Wherever comparisons 
can be made, our acidity data are in agreement with the data on 
rates of isotopic exchange. Grieco and co-workers recently 
reported that the presence of an N-dimethylamino group in 
pyrrole improved the ease of ring lithiation and subsequent 
substitution reactions (14). Though the exchange rates of im- 
idazole and pyrazole are not known, their azolium salts differed 
by a factor of 3 x lo4, the imidazolium salt reacting faster (15). 
Olofson et al. (1 6) showed that the re~lacement of a carbon in , , 

thiazole by one or more nitrogen atoms increased the exchange 
rate by a factor of lo4. And while the order of exchange rates 
was thiazole > oxazole > imidazole in the base-catalvzed 
process (17), the condensed ring derivatives showed a reversal, 
benzoxazole being deuterated 30 times faster than benzo- 
thiazole (1 8). 

In view of the exchange data we would expect benzoxazole 
to be more acidic than benzthiazole. Nevertheless, it was sur- 
prising to find that benzoxazole was completely deprotonated 

even by lithiated phenylacetonitrile, whose pK we have deter- 
mined to be 18.7.' Benzoxazole then appears to have a pK, of 
less than 16! That this value is not a true pK was indicated by 
the I3C nmr shifts for its lithio derivative. These values appear 
in Table 2 along with the chemical shifts calculated for 
2-isocyanophenoxide ion on the basis of the reported shifts for 
isocyanobenzene (19) and phenoxide ion (20). The excellent 
agreement shows that deprotonation of benzoxazole leads to 
formation of the ring-opened phenoxide ion. Several examples 
of similar equilibria for oxazoles (21, 22) and oxazolines (23) 
have been reported. We have further corroborated this point by 
isolating, after addition of trimethylsilyl chloride, the silyl 
ether of 2-isocyanophenol. Interestingly, the addition of di- 
methyl sulfate produces not only 2-isocyanoanisole (86%) but 
also 14% of 2-methylbenzoxazole, presumably by competitive 
C-alkylation of trace amounts of the ring-closed tautorner. Pro- 
tonation also reforms benzoxazole. We have a clear indication 
that lithiated benzothiazole does not ring open in the same way. 
First of all, the I3C shifts for the lithiated compound do not 
correspond closely to those calculated for 2-isocyano- 
benzenethiolate ion (see Experimental for thiophenoxide 
shifts). Secondly, reaction of the anion with trimethylsilyl 

By stepwise comparisons beginning with bistrimethylsilylamine 
and 3-methylpentyne, the following pK's were determined: 
3-methylpentyne, 23.6; phenylacetylene, 21.6; indene, 20.9; and 
phenylacetonitrile, 18.7. 
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TABLE 3. Summary of pK data 

< 15.7" - 28 

"Actually represents o-isocyanophenol. 

chloride gave only 2-trimethylsilylbenzothiazole. 
From the synthetic point of view, the data in Table 1 allow 

the following conclusions to be drawn. Thiophene, N-meth- 
ylimidazole, and 1-propyl-l,2,4-triazole will give >97% 
lithiation on treatment with LDA in THF, as will all benz 
derivatives except N-methylindole. Furan can be completely 
metalated by the strong base utilized in evaluating the acidity 
of N-methylpyrrole. N-methylpyrrole and its dimethylamino 
derivative are insufficiently acidic for complete metalation by 
any lithiated amine. 

In every example studied, the sole site of lithiation has been 
at the carbon adjacent to the heteroatom or in between two 
heteroatoms, whenever such a position is present. It is clear 
that the metalation of heterocycles under our conditions (of 
equilibration) gives different results from metalation using an 
alkyllithium (24). There are several examples in which more 
than one site is attacked under the latter condition, e.g. thi- 
azole, methylimidazole. In those cases, as in the ortholithiation 
of monosubstituted benzenes (8), there is a directing effect of 
the basic substituent that enhances the rate of metalation of the 
secondary less acidic site. 

Experimental 
The preparation of samples for nrnr was the same as given below 

except those few cases in which a second carbon acid was used instead 
of an amine as the reference acid. 

Each sample was prepared in a 10-mm septum-capped nrnr tube 
(Wilmad Glass, Buena, NJ) fitted with an argon inlet and outlet. To 
a solution of 1.5 mequiv. of amine in 2 mL of freshly distilled THF 
at 0°C was added 1.5 mequiv. of methyllithium in ether. After 15 min 
a solution of 1.5 mequiv. of hydrocarbon in 1 mL of THF was added 
at 0°C. The cap was wrapped in Parafilm and the tube then warmed 
and transferred to the probe of a Varian IT-80 nrnr spectrometer 
operating at 27°C. In a few instances metalation and spectral acquisi- 
tion were done at low temperature to avoid decomposition. Spectra 
were accumulated using a small pulse angle (30") and a 2-s repetition 
rate. That differential relaxation times were unimportant was shown 
by extending repetition rate to 3 s without affecting integral ratios. 
Other factors of quantitative influence, such as differential nOe's 
(nuclear Overhauser enhancements), were eliminated by using an 
empirically derived correction factor. For example, this factor applied 

to the methylene signals of TMP and LTMP was arrived at by mea- 
suring the integral for TMP prior to, then after, the addition of 0.5 
equiv. of methyllithium as well as that of the LTMP produced, both 
relative to naphthalene present as an internal standard. We estimate the 
accuracy of K to be *30%, leading to an uncertainty in ApK of +0.2 
pK units or less. Mass spectral measurements were carried out using 
a VG 707-E mass spectrometer. 

Most of the heterocyclic compounds used herein were purchased 
from Aldrich Chemical Company and were purified and dried prior to 
use when necessary. N-propyl pyrazole and n-propyl-l,2,4-triazole, 
however, were made by alkylation of the parent heterocycle. 

The site of metalation, as indicated in Table I, was in each instance 
determined by comparison of the "C spectrum of a sample quenched 
with methanol-0-d with that of the starting material. The assignments 
to individual signals in the "C spectra were available from previous 
literature, except for the triazole 1. In the fully coupled spectrum of 
this compound, C5 was clearly differentiated from C2 by its long 
range coupling to a CHI group. The "C shifts for all compounds and 
their lithio derivatives are summarized in Table 2. The shifts in tetra- 
hydrofuran did not differ greatly from those reported in CDCI, for 
furan (25). thiophene (25), N-methylpyrrole, (26) N-methylimidazole 
(26), N-propylpyrazole (26, 27), indoles (28), benzofuran (29), ben- 
zothiophene (29, 30), benzoxazole (3 I), and benzothiazole (32). The 
"C shifts for lithium thiophenoxide, as determined in THF (0.5 M), 
were 148.9(CI), 134.0(C2), 128.5(C3), and 121.8(C4). 

Reactions of lithiated benzoxazole 
Metalation of 2 mequiv. benzoxazole was carried out using 

2 mequiv. of lithiated bis-trimethylsilylaminc in 2 mL of THF at O°C. 
Addition of 2 mequiv. of trimethylsilyl chloride gave, after 15 min at 
room temperature, the trimethylsilyl ether of 0-isocyanophenol as the 
only detectable product (by 'H and "C nrnr). The crude product 
showed a strong bond in the ir at 2 130 cm-'; ms, P+ 19 1; nrnr 
(CDCI,): 153.0 (q), 131.7, 129.2, 123.4, 122.4. The products of the 
reaction carried out similarly with dimethylsulfate (2 days at room 
temperature) were identified as 2-isocyanoanisole, ir, 2130 cm-' 
(strong); ms, P' 133; "C nrnr (CDCI,): 156.7 q, 132.0, 129.1, 122.0, 
113.7, 57.1; 'H nrnr (CDCI,): CH, singlet at 3.95; and 
2-methylbenzthiazole, ms, P+ 133; 'H nrnr (CDCI,): CH, singlet at 
2.62. The ratio of low field to high field methyl singlets was 86.14. 

Reaction of lithiated benzothiazole 
Treatment of I mequiv. of benzothiazole with I mequiv. of LDA 

in 5 mL of THF at -74°C and subsequent addition of 1.1 mequiv. of 
trimethylsilyl chloride yielded a crude liquid product (>go% pure by 
'H nmr) whose mass spectrum showed a parent peak at 207, in accord 
with a silyl derivative. The "C spectrum (THF): 158.2(C2), 
125.0(C4), 127.2(C5), 126.7(C6), 123.2(C7), 155.6(C8), 137.9(C9) 
-0.3(Si-CH,) is consistent with the ring-closed derivative (see Table 
2, benzthiazole, for comparison). 
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The mechanism of an intramolecular Michael addition: a MNDO study 
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GRAHAM W. L. ELLIS, DONALD F. TAVARES, and ARVI RAUK. Can. J. Chem. 63, 3510 (1985). 
The 5-endo-trig cyclization reactions of a'-hydroxy a,P-unsaturated carbonyl compounds to form the 3-furanone ring 

system has been investigated by means of MNDO calculations. In acid medium, the activation energy for ring formation is 
reduced by protonation of the carbonyl oxygen and by electron-releasing P-substituents, both of which facilitate torsion about 
the a,P-CC bond. Rotation about the a,P-CC bond is essentially complete when the transition structure is achieved. In reverse 
ring opening, heterolytic rupture of the C-0 bond is aided by prior enolization since induced polarization of the en01 7~ system 
acts to stabilize the developing cationic centre at the P-carbon. In basic medium, ring closure is hindered by the combined 
effects of the intrinsic barrier to cyclization and solvation of the intermediate alkoxide. Ring opening in basic medium is 
prevented by prohibitively high intrinsic barriers except when a strongly electron-releasing group such as p-0(-)-phenyl is 
at the P-carbon. 

GRAHAM W. L. ELLIS, DONALD F. TAVARES et ARVI RAUK. Can. J. Chem. 63, 3510 (1985). 
Faisant appel ti des calculs MNDO, on a CtudiC les reactions de cyclisation du type endo-5 trig des composts carboxyles 

a$-insaturCs, portant un groupement d'hydroxy en position a ' ,  qui conduisent au systkme cyclique de la furanone-3. En milieu 
acide, la protonation de l'oxygbne du carboxyle ainsi que la presence de substituants Clectrodonneurs en position P, qui toutes 
deux facilitent la rotation autour de la liaison carbone-carbone, rCduisent I'Cnergie d'activation de la rkaction. La rotation 
autour de la liaison carbone-carbone en a , P  est totale au moment de la transition de structure. Contrairement ii l'ouverture 
de cycle, I'Cnolisation prkalable facilite la scission hCtCrolytique de la liaison C-0 puisque la polarisation induite des systbmes 
Cnoliques 7~ agit de f a ~ o n  a stabiliser le centre cationique en voie de formation au niveau du carbone en position P. En milieu 
basique, les effets combines de la barribre intrinsbque ii la cyclisation et la solvatation de l'alcoolate intermediaire empkchent 
la cyclisation. La haute barribre intrinsbque inhibe I'ouverture de cycle en milieu basique mais la presence de groupements 
fortement Clectrodonneurs tels le p-0(-)-phCnyl au niveau du carbone en position P annule cet effet. 

[Traduit par le journal] 

Introduction 
The role of stereoelectronic factors in controlling organic 

ring-forming and ring-breaking reaction pathways is a subject 
of current experimental (1-8) and theoretical (9- 11) interest. 
In the case of smaller rings (less than eight atoms) where 
entropy considerations are not dominant, the formation of rings 
is governed largely by two interrelated factors. First, the atoms 
to be bonded must be able to approach each other sufficiently 
closely to initiate bond formation. Secondly, the approach path 
must be more or less compatible with the electronic require- 
ments of the nucleophilic and electrophilic functionalities. The 
first factor includes angular and torsional strain that must be 
overcome. For 3- and 4-membered rings, even in the absence 
of substituents, strain energy may add substantially to the acti- 
vation energy of the ring-forming step and correspondingly 
facilitate the reverse process. That the electronic (orientational) 
factor is important inchemical reactions has been demonstrated 
in the classic studies of Hughes, Ingold, and Rose (12), who 
established the antiperiplanar requirement in E2 eliminations. 
The collinear backside approach, which results in Walden in- 
version in the SN2 reaction, is similarly well established. The 
latter reaction is a ready route to cyclic systems. Baldwin has 
introduced a general set of rules governing ring-closure reac- 
tions (1, 2). Of particular interest in the present context are 
those pertaining to the formation of 5-membered rings by nu- 
cleophilic addition to trigonal carbon, namely, the processes 
5-exo-trig and 5-endo-trig, in Baldwin's terminology (1, 2). 

' Author to whom correspondence may be addressed 

The former is a "favoured" process whereas the latter is 
"disfavoured", ostensibly because the trajectory (or approach 
vector) required by electronic factors can be achieved for the 
former but is sterically inaccessible for the latter (10). The 
approach vector (10) required for addition to a double bond has 
been deduced from crystallographic data (13) and from experi- 
mental (4, 8,  14, 15) and theoretical (9, 14, 16- 18) studies of 
nucleophilic additions to the carbonyl group. 

Cyclizations of the type 1 to 2 are of special interest. The 
ring closure of 1 to 2 is nominally a "disfavoured" 5-endo-trig 
cyclization, but has characteristics of the "favoured" 5-exo-trig 
process to the extent that the structure 3 is important for the 

description of 1. Under conditions of basic catalysis for inter- 
molecular Michael additions, neither the forward nor reverse 
transformation, 4 5, is observed (3). 

However, in acidic medium, the reaction proceeds quite 
readily. Presumably, under acid catalysis, the barrier to rota- 
tion of the a,P-CC bond may be reduced due to protonation of 
the carbonyl oxygen and by involving canonical structures 6 
and 7 (5, 7). That this is the case is supported by the fact that 
electron-donating groups on the phenyl ring accelerate the reac- 
tion, giving a negative p value for the cyclization (5, 7). How- 
ever, contributions of structures 6 and 7 restrict the approach of 
the nucleophilic hydroxy group by imposing double bond char- 
acter internal to the incipient ring. Evidently, it is the rotation 
about the a,P-CC bondthat is important. This question was 
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addressed in an earlier MNDO study by Perkins et al. on the 
model systems, 8 and 9. Protonation of the carbonyl oxygen 
was calculated to lower the barrier to rotation about the a,P-CC 
bond by 100 kJ/mol (1 1). 

In order to examine more closely the cyclization process, we 
report here the results of a MNDO investigation of the mech- 
anism of interconversion of 10 and 11, where R may be hydro- 
gen atom or phenyl group. 

Method 
Calculations were carried out using the MNDO program 

(19). The reaction coordinate was taken to be R o ,  the distance 
between the oxygen nucleophile and the P carbon atom. At 
selected fixed values of Rco all remaining geometric parameters 
were optimized. The calculated heat of formation (AH,) at each 
value of Rco serves to define the potential energy profile of the 
reaction. For most species, two minima were located in the 
potential energy profile, corresponding to equilibrium struc- 
tures of the cyclized species and a conformation of the acyclic 
species that is closest to the cyclic species. The transition 
structures were determined reasonably closely. While absolute 
energy changes cannot be compared directly with free energy 

changes since solvation effects are not included in the calcu- 
lation, it will be seen that examination of structural changes 
that take place along the reaction coordinate lends important 
insight into the extent and timing of bond making and breaking 
during the cyclization process. 

Results and discussion 
Acid catalyzed cyclization 10 =$ 11 

In acid medium, two alternate or competing pathways may 
be envisioned for the 5-endo-trig process for molecules such as 
1, 4, or 10. These are shown in Scheme I.  

We consider the reaction first in the forward direction, 10 
(R = H) + 11 (R = H), via 12, 13, and 14. The potential 
energy profile and selected structures for the rate-determining 
step, 12 (R = H) + 13 (R = H), are shown in Fig. I. Numer- 
ical data are presented in Table 1. In the acyclic structure, 12 
(R = H), the protonated enone portion of the molecule is planar 
and the hydroxyl group is rotated out of the plane by about 60". 
The oxyGen to P-carbon distance, Rco, shown by a dashed line, 
is 3.25 A. Rotation about the a,P-CC bond is pronounced at 
Rco 2.5 A (12a), AHI = 35 kJ/mol, and becomes rapid as the 
transition structure is approached (12b + T.S.). The transitivn 
structure is 117 kJ/mol higher in energy and has Rco = 1.95 A. 
While the P-methylene group is still almost planar, rotation is 
essentially complete. Descent from the transition structure to 
the equilibrium cyclic protonated en01 (T.S. + 13a + 13 
(R = H) is accompanied by rapid rehybridization of the P 
carbon. The ring is almost planar in the transition struc!ure and 
becomes planar by the time the Rco value reaches 1.85 A (13a). 
The calculated equilibrium value of Rco for 13 (R = H) is 
1.49 A. The transformation 11 (R = H) is completed by de- 
protonation of the ether oxygen, 13 (R = H) + 14 (R = H), 
followed by ketonization, 14 (R = H) + 11 (R = H), which 
may involve several protonation and deprotonation steps. 

Ring opening must follow the same sequence of events in 
reverse by the principle of microscopic reversibility. It is note- 
worthy that ring opening of 13 (R = H) proceeds by in-plane 
stretching of the C-0 bond. No resonance stabilization of the 
developing cationic centre by the adjacent en01 71. orbitals is 
possible until the transition structure is achieved. Instead, the 
developing cationic centre is stabilized by induced polarization 
of the en01 system. Mulliken population analysis reveals that 
this is the case. As one proceeds from 13 (R = H) to the point, 
13a, where rotation about the a,P-CC bond begins, the buildup 
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12(R=H)  1 3 ( R = H )  

FIG. I. The reaction coordinate and selected structures for 12 (R = H) = 13 (R = H). The dashed line is the reaction coordinate Rco. 

TABLE I .  Calculated results for equilibrium and transition structures" 

Transition structures 

Compound AHr Rco A = B R o  E,(A -+ TS) E,(TS +- B) 

lo  (R = H) 
11 (R = H) 
12 (R = H) 
13 (R = H) 
15 (R = H) 
16 (R = H) 
17 (R = H) 
18 (R = H) 
20 (R = H) 

lo  (R = Ph) 
11 (R = Ph) 
12 (R = Ph) 
13 (R = Ph) 
15 (R = Ph) 
16 (R = Ph) 
17 (R = Ph) 
18 (R = Ph) 
20 (R = Ph) 

"Distances in angstroms, energies in kilojoules per mole. 

of charge on the cationic centre, by $0.236 to +0.474, is 
partially compensated by an increase in charge at the a-carbon, 
by -0.106 to -0.355. Thus prior enolization of the ketone 
would seem to be necessary for facile rupture of the C-0 
bond even though the T orbitals cannot participate in resonance 
delocalization of the developing charge at the cationic centre. 

The alternative mechanism, 10 + 15 + 16 + 11, avoids the 
enolization step but requires prior protonation of the a-carbon 
atom of the enone system whose basicity is expected to be very 
low compared to that of the carbonyl oxygen. Structure 15 

(R = H), shown in Fig. 2, is on the edge of the flat portion of 
the potential curve and has distance R o  = 2.735 A. The 
cationic centre is rotated to position the OH group over it in 
such a way as to maximize the attractive interaction between 
the empty 2p  orbital of the cationic site with a nonbonded 
orbital of the oxygen atom. While 15 (R = H) has a twisted 
structure, the skeleton can become essentially planar and the 
-OH can approach the cationic centre at the P-carbon to 
within 2.0 A with little gain in energy, arriving at structure 
15a. Subsequently, shortening of Rco from 2.0 A to the equi- 
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ELLIS ET AL 

FIG. 2. The reaction coordinate and selected structures for 15 
(R = H) = 16 (R = H). The dashed line is the reaction coordinate 
Rco. 

librium distance, 1.48 A, 16 (R = H), is accompanied by rapid 
rehybridization of the P-carbon (see 16b and 16a). Most of the 
increase in internal stability occurs at this stage. The heavy 
atom skeleton of the protonated furanone, 16 (R = H), is 
planar. 

The rate-limiting factor for the forward reaction, 10 + 15 + 
16+ 11, may very well be the production of 15. It is expected 
that, in solution, 15 will transfer a proton or will cyclize essen- 
tially without activation to 16. Selected points along the reac- 
tion profile, 15 (R = H), shown in Fig. 2, confirm this view. 
The heat of formation of the protonated furanone, 16 (R = H), 
460 kJ/mol, is calculated to be the same as the enolic form, 13 
(R = H). By contrast, the a-C protonated form, 15 (R = H), 
is higher in energy than the 0 protonated form, 12 (R = H), by 
166 kJ/mol. Indeed, 15 (R = H) is higher in energy than T.S. 
(Fig. 1) for the process 12 (R = H) + 13 (R = H) by 
49 kJ/mol. 

Acid catalyzed cyclization 12 (R = Ph) 13 (R = Ph) 
The geometrical details for the acid catalyzed cyclization, 12 

(R = Ph) + 13 (R = Ph), are given in Table 1. The presence 
of the phenyl group has a negligible effect on the barrier to ring 
closure, 109 kJ/mol, but greatly facilities the reverse, 28 
kJ/mol. The difference is due to preferential stabilization of the 
dienol form, 12 (R = Ph). In 12 (R = Ph), all of the atoms of 
the protonated enone moiety and the phenyl group are coplanar. 
The hydr9xy group is almost perpendicular to the plane at Rco 
= 3.40 A. Rotation about the a,P-CC bond as Rco decreases 
is significantly more advanced in the early stages of the cy- 
clization than at a comparable point along the reaction coordi- 
nate for 10 (R = H) -+ 11 (R = H). As in that case, the 
geometry at the P-carbon atom remains planar and the phenyl 
group also lies in the plane. Tbe transition structure has nearly 
a planar ring with Rco = 1.9 A. The cyclic~structure, 13 (R = 
Ph), has a planar ring with Rco = 1.52 A. The equilibrium 
orientation of the phenyl group is perpendicular to the C-0 
bond. In this orientation, interaction between the phenyl IT 

system and the low-lying IT* orbital of the C-0 bond is 
maximized. Electron release from the phenyl results in partial 
occupancy of the a*co and accounts for the slightly longer 
C-0 bond length and the greater ease of bond dissociation. 

The alternate route via 15 (R = Ph) and 16 (R = Ph) is 
calculated to be energetically more favourable than in the case 
where R = H. The presence of the electron-releasing phenyl 
group reduces the requirement of en01 7~ polarization for the 
stabilization of the developing cationic P centre (by rotation 
about the a,P-CC bond in 12, or by heterolytic dissociation of 
the labile bond in 13 + 12). We have not explored the reaction 
profile for 15 (R = Ph) + 16 (R = Ph) but have determined 
the equilibrium geometries and energies of these species. The 
calculated heat of formation of 16 (R = Ph) is only 6 kJ/mol 
higher than that of 15 (R = Ph). 

As in the case of the R = H species, the energies of the 
ether-oxygen protonated keto (16 (R = Ph)) and en01 (13 (R = 
Ph)) forms are very similar, the latter being calculated to be 
4 kJ/mol more stable. The acyclic a-C protonated structure, 
12 (R = Ph), is computed to be 80 kJ/mol less stable than the 
0 protonated species, 15 (R = Ph). 
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The reaction in basic medium: 10 11 
In basic medium, the cyclization reaction may proceed by 

the two pathways shown in Scheme 2. The route 10 += 17 + 

18 + 11 is analogous to the path 10 + 12 + 13 + 11 in acidic 
medium (Scheme 1). Similarly, the route 10 + 17 += 19 += 11 
corresponds to the path 10 + 15 + 16 + 11 of Scheme 1. 

As stated in the Introduction, neither the forward nor the 
reverse transformation takes place in basic medium in the case 
of 4 (G = H) or 4 (G = OCH,) or similar compounds (3). The 
failure to react has been shown to be due to a high barrier to 
interconversion rather than to an unfavourable equilibrium (3). 
The large barrier to ring opening was attributed to the orthog- 
onality of the C-0 bond and the enolate n system. Ring 
closure was said to be prevented by the inability of the 0(- )  
nucleophile to achieve the required approach vector. The calcu- 
lated results for 17 (R = H) C 18 (R = H) and 17 (R = Ph) 
C 18 (R = Ph) are given in Table 1 and do not entirely support 
this view. The ring opening of both 18 (R = H) and 18 (R = 
Ph) is hindered by very large barriers, 227 kJ/mol and 202 
kJ/mol, respectively, in agreement with experiment. How- 
ever, the reverse cyclization, 17 + 18, in each case, is hin- 
dered by barriers of the same magnitude as found for the acid 
catalyzed cyclization, namely 89 kJ/mol (R = H) and 87 
kJ/mol (R = Ph). The reason for the large difference in the 
barriers to the forward and reverse reactions is the greater 
stability of the enolate anion over the alkoxide anion. Bearing 
in mind that the calculation is performed for an isolated anion 
in vacuum, the calculated differences, 138 kJ/mol (R = H) and 
11 5 kJ/mol (R = Ph), between alkoxide and enolate forms, are 
probably not unreasonable. Preferential solvation of the 
alkoxide in protic solvents would reduce the free energy differ- 
ence between the two anions and simultaneously increase the 
barrier hindering cyclization. 

The alternative route, via 19, is unlikely unless the formal 
cationic p-C centre of 19 can be stabilized by R. Since 4 (G = 
OCH,) and 5 (G = OCH,) do not interconvert in basic medium, 
a p-methoxyphenyl group is not sufficiently electron releasing 
to allow the reaction to proceed by either mechanism. How- 
ever, with G = OH, 5 is smoothly converted to 4 in 
NaOMe/MeOH. In this medium, the prevalent form is not 5 
(G = OH) but 5 (G = 0(-)). In the present context, prior 
ionization of 11 (R = p-OH-Ph) to 11 (R = p-0(-)-Ph) 
increases the ease of transformation to 19 (R = p-0(-)-Ph) 
and decreases the probability of a second proton abstraction to 
form 18 (R = p-0(-)-Ph), which is a dianion. 

or bases. The calculations suggest little or no activation energy 
for the ring opening of 20. 

Conclusions 

The 5-endo-trig cyclization of structures such as 1, 4, or 10 
proceeds readily i n  -acid medium via structures, e.g., 12, in 
which the carbonyl oxygen is protonated. The reaction is facil- 
itated by the lowered barrier to rotation about the a$-CC bond 
that ensues from protonation of the carbonyl oxygen and by 
participation of electron-releasing substituents at the P posi- 
tion. Rotation about the bond is essentially complete in the 
transition structure. In the reverse step, 13 += 12, the barrier to 
heterolytic bond rupture is lowered as a result of stabilization 
of the developing carbocation by polarization of the n system 
of the enol. The results of the calculations do not rule out the 
possibility that cyclization may proceed via the alternate path- 
way (i.e., via 15 and 16) if sufficiently electron-releasing sub- 
stituents are present at the p carbon. 

In basic medium, the reaction does not proceed in either 
direction except when R = p-0(-)-Ph. The calculations 
indicate that an intrinsically high barrier is the operative factor 
preventing ring opening from the enolate (18 -+ 17). The 
reverse cyclization is not hindered by a prohibitively high bar- 
rier in the absence of selective stabilization of the alkoxide, 17, 
in polar solvents. It is likely that the ring opening observed (3) 
when R = p-0(-)-Ph takes place via-the alternate route 
involving 19 (R = p-0(-)-Ph). 
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W. KLIEGEL, H.-W. MOTZKUS, STEVEN J .  RETTIG, and JAMES TROTTER. Can. J. Chem. 63, 3516 (1985). 
Details of the preparation and physical properties of (Me4N)+ (Ph4BS03) - are given. Crystals of tetramethylammonium 

2,4,6,6-tetraphenyl- I ,3,5-trioxa-2,4-dibora-6-boratacyclohexane are orthorhombic, a = 18.130(2), b = 11.9745(7), c = 

12.5187(5) A, Z = 4, space group P n a 2 , .  The structure was solved by direct methods and was refined by full-matrix 
least-squares procedures to R = 0.056 and R,,. = 0.064 for 1460 reflections with I 2 2u(l).  The crystal structure consists of 
discrete tetramethylammonium cations and tetraphenylboroxinate anions, the first such anion to be structurally characterized. 
The six-membered B ring is significantly non-planar, having a flattened O(l)-envelope conformation (maximum deviation 
from the mean plane = 0.074(4) A for O(1)). The boroxine ring in the anion shows significant deviations from the D3,, sym- 
metry observed for neutral boroxines. Importapt mean structural parameters: B(sp3)-0 = 1.494(2), B ( S ~ ' ) - O [ B ( S ~ ~ ) ]  = 
1.320(9), ~ ( s p ~ ) - O [ ~ ( s p ~ ) ]  = 1.389(3) A, O-B(S~.')-O = 1 10.5(5), O-B(S~~)-O = 121.7(6), B(sp2)-O- 
B(sp2) = 118.9(5), and ~ ( s p ' ) - ~ - ~ ( s ~ ' )  = 122.9(1)". 

W.  KLIEGEL, H.-W. MOTZKUS, STEVEN J. REPIG et JAMES TROTTER. Can. J .  Chem. 63, 35 16 (1985). 
On rapporte les details relatifs a la prtparation et aux proprietts physiques du composC (Me4N)' (Ph4B303)-. Les cristaux 

du tCtraphCnyl-2,4,6,6 trioxa-1,3,5 dibora-2,4 bvrata-6 cyclohexane de tCtramCthylammonium sont orthorhombiques, avec 
a = 18,130(2), b = 11,9745(7), c = 12,5187(5) A, Z = 4e t  grouped1espacePno2,. On artsolu lastructure par des mtthodes 
directes et on I'a affinCe par la mtthode des rnoindres carrts (matrice entiere) jusqu'i des valeurs de R = 0,056 et R,,. = 0,064 
pour 1460 reflexions indtpendantes avec I r 2 4 1 ) .  La structure comporte des cations tetramtthylammonium et des anions 
tttraphenylboroxinates individuels; dans ce dernier cas, i l  s'agit du premier tel anion a Ctre caracterise. Le cycle B303 a six 
chainons dtvie considCrablement de la planCitC; il existe sous une conformation O(  1)-enveloppe aplatie (la dtviation rnaximale 
du plan moyen = 0,074(4) A pour le O(1)). Le cycle boroxine de l'anion devie considerablement de la symttrie D3,, qui a 
ttt observte dans le cas des boroxines neutres. Les paramktres structuraux moyens importants sont: B(sp3)-0 = 1,494(2), 
B(sp2)-OIB(spS)] = 1,320(9), B(s~')-O[B (sp2)] = 1,389(3) A, 0-B(.sp3)-0 = 1 10,5(5), 0-B (sp2)-0 = 
12 1,7(6), B(sp2)-0- ~ ( s p ' )  = 118,9(5) et B ( s ~ ~ - o - B ( s ~ ' )  = 122,9(1)". 

Introduction 
X-ray crystallographic analyses of heterocyclic boron com- 

pounds containing BOBON ring systems such as 1 (1) and 2 (2) 
or of polycyclic compounds such as 3,  which contain the same 
BOBON ring system (3-5), reveal a remarkably short B-0 
distance between the tricoordinated boron atom and the oxy- 
gen atom within the B(S~')-O-B(S~') moiety in each case. 
This indicates a strong pp(n)-interaction between the trico- 
ordinate boron atom and the oxygen atom (6, 7) at this site of 
the BOBON ring which represents an anhydridic bond between 
a boronic acid and a tetracoordinated borinic (1 and 2) or 
boronic acid (3). Replacement of the N-0 unit (hydroxyl- 
amine component) in 1 or 2 by an 0-B-0 unit (a second 
boronic acid component) should lead to a boroxine ring sys- 
tem with one negatively charged tetrahedral boron atom and 
two very short B-0 bonds of the type described above (cf. 

no tetraaryl- or tetraalkylboroxine salts have been reported 
in the literature to date. If donor-acceptor complexes of 
boroxines and Lewis bases ( 0 ,  N, or P donors "D") of the 
general formula 5 are excluded, compound 4 would be the first 
example of a tetrakis(organy1)boroxine salt. Structure analyses 
of compounds of the type 5 have recently been reported by 
Yalpani and Boese (8). In solutions of 5 an equal participation 
of the three boron atoms in the donor - acceptor bond suggests 
intramolecular fluctuation (8, 9). 

For the synthesis of 4,  two equivalents of phenylboronic acid 
were reacted with one equivaIent of diphenylborinic acid in the 
presence of tetramethylammonium hydroxide. A high-melting 
crystalline product was obtained, the elemental composition 
and spectral data being consistent with the proposed struc- 
ture 4. An X-ray crystallographic analysis was undertaken to 
provide unambiguous proof. 

formula 4). Experimental 
It was thus of 'pecial interest determine whether it Tetrflme~hy~ammonillm 2,4,6,6-~e~rapheny/-~,3,5-tr~oxfl-2,4-d~bora- 

be possible to prepare and isolate a mixed anhydride of phenyl- 6-boramcyclohexane, 4 
boronic and diphenylborinic acids having an anionic boroxine Oxybis(dipheny1borane) (0.87 g, 2.5 mmol) and phenylboronic 
structure. For "external" compensation of the negative charge, acid (1.22 p. 10  mmol) were dissolved in 5 mL ethanol. After the 
a tetraalkylammonium cation was chosen in order to produce a addition ~ f ~ t r a m e t h ~ l ~ m m o n i u m  hydroxide (5 mrnol, 20% solution 
salt soluble in organic solvents. To the best of our knowledge, in methanol), the mixture was evaporated in vacuo. The remaining oil 

was crystallized by cooling and the addition of ether. Yield: 2.33 g 
'Previous paper in this series: Can. J.  Chem. 63, 509 (1985). (100%). After recrystallization from acetone at - 10°C there remained 
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KLIEGEL ET AL. 35 17 

6 7 
l .O g (43%) of colorless crystals. Mp. 290-296°C (decomp.). Anal. 
calcd. for C2xH32B3NOz: C 72.63, H 6.97, N 3.03; found: C 72.61, 
H 6.92, N 3.04. 'H nmr (90 MHz, DMSO-d6): S(ppm) = 2.97 
(s, NMe4), 7. I0 (m, 6 H, m- and p-H of Ph2B), 7.47 (m, 6 H, m- and 
p-H of 2 PhB), 7.70 (m, 4 H, o-H of Ph2B), 8.17 (m, 4 H, o-H of 
2 PhB). 

The substance gives a blue-colored solution upon reaction (10) with 
diphenylcarbazone in methanolic solution, indicating the presence of 
a Ph2B grouping. Crystals suitable for X-ray analysis were obtained 
by recrystallization from acetone at low temperature. 

X-ray crystallographic analysis 
A crystal bounded by the 12 faces (followed by the distances in 

mm between parallel faccs): 5 (- 1 0 2), 0.30, t (1 0 2), 0.32, 
?(-I  0 I), 0.36, k ( l  0 I), 0.30, k ( 0  1 -I),  0.51, k ( 0  1 I), 0.52 
was mounted in a general orientation. Unit-cell parameters were 
refined by least-squares on 2 sin 0/A values for 25 reflections 
(20 = 40-50") measured on a diffractometer with Cu-Ka radiation 
(A(Ka I )  = 1.540562, A(Kaz) = 1.544390 A). Crystal data at 22OC 
are: 

C ~ X H X ~ B ' N O ~  f . ~ .  = 463;O 
Orthorhombic, a = 18.130(2), b = 11.9745(7), c = 12.5187(5) A, 
V = 2717.7(4) A', Z = 4, pc = 1.132 Mg m-" F(000) = 984, 
~ ( C U - K a )  = 5.21 cm-'.  Absent reflections: Okl, k + 1 odd, and h01, 
h odd, space group Pna2, (c;,., No. 33) from structure analysis. 

Intensities were measured with graphite-monochromated Cu-Ka 
radiation on an Enraf-Nonius CAD4-F diffractometer. An w-20 scan 
at 0.72- 10.06" min-' over a range of (0.80 + 0.15 tan 0) degrees in 
w (extended by 25% on both sides for background measurement) was 
employed. Data were measured to 20 = 150". The intensities of 
3 check reflections, measured every 3600 s throughout the data 
collection, showed only small random fluctuations. Of the 2925 in- 
dependent reflections measured and processed,' 1460 (49.9%) had 

'The computer programs used include locally written programs 
for data processing and locally modified versions of the following: 
MULTAN 80, multisolution program by P. Main, S. J.  Fiske, S. E. 
Hull, L. Lessinger, G. Germain, J. P. Declercq, and M. M. Woolf- 
son; ORFLS, full-matrix least-squares, and ORFFE, function and 
errors, by W. R. Busing, K. 0 .  Martin and H. A. Levy; FORDAP, 
Patterson and Fourier syntheses, by A. Zalkin; ORTEP 11, illustra- 
tions, by C. K. Johnson. 

TABLE 1. Final positional (fractional X lo4) and iso- 
tropic thermal parameters ( U  X 10' A') with estimated 

standard deviations in parentheses 

Atom x Y 7 ucq 

O(1) 3393( 2) 3781( 3) 7582 97 
O(2) 3810(2) 2127(3) 6744(5) 80 
O(3) 4179(2)  2441(3) 8532(5) 98 
N 1532( 3) 786( 4) 7441( 6) 93 
B(1) 3729( 4) 3482( 5) 8632( 8) 83 
B(2) 3379( 4) 3083( 6) 6757( 7) 79 
B (3) 4209( 4) 1847( 5) 7654( 8) 75 
C(1) 1104( 6) -253( 8) 7501(10) 166 
C(2) 1067(12) 1708(10) 7213(18) 325 
C(3) 2024(11) 606(12) 6584(16) 316 
C(4) 191 l(10) 994(10) 8413(15) 252 
C(5) 3065( 4) 3252( 5) 9479( 7) 82 
C(6) 3107(4) 2458(6) 10273(8) 99 
C(7) 2500( 6) 2254( 6) 10967( 8) 118 
C(8) 1890( 6) 2851( 9) 10918( 9) 126 
C(9) 1837( 5) 3647( 8) 10148(10) 129 
C(10) 2414(5) 3848(6) 9444(8) 108 
C(11) 4249(3) 4498(5) 9043(7) 89 
C(12) 4175( 4) 5580( 6) 8664( 8) 109 
C(13) 4611( 5) 6452( 6) 9041(11) 133 
C(14) 5124( 5) 6239( 9) 9813(10) 134 
C(15) 5223( 4) 5187( 9) 10209( 8) 119 
C(16) 4787( 5) 4335( 6) 9821( 7) 113 
C(17) 2860( 3) 3307( 5) 5780( 7) 76 
C(18) 2297( 4) 4110( 5) 5803( 8) 105 
C(19) 1804( 4) 4239( 6) 5012(11) 121 
C(20) 1843( 5) 3589( 8) 4115(10) 121 
C(21) 2364( 4) 2795( 7) 4045( 7) 105 
C(22) 2892( 4) 2649( 6) 4871 ( 7) 96 
C(23) 4698( 3) 770( 4) 7582( 7) 70 
C (24) 475 1 ( 4) 118(6)  6690(7) 113 
C(25) 5159( 6) -837( 7) 6644( 9) 143 
C(26) 5558( 4) -1  137( 5) 7489(10) 105 
C(27) 5548( 5) -539( 6) 8387( 8) 129 
C(28) 5114(4) 395 (6 )  8428(8) 110 

U,, = (113) trace(diagona1ized U ) .  

intensities greater than or equal to 2u ( l )  above background where 
u 2 ( I )  = S + 2B + (O.O3(S - B))' with S = scan count and B = 
normalized background count. The paucity of data, partially a result 
of the washout of high-angle reflections, seems to be characteristic of 
light-atom structures consisting primarily of planar rings. 

The noncentrosymmetric space group Pna2 was indicated by the 
E-statistics and by the number of molecules in the unit-cell. The 
structure was solved by direct methods, the coordinates of all non- 
hydrogen atoms being determined from an E-map. Refinement of the 
non-hydrogen atoms with anisotropic thermal parameters gave R = 
0.083. The hydrogen atoms were introduced as fixed contributors in 
idealized positions (sJaggered methyl groups, C(sp2)-H = 0.97, 
C(S~')-H = 0.98 A), recalculated after each cycle of refinement. 
The large thermal parameters obtained for the carbon atoms of the 
tetramethylammonium cation [C(l)-C(4)] may actually represent 
thermal motion or may result from minor disordering, such being often 
noted for structurally isolated tetrahedral moieties. The scattering 
factors of ref. 1 1  were used for non-hydrogen atoms and those of 
ref. 12 for hydrogen atoms. The weighting scheme w = I /u2(F) ,  
where u 2 ( F )  is derived from the previously defined u 2 ( l ) ,  gave 
uniform average values of w( 1 F,, ( - ( F, I )' over ranges of both I F ,  1 
and sin @ / A  and was .employed in the final stages of full-matrix 
refinement of variables. Reflections with I < 2 u ( l )  were not included 
in the refinement. Convergence was reached at R = 0.056 and R,,, = 
0.064 for 1460 reflections with 1 5: 2 4 1 ) .  For all 2925 reflec- 
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FIG. I. Stereoscopic view of the [(C6Hs)4B,0s]- anion; 50% probability thermal ellipsoids are shown. 

tions R = 0.145. The function minimized was Zw( I F,, I - IF, I)', 
R = ZI 1F.I - 1F.I I1ZIF.I and R,,. = (Zw(lF,,I - IFcI)21 
Z W I F , I ~ ) ' / ~ .  

d n  the final cycle of refinement the mean and maximum parameter 
shifts corresponded to 0.01 and 0.140, respectively. The mean error 
in an observation of unit weight was 2.977. A final difference map 
showed maximum fluctuations of 50.18 e A-! The final positional 
and thermal parameters appear in Tables I and 6', respectively. Mea- 
sured and calculated structure factors have been placed in the Depos- 
itory of Unpublished Data.' Bond distances, bond angles, and intra- 
annular torsion angles appear in Table 2-4, respectively. Calculated 
hydrogen parameters (Table 5) and a complete listing of torsion angles 
(Table 7) are included as deposited material. 

TABLE 2. Bond lengths (A) with estimated standard deviations in 
parentheses 

Bond Length (A) Bond Length (A) 

Results and discussion N - ~ ( 4 j  1.419(14j c(18j-c(igj 1.343(11) 
B(1)-C(5) 1.627(11) C(19)-C(20) 1.368(13) 

The structure consists of discrete Me4N+ cations and B ( I ) - C ( ~ ~ )  1.624(9) C(20)-C(21) 1.344(10) 
[(C6H5)4B303]- anions, separated by normal van der Waals ~ ( 2 ) - ~ ( 1 7 )  1.565(10) C(21)-C(22) 1.420(10) 
distances. There are no interionic H. . .H contacts less than B(3)-C(23) 1.566(8) C(23)-C(24) 1.366(9) 
2.4 A and the minimum cation-cation, cation-anion, and C(5)-C(6) 1.378(9) C(23)-C (28) 1 .375 (9) 
anion-anion contacts are >4.0, 3.56(2) [ ~ ( 3 ) .  . sC(10) C(5)-C(10) 1.380(9) C(24)-C(25) 1.364(10) 
(112 - x , y  - 1/2,z - 1/2)], and 3.61(2) A [0(2).  sC(14) C(6)-C(7) 1.422(1 C(25)-C(26) 1.330(11) 
(1 - x ,  1 - y  ,z - 1/2)], respectively. The isolated tetraphenyl- 1.319(1 1.359(12) C(26)-C(27) 1.332(11) 

boroxinate anion reported here is the first such to be structurally C(8)-C(9) C(27)-C(28) 1.369(9) 

characterized. The only related structures in the literature to 
date are a pair of triphenylboroxine-amine adducts (8) and a 
N-B coordinated polycyclic ring system ("tribenzotaralene") 
containing a nearly planar boroxine ring (13). In the latter case, 
only the N-B distance was reported in a brief communication. 

Electron diffraction studies indicate that trimethylboroxine, 
(MeB=O)3 (14), and boroxine, (HB=O)3 (15), both contain 
planar ring systems with equal B-0 distances of 1.39(2) and 
1.376(2) A, respectively. Among the borates and boric acid 
derivatives which have been studied by X-ray diffraction meth- 
ods, several contain ~artial boroxine structures or have the 
boroxine skeleton. In general the boroxine ring is found to be 
planar, or nearly so, and to possess approximate D,,, symmetry. 

The presence of the tetracoordinated boron atom induces a 
marked geometrical distortion of the boroxine ring, similar to, 

'The structure factor table, Table 6 (anisotropic thermal parame- 
ters), and other material mentioned in the text are available, at a 
nominal charge, from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada 
K1A 0S2. 

but of greater magnitude than those noted for the triphenyl 
boroxine - amine adducts (8). These distortions involve dis- 
tances and angles in the B3O3 ring as well as the planarity of 
the boroxine ring, reducing the symmetry of the anion to ap- 
proximately Cz, . 

The mean4 B(sp3)-0, B(sp2)-0[B(sp3)], and B(sp2)- 
0[B(sp2)] distances in 4 of 1.494(2), 1.320(9), and 1.389(3) 
A may be compared to the corresponding values of 1.458(14) 
and 1.457(8), 1.353(3) and 1.357(2), 1.389(1) and 1.392(7) 
A for the two triphenylboroxine-amine adducts (8). The 
differences result from the relatively greater strength of the 
B-C bond in 4 relative to the N-B interptions in the adducts 
(B-N = 1.663(8) and 1.714(10) A). The very short 
B(2)-O(1) and B(3)-O(3) bonds in 4 are not unexpected 
and are comparable to bonds in analogous B(sp2)-O- 
B(sp7  systems: 1 (1); 1.333(4); 2 (2); 1.340(3); 3 (3-5); 
1.337(2), 1.341 (3), 1.334(2) A. Similar B-0 bonding 

4Here and elsewhere in this report mean values refer to weighted 
means with rms deviations from the mean in parentheses. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



KLIEGEL E T  AL 

TABLE 3. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle (deg) Bonds Angle (deg) 

TABLE 4. Intra-annular torsion angles (deg) 
standard deviations in parentheses 

Atoms Value (deg) 

arrangements are found in the roughly comparable cyclic 
structures of pentaborates having spiro-fused boroxine rings as 
a basic structural unit as in 6. This basic framework, built up 
from a BOr tetrahedron and four B03  triangles, has been estab- 
lished by structure determinations of various monoanionic pen- 
taborates and combined polyborates (16). In these compounds 
the B(sp2)-0 bonds of B(spZ)-0-B(sp3) moieties are 
generally slightly shorter than the other B(spZ)-0 bonds. 
Thus in ammonium pentaborate (lardellite) the mean endo- 
cyclic B-0 distance is 1.34 A for B(sp2)-OIB(spt)] bonds 
while the remaining B(spZ)-0 bonds average 1.39 A and the 
B(sp3)-0 bonds 1.47 A (17). Comparable short B(sp2)-0 
distances also occur for exocyclic B-0 bonds of anionic 

nature such as those in potassium metaborate (18), which has 
the boroxine structure 7. The B30, anion shows exocyclic 
B-0 distances of 1.331 (10) A and endocyclic distances of 
1.398(5) A (18). The calculated a-bond order for a B-0 bond 
of 1.33 is'about 0.6 (6), the bond energy being 130 kcal/mol 
(19). 

The considerable a-bond character of the B(2)-O(1) and 
B(3)-O(3) bonds in 4 suggests a more important contribu- 
tion of resonance form 4d to the resonance hybrid 4a t, 4b t, 
4c * 4d than that of 4b  or 4c.  This is supported by the length 
of the B(sp3)-0 bo!ds which are comparable in length to 
those in 1 (1.495(4) A), 2 (1.487(3) A), and those in other 
diphenylboron chelatcs with one or two oxygen ligands 
(1.476(2) - 1.580(3) A) (20-27). In further support of the 
a-bonding argument, the longer of the two bonds (B(2)- 
O(1)) is observed where there is a larger local deviation from 
planarity (see Table 4). The B-0 distances in the tetrahedral 
BOA groupings of various boratts have been compiled (28, 29) 
and range from 1.470 to 1.5 10 A. The B (sp3)-0 distances in 
the triphenylboroxine-amine adducts are in the range 1.444(6) 
to 1.472 (8) A (8). 

The 0-B-0 and B-0-B angles in the unsubstituted 
boroxine molecule (15) are all 120.0(6)". The presence of the 
tetrahedral B atom in 4 induces changes in all intracyclic bond 
angles. The 0-B(1)-0 angle is reduced to 1 10.5(5)' and 
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the opposite angle at O(2) to 118.9(5)", the remaining four 
angles increase to mean values of 122.9(1)" at 0 and 12 1.7 (6)" 
at B. Angular distortions in the triphenylboroxine-amine ad- 
ducts are similar but of lesser magnitude (e.g. 113.0(5) and 
113.5(5)" at the tetrahedral B atom). Even smaller angles at 
B (106.9- 107.5") have been observed in other six-membered 
diphenylboron 0-B-0 chelate rings (23, 24). 

The boroxine ring in 4 is significantly non-planar (X' =$97, 
maximum deviation from the mean plane = 0.074(4) A for 
0 (1 ) ) ,  having a flattened O(  1)-envelope conformation. The 
two amine adducts (8) once again show intermediat~ parame- 
ters, the boroxine rings being planar to within 0.034 A. All four 
phenyl rings are planar to within experimental error. The 
phenyl rings bonded to the two trigonal planar boron atoms are 
rotated out of the B (2) and B (3) coordination planes by 0.7 (4) 
and 11.2(4)", these values being normal for trigonal planar 
PhBOl moieties. 

As noted for 1 ( I ) ,  2 (2), 3 ( 3 - 3 ,  and the triphenyl- 
boroxine-amine adducts (8), the B (sp7)-C bonds are signifi- 
cantly longer than the B(sp2)-C bonds. This once again 
demonstrates the delocalization of aromatic n-electron density 
into the trigonal planar boron system and the impediment of 
such an interaction with tetrahedral boron. The mean B (sp7)- 
C(Ph) distance of 1.626(2) A is near the high end of the range 
of 1.598 to 1.639 A observed for diphenylboron chelates. 

The bond lengths and angles in the phenyl rings show the 
patterns characteristically induced by B-substitution (ref. 30 
and references therein) although some of the distances are 
shortened as a result of thermal motion. The inequality of the 
N-C distances of the Me,Nt cation (Table 2) is also an 
artifact of thermal motion, the longer bond being associated 
with the one carbon atom (C(1)) which has relatively low 
thermal motion. 
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Vibrational spectral studies of solutions at elevated temperatures and pressures. 
VII. Raman spectra and dissociation of nitric acid 
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C. I. RATCLIFFE and D. E. IRISH. Can. J .  Chem. 63, 3521 (1985). 
An exploratory study of the Raman spectra of nitric acid solutions up to 250°C has been undertaken. The decrease in the 

frequencies of the vN-(OH) and 6N02 bands of HN07 as temperature and concentration increase have been interpreted in 
terms of the reduced strength of hydrogen bonding. Approximate values of the degree of dissociation a have been determined 
and show that nitric acid is a very much weaker acid at high temperatures. 

C. I. RATCLIFFE et D. E. IRISH. Can. J .  Chem. 63, 3521 (1985). 
On a entrepris une Ctude priliminaire des spectres Raman de solutions d'acide nitrique, des temptratures allant jusqu'a 

250°C. On a observ6 une diminution dans les frCquences des bandes vN-(OH) et 6N0, du HNO?; on interprttte ces resultats 
en fonction d'une diminution dans la force de la liaison hydrogene. On a determink les valeurs approximatives du degrC de 
dissociation a et elles dCmontrent que I'acide nitrique est un acide beaucoup plus faible i des temperatures plus ClevCes. 

[Traduit par le journal] 

Introduction 
The s ~ u # ~  of processes in aqueous solutions at temperatures 

wellpbove 100°C and at elevated pressures is currently of great 
interest because of its considerable importance in such areas as 
corrosion in power plants, aqueous subsurface extraction of oil 
and minerals, geothermal energy sources, and geological min- 
eral formation (1). The dielectric constant of water decreases 
substantially as temperature increases and this property, in the 
absence of other factors, increasingly promotes ion association. 
As part of a larger program of research in this area we have 
studied the effects of increasing temperature on the Raman 
spectra of several acids in water, at pressures sufficient to 
maintain the liquid state. Perchloric acid remains a "strong" 
acid at high temperatures (2). However, for solutions of nitric 
and sulphuric acid, large increases occur in the populations of 
the ionogens (i.e.; the molecular forms (3)) as the temperature 
rises (this work and other works to be published). The fol- 
lowing account presents some preliminary results concerning 
nitric acid to illustrate this effect and to further demonstrate the 
potential usefulness of the technique. 

Experimental 
Raman spectra between 3 and 250°C were obtained using the same 

furnace and spectrometer described in earlier papers in this series (2, 
4, 5). Since the pressures used in this apparatus to maintain the liquid 
state at high temperatures are insufficient to keep the density constant 
it is most convenient to describe the solutions in terms of molality tn 
(mol kg-' H,O) or stoichiometric mole ratio N (=H20:HN07) which 
are density independent. The two solutions studied were N = 1.493 
(37.21 m )  and N = 5.063 (10.97 tn) which, at 25"C, are roughly 15.6 
and 8.1 molar. We will refer to the two as N = 1.5 and 5. When 
attempts were made to go much above 100°C for N = 1.5 and 250°C 
for N = 5, the additional heat absorbed from the laser beam caused 
local instabilities in the liquid (presumably due to formation and 
collapse of small bubbles) which made it impossible to obtain reliable 
spectra. 

Results and discussion 
It is well known that at room temperature aqueous solutions 

'Present address: Chemistry Division, National Research Council 
of Canada, Ottawa, Ont., Canada KIA OR6. 

of nitric acid contain a significant population of undissociated 
HNO, molecules especially for N < 12 (6-9); therefore bands 
of both NO, and molecular HNO? appear in the spectra of the 
two concentrated solutions studied here, even at 3°C. Although 
the HNO, molecule strictly has C, symmetry the bands of the 
0'-NO, unit in solution behave as though the molecule were 
a C?,, species, i.e., (H0)-NO2 where (HO) is treated as a 
single unit. This is reflected in the polarisation behaviour of the 
modes, exemplified for the N = 1.5 solution in Fig. 1. Only 
those modes which would be polarised under Cz,, symmetry 
show any appreciable polarisation. The bands have all been 
assigned previously (though not without debate (10- 16)) and 
mode descriptions and frequencies at the extremes of tem- 
perature studied here are given in Table 1. The modes of NO, 
are assigned according to D3,, symmetry; in aqueous nitrate 
solutions the degeneracy of the v,(E1) mode is lifted because of 
distortions caused by aquation (17, 18), but the weakness of 
the two component bands and the overlap with the intense 
1302 cm-' band of HN03 prevents the detection of the ca. 
1340 cm-' component. 

The effects of increasing temperature are shown in Figs. 2 
and 3. In Fig. 3 the same series of spectra have been normalised 
in two ways to emphasize those bands which (a)  increase in 
intensity with increasing temperature (i.e. HNO,) and (6) those 
which decrease in intensity with increasing temperature (i.e. 
NO,). The changes are very prominent; nitric acid is seen to be 
a very much weaker acid at high temperature. 

The overtone of the out-of-plane bending mode of NO, and 
the NO2 antisymmetric stretch of HNO, overlap considerably in 
the 1600-1700 cm-' region, but it is quite clear from the 
effects of temperature (Fig. 3) and the polarisation behaviour 
that both are present. It may also be inferred, at least from the 
spectra at N = 1.5 or at high temperature, that the NO, mode 
has the lower frequency. Although the bending mode of H 2 0  
should also occur in this region it is expected to be much 
weaker. 

A striking feature of the effect of increasing temperature 
(Fig. 3) is the large decrease in frequency of the N-0' stretch- 
ing mode (from 966 cm-' to 940 cm-' for N = 5) and the NOz 
scissors bending mode (from 697 cm-' to 679 cm-' for N = 5) 
of HN03. Similar behaviour has been observed for the S-0' 
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TABLE I. Mode descriptions and frequencies (cm-I) at low and high temperatures for nitric acid 
solutions 

N = 5  N = 1.5 

HNO3 c.! c2,. 3°C 250°C 3°C 100°C 

vO-H A' - < Not investigated here - 
vabyrn -NO2 A' B I  1662 1673 1670 
2 X 6 out-of-plane A' A l  -1570sh 1553 1558 1553 
6N-0-H or A' - < Not detected > 

2 x 6N02 
vsyrn-NO2 A' A ,  1302 1304 1304 1302 
vN-0' A' A ,  966 940 955 948 
6 out-of-plane A" Bz < Not detected > 
6 0-N-0 (scissors) A' A -697 679 688 683 
6 0-N-0' (rock) A' BI 64 1 640sh 640 640 
T OH (torsion) A" - < Not detected > 

N = 5  N = 1.5 

NO, D ~ I ,  3°C 250°C 3°C 100°C 

2 X 6, out-of-plane A' - 1648sh * - 1648sh * 
~3 xyrn NO3 E' 1428 - 1425w sh - 1430 1425 
V I  ,yrn NO3 A' 1047 1042 1046 1044 
62 out-of-plane A: < Not observed (ir-active) ------+ 
64 0-N-0 E' 719 v.w.sh -720w.sh -720w.sh 

*Masked by 1662 or 1670 cm-' bands. 

FIG. I. Polarised spectra of N = 1.5 nitric acid solution at 25'C. 

stretching mode of HSO; (19). Appreciable reductions in fre- 
quency also occur for the same two modes as N decreases. This 
shift is attributed to changing hydrogen bond strengths between 
the N-0-H bond and the surrounding medium. From a 
comparison of the structures of HNO, and NO3- (20), it is clear 
that the N-0' bond is longer and hence should be weaker than 
the bonds of NO;; thus the N-0' bond is expected to have a 
lower stretching frequency. If the proton of HN03 is pulled 
further away from the oxygen as in a hydrogen bonding in- 
teraction the -0'-NO2 grouping should tend towards 
becoming more like an NO, ion. This would lead to a strength- 
ening of the N-0' bond and a reduction in the NO? angle, and 
thus to higher frequencies for the N-0' stretching mode and 
the -NO, scissors bending mode. Evidence in favour of this 
may be found in the frequencies reported for HNO, in the 
vapour (13) and in matrix isolation studies (16, 21), Table 2. 
In the non-hydrogen bonded states, i.e. vapour or isolated 

Frc. 2. Superimposed spectra of N = 1.5 nitric acid solution at 3'C 
(lower) and 100°C (upper), normalised on the symmetric stretching 
band 6f NO, to show the increase in intensity of the HNO? bands. 

/ 

monomer, the frequencies have their lowest values; they in- 
crease as soon as hydrogen bonding occurs either as HN0,--- 
HNO, or H20---HNO,. Comparison of the frequencies of the 
nitric acid dimer versus the monohydrate complex, and for the 
liquid (10, 11, 13) versus solutions also indicates that the 
hydrogen bonding between HNO, and H20  and/or (Ha,)+ is 
stronger than to other HNO, molecules; see Table 2. We can 
thus account for the behaviour as N increases; i.e., as [HNO,] 
decreases and [H20] increases, the medium becomes more 
strongly hydrogen bonding. Increasing the temperature pro- 
motes ion association and thus [HNO,] increases and the 
medium becomes less strongly hydrogen bonding. In addition, 
increased temperature is expected to cause a general reduction 
in the strength of hydrogen bonding, an effect which is well 
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TABLE 2. Frequencies (cm-') of v N-0' and 6 NOz modes of HNO? 
in different environments 

State of molecular HNO, v N-0' 6 NO2 Ref. 

Vapour (id 879 647 13" 
Matrix in Nz 1 902 660 16 
Isolated (id 
Monomer in Ar 893 - 2 1 
Matrix in N1 1 939 666 16 
Isolated (ir) 
Dimer in Ar 927 - 2 1 
Matrix isolated 

H70. HNO, in Ar rir) 947 - 2 1 
~ i ~ u i d   aman an) 926 677 10, 13" 

680 11 
Solutions N=5 (Raman) 966 697 This work 
at 3OC ] N= 1.5 955 688 This work 

*Note that the authors (13) originally interchanged the labelling of the two 
modes, but the current labelling was later shown to be correct (16). 

FIG. 3. Superimposed spectra of N = 5 nitric ac~d solution at 3, 50, 
100, 150, 200, and 250°C. Top frame: spectra normalised on the 
symmetric stretching band of NO,, temperature increases from bot- 
tom to top. Lower frame: spectra normaltsed on the -NOz symmetric 
stretching band of HNO?, temperature increases from top to bottom. 

known for water (5). On average the increased thermal motion 
causes fewer intermolecular configurations to be optimum for 
hydrogen bonding. 

Dissociation of H N 0 3  in solution 
The dissociation of nitric acid has been the subject of a 

number of earlier studies, including one from this laboratory 
(7), using spectroscopic and other techniques (8, 9 ,  22-29). 
Of these only the salt solubilities measured by Marshall and 
Slusher (28,29) have been studied at temperatures above 90°C, 

TABLE 3. Estimated values of a 

Referenced to Referenced to 
Raman (8, 9) ir (6) Calculated 

Temperature from M-S 
N "C NO;? HN03S NO;? HN03$ equation 

- - - - - - 

*These values obtained from previous studies are used to reference the new 
results. 

?Results based on the integrations normalised on the peak of v,,., NOT; 
$Results based on the integrations normalised on the peak of v,,,, (NO,) of 

HNO,, as described in the text. 

and we shall compare their results with those of the present 
study. We shall consider the overall dissociation 

though an intermediate step involving ion-pair formation and 
dissociation is thought to occur (7); evidence of bands due to 
the associated species H20---HN03 and H30t---NO, have 
been reported in a Raman study of the N = I liquid and glass 
(30), and at very high concentrations, (4HN03. HzO), evidence 
for [NO3. 3HN03]- has been presented (3 I). 

These preliminary studies allow us to obtain reasonable 
estimates of a ,  the degree of dissociation, at different tem- 
peratures, but only by relating parameters derived from the 
spectra to a values determined in other studies for one or two 
specific concentrations and temperatures. Values of a at room 
temperature and the two concentrations studied here can be 
obtained from the tables or plots given in previous ir (6) and 
Raman (8, 9) work. We will use both sets independently since 
they are not completely in agreement (the ir results give slightly 
larger a values than the Raman results); specifically for N = 5,  
a = 0.75 and for N = 1.5, a = 0.2 from ir (6) and a = 0.63 
and 0.17, respectively, from Raman (8, 9) both at room tem- 
perature. (Accuracy is limited by ability to read the published 
graphs.) We initially attempted to use the ratio of the peak 
heights of v,,,(NO~) and v,,,,(-NO2 of HNO,) since this 
should have the simple dependence on a: 

where C is a constant, assuming the two peak heights are 
proportional to the amounts of the two species they represent. 
However, the value of C obtained by substituting previously 
known a ' s  was substantially different for the two concen- 
trations. We finally chose the following method of obtaining 
approximate a values. After subtracting an appropriate linear 
baseline over the 200- 1400 cm-' range, we obtained the total 
integral for each spectrum. These integrals were then scaled so 
as to effect a normalisation on the peak of the v,,,,(NO,) band. 
We then made a number of assumptions: that there are only two 
species present in significant amounts which contribute to the 
spectra (N0,/HN03), that the two species contribute intensity 
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proportional to the amount present, and that the peak intensity 
of the NO, band is proportional to the quantity of NO, present. 
The normalised integrals (I) will then be the sum of a constant 
contribution (X) from NO, and a variable contribution from 
HNO, (dependent on a):  

X and Y can be determined by substituting the previously 
known values of a at room temperature for the two concen- 
trations, and then a at other temperatures can be obtained. 
Alternatively we can normalise on the v,,,,N02 (HNO,) peak 
(instead of NO,) and with appropriate changes to the equation 
again arrive at a values. The results are given in Table 3, from 
which it may be seen that the values of a based on integrations 
normalised in either way are in quite reasonable agreement, but 
as expected the two sets of values referenced to the previous ir 
or Raman results retain a significant difference. 

Marshall and Slusher (28) express their results concerning 
the ionisation of nitric acid in the range up to 350°C in terms 
of the extended Debye-Huckel equation 

log Q,, = log K,, + 2 ~ V ? / ( l  + 1.6V?) 
(their equation [25]) 

where 2 s  is the Debye-Huckel limiting slope for a particular 
temperature (given in ref. 32), and I is the ionic strength given 
by 

I = 0.5 2 m,zj 

where mi = molality of ion, zi = charge of ion. They found that 
the temperature variation of the ionisation constant can be fitted 
to the equation (in molal terms): 

log K,, = 5.424 - 134.37/T - 0.01 199T 
(their equation [32]) 

The equations apply for the reaction HNO, G Ht + NO, for 
which 

m a .  m a  
Ql1 = m(1 - a )  and I = m a  

Hence 

log (ma2/(l  - a)) = log K,, + 2 s 6 / ( l  + 1 . 6 6 )  

from which a can be calculated for various molalities and 
temperatures. The results for the N = 5 sample are included in 
Table 3; they are significantly different from the spectroscopic 
values. A lack of agreement is not unexpected. Marshall and 
Slusher's (28) values of K,, were determined from measurement 
of the solubility of CaS04 in HN0,/H20 mixtures with concen- 
trations of acid less than 3.4 m, with the exception of two 
samples. Their extended Debye-Hiickel formulations cannot 
be expected to apply to the two high concentrations studied 
spectroscopically, and thus only the estimates for the N = 5 
sample are given in Table 3 to show the trend. Their analysis 
also neglects contributions from the ion pairs C~NO: and 
CaSO, which must form in their solutions; the inclusion of 
these equilibria in the data refinement will alter the values of K, 
somewhat. 

A careful study of the molal intensities of NO, and HNO, at 
different temperatures is required to better quantify the Raman 
data. It is well known that proton exchange affects the band- 
widths (33, 34), and that there is a finite concentration of the 

intermediate ion pair H,Of -NO, (7). All of these factors must 
be taken into account to obtain more reliable values of a .  

We conclude with a few remarks about the "weakness" of 
nitric acid. Leuchs and Zundel (6) visualise the ionisation pro- 
cess in terms of a double well hydrogen bonding potential 
between the H20  and HNO, molecules. For N < 1 solutions the 
well at the HNO, end is deeper (Zundel's proton boundary 
structure I) but as N increases the deeper well moves to the H 2 0  
side, thus stabilising H,Of (proton boundary structure 11). In 
isolation the molecular complex H20. HNO, is observed to be 
the stable form (21), rather than H,OfNO,, since more water 
molecules are necessary to hydrogen bond and thus to stabilise 
H 3 0 f .  Recent ab initio calculations (35) substantiate this but 
furthermore indicate that in the isolated complex there is only 
one well in the H20---HNO, hydrogen bond potential, situated 
at the HNO, end. This implies that the double minimum 
potential forms only for the condensed medium, where even 
for N < 1 there are always other HNO, or H20  molecules to 
accept hydrogen bonds. We might visualise the effect of in- 
creasing temperature as a shift from proton boundary structure 
I1 back to I ,  caused by a destabilisation of H,Of as the general 
hydrogen bonding to other molecules decreases. 
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Trapping of o-quinodimethane with p-quinones: synthesis of 
tetrahydro-1,4-anthracenediones 
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SYED ASKARI, SUSAN LEE, ROBERT R. PERKINS, and JOHN R. SCHEFFER. Can. J. Chem. 63, 3526 (1985). 
Previous work from our laboratory has been concerned with investigating the photochemical reactivity of the tetrahydro- 1,4- 

napthalenedione system, both in solution and the solid state. The results obtained prompted us to extend our studies to the 
analogous tetrahydro-l,4-anthracenedione system. The most direct method of synthesis of the desired compounds is through 
Diels-Alder addition of o-quinodimethane to p-quinones. Because of the ease with which the adducts would be expected to 
undergo bis-enolization to the corresponding hydroquinones, their preparation requires mild, neutral conditions. After much 
experimentation, success was achieved using the Durst-Charlton sulfur dioxide extrusion method for generating o-quino- 
dimethane from 3,6-dihydro-l,2-oxathiin-2-oxide. In situ trapping.using p-benzoquinone and other substituted p-quinones 
afforded the desired adducts in reasonable yields. In the case of duroquinone and 2,3-dimethyl- l,4-naphthalenedione, fluoride 
ion-catalyzed generation of o-quinodimethane from [o-[cu-(trimethylsilyl)methyl]benzyl]trimethylamrnoniurn bromide by the 
method of Ito also gave acceptable results; however, the bis-enolizable adducts were not stable under these eaction conditions. 

SYED ASKARI, SUSAN LEE, ROBERT R. PERKINS et JOHN R. SCHEFFER. Can. J. Chem. 63, 3526 (1985). 
Dans un travail anttrieur rtalist dans notre laboratoire, on a examine la rtactivitt photochimique du systeme titrahydro- 

naphtalbnedione-1,4 tant en solution qu'a l'ttat solide. Les rtsultats obtenus nous ont incitt a Ctendre nos ttudes au systbrne 
analogue de la tttrahydroanthracenedione-1,4. La rntthode la plus directe de synthese des composts dtsirts implique une 
addition de Diels-Alder du o-quinodimtthane sur des p-quinones. Compte tenu du fait qu'il est A prCvoir que les adduits 
subiront facilement une bis-enolisation conduisant aux hydroquinones correspondantes, il est important d'utiliser des conditions 
neutres et douces pour leur prtparation. Apres beaucoup d'exptrimentation, on a fait appel a la mtthode de Durst-Charlton 
d'extrusion du bioxyde de soufre pour gCnCrer avec succbs le o-quinodimtthane a partir de l'oxyde-2 de la dihydro-3,6 
oxathiine-1,2. La rtaction in situ de ce dtrivt avec de la p-benzoquinone et d'autres p-benzoquinones substitutes a permis 
d'obtenir les produits dtsirts, avec des rendements raisonnables. Dans les cas de la duroquinone et de dimethyl-2,3 
naphtalenedione-l,4, il a aussi ttt possible d'obtenir des rtsultats acceptables en utilisant la mtthode de I to qui implique une 
gentration, catalyste par les ions fluorures, du o-quinodimtthane a partir du bromure de [o-[a-(trimtthylsilyl)mtthyl] 
benzyl]trimCthylammonium; toutefois, dans ces conditions, les produits bis-tnolisables n'ttaient pas stables. 

[Traduit par le journal] 

Introduction nones, in turn, are oxidized readily to the fully aromatic 
The Diels-Alder adducts formed between p-quinones and 1>4-anthracenedio1S. 

cyclic as well as acvclic 1 -3-dienes have served. as a result of 
their photochemical rearrangements, as a rich source of novel 
polycyclic ring systems (1- 13). Three representative exam- 
ples are shown in Scheme 1. Because, among other things, the 
presence of an aromatic double bond at the 6,7 -position would 
be expected to affect the formation of photoproducts analogous 
to 3, 6, and 8, we decided to prepare and photolyze the 
6,7-benzo analogue of ene-dione 1, namely cis-4a,9a,9,10- 
tetrahydro-l,4-anthracenedione, 12 (Table 1). This paper re- 
ports the synthesis of compound 12 and five of its methylated 
and benzannelated derivatives; the photochemistry of these sys- 
tems will be reported in a separate publication. 

The most direct synthesis of the desired tetrahydro-1,4- 
anthracenediones is through Diels-Alder addition of p- 
quinones to the diene o-quinodimethane. Despite the enormous 
body of literature dealing with the generation and both the 
intermolecular (14- 19) and intramolecular (20-22) Diels- 
Alder reactions of o-quinodimethane and its derivatives, there 
are very few reports which use simple p-benzoquinones as the 
trapping agents (23). This is largely due to the fact that, until 
recently, the reaction conditions required to generate o-quino- 
dimethanes were such that the initial adducts (e.g., 12) were 
not stable. Ene-diones analogous to 12 enolize readily at 
elevated temperatures or in the presence of acid or base to 
afford the corresponding hydroquinones. These hydroqui- 

'Author to whom correspondence may be addressed. 
'Revision received July 26, 1985. 

Results and discussion 
We have investigated three methods for the synthesis of cis- 

4a,9a,9,10-tetrahydro- l,4-anthracenedione (12) and its deriva- 
tives. All three involve relatively mild and, at least in the initial 
stages of reaction, neutral conditions. Each is discussed sepa- 
rately below. 

The first procedure was based on the work of Han and Boud- 
jouk (24a; see also ref. 24b). These authors showed that 
o-quinodimethane can be generated by treatment of a,a-di-  
bromo-o-xylene (9) with powdered zinc under conditions of 
ultrasound sonication at room temperature; trapping with ma- 
leic anhydride, dimethyl maleate, methyl acrylate, and methyl 
vinyl ketone provided the corresponding adducts in good yield. 
We found, however, that when mixtures of a,&-dibromo- 
o-xylene, zinc powder, and either p-benzoquinone or duro- 
quinone were subjected to ultrasound treatment, no adducts 
were formed, and the dibromoxylene could be recovered un- 
changed. This difference in reactivity can be attributed to in- 
volvement of the zinc in reducing the quinones rather than par- 
ticipating in o-quinodimethane formation. 

The second procedure that we tested for its suitability in 
preparing o-quinodimethane under sufficiently mild conditions 
was the fluoride ion-catalyzed~decomposition of [o[a-(trimeth- 
ylsilyl)methy~]benzy~]trimethylammonium bromide (10a) re- 
ported by Ito, Nakatsuka, and Saegusa (16, 17). These workers 
showed that treatment of ammonium salt 1Oa with tetrabutyl- 
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ammonium fluoride (TBAF) at room temperature is an efficient 
source of o-quinodimethane. Indeed, when an acetonitrile solu- 
tion containing the ammonium salt 10a, TBAF, and either du- 
roquinone or 2,3-dimethyl-l,4-naphthalenedione was allowed 
to react, the Diels-Alder adducts 16 and 17 were formed in 
modest yields (Table 1). Our initial apprehension, subsequently 
justified, was that the trimethylamine generated in this pro- 
cedure would be capable of catalyzing the bis-enolization of the 
adducts bearing only hydrogen atoms at positions 4a and 9a 
(e.g., 12). Thus, when p-benzoquinone or 2-methyl-p-benzo- 
quinone were used as the dienophiles, no ene-dione-containing 
products could be isolated. A control experiment using 
6,7-dimethyl-l,4-naphthalenedione (1) verified that small 
amounts of tertiary amines are, in fact, capable of inducing 
aromatization to the corresponding 5,8-dihydro- l,4-naphthal- 
enediols. We next reasoned that this problem could be over- 
come by changing the nature of the leaving group in the 
o-quinodimethane precursor from trimethylamine to the less 
basic acetate ion. The required precursor l o b  was readily avail- 
able by conventional procedures, but despite the fact that l o b  
gave an even better yield of adduct 16 than 10a (61% vs. 44%), 
when treated with TBAF in the presence of duroquinone, it 
nevertheless proved totally ineffective in the preparation of the 
desired adduct 12. Similar negative results were obtained with 
p-benzoquinone when the leaving group was chloride ion (pre- 
cursor 10c). With these results, we finally decided to check the 
stability of similar 4a,9a hydrogen-containing adducts such as 
1 to TBAF in acetonitrile. To our surprise, this caused adduct 
1 to undergo rapid bis-enolization, even under the most anhy- 
drous conditions we were able to achieve. Furthermore, the use 
of the Ito method with 2,5-dimethyl-p-benzoquinone as the 
dienophile afforded a 20% yield of the trans-adduct 141 rather 

than the cis isomer 14c (Table 1). With the successful prepara- 
tion of the cis-adduct 14c (vide in$-a), we were able to verify 
that cis to trans isomerization of 14c does take place under the 
Ito reaction conditions. 

We were finally successful in preparing the bis-enolizable 
adducts 12, 13, and 15 (Table 1) using 3,6-dihydro-1,2- 
oxathiin-2-oxide (11) as the o-quinodimethane precursor. 
Jung, Molin, Van den Elzen and Durst (25) were the first to 
synthesize sultine 11. They showed, using maleic anhydride as 
the trapping agent, that 11 decomposes smoothly in refluxing 
benzene to o-quinodimethane and sulfur dioxide. An improved 
procedure for the synthesis of sultine 11 has been developed 
recently by Charlton and Durst (26). This sequence, involving 
as the key step the trapping of the photoenol of o-tolualdehyde 
by sulfur dioxide (27), provided us with gram quantities of 
sultine 11 on a routine basis. In addition to ene-diones 12, 13, 
and 15, sultine 11 could be used to prepare adducts 14c and 16 
(and presumably adduct 17, although this was not tried). In 
general, the sultine method afforded higher yields (50-60%) 
than the trimethylsilyl ammonium salt method (20%). The one 
exception to this rule was duroquinone, which showed greater 
reactivity under the latter conditions (44% vs. 26%). That 
duroquinone reacts at all under these mild conditions is remark- 
able in view of the high temperature, sealed tube conditions 
required to bring about the Diels-Alder reaction between 
duroquinone and 2,3-dimethylbutadiene (28); this is presum- 
ably a testimony to the high reactivity of o-quinodimethane. 
Interestingly, tetraethyl-p-benzoquinone failed to react with 
o-quinodimethane generated by the trimethylsilyl ammonium 
salt procedure. 

The solution phase and solid state photochemistry of adducts 
12-17 is under active investigation. 
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TABLE 1. Structures, yields, and melting points of adducts syn- 
thesized 

o-Quino- 
Adduct Adduct Quinone dimethane Yield 

structure mP precursor 

" Cis-4a,9a configuration. 
"Trarls-4a,9a configuration. 

Experimental 
General 

Melting points were determined on a Fisher-Johns hot stage appa- 
ratus and are uncorrected. Infrared (ir) spectra were obtained on a 
Perkin-Elmer 710B instrument using KBr discs and are reported as 
v,,, in cm- ' .  'H nuclear magnetic resonance (nmr) spectra were 
recorded at 400 MHz on a Bruker WH-400 instrument using CDCI, as 
the solvent and TMS as the internal standard; signal positions are 
given in 6, and their multiplicities, integrated areas, coupling con- 
stants, and assignments are indicated in parenthesis. Mass spectra 
(ms) were obtained with a Kratos MS-50 instrument operating at 
70 eV; the relative intensity of each ion is given in parentheses. The 
elemental analyses were carried out in the departmental micro- 
analytical laboratory by Mr. P. Borda. Flash chromatography was 
done using Merck 9385 silica gel with the columns being slurry- 
packed in the eluting solvent. 

Acetonitrile was distilled from calcium hydride and stored over 4 A 
molecular sieve. Tetrabutylammonium fluoride was prepared by the 
method of Kuwajima, Murofushi, and Nakamura (29), freeze dried, 
and stored in vacuum-sealed tubes under argon over P205 in a vacuum 
desiccator. Quinones were purified by sublimation, recrystallization, 
or both. [o-[a-(TrimethylsilyI)methy)]benzyl]trimethylammonium 
bromide (IOU) was prepared by the method of Ito, Nakatsuka, and 
Saegusa (16), and sultine 11 was prepared according to the procedure 
of Charlton and Durst (26). 

cis4a,9a,9,IO-Tetral1ydro-l,4-anthracenedione (12) 
A solution of 1.00 g (5.95 mmol) of sultine 11 (26, 27) and 

0.96 g (8.92 mmol) of freshly sublimed p-benzoquinone in 10 mL of 
anhydrous benzene was refluxed for 1.75 h. Benzene was removed in 
vacuo to give an orange solid which, after two recrystallizations from 
methanol, afforded 0.60 g (48%) of adduct 12 as off-white needles, 
mp 122-123°C; v,,,, (KBr): 1680 cm-'  (C=O); 6 (CDCI,, 400 
MHz): 7.18-7.06 (m, 4H, aromatics), 6.72 (s, 2H, vinyls), 3.40 (m, 
2H, 4a,9a methines), 3.22 (dd, J = 18 and 6 Hz, 2H, benzylic 
hydrogens), 2.92 (dd, J = 18 and 4 Hz, 2H, benzylic hydrogens); m/e 
(relative intensity): 212 (M+,  loo), 195 (69), 184 (32), 165 ( 7 3 ,  152 
(65), 141 (30), 128 ( 7 3 ,  115 (45). Anal. calcd. for C14HIZ02: C 
79.23; H 5.70; found: C 79.00, H 5.50. 

2-Methyl-cis4a,9a,9,IO-1e1rahydro-1,4-anthracenedione (13) 
The reaction between 1 .OO g (5.95 mmol) of sultine 11 and 1.02 g 

(8.37 mmol) of toluquinone was carried out as described above to 
afford, after recrystallization from methanol, 0.80 g (60%) of adduct 
13 as light yellow needles, mp 110- I1 1°C; v,,,,, (KBr): 1690, 1675 
cm-'  (C=O); G(CDCI,, 400 MHz): 7.15-7.06 (m, 4H, aromatics), 
6.58 (br s,  IH, vinyl), 3.42-3.30) (m, 2H, 4a,9a methines), 
3.45-3.26 (m, 2H, benzylic hydrogens), 2.97-2.86 (m, 2H, ben- 
zylic hydrogens), 2.02 (d, J = 2 Hz, 3H, methyl); m/e (relative 
intensity): 226 (M', 44). 21 1 (33), 198 (loo), 183 (46), 165 (72), 152 
(33), 141 (30), 128 (90), 115 (55). Anal. calcd. for C15H1402: 
C 79.62, H 6.24; found: C 79.83, H 6.29. 

2,4a-Dime1hyl-cis4a,9a,9,IO-tetrahydro-l,4-anthracenedione (14c) 
Reaction, as before, between 1.00 g (5.95 mmol) of sultine 11 and 

1.21 g (8.92 mmol) of 2,s-dimethyl-p-benzoquinone gave, after re- 
crystallization of the crude reaction mixture from methanol, 0.88 g 
(62%) of adduct 14c, mp 80-81°C; v,,,, (KBr): 1680 cm-' (C=O); 
6(CDC13, 400 MHz): 7.17-7.00 (m, 4H, aromatics), 6.52 (q, J = 1.5 
Hz, IH, vinyl), 3.38 (dd, J = 17 and 5 Hz, lH,  benzylic hydrogen 
at 9), 3.17 (d, J = 16 Hz, lH,  benzylic hydrogen at lo), 3.06(m, IH, 
9a methine), 2.93 (dd, J = 17 and 6 Hz, IH, benzylic hydrogen at 9),  
2.53 (d, J = 16 Hz, lH,  benzylic hydrogen at lo),  2.00 (d, J = 1.5 
Hz, 3H, vinyl methyl), 1.35 (s, 3H, 4a methyl); m/e (relative in- 
tensity): 240 (M', 18), 225 (16), 212 (85), 197 (loo), 179 (28), 128 
(47). Anal. calcd. for ClhH1602: C 79.97; H 6.71; found: C 80.01, 
H 6.60. 

cis-5a, 1 la,6,11-Tetrahydro-5,12-naphthacedioe (15) 
Reaction, as before, using l .OO g (5.95 mmol) of sultine 11 and 

1.30 g (8.22 mmol) of I ,4-naphthalenedione afforded, after recrystal- 
lization from methanol, 0.80 g (52%) of adduct 15, mp 156- 157°C; 
v,,, (KBr): 1680 cm-' (C=O); 6(CDCl,, 400 MHz): 8.08 (dd, J = 
6 and 3 Hz, 2H, aromatics 1 and 4), 7.75 (dd, J = 6 and 3 Hz, 2H, 
aromatics 2 and 3), 7.17-7.07 (m, 4H, aromatics 7- lo), 3.62-3.54 
(m, 2H, 5a,l la ,  methines), 3.35-3.25 (m, 2H, benzylic hydrogens), 
3.04-2.94 (m, 2H, benzylic hydrogens); m/e (relative intensity): 262 
(M', loo), 245 (59), 244 (89), 215 (46), 202 (13), 128 (15). Anal. 
calcd. for C]gH1402: C 82.42, H 5.38; found: C 82.15, H 5.29. 

2,3,4a,9a-Tetrame1hy1-cis-4a,9a,9,10-tetrahydro-l,4-a1zthracene- 
dione (16) 

To astirred solution of 2.44 g (7.72 mmol) of [o-[a-(trimethylsily1)- 
methyl]benzyl]trimethylammonium bromide (10a) (16) and 3.80 g 
(23.2 mmol) of duroquinone in 50 mL of anhydrous acetonitrile was 
added, over a period of 30 min, 4.04 g (15.4 mmol) of tetrabutylam- 
monium fluoride (29) in 15 mL of anhydrous tetrahydrofuran. After 
stirring under nitrogen overnight at room temperature, 10 mL of water 
was added, and the organic layer was extracted with ether, dried over 
sodium sulfate, and concentrated in vacuo to afford 3.68 g of dark oil. 
Purification by flash chromatography using 1 : 4  ethyl acetate - petro- 
leum ether (30-60°C) gave l .  16 g of light yellow solid. Recrystal- 
lization from 1 : l ethyl acetate - hexane afforded adduct 16 (0.94 g ,  
44%) as nearly colorless crystals, mp 84-85°C; v,,,, (KBr): 1664 cm-I 
(C=O); 6 (CDCI,, 400 MHz): 7.12-7.02 (m, 4H, aromatics), 3.35 
(d, J = 17 Hz, 2H, benzylic hydrogens), 2.55 (d, J = 17 Hz, 2H, 
benzylic hydrogens), 1.98 (s, 6H, vinyl methyls), 1.22 (s, 6H, 4a,9a 
methyls); m/e (relative intensity): 268 (M', 34), 253 (14), 240 (68), 
225 (loo), 210 (20), 207 (30). Anal. calcd. for C18H2002: C 80.56, 
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H 7.51; found: C 80.45, H 7.51. 

5a , l  la-Dimethyl-cis-Sa, l l a , 6 ,  I1 -tetrahydro-S,12-naphthacenedione 
(1 7) 

Reaction, as above, between 4.00 g (21.5 mmol) of 2,3-dimethyl- 
1,4-naphthalenedione, 6.80 g (21.5 mmol) of ammonium salt lOa, 
and 8.41 g (32.2 mmol) of TBAF in 60 mL of anhydrous acetonitrile 
afforded, after chromatography and recrystallization from 30-60°C 
petroleum ether, 1.20 g (20%) of crystalline adduct 17, mp 
101 - 102°C; v,,,,, (KBr): 1680 cm-' (C=O); 6 (CDCI?, 400 MHz): 
8.05 (dd, J = 6 and 3 Hz, 2H, aromatics 1 and 4), 7.73 (dd, J = 6 
and 3 Hz, 2H, aromatics 2 and 3), 7.17-7.04 (m, 4H, aromatics 
7- lo), 3.42 (d, J = 16 Hz, 2H, benzylic hydrogens), 2.65 (d, J = 
16 Hz, 2H, benzylic hydrogens), 1.33 (s, 6H, methyls); m/e (relative 
intensity): 290 (M' , 16), 275 (9), 262 (loo), 247 (44), 229 (1 1). Anal. 
calcd. for CzoHlx02: C 82.73, H 6.25; found: C 82.47, H 6.31. 

2,4a-Dimethyl-trans-4a,9a,9,10-tetrahydro-l,4-anthracenedione 
(14t) 

Reaction, as above, between 0.86 g (6.32 mmol) of 2,5-dimethyl- 
p-benzoquinone, 1 .OO g (3.82 mmol) of rigorously dried ammonium 
salt lOa, and 1.65 g (6.32 mmol) of anhydrous TBAF in 50 mL of 
anhydrous acetonitrile afforded, after flash chromatography and 
recrystallization of the crude product from 30-60°C petroleum ether, 
0.15 g (19%) of adduct 14t, mp 1 19- 120°C; v,,, (KBr): 1680 and 
1660 cm-' (C=O); 6 (CDCI?, 400 MHz): 7.20-7.13 (m, 4H, 
aromatics), 6.57 (br d, J = 2Hz, IH, vinyl), 3.21-2.95 (m, 5H, 
benzylic hydrogens and methine at 9a), 2.06 (d, J = 2 Hz, 3H, vinyl 
methyl), 1.15 (s, 3H, 4a methyl); m/e (relative intensity): 240 (M', 
loo), 225 (99), 212 (25), 197 ( a ) ,  179 (19), 141 (17), 128 (43), 115 
(23), 96 (1 I), 69 (31). Anal. calcd. for ClhHlh02:  C 79.97, H 6.71; 
found: C 80.00, H 6.62. 

[o-[a-(Trirnethylsilyl)methyl]benzyl]acetate (lob) 
To a stirred solution of sodium acetate (0.2 g, 2.4 mmol) in 50 mL 

of freshly distilled acetic anhydride was added 5.00 g (22.5 mmol) of 
[o-[a-(trimethylsilyI)methyl]benzyl]dimethylamine (16). After re- 
fluxing for 24 h, acetic anhydride was removed in vacuo and the 
resulting crude product dissolved in ether. The ether solution was 
washed with 10% aqueous sodium bicarbonate solution dried over 
sodium sulfate, and concentrated in vacuo to give a brown oil which 
was distilled at 55'C and 0.3 Torr (I Torr = 133.3 Pa) to afford 
3.99 g (77%) of acetate l o b  as a colorless liquid: v,,, (CHC13): 1720 
cm-' (C=O); 6 (CDCI?, 400 MHz): 7.34-7.02 (m, 4H, aromatics, 
5.08 (s, 2H, - 0CH2), 2.18 (s, 2H, -SiCH2), 2. I0 (s, 3H, methyl), 
0.03 (s, 9H, -SiMe,); m/e (relative intensity): 236 (M', 58), 221 
( a ) ,  117 (22), 104 (loo), 73 (55). Anal. calcd. for CI,Hzo02Si: 
C 66.05, H 8.52; found: C 66.30, H 8.60. The reaction between 
compound l o b  (100 mg, 0.43 mmol), duroquinone (208 mg, 1.26 
mmol), and TBAF (0.22 g, 0.84 mmol) followed by the usual work-up 
afforded 69 mg (6 I%) of adduct 16 whose properties were identical to 
those reported above. Neither l o b  nor 1Oc (compound 10c is reported 
by Ito et al. (16) without experimental detail) gave any trace of adduct 
12 when decomposed by anhydrous TBAF in the presence of 
p-benzoquinone. 

Acknowledgments 
Financial support by the Natural Sciences and Engineering 

Research Council of Canada is gratefully acknowledged. Spe- 

cial thanks are due Professor James L. Charlton, University of 
Manitoba, for experimental details on the improved synthesis 
of sultine 11 prior to publication. 

1. R. C. COOKSON, E. CRUNDWELL, R. R. HILL, and J. HUDEC. 
J. Chem. Soc. 3062 ( 1964). 

2. R. C. COOKSON, R. R. HILL, and J. HUDEC. J. Chem. Soc. 3043 
(1964). 

3. J. C. BARBORAK, L. WATTS, and R. PETTIT. J. Am. Chem. Soc. 
88, 1328 (1966). 

4. N. FILIPESCU and J .  M. MENTER. J. Chem. Soc. B, 616 (1969). 
5. P. E. EATON and S. A. CEREFICE. J. Chem. Soc. Chem. Corn- 

mun. 1494 (1970). 
6. A. S. KUSHNER. Tetrahedron Lett. 3275 (1971). 
7. J. S. MCKENNIS, L. BRENER, J. S. WARD, and R. PETTIT. J. Am. 

Chem. Soc. 93, 4957 (1971). 
8. A. P. MARCHAND and T-C. CHOU. J .  Chem. Soc. Perkin Trans. 

1, 1948 (1973). 
9. J. R. SCHEFFER, K. S. BHANDARI, R. E. GAYLER, and R. A. 

WOSTRADOWSKI. J. Am. Chem. Soc. 97, 2178 (1975). 
10. J. R. SCHEFFER, B. M. JENNINGS, and J. P. LOUWERENS. J. Am. 

Chem. Soc. 98, 7040 (1976). 
I I. R. N. WARRENER, I .  W. MCCAY, and M. N. PADDON-ROW. 

Aust. J. Chem. 30, 2189 (1977). 
12. G. MEHTA, A. SRIKRISHNA, A. VEERA REDDY, and M. S. NAIR. 

Tetrahedron. 37, 4543 (198 1 ). 
13. A. WEISZ, M. KAF~ORY, 1. VIDAVSKY, and A. MANDELBAUM. 

J. Chem. Soc. Chem. Commun. 18 (1984). 
14. I. L. KLUNDT. Chem. Rev. 70, 471 (1970). 
15. P. G. SAMMES. Tetrahedron, 32, 405 (1976). 
16. Y. [To. M. NAKATSUKA. and T. SAEGUSA. J. Am. Chem. Soc. 

104, 7609 (1982). 
17. Y. ITO, Y. AMINO, M. NAKATSUKA, and T. SAEGUSA. J. Am. 

Chem. Soc. 105, 1586 (1983). 
18. M. PFAU, S. COMBRISSON, J .  E. ROWE, JR., and N. D. HEINDEL. 

Tetrahedron, 34, 3459 (1978). 
19. M. PFAU, J. E. ROWE, and N. D. HEINDEL. Tetrahedron, 34, 

3469 (1978). 
20. R. L. FUNK and K. P. C. VOLLHARDT. Chem. Soc. Rev. 41 

(1980). 
21. W. OPPOLZER. Synthesis, 793 (1978). 
22. G. QUINKERT and H. STARK. Angew. Chem. Int. Ed. Engl. 22, 

637 (1983). 
23. T. KAMETAN1 and F. FUKOMOTO. Med. Res. Rev. 1, 23 (1981). 
24. (a) B. H. HAN and P. BOUDJOUK. J .  Org. Chem. 47,75 1 (1982); 

(b) G. M. RUBOTTOM and J. E. WAY. Synth. Commun. 14,507 
(1984). 

25. F. JUNG, M. MOLIN, R. VAN DEN ELZEN, and T. DURST. J. Am. 
Chem. Soc. 96, 935 (1974). 

26. J. L. CHARLTON and T. DURST. Tetrahedron Lett. 25, 5287 
(1984). 

27. J. L. CHARLTON and T. DURST. Tetrahedron Lett. 25, 2663 
(1984). 

28. M. F. ANSELL, B. W. NASH, and D. A. WILSON. J. Chem. Soc. 
3012 (1963). 

29. I. KUWAJIMA, T. MUROFUSHI, and E. NAKAMURA. Synthesis, 
602 ( 1976). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Complexes of hybrid ligands. Pd2' and Pt2' complexes of new fluoro-alcohol thioether 
ligands; the use of thioether inversions to make structural assignments1 
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RENE T. BOERE and CHRISTOPHER J.  WILLIS. Can. J.  Chem. 63, 3530 (1985) 
The fluorinated alcohol-thioethers RSCHZC(CF3)20H (R = Me, Ph) have been synthesized by the reaction of RSCH,Li 

with (CF,),CO. By ionization of the fluoroalcohol group, these may act as bidentate, uninegative, ligands L-. The presence 
of the soft thioether function in the hybrid ligand stabilizes the bond to the harder fluoro-alkoxy group, and complexes with 
soft transition metals are formed. Neutral complexes PdLz and P t L  have been synthesized, and, by the use of nmr, the 
geometry of the complexes is assigned as cis for Pt complexes, while both cis and trans are observed for Pd. 

The barrier to inversion at coordinated thioether is studied by dynamic nmr, and observation of coalescence temperatures 
leads to values of AG$ of 73-74 kJ/mol for cis-PdL', 67-69 kJ/mol for trans-PdL,, and 89 k 1 kJ/mol for cis-PtL'. 

RENE T. BOERE et CHRISTOPHER J .  WILLIS. Can. J. Chem. 63, 3530 (1985). 
On a synthttist des thiotthers alcools fluorts, RSCH2C(CF,)ZOH (R=Me, Ph), en faisant rtagir du RSCH'Li sur la 

(CF,)?CO. Par ionisation du groupement fluoroalcool, ces composCs peuvent agir comme des ligands, L-, bidentates et 
monontgatifs. La presence, dans le ligand hybride, de la fonction thiokther molle permet de stabiliser la liaison avec le 
groupement fluoroalkoxy qui est plus dur et il y a formation de complexes avec les mttaux de transition mous. On a synthttisk 
les complexes neutres PdL, et PtLz et, faisant appel a la rmn, on a Ctabli que la gtomttrie des complexes du Pt est cis alors 
que, dahs le cas des complexes du Pd, on retr&ve des complexes cis ainsi que des complexes trans. 

Faisant appel B la rmn dynamique, on a Ctudit la barribre a I'inversion au niveau des thiotthers coordonntes; I'observation 
des temptratures de coalescences permet d'ttablir les valeurs des AG$, qui sont 73-74 kJ/mol pour le PdL-cis,  
67-69kJ/mole pour le PdL2-trans et 89A 1 kJ/mol pour le PtLz-cis. 

[Traduit par le journal] 

Introduction 
In previous studies on highly fluorinated alkoxides of transi- 

tion elements, we have concentrated on bidentate or multi- 
dentate ligands in which the potential donor sites comprise one 
or more fluorinated alkoxy groups, C(CF,)?O-, in conjunction 
with other hard donors coordinating through oxygen or nitro- 
gen (2). Such ligands preferentially form stable complexes with 
the first-row transition metal ions of hard or intermediate char- 
acter, but we have recently extended their range of application 
by the synthesis of a number of Pt" complexes in which the 
chelating perfluoropinacolato dianion, -OC(CF,)2C(CF3)20- 
(PFP2-), is present in conjunction with soft coligands contain- 
ing phosphine or thioether donors (3). Thus, alkoxides of metal 
ions which are soft acids in the Pearson HSAB classification (4) 
may be prepared, with the PFP2- ligand imposing cis-geometry 
7 

on L~M-o-c(cF~)~c(cF,),-~ (1, L = SR2 or PR3; M = 
Pd or Pt). 

In this paper, we describe the synthesis and application of 
new "hybrid" ligands RS-CH2-C(CF3)2-OH, (2, R = Me; 
3, R = Ph), in which the thioether function is combined with 
a highly fluorinated tertiary alkoxide in a molecule suitable for 
chelation to metals in a five-membered ring. Neutral bis- 
complexes of the deprotonated ligands may then be prepared: 

R = Me, M = Pd (4) or Pt (5); R = Ph, M = Pd (6) or Pt (7) 

'Taken in part from ref l(a). A preliminary account was presented 
in ref. I (b). 

These complexes are capable of existing in either cis or trans 
geometrical isomers (using the terms with reference to the 
orientation of two soft donor sites). However, the presence of 
two pyramidal coordinated thioethers means that these geo- 
metric forms may each exist as diasteroeomeric pairs, the sub- 
stituents on sulfur being either on the same side of the coordi- 
nation plane ("syn") or on opposite sides ("anti"). From nmr 
studied reported here, we demonstrate that all four of these 
isomers coexist in the palladium complexes 4 and 6, but that 
the platinum complexes 5 and 7 are found in the cis-form only 
under the conditions of the experiment. We have furthermore 
used dynamic nuclear magnetic resonance (DNMR) mea- 
surements to establish the relative barriers to inversion at co- 
ordinated sulfur in assigning the isomers. Although such 
inversion is a well-established phenomenon in thioether coordi- 
nation chemistry (5 - 7), there has only been one previous 
example of its use as the primary means of assigning geo- 
metrical structures (8). 

Experimental section 
General infortnation 

Microanalysis was performed by Guelph Analytical Laboratories, 
Guelph, Ontario; all analytical data are in Table I .'Solution molecular 
weights were determined by Malissa-Reuter Laboratories, West 
Germany. Infrared spectra were recorded on a Beckmann 4250 spec- 
trometer, mass spectra on a Varian MAT 31 1A instrument, and nmr 
spectra on a Varian XL-100 spectrometer at 100.1 MHz for 'H and 
94.1 MHz for '"F. Chemical shifts are reported from TMS or CFC1,; 
positive shifts are downfield. Variable-temperature nmr spectra were 
recorded over the range -20 to + 160°C; temperature settings of the 
spectrometer were checked with a Doric Trendicator 400 type T digital 
thermometer calibrated to ?0.S0C at the ice-point. 

'Table 1 may be purchased from the Depository of Unpublished 
Data, ClSTl, National Research Council of Canada, Ottawa, Ont., 
Canada KIA 0S2. 
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Volatilc con~pounds were manipulated on a conventional vacuum 
line. Glass apparatus and solvents were rigorously dried before use for 
ligand preparation. Air-sensitive materials were transferred using 
serum caps and syringes. n-Butyl lithium, thioethcrs, N . N . N 1 , N ' -  
tetramethylcthylenediamine (TMED), and 1,4-diazabicyclo[2.2.2]- 
octane (DABCO) were commercial samplcs (Aldrich). 

Ligclnrl syntl~esis 
( i )  2-Mcthylthio-l ,I-bis(trit1uoromethyl)cthanol. 2. The procedure 

was based on that of Pcterscn (9). modified for handling the gaseous 
ketone. A 100 mL two-necked flask was attached to a stopcock ar- 
ranged to permit alternate evacuation and pressurization (- 10 cm Hg 

. above atmospheric) with argon. I t  was cquippcd with a magnetic 
stirrer and serum cap. evacuated, and filled with dry argon. 12-ButyI 
lithium (50 mL) in hexane solution (1.55 M, 78 mmol) was added by 
syringe, followed by 11.8 mL (78 mmol) of TMED. With stirring, 
dimethyl thioether (6.0 mL, 82 mmol) was addcd and thc resulting 
white suspension stirred at 2S°C for 4 h. Meanwhile anhydrous ether 
(75 mL) was introduced into a 250 mL two-necked RB flask equipped 
with magnetic stirrer and serum cap, the solvcnt outgassed and coolcd 
to - 196"C, then hexatluoroacetone (13.0 g, 78 mmol; Matheson) 
condensed in. The flask was warmed to -78'C in a CO,/acetone 
cooling bath with stirring to dissolvc hexafluoroacetone. then brought 
to atmospheric prcssurc with argon. 

Using a 36" 16 gauge stainless-stecl double-ended argon-filled 
needle extending through thc serum caps, the lithium methyl - thio- 
ether suspension was transferred into thc hexafluoroacctone solution 
at -78°C with continuous stirring. Reaction was vigorous at this 
temperature and a deep orange color appeared. Stirring was continued 
during 30 min at -78"C, then the suspension allowed to warm slowly 
to about O°C, then poured into a mixture of concentrated HCI 
(I00 mL) and icc (I00 g). The product was cxtracted with ether, dried 
(MgSO,) and distilled to give ligand 2, bp 113"C/760 mm, l l .O  g 
(62% yield), characterized by analysis, mass spectrum (parent ion rnle 
= 228), and nmr (CDC13 solution; ' H ,  s, 6 = 4.46 (1 H); s, 6 = 3.14 
(2 H); s, 6 = 2.20 (3 H) ppm; "F, s. 6 = -78.14 ppm). 

(ii) 2-Phenylthio-I, I -bis(tritluoromctliyl)ethanol, 3. The lithiation 
of thioanisole was carried out, using DABCO instead of TMED, 
according to the procedure or Corey and Seebach (10). THF was used 
as solvent throughout; other conditions, and workup, werc the same 
as used in the preparation of 2. The product 3 was distilled under 
vacuum (bp 60°C/1 -2 Torr,); repeated distillation was necessary to 
remove traces of unrcactcd thioanisole, reducing the yield of pure 
product to 33%. Characterized by analysis, mass spectrum (parent ion 
m/e = 290), and nmr (CDCI, solution, 'H m, 6 = 7.24 - 7.46 (5 H); 
s, 6 = 4.29 ( 1  H); s, 6 = 3.54 (2 H) pprn; "F, s, 6 = -77.5 ppm). 

For convenient reference, the anionic forms of the ligands will be 
abbreviated in this paper to Me-S-0- and Ph-S-0-. 

Preparation of complexes. (i) Reactions using 2-thiomethyl-2,2- 
bis(trifluoromethyl)ethanol, 2. 

The palladium complex was prcparcd by dissolving PdCI? (0.200 g, 
1.13 mmol) in dimcthylformamidc (DMF, 40 mL) and adding ligand 
2 (0.52 g, 2.26 mmol) followed by thc stoichiometric amount of KOH 
(2.26 mmol) in ethanol. (In this and thc following reactions, it was 
found convenient to measure out KOH volumetrically using a stan- 
dardized solution, about 0.09 M, in ethanol.) Precipitated KC1 was 
removed by centrifugation and the orange-red solution stirred IS h, 
then solvents removed by vacuum evaporation at 25"C, and the residue 
extracted with acetone. Crystallization from ether gavc the palladium 
bis-complex, P~(Mc-S-O)~, 4, as orange platelets, mp 199- 
201°C. 

The platinum analogue was prepared by dissolving K2PtCI, (1.01 g, 
2.43 mmol) in DMF (50 mL) and adding ligand 2 ( I .  I 1 g, 4.90 mmol) 
followed by KOH (4.90 mmol) in ethanol, After stirring 6 days/2j0C, 
precipitated KC1 was removed, then solvents removed by vacuum 
evaporation at 25OC. Thc residue was cxtracted with warm acetone, 
the solution reduced in volume and chloroform added to precipitate the 
platinum bis-complex, Pt(Me-S-0)2. 5. Recrystallization from 
acetone/chloroform gave a pale yellow solid whose infrared spectrum 
showed the presence of water. An anhydrous analytical sample was 

obtained by vacuum sublimation at -200°C. 
(ii) Reactions using 2-phcnylthio-2,2-bis(trifluoromethyl)ethanol, 

3. The palladium bis-complex, Pd(Ph-S-O),, 6, was prepared by 
thc same route as its methylthio analogue; pale orange platelets from 
ether, mp 198- 199°C. 

The platinum bis-complex, Pt(Ph-S-O),. 7, was prepared by the 
same route as its mcthythio analogue, except that CH2C1, was uscd for 
the extraction of the solid residue and the product recrystallized from 
chloroform/acetone to give the complcx as yellow needles, mp 
190- 191°C. 

Ckaraclerizatiori 
Analytical data are given in Table I .' All of the new complexes had 

infrared spectra consistent with their proposed structures. Mass 
spectra showed a parent ion for each neutral complex and similar 
fragmentation patterns. In order to eliminate the possibility of spurious 
nmr data resulting from association of the complexes ML2, molecular 
weights for 4 and 5 were determined osmometrically in acetone. 'Three 
different concentrations in the rangc 0.006 to 0.03 M were used in 
each case, and results showcd no significant association or concen- 
tration dependence of mw. (Found for 4: 547 f 8, calcd. 528. Found 
for 5: 653 t 7, calcd. 617.) Nuclear magnetic resonance spectra, 
which formed the principal means of characterization and structure 
determination, are discussed in detail below. 

Results and discussion 
Ligund syntlzesis 

The lithium derivatives of thioethers have been extensively 
studied by Petersen and co-workers (9). We have restricted our 
study to derivatives of methyl-thioethers R-S-CH3, where 
the CH3 group is lithiated, but the reaction is capable of wide 
variation both in the nature of the R group and through the 
lithiation of alkyl groups other than methyl. However, little use 
has been made of these reagents for introducing a thioether 
function into a potential ligand system. In view of the highly 
electrophilic nature of hexafluoroacetone, we had little doubt 
that it would react with the intensely nucleophilic lithium deriv- 
atives of the thioethers. These are prepared by the de- 
protonation of methyl thioethers using n-butyl lithium in the 
presence of multidentate nitrogen bases: 

(B)  CH,-S-R + "Bu-Li - hexane, 25°C LiCH2-S-R(B) + C,H,,, 

I 

[(B) = TMED or DABCO] 

We find that reaction of these lithium reagents with hexa- 
fluoroacetone is extremely vigorous, and cooling to dry-ice 
temperature is essential to obtain good yields of the fluorinated 
alcohoI-thioethers. Choice of solvent is important in these 
syntheses because of the tendency of fluorinated alcohols to  
form stable complexes with some ethers. Ligand 2 was pre- 
pared in diethyl ether; ligand 3 in THF. 

Our principal aim in the study reported in this paper was t o  
prepare neutral complexes in which two molecules of the bi- 
functional ligand (in the ionized form) are coordinated to a 
dipositive metal atom. The divalent ions of the nickel triad 
were used in an attempt to make square-planar complexes. T h e  
synthetic approach initially used was that which had been suc- 
cessful in previous preparations of fluorinated alkoxides of 
transition metals; the addition of base to a 2:  1 mixture of ligand 
and metal chloride in ethanol solution. With Ni", an inter- 
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TABLE 2. Nuclear magnetic resonance data on complexes" 

CF3 groups CH2 group R-S 

T 6 AAB JAB 6 AAB JAB 6 '~(pt,H) 
t Compound Solvent" ("C) (ppm) (Hz) (Hz) (ppm) (Hz) (Hz) ( P P ~ )  (Hz) 

Pt(Me-S-O),, 5 
cis-syn (48%) A 32 -76.0 126 9.8 3.49 29.6 14.5 2.89 52.9 
cis-anti (52%) A 32 -75.9 58 9.3 3.51 23.2 14.0 2.93 54.7 
cis-syn D 32 121 9.75 2.72 53.5 
cis-anti D 32 62 9.75 2.80 56.0 
cis D 146 - 100 (broad d) 2.76 53.0 

Pt(Ph-S-O),, 7 
cis-syn (54%) A 32 -75.8 145 9.5 3.68 55 
cis-anti (46%) A 32 -75.5 -35 -9 3.74 47 I: I 7.1-8.2 

cis-syn D 32 157 9.5 3.69 74 
cis-anti D 32 60 -9 3.76 70 13.5 7.1 -8.1 l4 I 
Pd(Me-S-O)2, 4 
cis-syn (24%) A 0 
cis-anti (34%) A 0 
trans-syn (23%) A 0 
trans-anti ( 1  9%) A 0 
cis-syn (-2 1 %) A 32 
cis-anti (-29%) A 32 
trans (-50%) A 32 
cis (38%) A 
trans (62%) A 65 
cis-syn D 

65 I 
30 

cis-antid D 30 
cis-syn D 50 
cis-anti D 50 
trans D 50 
cis D 110 
trans D 110 

-75.2 74 
-75.0 -4 
-75.8 8 1 
-75.4 0 
-76.07 71.5 
-76.04 -5 

(obscured) 

(broad singlet) 

10 2.78 
- 2.82 

9.7 2.69 
- 2.75 
9.75 3.54 32.4 13 2.77 
- 3.60 19.3 13 2.8 1 

(obscured) 2.7 1 

{ 3!:;;:0:1::c::) ' 

2.78 
2.7 1 

9.5 
- 

3.53 28 13 2.60' 
3.59 13.3 13 2.66 
3.45 (broad s) 2.60' 
3.53 (broad s) 
3.42 (broad s) I 2.64 

Pd(Ph-S-O)z, 6 
cis-syn A 32 -75.7 133 .9.5 3.75 50 
cis-anti A 32 --75.7 - 5 - 3.87 35.7 ::::} 7.3-8.2 
trans A 32 -75.7 s (Wf = 7.5 Hz) (broad sx) 
cis-syn D 32 143 -9 3.77 69.4 15 
cis-anti D 32 -7 - 3.86 49.8 13 
trans D 32 s (Wf = 3 Hz) (broad s") 

"Chemical shifts from TMS ('H) or CHCll ("F). See text for assignment of isomers. Most CH2 spectra have been assigned only on the basis 
of integrations relative to the identified CH, or CF, signals. 

h~ = d6-acetone, D = d6-dimethyl sulfoxide. 
"No CFCI, standard was added to DMSO solutions intended for high-temperature studies. 
"No trans-isomer observed. 
'Overlapping peaks. 
'W is the width at half-height in Hz. 
'Singlet at 3.69 ppm at 60°C. 
hSinglet at 3.76 ppm at 80°C. 

action appeared to be occurring, but well-defined products 
could not be isolated. By employing dimethylformamide as 
solvent for the metal halides, stable, well-characterized, Pd2+ 
and Pt2+ complexes were obtained. The preferential formation 
of stable complexes with the heavier metals of the triad indi- 
cates the dominant effect of the soft thioether function in the 
02S2 donor set. 

Nuclear magnetic resonance studies and the identification of 
isomers 

The nmr spectra of all four complexes have been obtained in 
d6-acetone and d6-DMSO (the latter for high-temperature 
work); sufficient concentrations could not be obtained with less 

polar solvents. The data are summarized in Table 2; the spectra 
are strongly temperature-dependent, and data are generally 
given for the limits of slow and fast exchange, unless further 
detail is warranted (as with compound 4). 

For the complex Pt(Me-S-O),, 5, it is immediately ap- 
parent from both 'H and "F spectra at ambient temperature that 
two isomers are present. The CH,-S signals are at 2.93 and 
2.89 ppm, with 'J(Pt,H) values of 54.7 and 52.9 Hz, 
respectively. The similarity in the values of the coupling con- 
stants shows that these species are not due to cis-trans isom- 
erism of the 02S2 donor set, which should give a large differ- 
ence in 'J. For example, in the complex PtC12(SMeJ2 the 
values of 'J(Pt,H) are 49.0 and 40.0 Hz for the cis and trans 
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isomers respectively (1 I). The two isomers of 5 therefore differ 
only in the orientation of the Me-S groups. 

The "F spectrum consists of two sets of doublets of quartets, 
indicating non-equivalent CF, groups in each isomer; this 
would be expected from the presence of the pyramidal coordi- 
nated thioether in the chelatering. Coupling constants between 
fluorine atoms in each set are in the range 9- 10 Hz, typical for 
geminal CF, groups. 

The suggestion that these two forms of the complex are 
diastereomers related by inversion at the thioether ligand is 
supported by variable-temperature nmr studies. When a solu- 
tion in d6-DMSO is heated, the separate CH,-S signals col- 
lapse and coalesce together around 128"C, and further heating 
to 146'C produces a sharp singlet. The Iy5Pt satellites remain 
throughout, showing that the thioether remains coordinated to 
the metal. Behaviour of this type is typical of a complex in 
which inversion at the thioether ligands is becoming rapid on 
the nmr time-scale, leading to effective equivalence of the 
CH,-S groups. The same trend is apparent in the "F spectra, 
but the coalescence temperature is higher (because of the 
greater value of the chemical shift difference for the CF, 
groups) and cannot be reached before significant sample de- 
composition has occurred. 

In the phenyl-containing complex, Pt(Ph-S-0)2, 7,  the 
nmr data are less informative because of the absence of the CH, 
probe with its associated coupling to Iy5Pt. However, the "F 
signals for 7 are entirely analogous to those of 5, consisting of 
one well-separated doublet of quartets, and another which has 
strong second-order character. We interpret this to mean that 7 
also exists as two diasteromers of a single geometric isomer. 
Because of the greater solubility of this complex, well-resolved 
ligand resonances were observed in both &-acetone and 
d6-DMSO solutions, and these are clearly attributable to two 
overlapping AB type resonances. On heating the solutions, 
decom~osition occurred before coalescence had been reached 
in either the fluorine or proton (CH? region) spectra. At no 
point in the variable-temperature nmr studies, below or above 
ambient temperature, was any evidence seen for a third species. 

The situation for the palladium complex 4 is quite different. 
Variable-temperature 'H spectra at equilibrium are presented in 
Fie. 1.  " 

Both 'H and "F spectra are strongly temperature-dependent, 
but is is clear that there are four separate -SCH? resonances 
at O°C, labelled 1-4; on warming to ambient temperature, the 
signals labelled 3 and 4 collapse to a broad singlei. Our inter- 
pretation of this spectrum has been assisted by its time- 
dependence at 32°C. In a freshly-prepared solution in 
d6-acetone, the peaks labelled 1 and 2 are present in a 60:40 
ratio, and the CH2 region can be clearly identified as two 
overlapping AB signals (Table 2), giving a situation parallel to 
that of the platinum complex 5. The peak labelled 3,4 is ex- 
tremely small if the spectrum is recorded immediately after 
sample dissolution. After about 1 h, the equilibrium spectrum 
of Fig. 1 is attained, and the CH2 region becomes obscured by 
the presence of a broad resonance associated with 3,4. cooling 
produces the lower trace in the figure, while warming to 65°C 
causes 1 and 2 to coalesce, and alters the proportions of the 
isomers. The I9F spectra show similar behaviour. with freshlv- 
prepared samples ihowing two sets of doublets of quartets, o i e  
with a large value of AAB and the other a very small value. On 
equilibrating and cooling to O°C, signals corresponding to four 
species are observed. 

These observations may be rationalized on the assumption 

FIG. 1.  Variable-temperature ' H  spectra of P d ( M e ~ s - 0 ) ~ ,  4. 

that Pd(Me-S-O)? exists in solution as an equilibrium mix- 
ture of the four possible isomers: cis-syn, cis-anti, trans- 
syn, and trans-anti. We have previously demonstrated, in 
PFP2- complexes of type 1, that the trans effect of the 
-C(CF,)20- group on the barrier to thioether inversion is 
considerably less than that of chloride (3). For example, in the 
S E t  complex Pt(PFP)(SEt),, AGS is 75.5 kJ mol-', whereas in 
cis- and t r a n ~ - P t C I ~ ( S E t ~ ) ~  AGS values of 70.3 and 58.2 kJ 
mol-', respectively, have been reported (12). Assuming the 
validity of this trans-effect series for palladium, we would 
expect the trans-form of 4 to have the lower coalescence tem- 
perature for thioether inversion. This conclusion also depends 
on the relative separation of the signals in the two isomers, and 
we have calculated the actual values of AGS (see below), which 
are in the expected order. We therefore assign peaks 1 and 2 in 
the figure to the cis-geometrical isomer, while 3 and 4 are 
diastereomers of the trans-isomer. 

Complex 4 is thus probably cis in the solid state, undergoing 
rapid equilibration on dissolution in acetone to give the equi- 
librium cis-trans mixture. The proportion of trans increases 
from 40% at 0°C to 62% at 65OC, giving a AH value of 
10.6 kJ mol-' for the ci-trans interconversion. 

Because of the greater chemical shift of the CH2 and CF, 
spectra, their signals broadened but did not coalesce at 65"C, 
the highest temperature obtainable in acetone solution. When 
spectra were run in DMSO in order to reach higher tem- 
peratures, an immediate difference was observed in the behav- 
iour of the complex: no signal for the trans-isomer appeared at 
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ambient temperature. However, additional signals assignable 
to the trans-isomer (undergoing rapid sytz-anti isomerization) 
began to appear at 50°C in the CH,-S, CH?, and CF, regions 
of the spectra. At 90°C, the '"F spectrum consisted of a very 
broad coalesced peak for the cis-isomer and a sharp singlet for 
trans. By I 10°C, the CH, region still showed separate peaks for 
cis and trans, but the CH,-S signal had collapsed to a singlet, 
indicating rapid interconversion of all four isomers. The CHI 
signal also coalesced at higher temperature, but sample decom- 
position interfered with further measurements. 

In view of the small differences in energy between the vari- 
ous isomers of complex 4, it is not surprising that their propor- 
tions in the mixture are solvent-dependent. The preferential 
formation of the cis-isomer in going from acetone to DMSO 
would be expected from the greater polarity of the latter (13). 

Assignment of the diustereomers 
We have demonstrated that Pd(Me-O-S)2, 4, exists as a 

mixture of cis- and trans-isomers, and that the cis-isomer is 
thermodynamically the more stable form. On the basis of the 
barrier heights to inversion, A c t ,  and the magnitude of the 
coupling ' J (P~,H)  for 5 ,  in conjunction with our previous stud- 
ies of PFP2- complexes of Pt" with thioethers (3), we suggest 
that the sole isomeric species for 5 and 7 is in each case the 
cis-isomer. Complex 5 therefore consists of cis-sytz and 
cis-anti isomers, and their approximately equal populations at 
ambient temperature show that there is little difference in 
energy between them. Assignment of the sytl and anti forms 
cannot be made with certainty, but the spectra provide some 
evidence. 

Consideration of molecular models shows a significant de- 
gree of steric interaction between the CH,-S groups in the 
sytz-isomer, which is minimized by the adoption of an 
"overall-envelope" configuration; that is, both of the chelate 
rings are in an envelope configuration on the same side of the 
coordination plane of the metal and opposed to the two R-S 
substituents. This locks the rings into a specific orientation 
which increases the difference in the environment of the 
pseudo-axial and -equatorial C F  groups, resulting in a larger 
difference in chemical shift, A,,", between them. No such re- 
straint applies in the anti-isomer, and the difference in environ- 
ment between the CF, groups is therefore smaller. Since one 
species shows a value of 126 Hz for AAB and the other of only 
58 Hz, we assign the former as cis-sytz and the latter as 
cis-anti. Similar steric arguments have been used by Abel to 
assign isomers of chelating dithioether complexes (14). 

We have assigned the syn- and anti-forms of Pt(Ph-S-0)2 
on the same basis. The species with the larger value of A,, for 
the CF, groups is assigned as the cis-syn form, the other as the 
cis-anti. For both 5 and 7, the 'H spectra have been tentatively 
assigned from the "F spectra using relative integration. 

For the palladium complexes 4 and 6, we have used the same 
configurational reasoning to assign the sytz and anti forms of 
the cis-isomer as shown in Table 2. Such an assignment sug- 
gests a slight preference for the anti configuration in the tem- 
perature range studied, consistent with our postulate of greater 
steric repulsion for the syn form. However, the differences are 
not large, and no great weight can be attached to these results. 

For the trans-isomer of 4 at O°C, the '" spectrum indicates 
one species with equivalent CF3 groups (Ap,, = 0), while the 
other is separated into quartets (AAB = 81 Hz). In this geo- 
metric form, the anti-isomer has the higher symmetry, and is 
more likely to correspond to the singlet CF, resonance. The 'H 

spectra are tentatively assigned by integration, and in each case 
the ntzti configuration has CH,-S resonances slightly to low 
field of the sytz. 

For the complex Pd(Ph-S-0)2, 6, the nmr spectra give 
less information because of the absence of the CH,-S probe. 
At ambient temperature, the "F spectra in both acetone and 
DMSO shows three sets of signals, which may be analyzed in 
a similar manner to those of previous complexes studied. A 
doublet of quartets with a large value of A,,, (133 Hz) may be 
assigned to the cis-sytz isomer, while a second-order multiplet 
with A,,(effective) = -5-7 Hz is assigned to the cis-anti 
isomer. The trans-isomer consists of a rapidly-inverting 
syn-anti mixture giving a sharp singlet; the proportion of the 
trans-isomer is -30% in acetone and - 15% in DMSO. 

The CH, region of the spectrum of 6 may be analyzed in 
terms of AB doublets as before. At ambient temperature in 
acetone, the signal for the trans-isomer is not observed because 
of exchange broadening, but it appears as a singlet at 3.69 ppm 
at 60°C. In DMSO, the spectra in this region are similar. The 
signals from the cis-isomers coalesce on heating, and an aver- 
age singlet due to sytz-anti interconversion is seen at 80°C; the 
cisltrans ratio is approximately 70130. 

Thioether itzversion stlldies 
Inversion at a single sulfur atom in complexes 4 and 5 will 

result in the interconversion of the diastereomeric isomers. 
Since these are species with different energies and populations, 
the process is classified as non-mutnnl inversion, and it may be 
followed by dynamic nmr. We have discussed the treatment of 
data previously in connection with perfluoropinacol-thioether 
complexes (3), and a comprehensive account is given by 
Sandstrom (1 5). 

'The rate constants for the major-minor (kA) and 
minor-major (kR) interconversion reactions may be estimated 
from the half-height linewidths at coalescence, w*, using the 
equations: 

where the factorX depends on the ratio of the populations of the 
two forms, P ,  and P,. From the rate constants, the free energy 
of activation, AGS, may then be found using the Eyring equa- 
tion. Since ASS has consistently been found to be equal to zero 
or near zero for thioether inversion (16), little error is incurred 
by comparing AG$ at different temperatures for different mol- 
ecules. The calculations and results are summarized in Table 3. 

The populations PA and P, are, as much as possible, 
extrapolations from the observable low-temperature region to 
the coalescence point. In the Pt complex 5 ,  the populations at 
T ,  become fortuitously equal, so the classical equation of 
Gutowsky and Holm ( 17) has been used to obtain k (=kA = kB). 

We are now able to justify the assignment of the stereo- 
chemistry of the complexes. Considering first the thioether 
inversion energies in Table 3 ,  it is clear that, for the cis-isomer 
of the Pd complex 4, the barrier to inversion is lower than in 
the cis Pt complex 5 .  This is a general effect; for example, 
differences of 9 kJ mol-' have been observed between Pd and 
Pt for the complexes MX,L2, where L is a monodentate cyclic 
thioether (18), 10-15 kJ mol-' for various chelating dithio- 
ether complexes of PdX, and PtXz (14), and 5 kJ mol-' for 
~ ~ ~ ~ ~ s - M X ~ [ S ( C H , S ~ M ~ ~ ) ~ ] ~  ( 19). In each case, the barrier is 
lower for Pd than for Pt. In the following discussion, we adopt 
the classical mechanism of pyramidal inversion, with a planar 
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TABLE 3. Thioether inversion in M(Me-S-0)? complexes 

Complex cis-Pd(Me-S-0)2, 4 rrans-Pd(Me-S-O)?, 4 cis-Pt(Me-S-O)?, 5 

PA 
PB 
AP 
X 

w * ,  Hz 
k ~ , ( '  S - I  

kBd s- ' 
Tc, K 
AG$,-,, kJ m0l-' 
AGSB, kJ mol-' 

"syn-isomer. 
hanti-isomer. 
'Rate constant for conversion from major to minor. 
"Rate constant for conversion from minor to major. 

transition state, which has long been proposed for the inversion 
of tri-coordinate compounds of nitrogen, sulfur, and other 
main-group elements (20, 21). This model has recently come 
to be adopted for compounds of transition elements (5, 6). Two 
factors may be invoked to explain the lower barriers to in- 
version in Pd". The first is the difference in electronegativity 
between the two metals: values are 1.44 for Pt and 1.35 for Pd 
(22). An increase in the electronegativity of the atom bonded 
to sulfur in a thioether complex increases the s-character of the 
remaining lone pair on the sulfur atom in the ground state, thus 
raising the barrier to inversion (20). A second factor, operating 
in the same direction, is that the stability of the intermediate 
with planar sulfur is increased by the more efficient T-overlap 
between S and Pd (3p-4d) than between S and Pt (3d-5d). A 
much smaller difference has been reported between iso- 
structural chromium(0) and tungsten(0) complexes, for which 
these two factors work in opposite directions (6). 

When a thioether function is incorporated into a chelate ring, 
there is generally an increase in the barrier to inversion. This 
probably occurs because there is a greater departure from the 
ideal 120" angle in the transition state when the sulfur atom is 
in a ring. A comparison of data on the Pt complex 5 with other 
complexes containing similar donor sets supports this trend. 
Our results on perfluoropinacolato (PFP2-) complexes of Pt 
give AGS values of 75.5 + 1 kJ mol-' for Pt(PFP)(SEt2),, 
where the thioether is not chelated, and 86.5 + 1 kJ mol-' for 
Pt(PFP)(DTH) (3). Precise structural data are not available for 
the latter, but a reasonable estimate for the bond angle at sulfur 
in chelated dithiahexane, based on known values for chelated 
thioethers (7), would be 104". In related Pt complexes of 
Me-S-0-, we have found bond angles at sulfur averaging 
97" (23). The value of AGS is thus found to increase as the size 
of the chelate ring is reduced, due to an angle-strain effect on 
the transition state. Thus AGS is about 13 kJ higher for the 
Me-S-0 ring than for the unstrained SEt, complex of 
PFP2-. From the series quoted earlier, a difference of 18 kJ is 
found between similar complexes where RfO- and R,S are 
trans to a thioether. The hypothetical AGS for trans- 
Me-S-0 would thus be about 70 kJ. Thus predicted thio- 
ether inversion barriers allow us to assign the cis geometry to 
these complexes. 

Precedent would suggest that cis geometry is more likely for 
an OzS? donor set on platinum. The bis(monothi0-6-dike- 
tonates) of both Pd2+ and Pt2+ are known to be cis (24), as is 
(CH3COO)2Pt(SEt2)2 (8). Values of 'J(Pt,H) for the CH,-S 

groups in 5 are fully consistent with cis geometry, which would 
of course place them trans to the fluorinated alkoxy groups. In 
the perfluoropinacol complex Pt(PFP)(SMe2)?, which has the 
same donor set on the metal in unambiguously cis geometry, 'J 
is 44.0 Hz (3). However, other results show that the coupling 
to 1 9 5 ~ t  is often increased when the thioether is incorporated 
into a chelate ring. For example, in the 23-dithiahexane com- 
plex Pt(PFP)(DTH), 'J is increased to 47-48 Hz (3). In related 
studies on other chelated Pt(Me-S-0) complexes (25), 'J is 
60.5 Hz for CH3-S trans to C1-, 50.0 Hz trans to SEt2, and 
-41 Hz trans to phosphines. We have demonstrated that the 
-C(CF,),O- group has a trans influence intermediate between 
C1- and R,S (3), so the 'J values of 53-55 Hz observed in 
P t ( M e - s ~ 0 ) ~  are in the expected region for cis geometry. 
The value of 'J has been shown to vary in a Karplus-type 
manner in PtCI,{S(CH2Ph)?)2, with J(trans) = 55.7 Hz and 
./(gauche) = 29.3 Hz (12). In complexes of S-methyl-cysteine, 
containing an S,N-coordinated five-membered ring, 'J was 
found to be -55 Hz with C1- trans to the S-CH3 function and 
44-5 1 Hz with NH3 or en trans (26). 

In the palladium complexes, the differences between the 
activation energies for thioether inversion of the cis- and trans- 
forms are only 5 to 6 kJ mol-'. This is much less than for the 
platinum complexes discussed above, implying that ring effects 
may make a larger contribution to the size of AGS than trans- 
effects. However, the absolute range of AGS values for Pd are 
found to be much smaller, and these smaller differences are 
fully consistent with those of other palladium complexes which 
we have studied (25). 

Conclusions 
The use of the new hybrid ligands has enabled us to prepare 

some interesting analogues to the earlier type 1 complexes. We 
have demonstrated that the ~ t "  complexes 5 and 7 exist as syn 
and anti forms of the cis-isomer on the basis of the calculated 
AG values and the size of the coupling constants in 5 .  Simi- 
larities in the I9F spectra then allow us to transfer to the latter 
conclusions reached for the former. The observation of 
cis-trans isomerism for the Pd" complexes, with the cis- 
isomer being more stable, supports our contention that the 
platinum complexes must be cis, in agreement with the greater 
influence of antisymbiosis in the softer metal ion (4). 

The presence of two independent nmr probes, 'H and "F, has 
also enabled us to attempt assignments of the diastereomers in 
solution; although not definitive in every case, this has shown 
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the potential of using multinuclear nmr in making structural 
assignments of coordination compounds. 
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Comment: Discussion on I3C nuclear magnetic resonance spectra of nucleoside 
derivatives. Reflection of structural alterations on 13C chemical shifts 
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Ambiguity in assigning C2' and C3' of the ribose residue of 
nucleic acid compounds in I3C nmr spectra was pointed out in 
1972 by Stothers ( I ) ,  and the early assignments of C2' and C3' 
by Jones et al. (2) were revised by Mantsch and Smith (3) based 
on "POC"C coupling in nucleotides. The usefulness of selec- 
tive 'H-decoupling was shown by Kainosho (4) using 2',3'- or 

1 R ' ,  R', R', R', R5 = H 5 R = p-CH,C,H,CO 6 R '  = H 
2 R ' ,  R' = H, R' = p-CH'C6H,CO R', R' = ChHsOCO 

/ R4, = (CHX)?C, 7 R' , R', = CoHsOCO 

3 R' = H, R', R' = p-CH3C6H4C0 

12 R ' ,  R', R3, R4 = H 
X = NH 

13 R' = C6H5C0, R' = H 

R', R4 = (CH&C / \ 
X = NH 

14 R' ,  R2, R', R4 = H 
X = O  

15 R1 = ChH5C0, R' = CHO 
/ R', R' = (CH,)2C\ 

X = 0 

RNH 

'Author to whom correspondence may be addressed. 
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h h 

t- oc - 0 w a C l - -  ' - a=oFq~  7 - w  I v;v;ri 1 - - io ;o ;v ; - - :1mClmo\  - 
m - c o a w a w \ D w ~ o c m  - ClCl = = z  - =  = , , , - - 

w  G o  Cl m  O F T F q T q F q F ' ? ?  2 22 
r i G G o ; &  1 w w - m m - C l w m C l m a  
m o m - m  m w m t - w a w m w m a o c  - ~ l ~ l  

ocmt- y : l ? a - ~ - ~ 0 5 y s  
( r io; r i  1 m ~ C l - m m - w o c m m o  2 m a  

m a -  m  m t - w m w m w m a m  ~l ~l 

?S.S?.? ~ l o w z a  1 c o g ~ q ~ F o ~ y a q ~  m m m t - m m - w m -  4 2, 
m o *  m  m - w a w a w m w m 3 m  - ClCl 
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3'3'-cyclic nucleotides and by one of the present authors (5) with 17. 
using naturally occurring nucleosides. 

Accumulation of I3C nmr data has shown that C2' of a 
nucleoside always exhibits a lower chemical shift than C3', 
contrary to the recent announcement by Chang et al. (6) who 
assigned "C chemical shifts of methylated nucleosides based 
on wrong assignments of C2' and C3' of adenosine. 

We encountered difficulty in assigning C2' and C3' of cy- 
clonucleoside derivatives (7), whose H-2' and H-3' signals in 
'H nmr spectra were found to be a pair of doublets, exhibiting 
no coupling with H-1' and H-4'. Thus, our early assignments 
of C2' and C3' of 8,5'-0-cycloadenosine derivatives by selec- 
tive 'H-decoupling were based on the fact that, in many nucleo- 
side derivatives, H-2' exhibited a lower chemical shift than 
H-3'. 

Now unarnbigous assignments of H-2' have been achieved 
using nOe (nuclear Overhauser enhancement) difference spec- 
tra irradiating H-1 ', giving 4-8% nOe to H-2'. Subsequent 
selective 'H-decoupling led to identification of C2' and C3' 
peaks, and our earlier assignments thus required revision. 

In the case of isopropylidene derivatives of nucleosides, the 
signal of C2' given as a doublet was always found to have a 
narrower line width than those of C3' and C4', reflecting the 
number of hydrogens which caused the long-range (two and 
three bond) C-H couplings. 

The I3C chemical shifts of several adenosine derivatives, 
including 8,5'-0- and 3,5'-N-cycloadenosine derivatives, are 
listed in Table I. Throughout these compounds the C2' signals 
were always located at lower magnetic fields than the C3' 
signals, showing that I3C chemical shifts of C2' and C3' were 
insensitive to the structural alterations of the base moiety. 

However, chemical shifts of C5' were found to reflect the 
nucleoside and cyclonucleoside structures: I3C-0-H 6 62; 
13 C-0-R (R = acyl) 6 64; I3C-0-R (R = alkyl) 6 69; 
I3C-0-N 6 49-51; '3C-0-N+ 6 57-58. 

When the I3C chemical shifts of C5 and C6 of compounds 2 
and 3 were compared, it was evident that introduction of an 
acyl group at N6 of the adenine ring caused considerable in- 
crease in the C5-C6 bond polarity, i.e., shielding at C6 ac- 
companied by deshielding at C5. However, in the case of the 
ring-cleaved compounds 12 and 13, this trend was no longer 
observed, suggesting a contribution of the  IT-electrons of the 
pyrimidine ring to increase the C5-C6 bond polarity. 

Similarly, affording positive charge at N3 of adenosine de- 
rivatives resulted in shielding at C4, to a considerable extent, 
as was shown by comparison of 1 with 11 as well as 16 

Numbering of the compounds 
The original numbering of adenosine is maintained in all the 

compounds listed here for the reader's convenience. 

Experimental 
Preparation of the conlpounds 

Consult the following papers (reference numbers in parentheses): 
2-4 (9), 5 (8), 6 (8 and IS), 7 (8 and IS), 8 (lo), 9 and 10 (1 I), 11 
(13), 12 and 13 (I 1 and 12), 14 and 15 (12), 17 (14), 18 (12). 

Merhod 
The nmr spectra were recorded by JEOL GX-400 and FX-100 

spectrometers. '" chemical shift assignments were made based upon 
homo-spin decoupling on 'H nmr, followed by selective decoupling 
and long-range selective decoupling (LSPD) on nmr in the case of 
1 ,  12, 14, and 16. Assignments of H-2', in the case of isopropylidene 
derivatives of nucleosides, were made based on nOe difference 
spectra, 4-8% nOe being observed for H-2' {H-1'). 

Solvent 
CDCI3 for 5,  6, 7, 15, and 18; DMSO-d6 for other compounds. 

Difference of I3C chemical shifts in these two solvents is less than 
I ppm in most cases. 

I. J. B. STOTHERS. Carbon-13 NMR spectroscopy. Academic Press, 
New York. 1972. p. 468. 

2. A. J. JONES, D. M. GRANT, M. W. WINKLEY, and R. K.  ROBINS. 
J. Am. Chem. Soc. 92, 4079 (1970). 

3. H.  H. MANTSCH and I .  C. P. SMITH. Biochem. Biophys. Res. 
Commun. 46, 808 (1972). 

4. M. KAINOSHO. Org. Magn. Reson. 12, 548 (1979). 
5. J. UZAWA and M. URAMOTO. Org. Magn. Reson. 12,612 (1979). 
6. C. CHANG, D. J. ASHWORTH, L. CHERN, J. D. GOMES, C. LEE, 

P. W. MOU, and R. NARAYAN. Org. Magn. Reson. 22, 671 
(1 984). 

7. J. UZAWA and K.  ANZAI. Can. J. Chem. 62, 1555 (1984). 
8. K. ANZAI and J. UZAWA. J. Org. Chem. 47, 5076 (1984). 
9. K. ANZAI and M. MATSUI. Bull. Chem. Soc. Jpn. 46, 3228 

(1 973). 
10. K .  ANZAI and M. MATSUI. Bull. Chem. Soc. Jpn. 47, 417 

(1974). 
1 I. K. ANZAI. Agric. Biol. Chem. Jpn. 40, 373 (1976). 
12. K.  ANZAI and M. MATSUI. Agric. Biol. Chem. Jpn. 37, 301 

(1973). 
13. R. KUHN and W. JAHN. Ber. 98, 1699 (1965). 
14. K.  ANZAI and K. MATSUI. Bull. Chem. Soc. Jpn. 46,618 (1973). 
15. K.  ANZAI, J. B. HUNT, G. ZON, and W. EGAN. J. Org. Chem. 47, 

4281 (1982). 
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The cleavage of aspirin by a- and P-cyclodextrins in basic aqueous solution 

OSWALD S. TEE' AND BRYAN K .  TAKA SAKI^ 
Department of Chemistry, Sir George Williams Campus, Concordia University, 

Montreal, P.Q., Canada H3G IM8 

Received May I, 1985 

OSWALD S. TEE and BRYAN K. TAKASAKI. Can. J.  Chem. 63, 3540 (1985). 
The deacetylation of aspirin is promoted by a- and P-cyclodextrins (aCD and PCD) in basic aqueous solution. From 

saturation kinetics the dissociation constants (K,) for the aspirin anion - CD complexes are 12 mM (aCD) and 20 mM (PCD). 
At pH 12.25 the limiting rate constant for ester cleavage is 14 times (aCD) and 7 times (PCD) that in the medium alone. For 
the 4-chloroaspirin anion (K, = 3.8 mM) the cleavage induced by aCD is 240 times that in the medium, but 5-chloroaspirin 
shows a very small effect. The results are discussed in terms of a model derived from that of Bender and co-workers (1967) 
and are compared to earlier work. For the aCD anion, the 4-chloroaspirin anion is almost as good as "substrate" as m-chloro- 
and m-tert-butylphenyl acetates. Compared to hydroxide ion, the aCD anion is better at cleaving 4-chloroaspirin (2000x) and 
aspirin (36 X). 

OSWALD S. TEE et BRYAN K. TAKASAKI. Can. J .  Chem. 63, 3540 (1985). 
Dans des solutions aqueuses de base, la dkacttylation de I'aspirine est facilitte par les cyclodextrines a et P. En se basant 

sur des cinktiques a saturation, on a pu k>ablir que les constantes de dissociation (K,) des complexes anion de I'aspirine/CD 
sont 12 mM (aCD) et 20 mM (PCD). A un pH de 12,25, les constantes limites de vitesse pour la coupure de l'ester sont 
respectivement 14 fois (aCD) et 7 fois (PCD) celle observe dans le milieu rtactionnel seul. Dans le cas de I'anion chloro-4 
aspirine (K, = 3,8 mM), la coupure induit par la a C D  est 240 fois plus rapide que celui observk dans le milieu rkactionnel 
seul; toutefois, avec la chloro-5 aspirine, I'effet observt est petit. On discute des rksultats en fonction d'un modele dkrivk de 
celui proposk par Bender et coll. (1967) et on les compare a ceux obtenus dans un travail antkrieur. Pour I'anion de la aCD,  
I'anion de la chloro-4 aspirine est un substrat qui est pratiquement aussi bon que les acCtates des m-chloro et tn-tert- 
butylphknyles. Par comparaison avec I'ion hydroxyle, I'anion de la aCD provoque des coupures beaucoup plus rapides de la 
chloro-4 aspirine (2000x) et de I'aspirine (36X). 

[Traduit par le journal] 

The solubility of aspirin (0-acetylsalicylic acid, ASA) in 
water is quite low (1 g/300 mL) (1). However, it can be in- 
creased substantially by the addition of the complexing agents 
a -  and P-cyclodextrin, the effect of the latter being greater (2). 
P-Cyclodextrin also stabilizes solid aspirin (3). Any attempts to 
use these effects for pharmaceutical purposes (2,3) should take 
into account the ability of cyclodextrins to promote the deacyla- 
tion of phenyl acetates in aqueous solution (4). In the strictest 
sense of the word, cyclodextrins do not catalyze the hydrolysis 
of these esters since their deacylation results in the forma- 
tion of an acetylcyclodextrin, which undergoes hydrolysis rela- 
tively slowly (4). 

The seminal studies carried out by Bender and co-workers 
(4, 5) included m- andp-carboxyphenyl acetates (2 ,3 )  but not, 

OAc 0 A c  0 Ac 

1- = anion 2- = anion 3- = anion 

surprisingly, ASA (1) (4). In view of the lack of a prior study 
and the potential interest of its results, it seemed worthwhile 
to examine the behavior of ASA under hydrolytic conditions 
in the presence of cyclodextrins. For comparative purposes, 
4-chloro- and 5-chloroaspirin were also studied briefly. 

'Author to whom correspondence should be addressed 
'N.S.E.R.C. summer student, 1984. 

TABLE 1. Rate constants for the cleavage 
of aspirin in presence and absence of 
a -  and P-cyclodextrin at various pHs" 

"At 25"C, I = 1.0 M (NaCI), [ASA], = 
0.5 mM, [CD] = 10 mM. 

Results and discussion 
The rate of hydrolysis of aspirin is very slow at intermediate 

pHs but it rises monotonically with hydroxide ion in aqueous 
base (6). For the sake of convenience we chose the pH range 
11 - 14 which is close to that used by Bender and co-workers 
(4, 5). Moreover, within this range lie the apparent pK,s of the 
secondary hydroxyls of cyclodextrins that are involved in ester 
cleavage (4, 5, 7). 

Table 1 and Fig. 1 show pH-rate data for the deacylation 
of ASA in the absence of and in the presence of a- and 
P-cyclodextrin (aCD and PCD). As expected from earlier 
work (6), the rate constant for hydrolysis in the absence of 
cyclodextrin simply increases linearly with [OH-]. However, 
with aCD or PCD present the cleavage is faster at lower pH, 
the effect levelling off above pH 12 until by pH 13.5 normal 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TEE AND 

pH 

FIG. 1. pH-rate profiles for the cleavage of aspirin anion: (a) with 
10 mM aCD; (b) with 10 mM PCD; (c) with no CD. 

TABLE 2. Rate constants for the 
cleavage of aspirin as a function 
of cyclodextrin concentration" 

lo3 kc,,,< (s-I)  
LCD1 

aCD PCD 

8.0 37.7 15.2 
10.0 40.1 16.5 

"At 25'C. I = 1.OM (NaCI), pH = 
12.25, [ASA], = 0.25 mM. 

hydrolysis by OH- is dominant. This behaviour parallels that 
seen earlier for other phenyl esters (4, 5 ) ,  the levelling-off 
being due to the cyclodextrin pK,s around 12.1 (4, 5 ,  7). 

At fixed pH and varying CD concentration the observed 
first-order rate constants (k,,,) (Table 2) vary in a curvilinear 
manner (Fig. 2) appropriate to Michaelis-Menten type kinet- 
ics (8a) .  The simplest model that fits this behaviour involves 
reaction via a substrate-CD complex (7), as depicted below in 
eq. P I .  

For this reaction scheme the expected form of k,,, is: 

where k, is the "uncatalyzed" rate constant (in the absence of 
CD), kc is that for the ASA-CD complex, and K, is the dis- 
sociation constant of the complex. Analysis of the data in terms 
of eq. [2] was carried out in four ways: (a) linear regression 
l/(kob, - k,) vs. I/[CD], a Lineweaver-Burk approach (7); 

FIG. 2. Rate of cleavage of aspirin anion as a function of cyclo- 
dextrin concentration: (a) aCD; (b) PCD. 

TABLE 3. Constants for the cleavage of phenyl acetates by cyclodex- 
trins in aqueous solution 

Kd 103.k, 103.k, 
Substrate CD (M) ( I )  ( I )  kc/k ,  Note 

1-(ASAanion) a 0.012 5.70 82.3 14 
P 0.020 5.70 38.0 6.7 " 

2- a 0.11 0.815 55.5 68 b 

3- a 0.15 1.25 6.7 5.3 " 
PhOAc a 0.022 0.804 21.9 27 h 

4- a 0.0038 14.0 3510 240 
m-CIPhOAc a 0.0056 0.505 78.9 160 

"This work. At 25"C, I = 1 .O M (NaCI), pH 12.25. 
*Bender and co-workers (4). At 25'C, I = 0 . 2  M,  pH 10.60, 0.5% aceto- 

nitrile. 
"As previous, but pH 10.01. 

(b) linear regression of (kobs - k,) vs. (kobs - k,)/[CD], an 
Eadie-Hofstee approach (7); (c) non-linear fitting of eq. [2] 
keeping k ,  fixed at the experimental value; and (d) likewise, 
but treating k, as a fitting parameter. All four approaches gave 
excellent fits and very similar values for kc and K,. In the 
following we simply present the values obtained by (b) since 
the Eadie-Hofstee type of analysis is statistically superior to 
(a), even though the latter usually gives better looking linear 
plots (9). 

Table 3 contains values of k,, kc, and K, obtained at pH 
12.25 in this study, together with some relevant values from 
Bender and co-workers (4), obtained at slightly lower pHs. 
Note that in these basic media the carboxyl-bearing substrates 
1 ,  2, 3 ,  and 4 (see below) will be present as their respective 
anions 1-,  2-, etc. 

The anion of aspirin ( I - )  binds fairly well to aCD and PCD 
(K, = 12 and 20 mM), about 10 times more strongly than its 
m- and p-isomers. Presumably this is because the four unsub- 
stituted positions of 1-, which should be relatively hydro- 
phobic, can reside in the cavities of the cyclodextrins, while the 
polar carboxylate and ester groups are in a largely aqueous 
environment (see Scheme I). In contrast, both of the anions 
2- and 3- must have one or other of their polar groups in the 
hydrophobic cavity. With phenyl acetate, where this problem 
does not arise, the binding is stronger and comparable to that 
of the ASA anion (Table 3). 
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'The rate enhancements (see k c / k , ,  Table 3) for the cleavage 
of aspirin by aCD and PCD are modest3 and they parallel the 
binding of the substrate: for aCD the value of k , / k ,  and the 
binding are twice as large as for PCD. These differences are 
small but they may reflect the larger cavity size of PCD (7) in 
which 1- may sit deeper, but less snugly, so that the acetoxyl 
group is less accessible to the secondary hydroxyls that induce 
cleavage (4, 5, 7). 

Despite showing much weaker binding to aCD,  both 2- and 
3- show comparable k c / k ,  values to  the-^^^ anion. Thus, as 
is now generally recognized, good substrate binding is not of 
overriding importance in facilitating catalysis. Of more impor- 
tance is the binding of transient intermediates and the transition 
states that flank them (10). The "catalytic" effect for the meta- 
substituted substrate 2- is about 5 times that for l - ,  which in 
turn is twice as large as that for the p-isomer 3-.  It was found 
by Bender and co-workers (4, 5 ,  7) that in general m-isomers 
show larger effects than p-isomers, a point which will arise 
again later. Phenyl acetate, which binds about as strongly as 
the ASA anion to aCD,  shows a similar rate enhancement 
(Table 3). 

Scheme 1 shows a depiction of the principal steps envisaged 
for the cleavage of the aspirin anion 1- by a cyclodextrin. In 
a guest-host complex (3, 7) formed from 1- and CD, the 
aspirin anion sits with its carboxylate and acetoxyl groups 
outside the cavity. The rate-limiting step is nucleophilic attack 
by an ionized secondary hydroxyl to give a tetrahedral inter- 
mediate, which undergoes fast phenolate loss to give acetylated 
cyclodextrin (4). 

To provide support from Scheme 1 we have studied the be- 
haviour of 4-chloro- and 5-chloroaspirin (4  and 5)  with aCD. 

TABLE 4. Rate constants for the cleav- 
age of 4-chloroaspirin in the presence 

and absence of a-cyclodextrin" 

"A t  25"C, I = 1.0 M (NaCI), [4CI- 
ASA], = 0.5 mM. 

1 

With the 4-chloro derivative one expects better substrate 
binding and better "catalysis," as the acetoxyl group should be 
held close to the secondary hydroxyl groups. On the other 
hand, with the 5-chloroaspirin the acetoxyl group should be 
held further from these OHs and so weaker "catalysis" is ex- 
pected. These expectations, which are based on the earlier 
findings form- andp-substituted phenyl acetates (4), were fully 
realized. 

"The values for ASA given in Table 3 are for pH 12.25, close to the 
apparent pK,s of the CDs. At lower pHs the rate enhancements should 
be about twice as large. 

FIG. 3. pH-rate profiles for the cleavage of 4-chloroaspirin anion: 
(a) with 10 mM aCD; (b) with none. 

TABLE 5. Rate constants for 
the cleavage of 4-chloroaspirin 
as a function of a-cyclodextrin 

concentration" 

[aCDl (mM) kob.. (s-') 

"At  25"C, I = 1.0 M (NaCI), 
pH = 12.25, [4CI-ASA],, = 0.5 
mM. 
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TABLE 6. Constants for the attack of hydroxide ion and cyclodextrin anions on 
aspirin and other phenyl acetates" 

k o ~  ki kA/ko~ kl 
Substrate CD ( M  s )  ( I )  (M) ( M I  s kS/koH 

1-(ASA anion) a 0.326 0.141 0.433 12 36 
P 0.326 0.0649 0.199 3.3 10 

4- a 0.787 6.00 7.62 1600 2000 
PhOAc a 2.02 0.714 0.354 32 16 
m-CIPhOAc a 4.94 9.78 1.98 1750 350 
- -- 

"Rate constants are: k,,, attack of OH-; ki reaction within es te r  CD anion complex; k ; ,  
apparent value for attack of CD anion on ester (= k l / K d ) .  

Table 4 and Fig. 3 show pH-rate data for 4-chloroaspirin 
with and without added aCD. Clearly, there is substantially 
faster cleavage in the presence of aCD (-200x) at the lower 
pHs. In contrast, for 5-chloroaspirin a very small effect was 
observed: at pH 12.25, kobs = 0.0134 s-' with no CD added and 
0.0174 s-'  with 10 rnM aCD. In view of this small rate increase 
(30%), we did not attempt to measure saturation kinetics for 5. 
However, for 4 we obtained the rate data given in Table 5 ,  from 
which were obtained the values of kc and K, given in Table 3. 

Just as a m-chloro substitutent increases the binding of 
phenyl acetate (3.9x),  the 4-chloro substituent increases the 
binding of the ASA anion (3.2X). The effect on the rate of 
cleavage is, however, larger. For m-ClPhOAc the ratio k,/k, is 
5.9 times that for PhOAc whereas for 4- the ratio is 17 times 
that for the unsubstituted aspirin anion. Moreover, the k,/k, 
ratio for 4- is larger ( 2 4 0 ~ )  than found for m-ClPhOAc 
( 1 6 0 ~ ) .  At lower pH, away from the pK, of the CD hydroxyls, 
the effect for 4- would be larger still.' 

To take explicit account of pH and the ionization of the CD 
hydroxyls (4, 5) a more complete rate equation is required. The 
reaction outlined in Scheme 1 may be represented by eq. [3], 

K, k:. 
[3] S -k C D e  S .CDgS.CD--+  

Kd 
which also suffices to define appropriate constants. For this 
pathway the expected form of kobs as a function of acidity and 
CD concentration i s 4  

If we impose limiting (saturation) conditions, [CD]>>K,, so 
that kobs becomes equal to kc (see eq. [2]), then eq. [4] simplies 
to eq. [5]. This equation, through appropriate rearrangement, 

allows us to correct results obtained at different pHs to a com- 
mon basis, namely, the rate constant (k:) for reaction within 
the substrate-CD anion complex (see eq. [3] and Scheme 1). 
Values of k f ,  thus obtained, are presented in Table 6. 

For the aspirin anion 1- reacting with aCD (or PCD) the 
value of kf is appreciably lower than that for phenyl acetate 
with aCD. Also for the 4-chloro anion 4- kf is slightly lower 
than that for m-ClPhOAc. However, these comparisons ignore 

4The derivation of eq. [4] assumes [CD]>>[S], which is true for 
most of the experiments and certainly for the limiting condition 
[CD]>>Kd. It is also implicit that ionization of one of the secondary 
hydroxyls of the CD does not significantly alter Kd. For convenience 
also, we ignore the contribution from normal hydrolysis since it is 
negligible when the limiting conditions are imposed. 

the intrinsic reactivities of the different substrates for which 
koH, the rate constant for attack of hydroxide ion, provides a 
measure. If we "normalize" kd by division by koH (Table 6), a 
different picture emerges: cleavage of 4- by aCD anion is 
clearly superior to that of m-ClPhOAc and cleavage of 1- is 
comparable to that of PhOAc. 

The data in Table 6 also provide for one further compari- 
son, which emphasizes the effect of complexation on the rate 
of ester cleavage. We define k$ = kf/K,, which is the ap- 
parent second-order rate constant for the attack of the CD 
anion on the ester substrate5 (see eq. [6]). The values of k; in 

Table 6 provide a measure of the reactivity of the cyclodextrin 
anion towards the various substrates, i.e. its "substrate spe- 
~i f ic i ty" .~  From this viewpoint, the 4-chloroaspirin anion and 
m-ClPhOAc are very similar and are 50- 100 times better sub- 
strates for a C D  than PhOAc and the ASA anion. The values of 
k; (3.3- 1750 M-' s- ' )  fall within the range of k,,,/K,, values 
(0.13-3 X lo5 M-' s- ' )  found for chymotrypsin with various 
amide and ester substrates (Kd). The "best" substrate found 
by Bender's group (4, 5) was m-tert-butylphenyl acetate, for 
which k; = 2100 (aCD) and 3.1 x 10'' M-' s-' (PCD). Much 
larger specificities have been found subsequently by Breslow's 
group, using carefully designed substrates (1 1). 

Table 6 also lists values of ki/koH, which account for the 
different substrate reactivities and measure the superiority of 
the CD anion over hydroxide ion in promoting ester cleavage. 
This ratio is largest for the 4-chloroaspirin anion (2000), sim- 
ilar to that found for m-t-BuPhOAc (1700) with a C D  (5). 
Again, larger ratios can be found in Breslow's work (1 I).' 

Experimental 
Commercial aspirin was recrystallized from water before use. 

4-Chloro and 5-chloroaspirins (12) were made by acetylation (13) 
of the corresponding chlorosalicylic acids obtained from Aldrich. 
Cyclodextrins (Aldrich) were used as received. 

'For reaction of the ester.CD anion complex: rate = kS[S.CD-1, 
whereas for reaction of the ester with the CD anion: rate = 
k;[S][CD-] (see eq. [6]). Equating these two expressions leads to 
k; = ki/K,. This approach was used earlier by Bender and co- 
workers (5) and is equivalent to the use of k,,,/K,,, for enzymes 
( 8 6 , ~ ) .  

60ne frequent use of k,,,/K,, is as a measure of substrate specificity 
( 8 ~ ) .  

'After acceptance of this paper we became aware of previous work 
on the cleavage of ASA by CDs: see ref. 16. 'This paper, which is 
mainly concerned with aryl phosphate cleavage, contains results 
which are compatible with the present study. 
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Substrate solutions were prepared by dilution of an aliquot of a 
stock 0.01 M aspirin solution into a cyclodextrin solution, all in 1.0 
M aqueous NaCl solution. For kinetic experiments these were mixed 
(1 : I) in a stopped-flow apparatus (14) with aqueous NaOH + NaCl 
solutions (total I = 1.0 M).  Initial concentrations (after mixing) of 
substrate were 0.25 or 0.50 mM, of CD were 0- 10 mM, and final 
pHs were calculated from the final [OH-] and an activity correction 
for I = 1.0 M. 

Kinetics were measured at 25.0 2 O.l°C using an Aminco DW-2 
spectrophotometer + stopped flow accessory (14) by monitoring 
salicylate ion appearance at 310 nm. Fast runs used the data acqui- 
sition described previously (15). For slower runs the output voltage 
(2 V/abs. unit) of the DW-2 was captured by a Cyborg Isaac 91a 
interfaced to an Apple I1 microcomputer. 

Rate constants were calculated from least-squares analysis of In 
(A, - A) vs. time for data covering >90% reaction, A, being obtained 
after 10 half-lives. Excellent straight lines ( r  > 0.9995) were obtained 
and the quoted rate constants are the average of 4-5 determinations. 
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Oxidation of hydrocarbons. 15. A study of the oxidation of alkenes by 
methyltributylammonium permanganate 
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JOAQUIN F. PEREZ-BENITO and DONALD G. LEE. Can. J .  Chem. 63, 3545 (1985). 
A study of the reduction of methyltributylammonium perrnanganate by a large number of alkenes in methylene chloride has 

dispelled a current uncertainty concerning the nature of the inorganic product obtained. It is colloidal manganese dioxide and 
not a manganate(V) cyclic diester as previously supposed. This product is stabilized in methylene chloride solutions by 
adsorption of the alkene, which decreases its polarity at the solvent interphase. The solubility of the colloid is therefore a 
function of both the concentration and the identity of the alkene. In certain (atypical) cases, where acidic compounds are 
present, the product is further reduced to manganese(ll1). 

JOAQUIN F. PEREZ-BENITO et DONALD G. LEE. Can. J. Chem. 63, 3545 (1985). 
En se basant sur une Ctude de la rtduction du permanganate de mCthyltributylammonium par un grand nombre d'alcknes 

dans le chlorure de rnCthylkne, on a pu ClirninC un doute concernant la nature de produit inorganique obtenu. I1 s'agit du dioxyde 
de manganese B 1'Ctat collo'idal et non pas un diester cyclique du mangankse(V) tel qu'il avait CtC suggCrC anterieurement. Dans 
des solutions de chlorure de mCthylkne, ce produit est stabilisC par une adsorbtion de I'alckne qui en diminue la polarit6 i 
I'interface du solvant. La solubilitt du colloi'de est donc fonction B la fois de la concentration et de la nature de I'alckne. Dans 
certains cas qui ne sont pas typiques et dans lesquels il existe des compos6s acides, le produit est alors rCduit en mangankse(lI1). 

[Traduit par le journal] 

Introduction 
When alkenes are oxidized by permanganate ion, an inter- 

mediate can be detected under certain conditions. For example, 
Wiberg, Deutsch, and RoEek (1) observed that a reactive spe- 
cies could be detected spectrophotometrically when crotonic 
acid and permanganate were allowed to react in a neutral aque- 
ous medium. Lee and Brownridge (2) also detected an inter- 
mediate during the oxidation of cinnamic acid in acidic aqueous 
solutions and it was assumed that this species was likely a 
cyclic manganese(V) diester, 1, that had been previously pro- 
posed as an intermediate for this reaction (3). 

However, attempts by Simindi and Jiky (4) to determine the 
oxidation state of the intermediate led them to conclude that the 
detected species was a soluble manganese(1V) compound, 
H2Mn03. Unfortunately these results were not unequivocal and 
it was later pointed out (5) that they were also consistent with 
the intermediate being a manganese(V) species such as 1 .  

Under certain conditions, a semi-stable product having ap- 
proximately the same spectral properties as the intermediate is 
formed. For example, Freeman and his co-workers (6) found 
that the oxidation of uracils at pH 6.7 gave a long-lived inter- 
mediate, which was determined to have an oxidation state 
between +3.3 and $3.8. More recently, it has been observed 
that the product produced when alkenes are oxidized by qua- 
ternary ammonium permanganates in nonaqueous solvents is 
remarkably similar to the intermediate detected by Freeman 
(5, 7). Because of the stability of this product, we have made 
an attempt to characterize it and thus dispel the uncertainty 
regarding its nature that now exists. 

' Author to whom correspondence may be addressed. 

As described in the following paper, our results provide 
compelling evidence that the product obtained from the oxi- 
dation of most alkenes is a colloid of manganese(1V) oxide. 

Experimental 
Absorbances were measured and the spectra recorded by use of a 

Hewlett-Packard 8450A uv-vis spectrophotometer. 
Anhydrous methylene chloride, purified by double distillation over 

4A molecular sieves, was used in all experiments except those in 
which the effect of water on the reaction was studied. 

The oxidant, methyltributylammonium permanganate, was ob- 
tained by reaction of an aqueous solution of methyltributylamrnonium 
bromide with potassium permanganate (8). All of the reducing agents 
are commercially available compounds. 

The concentration of permanganate was approximately 3 x M 
in all experiments. The ratio [reductant]/[oxidant] was about 5 in the 
experiments in which the final oxidation state of manganese was 
determined, and about 25 for experiments in which the isosbestic 
points and final spectra were recorded. The oxidation state of man- 
ganese in the brown-yellow species formed from the reduction of 
methyltributylammonium permanganate by the different reducing 
agents was determined iodometrically. In a typical experiment a 
50-mL flask containing I-decene (1.5 X lo-' M )  in dry methylene 
chloride was placed in a water bath at 25.0 + O.l°C until thermal 
equilibrium had been attained. Solid methyltributylammonium per- 
manganate (5 X g) was then added and the solution stirred until 
homogeneous. An approximately 2-mL aliquot was immediately 
transferred to a cuvette in the thermostated cell compartment of the 
spectrophotometer, and the progress of the reaction was followed by 
sequentially scanning the solution at constant intervals. When the 
spectrum showed that all of the perrnanganate had been reduced, 2 mL 
of a freshly prepared solution of tetrabutylamrnonium iodide in meth- 
ylene chloride (3 X lo-' M) and 5 mL of glacial acetic acid were 
added to 2.0 mL of the reaction product. An immediate reaction 
(producing a dark yellow solution) occurred. The color was so intense 
that dilution (to 50 mL) was required before the concentration of the 
iodine liberated could be assayed spectrophotometrically. - .  

The spectrum of the quaternary ammonium triiodide (QI,) exhibited 
maxima at 365 and 294 nrn in methvlene chloride solutions. The 
absorbance at 365 nm, the peak used fo; these analyses, obeyed Beer's 
Law and exhibited a molar absorptivity of 2.62 X lo4. 
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TABLE 1. Data for the reduction of methyltributylammonium per- 
manganate by several olefinic compounds in methylene chloride 

Isosbestic 
Oxidation point 

Compound state" (nm) Slope" 

Butyl vinyl ether 3.97 
Cyclododecene 4.05 
Cyclooctene 3.93 
I -Decene 4.05 
cis-2-Decene 3.95 
2,3-Dihydrofuran 4.02 
2,3-Dimethyl-2-butene 3.94 
1-Eicosene 3.98 
trans-2-Heptene 4.02 
1,5-Hexadiene 3.99 
Isoprene 3.90 
P-Methoxystyrene 4.05 
2-Methyl- l -butene 4.05 
2-Methyl-2-butene 3.99 
Methyl cinnamate 4.01 
cis-4-Methyl-2-pentene 4.03 
a-Methylstyrene 4.00 
P-Methylstyrene 3.95 
1-Octene 4.02 
trans-2-Octene 3.99 
2,2,4,6,6-Pentamethyl-3-heptene 4.02 
trans-4-Pheny I-3-buten-2-one 3.90 
trans- l -Phenyl- 1-pentene 3.95 
cis-Stilbene 4.03 
Styrene 4.03 
1 -Tetradecene 4.03 

"Oxidation state of the product. 
"Slope for plots of -log (absorbance) vs. log X.  
"Precipitation occurred. 

Application of this iodometric method to the titration of methyl- 
tributylammonium permanganate solutions of various concentrations 
indicated its reliability. The results from 19 different experiments 
confirmed that manganese is reduced by iodide ion to the +2 oxidation 
state under these conditions, and the results presented in Tables 1-3 
are all based on this conclusion. 

Results 
The oxidation states of the products obtained from the reduc- 

tion of methyltributylammonium permanganate by 26 different 
alkenes are summarized in Table 1. Also included in Table 1 
is a list of the isosbestic points observed when the solutions 
were scanned sequentially as the reactions progressed. 

The spectrum of the product obtained immediately following 
the completion of the reaction exhibited an absorption band 
with a maximum at about 280 nm (Fig. la). However, on 
standing, this band slowly disappeared and the final spectrum 
resembled that of a colloid, where energy loss from the incident 
uv-vis radiation is due to scattering rather than absorption (9) 
(Fig. lb). 

Sharp isosbestic points were observed when the rate of per- 
manganate reduction was fast relative to the rate of flocculation 
of the colloidal product (Fig. 2). However, when the rate of 
flocculation was comparable to the rate of reduction, the isos- 
bestic point was less sharply defined (Fig. 3). In any event, the 
occurrence of isosbestic points indicates that no long-lived 
intermediates are formed as the reaction proceeds. 

The oxidation states of the products obtained from the re- 
duction of methyltributylammonium permanganate by a repre- 

~ 0 0  400 600 800 

FIG. I. Absorption spectrum of the product obtained from the re- 
duction of methyltributylammonium permanganate (3.00 X M) 
by 2,3-dihydrofuran (7.94 X lo-' M). Spectrum "a" was obtained 
immediately after all of the permanganate had been reduced. Spectrum 
"b" was obtained after aging the product solution for 2 days. 

FIG. 2. Successive scans at 5-min intervals for the reduction of 
methyltributylammonium permanganate (2.84 X M) by 
2-methyl-1-butene (7.41 X lo-' M) in methylene chloride at 2S°C. 

sentative alkyne, amine, and alcohol (given in Table 2) confirm 
that a similar product is formed regardless of the nature of the 
reductant. 

Discussion 
The results presented in Table 1 clearly indicate that the 

oxidation state of the initial product obtained from the reduc- 
tion of permanganate by alkenes is +4. This product exhibits 
an absorption maximum (at about 280 nm) superimposed on 
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FIG. 3. Successive scans at 10-min intervals for the reduction of 
methyltributylammonium permanganate (3.24 x M )  by cis- 
stilbene (7.54 x M) in methylene chloride at 25°C. 

 TABLE^. Data for the reduction of methyltributyl- 
ammonium permanganate by non-olefinic compounds in 

methylene chloride 

Oxidation Isosbestic point W 

Compound state" (nm) Slope" 

3.97 486 1-Decyne 5.18 
Tributy lamine 4.04 484 
I -Tridecanol 3.97 488 4.97 

"Oxidation state of the product. 
"Slope for plots of -log (absorbance) vs. log A. 
' Precipitation occurred. 

what appears to be a spectrum resulting from the scattering of 
light by a colloid. On standing, this absorption band slowly 
disappears and, for several alkenes, the spectrum of the re- 
sulting solution conforms quite closely to Rayleigh's Law for 
light scattering (9) (Fig. 1). This change in the spectrum is 
accompanied by a reduction in the measured oxidation state of 
the product from +4 to about +3.6. 

An attractive explanation for these observations is that the 
absorption band at 280 nm is due to a T-bond between the 
alkene and MnO,, the capacity of manganese dioxide to strong- 
ly adsorb organic molecules being well known (10). Such com- 
plexation would help to solubilize a colloid of MnO, in methyl- 
ene chloride by providing an external lipophilic surface to the 
solvent. With time, however, oxidation of the alkene would 
lower the average oxidation state of the manganese. 

The latter was demonstrated by adding an excess of I-tetra- 
decene to the colloidal product obtained from the reduction of 
methyltributylammonium permanganate. Iodometric titrations 
showed that this otherwise stable product was gradually re- 
duced from an oxidation state of +3.96 to +3.60 (Fig. 4). The 
failure to obtain complete reduction (to +3.0) is probably a 
consequence of the inaccessibility of much of the Mn02 to 
complexation with the alkenes. 

A linear relationship between log (absorbance) and log A 

O 

A 3.500 10 
20 

TIME ( h )  

FIG. 4. Oxidation state vs. time when an excess of I-tetradecene 
was added to the product freshly obtained from the reduction of 
methyltributylammonium permanganate (3.09 X M) by 
I-tetradecene (I .58 X 10-3 M). 

log X 

FIG. 5. LogA vs. log A for the product obtained from the reduction 
of methyltributylammonium permanganate (2.74 X M) by 
a-methylstyrene (7.69 x M )  in methylene chloride at 25°C. 

would be expected if the product is present in the form of 
colloidal particles, i.e., if all of the energy lost is due to light 
scattering. This is a consequence of Rayleigh's Law, which can 
be written as in eq. [2], 

where A is the absorbance, A the wavelength, and C a constant 
depending on the polarizability, mass, and concentration of the 
colloidal particles. 
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A typical plot of -log A vs. log A has been reproduced in 
Fig. 5. Although these plots were all linear, with correlation 
coefficients of 0.99 or better, the slopes in every case were 
somewhat greater than the theoretical value of 4. Table 1 con- 
tains a summary of the slopes observed in those cases where 
precipitation did not occur. Consequently, it can be seen that all 
of the evidence available is in reasonably good agreement with 
the suggestion that the product is actually colloidal. 

Although precipitation of manganese dioxide eventually oc- 
curs with some reducing agents, no turbidity could be detected 
at the end of the reactions. It seems likely that the solubility of 
the colloid is increased by adsorption of alkenes on its surface 
(thus decreasing the polarity of the colloid/solvent interphase). 
This suggestion is supported by the observation that the sta- 
bility of the colloid in solution depends on the nature and the 
concentration of the alkene used in its preparation. For exam- 
ple, when 1-tetradecene is used as the reducing agent a 3-fold 
excess of alkene is sufficient to keep the colloid in solution; 
only when the ratio [alkene]/[QMn04] is less than 3 can precip- 
itation be observed. However, in the case of 1-octene a 7-fold 
excess of alkene is necessary to keep the colloid in solution, 
and in the case of cis-stilbene even a 250-fold excess cannot 
prevent manganese dioxide from precipitating shortly after the 
end of the reaction. 

The dependence of the solubility of the colloid on the nature 
of the reducing agent used in its preparation can be most easily 
explained by adsorption, which is well known to be a very 
specific process (1 1). Its dependence on the concentration of 
alkene must be a consequence of the adsorption isotherm, 
which determines the amount of adsorbate present on the 
colloid surface as a function of its concentration in solution. 

Since there is an overwhelming abundance'bf evidence (3) 
that these reactions are initiated by the formation of a cyclic 
manganese(V) diester, 1, it has previously been suggested that 
the detected product of the reaction could actually be a dimer 
or a polymer of 1 (5). This possibility appears, however, to be 
inconsistent with an oxidation state of +4, and with the obser- 
vation that products of similar properties are also obtained from 
the reduction of permanganate by alkynes, alcohols, and 
amines under these conditions (Table 2). 

No spectral evidence for the existence of an intermediate 
such as 1 can be found in the scans reproduced in Figs. 2 and 
3. This means that the intermediate, assuming it exists, must 
either be present in very low concentration or else transparent 
in the spectral region scanned. In order to investigate the latter 
possibility an attempt was made to detect it iodometrically as 
the reaction progressed. Since the concentration of per- 
manganate can be determined spectrophotometrically, the total 
concentration of product plus any intermediate can be obtained 
from the difference between the initial amount of permanganate 
and the amount present at any given time. The average oxi- 
dation state of the product plus any intermediate can then be 
determined from the magnitude of the iodine titer. As the 
results summarized in Table 3 indicate, the residual oxidation 
state remains close to 4 throughout the reaction. Consequently, 
it must be assumed that 1 is rapidly reduced to the observed 
product, colloidal manganese dioxide, most likely by abstrac- 
tion of a hydrogen atom from the solvent. 

Additional evidence for the colloidal nature of the product 
can be demonstrated by monitoring the absorbances of the 
solution at 418 and 526 nm simultaneously. Given that both 
reactant and product absorb light at 526 nm, the absorbance at 
this wavelength will be: 

TABLE 3. Oxidation state of the product ob- 
tained from the reduction of methyltributyl- 
ammonium permanganate (3.39 X M) by 
cyclododecene ( I  .56 x lo-? M) in methylene 

chloride at 25.0°C 

% Reaction'' Oxidation state 

"Defined as: lOO[QMnO,],,,.,..,,,/ [QMn041i.i,,,~ 

where E? and ~ s p 2 6  are, respectively, the extinction coefficients 
at 526 nm for the reactant, QMn04, and the product, and c and 
co are permanganate concentrations at a particular time and 
initially. Since it has been demonstrated that no intermediates 
are present in the system in any appreciable amount, the con- 
centration of the product can be assumed to be co - c. 

Due to the transparency of permanganate at 418 nm, the 
absorbance at this wavelength will be: 

where is the extinction coefficient of the product at 41 8 nm. 
From eqs. [3] and [4] it is easy to derive eq. [5]. 

Equation [5] implies that a linear relationship should exist 
between A(526) and A(418). However, Fig. 6a shows that a 
slightly concave curve is actually obtained for the oxidation of 
cis-stilbene by permanganate in anhydrous methylene chloride 
solutions. A linear relationship was found only when the same 
reaction was followed in the presence of excess methyltributyl- 
ammonium chloride (Fig. 6b). On the other hand, addition of 
a small amount of water to the solution caused the concavity of 
the curve to increase dramatically (Fig. 6c). This was accom- 
panied by turbidity due to precipitation of manganese dioxide. 

The three different situations reflected in Fig. 6 are a con- 
sequence of the colloidal nature of the product. Flocculation of 
the colloidal particles explains the slight concavity of the curve 
when the reaction was followed in the absence of both water 
and methyltributylammonium chloride (Fig. 6a). Flocculation 
would provoke an increase in the size of the colloidal particles 
and, consequently, an increase in the radiation scattered. 
According to e [5 , if the extinction coefficients of the prod- 

526 ? ' . ]  uct, ep and €4, increase as the reaction is progressing, the 
absolute value of the slope of the A(526) vs. A(418) plot will 
decrease, and a concave curve will be obtained. 

If this interuretation is correct. the effect of an addition of 
methyltributylammonium chloride or water is simply to de- 
crease or increase the rate of flocculation. When the reaction is 
followed in the presence of water, the rapidity of the floccu- 
lation process can explain not only the concave curve shown in 
Fig. 6c, but also the precipitation of manganese dioxide that is 
observed experimentally. 

The organic products produced under these conditions may 
be isolated by treatment of the brown-yellow methylene chlo- 
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PEREZ-BENITO AND LEE 

ABSORBANCE (418 n m )  

FIG. 6. Absorbance at 526 nrn vs. absorbance at 418 nm for the 
reduction of methyltributylarnrnoniurn perrnanganate (3.06 X 

M )  by cis-stilbene (1.50 x lo-' M ) .  "a", no additives; "b", 
rnethyltributylarnrnonium chloride (2.53 X lo-' M )  added; "c", water 
(2.56 x lo-' M )  added. 

FIG. 7. Spectrum of the product obtained from the reduction of 
methyltributylarnrnonium permanganate (2.70 X M )  by oleic 
acid (7.59 X lo-' M )  in methylene chloride at 25'C. 

ride solutions with either dilute aqueous base or acid. If this 
aqueous solution is basic, diols are obtained; if it is acidic, 
cleavage products (aldehydes or ketones) are produced (7). 
Thus, it appears as if manganese dioxide cleaves diols under 
acidic conditions, a conclusion that is entirely consistent with 
the fact that MnO, is known to have a much higher reduction 
potential under acidic conditions than it has under basic condi- 
tions (12). 

During the course of this study it was observed that the 
reduction of methyltributylammonium permanganate by two 
unsaturated compounds produced unusual products. When ole- 
ic acid was used as the reductant, the product had an apparent 
oxidation state of +3.25 and exhibited a spectrum quite differ- 

FIG. 8. Successive scans at 2-min intervals for the reduction of 
methyltributylamrnonium perrnanganate (2.67 X lo-' M )  by per- 
fluorocyclohexene (1.65 X lo-.' M )  in rnethylene chloride at 25'C. 

ent from those previously described (Fig. 7). Since man- 
ganese(II1) is known to have an absorption maximum at 470 nm 
(coincident with that in Fig. 7), it appears as if the product is 
a mixture of Mn" and MnO, with the former predominating. 
The more complete reduction observed in this case could be 
related to the presence of acidic compounds in the solution. 

The other reductant that produced an atypical product was 
perfluorocyclohexene (Fig. 8). The lower oxidation state of the 
product of this reaction (+3.25), which is similar to that pre- 
viously reported for the oxidation of 5-fluorouracil (6), may 
also have been caused by the presence of acidic molecules in 
the solution. The initially formed product, 2, would readily 
release HF to the solution as in eq. [6]. 

Summary 
In conclusion, the results described herein establish that the 

brown-yellow product of these reactions is actually a soluble 
form of manganese dioxide. It is not a manganese(V) com- 
pound, as has been presumed in previous publications (5 ) .  The 
properties of this product indicate that it is a colloid, and 
flocculation appears to be responsible for the lack of good 
isosbestic points under certain conditions. For example, it can 
be seen from Fig. 3 that the crossover points near 490 nm move 
progressively to higher wavelengths-exactly the effect ex- 
pected if flocculation of the Mn02 particles was occurring as 
the redox reaction progressed. When a large excess of alkene 
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is present flocculation is suppressed, presumably because the 
colloidal manganese dioxide particles are stabilized by com- 
plexation with unsaturated compounds. 

The presence of small amounts of water dramatically in- 
creases the rate of flocculation, whereas an excess of qua- 
ternary ammonium ion has the converse effect (Fig. 6) .  

Finally, when acidic compounds are present, manganese is 
reduced to a lower oxidation state and the spectral changes 
observed as the reaction progresses are greatly changed 
(Fig. 8). 
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Charge distributions and chemical effects. XXXIX. Atomization energies and 
in situ atomic orbitals in ethylenic hydrocarbons 
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SANDOR FLISZAR, GIUSEPPE DEL RE, and MICHEL COMEAU. Can. J .  Chem. 63, 3551 (1985). 
A simple expression already used with success for computing atomization energies of alkanes and other molecules has been 

applied to alkenes. This has required evaluation of a term F which had been taken equal to zero in previous applications of 
the same equation. In order to explain the physical meaning of this novelty, we have been led to introduce a "principle" stating 
that the electrostatic potential created by a electrons associated to any given atom of a molecule is well reproduced by a single 
charge centered at the nucleus and that the special behavior of alkenes is associated with residual .rr AO-centroid displacements 
with respect to the carbon nuclei. Direct computation of in situ valence AO's from optimized 4-3 IG* molecular orbitals yields 
a pd hybridization of the .rr AO's of the carbon atoms which does account for most of the expected F value. This indicated 
that use of simple equations derived from general theory and the application of simple principles or rules to the analysis of 
sophisticated molecular computations can yield a simple and quantitatively satisfactory picture of molecular reality. 

SANDOR FLISZAR, GIUSEPPE DEL RE et MICHEL COMEAU. Can. J.  Chem. 63, 355 1 ( 1  985) 
On applique aux alcbnes I'expression simple qui a permis de calculer les Cnergies d'atomisation des alcanes et d'autres 

molCcules. Cette nouvelle utilisation implique I'tvaluation d'un terme F qui avait CtC considCrC nu1 dans les applications 
antCrieures de cette Cquation. Dans le but d'expliquer la signification physique de cette nouvelle approche, nous sommes 
conduits a introduire un "principe" qui veut que le potentiel Clectrostatique crCC par les Clectrons a associks a n'importe quel 
atome d'une molCcule est bien reproduit par une charge unique centrCe sur le noyau. De plus, le comportement particulier des 
alcbnes est associC a des dCplacements par rapport aux noyaux des carbones, de centroides d'OA 7 ~ .  Les calculs des OA de 
valence in situ a partir des orbitales molCculaires optimisCes 4-3 IG* conduisent a une hybridation pd des OA .rr des atomes 
de carbone qui rend compte des valeurs de F attendues. Ceci indique que I'utilisation d'iquations simples dCrivCes de la thCorie 
gCnCrale et ]'application de principes ou de rkgles simples a I'analyse des calculs molCculaires compliquCs peuvent conduire 
de fa~on satisfaisante a une image simple et quantitative de la rCalitC molCculaire. 

[Traduit par le journal] 

Introduction 
Chemical bonds play an important role in the description of 
molecular systems. They are best investigated at 0 K, with 
reference to equilibrium molecules in their hypothetical vibra- 
tionless state (1). The corresponding atomization energy 

is conveniently partitioned into a non-bonded part, AEnb, and 
a sum in which each E ,  describes the energy contribution of an 
individual bonded atom pair ij. Estimates of AE,, in u systems 
(1 -4) indicate that AEnb is -0.02-0.05% of AE:. Hence, the 
theory of AE: is essentially a theory of bond energies, at least 
in most organic molecules. Typical ethylenic carbon-carbon 
double bonds and related topics of fundamental importance in 
the theory of chemical bonding are the subject of the work 
reported here. 

The scope of this study is best outlined by briefly roeviewing 
relevant earlier results. Reference bond energies, E,,, can be 
deduced (2, 5) from appropriately selected reference mole- 
cules, e.g. & = 139.27 kcal mol-' for ethylene (6) and 

0 eCPC = 69.633, EL = 106.806 kcal mol-' for ethane (2). 
Straightforward addition of reference bond energies does not 
provide correct descriptions of alkanes or alkylsubstituted 
ethylenes, since molecular electroneutrality is not auto- 
matically ensured in this manner (1, 2). Charge normalization 
adds a term to CE:, thus leading to correct values of AE:, the 
correction being of great numerical as well as theoretical im- 
portance. The present investigation is devoted to the approach 

' Visiting scientist. Permanent address: Cattedra di Chimica Teorica 
della Facolta di Scienze, Via Mezzocannone 4, 1-80134, Napoli, 
Italia. 

that has permitted to bridge the gap between EE; and AE: in 
terms of changes in nuclear-electronic interactions accorn- 
panying charge normalization. 

The key to the charge renormalization effects is provided by 
the quantity AV,,, viz. the total change in the nuclear- 
electronic potential energy occurring when the valence- 
electron population of each atom i changes from NY (the value 
in the reference molecule) to N, = N: + AN,, with the con- 
straint that EiN, should satisfy molecular electroneutrality. In 
the spirit of the Politzer-Parr core-valence separation (7), we 
write (1, 2) 

[2] AV,, = -x z;" ~ , ( r - ' )  - ~ p ( r : ' ) ~  

where the z;"'s are "effective" nuclear charges (e.g., 4 for 
carbon). The quantities appearing in the square brackets are 
defined in terms of a suitable partitioning of the molecular 
electron density into atomic contributions pi and of the equi- 
librium coordinates, r,, of the nuclei, i.e., 

pi(r) d r  = ~ , ( r ; ' )  with Jp,(r) d r  = Nj lm 
- ""' d r  = y(r6') with Jp,(r) d r  = N, 

Thus, (r- ' )  and (ri,') can be interpreted as the average inverse 
distances from z:" to the centers of the electron populations Ni 
and N,, respectively; the superscript zero indicates the corre- 
sponding expressions for the reference molecule. Considering, 
where appropriate, also modifications in bond lengths, the ac- 
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companying change in nuclear repulsion can be added to the 
above expression in the form 

where the summation extends over all bonded atom pairs. 
Combining eqs. [2] and [ 3 ] ,  we obtain A(V,, + 2V,,), i.e., the 
change in (V,, + 2V,,) resulting from changes in electron 
populations and bond. lengths. ~ o l l o w i n ~  ~oli tzer 's  well docu- 
mented approximation, E = (317) (V,, + 2V,,), for the total 
molecular energy ( 5 ,  8 ) ,  we can thus easily deduce energy 
changes resulting from modifications in orbital shapes and 
equilibrium distances. The general expression obtained from 
eqs. [ I ] - [ 3 ]  is 

[4] AE: = CE; + F + 2 2 a,Aq; + AEnh 
i t j  j 

where ZiZja,,Aqi is the energy associated with the changes, 
Aq;, of the net atomic charges with respect to the reference 
molecule. The calculation of all the terms of eq. [4] but F has 
been described elsewhere ( 1 ,  2,  6 )  and will not be discussed 
here. Attention is focussed on 

which contains information regarding orbital shapes and inter- 
nuclear distances. In [ 5 ] ,  qJ = Zf" - NJ is the net atomic charge 
of atom j bonded to i. 

Physical interpretation of F 
First of all, let us point out that calculations of AE: assuming 

F to be negligible have given agreement with experiment to 
within -0.2 kcal mol-I (average deviation) for over 70 satu- 
rated hydrocarbons with energies ranging between 400 and 
4000 kcal mol-' (1,  2). This is a strong indication that F is in 
fact negligibly small in saturated hydrocarbons. With this point 
in mind, let us define the external electrostatic potential at atom 
i as 

Let us also introduce the corresponding expression obtained 
when the electron populations are kept at their proper values in 
the molecule under study, but the inverse-distance terms re- 
ferring to the bonded partners j are replaced by their values in 
the reference molecule, i.e., 

[6b] V:' = - 2 [NJ(r,')O - z,""(R,')'] 
J 

Then, clearly, 

for any atom of any saturated hydrocarbon. 
The most direct interpretation of eq. [8] follows from the 

observation, suggested by eqs. [ 6 a ] ,  [ b ] ,  that F is essentially 
a "relaxation" term. In fact, Vi - VYr represents the difference 
between the electrostatic potential at the ith nucleus in the 
given molecule and the potential which the same nucleus would 
feel if the atomic orbitals and the equilibrium distances re- 
mained the same as in the reference molecule in spite of the 
change in electron populations. With this picture in mind, eq. 
[8] reads: "Whenever the atoms under consideration in a given 
molecule are in the same valence states as in the reference 
molecule, the relaxation process is such that the potential cre- 
ated by the other atoms at the ith nucleus is the same as would 
be predicted by leaving the pertinent internuclear distances and 
the shapes of atomic electron densities as they are in the refer- 
ence molecule, the electron populations being changed as re- 
quired by the new situation". This may mean that changes in 
the nuclear positions and in the centroids of the atomic orbitals 
always take place so as to leave the ratio between the ex- 
pectation value (r, ' )  and R,' the same as in the reference 
molecule or, at least, that changes are insignificant. It is impos- 
sible to decide which alternative applies from a study of the 
paraffins, since their bond distances and atomic orbitals are 
expected to be practically constant. 

In contrast, consideration of ethylene could provide an in- 
structive test. Computation of its atomization energy with F = 
0 yields a result larger than the experimental one by -9.6 kcal 
mol-' . Similarly, an error of - 19.2 kcal mol-' would be made 
in the computation of tetramethylethylene. Although estimates 
of this type are not free from difficulties, which are discussed 
in detail further below, the uncertainty they carry does not 
exceed a few tenths of a kcal mol-' for one CH or CC bond, 
meaning that the discrepancies between theory and experiment 
are certainly real. Therefore, we have investigated the possi- 
bility that they may be associated with changes in valence states 
resulting in F + 0. 

The ethylenic C=C bond 
A simple way of satisfying eq. [8] consists in assuming that 

when all bonds are a bonds at their equilibrium geometries,' as 
in our calculations on the alkanes. Defining a density pPj and 
an electron population N, associated with each valence atomic 
orbital p of atom j, such thae 

we can write 

3 
[7] F = - - 2 Zf"(vi  - Vnr)  his simplifying hypothesis is supported by examination of SCF 

1 potentials at the nuclei, showing that eq. 191 holds at least to within 

The condition that F vanish can be satisfied either be- -5%, both for CH and CC bonds (to be published). It is especially 

cause the various atomic contributions to F cancel, or because useful here because it permits one to isolate the relevant conceptual 
points in a straightforward manner within the simple framework of the the individual terms in the summation over i vanish. Since it point-charge approximation, 

seems unlikely that cancellation of terms associated to different 'Definition [lo] implies that orbital products can be well approxi- 
take place in a large number mated in the average by some Mulliken-type expansion (9, 10). This 

molecules, we shall assume that the results obtained for alkanes does not imply that the populations introduced are gross Mulliken 
mean that, to a good approximation, populations (1 1). 
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T AL. 3553 

TABLE 1. A calculation of atomization energies, eq. [4], using ethane 
C-H and C-C reference bonds with and without SCF T-A0 

centroids 
Equation 1 I I ] reads: the average of the expectation values of 
Ir - r,l-' for the various valence AO's of atom j, weighted by 
the ratios of the orbital populations to the total atomic popu- 
lation of atom j equals the inverse of the i - j  distance. For all 
their simplicity, eqs. [ lo] and [I 11 cannot be tested numerically 
by direct calculation. The reason is that the partitioning of the 
total electron density into atomic contributions is still an open 
question, in spite of an important conceptual step forward due 
to Parr (12). A practical step in the same direction is the 
construction of suitable in situ valence atomic orbitals (VAO) 
from accurate ab initio computations (13), as advocated a long 
time ago by Mulliken (14) and discussed by one of us (15). As 
will be seen, such in situ VAO's do provide useful information, 
but they are of no help in solving the additional problem of 
assigning suitable populations to the orbitals and of dividing 
overlap populations into atomic contributions. In view of this 
situation, we take eq. [8] and the sufficient (not necessary) 
condition 1 I I ] as statements whose validity rests on empirical 
evidence, at least for saturated hydrocarbons. Their extension 
to unsaturated hydrocarbons remains a problem, even though 
the success of approximations of molecular properties in terms 
of point charges located at the nuclei could be traced back to a 
general principle of that kind, as suggested long ago (16). A 
solution can be found by the following argument. 

In paraffins, the bonds formed by carbon are either CH or 
CC single bonds; of course, the electron density around C is not 
exactly spherical, but special multipole contributions appear to 
vanish to the extent that one can regard that the CH electron 
density adjusts to that of CC, and conversely, so that electro- 
static effects are adequately described by a point charge located 
at C. Now suppose that one bond to hydrogen is removed and 
replaced by a n bond of the same atom to another carbon atom. 
Changes in geometry and hybridization will, of course, occur 
but, at least to first order, the resulting n atomic orbital will not 
be able to participate in a possible mutual readjustment of the 
A 0  centroids, due to its different symmetry. Thus, we have to 
expect that condition [I I] also applies to the simple mono- 
olefins considered here, with the restriction that it only con- 
cerns a orbitals. In other words, ethylenic carbon atoms will 
obey a "principle" of a-bond electrostatic balancing, i.e., 

- Nj - N,, 
- 

R, + ~ , , ( r ; ; , )  

Let us now consider (r,,;). A .sr atomic orbital is essentially 
a pure p orbital; if there is any polarization (as will be discussed 
below), this will involve a very small displacement, Ar,,, of 
the centroid of the orbital. Then a monopole approximation of 
the .sr term of eq. [12] suffices, giving 

If this simple expression is sufficient to account for the discrep- 
ancies observed in calculations of olefins based on alkane ref- 
erence bonds, we can claim that the "principle" [I I] is, indeed, 
satisfied by ethylenic hydrocarbons. 

Turning now to direct theoretical evaluations, we consider 

AE:,  kcal mol-' 

Molecule F = 0 Eqs. 141, [5], [I31 Exptl." 

Ethylene 57 1.80 564.12 562.10 
Propene 870.62 86 1.02 858.56 
Tetramethylethylene 1765.94 1749.58 1746.64 

"Extracted from r e f .  6 .  

of the n orbital with respect to the center j. Of course, such a 
displacement can differ from zero only if some hybridization is 
allowed which, in the case of a n orbital, must consist in 
admixture of the suitable d n  orbital. We have determined the 
hybrid in question from 4-3 1G calculations with d polarization 
functions for carbon and optimization of all scale factors, fol- 
lowed by a calculation of in situ valence orbitals, and of their 
characteristics, according to refs. 13, 17'' (Appendix I). 

In ethylene, the centroid of the n orbital is found to lie 
0.0292 A from the carbon atom, on the C=C !xis. In propene, 
the cent r~id  inward shifts, Arm,, are 0.02810A from C-1 and 
0.0299 A from C-2. The shift is 0.0280 A in tetramethyl- 
ethylene. Using the ethylene reference populations N,, = 1 and 
N, = 3.9923 e (6), we calculate the appropriate (r,y')'s from eq. 
[I31 and the experimental geometries indicated in ref. 18, as 
explained in Appendix 11. Finally, F is deduced from eq. [5] 
and used in the calculation of AE: by means of eq. [4]. The 
results are given in Table 1. 

The following should be considered in an assessment of the 
approach having led to these results. In the first place, n orbital 
centroids deduced from SCF calculations clearly support the 
validity of the first-order approximation, eq. [13]: ( r , ; ' )  values 
estimated in this manner lead to acceptable energies. In the 
present approach, improvements in the SCF waie functions 
consistently improve the agreement with experimental ener- 
g i e ~ , ~  thus suggesting that, in fact, the quality of eq. [I31 may 
even be better than what could be inferred at first sight from 
Table I .  It is also important to point out that the approximation 
involved in the definition [5] of F itself is excellent.' There- 
fore, the quality of the energies calculated from eq. [4] rests 
now primarily with the proper evaluation of ( r ; ' ) .  Tentatively, 
assuming that {r , ; ' )  is, indeed, adequately described by eq. 
[13], a 0.036 A inward shift of the n orbital centroid can be 
shown to yield energies which are at the level of experimental 
accuracy. The true merits of this fine-tuning, which appears to 
be a realistic one when compared to its SCF counterpart, -0.03 

An analysis of the cr orbitals will be presented separately. Here, we 
only point out that the cr hybrid AO's of carbon in ethylene, as 
obtained with the input data of Table 2 and Boys' localization crite- 
rion, appear to satisfy eq. [ I  I ]  with entirely reasonable populations: 
the position vectors of their centroids give a zero population-weighted 
average if the CH hybrids are assigned -0.96 e, and the CC hybrid 
1.07 e. 

'The use of standard exponents in the calculation of ethylene, for 
example, leads to A r ,  = 0.026 A, (r , ;  I) = 0.49007 au, F = -6.82, 
and A E :  = 564.98 kcal mol-I, which represents a worsening of the 
final result by 0.86 kcal mol-' with respect to a fully optimized 
calculation. 

6 ~ h i s  approximation rests with the factor (317) which is used in- 
stead of its exact counterpart (5, 8). The latter, deduced from 
Hartree-Fock calculations, differs from 317 by no more than 0.5% for 

IAr,,l as the displacement (on the C=C axis) of the centroid the molecules under scrutiny (1). 
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A, are best illustrated by the following numerical examples, 
both as regards its practical aspects in applications of this 
theory to actual chemical problems and its conceptual sim- 
plicity disclosing a new insight into the nature of the chemical 
bond. 

Energy calculations at the level of experimental accuracy 
No test of a theory could be more severe than a direct com- 

parison with experimental results. All the parameters required 
in energy calculations of saturated hydrocarbons were deduced 
from theory (1, 2). The only minor adjustment has concerned 
the ethane carbon net charge, selected as reference, in that the 
value 35.1 me was preferred over that derived from optimized 
4-3 1G calculations with configuration interaction, 37.8 me - 
an adjustment which is easily justifiable on theoretical grounds 
(19). In view of the quality of the results thus obtained, we have 
no hesitation in treating the alkyl parts of ethylenic hydro- 
carbons in precisely the same manner, using the parameters and 
the charges described earlier (1, 2, 6). Namely, we use 

with E:, = 106.806 kcal mol-', a,, = - 1.007, and a,, = 
-0.394 au for ethane-like CH bonds, and E:, = 69.633 kcal 
mol-', acc = -0.777 au for sp3-sp3 CC bonds. 

The problem encountered here lies in the evaluation of CH 
and CC bonds formed by an ethylenic sp2 carbon, because the 
corresponding a,, values, acH = -0.335 and acc = -0.7 18 au, 
respectively, differ from those involving a sp3 carbon atom. 
Tentatively taking the averages of the appropriate aij9s, we 
obtain for the CH and ~(sp~)-C(sp ' )  bonds formed by an 
ethylenic carbon with net charge 7.7 me (1 au = 627.51 kcal 
mol-I), 

x (-27.4 x lo-') x 627.51 = 113.07 kcal mol-I 

X (-27.4 x x 627.51 = 82.49 kcal mol-' 

The increase in electron population, 27.4 me, accompanying 
the replacement of the ethane carbon by that of ethylene has 
thus been taken care of. In spite of minor uncertainties, eqs. 
[15a], [b] appear to be reasonably accurate. (Indeed, their use 
yields excellent results in the calculation of benzenoid CH 
bonds and of CC single bonds like that found in toluene, for a 
collection of 36 benzenoid hydrocarbons (20).) While the 
energy change associated with T-bond formation is included in 
E:=, = 139.27 kcal mol-', the effects related to the centroid 
shift of the atomic T orbitals still need to be evaluated. 

In principle, one can resort to calculations of F - a task 
which is not free from difficulties, particularly at a level ap- 
proaching that of experimental accuracy. It is simpler to pro- 
ceed as follows, by taking advantage of the results indicated in 
Table 1. The theoretical contributions to F (Appendix 11) are 
-1.92 for each ethylene CH and -4.09 kcal mol-I for each 
tetramethylethylene CC single bond; the corresponding con- 
tributions of the bonds formed by the propene C-2 atom are 
- 1.76 and -4.3 1 kcal mol-I. The combined contributions are 
virtually the same in both cases. Similarly, three ethylene CH 
plus one tetramethylethylene CC single bond total -9.85 kcal 
mol-I - an approximation which is reasonably close to the 

theoretical value, F = -9.60 kcal mol-I, deduced forpropene. 
The regularities are striking, despite the marked differences 
both in geometrical parameters and in the SCF Ar values be- 
tween the molecules involved in this comparison. Capitalizing 
now on these regularities, we propose the following simple 
approximation which is consistent with the essential theoretical 
feature: disclosed in this study. Assuming an inyard shift of 
0.036 A for a T orbital and Rij's of 1.08 and 1.53 A for the CH 
and CC single bonds, respectively, at an angle of -123" with 
the double bond, eq. [13] yields (r,:) = 0.48758 and ( r i i )  = 
0.34463 au. The F values deduced from eq. [5] are thus -2.39 
for one CH bond and -4.80 kcal mol-I for one C(sp2)-C(sp3) 
bond. Finally, including these results into the cij's calculated 
above, eqs. [15a], [b], one obtains 

0 
[16a] eCH = 1 10.68 kcal mol-' 

[16b] E:, = 77.69 kcal mol-' 

for the new reference bonds involving an ethylenic C(sp2) 
atom, with net charge 7.7 me. The hydrogen and C(sp3) net 
charges are still those of ethane, -1  1.7 and 35.1 me, re- 
spectively. As regards the values ( 1 6 ~ 1 ,  [b], it is clear that their 
derivation is well within the limits of uncertainty set by our 
SCF analysis of charge centroids and by eq. [13]. 

The new 4 ' s  described in eqs. [16a], [b] were tailored to 
include the characteristic features of the sp' carbon of ethylene, 
as regards both the magnitude and the location of its charge. 
The use of these reference bond energies in the construction of 
the CE;. part of eq. [4] considerably simplifies the calculation of 
atomization energies because, under these circumstances, F 
should again be expected to vanish.' Indeed, for a collection of 
-50 olefins calculated in this approach (6, 21), the average 
deviation between theoretical and experimental atomization en- 
ergies is -0.25 kcal mol-'. Briefly, we are back at the point 
which has initiated our argument, eq. [8]: the use of the appro- 
priate set of reference bond energies, incorporating the particu- 
lar characteristics regarding charge centroids, suffices in the 
calculation of AE; energies, at least within the present limits of 
experimental accuracy. This holds true also for benzenoid hy- 
drocarbons (20), ethers, aldehydes, and ketones (3). The valid- 
ity of eq. [8] is gratifying because it measures, in a way, the 
degree of transferability of basic bond properties - a transfer- 
ability which appears to be pronounced, indeed. 

Conclusion 
The discussion and results reported above are to some extent 

a further step toward solving a persistent problem of theoretical 
chemistry: bridging the gap between the apparent simplicity of 
observed molecular behavior and the intricacies and ambigu- 
ities which plague the translation of accurate quantum mechan- 
ical results into simple chemical concepts and rules. The extra- 
ordinary accuracy with which eq. [4] allows prediction of 
atomization energies is a strong indication that hidden regu- 
larities can be discovered as a result of patient processing of 
general theory, but the price to be paid is that the use of final 
equations such as [4] often rests on simplifying assumptions 

'The following may serve as an example. Using the ethylene-H net 
charge, -3.85 me (corresponding to its C charge of 7.7 me), i.e., AqH 
= 7.85 me, it results that aHcAqH = -4.96 and, from [16a], ECH = 
105.72 kcal mol-I. Four of these CH bonds, plus the theoretical E:=, 

= 139.27 double bond contribution, lead to AEz(C2H4) = 562.15 
kcal mol-', in good agreement with its experimental counterpart, 
562.22 kcal mol-'. 
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which cannot be proven a priori to be of minor import. In the 
case at hand, those approximations are (i) the proportionality 
between the nuclear-electronic potential energy and the total 
(BO) energy and (ii) the point-charge model of a saturated 
hydrocarbon molecule. ~ h e a ~ r e e m e n t  within experimental ac- 
curacy of over 170 predicted and experimental atomization 
energy values provides an n posteriori argument for claiming 
that those approximations are in fact very good ones. But then, 
as has been shown above, they must be interpreted as general 
rules which the partitionings of electron densities obtained 
from accurate electronic wavefunctions must obey. This is 
especially important in problems like the extension of eq.  [41 
to cover olefins as well as paraffins; for that extension, as has 
been seen, requires explicit introduction of the u-n sepa- 
ration. As a consequence, the point-charge approximation must 
be reformulated as a "principle" valid for the averages of elec- 
trostatic potentials of the u orbitals of any given atom in a 
hydrocarbon molecule. This has two distinct practical advan- 
tages: it suggests a very simple numerical correction which 
allows application to ethylenic hydrocarbons of the same 
scheme as used for paraffins and assigns that correction an 
extremely simple physical interpretation (that of n centroid 
disulacement) susceutible of numerical evaluation from accu- 
rate a b  initio computations. On the other hand, it involves three 
important conceptual features: (i) the notion of in sit14 atomic 
orbitals, which must now be introduced explicitly, (ii) the 
postulate that there is a Mulliken-type partitioning of the mo- 
lecular electron density into atomic orbital contributions which 
obeys the "principle of orbital balancing", and (iii) the impli- 
cation that a CH bond or a C C  bond in an olefin have the same 
basic properties as in a paraffin, except for the effective net 
charges of the atoms involved. 

The internally coherent picture thus obtained, together with 
the excellent agreement with experiment also holding for ole- 
fins, provide a strong indication that the analysis of accurate a b  
initio computations into models, rules, and properties meaning- 
ful to chemists should be carried out precisely along the lines 
emerging from the above remarks. This conclusion, in addition 
to the concrete formulation of a principle valid within an atomic 
orbital picture, and to the explanation of the apparent deviation 
of the atomization energies of ethylenic hydrocarbons from the 
scheme valid for paraffins, seems to us a very important out- 
come of the application of eq. [4]: it points the way to a revised 
version of the elementary LCAO picture (whose merits are 
undeniable) where highly sophisticated computations provide 
the numerical support of an otherwise simple interpretational 
scheme. 
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Appendix I 
Table 2 indicates relevant details concerning the basis and 

S C F  results. 
As concerns the calculation of i tz situ VAO's, we illustrate 

the procedure for the n bond, the one we are mainly interested 
here, and which is especially simple. Using the standard GO- 
S C F  notation (cf. Table 2), the contribution of one carbon atom 
to the occupied n M O  of ethylene has the form 

where ( G )  and c, denote that single normalized .rr atomic 
orbital and that coefficient which satisfy the equality [A I 1. As 
is well kown, the p components of the right-hand term of eq. 
[ A l l  are not mutually orthogonal: their overlap is Sl,l,, = 
0.54632. Using this value, it is easy to see that 

and, consequently, that 

[A21 1%) = 0.59750 12p,.) + 0.53817 13p,) 

- 0.04510 14d,,,) 

is the .ir hybrid orbital whose centroid we want to find. For the 
position vector of the centroid with respect to the center of the 
Gaussian functions entering [A21 we have 

- - - - - 
[A31 Ar = ( p n l x l p n )  i + (p.rr l~1lpn)j  + ( p n l z l p n )  k 

with i, j ,  k the standard unit vectors of the coordinate system. 
By symmetry, only the last tern1 of the right-hand side of eq. 
[A31 is nonzero, and straightforward calculation of the appro- 
priate linear combination of integrals over the gaussian func- 
tions entering [A21 gives the required result. 
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TABLE 2. Optimized results for ethylene, propene, and tetramethylethylene, from a 
4-3 1G basis with d polarization functions on the olefinic carbon atoms 

Scale factor 

Molecule E (au)" Parameter Standard Optimizedh c:,,~ 

"The energies obtained from the standard 4-31G basis are -77.921985, - 116.901343, and 
-233.827831 au for CZH4, C,H6, and C6HI2, respectively; with added standard d polarization 
functions, they are -77.953501, -116.934217, and -233.864190 au. 

"The scale factors of tetramethylethylene were estimated from the optimized results obtained 
for propene. 
'c:, is the d coefficient in the expansion of the normalized n hybrid of the olefinic carbon 

atom. Input geometries are from ref. 22. The use of experimental geometries leads to slightly 
higher SCF energies, with virtually no change in the centroids. 

TABLE 3. The calculation of (r,') from eq. 1131 and of F from eq. [5]" 

Bond Fh'"" 
Molecule i - j  Ru (A) a (deg) (Ril l  (au) Ar (A) (r,') (au) (kcal mol-I) 

Ethylene HC 1.076 121.7 0.491 64 0.0292 0.48987 - 1.92 
Propene Ht-Cl 1.081 121.5 0.48936 0.028 1 0.48769 - 1.81 

H,-CI 1.091 120.5 0.48488 0.0281 0.48328 - 1.72 
H-C2 1.090 1 19.0 0.48532 0.0299 0.48369 - 1.76 
C(sp3)-C2 1.501 124.3 0.35250 0.0299 0.35 15 1 -4.31 

Tetramethylethylene C(sp3)-C 1.505 125 0.35 150 0.0280 0.35056 -4.09 

"The conversion factors 1 bohr = 0.529 A and 1 hartree = 627.51 kcal mol-I were used. 
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Appendix I1 Irj + Arnj - r,l = [R2 + (Ar)' - 2R Ar cos a])"' 

The calculation of F is presented here in a bond-by-bond where R is the length of the C(sp2)-i bond and a the angle it 
approach, giving the individual contributions, Fhnd; F is sim- forms with C=C. The theoretical shift of the n-AO centroid 
ply their sum over the 4 bonds formed by the two ethylenic (lying on C=C) is Ar. Experimental geometries are from ref. 
carbons. Equation [5] is used with (R,')' = (r,')', taking 18, including that of ethane. The input parameters for use in, 
ethane as referen~e, i.e., (R&' = 0.48266 au (corresponding and the results deduced from, eq. [13] are indicated in Table 3, 
to Rc, = 1.096 A) and (R;:)' = 0.34553 au (corresponding to as well as the Fhnd results derived from eq. [5]. 
Rcc = 1.531 A). The quantity (r, + Ar,, - ri(  of eq. [I31 is 
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The crystal field strength of the nitro ligand and the chemistry of the 
hexanitrocobaltate(III) anion 
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RICHARD J .  BUIST, STEVE C.  F. Au-YEUNG, and DONALD R. EATON. Can. J .  Chem. 63, 3558 (1985). 
The chemical and spectroscopic properties of the hexanitrocobaltate(lII) anion are not in accord with the classification of 

the N-bonded nitrite ion as a strong field ligand. The nitro groups are rapidly displaced by other ligands, including water, and 
in dilute aqueous solution spontaneous reduction to Co(l1) occurs. Comparison of solid state and solution vibrational and '"Co 
nmr spectra demonstrates that the principal species in solution is the same as in the solid. All ligands are N-bonded. However, 
within 2 or 3 min of dissolution new species appear. An electron transfer mechanism for ligand exchange is suggested. I t  is 
shown that the band at 480 nm arises from the first d-d transition of the pentanitroaquacobaltate(l1l) ion and not from a 
hexanitrocobaltate(l1I) transition. The composition of the aged solutions has been studied by '"Co, '"N, and I7O nmr. At least 
10 different species are apparent in the '"Co spectra. They have been assigned to mixed nitro/nitrito/aqua ions. Electron 
transfer can also lead to the formation of Co" and NO; ions, both ions being detccted by "N and 170 nmr spcctroscopy. The 
Co complexed nitro ligand has been detected for the first time in the "N nmr spectrum. Analysis of "Co chemical shifts shows 
that the crystal field strength of the nitro ligand falls steadily with the number of nitro groups in the molecule. The cis groups 
are four times more effective than the trclrls groups in causing this change. The cyano ligand shows the opposite behaviour 
- the crystal field strength increases with substitution and trc1n.s groups have a larger effect than cis groups. The reactions of 
the hexanitrocobaltate(Il1) ion with ethylenediamine and with cyanide ions havc bcen studied by '"Co nmr. Mixed nitro 
complexes are formed with ethylencdiamine but mixed nitrito complexes predominate with cyanide. 

RICHARD J.  BUIST, STEVE C.  F. Au-YEUNG et DONALD R. EATON. Can. J .  Chem. 63, 3558 (1985). 
Les proprittes chirniques et spectroscopiques de I'anion hexanitrocobaltate(lII) ne correspondent pas a la classification de 

I'ion nitrite lik par I'azote cornrne une ligand de champ fort. Les groupcments nitro sont rapidement remplacks par d'autres 
ligands, y cornpris I'cau, et, en solutions aqueuscs dilutes, il se produit une rtduction spontanke en Co(1l). Une comparaison 
des spectres vibrationnels ainsi que rnm du '"Co, tant a 1'Ctat solide qu'en solution, dtmontre que les principales espkces en 
solution sont les m&mes qu ' i  I'ttat solide. Tous les ligands sont lies par I'azote. Toutefois, il apparait de nouvelles espkces 
en moins de trois minutes aprks leur dissolution. On suggkre que I'tchange de ligand se produit par un mtcanisme impliquant 
un transfert d'tlectron. On dtrnontre que la bande a 480 nm provient de la premikre transition d-d  de I'ion pen- 
tanitroaquacobaltate(111) et non pas d'une transition de 1'hexanitrocobaltatc(lII). Faisant appel a la rmn du '"Co, du "N et du 
17 0 ,  on a ttudik la composition de solutions qui avaient vieilli. On peut dtceler la prtsence d'au moins dix especes diffkrentes 
h I'aide de la rmn du "'Co. On les a attributes a des ions mixtes nitro/nitrito/aqua. Les transferts d'klectrons peuvent aussi 
conduire a la formation des ions Co" et NO, et ces deux ions ont pu Ctre dktectts par rmn du "N et du "0. Grice h la rrnn 
du I4N, on a pu dktccter pour la premikre fois la prtsencc d'un ligand nitro complexk 5 un Co. L'analysc des dkplacernents 
chimiques du '"Co dkmontre que la force du champ cristallin du ligand nitro diminue regulikrement avec le nornbre de 
groupements nitro dans la molkcule. Les groupements cis sont quatre fois plus efficace que les groupements trclr~s pour 
provoquer ce changement. Avec les groupements cyano, on observe un comportement inverse - la force du champ cristallin 
augmente avec la substitution et les groupements trclrls ont un effet qui est plus grand que les groupements cis. Faisant appel 
a la rmn du '"Co, on a ttudik les rkactions de I'ion hexanitrocobaltate(lI1) avec I'kthylknediarnine et les ions cyanures. I1 se 
forme des complexes nitro avec I'kthylknediamine; toutefois, avec les ions cyanures, il se forme des complexes nitrito. 

[Traduit par le journal] 

Introduction 
Ligand field theory provides a convenient framework for the 

discussion of the chemistry of most transition metal complexes 
in which the metal is in one of its "normal" oxidation states. 
The spectrochemical series serves to systematize much of this 
chemistry. In writing down such a series the underlying as- 
sumption is that the bonding characteristics, and hence the 
relative crystal field splitting ability, of a given ligand will 
remain constant with changes of the metal ion and of the other 
ligands. The present paper will discuss a series of complexes 
for which the crystal field splitting of one ligand depends on the 
other ligands present. 

A large number of transition metal complexes containing the 
nitro group have been reported. The area has been reviewed 
recently by Hitchman and Rowbottom (1). There are several 
possible modes of coordination for this ligand of which the 

'Author to whom correspondence should bc addressed. 

most common are unidentate bonding by an oxygen to give a 
nitrito complex and unidentate binding through the nitrogen to 
give a nitro complex. The N-bonded nitro group is usually 
described as a strong field ligand. Thus Lever (2) places it 
between ethylenediamine and cyanide in the spectrochemical 
series with a ligand field strength approximately equal to that 
of bipyridyl or o-phenanthroline. Basolo and Pearson (3) attrib- 
ute the high ligand field strength of the N-bonded nitro group 
to -rr donation from the metal ion. Most of the data used to reach 
these conclusions have been obtained from spectroscopic 
studies of Co(II1) complexes since the Cr(II1) compounds, for 
example, are usually 0-bonded. Thus Wentworth and Piper (4) 
obtained D ,  values in the range 3100-3200 cm-' from the 
spectra of mono- and di-nitroCo(II1) amines. This value may be 
compared with those of 3600 cm-' for cyanide and 2530 cm-' 
for ethylenediamine in Co(II1) complexes. 

The spectroscopy of Co(1II) complexes containing more than 
two nitro groups is less well understood and the cobaltinitrite 
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ion, CO(NO,);-, in particular has been the subject of some 
disagreement. Most early papers assign a weak band around 
480 nm to the ' A  ,, -+ ' T , ,  ligand field transition and this value 
has been used in all the reported correlations with "Co chem- 
ical shifts. Caulton and Fenske (5) ~ointed out that this value 

% , l  

is inconsistent with the high D ,  values quoted above and sug- 
gested that the band was a spin-forbidden ligand-to-metal 
charge transfer transition. Garnier (6) disagreed with this as- 
signment, was able to move the band maximum to higher 
energy by some 4500 cm-' by Gaussian analysis of the over- 
lapping bands, and concluded that the d-d transitions of all 
Co(II1) nitrolammine complexes were consistent with the rule 
of average environment. Barnes, Duncan, and Peacock (7) in 
a solid state study do not specifically refer to this band and 
suggest a rather different energy level scheme to that of Caulton 
and Fenske. 

There have been numerous reports of the "Co nrnr spectrum 
of the CO(NO?);- ion (8- 14). Proctor and Yu (8) reported two 
lines and suggested that the less intense line probably arose 
from an isomeric molecule. Interestingly this is the first litera- 
ture report of two separate nmr resonances from a single 
sample. Gasser and Richards (9) studied the temperature and 
nitrite ion concentration de~endence of the relative intensities 
of the two lines and conciuded that the high frequency line 
represented a mixture of an aquated hydrolysis product and a 
nitrito isomer. Several of these papers correlated the chemical 
shift of the more intense line with the 480 nm absorption band 
and reported satisfactory agreement with theory. More recently 
Rose and Bryant (14) found only a single ' T o  line which 
decreased in intensity with time. They also examined the "N 
spectrum showing that nitrate ion was present and inferred the 
existence of Co" from line broadening. The '"0 nrnr spectra 
of the series of complexes CO(NH~),,(NO~)~-, ,  have been re- 
ported by Juranic et al. (15) and by Pujar (16, 17). There is 
reasonable agreement between the two sets of experimental 
data. On increasing NO; substitution the chemical shifts move 
to higher field, reach a maximum and then return to lower field. 
Juranic ~ o i n t s  out that this behaviour indicates a deviation from 
the rule of "average environment" for transition metal com- 
plexes. These authors also showed that the first absorption 
bands for the nitrolammine complexes showed a parallel trend. 
Ethylenediamine/nitro complexes show similar behaviour. An 
earlier paper from this laboratory (I 8) proposed a simple point 
charge model for estimating 59Co chemical shifts which gave 
satisfactory results for some 70 complexes involving a wide 
variety of ligands. If the nitro parameter obtained from the 
penta-ammine nitro complex is used to calculate the shift of the 
hexanitro complex a value of 5 139 pprn is obtained compared 
with the experimental value of 7470 ppm. Clearly this simple 
model is unsatisfactorv. 

There are also anomalies in the aqueous chemistry of the 
cobaltinitrite ion. Crystal field theory predicts that strong field 
ligand will stabilize the d6 Co(ll1) configuration relative to d7 
Co(1l). Thus cobaltocyanide is a strong reducing agent and 
cobalticyanide shows no oxidizing properties. Cobalt amine 
complexes show similar, though less pronounced, oxidation/ 
reduction properties. The spontaneous decomposition of co- 
baltinitrite solution to give Co2+ observed by Rose and Bryant 
(14) and by other authors is therefore unexpected. Slow ligand 
exchange is also the rule for strong field octahedral Co(1ll) 
complexes. Thus CO(NH~);+ shows no ligand exchange in 
aqueous ammonia in 162 days (19) and CO(CN):+ is similarly 
inert. In contrast Matsko et al. (20) found half-lives of less than 

10 min for the isotopic exchange between nitrite ions and 
cobaltinitrite. The replacement of nitro groups by amino acids 
has a very similar half-life (21). 

The present paper is concerned with the origin of these 
spectroscopic and chemical anomalies. We have considered 
two main possibilities: (a) The major species in aqueous solu- 
tion may not be the octahedral nitro complex. Interaction with 
the solvent may have led to isomerization, aquation, or some 
other chemical reaction which results in a product having prop- 
erties different from those expected for the hexanitrocobalt- 
ate(II1) anion. (b) The bonding properties and crystal field 
splitting of the nitro group may differ significantly in the Co 
hexanitro complex from the corresponding properties in com- 
plexes with only one or two nitro groups. 

Possibility (a) will be discussed first. 

Solid and sollition spectru 
The structure of the cobaltinitrite ion in the solid has been 

determined by X-ray crystallography (22). It is a regular octa- 
hedron with TI ,  symmetry with all of the nitro groups N bonded. 
If the structure in solution was different, the difference should 
be made apparent by a comparison of solid and solution spec- 
tra. Vibrational and '"0 nrnr spectra have been used for this 
purpose. 

The infrared and Raman spectra of solid sodium cobalti- 
nitrite have been measured. Both agree well with the spectra 
reported in the literature (23, 24). The Raman spectrum of 
aqueous sodium cobaltinitrite has also been measured and is in 
agreement with literature reports (23, 25). All the major peaks 
are shifted by no more than a few wavenumbers from the solid 
state frequencies. 

The 59Co nmr has been measured in the solid state. A single 
resonance is observed which shows some field dependent struc- 
ture due to second order quadrupolar effects. The chemical 
shift is 7601 t 3 pprn compared with 7470 ppm for the most 
intense resonance in aqueous solution. An analysis of the field 
dependent structure, which will be reported elsewhere, gives 
only a small quadrupole coupling constant as anticipated for a 
basically octahedral species. It would be desirable to obtain the 
spectrum in non-aqueous solution but low solubility limits the 
choice of solvents. In a 2.5 : 1 (w/w) mixture of acetonitrile and 
water the observed chemical shift is 7589 ppm and in a 1 : 1.5 
(w/w) mixture of DMSO and water the shift is 7584 ppm. In 
each case and in a 1 : 1 (w/w) mixture of methanol and water 
the shift is 7546 ppm. In each case the shift in the non-aqueous 
solvent mixture is closer to the solid state value. These differ- 
ences are compatible with hydrogen bonding effects. Shifts of 
100-300 pprn to high field have been reported in hydrogen 
bonding solvents for cobalticyanide anions (26). Interaction 
with the hydrogen removes negative charge, encourages .rr 
back bonding and leads to a "stronger" field ligand. Thus the 
chemical shifts indicate the most hydrogen bonding in aqueous 
solution and the least in the solid state. The chemical shift in 
the solid is even less consistent with a strong field ligand than 
that in solution. 

Solutions of cobaltinitrite are unstable below pH 4 decom- 
posing with the evolution of N204. They are also unstable in 
basic solutions since cobalt hydroxides are precipitated. There 
is no significant variation of the "Co chemical shift over the 
accessible pH range. 

We conclude that the major species in aqueous solutions of 
sodium cobalticyanide is the CO(NO,);- ion, that the resonance 
at 7470 pprn is correctly assigned to this species and that the 
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NANOMETERS NANOMETERS 

FIG. 1.  Electronic spectra of 2.7 mM aqueous cobaltinitrite ( I  = 1 cm) for varying lengths of time after dissolution (A )  t = 2 min, (B) t = 4 
min, (C)  t = 6 min, (D) t = 9 min. 

perturbations due to hydrogen bonding or protonation produce 
only a modest high field shift. 

The electronic spectrum of cobaltinitrite solutions 
The above assignment of the 59Co chemical shift raises the 

question of the correct assignment of the 480 nm band in the 
electronic spectrum. This band does not appear clearly in the 
solid state spectrum (7). The usual correlation between chem- 
ical shifts and the energy of the d-d transition leads to a 
prediction of 460 nm for the d-d transition which is slightly 
high but not decisively so. Figure 1 shows spectra of a 2.7 mM 
solution of sodium cobaltinitirite taken 2, 4,  6, and 9 min after 
dissolution. The intensity of the 480 nm band is clearly in- 
creasing with time and is zero at time zero. There is a parallel 
decrease in the intensity of the strong band at 355 nm. The half 
life for this process is of the order of 2 or 3 min. The 480 nm 
band does not therefore arise from CO(NO~);- but from a de- 
composition product. The nature of this decomposition product 
will be considered below. 

CO(NO,)~- has a centre of symmetry and the intensity of the 
d-d transition would be expected to be about an order of 
magnitude less than that for a molecule without a centre of 
symmetry. Examination of Fig. 1A shows that the absorbance 
at 460 nm from the wing of the charge transfer band is greater 
than 1.0 for a 2.7 mM solution. The d-d transition will there- 
fore not be directly observable. 

"Co nrnr spectra 
In agreement with previous reports we find that the most 

intense line in the spectrum of a freshly prepared solution of 
sodium cobaltinitrite has a chemical shift of 7470 ppm. This 
line has a half width of 55 Hz, corresponding to a T, of 5.6 ms. 
The TI, measured by inversion recovery, is 37.5 ms. The 
difference between T I  and T2 arises from scalar relaxation 
of the second kind as suggested by Rose and Bryant (14). If 
scalar coupling to six equivalent nitrogens contributes to the 
relaxation rate theory (27) predicts: 

The T I  of the I4N has been measured directly using a high 
power instrument. A value of 150 ILS was obtained. The above 
formula gives a value of 80 Hz for the C e N  spin-spin 
coupling constant. This is compatible with literature values 
(28) for coupling between I5N and 59Co. The linewidth of the 
cobaltinitrite resonance therefore arises largely from scalar re- 
laxation and can have only a small quadrupolar contribution. 
This provides further evidence for a symmetric N-bonded 
structure in solution. 

On standing a variety of other lines appear in the 59Co spec- 
trum as illustrated in Fig. 2 and listed in Table 1. The most 
intense of thes new lines is at 8052 ppm. Figure 3 shows plots 
of the decrease in intensity of the 7470 line and the increase in 
the intensity of the 8052 line. Both curves are exponential in 
character with the half-life for the decay of the 7470 line mea- 
sured as 150 s and that for the increase of the 8052 line as 
180 s. These half-lives are very similar to the rate of appear- 
ance of the 480 nm band shown in Fig. 1.  The relative intensity 
of the 8052 line compared to the 7470 line increases with 
dilution and decreases with the addition of sodium nitrite. 
Table 1 contains data illustrating these observations which are 
consistent with an equilibrium involving dissociation of the 
cobaltinitrite ion. These data indicate a dissociation constant of 
around 0.1 M. On further standing the intensity of the 8052 line 
decreases and the other lines in Fig. 2 gain intensity. A 5 9 C ~  
chemical shift of 8052 ppm correlates very well with a d-d 
transition at 480 nm. Thus, for example, CO(NH,)~+ has a 
chemical shift of 8175 ppm and a d-d band at 476 nm. We 
assign the 8052 line to C O ( N O ~ ) ~ H ~ O ~ -  formed by dissociation 
of the cobaltinitrite ion. The assignment of the other lines in 
Table 1 will be discussed below. 

"N nrnr of cobaltinitrite solutions 
A set of I4N spectra of cobaltinitrite solutions of various 

concentrations and after varying aging periods is shown in 
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FIG. 2. '9Co nmr spectra of N ~ , C O ( N O ~ ) ~  aqueous solutions. The assignments of the lines are given in Table 1. The initial spectrum shows 
the line at 7470 ppm. The other lines appear on aging. The line at 8815 ppm is only observed in concentrated solution (0.9 M). 

TABLE 1 .  
(a) "Co spectrum of aqueous sodium cobaltinitrite 

Observed chemical shift Linewidth Calculated chemical shift 
( P P ~ )  (Hz) Assignment ( P P ~ )  

"Overlapping lines. 

(b)  Relative intensities 8052 and 7470 lines at different CO(NO~);- concentrations 

[CO(NOZ)~] Relative 
(M intensity 

Fig. 4. Three lines are apparent. The sharp line at zero ppm is 
the nitrate resonance. The line at 235 ppm, half-width 170 Hz, 
is assigned to free nitrite by comparison with the spectrum of 
sodium nitrite. The broad line, chemical shift 95 ppm line 
width 2200 Hz, is complexed nitrite. Rose and Bryant (14) in 
their report of the I4N spectrum did not detect the very broad 
complexed resonance and assigned the complex to the free 
nitrite peak. Earlier authors (29) had assigned the sharp nitrate 
resonance to complexed nitrite. The chemical shift for com- 
plexed nitrite may be compared with the value of 44-46 ppm 
reported for a nitro rhodium complex (30) and with 4 ppm for 

nitromethane. 
These spectra show several features of interest. The ratio of 

free nitrite to complexed nitrite increases with dilution as ex- 
pected for a dissociative equilibrium. At high concentration 
this ratio does not change considerably with aging up to 28 
days. The nitrate peak appears only with aging and most no- 
ticeably with dilute solutions. Its appearance is accompanied 
by a downfield shift and broadening of the free nitrite reso- 
nance. There is no similar shift or broadening of the complexed 
nitrite peak. Oxidation of nitrite to nitrate is plausibly accom- 
panied by the reduction of Co(II1) to Co(1I) (14) and the inter- 
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33 200 4 0 0  600 800 0 0 

TIME (s )  

FIG. 3. 5'Co nmr spectra as a function of time after dissolution. 
[N~,CO(NO~)~]  = 0.10 M. Circles represent intensity of 6 7470 peak 
(measured at 5.9 T); triangles that of 6 8052 peak (measured at 9.4 T). 

FIG. 4. I4C nmr spectra obtained at 4.7 T (A) 0.1 M cobaltinitrite, 
aged 5 min, (B) 0.5 M cobaltinitrite, aged 5 min, (C) 1.1 M cobalti- 
nitrite, aged 4 h, (D) same solution as (C), aged 28 days. 

action of the nitrite ions with the paramagnetic Co ions causes 
the observed effect. This was confirmed by an experiment in 
which CoZt ions were added to a solution of sodium nitrite. 
Addition of sodium nitrite to the cobaltinitrite solution en- 
hances the intensity of the free nitrite peak as expected but also 

0 100 200 300 400 

T IME (min) 

FIG. 5. ''0 nmr (9.7 T) intensity as a function of time after dis- 
solution [Na3C~(N02)6] = 0.9 M .  

suppresses the formation of nitrate indicating that the aqua 
species is a necessary intermediate in the oxidation/reduction 
reaction. 

The 170 spectrum of cobaltirzitrite solutions 
Spectra have been obtained from solutions containing 170 in 

natural abundance and from solutions in water enriched to 18% 
in 170. In the natural abundance experiments the most intense 
line arises from water. This line shifts downfield and broadens 
with aging of the solution. The rate at which this occurs is 
comparable to the rate of the shift and broadening of the I4N 
resonance of free nitrite and can be ascribed to a similar cause, 
complexing of the water to CoZt from the reduction of the 
cobaltinitrite. In 0.9 M cobaltinitrite solutions additional lines, 
each with about 10% of the water line intensity, are observed 
at 168 pprn (linewidth 175 C 10 Hz) and at 691 pprn ( line- 
width 1100 Hz). Sodium nitrite gives a line at 660 pprn (line- 
width 135 -C 10 Hz). The 168 pprn signal shifts and broadens 
with time in a manner similar to the water signal and must 
therefore be a ligand capable of complexing to Co". Its as- 
signment is uncertain. The broad 691 ppm signal is reasonably 
assigned to complexed nitrite. 

The sample dissolved in enriched 170 water initially shows 
only the water resonance and a signal at -70 pprn which is 
assigned to complexed water in the pentanitroaqua compound. 
On standing a signal at 690 pprn (linewidth 1550 Hz) with a 
shoulder at b60 pprn increases in intensity with time. The time 
dependence is shown in Fig. 5. This result demonstrates a 
process by which 170 from the water is incorporated in the 
nitrite ion. The shape of the curve of Fig. 5 shows that there is 
an induction period of approximately an hour before the rate of 
exchange reaches its highest value. The pH of the solution 
dropped from 5.2  to 4.3 on standing for 8 h due to the for- 
mation of nitrous and nitric acids. Isotopic oxygen exchange 
between nitrite ions and water has been studied by several 
groups (31, 32). The most recent study (32) indicates a half-life 
of approximately 24 h for the acid catalyzed exchange at pH 
6.26. A rough calculation indicates that the data of Fig. 5 can 
be accomodated by 170 exchange with free nitrite if allowance 
is made for the pH change but exchange with complexed nitrite 
cannot be completely ruled out. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BUIST ET AL. 

TABLE 2. 5 " C ~  chemical shifts of Co(NH,),,X, - ,, complexes" 
- 

X = CN- X = NO,: 

Calculated Calculated 
Observed Observed 

n (ref. 18) 1 2 (refs. 15, 37) 1 This work 

0 
1 
cis 2 
trans 2 
mer 3 
fac 3 
cis 4 
trans 4 
5 

" I ,  shift parameter in units of 10'; 2, using eq .  [I]. 

The "Co nmr of complexes with ammonia, nitro, and cyano substitution a steady decrease in the nitro parameter and a 
ligands steady increase in the cyano parameter is apparent. In both 

In an earlier publication (18) we suggested an empirical cases the effect of introducing a cis ligand is different from the 
formula for calculating "Co chemical shifts in hexacoordinated effect of introducing a trans ligand. The parameters can be 
Co(11I) complexes, namely reasonably fitted by the equations: 

In this formula S ,  and S 2  are parameters characteristic of the 
ligands on the x axis, S3  and S, similar parameters for the 
ligands on the y axis, and S5 and S6 refer to the ligands on the 
z axis. The shifts are given in ppm and a single set of S 
parameters, one for each type of ligand, sufficed to calculate 
the chemical shifts of some 80 complexes with a standard 
deviation of less than 1 % of the total shift range. The validity 
of the rule of average environment is implicit in the use of this 
formula. The chemical shifts of nitro complexes cannot be 
fitted to this formula if a constant shift parameter is assumed. 
The fit for cyano complexes is less satisfactory than for other 
ligands - three out of the four complexes for which the dis- 
crepancies between observed and calculated shifts were greater 
than 200 ppm involved this ligand. 

These problems are illustrated by the data of Table 2 for 
mixed ammine complexes. For the nitro series increasing nitro 
substitution first results in a high field shift but with more than 
three nitro ligands the shifts return to low field. Juranic (15) 
pointed out that this behaviour is inconsistent with the rule of 
average environment. There are also other problems. For all 
other reported complexes the trans isomer has a larger shift 
than the cis isomer and the rner isomer a larger shift than the 
fac isomer. The converse is true in the nitrolammine series. It 
is usually possible to distinguish the different isomers from the 
line width considerations (18) - cis complexes give narrower 
lines than trans and fac isomers narrower lines than mer. For 
this series the linewidths are very similar and do not provide a 
convenient criterion for assignments. It seems probable though 
that the literature assignments are correct since the method of 
preparation is specific for the cis compound (33) and crystal 
structures have been reported for both the mer and fac com- 
plexes (34, 35). The reversal of the chemical shifts must there- 
fore be accepted. For the cyano compounds the discrepancies 
are less obvious but a good fit cannot be obtained with a single 
CN parameter. In Table 2 the results of calculating the values 
of SN02 and SCN for each complex assuming the value of SNHi 
given previously are tabulated. With increasing nitro or cyano 

where n,;, is the number of NOz or CN ligands cis to the NO2 
or CN ligand for which the shift parameter is required and n,,,,,, 
is the corresponding number of trans ligands. The shifts re- 
sulting from the use of these formulae are given as the calcu- 
lated values in Table 2. We note that these calculations cor- 
rectly predict the order of the cis, and trans and mer and fac 
chemical shifts. 

The implications of the above formulae are that increasing 
the number of nitro ligands makes each successive nitro group 
a weaker field ligand and that substituting a nitro ligand cis has 
a four times larger effect than substituting one trans. A recent 
paper (42) has considered the effect of nephelauxetism on 5yCo 
chemical shifts and has shown that in theory the energy of the 
first d-d transition should be multiplied by the nephelauxetic 
ratio to obtain a correlation with 5"0 chemical shifts. Devia- 
tions in the chemical shift could therefore be ascribed either to 
a change in 10D, or to a change in P or to changes in both. The 
linear correlation with the unweighted optical data reported by 
Juranic (15) argues that changes in 10D, are most important. 
Since both IOD, and P reflect the bonding properties of the 
ligand it is clear that these properties are changing with in- 
creasing substitution. We have also considered the possible 
contributions of charge transfer transitions to "Co chemical 
shifts but there does not seem to be any strong reason to invoke 
such an effect in the present case. Steric considerations provide 
a possible explanation of this observation. The negative charge 
on the nitro group has been shown (22) to be predominantly on 
the oxygen atoms and repulsive interactions between NOz 
ligands, particularly when they are cis to each other, must be 
anticipated. This will weaken the crystal field splitting of suc- 
cessive nitro substituents. For the cyano ligands increasing 
substitution results in larger crystal field splitting with trans 
ligands having a greater effect than cis ligands. It seems un- 
likely that this effect has a steric origin. 

The assignment of the nmr spectra of cobaltinitrite solutions 
The 5yCo chemical shift parameters for the nitro group ob- 
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tained above can now be used to assign the lines in the cobalti- 
nitrite spectrum of Fig. 2. The calculated chemical shifts of 
8 108 ppm for the pentanitroaqua complex or 8092 ppm for the 
pentanitrohydroxo complex are consistent with the assignment 
of the 8052 line already made. The neighboring lines at 8065 
and 8074 ppm possibly arise from isomers of the monoaqua 
complex differing in the relative orientations of the nitro sub- 
stituents. This suggestion is consistent with the observation that 
the chemical shifts are very similar, since the ligands are the 
same, but the line widths, depending on quadrupole relaxation 
and hence on the electric field gradients, are quite different. 
The possibility that hydrogen bonding could affect the orien- 
tation of the nitro groups is supported by the crystallographic 
structures of mer and fac Co(N02),(NH,), (34,35) in which the 
NO, groups are twisted by 20-30" from their orientations in 
the hexanitro complex by interactions with the other ligands. 
The data of Table 1 were obtained on the WM400 instrument 
and it is notable that these lines are much less well resolved at 
lower fields, suggesting that chemical exchange due to rotation 
of the nitro groups may be occurring. From the frequency 
separation of the lines a lifetime of greater than 2 X s 
would be required. There seems to be little precedent for esti- 
mating the barrier for rotation about a Co-N bond. We are 
unable to suggest alternative assignments for these lines. The 
line at 7970 probably does not belong to this group since its 
intensity varies with time in a manner different from its neigh- 
bours. It increases in intensity more slowly and remains longer 
suggesting that it is a later product in the reaction scheme. 
Assignment to tran~-[Co(NO~)~(0NO)$- is suggested on the 
basis of the calculated shift of 781 1 pprn. The cis-tetranitro- 
diaqua complex has a calcualted shift of 8846 pprn and the lines 
at 8670, 8693, and 8790 can be plausibly assigned to isomers 
of this species differing in the nitro group orientations. It is 
notable that higher aquated species are all predicted to occur at 
shifts greater than 9000 ppm and are definitely not observed. 
Since the hexaqua Co(II1) ion is reduced even by water it is 
reasonable that trisaqua and more highly aquated species would 
be reduced by the nitrite ion to give Co" and NO, as indicated 
by the I4N spectra. The remaining lines of Fig. 1 can best be 
ascribed to complexes containing the nitrito ligand. Thus the 
line at 83 15 ppm can be assigned to the cis-tetranitroaquanitrito 
compound (calculated 8331 pprn) or less likely the trans 
isomer (calculated 8456 ppm). The only remaining line is at 
73 18 ppm. This is best assigned as the pentanitronitrito com- 
plex although the agreement with calculation (7573 ppm) is not 
particularly good. Thus all of the lines in this spectrum can be 
satisfactorily assigned to the combined effects of hydrolysis 
and isomerization involving nor more than two nitro ligands. 
The mechanism of ligand exchange 

The observed half lives for the aquation of the cobaltinitrite 
ion from the visible spectra (2.7 rnM concentration) and the 
nmr (0.5 M concentration) correspond to a first order rate 
constant of approximately 4 x s-'. This anomalously 
high rate suggests that a mechanism other than simple dis- 
sociation may be involved. An attractive possibility is a rate 
determining step of electron transfer from NO, to Co3', fol- 
lowed by rapid ligand exchange of the resulting labile Co2+ 
complex, with the reaction being completed by rapid reverse 
electron transfer from Co2+ to NO2, i.e. 
[ I ]  LCo7+N0, = LCo2+ + NO2 Slow 
[2] LCo2+ + L' = L'Co2' + L Fast 
[3] L'Co2+ + NO2 = L ' C o 3 + ~ 0 ,  Fast 
[4] NO2 + NO, + Hz0 = NO; + NO, + 2H+ Slow 

An electron transfer mechanism for Co" ligand exchange 
was first suggested to account for rapid base catalysed hydrol- 
yses (36) but did not achieve great popularity. More recently 
(37) a very similar mechanism has been convincingly demon- 
strated for the ligand substitution reactions of peroxo/ammine 
complexes of Co(II1). Interestingly the rate reported in this 
latter paper (4.9 X s-') is very similar to that given 
above. Since NO, is an oxidizable ligand this mechanism pro- 
vides a ready rationalization of the difference from ligand ex- 
change mechanisms involving non-oxidizable ligands such as 
CN- and NH3. Reaction [4] is well established and competes 
with reaction [3] leading to irreversible oxidation/reduction. 
Thus all of the observed products can be accounted for by a 
single mechanism and the very similar rates reported for aqua- 
tion, nitrite exchange (20), and substitution by other ligands 
(21) are explained as arising from a common rate determining 
step. Subsequent hydrolysis steps to give diaqua and more 
highly substituted species are slower as would be anticipated 
from the smaller number of nitro groups available to donate 
electrons. 

Reactions with ethylenediamine and cyanide 
The observation that nitro ligands are readily replaced by 

water in the hexanitro complex suggest that replacement by 
other ligands may be equally facile. The reactions with ethyl- 
enediamine and with cyanide ion have therefore been investi- 
gated by 5'Co nmr. 

Figure 6 shows a spectrum obtained from a mixture of 0.1 M 
CO(NO,):- and 0.41 M ethylenediamine which has been al- 
lowed to equilibrate for 7 days. There is actually relatively little 
change in the spectrum after 30 min of reaction. The principal 
difference is that a line at 7530 ppm, which appears quite 
strongly in the initial spectrum, disappears on standing. It may 
be noted that even though the ethylenediamine is present in 
stoichiometric excess the very stable trisethylenediamine com- 
plex is not the major product. The observed chemical shifts 
and linewidths are given in Table 3 together with calculated 
and literature values. The five high field lines of Fig. 6 are 
assigned to the expected species CO(NO,);-, co(en)it, Co(en)- 
(NO,), , c i s - ~ o ( e n ) ~ ( ~ ~ ? ) : ,  and t r ans -~o (en ) , (~~~) : .  It is 
notable that the lines of the nitro complexes are all found to 
rather higher field than expected from the calculations and the 
linewidths are considerably greater than would have been an- 
ticipated. It is suggested that the excess ethylenediamine is 
present as a second sphere ligand hydrogen bonded to the nitro 
ligands. High field shifts (26) and line broadening (38) are the 
expected results of such hydrogen bonding. The low intensity 
lines at 9356, 9342 ppm are assigned to conformational or to 
cis-trans isomers of CO(~~),(OH): (calculated 9309 ppm) or 
the corresponding aqua complex. Yajima et a1 (39) assigned the 
cis and trans isomers with only a very small chemical shift 
difference (9300 and 9280) but this is unexpected and we have 
some preference for assigning the two lines to conformationa1 
isomers of the cis compound. The line at 8510 ppm is best 
ascribed to CO(~~)~(H~O)(ONO)' '  (calculated 8787 but pos- 
sibly H bonded) although it is perhaps a little surprising that 
this complex does not rapidly convert to the nitro isomer. These 
are presumably products of the reaction of en with the hydrol- 
ysis products of CO(NO,);- which accounts for their low in- 
tensity. The remaining features are the intense line at 7785 pprn 
and the weaker line at 7530 ppm. These are best assigned to the 
mer and fac isomers of Co(N02),(en)(H20) or the hydroxy 
equivalents. The relative line widths suggest that the 7785 pprn 
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BUlST ET AL. 

FIG. 6. "Co nmr (5.9 T) spectrum of reaction mixture of 0.1 M sodium cobaltinitrite and 0.41 M en in water aged 7 days. 

TABLE 3. s9Co nmr spectrum from the reaction of ethylenediamine and sodium cobaltinitrite 

Chemical shift 
Observed chemical Linewidth Relative 

shift (ppm) (Hz) intensity Assignment Refs. 15, 39, 40 Calculated 

resonance is the mer isomer since it is much broader. The 
loss of the 7530 line on standing is presumably due to iso- 
meric conversion to the more stable mer compound. The cal- 
culated shifts (mer 7603, fac 7669) are very similar but sug- 
gest the opposite assignment. Assignment of the more intense 
line to the mer isomer is consistent with the widely reported 
preferential formation of m e r - c ~ ( N o ~ ) ~ ( N H ~ ) ~ .  

The reaction of cobaltinitrite with cyanide produces the 59Co 
spectra of Fig. 7a (0.2 M cobaltinitrite + 1.0 M cyanide) and 
7b (0.05 M cobaltinitrite + 0.1 M cyanide). Data obtained from 
three different mixtures are presented in Table 4. Even with 
5 mol of cyanide to 1 mol of cobaltinitrite, cobalticyanide is 
not the major product. The most intense line is at 1630 pprn and 
is best assigned as CO(CN)~(ONO)~- (calculated 1372 pprn). 
The pentacyanonitro complex has been observed in other ex- 
periments at 609 pprn (40) but is definitely not seen in these 
mixtures. The other line at 2550 pprn can be assigned to the 
cis-tetracyanodinitrito complex (calculated 2835 pprn). A mix- 
ture of 1.0 M in cobaltinitrite and 1.0 M in cyanide ion also 
showed a line at 3621 pprn assigned to ~~~HS-CO(CN)~(ONO);-  

(calculated 3601 pprn). We find no evidence for mono or 
dinitro/cyano complexes. This observation is analogous to the 
report (4 1) that the pentacyano isothiocyanato Co(ll1) complex 
is formed in preference to the thiocyanato isomer in some 
reactions. In the solution most dilute in cyanide, lines at 6614 
pprn and 6477 pprn can be assigned to mer-Co(N02),(CN)- 
(ONO)(H20) and cis-Co(N02),(CN)(H20). The remaining 
lines in Table 4 are assigned to species not containing cyanide 
ligands. The multiplicity of lines with similar chemical shifts 
suggests conformational isomerism. The I4N nmr spectra of 
these mixtures have also been examined. Separate resonances 
for free nitrite, coordinated nitrite, free cyanide, and com- 
plexed cyanide are observed but the different complexes are not 
distinguished. 

Conclusion 
The crystal field strength of the nitro ligand varies according 

to the number of nitro groups in the complex. If only one or two 
nitro ligands are present it is a strong field ligand. By the time 
the cobaltinitrite ion is reached it is a significantly weaker 
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CAN.  J .  CHEM. VOL. 63, 1985 

FIG. 7 .  "Co nmr spectra of fresh (aged 1 h) mixtures of sodium cobaltinitrite and sodium cyanide in water. (A) [ N ~ , C O ( N O ~ ) ~ ]  = 
0.2  M, [NaCN] = 1.0 M, Bo = 5 .9  T. (B) [ N ~ , C O ( N O ~ ) ~ ]  = 0.5 M, [NaCN] = 0.1 M, BO = 4.7 T. Spikes are marked with crosses. 

TABLE 4. s y ~ ~  nmr spectrum from the reaction of sodium cyanide and sodium 
cobaltinitrite 

A B C Assignment Calculated chemical shift 

" A ,  0.2 M CO(NO~);- + 0. I M CN-; B, I .O M CO(NO~);- + I .O M CN-; C, 0.5 M CO(NO,);- 
+ 0.1 M CN-. 

ligand and the spectroscopic and chemical properties reflect changes in crystal field strength. In aqueous solutions of co- 
this change. Ligand exchange is facile and irreversible reduc- baltinitrite a variety of Co(II1) species are present. All contain 
tion takes place slowly. "Co nmr can readily detect these at least four nitro ligands with the remaining two positions 
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being filled by aqua or nitrito groups. Electron transfer leads to 9. R. P. H. GASSER and R. E. RICHARDS. Mol. Phys. 3, 163 (1960). 
the reduction of Co3+ to Co" and the oxidation of NO, to NO, 10. R. FREEMAN, G. W. MURRAY, and R. E. RICHARDS. proc. R. 
which is then hydrolysed to give NO; and NO,. These species Soc. London, A242, 455 (1 957). 

have been detected by I4N and "0 nmr. l I .  S. S. DHARMATTI and C. R. KANEKAR. J .  Chem. Phys. 31, 1436 

59Co nmr is also a very convenient technique for following (1959). 
12. A. YAMASAKI, F. YAJIMA, and S. FUJIWARA. Inorg. Chim. Acta, 

ligand exchange reactions. Such reactions may give sur- 2, 39 (1968). 
~ r i s i n ~ ~ y  complex mixtures of products as is demonstrated by 13. H. HARTMANN and H. SILLESCU. Theor. Chim. Acta, 2, 37 1 
the reactions of cobaltinitrite with ethylenediamine and with (1964). 
cyanide ion. The products may not be those initially antici- 14. K. D. ROSE and R .  G.  BRYANT. Inorg. Chem. 18, 2130 (1979). 
pated, e .g . ,  nitrito rather than nitro isomers. With the added 15. N. JURANIC, M. B. CELAP, D. VUCELIC, M. J. MALINAR, and 
sensitivity and dispersion of high field IT NMR spectrometers, P. N. RADIVOJSA. Spectrochim. Acta, 35A, 997 (1979). 
large numbers of resonances can be observed. Thus in the case 16. M. A. PUJAR. J.  lnd. Chem. Sot. 57. 345 ( 1980). 
of cobaltinitrite solutions we report 10 lines where on]y two had 17. M. A. PUJAR and N. S. BIRADAR. J .  Ind. Chem. SOC. 57, 783 

been seen previously. 59Co nmr is therefore a powerful tech- (1980). 

nique for investigating the solution chemistry of Co(II1). The 18. S. C. F. Au-YEUNG and D. R. EATON. Can. J. Chem. 61, 2431 
(1983). 

problem lies in assigning the multiplicity of lines. The point 19, D. R.  LLEWELLYN, C, J .  O.CONNOR, and A. L, ODELL, J ,  Chem, 
charge model developed previously is helpful in this respect but SOC. 196 (1964). 
a fair amount of empirical data collecting will likely be required 20, 1 ,  v ,  MATSKO, y U .  E. sELYANINOV, and G,  A, sHAGISULTA- 
to establish the pattern of the chemical shifts. NOVA. RUSS. J .  Inorg. Chem. 12, 35 1 (1967). 

21. M. B. CELAP, T.  J. JANJIC, and P. N. RADIVOJSA. Rev. Chim. 
Experimental Min. 10, 607 (1973). 

Sodium cobaltinitrite was purchased from Fisher (reagent grade 22. S. OHBA, K. T O R I U M ~ ,  S. SATO, and Y. SAlTo. Acts Crystallogr. 
liquid and solid) and was used without further purification. '"Co nrnr B34, 3535 (1978). 
spectra were obtained at various fields - 2.14 T (Bruker WH90). 23. W. KRASSER. Z. Naturforsch. A247 

4.7 T (Bruker CXP 200), 5.9 T (Bruker WM 250), and 9.5 T (Bruker 2 4  NAKAGAWA and T. SHIMANOucH1. SpectrOchim. 23A% 
WM 400). The temperature is each case was 21 ? 1°C. Potassium 2099 (1967). 
cobalticyanide, saturated ammonium nitrate (NO, resonance), and 2 5  K.  KANAM0R13 T. M0R1KAWA7 and K. KAWA1. Bull. Chem. Sot. 
distilled water were used as external calibration standards for the "Co, Jpn. 53, 2787 (1980). 

I%, and 170 spectra, respectively. A Tracor-Northern 6050 instru- 26. D. R .  C. V. ROGERSON~ and A. C. SANDERCOCK. 

ment, which is equipped with a diode detector array, was used to J .  Phys. Chem. 86, 1365 (1982). 

obtain the spectra of Fig. 1. Infrared spectra were run in KBr discs 2 7  T. C. FARRAR and E. D. BECKER. and Ransform 

using a Perkin-Elmer 283 instrument and Raman spectra on a Spex NMR. Academic Press, New York. 1971. p. 60. 

model 14018 spectrometer equipped with a helium-neon laser, 28. A. YAMASAK1, Y. MIYAKOSHI, M. FUJ~TA, Y. YOSH~KAWA, and 
17 0 nmr spectra were obtained on the WM 400 instrument. The en- H. YAMATERA. J .  Inorg. Nucl. Chem. 41. 473 (1979). 

riched sample gave a S/N ratio of 729 on the water peak with only 29. R .  BRAMLEYl  B. N. FIGGIS, and R.  S. NYHOLM. J .  Chem. Sot. 
eight scans. The best 1 4 ~  spectra were obtained on the CXP 200 A, 861 (1967). 
instrument using a high power probe. On this probe. the 90" pulse 30. L. K. BELL, J .  MASON, D. M. P. MINGOS, and D. G. TEW. Inorg. 
width is 5- 10 ps. These short pulse widths are necessary to obtain Chem. 22, 3497 (1983). 
good spectra for resonances such as coordinated nitrite which have 31.  C. A. D. R.  LLEWELLYN, and G. STEDMAN. J .  Chem. 

very short relaxation times. SOC. 568 (1959). 
32. R. L. VAN ETTEN and J. M. RISLEY. J. Am. Chem. Soc. 103, 
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Infrared spectra of hydrogen bonded adducts of 2,6-dichlorophenols and oxygen bases 
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R. WOLNY, A. KOLL, and L.  SOBCZYK. Can. J. Chem. 63, 3568 (1985). 
Infrared spectra of hydrogen bonded complexes of 2,6-dichlorophenol derivatives and oxygen bases have been studied over 

a broad ApK, range (from - 10.55 to + 1.69). For the complexes of I : I stoichiometry typical evolution of spectra, similar to 
those for other hydrogen bonded systems, have been found. With an increase of ApK.,, the hydroxyl group stretching vibration 
band shifts to lower frequencies until the inversion region is reached, where hydrogen bonded (HB) and proton transfer (PT) 
forms occur in equilibrium, then a broad background absorption is observed. The centre of gravity of the broad protonic bands, 
v,,, calculated from the integrated intensity over the whole infrared region have been correlated with ApK. and the contribution 
of the PT form. It has been shown that the minimum on the plot v,, vs. ApK;, is reached close to the inversion point, where 
K, = I. The observed correlations and the change in the shape of the broad protonic absorption are consistent with expectations 
of theories based on the concept of the double minimum potential function and the stochastic mechanisms of band broadening. 

R. WOLNY, A. KOLL et L. SOBCZYK. Can. J. Chem. 63, 3568 (1985). 
Utilisant un large intervalle de ApK, (allant de - 10,55 a + 1,69), on a etudie les spectres infrarouges des complexes des 

dCrivCs du dichloro-2,6 phCnol et des bases oxygCntes lies par des liaisons hydrogknes. Dans le cas des complexes du type 
I : I ,  on a trouvC une Cvolution typique des spectres semblable a celle des autres systkmes lies par des liaisons hydrogknes. 
Lorsque le ApK. augmente, la bande de vibration d'tlongation du groupe hydroxyle glisse vers les basses frequences jusqu'ii 
atteindre la rCgion d'inversion ob les formes hydrogkne l iC (HL) et transfert de proton (TP) existent ii I'Cquilibre; on observe 
alors une large absorption de fond. On a Ctabli une correlation entre le centre de gravitC des bandes protoniques larges, v,,, 
calculC a partir de I'intensitC intCgrCe sur toute la rCgion infrarouge, avec le ApK;, et la contribution de la forme TP. On montre 
que I'on atteint le minimum de la courbe v,, en fonction du ApK;, prks du point d'inversion ob K,, = I .  Les corrClations 
observCes et le changement de forme de I'absorption protonique large sont en accord avec les attentes des theories fondees sur 
le concept de la fonction de potentiel du minimum double et sur le mCcanisme stochastique de I'Clargissement de la bande. 

[Traduit par le journal] 

Introduction 
There is a number of papers dealing with infrared behaviour 

of hydrogen bonded adducts containing oxygen bases with 
various proton donors. Among them, are the results obtained 
by Hadii et al. (1-3), Szafran et al. (4-7), and Gramstad 
et al. (8- 10). The complexes of oxygen bases appeared to be 
a convenient object for the studies of hydrogen bonding and its 
spectroscopic features due to a broad range of the proton ac- 
ceptor properties and relatively high stability. However, the 
interpretation of the ir spectroscopic behaviour can be difficult 
because of the formation of adducts of varying composition, 
including ionic states with homoconjugated cations and anions. 
In some papers, the influence of the ApK, of interacting com- 
ponents on the ir behaviour has been reported (7, 1 1 ,  12). 
However, the data available so far are not sufficient for formu- 
lating more general conclusions concerning the relationship 
between the donor-acceptor properties of interacting compo- 
nents and spectroscopic features of hydrogen bonded adducts. 
The aim of the present work was the study of ir spectra of 
hydrogen bonded adducts composed of oxygen bases and 
2,6-dichlorophenol derivatives. For such systems there are in- 
formations available on the complexation equilibria (13) and 
the charge distribution within the hydrogen bridge expressed 
by the dipole moment increment (14). 'The magnitude of this 
increment correlates with the equilibrium constant of the intra- 
complex proton transfer and the ApK, value of interacting com- 
ponents. In addition, the dipole moment increment describes 
semiquantitatively the potential for the proton motion and, in 
particular, informs about the so-called inversion point corre- 
sponding to the situation with either an equal population of two 
protonic states (pseudosymmetric hydrogen bond in the dynam- 
ical sense) or with one broad potential minimum for the proton 

motion. Such a situation, as can be suspected, should be re- 
flected markedly in ir spectra. 

Experimental 
The ir spectra were recorded on a Perkin Elmer 180 spectrophotom- 

eter at room temperature in CCI, solutions contained in KBr cells of 
2 mm thickness. To get the spectra of complexes of I : I compositon, 
equal concentrations of base and phenol 0.01 M were used. In such 
conditions, the contribution of complexes other than those of I : 1 
composition can be neglected. The excess of oxygen bases shifts the 
equilibrium towards homoconjugated cations [OHO]', while an ex- 
cess of phenol causes the formation of complexes of various com- 
position (AH),,B, the most stable being that with n = 2. The concen- 
trations used in the ir studies were similar to those for the study of 
complexation equilibria (13) and dipole moments (14). The studies at 
relatively low concentrations allowed to avoid, to a large extent, the 
self-association of strongly polar complexes. The osmometric studies 
performed on most polar TBNO . DCNP adducts in CCI, showed that 
the association degree under experimental conditions used in this work 
reaches about 10%. For the complexes of lower polarity the associ- 
ation degree is much smaller. 

The origin of the compounds investigated was the same as in pre- 
vious studies. Their list, with the abbreviations used, is presented in 
Table I. All operations connected with the preparation of the solutions 
and the cell filling were performed in a dry box. 

Results and discussion 
The informations about the systems investigated are col- 

lected in Table 1. They contain the ApK, values, defined as 
pK,(BH+) - pK,(AH), the position of the high frequency pro- 
tonic band v,OH (stretch) and the position of the centre of 
gravity, v,,, of the whole protonic broad bands (intergrated 
over the whole ir region). v,, defined as 
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WOLNY ET AL. 3569 

FIG. 1. Evolution of the ir spectra for the complexes of oxy- 
gen bases with PCP: ( ( 2 )  TPPO. PCP (ApK., = -5.88), 
(b) TOP0 PCP (ApK. = -4.22. (c )  TPASP . PCP (ApK,, = -2.1 I), 
(d) TBNO . PCP (ApK, = 0.49). 

[ I ]  v., = log (+) vdu,/j log ($1 dv 

was calculated by using a computer. 
'The evolution of the absorption related to the protonic vi- 

brations is illustrated taking selected PCP complexes as exam- 
ples (Fig. I). Most characteristic is the fact that close to the 
inversion point, which for the investigated systems corresponds 
to ApK, = -0.3, the v,(OH) band becomes very broad and 
overlaps with a new low frequency broad absorption creating a 
"continuum". For the con~plexes directly in the inversion 
range, the band assignable to the OH stretching vibrations is 
shifted to lower frequencies, has a doublet character (the min- 
imum is always located at about 2000 cm- ' )  and a low in- 
tensity. The lowest intensity occurs at ApK, = - 1.15. The 
situation is illustrated by the behaviour of TBNO complexes, 
for which the proton transfer equilibrium was previously 
detected (Fig. 2) (13). The boundary systems, i .e . ,  
TBNO . DCMP and TBNO DCNP, correspond to an almost 
complete shift of the proton transfer equilibrium to O H .  . . O  
and 0 - .  . . H o t  states, respectively. Their spectra are very 
similar in both the high frequency (the doublet) and the low 
frequency (background absorption) range. The high frequency 
doublet practically vanishes for complexes of TCP and DCP, 
while in the case of PCP complex, for which the PT state 
exceeds 6076, it appears clearly again. The proton transfer 
situation in the systems studied, derived from dipole moments 

y."""lT 

.. . . 

TEN0 + DCNP 

lJ f l1 \.,.,;?',< 

400 1200 2000 -1 4000 
crn 

FIG. 2. Bchaviour of thc broad protonic absorption for TBNO com- 
plexes. 

and uv spectra, is illustrated in Fig. 3 .  There is only a little 
discrepancy for the two independent methods. The inversion 
point corresponding to 50% of PT state is located at ApK:, = 
-0.3. 

Plotting the v,, value against ApK;, we obtain the curve with 
characteristic minimum close to the inversion point (Fig. 4). 
The anomaly on the v., = f (ApK:,) plot appears a little bit 
before reaching the inversion point, which seems to be under- 
standable in the light of the following reason. The dipole mo- 
ment increment of the contribution of the Droton transfer state 
is related to the equilibrium process governed by the free 
energy change AFPr. It means that the two minima for the 
proton motion in the free energy scale with a contribution of the 
entropy effect evoked by the reorganisation of the solvent 
molecules may be different to those in the potential energy 
scale for the adiabatic motion of protonic vibrations. The con- 
firmation of such an argumentation is found in studies of the 
entropy effect based on the measurements of K, as a function 
of T. The AS, in all the cases investigated so  far is character- 
ised by negative values (15, 16). 

In the interpretation of the results one should consider a 
possible contribution in the recorded spectra of homoconju- 
gated [OHO]'  and [OHOI- ions. The detailed analysis of equi- 
libria based on uv and ir (in the overtone region) indicates that 
under experimental conditions the contribution of these ions 
can be neglected. This conclusion is supported by the results of 
dielectric (14), electric conductivity (17), and osmometric 
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TABLE I. ApK,," position of the v,(OH) band maximum and v,, value (centre of gravity of protonic absorption) for investigated systems 

2,6-Dichloro-4-methylphenol 2,6-Dichlorophenol 2,4,6-Trichlorophenol Pentachlorophenol 2,6-Dichloro-4-nitrophenol 
(DCMP) P C P )  (Tcp) (PCP) (DCNP) 

Oxygen base ApK, VOH' VC, " ApK, VOH VC, ApK,  OH VC, ApK,  OH v,, ApK;, VOH vcg 

Diphenylsulphoxide 
(DPSO) - 10.55 - - -10.15 3210 3169 -9.82 3180 3129 -8.18 3140 3076 -6.98 3105 2988 

Dibenzylsulphoxide 
(DBESO) 

n 
-9.63 - - -9.23 3160 3085 -8.90 3140 3072 -7.26 3095 3000 -6.06 3050 2910 

& 

Triphenylphosphine - 
oxide (TPPO) -8.25 3105 3024 -7.85 3085 3022 -7.52 3020 2961 -5.88 2948 2868 -4.68 2910 2802 

Diphenylethylphosphine Z 

oxide (DPEPO) -7.88 3080 3001 -7.48 3060 2995 -7.15 3000 2917 -5.51 2940 2832 -4.31 2885 2712 
< 

Diphenyloctylphosphine o 
oxide (DPOPO) -7.49 3070 2978 -7.09 3050 2967 -6.76 2995 2901 -5.12 2930 2815 -3.92 2880 2708 1 

Diphenylselene oxide ci 

(DPSEO) -7.26 3045 2947 -6.86 3020 2923 -6.53 2980 2825 -4.89 2920 2739 -3.69 2860 2553 2 
UI 

~ r i o c t ~ l ~ h o s ~ h i n e  
oxide (TOPO) -6.59 3035 2909 -6.19 3000 2871 -5.86 2920 2777 -4.22 2820" 2682 -3.02 2670" 2464 

Triphenylarsine 
oxide (TPASO) -4.48 2920 2729 -4.08 2720" 2697 -3.75 2660" 2361 -2.11 2530 2151 -0.91 2520 1968 

Tri-n-butylamine- 
N-oxide (TBNO) - 1.88 2400 1493 - 1.48 - 1270 -1.15 - 1178 +0.49 - 1109 +1.69 2350' 1536 

"Defined in refs. 13 and 14. 
"In cm-I. 
'Longwave length part of a doublet. 
"Central position of two bands. 
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WOLNY ET AL. 357 1 

FIG. 3. Percentage of the PT state calculated from uv spectroscopic 
data (solid line) and dipole moment studies (dotted) with indicated 
inversion point (ApK;, = -0.3). 

FIG. 4. v,, plotted against ApK, values for the complexes over 
the inversion range. Full points refer to TBNO complexes with 
2-CI-4,6-NO2-phenol and trinitrophenol. 

studies. The last two methods, in particular, eliminate the in- 
volvement of 2 :2  complexes which have been detected for 
some other systems with oxygen bases (18). This is most prob- 
ably due to the essential steric hindrance in 2,6-dichloro- 
phenols, which does not allow the formation of homocon- 
jugated anions in this case. The formation of such anions is also 
excluded for (AH)?B complexes, even for the strongest proton 
donors and acceptors. The second phenol molecule is attached 
to 1 : 1 species via relatively weak hydrogen bond (13, 14). 
Based on the infrared spectra themselves it is very difficult to 
exclude the presence of [OHOI- homoconjugated anions be- 
cause of the great similarity of background absorption for the 
1 : 1 and 2 : 1 species. 

In Fig. 5 (a-d) we compare the spectra of solid complexes 
(which can be easily isolated in crystalline state) TBNOl 
DCNPl and (TBN0)2 . DCNP, in CCI, solutions. For 2 :  1 ad- 
ducts in the solid state the high frequency absorption above 
1600 cm-' almost completely disappears. In the solution there 
remains very weak high frequency doublet which could indi- 
cate that some of 1 : 1 complex is present in equilibrium. Some 
difference is visible in the backgorund absorption consisting in 

FIG. 5. Infrared spectra of TBNO - DCNP complexes: (a) 0.02 M 
TBNO and 0.01 M DCNP in CCl,, d = 2 mm, (b) 0.01 M TBNO and 
0.01 M DCNP in CCI,, d = 2 mm, (c) solid TBNO? . DCNP, in KBr, 
(d) solid TBNO, . DCNP, in KBr, ( e )  0.01 M TBNO and 0.01 M 
DCNP in CCI,, d = 2 mm, deuterated at about 75%. 

FIG. 6. Expected shapes of the potential for the proton motion in 
the investigated systems: (a) pK,, less than -4, (b) for intermediate 
range of ApK,, (c) ApK, equal to about -0.3, ( d )  ApK, above 4. 

larger extension of this absorption towards low frequency. On 
the other hand, we find a distinct difference in the spectra of the 
1 : 1 complexes in the solid state and in solution. This difference 
arises from the fact that the crystalline state favours the proton 
transfer ionic state. Already in the solution the PT equilibrium 
is shifted towards the ion pairs, but in the solid state purely 
ionic form 0- . . . H-0' is reached with the hydrogen bridge 
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which is a mirror image of the usual non-proton-transfer hydro- 
gen bond. 'They correspond to the boundary potential curves a 
and d shown in Fig. 6. 

It seems that just using the anticipated evolution of the poten- 
tial energy curves shown schematically in Fig. 6, one can also 
understand the evolution of ir spectra of the complexes under 
investigation. The particular spectroscopic properties of com- 
plexes belonging to the inversion range result most probably 
from the appearance of the second minimum for the proton 
motion a strong anharmonicity of the potential. The appearance 
of a second minimum on the level similar to the first one causes 
additional protonic transitions of similar intensities and widths. 
The analysis of the shape of the protonic bands, assuming a 
double minimum potential, performed in two somewhat differ- 
ent ways leads to quite similar results. In the semiempirical 
approach proposed by Romanowski and Sobczyk (19, 20), the 
evolution of ir spectra for O H 0  bridges of varying length has 
been calculated by assuming the coupling of protonic vibra- 
tions with low frequency, strongly damped, bridge vibrations. 
These authors showed that a flow frequency background ab- 
sorption appears for sufficiently short bridges with double rnin- 
imum for the proton motion. In the case of strong symmetrical 
bonds the high frequency absorption almost completely dis- 
appears. Similar results have been obtained by Zundel, 
Weidemann, and co-workers (3-1, 22). They calculated the 
shape of protonic bands by assuming the fluctuations of electric 
field and bridge length and showed that this shape can be 
substantially changed for various hydrogen bonds. In particu- 
lar, the intensities of low and high frequency parts of the broad 
absorption are very sensitive to the hydrogen bond strength. 
The interpretation based on the assumption of a double mini- 
mum potential for the complexes of inversion range is sup- 
ported by the isotopic effect. The calculations performed by 
Zundel er 01. (23) showed, that in the case of broad "con- 
tinuous" protonic absorption the total effect consists of the 
narrowing on both sides of the band and a drop of intensity. 
Such effect is observed in the case of complexes belonging to 
the inversion region. This is well demonstrated in Fig. 5 where 
the spectrum of the non-deuterated TBNO, . DCNP, complex 
( 6 )  is compared with that of the deuterated (75%) one (e). Quite 
similar features are reported for other co~nplexes where nearly 

symmetrical double minimum potential for the proton motion 
is expected (I I ,  12, 24). 
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J .  M. SALAS-PEREGRIN, M. N. MORENO-CARRETERO, and E. COLACIO-RODRIGUEZ. Can. J .  Chem. 63, 3573 (1985). 
The preparation and spectral properties of the complcxes of 6-amino-3-methyl-5-nitroso-uracil (HAMNU) with Zn(ll), 

Cd(ll), and Hg(l1) ions are reported. The results suggest that the exocyclic oxygen and nitrogen atoms have a much greater 
tendency to bind to these ions than the ring nitrogen atoms. In Zn(1l) and Cd(l1) complexes, the ligand is N,O-coordinated 
through the 5-nitroso and 6-oxide groups of (AMNU) in nitrosophenolic anionic form. In the Hg(l1) complexes, the ligand 
seems to be bound in neutral form. Tetrahedral structures are proposed in all cases. 

J .  M. SALAS-PEREGRIN, M. N. MORENO-CARRETERO et E. COLACIO-RODRIGUEZ. Can. J .  Chem. 63, 3573 (1985). 
On rapporte la prtparation et les propriitts spectrales des complcxes de I'amino-6 mithyl-3 nitroso-5 uracile (AMNU) avec 

les ions Zn(ll), Cd(l1) et Hg(l1). Les rtsultats suggtrent que les atomes d'oxygknc ct d'azote exocycliques tendent B se lier 
plus facilement B ces ions que les atomes d'azote du cycle. Dans les complexes dc Zn(l1) et de Cd(ll), la coordination-N,O 
du ligand est assumCe par les groupements nitroso-5 et oxyde-6 du AMNU existant sous la forme anionique nitroso-phholique. 
Dans les complexes du Hg(ll), le ligand semble &tre lie i la forme neutre. Dans tousles cas, on suggkre I'existcnce de structures 
tttratdriques. 

[Traduit par le journal] 

Introduction and with stirring to a hot aqueous solution (100 ml) of the ligand (2 
mmol). The resulting rcd solution was allowed to cool slowly to room 

The work of Rosenberg and the discovery of the antitumor temperature, Red crystals appeared after a few days, 
action of some platinum(l1) complexes (1, 2) have aroused Cd(AMNU)?.2Hr0 and Cd(AMNU),: Thcse compounds were 
extraordinary investigations into the interaction between metal obtaincd by mixing hot solutions containing 2 mmol of HAMNU and 
ions and the nucleic acids, and their constituents, the nucleo- 8 mmol of cadmium chloride, respectively. By evaporating at room 
sides and nucleotides. temperature for 24 h, an orange powder was obtained. From the 

The pyrimidine bases that are found in living systems have filtrate solution, red crystals can be isolated after a few days. 

a large number of positions to bind a metal ion, using, gener- HgCI,(HAMNU),-2H20 and HgCI,(HAMNU)2- H20: An aqueous 
solution containing 8 mmol of HgCI, was added slowly and with 

lheir heterncyclic and amidic nitrogen make stirring, to a hot concentrated aqueous solution of the ligand (2 mmol). 
covalent bonds with several metal ions. After standing for about 2 days, red crystals were isolated. From the 

The exocyclic Oxygen and nitrogen some pyrim- resulting filtrate solution, a pale rose powder was obtained after a few 
idine derivatives share in selective reactions with metal ions as days, 

. . 
. . is shown in the "platinum pyrimidine blues" (3, 4). On the All the compounds were filtered, washcd with water and ethanol, 

other hand, the exocyclic groups of pyrimidine bases, besides and dried with diethyl ether. 
playing an important role in the formation of metal-pyrimidine Chemical analysis of C, H, and N was performed with a Carlo Erba 
bonds, can operate as acceptors or donors in hydrogen bonds, 1106 Microanalyzer. Determination of Zn and Cd was carried out by 

which help to stabilize the crystal structure of the complexes. atomic absorption spectrometry using a Perkin Elmer model 290 spec- 

investigations determing the binding sites of de- trophotometer and Hg analyzed using a Pcrkin Elmer 5000 apparatus. 
The percentage of water in thc isolated complexes was determined by rivatives to ions are the steps for the understanding 
lhermographic techniques, using a Mettler T(i-50 thermobalance, The 

of the biological role of some of these complexes (5-8) and heating rate was m i n - ~ ,  For zinc and complexes a 
have been the subject of review (9j  lo). As an static atmosphere of air was used. For mercury complexes, a dynamic 
extension of these studies, We report the preparation and spec- atmosphere of nitrogcn (100 ml min.- ')  was utilized, The results 
tral study of complexes of 6 -am~n0-3 -me th~~-~-n~ t roso -u rac~~  obtained are listed in Table 1. 
(HAMNU) with Zn(II), Cd(II), and Hg(I1) ions. The absorption spectra in the uv-visible region (200-700 nm) were 

recorded on a Beckman Acta C-Ill spectrophotometer. 
Experimental Infrared spectra were recorded in KBr pellets (4000-200 cm--') and 

polyethylene pellets (650-200 cm ' )  on a Bcckman-4250 spectro- 6-Amino-3-methyl-5-nitrosouracil was prepared by hydrolysis of 
4-amino-l,6-dihydro- 1-methyl-2-methoxy-5-nitroso-6-oxopyrimidine photometer. 

according to the method previously reported ( I  I). All the chemicals ' H  nmr spectra were recorded on a Hitachi Perkin Elmer model 

used in this work were analytical rcagent grade. R-600 FT-NMR spectrometer, using dimethylsulfoxide-d6 as solvent 

The complexes were prepared as follows: Zn(AMNU)2.4H20: a and TMS as internal reference. 

solution of zinc acetate (4 mmol) in water (10 mL) was added slowly Results and discussion 
' To whom all correspondence should be addressed. The 4-keto-5-nitroso portion of 6-amino-3-methyl-5-nitroso- 
Revision received June 20, 1985. uracil (HAMNU) may exist in several tautomeric forms: dike- 
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TABLE 1 .  Analytical and thermogradimetric data* 

Compound Colour (3%) H(%) N(%) M(%) H20(%) 

Zn(AMNU)2.4H20 Red 25.8(25.3) 3.7(3.8) 23.3(23.6) 12.9(13.7) 15.1(15.1) 
Cd(AMNU)2 2H20 Orange 25.1(24.7) 2.9(2.9) 22.6(23.0) 22.8(23.1) 7.5(7.4) 
Cd(AMNU)? Red 26.6(26.6) 2.1(2.2) 25.2(24.8) 24.8(24.9) - 

HgC12(HAMNU)Z.2Hr0 Red 18.9(18.5) 2.4(2.4) 17.9(17.3) 30.5(31.0) 5.6(5.6) 
HgCI2(HAMNU)2.H2O Rose 19.4(19.1) 1.8(2.2) 16.9(17.7) 31.4(31.8) 3.0(2.9) 

* Calculated values in parentheses 

TABLE 2. Electronic spectra of HAMNU and its isolated complexes* 

Maxima of absorption (nm) 

Compound -rr + -rr* ring T + T* R-NO n + -rr* R-NO 
- 

HAMNU 222 (1 SO) 315 (1.75) 523 
Zn(AMNU)2 -4H20 221 (3.06) 315 (5.20) 485 
Cd(AMNU)2. 2H20 222 (2.70) 313 (4.94) 485 
Cd(AMNU)2 222 ( 1.62) 313 (3.32) 485 
HgC12(HAMNU)2.2HzO 223 (2.68) 316 (2.36) 518 
HgC12(HAMNU)2 H20 222 (2.06) 315 (1.80) 520 

* Values in parentheses are E X lo-'. 

TABLE 3. 'H nmr chemical shifts (6, ppm) for HAMNU and its complexes of Zn(ll), 
Cd(II), and Hg(II)* 

Compound N3-CH3 H20 -NH2 =N-H NI-H 

HAMNU 3.2 - 7.8 - 11.4 
Zn(AMNU)> -4H20 3.2 3.4 8.1 9.7 - 

Cd(AMNU)2'2HZO 3.2 3.3 - 7.8 10.5 
Cd(AMNU)? 3.3 - 7.8 10.5 - 

HgC12(HAMNU)2. 2Hz0 3.3 3.3 8.3 - 11.7 
HgC12(HAMNU)r. HZO 3.2 3.2 8.3 - 11.7 

* All signals are singlets. 

tonic (I), nitroso-phenolic (II), and keto-oximic (111) forms. 
Infrared data of HAMNU indicate that, in solid phase, the 
diketonic form is the most stable (1 1). Nevertheless, when this 
ligand is coordinated to metal ions in anionic form, nitroso- 
phenolic and keto-oximic forms are favoured because both 
have easily dissociable hydrogen atoms and the formation of a 
chelate can occur most readily. 

The absorption maxima of these complexes in the 
ultraviolet-visible region are given in Table 2 and the assign- 
ment of the bands has been established according to bibli- 
ographic data (12- 16). 

A marked difference between the visible spectra of these 
complexes and the visible spectrum of free HAMNU is the 
hypsochromic shift (38 nm) of the band corresponding to the 
absorption of the chromophore group that takes place in the 
case of Zn(I1) and Cd(I1) complexes. It may indicate that the 
nitroso group is bound to the metal, whilst in the visible spectra 
of Hg(I1) complexes, this displacement barely exists. These 
observations are in agreement with those found for some metal 
complexes with 6-amino-5-nitrosouracil ( 17, 18). 

In Table 3 are given the 'H nmr data of HAMNU and its 
isolated complexes. The signals between 9.7 and 11.7 ppm 
have been assigned to the resonance of Nl-H protons (17- 19) 
and their presence indicates that the ligand is not bound to 
metal ions through the N, atom. On the other hand, this signal 
appears shifted with respect to its position in the 'H nmr spectra 
of the free ligand, following two behavior types clearly de- 
fined. When the ligand is coordinated in anionic form (Zn(I1) 
and Cd(I1) complexes), this signal is shifted upfield, probably 
because of the increase of electronic density in the pyrimidine 
ring as a result of deprotonation (20). If HAMNU acts as a 
neutral ligand ((Hg(I1) complexes), this signal appears shifted 
downfield, since coordination produces a decrease of negative 
charge density in the pyrimidine ring (21). Moreover, the 'H 
nmr spectra show a signal at about 8 ppm, which has been 
assigned to the iminic proton, in the Zn(I1) and Cd(I1) com- 
plexes, and to the aminic hydrogens in the Hg(I1) complexes 
(17). 
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SALAS-PEREGRIN ET AL. 

The Zn(AMNU)?. 4H20, Cd(AMNU)2. 2H20, and Cd- 
(AMNU)2 complexes show practically the same infrared spec- 
tra. These show two bands in the 3400-3100 cm-' range. The 
band at higher wavenumber corresponds to the v(N-H) 
stretching vibration of the imino group and the other may be 
assigned to the v(NI-H) stretching vibration. The position of 
these bands is similar to those found for other analogous com- 
plexes with 6-amino-5-nitrosouracil derivatives (17, 18, 22). 
The v(C=O) band is shifted approximately 60 cm-' to lower 
wavenumber from its position in the ir spectrum of free 
HAMNU (I  I), which can be a result of the change of the 
electronic density in the ring after coordination. This has also 
been observed in analogous pyrimidine derivative complexes 
(23). Likewise, we observe a band at about 1500 cm-', which 
corresponds to the v(N=O) stretching vibration of the nitroso 
group. The presence of this band and the band corresponding 
to the v(N-H) vibration of the imino group indicate that the 
coordination of HAMNU to Zn(1I) and Cd(I1) ions takes place 
through the tautomer anionic form 11. 

Two new bands in the 600-200 cm-I region, corresponding 
to v(ML) vibrations, are certainly assignable to v(M-N) 
modes (18, 24-26). Likewise, there are no bands due to the 
existence of coordinated water molecules. 

On the basis of the obtained data, we suggest that, in the 
Zn(I1) and Cd(I1) complexes, the ligand is bound to metal ion 
in iminic anionic form 11, through the nitrogen and oxygen 
atoms of 5-nitroso and 6-oxide groups, respectively. This coor- 
dination mode coincides with the one found, from X-ray struc- 
tural studies on analogous 5-nitrosopyrimidine derivative com- 
plexes (27 -29). 

This binding mode could be supported in the ir spectra by the 
appearance of the band corresponding to v(C-0) stretching 
vibration. However, this band has not been observed since, due 
to the delocalization of negative charge by conjugation, this 
C-0 bond may show an appreciable double bond contri- 
bution. Consequently, this band must appear at around 1300 
cm-' (30) and could be masked by the v(C-N) bands of the 
ligand (18, 21). The lack of a shift of the v(N=O) band to 
lower wavenumber in the ir spectra of Zn(AMNU)2 .4H20 and 
Cd(AMNU), can be also explained by the above-mentioned 
conjugation, since the loss of electronic density of the nitrogen 
atom as consequence of the coordination may be counteracted 
by the delocalization of free negative charge of the oxygen 
atom of 6-oxide group and thus loses the single character of the 
C-0 whereas the electronic density of the N=O bond re- 
mains practically unaffected. 

Finally, in view of the fact that the water molecules are out 
of the coordination sphere, it is reasonable to conclude that for 
these three complexes the most probably structure is a distorted 
tetrahedron. 

The ir spectra of the Hg(I1) complexes show that at about 
3300 cm-I, a broad band can be assigned to the v(N-H) 
stretching vibration of an amino group. This band is confirmed 
by the band around 1660 cm-' that corresponds to S(N-H) 
in-plane deformation of this group. Bands at 3170 cm-' 
(HgC12(HAMNU)2. 2H20) and 3200 cm-' (HgC12(HAMNU)2 
H 2 0 )  can be assigned to v(NI-H) vibration. The displace- 
ment to lower wavenumber of the bands corresponding to 
v(C=O) and v(N=O) stretching vibrations is smaller than 
that observed in the Zn(I1) and Cd(1I) complexes, which agrees 
with the interaction in the neutral form of HAMNU. This 
assumption is also corroborated by the 'H nmr data of these 
complexes. 
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The far ir spectrum of HgC12(HAMNU)?.2H,0 shows two 
bands at 225 and 210 cm- ' ,  whlch may be assigned to the 
v(Hg-C1) stretching vibrations (31). Moreover, there are no 
bands assignable to v(Hg-OH2) mode. The presence of two 
bands for v(Hg-CI) mode suggests three structural possi- 
bilities for this complex: cis-planar, octahedral polymeric with 
chlorine bridging and tetrahedral. 

The first is inlprobable because of the electronic config- 
uration of metal ion (cl '") .  The octahedral polymeric structure 
is not normal in Hg(II) complexes and is present only in some 
adducts of mercury chloride with solvents such as methanol 
(32, 33), pyridine (34). and 1,4-dioxane (35). 

For these reasons, and taking into account the similarity of 
spectral data for both Hg(I1) complexes, it seems logical to 
propose for them a distorted tetrahedral structure, in which the 
HAMNU acts as a monodentate ligand (tautomer form I). In 
view of the several occasions in which crystal structure deter- 
minations proved that binding site assignments made on the 
basis of spectral evidence for pyrim~dine metal complexes were 
incorrect (29, 36-38), it would be rather naive to reach even 
a tentative conclusion favoring some atom of the exocyclic 
substituents over another one as the binding site of HAMNU in 
these Hg(1I) complexes with this ligand. 
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JOHN CASSIDY, JAMAL GHOROGHCHIAN, FERESHTEH SARFARAZI, and STANLEY PONS. Can. J .  Chem. 63, 3577 (1985). 
The use of orthogonal collocation in the treatment of the problem of an array of ultramicroelectrodes is presented and 

compared to existing digital simulation techniques. 

JOHN CASSIDY, JAMAL GHOROGHCHIAN, FERESHTEH SARFARAZI ct STANLEY PONS. Can. J .  Chem. 63, 3577 (1985). 
On rapporte les resultats obtenus lors de I'usage de collocations orthogonales dans I'examen du problkme d'un arrangement 

d'ultramicroClectrodes et on les compare aux resultats obtenus par les techniques existantes de simulation digitale. 
[Traduit par le journal] 

Introduction 
The geometries and methods of construction of ultramicro- 

electrodes have been approached in many ways since the pio- 
neering work in the area by Bindra et al. (1) at Southampton in 
the early 1970's. The analytical theoretical characterizations of 
some of the geometries have been developed and are just now 
beginning to appear in the literature. Although several elec- 
trode geometries hold great promise in terms of ease of con- 
struction, performance and ease of mass transport description, 
the round disk electrode has maintained popularity in use, 
primarily because of the convenience in preparing them in the 
10 to 50 p,m diameter range (2, 3). These comparatively large 
microelectrodes have significant analytical applications and 
characterization of their behavior is important. We provide 
characterization of some arrays of this type of ultramicroelec- 
trode in this report by orthogonal collocation simulation. 

The effect of the magnitude of the circumference to surface 
area ratio of disk electrodes embedded in insulators on the 
response of conventional electrochemical techniques has been 
studied by a number of groups, including ourselves, in the 
earlier parts of the series (4-7). In the limit, when the surface 
area approaches atomic dimensions, the ratio becomes large 
and hemispherical diffusion becomes predominant. Under such 
conditions, the mass transport coefficient varies as I / r  where 
r is the radius of the ultramicroelectrode at small dimensions. 
Heterogeneous rate measurements and stochastic process 
studies may be greatly facilitated (1) under these conditions. 
Reaction mechanistic studies are also facilitated but without the 
benefit of spectroelectrochemistry and direct product analysis 
due to the extremely small amounts of electrogenerated species 
formed. This problem may be mitigated by the construction of 
clusters or arrays of ultramicroelectrodes arranged so that their 
individual diffusion fields are isolated on the timescale of the 
experiment. Thus processes which normally occur at individual 
electrodes at high mass transport rates are essentially amplified 
to a level where analyses by product isolation or conventional 
spectroelectrochemical techniques are easily implemented. The 
possibilities of using microelectrodes in the form of colloidal 
particles as heterogeneous catalysts and fluidized bed reactors 
have also been examined (8- 10). Work has proceeded on a 
variety of ultramicroelectrode array geometries, including 
cross sections of epoxy embedded reticulated carbon arrays 
(1 1, 12) and arrays for liquid chromatography detectors (13). 
Geometries include those created by photoresist images (14, 

'TO whom all correspondence should be addressed 

15), carefully placed contiguous carbon fibers (13), sites of 
inactive oxides on metal substrates (16, 17), metal mesh (l8),  
and platinum particles dispersed in polymer films (19, 20). A 
variety o t  new geometries which may be able to be prepared at 
the 100 A level has been reported (21). 

Disk electrodes, embedded in an insulator, exhibit uneven 
nonlinear diffusion unless the edge of the electrode is confined 
by the perpendicular walls of the cell. Since the flux at the edge 
is greater than that towards the center, the overpotential near 
the edge will be greater than at the center. There will also be 
a reduction in overpotential caused by the resistance to charge 
transfer across the face of the electrode (22). The resulting 
secondary or tertiary current distribution must be considered in 
any full analytical treatment of the disk electrode. Whereas the 
iR drop through the solution is small at a microelectrode due to 
the small current, the effect on potential distribution across the 
face of the electrode may still be considerable because of the 
very uneven current distribution. When this is taken into ac- 
count along with the activation and transport overpotentials 
then the resulting "quaternary distribution" may be defined. 
These complications are currently under investigation using an 
iterative procedure. 

Theory 
The original analytical approach for the array, reviewed by 

Gueshi et al. (14), assumed that a steady state current was 
reached, and the resulting Laplace equation could be solved. 
For the rather large diameter electrodes used in most work 
today (>5 p,m) this is not a valid assumption since the rate of 
reaction will vary across the surface of a disk. The electrode is 
non-uniformly accessible. Reller et al. (23) used a digital sirn- 
ulation approach similar to that of Feldberg (24) to examine 
chronoamperometry at an array of microelectrodes and showed 
that while the original analytical solutions were correct at long 
and short times, at intermediate times they were not because of 
the "steady state" assumption. More recently Shoup and Szabo 
used a hopscotch algorithm and presented an equation for a 
general solution (25). Comparison between the regular hexa- 
gon model (Fig. l a )  and various reticulated arrays has been 
made (26). Although the hexagonal model is most popular 
because of its symmetrical advantages (14, 25, 27), disks have 
also been positioned in square arrays (28) and strips (29). 
Numerous electrochemical techniques have been considered, 
including chronopotentiometry (30), cyclic voltammetry (23, 
31), Faradaic impedance (32), and chronoamperornetry (14, 
27) which is considered here. 
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Orthogonal collocation techniques approximates the con- 
centration profiles by utilization of orthogonal polynomials. 
The differential equation is accurately satisifed at certain points 
- the zeros or roots of the approximation  polynomial^. The 
problem is ultimately reduced to a system of coupled ordinary 
differential equations which are simultaneously solved by 
conventional means. In the case of cylindrical co-ordinates, the 
following trial function in two dimensions x  and r  is chosen: 

where C ( x , r , t )  is the concentration at a distance x  above the 
electrode and radial distance r  away from the center of the 
electrode as shown in Fig. 1 b. N,  and N ,  are the number of 
internal collocation points and A,,, is determined by the number 
of points and the type of polynomial chosen (vide-infra). After 
differentiation and substitution the following relations are 
found, where A,.;, B ,.,, C,,P,  Dl.k are constants, the values of 
which are detailed in earlier papers ( 4 - 7 ) ,  and need only to be 
calculated once for a given geometry and polynomial. 

In this paper, the model due to Gueshi (14) is used (see 
Fig. l a ) .  The geometry is characterized by many contiguous 
unit cells, each an image of the other, so that there is perfect 
symmetry maintained in the macroscopic sense. The following 
simple electron transfer reaction is examined: 

The diffusion equation in cylindrical coordinates is 

a C A  
t41 7 = DA [$ +--+ -  r  ar a2cAl a r 2  

Given that the diffusion coefficients of the two species are similar, and the fraction of the surface covered with electrodes is 0, 
the boundary conditions are the following: 

[7]  t > O , x = O , O < r < r o  
c ~ ( O , r , t )  nF 

= exp [ r n ( E O  - E ) ]  
C,(O,r,t) 

[I  I] t  > 0 ,  at all x ,  r  = rol  

As before the cylindrical geometry is divided into the space above the electrode surface and above the insulator where the 
concentrations are C ,  and C2,  respectively. At the interface the following equations hold for all species 

L A -  
ro is the radius of the active disk and the total area of a hexagon 
unit is approximated by a disk of area n r O t 2 .  The radii are [IS1 = I- rn  
therefore related by 

[14] 0 = 1 - ( ro / r01 )2  

The transformations to converted the problem to dimensionless T = E !  
units and to a space between 0  and 1 are as follows: r  0' 
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FIG. 1. (a)  Hexagonal array model; the shaded area is active. ( b )  
Cylindrical co-ordinates. 

L is some distance into solution where no diffusion occurs 
during the time of the experiment. The dimensionless diffusion 
equations are: 

(a) Above the active sur$ace 

where Al  denotes the species A above the active area. An 
identical equation results for Cs, 

(b) Above the insulator 

and 

P = (ro/L)' and y = 

where A 2  denotes the species A above the insulator. An iden- 
tical equation results for B2. Legendre polynomials have been 
used for discretization in both the x and r directions. The 
summations [2] may be substituted into the original diffusion 
equations. 

After substitution, expressions for the time derivative of the 
concentration of the species as a function of the concentration 
at the collocation points are obtained. For example, for species 
A above the active area, 

This system of ordinary differential equations is solved simul- 
taneously, and the concentrations at the collocation points 
found. The current is evaluated as 

and the dimensioned flux is 

where the integral is evaluated by a Gaussian quadrature tech- 
nique in a manner similar to that described earlier in the series 
(4-7, 33). 

Results and discussion 
At short times, diffusion to the array will be controlled by the 

diffusion to the individual microelectrodes, i.e., the diffusion 
is highly nonlinear. At long times, the "near" hemispherical 
diffusion fields of adjacent microelectrodes will overlap and 
the mass transport resembles diffusion to a planar electrode. 
Practically at long times (Dt/ro2 > 3 X lo-') convection 
occurs (6). 

The value of P, which is a function of L,  is given by 

The simulated current is a function of P which is chosen from 
the following inequality 

where T,,, is the total dimensionless time of the experiment 
(Dt/ro2). This condition allows stable integration by the 
DHPCGL (SSP Library) subroutine, and an iterative change in 
p for each time step such as [24] was found to be no more 
effective. 

With the number of internal points equal to six, the C.P.U. 
time for a complete run from l / t  = 100 s-I to l / t  = 2 s-I is 
about 120 s. 

A rule of thumb for natural convection to occur in this case 
is given by: 

r convection to occur (34). 

for convection to occur (35). 

Where R ,  is the Rayleigh number 

where D is the diffusion coefficient, p the density, g, gravity, 
and p, is the viscosity. At short times 1 is the radius of the unit 
cell and at long times 1 represents a characteristic dimension of 
the macroscopic array such as the array radius, if the array 
takes the form of a disk. R ,  is a function of the dimension to 
the fourth power and for a unit cell convection is very unlikely 
to occur. However, this is not the case when the macroscopic 
electrode is considered. 

Depending on the value chosen for 8, and ro  the micro- 
electrodes may be far enough apart to be isolated from each 
other, or close enough that their diffusion layers overlap. In the 
former case convection is unlikely to occur and this property 
has been used in flow rate independent detectors. Results for 
both these situations are presented. 

In Fig. 2 the results of the present technique are compared to 
those calculated by Lindemann and Landsberg and Reller et al. 
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( T I M E I - ' ~ ~  S-ll2 

FIG. 2. Flux per total area vs. t-'I2. Curve I: Lindemann and 
Landsberg result from ref. 27; curve 2: result from Reller et al. from 
ref. 27; curve 3: collocation result with 0 = 0.99, r = 19.9 km,  
C" = 0.01 M, D = I X lo-' cm2/s, p = 1.9; curve 4: flux per total 
area by Cottrell equation. 

I I 
6 .  

4 .  

FLUX 
r n ~  tx? 

2. 

FIG. 3. Flux per total area vs. t I i 2 .  *: estimated from Reller el al. 
in ref. 27; ... : calculated from equation from Shoup and Szabo, 
Table 2 in ref. 25 with 0 = 0.528, -orthogonal collocation result 
with Co = 0.01 M, D = I x lo-' cm2/s, 0 = 0.53, P = 0.1, r = 
43.9 km. 

in ref. 27 for a highly blocked surface, i.e., 99% inactive, (0 
= 0.99, rot = 199.9 pm, ro = 19.9 pm). Our results agree 
with those of Reller et al. and extrapolation to infinite time, in 
the absence of convection, yields a finite current, characteristic 
of individual hemispherical diffusion at each microelectrode. 
The current per unit area is seen to be greater for active sites 
distributed in an insulator than for the pure semi-infinite linear 
diffusion. In Fig. 3 our results are compared with those of 
Reller et al. from Ref. 27 and Shoup and Szabo from ref. 25. 
In this case the blocked area is of the same order as the active 
area and at I / ~  = 2 s-'I' the diffusion layers of the micro- 
electrodes have overlapped forming a blanket diffusion layer. 
Thus convection is likely to be able to complicate the mass 
transport. As can be seen, however for intermediate times there 
is excellent agreement among the three simulations. In all the 
results presented, six internal collocation points were used and 
(3 was found using the inequality (23). 

In Fig. 4 a comparison is made between the experimental 
results from curve 1 in ref. 36, the calculated results from ref. 
25 with 0 = 0.841 and our calculations. Our results compare 
well with the experimental results and those of Reller et al. in 

FIG. 4. Flux per total area vs. t-''I. *: calculated from Table 7 in 
ref. 25, with 0 = 0.841; A: experimental data estimated from curve 
I in ref. 36;-: result from orthogonal collocation, D = 6.8 X lo-' 
cm2/s, C = 0.01 M, 0 = 0.84, r.  = 12.5 km,  P = 0.01. 

ref. 27. However, at long time periods the outer boundary 
conditions are violated. This problem is alleviated using a 
greater number of collocation points which is only necessary 
for larger values of 0. 

Since heterogeneous kinetics can be observed more readily 
at arrays of microelectrodes due to the accelerated rate of mass 
transport, other electrochemical experiments are useful in the 
kinetic analysis. Cyclic voltammetry is one useful technique 
for these studies, and is currently under investigation. 

Comparison of calculation times between the orthogonal col- 
location technique and explicit or implicit fixed and variable 
grid finite difference methods still supports the conclusion 
reached in earlier reports; the calculation time required for 
the collocation method is still at least an order of magnitude 
faster than the finite difference schemes for the same local 
error. The initial mathematical rigor, however, is somewhat 
more demanding. 

Conclusion 
Orthogonal collocation was used to simulate the diffusion 

process at an array of ultramicroelectrodes. Despite the fact that 
no account was taken of the current and potential distributions 
across the face of each electrode, the simulated curves compare 
well with the experimental results. A more complete solution, 
taking into account current and potential distributions across 
the face of the electrode is necessary for cyclic voltammetry. 
As can be seen in Fig. 2, the enhancement of current compared 
to that of semiinfinite linear diffusion can be used for more 
efficient recovery of metals or catalysts. The next logical 
progression in the series is three dimensional arrays of ultra- 
microelectrodes in the form of bipolar fluidized bed reactors 
which are currently under consideration. 
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A. C. HOPKINSON and M. H. LIEN. Can. J .  Chem. 63, 3582 (1985). 
Ab itlifio molecular orbital calculations with a 6-3 lG* basis set have been used to optimise structures for CX', CHX", CHX 

(both singlets and triplets), H2CX' and H,CX (X = H, CH,, NH2, OH, F, CN, and NC). Single point calculations were then 
performed on the 6-31G* optimised structures using a configuration interaction method involving all single and double 
excitations from the valence shell. Stabilisation energies for the carbocations are compared with those already reported for 
H2CX'. For the carbenes the single-triplet energy gap is examined as a function of substituent and the stabilisation energies 
of the singlet carbenes are compared with those of the isoelectronic carbocations H2CX'. Proton affinities are reported for the 
singlet carbenes and are compared with the proton affinities of similarly substituted ethylenes, H2C=CHX. 

A. C. HOPKINSON et M. H. LIEN. Can. J .  Chem. 63, 3582 (1985). 
On a utilist des calculs d'orbitales moltculaires nb inifio avec une base 6-3 IG* pour optimiser des structures pour CX', 

CHX", CHX (tant sous forme de singulets que de triplets), H2CX' et H,CX (X = H, CH,, NH2, OH, F, CN et NC). Faisant 
appel i une mCthode d'interaction de configuration impliquant toutes les excitations simples et doubles des couches de valence, 
on a alors effectuC des calculs i point unique sur des structures optimistes en 6-3 IG*. On a compart les energies de stabilisation 
des carbocations avec celles rapporttes anttrieurement pour le H2CX+. Dans le cas des carbknes, on a examine la diffkrence 
d'tnergie singulet/triplet en fonction du substituant; de plus, on compare les Cnergies de stabilisation des carbknes singulets 
avec celles des carbocations isoClectroniques H2CX'. On rapporte les affinitCs protoniques des carbknes triplets et on les 
compare avec les affinitts protoniques des Cthylknes H,C=CHX substituts d'une faqon similaire. 

[Traduit par le journal] 

It has long been established that increasing the substitution 
at a carbocation centre increases the stability of the ion. Ter- 
tiary cations, RRIR"C', then, are the most stable and the pri- 
mary carbenium ions, RCH,', are the least stable. In tertiary 
cations all three groups are potential T-donors and the tertiary 
ions (CH3),CXi show considerably less substituent dependence 
than the primary ions H,CXt (1 -6). Indeed, the highest sub- 
stituent sensitivity ever observed is for the formation of H2CXt 
from electron impact on H3CX in the gas phase (7). 

Substituents containing a heteroatom with a lone pair of 
electrons in the a-position (X = NH2, OH,  and F) function both 
as strong a-donors to the "vacant" p-orbital on C t  and also as 
u-acceptors. This class of substituents is the most effective at 
stabilising carbenium ions. Recently there has been consid- 
erable interest, both experimental (8-12) and theoretical 
(1,2,4-6) in carbenium ions containing an a-substituent which 
is usually both u- and a-electron-withdrawing (X = NO,, 
CHO,  COOR, CN) . '  Here the substituents are destabilising, 
but in primary carbenium ions the destabilisation is less than 
expected on the basis of inductive electron-withdrawal. Calcu- 
lations (5, 6) have shown that in these ions the substituents 
function as  T-donors to the "vacant" p-orbital on the electron- 
deficient carbocation carbon. ' 

All the theoretical studies to date have focussed on substit- 
uent effects in ions in which the cationic carbon has three 
u bonds. Having observed that primary carbocations are more 
substituent dependent than tertiary carbocations it seemed pos- 
sible that ions CHXt '  and C X t  would have even greater substi- 
tuent dependence. We now report our ab initio molecular or- 

'Indirectively-destabilised carbocations have been reviewed in 
ref. 12. 

bital study of ions C X ' ,  CHX", and H2CXt. where X is H, 
CH3, NH2, O H ,  F ,  CN,  and NC. 

Carbenes, CHX,  also contain an electron-deficient carbon 
atom and a-substituents having a lone pair of electrons are 
known to stabilise the singlet state (13-20). Here there is no 
positive charge to assist in attracting the lone pair to the carbene 
centre and substituent effects are therefore smaller than in the 
carbocations. Carbenes have previously been examined at var- 
ious levels of theory (15-20) and we  have included them here 
to permit comparison with the carbocations. 

All molecules and ions were subjected to geometry opti- 
misation at the 6-3 1G:': level of theory (21) using the gradient 
techniques (22, 23) in the MONSTERGAUSS program (24). 
Single point calculations were then performed with a CI pro- 
gram using the direct CI method (25) and including all single 
and double excitations from the valence shell to all the virtual 
orbitals. 

Results 
(a )  Carbocations 

The effect of X in the carbocations relative to its effect in 
methane can be assessed from reactions [ l ] ,  [2], and [3] using 
the total energies reported in Table 1. A positive energy for 
these reactions (i.e. an endothermic reaction) indicates that the 
substituent is more stabilising in the cation than in methane and 
we  define the substituent stabilisation energy as AE for reac- 
tions [I]-[4]. With the exception of the cyano group, all the 
substituents are stabilising (Table 2), with the largest effect 
being in CXt  and the smallest in H2CXt.  

[I] CX' + CH, + H,CX + CH' 
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TABLE 1. Total energies for CX+, CHX", CH2X+, CH,X, CHX (singlets), and CHX (triplets) 

Molecular species H CH, NH2 OH F CN NC 

(a) 6-31G*//6-31G* 
CX' 
HCX" 
HZCX' 
H3CX 
HCX (singlet) 
HCX (triplet) 

(b)  C1//6-31 G* 
CX+ 
HCX" 
H2CX+ 
HxCX 
HCX (singlet) 
HCX (triplet) 

"At the 6-3IG*//6-3IG* level the open cation is the more stable while at the (2116-3IG* level the symmetrically bridged ion has the lower energy 
(29). At both levels of theory the two structures are very close in energy and we report energies for the open cation here. 

FIG. I .  Plot of calculated charge on the cationic carbon 
(6-3 1 G*//6-3 1 G*) against the electronegativity (Allred-Rochow 
electronegativities from ref. 27) of the heteroatom atom attached to 
the cationic carbon. 

Inclusion of correlation energy increases all the stabilisation 
energies by 10- 12 kcal/mol. As in other carbocations, 
m--donors produce the most dramatic stabilisation with the 
amino group being the most effective. The cyano group is 
destabilising in all the carbocations, with the destabilisation 
being smallest in CCN' and largest in H2CCNt. From these 
results then we find the increase in substituent stabilisation with 
the decrease in ion size, as first noted for ions (CH,)2CX', 
CH3CHX', and CH2Xt, is continued as the size of the ion is 
further decreased to CHX'' and CX'. 

In all the cations hydrogen is the least electronegative ele- 
ment attached to the cationic carbon and most of the positive 
charge of the ion is carried by the hydrogens. Consequently for 
a given substituent X the positive charge on the cationic carbon 
is largest in CX' and smallest in CH2Xt (e.g. when X is NH2 

the charge on C' is +0.624 in CNH,', +0.324 in HCNH,", 
and +0.038 in HZCNH2'). For each series of carbocations the 
total charge on C' increases roughly linearly with the electro- 
negativity of the heteroatom (27) (Fig. 1). The amino group is 
the strongest m--donor (Table 2) but for each substituent the 
amount of m--donation increases slightly on going from CX' to 
CHX" to H2CXt, notwithstanding the increasing separation 
between C' and X along this series of ions. The total positive 
charge on X decreases from CX' to H,CX', and since 
m--donation is smallest in CX', then in the three types of carbo- 
cations -Ct must be the strongest u-acceptor and -CH2' the 
weakest. 

(b) Carbenes 
Methylene is a ground state triplet ( la) ,  lying - 10 kcal/mol 

below the singlet state ( lb)  (28). If the substituent X is a 

m--donor then, as in carbocations, the singlet structure is sta- 
bilised by donation into the "vacant" p-orbital on the carbene 
carbon. This interaction has been studied previously at various 
levels of theory (17-20) and while our calculations used a 
larger basis set than in most studies, the overall trends and 
conclusions which we find are in agreement with the literature. 
At the 6-3 1G*//6-31G* level the singlet-triplet splitting (S-T 
gap) is negative for the two strongest m--donors, NHZ and OH, 
indicating that the singlet states are lower in energy 
(Table 3). At the CI//6-31G* level, as expected due to the 
larger correlation energy of the singlets, ail the singlets are 
lowered in energy relative to the triplets and at this level the 
singlet state is now lower than the triplet for CHF. 

In the carbenes studied here m--donation. where ~ossible.  is 
the dominant interaction and clearly stabilises the singlet rela- 
tive to the triplet. However, the cyano substituent, which usu- 
ally functions as both a u- and m--acceptor, is also weakly 
stabilising (by 4 kcal/mol at 6-3 1G*//6-31G*) and here again 
the stabilisation can be.attributed to m--effects. In singlet cyano- 
methylene, as in carbocations, the cyano group functions as a 
m--donor, although the magnitude of the donation is smaller 
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TABLE 2. Bond lengths, charge distribution, and stabilisation cnergies in carbocations 

Stabilisation 
energies from 

reactions 

Total charge on T-density on [I], P I ,  and [31 

Ion C-X distance"." cationic carbon".' cationic carbon ".' 6-3 I G ' C C I  

HC' 
H2C" 
H3C' 
H3CC' 
H3CCH" 
H3CCHI' 
H2NC' 
HrNCH" 
H2NCHI' 
HOCH' 
HOCH" 
HOCH?' 
FC' 
FCH +' 

FCHz' 
NCC' 
NCCH '* 
NCCH2' 
CNC' 
CNCH '* 
CNCH,' 

"From 6-3 IG"//6-3 1G" level. 
"Distances are in A. 
'Charges are in electrons. 
"Stabilisation energies are in kcal/mol. 
"Molecule defined to be in ,vz plane and only .rr, used. 
'The gas phase reaction HICX + e + HICX3 + H + 2e gives the following substituent stabilisation cnergies: 

CH,, 35 kcal/mol; NH,, 95 kcal/mol; OH, 60 kcal/mol; F, 26 kcal/mol; CN, - I0 kcal/mol. (7) 

TABLE 3. Carbene singlct-triplet energy gaps and stabilisation energies" from eq. [4] 

Stabilisation cnergies 
- - 

E(S) -E(T) Singlct Triplet 

X 6-31G*//6-31G:Vl//6-31G:' .  6-31G"//6-31G" C1//6-31G:': 6-31G"//6-31G" C1//6-31G:': 

"All energies in kcal/mol. 

than in carbocations (in HC(CN) the T-population of the car- 
bene p-orbital is O.l09e, compared with the T-population of 
0.261e on the cationic carbon of HC(CN) "). In triplet cy- 
anomethylene the cyano group reverts to its normal role as a 
T-acceptor, although the T-donation from the carbene carbon 
is very small (0.036e). 

The S-T gap for a large number of carbenes has been found 
to correlate with Aq,, the change in T-electron density of 
benzene on introducing the substituent X (20). We find that the 
S-T gap from our calculations correlates with Aq, (correlation 
coefficient 0.965 at 6-31G2.//6-31G2$, 0.995 at C1//6-31G4), 
and also shows a similar linear correlation with the T-density 
of the "vacant" p-orbital on the carbene carbon of the singlet 

(correlation coefficients 0.954 at 6-3 1G:'://6-3 lG* and 0.995 at 
CI//6-31G":). For both plots the cyano and isocyano substit- 
uents deviate the most and as these two substituents were not 
considered at the CI level, then the correlations with the C1 data 
are better. 

Reaction [4] has been used to estimate substituent sta- 
bilisation of carbenes over and above any stabilisation in meth- 
ane (17). All substituents are stabilising in 

both the singlets and the triplets, but the only large effects are 
for T-donors in the singlets (see Table 3). As with the carbo- 
cations inclusion of correlation energy increases the stabili- 
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TABLE 4. Proton affinities (kcal/rnol) of singlet carbenes CHX and 
alkenes HZC=CHX 

Carbenes 
Alkenes 

"Using the bridged C2Hs' ion, the proton affinities arc 243.2 kcal/mol 
(6-3 1G"//6-3 IG*) and 247.9 kcal/mol (C1//6-3 IG*). 

sation energies by between 2 and 10 kcal/mol. For singlet 
carbenes containing n-donors the stabilisation is smaller than 
in the cations HZCX+ when X is NH, (61.6 kcal/mol compared 
with 98.8 kcal/mol) and X is OH (51.2 kcal/mol compared 
with 64.7 kcal/mol), but the stabilisation of CHF is greater 
than that of H'CF'(32.9 kcal/mol compared with 23.9 kcal/ 
mol). Also the cyano group which is destabilising in all carbo- 
cations is weakly stabilising in both singlet and triplet carbenes. 

(c) Proton affinities of singlet carbenes 
The proton affinity of a carbene is the negative of the en- 

thalpy of the reaction described by reaction [5]. The parent 
carbene (X = H) has a proton affinity of 224.6 kcal/mol at the 
6-3 1 G'"6-3 1 G:Vevel and 220.7 kcal/mol at CI//6-3 1 G* 

[5] CHX + H+ + H2CX+ 

(Table 3). These are considerably higher than the proton affin- 
ity of ethylene (reaction [6], X = H) which is calculated to be 
175 kcal/mol at the 6-3 1 G*//6-3 1 G* level (6). 

'The product of protonation of ethylene, the ethyl cation 
C H ~ C H ~ ,  is stabilised by hyperconjugation between the methyl 
group and the cationic carbon (at the 6-3 1GA//3-2 1 G level the 
stabilisation is 30 kcal/mol (6). 'This stabilisation is measured 
relative to that afforded by the hydrogen atom in CH7' ,  so the 
high proton affinity of singlet CH2 relative to that of C2H4 
results from the high energy of singlet CH,. 

The inclusion of correlation energy in the protonation reac- 
tion has little effect on the calculated proton affinities of any of 
the five carbenes examined. T-Donating substituents are 
weakly stabilising in ethylene (28) but are strongly stabilising 
in a-X-ethyl cations (6), with the result that the proton affini- 
ties of alkenes H2C=CHX are larger for T-donors and are very 
substituent dependent (Table 4). The cyano group is weakly 
stabilising in acrylonitrile, HZC=CH(CN) (28), and is de- 
stabilising in CH7CH(CN)+ (6) and consequently the proton 
affinity of acrylonitrile is 18.2 kcal/mol less than that of ethyl- 
ene. By comparison, in the protonation of singlet carbenes, 
both CHX and CH,Xi are strongly stabilised by T-donors and 
the proton affinities of the carbenes are therefore less substit- 
uent dependent than those of the ethylenes. For example, the 
strongest T-donor, the NH, group, increases the proton affinity 
of methylene by 31.9 kcal/mol compared with an increase of 
66.1 kcal/mol in ethylene. 

Conclusions 
The increase in dependence on substituents previously ob- 

served on going from a tertiary carbeniurn ion to a primary 
carbenium ion is continued when the coordination at the ca- 
tionic carbon is reduced from three. The stabilisation energies 
of ions CHX" are all larger than those of CH,X+ but the 
differences are less than 7 kcal/mol, reflecting the fact that the 
electronic structures at the cationic carbons are similar in the 
two classes of ions ("sp' hybridised" with a vacant p-orbital 
which interacts with n-donors). In C X '  the carbon atom is "sp 
hybridised" and there are two vacant p-orbitals available to 
interact with the substituent; the substituent effects in ions CX' 
are therefore much larger than in CHX " and CH?X ' . Using the 
amino-substituted carbocations as an example then the stabili- 
sation energies (kcal/mol) on going from the tertiary car- 
benium ion to CX' are 63.4 for (CH7)2C'NH2, 72.3 for 
(CH7)HCbNHZ, 86.5 for H2CbNH2,  89.6 for HCNH,", and 
114.6 for CNH2' (all calculations at 3-31G* level). In carbo- 
cations the a-cyano group is a weak n-donor but the overall 
effect is destabilising even in CCN I .  Nevertheless the de- 
stabilisation by cyano is smallest in CCN ' (stabilisation energy 
is -5.4 kcal/mol) and becomes progressively larger up to 
(CH7),C4CN (stabilisation energy - 19.5 kcal/mol). 

Substituents are only weakly stabilising in triplet carbenes, 
CHX,  but in the corresponding singlets there is strong n + p  
stabilisation as in carbocations. For the strongest n-donors, 
NHZ and O H ,  and also for CH7 which interacts with adjacent 
vacant p-orbitals through hyperconjugation, the substituent sta- 
bilisation is larger in CHX " than in CHX. However, for the 
other substituents the stabilisation is larger in the singlet car- 
benes CHX and the cyano group, which destabilises all carbo- 
cations, is weakly stabilising. 

Acknowledgements 
W e  thank the Natural Sciences and Engineering Research 

Council of Canada for financial support and York University 
Computer Centre for generous allotments of computer time. 

I .  M. H. LIEN, A. C. HOPKINSON, and M. A. MCKINNEY. J .  Mol. 
Struct. Theochern. 105, 37 (1983). 

2. M. N .  PADDON-ROW, C. SANTIAGO, and K. N.  HOUK. J .  Am. 
Chern. Soc. 102, 6561 (1980). 

3. Y. APELOIG, P. V. R. SCHLEYER, and J .  A. POPLE. J .  Am. Chem. 
SOC. 99, 1291 (1977). 

4. J .  B. MOFFAT. J .  Am. Chern. Soc. 104, 3949 (1982). 
5. D. A. DIXON, R. A. EADES, R. FREY, P. G. GASSMAN, M. L. 

HENDEWERK, M. N.  PADDON-ROW, and K. N.  HOUK. J .  Am. 
Chern. Soc. 106, 7863 (1984). 

6. M. H. LIEN and A. C. HOPKINSON. J .  Mol. Struct. Thcochcrn. In 
press. 

7. R. W. TAFT, R. H. MARTIN, and F. W. LAMPE. J .  Am. Chem. 
SOC. 87, 2490 (1965). 

8. P. G. GASSMAN and J .  J .  TALLEY. J .  Am. Chern. Soc. 102, 1214 
(1980); 102, 4138 (1980). 

9. X. CREARY and C. C. GEIGER. J .  Am. Chcrn. Soc. 104, 4151 
(1982). 

10. A. C. HOPKINSON, L. H. DAO, P. DUPERROUZEL, M. MALEKI, 
and E. LEE-RUFF. J .  Chern. Soc. Chern. Cornrnun. 727 (1983). 

11. G. A. OLAH, M. ARVANAGHI, and G. K. S. PRAKASH. J .  Am. 
Chem. Soc. 104, 1628 (1982). 

12. P. G. GASSMAN and T. T. TIDWELL. Acc. Chern. Res. 16, 279 
(1983); J .  P. BEGUE and M. CHARPENTIER-MORIZE. Acc. Chem. 
Res. 13, 207 (1980). 

13. A. J .  MERER and D. N .  TRAVIS. Can. J .  Phys. 44, 525 (1966); 
44, 1541 (1966). 

14. C. W. MATHEWS. Can. J .  Phys. 45, 2355 (1967). 
15. R. HOFFMANN, G. D. ZEISS, and G. W. VAN DINE. J .  Am. Chem. 

SOC. 90, 1485 (1968). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3586 CAN. J. CHEM. VOL. 63. 1985 

16. R. GLEITER and R. HOFFMANN. J .  Am. Chem. Soc. 90, 5457 
( 1968). 

17. N. C. BAIRD and K. F. TAYLOR. J. Am. Chem. Soc. 100, 1333 
(1978). 

18. D. FELLER, W. T. BORDEN, and E. R. DAVIDSON. Chem. Phys. 
Lett. 71, 22 (1980). 

19. C. W. BAUSCHLICHER, H. F. SCHAEFER 111, and P. S.  BAGUS. J .  
Am. Chem. Soc. 99, 7106 (1976). 

20. P. H. MUELLER, N. G. RONDAN, K. N. HOUK, J .  F. HARRISON, 
D. HOOPER, B. H. WILLEN, and J .  F. LIEBMAN. J .  Am. Chem. 
SOC. 103, 5049 (1981). 

21. P. C. HARIHARAN and J .  A. POPLE. Theor. Chim. Acta, 28, 213 
(1973). 

22. H. B. SCHLEGEL. Ph.D. Thesis, Queen's University. 1975. 

23. W. C. DAVIDON. Math Programming, 9, 1 (1975). 
24. M. R. PETERSON and R. A. POIRIER. MONSTERGAUSS. 

University of Toronto, Toronto, Ont. 1980. 
25. N. C. HANDY, J .  D. GODDARD, and H. F. SCHAEFER 111. 

J .  Chem. Phys. 71, 426 (1979). 
26. J. F. HARRISON, R. C. LIEDTKE, and J .  F. LIEBMAN. J .  Am. 

Chem. Soc. 101, 7162 (1979). 
27. F. A. COTTON and G. WILKINSON. Advanced inorganic chem- 

istry. 3rd ed. Wiley Interscience, New York. 1972. p. 115. 
28. J. D. DILL, A. GREENBERG, and J .  F. LIEBMAN. J .  Am. Chem. 

SOC. 101, 6814 (1979). 
29. K. RAGHAVACHARI, R. A. WHITESIDE, J .  A. POPLE, and P. V. R. 

SCHLEYER. J .  Am. Chem. Soc. 103, 5649 (1981). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Pressions de vapeur des melanges eau - nitrate d'ethylammonium a 298'15 K. 
Proprietes thermodynamiques des milieux eau - sel fondu 
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M. BIQUARD, P. LETELLIER et M. FROMON. Can. J.  Chem. 63, 3587 (1985). 
L'activitt et le coefficient d'activitC de I'eau dans les melanges eau - nitrate d'Cthylammonium (NEA) entre I'eau pure et 

le sel pur fondu ont CtC determinks par des mesures de pressions de vapeur 298,15 K.  Le comportement de I'eau dans la 
gamme de fraction molaire du sel, comprise entre 0,3 et 1 peut Ctre decrit au moyen d'une relation IinCaire entre le logarithme 
du coefficient d'activitC de I'eau y,, la fraction molaire, X du sel et I'enthalpie libre de dilution de I'eau a dilution infinie dans 
le NEA pur, AG;: . -0 

L'interprttation des rCsultats expkrimentaux a Cgalement CtC tentCe a I'aide de 1'Cquation B.E.T. I1 apparait que dans les 
melanges eau-NEA, le terme CnergCtique relatif a I'adsorption de I'eau est voisin de zCro. On montre que dans ce cas prCcis, 
la relation empirique proposCe et I'Cquation B.E.T. conduisent a une mCme description du comportement de I'eau et du sel, 
tant au plan de I'enthalpie libre qu'a celui des volumes. 

M .  BIQUARD, P. LETELLIER, and M. FROMON. Can. J .  Chem. 63, 3587 (1985). 
The activity and activity coefficient of water in water and ethylammonium nitrate (EAN) mixtures were determined by vapor 

pressure measurements between pure water and pure fused salt at 298.15 K.  For a wide range of mole fractions of salt, 
(0.3 < X 5 I) the behaviour of water can be described very accurately by a "one parameter" empirical equation which involves 
activity coefficient, YE, mole fraction of EAN, and limiting Gibbs energy of the dilution of water in pure fused salt, A G ~ :  

Interpretation of experimental results was also attempted by use of the B.E.T. equation. I t  appears that the energy, AE,, = 
E - EL, in those solutions is very low. Partial molar volumes of water and salt are also discussed in relation to empirical 
and B.E.T. equations. It can be shown that the two equations lead to similar results. 

Introduction 
L'utilisation d'un sel fondu h la temperature ambiante, le 

nitrate d'ethylammonium, NEA, (Tr  = 14"C), miscible h l'eau 
en toute proportion, permet l'etude thermodynamique 2 
298,15 K des interactions qui s'etablissent entre un electrolyte 
et l'eau, pour une gamme de composition etendue, comprise 
entre l'eau pure et le sel pur fondu. 

I1 a d&jh etC expos&, dans une publication antkrieure ( I ) ,  une 
ttude volumttrique des melanges eau-NEA au cours de la- 
quelle il a CtC montre que le volume molaire partiel de l'eau 
varie linkairement avec sa fraction molaire dans le milieu. 

Afin de juger de la gCnCralite de cette dernikre proprietC et 
de ses implications sur les autres grandeurs thermodynamiques, 
la ditermination des activitks de l'eau et du sel a CtC entreprise 
dans ces m&mes milieux en utilisant une mCthode precise de 
mesure de pressions de vapeur. 

I. Technique experimentale et resultats experimentaux 
Technique expPrimentale 

(a) Le nitrate d'Cthylammonium (NEA) a CtC prCparC par une tech- 
nique proche de celle proposte par Evans et 01. (2): Une solution 
d'Cthylamine a 33% (Prolabo) est neutralisCe par de I'acide nitrique de 
densit6 Cgale a 1,33 (Prolabo) dans un becher refroidi dans un bain de 

' Auteur a qui adresser la correspondance. 
'La revision resue le 20 juin 1985. 

glace. La solution saline est concentrke I'Cvaporateur rotatif a 60°C 
pendant 3 h et I'eau de la solution concentrke est CIiminCe par sechage 
sous vide pendant 3 jours en presence de PZOS. Le point de fusion du 
sel a CtC trouvC Cgal h 14°C. 

(b) Les tensions de vapeur ont CtC mesurees I'aide d'une jauge de 
prCcision Texas Instrument (3). Aprks dCgazage par congClation et  
fusion successives, les solutions sont plongCes dans un bain thermos- 
tat6 a 298,15 K. La prCcision obtenue sur les tensions de vapeur est 
de +- l X lo-' Torr (I  Torr = 133.3 Pa). 

(c) Les solutions ont CtC prCparCes par gravimktrie a partir d'eau 
bidistill& et de sel fondu pur. 

Rts~t1rat.s expkrimentaux 
Les pressions de vapeur mesurCes au-dessus des diffkrentes solu- 

tions de fraction molaire X en NEA sojft reportees dans le tableau I .  
La tension de vapeur de I'eau pure, P,, a CtC dCterminCe a 298,15 K 

et trouvCe Cgale 23,75 Torr, ce qui correspond a la valeur gCnCra- 
lement admise (4). 

Les mesures rCalisCes avec le sel pur conduisent a une pression de 
vapeur inferieure h 4 X lo-' Torr. I I  est donc ICgitime de considCrer 
que la pression de vapeur mesurCe au-dessus des solutions correspond 
uniquement celle de I'eau. 

L'activite et le coefficient d'activitC de I'eau, rCfCrCs B l'eau pure, 
ont CtC calculCs au moyen des relations: 

ou X est la fraction molaire du sel dans la solution. I1 n'a CtC apportk 
aucune correction de fugacitC des gaz dans le calcul des activitCs de 
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BIQUARD ET AL. 3589 

TABLEAU 2. Pressions de vapeur de l'eau: experimentales et calculCes au moyen des equations [ I  I] et 1231 en fonction de 
la fraction molaire du sel 

X 

Pression (Torr) 0 0,0247 0,111 0,147 0,220 0,330 0,500 0,648 0,801 0,942 1 

PE exp 23,75 22,73 19,85 18,88 16,75 13,99 9,78 6,63 3,50 1,02 -0,04 
PE calc. [ l  I] - 22,95 20,26 19,18 17,07 14,08 9,86 637 3,50 0,96 - 

PE calc. [23] - 22,92 20,17 19,08 16,96 13,97 9,81 637 3,53 0,98 - 

FIG. I. Variation de In yE avec la fraction molaire du sel dans le 
mClange eau-NEA. 

tkgration j'(X), nulle dans le sel pur, garde une valeur suf- 
fisarnrnent faible pour &tre negligee dans la garnrne 0,3 < X 
5 1. Dans ce dornaine de concentration les valeurs du coeffi- 
cient d'activitt de l'eau, refere 2 I'eau pure, sont decrites par: 

dans laquelle AG; = -919 Joules. La relation [9] constitue un 
cas particulier de l'tquation [6] pour une pression, une tern- 
ptrature et un dornaine de composition donnes. L'activitC de 
l'eau, a,, peut ainsi &tre calculCe a partir de la relation: 

et sa pression de vapeur par: 

A G ~  

[ l l ]  PE = P: (1 - X) eHrX 

Les valeurs de P, calculCes au rnoyen de 1'Cquation [ l  11 sont 
reporttes dans le tableau 2 en regard de celles dtterminkes 
exptrirnentalernent et I'on conviendra de leur excellent accord 
dans la gamrne de composition considtree. 

Les courbes de pression de vapeur de l'eau correspondantes 
a l'equation [ I  1] (courbe a), auxlois des solutions idkales pour 
le sel non dissocie (courbe b) et totalernent dissocit (courbe c) 
sont reportees sur la figure 2. Les points expkrirnentaux se 
placent-sur la courbe a dans la garnme des fractions rnolaires 
0,3 < X 5 1. 

L'Cquation [I I] perrnet de determiner la valeur de la cons- 
tante de Henry de l'eau dans le sel pur fondu. Elle correspond 
2 la valeur de la tangente a la courbe PE = f ( I - X) pour X = 1 : 

FIG. 2. Variation de la pression de vapeur de I'eau en fonction de 
X. Courbe a ,  calculee B partir de I'Cquation 11 I]. Courbe b, com- 
portement ideal pour le sel non dissociC. Courbe c, comportement 
ideal pour le sel totalement dissocii. Les points expkrimentaux sont 
figures par des cercles. 

soit dans le cas present kh (Torr, X) = 16,4. La droite de Henry 
est tracee en pointilles sur la figure 2. 

Comportetnent du sel dans les mklanges eau-NEA duns la 
gamme de composition 0,3 < X 5 1 

Le potentiel chirnique du sel ps peut &tre calcule en fonction 
de X, en utilisant la relation de Gibbs-Duhern. 

Le potentiel chirnique de I'eau s'Ccrit (relations [2] et [9]): 

[I31 p, = p! + R T l n ( 1  - X )  + A G F X  

La relation de Gibbs-Duhern irnplique que: 
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FIG. 3. Variation des activitCs de I'eau et du NEA avec X (calculCes 
au rnoyen des Cquations 191 et 1163). Les points expirirnentaux sont 
figurCs par des croix. 

L'intCgration par rapport a X de 1'Cquation [14], en se fixant 
comrne borne 1'Ctat correspondant au sel lorsqu'il est pur 
(X = I; ps = t . ~ : ) ,  conduit 9: 

Le coefficient d'activitC du sel rCfCrC au sel pur ys s'Ccrit alors: 

Les variations de I'activitC de I'eau et du sel sont reprCsentCes 
sur la figure 3. Les points reportes correspondent aux rCsultats 
expkrirnentaux obtenus pour l'eau. On rernarque que le sel 
prCsente un cornporternent quasi idCal pour X supCrieur a 0,80. 

Conclusion 
Cornrne on a pu le constater, les propriCtCs de l'eau et du 

NEA dans leurs rnClanges 0,3 < X 5 1 sont remarquablernent 
dCcrites tant au plan de l'enthalpie libre qu'8 celui des volumes 
rnolaires partiels, par l'bquation [9] et ses cons.4quetzces. 
Toutefois I'exarnen de rnodkles de solution dCja Ctablis rnontre 
que les rtsultats expkrirnentaux peuvent Etre dCcrits dans la 
rnErne zone de composition avec une prCcision comparable par 
d'autres systkrnes d'kquations. 

Comportements modPles 
L'bquation B.E.T. 
D'une rnanikre gCnCrale, l'interpretation du cornporternent 

de l'eau et du sel dans les solutions salines concentrkes 
s'effectue au rnoyen de differents rnodkles dCrivant de celui 
proposC initialernent par Brunauer, Emmett et Teller (Cquation 
B.E.T.) (5). L'Cquation B.E.T. a CtC adaptCe par Stokes et 
Robinson (6) pour dCcrire les propriCtCs de l'eau dans les solu- 
tions d'Clectrolyte concentrk: 

On conviendra de noter Y cette fonction. Dans cette relation, C 
est donnC approximativement I: - EL A E ~  par: 

[IS] C = e - R I . = e - F  

E est 1'Cnergie molaire d'adsorption de l'eau sur un site dis- 
ponible dans le sel fondu; EL est l'energie molaire de conden- 
sation de l'eau; res t  le rapport du nombre de sites disponibles, 
au nombre de moles de sel dans le sel pur. La validit6 de cette 
relation a CtC discutCe pour de trks nombreux systkrnes (a titre 
d'exernples 7- 12). 

Lorsqu'elle est vCrifiee, I'tquation B.E.T. fait intervenir des 
pararnktres lies aux grandeurs therrnodynarniques carac- 
tkristiques de la dilution de l'eau pure a dilution infinie dans le 
sel fondu. En effet, lorsque le sel devient pur (X = l ) ,  le 
coefficient d'activitC y, de l'eau tend vers une lirnite finie (Cq. 
~71). 

A,? 

[19] lim (y,) = - = eRI. 
x + I C r  

soit encore en tenant cornpte de I'Cquation [IS]: 

Si l'on considkre de plus que I'Cnergie AEd = E - EL peut ne 
constituer dans le cas gCnCral qu'une partie de l'enthalpie de 
dilution de l'eau dans le sel fondu (on supposera que le terrne 
relatif au travail est suffisarnrnent faible pour Etre nCgligC), le 
bilan therrnique relatif a cette opCration prend la forrne: 

AH; = H! - HO = A E ~  + AH; 

AH', reprCsente 1'Cventuelle contribution therrnique des inter- 
actions autres que celles irnpliquees par I'adsorption. 
L'Cquation [20] devient alors: 

1 In r = - - (AG: - AH: + AH',) 
RT 

et si l'on convient de noter AS: l'entropie de l'eau a dilution 
infinie: 

ou encore: 

La vkrification de la validitt de I'tquation B.E.T. a CtC tentee 
a partir des valeurs de l'activite de l'eau dCterminCes pour les 
rnklanges eau-NEA. 

La quantitC Y est reportee sur la figure 4 en fonction de 
I'activitC de l'eau. Le track obtenu correspond 2 une droite 
horizontale dans la garnrne de composition 0,3 5 X 5 1 dont 
I'ordonnCe 2 l'origine est Cgale a: 

Si l'on s'en tient aux hypothkses l'origine de 1'Cquation 
B.E.T., cette propriCtC indique que le terme d'adsorption pos- 
skde une valeur trks faible (C = I; AEd = 0). 

L'Cquation B.E.T. se reduit alors 9: 

Dans ce cas particulier les variations du coefficient d'activitt de 
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RrQUARD ET AL. 

TABLEAU 3. Volumes molaires partiels de l'eau (VE) et du sel (K) experimentaux, calculCs au moyen des relations 
[ l ]  puis [24] dans les melanges eau-NEA 

X 
Volume molaire partiel 

(crn3 mol- ') 0 4,22 x 0,100 0,186 0,336 0,441 0,625 0,819 1 

VE exp 18,07 18,O 17,9 17.8 17,55 17,4 17,2 16,9 16,7 
vE calc. [I] - 18,O 17,9 17.8 17,6 17,5 17,2 16,9 - 
vE calc. [24] - 18,O 17,9 17,7 17,5 17,3 17,l 16.9 - 

vs exp 82,8 85,6 87,2 88,l 88,7 89,O 89,2 89,3 89,3 

FIG. 4. Verification de la validit6 de 1'Cquation B.E.T. (Cq. [17]). 

l'eau sont dkcrites par: 

avec: 
4c& -- 

[23'] r = e Kr = 1,42 

soit AG;: -865 J. La chaleur de dilution de l'eau dilution 
infinie dans le sel pur a Cte mesurCe par Mirejovsky et Arnett 
(13); elle s'identifie pour les melanges eau-NEA a l'enthalpie 
d'interaction: 

Le terme entropique est donc Cgal B AS: = 7,4 J K-' .  Bien que 
d'origine totalement differente, on remarquera que la valeur 
AG; obtenue par 17Cquation B.E.T. est tout a fait comparable 
a celle determinee dans le precedent paragraphe. 

De la m&me manikre que prkcedemment les valeurs de yE et 
des pressions de vapeur ont CtC recalculCes B partir de la relation 
[23] (tableau 2). Malgre leurs formes trks CloignCes, les Cqua- 
tions [ l l ]  et [23] conduisent 5 des valeurs comparables, si ce 
n'est le plus souvent identiques, et dkcrivent tout aussi bien 
l'une que l'autre la realit6 expirimentale. Cette caracteristique 
se conserve lors de la derivation avec la pression. 

Le potentiel chimique de l'eau peut &tre Ccrit sous la forme: 

Si l'on suppose que r est un parametre qui depend de la pres- 
sion, 

FIG. 5. Verification de la relation proposke par Abraham (relation 
[251). 

Lorsque X tend vers 17unitC, vE s'identifie B V ;  

Les valeurs experimentales de VE ainsi que celles calculees par 
les relations [ l ]  et [24], avec la valeur de r = 1,42, sont 
reportees dans le tableau 3. 

Comme pour l'enthalpie libre les deux systkmes d'kquations 
dCcrivent avec une Cgale precision les propriCtCs de l'eau dans 
la solution. I1 faut toutefois remarquer que l'on ne peut les 
identifier, et cela apparaft clairement dans l'expression [24] oh 
le terme r / [ l  + ( r  - 1)X] ne peut ktre constant et egal B I'unitC 
lorsque la composition du milieu se modifie. 11 s'en tloigne 
cependant suffisamment peu pour que l'on ne puisse pas mettre 
en evidence un Ccart significatif sur la valeur de VE calculee. 

Relation proposke pa r  Abraham (14) 
A partir d'un calcul impliquant llCquation B.E.T. et une 

hypothkse (differente de celle dkveloppke par KodejS et 
Sacchetto (15)) concernant les contributions volumiques au 
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volume total de la solution, de I'eau adsorbte et de I'eau libre, une incertitude d'autant plus importante que le domaine 
Abraham Ctablit une relation entre le volume d'excks, V,,,, d'Ctude concerne des solutions dont la composition s'tloigne 
d'un melange eau-sel et I'activitC de I'eau dans ce m&me de celle du sel pur. 
milieu. 

dont le domaine d'application a ete fix6 par l'auteur 2 
0 < (1 - X) < 0,5. La verification de la validite de cette 
relation pour les melanges eau-NEA a pu &tre tentCe a partir 
des valeurs de vE prkcedemment dCterminCes (1) et la figure 5 
reprtsente les variations de la quantite V,,,/(l - X) (1 - aE) 
en fonction de la fraction molaire de I'eau. 

Comme on peut le constater, les valeurs repartees, relatives 
il est vrai a un domaine de composition plus ttendu que celui 
proposk par I'auteur, ne conduisent pas au trace d'une droite 
mais a celui d'une courbe qui s'identifie pour les fractions 
molaires de l'eau les plus faibles, a une horizontale ( A  = 0 )  
d30rdonnCe a l'origine (v: - v!). On peut a ce titre rernarquer 
que le terme A  (1 - X) n'a CtC introduit dans l'kquation [25] par 
l'auteur que pour rendre compte des rksultats expkrimentaux 
analyses, mais que les dkmonstrations exposees ne I'impliquent 
nullement. 

I1 semble ainsi que les hypothkses a la base du modkle 
d'interaction developpi par Abraham soient justifiCes pour les 
solutions les plus concentrtes en sel. 

Nos resultats expkrimentaux montrent kgalement que la 
procedure de determination de V: au moyen de la mCthode 
d'extrapolation lineaire proposCe par I'auteur, peut entrainer 
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Gas-phase photolysis of spiropentane at 147.0 nm 
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M.  PALLER and R.  D. DoEPKER. Can. J .  Chem. 63, 3593 (1985). 
'The gas-phase photolysis of spiropentane has been investigated using xenon (147.0 nm) resonance radiation. Major products 

observed in order of decreasing importance are ethylene, allene, methylacetylene, 1,2-butadiene, acetylene, propylene, and 
vinylacetylene. Nitric oxide was used as a radical scavenger while hydrogen sulfide and hydrogen iodide were employed as 
radical interceptors in the determination of the relative importance of radical and molecular processes. CH3/CHZ and 
CH3C=C. radicals were identified and quantified. Seven primary reaction channels were postulated of which those involving 
the "elimination" of ethylene were the most predominant accounting for 71% of the photodecomposition. 

M. PALLER et R. D. DOEPKER. Can. J .  Chem. 63, 3593 (1985). 
Utilisant la rtsonance de radiation du Xenon (147,O nm), on a examin6 la photolyse en phase gazeuse du spiropentane. Les 

produits principaux observes, par ordre dtcroissant d'importance, sont: l'kthylkne, l'allkne, le mCthylacttylene, le butadikne- 
1,2, I'acetylkne, le propylkne et le vinylacCtylene. On a utilisk de l'oxyde nitrique comme piege de radicaux alors que l'on 
a utilisC du sulfure d'hydrogkne et l'iodure d'hydrogkne pour intercepter les radicaux dans la dktermination des quantitts 
relatives des processus radicalaires et molCculaires. On a identifie et mesure les radicaux CH3/CHZ et CH3C=C-. Le 
mkcanisme rkactionnel fait appel a sept voies primaires; celles impliquant 1'"Climination" de 1'Cthylene predominent puis- 
qu'elles tiennent compte de  71% de la photodkcomposition. 

[Traduit par le journal] 

Introduction 
Throughout the years, a series of investigations have been 

carried out in order to identify the primary and secondary 
reaction channels for the neutral excited (8.4 eV and 10.0 eV) 
alkyl-substituted cyclopropane molecule. The most recent 
previous study in this series examined the photolysis of 
1,l-dimethylcyclopropane (1) and disclosed that a methylene 
elimination process, reaction [ I 1 ,  was of major importance, 
with a quantum efficiency of 0.34 at 147.0 nm. Tang and Yeh 
(2) examined the 147.0 nm photolysis of spiropentane but 

[ I ]  X + hv -+ CHz + iso-C4H8 

were unable to identify any Cq products or the presence of 
methane and/or ethane in their photolysis mixture. These au- 
thors concluded that methylene elimination reaction channel 
was unfavorable and thereby negligable in the 147.0 nm pho- 
tolysis of spiropentane. 

From examination of the methylene elimination process for 
other alkyl-substituted cyclopropanes determined in the labora- 
tories at the University of Miami (1, 3) and other laboratories 
(4, 5), it was learned that a quantum yield of around 0.30 might 
well be expected for the methylene elimination process from 
spiropentane. In order to evaluate better the role of the methyl- 
ene elimination process in the alkyl-substituted cyclopropane 
systems, the 147.0 nm photolysis of spiropentane was rein- 
vestigated. 

Experimental 
Materials 

A commercial sample of spiropentane was purified by vapor chro- 
matography using a 12 ft column of 30% squalane on Chromosorb P 
held at 50°C. A second purification was necessary due to an uni- 

' Revision received August 14, 1985. 

dentified impurity near the retention time of the spiropentane. This 
purification (also by vapor chromatography) involved a 6 ft aluminum 
column at 95OC. The resulting spiropentane showed no impurities at 
levels greater than 0.005%. Low temperature trap-to-trap distillation 
techniques were employed to purify HI, NO, and H2S while other 
additives obtained commercially were used without futher puri- 
fication. 

lrradiatiotz atzd analysis 
The vacuum-ultraviolet photolyses were carried out at 25OC (room 

temperature) in a static system using a 600 cm3 reaction vessel and a 
titanium "gettered" Xenon (147.0 nm) resonance lamp equipped with 
a LiF window. Irradiation procedures have been reported previously 
(3). Analysis was performed by vapor chromatography (25 ft, 30% 
squalane at 60°C). 

Actinometry 
The chemical actiometers used at 147.0 nm were 1,l-dimethyl- 

cyclopropane QCZH4 = 0.26) (I) ,  and cyclopentene (QCZH4 = 0.24) (6). 

Results 
The quantum yields of the observed major products of the 

photolyses of spiropentane at 147.0 nm are reported in Tables 
1-3. This datum is representative of that collected under a 
variety of experimental conditions. In addition, the following 
observations and controls should be reported. (1) Irradiation 
times were selected in order to hold the total conversion of 
spiropentane below 0.05% for all experiments where quantum 
yields were obtained. (2) Small amounts of ethane (@,,,, = 
0.02) were obtained when the photolyses were carried out 
without scavenger. (3) Extensive use of the radical interceptors 
H2S (7) and HI (8) was employed in this investigation with 
those involving HI given in Table 3, and those involving H2S 
summarized below: A maximum quantum yield for methane 
was obtained when the photolysis mixture contained from 
10- 15% H,S. No increase in quantum yields was observed for 
any other products (including methyl acetylene and allene) for 
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TABLE I .  Photolysis of spiropentane at 147.0 nm 

Quantum yields with spiropentane in Tom and additive in Tom 

0.5 3.0 
0.3 1 .O 5.0 

Product NO, 0.03 NO, 0.5 None NO, 0.1 NO, 0.3 None NO, 0.5 

CzHz 
CzH4 
C3Hs 
C3H4" 
C3Hi 
C4H4d 
C 4 H l  
C4Hh' 

"Standard deviation, 12 photolyses. 
"Methylacetylene. 
' Allene. 
"Vinylacetylene. 
"Cyclobutene. 
' I  ,2-Butadiene. 

TABLE 2. Photolysis of spiropentane at 147.0 nm 

Quantum yields, with spiropentane at I Tom, 
NO at 0. I Tom, and moderator in Tom 

Product N2, 44 N2, 53 Ar, 55 Ar, 105 Ar, 150 Ar, 200 

CzHz 0.10 
CzH4 0.69 
C3Hh 0.05 
CsHP 0.16 
C3H46 0.31 
C4H; 0.06 
C4H: 0.02 
C1Hl 0.15 

"Methylacetylene. 
" Allene. 
' Vinylacetylene. 
"Cyclobutene. 
" 1,2-Butadiene. 

a 1 Torr spiropentane - 0.15 Torr H,S photolysis mixture. The 
same results were observed for the above mixture even with the 
addition of 50 Torr of Ne. The maximum quantum yield of CH, 
observed was aCH, = 0.15. (4) NO products were found that 
could be identified as C5. No real attempt was made to establish 
the presence or absence of C6 hydrocarbons nor were hydrogen 
yields obtained. 

Discussion 
The most abundant stable product of the 147.0 nm photolysis 

of spiropentane is ethylene a,?,, = 0.7 1. Since ethylene quan- 
tum yields are independent of pressure and additive it can be 
assumed that it is produced through one or more primary reac- 
tion channels. The formation of ethylene along with allene 
(reaction [2]) 

has been observed in thermal (9), photochemical ( lo),  and 
chemical excitation (1 1) studies. Tang and Yeh (2) also postu- 
lated that reaction [2] is of major importance in the 147.0 nm 
photolysis of spiropentane but did not attempt to quantify its 
quantum yield. These authors did report quantum yields of 

In the studies of Flowers and Frey (9a) and Burkhardt (1 lc) ,  
methylenecyclobutane was reported as a competitive product at 
high pressure while methylenecyclobutane was not observed by 
Tang and Yeh (2) nor was it observed in the present study for 
the 147.0 nm photolysis. Since methylenecyclobutane was not 
observed with pressure up to 200 Torr (argon), coupled with 
the absence of a pressure effect observed on the quantum yields 
of ethylene, allene, and methylacetylene, it may be concluded 
that excited molecule(s) leading to the formation of C2H4 and 
C3H4 must have a life-time of but a few molecular vibrations, 
but also long enough to permit rearrangements to occur leading 
to the production of methylacetylene (reaction [3]). 

If it can be assumed that all the allene and the methylacetylene 
formed in the absence of HI originates from reactions [2] and 
[3] respectively then +, = a,,,, (allene) = 0.29 and +, = a,,,, 
(methylacetylene) = 0.14. The total C3H4 production of 0.43 
when compared to = 0.71 indicates yet another primary 
reaction channel for the formation of C2H4. Table 3 reveals that 
the quantum yield of methylacetylene increased by approxi- 
mately 0.21 when HI was present while allene was unaffected. 
An increase in the total yield of C3H, products, with the addi- 
tion of HI, points to the presence of C3H3 radicals. It is apparent 
though, that the C3H3 radical is not propargyl (.CH2-C=CH 
$ CH,=C=CH.) since this species should lead to both allene 
and methylacetylene (12). As only methylacetylene is formed 
by the addition of HI, the methylethynyl (CH,-CeC.) radi- 
cal must be the precursor to the increased methylacetylene, 
reactions [4] and [5]). 

If it can be assumed that all C,H, radicals are intercepted at 
1 Torr pressure, the quantum yield of reaction [4] may be set 
equal to the increase in quantum yield for methylacetylene 
when HI is present. That is, +, = a,,,, = @(CH3C-CH),,,,, 
- @(CH3C=CH),i,h No = 0.21. Table 3 appears to show a 
decrease in C3H3 formation with an increase in total pressure. 
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PALLER AND DOEPKER 

TABLE 3. Photolysis of spiropentane at 147.0 nrn 

Quantum yields with spiropentane at 1.0 Torr and additive(s) in Torr 

Product HI,0.05 H1,O.l HI,0.15 HI,O.l;Ar,50 HI,O.l;Ar,IOO 

" Methylacetylene. 
I' Allene. 
' Vinylacetylene. 
"Cyclobutene. 
' I ,2-Butadiene. 

This effect is not accompanied by an increase in allene nor a 
general pressure effect on methylacetylene in the presence of 
NO. It must be concluded, therefore, if this pressure effect is 
not an experimental artifact, that the intermediate responsible 
must not be simply a "hot" C3H4 species. Secondly since no 
Cs-products were observed, speculation of the nature of this 
intermediate is not warranted. 

The total of the quantum yields of ethylene formation from 
reactions [2], [3], and [4] of 0.64 still points to an additional 
reaction channel leading to the formation of ethylene. The key 
to this reaction channel may well involve an expected meth- 
ylene elimination process. It may be noted that the methylene 
elimination processes from methylcyclopropane (3a), 1, l-di- 
methylcyclopropane ( l ) ,  ethylcyclopropane (3c), and vinyl- 
cyclopropane ( 3 4  all indicate that nearly 30% of the primary 
processes involve the elimination of methylene. 

It can be noted in Tables 1-3 that vinylacetylene is indepen- 
dent of pressure and unaffected by addition of additives. The 
formation of vinylacetylene may occur with the elimination of 
methylene, ring opening and 2H/H2 elimination (reaction [6]). 

The quantum yield of reaction channel [6] can be assigned a 
value equal to the quantum yield of vinylacetylene $5 = !c,,;,.l 
= 0.06. A second process that certainly involves a CH1 eliml- 
nation is the formation of 1,2-butadiene. Reaction [7], may be 
postulated for this reaction channel. If it can be assumed that 
reaction [7] 

[7] X + h~ + CH2 + CH3C=C=CHZ 

is the sole source of 1,2-butadiene, then the quantum yield of 
reaction [7] may be equated to the quantum yield of 
1,2-butadiene, $6 = @c-H,,,2 = 0.14. Cyclobutene formation 
shows a decided pressure sensitivity as well as a sensitivity to 
the presence of HI/H,S. The formation of cyclobutene there- 
fore must be associated with a secondary reaction channel 
which at present remains unknown. 

On the other hand, propylene aCTH6 = 0.08 is seen to be 
independent of pressure and unaffected by HI/H2S additives. 
Two possible pathways may be postulated, both involving a 
rearrangement of the excited intern~ediate. 'The total quantum 
yield of propylene production may be distributed between 

[8a] X + hv + H + C2H + C3H6 

TABLE 4. Quantum yields for the primary reaction channels of the 
147.0 nrn photolysis of spiropentane 

Reaction 
Quantum 

yield 

Total 0.99 

reactions [8a] and [8b] which are indistinguishable without 
hydrogen yields. The ethynyl radical is not expected to be 
scavenged by NO (13) but may abstract a hydrogen from a 
hydrocarbon (14) to produce acetylene. The total quantum 
yield of acetylene shows a constant low pressure value of 0.10 
and a pressure dependent component increasing to a value of 
0.17 at 200 Torr Ar. The yield of acetylene associated from 
reaction [8] is insufficient to account for the total acetylene 
found in the photolysis of spiropentane. Coupling this "excess" 
acetylene with the unaccounted ethylene, the following pri- 
mary reaction channels may be postulated. Based on ethylene 
yields, the quantum yield for eaction [9] 

should be$, = a,,,, - $2 - $, - $, = 0.71 - 0.29 - 0.14 
- 0.21 = 0.07. 

An examination of all the above postulated mechanisms re- 
veals a predicted CH2/CH3 quantum yield equal to $6 + $, + 
$, = 0.06 + 0.14 + 0.07 = 0.27. This value of 0.27 is within 
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3596 CAN. J .  CHEM. VOL. 63. 1985 

reasonable agreement to the experimental value of @ C H ~ / C H  = 
0.25 obtained through the use of HI in the photolysis mixture. 
Since it is not possible to distinguish between methyl radicals 
formed through a rearrangement (reaction [9b]) and a triplet 
methylene abstraction process, with the data available, this 
yield can not be used to distinguish between the two pathways 
in reaction [9]. A total methylene elimination of approximately 
0.27 ( 0 6  + o7 + 4 4  appears to be constant with these values 
obtained for the other substituted cyclopropanes (1, 3 ,4  and 5). 

Summary and conclusion 
The vacuum-ultraviolet (147.0 nm) photolysis of spiro- 

pentane may be described by seven primary reaction channels. 
Quantum efficiencies of these pathways are summarized in 
Table 4. Although it is apparent that certain possibly informa- 
tive data is missing from this study, the quantitative conclu- 
sions appear to be compatible with previous studies in the 
vacuum-ultraviolet photolysis of alkyl substituted cyclo- 
propanes. 
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3597 (1985). 

The polarized infrared and Raman spectra of ammonium hydrogen bis(trichloroacctate) single crystal have been investigated 
in the 4000-350 cm-'  and 4000- 10 cm-'  range, respectively. The infrared spectra have been measured at room and low 
temperatures. An assignment of the bands in terms of approximate type of motion is given. The asymmetric stretching 
vibration, v,OHO, of the strong hydrogen bond gives rise to a very broad infrarcd absorption, with a maximum around 800 
* 50 cm-I, which is polarized strictly along a tetragonal Z ( c )  direction of this crystal. For this vibration a correlation field 
(Davydov or factor group) splitting is not observed. The out-of-plane deformation vibration, yOHO, obeys selection rules for 
the C z  site symmetry group. This result and also an interpretation of the vC=O vibration strongly suggest that a potential 
energy function of the strong hydrogen bond has a single symmetric minimum. 

VENETA VIDENOVA-ADRABINSKA, J A N  BARAN, HENRYK RATAJCZAK et WILLIAM J.  ORVILLE-THOMAS. Can. J.  Chem. 63, 
3597 (1985). 

Optrant respectivement dans les intervalles de frtquence allant de 4000 a 350 cm- '  et de 4000 10 cm- ' ,  on a Ctudit les 
spectres infrarouges et Raman polarisks d'un monocristal de bis(trichloroacttate) acide d'ammonium. On a mesure les spectres 
infrarouges a la temperature ambiante et a des temptraturcs plus basses. On propose une attribution dcs bandes en fonction 
du type approximatif de mouvement. La vibration dlClongation asymktriquc v.,OHO de la liaison hydrogkne fortc donne lieu 
a absorption infrarouge qui est trks large, qui prksente un maximum a cnviron 800 * 50 cm - '  et qui est polariste selon une 
direction tCtragonalc Z ( c )  du cristal. Dans le cas dc cette vibration, on n'a pas observt dc  dCdoublement du champ de 
corrClation/facteur de Davidov ou de groupe. La vibration de dtformation hors-plan, yOHO, suit les rkglcs de sClection du 
groupe de symktrie C1. Ce rtsultat ainsi qu'une interpretation de la vibration vC=O suggkrent fortement qu'une fonction 
d'tnergie potentielle de la liaison hydrogkne forte nc posskde qu'un seul minimum symttrique. 

[Traduit par le journal] 

Introduction 
The structural and dynamic aspects of hydrogen bonds have 

always attracted considerable attention. Most studies are on the 
solid state. Knowledge of the structure of hydrogen bonds and 
their environment obtained from diffraction methods are very 
useful not only for classification purposes but also for the 
interpretation of vibrational spectra, particularly when polar- 
ized light is used. In the case of very strong hydrogen bonds the 
main problem is the symmetry of the hydrogen bond potential. 
The diffraction methods give only the average position of 
atoms but the distinction between either dynamic or statistical 
disorder (double minima potential) and a true symmetry (cen- 
tred single minimum) might possibly be obtained from infrared 
and Raman spectroscopy. Most spectroscopic work has been 
done on acid salts of carboxylic acids of the general formula 
Met [RCOOHOOCRI- by Hadii et nl. (1 - 1 1, 16). The main 
results of the investigations may be summarized as fo l l~ws  (8): 
systems having an 0-0 distance of about 2.45 A show 
a broad and strong infrared absorption between 500 and 
1200 cm-I. This was attributed to the asymmetric stretching 

'Revision received June 11, 1985. 

v,OHO vibration. The number and symmetry character of the 
transitions connected with the O H 0  vibrations would be most 
relevant to the problem of the symmetry of the hydrogen bond 
potential function but much uncertainty is brought in by their 
bandwidth in infrared spectra and their weakness in Raman 
spectra even when transitions are allowed. Very large cor- 
relation splittings of the v,OHO vibration have been found only 
in the cases of KH-biphenylacetate and KH-dibenzoate (6) 
and KH-bis(dibrom0acetate) ( 12). Information on the sym- 
metry of the potential function may be obtained from an anal- 
ysis of the vC=O modes. Although the selection rules appear 
to be operative in the cases where the centre of the hydrogen 
bond is on the Ci site, some extra bands in the vC=O region 
have also been detected in both polarized infrared and Raman 
spectra (5, 10). Therefore we decided to measure polarized 
infrared and Raman spectra of ammonium hydrogen bis(tri- 
chloroacetate) (AHTCA) and its potassium analogue (KHTCA). 
Both belong to the same space group (1T2d, tetragonal system) 
and contain very strong crystallographically symmetri~,  C2, 
hydrogen bonds with 0-0 distances of 2.46(2) A and 
2.456(4) A in KHTCA and AHTCA (1 3, 14), respectively. The 
35C1 nqr studies (15) have shown that in these crystals the 
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TABLE 1. Vibrational analysis of the ammonium hydrogen bis(trich1oroacetate) crystal (132d = D::, 
z = 8)" 

Activityb 

D2,, N, Ta T R tz, vaOHO 8OHO yOHO vC=O Infrared Raman 

A ,  29 0 4 4 21 0 0 1 1 f .rx + y y ,  zz 
A2 30 0 4 4 22 1 1 0 I f f 
B I  29 0 4 4 21 0 0 1 1 f xx - YY 
B2 30 1 3 4 22 1 1 0 1 Z -? 
E 61 1 9 10 41 1 1 I 2 X, Y y z ,  Z.Y 

"N,, number of degrees of freedom belonging to i species; T,, number of overall translations; T, number of translational 
vibrations; R ,  number of rotational vibrations; ti , ,  number of intramolecular vibrations; v,,OHO, 6 0 H 0 ,  yOHO, 
asymmetric O H 0  stretching, in-plane, and out-of-plane bending vibrations; vC=O, C=O stretching vibrations. 

*f, forbidden; x, y ,  z ,  principal axes of the polarizability derivative tensor; X,  Y ,  Z, principal axes of optic indicatrix; 
Z is parallel to the tetragonal c direction; X = Y. 

hydrogen bond potential might be either a single symmetrical 
or a double symmetrical with a dynamical disorder. 

Experimental 
The NH,H(C1,CCOO)z was prepared by dissolving stoichiometric 

amounts of trichloroacetic acid and arnrnonlum carbonate in water. 
The single crystals suitable for infrared and Raman spectra mea- 
surements were obtained by the slow evaporation method at a constant 
temperature of 20°C. The crystal was oriented with the aid of the 
X-Ray method and a polarizing microscope. A plate about 4 mm thick 
parallel to the optic axis Z was cut. The optic axis Z is parallel to the 
tetragonal c direction. The plate was stuck to the KBr window and 
polished until the measurement of polarized spectra was possible. The 
infrared spectra were measured with the electric vector of radiation 
parallel and perpendicular to the optic axis Z, respectively. The in- 
frared spectra were measured with a Perkin-Elmer MI80 spec- 
trophotometer equipped with a wire grid polarizer. A CTI-Cryogenics 
low temperature cryostat was used to obtain infrared spectra at 20 K 
temperature. For the Raman spectra measurement a single crystal 
cubic sample was prepared. The edges of this cube were parallel to the 
X(a) ,  Y(b), and Z(c)  directions. The spectra were measured with a 
Cary 82 Raman spectrometer using the 514 nm line of an argon-ion 
laser. 

Discussion 
Crystal structure and selection rules 

The crystal of AHTCA belongs to the space group 132d 
(=D::) of the tetragonal system (14). A primitive unit cell 
contains four molecular units. Two trichloroacetic acid groups 
are connected by a very strong crystallographically symmetric 
(twofold symmetry, with the C2 axis perpendicular to the te- 
tragonal Z(c) axis) hydrogen bond with an 0-0 distance of . - 

2.456(6) A. Ammonium cations are situated on the C2 sym- 
metry axes which are parallel to the tetragonal Z(c) axis. Other 
heavy atoms occupy the C ,  positions. The results of a factor 
group analysis are given in Table 1. The correlation diagram 
between a site symmetry group CI  of trichloroacetic group and 
a C2 (I Z) site syrnrnetry group of the H(CI,CCOO), anion and 
a factor group D2, is given in Table 2. Every internal vibration 
of the trichloroacetic group should split into two components of 
A and B type symmetry as a result of an interaction inside the 
H(Cl3CC00), anion. Interaction between the internal vi- 
brations of the four H(Cl,CCOO), anions in the primitive unit 
cell leads to a correlation (Davydov or factor group) splitting. 

Let us suppose that protons lie on the C2 syrnrnetry axes 
which are perpendicular to the tetragonal Z axis. In this case the 
asymmetric stretching v,OHO and the in-plane deformation 

TABLE 2. Correlation chart for the internal vibrations of trichloro- 
acetates" in the ammonium hydrogen bis(trich1oroacetate) crystal" 

Site 
symmetry Site symmetry Unit cell Activity 

group group of dimer group 
C I CZ (1 Z )  D*," Infrared Raman 

A -+;: f f xx - YY 
.rx + y y ,  zz 

X, Y yz ,  z x  

A ~ ~ + ~ :  Z X, f Y y z ,  .Y.Y f zx  

"Vibrations of hydrogen bonds: v.,OHO and 60HO correlate as B represen- 
tatlon of the C2 site group; yOHO as A representation 

" ~ b b r e v ~ a t i o n s  similar as those in Table I. 
'Unit cell group is equivalent to the factor group 

SOH0 vibrations transform according to the B type representa- 
tion of the C2 site symmetry group (see Table 2). Similarly, the 
out-of-plane yOHO vibration transforms according to the A 
type representation. The correlation coupling between the vi- 
brations of the four protons in the primitive unit cell gives two 
infrared modes (B2(Z), E(X,Y)) for the v,OHO and two in- 
frared modes (B,(Z), E(X,Y)) for the SOH0 vibrations. Only 
one infrared mode of E type symmetry is expected for the 
yOHO vibrations. The B2 type modes are supposed to interact 
with radiation polarized parallel to the tetragonal Z(c) axis. 
The E type modes should interact with radiation polarized 
perpendicular to the tetragonal Z(c) axis. 

Band assignment 
The polarized infrared spectra of the AHTCA single crystal 

are shown in Fig. 1. The polarized Raman spectra are presented 
in Fig. 2. The wavenumbers of the bands, their relative in- 
tensities, and a tentative assignment are listed in Table 3. 

The bands observed in the interval 4000-300 cm-' arise 
from: (i) the vibrations of the protons in the strong hydrogen 
bonds, (ii) the internal vibrations of the trichlororacetic acid 
residues, and (iii) the internal vibrations of the ammonium 
groups. In the assignment of the bands the characteristic group 
frequencies (17), the polarization properties of the bands (com- 
pared with those predicted on the base of the bond moment 
polar model (19)) and the correlation chart diagram (Table 2) 
were used. The infrared spectra of the AHTCA are very similar 
to the spectra of the potassium analogue (20). They are differ- 
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VIDENOVA-ADRABINSKA ET AL. 

200 6 0 0  1000 1400 1800 2000 3000 LOO0 
Wavenumbers 

RG. 1. The polarized infrared spectra of the ammonium hydrogen bis(trich1oroacetate) single crystal at room temperature (upper) and low 
temperature (lower). Solid line, electric vector is parallel to the tetragonal Z(c)  axis; dashed line, electric vector is perpendicular to the tetragonal 
Z ( c )  axis. 

3000 2000 1500 1000 500 0 
Ramon shift/cd 

RG. 2. The polarized Raman spectra of the ammonium hydrogen 
bis(trich1oroacetate) single crystal at room temperature. 

ent only in the region of the NH: group vibrations whose 
detailed interpretation wilI be given elsewhere. 

Hydrogen bond vibrations 
The asymmetric stretching vibration 
The most characteristic feature of the powder infrared spec- 

trum is a broad and strong absorption observed in the region 

between 1500-400 cm-' with a maximum at 850 k 30 cm-I. 
This strong and broad absorption appears only in the spectrum 
polarized parallel to the tetragonal Z(c) axis. Only four 
"transmission windows" at 1722, 1348,728, and 445 cm-' are 
observed in this absorption. The top of this absorption is very 
flat in the spectrum measured at room temperature. At low 
temperature (20 K) its maximum is at about 800 k 50 cm-I. 
This absorption would correspond to the B? type mode of the 
v,OHO. The E type mode is expected in the spectrum polarized 
perpendicular to the Z axis. In perpendicular spectrum a reso- 
nance transmission feature at 1500 cm-' is observed at low 
temperature. This may indicate the presence of a broad absorp- 
tion in this region. A careful investigation shows a slightly 
higher background in the region between -1 100- 1900 cm-' 
in the spectrum polarized perpendicular to the Z axis measured 
at room temperature. However, it is difficult to accept that this 
feature is arising from the E type mode of the v,OHO vibration. 
A background is not observed in the infrared spectrum of 
KHTCA crystal (20), polarized perpendicular to the Z axis 
(both crystals are isomorphous). We think that the background 
observed in the spectrum of ammonium salt arises from an 
overlapping of broad bands observed in the region between 
1900- 1 100 cm-I. Observed low-temperature decreasing of the 
background may be a result of a narrowing of the bands which 
appear in this region. Hence the resonance type transmission 
feature observed at 1500 cm-' may be accidental. If this is true, 
then we may suggest that the correlation (Davydov) splitting of 
the v,OHO vibration is not observed in this crystal. From this 
experimental fact it follows that the v,OHO transition dipole 
moment is parallel to the tetragonal Z axis of the crystal. 
Now we may determine an orientation of this dipole transition 
moment with respect to the molecular structure of the dimer 
with hydrogen bond using Fig. 3. A line between carbon atoms 
of the two carboxylic groups bonded by the O-..H... 0 hydro- 
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TABLE 3. Frequencies (cm-') of the bands observed in the infrared and Raman polarized spectra of ammonium 
hydrogen bis(trich1oroacetate) 

Infrared"  ama an 

~ 1 1  ZCC) E l Z ( c )  Room temperature Tentative 
assignment of 

T = 3 0 0 K  T = 2 0 K  T = 3 0 0 K  T = 2 0 K  A; Relative intensity the bands 

3115 zz(6),xr(8),xz(3),zy(2) Combinations 

yOH overtone 
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VIDENOVA-ADRABINSKA ET AL. 

TABLE 3 .  (Continued) 

Infrared"  ama an' 

E IlZ(c) E I Z ( c )  Room temperature Tentative 
assignment of 

~ = 3 0 0 ~  T = 2 0 K  T = 3 0 0 K  T = 2 0 K  A5 Relative intensity the bands 

xy(2) ,  zx(2) 
zz(1 1 ) ,  xz(4)  
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TABLE 3. (Concluded) 

Infrared" Raman 

E ~ ~ Z C C )  E I Z(c) Room temperature Tentative 
assignment of 

T = 3 0 0 K  T = 2 0 K  T = 3 0 0 K  T = 2 0 K  AC Relative intensity the bands 

Lattice modes 

"Abbreviations: v very, s strong, m medium, w weak, sh shoulder, t transmission window. 
bThe Damen-Porto-Tell notation is used in single crystal Raman work. Intensities relative to the band at 437 cm- '  (100) are 

given in parentheses. 

I I I 
FIG.  3. Projection of the crystal structure of ammonium hydrogen 

bis(trichloroacetate) on the ac plane. The c tetragonal direction is 
parallel to the optic axis Z. 

gen bond is parallel to the tetragonal Z(c) direction. Hence 
the transition dipole moment of the v,OHO vibration is paralleI 
to this line and makes an angle of about 30" with the 0...0 

hydrogen bond direction. Similar behaviour of this broad 
absorption band has been observed in the other cases (10). 

The out-ofplane deformation vibration 
The well-shaped band at 1185 cm-' in the spectrum polar- 

ized perpendicular to the Z axis has been assigned to the out- 
of-plane deformation vibration. Its polarization corresponds 
very well to that expected for the assumption that protons 
occupy the C2 site symmetry. At low temperatures this band is 
very narrow and its maximum is at 1215 cm-' with two shoul- 
ders at 1 175 and 1 185 cm-'. 

The in-plane deformation vibration 
It is very difficult to assign a band to this vibration because 

of the presence of bending bands of the NH,' group in the 
expected region. However, as with the potassium salt (20) a 
band at 1540 cm-' polarized parallel to the Z axis has been 
assigned to this vibration. At low temperatures the shape of this 
band is highly varying. 

The symmetric stretching v,O . . -0 vibration 
The selection rules allow this vibration in the infrared and 

Raman spectra. In the expected region, below 250 cm-l, one 
observes many bands which are related to the lattice vibrations. 
Hadii et al. (16) have assigned, in the Raman spectra of 
RbHTCA, a band at 133 cm-' to the symmetric stretching 
v,O ... 0 vibration. However, there is no band at this frequency 
in our spectra. It is interesting to note that in Raman spectra of 
AHTCA there is a band at 536 cm-' with the strongest zz 
component. The origin of this band is not clear. No band was 
found in this region in the infrared spectra at room tem- 
peratures. The bands at 550 and 512 cm-' observed in the low 
temperature spectrum polarized parallel to the Z axis are uncer- 
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VIDENOVA-ADRABINSKA ET AL. 3603 

tain since a change of gratings in this region takes place in the 
spectrophotometer. However, a Raman band of similar shape 
appears in the spectra of the other acid salts (20). It is worth 
noting that a "transmission window" at 573 cm-' is observed at 
low temperatures in the infrared spectrum polarized parallel to 
the Z axis measured. It may be the result of an interaction of 
this vibration with the v,OHO vibration. 

Internal vibratiotzs of the trichloroacetic acid group 
The vC=O stretching vibration 
The bands associated with this vibration may give very use- 

ful information on the symmetry of the hydrogen bond potential 
function. A general discussion on the vC=O and vC-0 
stretching vibrations has been given by Svanfeldt et al. (21). 
Taking into account a correlation (Davydov) splitting, one can 
expect two infrared bands polarized perpendicular to the tetrag- 
onal Z axis and one band polarized parallel to the Z axis. Five 
bands are expected in the Raman spectra. Three Raman bands 
should have similar frequencies to the frequencies of the in- 
frared bands (see Table 2). In the infrared spectrum polarized 
parallel to the Z axis a very strong band at 1780 cm-' ,  asym- 
metric from the high frequency side and a deep transmission 
"hole" from its low frequency side (at 1722 cm-I), is observed. 
In the spectrum polarized perpendicular a very strong band at 
1760 cm-' with shoulders at 1695 and 1660 cm-' appears. In 
the Raman spectra there are two bands at 1716 cm-' and at 
1676 cm-' in this region. They are observed in all Raman 
spectra but their intensity is strongest for the xr and z z  com- 
ponents, respectively. The latter Raman band and infrared 
shoulder at 1660 cm-' have been assigned to the v, vibration of 
the ammonium ion. The former Raman band corresponds to the 
vC=O stretching vibration. Its frequency is close to that found 
for a band observed in the powder Raman spectra of potassium 
and rubidium analogues (16). Hence the correlation splitting 
expectation is not met by the experimental Raman data. The 
other possibility is to consider only coupliilg between the two 
C=O groups belonging to the acid groups bonded by the 
hydrogen bond. In this case the theory predicts two bands in the 
Raman and infrared spectra at similar frequencies. However, 
one may expect that the Raman band corresponding to the B 
type mode of the C, site group could be very weak. The in- 
frared band corresponding to the A type component may have 
very weak intensity and should be polarized perpendicular to 
the tetragonal Z axis. The infrared polarization behaviour of the 
B component may depend on an orientation of the transition 
dipole moment of the vC=O vibration with respect to the 
C=O bond. In AHTCA crystal the C=O bonds are almost 
perpendicular to the tetragonal Z axis (Fig. 3). It is known that 
the transition dipole moment of the vC=O vibration may be as 
far as 40" out of the C=O bond direction (6). Hence the B type 
vC=O vibration may be observed in both polarized infrared 
spectra. We think that the shoulder at 1695 cm-' in the infrared 
spectrum polarized perpendicular to the Z axis and the Raman 
band at 17 16 cm-' correspond to the A type component of the 
vC=O vibration. The infrared band at 1780 cm-' polarized 
parallel and the band at 1760 cm-' polarized perpendicular to 
the Z axis arise from the B type component of the vC=O 
vibration. One has to explain the different frequencies of these 
two bands. We suggest that this may be a result of an inter- 
action of the B component of the vC=O vibration with the 
v,OHO broad absorption. Since the v,OHO transition dipole 
moment is polarized parallel to the Z direction but the B type 
transition moment of the vC=O is not perpendicular nor par- 

allel to the Z direction, this interaction may have the character 
proposed by Marzocchi et al. (18). As a result of this inter- 
action a dispersive type of "transmission window" with a 
minimum at 1722 cm-' and a maximum at 1780 cm-' appears. 
At low temperature the asymmetric band polarized parallel to 
the Z axis changes into an almost symmetric band with a max- 
imum at 1775 cm-', a side band at 1810 cm-', and a shoulder 
at 1760 cm-' . The band polarized in the perpendicular direction 
changes much less. The shoulder at 1695 cm-' is better 
resolved and the shoulder at 1660 cm-' is a well-resolved band. 

The C-0 stretching vibration 
In the Raman spectra a depolarized band at 1344 cm-' has 

been assigned to this vibration. It has the strongest intensity in 
the xr spectrum. In the infrared spectrum polarized parallel to 
the Z axis close to this frequency, a "transmission window" at 
1348 cm-' occurs. At low temperature a band at 1335 cm-' is 
observed. A weak band at 1335 cm-' is observed in the spec- 
trum polarized perpendicular to the Z axis. 

The other internal vibrations of the acid group 
Bands at 835, 850, 675, and a shoulder at 875 cm-' have 

been assigned to the v,CCl, and v,CCl, vibrations. These bands 
are very strong in the spectrum polarized perpendicular to the 
Z axis. In the Raman spectra there are bands at very similar 
frequencies. It is possible that the Raman band at 77 1 cm-' and 
a shoulder in infrared spectrum polarized parallel to the Z axis 
at 770 cm-'also arises from the stretching vCCl vibration (17). 
The bands observed at 710 and 720 cm-' have been assigned 
to the deformation vibration of the COO groups. It is worth 
emphasizing that the Raman bands at 686 and 676 cm-' are the 
strongest in the xx spectrum and are not observed in the z z  
Raman spectrum. The strongest depolarized Raman band at 
437 cm-' may be assigned to the vsCC1, symmetric bending 
vibration (17). In the infrared spectra two bands at 438 and 420 
cm-', polarized parallel to the Z axis, are observed. Following 
Hadii et nl. (16), the former may be assigned to the POCO 
rocking vibration. 

The vC-C stretching vibration gives rise to a very weak 
infrared band at 952 cm-I, which is polarized perpendicular to 
the Z axis. There is no band nor "transmission window" in the 
absorption polarized parallel to the Z axis. Although the C-C 
bond is at an angle of 28" to the Z axis, one could expect the 
appearance of a band or "transmission window" in this spec- 
trum. In the Raman spectra this vibration gives rise to the band 
at 956 cm-', which is the strongest in the z z  spectrum. 

Conclusion 
It has been shown that the v,OHO vibration gives rise to a 

very broad absorption which is polarized parallel to the tetrag- 
onal Z(c) axis. We do not observe any similar feature in the 
spectrum polarized perpendicular to the Z(c) axis. Hence, we 
may suggest that for the v,OHO vibration a correlation field 
(Davydov or factor group) splitting is not observed. 

For the out-of-plane deformation yOHO vibration, the cor- 
relation field coupling and the site group (C? I Z) symmetry 
predictions are similar for the infrared spectra. In either case 
only one band polarized perpendicular to the Z(c) axis is ex- 
pected. The appearance of only one infrared band polarized 
perpendicular to the Z(c) axis allows us to confirm that protons 
occupy a site of C2 symmetry, hence, the hydrogen bond 
potential is symmetrical with a single minimum. 

This suggestion finds also confirmation in the analysis of the 
vC=O stretching vibration. If one takes into account only the 
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infrared data, the agreement with a theoretical prediction on the 
basis of a correlation field coupling is surprisingly good. Two 
bands polarized perpendicular (E type) and one band polarized 
parallel (B2 type) to the Z(c) axis are observed in the polarized 
infrared spectra. The vC=O band polarized parallel to the 
Z(c) axis has a characteristic shape. A similar shape of the 
vC=O band is observed in polarized infrared spectra of other 
acid salts (10, 22) in which a strong and broad absorption 
appears. This shape is characterized by a "transmission 
window" around 1700 cm-' and an asymmetry observed on the 
high frequency side. We suggest that this feature may be con- 
nected with an interaction between the broad vaOHO ab- 
sorption and the vC=O mode of B2 symmetry, when the 
correlation field coupling appears, or B symmetry, when only 
the coupling between the vC=O vibrations inside the hydro- 
gen-bonded dimer occurs. We suppose that the latter case is 
more reasonable because the correlation splitting of the vC=O 
vibration is not observed in the polarized Raman spectra. 
Hence, the B type vC=O mode, being a result of the out-of- 
phase coupling between the vC=O vibrations inside the dimer 
(whose site group symmetry is C2) interacts with the vaOHO 
vibrations. Since the transition dipole moment of this B type 
vC=O mode is neither parallel nor perpendicular to the 
v,OHO transition dipole moment, a result of its interaction 
would be a "transmission window" at 1722 cm-' and a dis- 
persive shape of the vC=O band observed in the infrared 
spectrum, in which a broad absorption occurs. This interaction 
may have a character similar to that proposed by Marzocchi 
et al. (18) and it may be responsible for the different fre- 
quencies of the vC=O bands, arising from the B type mode, 
which are observed in the infrared spectra polarized parallel 
and perpendicular to the Z(c) axis. 
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~ t u d e  cinetique de l'ouverture thermique de la liaison C-C d'aziridines et 
d'epoxydes dip6les-1'3 potentiels. 11. Influence des substituants 

A ~ C H A  DERDOUR ET FERNAND TEXIER 
Lnbornroire de synthise orgnnique, ONRS 75B/033, Institlct de Chimie, Universirt d'Ornn, Es-Stnia, Algtrie 

Requ le 25 septembre 1984' 

AICHA DERDOUR et FERNAND TEXIER. Can. J. Chem. 63, 3605 (1985). 
L'Ctude cinitique de I'ouverture thermique de la liaison C-C des cyano-2 aziridines 1, des alcoxycarbonyl-2 aziridines 2, 

des aroyl-2 aziridines 3 et des dicyano-2,2 Cpoxydes 4 diversement substituks en I et 3 montre que (i) la stCrCochimie des 
carbones cycliques a peu d'influence sur la vitesse d'ouverture Clectrocyclique; (ii) un substituant aryle en I favorise la rCaction 
par rapport a un alkyle et d'une manikre gCnCrale, la rCaction est facilitke par des substituants qui rapprochent les niveaux 
d'tnergie du doublet P de I'hCtCroatome et I'OM a:.,_,.,. Elle est Cgalement favoriste par la dissymitrie de substitution des 
carbones 2 et 3. Les rksultats sont discutis dans le cadre de la thCorie des relaxations. 

AICHA DERDOUR and FERNAND TEXIER. Can. J. Chem. 63, 3605 (1985). 
A kinetic study concerning the thermal opening of the C-C bond of 2-cyanoaziridines (I) ,  2-alkoxycarbonylaziridines (2), 

2-aroylaziridines (3), and 1,3-substituted 2,2-dicyanoepoxides (4) has shown that ( i )  the stereochemistry of the cyclic carbon 
atoms has little influence on the rate of the electrocyclic opening; (ii) the presence of an aryl substituent in position 1, as 
opposed to an alkyl substituent, favors this reaction and, in general, the reaction is favored by the presence of substituents which 
produce energy levels closer to those of the P doublet of the heteroatom and of the u , * . ~ - ~ ,  MO. This reaction is also favored 
by a dissymmetry of the substitution on the 2 and 3 carbons. The results are discussed in terms of the theory of relaxations. 

[Journal translation] 

Les facteurs qui favorisent l'ouverture thermique des hetero- 
cycles isotlectroniques de l'anion cyclopropyle (aziridines, 
tpoxydes.. .) en dip6les- 1,3 correspondants ne semblent pas 
&tre complktement h tgagb ,  malgre quelques travaux experi- 
mentaux (1  -3) et les explications basees sur la methode des 
relaxations (4). 

Afin de ~reciser I'influence des substituants sur la reaction 
pericyclique, nous avons etudie, a I'aide des methodes dtcrites 
dans I'article precedent ( 5 ) ,  la cinetique d'ouverture de la liai- 
son C-C des aziridines 1, 2 et 3 et des Cpoxydes 4. 

Ri 
C-C 

H' \N/ 'R2 

I 
R 

Ri /C02R' 
C-C 
\N/ kR2 

I 
R 

2 

Ph\ C-C /cOphpx 
P X P ~ \  C-C pCN 

H / \,/ kH H/ \o/ \CN 

L'objet de ce memoire est d'exarniner l'influence de la con- 
figuration relative des carbones cycliques de l'aziridine et celle 
de divers substituants sur la reaction d'ouverture Clectro- 
cyclique schCrnatisCe cornrne suit: 

Aziridine - - - - - - Ylure d'azomithine (Z = N-R) 
Epoxyde - - -  - - - Ylure de carbonyle (Z = 0 )  

' Revision reque le 30 juillet 1985. 

Resultats experimentaux 
1. Influence de la configuration relative des ccrrborles qcli- 

ques de l'aziridine 
Huisgen et al. ont montre que la stereochimie cis ou trans 

des deux aziridines isomkres 2d (cis) et 2e (trans) influe peu 
sur leur vitesse d'ouverture electrocyclique (3a): 

Me02C \ p C 0 2 M e  Me02C\ 

,c-c. 
pH c-c, 

H,t \?/ ..H H '  ' C O ~ M ~  

I 
pMeOPh 

I 
pMeOPh 

2d (cis) 2e (trans) 

Nous avons montre qu'il en etait de m&me pour les deux 
aziridines isomkres 3a (cis) et 36 (trans), quelle que soit la 
temperature de la rtaction. Les resultats rassemblts dans le 
tableau 1 indiquent que la configuration relative des carbones 
cycliques ne joue qu'un r6le mineur sur la vitesse d'ouverture 
du cycle, contrairement ce qui est observe lors de la trans- 
formation de derives cyclopropaniques en cations allyles, puis- 
que dans ces cas, la stereochimie joue un r6le preponderant sur 
la vitesse de la reaction (6). 

Ph\ 
,COPh 

c-c, Ph\ C- c, lH 
H,~' \N/ ‘.H H"' \N/   COP^ 

I I 
~ 6 ~ 1 1  

3a cis 

2. Influence du substituant de l'azote (cas des aziridines) 
Oehlschlager et al. ont rnontre que l'ouverture des N-aryl- 

aziridines 5 en ylures d'azorntthine 6 a 1 10°C est favoriste par 
des substituants X et X' Clectrodonneurs (2). 

Pour notre part, nous avons rnontre que l'ouverture de 
l'aziridine est favoriste par substituant phenyle compare a un 
alkyle. 
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TABLEAU I. Constantes cinktiques d'ordre I (k l ,  loJ ss ')  et parametres d'activation correspondant 2 
I'ouverture thermique des aziridines 3 (soivant: tolukne) 

3: 2 I'exception de 30, les substituants des carbones sont trans 

N X T:h  80,2 101.2 121,s 140 AH+" log A,, A s f  AG+ 

3a (cis) H 1,45 9,1 43,4 200 22 10,3 -14 28 
3b H 1,25 8,9 35,8 109,2 22,s 10,5 -13 27 
3c Me0 1,05 2,68 15,60 68,5 23,5 I I - 1  1 27,5 
3d NO' 3,16 15,7 57,2 156,l 19 8,6 -21 26,5 

"Les A H S  sont exprimees en kcal mol-' (precision ? 1,5 kcal m o l l )  et les AS+ en unites d'entropie (prkcision 
2 5  ue). 

" T ,  50,2OC. 

TABLEAU 2. Constantes cinktiques d'ordre 1 ( k , ,  1 0 % ~ ' )  et pararnktres d'activation correspondant j. I'ouverture 
thermique des aziridines 2 (solvant: tolukne) 

RICH-c 
/R2 

\N/ 'CO~R' 
I 

2 (R' = Me sauf pour 2b, R' = Et) 
- - - 

k, (loJ S- ' )  

N R R '  R' T:" 60 105 121,5 AH'" log A,, AS"' AG+ 

20 C ~ H I I  Ph COzMe - - 6,35 
2b Ph Ph COzEt 2.9 34,O 100 17 7 s  -26 26,5 
2c Ph COZMe COzMe 0,25 4,3 10,3 17 7,OO -29 28 
2d pMeO Ph H COzMe 28,5" - 1,5 29 
2e pMeO Ph H CO'Me " I I 29,5" +0,5 29 

"T, ?0,2"C. 
"Les AH+ sont mesurees 1 partir de constantes de vitesse determinees en vitesse initiale (ref. 5); la precision est 2 2  kcal 

mol-'. Les A S b  sont obtenues avec precision de 2 5  ue. 
"Compte tenu de la difficult6 a obtenir la constante de vitesse (ref. 5) nous nvons renonce i determiner les parametres 

d'activation. 
"Ces aziridines ont etC CtudiCes par Huisgen et Mader ( 3 a ) ,  dans I'acCtate d'ethyle. Les aziridines etudiees au cours de ce 

travail ont des ASi largement negatives; ceci est dfi en partie B une solvatation spicifique des aziridines dans les solvants 
aromatiques (1). 

5 (cis) 6 (trans) 

Ph C02R' 
Ph\ yH k 1 I I 

C-C / - C\.4e-,,C 
H' \N/ 'co~R' k-, H/ ' Y G / \ ~  

I 
R 

I 
R 

20: R = ChHII; R' = Me (cis par rapport au phknyle) 
2b: R = Ph; R' = Et (trans par rapport au phknyle) 

compart au cyclohexyle; ainsi a T = 121 3°C: kl ( l i )  = 0,86 
x s-' et k, ( l k )  = 1,5 X lo-' s-I. 

Ainsi a la temperature de 121,5"C, I'aziridine 2 6  dont l'azote R I 
est substitut par un phtnyle s'ouvre 16 fois plus vite (kl  (2a)  \ C-C /"" 
= 6,35 x lo-* s-I; k, (26) = 100 x s-I) que l'aziridine H/ \N' \R2 
2 a  dont l'azote est substitut par un cyclohexyle. 

I1 en est de mtme pour l'ouverture des cyano-2 aziridines l i ,  
I 
R l i : R ' = M e ; R Z = H ; R = C 6 H l l  

et l k ;  la rtaction tlectrocyclique est favoriste par un phtnyle lk: R'  = H; RZ = Me; R = Ph 
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DERDOUR ET TEXlER 

TABLEAU 3. Constantes cinktiques d'ordre I ( k , ,  10" s-I) et pararnktres d'activation correspon- 
dant B l'ouverture therrnique des aziridines In, li, lj et lh (solvant: toluiine) 

R'CH-CHCN 

'N' 
I 

No R '  T:" 120 130 140 160 A H +  log A,, AS' AG' 

" T ,  +0,2"C. 

3. Influence des substituants des carbones cycliques 
3.1. Influence des groupemetzts fonctiotznels substituant le 

C? 
Selon la littkrature, la formation d'un ylure d'azomethine a 

partir d'une aziridine est favorisee par un groupement electro- 
attracteur activant, ester, citone ou nitrile, substituant le(s) 
carbone(s) cyclique(s) (7). La comparaison de la vitesse d'ou- 
verture des aziridines 1, 2 et 3 substituees en I par un cyclo- 
hexyle et en 3 par un phenyle montre que la constante k, suit 
l'aptitude du groupement fonctionnel a stabiliser une charge 
negative: A T = 12 1,5"C, dans le toluene, kl (30): 43,4 x lo-" 
sC1 > k, (2a): 6,35 x lo-' s-I > kl ( la) :  2,92 X 10'' s-I. 

Si l'on considere les aziridines 3 dont le phenyle liC au 
carbonyle est substitue en para par un groupement X,  nous 
remarquons que l'effet du substituant X est modCrC, mais 
lorsqu'il est electrodonneur, il ralentit I'ouverture, alors qu'il 
1'accClkre quand il est Clectroattracteur, conlme le montrent les 
resultats rassembles dans le tableau 1. 

Les parametres d'activation correspondant a I'ouverture des 
aziridines 2 sont rassembles dans le tableau 2. 11s montrent que 
le compose 2c s'ouvre plus facilement que les aziridines 2d et 
e Ctudiees par Huisgen et al. (3c), malgrC la presence du mC- 
thoxy sur le phenyle lie a l'azote. I1 faut noter toutefois que 
l'aziridine 2b s'ouvre plus aisement que les composes 2c et 2d. 
A titre d'exemple, nous avons reporte ci-dessous les k, obser- 
vCes ?I T = 120°C. 

3.2. Substitution en position 3 par  des groupernetzts alkyles 
et aryles 

3.2.1. Dans une publication preliminaire, nous avons montrC 
que l'ouverture thermique des cyano-2 aziridines en ylures 
d'azomethine est favorisee en rempla~ant l'hydrogkne en 3 par 
un phCnyle (1). Les rCsultats rassembles dans le tableau 3 
concernant les parametres d'activation des aziridines l a ,  i, j et 
h, montrent que la facilite de formation de l'ylure d'azomethine 
suit la sequence: R1 = Ph > H > Me > MezCH. Ainsi, a la 
temperature de 1 20°C, la constante kl est divisee par environ un 
facteur 10 lorsque I'on remplace le phCnyle par un hydrogene 

~ C 0 2 M e  (C02Me)CH-CH(C02Me) 

-'PC, \N/ 
N ' C O ~ M ~  1 

I pMeOPh 
Ph 
2c 2d cis 2e trans 

10,3 > 4,6 3,9 

et par un facteur 40 lorsque R '  = Me. Toutefois, la variation 
de log k, en fonction des u* de Taft (8) n'est pas une relation 
lineaire. 

3.2.2. Cas des N-cyclohexvl-cvatio-2 pX phinyl-3 
aziridines 

Les rCsultats concernant l'ouverture d'une sCrie de phenyl-3 
aziridines 1 dont le phCnyle est substitue en para par un grou- 
pement X (MezN-, MeO-, H, C1, Br, CN, NOz) sont ras- 
semblCs dans le tableau 4. 

Contrairement a ce qui Ctait attendu, la reaction electro- 
cyclique est favorisee par un substituant X Clectrodonneur et 
dkfavorisee par un groupement X Clectroattracteur. Si l'on 
prend la constante de vitesse d'ouverture de l'aziridine la 
(X = H) Cgale a l'unite, nous obtenons les valeurs relatives 
suivantes ( T  = 12 1,5"C, solvant: toluene): ky' (X = H) = 1,OO; 
Me,N- = 4,41; MeO- = 1,97; CI = 0,95; Br = 0,94; 
CEN = 0,89; NOz = 0,86. 

L'influence du substituant X est donc modCree, mais elle est 
l'inverse de celle observCe avec les aroyl aziridines dont le 
phenyle lie au carbonyle est substituC en para. La figure 1 
representant log k, en fonction des u de Hammett (8) montre 
que les substituants ayant un u positif sont correctement align& 
(p = -0,08); le dimCthylamino et le methoxy sont Cgalement 
align& avec H, mais la droite n'a pas la m&me pente (p = 
-0,38). 

3.2.3. Cas des dicyano-2,2 phinyl-3 k p o x y d  4 
Les resultats relatifs I'ouverture thermique des Cpoxydes 4 

en ylures de carbonyle correspondants sont rassembles dans le 
tableau 5.  

11s sont analogues a ceux obtenus avec les aziridines 1; 
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CAN. J. CHEM. VOL. 63. 1985 

TABLEAU 4. Constantes cinktiques d'ordre 1 (kl ,  10' s-I) et paramktres d'activation cor- 
respondant ii I'ouverture des N-cyclohexy, cyano-2, p X  phenyl-3, aziridines (solvant: 

toluene) 

X T:" 81 121,5 130 140 

H 0,5 29,5 73 125 
C1 0 2  27,8 - 101 
MeO" 1,O 57,5 - 165 
NO2 0,08 25,l - 101 
CN 0,5 26,2 - - 

Me2N 9,3 129 210,7 - 

'IT, ?0,2"C. 
"Lorsque la rCaction est effectuCe dans le CCI,, les paramktres d'activation deviennent: A H +  = 25 

kcal mol-'; log A., = 12; A S +  = -7 ue et AG+ = f27 kcal mol-I. 

FIG. 1.  Variations de log k, en fonction des u de Hammett dans les cas des aziridines 1; T = 121,5"C. 

l'ouverture est favorisCe par un substituant X Clectrodonneur tel 
que Me0 et defavoriske par un substituant tlectroattracteur: 

k;" (T  = 121,S°C, solvant: CCl,) H = 1,OO; Me0 = 4,OO; 
Cl = 0,91; NO, = 0,70. 

3.2.4. ParamPtres d'activation 
Si nous considkrons l'ensemble des paramktres d'activation 

obtenus pour I'ouverture d'aziridines diversement substituCes 
(tableaux 1 -5), nous remarquons que l'enthalpie d'activation 
AHP varie en sens inverse du facteur de frkquence log A,, qui 

est reliC simplement au ASP. Plus I'ouverture de l'aziridine est 
facile (cas de I'aziridine 2b par rapport a l a  ou 3a) et moins la 
constante de vitesse est dependante de la tempkrature, ce qui se 
traduit par un facteur de frkquence log A,, faible et par voie de 
conskquence un AS+ largement nCgatif. 

Les valeurs largement ntgatives des AS+ peuvent paraitre 
surprenantes. Toutefois, i l  faut remarquer que la faible Cvo- 
lution des constantes de vitesse (pour une sCrie donnCe, le AG+ 
varie peu) est dCle 5 la compensation de l'entropie d'activation. 

Ce phCnomene semble Ctre une caracttristique des reactions 
unimolkculaires puisque une Cvolution analogue des AH+ et 
log A,, a Ctk obsewie lors d7isomCrisations unimolCculaires 
effectuCes en phase gazeuse (9). 

De plus, il a CtC montrC 5 l'aide de la rmn (rCsonance ma- 
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DERDOUR ET TEXIER 

TABLEAU 5. Constantes cinetiques d'ordre I (kl) 
d'ouverture des Cpoxydes 4 dont le phtnyle est sub- / R '  "\ 
stitue en para par X; solvant: CCI,; T = 1213 2 

0 . 2 0 ~  H L ~  '1 Dcis w trans 

R 
/ N ~ c . .  

X ,H ouverture D ,c-Y 

k I 76,7 19,2 17,5 13,6 
logk, -3,12 -3,72 -3,76 -3,87 P' "\ 

,p$j>~ k1 Gcis 

,rR1 
/ d  ' "-v- u trans 

R I  >. R //pH H ' fD t r  . ,H ouverture G Y 

w cis 

rH 
R  
/ N%c ., SCHEMA 2. Ouverture conrotatoire d'une aziridine cis. 

" ouver rure  D 

Y' ouver tu re  D 

4 % '  , 
R Y ouver tu re  G 

SCHEMA 1 .  Ouverture conrotatoire d'une aziridine trans. 
Ouverture G 

gnktique nuclkaire) que si une aziridine est dissoute dans un 
solvant benztnique, le noyau aromatique a tendance a se placer 
le plus loin possible du doublet de l'azote (10). C'est pourquoi 
il a CtC envisagt une interaction spkcifique entre les OF du 
solvant aromatique et I'OM u:-, destinee a se rompre (1). La 
solvatation spkcifique des aziridines dans le to ldne  est donc en 
partie a l'origine des AS+ largement ntgatifs (1 En effet, les 
paramktres d'activation de l'aziridine l c  mesurks dans le CCl, 
sont plus classiques (tableau 4 ,  note debase de tableau), le AS+ 
est moins nkgatif; dans un tel solvant, il n'y a pas de solvatation 
sptcifique. 

Discussion 
1. Influence de la stbrbochimie des aziridines 

L'ouverture conrotatoire d'une aziridine peut se faire, "a 
priori", de deux rnanikres (droite ou gauche) conduisant ainsi 
a deux configurations U et W de l'ylure d'azornethine corres- 
pondant, selon les schtrnas 1 et 2. 

La constante de vitesse d'ouverture d'une aziridine de s t 6  
rtochirnie donnte est la sornrne des constantes de vitesse de 
formation des deux configurations de l'ylure d'azomtthine cor- 
respondant: 

k ,  (Az. trans) = k l  (D tr) + k l  (G tr) 
k l  (Az. cis) = k l  ( D  cis) + k l  (G cis) 

Ces diffkrentes configurations U et W n'ktant pas dktectables 
par l'exptrience, les mesures experimentales ne peuvent dis- 
tinguer k l  (D) et k l  (G). 

' Le changernent de solvant arornatique entraine une modification 
des parametres d'activation de l'aziridine l a :  ainsi, le rernplacement 
du toluene par le nitrobenzkne entraine une diminution du A H +  (de 27 
i 24,5 kcal rnol-') et une diminution du AS+ (de -7 ii - 14 ue). Ces 
rCsultats sont en accord avec la regle gCnCrale; lorsque AH* dCcroit, 
A S +  dCcroit algebriquement. 

SCHEMA 3. Interactions orbitalaires lors de I'ouverture conrotatoire 
d'une aziridine avec azote plan. 

D'aprks nos rksultats et ceux de Huisgen et al. (3c), k l  (Az. 
trans) = k l  (Az. cis). Un raisonnement bast sur la rnini- 
rnisation des contraintes stkriques dans l'ylure form6 (12) per- 
met de rnontrer que le mode d'ouverture le plus facile est celui 
qui conduit a l'ylure W cis 

k l  (D trans) > k ,  (D cis) ou k ,  (G cis) 

Cependant, la stCrCochirnie de l'ouverture des cations et 
anions cyclopropyles n'est pas gouvernte par des interactions 
stkriques, rnais par les proprittes des orbitales (13). Lors de la 
solvolyse des dCrivts cyclopropaniques, des deux modes d'ou- 
verture disrotatoires possibles "a priori", un seul a lieu effec- 
tivernent: il correspond a celui pour lequel I'energie de relaxa- 
tion est la plus grande en valeur absolue (4). 

L'explication de la formation prtfkrentielle d'un ylure d'azo- 
rntthine l'aide des interactions steriques ne tient que dans la 
rnesure ou les interactions orbitalaires pour les deux modes 
d'ouvertures, D ou G,  sont tquivalentes. Ceci serait toujours 
verifie quels que soient les substituants portts par les carbones 
de l'aziridine, si l'azote ttait plan dans l'etat de transition. Quel 
que soit le mode d'ouverture conrotatoire D ou G, l'knergie de  
relaxation diie au transfert de charge P-+ u:-, serait la rn&me 
(voir schtrna 3). Si on se limite aux interactions entre les 
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TABLEAU 6. Charges totales 
sur les atomes de I'ylure 
d'azomCthine non substitut 

orbitales frontieres, cette energie est representee par I'equation 
[I1 (4): 

Elle serait la rn&rne pour les deux modes d'ouverture. 
Toutefois, cornrne l'ont rnontri les calculs ab iizitio effectues 

sur I'ouverture de I'anion cyclopropyle (14) ainsi que les cal- 
culs MIND0 effectuks sur l'ouverture d'une aziridine (15), 
l'azote ne doit pas &tre plan dans l'etat de transition et le 
doublet P n'est pas syrnetrique. Ceci entraine que les inter- 
actions orbitalaires ne sont pas equivalentes des deux c6tCs du 
plan du cycle en train de s'ouvrir. Ce raisonnernent irnplique 
que pour des aziridines dissyrnCtriques, l'un des deux modes 
d'ouverture conrotatoire doit &tre privilkgie (16). 

2. ltlflrterzce des substituants 
Le concept de stablisation de charges partielles ne perrnet pas 

d'expliquer la stereochirnie de l'ouverture Clectrocyclique et 
nous ne pensons pas qu'il puisse expliquer les effets des substi- 
tuants observes. En effet, il faudrait adrnettre que dans 1'Ctat de 
transition i l  se dkveloppe une charge partielle positive sur le 
carbone 3. Or les calculs CND0/2 effectuks sur les ylures 
d'azornkthine rnontrent que lors de I'ouverture de l'aziridine, 
I'azote initialernent nigatif devient positif alors que les car- 
bones initialernent positifs deviennent nCgatifs (voir partie ex- 
pkrirnentale et tableau 6). 

Cornpte tenu du fait que I'equilibre aziridine e ylure d'azo- 
methine ou epoxyde e ylure de carbonyle est consi- 
derablement dtplacC vers l'heterocycle ferrnt, selon le principe 
de Harnmond, 1'Ctat de transition doit avoir une structure pro- 
che du dip61e-1,3 final. Des calculs ab initio effectuks sur 
l'ouverture de l'anion cyclopropyle ont rnontre qu'il en devait 
&tre ainsi, tout au rnoins pour les longueurs de liaison (14). 

Si l'on adrnet que la force rnotrice de la reaction est le 
transfert de charge du doublet de I'hetCroatorne sur I'OM a:-, 
et que la reactivitk est correctement interpr6tCe par la thCorie 
des relaxations, l'ouverture est d'autant plus aisCe que I'energie 
de relaxation (4) est grande en valeur absolue (eq. [I]). 

2.1. Substitliants en position 1 
Dans des series distinctes d'hCterocycles (aziridines et 

Cpoxydes) ou dans des series d'hCtCrocycles portant les rnkrnes 

SCHEMA 4. Interactions orbitalaires lors de I'ouverturc conrotatoirc 
d'une aziridine. Etat de transition. 

substituants sur les carbones, la difference d'energie entre le 
doublet de l'hiteroatome et I'OM uz-, destinee i se rornpre, 
gouverne l'aptitude a I'ouverture. 

La r~activit t  comparke des aziridines et epoxydes a ete dis- 
cutee precedernrnent (1, 4) et nos resultats sont en accord avec 
le fait qu'a substituants identiques sur les carbones, les azi- 
ridines s'ouvrent plus ais~rnent que les epoxydes (17, 18). 
L'Cnergie du doublet de l'oxygene est plus basse que celle du 
doublet de I'azote (19), ce qui entraine un transfert de charge 
du doublet P sur I'OM u:-, plus important dans le cas des 
aziridines. 

L'influence des substituants donneurs sur le phenyle lie a 
I'azote des aziridines 5 a etC expliquCe de la rn&rne rnaniere (4). 

La plus grande rCactivitC des aziridines N-phCnyles par rap- 
port aux aziridines N-alkyles observke expCrirnentalernent 
s'explique par la rnCthode des relaxations, puisque I'tnergie 
d'interaction du doublet P avec I'OM u '~  est la plus grande 
lorsque le substituant de l'azote est un phCnyle.' 

La facilitC d'ouverture du cycle suit la facilite d'inversion de 
l'azote; en effet, la barriere d'inversion est plus faible dans le 
cas d'une aziridine N-phCnyle que dans le cas  des aziridines 
N-alkyles; la difference est de l'ordre de 5 kcal rnol-' (20). 

2.2. Substituarzts en 2 et 3 
L'exarnen des tableaux rnontre que I'ouverture de la liaison 

C-C est facilitee par une substitution dissymktrique des car- 
bones 2 et 3. Parrni les aziridines ttudikes, 2b est la plus 
reactive. Puisque I'influence des substituants sur I'Cnergie des 
OM est additive en premiere approximation, ceci indique que 
dans une sCrie d'hCtCrocycles de structures peu differentes, 
lorsque l'on passe d'un compose a I'autre, la variation du 
nurnkrateur de I'equation [ I ]  I'ernporte sur celle du dknorni- 
nateur. En effet, si la rkactivite pkricyclique Ctait gouvernee 
uniquernent par la difference d'energie entre le doublet P et 
I'OM uz-,, la rkactivite de 26 devrait se situer entre celle de 
2e et 5.  

Cela n'a de sens que si l'on adrnet que I'azote qui passe de 
la forrne pyramidale i la forrne plane n'est pas encore plan dans 
I'etat de transition (schema 4).4 

' 0 .  Henri-Rousseau et N. Nafi. Communication personnellc. 
'Dans le cas des Cpoxydes, I 'un des doublets jouc le r6le du doublet 

de I'azote alors que I'autre joue le r61e de la liaison N-R. 
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DERDOUR ET TEXlER 361 1 

Lorsque les substituants des carbones sont differents, I'OM 
u2+st alors polarisee et les coefficients C2 et C3 sont d'autant 
plus differents que l'on a d'une part un substituant Clectro- 
attracteur et d'autre part un substituant Clectrodonneur (effet 
"push-pull"). Dans ces conditions, quel que soit le mode d'ou- 
verture conrotatoirelprivilCgiC a ou 6 ,  plus I'OM est dis- 
symetrique et plus H;,, _ ,, est important et plus I'ouverture est 
aiske. 

La sequence de reactivitt des aziridines lct, 2u et 3a suit 
l'augmentation de la polarisation d e  I'OM a:': due au substi- 
tuant Y.  L'influence des substituants X sur la polarisation de 
cette O M  permet de comprendre la reactivite des aziridines et 
des Cpoxydes dont le phinyle en 3 est substitue: plus X est 
donneur et plus la dissymetrie de I'OM a:': augmenTe entrainant 
un accroissernent de I'hamiltonien d'internction H i o -  ,,. Dans 
les composes 1 et 4, les substitants X ont deux effets antago- 
nistes: (i) un substituant Clectrodonneur, en relevant l'energie 
de I'OM a:':, dCfavorise le transfert d e  charge PN + a:-,; (ii) 
ce  m&me substituant en augmentant la dissymetrie de I'OM a:$ 
favorise la reaction. L'antagonisrne des deux effets pourrait 
expliquer que l'influence des substituants X est globalement 
faible, mais nos resultats experimentaux indiquent que I'in- 
fluence d'un tel substituant sur la dissymetrie (nurnerateur de 

I'equation 111) l'emporte sur la variation du niveau d'energie 
(denominateur de I'equation [I]) .  

Dans les cornposCs 3,  X substitue le phenyle lie au carbonyle 
et,  dans ces conditions, les deux effets vont dans le m2nie sens; 
ainsi, le groupement NO? abaisse 1'Cnergie d e  I'OM a *  et 
accroit la polarisation de cette OM,  favorisant la reaction Clec- 
trocyclique. 

L'influence d'un methyle en 3 compare a un hydrogkne (cas 
des aziridines l i ,  R = Me, et lj, R = H) s'explique d e  la mCme 
maniere. Un carbone sp3 Ctant plus electronegatif que 
I'hydrogene, le methyle compense partiellement l'influence du 
nitrile sur la dissymetrie d e  ] 'OM a:-_, et d e  ce fait diminue la 
vitesse d'ouvei-ture, par rapport ii l'hydrogkne. 

Nos resultats semblent en accord avec les previsions 
d ' ~ ~ i o t i s  qui, dans une approche theorique diffkrente, pre- 
voyait une augmentation de la reactivite pericyclique avec 
I'augmentation de la polarite d e  I'etat de transition (21). 

Le raissonnement qui preckde permet d e  comprendre l'ou- 
verture aisCe des het6rocycles 7,  9 et 11. L'effet -I des substi- 
tuants en 2 et 3, en abaissant l'tnergie de I'OM u:"t la forte 
dissymetrie de cette O M  due a I'effet "push-pull" des substi- 
tuants t M  en 3 et -M en 2 ,  favorise le transfert de charge 
PN + a:-, et, partant, I'ouverture du cycle. 

C N  
T ambiante 

\ /CN instanlanee + C N  
C-C 

(rtf. 76) 
\C 4 e  .C(CNl2 

CN / \s/ \CN CN/ 

D'aprks c e  travail, on peut privoir que quand deux aziridines 
portent des substituants identiques, celle qui prisente la plus 
grande dissymetrie doit donner plus aisement I'ylure d'azo- 
methine correspondant. 

En conclusion, cette etude permet d e  degager les points 
essentiels suivants: (i) la configuration relative des carbones 
cycliques a peu d'influence sur la vitesse d'ouverture Clectro- 
cyclique des aziridines; (ii) l'ouverture est globalement favo- 
risee par des substituants qui rapprochent les niveaux d'energie 
du doublet P d'une part et de I'OM a:-, d'autre part. Toute- 
fois, la dissymetrie d e  substitution des carbones 2 et 3 joue un 
r61e important; au fur et a mesure qu'elle croit, la vitesse 
d'ouverture augmente. 

Partie experimentale 
1. DPtertnit~nr~on des constcrtrtes de vitesse k,  

Les constantcs cinetiques conccrnant I'ouverture Clectrocycl~que 
des composCs 1, 2, 3 et 4 CtudiCcs au cours de ce travail sont deter- 
minks en suivant la disparition dc I'hCtCrocycle au cours dc la reac- 
tion d'addition 3. I'ACDM. Le dosage des cyano-2 aziridincs 1 cst 
effectuC 3. I'aidc dc I'ir (disparition de la bande VC.-., vcrs 2240 cm- ') 

ct celui des autres composCs, ii I'aide de la chromatographie cn phase 
liquide selon le mode operatoire dCcrit dans un mkmoirc prdcCdent (5). 

2. DCternzit~niiot~ des pctram2tre.s d'~cti\vrtiot~ 
Les paramktres d'activation, AE':,  AH^, A S )  et AG' sont deter- 

minks i I'aide de mtthodcs standard (9), aprks avoir mesure la con- 
stante de vitesse d'ouverture k l  9, c ~ r l  t t~oi t~s ,  5 temperatures diffi- 
rentes. 

La pente de la droite (coefficient de correlation r = 0,996), reprC- 
sentant le log k l  en fonction de IIT, permct de calculer I'Cnergie 
d'activation AE+. L'ordonnCe 3. I'origine correspond i log A,,. 

Compte tenu des diverses gammes dc tcmpCrature ktudiies en fonc- 
tion des substituants du cycle, Ic A H )  est calculC, dans chaque cas, 
i la temperature moyenne, alors que le AS' est toujours calcule pour 
T = 100°C. Dans les tableaux, nous n'avons reporte que les constantes 
de vitesse obtenues aux m&mes temperatures, dans une sCrie donnkc. 
Les rtsultats rassembles dans les tableaux sont donnCs avcc un pour- 
centage de confiance de 90%. 

3 .  Calcttls CNDOIZ 
Les calculs CND0/2 ont etc cffcctuCs sur les aziridines 7 et 8 cn 

considtrant les angles du cycle Cgaux 3. 60'; I'azote Ctant pyramjdal et 
les longueurs de liaison C-N = 1,487 A, C-C = 1,509 A. Lcs 
valeurs des charges ainsi obtenues sont reportkcs ci-dessous. 
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La gCornCtrie des ylures d'azornithine n'etant pas connue, les an- 
gles de liaison sont pris egaux ii 120" pour les carbones terminaux du 
dip6le et de I'azote central. 

Les calculs rassemblCs dans le tableau 6 ont etC effectuCs sur I'ylure 
d'azomkthine non substituk pour diverses longueurs de la liaison 
C-N; ils rnontrent que les charges tvoluent peu. 

Les calculs CND0/2 concernant les ylures d'azomethine rksultant 
de I'ouverture des aziridines 2b nous ont CtC aimablement comrnu- 
niquts par Monsieur le Professeur R. Carrie (UniversitC de Rennes) 
que nous rernercions vivement. 

I 

Ph 
R = Ph R' = H, qz = -0,264 q, = -0,061 
R = H R' = Ph, qz = 0,245 q3 = -0,073 
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the synthesis of monobactams and 3-amino nocardicinic acid' 
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STEPHEN HANESSIAN, CLAUDE COUTURE, and HEINZ WYSS. Can. J.  Chem. 63, 3613 (1985). 
The imidazolylsulfonate group has been found to be a versatile leaving group in the intramolecular cyclization of p-methoxy- 

phenyl amides and related derivatives of N-substituted L-serine to give the corresponding p-lactams. 

STEPHEN HANESSIAN, CLAUDE COUTURE et HEINZ WYSS. Can. J.  Chem. 63, 3613 (1985). 
Le groupement imidazolylsulfonate est un excellent groupe partant dans des reactions de cyclisation intramoltculaire des 

p-mtthoxyphtnyle amides et d'autres dtrivts de la L-shine. Les produits de cyclisation sont les p-lactames correspondants. 

Since the emergence of the monobactam family of mono- 
cyclic p-lactam antibiotics (1, 2) much effort has been devoted 
to their total synthesis (3-5), particularly since they have dem- 
onstrated potent antibacterial activity and high stability toward 
p-lactamases (6). Several reports have also been concerned 
with the synthesis of Zoxo-azetidines (7), 4-substituted-2- 
azetidinones (8), 2-amino-4-substituted-2-azetidinones (9), 
and related compounds (10). The same monocyclic p-lactam 
system occurs also in the structure of the nocardicin group of 
antibiotics (1 1). Several elegant syntheses of this class of natu- 
ral products and their components in optically active (12, 13) 
and racemic forms (14) have been reported. Some relevant 
structures are shown in Scheme 1. New types of 3-amino-2- 
azetidinones are continually being discovered from fermenta- 
tion sources (15). We recently reported the total and stereo- 
controlled synthesis of bsubstituted 3-amino-2-azetidinones 
(16), which are known to be immediate precursors to potent 
antibotics in this series (9). 

As already discussed (1, 2), a practical access to the mono- 
bactams in general could take advantage of the chiron approach 
(17) utilizing N-substituted L-serine or related amino acid de- 
rivatives as templates. A high degree of convergence in func- 
tionality and sense of chirality can thus be achieved with the 
intended target while utilizing the same number of required 
carbon atoms (Scheme 2). Ring closure by intramolecular 
attack of the amine nitrogen with a suitable leaving group on 
the hydroxyl terminus, as previously demonstrated for p-halo- 
propionamides (7) or related derivatives (3-5), would com- 
plete the task of assembling the diminutive yet important syn- 
thetic intermediate. In spite of the seemingly trivial nature of 
this exercise, it should be noted that racemization, elimination, 
and intramolecular reactions could effectively compete with 
ring closure (5) and loom as major threats to such a strategy. 

Most of the current syntheses of monobactams rely on using 
an N-alkoxy hydroxamate or N-sulfonic acid derivative, in 
which the NH is significantly acidic, hence more reactive in the 
internal displacement reaction (4). 

We wish to report an exceptionally mild and efficient ring 
closure reaction of N-substituted serine amides, based on a 
novel activation of the hydroxyl group as the imidazolyl- 
sulfonate (imidazylate) (18; for a preliminary announcement of 
a portion of this work, see also ref. 19). This method leads to 

' Presented in part at the Xth European Symposium on Heterocyclic 
Chemistry, Kaiserslautern, Germany, Oct. 2-4, 1984. See also 
ref. 19. 

Author to whom correspondence may be addressed. 

the efficient syntheses of (S)-3-amino-2-azetidinone and 
3-amino nocardicinic acid. Thus, treatment of N-[(benzyloxy)- 
carbonyll-L-serine p-(methoxyphenyl) amide 2a  or the corre- 
sponding N-Boc derivative 26 with N,N-sulfuryl diimidazole 
(20) in DMF, and adding sodium hydride at -40°C, resulted in 
sequential 0-imidazolysulfonylation and ring closure to give 
the crystalline azetidinones 3 a  and 36  in 70 and 85% yields, 
respectively, isolated by direct crystallization (Scheme 3). 
Bose and co-workers (5) have reported the successful applica- 
tion of the Mitsunobu reaction (21) to the toluidide derived 
from N-benzyloxycarbonyl L-serine, and the isolation of a 
p-lactam in 53% yield. Cleavage of the p-anisyl group with 
ceric ammonium nitrate (22) led to the known crystalline azeti- 
dinone derivatives 4a  and 46, respectively, in 70% yield. The 
isolation of these compounds in good yields indicates that the 
internal cyclization via the imidazolylsulfonates (Scheme 3) 
proceeded without racemization, elimination, or aziridine for- 
mation (5). The transformation of 4a  and 4b into biologically 
active rnonobactams has been described elsewhere (3). Appli- 
cation of the same reaction conditions to the L-threonine series 
(Scheme 4) gave a poor yield of the expected cyclization prod- 
uct, with aziridine formation being prevalent. Since the im- 
idazolylsulfonate is known to be an excellent leaving group in 
displacement reactions of secondary alcohols (18), it is likely 
that aziridine formation in the L-threonine derivatives is the 
result of the prevalence of a particular conformation in solution 
that favors attack by the carbamate nitrogen. Related examples 
can also be encountered in other work (5). 

We then turned our attention to the prospects of utilizing the 
0-imidazolylsulfonyl group in the intramolecular cyclization 
of a precursor to 3-amino nocardicinic acid (Scheme 5). Thus, 
N-phthalimido L-serine 5 (23) was converted into the corre- 
sponding dipeptide derivative 6 (24) and the latter was subjec- 
ted to ring closure via the imidazylate procedure. Under condi- 
tions that led to smooth cyclization, in the case of 2a  or 2b, 
little if any reaction took place. However, gradual warming of 
the reaction mixture to 0°C led to the expected cyclization to 
give the diastereomeric p-lactams 8 and 9 (1 : 1) in 46% yield. 
It was found that simple treatment of 6 with fluoride ion in the 
presence of N,N-sulfuryl diimidazole resulted in the desired 
ring closure to give 8 and 9 in 63% yield as a 1 : 1 mixture of 
diastereomers. Thus, even though the conditions for cycli- 
zation were extremely mild and essentially neutral, consid- 
erable epimerization had occurred at the highly susceptible 
benzylic carbon, which is not unexpected in this series (13b). 
Again, little if any p-elimination was observed, in contrast to 
the results of the Mitsunobu reaction under some conditions 
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Nocardicin A Azthreonam 
(SQ 26,776) 

Amino nocardicinic acid 

SCHEME 1 

spectra were recorded on Bruker WH 900 and 400 MHz instruments 
with tetrarnethylsilane as internal standard in deuteriochloroform as 
solvent. Mass spectra were recordcd on a VG 1212 low resolution 
mass spectrometer by the direct chemical ionization technique (DCI). - elimination, etc. column chromatography was donc by the flash techniquc. EDAC.HCI 
is the abbreviation for I-cthyl-3-(3-dimethylaminopropyl) carbo- 
diimide hydrochloridc. 

R N 
KHC03 (Squibb) 

(13b). It should be noted, however, that Townsend and 
Nguyen had succeeded in considerably improving the ratio of 
8 and 9 by utilizing tri-n-butylphosphine in the Mitsunobu 
reaction (13b). Catalytic debenzylation of the mixture of 8 and 
9 led to 10 and 11, from which the desired natural isomer 10 
could be separated by direct fractional crystallization. The 
mother liquors were subjected to repeated equilibration in the 
presence of triethylan~ine to give 10 in 67% yield. The final 
mother liquors consisted of a 1 : 2  mixture of 10 and 11, re- 
spectively. The overall yield of 10 from N-phthalimido L-serine 
5 was -33%. The conversion of 10 into (-)-3-amino noc- 
ardicinic acid by sequential deprotection has been previously 
described (1 30). 

Experimental 
Melting points are uncorrccted. Optical rotations were measured on 

a Pcrkin-Elmer automatic spectropolarimeter model 141. The 'H nmr 

N-Ber~~ylo,rycar.ho~z)~/ L-seritie (N-p-tne~hoxyphetzyl)atnide (2a) 
To a solution of l a  ( 1.5 g, 6.28 mmol) in 8 mL of THF were added, 

in succession, 960 mg (1.1 equiv.) of I-ethyl-3-(3-dimethylamino- 
propyl) carbodiimide hydrochloride (EDAC.HCI) (25) in 8 mL of 
dichloromethane. The solution was stirrcd for 1 h.  the solvents were 
cvaporated, and thc rcsidue was suspended in cthyl acctate. Washing 
with dilute aqucous hydrochloric acid, aqucous sodium bicarbonate, 
thcn water, and proccssing the organic phase in the usual manner gavc 
a colorless solid. Trituration with a mixture of ethyl acetate and 
hexanes (I : I) gave 1.79 g (83%) of the titlc compound, which was 
used as such in the next step. Recrystallization of a portion from ethyl 
acetate gave an analytical samplc, mp 146- 147°C; [a],, - 16" (c 1, 
THF); h,,,;,,: 1660 (amide) cm-'; ms: 345 (M + I), etc. Anal. calcd. 
for CIXHIVN105: C 62.79, H 5.81, N 8.14; found: C 62.86, H 5.79, 
N 8.17. 

N-tert-Bu~o,rycarhot~)~l L-seritze (N-p-me~ho.ryp/~enyI)f~rni~Ie (2b) 
A solution containing 10 (8.85 g, 43 mmol), 5.83 g ( I .  1 equiv.) of 

p-anisidine, and 9.07 g ( I .  1 equiv.) of EDAC.HC1 in a total of 75 mL 
of THF and 25 mL of dichlorornethane was stirred and processed as 
described for 20. Thc title compound was obtained as a colorless solid 
in 68.6% yield (9.18 g). Recrystallization from ethyl acetate gave pure 
product, mp 105 - 106°C; [a],, -76" (c 1 , CHCI,); h,,,;,,: 1660 (amide) 
c m - ' ;  ms: 31 1 (M + I),  etc. Atin/. calcd. for CI5HZINZOj: C 58.06. 
H 7.10, N 9.03; found: C 58.14, H 7.12, N 8.92. 

(S)-3-N-[(Bet~zylo.~~~'arb~111~/)~~rnit~o]-l -p-me1hox~p/1etzyl-2- 
aze~idinorre (3a) 

A solution containing 2a (2 g, 5.81 mmol) in 30 mL of DMF was 
added dropwise at O°C to 5 mL of DMF containing 348 rng 
(1.5 cquiv.) of sodium hydride (60% suspension in mineral oil) that 
was previously washed with hexancs. The mixture was cooled to 
-40°C and 1.72 g (1.5 cquiv.) of N,N-sulfuryl diimidazole in 7 rnL 
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RHN RHN 
p-anisidine zoH T zoH 

0 NaH,DMF 

" '0, - 40°C 

OMe 
l a ,  R = Cbz 2n, R = Cbz 
l b ,  R = Boc 26, R = Boc 

RHN OH vMe 
OMe 

via 

OMe 

3n, R = Cbz 
3b, R = Boc 

imidazylate 

RHN ...* 

OMe 

R = Cbz, Boc 
SCHEME 4 

RHN 
CAN - 

40, R = Cbz 
46, R = Boc 

I 

OMe 

phtNxOH PhtN PhtN 
peptide coupling 

EDAC 
0 + I;::," + >aoBn + epimer 

H 2 N a o B n  
0 - - 

5 
- - 
C0,Me Eo2Me 

z02Me 6 , R = H  8 9 
7, R = TMSi 

PhtN PhtN 

Pd/C, H2 - 'pNSoH \ d E.3. 
0 - 0 >?PO" 

?02Me C02Me 

10 11 

of DMF was added with efficient st~rring under argon over a period of 
25 min. After stirring for a further 30 min, the solution was allowed 
to warm up to room temperature, methanol (0.5 mL) and chloroform 
(100 mL) were added, and the solution was washed with saturated 
brine, then with water. Processing the organic phase gave a colorless 
solid, which when triturated with ethyl acetate gave 1.42 g (75%) of 
the desired product 30. Recrystallization from a mixture of ethyl 
acetate and dichloromethane gave an analytical sample, mp 178°C; 
[a],, f35.8' ( c  1, CHCh); A,,,.,,: 1740 (p-lactam C=O), 1700 (ure- 
thane C=O) cm-'; ' H  nmr (90 MHz) ppm: 3.50 (dd, H4P, J = 2.3, 
5.3 Hz), 3.73 (s, 3H, OCH,), 3.88 (t, H4a, J = 5.3 Hz), 4.90 (dd, 
H3), 5.09 (s, 2H, OCH,Ph), 5.8 (bd, NH, J - 8 Hz), 7 .7.3 (arom); 
ms: 327 (M + I), etc. Anal. calcd. for CIXHI7NZO4: C 66.26, H 5.52, 
N 8.59; found: C 66.16, H 5.53, N 8.42. 

(S)-3-[(tert-Buto.rycarbo~~yl)arnino]--1-2- 
nzetidinone (3b) 

A solution containing 0.5 g (1.61 mmol) of 2b,  96.8 mg (1.5 
equiv.) of sodium hydride, and 480 mg (1.5 equiv.) of N,N-sulfuryl 
diimidazole in a total of 13 mL of DMF was stirred at -20°C (addition 
done at -20°C) under argon for I h. Work-up as described above gave 
a solid, which was recrystallized from ethyl acetate to give 406 mg 
(85%) of the title compound, mp 180- 180.5"C; [el,, f48.5" (c 1.30, 
CHC13); A,,,:,,: 1750 (p-lactam C=O), 1680 (urethane C=O) cm-'; 
'H nmr (90 MHz) ppm: 1.46 (s, 9H, tert-butyoxycarbonyl), 3.51 (dd, 
H4P, J = 2.3, 5.3 Hz), 3.79 (s, 3H, 0CH3), 3.86 (t, H4a, J = 5.3 
Hz), 4.90 (m, H3), 5.54 (dd, NH, J - 7 Hz), 7.6 (arom); ms: 293 (M 
t I), etc. Anal. calcd. for CIsHI,jNZ04: C 61.64, H 6.85, N 9.59; 
found: C 61.72, H 6.81, N 9.60. 
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(S)-3-[Benzyloxycarbonyl)nmino]-2-ozetidio (4a) 
To a cooled solution of 30 (760 mg, 2.33 mmol) in 60 mL of 

acctonitrile was added a solut~on of ceric ammonium nitrate (3.8 g, 
3 equiv.) in 15 mL of water, dropwise and with stirring. After 30 mln 
at O°C, the solution was allowed to warm up to room temperature, 
diluted with water, and extracted with ethyl acetate (100 mL X 3). 
Processing the organic phase in the usual manner and decolorization 
with 10% aqueous sodium sulfite gave the title compound as a col- 
orless solid. Trituratlon with ethyl acetate and hexanes (I : I) gave 360 
mg (70%) of 40, mp 164- 165°C; [a],, - 17.6" (c 1.4, MeOH) (lit. (3) 
mp 163- 164°C; [a],, - 17.8"). The overall yield from L-serine was 
-40%; 'H nrnr (90 MHz) ppm: 3.33 (dd, H4P, J = 2.3,5.3 Hz), 3.60 
(t, H4a, J = 5.3 Hz), 4.83 (m, H3), 5.1 (s, 3H, OCH,), 5.43 (m, NH 
p-lactam C=O); ms: 221 (M + I), etc. Anal. calcd. for CI  ,HI  INzO,: 
C 60.00, H 5.45, N 12.73; found: C 59.95, H 5.39, N 12.52. 

(S)-3-[(tert-Butoxycnrbonyl)nrnino]-2-~ir1one, (4b) 
A solution of 3b (800 mg, 2.74 mmol) in 70 mL of acetonitrile was 

treated with ceric ammonium nitrate (I .65 g, 3 equiv.) in 5 mL of 
water as described for 40. Processing of the reactlon mixture gave the 
title compound 4b (350 mg) in 70% yield after recrystallization from 
ethyl acetate and hexanes (5: I), mp 172-173°C; [a],) -18.9" (c 1, 
MeOH) (lit. (3) mp 173-175°C; [a],, -23.5"; lit. (13c) mp 
171.5- 172.S°C; [a],, - 19.8"); A,,,.,,: 1760 (p-lactam C=O) cm-'; 'H 
nmr (90 MHz) ppm: 1.43 (s, 9H, tert-butoxycarbonyl), 3.26 (dd, 
H4P,J=2.3,5.3Hz),3.54(t,H4a,J=5.3Hz),4.76(m,H3),5.43 
(dd, J - 8 Hz, NH p-lactam), 6.9 (m, urethane NH); ms: 189 (M+), 
etc. 

Preparation of dipeptide 6 
To a solution of N-phthalimido L-serine (86 mg, 0.37 mmol) in 0.5 

mL of THF were added successively 109 mg (1.1 equiv.) of 
4-0-benzyl-p-hydroxyphenyl L-glycine methyl ester (13d) in 0.5 mL 
of THF and 77 mg (I .  I equiv.) of EDAC.HC1 suspended in 5 mL of 
dichloromethane. After stirring for 2.5 h at room temperature the 
solution was evaporated to dryness, the residue was dissolved in 
dichloromethane, and the solution was washed with aqueous acid, 
then aqueous bicarbonate, and finally with water. Processing of the 
organic phase gave 140 mg (78.5%) of the desired dipeptide 6 as a 
colorless solid. Recrystallization from a mixture of ethyl acetate and 
hexanes gave pure material (103 mg, 58%); compare 48% with a DCC 
coupling (24); mp 185-186°C; [a],, - 1  15.5" (C 1, CHCI,) (lit. (24) 
mp 189- 191°C; [a] ,  - 188"); 'H nrnr (90 MHz) ppm: 3.39 (bs, OH), 
3.65 (s, 3H, C02CH3), 3.7-4.9 (m, 3H, H3, H 4.47, 5.00 (s, 2H, 
OCH,Ph), 5.47 (d, IH, J = 6 HZ, CH-COzCH,), 7.34 (NH), 
7.38-7.78 (arom). A single isomer was detected when the spectrum 
was recorded in the presence of a shift reagent [Eu(hfc)?]; hs :  489 
(M + 1). 

Intrnmoleculnr cyclizntion of 6 to o ml.rture of 8 and 9 
A solution of 6 (370 mg, 0.76 mmol) in 15 mL of THF was treated 

with 1.14 mL (1.5 equiv.) of a 1 M solution of tetra-n- 
butylammonium fluoride in THF, then with 225 mg (1.5 equiv.) of 
N,N-sulfuryl dlimldazole. After stirring overnight, a few drops of 
aqueous acetic acid were added, the solvent was evaporated, and the 
residue was dissolved in dichloromethane. Washing with aqueous 
hydrochloric acid, then water, and usual processing gave a syrup that 
was chromatographed (ethyl acetate - hexanes 1 : I) to give a mixture 
of 8 and 9 (224 mg, 63%) as a colorlcss solid, mp 55-65°C; [a],) 
- 110.5" (c 1, CHCI,); A,,,,: 1745 (p-lactam C=O), 1760 (phthali- 
mido), 1720 (COZCH3) cm-I; 'H nrnr (90 MHz) ppm: 2.10-3.60 (dd, 
H4P), 3.8, 3.82 (s, H, COrCH?), 3.70-4.08 (t, H4a), 5.07 (s, 2H, 
OCHZPh), 5.32-5.55 (dd, H3), 5.69, 5.76 (s, CHC02CH,), etc; ms: 
471 (M + I), etc. 

(S)-3-(Phthnlimido)-I-(p-hydro.ryphenyl-~-lycinyl methyl ester)-2- 
nzetidinone 10 and its epimer 11 

A solution containing 231 mg (0.6 mmol) of a mixture of 8 and 9 
in a mixture of methanol and acetic acid (1 : 1, 15 mL) was hydro- 
genated in the presence of 150 mg of 10% palladium-on-charcoal. 
After an overnight treatment, the catalyst was filtered, washed with 

methanol, and the filtrate was coevaporated with benzene several 
times to remove all the residual acetic acid. The residue thus obtained 
(quant.) showed a 2: 1 mixture (nmr) of 10 and 11, respectively. 
Fractional recrystallization from ethyl acetate - hexanes (4: 1) gave 68 
mg of 10 as colorless crystals, mp 169- 171°C; [all, -238.5" (c 0.58, 
MeOH) (lit. (24) mp 169-170°C; [a],, -239"; l i t .  (13d) mp 
203-204°C; [a],, -236"; A,,,,,: 1770 (p-lactam C=O), 1750 (phthali- 
mido), 1730 (COICH3) cm-'; IH nmr (90 MHz), ppm: 3.46 (dd, H4P, 
J = 2.9, 5.5 Hz), 3.79 (s, 3H, COXH,), 3.95 (t, H4a, J = 5.5 Hz), 
5.51 (dd, J = 2.9, 5.5 Hz), 7.1-7.76 (arom.); ms: 381 (M + I), etc. 

Treatment of the mother liquors of recrystallization overnight with 
dichloromethane containing - 10% triethylamine, evaporation to dry- 
ness, and chromatography (ethyl acetate - hexanes 2: 1) gave a mix- 
ture of 10 and 11 in a ratio of 2: 1 .  After recrystallization, a further 75 
mg of 10 was obtained, for a total of 142 mg (67%). 'The final mother 
liquors gave 28 mg of a 1 :2 mixture of 10 and 11, respectively. 
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The geometry of 4-(1-ethoxyethylidene)-5-oxazolones and thiazolones: 'H and 13C 
studies and the crystal structure of 4-[(Z)-1-ethoxyethylidenel-2-phenyl-5-oxazolone 

R. A .  BELL,'  R. FAGGIANI, C. J .  L. LOCK, AND R. A .  MCLEOD 
Department of Chemistry and the Institute for Materials Research, McMaster University, Hamilton, Ont., Carlada L8S 4 M l  
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R. A. BELL, R. FAGGIANI, C. J. L. LOCK, and R. A. MCLEOD. Can. J. Chem. 63, 3618 (1985) 
A series of E and Z isomers of substituted 4-(1-ethoxyethy1idene)-5-oxazolones and thiazolones have been prepared and their 

' H  and spectra recorded. The vinylic methyl ' H  chemical shifts showed minimal differences between E and Z isomers 
whereas the vinylic OCH, 'H signals differed by 0.15-0.43 ppm, with the Z isomcr being consistently the more deshielded. 
Both vinylic methyl and 0CH2 groups showed different "C resonances for each isomer, with the Z isomers being the more 
deshielded. The Z geometry was conclusively defined for one isomer of 4-(1-ethoxyethy1idene)-2-phenyl-5-oxazolone, 5,  by 
X-ray crystallography and this was sufficient to assign the geometry of the remaining pairs of and Z isomers. Oxazolone 
5 has the space group P2' /n and cell dimensions a = 9.219(3), b = 19.899(5), c = 7.459(1) A, P = 118.01(2)", and has 
four formula units in the unit cell. Intensities were measured with use of MoKa radiation and a Nicolet P3 diffractometer. The 
crystal structure was determined by standard methods and refined to R ,  = 0.0709, R2 = 0.0696 based on 1419 independent 
reflections. The molecule is essentially planar and most bond lengths and angles are normal. Exceptions are the very short 
C(olefin)-O(ether) bond (1.339(4) A) and the large ether C-0-C angle (122.1(3)") caused by extreme delocalization in 
the O(ether)CCCO(carbonyl) system. The planarity causes a number of strong intramolecular repulsive interactions, causing 
an exceptionally small external olefin angle, O(ether)CC(methyl), of 108.1(4)". The ethoxyl side chain of 5 adopts a 
conformation in the solid state which places the methylene of the OCH' group adjacent to the oxazole ring nitrogen. This 
conformation is proposed to persist in solution phases and is consistent with the observed "C chemical shifts and known y 
and 6 substituent effects. 

R. A. BELL, R. FAGGIANI, C. J. L. LOCK et R. A. MCLEOD. Can. 1. Chem. 63, 3618 (1985). 
On a prCparC une sCrie d'isomkres E et Z des (Cthoxy-l 6thylidkne)-4 oxazolones-5 et thiazolones-5 et on a enregistre leurs 

spectres rmn du ' H  et du "C. En rmn du 'H, les dCplacements chimiques des mCthyles vinyliques ne presentent que des 
diffirences minimales entres les isomkres E et Z alors que les dCplacements chimiques des OCH, vinyliques different par 
0,15-0,43 ppm; dans tous les cas, I'isomkre Z est le plus dCblindC. En rmn du I3C, les groupements mCthyles ainsi que les 
0CH2 vinyliques de chacun des isomkres prksentent tous des rksonances differentes; les isomkres Z sont toujours les plus 
dCblindCs. Utilisant la diffraction des rayons-X, on a dCfini d'une f a ~ o n  non ambigue la gComCtrie Z de l'isomkre 5 de la 
(Cthoxy- l 6thylidkne)-4 phknyl-2 oxazolone-5 et cette dCmonstration est suffisante pour attribuer la gComCtrie des autres paires 
d'isomkres E et Z. L'oxazolone 5 cristallise dans le group d'espace P2'/n avec a = 9,219(3), b = 19,899(5), c = 7,459(1) 
A, P = 118,01(2)" et quatre molCcules par maille. On a mesurC les intensitCs h I'aide de la radiation MoKa et un diffractomktre 
Nicolet P3. On a dCterminC la structure cristalline par les mCthodes usuelles et on l'a affinCe jusqu'h des valeurs de R ,  = 0,0709 
et R2 = 0,0696 pour 1419 reflexions indkpendantes. La molecule est essentiellement pJanaire et la plupart des longueurs et 
des angles sont normaux. La liaison C(ol6fine)-O(Cther) qui est trks courte (1,339(4) A) et l'angle de I'Cther C-0-C qui 
est trks grand (122,1(3)") sont des exceptions qui sont causies par une dClocalisation extrkme dans le systkme O(Cther)- 
CCCO(carbony1e). La plankite provoque un grand nombre d'interactions rkpulsives intramolCculaires qui font que l'angle 
olCfinique externe, O(Cther)CC(mCthyle), est extrkmement petit (108,1(4)"). A 1'Ctat solide, la chaine IatCrale Cthoxyle du 
composC 5 adopte une conformation telle que le groupement OCH' se trouve dans une position adjacente de I'azote du cycle 
oxazole. On croit que cette conformation persiste en solution et qu'elle est en accord avec les dCplacements chimiques ainsi 
que les effets y et 6 de substituants observes en rmn du "C. 

[Traduit par le journal] 

Introduction 
4-(1 -Alkoxyethylidene)-5-oxalozones and the corresponding 

5-thiazolones can exist as geometric isomers. Potentially one 
should be able to differentiate between E and Z isomers by 
examining the ' H  nmr chemical shifts of protons at positions a, 
a', b, b',  c, c ' ,  d, and d' (see Fig. 1). In practice, however, 
positions b, b',  c ,  and c' are the more important. This arises 
because in many compounds of interest the protons at both the 
a and a' positions are substituted by other atoms and the differ- 
ence in shifts of protons at d and d' is too small to be of 
practical use. 

Nevertheless, examination of shifts of protons at a and a' is 
of interest since they can be correlated with the shifts of protons 
at b, b', c, and c', and much work has been done on the ' H  nmr 
of the isomers of compounds of type 1 (Fig. 2) where at least 

'Author to whom correspondence may be addressed. 
'Revision received July 30, 1985. 

one H substituent is present and the other substituent is alkyl or 
aryl. The majority of the assignments have been made by 
correlation of the spectra of the oxazolones 1 (R' or R2 = H) 
with the spectra of the base catalysed hydrolysis products of 2 
(1 -5). The problem of the unambiguous assignment of the E 
and Z geometry to a particular series of compounds has been 
solved by combined ' H  nmr and crystallographic studies. The 
structures of the oxazolone 3 and the ring opened product 4 
have been determined by X-ray diffraction (6,7).  It has been 
established (8) that the thermodynamic product, obtained by 
the Plochl-Erlenmeyer synthetic route (9,lO) is of Z geom- 
etry, whereas the E geometry is obtained by photo-irradiation, 
or acid promoted isomerization of the Z isomer (8 , l l ) .  From 
this, ' H  nmr assignments have been made for the olefinic 
protons in the E and Z isomers of the oxazolones 1 and their 
hydrolysis products 2. These resonances of the olefinic protons 
in 1 and 2 (R' or R2 = H) are at higher field for the Z isomer 
(8). This assignment has, in turn, allowed the assignment of 
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N ~ O  R N ~ s  R 

Compound R R '  Compound R R '  
5 CeH5 Et 13 SBZ Et 
6 B z Et 14 SCH, Et 

FIG. I .  General structure of 4-alkylidene-5-oxazolones and 4- 7 I-Bu Et 15 OEt Et alkylidene-5-thiazolones. Symbols a-d and a'-d' represent potential 
atom positions. 8 p-Br-C6H5 Et 16 SBz H 

9 D-CI-C~H, Et 17 SBZ CH, 

FIG. 2. Structures of 4-alkylidene-5-oxazolones and their derived 
a-amino-acrylamide derivatives. R '  or R' = H, alkyl, or aryl; R3 = 
alkyl or aryl; R4 = H or alkyl. 

the resonances of the allylic protons in 1 and 2 (b and b' in 
Fig. 1) (4). 

Attempts to extrapolate the data to systems where neither 
R' nor R2 = H have met difficulties. Recently two different 
research groups have assigned E and Z geometries to isomers 
of compounds of type 1 and 2 that are contrary to extrapolation 
from the work described above. The first group (12) (for 1 and 
2, R' = CH,, R' = CH2CH, and R' = CH2CH3, R2 = C6H5 or 
CH3) based their assignments on ' H  nmr solvent shifts, and the 
second group (1 3, 14) (for 1 and 2, R' = CH,, R' = C6H5 and 
R1 = C6H5, R2 = CH3) based their assignments on the relative 
chemical shift positions, assuming that the methyl group 
closest to the carbonyl group was the more deshielded. Our 
own interest is in isomerism in 4-(1-alkoxyethy1ene)-5-oxa- 
zolones and the corresponding 5-thiazolones. Two isomers 
have been reported previously for 2-benzyl-4-methoxymeth- 
ylene-5-oxazolone; the first was prepared by the penaldate 
method and the second by the addition of diazomethane to the 
hydroxymethylene derivate (1 5). Two isomers have also been 
reported for 4-(1 -ethoxyethylidene)-2-phenyl-5-oxazolone, 5 
(16, 17). No attempts were made to assign a particular structure 
to any of the above isomers. 

In the work described here, two series of isomers of a num- 
ber of 4-(1-alkoxyethy1idene)-5-oxazolone and thiazolone 
compounds have been prepared (see Fig. 3), and it has proved 
possible to differentiate between the two series of isomers by 
' H  and "C nmr spectroscopies. Nevertheless, in light of the 

FIG. 3 .  5-Oxazolone and 5-thiazolone derivatives prepared. 

ambiguity caused by the extrapolation mentioned above, it 
seemed unwise to assign the structures on the basis of the work 
on compounds 1 (R1 or R' = H), particularly because of the 
greater electronegativity of the oxygen atom. Thus we have 
examined the structure of one of our compounds by X-ray 
diffraction, and this has allowed the assignment of specific 
structures to each series. 

Results 
Syntheses 

The 4-(1-alkoxyethy1idene)-5-oxazolones and 5-thiazolones 
used in this work are listed in Fig. 3. The majority were pre- 
pared by the reaction of triethyl orthoacetate and acetic anhy- 
dride with the appropriate N-acyl or N-aroyl glycinate, for the 
oxazolones, or N-dithiocarbalkyl or N-thiocarbalkoxy glycin- 
ate, for the corresponding thiazolones. The synthetic processes 
are summarized in Schemes 1-3. In general, the orthoace- 
tate - acetic anhydride procedure gave an equilibrium mixture 
of the E and Z isomers in a ratio which varied from 1 : 5 to 1 : 3 
(EIZ). The only exceptions to this were the 2-alkyl-4- 
(1-ethoxyethy1idene)-5-oxazolones 6 and 7, which gave only 
the Z isomer from this reaction. The E isomers of 6 and 7, as 
for other compounds with the exception of 4-(1-ethoxyethyli- 
dene)-2-thioxo-5-thiazolidinone, 19, and the hydroxyethyli- 
dene compounds 11, 12, and 16, were available either by 
photo-irradiation of the Z isomers, or by acid catalysed ex- 
change. The E and Z isomers were separable, and able to be 
purified, by flash column chromatography on silica gel 
supports. 

The 1 -hydroxyethylidene oxazolone, 11, was prepared by 
the action of acetic anhydride and 3-methylpyridine on sodium 
N-benzoylglycinate, and the 1-hydroxyethylidene oxazolone, 
12, by hydrolysis of the corresponding 1-ethoxyethylidene 
derivative, 5, with concentrated hydrobromic acid (see Scheme 
1). The ~ - h ~ d r o x ~ e t h ~ l i d e n e  thiazolone, 16, was prepared by 
the hydroxide ion hydrolysis of the 1-ethoxyethylidene com- 
pound, 14 (see Scheme 2). The 1-methoxyethylidene oxazo- 
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CH3 OEt 

(2 ) -5 ,  R = CsH5 (E)-5 to 8  
(2 ) -6 ,  R = BZ 

(ii) (2 ) -7 ,  R = r-Bu 
(2 ) -8 ,  R = p-BrC6Hs 
(2 ) -9 ,  R = p-CIC6H5 

(io) C H 3 0 + f  hv C H 3 w  

N ~ O  = 
11, R = p-CIC,Hs (2)-10 (E)-10 
12, R = ChHs 

Reagents: ( i )  CH,C(OEt),, AGO, A; ( i i )  P-picoline, AGO, A; 
(ii i)  HBr,,,,,; ( i v )  CHzNz, ether 

SCHEME I 

cH30G 
N ~ s  SR 

17, R = Bz 
18, R = CH3 

( i j  1 
S 

(ii)  hv 
L 

B z S A N H ~ C O * H  - 
20 "yS SR - Nys SCH3 

Reagents: ( i )  HCI, MeOH, 25°C; ( i i )  CH,C(OEt),, AGO, p-TsOH, A; (iii) KzC03, acetone, 
BzBr or CH31, 25°C; ( iv)  KOH, EtOH, A; ( v )  CH2N2, ether 
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BELL ET AL. 

Reagents: (i)  CH,C(OEt),, AGO, p-TsOH, A 

Reagents: (i) OH- ( I  equiv.), KzC03, CSz; then 50% HzSO,; 
(ii) CH,C(OEt),, AGO, A 

lone, 10, and the corresponding thiazolone, 17, were both 
obtained by the reaction of diazomethane on the hydroxy com- 
pounds 12 and 16, respectively. These reactions led to the 
formation of only one isomer in each case: 10 being assigned 
the Z geometry and 17 the E (see Discussion). 

The 2-thioxo-thiazolidinone derivative 19 was synthesized 
from glycinamide hydrochloride and carbon disulphide as out- 
lined in Scheme 4. The orthoacetate - acetic anhydride pro- 
cedure gave only one isomer, (Z)-19. 

Spectroscopic data 
Selected 'H and 13C nmr data are summarized in Table 1. 

The remaining chemical shift data are given in the experimental 
section under each compound. The protons of an OCH, group 
(C(8)) (hydrogens on a carbon atom at sites b or b' in Fig. 1) 
showed the greatest differences in chemical shift between the 
E and Z geometric isomers, the trend being consistent for all 
compounds examined. The vinylic CH, protons (hydrogens on 
a carbon atom at sites a or a', C(7)) showed very small chem- 
ical shift changes and are included in Table 1 for comparison. 
The vinylic CH, carbon, on the other hand, showed a consistent 
trend in the I3C chemical shift differences between the two 
isomers, as did the carbon of the 0CH2 group. These consistent 
trends, together with the absolute geometry of the 4,6-double 
bond in 4-[(Z)- 1 -ethoxyethylidene]-2-phenyl-5-oxazolone, 5, 
as determined by X-ray crystallography, were used to assign 
the geometric isomers in both the oxazolone and the thiazolone 
series. The assignments are included in Table 1. 

X-ray structural data 
The crystal data for 4-[(Z)- 1-ethoxyethylidenel-2-phenyl- 

5-oxazolone, (2)-5, are given in Table 2. The atomic positional 
parameters and temperature factors for non-hydrogen atoms are 
given in Table 3 and selected interatomic distances and angles 
are given in Table 4. Tables of hydrogen atom positional 
and thermal parameters, bond lengths and angles involving 

hydrogen atoms, best planes and dihedral angles have been 
deposited. 

Discussion 
E and Z geometry assignment 

The geometry assignments of the 4-(I-alkoxyethy1idene)-5- 
oxazolones and the 4-(I-alkoxyethy1idene)-5-thiazolones pre- 
pared in this work were made on the basis of the consistent 'H 
and "C chemical shift differences observed for the protons and 
carbon atom of the vinylic 0CH2 group (C(8)), and the carbon 
atom of the vinylic CH, group (C(7)), together with the struc- 
ture of one compound, 4-[(Z)-1-ethoxyethylidenel-2-phenyl- 
5-oxazolone, (2)-5, as determined by X-ray diffraction. For all 
compounds studied, one isomer, the thermodynamically more 
stable isomer, was always less polar in its chromatographic 
behaviour than the other isomer. The less polar isomers con- 
sistently showed the C(8) protons to be deshielded by 
0.2-0.4 ppm relative to the more polar isomers (see Table 1). 
There was further consistency in the I3C nmr spectra, where 
the less polar isomers showed C(8) to be deshielded by 
0.6- 1.8 ppm relative to the more polar isomer. The only ex- 
ception to the trend in the C(8) I3C chemical shifts was noted 
for compound 13 where the spectrum, recorded in acetone-d6, 
showed both isomers with identical chemical shifts. Since both 
oxazolones and thiazolones exhibited the same trends, defining 
the geometry of one isomer was sufficient to assign the geom- 
etry of both series or compounds. The less polar isomer of 
compound 5 was subjected to X-ray diffraction analysis and 
this was found to be the Z-geometric isomer. 

'Tables of hydrogen atom positional and thermal parameters, bond 
lengths and angles involving hydrogen atoms, best planes, dihedral 
and torsion angles, and the moduli of F ,  and F,  have been deposited 
and may be purchased from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, Ont., Canada 
K1A 0S2. 
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TABLE 1. Selected 'H and I3C nmr chemical shifts*,? 

Vinyl CH, (C(7)) Vinyl 0CH2 (C(8)) 

6, 'H 6, I3C 6, ' H  6, I3C 

Compound E Z E Z E Z E Z 

5 2.51 2.49 15.8 17.6 4.30 4.73 66.4 69.0 
8 2.53 2.51 15.9 17.6 4.35 4.72 66.5 69.1 
9 2.55 2.52 15.9 17.5 4.37 4.74 66.5 69.1 
6 2.41 2.44 15.9 16.5 4.29 4.57 66.3 68.1 
7 2.43 2.42 - (16.8)$ 4.30 4.64 - (68.8)$ 

13 2.54 2.44 (16.5)$ 17.4 4.27 4.55 65.8 68.3 
(16.5)$ (65.9) (68.2)$ 

14 2.56 2.45 16.8 17.7 4.26 4.53 65.9 68.5 
15 2.40 2.40 16.0 17.5 4.20 4.50 65.0 67.9 
10 2.53 2.53 - 16.3 4.04 4.29 - 59.6 
17 2.58 2.48 (15.4)$ (16.1)$ 4.00 4.15 (56.9)$ (59.0)$ 

*Relative to tetramethylsilane as internal standard 
tData were obtained from CDCI, solutions. 
SData from acetone-d6 solutions. 

TABLE 2. Crystal data for 4-[(Z)-1-ethoxyethylidenel-2-phenyl-5- 
oxazolone 

C I ~ H I ~ N O ,  fw = 231.3 

Crystal size (rnm), rough tetragonal prisms, 0.16 X 0.20 X 0.69, 
monoclinic P2,/n,* a = 9.219(3), b = 19.899(5), c * 7.459(1) A, 
p = 118.01(2)', V = 1208.1(6) A" Z = 4, p,,~, = 1.272, pobs = 
1.26(2) (22'C, MoK,, X = 0.71069); linear abs. coeff. 0.983 cm-' , 
reflections collect. h, k, + I ,  gax 20 = 4S0, standard reflections, 
e.s.d.,t 2 3 4 (0.0137), 2 4 4 (0.0163), independent reflections 
1584, no. with I > 0, used in refinement, 1419; final RI$ = 0.0709, 
R2 = 0.0696, final shift/error, max. 0.141, ave. 0.012; secondary 
extinction, x = 0.00685, final diff. map, peak, 0.21 e k3, valley 
-0.18 e A-', wtg., w = (oi + 0.000519 F&', error in obs. of 
unit wt. 0.85, no. of variables, 207, F(000) = 488. 

*This cell can be transformed to the standard P2'/c cell, a = 9.219(3), 
b = 19.899(5), c = 8.720(2) A, P = 130.96(2) by the matrix (100/0- 101 
- 10- 1). 

tMeasured after every 48 reflections. 
SRI  = x IIFo 1 - I Fc ll/x I Fo 1; R2 = { ~ w ( I  Fol - IF, 1 ) 2 / X ~ ~ , ? } 1 1 2  

The ' H  chemical shift of the C(7) methyl group (positions a 
or a' in Fig. 1) showed very small differences between the E 
and Z isomers. In general, the E isomer was the more de- 
shielded, by 0.01 -0.1 1 ppm, than the Z isomer, but compound 
15 showed equality of the two methyl shifts and compound 6 
(Table 1) showed the methyl of the Z isomer to be the more 
deshielded by 0.03 ppm. The vinylic methyl ' H  nmr shifts 
in the 4-alkoxyethylidene series cannot therefore be used to 
define unambiguously the stereochemistry of the geometric 
isomers. In view of this, and of the very small shifts observed 
for the corresponding 4-alkylidene-5-oxazolones, it is not 
surprising that previous authors have arrived at divergent 
isomer assignments when basing their arguments on the rela- 
tive shifts of vinylic methyl or alkyl groups (4, 8 ,  12- 14). The 
shieldingldeshielding regions about the 5-carbonyl group and 
the ring N atom are fortuitously similar for the vinylic alkyl site 
and must not be used for isomer assignment. However, for 
protons on atoms one further out from the double bond, at the 
b or b' site in Fig. 1, the spatial anisotropies about the 4,6- 
double bond are different for compounds of the l-alkoxyethyli- 
dene type and distinct chemical shift changes are observed. 
This should be contrasted with the 1-methylpropylidene struc- 

tures where atom a (or a') is a carbon atom and where protons 
on b (or b') atoms show small chemical shift differences 
(ca. 0.02 ppm) (12). We attribute this alteration in spectro- 
scopic behaviour to the preferred conformations adopted by the 
1-alkoxyethylidene compounds (see X-ray section below). 

The two hydroxy compounds 12 and 16  were interesting in 
that they were obtained as single isomers, but the oxazolone 12 
existed as the Z isomer whereas the thiazolone 16 existed as the 
E isomer. These geometries were demonstrated by trapping the 
isomers with diazomethane, when 12  gave (Z)-10 and 16 gave 
(E)-17, as determined by a comparison of the ' H  and 
I3C nmr chemical shifts of these methyl ethers with other com- 
pounds listed in Table 1. Evidently the presence of an 0 atom 
or an S atom in the ring causes subtle changes in the relative 
basicities of the ring N atom and the carbonyl 0,  with an 
oxygen causing the N atom to be more basic and hydrogen 
bond to the hydroxyl group of 12 more effectively than the 
carbonyl 0. The reverse was true in the thiazolone 16. 

Compound 19 was assigned the thioamide structure and not 
the thiazolone tautomer on the basis of its ' H  nmr spectrum, 
which showed a hydrogen bonded N-H proton at 9.3 1 ppm, its 
I3C spectrum, which gave a C(1) signal at 184 ppm (or 
186 ppm), and its infrared spectrum, which showed a charac- 
teristic N-H stretch at 3 110 cm-I. 

Synthesis 
The general synthetic approaches and interrelationship of the 

4-(1-ethoxyethy1idene)-5-oxazolones and the 5-thiazolones are 
shown in Schemes 1-3. The orthoester - acetic anhydride 
procedure led to mixtures of E and Z isomers with the Z isomer 
predominating. 'These pairs of isomers were separable by flash 
column chromatography on silica gel. The acetic anhydride - 
3-methylpyridine reagent used for the preparation of the 
1 -hydroxyethylidene compound, 11, gave a single isomer. 

Two methods have been used to isomerize (Z)-4-phenyl- 
methylene-5-oxazolones to the less stable E geometry (8, 11). 
Strong acids, such as polyphosphoric acid or concentrated 
aqueous hydrobromic acid, can be used, or photo-irradiation 
employed. In our hands the acid procedures were found to be 
unsuccessful in carrying out the isomerization of the oxa- 
zolones (Z)-5 and (Z)-9. When a mixture of (E and Z)-9 was 
treated with hydrobromic acid, dissolution occurred and the E 
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TABLE 3. Atomic positional parameters and temperature factors (A2) 

Atom x Y z UI 1 u22 u33 UIZ UIS u23 - x104- < x 10' > 

TABLE 4. Selected interatomic distances (A) and angles (deg) 

Bond Distance Bond Distance Bond Distance 

O(l)-C(2) 1.393(4) C(2)-N(3) 1.272(4) N(3)-C(4) 1 .405 (4) 
c(4)-c(5) 1.444(5) c(5)-0(1) 1.397(4) c(5)-0(2) 1.206(4) 
c(4)-c(6) 1.358(4) C(6)-C(7) 1.51 l(5) C(6)-0(3) 1.339(4) 
0(3)--C(8) 1.427(4) c(8)-c(9) 1.519(6) C(2)-C(10) 1.457(5) 
C(l0)-C(11) 1.387(5) C(11)-C(12) 1.374(5) C(12)-C(13) 1.396(6) 
C(13)-C(14) 1.364(6) C(14)-C(15) 1.377(6) C(15)-C(10) 1.383(5) 

Bond Angle Bond Angle Bond Angle 

isomer was converted to the Z material for short reaction peri- 
ods. Longer reaction times resulted in hydrolysis to compound 
11. Since 9 had very poor water solubility, its solution in 
concentrated HBr suggested that it became highly protonated 
and that this state further increased the thermodynamic stability 
of the Z isomer. The experiment unfortunately does not define 
the site of protonation. 

Photo-irradiation proved to be generally applicable in isom- 
erizing both the oxazolone and thiazolone series of compounds. 
Photostationary states were formed from which both E and 
Z isomers could be isolated. The only alkoxyethylidene corn- 
pound which did not undergo isomerization to an isolable E 
isomer in chloroform solution with 300-nm wavelength radia- 
tion was 4-(1-ethoxyethylidene)-2-thioxo-5-thiazolidin0ne, 19. 
The only isolated, or detected, isomer of 19 was assigned the 
Z geometry because short term, base catalysed methylation 
with methyl iodide led to the kinetic formation of (2)-14 (see 
Table l), while longer reaction times in the presence of base 
gave a mixture of (E and 2)-14. 

X-ray and conformational analysis 
The molecule, (2)-5: is shown in Fig. 4 and selected inter- 

atomic distances given in Table 4. The molecule (except for 
hydrogen atoms) is essentially planar, although there are minor 
deviations, the largest distances out of the oxazolone ring 
plane being C(6) !.055(4), C(7) 0.136(6), O(3) 0.065(3), and 
C(9) -0.087(9) A. The geometry is Z and there is evidence of 
some very strong repulsive interactions. One can compare bond 
distances and angles observed here with those observed in the 
structure of the related 4-(2,4-dinitr0)benzylidene-2-phenyl- 
oxazolin-5-one, 3 (7). Bond angles within the oxazolone and 
phenyl rings of both compounds are not significantly different, 
nor are the bond lengths within the phenyl ring. There are 
significant differences in the two compounds for bond lengths 
within the oxazolone rings and in the olefinic bonds that 
are consistent with less delocalization in the C(4)-N(3)- 
C(2)-O(1) system of 5 and more delocalization in the C(6)- 
C(4)-C(5)-O(2) system of 5 than in the corresponding 
systems of 3. This is caused by the interaction of the 
C(6)-C(4)-C(5)-O(2) system of 5 with O(3). The multi- 
ple bond character in the C(6)-O(3) bond is considerable. 
This bond is short (1.33?(4) A) and at the low end of the range 
of values of 1.35- 1.73 A observed in CH,-0-aryl (ref. 18, 
and references therein) or aryl-0-aryl ethers (ref. 19, and 
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FIG. 4. The molecule 4-[(2)-1-ethoxyethylidenel-2-phenyl-5-oxa- 
zolone showing the atom numbering. Hydrogen atoms are indicated 
by affixes only and smaller numbers. 

references therein). Further, the C(6)-O(3)-C(8) angle 
(122.1(3)") is much larger than the angles usually found in 
CH3-0-aryl ethers (range 1 16- 1 19") and is comparable to 
the value found in the ditropylium ether cation (123.6(5)") and 
diary1 ethers (20). That the angle is so large must be caused by 
very extreme delocalization and strong T bonding to 0(3),  
since there is obvious crowding at C(6). The crowding can be 
seen best by comparison with 3 and is caused by the repulsive 
interaction between the C(8) methylene group and N(3) to- 
gether with the repulsive interaction between the C(7) methyl 
group and O(2). These effects cause the angles C(5)- 
C(4)-C(6) and C(4)-C(6)-C(7) to be larger than corre- 
sponding angles in 3 (123.4(3)", 124.6(4)" versus 120.8", 
1 19"). N(3)- C(4)-C(6) and C(4)-C(6)-O(3) (1  27.9(3)", 
127.3(3)") are much larger than the expected olefinic angle of 
120", because of the repulsive interaction of C(8) and the ox- 
azolone ring. Nevertheless, they are significantly less than 
those observed in 3 (131.2", 128.9") because the two hydrogen 
atoms H(8, I), H(8, 2) fit around the N(3) atom rather than 
pointing straight at it as does the phenyl hydrogen in 3, and this 
allows a closer approach of C(8). Further evidence of crowding 
is shown by the very small C(7)-C(6)-O(3) angle of 
108.1(4)". While such angles at the ends of olefins have been 
observed when the attached atoms are part of a ring, such as 
N(3)-C(4)-C(5) (108.6") and the corresponding angle in 3 
(108.0"), to our knowledge angles this small have not been 
observed in normal olefins. 

Once these restraints are put in place, the complete arrange- 
ment of the molecule is determined. The methyl group at C(7) 
is oriented such that H(7,l) and H(7,2) fit on either side of O(3) 
giving a short H(7,3)-O(2) distance (2.26 A). Nevertheles:, 
this is comparable to the O(1)-H(15) distance of 2.39 A; 
apparently the greater electronegativity of oxygen allows much 
shorter C-H . . . 0 distances than in C-H . . . N, possibly 
because of weak hydrogen bonding. Similarly the CH, group at 
C(8) is oriented to put H(8, 1) and H(8, 2) cy either side of 
N(3), giving H . . . N distances (H(8, 1) 2.45 A; H(8, 2), 2.63 

A) comparable to N(3)-H(l1) 2.60 A and those in 3, and 
ensuring C(9) is essentially coplanar with the remainder of the 
molecule. 

Because a molecule is planar in the solid state does not mean 
it remains so in solution. Nevertheless, physical and spectro- 
scopic data (see below) suggest that (2)-5 and related oxa- 
zolone isomers do indeed retain a preferred planar conforma- 
tion in solution. We assume that this is caused by the very 
strong delocalization on to O(3). In addition there would be a 
substantial barrier to the C(8) methylene group moving past the 
C(7) methyl group, largely because of the extraordinarily small 
C(7)-C(6)-O(3) angle. In the most favourable orientation, 
and using the parameters herein, the C(7). . . C(8) distance 
would be 2.58 A, much less than the sum of the van der W ~ a l s  
radii. Similarly, the calculated H . . . H distance o f )  .68 A is 
much less than the van der Waals distance of 2.58 A. Similar 
calculations show why this 2 isomer is more stable than the E 
isomer. The calculated O(3). . . O(2) distance of 3.17 A in the 
E isomer is acceptable, b u ~  the C(7)-H . . . N(3) distances, 
ranging from 1.77 to 1.79 A depending on the orientation, are 
very much shorter than typical values of 2.45-2.6 A. Even a 
change in the angles at the olefin to shorten the O(2). . . O(3) 
distance and increase the N . . . H distances does not give as 
favourable an arrangement as that observed for the 2 isomer. 

The packing of the molecules in the unit cell is shown in 
Fig. 5. Molecules are arranged in stacks along the c direction 
at x = 112, y = 114,314. Adjacent molecules in a particular 
stack are related by the c glide plane so they are arranged 
head-to-tail and are roughly parallel, which maximizes the 
T-T interactions. The molecules in a particular stack are tilted 
with respect to the stack direction, the tilt being in opposite 
directions in the stacks at z = 114 and z = 314. There is some 
overlap between these stacks in the b direction. In the a direc- 
tion contact between stacks occurs near the bc plane and is 
between pairs of ethoxy groups and also between the phenyl 
ring on one molecule and the oxazolone ring on the adjacent 
molecule. All interactions are of the van de Waals type. 

That the conformation adopted by the ethoxy side chain in 
(2)-5 (Fig. 3) in the solid state and, by analogy, the other (2) 
isomers, is most likely preserved in solution phases was sug- 
gested by two pieces of experimental evidence: firstly, (2)-5 
showed low polarity on chromatographic supports in contrast 
to the E isomer, and secondly, the relatively large deshielding 
(0.2-0.4 ppm) of the OCH, protons in the ' H  nmr spectrum of 
(2)-5 in comparison (E)-5, together with the downfield shift of 
the OCH, carbon (C(8)) in the I3C nmr spectrum of (2)-5. The 
low polarity of (2)-5 is consistent with the N(3) eclipsed con- 
formation being the preferred conformation in solution, since 
this conformation has the N(3) atom effectively buried by the 
two hydrogen atoms attached to C(8) and therefore no longer 
a polar site in the molecule. Adsorption on a silica gel surface 
is thus restricted to the carbonyl and lactone oxygens, O(1) and 
O(2). The E isomer, on the other hand, has N(3) buttressed by 
a methyl group but with the lone pair still available for inter- 
action with a silica surface and this, together with O(1) and 
0(2), gives the E isomer three polar interacting sites and thus 
higher chromatographic polarity. If the 2 isomer were to pos- 
sess significant conformer populations, with the ethyl fragment 
of the ethoxy group either out of the oxazolone ring plane or 
with C(8) adjacent to the C(7) methyl (see Fig. 6(a)), N(3) 
would lose its steric shielding and be free to interact with a 
silica surface. The chromatographic polarity of both E and 2 
isomers would then be expected to be similar. 
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BELL ET AL. 

FIG. 5. The packing of the molecule within the unit cell. a and b* are parallel to the bottom and side of the page respectively and the view 
is down c*. Hydrogen atoms have been omitted for clarity. 

The ' H  nmr spectrum of (2)-5 showed the 0CH2 protons to 
be deshielded by 0.43 ppm relative to those in (E)-5. This large 
deshielding is again consistent with (2)-5 retaining the solid 
state, N(3) eclipsed, conformation in solution. Significant 
population of conformations either with C(8) out of the oxa- 
zolone plane or with C(8) close to the C(7) methyl would 
reduce the intense deshielding effects arising from the 
C(2)-N(3) double bond and the N(3). . . CH, hydrogen steric 
compressions. Comparison with the E isomer shows that the 
0CH2 group can take up conformations where C(8) is either 
adjacent to O(2) or to C(7) or slightly out of the oxazolone ring 
plane (see Fig. 6(b) and (C)). The first two conformations 
show strong steric compressions and the C(8) . . . O(2) arrange- 
ment expected to show intense deshielding arising from the 
carbonyl group anisotropy. The C(8) protons in the E isomer, 
occumng at 4.30 ppm, are thus anticipated to be deshielded 
relative to an unhindered ethoxy - vinyl ether system (for 
example, in (2)-4-ethoxypent-3-en-2-0ne the ethoxy CH, 
signal occurs at 4.11 ppm (21)). The greater deshielding 
experienced by the 2 isomer CH, (ca. 4.5 ppm) is therefore 
strong evidence for the N(3) eclipsed conformation being pre- 
ferred in solution. 

The I3C nmr spectra of (2)-5 and (E)-5 provide further 
compelling evidence for the conformational preference of the 
ethoxy group in solution. Comparison of the chemical shift of 
C(8) in both isomers shows the 2 isomer C(8) resonance to be 
2.6 ppm downfield from that of the E isomer. This is consistent 
with (2)-5 retaining the N(3) eclipsed conformation since N(3) 
is an atom which is in a 6-position with respect to C(8) and such 
arrangements are known to produce deshielding effects (22). If 
the conformation with the C(8) CH, group adjacent to the C(7) 
methyl (see Fig. 6(a)) were significantly populated, then an 
upfield shift would be anticipated because these two carbons 
are in a y-relationship to each other (22). Any other conforma- 
tion with C(8) out of the oxazolone ring plane would likewise 
reduce the deshielding effect of N(3). The chemical shift of 
C(8) in the E isomer is probably dominated by the shielding 
y-effect arising from the conformation with C(8) and the C(7) 
methyl juxtaposed (Fig. 6(c)). The conformation with C(7) 
adjacent to O(2) is equivalent to a &interaction and little is 
known of such interactions. They are most likely deshielding in 
nature by analogy with 0 and N atom &effects (23). 

It is interesting to note that the chemical shift of the C(7) 
methyl group in the series of E and Z isomers is consistent with 

FIG. 6. Possible conformations of the ethoxy side chain in (a), 
(2)-4-(1-ethoxyethy1idene)-5-oxazolones, and (b), (c), (E)-4-(I- 
ethoxyethy1idene)-5-oxazolones. 

the expected y and 6 effects of N and 0 atoms (see Table 1). 
Thus the 2 isomers, with O(2) in a 6-position with respect to 
C(7), show the C(7) signals to be deshielded, while the E 
isomers, with N(3) in a y-position with respect to C(7), show 
the C(7) signals to be shielded. 

Experimental 
Melting points were recorded on a Kofler micro hot stage apparatus 

and are uncorrected. Proton magnetic resonance ('Hmr) spectra were 
recorded on a Varian EM-390 spectrometer in deuteriochloroform 
using tetramethylsilane (TMS) as internal standard except where noted 
otherwise. The abbreviations s = singlet, d = double, t = triplet, q 
= quartet, and m = multiplet are used in the description of the 
spin-spin splitting patterns present in the spectra. The natural abun- 
dance carbon-13 magnetic resonances (''Cmr) were recorded on a 
Bruker WP80 instrument (at 20.115 MHz) in deuteriochloroform with 
TMS as the internal standard except where noted. Low resolution mass 
spectra (ms) and high resolution mass spectra (hrms) were recorded at 
70 eV on a Micromass 7070F double focusing mass spectrometer, the 
samples being introduced through a direct inlet system. Infrared spec- 
tra (ir) were recorded on a Perkin Elmer 283 spectrometer. Liquid ir 
samples were run neat, while solids were prepared in potassium bro- 
mide discs (unless indicated otherwise). The symbols (s) = strong, 
(m) = medium, and (w) = weak are used in recording of ir data to 
indicate the intensity of the recorded bands. 

Diazomethane was prepared by the method of de Boer and 
Backer (24) using ethereal N-methyl-N-nitroso-p-toluenesulfonamide 
(Diazald) in alcoholic sodium hydroxide. 

Column chromatography was carried out using silica gel 60 (E. 
Merck Co. suppliers) of 0.063-0.200 mm particle size (70-230 
mesh ASTM). Samples of low solubility were introduced onto the 
chromatographic column in a minimum volume of chloroform. 
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Silica gel 60 F2S1 (F. Merck Co.) plates of 0.2-mm thickness were 
used for analytical thin layer chromatography (tlc). 

Collection of dlffrcictior~ elatel 
A homogeneous prismatic crystal was used for the X-ray studies and 

precession photographs showcd the crystal was monoclinic. The cell 
parameters were obtained by least-squares refinement from the setting 
angles of 15 automatically centred reflections (17" < 20 < 27") on a 
Nicolet P3 diffractometer with use of graphite monochromatized 
MoKa radiation (A 0.71069 A). Crystal data and other numbers re- 
lated to the data collection are given in Table 2. The density was 
measured by flotation in aqueous zinc bromide solution. Intensity data 
were measured with used of the P3 diffractometcr and a coupled 

. .  . . 0(crystal) - 20(counter) scan. The methods of selection of scan rates 
and initial data treatment have been described (25, 26) (limits, from 
4.88 to 29.3 deg min-'). Corrections wcre made for Lorentz polar- 
ization effects, but not for absorption. This will introduce a maximum 
error in F ,  of <O. 1%. 

Solution of the structure 
The phases were determined by direct methods with use of 50 

reflections with 1 E > 1.5 and 12 sets of starting phases. A series of 
full-matrix least-squares refinements followed by electron dcns~ty dif- 
ference syntheses revealed all the atoms. In all further refinements the 
positional parameters of all atoms, isotropic temperature factors of 
hydrogen atoms, and anisotropic temperature factors of all other atoms 
were varied. Full-matrix least-squares refinement, which minimized 
the function C\v( F,, I - IF, I)', was terminated when the maxlmum 
shift/error was <0.2. Corrections were madc for secondary extinction 
by the method used in SHELX.' Scattering curves were taken from 
Cromer and Waber (27) and did not include corrections for anomalous 
dispersion effects. 

2-Benzylthio-4-[E eirld Z-I-ethox~~erhylider1e]-5-tt1iazolone. 13 
The method of Knott (28) for the preparation of 13 was used with 

some modifications. 
To 0.75 mL of acetic anhydride were added 50.5 mg (0.27 mmol) 

of N-dithiocarbobenzyloxyglycine, 20 (29). This mixture was swirled 
and warmed on a steam bath until dissolution of the solid. The mixture 
was removed from the heat source and one crystal of toluenesulfonic 
acid (approximately 1 mg) was added. Immediately following this, 
42 FL (37 mg. 0.27 mmol) triethyl orthoacetatc was added, the mix- 
ture swirled to ensure homogeneity and replaced on thc steam bath for 
10 min. Upon removal from the heat, the mixture was diluted with 
1 mL saturated sodium bicarbonate solution and 5 mL water and 
extracted twice with chloroform. The chloroform layer was dried with 
anhydrous sodium sulfate, filtered, and the volatiles removed, initially 
by rotoevaporator distillation and, finally, by evacuation at 0 .5  Torr 
(1 T o n  = 133.3 Pa) overnight. This left 61 mg of 13 as a ycllow oil 
(quantitative yield) with a 5:  1 ratio of Z/E isomers as indicated by 
'Hmr spectroscopy. This mixture was sufficiently pure for further 
experiments. Small quantities of 13 were purified by Kugelrohr dis- 
tillation at 190-200°C and 0.3 Torr (lit. (28) bp 208°C at I Torr) 
without substantial losscs because of polymerization. Otherwise, puri- 
fication and isomer separation were effected by flash column chro- 
matography on silica gel (7% ethyl acetate in 30-60 petroleum ether). 
An experiment using 233 mg of 20, after chromatography through a 
2 mm X 0.15 m column of silica gel, gave 192 mg of pure Z isomer 
(67% yield). Compound 13 showed: tlc (25% cthyl acetate in petro- 
leum ether): Rr0.65 (Z) 0.33 (E); ir, v,,,.,,: 2986 (m). 1694 (s) (C=O), 
1640 (m) (C=N), 1602 (m, shoulder), and 1574 (s) (exocyclic 
C=C) cm- ' ;  'Hmr, Z, 6: 1.39 (t, J = 7 Hz, 3H, ether CH,), 2.44 
(s, 3H, vinyl CH,), 4.40 (s, 2H, benzyl CH?),  4.55 (q, J = 7 Hz, 2H, 
ester CH?),  7.22-7.44 (m,  5H, aromatic); E, 6: 1.43 (t, J = 7 Hz, 
3H, ether CH?), 2.54 (s, 3H, vinyl CH,), 4.27 (q, J = 7 Hz, 2H, ether 

%All calculations were carried out on CYBER 170/730 and 815 
computers. Initial data treatment used the XRAY 76 package (39). 
Structure solution and refinement was done by use of thc SHELX 
package (40), and diagrams were prepared with use of ORTEP 11 (41). 

CH,), and 7.22-7.44 (m, 5H. aromatic); "Cmr, (Z), 6: 154.0(152.6) 
(C-a), 129(128.2) (C-4), 193.3(192.3) (C-5), 165.2(165.9) (C-6). 
17.4(16.5) (C-7), 68.3(68.2) C-8), 15.4(14.9) (C-9). 35.2(34.8) 
(benzyl CH?), 136.5(137.0) (ortho C), 129.0(129.1) (meta C),  
128.7(128.5) (pa ra  C), 127.6(127.4) (subst. C) (shifts in parentheses 
wcre rccorded in acctone-el(, solvent); (E), 6: 169.7 (C-6), 16.5 (C-7), 
65.8 (C-8), 14.9 (C-9), 34.8 (benzyl CHZ), 137.0 (ortlzo C), 129.1 
(tneta C), 128.5 (parci C),  127.4 (subst. C) (signals for C-2, 4, and 
5 were too weak to be observed above noise); hrms calcd. for 
C14HISN02SZ:  293.0477; found: 293.0521; ms, rn/z (Rl%): 293 (25) 
and 91 (100). 

2-Etho.ry-4-[(Z)-I-etl~ox~~ethylirle11e]-S-tl1ic~zolorie, (Z)-15 
The method of Knott (28) for thc preparation of 13 was used with 

some modification. 
To 14 mL of acetic anhydride was added 0.870 g (5.34 mmol) of 

N-thiocarbethoxyglycine (30). This mixture was swirled and warmed 
on a stcam bath until dissolution of the solid. The mixture was rc- 
moved from thc heat source, after which 8 mg (0.05 mmol) of toluene- 
sulfonic acid and 1.5 mL (1.3 g ,  8.0 mmol) of triethyl orthoacetate 
were added in rapid succession. The solution was swirled to ensure 
homogeneity and replaced on a stcam bath for 5 min. After removal 
from thc steam bath, the volatilcs wcre removed by rotoevaporator 
distillation with strong heating (forccd air heater) and thcn by evacu- 
ation for 30 min. Flash column chromatography of the residue on 
silica gcl (7.5% ethyl acetate in petrolcum ether) gave 0.288 g (25%) 
of pure (Z)-15 as a pale yellow oil. Some E isomer was also present 
in the crude reaction mixture, as evidcnced by tlc. Separation of this 
isomer was not possible from othcr sidc-products by the chromatog- 
raphy method employed. The E / Z  ratio in the crude mixture was not 
determined. Compound (Z)-15 showed: ir, v,,,;,,: 1699 (s) (CO), 1606 
(s) (C=N), and 1570 (s) (C=C) cm-- ' ,  'Hmr, 6: 1.38 (t, J = 7 Hz, 
6H, both ethyl CH,'s), 2.40 (5, 3H, vinyl CH,), 4.43 (q,  J = 7 Hz, 
2H, 2-ethoxy CHZ), and 4.50 (q, J = 7 Hz, 2H, vinyl ethoxy CH2); 
"Cmr (acetone-d6), (Z), 6: 157.7 (C-2), 126.7 (C-4), 191.4 (C-5), 
162.7 (C-5), 162.7 (C-6), 17.5 (C-7), 67.9 (C-8), 15.2 (C-9), 65.5 
(ethoxy CHZ), 14.0 (ethoxy CH2); (E),  6: 158.0 (C-2), 129.1 (C-4), 
194.2 (C-5), 164.5 (C-6), 16.0 (C-7), 6 5 . 0  (C-8), 14.8 (C-9), 65.4" 
(cthoxy CHZ), 14.0 (ethoxy CH,); ((a), assignments may be reversed); 
hrms calcd. for C9Hl,N0,S: 215.0616; found: 215.061 3; ms, m/z  
(RI%): 215 (95) [M+]. 187(40), 172(15). 159(100) [M' - C,H,O], 
14 1 (60), 7 1(75), 70(35), and 56(30). 

4-[(Z)-1-Etho.~~ethylirlerze]-2-thiono-5-tlziazolir1or1e. 19 
The method of Cook et al .  (3  I) ,  with modification, was used for the 

prcparation of the 4-ethoxymethylene analoguc. 
Aftcr dissolution of 92.2 mg (0.69 mmol) of 2-mercapto-4H-5- 

thiazolone (sce the following preparation) in 2 mL warm acetic anhy- 
dride, 79 FL (83 mg, 1.38 mmol) were added in rapid succession. 
Immediately, the rcaction flask was swiried to ensure homogeneity 
and placed on a stcam bath for 10 min. On removal from the steam 
bath, the volatiles were removed by rotoevaporator distillation (25 
Torr) with strong heating (forced-air heater). Thc solid residue was 
recrystallized from absolute ethanol (dccolourizing charcoal) to give 
80.2 mg (57%) of 19, the purc Z isomer, as tan crystals, mp 185- 
186°C. Compound 19 showed: ir, v,,,;,,: 1703 (s) (C=O), 1682 (m) 
(C=N), and 1607 (s) (C=C) cm-';  'Hmr (CDCI?, 6: 1.42 (t, J = 7 
Hz, 3H, ester CH,), 2.46 (s, 3H, vinyl CH?), 4.24 (q, J = 7 Hz, 2H, 
ester CH?); (acetone-&), 6: 1.38 (t, J = 7 Hz, 3H, ester CH,), 2.20 
(s,lH,SH).2.51(s,3H,vinylCH3).and4.36(q,J=7Hz,2H,ether 
CHZ); '"mr (acetonc-dc,), (Z), 6: 184.1 (C-2)." 120.7 (C-4), 186.1 
(C-5)," 155.2 (C-6), 12.2 (C-7), 65.5 (C-8), 14.4 (C-9); ((a), assign- 
ments may be reversed). Obscrvation of long-range coupling between 
the 15.0 and 66.1 ppm resonanccs during a gated decoupling cxperi- 
ment definitively assigned the two methyl signals. hrms calcd. for 
C7H,NOZSZ: 203.0075; found: 203.0082; ms, m / z  (RI%): 203(100), 
175(45), 141(50), 113(20), and 71(35). 

2-Mercapto-4H-5-d1iazolor1e 
2-Mcrcapto-4H-5-thiazolonc was prcparcd by the mcthod of Cook 

et (11. (31) from glycinamide and also directly from thc commercially 
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available glycinamide hydrochloride as described below. 
Glycinamide hydrochloride (1 .OO g, 9.05 mmol), potassium car- 

bonate (1.25 g, 9.06 mmol), and potassium hydroxide (0.51 g, 
9.1 mmol) were dissolved in 5 mL water. Into this solution was added 
0.60 mL (0.76 g, 10 mmol) carbon disulfide. The mixture was stirred 
vigorously for 5.5 h at room temperature after which 2.0 mL 50% 
sulfuric acid was added rapidly (caution: effervescence!) with con- 
tinued stirring. After about 30 s, as a yellow precipitate was formed, 
the solution was diluted with 5 mL water. Stirring continued a further 
30 min after which the precipitate was filtered, washed with water, 
and dried in vncuo, giving 0.509 g of product (42%). This sample was 
sufficiently pure for subsequent preparations; mp (dec.) >300°C (lit. 
(3 I) mp (dec.) >30OoC); ' Hmr (acetone-d6), 6: 2.75 (br s, l H, -SH) 
and 4.70 (s, 2H, methylene). 

2-Benzyl-4-[(Z)-l-etl~oxyett~ylidene]-5-oxnzolo~~e, (2)-6 
The preparation of 4-(1-ethoxyethy1idene)-5-oxazolones (or, in 

general, 4-(I-ak1oxyalkylidene)-5-oxazolones) by the action of tri- 
ethyl orthoacetate (or other orthoesters) and acetic anhydride on N- 
acylglycines is well documented in the literature (15, 16, 32). 

To a hot solution of N-(pheny1acetyl)glycine (33) (1.04 g, 
5.39 mmol) in 12 mL acetic anhydride was added 3.0 mL triethyl 
orthoacetate (2.6 g, 16 mmol) and the solution heated on a steam bath 
for 20 min. After this, the solvent was removed with strong heating 
(forced-air heater) at reduced pressure (25 Torr). The crude product, 
after eluting through a 20 mm x 0.18 m silica gel column with 10% 
ethyl acetate in petroleum ether, provided 0.580 g of pure 6 (44%) as 
a pale yellow oil that solidified on standing overnight (mp 37-41°C). 

Compound (2)-6 showed: ir, v,,;,,: 2990 (m), 2932 (m), 1795 (m), 
1762 (s) (C=O), 1693 (s) (C=N), 1604 (s), and 1595 (s) (exocyclic 
C=C) cm-I; 'Hmr, 6: 1.39 (t, J = Hz, 3H, ether CHI), 2.44 (s, 3H, 
vinyl CHI), 3.83 (s, 2H, benzyl CH,), 4.57 (q, J = 7 Hz, 2H, ether 
CH2), and 7.33 (br s, 5H, aromatic); "Cmr, 6: 158.2 (C-2), 1 14.3 
(C-4), 168.7 (C-5), 166.5 (C-6), 16.5 (C-7), 68.1 (C-8), 15.2 (C-9), 
35.6 (C-lo), 134.2(C-1 I), 128.8 (C-12). 129.1 (C-13), 127.3 (C-14); 
hrms calcd. for Cl,HISN02: 245.1052; found: 245.1023; ms, tnlz 
(RI%): 245 ( lo) ,  118 ( 3 3 ,  91 (loo), and 65 (25). 

2-(1,1-Di1~1eth~lethyl)-4-[(Z)-1-etho,~etlrylide1ze]-5-o~nzolone, (2)-7, 
4-[(2)-1-ethoxyethylidene]-2-plrenyl-5-oxazolo11e, (2)-5, 2-(4- 
bromophety1)-4-[(E and Z)-I-ethoxyetlzylirle1ze]-5-oxazolorle, 8, 
and 2-(4-chloropherry1)-4-[(E and Z)-l-ettzox)~ethyli~le1re]-5- 
oxnzolone, 9 

The products (2)-7, (2)-5, 8, and 9 were obtained from N-pivaloyl- 
glycine, (prepared as in ref. 34; recrystallized from acetone - petro- 
leum ether), N-benzoyglycine (Eastman suppliers), N-(4-bromo- 
benzoy1)glycine (35, 36), and N-(4-chlorobenzoyl)glycine (35, 36), 
respectively, using the procedure described above (for the Z-benzyl 
analogue) with the following changes: 

In the preparation of (2)-7, the N-pivaloylglycine in acetic anhy- 
dride was heated on a steam bath for 5 min before triethyl orthoacetate 
addition. Column chromatographic purification utilized 5% ethyl ace- 
tate in petroleum ether. Yield of (2)-7 from 222 mg of pivaloylglycine 
was 188 mg (64%) of a light yellow oil, which solidified in the 
refrigerator on storage (mp 35 - 38°C). 

In the preparation of 5 both E and Z isomers were present in the 
crude mixture in a ratio of 1 : 5 (E/Z as indicated by ' Hmr spectro- 
scopy). The pure Z isomer was obtained by recrystallization from 
absolute ethanol or ethanol-water (mp 1 1  1 - 112°C; lit. (16, 17) mp 
1 12- 1 13"C, (32) mp 1 13°C). A yield of 1.34 g (52%) was obtained 
from 2.0 g (I 1 mmol) N-benzoylglycine. 

In the preparation of 8 ,  both E and Z isomeric products co- 
crystallized on recrystallization of the crude mixture from absolute 
ethanol, giving a 1 : 4  ratio of E to Z (as determined by 'Hmr spec- 
troscopy; yellow-orange plates, mp 116- 124°C). A yield of 0.341 g 
(65%) was obtained from 0.441 g (1.7 mmol) of N-(4-bromobenzoy1)- 
glycine. Flash chromatography of 0.278 g of this mixture of isomers 
(10% ethyl acetate in petroleum ether as the eluant) gave 0.215 g 
(45%) of pure Z isomer (yellow-orange plates from absolute ethanol, 
mp 128.5- 129.S°C) and 55 mg (12%) of the pure E isomer (cream- 
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coloured needles from absolute ethanol, mp 142.0- 143.0"C); tlc of 
(E and 2)-8 (developed with 10% ethyl acetate in petroleum ether) 
gave Rr 0.08 (E) and 0.36 (Z). 

Similarly, I .39 g (6.53 mmol) of N-(4-chlorobenzoyl)glycine gave 
1.32 g (76%) of a co-crystalline mixture of E and Z isomers of 9 ( I  : 4 
ratio as determined by IHmr spectroscopy). Flash chromatography of 
0.503 g of this mixture (20% ethyl acetate in petroleum ether as 
eluant) gave 0.398 g Z isomer (orange plates from absolute ethanol, 
mp 122.5- 123.0"C, 60% yield) and 90.8 mg E isomer (colourless 
needles from absolute ethanol, mp 130- 132°C. 14%); tlc of (E and 
Z)-9 (developed with 30% ethyl acetate in petroleum ether) gave R r  
0.18 (E) and 0.52 (Z). 

Compound (2)-7 showed: ir, v,,,,,: 1788 (s) (C=O), 1764 (s) 
(C=O), 1643 (s) (C=N), and 1598 (s) cm-';  'Hrnr, 6: 1.28 (s, 9H, 
tert-butyl), 1.38 (t, J = 7 Hz, 3H, cther CHI), 2.42 (s, 3H, vinyl 
CH3), and 4.64 (g, J = 7 Hz, 2H, ether CHz); "Cmr (acetone-d6), 6: 
165.2 (C-2)," 1 13.8 (C-4), 168.6 (C-5), 165.5 (C-6)," 16.8 (C-7), 
68.8 (C-8), 14.9 (C-9), 33.6 (C-9), 33.6 (C-lo), 26.9 (C-l I); ((a), 
assignments may be reversed); hrms calcd. for CIiH,,NO3: 21 1.1208; 
found: 21 1.1217; ms, m/z (RI%): 21 1 (15): 183 (lo),  168 (15), 167 
(15), and 57 (100). 

Compound (2)-5 showed: ir, v,,,,,: 1786 (m), 1758 (s) (C=O), 
1640 (s) (C=N), 1602 (m), and 1587 (s) (exocyclic C=C) cm-'; 
'Hmr 6: 1.43 (t, J = 7 Hz, 3H, ether CH3), 2.49 (s! 3H, vinyl CHI), 
4.73 (q, J = 7 Hz, 2H, ether CH,), 7.36-7.53 (m, 3H, aromatic), 
and 7.92-8.07 (m, 2H, aromatic); "Cmr, 6: 155.4 (C-2), 116.4 
(C-4), 168.6 (C-5), 166.9 (C-6), 17.6 (C-7), 69.0 (C-8). 15.3 (C-9), 
127.0 (C-lo), 127.0 (C-l I), 128.7 (C-12), 131.3 (C-13). 

Compound (E)-8 showed: ir, v,,,;,,: 1793 (s), 1770 (m), 1645 (s), 
1597 (s), and 1584 (s) cm-'; 'Hmr 6: 1.45 (t, J = 7 Hz, 3H, ether 
CHI), 2.53 (s, 3H, vinyl CH,), 4.35 (q, J = 7 Hz, 2H, ether CH,), 
7.58 and 7.84 (AA' BB', J ,,, I,,, = 9 Hz, 2H and 2H, aromatic); "Cmr, 
6: 154.9 (C-2), 118.4 (C-4), 169.4 (C-5), 163.5 (C-6), 15.9 (C-7), 
66.5 (C-8), 15.2 (C-9), 125.9 (C-lo)," 128.4 (C-l I), 132.0 (C-12), 
126.1 (C-13);" ((a) assignments may be reversed); hrms calcd. for 
Cl2HIZNO3Br: 309.0000; found: 309.0046; ms, m/z (RI%): 283 (20), 
281 (20), 265 (20), 263 (20), 185 (loo), 183 (loo), 157 (30), 155 
(30), 104 ( lo) ,  76 (30), and 75 (20). 

Compound (Z)-8 showed: ir, v,,,;,,: 1792 (s), 1762 (m), I637 (s), 
1592 (s), and 1581 (s) cm-'; ' ~ m r ,  6: 1.45 (t, J = 7 Hz, 3H, ether 
CH3), 2.51 (s, 3H, vinyl CH2), 4.72 (q, J = 7 Hz, 2H, ether CH,), 
7.58 and 7.85 (AA' BB', J ,,,,,,,, = 9 Hz, 2H and 2H, aromatic); "Cmr, 
6: 154.5 (C-2), 114.9 (C-4). 168.2 (C-5), 167.4 (C-6), 17.6 (C-7), 
69.1 (C-8), 15.2 (C-9), 125.5 (C-lo), 128.5 (C-ll),  132.0 (C-12), 
126.3 (C-13); hrms calcd. for CIIHl5NO3Br: 309.0000; found: 
309.0059; ms: indistinguishable from the E isomer. 

Compound (E)-9 showed: ir, v,,,: 1792 (s) (C=O), 1769 (m) 
(C=O), 1644 (s) (C=N), 1599 (m), and 1583 (s) cm-'; 'Hmr, 6: 
1.47 (t, J = 7 Hz, 3H, ether CH?), 2.55 (s, 3H, vinyl CHI), 4.37 (q, 
J = 7 Hz, 2H, ethyl CH,), 7.43 and 8.94 (AA' BB', J ,,,, ,,,, = 9 Hz, 
2H and 2H, aromatic); "Cmr, 6: 154.9 (C-2), 118.4 (C-4), 169.2 
(C-5), 163.6 (C-6), 15.9 (C-7), 66.5 (C-8), 15.2 (C-9), 125.5 (C-lo), 
128.2 (C-l I ) ,  129.1 (C-12), 137.6 (C-13); hrms calcd. for 
CIIH12N02CI: 265.0506; found: 265.0502; ms, m/z (RI%): 267 (5) 
and 265 (15) [M'], 239 (3), 237 (lo),  221 (3), 219 (10). 141 (30), 139 
(loo), 113 (lo),  1 1  1 (30), and 75 (15). 

Compound (Z)-9 showed: ir, v,,,,,: 1791 (s) (C=O), 1762 (m) 
(C=O), 1637 (s) (C=N), 1596 (m), 1580 (s) cm-'; 'Hrnr, 6: 1.44 
(t, J = 7 Hz, 3H, ether CHI), 2.52 (s, 3H, vinyl CHI), 4.74 (q, J = 
7 Hz, 2H, ether CH2), 7.43 and 8.95 (AA' BB', J ,,,, I,,, = 9 Hz, 2H and 
2H, aromatic); '2Cmr, 6: 154.5 (C-2), 115.0 (C-4), 168.3 (C-5), 
167.4 (C-6), 17.5 (C-7), 69.1 (C-8), 15.3 (C-9), 125.2 (C-lo), 128.4 
(C-l l ) ,  129.1 (C-12), 137.8 (C-13); hrms calcd. for CI2HI2NO3CI: 
265.0506; found: 265.0554; ms: indistinguishable from the E isomer. 

4-[(Z)-l-Methoxyethylide11e]-2-phenyl-5-o.mzolo11e, @)-lo 
The oxazolone (Z)-10 (mp 101-102°C from 95% ethanol, lit. 

(ref. 15, p. 830) 101 - 102°C from petroleum cther) was prepared by 
the action of diazomethane on the hydroxymethylene analogue 
(ref. 15, p. 830), which, in turn, was prepared by the method of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3628 CAN. J. CHEM. VOL. 63, 1985 

Attenburrow et al. (37) from acetic anhydride and sodium hippurate. 
Compound (Z)-10 showed: 'Hrnr, 6: 2.55 (s, 3H, vinyl CH,), 4.30 (s, 
3H, OCH?) 7.45-7.55 (m, 3H, aromatic), and 7.98-8.15 (m, 3H, 
aromatic); "Cmr, 6: 167.2 (C-2), 115.8 (C-4), 168.4 (C-5), 155.4 
(C-6), 16.3 (C-7), 59.6 (C-8), 126.6 (C-IO), 127.3 (C-ll),  128.8 
(C-12), 131.8 (C-13). 

2-Benzylthio-4-[(E)-I-hydroxyethylidene]-5-thinzolone, 16 
Hydrolysis of the 4-(I-alkoxyalkylidene) side chain of 5-thia- 

zolones is analogous to those in the literature for the oxazolone series 
(15,38). To thiazolone, (2)-13 (35 mg, 0.12 mmol), was added, with 
stirring, 2 mL of 2 M potassium hydroxide in 95% ethanol. The 
mixture was heated on a hot plate until most of the solid dissolved. The 
solution was cooled and decanted from the remaining residue and 
acidified (to litmus) with I M hydrochloric acid. The solution was 
diluted with 5 mL of water, extracted twlce with chloroform, and the 
chloroform layer dried over anhydrous sodium sulfate. After removal 
of solvent (rotoevaporator and then vacuum; 0.5 Torr, 30 min), a light 
pinkish solid of the hydroxymethylene oxazolone 16 remained. After 
recrystallization from acetone-water a yield of 19 mg (60%) was 
obtained (mp 102- 104°C). Compound 16 showed: ir, v,,,: 1680 (s) 
(C=O), 1655 (m) (C=N), 1578 (s), and 1570 (s) cm-'; 'Hmr, 6: 
2.44 (s, 3H, CH?), 4.35 (s, 2H, benzyl CH2), 7.27-7.41 (m, 5H, 
aromatic), and 9.85 (br s, lH, OH); hrms calcd. for CI2H,,NO2S2: 
265.0231; found: 265.0217; ms, mlz (RI%): 265 (25) and 91 (100). 

2-Benzylthio-4-[(E)-l-methoxyethylidetre]-5-thinzolone, (Ej-17 
Thiazolone 16 (10.2 mg, 38.5 mol) was dissolved in excess diazo- 

methane in ether. After 10 min, the excess diazomethane was removed 
by passing a stream of nitrogen through the solution. Removal of 
solvent (by rotoevaporator) and purification by silica gel column chro- 
matography (10% ethyl acetate in petroleum ether eluant) gave 4.4 mg 
(41%) of (E)-17 as an oil. This was assigned the E stereochemistry 
from its 'Hmr spectrum. Compound (E)-17 showed: 'Hrnr, 6: 2.54 (s, 
3H, vinyl CH?), 4.01 (s, 3H, OCH?), 4.36 (s, H, benzyl CHI), and 
7.26-7.40 (m, 5H, aromatic); ms, mlz (RI%): 279 (25) and 91 (100). 

4-[(E and Z)-I-ethoxyethylidene]-2-methylthio-5-thiazolone, 14 
Potassium carbonate (304 mg, 2.2 mmol), 19 (149 mg, 0.734 

mmol), and methyl iodide (0.14 mL, 312 mg, 2.2 mmol) were stirred 
in 2 mL of acetone for 30 min. Following this, the mixture was diluted 
with 10 mL of water, extracted twice with chloroform, the chloroform 
layer dried over anhydrous sodium sulfate, and the solvent removed 
by rotoevaporator and then vacuum (0.5 Tom, 60 min) to give 145 mg 
(91%) of (2)-14 as an oil that solidified to tan coloured needles (mp 
35.0-37.5"C) on standing. This product was one isomer only and was 
assigned the Z geometry from its 'Hmr spectrum. When the reaction 
time was longer (approximately 14 h), an equilibrium mixture of the 
E and Z isomers was obtained (7 : 2 = ZIE as determined by ' Hrnr 
spectroscopy) as an oil. Compound 14 showed: ir, Z, v,,,: 3024 (s), 
3000 (m), 2936 (m), 1695 (s) (C=O), 1672 (s) (C=N), and 1570 
(exocyclic C=C) cm-'; 'Hrnr, Z, 6: 1.40 (t, J = 7 Hz, 3H, ether 
CH7), 2.45 (s, 3H, vinyl CH7), 2.59 (s, 3H, SCH,), and 4.53 (q, 
J = 7 Hz, 2H, ethyl CH2); E, 6: 1.40 (t, J = 7 Hz, 3H, ethyl CH,), 
2.56 (s, 3H, vinyl CH,), 2.59 (s, 3H, SCH?), and 4.26 (q, J = 7 Hz, 
2H, ether CH2); "Cmr, (2)-14, 6: 165.0 (C-2), 128.9 (C-4), 193.6 
(C-5), 155.2 (C-6), 17.6 (C-7), 68.5 (C-8), 15.5 (C-9), 13.7 (C-10); 
(E)-14 (acetone-d6), 6: 165.9 (C-2), 128.5 (C-4), 153.9 (C-6), 17.1 
(C-7), 68.8 (C-8), 15.1 (C-9), 13.0 (C-10); C-5 signal too weak to 
assign; hrms calcd. for C8Hl ,N02S2: 217.023 1; found: 217.025 1 ; ms, 
mlz (RI%): 217 (50), 189 (43 ,  142 (35), and 91 (100). 

The three methyl resonances were definitively assigned by obser- 
vation of long-range coupling between the 15.5 and 68.5-ppm reso- 
nances during a gated coupling experiment. 

2-Benzylthio-4-[(Z)]-1 -ethoxyethylidene)-5-thiazolone, (2)-13 
from 19 

With the same procedure as that given above, (2)-13 was pre- 
pared from potassium carbonate (44 mg, 0.37 mmol), 19 (25 mg, 
0.123 mmol), and benzyl bromide (37 yL, 55 mg, 0.32 mmol) in 92% 
yield (23 mg). The product so prepared was identical by tlc and 'Hmr 

spectroscopy to the Z isomer obtained by the action of triethyl ortho- 
acetate on 20. 

2-Benzylthio-4-[(EnndZ)-(I -methoxyethylidetle]-5-thinzolone, 17and 
4-[(E nnd Z)-1 -methoxyethylidene]-2-methylthio-5-thiazolone, 
18, by nlcoholic exchange 

Precedence for acidic exchange reactions of the alkoxy substituent 
of 4-(1-a1koxyethylidene)-5-thiazolones is given in the work of Knott 
(28). 

The oxazolone (2)-14 (1 1.2 mg, 52 mmol) was dissolved in 1 mL 
of methanol and a stream of hydrogen chloride gas was passed through 
the solution for approximately 30 s (the resulting acid concentration 
was not determined). After 1 h at room temperature, the reaction was 
quenched with 5 mL saturated sodium bicarbonate and the resulting 
mixture extracted twice with chloroform, the chloroform layer dried 
over anhydrous sodium sulfate, and the solvent removed by rotoevap- 
oration and evacuation at 0.5 Torr. The residue (10.1 mg, 96%) was 
a 1 : 3 ratio (as determined by 'Hmr spectroscopy) of E to Z isomers 
of 18 (mp 83-90°C). These were the only products observed by tlc 
and 'Hmr spectroscopy. Compound 18 showed: tlc (20% ethyl acetate 
in pet. ether): R( 0.15 (E), 0.34 (Z); ir, v ,,,,,; 1678 (s) (CO), 1655 (m) 
(CN), 1595 (s), 1572 (s) cm-I); 'Hmr (DMSO-d6), E, 6: 2.58 (s, 3H, 
vinyl CH,), 2.58 (s, 3H, SCH,), and 3.98 (s, 3H, OCH,); Z, 6: 2.50 
(s, 3H, vinyl CH,), 2.58 (s, 3H, SCH,), and 4.09 (s, 3H, OCH,); ms, 
m/z (RI%): 203 (50) [M+], 174 (lo), 156 (15) [M' - SCH3], 91 
(100) [CH,SCS']. 

Similarly, a 1 : 3 ratio f E to Z isomers of 17 were prepared using 
the procedure above. Compound 17 showed: tlc (25% ethyl acetate - 
pet. ether): R (  0.16 (E), 0.49 (Z); ir, v,,,,: 1682 (s) (C=O), 1678 (s) 
(C=N), 1600 (m, shoulder), 1582 (s) cm-'; 'Hrnr, 6: 2.54 (s, 3H, 
vinyl CH,), 4.01 (s, 3H, OCH,), 4.36 (s, H, benzyl CH2), and 
7.26-7.40 (m, 5H, aromatic);Z, 6: 2.48 (s, 3H, vinyl CH,), 4.15 (s, 
3H, OCH,), 4.42 (s, 2H, benzyl CH2), and 7.26-7.40 (m, 5H, 
aromatic); "Cmr, (2)-17, 6: 16.1 (C-7), 59.0 (C-8), 34.8 (C-lo), 
129.3 (C-12), 128.8 (C-13), 127.7 (C-14); signals for C-2, C-4, C-5, 
C-6, and C-11 too weak for definitive assignment; (E)-17, 6: 15.4 
(C-7), 56.9 (C-8), 34.8 (C-lo), 129.3 (C-12), 128.8 (C-13), 127.7 
(C-14); signals for C-2, C-4, C-5, C-6, and C-11 too weak for defi- 
nitive assignment; hrms calcd. for C13H13NSZ02: 279.0342; found: 
279.0341; ms, mlz (RI%): 279 (25) [M'] and 91 (100). 

Photoisomerization of 5, 6, 7, 10, 14, and 15 and isolation of (Ej-6, 
(E)-5, and (Ej-15 

Photoisomerization of phenylmethylene oxazolones have been re- 
ported (1 1). 

Irradiations were carried out in a Rayonet Photochemical reactor 
with 300-nm lighting. 

On approximately 30-ymol scale, compounds 5, 6, 7, 10, 14, and 
15 were irradiated in 5-mm nmr tubes (4-mm id) in 0.5 mL CDCl?. 
'The isomerizations were monitored by 'Hrnr. Photostationary states 
were obtained after 2 days of irradiation, giving a 2:3 ratio of E to Z 
isomers for 5, 6, and 10 and a 1 :2 ratio for 7 and 15. Compound 14 
required the presence of solid potassium carbonate for a photo- 
stationary state (with an E to Z ratio of 1 : 3). The same photostationary 
ratio of 14 was obtained on irradiation in petroleum ether. In all the 
irradiations, the two isomeric products were the only products ob- 
served as indicated by tlc and 'Hmr spectroscopy. 

On a preparative scale, pure (2)-6 (0.220 g, 0.898 mmol) was 
dissolved in 8 mL of chloroform and place din a 10-mm od tube (9-mm 
id) and irradiated for 26 h. Solvent was removed and flash chromatog- 
raphy (initially with 20% ethyl acetate in petroleum ether until elution 
of the Z isomer, then 30% ethyl acetate to elute the E isomer) gave 
142 mg of recovered (2)-6 (65%) and 68 mg (E)-6 (31 %), both as pale 
yellow oils. 

Similarly, when (Z)-5 (0.148 g, 0.642 mmol) was irradiated for 
18 h,  58.0 mg (39%) of pure (E)-5 was obtained (mp 132.0- 134.5"C 
from absolute ethanol, lit. (16) mp 136-138°C) with 84.8 mg (57%) 
(2)-5 recovered after flash chromatography (elution with 15% ethyl 
acetate - petroleum ether). 

Similarly when (2)-15 (150.1 mg, 0.698 mmol) was irradiated for 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

19
0.

90
.3

6.
8 

on
 0

9/
06

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BELL ET AL. 3629 

6 h, 44.9 mg (30%) of pure (E)-15 was obtained (as a pale yellow oil) 
with 98.0 mg (65%) (2)-15 recovered after flash chromatography 
(elution with 7.5% ethyl acetate - petroleum ether). 

For these compounds, the following tlc data were obtained with 
ethyl acetate (shown as per cent) in petroleum ether: 6 (30%): Rr 0.15 
(E), 0.47 (Z); 10 (30%): Rr0.15 (E), 0.35 (Z); 14 (15%): Rr0.19 (E), 
0.53 (Z); 7 (20%): Rr 0.26 (E), 0.62 (Z); 15 (15%): Rr0.28 (E), 0.51 
(Z). 

Compound (E)-5 showed: 'Hmr, 6: 1.43 (t, J = 7 Hz, 3H, ether 
CH,), 2.51 (s, 3H, vinyl CH,), 4.30 (q, J = 7 Hz, 2H, ethyl, CH2), 
7.36-7.53 (m, 3H, aromatic), and 7.92-8.07 (m, 2H, aromatic); 
"Cmr, 6: 155.8 (C-2), 118.5 (C-4), 168.7 (C-5), 163.9 (C-6), 15.8 
(C-7), 66.4 (C-8), 15.2 (C-9), 126.7 (C-lo), 127.2 (C-l I), 128.7 
(C-12), 131.6 (C-13). 

Compound (E)-6 showed: ir, v,,,,: 1805 (s) (C=O), 1770 (s) 
(C=O), 1665 (s) (C=N), 1606 (m), 1588 (m) cm- '; 'Hmr, 6: 1.37 
(t, J = 7 Hz, 3H, ethyl CH,), 2.41 (s, 3H, vinyl CH,), 3.80 (s, 2H, 
benzyl CH?), 4.29 (q, J = 7 Hz, 2H, ethyl CH2), 7.33 (br s, 5H, 
aromatic); I3Cmr, 6: 158.4 (C-2), 117.4 (C-4), 168.2 (C-5), 164.1 
(C-6), 15.9 (C-7), 66.3 (C-8), 15.2 (C-9), 35.8 (C-lo), 134.2 (C-1 I), 
128.8 (C-12), 129.1 (C-13), 127.3 (C-14); hrms calcd. for 
CI4HI5N03: 245.1052; found: 245.1057; ms: indistinguishable from 
that of (2)-6. 

Compound (E)-7 showed: 'Hmr, 6: 1.27 (s, 9H, tert-butyl), 1.40 
(t, J = 7 Hz, 3H, ethyl CH,), 2.43 (s, 3H, vinyl CH,), 4.30 (q, J = 
7 Hz, 2H, ethyl CH?). 

Compound (E)-10 showed: 'Hmr, 6: 2.53 (s, 3H, vinyl CH,), 4.04 
(s, 3H, OCH,), 7.45-7.55 (m, 3H, aromatic), and7.98-8.15 (m, 
3H, aromatic); "Cmr (acetone-d6), 6: 165.2 (C-2)," 113.8 (C-4), 
168.6 (C-5), 165.5 (C-6)," 16.8 (C-7), 68.8 (C-8), 14.9 (C-9), 33.6 
(C-lo), 26.9 (C-1 I); ((a), assignments may be reversed). 

Compound (E)-15 showed: ir, v,,,,,: 1704 (s) (C=O), 1608 (s) 
(C=N), and 1573 (s) (C=C) cm-'; 'Hmr, 6: 1.38 (t, J = 7 Hz, 6H, 
both ethyl CH3's), 2.40 (s, 3H, vinyl CH,), 4.20 (q, J = 7 Hz, 2H, 
vinyl CH2); "Cmr (acetone-&), 6: 158.0 (C-2), 129.1 (C-4), 194.2 
(C-5), 164.5 (C-6), 16.0 (C-7), 65.0 (C-8)," 14.8 (C-9), 65.4 (C-lo)," 
14.0 (C-11); ((a), assignments may be reversed); ms: indistinguishable 
from that of (2)-15. 

Attempted oxazolone isomerization with concentrated HBr; prepara- 
tion of 2-(4-chloropheny1)-4-(I -hydroxyethylidetze)-5-oxazolone, 
11 

4-Phenylmethylene-5-oxazolone isomerization of Z to E geometry 
has been accomplished by the action of concentrated aqueous hydro- 
bromic acid solution (8). 

A mixture of the two isomers of 9 (33 mg, 0.12 mmol) as prepared 
directly from N-(4-chlorobenzoyl)glycine was suspended in 48% hy- 
drobromic acid solution at O°C. Anhydrous hydrogen bromide was 
bubbled into the solution. After 10 min, the compound completely 
dissolved and after hydrogen bromide saturation (another 10 min), 
the flask was stoppered and left in the refrigerator (-2°C) for 7 h. 
The resulting precipitate was filtered and washed with water and 
dried in vacuo, yielding 16.2 mg (55%) of a light yellow powdery 
solid (mp 204-205"C, melts and immediately evaporates) assigned 
structure 11. 

In a similar experiment, 5 min following dissolution of the azalac- 
tone, the solution was quenched by the addition of ice-water and 10% 
aqueous potassium carbonate. A precipitate was formed, which was 
extracted with dichloromethane, the dichloromethane layer dried over 
anhydrous sodium sulfate and then removed by rotoevaporation. The 
product on analysis by both tlc and ' ~ m r  spectroscopy showed no 
(E)-9; ' ~ m r  showed (Z)-9 (approximately 90%) and 11 (approxi- 
mately 10%). 

Compound 11 showed: ir, v,,,: 1784 (s), 1607 (m), and 1560 (s) 
cm-I; 'Hmr (DMSO-d6), 6: 2.39 (s, 3H, CH,), 7.58 and 7.93 (AA' 
BB', J ,,,, ,,, = 9 Hz, 2H and 2H, aromatic); hrms calcd. for 
CI ,H8N0,C1: 237.0192; found: 237.0161; ms, m / z  (RI%): 239 (10) 
and 237 (30) (M+), 22 1 (2) and 21 9 (5) [M+ - HzO], 14 1 (30), 139 
(loo), 113 (lo), 11 1 (30), and 75 (15). 
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COMMUNICATION 

An analysis of bond length information for oxygen atoms adsorbed on 
well-defined metal surfaces 

K. A. R.  MITCHELL AND SUSAN A. SCHLATTER 
Department of Chemistry, University of British Columbia, 2036 Main Mall, Vancouver, B.C., Canada V6T 1 Y6 

Received August 15, 1985 

K.  A. R. MITCHELL and SUSAN A. SCHLATTER. Can. J .  Chem. 63, 363 1 ( 1  985). 
New bond valence - bond length relations deduced by Brown and Altermatt for solid state structures have been used for 

rationalizing 0-M interatomic distances, measured by various surface crystallographic techniques, for 0 atoms chemisorbed 
on well-defined metal (M) surfaces. The advantages of this approach. over the Pauling-Schomaker-Stevenson approach used 
previously, are especially apparent for initial rationalizations of new information on the nearest-neighbor and next-nearest- 
neighbor bond lengths for 0 adsorbed on long-bridge sites of ( I  10) surfaces of face-centered cubic metals. 

K. A. R. MITCHELL et SUSAN A. SCHLATTER. Can. J .  Chem. 63, 3631 (1985) 
On a utilisC les nouvelles relations entre les valences de liaison et les longueurs des liaisons qui ont Cte dCduites par Brown 

et Atermatt pour des structures i 1'Ctat solide pour rationaliser les distances interatomiques 0-M, mesurCes par diverses 
techniques cristallographiques de surface, pour des atomes de 0 liCs par chemisorption sur des surfaces mCtalliques (M) bien 
dCfinies. Les avantages de cette approche, par rapport a celle de Pauling-Schomaker-Stevenson qui a CtC utiliske ante- 
rieurement, sont spCcialement apparents lors des rationalisations initiales de nouvelles informations relatives ii des longueurs 
de liaison avec le plus proche voisin ainsi que le suivant pour des 0 adsorb& sur des sites de surfaces (1  10) impliquant de 
longs ponts sur des mCtaux cubiques a face centrCe. 

[Traduit par le journal] 

Introduction 
An understanding of bond lengths in chemisorption is re- 

quired as one step in the development of atomistic models of 
chemical processes at surfaces. A recent review of bond length 
data available from the methods of surface crystallography 
(e.g., LEED, SEXAFS, photoelectron diffraction and ion scat- 
tering) suggested that good levels of correspondence can now 
be reached when different techniques are applied to surfaces 
involving the chemisorption of atoms (X) on well-defined sur- 
faces of metals (M) (1). Hitherto most discussions in the litera- 
ture have related measured surface X-M interatomic dis- 
tances to values obtained either by packing "hard spheres" of 
listed radii ( 2 ) ,  or to values measured from other areas of 
structural chemistry (3), but without regard in either case to the 
actual structural arrangements or chemical bonding involved. 
Nevertheless the recent survey (1) by one of the present authors 
showed that many measured X-M interatomic distances can 
apparently be interpreted to a fair degree with bond order - 
bond length relations of the type used by Pauling in combina- 
tion with the Schomaker-Stevenson approach for determining 
single bond lengths (4). The latter provides empirical evidence 
that the chemisorption bonding can, at least to a first approxi- 
mation, be treated analogously to the chemical bonding 
schemes which are well-established in the other main catego- 
ries of structural chemistry, namely discrete molecules and the 
triperiodic solid state. Even so, the match up between measured 
and predicted X-M surface bond lengths is not always satis- 
factory (1); in some instances this may be because of errors in 
the earlier experimental analyses, but in other cases (e.g., for 
0 on the (1 1 1) surface of aluminum) the Pauling-Schomaker- 
Stevenson (PSS approach appears deficient. 

This present paper explores a refinement to the earlier inter- 
pretation of surface bond lengths (1). The approach initiated 
here uses the bond length correlations proposed very recently 
by Brown and Altermatt (5) for particular combinations of 

oxygen and M atoms. Such systems were chosen for this ex- 
ploratory purpose because some new surface structural data, 
which have just become available for oxygen chemisorption on 
(1 10) surfaces of face-centered cubic (fcc) metals, suggest that 
the PSS approach may be less reliable for discussing bond 
distances between 0 atoms and second-layer metal atoms (in- 
sufficient information was available previously for discussing 
this topic in ref. 1). Also the bond length relations just pro- 
duced by Brown and Altermatt (5) cover most 0-M combina- 
tions for which surface structural data are currently available. 

Calculations 
Brown and Altermatt (5) proposed the use of expressions 

with the form 

[ I ]  r = ro - 0.85 log s 

for a particular interatomic distance of bond valence s, where 
ro is the corresponding distance for a bond of unit valence (6). 
These authors listed values of ro for various combinations of 
atoms as deduced from analyses of large amounts of structural 
information, especially from X-ray crystallography. When val- 
ues of r, are given for more than one oxidation state of M that 
for the lowest state is taken for estimating surface bond dis- 
tances. The specific values used are detailed in Table I ,  where 
0-M interatomic distances measured by surface crys- 
tallographic techniques are compared with those predicted both 
with the PSS approach used in ref. 1 and with the approach of 
Brown and Altermatt. For the latter, in situations where 
inequivalent 0-M bonds can occur, a range of 0-M inter- 
layer spacings is considered, and the favoured interlayer spac- 
ing is fixed (and correspondingly the predicted bond lengths) 
by the condition that the sum of bond valences at each 0 atom 
is two according to eq. [I]. The calculations reported in Table 
1 assume the same adsorption site as reported in the structural 
determination; they also assume that the structure of the metal 
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